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(YkpaiHnchkuil nep>KaBHUN YHIBEPCUTET 3a713HUYHOTO TPAHCIIOPTY)

YaockoHaIeHHS TEXHOJIOTII yIIPAaBJIiHHSA MICIEBOI0 pO00TOI0 AJILHUII B YMOBax
HEBHM3HAYEHOCTiI HA OCHOBI po0acTHOI onTHUMI3aIil

Y ecmammi poszensinymo yoockouanenHs mexnonoeii ynpaeiinta Micyesor poobomor 3ani3HUYHUX OLIbHUYDL 6
YMOBAX HEGU3HAYEHOCMI, WO BaANCIUBO O NiOGUUeHHs edheKmueHocmi ganmadicHux nepesezenv. Cyyachi memoou
NIAHYBAHHS 4aACMO 0a308aHI HA CepedHb00000sUX OAHUX | He 6pPAX08YIOMb KOAUBAHb, Omdice, eeKmusHiCmb
VAPABNIHHS MiCYe80I0 pOOOMOIO MOJiCe CYMMEBO 3HUNICYBAMUCS Yepe3 HeOOCMAMHE 8PAX)8aAHHI OUHAMIKU Nepede3eHb.
Memoro cmammi € po3pobreHHs HOB0I MemoOuKu NIAHY8AHHS pobomu 30IipHUX NO0i30i6 3 YPAXYBAHHAM
HesuzHaueHocmet, wWo 0acmb 3MO2y NIOSUWUMU MOYHICMb [ HAOJIUHICMb naanysanus. [ yb0o2o NpPoONnoHYIOMb
BUKOpUCIMOBY8AMU POOACMHY OnmMuMizayilo, sAKa 3a0e3neyye CMIUKICMb pileHb 00 3MIHIOBAHUX YMO8 WLIAXOM
3acmocysanHs npunyuny minimaxcy. ILlett nioxio Odae 3mocy cmeoprosamu HAOIUHI NAAHY, SKI e@eKmuseHo
@yHKYIOHYIOMb HABIMb Y PA3T 3HAYHUX GIOXULEHD BI0 OUIKYBAHUX YMOS.
Y cmammi npoananizoeano pesyrvmamu moO0eno8ants, wjo Oyio npogedeHo 3a 0ONOMO20K0 PO3POOAEHOI npoyedypu
onmumizayii 3 3aACMOCYBAHHAM MAMEMAMUYHO20 ANApama 2eHeMUdHUX aleopUmmis, peanizosany 6 cepedouulyi
MATLAB. Mooentogarts niomeepouno epekmuericms 3anponoH08aH020 NIOX00Y.
Boounouac pezynemamu  Oocnidsicennsi nokazyiome, wo 018 OOCACHEHHS wje OLIbWUX pe3yabmamié OOYLIbHO
8paxo8y8amu CMamuCmuyHi 0aHi NPo KOMUBAHHS 00cs2ie Micyesoi pobomu Ha cmanyisx. s yboco NPonoHyoms
iHmezpyeamu CMoOXacmuyHy cKiaoo8y 6 mooeib pobacmuoi onmumizayii, axa 0ae 3Mo2y Kpauje 8paxosyeamu eapiayii
6 o00cseax nepegezeHv i 3abe3neuye Oinbw mouHi piwenns. Lle mooice cymmego noxpawumu egexmugnicmo
NAAHY8ANHS, 3MEHWUMU BUMPAMY | NIOBUWUMU 3A2ANbHY eEeKMUSHICMb YNPAGIIHHS 3AI3HUYHUMU NEPee3eHHAMU.
Omoice, 3anponoHo8ami memoou GiOKpU8aloms HOGIi MONCAUBOCHE 0N 80OCKOHANEHHS MEXHONO2IU YNPABIiHHs
Micyesoro pobomoro Ha 3aniznuyi, 3a0e3neuyouu Oiibi HAOIUHI MA eKOHOMIYHI PIUEeHHs 8 YMOBAX HeGUIHAYEHOCHII.
Knrouosi cnosa: micyesa poboma, HegusHaueHicmb, NIAHYBAHHSA poOOmMuU 30IpHUX NOI30i8, POOACTNHA ONMUMI3AYIS.

IHocTanoBka nmpodemu

AHaJi3 0CTaHHIX J0CTiKeHDb i my0JiKkanii

MicnieBa poOoTa Ha 3aTi3HAYHUX JUTEHHUIIIX

3MIMCHIOETBCST 3a JIONIOMOTOI0 TaK 3BaHMX 30ipHUX
T0i3/1iB, IKi BUKOHYIOTh Olleparlii 3 MiCIIEBUMH BarOHaMH.
[TnanyBanns poboTn 30ipHUX MOI3/IB 3a3BUYail 0a30BaHO
Ha TnepeadavyBaHuX, NOCTIHHUX 00'eMax HaBaHTaKEHHS 1
BHUBaHTA)XEHHS BaroHiB Ha numbHuLI. [Ipore B peanpHuX
YMOBax IIi 00'€MH MOXXYTh CyTTEBO KOJIMBATUCS B MEXax
MIEBHUX JIOITyCTUMUX 3HAYCHb, 1 MOXKJIMBI KOMOIHAIT X
3MiHHUX — HA/I3BUYAITHO Pi3HOMAaHITHI.
Taki KonMBaHHA MOXYTh NPU3BECTH OO TOro, IO
TIOTIepeIHbO MPUHHATHI TuIaH poOoTH 30ipHUX MOi3/iB
BUSIBUTHCS HEC(PCKTHBHIM. Tpanumiiiai METOIHU
IUTaHYBaHHS, II0 HE BPAaXOBYIOTh II0 HEBU3HAYCHICTH,
MOXYTb NPHU3BECTH 10 HEPALiOHAIBLHOTO BHKOPHCTaHHS
pecypciB, 3aTPUMOK y TIEPEBE3CHHSX, J0AaTKOBUX BUTpAT
BaroHOTOJMH, HECBOEYACHOTO JIOCTAaBJICHHS MOPOXKHIX
BaroHiB JO MiCIlb HAaBaHTAXXCHHS 1, K HACIIJIOK,
ITiIBUIIEHHS eKCIUTyaTalliiHIX BUTPAT.

Crarrss [l] Jmocmimkye IUIAaHYBaHHS — BaHTAXHHUX
IepeBe3eHh HA  3ali3HMII B YMOBaxX  3MIIIaHOI
HEBU3HAYCHOCTI, MMOETHYIOYN HEUITKICTh 1 BUMAJKOBICTb.
IHHOBaIiiHUN acIiekT moyATae B PO3pOOJICHHI TPHOX
MoJieNiell TIporpaMyBaHHsI 3 IIAHCOM, SIKi BPaxOBYIOTH IIi
JIBa BUAM HEBU3HAYCHOCTI I ONTHUMI3aIlil MapHIpyTiB,
00CsITiB BaHTaXIB 1 YaCTOTH IepeBe3eHb. MaTreMaTHIHuH
amapaT BKJIIOYAE Mipy I[AHCY Ta KPUTHYHI 3HAYCHHS
HEYIiTKO-BHUIIAJKOBUX 3MIHHHX, a Ui pO3B'I3aHHI
MoJleJiel  3aCTOCOBYIOTh TiOpWAHUMA  alnropurt™, IO
MTOETHYE TIOTYK MOTCHI[IHHIX MapIIpyTiB, CHMYJIAIIO Ta
TCHETUYHUH aITrOPUTM.

Crartst [2] po3risgae TPOEKTYBaHHS  JIOTICTHYHOTO
JAHIIOTA ~ XOJOAOBOTO  3aJi3HHYHOTO  TPAHCIIOPTY,
BUKOPHCTOBYIOUM  3MIIlIaHE  IUIOYHCENbHO-HENiHiITHEe
nporpamyBanHs (MINLP) s onrmwmizamii  xabis,
BaHTAXXHUX MOTOKIB 1 4aCTOTH OOCITyTOBYBaHHS.

© NAPXOMEHKO JI. O., ITIPOXOPOB B. M., KAJTAIIIHIKOBA T. 10. 2024
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HeBu3HaueHOCTI BpaxoBYIOTb 4Yepe3 HEUiTKe
nporpamyBaHHs. Pesynmbrat mokaszyoote 10 1,99 %
eKOHOMil BHTpaT mHpu 30urbmIeHHI XabiB 1 10 2,69 %
3HW)KEHHS BUTPAT U1l eKOHOMIYHO OpiEHTOBaHMX pillICHb
MOPIBHAHO 3 JETePMIHOBaHWM MmigxomoM. OCHOBHUI
HEJIOJTIK — CKJIQTHICTh 0OPOOKH HEUITKUX JTaHUX.

Crarrs [3] posrisigae TakTUUHE IIaHYBAaHHS OIEparii,
sIKe BKJIIOYA€ YXBAJICHHS Psi/ly B3a€EMOIIOB'SI3aHUX PillICHb
JUI ONTHUMAaJIbHOTO PO3IMOJUTY PECypciB 1 JOCATHEHHS
CeKOHOMIYHUX 1 cepBicHMX Iiiyie komnaoii. OCHOBHY
yBary MIPUAIISIIOTH MIPOEKTYBAHHIO Mepexi
00CITyroByBaHHS JUIs MiKMiCEKHX BaHTaXKHUX
TIEPEeBI3HMKIB, TaKUX SK 3QJII3HUMI Ta aBTONEPEBI3ZHUKH.
BBeneno HOBy kiacudikamito mpobieM MpPOEKTYBaHHS
Mepexi 00cIyroByBaHHS Ta (DOPMYJIIOBAHHS MOJEICH.
HoBu3Ha momsirae B TMOMaHHI HOBOI  KJIacH]ikaril
po0JIeM 1 pO3BUTKY MaTEeMaTHYHOTO IPOTpaMyBaHHS JUIs
MIPOEKTYBaHHA Mepex. OCHOBHMI HENOJIK — CKJIQJHICTD
pO3B’sI3aHHS  MoOjeNell, 0coOJMBO sl CKIAIHUX

Bumaakis. HemomikoM € W BHCOKa OOYMCIIIOBaJIbLHA
CKIQMHICTh MIXOAY Ta MOXIHBI npobiemu 3
e(eKTUBHICTIO 3a eKCTpeMalIbHIX Bapiarii
HEBHU3HAYEHOCTI.

Crarrst [4] posrisiae TpaHCHOPTHY 3ajady 3 YOTHpMa
BUMIpaMH ISl CyMICHHX 1 HECyMICHHMX BapiaHTIB IUIaHy,
Jle TapaMeTpy TIOAAaHO Yy BHUTJIAAI HEUITKUX 3MIHHHX
JIpyroro THMy. 3alporoHOBaHAa MOAEIb OpiEHTOBaHA Ha
MiHIMI3aIlil0 TPAaHCHOPTHUX BWTpPAT IpPH BpaxyBaHHI
JIOCTYIHOCTi, TIONIUTY, BarM Ta OOCATY TPaHCIIOPTHUX
3aco0iB. HewiTki mapamerpum THIy 2 CIIOYaTKy
MIEPETBOPIOIOTHCS B HEUITKI MapaMeTpy THITy 1, a MOTIM y
BUIAJKOBI ~ MapaMeTpu 3a  JIOTIOMOTOI0  METOJIB
y3araJibHeHOi JOCTOBIpHOCTI Ta LeHTpoina. L{i mapamerpn
KOHBEPTOBAaHI B UiTKI IapaMeTpu Uil OOMEXEHb 1
ILThOBOT (DYHKIIIT.

HoBuzna momnsrae B JA€TaJbHOMY ONKCI  IPOLEAYP
MIEPETBOPEHHSI HEYITKUX IMapaMeTpiB TUIY 2 y 4YiTKi Ta
3aCTOCYBaHHI KiJIbKOX METOIB ISl IIbOTO TIEPETBOPEHHS.
OCHOBHHII HEHOJNIK — OOYHCIIIOBAJIbHA CKJIAIHICTH
TIPOLIECY MEPETBOPEHHS 1 PO3B'SI3aHHS MOJIETI.

Crarrst [5] mpomoHye MeTon ypaxyBaHHS MIiHJIMBOCTI
rapameTpiB, sIKi € BUXIIHUMH AaHUMH JUIS PO3PAXyHKY
IiaHy (GOpMyBaHHS OJHOTPYMHUX BAaHTXKHHUX II0I3/1iB
JUTS  TiOBUINEHHS WOrOo HAmIHHOCTI. BrpoBamkeHO
BUKOPDHCTaHHS HEWITKMX MHOXHH ISl BpaxyBaHHS
KOJIMBaHb Yy T[apaMeTpax opraHizamii BaroHOIIOTOKIB.
Po3pobiieno  Meron  BH3HAYEHHS  ONTHUMAJIBHOTO
MIOPOTOBOTO ~ 3HAYEHHS pyXy BaroHiB B  yMOBax
HEBM3HAYEHOCTI 32 JIONOMOrolo TexHik bemnmana i 3ane.
HoBu3zna nonsrae B 3aCTOCyBaHHI HEUiTKMX MHOXHH JUISI
IiIBUIIEHHS CTAaOLIBHOCTI IUIaHy (hPOpMYyBaHHS MOI3IIB 1
3MEHIIEHHS KUTBKOCTI KoperyBaHb. OCHOBHHUI HENOJIK —
MOXJIMBA CKJAUHICTh peaji3aii METOMIB HEJiTKHX
MHO>KHH 1 TXHsI 00YHCIIIOBAJIbHA CKIAJHICTD.

Crartss [6] mnponoHye HOBY Moaenb (opMyBaHHS
BaHTQXHUX TIOI3MIB Ha 3alIi3HWYHOMY TPAHCIOPTI 3
ypaxyBaHHSIM HEWITKMX BUTpPAT Ha mepeBe3eHHs. Mojenb
BUKOPHCTOBYE METOJ] HEYITKHX HAMKOPOTHMIMX LUISAXIB
JUIs BH3HAUCHHS ONTHMAIBHMX MapIIpyTiB, a HOTIM

MIEPETBOPIOE  HEUITKY MOJENb Y KIacCHYHy MOJENb
OnmokyBaHHs. [l BHpIDICHHS BEJIMKUX — pEalbHUX
mpoOJieM po3poOJICHO METOA Ha OCHOBI TCHETHYHUX
aNTOPUTMIB.

HoBu3zHa monsirae y BUKOPUCTaHHI HEWITKUX BUTpAT UL
MOJICTIIOBaHHS OJIOKYyBaHHsI BaroHiB 1 3acTOCYyBaHHI
TCHETHYHUX JITOPUTMIB IJISl TIOKPAIIEHHSI €(EeKTUBHOCTI
pO3B'sA3aHHSL. OCHOBHUII ~ HENOJMIK —  MOXKJIHBI
00YNCITIOBANIBHI BUTPATH TIPH 3aCTOCYBaHHI T'€HETHYHHUX
aNTOPUTMIB Ha BEJIUKHX 3a/1adax.

BunisieHHss HeBHMpilIeHUX paHille YaCTHH 3arajbHOI
npooJjeMn

AmHarni3 cy4acHHMX HAyKOBHX JOCIIJDKEHb IIOKa3ye, IO
MepeioBi MaTeMaTH4HI METOIH, K, HAIPHUKIAJ, TEXHIKA
HEUiTKOI ONTHMi3alii, MNEepeBaXHO 3aCTOCOBYIOTH [0
OinbII 3araJbHUX MPOOIIEM, 30KpeMa OXOILTIOIOUH Tay3i
JOTICTUKM Ta 3MIMIAaHWX [epeBE3CHb, 3aAJIHMIIAI0UYH
MIUTaHHS YJOCKOHAJICHHS YNPaBIiHCBKUX TEXHOJOTIH Ha
piBHI MicueBoi poOOTH HEIOCTATHRO PO3POOICHUMH.
[Mompu 3HAYHI MOCATHEHHS B ONTHMIi3alii TEXHOJOTIH
3aJTI3HMYHOTO TPAHCIIOPTY, THTAaHHS YJOCKOHAJICHHS
TEXHOJOTI  YNpaBJIiHHSA  MICIEBOIO  po0OTOI0  Ha
3QTI3HAYHUX JAUTBHUISIX YacTO 3ajMIIAIOThCS 11032
yBaroto. bUIbIIiCTh JOCHiIKeHb Yy il chepi 30cepemkeni
Ha 3araJlbHUX METO/NAX ONTHMi3alii, He BPaXOBYIOUH
cnenudiky 1 CKIamHICTh mpobieM MicieBoi podoTn
3aJTI3HHYHOTO TPAHCIIOPTY.

Ile migxpecmioe BaXKIIMBICTH IOJAJIBIIOIO BUBYCHHS 1
ajanTarii CyJacHHX ITiIXOMiB, 30KpeMa IMiIXOMdiB [0
oTIepyBaHHS (daxTopamu HEBU3HAYEHOCTI, ULt
i IBUIIEHAS ¢(h)eKTUBHOCTI ITiICHCTEMH MiCIIeBOi pOOOTH,
IO € KPUTHYHO BAXJIUBUM [UISl 3HIDKCHHS BUTpar i
MBUIIEHHSA 3arajdbHOi e(QEKTUBHOCTI TPAaHCIOPTHUX
CHCTEM.

®opmyn0BaHHS Winei

MeTor0 1BOTO JIOCHTIDKEHHS € PO3pPOOJICHHS
MiAXOAy 1O IUTaHYBaHHA poOOTH 30ipHMX MOi31iB, IO
JacTh  3MOTY  BpaxoByBaTW  KOJMBAHHSA  OOCSATIB
HaBaHT&KEHHS Ta BUBAHTA)KCHHS BAaroHIB Ha MUIBHULI 1
oOupary Takui BapiaHT IUIaHy, KM Oyne HaWOLTbII
pamioHaIBHUM 1 HagifHUM 3a OyAb-SIKMM BapiaHTOM
PO3BHTKY HOAIH.

BukJjiageHHs 0CHOBHOTO MaTepiajly A0CTi>KeHHS

CydvacHa opraHizalliss MIiCIIeBOi POOOTH Ha 3alli3HUIHHUX
NUISHKAX  CTUKAEThCA 3 OararbMa  BHKJIHMKaMH,
MOB'SI3aHMMH 3  PETJAMCHTAIEI0 Ta IUIAHYBaHHSIM.
HesBaxkaroun Ha  HasABHICTH  BEJIMKOI  KIJIBKOCTI
HOPMATHBHO-TEXHOJIOTIYHUX JOKYMCHTIB, TAKHUX SIK IUIaH
(dopMmyBaHHS TOi3AIB, Tpadik pyxXy MICHEBHX MOI3MIB 1
OIlEpaTUBHE IUIAHYBAHHSA IIOI3HOI Ta  BaHTaXHOI
IISUTBPHOCTI, TXHS HEBIAMOBIIHICTH MiXK COOOIO CTBOPIOE
3HAQUYHI  TPyAHOUI B  YNpaBiiHHI  MICIEBUMH
BaroHOIOTOKAMHU. 1T JIOKYMEHTHU PO3pOOISFOTE
MiAPO3UTH Ha Pi3HI YacOBI TOPU3OHTH, IO MPHU3BOIUTH
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no  ¢dparmeHTamii  IUIaHyBaHHS =~ Ta  3HWKCHHA
e()eKTUBHOCTI EKCILTyaTal[ifHUX IPOIIECIB.
Peampna  curyamis  Ha  MicmAX =~ 4acTo  CYTTEBO

BiJIPi3HSIETHCS Bil Mepen0adeHoi B HOPMATUBHUX aKTaX,
Jle  TPUITyCKAalOTh  piBHOMIpHE cepenHbO000BE
HaBaHTaKEHHS. Y pe3ynbTaTi BHHUKAE HEPIBHOMIPHICTD Y
po0oTi, fKa MPOSBISETHCS Yy TPUBAIMX IepepBax Mix
MOJ]aBaHHsIM BAaroHiB Ha BaHTaKHI (GPOHTH 1 iXHIM
TIOCWJICHUM HAJXO/DKCHHSM Ha CTaHIl BHBaHTaXECHHS.

e y cBoo depry TPU3BOAUTH JO 3HIDKCHHS
e(CKTUBHOCTI BHUKOPHUCTaHHS HABaHTAXXyBaJIbHO-
PO3BaHTaXYBAIBHUX  MOXIHBOCTEH 1  30UIBIICHHS

orepamiifHuX BUTpAT.

HepiBHOMIipHICTS y BHKOHAHHI BAaHTAXHHUX OIepamii
MpOTATOM J00M € OO0'€KTMBHOIO pEANBHICTIO, SIKY
HEOOXiHO BpaxoByBaTH IpH IUIAHYyBaHHI MiCLEBOI
pobdotu. IIpore HasBHI MeTOmM 3MIHHO-TOOOBOTO
IUIAaHYBaHHS  HE  OpIEHTOBaHI  Ha  JIOCSATHEHHS
MaKCHMAJIbHUX pe3yJbTaTiB MO0 3aBaHTAXKCHHS Ta
PO3BaHTAXEHHSI, 110 NPU3BOJUTH 10 YaCTHX KOPETYBaHb
TUTAHIB 1 3HIDKEHHS CTiMKOCTI poOOTH BCi€l CHCTEMH.

CkrazmHicTs Oprasizamii MicreBoi poOOTH IOJsIrae B
PO3MOPOIICHOCTI BAHTAXHUX ONCpaliii Ha BEITUKIH
KIJIBKOCTI CTaHIiM, OLIBIICTh i3 SKHUX Yepe3 HHU3bKY
peHrabenpHicTh € 30uTKOBMMHU. EdexTnBHE ynpaBiiHHA
MICIICBOIO POOOTOI0 TMMOTpeOye OiNMbII THYYKOrO Ta
Y3rOJDKEHOTO IIXOAYy — HE JHIIe CepeaHbOI000BI
HOpPMH, aie ¥ peaJbHa JAWHAMIKA pyXy BaroHis.
[TnanyBanHss Mae OyTu cHpsiMOBaHE Ha MaKcHMaJlbHE
BUKOPHCTaHHS BaHTA)XKHUX (DPOHTIB, II0 MOXKIIMBE JIMIIIC
32 YMOBH CBOEYACHOTO IIOJIaBaHHS BaroHiB Ha CTaHLIl
TIPU3HAYCHHS.

Omxe, HEOOXigHICTH pPO3POOIEHHS OIMbII CTIMKHX 1
aJANTHBHUX METONIB IUIAHYBaHHS Ta  YNpPaBIiHHA
MICIIEBOIO POOOTOI0, 3/IaTHUX BPAaXOBYBAaTH MIHIJIUBICTH 1
HEBH3HAYEHICTh YMOB, CTa€ OYEBUIHOIO.

PosrisHemMo  3adi3HWYHY — AIIBHUILIO, OoOMexXeHy
IUTPHAYHUMH CTaHIisMH A Ta F, ski 0OCIyroByrOTH
MicueBy poboTy Ha mpomikHuHX craHmisx B, C, D i E
(puc. 1).

(D)) s ()

Puc. 1. Cxema 3ami3HUYHOI JITEHUIN MiCIIEBOI poOOTH

OO0cnyroByBaHHs MicIIeBOT POOOTH MHUX CTaHIIN
3MIACHIOETBCS 32 JIONIOMOTOK0 30ipHHX Tmmoi3miB. Y
CyJacHMX  yMOBax Ha  craHmiasx  wmepexi AT
«YKp3aJi3HUI» MAKOTh MiCIIe iCTOTHI JOOOBI KOJNMBAaHHSI
00CsTriB HaBaHTAXKEHHS 1 BUBAHTAKCHHS HA CTaHIIAX,
TMOB'SI3aHUX SIK i3 HEPUTMIUHICTIO POOOTH MiIIPUEMCTB,
Tak 1 Hee()eKTHBHOIO OpraHi3ali€lo MicreBoi poOoTH Ha
3a;i3HMII. Y Oyap-sIKOMy pa3i Taki KOJMBaHHA €
HEMUHYYHMH, SIKIIO EKOHOMIKa € HEe IUIaHOBOIO, a
PHHKOBOIO. 3 iHIIOTO OOKY, CHCTEeMa OpraHizamii MiciieBoi
poboT Ha OCHOBI 30ipHHX TOI3IIB Iepeadadae, IO
BuOpaHa cxema OOCIyroBYBaHHS CTaHMINH JUIBHHII
NIpUB's3aHa 10 HUTOK rpadika pyxy, skuii Ha mepexi AT
«YKp3aJIi3HULS» Ji€ Oe3 3MiH TpUBAIUH 4ac i GakTUIHO
JUIs  BaHT@KHHUX TO{3iB i€ IPOTATOM  YCHOTO
KaJICH/IapHOTO POKY. ICHYIOTH 1 iHIII 3aco0M 1 TeXHOIOTIi
Juis  OOCIyrOBYBaHHS MiCIEBOI pPOOOTH  MPOMIXHHX
CTaHII HE TIIBKM 3a KOpJOHOM, ane i Ha mepexi AT
«Ykp3amizHums». OpHak  Ha  YKP3ali3HUI — BOHH
(aKTHYHO € JIONOMDKHMMH 1 JIMIIE JOTOBHIOIOTH
TexHonorito, ©azoBaHy Ha 30ipHMX moi3max. OTxe,
aKTyaJIbHAM 3aBIaHHSIM € (HOpMyBaHHS METOIIB OiNbII
panioHANBHOTO IUIaHyBaHHS pOOOTH 30ipHMX MOI3IIB B
YMOBax KOJMBaHb OOCSTIB MicreBoi pobotn, ToOTO B
yMOBax HeBH3HaueHOCTi. CTaHIapTHUM MiAXOIOM Y
TakOMy BHIAQJIKy CKopilie 3a Bce € I1o0ynoBa
IMOBIpHICHHX a00 CTaTHCTHYHHX MOJCIICH Ha OCHOBI
ICTOpUMYHHAX JaHWUX TO KOXHiM cranmii. OgHaK BiH ITyXe
BUTPaTHUH 1 HENPOAYKTUBHHWH, a/pke I iMOBipHICHI
XapaKTepUCTUKH TIOCTIHHO 3MiHIOIOTECS. [lo TOro 3K
MOZENI JAWCKPETHOI ONTHMI3alii, SKi MICTATh 3HAYHY

KIJIBKICTP ~ CTOXaCTHYHHX  3MIHHHMX, JYXE€  BaXKKO
ontuMizyBatd. TOXXK y TakoMy BHUIAAKY JOLLIBHO
BUKOPUCTOBYBAaTH  TPOCTINI  MOAENi,  HalpHKIaR
IHTEepBaNbHI 4YWClla, SKi BHU3HAYAIOTh JIMIIE BEPXHIO 1
HIDKHIO MEXi 3MIHHOT, — 17151 TOOYIOBH HAIIIHHOTO TUIaHy
pobotu 30ipHUX TOI3MIB 3aCTOCYBaTH MiJIXi HA OCHOBI
pobacTHOI onTHMI3aIlii.

PobactHa onTmmizamis — Iie MeTox, CIpPSIMOBAaHMN Ha
MOIITYK PIillIeHb, CTIMKUX 10 3MiH 1 HEBH3HAYCHOCTEH Yy
BXimHMX gaHmx [7]. 3amicth TOro, mOO IITyKaTH
ONTHUMaNbHI pimenHs it (ikcoBaHWX yMOB, pobacTHa
ONTHMI3allisl MparHe 3HAaWTH Taki pIilIeHHA, sSKi OymyTh
e(eKTUBHUMH HABITh NPU BIAXWICHHSX BiJl OYiKyBaHHX
rapamerpiB. Y BHIIQIKy IUIaHyBaHHS poOOTH 30ipHHX
MOI3IB [eil MeTon Jae 3MOry CTBOPHTH IUIaH, SIKHH
3aJINIIAETHCSA HagIHHAM 3a 3MIHHHX 00csriB
BaHTa)XOIIEPEBE3CHb, 3aTPHUMOK Ha CTAHIIAX Ta IHIINX
HeBu3HaueHOCcTe. PobacTHa onrtumizamis 3abe3medye
30aTaHCOBaHICTh MK e(EeKTUBHICTIO 1 HaMIWHICTIO,
MiHIMI3yI04H 1TOTpedy B YaCTHUX KOPETYBaHHSX IUIAHY, IO
BpEUITI-peINT 3HWXKYE EKCIUIyaTalliiiHi BHTparn Ta
TiABAIITY€ CTAa0IIBHICTh POOOTH 3aII3HUYHOI CHCTEMH.
OTxe, HEOOXiTHO c(HOPMYBaTH IIIILOBY (YHKIIIO MOEIi
YIpaBJIiHHS, KA peajli3ye Miaxix podacTHOI onTHMi3allii.
3a kputepiii onTuMmizamii IOWITPHO B3ATH BHTPATH
BaroHoroauH. Toxi mijboBa (PYHKITIS MOXKe OyTH 3ammcaHa
SIK
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Has Has 6U6 6U6 np.36  _np.30 _.6i0.30 _6i0.30 _man _mam \ __
B(x’mnen’mnap’mnen’mnap’Tx ’T—Lx > Ux > V—wx % Tx ’T—oc -
n
. 6Us *necm 6i0.30 np.360
min max Z(ml.x +m, )(Tl.x —77 )+
x| (mie e mee me ) | 45
n
Hag *naon np.36 610.30
+Z(mi,x +mi,x )(24 (Ti,x i,—x ))+
i=l1
n ’ (1)
6uUs *necm Hag *naon MaH
+> (mi,x + "+ m e +m )Ti,x +
i=1
n
8U8 *necm 8U8 *necm '\ mau
+Z(mi,x +mi,x +mi,—tx +mi,—tx i,—x
i=l1

nme X — OyreBa Kepyroda 3MiHHA, sSKa BiATIOBiAa€ OJHIN 13
JIBOX CXEM MPOKJIaJaHHs Mapy 30ipHUX MOI3MIB, KOXHY 31
cxeM OymeMmo ifeHTH(]IKyBaTH 3a HarpsSMKOM IIEPLIOTO
30ipHOTO TOI3Aa, OTXKe, Mo OylieBy 3MIHHY MOXHA
iHTeprperyBary Tak: 0 — napauii HanpsMok (1 BixnmoBigHa
cxema), | — HenTapHUI HAIPSIMOK;

myas myae m

Hen?> nap >

6u6 6U6 .
nen > My, — 3minHi BekTOpH (Ha 1110
i BKa3ye KUpHUH WpUQT), SIKi MICTATh NOTOYHI 3HAUCHHS
rapameTpiB MiceBoi poOOTH, TOfaHi SK IHTEPBaJbHI
yucia, — 0OCSTd HaBaHTaKEHHS B HETIApHOMY 1 MapHOMY
HampsiIMKy 1 00CATM BHBaHTaXEHHS B HEHNapHOMY 1
MapHOMY HampsIMKy 10 CTaHLIAX MicleBoi poboTh
BiAIOBIAHO, Bar;

m

;fig €JIEMEHT 3MIHHOTO BEKTOpa, IO BiIOBigae
KIJIbKOCTI BaroHiB, HAaBaHTAKCHHX Ha I-ii cranmii 1
BiJIIPaBJICHUX Y HAaNpsAMKy X (Ha BIIMOBIIHY MUIEHUYHY
CTaHIlil0) a00 3BOPOTHOMY HANpPSIMKY, SIKIIO JpYTHd
1HJeKC — —X ;

6uUs . . .

ix — CIIEMEHT 3MIHHOIO BEKTOpa, WO BiINOBiIaE
KIJIBKOCTI BaroHiB, sKi NpuOynmu 10 [ cranuii 3
HarpsiMKy X (BiZHOBiZHOI AUMBHUYHOI cTaHuii) abo y
3BOPOTHOMY HAIIPSIMKY, SIKIIO APYTHi iHAEeKC — —X ;
*naon
i,x

*necm
i,X

m — KUIBKICTh MOpPOXKHIX BAroHiB, SIKi

b

npuldynyTs 10 [ crauuii 3 Hampssimky X (abo
3BOPOTHOTO HANPSIMKY, SIKIIO APYruil iHgekc — —X) i3
METOI0 KOMIICHCAllil HecTayli MOpOXKHIX BaroHiB, SKi
BIZINIPABIIATHCS 3 [-i cranuii B HampssMKy X (abo 3i
3BOPOTHOTO HANPSIMKY, SIKIIO APYTruil iHpekc — —X ) i3
METOI0 YCYHEHHS HAQUIUIIKy Ha CTaHIl, i 3MiHHI
MO3HAYeHI 3ipPOYKOI0, TOMY IO BOHM 3aJIeKaThb BiJ

KO pamioOHaJIbHO PO3IMOAUIMNTH TOPOXKHI BAaroHM II0
IITBEHHII,

(

MiX TPUOYTTAM Tiepiioro 30ipHoro moi3aa mo I -1 cranmii
1 BIIIpaBJICHHSIM JIPyTOT0;

( 610.36 _

7’-i,x
MDK BiAIIpaBiIeHHSAM mepmoro 30ipHoro moizma 3 [ -i
CTaHILII i NpUOYTTSM APYTOTO;

610.30
T.

1,—X

np.36
070 —

ix ) — TPHUBAJICTh YaCOBOTO iHTEPBAITY

.30
o

i—x ) — TPUBAJIICTD YaCOBOTO iHTEpBAITY

MAH

T.

i,x

MAH .
’ Ti,ﬁx — TPUBATICTh MAHEBPOBUX orepariii Ha [ -
W craHmii 3 mepmmM 1 JApyruM 30ipHEMH TOi3namMu
BIJIIIOBi/IHO;
N — kinekicTe craHiil MicieBoi poGoTH (IPOMIKHUX
CTaHIIi{) HA TITHHHUILI.
[epmmit momaHok wiNBbOBOI (YHKLIT € CyMapHUMH
BUTpaTaMH BaroHOTOJMH Yy 4YacOBHX IHTEpBAIaX MiX
BIJIIPaBJICHHAM HEpIIoro 30ipHOTro 10i3aa Ta MPUOYTTAM
JIPyroro MO KOXKHIH 13 TPOMDKHHMX cTaHmid. [Ipyruii
JIOJJAHOK € CYMapHHMH BHUTpaTaMH BaroHOTOAWH Yy
YacOBHX IHTepBajJax MDK BIJIPaBICHHSIM JIPyroro
30ipHOTO TOI37a Ta MPUOYTTAM MEPIIOrO IO KOXHIN 13
MPOMDKHUX CTaHIid. Tperiit 1 4yeTBepTHH HOJAHKH €
CyMapHMMH BHUTpaTaMH BarOHOTOAMH ITiJl 9ac BUKOHAHHS
omepamii i3 mepmuM 1 APYrHM 30ipHAMH M0Oi3naMu
BiJITIOBiTHO TIO KOXKHiH 13 MPOMI>KHUX CTaHIIiH.
Omneparopu min i max y HinsoBii QyHKIIT 3acTOCOBaHi 3
METOI0 peajti3amii MPUHIMIY MiHIMAaKCy — 3HAWTH Take
pilleHHs, SIK€ MIHIMI3ye MaKCHMalIbHO MOSKJIMBUHA
HETaTUBHUIA BIUTMB HEBU3HAYCHOCTI HA IUTBOBY (DYHKIIIFO.
e o3Hawae, mO 3aMiCTh TOrO, MO0 ONTHMi3yBaTH
HUTbOBY (pyHKHiIO JMmie Uit OJHOTO  MOJKJIMBOTO
CIICHAPII0, PO3TIBINAIOTH YCI MOXIIHMBI CIeHapii, IO

: ) ) MOXYTh ~ BHHHKHYTH  BHACIHIJOK  HEBU3HAYCHOCTI
SMIHHUX MOICII, aJle 111 3aJCKHICTD € CKIIANHO, alkC  papamerpis, TOOTO 3HAWTH PillleHHs, SKE € «HAHKPAIIUM
SMIHHL ?v Pe3ym’TaT0M orTAMIzam BI,UI?E[GHOI cepel HaAWTipmumx» — MiHIMI3yBaTH BHTPaTH B
ONTHMISAIGHHOT  MO;eMi, — HampuKmax — JHIHHOTO  pagripmomy BHmaKy.

OpOrpaMyBaHHs 3a THIOM TPAHCIIOPTHOI 3ajadvi, MeTa
6 IKC3T, 2024 No3




IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

3acTOCOBYIOUM NMPUHIMI MiHIMaKCy 10 3a1adi mo0ynoBu
HaJIHHOTO IUIaHy PoOOTH 30ipHUX MOI3/IB, MU IIParHEMO
MiHIMI3yBaTH MaKCHMaJIbHI MOXJMBI 30uTKH  abo
BUTpaTH, SIKI MOXYTb BHHUKHYTH uYepe3 KOJIMBAHHS B
rapameTpax, TakuX K OOCSTH IepeBe3eHb. Y 3BHYalHIN
ONITUMI3alil MM MOTJIM O LIyKaTu PilIeHHs, SKe MiHIMi3ye
cepenHe 3HaueHHs BHUTpaT abo dwacy. [Ipore B ymoBax
HEBM3HAYEHOCTI, JI¢ TMapaMeTpu MOXYTh BapiloBaTHCH,
MiHIMaKCHWHA TIiAXix Jae HaM 3MOTY 3HAlTH Take
pilICHHS, SKE 3aJUIINTHCS ONTHUMAIbHUM HaBiTh 3a
HaWTIpIIOro cueHapiro.

Kpim Ttoro, Ha 3MiHHI Mojemi, sSK Kepywoodi, Tak I
JIOTIOMIXKHI, HEOOXITHO HaKJIacTH OOMEXEHHS, SIKi MalOTh
3a0e3reunTH JIOTPUMAaHHS TIEBHUX TEXHIYHMX i/abo
TEXHOJIOTIYHUX YMOB.

Xoua 11 KOXKHOTO 3MIHHOTO TTapaMeTpa, SIK, HallpuKiIa,
oOcsirn ~ HaBaHTaXEHHA IO  CTaHLIAX,  3aJaHo
IHAMBiyaTbHI MEXi KOJWBaHb, OJHAK MEXKI KOJHBAaHB
TaKOXX MOXYTh OyTH 3aliaHi i JUIsl arperoBaHUX BEIWYMH,
SIK, HaNpHKIAJ, CyMapHe HaBaHTaKCHHS B HETApHOMY
HaATIpsIMKY TOIIO. Taki OOMEXEHHS Uil MOJIETI MOXKHA
3aIMCcaTH SIK

-

n
Y min Has.na, Y max
< P <
muae.nap - mi - mﬂae.nap
n
mZmin < mHae.Hen < mZmaX
Has.Hen — i - Hae8.Hen
i=1
<
) n
Zmin < § :m.eue.nap < mZmaX )
eus.nap i eug.nap
n
> min 8uUB.Hen > max
< <
m@u@.l—ten - mi - meu@.Hen
L i=1
TeaH on o . »
e i — MIHIMaJIbHa TPUBAIICTL 3A1MCHEHHS

BaHT)XHUX OIeparii (y TOMy YHCII MOJABIMHUX, SIKIIO O

CTaHIIii HAAXOJITh HAaBaHTAXXCHI BaroHM) Ha ! -i CTaHIIi.

KpiMm Toro, HeoOXigHO 3a0e3NCUNUTH  BUKOHAHHSI
TEXHOJOTIYHOTO  OOMEXKEHHS  INOJO0  MAaKCHMAJbHOI
KinLKOCTi BaroHiB y CKiIafi 36ipHHx noi3aiB, amke
nop
Z my +Zm RN
p=l g=1
lSN—Z i<N
y N-1 N N
8uUB Hae nop
2mi 2 miy+ 2, my
i=3 i=y p:] q:]
i<y i<N

p<y)(g>y)<m™™,

p2y)(g<y)<

Hae.nap HAae.Hen eues.nap
ne i > 1Y > 114

IIOTOYHI 3HAYEHHS HABAaHTAKCHHS

6UB.Hen
b I -

1 BHBaHTAXCHHI B

MapHOMy 1 HEIapHOMY HampsMKax [0 [-if cranuii

BiMOBIAHO;

m Y min T min Y min Tmin Y max Y max Y max
Hag.nap? " "nag.nen® " eug.nap " "eue.nen " “nag.nap " "nas.wen’ " "sus.nap’

— MaxkcuMajibHI 1 MiHIMaJbHI CyMapHi 3HauCHHS

HaBaHTAKCHHS 1 BUBAHTA)XCHHS B IAPHOMY 1 HETIapHOMY
HarnpsiMKax BiAMOBIIHO.

Kpim Toro, Ha MpoMiXKHIH cTaHIl, 0 € HAHOIMKIOIO JI0
IUTPHAYHOI CTaHINi, Ha AKiH CXOMATHCSA 30ipHI MmMOi3aH,
HEoOXimHO  3a0e3meynTH  MOXKIMBICTH ~ BHKOHAHHS
MTOJIBIMHUX BAaHTAXKHUX OIIEpAIlili i3 BATOHAMH B IHTEpBai
MDK 30ipHUMH TOI3ZaMH, SKi MpuOyIM A0 CTaHuii 3
nepmmM 30ipHUM I0i3/10M Yy 3aBaHTaXKEHOMY (IesKi B
MTOPOXKHBOMY) CTaHi 1 3 SKHUMH HEOOXiTHO TPOBECTH
oreparii po3BaHTAXEHHsS (SKIIO IMOTPIOHO), a TMOTIM
MIOBTOPHOTO HABAaHTAXEHHA IO TPHOYTTS JIPyroro
30ipHOTO MMOi3/1a, A0 SKOTO BOHM OYyAyTh HpHYCIUICHI

1, sxkmo x =0

. (3)

6i0.30
(Ti,x i,—x
KIJIBKICTh BaroHiB y CKJIaJii 10i3/1a, 3 IKUMH BiH BUpYIIa€e
Ha KOXKEH TIEpPeTriH, 3MIHIOETHCS 1 3aJIeKHUTh BiJl 3HAYCHb
Kepyrounx 3MmiHHUX. L[i 0OMEXEeHHS B pamMKax MO
(oKpemMO Uit HEemapHOTO i MapHOTO HampsMKiB) MOXKHA
3aIicaTH SIK

_Tnp 36) > T(faH .On. ’ i
n, Ko x =1

HOPM

Vy=1..N-1,d=1

m"™, ¥Yy=2...N,d=0 @
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IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

ne N — KUIBKICTHb CTaHLIM Ha AUIBHALI BKJIIOYHO 3
NUTEHHYHUMM CTAHI[ISIMU,
YV — napawmerp, mo HaGyBae 3HaueHHS HOMEPIB CTAHILiH

Ha JiumeHMII (yci cTaHmii HMpOHYMEpOBaHI IOCHIJOBHO
BKIIIOYHO 3 JUIBHHYHUMH CTaHIisIMH), TOOTO BiH
mepebupae HOMEpPH CTaHIIN, i3 SKUX 30ipHI TOI3IH
BIJNPABISIIOTECS.  Ha  TEperoHH (it OOYMCIICHHS
KIJIBKOCTI BaroHiB y CKJIafi 1Moi3zia, 3 SKUMH BiH BUpYIIA€e
Ha TepeTiH);

d - HanpsIMOK pyxy no aimsHuni: 0 — mapawmii, 1 —
HEeIapHUii;

Hopm . . . .
m — HOpPMAaTHBHA KUIBKICTh BaroHiB Yy CKJIanl

30ipHOTO MOT3/1a, IPUIHSTA Ha TICBHIHN TUTEHUIL;

nop
p,g — KUIBKICTb IIOPOXKHIX BAaroHIB, IepelaHa 31

craunii P no crammii d B MOPSIAKY PETYITIOBATEHUX

3aXO0JiB 3TiJHO 3 IOTOYHHUM IUTAHOM TICPEMIIICHHS
MOPOXKHIX BaroHiB (SKUH CiiJl IepepaxoByBaTH OKPEMO
SK BKJAIEHYy IMiA3amaqy Tpd KOXHIA 3MiHI 3HA4YeHBb
3MiHHHX MOJIEITI).

