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IHOPOPMALINHO-KEPYIOUI CUCTEMHU HA 3AJII3BHUUYHOMY TPAHCIIOPTI

VIK 656.2 DOI: 10.18664/ikszt.v29i3.313594

ITAPXOMEHKO JI. O., k.T.H.,

ITPOXOPOB B. M., x.T.H.,

KAJIAIIIHIKOBA T. 10., K.T.H.

(YxpaiHcbkuil ep:kaBHUN YHIBEPCUTET 3aJII3HUYHOTO TPAHCIIOPTY)

Ya0cKkoHAJIEHHA TEXHOJIOTII yIIPABJIiHHS MICIEeBOI0 PO0OTOI0 XiJIbHUII B YMOBAaX
HEBH3HAYEHOCTI HA OCHOBI po0aCTHOI ONTUMI3aNLiL

Y cmammi poszensanymo yoockonanenHs mexHonozii ynpasiiHtL Micyeoio pobomoio 3aNi3HUYHUX OLTbHUYL 6
YMO08AX HeBUSHAYEHOCMI, WO 8aANCIUBO O NIOGUWEHHs eheKmusHocmi eanmaxcHux nepesesenv. Cyuachi memoou
NAGHYBAHHA Yacmo 0a308ami HaA cepedHbo00008UX OAHUX | He 6paxo8ylomb KOAUBAHb, OMmdice, epeKmueHicms
VAPABAINHA MICYe8010 pOOOMOIO MOJCE CYMMEBO SHUNCYBATNUCA Hepe3 HeOOCTHAMHE 8PAXYBAHHA OUHAMIKU Nepese3eHsb.
Memorw cmammi € po3pobreHHss HOB0I MemoOOuKu WNIAHY8AHHA pobomu 30ipHUX N0i30i6 3 YPAXY8AHHAM
HesuzHayeHocmetl, Wo 0Acmb 3MO2Yy NIOBUWUMU MOYHICMYb | HAOIUHICMb NAaHY8aHHA. sl Yb020 NPONOHYIOMb
suKopucmosyeamu podoacmuy onmumizayilo, AKa 3abe3neyye CMIUKICMb piieHb 00 3MIHIOBAHUX VMO8 ULIAXOM
3acmocysanHs npunyuny minivakcy. Ileu nioxio Oae 3moey cmeoprosamu HAOWIHI NAAHU, AKI epeKmueHo
@yHKYioHyIOmMb HABIMb V pA3i 3HAYHUX GIOXULEHb 8I0 OUIKYBAHUX YMOB.
Y cmammi npoananizosano pesynvmamu mooenioganis, wo 0yn0 npogedeHo 3a 00NOMO2010 po3pobneHoi npoyedypu
onmumizayii 3 3aCMOCY6AHHAM MAMEMAMUYHO20 anapama 2eHemuyHuUx an2opummie, peanizoéamy 6 cepeoosuilyi
MATLAB. Mooeniosarns niomeepouso eekmueHicms 3anponoH08aH020 Ni0Xooy.
Boonouac pesynomamu Oocniodcenns nokasyroms, wjo OAs OOCASHEHHS we OLbUUX pe3ylIbmamie OOYilbHO
8paxosysamu CMamucCmuyni 0aui npo Konueanus oocazie micyegoi pobomu na cmanyiax. /s yboeo nponomyioms
iHmezpygamu cmoxacmuiny cKiaoogy 8 Mooeib pobacmuoi onmumiszayii, Aka 0ae 3mMoey Kpauje epaxogysamu eapiayii
6 o00cseax nepegezenv i 3abesneuye Oinbw mouni piwenus. Lle moowce cymmeeo noxkpawumu egexmugricmo
NIAAHY8ANHSA, 3MEHWUMY BUMPAMY | NIOBUWUMU 3A2ATbHY eDEeKMUSHICIb YRPAGIIHHA 3ANI3HUYHUMU NePee3eHHAMU.
Omoice, 3anponoHosani memoou GIOKPUBAIOMb HOBI MONCIUBOCME Ol 800CKOHANEHHA MEXHOA02I YNPAGIiHHS
Micyesor pobomoro Ha 3anizHuyl, 3a0e3neuyouu Ointbus HAOIUHI MA eKOHOMIYHI DIUeHHS 8 YMOBAX HeBUSHAYEHOCMI.
Knrouosi cnoea: micyesa poboma, HegusHaueHicms, NIAHY8AHHSA poOOmMu 30ipHUX NOI30i8, POOACTNIHA ONMUMI3AYIA.

