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A.A. lemunmmun, O.C. KaneHrok
KOMIT'IOTEPHE MOJEJIOBAHHS TA BI3BYAJIIBALIA NIOIIUPEHHS
3BYKOBUX XBWIb ¥ 3BYKEHII YBEPTbXBWJIbOBIN TPYBI TQWT

Anomayisn. Mooenosanus ma 6i3yanizayiss NOWUPEHHs X8Ulb ) cepedosulyi i3 36yK08i0ouea-
HOUUMU eTIeMEHMAMU € GANCTUBUM HANPAMKOM 2aJ1y3i KOMN TOMEPHUX HAYK ma 0O0YUCTI08Ab-
HOI mamemamuxu. B pobomi po3zensoacmuvcs po3pooKa aneopummiynoi 6a3u Mooento8aHHs.
NOWUPEHHST 36YKOBUX XBUNb 6 AKYCMUYHIL cucmemi )y 8u2isaoi 38YHCeHOl 48epmubXeuibo8oi
mpyou (TOWT). B ocnogy komn romeprHo2o mMo0ent08aHHs NOKIAOEHO AN20PUMM PO3PAXYHKY
NOWUPEHHS AKYCMUYHOL X8UNT HA OCHOB8I OUepeHYIliIHO20 PIBHAHHA 3 AMEHIOAYIEI0, WO 003-
B0IUNI0 PO3PAXYBAMU KOHCMPYKIMUBHY MaA O0eCmpyKmueHy inmepghepenyiro xeunii, axa no-
POOHCYEMBCAL TUYBLOBOIO CHOPOHOIO OUHAMIKA, 13 X8UJLEI0, WO 8UXOOUMb 3 NOPMY AKYCMUYHOT
cucmemu. Ilpu posmipax cimxu 512 x 288 weuokoois aneopummy ckiana dinvute 75 4acosux
KPOKI8 3Q CEeKYHOY 3 GUKOPUCMAHHAM npoyecopy i3 napaieivhum obuuciennsm Intel
UHD 630. B pe3yremami pobomu ompumano manu nowupeHHs Xeuisb y NpAamiti ma CKaaoenit
38ydiceHiti mpyoi akycmuunoi cucmemu. Bcmarnosneno na ocHosi man, wo 30HU aKyCMU4HO20
30V00iCeH s pO3MAU08yIOMbCsl 6cepeOUuti aKyCmuyHo20 O@OopMIeHHs HAgnpomu odcepena
xeuns. Tlokasano, wo akycmuyne oopmienHs y Uil CKIA0eHOoi 38YHCeHOl U8epmMbXE8Uilb-
0800 mpyou egexmueno mamye 8UCOKi ma cepeOHi 4acmomu 3d PAaxyHOK 3ampumKu Xeusi
KOHGhicypayieto CmiHoK no3ady WUPOKOCMY208020 0xcepend, wo YCysae Henepedbayysane
niOCUneHHs: abo ameHayiln 6KA3AHUX 4acmom md, sIK HACAI00K, 30i1buye 00CMO8IpHICMb
8I0MBOPEHHSL CUCHATLY.

Knrwouosi cnosa: xeunvoge modentoganus, eizyanizayis, inmepghepenyis, mpyba Botima,
TOWT, nannacian.

IToctanoBka mnpoOJjemu. KoMmm’roTepHe MoJeNIOBaHHS 1 Bizyali3allisi HOUIMPEHHS
XBWIb y CEpeAOBUIII 13 3BYKOBIJIOMBAaIOYMMHU €I€MEHTaMU € 3aTpeOyBaHUM HAIpPSIMKOM IpH
NPOEKTYBaHHI akycTHUHUX cucteM (AC).

Axyctuune ogopmiieHHs (AO) cucTeMH, OKpIM €CTETHYHOI, BiJIrpa€ pojib HaBaHTa-
YKEHHS aKyCTHMYHOT'O JMHAaMiKa, 1110 3HAa4HO 301IbIIye e(heKTUBHICTh OCTaHHBOTO. B naHiit po-
60Ti posrmsmaersest AO y BUrIIsiAl 4BepThXBHILOBOI TpyOm (Quarter Wavelength Tube), sxy
Briepie onucano [laynem Boiitom B matenTi GB447749 sk minxia 10 mokpaiieHHs: 6acoBoi
XapaKTEPUCTUKU T'yYHOMOBIIIB.

OcnoBna inest AO y Burmsini QWT Bin [layns Boiita monsirae y BUKOpPUCTaHHI J0OBroi
TpyOH 3 JMHAMIKOM, SIKHI pO3MIIIEHO Ha oJHOMY 3 ii KiHLiB. [Ipsimy TpyOy cripoeKkToBaHO JUIs
PE30HAHCHOT'O MOCHJICHHSI XBUJIb HU3BKOi YAaCTOTH, YBEPTh JIOBKUHHU SIKUX JIOPIBHIOE JTOBXKUHI
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TpyOu. OJHOYACHO 3 MiABUIIEHHIM €()eKTHBHOCTI BIATBOPEHHS 3BYKY, 32 PaXYHOK aKyCTHYHO-
r0 HaBaHTAXEHHSI, MTOPOHKYIOTHCS JIBI HACTYIHI MpoOsieMu: BiATIHOK 3BydaHHs AC Ha 4acTo-
Tax, SIKi KOHCTPYKTHUBHO MIATPUMYIOTHCS 332 PaXyHOK MPOTSHKHOCTI TPyOHU, MOYMHAE HArayBa-
TH 3By4aHHs KOMIIO3UIIi1, B SIKif TOMiHY€ JIMILE O/HA HOTA; iHIIUM HEIOJIKOM — € TIOPOJIKEHHS
HEMapHUX TapMOHIK, AKi nepeTBoprooTh AC y MY3WYHUH 1HCTPYMEHT 3 BJIACHUM HabOpOM
00epTOHIB, 1110 3HAYHO 3HM)KYE TOUHICTh BIITBOPEHHS MY3HYHOT'O MaTepiamy.

PozButkoMm inei QWT € AO y Burmisani TpyOu, 3ByXeHOI B30BXK Bciel noBxuuu (Ta-
pered QWT), sike 1ae 3MOry 3MEHIIUTH eEKT «OIHIET HOTHY» 3a PaXyHOK PO3IIUPEHHS Pe30-
HAHCY Ha Jiana3oH 0ACOBUX YaCTOT.

Po3paxynok nmapamerpis AO 3a3Buyaii [1-3] 3B0asATh 10 BU3HAYEHHS €PEKTUBHOTO 00’ €My
Ta reoMeTpuIHNX po3MipiB AC He POBOJISYN PO3PaxXyHOK Ta Bi3yalli3allilo 30H CTOSYMX XBUIIb,
abo inTepdepenuii xBuib Ha Buxoni AC. Hanpuknan, nporpamuuii 3actocynok Hornresp (Horn
Loudspeaker Response Analysis Program) [4] mosxe po3paxoByBatu AC, oOuparou 3i ClIeKTpy
Bijomux AO (3aKpuUTHIA SIMK, PYIIOpP) JIMIIE HA OCHOBI eMITipHYHUX piBHSAHB. J[aHa poboTa cra-
BUTH 32 METY YCYBaHHS TaKOTO TPOOLTY.

MeTto10 po6oTH € po3podKa AITOPUTMIYHOI Oa3U KOMIT FOTEPHOTO MOJICTFOBAHHS ITPOIIECY
iHTepdepentii Ta Bizyanizarii cyneprosuitii akyctnaaux xBuib B AC 3 AO y BUIIIsizi mpsmMoi Ta
CKJIaJICHO1 3BYKE€HOI UBEPTbXBUJIbOBOI TPYOU ISl IOPIBHSAHHS JOCTOBIPHOCTI CUTHAITY, SIKUM BOHU
BIITBOPIOOTH, T JIOKATI3AIlii 30H aKyCTHYHOTO 30y/keHHs BcepeauHi AQ, J1e BCTAHOBJICHHS Iapy
abcopOyrodoro Marepiary € epeKTHBHIM ISl TAMYBaHHS XBIITb.

Buxonsuu 3 teopii MaTeMaTuyHOi (i3UKH, B1IOMO, 1[0 MOIIMPEHHS aKYCTHUHUX XBUJIb
B1JI0YBA€ThCS HAa OCHOBI NMPHUHIMUITY CYNEPHO3ULi, SKMA € OJHUM 13 KJIIOHYOBUX MOJIOKEHb
teopii XBuib [5]. IlpuHuun cTBEepaXKye, 110 KOJIM /1Bl 00 OUIbIIE XBUIb 3yCTPIYalOThCS B O1-
HIi TOYIl MPOCTOpPY, iXHIA 3arajJlbHUN BIUIMB JIOPIBHIOE anreOpaiuHiii cyMl 3MILLEHb BiJ
OKpeMHX XBWJIb Yy I1iif Toumi. L{e mosicHI0e, 4OMy XBHIJII MOKYTh IIPOXOJIUTH OJHA Yepe3 OJHY
0€e3 B3a€EMHOT'0 CIIOTBOPEHHS.

AHaJi3 ocTaHHIX JAociailzKeHb i myOaikamiii. Po3paxyHOK MOIIMPEHHS aKyCTHUHUX
XBWJIb HA OCHOBI IMIPUHIIMITY CYNEPIO3UIII] € BaXJIMBUM HaNpsSMKOM y cydacHii ¢i3uii ta 06-
yucmoBalibHIA Matemartuul [6]. Octanni my6mikanii [7, 8] cBiguaTh Npo aKTUBHUN PO3BUTOK
METOJIB MOJICTIOBAHHSI ITOIINPEHHS XBUJIb Y PI3HUX CEPEIOBUIIAX 3 aKIIEHTOM Ha TOYHICTh Ta
00YHCITIOBANIbHY €(DEKTUBHICTD.

30KpeMa, METO/IM YMCEIbHOTO PO3B'SI3KY PIBHSHHS XBWIII, Takl SIK METOJ CKIHUEHHUX
PI3HHITG, aKTUBHO BUKOPUCTOBYIOTHCS JIJIS1 MOJICITFOBAHHS XBIJIBOBHX IMPOIIECIB Y Pi3HUX che-
pax — BiJ aKyCTHKHU Ta TIAPOAWHAMIKH JO KBAaHTOBOI MeXaHIKA. ABTOpH poOoTH [7] meMOH-
CTPYIOTHh BHKOPHCTaHHS KiHIIEBO-PI3HUIIEBUX CXEM JISi PO3PAXYHKY PO3IOBCIOKEHHS aKy-
CTHUYHUX XBHJIb IIPH CUHTE31 HOTHUX 3BYKIB HAa OCHOBI BUPIIIEHHS 1/1€aJ1130BAaHOI0 XBUJIHOBO-
ro piBasHHSA. [Jocmimkenns JIyk’saenko C.O. [8] cipsmoBaHi Ha MOACITIOBAHHS TTOITUPEHHS
TEIUTOBUX XBHJIb y METaJlaX 3 BUKOPUCTAHHIM aJallTUBHUX 00YMCITIOBAILHUX METO/iB. Pazom
13 MepeTiYeHNMH YCITiXaMH, aHaIi3 OCTaHHIX MyOJIKaIlii MoKa3ye, M0 MIAX1 10 BUPIIICHHS
3ajmaui MojemoBaHHs AO Ha OCHOBI pO3paxyHKY IMOIIMPEHHS aKyCTHMYHOI XBHJII JIOC1 JIH-
MIAETHCS MAJIO BUCBITIICHUM Yy HAYKOBOMY CEPEIOBHIIII.
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Ha nanwii yac po3paxyHOK Ta Bi3yaji3aiii MOIIMPEHHs 3BYKOBHX XBHJIb € MOKIJIUBHM 13 3a-
CTOCYBaHHSIM MporpamHoro 3acrocynky ShaderToy sig William Leu [9]. 3acrocyHok Hamae
MOXKJIMBICTh MOJICITIOBATH MOLIMPEHHS XBUIIb Ta 1X BIAOUTTS B/l IEPEIIKOI, SIKi 33JaHO y BUIIISI
Bi/Ipi3KiB, IBOBUMIPHUX T€OMETPUYHUX (iryp. [30TponHUM JKeperoM XBHIb MOXKYTh BHCTYIIATH
koma Ta kKancynmd. Hemomikom ShaderTOy € HEMOXIMBICTH MOJEIIOBAHHS JMIIOJBHUX BH-
MPOMiHIOBAYiB, SIKI CTBOPIOIOTH 3BYKOBI XBHJII 3 MPOTHJICKHUMH (hazamMu 1O pi3Hi O0kH MeMOpa-
HH, 1110 CTBOPIOE 0OMEXKEHHS mpu MozeroBanHi AC.

OcHoBHa yacTuHa. [IpuHUIMD cynepro3ulii mependadae, MO pe3yabTaT B3AEMOIL
JBOX a00 OisbIIe XBWIb y OyAb-sKii TOUIL MPOCTOPY € aNredpaiyHOI0 CyMOIO iXHIX OKpEeMHUX
edexTiB (1). Lle o3Havae, 1m0 XBUJII MOXKYTh HAKJIQAATUCS OJHA HA OJHY, YTBOPIOIOYH HOBI
aMILUTITYH 3aJI€KHO BiA iXHBOI (hasu. Skmo xBuii nepeOyBarTh y (asi, BHHUKAE KOHCTPYK-
TUBHA iHTep(depeHLis, a AKIo y npoTudasi — JecTpyKTUBHA iHTEp]epeHIis.

Piotat = P1 + P2, 1)
1e P; 1 P, — THCKU JABOX XBMIIb, 10 3yCTPI4AOTHCS B TOUILI.
Ha nanwmii yac Bigqome ineanizoBane piBHAHHS (2) HOMIMPEHHS aKyCTUYHOI XBHJI1 Y ras3i.

o? 0
IP vy a® @
ot ot

ne P — cKaisipHe 3HaYSHHS TUCKY Y TOYIll IIPOCTOPY;

C — MIBUJIKICTh MONIMPEHHS XBUJII y JAHOMY CEPEIOBHIII;

V2 omepatop Jlarmnaca, o onucye MBUAKICTH Ta HAIPSMOK 3MiH THCKY B IPOCTODI;
Q — KOe(]IIIEHT aTeHI0AIII].
[TpuitmMarouu 10 yBaru yMOBY, 110 3BYKOBI XBHJII B TIOBITP1 € KOJMMBAIBHUM PYXOM 3 HEBEJH-
KAMH aMILTITyJaMH, CKISIpHE TI0JIe MIBUAKOCTI MPH MOIIMPEHH] 3BYKY Uepe3 Ta3 TeX OMUCYEThCs
MOAIOHUM XBUJIbOBUM PIBHSHHSM.
[Tepenuiiemo piBHAHHS (2) B KOOpAMHATaX XY JIBOBUMIPHOTO MPOCTOPY:
2 2 2
op 2[ O°P o°p op
Lyt =e “Rxy )+ SRy [~ Py, @
ot OX oy ot
ne t — HeszanexxHa 3MiHHA Yacy.

Jns BupimieHHst piBHSHHA (3) CKOPUCTaHMOCh YMCENPHUMU METOJaMM KIHLIEBUX PI3HHIIb.
ATIPOKCUMYEMO TIEpIIMIA YieH PIBHSHHS 3a JIONOMOTOI0 PIBHSHHS Y BUIVII CXEMH 3 PI3HHUIICIO

Hasa1l i OMIIIKOro TportopuiiiHo O(At?):

o X,Y,t +At) —2p(X,y,t) + p(x,y,t — At
—QUJsz(y ) —2p( 3) p(x,y ) @)
ot At
AnpoKCHUMYy€eMO BUpa3 y Iy>KKaxX piBHAHHSA (3) 32 LIEHTPaTbHOIO CXEMOIO:

0° 0’

—E(X,y,t) + —E(X,y,t) ~

OX oy (5)

p(X + AX; y’t) _Zp(xl ylt) + p(X _Axl ylt)
> +
AX
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+ p(X,y +Ay,t) —2p(x,y,t) +p(Xx,y — Ay,t)
Ay? '

3aminuMo nipaBuii Oik piBHSAHHSA (3) TBOTOYKOBOIO KIHIIEBOIO Pi3HUIICIO, Ta IT1CTABUMO

BHupasu (4) ta (5), oTpUMaEMO:

p(X,y,t +At)—2p(x,y,t) +p(x,y,t —At) _

At?
_Cz(p(x+Ax,y,t)—2p(x,y,t)+p(x—Ax,y,t)jJr
- 2
AX ©)
+C2 p(X,y+Ay,t)—2p(X,y,t)+p(X,y—Ay,t) _
Ay?
_ap(X,y,t)—p(X,y,t—At)
At '

[leperpynyemMo KOMIOHEHTH piBHAHHA (6) BHpPa3HBIIM HEBIJIOME 3HAYEHHS THUCKY

p(X,y,t + At) ta momaiiMmo yMOBY piBHOCTI KPOKiB anmpOKCHMAIliil PIBHSHHS 32 HAIPSIMKOM
X tay (AX=Ay=Ah):
CAL \?
pOGY.t+At) =| ~5- | (p(x+ A%, 1) = 4p(X, ¥, 1) + p(x —AX,Y,t) +

+p(X,y +Ay,t) +p(x,y — Ay, 1))+
+2p(x,y,t) = p(x,y,t —At) —a At (p(x,y,t) = p(X,y,t —At)).

PiBHsAHHS (7) Aa€ MOXKJIMBICTh OOYMCIUTH 3HAUEHHS THUCKY Y KOKHOMY BY3JII CITKU JUIs

(7)

vacy t + At Buxojsuu 31 3HAUCHB TOJIIB JBOX MOMEpEAHiX yacoBux To4ok: T ta t —At.
JIMIIOJIBHUM JIKEepeNioM KOJIMBaHb BHUCTYMAKOTh JIBa Bipi3Ka, sKi (JOPMYIOTh I'paHMIIi
JlipixJie 13 CHHYCOiaTbHUM 3aKOHOM 3MiHH THUCKY:
f(t)=Asin(w-t), (8)
1€ @ — KyTOBa 4acToTa,
A — ammTiTY/1a XBUIITI.

Heo06xigHOIO yMOBOIO 301KHOCTI MPH PO3B’sA3yBaHHI PiBHSIHHSA (7) € BUKOHAHHS YMOBHU
Kypanta — ®@pingpixca — Jlesi:

C= c£ < = : 9)
Ah ™ V2
ne C —aucno Kypanra.

HepiBHicTh (9) 3a0e3neuye, 1m0 BiICTaHb MOUIUPEHHS XBHIII BHACHIIOK TUIMHY 4acy He
NEepEeBUIILYE KPOK AUCKpETH3alii CITKH, II0 € aHaioroM ymoBM HaiikBicTa aisi BiJHOBJIECHHS
CUTHAJIy TICIsl MpOLEeCy AUCKpeTH3allii — KiIbKICTh BUOIPOK CHTHaNly Mae OyTH y JiBa pasu
OlIbIIIa HIK YacTOTa CUTHAITY.

Aneopumm xomn romepHoeo mooentosants mpolecy inTepdepeHIiii Ta Biszyamizaiii cy-
NEePIO3UII aKyCTUYHUX XBWJIb Ha IPOIECOpI 13 mapanelbHUM OOYUCIEHHSIM CKIIAJA€THCS 3
KPOKIB, III0 OMMCAHO HUXKYE.

6 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 1 (156) 2025 «System technologiesy

Kpox 1 CtBoputu TekcTypy T 3 aBOoMa KOMIOHEHTaMu I' Ta J y dopmari riaBarvoi

TOYKH IOBHOI TOYHOCTI 3 PO3Pi3HEHHSM, SIKE BiJIOBIA€ KUIBKOCTI BY3JIiB CITKH MOJICIIFOBaH-
Hs1. Komnonentu I ta § BianosinaooTh yacoBuMm Toukam t ta t — At .

Kpox 2 ]Iy KOXHOTO TEKCENI0 TEKCTypu | 3 KoopauHatamMu X Ta Y BUKOHATH
HACTYIHI i

/is 2a Ha nepiii itepartii iHiIiami3zyBaTH TEKCEb HYIbOBUM 3HAYCHHSIM.

His 26 TIpoBecTr BUOIPKY 3 TEKCTYpH | 3HAUCHb THCKY, SIKI BIIIIOBIJAI0Th YaCOBUM TOUKAM
t — At Ta t; sKI0 po3paxyHOK BEAETHCS VISl TOUKH 3 KOOPIMHATAMH, SIKi CITIBIIAal0Th 3 KOOPIHU-
HAaTaMH 3BYKO-B11OMBaro4yoro enemeHty AQ, NpUMHATH A0 yBaru IpaHU4YHI YMOBH y BHIVIII
Hipixue.

His 26 Po3paxyBaTW 3HAUCHHS THCKY, SIKC BiamoBimae dwacoBiii toumi {+ At vy
BIJIMOB1THOCTI 70 piBHSAHHS (7).

His 22 SIKmo po3paxyHOK BEAEThCS JUIsl TOUKU 3 KOOP/AMHATaMH, SIK1 CITIBIIAJAI0Th 3 KOOPAMHA-
TaMH BUIIPOMIHIOBAYa, 3aMIHUTH PO3paxOBaHe 3HAYEHHsI TUCKY Ha 3HAYEHHs THCKY BUIIPOMiHIOBaYa
Y BIITOBITHOCTI JI0 PiBHSHHS (8).

His 20 3anucatu po3paxoBaHe Ta MONEPeIHE 3HAUEHHsI TUCKY 10 I' Ta J KOMIIOHEHT TeK-
cTypu T BIAMOBIIHO.

Kpox 3 BizyanizyBatu TeKCTypy | Ha eKpaHi.

Kpox 4 Ilepeiitu 10 Kpoky 2.

Ilpoepamna peanizayia. JInsg MoaentoBaHHs HpOLECy MOIMIMPEHHS XBUJIb PO3POOJICHO
BeO 3aCTOCYHOK Ha MOBI mporpamyBaHHs JS HeHTpaipHOro mpouecopy Tta MoBi GLSL ES
rpagiqHOro mporecopy napaieabHUX 004YHCIeHb, SKHH Mpaltoe 3a MPeICTaBICHUM aJrOpuT-
MoM. [Iporpama mpoBOIUTH Bi3yalli3allilo MpOIECy NOUIMPEHHS XBUIIb Y pealbHOMY 4aci BU-
XOJIS1YM 3 TOYATKOBUX MapaMeTpiB CEpeOBHUIIA, TaKi SK: reoMeTpruuHa KoHpirypauis AO, sxa
KOHCTPYIOETbCS 13 3aCTOCYBaHHSM BiJPi3KiB, KOOPAMHATH PO3MILEHHS Ta TIe€OMETpUYHA
KOH(Qirypartlist Jukepeia XBHJIb, KyTOBa IIBHUJKICTh F€HEpaTOpa Ta aMIUTITyJIa XBHJI, YHMCIIO
Kypanra, koedinieHT areHroaii, po3Mip CiTKH MOJIETIOBaHHS.

[Tpukinagu pobOTH MPOrpaMHOro 3aCTOCYHKY MozetoBaHHsS J1BoX AC IMpeJcTaBlieHO Ha
puc.1,2. Cipuii Konip eJ1eMeHTIB Malu BiANOBIIa€ HYJIbOBOMY PIBHIO TUCKY, YOPHHUH 1 OLmnit —
HOro MakCUMaJIbHUM 3HAYECHHSIM.

Pesynemamu, wo0o pospobnenozo ancopummy KOMN IOMEPHO20 MOOeN08aAHHA ma
gizyanizayii nowuperHsa aKyCmuyHux Xeuib 6 NOGImMpi:

- JIOBKWHA KpOoKy AN 3HAYHO BIUIMBAE Ha JOBXKHMHY XBHJII, 1[0 YTBOPIOETHCS, — IPH
3MEHIICHHI KPOKY JOBKMHA XBUJII 3MEHIIIY€EThCS;

— YCHILIHICTh MOJENIOBAHHS TOIIMPEHHS XBWJII HU3bKOI 4acTOTH B 3HAuYHIN Mipi
3aJIe)KUTh BiJl KOPEKTHOTO 3HAUCHHS aMIUTITYyau A jpKepenia XBHJII — HEOCTATHS aMILTITy1a
HPUBOJUTE JI0 IIBUIKOTO PO3CIIOBAaHHS XBUIIL;

- TMpPEeICTaBICHUH aNrOpuTM TpPU BUKOPUCTaHHI S5-TM TOYKOBOi ampoKcHMaIlil

narutaciany 36epirae criikicte mpu C < 0.5, a npm BukopucraHHi 9-TH TOYKOBOI

anpokcumanii (3 miaronansHumu enemeHtamu) — C <+/2; mpu 36iIbIIEHHI TOPOrOBOIO
3HayeHHsa C anropuT™ JaBUHONOIIOHO PO3XOIUTHCS;
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— TMpPEICTaBIICHUH aIrOPUTM € MPHUAATHUM J0 pO3MapalIerOBaHHs, OCKUIBKU KIHIIEBO-
PI3HUIIEB] CXEMH, IO 3a1iSHO JUII PO3PaXyHOK THCKY y KOXXKHOMY BY3Jli CITKH, HE 3aJeXKaTh
BiJl 3HaU€Hb THCKY MOTOYHOTO KPOKY Y CYCIJHIX TOYKax: Impu po3Mmipax citku 512 x 288
KUIBKICTh YaCOBHMX KPOKIB 3a CEKyHAY CKjajia Outblie 75 3 BUKOPHCTAHHSM IPOIECOPY 13
napanensHuM oouncnennsm Intel UHD 630.

6)

Pucynok 1 — Mana nommpeHHs XBWIi y a) IpsiMiid Ta 0) ckitaieHii

3BYKEHIH UBEPTbXBUJIBOBOI TPYOl IPU MapamMeTpax MOJIENi:
C= \/2_, a =0.005, w =20, A =2, po3mip citku mozemoBarus 200x300

Pezynomamu xomn tomeprnozo mooenosanns AC 3 AO y 8uensoi npamoi ma ckiadeHoi
38)2iCEHOI UBEPMBXBULLOBOT MPYOU:

- Ha 0acoBiil MOBXKHHI XBWIb KiMHaTa yTBOproe 3 AC €IuHy CHUCTEMY, 11O BUMAarae
NPUUHSTTSA ii 10 yBaru mij yac MOJEIIOBaHHS;

- AO y BUIISAl CKIQJCHOT 3BYXKEHOI YBEPTHXBHIBOBOI TpyOU €(EKTUBHIIIE Tamye
BHCOKI Ta CEpEe/IHI YaCTOTH 3a PaXyHOK 3aTPUMKH XBWJI KOHGIrypaiieto ctiHok AO mo3any
ITUPOKOCMYTOBOTO JDKEpeNa, IO YCyBae HemependadyBaHe IMACWICHHS a0 aTeHIoAIliio
BKa3aHMX YaCTOT Ta, SIK HACIIJIOK, 3017IbIITY€E JOCTOBIPHICTh BIATBOPEHHS CUTHATY,

— 30HU aKyCTHYHOTO 30Y/KEHHS pPO3TalIOBYIOThCS Beepeanti AO HaBNPOTH JpKepena
XBUJIL;

- obunBa AO oxHakoBO M00pe pPO30MBAIOTH CTOSYY XBHWJIIO 3 JIOBKHHOIO Y YBEPTh
XBWII 32 PaxyHOK 3MIIIEHOI MO3UIli JpKepena XBWJIb B TJIYXOro KIHISI TPYyOM Ta 3MIHHU
nepepi3zy Tpyou B3IOBXK 11 JOBKHUHH.
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a) 0)

Pucynok 2 — Mana nomupeHHs XBWI1 y a) IpsiMiid Ta 0) ckiiaieHii
3BY)KEHii UBEpPTbXBUJIbOBOI TPYO1 IpU apameTpax MoJeli:

C=.2, =0.002, @=2, A =2000, posmip cirkn MozemoBarHs 200x300

BucnoBku. Po3po0iieHO anroput™M KOMIT FOTEPHOTO MOJEIIOBAHHS TpOIleCcy iHTepde-
peHmii Ta Bi3yamizalii cyneprno3uiii akyCTHYHHX XBHJIb Ta MPOBEACHO HOTO peaji3alliio Ha
IpoIIecopi i3 MmapajellbHUM OOYHCIIeHHSIM. Po3paxoBaHO Mamy MOIMUPEHHS XBUJIb Y TPAMIil
Ta CKJIQJICHIN 3BYXEHIM YBEpTHXBHIIBOBIN TPyOi, 10 nano 3mory mopiBaaTH AC 3a XapakTe-
PUCTHKOIO JIOCTOBIPHOCTI CHTHATY, SIKH BOHH BiITBOPIOIOTH. [Tokazano, mo AC 3 AO y Bu-
IS 3JI0MIIEHOT 3BYKE€HOT UBEPTHXBIIIBOBOI TPyOH Mae GiIbITy JOCTOBIPHICTH BiITBOPEHHS
curHairy. BcTaHOBJIEHO Ha OCHOBI Marl, 1[0 30HH aKyCTHYHOTO 30Y/KEHHS PO3TAIIOBYIOTHCS
BCEpEANHI aKyCTUIHOTO O(YOPMIICHHST HABMPOTH JKEPEIa CUTHAITY.

JIITEPATYPA/ REFERENCES
1. Dickason V. Loudspeaker Design Cookbook. 8th Ed. : KCK Media, 2023. 398 p.
2. Eargle J. JBL Sound system design Reference manual.3d Ed.:JBL Professional, 1999. 87 p.
3. King M.J. Horn Physics. MJK, 2008. 29 p.
4. Karlsson H. Hornresp Manual. 2001. 161 p.
URL: https://www.scribd.com/document/692315064/Hornresp-Manaual (date of access
20.11.2024)
5. Verma N. Physics for Engineers. PHI Learning Pvt. Ltd., 2013. p.361.
6. Strauss W. Partial differential equations: An introduction. Wiley, 2007. 464 p. ISBN-13:
978-0470054567

ISSN 1562-9945 (Print) 9
ISSN 2707-7977 (Online)



«Cucremni texuounoriin 1 (156) 2025 «System technologies»
7. Finite difference schemes in musical acoustics: A tutorial / Bilbao S., Hamilton B.,
Harrison R.L., Torin A. Springer Handbook of Systematic Musicology / 2018. P. 349-384.
8. Lukjanenko S.A., Nimchuk 1.B. Using adaptive difference meshes at modeling two-
dimensional thermal wave. System research and information technologies. 2005. Ne 3, P. 88-
98. ISSN 1681-6048
9. Leu W. Playing around with a 2D wave algorithm. 2021.
URL: https://pixeleuphoria.com/blog/index.php/2021/01/19/playing-around-with-a-2d-wave-
algorithm/ (date of access 20.11.2024)

Received 10.01.2025.
Accepted 13.01.2025.

Computer-aided modeling and visualization of sound waves propagation
in a Tapered Quarter Wavelength Tube

The paper presents the algorithmic basis for computer-aided modeling of sound wave
propagation in an acoustic system with an acoustic design in the form of a straight and folded
tapered quarter wavelength tube (TQWT). The aim of the modeling is to compare the systems
by fidelity of the signal reproduced and localize acoustic excitation zone inside the acoustic
system, where installation of a layer of absorbing material is effective for control of wave
propagation.

The computer-aided modeling of acoustic wave propagation utilizes an algorithm based on a
hyperbolic differential equation with attenuation component. A web application has been developed
in JS programming language for CPU and GLSL ES language for parallel computing on GPU,
which works according to the presented algorithm to simulate the wave propagation process. The
program visualizes wave propagation in real-time based on the initial parameters of the environ-
ment, such as: the geometric configuration of acoustic enclosure (constructed using line segments),
the coordinates of the location and geometric configuration of the wave source, angular velocity of
the generator and the wave amplitude, the Courant number, the attenuation coefficient, the size of
the simulation grid.

The software made it possible to calculate the constructive and destructive interference
maps of the wave generated by the speaker’s front side with the wave emerging from the acous-
tic system’s port of straight and folded tapered pipe. With a grid size of 512 x 288, the algo-
rithm achieved a processing speed of over than 75 time-steps per second using a processor with
parallel computing Intel UHD 630. The maps showed that the zones of acoustic excitation were
located inside the acoustic enclosure opposite to the wave source. It is shown that the acoustic
enclosure in the form of a folded TQWT effectively suppresses high and medium frequencies by
attenuating the wave with the configuration of the walls behind the broadband source. The con-
figuration prevents unpredictable amplification or attenuation of the specified frequencies and,
as a result, increases the fidelity of signal reproduction.
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A.C. TI'amxa, C.B. AHTOHEHKO
ABTOMATHU3AIIA PO3POBKH WIN32 JECKTOIIHUX JOJATKIB:
IMPAKTHYHI ONIJIXOU I CTPATEI'TI

Anomayisn. I[Ipononyemocs 02ns0 cywacHux nioxooie 0o asmomamuszayii pozpooku Win32 oe-
CKMONHUX 000amkis 3 sukopucmanuam npaxmux DevOps. Onucyromuvcs kaowosi emanu, ma-
ki six Continuous Integration (Cl) ma Continuous Deployment (CD), sixi donomaearoms pos-
POoOHUKAM asmomamuzysamu 30IpKy, MeCmy8aHHs Ma pPo320PMAHHSI 000AMKI6, ZHUNCYIOUU
pusuku nomunok. Ocobruea ysaza NpudiisEMbCs ABMOMAMU308AHOMY MECMYBAHHIO, sKe
BKI0OUAE MOOYIbHI mecmu, PYHKYIOHAIbHI mecmu ma mecmu npooyKmusHocmi 0is 3abe3ne-
yenHss cmaditbHocmi 0odamkie. Poszensoaromvcs nioxoou 0o ingpacmpykmypu sk Kooy
(1aC), sxi 0o3zeona0ms asmomamu3ysamu HALAUIMYBAHHS MA KEPYBAHHS CEPEO0BUAMU PO~
3pooku. Ceped incmpymenmis eudinsiomscs Terraform, Ansible, ma PowerShell DSC. Ta-
KOJIC BKIIOYEHO PO32A0 30epedceHHsi OOKYMEeHMIE y XMAPHOMY CXO8UWI 3 GUKOPUCAHHAM
Minio, wo 3abesneuye besneune ma macwumabosane 30epicanns Oanux. 3a60aKu Yum Npax-
muxam ma incmpymenmam, po3pooka Win32 oeckmonnux dodamkie cmae Oinbut egpexmus-
HOI0, HAOTUHOIO MA WEUOKOIO.

Kitto4oBi ciioBa: pospobka npoepamnozo 3abe3neuents, agmomamusayis po3pooKu npocpam-
noeo 3abesneuenns, DevOps, Continuous Integration (Cl), Continuous Deployment (CD), in-
@pacmpykmypa sk ko0, asmomamuzosane mecmysanns, Terraform, Ansible, PowerShell
DSC, Minio, 36epescennss dokymenmis y xmapi, xmapre cxosuuge, poseopmanns, \Windows,

XMAapHi MexHoN02Ii.

IMocranoBka mpodemu. Po3poOka Win32 neckTomHHUX AONATKIB € CKIATHUM MpOILIe-
COM, SIKH{ BHMAarae 3Ha4HHUX 3yCHUJIb 3 OOKY PO3pOOHHKIB JuIs 3a0e3MedYeHHs iXHbOI SKOCTI,
cTaOlIbHOCTI Ta MPOJYKTUBHOCTI. 31 3pOCTaHHSAM BUMOT J0 (PYHKIIIOHAJBHOCTI, IIBUJKOCTI
BUITYCKY OHOBJIEHb 1 HaJ1IHOCTI, 3pOCTa€ HEOOXIIHICTh B aBTOMATH3allii IPOLIECIB PO3POOKH,
TECTYBaHHsS Ta pO3ropTaHHA. be3 BIpOBa/HKEHHS aBTOMATH3aIlil MOMJIMBI 4acTi MOMMIIKH,
3aTPUMKHU Y BUITYCKY Ta TPYAHOILI 3 MIATPUMKOI BHCOKHUX cTaHAApTiB sgkocti. [loctae mu-
TaHHS, SIK e(EKTUBHO BIIPOBAKyBaTH mpakTuku DevOps mist aBromMarn3aiii ux MporeciB y
cepenoBuii po3pobku Win32 momarkiB, MiHIMI3yIOUH JTFOACHKI MOMHJIKH Ta ITiIBUIIYIOYH
€(EeKTUBHICTbD.

AHaJi3 ocTaHHIX gocailkeHb i nmybaikauniil. ABTomaTH3anis po3poOKH MPOrpaMHOTO
3abe3neueHHs Ha ocHOBI DevOpS-TpakTHK cTaja KIFYOBOK TEMOKO CyYaCHUX JIOCIIKCHb.
OnHuM 13 HampsIMKIB € aBTOMAaTH3allis YNpaBliHHSA O€3NeKOl0, 30KpeMa y MPOMHUCIOBUX
DevOps-nipoektax. Y crarti M. VVoggenreiter ta in. [1] po3risimaeTbesi BIPOBAPKEHHS METO-
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JIOJIOTI1 JIUIst aBTOMAaTU3allii yrpaBiiHHs Oe3nekoBuMH BHsiBIeHHsMH B DevOps-cepenoBui.
ABTOpHU IIPOMOHYIOTH cucTeMy Security Flama, sika BukoprcToBye ceMaHTHUHY 0a3y 3HaHb
JUISL YIIpaBIIiHHSA 0€3NeKOBUMHU pu3uKamMu. Ha 0CHOBI AOCHIKEHHS ABOX MPOMHUCIOBUX TPOE-
KTiB OYJIO MiATBEPKEHO, [0 BIPOBA/KEHHS 11€1 METOI0JIOT1 TTOKpAIIy€e YIpaBIiHHS Oe3rie-
KOBUMH BPA3JIMBOCTSIMH Ta CHpHUS€ 3MEHIICHHIO PU3HKIB Y Iporeci po3poOku. Xoya Jocii-
JDKEHHSI OpieHTOBaHE Ha mpoMucioBi DevOpS-ipoexTH, miaxoau A0 aBToMaru3anii 0e3nexu
MOXYTb OyTH KopucHUMH 1 st Win32-nonatkis, e Oe3reka 3aIuiaeTbCs KPUTUIHUM acIie-
KTOM PO3pOOKH.

Hocmimxenns S. Duque Anton ta in. [2] 30cepemkeno Ha mpobiemMax aBTOMaTH3AIlil
Oesneku B posnoaiieHux l0T-cucremax, inTerpoBanux y DevOps-cepenoBuie. Xoda GoKyc
ctarti Ha l0T, 6araTo iHCTpYMEHTIB 1 MiIXO/1B, IO OMKCAHI JIsl aBTOMaTU3allii Oe3NeKu Ta
IPOILIECIB PO3rOpPTaHHs, MOKYTh OyTH agantoBaHi i aeckronHux Win32-gomatkiB. 30kpe-
Ma, CTaTTsl ONUCYe IHCTPYMEHTH, IO BHUKOPHUCTOBYIOThCSI Ha pi3HMX eTamax DevOps-
MPOLIECiB, 1 MPOIOHYE PIllIEHHS JUIS MMiABUILEHHS X O€3MeKHU, BPaXOBYIOUHU Crielu(iKy po3mo-
JieHuX cucTeM. IHTerpaiiss TakMx METOMIB MOKe 3abe3mednTd HaaiidHicTh 1 s Win32-
JI0JJaTKiB, OCOOJIMBO y BUIAJKaX CKJIaJHOI apXITEeKTYPU YU PO3IMOAITICHUX CePEIOBUIIL.

[HIIMM BaXJIMBUM HAMPSIMKOM € JIOCTKeHHS pomi mmry4dHoro intenekry (Al) y
DevOps-nipouiecax. Y crarti M. Alenezi Ta in. [3] po3risnaerses, sixk Al Moxe 3HaYHO MOK-
paluTH aBTOMAaTHU3aIli0 MPOLECIB, TAKUX K TECTYBaHHSA, MOHITOPHHT Ta aHami3 Joris. Al
JIOTIOMArae BUSBJISATH MOTEHIIIHHI IPOOJIEMH HA PaHHIX CTaisX 1 ONTUMI3yBaTH POOOTY IMpo-
rpamuoro 3abe3neueHns. J{ins Win32-noaaTkiB 1i TeXHOJIOTIi MOKYTh OYTH BUKOPUCTaHI JIJIsI
MOKpAIIEHHS SIKOCTI MPOIYKTY 4epe3 BIOCKOHAJICHE TECTYBAHHS Ta MPOTHO3YBAHHS MOKJIIH-
BUX TOMUJIOK. CTarTs migKpecitoe BaxmmBicTh iHTerpamii Al y DevOps mis migBuimeHHs
IPOJAYKTUBHOCTI KOMaH I 1 3a0€31eUeHHs IIBUJIKOT peakilii Ha 3MIiHH.

KyneTypHi acniektu BrpoBakeHHs: DevOps Takoxx BiZirparoTh BaXIJIMBY pOJb y YCIIi-
IIHIN iHTerpartii ux npakTtuk. Y mpociimkendi W. Luz ta in. [4] yBara npuaiaseTbcsi HE Tifb-
KM aBTOMATH3allii IHCTPYMEHTIB, aJie i CIiBIIpali Mk KOMaH/aMHU pO3pOOKH Ta eKCIUTyaTallii.
ABTOpH BHSIBIIH, L0 yCHilIHa peanizauis DevOps 3anexuts He CTUIBKM BiJ] BAKOPHCTAHHS
KOHKPETHHUX 1HCTPYMEHTIB, CKUIbKH Bijl MOOY/10BH €(EeKTHUBHOI KyJIbTYpH B3a€EMOJIi B OpraHi-
3amii. e mocnimpkeHHs oXoIuTioe aHami3 BropoBakeHHda DevOps y 15 koMmaHisx 13 pi3HUX
KpaiH Ta MPOIMOHY€E MOJIEb YCHIIIHOTO BIPOBaKeHHs mpakTuk DevOps. BrnipoBamkenHs Ta-
KUX KYJIBTYpHUX 3MIH MOKe OyTM KOPUCHHUM 1 A KOMaHi, 1o mpamoTts 3 Win32-
JOJIATKaMHU, OCKUTHKM BOHHM YacTO BKJIIOYAIOTh MUKIUCIUIUTIHAPHY CIIBIPAII0O MK PO3pO0-
HUKaMH, TECTYBaJIbHUKAMH Ta OINEpallifHUMHU KOMaHJaMH.

3aramomM, xo4a OUTBIIICTH AOCHIKEeHb mMpucBsueHa DevOps y 3araibHOMY KOHTEKCTI
a6o Ha nmpukianl 10T Ta npoMuUCIOBUX cHCTEM, MPUHIIMIIK aBTOMATH3Aallil, yIIpaBiliHHs Oe3re-
KOIO Ta KyJbTYPHHX 3MiH MOKYTh OyTH yCHIIIHO afgantoBaHi i aust Win32-moaaTkis, 110 Bif-
KPHUBAE MPOCTIp IS MOJANBIINX JAOCHIPKEHB Y IIbOMY HAIPSMKY.

Merta nocaigxenHs. BuBueHHs Ta BNPOBaJKEHHS CYYaCHUX MPAKTUK aBTOMATH3Allil
po3pobku Win32 neckromHux MoaaTKiB 3 BHKopucTaHHsMm DevOps-meromosnoriii. Jlocii-
JUKEHHS CIIPSMOBaHE Ha aHalli3 OCHOBHHUX €TalliB aBTOMaru3allii, Takux sk Continuous Inte-
gration (CI), Continuous Deployment (CD), aBromaTtn30BaHe TECTYBaHHS, a TAKOX 3aCTOCY-
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BaHHA iH(pacTpykTypu sik kony (1aC) mus ynpapnidHs cepenoBuiamu po3pooku. OcodimBa
yBara NpUAUISIEThCS BUKOPUCTAHHIO 1HCTpYMEHTIB, Takux sk Terraform, Ansible, PowerShell
DSC, Ta 30epiranHio 1aHuX y XMapi 3a goromoror Minio.

Beryn. Po3po0ieHHsT IECKTONMHUX J0JATKIB Juisi onepauniiHoi cuctemu Windows 3as-
xau Oyna BaXJIMBUM aCMEKTOM MPOTpaMHOi iHXeHepii. 3 MIMHOM yacy BUMOTH JI0 AOAATKiB
MOCTIHO 3POCTaI0Th, @ TAKOXK 3MIHIOIOTHCS CTpaTerii po3poOKU Ta BIPOBAKEHHA. Y cydac-
HOMY CBITi Ba)KJIMBO HE JIMIIE MBUAKO PO3pOOIATH, ane i e)eKTUBHO BIPOBAHKYBATH J10]1aT-
KM, 1100 BOHU 33I0BOJIBHSUIA IOTPEOM KOPHCTYBAUiB Ta BiNOBIJAJIM BUMOTaM Oi3HECY.

L cTarTs mpHCBSYEHA PO3TISAY MPAKTUYHUX MIIXOJIB 1 CTpaTerii, sSKi JOMOMOXKYTh
PO3pOOHUKAM JAECKTOMHMUX A0AaTKiB Ha miardopmi Windows MakcuMaibHO aBTOMATH3yBaTH
PO3pOOKY MPOEKTIB, 3a0e3meuyroun eheKTUBHICTh Ta MIBUAKICTH Y pO3pOOIIi.

Posrimsmaroreest BakiamBi acrektd DevOps Taki sk Continuous Integration (CI) i
Continuous Deployment (CD), aBToMaTH30BaHe TECTYBaHHS, BAKOPUCTAHHS iH)PACTPYKTYpH
SK KOZAY Ta 1HII MPaKTUKH, SIKI MOKYTh OYTH BUKOPHCTaHI AJIsl ONTUMI3AIli]l IPOIEeCy po3poo-
ku WiN32-1ecKTOMHUX TONATKIB.

s crarTsa mpu3HavYeHa ajis po3pOOHUKIB, K1 3alliKaBJIeH] B MOKPAIIEHHI CBOiX HABUYOK
y po3poOLii JECKTOHUX AO0AATKIB Ta BIPOBA/HKEHH] Cy4aCHUX MPAKTUK po3poOku. besnepeu-
HO, TIPAaBWJIbHE 3aCTOCYBaHHS aBTOMATH3allil MOYKE 3HAYHO CIIPOCTUTH 1 MPUCKOPHUTH IMPOILIEC
PO3pOOKH, IO B CBOIO YEPTy JIO3BOJIMTH KOMaHi OLIbII €()eKTHBHO BiNOBIIaTH HA BUMOTH
PHUHKY Ta 33JOBOJILHATH IMOTPEOH KOPUCTYBAUIB.

BaxauBicTs aBTOoMaTu3auii B po3pooui Win32 meckromHux noaarkiB. Po3poOka
JIECKTOIHUX JOoAaTKiB s miardpopmu Windows moxke OyTH CKIQJHUM Ta YaCOBHTPATHHM
MPOIIECOM, OCOOJIMBO 3 YpaxyBaHHSAM IMOCTIHHO 3pOCTAIOYUX BUMOT 10 (YHKI[IOHATHHOCTI Ta
SKOCTI IPOAYKTY. ¥ TakuX yMOBaX BaXKJIMBO MaTH €(EKTHBHI IHCTPYMEHTH Ta CTpaTerii, ki
J03BOJISIIOTH MPUCKOPUTH TIPOIIEC PO3POOKH Ta 3a0€3MEUUTH SIKICTh MPOIYKTY.

ABTOMaTu3aIlis B po3poOllll € OJHIEI0 3 KIIOYOBHX CTpaTerii, sKa JO3BOJIIE TOCITTH
nux uute. Hlnsxom aBTomarusanii pi3HUX acleKTiB po3poOKH, TaKUX SK 301pKa, TECTyBaHHS,
PO3ropTaHHs Ta MOHITOPUHT, pO3POOHUKH MOKYTh 3HAYHO CKOPOTHTH Yac BUTPAUYEeHUH Ha IIi
MPOLIECH Ta 3HU3UTU HMOBIPHICTH TOMUIIOK.

OpHrM 3 OCHOBHHX IepeBar aBTOMaTH3allii € 30UIbIIEHHS IIBUIKOCTI po3poOKH. 3a-
MICTh TOTO, 11100 BUTpauaTH 4ac Ha PYTHHHI 3aBJaHHS, PO3POOHUKH MOXYTh CKOHIIEHTPYBa-
THUCS Ha OUTBII BOXXJIMBUX acleKTaX po3pOoOKH, TaKUX K po3poOka HOBOTO (hyHKIIOHAITY abo
BJIOCKOHaJIEHHsI i1HTep(deiicy KopucTyBaya.

Kpim Toro, aBromaTu3aiiisi 103Bojisie 3a0e3MeunTu OiIbIly cTaOiabHICTh Ta HAAIHHICTh
N0JaTKiB. ABTOMaTHU30BaH1 TECTU MOXKYTh BUSIBJIATH MOMUJIKU Ta MPOOJIEMH paHille, HiX BO-
HU BIUTMHYTH Ha KiHIIEBOTO KOPUCTYBay4a, 0 JO3BOJISE MIBUIKO 1X BHITPABIISATH Ta ITiIBUIILYE
SIKICTh TIPOTYKTY.

He MeHm BaxxnmuBHM € 3a0e31MeUeHHs] KOHCUCTEHTHOCTI Ta BITHOBJIIOBAHOCTI MPOIIECIB
po3poOKu. 3aBAsSKKM aBTOMaTHU3allli, KOXKEH eTan po3poOKH Moke OyTH YITKO BU3HAUEHUH 1
MMOBTOPIOBAHMM, IO CIIPHUSE CTAHAAPTHU3AIII] Ta MOJETIIYE CIUJIbHY pOOOTY KOMaHAN pO3p00-
uukis [13].
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Continuous Integration (Cl) mas Win32 npeckromuux poaartkiB. Continuous
Integration (Cl) € oxni€ro 3 KIIFOYOBHX MPAKTUK PO3POOKU MPOTPAMHOTO 3a0E3ICUYCHHS, SKa

MOJISITa€ B aBTOMATU30BaHOMY Tporieci 30ipKH Ta MepeBipKy AOAATKA MPH KOXKHIH 3MiHI BHXi-
naaoro koxay. Just Win32 neckromuux noxatkiB, Cl Moxke cTaTé He3aMIHHUM 1HCTPYMEHTOM
JUIs 320€3MeUeHHsI IKOCTI MPOYKTY Ta MBUIKOCTI PO3POOKH.

OcHnoBHi ckianoBi Continuous Integration miust Win32 meckTomHuX JT0AaTKiB BKJIFOYA-
IOTh!

1. ABromaTu3oBaHa 30ipka aoaaTky: HamamryBanHs cKpunTtiB abo KoH]irypariii-
HUX (ailniB, SIKi aBTOMAaTUYHO 30MPAIOTh JOJATOK 3 BHUXIJHOTO KOJYy IpU KOXHIN 3MiHi. Lle
JI03BOJISI€ BIIEBHUTUCS, 1110 HOBUI KO/ KOMITUTIOETHCS MPABUIIBLHO Ta HE BUJIA€ TIOMUJIOK.

2. MonayabHi TecTH: BKiIroueHHsT aBTOMaTH30BaHUX MOIyIbHUX TecTiB y mporuec Cl
JUTSI TIEPEBIPKU MPABUIBLHOCTI pOOOTH OKpEMUX KOMIIOHEHTIB oAaTKy. Lle qomnomarae BusBu-
TH IOMUJIKU Ta HEJIOJIIKM Ha PaHHIX eTamax po3poOKH.

3. ABTomMatu3oBaHi TecTu B3aemoqii Ha piBai GUI. [lonaBanHs aBTOMAaTH30BaHUX
TECTIB B3a€MOJIii Ha piBHI rpadiuyHoro iHTepdeicy KopucTyBaya Juisl nepeBipku QyHKIIOHA-
JBHOCTI Ta KOPEKTHOCT1 poOOTH 10ATKY 3 TOYKHU 30PY KiHIIEBOTO KOPUCTYBaya.

4. InTerpaunisi 3 cucremMor0 KepyBanHsi Bepcismu: HamamryBanns Cl-cuctemu s
ABTOMATHYHOTO BIJICITIIKOBYBAaHHS 3MiH Y BUXITHOMY KOAi Ta 3amycky npouecy Cl npu kox-
HOMY HOBOMY KOMITi Y pEeMO3UTOPIH.

3acrocyBanns Continuous Integration miast Win32 necKTOnmHHUX 10aTKIB T03BOJISIE PO3-
poOHHKaM epEeKTUBHO BIPOBAHKYBAaTH HOBUI (DYHKIIOHAJ Ta BYACHO BUSBIISATU Ta BUIIPaB-
JISITH TTIOMUJIKH, 3a0€31eUyroun CTablIbHICTh Ta AKicTh mpoaykTy [10].

Continuous Deployment crparerii ans Win32 neckromnux momarkis. Continuous
Deployment (CD) e BaxJuBUM eTanoM y mpoiieci po3poOKH JECKTOMHUX TOJAaTKIB IS Orle-
pauiiinoi cucremun Windows. Bin nepenbauae aBTOMaTn3oBaHe pO3rOPTaHHS HOBHX 3MiH Ta
OHOBJICHb Y JIOJIATKY B MPOAYKTHBHOMY cepemoBuiii. Jms Win32 meckTomHux A07aTKiB, sSKi
MOXYTh MaTH CKJIQJHY CTPYKTYpY Ta 3aJ€KHOCTI, BAXKJIMBO MaTH YiTKy Ta €(EeKTUBHY CTpa-
terito CD.

OcuosHi crparerii Continuous Deployment mis Win32 meckTomHHUX A0AaTKIB BKITIOYA-
IOTh!

1. ABTOMaTH4YHe PO3rOPpTAaHHSl HA TecToBe cepenoBmile. [licis ycmimHoOro 3asep-
mreHHs nporecy Continuous Integration (Cl), 36ipka 1ogaTKy aBTOMaTHUHO PO3TOPTAETHCS HA
TecToBe cepenoBuie. Lle 103Bosie TecTyBaTH HOBHI (DYHKIIIOHAJ Ta BUIPABJICHHS TOMHIIOK
nepes iXHIM BIIPOBAPKEHHM Y NPOJYKTUBHE CEpeIOBHILE.

2. YMOBHe pO3ropTaHHs Ha MPOAYKTHBHE cepeaoBuile. [lepex moBHUM po3ropraH-
HSIM HOBHX 3MiH Yy NMPOAYKTUBHE CEPEIOBHINE MOKHA BUKOPHUCTOBYBATH CTPATErii yMOBHOTO
po3ropranHsa. Hampukiman, MoxHa BIPOBaHKyBaTH HOBUN (YyHKUIOHAJ JIHIIE JIJIsT OOMExe-
HOI KUTBKOCTI KOpPHCTYBadiB abo reorpadidyHuX perioHiB, 100 BUSBUTH MOTEHIIIHHI mpolie-
MM TIepe]T IMUPOKAM BIPOBAKECHHSIM.

3. ABTOMATH4YHe PO3ropTaHHs B MPOAYKTHBHe cepenoBuiue. Ilicis ycminmHoro 3a-
BEPIIICHHS BCIX TECTIB 1 MATBEPKEHHS SKOCTI 301pKH, JOJJATOK aBTOMATHYHO PO3TOPTAETHCS
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B MPOJYKTUBHE cepenoBuie. Lle mo3Bonse 3a6e3mednTH HAMIIBUAIIE PO3TOPTAHHS HOBOTO
(byHKIIOHATY Ta BUIIPABJIEHb TTOMUIIOK JIJIs1 KOPHCTYBAYiB.

3acrocyBanns ctpateriii Continuous Deployment mo3Bossie po3poOHHKaM 30epiratu
BHCOKY IIBHJIKICTh PO3POOKM Ta 3MEHIIYBATH 4ac MiX PO3pOOKOI0 HOBOTO (YHKITIOHATY Ta
HOro BIPOBAKCHHSM JUIs KiHIIEBUX KopucTyBadis [11].

ABTOoMaTH30BaHe TecTyBaHHs1 WIN32 1ecKTOMHUX A0AaTKiB. ABTOMaTH30BaHE Tec-
TYBaHHS € HEOOXITHOIO CKJIAJIOBOIO MPOIECY PO3POOKH JECKTOIMHUX JTOJATKIB IS OTepaliiii-
Hoi cucremu Windows. {ist Win32 neckTomHuX 10JaTKiB, SKi MalOTh CKJIAJHY JIOTIKY Ta 1H-
Tepdetic, BaXKIMBO MaTH HaAiKHI Ta e(EKTHBHI aBTOMATH30BaHI TECTH, SIKi IEPEBIPAIOTH Pi3HI
acIeKTH JA0AATKY.

OCHOBHI BUM aBTOMATU30BaHUX TecTiB 1 WIiN32 MeCKTOMHUX 0JATKIB BKIIOYAKOTh:

1. MoayasHi Tectn: Lle Tectu, sKi NEepeBIpAOTh OKpPEeMi KOMIIOHEHTH MPOrPaMHOI0
3abe3neueHns. Y Bunaaky Win32 mecKTOMHUX MOAATKIB, e MOXe OYTH TECTYBaHHS OKPEMHUX
¢byHKIii a00 MEeTOAIB.

2. ®yukuionajabHi Tect: i TecTu nepeBipstoTh (GYHKIIOHATBHICTD TOJIATKY 3 TOUKU
30py KiHILIEBOTO KOpHUCTyBaya. BOoHM J103BONISIOTH IEPEKOHATHUCS, 110 Mporpama Mpalioe TakK,
SK OYIKY€TbCA, 1 BUKOHYE BCl HEOOXiAH1 PyHKIII].

3. Tectu B3aemonii Ha piBHi GUI: Lli TecTn nepeBipsiroTh KOPEKTHICTH poOOTH Tpadi-
qHOTO iHTep(eiicy KopucTyBaya. BoHM epeKoHyIOThCS, IO BC1 €IEMEHTH 1 KHOTIKH Ha (op-
Max MpPaLoTh MPABIIIBHO Ta PEaryrTh Ha B3aEMOJII0 KOPUCTYBaya.

4. Tectu npoaykTuBHoOCTi: L{i TecTu nepeBipsAIOTH MBUIKICTh Ta NPOJYKTUBHICTD J0-
JaTKy B Pi3HMX YMOBaxX HaBAaHTAXXCHHS. BOHM O3BOJISIOTH BHSIBUTH MOXKIIMBI MPOOIIEMH 3
MIPOJYKTUBHICTIO Ta ONTUMI3yBaTH poOOTY JOJATKY.

5. Tectn 0e3nexu: L{i TecTy nepeBipsAIOTh 3aXUILEHICTh JOJATKY BiJl PI3HUX BHUJIIB aTak
Ta BpaznuBocTed. BoHu nomomararoTe 3a0e3meunTH Oe3neky JoJaTKy IHepe] BUITYCKOM B
MIPOAYKTHUBHE CEPETOBHIIIE.

3acTocyBaHHs aBTOMATH30BaHUX TecTiB At WiN32 necKTOmHMX MOAATKIB JomoMarae
3a0€3MeUnTH SIKICTh Ta CTAOUIBHICTh MPOrPaMH, 3MEHIIYIOUH KUTbKICTh ITOMHIIOK Ta MpobiieMm,
sSIKi MOXKYTh BUHHKHYTH B TIpoIieci po3po0ku [12].

Indpacrpykrypa sik kon (1aC) nas ynpasiinHs cepenoBumaMu po3pooku. [Hdpa-
crpykrypa sik koj (Infrastructure as Code, 1aC) — ne minxin 1o ynpaBimiHHS iHQPACTPYKTY-
POIO, SIKUI TOJsIrae B aBTOMAaTU30BaHOMY KOH(IrypyBaHHi Ta yHpaBiiHHI iHPPACTPYKTYPHHU-
MH pecypcamu 3a JonomMororo koay. st po3podku Win32 neckromuux goxatkis, 1aC moxe
OyTH KOPMCHUM JIJIsl CTBOPEHHSI Ta YIIPaBIiHHSA TECTOBUMH, PO3POOOUHNMH Ta MPOAYKTUBHUMHU
CepeIOBHUIIIAMH.

OcHoBHiI mepeBaru BukopuctanHs 1aC st ympaBimiHHS CepeOBHIIAMHU PO3POOKH
BKITIOYAOTh:

1. KoHcucTreHTHiCTH cepeaoBui: 3a gonomororo 1aC, cepemopuina po3poOKH MOKYTh
OyTH JIETKO CTBOPEHI Ta PO3TOPHYTI 3 TOYHICTIO /10 JeTanei. Lle no3Bosse 3abe3neunTy, 1o
KO>KEH 4JIeH KOMaH/IH TPAIIOE 3 OJHAKOBO HAJIAIITOBAHUM CEPEIOBHUIIEM, IO CIIPHUSE KOHCH-
CTEHTHOCTI Ta YHUKHEHHIO KOH(TIKTIB.
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2. HIBuaKicTh po3ropTaHHsA. 3aMiCTh PYYHOTO HAJIAMITYBAaHHS CEPEIOBHIL IS PO3-
poOku, 1aC mo3Bossie aBTOMAaTHU3yBaTH MPOILEC CTBOPEHHS Ta PO3TOPTAHHS CEPEJOBHII, IO
MPUCKOPIOE PO3TOPTAaHHS HOBUX BEPCii 10AATKY Ta BIAJIATOKEHHS TPOOIEM.

3. CxopouyeHHs Yyacy BiIHOBJIEHHS: Y BUMAJIKy BAHUKHEHHS pobieM abo motpedu y
BiZTHOBJICHHI cepenoBuina, 1aC 103Bossie Ierko BiTHOBUTH MONEPEAHINA CTaH 3a JIOTIOMOTOI0
ABTOMATH30BAHHUX TPOIIECIB.

4. BincainkoByBanHsi 3miH: Kox 1aC 30epiraerbes B cucteMi KepyBaHHS BEPCISIMU, 11O
JI03BOJISIE BIJICTEXKYBAaTH BCl 3MIHM 10 1H(PACTPYKTYypH Ta BiIKAaTyBaTd ixX y BHUIAAKY HEOO-
X1IHOCTI.

3actocyBanns laC mis ympaBiliHHS CepelOBUIIIAMU PO3POOKH JT03BOJISIE 3a0€3MEUUTH
HIBUIKICTh, KOHCUCTEHTHICTh Ta Ha/AIiHICTh 1HPPACTPYKTYpH, III0 BUKOPUCTOBYETHCS AJISL PO-
3pooku Win32 neckromuux noxatkis [13]. dami Oyme HaBeaeHO JEKibKa KJIFOUOBUX 1HCTPY-
MEHTIB 1 MPAKTUK, SIKI MOXYTh OyTH BUKOpUCTaH1 Ui peanizauii [HdpacTpykTypu gk Komy
npu po3podui Win32 nomaTkis:

Terraform € moTyxHUM IHCTPYMEHTOM ISl YIIPaBIiHHS 1HOPACTPYKTYPOIO, IO IMiAT-
pUMye pi3HOMaHITHI aTGopMu, BKIIOYa0YH XMapHi cepBicu, Taki ssik AWS, Azure, Google
Cloud Ta nmokanbHy iH(pacTpykTypy. BiH 103BOJIsI€ CTBOpIOBATH iHOPACTPYKTYPY 3a JIOIO-
MOTOI0 JIeKJapaTHBHOTrO koay. Y Bunaaky 3 Win32 noxarkamu, Terraform mosxe 6yt BuKO-
pUCTaHU 7151 aBTOMATU3allii CTBOPEHHS BIPTYaJIbHUX MAIIWH, MEPEXK Ta 1HIINX PECyPCiB, SIKi
HeoOXi/H1 u1s poOoTH Ta TecTyBanHs nonatky [10].

IMpuknax Bukopucrannst Terraform:

— CTBOpEHHS Ta HaJAIITYBaHHS BipTyanbHUX Mamua WiNdOWS i aBTOMaTu30BaHOTO
TecTyBaHHs Ta po3roprands Win32 noaartkis;

— HaJAIITyBaHHS CEPEJOBHIN 3 HEOOX1IHUMU 3aJIe)KHOCTSIMU Ta KOHQITypauisiMu s
KO>KHOTO YJIeHA KOMaH/IH.

Ansible — 1e iHCTpYMEHT /7151 aBTOMaTH3allii KOH(Iryparrii, sSIKHii MOYKe BUKOPUCTOBY-
BAaTHUCS JJIsl KEPYBaHHsI CepeIOBUILIAMHU PO3poOKH Ta TecTyBaHHs. Ansible BukopucToBye mpo-
cti YAML-daiinu (mneitGyku) 11 onucy KoHGirypauiil iHppacTpyKTypH Ta MOXe KepyBaTH
HaJIAIITYBAHHSM SIK JIOKATbHHUX CEPBEpiB, TAK | XMapHUX cepepoBui [11].

Ipuxiax Bukopucranns Ansible:

— aBTOMATHU3allis BCTAHOBJIEHHS HEOOXimHMX makeTiB i 3amexxHocrer mug Win32 nona-
TKIB Ha BipTyaJbHHUX MalIMHax abo (i3MUHUX cepBepax;

— yIpaBIIiHHS OHOBJICHHSIMH OINEpAIlifHUX CHCTEM Ta HANAIITYBAaHHIM CEPEIOBMII JIJIs
PO3pOOKH Ta TECTyBaHHS.

PowerShell DSC (Desired State Configuration) — 1ie iHCTpYMEHT YIpaBJIiHHS KOH-
dirypariero, sIKHii 103BOJIsIE KepyBaTH cTaHoM cepepiB Windows. Bin BUKOpUCTOBYE jekia-
PATUBHMM MIIX17 7151 3a0€3MeUeHHS TOTO, 00 CepBepH 3aluIIaiucs B OaxxaHomy crtaHi. Lle
0CO0JIMBO KOPUCHO ISl 3a0€e3Me4eHHs CTa0lIbHOCTI Ta HaJIHHOCTI cepeloBULI Ji pO3pOOKHU
Win32 nonartkis [12].

Ipuxnax Bukopucrannsi PowerShell DSC:

— HaJAIITYBaHHS Ta MIATPUMKA CTAaOUIBHOTO CEpPEOBHINA sl PO3POOKH Ta TECTyBaH-
Hsa Win32 noaaTkis;
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— aBTOMAaTH3allisl OHOBJICHb MPOTPAMHOrO 3a0E3MEUCHHsS] Ta HaJAIITyBaHb CEPBEPIB
Windows.

Mpakruxu peanizanii 1aC aus Win32 nonartkis

1. Cranpaprusanis koHpirypauiii: Bukopucranns 1aC nomnomarae crangaptusyBaru
KoH(iryparii cepeoBHII IS BCIX €TarmiB po3pOOKH, TeCTyBaHHs Ta po3ropTanHs. CTBOpEH-
HS YITKHX Ta y3TOJUKEHUX KOH(]Irypamiii miaBuirye cTabiIbHICTh Ta MPOTHO30BAHICTh MpoLie-
CiB.

2. ABTOMaTH30BaHe HAJAIITYBaHHA cepegoBuul 3a nomnomoroto laC moxHa aBTO-
MaTH3yBaTH HE TUIbKH CTBOpPEHHS iH(pacTpykTypu, ane i ii HamamryBaHHd. Lle Bxitouae
BCTAHOBJICHHSI HEOOX1JHUX TAKETIiB, HAJAIITYBaHHS MEPEKEBUX IMapaMeTpiB Ta KOHQIrypa-
IIF0 CUCTEMHOTO ITPOrPAMHOTO 3a0e3MeUeHHs, HeOOX1THOTO JUIsl pOOOTH JI0/1aTKa.

3. KepyBanus Bepcisimu ingpacrpykrypu: 1aC no3Bosisie BAKOPUCTOBYBATH CUCTEMU
KepyBaHHs BepcCisMu, Taki sk Git, 1is KOHTPOJIIO Haja 3MiHAMHU B KOH(Dirypartiii iHdhpacTpyk-
Typu. Lle 103BoIsie Eerko BiACTEKYBATH 3MiHH, BIIKOTUTH iX y BHUIAJKy MpodieM abo aBToO-
MaTUYHO 3aCTOCOBYBAaTH HOBI BepCii.

4. TecryBanHs iHppacTpykTypH: K 1 Koa noaatkis, koHdirypauii 1aC MoxyTs Oyt
MPOTECTOBAHI Mepe]] iX BIpoBa/KeHHIM. Lle 103BosIsie BUSBISATH MOMUIIKU B 1HOPACTPYKTYpi
70 ii pO3ropTaHHs, 1110 3HI)KYE PU3HUK POCTOIB Ta 300iB.

IncTpyMeHTH Ta TexHOoJIOTii JIsi aBTOMaTH3amii po3podku Win32 neckronHux 1o-
natkiB. IcHye 6araTo IHCTPYMEHTIB Ta TEXHOJIOTIH, SKi MOXXHA BHKOPHUCTOBYBATH ]ISl aBTO-
maru3anii po3pooku Win32 neckromHux nonatkiB. Jleski 3 HUX CIPSMOBaHI Ha aBTOMAaTH3a-
1[I0 KOHKPETHUX aCHEKTIB pO3pOOKHU, TaKUX K 301pKa UM TECTYBaHHS, TOAL SIK 1HILI HAaJal0Th
MOBHUI HAaOIp IHCTPYMEHTIB JUIsl YIPaBIiHHSA PO3pOOKOI0 Ta PO3TOPTAaHHSM.

Ocp Aeski 3 HAaUNONMyISPHIIIMX IHCTPYMEHTIB Ta TEXHOJIOTIHN Ul aBTOMaTHU3aLlii po3po-
o0k Win32 1ecKTOMHUX TONATKIB:

1. Visual Studio: TaterpoBane cepenosutiie po3pooku (IDE) mis MoBH mporpaMmyBaHHsI
C#, sixe Hajlae MIMPOKI MOXKIIMBOCTI JUIsl aBTOMAaTU30BaHOI 301pKH, TECTYBaHHS Ta pO3TOpTaH-
Hs1 WiN32 1ecKTOMHUX JT0IaTKIB.

2. Azure DevOps: Ilnatdopma anst ynpaBiaiHHs KUTTEBUM LIUKIOM PO3pPOOKH Mporpa-
MHOro 3abe3MeyeHHs, ska Hagae iHctpymeHtd aias Continuous Integration, Continuous
Deployment Ta iHI1i aBTOMaTH30BaHI MPOIECH.

3. TeamCity: Iuctpyment Continuous Integration Ta Continuous Deployment Big kowm-
nanii JetBrains, sikuit miaTpuMye pi3Hi MOBH IpOTrpaMyBaHHsl, BKIrouaroun CH#.

4. Selenium: ®peiiMBOpK sl aBTOMAaTH30BaHOTO TECTYBAaHHS BEOI0JIATKIB, IKUH MOXKE
OyTH BUKOpPUCTaHUI NJIs1 TeCTyBaHHs BeOIHTep(eiicy AeCKTOIMHUX 10JATKIB, [0 BUKOPUCTO-
BYIOTh Opay3epHi KOMIIOHEHTH.

5. PowerShell: Moga cuenapiiB a1 aBToMaTH3aIlil aMiHICTPaTUBHHUX 3aBJaHb y cepe-
nosutr Windows, sika Moxe OyTH BUKOpHCTaHa JIJIsl aBTOMATH3aIlil PI3HUX acleKTiB po3po0-

KM, TaKUX sIK 301pKa, TECTyBaHHS Ta PO3TOPTaHHS.
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6. Docker: Ilnardopma xoHTeliHepHU3allii, sika TO3BOJISE YIIAKOBYBATH JOAATKU Ta iXHi
3aJIe)KHOCTI B KOHTEHHEpH IS 3a0€3MeYCHHS] KOHCHCTEHTHOCTI CepPeIOBUII pO3pOOKH Ta PO3-
TOpTaHHS.

7. Jenkins: Tncrpyment Continuous Integration ra Continuous Deployment, sikuit Hanae
THYYKi MO>KJIMBOCTI KOH(irypamii Ta iHTerparito 3 pisHUIMHU 1HIIUMH IHCTPYMEHTaMH.

L1i iHCTpyMEHTH Ta TEXHOJIOTI] I0IOMararTh pO3pOOHUKaM 3a0e3MeunTH ePeKTUBHY Ta
aBTOMATH30BaHy PO3pOOKY, TecTyBaHHs Ta po3roprands Win32 geckronmuux poaatkis [11].

30epe:keHHs] JOKYMEHTIB Y XMapHOMY CXOBHILi 3 BUKopuctanusaMm Minio. 306epe-
JKEHHS JIOKYMEHTIB € Ba)KIIMBOIO CKJIQJIOBOIO 0araThOX JECKTOIHUX JIOAATKIB, BKIIOYAIOYH
Win32 poxgarku. OauH 3 HAUMOMMPEHIIINX MMiAXOMIB 10 30€pEe)KCHHS TaHUX — BHKOPHUCTaH-
HS XMapHUX cxoBuill. Minio — 11e BifkpuTe mporpaMHe 3abe3neueHHsl, sike Haaae 00'eKToBe
CXOBHIIE, cyMicHEe 3 Amazon S3, i Moxke OYTH BUKOPUCTAHO Il 30epeKeHHS TOKYMEHTIB Y
XMapHOMY CEpEeIOBUIIIL.

OcHoBHI mepeBaru BUkopucTaHHs Minio mams 30epekeHHsT TOKYMEHTIB Y XMapHOMY
CXOBHII BKITIOYAIOTh:

1. MacmiragoBaHicTb: Minio 103BOJIsIE€ JIETKO MaclITadyBaTH CXOBHIIE JaHUX B 3alie-
JKHOCTI BiJ MOTpeO Bamoro JoaaTKy. Bu moskeTe mouaT 3 HeBelIMKOI KOHQirypamii ta 36i-
JBIIYBATH PECYPCH IO Mipi 3pOCTaHHs 00CATY JTaHHX.

2. HapiiinicTs: Minio Hasiae MOXKIIMBICTD PEILIIKAI]l JaHUX I 3a0e3MeYeHHsT Haliii-
HOCTI Ta JIOCTYIHOCTi. B MoOkeTe HamamTyBaTH KUIbKa KOIIN JaHUX JUII aBTOMaTHYHOTO
BIJIHOBJICHHS B pa3l BTPATH JaHUX.

3. Be3neka: Minio miarpuMye mudpyBaHHs JaHUX B crokoi (at-rest) Ta mudpyBaHHs
naHux B pyci (in-transit), mo no03Bosisie 3a0e3MeYnTH KOHQIACHIIHHICTD Ta IUTICHICTh TaHHX.

4. TIpocrora inTerpanii: Minio 3a6esneuye APl cymicHe 3 Amazon S3, mo poouth
HOTO JIETKO 1HTETPOBAHUM 3 OaratbMa JOJaTKaMU Ta CEpBICaMU, SIKI MIATPUMYIOTh POOOTY 3
Amazon S3.

JlomaBaHHSI MOXKITUBOCTEH 30€pexeHHs] JOKYMEHTIB Y XMapHOMY CXOBHIII, TAKOMY SIK
Minio, mo Bamoro Win32 neckTomHOro J0JaTKy J03BOJIHMTEH 3abe3neunTr eheKTHBHE Ta Ha-
niiiHe 30epexeHHs JaHuX KopucTyBayis [13].

BucHoBku

VY po6OTi pO3IIISIHYTO PiI3HOMAaHITHI acleKTH aBTomMaru3ailii po3pooku Win32 meckror-
HUX JIOJIaTKIB Ta MOXKIIMBICTh 30€pEKEHHS BXiTHUX 1 BUXITHUX JaHUX Y XMapHOMY CXOBHIII 3
BuKopucTanHsaM Minio. L{i mpakTuku Ta iHCTPYMEHTH J03BOJISIFOTH PO3POOHUKAM e(PEKTUBHO
KepyBaTH PO3pOOKOI0, TECTYBAHHSIIM, PO3TOPTAHHSAM Ta 30€peKEHHIM JIaHUX JTOATKIB.

[Mepium KpoKOM y HampsIMKy aBToMatu3aiiii po3pooku Win32 1ecKTOmHUX I0JaTKIB €
Bukopuctanus Continuous Integration (CI) ta Continuous Deployment (CD) mist aBTomMaTH-
30BaHO1 30ipKH, TECTYBaHHS Ta PO3rOpTaHHS 3MiH. Lle 103BoisiE pO3pOOHMKAM IIBHUIKO Ta
Ha/1I{HO BIIPOBA)KYBAaTH HOBUI (PYHKIIIOHAJ Ta BUIIPABJICHHS TOMUJIOK.

[ToTiM Oyna po3riasiHyTa BaKIUBICTh aBTOMATH30BAHOTO TECTYBaHHS JJIsl 3a0€3MEUeHHS
aKkocTi Ta crabinpHocTi WIN32 neCKTOMHMX NOAATKiB. ABTOMATHU30BaHI TECTH JO3BOJIAIOTH
BUSBIISATU Ta BUIPABIISATH IIOMUJIKY Ha paHHIX eTanax po3poOKu, 3MEHIIIYIOUH Yac Ta 3yCUILIS,
HEOOX1THI JyIsl BUTIPaBJICHHS HEOJIKIB.
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Takox po3risiHyTo HeoOXimHicTh BuKOpucTaHHs [HppacTpykrypu sik kony (1aC) mus
VIPaBIiHHS CEPEIOBHUIAMU PO3pOOKH Ta 3a0€3MeUeHHs IXHhOI KOHCUCTEHTHOCTI Ta e€EeKTH-
BHOCTI.

Po3rnsitHyT0 MOXIIMBOCTI 30€peXeHHSI TOKYMEHTIB Yy XMapHOMY CXOBHIII 32 JIOTIOMO-
roro Minio. Ileii miaxix no3Bosisie 3a0be3nednTd Oe3neKy, MacIiTabOBaHICTh Ta HaAIWHICTh
30epeKEeHHs JaHUX JOJATKIB Y XMapHOMY CEPEIOBHILII.

B ninomy, aBTOMaTH3a1ist po3poOKHU Ta 30€peKeHHs JaHUX Y XMapHOMY CXOBHIILI € Ba-
KIIMBUMH KOMIIOHEHTaMHU CY4YacHOi po3pOOKH JECKTOIMHUX TOJATKIB, IO JOTOMArarTh po3-
poOHMKaM 3a0€3MeUnTH BUAKY, HAIIHY Ta SKICHY pO3pOOKY MPOrpaMHOro 3a0€3MeUeHHS.
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Automation of development of Win32 desktop applications:
Practical approaches and strategies

The article presents a comprehensive analysis of modern approaches to automating the
development of Win32 desktop applications using DevOps practices. Given the complexity
and growing requirements of desktop applications in today's software industry, automation
becomes an essential part of the development process. The article examines key phases such
as Continuous Integration (Cl) and Continuous Deployment (CD), which are vital for stream-
lining the development lifecycle by automating builds, tests, and deployments. These practices
help developers reduce the time spent on manual operations and mitigate the risk of human
errors.

The Continuous Integration section explores the benefits of setting up automated pipe-
lines that compile and build applications whenever new code is committed. Automated tests
are run as part of this process to ensure that changes do not introduce bugs or regressions.
Continuous Deployment strategies are discussed in detail, with a focus on conditional de-
ployment techniques that allow for gradual rollouts to production environments, ensuring
stability and performance.

Automated testing plays a central role in maintaining the quality and stability of Win32
desktop applications. This paper highlights different types of testing, including unit tests,
functional tests, performance tests, and GUI-based tests. The integration of these tests into
CI/CD pipelines enables continuous validation of the application throughout its lifecycle, en-
suring that any issues are detected early and resolved promptly.

Infrastructure as Code (IaC) is another crucial topic discussed in the article. The con-
cept of 1aC allows development teams to automate the creation, configuration, and manage-
ment of the infrastructure needed for the development and deployment of Win32 applications.
The paper provides an overview of popular 1aC tools such as Terraform, Ansible, and Pow-
erShell DSC, detailing how they can be used to standardize and automate the provisioning of
environments across development, testing, and production stages. This automation contrib-
utes to increased consistency, repeatability, and efficiency in managing infrastructure.

In addition to automation in development and deployment, the article addresses the im-
portance of cloud-based storage solutions for Win32 applications. Minio, an open-source, S3-
compatible object storage system, is examined as a viable option for storing documents and
application data in the cloud. The paper discusses Minio's scalability, reliability, and security
features, emphasizing its role in providing efficient, secure, and resilient data storage for
desktop applications.

Overall, the article outlines how the adoption of DevOps practices, such as CI/CD, au-
tomated testing, 1aC, and cloud storage solutions, can significantly improve the development
process of Win32 desktop applications. By reducing manual intervention and providing ro-
bust automation, these practices help teams increase their productivity, ensure higher soft-
ware quality, and accelerate time-to-market.

This article is targeted at software developers, DevOps engineers, and technical profes-
sionals interested in improving their knowledge of automation strategies and applying them to
desktop application development. The provided insights and tools offer practical guidance for
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leveraging DevOps methodologies to streamline workflows and enhance the efficiency of
Win32 application development.

Keywords: software engineering, development automation, DevOps, Continuous Inte-
gration (ClI), Continuous Deployment (CD), infrastructure as code, automated testing, Ter-
raform, Ansible, PowerShell DSC, Minio, document storage in the cloud, cloud storage, de-
ployment, Windows, cloud technologies.

I'an:xa Anapiii CepriiioBuy — acmipant 3-ro poky HaB4aHHS [{HIMPOBCHKOTO HAIiOHAJIBHO-
ro yHiBepcutery imeni Onecst ['onuapa.
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HalllOHAJBHOTO yHiBepcuTeTy iMeHi Omnecs ['onuapa.
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L.G. Akhmetshina, A.A. Yegorov
SEGMENTATION OF GRAYSCALE LOW-CONTRAST IMAGES
USING FUZZY TRANSFORMS OF TYPE-2

Annotation. Segmentation of low-contrast grayscale images is a rather complex task due to
the lack of a priori information about the location and characteristics of objects of interest
that can be compared with noise. To solve this problem, various fuzzy algorithms based on
the processing of membership functions to fuzzy sets describing the analyzed properties are
currently often used. The paper proposes the algorithm for segmenting halftone images based
on the iterative application of type-1 and type-2 fuzzy transformations. The presented algo-
rithm provides sufficient image segmentation for visual analysis, without allowing excessive
detailing, and has a small number of control parameters that do not require lengthy tuning.
Unlike the fuzzy clustering algorithms, it does not use the fuzzy cluster center matrix, which
reduces the computational load. Experimental results are presented on the example of real
grayscale medical images segmentation.