PosrnsHemo  nminpHWIIO, HaBeAeHy Ha  puc. 1.
[purryctumo, o 00CATH HAaBAaHTAXCHHS i BHBAHTaXKCHHS
BaroHIB TI0 CTaHINSIX MICIeBOI POOOTH KOJIHBAIOTHCS B
MIEBHUX MEXax 1 TOMY 3a/aHi iHTepBAIGHUMH YUCIAMH
(rabm. 1). VY mepemocTaHHBOMY Ta  OCTaHHBOMY
CTOBITYMKAX HaBeIEHI MIHIMaJIbHI 1 MaKCHMAaJIbHI
3HAYCHHS JJIS1 CYMapHUX BEIIMYHH IHX ITapaMEeTPiB.

Tabmums 1
O0csru MicIieBoi poOOTH Ha CTAHIISIX TITHHHALI

HpOMDK.Hl B C D E mZmianmax
CTaHII1l

HaBaHTAKCHHS B
TIapHOMY
HaINpsIMKY

[0;5] | [0:5] [0:5] [0;5] | 10 | 17

HaBaHTAKCHHS B
HEIapHOMY
HaNpsIMKY

[13;18] [4:9] [[0:5][15;20] 30 | 47

JUIs MaTeMaTHYHHMX pO3paxyHKiB, Taki sk Matlab, He
MICTAT TOTOBMX pilleHb [yl 3amad  pobacTHOI
onTHMi3alii, O0COOJMBO SKIIO Ti MAalOTh JUCKPETHY
TIPUPOLLY, SIK 3aJa4a ONTHMI3allil poOOTH 30ipHHX MOI3IB.
VYpaxoByroun  CKIAagHICTE  3amadi, SK  MEXaHi3M
onTHMi3alil JOIIIBHO B3ATH MaTeMaTHYHHWH amapar
TCHETUYHUX AITOPUTMIB [8].

Po3pobnienHss mpouemypu —ontumizamii Ha  OCHOBI
TeHETHYHUX anropuTMmiB y cepenosuiti MATLAB s
3aja4i  JUCKPETHOI MPHUPOAW €  CKIaJHUM, aje
e(EeKTUBHUM MIXOJOM JO TOMYKY ONTHMAaJIbHUX
pimenb. ['eHeTH4HI anropuTMH, SIKi IMITYIOTH HpPOLECH
MPUPOJHOTO  BIIOOPY 1 €BONIONIl, IalOTh 3MOTY
3HAXOJMUTH pIMIEHHS IS CKIAJHUX KOMOIHATOPHHUX
3aja4, NI TpajuLiiHI METOO MOXYTh OYTH MEHII
epextBHEMU. Y cepemoumi MATLAB 1eit minxin
peaiizoBaHO 4Yepe3 po3pOOJICHHS CIICIiaIbHUX (YHKIIIN,
SKi BH3HAYAIOTh OTNCEpalii CeleKiii, KPOCHHTOBEpPY,
MyTamii Ta OWIHIOBaHHSA TpuiartHocTi. JluckperHa
IpupoJia 3a1ai moTpedye po3poOICHHS Cenialli30BaHIX
OTIepaTopiB, SIKi 3a0e3MedyI0Th TeHepamnito i MoaudiKamito
pillleHb y BIATIOBITHOCTI 3 JOIYCTUMHMH 3HAYCHHSIMH
3MiHHUX. Y TIPOIIECi €BOIIOLIi IMOIMYIIAIS MOTCHIIHHNX
pilICeHb TOCTYNOBO IOKPAIIYETHCS IUIIXOM BiOOpY
HAWOLIBII TMPHUCTOCOBAHWUX IHAWBIIIB, IO Ja€ 3MOTY
JIOCSITTH TIIOOAIFHO ONTHMAIBHOTO PO3B'SI3KY HaBITH 3a
HasIBHOCT] BEJIMKOTO MPOCTOPY MOJIMBHUX BAapiaHTIB.
By1no po3pobieHo crenianbHy Ipolenypy onTuMizanii Ha
OCHOBI TCHETHYHHMX alTOPUTMIB, SIKy peaji30BaHO B
cepenosuii MATLAB. L5 nporeypa 3abe3neuye nmosHe
JIOCHI/DKEHHST ~ NIPOCTOpPY  pilleHb 1 JOTpUMaHHA
HeoOXimHNX oOMexeHb. Ilicast po3poOIeHHS aIropuTMy
OyJl0 TIpOBElEHO MOJEIIOBAHHS 3 BHKOPHUCTAHHSAM
3a3HAUCHHWX BHIIEC BHXITHMX JaHWX, CIpPSIMOBaHE Ha
OLIIHIOBaHHS MIPOJyKTUBHOCTI TIpoueaypu Ta
aJIeKBaTHOCTI pO3pO0JICHOT MOJIEITi.

dinanpHI 3HaYEHHS 00CATIB Mic1ieBoi poO0TH, OTpUMaHi B
pe3yIbTaTi MOJICITIOBAHHS, HABEICHI B Ta0II. 2.

BHUBAHTA)XCHHS B
TIapHOMY
HaNpsIMKY

[0;5] | [0:5] [1:6] [1:6] | 11 | 19

Tabmums 2
O6csru MicrieBoi poOOTH, OTpUMaHi IPU MOJICIIIOBAHHI
TIPOMIXHI CTaHIII{ B C D E )

HaBaHTaKCHHS B
MIapHOMY HaIPSIMKY

5 5 2 5 17

BHUBAHTA)XCHHS B
HEIapHOMY

[0;5] [[13;18][4:9] [1:6] | 25 | 35

HaBaHTaKCHHS B
HETapHOMY HarpsMKy

18 4 5 20 | 47

HaNpsIMKY

[puiiMemMo  TakoX, IO  BEIMYMHA  MiHIMaJIBHOT

N - T@an.on.
TPUBAJIOCT! 3AIMCHEHHS BaHTAKHUX omepamin 4 ;

JUTSL BCIX CTaHIliM JOpiBHIOBAaTHME 5 TOJ, a HOPMAaTHBHA
KUTBKICTh BAaroHiB y CKJaji 30ipHOTO moi3na Ha JUTEHUII
npuitaaTa Ha piBHi 50 Bar.

Tomi mms omrumizamii cpopmoBanoi Mmomem (1) i3
BHKOPHUCTAaHHAM BHXIHUX NaHUX i3 TaOm. 1 HeoOXimHO
pO3pOOUTH ONTUMI3aLifiHy TpPOLENYypy, aMKEe HaBiTh
CydacHi ONTHMIi3aliifHi makeTn, abo HaBiTh CepelOBHILA

BUBAHTa)KCHHS B
MIapHOMY HaIPSIMKY

0 5 6 6 17

BUBAHTAKEHHS B 3 18 | 9 1 | 31
HEMAPHOMY HAMPIMKY
pa3oM HaBaHTaXKEHHS 23 9 7 25 64
pa3oM BUBAHTaKEHHSI 3 23 | 15 7 48
HECTaua MOPOKHIX 20 0 0 18 | 38
BAroHiB
HaUTHIIOK MOPOXKHIX 0 14 | 8 0 |22
BAroHiB

IKC3T, 2024 Ne3
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Kpu

6

Takok ™ dYac ONTHMI3alii BHPINIYIOTH Ii3amady
PO3MOALTY TIOPOXKHIX BaroHiB Ha MiMbHUIN. s oOcATiB

MicCIIeBOi poOoTH (Tabin. 2) med po3MOAT BUMIIAIAE TakK,

SIK HABEJCHO Ha puc. 2.

<pu1a

Bkpn -20

C

Kpu 14

0 kpu 8

fkpu -18

—TTTIP

Puc. 2. Po3noain nmopoXkHixX BaroHiB Juist 3a0e3nedeHHs MicIieBoi podoTn
Ha ninbHALI A-F, 110 BimoBifae onTHMALHOMY BapiaHTy IUIaHy
numeHuni A-F (Tabmn. 2) Oyno po3paxoBaHO aiarpamy

OanaHCy NMPUYCIUICHNX 1 BiTYCIUICHUX BaroHiB (puc. 3).

2)7

+5/0
-0/20
B
+18/90
-3/0

Ha ocHOBi oTpMMaHOrO pO3MOJUTY IOPOXKHIX
a TakoX JaHMX TIIpo J1000Be
HaBaHTAKEHHS 1 BHMBAaHTAXEHHS MICLEBMX BAaroHiB Ha

+5/14
-5/0
C
+4/0
-18/0

+2/6
-6/0

D
+5/2
-9/0

+5/0
-6/16
E
+20/0
-1/2

>+ 23 23 15 25
>+ 23 23 15 25

Puc. 3. [liarpama 6anancy npu4eruIeHNX i BiTYETIIEHUX MICLIEBUX BaroHiB
Ha nimpHAL A-F

Ha ocHoBi orpumanmx  pgiarpam  Oyio
chopMOBaHO JiarpaMy MICHIEBHX BaroHONOTOKIB Ha
ninpauti A-F (puc. 4).

33
123/220 17/16
17 18
17/0  +5/0@ +5/14 12/6  4+2/6 1%?5 +5/0
-9/20 -5/0 -6/0 -6/16
(®) © © ® ®
+18/0 +4/0 +5/2 +20/0
-3/0 -18/90 -9/0 -1/2
31/0 32/0 28/2
31 24 30
46/0 47/0
46 4/7

Puc. 4. [liarpama miclieBUX BarOHOIMOTOKIB Ha AUTHUI A-F
Jus mpoctoTH 1 Hao4yHOCTI 3amponoHoBaHoro Ha ocHOBI mpuitHATOI KinmbKOcTi 30ipHMX MOI3AIB 1
migxoxy Oyino BuOpaHO faHi, sKi mependavaroTh ONHY  JiarpamMH MICIEBHX BaroHOMOTOKIB OYyJIO CTBOPEHO ILIaH-
mapy 30ipHMX TOI3[iB, a TAaKOXX HE pO3NIAAIM  HapsA Ul NMPAaKTUYHOI peanizauii pyxXy 30ipHHX IOi31iB

nepexpecHi cxemu Ta iH. OmHaK ciix po3ymiTH, IO
peanbHI 3ajadl IUTaHyBaHHS MicCLEBOi poOOTH MOXYTb
OyTH HabaraTo CKJIAJHIIINMH.

T10 3aJI3HUYHIA AUTBHUNI (pHC. 5) — cXeMy NepeMilleHHs
MOT3/MiB 1 TXHIX 3yNMHMHOK HAa MPOMDKHUX CTAHINAX IS
MIPOBEICHHS MAaHEBPOBUX OIEpaIliii i3 MPHUYCIUICHHS Ta
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BigueryieHHs BaroHiB. KpiM TOoro, y rmuiaHi-Hapsi
BiZIOOpa)KeHO Yac, BUTPAUCHUH HA 3yIMMHKH HA KOXHIH 31

CTaHIIIN.

16/0 17/16
12/20 12/6
17/e
+5/0 +5/14 +2/6 +5/0
-0/20 -5/0 -6/0 -6/16
® ® © © ® ®
+18/0 +4/0 +5/2 +20/0
-3/0 -18/0 -9/0 -1/2
HemapH —
31/0 46/0
32/0 28/2
47/0
Puc. 5. Ilnan-napsg Ha poboTy 30ipHUX 1MOi311iB
Y Bumanky, sKmo BimOyBaroTbcs omepanii Takoxk y  pe3ynabraTi  onTHMi3amii  Ha  OCHOBI

BIMYCIUICHHS 1 TPHWYCIUICHHS MICICBUX  BaroHis,
BCTaHOBJICHO TPUBAIICTh 3YNMMHOK Ha piBHI 40 XB.
HaTtoMmicTh, y THX BHUNAmKax, KOJHW BUKOHYIOTH JIHIIC
ONIMH BUJ ONepalliid, nepeadavyeHi 3yNHHKH TPHBAIICTIO
25 xB. leit miaxin cipusie eeKTUBHINA KOOPAWHAIIT Yacy
JUTsT BUKOHAHHS MAaHEBPOBUX OImepalriii i 3ade3meuye
Oe3mepebiitHmiA pyX 30ipHUX TOT3/1iB MO AUTHHHUIII.

3 b S 6 7 8
o

B=110162 baz-2a00 |

!
Q!

24 24

c(hOpMOBaHOTO IUIAHY-HAPSAY Ta JaHUX NP0 TPUBAIICTH
PYXy BaHTaXHHX MNOI3IIB 1Mo meperoHax AutbHUII A-F
(puc. 6) Oymo oTpuMaHO poOOACTHWI BapiaHT IUIAHY
opranizanii podotu 30ipHHX NOI3IiB Ha Tpadiky pyxy,
SIKUH BiJIIIOBIZIA€ CXEMi «TISPIIHIA TapHUA 1moi3my» (puc. 6).

24 24

1
v
\
L}
2 % L]
¥ 0/0 5

2 | 2 !
I

Puc. 6. [Tnan poboTu 30ipHUX M0i3/iB Ha MUTEHUII A-F
33 CXEMOI0 «IEPIIUN MapHU MOI31»

Butpatn BaroHo-rogwH, 1O  BIAIOBIAAIOTH
OTPUMAHOMY IUTaHY 32 CXEMOIO «IIePIIUI MapHUA MTOT3/1»,
cranoBmwin BenmuuHy 1101,62. Cruin 3a3HauwnTH, IO
BUTPAaTH BaroHO-TOAWH Ui TaKOTO  3HAHICHOTO
HANCKJIAIHIIIOT0 BUMIAIKy KOMOIHAII{ BUXITHUX JaHUX 32
CXEMOI0 «IIEPIINA HEMapHUH TOi3[», CTAHOBIATH JIHIIC

Ha JCKIJIbKA [ECATKIB BaroHO-TOAMH OlIblIe, HIDK 3a
cXeMol0  «mepmmit  mapHui  moizmy. Kpim  Toro,
po3pobieHa omnTHMIizaliifHa Tponenypa Oyna cTBOpeHa
Tak, [0 BOHa MOTIJa  BIiJCTIAKOBYBaTH  IEBHI
eKCTpeMaJIbHi BHIIAJIKH, y SAKHAX BapTICTh
HEONTHMAJILHOTO caMe JUIsS TMOTOYHOI KOMOiHaMii JaHux
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pimenns Oyna HaaTo BUcOko. OTke, OyiaM BUSBICHI
Taki KOMOIiHAIlii JaHWX, PI3HUIS BHUTPAT BaroHO-TOJUH
JUId SIKAX 3aJI€XKHO Bl BUOpAaHOI CXEMH IPOKJIAJaHHA
30ipHUX TOi3/1iB MOTJIa CTAHOBUTH HAaBITh I'SITHKPATHY
BeNMYMHY. Y OLIBLIOCTI TAKMX BUMAJKIB caMe OTpHMaHa

32 JIONOMOTOI0  ONTHUMi3aliffHOI Tmpouexypu cxema
BUSIBJISUIACH ONITUMAIBHOIO.
OTxe, OTpuMaHi  pe3ylbTaTh  IOKa3ajH

HaJiAHICTh 1 €(EKTUBHICTH 3alpOINOHOBAHOTO MiIXOXY,
HaJaBIIA IiHHI JaHl Ui BH3HAYEHHS OITHMAJIBLHOTO
pileHHs 3a1ayi.

BucHoBkn

Byno posrisiHyTo 1pobieMy  yIOCKOHAJICHHS

TEXHOJOTIi  YNpaBIiHHA  MiCLEBOIO  poOOTOI0  Ha
3TI3HAYHUX JUIBHHMIMX 33 YMOB HEBH3HAYEHOCTI.
3ampornoHoBaHUK miaxix ©a30BaHMI Ha 3aCTOCYBaHHI
pobacTHOI onTHMi3amii, OO0 Hae 3MOry 3a0e3NneunTH
CTIMKICTP 1 HaAAIWHICTH pIOICHp 3a MIHIUBHX 1
Herepen0adyBaHUX YMOB. Y pe3yibTaTi HPOBEACHUX
JIOCIIKEHb OyJI0 po3po0IIeHo nporerypy onTumMisamii Ha
OCHOBI ~ BHUKOPHCTaHHS  MaTeMaTHYHOTO  amapara
TEHETHYHOTO AITOPUTMY, 32 JAOIIOMOTOIO SIKOi e()eKTHBHO
3HAXOJMTh ONTHMAJbHI IUIAHH POOOTH s 30IpHUX
noizaiB. MozenroBaHHs MOKa3ajo, IO 3aIpOIIOHOBAHHUN
METOJ{ 3MEHIIIy€ KUIBKICTh KOpPEryBaHb IUIaHIB IiJ Yac iX
peamizarii, IO CIpHUSAE MiJBUIICHHIO e()EKTUBHOCTI Ta
3MEHILICHHIO EeKCIUTyaTalliifHnX BHUTpaT. BukopucraHss
pobacTHOI onTHMI3alii y mpoleci ITaHyBaHHS MiCIIEBOL
pobotn 3abesmedye OimbIl TOYHE 1 aJalTHBHE
YIpaBIiHHA, IO BPaxOBYE peajibHi YMOBH pPOOOTH Ha
3aMi3HUYHUX  JUITHKaX 1 Ja€e  3MOTY  JIOCSITTH
ONTHUMAIBHOTO pe3ylbTaTy HaBiTh 3a yMOB 3HAYHOI
HEBH3HAYEHOCTI.
Po3pobnennit MeTox ontuMizarii maHy poOoTH 30ipHUX
Moi3aiB Ha OCHOBI pobacTHOi omnTuMi3alii BpaxoBye
MIHJIMBHH XapakTep HapaMeTpiB MicueBoi poboTH, o
Jla€ 3MOTY 3HA4YHO MIJBHIIMTH CTIMKICTh NPUHHATHX
pillleHb, 3MEHIIWTH KIJIbKICTh KOpEeryBaHb IUIaHy Ta
3HU3UTHU eKCIUTyaTaliiiHi BuTpaTy. Po3pobieni miaxoan €
e(eKTUBHUM IHCTPYMEHTOM ULt MOKpAaIICHHS
IUTaHyBaHHS MiclieBoi poOoTu Ha 3ami3HuIsX. OnHak 3a
HasIBHOCTI CTaTHCTHYHMX JIAHWX PO KOJMBAaHHS OOCSTIB
MICIICBOi POOOTH Ha CTAHISAX U 3HAXOMKCHHS OLTBIT
TOYHOTO PINICHHS JOLUUIBHO YCKJIQJAHUTH MOJENb 1
3aCTOCYBATH IMiXiJ, HAITPUKIAJ, CTOXaCTUIHOI poOacTHOI
onTUMI3alii, a/pke 3 TOTJISAYy MaTeMaTHKH Taka 3a/1ada
(dakTHYHO € 33JaYel0  IOUIyKy  cTparerii, ska
OaratopazoBo OyJie 3aCTOCOBaHA JO Pi3HUX KOMOIHAIiH
JTaHHX.
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Parkhomenko L. O., Prokhorov V. M., Kalashnikova
T. Yu. Enhancing the Technology of Local Operations
Management for Railway Sections under Uncertainty
Based on Robust Optimization.

The paper explores the enhancement of local operations
management technology for railway sections under
uncertainty, which is crucial for improving the efficiency
of freight transportation. Current planning methods often
rely on average daily data and do not account for
fluctuations. Consequently, the effectiveness of local
operations management can be significantly reduced due
to inadequate consideration of transportation dynamics.
The goal of the paper is to develop a new methodology
for planning the operation of consolidated trains
considering uncertainties, which will improve planning
accuracy and reliability. To achieve this, robust
optimization is proposed, which ensures solution stability
against changing conditions through the application of the
minimax principle. This approach allows for the creation
of reliable plans that function effectively even in the face
of significant deviations from expected conditions.

The paper analyzes the results of modeling conducted
using a developed optimization procedure based on
genetic algorithms, implemented in the MATLAB
environment. The modeling confirmed the effectiveness
of the proposed approach.

At the same time, the study results indicate that to achieve
even greater outcomes, it is advisable to consider
statistical data on fluctuations in local operations volumes
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at stations. Therefore, it is suggested to integrate
stochastic robust optimization, which better accounts for
variations in transportation volumes and provides more
accurate solutions. This could significantly enhance
planning efficiency, reduce costs, and improve the overall
effectiveness of railway transportation management.

Thus, the proposed methods open new opportunities for
refining local operations management technologies on
railways, providing more reliable and cost-effective
solutions under uncertainty.

Keywords: local operations, uncertainty, planning of
local train operations, robust optimization
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KAJIFOTA 1O. B., acmipa#T,
AHAHBEBA O. M., a.1.1H., mpodecop

DOI: 10.18664/1kszt.v2913.313601

(YkpaiHnchkuil nep>KaBHUN YHIBEPCUTET 3aT13HUYHOTO TPAHCIIOPTY)

AHAJITHYHUHA OTJIS] CACTEM 3AJI3HUYHOI ABTOMATHKH

Y emammi poszensnymo cucmemu 3ani3HUYHOI a8MOMAMuUKU 3a IXHbOW eleMeHmMHOK 06a301. 3anponoHO8aHo
iEpapxiuny cmpyKmypy, 3aCHO8AHY HA MemoOi anaunizy iepapxiu, 0ns ubopy muny cucmemu O1s 6NPOBAONCEHHS.
Tlposedeno y3azanvrenuii ananiz subopy 0oyiibHocmi 6npoeaddicents cucmem. Ha ocrnosi ananizy eusnaueno HeoOXioHi

KPOKU ~ pO3BUMKY CUCMEM  3aLI3HUYHOL

asmomamuKxu,

cepe() SKUX  nepuiodepeosum  HANPAMOM  6USHAYEHO

diacHocmygaHHs pelikogux Kin. [looano Oesxi He3HauHi npono3uyii 0k 00CKOHANEHHS CUCTEM.
Knrouosi cnosa: mixponpoyecopui cucmemu, MIKponpoyecopra oucnemuepcvka yenmpanizayis (ML),
niocucmema mexuiunoeo diaenocmysannus (IICT]]), peiikoge koo, Memoo ananizy iepapxiil.

Beryn

PosBurok 3anizHn4HOi aBTOMaTHKH (3A) HpU3BIB
JI0 CTBOPEHHSI PI3HUX THIIIB CHCTEM 3a EJIEMEHTHOIO
6a3o0r0. JI0 TakMX THITIB HaJeKaTh PEJICiHI, €JIeKTPOHHO-

peneiiHi  (HampWKJIQZA  CHCTEMH  AWCHETYEPCHKOL
nentpamzanii  «Hea»),  peneiHo-TiponecopHi  Ta
MIKpOIIPOIIECOpHI  cucTeMu. UYepe3 1  pi3HOMAHITTS

TOCIIO/IapCTBY CUTHaJI3alii Ta 3B’S3Ky BaXKKO BHOpatu
THII JUTS BIIPOBAPKEHHS, OCKUIBKH KOKEH 13 HUX Ma€ CBOi
repeBary Ta HeJIOTiKH.

ToMmy aKTyaJdpbHHUM 3aBAAHHAM € IPOBEICHHS
MOPIBHSUIBHOTO aHAJi3y PI3HMX THIIB 3a €JIEMEHTHOIO
0a3010 BITYM3HSHHX CHCTEM 13 METOI0 OILIHIOBaHHS
JIOUUTBHOCTI  iX ~ BOPOBa/DKEHHS  Ta  BHSBJICHHA
MOXJIMBOCTEH JUISl BJIOCKOHAJICHHSL.

AHauni3 gocaiakensb i myoaikaunii

Amnanizytoun pkepena  iHdopmamii, y  SKHX
PO3TIITHYTO ~ MIKPOTIPOIIECOPHI  CUCTEMH  3aJIi3HUYHOL
aBTOMATHKH, 30kpema [1-15], MOXKHA BUIITUTH Taki ixHi
TiepeBaru:

1) posmmpeHHs QYHKUIHHUX MOXIMBOCTEH IS
rOCIIO/IapCTBA TIEPEBE3CHD;

2) apxiBaris cTaHy IPUCTPOIB, MOI3HOI CUTYyalii
Ta Jiil IepCOHAIy B «9OPHY CKPHHBKY»;

3) BiZHOCHA MPOCTOTA 3MiH MPH PEKOHCTPYKIIT
KOJIITHOTO PO3BUTKY;

4)  migBUICHHS O€3BIIMOBHOCTI;

5) HasABHICTH TEXHIYHOTO IiarHOCTYBaHHS;

6) TpocToTa YB’SI3KH 3 IHIIMMH IIPUCTPOSIMH Ta
00’€KTaMy BUIIOTO PiBHS;

7) 3Ha4YHE 3MEHIIECHHS KUIBKOCTI pelte;

8)  3meHmenns miomi mocra ELT;

9) 3MeHIIEHHS dYacy Ha  OOCIyroByBaHHS
MIOCTOBUX IPHUCTPOIB;

10) 3MeHIIEHHS BWTpaT dYacy Ha OICpaTHBHE
BUSIBJICHHS 1 YCYHEHHSI ITOIIKO>KEHbB;

OTAWIYK JI. A, AHAHBEBA O. M 2024

11) 3MeHmIeHHs 0O0CSITy MOHT&KHHMX PpOOIT.Y
JiTepaTypi 3a3BUYail PO3TIAJAIOTH NMPHUHIMIN MOOYI0BH
MIKpOIIPOIIECOPHUX CHCTEM, MpPOTE HE 3ragyloTh IO
HENIOJIKH, SIKi BUHHUKAIOTh NPH iX 3actocyBaHHI. Tomy
CJIiJ] OTIMCATH HEAOJIIKM MIKPOIPOLIECOPHUX CUCTEM:

1) HeoOXimHiCTH JIOBEJICHHS GyHKIIHHOT
0E3MEYHOCTI Ta HAJIHHOCTI;

2) 3HAYHO TEXHOJIOTIYHO CKJaJHima 1moOynoBa
MPUCTPOIB  (BUKOPUCTAHHS  3aKPUTHUX  POTPaMHO-
anapatHux komiuiekcis (ITAK));

3)  MeHIIa 3aBafOCTIHKICTh MPHCTPOIB;

4) Oinbma BapTICTh BIIPOBAIXKCHHS
MIKpOIIPOIIECOPHHUX TIPUCTPOIiB y PO3paxyHKy Ha OIWH
00'eKT KepyBaHHsI Ta KOHTPOJIIO;

5) MOXIHBICTH 3aBUCAHHS Ta
aBTOMaTHU30BaHUX pobounx micts (APM);

6) HeoOXiTHICTH OLIBII BUCOKOKBaJIi()iKOBAHOTO
TIepCoHaIy;

7) npuB's3aHICTh 10 BHUPOOHHMKAa CHCTEMH, a
came TporpaMHoOi Ta eIeMEHTHOT 0a3;

8) HeoOXimHICTb BHTpAT KOIITIB Ha CEpBiCHE
00CITyrOByBaHHSI CTOPOHHIMH OpraHi3allisiMH;

9) mBHIKE MOpaJbHE CTapiHHA EJIICKTPOHHHUX
KOMITOHEHTIB (4Yepe3 MeBHHH dYac JesKi KOMIIOHEHTH
MOXYTb IlepectaTty OyTH JOCTYITHUMH Ha PUHKY);

10) HEMOXJIHMBICTH CTBOPEHHS OE3MOMHIIKOBOTO
MIPOTPaMHOTO 3a0e31eUeHHS;

11) BHCOKI BUMOTIH JI0 SIKOCTI €JI€KTPOKUBIICHHS;

12) migBummieHi  BHMOTH 1O  KIIMaTUYHUX
YUHHHUKIB.

3001B

IlopiBHsIHHA cHCTeM

Bynp-sika cucrema 3A BUKOHYE BCi HEOOXiTHI
¢ynkuii sriggo 3 IITE Ta iHDIMMH HOpMaTHBHHMH
nokymenTamu [17-20], Tomy BuOip enemeHTHOI 6a3n Juis
CHCTEMH 3aJ1i3HUYHOI aBTOMATHKN HE € OYEBUIHUM.
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Y 3B'1I3ky 3 pI3HOMAHITTAM HasBHUX
CHCTeM 1 CKJIQJHICTIO BHOOpY HEOOXiJHO MPOBECTH
JOKIIQJHUAN aHami3 1 mopiBHAHHA. [lOpiBHSHHS CItiJ
MPOBECTH 11 OCHOBHHMX CHCTEM 3A: eIeKTpUYHOi
HeHTpati3amii (ELD), aBTOOJIOKYBaHHS (AB),
aBTOMaTHyHOI nepeiznoi curnamizauii (AIIC) i ripkoBoi
aBroMaTnyHOi meHTpamizanii (CAL), mpu mpomy He
PO3IIISIOUN ix. Sk aNbTepHATUBH CIti
BUKOPHCTOBYBATH TaKi TUIIH CHCTEM:

1. Peneiina cucrema.

2. Peneiino-nponecopra cucrema (PII cucrema).

3. Mikpormporecopra cuctema (MII cucrema).

4. PemeitHa cucremMa 3 MiKpOIIPOIECOPHOIO
JUCTIETYePCHKOI0 TeHTpaizamiero (MJILT).

VY npoMy BUNAAKy CIliJi BUKOPHCTOBYBAaTH METOJ
aHamizy iepapxii (MAI) [27], ockinbku BiH mae 3Mory
BpaxyBarn OaratodakTopHi KpuTepii BuOOpy 3a
BIJICYTHOCTI O0’€KTHBHUX JaHUX 1 Ma€ psa IepeBar,
onucanux y po6oti [28].

Bukopucranns Takoi albTEpHATHBHU, SIK
peneitna cucrema 3 M/, € 00OB’S3KOBHM, OCKUTBKH
BrpoBamkeHHss MJIL] oxommoe psiig mepemar, sKi € B

TOCIIOJIApCTBA TICPEBE3CHb, HAABHICTh apxiBarmii Ta
TEXHIYHOTO JiarHOCTYBaHHS, OIEPAaTHBHE BHSBICHHS U
ycyHeHHs nomkoprkerb. M/ILL moTpiOHO BpaxoByBaTH SIK
CKJIaZIOBY OCHOBHHUX CHCTEM i HE BPaXxOBYBATH i BUCOKHH

piBeHb  (OKpiM  pPO3MMPEHHS  MOXIMBOCTEH  JUIA
TOCIIOJIAPCTBA MIEPEBE3CHB ).
lepapxiuna  cTtpykTypa  BuUOOpY  cHCTeMH

3ai3HUYHOI aBTOMATWKH 300paxkeHa Ha puc. 1 (3
pO3paxOBaHWMH  BaroBUMH  KpUTEpisIMH,  MaTpHIi
TMIOTIApHUX MTOPIBHSAHB HE HABEJICHI).

Kpurepiii «0e3BiAMOBHICTH 1 TOTOBHICTBY
BIUIMBAa€ Ha OE3MEeYHICTh, TOMY BIH pPO3AIICHUHN 1
JIOJIATKOBO  BKJIIOYEHHH /10 TONApHHUX IOPIBHAHL 3a
KpuTepieM «Oe3neunictey. [Ipn BigMoBax pyx moi3ziB He
npunuaseTsest [17, 20], 1 «geproBuii 1Mo cranuii NOBUHEH

npuiiMaT  Ta BIANPABIATH TMO3MM 1 NPOBOIUTH
MaHEBPOBI NEpEeMIlIeHHs, 3a0e3Meuyloul IepeBipKy
BIIBHOCTI  KOJii, CTPUIOK 1 TOTyBaHHS MapUIpyTy
MOPSIIKOM, TependadeHNM Ui TakuX BHIIAIKIB Y

TeXHIYHO-po3nopsirdoMy akTi cranuii» [20]. [Ipu npomy
BHKOHAHHS JTFOJJMHOI0 TaKWX BUMOT HE TapaHTOBaHO, Ha
BIIMIHY BiJl CHCTEMH 3aJi3HUYHOI aBTOMATHKH, TOMY

Mikpomporiecopaux cucremax EIl, ABb Ta AIIC: 0e3BiAMOBHICTh 3a 3aXHCHMM CTaHOM Ma€ BIUIUB Ha
301IBIICHHS ¢$yHKIITHIX MOKJIMBOCTEN Uil Oe3reKy depes «JIFOJCHKUNA (haKTopy.
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IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

AHaJi3 a1bTePHATHB 32 KpUTEPiAMHU

BukopucranHs MiKpOEJIEKTPOHHOI €JIeMEHTHOL
0a3u CTBOpIOE TPOOJIEeMH IXHBOI HAIIHOCTI, OCKUIBKH
IMOBIpHICTh HeOe31eYHOol BiIMOBM € Habarato OiIBIIOIO,
HDK HEpO3MHKaHHS (PPOHTOBOTO 1 3araJikHOr0 KOHTAaKTY
pene TepuIoro Kjacy HaIiHHOCTI (Hampukian HpoOii
TpaH3UCTOpa, XMOHA TeHeparis JorigHux «1» ado «0»,
rapamMeTpuyHi 3MiHM; a Uil YepBOHOTO BOTHIO OOpHB
TpaH3UCTOpa YM IHIIOTO eeMEHTa MOXKE IPHU3BECTH [0
HeOe3neynoi BinxMoBu). He wMenmoro mpobiemoro €
HU3bKa 3aBaJOCTIHKICTh TAaKWX EJEMEHTIB, 3yMOBJICHA
(axTopamu, ormcaHuMu B podorti [16, c. 188-190]. IIpu
[OMY BIUIMB 3aBaj] (0COOJHMBO BHCOKOCHEPI€THYHHX)
MOXE HE JIMIIe CIPUYMHUTH pPanToOBY BIIMOBY, a H
3HAYHO TIJBUIINTH CTapiHHA Ta IMOBIPHICTh ITOSBH
HeOe3MeYHnX BiJMOB eJeMeHTiB. ToMmy 3 TOIIsLy
KpuTepiiB | 1 2 cucTeMu 3 pereidHoI0 eIeMEHTHOI0 0a3010
MaroTh OYEBUAHY IIepeBary.

Bukopucranns nporpamHoro 3abesneueHus (I13)
MOXE CTAHOBUTH HeOe3leKy uepe3 HOro MOXIIUBY
HeIOCKOHANICTh. Yepe3 1e, 3a BHMOTaMH CTaHIApPTY
JCTY EN 50128:2022 [25], mependadeHO BUKOPUCTAHHS
pI3HMX MPOTrpaMHHMX 3ac00iB ISl KOXKHOTO KaHay
pe3epByBaHHS. Y  peleHHuX, pPeNeHHO-IIPOLECOPHUX
cucteMax 1 MIKpPOIPOLECOPHI  JucHeT4epchbKil
nenrpamizauii  II3  BincyrHe abo mpakTHYHO HE
BUKOPHCTAaHO B 4YacTWHI 3a0e3meyeHHs Oe3mekw, 3a
BUHATKOM BIJIOBiIQIbHUX KOMaHJI, IO € IXHBOIO
TIepeBarolo 3a Kpurepiem 4.

EnexTpoXuBIeHHS MOXE CTaHOBUTH HEOE3IEKY
32 BIJCYTHOCTI HaIllpyrd, IO MOXE TIPHU3BECTH [0
MOTEHIIIMHUX aBapiiHUX CHUTYAIIiH, HATIPUKIIA]T
BIZICYTHICTb TOPiHHSI Y€PBOHOT'O BOTHIO CBiTIIO(hOpa (KOIn
BBIMKHEHO 3a00pOHHE TIIOKa3aHHS) ab0 HEOIyCKaHHs
nutaroéayMiB. OCKUIBKH BHMOTH JIO0 €JIEKTPOXKMBIICHHS B
cucremMax Ha 0a3i MIKpPOEJIEKTPOHIKH € OUIBII CYyBOPHUMH,

pereiiHi  cucTeMH MAalOTh HEBEIHKY IepeBary 3a
KpHUTEpIieEM 5.

BukopuctanHs ~ MIKpPONPOIIECOPHOI  TEXHIKH
mependayae  HArpiBaHHS 110  BIJHOCHO  BHCOKHX

TeMmepaTryp. SKIo He IOTpUMYyBAaTHCS KIIMATHIHHX
BHMOT, [I¢ MOKE TPU3BECTH JO TEPETPIBY CICKTPOHHUX
KOMIIOHEHTIB, iX 3aropsHHS Ta MMONATBIIOTO 3aMHUKAHHSI
MPOBITHUX JIOPIKOK, IO MOXE CTaTH MPUYIUHOIO
HeOe3neyHoi  BixMoBH. Y peleHHHMX  cHCTEMax
IMOBIpHICTh TaKUX MOJiii MEHIIA, IO HAJA€ IM IepeBary
3a KpuTepiem 6.

Jnst 3a0e3neueHHs HEOOXI1THOTO piBHS
¢ynkuiinoi  6esmexku  (PB) y  MikpompouecopHuX
CHCTEMaxX BIATOBIAHO A0 BHMOT poliT [22-26]
BUKOPHCTOBYIOTh ~ 0COONMBY  TOOyIOBY  iXHBOTO

IIporpaMHO-anapaTHoro Komiuiekcy. Ha BimMmiHy Bin
pelleHHIX CHCTeM, Je¢ BUKOpPHCTaHA Oe3levHa moOyaoBa
3a OJHOKAHATBHOIO CTPYKTyporo, y MII cucremax
HEOOXiHE BUKOPUCTAHHS PE3CPBYBAHHS, CIICMCHTIB
3aBaJIOCTIMKOCTI Ta MiJCHUCTEM JiarHOCTYBaHHS JUIS
BUSBIICHHS TICPEIBIIMOBHUX 1 BIIMOBHHX HEOC3IICYHHUX

craniB. Lle nae 3mMory nocsruyty HeooOxinHoro piBHs Db.
JletayibHO TIPO TMPHHIMIHU 1TOOYJOBH OE3MEYHHUX CHCTEM
ommucano B poboti [16]. Hebesneky BincyTHOCTI
KHBJICHHS 9aCTKOBO ITOJIOIAHO CXEMHHMMH DILIEHHSIMH SIK
y peneitanx, Tak 1 MII cucremax, HampUKiIaL
3aCTOCYBaHHSI TIEPEHECEHHS YEPBOHOTO BOTHIO, OLIOTO
BOTHIO Ha JIOPOXHBOMY TIepei3HOMy  CBiTIO(OPI,
3aCTOCyBaHHS IHUIarOaymiB, sIKi 3aKpWUBArOTBCS  IMiJ
BJIACHOIO Baroro.

OTtxe, 3a kpurepieM 3 mepeBara Ha Oomi MII
cucrem. OntHaK, KOJIM MTOPIBHIOEMO 3arajibHUl piBeHb OB,
Y MIKPOIPOLIECOPHUX CHUCTEMaxX MOXYTh BHHUKHYTH
npoOiemMu, Taki SK HENpaBWIbHUM pPO3paxyHOK il
¢yHKIiHOT  O€3MeKW,  HEMOXJIMBICTH  ITOBHICTIO
KOMIIGHCYBaTH  BIUIMB  yCiX  3aBajg  (0cOOJMBO
BHUCOKOCGHEPI€THYHMX) 1 HAsBHICTb  HEHONIKIB Y
mporpaMHOMY 3a0e3meucHHi. OTke, 3a KpUTEpiEM
«be3neynicTe» peneitni Ta PII cucremm MoXyTh Matu
MOTCHLIHY  HE3Ha4yHy  IepeBary  IOpiBHSIHO 3
MIKpOIPOIIECOPHUMH CUCTEMAMH.

Crin ypaxyBard, IO B pelIeHHO-TIPOIIECOPHUX

cucteMax 1 MIKpPOIPOLECOPHI  JucHeT4epchbKii
LHeHTpamizamii  (JKmo  3aificHeHO  KepyBaHHA 3
LEHTPAIbHOTO  II0CTa) HAa  NPOTPaMHOMY  DiBHI

HepeBipﬂ}OTb YMOBU 6€3H€KI/I, 10 CTBOPIOE€ HEBCIIUKY

mepeBary HOpPIBHSHO 31 3BHYAHUMH  peJeHHUMHU
CHCTEMaMH.
Skmo mopiBHATH i caMi KpUTepii mI0Ao

HMOBIPHOCTI BUHUKHEHHS 3aXHUCHOI BiIMOBH, TO II€peBara
peneHUX CHCTEM CTa€ IIie OUIBII OYEeBUAHOIO.

IMOBipHICTF BWHHKHEHHS 3aXWCHOI BiIMOBH
CJIEMEHTIB ~ HaNUIBHUX  INPUCTPOiB  (Kpurepiit  7)
3aJIMIIAETHCS OJJHAKOBOIO B OyIIb-SIKOMY THIIl CHCTEMH,
OCKUTbKHM HamilbHe oOnamHaHHA He3MiHHe. OnHAK y
MIOCTOBUX HPHUCTPOSIX IMOBIPHICTH BUHUKHEHHS 3aXHCHOI
BIIMOBH  eleMeHTiB  (kpurepii 8) Buma B
MIKpOIIPOIIECOPHHUX 1 PpENeHHO-IPOLIECOPHUX CHUCTEMAx
Yyepe3 BUKOPHUCTAHHS MIKPOEIEKTPOHHUX KOMIIOHEHTIB.
Ile wHaBiTP 3 ypaxyBaHHSM TOro, IO HMOBIpHICTH
HECIIpaIfOBaHHS pelie MeplIoro Kiacy HamiiHOCTI Ha
KiTbKa TOPSAAKIB Oinblla, HDK IS HEPO3MHUKAHHSI
(pOHTOBOTO 1 3arajJpbHOrO KOHTAaKTy. AHAJIOTIUHY
CUTYyaIlil0 MOXXHa CIIOCTEpIraTH 3i CTIMKICTIO JO 3aBaj
(xputepiit 9), BUMOramMu 11010 XHUBJIECHHS (kputepiit 11) 1
BIUTMBOM KJIIMaTUYHUX YUHHUKIB (KpHTepiit 13).

IIpy 1©pOoMy B  peseHiHO-TIPOLIECOPHUX 1
MIKpOIIPOIIECOPHUX ~CHCTEMax YK€ UITKO BHPaXEHi
HEIONIKH TporpaMHOro 3abesmedeHHs (kpurtepii 10),
ocobmBo B APMax (mynkt 5 nHemousikiB MII cucrem).
Kpim  Toro, crBopeHHs  Oe3nmeyHOi  CTPYKTypHu
MIKpOIIPOILIECOPHOT CHUCTEMH TIPU3BOJIUTH JI0
YCKJIQJIHEHHSI POrPaMHO-aIlapaTHOTO KOMIUIEKCY, IO
TaKOX 30LTbIIye WMOBIPHICTH BHHHMKHEHHS 3aXHCHHX
BiZIMOB (KpuTepiii 12).

OTxe, SKIIO 3a KpUTEepieM «Oe3MeuHICTHY
HENOJIKM BUKOPHUCTAHHS MIKPOEIEKTPOHHOI TEXHIKH
BIUIMBAIOTh Ha MIKPOIPOLECOPHI CHCTEMH, TO 3a
KPHUTEPIEM «IMOBIPHOCTI BUHMKHEHHS 3aXHCHHX BiJIMOB)
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el BIUIMB yXKE CIIOCTEPIraloTh 1 Ha pelciHo-
MIPOIICCOPHUX CHCTEMAX.

Ane B CydYaCHHX CHCTEMaxX BIIPOBaKCHO
TEXHIYHE JIaTHOCTYBaHHSA, M0 IiJBHUINY€E ITOKa3HUK
0e3BiIMOBHOCTI. Y  MIKpONPOILECOPHUX  CHCTEMax
MIarHOCTYBaHHA  ITIOCTOBUX  TPUCTPOIB  KOMIICHCYE

3HIKEHUH TTOKa3HUK IMOBIPHOCTI BUHHUKHEHHS 3aXHMCHOI
BiMOBH. TexHIUHE MiarHOCTYBaHHS IIOCTOBOI YaCTHHH B
MII cucremax BUSIBISIE TIEpEABIIMOBHHMH CTaH 1 Mae
Ha/[3BUYAafHO BHCOKWH IIOKa3HWK BUSIBJICHHS BiIMOB
(xputepii 15, 17). V peneiHO-IIPOLIECOPHUX CHUCTEMAx

JIarHOCTYBaHHS [EPEBAXKHO 3IIIHCHIOBAaHO JUTSt
npouecopHoi yactuau. ono peneiinoi yactunu B PIT
cucreMax 1 peneiiHux cumcremax 3 MJII, TO

JliarHOCTyBaHHS BiJJOyBa€TbCS B OOMEXEHOMY 00Cs31 Ta
BUKOHYBAHO TIOOIYHUM METO/IOM.

JliarHocTyBaHHS HaIBHUX MPHUCTPOIB (KpUTepil
14, 16) 3a3Bnyaii BUKOHYIOTh NIISIXOM BHUMIpIOBaHHS
IXHIX BXiJHHX 1 BUXIJTHUX [TapaMeTpiB, TaKUX SK HANpyra
1 CTpyM, a TaKOX BIAJAJICHOTO NEperysiay CTaHy
JUCKPETHUX MPUCTPOIB (HANIPUKIAL Yy CHUTHAIBHIN

ycraHoBii). lle 1ae 3MOry HaBYEHOMY IE€pCOHAITY
ONEpaTHMBHO  OTPUMYBaTH HeOOXigHy  iH(opMaIlliio,
BKJIIOUAIOYM MOMJIMBICTH TIEperisiay apxiBy. Takuid
MiAXi 70 JiarHOCTYBaHHS  BOPOBAKCHO K Yy

MIKpONIPOIIECOPHHUX, TaKk 1  peseHHO-TIPOLECOPHUX
CHCTEMaX, a TaKOXX peali30BaHO y BITUM3HSHIN cHCTEMi
MIKpOMpOIIECOpHOI ucneTdepebkoi nenTpamzamii MJL-
V.

TexHiyHe  JIarHOCTYBaHHA €  BaKIUBUM
acIIeKTOM, IO CHpHs€ 3MEHIICHHIO Yacy Ha TEXHIYHEe
obciyroByBanHs mnpuctpoiB CHb (kpurepii 18, 19).
3aBsIKH SIKICHOMY JiarHOCTYBaHHIO B
MIKpOIIPOIIECOPHUX CHCTEMax 3HAYHO 3MEHIIYETHCS dac,
HEeoOXiHMI Ha 0OCITyroByBaHHS IOCTOBUX IMPUCTPOIB, Y
cucremax PIT i M/IL] me#i moka3HUK 3MCHINICHHS Yacy HE
€ BHCOKMM. HasBHICTP JiarHOCTYBaHHS HAaNIbHUX
MIPUCTPOIB CYTTEBO HE BIUIMBAE Ha CKOPOYEHHS dYacy ix
00CITyroByBaHH.

[Tpore 36inbIICHHS Yacy HAa YCYHEHHS BiIMOB y
cHUCTeMaXx Ha MIKPOEJIEKTPOHHIN eneMeHTHil  0asi
MOXIIMBE dYepe3 TaKWi HEJOMIK, SK 3aJeXKHICTh BiX
BUPOOHMKA CUCTEMH 3aTi3HWYHOI aBTOMAaTuKU. HaBueHuit
MepcoHal TOCIIONApCTBa CHUTHAMI3ALil 1 3B’SI3Ky He
3aBXKIM 3[aTHUH CaMOCTIHHO YCYHYTH BCi HECHPaBHOCTI
(xputepiii 20), K e MOXIMBO B pEJICHHHX CHCTEMax,
TOMy 4Yac Ha YCYHEHHS BIAMOB (HampuKiajg y
MporpaMHOMY  3a0e3lcUcHHI) MOXe OyTH  JOCHUTH
TpuBanuM. KpiM TOro, 4epe3 HENMOIIMPEHICTh IEBHOI
CHUCTEMHM B AWCTAHIl CHTHami3amii i 3B’S3Ky BHHHKAe
neimuT eneMeHTiB CcHUCTeMH B OOMiHHOMY (oHi
(xputepiit 21), 110 MOKEe COPUYUHNATH 3aTPUMKH TIOI3/1B.

3actocyBanHss APMiB  gemo  po3MIHMPHIO
(YHKIIHHI MOXIHMBOCTI Ul TOCIIOJAPCTBA IEPEBE3CHb
(xputepii  22). OpmHak  Taka  mepeBara Ui

MIKpOIIPOIIECOPHUX 1 PEJICHHO-NPOLIECOPHUX CUCTEM €
MOTCHIIIHOI0, a HE PealbHOI0. 3allUTaBIIN MPAI[iBHAKIB
TOCIIO/IapCTBA IIE€PEBE3CHb, SIKUHM CIIOCIO BCTAHOBIICHHS
MapHIpyTiB € KpamyM: y TpaJuLlidiHAX CHUCTEMax 4

MIKpOIIPOIIECOPHUX ~ CHUCTEMax, BIJMNOBiAb € Maibke
OTHOCTAalHOIO:  TPaAMIIHHUA  CIOCI0  BCTAHOBIICHHS
MapmipyTiB € KpammuMm, TOoOTO TepeBara Ha Oori

MapHIpyTHOTO Ha0Opy 3a JIONOMOIOI0 KHOIIOK ITyJIbTa

MaHimysnstopa. lle MoOXXHAa TOSCHHTH  Tak, IIO

BukoprcTanHs B APMax BuOopy MapimpyTy 3i CIIUCKY

abo BUOOpY Kareropii MapupyTy, caMOCTiiHE BBEICHHS

JIAaHUX IIPO XapaKTEPHCTHKY PyXOMOTo CKIaay 30iiblrye

KIJIBKICTB JIi#, IKi TOTPiOHO BUKOHATH, IO y CBOIO YEpry

Oinpllle  HaBaHTAXyE JIOJACHKMH MO30K. (OdveBuaHa

mepeBara 3a kputepiem 22 € B MLl depe3 HasBHICTBH

PEKUMY «aBTOIHMCHETIEPAY.

Jus  cucrem i3 BukopucranHsM ~ APMis
HEOOXiMHO po3mmpioBaTH  (DYHKLIHHI ~ MOMIJIMBOCTI,
HaIpHKia OJIOKyBaHHS 00’€KTiB KepyBaHHs (y Oararbox
CHUCTEMaxX BXKE BHKOPHUCTOBYIOTH), OOMIH JaHUMH 3
cucremoro MJIIl, aBTromarm3allis MaHEBPOBOi Ta
COpTyBaJbHOI ~ poOOTH, aBTOMAaTWYHE  OMOBIICHHS
HaBYCHOTO MEPCOHAIY Ha KOJii.

MIiKpOIIpOIIeCOpHI CUCTEMH MaloTh IepeBary 3a
kputepismu 23, 24 Ta 25. 3MiHa B3a€EMO3aJIEKHOCTI
CTPUIOK 1 CHTHAJIIB BiIOyBa€Thcs Ha MPOrpaMHOMY piBH,
a yB’si3Ka 3 OyJIb-IKUMH TIPUCTPOSIMH - IIJISIXOM BBEJICHHS
Ta BHUBEICHHS JUCKPETHUX CHTHANIB, IO 3HAYHO
3MeHmye obcsar moutaxy. MII i PII cucremu nerko
yB’sa3aHi 3 BepxHiM piBHeM (Hampukiany MJIL) 6Ge3
HEOOXiTHOCTI BENWKOI KITBKOCTI OONagHAHHS, SK Yy
peneiHux cucremax.

3a kpurepieM 26 repeBara HAICKUTHh PEICHHIM
CUCTEMAaM. Xoua BapTICTh OyniBHUIITBA
MIKPOIIPOIIECOPHUX CHCTEM € BHUINOIO, NIPOTE y BUIAAKY
HeoOxinHocTi OyniBHMITBa HOBOro mocta ELl (xkpurepiit
27) uuIXoM 3MEHIIEHHS IOl IIOoCTa IiepeBara
peNeHUX CHCTEM TPOXHU 3HHXKYETBCSL.

Kpurepiti  28: mpus’sizaHicTh 110
CHUCTEMaX Ha  MIKpPOEJICKTPOHHIN
BIUIMBAa€ HE TUIBKM Ha ITOKAa3HUK

CeKOHOMIYHMM  acHeKkT dYepes

KOIIITiB Ha cepBicHE

BUpOOHMKAa B
eJIeMeHTHIN 0a3i
FOTOBHOCTi, ane H
HEOoOXiHICTh BUTpAT
00CITyroByBaHH.

3menmenns kitpkocti pene B MIT i PIT cucremax
(y MII cucremax pene Bce X TaKd BHKOPHUCTOBYIOTB)
MIPU3BOJUTE 10 3MEHIICHHS IIEPEBIPOK y PEMOHTHO-
TexHonorivanx AutbHUNAX (PTH). 3aBmsku  mpomy
ckopouyetsest mrat PT/I, mo 1ae ekoHOMIUHY HepeBary
3a KpuTepiem 29.

AHaJIi3 pe3yJIbTaTiB PO3PaXyHKIB

[licns mopiBHSAHHSA Ta pO3paxyHKYy MaTpHIb
MIOTIApHUX TIOPIBHSHD ANBTEPHATHB (SKI HE HaBe/ICHI)
OTPUMAHO PE3yNbTAaTH Yy BHIJISAI BEKTOPIB IPIOPHUTETIB
aNbTepHATHB 32 KOXXHUM KpUTepieM (Tadi. 1-4).

Tabimms 1

Bekropu npiopuTeTiB albTEpHATHB 32 KpUTEPisIMU 1-6
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Kpurepiit
1 2 3 4 5 6
& P 0,312 0,318 0,108 0,328 0,3 0,3
3 g PI1 0,312 0,318 0,15 0,305 0,3 0.3
Z S MII 0,063 0,045 0,605 0,062 0,1 0,1
P MIT 0,312 0,318 0,137 0,305 0,3 0,3
Tabimrs 2
Bekropu npiopuTeTiB abTepHATUB 3a KpUTepisimu 7-13
Kpurepiit
7 8 9 10 11 12 13
& P 0,25 0,391 0,391 0,391 0,399 0,424 0,437
= PII 0,25 0,151 0,151 0,151 0,152 0,119 0,113
5 § MIT 0,25 0,067 0,067 0,067 0,05 0,034 0,04
P MIT 0,25 0,391 0,391 0,391 0,399 0,424 0,41
Tabmmrs 3
Bekropu npiopuTeTiB aJIbTEpHATHB 32 KpuTepismu 14-21
Kpurepiit
14 15 16 17 18 19 20 21
& g P 0,127 0,054 0,066 0,04 0,127 0,064 0,47 0,437
= PII 0,262 0,142 0,247 0,161 0,262 0,156 0,11 0,159
B § MIT 0,454 0,719 0,524 0,696 0,454 0,715 0,037 0,047
< P MIT 0,156 0,085 0,163 0,104 0,156 0,064 0,384 0,357
Tabnms 4
Bekropu npiopuTeTiB aJIbTEPHATHB 32 KpUTEpisMu 22-29
Kpurepiit
22 23 24 25 26 27 28 29
, P 0,048 0,096 0,122 0,119 0,445 0,109 0,528 0,089
§ § PII 0,156 0,249 0,201 0,197 0,172 0,189 0,082 0,159
5 § MIT 0,156 0,558 0,602 0,613 0,073 0,598 0,041 0,666
P ML 0,64 0,096 0,074 0,07 0,31 0,104 0,349 0,085

Po3paxyBaBim BeKTOp NpIOPHUTETIB aJbTEPHATUB
32 TJI00aJIBHUM KpHTepieM «Oe3neuHicTs» (puc. 2),
MOXKHa 100aunTH, 10 HAaWOiNbIIa mepeBara B peseiHO-
MPOIIECOPHUX CHUCTeM 1 penedHux cucrem i3 M/
Perneiini cucremn memo BiJICTalOTh, @ MiKpOIIPOLECOPHI
CHUCTEMH 3aliMaloTh M€ HWKYy To3umioo. [lpuunan
TAKOT0 pe3yJIbTaTy ONHCaHi BHUIIE.

PereiHO-POLIECOPHi CHCTEMH

Puc. 2. T'icrorpama BekTOpa NpiopUTETIB ajJbTEPHATUB 32
KpHUTEpieEM «Oe3MEUHICTH»

Po3paxyHOK BEKTOpa IpiOPUTETIB ATBTCPHATHB 32
rJ100aIbHAM KpHUTEpieEM «Oe3BIIMOBHICTh 1 TOTOBHICTBY
(puc. 3) IOEeMOHCTpYe, IMIO MIKPOIIPOIECOPHI CHCTEMH
MaloTh HaOLIBITy mepeBary. lle 3yMOBIICHO BHCOKUM
pIBHEM TEXHIYHOTO HiarHOCTYBaHHS MOCTOBHUX MPHUCTPOIB
i CKOpDOYCHHSM 4acy, HEOOXiTHOTO M TEXHIYHOTO
oOciyroByBaHHs. Ha HACTYIMHUX TO3HIIIAX PO3TAIIOBaHI
peneitHi cuctemu 3 MJIL] 1 3BuuaiiHi peneitHi cucTeMw,
TOJIi SIK PEICHHO-TIPOIICCOPHI CHCTEMH 3HAYHO BiJICTAIOTh.

PeneliHi CHCTeMH

MiKkponpoIeCoOpHi CHCTEMH

Peneiini cucTeMH 3 M/IL

o
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Pe1ei{HO-IPOIIeCOPHi CHCTEMH
PeteiHi cHCTeMH
MikponponecopHi CHCTeMH

PereliHi cHcTemMH 3 ML

=)
¥
=
o
»

Puc. 3. T'icrorpama BekTOpa NpiopUTETIB ajJbTEPHATUB 32
KpUTepieM «0e3BiIMOBHICTh i TOTOBHICTBY

Po3risiHyBIIM BEKTOp MPIOPHUTETIB albTEPHATHB
3a II00AJTLHUM KPHUTEPIEM «TEXHIYHI MTOKa3HUKN» (PHUC.
4), MO>KHa BHW3HAYUTH, IO peneiiHi cucremu 3 MJIL]
MaroTh HalOUTBIIy TepeBary 3aBISKH CBOIM HIMPOKUM
(YHKIIHAM ~ MOXJIMBOCTSIM ~ JUIA  TOCIIOAApCTBa
nepeBe3seHb. Ha  gpyrii  mosumii  3HaXoAAThCA
MIKpOIIPOIIECOPHI CHCTEMH 3 ITIPOCTOTOIO iHTErpamii 3
IHIDUMHA TPUCTPOSIMM  Ta THYYKICTIO JO 3MIiH Yy
KOJIHOMY pO3BHUTKY. Tpere wicue — pejielHo-
NPOLIECOPHI ~ CHCTEeMH, a Ha 4YeTBEPTOMY  MicCIi
OTIMHMJINCS PEJICHHI CHCTEMH 3 OUEBHIHNX NPUYMH.

PeeiHO-TIPONIECOPHi CHCTEMH
Penefini cHCTeMH
MIKpOMNpPOIECOPHi CHCTeMH

Peneiini cuctemu 3 M/ILT 1.7

=]
o
[

N
(&)

Puc. 4. T'icrorpama BeKTOpa NMpiopUTETIB aJbTEPHATUB 32
KPHUTEPIEM «TEXHIUHI TOKa3HUKI)

3a BEKTOpOM TMPIOPUTETIB aJbTEpHATUB 34
JI00AJTBHAM KPUTEPIEM «EKOHOMIUHI TTOKa3HUKM» (pHC.
5) crocrepiraloTh Takuil po3MouI: Ha MepHIoMy Micii
peneitHi cuctemu, qpyromy — peneini cucremu 3 MJILI,
TPETHOMY — MIKpPOIIPOIIECOPHI CHCTEMH, YETBEPTOMY —
pemneiHO-TIPOIIECOPHI CUCTEMH.

PeleHHO-IIPONIECOPHi CHCTEMH

Pereitni cucTeMH

MiKpOnponecopHi CHCTEMH

Peneiini cucteMu 3 ML

o
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n
w
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Puc. 5. T'icrorpama BekTOpa NpiopUTETIB ajJbTEPHATUB 32
KPHUTEPIEM «EKOHOMIYHI TTOKA3HUKID

[*)}

Ha puc. MOJJAHO  BEKTOp  INPIOpUTETIB
aNbTepHATUB 3a BCiMa KPHUTEPIIMH. OTxe,
HaWJOIIBHINIO € BIPOBA/KCHHS PEJeHHOI CUCTEMH 3
MIKpOIPOIIECOPHOIO AUCIIETYEPCHKOI0 LIEHTPATI3aLIEr0.
[MotiM OMIKYNMH 3a TPIOPUTETOM € MIKPOIPOIECOPHi
cucreMu. PeneliHi cucremMum MarOTh JAEMIO HWKYMH
MIPIOPUTET, a OCTAHHIO IO3HWII0 3aHMalOTh peseiiHo-
MIPOLIECOPHI  CHUCTEMH. SIKIIO PpO3MISHYTH BEKTOpH
npiopureTiB  (puc. 7) 0e3 ypaxyBaHHS KpHTEpilO
«Oe3neyHicTh»,  SKUM  Mae  3HA4Hy  Bary, TO
MIKpOIIPOIIECOPHI CHCTEMH Y TPIOPUTETI TOPIBHSIHO 3
penelHuMH crcTeMaMH 3 MIKpPOIIPOIIECOPHOIO
JMCIETYEPCHKOI0 IEHTPATI3aLli€fO.

PenteHHO-TIPOIIECOPHi CHCTEMH

Peneiini cHCTeMH

MiKpOIIPOIECOPHi CHCTEMH 26,1

Pereiini cHetemu 3 ML
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Puc. 6. I'icrorpama BekTOpa NMpiopuTETIB aJbTEPHATUB

PeneiHO-TIPOIIECOPH CHCTEMH
PeteliHi CHCTeMH
294

MikponpOLeCOpHi CHCTEMH

Peneiini cucremu 3 ML

]
=
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Puc. 7. T'icrorpama BekTopa IpiopUTETIB albTepHATUB
0e3 ypaxyBaHHS KPUTEPIt0 «Oe3MEUHICTEY»

Ipumirka

Cnig  3a3HauuTH, WO i pe3yIbTaTH €
y3araJbHCHUMHU  JUII ~ OCHOBHHX  BHIB  CHCTEM.
[NopiBHIOIOYH, YPaXOBYBAJH, M0 CUCTEMH 3aCTOCOBYIOTH
HA JUISHKaX 3 IHTCHCHBHAM pyXOM TIOi3IIB  JUIsS
BH3HAYCHHS HANPSAMIB MOJANBIIIOTO PO3BUTKY CHUCTEM. Y
MIPaKTHYHOMY 3acTocyBaHHI Metoxy MAI mpm BuOOpi
TUITy CHCTEMH 3a EJICMECHTHOI0 0a30i0 YU BHUPOOHHUKOM
MOTPiOHO BPaxOBYBaTH IHTEHCHBHICTh PyXy IOi3IiB Ta
IHIII  YMHHUKA ~ 3aCTOCYBaHHS  CHUCTEMH,  TOOTO
CHIBBIIHOIIEHHS «O€3MEUHICTEY — «0E3BIAMOBHICTE 1
TOTOBHICTE» — «TEXHIYHI IIOKa3HUKH» — «EKOHOMIYHI
MTOKa3HUKM», 1 BXKE KOHKPETHO OPIEHTYBATHCS HA BHUJ
cucremu (AB, EIL, ATIC i 1. ).

Po3BuTOK cucTeM

Otxe, 3acTOCYBaHHS MiKpPOIIPOLIECOPHUX CHUCTEM
HE 3aBXIM BHIIPaBAaHe, O0COOJIMBO SKIIO BpaxyBaTH iX
BUKOPHCTaHHS Ha JAUISHKAaX 3 HEIHTEHCUBHAM pPyXOM
T0i3/1iB, JIe CKOHOMIUHI ITOKa3HUKH MaloTh OiIbIIY Bary.
Jist BukoHaHHs OaraTbox (YHKIIHM, XapaKTepHUX JUIA
MIKpOIIPOIIECOPHHUX CHCTEM, MOXKHA 3aCTOCYBATH peJeiHi
cuctemu 3 MJL. Tlomanbminii pPO3BUTOK CHUCTEM,
3aCHOBaHMX BHKJIIOYHO Ha pejie, HEMOXJIMBHUM, OCKIIbKA
peneiiHi  cucTeMHM ~ BHUYEpHATM  CBOI  MOJKJIMBOCTI.
PospaxyHkn moKaszany, IO 3aCTOCYBaHHS peJeiHO-
MIPOLIECOPHUX CHCTEM € HEJOLUIBHUM Yepe3 HU3bKI
IMOKa3HUKH OE€3BiJIMOBHOCTi, TOTOBHOCTI Ta €KOHOMIYHOL
edexruBHOCTI. TOMy HOAANBIINK PO3BUTOK MOXKIIMBUH Y
Mikporporiecopaux cucteM i MJIL[ abo momaTkoBHX
Ha/0y/10Bax ISl peNIeHHUX CUCTEM.

Takok MOXXHa pPO3IJSIHYTH —TPOMO3UII0, HE
BUKOPHCTOBYBaHY B OKOAHIH BITYM3HSHIA cHCTEMi
MIKpOIIPOIIECOPHOT  MCHETYEepPChKOl IeHTpasizamii: i3
3acrocyBanHsiM MJIL] Bctanosnennss APM JICIT 3
MOXJIUBICTIO KEPyBaHHsI CTAHLIEIO 3 HHOTO (Y TOMY 4HCIIi
HA BEIMKHAX CTaHIsAX). T100TO, BUKOPHUCTOBYIOUH
amaparypy AMCIeT4epchKoi meHTpaiizamii, 6e3 3HaYHuX
BUTpaT BITPOBAIUTH perneiHO-TIPOIIECOPHY
[IEHTPAITI3aIIiIO.

301IbmMTH nepeBary MIKpOTIPOIIECOPHUX
CHCTEM HaJl 3aCTOCYBaHHSM HaJI0yIOB MOXKHAa HUIIXOM
PO3POOIIEHHS €JMHOTO CTAHAAPTHOTO PIilIEHHS (THIIOBOTO
anpboMy) 1L MIKPOIIPOLIECOPHUX CHCTEM, BIIACHUKOM
skoro Mae oytn AT «YKp3ami3HUIE». 3a TaKoro MiIxomy
MO’KHA IJIBUIIATH O€3I€YHICTh 1 O€3BIIMOBHICTh CUCTEM
32 paxyHOK BHOOpY HaWKpallMX TEXHIYHHX pillleHb,
1o30yTHCST 3aJIeKHOCTI BiJi KOHKPETHHX BHPOOHHMKIB,
3HAQYHO 3MEHIIUTH BapTICTh BIIPOBA/DKEHHS CHUCTEMH, a
TAKOX TIOCTIHHO YJOCKOHAIIOBATH MIKpPOIIPOIIECOPHI
CHUCTEMH LUISIXOM BITPOBA/DKEHHS pPalliOHANI3aTOPCHKUX
MIPOTIO3MIIN B/l MPAIIBHUKIB TOCIIONAPCTBA CUTHATI3ALi]
1 3B’s13Ky (10 NPaKTHYHO HEMOKIIMBO, KOJM CHCTEMa
HaJIS)KUTh IPUBATHOMY ITiJIPHEMCTBY ).

Hpyruii, 6e3cyMHIBHO, HAHBa)KJIMBIMINHI, KPOK 10
BJIOCKOHAQJICHHSI ~ IIOJISITa€ B 3aCTOCYBaHHI  MOBHOI
nigcucremu TexHiyHoro aiarsHocryBannsi (IICT/I),
30KpeMa /ISl HalIbHUX MpucTpoiB. OxHieo 3 mpobiem
JIarHOCTHKM B CYYacCHHMX CHCTeMax € HEOOXiTHICTh
MIPOBEJCHHS aHaJli3y OTPUMAaHUX J@HUX BpYy4YHy, a
HaBUCHOMY IIEPCOHATY JOBOJMTHCS yXBAIIOBATH PIIICHHS
mpo craH mnpucTpoiB. ToMmy HEOOXimHO po3poOJICHHS
IICTH, sixa 3mMoxe:

- MOHITOPUTH CTaH CUCTEM i 1 mapameTpu;

- BUSIBIIITH TIEPE/IBIIMOBHUM CTaH EJIEMEHTIB i3
BHCOKUM KOe(]illiEeHTOM BHSIBICHHS;

- JOCUTh TOYHO BHSIBJISATH ITPUINHH BiJIMOBH;

- BUSIBIIITH HEOE3IEYHI CTaHH 3 MOXKIIMBICTIO
BIUIMBY Ha CHCTEMY aBTOMATHKH;

- 3MIHUTH CTpPATETiI0 TEXHIYHOTO 0OCIyroByBaHHS
Ha 00CITyroByBaHHS 32 ()aKTUIHUM CTaHOM 00'€KTa;

- JaBaTH peKOMEH/1allil HaBUCHOMY IIEPCOHAITY;

- KOHTPOJIIOBaTH BHUKOHAHHA Trpadika TEeXHIYHOTO
00CITyroByBaHHI.

CTBOpEHHsSI Takoi MiJICHCTEMH € HEIPOCTOI0
HAYKOBOIO MPOOIIeMOt0, 00 MOTPIOHO BiTHOCHO JCIICBUM
METOJIOM BHMKOHYBAaTH CKJIaJHI TEXHOJIOTIUHI IPOLECH.
OCKUIBKM KOXKEH €JIEMEHT 3alli3HWYHOI aBTOMAaTHKH
motpedye 1HIUBIAYaTFHOTO HAYKOBOTO IOCIHIKCHHS,
HEOOXiTHO CTBOPHUTH CXEMYy pO3IOJTY €JIEMEHTIB
JiarHoCcTyBaHHSA (puc. 8).
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JliarHOCTyBaHHS IPUCTPOIB 3aTI3HUYHOT aBTOMATUKH

. KOHTPOITb BUTUMOCTI;
. KOHTPOJIb CTIPaBHOCTI JIAMITH . 6
CHTHAIIBHOTO TpaHc(opMaTopa;
. JYEHHS TPUBAITOCTI TOPIiHHS
JamIL.
. L |e KOHTPOIIb CTaHy Ta MEXaH{THHX — J[iarHOCTYBaHHS EIEKTPUYHOI IIEHTpaI3allil
|| Crpinoynuit napamerpis CTPLIOYHOro
MepeBiz MepeBoly Ha BIAMOBIIHICTH
pumoram IITE.
- - JiarHocTyBaHHSI aBTOMATUYHO1 MEPEi3HOL
. KOHTPOJIb CIIPaBHOCTI BY3J1iB — S ———
(eTeKTPONBHUTYH,
Enextponpusog ABTONEPEMUKAY, PEIYKTOD);
| cTpimovyHuii | KOHTPOJTb ENIEKTPHIHUX T
MEXaHIYHHX TTapaMeTpiB;
. JYEHHS KiJIbKOCTI TIepEeBO/IIB; .
L ,HlaFHOCTYBaHHH O6HaZ[HaHH$I Ta CUCTCMU
r
. KOHTPOJIb CTIPABHOCTI_
€IEMEHTIB Ta [TapaMeTpiB
PENKOBOI JIiHii; )
. . nepemlgka BUKOHAHHS PeKHUMIB . .
— PciikoBe K010 poboru PK; || Hiarnocrysanns npuctpois AJIC na
° KOHTpOIb crpaBHoCTI PK; JIOKOMOTHUBI
. koHTpoInb napamerpis AJIC;
. KOHTPOITb CIIPaBHOCTI
KaHaJI3amil TITOBOro CTPyMY.
- - - Hpuxnan pyHkumiii:
- APM ° JIEpeBIpKa I0CTOBIPHOCTI . nepeBipKa BiJINOBITHOCTI CTaHy pejie Ta CTaHy
BiZI0GpaskeHHsI iHOpMAIIii. €JIEMEHTIB CUCTEMH (JUIsl MIKPOIIPOLIECOPHUX
CHCTEM) B TOMY YHCITi MiXK 00'€eKTamMu (CTaHIi1,
CY,AMCy =~ T
KaGenpHa . KOHTPOJIB i30/mil kabeiB; ° _IepeBIpKa BIJTOBITHOCT1 MIXK TaHUMH
Mepexa . KOHTPOJIb OTIOPY KHJI Kabeltro. JiarHOCTHKH 1HINKHX MPHCTPOIB i piBHEM
HeHTpaiizamii (OI0KyBaHHS);
. nepeBipKa BiJICYTHOCTI HEOE3TIEYHHX BiIMOB Ta
. KOHTPOJIb HATIPYIHl Ta CTPyMiB OIOKyBaHHS TakUX BiTMOB. B Tomy umcii
KiJI KHBJICHHS; BTpyHaHHs JIIONUHH, .
. KOHTPOIIb CIIPaBHOCTI o KOHTPOJTb 4aCOBHX TAPamMeTpiB poboTu
. aKyMyJIATOpHOI GaTtapei; cucTeMy, . .
|| IIpuctpoi o KOHTPOJIB II03KEKHOTO CTAHY ° KOHTg)m’ [HILINX eNIEMEHTIB (IOPOKHi
SKUBIICHHS JKUBJLSTIO] YCTAHOBOK; CBITIIO(OpPH, BaroHi yTiuTIOBayi i T.1).
. KOHTPOJIb MEXaHIYHUX
napametpis [ITA;
. KOHTPOJIb CTaHy 3a3¢MJICHHS Ta
IIPUCTPOIB FPO303aXUCTY.
Mpuknang pynkuii

Puc. 8. Cxema po3noainy eJ1eMeHTIB 1iarHOCTYBaHHS

IMomana cxema € y3araapbHEHOI 1 mOTpedye
JIETAIBHOTO  JIOCITI/DKEHHS 1 pO3poOJIieHHsT JiepeBa
¢ynkuiit. Ha croromni aeski ¢yHKIII Bxke peaizoBaHi,
HaNpUKJag IiarHOCTYBaHHS IPHCTPOIB aBTOMAaTHYHOL
JIOKOMOTHUBHOT ~ CHTHami3aii, JIOTiYHOI  YaCTHHH
eJIEKTPUYHOI IeHTpasi3anii Ta aBroOiokyBanHs B MII
cucreMax, Oynu 00’€KTOM 1 TPEIMETOM IOCIiKCHB,
HalpuKiag KOHTPOJIb CTaHy €JEKTPOABUIYHIB i
cTpiutounnx nepesoaiB [21]. Tnmi ¢yskuii morpedyoTs
HAYKOBHUX JOCIIDKEHBb 200 IH)KEHEPHOTO PO3POOIICHHS.

VYupoBamkenas nortyxkHoi [ICTJ] He TuUTEKH
MiABUIINTE €(EKTUBHICTh MIKPONPOIIECOPHUX CUCTEM,
ajie i CTUMYJIIOBaTUME PO3BUTOK iHHOBAIIHHUX CHCTEM
3aJII3HNYHOI aBTOMATHKH:

1. 30labIICHHs ABTOMATH30BAHUX (YHKLIA 10
NMOBHOI  aBTOMATHM3alil  NepeBi3HOro  mpoiecy:
o0'emqHaHHs 3aJi3HWYHOI CHUCTEMHM KpaiHM B €IUHY
IHTErpoBaHy MEpeXy JacTh 3MOTY MAIIMHHUM CII0COOOM
BU3HAUaTH Hale(eKTHBHIMMKA crocid BHKOPUCTaHHS
HasIBHUX PECYpCiB, 30KpeMa pO3paxoBYBaTH ONTHUMAJbHI
rpadiku pyxy moi3umiB. lle mnpusBeme g0 3HAYHOTO
€KOHOMIYHOTO e()eKTy 3aBISKM 30LIBLICHHIO MEpPeBi3HOT
CIIPOMOXXHOCTI, ~ CKOPOYEHHIO  4Yacy  JIOCTaBJICHHS
BaHTaXiB, a TAaKOXX 3MEHIICHHIO KUIBKOCTI MEpCOHAIY
rajgysi mepeBe3eHb (0COOJIMBO YEpProBHUX IO CTaHLil Ta
JTUCTIETYEPIB).

2. CucteM IHTEPBaJBHOTO PETYIIOBAHHS PYyXY
T0i3/1iB HA OCHOBI PyXOMUX OJIOK-IIUISTHOK.
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3. CucreM aBTOMATHYHOIO KepPyBAHHS
Moi310M (ABTOMAIIIHHICT).
4., CucreM 31 IIOBHOIO aBTOMAaTH3aIil

MaHEBPOBHX i COPTYBAIBHHUX POOIT.

BucHoBokx

MpPUCTPOI MexaHi30BaHWX Ta aBBTOMaTU30BaHUX COPTYBaIbHUX TPOK
MoBiTpAHiI NiHii

Enektponpueoau aeTowwnarbaymis

ARyMynaTopu

MynbTi, Tabno, anapat ynpasniHHA

ENeKTPOXKMBUAbHI YCTAHOBKM

Caitnodopu

IHWi

KabenbHi niHii

Cratvem, peneitHi wadw, KoniiHi KOpobKu

CTpinoYHi eNeKTPONPUBOAM, FapHITYpa, 3aMKU MeneHTbeBa

Anapartypa CLG (Pene, 6n0Kku, TpaHchopmaTtopu i T.4)
PeiikoBi kona

HeoOXxigHO BHW3HAYUTH, SKAH 3 €JICMCHTIB
moTpedye TEepIIOUYeproBOr0 MOCTiKeHHS. {1 1mboro
HEOoOXiTHO PO3IJISIHYTH TicTOrpamy BiMOB IPHCTPOIB
3aTiI3HUYHOI aBTOMATHKH 3a eneMeHTaMu (puc. 9) [29].

10,09
1 0,19

1 0,3

=071

- 139
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— 5 13
—
—— ] 08
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— O 83
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Puc. 9. T'icrorpama po3noaity BiIMOB IPUCTPOIB 3aJII3HUYHOI aBTOMATHKH 3a €IIEMEHTaMU

AHani3yloun ricTorpaMmy, MO>KHa BHSIBUTH, L0
BUIUISIOTH JIBA €JIEMEHTH — PEUKOBI KOJIa Ta amaparypa
Clb. Opnak odiuiiina cratuctuka JlemapTaMmeHTty
aBTOMATHKH 1 TeJeMEXaHIKd € HEJOCTOBIPHOIO.
Hanpuknan, peiikoBi KoJIa € HalOLIBII
MOIIKO/DKYBaHUM ~ eleMeHToM: y 2021 pomi  Oyio
3apeectpoBaHo 680 BiAMOB, 1O B CEPEAHBOMY
CTaHOBUTH JIBI BiIMOBHM pEHKOBOro Koyia Ha 100y 10
BCiil YKpaiHi, [0 3HAYHO HEIOOLIHIOE peaNbHUH 00csT
npobiemu. MoXXHA TPUIYCTUTH, WIO  CIPaBXKHS
KUTBKICTh BiZIMOB peiikoBuX Kinm mepesuirye 20000 Ha
pix 1o Bciit YkpaiHi.

Ha ocHOBI mpakTW4HOTO JOCBixy IpYrHM
€JIEMEHTOM 3a 4aCTOTOIO BiIMOB MaloTh OyTH CTPLIKH, a
He amaparypa CLIb. [IpnanHOO 3aHIKCHUX TTOKAa3HUKIB
KIJIBKOCTI BIIMOB MoOXKe OyTHM dYacTe INPUXOBYBaHHS
nomkopkeHb npuctpoiB CLIb HaBuUeHUM IEPCOHAIOM
ciry’k0 curHamizamii i 3B'A3Ky, a TaKOX IpalliBHUKAMH
rOCIO/IapCTBa EPEBE3CHb.

[Momxomxkenns anaparypu CLIb i MoHTaxy Ha
CTaTHBax 1 penelHuX Imadax MMOTPeOyIOTh aHaJi3y
MPUHOMIIOBUX CXEM 1 BUCOKOKBaJli(hikoBaHMX (haxXiBIIiB,
TOMY YCYHEHHS TaKHX ITOIIKO/DKCHb 3aliMa€ TPHUBAIIMH
yac, 1 mpuxXoBaTh IX BHAaEThcs pimme. Hacmpasmi
MOKa3HUK BiZIMOB B amaparypi Ta MOHTaxi Mae OyTH
HE3HaYHUM TIOPIBHSHO 3 IHIIMMH THOIIKOJUKEHHSIMH,
TaKUMH SIK PEWKOBI Koja, CTPUIKH, CBiTIOGOPH,
KabeJbHI Mepexi.

Orxe, moka3Huk BimMoB mpuctpois CLIb, 3a
odiniifHOI0 CTATHCTHKOIO, MOKe OyTH 3aBumieHuM y 10-

30 paziB. Lle Takox miAKpecIoe  HEOOXiTHICTH
3acTOCyBaHHS (yHKIIi BUSBICHHS 1 apXiBallil BiMOB.
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Kaliuta Yu. V., Ananieva O. M. Analytical review of
railway automation systems

Abstract.

The article examines railway automatic

systems from the point of view of their elemental base.
An analysis of literary sources was carried out, from
which the advantages of using microprocessor systems
were highlighted. Their shortcomings, which were not
reflected in the literature, are considered separately. A
solution to the topical issue of system selection through a
hierarchical structure based on the analytic hierarchy
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process (AHP) is proposed for selecting the type of
system to be implemented, which can be used not only for
element-based comparison.

A generalized analysis of the expediency of systems
implementation was conducted. The comparison is made
according to such global criteria as «safety», «reliability
and availability», «technical indicators» and «economic
indicators». A detailed analysis showed that considering
the factor of intensive train traffic, it is reasonable to
implement a relay system with a microprocessor based
centralized traffic control system and a microprocessor
system, while the conventional relay system has a slightly
lower performance. The feasibility of implementing relay-
processor systems has not been confirmed.

On the basis of the conducted analysis, the necessary
steps in the development of railway automation systems
have been determined, among which the most important
today are: the creation of a single standard solution for
microprocessor systems, the owner of which will be JSC
«Ukrzaliznytsia», and the development of a complete
subsystem of technical diagnostics of railway automatic
devices. The implementation of this subsystem will
contribute to significant changes not only in the field of
signaling and communication, but also in railway
transport as a whole. The development of methods for
diagnosing rail circles is defined as a priority direction.
Some suggestions for improving the systems are also
presented.