Keywords: low-contrast images, fuzzy methods, visual analysis, membership function, seg-
mentation, fuzzy sets of type-1, fuzzy sets of type-2.

Introduction. Fuzzy sets are currently used to solve a variety of problems in various ar-
eas of human activity, in particular, in image processing, in which inaccuracy and uncertainty
are always present [1, 2].

One of the most challenging tasks in digital image processing is the segmentation pro-
cess. Its implementation is complicated by the ambiguity associated with the image formation
system, as well as the need to identify low-contrast objects or anomalies comparable to noise,
about the nature, quantity, location and shape of which there is no a priori information [3].

Statement of the problem. The purpose of this article is to demonstrate the information
capabilities of a new method for segmenting grayscale low-contrast images, which is based on
the iterative application of fuzzy transformations of type-1 and type-2, which ensures an in-
crease in its sensitivity and reliability.

Analysis. Traditionally, the transition to a fuzzy space (fuzzification) is carried out on
the basis of the image initial brightness levels transformation into membership functions to
fuzzy sets. Currently, effective methods for improving image quality based on transfor-
mations in fuzzy space have been developed [10].

In 1981, Bezdek proposed the fuzzy C-Means (FCM) clustering algorithm [4], which
can be interpreted as a fuzzification process, since it generates a set of fuzzy membership
functions (equal to the number of fuzzy clusters) that can be used to solve various problems,
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including image segmentation [5]. This algorithm provides automatic formation of a new
multi-dimensional space of features describing objects of the subject area, allowing to take
into account the uncertainty present in the initial data. The images always contain the ambi-
guity of grey, geometric fuzziness, and uncertainty of knowledge.

The concept of a type-2 fuzzy set was introduced by Zade [6], and Rhee and Hwang [5]
presented a modification of the T2FCM fuzzy clustering algorithm using type-2 fuzziness to
clarify the location of cluster centers (centroids). This approach is currently being actively
developed and is often used to solve various problems [7, 8].

Disadvantages of the FCM algorithm include sensitivity to noise, uncertainty of initial
parameters (fuzzification parameter and number of clusters), as well as ambiguity of the de-
fuzzification stage.

Determining the number of fuzzy clusters in some cases is difficult due to the lack of a
priori information about the subject area and causes the need to tune this value when solving
specific problems. In [9], the algorithm is presented that allows you to automatically deter-
mine the optimal number of clusters, however, it is still necessary to set an initial value to
start its work.

The matrix of centroids usage is necessary precisely when solving the task of fuzzy
clustering, and segmentation is considered as a result of the visualization of its results. How-
ever, the matrix of centroids during segmentation is not considered critically important and is
used primarily because it is required by the clustering algorithm.

Fuzzy transformations, which calculate the fuzzy membership function based on the
original image, can also be used to improve image quality [10]. The application of such trans-
formations, in principle, allows solving the task of segmentation, however, the iterative pro-
cess of changing the membership function used by clustering algorithms, which allows you to
control the detailing during segmentation, is not assumed.

The main part. The segmentation algorithm proposed in this paper operates with fuzzy
membership functions of type-1 (MFT1) and type-2 (MFT2) and is iterative, which allows
you to control the degree of its detail. However, this algorithm, unlike the FCM method and
its modifications, does not use the matrix of centroids in principle, which simplifies the com-
putational process. The stopping criteria are the specified error during training (it describes
the change of fuzzy membership functions at different iterations), as well as the maximum
number of iterations.

MFT1 is initially calculated on the basis of input data, and is not formed randomly, as in
the basic FCM algorithm. The calculation of MFT2 is carried out on the basis of the differ-
ence of the "upper" u, and "lower" u, MFT1 (Fig. 1), which allow to fully describe the blur

of the MFT1 (FOU - the footprint of uncertainty).
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FOU
Figure 1 — Fuzzy sets of type_2: the boundaries of uncertainty

The algorithm of the method proposed in this paper contains the following steps:
1. Scaling the input halftone image to the range [0,1].

2. Calculating the initial value of a MFT1 matrix u” (its dimension iS X X Ymax the

same as for the input image) based on the scaled image using the following formulas:
|

’

+Cq
0 _ —sgn(l, ,—0.5) o
uX,y - (I X,y)l Xy Ix,y+C1

: @)

]Mgn('x,y_.)l

C,=C,+06-1, (2)

where 1 is the average of the input scaled image |, C,, is the coefficient, which is set on the

basis of experimental researches, depends on the type of image being processed and signifi-
cantly affects the segmentation results. The minimum recommended value of this coefficient
is 0.02. The maximum depends on the images being processed. During the experiments, the
maximum verified values of this coefficient were 120-130.

3. Calculating the current MFT2 matrix (at), the dimension of which is the same as
that of the original image, is based on the difference of the "upper" uy, and "lower" u; mem-
bership functions of the current iteration according to the following formulas:

t 1‘(“t)xy ot
) (o), T

= : (3)
[ (ut l_(UIJX’V—TI +05
), = (), e o
(ut),, = (ut), )K+°'75+(”—t)1/2 , (5)
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where u' is the average of the current matrix MFT1 u'( on the 1st iteration the matrix uis

used, and on the subsequent iterations matrix u'™ is used, which is obtained at the end of the
previous iteration), and K is the coefficient, the values of which should be selected in the
range [0,0.2], which affects the results of segmentation. It has been experimentally deter-
mined that it is most often recommended to select a value from 0.07 to 0.08.

4. Starting from the 2nd iteration of training:

4.1. The value A' is calculated by the formula:

XFT'BX erHX

t t t-1
A = xZ=:1 y§::1 Ayy —axyl (10)
where a' and a'™ are MFT2 matrices of current and previous iterations, accordingly.
4.2. If the condition is met:
A > AT (11)

where A™ is the value calculated by formula (10) at the previous iteration, initially this value
is set to a very large number, unattainable in practice, then instead of the current values of the

matrices a', u,t and uﬁ, the values (at‘l, u,t_1 and uﬁ‘l, accordingly) that are remembered at

the end of the previous iteration are written, after which the learning process stops (go to step
7). This step prevents the overtraining effect from occurring.
4.3. If the condition is met:

A<eg, (12)
where ¢ is the specified learning accuracy, then the learning process also stops (go to step 7).
5. If the condition is met

t<ta (13)
where t., is the maximum number of iterations, then the matrix value u™ is calculated,
which will be used in the next iteration when calculating the a' matrix. Matrix u'™ is ob-
tained by the formulas (1) and (2), where instead of the original image a matrix u' of the cur-

rent iteration is used, and instead of I value u' is used.
6. If condition (13) is met, then the next learning iteration starts (go to step 3).

7. Values of matrices a', u and uj, are scaled to the range [0,1].
8. Matrix 1" is calculated by the formulas:
26
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Tt o Tt o
|yt a><,y"'dl ( t) a><,y'+'dl
X,y _(uh)x,y - l"I| X,y ' (14)

d,=2+uf, (15)

where u| is average of u; matrix. The obtained matrix 1" is also scaled to the range [0,1]

and is treated as a grayscale image.

I out

9. The output image is formed based on the weighted sum according to the formu-

las:
t h
Ig,uy = Ix,y Cout + I)?,y '(1_Cout) ' (16)

Cout = (I s J)/ 2, (17

where I™ and 12 are the grayscale images, obtained after applying the histogram equaliza-
tion and adaptive histogram equalization methods (with a uniform transformation function) to

the image 1", accordingly, and 1" is the average of the image 1.

The experimental results were obtained on the example of processing various medical
images, an example of which are the images shown in Fig. 2a, 3a (Fig. 2b and 3b show histo-
grams of these images). Fig. 2a shows a tomogram of the brain, performed for the purpose of
diagnosing the presence of a hematoma, as well as determining the area of its influence in
case of detection (the rectangle indicates the area of interest). Fig. 3a shows an X-ray image
of the cervical spine.

The following parameters were used for segmentation based on the FCM algorithm:

c=6, m=2, £=10"°, and the maximum number of iterations is 100. The results were vis-
ualized based on the maximum of the membership function.

The following control parameters were used when using the proposed method:
C,=0.026, K=0.071, £ =0.035, the maximum number of iterations is 12 (during the
experiments the number of training iterations practically did not exceed 3-4). Visualization of
the original image was also carried out after scaling it to the range [0,1] based on the

formula (16), when C; =1.
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a b
Figure 2 — X-ray tomogram of the brain: a — original grayscale image (204x201);
b — its histogram
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Figure 3 — X-ray image: a — original grayscale image (744x570); b — its histogram

Segmentation of the brain tomogram shown in Fig. 1a based on the FCM algorithm
(Fig. 4a) does not allow for a clear identification of the hematoma, and also leads to some ex-
cessive detailing: identification of image details that are insignificant for analysis, possibly
artifacts. Visualization based on formula (16) of the original image does not allow for a clear
identification of the hematoma's influence area (Fig. 4b). At the same time, segmentation
based on the proposed algorithm allows for a clear identification of both the hematoma itself
and its influence area (Fig. 4c).

Segmentation of the X-ray image shown in Fig. 3a by the proposed method also allows
us to clearly highlight the structure of the cervical spine and part of the skull (Fig. 5b), which
is poorly distinguishable in the original image. To a lesser extent, the highlighting of the
structure of the cervical spine and part of the skull is provided by visualization of the original
image based on formula (16), shown in Fig. 5a.

Figure 4 — Segmentation of the brain tomogram (Fig. 2 a): a— FCM; b — visualization of the
original image according to formula (16); ¢ — the proposed method
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Figure 5 — Segmentation of an X-ray image (Fig. 3a): a — visualization of the original image
according to formula (16); b — the proposed method

Conclusions:

— the usage of the proposed method allows us to provide the level of detail necessary
for visual analysis, more clearly identify the boundaries of interest and at the same time re-
duce the appearance of artifacts;

— the proposed algorithm is simpler than FCM and has a small number of control pa-
rameters;

— the level of detail is significantly affected by the parameter C,, which is tuned to

process the selected type of images;
— a promising direction for further research is to find ways to automate the tuning of
the parameter C,, .
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Ceemenmauisa HaniemMoHoBUX C1AOKOKOHMPACHHUX 300PACEHD
Ha 0CHOGI 3aCMOCY6AHHA HEUIMKUX NEPEmEopeHt muny-2

B pobomi 3anpononosano aneopumm ceemeHmayii HaniemoHo8uUx 300paxcensb Ha OCHOBI
imepamueHo2o 3aCmocy8anHs HeuimKux nepemeopensv muny-1 ma muny-2, wo 3abesneuye
HeoOXiOHy Oemanizayilo pe3yibmyrndux 300paxcenv Ol 8I3YaAlIbHO20 AHANIZY, 3anodiearodu
npu yboMy nepeoemainizayii, Mae He@eIuKy KilbKiCmb Kepyuux napamempis, ma, Ha IOMIHY
8i0 aneopummis neyimkoi kracmepusayii muny FCM, ne euxopucmosye mampuyio yenmpoi-
0i8, wo cnpowye pospaxyuku. Haseoeno excnepumenmanvui pesyibmamu Ha Npuxkiaodi cee-
MeHmayii 3anponoHO8aAHUM AN2OPUMMOM PEdibHUX HANIBMOHOBUX MeOUYHUX 300padCeHb.

Knrouosi crnosa: cnabkokonmpacmui 300pasicents, HeuimKki Memoou, 8i3yanbHull aHalis,
@DyYHKYis npuHaneds’cHocmi, ceemeHmayis, HewimKi MHONCUHU muny-1, Heuimki MHONCUHU
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B.B. BoGpenoxk, A.l I'yna
AHAJII3 OPEN-SOURCE 3ACOBIB J1JI5s1 3AXUCTY PECYPCIB
Y XMAPHUX CEPEJOBHIILIAX

Anomayisn. Xmapui cepedosuwa cmaroms HegiO0 €EMHON0 YacmuHow iHgpacmpykmypu daza-
MbOX KOMNAHIU Yepe3 8010 2HYUKiCmb, docmynHicms ma epexmusnicms. IIpome uepes c6oro
OUHAMIYHY NPUpoOy BGOHU CMBOPIOIOMb HOBI 3acpo3u Oe3neyi OAHUX, MOMY HOMPedYIOmMb
OKpemux 3aco0ie 011 bopomvdUu 3 HUMU. Y cmammi npo8edeHO NOPIBHAHHI ICHYIOUUX Open
source 3aco6is 0ns 3axucmy xmapuux cepedosuwy: Checkov, Falco, Keycloak. Posenadaioms-
cs iX HeOoliKU ma nepegacu, Ha OCHOBI iX aHali3y 3p00OJeHI BUCHOBKU, WO ICHYE nompeda y
CMBOpeHHi OibU DOCKOHANUX 3ACO0I8 3aXUCTY XMAPHUX CEPEO0BULY.

Kniouosi cnosa: xmapHi cepedosuwa, Kibepoesneka, npoepamte 3abe3nedeHus, Open source
software, poznodineni cucmemu, Checkov, Falco, CSPM, CWPP.

IMocTanoBKa MpodJieMu

3a nmannmu MixknaponHoi kopropanii ganux (IDC), rimobanpauid myOaidHI XMapHi 1mo-
CIIyTH Ta 1HBECTHUIIl B IHQPACTPYKTYPY po3mmpriIucs 3 229 minbsapaiB nonapis y 2019 poui
10 500 minbsapaiB mqonapiB y 2023 pori [1]. PUHOK MBHIKO PO3BUBAETHCS 3aBISKH 30iry dak-
TOpiB: BEJIUKI MIANPUEMCTBA YCBIJOMIIOIOTh TpaHC(HOPMALliiiHY CHIIy XMapHUX OOYHCIIEHb,
aJke 3aBJSIKM MEPEeXOoJy B XMapy BOHM MOXYTh ONTHMI3YBaTH CBOIO 1HQPACTPYKTYpY, IMO-
KpaluTH i cTabibHICTh Ta €PEeKTUBHICTD, 10 MPU3BOAUTH A0 MiJBUIICHHS MPOAYKTUBHOCTI
Bciel opradizamii. IIpote 31 3pocTaHHAM MOMYISPHOCTI XMApHUX CEPEJOBHUII TaKOX BiaOY-
BAETHCA X MOCTIMHUM PO3BUTOK: 3 ABJISIOTHCS HOBI MOCIIYTH, BJKE€ ICHYIOUl OHOBIIIOIOTHCS 200
3aMIHIOIOTHCS 1HIIMMHU, Yepe3 110 MOCTIHHO 3pOCcTae 1 CKIAAHICTh MIATPUMKH CUCTEM, 110 BU-
KOPUCTOBYIOTH LI cepepoBumia. Came L CKIaJHICTh MIATPUMKHU Ta PO3MOJUIEHA MPHUPOJA
MOJIOHUX CHUCTEM CTBOPIOIOTH HOBI BUKJIMKHM JJIS 3aXUCTY JAHUX Ta PECYpPCIB Y XMapHUX ce-
penoBumax [2]. Tak y 2022 cepenni 30MTKH BiJl BUTOKY JaHUX 3 XMapHUX CEPEIOBUI CKIAIN
$ 4.35 mutH, a KigbKicTh 3arpo3 3pocia Ha 38% B nepiox 3 2022 mo 2023 poku [3]. Lle pobuts
BUOIp BIANOBITHUX 3ac0O0IB IS 3aXMCTy XMapHHUX CEpPEIOBMIL BaXKJIIMBUM KpPOKOM JUIsS
M1IPUEMCTB, 1110 I0BOJI1 YaCTO OOMPAOTh MIPOrpaMHe 3a0€3MeUeHHS 3 BIAKPUTUM KOJIOM.

AHaJii3 oCTaHHIX J0caiIzKeHb i myOaikanii

VY po6oTi [4] BU3HAUEHO OCHOBHI BUKIIMKU y 3aXMCTI XMapHUX CEPEIOBUII Ta aHATI3Y-
IOTh ICHYIOUl METOJM iX IMOJOJIaHHS. 3a3Ha4yaHo, 10 ICHYE JEKITbKa acMeKTiB, M0 yCKIaj-
HIOIOTh BUKOPHCTAHHS HABEJCHUX METO/IIB:

— 1HTeTrpaIis 3 iICHyr04O0I0 1HPPACTPYKTYPOIO;

- HOTpe6I/I B I1O0JAaTKOBHUX (I)iHaHCOBI/IX Ta JIIOACBKUX peCcypcax;

© Bo6penox B.B., I'yna A 1, 2025
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— BIAMIHHOCTI y MOHITOPUHTY Ta KOHTPOJI XMapHUX CEPEIOBHILL.

TakoX aBTOPH HABOJIATH IMEPEJIK BPA3IMBOCTEH, IO € HAHOUIBII XapaKTEPHUMH JUIS
XMapHHUX CEepPeIOBHILL.

ABTopu [5—6] BiA3HAUAIOTh BAXKJIMBICTH CHUCTEM YIPABIIHHSA OOJIKOBUMH JaHU-
Mu(IAM) y 3a0e3mnedeHHi MITICHOCTI JaHUX Y XMapHHUX cepeaoBuiax. [IpoTe aBTopu Takox
BKAa3ylOTh Ha CKJIAJHICTh MIATPUMKH MOAIOHUX CHUCTEM dYepe3 MOCTIHY moTpedy B ak-
Tyaiizalil JaHuX Ta HEOOXIJHICTh Y PETEIbHOMY KOHTPOJI MpaB, M0 HAJAIOTHCS KOPUCTYBa-
qaM.

Y po6oTi [7] po3rIsiHYTO BIUIMB MPOTPAMHOTO 3a0€3MEUCHHS 3 BIIKPUTHM KOJOM Ha
ranmy3p KioepOesmeku. OJHMM 3 BHUCHOBKIB € Te, II0, XO4Ya IpOTrpaMHE 3a0e3MeueHHs 3
BIZIKPUTUM KOJIOM POOUTH BEIMKHUI BHECOK y 3aXHUCT JJaHUX Ta iHPOpPMAaLiHHUX CUCTEM, BOHO
HE € YHIBepCaJIbHUM 3ac000M. AJpKe pi3HiI opraHizaiii MalTh Pi3HI MOTPEON Ta OOMEIKEHHS,
10 MOXXYTh YHEMO>KJIMBIIIOBATH BUKOPUCTAHHS MOAI0HOTO IPOTPAaMHOTO 3a0e3eeHHS.

Mera pociaixkeHHsi. MeTOIO JTOCIIPKCHHS € BUSBICHHS 1X IEepeBar Ta HEIOJIKIB, 10
JI03BOJIsIE 3pOOUTH BUCHOBKM CTOCOBHO IOTOYHHUX TEHJAEHLIN Yy cdepl 3aXUCTy XMapHUX ce-
PEIOBHII]

IlepeBarn nmporpamHoro 3a0e3neveHHs 3 BiAkpuTuM koaoMm. IIporpamue 3a0e3me-
YEeHHS 3 BUXIJHUM KOJOM, JOCTYIHHUM JJIsi IPOMAJCHKOCTI, BIJOME SIK MporpaMHe 3abe3re-
YeHHS 3 BIIKPUTUM Koa0M. BOHO Hajae KopucTyBauaM MOKJIMBICTH 3MIHIOBATH Ta BJIOCKO-
HaJIIOBATH BUXIIHHUHA KOJ BIAMOBIZHO O CBOiX moTped. Take mporpamHe 3a0e3NeUeHHs HE
3aXMILAETHCS ABTOPCHKUM IIPABOM, 1 KOPUCTYBayi MOXKYTh OTPUMATH BUXITHUNA KO 1 3MIHUTH
foro 3a motpebu. IloniGHa MoJienb PO3BUTKY CTBOPIOE IEBHI MEpeBarH, 10 poOJATh Mpo-
rpaMHe 3a0e3MeYeHHs 3 BIAKPUTUM KOJOM MPUBAOIUBUM 1Jis1 O13HECY:

— Ilina — OUIBIIICT, TPOTPAMHOTO 3a0E€3MEUEHHSI 3 BIIKPUTHM KOJOM, IOCTYITHE
0€3KOIITOBHO.

— IIBuUAKICTH PO3BUTKY — MPOEKTU 3 BIIKPUTUM KOJOM CTBOPIOIOTHCS JIHOABMHU 3
PI3HUMHM KYJIbTYPaMHU Ta TOUYKAMU 30Dy, 110 MPALIOIOTh HA BUPILICHHAM CHUIBHOT MPOOIEMH,
TOMY Taki NPOEKTH JOBOJI YacTO MaroTh BHILY SKICTb, HI)K KOMEpLIHHE MporpamHe
3a0e3nedeHHs. HoBi QyHKIIT B IMX MPOEKTaX TaKOX MyOJIKYIOThCS YacTo 1 IIBUAKO 3aBJISKU
il rpymoBiii cTparerii chiBIpari.

— CralbipHICTh — OCKIJIBKM HaJ OJHUM IPOEKTOM MpalO0Th THCAYl JroAeH, ApiOHi
HEJIOJIIKYU IIBUIAKO YCYBAIOTHCS.

— besneka — BIOKPUTICTH KOAY J03BOJIsiE Oyap-KOMY MpoaHali3yBaTh HOro Ha
MOTEHIIIHI 3arpo3d Ta BUMPABUTH iX 3a NOTpedu, IO poOUTh MOAIOHI JOAATKU
0e3MeyHIINMHI Y BUKOPHCTaHHI.

Checkov. Checkov — ne iHctpyment, mo peanizye CSPM (Cloud Security Posture
Management) mpoiiec, 10 J103BOJIsiE IEPEBIPITH KOHDIrYpallito XMapHOi iHQpacTpyKTypH Ha
noumpeHi npobiemu O6e3nexku Ta BixmoBinHOCTI. Jlo Takux mpoOiieM MOXYTh BiJHOCHUTHCH
He3amu(poBaHi cerMeHTH 30epiraHHs 1aHUX, BIJCYTHICTh KITIOUiB MK pyBaHHs abo iX poTa-
uii. Lle 103BosIsIE yHUKHYTH HACTYITHUX PU3HKIB!
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— IIpobnemu BiINMOBITHOCTI — CTAaHAAPTH BiIMOBIIHOCTI 320€3MEUyIOTh ONITUMAIIBHICTD
KoHirypariil s miaTpuMKu Oe3nekn xMapu. OnHaK po3pOOHUKH MOXKYTh HE MOMIYaTH I
CTaHJapTH, Yepe3 1o iHdpacTpykTypa Oye Bpa3IuBOIO J0 Pi3HOMAHITHUX 3arpo3 i mpooiem.

— Ilopymenns Oe3nmeku — y XMapHii CHUCTeMi MOXYTh OyTH TEBHI HOMHJIKH Ta
HEeTpaBUJIbHI KOH(QIrypallii B KoJi, SKHMH MOXXYTb CKOPHUCTATHCS 3JIOBMHCHHKU. Uepes 1ie
MO’KYTb BUHUKHYTH TaKi IPOOJIEMH, SIK BUKPAJICHHs JaHUX, BIIIMOBA CUCTEMHU.

— HenaBmucHI pU3MKHM — 3a3BMYail KOMIIaHIT HAMararoTbCs BpaXyBaTH HaBMHUCHI aTaku
3JI0BMHCHHKIB Ha CBOIO CUCTEMY, aJIeé MOXYTh HE MOMi4aTH HEHaBMUCHUX MPOOJIEM, TAKHUX SIK
Bpa3uBicTh KOHQiAeHIIHHNX naHux. be3 inctpymentiB CSPM el THI pU3HKY HEMOKIMBO
MOMITUTH, YCYHYTH Ta BHPIIIUTH.

— BiacyTHICTD pO3yMiHHS IHIUACHTY — Y€pe3 BiICYTHICTh MIEPUMETpPA Ta LEHTpati3amii
MOPIBHSAHO 3 JIOKAJBbHUMHU CHUCTEMaMM OpraHi3allisiM Ba)KKO 3HAMTH NPUYMHY IHLUUICHTY.
OTXe, BOHM TNOTaHO MiJTOTOBJICHI JUIsl TOTO, MO0 3pO3YMITH, SK CTaBCA IHIMIEHT 1 Horo
HACIIIKH.

— Cepen nepeBar Checkov MokHa BUIUIUTH:

— Jlomomora B yCYHEHHI IMOMIJIOK — TIPH BHUSBICHHI IMOMUJIOK abo 3arpo3 Oesrer y
koHirypanii Checkov Hazae IHCTPYKIIT 3 IX YCYHEHHS.

— Inrerpanis y CI/CD mnpouecu aBTOMaTH3ye IpOLEC BUSIBJIECHHS HEMPaBUIbHUX
KOHirypaliii y XxmMapi, SiKi MOXYTb NPU3BECTH JI0 MOMHJIOK 1 MOPYIIEHh OE3MEKH B XMapHil
iHppaCTPyKTYpi KOMIaHii.

— Ilintpumka nonynspuux Infrastructure As Code(1aC) ¢peiiMBopkiB

— Ilpononye enuny iHGOpMaLiiHy TOYKY JUIsl PI3HUX XMapHUX CEpeAoBHI 1
O0JIIKOBHX 3aITUCIB, 110 JJO3BOJISIE PO3POOHUKAM Yy Oy/Ib-sIKUIl MOMEHT MaTH BUIAMMICTb TOTO,
110 BiA0YBA€THCS y XMapi.

— IIpore CSPM(a otxe i Checkov) mae cBOi HEIOMIKH, OCHOBHUMH CEPEJl IKHX €:

— CSPM He Mo’xe BUIIPAaBUTH BCl HEMPaBUJIbHI HajalITyBaHHs — iHCTpyMeHTH CSPM
3a3BMYail e(heKTUBHO BUSABIAIOTH MpoOieMu KoHQIrypaiii, aje BOHM HE 3aBXKAM MOXKYTh
BUIIPABUTH HENPAaBUIbHY KOH(Irypamito, Koiu i 3HaXOHIATh, IO HE JI03BOJISE TOBHICTIO
aBTOMaTHU3yBaTH LieH Mpoliec.

— IlocTifiHMiI MOHITOPUHT HENpPaBUJIBHUX KOH(Irypauiii KOPUCHHH I BHUSABICHHS
npoOsieM BIJMOBIAHOCTI Ta PHU3UKIB, TaKUX SK BIIKPUTI MOPTH, NPOOJIEeMH 3 KIIOYaMHU
mdpyBanHsa. OgHaK NpoOJeMH 3 HEMPAaBWIBHOK KOH(ITYypalli€l0 CTAHOBIATH JIMLIE JOJIO
pU3HKIB i1 OE3MeKHM XMapHUX cepenoBuil. Ajpke Oararo kibepaTak TPUBAOTH 1
nependaydaroTh CKJIaJHY IOCHIIOBHICTh TMOAIM, a HE OJHOPA30BY aHOMAaJil0. IHCTpymMeHTH
CSPM He BIICTEXYIOTh CEPENOBUINEC BUKOHAHHS, TOMY BOHH HE MOXYTh BHU3HAUYHUTH
M1J03pUTy MOBEAIHKY, IK-OT HE3PO3yMiJIe CIUIECK aKTUBHOCTI B MEPEXKI.

— 3abe3neueHHsl BIAMOBIJHOCTI HE TrapaHTye Oe3lekd - NoTpedu opraHizamii B
KOH(Iryparii MoXyTb 3MIHIOBAaTHCS, SIK 1 BUMOTH JI0 BiAMOBIIHOCTI, TOMY KOMaH/IU Oe3neKu
Ta pPO3pOOKM MOBHMHHI BpaxoByBaTH HOBI pusuku. IHctpymentn CSPM He HagaroTh
CTOBILIEHb PO MOPYIIEHHS, SIKI IPOCIN3AI0Th Yepe3 1CHYI0Ul paBuia.
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— besneka Bumarae KOMOIHOBaHOTO CTaTHKO-AMHAMIYHOTO IMiAXOX — IHCTPYMEHTH
CSPM € craTHYHHMH 32 CBOEIO MPHUPOJIOI0 — BOHH BiICTEXKYIOTHh CepeIoBUILE KOH(Iryparii
i Yac aHayi3y Ha NMEBHUH MOMEHT 4acy, TOMy HE BPaxOBYIOTh BIUIMB HEBEIUKHUX 3MiH Y
qaci, SKi 3roJJ0M MOKYTh CTBOPHUTH 3arpo3y Oe3merli yciel CHCTeMHU.

— CSPM iHCTpYMEHTH 1HOAI MOXYTh T'€HEPYBAaTH IMOMMJIKOBI CIpPAIlbOBYBaHHS, IO
MO>Ke ITPU3BECTH JI0 BTPATH Yacy Ta PeCypciB Ha pO3CIIiyBaHHs HeiCHYrOUuX 3arpo3 [8].

Falco. Falco — me incrpymenr, mo momnomarae peatizyBatu CWPP (Cloud Workload
Protection Platform) mporec nuisxom BCEOIYHOTO CHOCTEPEXKEHHS 3a J0JaTKaMH Ta iHdpa-
CTPYKTYPOIO Ta aHAJi3y iX NPOAYKTUBHOCTI. 1Oro OCHOBHUMY IepeBaraMy €:

— Ilnatrdopma aBTOMATUYHO BHUSBISE 3arpo3d Ta HATA€ 3aco0M IS 3amoOiraHHS
aTakaMm. Falco Moxe BUSIBUTH aHOMAJIi1 Ta BIZICTE)KYBATH MOIl B PEKUMI PEATLHOTO Yacy, 10
pPOOUTH OT0 MOTY)KHUM IHCTPYMEHTOM JUIs 3a0e31eueHHs Oe3MeKu.

— Falco nonomarae kommnaHisM JOTPUMYBATUCS BUMOTI PI3HUX PErysSTOpPIB, HAaJAIOUU
IHCTPYMEHTH ISl ayAUTY Ta CTBOPEHHS 3BITIB PO Oe3MeKy.

— Ilintpumka AWS, Google Cloud, Azure ta iHmmx xmapHux ciyx0 poouts Falco
YHIBEpCAJIbHUM PIIIEHHSM U KOMIIaHi|, 10 MPALOI0Th Y XMapHHUX CEPEIOBHIIAX.

Jlo HenoMiKiB JAaHOTO IHCTPYMEHTY MO>KHA BiJTHECTH:

® Cxuamaonii B iHTerpamii: Falco moTpeOye BCTaHOBJIIGHHS areHTa ISl KOXKHOTO
KOMITOHEHTY CHCTeMH. BpaxoBylouW HaJI3BHYAHO AMHAMIYHY, PO3MOAUICHY Ta edeMepHy
OpUPOAY XMapH, (aKTHUYHO HEMOKJIMBO BCTAaHOBUTH areHTa Ha KOXXHUH KOMIIOHEHT
cucteMu[9] (He Kaxyuw Bxke mpo Te, mo icHye Oarato OC, 1 He BCl 3 HUX MOXYTh
HNIATPUMYBATHCS areHTaMM), 10 MOXKE€ IMPHU3BECTH [0 MOTIPLUIEHHS SIKOCTI MOHITOPHHITY
CUCTEMH B LILJIOMY.

— BiacyrnicTs iHGOpMalii mpo miIomMHy kepyBaHHs: Falco oxorutoe nuiie poboui
HaBaHTAXXECHHs, BOHU HE MPOMOHYIOTh *KOAHO1 IHPOPMAILlii Ipo MIOLIMHY KEpYBaHHS.

— HeedextuBHa mnpiopuresanis cnosimeHb: Falco He Mae noctymy 10 XMapu B
MOBHOMY 00CsI31 Ta HE MOXK€ BU3HAUUTHU MPIOPUTETHICTH CIIOBILIEHb Ha OCHOBI KOHTEKCTY
CepeIoBUIIA.

— 3J0BMHCHHUKH YaCTO HaMararoTbCs CIIOYATKy 3aKPIMUTUCS B XMapHOMY CEpEIOBHIIIL,
a TIOTIM PYXalOThCs /10 CBOET (haKTUYHOT 11i1i. Yepes BiICYTHICTh YSABJIEHHS PO KOHGIryparii
xmapu Falco Moxxe 3HaXoauTH aHoOMaiil Juiie B poOOYMX HABAaHTAXKEHHSAX, a HE Ha piBHI
XMapHOi iHPPACTPYKTYPH, 1110 MOTSHLIHHO 3aJIMIIa€ BIAKPUTUMH BaXKJIMB1 BEKTOPHU aTakK.

Keycloak. Keycloak — 1e open source pimieHHs aas igeHTH(}iKaMii KOPUCTYBadiB Ta
KEepyBaHHsI IOCTYIIOM, 1110 BUPIIIY€E HACTYIIHI 3a/1a4i:

— KepyBanHs noctynmom: J[103BOJIsiE KEpyBaTH JOCTYIOM [0 PI3HMX JOAATKIB Ta
pecypciB, HaJAIMITYBAaTH TMOJITUKA JOCTYIy Ta POJi KOPUCTyBadiB, 100 3a0e3MmeunTd
Oe3MmevHuid JOCTYI 0 JaHUX.

— ABreHTH(iKalig KOPUCTYyBauiB: 3a0e3neuye Oe3NeKy MpOrpaMHHUX MPOJYKTIB Ta
JAHUX, OCKUIBKH JIOCTYH J10 HUX OyJie J03BOJIEHO TIJIbKM aBTOPU30BAaHUM KOPHUCTYBaYaM.

— Asropmsanis: Keycloak mo3Bosisie BH3Ha4aTw pojii KOKHOTO KOpPHCTyBada, 3a
JIOTIOMOT0I0 SIKMX CTa€ MOXJIMBUM OOMEXHTHU JIOCTYIl KOPUCTYBaUiB /10 MEBHUX CEPBICIB 200

JIaHMX, [0 3MEHIIYE PU3UK IX BUTOKY.
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Jlo nmepesar Keycloak moxxHa BijHECTH:

— besneka BianmoBimHO A0 ray3eBux crannapTiB: Keycloak miarpumye nBa OCHOBHHX
nporokoiu — SAML2 1 Open ID Connect (OIDC), mo 3abe3neuyrorh Oe3meqHHM 1
CTaHJAPTU30BAHUHN 3B’SI30K MK PI3HUMHU CIy)KOaMH, IO CIPOIINY€E IHTETPaIlil0 B iICHYHOYY
iH(pacTpyKTypy.

— O®ynkuii equnoro Bxoay (SSO): KmrodoBoro ocobnmBicTio Keycloak € MoxiHBicTh
€IMHOTO BXOJy, LII0 3HAYHO IMOKpAILlye€ B3a€EMO/III0 3 KOPUCTYBauaMHM, aJiKe IIe JI03BOJISIE M
OTPUMATH JIOCTYII JIO PI3HUX CEPBICIB 32 JOTIOMOT'OK0 OJTHOTO HA0OPy OOTIKOBUX JaHHUX.

— TD'Hydka iHTerpairis nocradaabHUKIB ineHTUdikaniiaux qanux: Keycloak 3abe3neuye
JIETKY 1HTETpaiilo 3 KUIbKOMa IocTadaJibHUKaMK ineHTHdikamiiaux gaHux (IDP),
JO3BOJISIIOUM  OpraHi3allisiM BHKOPUCTOBYBAaTH HasiBHY iHQpacTpyktypy. Lle cmopormrye
aBTEHTU(IKAIII0O KOPHCTYBAadiB 1 MOJETHIye KepyBaHHs 1ICHTU(IKAIIEI0 KOPHUCTYBadiB Yy
pi3HUX CITy)K0ax.

— Hanitni ¢ynkmii Oesneku: Keycloak miarpumye nodakTopHy aBTeHTH(IKAIIIO
(2FA), Bxmroyaroun Taki MeToau, sik oxHopasosi maponi (OTP), kmoui goctynmy FIDO2 3
OioMeTpUYHO aBTeHTH(DiKaLi€r0 Ta iHTerparieto cmapt-kapt [10].

Hes3Baxaroun Ha Bci mepeBaru, Keycloak mae cyTTeBi 0OMEXeHHS, IO HE JO3BOJISE
Ha3BaTH HOT0 YHIBEpCAJLHUM IHCTPYMEHTOM MJisi 3a0e3redyeHHs Oe3rneku AaHux Ta iHdpa-
CTPYKTYpH:

— MacmrTaboBaHiCTh 13 BHCOKMM HaBaHTaXeHHsM: mnpamroBatu 3 Keycloak mnpu
BHCOKMX HABAHTAKEHHSAX MOXe OyTH CKIaQAHO. Y TakKuxX CICHapiax HEoOXiTHUN
KOMIUIEKCHUH aHai3, o0 3a0e3neuntu poOOTy 3 ONTUMI3allii pecypciB.

— CknanHicTh HamamTyBaHHA: Xo4ya Keycloak mponoHye MOXITUBICTh PO3IIMPEHHS 3a
JIOTIOMOTOI0 IJIariHIB, I1HTErpamis 3 JeSIKUMU CHCTEMaMH MO)KE€ NOTpeOyBaTH 3HAUYHUX
pecypciB. Kpim Toro, momiOHi iHTerparii MOXXyTh MaTH HEHaBMHCHI a00 MI3HO BHSIBJICHI
BILJIUBU Ha MPOJYKTUBHICTH 1 O€3MeKy.

— BpaznuBicth 10 KOMIpPOMETYBaHHS OOJIIKOBUX JaHUX: SIKIIO 3JIOBMUCHHKHU
OTPUMAIOTh JTOCTYI 10 OOJIIKOBUX JaHUX OJHOTO 3 KOPHCTYBAdiB, II¢ Hapa)ka€ CUCTEMY Ha
HeOe3MeKy, aKe MOXKe MPOUTH T0BOJI1 0araTo yacy mepir Hix 11e Oyze BUSBICHO.

BucHoBku

B po6oTi po3risHyTI NOMyNSpHI Open source IHCTPYMEHTH Ui 3aXUCTY XMapHUX cepe-
nosul. [TpuBeneni ix ocoOGnMBOCTI, epeBaru Ta HEAOMIKH. SIK MOXKHA MOOAYUTH, ICHYE Be-
JIMKa KUTBKICTh MIPOTPAMHOTO 3a0€3MeUeHH 3 BIIKPUTUM KOJIOM, 110 MOKe OyTH BUKOpPHUCTAa-
HO ISl 3aXUCTY JaHUX Ta 1HPPACTPYKTYpHU Y XMapHHUX cepefoBuinax. [IpoTe koxxHe 3 HaBe-
JICHUX pIillIeHb Ma€ CBOI1 HEMOIIKH, [0 POOUTH iX BPa3NMBUMU JJIs TIEBHUX BUJIB aTak Ta HE
JI03BOJISIE Ha3BaTH iX yHiBepcalbHMMHU. Yepe3 1e BHHMKae morpeda B pO3TOpTaHHI Ta
MIATPUMII OApa3y AEKUIbKOX IHCTPYMEHTIB, IO MPHU3BOJAUTH 1O YCKJIAQJHEHHS CHUCTEM B
[iJIOMY Ta 301/bIIIye BUTPATH HA HUX. TakoK YCKIQJHEHHS CUCTEMH MO>KE CTBOPHUTH HOBI
HeoueBUJHI BekTopu atak. lle meMoHCTpye moTpedy y CTBOpEHHI OUIBII JOCKOHAIMX Ta
YHIBEpCaJIbHUX 3aC001B, 1110 3MOKYTh CIIPOCTUTH MPOIEC 3aXUCTY XMAPHUX CEPEIOBHUIIL.
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Analysis of open-source tools for protecting resources in cloud environments

Cloud environments are becoming an integral part of the infrastructure of many com-
panies due to their flexibility, accessibility and efficiency. However, due to their dynamic na-
ture, they create new threats to data security, therefore, they require separate tools to combat
them. The article compares existing open source tools for protecting cloud environments:
Checkov, Falco, Keycloak. According to the article, the main benefits of open source software
are: price, stability and community support.

For each of the tools some flaws are found which make these tools vulnerable to mali-
cious actors:

— Checkov implements CSPM process which does not monitor the runtime
environment, so it cannot identify suspicious behavior, such as an unexplained spike in
network activity.

— Falco is hard to integrate into existing systems as it requires agents to be added to
each component. Also it does not has any information on the control pane so it does not view
on the entirety of the cloud which allows attacks to target underlying infrastructure instead of
workloads

— Keycloak has issues with scalability and can be difficult to configure and customize
to integrate with some systems. Some systems might require some custom solutions to make
integration possible and these solutions can lead to new vulnerabilities being introduced into
the system. Also clients’ credentials might get compromised which can allow bad actors to
access the system.

These flaws make these tools not universal, so it creates the need to deploy and support
several tools at once to protect the cloud, which leads to the complexity of the systems as a
whole and increases their costs. Also, the complexity of the system can create new, non-
obvious attack vectors. This demonstrates the need to create more advanced and universal
tools that can simplify the process of protecting cloud environments.

Keywords: cloud environments, cybersecurity, software, open source software, distrib-
uted systems, Checkov, Falco, CSPM, CWPP.

Boopenok BsiuecsiaB BiradiiioBuu - acnipant kadenpu iHpopmamiiiHux TexHosorii i cu-
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T.B. Xom’sk, K.B. Cunopenko, A.B. Manieako, O.C. MiHeeB
IMPOI'HO3YBAHHA ITPUYHUH BUABJIIEHHSA YKPOBOI'O
JIABETY METOAAMu MAILIMHHOI'O HABYAHHSA

Anomayisn. Llykposuti diabem - 0OHe 3 HAUNOWUPEHIWUX XPOHIYHUX 3AX60PIOBAHL ) CEIMi,
akum cmpadxcoae oauzbko 530 minviionis nodeu. OCHOBHA NPUUUHA NOSABU BKIIOUAE ceHEMUY-
HY CXUNbHICMb, ONCUPIHHA, HENPABUIbHY Xap4o8y NOGEOIHKY, IHCYNIHOpe3uCmeHmHicms ma
WKiOnuei 36uyku. Buache eusgnenus 3axeoproéants modice 3anobiemu tio2o pozeumky. baza-
Mo CUMNMOMIB YYKp0o8020 Oiabemy, makux K CyXiCmb y pomi, 4acmi ce4o8UnyCKaHus, no-
2IpWeH s 30py, empama 6acu, NoCmiliHe 8IOUYmms 20100), He 3d6xHcOU 8I0pasy po32aiod-
IOMbCAL AK O3HAKU 3AX60PIOGAHHSA. Ale Yi CUMNMOMU MONCYMb OYMU PAHHIMU NOKA3HUKAMU
BUCOKO20 DIBHs 2I0KO3U Y Kposi. B pobomi nposedeno amaniz ¢paxmopie ma npuuun, sxi
BNIUBAIOMb HA PUBUK PO3BUMK) UYKPOB020 Oiabemy ma 3po0NeHo NpOo2HO3VE8AHHSA MEmMOOOM
Mmawunnozo nasuanus Decision Tree, Random Forest, k-NN ma Ada Boost. Ilosedeno ananiz
OMPUMAHUX Pe3VNbmamie, OYIiHeHO MOYHICMb BUKOPUCAHUX Memodis. Ompumani pe3yib-
mamu Haodadymuv 3M02y SUABIAMU 3HAYHO OLIbULY KIIbKICMb 6Unadkie diabemy 00 1tio2o no-
A6U, PAHHE Ma epexmueHe NiKY8aAHHS, SMEHWEHHSA SUMPam Ha MeoudHe 00CY208Y8aHH .
Kniouosi cnosa: yykposuii diabem, npoenosysanns, mawunne Hasyanns, Decision Tree, Ran-
dom Forest, Ada Boost, k-NN.

IMocTanoBka npodjemu. OTHUM 3 TOJOBHUX (DAKTOPIB, SKI MOXKYTh CHPHUSITH BHHHK-
HEHHS IIYKPOBOTO /11a0eTy € BiJICYTHICTh CBOEYACHOTO BUSBICHHS 3aXBOPIOBAHHS Y JIOUHHU.
3a3BuyYaii, TIOAM, K1 MAIOTh TaKi CUMIITOMH, SIK CYXiCThb y POTi, 4acTi CEYOBUITYCKaHHS, MO-
TIpLIEHHS 30Dy, MOCTiIHHY BTOMY, HiJIBUILIEHHS YM BTpaTy Baru, MOCTiHHE BIXYYTTS TOJIOIY,
HE 3BepTaIOThCA 10 Jikaps. OCKUTbKH BOHHM HE 3HAIOTH, 10 JaHi CUMITOMU MOXKYTh BKa3yBa-
TH Ha BUCOKHH piBEHb IIIOKO3U Yy KpoBi. IIpodinakTuka Ta paHHe BUSABICHHA /11a0eTy € Kpu-
TUYHO BaXJIUBUMH TSI TJI00ATEHOTO PO3BUTKY 37I0POB'SL.

Mertoro poGoTH € mpoBeeHHS aHali3y (akTOpiB Ta MPUYMH, SIKi BIUVIMBAIOTh Ha MOSBY
I[yKpPOBOTO AiabeTy, a TakoX MPOTHO3 BHUSBIEHHS 3aXBOPIOBaHHS J0 HOro mosiBM abu 3a-
nmoOIrTH OT0 PO3BUTKY B OPTraHi3Mi JTIOAHMHHA, BUKOPUCTOBYIOUH MOKA3HUKU Ta 3BHYKH JFOIU-
HU. OCKinbKH, AiabeT MOKe MPHU3BECTH A0 CEPHO3HMX YCKIIATHEHb, BKIIOYAIOYM TOLIKO-
JKEHHSI HUPOK Ta CEpIIeBO-CYIMHHUX 3aXBOPIOBaHb, IO 3aTPOKYE JKUTTIO. Y pa3i HecBoedac-
HOTO BHSIBJICHHSI 3aXBOPIOBAHHS MOYIIMBI Ba)KKi CTaHHU, Taki SK aMITyTallisl KIHI[IBOK Ta BTpaTa
30py.

AHaJi3 ocTaHHiX AociimxkeHb i myOaikaniii. Ha croronHimHiii AeHb iCHYy€e BelIHMKa
KUTBKICTh ITyOJTiKaIliid, MoB’si3aHa 3 JOCTiHKeHHIM XBopoou. Tak, B po0OoTi [1] HaBeneHO Kia-
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cudikariro giabeTy, onyMcaHO MPUUYUHKU Ta HACHiAKK XBopoou. Takox € pobitu B cdepi npo-
THO3YBaHHS BUHUKHEHHs J11a0eTy 3a J0MOMOT0I0 METO/IiB MAIIMHHOTO Ta TIIMOO0KOr0 HaBYaH-
Hs [2-4].

B po6orti [4] 3a3naueno, mo 10 2034 poky KUIbKICTh MAlLli€HTIB 13 3aXBOPIOBAHHSIM Ha
IyKpOBHA Jia0eT nmepeBUIUTh 592 minbiionu. s nepenbavyeHHs i A1arHOCTUKH Aiabery 3a-
MIPOITIOHOBAHO KOMIT IOTEPHU30BaHY CUCTEMY, III0 3aCHOBAaHA Ha MOE€JHAHHI alNropuTMiB Vector
Machine, Decision Tree, Naive Bayes i ANN. Ane /i HaBuaHHS B3Ta HEBEIMKa BUOIpKa B
po3mipi 768 ex3enmIIspiB.

B nocnimxensi [5] BusiBieno npobiaemu 3 kiacudikaii€ero i 3a1pornoHOBaHO 3MEHIIUTH
JaHi s JTOCATHEHHS BUIIOI Ta epeKTUBHIMOI ToYyHOCTI. {1 mporno3yBanHs Oyau BUKOpH-
CTaHi aJITOPUTM MOOYIOBH JiepeBa pimeHs Ta Mmoaudikosanus Fuzzy SLIQ.

TakuM YMHOM, KOKEH aJrOPUTM Ma€ BIACHUK Halip mepeBar i HEJTOJMIKIB B 3aJIEKHOCTI
BiJl MOYATKOBHX JaHHUX. TOX BUKOPHUCTAEMO MPOTHO3YBAHHS METOJAaMH MAIIMHHOTO HAaBYaH-
us Decision Tree, Random Forest, K-NN, Ada Boost i mopiBHsEMO iX TOYHICThH JIs 3aadi
MIPOTHO3YBAaHHS BUSBJICHHS 3aXBOPIOBAHHS JI0 HOTO MOSIBH

BukJjiageHHsi 0CHOBHOIO Martepiajy gociimxkeHHs. [loyaTkoBi maHi i aHamizy Ta
MPOTHO3YBAaHHS BHSBICHHS IYKpPOBOro maiadery B3sAiTo 3 caidty «lLleHTp KOHTpomro Ta
npodTaKTUKN 3aXBOPIOBAHbBY, SIKI OJAaHO Y opmarti csv-¢aitry i3 22 KOJOHOK (OKa3HUKH
Ta mapaMeTpu JTroAeH) Ta 253689 psakiB (3HAUCHHS MOKA3HUKIB Ta IMapaMeTPiB) I KOXKHOI
monunu [6] (Tadum. 1).

Taomums 1
CTpyKTypa IMOYaTKOBHX JTaHUX
Hasga kononku Tun (3HaueHH:) Onuc KoJTOHKU
KOJIOHKH
1 2 3

Diabetes_012 0 — no diabetes 0 — martieHT He Mae Jiadery,
1 — prediabetes 1 — mamieHT CXWIBHWE a0 miabety (mepen-
2 — diabetes niaoer),

2 — MalieHT Mae aiaber

HighBP 0 —no high BP 0 — He Mae BUCOKHH THCK,
1 —high BP 1 — Mae BUCOKUI THCK.

HighChol 0 — no high choles- | 0 — He Mae BUCOKHII XOJIECTEPHH,
terol 1 — Ma€e BUCOKHIA XOJIECTEPHUH.
1 —high cholesterol

CholCheck 0 — no cholesterol | 0 — He Oyn0 TEpeBipKU XoJIeCTEpUHY UYepe3 5
check in 5 years POKiB,
1 — yes cholesterol | 1 — Gyna mepeBipka XojecTepuHy dYepe3 S5
check in 5 | pokiB.
yearsCholCheck

BMI Yucio Innexc macu Tina

HeartDiseaseorAttack | 0—no Yu Oyna imemiuyHa XBopoOa cepis abo iH-
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1-—yes ¢dapkr: 0 —Hi, 1 — Tak.
Smoker 0-no [ndopmariss mpo mamieHTa, Yd KypUB 5K
1-—yes MiHiMyM 100 1iurapok 3a CBO€E KUTTS:
0 — i, 1 — Tak.

Stroke 0-no [ndopmaris po marieHTa, 4 OyB KOJHCH

1-—yes iHcynbT: 0 — Hi, 1 — Tak.

PhysActivity 0-no Indpopmariss  mpo  i3uyHy  aKTHBHICTH

1-—yes narieHra npotsaroM octanHi 30 IHIB, OKpiM
pob6otu: 0 — Hi, 1 — Tak.

Fruits 0-no Iadopmaris npo cnokuBaHHs GpykKTiB 1 abo

1-—yes Oinple pasiB y AeHp mamienta: 0 — Hi, 1 —
TaK.
Veggies 0-no Indopmarris mpo croxuBaHHS OBOYiB 1 abo
1-—yes Oinple pasiB y AeHp mamienta: 0 — Hi, 1 —
TaK.
HvyAlcoholConsump | 0—no IndopMariist mpo CHOKUBAHHS AIKOTOJIIO (15
1-—yes YOJO0BIKIB Olnblle 14 HamoiB Ha TWXKIEHD,
Juist okiHOK — 7): 0 — Hi, 1 — Tak.

AnyHealthcare 0-no [ndopmariss mpo HAABHICTE MEAMYHOTO

1-yes cTpaxyBaHHA y narienra: 0 — Hi, 1 — Tak.

NoDochcCost 0-no [adopmariis mpo MmOXix MaIieHTa J0 Oyib-

1-yes SIKOTO JIIKaps MPOTATOM OCTaHHIX 12 MiCsIIiB:
0 —mi, 1 —Tak.

GenHlth 1 — excellent, [Hdopmarist ipo 370poB’st marieHTa Ha HOTO

2 — very good, JTYMKY 32 IIKAJIO0:

3 —good, 1 — BigMiHHa,

4 —fair, 2 — JIy’Ke Xopolia,

5 — poor. 3 — HOpMaJIbHa,
4 — 3a510B1JIbHA,
5 — rorasxa.

MenthHIth Yuco (1-30) [adopmariiss mpo TmcuxiyHEe 3HOPOB’S, e
MaIi€HT MaB CTPEC, JCTPECio Ta MPoOIeMu 3
€MOLIISIMH NTPOTATOM OCTaHHIX 30 JHIB.

PhysHIth Yuco (1-30) [adpopmariss mpo ¢izuuHe 370pOB’S, JIEe
nmamieHT MaB  (I3M4YHI 3aXBOPIOBAaHHS Ta
TpaBMHU MPOTATOM OcTaHHIX 30 MHIB (CKUTBKH
JTHIB TTAITIEHT MaB TaKWUW CTaH)

DiffWalk 0-no [Hdopmariiss mpo marieHTa 4M € cepio3Hi

1-yes TPYAHOLI IPU X001 UM MiTHOMI 1O CXOAAX:
0 — i, 1 — Tak.
Sex 0 — female, Crarp namiesra:
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1-male 0 — xinka, 1 — 4OJIOBIK.
Age Yucito Bixk, ne moxineno Ha 13 kareropiit: 1 — 18-24,
13 — 80 1 GinbIIIe POKIB.
Education 1 — never attended | Indopmarist mpo OCBITY maifi€HTa:
school 1 — HiKOJIK HE BiJBiAyBaB IIKOIY,
2 — elementary | 2 — 1-8 kiacu,
grades 3—9-11 knacu,
3 — some high | 4 - 12 knaciB,
school graduate 5 — KoJeK 10 3 POKiB,
4 — high school | 6 — 3akiHuuB KOJIEIK.
graduate
5 — college year to
3 years
6 — college 4 years
or more
Income Yucio (1-8) [adpopmarnis mpo 3apobiTHY IUIaTy, fKa
po3nojiieHa Ha 8 Tpym, Ae | — MeHIe Hix
100009, 8 — Ginbwe, Hizx 750008.

Z[J'ISI aHanisy Ta IMPOTrHO3YBAHHS METOJAMH MAIIMHHOTI'O HABYAHHSA I[aHi 6y.]10 3aBaHTa-

xeHo B Google Colab st moganeiinoi 06podku moBoro Python. Ha puc. 1 HaBeneHo modat-

KOBHUH JiaTa CeT.

Diabetes_©812 HighBP HighChol CholCheck BMI Smoker Stroke HeartDiseaseorAttack PhysActivity Fruits ...

0 00 10 10 10 400 10 00
1 00 0.0 0.0 0.0 250 10 0.0
2 00 1.0 1.0 10 280 0.0 0.0
3 00 10 00 10 270 00 00
4 00 10 10 10 240 0.0 00
253675 00 10 10 10 450 0.0 00
253676 20 10 10 10 180 00 00
253677 00 0.0 0.0 10 280 0.0 0.0
263678 00 10 00 10 230 00 00
253679 20 10 10 10 250 0.0 00

253680 rows x 22 columns

I Smoker Stroke HeartDiseaseorAttack PhysActivity Fruits ...

0 10 00 00 00 00 10
0 10 00 00 10 00 00
0 00 00 00 00 10 10
0 0.0 0.0 0.0 1.0 1.0 1.0
0 00 00 00 10 10 10
0 0.0 0.0 0.0 0.0 1.0 . 1.0
0 00 00 00 00 00 10
0 00 00 00 10 10 10
0 0.0 0.0 0.0 0.0 1.0 1.0
0 00 00 10 10 10 10

AnyHealthcare NoDocbcCost

AnyHealthcare NoDocbcCost GenHlth MentHlth

00 00 00 . 10 00 50 180
0.0 1.0 00 .. 0.0 1.0 3.0 0.0
0.0 0.0 10 .. 1.0 1.0 5.0 300
00 10 10 10 00 20 00
00 10 10 . 10 00 20 30
00 0.0 10 . 10 00 30 00
00 00 00 10 00 40 00
0.0 1.0 10 .. 1.0 0.0 1.0 0.0
00 00 10 10 00 30 00
10 10 10 10 00 20 00
GenHlth MentHlth PhysHlth Diffllalk Sex Age Education Income
00 50 180 150 10 00 90 40 30
10 30 00 00 00 00 70 60 10
10 50 300 300 10 00 90 40 80
0.0 2.0 0.0 0.0 00 00 110 3.0 6.0
00 20 30 00 00 00 110 50 40
0.0 3.0 0.0 5.0 00 10 50 6.0 7.0
00 40 00 00 10 00 110 20 40
00 10 00 00 00 00 20 50 20
0.0 3.0 0.0 0.0 00 10 70 5.0 1.0
00 20 00 00 00 00 90 60 20

Pucynok 1 — [Touatkosi nani B Google Colab

(mepiri Ta ocTaHHI 5 PiAKIB TOYATKOBUX JTAHUX )
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Habip manux € nHe30amancoBanuM, 3HaueHHS «0» (He Mae miaGeTy) 3ycTpidaeTbes
213703 pasu, «1» (mepen niader) — 35346 pa3 Ta «2» (mae niabet) — 4631 pas. Leit dpakTop
BpPaxoOBaHO B IPOIIECI MOMEPEAHHOTO OMPAIIOBAHHS JaHUX. HaBeaeMo OCHOBHI KPOKH TIOIE-
PEIHBOTO OMPAIIOBAHHS JAHHX:

— 30ip Ta 3aBaHTAXCHHS JJaHUX;

— BUJAJICHHS JIAHUX, SKi MAIOTh AyOJiKaTH, KITbKICTh 3HAWCHUX AYOJIIKATIB TOPiBHIOE
15548, nanux 31 3HaueHHssM NaN a6o NULL ne Oyno 3HaiiieHo;

— aHami3 Ta Bi3yami3amis AaHUX IS OTPUMaHHS PO3MOJUTY Ta B3a€MO3B'S3KIB MiX
O3HAKaMU;

— TIPUBEJEHHS YUCIOBUX O3HAK JI0 OJHOTO 1 TOTO X MacmTady abo craHaapTHOI Oau-
HUIIl BUMIPIOBAaHHS,;

— BuAaleHHs BuUkuiiB (outliers) 3a momomoror merony Isolation Forest, me Oyio
3HakaeHo ta BuganeHo 114071 anoMalbHUX 3HA4YEeHb, TOOTO IIC/I BUAAICHHS aHOMAJIIHM JaTa
cet mae 114071 psiakiB 3HaUEHB MMOKA3HUKIB MAII€HTIB;

— Bi1aOip o3nak (Feature Selection): nns ganoro HaboOpy AaHMUX HpPU MEPIIOMY aHAaIi31
KOKHOI KOJIOHKM J1aHuX Oyso BUsIBIEHO, 1m0 kojoHku Education, Income, AnyHealthcare, €
HEIH(POPMATUBHUMH TSI BUSBIICHHS IIyKPOBOTO JiabeTy y JIOINHHY;

— posninenns manux (Data Splitting): nns manoro Habopy maHux Oyino oOpaHo, IO
70% nanux — HaBYaJIbHA BUOipKa Ta 30% — TecToBa;

— OamancyBanHs kiaciB (Class Balancing): mist manoro Habopy naHux Oyno oOpaHo
meton SMOTEENN, micnst 3acTocyBaHHS SIKOTO JlaHl Oyiu 30ajlaHCOBaHi, Jie Kjacu Maju
HacTynHi 3HaueHHa «0» — 27948 3nauenus, «1» — 39597, «2» — 35628 3HaueHb.

— MacmradyBaHHs aTpuOyTiB MeTozom Standard Scaler.

[Ticnst ompainroBaHHS MOYATKOBUX JaHHUX OYJIO MOOyIOBaHO Jiarpamy CITiBBiAHOILIECHHS
TPbOX MOKJIMBUX cTafiil aiabety (puc. 3). Bussneno, mo 82,7% - e maroth giadet, 15,3 % -
MaroTh Aiabet Ta 2% - nepen aiader.

He mae piabeTt

82.7%

2.0% Nepeppiabet

€ niabet

Pucynok 3 — JliarpaMa CriBBiAHOIIIEHHS] MOXKJIMBHX CTaJiil niabety

Jns anani3y cTyneHs BIUIUBY Ha BUSBIEHHS J1a0eTy MoOy/I0BaHO MATPHIIO KOPEJSIii
(puc. 4). Kopensuiro 6au3bko 0,2 MatoTh MOKa3HUKHU XOJIECTEPUH, 1HAEKC MacH Tila, ieMiy-
Ha XxBopoOa cepirst, Hi3udHe 30POB’sI, TPYIHOII 3 X0Ib00I0 Ta BiK, TOOTO BaXXJHBI (aKTOPH
Ha BIUIMB TIOSIBM Ta PO3BUTKY J11a0eTy B OpraHi3Mi JIoAWHA. MEHIINA BIUTMB MalOTh HACTYITHI
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bakTopH, sIK KypiHHS, 1HCYJbT, HasIBHICTb MEJCTpaxyBaHHS, BiJBIAyBaHHS JiKaps, CTaTh Ta

NCUXIYHE 370pOoB’s (Kopemsiuis y npoMikky Bix 0 go 0,1). Big’emuuii koedinienT xopensii

CIIOCTEPITaeThCs Y HACTYMHUX (PAKTOPIB: (i3WYHA aKTUBHICTh, BXKUBAaHHS (DPYKTIB Ta OBOUIB,

aJIKOTOJIbHA 3aJIE€XKHICTh, OCBITA Ta HOXI.

Pucynok 4 — Matpuris kopensiii ¢pakTopiB

Ha ocHOBI oTpumanoi miarpamMu po3MOITy O3HAKW CTaTl B 3aJIEKHOCTI BiJl CTajiid

niadety (puc. 4) Mo>kHa 3pOOUTH BUCHOBKH:

— MaloTh J1ia0eT MaiiKe 0JJHaKOBa KiIbKICTh KIHOK Ta YOJIOBIKiB 01U35K0 8%;

— cTad nepen aiadery MaroTh 0Ju3sK0 1%, aje KIHKA TPOXHU OUIbIIIE;
b b

— JKIHOK, sKi He MaroTh miadeta Ha 20000 O1IbIIe, HI’K YOJIOBIKIB.

Takum unHOM, cTaH niabety abo mepes 1iabeTy MaloTh TPOXHU OLbINE >KIHKH HIX 4O-

JIOBIKHM, OCKUIBKM JKIHKM MOXXYTh MaTH TOPMOHaJIbHI 3MIHU MiJ 4Yac KUTTSH, SKI MOXYTb

BIUIMBATH HA PU3MK Jia0eTy.
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Pucynok 5 — Jliarpama po3noainy cTaaii niabery 3a CTaTTIo

[Ticnst mpoBeieHHs aHaIi3y KOXKHOTO IMOKA3HUKY MOXKHA 3pOOMIIN HACTYITHI BUCHOBKHU:

— TAlli€eHTH, K1 MaloTh imemiuny xBopoOy cepus (IXC), xBopitoTh npubiusHo y 4 pa-
3¢ OUIbIIIE HA IIYKPOBUIi [TiabeT;

— 13 27% marieHTiB, sKi naATh, 8% MaroTh IyKpoBUH Aiaber abo mepes miader;

— JKIHOK, 5IKi He MaroTh Aiadety, Ha 20000 Oinbime, HiXK YOJIOBIKIB;

— TMAIi€HTH, SKi He BXKUBAIOTh (PPYKTH, Maike y 2 pa3u Ounblie, siKi He XBOPIIOTh Ha
IyKpoBUii mgiaber;

— TMAaIli€HTH 3 BUCOKUM XOJIECTEPUHOM XBOPIIOTH Y JBa pa3u 4acTillle Ha IYKPOBHUI
niaoer;

— mamienTy y Bimi Big 50 10 64 pokiB CKIalai0Th HaHOUIBIIY KIIBKICTh THX, XTO Ma€e
niaoerT;

— KUIBKICTb Halll€HTIB 3 OXKUPIHHAM Ta IIYKPOBUM JiiabeToM ckianae 50%;

— YacTHHA Malli€HTIB, K1 MalOTh IHCYIBT Ta Aiadet, cknamae 1,5%;

— (hi3UYHO aKTUBHI MALIEHTA MAIOTh AiabeT y 3,5 pa3u MeHIe, HiXK 1HIIII.

Hns mporuno3yBanHs wmetojgoMm Decision Tree [6] oOpaHo Taki TrinmepmapaMeTpu:
criterion= 'entropy', max_depth=40, a 1Hm11 napameTpu 3a 3aMOBYeHHSM. Pe3ynbraTtu HaBene-
HO y Tabnuii 2.

Tabmmig 2
Pesynbratu Mmogem Decision Tree Classifier
class precision recall f1-score accuracy
0 (me mae mgiaber) 0.92 0.89 0.91
1 (mepen miaber) 0.93 0.95 0.94 0.92
2 (mae miaber) 0.89 0.89 0.89

3 Tabnuiil 2 MOXHa 3pOOUTH BUCHOBKH, 1110 TOYHICTh MOJIETI JUIsl BCIX KJIACiB JIOPIBHIOE
0.92, mo cBiquuTH TIpO 1 3aranbHy e(eKTUBHICTh y Kiacudikaiii. Mojenp Mae BHCOKI TO-
Ka3HUKH precision Ta recall ms kmaciB "He mae miabery" 1 "[Ipen giabet", mo pobuts ii KO-
PHUCHOIO JJis BUSIBJICHHSI ITUX CTaHIB y marieHTtiB. OgHak mis knacy "Mae miaber" ii edek-

THUBHICTb MEHIIIA.
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Pesynbpratu TectyBanns mozeni Random Forest Classifier 3 HacTymHuUME rinepmapa-
Metpamu: n_estimators=100, max_features=16, max depth=16 (inmi mapamerpu 3a 3a-

MOBYCHHSIM) HaBEJICHO B TaOIHII 3.

Ta0mmms 3
PesynbraTt Moneni Random Forest Classifier
class precision recall fl1-score accuracy
0 (ue mae miaber) 0.93 0.89 0.91
1 (mepen niaGer) 0.86 0.86 0.86 0.95
2 (mae nmiaber) 0.79 0.82 0.81

3arajpHa TOYHICTH IIi€ MOJIENI JJIs BCiX KJIaciB ctaHOBUTH (.95, 10 CBiqUUTH TIPO ii 3a-
rajgpHy e(eKTUBHICTH Yy Kiacudikamii. Mojens Mae Halfkpaii moka3HuKH Ui kinacy "He mae
niabety", mo poOHTH ii KOPHCHOIO UIsl BUSIBICHHS IILOTO CTaHy, mpote i kiaciB "Ilpen
niaber" 1 "Mae aiaber" TOYHICTH MEHIIIA.

Pesynpratn tecryBanHss wmoxeni Ada Boost Classifier 3 rimepnapamerpamu
n_estimators=100, max_features=16, max_ depth=16 (inmi mnapameTpu 3a 3aMOBYCH-
HSIM).HaBeJIeH1 B Ta0uIll 4.

Tabmuus 4
Pesynbratu moneni Ada Boost Classifier
class precision recall f1-score accuracy
0 (e mae giaber) 0.84 0.77 0.80
1 (mepen niaber) 0.59 0.55 0.57 0.63
2 (mae nmiaber) 0.54 0.62 0.58

3aranbpHa TOYHICTH JAaHOT MOJENI JJiA BCiX KiaciB cTaHOBHUTH (.63, 110 CBITYMUTH TpO il

3arajibHy eQekTHBHICTh y Kiacudikauii. IIpore TounicTe Ta moBHOTa ans kinaciB "Ilpen

niabetr" 1 "Mae niaGet" € HEIOCTAaTHHO BUCOKMMHU, BKa3yIOUU Ha TTOMUJIKOBI Kiacudikamii s

LUX TPYIL.

Pesynpratn TectyBanHs moxeni K-NN Classifier 3 rimeprnapamMeTpoM - KUIbKICTh

cyciaiB = 5 (iHIIi 32 3aMOBYEHHSIM) HaBe/ICHI B TaONUIII 5.

Tabmus 5
Pesynsrat moaeni K-NN Classifier
class precision recall fl-score accuracy
0 (e mae giaber) 0.91 0.98 0.94
1 (mepen niaber) 0.00 0.00 0.00 0.9
2 (mae nmiaber) 0.31 0.10 0.15

3 Tabauui 5 MOXHa 3pOOMTH BHUCHOBOK, LII0 MOJAENb 3JIIHCHUIIA HE 30a1aHCcOBaHy Kia-
cudikalio JTaHUX, OCKUIbKH MOKa3HUKHU precision, recall, f1-score moBoii pi3Hi sl TPHOX
KJIaciB, a I1¢ BKa3ye Ha Te, 10 MOJCIIb HE HAaBUMJIACS PO3PI3HATH I1i TP Kiacu. Tomy moTpio-
HO Oyno 3poOuTH OanmaHcyBaHHsA AaHUX 3a gormomMororo Merony SMOTEENN, micns mporo

46 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 1 (156) 2025 «System technologiesy

JlaHi cTaiu 30aaHCOBaHi, 1€ KOXKEH KJIac MaB TaKy KUIbKICTh 3Ha4eHb: «0» — 27948 3naueH-
Hs, «1» — 39597, «2» — 35628. Ilicng 1poro 1me pa3 NpoBEICHO TPEHYBAHHS Ta TECTYBaHHS
MOJIeNi, pe3yJIbTaTH HaBeACHO y Tabmui 6.

Tabmnums 6
Pesynsrat Mmomeni K-NN Classifier
class precision recall f1-score accuracy
0 (ue mae mgiaber) 0.99 0.87 0.93
1 (mepen miaber) 0.96 1.00 0.98 0.96
2 (mae miaber) 0.94 0.98 0.96

VY3aranpHIOIOYM OTpPUMaHi pe3yabTaTd, MOKHA CKas3aTH, IO MOJENb MOXe OyTH KO-
PHUCHOIO JUTsl TOYHOT KiTach(ikarlii mamieHTiB 3 aiadeToM 1 mepea aiadberom, aine MoKe HE BU-
SIBUTH BCiX MamieHTIB 0e3 aiadery. TOUHICTh MOJIEINI B IIIJIOMY € BHCOKOIO.

Bucnosku. Ilicast mpoBeneHHsS MPOrHO3YyBAaHHS BUSIBJICHHS IyKPOBOTO 1Iia0eTy B op-
TaHi3Mi JIIOJMHHA, BUKOPUCTOBYIOYM ITOKA3HUKH Ta 3BUYKH JIFOJCH YOTHPMA METOJaMU Ma-
NIMHHOTO HABYAHHS, MOYKHA 3pOOWTH BHCHOBOK, IO HAHOUIBITY TOYHICTH 95% Mae mMeTon
Random Forest, a naiimeniy 63% — Ada Boost, mpore He TpebGa oapasy nocmimaru Ta oou-
paTtu Haiikpamioro moaeao Random Forest Classifier. OckiibKu, SIKIIIO TOPIBHATH IMOKA3HH-
ku precision, recall Ta fl-score, MoxxHa mo6aunTu, mo moaenb Decision Tree Classifier mae
HaliBumli nokazHuku fl-score ans Bcix Tpbox kiaciB (0.94, 0.93, 0.89). Lle Bka3zye Ha kpairy
3/1aTHICTH MOJIEJ PO3PI3HATU BCi TpU Kiacu (He Mae mgiabery, mepen niabeT, mae miader)
MOPIBHSIHO 3 IHITUMU pe3ynbTaTu Mojeneil. Tomy HaliKpaliM MeTOAO0M JUIsl pO3B’SI3aHHS M0-
cTaByieHo1 3aau4i € Decision Tree.

OTtpumaHi pe3yabTaTH JOCTIIHPKEHHS MAIOTh BEIHKE 3HAUECHHS, OCKIJIbKA BOHH MOXKYTh
OyTH BHKOPHCTaHI JJIsl TMOKpALEHHS POOOTH MeOUUHUX (DaxiBIB Yy BHUSBJIECHHI I[yKpPOBOTO
niabety 70 #oro mosiBu aOu 3amoOirTH HOro po3BUTKY B OpPraHi3Mi JIOJUHH Ta MiABUIIUTH
[IAHCH TIOPATYHKY JKUTTS Ta 3/I0pOB'S TMAIlI€HTIB, SKi CTHUKAIOTHCSA 3 III€I0 CEPHO3HOI0 Ta
HEBWJIIKOBHOIO XBOp00010. Pe3ynbraTit po6oTH TakoX MOXKYTh OyTH KOPUCHUMH JUIsl pO3po0-
KU Ta MOJIEIOBaHHA 1HGOPMaLIHHUX CUCTEM 3 IIPOTHO3Y BUSBJIEHHS IIyKPOBOTO JIiabeTy.
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Prediction causes of diabetes detection using machine learning methods

Diabetes is one of the most common chronic diseases in the world, affecting about 530
million people. The main causes of its occurrence include genetic predisposition, obesity, im-
proper eating behavior, insulin resistance and bad habits. Early detection of the disease can
prevent its development. Many symptoms of diabetes, such as dry mouth, frequent urination,
blurred vision, weight loss, constant hunger, are not always immediately considered as signs
of the disease. But these symptoms can be early indicators of high blood glucose levels. The
paper analyzes the factors and causes that affect the risk of developing diabetes and makes
predictions using the Decision Tree, Random Forest, k-NN and Ada Boost machine learning
methods. The results are analyzed and the accuracy of the methods used is assessed. The re-
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sults obtained will allow for the detection of significantly more cases of diabetes before it oc-
curs, early and effective treatment, and reduction of healthcare costs.
Keywords: diabetes, prediction, machine learning, Decision Tree, Random Forest, Ada
Boost, k-NN.
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K.IO. Octposebka, E.X. Ilerpocsn
HEMPOMEPEKEBA MOJIEJIb JIETEKTYBAHHS TA BIZICTEXXEHHSA
Y TPAHCIHHOPTHOMY IIOTOLI MICTA

Anomayis. B pobomi nposedeno onuc npeomemnoi 2any3si, a came onuc memooie MauuHHO20
HABYAHHS MA HEeUPOHHOI MepedCi, a makoic 3a80ants kiacugpixayii. Kpiv suwenepeniveno2o
0y10 nposedeHo 02110 HAYKOBOI limepamypu ma aHano2ie ma onuc cimelcmea Heupomepe-
arcegux moodenei YOLOV?7.

Onucano apximexmypy Hetipomepedxcesoi modeni YOLOV7, ii ocnoeni yacmunu ma ix npus-
HauenHs. Byno onucano nHabip oanux 01 HABYAHHA MA MeECMYBAHHSA MOOeNi, ONUCAHO 8e0-
0odamoxk «RoboFlowy, 6 sikomy suxonysanacs po3mimka 300pasicens. Takoic 6y10 onucaro
ancopumm Deep SORT 05 8iocmedicents 06'ekmig y uaci.

Peanizosarno netipomepedicy mooens 01 0emexkmys8anHs ma MmpeKiney eleKmpocamoKamis y
mpancnopmuomy nomoyi. Modenv b6yna Hasuyena Ha 3ibpanomy nabopi danux. Takoowc 6y10
peanizosano 6eH6-000amoxk 0 0eMoHcmpayii pobomu Hetipomepedcegoi moodeini. Beb-
000amoK nosHicMIo 8i0N08I0A€ YYHKYIOHANbHUM MA HeDYHKYIOHAIbHUM UMO2AM.
IIposedeno mecmysanHs HeUpPOHHOI Mepedici, mecmy8anHs NPOBOOUNIOCA HA PIZHUX MOOESX
YOLOV7, naiikpawuii pesynomam nokasana mooenv YOLOV7-w6. Taxooc 6y10 nposedeno
@yHryionanbHe mecmysanns eb-npocpamu. byno nposedeno asmomamuzosane mecmysamHs
8€0-3aCMOCYBAHHS 3 O0NOMO2010 ITHCIMPYMEHMY cypress, 6e0-000amoK 0y10 npomecmo8aHo
3a 00NOMO2010 080X 6U0i6 mecmy8ants, kKomnoHenmnoz2o ma E2E.

Knouosi cnosa: mawunne nasuanns, YOLOV, mecmysanns, mpeKxiHe, eleKkmpocamorxam,
deep sort, demexyis, 6e6-0od0amok.

Beryn. YnpasiiHHA JOPOXKHIM pyxoM BUMarae iHgopmatii mpo Horo craH, BUpaKeHHH
napameTpamH, BUMIPSHUMH 32 JIOMOMOrow JaTyukiB. CyKyHHICTh 3HAa4€Hb HapaMeTpiB sK
CHCTEMH [JETEKTYBaHHS TPAHCHOPTHHUX IOTOKIB HEOOXIJJHA THYYKOI'O pEryJlOBaHHS, po-
3paxyHKY 4d aBTOMaTHYHOT'O BUOOPY NMPOrpaMH YIPaBIiHHS JOPOKHIM PyXOM.

VY cyuacHOMY CBiTi BUKOPHCTaHHsI €JIEKTPOCAMOKATIB CTaJ0 JYyKe MOMYJISIPHUM, IPOTe
1€ BUKJIIMKAE 3aHETOKOEHHS 100 Oe3MeKH IHIIMX YYaCHUKIB JOPOXKHBOTO pyXy. JlerekTy-
BaHHS Ta BIJICTEKEHHS BOJIIIB €EKTPOCAMOKATIB y TPAHCIIOPTHOMY IOTOIIl € BaXJIUBUM 3aB-
naHHsaM. Lle 7103BonuTh y MaiiOyTHROMY 301IBIINTH O€3MEKy Ha JOporax Ta TpoTyapax.

Mertoro poboTH € po3pobka HelpomepekeBOT MOJAETI JETEKTYBaHHS Ta BiJCTEKECHHS
€JIEKTPOCAMOKATIB Yy TPAHCIIOPTHOMY ITOTOI MicTa.

Jlnst peanizaiii BeO-10aTKy IJsl IETEKTYBaHHS Ta TPEKIHTY BOJIIB €JIEKTPOCAMOKATIB
Ha 300pakeHH1 abo BiJieo OynM BUKOpHUCTaHI MOBH MporpaMmyBanHs Python, sikuii Bukopucro-
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ByBaBCs JUIS peastizallii HeHpOHHOT Mepexi Ta cepBepHOi YacThHHU, Ta TypeScript, sikuil BUKO-
PUCTOBYBaBCS JIJIsl pealtizaiii KIiE€HTChKOl YacTUHHM. {715 HanmMcaHHs KOy BUKOPHUCTOBYBAIH-
cst IDE PyCharm Community Edition Ta Visual Studio Code.

OcHoBHa yacTuHa. OcobmuBicTh cimelicTBa moaenerd YOLO monsirae B ToMy, 110
BOHA 3aCTOCOBYE 3TrOPTKOBI HEHPOHHI MEpexki Ha 300paKCHHSI JIMIIE OJUH pa3 Ha BiIMIHY BiJ
aHAaJIOTiB.

YOLOV7 nepesepiirye BCi BiIoMi JETEKTOPU 00'€KTIB sIK 3a MIBUJIKICTIO, TaK 1 32 TOY-
HICTIO B Jiama3oHi Big 5 10 160 kaapiB B cCeKyHAY i Ma€ HaBUILY TOUHICTh 56,8% AP cepen
yCiX BiIOMHX JETEKTOPIB 00'€KTIB pealbHOTO Yacy 3 4acToToro 30 KajapiB B CEKYHY.

Hetipomepexxkea mogens YOLOvV7 peanizoBana 3a gomomororo PyTorch.

ApxitekTypa HelipomepexeBoi moneni VOLOV7 ckmagaerscs 3 3 OCHOBHHX KOMITO-
HeHTiB backbone, neck ta head.

Apxitexkrypa YOLOV7 npencraBiieHa Ha pucyHKy 1

Backbone. s yacTuHa apXiTeKTypH BiIIOBIJa€ 3a MOYATKOBY MiJATOTOBKY JaHUX VIS
MOJAIIBIIO0T POOOTH HEHPOHHOT Mepexi. BXinHi 300paskeHHs IPOXOAATh Yepe3 3rOPTKOBI IIa-
pH, SKi BiMOBIIAIOTH 33 BIJIYYCHHS O3HAK 13 300pakeHb, TAKOK 300paKeHHS MPOXOISTh Ye-
pe3 MIapy MyIiHTY, SKi MPU3HAYCHI 171 BUPIMICHHS MPpoOieMu (iKCOBAaHOTO PO3Mipy KapTH
o3HaKH. L{e 103BOMIsIE YCYHYTH BTpaTH HU3bKOPIBHEBUX O3HAK PaHHHOMY €Talli.

Neck. Ils gacTuHa apxiTeKTypH BiAMOBigae 3a 00'€qHAHHS KapT O3HAK, OTPUMAHHX 13
MOTIEPETHBOTO IIapy.

Head. Llst yacTuHa apXiTeKTypH MpeJCTaBIeHa y BUIIISI TTOBHO3B'I3KOBOI HEHPOHHOT
MEpEXi, 10 CKIATAETHCS 3 TPHOX IIAPIB.

input backbone

CBS —= ELAN

Pucynok 1 — Apxitektypa HelipomepexeBoi moaeni YOLOVT

Habip nanux. /[ns HaByaHHS Ta TeCTyBaHHS MOJIEJIl HEUPOHHOI MepeXi BUKOPUCTOBY-
BaBcs HaOip manux IUPUI-CSRC E-Scooter Rider sikuit mictuts 10 749 300paskeHb BOJIIiB
enektpocamokatiB Ta 10 705 300pakeHh HE BOJIiB €JIEKTPOCAMOKaTiB Ta Habip JdaHUX
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Occluded E-Scooter Rider Detection Dataset 3aropojpxeHux BogiiB enekrpocamokariB [Tpu-
KJ1a1 300pakeHb 13 HaOOPIB JaHHUX MPEAICTaBIeHI Ha pUCYHKax 2—3.