Keywords: microprocessor systems, microprocessor
based centralized traffic control system, technical
diagnostics subsystem, track circuits, the Analytic
Hierarchy Process (AHP).
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YK 621.316.1 DOI: 10.18664/1kszt.v2913.313625

AHAHBEBA O. M., a.1.H., mpodecop,

BABAE€B M. M., a.1.1H., podecop,

JABUJEHKO M. I'., x.T.H., JOIIEHT,

ITAHYEHKO B. B., x.T.H., IO1IeHT

(Ykpainchkuil nep>KaBHUN YHIBEPCUTET 3aJ13HUYHOTO TPAHCIIOPTY)

Cunre3 MNPpUCTPOIO OIIiHIOBaHHSI napaMeTpiB CHHyCOiIlHOFO CUTHaJy, aAUTUBHO
3MIIIAHOTIO 3 OAUHOYHOIO iMl'[y.JILCHOIO 3aBaJaomo

Benuuunu enexmpuunux napamempie 0OMomKU cmamopa AdCUHXpOHHO20 MPUPAZHO2O eNeKMPOOSULYHA CYMMEBO
BUBHAYAIOMb U020 MEXHIYHUL CMAH [ MOMY MOICYMb OYMU GUKOPUCMAHI 3 Memolo 11020 diaeHocmuky. Brazami
ENeKMPUYHI Napamempi MOJNCHA HeNnepepeHO KOHMPOMIOBAMU WIAXOM 66e0eH020 8 0OMOMKY MAN020 Mecmogo2o
cmpymy 8i0omMoi uacmomu, SUMIpIoUU 1020 amniaimydy ma nouamkosgy ¢paszy. Tounicmo ix eumiprosanHs moodice
BUABUMUCS HENPUNYCIMUMO HUZLKOIO 3 NPUYUHU HASIBHOCTT KOPOMKUX IMIYIbCHUX 306800 Y SUMIPHOGANbHIL THopmayii.
Y pobomi ompumane imogipricne mamemamuyne ORUCAHHA Peani3ayii CyMu CUSHATY MA IMIYIbCHOL 3a8a0u y 8u2isiol
@yuryii’ npasoonodionocmi yiei peanizayii. Bupas ona yiei ynkyii oae 3mo2y onucamu xapakmepHuil 6URAOOK, 6
SKOMY HA IHMEpP8ani yacy, GiIbHOMY 6I0 IMRYAbCHOI 3a8adu, 6i0CymHi 0yO0b-AKi 3aeadu e3azani. J{isi mecmosoco
cmpymy, AKull € CUMYCOIOHUM 3 BI0OMOIO UACMOMOIO, dle HeSIOOMUMU AMNIIMY00I0 Ma ROYAMK080I0 (a30io,
OMPUMAHO MameMamuyti 6upasu Ojisl OYIHOK Yux 080X NApAMempis 3d pe3yTbMamamu CHOCMEPENCeHHs 8KA3AHO20
cmpymy Ha hoHi OOUHOYHOI IMUYILCHOI 3a8a0U. 3a YumMu MAMeMamudHuUMU GUPA3AMU, SUKOPUCMOBYIOYU (DYHKYIIO
npagoonodioHocmi K Yinbogy, NoOYO008AHO CMPYKMYPHY CXeMy HPUCMPOI OYIHIOBAHHS AMNIIMYOU Mma NOYAMKOBOL!
Gazu cmpymy mecmysanusi 0OMOMKY CIMAMopa mpughazHozo acuHXponHo2o erekmpoosucyna. Ilpoyedypy oyinoeanns
napamempis mecmogo2o CucHany copmosano y euenaodi, AKUI 0ac 3MO2y 3acmocy8amu WUpoKe Koo OOCHMYRHUX
Memooi8 PO3PAXYHKY KIHYesUux 6GeluduH OYIHOK npu Mmakcumizayii @yuxkyii npasdonodibHocmi 3a yacogumu
napamempamu iMRYJIbCHOIL 3a8a0u.

Knrwowuogi cnoea: enexmpoogucyn, ooMomka cmamopd, Mecmosull CUSHAL, IMAYIbCHA 3A6d0d, CNeKmpalbHa
2ycmuna, QyHKYIs npagoonooioHOCHi.

Beryn I3 3pOCTaHHAM KiJIbKOCTI €JIEKTPUYHOTO

CIpyKTYpHO JeTepMiHOBaHi CHTHAIM IIHPOKO o0aHaHHS, sIKe YTBOPIOE 3aBajIH, 3pOCTAE i IMOBIpHICTD
BUKODHCTOBYIOTh IIDH TECTyBaHHi TeXHiYHOro cray TAKHX TOMHIOK. OTXKe, 3aBJaHHA OTPUMAHHS SKOMOTa
pisHOMaHiTHOrO OONaxHaHHs. BincrexyBaums Bempupn — TO'THILIMX ~OLIHOK IIAPAMCTIPLB  TCCTOBHX CHIHAIB B
mapaMeTpiB  TAKMX CHTHATIB Ja€ 3MOry CBoedacHo ~ YMOBAX JUT 3aBajl CTac BCE OiMbUI AKTYaTBHUM.
(ikcyBaTH BUHUKHEHHS HECIPABHOCTEH ab0 HACTAHHS

IepefyMoB J0 HHUX 1 y Takuid crocid mnpuimaru
OTIepaTHBHI PILIEHHS MO0 TEXHIYHOTO OOCIyrOBYBaHHS
TECTOBOTO 0OJagHaHHA. BaxiauBuMm KilacoM Takoro
oONagHaHHA € TSTOBI EJIEKTPOJIBUTYHH JIOKOMOTHBIB.
JloTpumaHHsT  iXHIX  KOHCTPYKTMBHO  BCTaHOBJICHHX
XapaKTEPUCTUK KPUTHUYHO 3AJICKUTH BiJl TEXHIYHOTO
CTaHy iXHIX OOMOTOK, SIKHA OJHO3HAYHO ITOB’S3aHUN 3
SJICKTPUYHUMHU TTapaMeTpaMu nux oOMoTok. Lli Bemmunan
MOXHa KOHTPOJIIOBATH HIJISIXOM BUMIpIOBaHHS
rapamMeTpiB CIICIiabHO BBEICHHX TECTOBUX CTPYMIB.
ToyHOoMy BH3HAUEHHIO IAapaMeTPiB MEPEIIKOKAIOTH
3aBaJIOBl €JIEKTPUYHI KOJMBAHHA, SIKi MOTPAILIAIOTH 10
CKJIagy BHUMIiproBaibHOI iHpopMmamii. Ile npusBoauTh 110
MIOMWJIOK y TPUHHATTI PIIEHp IIOJ0 TEXHIYHOTO CTaHy
JIBUTYHA.

IHocranoBka mnpoGaemMu i aHajdi3 JoOCHiIKeHb i

nyoaikauii

JlonaBaHHs  KaJgiOpOBaHOIO TECTOBOTO CTPYyMy [0
(YHKIIOHATFHO OCHOBHOTO CTPYMy OOMOTKH 3 METOIO
KOHTPOJIIO I TEXHIYHOrOo CTaHy JOBOJNI HIMPOKO
BHCBITJICHO B JOCHITHUIBKHX myOmikamisx [1-4].
Po3risiHyTO TEXHIYHI PilIEHHS 1010 BHECEHHS TECTOBOTO
CTpyMY, METOJIMKHI NOB’SI3yBaHHA  pE3yJIbTaTiB
CIOCTEpEKEHb 13 TEXHIYHUM CTAHOM JBHT'YHIB Ta CTYHECHb
BIUIUBY TECTOBOTO CTPyMy Ha 00EpTOBHH MOMEHT. Yci
PO3TIISTHYT] aCMEKTH TECTYBaHHS HE MICTATh ypaxyBaHHS
eJIEKTpUYHKUX 3aBaj. Lleit Oik BHMIpIOBaHb CTOCOBHO 0
00MOTOK cTaropa TprdazHoro ACHHXPOHHOTO
EJIEKTPOJBUTYHA PO3TILIHYTO B poOoTi [5].

© AHAHBEBA O. M., BABAEB M. M., JABUJEHKO M. I'., TAHYEHKO B. B 2024
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B pesynbraTi aHanizy CIEKTpalbHUX XapaKTePUCTHK
HasIBHUX 3aBaJl BU3HAYEHO MEXI YacTOTHOTO [Iiara3oHy,
MIPAaKTHYHO BUIBHOTO Bl CHEKTPAJIbHUX CKIATOBHX
Maibke ycix muX 3aBaj. BukimodeHHs cKiamae e
OIMHOYHA IMITyJbcHa 3aBajga. Jis  omiHIOBaHHS
IapamMeTpiB TECTOBOTO CUTHAITY, CIIOCTEPEKEHOTO Ha TJIi
miel  3aBajgM, 3ampOIIOHOBAHO BHKOPHCTaTH  METOJ
HaliMEeHIMX KBaapariB. ['HyYKiCTh 3allpOIIOHOBAHOTO
miaxoxy € OOMEXEeHO 3 TIPUYMHM HEBpaxyBaHHS
YacOBOTO PpO3TAllyBaHHS Ta TPOTSDKHOCTI 3aBaJOBOTO
iMITyJIBCY. BiZIHOCHO TOYOK BXO/AY Ta BHXOJIY TECTOBOTO
CTpyMy OOMOTKa € TIaCHBHUM AaKTHBHO-PEaKTHBHHUM
JIBOIIOJIOCHUKOM, a BIITaK MOPSJIOK il KOMIUIEKCHOTO
OIIopy HE IIEepeBHILye IBOX. Takuil omip Mae juiie aBa
napameTpy — abCOJIOTHY BEJIMYHMHY Ta apryMeHT. Tomy
Ipu  3aJaHiil  CIEKTPUYHIA cXemi I IXHBOTO
BUMIpIOBaHHS JIOCTaTHBO BUKOPHCTOBYBATH
JIBOIapaMeTpuaHuii cTpyM. Takuit cTpym Mae micue mnpu
XKWUBJICHHI OOMOTKM  Bil TECTOBOTO  TeHepaTopa
CHHYCOIHOI HaIllpyrd 3 BiIOMHMH aMIUITyI010, (a30io
Ta YacTOTOIO. 3a IMX YMOB a0COJIIOTHA BEIWYMHA Ta
apryMeHT KOMIUIEKCHOTO OIOpY OOMOTKM OJHO3HAuHO
BU3HAUCHI  aMIUIITYZOI0 Ta IOYaTKOBOIO  (ha30lo
YTBOPEHOTO B Hilf TECTOBOTO CHHYCOIZHOTO CTpyMY.
OyHIaMEHTaTBPHANA MiAXiJ IO OI[HIOBAHHSA [UX JIBOX
rapaMeTpiB ONnucaHuii B poOoTi [6]. Ane BiH oxorutoe
TUIBKA BHIIQJIOK CIHOCTEPEXKEHHS CHTHaTy Ha (OoHI
OesnepepBHO Jitouoi 3aBagu. [lonoXeHHs, PO3BHHYTI B
yKa3aHii poOoTi, KOHKpeTH30BaHi B cTarTsax [7-9] mis
OLIIHIOBaHHS aMIUTITYyTd ~ Ta  Mo4YaTkoBoi  (asm
CHHYCOIHOTO KOJMBaHHA 3a HASIBHOCTI aJWTHBHOIO
rayciBChKOro ImyMy Ta e(eKTiB 9acoBOi AMCKpeTH3aiii
BUMipIOBaHOro cHUrHaiy. IIpencraBieHi pe3ysibTaTd €
CHpaBe[UIMBUMU  JIMIIE JUII  BEJIMKHUX  BiJHOIICHB
«CHWTHaJ/3aBama», 1 1l¢ o0Mexye cdepy IXHBOTO
3acTocyBaHHs. [IpoTmiexHa KpallHICTh — HPHUITYILCHHS
PO MaJjie BiJHOIIEHHS «CHTHaJ/3aBajia» — 31 CBOrO OOKY,
00MeKy€e 3aCTOCOBHICTH pe3ynbTariB pobotu [10]. s
3MEHIIECHHS BIUIMBY MOTYXXHUX IMIYJIbCHUX 3aBaj
IIMPOKO  BHUKOPUCTOBYIOTh ~ KacKaJHE  BMHKaHHS
HIMPOKOCMYTOBOTO (DiNbTpa, aMILITyIHOrO oOMeKyBada
Ta By3bKocMyroBoro ¢imerpa [11]. Anme me mpuctpii
KOPCTKO 33JaHOi CTPYKTYpH, HE afanTOBaHUI BiJHOCHO
rapaMeTpiB 3aBaJOBOro iMIynbscy. Bigomum crocobom
60poTHOM 3 IMITYJILCHOIO 3aBaJIO0I0 € ii OJaHKYBaHHS, NIPU
IOMYy MOMEHTHM TIOYaTKy Ta KIHIOM  IMITyJIbCY
3alpPOIIOHOBAHO BU3HAYMTH 33 BEIMYMHOIO MHUTTEBOI
MMOTY>KHOCTI CyMH curHanmy Ta 3aBamu [12]. HIBuakomis
0o0poOieHHs ~ cuTHally TYT oOOMEXeHa TOTpeOoro
BUKOHAHHS TONEPEIHBOTO «HABYAHHS» ANTOPUTMY JUIS
BU3HAUCHHS CTAaTUCTUYHUX XapaKTEPUCTHK BXITHUX
KonuBaHb. [IOBHY KOMIIEHCAWil0 BIUIMBY 1MITYJIBCHOI
3aBagyl Ha BXIMHUM CHTHaN pO3TISIHYTO B crarTi [13].
[Ipore BuKOpHCTaHWI B IIbOMY METOIl OKpPEMHH KaHal
npuiiMaHHS 3aBad HasBHUN JaJeKO HE 3aBXKIM.
BumiproBaHHs mapameTpiB CHHYCOIZHOTO KOJIMBAHHS 3
BUKOPHCTaHHSIM OJaHKyBaHHS IMITyJbCHOI 3aBagyl B
OJTHOKaHAJBHOMY NpHiMadi po3mIsiHyTe B poboti [14].
3acTocOBaHO METOJ  OIIHIOBAaHHA IapaMeTpiB  3a

KpUTEpieM MakcuMyMy (yHKLIT TpaBIONOgiOHOCTI.
OTpuMaHi pe3ysibTaTH, BTIM, HE MOXYTb OyTH HampsMmy
MOUIMPEHI Ha BHUMAJO0K, KOJIM MPOTATOM YacTHHU
KOPHCHOTO CHTHAJTy TIOBHICTIO BiICYTHSI Oy/b-siKa 3aBaja.
3 aHajoriyHOi NPUYMHM OOMEXEHOI0 € 3aCTOCOBHICTH
0a30BaHOTO Ha TOMY JK KpHUTEpii METOIy OLIHIOBaHHS
rapaMeTpiB 3a MOJAHHA 3aBaJdl y BUTJISII aMILTITYIHO-
MOJyJIbOBAaHOTO KOJIMBAaHHS 3 IIYMOBOIO aJWUTHBHOIO
Mozaymsniero [15]. Y3aranbHioounil miapaxyHOK BIUIUBY
ONaHKyBaHHS Ha BIJHOIICHHS «CHUTHAII/IIyM» Ha BUXOII
npuiiMava HaBeAeHo B poOoTi [16]. Otpumani pe3yiabpraTu
OXOIUTIOIOTh 1/IealIbHAN BHIAI0K, B SIKOMY BiJoMi Hac
MOYATKy Ta MPOTSDKHICTD IMITYJIbCY 3aBafv.

HaBenene Buine mae migcTtaBu MiHTH BHUCHOBKY, IO Ha
CBOTO/IHI ICHY€ HIMPOKE PO3MAITTS METOIB OLIHIOBAaHHS
rapamMeTpiB CHHYCOIIHOTO CHTHATY, CIIOCTEPEKEHOTO Ha
(oHi SK HeTepepBHUX, TaK 1 IMIYJIbCHHUX 3aBal. Ajie HE
BJIAJIOCS] BUSIBUTH ITyOJiKaIliif, B SkuX OyB O ommcaHuit
PO3B'I30K  3amayi  CTaTUCTUYHO  OOTPYHTOBAHOTO
OLIHIOBaHHS AaMIUTITYAM Ta MOoYaTKoBoi (asm Takoro
CHUTHAJy B YMOBaX, KOJHM Ha IHTEPBaJl CIIOCTEPEKCHHS
i€ BUKIIOYHO OJMHOYHA IMITyJIbCHA 3aBaja 3
HEBIIOMMMH 9acOM MOYATKY, MPOTSDKHICTIO Ta €HEPTIEr0.
Li ymoBH € XapakTepHUMH NIpH POPMYBaHHI CTPyMy, IO
CIOCTEpiraeTbcss IpH TECTyBaHHI OOMOTOK cTaTopa
ACHHXPOHHOTO TSATOBOTO €NEeKTPOABHIYHA. Po3B’s3aHHS
miei 3amadi jano © 3MOTy MiJIBUIIUTH e(EKTHBHICTH
JIarHOCTHUKU TAKHUX JIBUTYHIB.

Merta Ta 3aaa4i J0CTiIKEHHS

MeTa MOCHIIKCHHS — CHHTE3 IPUCTPOIO OIIHIOBAHHSI
aMIUTITyTd Ta TOYAaTKOBOi (pa3u CHHYCOITHOTO CUTHAITY
BiIOMOI 4YaCTOTH, MO0 CHOCTepiraeTbcs Ha  (oHi
OJIMHOYHOI IMITYJIbCHOI 3aBaJd 3 HEBIJOMHM YacCOBUMH
mapaMeTpaMH Ta CHEpPTi€ro.
Jlnst mocATHEHHS TOCTaBICHOT METH OYyJI0 PO3B’SI3aHO TPU
3a71a4l:
1)
HAXO/DKCHHS MAaTeMaTHYHOTO BHpa3y s (QYHKIIT
MIPaBAOIOAIOHOCTI CyMH CTPYKTYPHO
JETEPMIHOBAHOTO CHUTHAITY Ta OAMHOYHOI iMITyJTECHOT
3aBaJIu;
2)
HaXOKEHHS BHpa3iB ISt MAaKCHUMAaJILHO
MIPaBIIOTIONIOHNX OIIIHOK AMIUTITYAd Ta ITOYaTKOBOI
CHHYCOITHOTO CUTHAITY BigoMoi YaCcTOTH,
CIIOCTEPEKEHOTO 32 BKa3aHUX BUIIIC YMOB;
3)
00yI0Ba CTPYKTYpPHOI CXEMH TIPHUCTPOIO, MO (opmye
BKa3aHi BWINC OIIIHKK Ha 0a3l CIOCTepeReHOI
peasizanii CyMH CHHYCOIIHOTO CTPyMy Ta OAWHOYHOL
IMITYJIbCHOT 3aBajTu.

OcHOBHA YacTHHA

3naxoooicenna QyHKyii npagoonodioHoCmi cymu CueHary
ma iMnyIbLCHOI 3a8a0u
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Pozrnsinemo CHUTYAILiIo, KOJIU CTPYKTYPHO-

JeTepMiHOBaHMi curHai sl t, ) cnocrepiraetbes B cymi 3
iMmmynbcHOO 3aBanoro nit), mporskHicT T, AKOI He
MIEPEBHIIYE MPOTSHKHOCTI CUTHAITY:

) +nlt),

ult) = s(t. 4,

e t —4ac,

A — BekTop iHpOpPMaIHHIX MapaMeTpiB CUTHANY;

.
nitl -

MIPSMOKYTHOIO OOBIIHOIO Ta CIEKTPAJIBHOIO TYCTHHOIO
MOTYXHOCTi, DPIBHOMIDHOIO B CMy3l 4YacTOT CHTHaIy

[-5.5]:

(0.5N, mpu f € [-F,. B ]:

N, (f) =
o\f 10 TIPH 1HOINX BeHYHHAX f. (1)

YacoBl CHIBBIIHOMIEHHS MIDK CHIHAJIOM 1
mpoisfocTpoBani puc. 1.

3aBaJ10r0

IMIOyJIbCHA 3aBalia Yy BHIVIIAL  BiJPIi3Ky
rayciBChbKOrO CTAlliOHAPHOI'O BHIIAJIKOBOTO TPOIECY 3
u /
VMoBHI Mexi o0Jacri
CIIOCTCPEIKCHHA
CHUTHAY
® 0 O o o o 0|0 o 0o o ® o o ¢ o o
Tx Tp
0| 1 Ty+t, |To+ro+ G °
1 17 &x 17Ty Tp 2
ofe o o 0o 0 o/le o 0o o e 0o 0o 0 0 o

YMOBHI MeXKi cUrHany

o3a 00JacTIO
CTMOCTEPEKEHHS

VYMmoBHI Mexi obacri

I/iMr[yJILcnoI 3aBaiu

Puc. 1. Yacosi cITiBBiTHOIIICHHS Mi>K CHTHAJIOM Ta iMITYJTECHOIO 3aBa/I0K0:

T: i T> — BiONOBITHO TOYATOK Ta KiHENb IHTEPBATY
CIIOCTEPEIKCHHS;

Ty — 3CyB MOMEHTYy BWHHMKHEHHS 3aBaJd BIJHOCHO
MOYaTKy IHTEpPBally CIIOCTEPEKEHHS; T, — TPUBAIICTD

IMITyJIBCY 3aBaJu

[puiiMeMo 0 pO3TIAILY JOTOMIXKHE KOJTHBAHHS

v(t) = ult) + ny(t) = st 4) + nlt) +ny (8),

ne ny(t) — HemepepBHMii Ha iHTepBali COCTEpEKEHHs
1, T»] Hesanexuuii Bix nlt) raycipcpkuii cranionapamit

[T1, 2] A nit) ray 1I0Hap

BHIIAQJKOBAH TPOIEC 13 CHEKTPAIGHOK TYCTHHOIO
MTOTY>KHOCTI

N, () = 05N, mpu f € [—F,,F,,]

’ 0 mpw iHNX BemuHHAX f.
Hexaii nomomixkae xosmuBaHHsS 1(t) MPOAUCKPETU30BAHE
3a 9acoM 3 IHTEPBaIOM

1

At =

[

y

O6pobui misrae peanizanis konusanus v(t) y surmsui
CYKYITHOCTI HOTO Bi/IJTIKiB

ae v
Nox = nplkdt).

Tyt k — HOMEp BiAJIKY, IO JICKUTH B iHTEpBaii [k1, k2],
k, =Int[2E, - T,] + 1; k, = Int[2, - T,].

Bimtiky TayciBCEKOTO BHIAIKOBOTO IIPOIECY, B3ATI 3
iHTEpBaJIOM,  BH3HAYCHWM  CHiBBIAHOMmEHHSM  (5),
He3aJekHl. MaremMaTiyHe O4iKyBaHHS éﬁﬂOMi){cHoro
KOJIMBaHHS

Iy

v} = s,().
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Kopensiiina MaTpuis Bi/UTIKiB JOOMIDKHOTO KOJIMBaHHS

E{[vy — s (D] - [vm — sm(D)]} = E{Inic + i) -
["n: + ”onz]} =

= pr‘}; sim‘. + NOF:J 'Skrv::

ne &gy — cuMBOI KpoHekepa.
3BijcH AuCIEpCis TOTMOMI>XKHOTO KOJIMBAHHS JOPIBHIOE

oy = NoFy,

Ha IHTEpBaJi HOMEPIB BILIIKIB, Ha SKOMY HPHUCYTHI
CUTHAJI Ta IMIIYJIbCHA 3aBajia, Ta

CT;D - (AI.U + A'.D );:U

Ha IHTepBaJli, A€ MPUCYTHI 0OM/IBI 3aBaJH Mok T Ni.

3 ornmsiay Ha 3a3HAYCHI BHINEC HE3aJCKHOCTI BIiIJTIKiB
CyMapHOi TayCiBCBHKOI 3aBaJy MOXHA 3allMCaTH CIUIbHY
ITBHICTB iIMOBIPHOCTI peatizattii v ={vgy . vy 4 y0vne. Vgat
K

p(vIF) = T2, p(vild),

ne plvgld) — ymoBHa mo A minenicTs iiMoBipHOCTI k-ro

JUCKPETY IlOl'[OMi)KHOFO KOJIMBaHH:.
BBeI[eMO IIO3HAYCHHS

ky =It2E(T + 1,0 + 1, }
ky, = lnt['.-—’.f‘;,(:TL +1+ 7, )]

JUISL MEX IMITYJIBCY Ta
kep = Int[2E,7, ]

JUTSL TIPOTSDKHOCTI IMITYJIBCY B JUCKPETax dacy.
[osnauumo sk 8, nianasoH HOMEPIB IUCKPETIB, B AKOMY

3HaXOAUTHECA iMHyJ’ILCHa 3aBaja. Ilo3Haummo sk 90

qmiama3oH HOMEpiB JTUCKpPETiB, IO JeKaTh I03a
IMITyJIBCOM:
O =Ty + 1T, + 7, + 7).

6, = [T, T, + I U[T, + 7, + 7, Tz]}'

Bingnosinxo no Bupasy (11) MokHa 3anmcaTy, o

p12) DA {u )T ()-

®)

(.

e
" [2r (Vg + N, )Py
J  JFp

T2[Ng#NplFp

e

Ilpu cnpsmyBaHHi BenuuuHU No A0 HyJs IEpIIMH
CHiBMHOXHMK HabyBae Bursmy 1] 5,0 [uk — s,‘(f )],
ocKibku Tipy 1bOMY 710=0 Ta vi=ux; Bupa3 & [x] o3nauae
O/IHOMIpHY J€ibTa-QyHKLiK0 aprymenty x. Sk Bimomo,

N.& ] TIPUIOMY

(10)

L6l =6V xpxg . xy),

~

dxy

BHMIPHOIO JIeNbTa-PyHKITier0. Tomy

[ [6 0w - (D] =

a-:-a-lu-;-,,,[

N{ . - YAN . = eN( .. -
ay O X ryJdtx =1, ne 6" \x ... xy) € N-

=4 u,;\-1 - S;\-‘(,/l__). “R‘|+L -

Syt (Dot — 55, (D) (b

>

TOOTO & -(QYHKIIS TyT Ma€ CTUIBKM BUMIpIB, CKIJIbKH
BI[UTIKIB 3HAXOMUTHCS Ha JUIAHIN, HE TEPEKPUTIi
iMImyniecoMm 3aBagu. Taka & -pyHKIis He TOPIBHIOE HYIIIO,
KOJH NIl KOXKHOI k-Oi KOOpIWHATH BUKOHaHA piB{*Ii?’Sb
u; — s = 0. IIpu cupsimyBanHi 10 Hyns BiacTani At Mix
JIMCKpPETaMH uj KojuBanHs ult) mpasa wacTuHa piBHOCTI
(16) Ha0yBae (iznunorO CEHCy ¢byHKIil
V) [u(t:l —s(_t./f_)], KOTpa HE JOpPIBHIOE HYIIIO, SIKIIO B

KO)KEH MOMEHT uacy ¢ mie pisHicTh ult) — s(e.4 ) =0. (
O0csT IPOCTOPY, OXOIUICHOTO €0 PYHKITIEIO, TOPIBHIOE
OJIMHMII].

Jpyruil crniBMHOXXKHUK BHpazy (15) 3 BUKOpHCTaHHIM
TEOPEMH BiJUTIKIB MOXKHA, SK IMOKa3aHO B poboti [14],
MIPEACTaBUTH B HETIEPEPBHOMY Yaci:

Py (VA 7. T, )=

Ty 4T 4Ty e
. — 1 .y 1"\ "[plr'-sltl) de (14)
S SE— Ng#Np i1 %72 . .

- [:.-:l,\rn-h\*,,::,,]';“ P

IIpu cupsimyBanHi BenwmunHU No 70 HyJIST OTPUMAeMo 3
OCTaHHBOI'O BUpa3y, U0

p (V ﬂqr T ) T )
p | x>op poluldiryty) =
, s l.lyll:::-m[u[rc_g]}Ivzl:-dr

= ——0 Np~
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Otrxe, cropsMyBaHHA No 10 Hylls IIEPEBOAUTH YMOBHY
LIJIBHICT iMOBipHOCTI (15) peamizamii v 10MOMiXHOTO
KOJIUBaHHS B YMOBHY IIUIBHICTD IMOBIPHOCTI peaizatii u
peasbHO CIIOCTEPEKEHOTO KOJIIMBAHHS

plulfr.t,) = §[ule) - s(&.2)]|

L tes, X Pp (ll‘/i‘),

e TepIHid CHIBMHOXHHK OOYHCIIOIOTH IO JIUISHIIL,
BIJIBHIN BiX IMITyJIbCY 3aBajy, a APYTU CIIBMHOXKHUK —
IO JIUTSHIT, Ha SIKiH Jli€ IMITyITBC 3aBaIu.

Makcumym ¢ynkuii (19) mMae micne npu AOoTpHMaHHI
YMOBH

ult) = s(t.1).t € 6,.

OpHak 11 yMOBa MAaJIOKOHCTPYKTHMBHA 3 TOYKH 30pY
CHUHTE3y NPHUCTPOIO OI[IHIOBAHHS, OCKLIBKH MOMPOCTY
o3Havae, 1Mo Tpeba crocoboM mepebopy minioparu A ta
BEIMYMHU T, 1 T, (AKi BHU3HAuyalwOTh iHTepBan &, npu
Bimomomy 71) Tak, mo6 piBHicTs (20) Oyma BHKOHaHa.
Kpim TOro, HeigeanbHICTh TIPHCTPOIO  30epiraHHs
peanizaiii u Ta mpucTpolo GpopMyBaHHs curHany slt, 1)
He 3a0e3mevyars Ha MpPaKTHII BUKOHAHHA piBHOCTI (20).
Tomy ysBnserscst OLIBII KOHCTPYKTHBHUM KPOKOM
OTPMMaHHS HEIIEPEPBHOTO 110 IapaMeTpax HaOJIMKEHOTO
Bupasy mus plulld, 7.7, ). BesnocepenHbo NoB’s3aHUM 3
BUBOJIOM TO4YHOTO BHpasy (19) Bapiantom xiif BOadaeThes
anpoKcHUMallisl IbOro BHpasy, oTpuMana 3 Bupasy (15)
IIpY BEJIbMH Malliif, ajie Bce )X HEHYJIbOBIN BeawduHI No.
BuxkopucraBmm crocoBHO 1m0 (15) TeopeMmy BimTiKiB
aHAJIOTIYHO TOMY, AK I Oyno 3poOJIeHO INpH BHBOII
Bupasy (17), oTpumaemo I JOBUIEHO MaJlMX YMCIIOBUX

3Ha4eHb BeIMInHH No (IpH 11boMy No << N,), 1110
: : . : 1 A
plullir,. ) ®plvldrt,) = - — e
: . » Vplez=a1mipd
(27N,F, ) ' '
- ‘ ;g2
1 —\_—J,,I[ulr'—slr,‘{) de
X o, e P ¢ RN
[2rNp Fp) PP

Beenmemo ¢QyHKIiO

1, t €O
Np
—.t e 8.

Ng

2(t. 7, Ty )=

ITicns HECKJIAJHUX MEPETBOPCHL OTPUMAEMO, 10

~/
p(u|/1,fx,rp)~
1 T Wit .
L “NgT1 ot de
> o ‘N FpTp
I:r:NnF.Irp ’2"‘1,‘_|lﬁ| pip

P \Wg

Ipu Bimomux 71 i 7> 1 HEBIGOMUX TMOYATKy Ta
MIPOTSDKHOCTI 3aBaZ0BOTO IMIYJIbCY OLIHKOIO CYKYITHOCTI

iH(opMariiHIX mapaMeTpis A CHrHaTy Ta mapameTpin Ty
17, 3aBaju Oyne BEKTOp

PRI 19

P (19)

bx

= a.v‘gmo.rp(,ulf. Ty rp_).

ATeTy

o

Oyinioganna napamempie  mecmosoz0 Cmpymy ma
nooyooea cmpyKmypHoi cxemu npucmpoio

CTOCOBHO OOMOTKH JBWTYHA CHTHAJIOM 3 OIIHFOBAHUMH
rapamMeTpaMH € CTPYM B Hill. 32 CHHYCOIZJHOTO CTpyMy i€ (20)

sit, A1) = Iy sin(wt + @),

Jie KyToBa 4acToTa ¢ BiJjoMa, a I, Ta ¢, — NpU3HAUYCHI
JUIS OL[HIOBaHHS BEIMYMHU aMIUTITyOH Ta IMOYaTKOBOI
¢a3u. 3a miei 00cTaBUHI

L
. Pl )R
pluldty1y) =
1
e o \FpiT2a=Ty ) (Np'f PP
2/ N Fp) | e |

5
—— ¥
JT &

Np 41 St TeTp)

1 pT2 [f’f'—l,,u-si?‘!“ut+¢1,-':: }
2
ne i(f) — cyma curHally Ta 3aBaj, siKa Oe3rmocepeaHbo
CIOCTEPIraeThCs.
3Bincu owiHKM @; Ta I,. 3aJ0BOJBHAIOTE YMOBH

. . aplil.) aplil.) .
BIJIITOBITHO =0rTa = 0, 3BigKH
3@ Tns
l'!: Ly oS ML 5,
a " Ty witay p!
(Ps = Q?Ttg T2l LSt | o
lpim—dt
1 LT Tyl
= 2 rTaile)-sinlwt+@,)
Toe = : Jl.1 — dt. 2D

LT Ty

[MincranoBka BupasiB (27) i (28) B (26) meperBOproe

ocraHHii (pu ¢ikcoBaHiii No) B (YHKIIO BEJIWYUH Ty,

T, 1 Np. 3BepHEMO yBary Ha Te, IO BEJIMYMHA aé)o6y

) 22),

2. . b N, >> No B OOUYHCIIOBAILHOMY CeH%Jl
TeTpt

IPU3BOJUTH [0 BHUKJIIOYCHHs obnacti 8 3 niamasoHy

iHTerpyBanHs (To0To 10  ONAaHKYBaHHS  BXIiJHOTO

KOJIMBAaHHS ) HE3aJICKHO BiJl BETMYUHU Ny, OCKUTBKH B i
. 1
obxacri proe 0. A B 3HAMCHHHUKY MHOXXHHKA TICpE]T
TxTp)
f Ny Fp T

¥
CKCIIOHCHTOIO BCIMYHHA (\TJ Ipu BKa3aHOMY BHIIC
il 23

JoBiTbHOMY BHOOpI No << N, BIUIMBa€ Ha BEIMYHHY
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MakCHUMyMy (YHKIIiT p(_uu-. Ty Tp :), ajle He Ha HOro

TIOJIOKEHHS TI0 KOOp/AWHATaX @ Ta {,,.. TOMy BenmmumHa
;

Ipody :—L MOKe OyTH JOBLIBHOIO, aJle HA0araTo OiTBIIO

omuanni. Otxe, micnsa migcraHoBku (27) ta (28) B (26)

3aJIMIIAETHCS TUIBKK 3HANTH TOUKY ( Ty Tp ) MaKkcHMyMy

dynxuii plult,. 7, ) no koopaunarax 7, i 7, Gynb-sKuM 3

BIZIOMHMX METOJIB MOIIYKYy eKcTpeMyMmy. Ilicist mporo ciin
MiJICTABUTH OTPUMAHI OLIHKU T, i T, 10 BupasiB (27) i
(28) Ta OOUYMCAMTH OLIHKM aMIUTITYAW Ta IOYAaTKOBOI
¢da3u TecroBoro crpymy oOMoTkH. CTpyKTypHa cxema
NIPUCTPOIO, SKWH  peajli3ye OTpUMaHy IMpOLErypy
OLIIHIOBaHHS, HaBeJIeHa Ha puC. 2.

it
(1)
i(2)
i( ¢ ) T, NAM'SITb ®OPMUPYBAY
_/u l(t)9t€(7—i’T2) Q)S(Tx,fp) R
Ps
A A A A A _ ——
o &
L, T, L, I, |8 »
> ; - >
- > % >
HAM'SITh Bl 7S > &
KOHCTAHT Ny,N ,o,F M,,N,,0,F 5
P , vy vy vV ” =
R Q
®OPMUPYBAY Vi ms
— A >
i) Auslreos)
Tys Tp
BJIOK KEPYBAHHSI OBUNCJIEHHSIMI V2 (l Ps> 1 ms>Tx>Tp )

BIIMMOBIJTHO IO METO1Y -
MAKCHMIBALI

¢)S ’ IWIS

Puc. 2 CtpykTypa CHHTE30BaHOT'O ITPUCTPOIO Ta PYHKIIOHAIBHE TPU3HAYEHHS HOTO OJIOKIB JOIYCKAIOTh SK anapaTrHy,
Tax i mporpamMHy peaiizamnito

OOroBopeHHsi  pe3yJbTaTiB  CHHTe3y HPHCTPOIO
OL[iHIOBAHHS NNAPAMETPIiB TECTOBOI0 CUTHAJLY

Y poGoTi po3risHYTO pO3B’sA3yBaHHS 3agad, SKi B
IIMPOKOMY CEHCI BIIHOCSTHCS 10 3arajbHOi HpoOsieMH
OLIHIOBaHHS TapaMeTpiB CTPYKTYPHO IETEPMIHOBAHOTO
curHary Ha ¢oni 3aBax. JlocmimkeHO AOCI TO30yTHit
yBard BUIAJ0K, KOJIM BiJICYTHsS HeNepepBHa 3aBaja, sKa
nie MIPOTATOM YCBOTO 4acOBOTO IHTEpBATY
CIIOCTEPEKEHHs, aje TPHCYTHS aJWTHBHA IMITyJIbCHA
3aBaja 3 HEBIIOMUMH MOMEHTOM IIOYaTKy Ta
NpOTsDKHICTIO.  Taka  cHTyalist  XapakTepHa  Juis
MIPaKTHYHUX BUMIPIOBaHb IIAPaMETPiB TECTOBOTO CTPYMY,
aJUTHBHO JOJAHOTO JO OCHOBHOTO CTPYMYy OOMOTKH
CJICKTPOJBUTYHA. Branocst MaTeMaTHYHO KOPEKTHUM
crocoboM ypaxyBaTH BiJICYTHICTh HETIEpepBHOI 3aBajau i
KOHCTPYKTUBHMM (3 TOYKH 30py CHHTE3y HPHUCTPOIO)
crnocoboM  IHTEpHIpeTyBaTH  OTpuMaHy  (DyHKIIIO
MIPaBAOIOAIOHOCTI  CIIOCTEpPEXKEeHOI peaizamii  cymirmri
CHTHaly Ta IMmynbcHOi 3aBamu. Lle 3abe3neunts
OTpHMaHHs OLTbII HAONMKEHWX [0 PEaJbHOCTI OI[IHOK
IapamMeTpiB TECTOBOTO CHTHAIY Ta IIOB’SI3aHUX 3 HUMH
BEJIMYMH EJICKTPUYHMX ITapaMeTpiB OOMOTKH, a BiITaK —

MiIBUIIUTh TOYHICTH JIarHOCTYBAaHHS TEXHIYHOTO CTaHY
JIBUTYHA.

[porenypy OIiHIOBaHHS MapaMETPiB TECTOBOTO CUTHATY
c(hOopMOBaHO y BHIUIAII, SIKWI Ja€ 3MOTy 3acTOCYBaTH
IIMPOKE KOJIO JIOCTYITHUX METOJIB PO3PaXyHKY KiHIIEBUX
BEIMYMH  OWIHOK  npu  Makcumizamii  (yHkmii
MIPaBIIOTIOAIOHOCTI 3a JaCOBUMH rnapameTpamu
iMIysTbcHOT 3aBamu. JIOCHIKEHHS NUIAXIB pPO3B’SI3aHHS
OCTaHHBOI 3a/Jadi BOAYAETHCSA HAMPSIMOM TOJAIBIIAX
poOiT.

BucHoBkn
1.
a 0a3l CTaTUCTUYHOTO OMHCAHHSA CYMH
CTPYKTYPHO JETEPMIHOBAHOTO CHTHAlly Ta
IMITyJTECHOT 3aBaju, MOETHAHOTO 3

PO3BHHEHHSIM CIIOCTEPEKCHOTO KOJIMBAHHS B
6a3nci OpTOroHAIBHMX (YHKIIH OTPUMaHO
¢yHKIII0O  MpaBOONOAIOHOCTI  BKA3aHOTO
KOJIMBaHHSI.
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2.

Jid BHUIIAJAKY, KOJIM CHUTHAJI € CI/IHYCO.I.HHI/IM
CTpyMOM 3 Bi,HOMOIO HacTOTOIO, ajie
HeBiHOMI/IMI/I aMHJ'IiTy,HOIO Ta IIOYaTKOBOIO
(1)33010 OTpHUMAaHO MaTeMaTU4Hi BUpasu I

OLIHOK JIBOX OCTaHHIX IapaMmeTpiB 3a
pe3yibTaTaMi  CIIOCTEPEKCHHS  BKa3aHOTO
CTpymy Ha (OHI OJWHOYHOI IMITyJBCHOI
3aBa/Iu.

a 0a3i (YHKIIOHATBHHUX CITIBBITHOIICHD 1
(YHKIIIOHAJIBHNX 3B’SI3KiB, IO BUILIMBAIOTH 3
mi. 1 i 2, moOynoBaHO CTPYKTYpHY CXEMy
MIPUCTPOIO  OLIHIOBAHHSA  aMILUNTYyJu  Ta
I0YaTKOBO1 a3y CUrHAITY.
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Ananieva O., Babaiev M., Davidenko M., Panchenko
V. Synthesis of a device for estimating the parameters
of a sinusoidal signal additively mixed with a single
impulse interference

Abstract. The magnitudes of the electrical parameters of
the stator winding of an asynchronous three-phase electric
motor significantly determine its technical condition and
therefore can be used for the purpose of its diagnosis. The
indicated electrical parameters can be continuously
monitored by introducing a small test current of known
frequency into the winding, measuring its amplitude and
initial phase. The accuracy of their measurement may be
unacceptably low due to the presence of short pulse
disturbances in the measurement information. In the
work, a probabilistic mathematical description of the
implementation of the sum of the signal and the impulse
interference in the form of a probability function of this
implementation is obtained. The expression for this
function makes it possible to describe the characteristic
case in which there are no disturbances at all during the
time interval free from impulse interference. For the test
current, which is sinusoidal with a known frequency, but
unknown amplitude and initial phase, mathematical
expressions for estimates of these two parameters are
obtained based on the results of observing the specified
current against the background of a single impulse
disturbance.  According to these  mathematical
expressions, using the probability function as a target, a
structural diagram of the device for evaluating the
amplitude and the initial phase of the current for testing
the stator winding of a three-phase asynchronous electric
motor is built. The procedure for estimating the
parameters of the test signal is formed in a form that
makes it possible to apply a wide range of available
methods for calculating the final values of the estimates
when maximizing the likelihood function based on the
time parameters of the impulse disturbance.

Key words: clectric motor, stator winding, test signal,
impulse interference, spectral density, likelihood function.
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TAPACOB K. O., acniipant
(YkpaiHnchkuil nep>KaBHUN YHIBEPCUTET 3a13HUYHOTO TPAHCIIOPTY)

YaockoHajieHHA YUHHOI CHCTEMH OIepaTUBHOI0 yl'lpaB.]]iHHﬂ IHBHI[KiCHI/IMI/I
3aJIBHUYHUMH HacakKUPCbLKUMMU IECPEBEC3CHHAMMN

Y cmammi posensinymo numanus niosuwjenns egekmueHOCMi WBUOKICHUX RACANCUPCOKUX 3ANISHUYHUX Nepese3eHb
WTISIXOM BRPOBAOINCEHHS ABMOMAMUZ08AHOI MEXHON02I] HAOAHHS AbMEPHATNUGHUX MAPWPYMIE 8 YMOBAX DYUHYBAHHS.
3ANIBHUYHOT  IHOpacmpykmypu 6HACTIOOK NPUPOOHUX KAMAKII3MI8, MEXHO2eHHUX asapiii abo GOEHHUX Oill.
3anpononosana asmomamuzosana cucmema 0a€ 3MO2Yy ONMUMIZY8AMU NPOYeC YXGAJNEHHS pilieHb  Wo0o
ANbMEPHAMUGHUX MAPWPYMIB, 3MEHWYIOUU PUSUK JI0OCLKOI NOMUIKU, | CKOPOMUMU YAC 3AMPUMKU WEUOKICHUX
nacascupcokux noizoie. Cmamms maxooic ananizye inmezpayiio yici cucmemu 3 YUHHUMU CIMPYKIMYDAMU YIPAGTIHHSA
ma asmomMamu308anuMu pooouumu micysmu noiznux oucnemuepie (APM JHL]) i it éniug Ha niosuujenHs 3a2anvbHol

ehexmuerocmi pob6omu 3aN3HUNHO20 MPAHCNOPMY 8 HAO3GUUATIHUX CUMYAYISX.

Knrouosi cnoea: wseuoKicHuil pyx, NACaMiCupCvKi Nepese3eHHs, ANbIMePHAMUGHUL Mapuipym,

NIOMPUMKU YXBAIeHHSL PiuieHb, IHHOPMAYItiHI MexHONoeIl.

Beryn

VYrpaBiuiHHA € KITIOYOBHM acCIIEKTOM OpraHi3arii
OyZIb-SIKOTO TIPOILIECY, CIPSIMOBAaHOTO HAa JIOCSTHEHHS
KOHKpETHHX Iiied. Lle BKiIrouae BIUTMB Ha pi3HiI (aKTopH,
SKi ~ BH3HAYaIOTh CcTaH o0'ekta abo  mporecy,
3abe3neuyroun ixHi SKiCHI 1 KuTbKicHI 3MiHM. OnHiero 3
BOXJIMBHX CKJIAJOBUX YIpaBIIHHA € OIEpPaTHUBHE
YIpaBIliHHS, OPi€EHTOBaHE Ha KOPOTKOCTPOKOBI 3aB/IaHHSA
1 HeraiiHe pearyBaHHs Ha 3MiHN abo npoOiemu. B ymoBax
KPUTHUYHHUX CUTYallil, TaKNX SIK PyHHYBaHHS 3aJ1i3HUYHOI
IHQpacTpyKTypH, ONepaTMBHE YIpaBIiHHA Biirpae
BUpIMIAJIBHY PpOJb, JAIOYM 3MOTY MHIBHIKO aalTyBaTH
CHUCTEMy JI0 HOBHX YMOB i 3a0e3meuuTn Oe3mepeOiiHumit
TIPOLIEC 3aI3HNYHUX TIEPEBE3CHb.

3anpoBa/KEHHST aBTOMATH30BaHUX TEXHOJOTIH,
SKI CHpUSIOTH ONTHMI3allii yNpaBiiHHA B TaKuX
BUIIaJKaX, 3HAYHO MiABUINYE e(EeKTUBHICTH poOOTH
3aJTI3HMYHOTO TPAHCIIOPTY, 3MEHIIYIOYH Yac MPOCTOIO
MOi3/1iB 1 MiHIMI3yIOUH JIIOACHKI TOMUIKH. OTXe, CydacHi
MiIXOMM IO YIPABIIHHA € HEBII'EMHOK CKIIAJI0BOIO
ycminHoro (GyHKIIOHYBaHHsS Oprasizaiiif, ocobiIuBoO B
YMOBaX HaJ3BUYAHHIX CUTYAIlIH.

IHocTanoBka nmpodemu

cucmema

[Ipore BiH Bpa3nuBHH 40 pI3HUX HETaTHBHUX
BIUIUBIB, TakMX SIK MPUPOIHI KaTakJIi3MH, TEXHOTCHHI
aBapii, TpaHCIIOPTHI mofii abo nmpoBeneHHs 00oBUX Iii,
IO € JIOCUTh aKTyaJIbHUM y Hail 4ac. PyliHyBaHHS Oy/b-
SIKOTO EJIEMEHTa 3ali3HWYHOI iH(pacTpyKTypH MoOXKe
MPU3BECTH IO CEPHO3HHUX COIIaNbHAX, CKOHOMIYHHX i
TEXHIYHUX  HACHiAKIB, MmO TmoTpedye  HEraitHOTO
pearyBaHHSI Ta YXBaJICHHS €()EKTHBHUX pIlIEHb IOJO
OTIEpPaTHBHOTO BiJJTHOBJICHHS Ta 3a0e3revyeHHs
aNbTepHATUBHUX MapHIpyTiB B 00Xig 3pyHHOBaHOI
IUTBHUII JUTS BCiX KaTteropidt moi3miB. [lpm mpomy dac
NpSMYBaHHS M0{37a TaKUM MapLIpyTOM 1 BHUTpaTH Ha
Horo opranizariro MaroTe OyTH MiHIMaJIbHUMH.

3a TakuX yMOB iCHye HEOOXiAHICTH PO3pOOJICHHS
e(EeKTUBHUX METOMIB 1 TEXHOJIOTI OIepaTHBHOTO
YIpaBIiHHS 3aTi3HUYHUM TPAHCIIOPTOM, SIKi Ial0Th 3MOTY
IIBHAKO  aJanTyBaTUCS 10 YMOB  pyHHYBaHHS,
3a0e3rneunTH MiHIMaJIbHI 3aTPUMKHA B pyci MOI3OIB 1
3HU3UTH €KOHOMIYHI BTPaTH.

Otxe, TIOCTAE 3aBIaHHs CTBOpPEHHS
aBTOMAaTH30BaHOI CHCTEMH, sIKa 3a0€3MeYNTh ONTHMAaJIbHE
YIpaBIiHHS 3alTi3HUYHOIO 1H(QPACTPYKTYpOIO B YyMOBax
Ha/[3BUYANHMX CHUTYallill 3 ypaxyBaHHSIM YCiX MOIJIMBHX
PHU3HKIB 1 BapiaHTIB PO3BUTKY MOJii. BaxnmmBo Takox

3a0€3MCUNTH IHTETPAIlif0 1I[i€i CHCTEMH 3 YHHHOKO
. . .. CTPYKTYPOIO TIPaBIIHHS XOM MOI3/11B Ta
3ami3HUYHUN TPAHCHOPT Bifirpae KPUTHYHY POIH PYKTYP yip pyxo .

. . aBTOMATH30BAaHUMHU  POOOYMMH  MICIISIMH  3aIiSTHOTO
B CKOHOMIYHOMY PO3BHTKY KpaiHH, 3a0e3Meuyrouu .
S . MEPCOHATYy, MO JacTh 3MOTY JOCSATTH  BHCOKOI

IIepeBE3CHHS BAHTAXIB 1 TACAXKHPIB. . . N

e(CKTHUBHOCTI B pearyBaHHI Ha HaJ[3BUYAiHI CUTYaIIii.

© TAPACOBK. O. 2024

33 IKC3T, 2024 Ne3




IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

AHaJI3 0CTaHHIX J0CTiIKeHDb i myOJiKkanii

VYIOCKOHAJIEHHIO  INBWAKICHUX  3ali3HWYHUX
MacaXHPChKUX IepeBe3eHb, 30KpeMa B HAA3BHYAWHHUX
YMOBax, TPHUCBIYEHO Oarato poOIT BITYM3HSIHHUX 1
3aKOpAOHHUX yueHHX. Tak, y HaykoBii mpami [1] Oyma
PO3TIITHYTa CXeMa OIEpaTHUBHOI B3a€EMOJIi B TOJIOBHOMY
Ta PErioHATbHUX IEHTPaX YNPAaBJIiHHS NEPEBE3CHHIMH 3
orepaTopamMH TIEpeBe3eHb Ha 3ali3HUIX YKpaiHu Ta
HaBeJeHa CXeMa Opi€HTOBaHOTO iH(popMmariitHoro rpada
JIUCIICTYEPCHKOTO IIEHTpa YIPaBJiHHA 3ajli3HHLE0. Y
HayKOBi# cTarTi [2] mpoananizoBaHo BripoBapKyBany AC
«Ham3Buyaiina cutyarisi» 1 3alpOIIOHOBAHO CTPYKTYPY ii
B3aemoii 3 ACK BII ¥3 € mns oprasnizamii mepeBizHOTO
IIporecy B pa3i BUHUKHEHHS HECTaHJapTHUX CHUTYalliil y
BUTJISIII CUCTEMH MIATPUMKH NPUHHSTTS pimens (CIIIIP).
Aptopamu HaykoBoi poOoTm [3] 3amia TiABUIICHHS
HATIHHOCTI  (PYHKI[IOHYBaHHS CHCTEMH IIBUAKICHUX
3TI3HMYHUX TaCAKUPCHKUX IIEPEeBE3eHh B yMOBax
BOEHHOTO CTaHy B YKpaiHi 3alpolOHOBaHO HPOLERYPY
HaJ@aHHA aJbTEPHATHBHOTO MAapHIPYTy IIBHIKICHUM
oi3aM Ha HarpsIMKy IepeBe3eHb.

He € BuxmodeHHsM 1 poOOTH 3aKOpAOHHUX
BUYCHHUX, HANpWKIang, y poboti [4] Oyno pospobieHO
NPOTpaMHy ~ CTPYKTYpY, IO TOENHYE  AITOPUTMHU
MOHITOPUHTY CTaHy 3aJli3HUYHOT'O PyXY, IPOTHO3yBaHHS,
BUSIBJICHHS Ta BHUPILICHHsS KOH(IIKTIB HA MapIIpyTax iz
Yyac HE3aIUIaHOBAHUX TIOPYIIEHb POOOTH 3aJi3HUYHOTO
TpaHCIIOPTY, a B poOoTi [5] aBTOpaMH 3ampOIIOHOBAHO
METOIMYHY TpOLEAypy HaJIaHHS  aJbTePHATHBHUX
MapHIpyTiB TpH TPOBEJICHHI IIJIAHOBHX PEMOHTIB i3
3aKpUTTSIM ~ 3aJ3HUYHOI ~ AUIBHHUII  JUII  YECHKOTO
orepaTopa 3aJIi3HHLb.

Omxe, sk 0auynMO 3 HABEIEHOTO aHANI3Y,
Y/I0CKOHAJIICHHIO MIBUAKICHUX 3aTI3HUYHUX
MAaCaXHUPCHKUX IIEPeBE3€Hb, a TaKOX pO3POOJICHHIO
aBTOMAaTHU30BaHUX TEXHOJIOTIH, SKI  Jal0Th  3MOTY
OTIEpaTHBHO pearyBaTH Ha HaJI3BWYalHI CHTyaIlii, 3
METOIO HiJIBUIIEHHS HaJilfHOCTI Ta eeKTUBHOCTI pobOTH
3JI3HAYHOTO  TPAHCIIOPTY,  INpPHUCBSUEHO  Oararo
JTOCTIIKCHB, 1 TeMa TOCTIKCHHS € aKTyalIbHOIO.

Meta gociigkeHHs

YIOCKOHAJICHHS YUHHOI CHCTEMH OICPATHBHOTO
YIpaBITiHHS IS MIBUIKICHUX 3aII3HIYHAX
MACAKUPCHKAX  TIEPEBE3CHh Yy  pa3l  pyHHyBaHHS
3aJI3HWYHOI IHPPaCTPyKTypH

BukiajgeHHs1 0CHOBHOI0 MaTepiany J0CHiIzKeHHS

SIKmo TpPOXW 3aHYpPUTHCS B TEPMIHOJOTIIO, TO
camMe CJOBO YIpaBIiHHA CJHiJl PO3YMITH SK BIUIUB

[iTeCTIpSIMOBaHUX Jiif Ha 00’ekT abo mporec, IIo
TIPU3BOJUTE JI0 SIKICHOT 1 KIIbKICHOI 3MiHM (aKTOpiB, SIKi
BU3HAUYAIOTh CTaH 00'ekTa abo mpomecy, B pe3yJsbTari
YOro MOXKHa JIOCSATTH KOHKpeTHOi MeTH. /[0 OCHOBHHX
(GYHKIIM  ynopaBiiHHA MOXKHA BiJHECTH IIIaHYBaHHS,
o0k, oOIlepaTWBHE YIpaBJIiHHA Ta KOHTPOJIb 32
BU3HAUCHWMH nponecaMu [6]. 3a3Buyail ympaBiiHHS
CHpsIMOBaHE Ha JIOBIOCTPOKOBE IIAHYBAaHHs, BU3HAUCHHS
CTpaTeriyHuX IiJied 1 3araJlbHUX HampsMiB PO3BUTKY
opranizanii abo mporiecy, BOHO OXOIUTIOE BCi piBHI 1
aCIIeKTH JiSUTBHOCTI — B/l CTPATETiYHOrO TUIAHYBaHHS 110
3a0e3MeueHHs Pecypcamy.

VY Bunagkax, Koiau HEoOXiJHO COKycyBaTHCS Ha

KOHKPETHHX  OIEpPAaTUBHHUX  3aBIAaHHIX, YacTo Ha
HIDKYOMY  pIBHI  yNpaBiiHHS, OpIEHTOBAaHOMY Ha
KOPOTKOCTPOKOBI ~ Tepiojy, MOTpiOHO oOpraHizyBaTu

HeraifHe pearyBaHHS Ha 3MiHH abo mpoOnemu, IO
BUHMKJIM, TOJI 3aCTOCOBYIOTH OIIEpPAaTHBHE YIPaBIiHHS
(OVY).

Oneparusae ynpasiiaas (OY) sBisie coboro ogHy
3 OCHOBHMX (YHKIII YIpaBliHHS BHUPOOHMIITBOM, IO
MoJisira€ B 1HTEPBAIBHOMY pO3POOJICHHI OINEpaTHBHUX
IUTaHIB 1 MOCTIHHIN OpraHizarii KOHTPOIIO 1 PEryJIIOBaHHS
ix BukoHaHHA. OcHoOBHOKWO ckimagoBoro OV €
JIICIICTYEPChKE KEPIBHHUITBO, CHCTEMAaTHYHUI OOMIK 1
KOHTPOJIb 32 XOZOM BUKOHAHHS ONEPAaTHBHUX IUIAHIB 1
peryJroBaHHs X0y BUpOOHHITBA [6].

Sx  yxe Oyno 3a3Ha4eHO, albTEPHATHBHUH
MapuIpyT — 1€ Pe3€pBHUI NUIX, SKUH BHKOPHUCTOBYIOTH
JUTS. TIPOJIOBKEHHS MOI3/I0K B 00X1/1 3pyHHOBAaHUX JIUISTHOK
yn cTaHnii. @opMyBaHHS aJbTEPHATHMBHUX MapIIpPyTiB
JUTST  TIBHIKICHUX ITACHKUPCBKUX TOI3MIB Yy  pasi
pYHHYBaHHS 3aJi3HUYHOI 1HQPACTPYKTYpPHU € OJHHM i3
HaAMACKpaBIIMX TPHUKIANIB, KOJIM HEOOXiHE came
oTlepaTHBHE YNpPAaBIiHHA. Y I[bOMY BUNAIKy HaHOIIbIINN
PiBEHB BIANOBIAIBHOCTI 332 OpraHi3awilo pyxy Moi3ziB Ha
cebe OepyTp mucrierdepchkuii amapar ¢imi «Y3IIK» i
BupoOHMYi migpo3aimm «Ciyx6u pobotn cranmin» () i
«entp ynpasninas pyxom moizai» (L[YP) y mexax tux
perionansHuX Qinii, ne BigOynocs pyHHyBaHHS abo sIKi

OynyTe 3amisHi npu (GOpMyBaHHI aJbTEPHATHBHOIO
MapHIpyTy.
3arajoM  Mepexa  YKpaiHCBKHX  3aJli3HHIb

CKJIAZIA€ThCs 3 IIECTH PerioHaIbHUX (idiid, moaineHnx Ha
perioHn, a KOXEH perioH — Ha OKpeMi IHCHeTYepChKi
nuteHUL. Hanpuxinan, perionamsHa ¢imis «IliBgeHHO-
3axigHa 3ali3HULL», SKa Ma€ OJUH 13 HaWBUIIKMX
MIOKA3HUKIB IHTEHCHBHOCTI PyXy IOI3/iB Ha TEpUTOPIi
VYkpainu, monuisersess Ha ATk perioHiB (KuiBchkuii,
Kosstuaesknii, XKmepuncekuii (puc. 1), Kopocrencoknit
i KoHOTOTICBKMIA 1 23 MUCTIeTYepChKi TUTBHUII.
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KoskeH i3 mipo3/iiB Mae CBOIO METY i 3aBIaHHS.
Tak, metoro LIYP € 3amoBoneHHS mOTpe® mepeBe3CHHS
MACaKUPiB, BAHTAXIB, 30KpeMa HeOE3MCYHUX BAHTAXKIB,
Oaraxy, BaHT@KOOAaraxy 1 TOMTH  3aJi3HUYHUM
TPAaHCIIOPTOM Yy BHYTPIIIHBOMY Ta MIDKHApOIHOMY
cnomyueHHsix. Lliei Merm gocsrarote 3a  paxyHOK
BUDILIEHHsS] TaKWX 3aBJaHb, SK OpraHi3amis yIpaBJiHHS
MIPOLIECOM  TEPEBE3eHb,  PETYJIIOBAHHS  HANpPSIMKY
BaroHONOTOKIB 1  3abe3meueHHs  Oe3nepeOiitHOCTI
MIEPEBI3HOTO IPOIECY, BUPIMIEHHS NMUTAaHb €()EKTHBHOTO
BUKOPDHCTaHHS ~ PyXOMOTO  CKJIaJy Ha  perioHax
3aTI3HMYHUX [epeBE3€Hb, YMPaBIiHHA Ta KOHTPOJb
po3pobieHHs rpadika pyxXy IMOi3[AiB, MOPSIKY HANpsIMKiB
BaroHONOTOKIB 1 (opMyBaHHS iX y MOi3OM 3TiAHO 3
IUTaHOM (hOpMyBaHHS MMOT3/1iB 3aII3HUYHIMH CTaHIISIMH.

Ha mepexi ykpalHCBKMX 3ali3HHUIb ICHYE I SITh
IIYP, pozramoBanux y Kuesi, Xapkosi, JIpBoBi, JHinpi
ta Opmeci, KOXeH 13 SKUX  MiANOPSIKOBAaHUN
6e3mocepeHbo «/lemapraMeHTy YHpaBIIiHHS PyXOM» Y
Mmicti Kuesi. Ananoriuno «/lemaprameHTy ympaBiiHHS
pyxom» migmopsiakoBanumit 1 gmcneruep  Y3HIK.
OcHOBHMM mpaniBHUKOM y Mexax LYP, sxwuit
OJTHOOCIOHO Kepye pyXOM IOi3/1iB Ha 3aAaHiil AiIIbHUILI, €
noizanit  aucmerdep (JHL[), nmo 000B’A3KiB sIKOTO
HaJICKUTB!

- aKTHBHE BHKOPHCTAaHHS TEXHIYHHUX 3ac00iB IS
3a0e3rneueHHs HEOOXiHUX O0CATIB pPyXy, 3MEHIICHHS
gacy OOpoOKM TO3MIB HA CTaHIIAX, a TaKOXK
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Puc. 1. Cxema XXmepuHcbkoro periony perioHanbHii ¢inii «[liBnenHo-3axigHa 3aIi3HHALD
e(beKTI/IBHOFO BUKOPUCTAHHSA BaroHHoro MapkKy,

JIOKOMOTHBIB 1 3a0€31e4eHHs IPOITyCKHOI CIIPOMOXKHOCTI;

- KOHTPOJIOBaHHS MisTbHOCTI CTAHIIIH 1 BXKABAHHSI
3aX0/iB /IS BUKOHAHHS 3aBJaHb i3 (opmyBaHHS Ta
BIJIpaBICHHS TOI34IB 3a rpadikoM pyxy 1 IITaHOM
(opMyBaHHSI MOi3/iB;

- CBO€YacHe HaJaHHs BKa3iBOK LIO/I0 PyXy MOi3IiB
YEeproBUM I10 CTAHIISAX, a B pa3i MmoTpedn — MalInHICTaM
JIOKOMOTHBIB 1 CKJIaayaMm Moi3/iB;

- CIIOCTEpPEXKEHHS 3a TpolecaMH MpUHMaHHS Ta
BIIPaBJICHHSA TIOi3MiB HAa CTaHINSIX, OCOONMUBO V
Bumakax 300iB y pooori cuctem CLIb i 3B's13Ky, mig gac
OOTOHIB 1 CXpEUICHb IOBIHX, BEIUKOBATOBHX IOI3IIB,
0i3/iB 13 HeOE3MeYHNMH Y1 HEeTabapUTHUMH BaHTAXKaMH,
a TaKkoXX BXXMBaHHSA 3axoiB Uil YyOe3nedeHHS 1
CBO€YACHOTO PyXy HOI3IiB.

«Cmyx06a poboTn craHUii» Yy CBOIO Yepry
3a0e3reuye  CBO€yacHe Ta  SKICHE  II€pEeBE3CHHS
MacakypiB, BaHTAXiB, Oaraxy Ta MOIITH, TapaHTYIOUH
Oesmeky pyxXy Toi3miB 1 30epekeHHS  BaHTAXY;
OpraHi3oBye pyX MOi3IiB 3a rpadikoM, aHaTi3ye pUHOK
TPAaHCIIOPTHUX TIOCIYT, PpO3pOOJsiEe Ta TOTOKYE 3
BIJMOBIMHMMHU  CIy)0aMyH  JOBTOCTPOKOBI  IUTaHU
PO3BUTKY TPaHCIIOPTHOTO 00CITyroByBaHHs,
IHQpacTpyKTypu Ta pyXOMOro CKiamy; 3abesmnedye
PO3BHUTOK 1 3MIIHEHHS MaTepialbHO-TEeXHIYHOI 0a3u
MIEBHOTO PETIOHY, 3aXHCT HABKOJIMIIHHOTO CEPEAOBHIIA,
TOTOBHICTh TEXHIYHUX IMIAPO3AUIIB A0 HAI3BHYANHUX
CUTyallill, a TaKOXX Kepye JIKBiJaIi€lo iXHIX HaCIiJIKiB;
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BH3HaYa€ OOCSTH MMEPEBE3CHb BAaHTAXIB NI IMiAPO3ILTIB
PETiOHY BIATOBIAHO O 3aTBEP/XKCHUX IUIAHIB, TOBOJUTH
iM HOpMH 3a0€3MCUCHHSI PyXOMHM CKJIAJIOM, KOHTPOITIOE
BHKOHAHHS IUIaHIB NICPEBE3CHb MACAXKHUPIB 1 BAaHTAXIB, a
Takok 3a0e3redye BOPOBANKCHHS €IUHOI HAYKOBO-
TEXHIYHOI Ta IHBECTHIIMHOI ITOJITHKHA IS ITiABHILEHHS

VY pa3i BUHUKHEHHS HECTaHJApTHUX CHUTYyalid
came perioHanpHMH Bigmin pobotn cranuii (JPC),
B3a€EMOJIIIOYM 3 IHIOIMMH CTPYKTypaMmu, 3a0e3redye
oTlepaTHBHE YMPAaBIiHHS TEXHIYHUMH 3aCO0aMH PETiOHY
(moxexkHi  abo  BiOYMOBHI TOI3AM, aBTOMOOUTBHHMN
TPaHCIIOPT TOLIO) 1 MIiATOTOBKY 3aXHCHHUX CIOPYA 1

TEXHIYHOTO  pIiBHA  BHPOOHHWITBA,  yJIOCKOHAIEHHS  CIEHmialbHUX OO'€KTIB 70 pOOOTH B EKCTpEeMaJbHUX
TEXHOJOTIYHUX TIPOIECiB 1 3acCTOCYBaHHS CBITOBOTO  YMOBaXx.
noceimy.  OpranizamiiiHa — CTpyKTypa  BHPOOHHYOTO
nigpo3ainy «Ciayx0a poOoTH cTaHIii» oana Ha puc. 2.
HagansHHK
ciryx6u [
v
¥ v 2 v v 4
3aCTYIHMK HaTATEHAKA 3acTymHEmK HauATEHAKA 3aCTYTHHK HATATEHAKA 3aCTyMHMK HaTATEHHKA 3acTymHmx I 2 i
cyx6m s periomasmoi cy6m s periomasmoi cy6m s periomaTsroi CTyAbH 3 OmepaTHBHOT G 3 BarTaEO G 3 TexmiTHI siaain JTE
xoopauHanii J3P-1 xoopAumanii I3P-2 xoopaumanii J3P-3 pobora 130 pobora 30 murans 13T
— ] | — — 1
PerioHaTsHHIT BIAALT PerioHATEHHI BLAILT PerioHaTsHHIT BIAALT Biaain 3 opranizamii AKI0EO- Texuiunmit Bigain TIposinni-imxenepn
|  opramizamii poSoTH P  opranizamii podota P opramizanii poSoTH ™ BaHTAKHHX IpeTeH3iiHMI BT 1
cranmiit JPC-1 cranmii JPC-2 craunii JPC-3 nepesesens MO JMIO
|
Biaain nomitoprmry Biain ananitmxe Biain Gesniexn pyxy
{pf BaETaEHMX nepeseseHb xoMepifiEei pobotn (!
Ta pospaxyrxis JMM JMA
TlyexTa koHIeRTpanii Biaain Texsigsoro
N 0Gpodin nepesisEIX HaBYAHHA
AOKYMeEHTIB
| Cromin Cramis | || Cramain | || Tommomerrs Bl s
AOKyMeHTiE
TlysxTa KOHUERTpanii BHpoOHHHI mTaT
Iy} opodum nepesismm
AOKYMEHTIB
Puc. 2. Opranizaniiiia crpykrypa BUpoOHI4Oro miaposairy «Ciyx6a podoTn cramiin
Koxxne pyiiHyBanHs iHQpacTpyKTypH, 3aiuist
3aranom pyWHYBaHHS 3aJI3HUYHOI ~ IJABHMIICHHS  PpiBHS  HAAIHHOCTI  CHUCTEMHM, SIKOCTI
IHQpaCTPyKTypH MOXKJIMBE uYepe3 TAaKWW psAA MPUYMH:  OOCIYrOBYBAaHHS ITacaKHpiB 1 3MCEHIICHHS BEIMYMHU
NPUPOMHI  KAaTakJIi3MM,  TEXHOTE€HHI  KaracTpou, EKOHOMIYHMX BHTpaT, HE3aJEXKHO BiJ| BHIIEBKAa3aHUX

TpaHCTIOpPTHI ToAii ab0 MpPOBENECHHS BOEHHHX OOHOBMX
nit. Takok MOXIIMBI BapiaHTH KOMOIHYBaHHS JEKUTBKOX
npuunH, Hanpuknan migpuB Kaxoscekoi EC 6 nmmas
2023 poxy, BHACIIOK YOTO CTABCS IIBUIKUI BiJITIK BOJH,
Yy pe3yibTaTi SKOTO BiMOYBCSA CHIIHUM 3CYB 3EMIISTHOTO
mosiotTHa Ha AutkbHULI Kpusuit-Pir — Hikormons i 3akpuTTst
i€l UTBHAUII Ha JeKiTbKa i [7].

MIPUYMH MOTPEOYE ONEPATUBHOTO YIPABIIIHHS Ta MIBUAKOT
ajanTarii CHCTEMH J0 HOBOCTBOPEHUX YMOB.

Y  peampHMX  yMOBax Hicius  pyHHyBaHHSA
3aJI3HIIHOT iHpacTpyKTypH B32€EMOJIIs MK
MIpalliBHUKAMH, BiJIIOBiTaIbHUMU 3a OpraHi3amilo pyxy
0i3/1iB, BUTJISIA€ TaK, SIK ITOKAa3aHO Ha puc. 3.
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AeToMO6iNLHa|
AHLUY e AHUT je—> AHL2 [ AHL3 Je—>| AHLMNK [ nepesizna
Kownavis
Acm Acn2 Acn3 Acn4 ACNS ACne

Puc. 3. Cxema B3aemoii mpaniBaukiB «Ciyx0u podotu cranuiit»y, L{YP Ta Y3IIK
IIpy pyHHYBaHHI 3aJ1i3HUYHOT iHQPACTPYKTYpH

[epmmyM, XTO Hi3HA€Tbcs TPO pyHHYBaHHS
MIEBHOTO €JIEMEHTAa 3ali3HUYHOI 1H(QPACTPYKTYpH, MOXKE
OyTn  sSK  TpaliBHUK  3ali3HMALI  (TIpEeICTaBHHUKU
JokoMoTuBHOrOo  rocmomapctea  (TH),  xomiitHOTO
rocrionapersa (IT4), enexrponiocrauanus (EY), mucranmii
38’s3ky (IIIY) Ta iH.), Tak i meBHa CTOPOHHS ocoba
(macaxkxup, BHITQIKOBHN mepexoxuid Tomo). Ilicas nporo
BXiJHY iH(pOpMAaIiI0 Npo pyHHYBaHHS IIE€BHOI JTUIBHHII
IHQpacTpyKTypy TNepelaloTh YeproBoMy HaHOIMK4o1
cranmii  (JICII). OtpumaBmm  iHdoOpMaIio  Tpo
pYHHYBaHHS ~ 3aJIi3HUYHOI  iHQpacTpykKTypu Ta ii
MIOTOYHUI CTaH, YeProBUH IO CTaHLii Iepeaae Moi3HOMY
muctierdepy uiei ainpaumi (JJHLD). IMoisnmit nucnerdep,
oTpuMaBIIM iHGOpMaLil0 TpPO 3amaHe pyHHyBaHHS
3aTi3HNYHOI 1H(QPACTPYKTYpH (HECTaHAAPTHY CHTYaIiio)
mepenae i geproomy mo Bimmutenuio (JHLIP, panimie
JAI'TI) abo HayanbHUKY  pPEriOHAIBHOTO  BiAIUTY
opranizanii podotn cranmiid ([PC), kepiBHUKY LEHTPY
ynpasininasa pyxom noi3zais (LIYP), y mexax ynpasiiHaA
SKOTO  CTajocsl  pyiHHyBaHHS  iHQpPAcTPyKTypu, i
muctieryepy ¢inii Y3IIK (AHLY). AHILY, orpumaBmm

BXimHy iH(opMmamnito Tpo pyHHYBaHHA 3ai3HUYHOI
iHppactpykrypu  Bim JHIl, y3romkye mopsmox
MONANBIIMX Ji i3 BJIACHUM KCPIBHUM  CKIIQJIOM.
Havanmeauk IIYP, orpumaBmm iHgopmamito  1po

pyHHYBaHHS 3aJi3HHYHOI iHQpacTpyKTypH, nepenae ii B

Hemaprament I[YP. Ilicms 1mporo memapTamMeHT
MIPOBOANTH OTEPATHBHY HApaay pa3oM i3 PeBi3OPCHKUM
anaparoM (IIPB) i kepiBanm ckmamom o¢inii Y3IIK, ne
YXBIIOIOTh ~ PIIEHHS TIPO TOJAJIBIIE IPSIMYBaHHS
IIBHKICHOTO 1013712,

[Micns yxBameHns pimeHHs aenaprament L[YP
mepesae oro 3HOB HavanbHUKY L[YP, a BiH 3amexHO Bifg
BUOPAaHOTO aJbTEPHATUBHOIO MapIIPyTy HIBUAKICHOTO
MacaXHpChKOro IO0i3[a mepenae Bxke iH(opmanioo THM
JHILI, JHIIP a6o JPC, minpHUII Ta perioHu SKUX MaloTh
OyTH 3aisHi.

Sxmo yYXBaJICHE piieHHs nepenoavae
BUKOPHCTaHHS JIOAAaTKOBOTO Moi3fa-maria, To JPC abo
JHIOP  nomaTtkoBO  3B’SI3y€TbCSI 3 JAUCIETYEPOM
macaxkupcbkoi  kommanii  JIHIIIK 1momo BumineHHS
JIOJIATKOBUX TACAKUPCHKUX BaroHiB JUIS IIOJAJIBIIOTO
TPaHCIIOPTYBAaHHS MAacaXUPIB 1 MOI3HUMH JUCTIETYEPaAMU
IIOI0  3HAaXO/DKEHHA Ta  BUAUICHHS  JOAATKOBOTO
JIOKOMOTHBA Ta JIOKOMOTHBHOI OpHTagyl Uil CTBOPEHHS
«T1013/1a-1I1aTIIaY.

Sxmo moTpiOHE 3alydeHHS ABTOMOOIIBHOTO
tpancnopty, To JIPC a6o JIHLIP 3B’s3yeThcs 3 IEBHUM
BUPOOHUYNM iIpo3aiaom, SIKMH 3HAXOJUTHCS
HalOypk4e 10 MicHs  pyHHYBaHHS — 3aJIi3HUYHOI
iHQpacTpyKTypu Ta Mae Ha CBOeMy OajaHci aBTOOycCH,
a00 HaMOMVKYMM MTPUBATHUM NEPEBI3HUKOM i3 BUMOTOIO
HajaTH  JIeKUIbKa  aBTOOYCiB Uil ITOJAJIBIIOTO
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TPaHCIIOPTYBaHHS  macaxkupiB. [licis 1BOTO  BCIO
iHpopMamito, MO HAmIWNDIA, HAAIOTH  IOI3HUM
JIUCTieTYepaM HOBUX 3aliTHUX JUTGHUI, a Bill HUX —
YeproBUM 1o craHImisx. [loi3Hi aucmerdepu pasoMm i3
YEprOBUMH I10 CTaHI[iSX MOBHHHI 3a0€3MEUNTH OC3TIeUHe

MIPOITyCKaHHs ~ aJbTEPHATUBHUM  MapIIpyTOM I0i3/a
V31K, wHamatounm HoMy TIpM IbOMY HaWOUIbIIY
MIPIOPUTETHICTD.

Crmig TakoX 3a3HAYMTH, [0 CXeMa B3aEMOIl
MIPaIiBHUKIB, I10/1aHa Ha pHC. 3, aKTyaJbHA JIUIIE JUIT THX
BUNAJKIB, KOJM Ticius pyWHyBaHHSA  3aJli3HUYHOI
IHQpaCTPyKTypH MIIBHUIIO 3aKPUBAIOTh IOBHICTIO. Y
BUNAJKY, KOJIM PYHHYBaHHS iHQPACTPyKTypH Ja€ 3MOTY
pyxatucs — IOi3My  JIUIBHHIEI0  BJIaCHUM  XOJOM
HETIPaBUIIBHOIO KOJIIEIO 200 3 BUKOPHCTaHHSIM TEIIOBO3a,
IIPOLIEC OpraHizalii MOJAIBIIOT0 PyXy 3HAYHO INPOCTIIIe
— 0e3 3amyuenns LIPb i nemapramenty L[YP. Tomy B
cTarTi chopMOBaHa aBTOMATH30BaHA CHCTEMa HaJlaHHS
aNbTepHATUBHUX MAapUIPYyTiB s [HMX BHUIAJAKIB HE
Ha/laHa.

[Ipore Takwii YUHHWN MiAXiJ IIOJO OpraHi3armii
pyXy IIBHIKICHOTO II0i37a 4Yepe3 BEIHKY KUIBKICTb
3ay4eHHX TIpaliBHUKIB MOXKe 3aiimMaTté Oarato dacy,
KA 0e3mocepeIHhO  30UIBINYE BETUYMHY IPOCTOIO
MacaXUPCHKOTO 1013713, a OTXKeE, 1 BEINYHNHY JOJATKOBUX
BuTpar. [us TOro 1mo0 3MEHIIMTH BEIHMYUHY HPOCTOIO 1

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
T ict T sttl tep T sttl tep T auto

BUTpAT, BITPOBAKECHHS 3aIpOIIOHOBAHOT
aBTOMAaTH30BaHOI TEXHOJIOTIl HaJaHHS AIBTEPHATHBHOI'O
MapHIpyTy pEeKOMEHIOBaHO MPOBOAWTH Ha OCHOBI
onTuMi3aIliitHoi Mozeni, chhopMoBaHOi B poOoTi [8].

OcHOoBHa MeTa 1IIi€i Mozmeni — 3HAXOKCHHS
aNbTepHATUBHOTO  MapHIpyTy I LIBHIKICHOTO
MacaXHPCHKOro TOi3Ja B pa3i pyHHyBaHHS 3aJli3HUYHOT
IHQpacTPyKTypH 3aJIeKHO BiJl HOTO MiCIIe3HaXOKEHHS,
KIHIIEBUX 1 TPOMDKHHWX CTaHI TMOCAAKH Ta BHCAIKH
MacakupiB, a TaKOX iX KijmbkocTi. OKpiM TOrO, mpH
MoOyZOBlI  JBTEPHATHBHOTO  MapUIpyTy  MOJEILIIO
repet0aYeHo He JIMIIEe 3MiHy OCHOBHOTO MapuipyTy, a i
BUKOPHCTaHHS «T10i3/1a-1I1aTIIa abo  asroOyca.
OntumarnbHE pINIEHHS 3HAXOAATh Ha OCHOBI amapary
TCHETHYHUX aJITOPUTMIB.

Koxen  immuBin  (Mapmpyr) mogaHo  SIK
MOCIIOBHICTL, JI¢ KOXKEH €JIEMEHT BiIIOBIIA€ iISHIL
MapuIpyTy. 3Ha4€HHS I[bOTO eJIEMEHTa Ha KOXKHIN AUISHIT
Moxe HaOyBaTH OXHOTO 3 TpbhoX 3HaueHb: «[loizn
Intercity + (T ict)», «lloizg-matn (T sttl)» abo
«ABTOOYC (T auto)». Y cBoro uepry moi3a-mmaTi MoXke
HaOyBaTH [IBOX 3HA4YEHb 3AJICKHO Bif 3aJisHOTO BHIY
Tsru: «rerioBo3Hui» (T sttl tep) abo «enexTpoBo3HMI
(T sttl_el). Y OinapHoMy BHIJISZL I BHUIVISIAE TakK, SIK
[I0Ka3aHo Ha puc. 4.

- HpﬂMyBaHHH H.IBI/II[KiCHOl"O 0i3/1a BJIACHOIO TATOIO

- IIpsiMyBaHHS «II013/10M — IIATTIIOMY 13 3aTy9SHHAM TEILIOBO3Y

- IIpsamyBaHHA aBTOOYCOM

Puc. 4. KogyBanHs BUIB TSATH B OIHAPHOMY BUTIISIL

[Ticns 1pOro 3ajeXHO BiX 3aJaHOTO MapIIpyTy
NpSMYBaHHS IIBUJIKICHOTO TOi3[ja CTBOPIOIOTH HMOYATKOBY
nonyJsinito. Jani BKa3yloTh AUISHKY MapLIpyTy, Ha SIKid
BifOysocs pyiHyBaHHS 3aii3HNYHOI iH(pacTpykTypH. Lo
IUITHKY  BUKJIIOYAIOTh 13  3arajlbHOi  CHCTEMH  Ta
PO3IMOYMHAIOTE ONEpamilo CXpEIIeHHs, 3a SKOi cHucTeMa

MOYEPTroBO, JUIS KOXKHOI TUIBHUIN, TiaOupae HalKparmwii

BapiaHT moA0 BHAY Hogaibmoi Tsaru (puc. 5). Ilortim
BiZIOyBaeThCs poLec MyTarii, a  OTpUMaHHU
AIBTEPHATUBHUI ~ MapumIpyT MepeBipsSloTbh Ha  yMOBY

MiHIMyMy BUTpar. SIKIII0 yMOBa BUKOHAHA, TO OCTaTOYHUI
pe3ysbTaT BUBOASATH HAa MOHITOP.

1 0 0 0

0 1 0 0 — |0]1]0]0
T ict T sttlel T sttl tep T auto

0 0 1 0
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CrBOpeHMiI TpOrpaMHUH NPOIYKT Yy BHIVIAIL
CHUCTEMHM MATPUMKH  rnpuiHsaTTss  pimens  (CIIIIP)
PEKOMEH/IOBaHO BCTAaHOBHTH Ha aBTOMAaTH30BaHI po0Oodi
Mmicusg moi3Hux aucrietdepiB (APM JIHLI) i aucmeruepa

|IHH|II IIHHII

AHUY

¢urii Y3LIK. Cxema B3aemonii mpaniBHUKIB «CiyxOu
pobotu cranuiity, LIYP Tta VY3UIK npu pylHyBanHi
3aMi3HMYHOI  1H(PACTPYKTypH Ticias  BIPOBAIKECHHS
aBTOMAaTH30BaHOI TEXHOJIOT1i IOKa3aHa Ha puc. 6.

-

HauansHuK

Puc. 6. Cxema B3aemonii npaniBHuKiB «Ciryx0u pobotu cranuii», L{IYP ta Y3UIK npu pyiliHyBaHHI 3a1i3HUYHOT
1H(PACTPYKTYpH IICIIs BIPOBAKEHHS aBTOMaTH30BaHOI TEXHOJIOT11

BrpoBamxeHHs 3arpoNOHOBAHOT
aBTOMAaTH30BaHOT TEXHOJIOT11 JacThb 3MOTY
BiTMOBHUTHCS BiJl IPOBEICHHS OICPATUBHUX HapaJ Ha
piBHi gmenapramenty LIYP i yxBamutm pimenHs Ha
pisai IHIL i Havanpamka [{YP. Takwii migxin He Jumie
MPUINBUANIATE YXBaJICHHS OICPATHBHOTO PIMICHHS
CTOCOBHO TOAAJBIIOTO PYXy 3aJaHOr0 TOi3My, a U
3MCHIIIUTH  BIPOTIHICTh JFOJCHKOT TOMWJIKH TIpH
HOMY.