Pucynok 2 — Ipuknan 300paxeHHs Pucynok 3 — Jlpyruii npukiiaj 300paxeHHs

3 Habopy JaHUX 3 Ha0Opy TaHUX

AaroputMm BincrexkeHnsi. [licisi mpoiiecy OeTeKTyBaHHsS OO0'€KTIB 3a JIOTIOMOTOO
HeripomepeskeBoi mozeni YOLOV7 HeoOxinHO BiacTexxyBaTu 00'ekT. [l BupimeHHs 3aaa4l
BIZICTE)KEHHS BUKOPUCTAHO alropuT™ rimbokoro copryBanus (Deep SORT algorithm) . Ieii
anroput™ — 1ie Moaudikaiis arroputmy SORT (Simple Online and Realtime Tracking). Aun-
roput™ Deep SORT nounnae cBoro poOOTy 3 IeTEKTYBaHHs 00'€KTa 3a IOTIOMOI0OI0 HEWPOH-
HUX Mepex AJsl JeTeKTYBaHHs Takux sk cimelicTBo mojeneir YOLO abo iHmux. AIroputMm
Deep SORT, sx i anroputm SORT wmictuts ¢instp Kanmana, sikuii HeoOXiqHUHN ISl TPOTHO-
3yBaHHS 00'€KTa HA OCHOBI TaKUX MapaMeTPiB K IMIBHIKICTH, MO3HIIisI 1 IPUCKOPEHHS, 3aB/IsI-
k1 yomy ¢uibTp Kanmana nepenbavae craHoBHIE 00'€KTa y HOTOYHOMY KaJIpi.

Jliarpama BapiaHTiB BUKOPUCTAHHSI PEACTABIIEHA HA PUCYHKY 4.

Beb-404aTOK 418 AETEKTYBAHHA
i TpekiHra Bofiie enekTpocamokarie

«include»
06patu daiinu
I - e e S '
winclude» : 306pareHs v

H . «include»
sinclude
MoyaTok
[eTeKTyBaHHA o
«include»
MouaTtoK
KopucTysau '

MepetarkyTu ¢aitn y
30HY 3aBaHTaMeHHA

MepeTArHyT! daiinu
Y 30HY 33BaHTAXKEHHA

MepernaHyTh pesynstat
[ETEKTYBaHHA

O6paTtii HacTynHe
306parKeHHA

MepernaHyTn
pesynsTar TpekiHra

Pucynox 4 — Jliarpama BapiaHTiB BUKOPHUCTAHHS
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Peamnizamist Ta HaBuaHHs HelipomepesxkeBol moaeni YOLOV7. [lns HaBuaHHS HelpoMe-
pexeBoi mMojen Oyno 3i0pano HaGip ganux 3 3600 300pakeHb 1 MOAUICHUN HA HABYAIBHY
(2520 300paxens), Bamigamiiiny (720 300paxeHs) i TectoBy (360 300paskeHb) BHOIPKY Yy
criBBinHomrenHi 70/20/10.

HaBuanHs HEWpPOHHOI Mepexi MpoBoaWiocs Ha xmapHid mmiardopmi Google
Colaborator ta GPU Nvidia Tesla T4. HaBuanns npoBoamiocst Ha 50 ermoxax, HaBUYaHHS 3aii-
HSJ10 3 TOJIMHMU.

VY xoxai HaBuaHHs 30epiranucs rpadiku MeTpuK Ta (QyHKIIT BTpaT JUIsi HABYAIBHOI Ta
TecToBOi BUOipkH Habopy naHux. ['padiku METpUKM HaBUYAHHS MPEJICTABICHO HA PUCYHKY 5.

metrics/mAP_0.5, metrics/precision, metrics/recall

= Yolov7-w6 metrics/mAP_0.5 = Yolov7-w6 metrics/precision — Yolo r

0.8

0.6

0.2

Step

0 10 20 30 40

Pucynoxk 5 - I'padik MeTpuk HaBUaHHS

B pesynbrari HaBuaHHs PI3HHX MOJIEJICH HaAMKpaluid pe3yabTaT MoKa3zaia MOJEb
yolov7-w6, a came merpuka mAP 84,03%, merpuka recall 88,89% i merpuka precision
81,26%.

B pesynbrari HaBYaHHS PI3HUX MOJEJICH HAWKpalWid pe3yabTaT IMoKa3aia MOJIENb
yolov7-w6, a came merpuka mAP 84,03%, metpuka recall 88,89% 1 merpuka precision
81,26% (pucyHoK 6).

YOLOv7 YOLOv7x YOLOv7-w6

KinekicTe enox

MeTtpuka mAP

54,52% 66,06% 75,32%
73,6% 76,02% 81,79%
79,72% 81,17% 84,03%
MeTpuka recall

62,95% 65,92% 76,78%
72,15% 78,13% 82,88%
81,17% 82,88% 88,89%
MeTpuKa precision

55,69% 67,77% 72,57%
71,74% 74,76% 80,81%
78,64% 79,01% 81,25%

Pucynok 6 — EkcriepuMeHTH 3 HaBYaHHIM
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CepBepHa uyactuHa BeO-mporpamu Oyna HamucaHa MoBor Python i ¢peiiMBoprom
FastApi.

VY cepBepHiil yactuHi nporpamu € meroau API mns B3aemoii 3 KITEHTCHKOIO YaCcTH-
HOIO:

(POST) /images/detect

(GET) /images/download-zip

(POST) /video/track

(GET) /video/download-zip

KiienTcpka yacTuHa BeO-mporpamu Oyina Hamucana MoBor Typescript Ta dpeiimMBop-

koM Nest.js. KopuctyBauesi € Bl CTOPIHKH, OJIHA CTOpPIHKA JJIsl ACTEKTYBaHHs, a 1HIIA IS
TpEKiHry. 30BHIIIHIN BUTJISI CTOPIHKH JETEKTYBaHHS MPECTABICHO HA PUCYHKY 7.

SIKIo KOopHCTyBau 3aBaHTAXKUB yCi (ailyin mpaBWIBHOTO (popMaTy, TO Mics YCHIIIHOT
00poOKkH BiH MOOaunTh iHTEpPENc I neperysiay o0podieHNX 300pakeHb 3 pe3ylbTaTaMu
NETEKTYBaHHS, SKUW MIPEJICTABICHUIN HA PUCYHKY 8.

D &0
E-SCOOTER RIDER DETECTOR [ perwcrysas T oo ]

O6epirs daiinu Ans 06pobkw y dopmari PNG abo IPG

60 neperarwity ix oA

Pucynok 7 — CtopiHKa 1eTeKTyBaHHS,

inTeperic 3aBaHTaKEHHS Pucynok 8 — Iurepdeiic nepermsny

00pobIeHNX 300paKEHb

B inTepdeiici neperisiny oOpo0IeHOro Bijieo KOPUCTYBay MOXKE MEPETJISIHYTH pe3yb-
TaT TPEKiHTy Ha BiJeo. Takoxk y KOpUCTyBaya 3'ABISETbCS MEHIO Jii, 32 JOIOMOIOI0 SIKOTO
BiH MOXe€ 3aBaHTAXUTH ZIp apXiB 3 pe3yJabTaTOM a00 3aBaHTAKUTH HOBE BiJIeO /17151 0OpOOKH.

BucHoBkH. 3riHO 3 METOIO J1aHOT poOOTH Oyna po3pobiieHa HelpoMepekeBa MOAEb
JUIs pO3Mi3HABAaHHS Ta BIICTE)XXEHHS €JIEKTPOCAMOKATIB Y TPAHCIIOPTHOMY MOTOIII.

s mokpaiieHHs poOOTH HeHpoMepekeBOI MOJIeNi MOXHA 3pOOUTH Taki [ii: 30171b-
UTH HAOIp MaHWX, JOJATH OLNbIIe PI3HOMAHITHOCTI IaHUX, TOHABUYUTH HEHPOMEPEIKHY MO-
Je7b, 3MIHUTH TOIOJIOTM MOAENI, crupoOyBaTu miaiOpaTtu mapaMmerpH, 3 SKUMH MOJENb BU-
JacTh Kpalli pe3yabTaTu.
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Neural network model of detection and tracking in the city traffic

The paper describes the subject area, namely the description of machine learning
methods and neural networks, as well as the classification task. In addition to the above, a
review of scientific literature and analogues and a description of the YOLOv7 family of
neural network models were conducted.

The architecture of the YOLOV7 neural network model, its main parts and their
purpose were described. The dataset for training and testing the model was described, the
web application "RoboFlow" was described, in which image marking was performed. The
Deep SORT algorithm for tracking objects in time was also described.

A neural network model for detecting and tracking electric scooters in the traffic flow
was implemented. The model was trained on the collected dataset. A web application was also
implemented to demonstrate the operation of the neural network model. The web application
fully meets the functional and non-functional requirements.

Neural network testing was carried out, testing was carried out on different YOLOV7
models, the best result was shown by the YOLOV7-w6 model. Functional testing of the web
program was also carried out. Automated testing of the web application was carried out
using the cypress tool, the web application was tested using two types of testing, component
and E2E.

According to the purpose of this work, a neural network model was developed for
recognizing and tracking electric scooters in traffic.
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To improve the performance of the neural network model, the following actions can be
taken: increase the data set, add more data diversity, train the neural network model, change
the model topologies, try to choose parameters with which the model will give the best results.

Keywords: machine learning, YOLOV, testing, tracking, electric scooter, deep sort,
detection, web application.
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A.B. ITikinpHSIK
AHAJII3 TA OBIPYHTYBAHHS BUBOPY INIPOT'PAMHUX 3ACOBIB
MOJIEJTIOBAHHSI 1 ABTOMATH30BAHOI'O YIIPABJIIHHSI CHCTEMAMU
3BOPOTHOI'O BOJAOIIOCTAYAHHS I''PHUYO-3BATAYYBAJIbHUX
OIANPUEMCTB

Anomayin. Y cmammi 30iliCHeHO cucCmMeMHUNl AHAI3 NPOSPAMHUX 3AC00i8, WO 3ACMOCO8)-
10mMbCs 07151 MOOENI08AHHS MA A8MOMAMUI08AHO20 YAPAGIIHHA Y CUCIEMAX 360POMHO20 8O-
00NOCMAa4anHs 2ipHUY0-30a2a4y8aNbHUX NIONPUEMCME. AKMYATbHICMb 00CTIONCEHHS 3YMO6-
JleHa HeoOXIOHIicmI0 NIOBUWEHHS eeKMUBHOCT YAPABIIHHA BOOHUMU PeCypCamu UWIAXOM
onmumizayii npoyecie ouuweHHs ma NOBMOPHO20 uKopucmanus eoou. Ilocmanoska npo-
Onemu nonseae y GUHAYEHHI HauOLIbuW NPUOAMHUX NPOSPAMHUX THCMPYMEHMI8 OJisi MOOenio-
BAHHS CKAAOHUX 2IOPOOUHAMIYHUX A MEXHOI02ITYHUX npoyecis. Memoio 0ocniodicenus € 00-
IPYHMYBAHHS 8UOODPY NPOSPAMHUX 3ACO0I8 HA OCHOBI AHANIZY IXHIX (DYHKYIOHANbHUX MOMCIIU-
socmeti ma 8i0nogionocmi cneyughiyi 06’ekma ynpaeninHa. Y pobomi suxopucmano memoou
CUCTNEeMHO20 aHAi3Y, NOPIGHANbHO20 OYIHIOBAHHA MA eKCNePMHO20 AHANI3Y NPOSPAMHUX Di-
wens. Y pezynomami usHaAueHo nepesacu i He0ONiKU PO32NAHYMUX NPOSPAMHUX NIAMPOPM,
wo 0038015€ chopmysamu pexomeHoayii woo0o iXHb020 BUKOPUCMAHHS Y NPAKMUYI NPOEK-
MYBAHHS MA eKCNAYAmayii cucmem 360pOmMHO20 8000NOCMAYAHHS.

Knrouosi cnosa: cucmemu 360pomHo20 6000N0OCMAYanHsl, 2ipHUYO-30A2aAYY8ANbHI NIONPUEM-
cmea, MOOent8anHs, 2iOpOOUHAMIUHI NpoYecl, YUCeTbHI Memoou, MOOeN08AHH mypOyieH-

MHOCMI, NPOSPAMHI 3acodu, npoyecu Gitompayii

IMoctanoBka npo6iaemu. CucrteMu 3BOPOTHOTO BOJOINOCTAYaHHS Ha MiJNPUEMCTBAX
ripunuo-36arauyBanbHoro komriekey (I'3K) BiairparoTs kitouoBy poiib y 3abe3nedeHHi 0e3-
HEepepBHOCTI BUPOOHMYHUX NPOILECIB 1 30epekeHH] pecypciB. BoHM 103BOMISIOTH 3HaYHO 3HU-
3UTHU CMOKMBAHHS BOJIU 32 PaXyHOK ii HOBTOPHOTO BUKOPUCTAHHS, 1110 € KPUTUYHO BAXKIMBUM
JUis 30epeXeHHs eKOJIOTIYHOro OallaHcy 1 3HMXKEHHs BUTpaT Ha BojomnocTtayaHHs. [Ipote mi
CHCTEMH € CKJIAHUMH, 1 1X e()eKTUBHICTh 3HAUHOIO MipOIO 3AJIEKHTh BiJl MPAaBUIBHOTO MOJIe-
JFOBAHHS MOTOKY PIIMHM Ta BCIX B3a€MOJIIN M’k OCHOBHUMH KOMIIOHEHTaMH CHCTEMH — Ha-
cocamH, TpyoonpoBoaMHu, GiIbTpaMu Ta IHIIMMHU eIEMEHTaMH.

OpHa 3 OCHOBHUX NPoOJIEeM y MOJETIOBaHHI TaKUX CHUCTEM IOJIATae B CKJIAJAHOCTI IpO-
THO3YBaHHS AMHAaMIK{ MOTOKY B YMOBaxX 3MIHHUX MapaMeTpiB poOOTH — BiJ Pi3HUX BUTpAT
BOJIM JI0 KOJIMBAHb TUCKY 1 TeMiiepatypu. KpiMm Toro, Tpaauiiiini MeToiu MOJENIIOBaHHS Yac-
TO HE BPaxOBYIOTh CKJIaaHI (hi3MUHI MpOIECH, K1 BiTOYBaIOTHCS B CUCTEMAaX 3BOPOTHOTO BO-
JIONIOCTAYaHHs, Taki K KaBiTallis,, TYpOyJeHTHICTh a00 B3a€MOJIisl 3 XIMIYHUMH PEYOBHHAMHU.

© TTikimeasix A.B., 2025
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IcHyrO4i MigXoaAu A0 MOJETIOBAHHS MOTOKY PIMHM B TaKUX CHCTEMax 4acTO OOMEXYIOThCS
BUKOPUCTAHHSAM CIIPOUICHUX DPIBHSHb, SIKI MOXKYTh HE BiJJOOpa)kaTu BCi CKJIAHOII POOOTH
TaKHUX CHUCTEM, I1[0, B CBOIO YEpTy, MPHU3BOIUTH 0 HETOUHOCTEH y po3paxyHKax i, sIK Hacii-
JIOK, JTO BTpaT B €HeProe()eKTUBHOCTI 1 BOJI030CPEIKECHHI.

AHaJni3 ocTaHHiX Jocailkenb i myoaikauii. Cepen iCHyIOUMX METOJIIB MOJAETIOBAaHHS
NOTOKY PIIMHH y CHCTEMax 3BOPOTHOTO BOJONIOCTAYaHHSI MOKHA BUIUINTH HacTymHi [1]:

1) AHamiTHYHI METOAU. AHAIITHYHI METOJU MOJCIIOBAHHS MMOTOKY PIJIMHU B 3BOPOT-
HUX BOJIONOCTAYaJIbHUX CHCTEMaX BHKOPHCTOBYIOTHCS Ul PO3B’sI3yBaHHS 3a1adi pyxy piau-
HU B TPyOOINPOBO/IAX Ta IHIIMX €JIEMEHTaX CHCTeMH. Y 0araTbOX BUIAJIKax ILi MeToau 0a3y-
IOTHCSl HAa PIBHSAHHAX BepHymi Ta piBHSHHSIX IS 11€alIbHUX PIIUH, TAaKUX K PIBHSHHS JUIs
He3pipKyBaHUX pinuH ado piBHsHHSI Har’e-CTokca s cranioHapHOro motoky. i piBHSHHS
3aCTOCOBYIOTBCS JUIsl PO3paxyHKY BUTpAT, IIBUJIKOCTEH MOTOKY Ta TUCKY, OJIHAK BOHM MarOTh
OOMEKeHHs B KOHTEKCTI peallbHuX yMoB. Hampukiaza, 6arato aHaJTiTHYHUX MOJIENIEH HE MO-
KYyTh BpaxyBaTH CKJIAJ(HI SIBUIIA, TaKl K TypOYJICHTHICTh, KaBiTaIlisl YU HETIHINHI 3MIHH B
XapaKTePUCTHKAX IMOTOKY, IO € BAXIWBUMHU B PEATbHUX yYMOBaX TipHHYO-30araqyBaJbHUX
MiANPUEMCTB. AHATITUYHI MOZAETI 3py4Hi /Ul TIEPBICHOI OIIHKK €()eKTUBHOCTI CUCTEMH, O/I-
HaK BOHHM 3HAYHO OOMEXKYIOTh MOXIIMBICTH TOYHOTO NMPOTHO3YBAaHHS y BHITAJKaX, KOJIU IO-
TpiOHO BpaxoBYBaTH CKJIAJHI IWHAMIYHI Ta TEPMOAMHAMIYHI MporecH. ToMy JUIs CKIIQIHUX
TEXHOJIOTIYHHX MPOLECIB 1X 3aCTOCYBAHHS YaCTO € HEC(PEKTHBHUM.

2) YucenbHi MeTou. 31 30UIBIICHHAM OOYHCITIOBAILHUX MOTYKHOCTCH 3HAYHO 3pOCiia
POJIb YKCEIbHUX METO/IB, 30KpeMa MeTony kiHieBux enemeHTtiB (MKE) ta metoniB o0’emiB
JUIS aHaJI13y Ta MOJIETIIOBAHHS MTOTOKIB P1JIMH y CKJIQIHUX cucTemax [2]. BimoMum npukiazom
e metoau Computational Fluid Dynamics (CFD), siki akTHBHO BUKOPHUCTOBYIOTBCS JUIl MOJI€-
JIIOBAHHS 1 aHaNI3y MOTOKY PIAMHU B TpyOONpOBOAax, Hacocax, (QIIbTPYBaIbHUX YCTAHOBKAX
Ta THIIMX eJeMEeHTaxX 3BOPOTHHUX BOAONOCTadaIbHUX cucteM. 3actocyBanHs CFD mo3Bosse
BpaxOBYBaTH TaKl SIBUINA, SIK TypOYJIEHTHICTh, KaBITallisl, 3MIITyBaHHS, a TaKOXX BKJIFOYATH
edekTH TeMmreparypu 1 XiMigyHUX peakiiid. YucenbHi meroan, 30kpema CFD, naroth OLabIn
TOYHI pe3y/ibTaTH, OJJHAK BOHU MOTPEOYIOTh BETUKHUX OOUYMCIIOBAJIBHUX PECYPCIB, @ TaKOXK
BEJIMKOT KIJIBKOCTI BXIJTHUX JaHMX JJIs TOYHOTO HalalTyBaHHsS Mmozeneid. Kpim toro, mi Me-
TOAU MOXYTh OyTH Jy’K€ UYTIMBUMH 0 IMOYATKOBUX YMOB, 110 POOMUTH iX 3aCTOCYBaHHS B
peabHUX YMOBAX OUIBII CKIIQTHUM.

3) I'iopuani Mmetoau. ['iOpuaHI METOIH € CIIPOOOIO MOEAHAHHS TIEpeBar aHATITHIHNX Ta
yrcenbHuX MiaxoiB [3]. Lli MeToau BUKOPUCTOBYIOTH MPOCTIII aHATITHYHI MOJEN] JUIs 1MO-
MepeHbOI OIIHKKM OCHOBHUX TApaMeTPIB CHUCTEMH 1 YHCENbHI METOIW s JCTAIBHOTO
aHaJli3y OKpEMHUX YaCTUH CUCTEMH, TAKUX SIK HaCOCHI cTaHuii abo ¢inbTpu. Hampuknan, cro-
yaTKy Moke OyTH 3acTocoBaHa MOJEb ISl NMPOTHO3YBAHHS 3arajbHUX BUTPAT BOAU 1
HaJIAIITYBaHHS XapaKTEPUCTUK HACOCIB, a MOTIM JJIs J€TAJIbHOTO aHaJi3y BUKOPUCTOBYIOTHCS
CFD wmopemni A BU3HAYEHHsI ONTUMAJIbHUX MapaMeTpiB. Xouya TaKUi MiAX1] 3HUXKY€E o0unc-
JIIOBAJIbH1 BUTPATH Ta MOXe 3a0e3MeunTH OUThII MIBUIKI PEe3yIbTaTH, BIH MOTpedye 3HAYHOI
1HTerpaIii pi3HUX MiAXOAIB, a TAKOX JIOCBIY B PO3POOIl KOMOIHOBAHUX MOJENEH JJIT KOHK-
PETHUX YMOB.
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[cHyro4i METOIM MOJETIOBAHHS MOTOKY PIIMHHM B CHCTEMax 3BOPOTHOTO BOJOMOCTa-
YaHHS MAalTh PI3HI MepeBarn Ta HEAONIKW. TpaauiliiiHi aHANITUYHI MOJAENi HE 3JaTHi
BpaxyBaTH BCi aCMEeKTH peajJbHUX IMPOIECiB, B TOW yac sK 4ucenbHi MeTomau, 30kpema CFD,
JO3BOJIIFOTH MOJICTIOBATH CKJIQJIHI TiIPOJMHAMIUHI SBUIIA, aje MOTPEOYIOTh BEIUKHX 00-
YUCTIOBAIBHUX pecypciB. ['iOpuaHi MeTOnM J03BOJSIOTH ONTHUMI3yBaTH IIi MiAXOMIH, OJHAK
BOHM NOTPEOYIOTh MIMOOKHMX IOCHIKEHb Ui TOYHOTO HAIAIITYBaHHA 1 1HTErparii pi3HUX
MoOJIeNIel B peallbHUX yMOBAX MiANPHEMCTB.

Meta pocaiizkeHHs1. MeTo0 1IBOT0O JOCHTIKEHHS € PO3pO0Ka Ta BJIOCKOHAJICHHS Me-
TOJIIB MOJEIOBAHHS TIOTOKY PiAMHU Yy CHCTEMaxX 3BOPOTHOTO BOJIOTIOCTAYaHHS HA IMiJIPUEM-
CTBax ripHu4o-30arauyBanibHoro kommiekcy (I'3K), 3 ypaxyBanusm crneuuiyHHX yMOB
eKCIuTyaTallii, TAKHX K BUCOKHI PIBeHb 3a0pyAHEHB, 3MIHU TEMIIEPATypH Ta TypOYIEHTHICTb
MOTOKY. Y paMKax IbOTO JOCIIJDKCHHS Mepen0adaeThcsl TAKOXK aHali3 Ta BUOIp MpOrpaMHUX
CHCTEM JIJISl YUCEITHHOTO MOJIENIIOBAHHS TIOTOKY PiTUHH B CUCTEMaxX 3BOPOTHOTO BOJOIOCTA-
YaHHS.

BukJiiajieHHs1 OCHOBHOTO MaTepiaay aociigxkeHns. /st MoaemtoBaHHs MTOTOKY PiJin-
HU B CHCTEMax 3BOPOTHOTO BozomnocradanHs mianpueMcts ['3K BUKOPHCTOBYIOTHCS YHCENbHI
METO/H, 30KpeMa, METOJM PO3B’A3KY PIBHSHB TiIPOAMHAMIKH, IO ONHUCYIOTH MOBEIIHKY I0-
TOKY B TpyOoOIpoBoiax. Po3risiHeMo feTanpHilIe OCHOBHI MaTeMAaTHYHI MOJIEINI Ta METOIH.

1) PiBusinus Hap’e-Ctokca. OCHOBHHM DIBHSIHHSM, IIIO OIKCYE PyX HECTAIlIOHAPHOIO
NOTOKY piguHM € piBHAHHSA Hap’e-Ctokca Juist piiMHU B yMOBax TypOYJIEHTHOTO MOTOKY [4]:

g
p(a—l:-ku-?u):—?p-l—p?zu-l—f, Q)

Jie p - TYCTHHA PiIUHU, U - BEKTOp LIBUJAKOCTI MOTOKY, 1 - 4ac, P - THCK, g - TUHaMiuyHa
B’SI3KICTh piguHH, T - cHiH, 110 TiIOTh HAa PIAMHY (HANPHUKIIAMA, TpaBiTallis ad0o CHJia CTUCKY-
BaHHS).

Lle piBHSIHHS ONMHUCYE 3aKOH PYXY PIAMHU B CEpEAOBUILI 3 BPaxyBaHHIM BCIX CHII, SIKI
BIUIMBAIOTh Ha MOTIK. J[J1s onucy TypOyJIeHTHUX MOTOKIB, SIK IPABUIIO, BUKOPHUCTOBYIOTh MO-
JieJib TypOYIeHTHOCTI, Taky sk Mojenb K-¢

2) Mopens TypOynentHocTi K-e [5]. Hdust Gimbin TowHOI Mojeni TypOyJIeHTHHUX Tediid
BUKOPUCTOBYETHCSI MOZIETb K-& sika OMUCYe eHepreTuky TypOyJIeHTHUX cTpyMiB. BoHa ckia-
JIA€THCS 3 JIBOX JIOJATKOBUX PIBHSHD JUTS BeTUUnH: K - KiIHETHYHA €Hepris TypOyIeHTHOCTI, €
- koe(ilieHT Aucumnanii TypOyJIeHTHOCTI.

PiBustHHS JIIs1 kTa ¢ BUTTIAAAa0OTh HACTYIITHUM YHHOM:

Iﬁ.-

a—i+u-?k=?-ﬁur‘i’k}+ﬂ—f; @)
de £ 2
E+u-ve=v-(pTve)+GEEPk—cgze : (3)

1€ L - TypOyJieHTHa B A3KICTh, Pk - TOTYXHICTb, IO NIEPEIA€ThCs B TYpOYJIEHTHICTH Bij OC-
HOBHOTO MOTOKY, C.;, C., - TOCTIiiHI, K1 3aJIeXkaTh Bl 00paHOi MOJIesi TYpOyJIEHTHOCTI.

Monens K-¢ € ogHiero 3 HaWOLIBII IMUPOKO 3aCTOCOBYBAHUX 3aBISKH CBOIN 37aTHOCTI
TOYHO OMUCYBATH TYpOYJEHTHI MMOTOKU B PI3HUX yMOBaXx.
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3) MoaentoBanHs mpotiecy GiuIbTparii Ta nepemiiieHHs 3a0pyaHioBayis [6]. s onucy
npolecy MepeMilieHHs 3a0py/AHIOBAaYiB y CUCTEMax 3BOPOTHOTO BOJOIOCTaYaHHS BHKOPH-
CTOBYIOTbCSl PIBHSIHHSI IEPEHOCY, SIKI OMUCYIOTh KOHIEHTpAIi0 3a0pyIHIOBAYiB y MOTOII
pinunu. 3aranbHa ¢popma piBHSIHHS MEPEHOCY BUTIIAIAE HACTYITHUM YHHOM:

d
a—f+u-ﬂ?=nv2::+3[{?), (4)

ne C - xoHmeHTpaitis 3a0pyaHioBaua, D - koedimient qudysii, R(C) — TepMinu, 1m0 onucy-
I0Th XIMI4HI peakiii abo B3aemMozii 3a0pyaHIOBaYiB.

Lle piBHSHHSA O3BOJISIE MOENIOBATH, SIK 3a0pyIHIOBAaYl MEPEMIIIYIOThCS 3 MOTOKOM
PIAMHY Ta K 3MIHIOETHCS iXHSI KOHIIGHTPALis i BILTMBOM PI3HUX MPOIECIB OUUIIICHHSI.

4) YucenbHe BUPILICHHS PiBHSHB. [lJIs1 YMCEIBHOTO PO3B 3Ky OTPUMAHHUX PIBHSHb BH-
KOPHCTOBYIOTBCSI METO/IH, 30KpemMa MeTo1 KinmeBux o0’emiB (Finite Volume Method, FVM)
[7]. Le#t meTon mo3Boisie epeKTUBHO MPAIFOBATH 3 HEPIBHOMIPHUMH CITKaMH Ta 3a0e3revye
TOYHICTbH MPH BEIMKHX IMIBUAKOCTSIX MOTOKY Ta CKIAJHUX T€OMETPIsX.

OpnuH 3 BapiaHTIB YHCEIBHOTO PO3B’s3Ky piBHsAHHS Hap’e-CToKkca Ta piBHAHB 11 3a0-
pPYAHIOBadiB MOKe OyTH IpECTaBICHE y HACTYITHOMY BUTJISI:

Ul =0"+At-(S—V-F), (5)
ne U - BekTop 3MiHHHMX (IIBHIKICTh, THUCK, KOHIEHTpAIis), S - JpKepena CHIM Ta Macu
(HampukJa 1, 30BHINTHI ciin), F - moToku (eHepris, 3a0pyaHioBadi), At - Kpok Jacy.

JInst ycmilmHOro BUPINICHHS IUX 3a/1a4 Ba)KJIIMBO BUKOPHCTOBYBATH Cy4acHI MpOrpaMHi
IHCTpYMEHTH, SIKi JO3BOJSIIOTH 3a0€3MEYUTH BHCOKY TOYHICTh YHCEIBHUX PO3PaXyHKIB Ta
BpaxyBaTH creln(}iyHi XapaKTePUCTUKU TaKUX CUCTEM, BKIIOUAIOYH TYpOYJIEHTHICTh, TEMIIe-
parypHi KoluBaHHs Ta 3a0pyaHeHHs. OCKUIbKKM BUOIp MporpaMHOro 3abe3neyeHHs Oe3noce-
PelHBO BIUIMBAE HA PE3yJIbTATHUBHICTh MOJEIIOBAHHS Ta HOTO BiAMOBIAHICTh pealbHUM yMO-
BaM, IIPOBEIEMO aHaJli3 Cy4aCHUX MPOTrPaMHUX KOMILIEKCIB, 110 BUKOPUCTOBYIOTHCS JJISl BU-
pillleHHs IMX 3a/a4. Y Cy4yaCHOMY IH)KEHEPHOMY Ta €KOJIOTTYHOMY MOJIEJIIOBAHHI JJIs aHaJI3y
TiIpOAMHAMIYHUX MPOLIECIB BUKOPUCTOBYIOTHCS YMCEIbHI METOIM Ta MOTYXKHI IPOTpaMHi 3a-
cobu. HaifOu1p1 BiAMOBIAHUME 10 YMOB JOCIHI/DKEHHS MOTOKIB PIAMHU B CUCTEMax 3BOPOT-
Horo BojonoctayanHs nianpueMmcts I'3K e:

1) ANSYS Fluent — 1ie oauH 3 HaliOLIBII IMPOKO 3aCTOCOBYBAHUX MPOrPAMHHX MPO-
IYKTIB JUIS MOJEJIOBAHHS MOTOKIB PiIMH Ta rasis, IO IMPALIOE 3a JOMOMOIOI0 YUCEITHHOTO
MeToay KinieBux o0'emiB (FVM) [7,8]. Fluent no3Bossie eeKTHBHO MOJIEITIOBATH SIK JIaMiHa-
pHi, Tak i1 TypOyJIEHTHI MOTOKH, a TaKoX Mependauvae iHTEepdeicu 1 po3B'a3aHHs PiBHAHB
Hag'e-Crokca, 110 ONMUCYIOTh pyX PiIMHU, 1 MOJIENIOE Pi3HI NMPOLECH MEPEHOCY (TEMmI000MiH,
MmaconepeHoc). IIporpaMHuil IpoAyKT TakoXX MICTHTh BOyIOBaHI Mojeni TypOyJIeHTHOCTI,
30KkpemMa k—¢ Ta K—@, sIKi € KOpUCHUMU JUIs ONTUCY MOBEAIHKH TOTOKIB Y CKJIQJHUX 1HXKEHEp-
HuX cucreMax. OCHOBHUMH MO>KJIMBOCTSIMUA CUCTEMH €:

MO/IENIIOBAHHS TYpOYJIEHTHUX 1 HETYpOYIEHTHUX MOTOKIB;

aHaJIi3 TEeTIOBUX MPOIIECIB Ta MPOIIECIB MACOTIEPEHOCY;

iHTepdeiicu Ui BpaxyBaHHS peakiiii Ha 3a0py/HIOBaui;

IHTerpaLis 3 HIUMH 1HXKEHEPHUMHU IPOTpaMaMu JIJIsl KOMIUIEKCHOTO aHalli3y.

60 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 1 (156) 2025 «System technologiesy

2) COMSOL Multiphysics — e mporpamMH#uii MPOAYKT Ui 0araToiijb0BOr0 MOJe-
TMOBaHHS (DI3UYHMUX SBUII, BKIIOYAOYU TIAPOJUHAMIKY, TEIUIONEPEHOC Ta MacomnepeHoc [9].
Bin mintpumye meron kinmeBux eneMeHTiB (FEM), 1mo 103Bosisie BUKOPUCTOBYBATH CKIIATHI
reoMeTpii Ta ajmanTyBaTH Mojemi Ui KokHOi KoHkperHoi 3amadi. COMSOL no3Bosse
HAJIAIITOBYBATH creuu(idHi MOJAETI IJsl CHCTEM BOJOINOCTA4YaHHsS, 30KpeMa s HpOIECiB
¢inbrpanii, oca/keHHs Ta 00poOKU 3a0pyaHeHb. Lle qyxe rHy4Kuil iHCTpyMEHT, 110 MiIXo-
JUTH JUI MOJICIIOBAHHS Pi3HUX IapaMeTpiB CHCTEMH, BKIIIOYAIOYM CTaHM Ta JAWHAMIKY Typ-
OyneHTHHX NOTOKIB. OCHOBHUMH MOXKJIUBOCTSIMU CUCTEMH €:

- MoemnoBaHHs 0arato (hi3MYHUX MPOLECIiB OJHOYACHO (TEII0, MacoIepeHoc);

- THYYKE HaJlaITyBaHHS MOJEJ 32 paXyHOK METOAY KiHI[EBHX €JIIEMEHTIB,;

- TIATPUMKA BEIMKHX OOYMCIIOBAIBHUX 3a]ad 3a JOMOMOTOI0 MapajleilbHOro BUKO-
HaHHS;

- MOXJIMBICTH IHTErpaii 3 iHIIMMH TPOTpaMaMu JUIsl PO3IIUPEHOTO aHAaTIi3Y.

3) OpenFOAM — 11e BigkpuTe mporpamHe 3a0e3nedeHHs ISl YMCETbHOTO MOJIEITIO-
BaHHS, SIKE CIIELIaNi3yeThCs HAa PO3B'SI3yBaHHI 3a[ad TiAPOJUHAMIKH, TEPMOJAWHAMIKH, a Ta-
Kok mporieciB nepeHocy [10]. 3aBusku Bigkpuromy koxy, OpenFOAM m03BoJIsie€ TOCIITHA-
KaM aJanTyBaTH ICHYIOYl MOJEJI i CTBOPIOBATH HOBI Ui BUPILICHHS CeUM(IYHUX 3a1ad,
BKJTIOYAIOYU MOJIENIIOBaHHS TYpOYJEHTHHUX ITOTOKIB, a TAKOX IPOIECIB OYHMIIEHHS BOJH Y
3BOPOTHUX BojonocTadyaabHux cuctemax. OpenFOAM mupoKo 3aCTOCOBYEThCS y HAYKOBUX
JOCTIPKEHHSX 3aBJSIKA CBOIM THYYKOCTI Ta 3/IaTHOCTI BHPINIYBATH CKJIAJHI 1HXCHEpHI 3a-
nadi. OCHOBHUMH MOXJIUBOCTSIMU CUCTEMU €:

- BIAKPUTHH KOJ, IO J103BOJIsiE MOAM(IKYBaTH 1 HAJAIITOBYBATH MPOrpamy IIij Crie-
nudivHi 3a7a4i,

- NIATpUMKA po3B'a3Ky piBHsAHb HaB'e-CTokca Ta Mozeneil TypOyJIeHTHOCTI;

- MOJIEJIOBaHHS CKJIaJHUX '€OMETpPid Ta BEIUKUX OOUMCIIIOBAJIbHUX 33134,

- miaTrpuMKa OaraTodazHHUX MOTOKIB Ta MPOIIECIB MIEPEHOCY.

4) Matlab/Simulink — nonynsipHe cepefoBuine isi MAaTEMaTHYHOTO MOJICTIOBAHHS,
SIK€ JI03BOJISIE CTBOPIOBATH Ta aHAII3yBaTH MOJIEN CKIAAHUX (DI3UYHUX CHCTEM, BKIIFOYAIOUU
rigpoaunamMiuHi potiecu [11]. Matlab nagae Benukuit HaOip QyHKINN A1 YUCETBHOTO 1HTE-
rpyBaHHS pPiBHSIHB, a Simulink € 3py4HUM IHCTPYMEHTOM JUIsl BI3yaJIbHOTO MOJIENIIOBaHHS Ta
cuMyssiiii. JIjist 3aa4 3BOPOTHOTO BOJIONIOCTAYaHHSI MOYKHA BHKOPHCTOBYBATH CIEIIaTi30-
BaH1 OJIOKM /711 MOJIEIOBAaHHS MOTOKIB, GUIBTPALlIfHUX MpolieciB Ta 3a0pyaHeHb. Kpim Toro,
Matlab no6pe miIXoauTh /Ui CTBOPEHHS! KOPUCTYBALBKUX (PYHKIIIM, HEOOXITHUX AJISl CIIELH-
¢b1unnx gocaigkeHb. OCHOBHUMHU MOKJIMBOCTSMU CUCTEMH €:

- BOynoBaHi (DyHKIIT JUIsl YMCEIBHOTO BUPIMIEHHS OU(eEpeHIiaJbHUX PIBHSIHb Ta Ma-
TEMAaTUYHHX 32134,

- MIATPUMKA BI3yaJIbHOTO MOJIETIOBaHHS 3a JoroMoror Simulink;

- MOJKJIMBICTB 1HTErpallii 3 IHIIKMHU IporpaMaMu Ta MaTeMaTHYHUMU MaKETaMHU.

Ha ocHOBI ipoBeieHOTr0 aHali3y pi3HUX MPOTPAMHUX 3aCO0IB JUTsI MOJCITIOBAHHS TIOTO-
Ky PIIMHU B 3BOPOTHUX BOJOMOCTAYAIBHUX CHCTEMax, OyJI0 pO3pOOJICHO MOPIBHIBHY Ta0-
nuito, (Tab.1) mo onucye iX MOKIMBOCTI Ta GYHKIIIOHATBHI BIIMIHHOCTI.
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Taomuns 1

[TopiBHSHHS MOXXJIMBOCTEH MPOTPAMHUX MPOIYKTIB I MOJICIIOBaHHS MOTOKIB PiAMHU
[Iporpamue 3a- | MonentoBanHst | MoaemoBanHs | Mogento- | ['HydkicTh Baprictb
Oe3reyeHHs TypOyJICHTHUX | IEpPEHOCY 3a0- | BaHHS HaJaITy-

MTOTOKIB PYIIHIOBaYiB ¢dinpTparnii | BaHb

ANSYS Fluent | + + + - Bucoka
COMSOL + + + + Bucoxka
Multiphysics
OpenFOAM + + + + Hwusbka
Matlab/Simulin | - + - + Cepenus
k

Bubip nporpaMHOro iHCTPYMEHTY I MOJICIIIFOBaHHS MIOTOKY PiJIMHU B CHCTEMax 3BO-
POTHOTO BOJIOTIOCTAYaHHS 3aJIC)KUTh BiJl KOHKPETHUX BUMOT JI0 3a71adi, JIOCTYITHOTO OFOJIKETY
ta TexHiuHux MoxumBocTei. ANSYS Fluent ta COMSOL Multiphysics € motyxuumu iH-
CTpYMEHTaMH, Ki 3a0e3MeuyloTh BUCOKUI PIBEHb TOYHOCTI Ta BEIMKI MOMJIHMBOCTI JUIsl Ha-
JAITyBaHb, OJIHAK, 1X BUCOKA BapTICTh 1 BAMOTH JIO0 allapaTHUX PECYpCiB MOXKYTh CTaTH Oa-
p'epoM Ui Maiux HiAnpueMcTB yu gaboparopiit. OpenFOAM Oyay4n BiIKpUTUM MpOTpam-
HUM 3a0€3MEUYCHHAM, Ma€ 3HAYHY THYYKICTh 1 MOXKIIMBICTh HAJNAINTYBAaHHA Mif crieuudivHi
noTpedH, 1o poOdUTh HOT0 UyAOBUM BapilaHTOM JJIS aKaJIEMIYHHX 1 TOCHITHUIIBKUX MPOEKTIB.
Matlab/Simulink mae MoxHBicTh eeKTHBHO BUPIIIYBAaTH 3ajadi 3 IepeHOCY Ta (QiIbTpallil,
Xoy4a ¥ moTpedye T0AATKOBUX HANAIITYBaHb JUIS BUPIIICHHS T1APOAMHAMIUHUX 33/1a4.

BucHoBkm. 37iiicHeHuil aHani3 103BoJsi€ 3pOOUTH HACTYNHI BUCHOBKH. Bubip mpo-
IpaMHOTO 3a0e3MeyYeHHs JJI MOJICIIOBaHHS MOTOKY PIAMHU B CUCTEMaX 3BOPOTHOT'O BOJOIO-
CTauaHHs 3HAYHOIO MipOIO 3aJIeKUTh BiJl KOHKPETHUX BUMOT 3aJadi Ta JOCTYIMHHUX PECYypCiB.
Jlnist BEIMKUX MiJIIPUEMCTB, 110 MOTPEOYIOTh BUCOKOT TOYHOCTI Ta MOXKIIMBOCTI 1HTErparii 3
iHmMMH cucteMamu, Haiikparie miaxoaste ANSYS Fluent abo COMSOL Multiphysics. s
JOCHIKeHb a00 MajuX MiIMPUEMCTB, /i€ BaXJIMBa THYYKICTh HaJAIITyBaHb 1 JOCTYIHICTb,
BapTo 3BepHyTH yBary Ha OpenFOAM, ockinbku BiH He MOTpeOye BENMKUX 1HBECTULIHN Y Ji-
1IeH3i1 1 Hafae BeMUKUiA mpoctip s agantamii. Matlab/Simulink migxomuts ns 3aBaans, mo
BUMAararoTh KOMILIEKCHOTO MOJIENIOBAHHS 3 PI3HUMHU (i3MYHUMH TMpoliecaMu. Takum YHHOM,
JUISL KOXKHOT KOHKPETHOI 3a/1a4i CIiJi PeTeIbHO OI[IHUTH HE JIHIIE MOKJIMBOCTI MIPOTPAMHOTO
3a0e3neueHHs], aje i BUTpaTH Ha WOro JIiLEH3yBaHHA, TEXHIYHI BUMOTH Ta PIBEHb MiATPUMKH
KOPHCTYBaUiB, 11100 3a0€3MeYUTH ONTUMAIbHI PE3yabTaTH y BUPILIECHH] 337]a4 BOJOMOCTaYaH-
HSL
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Analysis and justification of the selection of software tools for modeling and automated
control of recirculating water supply systems in mining and processing enterprises

This study provides a systematic analysis of software solutions used for modeling and
managing recirculating water supply systems. The research focuses on identifying
computational tools that are best suited for simulating complex fluid dynamics, turbulence
effects, and filtration processes within these systems. The primary objective is to justify the
choice of software based on its functional capabilities, accuracy in replicating real-world
conditions, and potential for integration into industrial automation frameworks.

The methodology involves a comparative evaluation of existing modeling platforms,
assessing their numerical algorithms, interface design, computational efficiency, and
adaptability to the specific requirements of mining water management. Expert analysis is
applied to determine the advantages and limitations of different software packages in terms of
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precision, scalability, and ease of implementation. Key factors considered include the ability
to model multiphase flows, predict contaminant transport, and optimize filtration strategies.

The results highlight the strengths and weaknesses of various software tools, providing
practical recommendations for their application in system design, process optimization, and
operational management. The findings contribute to improving decision-making in the
selection of digital solutions for water resource management, leading to enhanced
automation, cost-effectiveness, and environmental sustainability. By offering a structured
evaluation of modeling and automation tools, this research supports engineers and decision-
makers in implementing more effective recirculating water supply systems. The proposed
approach facilitates improved process control, reduces water consumption, minimizes
pollution risks, and enhances the overall sustainability of mining and processing operations.

Mikinabusak Anapii BanepiiioBuy — k.T.H., 01IeHT Kadeapu TEXHOIOTIT MAITMHOOYAyBaHHS,
KpuBopi3pkuii HalioHATBHUIA YHIBEPCUTET

Pikilniak Andrii —Ph.D., Associate Professor of the Department of Mechanical Engineering
Technology, Kryvyi Rih National University.
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10.0. Ilepues, JI.I. Koporka
MOPIBHSIJIBHUM AHAJI3 TPAJIUIIMHAX CTATUCTUYHUX METO/IB TA
HEWPOMEPEXEBOI MOJIEJII LSTM

Anomayisn. 'Y cmammi 30ilicheHO NOPIGHANbHUL AHANI3 MPAOUYTUHUX CMAMUCTIUYHUX Me-
moois (ARIMA, SARIMA) ma cyuachozo nioxody Ha ocrosi enubokoeo naeyanus (LSTM) ons
NPOCHO3YBAHHS YACOBUX PAOI6 HA (DIHAHCOBUX PUHKAX. AHAI3 30CePedHCeHO HA OOCIONHCEHHI
ehekmusHocmi  KOJCHOI MoOeni y NpocHO3YeanHi yinu 3akpumms axyitt xkomnanii Apple
(NASDAQ: AAPL). Bubip mooeneil 0o6ymosnenutl ix wmupokum 3acmocy8aHusim y Qinancoso-
my ananizi. ARIMA 0obpe nioxooums 0na cmayionapuux yacosux psadis, SARIMA 0ozeonse
spaxosysamu ce3onHi koaueanus, a LSTM 30amua posniznasamu HeniniuHi 3a1edxicHocmi ma
00620MpuUBai MpeHou.

nsa 0ocniosicenusn gukopucmano icmopuyHi oawni npo yiny 3akpumms axyiu AAPL 3a nepioo
i3 01.01.2023 no 20.01.2025, ompumani uepe3 cepsic yfinance. Excnepumenmanvue mooenio-
8AHHS NPOBOOUNIOCA 3 MEMOIO0 NOPIBHAHHS MOYHOCHI NPOCHO3Y8AHHA HA OCHOBI MAKUX Men-
PUK, aK cepedus abcontomua noxuoka (MAE), cepeonvoxeadpamuuna noxuoka (MSE), kopino
cepedHvokeadpamuunoi noxubku (RMSE) ma cepedns abcontomna 6i0HOCHA NOXUOKA
(MAPE).

Pezynomamu ananizy noxazanu, wo mooenv LSTM 3abe3neuye Haukpawiy mouHicmes npoeHo-
3Y8AHHS 3A805KU 30AMHOCII NPOOYKMUBHO MOOEN08AMU CKIAOHI NAMEPHU ) 4aCO8UX PAOAX.
SARIMA maxkooic npodemoncmpysana 8UcoKy eqhekmusHicms y NpOSHO3Y8AHHI, 0COOIUBO O/is
OAHUX i3 BUPAIICEHOIO CE30HHOI0 CKa008010, nepesepuiytouu ARIMA 3a mounicmio. Boonouac
ARIMA npodemoncmpyesana naticipwii pe3yibmamu uepe3 00MenHceHy 30amuicmes adanmyea-
Mucst 00 Ce30HHOCMI Ma HEeNIHIHUX 3aNeHCHOCELL.

OOdeporcani 8UCHOBKU MONICYMb OYMU KOPUCHUMU ONA AHANIMUKIG, iHeecmopié ma 00-
CLIOHUKIB, WO 3aUMAOMbC PIHAHCOBUM NPOSHO3YBaAHHAM. Poboma micmums npaxmuuni pe-
KOMeHOayii wooo eubopy MoO0eli 3aNedCHO GI0 Xapakmepucmuk OaHux i nompebd npocHO-
3Y8AHHS, A MAKONC BUCBIMIIIOE CUTILHI MA CIAOKI CMOPOHU KOHCHO20 NiOX00).

Knrwouosi cnosa: npoecnosysanns yacosux psaoie, ARIMA, SARIMA, LSTM, ¢ginancosi punxu,
MAwuUHHe HABYAHMA, HEUPOHHI MepediCi, OYiHKA MOUYHOCMI, POHOO08U PUHOK, MOOENIOBAHHSL
0aHux

IMocTaHoBKa mpodiaemMu. Y cydyacHOMY CBITI aHaji3 Ta NMPOTHO3YBaHHA JAHUX CTaJU
B)XXJIMBOIO CKJIAZIOBOIO 0araTtboX rajysei, BiJl (piHaHCIB i MApKETUHTY 10 MEIUIIUHH Ta €HEp-
TeTHKU. TpaauiiiHi CTaTUCTUYHI METOJIU Ta Cy4YacHi MiTXOJU Ha OCHOBI MAITUHHOTO HAaB-
YaHHS 4aCTO BUKOPHUCTOBYIOTBCS JUISl aHANI3y YacOBUX Ps/iB — OJHOTO 3 HAaWMOUIMPEHIMNX
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tuniB ganux. Cepen Hux Buausitorbes ARIMA (aBToperpeciiiHa iHTerpoBaHa MOJIENb KO-
B3HOTO cepenuboro), SARIMA (ce3oHHa aBTOperpeciiiHa iHTErpoBaHa MOJIEh KOB3HOTO Ce-
penuboro) Ta LSTM (moBrorpmBaia KOpOTKOYacHa IaMm’siTh), SIKi JEMOHCTPYIOTH DPi3HHIA
MiAX17 10 TPOTHO3YBAaHHS YaCOBUX PSIB.

Y po6oTi po3riisTHEMO KITIOYOBI OCOOIUBOCTI HABEJACHUX MOJIEJCH, IXHI CHIIBHI Ta Cl1ad-
Ki CTOPOHH, a TaKoX THIOBI cueHapii Bukopuctanua. ARIMA ta SARIMA npenctaBisiioTh
KJIACUYHI CTAaTUCTUYHI METOJIH, K1 0a3yI0ThCS Ha MAaTEMAaTHYHUX 3aJICKHOCTSIX Y IAHUX, TOJI
gk LSTM, sk yacTMHa HEMPOHHUX MEPEk, BAKOPHCTOBYE TEepeBaru rIMO0KOro HaBYaHHS IS
pOOOTH 31 CKIIAIHUMU Ta HEJNIHIHHUMH 3aJISKHOCTSIMHU.

Meta pocaimkennsi. IlpoBectu ananiz nmpuaatHocti mogeneit ARIMA, SARIMA Ta
LSTM s mporHo3yBaHHS YacOBUX PAIIB HA PUHKY I[IHHHX HarepiB. 30KpeMa, JOCIIIUTH
TOYHICTh Ta SIKICTh MPOTHO3YBaHHS, a caMe OLIHUTH, SIK KO)KHA 3 MOJEJNEH CIpaBiII€ThCS 3
nepeadayeHHsIM Ha KOPOTKI Ta JIOBTI MEPiOAM, Y TOMY YHWCIHI: MPH NMPOTHO3YBaHHI ILiH Ha
¢dbonnoBOMyY puHKY. [ImaHyeThbCs BU3HAYUTH CHITbHI Ta ca0Ki CTOPOHU NPEACTABICHUX MOJIE-
JIeid, a came: BCTAHOBHUTH IEPEBArk Ta OOMEXEHHS KOXKHOI 3 HUX, 3 ypaxXyBaHHSAM CKJIaJHOCTI
JaHUX, YaCOBUX PaMOK JUId TPEHYBAHHS 1 CTIHKOCTI A0 mrymy Ta aHoMamiid. OkpiMm ToOTO,
HA/IaTH TIPaKTHYHI pEeKOMEHJamii JUIs AOCHITHUKIB 1 1H)KEHepiB M0A0 BHOOPY BiAMOBITHOI
MoJIeni, sika Oy/ie 3aI0BUIBHATH BUMOTaM TOCTAaBJICHOTO 3aB/IaHHs, BPAaXOBYBAaTH crielu(ivHi
JlaHi Ta BUKOHYBATH SIKICHE MMPOTHO3YBAHHSI.

AHani3 ocTtaHHix pociaizxkedb i myOuikamiii. [lutanHs NporHO3yBaHHS 3MIHU I[iHH
(1HAHCOBUX AaKTHUBIB 3a JOMNOMOIOI0 TEXHIYHMX 1HJIMKATOPIB 3[€OUIBIIOT0 BUBYAETHCS 3a-
PYOLKHUMH JOCTIAHUKAMHM, 110 MOB’SI3aHO 3 JOCTYIHICTIO IHCTPYMEHTIB 1 BUCOKHUM pPIBHEM
oO13HaHOCTl y 1it cdepi. Cepen mpaib YKpaiHCBKMX aBTOPIB MOKHA BMJIIJIUTH HACTYIIHI:
I'purop’es I. A., Copokin B. O., siki B cBoiif po0oTi [1] po3riisiaroTs MoeaAHAHHS CTATHCTHY-
HUX METOJIIB 1 MAIIMHHOTO HaBYaHHSI I MOJIeIOBaHH I1iH akiliii. Kapnosa JI. B. po3rnsanae
3aCTOCYBAaHHS HEMPOHHMX MEPEX JUIsl aHali3y (IHAHCOBHUX JaHUX Ta MPUKIAAN X BUKOPH-
CTaHHS B MporHo3yBaHHI (poHmoBux puHKIB [2]. Ko3auenko O. B., Pomaniok O. A. B cBoiit
poOOTI aHami3ylTh €(EKTHBHICTh AJITOPUTMIB MAlIMHHOIO HaBYaHHsS, Takux sk Random
Forest, SVM, LSTM nns nporHo3yBanHs 1iH akiii [3]. KpaBuenko /[. B. B cBoemy m0-
CJIIJKEHH1 aKLEHTY€e yBary Ha IO€/IHaHHI KJIACUYHHUX CTATUCTMYHUX METOMAIB 13 Cy4YaCHUMH
nigxoaamMu MamurHHOro HaB4aHHs [4]. Jlagmxens B. 1., Tepenuyk C. A. aHani3yloTh OCHOBHI
MIJXOAW TEXHIYHOTO aHali3y, BKIIOYAlOYM TPEHJIO0Bl 1HAMKATOpPH Ta ocuuistopu [5]. Mac-
niit B. B., bepeska K. M. B [6] neMoHCTpyIOTh npoliec no0y1oBu Ta HanamryBaHHss ARIMA
JUIS1 EKOHOMIYHHUX TPOTHO31B.

Cepen 3apyODKHHMX JOCIHI/DKEHb Ta MyOJIKaIliid Mo JaHiid TeMaTHIll MOXHA BUIITUTH
podotu Hyndman R.J. Ta Box G. E. P., 110 € KOMIIJIEKCHUMU MiAPYYHUKAMH, SIKI OMHUCYIOTh
TEOPII0 Ta MPAKTHKHU MPOTHO3YBaHHS 4acoBUX psiB [7, 8]. Xasc A. OKpeciatoe OCHOBHI KOH-
uenuii ARIMA Mmoneni ta 3ocepemxyeTbest Ha npakTuyHOMY 3actocyBaHHl ARIMA [9]. o-
ciixeHHs S. Siami-Namini ta iHii [10] nopiBaioe n81 mogeni ARIMA ta LSTM B nporso-
3yBaHHI YaCOBUX PAJIB Ta PI3HUX CIIEHAPISX MPOTHO3YBAHHS.
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PosrnsinyTi poOOTH NEMOHCTPYIOTH IIMPOKUH CHEKTP MiIXOIIB J0 MPOTHO3YBaHHS
¢inancoBux puHkiB i3 BukopuctanasiMm ARIMA, SARIMA, LSTM i ribpunnux Mojenei.

Buk/ageHHs1 OCHOBHOIro Martepiamy. YacoBi psay € BaXJIMBUM IHCTPYMEHTOM Ha
(GOHIOBOMY PUHKY, aJ’)K€ BOHH JIO3BOJISIOTH BIACTEXKYBATH JAUHAMIKY 3MIHHU I[IH HA aKTHBU B
gaci. OCOOMUBICTIO YaCOBHX DPAJIB € IX MOCHIAOBHA MPUPOAA, A€ KOXKEH EIEMEHT 3aJICKHUTh
BiJl TOTIEPEAHBOTO, [0 POOUTSH iX ieaTbHUM 3aCO00M JJIsl CTBOPEHHS TPOTHO3iB. BpaxoByto-
YM J1aHi BJACTUBOCTI, IPOrHO3YBaHHSA MalOYTHIX 3HAYCHb HA OCHOBI ICTOPUYHHX JaHUX CTA€
MOYJIMBUM 32 JIOMIOMOTOI0 PI3HOMaHITHUX METOJIB — BiJl IPOCTUX CTATHCTUYHUX MOJEJCH 110
CKJIQIHIIIUX METOJIB MAalIMHHOTO HaBUaHHS. Y JaHOMY JIOCIHIKCHHI PO3MIISIAIOTHCS TPU
HOMYJISIPHI METOAM MPOTHO3YBAHHS: aBTOpErpeciiiHa IHTErpoBaHa MOJAETb KOB3HOTO Ce-
penuboro (ARIMA), 1i po3mmpeHa Bepcis, mo BpaxoBye ce3oHHI konuBaHHA (SARIMA), a
TaKOX HEWpOMeEpeKeBa MOJIEIb TOBrOTpUBaNIOl KopoTkodacHoi nam’sti (LSTM), ska 3maTHa
HABYATHUCS CKIIQJIHUM HEJHIHUM 3a71€KHOCTSIM Y JTaHHX.

ARIMA € 6a30BOI0 TEXHIKOIO MMPOTHO3YBAHHS YAaCOBUX PSIIB, SIKA IIMPOKO BUKOPUCTO-
ByeThCA B Pi3HUX cepax, 30kpema: y dinaHcax, exoHomini Ta in. i 3matnicTs MogemoBatu
Ta MPOTHO3YyBATH MaOyTHI 3HAYCHHS NUIIXOM aHANi3y ¥ BUKOPUCTAHHS MHHYIUX TPEHIB
pobuTh 1eii MeToa He3aMiHHUM. Po3risiHemo ocHoBHI koMrioHeHTH ARIMA, ocoGnmBocTi ii
3aCTOCYBaHHSA Ta JIETaJbHI €Tany peaizaliii.

Abpesiatypa ARIMA onmcye Tpu OCHOBHI KOMITOHEHTH, 3 SIKUX CKJIAaA€ThCS MOJIEIb, a
came: aBroperpecis (AR), interpyBanns (I) Ta koB3ue cepenne (MA). Sk BiZoMO, KOMITOHEHT
aBToperpecii BUKOPUCTOBYE MHUHYJI 3HAQUEHHS AJI IMPOTHO3YBaHHS MalOyTHIX 3HA4Y€Hb, 1€
03Hayae, 1110 IPY MPOrHO3YBaHH1 BPaXOBYIOThCS MOIEPEIHI JaHl, OCTAaHHE JJO3BOJIsI€ OpaTH 10
yBaru aBTOKoOpeJsiiito. KOMIOHEHT iHTErpyBaHHs CTOCYETHCS MpoIecy AudepeHIlitoBaHH. Y
0araTbO0X JaHMX YacOBUX DSI/IIB ICHYIOTh TPEHIU Ta IIA0JIOHU, SIKI POOJIATH 3HAUYEHHS He-
CcTaOUThbHUMHU, TOOTO IX CTAaTUCTUYHI BIJIACTUBOCTI, Taki sK cepeaHe abo auchepcis,
3MIHIOIOThCA 3 YacoM. OJJHaK CTalllOHAPHICTh € BaYKJIMBOIO BIACTHUBICTIO JUIsl IPOAYKTUBHOIO
HaBYaHHS CTaTUCTHYHHX Mozelieil. KoB3He cepeiHe CTOCYEThCS 3alIe)KHOCTI MOMMIIOK a0o
3aJMIIKIB TPOTSAToM 4acy. L[eii KOMIOHEHT BpaxoBYe IMOMUIIKH, SIKi BUHUKJIH TPU MPOTHO-
3yBaHHI MOIEPEHIX 3HaY€Hb, 1 BKIIOYAE iX Y MOTOYHY OLIHKY. [Hakiie Benuka moxubOka B
OJIHOMY MICS1I1 MOK€ HETaTUBHO BIUIMHYTH Ha HACTYITHI MICSIII Ta 30UTBLIUTH ii.

B pobGoti mis cranpaptHoro BupaxkeHHs mojneni ARIMA mpononyeTscss BUKOPHCTO-
BYBaTH HACTyMIHY (Gopmyy:

P q
Ay, =a + Z ¢ A%y, + Z bi€.—; + € 1)
i=1 =1

Jie ¥, — 3HAYeHHs 4acoBOTO sy Ha MOMEHT yacy t, A%y, — pisHuI psay cTyneHs d, pis-

HUIA IEPHIOTO CTYIICHS 3alTUCYETHCA SAK ﬂ.}’z_ = ¥; — ¥;—y, @— KOHCTAHTA, £,— 3HAYCHH oino-
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ro WyMy, @y, ..., ¢, — KOe(iLliEHTH aBTOperpeciitHoi moze, &, ..., 8, — xoediuienTn Mozei

KOB3HOT'O CEPETHHOTO.

Busznauenns moneni ARIMA (1) ans meBHOTO 4acOBOTO psy MoJisirae y BUOOpi 3Ha-
YeHb mapameTpis P, d i ¢, 110 € JO0CUTh CKJIQJHUM 3aBaaHHsAM. [lapameTp P mo3Hayae MOPSI0K
aBTOpErpeciiiHoi yacTuHu, 0 — CTYMiHb PI3HUII PAAY, ( — MOPAIOK YACTHHH KOB3HOTO CE-
penHboro [6].

Jlns BusnaueHds mapametpiB ARIMA: p, d i  BUKOPHCTOBYIOTH JiBa KJIFOYOBHUX 1H-
CTPYMEHTH:

— ACF (dyHKIis aBTOKOpPEIALi), Ika JOMOMAarae BU3HAYUTH MOPSIOK YACTUHU KO-
B3HOTO CEPETHBOTO (, KIIBKICTh MOMEPEIHIX MOMUIOK IPOTHO3Y, SIKi MOTPiIOHO BpaxyBaTH;

— PACF (}yskmiss 4acTKOBOi aBTOKOPENSIii), sKa IOIOMara€ BH3HAYUTH IOPSIOK
aBTOpErpeciiHOi YaCTHHH ], KUTbKICTh BPAXOBAHUX JIariB CIOCTEPEIKEHb.

B poboTi BHKOPHUCTOBYETHCS AaTraceT 3 I[IHAMH 3aKpUTTS akuid kommanii Apple
(NASDAQ:AAPL)301.01.2023 o 20.01.2025 p. 3 cepsicy Yyfinance [12].

Bizyanizauis rpadikiB ¢pynkuii ACF ta PACF Hanae diTke po3yMiHHS TOTO, SIK MUHYII
3HAYCHHS BIUIMBAIOTh HA MTOTOYHI JaHi (puc. 1).

Autocorrelation Partial Autocorrelation
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Pucynok 1 — I'padixu ¢pynkuiit ACF ta PACF

[Ticns mpoBeneHHs YHCENbHUX EKCIEPUMEHTIB PO3PaxXyHKY IMapaMeTpiB MOJel
ARIMA 3naiiieHo onTUMaibHI 3HaueHHs it P = 2, d = 1, q = 2. ba3yrouuch Ha 3HaHIEHUX
ONTHMAJIbHUX 3HAYEHHAX HaBeJeMo Ipadik MPOrHO3y LIHMU 3aKpUTTS LiHHOTO namnepy AAPL
Ha TPUILUATH IHIB B MallOyTHROMY (pHucC. 2).

Mopens ARIMA n03Bossie poOWTH NMPOTHO3YBAHHS CTAIllOHAPHHUX JAHUX, aJie J10/a-
BaHHS CE30HHOCTI Ta 30BHINIHIX 3MIHHHUX MO’K€ 3HAYHO IOKPAIIUTH ii MPOJYKTHUBHICTb.
Ockinbku ARIMA npunyckae cTamioHapHICTh YaCOBOTO Psiy, HEOOX1THO BUKOPHUCTOBYBATH
IHIIYy MOJENb, SKa MIATPUMYE CE30HHY CKiIanoBy. JlJis 1bOro BUKOPHUCTAEMO MOJEh
SARIMA, sxa sBaserbest po3mmpenHsM moaem ARIMA, noGarisiroun J101aTKOBI CE30HHI
KOMITOHEHTH aBTOpETpecii Ta KOB3HOTO CEepPeIHBhOro. Taki JOJaTKOBI JIark BIAMOBITAIOTH Ya-
CTOTI CE30HHOCTI (HANpPHUKIIAJ, ABAHAIUATH IJI1 MICAYHUX JAHUX, OBAILSATh YOTUPHU JUIS
I10JICHHHUX ).
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MporHo3 uiHn akuin AAPL 3a ARIMA
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Pucynok 2 — I'padik nporuo3y uinu 3akputts akiii AAPL 3a nonomororo mozgeni ARIMA

KirouoBumu kommnonentamu mozeni SARIMA € ce30HHI KOMITIOHEHTH, SIKI BpaxOBYIOTh
3aKOHOMIPHOCTI B JIaHHMX, a caM€ Te, III0 BOHHM MOBTOPIOIOTHCSA 3 (PIKCOBAHUM 1HTEPBAIOM
(IOTHKHS, oMicsIs abo MOpPoKy). B 1iil yacTuHI MOJIenb BKIIIOUAE CE30HHY aBTOPETrpPECito
(SAR), ce3zonne inrerpyBanHs (I) Ta cezonne koB3He cepenne (SMA). Kpim Toro, monenb
SARIMA BpaxoBye Hece30HHI KOMIIOHEHTH, CIaJKyouu ix o0poOky Big moaeni ARIMA Tta
JIOZIATKOBI MapaMeTpH MOPSIIKY SKi BU3HAYAIOTHCS TphOMa TpyraMu mapameTpis: (P, d, q) mis
Hece30HHuX kommoneHTiB i (P, D, Q, S) ais cesonnux. HaBesieHi napamerpu 3a1at0Th Kilb-
KICTb aBTOPErPECUBHUX, PI3HUIIEBUX 1 KOB3HUX CEPEIHIX WICHIB SIK JJII CE30HHUX, TaK 1 JJIs
HECE30HHHUX YaCTUH MOJEIII.

Y poGoti BUuKopucTano HacTynHy popmyny SARIMA!:

P q P @
ﬂdﬁf}’r =a+ Z G{’iﬁdﬁsﬂ}’r—i + Z E_J'Er—j + Z ':I)k‘ﬁ'dﬁf}’t—ks + Z 061 T,
i=1 i=1 k=1 =1 2)

ne AY — omeparop cesonnoro mudepeHuiroBanHs mopaaky D 3 cesommictio S, 8, e g —

Koe(ILIEHTH MOJeNi KOB3HOTO cepeqHboro, &,,..,®, — KoedilieHTH CE30HHOTO aBTOpE-

rpeciitHoro (SAR) xommonenTa, P — omepaTop CE30HHOTO aBTOPETPECIHOTO IPOIIECY,
@,, ..., 8 — KoediLI€HTU CE30HHOIO KOB3HOTrO cepeaHboro (SMA) xomnoneHnra, Q — omnepa-

TOP CE30HHOTO MPOIECY KOB3HOTO CEPEAHBOTO.

[Mepmuit Habdip mapamerpis (p, d, q) BuzHauae nopsaok moaeni ARIMA, a (P, D, Q)s
BIJIMTOBI/Ia€ 3a Ce30HHI KOMIIOHEHTH. 30KkpeMa, P, D, Q mo3Ha4aroTh ce30HHI TOPSIKHA aBTOPE-
rpecii, IHTeTpyBaHHS Ta KOB3HOTO CEpeAHBOTO BiAmoBimaHO. [lapamerp S Bka3ye KiJIBbKICTh
CIIOCTEPEKEHDb Y KOKHOMY CE30HHOMY IEpIO0/Ii.

[Tim yac 4YMCEeNbHUX EKCIEPUMEHTIB OYyJ0 BHUKOPUCTAHO HACTYIHI JaHl Uil MOJENl
SARIMA (2): p =2,d =1, g = 2. Ilicas miapaxyHKy CE30HHHX MOKAa3HHKIB OTPUMAEMO
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HacTymHi nokazauku mojaeni: P =0, D =1, Q = 1, s = 24, ne 24 (mo6oBa ce30HHicTh). [Ipo-
rHO3 Ha MaitOyTHi 30 aHIB 3pobneHwmit 3 BukopuctanHsam moneni SARIMA 3 HaBenennmu ma-
pameTrpaMu 300paKeHHI Ha PUCYHKY 3.

Taxum ynHOM, Bukopuctanast ARIMA mozeni 10o1ibHO TO/I, KOJH JJaH1 MaloTh YiTKUN
TpeHa 1 € HecranioHapHUMH. [lepeBaramu 1i€i MojeNi € BMiHHS TPAIIOBATH 31 CKJIaJHUMHU
mabJ0HaMU JTaHUX, BOHA IMiIXOUTh JUISI KOPOTKOCTPOKOBHX 1 JIOBIOCTPOKOBUX MPOTHO3IB Ta
€ THYYKOI0 y BpPaxyBaHHI Pi3HUX THITIB CE30HHOCTI Ta TPEHIIIB. 3BiCHO, 10 € OOMEXEHHS, SKi
noTpeOyloTh BEIMKOTO 00CATY NMaHUX s TOYHOTO MOJETIOBAHHS, MOJENb MOXe OyTu
CKJIAJHOIO0 JUIS HANAIITyBaHHSA, IO BIJHOCHUTHCA 10 (POHIOBOrO PHHKY TOMY, IO JaHHI
MOCTIHO 3MIHIOIOTBCS 1 BOHU HE 3aBXKIM MAalOTh 4YiTKHid TpeHa. KpiMm Toro, s mMoaenb He

MIIXOANUTH JUTSI TAaHUX 31 CTPYKTYPHUMH 3J1laMaMH a00 HEeJHIHHUMU 3a1exxHoCTsIMH [ 13].

MporHos uiHKW akuiin AAPL 3a gonoMmoror mogeni SARIMA

—— lcTopuYHI pai
260 4 —— SARIMA MporHo3sysaHHs
95% [osipuwit iHTepean

240 4

2204

160

140 4

2023-01 2023-04 2023-07 2023-10 2024-01 2024-04 2024-07 2024-10 2025-01
Nata

Pucynok 3 — I'padik nporuo3y 1inu 3akputts akiii AAPL 3a nomomororo mozaeni SARIMA

OuyeBuIHO, 1110 BUHUKAE HEOOXITHICTh PO3TIIAIATH 1HIIT MOJIENI, SIK1 O17IBII KOMIUIEKCHO
MOKYTh BPaXxOBYBAaTH JI0JIaTKOBI MapaMeTpu 4acoBUX psAMiB, a came: moaenb SARIMA, ska
BpPaxOBY€ CE30HHICTb, [0, Y CBOIO YEPTy, MIIBUIIYE TOUYHICTh MPOTHO31IB ISl YaCOBUX DPSIIIB
13 CE30HHUMH KOJIMBAaHHSMH, KpPIM TOrO0 MOJEIb MIAXOIUTH AJIsS OMHUCY PI3HOMAaHITHUX
Ce30HHMX M1aboHIB. J[00aBMMO, IO MOJEIh HIMPOKO MIATPUMYETHCS B CTATUCTHUUYHUX
610110TEKax, 30KpeMa, Ha MOBI nporpamysanHs Python (nanpuknan, statsmodels). [Ipore, sk
1 BCl Mojeni, sIKI MpalioloTh 3 YacCOBUMHU psAaMM, BOHAa Mae€ psia ocoOmuBocTed 3 ii
BUKOPHUCTAHHSIM, a came: BUOIp MoOJienl YCKIaIHSAIOThCS 4epe3 104aTKoBl nmapamerpu. Kpim
TOT0, HEOOXIJHO PETEIbHO MPOBOJUTH MAIaTHOCTUKY 3allMIIKIB 1 TEpeBIpKy Mojeil Ha
noxubku. Jlomamo, mo e omxHuM (PaKTOpOM € Te, M0 MAJs HAIIWHOI OIIHKH CE30HHUX
KOMITOHEHTIB MOK€ 3HaIOOUTHUCS JOBIIHI YaCOBUU P/,

Xo4a TpaauIiifHi CTATUCTUYHI MOJIEII I00pe CTIPaBISAIOTHCS 13 3a/1a4aMu, TTOB’ I3aHUMHU
3 YaCOBHMH PsJaMH, Cy4acHI TEXHOJIOTIl MPOTMOHYIOTH OUIBII BIOCKOHAJICHI MIAXOMU IS
MPOrHO3YBaHHS MalOyTHIX 3HadeHb. OJAHUM 13 TaKUX € BUKOPUCTAHHS HEHPOHHUX MEPEX,
30kpema, mojeni Long Short-Term Memory (LSTM) [14, 15]. Sk Bimomo, LSTM e
CIeIiaTi30BaHOI0 PEKYPEHTHOI HeiiponHoro Mepexero tumy (RNN — Recurrent Neural
Networks), sika po3po0sieHa sl aHaTi3y MOCTIJOBHUX JTaHUX, TAKUX SK YaCOBI PSAIU. 3aBISIKA

70 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 1 (156) 2025 «System technologiesy

31aTHOCTI 30epiratu JoBroTpuBaii 3anexHocTi, LSTM nemMoHCTpye BHCOKY MPOAYKTHUBHICTh
y nporuo3yBanHi. Sk 3a3Hauaethcst B [11] «Komipka LSTM 3abe3neuye me eeKkTHBHILIE
30epeKeHHs JIOBIOTPUBAIOI MaM sATi, OCKUTLKH J03BOJISIE HABYATHCHh OUIBIIIN KUTBKOCTI Ta-
pametpiB. Lle poOuTH ii OAHIEI0 3 HAWCHWIBHIIIMX PEKYPEHTHUX HEHPOHHUX MEpPEexX Ui Mpo-
THO3YBaHHS, OCOONWBO KOJHM y JAaHHUX CIIOCTEpPIra€Tbcst AOBroTpuBaimuii tpena. LSTM
CHOT'OJIHI BBKAETHCS OJHIEIO 3 HAHOUIBII IEPEJOBUX MOJIEIEH AJIsi MPOTHO3YBAaHH». 3B’ SI3KU
MK KomroHeHTamu Mepexi LSTM npuBeneni Ha pucyHKy 4.

/Cm \ Ce

. .

Pucynok 4 — LSTM komipka

KitouoBum enemenToM Mepexki LSTM € ctan komipkH, sIKuii iepeaeTbes Bijl BXOIY 10
il BUXxony. 3aBAsIKU I[bOMY, CTaH KOMIpKH 3a0e3Meuye MoTiK iHpopMaIlii uepe3 Bech JIaHLIOT 13
MiHIMaJIbHUMH JIIHIHHUMU JiSIMU 4epe3 TpH redTu. Takum 4nHOM, CTaH KOMIPKU BUCTYIIAE K
JIoBrocrpokosa nam’site LSTM.

Sk Bigomo, HeliponHa Mepeka Long Short-Term Memory Oyna po3poGieHa Ais moao-
JaHHA MPOOJIEMH JTOBIOCTPOKOBHX 3AJIEKHOCTEH, OCKUIBKH Mepeka BUKOPUCTOBYE TeHTH JUIs
KOHTPOJIIO Mpoliecy 30epexxeHHs iHpopmaii.

[Teprmmm eranom y crBopeHHi LSTM € BU3HauyeHHs, sika iH(popMallis € HenoTpioHO 1
Mae OyTH BUKJIIOYEHA 3 KOMIPKH Ha 1boMy Kpoui. Takuii npouec iieHTH}IKalii Ta BUKIIO-
YeHHS JTaHUX 31MCHIOETHCS 3a JOMOMOrOI0 CUIMOinHOI (YHKIII G, sIka OTPUMYE Ha BXOJI
3Ha4YeHHA 3 nonepeaHboro 01oky LSTM(h,_,) Ha MoMeHT vacy t-1 Ta moTo4HuMii BXiJ x, Ha

MoMeHT yacy t. CurmoinHa ¢yHKIisl, KpIM TOrO, BU3HAUYA€E, AKY YaCTHUHY HOIMEPEIHBOTO pe-
3y/bTaTy NOTpiOHO BUIAINTH. PO3IIIsSIHYTI TeHTH HAa3UBaIOThCs redrtamu 3a0yTTs 1 MO3HaYa-

IOTBCA SK f,.
fi = ﬂ(%;%"’“’fmhr—i +bfj’ 3)
ne f, — reifr 3a0yTTs, BUXi/[HI 3Ha4eHHs sSKOro BapitoroThes Bif 0 mo 1, ne Hynb o3Hauae 1no-

BHE 3a0yTTs 1H(pOpMallii, a OMUHUIIS — TOBHE 30€pe’KeHHs, 10 BIAMNOBIIAE KOKHOMY YHUCTY B
CTaHi KOMIpKH, h,_, — NPUXOBaHUH CTaH MOMeHTY 4acy t-1 Ta norounnit BXin x,, Wy ta by —

BIJIMOB1JTHO BaroBa MaTPHUIIsl Ta 3MIIIIEHHS TeiTa 3a0yTTH.
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HactynHuMm eTtamom € NpUHHATTS pilieHHS 070 30epekeHHs iHpopmalii 3 HOBOTO
BXxoay (X,) B CTaH KOMIPKH, a TaKOK OHOBIIEHHsS LIbOro cTaHy. IIpouec Bkilto4ae s1Ba piBHI:

CUTMOITHHI [Iap Ta APyruil map rinepOosriunuii Tanrenc tanh. Curmoigauii piBeHb BU3HaYae
Y CJIiI OHOBJIIOBaTH HOBY iH(opMaIlito abo irHopyBaTu ii (Hynb ab0 oguHUI), a QYHKIIISI
tanh Hazmae Bary 3HaYeHHSIM, SKi POUIILTH Yepe3 MOMEPE/IHI €Talu, OIHIOIYH X BaXIIHBICTh

(Bim -1 mo +1). OOuaBa 3HAUYEGHHS MHOXKATHCS, 10O OHOBUTH CTaH KOMIPKH, 1 I HOBa
nam’ATh JOAAETHCS 10 CTApOl aM’sTi, 0 PU3BOIUTH JI0 HOBOI'O CTaHy KOMIpKH C,.

i.= o(W;[h,_. X ]+ b;), (4)
ae {, — BXIJHUH BEHTWIb, SIKMH BHU3HA4yae€, CKUIBKM 1H(pOpMALil HAIXOIUTh BiJi HOTOYHOIO

BXOAYy OO CTaHY KOMipKI/I;

C, = tanh(W_ [h,_y, X.] + b,), )

C.=Ceuf +Cii,, (6)
ne W,, W,, b, b, — BaroBi MaTpHlli Ta 3CyB, BIAIOBIAHO, CTaHy KOMIpKH; C, — CTaH OCEPEKY,

y IKOMY 30epiratroTbcs Ik KOPOTKOCTPOKOBA, TakK 1 JOBFOCTPOKOBA IaM’SITh B MOMEHT 4acy t.
Ha ocrannpoMy erami BuxifHi 3Ha4eHHs (h,) 0a3yroTbCs Ha CTaHI BHXIJTHOI KOMIPKH

(0,), ane € BindineTpoBaHOIO BepCi€lo nbOro crany. CUrMOiIHUI Iap BU3HAYAE, SKi YACTHHH
CTaHy KOMIpKHM IIOTPAIUIAIOTh Ha BuXiA. Jlanmi BUXiZHWH CHTHAl CUTMOITHOrO BeHTHIA (O,)
MHOXHTBCSI Ha HOBI 3HaueHHs, CTBOpeHi mapom tanh 3i crany komipku (C,), 1€ 3HaYeHHS
3HaXOAAThCS B Alana3oHi Bifg -1 go +1.
0, =a(W,[h,_,,X.]+Db,); @)
h, = 0, * tanh(C,) (8)
ae O, — BUXIIHUM BEHTWJb, SKUH BU3HAUa€, CKUIBKU 1HQOpPMAILIii 3 IOTOYHOrO CTaHy INepe-

Ja€Thes IO MPUXOBAHOTO, JO3BOJISIIOUN Mepexi BUOMPATH MK JTOBrOCTPOKOBOIO ab0 KOpOT-
KOCTPOKOBOIO IaM’SITTIO, KOJIM 1€ HEOOX11HO; h, — NMPUXOBaHWH CTaH, L0 MICTUTH 1HGOP-

MaIlilo PO CTaH BUBEACHHS Ta PO3PAXOBYETHCS HA OCHOBI MOTOYHUX BXIJHHUX JAHMX 1 MOIe-
PEIHBOTO MTPUXOBAHOTO CTaHy. [IprMXOBaHMI CTaH MOXKE BUTATTH JIUIIE KOPOTKOCTPOKOBY ab0
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JIOBTOCTPOKOBY I1aM’sIThb, 200 OOMJIBI MaM’sTi, sIKi 30epiratoThCst y cTaHi KOMIpKH JJIs TIepe /-
OadyenHs; W, 1 b, — BaroBl MaTpHll Ta 3CyB BIIIOBIIHO JUI1 BUXIJHOTO BEHTWS; tanh —

byHKIIIS, SKa MaciTabye 3HaUYCHHsI KOMIpPKH B Jiana3oHi Big -1 go +1.
ITin yac MpoBEACHHS YUCEIBHUX CKCIICPUMEHTIB 0YJ10 MOOYI0BaHO HEHPOHHY MEPEKY 3
napameTpamH, siKi HaBeJieH1 y Tadsmii 1.