BucHoBkH

Ortxe, pYHHYBaHHS 3aJI3HUYHOL
IHQpacTPyKTypH € ceplio3HOI0 MpOOJIEMOIO, IO Mae
3HAYHI COI[laJbHI, TEXHIYHI Ta €KOHOMIYHI HACHiIKH.
HesanexxHo Bif TIPUYNHI pyHHYBaHHS
iHQPAaCTPYKTYypH  3aBXKAM  ICHYE  HEOOXITHICTH
CBO€YACHOTO pearyBaHHs Ta afanTalii CUCTEMH IS
3MEHIIECHHS! HETaTHBHHUX HAacHiJKiB. 3alporoHOBaHA
aBTOMaTHU30BaHa TEXHOJIOT 1S Ha/laHHS
aIbTEepPHATUBHOTO MapIpyTy HIBUAKICHUM
MacaXHPChKUM  TI0134aM  JacTb 3MOTY  CYTTEBO
CKOPOTHTH 4Yac MpPOCTOI0 B OYIKyBaHHI pillICHHS,
3MEHIIUTH BIPOTIAHICTD JIFOACHKOI IIOMIIJIKH Ta 3HANTH
ONTHUMAJIbHE PIIIEHHS, II0 MiABUIINTG €QEKTUBHICTH
pobotn 3ani3HWYHOI 1H(QPACTPYKTYpH B yMOBax
HAI3BUYANHHUX CHUTYAaITil.
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A hierarchical model of the information environment for railway power supply
system critical objects control

Abstract. It is proposed to consider the hierarchical model of the information environment as a structure
according to its functions (implemented by the software part) and architecture (responsible for effective implementation
of functional capabilities). It is proposed to improve the information management system of Ukrzaliznytsia’s critical
power supply facilities, based on the developed hierarchical model of the information environment, which takes into
account the presence of Ukrzaliznytsia’s own generation sources by integrating the appropriate control subsystem into
the information system structure. The model emphasizes the integration of software and hardware components for data
collection, pre-processing, and decision-making, contributing to a highly automated and intelligent control system. It
proposes a multi-level structure incorporating artificial intelligence and advanced technologies to optimize electricity

consumption and improve operational efficiency within the railway power supply system.
Key words: hierarchical model, control, power supply, information, railway.

Problem statement

Information plays a key role in ensuring effective
management of objects of the railway power supply
system.

The development of a hierarchical model of the
information environment for railway power supply
system critical objects control is an urgent scientific
and technical task, which will allow to increase the
effectiveness of management decisions by integrating
different levels of information and ensuring its timely
analysis in a single information environment. The
importance of this problem is due to the complexity of
power supply facilities, the need for prompt response to
emergency situations, and the criticality of the
consequences of possible system failures, the
probability of which only increases due to the
destruction of Ukrainian power plants by the Russian
Federation.

As one of the largest consumers in Ukraine,
Ukrzaliznytsia experiences a significant shortage of
electrical energy, and the introduced consumption limits
cover only 75% of the real needs to ensure the
transportation process and current economic activity [1] of
the company.

An increase in the deficit will have an impact on the
smooth running of trains. The construction of gas power
plants for the needs of Ukrzaliznytsia [1] created the need
to rethink the information environment of the power
supply system management,

since previously the generation factor was not taken
into account in the development of information systems for
the power supply of railway transport in Ukraine.

Literature review

If we set aside the subject area, the task of developing
a model of the control information environment is
common to the automation industry as a whole, so
experience from other areas is taken into account to
analyze the typical features of hierarchical models of
information systems, not limited to research in the field of
power supply, including the power supply of railway
transport. For example, in the article [2], the author
describes a hierarchical model of intelligent control in the
military sphere through graph theory, while using the
principles of automatic control theory.

The authors of the article [3] consider a three-level
hierarchical system of monitoring and dispatching for the
execution of business processes, which is similar in
structure to the desired model of the information
environment for railway power supply system critical
objects control.

The method of forming information support is
proposed in [4].

It is designed for a hierarchical network
representation of a subject area and can be used for a
decision support system for acquiring and applying
knowledges.

© Oles HAIDENKO, Halyna HOLUB, Ivan KUIBOVSKYTI 2024
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Information networks of the electric power industry
all over the world began to develop according to the
concept, which is generally called Smart Grid [5]. It
certainly cannot be ignored when developing a model of
the information environment for controlling the power
supply system of railway transport. Researches [6, 7]
confirm the relevance of “intelligent” power grids of the
Smart Grid concept in 2024.

A large number of scientific works are devoted to
the intellectualization of the electric power industry in
Ukraine [8-12].

The basic principles of monitoring as a
fundamental component of “smart” electricity supply
networks in Ukraine are laid down in work [8].

The relevance of modern information technologies
for energy in the post-war reconstruction of Ukraine is
confirmed in [9].

The need to increase the efficiency of the use of
modern computer technologies in the field of energy is
substantiated in the work [11]. Also, the work [11]
reveals the essence of promising areas of application of
artificial intelligence in energy, such as forecasting
energy demand, optimization of energy consumption,
use of “smart” networks.

In the information environment model for railway
power supply system critical objects control, it is necessary
to take into account the tendency to organize microgrids on
the basis of existing distribution electrical networks with
local energy sources, studied in [12] as one of the ways to
reduce the military impact on the power system.

The aim of the work

The purpose of the study is to develop a hierarchical
model of the information environment for railway power
supply system critical objects control, which will take

into account the presence of Ukrzaliznytsia’s own
generation sources.
Main part

The performance of the information system for
managing complex dynamic objects largely depends on
the availability of a complex of software and hardware
tools that provide data collection and pre-processing.
Therefore, it is worth considering the hierarchical model
of the information environment as a structure based on its
functions, which are implemented by the software part,
and the architecture that is responsible for the effective
provision of their implementation.

The railway power supply network is a complex and
widely dispersed control object. This determines the
complex structure of the hierarchical model of the
information environment with controlled systems. The
complex structure accumulates a high level of automation
not only of the processes of preparing information for
decision-making, but also of the processes of producing
decision options, which are based on the knowledge
obtained by the information system.

Taking this into account and taking into account the
current trends in the development of information
technologies in the energy sector and the level of their
integration in the information environment for railway
power supply system critical objects control in Ukraine,
it is proposed to carry out its formation according to the
structure (fig. 1), which provides for increasing the
functionality of the current management system in order
to reduce the cost of purchasing electricity by optimizing
the transportation process and effectively using own
generation sources. The proposed structure of the
information environment (fig. 1) consists of several
complex subsystems, each of which performs its specific
tasks.
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Figure 1. The structure of the information environment for railway power supply system critical objects control

The subsystem of information accumulation
includes both software components of data processing for
the purpose of obtaining knowledge, and physical devices
for registration, storage and transmission of primary
monitoring data to other subsystems. This subsystem
provides for the integration of data from external sources
to ensure the intellectualization of the control system in
accordance with modern needs and technologies. Further,
these data can be used to solve specific tasks of control.
This subsystem most closely depends on the computer
architecture of the information environment.

The subsystem of automated diagnostics and
emergency decision-making is aimed at reducing the
influence of the operative personnel human factor during
the elimination of abnormal (emergency) situations in the
power supply network, which corresponds to the Smart
Grid concept. This subsystem consists of a prediction
equipment failures unit and a formation of emergency
information and control influences unit. The prediction
equipment failures unit determines the remaining
resource of power devices. The formation of emergency
information and control influences unit informs the
dispatcher about abnormal situations, provides data on
the current mode of operation and offers possible ways to
eliminate accidents in case the dispatcher’s intervention
is necessary. Thus, through the user interaction unit, the
formation of emergency information and control
influences unit performs the functions of a support and
decision-making system.

A modern decision support system allows
predicting the impact of decisions on the further
development of the control object [13].

If it is possible to eliminate the consequences of an
emergency situation without the involvement of operative
personnel, the subsystem of automated diagnostics and
emergency decision-making should independently
eliminate them with the help of intelligent algorithms.

The subsystem of automated control of electricity
generation and consumption consists of interconnected
units — forecasting and planning. They prepare the input
information for the generation control and optimization
of the transportation process units. All units of the
subsystem interact directly with the dispatcher and
provide data in the form of prepared reports and
decisions.

Based on the data from the subsystem of
information accumulation, the forecast of power
consumption unit is designed to forecast the value of
power consumption at individual traction substations and
at individual feeders, if it is technically possible. The
predicted values are transferred to the planning unit and
reported to the user interaction unit.

The main purpose of the planning unit is to save costs
for the purchase of electricity. It is achieved by analysing
the available electricity tariffs and the current train
schedule, using the obtained forecast values.

Generation control and optimization of the
transportation process units are necessary according to
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the needs determined by the planning unit in order to use
own sources of generation in an automated mode in
cases of electricity shortage in the country’s power
system or on the condition that the cost price of
electricity of own production is lower than the price of
the wholesale energy market and for adaptation of the
train schedule [14-16] to the current tariff conditions.

The task of the subsystem of automated control of
electricity generation and consumption is also the
automatic formation of annual, quarterly and monthly
electricity balances for separate control objects (it can be
a traction substation, its separate feeder or even a
separate workshop or any other stationary consumer that
is powered by this feeder and has its own automated
accounting devices (automated system of commercial
electricity accounting). These balances can be used to
analyze the use of electricity, its losses, and determine
ways to save.Planning, generation control and
optimization of the transportation process units provide
the formed control influences to the dispatcher for their
further approval, correction or transfer to other structural
divisions of Ukrzaliznytsia.

The information environment for control objects of
the electric power system is a structure with a complex
topology of connections between its elements [17]. In
the power industry, workstations of monitoring systems
mostly interact through local servers, which makes it
expedient to optimize the network, in particular, to
segment it by workgroups so that the main volume of
traffic remains within the local segment [8]. At the same
time, the communication infrastructure should use all
available paths and ensure data transmission via the
shortest routes [18].

The main architectural feature that distinguishes the
information environment of an intelligent control system
from others is the connection of data storage and
processing mechanisms necessary in conditions of
dynamic changes in input data or their uncertainty under
the influence of external factors (changes in the
parameters of the external environment, tasks,
characteristics of the control object etc).

The proposed hierarchical model of the information
environment for railway power supply system critical
objects control involves the use of artificial intelligence
methods and technologies, which were studied in works
[19-21], as the main tools for dealing with the uncertainty
of external influence. It can be the basis for expanding the
automated control system at critical traction power supply
facilities of Ukrzaliznytsia with the aim of introducing
additional functionality and rationalizing the use of
technical means.

The hierarchical multi-level structure has the
following essential characteristics: possibility of vertical
decomposition of the system into subsystems; priority of
actions or possibility of upper-level subsystems
intervention; upper-level subsystems actions dependence
from actual performance of their functions by the lower
levels [3].

The hierarchical model of the information
environment architecture for Ukrzaliznytsia’s power
supply system critical objects control (fig. 2) provides
decentralized information processing, which makes it
possible to transfer the load to the lower levels of the
hierarchy. This approach makes it possible to implement
local automated control and diagnostics based on servers
of power supply distances.
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Figure 2. Hierarchical architecture of the information environment for railway power supply system critical objects
control

According to the concept of Smart Grid [5, 19], one
of the key elements of an “intelligent” network is a digital
substation, which is equipped with control, protection,
and management systems that collect and process the
entire volume of data about the state of the power grid
and manage the equipment in a digital format.

Collected primary data is archived and stored in raw
form for the prescribed period in accordance with
regulatory documents.

The railway industry is both a producer of data and a
consumer of knowledge derived from datasets [23]. The
model (fig. 2), which contributes to the effective
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transformation of large volumes of data into useful
information and knowledge necessary for the optimization
of railway transport operations, is proposed using the
ideas of building industrial information systems described
in the book [24] by Thomas Bushe and Ali Yalchin and
taking into account that the lower levels of the
architecture are not only the main sources of information,
but also its biggest consumers. The most intensive data
transfer occurs at the lower levels.

Thus, a significant part of the information channels
is placed in the relevant subsystems, and this saves traffic
and computing resources at the upper levels of the
hierarchy [24].

Data transfer protocols must ensure reliable and
correct operation. Therefore, it is necessary to use the
Ethernet protocol and the TCP/IP model for data
transmission in a local network. They are widely used by
leading manufacturers of computer equipment, in
particular hardware of automated control and monitoring
systems [8, 25]. This is due to their well-developed
technology, low cost and wide distribution.

The combination of intelligent communication
protocols with energy transfer in the general architecture
provides the possibility of implementing distributed
management [26]. For this, the principle of a single
system-wide measurement of the railway power industry
primary data is important. It is key to obtaining
information that shows the excited modes of the power
supply system operation as a territorially distributed
complex structure and allows timely response to external
influences and minimizing damages, quickly returning the
system to normal functioning.

According to the four-level hierarchy of the
proposed architecture, the data access levels necessary to
protect information from unauthorized access must be
provided in the information system.

Microprocessor devices and components of the
monitoring and diagnostics network form the lower level
of the hierarchical control model of the Ukrzaliznytsia’s
power supply system (fig. 2). Traction substation level
functionally provides technological control of objects and
processes on the contact network and traction substation.

Means for recording primary data, located at the
lower level, serve as the basis for the intellectualization of
power supply. With their help, the tasks of commercial
and technological electricity accounting and continuous
equipment diagnostics are automatically solved.
Continuous diagnostics of the equipment consists in
determining the type and location of the accident and
recording pre-accident, emergency and post-accident
power supply modes with time synchronization and
activation of protection systems. Information from this
level is transmitted to all higher levels of the hierarchy.

Each of the railways has several power supplies
distances (power supply distance level), where
operational control and monitoring functions are
performed, primary data is collected from microprocessor
recorders of traction substations, operational dispatching

organizational and technological control of the power
supply distance is carried out.

Distributed databases (DB) of emergency and
commercial information are implemented on separate
servers of the power supply distance level (fig. 2) and the
information is formed for transmission to a higher level.

One of the reasons for such an architectural solution
is the use of the computer network “multi-user” operation
mode, which causes many interrelated issues regarding
the protection of information on servers.

The developed model of the information
environment facilitates the separation of access, since
emergency and commercial information are processed
independently on separate devices. This reduces the risk
of data leakage or loss.

In this process, algorithms are implemented that
provide management functions in accordance with the
Smart Grid concept: modeling and forecasting the
reliability of the electric energy transmission and
consumption systems operation, assessment of equipment
condition, formation of management decisions.

Information from power supply distances and
external sources (for example, meteorological services) is
sent to the road energy dispatching point and subject to
further processing. Operational dispatching
organizational, economic and technical management of
the railway power supply service is carried out at the road
energy dispatching point level.

The central energy dispatching point of
Ukrzaliznytsia is the highest control level. All information
from the six regional branches of Ukrzaliznytsia comes
here. Coordination of management actions, which ensures
coordinated and effective functioning of the entire power
supply system, is carried out at this level.

Preparation of information for organizational and
economic management and creation of reports of the
appropriate level is carried out at the highest levels of the
hierarchical model.

Effective organizational and economic management,
as well as energy efficiency, are achieved due to
increasing the awareness of management personnel and
the possibility of applying various computational methods
in the processes of forming management decisions.

Organizational and technological management
ensures a reduction in electricity consumption due to the
use of traction power supply economic modes, ensuring
an energy-optimal train schedule, intellectualization of the
processes of electricity payment tariff system effective
use, as well as timely provision and increase of
information reliability.

Technological management of traction power supply
equipment ensures management efficiency by increasing
the efficiency of management decision-making.

The proposed hierarchical model of the information
environment architecture for railway power supply system
critical objects control is a combined. Along with the
automation subsystems based on the DB in the
architecture (fig. 2), the integration of non-formalized
knowledge represented in the architecture by the central
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energy dispatching point of Ukrzaliznytsia and the
automated workplace of the dispatcher at the power
supply distance level is provided.

The proposed hierarchical model is based on the
principle of a single information space and represents a
distributed system with geographically distant objects,
where the top level is occupied by the central energy
dispatching point of Ukrzaliznytsia. Its implementation
involves the use of existing local computer networks of
various levels, modernization of software and increased
use of microprocessor devices.

Conclusions

It is proposed to consider the hierarchical model of
the information environment as a structure based on its
functions, which are implemented by the software part,
and the architecture, which is responsible for the effective
provision of their implementation.

A hierarchical model of the information
environment, which takes into account the availability of
Ukrzaliznytsia’s own generation sources by integrating
appropriate control subsystem into the information system
structure, is developed.
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Anomauin.  Pospobxa  iepapxiynoi  mooeni
inghopmayitinoco cepedosuwja Kepy8aHHs KpPUMUYHUMU
06’ ekmamu cucmemu eieKmponoCmaianHs 3ani3HUYHO20
mpancnopmy €  aKmyanabHO  HAYKOBO-MEXHIYHON
3a0auero, wo 003601UMb RIOBUWUMU eQeKMUBHICTb
VAPAGTHCOKUX PIlUEHb WAXOM IHme2payii pi3HOPI6He oI
iHGhopmayii ma 3abe3neyennHs ii c60€UACHO20 AHANIZY 6
€ouHomy iHghopmayitinomy cepedosuwi. Bascnusicmo
oanoi npobOnemu 006yMo8eHa CKIAOHICMIO 00 €Kmig
eeKMPONOCMAa4ants, — HeoOXIOHICmIO  OnepamueHo2o
Peazy8anHs HA HeWmamui cumyayii ma KpumudHicmio
HACNIOKI8 MOJNCTUBUX BIOMOS CUCHEMU, IMOBIPHICMb AKUX
auwie  3pocmae  uepe3  PYUHYBAHHA 006 ’exmig
enexmpoenepeemuku  Yxpainu pociticokoro gedepayiero
pasom i3 NOCUNeHHAM Oediyumy enekmpoeHepeii 6
00°cOnaniti  enepeemuuniii  cucmemi  Ykpainu. Tomy
CbO2OOEHHS BUMARAE NEPEOCMUCIEHHS THDOPMAYIUHO20
cepedosuwa Kepy8ants CUCMEMOI0 eneKmpOonoCmayaHHs,
30Kkpema U Yy 36’A3Ky 3 OVOIGHUYMEOM  2A308UX
enekmpocmanyiil ons nompeb Ykp3anizuuyi.

Iepapxiuny modenv iHgopmayitinoeo cepedosuua
NPONOHYEMBCSL PO32TAOAMU K CIPYKIYPY 8I0N08IOHO 00
i1 ynxyitl (peanizo8anux NpoSPAMHOI UYACMUHOW) Md
apximexmypu (8ionogioae 3a egexmusHy peanizayiro
DYHKYIOHAILHUX MOJICIUBOCTIELL).

Ilpononyemocs  yOocKoHanogamu
cucmemy  YNPAGNIHHA — KPUMUYHUMU
eIeKmponoCmayanHs Ykpsaniznuyi Ha OCHOGI
po3pobaeroi  iepapxiunoi  moldeni  iHopmayitiHo2o
cepeoosuwa, wo 8pAXo8y€ HASAGHICMb GIACHUX Odiceper
eeHepayii Yrpzaniznuyi, wasaxom inmezpayii 6i0nogioHol
niocucmemu Kepy8auHs 6 CMpYKmypy iHgopmayitinoi

iHgopmayitiny
00’ exmamu
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cucmemu. Mooenv niokpeciroe inmezpayio nPOSPAMHUX §
anapamuux KOMHOHeHmie 0/ 300py OaHUX, NONepeoHbOl
00poOKU ma NPUHAMMSA PileHb, CHPUsYU noOYO08i
B8UCOKOABMOMAMU3Z08AHOI  ITHMENEKMYAlbHOI  cucmemu
KepyBaHHs, NPONOHYE 6azamopieHegy CmpyKmypy, wo
nepedbauac  GUKOPUCMAHHS — NEePedosUx  MexHON02il
00poOKU  Oanux 1 WMYYHUX HEeUPOHHUX Mepedc Ois
onmumizayii  nepegiznoco  npoyecy,  eQeKmusHo20
VIPAGNIHHA  GIACHUMU — Odcepenamu  2eHepayii  3a0is
SMEHWEeHHsl 8UMpPaAm HA 3aKyniguo ma 6UpoOHUYMeEo
eNleKmpUyHol enepelii.

Knrouosi cnosa: hierarchical model, control, power
supply, information, railway.
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YK 656.027.3 DOI: 10.18664/1kszt.v2913.313558

KPAHIIEHIHIH O. C., a.1.H., npodecop,

IITAITATIHA O. O., K.T.H., JOLICHT,

KOBAJIBOB A. O., k.T.H., IOIICHT,

3AIIAPA 4. B., K.T.H., JOLICHT,

KOBAJIBOBA O. B, K.T.H., TOIIEHT

(YkpaiHnchkuil nep>KaBHUN YHIBEPCUTET 3a713HUYHOTO TPAHCIIOPTY)
OuniHlBaHHS NeEePCHEeKTHUB TEeXHOJIOT il
nepeBe3eHb BAHTAXIB

YHIPOBAKEHHA  AJbTCPHATHBHHX

Hoceio nepedosux Kpain nokazye, wo 3anpo8aONCEHHA HOBUX BUOI6 MPAHCNOPMY CHPUSE NIOBUUJEHHIO
KOHKYPEHMOCNPOMONCHOCI  MPAHCNOPMHOL  2any3i mMa 30epediCenHI0 HABKOMUUIHbO2O Cepedosuyd, O0CcOOIUBO
akmyanvte 8 ymogax deiyumy pecypcis. Bionogiono 0o yvoco ¢ cmammi po3zensioaome NUMAHHA U000 NEPCReKmus
VIPOBAOJICEHHS AIbMEPHAMUBHUX MEXHONO2II nepese3eHb 8 YKpaiti.

Y cmammi naeeoeni pezynomamu ghopmysanns npoyedypu usHAUEHHS. OYIHKYU MPAHCROPMHUX TEXHOA02Il Ha
OCHOBI ONMUMI3AYii UMPAM HA NEPEBEe3eHHs 3 YPAXYBAHHAM KEALIMEeMPUUHO20 Kpumepilo. ¥ pe3ynomami 6UKOHAHUX
odocniodicenb chopmosano 3azanvbhy npoyedypy OYiHIOBAHHA MPAHCROPMHUX MEXHONO02I OOCMABIEH S GAHMAICIE HA
NOAI2OHI HA OCHOBI NPUHYUNIG K8AIMempil, AKa, HA BIOMIHY 6I0 ICHYIOUUX NIOX00i8, 0AE 3MO2Y 8PAX08YBAMU KOMNIEKC

¢axmopis, wo eniusaroms Ha 8UOIP MPAHCNOPMHOL MEXHONO2IT.
Ompumana npoyedypa oyinio8aHHsL MPAHCHOPMHUX MEXHON02IT MOdICe OONOBHIOBAMYU MPAOUYINIHI NIOXO0U OO0

opMYBaAHHS MPAHCNOPMHUX MEXHOAO2TH.
Knirouosi cnosa:
nepege3en s, KauliMempuiuHut Kpumepii.

3QNUI3HUYHULL  MPAHCHOPM,  AIbIMEPHAMUGHI

Beryn

3a TpaHCcTIOPTHOIO cTpaTerielo YKpaiHu, B yMOBax
€BpoiHTerpamii OAHMM 13 TPIOPUTETHHX HANPSAMIB
JUSUTBHOCTI TPAHCIIOPTY € HaJIaHHS SKICHUX 1 epeKTHBHUX
MOCIIYT i3 TepeBe3eHb BaHTAXIB 1 MacaXwpiB. 3 Iii€r0
METOI0 HEOOXiIHO 3ampoBa/UKyBaTH HOBI IepeloBi
TEXHOJIOTI1 TIepEeBE3CHb, 30KpemMa pO3BHBATH
aNbTepHATHBHI BUAM TpaHCOpTy. [Ipy B3aemonii pizHUX
BUIB TPAHCHOPTY OCOOJHMBOI aKTyaJIbHOCTI HaOyBaroTh
iHTepMOJaNbHi, KOMOIHOBaHI Ta  MYJIBTHMONAIBHI
MIepeBE3CHHS  SIK TEPCHEKTUBHI HANPSMH  PO3BUTKY
TPAHCIIOPTHO] r'ajTy3i 3a y4acTIO 3aJTi3HHIII.

AHaJI3 0CTAHHIX J0CTiKeHDb i myOJiKkanii

Ha cporomni Haii0Oinpiie 3acTtocyBaHHA 3 YCiX
BU/iB KOMOIHOBAaHMX II€pPEBE3EHb HA 3ATI3HUILIX YKpaiHu
3HAMIUIM KOHTEWHEpHI IEepeBe3eHHs, 1IN0 Yyoesrneuye
JocTaBleHHS — BaHTaxiB. CucTeMa  KOHTEHHEPHHX
MepeBe3eHb JIa€ 3MOry 3ajlydaTH 10 KOMOIHOBaHHMX
IepeBE3CHb ABTOMOOLUTHHUIMA, 3aJli3HUYHHAN, MOPCHKUH,
PIUKOBHH 1 MOBITPSHUH TpaHCIOPT. [Ipn HbOMyY B AESKHX
KpaiHaX KOHTEHHEpH 3aBaHTaKYIOTh Y JBa SIPyCH, 11O Ja€

MexHON02ii nepegesens, KOMOIHOBAHI
MOXJIUBICTh 3HU3UTH BUTPATH Ha TpaHCIOPTyBaHHS [1,
2].

Came TOMy TEpCIIEKTHBHUM  HAIpsSIMOM Yy
PO3BUTKY TPAHCIIOPTHOI Taiy3i YKpaiHH € BUKOPUCTAaHHS
Cy4acHHX TPAHCIOPTHUX TexHousoril. Sk mokasye
CBITOBHH JIOCBiJl, TpPaAMIIAHI CUCTEMH IOCTABICHHS
BaHT@XIiB MOXYTb OyTH  JIOTIOBHEHI  Cy4YacHHUMH
CHUCTEMaMH, TaKUMH SK TIOI3AM Ha MarHiTHOMY
IiABILIYBaHHI, CyJHa Ha IMOBITPSHIM MOIYIII, KaICyin
Hyperloop, 0e3niIoTHI MallluHHY, ripoxonrepw,
KBaJIPOKONTEPH 3 BEJIMKOI BAaHTAKOMIIHOMHICTIO, a
TAKOX TIEPEXOJIOM TPAHCHOPTY Ha albTepHATHBHI
JOKepera eHeprii Ta Buau nanusa [3].

Tak, y Snownii, Kurai ta Himeuunni naOymm
PO3BUTKY IIOI3AM Ha MAarHiTHOMY IiABinryBaHHi. Taka
CHUCTEMa JIOCTAaBJICHHS Ma€ psji [epeBar: BHCOKa
IIBUIKICTh JIOCTABJIICHHS, C(EKTHBHIIIE, HIK B aBTO- Ta
aBiaTpaHCIIOPTY, €(EKTHBHIIIE BHKOPUCTAHHS EHEprii,
HU3BKHH piBeHb mIymy [4, 5].

Y CHIA Oyno mnporecToBaHO Iepmuii TOI3A-
rimepiayn, mo jgocsirae mBuakocTi Bim 480 mo 1220
KM/TOL 1 Ma€ MOXJIMBICTh TIEPEBO3UTH HE TUIBKU
TacaXkupiB, a i IXHi TpaHCOPTHI 3acobu [6].

VY Ham dyac yce OinbIIOi akTyaJgbHOCTI HaOyBae
JIOCTaBJICHHS BaHTAXIB 3a JIOTIOMOTOIO0 KBAJPOKOITEPIB.

© KPAIIIEHIHIH O. C., TAITATIHA O. O., KOBAJIBOB A. O., 3AIIAPA 4. B., KOBAJIbOBA O. B., 2024
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KBagpokonrep 3 BeJMKOIO BaHTaXKOMiAHOMHICTIO
Ma€ MOXIHBICTh TIEPEBO3UTH HE TIIBKH TOBapu
IINPOKOTO BXKUTKY, a H y MaiOyTHBOMY IEpPEBO3UTH
Joziel, mepeMilyloun iX Ha HEBEJIHMKIH BHCOTI 3apaiu
ixupoi Oesnexu. LLnax kBaxpokomnTepa Oyae MPOXOIUTH
HaJl HAsBHUMH [UIIXaMH W IHIINMH eJIEeMEHTaMHu
iHdpactpykryp [7].

3aKOpIOHHUN MiNXil 3aCHOBAHWIA Ha BHCOKOMY
PiBHI PO3BUTKY INPOMHCIOBOCTI, ajie, Ha »ajb, Halla
KpaiHa 3HAaXOOUTBCS Yy CKIaJHUX CKOHOMIYHHMX 1
MOJITUYHUX yMOBAX, YacTHHA TEPUTOpill aHEKCOBaHa,
IpoMuciioBa iH(pacTpykTypa 9acTKOBO ab0 MOBHICTIO
3pyiiHOBaHa Ta repedyBae mix oOCTpijlaMu, IO 3HAYHO
YCKJIATHIOE POOOTY BCIX TPAHCIIOPTHUX 00’ €KTIB.

3po3yMisio, IO  3amNpOBAPKEHHS  CyYacHUX
TPAaHCIIOPTHUX  TEXHOJIOTIH notpedye BEJINKUX
KallTaIbHUX BKJIAJICHb Yy TMOOYHOBY, OCBOEHHSA Ta
0OCITyrOByBaHHS ~ TPaHCHOPTHOI iHQPACTPyKTypH. A
BPaxoOBYIOUM Te, II0 YKpaiHa 3HAXOJHUThCS B YMOBax
BOEHHOTO CTaHy, CTa€ aKTyaJIbHUM IUTaHHS OLIHIOBaHHS
HaJ@HHA TPIOPUTETY pIMIEHHAM 13 3alpOBAPKCHHS
TPAHCIIOPTHUX TEXHOJIOTIH, SKi MOXKJIMBO peaji3yBaTH
BXe cborojHi. lle y cBoro uepry morpedye OLiHIOBaHHS
KOHKYPEHTOCIIPOMO>KHOCTI 3aIIpOBaPKEHOTO TPAHCIIOPTY

MOPIBHSAHO 3 TpaguLiiHAM 13  ypaxyBaHHSAM
KBAJTIMETPHYHOTO  KPHUTEPil0, MO0 O0’€IHYyE Barosi
TEXHIUHi Ta BUTpaTHi (haKTOpH.
Merta Ta 3aaa4i JocaiTKeHHs

Mera JOCHi/KEHHS TOJsiTa€ B OLIHIOBAaHHI

MIEPCIICKTHB aJTbTCPHATUBHUX TEXHOJIOTIA TIEPEBE3CHH 3
ypaxyBaHHIM sSIKiCHUX TTOKa3HHKIB.

JUtss MOCSATHEHHS TOCTAaBJICHOI METH HEOOXiTHO
BHPIIIUTH TaKi 3aBAAHHS:

- chopMyBaTH MOZEIH OIIHFOBaHHA €()CKTUBHOCTI
BUKOPHCTAaHHS aJbTCPHATUBHUX TEXHOJIOTIH TEepeBE3CHb
1py 3a0e31eYeHH] ONTUMAIBHUX BUTPAT;

- OLIHNUTH €(PEKTUBHICTh TPAHCIOPTHOI TEXHOJIOTI]
IIepPeBE3C¢Hb Ha OCHOBI KBAIMETPUYHOTO KPUTEPIFO.

OCHOBHA YaCTHHA JOCTIIKEeHHS

Y cywacHMX yMmoBax iHTerparmii
E€pponeiicbknii  Coro3  akTyallbHUM €  NHTaHHA
pedopMyBaHHS TpaHCIOPTHOI BITYM3HSHOI CHCTEMH,
30KpeMa  YKpaiHCbKOI  3ami3HuLi. 3a HIpUHHATHM
Kabinerom MinictpiB Ykpainu Bix 30 tpasust 2018 poky
posmopsypkeHHsiM  «[Ipo  cxBanenns  HamionansHoi
TpaHCcTIOpTHOI cTparerii Ykpainm Ha mepiog mo 2030
POKY», YKpaiHCBKy TpPaHCIIOPTHY CHCTEMY OYiKyIOTb
ceptio3ni 3Mminu. [llomo BITUM3HSAHOI 3ali3HHUIN, TO
nepenbadeHi Taki  3axomu:  Jibepamizamisi  pUHKY
3aTI3HMYHUX IIepeBE3€Hb HA OCHOBI PIBHOIPABHOTO
JOCTYIly A0  3&JIi3HUYHOI  IHQpacTpyKTypu  Ta
CIpaBeUIMBOi  KOHKYPEHLIi MK  IepeBi3HUKAMH;
HOPMaTHBHO-TIPAaBOBE  3a0e3nedeHHS  (YHKIIOHYBaHHS
PUHKY  3QJi3HUYHMX  II€PEBE3€Hb;  3alpOBaDKCHHS
MEXaHi3My JOMYCKYy J0 PHHKY 3aJli3HUYHHUX IE€PEBE3CHb
MIepeBi3HUKIB pi3HUX (OPM BIIACHOCTI; CTPYKTYpHA
pedopma AT  «Ykp3ami3HHID»Y, 10 mepeadavae

Vkpainu B

¢inaHcoBe Ta oOpraHizamiiHe pPO3JUICHHS —olepaTopa
iHpacTpyKTypH Ta nepesizHuka [8-10].

Ha cporogni ogHMM i3 OCHOBHHX IIUTaHb €
3alpOBA/PKEHHSI  Cy4aCHHX TEXHOJIOTIH  IIepeBe3eHb,
YpaxoByIOUM BOEHHMHA CTaH B VYKpalHi Ta Hecraudy
€HEepropecypcis.

Bubip TpancnoprHOi TexHosorii  HEoOXigHO
pobut 3 ypaxyBaHHSIM  SIKICHOI  CKJIaJIOBOi,

BHUKOPHCTOBYIOUM METOJIM TEOPETHUYHOI KBasimerpii [11].
PizHOMaHITTS TpaHCIIOPTHUX 3aco0iB HE Jae 3MOTu
KOMIUIEKCHO OIiHIOBAaTH IXHi BIacTHBOCTI. Tak, y pi3HHX
BUIB TPAHCHOPTY Mdiana3oH BHKOPUCTaHHSA TEXHIYHUX
XapaKTEPUCTUK BiAPI3HAETHCS, TOMY sl 00’ €KTHBHOTO
OLIHIOBaHHS TPAHCHOPTHOI TEXHOJIOTII 3acTOCOBYIOTH
KBAJTIMETPHYHUH TIOKa3HWK, BUPQKEHHH Yy TpaHax, 3
ypaxyBaHHsIM BUTpaT. TpaH € KUIbKICHOIO BEIMYHHOIO
KOpPHUCHOTO epeKTy TpaHcnopTHOI onepaii [12].

Otxe, KpuTepiil, SKuil BIINOBiAAaE ONTUMAIBHUM
BUTpaTam Ha  TepeBe3CHHS 3 ypaxyBaHHAM
KBaJIIMETPUYHOI CKJIAIOBOI [TpH/TpaH ], 3amuiremMo sk [12]

— min, €]

ll=‘|
@i T K

e j — 3MiHHA, IO BIiAMOBiTa€ MapIIPYTy TOCTABICHHS
BanTaxy, j = 1.L;

{ — 3MiHHAa, 110 BiJIIOBia€ TPAHCIIOPTHIN TEXHOJOTIi

JOCTaBJIeHHs BaHTaxy, i = 1, N;

[; — MapupyT [IOCTaBJICHHS BaHTaXIB pPi3HUMHU
TPAaHCHOPTHUMH TEXHOJOTIIMH, KM;

Ui — 3HAYYNOICTh TPAHCIOPTHUX TEXHOJOTIH,
Tu =1,

d; — TPaHCIIOPTHI BUTPATH Ha TIEPEBE3CHH, TPH;

; — KOPUCHUI eeKT TPaHCIIOPTHOI oneparlii, TpaH;

fi\l

IT x; — KoedinieHTH, OI0 BiOOPaXKYIOTH KOMEpPLIHHY
BifJavy, 3amac JAMHAMiYHUX BJIACTHUBOCTEH, BiJHOLICHHS
BUTPAT Ha YTPUMaHHA TPaHCIOPTHOrO 3acoly 3a
KUTTEBHH LUK 10 HOro BapTOCTi, BHTpAT dacy IMix

TEXHOJIOTIYHUMH OTICPAITisIMH.

[Tpn nboMy KOpHCHUI €EeKT OLIHIOIOTh TaK:
w; = m; - vf - I; = max, 2)

Je m; — Maca BaHTa)KiB, 10 AO0CTaBJIAOTH pi3HI/IMI/I

TPaHCIIOPTHUMH TEXHOJIOT1SIMH, T;
; — IIBUJIKICTH NIEPEMILlIEHHsI TPAHCIIOPTHOTO 3aco0y,

KM/TOJI.

i=1

n
Koediuientu IT x; BU3HAYAIOTH BiIOBIIHO TaK:
- Koe(ilieHT KOMEpLiHHOI Biaadi & ;

Ky = T,l’ (3)

ne /i; — BAHTaXXOII IHOMHICTh TPAHCIIOPTHOTO 3ac00y, T;
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M; — Maca TpaHCITOPTHOTO 3ac00y B 3aBaHTaKECHOMY
CTaHi, T;

- Koe(ilieHT 3amacy AMHAMIYHAX BJIACTHBOCTEH
TPAHCIIOPTHOTO 3aC00Y Ks;

_ ("1’;-‘-.;‘ ]

Kai = v, S (4)
ne Viay, — MakcHManbHa IIBHAKICTh TPAHCIIOPTHOIO
3aco0y pa3oM i3 BaHTaXeM, KM/TOS;

J, — PpO3paxyHKOBa WIBUIKICTb TPAHCIOPTHOIO

3aco0y, KM/TOS;

- Koe(IiIieHT, 110 BPaXOBYE BiJHOILICHHS BUTPAT
Ha YTPUMaHHs TPAHCIIOPTHOTO 3ac00y 3a >KUTTEBHH UK
JIo OTO BapTOCTI, Kz;

Ky = — ()

ne €y, — BUTpaTH Ha yTpUMaHHSI TPAHCIIOPTHOTO 3aco0y
3a KHUTTEBUH IIUKIL, TPH;
@y, — BapTiCTh TPAHCIIOPTHOTO 3ac00y, IPH;

- Koe(iIieHT, IO BPaXOBYE CKOPOUCHHS dYacy
ITi1 TEXHOJIOT1YHUMH OIICPAIliSIMH, K4;

Ky =1-2, ©)

e ¢; — MpHPICT 3HAYCHHA Yacy MiJ TEXHOJOTIYHUMHU
OTIepaIlisIMA 32 PI3HUMU TEXHOJIOT1SIMH, TOJ;

T} — gac I TEXHOJOTIYHINMH OTIEpaIliaMHK 3a 6a30BOIO
TEXHOJIOTIEI0, TOI.

Toni moka3HWK, SKWH BIANOBiZae BUTpaTaM Ha
MIEPEBE3CHHS 3 YpPaxXyBaHHSAM KBaJIMETPHYHOI CKIIAJIOBOL

JIIsL piBHI/IX TEXHOJIOTIH NEPEBC3CHb, BU3HAYAIOTh K

C e
di|1-F)

3a Takux 0OMeKEHb,

ne [, — BiACTaHb A0 IMyHKTY IPU3HAYCHHS, KM.

Bupimysaru mocTaBieHe 3aBaaHHs AOLLIBHO 3a
JIOTIOMOTOI0  METOMIB ONTHMI3allii 3a CTPYKTYPHOIO
CXEMOI0, HaBeJICHOIO Ha pHC. 1.
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Puc. 1. CtpykTypHa cxema alnroputMmy BUOOpYy

TPaHCTIOPTHUX TEXHOJIOTIH
II04YaTOK

\ 4

Beenenus m;, v;, i, di,
Vinax, Ms, s

VL

Pozpaxynok koeinieHTiB k1,k2,k3,k4 1 KOpECHOTO
edexry @

v

13= L;; mp=ms; i=1

A
In=lo; Ip2=1s - Ip1; Inin= Ip1

A

POSanyHOK BUTpAT Ha NIEPEBE3CHHA Pi

A

\ 4

bp1= lp1- lpox; Ip2=1s - lp1;

A 4

Po3paxyHOK BUTPAT Ha IIE€PEBE3CHHS
P2

TaK

Puin=Ps; lmin= Ip1

lHi

POSanyHOK BUTpAT HA NEPEBE3CHHA Pi;

JApyx mp, Lnin, Is = min, Pmin, Pi

A 4

Mp= Mp- Mpor; i=it1

Hi

TaK

KiHeLb
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IIpn BuOOpi TexHOJOrii NEepeBe3eHh BaHTaXIB
Tpeba BpaxOBYBaTW BaXKJHMBICTh KOXKHOI CKJIaJOBOL
KBJTIMETPHYHOTO ITOKa3sHWKa B OYAb-sIKMH IEpio] dacy
JUIs TIPUHHATTS pilleHb TPO NPIOPUTET BHUKOPUCTAHHS
BIJINOBITHMX TEXHOJOTI Yy KOHKPETHHUX CHTYaIlisaX i
oOmexeHHsX. [lpm 1pOMy OTpUMaHWH  yTOYHEHHMH

m, T ,
500 1000

500

MIOKa3HUK YpaxoBy€ BaroBi TEXHIYHI Ta BUTpaTHI
(dakTopym  TPaHCIOPTHHMX  TeXHOJIOTiH.  Peamizamis
npoueaypyu BUOOPY BHAY TPaHCHOPTHOI TEXHOJOTII 3a
KBJTIMETPUYHHUM KPUTEPIEM HaBelleHa Ha puc. 2.

x1 P, rpH/TpaH
T 1500
K 4
x
S
—————
81000
.\‘
\
\‘ 1
x-
500

[, KM

1500

Puc. 2. BusHaueHHs TpaHCHIOPTHOI TEXHOJIOTIi Ha OCHOBI ONTHMI3amii BUTpaT
Ha MepeBE3CHHS 3 ypaxyBaHHSIM KBaJIIMETPUIHOTO KPUTEPIIO:
1 — aBTOMOOIIBHUI TpaHCIIOPT; 2 — 3aJII3HUYHUN TPAHCIIOPT;
3 — KOMOIHOBaHUH TpaHCHIOPT

SIK BHOHO 3 IbOTO, MOXKHA HAaIAJHO BH3HAYNTH
ONTHUMAaIbHY 00J7acCTh JOCATHEHHS MIHIMaJbHHUX BHUTPAT
Ha  TIEpEeBE3eHHs Ipu  BUOOpI  aJbTEpHATHBHUX
TPaHCIIOPTHUX TEXHOJIOTIH.