Tabmmus 1
[TapameTpu po3pobiieHoT Moz
[TapameTpu 3HayeHHs
Kinpxictes BxomiB 1
Kinpkicte LSTM mapiB 50
Kpok gacy 60
Po3mip makera 32
Onrumizarop Adam

OyHKIIiS BTpAT CepenHs kBajipaTHUHa OXUOKa

Enoxu 50

[Iporpamumii iHCTpyMEHTapiii CTBOPEHO 3a JOMOMOrOX0 MOBHU TporpamyBanHs Python,
sIKa IUPOKO 3aCTOCOBYETHCS B Taly3i IITYYHOTO iHTENEKTy. /s moOynoBu Ta HaBYaHHS MO-
JielTi BUKOpUCTOBYBaslach Oi0mioTeka Keras, a st macmradyBaHHs 1aHUX OyB BUKOPHCTaHUI
moyib Sklearn.preprocessing.

be3 oOMexxeHHs CyIKeHb, 3ayBaXKUMO, 110 OTPUMAaH1 JIaHH1 OyJIM TOAUICH] HAa HaBYaJlb-
HY Ta TECTOBY BUOIPKHM y MPOMOPIIi BiCIMAECAT 0 ABAXKUATU. SIK BiIOMO, Meplia 4acTHHA
BUKOPHUCTOBYETHCA /ISl HABYAHHSI, a Apyra — Julsl IepeBIpKHU il TouHOoCTI. Pe3ynbpTatn HaBuaH-
HS MOJieJi 3 OOpaHMMU MapaMeTpamH B po3pi3l 3MIHM (YHKIIII BTpAT MPOTATOM €Taly HaB-
YaHHS 3 3QTyYEHHSIM OKPEMOTO TECTYBAIBHOTO HAOOPy AaHuX (puc. 5).

BTpaTu Mogeni nig 4ac HaB4aHHA

—— TpeHyBaneHi BTpaTH
—— Banipauiini BTpaTH
0.05 4

0.04 4

BrpaTta

0.02 4

0.01

0.00

0 10 20 30 40 50
Enoxu

Pucynok 5 — 3miHa 3HaueHHS (YHKIIT BTpAT MPOTATOM HaBYaHHS MOJIEINI

PesynbraT mNpoOrHO3yBaHHSA HA TECTOBMX Ta TPEHYBAJbHMX JaHUX HaBEIEHI Ha
PHUCYHKY 6.
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MporHos uiHw akuin AAPL 3a agonomorolo LSTM

260 IcTopusHi pami
—— [MporHo3 Ha TPeHyBaNbHUX faHKX
—— TporHo3 Ha TeCTOBWX NaHWNX
240
220+
200
]
z
=3
180
160
140
120
2023-01 2023-04 2023-07 2023-10 2024-01 2024-04 2024-07 2024-10 2025-01

llaTa

Pucynok 6 — I'padik nporuo3y 3a qomomoror LSTM Ha TpeHyBaJIbHUX Ta TECTOBHX JaHHUX

PesynpTaTi NporHo3yBaHHs Ha MaHOyTHI TPUILATD JHIB IIPEJICTABICHO HA PUCYHKY /.

MporHoz uiHK akuiin AAPL Ha HacTynHi 30 gHie 3a gonoMoraoto LSTM

260 — IcTopuyHi gani
MporHoa Ha HacTynHi 30 awie
240
2204
200
©
z
I
180 -
160
140
120

202‘3701 202‘3—04 2023-07 2023-10 2024-01 202‘4—0‘4 202:1'07 202;1—10 202‘5—01
Jata

Pucynok 7 — I'pacdix mporuo3y 3a nonomorotro LSTM Ha maiioyTHi 30 nHiB

[Tix gac pobotu 3 koxuoIO 3 Moneneir ARIMA, SARIMA Tta LSTM Gyno ctBopeHo
BIJIMOBIAHMI MPOTHO3 IiHU 3aKpUTTs akiuii AAPL Ha TpuausaTh AHIB. 3aralbHUNA BUIIISII PO-
THO30BAaHUX 3HAYEHb MPEJICTABICHO Ha PUCYHKY 8.

MopiBHAHHA MOAEenen NPorHo3yBaHHsA

2601 —— AKTyansHi faHi
=== ARIMA lporHo3z
=== SARIMA MporHo3

2404 LSTM Nporxos

2204

=)
)
=
= 200
E
E
=
o
z
ns
™ 180
©
=z
=3

160 4

1404

120
2023-01 2023-04 2023-07 2023-10 2024-01 2024-04 2024-07 2024-10 2025-01

Hata
Pucynok 8 — I'padix mOpiBHSIHHA pe3y/bTaTiB MPOTHO3YBAHHS LIHU 3aKPUTTS LIIHHOTO Tare-
py AAPL na maii0ytHi 30 auiB 3a gonomoroio ARIMA, SARIMA ta LSTM
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JInst OLiHKY SIKOCTI poOOTH KOXHOI Mozeni Oyino obpano Taki merpuku: MAE (Mean
Absolute Error), MSE (Mean Squared Error), RMSE (Root Mean Squared Error) ta MAPE
(Mean Absolute Percentage Error), sixi € BioMuMu Ta He OTPEOYIOTh T0JJATKOBHX IOSICHEHb.

Metpuky MSE BxitoueHo 710 aHanmizy, OCKUIBKA caMe BOHA MiHIMI3YEThCS MiJ] 4ac HaB-
yanHs Mozeni. RMSE BUKOpHCTOBYETBCS, OCKITIBKH € KBaapaTHUM KopeHeM i3 MSE i Bino6-
pakae SKicTh MojeNi Aemo iHakme. Sk Bimomo, sakmo MSE nae 3aranbHe ysiBJICHHS PO Be-
nnanny noxuoku, To RMSE mae Toit camuii macmtad, mo i BUXiAHI JaHi, 1, SK HACTIJIOK, €
3pYYHIIIOI0 METPUKOIO JJIS IHTEepIIpeTallii OTPUMaHUX PE3YJIbTaTiB.

BaxmBo 3a3naunty, mo ouinku MSE ta RMSE migkpecnioloTs BIUIMB BETUKUX TOXH-
OOK, OCKUIbKH MOXUOKH MiIBOAATHCS y KBaJApaT Mepe]] yCepeIHEHHAM 1 TOMY 1ie pOOUTh MET-
puxky RMSE 6inpm gyTnmBoro n10 BUKHAIB. OfHAK Taka YyTIMBICTH MOKE OYyTH HEIOJIKOM,
TOMY JJisi OUThII 30alaHCOBAHOI OIIIHKM SKOCTI MPOTHO3IB JOJAaTKOBO BHUKOPHUCTOBYIOTHCS
MAE ta MAPE, sixi MeHII 3aJie)XHi BiJl aHOMaJIbHHUX 3HaueHb. OTpUMaHi YUCEIIbHI pe3yibTa-
TH HPO3TJSIHYTHX METPHK HAaBEACHO Y TaOmuIIi 2.

Tabmuns 2
O6uucneni merpuku TouHocTi ARIMA, SARIMA ta LSTM
Merpu-
MAE MSE RMSE MAPE
Monens

ARIMA 8,4159 144,8973 12,0373 3,4804
SARIMA 7,7675 89,3812 9,4542 5,1187
LSTM 6,8124 42,8118 8,0669 2,8784

[Ticns mpoBeAEHUX YHCENBHUX EKCIIEPUMEHTIB Ta aHajli3y OTPUMaHHUX pe3ysbTaTiB
METPHUK TOYHOCTI KOKHOI 3 MOZIeJIei, MOKHa 3pOOUTH BUCHOBOK, 1110 Mojeib LSTM 3abesne-
yye HalHIKY1 MOXUOKM 3a BciMa nokasHukamMu. SARIMA moxkasana, 1o € NpuiHATHOIO allb-
TepHATHBOO aje ii TouHicTh noctynaerbess LSTM. ARIMA mae HaltHMKYY TOYHICTb, IO PO-
OUTH i1 MEHII MPUIATHOIO JJIs1 TOYHOT'O MPOrHO3YBAaHHS B IIbOMY BUII/IKY.

BucHoBkH. B po6oTi Oyno po3riasiHyTO OCHOBHI XapaKTE€PUCTHKH BUKOPHUCTAHOTO ya-
COBOTO psiy: aKiiii kommaHii Apple; peanizoBano rpadiuHe MpeACTaBICHHS MPOTHO3yBaHHS;
JIOCIIJKEHO HaWIOUIMPEHilli MeTOAM MPOTHO3YBAHHS, Taki sIK: aBTOpErpeciiiHa iHTerpoBaHa
MoJieNb KOoB3HOTO cepenHboro (ARIMA), ce3oHHa aBTOoperpeciiiHa iHTerpoBaHa MOJENb KO-
B3HOTO cepenHboro (SARIMA) ta HelipoHHa Mepeka JOBroTpUBaia KOPOTKOYACHA MaM sTh
(LSTM). B sxocti nanux Oyia0 BUKOPHCTAHO JIaTaceT 3 BApTOCTAMH 3aKPUTTS IL[IHHOTO Hare-
py AAPL 3 01.01.2023 poky mo 20.01.2025 poxy.

BukonaHo nporHo3yBaHHS 11iH Ha MaifOyTHI TPUALATH AHIB P 3aCTOCYBAaHHI KOXKHOI 3
posrnsgHyTux mozenei. IlpencraBieHo oTpuMaHi pe3ynbTaTH YHMCENbHUX E€KCIIEPUMEHTIB y
BUTJISAL BIAMOBIAHUX rpadikiB. IIpoBeneHo aHadi3 METPUK OLIHIOBAHHS SIKOCTI POOOTH KOXK-
HOI 3 MojieTiel, SIKUii 103BoJIsie 3pOOUTH BUCHOBOK, 1110 Mojenb LSTM nokasye Haiikparili pe-
3yJIbTaTH, OCKIJIbKM HaWOUIbII aJanToBaHa Ui MOAIOHMX 3a/lad MPOTHO3YBAaHHS YaCOBHX
psniB Ha GoHAOBOMY pUHKY. HanaHo pexomeHaii 11010 BUKOPUCTAHHS PO3IIISIHYTHX Y PO-
00Ti MozieTIel Ta HaBEJICHO OCHOBHI XapaKTEPUCTUKH ISl KOJKHOI 3 HUX.
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Comparative analysis of traditional statistical methods
and the Istm neural network model

This paper presents a comparative analysis of traditional statistical methods (ARIMA,
SARIMA) and a modern deep learning approach (LSTM) for financial time series forecasting.
The study focuses on evaluating the efficiency of each model in predicting the closing price of
Apple Inc. (NASDAQ: AAPL) stock. These models were selected due to their widespread use
in financial analysis: ARIMA is suitable for stationary time series, SARIMA accounts for sea-
sonal variations, and LSTM excels at capturing nonlinear dependencies and long-term trends.

The study is based on historical closing price data of AAPL stock from January 1, 2023,
to January 20, 2025, obtained via the yfinance service. The experimental modeling aimed to
compare the forecasting accuracy of each method using key performance metrics such as
Mean Absolute Error (MAE), Mean Squared Error (MSE), Root Mean Squared Error
(RMSE), and Mean Absolute Percentage Error (MAPE).

The results indicate that the LSTM model outperforms ARIMA and SARIMA in forecast-
ing accuracy due to its ability to efficiently model complex patterns in time series. SARIMA
also demonstrated strong predictive capabilities, particularly for data with distinct seasonal
components, surpassing ARIMA in accuracy. However, ARIMA yielded the lowest accuracy
due to its limitations in capturing seasonality and nonlinear dependencies.

These findings provide valuable insights for analysts, investors, and researchers in-
volved in financial forecasting. The study offers practical recommendations on model selec-
tion based on data characteristics and forecasting requirements, as well as an overview of the
strengths and limitations of each approach.

Keywords: time series forecasting, ARIMA, SARIMA, LSTM, financial markets, ma-
chine learning, neural networks, accuracy assessment, stock market, data modeling
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B.I. lunkapenko, P.P. Yurip
KOHCTPYKTUBHO-ITPOAYKIIMHE MOJIEJTIOBAHHA TPUBUMIPHUX
OPAKTAJIBHUX TIOBEPXOHb

Anomayis. Ilpeocmasneno mooenb ma npoepamue 3a6e3neverts 0t KOHCMPYKMUBHO20 MO-
0eN0BaAHHA PPAKMATLHUX MPUBUMIDHUX NOBEPXOHb. Po3pobieno npoepammuuii 000amok 0ns
nonepeoHvoi ni02omosKu nosepxonb. Mooento8anHs GUKOHYEMbC HA OCHOBI KOHCMPYKMUG-
HO-NPOOYKYitiHo20 nioxody. OCHOBHI npoyecu KOHCMPYKMUBHO-NPOOYKYIIHO20 MOOeN08AHH S
3 3ACMOCYBAHHAM PO3POOIEHUX NPOSPAMHUX 3AC00I68 NPOOEMOHCIMPOBAHO HA NPUKIADT MOOe-
Jlell KUmaticbKux nazoo. BukopucmaHno pizni 6u0u KOHCMPYKMOPIS, po3p0OIeHO MYIbMUKOH-
CMPYKMOp (HopmysanHs MmpusuUMipHux (paxmanibHux icyp Ha OCHOBI MYIbIMUCUMBONbHUX
epamamux.

Kmouoei crosa: koncmpykmusno-npooykyiiine mooenoeanis, gppaxmarn, L-cucmema, nazooa,
KOHCMPYKMOop, ¢opmanvhi epamamuru, nosepxti besve, npoepamue 3abe3neyenns, ingopma-

YIUHI MexHO02Il.

3aco0aMu KOHCTPYKTHBHO-TIpoayKiiiHoro moxaenmoBanus (KIIM) [1, 2] BukoHyeThcs
(dbopMyBaHHSI KOHCTPYKIIIH Ta MPOIIECIB, 3 3aCTOCYBAHHSAM YTOYHIOIOUUX TIEPETBOPEHB: CITEITi-
anizarlii, iIHTepIperanii, KOHKpeTH3aIli Ta peanizarii.

Jlns BiioKpeMyieHHs criennikaniii BUKOPUCTAHHS KOHCTPYKTOPIB, OYJIM MpeaCTaBIeHI
Pi3H1 BUJIU KOHCTPYKTOPIB, 1110 MOXYTh BUKOPUCTOBYBATHUCS SIK OKPEMO, TaK i OyTH KOHTEMH-
HEPOM JUIs 1HIIUX KOHCTPYKTOPIB.

Po3pobnena yHiBepcasibHa IpOrpaMHa CUCTEMa MOJIEIIOBaHHS Ha OCHOBI KOHCTPYKTHUB-
Ho-nipoaykiiitHoro miaxony «Koucrpykrop 1.1» [3]. [Iporpamua cuctema pearnisye HpHHILH-
U MOJICJIIOBaHHS Ha OCHOBI KOHCTPYKTOPIB Ta J03BOJISE MPOBOJUTH OaraTtopas3oBi JOCIIi-
JUKEHHS 31 3MIHHUMH KOMIIOHEHTaMH, L0 HAJa€ MOXJIMBICTh NMOBTOPHOTO BHKOPHCTaHHS
KOHCTPYKTOpPIB Ta CHPOIIEHHs (OpMyBaHHS OIM3BKUX 33 CTPYKTYPOIO, ajle PI3HUX 3a MPHUPO-
JIOX0 MOJICIIEH.

AHaJi3 ocTaHHiX JocaifkeHb 1 nyoOaikauii. KoHCTpYyKTHBHO-IPOIYKIIHHUMN
miaxizn [1,2] 3acTocoBaHuii y pi3HUX TOCTIKCHHSAX 3 MOJETIOBAHHS, HAIPHUKIIA, TIPH BU3HA-
YeHHI palllOHAJIbHUX CTPYKTYp JaHUX y ONEpaTHUBHIA mam’sTi, OPMYBaHHI aJalTUBHUX aJ-
TOPUTMIB CTUCKaHHS JIaHUX, aHai31 IPUPOTHOMOBHUX TEKCTIB Ta 1HILIUX.

MopnentoBaHHs TPUBHUMIPHUX O0’€KTIB BHKOHYBAJOCh $IK 3aCO0M KOHCTPYKTHBHO-
MPOJYKIIITHOTO MOJENIOBaHHS Ta 13 3aCTOCYBaHHAM 1HIIMX M1IX0iB. Po3po6ieHo KOHCTPYK-
TUBHO-TIPOAYKI[IIHY MOJIeSTb TPHBUMIPHUX KPUCTATIYHHUX IpaTok [4].
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Psan mocnimpkens ITpyHTYETBCS Ha MOJEIIOBaHHI TPUBUMIPHUX 00’ €KTiB Ha OCHOBI pi3-
HOTO By KpuBHX [5] Ta moBepxoHs [6].

[Tpu anamisi gociipkeHb 3 (ppakTalbHUX apXiTeKTypHHX cropyx [7, 8] 3medinabimoro
PO3TIIATAIMCH HOBITHA apXiTEKTypa Ta eIEMEeHTH JEeKOPYBaHHS, a HiXK cama KOHCTpyKiis. Ha
OCHOBI IIbOTO Y IaHil poOOTI OYyJI0 BUPIMIEHO PO3IIISIATH BUTOKU (PpakTaabHOI apXiTEKTypH,
sIKi OyJIM 3HAWICH] Y IaBHIX CIIOpyJax — KUTalChKuX marojax [9].

Meta pociigxeHHsi. MeTor JOCHTIKEHHS € po3poOKa Mojeneld (ppaKkTalbHUX TPUBU-
MipHHUX ITOBEPXOHb 3aC00aMU KOHCTPYKTUBHO-TIPOAYKIIITHOTO MOJICITIOBAHHS.

Buk/ageHHs1 OCHOBHOro Marepiaay. J[aMo BU3HAUYe€HHS OCHOBHHMM IIOJIOKEHHSIM
KOHCTPYKTUBHO HPOIYKIIITHOTO MOJICITIOBAHHS.

OCHOBHOIO OJMHUIICI0 KOHCTPYIOBAHHS € KOHCTPYKTOp. Y3arajJbHEHUH KOHCTPYK-
top [1] Bu3HavyaeThCs SIK:

C=(M,,A), €

ne M — HeopHOpIIHUN PO3LIMPIOBAHUI HOCIH, X — CUTHATypa BiJHOLIEHb Ta IOB'A3aHUX 3
HUMH orepanid, A — iHdopmMmarliiiHe 3a0e3MeUeHHS KOHCTPYIOBAHHS: MPU3HAYCHHS, YMOBH
[IOYaTKy Ta 3aBEpILEHHS KOHCTPYIOBaHHsI, IPAaBUJiIA M1JCTAHOBKH Ta OOMEKEHHS.

KoHcTpyroBaHHS BUKOHY€THCS BHYTPIIIHIM Ta 30BHIIIHIM BHUKOHABIIEM/BUKOHABISIMHU.
BHyTpimHiM BUKOHABIEM Yy JaHOMY JOCIHIIKEHHI BUCTYIAa€ pO3poOJIeHUN MporpaMHHil 3a-
crocyHok «Konctpykrop 1.1».

30BHIIIHIM BUKOHABIIEM BHUCTYIIA€ KOPUCTYBay, 110 (hopmye 6a30BI KOMIOHEHTH KOHC-
TpykTopa. [HTepdeilicoM 30BHIIIHHOIO BUKOHABL BUCTYMA€E iHTep¢eiic mporpaMHOro 3acTo-
CYHKY, IKMI Mae y co01 (hopMHU Uil BU3HAUEHHS YTOUHIOIOYHMX IEPETBOPEHb.

Jlnis mpeAcTaBiIeHHsT TPUBUMIPHUX 00 €KTIB pO3TISHYIM DPi3HI mpexacraBieHHs y 3D-
rpadiui. Kputepisimu 10 BUOOpY CTaHOBWJIM MOKJIMBICTh HaJlalITYBaHHS JAeTaiizalli 3ria-
JUKyBaHHS (hopMH 00’ €KTy Ta IPOCTOTA MOJIEIIOBAHHS CKJIAAHOI (IrypH 3 IEKUIBKOX YacTH.

Ha ocHoBi nocraBnenux kputepii Oyno o0paHo noBepxHi besbe 1t popMyBaHHS KOHC-
TPYKIIIi MOJEJII.

st dopMyBaHHS TPUBUMIPHUX 00’ €KTIB, sIKI Oy1yTh BUKOPUCTOBYBATHUCS Y KOHCTPYK-
Topax, Oys0 po3pobieHo nporpamuuii 3actocyHok «IloBepxHi be3reyn. Uepes intepdeiic Ha-
JaITOBYIOTHCSI OMOPHI TOYKH Ta BUKOHYETHCS MOTIEPEIHIN Meperyisig noBepxHi (puc. 1).

PosrnsiHeMo MoJiens maroiu A MOAabIIoro MepeTBOPEHHS Y BUTIISA KOHCTPYKTUBHOT
Mojeni. 3a OAMHHUIIO BIITBOPEHHS BUILIMMO OJUH PIBEHb CHOPYAH, 10 Oy/e 3MEHIIyBaTUCS
y po3Mipi 710 onepeHboro mosepxy. IlpenacraBuMo piBeHb y BUTIISAN MHOKUHH TTIOBEPXOHB,
MO€AHAHUX MK CO0O0I0 MEBHUMH CTOPOHAMHM OJIHA IO OJHOI (POpMYIOUYHM TPUBHMIpHE 300pa-
eHHs. YOTUPH MOBEPXHIi MOETHYIOTHCS MiJK COOOF0 Y ITpeCTaBIeHHS PiBHS (pHC. 2).

Jlis BIITBOPEHHS JaHOI CTPYKTYpH 3a NPUHLMIAMH KOHCTPYKTHUBHO-TPOIYKIIITHOTO
MOJICTTFOBaHHS pO3pO0JIEHO HU3KY KOHCTPYKTOPIB Ta IX B3a€MO3B’s3KH (puC. 3).
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MosepxHA Beabe
0 1 2 3

X y z X y z X y z X y z

o [30[20 00| [-10[20 00| [10[20 00| [30]20]00]
14030 00| [10]30]00]| [10]30[00]| [40]30]00)]
25040 |-05| |[-10]40 00| [10]40[00]| [50]40]-05]
3[60[s50|10]| [10[s0 00| [10][s0[00]| [60]50]10]

Pucynok 1 — ®opmyBaHHS NOBEpXHIi

Pucynox 2 — PiBenb maroau

3D chpakTan

ANTOpUTMISHIA ANropHTMiNHHA

MopopxeHHs Jeranizauis

naronw NOBEPXOHL
Beane

N\ N\
= =i

Pucynok 3 — Cxema KOHCTPYKTOPIB
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Byno po3pobiaeHo HACTYIIHI BUU KOHCTPYKTOPIB:

- aBTOHOMHMU KOHCTPYKTOp — 0a30BHMI HE3aJEeKHHUH BiJ 30BHILIHIX MaHIMYJIALiN
KOHCTPYKTOP, II0 aKyMYJIIO€ y c0o0i yCr0 HeoOXiqHy iH(pOopMAaIlito UIsi OTpUMaHHs peani3arii
y BUIJIAJI KOHCTPYKIT Y KOHCTPYKTUBHOTO MPOIIECY;

- aIrOPUTMIYHUA KOHCTPYKTOpP — KOHCTPYKTOp, LIO CIIELiaNi3yeTbcs Ha peaizarii
QITOPUTMIB;

- MYJIBTHKOHCTPYKTOP — KOHCTPYKTOD, IO CKJIAJA€THCS 3 aBTOHOMHHUX Ta aJTrOpPHUT-
MIYHHUX KOHCTPYKTOPIB Ta MOEJHYE iX.

[IpencraBumo GopMyBaHHS MOJENEH KOHCTPYKTOPIB Yy HPOTPaMHOMY 3aCTOCYHKY
«Kouctpykrop 1.1».

Po3poOunu aBTOHOMHUIT KOHCTPYKTOp «MylIbTUCUMBONIbHUIY. JlaHWiT aBTOHOMHUM
KOHCTPYKTOP TIOPOJIKY€E MyJIbTHCHMBOJBHHI PANOK Ha 0asi akciomu. Foro crpykTypHe Ha-
MOBHEHHS BIAMOBIIa€ HATTOBHEHHIO MOPOIXKYIO YOTO KOHCTPYKTOPY 3 MONEepeaHb01 poOOTH Ha
0a3i BIacHOro mporpaMHoro 3adesneucHus [3].

Jlyist OTPUMAaHHS JIJAaHUX caMme JUIsl [Iarojy, BCTaHOBIoeMo axioma ="aaaa", kinekicts
irepauiii iter =8 ra pinnomenns nigcranosku —{a — bc}, {b — a}

KinneBuii psgok BUKOPUCTAEMO TIPU TMOPOKEHI MOBEpXHOCTEH 00’ eMHOI Girypu. s
HOPOKECHHA (I)irypI/I y BUTJISI/II TIAr0JI TTepeAaBaTUMEMO OTPUMAHHK PSJIOK axioma_result

710 KOHCTPYKTOPY MOPOJIXKYIOYOI0 IIOBEPXHI.
Po3pobunm aBTOHOMHUIT KOHCTPYKTOP «Dirypa 3 mOBEpXOHBY, IO MOPOIKYE TTOBEPXHI
Ha OCHOB1 MYJIbTUCUMBOJIBHOTO PAIKY.

Crenianizanis KOHCTPYKTOPY BU3HAYA€ThCS SIK:

C=(M,%,A) ;> C=(Mg, I A), )
ne M — Bkiouae y cobi MHOXHHY TepMiHaIiB, X — Habip omepariii Hax CHMBOIAMH, Ta
inpopmaniiine 3abe3nedeHnHs A g — T01aTKOBO 10 A MiCTHTh MHOXMHY 3MiHHHX i omepartiii
Ta 1X OIUC.

Busnaunmo npeameTHy 0051acTh KOHCTPYKTOPY SIK (OpMYyBaHHS CTPYKTypHu (irypu 3
HaOOpy NMOBEPXOHb T4 BCTAHOBUMO OCHOBHI aTpUOYTH, 1110 BIAMOBIAHI AJ11 (OPMYBAaHHS IOC-
JITOBHOCTEH HA OCHOBI BXIJIHOTO HAO0OPY JaHUX KOHCTPYKTOPY (puc. 4-5).

Bu3HauMMO 1aHi KOHCTPYIOBaHHS: KiIbKICTh iTepariil Iter — rpaHudHe YMCIIo KibKOC-
Ti iTepaniii, axioma ra axioma_result — mouarkosuii cuMBOIEHMIT PAIOK Ta PE3yIBTYIO-
YUl PSAIOK CHMBOJIIB MICJIsi BUKOHAHHS 1TepaliifHOro Mmporecy 3aMiH 3riHO MpaBWIl 3aMiHH,
Ta Habopu mosepxonb list _begin, list_temp ra list_res — signosimso mouarkoswii,
IPOMDKKIB Ta pe3ybTyloUMid HaOip. 3HAUeHHS 3MIHHUX OyAyTh HaJaHi MpU yTOYHIOIOYOMY
NepeTBOPEHI KOHKPETH3allil.

Jnis inTepnperariii, 101aM0O alrOPUTMIYHHI KOHCTPYKTOP «IlopoakeHHs TOBEPXOHbY 3
BU3HAYEHUMH aJIrOpUTMaMu sl GopMyBaHHS HAOOpY MOBEPXOHb 3 MYJIbTUCUMBOJIBHHX I10-

CJIITOBHOCTEN Ha OCHOBI mpaBui L-cuctem. Anroputmu GopMmyBaHHS CTPYKTYpHU 3a3HA4€HOL

(dbopMH Maroau TakoX OMUCYIOTHCS MPH HAITOBHEHI.
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Cneuianizaujs \

Onuc

iter Integer KinekicTs iTepauwin
2 axiom String MoYaTKOBMIA CUMBONBHWHA ... 0
3 list_begin List MovaTkosui HaGip ...
4 list_temp List Mpowmixkosui HaGip ...

list_res List KiHueeMi Habip NoBepXoHb

Jonati 3amiHHY: Integer v.

J
®

Pucynok 4 — Crneuianizauist KOHCTPYKTOpY «Dirypa 3 HOBEpXOHb» (3MiHHI)

/ Cneuianizauis

:h (in_list, out_list)
3c (in_list, out_list)

( Onepauia MapaseTpu ™ o
1 a (in_list, out?_list, out2_list, out3_list, outd_list)

A
Qnam onepauia: 3 NapaMeTpami;

Y,
N ®

Pucynox 5 — Crnenianizaiist KOHCTpYKTOpY «Dirypa 3 moBepXoHb» (omepartii)

Ha moBi nporpamyBanns Python omuimemo anropuTMu HarOBHEHHS MOBEPXOHB: USE_a
— anropuT™ (GOPMYBaHHS HOBOI IMOBEPXHI MPHU SIKOMY OEpEThCsl OJHA TTOBEPXHS 3 HAOOPY TO-
YaTKOBUX MOBEPXOHb Ta PO3PaXOBYETHCS MEPEMIllIeHa Ta 3MEHIIIEHA KOIIisl TaHOi 3 J0/1aBaH-
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HSM JI0 Ha0OpY MPOMIKKOBUX IMOBEPXHOCTEH, USe_D — mepeMilieHHs TOBEPXHOCTEH 3 poMi-

YKKOBOT'O HAOOPY /10 KiHLIEBOTrO0 HAOOPY MOBEPXHOCTEH 3 J10aTKOBUM KOIIIOBAHHSAM J10 HAa0O-

Py HOYaTKOBUX MTOBEPXHOCTEH, Ta alTOPUTMH ITiJICTAHOBKHU, YACTKOBOTO Ta TIOBHOTO BUBOJY.
[aTepnperariss KOHCTPYKTOPY «Dirypa 3 MOBEepXOHB)» CTABUTHCS SIK

(Co =(Mg, 26, A ),C =(M, ., AL ) o Co=(Mg . 5g A, Z),  (3)

SEENEERSE
ne C, — anropuTMiuHHil KOHCTPYKTOP, X, IO BKIIOYA€ y co0i CHTHATYPY TIOCIiJOBHOTO Ta

YMOBHOTO BUBOJY, Ta iH(opMalliiine 3abe3neueHds A . , M0 BKIOYa€ MHOKHUHY OIeparliii ta

St
AJITOPUTMIB, a TaKOK mojoxenHs L-cucrem [10].

, N .
IToB’spkeMo anropuTMiyHuid KoHCTpyKTOop C, 3 aBTOHOMHHM KOHCTpYKTOpOoM «®irypa

3 OBEPXOHBY (pHC. 6).

/ IHTepnpeTaujin \

OfepiTs KOHCTRYXTOP
| Mopodmessa NarooW vl

e ] =
partial_output | ‘b
realization W _I:}

' [ AnropEra i ™

1 use_a w B Aa314150-88.

i usa b w b abebbibl-9..

e vy

_ 9

Pucynoxk 6 - [ntepnperanis KoHCTpYKkTOpy «®irypa 3 moBEpXOHb»

Y .. . ..
ANTOPUTMHU HaJ JA@HUMHU BU3HAYAIOTHCA SK A‘x’ ne X — BxigHil madi, Y — BHUXIOHI

IaHi.
BusnaunMo anropuTMu BUKOHAHHSI ONEpaLIii:
0 |bc . . .
- Al o — (bopmyBanus HOBOI yacTuHM (irypwu;
0
- A, |z — HAIllOBHEHHS [TOYaTKOBOTO HA0OpY MOBEPXOHb;
AO |a,d 6 .
- A; [ — HanoOBHEHHS PE3yJILTYHOYOr0 HAOOPY MOBEPXOHb;
0 .
- A, |/, , —miacranoBka;
ivhrg
- A’|'  —wactkosuii BuBix;
5 |j'u/ I
- AY|l —moBuuit Busi
6 1w A
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Konkperu3aiisi KOHCTPYKTOPY BU3HAYAETHCS K

C, =(|v|

SI?

25|’A3|> kK KCSI :<M

SIK’ZSIK’ASIK>’ (4)

ne Mg, — posmmpsemuii HOCIH 10 MiCTHTH BU3HAUECHUI HAa0ip TepMiHAIBHHX Ta HETEPMiHa-

JNBHUX CUMBOJIIB, X, — MHOXHHA onepalii popmyBanus paaka, A, — iHbopmariiine 3a-

0e3meyeHHs MpoIecy KOHCTPYIOBaHHS.

[Tpu KoHKpeTH3allii BU3HAYUMO MMOYATKOBI 3HAYCHHS JaHUX (pHC. 7), K 0YaTKOBA CH-
MBOJIbHA MTOCITIZIOBHICTh, Ta 3a/1aMO ITPaBHJIa MiJICTAHOBKH (pHC. 8).

pA
C_

KoHkpeTusauia

C_ )

~

/_ Hazsa
1

iter
2 axiom
3 list_begin
4 list_temp
5 list_res

e

IuauaHEE

;]

[{{L[-3.0, [2.01, (0.0 1O, [[-1.0), ]

0

[[((E-3.01, [2.0], [0.01, [1OIL [[1.0), ]

N
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/

o

v

Pucynok 7 — Konkperusaiiiss KOHCTpYKTOpY «Dirypa 3 NOBEpXOHb» (3MiHHI)
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Pucynok 8 — Konkpernzairisi KOHCTpYKTOpY «®Dirypa 3 moBepXOHb) (TpaBUIa)

Hociit M, Brmouae y co6i HaGip {@,b, C} Herepminanbaux cumsouis.
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. o . LI I )
Curnarypa omnepauiit X, mictuts {,',"."}.
MHoOK€eHa ITPaBUII MiICTAHOBKK BU3HAYACTLCA SK
vi(s,g)e?, (5)
Jie S — BIAHOIICHHS MiJCTAaHOBKU, ¢ — HaOip omnepariil Hax aTpudyTaMu.

BigHOIIEHHS MMIACTaHOBKY — JBOMICHE BiJIHOIIECHHS 3 aTpulyTramMu |i -, | i
i i

BusHauaeThcs pu KOHKpeTH3anii A, HacTymHe:

- MeTa KOHCTPYIOBaHHS — HAIOBHEHHs HaOOpy MOBEPXOHb Il (hOpMyBaHHs Oararo-
PIBHEBOI TPUBHUMIPHOI (Pirypr Ha OCHOBI MYJIbTUCUMBOJIBHOTO PSI/IKA;

- oOMexeHHs — oreparllii HaJ aTpuOyTaMu BiJICYTHI, KOXKHE MPaBUIIO MiJCTAHOBKHU
MICTHTB JHIIE OJHE BiTHOIIEHHS ITiICTAHOBKH;

- [OYaTKOBI yMOBM —— IIOYATKOBAa akcioma axioma= , Habip TOBEpPXOHb

list _begin rta list _res mictute no wotupu Mozeni moBepxHi po3MilleHi y BUrMIAL piBHA
Harou, KinbKicTh itepamiii iter =1;

- YMOBa 3aBepILEHHS — BUKOHAHHS KiIBKOCTI iTepauiii iter .

[ToB’s;xkeMo OCHOBHI oreparlii HeoOXiaH1 Ay GopMyBaHHS maroau 3 cumBoiamu. [Ipu
KO>)KHOMY CHMBOJII «@» PO3PaxOBYEThCS ISl OJHIET 3 TIOTOYHHUX IMOBEPXOHb PIBHS 3MEHIIIEHA
KOTIisl 3 IEPEHECEHHIM Y 3JI0BX OCI, MICIs 4YOro 30epiraeTbesi MOBEPXHS Y JBOX CIIUCKAX — y
ciucky HoBux nosepxons list _begin Ta y cmcky ycix nosepxons ciopyau list _res. Ilpu
KOKHOMY CHMBOJI «b» TEpPeHOCUThCS OJIHA 3 TIOBEPXOHb CIIMCKY HOBHUX IOBEPXOHBb
list_temp o cnmcky norounmx mosepxons list _begin. Ipu xoxHOMYy cuMBom «C» me-
PEHOCHTBCA ofiHa yci moBepxHi 3i crmcky liSt_reS no chmcky moTodynmx moBEpXOHB
list _begin.

[Ipu dpopmyBanHi Girypu 3a onvcaHUMU IIPaBUIIaMU, JJI1 HOBOTO PIBHS MOTPIOHO B3ATH
KOXHY 3 MTOBEPXOHb TTOTOYHOTO PiBHS Ta 3MEHIIUTH HA BIAMOBIIHUN KOE(DIlli€EHT 3MEHILIEHHS
3 MEPEHECEHHSIM YCiX TOYOK MOBEPXHI Y 3/I0BK KOOPAMHATHOI OCi MapalielbHO JI0 Momnepe-

HbOTrO cTaHy. [lomepeHiii ctaH 3a3dajieriap 30eperTu Ui BiITBOPEHHS CTPYKTYpPH MOBEP-
X0Hb (puc.9).

Pucynox 9 - ®opmyBaHHS piBHIB
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[Ticns BU3HAuUEHHS cIeliami3alii, iHTepIpeTarii Ta KOHKpeTH3aIlii, MOKINBO TeperHTH
710 peatizailii Ha OCHOBI HUX.
Peasnizanist KOHCTPYKTOPY BU3HAYAETHCS SIK

CSIK = <MSIK’ZSIK’ASIK> R Q(C), (6)

ne (C) — xoncrpykuis nopomkysana koncrpykropom C .

[Ipu peamizarnii, 1aHul KOHCTPYKTOP chopmye HaOip MOBEPXOHb, be3be s KIIBKOCTI
piBHIB-iTEpaIliii, ONMMCAHOI MPU KOHKPETU3AILii.

AHaJIOrYHO 10 PO3poOKU KOHCTpYKTOpYy «dirypa 3 MoBepXOHb» PO3pOOIIIOEMO KOHC-
TpyKTOp (hOpMyBaHHSI HAOOPY TOYOK TPUBUMIPHOTO 300pa)kKeHHs MoBepXxHOCTel «/leTamiza-
il TOBEPXHOCTEI» Ta KOHCTPYKTOP A (OpMyBaHHS TPUBUMIpHOTO 300paxkeHHs «Bino-
OpaskeHHS (ppaKTaIy».

TakuMm ke YMHOM SIK TIOKa3aHO Ha puc. 4-8, BU3HAYAEMO MapaMeTpUUHi KOHCTPYKTOPH
Ta AITOPUTMIYHI KOHCTpYKTOpH. Iliciast BU3HAUEHHS yCiX aBTOHOMHHUX Ta MapaMETPUYHUX
KOHCTPYKTOPIB 3 BiJINOBIIHUMH aJTOPUTMIYHUMH KOHCTPYKTOPaMH, MOETHAEMO iX B OJUH
MOCTIIOBHUI TIporiec GOpMyBaHHS KOHCTPYKIIi y MYJIbTHKOHCTPYKTOpPi. JlomamMo MyinbTHKO-
HCTPYKTOp «3D (pakram» 10 CIUCKY KOHCTPYKTOPIB.

Ha eranmi cmenianizanii BU3BHAYUMO TOCTIAOBHICTh Nil 3 J10JIaBaHHA KOHCTPYKTOPIB,
bopMyBaHHS KOHCTPYKIIiil Ta mepeaayi Janux Mix KoHctpykropamu (puc. 10).

/ Cneujanizauis \

s

Ex
1 [onaTH KOHCTRYKTOR MynsTHCHMEBONBHWI

2 [opatv KOHCTRYKTOR Dirypa 3 NOBepxoHb b4
3 Nopatk koHCTRpyKTOR Jetanizauia nosepxoHs

4 Nopati KOHCTRYKTOP BinobpaxeHHa ¢paktany

5  ChopMyBaTH KOHCTRYELUIK Ona MynsTHCHMBONBHWA

& MepeHecTH 3HaYeHHA Bin MynsTHCUMBONEHWA axiom_result ao @irypa 3 ...

7 ChopMyBaTH KOHCTRYKUIC Gns Qirypa 3 NoBepxoHs

3 [MeperecTn 3HaveHna Big Pirypa 3 nogepxode.list_res oo Oetanizauia ...

9  Cdopmypari koHCTRYELIK ona [leTaniaauis noeepxoHs

10 MepeHecTy sHaveHHs sig [etanisauin nosepxoHs.detalized_matrix 4o ...

1 CopmMysaTH KoHCTRYELWIK ona BinoBpaxenna dpaktany

v

- /

Pucynok 10 — Cremiamizamist MyJTbTHKOHCTPYKTOPY «3D dpakTain

[Ticas iTepaTUBHOTO MPOLIECY YTBOPIOETHCSA 300pa)KeHHs] 0araTonoBepXHEBOI Maroau y
BIIMMOBITHOCTI JI0 KITBKOCTI itepariid. KinpkicTh iTepariiii BiAMOBiAa€ KUTHKOCTI PiBHIB IO
JIOTIOBHIOIOTH MaroJly BiJl MOYaTKOBOTO piBHA (puc.11).
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Pucynok 11 - Kuralicpka naroja ta ii (hpaktaibHa MOJCITH

BucHoBKH. Y pe3ynbTari po3po0i1eHO MOIei KOHCTPYKTOPIB Ta MYJIbTHKOHCTPYKTOPIB
TpuBUMIpHHUX (iryp. Po3poOieHi KOHCTPYKTOpH TO3BOJISIOTH 3MIHIOBATH MOYATKOBI (hOpMHU
¢iryp Ta HaNMaIMTOBYBATH AITOPUTMHU YTBOPEHHSI HOBHX (iryp Ha OCHOBI IOYaTKOBHUX.

3MIHIOIOUH AITOPUTMHU a00 MiIMIHSIOYH MMOBEPXHi, MOYKIJIMBO YTBOPIOBATH Pi3HH KOM-
IUIEKCHI TPUBUMIPHI (pakTaibHi 300pa’keHHsI, BAKOPUCTOBYIOUHM Y CBOT OCHOBI BXk€E PO3p00-
JIeHy MOCJIIJOBHICTh A1 y MyJIbTUKOHCTPYKTOpI. Bynu po3risiHyTi ckiaaHi Girypu, mo yTBo-
pEHI MOEHAHHAM JCKITHKOX MOBEPXHOCTEH B €IUHY, Ta CKIAJCHI, Ki YTBOPIOIOTEH irypy 3
JIEKIIBKOX 00’ €KTIB.
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Constructive-synthesizing modelling of three-dimensional fractal surfaces

The study considers the fractal properties of architectural structures, in particular, mul-
ti-tiered structures such as a pagoda. The pagoda is an example of a building where each lev-
el repeats the geometric motif of the previous one, decreasing in scale but maintaining the
overall structure and proportions.

Representation of the pagoda model using fractal geometry and Bézier surfaces to re-
produce curved elements is the main element of the work. An algorithm for the formation of
an architectural structure, where each level is modelled on the basis of the previous one
through a sequential reduction of its geometric elements, is proposed. The formation is car-
ried out with the help of constructors based on constructive-synthesizing modelling. This ap-
proach allows for the automatic creation of new levels of the structure while maintaining
their self-similarity.

One of the key tools used in the work is parametric constructors, which allow generat-
ing three-dimensional images of multi-level structures.

Particular attention is paid to Bezier surfaces, which are used to build curved elements
at each level of the pagoda, ensuring smooth transitions between surfaces. The algorithmic
constructors allows you to interactively adjust the parameters of the structure by changing
the number of levels, their proportions and geometric features.

As a result, a set of algorithms and tools for building fractal structures has been pre-
sented that can be used both in architectural design and in modelling complex geometric
shapes. The process of creating such models is described in detail through an iterative ap-
proach, where each level of the structure is the result of modifying the previous one according
to clearly defined rules.
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A.S. Tonkoshkur, A.Ye. Shcherbak
APPLICATION FOR DATA PROCESSING AND ANALYSIS
OF MEASUREMENT DATA OF THE CONCENTRATION-DEPENDENT
DIELECTRIC PERMITTIVITY OF TWO-COMPONENT COMPOSITES

Abstract. The article presents the results of using computer technologies for data processing
and analysis in dielectric measurements, structural control, and properties of polymer com-
posite materials and heterogeneous dielectrics. The algorithm used allows the identification
of the structure of non-homogeneous dielectrics with conductive inclusions by analyzing the
experimental concentration dependence of static dielectric permittivity. It helps to determine
whether their structure corresponds to known models of matrix systems or statistical mix-
tures. The developed application can be seen as part of the software for creating an automat-
ed system for scientific research in the field of electronics of heterogeneous structures and
materials, and it can also be used autonomously.

Keywords: automation of dielectric research, data processing, heterogeneous dielectrics, ap-
plication, Mathcad program, interface design.

Problem statement. The processing of experimental data to obtain information about
the physical and physicochemical properties of various materials is one of the key tasks in
their research and technical application. This procedure is usually associated with the need to
use appropriate mathematical models and perform non-trivial mathematical operations.

The use of computer technologies for these purposes, in particular, intelligent infor-
mation-measuring systems [1-5], significantly reduces the labor intensity of the process and
improves the accuracy of the results obtained.

One of the areas where such an approach is particularly relevant is the processing and
analysis of experimental data in dielectric research and the control of properties of ceramic
varistor and polymer composite materials and heterogeneous dielectrics in general [6-11].

An important aspect in the development of such semiconductor heterogeneous materials
is the study of the influence of their structure, the properties of the polymer matrix, and the
filler, as well as the physicochemical interaction between them, on the electrophysical proper-
ties of the composites in general [12-14].

Dielectric spectroscopy for this type of two-component systems is one of the most ef-
fective methods for studying the structural features and mechanisms of electrical conductivity
formation.

A particular interest lies in studying the dependence of electrical conductivity and die-
lectric permittivity on the concentration (volume fraction) of the filler, as this allows the anal-
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ysis of percolation phenomena and effects related to the formation of transition phases with
different physical properties from the original components of the composites [15-17].

Research objective. The aim of the research is to create an application for automating
the processing and analysis of experimental concentration dependence of static dielectric
permittivity of heterogeneous dielectrics with conductive inclusions in order to determine
whether their structure corresponds to matrix systems or statistical mixtures.

The algorithm implemented in the application is based on the use of the most well-
known models for describing the dielectric properties of two-component dielectrics: the
Bruggemann-Hanai model for matrix systems and the Boettcher-Hsu model for statistical
mixtures [15, 18].

Presentation of the main material of the research. To develop an effective algorithm
for processing and analysis, it is necessary to analyze the physical foundations of the process.

Within the framework of the matrix system model (Bruggemann-Hanai) [4,12,14], the
concentration dependence of the static dielectric permittivity of a two-component system
£, With conductive inclusions in an insulating environment (matrix) is described using the

following expression:
-1/ A
Emi = €q° (1 —py) 1)
where £; , gy and A are the relative dielectric permittivity of the matrix, volume fraction, and

depolarization factor of the conductive particles, respectively. It is generally assumed that the
particles have an ellipsoidal shape, and A can vary from 0 to 1 [19-21]. In the case of unor-
dered inhomogeneous (isotropic) systems, the particles are considered spherical, and i A =
1/3.

For a statistical mixture, the dependence of static dielectric permittivity £;; on the vol-

ume fraction is described by the Boettcher-Hsu model [18], and it can be written as [20,22]:
st =& Pen” (Pen — Pv}_l (2)

where p.,— is the threshold (percolation) value of the volume fraction of the conducting
component [14].

As can be seen from (2), as py— p.x, the low-frequency dielectric permittivity of the
statistical mixture £; increases infinitely.

For a two-component statistical mixture with spherical particles in the Boettcher-Hsu
model, the theoretical value of p,, = 1/3 [20,22].

It should be noted that in a number of known theoretical models of electrical conduc-
tivity in two-component media, the percolation threshold is determined by an expression of
the form p,;, = z/2, where z — is the number of bonds between homogeneous particles lo-

cated at the nodes of a particular lattice (the bond model) [23]. Depending on the degree of
order and physical properties, it has been shown that the percolation threshold value p,; can
vary from 0,05 to 0,6 [23-26].
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The unknown parameters in (1) and (2) are A and p,;. The condition for applying either

of the models in a specific real situation is the possibility of approximating the experimental
dependence  g(pyg)in  the  coordinates  [log(1 — pye); log(e;e)]  or

[log (p., —pye); log(e;z)] with astraight line [25,27].

The description of the main operations of the developed algorithm can be outlined as
follows:

1. For applying the least squares method [28], the experimental data for the concentra-
tion dependence of the low-frequency dielectric permittivity are presented in relative coordi-

nates such as [vi = log(ele /e ); xky = log (1 — pie)] and
[yé = Iag(efg;’efg); xéz = log (pm - pf}gj]. Here, efE and p.f}E - the experimental values

(i=0,1,...n-1; n—is the number of experimental points).
2. The theoretical approximating expressions (1) and (2) are rewritten as:
y1(py, 4) = —logl(1 — py) /(1 — pP]/A 3)

Y2y per) = —log[(pe —py) /(e — 23] (4)

3. To determine the unknown parameters A ta py, the following target functions must
be minimized:

T i 2
Fe(a,) = 2150 [vE — vi(pie. ap)] (%)
wherek=1-2; a; = Ataa; = pg.

The quality of the approximation can be measured by the root mean square error of the
approximation divided by the empirical mean value (variation coefficient), which is deter-
mined for each section of the relaxation dependence by the formula:

_ [Fel@ag/n-D

Vk = Tymai (6)

=p YE/ Tk

4. To choose the optimal model, the condition of minimizing the corresponding root
mean square error is applied, for example, the rule for the k-th kinetic dependence is as fol-
lows:

IF v,,;, = min(v;,), THEN the k-th model is selected.

To implement this algorithm, the well-known and widely used mathematical software
package Mathcad [29] was chosen as the main tool. The program’s user interface was devel-
oped using Visual Studio tools. Specifically, the monitor for the package was created using
C# within a Windows Forms Application project type. As previously mentioned, the compu-
tational algorithm’s application module consists primarily of Mathcad documents, specifically
version 15, which are utilized for performing the necessary calculations and operations.

In addition, the application supports a range of universal tools that allow users to work
with various file formats, including .xIsx (Excel spreadsheets) and .dat (text data files). The
results of computations are stored in text files, and the content of these files is then displayed
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on the screen in the appropriate form field. The results are added to the ListBox element for
better organization and easier access by the user [30,31].

For easy navigation between different sections of the application, buttons (Button) are
used, allowing the user to move seamlessly from one part of the program to another. The user
interface is designed with the understanding that the application integrates different software
products, which work together to provide a comprehensive solution. It includes various ser-
vice functions to assist users with data processing and analysis. These functions and the over-
all system layout are clearly depicted in Figure 1.

= Dislcometry - n] *
Button Button ListBox
|  Enter data | | Result visualization|
Butten Button
| Analyze | | Bruggeman model | Results
Button
| Bottchermode! |

File .xls, dat or txt
Experimental
data
Transfer File dat - Transfer
data Transfer Parameters data
data
Fle xmecd File .dat :>
Data :[> Farameters
processing
Fle dat
Parameters

Figure 1 — Main user interface window and application operation diagram

The algorithm to interact with the user interface can be described by the following steps:

1. Data input. The operator uploads the corresponding table of experimental measure-
ment data on the concentration dependence of static dielectric permeability into an Excel
spreadsheet (transition to the data file window by clicking the "Enter date" button).

2. Calculation in the Mathcad software package of the model parameters for the speci-
fied dependence for a given factor value and transferring them to the result analysis text file
(transition to the Mathcad software module window by clicking the "Analyze" button). Addi-
tionally, the conversion and transfer of output data to a separate text file is performed auto-
matically.

3. Displaying the results in the ListBox field (clicking the "Result visualization™ but-
ton).

Furthermore, the main window contains the buttons "Bruggeman model™ and "Bottcher
model,” which allow, if necessary, to check the correctness of the entered data and review the
obtained values of the model parameters and relative modeling errors, respectively.
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Conclusions. A variant of the implementation of computer analysis of measurement da-
ta of the concentration dependence of dielectric permeability in two-component composites is
presented, aimed at obtaining information about their structural features.

As a result of this processing, it is possible to obtain information about the structure
model that best describes the electrical properties of the studied heterogeneous material, as
well as determine the optimal parameters of the selected model (depolarization factor for par-
ticles of the component with higher electrical conductivity for the matrix system or percola-
tion threshold for the statistical mixture).

The developed application can be considered as part of the software for an automated
system for scientific research in the field of electronics of heterogeneous structures and mate-
rials and can also be used locally.

REFERENCES
1. Toumnok A. B., Jlazypuk B. T., Lenyiiko ®. ®., bopryn E. B. KommnerorepHas o6paboTka
PE3YJIbTATOB HM3MEPEHUIl XapaKTepUCTUK IUIA3MEHHOTO HCTOYHHKA YibTpaduosnera. BicHuk
XapkiBCchKOro HalioHAILHOTO yHiBepcuTery. Cepis diznuna «Sapa, yactuHky, mos», 2008, Ne
859, c. 59-64.
2. CemnuBanoBa 3. M., Cracenko K. C. TeopeTnueckre OCHOBBI MOCTPOEHUSI HMHTEIUICKTY-
QIBHBIX UH(QOPMALMOHHO-U3MEPHUTEIBHBIX CUCTEM JOMYCKOBOTO KOHTPOJIS TETUIONPOBOIHO-
CTH TEIJIOM3OJIIMOHHBIX MarepuaioB: MoHorpadus. Tambos: M3g-so PI'BOY BIIO
«TI'TY», 2015, 200 c.
3. Himanen L., Geurts A., Foster A. S., & Rinke P. Data-driven materials science: status,
challenges, and perspectives. Advanced Science, 2019, V. 6, No. 21, P. 1900808.1-
1900808.23.
4. KmumentoeB A. A. Meronbl 00paboTku cBepxOoiblinX 00BEMOB JaHHBIX B pacipeje-
JIEHHOM T€TePOTeHHON KOMITBIOTEPHOU Cpejie NIl MPHIOKEHUN B 00J1acT (DU3UKHU BBICOKHX
SHepruil u spepHoi ¢pu3uku. OU3MKa IEMEHTapHbBIX YacTUIl U aTOMHOrO siapa, 2020, T. 51,
Boem. 6, c. 1175-1303.
5. Tonkoshkur A. S., Lozovskyi A. S. Software for processing and analysis of experimental
data in researching of gas sensors. System Technologies, 2022, 1(138), P. 175-184. DOI:
10.34185/1562-9945-1-138-2022-17.
6. Kymnuk 1., Toukomkyp O. logatok anst oOpoOKH TaHUX A1eTbKOMETPUYHUX BUMIPIOBAHb.
Te3u pomosimeit VII Bceykpainchkoi HaykoBo-mpakTHuHOi KoH(epeHmii «[lepcriekTuBHi
HANPSIMKK Cy4YacHOI €NeKTPOHIKH, 1H(POpMaTUBHUX Ta Komil torepHux cuctem» (MEICS-
2022), duimpo, 2022, c. 58-59.
7. Gavrikov V. Samovosstanavlivayuschiesya PTC-predohraniteli dlya zaschiti ot tokovih
peregruzok. Novosti Elektroniki, 2014, N. 12, P. 11-15.
8. Protecting rechargeable Li-ion and Li-polymer batteries [Electronic resource]: Littelfuse,
Inc., 2017. Mode access: http://www.littelfuse.com/....
9. Tonkoshkur A. et al. Application of polymer posistor nanocomposites in systems for pro-
tecting photovoltaic components of solar arrays from electrical overloads. International
Science Group, 2021.

ISSN 1562-9945 (Print) 93
ISSN 2707-7977 (Online)



«CucremHi texHogorii» 1 (156) 2025 «System technologies»
10. Antonova K. V., Kolbunov V. R., Tonkoshkur A. S. Structure and properties of polymer
composites based on vanadium dioxide. Journal of Polymer Research, 2014, V. 21, No. 5,
P. 1-5.
11. Kolbunov V. R., Tonkoshkur A. S., Gomilko I. V. Electrical and dielectric properties of
polymer composite based on vanadium dioxide. Journal of Materials Science: Materials in
Electronics, 2017, T. 28, P. 8322-8328.
12. Morozov I. A., Svistkov A. L., Heinrich G. B. Structure of the carbon-black-particles
framework in filled elastomer materials. Polym. Sci. Ser. A, 2007, 49, P. 292. DOI:
10.1134/50965545X07030091.
13. Montazeri A., Naghdabadi R. Investigation of the interphase effects on the mechanical
behavior of carbon nanotube polymer composites by multiscale modeling. J. Appl. Polym.
Sci., 2010, 117, P. 361. DOI: 10.1002/app.31460.
14. Tonkoshkur A. S., Lyashkov A. Y., Degtyaryov A. V. Size effects in electrical properties
of carbon-polypropylene composites. Ukrainian Journal of Physics, 2016, T. 61, No. 11, C.
1008-1008.
15. Hyxun C. C., Hlunos B. H. Jlusnexktpudeckue sSBIeHUs U ABOMHOMN CIOW B IUCIEPCHBIX

cucteMax u noauanekrponautax. Kuis: Haykosa nymka, 1972, 226 c.

16. ®ucryns B. W. [Tepkossnus Toka B TOJTUMEPO-TIOTYIIPOBOAHHKOBON CTPYKType. DPu3nka
Y TEXHHKA MMOJTyIpoBOAHUKOB, 1993, T. 27, Bem. 11/12, C. 1788-1794.

17. Degtyar’ov A. V., Tonkoshkur A. S., Lyashkov A. Y. Electrical Properties of Posistor
Composite Materials Based on Polyethylene-Graphite. Multidiscipline Modeling in Materials
and Structures, 2006, V. 2, No. 4, P. 435-441.

18. Bianhegyi G. Numerical analysis of complex dielectric mixture formulae. Colloid &
Polymer Science, 1988, V. 266, P. 11-28.

19. TI'peuxo JL.I'. DddhexkTnBHAS AMIIEKTPUUECKAs TPOHUIIAEMOCTh MATPUIHBIX JUCTIEPCHBIX
CUCTEM CO c(pepuyecKuMHU MeTauimueckuMu BkitoueHusiMu. [loeepxus. 2009. Bun. 1. C.
266-270

20. Tonkomkyp O. C., Irnatkin B. V. ®i3u4Hi OCHOBU €JIEKTPUYHOTO KOHTPOJIO HEOJHO-
pinHux cucteM. HaBuanbHuit nocionuk 3 rpudom MOH. [Ininpoazepxuncek: JJITY, 2010.
290 c.

21. Degtyarlov A. V., Tonkoshkur A. S., Lyashkov A. Yu. Electrical Properties of Posistor
Composite Materials Based on Polyethylene-Graphite. Multidiscipline Modeling in Materials
and Structures, VSP, 2006, V. 2, No. 4, P. 435-441.

22. XaputonoB E. B. [ludnexktpudeckre MaTepuaibl ¢ HEOTHOPOIHOW CTPYKTypoil. MockBa:
Panwo u cBa3p, 1983. 128 c.

23. Shklovskii B. I., Efros A. L. Electronic Properties of Doped Semiconductors. Springer-
Verlag, Berlin, 1983.

24. Aneli J., Zaikov G., Mukbaniani O. Physical Principles of the Conductivity of Electrical
Conducting Polymer Composites.

% ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 1 (156) 2025 «System technologies»

25. Shin S.-G., Kwon |.-K. Effect of Temperature on the Dielectric Properties of Carbon
Black-Filled Polyethylene Matrix Composites Below the Percolation Threshold. Electronic
Materials Letters, 2011, Vol. 7, No. 3, P. 249-254.

26. Kolbunov V. R., Tonkoshkur A. S., Gomilko I. V. Electrical and Dielectric Properties of
Polymer Composite Based on Vanadium Dioxide. Journal of Materials Science: Materials in
Electronics, 2017, 28, P. 8322-8328.

27. Konbynos B. P., Toukomkyp A. C., Autonoa €. B., Bamepyk A. B. J/lusnekrpuueckas

CHEKTPOCKOMHUS KOMIIO3UTOB HAa OCHOBE IMOJUIPONUJICHA M TUOKCHIA BaHAJWSA B paauoyva-
cToTHOM jauana3one. Hosi Texnomnorii. HaykoBuii BicHuK KpeMeHUyIIbKOTO YH-TY €KOHOMIKH,
iHpopMamiifHuX TeXHOoJOri# 1 ynpasminus, 2014, Ne 3-4 (45-46), C. 21-28.

28. Ilyn E. T. Pemienne nmxenepHsix 3aaad Ha DBM. Mocksa: Mup, 1982. 230c.

29. Makapos E. I'. Hmxenepueie pacuetsi B Mathcad 15. Mocksa, 2011. 400 c.
https://ru.djvu.online/file/QeiOsgnsqd4irc.

30. IIporpammupoBanue B Windows Forms: [Enextponnuit pecypc]. Pexxum npoctymy:
https://metanit.com/sharp/windowsforms.

31. Use Visual C# to do basic file 1/0. Microsoft Learn. [Enextponnwuii pecypc].

Pexum JOCTYITY: https://learn.microsoft.com/en-us/troubleshoot/ develop-

er/visualstudio/csharp/language-compilers/file-io-operation

Received 31.01.2025.
Accepted 03.03.2025.

Jlooamok ons 00poodKu ma ananizy OGHUX 6UMIPIO6AHL KOHYEHMPAUIHOT
3anexncHocmi die1eKmpuuHoi NPOHUKHOCHI 0860KOMHOHEHMHUX KOMRO3UMIE

Y cmammi posenadaemuvca pospooka ma 6npoeadsicenns 0OUUCTIO8AILHO20 3ACMOCYH-
Ky, NPU3HAYeH020 Ol 0OpOOKU ma auanizy OaHux, OMpUMAHUX 3 OleIeKMPUYHUX OOCi-
Ooicenn. L]i docnioscennss 30cepedceti Ha 3a2albHOMY AHANIZL MUNY CMpPYKMypu 080KOMNO-
HEHMHUX KOMNO3UMHUX Mamepiaiie ma 2emepo2enHux OleleKmpuKis. 3anponoHo8anutl aneo-
PUMM BUKOPUCTNOBYE eKCNEPUMEHMATIbHI KOHYESHMPAYIUHI 3A1eHCHOCII CMAMUYHOI OiejleKm-
PUUHOI NPOHUKHOCMI 0151 KACUQDiKayii cmpyKmypu KOMRO3UMIG K MAMPUYHUX cucmem abo
CMAMUCMuyHUX cymiuiell Ha OCHOBI 6CIAHOBNIEHUX MeOPeMUYHUX MOOerell.

Bukxopucmosyromscsi mooenv bpyeemana-Xauai ons mampuunux cucmem ma mMooensb
bomuepa-Xcy ons cmamucmuunux cymiweni 0n1s oyiHKu OieleKmpuyHoi no8ediHKU 2emepo-
2eHHUX cucmem, Wo MICmams nposioHuKoei exnouents. Lllnaxom anpokcumayii excnepume-
HMANbHUX OAHUX 3d OONOMO2010 YUX Mooeseli IHCMPYMeHm 8U3HAYAE KAI0UO08l napamempu,
maxi K paxmopu denoasapuzayii abo nopo2osi 3Ha4eHHs NepKoIAYLL, AKI € KpUMUYHUMU OIS
PO3VMIHHA 61ACMUBOCMEN MAKUX MAMepiaie.

Pospobneno 3 euxopucmanuam Mathcad ons ancopummiynoi peanizayii ma Visual
Studio — oz npoexmysanns inmepgeiicy, npoepamue 3ab6e3neuenus 06pPoOOIE eKCnepuMeH-
manvHi Oawui 3 6xiOHuUx ¢aiinie (popmamu Excel abo mexcmosi gaiinu) ma cenepye pe3yiv-
mamu y 3pyuHomy 0.1 Kopucmyeada popmami. OCHOBHI YYHKYIOHATbHI MOIHCTUBOCHLT BKITO-
yaoms nepesipKy 88e0eHUx OaHux, OOYUCIeHHs napamempie Mooleli ma 8i3yanizayio pe-
3ynemamis. Lletl nioxio 3nauno niosuwye epexmusHicms i MOUHICMb OleIeKMPUYHO20 AHALI-
3y NOPIGHAHO 3 PYYHUMU OOUUCTEHHAMU.
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Po3pobnenuii 3acmocynok mae agmoHOMHI MONICIUBOCMI MA ROMeHYian 01 iHme2payii
8 aBMoMamu308aHi HayKo80-00CIIOHUYbKI cucmemu 015 eleKmpOHIKU ma HAYKU npo mame-
pianu. Lle 0036015€ docaioHuKam cnpowyygamu CKiaoOHi Mamemamuiti 00YUCienHs, 00HOYA-
CHO 3abe3neuyiouu HaoTuHUL 6uOIp MoOenel Ha OCHOBT MIHIMALHUX NOMULOK ANPOKCUMAYII.

Knouoei cnosa: asmomamusayis OieieKmpudnux 00CHiodiceHb, 00pobKa 0aHux, ceme-
poeenni dienekmpuxku, 0ooamox, Mathcad npoepama, ousaiin inmepeeticy.
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M.I. Tverdostup
ANALYSIS OF DEPLOYING INDUCTANCE-TO-PULSE SEQUENCE
CONVERTER ON NE555 INTEGRATED TIMER

Annotation. The peculiarities of construction of inductive impedance converter Based on
integral timer are analysed. Conditions of linear transformation of inductive impedance into
a sequence of rectangular pulses are found.

Keywords: integral timer, pulse, inductance, impedance, deployment converter.

Introduction. The task of increasing the reliability of measurement and control devices,
which to a great extent depends on the number of constituent elements and simplicity of
circuit realisation, is topical. Promising for the construction of simple and reliable converters
is an integrated single-cycle analogue timer NE555 (and its analogues), used to convert the
capacitance and resistance of an electrical circuit into a controlled sequence of rectangular
pulses [1,2]. However, there is practically no sufficient information about the use of the
integrated timer as an inductance converter. This requires an analysis of the peculiarities of
the construction of inductive impedance converters on the integral timer.

Problem statement. The purpose of the work is to determine the conditions for the
construction of an inductance converter into a sequence of rectangular pulses on the basis of
an integral timer.

The main part. In analogue timers, the excitation signal is fed to the input of an
internal dual-threshold comparator, which allows the design of deployment-type converters
with a linear or exponential deployment function. One of the possible simple realisations of
the inductance converter in the period of rectangular pulses is shown in Fig. 1. Here L is the
inductance to be converted with its own active resistance r. The inductance L and the timing
resistor R form an integrating circuit, the input of which is connected to the timer output, and
the output to the input of an internal two-threshold comparator with switching voltages U/3
and 2U/3, where U is the output voltage of the timer. When the timer is switched on, a high
level of voltage U is set at its output, equal to the supply voltage E,, which is distributed to
the elements of the integrating circuit according to the equation

di ‘
LE+(R+;~)1_U, (1)

Where i(t) is the current flowing from the timer output through the elements of the in-

tegrating circuit. The solution of the differential equation (1) at zero initial conditions deter-
mines the instantaneous value of current (t) in the form of
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t(R+71)
7 )l (2)

i(t)=1I[1—exp(—

where | = U/(R+r). The current i(t) creates a voltage drop on the resistance R, which is the

deploying voltage of the converter
u(t) ——[1—e p(—— (3)

where 7 = L/(R+r) is the time constant of the integrating circuit. According to (3), the voltage
u(t) increases exponentially and at time t; reaches the level of the lower triggering threshold
U/3, for which
U UR ty
u(ty) = 5= [L—exp(=7)l 4
As time passes, the deployment voltage continues to increase and at the next time in-
stant t, reaches the level of the upper triggering threshold 2U / 3, for which
2U UR

t,
u(t;) = 2 TRl exp(—— (5)

after which the output voltage U of the timer jumps to zero. This leads to a change in the cur-
rent direction i(t) as well as a change in the deployment direction until the next switchover at
u(t)= U/3. The time moments t; and t, at which the timer switches can be found by solving
equations (4) and (5), whereby

3R 3R
t; = Tin , L= TIn :
2R—r R—2r
The duration of the generated output pulse is t,-t; and their period T = 2(t; - t;), hence
2L 2R—r
T = In : (6)
R+r R-2r

The obtained conversion characteristic (6) has the form T = kL, where

2 | 2R—7r
~ R+r "R—2r

is the conversion coefficient of inductance L during the period T

of rectangular pulses.

It follows from (6) that the conversion of inductance L occurs according to the linear
law; the conversion factor k is determined by the absolute values of the resistance of the inte-
grating circuit R and the own active resistance r of the inductance, as well as their ratio R/r,
and the conversion factor k will be a positive number only if the condition is fulfilled

R>2r. (7)

Obviously, at R < 2r values of k do not exist; at R = 2r conversion factor k = oo, which
means infinite period T, otherwise, oscillation failure. When R >2r, the expression of the
conversion coefficient is simplified and transformed to the form k = 2In2/R. The value of the
conversion coefficient k can be controlled by the value of resistance R, and, in order to obtain
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high values of k, the ratio of resistance R/r should be as close as possible to the value 2, taking
into account the condition (7), while the absolute values of R and r should be minimal.

Experimental verification of expressions (6) and (7) is carried out in the converter cir-
cuit (Fig. 1), assembled on the NE555 integrated timer. Fig. 2 shows the experimental de-
pendences of the duration T of the period of rectangular pulses from the output of the timer
on the value of the transformed inductance L at different conversion factors k. The depend-
ences confirm the linear character of inductance conversion in a wide enough range and the
validity of expression (6). At the same time, thedeviation of experimental data from the calcu-
lated data according to expression (6) does not exceed 10%.

r
[ —
En
O
i(t)l L
He | Bu u 2
6 R ; | U
2 Q -
u(t)————=0 S
3 Us c K
R
C

Figure 1- Converter of inductance L into a sequence of rectangular pulses

} s k=0,165

12 c=0,149
k=0,141

10 R=10+14Q,

r=01+3Q

81 k=0.106

6

4.

2
L.mH

0 10 20 30 40 S0 60 70 80

Figure 2 - Conversion characteristics of inductance L
at different conversion factors k
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Fig. 3 shows the experimental dependences of the conversion coefficient on the loga-
rithm of the resistance ratio R/r. It can be seen that the closer Ig(R/r ) to 0,301 (otherwise, R/r
to 2), the more oscillations in the circuit were absent, which confirms the validity of
condition (7). To transform the grounded inductance L (Fig. 4), the circuit should be supple-
mented with an inverting amplifier with a single gain (R; = Ry) and bias circuit R4 < 0.5Rs.
In this case, a sweeping voltage similar to expression (3) will be formed at the amplifier out-

put.

1Kot
0,61 :

0,5:
0,41
0 3:
0,2:

0,11

L=5mH

R, Q r, Q

6+10 |0,9+3
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IR /v
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07 08 09 1.0

Figure 3 - Dependences of conversion coefficient k on the ratio
of resistances R/r at their different absolute values
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Figure 4 - Inverter with grounded inductance L

Conclusions. As a result of the analysis the following has been established:

a) the converter based on a single-cycle analogue timer converts the inductance into a
period of rectangular pulses following a linear law in a wide enough range with a conversion
coefficient inversely proportional to the sum of active resistances of the integrating circuit;

b) to ensure oscillations, the time-dependent resistance of the integrating circuit must
always be greater than twice the active resistance of the inductance to be converted;
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¢) the inductance converter on the timer is characterised by good functional capabilities
with extremely simple circuit implementation, which implies its sufficiently high reliability in
the construction of converters of passive parameters of electrical circuits into a controlled se-
quence of pulses.
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Ananiz pozzopmyrouozo nepemeoprosaya iHOyKmueHocmi
6 nocniooenicmy imnynscie Ha inmezpanvhomy maiimepi NE5S55

IIpo euxopucmanus inmeepanvrozo mavimepa NE555 ax nepemseoprosaua inOyKmMueHo-
cmi 8 NOCAI006HICMb NPAMOKYMHUX IMNYIbCIE 8i00MOCmI npakmudno siocymHui. Lle sumazae
npogedeHHs anaizy ocodaugocmell no6y008U HA IHMe2PATbHOMY maumepi nepemeoposayis
IHOYKmugHo2o imneoaucy. Jocniodxiceno cxemy maiimepa 3 iHme2pyodum KOaiom y eueisioi it-
OYKMUBHOCMI, WO NepemeoproemMbcs, i ONopy, niod'€OHanux 00 6x00y 080NOPO208020 KOMNA-
pamopa matimepa. [lisa makoz2o Koaa CK1adeHO OugepeHyiaivHe pIHAHHI, DO38's3)Y8aHHs
K020 0410 3MO2Y BUHAYUMU eKCHOHEHYIANbHULL XapaKkmep po320pmanbHOi Hanpyeu Ha 8X0-
0ax KomMnapamopis mavimepa, a MmaKoic 00epuHcamiu 8Upa3 XapaKmepucmuKu nepemeopeHHs
Y 8U2NIA0L 3AN1eHCHOCII Nepiody CRi0Y8AHHS BUXIOHUX NPAMOKYMHUX IMNYIbCI8 8i0 GeIUUUHU
IHOyKmugHocmi, Ky nepemeopioioms. Bcmarnosneno, wo xoeghiyicnm nepemeopents usHa-
YaEMbCs BeIUUUHAMU ONOPY 4ACO3A0ABANbHO20 KOA I 6]IACHUM AKMUBHUM ONOPOM IHOVKMU-
BHOCMI, WO NEePemBoOPEMbCI, NPU YbOMY ONsl ICHY8AHHA KOIUBAHL ONIP 4aAC03A0ABANTbHO20
KoNa mae Oymu OLIbUWUM 3a NOOBOEHUL AKMUBHUL ONip iIHOYKMusHocmi. ExcnepumenmanbHo
niOMEepONCeHO NIHIHICIb XapaKmepucmuKky nepemeopeHts i 00epHeHo NPonopyiiuHull uo
363Ky Koeghiyicuma nepemeopenus 3 BIOHOUEHHAM AKMUSHUX ONOPIE 4aco3a0a8aibHO20 KO-
J1a ma iHOYKMUHOCHI.

Teepaoctyn MukoJsia IBAHOBHY — JTOLIEHT, K.T.H., TOLEHT KadeapH eNeKTPOHHUX 00UUCITIO-
BaJIbHUX MalIvH J[HIMPOBCHKOTO HAI[IOHAJIBHOTO YHiBepcuTeTy iMeHi Onecs ['onuapa.
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1.V. Ponomarev
DEVELOPMENT OF A WEB APPLICATION FOR PROVIDING SERVICES
THROUGH NFT OWNERSHIP

Abstract. A solution for creating a web application for providing subscription-based services
using NFT technology is presented. The ERC721 standard for smart contracts of the Ethere-
um blockchain is used to create NFT. A three-tier architecture of the application is used,
which includes a client interface, a server, and a blockchain layer. The features of smart con-
tract integration are considered, which ensures uniqueness, transparency, and security of op-
eration. The main functions include private and public token sales, subscription renewal, and
user access to services.

Keywords: NFT, ERC721, token, smart contract, blockchain, Ethereum, Web3.js,
OpenZeppelin, MetaMask.

Formulation of the problem.In the modern world, non-fungible tokens (NFTs) have
gained popularity due to the ability to digitally prove ownership of unique objects. These to-
kens are used in various industries: art, games, digital collections and even to prove owner-
ship of real-world objects. At the same time, the emergence of NFTs has opened up new op-
portunities for creating interactive web applications based on the use of tokens as access to
services or privileges. However, the integration of NFTs into web applications requires ad-
dressing issues of security, transaction transparency, ensuring compliance with blockchain
standards and effective interaction between the user and smart contracts.

Purpose of the research. It is necessary to consider the possibilities of creating a web
application using NFTs to provide services in the form of a monthly subscription. The appli-
cation should have the ability to initially sell tokens through public and private stages, extend
the monthly subscription tied to the NFT, and gain access to services.

Such services can be: educational courses, video/audio collections, access to software,
etc.

Main part. A non-fungible token is a unique digital asset that proves ownership of a
specific object or content in the digital world. Unlike cryptocurrencies such as Bitcoin or
Ether, which are fungible (one Bitcoin equals another Bitcoin), each NFT has unique proper-
ties that make it unique.

These tokens are created and stored on a blockchain, most often on the Ethereum plat-
form, although other blockchains are also possible.

Each NFT has a unique identifier and metadata that defines its uniqueness. This data
guarantees the authenticity and ownership history of the token. For example, when an artist

© Ponomarev 1.V., 2025
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creates digital art and converts it into an NFT, this token confirms that a specific digital copy
is original and belongs to a specific person.

Using NFTs in applications has several important advantages.

First, NFTs provide uniqueness of digital assets, which is critical for proving ownership
and authenticity. This is especially true for digital works of art, collectibles, and other unique
assets. Second, NFTs allow users to have full control over their digital assets, which makes it
easier to transfer, sell, or exchange them without the need for intermediaries. This opens up
new opportunities for monetizing digital services and content.

In addition, NFTs can be integrated with smart contracts to automate various processes,
such as paying royalties to authors when their works are resold. Transparency and trust in the
system are ensured by the fact that all transactions with NFTs are stored on the
blockchain [1].

One of the key features of the Ethereum blockchain is the ability to create and manage
both fungible and non-fungible tokens. Several standards have been developed to ensure the
compatibility and interoperability of these tokens, including ERC20 and ERC721. ERC20 is
the standard for creating fungible tokens, while ERC721 is the standard for creating non-
fungible tokens.

The main functions that ERC721 adds to a smart contract are:

— balanceOf - returns the number of tokens owned by a given recipient;

— ownerOf - returns the owner of a given token;

— transferFrom - allows you to transfer a token from one owner to another;

— safeTransferFrom - transfers a given NFT from one account to another;

— approve - allows the token owner to grant another recipient permission to manage the
token;

— getApproved - returns the address that has been granted permission to manage a giv-
en token;

— setApprovalForAll - allows or revokes permission for another recipient to manage all
of the owner's tokens;

— isApprovedForAll - checks whether the recipient has been given permission to man-
age all of the owner's tokens [2].

The web application being created has a three-tier architecture: client layer, server layer,
and blockchain layer.

At the blockchain level, the developed smart contract on the Ethereum platform uses the
ERC721 standard to create an NFT with the name NewsToken and the symbol NTK. The
necessary modules are imported from the OpenZeppelin library: ERC721 - the NFT standard,
ERC721Burnable - provides the ability to modify the number of NFTs, and Ownable - is re-
sponsible for the ability to own and own rights to NFTs [3].

Variables are defined that are responsible for the settings and current state of the con-
tract: the current and maximum number of NFTs, the purchase and subscription price, varia-
bles for starting the sale, blocking subscriptions, and transferring tokens, as well as hash ta-
bles with wallet addresses for private token sales whitelistedAddresses and the validity peri-
ods of the current subscription for each token.
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The constructor calls the ERC721 constructor, where the token name and symbol are
specified, and the smart contract owner is passed to the Ownable constructor.

The noContractExec modifier is defined to prevent massive initial sale to speculators
through other smart contracts.

Taking into account the specifics of the initial sale in the form of a private and public
round, the corresponding minting functions whitelistMint() and publicMint() have been de-
veloped. The public stage gives access to purchase NFT to anyone, and during the private
sale, only users whose addresses are listed in the whitelistedAddresses hash table have the
right to purchase. Checks are provided for the correct amount to be paid, the presence of the
buyer in the private sale list, etc. The subscription renewal function renewToken(uint tokenld)
accepts the NFT token identifier as a parameter. Provided that this token is owned, the sub-
scription is extended for 30 calendar days, which generates a tokenRenew event.

function renewToken (uint tokenId) public payable noContractExec

require (msg.value == renewalPrice, "Incorrect amount of ether
sent.");

require( exists(tokenId), "Token does not exist.");

require (renewalsEnabled, '"Renewals are currently disabled");

uint256 currentexpiryTime = expiryTime[tokenId];

if (block.timestamp > currentexpiryTime) {
expliryTime[tokenId] = block.timestamp + 30 days;
} else {
expiryTime[tokenId] += 30 days;
}
emit tokenRenew (tokenId, expiryTime[tokenId]) ;

The smart contract also defines functions for solving various administrative tasks: mint-
ing and subscribing a token to another user at the administrator's expense, changing the price
for the token and subscription, adding and removing an address from the list for private sale,
setters of control variables and outputting the balance from the smart contract. We have func-
tions for viewing variables (getters) and transferring tokens to another user.

The site consists of the main page and pages for authorization, NFT sale and descrip-
tion. Integration with the Ethereum blockchain smart contract is performed through the
web3.js library. It provides developers with the ability to easily connect to the network, send
transactions, interact with smart contracts and receive information from the blockchain.

The authorization page checks for the Metamask extension, prompts you to sign a re-
quest to own this wallet, and if everything is successful, the main page of the website opens.

If the user has an NFT, the main page displays the user's address, the token identifier he
owns, the date and time of the expiration of the last purchased subscription. The user has the
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opportunity to receive services in the form of information files: the subscription is checked for
relevance, all available files are collected and downloaded to the user.

To renew a subscription to services, the renewSub() function is executed, which re-
ceives the renewal price and a token for a request to the smart contract, namely to the renew-
Token(uint tokenld) function. If the subscription is successfully renewed, 30 days are added
to the expiration date. The NFT sale page displays two stages of purchase: private and
public, the status of these stages (active or inactive), the user's access to the active stage, the
maximum and current number of NFTs purchased. When the user chooses to purchase an
NFT, the mintNFT() function is executed, which receives the purchase price, checks whether
there are still free tokens for sale, rechecks the relevance of the stages, selects the active one
and accordingly sends a request to the whitelistMint() or publicMint() functions of the smart
contract.

The server part based on Node.js allows you to process many requests simultaneously,
making the system more scalable and productive.

Conclusions. The proposed web application demonstrates the practical implementation
of using NFTs to manage subscriptions to information services. Such a system provides users
with significant benefits. NFTs provide ownership, and the absence of a password database
eliminates the risks of hacking the server. Payment with cryptocurrency allows you to be fi-
nancially independent, and the transparency of the blockchain eliminates the possibility of
data forgery. The anonymity of wallets guarantees the protection of personal information, en-
suring confidentiality and security.
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Po3pooka 6ed-000amkKy 3 HadanHsa nociye uepe3 0n00inna NFT
Heszaemozaminni moxenu (NFT) nabynu nonynssprocmi 3a60sxu modxcaueocmi yugpo-
8020 NiOMEepONCeHHss npasa eiacHocmi Ha yuikanvHi 00'exmu. Ilosea NFT sioxpuna nosi
MOJACIUBOCIE OISl CIMBOPEHHS THMEPAKMUBHUX 6€0-000amKi8, Wo 0a3yomvcs HA BUKOPU-
CMAHHI MOKeHI8 K 00Ccmyny 00 pisHOMAaHimuux nociye yu npusineis. Inmeepayia NFT y 6e0-
000amKU BUMA2AE BUPIUIEHHS NUMAHb Oe3neKu, Npo30pOCmi MPAaH3aKyill, 3a0e3neyeHHs
8i0n0gioHocmi cmanoapmam OJIOKUelHa ma e@peKmuHoi 83aemMo0ii Midxc Kopucmysavem i
CMapm-KOHMPAKmamu.
Ilpeocmasneno piwenus Onsi cmeopenHs 6eb6-000amky 3 eukopucmauwtim NFT 0ns
HAOAHHS NOCIYe 8 U0l WOMICAYHOT nionucku. Takumu nociyeamu Moxicyms Oymu.: HAG-
yanvHi Kypcu, 8ioeo/aydio 30ipKu, 00cmyn 00 NPOSPAMHO20 3a0e3neueHHs mowo.
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Cmeoprosanuii 6e0-000amoxk Mae mpupieresy apximexkmypy: KIEHMCbKULL ma cepeep-
HUU piBHI Ma piGeHb OIOKYElHY.

Ha pieni 6nokuetiny po3pobnenuti cmapm-koumpakm Ha naameopmi Ethereum euxopu-
cmogye cmanoapm ERC721 ons cmeopenns i ynpasninua NFT. Ilepeobaueno ¢yuxyii ons
Kap0y8anHs MOKeHi8, NPOO0BICEHHS NIONUCOK, YNPABGTIHHA YIHAMU A CIAMYCOM NPOOAKC).

Inmezpayin catimy 3 cmapm-KOHMPAKMOM 8UKOHYEMbCA Yepe3 bibniomeky web3.js. Bo-
Ha HAOA€E PO3POOHUKAM MONACIUBICID J1e2KO NIOKAIOYAMUC 00 MepediCi, 8iONpasiamu mpau-
3aKyii, 83aemMo0ismu 3i CMaApmM-KOHMPAKMAMU Ma OMPUMYSAmMU IHGopmMayiro 3 O10KYel Y.

Peanizosano cmopinku asmopusayii, npooaxcy NFT, ynpaeninusa nionuckamu ma 0o-
cmyny 0o nociye. Kopucmysaui maroms modciugicms nionucy8amucs Ha nociyeu, nepeis-
oamu akmueHi NiONUCKU, a Maxkoxc 30iticHioeamu Kynienio ma nepedayy NFT.

Cepsepna uacmuna 6eb-oodamky Ha 0azi Node.js 0ozeonsic obpoorasmu 6acamo 3a-
nUMi8 0OHOUACHO, POOIAYU cUuCmeMy DiNbUL MACUMAabO8aHOI Ma NPOOYKMUBHOIO.

OcHogHi nepesacu cucmemu 8KIOUAIOMb YHIKAILHICIb YUPDPOBUX aKMUBI8, (PiHaHCcO8y
He3aNeHCHICMb 3a805KU BUKOPUCMAHHIO KPURMOBANIOM, d MAKONC 3AXUCH NEePCOHATbHUX 0a-
HUX 3A605KU AHOHIMHOCMI 2amanyie. Bukopucmanns mexnonocii 61oKuyeliny 3abe3neuye u-
COKUlL piBeHb Oe3neKu, SUKIIOYaAloyU pu3uku niopobox oaunux ma 3abesneuyroyu OesneyHull
docmyn 00 iHghopmayii.

IMonomaproB Irop BosioaumMupoBHY - KaHIUIAT TEXHIYHUX HAyK, JOIEHT Kadea-pu eJeK-
TPOHHHUX OOYMCIIIOBATILHUX MAlIMH (aKyabTeTy (Pi3UKH, €IEKTPOHIKHA Ta KOMIT IOTEPHUX CH-
creM [IHIIpOBChKOIO HallOHABHOTO YHiBepcuTteTy iM.O.I'oHuapa.

Ponomarev Igor Volodimirovich - candidate of technical sciences, associate professor of the
department of electronic computers of the faculty of physics electronics and computer sys-
tems ofthe Oles Honchar Dnipro National University.
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B.B. Cnipinues, O.B. Cripinnesa, O.C. I'enuyk
JTOCJII)KEHHA MOKJIMBOCTEM IJIAT®OPMMU NODE.JS ITPA PO3POBIII
IPOKCI-CEPBEPIB 3 YPAXYBAHHSIM CYYACHUX BUMOTI'
J0 MPOAYKTUBHOCTI TA CTABIJIBHOCTI

Anomayisn. B pobomi docniosceno mooicausocmi naameopmu Node.js 00 po3podxu npoxci-
cepeepa 3 BUKOPUCMAHHAM ACUHXPOHHO20 NiOX00Y, ONUCAHO Npoyec CMEOPEHHs 8I1ACHOI pea-
Ji3ayii npoxci-cepeepa, 8KIOYAIOYU APXIMEKMYPHI PiueHHs ma UKopucmani mooyni. 30itic-
HeHo mecmysanHs npooykmusrHocmi @ npoepami FOGLDN Proxy Tester 3anpononogano2o
PpllenHs, pe3yabmamu K020 NOPIGHAHO i3 NOKA3ZHUKAMU THUWUX NONYIApHUX peanizayiu Squid
Proxy ma Tinyproxy. Ha ocnogi ompumanux 0anux 8UKOHAHO aHAli3 eheKmueHocmi 3anpo-
NOHOBAHO020 NPOKCi-cepgepa. [na peanizayii npocpamHo2o nakemy 0y10 8UKOPUCMAHO MO8BY
npoepamysanns JavaScript, nramgopmy Node.js, 6a3y oanux SQLite, ORM Sequelize, mene-
Ooicep npoyecie PM2, 6ioniomexy React.

Kmiouosi crnosa: npokci-cepsep, JavaScript, Node.js, React, Squid Proxy, Tinyproxy .

IMocTanoBka npodsemu. IIpokci-cepBepu BigirparoTh KIIOUOBY POJIb y Cy4acHHX iH-
dopmaniiiHux cucremax, 3abe3nedyroun e(ekTuBHy, Oe3lneyHy Ta MacmraboBaHy poOOTy
MepesK. X BUKOPHCTaHHS J03BOJIAE ONTUMIi3yBaTH Tpadik, MiJBUIIUTH MPOLYKTUBHICTb, 3a-
0e3neunT KOH(IACHIINHICTh Ta CTaOUIBHICTh y PI3HOMAHITHUX CEPEelOBHINAX — BiJ KOpIO-
PaTUBHUX MEPEX /10 MEPCOHAIBHUX KOPHUCTYBauiB. Y cdepi po3poOKU MPOKCi-cepBepiB acUH-
XpOHHI M1aTGopMu HaOy/IHM 3HAYHOI MOMYJISIPHOCTI Ta BaXJIMBOCTI. BOHM 103BOJSIOTH CyTTE-
BO MIABUIIUTH MPOJYKTUBHICTb, TOKPAIIUTH MAcIITa0OBaHICTh 1 3a0€3MEUNUTH IIJIaBHE 00CITy-
TOBYBaHHSI BEJIMKOI KUIBKOCTI OJHOYacHHMX 3’€IHaHb. OcOOJMBOCTI BUKOPUCTAHHS aCHHX-
POHHMX IUIaT(GOPM MOKHA IMPOCTEKUTH Ha MPHUKJIAAl TEXHOJIOr Ha 3pa3ok Node.js, sKi ak-
TUBHO BIIPOBAJKYIOTbCS JJISl peajlizallii MpOKCI-CEpBEPIB 1 CYMIKHHUX MEPEKEBHUX pIIIECHb.
Oco0nuBOCTI BUKOPUCTAHHS aCMHXPOHHUX Iutatdopm y cdepi po3poOKH MpOKCi-cepBepiB
MOJIATAIOTh Y HEOJIOKYI0UOMY MiAxo/1 10 00poOku Tpadiky [1], MmoxnuBocTi ehekTUBHOI 00-
POOKHM BEIMKOI KITHKOCTI OJJHOYACHUX 3aIUTIB, IMIBUIICHH] MAacIITaOOBaHOCTI Ta CIIPOIIEHHI
apxitektypu. Lle cTBoproe 0CHOBY 1Sl pO3pOoOKHU O1IbII IPOAYKTUBHHX, CTAOUTBHUX 1 MacIll-
TaOOBAHUX MPOKCI-PILIEHb, 3/IaTHUX YCHIIIHO (PYHKI[IOHYBATH B YMOBAaX Cy4yaCHUX JUHAMIY-
HUX 1HQOpPMaILIHUX CHUCTEM.

AHaJii3 0CTaHHIX J0cCailKeHb. 3aBSKU CTPIMKOMY PO3BUTKY TE€XHOJIOTIHM 1 MiABHILE-
HUM BHMOTaM 0 MPOAYKTUBHOCTI, Cy4acHi MiIXOAH 0 pO3pOOKH MPOKCi-CEpBEPIB aKIEHTY-
I0Th yBary Ha MaciTaboBaHOCTI, IIBUIKOCTI POOOTH, HAIIMHOCTI Ta MIATPUMII HOBITHIX Me-
pexeBUX MPOoTOKOMIB [2]. OCHOBHI OTOYHI TEHACHITI1:
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— BukopucTaHHS aCHHXPOHHHX 1 TIOJI€BO-OPIEHTOBAHUX apxXiTeKTyp. OIUH 13 KII0YO-
BUX TPEHIIB y po3po0Ili MPOKCi-cepBepiB — Mepexif BiJ TPAIUIIHHUX OJOKYIOUUX MOJEIeH
00pOOKH 3aIUTIB O AaCHHXPOHHUX, MOAI€BO-OPIEHTOBAHUX apXiTeKTyp. Taki miaTdopmu, siK
Node.js, 3a6e3neuyroTh HEOIOKYIOUNH BBiJI/BUBIJ, IO AO3BOJISIE OOPOOIATH TUCSIYI OAHOYAC-
HUX 3 €JHaHb 0€3 CYTTEBOrO 30UIBIICHHS 3aTPUMKH [3], 110 HE JIMIIE MiJBUIIYE MPOTYKTUB-
HICTb, a i Ja€ 3MOTy e()eKTUBHO MacIITaOyBaTh CUCTEMY FOPHU30HTAIBHO.

— MikpocepsicHa apxitektypa. CydacHi MiAXOIU 1O PO3POOKH 4acTo mependadaroTh
BUKOPUCTaHHS MIKPOCEpPBICHOI apXiTEKTYpH, JIe TPOKCi-CepBEP BUCTYIAE K OJAMH 31 CIielia-
T30BaHUX CEepBiciB 200 CKIAAOBHUX OUTBIIOTO KOMIUICKCY. 3aBISKH MOy CUCTEMHU Ha HEBe-
JIMK1, HE3aJI)KHI KOMIIOHEHTH, KOJKEH MIKpPOCEpBIiC MOXe OyTH OHOBJICHUH, MacIITaOOBaHUMA
a00 3aMiHeHMH 0e3 BIUIMBY Ha BCIO cUCTeMYy. LI rHYUKICTh 103BOJIS€ MIBUJKO pearyBaTH Ha
3MiHHM B HAaBaHTa)XCHHI Ta 3alUTaX KOPUCTYBAUiB.

— Konreiinepusauia. Konrelinepuzanis, Hanpukiaj 3a gonomoror Docker, Takox
cTaja CTaHJapTHUM IHCTPYMEHTOM [yl PO3rOpTaHHs HpoKci-cepBepa. KoHTeliHepu 103BO-
JSIFOTh CTBOPIOBATH BiATBOPIOBAHI OTOUYEHHS PO3POOKH Ta IIBUIKO PO3TOPTATH iX Y OYyIb-sKii
1H(pacTpyKTypi — JOKANBbHO, y XMapi uu Tibpuanux cepenopuiiax. Lle crporrye mporec oHo-
BJICHHS, MacIITaOyBaHHS Ta MiATPUMKH PIllICHb.

— Iurerpamis 3 cucremamm opkectpamii Ta OanmaHcyBaHHsA HaBaHTaxeHHs. CydacHi
MPOKCI-CEpPBICHI PIIEHHS YacTO MPALIOIOTh Yy 3B’S3I 3 OpKeCcTparopamMH KOHTEHHEpiB Ha
kmrtant Kubernetes [4]. Opkectparlisi 103BOJIsIE aBTOMATH3yBAaTH MPOILIECH PO3TOPTaHHS, Ma-
ciTadyBaHHS Ta OHOBJIEHHS cucTeMu. [Ipokci-cepBepH IHTErpyrOThCS 3 cepBicaMu OajlaHCy-
BaHHS HaBaHTAXXEHHS, SIKI 3a0e3MeuyloTh €PEeKTUBHUN pO3MOALT TpadiKy MiX PI3HUMHU BYy3-
namu. Lle cnpusie MiaBUILIEHHIO TOCTYITHOCTI Ta CTIMKOCTI 10 3001B.

— Onrumisanis IpoAYKTUBHOCTI 3a foromoroto kemryBanHsa Ta CDN. [Hterpauis 31 cu-
CTeMaM¥ KeIIyBaHHS JIOTIOMAra€ CyTT€BO CKOPOTUTH Yac JIOCTYITY /IO YacTO 3alTUTYBAaHHUX pe-
cypciB. Cy4acHi MPOKCi-CepBEPH MOXKYTh JTUHAMIYHO KEIIyBaTH BIAMOBIIL, 10 3HIKYE HaBa-
HTa)KEHHs Ha KIHLEBl CEpBEpU Ta NMPHUCKOPIOE TOCTABKY KOHTEHTY KiHIIEBOMY KOPHUCTYyBauy.
IToennanns npokci-cepepa 3 CDN po3muproe MOXKIMBOCTI ONTUMI3alil, JO3BOJSAIOYH 00-
CIIyTOBYBaTH KOPHCTYBauiB i3 reorpadiuHo OJIU3bKHUX BY3JIiB MEPEXKI.

— [ligBuieHHs 6e3neKu Ta KOHTPOJb JOCTyNy. be3neka € KpUTHUHO Ba)KIMBOIO CKJa-
JIOBOIO CYYaCHHX CHCTEM, 1 MPOKCI-CEPBEPH BIAIrPalOTh TYT MPOBiIHY poiib. [HTErpoBaHi Me-
XxaHi3MH ayreHTH(]ikamii, aBropusanii, mmdpysanns HTTPS-tpadiky, a Takox 3axucT Bij
DDoS-atak n03BONAIOTH 3a0€3MEUUTH HAiHY i Oe3neuny po6oTy cuctemu. CydacHi miaxo-
JIM BKJIIOYAIOTh BUKOpHCTAaHHS NMpoTokoiiB OAuth, JWT-TokeHIB Ta IHIIMX Cy4acHUX CTaH]ia-
pTiB Oe3neku [5].

— AHaniTUKa, MOHITOPUHT 1 criocTepexyBaHicTb. CydacHl MAXOAM BKIIIOYAIOTh BIIPO-
BaJDKEHHSI CHCTEM MOHITOPHHTY, JIOTYBaHHS Ta TpacyBaHHS 3anuTiB. Lle 3a0e3neuye crocre-
PEXYBaHICTh 1 AOCTYI JO aKTyaJIbHUX METPUK Yy PEXUMI PeajJbHOro yacy, IO JO0NOoMarae
OTlepaTHBHO pearyBaTH Ha aHOMaJIii, ONITUMI3yBaTH MPOAYKTUBHICTG 1 MMOKpAIlyBaTH CTaO1Ib-
HICTh MPOKCI-CEpBepa.
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Meta po6oTu. Ilonsirae y cCTBOpeHHI YHIBEpCAIBHOTO MPOrPAMHOTO MAKeTy sl mo0y-
JIOBU TIPOKCi-CEpBEPIB 3 BUKOPUCTAHHAM aCHHXPOHHOTO MiIXO/Y 1 BIPOBA/KEHHIO HE3aJIEK-
HUX TiAcTyk0 Ha 6a3i iardopmu Node.js, 1m0 3a0e3nedye ypaxyBaHHS CydaCHUX BHMOT JIO
IPOAYKTHUBHOCTI Ta CTa01IbHOCTI.

OcHoBHa yacTuHAa. Po3po0ieHnii mporpaMHUi MaKeT CKIAAAETHCS 3 YOTUPHOX OCHOB-
HUX CKJIaJOBHX: TOJIOBHOI CITy»KOH, iHTepdeiicy HamamTyBaHHs, 0a3u JaHUX 1 MHOXHHHU Te-
HEpOBAaHUX MiACITYK0 17151 KoHKpeTHHX [P-aapec. [liarpama B3aeMo1ii KOMIIOHEHTIB HaBeICHA

Ha PUCYHKY 1.

h 4

IHTepdeiic
P [onoBHa cnyxba Basza paHux
HanalwTyBaHHs <

A 4
MHOXWHa reHepoBaHUX NiAcNyx6 ANA KOHKPETHWUX ip-agpec

Migcnyx6a ans Miocnyx6a ona Migcnyxba ans
ip: 0.0.0.0 ip: 0.0.0.1 ip: 0.0.1.0
|
1 |

Pucynok 1 - [liarpama B3aemMo/1ii KOMIIOHEHTIB POTPAMHOT0O TaKETy

["ostoBHa ciry>k0a BiAMNOBIZA€ 3a HAIAIITYBaHHS MPOTrPAMHOTrO MaKeTy Ta BUKOHYE (yH-
KLi yIpaBJiHHSA CYTHOCTSMHU ip, user, auth Ta access, a Tako)Xx aBTOMaTHYHO CTBOPIOE MifC-
Tyk0M Ha OCHOBI €K3eMIUIAPIB cyTHOCTI ip. Lle 3abe3neuye neHTpani3oBaHe yrnpaBiliHHS BCi-
Ma esleMeHTaMu cucteMu. CTpyKTypa rojIoBHOT CiIyXOM po3po0IieHa [yl CIIPOLIeHHS YIpaB-
JIHHS KOJOM Ta 3a0e3neueHHs MOy IbHOCTI [6]. BoHa BKIIOYa€e HACTYIHI KOMIIOHEHTH:

— (aiin app.js - OCHOBHaA BXi/IHa TOYKa CIY)KOH, sIKa BIJMOBIJAa€ 3a 3alyCK IpOrpamu,
HiAKJIIOYEHHS 70 0a31 JaHUX, HAIAIITYBaHHS CepBEpYy Ta MiAKIIOYEHHS MapUIpyTU3aTopiB;

— ¢aitnu tumy model - MICTSITh BU3HAUEHHS MOJeNel 06a3u JaHuX, Takux sK P, USEr,
auth Ta access. BoHu BiAMOBIaI0Th 32 CTPYKTYpPY TaONHIL Y 0a3i JaHHUX, a TAKOX 32 BCTAHO-
BJICHHS B3a€MO3B’SI3KIB M)XK HHMU;

— (aiiin Tuny router - BIANOBINAIOTH 3a MapLIpyTu3aulilo 3anuTiB. KoxkHa CyTHICTh
Mae€ CBIil MapIIpyTU3aTOp, KU BU3HAYAE KiHIIEB] TOYKHU 1711 00poOku CRUD-3anuTiB Ta iH-
KX CHeHU(IYHUX OIepalliif, HampUKIaJ, MapIIPyTU3aTOP JUIsl CYTHOCTI 1p BKJIIOYA€E Maplil-
PYTH JUUISl aKTUBAIIi1, JCAKTUBAIII] Ta OTPUMAaHHS CITUCKY TICTYXKO;

— (aiu Tuny controller - MicTATH J0TiKy 00pOOKH 3aluUTIB, MEPEAAHUX MapIIPyTU3a-
topamu. KonTtposnepu orpumytots gani 3 HTTP-3anuriB, B3aeMoniroTh 13 Mojensamu 0aszu jaa-
HUX, BUKOHYIOTh HEOOX1/IH1 Omepallii Ta MOBEPTatOTh BIAMOBIIb KIII€HTY. JIJIs1 KOXKHOI CyTHOC-
Ti iICHY€ BIMOBITHUI KOHTPOJIEP.

Inrepdeiic HanamryBaHHA - e HaaOyaoBa Hag API ronoBHOT cityx6H, 1 OLIBII KOM-
doptHOi B3aemonii. Lle moxe 6yau CLI abo caifT, 110 3aITyCcKaeThCsl pa3oM 3 MPOTrPaMHUM
nakeroMm. CLI mpairtoe nocriiiHo, MOBHICTIO ny0moe moxmBocTi AP i qo3Bosisie BMUKaTH i
BUMUKaTH caidT. CalT 3amyckaeTbcs Ha nopty 13000, ocTyn 10 HOrO MOKHA OTPUMATH Ye-
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pe3 BeO-Opaysep 3a aapecoro http://host:13000, ne host e ocHoBHa IP-aapeca cepsepa e 3a-
nynieHuid nporpamauii maket. OxpiM ayomoBanHs MoxunBoctei API caliT no3Bosisie MacoBe
3aBaHTa)kKeHHS HOBUX [P-anpec i kopucryBauis.

B 6a3i nanux (pucyHok 2) 30epiratoThcst HanamryBanus [P-agpec, nani kopucTyBadis,
iHpopMmanig nmpo noctyn KopuctyBauiB 110 IP, a Takox 3anucu noryBanHs. B sxocti 6a3u na-
Hux Oyno BuOpano SQLite 3aBAsKH ii MPOCTOTI, JETKOCTI iHTErpallii Ta BUCOKINA MPOIYKTHB-
HOCTI B yMOBax HEBEJIMKUX 1 CEpEAHIX MPOEKTIB. Po3poOka 0azu maHuX BKIFOYANa CTBOPEHHS
JOTUPHOX TAONMUIk: ip, user, auth i access, siki 30epiraloTh BCi HEOOXiAHI JaHl i poOOTH
mporpaMHOTo nakera. 3a qomomororo ORM Sequelize 3a0e3nedeHo 3pydHy iHTErpaiito 6a3u
JaHUX 13 TPOrPaMHUM KOJIOM, aBTOMAaTH3allil0 CTBOPEHHs TaOJUIh Ta B3a€EMO3B’S3KIB MIiXK
HumH. Lle cripomnye ynpaBimiHHS JaHUMH Ta 3a0e3Meuye JEeTKiCTh Y MOJANbIIIN TATPUMII Ta
pO3MmUpeHHi PYHKIIOHATBHOCTI.

MHOX1HA TeHEPOBAHMX MIACITYKO BKIIOYAa€E B ce0e 1o CIyK01 Ha KOXKHY JTOJIaHy B TIPO-
rpamuuii naker [P-anpecy. s reHepyBaHHS MiAcIyx0 OyB po3po0ieHHid MabI0OH Ha OCHOBI
6i6morexkn Handlebars, sixkuii mo3Bosisie cTBOproBaTH auHamiuHi (adimm st xoxxHoi IP-
anpecu. I[lincmy:xOn BUKOHYIOTh (DYHKIIIO MPOKCYBaHHS, MEPEBIPAIOTH aBTOPU3ALil0, JIOTY-
I0Th 3aIIUTH Ta MEPIOIMIHO CHHXPOHI3YIOTh JIaH1 aBTOpH3allii 3 TOJIOBHOIO CITYKO00¥0.

Pucynoxk 2 - CtpykTypa 0a3u gaHux

J17is migBUIICHHS] IIBUAKOIT TaH1 aBTOpHU3allii 30epiraloThCs B aM’sITi MiICTyKOH, a He
BUTATYIOTbCS KOJKHOTO pasy 3 0a3u JaHuX, JUIs I[bOT0O B Micayk0i peanizoBaHa oOpoOka 3a-
MUTY 32 (PIKCOBAHOIO aPeCcoro 13 (PiIKCOBAHUMH JJTaHUMH aBTOpH3allii. 3aB/IIKM BUKOPUCTaHHIO
MonymiB http, net ta url Baamocs peanizyBaTM BUCOKONPOAYKTHBHHMNA 1 HaliHHUI MexaHi3M
00pOOKHU KITIEHTCHKUX 3aIUTIB.

Jlnst yrpaBiiHHS MpoliecaMH MPOrpaMHOro MakeTa BUKOPUCTOBYEThCS MEHEKep Ipo-
neciB PM2 - noTyxHu#t iHCTpyMEHT U1 3aIlyCKy, MOHITOPHHTY Ta ynpasiinas Node.js qoga-
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TKaMH B peaJlbHOMY 4aci, 110 TapaHTye e()eKTUBHE YIpaBIIiHHS HiAcayk0aMu, cTablIbHY po-
00Ty Ta 3py4YHICTh Y MacIITaA0yBaHHI.

PosropranHs mporpaMHOro MakeTa BKIJIIOYAIO HaJAIITyBaHHS BHIUIEHOTO CEpBEpY:
BcTaHoBieHHs Node.js, PM2 st ynpasminas nporecamu, Nginx juist BeO-iHTepdeiicy Ta ma-
pLIpyTH3aIlil0 MepeXeBUX MakeTiB. [lakeTr jerko iHTerpyeThest B iHOPACTPYKTYpY, 3ade3rme-
9yI0YU CTa0lIbHY POOOTY.

Ha pucynkax 3-6 HaBeqeHO MPUKIIAAN B3a€MO/IIi 3 TOJOBHOIO ciy00t0 uepe3 RESTful
API. JIns migBUILIEHHS 3pYYHOCTI KOPUCTYBAHHS B MPOTPaMHUM MakeT OyJo BKIIOUEHO web-
iHTepdeiic po3pobienuii 3a nonomororo JavaSrcipt-610mioTexu React.

Web-intepdelic Hamae noctyn 10 MoBHOT (GYHKIIOHAIBHOCTI 0cHOBHOTO API Ta BKITIO-
4yae 3 cropiHku: /ip, /user i /access. ba3oBOI0 CTOPIHKOIO € /ip, A€ TMepeideHi eK3eMILIIPH
cyTtHoCTi ip. KoXeH ex3eMIuisp MO)KHa BUAAJHNTH, PeJaryBaTu, akTUBYBaTu a0 JICaKTHBYBa-
T (prcyHOK 7). [l HaBiramii mo web-inTep¢eiicy BAKOPHUCTOBYETHCS HaBIramiiHa MaHeb.

2.59.223.36:5000/user

ization Head ) Body Scripts S gs
none @ form-data x-www-form-uriencoded raw binary GraphQL

Key Value Content-Type Description

username testuser

password testpass

200 OK

2.59.223.36:5000/ip

Authorization Head (8) Body
none @ form-data x-www-form-urlencoded raw binary GraphQL
Value Content-Type Description
2.59.223.37
local_ip 10.01.178
port 9193

type HTTP

201 Created

Pucynox 4 - 3anuT Ha CTBOPEHHS €K3EMIUISIPY CYTHOCTI ip
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M root > M proxy-server > [Ml services

A Date Modified

. 2.59.223.36.j5

. 2.59.225.37js

rwerr—

. 2.59.225.101js

Pucynox 5 - ®aiin 3reHepoBaHUi IPH CTBOPEHHI €K3EMILISIPY CYTHOCTI 1p

Pucynok 6 — Iporec, 3anyiieHnii Ipu CTBOPEHHI €K3EMILISIPY CYTHOCTI ip

Dashboard

Accesses

1d External ip Local ip Port Type Description Connect date Deactivate date Actions

1 2.50.223.36 10.0.1.177 9102 HTTP 2024-11-21 14:34:00 o/ 8
2 2.59.223.101 10.01.7 9190 HTTP 2024-11-21 14:34:08 -)/ i
6 2.59.223.37 10.0.1.178 9193 HTTP 2024-11-2406:23:23 L VA |

Rowsperpage: 5+  1-30f3

Pucynok 7 - Cropinka /ip

IIpu HatuckanHi Ha kHONKY «Create ip» BIJKPUBAETHCSI MOJAJIbHE BIKHO pellaryBaHHS
(pucyHOK 8).

Create ip
Ip
Local ip
Port
HTTP -

Description

Save

Pucynok 8 - MonaiabHe BIKHO CTBOPEHHSI HOBOT'O €K3EMIUISIPY CYTHOCTI ip

Cropinka /user (hyHKIIOHAJIBHO MTOBTOPIOE CTOPIHKY /ip. OCKIIBKU €K3eMIUISIpU CYTHO-
CTl access JICaKTUBYIOTHCSI aBTOMAaTHYHO, HA CTOPIHII /access BIACYTHI KHOTKHU JUIsl MaHIIy-
JIIOBAHHSAM CTaHOM aKTMBHOCTI. SIKIIO TOCTYN MOTPIOHO MPUITUHUTH a00 MOJAOBXKUTH - HEOO-
X1IHO Yyepe3 MoJlajibHE BIKHO pearyBaHHs 3MIHUTH J1aTy 3aKIHYCHHSI.

IcHye Benmuka KUTbKICTh IPOrpaMHUX PILLIEHB /ISl CTBOPEHHSI IPOKCI-CEPBEPIB 3 ypaxy-
BaHHAM cHeUpIYHUX MOTPeO, TaKUX SIK MBUAKICTh 00poOKa 3amuTiB, THYYKICTh KOH]ITYpa-
ii Ta piBers 6e3neku: Squid Proxy, Tinyproxy, Privoxy, HAProxy, Dante Tomo. B 11iii po6o-
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Ti aHaJi3ye€ThCs MPOMYKTUBHICTh PI3HHUX MIJIXOMAIB 10 pealtizaiii mpokci-cepBepiB (OPiBHIO-
IOTBCSI TIPOKCi-CepBEP, CTBOPEHUH 3a JOMOMOTOI0 pO3pOOIEHOr0 MPOTrPaMHOrO MaKeTy i3
NOMYJISIPHUMU icHYrounMH peainizarismu Squid Proxy Ta Tinyproxy), BU3HaueHHs iXHIX Ie-
peBar Ta HeOJMIKIB y pi3HUX yMoBax. OcoOnuBy yBary NmpHIiIeHO MOPIBHAHHIO Yacy 00poo-
KM 3aIUTIB JI0 TONYJISIPHUX BeO-pecypciB, M0 HAJA€ 3MOTY OLIHUTH €(PEKTHBHICTH KOKHOTO
pillIEHHS B peaJbHUX CLIEHAPIAX BUKOPUCTAHHS.

TecroBuM CTEHIOM € BIpTyaJbHHI BHJUICHUA cepBep OpEHIOBaHUI Ha cepBici
onecloudplanet.com. CepBep po3ramoBanuii y micti Kuis. [l TecTyBaHHS MIBHIKOIT BUKO-
pucrano nporpamy FOGLDN Proxy Tester, 3amyiieHy JOKaJIbHO Ha IE€PCOHAIbHOMY
KoMIT toTepi y MicTi JJHinpo.

[Ipu TecTyBaHHI MEpeBipsEThCS MIIKIFOUCHHS 10 CTOpiHOK: https://www.google.com/,
https://www.youtube.com/, https://github.com/, https://x.com/home i
https://stackoverflow.com/. [lo koxHoi cropinku 3pobieHo 100 iTepawiii 3anuTiB, Mo yep3i
Yyepe3 KOXKHE 13 JOCIHIPKyBaHUX pillleHb. B pe3ynbraTax po3risiiacTbes CepeiHs 3aTpUMKa B

MUTICEeKyH/IaX.
Taomus 1
PesynbraTu TeCTYBaHHS B OJTHOTIOTOYHOMY PEXHUMI
[Tpokci-cepsep Ha Node.js Squid Proxy | Tinyproxy
https://www.google.com/ 127 126 186
https://www.youtube.com/ 211 206 270
https://github.com/ 164 157 224
https://x.com/home 210 203 307
https://stackoverflow.com/ 243 236 282
Tabmurs 2
Pe3yJ'IBTaTI/I TCCTYBAHHS B 6al"aTOHOTO‘lHOMy pe)KI/IMl
[Tpokci-ceprep Ha Node.js Squid Proxy | Tinyproxy
https://www.google.com/ 147 169 253
https://www.youtube.com/ 226 241 312
https://github.com/ 184 199 267
https://x.com/home 224 216 355
https://stackoverflow.com/ 251 260 288

B oanorounomy pexumi (tTabmuns 1) cepeaniii moka3HUK npokci-cepsepa Ha Node.js
191 mc, Squid Proxy 186 mc, a Tinyproxy 254 mc. B 6araTtonorounomy pexxuMi (Tabimis 2)
cepenHii Mmoka3HUK Ipokci-cepBepa Ha Node.js 206 mc, Squid Proxy 217 mc, a Tinyproxy
295mc. TakuM 9YMHOM B OJTHOMIOTOYHOMY pEeXHMI Ipokci-cepBepa Ha Node.js Ha 2.69% mnoBi-
aeHime HIXK Squid Proxy 1 Ha 32.98% mBuame Hixk Tinyproxy, a B 6ararornoToyHoMy pe-
xuMi Ha 5.34% mBuame Hixk Squid Proxy i Ha 43.20% Hix Tinyproxy.

JlocmiKeHHs TTOKa3alio, Mo y pekuMi 00poOku mocigoBHUX 3anuTiB Squid Proxy me-
MOHCTpPYE HaWKpall pe3ylbTaTH 3aBSKH CBOi ONTHUMI30BaHIi apXiTeKTypi, TO1 SIK TIPOKCI-
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cepeep Ha Node.js nuIIe TPOXH IOCTYMAETHCS HOMY 3a IIBHJIKICTIO, BHIIEPEIKAIOUU
Tinyproxy i3 3HaUHUM BiIPHBOM.

VY 6aratonoTo4yHOMY pekuMi Mpokci-cepBep Ha Node.js BUSBUBCS HAHOUIBII e€EKTHUB-
HUM, BunepeauBiu Squid Proxy, 1o ¢BiquuTh Ipo HOro 31aTHICTh 0OpPOOISTH BUCOKI HaBaH-
T@)XEHHS Ta BUKOHYBaTH OJHOYACHI 3amUTH WIBUALIE. Tinyproxy, HaTOMICTb, IEMOHCTPYE
HAHIKYY POJYKTUBHICTH B 000X pEXUMaX, 110 0OMEXYe HOT0 3aCTOCYBAaHHS Y CIICHAPIsX 3
MMABUILEHUMA BUMOTaMH JI0 IIBUAKOMIT.

AHali3 MOKa3HUKIB TaKOX IJIKPECIIOE MEepCHEeKTHBHICTh 3acTocyBanHA Node.js s
CTBOPEHHS IPOKCi-CEPBEPIB y CLIEHAPIsAX, € BAXKIMBHNA OaaHC MiX MPOIYKTUBHICTIO Ta MPO-
CTOTOIO peai3ariii.

BucHoBkH. YJOCKOHAJICHHIA ITiIX1/1 JO CTBOPEHHS MTPOKCi-CEPBEPIB, 3aMPOTIOHOBAHUN Y
paMKax 1i€ei poOOTH, CIIpHsie 3HAYHOMY 3HIDKEHHIO BUTPAT 4acy 1 MaTepiallbHUX pecypciB 3a-
B/ISIKM BIIPOBA/DKEHHIO CydaCHHX TexHoJorii. Bukopucranns miardpopmu Node.js no3Bossie
3a0e3MeUnTH BUCOKY MPOAYKTUBHICTh Ta aCHHXPOHHY OOpPOOKY 3amuTiB, 10 pOOUTH PO3pO0-
JICHUH TPOTPAMHUH TMaKeT €PEeKTHBHUM i THYYKHM Yy 3aCTOCYBAaHHI IS PI3HHX CIIEHApIiB.
Kpim Toro, BIockoHanmeHHMH minxin 3abe3medye IiIBUIICHHS SIKOCTI CTBOPEHHX IPOKCi-
CepBEpiB 3a PaxXyHOK MOIYJIBHOI apXiTeKTypH, L0 J03BOJISE JIETKO MacmTadyBaTu CHCTEMY,
azanTyBaTH ii M7 3MiHHI HAaBaHT@XXEHHS Ta IHTETPYBaTH JOJATKOBI (DYHKIIII, Taki sIK QiIbT-
pauist Tpadiky, kemryBanas abo mmdpyBaHHs. [lomanbmmii po3BUTOK 3aPOIIOHOBAHUX J0C-
JDKEHB CIIi/I peai3oByBaTH B HANPSMKY PO3IIMPEHHS METOMAIB aBTOpHU3allii 3aluTiB, 10/1a-
BaHHS MOXJIMBOCTI CTBOPEHHS YOPHMX 1 OUIMX CIUCKIB, OLIBIIOI KUIBKOCTI crIoco6iB oOMe-
KEHHsI 1OCTyny (HampuKIag oOMexeHHs 1o oocsry abo IP-nocrymy).
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Exploring the possibilities of the node.js platform in the development of proxy servers,
taking into account modern requirements for performance and stability

Proxy servers play a key role in modern information systems, providing efficient, secure
and scalable operation of networks. Their use allows you to optimize traffic, increase
productivity, ensure confidentiality and stability in various environments from corporate
networks to personal users. In the field of proxy server development, asynchronous platforms
have gained significant popularity and importance. They can significantly increase
productivity, improve scalability and ensure smooth servicing of a large number of
simultaneous connections. The paper examines the capabilities of the Node.js platform for
developing a proxy server using an asynchronous approach and the implementation of
independent subservices, in particular, the process of creating your own proxy server
implementation is described, including architectural solutions and the modules used.
Performance testing was conducted in the FOGLDN Proxy Tester program for the proposed
solution, the results of which were compared with the indicators of other popular
implementations of Squid Proxy and Tinyproxy. Based on the obtained data, an analysis of
the proposed proxy server efficiency was performed, which emphasized the prospects of using
Node.js to create proxy servers in scenarios where the balance between performance and
ease of implementation is important. The JavaScript programming language, Node.js
platform, SQLite database, ORM Sequelize, PM2 process manager, and React library were
used to implement the software package.
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M. Borza, /I. biprokos
MOJIEJIb CUCTEMMU TEIIVIO3ABE3IIEYEHHSA BYJUHKY
13 BAKOPUCTAHHSIM TEINIOHACOCHOI YCTAHOBKH

Anomayin. Y cmammi npedcmagneno OUHAMIYHY MOOenb cucmemu meniozabesneuents 0y-
OUHKY Ha ocHogi mennonacocuoi ycmanoexu (THY), pospobneny 6 cepedosuwsi MATLAB
Simulink i3 euxopucmanuam 010Kie Simscape 051 MOOeN0BAHH MENI0BUX npoyecis. Axmy-
ANbHICMb 00CIIONCEHHS NIOKPECTIOEMbCS HEOOXIOHICMIO CKOPOUEHHS BUKOPUCMAHHS GUKON-
HO20 nanuga, wjo NioGUUWULIO NONUM HA eHepeoedeKmueHi MmexHon02ii ma cucmemu, 3acHo-
8aHi Ha BIOHOGIIOBAHUX Odicepenax eHepzii. Onmumizayiss maxKux cucmem € KpUMmuiHo 8adic-
JIUBUM 3AB80AHHAM ) KOHMEKCMI 2100a1IbHUX 3YCUTL W000 NIOBUWEHHS eHepeoedheKMUBHOCI
bydisens.

Mooenv 6paxogye KoOHCmMpPYKmMueHi o0cobiugocmi OYOUHKY, 30Kpema mamepianu 020poo-
JHCYBANILHUX KOHCMPYKYIL, ma ix menjiomexniyni xapaxkmepucmuxu. Bpaxoeano ounamiky
3MIHU MAKUX 306HIWUHIX paKkmopie K memnepamypa HA8KOIUUWHBbO20 Cepedosuyd ma COHsY-
Ha akmugHicmo. [10200unni nocoono-knimamuyni oaui 013 micma Kuesa, siki suxopucmani 6
Mooeni, 0arms MOANCIUBICIMb OOCIIOUMU pedcuMU pobomu cucmemu menio3abe3nedens iz
BPAXYBAHHAM 3MIHU 3068HIUHIX (haKMOpIs, Wo 6NIUBAIOMb HA MENI08ULL pedcum OYOiaii.
Ocobnugy yeazy 6 00CniONHceHHi NpudileHo 83aemo0ii Mooeni menioHacoCHoi yCmaHo8Ku 3
Mooenamu cucmemu onaieHus ma 6youHky. Mooenb menioHacocHoi yCmano8Ku peanizo8aHo
Ha 6a3i netiponnoi mepeodsci LSTM, wo cymmeso ckopomuno 4ac Mooento8anHs pexicumy po-
bomu menjioHaAcOCHOI YyCMAaHOBKU.

Mooenv dae modcaugicms 0OCAIONCEHH OUHAMIUHUX PeHCUMI8 pOOOMU, A MAKOHC NPOBOOU-
MUy NOPIBHANbHUU aHANi3 pi3Hux 6udie cucmem kepysauHs (IIl/[-pecynamop, mooenrvHO-
NpOcHO3YI0ue KepyeauHs mowo). /Jocniodcents 0eMOHCMPYE, WO BUKOPUCTNAHHA MAKUX all-
eopummie 0036o15€ onmumizyeamu pooomy THY, 3uudicyrouu enepeocnoscusanus 0Oe3
empamu Komgopmy 6 npumiwenusax. Kpim moco, npogedeno eanioayiro mooeni uLisaxom
NOPIGHANHS Pe3yIbmamis iMimayiliHo2o MOOen8anHs 3 K8A3iCMAayiOHaAPHUMU PO3PAXYHKAMU
8I0N0BIOHO 00 HAYIOHANLHUX CMAHOAPMIE, W0 NIOMBEPOANCYE iT 0OCMAMHIO MOYHICMb.
Pezynomamu oocnioscenns moircyms 0ymu UKOPUCMAHI 018 NOOAILULOZO PO3BUMKY CUCEM
KepysanHs menjoszabe3neyeHnsam 0y0ieens i3 GUKOPUCMAHHAM MENJI08Ux HAcocie ma 0is 00-
CHIOJCEHHS DIZHUX CMpamezitl YNPAGNiHHA eHep2OCNONCUBAHHAM, 30KpeMd 6 KOHMeKCHi
nIOBUWEHHS eHep20eheKMUBHOCHII.

Kniouosi cnosa: mennonacocna ycmanoska, cucmema mennozabe3neyents, OUHAMidHUll pe-
arcum, Simulink, neviponna mooens.

© Borsa M., Biprokos J1., 2025
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IMocTanoBka mnpodiemu. IIpoGiemaTrka eHeproedeKTUBHOCTI OyAiBeNlb Ta CHUCTEM
TEIu103a0€3MeYeHHs € OHIEI0 3 HAHBAKJIMBIIINX TEM Y CYy4aCHUX HAYKOBUX JOCIIIKEHHSIX,
30KpeMa y KOHTEKCTi 3pOCTaloyoro MONuTy Ha BiAHOBIIOBAHI JpKepena eHeprii. TermmonacocHi
YCTQHOBKH, fIKi BiZIOMi CBOEI0 €KOHOMIYHOIO €(EKTHUBHICTIO, CTAJIM MOMIMPEHUMHU SIK KIIIO-
YOBUH eNeMeHT y 3a0e3nedyeHHi Temia A OynaiBenb. BnpoBamkeHHsT CydyaCHUX TEXHOJOTIN
MO/ICJIFOBAHHS JJO3BOJISIE CTBOPIOBATH AMHAMIYHI MOJIENI CHCTEM TeryI03a0e3neueHHsl, 110 J10-
roMarae JIOCIi/pKyBaTH iX MOBEAIHKY 3a pi3HUX yMOB. MonenoBanHs y cepeoBumli Simulink
Jla€ MOXIIMBICTh aHANI3yBaTH POOOTY CHUCTEM TEIUIONOCTAYaHHs, X C€HEPrOCIOXUBAaHHS Ta
e(EeKTUBHICTD y PEXKHMI PeaJIbHOr0 Yacy.

AHaJi3 ocTaHHix qocaimkensb i myOJikamiii. Y crarti [1] aBTOpH TpeacTaBMIIA KOM-
TUIEKCHY MOJIeJTb TEIUIOBOTO HACOCa Ha OCHOBI MAPOKOMIPECITHOTO HUKITY 3 BUKOPHCTAHHIM
xononoareHTy R-407c. Monens Oyna peamizoBaHa B Simscape, JIe aBTOPH 3MOJICIIIOBAIIA OC-
HOBHI KOMITOHEHTH CHCTEMH — KOMIIPECOp, KOHAEHCATOp, BUMAPHUK Ta OyamHOK. Oco0-
JUBICTIO 1i€1 pOOOTH € MOXIIMBICTh HAIAIITYBAHHSA TapaMETPiB KOKHOTO KOMIIOHEHTA IS
aJianrarii ma pi3Hi yMOBH €KCILTyarallii, o 3abe3nevye BUCOKY TOYHICTh MOJICITIOBAHHS pe-
IbHUX JUHAMIYHHX MPOIECIB TEIUIONOCTaYaHHs Oy IUHKY.

B wmarepiam [2] po3riISIHYTO TEIUIOBE MOJECIIOBaHHS OYJIMHKY pa3oM 13 CHCTEMOIO
OBIiK. BuxopucroBytouu cepenosumie Simulink, aBTOpy CTBOPHIIM MOJIENb, SIKA 3/1aTHA Bpa-
XOBYBAaTH JIMHAMIYHI 3MiHM Teruionepenadi y OymiBii, MO poOHTH 11 Ay)Xe THYYKOIO IS
PI3HOMaHITHHX CIEHApiiB POOOTH CHCTEMH TeruionoctayanHs. OCHOBHOIO MEPEBArol0 € BH-
KOPHUCTAaHHS IHTErpOBaHOI CUCTEMHM, sKa moeanye OynuHok 1 cuctemy OBIK nns kpamoro
aHaTI3y B3a€MO/I1i MI>K HUMH.

Monens miyIoroBoro onajeHHs, onucana y crarti [3], 1eMOHCTpy€e 3aCTOCyBaHHS TeIl-
JIOBOTO Hacoca JUIsl *KHUBJIEHHS HIAJIOroBoro onajgeHHs. OcoOauBOI yBaru 3aciayroBy€ MOX-
JUBICTH 1HTErpalii Takoi cuctemu 3 Simulink jy1st MosieTIOBaHHS MPOIIECY TEIUIONEepeaayl ue-
pe3 miIoTYy, 110 € BaXJIMBUM JUIS aHai3y eHeproeeKTUBHOCTI MiJl Yac eKCILTyaTallii.

VY po6orTi [4] po3riasHYTO 3aCTOCYBAHHS QITOPUTMY HEUITKOT JIOT1KU JUIsl KEPYBaHHS CH-
CTEMOIO TerulonoctadaHHs. ABropu Bukopuctanu Simulink sk miardopmy ans MoaentoBaH-
Hsl, 100 MPOAEMOHCTPYBATH, K HEUiTKa JIOTiKa MOXKE MOKpPAIIUTH KOHTPOJb HaJl TeMIIepa-
TYpHUMH TapaMmeTpaMu y OynuHKy. Ll Mozmens 103BOJIsi€ THYYKO HAJAIITOBYBAaTH NpaBUIIa
KEepyBaHHsI 3aJIC)KHO B1Jl 3MiHU 30BHIIIHIX YMOB.

Hocnimxenns [5] akieHTye yBary Ha BUKOpUCTaHH1 Simulink 11 AMHaMIYHUX CUMY-
TSI cucteM omnaneHHs. OcoOMMBICTIO 11i€1 poOOTH € ii MPOCTOTA, MO JT03BOJISE JIETKO aiar-
TyBaTH MOJIEJNb JJIsl PI3HUX THIIIB CUCTEM Ta CLieHapiiB TeruionocrayanHs. Lle pobuts mozens
JOCTYITHOIO JIJIsl IMIMPOKOTO KOJIa JOCTITHUKIB, SIKI 3aiiMa0ThCs TIOIIOHUMH CHCTEMaMH.

Crarts [6] mporonye 6a30By MOJIeIb TEMJIOBOTO HACOCA, sIKa MOXKe OyTH 1HTETpOBaHa B
Simulink ans gocmimkeHs TEIIONOCTadYaHHS KUTJIOBUX OymuHKIB. [IpocTora miei monmeni
JT03BOJISIE 30CEPEIUTUCS Ha 0a30BHX MapameTpax poOOTH HACOCY, MPOTE BOHA OOMEXeHa B
TJIaH1 CKJIQTHININX CIIEHAPIiB pO3MOILTY Tera.

VY crarti [7] onucyeThbesl MOZENb TEIUIOBOTO HAcOcCa, 110 BUKOPUCTOBYE B1JHOBIIOBAHI
JpKepesia eHeprii, Taki K IPYHTOBE TeIjio. BaXkIMBUM aclieKTOM € MOXIIUBICTh MOJETIOBAHHS
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CE30HHUX 3MiH TEIUIOBOTO MOTOKY, 1[0 POOUTH CUCTEMY €(EKTUBHOIO B JIOBITOCTPOKOBIH Tep-
cnekTtuBi. L{s1 poOoTa neMOHCTpye MOTEHIiaJl BUKOPUCTAHHS I'PYHTOBUX TEIJIOBUX HACOCIB
JUIS TiABUILICHHS €Heproe(eKTUBHOCTI OyTMHKIB.

Ocranns crarts [8] gocmikye poOOTY TEIUIOBOTO HACOCY B KOMOIHOBAaHUX PEKHUMAX
— JUIs OJIHOYACHOTO OOIrpiBy Ta OXOJO/KCHHS MpHUMilIeHb. Mojenb, po3poOieHa B
MATLAB, no3Boisie CUMYIIOBaTH poOOTY CUCTEMH y Pi3HHX YMOBaX, OJHAK il TOYHICTh 3a-
JIEXKUTH BIJ SIKOCTI BXIJTHUX JTAHUX.

AHai3 HayKOBUX POOIT MOKa3ye, M0 pO3po0Ka MOJIENI TEII03a0e3MeYeHHs O yINHKY 3
TEIIOBUM HacocoM B Simulink € akTyanpHUM IOCHiIKEHHSIM. MeTol poOOTH € CTBOPEHHS
JUHAMIYHOI MOJEN JJIsl TOCTIKEHHS aIrOPUTMIB KepyBaHH, aHAII3y eHeproeeKTUuBHOCTI
Ta MOPIBHSHHS PEXKHUMIB POOOTH B peallbHIX YMOBAX.

MeTta nocaizkeHHs - pO3pOOHUTH Ta ONTUMI3YBaTH JUHAMIYHY MOZEIh CHCTEMH TEILIO-
3a0e3nedeHHss OyqMHKY Ha OCHOBI TeruioHacocHoi ycranoBku (THY) B cepemoBumi
MATLAB Simulink ms migBumieHHs: eHeproe@eKTHBHOCTI OyaiBenb. JlOCiKeHHs CIIPsIMO-
BaHE Ha 3HIKCHHS BUKOPUCTAHHS BHKOITHOTO TIajiiBa Ta BIIPOBAKEHHS BiTHOBIIOBAHUX
JOKEpeN SHeprii yepe3 ONTHUMI3AIi0 KePYBaHHS CHCTEMaMH TEIUI03a0e3IeUeHHS 3 BUKOPHUC-
TaHHSM CyYacHUX aJrOpUTMiB, Takux sk [IIJ[-perymsTop Ta MOAETBHO-TIPOTHO3YIOUYE KEpy-
BaHHS.

BukiaaeHHsi 0CHOBHOIO Marepiajay aocjigkeHHss. Mojenbs OyauHKy po3poOieHa y
cepenoBumi  MATLAB  Simulink i3 Bukopucrannsm OnokiB  Simscape/Foundation
Library/Thermal [9]. MeToro MozeOBaHHS € JOCTIKCHHS TEIUIOBHX PEXHUMIB y OYyIUHKY
M1J] Yac ONnajroBajIbHOrO NEPI0y, BPAXOBYIOUM BHYTPIIIHI Ta 30BHIIIHI (JaKTOPHU.

Jlsist cTBOpEHHSI €HepreTUYHOT MOJIeNi BUKOPUCTAHO TUIAH CYy4acHOTO HEBEIMKOTo Oy-
JIUHKY. 3araibHa moma ckianae 49,44 m?, Bucora crenb — 2,7 m (puc. 1). Hecydi crinu Bu-
KOHaH1 3 MyCTOTLI01 1erii ToBmuHo0 0,4 M 3 yreriueHHsM y 0,05 M MiHEpaJIbHOIO BaTOO.

[—
1.0 2.60
room 2
rowr 1
= e
= oy
— 13
371 S16
room 4 room 3 LA
2.34 314

e
I 1 F 1

Pucynok 1 — I'eomerpuyna cxema OyIuHKY

OropomxyBaibHI KOHCTPYKIIT MOJEITIOBAIUCH SIK 0araTomapoBi €JIEeMEHTH 3 Pi3HHUMHU
TEIUIOTEXHIYHUMH XapaKTepUCTUKaMU. BOHU BKIIIOUAIOTh Taki 6J10Ku Simscape:
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- KoHBeKTHBHHI TEIII000MIH — MOJIENIOE TIepeiady TeIula Yepe3 MOBITPsl MK IMOBEpX-
HSIMH;

- TerutonpoBiAHICTH — BpaXxoOBYe TeIUIoNepeaady uepes3 OyaiBenabHl MaTepialiu, Mo Onu-
CYETBCS PIBHSHHAM TEIUIONPOBIiTHOCTI Dyp’e;

- Teroakymymio04a €MHICTh — BPAaXxOBYE aKyMYJIAIIIO TEIUIOTH BCEpPEIUHI Oropoj-
KYBaJIBbHUX KOHCTPYKIIIH.

Jlnst K0)KHOT KIMHATH BHM3HAYaJUCS IUJIONII Ta OMOPH TEIUIONepenadi 30BHIMIHIX CTiH,
BIKOHHUX KOHCTPYKIIiH, ctemi Ta mimioru (Puc. 2). B momem Takok BpaxoBaHO BIUIMB
BHYTPIIIHIX CTiH Ha MPOLIECH Mepeiadi TEeIIOTH MK KIMHATaMU.

AL-»{B Ar=sB Ar=sB ApofB
= = T = 1= 2
Air-IW Half W-atmosphere || l"‘:" ' ,  Hali W-atmosphere IW-atmosphere
convection2 conductiond == Mhermalmass: conduction2 convection2
AL B ] Ar=1B AL.afB
= : =+ - @
Ar-w Half W-atmosphere || WV Half IW-atmosphere IW-atmosphere
) thermal mass1
convection conductiond = conductiont convectiont
Al+]B Ar=s18
b =t ]
Air-floor Half flor-air 0 o i masst
convectiont conductiont == hemalmass
Temperature sensor
AL B A—gB
bt = ]
Air-roof Half roof-air ] :”“f maset
convetiont condustiont = [nemalmass
Ot .
Heater A\
al<
Temperature
source atmosphere
il ALsB Ar=sB Ar=s18 AlafB '}H
L == = = 1= B g9
A Air-wall Half wall-air [ wa Half wall-atmosphere  Wall-atmosphere
thermal mass convection conduction = thermal mass conduction convection
AL B
=
Airwindow Tatm
convection1
LI A=gB A8 ApogB
~e = T = e SR
Air-window Half window-air [ Window Half window-atmosphere  Window-atmosphere
convection conduction — thermal mass conduction convection

Pucynok 2 — CtpykTypHa cxema Teraopi3uyHoi MoJiesi KIMHATH

TenoBi MOTOKM MK KIMHAaTaMHM MOJIETIOBAJIUCS 3 ypaXyBaHHAM KOHBEKTHUBHOI'O TeIl-
71000MiHY Ta Teruionepeaayi. /s nporo BUKOpUCTOBYBaIMCA OJIOKH Simscape, sSiKi ONHUCYIOTh
IpolecH nepeaayl TeIIOTH MK CYMIKHUMH MPUMILLIEHHSIMHU 4€pe3 CTiHH, MIJJIOTY Ta CTEIN0.

OnHUM 3 BaXJIMBUX €JIEMEHTIB MOJIEINI € 30BHIIIHI (aKTOpH, sIKi BpaXOBYBaIMCS il
yac MOJENOBaHHSA. bByno BuKopucTaHo KiiMaTHuHI JAaHi ans micta KuiB Ha OCHOBI
MibkHapoaHoro noroanoro daitnmy IWEC[10]. 3agaBanucst MOroAMHHI KOJMBAaHHS 30BHINIHBOT
TeMIepaTypH, Kl BIUIMBAJIM Ha TEIJIOBI BTPAaTH 4epe3 OropoKyBaslbHI KOHCTPYKIii. Kpim
TOTO, JUISl KO’KHOI KIMHATH OyJI0 BU3HAUEHO COHSYHI TEIUIOHAIXO/KEHHSI Ha OCHOBI Opi€HTa-
1ii BIKOH (CXiJHa 1 3aXiJHa CTOPOHH), & TAKOK BPaXOBaHO KOEQIIIEHTH MPOITYCKAaHHS COHSY-
HOT pajiarii uepe3 CKIOMaKeTH.

B mopeni (Puc. 4) BpaxoBaHo Taki mapaMeTpy OMaIOBAIbHUX MPHIIAIIB:

- [IpoexTHA MOTYXHICTh MPUJIAAIB JUIsl KOKHOI KiMHATH: cnanbHs — 500 Br, kyxHs —
880 BT, xopunop — 320 Br;

- [locriitHa BuTpara termtonocis — 0,41 xr/c.
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Pucynok 3 — CTpyKkTypHa cxema MoJesli ONaII0BaJIbHOI CUCTEMHU

OxpeMy yBary NnpHIiJICeHO BpaXyBaHHIO TEIUIOBHX BTpaT Ta aKyMYJIOBaHHIO TeIUIa B
OTOPOJDKYBAIBHUX KOHCTPYKIIsAX. TemmoBi BTpaTu yepes CTiHH, MiJIOTy Ta CTEN0 PO3paxo-
BYBQJIHCS HA OCHOBI KOE(DIIIEHTIB TEIUIONPOBITHOCTI KOXKHOTO IHapy. AKyMYJISIS Ternia
BiJI0OYBa€ThHCS BCEPEIMHI MaTepialliB, M0 3a0e3MevyBaio OUTBII IJIaBHY 3MIHY TeMIIepaTypH B
KIMHATax MpHU 3MiHI 30BHILIIHIX YMOB.

Po3pobnena mozaens 103BOJISIE AETAIbHO aHaNI3yBaTH TEIUIOBI peXUMH OyaiBIl 3
ypaxyBaHHSM pEabHUX KIIMAaTUYHHUX JAHUX Ta XapaKTepUCTHK OyIiBEIbHUX Marepialib.
BaxxnuBum € BpaxyBaHHSI IHEPIIITHUX BJIACTUBOCTEH OrOPOKYBAJIbHUX KOHCTPYKLIN 1 IXHb-
Oro BIUIMBY Ha €HeproeeKTUBHICTh OyAMHKY. Moenb NiAXO0AUTh JUIsl JOCHIJKEHHS albTep-
HAaTUBHUX CHUCTEM ONAJICHHA Ta X KEpyBaHHS.

Jns Bamimarii mojeni OyJio TPOBENCHO TOPIBHSHHS PE3yJbTAaTIB MOJETIOBAaHHS 3
KBa3iCTal[lOHapHUMH po3paxyHkamu 3a cranaaptom JCTY b A.2.2-12:2015[11], sxwuii Bpa-
XOBYE CE30HHI KOJMBAHHS TEMIIEpATypU Ta TEMJIOAKYMYJIALIMHI BIACTUBOCTI KOHCTPYKIIIH.
Bigxunenns y 13% cBiguuTh MO TOCTATHIO TOYHICTH MOJIENI Il JOCIIKEHHS €HepreTHY-
HUX XapaKTEPUCTHK OyaiBeIh Ta CHCTEM Terio3ade3neueHHss. Mojenb € MpuaaTHO IS To-
JANbIIUX TOCTIPKEHb PI3HUX aJTOPUTMIB KEpyBaHHS Ta iX eHeproe()eKTUBHOCTI.

Po3poOka iHTerpoBaHoi cucTteMH Terjo3abe3neueHHss OyJUHKY Ha OCHOBI TEMJIOBOIO
Hacoca B Simulink € KJII0YOBHM €TarnoM y AOCHIIKEHHI €(peKTUBHOCTI PI3HUX aJTOPUTMIB
KEepyBaHHsI Ta ONTUMI3allli eHeprocrnokuBaHHa. Moienb TEIIoBOro Hacoca 0yia po3pobieHa
Ha ocHOBI HeiipoHHOi Mepexxi LSTM [12] Ta inTerpoBana B cepeposuiie Simulink 3a momo-
Morotro S-¢yHkuii [13], mo no3Boisie 0OpoOIATH [aHI B pPEXUMI pealbHOro dYacy 1
3MIMCHIOBATH TOYHI MPOTHO3M TETUIOBUX MPOIIECIB.

Mopens THY [13, 14, 15], m0 BUKOPHUCTOBYETHCS SK JDKEPENO TEIUIOBOI €HEprii,
BIJIOBI/Ia€ 3a TEHEpAIlI0 TeIUIa, SIKe MePeAacThCsl B CUCTEMY OMaJIeHHs OyauHKy. Mojerns
OynuHKY, moOyJqoBaHa Ha OCHOBI O1oky Simscape Thermal, Moaenroe TETIOBY B3a€MO/Iit0
MDK MPUMIIIEHHSIMH Ta 30BHINIHIM cepefoBuIleM. e 1ae MOKIMBICTD TOCTIKYBaTH MPOIIE-

ISSN 1562-9945 (Print) 121
ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 1 (156) 2025 «System technologies)

CH TeHepalii Ta mepenadi TEIJIOTH Yepe3 CUCTEMY ONAJIEHHS 10 BHYTPIIIHBOTO MOBITPS B
MPUMIICHHS.

Iarerpanis moneneit THY, cucremu onaneHHs Ta OyAWHKY 311HCHIOETHCS IIJISIXOM I1€-
penadi BiIMOBIIHUX CUTHATIB Yepe3 crenianbhi 6oku Simulink (Puc. 4). Temnepatypa Boau
Ha BUXOJI 3 KOHAECHCATOPA TEIUIOBOI'O HAcOCa € BXIAHUM MapaMEeTpOM Ui MOJIENI CUCTEMHU
OTAJICHHS 1 BAKOPUCTOBYETHCS VIS PO3PaXyHKY TEIJI000MiHY B IPUMIIICHHI.

e Gereraion

Pucynok 4 — CtpykTypHa cxema 3arainpHoi mozent THY
Ta CUCTEMH TeIu103a0e3Me4eHHsI OyIUHKY

Mopens Termonacoca 00po6iise 1HGpopMaIliio Mpo 30BHINIHI YMOBH Ta TEIJIOBE HaBaH-
TaXXCHHsI, PO3PAXOBYIOUM TEIUIOBUI MOTIK I MIATPUMKU KOMQOPTHOI Temneparypu. Llei
MOTIK MEPENAETHCS B MOJIETb OYIUHKY, sIKa MOJIEIIOE HOT0o PO3MOALI, BPaXOBYIOUM TEIJIOB1
BTpaTH, B3a€EMO/III0 MK IPUMIIIEHHSMHU Ta BIUIMB COHSYHOI pajiamii A OLUIHKH TEIIOBOTO
OaslaHCy KOXKHOT KIMHATH.

OpHMM 13 KJIIIOYOBUX aCIEKTIB MOEJHAHHS IIUX MOJeNel € eeKTUBHE KepyBaHHS TeM-
nepaTyporo BcepenHi OyanHKy. Moienb TeIIoBOro Hacoca pearye Ha 3MiHU CepeHbOT TEM-
nepaTtypy B KIMHAaTax, BAKOPUCTOBYIOUM 3aMKHEHY CUCTEMY KEepYBaHHSI JJIsl MIITPUMKHU KOM-
(hOpTHOTO TEIIOBOTO pexXUMy. 30Kpema, 3a monomororo I11/] [16] 3akoHy perymtoBaHHS, TEI-
JIOHACOCHA YCTaHOBKa 3MIHIOE TEMIIEpaTypy MpsiMOi BOJU B CHUCTEMI OMAaJieHHS AJi MiATPH-
MaHHS KOM(GOPTHOI TeMIIEpaTypy MOBITPsI B OyIUHKY.

Ha Puc. 5 nokazano tpu rpadiku, 1o UTIOCTPYIOTh TEMIEpaTypHI IPOLECH B IHTETPO-
BaHIN cHUCTEMI TEMJIOHACOCHOI YCTAaHOBKHM Ta Terio3abe3neueHHs OyauHKy. BepxHiit rpadik
(Supply temp) — uepBoHa JiHisA MOKAa3y€e 3MiHY TEMIIEPATYPH MPSAMOi BOJAHM B CHCTEMI OIaJIeH-
Hs, sika BapitoeThes Bl 38°C no 60°C yepes pobory THY 3anexHo BiJ TEIJIOBUX HaBaHTa-
*KeHb 1 30BHIMHIX yMoB. Cepenniii rpadik (Environment) — yopHa JiHIS MOKa3zye 3MiHY
30BHIIIHBOI TemnepaTypH Bia -10°C no 5°C, mio BmiuBae Ha TeIIoBTpaTu OyauHKy. HuxHii
rpadik (Indoor average) — cuns iHisA BimoOpakae cTablIbHY CEPEIHIO TEMIIEPATypy B KIMHA-
Tax (19°C —20°C), axa miATPUMYETHCS CUCTEMOI0 M 3aaaHumu mexamu 19°C ta 21°C.
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Pucynok 5 — I'padiku poboTu Mozeni Terio3ade3nedeHns OyIuHKyY
Ha ocHoBi THY B cepenoBumi Simulink

[ToeqnanHs MOJEINI TEIUIOBOTO HAacoca 3 MOJAEIUTI0 OyAMHKY J03BOJISIE TOCIIUTH Pi3HI
CTparerii KepyBaHHs, CHOpPSMOBaHI Ha MIATPUMaHHSA KOMGOPTHUX YMOB Ta IMiJIBUICHHS
eHeproeeKTUBHOCTI CUCTEMHU. 30Kpema, MOJIeNIb Ja€ 3Mory onrtumizyBatu podory THY 3
METOI0 3HI)KEHHS CIIO’KUBAHHS HUM €JIeKTpOeHeprii 0e3 BTpaTd KOM(pOPTY B MPUMIILEHHSX.
Mozenp TakoX J1a€ 3MOTY AOCIHIJUTH BIUIMB 30BHILIHIX (DAKTOPIB, TAKUX SK KOJIMBAHHS TEM-
nepaTypy Ta COHsUHA pajiallis, Ha 3arajbHy €()eKTUBHICTh CUCTEMHU.

BucHoBKkH. Y X011 T0CHKeHHs Oyna yCHilIIHO po3po0iieHa MOAETb CUCTEMH TEIUIO-
3abe3nedeHHs OyauHKy Ha ocHoBi THY B cepenoBumii Simulink. Mogens THY, cTBOpena 3
BUKOpPUCTaHHSAM HeWpoHHOi Mmepexi LSTM Ta inTerpoBanHa uepe3 S-(QyHKIiIO, Ja€ MOX-
JMBICTh MOJIENIOBATH JMHAMIKY TEIJIOBUX PEXKHUMIB y CUCTeMI onajieHHs. Takok BOHa Bpaxo-
BY€ IMHAMIKy 3MiHHM 30BHIIIHIX ()aKTOpiB Ta aJanTyBaTH POOOTY CUCTEMHM JAJsS MIATPUMAHHS
CTabLIBFHOTO TETJIOBOTO PEKUMY.

Mogenb 103BOJISIE JETAIbHO JOCTIKYBAaTH CUCTEMY KEpPYBaHHS INPH Pi3HUX YMOBax,
aHaJIi3yBaTH CIIOKMBAHHs €HEpPrii Ta TeCTyBaTH pi3HI HANALITYBaHHS Ta aJrOPUTMH KepyBaH-
Hs. Pe3ynbpTaTu 1OCHiIPKEHHS MalOTh MPAKTUYHY 3HAYYILIICTh AJIsl po3pOoOKH eHeproedeKTrB-
HUX cucTeM omnajeHHsa Ha 6a31 THY. Moaens Moxke OyTH BUKOpPHCTaHa Uil TECTYBaHHS pi3-
HUX aJrOpUTMIB KepyBaHHs, Takux sk [11/[-perynstopu abo anropuTMu Ha OCHOBI IITYYHOT'O
IHTENEKTY, 110 CIPUSE ONTHUMI3allii eHeprocioKMBaHH Ta 3HIKEHHIO eKCIITyaTalliiHuX BUT-
par.

[Momanbmuii po3BUTOK IOCTIIKEHb MOXKE BKIIIOYATH PO3POOKY 1 BIPOBAIKEHHS 1HTE-
JEKTYaJIbHUX CHUCTEM KEPyBaHHsS Ha OCHOBI IMPOTHO3YBAaHHS TEIJIOBOI'O HABAaHTA)KEHHS 3 BU-
KOPUCTaHHAM HEMPOHHUX Mepex ab0 1HIIMX METOIB MAITMHHOTO HaBYaHHS.

TakuM YMHOM, 3aIPONOHOBAHA MOJIENb € MEPCIEKTUBHUM 1HCTPYMEHTOM JUIsl JOCIIIKEHHS
Ta ONTHUMI3allili eHeproeeKTUBHUX CHCTEM TeIu103a0e3NeyeHHs, 10 CIpHsIE€ 3HIKEHHIO CII0-
KUBaHHS €Heprii Ta MiIBUIIEHHIO KOM(OPTY B OYIIBIAX.
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Development of a complex model of heat supply of a house based
on a heat pump in the Simulink environment

The article presents a dynamic model of a house heat supply system based on a heat
pump unit (HPU) developed in the MATLAB Simulink environment using Simscape blocks to
model thermal processes. The relevance of the study is emphasized by the need to reduce fos-
sil fuel consumption, which has increased the demand for energy-efficient technologies and
systems based on renewable energy sources. Optimizing such systems is critical in the context
of global efforts to improve building energy efficiency.

The model considers the structural features of the house, including the materials of the
enclosing structures and their thermal characteristics. The dynamics of external factors such
as ambient temperature and solar activity are also taken into account. Hourly weather and
climate data for the city of Kyiv, used in the model, allow for the study of the operating modes
of the heat supply system, taking into account external factors affecting the thermal regime of
the building.

Special attention is paid to the interaction between the heat pump unit model and the
heating system and house models. The heat pump unit model is implemented based on an
LSTM neural network, significantly reducing the time required for simulating the operation
mode of the heat pump. The model allows for the investigation of dynamic operating modes
and comparative analysis of different types of control systems (PID controller, model predic-
tive control, etc.).

The research demonstrates that using such algorithms optimizes the operation of the
heat pump unit, reducing energy consumption without compromising indoor comfort. Fur-
thermore, model validation was carried out by comparing simulation results with quasi-
steady-state calculations according to national standards, confirming its sufficient accuracy.

The results of the study can be used for the further development of control systems for
building heat supply using heat pumps and for the exploration of different energy manage-
ment strategies, particularly in the context of improving energy efficiency.
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O.B. I'yaa, H.O. I'encinpka-AnTtontok, O.B. CyxomnuHoBa
BIIJIUB IHTEPAKTUBHUX METO/AIB HABYUAHHS HA 3ACBO€HHS
MATEMATHUYHUX 3HAHb

Anomayis. Jlocniodcenns mano Ha memi oyinumu OOYLIbHICMb | e(heKMUBHICMb BUKOPUC-
MAHHS IHMEPAKMUBHUX MemOoOi8 Y HA8UAHHI MameMamuky & 3axknadax euuoi ocgimu. Ocoo-
Juea yeaea npudiianacs amanizy maxkux memoois, K epynosi OUCKycCii, ponvosi iepu, Myib-
mumeOitiHi mexno02ii ma npoekmua OisnbHicms. Pesynomamu nokasanu, wjo yi memoou He
MIiNbKU NIOBUWYIOMb PIBEHb 3AC80EHHSI MAMEMAMUYHUX 3HAHL, dle U CHPUSAIOmMb PO3GUMKY
NPAKMUYHUX HABUYOK, KPUMUYHO20 MUCIEHHS Ma 30amHOCMI 00 2IubuWo20 ananizy mamepi-
any. B meacax nposedenoco 00cniodxicenHss 610 00TPYHMOBAHO BNPOBAONCEHHS MEMOOY KOM-
NemeHmMHICHUX CNIBBIOHOUIEHD, U0 00380JIAE OYIHIOBAMU Pe3yIbIMAMUEHICMb IHMEPAKMUBHO-
20 HABYAHHA 3a N SAMbMA KIIOYOBUMU KOMNOHEHMAMU: 3MICMOGHUM, RPAKMUYHUM, N02IKO-
CMPYKMYPHUM, MEXHONIO02TUHUM Ma IHGOpMayiiHuM. 3acmocysants ybo2co mMemody Cnpuse
KOMNJIEKCHOMY AHANI3Y eheKmusHocmi iHmepakmusHux nioxooieé 3a805KU GUKOPUCHMAHHIO
excmencusHux napamempis. Oyinka 6a3yemMvcs HA BUMIPIOBAHHI MAKUX KOMNEMeHYil, 5K
30amuicms 00 pobomu 6 KOMAHOI, A0ANMUEHICMb 3HAHb 00 NPAKMUYHUX CUMYayill, aHAli-
MUYHe MUCIIeHHA Ma 6MIHHA apeyMeHmyeamu c6oi piuenHA. Busaseneno, wo inmepaxmueHi
Memoou niOGUUYIOMb MOMUBAYTIO CMYOEHMI8, 3HUNCYIOMb PIGeHb cmpec)y nid 4ac HA84aHHSA
ma noKpawyyioms po3yMIiHHA PI3HODOPMAMHO20 HABUAILHO20 MAMEMAMUYHO20 MaAmepiay.
Pezynomamu oocnioscenns 00rpynmosyroms HeoOXiOHICMb WUPUIO20 BNPOBAONCEHHS IHMe-
PAKMUBHUX MemO00i8 V BUKIAOAHH MAMEMAMUKU, Max cpopmosani pexomeHoayii wooo ¢a-
X08020 3aCMOCYB8AHHA YUPDPOBUX NIAMPOPM | MYTbMUMEOIIHUX MEXHON02IH, AKI CHPULIOMb
iHOugioyanizayii HaguaIbHO20 NPoyecy ma 00NoOMaams cmyoeHmam Oiibul 2IubOKo i AKic-
HO 3AC60108amu 3aNpoONOHOBAHUL HABYANbHUL Mamepian. J[ocnioxHceHHs niomeepoiCye, o
cucmemamuyHe GUKOPUCMAHHSL IHMEPAKMUBHUX MemOoOdi8 y Uil 0c8imi € eqheKmusHuM 3a-
cobOOM 0151 NiOBUUEHHS IKOCT MameMamu4Hoi oceimu ma 3abe3neyents il 6i0nosionocmi
cyuacHum npogecitinum sumozam. Pezynomamu oocnioscenns moxicymos Oymu uKopucmani
0715 pO3POOKU HOBUX HABUAILHUX NPOSPAM | KYPCI8 3 MAMEeMAmuKY, CIeopeHHs IHMepaKmue-
HUX NOCIOHUKIG | Yupposux naamegopm, wo 003601umb ONMUMIZYEAMU NPOYEC 3ACE0EHHS
3HAHb  NIOGUWUMU YCRIWHICMb YYHIG. TaKodc 00CTIONHCEHHS € YIHHUM 011 OC8IMHIX pedhopm,
CNPAMOBAHUX HA MOOEPHI3aYilo HABUAHHA MA NIOBUUEHHS 1020 epeKMUBHOCHII.

Knrwouoei cnosa: inmepakmuene HABUAHHA, MAMEMAMUYHI 3HAHHA, MAMEeMAmuKd, Ha-

8YANbHI KOMNemeHyii, yugposi niamgopmu, 3aK1a0 uwoi 0C8imu, KpUMuUIHe MUCTIEHHS.

© I'yna O.B., I'encinpka-AntoHok H.O., Cyxomnunosa O.B., 2025
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IMocTanoBKa nmpod/eMu. AKTYalbHICTh JAOCHIHKEHHS ¢()OpMOBaHA HA OCHOBI BUMOT
Cy4acHOi BHILIOI OCBITHM HIOAO 3a0e3MeueHHs IMIUIEMEHTAllli 1 pO3BUTKY IHHOBALIWHUX Ta
aJlanTUBHUX METOAMK HaBuaHHs. Ha Tii cTpiMKOTO pO3BUTKY iH(POPMAIIfHUX TEXHOJIOTIH Ta
3MiHK (popMaTy B3aeMOJii CTYJAEHTIB i3 HaBYAJLHUM MaTepiajioM i mocTaja HaykoBa HeoO-
X1IHICTh CTOCOBHO YJOCKOHAJCHHS TPAJULIMHUX MIIXOAIB 0 BUKJIAJAHHS MaTEeMaTUKU y
3aknaaax BUIoi ocBiTH (3BO). BuBueHHs BIITMBY IHTEPAKTUBHUX METOJIIB HA 3aCBOEHHS Ma-
TeMaTuYHHUX 3HaHb y 3BO € akTyaiapbHUM He JHIIE JUIS MiJBUINEHHS SKOCTI OCBITH, a W JUIs
dbopMyBaHHsT MaiiOyTHIX (haxiBIliB, 3aTHUX HE TUILKH aJaNTyBaTUCS O HOBUX TEXHOJIOTiY-
HUX YMOB NPO(ECiitHOTO JKUTTS, a 1 BUPIIIYBAaTH 3a/1a4i BUCOKOTO PIBHS CKJIaJHOCTI Ta BiJ-
MOB11aTBHOCTI.

AHaJi3 ocTaHHIX JAocailKeHb i myOJikanii. 3riqHo 1o podoru Baosuu C. [1], came
COIliaJIbHE CEPEeIOBUIIE Ta OCOOMCTA B3aEMOIiS BiIIrpaloTh KIFOYOBY pOJIb Y HaBYaHHI, OCKi-
JbKYM aKTHBHA y4acTh CIPHUSE KpalloMy 3acBO€HHIO 3HaHb. JlocnimkenHsa Kanammnikosa C.,
bazemtox H., bazemtok O. [2] HarononryroTe Ha Ba)KJIMBOCTI aKTUBHOI'O HABYAHHS, B SIKOMY
CTy/IeHTH OepyTh Ha cebe iHIIiaTUBY y JOCIHIKeHHI, 0OrOBOPEHHI Ta pileHHI mpobieM, 1mo
€ BOXJIMBUM TIPU BUBUCHHI 1 MATEMAaTHKH.

VY po6oti Mapunuenko I'. M., Momak C. L. [3] irpu po3risgaroTbes K MPUPOIHHUNA CIIO-
ci0 mi3HaHHS, 110 T03BOJISIE CTYIEHTaM PO3BUBATH JIOTIYHE MHUCJICHHS Ta BMIHHS aHaJli3yBaTH.
CydacHi TOCIiPKeHHS, Taki sk HaykoBa ctarts @onHaprok O. [4], 10BOAUTH, 110 BUKOPUCTAH-
HS IrOp y HaBYaHHI MaTEMAaTUKH CIIPHSIE KPAIIOMY PO3YMIHHIO aOCTPAaKTHUX TOHSTH, OCKLIb-
KM JIO3BOJISIE CTY/IEHTaM BHUKOPHUCTOBYBATH MAaT€MAaTH4YHI 3HAHHS Yy KOHTEKCTI 1 IMOJAIBIIAX
MPaKTUYHHX 3aBAaHb. Poib TpynoBux ¢popMm poOOTH y 3aCBOEHHI MaTeMaTHYHUX 3HAaHb aKTH-
BHO OOT'OBOpPIOETHCS B fociimkeHHl ['ypxkiit A., I'mazynoBa O., Bonommuna T. [5], ne mpone-
MOHCTPOBAHO, 10 KOJIEKTUBHA POo0OTa CIIPUsSE KPaIloOMy 3aCBOEHHIO MaTepiaiy, KOJIU B yMO-
Bax I'PYNOBUX AUCKYCIH CTYAEHTH MOXXYTh OOTOBOPIOBATH MaTeMaTH4HI MPoOIeMH, OOMIHIO-
BaTHCS [yMKaMH Ta PO3TIISaTH ATbTEPHATHBHI IMiIXOM 10 BUPIIICHHS 3aBIaHb.

CyuacHi 11u¢poBi TEXHOJIOTII Ta BIpTyaJbHI MJIATGOPMHU BIIKPUBAIOThH IIMPOKI MOXKIIU-
BOCTI JIJII 1HTEPaKTUBHOTO HAaBUaHHS, 30KpeMa y BUBYEHHI MaTeMaTUKH. JlOCHIKEHHS BiJ
Cikopa {I., Cxopobararceka O., JIluxoneesa I'., Makcumenko A., Llexmictep 1O. [6] miakpec-
JIFO€ JTOUJIBHICTD 1 €()eKTUBHICTh BUKOPUCTAHHS MYJIbTUMEIINHUX TEXHOJOTIH Yy HaBUaIbHO-
My IpOLEC], K1 CIPUSIOTH Bi3yallizallii MaTeMaTHUHUX MOHSTH, IO POOUTH IX 3PO3YMLTIIIN-
MU JUIsl CTYAEHTIB. [IpakTHuH1 3aHATTS Ta MPOEKTHA JISUIbHICTh € €(PEKTUBHUMHU METO/IaMu
JUTSL 1HTEerpailii TEOPEeTUYHUX 3HAHb 13 MPAKTUYHUMH HaBHYKaMH. 3TiTHO 3 JTOCHIKEHHSIM
KOnina C., CyxomnunoBa O., Benuka A. [7], Npo€eKkTHa MISJIBHICT MA€ CIHPHUSITH PO3BUTKY
KPUTHYHOTO MHCJICHHS, a TAKOK ()OpMYBaHHSI HABHYOK BHPIIICHHS ONEPATHBHHUX MPOOIIEM.