Tak, BimnmoBimHO m0 puc. 2 MOXKHAa 3poOHTH
BHCHOBOK, IO 3a BijgcraHi Oimbmie 750 KM [OLIIBHO
BUKOPHCTOBYBATH 3aJi3HWYHUN TPaHCIIOPT, TOAI SIK
aBTOMOOIJIBHUI TPaHCHIOPT € e(heKTHBHUM Ha BiJICTaHi JI0
500 kM, KOMOIHOBaHMH  TpPAHCIOPT  JOLIBHO
BUKOPHCTOBYBAaTH Ha BiacTaHi B Mexax 250-300 k.
To6To0 30HY KOHKYPEHTHOTO BHKOPHUCTAaHHS LIMX BHJIB
TPaHCIIOPTY MOKHa OOMEXHUTH BiacTaHHIO Big 250 10
1500 xm. 3a Bigcrani Oumeme 1500 kM epeKTUBHUM €
TUIBKM 3ali3HWYHUHA TpaHcropr. Pasom i3 TiM y

Cy4JacHHX pealisfix yce Ouiplle yBard CTand MpUAIISTH
BUKOPHCTaHHIO albTEPHATUBHOTO BHJY TPAHCIIOPTY, SIK
OLITBIT MOOLTHPHOTO Ta OMIEPATHBHOTO.

Cuip 3a3HaYMTH, IO MPOLEC MOKPALIEHHS SKOCTI
YIpaBIiHHSA TIepeBe3eHb HEBiJ'€MHHMH BiJ BUPIIICHHA
TaKUX 3aBaHb, K BU3HAUCHHS ONTHMAIEHOTO MapLIpyTy
JIOCTaBJICHHSI BAHTAXIB, MOLIYK ONTHMAIBHOI B3aeMOIl
BUIB TPAHCIOPTY B MICLSX NEPEBATIOBAHHS BaHTAXY,
BUKOPHCTaHHS aJIbTEPHATHBHUX CHEPTeTHYHHUX PECYPCIB.
[Momryk onTHMaNbHOTO MapHIPYTY JOCTaBJICHHS BAaHTaXIB
e(heKTUBHO  3MIMCHIOIOTH  METOJAMH  JIHIHHOTO 1
JUHAMIYHOTO TpOrpaMyBaHHS. 3aBJaHHA ONTHMAJIBHOL
B3a€MOJIii PI3HUX BHIIB TPAHCIIOPTY BUPINIYIOTH Yepe3
peaiizamiio 3alpONOHOBAHOTO AJITOPUTMY Ha OCHOBI
KBJIIMETPHUYHOTO KpuTepito. Bubopom anprepHaTHBHUX
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JUKEpeNn eHeprii € mepexin Ha TiOpuaHI eHepreTH4Hi
TPaHCIIOPTHI 3aco0u, 110 BUKOPHCTOBYIOTh
aKyMyJIbOBaHy €Heprito abo BiJl IHM3EIBHOTO JBHUTYHA,
abo COHSYHHUX Oarapei, SIKUMH o0nagHaHui
TpaHCTIOpTHUI 3acib. Yce me macTe 3MOry HOKpaIuTH
poboty 1 migBUOIMTH e(EKTHBHICTH TpPAHCHOPTY B
LJIOMY, /IO 3MEHIINTH BIUIMBH KPHU30BHX CHUTYalliil B
€KOHOMI1Ii, 3a0e31eYnTH pecypco30epeKeHHs.

Otpumana mporenypa BHOOpY TpPaHCHOPTHHX
TEXHOJIOTI MOXKE JONOBHIOBATH TPAJWIIHHI MiIXomu 3
Y/IOCKOHAJIEHHS TIEPEeBE3eHb, y TOMY 4YHCIl 1 3a yMOB
BUKOPHCTaHHS HOBHX TPAHCIIOPTHUX 3ac00iB.

Tobto 3a  JIOIIOMOTOIO IBTEPHATUBHUX
TEXHOJIOTIH JOCTABIICHHS BaHTa)XXiB MOJKHA MiHIMi3yBaTH
eKCIUTyaTalliifHi BWUTpaTH, TEPMIHM JOCTaBJICHHS Ta
30UTBIINTH (DIHAHCOBI HAIIXOJUKEHHS B OOJDKET YKpaiHu
BiJl TPAaH3UTHUX TMEPEBE3CHb 1 3a paxyHOK IHOTO
MiIBUIINTH ~ KOHKYPEHTOCHPOMOXHICTh  3aJi3HUYHOTO
TPaHCIIOPTY.

BaxmBuMm (akTopoM migBHIIeHHsS e(QeKTHBHOCTI
NepeBe3eHb BaHTAXIB B YMOBAaX BOEHHOTO CTaHy €
BUKOPHCTaHHS OE3MIJIOTHUX BaHTaXHUX TPAaHCIIOPTHUX

3aco0iB:  TipoKomTepiB 1  KBagPOKONTEPiB  Uepes3
BHUKIIOUCHHS JIIOJICBKOTO  (hakTopa Ta  BIAMOBIIHO
30epeKeHHsI  KHUTTS ~ TpPOMaisH. IHON  TeXHOJIOTii

NIepeBe3eHb BaHTAXKIB MOXKYTh OyTH PO3IIISHYTI B paMKax
HaBeJeHOI METOJMKM Ha MEpCIeKTHBY 31 crabinmizarieio
SKOHOMIKH B YKpaiHi.

BucHoBkm.
1. Cdopmoano MOJIETb OIIiHIOBAHHS
e(CKTHUBHOCTI BUKOPUCTAHHS pI3HUX TPaHCIOPTHUX

TEXHOJIOTIH 13 3a0€3MeYCHHSAM ONTUMAIFHUX BHTPAT Ha
OCHOBI KBATIMETPUIHOTO KPUTEPIIO.

2. OuiHeHo  e(eKTHBHICTb  TPAHCHOPTHOI
TEXHOJIOTIi MEepeBe3eHb Ha OCHOBI KBAJIIMETPUYHOTO
KpHUTEpil0  3rifHO 31  CPOpPMOBAaHMM  AITOPUTMOM.
[ToOGynoBana mpocropoBa rpadiuyHa 3aJCKHICTH, 3a
JIOTIOMOTOI0  SIKOi ~ HarjsiAiHO  300pakeHi  30HH
e(CKTHUBHOCTI pI3HUX TEXHOJOTIH TmepeBe3eHb. Tak,
ONTHUMaJbHE 3HAYEHHS BWUTpAaT M KOMOIHOBaHOTO
TpaHcnopTy P 3Haxomuthest B Mexxax g0 100 rpu/tpan y
3oHi  250-300 kM. AHAJIOTIYHO BH3HAYAIOTh 30HHU
e(CKTUBHOCTI Ta ONTHUMAaJbHI 3HAYCHHS BUTpPAT JUIA
IHIINX BHUIIB TPAHCIIOPTHUX TEXHOJIOTIH.

Otxe, BU3HAYCHHS e(EeKTUBHHUX 30H
BUKOPHUCTaHHS 3a  BIAMOBITHUX 00MeXeHb i
3aIpOBA/PKEHHS AJIbTEPHATUBHUX TEXHOJIOTIH IepeBe3eHb
JIaCTh 3MOTY TIJIBUIIUTH SKICTh HaJIaHHS TPAHCIIOPTHUX

oCIyr, OHTI/IMi3yBaTI/I HIBI/I,HKiCTI) NEPECBC3CHHA,
BILIMBATH Ha eHepFOG(beKTI/IBHiCTB NEPEeBC3CHb, a4 TAKOK
MOXKEC CIIpUATHU 36€p€)KCHH}O HaBKOJIMIIHbBOI'O

CepeIOBUIIA 32 PaXyHOK BHKOPUCTAHHS YUCTHX DKEPET
€Heprii, JacTh MOMJIMBICTh 3a0C3ICUUTH BiTHOBIICHHS
TPaHCHIOPTHOT raiysi Ta MiIBUIINTH
KOHKYPEHTOCIIPOMOXKHICTh YKPaiHCHKUX TICPEBE3CHb.
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for the implementation of alternative technologies of
cargo transportation.

Abstract. According to the Transport Strategy of Ukraine
in the conditions of European integration, one of the
priority areas of transport activity is the provision of
high-quality and efficient services for the transportation
of goods and passengers. For this purpose, it is necessary
to introduce new advanced transportation technologies,
in particular, to develop alternative modes of transport.
When different types of transport interact, intermodal,
combined and multimodal transports become particularly
relevant as promising directions for the development of
the transport industry with the participation of railways.

A promising direction in the development of the
transport industry of Ukraine is the use of modern
transport technologies. As world experience shows,
traditional cargo delivery systems can be supplemented
with modern systems such as magnetic levitation trains,
hovercraft, Hyperloop capsules, unmanned vehicles,
gyrocopters, quadcopters with large cargo capacity, as
well as the transition of transport to alternative energy
sources and types fuel.

The experience of advanced countries shows that
the introduction of new types of transport contributes to
increasing the competitiveness of the transport industry
and preserving the environment, which is especially
relevant in conditions of resource scarcity. Accordingly,
the article examines the prospects for the introduction of
alternative transportation technologies in Ukraine.

The foreign approach is based on a high level of
industrial development, but, unfortunately, our country is
in difficult economic and political conditions, part of the
territories are annexed, the industrial infrastructure is
partially or completely destroyed and is under fire, which
greatly complicates the operation of all transport
facilities.

It is clear that the introduction of modern
transport technologies requires large capital investments
in the construction, development and maintenance of
transport infrastructure.

Considering the fact that Ukraine is in a state of
war, the issue of prioritizing decisions on the introduction
of transport technologies that can be implemented today
is becoming urgent. This, in turn, requires an assessment
of the competitiveness of the introduced transport in
comparison with the traditional one, taking into account
the qualitative criterion that combines weighty technical
and cost factors.

Keywords: railway transport, alternative transportation
technologies, combined transportation, qualimetric
criterion.
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RESEARCH OF THE IMPACT OF NOISE REDUCTION METHODS
ON THE QUALITY OF AUDIO SIGNAL RECOVERY

Abstract.

The subject of the study is the analysis of various filtering algorithms for the quality of the resulting audio files.
The importance of audio line filtering has grown significantly in recent years due to its key role in a variety of
applications such as speech reduction and artificial intelligence. Taking into account the growing demand for solving
problems related to speech recognition, the processing of audio series becomes important for determining the
accuracy and efficiency of the obtained solution.

The purpose of the work is to study the impact of noise suppression methods on the quality of
restoration of an audio signal, which was alternately noisy with one of five types of noise - white, pink, brown,
impulse, Gaussian with different power. To achieve the goal, the following tasks were solved: an analysis of the types
of noise was carried out and analysis of noise reduction and filtering methods. A generalized model of noise
reduction and filtering was developed, and an experiment was planned depending on the type and power of noise.
Simulation of the experiment was performed by comparing the parameters of the signal-to-noise ratio before and
after the experiment and the peak signal-to-noise ratio in the processed file. The following methods are used: spectral
subtraction, filtering based on frequency filters and wavelet transformation.

The following results were obtained: depending on the selected noises and algorithms, it was possible to
achieve the lowest value of the peak signal-to-noise ratio of 21.52db, and the signal-to-noise ratio increased, which
allowed further work with these audio files. The practical significance of this work is the increase in the number of
available audio files for further work.

Conclusions: the analysis of the obtained results showed that filtering based on frequency filters only worsened
the output signal, that is, not only noise, but also useful information is filtered. In all runs, the SNR deteriorates to -
18dB. which is worse than no filtering. Algorithms of spectral subtraction and wavelet transformation improved SNR
parameters and output audio files noisy with the most powerful noises in the range of 20dB, which can be considered
acceptable for further processing. The results highlight the importance of using denoising and filtering for complex
audio processing tasks, particularly neural network training tasks.

Key words: noise suppression, filtering, audio, noise, SNR, PSNR, spectral subtraction, frequency filters,
wavelet transform, experiment

Introduction Text-to-Speech[2] is another important aspect of
speech analytics. This technology allows you to convert
text data into natural speech, which is used in the
creation of audio books, interactive customer support
systems, as well as in assistive technologies for people
with visual impairments.

In addition, the analysis of emotions in the voice is
becoming more and more popular. This technology uses
machine learning algorithms to determine a person's
emotional state based on their voice. This can be useful
in the fields of psychology, healthcare, and customer
service, where a customer's emotional state can affect
the quality of service.

In today's world, speech recognition is becoming
increasingly important as a key technology in many
aspects of our lives. From user interfaces to security
systems, from audio and video transcription to
interacting with electronic devices using voice
commands, automated speech recognition is becoming
a necessary element of our digital lives.

Language analytics covers a wide range of
technologies and methods that allow processing and
analysis of speech information. One of the key
technologies in this field automatic speech
recognition[1]. This technology converts spoken speech
into text, which has numerous applications in various
industries, from captioning to interactive voice
assistants.

© Olesia Barkovska, Anton Havrashenko 2024
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Language analytics also includes automatic
conversation analysis. Such systems can provide
important information to improve customer service and
optimize business processes.

However, the accuracy of speech recognition can
significantly depend on the quality of the input audio
signal and the efficiency of signal processing
algorithms before its analysis by neural networks. One
of the main challenges in this context is managing the
noise that may occur during audio recording (for
example, noise from background music, conversations
or the noise of household appliances).

Modern trends in the development of speech
recognition technologies include the use of deep neural
networks[3] and machine learning methods, which have
significantly increased the accuracy and reliability of
systems. However, even with the most advanced
algorithms, noise in the input data remains a significant
obstacle.

Thus, in this study, we focus our attention on
investigating the impact of different audio
preprocessing algorithms on the quality of speech
recognition using neural networks. The choice of
optimal signal processing methods before further
analysis can significantly improve the effectiveness of
automatic speech recognition systems in conditions of

1. By nature of occurrence

noise and interference. We will also look at current
approaches to noise removal and their effectiveness in
real-world use cases.

The purpose of our research is to develop and test
pre-processing algorithms that will reduce the noise
level in input audio signals and increase the accuracy of
speech recognition. Tasks include comparing existing
methods, developing new approaches, and evaluating
their performance on different data sets.

It is expected that the results of the research will
make a significant contribution to the development of
speech recognition technologies, which will improve
the quality of user interaction with various digital
systems and increase the overall effectiveness of these
technologies in everyday life.

STATE OF THE ART

In works [4-6], a significant amount of research
was conducted aimed at improving the quality of speech
recognition using neural networks and the impact of
various audio signal processing methods on recognition
accuracy. The results show that the noise present in the
audio sequences has a significant impact on the
recognition accuracy. The classification of noise types
is shown in (fig. 1).

Thermal noise
Internal noise (originating in the - -
- SHaths Wire noise
recording device itself)

Quantization noise

Acoustic noise

External noises (occurring in the

environment) .
Electromagnetic
Weak noise noise
< Average noise Mechanical noise
Loud noise

/ 2. By force

3. By frequency range

Classification of types of noise
in the audio series

4. By time structure

Low frequency noise

Medium frequency noise

S

<

High frequency noise
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Non-stationary noise

5. By structure

6. By subjective

perception

7. By impact on speech

recognition

White noise
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§ Buzz
Crackle
Additive noise
< Multiplicative noise

Reverberation noise

Figure 1 — Noise classification
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Further studies analyze the effect of white,
pink, brown, impulse, and Gaussian noise on
recognition accuracy, because these types of noise
were chosen due to their wide use in various fields of
science and technology for modeling and testing
systems under various noise exposure conditions.

Noise suppression [7] consists in actively
reducing unwanted sounds or signals. It is applied in
real time, using algorithms to identify and eliminate
noise, leaving a useful signal. The primary purpose of
noise reduction is to remove background noise or

interference, such as hum, hiss, or extraneous sounds,
to improve the intelligibility or clarity of the
underlying signal, such as a voice in a telephone
conversation or music.

In order to understand which noise reduction
methods will be the most effective, it is necessary to
understand their differences. The paper offers a
comparative analysis of selected types of noise
according to the following criteria: frequency
spectrum, power spectral density, acoustic perception,
application. The comparison is shown in the Tablel.

Table 1. — Noise comparison

Comparison Gaussian
criteria White noise Pink noise Brown noise Impulse noise noise
Consists of | The amplitude
short, intense | is distributed
The power | The power .
Even, all . . bursts of sound | according to a
Frequency . . spectral  density | spectral density
frequencies  with that occur due | normal
spectrum . . drops by 3 dB per | drops by 6 dB .
equal intensity octave et octave to sudden | (Gaussian)
P changes in the | distribution.
signal
. .| Density is | Uneven Even
Density is | . .
Power . . inversely character, with | frequency
Constant  density | inversely .
spectral . . proportional to | peaks on pulses | spectrum
. at all frequencies proportional  to
density frequency (1/f) the square of the
d y frequency (1/f»)
A deep and soft | Sharp, intense A hiss that has
Acoustic "Sharp" and A more natural | sound, similar | sounds no orderly
. we e and soft sound, | to heavy sea structure or
perception noisy" sound S .
similar to rain waves or rhythm
thunder
Audio equipment | Audio Sound masking, | Security Modeling and
testing, sound | engineering, audiological systems to | testing of
Application | masking, sleep | acoustics testing, | experiments, detect intrusions | communication
aid, concentration | relaxation, sleep | relaxing or other | systems
improvement aid background abnormal events

Filtering is a signal processing process that allows
or blocks certain frequencies or frequency ranges. It
works on the principle of selecting the desired
frequencies or reducing unwanted frequencies that can
cause noise or distortion. Filtering can be done in a
variety of ways, such as low-pass, high-pass, or band-
pass filtering, and is applied not only to audio, but also
to other types of signals, such as radio, images, or
data.[8]

So, the main difference between noise suppression
and filtering lies in their approaches and mechanisms:

- noise suppression focuses on active noise
detection and removal;

- filtering adjusts the frequency composition of
the signal, allowing or blocking certain
frequencies.

Among the existing methods of noise filtering and
noise suppression we can distinguish:

- wavelet denoising;

- homomorphic filtering;

- singular value decomposition filtering;
- neural network-based denoising;

- least mean squares filter;

- spectral subtraction;

- bilinear filtering;

- non-linear noise reduction;

- time-frequency domain filtering.

In this work, wavelet transform, spectral
subtraction and filtering were selected as different
methods that are applied to different types of noise, and
their comparison will help to choose the best one for
this task.
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Spectral subtraction to remove noise

Spectral subtraction is a simple but effective
method of removing noise from audio signals. It is
based on the assumption, that the spectrum of the noise
differs from the spectrum of the useful signal.[9]

First, the spectrum of both the noisy and the clean
signal is calculated. This can be done using methods
such as the Fourier transform. Then the noise spectrum
is determined. This can be done in various ways, for
example, using a noise profile obtained from a clean
segment of the signal, or assuming that the noise is
concentrated in certain frequency ranges. The noise
spectrum is subtracted from the spectrum of the noisy
signal. This is done component by component, that is,
for each frequency. Finally, a reconstructed signal is
obtained from the modified spectrum using the inverse
Fourier transform.

Filtering based on frequency filters is a general
technique for removing noise from signals that uses
specialized filters to suppress unwanted frequency
components. This method is flexible and powerful. It
can be applied to a variety of signal types, including
audio, images, and sensor data.

First, a suitable frequency filter is selected. The
type of filter depends on the type of noise and the
characteristics of the signal. For example, you can use a
high-pass filter to remove low-frequency noise, and a
low-pass filter to remove high-frequency noise.

The filter is then applied to the noisy signal. This
results in the suppression of unwanted frequency
components of the noise, leaving a useful signal.

There are several types of frequency filters used to
suppress noise:

—  FIR (Finite Impulse Response) Filters: These
filters are simple to implement and computationally
efficient.

— IIR (Infinite Impulse Response) filters: These
filters can provide sharper noise suppression, but they
are more difficult to implement.

Adaptive Filters: These filters can automatically
adapt to the characteristics of the noise, making them
useful for removing non-stationary noise.

Wavelet transform to remove noise

The wavelet transform is a powerful signal
analysis and processing technique that can be used to
remove noise from various types of data, including
audio, images, and sensor data.[10]

Unlike traditional filtering techniques that work in
the frequency domain, the wavelet transform uses time-
localized functions called wavelets to analyze the signal
at different scales. This allows it to effectively remove
noise that has a local time structure without affecting
the useful signal.

The noisy signal is decomposed into wavelet
components using the wavelet transform. This gives an
idea of the signal at different time and frequency scales.

Wavelet components likely to correspond to noise
are identified. This can be done using various methods
such as thresholding or statistical analysis.

The determined noise components of the wavelets
are removed or modified.

A cleaned signal is recovered from the modified
wavelet components using the inverse wavelet
transform.

A comparative analysis of selected methods of
noise filtering in audio sequences is given in Table 2.

Table 2. — Comparison of filtering and noise suppression algorithms

Spectral subtraction

Filtering based on frequency
filters

Wavelet transform

Principles  of
work

First, the noise spectrum is
estimated, which is then
subtracted from the signal
spectrum to reduce the noise.

Uses filters to select
certain frequency
components of the signal.
Band-pass, high-pass, or low-
pass filters are often used to
remove noise.

Breaks the signal into
components of  different
scales or levels. These

components can be analyzed
and modified to remove
noise.

Advantages

Simplicity: Easy to
implement and understand.

Performance for stationary
noise:  Works well for
removing continuous,
stationary noise.

Removes noise without
significantly changing the
spectral  structure of the

Ease of implementation:
Widely wused and easily
implemented using DSP
(Digital Signal Processing)
libraries.

Performance: Works well
for removing noise in
specific frequency ranges,
such as low-frequency hum
or high-frequency noise.

Allows you to analyze the
signal at different scales,
which helps remove both
high-frequency and low-
frequency noise.

Works well with non-
stationary signals: Effective
for processing signals with
variable frequency
characteristics.
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signal.

Frequency Band Control:
Allows you to fine-tune the
frequency bands to be kept or
deleted.

Wavelets provide good
locality in time and
frequency,  which  helps

preserve important details of
the signal.

Disadvantages

Residual Noise: May leave
artifacts known as musical
tones.

Sensitivity  to noise
estimation: Incorrect
estimation of the noise

spectrum can degrade the
quality of the reconstructed
signal.

Not good for non-stationary
noise: Does not work well
with time-varying noise.

Useful signal losses: Can
remove useful frequencies
along with noise, especially
if the noise and useful signal
frequencies overlap.

Poor performance for
broadband noise: Limited
performance  for  noise
covering a wide frequency

range.

Can cause phase distortion:
Incorrect filter settings can
cause phase distortion in the
signal.

Complexity: More
complex to  implement
compared to simple methods
such as filtering.

Wavelet selection:
Requires correct selection of
wavelet type and
decomposition level, which
may not be obvious.

Computational cost: May
require significant
computational resources,

especially for large signals or
high levels of decomposition.

Each method has its

advantages

and

disadvantages, making them suitable for different
signal types and noise conditions. Spectral subtraction
is effective for frequency noise isolation, filtering is
useful for basic noise reduction in simple conditions,
while wavelet transform provides the best signal
quality in complex and non-uniform noise
environments.

AIMS AND TASKS OF THE WORK

The main goal of the article is to study the impact
of noise suppression methods on the quality of
restoration of an audio signal that was alternately noisy
with one of five types of noise - white, pink, brown,
impulse, Gaussian with different power.

To achieve the set goal, the following tasks must
be solved:

- comparative analysis of types of noise in an
audio file, noise reduction methods and filtering
methods;

- creation of a working dataset for further
research;

- development of the methodology of the

experiment;
- performing a study of the effect of spectral
subtraction, frequency filtering and wavelet

transformation on the quality of audio file recovery;

- analysis of the obtained results.

The conducted experiments are the basis for
further research on the influence of filtering and noise
suppression methods on the accuracy of speech and
voice recognition based on neural network models.

RESULTS AND DISCUSSION

The methodology for conducting the experiment,
necessary to achieve the goal, is as follows - first, a
working dataset was prepared by noise-free input
audio files. Each of the noises had two different
variants - powerful and not powerful. To determine the
noise power, we will use the value of the signal-to-
noise ratio (SNR). Not powerful noise, this is the kind
of noise with an SNR value close to 50db. It can vary
depending on the type of noise. Powerful noise is noise
with a negative SNR value, i.e. noise with a power
slightly greater than the useful signal. This is not done
for impulse noise, due to its peculiarities, when the
noise power increases, the SNR value does not
increase significantly.

The created working dataset for the research has
the following structure:

- 25 noise-free audio files;

- 250 noisy audio files (one of five types of noise
- white, pink, brown, impulse, Gaussian with different
power) is applied to each of the noiseless ones.

The audio signals will then be pre-processed
using various denoising and filtering algorithms, such
as spectral subtraction, wavelet transform and band-
pass filtering. After that, the processed signals will be
analyzed, and the noise removal quality will be
measured. The results of the experiments will be
evaluated using the signal-to-noise ratio and peak
signal-to-noise ratio (PSNR) metrics. For each of the
noises, non-powerful noise (with a high positive SNR

61

IKC3T, 2024 Ne3




IHPOPMAILIMHO-KEPYIOUI CUCTEMM HA 3AJIIBHUYHOMY TPAHCIIOP

TI

in the uncleaned file) and powerful noise (with a
negative SNR value) will be taken. The step-by-step

model is visualized in the (fig. 2).

Frequency filters

Spectral subtraction

Noise reduction

Powerful Not powerful
; ;
Clear input . . Noisy audio files
audio Noise adding
[ Pink | | Impuls |
Gaussian

noise

Denoised audio files | Determination of recovery
quality(SNR, PSNR)

Figure 2 — Functional diagram of the proposed system

SNR, or signal-to-noise ratio, is a metric used to
compare the level of a useful signal to the level of
background noise. This metric is usually measured in
decibels. A higher SNR value indicates that the signal
is much stronger compared to the noise, resulting in
better signal reception and processing. It depends on
the ratio of signal power to noise.[11]

PSNR is commonly used in audio, image and
video signal processing. In the context of audio
processing, PSNR helps determine the degree to which
audio is distorted after certain processes, such as
compression or passing through noisy channels. It

Table 3. — Data subsets

depends on the square of the maximum value of the
amplitude and the root mean square error between the
original and the processed signal. A normal PSNR level
for further audio work is generally considered to be
between 20 and 50 dB, depending on the specific
application and audio quality requirements. At 20dB,
the sound may contain noticeable distortion, but can
still be understood and used in less demanding
applications. These are standards for telephone
communication where some level of noise and
distortion is acceptable. Results are shown in table 3.

Experiment SNR Spectral subtraction Frequency filters Wavelet transform
before
(Db.) SNR after | PSNR(Db.) | SNR after | PSNR(Db.) | SNR after | PSNR(Db.)
(Db.) (Db.) (Db.)
White  not | 28.86 33.67 52.82 -21.35 -2.19 30.18 49.34
powerful
White -3.16 5.35 24.50 -21.41 -2.25 3.91 23.07
powerful
Pink not | 55.61 55.35 74.50 -20.72 -1.56 56.25 75.42
powerful
Pink -4.78 3.50 22.64 -21.41 -2.25 -2.95 16.21
powerful
Gauss  not | 74.53 67.77 86.92 -17.95 1.21 67.01 86.17
powerful
Gauss -0.67 7.70 26.85 -21.40 -2.24 6.12 25.28
powerful
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Impulse not | 84.93 68.18 87.32 -18.13 1.03 68.96 88.13
powerful
Impulse 76.45 68.04 87.19 -18.04 1.12 67.68 86.84
powerful
Brown not | 12.42 21.07 40.22 -21.40 -2.24 12.43 31.59
powerful
Brown -1.86 2.38 21.52 -21.44 -2.28 -1.85 17.31
powerful

Analysis of the obtained results showed that
filtering based on frequency filters only worsened the
output signal, that is, not only noise was filtered, but
also useful information. In all runs, the SNR
deteriorated to -18 - -22dB, which is worse than
without filtering. The possible reason for this is an

80

60

SNR

40

20

m— Spectral subtraction

0 1 2 3 4 5 6
Noise
20 —__/\/
a)

error in the selection of the filter, but to change this,
you need to use other algorithms, such as adaptive
filters, which will help preserve the useful information
of the audio file. A comparison of solutions is shown
in (fig. 3) and (fig 4).

80.

20.
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Figure 3 — Graphs of changes in values for weak noise a) SNR, b) PSNR
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a)

b)

Figure 4 — Graphs of changes in values for powerful noise a) SNR, b) PSNR

Comparing the SNR values for low-power noise,
we can see that the algorithms give approximately non-
variable data. They find in the range from -20% to
+15% depending on the type of noise. When analyzing
the values for powerful noises, we see a change from a
negative value to a positive one, which means that the
useful signal began to dominate the noise. The average
value changed by 280% (not including the impulse
noise, because its SNR values were not negative).

Comparing spectral subtraction and wavelet
transformation, we can conclude that both algorithms
improve audio quality and increase SNR. In addition,
even with powerful noises, they have a fairly high
PSNR. However, we can see that with the powerful
brown and powerful pink wavelet, the transformation
failed to raise the PSNR level to the recommended
20dB, so we will consider spectral subtraction more
suitable for further work.

Conclusions

In this paper a comprehensive analysis of the
impact of the use of noise reduction and filtering on the
quality of processing noisy audio files was carried out.
As part of the research, it was possible to achieve the
set goals and solve the set tasks.

A detailed study and comparison of filtering,
spectral subtraction, and wavelet transform algorithms
was conducted. This made it possible to determine
which techniques are best suited for noisy audio data.

Different types of noise have been classified as
white noise, pink noise, brown noise, Gaussian noise
and impulse noise.

As a result, we found that filtering based on
frequency filters only worsened the output signal, that
is, not only noise is filtered, but also useful
information. In all runs, the SNR deteriorates to -18 - -
22dB, which is worse than without filtering.

Algorithms of spectral subtraction and wavelet
transformation improved SNR parameters and output
audio files noisy with the most powerful noises in the
range of 20dB, which can be considered acceptable for
further processing. The results highlight the importance
of using denoising and filtering for complex audio
processing tasks, particularly neural network training
tasks.

Considering the obtained results, it is possible to
recommend spectral subtraction as the most effective
tool for solving the given problem, especially when the
appropriate computing resources are available.
However, wavelet transforms remain a reliable option.

This study made it possible to use for training
neural networks not only audio files without noise, but
also with them. This will increase the sample of
available input and test data for further research.

The scientific value of the work lies in deepening
the understanding of the mechanisms underlying noise
reduction and filtering and their impact on audio data
processing. The presented conclusions can serve as a
basis for further research in the field of machine
learning and the development of intelligent systems,
which will contribute to progress in the field of
artificial intelligence.
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JocnigkeHHs BINIMBY MeTOAIB IIYMONPUTHiYeHHS Ha
SIKiCTH BiTHOBJIEHHSI ayi0CUTHATIB

Bapkoscrka Onecs, ["aBpamenko AHTOH
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AHoTauis. myM, a i kopucHa iHdopmarmis. VY Beix 3amyckax SNR
IIpenmMeToM fOC/iIZKeHHS € aHATI3 PI3HUX aJTOPUTMIB noripuryBagacst 10 -1816. 1o ripme Hix 6e3 GiTbTpyBaHHS.
¢bimpTpamii Ha AKICTH PE3yNbTYIOUMX ayxio  (aimis. ANTOpPUTMH  CIIEKTPAJBbHOTO  BiAHIMAHHA Ta  BEHBIIET

3HauymiicTe QimpTpamii aymio psgy DOMITHO 3pocia B
OCTaHHI POKM 3aBASKH I KIIOYOBIH poJli B Pi3HOMaHITHUX
3aCTOCYBaHHSX, TAKUX SIK 3MCHIICHHS PO3II3HABAHHSI MOBHU
Ta MITYYHUH 1HTETEKT. 3 ypaxyBaHHSIM 3POCTAl0YOro IOMHUTY
Ha pimIeHHS 3a7ad MOB’A3aHUX 3 PO3MI3HABAHHSIM MOBH,
00poOKH aymio pAay cTa€ BaXKIMBOK ISl BHU3HAYCHHS
TOYHOCTI Ta €PEKTHBHOCTI OTPHMAHOTO PiIICHHS.

MeTtow podOTH € JOCTIKCHHS BIUIMBY METOIIB
IIyMOIIPUTHIYCHHS Ha SKiCTh BiAHOBJICHHS ayIiOCHTHAILY, IO
TIONIepeIHE0 OyB 3alIyMICHUN OTHUM i3 II'SITH BUJIB IIyMIB -
Oinmmi, poskeBHi, KOPUIHEBHH, IMITyIbCHHH, TayCIBCBKUH i3
pI3HOIO MOTYXKHICTIO. JI OCSTHEHHS ITOCTABIEHOI METH
OyJu BUpINICHI HACTYIHI 3aBAaHHA: OyJI0 IPOBEICHO aHAIi3
TUMIB IOyMiB Ta aHANI3 METOMIB IIYMOIOJABICHHS Ta
GiTBTpYBaHHS, a TakoX OylnOo po3poONIeHO y3araJbHEHY
MOZIENTb IIIYMOIO/ABJICHHS Ta (UIBTPYBAHHS 1 CIUIAHOBAHO
EKCIIEPUMEHT y 3aJIeKHOCTI Bii THILy Ta MOTY)KHOCTI ITyMy.
MopenmoBaHHS eKCIIEPUMEHTy  BHKOHAHO IIISIXOM
TIOPIBHSHHS [TApaMeTpiB CIiBBiAHOIIEHHS CHUTHAI/IIYM JI0 Ta
TICIIST eKCTICPHMEHTY Ta IIKOBE CITiBBIIHOIICHHS CUTHAIY 10
myMy B 0o0pobneHomy aiimi . Bukopucrani Taki Meromu:
CIEKTpaJIbHE BiIHIMAHHS , (iTBTPAIliss HA OCHOBI YaCTOTHUX
(GiTBTPIB T2 BEUBIIET-TIEPETBOPCHHSL.

OtpumaHi HACTYIHI pe3yJbTaTH: y 3aJEXKHOCTI BiX
0o0paHHMX IOyMiB Ta alrOPUTMIB, BHAJIOCH  JOCITTH
HAHMKYOTO 3HAYCHHS MIKOBE CITIBBIIHOMICHHS CHTHAIY IO
mymy y 21.5276, Ta 30iIpOIyBaJO  CIHiBBiTHOIICHHS
CHTHAI/IIyM IO JO3BOJIHJIO MOAATbIIy poOOTYy 3 LUMHU
aymiodaitmamu. [IpakTHIHOIO 3HAYYNIICTIO AaHOI poOOTH €
30UTBIICHHST KUTBKOCTI JOCTYHHHX ayxio QaimiB [yt
MOAANBIIO pOOOTH .

MIepeTBOPEHHsT ToKpammy mapamerpn SNR Ta BuBenmn
aymiodaiinmy  3alIymyieHI HAWNOTYXHIINMU IIyMaMH Y
nianazoH Bix 20ab, mo Moxke BBaKaTHCS CIPUHHATHUM IS
nofanbIIoi 00poOku. Pe3ynbraTy migKpecIio0Th BaXKIUBICTh
BUKOPHCTAHHSI IIyMOIIOAABICHHS Ta (UIBTPYBaHHA JUIS
CKIQJHUX 3aBIaHb OOpoOKM aynio, 30KkpemMa y 3amadax
HaBYaHHs HEHPOMEPEK.

KiiouoBi cioBa: 1mrymonpurHideHHs, (uIbTparis,
aymio, myM, SNR, PSNR, criekTpansHe BiqHiMaHHS, 9aCTOTHI
GiTbTpH, BEHBIET IEPETBOPEHHS, EKCIIEPUMEHT.
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CONCEPTUAL

CALCULATING
THE SIMILARITY THRESHOLD OF TWO AUDIO SEQUENCES

MODEL OF THE TECHNOLOGY FOR

Abstract. The paper is focused on the pressing problem of speaker verification by means of voice time
series comparison. The aim of this paper is to determine the orders of mel-frequency cepstral coefficients that
most accurately describe the difference between an authentic voice and an artificially generated copy for their
further use as input to a neural network model in a resource-limited environment. To achieve this goal, the
following tasks were accomplished: a conceptual model of the technology for determining the similarity
threshold of two audio series was developed; the orders of fine-frequency cepstral coefficients with the most
characteristic differences between the recording and the generated voice were determined on the basis of neural
network analysis; an experimental study of the dependence of the execution time and computational load on the
created feature vector when assessing the degree of similarity of two time series was conducted; and the optimal
similarity threshold was determined on the basis of the chosen dataset. The developed model of the technology
for determining the similarity threshold was tested on a dataset that is a combination of the DEEP-VOICE
dataset and our own dataset. The demonstrated result of applying the developed technology showed an increase
of 43% when using the specified MFCCs compared to using all of them. Based on experimental studies, the
DTW acceptance threshold was set at 0.37.

Key words: machine learning, mfcc, dtw, feature extraction, speaker recognition, classification, voice
cloning, siamese neural networks.

Introduction

In recent years, the development of smart technologies,
in particular the field of generative artificial
intelligence (AI), has been gaining speed. Together
with the development of computing power, this has
ensured high availability and, consequently, the
prevalence of Al-based services.

These services are used in many areas, such as natural
text processing, audio-visual promotional materials
generation, smart prompts when writing program code,
personalized chatbots for consulting and support
services, as well as text-to-speech (TTS) and voice
cloning (Figure 1).

Healthcare Analytics ‘and Commerce
forecasting
L A
Applications of A A .
generative Al v v v
C[nemat'ogra?phy and Education Consulting
animation

Figure 1 — Applications of generative artificial intelligence.

In particular, TTS with the use of cloned voice, or
real-time cloning, has such applications as:
- personalized voice assistants for personal
and commercial use in many areas;
- cloning the voice of people with speech
impediments or injuries of the speech
apparatus in medicine;

© Vladyslav Kholiev 2024

- reducing the cost of re-shooting takes,
voice acting for animated characters, as
well as digital doubles of live actors in
cinema and animation;
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- personalization and improvement of
learning conditions for people with visual
impairments and  special  learning
needs [1];

At the same time, cases of impersonation of users and
their various characteristics (voice, face, etc.) have
significantly increased, and their severity is also
growing. Static photos and voice are faked especially
often to fabricate events involving or authenticate
themselves as victims of fraud.

Voice falsification is the most accessible, and
therefore the most widespread form of identity
fraud.

In system of knowledge exchange of young
scientists presented in [2] (Figure 2), user voice data
plays a key role, as the system has the functionality
of audio and video -conferencing, and also
authenticates users using voice.

When considering the functionality of the system in
each mode, it is important to understand what the
inputs and outputs of each mode are:

A 4

Data accumulation

o
<

I
(8]

Data access

Intellectual Data
Analysis

A

F

Figure 2 — Functional diagram of the proposed system of knowledge exchange of young scientists.

marker A: data is accumulated in the form of user -

voice data for further training, as well as
in the form of electronic documents of
scientific papers for vectorization and

further clustering of papers similar in -

topic.

marker B: the repository subsystem receives
various requests: for access to scientific
papers in various forms, for user data
and metadata (for example, for the
subsystem that provides social rooms),
as well as requests for verification and
identification of users.

marker C: the relevant modules receive voice data
for training, or classification and
research  documents  for  further
vectorization and clustering.

marker D: as a result of the analysis mode, neural
network models are trained on the basis
of voice data and their weights are saved
to the repository, and based on the
uploaded research documents, their
vectorized representation is formed and
saved, and the documents themselves are
assigned to a group with similar topics.

marker E: if there is a need to identify or verify
users, requests are sent with the relevant
data (user ID(s) and/or conference IDs,
etc.);

marker F: in response to the queries, either
individual neural networks or a pseudo-
ensemble module is deployed based on
the stored weights of the trained
networks.

Thus, improving the recognition of cloned generated

voice is a high priority to reliably
authenticate users and maintain their
security and the integrity of their data.

In general, several approaches are used to solve the

problem of comparing data in the
context of binary comparison (“equals”
or “not equals”) (Figure 3), such as:
neural network (the decision is made
using a neural network model),
algorithmic or traditional (the result is
obtained as a result of the algorithm of
logical and mathematical comparison of
part or all data), and mixed (the previous
two approaches are combined in varying
percentages).
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—> Algorithmic
Data comparison > Mixed (hybrid)
approaches
—>»  Neural network

Figure 3 — Generalized classification of

The solution proposed in this paper is a hybrid one,
i.e., it combines traditional and neural network
methods.
Standard audio sequences classification pipelines
usually include the following steps:

- Speech segment detection;

- Pre-processing (silence removal, noise filtering,
etc.);

- Feature extraction;

- Audio sequence analysis based on the obtained
features and assignment to one of the classes;

- Optional post-processing.
The feature extraction stage is extremely important,
as it has the greatest impact on the accuracy of audio
classification. The most common methods include:

approaches to data comparison.

- spectrograms;

- mel-frequency cepstral coefficients (MFCC);

- constant-Q transform (CQT);

- continuous wavelet transform (CWT);

- and others.
The analysis of [1,3-5] showed that MFCCs are
less sensitive to background noise and
amplitude variations than similar methods, and
also show high efficiency in speech
recognition. These advantages ensure the
widespread use of mel-frequency cepstral
coefficients in various practical areas of
life (Figure 4).