Meta nociigzkeHnsi. MeToro T0CHIDKEHHS OIliHKA TOIIBHOCTI 1 €(PEeKTUBHOCTI BUKO-
pUCTaHHS IHTEPaKTHBHUX METOJIB HABYAHHS Yy 3aKJaJlaX BHINOi OCBITH Ta BU3HAYEHHS CTY-
neHs X BIUTMBY Ha piBEHb 3aCBOEHHS HAJAHUX MAaTEeMaTUYHUX 3HAHb.

[TocraBneHi 3aBAaHHs TOCHIPKEHHS HACTYIIHI: JOCHIIUTH METOIUYHI 1 IPaKTUYHI Bapi-
arii BUKOPUCTaHHS 1HTEPAKTUBHOTO HABYAHHS; JAOCTIIUTU 1 OLIHUTH piBEHb €(EKTUBHOCTI

yHIBepCaJbHUX 1HTEPAKTUBHUX METO/IB HaBYAHHS MPU BUKIJIAJaHHI MareMaTtuku y 3BO: 00-
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IPYHTYBATH MO>JIMBOCTI 1 IIJISIXM PO3BUTKY IHTEPAKTHUBHUX METOJIB sl (GOpMyBaHHS KITIO-
YOBUX KOMIIETEHIIiH, HEOOXIJHUX MPH HaBYaHHI MAaTEMaTHKH.

BuKJ/1aJeHHs 0CHOBHOI'O MaTepiajy Aoc/ilKeHHs. [HTepakTHBHE HaBYaHHS HaOyBae
BCE OLIBIIOTO MOIIMPEHHS 1 TOBAar y BHILIN OCBITi, OCKIJIBKHU BiANOBiAa€ Cyd4aCHUM BUMOTaM
10 opMyBaHHS y CTY/IEHTIB HE JIUIIE TEOPETUYHUX 3HAHb, aJle i MPAKTUYHUX (TIPUKIATHHUX)
KOMIIETEHIIii, PO3BUTKY KPUTHYHOT'O MUCIJIEHHS Ta 3JaTHOCTI JI0 MIPOBEACHHS PIBHEBOTO aHa-
7i3y [2]. B gxocTi ocHOBH MeTONy oprasi3aiii i OuiHKA e()eKTUBHOCTI IHTEpAaKTUBHOIO Ha-
BYAHHS HaMHU MPOMOHYETHCS METOJ KOMIIETCHTICHUX CITiBBITHOIICHb, IKi J03BOJISATH 31iiicC-
HIOBATH OLIIHKY €()eKTUBHOCTI Oy/Ib-5IKO1 CHCTEMHU HAaBYAHHS 3a M'SIThMa KJIacaMH HallOBHEH-
Hs qucturuiing: 1) 3mictoBaui (S1), 2) npaktuunuit (S2), 3) moriko-ctpykrypuuit (S3), 4)
TexHonoriyanii (S4) i 5) indopmaniiinuii (S5) (puc. 1.).

Pucynox 1 —~CTpykTypa moaiizy iHTepaKTHBHOTO HABYaHHS Ha BU3HAYAJIbHI CKJIAJI0BI
(moGymoBaHO aBTOpaMN)

KosxeH 3 Bullle HaBEJJEHUX KJIAacTepiB S; Ma€ CBOE i7ieajbHE 3HAUEHHS, BUPAXXEHE B O]
HOMY 3 €KCTEHCHBHMX IapaMeTpiB MO BiAHOIIEHHIO JO0 IJIOro i€l eKOMETPUYHOI CUCTEMH,
TOOTO 0 CyMH BCIX I'ATH CKJIAZIOBUX:

n
Sy=S,+5,+S,+S,+S,+ .S, =Ss(t) (1)
i=1
ne i=1,2,3,4,5 BinnoBizae 3MiCTOBHOMY, IPAaKTUYHOMY, JIOT1KO-CTPYKTYPHOMY, 4) TEXHOJIOT1-
YHOMY 1 iHpOpMaLiHHOMY KOMIOHEHTY HaBuaHHs. CymapHe 3HaueHHs Sy 3MIHIOETHCS 3 ya-
coMm. Ilepion eBomtonii cucTtemMu iCTOTHO Oulbllie mepiony nepeOynoBU IHTEPAKTUBHOTO Ha-
BuaHHs {Si} cuctemu B ineanbHuil cran {Si} B ko)keH MOMEHT 4acy [8].

BrpoBamkeHHs IrpoBHX METO/IB HaBYAHHS Ja€ BIEBHEHICTh B iX MOIIBHIN e€(heKTHB-
HOCTI1 1 IHCTPYMEHTAJbHIM YITKOCTI IJIsi 3a]dy4eHHS CTYJEHTIB JO BHUBUCHHS MaTEMaTHKH,
OCKIUTbKA BOHH CTBOPIOIOTH MOTHBYIOUE Ta 3MarajbHE CEpelOBHUIIE, IO CIPHUSE aKTHBHOMY
CHPUMHATTIO JIEKIIMHOTO 1 ceMiHapchkoro marepiany. BukopucranHs irpoBUX METOJIIB y Ha-
BYaHHI MaTEeMaTHUKH JOMOMarae po3BHBATH JIOTIYHE MHUCJICHHS, HABHYKU MIBHIIKOTO aHAJI3y

Ta 3aCTOCYBaHHS IIMPOKOI raMd MaTeMaTHYHUX MaxomiB (puc .2). IrpoBi enmeMeHTH B Ha-
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BYaHHI HAJAalOTh CTYJCHTAM MOXJIMBICTh «TPAaTH 3 MaTEMaTUKOKOY», L0 J0OIOMAarae 3HU3UTH
CTpec BiJI CKJIQJHUX 33/1a4 i CIPHsIE€ TIO3UTUBHOMY CTaBJICHHIO JI0 caMOl MaTeMaTHku [4].

3MicTopHe Komnneke
HanoBHEeHHA " - AMAAKTUYHMX

HaBYanbHoro Kypcy ‘\/ sacoblp HaBYaHHA

e

Pucynok 2 — Cxema iHTepaKTUBHOTO TPOIIECY HAaBYAaHHS Ha 0a3i irpoBOTO METOTY

(ToOy10BaHO aBTOpPaMM )

VY cBOIO HYepry, poiboBi CUTYyallii HAOYIM CTaTyCy Ba)XJIMBOTO KOMIIOHEHTA PO3BUTKY
IHTEpaKTUBHOTO HaBYAHHS, OCKUIBKH JIO3BOJISIOTH BIATBOPUTH peasibHi ab0 TimoTeTHYHI CH-
Tyalii, y IKHX CTYI€HTH 3aCTOCOBYIOTh OTPHMaHI MaTeMAaTU4HI 3HAHHS JUIS PO3B’sI3aHHS T1e-
BHUX THITIB MPAKTUIHHUX KEHCiB a00 3aBnaHb [9].

I'pynoBi Buan pobiT, Taki sIK AMCKYCii, 0OTOBOPEHHS Ta KOJIEKTHUBHI PIillICHHS 3aBIaHb —
€ HEB1J’€MHOIO CKJIaJIOBOIO IHTEPAKTHUBHOIO MiJXOJy Y HaBYaHHI MaTEeMaTHKH, IXHS CYKYII-
HICTh 3/1aTHA CIIPHSITH PO3BUTKY KOMYHIKAI[IHHUX HABHYOK, PO3BUBATH HABHUYKH KPUTHYHOT
apryMeHTalli Ta aHajJiTU4HOro MucieHHs. [1in gac nuckyciil CTyJeHTH MaroTh MOXIIMBICTh
OOMIHIOBAaTHCS TyMKaMH, aHali3yBaTH pi3HI MIAXOAM 10 BUPILIEHHS 3aj]adi, 110 J0loMarae
iM Kpalle 3p0o3yMITH Ta 3aCBOITH Marepiall, TaK0X 3a3HaYa€eMO, 10 JUCKYCIT 1] 4ac BUBYEH-
HSl MATEMaTHKH MOXYTh OYTH OpraHi30BaHi 3a MPUHIMIIOM «MO3KOBOTO IITYPMY», KOJIH CTY-
JICHTU BUCJIOBJIIOIOTH PI3HI 1€l Ta MiIX0AU A0 BUPIIIEHHS 3a]a4, a TAaKOX aHaI3YIOTh 1XHIO
NPUKJIaHY JOIUIBHICT Ta oAaj by edexktuBHicTs (puc. 3) [10].

KoMnneke
AMAAKTHYHMX
sacoble HaBYaHHA

3mlcToBHE
HanoBHeHHA
HaBYanbHOro Kypcy

Buknanay

Pucynox 3 — Cxema nmpo6JaeMHO-TIOIIYKOBOT'O METO/1y IHTEPAaKTUBHOTO HAaBYAHHS 13 3aCTOCY-
BaHHSIM POJIHOBOTO METOY (TTOOYZ0BAaHO aBTOPAMM)
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AymuTopHi GpopMu 0OrOBOpEHHS 3aBIaHb 1 pe3yNbTaTi IXHHOTO PO3B’SA3aHHS AJIS CTY-
JeHTiB ()OPMYIOTh YMOBH JJIsl ONPAIIOBAaHHS HABYAJIHHOTO MaTepialy pa3oM i HIyKalo4yu OIl-
TUMaJIbHI BapiaHTH pillleHb, OI0 JOJATHO BIUIMBA€E HAa €(PEKTUBHICTh 3aCBOEHHS HABYAILHOTO
(TematnyHOrO) Marepianay. Pobora B Manux rpynax BUIIISJaTUME SIK Kojaboparlist ceper CTy-
JICHTIB 110 0OMiHY 3HaHHSIMH, B3a€EMHA JI0NIOMOTra JJisl pOOOTH i3 CKiIagHuMu Temamu [11].

MynbTUMEIHI TEXHOJIOTIi HE TUIBKH IHTETPYIOTh TEOPETHUYHI KOHIIETIIi, ajie i BKIIO-
Yal0Th /10 HAaBYAJBHOTO MPOLIECY aHiMallii, IHTepaKTUBHI 3aBIaHHsA, Bileo-NeKIii, rpadiyni
CHUMYJIALII, 0 POOUTH MpOIleC HABYAHHS OUIBII SKICHUM Ta iHTYITHBHO 3pO3YMUINM ISt
CTyIeHTChKOI aynuTopii. Kpim toro, mnargopmu sk MathLab, GeoGebra Ta Wolfram Alpha
CTaIOTh 3acajlaMH JJIsi CAMOCTITHOrO HaBYAaHHS Ta JOCIIKEHHS, OIIOMAararuu CTyAEHTaM
BHBYATH MaTepial y 3pydyHUH Ui HUX Yac Ta y BIacHOMY Temi [ 12]. 3aBIsku BipTyalbHUM
iatropMaM OCBITHIHA TIPOIEC CTae OUIBIN TEPCOHAI30BAHMUM, 31 CBOrO OOKY 1 BUKIIadadi
MarOTh 3MOTY CTBOPIOBATH 1H/AMBITyabHI TPAEKTOPIi HABYAHHS ISl KOKHOTO CTYyJIeHTa, KOH-
TPOJIIOIOYH HOTO YCHIIIHICTh Ta 3a0€3MeYy0Ud TIOTOPChKE CYNpoBokeHHs (puc. 4) [13].

[IpoekTHA MiSUTBHICTH B HABYAIBHOMY IPOIECi 37aTHA JONOMOTTH CTYIEHTaM IpaIfio-
BaTH HaJl pETbHUMH a00 TNOTETHYHUMH MpoOIeMaMu, 3aCTOCOBYIOYH MaTeMaTHKY JJIsl BU-

pilIeHHs psay HOBUX (DaxOBHX 1 TPOTHO30BAHUX 3aBJIaHb.

Unchpoel koMmyHIkaulinl Mepexa liTepHeT
cucTeMu | 3acobu

e

KoMnneke
3MmicToBHE Uncpposl
HanoBHe&HHA AMRAKTUUHUX Hocli
IHTepakTHUBHI
TexHonorli
Buknanaud

Pucynok 4 — CxemMa CHHXPOHHOI TEXHOJIOT1] IHTEpaKTUBHOI'O HABUAHHS 13 3aJTy4YEHHSAM MYJIb-
TUMEJIIHHUX TEXHOJIOT1H (1mo0yr1oBaHO aBTOpPaMu)

[ToxiOHI MPOEKTH peai3yloThesl y 1HAMBIIyaIbHOMY ab0 rpynoBomy ¢opmari, Mo ax-
TUBHO HaJlaJli CIpUsi€ PO3BUTKY KOMYHIKAIIHHUX HABUYOK, po30y10BH KOMaHIHOI poOOTH Ta
(dopmye 37aTHICTD 1 BMIHHS €(DEKTUBHO PO3MOAUIATH 000B’SI3KM MIX BCiMa YICHAMHU MPOEKT-
HOi komaHu [12] (Tabm. 1).
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Tabmuns 1
EdekTuBHICTh aKTUBHOTO BUKOPHUCTAHHS IHTEPAKTUBHUX METOIIB JJIsI 3aCBOECHHS

MaTeMaTHYHUX 3HaHb Yy 3aKJa/laX BUIIOI OCBITH (C()OPMOBAHO aBTOPAMH)

. ) JouinbHIiCTh
Merton inTepak- ) MoxnuBocTi 3a- | 3abe3nedenHs popmy-
I[posinHa nepe- HIMPOKOTO
THUB-HOTO Ha- Oe3reyeHHs KOC-| BaHHS KIIOYOBUX Ha-
Bara . ... | BIPOBaKEH-
BYAHHS Ti HABYaHHS  |BYAJIBHUX KOMIICTCHIIIH
Ha 'y 3BO

1. I'pynoBi nuc-Po3BUTOK KpuUTH-AHAII3 Ta apry-KomyHikaTuBHI HaBWY-Bucoka
Kycii YHOTO MHUCJICHHSI [MEHTAIlisS PIIICHb [KU, aHAJITHYHI 3110HOCH
Ti

2. MaremaruudilligsuiieHass Mo-MoaeIroBaHHs KpearuBHicTh, aHamitH-CepeaHs
irpu TUBALi] peanbHUX 3a7a4  [4HI HABUYKH

3. PonboBi cu-Po3Butoxk mnpuk-BiarBopeHHs pea-3aaTHICTH agantyBaTHCsCepeaHs
Tyamii MaJIHUX HABUYOK [THHUX CUTYallld |10 YMOB

4. Tlpoextna nmi-[Ipaktnune  3a+{[ 1mOoOkKe po3y-Komangna po6ora, kpu-Bucoka
SITBHICTh CTOCYBaHHSI TEO-MiHHS Yepe3 MpPaK-TUYHE MUCICHHS

pii TUKY

5.  Mynbstume-Bisyanizanis a0c-IHTepakTuBHI Bi{[e€XHIYHAa TIpaMOTHICTh,Bucoka

MiiHI TEXHOJOTIITPaKTHUX MOHSTH 3yasi3arii AHAJITUYHE MUCJICHHS

6. Bipryanbnil HyukicTs Ta go-lnauBigyanbHuii |CamoctiiiHe HaBuyaHHs,Bucoka
rmaTGopmMu CTYIHICTh T IX10 CaMOOIL[IHKA 3HaHb

Hudposi maarpopmu uis HaBYaHHS 3a0€3MEUYIOTh JIETKUN 1 €EeKTUBHUN JOCTYI 0
0araTbOX IPOrpaMHUX IHCTPYMEHTIB Ta OHJIAWH PECypCiB, SIKI MIJBULIYIOTh €(PEKTHUBHICTh
3aCBOEHHS MaTeMaTHYHUX 3HaHb. /o HaWOUIBII MOMYJISPHUX IIAaTGOPM MU BITHOCUMO Ha-
crynHi: Khan Academy, GeoGebra, Wolfram Alpha, Desmos ta Microsoft Math Solver, xo-
KHa 3 SIKUX MPOIMOHYE PI3HOMAaHITHI (QYHKIIT JUIsi BUBYEHHS MAaTEMaTUYHHUX TE€M 1 HaIpsM-
kiB [14]. Hanpuxknan, ninatrdopmu tumy GeoGebra nae mporpaMHy MOXKIIMBICTh Bi3yalli3yBaTH
CKJIaJJHI MaTeMaTU4HI KOHLEMIi1, Taki sk (QyHKIII, IHTerpaau, NOXiaHi, y rpadiyHOMY BHKO-
HaHHI, 1 11l aCTIeKTU € (JaKTOPOM 3POCTAHHS PIBHS 1 3aCBOEHHS 1 pO3yMiHHS a0CTPAKTHUX Ma-
TEMaTUYHHUX TEM.

OnuH 13 MePCIeKTUBHUX BEKTOPIB PO3BUTKY HM(PPOBUX IUIATGOPM y BUIIIH IIKOMI CTa-
na TexHousorist mryyHoro iHTenekry (ILI). Bimznauaemo, mo miaardgopmu tumy Coursera Ta
Edmodo BukopuctoBytots LI 1 mpakTuk 3abe3nedyeHHs alanTUBHOIO HaBYaHHS, B KOOP-
JMHATaX SKUX BiZOyBaeThCs 3a0€3MeUeHHs 1HAUBIAYAIBHOTO MiAXO0y A0 KOXHOTO CTYJEHTa
B aKaJeMI4yHii rpymi, 110 B MOAAJIBIIOMY MiIBUILIYE SIK CaMy SIKICTb 1 OalbHY €(EeKTHUBHICTb
BHUBYEHHSI MaT€MaTUKH, OCKIIbKH KOKEH CTYJICHT OTPUMY€E HaBUAIbHUN KOHTEHT, 110 BiJIO-
BiJja€ HOro piBHIO MIATOTOBKU Ta 1HUBIAyaJIbHUM OCBITHIM noTpebam [15].

Cucremu ympaBmiHHS MareMaTHdHuM HaBuaHHsSM (LMS) tumiB Google Classroom,
Moodle, Canvas € 1ocuth eeKTUBHUMH 1 CydaCHUMHU 1HCTPYMEHTaMH JJIsi OpraHizalii iHTe-

PaAKTHUBHOT'O HaBYAHHS, JI€ BUKJIaadi MOKYTb pO3pOOIISTH IHTEPAaKTUBHI 3aBIaHHs, OPraHi3o-
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BYBAaTH OHJIAWH-IUCKYCIi Ta BIJCIIAKOBYBAaTH IMPOrpec KOKHOTO CTYJEHTa 3a IMEBHOIO aKaje-
MIYHOIO JUCHUIUIIHOKW. Y BIPTyalbHUX KJIacaX CTYACHTH MOXYTh BUIBHO 1 MiJKOBaHO 1H-
CTPYMEHTAJIbHO OOrOBOPIOBATH MaTeMaTH4HI 3aadyi, COUIbHO BUPINIyBaTH MpoOIeMHu Ta 00-
MmintoBatucs inesmu [4]. Hudposa Tpanchopmanis cydacHoro HaBuanHs y 3BO cmpusie
BIIPOBA/DKCHHIO 1HHOBAIlIMHUX MIAXOMIB 1 METOAMK, 30KpeMa iHTEpaKTHBHHX METOMIB Ha-
BYAHHS, SIKI TiIBUIIYIOTh PIBEHb 3aCBOEHHS 3HAHb CTyJCHTaMHU. B yMoBax HaBuaHHsS MaTeMa-
TUKU 1HTEPAKTUBHI METOJHU JO3BOJSIOTH BUSABUTH "BY3bKi MicCIs1" B OCBITHBOMY IpOILIEC, SIKi
MOXYTh BKJIIOUaTH TPYTHOILII B pO3yMiHHI CKJIAJHUX TE€M Y HEIOCTAaTHIH piBEHb 3ay4CHHS
CTYJCHTIB JI0 HABYAIBHOI JIISTTHHOCTI.
T
X:(Xl’XZ""’Xn) (1)
JIe X; — KITBKICTh 1-TO BUAY HABYAJILHUX KOMITCTEHITIH.
Taka IiarHOCTHKA BaXJIMBA /ISl €PEKTHBHOTO YIPABIIiHHS HABYAJILHUM IPOLIECOM 1 J10-
CSITHEHHSI LIl U(POBOTO OCBITHHOTO CEPEIOBHIIIA.

T:{xeR“:m20J=Iﬁ} ()

[Tpu BpoBaKEHH] IHTEPAaKTUBHUX METOJIIB BYKIIMBO OPIEHTYBATHCS HA IOBIOCTPOKO-
BUI PO3BUTOK CTYACHTCHKHX KOMIIETEHIIH, 10 3a0e3rnedye epeKTUBHE 3aCBOEHHS 3HAHb 1
(dopMyBaHHS NPAaKTUYHUX HaBUYOK. Lle Moke OyTH JOCSATHYTO 3aBISIKM MOCTIHHOMY BJIOCKO-
HAJICHHIO Ta aJianTaiii HaBYaJbHHUX MPOTpaM 1 3aB/aHb, SKi BIAMOBIIaIOTH MOTpedaM cydac-
HOTO U(POBOTO CepeIOBHUIIIA.

f(ax)=a f(x) at a>1, 3)

ox=(cXy X ,..r X )"
[Tpu bOMY MOXIJIMBHI MPOCTIP METOJIB MOXKE PO3TISAIATHCS SIK CYKYITHICTh 1HTEpaK-
TUBHUX MIXO/IB, SIKI aJaNTYIOThCA 10 HABYAIBHUX I1JIeH 1 31aTHI 3a0€3MeYUTH MiABUILICHHS
pe3ybTaTUBHOCTI HaBUaHHA. B HacTymHoMy Kpor, ¢yHKuis nudpoBoi TpaHcopmarii Ma-

THME TaKMi MaTeMaTUIHUN BUTIIS;

f(ax)>a f(x)
(f(ax)<a f(x)). (@)

OyHKIIS 1HTEPaKTUBHOI TpaHcdopMalii BioOpakae B3a€MO3B’SI30K MIX 3MIHaMHU B
METO/axX HaBYaHHS Ta pPiBHEM 3aCBOEHHS 3HAHb, 1110 MOKE OyTH MPONOPLIHUM 10 JOCSITHEHb
y HaBuaHHi a0o0 X MaTH iHII 3anexHocTi. Llg QyHKIis XapakTepusye NpUpICT HABYAIBHUX
JIOCSATHEHB, a TAaKOK MOKa3ye, HACKIJIbKU THYYKUM Ta aAalTHUBHUM € IHTEPAaKTUBHUI METO[,
1110 BIPOBAKYEThCS Y BUKJIAIaHHI.

Xi 0f(x)

ji=1n.
f(x) ox

&(x)=

(5)
OriHKa 4yTIUBOCTI HABYAJILHOTO MPOLIECY 0 IHTEPAKTUBHUX 3MIH Ba)KJIMBA I ONTHU-
MaJbHOTO BUKOPHMCTAHHS HOBHUX METOAMK. JlJis IIbOrO MOKHa po3paxyBaTH €JIacTUYHICTh

e(heKTUBHOCTI HaBYaHHS BIAHOCHO PI3HUX IHTEPAKTUBHHUX MapameTpiB, IO J03BOJISIE TTOOY-
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JyBaTH aaliTUBHUHN MiIXiJ JO HaBYaHHS, J€ 1HHOBAII BiIMOBIJAIOTh PEAIbHUM MOTpeOamM
CTY/ICHTIB 1 320€31euyI0Th MAKCUMaJIbHE 3aCBOEHHS 3HAHb.

(6)

Lleit mapameTp moka3ye, CKUIbKU JOJaTKOBUX 3MiH K-ro Ty HeoOXiJHO 3aMiCTh i-TO,
o0 GyHKIisS mudpoBoi TpaHchopMallii 3aaummuiacs He3MiHHOW. KpiM TOro, B OCBITHROMY
IpoIieci HEepiIKO BUHUKAE HEOOXIHICTh ajanTamii iHTEpaKTUBHUX METOJIB J0 PI3HUX TIpyIl
cTyeHTiB. TakuM YMHOM, OIliHKa €()EeKTUBHOCTI IHTEPAKTUBHUX METO/IB HaBUaHHS BUMAarae
CHCTEMHOT'0 MiJIXO0Jy, KM BPaxoBYeE IHIMBIAyaJbHI Ta KOJEKTUBHI MOTpeOU 1I0A0 mporec-
HOCTI 1 SIKOCTI miaroToBku (axisuiB y 3BO, 3a0e3meuyodn miIBUIIEHHS SKOCTI HABYAIBHOTO
MIpoILecy i JOCATHEHHSI IUJICH Cy9acHOI BUIIOi OCBITH.

BucHoBkH. Y pe3ynbTaTi IpOBEACHOTO TOCIIHKCHHS OyJIO MPOaHaTi30BaHO, K 1HTE-
PaKTHBHI METOIM HAaBYAHHS BIUIMBAIOTH HA 3aCBOEHHS CTYACHTAMH MAaTEMAaTHYHHUX 3HAHb Y
3aKJaax BUIOi ocBiTH. OcobimBa yBara nmpuIUBIIACh TAKUM METOJaM, sSIK TPYIOBI AUCKYCIi,
POJBOBI CHTYalii, MaTeMaTH4Hi irpu, MyJIbTHMEIiIHI TEXHOJOTII Ta nMpakTH4Hi 3aHATTS. Ko-
KEH 3 IMX ITiIXO0/IiB I0Ka3aB CBOIO BKJIMBICTh Yy IMOKPAIICHHI SIKOCTI HABYAJIBLHOTO MPOIIECY.
Po3pob6neHo MeToa KOMIETEHTHICHUX CITiBBIIHOIICHD, SIKUW J03BOJISE OLIHIOBATH €(EKTHB-
HICTh IHTEPAaKTUBHOT'O HABYaHHS Yepe3 I’ SITh OCHOBHHUX ACIEKTiB: 3MICTOBHUI, MPAaKTUYHUH,
JIOTIKO-CTPYKTYPHUH, TEXHOJOTIYHUM Ta 1HOpMaLlIHHUH.
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Influence of interactive teaching methods on mathematical knowledge acquisition

The purpose of the study was to assess the expediency and effectiveness of using
interactive methods in teaching mathematics in institutions of higher education. Special
attention was paid to the analysis of such methods as group discussions, role-playing games,
multimedia technologies and project activities. The results showed that these methods not
only increase the level of assimilation of mathematical knowledge, but also contribute to the
development of practical skills, critical thinking and the ability to analyze the material in
depth. Within the framework of the research, the implementation of the method of competence
ratios was justified, which allows to evaluate the effectiveness of interactive learning
according to five key components: meaningful, practical, logical-structural, technological
and informational. The application of this method contributes to the comprehensive analysis
of the effectiveness of interactive approaches due to the use of extensive parameters. The
evaluation is based on the measurement of such competencies as the ability to work in a team,
the adaptability of knowledge to practical situations, analytical thinking and the ability to
justify one's decisions. It was found that interactive methods increase students' motivation,
reduce the level of stress during learning, and improve understanding of multi-format
educational mathematical material. The results of the study substantiate the need for a wider
implementation of interactive methods in teaching mathematics, thus forming
recommendations for the professional use of digital platforms and multimedia technologies,
which contribute to the individualization of the educational process and help students to learn
the proposed educational material more deeply and qualitatively. The study confirms that the
systematic use of interactive methods in higher education is an effective means of improving
the quality of mathematics education and ensuring its compliance with modern professional
requirements. The results of the study can be used to develop new curricula and courses in
mathematics, create interactive manuals and digital platforms, which will optimize the
process of learning and increase student success. The study is also valuable for educational
reforms aimed at modernizing teaching and increasing its efficiency.

Keywords: interactive learning, mathematical knowledge, mathematics, educational
competencies, digital platforms, higher education institution, critical thinking.
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I'yna Oxcana BikTopiBHa - KaHIUAAT TEXHIYHUX HAyK, JOLUEHT, JOLEHT Kadeapu BUIIOT Ma-
TeMaTuku, JIynbKuii HallloOHAIBHUIN TEXHIYHUIA YHIBEPCUTET.

I'encinbka-AnToHok Haranis OgexkcaHapiBHa - KaHIUJAT MEJAroriyHUX HayK, JOICHT,
JOLEHT Kadeapu MaTeMaTHKH 3 METOJIMKOIO BUKIAJaHHSA, PIBHEHCHKHIA Jep)KaBHUN TyMaHi-
TapHUHN YHIBEPCUTET.
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O.P. Ilens, €.C. Cynema
IMOBIPHICHU METO/I IOPIBHAHHS HEUITKUX YHCEJI

Anomayin. Y cmammi npononyemvcs HOB8UL IMOGIPHICHUN MeMOO NOPIGHAHHA HeUIMKUX Y-
cen, KUl 6a3yemvcs HA IMOBIPHOCMI 8I0N0BIOHO20 BIOHOUIEHHS pedlbHUX 3HayeHb. Haso-
0sIMbCsl 0OUUCTIEHHS OJI51 6CMAHOBIECHHS 8I0N0BIOHO20 BIOHOUEHHS 8 3A2ATIbHOMY BUSTAOL 05
006IILHUX (DYHKYIU NPUHANEHCHOCMI HeYimKux uucel. Jlocaioncyiomocs 0esKi (popmanbHi
811ACMUBOCMI 3aNPONOHOBAHO20 BIOHOUEHHS MA HAB0OUMbCS Pe3YIbmam NOPIGHAHHS 3anpo-
HOHOBAH020 NiOX00y 3 sidomumu. Takodc y cmammi 3anpoOnOHOBAHA ANOPUMMIYHA pe-
anizayis onepayii NOPIGHAHHS HEUIMKUX YUCEIL.

Kniouosi cnosa: neuimii uucia, nOpieHAHHA HEUIMKUX YUCel, AI20pUmMmiyHe 3a0e3neqents,
npocpamue 3a0e3neueHns.

Beryn. Y Takux 3amavax, siK aHalli3 JaHUX 1 MOZETIOBAaHHS, 3BUYAHO Tepen0adaeTbes
HasBHICTh TOYHMX, MOBHUX 1 JOCTYIMHHMX JAHHX MPO AOCHIKyBaHH 00’ekt. I B Oararbox
BUIIA/IKaX MOXKHA CIIUPATHChH HA 1€ MPUITYIIEHHS IS YCIIIITHOTO JTOCIiKEHHS, aHaIli3y, MPo-
THO3YBaHHS, TOIIO, aJIe TaK CaMO TOIMIMPEH] i YMOBH, 3a SKHUX JaHi XapakTepU3YIOThCs TIEB-
HOIO HEBU3HAYCHICTIO 3 THX YH 1HIIMX MPUYUH, 0COOIUBO TIpu POPMYBaHHI CKJIATHOTO HabO-
PY MYJIbTUMOJIAIbHUX FE€TEPOreHHUX JaHUX.

Jlxepena HeBU3HAYEHOCTI MOXKYTh OyTH PI3HOMaHITHUMU.

3 ogHOro OOKY, NeBHA HEBU3HAYEHICTh MOB’sA3aHA 13 BUMIPIOBAIbHUMH IPUCTPOSIMH Ta
CHoco0OM 1X 3aCTOCYBaHHA. Y CYYacHHUX 3ajjavax 1€ JDKEpeJo PiIKO Mae 3HAYHHWH BIUIUB,
aJKe JUIsl TIeBHUX 3a]ad4 BUKOPHUCTOBYIOTbCS BMMIPIOBAJIbHI HMPUCTPOI BIAMOBIIHOIO KIACy
TOYHOCTI. TUM He MEHII, MOXKJIMBI BUMIA/IKH, KOJIH X HEMOXKJIMBO 3aCTOCYBaTH OakaHUM YH-
HOM 0e3 3HaUHOr0 BTPY4YaHHS B JOCIIKYBaHUI 00’ ekT abo npouec. Toai 1oBOAUTHCS 3aCTO-
COBYBAaTH HENPSMI BUMIPH, K IEBHUM YHMHOM KOPEIIOIOTh 13 0a)KaHUMH XapaKTepUCTUKAMHU,
a00 OTpUMyBaTH BUMIPIOBAHHS 31 3HaYHOIO MOXuOKoro. [y npukiany, B [1] mpononyeTbes
croci6 orinku ctany cranka 3 UITY Tta sikocTi 00poOKu aeranei 3a JOMOMOTOK BUMIPIOBAaHb
BiOpallii Ta CO’KMBAaHHA CTPYMY IiJ] 4ac pi3HUX PEKUMIB pOOOTH.

3 iH1IOro 60Ky, 1HKOJIM Habip JaHUX MICTUThH 3HAYEHHS, 1110 BBEJEHI BpyuHy. B Takomy
BUITAJIKy OJpa3y MOMYCKAEThCS Jesika Mipa Cy0’€KTHBHOI OIiIHKM abo HeTouHocTi. Hampu-
KJIaJ, MEIWYHI JaHI MalTh TIEBHY Mipy HETOYHOCTI, KOJH MAIiEHTH IOBIIOMJISIOTH, IO
npUMany JIik “TIpUOIU3HO O ChOMI”, a00 BiqUyBaIM “HE3HAUYHUU OUIb JIECh Y )KUBOTI .

BpaxyBaHHs 11i€1 HEBU3HAUYEHOCT1 B METOJAX 1 aNropuTMax OOpOOKM JAaHUX Y TaKUX
YMOBax € HEOOXITHUM JUIl OTPUMAaHHS 3MICTOBHHX 1 TOUHUX BUCHOBKIB MPO JOCIIKYBaH1
o0’extu. [{na BupimeHHs 1€l 3agayi HeoOXiIHUI PO3BUTOK METOJIB MOJAHHSA Ta 0OpOOKH
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HEYITKUX 3HAYCHb, OTNEpalliil 1 BiTHOIIEHb HAJ HUMHU JUIsl 3aCTOCYBAaHHS Y MPOTPAMHUX CH-
cTeMax.

IMocTanoBka npodiaemu. [IpoGiema, BUpIlIeHHS SIKOT pO3TIISAAETHCS y LiH CTATTI, MO-
Jsrae y mifBHIIEHI e(eKTHBHOCTI OOpOOKHM HEUITKHMX 3HA4YEHb Yy NMPOrpaMHHUX CHCTEMax 3a
paxyHOK po3pO0JICHHS] HOBOTO METOY IMOPIBHSHHS HEUITKUX uucel. Lle € vacTuHOor0 O1nbIIo-
r0 JIOCTI/KEHHS 3 BUKOPUCTAHHS HEUITKUX YUCEN JUIs MPEACTaBICHHS Ta 0OpOOKH HEUITKUX
MYJIbTUMOJAIBHUX JTAHUX JJISI CTBOPEHHS HU(POBUX NBIHHUKIB HA OCHOBI anreOpaiuyHOi cu-
cTemu arperatis [2].

AHani3 ocTaHHIX AocaigkKeHb i myOaikauiii. Anmapar HediTKUX 4Hcen 0a3yeTbcs Ha
HEYITKIH JIOTIIl 1 HEYITKUX MHOXHHaX, 3ampornoHoBanux JI. 3age B 1965. 3a neit yac Oymo
3anpornoHoBaHo Oararo Moaudikaiiif, MeTOAiB MOJAaHHS 1 3aCTOCYBaHHS HEYITKUX YH-
cen.Hanpuknan, B [3] HABOAUTHCS A€TaIbHUI ONMKMC OCHOBHUX MOHITH HEUITKUX YHCEN Ta Je-
SKUX IXHIX BJIACTUBOCTEH. BibII AeTalIbHUM aHalli3 MOIIHUPEHUX CIOCOOIB MPEACTABICHHS
HEYITKUX 4Yrcen (BIAMOBIMHUX (YHKIIN MPUHANIEKHOCTI), y3arajJbHEHHS MOHATH 1 omeparii
TiHIAHOT anredpu Ta MaTeMaTUYHOI'O aHali3y Ha BUIAJOK HEYITKUX YMCEN Ta MPUKIAIU iX
3aCTOCYBAaHHSA B pealibHUX 3aJlauaxX HaBeJeH1, HaNpuKiai, B [4].

UYucnenni myOikaiii mpucBsYeHi i MeTo1aM MOPIBHSAHHS HEUITKUX yucen [5, 6]. Ormsn
KJIaCiB METOJIIB IMOPIBHSHHS: MOPIBHSAHHA 3a MIHCHUM iHAEKcoM, Taki sk [11-14] Ta inmii,
MOPIBHSHHS BiIHOCHO BiJCTaHEH N0 paHroBHX MHOXHUH [15, 16] i BimokpemieHe momapHe
MOPIBHSIHHSI 1 BIAMOBITHUX MPEICTAaBHUKIB KOKHOTO Kiacy HaBoauthes B [10]. B [7], okpim
[bOTO, TAaKOX TMPOIMOHYETHCS HAOIp BIACTHBOCTEH, SKOMY MAalOTh BIAMOBIAATH METOIHN
MOPIBHSIHHS HEYITKUX 3HAYEHb.

BuxopucTtanHs * HEBU3HAUEHOCTI JaHUX B KOHTEKCTI LHU(POBHUX ABIMHHUKIB € TEMOIO
Cy4aCHMX JIOCIHIJKEHb 1 3HAXOAUThCSA Ha cTaAll (JOpMyJIIOBaHHS OCHOBHUX NMPHUHIIMIIIB Ta Ka-
TETOpii, TOCIIIPKEHHS KJIaciB HEBU3HAYEHOCTI TOIIO |8, 9].

BukJjagennsi MaTepiay 10CTiIZKeHHS.

Memoo nopienanna Hewimkux uuce.

Posrisinemo Ba HewiTkux umcna f i g, mo 3anani GyHKIIIMEA TPHHATIEKHOCTI f[x) Ta
g (x) BigmosigHo. JIJis HUX BH3HAYMMO BiJHOIICHHS “MEHIIe 3 iMOBipHicTIO 57 (MO3HAYMMO
<g) TaK, 1o f < § KOJM IMOBIPHICTH TOTO, LIO pealbHE 3HAYCHHS f MEHIIE 3a pealbHe
3HaueHHs g He Menwa 3af. Tobro, f <g g = P(f < 3) = Bnns nesxoro f§ € [0; 1].
AHAJIOTYHO MOXHA BU3HauNTH [ =g g <= P(f=g)=p f Rg g < P(f=g)<pi
P (f < g) < [3. Tenep po3riasHEMO 3arajabHui croci6 06uncIeHHs i€l iIMOBIPHOCTI.

JlJis IbOTO PO3TISHEMO MHOXXMHY MOKJIMBHUX IMap peajbHUX 3Hau€Hb f 1 g — TOYOK 3
KOOpJAMHATaMH lfxl,yl} Ta [xz,yz) BIAIIOBIAHO, AKI HaJE€XaTh MHOKHHI, IO B1JCIKAETHCS
BiNOBiIHOIO (QyHKIi€K nprHANEex)HOCTI. IMoBipHicTE P (f < g) TOJIl OPIBHIOE BiJTHOIIEH-
HIO KUIBKOCTI Map, JAJIS SIKUX X = X3, 10 KUJIBKOCTI BCIX MOXJIUBUX map. CiiJl 3a3HaYUTH, 110
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y BUIQJIKy HETIEPEPBHUX MHOXHH KUIBKICTh TOYOK y HUX (i, BIAMOBIAHO, TXHIX Map) HECKiH-
YeHHa, TOMY ISl 337a4a PO3MIAJAETHCS 3 TOUKH 30py T'€OMETPUYHOI IMOBIPHOCTI, 1 “Kilb-
KOCTi” TOYOK BIATIOBiZA€ TUIOIIA MHOXKUHH, 1 Hafali I[i HOHATTS MOXYTh BUKOPUCTOBYBAaTHChH
B32€EMO3aMIHHO.

Ha puc. 1 HaBeneHo npukmiaa Takux yucen f i g, Ast SKUX supp{f) = fi; fz] (cumiit

xonip) Ta supp(g) = [g,; g, (momapanuesuii xoip).

1

fi 9 f; g

Pucynok 1 - Ilpukian HewiTkux ducen [ 1 g, ki MOPIBHIOIOTHCS

11106 BH3HAYNTH KiJIBKICTh Tap MOKJIMBUX pealbHHUX 3HAUEHb [ i § PO3rIAHEMO iHTep-
BaJl TPAaHUYHO MaNOl MHPUHH X, SKAH HAICKHUTH JO MHOXHHH TOYOK, OOMEKEHHX
(yHKIIi€r0 TPUHATICKHOCTI g 1 obnacTi-miaMHOKUHEY [, B IKUX Xy = X,. Ha puc. 2 HaBeneHo
NPHUKJIAN TaKUX iHTEpBaNiB (4epBOHUI KOJIp) Ta BIAMOBIAHHUX MiIMHOXHUH B f, y SIKHX pe-

aJbHE 3HAYEHHS f MeHIIe a00 JOPIBHIOE 3HAYEHHSIM 3 MIJAMHOKUHU dX (CBITIIO-CHHIN KOJIp).

1 ___ 1

Pucynok 2 - IutepBan dx i 06macTi-miaAMHOKUHY [, B IKHX X1 = X
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V 1pOMy iHTEpBaJi KiJbKICTh TOYOK AOPiBHIOE g(x)dX, KiIBKICT TOYOK, IO 3a/10-
. . 'J"-
BOJIBHSIIOTh YMOBI X = X5 IOPIBHIOE fﬂ fOdy.

TakuM 9MHOM, KUTBKICTh TIAp TOYOK JIJISl JAHOTO 1HTEPBATy CTAHOBHUTH
X
nar=gdx+ | fO)dy
I

Tosx, Ul BCiX MOXKIMBHX IHTEPBAIB X KiJIbKICTh IAp TOYOK CTAHOBHUTH BiIIIOBIIHO

ne=[ g |[ fay|ax= [ g |[ roray|ax
e, J, o),

3arajbHa KiIbKICTh 111 TOYOK, OOMEKEHHX DYHKIIIEO [ [x}, CTaHOBUTbH

n, = f_:f(x}dx = f:gf[x)dx

Tak camo, 115 g (x) us kisbKicTs 75 CTAHOBUTh
[=u]

Gz
n, = glx)dx = glx)dx

e g,
BinmoBigHO, KUTBKICTh MOKIIMBHX TIap, 3 SKUX OJHA BHITAJKOBO, PIBHO IMOBIpHO O0H-

PAEThCS 13 MHOKHHH, SIKa BificikaeThest [ (x),a apyra—3 g (x), cknanae

Iz gz
nn, = | flx)dx = g(x)dx
fa 84

Takum 4MHOM, ITyKaHa IMOBIPHICTh Ma€ BUTJISA:

Lok [) X j)d;d
P(f <g)= Me _fﬂl'gx [J}lf@ j] ¥

nn, f;zg flx)dx = _f;fg[x)dx

Bracmueocmi 3anpononoseanozo ¢ionouienns

Po3rnsiHeMo /1esiki BIaCTUBOCTI IIbOTO BiJJHOIIECHHS.

1. PedpnexcuBHicTb. Y KOHTEKCTI pedIeKCHBHOCTI BIIHOLIEHHS JOUUIBHO PO3IIISIHYTH
nBa BUNajaku. [lepmmii crocyeTbesi BCTAHOBJICHHS BIIHOIICHHS MK OJIHUM 1 TUM K€ 3Ha4€H-
HSIM, TOOTO SIK peajibHe 3HAYEHH, TaK 1 (PYHKIiS MPUHAJIEKHOCTI € OJHAKOBUMH. B Takomy

BUIIAJIKY, OYEBUIHO, 1o BilIHOHIeHHﬂ BHUKOHYETBCA 3a O3HAa4YCHHAM, OCKIJIBKHU

Plaza)=1= B. Npyruii BUMAI0K CTOCYETHCS IBOX HEUITKUX YHCEIN, ISt SIKUX (PYHKIIT

MIPUHAJICKHOCTI O/IHAKOBI, ajie peajibHl 3HAUY€HHS MOXYTh BiJIpi3HATHCH. Lleil Bumagok 3Bo-
JUTHCS 10 BUOOPY JIBOX PIBHOMIPHO PO3MOJIIJICHUX BUIIAJKOBUX YMCEN HA OJHOMY IHTEpBaJIi,
1 olHEe 3 HUX OLIbINE 3a 1HIIE B IMOJIOBUHI BUNAAKIB, TOOTO, IMOBipHICTH JopiBHIOE 0,5. 3

(bopmManbHOrO 03HAYEHHS TaK CAaMO BUILTUBAE:
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o) (2@ - [ f@ay]ax [P F@)-[FG) - F(f)lax
P(f=f)= = =
[7 F@ax - [ fx)ax (F () - F(R))’

JPFG) - FGdx F(R) [ FGdx
(PR -F(R) (F(R) —F(f))

u = F(x) du = f[x)dx]
dv=f(x)dx v=F(x)

Iz
f(x)- Flx)dx =
f

2
= Fz[x)|£3 — . flx)-F(x)dx

2 I
FPIf

fz[) (x)dx = F? p fﬁ[} (x)dx =
. dx = 2 = . dx =
Eflfx Flx)dx F[x}|J1rl ﬂfx Flx)dx 5

_FR) -FH) _ FQ) -FEIFEL) +F(H))
2 2

Toni,
o ) - ER = FODEE) T PR FIEE) —F(F)
2(F(fy) —F(fi))? (F(f,) — F(fi))?
_FRI+FRY)  F(R)  FR)+F(f) —2F(f)
20F(f) =F(/)) F(f)-F(H) 2(F(f2) = F(f)
F(ff)-F(fi) 1

“2F(R) -F(R)) 2

. 1
Orxe, BiTHOLIEHHS pedieKcuBHE pH f = e

2. CumeTpuuHicTh. 3a O3HAYEHHAM BifHOUIEHHS, [ =N P(f = g) = B.

BianosinHo, P(f = g) =1-fBe=f=_ g g. TakuM 9HHOM, BiJHOIICHHS CHMETPHYHE
1
npu f = 1—;5’:‘:,{?:5.
3. [HBapiaHTHICTH 10 TOPU3OHTAIBLHOTO 3MillleHHs. [ €OMETpUYHUN 3MICT BITHOIICHHS
MOJIATAE Y BIJTHOIIEHHI IJIOM], OOMEXEHUX KpUBUMHU (DYHKIIN MPUHAJIEKHOCTI, 1 HE 3aJIEKUTh
BiJl BUOOPY nouyaTKy koopauHat. To6To, 3 popManbHOIO O3HAUYEHHS:
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. t=x+d = t,=f —d
R[] a0ay]dx dx it 2=£ £=E—d

= f;gf[x}dx_fﬂﬂgg(x)dx x=t—d X3= M tgzgl—d
: : Xy =Gz ty=g,—d

P(f = g)

B ff.iz_—df[t —d)- [f;:—dd'g@})dy] dt
ET - e [P g - ddt

HpaKTI/ILIHO BaXXJIMBUM JIA 00YKCIIEHHS € 3HA4YCHHA

d = min(x|x € supp(f) Usupp(g)).
4. Tlocnabnenus. ko ¢ Elﬂi b, To V[, E [0: ﬁl]:r:i Eﬁg b.

Ilpuknao 3acmocysanna memooy i NOPIGHAHHA 3 6I0OMUMU NIOX00AMU
Po3rnsiHeMo 3acToCcyBaHHS METOJy Ta HOro MOPIBHAHHSA 3 BIIOMMMH mifaxonamu. s
[[OTO PO3rIIsiHeMO mapy TpukytHux umcen [ = (1,4,10) ta g = (3,7,9) (puc. 3). dus

HUX BIAIIOBiIHO

r

1
——,xE (L4
2 [1.4]

s L] =

fG)={ x5
—6+3ge[am]

\0, BlHWOMYBMNAAKY

r x 3
—— X = [3:?]
4 4

gx) = 1

x 9 [7.9]
——4+—,x € |/,
2 2

\0, BlHWOMYBMNAAKY

1.0+

N\

T T T T T T
0 2 4 6 8 10

Pucyrnok 3 - Yucna f = (1,4,10)tag = (3,7,9)

Jns HUX (BUKOpPHCTOBYIOUHU bopmyny i (0iigl TPUKYTHHKA)

10 1 9 9 1
“1=f1 f(x}dx=5-9 =E,ﬂg=f3 g[x)d:c:;ﬁ::il.
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BpaxoBytoun 6yn0By f (x) Ta g (x), mouinpHO IPEJICTaBUTH 11, SIK:

ﬂc=L4gEX) ff@)dy dx+f:g[?»’) f}‘"@f}d:v cix+£gg[x} ff@)d}f dx
1 1 1

1873
T 192
Orie, P(f = ) = ==+ == = =2~ 072, smizcn f <g7 g.
PesynbraT nmopiBHsHHs uncen f i § 3a iHIIMME BiJOMHUMH METOJJAMU HAaBEICHO B Ta0I. 1.
Tabmums 1
Iopisusiaas gucen f i ¢ 3a pisHEME METOAAMU
Meton Pesynbrar nopiBHsSHHS
Metoa Anamo(a = 0.5) f<g
Meron Anamo(o = 1) f<g
Meron frepa (3HaunmicThb g(X)=X) f<g
Merox Uenra f>g
Merton Jliy-Basnra (4 = 0.5) f<g
3anpornoHOBaHHA METOA f<o720

Amnani3 Tabn. 1 gae 3Mory 3poOUTH BUCHOBOK TPO KOPEKTHICTH 3alPOIIOHOBAHOTO Me-
TOIY.

Anzopummiuna peanizayisa onepamopié NOPIGHAHHA HEUIMKUX YUcel

Jlnis 3acTOCyBaHHS 3alIpONIOHOBAHOIO METOY MOPIBHIHHSA HEUITKUX YHCEIN Y NMPOrpam-
HOMY 3a0e3MeueHH] HeoOXiHa Horo peasizalis K JIOTIYHOIO oreparopa abo (QyHKIi, sKa
BUKOHYE BIJIOB1JIHI omepartii.

OnepariiiiHa ceMaHTHKa oneparopa ‘“MeHIIe” JJis HeUiTKUX YMcell HaBeJleHa Ha puc. 4 'y
BUTJIA Aiarpamu ctaHiB. Ciia 3a3Ha4uTH, MO ISt OUThII €()EeKTUBHOTO OOUYHMCIECHHS BiAHO-

IIEHHS MK HEUITKUMU YUCIaMHM, 1XHI 3Ha4€HHs 1 ; JOLUIBHO 30epiraTv y “JIiHMBOMY Kellll
(3Ha4eHHs OOYMUCIIIOETHCS JIMIIE 3a MOTPeOU Ta 30epiraeTbes). 3HAYEHHS M., My, M3 00-

YHCITIOIOTEHCS 3a popmynamu (3)-(5).
Orneparriiina ceMaHTHKa orepaTopa “Ounblle” Mae aHAJOTIYHUN BUTJIS, 32 BUKIIOUCH-
HSM OJIOKY OOUYMCIICHHS PE3YNbTaTy, A€ PO3Traly>KeHHS Ma€ 3BOPOTHI YMOBH.

Tak camo, 115 onepaTopa “I[O 1BHIOE” Bi,[[MiHHiCTB [IOJISITa€ B YMOBI OJIOKa OOYHCIEHHS
b
n

C
= .
1M ﬁ

pesyinbTary, jae Bona oyne 1 — = -
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!

l OTtpuMars iMoBipHICTE B

OTprMaTs sagamy

IMOEIpHICTE

TuoEipHICTE

Qrpmare
IMOBIpHICTE s2
SAMOETAEAM

}

|

f OTpEMAaTH Ny

l

OTpHMaTH D¢ w

Tlomepageso

ObaHCIHTH pesyabTaT

ne
P

IoEepEyTH
True

IogepayTH
False

o

Pucyuox 4 - OnepariiiiHa ceMaHTHKAa HEYITKOrO oneparopa ‘“mexiue”
YH 1Y parop

BucHoBku. 3anponoHOBaHUN METO]I IMOBIPHICHOTO MOPIBHSHHS HEYITKUX 3Hau€HbOa-
3YETHCSI HA 3aCTOCYBaHHI MOXJIMBUX peaIbHUX 3HAY€Hb BIAMOBIIHUX HEUITKUX yucesn. O0-
YUCJICHHS IMOBIPHOCTI, sfIka BH3HA4Ya€ BIJHOIICHHS, HABEICHE y 3arajlbHOMYy BUTJISAL IS

NOBiTBHUX (yHKIIH MpHHATEKHOCTI HewiTkux uncen f(x) ta g(x), BTIM po3risiHyTHIA TpH-

KJIaJ] 3aCTOCYBaHHSI JUIsl TPUKYTHUX YUCEN MOKa3ye, M0 BUTIAA (YHKIIT CHIBHO BIUIMBA€E Ha
mporec 00UrCIeHHS.

EdexTuBHICTh 0OYMCIEHHS IMOBIPHOCTI Y KOHKPETHOMY BHUIMAJKy MOXHa 3HAuHO
MIJBUIIUTA MUISXOM BUKOPHUCTAaHHS OCOOTMBOCTI BIAMOBIAHOT (PYHKII MPHUHAIEKHOCTI,

. fz .
KellyBaHHs (Hampukiaj, 30epekeHHs “JTIHUBOro” 3HAYeHHS ff f(x }dx) Ta BIJIACTUBOCTI
1

BiJTHOIIECHHSI.

BukopucraHHs 3alpOnOHOBAHOTO BiJIHOLIEHHS IUIAHYETHCS B KOMIUIEKCI 13 TMEBHUM
CIOCOOOM TPEACTABICHHS HEUITKUX YHMCEN Ul 3aCTOCYBAaHHS B ajnreOpaiuHiid cucTemi arpe-
raTiB PHU CTBOPEHHI MIPOrPaMHOI0 3a0e3MeUYeHHs CUCTEM IIU(PPOBHX ABIMHUKIB, Y TOMY YHUCII
3a HaOOpOM TEMITOPAIbHUX MYJIBTHUMOJAIBHUX JaHMUX 13 HEBU3HAUEHICTIO 3 MOJKJIMBICTIO

HaJAIITYBaHHs JOBIpYOi iMOBipHOCTI 3.
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Probabilistic method of fuzzy number comparison

The subject of fuzzy numbers comparison is not very prevalent in modern research. A
number of older publications propose a number of well-known methods that broadly fall into
one of three classes. First is index-based comparison, which maps fuzzy numbers into a real
value and ranks them accordingly, such as Adamo, Yager, Chang, Liu and Wang, etc. Second-
ly, there are methods that propose fuzzy number ranking based on distance (e.g. Hamming
distance) from certain reference sets, such as Kerre and Jain. Third category is rare and pro-
poses a specific pair-wise ranking approach in particular circumstances. New methods are
being proposed, but this is not a frequent occurrence.
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Thus, a new method of fuzzy numbers comparison is proposed that takes into account a
confidence probability of a comparison. In the paper a generalized method for computing or-
dering relation between fuzzy numbers regardless of the specifics of membership function is
provided. An example of its usage is considered for triangular fuzzy numbers that is one of the
most common ways of expressing uncertainty. The results are also compared to some of the
existing methods. Formal properties of the relation, based on the proposed comparison meth-
od are discussed and proven. The operational semantics of a logical operator or a function
that implements the new method in software is considered for the “less than” operator and
described with a state diagram. Other relations, such as “greater than” and “equals” are
also discussed.

Research materials provide some insights into certain properties of the proposed meth-
od and particular hurdles when implementing it in software systems, such as using smooth
analytically defined membership function and caching certain intermediate computation re-
sults.

Mensn Ouexcanap PomanoBmu — acmipanT kadeapu mporpamHOro 3abe3rnedeHHs
KOMIT FOTepHUX cucTeM KHiBChKOTO MONIITEXHIYHOTO 1HCTUTYTY iM. Iropst CikopchKoTo.
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MIEYCHHS KOMIT FOTePHHUX CUCTeM KHUIBCHKOTO MOMITEXHIYHOTO iHCTUTYTY iM. Iropst Cikopch-
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B.1O. Ilecuancekuii, €.C. Cynema
APXITEKTYPHI IPUHIIUIIN 3ABE3NIEYEHHSI BEPUDIKAILIIL TA SIKOCTI
CHUCTEMM CTBOPEHHSI IU®POBUX JIBIMHUKIB MEJIUKO-BIOJIOTTUHUX
OB'EKTIB

Anomayisn. Y cmammi po3ensioaromscs apXimeKmypHi npunyunu 3abesneyenus eepudhikayii
ma siKocmi cucmem CmeopenHs Yupposux OGItIHUKIE MeOuKo-0ionociunux 06 'ekmie. Ocobaugy
V8az2y npuodileH0 NUMAHHAM MOOYIbHOCMI Ma [307Yii KOMHOHEHMI8, Wo 00380158€ NOKPA-
wumu mecmyeanHs. ma CNpOWYe 8UABIEeHHA NOMULOK. Onucano 8UKOPUCMAHHA A8MOMAMuU-
3ayii mecmyeanus 08 WUOKOI epuikayii 3min y cucmemi, 30kpema uepe3 GUKOPUCHAHHSL
Konmetnepie Docker 0ns i3onayii cepedosuwy po3poOKu, mecmyeanus ma NpoOOaAKULH-
cepedosguuy. Pozenanymo MiKpocepsicHy apXimeKmypy, AKa CHPUSE He3ANeHCHOM) MeCmyBaH-
HI0O Ma po320pmanHio KOMnoHenmis cucmemu. OKpim ybo2o, GUCBIMIIEHO MemOodoNo2ii me-
CMYB8AHHS HA OCHOGI MOOeNl, [HMe2payitiHo20 Mecmy8anHHs ma MeCcmy6aHHs 8 PeanbHOMY
yaci. [lpedcmaegneno o2nsao0 incmpymenmie OJisi MeCmy8anHsl, MaKux K cucmemu beznepeps-
Hoi inmezpayii ma oocmaexu (CI/CD), ¢ppetimgopku 0151 mecmy8ants ma cucmemu MOHImMo-
puney ma n02y8anus. /[o0amKko8o po3ensiHymo apXimekmyphi piuienHs Ons 3abe3neyeHis
MOYHOCMI Ma 00CMOBIPHOCMI OAHUX, WO BUKOPUCIOBYIOMbCs cucmemoro. Ilpakmuuni npu-
K1aOU BKII0OYAOMs MeCcmy8anHs Yupposozo O0SItiIHUKA 2OpMAaHi JTHOOUHU 3 BUKOPUCMAHHAM
3anponoHOBaAHUX NI0X00i6 MA IHCMPYMEHMIB, A MAKOXC aHANI3 pe3yibmamis sepugikayii cu-
cmemu.

Knrouoei cnosa: inowcenepia npoepammnozo sabesneuenns, apximekmypa npocpamHoz20 3a0es-
neyeHHs, A8MmoMamu3ayiss mecmye8ants, eepugikayis, MoOyIbHICMb, KOHMeUHepu3ayis, yug-
PO8I OGILIHUKU, MeOUKO-0ion02iuHi 00 'ekmu.

IMocTranoBka npodsaemu. [{udposizaiiis 0XOpoHH 30pOB'SA € OJHUM 13 KIFOYOBUX Ha-
NPSIMKIB PO3BUTKY MEJIMYHOI Tay3i, 10 CIpHsE MiABUIIECHHIO €(EeKTUBHOCTI MEAUYHUX JOC-
JKEeHb, JIarHOCTMKU Ta JIKyBaHHSA. BrpoBajkeHHS NIU(PPOBUX JBIMHUKIB MEAMKO-
010J10T1YHUX OO'€KTIB, TAKUX SK FOPTaHb JIIOJIMHU, € BaXJIMBUM KPOKOM Y IIbOMY HAaIIPSIMKY.
[udposi ABIMHUKK TO3BOJIAIOTH BIATBOPIOBATH (Pi310JI0TIUHI Ta (PyHKIIOHAIBHI XapaKTepH-
CTHKHU pealbHUX O00'€KTIB, 110 BIJIKPUBA€E HOBI MOKJIMBOCTI JJIs 1X JOCIIIKEHHS Ta MOJIETIO-
BaHHA B YMOBaX, OJIM3bKUX J10 peanbHUX. OHAaK, CTBOPEHHS Ta BIIPOBAKEHHS TAKUX CUCTEM
CYIIPOBOKYETHCSI HU3KOIO 3HaYHUX BUKIIMKIB.

OcHoBHa npobiiema mossirae B 3a0e3MeUeHH] SKOCTI Ta Bepudikalii po3poOIroBaHuX
cucteM. [{udposi IBITHUKH CKIaTAIOTHCS 3 YUCICHHUX KOMIIOHEHTIB, KOKEH 3 SIKUX BUKOHYE
MeBHI (YHKIII Ta BUMarae pereiabHoro TectyBaHHs [1-2]. 3a0e3neueHHs] BUCOKOI SKOCTI Ta
JOCTOBIPHOCTI JaHUX € KPUTHYHO BAXJIMBUM JUISI TAKUX CHCTEM, OCKUIbKM HaBITh HE3HAYHI
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INOMUJIKM MOXYTh IIPU3BECTH /10 HENPaBAMBUX PE3YJIbTATIB JOCIIKEHb a00 HEKOPEKTHUX
MEIMYHUX PIIICHb.

OpHi€0 3 OCHOBHHX CKJIQJHOCTEH € MOIYJBHICTH Ta 130Ms1is KoMIoHeHTiB. Cy4acHi
CUCTEMH MAIOTh OYTH PO3MOIUICHUMH Ta CKIAJATUCS 3 OKPEMHUX MOJYJIB, SKi MPAIIOIOThH He-
3aJIeKHO OJMH Big ofHOTO. Lle ycKinaaHIoe mporec TeCTyBaHHs, OCKUJIbKM KOXKEH MOJAYJb IO-
BUHECH OYTH PETENbHO TEPEBIPEHUI Ha CYMICHICTh 3 1HIIMMH MOAY/ISIMH Ta Ha 3/IaTHICTh
(YHKIIIOHYBaTH aBTOHOMHO.

[HIMM BaXJIMBUM acleKTOM € aBTOMaTH3allisl TecTyBaHHA. B ymoBax mocTiiHOTro
OHOBJIEHHS Ta BJIOCKOHAQJICHHS CUCTEM, PY4YHE TECTYBaHHS CTa€ Hee(PEKTUBHUM Ta 3aHAJTO
TPYAOMICTKMM. BHUKOpUCTaHHS aBTOMAaTH30BaHMUX TECTIB J03BOJIE€ 3HAYHO MPHIIBUAIINTH
nporiec Bepudikamii 3MiH y cucTteMi, 3a0e3Medyoun MpH HbOMY BHCOKY TOYHICTH Ta IOBTO-
PIOBaHICTh Pe3yibTaTiB.

Kpim TOrO, BaXKITMBUM € THUTAaHHS KOHTEWHEpHU3allii Ta BUKOPUCTAHHS MiKPOCEPBICHOT
apxitektypu. KoHTteliHepu3alisi 103BOJISIE 130JII0BATH CEPEAOBUINA PO3POOJIEHHS Ta TECTY-
BaHHS, L0 IMiJABMILYE THYYKICTb CHCTEMH Ta IOJIETLIye TIpouec TecTyBaHHS [3].
MikpocepBicHa apXiTeKTypa, B CBOIO uepry, 3abe3rneuye He3alexHe TeCTYBaHHS Ta pO3rop-
TaHHsI KOMIIOHEHTIB CUCTEMH, 1110 JJO3BOJISIE IIBUJIKO BUSIBIIATH TA YCYBATH IOMUJIKH.

Metononorii TecTyBaHHsI, Taki SIK TECTYBaHHS Ha OCHOBI MOJIEN, iHTErpaliiiHe TecTy-
BaHHS Ta TECTYBaHHS B PEAJbHOMY Yaci, TAKOXK € BOXKJIMBUMHU ISl 3a0€3MeYEeHHS SIKOCTI CH-
cTeMu. BuxopucranHs Mopemnei Ui CTBOPEHHS TECTOBHX CIIEHApIiiB JJO3BOJISIE MEPEBIPUTH
BiJITOBIIHICTh CUCTEMH BHMOTaM, a IHTETpalliiHe TECTYBaHHS JIONIOMAara€ BHSBIIATH TPoOIIe-
MH Yy B3aeMolii MK MOAymIsIMU. TecTyBaHHA B peaJbHOMY 4aci, 3 BHUKOPHUCTaHHSIM
BIJITIOBITHUX 1HCTPYMEHTIB, 3a0e3Meuye nepeBipKy poOOTH CUCTEMH B yMOBaX, MaKCUMAaJIbHO
HaOJIMKEHUX 10 peallbHUX.

Ha monmatox 10 11b0ro, BasKJIMBOIO € IHTErpallis cucTeM Oe3lepepBHOI iHTerpallii Ta 10-
craBku (CI/CD) [4], ¢ppeiiMBOpKIB 7151 TECTYBaHHS, a TAKOXK CUCTEM MOHITOPUHTY Ta JIOTY-
BaHH:. Lli iHCTpyMEHTH 03BOJISIOTH aBTOMATU3yBATH MPOLIEC TECTYBAHHS Ta PO3TOpTaHHS, a
TaKoX 3a0€3MeuyloTh MOCTIMHUN MOHITOPUHI pOOOTH CHCTEMH Ta BUSBJIEHHS NMpoOJeM Ha
paHHIX CTaisX.

TakuM 4YMHOM, CTBOPEHHS LHU(PPOBUX JBIMHUKIB MEIUKO-010JIOTTYHUX O0'€KTIB BUMAarae
KOMIIJIEKCHOTO MiAXOQy A0 3a0e3MeueHHs SAKOCTi Ta BepuQikallii, BKIIOYAOYH MOIYIbHICTb,
aBTOMATH3allil0 TECTYBaHHS, KOHTeHHEpH3allit0, MIKPOCEPBICHY apXiTEeKTypy Ta BUKOPUCTAH-
HSl CyYaCHHMX IHCTPYMEHTIB Uil TECTYBaHHS Ta MOHITOPUHTY. TiIbKM 32 YMOBH JAOTPUMAHHS
BCIX IIMX aCMEKTIB MOXKHa 3a0€3MeUnTH BUCOKY SIKICTh Ta HAAIHHICTH PO3pPOOITIOBAHUX CH-
CTEM.

AHaJii3 ocTaHHIX Joc/ifxkeHb i mybaikauniil. Y cydacHiii HayKOBO-TE€XHIUHIN JiTepa-
Typl aKTHBHO JOCITIIKYIOTBCS PI3HI acHeKTH pPO3pOOJIEHHS Ta BIPOBAIKEHHS HUPPOBUX
JBIMHUKIB Y MEIMKO-010JIOTIYHUX cUcTeMax. barato nociikeHb MPUCBIYEHO CTBOPEHHIO Ta
BUKOPHCTAHHIO CIIELIai30BaHUX MEAMYHUX 1H(OpMAIIfHUX Ta EeKCIEePTHUX CHCTEM, SKi
3HaYHO MOJIETIIYIOTh JIarHOCTHKY Ta JIIKyBaHHS MaiieHTiB. Hampukman, mporpamHi mpo-
nyktu, Taki sk ASDSee, Aquilion ONE, Infinix CS-I, Horizon SE, XIDF-QCAS801, mupoko
BUKOPUCTOBYIOTbCS B KOMIUIEKCAaX MPOMEHEBOI Ta yJIbTPa3BYKOBOi JiarHOCTUKU. BoHu 103-
BOJISIIOTh TIPOBOJUTH YJIBTPAa3BYKOBY cOHorpadiro, KOMITIOTEPHY ToMOTrpadiro, MarHiTHO-
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pe3oHaHCHY ToMorpadito, aHriorpadiro, exaconorpadiro Ta eHIOCKOIMiI0, 3a0e3Meuyoun BU-
COKY TOYHICTh JIIarHOCTUYHUX JaHUX [5-6].

JliarHOCTHYHI CUCTEMH TaKOX aKTHBHO BUKOPHUCTOBYIOTH €KCIIEPTHI CUCTEMH, TaKi SIK
I'actporpad 1T, Stimul ta inmi. Li cucremu 103BONAIOTH aBTOMATU3YBaTH MPOLIECH OTPU-
MaHHS Ta aHali3y AIarHOCTUYHUX JIaHUX, 110 3HAYHO ITiIBUIY€E e(DEKTUBHICTh MEAHMYHUX 00-
cTekeHb. [ mpoBeJeHHs 1arHOCTUYHHUX TECTIB 1 BCTAHOBJICHHS J1arHO3y BHUKOPHUCTOBY-
IOThCSl €KCIIepTHI cucTeMu, Hampukian, Internist, BPLab, SpeseLabs Medical, Meditech,
Omron, CardioVita Tomro [7].

B pamkax Mi>KHapOJIHOTO CITIBPOOITHUIITBA CTBOPEHO PsiJl EKCIIEPTHUX CHCTEM 1 0a3 na-
Hux, Takux sk NUCLEUS (mynetumeniitne nocke mamienta), EMDIS (€Bporneiicbka Mmennd-
Ha iH(opMmaniliHa cucTeMa sl JOHOPIB KicTKOBOro Mo3ky), EPIC (€Bpomelickka Mosenb
nikyBanHs1) Ta FEST (6a3a i eBporneiicbkux ciyx0 tenemenuuuun). Lli cucreMu cripusiroTh
O0OMiHYy MEIMYHOIO iH(POPMAL€I0 Ha MIDKHAPOJIHOMY DPiBHI, 3a0e3Meuyoun OuTbII eeKTHBHE
Ta MIBU/KE HAJaHHSI MEANYHUX TocayT [8-9].

Ha Tteputopii VkpaiHu TakoX aKTHBHO BHKOPUCTOBYIOTHCA Pi3HI MeAuuHi iH(Op-
MmaniiHi cucremu (MIC), taki ax «EMCIMEy, «Menyuer», «Menianor», «TherDepy,
«Astraiay, «JlucMenan», «Kamrany», «/Joktop Enekc», «{odpobyr» Ta iHmi. bimporicts 3
HUX € KOMEpIIMHMM TNpOrpaMHUM 3a0e3MeUeHHSIM, OJHAK IapajellbHO 3 PUHKOM KO-
MmepuiiiHoro 13 akTHBHO PO3BHBAETHCS 3aCTOCYBAaHHS BUIBHO-PO3MOBCIOKYyBaHoro 113 3
BIZIKpUTHM KoJI0M, Takux sik WorldVistA, OpenEMR Tta OpenMRS [10-11].

BaxmBuM acrekToM € po3BUTOK MOOUTBHUX 3aCTOCYHKIB Y CHCTEMi OXOPOHH 3J10POB's
(m-health), sixi miaACHITIOIOTH B3a€EMOJIiI0 MiXK MaIlieHTaMK Ta JikapsMu. Hanpukian, MoOiib-
Huil 3actocyHok Ecaalyx, po3pobnenuii B pamkax mnpoekty €C, no3Boiisie 3[iliCHIOBATH
MOHITOPUHT CTaHy 37I0pPOB's JITHIX JII0JIel 3 XpOHIYHUMHU 3aXBOPIOBAaHHIMH, 3a0e3Meuyoun
OIlEpaTUBHY B3a€MO/III0 MAalli€HTIB, OMIKYHIB 1 JiikapiB [12].

Takum yMHOM, aHaNi3 OCTaHHIX JOCIIPKEHb Ta NMPOrPaMHHUX HPOAYKTIB CBIAYUTH MPO
3HAYHUI MPOrpec y pO3BUTKY MEINYHUX 1HPOPMAIIHIX CHUCTEM 1 TEXHOJIOTrIH, 110 3abe3me-
Yyl0Th OUIBII TOYHY J1arHOCTHKY, TMOKpAIIEHHSA SKOCTI MEIWYHOro OOCIYrOoBYBaHHS Ta
MIJBUIIEHHS €(QEeKTUBHOCTI JIIKyBaHHs mauieHTiB. [Ipore, icHye morpeba B MoAagbLIIOMY
BJIOCKOHAJICHH] LIUX CHUCTEM, OCOOJIMBO B acMeKTl iX 1HTerpauii Ta aBToMaTu3aiiii, 1o Crpusi-
THME TiABUIICHHIO SKOCTI MEAMYHUX MOCIYT Ha BCiX PIBHSAX.

BukJjag ocHoBHOro martepiajy aociifkeHHss. OCHOBHOIO METOIO JIOCHIJIKEHHS € Po-
3po0JIeHHS apXiTeKTypHHUX MPUHIIMIIIB, SIKI 320€3MeUyI0Th BUCOKY AKICTh CTBOPEHHS IH(po-
BUX JBIMHHUKIB MeIUKO-01010T19HUX 00'eKTiB. [{n(hpoBi ABIHUKYU JO3BOJSIOTH TOUYHO BiATBO-
proBatu (i310J0T1YHI Ta (YHKIIIOHATIBHI XapaKTEPUCTUKHU pealbHUX 00'€KTIB, 110 BIAKPHUBAE
HOBI MOKJIMBOCTI ISl X JOCTI/DKEHHST Ta MOJICIOBAaHHS B YMOBaX, HAOJIMIKEHUX JI0 peajib-
HuX. {151 OCSITHEHHS 111€1 METH BaXKIIMBO 3a0€3MEYUTH BUCOKY TOUYHICTD 1 IOCTOBIPHICTH Ja-
HUX, BAKOPUCTOBYBAHUX y CUCTEMI.

VY paMKax AOCHIKEHHS pPO3pO0JIEHO apXiTEKTypy MPOrpaMHOI CUCTEMH JUIs CTBOPEHHS
U(POBUX ABIMHUKIB MEIMKO-01010T1YHUX 00'€KTIB, 30KpeMa ropTaHi JIIOJUHH.

Cuctema 3abe3neuye CTaHJapTH3AIliI0 Ta yHi(iKallilo MPOIEciB 300py JaHUX 3 Pi3HUX
JDKepeln, BKIIOYalo4M BiJleo, ayaio Ta iHIN MeAawuHi Aadi. Lle 103Boisie KOHBEpTYBaTH
PI3HOpPIAHI JaHl y €IMHUN CUCTeMHUHN dopmar, 10 3HAYHO TMOJICTITY€E TMOAIBIINNA aHaji3 Ta
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00poOKy. 3aBasIKM IIbOMY JIIKapl MOXYTh OTPUMYBAaTH KOMIUIEKCHY Ta y3roJpKeHy iHdop-
MaIlif0 Ipo CTaH Malli€HTa, IO MiABHUILYE TOYHICTh JIarHOCTYBAaHHS Ta €(EKTUBHICTH JIKY-
BaHHs. BUKOpHCTaHHS €JMHOTO CUCTEMHOTO (hOpMaTy TaKOXK J03BOJISE IHTETPyBaTH Pi3HI TH-
1 ITAaHUX Y €UHY 1HPOpMaLiiHy cUcTeMy, 3a0€3MeUyr0Un IXHIO CYMICHICTh Ta B3aEMOJIIO.

CrBOpeHHS I1HIMBIAYyaJbHUX OOJIIKOBUX 3alHUCIB Ul KOXKHOTO TallieHTa 3a0e3nedye
30epiraHHs BCIX MEAMYHHUX JIaHUX Ta pe3yibTaTiB 00cTekeHb. Ha OCHOBI ITMX JJaHUX aBTOMa-
TUYHO (OPMYEThCS NMUQPPOBHUI ABIMHUK TOpPTaHi, KU TOYHO BimoOpakae (i3ionoriyHi Ta
(GyHKIIIOHATBHI XapaKTEPUCTUKY MallieHTa. L{e 103Bosse TiKkapsamM MOIEIIOBATH Pi3HI clieHapii
JIKYBaHHS Ta POTHO3YBaTH Pe3yJIbTaTH, IO CIPHUIE TPUUHATTIO OOTPYHTOBAHUX MEIUYHUX
pillieHb.

BesnepepBHe OHOBIIEHHS IU(PPOBOrO ABIHHHKA B PEXHMI PEATBHOTO 4Yacy IO3BOJISE
OTIEpPaTUBHO pearyBaTH Ha 3MiHHU y CTaHi manieHTa. MeauyHuii IepcoHaI Ma€e JOCTYII 10 aK-
TyaJbHOI iH(OpPMAIIi PO Malie€HTa, M0 3HAYHO MiJBUILYE eQEKTHBHICTh MEIUYHOTO 00CITy-
roByBaHHs. Lle 0COOIIMBO BaXIJIMBO B YMOBaxX IHTEHCHBHOI Teparlii Ta MOHITOPHHTY KPHTHY-
HUX CTaHIiB, Ji¢ KOXXHa CEKyHJa Mae 3HavyeHHs. DOpMyBaHHS MOTOKIB JaHUX y CECII0 IS
KOKHOT'O OKPEMOT0 KOPUCTYBaua J03BoJisie 30epiraTé KOHTEKCTHY iH(opmaiio Ta 3abe3me-
YyBaTH aKTyaJbHICTh AaHUX. [IpUOIM3HY CTPYKTYpy JaHUX MO>KHA TIO0AYUTH Ha puc 1.
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Pucynox 1 - [IpononoBanwuii mradaon 0a3u st 30epekeHHS JTaHUX

CyuacHi MeTo/Iu aBTOMATH3allii TeCTYBaHHS J103BOJISIOTH IIBUJIKO BHUSBIISATH Ta BUIIPAB-
JSATU TOMWJIKHM. 3aBISIKM BIIPOBAPKEHHIO CHUCTeM Oe3mepepBHOi iHTerpaiii Ta JOCTaBKH
(CI/CD), 3abe3neuyeThcsi BUCOKa HaIHHICTh Ta CTaOUIBHICTh POOOTH MporpaMHOro 3abesmne-
yeHHs. lle no3Bonsie mikapsiM Ta MEIUYHOMY IE€PCOHALY 30CEpPEAMTHUCS Ha JIKyBaHHI
MaIi€HTIB, HE BUTPAYalOuM Yac Ha TEXHIYHI acleKTH. ABTOMATH3allisi TECTyBaHHS BKIIOUAE
BUKOPHCTAHHS METPHK SKOCTI TIPOTPAMHOTO 3a0€3MEeUCHHSI, TAKUX K TIOKPUTTS TECTaMH, IO
JI03BOJIS€ 3a0€3MEYNTH BUCOKY SIKICTh Ta HaJIHHICTh MporpamMHoro 3abesneueHHs [13].

Peanmizamist cuctemMu 3 ypaxyBaHHSM HaWBHUIIMX CTaHAApTIB Oe3meku 3abe3neuye
KOH(1ACHIIIHICTh Ta 3aXUCT MEPCOHAIBHUX JIAaHHUX MaIli€eHTiB. BUKOpHCTaHHS METOAIB MU }-
pyBaHHS Ta OararopiBHEBOI ayTeHTHQIKalil rapaHTye, MO JOCTYI 10 AAHUX MAIOTh JIMIIIE
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YIIOBHOBaXk€H1 0ocoOu. PerymnsapHi ayautu Oe3neku Ta BUSBJIEHHS MOXJIMBHX 3arpo3 J0IOMa-
raloTh MiATPUMYBATH BUCOKHH pPIBEHBb 3aXHCTy JaHUX. APXITEKTypa CHCTEMH 0a3yeTbcs Ha
MPUHIIAIIAX PO3MOJIIJICHOCTI, aHOHIMI3aIli1 Ta BOJIOAIHHS JaHUMH, 10 3a0e3edye 3aXucT iH-
(dopmMarrii HaBiTh y pa3i KOMIPOMETAIlil OKPEMUX KOMIIOHEHTIB CUCTEMH.

[Ipunuun a”oHiIMI3amii B CHCTEMi CTBOPEHHS IM(PPOBUX JBIHHHKIB MEIHKO-
010JOTIYHUX O0O0'€KTIB CIPSMOBAHUM Ha 3aXHCT KOH(IACHIIIHHOCTI MAIlI€HTIB NUIIXOM 3a-
MOOIraHHS MOXJIMBOCTI i1eHTH(]iKaIii 0cid Ha OCHOBI 30€peKEeHUX NTaHuX. AHOHIMI3aIs pe-
AM3YETHCS Yepe3 ICEBIAOHIMI3AINI0, KOJM OCOOMCTI JaHl 3aMiHIOIOTHCS Ha INTY4YHI 17€HTH-
(dikaTopu, MO0 03BOJISIE BUKOPHUCTOBYBAaTH MEAWYHI JaHi 0€3 PO3KPHUTTS OCOOMCTOCTI
narieHTiB. J[aHi mamieHTiB 30epiraloThCsl y PO3MOIUICHINM crcTeMi 30epiranHs, ae pi3Hi ¢par-
MeHTH iH(opmalii 30epiraloTecs B pi3HUX mifcuctemax. Lle o3Hauae, mo HaBiTh y pa3i KOM-
npomeTanii oHi€l MiACUCTeMH, 3IOBMIUCHUK HE 3MOXKe 310paTH BCi HEOOXiAHI aHi IS ieH-
Tudikamii mamieHra.

CucrtemMa TakoX BHKOPHCTOBYE IIM(PYBAaHHS JUIsl 3aXUCTY JAHUX IpU Iepenadi Mix
KOMIIOHEHTaMH, 1110 FapaHTye, 1110 HaBiTh IPU MEPEXOIUICHH] JaHUX BOHU 3aJUILATHCS HENOo-
CTYITHUMH 0€3 BIAMOBIIHOTO KJ0o4a Aemu@pyBaHHS. AYAUT JOCTYIY Ta JIOTYBaHHA Tl KO-
pHUCTyBauiB JONOMArae BIJCTEXKYBaTH Ta KOHTPOJIOBATU AOCTYH JI0 JaHMX, 3a0e3ledyroun
JOJJATKOBUH piBeHb 3axHcTy. lle KOMIUICKCHE IOE€IHAHHS METOMAIB 3a0e3reduye BUCOKUI
piBeHb KOH(IACHIIHHOCTI Ta 3aXUCTy OCOOMCTMX JAHUX MAIE€HTIB Y CHUCTEMi CTBOPEHHS
U(ppPOBUX JBIHHUKIB.

[aTyiTHBHO 3p0o3yMmini iHTEepdelicu A Biyamizamii upoBUX ABIHHHUKIB Ta MPOBEICH-
HS JIETAIBHOTO aHaNli3y MEIUYHUX JaHWX 3HAYHO MOKPAIIYIOTh SKICTh MEAUYHOIO 0OCIyro-
ByBaHHA. [HTepaKkTHBHI IHCTPYMEHTHU JO3BOJISIOTH JIIKAPSAM JOCIIPKYBaTH Pi3HI aCEKTH CTa-
HY Talli€eHTa Ta NMpUMaTH OOIpyHTOBAHI PILlIEHHs I0JO0 JIiKyBaHHA. Bi3zyamizalis gaHux Ta-
KO BKJIIOYAa€ BUKOPHUCTaHHs rpadiuHuUX MoJenedl Ta IHTepaKTUBHUX MaHeNed YHpaBiIiHHS,
1110 J103BOJISI€ IIBUAKO OTPUMYBATHU AOCTYH 10 HE0OX1/1HOT iH(popMmarii.

Jliarpama akTUBHOCTI ITPOITOHOBAHOT CUCTEMHU HaBeEHA Ha pUc 2.
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PosrasHeMo B3aeMOiF0 KOPUCTYBa4iB CUCTEMH. Y CHCTEMI B3a€EMOJIIOTH MAIlI€HTH,
JiKapi Ta aaMiHICTPaTOpH.

[Mamientun, mikapi Ta aaMiHICTpATOpPH BXOHATH A0 CHUCTEMH, BHKOPHUCTOBYIOUH CBOL
o0miKoBi gaHi. ABTeHTH(IKalis 3MIMCHIOETbCA uYepe3 MOIyib aBTeHTU(iKalii, KW Ie-
peBipsie JaH1 KOPUCTYBAUiB 1 HaJla€ TOCTYM A0 cucTemH. [licist ycminrHoro BXOAy MAIli€eHTH Ta
JiKapi MOXYTh BBOJUTH a00 3aBaHTAXyBaTH MEIMYHI JaHi dyepe3 iHTepdelic KopucTyBaua,
K1 TOTIM 30epiraroTbes B 06a3i JaHUX MEUYHUX JAHUX.

Jlikapi MarOTh MOXJIMBICTh CTBOPIOBATH LU POBI ABIMHUKH MarieHTiB. [ IbOTO BOHU
BUKOPHCTOBYIOTh 1HTEp(dEiic KopucTyBaya, sIKHH B3a€MOJII€ 3 MOJIyJIEM CTBOPEHHS LU(POBO-
ro JBIHHUKA T4 CTOPOHHIMH MPUCTPOSMHU.

[TamieHTH Ta JTiKapi MOXKYTh TAaKOX NEpersaaTi udpoBi ABIMHUKY. BOHN HaACHIIaIOTh
3allUT Ha Bi3yamizalilo dYepe3 iHTepdelc KOpHUCTyBaya, SIKUH MEpelacTbCsl MOJYIIIO
Bi3yanizauii 1udpoBoro aBiHUKa. Moaynb Bizyalizalii OTpUMye AaHi U(POBOro ABIHUKA
3 6a3u JaHuX 1 BigoOpaxkae X KOpUCTyBayueBi.

AJIMIHICTpaTOpU BiANOBIIAIOTH 32 YIPABIIHHS CUCTEMOIO, BKIIOYAIOUYH HaJallITyBaHHS
IpaB JIOCTYILY Ul KOPUCTYBadiB Ta KOH(Irypaiilo CHCTEMHHX MapaMeTpiB. BoHu BHKOpH-
CTOBYIOTh iHTep(delic KOpUCTyBaya JUisi BUKOHAHHS I[IMX 3aBJaHb, 3a0e3medyrounm Oe3re-
pebiitHy pobOTy cuCTeMH.

CropoHHI PUCTPOT, Takl K MEAWYHI NMPHUJIAJAA, ABTOMATUYHO MEpeaaroTh 310paHi AaHi
0 MOIyJst 00poOKku nanux. Moyns oOpoOKku JaHux 30epirae mi JaHi B 0a3i JaHUX MeIud-
HUX JIaHUX, 320€3Meuyroun iX JOCTYIHICTh ISl TIOJATBIIOTO BUKOPHCTAHHS Y CTBOPCHHI Ta
Bi3yauizanii nupoBux JABIHHUKIB.
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Pucynok 3 - Jliarpama BUKOPHCTaHHS MPOITOHOBAHOT CHCTEMH

ApxiTeKTypa po3po0iroBaHOi CUCTEMH, HaBeJeHa Ha puc. 4, € 6a30BOIO Ta MICTHTh y3a-
rajgpbHeHUN Ha0lp KOMIIOHEHTIB, IO J03BOJISIE€ aAaNTyBaTH ii JO MOTPEeO MEAMYHOTO 3aKIamy.
[i cTpykTypa 3a6e3medye MOMYIBHICTh Ta i30JIA1iI0 KOKHOIO KOMIIOHEHTA, 110 CIPOLILYE TIPO-

1ec iHTerpauii Ta HaJalTyBaHH CUCTEMH i cnenu(iuHi BUMOTH PI3HUX YCTaHOB.
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ApxiTekTypa cucTeMn UM poBuX ABIAHKKIB nauienTis
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Pucynok 4 - ApxiTekTypa po3po0IItOBaHOI CUCTEMH

BuxopucTtanss 3anponoHoBaHOi 0a30BOi apXITEKTypU CHPOILYE MPOLEC PO3pOOIEHHS
IPOrpamMHOTo 3a0e3MeveHHs sl MEMYHOT ramysi.

BucHoBkM. 3amponoHoBaHa apXiTeKTypa MporpaMHoOi cucTeMH 3abe3neuye eheKTUBHY
Bepu(ikalito Ta BHCOKY SKICTb CTBOPEHHS LHM(POBUX JBIHHUKIB MEIUKO-010JIOTTYHUX
00'exTiB. BUKOpHCTaHHS MOAYJIBHOCTI Ta 130111 KOMIIOHEHTIB /103BOJISI€ 3HAUHO MOJIETIIUTH
TECTYBaHHs Ta BHSBJICHHS IMOMMJIOK, a AaBTOMAaTH3allisl TECTYBAaHHS CHpUSE IIBUIKINA Be-
pudikarmii 3mMiH y cucremi. KoHnTeliHepu3ailisi Ta MIKpOCEpBICHA apXITEKTypa 3a0e3MeuyroTh
HE3JIe)KHE TECTYBAaHHS Ta PO3TOPTaHHS KOMITOHEHTIB, IO MiABUIILYE THYYKICTh Ta HaIIMHICTh
cucTeMHd. BUKOpUCTaHHSI CydaCHMX METOJIOJIOTIM TECTyBaHHS, TaKMX SIK TECTYBaHHsS Ha OC-
HOBI MOJI€Ni, IHTETpalliiiHe TeCTYBaHHS Ta TECTYBaHHS B pealbHOMY 4aci, J103BOJISIE PETEIbHO
NEePEeBIPATH BIAMOBIAHICTH CUCTEMH BUMOTaM Ta BUSBIIATH MPOOJIEMH Y B3a€MOJIIT MIXK MOJTY-
nsMH. [HCTpyMeHTH 171l aBTOMaTu3allii TeCTyBaHHS, MOHITOPUHTY Ta JIOTYBaHHS 3a0e3medy-
I0Th TIOCTIHUN KOHTPOJIb 32 pOOOTOI0 CUCTEMM Ta BHUSBIEHHS MPOOJEM Ha PaHHIX CTaaisiX.
3a0e3neueHHs] SAKOCTI JAHUX € KPUTUYHO BAXKJIMBHUM AacleKTOM, IO JOCATAEThCS vepes
BaJI|1allil0 Ta MEPEBIPKY JaHUX, @ TAKO)K BUKOPUCTAHHS HAJIHUX CHCTEM YIPAaBIIIHHS JaHU-
Mu. [IpakTHuHe 3acTOCYBaHHS 3alpONOHOBAHUX MIAXOIB Ta 1HCTPYMEHTIB JEMOHCTpPYE iX
e(peKTUBHICTh Ha MPHUKJIAJAl TECTyBaHHsS IU(PPOBOTo ABIMHUKA rOpTaHi, IO CIpUSE MIABU-
IIEHHIO SKOCTI OpTaHi3ailii MeIUYHOro OOCTyroBYBaHHS Ta MOCHIIIOE 3aXHUCT MEIMYHUX Ja-
HUX IaI[I€HTIB.
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Architectural principles for ensuring verification and quality
in systems for creating digital twins of biomedical objects
The article presents architectural principles aimed at ensuring the quality and reliabil-
ity of systems for creating digital twins of biomedical objects, with a particular focus on the
human larynx as a key research subject. It notes that digital twins have significant potential
for accurately simulating the physiological characteristics and states of real organs, opening
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new avenues for medical diagnosis and treatment. To achieve high-quality digital models, the
proposed system combines modularity and component isolation, providing development flexi-
bility, facilitating error detection, and enhancing system resilience.

A crucial implementation aspect is the use of Docker containerization, which enables
unified environments for development, testing, and deployment, ensuring stable operation of
all components in real-world conditions. Leveraging a microservice architecture, each system
component can be developed and deployed independently, contributing to system flexibility
and adaptability to various medical needs. Furthermore, the architecture allows for easy
scaling to meet the requirements of specific medical facilities and professionals.

To enhance data accuracy and relevance, the system integrates information from vari-
ous sources, such as video, audio, and other medical data types, converting them into a uni-
fied format to facilitate further analysis and processing. This integration enables doctors to
access comprehensive and consistent information on patient status, improving diagnostic ac-
curacy and treatment effectiveness. Based on collected data, a digital twin of the patient’s
larynx is created, reflecting physiological and functional characteristics in real time, which
allows doctors to predict disease progression and select the most effective therapeutic strate-
gies.

The system also upholds high data security standards by implementing multi-level au-
thentication and encryption to protect patient information. Data anonymization principles
preserve confidentiality, and distributed storage reduces the risk of unauthorized access. Intu-
itive interfaces for visualizing digital twins allow doctors to analyze medical data in detail
and make informed decisions regarding patient treatment, significantly improving the quality
of healthcare services.

Thus, the proposed architecture enables the creation of high-precision digital twins of
biomedical objects and supports a comprehensive approach to diagnosis and therapy, mark-
ing an important step forward in the development of digital medicine and personalized treat-
ment.

IMecuancokuii Biragucaas IOpiiioBuy — acmipaHT kadenpu MporpaMHOro 3a0e3rneueHHs
KOMIT'IOTEepHUX cucTeM HarioHanbHui TexHIYHMNA yHIBepcuTeT YKpainu «KuiBcbkuil moii-
TeXHIYHUHN THCTUTYT iMeHi Iropst Cikopcbkoro», Kuis.

Cyaema €Brenisa CraHicJaBiBHa — JOKTOp TEXHIYHHMX HayK, 3aBiAyBauka Kadeapu mpo-
rpaMHOTO 3a0e3NeueHHs] KOMIT IOTepHUX cucTeM. HaiioHanbHMI TeXHIYHUI YHIBEpCUTET

Vkpainu «KuiBcbkuii mositexHiuHui iHCTUTYT iMeH1 Iropst Cikopcbkoroy, Kuis.
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B.A. Conomarin, O.I'. Baii0y3
3ACTOCYBAHHSI MOJIEJII EFFICIENTNET
JIJIS BUSIBJIEHHS IIEMIYHOI XBOPOBHU CEPIIS (IXC)

Anomayin. ¥V oauiii cmami po321i0aemuvcs MoOeb HetPOHHOT MepexCi KA CRPUSE PAHHbOMY
BUSIBIIEHHIO [UeMIi 3aX80PIOBAHHS CepYsl HA PEHMeHIBCOKUX 3HIMKAX, AKA 8i0iepac 8aANCIUBY
Ppoab y diacHocmuyi ma JiKy8aHHI cepyeso-cyOUHHUX 3aX80pI08aHb. Y yill cmammi nponomy-
€MbCsL OOCTIOINHCEHHS, NPUCBAYEHE 3ACTNOCYBAHHIO 320PMKOBUX HellponHux mepedic (3HM) ons
ABMOMAMUYHO20 GUAGNICHHA TUEeMIYHUX 3AX60PIOBAHb CePYs HA PeHMSEHIBCLKUX 3HIMKAX.

Y pobomi suxopucmogyeascs nabip oanux, wo mMicmums peHmMeeHi8CbKi 3HIMKU 2PYOHOI Ki-
MKU, AHOMOBAHI 0oc8ioyeHuMuU Kapoionoecom. byno pospobreno ma nasueno 3HM-mooeny,
30aMHY BUABTAMU O3HAKU [UUEMIYHUX 3AX60PI0BAHbL HA OCHOBI PEHMEeHIBCLKUX 3HIMKIE. Mo-
Oenb Oyna Hasuena Ha Heseaukill Kinbkocmi oanux (700 3HiMKI8) ma npomecmosana Ha He3a-
JIeAHCHOMY HAOOPT MeCcmosUx 3HIMKIS.

Pezynomamu docniosxcenns noxkazanu, uwo 320pmro8a HelpoHHA Mepedica edheKmugHo po3ni-
3HAE O3HAKU IUWEMIYHUX 3aX60PIO6AHb CEePYS HA PEHMIEHIBCOKUX 3HIMKAX 3 6UCOKOK) MOYHIC-
mio ma Haoitinicmio. Lle modwce 3HauHO NOKpawumu Moxicausocmi pauuvoi oiacnocmuxu 13C
ma 0onoMo2mu JiKapsam nputimamu 00IpyHmMoBaHi piulenHs wooo 1iKy8aHHsI NAYIEHMIS.
Bucnosku yb020 0ocniodcenus niomeepoxicyroms NOMeHYial 3aCmMoCy8aHHs 320PMKOBUX Hell-
POHHUX Mepedc Y 2any3i MeOudHoi 0ilaeHOCMUKY Ma 6KA3YIOMb HA HOBUL KPOK V DO3GUMK)
aABMoOMamu308aH020 BUAGNIEHHA UWEMIYHUX 30X60PI06AHL Cepysi HA OCHOBI PEHM2EeHiBCbKUX
3HiMKi8. Le 8i0kpusae nepcnexmueu OJisk NOJINUEHHSA MOYHOCMI ma egheKmusHocmi 0iacHOC-
MUKU cepyedo-CyOUHHUX 3aX60PI0BAHL A 3HUNCEHHS HABAHMANCEHH HA MeOUYHULl nepco-
HaJl.

Knouoei cnosa: Hetiponna mepedica, wimyyHuil inmenekm, iulemiuna xeopooa cepys, epagik,
Google Colab, Tensorflow, Efficientnet.

Beryn. lmemiyna xBopo6a ceplis € OJHIE0 3 HAMMOMIMPEHIIINX CEPIIEBO-CYTUHHUX 3a-
XBOPIOBaHb, KA BUHUKAE BHACIIOK MOPYIICHHS KPOBOMOCTAYaHHS JI0 CEpPIIEBOTO M'S3y Ue-
pe3 3BY)KEHHS apTepild, 110 )KHUBJIATH ceplie. PaHHS JiarHOCTHKA 1IIEMIYHOT XBOPOOH cepIls €
KPUTHUYHO BAXKIIUBOIO I 3a0e3nedyeHHs] €eKTUBHOTO JIKYBaHHS Ta 3amoOITaHHs MOAalb-
IIUM YCKJIaTHEHHSIM.

3a oCTaHHI POKH 3pOCTa€ 3alliKaBJICHICTh BUKOPUCTAHHS 3TOPTKOBUX HEHPOHHUX Me-
pex[1] (Convolutional Neural Networks, CNNSs) st BUSBICHHS ilIeMidHOI XBOPOOU cepiis
Ha paHHIX CTalisfX. 3rOPTKOBI HEUPOHHI MEpeXi € MOTYKHUMHU IHCTPYMEHTAaMH MAaIIMHHOTO
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HaBYaHHS, SIKI MOXYTh aBTOMATUYHO BUSBJIATU CKJIAJHI 3aKOHOMIPHOCTI Ta MATTEPHU B Me-
JUYHHUX 300pasKeHHSX.

BukopucraHHs 3ropTKOBUX HEMPOHHUX MEPEX JUIs BUSBJICHHS 1IIEMiYHOI XBOpoOu ce-
pIsl Mae JAeKinbka nepeBar. BoHM MOXyTh aHalli3yBaTH BEJHMKI OOCSTH JaHUX 3 BHCOKOIO
MIBUJKICTIO[2], 1m0 103BOJIsA€ €EeKTUBHO BUSBISATH aHOMAaii Ta MATOJOTIYHI 3MIHH Ha 30-
OpaxeHHsix cepist. KpiM Toro, 3ropTkoBi HEMpOHHI MEpex i MOXKYTh aBTOMATUYHO BHBYATU
NPU3HAKY Ta O3HAKH, 1[0 BKKO BU3HAYMUTH JIIOJIMHOIO, Ta BUKOPUCTOBYBATH iX AJist Kinacudi-
Kailii 300pa)keHb Ha 3I0pPOBi Ta IIEMIYHO YpaXKeHi CepIIs.

[Tpote, po3poOka ePeKTUBHUX 3TOPTKOBUX HEHPOHHUX MEPEXK IS BHUSIBJICHHS iIIeMid-
HOI XBOpOOHU cepIsl € BUKIMKOM. Bumaraetbcest 1eTanbHe JOCTIDKEHHS apXiTeKTyp MOJenei,
METO/IB MONEepPeTHbOI 00pPOOKH JaHUX, TEXHIK HAaBYAHHS Ta OILIHKU pe3yabTariB. Takox, He-
00X1THO MaTH AOCTATHIN 00CAT MEAMYHUX JaHUX 3 PI3SHUMHU KjacaMu (3I0pPOBi Ta iIEMiyHO
ypaKkeHi cepIis) Uil TPEHYBaHHS Ta EPEBIPKU MOJICICH.

VY maHHOMY JOCIIKEHHI MPOIIOHYETHCS JETATLHUAN OTJISA] MOJIEJICH, METOMIB Ta MiIX0-
niB[3], M0 BUKOPUCTOBYIOTHCS ISl BUSBJICHHS 1IEMIYHOT XBOPOOU ceplisl 3 BUKOPUCTAHHSIM
3rOPTKOBHX HEHMPOHHUX Mepex. Lle M03BoNuTh 3'sCyBaTH MOTEHIIad TaKUX IiJIXOJIB Ta BU-
3HAYUTU Hae(heKTUBHIII METOM JUIA PO3B'SA3aHHS JaHOI TPOOIIEMH.

IMocTanoBka nmpo6Jemu. [ToctanoBka poOIeMu MOB'sI3aHA 31 CKIIAAHOIIAMH BUSBIICH-
HS 1IIeMi9HOT XBOPOOU CepIlsi Ha paHHIX CTaAifgX Ta HEOOXiTHICTIO po3poOKH e(EeKTUBHHUX Me-
TOJIIB Ta MoJieNel st 1boro. OCHOBHI IPOOIeMH, sIKI MOXKYTh BHHUKATH, BKITIOYAIOTh!

— Hepocrarnicth MeanuHux gaHux: OTpUMaHHS BETMKOTO OOCATY SIKICHMX Ta perpe-
36HTATUBHUX MEJIUYHUX TaHUX Moke OyTu BUKIMKOM. HemocTaTHs KibKicTh AaHuX abo ix
HEJIOCTYIHICTh MOXXYTh OOMEXHUTH TOYHICTb Ta €()eKTUBHICTh MOJIEIEH.

— Hecneuungiuni cumnromu: Iimemiyna xBopoOa ceplisi MOKe MPOSBIATUCSA PI3HOMaHI-
THUMH CUMIITOMaMH, Kl MOXYTh OyTH CXOXXMMHM Ha iHIII 3aXBoproBaHHA. Lle Moxxe nmpu3Bo-
JUTH JI0 HETOYHOCTI Ta IOMUJIKOBHUX PE3yJbTaTiB MIPHU BUSBICHHI XBOPOOH.

— CxuagHicts 00po0ku[4] MemuuHuX 300paskeHb: MeandHi 300pakeHHsI, 30KpeMa pe-
HTI'€HIBCbKI 3HIMKHU CEpIls, MOKYTh OyTH BEIMKMMHU 32 pO3MIPOM Ta MICTUTH CKJIaJlHI CTPYK-
Typu. OOpoOKka Ta aHaii3 TaKuX 300pa)K€Hb BUMarae po3poOKH CIieliali30BaHUX METOJIB Ta
apXITEKTyp MOJIETIEH.

— HeonHopiaHicTe nanux: MenuuHi JaHi MOXYTb OyTH HEOJHOPIAHUMHU, K 3 TOYKH
30py SAKOCTI 300paXkeHb, TaK 1 3 TOUKH 30py Kinacudikauii. HasBHICT mIymy, apredakTiB abo
IHIIKX MEPENIKo]T MOXKe YCKJIQIHUTH TOUHE BUSABIICHHS 1IEMIYHOT XBOPOOH ceplis.

— TIlepenocumicts Mopeneit: Po3pobneHi momeni Ta METOAW BHUSBIEHHS 1IIEMIYHOT
XBOPOOU CepIlsi MOKYTh BUSIBUTHCS] HETIEPEHOCHUMH JI0 PI3HUX MEIUYHHUX 3aKJIajiB a0o malri-
eHTiB. HeoOXigHO BpaxoByBaTH crielin(iuHi 0COOIMBOCTI MEIUYHUX IIPOTOKOJIIB Ta YMOB.

AHaJii3 ocTaHHIX AocaigxeHb i myOJikanii. Y naHiil ctaTTi po3risgaeTbes Kiacudi-
kauiiiHia mozaens EfficientNet, siki BUKOPHCTOBY€ETbCS y 3rOPTKOBUX HEMPOHHUX MEpE)Xax
JUTSL TIarHOCTUKH 1IMIEMIYHUX 3aXBOPIOBAHb CEPIIS.

IlocTranoBka 3agaui. MeTor gaHOTO AOCTIIHKEHHS € BUOIp ONTUMAIBLHUX MOJIeNIeH Ha-
BYAHHS 3TOPTKOBOI HEHMPOHHOI Mepexi Ui paHHbOI'O BHSBIICHHS IMIEMIYHMX 3aXBOPIOBaHb
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cepus. s qocsTHEHHS METH MOTPIOHO BU3HAYUTH Taki Mojeni kinacudikarii, ski 3ade3mne-
4aTh HaMKpalli pe3y/IbTaTH HABYaHHS Ta TOUHICTH J1arHOCTUKH.

OcHoBHUIT MaTepiaa Po3nineHHs MeIMUHUX TaHUX Ha JBa KJacu — 370pOBi Malli€HTH
Ta TMALi€HTH 3 IMIEMIYHUMH 3aXBOPIOBAaHHIMH CEpLs — € MEPUIMM €TarnoM MoOya0BH MOAETI
knacudikamii g BusiBneHHs 13C na pannix cragisx. Take po3milieHHs H03BOJISE HaBUATH
MOJIENIb PO3PI3HATH MK 37J0POBUMH Ta XBOPUMH MAIliEHTAMH, CIIMPAIOYMCh HA XapaKTEpHI
O3HAKH, BUSBJICHI HA PEHTT'€HIBCHKHX 3HIMKAX CEepLs.

Krnacudikariss MeAMYHUX JaHUX Ha J[Ba KJIACH, SK 3a3HAYCHO Y [5], 3HAYHO CHPOIIyE
CTBOPEHHSI HaBYAJILHOTO Ha0Opy, HA OCHOBI SKOTO MOJAEIb Oye TPEeHYBAaTUCS JUIs PO3Ii3Ha-
BaHHS MATOJIOTIYHUX 3MiH, MOB’S3aHUX 3 IIIEMIYHOIO XBOPOOOIo cepus. s [bOro MOXYTh
BUKOPUCTOBYBATHUCS METOJIM PYyYHOI aHOTAIlii JaHUX a00 aBTOMATHU30BaHI IMiIXOH JJIsS BUSB-
JICHHS O3HAK 1MIEMIYHUX 3MiH Ha 300paKCHHSX.

Lleit BuMmagok moka3aHo Ha PEHTI€HIBCHKUX 3HIMKaX, siki 300pakeHi Ha puc. 1.

A) b)
Pucynok 1 — PenreniBchki 3HIMKH : A) 310poBoi mtoaunu b) moaunu 3 13C

[Ticna knacuikanii 1aHUX Ha J1Ba KJacH MOJIENb MOKe OYTH HaBueHa 3a JIOTIOMOIOIO
HEHpPOHHUX Mepex, BUKOpUCTOBYroun pi3Hi apxitektypu EfficientNet [6], meToau 3roprtko-
BOT0 HaBUaHHS Ta MiJXiJ NepeaaBaHHs 3HaHb (transfer learning). [licns 3aBepiieHHs HaBYaH-
HSl MOJIENb 3/1aTHA KiIacu(iKyBaTH HOBI 300pa’keHHS Ceplis Ta BUSABIATH 1IIEMIUHI 3aXBOPIO-
BaHHS ceplisd Ha paHHIX CTafisX.

Jlnist miABMILIEHHS TOYHOCTI MOJIENI, 30KpeMa y BHUITaJKaX 3 HEBEIMKUM HAOOpOM JIaHHX,
BXJIMBO PO3IIISTHYTH JOJATKOBI METOIM ayrMeHTarii 300paxeHb[6]. 3okpema, e MOXYTh
OyTu:

— BukopucTaHHS IITYYHOTO HIyMY JJIs 30araueHHs Bapialiil y 300paxeHHsIX.

— 3acTocyBaHHS METOJIIB T€OMETPUYHUX TpaHCopmaliil (MacmTabyBaHHs, TOBOPOT,
3MiHa SICKPaBOCT1).

— 3acTocyBaHHS METOJIB CTHJIi3allil, HAIIPUKIIAA, MEPETBOPEHHS 300pa)keHb y CTHII
iH(ppayepBOHUX 3HIMKIB, L0 J103BOJIE€ MOJEII Kpallle y3aralbHIOBaTH MaTEePHU.

Ouinka npoaykTuBHOCTI. J[151 O11b1110T 00'€KTUBHOCTI PEe3yabTaTIB MO CIiI BUKO-
PHCTOBYBATH KiIbKa METPUK, 30KpeMa:
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Tounictb (Accuracy[7]): 3aranbHui BiZICOTOK IPaBUIILHUX Mepe0adeHb.
AUC-ROC: 3naTHICTh MOJEII PO3PI3HATH MIXK KJIAaCAMHU.

F1-mipa: GayiaHC MiXK TOYHICTIO Ta MMOBHOTOIO.

Marpurist moxuboK: AJisl aHaIi3y HOMUJIKOBUX IMO3UTHBHUX 1 HETaTUBHHUX MPOTHO31B.

3arponoHOBaHy MOJIeNIb MOKHA IHTETPYBaTH Y CUCTEMY MiATPUMKHU MPUUHATTS PillICHb
y KiiHiKax. Mojenb MOXKe MpaIfoBaTH SIK JOMOMDKHHUI 1HCTpYMEHT AJIs JIiKapiB, HAJal0ul
HIBUJIKY OIIIHKY CTaHy IMalli€HTa.

Ha pucynky 2 HaBeneHi pe3ysnbTaTH TECTYBaHHS MOJEIi 3rOPTKOBOI HEHPOHHOI MEpexi
JUISL BUSIBJICHHS 1IIEMIYHOT XBOPOOU CepIlsi Ha PEHTT€HIBChKUX 3HIMKAX.

e 300paxenHss A: Mojenp kiacudikyBaia 3HIMOK K TaKUH, 10 HAJICKUTH MALIEHTY 3
imemignoro xBopooOoto cepiis (I3C). Bkazano nependauyBanuii kiac "Ischemia, a Takox Bi-
3yamizoBaHo TerioBy kapty (Grad-CAM), sika moka3ye 00JacTi 3HIMKA, HAHOUTBII BaXKIIMBI
JUTSL IPARHATTS PilICHHS.

e 3o0paxennss b: Monenps knacudikyBaia 3HIMOK SIK TaKHUH, 10 HAJIEKUTH 3[0POBOMY
namienty. Bkazano nependauyBanuii kiac "Healthy i BiamoBigHa TerioBa KapTa, Mo AEMOH-
CTpYE, sIKi1 00J1acTi 300pakeHHsI OyJTM BUKOPHUCTaHI MOJICIUTIO JUTsI Kitacuikarrii.

Januii pe3ynbTaT CBIAYUTH PO 3AaTHICTH MOJIEIi TOYHO PO3PI3HATH 30POBUX MAaIli€H-
TiB 1 MALII€HTIB 3 IMIEMIYHOIO XBOPOOOIO CepIlsi, BUKOPUCTOBYIOUH PEHTTEHIBCHKI 3HIMKH T'PY-
JHOT KITITKH[ §].

Input Image

"Q\

1/1 0s 78ms/step 1/1 0s 92ms/step

The predicted class for the image is: Ischemia The predicted class for the image is: Healthy
A) b)

Pucynok 2 — pe3ynbrat TectyBanHs: A) namienta 3 I3C b) 3nopoBoro namieHTta

BucnoBku. Mogens EfficientNetBO[9] npoaemoncTpyBana BHUCOKY e(EKTHBHICTH Y
BUSIBJICHHI 1IIEMIYHUX 3aXBOPIOBaHb CEpLsl Ha OCHOBI PEHTI€HIBCHKUX 300paskeHb. OCHOB-
HUMH IlepeBaraMu € ii KOMIOAKTHICTb, MIBUJKICTh HaBUAHHS Ta 3/1aTHICTH 0 y3arajJbHEHHS.
[Monmanbmri 1ociKEeHHSI MOKYTh OYTH CIIPSIMOBAHI Ha:

— Posmmpenns vabopy naHux.
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—3acrocyBaHHs OUTBII CKJIQAHUX apXiTeKTyp (Hanpukian, EfficientNetV2).

— Inrerpanito B MmeauuHi iHpopManiliHi CHCTEMH.

Le#t miaxig Mae BETUKUI MOTEHINAN Ui MPAKTHYHOTO 3aCTOCYBAHHS y KIIIHIYHIN jgiar-
HocTuui[10].
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Application of the efficientnet model for detecting ischemic heart disease
This article examines a neural network model that facilitates the early detection of is-
chemic heart disease on chest X-rays, playing a crucial role in the diagnosis and treatment of
cardiovascular diseases. The study explores the application of convolutional neural net-
works(CNNs) for the automatic detection of ischemic heart disease on chest X-rays.
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A dataset containing chest X-rays annotated by an experienced cardiologist was used in
the study. A CNN model was developed and trained to detect signs of ischemic heart disease
based on chest X-rays. The model was trained on a small dataset (700 images) and tested on
an independent set of test images.

The research results demonstrated that the convolutional neural network effectively
recognizes signs of ischemic heart disease on chest X-rays with high accuracy and reliability.
This could significantly improve the capabilities for early diagnosis of ischemic heart disease
and help clinicians make informed decisions regarding patient treatment.

The findings of this study confirm the potential of using convolutional neural networks
in medical diagnostics and represent a new step forward in the automated detection of is-
chemic heart disease based on chest X-rays. This paves the way for improving the accuracy
and efficiency of cardiovascular disease diagnostics and reducing the burden on medical per-
sonnel.

Keywords: Neural network, artificial intelligence, ischemic heart disease, chest X-rays,
Google Colab, TensorFlow, EfficientNet.
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Y.V. Tkachov, T.V. Nosova, O.V. Kalinin
ENHANCING THE CORROSION RESISTANCE OF Al-Zn-Mg-Cu ALUMINUM
ALLOYS THROUGH MODIFICATION WITH TITANIUM CARBIDE POWDER

Annotation. Improving the characteristics of industrial alloys, particularly their corrosion
resistance, is a relevant task for both metallurgists and materials science specialists. The
implementation of new technologies and the selection of materials for specific operating
conditions stimulate the development of technological methods for altering the characteristics
of base alloys. The investigation and application of new effective modifiers and modification
technologies represent an important research direction. Under certain operating conditions,
aluminum alloys, particularly the Al-Zn-Mg-Cu system, are subjected to significant corrosive
influences, which negatively affect their mechanical properties and longevity. Therefore, the
challenge lies in the necessity to develop new approaches and technologies. Specifically, this
study proposes a method for modifying the alloys using titanium carbide powder and
investigates the effect of this modification on the corrosion resistance of the studied alloy. The
aim of the work is to establish the relationship between the structure, physical-mechanical
properties, and corrosion resistance. To achieve this goal, modification of alloys V93 and
V95 with titanium carbide powder was carried out, and the microstructures and corrosion
resistance before and after modification were studied. Corrosion tests, including laboratory
methods, encompassed the determination of general, intergranular, and corrosion cracking,
which allowed for the assessment of the effectiveness of the proposed modification method.
The results obtained confirmed the effectiveness of modifying the studied alloys with titanium
carbide of 15 um particle size. Observations of corrosion processes indicated a reduction in
overall corrosion, with the area of corrosion sites decreasing from 70% to 50% after
modification. There was also a significant reduction in intergranular corrosion in alloy V95,
indicating an improvement in its corrosion resistance. In both modified alloys, intergranular
corrosion was not observed, and corrosion cracking of the base metal was absent during the
60-day test period. The test results indicate an increase in corrosion resistance after
modification.

Keywords: aluminum alloys, corrosion resistance, alloy modification, titanium carbide,
physical and mechanical properties, corrosion tests

Statement of the Problem. The development and implementation of novel manufactur-
ing methods are critical for the advancement and optimization of production processes, as
their application enhances technological efficiency and reduces raw material and energy con-
sumption. Innovations such as forming technologies for components using additive methods,
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the creation of composite materials with specific properties, automation and robotization of
production, as well as the latest thermal treatment technologies, contribute to enhancing the
characteristics of machines and equipment distinguished by high productivity, reliability, du-
rability, and competitiveness. Among these innovative technologies, significant attention is
given to alloy modification techniques, which involve the introduction of minute particles of
other materials into the melt of the base metal, such as aluminum. This process aims to alter
the physical and mechanical properties of the alloys, including their strength, plasticity, corro-
sion resistance, and manufacturability, by changing the crystalline structure of the alloy with
micro- and nanoscale particles.

In various fields of mechanical engineering, wrought aluminum alloys of the Al-Zn-
Mg-Cu system are utilized for the fabrication of critical structural components, specifically
alloys V93 and V95. These alloys exhibit high mechanical properties and significant corro-
sion resistance [3, 4], which substantiates their relevance and appropriateness for application
under critical operating conditions. However, under specific operational conditions, compo-
nents made from these alloys may be subjected to simultaneous influences from several types
of corrosion, negatively impacting the durability and reliability of the structures [5, 9]. This
research focuses on studying the effect of modification on the properties of wrought alumi-
num alloys V93 and V95 of the Al-Zn-Mg-Cu system, particularly regarding their corrosion
resistance and the assessment of their suitability for use under critical operating conditions.

Analysis of Recent Research and Publications. The analysis of results from numerous
contemporary studies indicates an active exploration of various approaches to modifying alu-
minum and other alloys, aimed at achieving a targeted change in the characteristics of the
base material. To summarize the approaches, modifiers can be classified according to their
influence into the following groups [2, 5, 16]. First-order modifiers influence the structure by
altering the energy characteristics, namely the activation energy and surface tension during
the nucleation of a new phase. Second-order modifiers affect the structure by acting as solid
phase nuclei. Third-order modifiers, known as inoculators “coolers”, lower the metal tem-
perature and increase the crystallization rate, thereby slowing down the development of ele-
ment liquation and reducing the overheating of the melt during crystallization.

Modification is considered one of the most effective methods for improving the quality
of cast products. It contributes to the elimination of columnar and fan-like structures, grain
and dendrite refinement, the achievement of a homogeneous microstructure, as well as the
enhancement of the mechanical and corrosion properties of alloys [3, 4, 5, 7].

The conventional industrial method for modifying aluminum alloys using sodium salts
has limited effectiveness due to the low melting point of these modifiers, leading to their rapid
dissolution in the molten metal. This restricts the ability of sodium salts to provide the neces-
sary grain refinement and to form stable crystallization centers, which, in turn, prevents the
achievement of desired mechanical and technological characteristics of the alloys. Conse-
quently, contemporary research favors the use of dispersive refractory materials, which
demonstrate better results in modifying aluminum alloys [6-8].

Aluminum alloys from the Al-Zn-Mg-Cu system are widely used in stressed structures
across various industries, including construction, automotive manufacturing, as well as in the
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production of aviation and aerospace technology. This is due to their favorable combination
of physical and mechanical properties, workability, and corrosion resistance [1, 3]. Industrial
aluminum alloys from this system are characterized by strengths in the range of 400-450 MPa
while maintaining high ductility [2, 4, 6, 17]. The primary methods for further improving the
mechanical properties of aluminum alloys include solid solution strengthening, dispersion
strengthening, thermomechanical treatment, and modification [2, 6, 7].

Currently, a promising direction is the application of dispersive refractory modifiers,
namely: carbides, nitrides, borides, as well as pure metals. The influence of modifiers in the
form of dispersive additives lies in creating additional artificial crystallization centers in the
melt. For this, such additives must be proportionate to the sizes of critical nuclei of the matrix
phase and capable of providing their enough quantity for forming a fine-dispersed structure in
the casting. Specifically, the modification with refractory powdered titanium carbide is widely
used for producing structural elements with high physical-mechanical properties. The results
presented in works [2, 5] indicate that the optimal modifier for aluminum alloys is powdered
titanium carbide with particle sizes of 10-15 um [2, 11, 12].

Powdered titanium carbide has a high melting point, making it suitable for use in pro-
cesses that require significant temperatures, such as aluminum alloy casting. This allows for
the avoidance of its melting during processing. The addition of this material contributes to the
creation of new crystallization centers in the melt, ensuring uniformity and a fine-dispersed
structure, thus improving the mechanical properties of the alloys. The effect of titanium car-
bide on aluminum alloys positively impacts their strength, ductility, and corrosion resistance,
making them more suitable for use in structures with high mechanical performance require-
ments. Additionally, titanium carbide easily integrates into the structure of alloys, enhancing
their workability and improving processing techniques. Thus, the use of modifiers, particular-
ly powdered titanium carbide, demonstrates significant potential in the creation of new alloys
with enhanced strength and workability, opening new opportunities for optimizing the proper-
ties of aluminum alloys in various industrial applications.

Purpose of the Study. The purpose of this study is to investigate the changes in the
structure, physical and mechanical properties, and corrosion resistance of wrought aluminum
alloys V93 and V95 of the Al-Zn-Mg-Cu system after their modification with titanium car-
bide powder. To achieve this goal, the following tasks are outlined:

1) modify aluminum alloys V93 and V95 of the Al-Zn-Mg-Cu system using titanium
carbide powder with a particle size of 15 pm,

2) examine the microstructure of these alloys in their initial state and after corrosion
testing, as well as before and after modification,

3) conduct corrosion tests to investigate the following types of corrosion: general corro-
sion, exfoliation corrosion, intergranular corrosion, and stress corrosion cracking.

Statement of the main research material. This study investigates the corrosion prop-
erties of V93 and V95 alloys both before and after modification. To improve the quality and
processability of Al-Zn-Mg-Cu aluminum alloys, their melts were modified using fine titani-
um carbide-based powders. Titanium carbide powder was chosen based on the compatibility
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of the crystal lattices of aluminum and TiC (both having face-centered cubic lattices) and the
difference in atomic radii between aluminum and TiC.

Corrosion testing is a fundamental practical method for corrosion control and can be
categorized into three primary groups: laboratory, field, and operational tests [18, 19]. Labor-
atory tests are conducted under conditions that can be precisely defined and controlled, alt-
hough they often differ from the actual conditions experienced in practice. Laboratory testing
is employed to study the mechanisms of corrosion, for comparative assessment of corrosion
resistance of metals and alloys, as a control tool during the development of new corrosion-
resistant alloys, for adjusting the composition and processing technology of alloys, and for
many other purposes. Field and operational tests are necessary for selecting the most suitable
materials capable of functioning in environments with varying degrees of corrosivity and for
determining their service life.

Table 1 presents the characteristics of carbides [20], specifically those with cubic crystal
lattices (titanium carbide TiC and others based on refractory metals). Carbon atoms occupy
interstitial positions between the metal atoms, forming interstitial phases. Many carbides with
cubic structures exhibit wide regions of homogeneity. This explains why the removal of some
carbon atoms from the carbide lattice does not lead to the destruction of the compound or sig-
nificant changes in its properties.

Table 1
Properties of Carbides
Carbide BMoC YWC TiC
Melting Temperature, T (°C) 2522 2780 3067
Hardness, HRA 74 80 93

In TiC, the carbon content can vary from 20% to 50% (atomic) without significant al-
teration of the type and properties of the crystal lattice. However, there exists the possibility
of substituting the missing carbon atoms in the carbide with other atoms (such as oxygen, ni-
trogen, etc.). To determine the corrosion resistance of aluminum alloys modified with titani-
um carbide powder, tests were conducted to assess general, intergranular, and exfoliation cor-
rosion, as well as corrosion cracking. The study utilized microstructural analysis methods and
corrosion testing methods for general, intergranular, exfoliation corrosion, and corrosion
cracking.

Intergranular corrosion was evaluated according to standard methodology [15]. The
tests were conducted in the following solution: 30 g of NaCl + 10 cm?® of HCI. The solution
temperature was maintained at +22+1°C, and the duration of the test was 24 hours. Flat sam-
ples measuring 20 x 10 x 3 mm were cut from the castings. The assessment was performed
metallographically using an optical microscope NEOPHOT-2. The characteristics of the cor-
rosion and the maximum depth of intergranular corrosion were recorded [5, 6]. Exfoliation
corrosion is a type of corrosion that primarily develops parallel to the deformation vector
generated during the rolling or pressing of the semi-finished product and is accompanied by
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the formation of cracks in that direction, detachment of individual metal particles, or complete
destruction of the samples or components [7, 8]. This type of corrosion mainly occurs along
the boundaries of elongated grains. Corrosion cracking is a type of metal degradation caused
by the simultaneous action of a corrosive environment and nominally static tensile stress, re-
sulting in the formation of cracks [5, 11, 12]. During the corrosion cracking test, the samples
were cyclically immersed in a 3% NaCl solution: 10 minutes in the solution, followed by 50
minutes in air. The duration of the tests was 45 days.

To obtain comparative data on the corrosion resistance of the alloys, tests for general
corrosion were conducted according to the standard methods used in industrial
enterprises [13, 14]. To simulate harsh operating conditions, a method was chosen that in-
volved testing under conditions of 100% relative humidity, as well as a method involving pe-
riodic exposure to a 3% sodium chloride (NaCl) solution at room temperature. The assess-
ment of the corrosion resistance of aluminum alloys was based on changes in the appearance
of the samples and variations in mass.

Findings. Analysis of the test results showed that all investigated aluminum alloys, af-
ter modification, regardless of surface condition, exhibit sufficiently high corrosion resistance
when tested under conditions of 100% relative humidity; corrosion damage is virtually absent.
After three cycles of testing, unmodified samples exhibited surface darkening characterized
by isolated spots and points. After ten cycles of testing in the humidity chamber, the surfaces
of aluminum alloys V93 and V95 prior to modification with titanium carbide powder showed
darkening in the form of spots covering up to 70% of the surface area, while post-
modification, this coverage was reduced to 50%.

The results of the general corrosion tests indicate that modification with titanium car-
bide powder leads to enhanced corrosion resistance of the alloys due to a reduction in the cor-
rosion rate: for alloy V93 by 10.8% to 16.7%, and for alloy V95 by 5.6% to 6.3%. The im-
provement in corrosion resistance can be attributed to the refinement of the structure of the
aluminum alloys. During modification, the length of numerous interfacial boundaries increas-
es. Intermetallics and impurity atoms that were located at the interfacial boundaries in the al-
loy prior to modification become distributed over a significantly larger area after modifica-
tion. Consequently, they exert less negative influence on the corrosion resistance of the alu-
minum alloys. Figure 1 presents the microstructures of the investigated alloy before and after
modification with titanium carbide powder. An important role is also played by the stressed
state of the modified structure. The introduction of dispersed titanium carbide powder makes
the microvolumes of wrought alloys more energetically stressed, which enhances their corro-
sion resistance.

Aluminum alloys of the Al-Zn-Mg-Cu system are characterized by intergranular corro-
sion [2, 9, 10]. The sensitivity to intergranular corrosion arises due to the structural inhomo-
geneity of grain boundaries, the precipitation of secondary phases, the depletion or enrich-
ment of adjacent regions of the a-solid solution with alloying elements, and the formation of
sub-microscopic and microscopic voids due to the flow and coagulation of vacancies. In the
modified alloys under investigation, a tendency toward intergranular corrosion has not been
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observed. In alloy V95, a B-phase has been identified in the form of a network along the grain
boundaries (Figure 2, a), with intergranular corrosion originating from pitting on the p-phase
(Figure 2, b).

In the wrought alloy, the modification with titanium carbide leads to a reduction in the
precipitation of the B-phase and its uniform distribution throughout the volume of the work-
piece, resulting in the absence of susceptibility to intergranular corrosion. Since the alloys of
the Al-Zn-Mg-Cu system are categorized as deformable and are utilized in welded structures,
significant indicators include exfoliation corrosion and corrosion cracking. The results of the
tests for exfoliation corrosion of alloys V93 and V95, both before and after modification, are

Figure 1 — Microstructures of the wrought alloy V95 (x200):
a — before modification; b — after modification

Figure 2 — Tests for intergranular corrosion of alloy VV95: a — B-phase in the form of a
network along the grain boundaries (x500); b — intergranular corrosion originating from
pitting on the B-phase (x100)
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Table 2
Results of Exfoliation Corrosion Tests for Alloys V93 and V95
Alloy Exfoliation Corrosion Rating
Vo3 Blisters with a diameter of 2—3 mm across the entire surface 5
V05 Blisters wiFh a diameter of 2-3 mm 4
covering 10% of the area
V95 + TiC No blisters present 2

Corrosion cracking was evaluated on the base metal and the weld joint produced by gas
tungsten arc welding. The test results are presented in Table 3.

Table 3

Corrosion Cracking of Base Metal and Weld Joints of Alloys B93 and B95

Corrosion Cracking
Allo Base Metal Weld Joints
y Testing Duration Until Testing Duration Until
Stress . Stress, MPa .
Cracking, days Cracking, days
V93 0,908 more than 55 200 45
V95 0,908 more than 55 200 55
V95 + TiC 0,908 more than 55 200 more than 55

Conclusions. The modification of wrought aluminum alloys of the Al-Zn-Mg-Cu sys-
tem was conducted using titanium carbide powder with a particle size of 15 um. Tests of the
alloys for general corrosion revealed that after ten cycles, corrosion spots occupying 70% of
the surface were observed on the unmodified samples, whereas only 50% was noted on the
modified samples. This indicates a reduction in the corrosion rate in the modified samples. A
decrease in the manifestation of intergranular corrosion was observed in the alloy samples of
B95 after modification: from a score of four in the unmodified samples to a score of two in
the modified ones. Intergranular corrosion was not detected in the modified alloys B93 and
B95. Corrosion cracking of the base metal of the Al-Zn-Mg-Cu system alloys was not ob-
served over a period of 60 days of testing. In the welded joint of the modified B95 alloy, an
increase in the time to cracking was noted. No corrosion cracking was detected after 60 days
of testing. The results of industrial tests confirmed a significant increase in the corrosion re-
sistance of wrought modified aluminum alloys.
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IHiosuwennsn koposiiunoi cmiitkocmi antominiesux cnnasie Al-Zn-Mg-Cu
WIAXOM MOOUPIKYSAHHA NOPOUWIKOBUM KAPOIOOM MUmMaHy
Tloxkpawennus xapaxmepucmux npoMUCTIOBUX CHIABI6, 30Kpema iX KOpO3iUHOI
CMIUKOCMi, € aKMyaIbHUM 3A80aHHAM 5K Ol Memanypeie, maxk i 011 ¢haxieyie i3
mamepianozuaecmsea. Bnpoealdicennus HOGux mexuono2ii ma ubip mamepianig O0s
cneyuiuHux ymo8 excniyamayii CmuMyaroms po3pooKy MeXHONOIYHUX Memodie 3MiHU
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xapakmepucmux 6uxioHux cniagig. J[ocniodxicenHs ma 6npo8adNHCeHHs HOBUX eheKmUHUX
MOOughixamopis i mexHono2iti MOOUPIKYBAHHS € BANCTUBUM HANPAMKOM OO0CIIOJCEHb. 3a
NeGHUX YMO8 eKcnayamayii —antominiesi cnaaeu, 30kpema cucmemu Al-Zn-Mg-Cu,
nio0aomvCsl 3HAYHUM KOPOIIUHUM 8NIUBAM, WO HE2AMUBHO NO3HAYAEMbCA HA IX MEXAHIYHUX
xapaxmepucmukax i 0ogzogiunocmi. Omoice, npobiema nonseae 6 HeoOXioHocmi po3pooOKu
HOBUX NiOX00i8 ma mexHonozit. 30Kkpema, 8 pobomi NPONOHYEMbCL MEMOO MOOUGDIKYBAHHSL
O3HAYEHUX CNIABI8 NOPOWKOBUM KaApOIOOM MUMAHY, A MAKONC OO0CHIONCYEMbCA BNIUE
Mmako2o MOOUQPIKY8AHHS HA KOPO3IUHY CMIUKICMb 00Ci0diCcy8ano2o cniagy. Memoiwo pobomu
€ BCMAHOBIEHHS 38 A3KY MIdNC CMPYKMYpPOIo, QIi3UKO-MEeXaHiYHUMU GIACTUBOCMAMU MA
KOpO3itiHol cmitikicmio. [[isi 00csieHenHs Memu NpoeedeHo MOOUDIKYBAHHS NOPOUKOBUM
Kkapoioom mumany cniasie B93 ma B95, a maxooic 0ocniodnceni mikpocmpykmypu i
Kopo3itiHa cmitikicmb 00 1 nicia moougikyeanns. Kopositini eunpobysanmus, 30Kpema
1a6OpamopHi, OXONNI0BANU BUHAYEHHS 3A2ANbHOL, PO3UWAPYEANbHOL, MINCKPUCMANIMHOT
KOpO3ii ma KOpO3iiHO20 pPO3MPICKY8AHHS, WO O00360IUN0 OYIHUMU eDeKmUueHicmsy
3anpononosanoco  memoody moougixysanua. (Ooepowcani  pezyrbmamu  niOMEepOuUnU
epexmuericms MOOUDIKYBAHHS O0CTIONCYBAHUX CNIABIE NOPOWKOBUM KAPOIOOM MUumamny
dpaxyii 15 mxm. Cnocmepedsicenusi 3a KOpOIUHUMU NPOYeCcAMU 6KA3ANU HA 3MEHUIeHHS
3a2anbHOI KOpo3ii, a came naowa KOpo3iuHux ocepedkie 3menwunracsa 3 70% oo 50% nicas
moougixysanns. Takooic Oy10 00CACHYMO 3HAYHO2O 3HUICEHHS PO3ULAPYBAIbHOI KOpO3ii 8
cnaasi B95, wo ceéiouums npo nokpawenus 1io2o Kopositunoi cmitkocmi. B o06ox
MOOUQIKOBAHUX CNIABAX He CHOCMEPIeanacs MINCKPUCMAaiimua Kopo3is, a Kopo3iliHe
PO3MPICKY8AHHA OCHO8HO20 Memany 0yno eiocymue npomszcom 60 OHig eunpobysaHs.
Pesynomamu  eunpobysanv ceiouams npo nio8uujeHHs KOPO3IUHOI CcMIUKOCmi nicis
MOOUQIKYBaHHS.
Knrouosi cnosa: anominiesi cniagu, Kopo3iuna cmiukicmos, MOOUQDIKYBAHHS CNAABIS,

nopowkosuil Kapoio, izuKo-mexaniuni en1acmusocmi, KOpo3ilHi UNPoOYEaHHs.
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B.JI. KoBanenxko, B.B. Paguenxo, H.O. Miusiino,
A.A. €podeena, B.B. Apremuyk, B.JI. IIpuxuao
HOPMYBAHHSI IOKA3HUKIB IKOCTI EJIEKTPOEHEPTTI
TA IPHYWHM IX BUIXUJIEHHSA BIJI BCTAHOBJEHUX HOPMATHBIB

Anomayia. Memoto pobomu € KOMHIEKCHe OOCNIONCEeHHSI NUMAHb HOPMYBAHHA mMa
3abe3neueHHss AKOCMI eleKmpoeHepeii 8 YMO8aX CYYACHUX BUKIUKIB, 30KpeMd AKMUBHOI
iHmezpayii po3nooileHux oxcepei enepeii, MIKpomepeic, eleKmpoMoOiIbHOCMI Ma WUUPOKO2O
BUKOPUCMAHHSA CUN060I enekmpoHiku. Cmamms cnpsamo8ana Ha CUCMEeMamu3ayiio iCHYIouux
HOPMAMUBHUX 8UMO2 00 NOKA3HUKI@ AKOCMI eleKmpONnOCMAayanHs ma 6USGNIeHHs OCHOBHUX
NPUYUH BIOXUNEHHS YUX NOKAZHUKIB 80 CIMAHOAPMIS.

Memoouka. Y pobomi euxopucmano memoo KPUMUYHO2O AHANIZY MINCHAPOOHUX ma
Hayionanenux cmanoapmise (EN 50160, IEEE 1159, IEEE 519, IEC 61000), a maxoaic oenso
HAYKOBUX Npayb I NPAKMUuYHUX Keucie wooo 6useieHHs, Kiacugixayii ma komnencayii
30ypenb y napamempax sAKOCmMi eiekmpoeHepeii. 30ilicneHo y3azanbHenHs munosux PQ-
nopyulens, iXHix npuyuH i 3acobis 3anodicanHs.

Pezynomamu. Hagedeno nepenix knouoeux nokasHukie sikocmi enekmpoenepeii (vacmoma,
Hanpyea, ¢hiikep, 2GpMOHIKU, HEeCUMEempIis, KOPOMKOUACHI NOOii), iXHI OOnycmumi 3HAYeHHs
32I0HO 3 cmaHoapmamu ma 0cooaU80CmMi KOHMPOTI0 y cyuachHux mepexcax. Onucano Qizuuni
NPUYUHU NOPYUEHb AKOCMI — aA8apii, 6NIUE HEIHIUHUX HABAHMANCEHb, NYCKU OBUSYHI8, 3MIHA
HA8aHmMadiceHts, no2ooui asuwa. llpoananizosano enius nosimuix mexwnonocii (DG, BJ[E,
EV charging) na PQ.

Haykoea nosusna. 3anpononosano yinichuti nioxio 00 aHanizy HOPMAMUBHO-MEXHIYHO20
3abe3neueHns SAKOCMI elleKmpoenepeii, AKUll 8paxo8ye CY4acHi MmeHOeHYil 8 eHepeemuyi.
Bnepwe 6 oonomy oocnioscenni y3acanoHeHO AK HOPMAMUGHI ACNEKMU, MAaK i NPpaKmuyHi
¢axmopu enusy na PQ 3 demanizayicto Mexamizmie ix 6UHUKHEHHSI.

Ipakxmuune 3navennsn. Ompumani pe3yromamu MONCYMs C1Y2y8aAmMu OCHOBOIO OJisl OHOBNEHHS
JIOKANbHUX ~ HOpMAMuGie,  NOKPAWEHHS  CUCMeM  MOHIMOPUHZY,  GNPOBAONCEHHS
IHmeneKkmyanbHux 3acobieé KomneHcayii 30ypeHb, a mMaxKoxic 0Nl HABYAHHA NEPCOHANLY
eHepeemMUYHUX KOMNAHil y cqhepi Ynpaeiintsa SKicmio eHepeii.

Knrwouosi cnosa: skicmev enekmpoenepeii, PQ-nopmu, cmanoapmu IEEE, EN 50160,
2APMOHIUHI CNOMBOPEHHS, (DliKep, pPO3N0OIIeHa 2eHepayis, MIKPOMepedtici, KOMNeHCayis,
eHep2emuyHi CmaHoapmu.

Beryn. Skicte enexktpuuHoi eHeprii (power quality, PQ) € KpuUTHYHO Ba)JIMBUM
MOKa3HUKOM €(eKTUBHOCTI Ta HaaliHOCTI eHeprocuctemMu. Ilig sKicTIO enekTpoeHeprii

© Koganenko B.JI., Paguenko B.B., Miusiiio H.O.,
€podeera A.A., Apremuyk B.B., [Tpuxnao B.JI., 2025
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PO3YMIIOTh BIAMOBIAHICTH MapaMeTpPiB HANPYrd Ta CTPYMY BCTAHOBIIEHMM HOpMaMm 3a
9aCcTOTO0, aMILTITY 1010, (POPMOIO CUTHAITY Ta CUMETpiero TpudasHoi cucteMu. 3a0e3neueHHs
HAJIC)KHOT SKOCT1 JKMBJICHHSI Ha0yBa€ 0COOIMBOrO 3HAYEHHS B Cy4aCHHX YMOBaX CTPIMKOTO
PO3BUTKY CHJIOBOI €NEKTPOHIKH, PO3MOALICHOI TeHepalii Ta YyTJUBUX CHOXHBauiB
enexkTpoeHeprii [ 1, 2]. 3HKEHHs AKOCTI €EKTPOCHEPTii MOXe MPU3BOIUTH A0 300iB y pOoOOTI
MIPOMHCIIOBOTO OOJIaZIHAHHS, BTPATH JAHHUX, MEPEIYacHOTO BHXOIY 3 JIaJy TEXHIKH Ta
3HaYHUX EKOHOMIUYHMX 30MTKiB. 3a OIIIHKAMM JOCTIJHUKIB, CyMapHi pi4Hi BTpaTH BiX
npobJieM 3 SKICTIO enekTpoeHeprii ckiaanats $119-188 mupn y CIHA Tta Oaussko €150
mipa y kpainax €C [2]. Biarak, HopMyBaHHS OKa3HUKIB SIKOCTI €JIEKTPOSHEPTii MOKIUKaHEe
periaMeHTyBaTH JONYCTHMI BIAXWJIEHHS TIapaMeTpiB Hampyrd Ta CIPyMy 3 METOIO
3a0e3neueHHs HaJiifHOTO €IeKTPOIIOCTaYaHHsI CIIOKHBAYIB.

[IpoTsirom ocCTaHHIX I’SITH POKIB OIyOJIKOBAaHO 3HAYHY KUIBKICTh HAYKOBUX IIpallb,
MPUCBAYCHUX MpOOJIeMaM SKOCTI eNIeKTPOSHeprii, pPO3BUTKY CTaHIApPTIB Ta METOJIB
nominmeHHss PQ. JlochmigHukyn BceOIiYHO aHaNi3yIOTh MIDKHApPOJAHI CTaHAAPTH 3 SKOCTI
CHEePronoCTayaHHs Ta TMPOIOHYIOTh NUISIXM iX YHAOCKOHAJCHHS Y KOHTEKCTI HOBITHIX
BHUKJIMKIB €HEprocuctem [3].

30Kkpema, TPOBEICHO KPUTHYHUI aHaJi3 YAHHUX HOPMATHBIB JJIs1 PO3NOAUIBYHX MEPExK
1 MIKpOMEpeXX Ha MOCTIHHOMY cTpyMmi [3], a TaKoX TEHACHIIN rapMOHi3alii HalliOHATBHUX
CTaHIApTIB 13 MDKHapogHUMH pekomeHnamismu [3,1]. B ormsmosiit po6oti [3] HaBeneHo
y3araJbHEHHS OCHOBHHX MikHapoaHux ctanaaptiB PQ (takux sk IEEE 519-2014, EN 50160
ta cepis IEC 61000), a Takox pimeHHS JUIsl 3a0e3MeUeHHs JOTPUMAaHHA IUX HOPM Y
MPOMHUCIIOBUX Mepekax. [ligkpecneHo, mo KoxkHa 13 3alliKaBIeHUX CTOPIH — MOCTAaYaIbHUKU
€JIEKTPOCHEPrii, BUPOOHWUKM OOJAJHAHHS Ta CHOXKHMBAa4l — MAalOTh BHUKOHYBAaTH CBOI
HOPMAaTUBHI 3000B’sI3aHHS Ul MIATPUMaHHS HallekHOI sikocTi Hampyru [3]. OnHak neski
JOCTIPKEHHST BIJ3HAYAIOTh HEJAOCTAaTHIO KOHKPETU3allil0 OOOB’S3KIB CTOPIH y HasSBHUX
CTaHJapTax Ta MOTpely B JCTAIBHINIOMY BH3HAYEHHI BUMOT 10 SKOCTI >kuBjieHHsS [3]. Tak
HarpMKJIag B poOoTi [1] aBTOpM HAroJOWIYyIOTh, IO HOPMATHBHE 3a0€3MEUeHHS SKOCTI
EJIEKTPOCHEPTIl € MEePIIUM KPOKOM JI0 PO3B’si3aHHs mpodsieM PQ B cydacHUX eIEKTPUYHHUX
CUCTEMaX, JIe 3pOCTaE yacTka jaecTadunizyrounx ¢akropis [1].

AKTyallbHOI0O TEMOIO OCTaHHIX pOKIB € BIJIUB HOBITHIX TEXHOJOTIH Ha AKICTh
eJIeKTpoeHeprii. 30kpeMa, IHTerpallis po3NOAUIEHUX JPKepes eHeprii (COHSUHUX 1 BITPOBUX
€JIEKTPOCTAHLINH, CUCTEM HAKOMHWYEHHs) Ta 3aps/IHUX CTAaHLINA eJIEKTPOMOOUIIB NMPU3BOIUTH
710 TIOSIBM HEeCTaOlIbHOCTEN HANpyrd, TAPMOHIYHUX CIOTBOPEHB 1 (QUIIKEPY Y PO3MOAUTEUMX
mepexax [1, 4]. 3rigHo iHdopmarii pobotu [5], OCHOBHMMH BHUKJIMKAMH IS SIKOCTI
EJIEKTPOCHEPrii B Mepekax 13 JCICHTPATi30BaHOI TEHEPAIIEI0 € KOJHMBAHHS HAMNpyTH,
mucbananc ¢a3 Ta 3pocTaHHs PiBHS rapMoHik [5, 4]. ABropu [6] y CBOEMY OIJIsiAI OKPEMO
po3risaaoTh npodnematuky PQ y MikpoMepekax: BIACYTHICTb 1HEpIIii, CyleprapMOHIKH BiJl
CIJIOBUX TIEPETBOPIOBAaYIB, a TaKOX aJIeKBaTHICTb ICHYIOUMX CTaHIApTIB JUIS TaKuX
cucteM [6, 7]. BogHodac 3Ha4YHa dYacTWHA JOCHIPKEHb IMPUCBIYEHA PO3POOII METOIB
MOHITOPUHTY Ta iaeHTHdikauii nopymenb PQ. Po3BuBaoThCS CHUCTEMHM aBTOMATHYHOTO
BHSIBJICHHST Ta Kjacugikarlii 30ypeHb Ha OCHOBI IITYYHOTO IHTEJEKTY — HEHPOHHUX MEPEX,
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METOJ[IB TIMOOKOTO HaBuaHHS, BelBIeT-aHamizy tomo [3, 4]. Hampuknax, aBtopu [8]
3alpoOINOHYBAIM BUKOPUCTAHHSA TJIMOOKOI 3TOPTKOBOI HeMpoMmepexki s Kiacupikarii
TUNIOBUX KOpOTKo4YacHuX PQ-moaiii (IpoBaiiB, MiIBUIIEHb HANIPYTH, IEPEPHUBAHb, TAPMOHIK)
13 BHCOKOIO TO4HicTIO. [Toai6H1 poOoTH CIipsIMOBaHiI Ha CTBOPEHHS B PEATBHOMY Yaci CUCTEM
TIArHOCTUKHU SIKOCTi eHeprii mnst mepex Smart Grid [4]. OkpemMo AOCTIKYIOTBCS MUTAHHS
JIoKaTi3arii JpKepenn MOpyIIeHb SKOCTI — HAPUKIIaA, aBTopamH [ 1] BUKOHAHO OTJISIT METOIIB
BU3HAUCHHS Micllsi BUHUKHEHHsI PQ-30ypeHb y elleKTpoMepexki, 10 JO3BOJISIE CIPaBEAINBO
PO3IMOAUIATH BiINOBIJAIBHICTH 3a MOTIPIICHHS AKOCTI M)k IMOCTAYaIbHUKOM 1 CTIO)KMBAYaMH.

[TyGmikamii TaKOXX OXOIUIIOIOTh INUPOKUH CIEKTP METOMIB IMiJBUINEHHS SKOCTI
€JIGKTPOEHEPrii Ta KOMIEHCAIl BiIXMWIEHb. PO3IIIsIal0ThCS TPauIiiHI PIIEHHS — CTaTUYHI
Bap komrmeHcaropu (SVC), auHamiuni xommeHcaropu Hanpyrd (DVR), ¢ineTpu Bummx
rapMOHIK — a TaKOX HOBITHI 1HTErpOBaHI MPUCTPOT, Taki sIK 00 €AHAHI CHCTEMH YIPaBIiHHS
skicTro sxuBieHHs (Unified Power Quality Conditioners, UPQC) [9, 10, 11]. 3naunuii inTepec
npuBepTaloTh akTuBHI ¢inbTpu (APF) Ta cratmuHi KomIeHcatopu Ha OCHOBI CHJIOBOT
enektpoHiku (STATCOM, D-STATCOM) nnst OAHOYACHOTO TPUAYIICHHS TapMOHIK 1
nigTpuManHs Hanpyru [12, 11]. Tak, mHanpuknana, apropu [10] mpoBenu Orisi, MPUCBIYCHUH
BrpoBapkeHHIO Tpudaznux APF/STATCOM vy cucremax 3 BHCOKOI MPOHHMKHICTIO
BITHOBJIIOBAHOI €HEprii, 1 BiI3HAYMIM e(QEKTUBHICTb I[MX MPUCTPOIB Y 3HUIKCHHI
TapMOHIYHHMX CIOTBOPEHb Ta KOJHMBAHb HANPYTH BiJl COHSYHHMX 1 BITPOBUX CTaHIH. [Himi
JOCITITHUKY 30CEPE/KEH] Ha ONTUMAILHOMY PO3MIIIEHH] 1 KepyBaHHI TaKUX KOMIIEHCATOPIB.
3okpema, B HaykoBid mparmi [13] po3rasHyTO 3amady ONTHMAIbHOTO PO3IMOAUTY CHCTEM
30epiraHHs €Heprii Mo Mepexi AJis MOKpalleHHs: TpOo(UI0 HAPYTH 1 3MEHIIEHHS KOJUBaHb
MOTY)KHOCTI, JIOCSITal0Oud IpPH LIbOMY MOKpAalleHHS Noka3HUKIB PQ. 3anponoHOBaHO TaKoX
posnoxainenHi cucremu nokpamieHds PQ: B [14] mpeacTaBieHa KOHIICTINS pO30CEPEIHKEHOTO
MPUCTPOIO KOHAULIIIOBAHHS SIKOCT1 €Heprii Ui Tpu(da3HUX YOTUPUIIPOBIAHUX MEPEK HU3bKOI
Hampyru. Y psAAl  Opamk  aKIEHTOBAHO BHKOPUCTAHHS MITYYHOTO 1HTENEKTY ISt
BJIOCKOHAJICHHS] KepyBaHHs KomneHcaropamu PQ — wHampuxman, B [15] onwmcano
3aCTOCYBaHHS QITOPUTMIB MIJCHIIOOYOro HaB4yaHHA (reinforcement learning) s
agantuBHoro kepyBaHHi D-STATCOM y wikpoMmepexi, 10 JO3BOJWIO JAeMIiyBaTu
KOJIMBaHHsI HAIPyrd 1 4acCTOTH B peXuMi peasbHoro dvacy [16]. Takox aBtopamu [11]
3aMpONOHOBAHO «iHTeNeKTyanbHui» kepoBaHuiit DSTATCOM, y sskoMy perysisTop Ha OCHOBI
HEHpoMepeK J03BOJISIE OJHOYACHO KOMIIEHCYBATH PEAKTHUBHY MOTYXHICTb, IucOaaHC 1
TapMOHIKH B CUCTEMI JKUBJICHHS.

3 orisAay Ha BHIIE3a3Hau€Hl poOOTHM MOXHA 3pOOMTHM BHUCHOBOK, IO MpoOiema
3a0e3MeyeHHs IKOCT1 eIeKTPOEHEPTii TOCIIKYEThCSI KOMIUIEKCHO: B1Jl aHANII3y CTaHAAPTIB Ta
HOPMAaTHUBIB — JI0 TEXHIYHMX METO/IB MOHITOPHMHTY 1 TOJIMIIEHHsS MapaMeTpiB eHeprii. Y
JaHI CcTaTTi y3araJlbHEHO CyYacHMH CTaH NUTaHHS HOPMYBaHHS IOKAa3HHUKIB SIKOCTI
€JICKTPOCHEprii Ta TPUYMH BIIXHWJICHHS IHMX ITOKA3HUKIB BiJ HOpMaTUBHUX. Ha oOcCHOBI
aHaI3y JITEpaTypHUX JHKEpen 1 cTaHaapTiB ¢hOpMOBAHO CHCTEMATU30BAaHUIN OMTUC OCHOBHHUX
MOKA3HHKIB SKOCTi, X MOMYCTUMHUX 3HAU€Hb Ta THIIOBUX MPHYMH TopymieHb. Kpim Toro,
PO3MIISIHYTO HAasBHI MiAX0AM 10 KOHTponro PQ 1 3acobum komreHcarii, 3 akIEHTOM Ha
MEePCIEKTUBHI PIICHHS IJIs1 CYyYaCHUX PO3MOUTBYUX MEPEK.
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1. HopmyBaHHsI NOKAa3HHUKIB SIKOCTi eJieKTpoeHeprii. //okasnuku saxocmi ma ix
HopmamueHi 3HavenHs. JI0 OCHOBHUX TMOKa3HHKIB SKOCTI €IEKTPOEHEprii, 110 HOPMYIOThCS
CTaHJIaPTaMHM, HAJIEXKATh: BIIXWICHHS YaCTOTH MEpEeXi, BIIXWICHHS HANpPyrd BiJ] HOMiHAITY
(ToBroTpHuBalli MepeHANpPYryu/HEAOHANPYTH), KOJIMBAaHHSA Hanpyrd (¢uiikep), KOPOTKOYACHI
MIPOBAJIM Ta IMiJIBUIICHHS HANPYT'H, HECHHYCOIJaNbHICTh HANIPYTH (TapMOHIYHI BUKPUBIICHHS),
HecHMeTpis Tpu(pazHOI HANPyrd, a TaKOXX IOKA3HUKH KOPOTKOYACHHUX MEpEeHanpyr Ta
iMoynbcHuX mepemkox [17-20]. Y MDKHApOAHIM MpakTHIN KIIOYOBI KpHUTEpii SKOCTI
BuszHaveHi crangapramu MEK i1 IEEE. €Bponeiicbkuii crangapt EN 50160 BcTanoBmoe
JOMYCTUMI MEXI IapaMmeTpiB Hampyrd, IO IOCTAYa€eThCsA CIOKMBA4aM Yy Mepexax
3aranpHOrO mpu3HaueHHs. 3riqHo EN 50160, y HOpManbHOMY pEXHMi MPOTATOM KOKHOTO
THKHA 95% cepeHiX 3Ha4YeHb MapaMeTpiB MOBUHHI 3aJMIIATHCS B 331aHUX Mekax. OCHOBHI
Bumorn EN 50160 nmns mepexx Hu3pKOI Hampyrd Taki [21, 22]: yacTrora MOBHHHA
MIATPUMYBATHCS 3 BIIXWICHHAM He Oinbime +1% Bigm HoMiHANBHOI (I 00’ €qHAHHX
SHEeprocrucTeM) OLIBIIYy YacTHHY Yacy, a MaKCUMaJbHI BIJIXWICHHS YacTOTH HE MAaloTh
nepesumnyBata +4%/—6% (wanpuxman, ms 50 ['m me nmpubmmsno 47-52 T'm) [3]; cepenHi
3Ha4eHHs1 Hanpyrd |0-XBHIMHHOI BUTPUMKHM IOBHHHI 3HaxomuThucs B Mexax +10% Bix
HOMiHaNBbHOT Haripyru UHOM; KoedillieHT HecuMeTpii (HeraTHBHA MOCIIIOBHICTD HATIPYTH) HE
MIOBHHEH MEePEeBHUIYBaTH 2% BiJl 3HAYE€HHS MMO3UTHUBHOI OCIIOBHOCT1; CyMapHH KOe(iIlieHT
rapMoHiyHHX criotBopens Hanpyru (THD) na mmni cnoxuBaya mae Oytu He Oinbiie §%.

Takox EN 50160 HaBOOUTHh TpaHMYHO JOIYCTHMI BEIIMYMHHU JUISI OKPEMHUX TapMOHIK
Harpyryd (HampuKiIan, TapMOHIKa 5 Topanky — 10 ~6% Tomio). 3a3HaueHi HOPMU
3aCTOCOBYIOTBCS JUIsl yMOB HOPMajbHOI pOOOTH Mepexki 1 MOXYTh THMYAacOBO
MEPEBUILYBATHCS MPH aBapiiHUX 4YM HECTAHJAPTHUX CUTYyallisX (HANpUKIad, eKCTpeMasbHi
noroguHi  ymoBu). BaxmuBo, mo EN 50160 daktuuHo choyrye Opi€HTHUPOM ISt
€HeprornocTayalbHUX KOMIIAHIM 1 HE 3aBXKAM IOPUAMYHO 3000B’s3y€ iX TrapaHTyBaTH
BUKOHAHHSl BCIX NOKa3HUKIB y Oyab-skuil MoMmeHT [22]. IlpoTe OUIBLIICTH €BPONENHCHKUX
KpaiH IHTETpyBaJIM 11 BUMOTHM VY HAI[IOHAJIbHI CTaHAapTH abo TMpaBuja TOCTaYaHHS
€JIEKTPOCHEPTi.

AMepukaHCchKa TmpakTuka crnupaerbess Ha crtangaptd I[EEE [18, 19]. JlokymeHT
IEEE 1159-2019 omucye xateropii SBHIN, IO BIUIMBAIOTh HAa SIKICTh €JEKTPOCHEprii, Ta
pexomeHoBaHl Mexi iX mapametpiB. 3okpema, y IEEE 1159 Busnaueno kmacudikariito
KOPOTKOYAaCHUX 3MiH Hanpyru: nposai Hanpyru (Voltage Sag/Dip) — 3HMKeHHS €()eKTUBHOTO
3HaveHHs 10 0,1-0,9 y HOMiHaTbHUX OJMHMIISAX B HOMiHATY TpuBaiticTio Bix 0,5 nukiny 1o 1
XBWIMHY; niepeHanpyra (Swell) — niaBumenns Hanpyru 1o 1,1-1,8 y HOMiHaTbHUX OAMHULIAX
B TOMY X 1HTEpBaJl 4acy; KOpOTKOYacHE 3HUKHEHHS kuBJieHHS (Instantaneous interruption) —
naginag Hanpyru Hwkde 0,1 y HOMIHAJIbHMX OAMHUIIX Ha 4ac A0 0,5 CeKyHAHW TOIIO.
IEEE 519-2014 BCTaHOBIIOE KUIBKICHI BHMOTH [0 pPIiBHIB TapMOHIYHHUX CIIOTBOPCHB:
HAMpUKIAJ, Ui PO3MOAUIBYUX MEpeX HU3bKO1 Hanpyru cymapHuit THD nanpyru Ha mmnax
HEe Mae nepeBullyBatu 5%, a OKpeMi rapMOHIKM — BU3HAUEH1 MPOLIEHTHI 3HaYeHHSI B1THOCHO
OCHOBHOI rapMoOHiKu ([uig 3-i Ta 5-1 rapMoHiK — 10 ~4%, g BUIIMUX MOPSAJKIB — MEHIIE).
Kpim Ttoro, IEEE 519 permamenTtye pomycTumi TapMOHIYHI CTPyMH, IO MOXYTh
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TeHEepPYBAaTUCS HABaHTAKEHHSAMH, 3aJIe)KHO BiJI BEIHMYMHH KOPOTKOYACHOI IOTY)KHOCTI
(COOTHOIIEHHS KOPOTKOTO 3aMUKaHHs). TakuM 4nHOM, 11 cTaHJapT OXOIUIIOE BUMOTH SIK J10
Mepexi (piBeHb HAMpYyTru), TaK 1 JO CHOXKUBa4iB (OOMEXKEHHS emicii TapMOHIK 3 IXHBOTO
00KY).

Bupobuuku enekrpooOnagHaHHA KepyroThcs crangaptamu cepii IEC 61000 3
enektpomarHitHol cymicHocTi (EMC) [3]. 3okpema, IEC 61000-3-2 Ta 61000-3-12
BCTAHOBJIIOIOTh TPAHWYHI PiIBHI TAPMOHIYHHUX CTPYMIB, IO T€HEPYIOTHCS 00IaJHAHHAM Maol
1 cepetHbO1 MOTYKHOCTI, MIAKIIOUEHUM JI0 MepexKi. Bumorn o criiikocti 001aiHaHHS IPOTH
PQ-nopymiens (Hanmpukiaa, IMIYIbCHUX IE€pPEHANpPYr, MPOBANIB HANpyrd) BU3HAYEHI Yy
cragmaptax [EC 61000-4-11, 4-13 tomo. Takum yuHOM, 3 OOKY HaBaHTaXCHb MIFOTh MBI
TPy HOPM: OOMEXKEHHS eMicCii 3aBaJ y Mepexy i BHMOTHM 10 MiHIMaJIbHOI IMYHITETY
MPHUCTPOIB MO0 HECTaOUTBHOCTI mapameTpiB xuBjieHHs [3]. Lle 3abe3nedye KOMIUICKCHUN
HiX11: €HePronoCcTavyabHUKY BiINOBIAIOTH 32 MiATPUMAHHS ITapaMeTpiB HAPYTH y By3Jax
Mepexi B MeXax HOPM, a CIIOYKUBadi — 32 HEJOMYIICHHS HaMIPHOTO “3a0pyaHEHHS Mepexi
HENIHIMHUMHA CTpyMaMH Ta 3a CTiiKy poOOTy CBOro OOJIaJHaHHS TPU JOIMYCTUMHX
BiaXWJIeHHsX Hanpyru [1,3]

Hoegimui cmanoapmu ma menoenyii. OCTaHHIMH POKaMH MIKHApPOJHI oOpraHizarii
MPAIIOIOTh HAJl OHOBJICHHSIM HOpMAaTWBHOI 0a3u 3 PQ 3 ypaxyBanHsM po3BuTky Smart Grid.
Tak, MEK Bupana texuiuny crnenudikamnito IEC TS 62749:2020 «OuiHroBaHHS MMOKa3HUKIB
SKOCTI CJIEKTPOCHEPTii — XapaKTePUCTUKH EJICKTPUKH, IO IOCTAYAETHCS IMyOIIYHUMHA
Mepexxamuy. Lleit qokymeHT y3aranbHioe AocBia 3actocyBaHHsi EN 50160 Ta iHmmx HOpM i
HaJa€e peKoMeHAaIli moAo yHidikamii cTaHZapTIB TMapaMeTpiB €JIEeKTPONOCTauYaHHS MJis
Mepex pi3HUX piBHIB Hanpyru [20]. BiH ¢pakTU4YHO € KpOKOM 10 MEepEerisily Ta rapMoHi3alii
MDKHapoAHUX BUMOT PQ, 0co0MBO 3 Orisily Ha 1HTETpallito BITHOBIIIOBAaHUX JKEpEN eHeprii
Ta HOBUX HAaBaHTAXKEHb (HAIIPHUKIAJ, 3apsiiHUX craHlii). Takox Tpusae podora B IEEE Han
YIIOCKOHAJIEHHSIMU CTaHAapTiB MoHITOpuHry PQ — 3okpema, IEEE 1159 Oyno oHoBieHo B
2019 p. HaykoBa cnigpHOTa BiJ3Haua€ HEOOXIIHICTH PO3POOKH OKPEMHUX HOPMATHBIB JUIS
MIKpOMEpEX 1 CHCTEM IMOCTIMHOIO CTpPyMy, OCKUIbBKM TpaguliiiHi Bu3HaueHHsS PQ
(rapMoHikH, (IiKep TOILIO) PO3pOOJIeH! [UIsi CUHXPOHHUX MEpEeX 3MIHHOTO CTpyMy 1 He
NOBHICTIO BpaxoBytTh crenudiky DC-cucrem [7]. Ha chorogni 1e MUTaHHS aKTUBHO
JIOCJTIJDKYETHCS, ajlie € TIPEIMETOM MOAAIBIINX CTAaHAAPTIZAMINHUX 3yCUITh.