Monitoring bearings condition]

Industrial Monitoring the turbine
analysis condition

Monitoring the pump status

Parkinson's disease

identification

Voice disorders

Diagnosing diseases .
e 2 detection

Applications that use MFCC-based Medical analysis

ECG diagnostics l
COVID-19

audio analysis

identification

ECG analysis l

Analysis of emotions in
speech

Cloned voice detection

Acoustic

Speaker recognition

analysis
(biometric and

speech analysis)

Speech

recognition

Gender identification ]

Emotion recognition

Dialect and language
recognition

Figure 4 — Practical applications based on MFCC.

Therefore, further research is focused on the use and
study of mel-frequency capstral coefficients to solve the
problem.
The identified features are the basis for further analysis
of the audio sequence or comparison of two (or more)
audio sequences. The result of comparing two audio
sequences based on the extracted features is a proximity
score, which can be determined using metrics such as:

- Jaccard's coefficient;

- Euclidean distance;

- Hamming distance;

- Pearson correlation coefficient;

- Signal to noise ratio (SNR/PSNR);

- Dynamic Time Warping (DTW).
Among them, DTW stands out for its relatively low
computational complexity (O(n) with low order of
n), as well as adaptability to work with time
series [6-7].
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The aim of this work is to determine the orders of
the mel-frequency cepstral coefficients that most
accurately describe the difference between an
authentic voice and an artificially generated copy for
their further use as input to a neural network model
under limited resources. To achieve this goal, the

following tasks must be performed:

to develop a conceptual model of the
technology for calculating the threshold of
similarity between two audio orders;

based on the neural network analysis,
determine the orders of the mel-frequency
cepstral  coefficients  with  the  most
characteristic ~ differences  between  the
recording and the generated voice;

to conduct an experimental study of the
dependence of the execution time and
computing unit load on the created vector of
characteristic features when assessing the
degree of similarity of two time series;

Voice

l ===

- determine the optimal threshold of
similarity based on the use of the DTW
algorithm in the context of the selected
dataset;

- analyze the obtained results.

To accomplish these tasks, a method of analyzing
voice information based on a hybrid approach of
neural network and algorithmic analysis was
proposed.

Results an discussion

In this paper, a hybrid technology for analyzing
voice information 1is proposed based on a
combination of neural network analysis of mel-
frequency cepstral coefficients and their comparison
using the dynamic time warping (DTW) algorithm.
The conceptual model of the technology for
determining the threshold of similarity between two
audio sequences is shown in Figure 5.

I
Recording of the ¢ Recording of the <« '_ _ WAV
input voice data input voice data conversion
Y I A o
Preprocessing & Preprocessing & Normallzgt!on,
. < . <« — — Denoising,
Segmentation Segmentation Refactoring
B [l
_g ’ Y | Y : 1
2 Determining the ¢ Determining the < _' _ MECC
=z key features key features :
Z ' '
S S

Mel-cepstral coefficients
(full or partial)

Distance metric

<« — — DTW

Distance

Postprocessing

——» Threshold

Figure 5 — The conceptual model of the technology for determining the threshold of similarity between two
audio sequences.

In this work, a combination of own dataset,

formed from own audio recordings and cloned audio
sequences, and DEEP-VOICE dataset, presented
in [8] and developed for a related topic, is used.
DEEP-VOICE consists of recordings from public
speeches of famous individuals (Table 1), as well
as cloned audio sequences generated using the
open text-to-speech framework ‘Retrieval-based-
Voice-Conversion-WebUI” [9].

The cloned audio sequences repeat the texts of
other recordings, but are spoken in the voice of each
individual. In total, the dataset includes 64 audio
sequences - 8 real recordings and 56 generated audio
files. The length of the recordings is limited to 10
minutes. The recordings have varying degrees of
recording quality and background noise levels to
represent real-world conditions and to ensure the
diversity of the dataset. There are recordings of both
men and women, but the dataset is not balanced.
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Table 1.

The data collected for training, validation, and testing for the experiments in [6] (sorted alphabetically by last

name). Audio fragments truncated to ten minutes.

Individual Source ?hs[lll\/g[t;gS)
Joe Biden Victory Speech 10:00
Ryan Gosling Golden Globes Speech 1:33
Elon Musk Commencement Speech 10:00
Barack Obama | Victory Speech 10:00
Margot Robbie | BAFTAs Speech 1:19
Linus Sebastian | Stepping Down 9:30
Monologue )

Taylor Swift Women in Music Speech 10:00
Donald Trump Victory Speech 10:00
Total 62:22

Own dataset, combined with the one mentioned above,
has a similar structure, namely, it consists of
recordings of the same texts together with generated
audio sequences of similar texts. In total, there are 16
audio files in this subset.

The resulting dataset was split into training and test
samples in the ratio of 80/20 [10] and the k-fold cross
validation method was applied.

One of the key features of the proposed technology is
the stage of identification and selection of key features
after their extraction. Since the features are represented
by mel-frequency cepstral coefficients, this means that
in this context, the identification of key features is the
identification of individual orders of coefficients that
best describe the features of the audio signal that

output
layer

hidden
layer n

hidden
layer 1

distinguish the authentic voice from the generated
copy, for their further use in a certain proximity
measure using one of the metrics. Narrowing the
number of features used will reduce the time for
comparing two audio sequences, as well as reduce the
computational load of the technology, which is an
advantage when computer resources are limited.

Key features are identified using so-called Siamese
neural networks and DTW is used as a proximity
measure.

Siamese neural networks are a specialized architecture
that usually consists of two parallel identical neural
networks that have the same weights in order to
evaluate or compare the similarity between two input
objects [11] (Figure 6).

upper profile
hidden

| representation

classification

> output:
. cosine TRUE/FALSE
: distance
lower profile
; hidden

i representation

Figure 6 — Generalized architecture of the Siamese neural network.

Such a neural architecture is able to learn from a
limited data set by generalizing information about

feature vectors represented as MFCCs. In this work,
one of the models in the pair will be trained on
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authentic voices, while the other will be trained on
cloned copies. As a result, both models will provide
generalized mel-frequency cepstral coefficients for
authentic and cloned voices, respectively.

Usually, for such architectures, the cosine similarity
coefficient is used as a measure of proximity, but due
to the peculiarities of the input and output data, i.e.
MFCC, it is appropriate to use DTW. The returned

values are indices corresponding to the orders of the
mel-frequency cepstral coefficients.

The coefficients used for further determination of
proximity were those with a DTW distance of at
least 0.37.

The results of the analysis are shown in Table 2. The
average length of an audio sequence is 600 seconds.

Table 2. — The dependence of execution time and computing unit load on the created vector of characteristic
features when assessing the degree of similarity of two time series

Experiment A .de.gree of | Average Proximi'ty . Computing

number proximity DTW calculation time, unit load. %
(DTW metric) value m:s i

Comparison of audio sequences using all MFCC orders for identical voices

1 0.35 6:57 88%

2 0.33 7:04 89%

3 0.36 6:43 89%

4 0.34 0,33 7:15 88%

5 0.37 5:04 89%

6 0.27 4:35 88%

7 0.30 7:01 87%

Comparison of audio sequences using all MFCC orders for different voices

8 0.42 7:54 88%

9 0.38 8:44 89%

10 0.63 7:33 88%

11 0.59 0,55 9:15 88%

12 0.48 6:54 89%

13 0.71 6:15 89%

14 0.66 9:20 88%

for identical voices

Comparison of audio sequences using partial (predefined)

MFCC orders

15 0.32
16 0.34
17 0.35
18 0.38
19 0.29
20 0.28
21 0.35

0.33

3:18 77%
2:15 65%
2:22 71%
2:42 68%
3:16 74%
2:55 69%
3:15 70%

for different voices

Comparison of audio sequences using partial (predefined)

MFCC orders

22 0.55
23 0.41
24 0.68
25 0.46
26 0.54
27 0.61
28 0.53

0.54

2:45 76%
3:51 77%
3:22 68%
3:24 69%
2:59 70%
3:55 64%
2:51 71%

As a result of the neural network analysis, the
coefficients that had the greatest difference when
comparing the generalized coefficients obtained as a
result of training the Siamese neural network for
authentic and cloned voices were identified.

For further comparison and final proximity measure
threshold determination, the DTW method was used

again. It compares the audio sequences based on the
selected coefficients. To make the final decision, it is
necessary to determine the optimal similarity threshold
in the context of the selected dataset. The threshold
was chosen according to the following principle:
among the distance indicators for pairs of real voices,
the average DTW of 0.33 was chosen. Meanwhile, the
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minimum value of 0.395 was taken for the distance
indicators of different votes.

(a) computing unit load

Figure 7 — Graphs of the dependence of the proximity
determination time and the computing unit load on the
number and composition of mel-frequency capstral
coefficients.

Table 2 and the graphs in Figure 7 show that at close
values of the acceptance threshold, the technology of
using partial MFCCs shows a significant increase in
execution speed (43%) due to the reduction in
computational complexity due to the absence of
complications in the Siamese network architecture and the
reduction of data to be processed. Further use of the
selected MFCC coefficients is appropriate in the context
of determining voice authenticity based on the metric of
proximity to the cloned audio recording.

Conclusions

In this paper, a conceptual model of the

technology for calculating the similarity threshold of two
audio sequences was proposed. The technology is based
on a mechanism for determining significant orders of mel-
frequency  cepstral  coefficients to reduce the
dimensionality of input data and, as a result, reduce the
execution time and computing unit load, which is an
advantage in conditions of limited resources. The
dynamic time warping algorithm was chosen as a measure
of proximity because of its relatively low computational
complexity and adaptability to work with time series.
The obtained results show a significant increase in the
speed of execution (43%) due to the reduction of
computational complexity due to the absence of
complications in the Siamese network architecture and the
reduction of data for processing. Further use of the
selected MFCC coefficients is appropriate in the context
of determining voice authenticity based on the metric of
proximity to the cloned record.

The resulting threshold is the arithmetic mean of the
two indicators, which is 0.37. This threshold will be
used in further research.

(0) proximity detection time
Further development includes the application of the
obtained parameters and characteristics to the neural
network model in order to develop a speaker verification
module or improve its performance.
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KonuentyanbHa Mmoje/ib TeXHOJIOTI BHU3HAYEHHS
nopory noaidHocTi ABOX ayxiopsiaiB

Vladyslav Kholiev, Olesia Barkovska

AHoTtanisi. PoGota mpucBsdeHa akTyasbHIH mpodJiemi
Bepudikamii CrmikepiB HUIIXOM ITOPIBHSHHS TOJOCOBHX
yacoBux psaniB. MeToro naHoi poOOTH € BH3HAYCHHS
MIOPSIIKIB METYACTOTHUX KENCTPAINbHIX KOS(IIi€HTIB, sKi
HaWTOYHIIIE OMHMCYIOTH PI3HHUIIO aBTEHTUYHOI'O TOJIOCY
BiJl IITY4YHOI 3TeHEPOBAHOi KOIi JUIsS ITOJAJIBIIOTO IX
BUKOPHCTAaHHS y SIKOCTI BXITHUX JaHUX HEHpOMepexeBoi
MoJieTli B yMOBax oOMeKeHuX pecypciB. Jis mocsrHeHHs
uiei Metn OynM BHKOHAHI HAacTYITHI 3agadvi: po3po0ieHo
KOHLIENTYaJbHY MOJEIh TEXHOJIOTI] BU3HAUCHHS ITOPOTY
moi0HOCTI JIBOX ayJIiopsiaiB, Ha OCHOBI
HEHpPOMEPEIKEBOTO ~ aHaNi3y  BU3HAYCHO  IOPSAKA
METYacTOTHUX KEICTPanbHUX KoedilieHTiB 3
HaliXapakTepHIIIMMH  BIAMIHHOCTSAMH  3aIllUCy  BilX
3TE€HEPOBAHOI0 TOJIOCY, TPOBEACHO EKCIIEPUMEHTAIbHE
JIOCHI/DKEHHSI ~ 3aJIeKHOCTI  Yacy  BUKOHAaHHSI  Ta
3aBaHTA)XEHOCTI OOYMCIIIOBaYa BiJi CTBOPEHOTO BEKTOPY
XapaKTEepHUX O3HAK IPH OLHIOBAaHHI MipW MOAIOHOCTI
JIBOX YacOBUX PSMiB, a TaKOX BU3HAUYCHO ONTHUMAaIbHUH
Mopir mogiOHOCTI Ha OCHOBI BHKOPHCTaHHS aJTOPHTMY
DTW y konrekcti obpanoro pnaracery. Po3pobnena
MO/IeIb TEXHOJIOTI] BU3HAUCHHS IOPOTyY MoiOHOCTI Oyna
IIPOTECTOBaHA Ha HaOOpi JMaHMWX, IO SBIE COOOIO
koMmOiHanito Habopy manmx DEEP-VOICE Ta BrmacHoro
naracety. IIpogeMoHCTpOBaHMI pe3ysbTaT 3aCTOCYBaHHS
po3pobinenoi TexHoiorii mokazaB mpupict 'y 43% mpu
BukoprucranHi  Bu3HaueHnx MFCC  mopiBHSHO 3
BUKOpHCTaHHSAM ycix. Ha OCHOBI ekcliepuMeHTaIbHUX
JIOCIHI/PKEeHb OYB BCTaHOBJICHUH mopir nmpuiHaTTst DTW y
0.37.

KuarouoBi cioBa: machine learning; mfce, dtw, feature
extraction, speaker recognition; classification, voice
cloning;.siamese neural networks
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COMPLEX SIGNALS PARAMETERS OPTIMIZATION ON THE BASE
OF LINEAR APPROXIMATIONS USING THE GRADIENT METHOD AND
NEWTON’S METHOD

The article examines the effectiveness of the gradient descent and Newton methods for optimizing the parameters
of ensembles of complex signals. Algorithms have been developed and implemented that increase the accuracy of
setting parameters and ensure reasonable optimization of spectral, temporal and statistical characteristics of signals.
The effectiveness of the application of the methods was confirmed experimentally on the example of reducing the error
and increasing the level of immunity. The obtained results substantiate the improvement of the parameters of complex
signals, which proves the efficiency of use for wireless telecommunication systems in order to ensure stable and reliable
operation in conditions of dynamic changes in the environment and a high level of interference.

The article compares the mathematical methods of optimization, namely the gradient method and Newton's
method, proposes mathematical models and constructs algorithms that empirically prove the effectiveness of the
application of the studied mathematical methods in the specified scientific area - for optimizing the parameters of
ensembles of complex signals. Scientific works [1-6, 9, 12] present algorithms based on the gradient method and
Newton's method, but they do not consider in detail the comparative analysis of the effectiveness of these methods for
optimizing the parameters of ensembles of complex signals for implementation in various scientific and practical tasks.
The effectiveness of the algorithms proposed in the article was confirmed experimentally, which made it possible to
reduce the error and improve the characteristics of ensembles of complex signals.

As a result of the experiments using the methods of gradient descent and Newton, a significant reduction of the
error and an improvement of the stability of the signals were achieved. Newton's method reduced the error from 0.1 to
0.0027, justifying the high accuracy of setting the signal parameters. The gradient descent method provided a stable
reduction of the gradient norm from 12.75 to less than 1.23, effectively reducing the interference level, i.e. increasing
the interference immunity.

Keywords: linear approximations, ensembles of complex signals, gradient method, Newton's method, gradient
norm, objective function, optimization of signal parameters, iterative algorithm, noise immunity.

INTRODUCTION

Researching gradient descent and Newton's methods The application of these methods can significantly
is relevant for optimizing the parameters of complex enhance .the noise immunity of compllex .s1gna1 enserpbles,
signal ensembles because these methods provide high which is critical for the functioning of wireless

accuracy and efficiency in tuning spectral, temporal, and teles:ommunications systems. In the face of cons.tant
statistical characteristics of signals [1-13]. environmental changes and the presence of various
interferences and obstacles,

© Komar O.M., Lysechko V.P., Tarshin V.A., Misiura O.M. ,Bezverkhyi S.A 2024
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these systems require reliable and stable operation, which
can be achieved by optimizing signal parameters using
adaptive algorithms such as gradient descent and
Newton's method.

Solving the problem of optimizing the parameters of
complex signal ensembles is essential for ensuring the
efficiency and reliability of modern wireless
telecommunication systems.

The object of study is the process of optimizing the
parameters of complex signal ensembles with given
parameters.

The subjects of study are the algorithms and
methods of optimization, particularly gradient descent and
Newton's methods.

The purpose of this work is to evaluate the
effectiveness of gradient descent and Newton's methods,
as well as their comparative analysis with the Nelder-
Mead method for optimizing the parameters of complex
signal ensembles.

1 PROBLEM STATEMENT

In practice, alongside the Nelder-Mead method,
which is based on a direct search algorithm and the use of
a simplex to determine the main direction towards the
minimum point, the gradient method is also used in
scientific research. This method is an iterative search
method based on the use of the gradient of the objective
function to determine the optimal direction of movement.
The gradient method can be effectively used to optimize a
wide range of parameters of complex signal ensembles, in
particular, the signal's spectral density to meet certain
specified criteria such as [1, 3, 5]:

— ensemble properties of signals, namely:
mean value, dispersion, and autocorrelation
parameters;

— signal noise immunity properties,
specifically: uniform energy distribution across
frequencies or resistance to various types of
interference;

— spectral characteristics of signals, such
as the presence or absence of certain frequency
components.

Additionally, the gradient method can be applied to
optimize the temporal characteristics of complex
ensemble formations:

— optimization of parameters such as time
shift and pulse length, allowing control over the
temporal structure of complex signals and
facilitating synchronization and other aspects of
data transmission;

— application of various «window
functions», enabling the modification of signal
waveforms, thereby reducing visual artifacts or
other unwanted effects that may arise during
operation and impact signal quality;

— optimization of signal filters to
effectively remove frequencies that cause
interference and disruptions or create artifacts,
thereby significantly improving the overall
quality and performance of the system.

Additional examples of using the gradient method
for optimizing the parameters of complex signal
ensembles include:

— optimization of modulation parameters:
allows improving information transmission by
adjusting the amplitude, frequency, or phase
characteristics of signals to achieve better
accuracy and resistance to interference;

— enhancing the energy efficiency of
signals: by optimizing the energy characteristics
of signals, the gradient method can help reduce
the system's power consumption, which is
critically important for the operation of wireless
systems;

— improvement of signal synchronization:
ensuring precise alignment of signals in time,
which is essential for coherent signal processing
and avoiding timing errors in communication
systems;

— adaptive beamforming in antenna
arrays: optimizing the directionality and
strength of signal transmission to improve
reception quality and reduce the impact of
interference from unwanted directions.

The preliminary stage of the gradient method
algorithm is the determination of the objective function,
which takes place before the start of the iterative
optimization process. For this, it is necessary to define an
objective function f(x) that, for example, evaluates the
distance between the parameter vectors of spectral

density, the target density x target target, and the
robustness density x _robust . Mathematically, the

formula will be as follows [1, 2]:

flx)= H" — Xtarget

4 lx = xpppuee |

(1)

where " ” — Euclidean norm,;
XXt arger X robuse — SPectral density vectors.

Based on this, the gradient of the objective function

will have the form [4,5]:
faf (x) 'I._E':;-"r:rg e — %)

Vf(x) = ( -------- ) Sl e, ) )
WAf (20 ,

2 REVIEW OF THE LITERATURE

The works [1-13] analyzed within this study are
devoted to the theoretical foundations and practical
applications of various aspects of optimizing the
parameters of complex signals using linear
approximations with gradient descent and Newton's
methods. Significant results have been achieved in all
these studies, which enhance the understanding of the
practical efficiency of different optimization methods.
The studies [1, 4-6] found that the gradient method is
effective for optimizing the spectral characteristics of
signals, as well as for solving problems of pattern
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recognition and source localization. For example, it has
been established that this method reduces errors in pattern
recognition and improves localization accuracy.

In the studies [2, 3, 5, 6, 13], the practical
application of the Newton method justified that this
method provides faster convergence compared to gradient
descent, especially when optimizing the parameters of
signal ensembles. It was found that the Newton method
can significantly reduce the number of iterations needed
to achieve an optimal solution.

The studies [7, 8] empirically confirmed the
effectiveness of optimizing filter parameters using the
Nelder-Mead and Levenberg-Marquardt algorithms. The
differential evolution algorithm considered in [8] also
showed high efficiency in optimizing synthesized signals,
which in practice ensures high accuracy and stability of
scientific results.

In the studies [9, 10, 11], specific methods and
approaches for optimizing signals and processes were
investigated. For example, [9] found that the process of
signal separation based on a first-order linear complex
autoregressive process is effective for improving signal
quality. In [10], the feasibility of using polynomials with
hybrid gradient descent and Newton's method was
confirmed, which improves the convergence and accuracy
of optimization. The study [11] showed that using
Bregman distances for regularizing the gradient of the
Newton method enhances the stability of the algorithm.

Through the analysis in study [12], the optimal total
throughput for SWIPT NOMA systems was identified.
This can be used to improve the efficiency of wireless
telecommunication systems.

The use of the proposed methods will improve the
signal characteristics and ensure a high level of noise
immunity and performance in complex dynamic
telecommunication systems that require high reliability
and adaptation to changing environmental conditions.

3 MATERIALS AND METHODS

The general algorithm of the gradient method is
presented in Fig. 1 (without the stage of determining the
objective function [7, 9]).

Starting point

XDZ(X01 .X02. - ,Xon:)

A 4
Calculating a Xpgy, point
Xnew=Xolg~AVf(Xoiqg)
when a - step,

Vi(x) - the gradient at a point x

Xo=Xnew

Fig. 1 — Optimization algorithm based on gradients

The generalized approach to adjusting the
parameters of the gradient-based method for optimizing
the signal's spectral density is presented in Table 1.

Table 1
An example of the algorithm for changing
parameters based on gradients

Iteration Calculation Parameter Values
0 Xp Y
Xy (-l"'
1 (10 cer {059 - (0.5
x, = (-»J."I —nVf(xp) = {05] Xy = ("O.Sv'l
2 705y _ e v — (0257 - _ 7025
X, = (051 = —nVf(x,)= (_0'25) X, = (025]
n xRy (xh =V f () (xy)
Xp = ( 1‘_:.J = ( 1‘_:' : _ nF"fu"rn -;]. Xn= ( 1?)
n n-1 ! “'n-1) et £

Starting with an initial value x, = (1,1) , we then
determine the gradient of the objective function. In the
next step, we calculate a new point x,.,., with the
condition that each such new point becomes the current
value for the next iteration, and the iteration counter
increases at each step of the algorithm. It is mandatory to
check the stopping condition of the algorithm during the
computation, specifically: if the norm of the gradient is

less than or equal to the given threshold e, the algorithm
stops.

4 EXPERIMENTS

Fig. 2 and Fig. 3 show an example of applying
gradient-based  optimization to obtain improved
parameters of the signal's spectral density.
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Original and optimized signals

27 —— Original signal
—— Optimized signal
i LT
! I !ll N 'ill r
I F I i ‘
-§ ot |”|‘F r 4;”\ I
= 1Ll
£ | | d l l l,},"l!
Al AR A
i ,l ’r
-2+
0.0 0.2 0.4 0.6 0.8 1.0
Frequency
Fig. 2 — Analysis of signal changes after optimization
Iteration history
—— Amplitude history
1.4
1.3 A
° 1.2 A
g- 1.1
1.0 A N
0.9
0.8
0 20 40 60 80 100
Iteration
Fig. 3 — Dynamics of signal amplitude changes during iterations
0,92, 1,13
Table 2 shows how the signal parameters and the 3 0,83, 0,61, 0,75, 9,30
gradient norm changed with each iteration. The gradient 0,83, 1,02
norm is a characteristic that indicates the change in the 4 0,75, 0,55, 0,67, 8,35
function of the gradient vector length at a specific point. 0,75, 0,92
In our case, the gradient norm considers how close the
signal parameter optimization algorithm is to the given n 0,10, 0,01, 0,20, <123
minimum point € [9, 11]. 0,15, 0,01
Table 2 Table 3
Dynamics of signal parameters on gradient norms by Optimization of signal parameters by the gradient
iterations method
Iteration Signal parameters Gradient Iter | 1] 21314l 5]6] 718191 1
on current norm atio 0 0
iteration (first 5 n 0
values, total 500 Am |l 1lol1lol 1l 1lol 1] 11
pOints) plit 2 2 2 2 2 2 2 2 2 2
0 1,13, 0.85, 1,05, 12,75 ude 2191118101319 1/4]2
1,13, 1,38....
1 1,02, 0,76, 0,94, 11,50 The optimization process using the gradient method
1,02, 1,25 can effectively adjust the signal amplitude, improving the
2 0,92, 0,68, 0,84, 10,35 level of noise immunity. Changes in amplitude at each
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iteration indicate the process of approaching the optimal
level, which helps achieve better characteristics and
stability under various interference conditions. Such
results are achieved by using the gradient of the objective
function, which indicates the direction and magnitude of
the necessary changes to improve the signal ensemble.
The gradient shows how quickly and in which direction
the signal ensemble parameters need to be changed to
minimize the deviation from the target function value. As
a result, the amplitude of the signal ensemble is gradually
adjusted (improved) during the iterations, approaching the
optimal value, which overall contributes to ensuring a
high level of noise immunity [11].

Let’s consider a situation where the objective
function fi{x) evaluates the distance between the

parameter vectors of the spectral density x and the target

density xipger = gi the density

7
0.2
0.2

and robustness

Then, the gradient of this function will be

Xrobust =
as follows:

e _ (OF (XL _ (:_2"\»-'-'er'g e —%%) )

Vi) = (-..a f (x2) ) B @

Let’s determine the condition for the experiment

that the gradient descent method optimizes with a step
n = 0,1then the change in parameters (for example,
signal amplitude and noise level) will take the form
(Table 4).

At each step of the iteration, for example, the signal
amplitude (parameter 1) will change according to the
formula (as well as other parameters) [12]:

I TP -
VAl X T rppuse — AT )

= ‘40[&' - ?.‘Vf"‘i“"oid:’
4)
where 7 — the step coefficient, the learning rate,

determines the change of the parameter at each step.
Table 4
Dynamics of changes in signal parameters during

4
Anew

optimization
Itera | Parameter 1 | Parameter 2
tion (signal (noise level)
amplitude)

0 1 1

1 0,5 0,6

2 0,25 0,35

3 0,125 0,2

4 0,0625 0,1

5 0,03125 0,05

As calculations show, under this condition,

parameter 1 is halved at each iteration, which indicates a
stable optimization process aimed at reducing the
amplitude to achieve signal stability. And parameter 2,
decreases at different stages, is not so stable, which
indicates a more complex optimization process, where the
noise level decreases depending on other factors, such as

frequency components or other parameters of the signal
(Fig. 4).

Change in Parameters During Opti

10 —e— Parameter 1 (signal amplitude)
Parameter 2 (noise level)

0 1 2 3 4 5
Iteration

Fig. 4 — Iterative optimization of signal parameters
(gradient method)

The original signal is a sine wave with a frequency
between 0 and 1. The optimized signal can be obtained by
applying gradient descent to the original signal. The
algorithm of the gradient descent method is built in such a
way that it «tries to find» such a signal amplitude that will
minimize the difference between the original signal and
noise (reduce the effect of noise on the signal). The
amplitude of the signal changes significantly in the first
few iterations (from 1 to 0.5). As the iterations continue,
the signal amplitude stabilizes (0.0625), which indicates
the effectiveness of the optimization method.

The effectiveness of the gradient descent method
depends on the size of the gradient descent step #. If the
step 7 is too small, the method may be inefficient, as it
will require many iterations to achieve the desired result.
If the step nis too large, the method may be unstable
because it may «jump» through the minimum point of the
objective function.

In this experimental case, at step n = 0.1, it took
only 5 iterations to achieve the desired result, and the
method improved the parameters by 10% at each
iteration.

The gradient descent method is an effective way to
optimize the spectral density of a signal, as it allows
achieving the desired result in a small number of
iterations. As a result of applying the method, the
synthesized signals acquired appropriate ensemble
properties and noise immunity characteristics, with the
amplitude values of the signals increasing, which
provided a higher level of noise immunity. The
calculations show that choosing the optimal step size for
gradient descent allows efficiently achieving the
necessary experimental results.

Another effective method of optimization with
constraints, using approximation by linear functions, is
Newton's method. It can also be used for complex
ensembles of synthesized signals. This method is effective
for objective functions with a non-smooth graph, which
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are often encountered in practice in signal synthesis [10,
11, 13]. Newton's method uses a quadratic approximation
of the objective function f{x) at the current evaluation

point x; [13]:

Qx) = flxp) +Vflxp) (x—xp) + S (x —
T I Nf -
xp ) H{xp(x — x3)

(6]

where f(x;) — the value of the objective function at
a point xg;
Vf(x; ) the gradient of the objective function

at a point x;

H(x;) — hessian — the matrix of the second
partial derivatives of the function at the point x,

Quadratic approximation allows quickly finding the
directions of the steepest descent of the objective
function, making the Newton method effective for fast
convergence in regions where quadratic approximation is
truly effective [11]. By using second-order derivatives in
the calculations, the Newton method provides a more
accurate approximation to the minimum of the objective
function compared to methods that use first-order
derivatives.

Optimization using the Newton method is presented

in Fig. 5 and Table 5.

Parameter Optimization Using Newton's Method

15

1.0 1

0.5

0.0

Signal Amplitude

~1.0 1

® Observed Data
=== Original Signal
—— Optimized Signal (Newton Method)

X (Time or Angle in Radians)

Fig. 5 — Optimization of signal parameters according to Newton's method

In Fig. 5 shows the optimization of the signal
parameters by Newton's method, namely, reducing the
error and improving the fit to the observed data. The
observed data (black dots) are approximated by the
original sinusoidal signal (blue dashed line) and the
optimized signal (red solid line). Newton's method is an
effective tool for optimizing the parameters of signal
ensembles, in particular the frequency, in order to achieve
the maximum fit to the data. The process begins with an
initial assumption about the frequency, which in this
example is set to 0.5. According to Newton's method, the
derivative of the frequency is used to find a new value
that is more optimal and better corresponds to the given
data.

At each iteration step, Newton's method calculates a
new frequency value, reducing the error. After the first
iteration, the new frequency value is 0.45, with an error of
0.075. The process of iterations continues until the
accuracy specified by the experiment is reached. In this
example, optimization by Newton's method is achieved in
10 iterations, reducing the error from 0.1 to 0.0027. The
results of the calculations are presented in the Table. 5.

Table 5.
Results of calculations by Newton's method
It Frequency The
eration calculation
error
0 0,5 0,1
1 0,45 0,075
2 0,475 0,05625
3 046875 0042187
4 0,46484375 0,03125
5 0462953125 0,022656
6 0,421914062 0.015625
7 0,461230468 0,010742
75 1875
8 0,460815429 0,006835
6875 9375
9 0,460571289 0,004296
0625 875
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1 0,460418701
0 171875

0,002685
546875

Thus, the use of the Newton method allows for a
significant reduction in error from 10% to 0.027%, which
corresponds to an overall error reduction of 99%. This
demonstrates the high efficiency of the Newton method
for optimizing the parameters of complex signal
ensembles. The high accuracy of this method is ensured
by the use of second-order derivatives, which provide
more precise approximations to the minimum of the
objective function compared to methods that use first-
order derivatives.

Additionally, the Newton method shows high
performance in cases where the objective function is
smooth. This makes the Newton method particularly
useful for tasks requiring fast and accurate optimization of
parameters, such as tuning the frequency, phase, and
amplitude of signals in complex and dynamic radio
environments.

Newton's method is an effective way to optimize the
parameters of ensembles of complex signals in problems
with high accuracy. However, this method may be less
efficient for the objective function with a smooth graph,
as it requires an increase in the number of iterations to
achieve the optimal result. To solve such practical
problems, it is necessary to consider the use of alternative

optimization methods, such as the gradient method or the
Nelder-Mead method.

However, Newton's method has a number of
disadvantages. It is sensitive to the choice of the initial
value of x0, which can affect the optimization results. If
the initial value is far from optimal, the method may
converge slowly or not at all. Therefore, when using this
method, it is important to choose an initial value
(solution) that is close to the optimal one. This is not
always appropriate. In addition, Newton's method can be
slow for high-dimensional objective functions due to the
need to calculate and invert the Hessian, which is
computationally challenging. In cases where there is a
need to take into account the above parameters, it is more
reasonable to use methods based on gradients or Nelder-
Mead.

It should also be noted that Newton's method may be
less efficient in the case of functions with multiple local
minima, where it may stop at a local minimum instead of
a global one. This limits its application in problems with
high complexity of the topography of the objective
function.

A comparison of the effectiveness of the Nelder-
Mead, gradient descent, and Newton methods for
optimizing complex signal ensembles, highlighting the
main advantages and disadvantages of each method, is
presented in the table. 6.

Table 6
Comparison of the effectiveness of the gradient method and the Nelder-Mead method

Properties Method of Nelder - Mead | Method based on gradients Newton's method

Strengths L. Does not 1. Effective  for | 1. It has the ability to quickly
require the objective functions with | achieve accurate parameters
calculation of the a non-smooth graph 2. Effective for objective
gradient of the 2. Has the ability | functions with a non-smooth
objective to build a fast algorithm | graph
function for  high-dimensional | 3. When calculating,
2. Has high objective functions. derivatives of the second
resistance to 3. Flexibility  in | order are used for accuracy
noise and adjusting the learning
measurement speed, which helps to
eITorsS. avoid «falling into»
3. Works local ~minima  and
well when there ensures faster
is limited achievement of the
information about general («globaly)
the target minimum.
function.

Weaknesses | 1. May be ineffective for
objective functions with a

3. May get «stuck» in
local minima for complex
functions.

1. Requires the calculation of | 1.
the gradient of the objective
which

non-smooth graph. function,
2. Can be slow for high- | complex
dimensional objective | algorithms.
functions.

2. Is sensitive to the choice of
the initial point xo, which can
affect optimization results.

3. Requires the adjustment of
the step size 7, which can impact

The method requires
calculation and inversion of
the Hessian

2. Is sensitive to the choice
of initial values

necessitates
computation
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the stability
convergence.

and speed of

The Nelder-Mead method is more reasonable for use
in cases where the objective function has a smooth graph
and noise and disturbances become a significant problem
(which is usually the case in practice). This method does
not require the calculation of the gradient of the objective
function, which is a significant advantage, because the
calculation of the gradient is difficult or expensive. In
addition, the Nelder-Mead method is based on direct
search and use of the simplex, which provides good
resistance to interference and can work effectively under
conditions of limited information about the objective
function. This makes it optimal for solving problems
where the objective function may have multiple local
minima or be difficult to analyze due to various
interferences and obstacles.

Gradient methods can be effective when the graph of
the objective function is not smooth, and disturbances do
not significantly affect the process. Gradient methods,
such as gradient descent, can quickly converge to the
optimal solution, especially for high-dimensional
objective functions. An important condition for the
effectiveness of gradient methods is the condition for
calculating the gradient. That is, it is always necessary to
consider the situation to what extent it is costly or not
costly. The use of gradient methods is the optimal
solution for problems with a large number of parameters,
since they can be adapted to quickly converge to the
minimum of the objective function.

S RESULTS

As shown in fig. 1-3 and in table. 2-3, the gradient
method proves its effectiveness in adjusting the signal
amplitude and noise level, namely according to the
characteristics:

1. Increasing signal similarity. Fig. 2 shows that the
initial amplitude of the signal varies significantly during
the first few iterations and then stabilizes at a value of
0.0625. This indicates the effectiveness of the gradient
descent method in reducing the influence of interference
on the signal.

2. Reduction of signal amplitude. In the table 4
shows that the signal amplitude is halved at each iteration,
demonstrating a stable optimization process aimed at
achieving signal stability.

3. Reduction of noise level. Parameter 2 (noise
level) decreases at different stages of the optimization,
indicating a more complex optimization process where
the noise level is reduced depending on other factors, such
as frequency components or other signal parameters (Fig.
3).

As shown in fig. 4-5 and in table. 6, Newton's
method also proves its high efficiency in the tasks of
optimizing signal parameters. Namely, in fig. 5, it can be
seen that Newton's method significantly reduces the error
and improves the fit to the observed data. The error

decreases from 0.1 to 0.0027 in 10 iterations, which
corresponds to a 99% error reduction.

In the table 6 shows how the frequency of the signal
changes at each iteration step, reducing the error. After
the first iteration, the new frequency value is 0.45, and the
iteration process continues until the specified accuracy is
reached.

Due to the use of second-order derivatives, Newton's
method provides a more accurate approximation to the
minimum of the objective function compared to methods
that use first-order derivatives.

The further development of this scientific research is
the integration of optimization methods with innovative
technologies of machine learning and artificial
intelligence. The use of machine learning algorithms for
preliminary data analysis and selection of optimal initial
(«starting») parameters for optimization algorithms, such
as gradient descent and Newton's method, can
significantly reduce the time to reach optimal results and
increase their accuracy.

Another promising direction of research is the
development of hybrid optimization methods, which
combine the advantages of gradient methods and
evolutionary search methods (Nelder-Mead method). This
approach will make it possible to develop algorithms
capable of effectively solving problems with a large
number of parameters and different types of objective
functions. The use of hybrid methods can significantly
increase the efficiency of telecommunication systems,
radar systems and other industries where high accuracy
and reliability of operation are critical.
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3ACTOCYBAHHS JITHIHAX
AITPOKCUMAIIIIA VIS ONTUMIBAIIT
MAPAMETPIB  AHCAMBJIB  CKJIAJHHUX

CUT'HAJIB 3A TPAJIEHTHUM METOAOM 1
METOJA0OM HBIOTOHA

B crarri gocmimkeHO e(eKTHUBHICTE METOMIB
TPaJi€eHTHOTO CIycKy Ta HploTOHa Uis omTumizarmii
rapameTpiB aHcaMmOJIiB CKJIaJHUX CHTHaNiB. Po3pobieHo
Ta BIPOBAHKCHO AITOPUTMHU, IO IMiJBUINYIOTh TOYHICTh
HAJIAIITYBaHHS mapameTpiB Ta 320e3Meuyr0Th
OOTPYHTOBaHY ONTHUMI3aIlif0 CIEKTPAIFHUX, YaCOBHX 1
CTaTHCTUYHUX XapaKTCPUCTHUK CUTHaNIB. EQEeKTHBHICTH

3aCTOCYBaHHS METO/IiB HiATBEPIKEHO
EKCIIEPUMEHTAIBHUM MIISIXOM Ha HPHUKIJIAAI 3MEHIICHHS
MOXWOKM Ta TIABUINEHHS PIBHA  3aBaJOCTIHKOCTI.

OtpuMaHi pe3yabTaTH OOTPYHTOBYIOTH YIOCKOHAICHHS
mapaMeTpiB  CKJIIQAHUX  CUTHANIB, IO JOBOIUTH
e(CKTUBHICTh  BUKOPHUCTAHHS Ui OC3IPOBOIOBUX
TEJICKOMYHIKAIIHHIX CHCTEM 3 METOK 3a0e3leueHHs
cTabinpHOI Ta HafiiHOI poOOTH B yMOBaxX AWHAMIYHUX
3MiH CEpEIOBUINA Ta BUCOKOTO PiBHS 3aBa/l.

Y crarTi mpoBeNEHO TOPIBHSHHS MAaTEMAaTHIHHX
METOMIB ONTHMi3alii, a came TpaJieHTHOTO METoxny 1
MeToay HeloTOHA, 3aIpOIIOHOBaHO MAaTEMAaTHYHI MOJEMI 1
moOyTIOBAaHO ~ allTOPUTMH, SIKi EMIIPUYHO JTOBOJIATH
e(CKTHBHICTH 3aCTOCYBaHHS JOCHIIKEHUX
MaTEeMaTUYHHUX METOIB B BU3HAUCHIH HAYKOBIH 00IacTi —
JUIS  ONTHMi3alii TapamMeTpiB aHCaMONiB  CKJIATHHUX
curHaimiB. Y  HaykoBux poGorax [1-6, 9, 12]
MIPEJICTABIICHO AJlTOPUTMHU, 3a TPAIiEHTHUM METOJIOM Ta
MeTo7oM HbIOTOHA, alle B HUX HE PO3MIISIHYTO JCTATBHO
MOPIBHSUTBHUH aHaNi3 e(EKTUBHOCTI ITUX METOIIB IS
onTUMi3alii nmapaMmeTpiB aHcaMOJIB CKJIQIHUX CHUTHAIIB
JUIS pealtizalii B pi3HUX HAyKOBHX 1 MPAaKTHYHHX 3a]adax.
EdexTuBHiCTS 3amponoOHOBAaHMX B CTAaTTi aJTOPUTMIB

MIATBEPXKCHO  CKCICPUMEHTAIFHUM  [UIAXOM, IO
IO3BOJIMJIO  JIOCSATHYTH  3MCHIICHHS  IMOXUOKH Ta
MTOKpAIICHHS ~ XapaKTePUCTHK  aHCAMOJNIB  CKIIQIHUX
CHUTHAJIIB.

B pesynbrari eKCHepUMEHTIB 3 BHUKOPHCTaHHIM
METOMIB TpajieHTHOro cmycky Ta Heiorona Oyno
JIOCSITHYTO ~ 3HAYHOTO  3MEHIICHHS  IIOXHMOKH  Ta
MTOKpAIIeHHsT cTabuThHOCTI curHaniB. Merox HeroToHa
3am3uB MoxuoKy 3 0,1 10 0,0027, 00TpyHTOBYIOUH BUCOKY
TOYHICTh HAJAIITYBaHHS IapaMeTpiB CUTHalIy. MeTox
TPajlieHTHOTO CIYCKYy 3a0e3NeduuB CTaOUIbHE 3HMKCHHS
HOpMHU rpaxienTa 3 12,75 o menm Hix 1,23, edeKTHBHO

3MCHIIYIOYH  DiBEHb  3aBaj, TOOTO  MiJABHIYIOUYH
3aBaJIOCTIHKICTb.

KarouoBi cioBa: miniifHI ampokcumariii, aHcamOi
CKIIQHUX CHUTHANIB, TPAMI€EHTHHA METOA, METOJ
Hrrotona, Hopma rpafienTy, QyHKIIS Hidi, ONTHMIi3amis
rapameTpiB CHUTHAJIB, iTepaniitanit QITOPUTM,
3aBaJIOCTIHKICTb.
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