[TincymoByrouM, MOKHA 3a3HAYUTH, 1110 HA MDKHApOJAHOMY PIBHI ICHY€E JIOCUTH MOBHA
CHUCTEMa HOPMAaTHBIB IOKa3HHKIB SIKOCTI eJleKTpoeHeprii. BoHa oxomioe BHUMOTH 0
MOCTa4yaJIbHUKIB (CTaOUIbHICTh YAaCTOTH Ta HANpyru, oOMexeHHS Qiiikepy, HECUMETpli Ta
TapMOHIK Ha IIWHI CMOXKHBada) 1 JI0 CHOXXKHUBAIbKOTO OOJagHaHHS (OOMEXKEHHS BUKHJIIB
TFapMOHIK, IMIYJIbCHUX 3aBajl, BUMOTH JI0 CTIMKOCTI 0 MpPOBaIiB 1 iMIyNbCiB). BukoHaHHs
IUX HOPM KOHTPOJIIOETHCA IHUIAXOM MOHITOpuHry PQ- mapamerpiB y Mepexi
crieriainizopaHuMu BuMiproBadamu kiacy A srigao [EC 61000-4-30. lotpumaHHs cTaHIapTIB
3a0e3rneyye CyMICHICTh OOalHaHHS 1 MEpeXi Ta MiHIMI3ye pU3UKHU 3001B. Huxkue po3risHyTi
MPUYMHY, Yepe3 K1 Ha MPaKTULl TapaMeTpH SIKOCT1 MOKYTh BUXOAUTH 3a MEX1 HOPM, TONIPH

HasBHICTh 3a3HAYCHUX CTAHIAPTIB.
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2. Ilpu4yuHN BiAXMJICHHS NMOKA3HMKIB SIKOCTi eJIeKTpPOeHeprii Bii HOPMOBAHHX.
HaBiTh 3a HasgBHOCTI CTPOTMX HOPMATHBIB, Y pPEaIbHHUX EIEKTPUYHHX MEpPEekax dYacTo
CIIOCTEPITalOThCS BIAXMICHHS apaMeTpiB eJIeKTPOCHEPrii Bix BCTaHOBIEHUX MeX. [Ipuunnu
UX BIAXWJIEHb DPI3HOMAHITHI 1 MOB’s3aHI SK 3 OCOOJIMBOCTAMHU PEXKUMIB POOOTH camoi
€HEePrOCHCTEMH, TaK 1 3 BIUIMBOM HaBaHTaKeHb. OCHOBHI BUAM MOPYIICHB SKOCTI Ta IX THIIOBI
MPUYMHUA MOXKHA 3TPYIYBAaTH HACTYITHUM YHHOM:

Hoszompusani eioxunennss nanpyeu. 1ligBuiieHHss a00 TOHWKEHHS HAPYTH KUBJICHHS
noHang +10% Bix HOMIHANY NPOTATOM TPHBAJIOrO Yacy 3a3BUYall 3yMOBIIEHI 3MiHAMHU
HABAaHTA)XCHHS B MeEpeki ab0 HEMpaBWIBHOIO POOOTOIO PEryMIOIYNX MPHUCTPOiB. SIKIIO
HaBaHTAXXCHHS Ha JIiHII TEepEeBUILY€E pO3PaxyHKOBE, BUHUKAE 3HAUHUHU CIaj HANpyrH 4epes
KIHLIEBUH OMip Mepexi — [e MPU3BOAUTH JI0 3aHM)KEHOTO PIBHS HAIPYTH Y CIIOKHUBAYiB (TaK
3BaHa ‘“‘mipocajka’ abo HexoHampyra). HaBmaku, mpu HU3bKOMY 3aBaHTAa)KEHHI MEpexi
Hampyra MOXe MiJBUNIYBaTHCS (OCOOJMBO B paJialibHUX MeEpexax i3 KOMIICHCAII€0
PEaKTHBHOI MOTYXHOCTI, /¢ B PEKUMI MAJIOTO HaBaHTA)XEHHS KOHJICHCATOPU CHPUYHHSIOTH
nepeHanpyry). Taki BIOXWJICHHS HOCATh KBa3icTamioHapHUH xapakrtep. JlomaTkoBoOrO
IPUYMHOK JOBFOTPUBAIMX IMEPEHANpPYr MoOKe€ OyTH HempaBWIbHE HAJAIITyBaHHS
perynsTopis Hanpyru Tpanchopmaropis (OLTC), konu Hanpyra miaTpuMy€eThCS 3aBUIIECHOO.
JloBroTprBana HEJOHANpyra YacTO CIOCTEPIraeThCsl B KIHIEBHX TOYKAX PO3TATYKEHHX
CUIBCBKHX MEpEX uepe3 0OMEeKEeHHUH mepepi3 MPOBOIIB 1 BEJIMKI MaAiHHS HAIPYTH HA HUX.

Kopomkouacni nposanu nanpyeu (dips/sags). Ilposan Hanpyru — 1ie pi3ke 3HMKECHHS ii
piBa 1o 0,1-0,9 UnoM TpuBamicTiO BiJ KUIBKOX HAmIBHOEPIOAIB [0 JAECATKIB LHUKIIB.
OCHOBHOIO IPUYHUHOIO OUTBIIIOCTI MPOBAJIIB € KOPOTKI 3aMUKaHHs (aBapiliHi MOIIKOJKEHHS) B
enekTpuyHuX mepexax [23]. Ilix wac K3 cTpymu pi3ko 3pocCTaroTh, 110 BUKJIMKAE MAIIHHS
Halmpyrn Ha peakTaHCaX CHUCTEMH — y pe3yJbTaTl Hampyra B 3HAUHIA 4YacCTHUHI Mepexi
“mpocimae” 10 yCYHEHHs aBapii a00 BIJKIIOYEHHS TMONIKO/KEHOI JUISTHKA. [HIIUM
MOIIMPEHUM YMHHUKOM € IYCK BEJIMKHX €JIEKTPOJIBUrYHIB. Hanpukiaz, npu npsMomy myckKy
ACMHXPOHHOTO JIBUTYHA 3 BEJIMKOIO MOTY)KHICTIO, MOYAaTKOBUM KHJOK CTpyMy (MOXe
NEepEeBUILYBaTH HOMIHAJBHUN B 6—8 pa3iB) CIPUYMHSIE CYTTEBE MPOCIIAHHSA HANPYrd Ha
IIMHAX UBJIEHHS MPOTITroM KIJIbKOX ceKyH[ [23]. TakuM yMHOM, 3aIlyCK MOTY>KHUX HAcOCIB,
KOMIIPECOPIB, MPOKAaTHUX CTaHIB TOLIO HEPIJKO CYMPOBOKYETHCS KOPOTKOUYACHUMU
“mpoBasiaMu” HAmNpyrd B Mepexi MIAIPUEMCTBA 1 HaBiThb y CYMDKHUX cHoxkuBadyiB. [lo
MPOBAJIIB HANPYrM TaKOX MOXYTh MPU3BOAUTH PI3KlI KUJIKH HaBaHTa)KEHHS — HaINpUKIal,
OJIHOYAaCHE BMHKAHHS BEJIMKOI KIJTBKOCTI CHOXKMBadiB a00 KOMyTallis TpaHChOpMaTopiB.
[IpyunHoOO TAMOOKMX MpoBaiiB B OKpeMii a3l 1HOAI CTAalOTh MepexiiHl HeOajgaHcH —
CKaXiMO, onHO(da3HEe 3aMHUKaHHS Ha 3e€MJII0 B MEPEXi 13 130IbOBAHOIO HEUTPAIIIIO MOXKE
BUKJIMKATH TPOCIAAHHS HANpyrd Ha 3710poBuX (azax 1o ~58% BiJ HOMIHalTy Ha 4Yac 110
CHpPaLlbOBYBaHHS 3aXUCTY.

Kopomxkouacui nepenanpyeu (swells) ma imnyavcni cmpubku. PanToBe mMiIBUIICHHS
Hanpyru 1o piBHA ~1,1-1,8 UHOM Ha KOpPOTKMIi 1HTEpBaJl TPAILISETHCS PIALIE, ajleé MOXKIHUBI
NPUYMHU BKJIIOYAIOTh: pI3KE€ 3MEHIICHHS HaBaHTaXEHHA a00 BIJKIIOYEHHS BEIHUKOTO

cnokuBava (10 BeAe M0 “TIEPemigHATTS  HAIpyrd TeHepaTopaMyd Ta pPETyJIsITOpaMH,
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IHepIifHO HaNAIITOBAHUMH Ha TONEPEIHE HABAHTAXEHHS); OOpUB OJHOTO i3 MPOBOJIIB
HEUTpaal 4d KOMIEHCYIOUOro MPUCTPOIO, 10 BUKJIMKAE nucOananc a3 i mepeHamnpyry Ha
onHil i3 ¢a3. Takoxx mepeHanpyra MOKe BUHUKATH MICIsl OYUIIEHHS (TaciHHS) KOPOTKOTO
3aMHKaHHS, KOJIM EJEKTPOMArHiTHI MPOILECH NPHU3BOMAATH 0 TEPEperyatoBaHHS 3 OOKYy
ABTOMATHYHUX PETYIATOPIiB 30y/KEHHSI TeHEepaTopiB. IMIyIbCHI KOPOTKOYACH] MEepEeHaNpyTu
(cruTeckM) 4acTo BHKJIMKAHI IPO30BHMH MEPEHANPYKEHHSIMHA a00 KOMYTAIE0 1HAYKTHBHHUX
HaBaHTaXeHb (Hampukial, BuMKHeHHs 10Broi JIEIL, posmarniuyBanus tpancdopmaropa). Lli
IMIyJIbcH  MAIOTh  Jy’K€ KOPOTKY TpPHUBAJICTh (MUTICEKYHIM 1 MEHIIE) 1 CHEKTp
BHUCOKOYACTOTHUX CKJIQJIOBUX, TOMY PO3IJIIIAIOTHCS OKPEMO BiJ “TIOBLIBHUX’ TMEpEeHANpyT
tuny swell.

Qnixep (konrusanus Hanpyeu). DiikepoM HA3WBAIOTHh MIBUAKI BUIAJIKOBI KOJWUBAHHS
PiBHS HamMpyTH, IO COPUYHHSIOTH MEPEXTIHHA OCBiTIeHH. [IprunHOIO (hiikepa € KOTUBaHHS
CHOXHMBAHOT PEAKTHUBHOI TOTYXHOCTI HaBaHTaKEHHS, $KI MPHU3BOIATH [0 BiJIOBITHUX
KoJIMBaHb Hanpyru. Knmacuunmm pkepenoM (iiikepa € elekTpuyHa JyroBa IiY: i Yac
pOOOTH CTaNeTIaBWIIBHOI TIeYl eNeKTpUYHa yra MOBOAUTHCS SIK HeNiHiiHe 1 HecTabiibHe
HABAaHTA)XCHHS, CTPYM JYTH IOCTIHHO XaOTHYHO 3MIHIOETHCS, IO 3YMOBIIIOE TJIHOOKI
MOJYJIALI HANPyTryd HA IIWHAX KUBJICHHS B Jiama3oHi yactotr 5—15 I'm. Lle mpu3BoauTth 10
MOMITHOTO MEPEXTiHHS JIaMIT PO3KapIOBaHHA. Taki KOJMBaHHA MOXXYTh HOIIMPIOBATUCS IO
MepeXi Ha BeNuKi BiacraHi. [HIII TpuKIagu HaBaHTaKEHb, IO BHUKJIMKAIOTH (IIiKep:
3BapIOBaJIbHI arperary, eJIeKTPONPUBOIU 3 PI3KUMH MEPIOJUUYHUMH 3MiHAMU HAaBAaHTAKCHHS
(npecoBe oOnagHaHHS, MPOKATHI CTaHH), BEMWKI MAXTHI migioMHuku Touio [24]. HaBith
BITPOB1 €NEKTPOCTaHIi 3a IEBHHUX YMOB MOXYTb T'€HEpyBaTH HEBEJIUKI MeploJnYH1
KOJIMBaHHS Hamnpyru (depe3 edexT TiHeW BiA Jyomared — “iikep BITpOTYypOIHU”, OJHAK
CydyacHI CHUCTEMM YIpaBIIHHSI MIHIMI3YIOTh 1ie). Diikep BHUMIPIOETbCA MMOKa3HUKAMHU
KOPOTKOCTPOKOBOI Ta TOBIOCTPOKOBOi MOMITHOCTI MUTOTIHHA Psub, siki po3paxoByroTbecs 3a
metoaukoro IEC. HopmatuHo 3HaueHHs: Psub He nmoBuHHO nepesumtyBatu 1,0 (ToOTO Mexi
YYTIMBOCTI CEPEAHBOTO criocTepirava) st 95% iHTepBaiiB 3a THXX/ICHbD.

Hecumnycoioanvnicmo (capmoniuni cnomeopenns). 1'apMOHIYHI CKIJIQJOBI HANpyrd 1
CTpyMy BHUHHUKAaIOTh Ye€pe3 HENIHIIHI BIacTUBOCTI HaBaHTaxeHb Ta Jkepen. CyuwacHi
eJIeKTponpuiiMayl jaenani OiIblle MICTATH CHUJIOBY EJEKTPOHIKY (BUIPSAMIISAYI, 1HBEPTOPH,
IMITYJIBCHI JIKepesia JKUBJIEHHS), SKa CIIOXKUBA€ CTPYM HECHHYCOiJaIbHOI (JOPMU HABITH MPU
17leallbHO CUHYCOIAaNbHIA Hampy3l Mepexi. Jlo OCHOBHMX TIeHepaTopiB TapMOHIK Y
PO3MOMAITPYMX MEpekax Hale)KaTh: BUMNPAMIISIYI B CHCTEMax >KUBICHHS EJIEKTPOHIKA
(KOMIT'FOTE€pPH, TEJEBI30pU, CBITJIOAIOAHE OCBITJIEHHA 3 IMIYJICHUMH JpaiiBepamn),
peryiapOBaHi  €NEKTPONPUBOAM 3  TEPETBOPIOBAYaMM  YacTOTH, 3apsiiHI  TPUCTPOL
eJeKTpOMOOLTiB, pkepena Oe3mepediitHoro skuBieHHs (UPS), a Takok Hacw4eHi
Tpanchopmaropu Ta Ayrosi meui [24]. 3pocTaHHS YaCTKHM TaKMX HETIHIHHUX HaBaHTaXXCHb
MPU3BEJIO JI0O TOTO, IO PiBHI TapMOHIYHUX CIOTBOPEHb Yy Mepekax TMOMITHO 3POCTH 3a
octanHi gecatwmitrs [1]. TapMoHiuHI CTpyMH, NPOTIKArOUd dYepe3 IMIEAaHCH MEpexi,
CIPUYHUHSIOTH MOSIBY BIAMOBITHUX FApMOHIK Hallpyru Ha muHax. Halimommpenimn rapMoHiKu
—1e 3, 5, 7 mopsgok y cuctemax 50 ', oCKiTbKHM BUNPSAMIIAYL HA 6 IMITYJIBCIB T€HEPYIOTh B
OCHOBHOMY HEIMAapHI HECHUMETPHWYHI TapMoHikM. Hacminmkom € BUKpUBICHHS (opmu
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CHHYCOIM HAmpyrd, L0 MOXE HETaTHMBHO BIUIMBATH Ha poOOTy oOnaaHaHHS (TeperpisB
JIBUTYHIB 1 TpaHc(opMaTopiB yepe3 BHUXPOBI CTPYMH, PE30HAHCH B MEPEXKi, NOMHUIIKOBE
crpaifoBanss pene). OCHOBHA NMpHUYMHA TaPMOHIK — HENiHIHI HaBaHTaXEHHS. Y CydacHHX
odicHMX Ta MOOYTOBHX MEpEKax YacTKa TaKWX HABAaHTAKEHb Iy)KE€ BHCOKA (IIEPCOHATbHI
koM 'torepu, LED-ocBiT/iIeHHsT 3 OJIOKaMH KUBIICHHS, MOOYTOBa TEXHIKa 3 €NEKTPOHHUMHU
KOMITOHCHTaMHu). Y TPOMHCIOBOCTI BEIHMKI BHECKH TapMOHIK JalOTh MEPETBOPIOBAYL IS
eJIEKTPONPUBO/IIB (HANPUKIIAA, TATOBI MEPETBOPIOBAYI HA EJIEKTPOTPAHCIIOPTI, HACOCHI
CTaHIIi 3 peryJb0BaHUM MPHUBOJOM, BEHTWIALINHHI cuctemn). Takum unHOM, “3a0pyaHeHHs”
Mepexi rapMOHIKaMH TPSMO OB’ A3aHO 3 MPOTPECOM ENEKTPOHIKHU. J[01aTKOBO, pe30HaHCHI
SBUIA MOXXYTh MPHU3BOJUTH IO IMiJCWICHHS TEBHUX TapMOHIK: HANpPHUKIAJ], HASBHICTH B
MepexXi KOMITEHCYIOUMX KOHJEHCATOPIiB pa3oM 3 iHAYKTHBHICTIO CUCTEMH MOXKE CTBOPHTHU
pPE30HAHC Ha 4YacTOTI JEesAKOl TapMOHIKHM, BUKIMKAO4YW ii 3Ha4He 3pocranHs. lLle ciin
BPaxOBYBAaTH IIPH MIPOEKTYBaHHI (PLIBTPOKOMIIEHCYIOUHX YCTAaHOBOK.

Hecumempis nanpyeu. HecumeTpuaauid pesxuM (HECTiBIAIIHHS aMIUTITYA 1 ¢a3 Hampyr
TphOX (ha3) BUHUKAE MEPEBAKHO Uepe3 HECHMETPUYHI HAaBAaHTAXKEHHA. B Mepekax HHU3bKOI
Hanpyru TOIIMPEHOI0 € CHUTYyallisd, KoJii ogHa (a3a mepeBaHTakeHa (OaraTto omHO(GA3HUX
CTIIOKMBAYiB Ha Hil), TOJI AK IHII — HEJIOBaHTaXeHi. lle mpu3BOIUTH 10 MOSBU BEKTOpa
HETaTHUBHOI TOCIIJOBHOCTI Hampyru (—2% um Oijblne BiX NPsAMOi IOCIIZOBHOCTI) 1
aucOanaHcy cTpyMiB. [HIOIO NMPUYMHOIO MOXKYTh OyTH HENOBHO(A3HI PEKUMH Ta aBapii —
Hanpukian, oOopuB onHiei ¢asm minii 10 kB, mpu sxomy cnoxuBaui 0,4 kB MoxyTh
OTPUMYBATU CYTTEBO HECHUMETPUYHY HANpyry uepe3 3B’s30K (a3 Ha TpaHcpopmaTopi.
Hecumerpisa BUKIIMKae HarpiBaHHs TpU(a3zHUX IBUTYHIB (MOsBa CTPYMIB MOJABINHHOI 4YacTOTH
B pOTOp1) Ta 3HMXKEHHS ixHbOro obeproBoro MomeHty [2]. Tomy crangaptu (EN 50160,
I'OCT 13109 Tomo) oOMexyrTh KOoeQilleHT HeCUMeTpli Hampyru. Sk 3rajaHo, OCHOBHa
IpUYMHA JUCOalaHCy — HECUMETPUYHI HABAaHTa)XEHHSA, 30KpeMa, IOTYXKHI ofHoda3Hi
CIIOKMBaYl, MiJIKJII0YEH1 10 Tpuda3zHoi Mepexi (€IeKTpUYHI 3a113HUYHI JIIHIT 3 )KUBJICHHSIM Ha
oJIHy (ha3y, eneKTporeyl onopy Ta Ayrosi Meuyi, 3BaproBaibHi anaparu) [2]. Hanpuknazn, npu
KUBJIEHH1 enekTpudikoBanoi 3amizHuul (~25 kB, 50 I'm) Big 3aranbHOi Mepexi BUHUKAE
3HaYHUI Tepekic (a3, TOMY 3aCTOCOBYIOTh CHEI[lalbHI CHMETPYBaJbHI MHpHCTPoi abo
nBoda3zHi TpaHCHOPMATOPHI CXEMH.

[lincymoByrouM, BHYTPIIIHI NPUYUHHU 3HUKEHHS SKOCTI €JIEKTPOEHEPrii BKIIOYAIOTh:
JUHAMIYHI TpOLEeCcH B eHeprocucreMi (MepexifHi MpolecHu MpH IMEepeMHKaHHI 1 aBapisx),
XapaKTepUCTUKU HaBaHTaXXEHb (HEecTallloHapHe a0o HeNiHiiiHe CHOKMBaHHA), IucOaaHC
CIIOKMBAHHS TO (pa3zax, a TaKoK OCOOIMBOCTI KOoHIryparii Mepexi (pe30oHaHCHI SIBHUIIA,
oOMeKeHa MpOIyCKHa 3/1aTHICTh). 30BHIMIHI BIUIMBH (IpO3H, MOTOAHI YMOBH) TE€X MOXKYTb
BUKJIMKATHU IMITYJIbCHI MepeHanpyru abo oOpuBH JIiHIN, IO OrocepeaKoBaHoO Bene 10 PQ-
npobieM. Pi3HI THUNM MOpPYIIEHb SIKOCTI YacTO MPOSBISIOTHCA OJHOYACHO: HAINpPHUKIA,
KOPOTKE 3aMHKaHHS BUKJIMYE 1 MpoBajl Hampyru (B Touwi, BigmaneHiil Big micus K3), 1
MepexiHl rapMOHiNHI CIIOTBOPEHHS, 1 MOXKIMBUIN nucbananc ¢a3. Tomy aHami3 NpuyuH Mae
MIPOBOAUTUCS KOMILJIEKCHO, 13 3aCTOCYBAHHSIM 3aCO01B MOHITOPHHTY.
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BaxmBo  3a3HauMTH, 10 EHEPrornocTavyajbHi  KOMIAHIi 3a3BHYail  HECYTh
BIJIMOBIJAJIbHICTh 32 CHUCTEMHI NMPUYMHU TOPYIIEHb (HANPUKIAA, HEIOCTAaTHIO PETYISIII0
HaNpyrd, HE3aJ0BUIBHUN CTaH Mepexi, II0 MPHU3BOAUTH 1O YacTHX aBapii), TOIi SK
CHOXHBAaYi BiMOBIIAIOTH 32 MPUBHECEHI HUMH BUKPHUBICHHS (TApMOHIKHM, HECUMETPIs Bix iX
obnannanns) [1]. [Ipore Ha mpakTHili po3MexyBaHHS wYacTto yrpynHene. Came ToMy
PO3pOOIIAIOTECS METOIU JIOKami3alii mpkepen PQ-momiit — HanpuKiam, aHali3 B3a€MHHUX 3MiH
HAlpyTd 1 CTPYMYy Yy TOYIll NPHUEIHAHHS O3BOJISIE BU3HAYUTH, YU WJIe TApMOHIKA BiJ
HaBaHTAXXCHHS 10 Mepexi abo HaBmaku [1].

BucHoBKH. 3a0e3neueHHs HaJEKHOI SKOCTI EJEKTPOSHEprii € BaKIMBOIO YMOBOIO
CTaOUIBHOTO (DYHKIIIOHYBAaHHS SIK IIPOMUCIOBUX IiIIPUEMCTB, TaK 1 TOOYTOBHX CIOYKUBAYiB.
VY cBiTiHi cywyacHMX TpaHcopMamii B EHEPreTHlli, IOB’S3aHMX 13 JACLEHTPATi3ali€cio
reHepaiii, 3pOCTaHHSM YaCTKW BiJHOBIIOBAaHUX JDKEPEN, BIPOBAIKEHHSIM MIKPOMEPEXK,
3apsaHOl  1HPPACTPYKTYPH EIIEKTPOMOOUTIB Ta IIMPOKUM 3aCTOCYBAaHHSM CIICKTPOHHHX
NpUCTPOIB, MpobieMa MiATPUMAHHS HOPMATHBHUX TapaMeTpiB SIKOCTI €JIEKTPOIOCTaYaHHs
HaOynma ocoOmuBOi akTyanbHOCTi. [IpoBeneHe AOCHiIKEHHS JO3BOJIMIO HE JIMIIE
CHCTeMaTH3yBaTH YMHHY HOpPMAaTHBHY 0a3y B miii cdepi, a i BUSIBUTH THIIOBI HMOPYIICHHS
MOKA3HHKIB SIKOCTI Ta BCTAHOBUTH iX HAWTIOUIMPEHIII TPUIHHH.

VY crarti 3po0neHO akneHT Ha kiarodoBHx craHgaprax — EN 50160, IEEE 1159,
IEEE 519, cepii IEC 61000, siki permaMeHTYIOTb JOIYCTUMI MEXI TaKUX IapamerTpiB, sK
4acToTa, aMIUTITyJa Ta CHMETpisi Hampyry, Koe(illieHTH TapMOHIYHUX CIOTBOPEHb, (IIiKep,
IpOBaJM i nepeHanpyru, Touo. OcolauBy yBary NpuIIeHO iX IPAaKTUYHOMY 3aCTOCYBAHHIO
B YMOBaX pealbHUX PO3MOAITIBUNX MEPEK. Y pe3ysbTaTi BUSBICHO, IO B 0araTboX BHIIAJKaX
napaMeTpH SIKOCTI BUXOJASTH 3a MEXI HOPMATUBHMX 3Ha4yeHb 4depe3 (PaKTOpH, sKI 4acTo
MalTh KOMILUIEKCHY MPHUPOJY: 11€ OJJHOYACHA JIisl aBapiiHUX, eKCIUTyaTalliiHUX, TOTOAHUX 1
CTIOXXHMBAIBKIX YNHHUKIB.

byno mnpoaeMoHCTpoBaHO, L0 HAWOUIBII MOIIMPEHUMH JKEpeslaMd IOpYLIeHb €
KOPOTKI 3aMMKaHHS, MYyCKH NOTYKHUX €JIEeKTPOJBUIYHIB, HENIHIMHI ClOXKHUBaul, ¢asu 3
NEPEeBAHTAKCHHSM, a TAaKOX BIUIMB MOTOJHUX YMOB. 3POCTaHHS YAaCTKH HENiHIHHUX
HaBaHTAXCHb Yy MOOYTOBOMY Ta MPOMHCIOBOMY CEKTOpi, a TaKOX aKTHBHE ITiIKIIOYCHHS
CHUCTEM Ha OCHOBI CHJIOBOI €JIEKTPOHIKM CHPUSIOTH MIIBUIIEHHIO pPIBHIB TapMOHIK,
HecuMeTpii Ta (rikepa, Mo YCKIAAHIOE CTa0UTBbHY POOOTY MEpEeXKi.

Takox y poOOTI mpoaHaTi30BaHO Cy4YacHI TEXHIYHI MIAXOAW [0 TMOKpaIIeHHS
MOKa3HUKIB SKOCTI eNeKTpoeHeprii. HaBegeHo orysi TpaauiiitHuX Ta IHHOBAIIMHUX 3ac001B
KoMIeHcalil 30ypeHb — TakuX SIK aKTUBHI (QUIBTPH, CTaTU4YHI KOMIEHCATOpH, 00'€HaH1
CUCTEMH KEpYBaHHs SIKICTIO KUBJICHHS, a TAKOX IHTEJIEKTYyalbH1 PilIeHH Ha 0a31 ITYy4YHOrO
1HTENEeKTy. BcTaHOBNIEHO, 110 3aCTOCYBAaHHS TaKuX pILIEHb JTO3BOJISIE B PEKUMI PEaJIbHOTO
yacy 3a0e3NeunTH aJanTHBHE KEPYBAHHS IapaMeTpaMu HANpyTH, 3HWKYIOYH HETaTHBHUN
BIUTMB IMHAMIYHUX HABAaHTA)KEHb 1 HECTAOUTbHUX JKEPEN CHEprii.

OkpeMy yBary mpuIiJIEHO TMUTAHHSM BIAMOBITAIBHOCTI PI3HUX CTOPIH 32 JOTPUMAHHS
CTaHJapTIB SKOCTI — 30KPEMa, BaXJIMBOCTI YITKOTO PO3MEXYBAHHS MIXK CHCTEMHUMH
MOPYIICHHSMH, 110 BUHUKAIOTh BHACIIIOK HEIOCKOHAJIOCTI MEPEXeBOI1 IHPPACTPYKTYpH, Ta
CHOXMBALKUMU TOPYIIEHHSAMM, TIOB’SI3aHUMM 3  XapaKTePUCTUKAMHU  IIJKIFOYEHOr0
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oOmagHaHHsA. Y 3B’S3KY 3 IIMM JOLUIBHUM € BIPOBAJKCHHS TEXHOJOTIH JoOKami3alii JKepen
30ypeHb, IO J03BOJIUTH CIPABEUIMBO PO3MOJUIATH BiANOBIAAIBHICTD 1 MiJABUIIUTH PiBEHb
MIPO30POCTi B EHEProOMOCTavYaHHi.
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Standardization of power quality indicators and the causes
of their deviations from established norms
The aim of this study is a comprehensive investigation into the standardization and
assurance of electric power quality under modern challenges, particularly the active
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integration of distributed energy resources, microgrids, electromobility, and the widespread
use of power electronics. The article focuses on systematizing current regulatory
requirements for power quality indicators and identifying the main causes of their deviation
from established standards.

The methods. The study employs a critical analysis of international and national
standards (EN 50160, IEEE 1159, IEEE 519, IEC 61000), as well as a review of scientific
literature and practical case studies related to the detection, classification, and mitigation of
power quality disturbances. Typical PQ issues, their root causes, and preventive measures
are generalized.

Findings. The paper presents a list of key power quality parameters (frequency, voltage,
flicker, harmonics, unbalance, short-term events), their permissible values according to
standards, and specific monitoring features in modern power networks. It also discusses the
physical causes of quality deterioration, such as faults, nonlinear loads, motor startups, load
fluctuations, and weather phenomena. The impact of emerging technologies (DG, RES, EV
charging) on PQ is analyzed.

The originality. A holistic approach is proposed to analyze the regulatory and technical
framework of power quality, considering modern energy trends. For the first time, both
normative aspects and practical influencing factors are consolidated in a single study with
detailed mechanisms of their manifestation.

Practical implementation. The findings can serve as a foundation for updating local
standards, improving monitoring systems, implementing intelligent compensation devices,
and educating power system personnel in power quality management.

Keywords: power quality, PQ standards, IEEE standards, EN 50160, harmonic
distortion, flicker, distributed generation, microgrids, compensation, energy regulations.
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PE®EPATHU

YK 004.94:534

Hemunmmna A.A., Kanentok O.C. Komm’roTepHe MoJe/l0BaHHSI Ta BisyaJsi3anis mo-
IIMPEeHHS 3BYKOBUX XBWIb Yy 3BY:KeHiil uBepTbXBHIbOBIH TPYOi TQWT // Cucremni Tex-
Houorii. PerioHanbHMI MiXKBY3iBChbKHI 30ipHUK HayKOBHX mpaiib. - Bumyck 1(156). — dninpo,
2025.-C.3-11.

MogentoBaHHs Ta Bi3yani3allisl MOMUPEHHS XBHIb Y CEPEAOBHUIII 13 3BYKOBIIOMBAIOYH-
MU €JIeMEHTaMU € BaKJIMBHM HANPSMKOM Taly3i KOMIT IOTEPHUX HayK Ta OOYMCIIOBAIbHOT
MaTeMaTHKH. B po0oTi po3risgaeTsest po3poOka anropuTMivyHOi 0a3u MOJENIOBaHHS MOUIHU-
PEHHS 3BYKOBUX XBWJIb B aKyCTUYHIM CHCTEMi y BHUIJISII 3BY)KEHOI YBEPTbXBHIILOBOI TPyOH
(TQWT). B ocHOBY KOMII'FOTEPHOTO MOJICIIIOBAHHS TOKJIAJCHO AITOPUTM PO3PaXyHKY MO-
MIMPEHHS aKyCTHYHOI XBWJII HA OCHOBI AM(epeHLIIHOTO PIBHSHHS 3 aTEHIOAII€I0, 110 JI03BO-
JUJI0 PO3paxyBaTH KOHCTPYKTUBHY Ta JECTPYKTHBHY IHTEp(EPEHIII0 XBUII, SKa TOPOIKY-
€THCA JINIILOBOIO CTOPOHOIO TMHAMIKA, 13 XBUJICIO, 1[0 BUXOAMTH 3 MOPTY aKyCTHYHOI CHCTe-
mu. [Ipu po3mipax citku 512 x 288 mBHIKOAIS AITOPUTMY CKIlana OibIne 75 9acoBUX KPOKiB
32 CeKyHIy 3 BUKOPHCTAHHSM IPOIECOpy 13 mapaieabHuM obumcieHHsM Intel UHD 630. B
pe3yabTaTti poOOTH OTPUMAHO MamlM TOIIMPEHHS XBHJIb y MPSIMid Ta CKIAJCHIA 3BYXKEHIH
TpyOi aKyCTHYHOI ccTeMH. BCTaHOBIIEHO HAa OCHOBI Marl, 1[0 30HU aKyCTHYHOTO 30yKEHHS
PO3TaLIOBYIOTHCS BCEPEIUHI aKyCTHUYHOTO OQOPMIICHHSI HABIIPOTH JKepena XBHib. [lokaza-
HO, IO aKyCTHYHE O(GOpPMIICHHS y BUTJISAI CKJIAIEHOI 3BY)KEHOI YBEPTHXBMIIBOBOI TPyOH
e(eKTUBHO TaMy€ BUCOKI Ta CEpeJHl 4acTOTH 3a PaxyHOK 3aTPUMKH XBWJII KOHQITypali€ro
CTIHOK 10337y HIMPOKOCMYTOBOTO JDKEpeNa, 10 YCyBae HemependadyBaHe MiJACUICHHS abo
aTEHIOAIII0 BKA3aHMUX YacTOT Ta, K HACHIJOK, 30UIbLye JOCTOBIPHICTh BIATBOPEHHS
CUTHAITY.

bi6:1.9.

YK 004.42

I'anxka A.C., Aatonenko C.B. ABpromaTu3zauisi po3podku Win32 necKTonHux aoaar-
kiB: IIpakTuuni minxoam i crparerii // CucremHi TexHosorii. PerioHanbHUN MIXKBY31BCbKUN
30ipHUK HayKOBHX Tpallpb. - Bumyck 1(156). — JIninpo, 2025. — C.12 — 22,

[TporoHyeThCst OIS CyYacHHUX MIiAXO/IB 10 aBToMaru3ailii po3pooku Win32 meckror-
HUX JOJATKIB 3 BUKOpPHCTaHHSIM mpakTUK DevOps. OnmcyroThes KIIOYOBI €Tamy, Taki sK
Continuous Integration (CI) Ta Continuous Deployment (CD), sixi gomoMararots po3poOHH-
KaM aBTOMaTH3yBaTH 30ipKy, TECTYBaHHS Ta PO3TOPTaHHS JIOJATKiB, 3HIDKYIOUH PU3HUKH TO-
Muiok. Oco0iuBa yBara NpUAUISAETHCS aBTOMAaTU30BAaHOMY TECTYBAHHIO, SIKE€ BKIIOYAE MO-
JyJIbHI T€CTH, (YHKIIOHATBHI TECTH Ta TECTH MPOJYKTUBHOCTI ISl 3a0e3medeHHsT cTabuIb-
HOCTI J10aTKiB. Po3risgaoTees nmiaxoau 1o iHbpacTpykrypu sk koay (1aC), siki 103BONSIIOTH
AaBTOMATHU3yBAaTH HAJAIITYyBaHHS Ta KepyBaHHS cepeqoBHIaMu po3poOku. Cepen 1HCTPY-
MeHTIB BUILIAOThCS Terraform, Ansible, Ta PowerShell DSC. Takox BKIIOYEHO pO3TIIS
30epekeHHsl IOKYMEHTIB y XMapHOMY CXOBHIILI 3 BHKOpUCTaHHSIM Minio, mo 3abe3neuye
Oe3neyHe Ta MaciiTaboBaHe 30epiraHHs JaHUX. 3aBASKHU UM MPAKTUKAM Ta 1IHCTPYMEHTaM,
po3poOka Win32 necKTOMHUX JOJATKIB CTa€ O €(heKTUBHOIO, HAAIHHOIO Ta MIBUIKOIO.

bi6:1.13, 11.0, Ta61.0.
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YK 004-93
AxwmermnHa JLI'., €ropoB A.O. CermeHTaniss HAMIBTOHOBHX CJA0KOKOHTPACTHHX

300pakeHb HA OCHOBI 32CTOCYBAHHSI HEYiTKHX NepeTBOpeHb THIY-2 // CUCTEMHI TEXHOJIO-
rii. Perionanpauii Mi>kBY31BChbKHI 30IpHUK HayKOBUX TIpallb. - Bumyck 1(156). — duimnpo, 2025. —
C.23-31.

B po0oTi 3amporoHOBaHO aJITOPUTM CETMEHTAIlil HAIBTOHOBUX 300pa)KeHb Ha OCHOBI
ITepaTUBHOTO 3aCTOCYBAHHS HEYITKHX MEPETBOPEHb THITY-1 Ta Tumy-2, mo 3abe3nedye HeoO-
XiIHY JeTali3aliio pe3ylbTyIouuX 300pakKeHb JUIs Bi3yalIbHOTO aHalli3y, 3armo0irarouu MpH
[IbOMY IIE€peeTali3allii, Ma€ HEBEIMKY KUIBbKICTh KEPYIOUMX MapaMeTpiB, Ta, HA BiAMIHY BiX
aNropuTMiB HeuiTKoi kiacrepusauii Tuny FCM, He BUKOpUCTOBYE MAaTpHIIO EHTPOIAIB, 110
crpolrye po3paxyHku. HaBeneHO eKkcriepuMeHTallbHI Pe3y/IbTaTH Ha MPUKIAIl CerMEHTAIil
3aIpOMOHOBAHUM AJITOPUTMOM PEAJbHUX HAMTIBTOHOBUX MEIUYHHUX 300PaKEHb.

bi6a. 10, i1. 5.

YK 004.75:004.42

bo6penok B.B., 'yna A.l. Anaxi3 open-source 3aco0iB AJsi 3aXHUCTy pecypciB y
xMapHux cepenoBuinax / CucrteMHi TeXHONOTII. PerioHampHU MIKBY3IBChKHIA 30IpHUK Hay-
KOBHX Ipaiib. - Bumyck 1(156). — qninpo, 2025. — C.32 — 38.

PosrnsimaroTeess HacTymHI Open SOUrce 3aco0u JUIst 3aXHCTy XMapHHUX CEpeIOBHIIL:
Checkov, Falco, Keycloak. AnanizytoTbest ix mepeBaru Ta Hemolsliku. Ha ocHOBI 1boro po-
OWTHCSI BHCHOBOK 11010 HEOOX1THOCTI CTBOPEHHSI OUTBII JOCKOHAIMX THCTPYMEHTIB.

bib. 6, i1. 0, Tadm. 0.

YK 004.89

XoMm'sx T.B., Cunopenko K.B., Manienko A.B., Minee A.C. IIporao3yBaHHsi npu-
YUH BHUSIBJIEHHSI LYKPOBOIo aia0eTy MeTOIaMH MAILIMHHOrO HaBYaHHA // CUCTeMHI TeX-
HoJorii. PerioHanbHMI MIXKBY3IBCBKMM 30IpHMK HaykoBUX mpanb. - Bumyck 1 (156). -
Huinpo, 2025. - C.39 - 49.

[IpoBeneHo anani3 (pakTopiB Ta MPUYKH, IO BIUIMBAIOTH HAa PU3UK PO3BUTKY LIYKPOBOIO
niabery. 3poOJeHO MPOTHO3YBaHHS METOJaMM MalIMHHOTO HaBuyaHHs — Decision Tree,
Random Forest, k-NN Ta Ada Boost. HaBeneHo aHaii3 OTpUMaHUX pe3yJbTaTiB, OI[IHEHO
TOYHICTh BUKOPUCTAHUX MeTOAIB. OTpuMaHi pe3yabTaTH JO3BOJISATH BUSBISATH 3HAYHO OLIBIIY
KUIBKICTh BUMAJKIB Ala0eTy 0 MOsBU, paHHE Ta €(EKTUBHE JIKyBaHHS, 3MEHIIEHHS BUTpAT
Ha MeJIMYHE 00CIIyrOBYBaHHS.

bi6. 6, i1. 4, Tabm. 6.

YJIK 004.032:681.518

Octposcbka K.IO., Ilerpocsn E.X. HelipomepeskeBa MojJesib 1eTeKTYBAaHHA Ta Bij-
CTEe:KeHHsI Y TPAHCIOPTHOMY noToui Micta // CucTtemMHI TeXHOJIOT1i. PerioHambsHUI Mi>KBY31B-
CbKHii 30ipHHK HayKOBHUX Ipailb. - Bumyck 1(156). — Iuimnpo, 2025. — C.50 — 56.

B po6oTi mpoBeneHo omuc MmpeiIMeTHOi raigy3i, a came OIKC METOJIB MAlllMHHOTO Ha-
BUaHHS Ta HEMPOHHOT MEpEXi, a TAaKOXK 3aBaaHHs kiacudikarii. KpiMm BumenepenigeHoro 0y-
JI0 TIPOBEICHO OTJISI HAYKOBOI JIITEpaTypy Ta aHAJIOTIB Ta OMUC CIMENHCTBAa HEHPOMEPEKEBUX
monenerr YOLOVT.
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PeanizoBano HelipoMepekHy MOAETH IS AETEKTYBaHHS Ta TPEKIHTY €JIEKTPOCAMOKATIB
y TPaHCHOPTHOMY moToIui. Mosens Oyna HaBueHa Ha 3i0paHomy Habopi nanux. Takox Oyio
peali3oBaHo BeO-I0JaTOK JUIsl IEMOHCTpaIlii poboTH HelipoMepekeBoi Mojeni. Beb-nomaTok
MOBHICTIO BiANOBiAa€ GyHKIIOHATFHUM Ta HE(DYHKI[IOHAIEHUM BHMOTaM.

Bi0i. 6, i1. 8, Tabm:. 0.

YK 004.42:628.1: 681.5

[TikinpHsIK A.B. AHaJi3 Ta 00rpyHTYBaHHSI BUOOPY NMPOrpaMHUX 3ac00iB MO/eJII0-
BaHHS il ABTOMAaTH30BAHOI0 YNIPABJIiHHS CHCTEeMAaMH 3BOPOTHOI0 BOJONOCTAYAHHS TIip-
HHY0-30aravyyBajibHUX mianpuemcTs // CucteMHi TexHOJOTII. PerionanbHuil MKBY31BCHKHUIA
301pHUK HayKOBHUX Tpalp. - Bumyck 1(156). — JIuninpo, 2025. — C.57 — 64,

VY craTTi IpoBeNIeHO aHalli3 MPOTrPaMHUX 3aCO0IB JIJIsl MOJICIOBAHHS Ta aBTOMATH30Ba-
HOTO YIPABIiHHSI CHCTEMaMHU 3BOPOTHOTO BOJIOTIOCTAYaHHS TipHHUYO-30aradyBalbHUX ITi/I-
puemMctB. JlocmiKeHHs akTyallbHEe Yepe3 HEOOXIHICTh ONTUMI3allii OUMIIEHHS Ta TIOBTOPHO-
ro BUKOPUCTAaHHS BOAM. Bu3HaueHO HAWOUIBII MpUIATHI POTpaMHi IHCTPYMEHTH JJIsl MOJie-
JFOBAHHS TiAPOAWHAMIYHUX 1 TEXHOJOTIYHHX MpPOIECciB. 3aCTOCOBAHO METOIU CHUCTEMHOTO
aHai3y, MOPIBHSUIBHOIO Ta EKCIIEPTHOTO OIlIHIOBaHHs. BUSBIEHO TiepeBaru W HEIOIKU
PO3TISIHYTHX TUIaT(HOpPM, IO JO03BOJIIE HANATH PEKOMEHJAIil MIOAO0 iX BUKOPUCTAHHS B
NPOEKTYBAHHI Ta EKCIUTyaTallil CHCTEM 3BOPOTHOTO BOJOIIOCTAYaHHSI.

bi6x. 11, Ta6um. 1.

YJIK 004.4: 004.94

[Tepuie FO.O., Kopotka JI.I. IlopiBHsibHMI aHAJi3 TPAAUIIHHUX CTATUCTHYHHUX
MeToaiB Ta HeiipoMepexeBoi moaeai LSTM // Cucremni TexHosorii. PerionanbHuii MIKBY-
3iBCBbKHIT 30ipHHUK HayKOBHUX Mpailb. - Bumyck 1(156). — ninpo, 2025. — C.65 — 77.

VY cTarTi NpOBEAEHO MOPIBHSIBHUN aHaNi3 TPATUIIMHUX CTAaTUCTHYHUX IIAXOMIB
(ARIMA, SARIMA) Ta cy4acHOi METOAMKH Ha OCHOBI rmOokoro HaB4aHHS (LSTM) mis
IIPOrHO3YBaHHS YacOBUX pANiB Yy (piHaHCOBIN cdepi. JJocnipkeHHs 30CepeykeH0 Ha OIL[HII
e(eKTUBHOCTI KOXXKHOI MOJeni y mepeaOavyeHHi I[IHM 3aKpUTTSA akiii kommanii Apple
(NASDAQ: AAPL) 3a mepiox 3 01.01.2023 mo 20.01.2025 poky, BUKOPHCTOBYIOUYH JIaHi,
oTpuMadi yepes cepaic yfinance.

Pesynbratu pocmimpkeHHs CBiq4aTh, Mo monaens LSTM 3abe3nedye HaTOYHIIIE MPO-
THO3YBaHHS 3aBJSIKM 3/IaTHOCTI HalKpaile BUSBISITH CKJIAIHI TATePHH Y YaCOBUX psizax.
SARIMA TakoXx mokaszajia BUCOKY MPOJYKTUBHICTb, OCOOJUBO Yy BUIAJAKaX 13 BHPAKEHOIO
CE30HHOI0 KOMIOHEHTOI0, TiepeBepirytoun ARIMA 3a Tounictio. Bomnouac ARIMA BusiBu-
Jacsi HaliMeHII epeKTUBHOIO Yepe3 OOMEXKEHY 3/IaTHICTh aJanTyBaTHCsS IO CE30HHUX KOJIH-
BaHb Ta HEJIHINHUX B3a€EMO3B'SI3KIB.

OTpumMaHi pe3ylbTaTd MOXYTh OyTH KOPHUCHUMH JJi aHAJITHKIB, 1HBECTOpIB Ta JO-
CIIIHUKIB Y cdepl (piHAHCOBOTO MPOTHO3YBaHHS. Y CTaTTI HaBEIEHO MPAKTUYHI PEKOMEH-
Jarfii moa0 BHOOPY MOJIENi 3aJie’HO BiJ] XapaKTePUCTUK JaHUX Ta IUIEH MPOTHO3YBaHHS, a
TaKOK PO3TIITHYTO MEPEBar Ta HEJOIIKM KOKHOTO TiIXOTy.

bi6m. 15, im. 8, Tabm. 2.
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YK 004.4+519.7
Hlunkapenko B.I., Yurip P.P. KoHCcTpyKTHBHO-IpOAYKUiliHE MOJeJIOBAHHA TPH-

BUMIpPHUX (paKkTaIbHUX NOBepX0oHb // CucTeMHI TexHOJOTIi. PerionanbHuil MiKBY31BCHKHIA
30ipHUK HayKOBUX Ipallb. - Burmyck 1(156). — Ininpo, 2025. — C.78 — 88.

[IpencraBneHo Moaenb Ta MporpaMHe 3a0e3NedyeHHs A KOHCTPYKTHBHOTO MOJIENIO-
BaHHS (hpaKTaIBbHUX TPUBUMIPHHUX MOBEPXOHb. PO3po0ieHo mporpaMHuii A0AATOK IS MOIe-
penHbOi MiArOTOBKH IMOBEPXOHb. MOJAETIOBAaHHS BHKOHYETHCS 3aC00aMH KOHCTPYKTHBHO-
OPOAYKIiHHOrO miaxoxy. OCHOBHI NMPOLECH KOHCTPYKTHUBHO-TIPOIYKIIITHOTO MOJICITIOBAaHHS 3
3aCTOCYBAaHHSAM PO3POOJCHUX MPOTPaAMHUX 3acO0iB MPOJEMOHCTPOBAHO HAa MPUKIIAAlI MOJE-
neit maron. Bukopucrano pi3Hi BUIU KOHCTPYKTOPIB, pO3pO0ICHO MYIBTHKOHCTPYKTOP (hop-
MYBaHHS TPUBUMIpHUX (DpaKTaIbHUX QIryp HA OCHOBI MYJIBTUCUMBOJIBHHUX IPAMATHK.

bi6m. 10, im. 11.

YK 004.9:537.226:620.22

Toukomkyp O.C. Illepbak A.€. domatok ajas o0poOKM Ta aHANI3y JAaHUX
BHMIpIOBAaHb KOHIEHTPALiHHOI 3aJIesKHOCTI JieJIeKTPMYHOI NMPOHMKHOCTI JBOKOMIIO-
HEHTHUX KOoMNO3uTiB // CucTeMHi TexHoJorii. PerioHasHuiA MiXKBY31BCHKHUI 30IpHUK HAYKO-
BUX Mpailb. - Bunyck 1(156). — dninpo, 2025. — C.89 — 96.

VY crarTi npeacTaBIeHo 00YHCITIOBAILHY MTPOrpaMy Juisi 0OpOOKH Ta aHaIi3y JaHHUX 3a-
JISKHOCTI J1eNEKTPUYHOT TPOHUKHOCTI BiJl KOHIEHTpAIii Yy JBOKOMIIOHEHTHUX KOMITO3HUTAX.
[Tporpama BUKOPUCTOBYE BiOMi TEOPETUYHI MOJIEINI, Taki IK Mojaenb bpyremana-Xanai s
MaTpuyHuX cucteM Ta boruepa-Xcy — JUIsl CTaTUCTUYHUX CyMILIEH, MpH Ki1acudikamii THUILY
CTPYKTYpU KOMIIO3MUTIB 3a iX JI€JIEKTPUYHUMH BiacTUBOCTSIMHU. Po3pobinena B Mathcad Ta
Visual Studio, nporpama 06po0iisie eKkCiepuMeHTaNIbHI JIaHi, O0YUCITIOE TTapaMeTpU MOJEIIeH
Ta Bi3yali3ye pe3yJbTaTH.

bi6m. 29, in. 1.

YK 621.373-187.4

Teepnoctyn M.I. AHaji3 po3ropryw4oro mneperBOpOBayYa iHAYKTHBHOCTI B
NOCJiI0BHICTH iMIyJIbCiB Ha iHTerpanabHomy Taiimepi NESSS // Cucremni texnonorii. Pe-
riOHAJBHUN MIDKBY3IBCBKHMI 30ipHMK HAyKOBHX mpaib. - Bumyck 1(156). — duinpo, 2025. —
C.97 -101.

[TpoanainizoBaHo 0COOIMBOCTI TOOYAOBH MEPETBOPIOBAYA 1HIYKTUBHOTO OIMOPY Ha OC-
HOBI IHTErpajbHOIO TaiiMepa. 3HANAEHO YMOBH JIIHIHHOTO MEPETBOPEHHS! 1HAYKTUBHOI'O OIIO-
Py B IOCIIJOBHICTh NMPSAMOKYTHUX IMITYJIbCIB.

bi6x. 2, 1. 4.

YK 004.415.2

[TonomaproB 1.B. Po3po0Oka BeO-10aaTKy 3 HagaHHs nocayr yepe3 BoJoaiHHsa NFT
/I CucremHi TexHosorii. PerioHanbHuil MDKBY3IBCHbKHMI 30IpHMK HAyKOBHX Ipaib. - Bumyck
1(156). — quinpo, 2025. — C.102 — 106.

PosrnsinyTo pimieHHs 11t cTBOpeHHs BeO-10aaTKy 3 BukopuctanHsiM NFT ans ymnpas-
JIHHS MAMACKaMU Ha 1HGOpMaIliitHI TOCIyTH. 3apOIIOHOBAHO TPUPIBHEBY apXiTEKTYpy J10-
JaTKYy, 10 BKJIIOYA€ KIIEHTCHKUH, CEpBEpHUN Ta OJIOKUYEHH-piBHI. BUKopucTaHHs cTaHgapTy
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ERC721 st cTBOpeHHSI CMapT-KOHTPAKTIB 3a0e3Meuye YHIKAIbHICTh, TPO30PICTh 1 Oe3MeKy
TokeHiB. Onmcano ¢yHkuii kapOyBaHHS TOKEHIB, NMPOJOBXKEHHS MiAMUCOK Ta IHTETPaLilo 3
Ethereum uepe3 6i6mioTeKy web3.js.

[Toka3aHo mepeBaru CUCTEMH, 30KpeMa 3aXHCT JaHUX, (iHAHCOBY HE3AJEKHICTh 3aBIs-
KM KPUTIITOBATIOTaM 1 MacmTaboBaHICTh. 3a3HAYEHO MOKJIMBICTH 3aCTOCYBAHHS JTOJATKY IS
HaJIaHHS JIOCTYITY JI0 KYPCiB, MEIIaKOHTEHTY Ta MPOrPaMHOT0 3a0€3MeYeHHS.

bi6m. 3.

YK 004.7

CmipinnieB B.B., Cripianesa O.B., I'eauyk O.C. Jloc/aiaskeHHsT MOKJIMBOCTEN miarT-
¢opmu node.js npu po3podui Npokci-cepBepiB 3 ypaxyBaHHAM Cy4YaCHMX BHMOT 10 MPO-
AYKTHUBHOCTI Ta cradiibHocTi / CuctemHi TexHouorii. PerioHanbHMA MiKBY31BChKUI 30ipHUK
HayKOBUX Ipailb. - Bumyck 1(156). — ninpo, 2025. — C.107 — 116.

Jocmimkeno moxiuBocTi iatdopmu Node.js 10 po3poOku MpoKCi-cepBepa 3 BUKOPH-
CTaHHSM AaCHHXPOHHOTO TIiJIXOJy, OMMCAHO MPOIEC CTBOPEHHS BIIACHOI peaii3alii MpoKci-
cepBepa, BKIIIOYAIOYU apXITEKTYpHI PIICHHS Ta BUKOPUCTAHI MOIYi. 3MIHCHEHO TECTYBaHHS
npoaykTuBHOCTI B mporpami FOGLDN Proxy Tester 3anmpornoHOBaHOTO pillIeHHs, pe3yIbTaTh
SIKOTO TIOPIBHSIHO 13 MOKa3HUKaMH 1HIIMX MONyJIsipHUX peanizaiii Squid Proxy Ta Tinyproxy.

bi611.6, 11. 8, Tabm. 2.

YK 681.58

borza M., biprokos /I. Moaesib cucTeMu Temnjo3ade3neyeHHs OyAUHKY i3 BUKOPHC-
TAHHAM TeIJIOHACOCHOI ycTaHOBKM // CucTeMHl TexHouorii. PerioHanbHuil MKBY31BCHKHIMA
30ipHUK HAYKOBHX Tpalb. - Bumyck 1(156). — {ninpo, 2025. — C.117 — 126.

VY crarTi npeacTaBiIeHO AMHAMIYHY MOJENh CUCTEMHU Terio3ade3neueHHs OyAuHKY Ha
ocHoBl TerioHacocHoi ycranoBku (THY), po3pobieny B cepenosuiii MATLAB Simulink 13
BUKOPHUCTAHHAM OJIOKIB Simscape i MOJIEIIOBaHHS TEIJIOBUX MPOIECiB. AKTYalIbHICTh J0-
CIIJKEHHS M1IKPECTIOETHCSI HEOOXITHICTIO CKOPOUEHHSI BUKOPHCTAHHS BUKOITHOTO MaJIMBAa,
10 MiABUIIMIO MOMUT Ha €HeproeeKTHUBHI TEXHOJIOTIT Ta CHCTEMH, 3aCHOBAaH1 Ha B1JHOBIIIO-
BaHUX JpKepenax eHeprii. OnTuMizaiis TaKuX CUCTEM € KPUTHYHO Ba)JIMBUM 3aBJAaHHSAM Y
KOHTEKCTI TJI00aTbHUX 3yCHIIb MO0 TiIBUIIEHHS €HeProe(peKTUBHOCTI Oy /11BEIb.

bi6:1.16.

YK 378.22

I'yna O.B., TI'enciupka-AHToHIOK H.O., Cyxomnunoa O.B. Bmius iHTepakTHBHHUX
METOdiB HABYAHHSA HA 3aCBOCHHA MaTeMaTHYHHX 3HAaHbL // CrucreMHl TexHouorii. Periona-
JIBHUH MDKBY3IBChKHMI 30IpHMK HayKoBHX mpailb. - Bumyck 1(156). — [uimpo, 2025. —
C.127 - 138.

Mertoro nocnigkeHHs Oyi0 OLIHUTH AOUUIBHICTh Ta €(pEeKTUBHICTh IHTEPAKTUBHUX Me-
TOJAIB y HaBYaHHI MaTEeMaTHKU y 3aKjajaxX BHINOi OCBITU. JIOCTITHUKY MPUIAUTIIIA yBary Ta-
KUM METOJlaM, SIK TPYNOBi TUCKYCii, pOJIbOBI IIpH, MYJIbTUMEAIMHI TEXHOJOTII Ta MPOEKTHA
TISITbHICTh. Pe3ynbTaTl MATBEPAWIIN, IO 11 METOAM HE JIMIIE MOKPANTyIOTh 3aCBOCHHS Ma-
TEMAaTUYHHUX 3HAHb, & i CIIPHUAIOTH PO3BUTKY NMPAKTHYHUX HABUYOK, KDUTUIHOTO MHUCJICHHS Ta
rOoKoro a”amizy matepiany. JlocaimkeHHsT 0OrpyHTYBaJIO BIPOBAKEHHS METOY KOMIIE-
TEHTHICHHMX CITIBBIIHOIICHB ISl OI[IHKM 1HTEpAaKTUBHOTO HaB4YaHHs. Lleit MeTon GazyeThcs Ha
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II’SITU KOMIIOHEHTaX: 3MICTOBHOMY, MPAaKTHYHOMY, JIOTIKO-CTPYKTYPHOMY, TE€XHOJIOTTYHOMY
Ta iHpopMaLiiHOMY, IO JO3BOJISIE MPOBOAUTH IITMOOKHIA aHaIi3 epekTuBHOCTI HaB4aHHs. Ha
OCHOBI JIOCIIPKEHHS C(hOPMOBAHO PEKOMEHAALIT III0JJ0 3aCTOCYBaHHS UPPOBHUX MIATHOPM 1
MYJIbTUMEIIMHUX TEXHOJOTIN Ui iHAWBIyami3alii HaBYaHHS, IO MIATBEPIKYE iX e(eKTUB-
HICTh Y TABUIICHHI SIKOCTI MATEMAaTUYHOI OCBITH BiJIMIOBIAHO IO Cy4acHUX MpodeciiHuX BU-
MOT.

Bi6mn. 15, in. 3., Tabn. 1

YK 004.9

[Tens O.P., Cynema €.C. IMoBipHicHMii MeTOJ MOPiBHSAHHA He4iTKUX yucea // Cuc-
TeMHi TeXHOJOrii. PerioHanbHuil MiXKBY31BChKHI 30ipHUK HAayKOBHUX mpailb. - Bumyck 1(156). —
Huinpo, 2025. — C.139 — 149.

Po3srnsimaeTscst HOBUH METOJ| MOPIBHSHHS HEYITKUX YHCEN 3 ypaxyBaHHSIM JOBipuOi
IMOBIPHOCTI, sIka OOMPAEThCS JTOCHITHUKOM. HaBOIUTHCS OIS ICHYIOUMX METOJIB BIOPSI-
KyBaHHSI HEUITKUX 3HAu€Hb, IPOMNOHYETHCSI HOBUM METOJI, PO3IJISLIAETHCS MPUKIIAL HOro BU-
KOPUCTaHHS Ta TOPIBHSHHS PE3yJbTaTiB i3 iHIUMH MeTomamu. [IpomoHyeTbes omnepartiiiHa
CeMaHTHKa oreparopiB abo (yHKIIIH, 10 peani3oByIOTh 3allPONOHOBAHUN METO]] B TIPOTPaAM-
HOMY 3a0€3IeUYeHHI.

Bi6mn. 16, in. 4, Tabm. 1.

YK 004.4 : 004.94

[lecuancpkuit B.1O., Cynema €.C. ApxiTekTypHi npuHIMNnM 3a0e3nedeHHs Bepudi-
Kauil Ta AKOCTi cUCTeMHM CTBOPeHHS HM(POBUX ABiliHMKIB MeIMKO0-0i0/10TiYHNX 00'€K-
TiB // CucremHi TexHouorii. PerionanbHuil MbKBY31BCbKHI 301pHMK HAyKOBMX Ipallb. - Bumyck
1(156). — quinpo, 2025. — C.150 — 159.

VY craTTi po3riasAaThCs apXITEKTypHI MPUHIUIMN 3a0e3MeueHHs Bepudikallii Ta SKOCTi
CHUCTEM CTBOPEHHS LU(POBHUX ABIMHUKIB MEIUKO-0100T14HUX 00'ekTiB. OcoOiuBY yBary
MPUALIEHO TUTaHHSIM MOJYJIBHOCTI Ta 130JI4111i KOMIIOHEHTIB, 110 J03BOJISIE MOKPAIIUTH TeC-
TYBaHHS Ta CIIPOLIY€ BUABJIEHHS NOMUIIOK. ONHMCaHO BUKOPHUCTAHHS aBTOMAaTU3allli TecTy-
BaHHS JUIs IIBUAKOI Bepudikalii 3MiH y cUCTeMI, 30KpeMa yepe3 BUKOPUCTAaHHS KOHTEHHEPIB
Docker nmst 130751111 cepeoBUII pO3pOOKH, TECTYBaHHS Ta MPOJIAKIITH-CEPEIOBHUII. Po3risiHy-
TO MIKPOCEPBICHY apXITEKTYypy, SIKa CIpHsE€ HE3aJIeKHOMY TECTYBAaHHIO Ta pPO3rOPTaHHIO
KOMITOHEHTIB cucTeMHu. OKpiM 1IOTO, BUCBITIICHO METOOJIOT1i TECTYBaHHS Ha OCHOB1 MOJIETI,
IHTErpaliitHoro TeCTyBaHHS Ta TECTYBaHHS B peajbHOMY 4aci.

bi6n. 13.

YK 004.932.72'1:519.688

Conomarin B.A., baitby3 O.I'. 3acrocyBanns moneni EfficientNet nis BusiBieHHst
imemiunoi xBopoou cepusi (IXC) // Cucremni Texnosorii. PerionanbHuii Mi>KBY31BCbKHIA 301p-
HHK HayKOBHX Ipailb. - Bumyck 1(156). — ninpo, 2025. — C.160 — 165.

VY naHiii cTaTi po3rIAIa€eTbCcsl MOAENTb HEMPOHHOI MEpeXki SIKa CIpHsie pAHHHOMY BHSIB-
JICHHIO 111eMil 3aXBOPIOBAHHS CEPIlsl HA PEHTI€HIBChKUX 3HIMKaX, SIKa BIIIrpae BaXJIUBY POJIb

y JTIarHOCTHII Ta JIIKYBaHHI CEplLEBO-CYJMHHUX 3aXBOPIOBAHb. Y I CTATTI MPOMOHYETHCS
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JIOCITIJIKCHHSI, TIPUCBSYCHE 3aCTOCYBAHHIO 3TOPTKOBHX HeWpoHHHX Mepex (3HM) mist aBro-
MaTHUYHOTO BUSBJICHHS 1IIEMIYHUX 3aXBOPIOBAaHb CEPI HA PEHTTEHIBCHKUX 3HIMKAX.

bi6a. 10.

YK 669.2+620.3

TxauoB 0.B., HocoBa T.B., Kaninin O.B. IlixBuiennsi kopo3iiHoi criiikocTi amio-
MinieBux cmiaBiB Al-Zn-Mg-Cu nuisixom MoaugikyBaHHs MOPOIIKOBUM Kapo6iaom Tu-
Tany // CucteMHi TexHOorii. PerioHanbHuid MiXXBY31BCbKUH 30ipHUK HAYKOBUX Tpallb. - Bumyck
1(156). — Quinpo, 2025. — C.166 — 176.

[TokpareHHsT XapaKTepUCTHK MPOMHUCIOBHX CIUIABiB, 30KpeMa iX KOPO3iiHO1 CTIMKOCTI,
€ aKTyaJIbHUM 3aBJAHHSM SIK JJII METalypriB, Tak 1 A ¢axiBLiB i3 MaTepiallo3HABCTBA.
BripoBapkeHHSI HOBUX TEXHOJIOTiH Ta BUOip MarepiaiiB s crienuiyHUX YMOB eKCIuTyaTarii
CTHMYIIIOIOTH PO3POOKY TEXHOJIOTIYHMX METOMIB 3MIHH XapaKTEPUCTHK BUXIJHHX CIUIABIB.
JlocmikeHHsT Ta BIPOBAKEHHSI HOBUX €(PEKTHBHUX MOIU(IKATOPIB 1 TEXHOJOTIH Moaudi-
KYBaHHS € BQYKJIMBUM HAIPSIMKOM JIOCII/KEHBb. 3a MEBHUX YMOB €KCIUTyaTamii aiaroMiHi€Bi
cruiaBy, 30kpema cucremMu Al-Zn-Mg-Cu, miagaroTbcst 3HaYHUM KOPO3iHHMM BIUIMBAM, IO
HETaTHBHO MO3HAYAETHCS HA 1X MEXaHIYHMX XapaKTEPHCTUKAaX i JOBroBiuHoCTi. OTXeE, mpo-
Onema mossirae B HEOOX1THOCTI PO3POOKH HOBUX IIIXO/IiB Ta TEXHOJIOTIH.

bi6u. 20.

YK 620.91

Kosanenko B.JI., Pamuenko B.B., Minsiino H.O., €podeeBa A.A., Apremuyk B.B.,
[Tpuxno B.JI. HopMyBaHHSI NOKA3HUKIB SIKOCTi eJleKTPOeHeprii Ta NPUYMHHU iX BiIXu-
JICHHSI BiJI BCTAaHOBJIeHUX HOpMAaTHBIB // CucteMHI TexHOIOr 1. PerioHanbHuil MiXKBY31BChKHI
30ipHUK HaYKOBHX Tpalb. - Bumyck 1(156). — {ninpo, 2025. — C.177 — 189.

MeTtoro poOOTH € KOMILJIEKCHE JIOCHIPKEHHsSI NMUTaHb HOPMYBaHHS Ta 3a0e3NeueHHs
SKOCTI €JIEKTPOCHEPTIi B yMOBaX Cy4aCHMX BUKJIMKIB, 30KpeMa aKTUBHOI IHTErpanii po3noui-
JICHUX JDKEpeJ €Heprii, MIKpOMepexX, eIEeKTPOMOOILTLHOCTI Ta MIUPOKOTO BUKOPHUCTAHHS CH-
J0BOi eneKTpoHikU. CTaTTs cOpsMOBaHA Ha CHCTEMAaTH3allll0 ICHYIOUMX HOPMATHUBHUX BUMOT
JI0 TIOKA3HUKIB SIKOCTI €JIEKTPONIOCTAauYaHHs Ta BUSIBICHHS OCHOBHUX TPUYMH BiJIXICHHS IIHX
MOKa3HUKIB B1J] CTAaHAAPTIB.

bi6u. 24.
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UDC 004.94:534

Demchyshyn A.A., Kaleniuk O.S. Computer-aided modeling and visualization of
sound waves propagation in a Tapered Quarter Wavelength Tube // System technologies.
N 1(156) - Dnipro, 2025.- P.3 — 11.

The paper presents the algorithmic basis for computer-aided modeling of sound wave
propagation in an acoustic system with an acoustic design in the form of a straight and folded
tapered quarter wavelength tube (TQWT). The aim of the modeling is to compare the systems
by fidelity of the signal reproduced and localize acoustic excitation zone inside the acoustic
system, where installation of a layer of absorbing material is effective for control of wave
propagation.

The computer-aided modeling of acoustic wave propagation utilizes an algorithm based
on a hyperbolic differential equation with attenuation component. A web application has been
developed in JS programming language for CPU and GLSL ES language for parallel compu-
ting on GPU, which works according to the presented algorithm to simulate the wave propa-
gation process. The program visualizes wave propagation in real-time based on the initial pa-
rameters of the environment, such as: the geometric configuration of acoustic enclosure (con-
structed using line segments), the coordinates of the location and geometric configuration of
the wave source, angular velocity of the generator and the wave amplitude, the Courant num-
ber, the attenuation coefficient, the size of the simulation grid.

The software made it possible to calculate the constructive and destructive interference
maps of the wave generated by the speaker’s front side with the wave emerging from the
acoustic system’s port of straight and folded tapered pipe. With a grid size of 512 x 288, the
algorithm achieved a processing speed of over than 75 time-steps per second using a proces-
sor with parallel computing Intel UHD 630. The maps showed that the zones of acoustic exci-
tation were located inside the acoustic enclosure opposite to the wave source. It is shown that
the acoustic enclosure in the form of a folded TQWT effectively suppresses high and medium
frequencies by attenuating the wave with the configuration of the walls behind the broadband
source. The configuration prevents unpredictable amplification or attenuation of the specified
frequencies and, as a result, increases the fidelity of signal reproduction.

Ref.9, Fig. 2.

VJIK 004.42

Hanzha A., Antonenko S. Automation of development of Win32 desktop applica-
tions: Practical approaches and strategies // System technologies. N 1(156) - Dnipro,
2025.- P.12 - 22.

Provides an overview of current approaches to automating the development of Win32
desktop applications based on DevOps practices. Key stages are described, such as Continu-
ous Integration (CI) and Continuous Deployment (CD), which help retailers automate the col-
lection, testing and development of additives, and reducing the risk of problems. Particular
attention is paid to automated testing, which includes unit tests, functional tests and produc-
tivity tests to ensure the stability of applications. Approaches to infrastructure as code (laC)
are considered, which allow automating the setup and processing of development cores. The
tools include Terraform, Ansible, and PowerShell DSC. Also included is a document saving
feature with the Minio software, which ensures safe and scalable data saving. Thanks to these
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practices and tools, the development of Win32 desktop add-ons becomes more efficient, reli-
able and reliable.

Bibl.13, pict. 0, tabl. 0.

UDC 004-93

Akhmetshina L. G., Yegorov A.A. Segmentation of grayscale low-contrast images
using fuzzy transforms of type-2 // System technologies. N 1(156) - Dnipro, 2025.-
P.23 - 31

The paper proposes the algorithm of grayscale images segmentation based on the itera-
tive application of type-1 and type-2 fuzzy transformations, which provides the necessary de-
tailing of the resulting images for visual analysis, while avoiding over-detailing, has a small
number of control parameters, and, unlike FCM type fuzzy clustering algorithms, doesn’t use
the matrix of centroids, which simplifies calculations. Experimental results are presented on
the example of real grayscale medical images segmentation by the proposed algorithm.

Ref. 10, fig. 5.

UDC 004.75:004.42

Bobrenok V., Guda A. Analysis of open-source tools for protecting resources in
cloud environments // System technologies. N 1(156) - Dnipro, 2025.- P.32 — 38.

The following open source tools for protecting cloud environments are considered:
Checkov, Falco, Keycloak. Their advantages and disadvantages are analyzed. Based on this, a
conclusion is made about the need to create more advanced tools.

Bibl. 6, ill. 0, tab. 0.

UDC 004.89

Khomiak T., Sydorenko K., Maliienko A., Mineyev O. Prediction causes of diabetes
detection using machine learning methods // System technologies. N 1(156) - Dnipro,
2025.- P.39 — 49.

Ha analysis factors and causas, 1o BrummBae Ha pu3uk po3BUTKY diabetes 6yB conduct-
ed. [TpeanocklIKK OBUTH C/IENTaHbI C MMOMOIIBI0 TEXHUUECKUX METOJOB 00y4ueHus - [lonuTrka
Tree, Random Forest, k-NN u Ada Boost. Ha analysis of obtained results was presented, and
the accurace of used methods was assessed. Pe3ynabTaTsl OrpaHUYMBAIOTCS JJISI CHYKCHHUS
S3HAYUTCIIBHOI'O 4YHCJIa CIIy4acB ZLI/IS.GCTOB A0 €ro CBUACTCILCTBA, PAHHUX U 3(1)(1)CKTI/IBHBIX

I/I3MeHeHI/II71, " CHUXXCHUSA MCAUINHCKUX CPCACTB.

Bibl. 6, ill. 4, tab. 6.

UDC 004.032:681.518

Ostrovska K.Yu., Petrosyan E.Kh. Neural network model of detection and tracking
in the city traffic flow // System technologies. N 1(156) - Dnipro, 2025.- P.50 — 56.

The paper describes the subject area, namely the description of machine learning meth-
ods and neural networks, as well as the classification task. In addition to the above, a review
of scientific literature and analogues and a description of the YOLOv7 family of neural net-
work models were conducted.

A neural network model was implemented for detecting and tracking electric scooters in
the traffic flow. The model was trained on the collected data set. A web application was also
implemented to demonstrate the operation of the neural network model. The web application
fully meets the functional and non-functional requirements.

Bibl. 6, Fig. 8, Table 0.
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UDC 004.42:628.1:681.5

Pikilniak A.V. Analysis and justification of the selection of software tools for mod-
eling and automated control of recirculating water supply systems in mining and pro-
cessing enterprises // System technologies. N 1(156) - Dnipro, 2025.- P.57 — 64.

The article presents an analysis of software tools for modeling and automated control of
recirculating water supply systems in mining and processing enterprises. The research is rele-
vant due to the need to optimize water treatment and reuse processes. The most suitable soft-
ware tools for modeling hydrodynamic and technological processes are identified. System
analysis methods, comparative and expert evaluations were applied. The advantages and dis-
advantages of the considered platforms are revealed, providing recommendations for their use
in the design and operation of recirculating water supply systems.

Bibl. 11, Table 1.

UDC 004.4: 004.94

Pertsev Y., Korotka L. Comparative analysis of traditional statistical methods and
the LSTM neural network model // System technologies. N 1(156) - Dnipro, 2025.-
P.65 - 77.

This paper presents a comparative analysis of traditional statistical methods (ARIMA,
SARIMA) and a modern deep learning approach (LSTM) for financial time series forecasting.
The study focuses on evaluating the efficiency of each model in predicting the closing price of
Apple Inc. (NASDAQ: AAPL) stock. These models were selected due to their widespread use
in financial analysis: ARIMA is suitable for stationary time series, SARIMA accounts for sea-
sonal variations, and LSTM excels at capturing nonlinear dependencies and long-term trends.

Bibl. 15, Fig. 8, Table 2.

UDC 004.4+519.7

Shynkarenko V.I., Chyhir R.R. Constructive-synthesizing modelling of three-
dimensional fractal surfaces // System technologies. N 1(156) - Dnipro, 2025.- P.78 — 88.

The model and software for constructive modelling of three-dimensional fractal surfaces
are presented. A software application for preliminary preparation of surfaces is developed.
The modelling is performed by principles of the constructive-synthesizing approach. The
main processes of constructive- synthesizing modelling using the developed software tools
are demonstrated on the example of pagoda models. Different types of constructors are used,
and a multi-constructor for the formation of three-dimensional fractal shapes based on multi-
character grammars is developed.

Bibl. 10, fig. 11.

UDC 004.9:537.226:620.22

Tonkoshkur A.S. Shcherbak A. Ye. Application for data processing and analysis of
measurement data of the concentration-dependent dielectric permittivity of two-
component composites // System technologies. N 1(156) - Dnipro, 2025.- P.89 — 96.

This article presents a computational application for processing and analyzing data on
the concentration dependence of dielectric permittivity in two-component composites. The
application uses established theoretical models, such as the Brugemann-Hanai model for ma-
trix systems and the Bottcher-Hsu model for statistical mixtures, to classify composite struc-
tures based on their dielectric behavior.. Developed in Mathcad and Visual Studio, the soft-
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ware processes experimental data, computes model parameters, and visualizes results, enhanc-
ing the efficiency and accuracy of dielectric studies.

Bibl. 29, fig.1.

UDK 621.373-187.4

Tverdostup N.I. Analysis of deploying inductance-to-pulse sequence converter on
NES55 integrated time // System technologies. N 1(156) - Dnipro, 2025.- P.97 — 101.

The peculiarities of construction of inductive impedance converter Based on integral
timer are analysed. Conditions of linear transformation of inductive impedance into a se-
quence of rectangular pulses are found.

Bibl. 2, ill. 4.

UDC 004.415.2

Ponomarev 1.V. Development of a web application for providing services through
NFT ownership // System technologies. N 1(156) - Dnipro, 2025.- P.102 — 106.

A solution for creating a web application using NFT to manage subscriptions to infor-
mation services is considered. A three-tier architecture of the application is proposed, includ-
ing client, server and blockchain levels. The use of the ERC721 standard for creating smart
contracts ensures the uniqueness, transparency and security of tokens. The functions of mint-
ing tokens, renewing subscriptions and integration with Ethereum via the web3.js library are
described.

The advantages of the system are shown, in particular data protection, financial inde-
pendence thanks to cryptocurrencies and scalability. The possibility of using the application to
provide access to courses, media content and software is indicated.

Bibl. 3.

uUDCO004.7

Spirintsev V.V., Spirintseva O.V., Henchuk O.S. Exploring the possibilities of the
node.js platform in the development of proxy servers, taking into account modern re-
quirements for performance and stability // System technologies. N 1(156) - Dnipro,
2025.- P.107 - 116.

The possibilities of the Node.js platform for the development of a proxy server using an
asynchronous approach are studied, the process of creating your own proxy server implemen-
tation, including architectural solutions and used modules, is described. Performance testing
of the proposed solution was performed in the FOGLDN Proxy Tester program, the results of
which were compared with the performance of other popular Squid Proxy and Tinyproxy im-
plementations.

Bibl.6, ill. 8, tabl. 2.

UDC 681.58

Bogza M., Biryukov D. Development of a complex model of heat supply of a house
based on a heat pump in the Simulink environment // System technologies. N 1(156) -
Dnipro, 2025.- P.117 — 126.

The article presents a dynamic model of a house heat supply system based on a heat
pump unit (HPU) developed in the MATLAB Simulink environment using Simscape blocks
to model thermal processes. The relevance of the study is emphasized by the need to reduce
fossil fuel consumption, which has increased the demand for energy-efficient technologies
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and systems based on renewable energy sources. Optimizing such systems is critical in the
context of global efforts to improve building energy efficiency.

Bibl. 16.

UDC 378.22

Huda O., Hensitska-Antoniuk N., Sukhomlynova O. Influence of interactive teaching
methods on mathematical knowledge acquisition // System technologies. N 1(156) -
Dnipro, 2025.- P.127 — 138.

The purpose of the study was to assess the expediency and effectiveness of interactive
methods in teaching mathematics in institutions of higher education. Researchers paid atten-
tion to such methods as group discussions, role-playing games, multimedia technologies and
project activities. The results confirmed that these methods not only improve the assimilation
of mathematical knowledge, but also contribute to the development of practical skills, critical
thinking and in-depth analysis of the material. The study substantiated the implementation of
the method of competence ratios for the assessment of interactive learning. This method is
based on five components: substantive, practical, logical-structural, technological and infor-
mational, which allows for an in-depth analysis of the effectiveness of training. On the basis
of the research, recommendations were made regarding the use of digital platforms and mul-
timedia technologies for individualization of learning, which confirms their effectiveness in
improving the quality of mathematics education in accordance with modern professional re-
quirements.

Bible 15, fig. 3, tabl. 1.

UDC 004.9

Penia O., Sulema Ye. Probabilistic method of fuzzy number comparison // System
technologies. N 1(156) - Dnipro, 2025.- P.139 — 149.

A new method of comparison of fuzzy numbers is proposed that considers a confidence
probability chosen contextually by a researcher. Existing methods of fuzzy number compari-
son are reviewed, an example of a newly proposed method is provided, and results are com-
pared with existing methods. Operational semantics of operators or functions that implement
proposed method in software is considered.

Ref. 16, fig. 4, tabl. 1.

UDC 004.4 : 004.94

Peschanskii V.Yu., Sulema E.S. Architectural principles for ensuring verification
and quality in systems for creating digital twins of biomedical objects // System technolo-
gies. N 1(156) - Dnipro, 2025.- P.150 — 159.

The article considers the architectural principles for ensuring verification and quality of
systems for creating digital twins of medical and biological objects. Particular attention is
paid to the issues of modularity and isolation of components, which allows improving testing
and simplifying error detection. The use of test automation for quick verification of changes
in the system is described, in particular through the use of Docker containers for isolating de-
velopment, testing and production environments. We will consider the microservice architec-
ture, which facilitates independent testing and deployment of system components. In addition,
we will cover the methodologies of model-based testing, integration testing, and real-time
testing.
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Bibl. 13.

UDC 004.932.72'1:519.688

Solomatin V.A., Baybuz O.G. Application of the EfficientNet model for detection is-
chemic heart disease (IHD) // System technologies. N 1(156) - Dnipro, 2025.- P.160 — 165.

This article considers a neural network model that contributes to the early detection of
ischemia of heart disease on X-ray images, which plays an important role in the diagnosis and
treatment of cardiovascular diseases. This article proposes a study devoted to the use of con-
volutional neural networks (CNN) for the automatic detection of ischemic heart disease on X-
ray images.

Bibl. 10.

UDC 669.2+620.3

Tkachov Y.V., Nosova T.V., Kalinin O.V. Enhancing the corrosion resistance of Al-
Zn-Mg-Cu aluminum alloys through modification with titanium carbide powder // Sys-
tem technologies. N 1(156) - Dnipro, 2025.- P.166 — 176.

Improving the characteristics of industrial alloys, particularly their corrosion resistance,
is a relevant task for both metallurgists and materials science specialists. The implementation
of new technologies and the selection of materials for specific operating conditions stimulate
the development of technological methods for altering the characteristics of base alloys. The
investigation and application of new effective modifiers and modification technologies repre-
sent an important research direction. Under certain operating conditions, aluminum alloys,
particularly the Al-Zn-Mg-Cu system, are subjected to significant corrosive influences, which
negatively affect their mechanical properties and longevity. Therefore, the challenge lies in
the necessity to develop new approaches and technologies.

Bibl. 20.

uDC 620.91

Kovalenko V., Radchenko V., Miniailo N., Yerofieieva A., Artemchuk V., Prykhno V.
Standardization of power quality indicators and the causes of their deviations from es-
tablished norms // System technologies. N 1(156) - Dnipro, 2025.- P.177 — 189.

The aim of this study is a comprehensive investigation into the standardization and as-
surance of electric power quality under modern challenges, particularly the active integration
of distributed energy resources, microgrids, electromobility, and the widespread use of power
electronics. The article focuses on systematizing current regulatory requirements for power
quality indicators and identifying the main causes of their deviation from established stand-
ards.

Bibl. 24.
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