ITocTaHoBKa MpoGIeMu

AHaJi3 ocTaHHIX J0caiKeHb i myOaikanii

MicneBa poboTa Ha 3ali3HUYHHUX IUTBHHUIIIX

3MIACHIOETBCS 32 JIOTIOMOTOI0 TaK 3BaHUX 30ipHUX
O13/1iB, SIKi BUKOHYIOTh OTIepallii 3 MiCIIEBUMH BarOHAMH.
[TmanyBanHsA poOOTH 30ipHUX O3B 3a3BHUYail Oa30BaHO
Ha nepeadavYyBaHUX, MOCTIHHUX 00'eMax HABaHTAKEHHS 1
BHUBaHTA)KCHHS BaroHiB Ha AUTbHHIN. [IpoTe B peanbHUX
yMOBax I1i 00'€eMH MOXYTh CYTTEBO KOJIMBATUCS B MEKaX
MIEBHUX JOITyCTUMHX 3HAYEHb, i MOKIIMBI KOMOIHAIIT IIUX
3MIHHUX — HaJ3BUYaiHO PiI3HOMAaHITHI.
Taki KOJMBAaHHS MOXYTb IPU3BECTH JO TOTO, IO
TIoTIepeIHbO MPUHHATHI TaH poOoTH 30ipHHUX MOi3IiB
BUSIBUTBHCS Hee(CKTHBHUM. Tpaguuiiiai METOIH
IUTAaHYBaHHS, IO HE BPAaXOBYIOTh I[I0 HEBU3HAYCHICTB,
MOXYTh MPHU3BECTH JO HEPAI[iOHAIFHOI'O BHKOPHUCTAHHS
PeCypciB, 3aTPUMOK y TIEPEBE3CHHSX, TOJATKOBHX BUTPAT
BaroHOT'OJIIH, HECBOEYACHOTO JIOCTABJICHHS ITOPOKHIX
BaroHiB O MICIIb HaBaHTAXXEHHSI 1, SK HACHIIJOK,
T IBUTIICHHSI eKCTUTyaTalliifHuX BUTPAT.

Crarrs [1] [mochmimkye TIaHyBaHHS  BaHTaKHUX
mepeBe3eHh HA  3QM3HMANI B yMOBaX  3MiIIaHOL
HEBU3HAYCHOCTI, MMOEJHYIOYN HEYITKICTh i BUMAJKOBICTb.
[HHOBAIIfHUI acmeKT MOoNsITrae B PO3POOJICHHI TPHOX
MOJIeJICH TIPOTpaMyBaHHS 3 IIAHCOM, SIKi BPAaXOBYIOTh IIi
JIBA BHJM HEBM3HAYEHOCTI JUISi ONTHMI3alii MapuUIpyTiB,
00CsITiB BaHTaXIB 1 YaCTOTH NepeBe3eHb. MaTeMaTHYHUIN
amapaT BKJIIOYa€ Mipy [IAHCY Ta KPUTHYHI 3HAYCHHS
HEYITKO-BHITAJJKOBUX 3MIHHUX, a JUII PO3B'S3aHHSI
MOJieNiell  3aCTOCOBYIOTh TiOpHUIHHWI  alnrOpuTM, IO
MOE/THY€E TIOIIYK ITOTEHIIHHUX MapIpyTiB, CUMYJILIIO Ta
TeHETUYHUH aJITOPUTM.

Crartss [2] posrisjae INPOEKTYBaHHS JIOTiICTUYHOTO
JaHIIora  XOJIOJIOBOTO  3ai3HUYHOTO  TPAHCHOPTY,
BUKOPDHCTOBYIOUHM  3MilllaHE  IJIOYHCENIbHO-HENiHiITHEe
nporpamyBanHs (MINLP) s onrumizanii — xaOis,
BaHTaXXHUX TOTOKIB 1 YaCTOTH OOCITyTOBYBaHHSI.

© IMMAPXOMEHKO JI. O., TIPOXOPOB B. M., KAJIAIITHIKOBA T. 10. 2024
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HeBu3HaueHOCTI BpaxoBYIOTb 4Yepe3 HEYiTKe
nporpamyBaHHsi. Pesynpratm mokasyots g0 1,99 %
eKOHOMil BHTpar npu 30urblIeHHI XabiB 1 g0 2,69 %
3HW)KEHHSI BUTPAT JJIs1 EKOHOMIYHO OpPIEHTOBaHUX PillIeHb
MOPIBHAHO 3 JETepMiHOBaHMM TigxonoM. OCHOBHHI
HEJIOJTIK — CKJIaTHICTh OOPOOKH HEWITKHUX JaHUX.

Crartsa [3] po3risagae TaKTHYHE IUTAHYBAHHS OIIEPAii,
SIKEe BKJIIOYAE YXBAJICHHS Psly B3a€EMOIIOB'A3aHHUX PIlICHb
JUIL ONTHMAJIBHOTO PO3IOMALTY PEecypciB i JOCSITHEHHS
eKOHOMIUYHNX 1 cepBicHHX mined kommadii. OCHOBHY
yBary MIPUIUIIOTH MIPOEKTYBAHHIO Mepexi
00CITyroByBaHHS TS MDKMICBKHX BaHTaKHUX
MIePEeBI3HMKIB, TAKHX SIK 3aJI3HHII Ta aBTONEPEBI3HHUKU.
BBeneHo HOBy kiacudikaiilo NpodieM HPOEKTYBaHHS
Mepexi 00CIyroByBaHHs Ta (OPMYJIIOBaHHS MOJEICH.
HoBu3na monsirae B TOJAHHI HOBOi  Kiacuikarii
npo0JeM i PO3BUTKY MaTEeMaTHYHOTO IIPOrpaMyBaHHs JUIst
NIPOEKTYBaHHA MepexX. OCHOBHMI HENOMIK — CKJIQJHICTh
pO3B’SI3aHHS ~ MOJENIeH, OCOONMBO  JUIA  CKJIQJHHUX

Bunmankis. HemomikoM € 1 BHCOKa OOYHCIIIOBAJIbHA
CKIAMHICTP MOXOAYy Ta MOXJIHBI TpoOiemMu 3
e(CKTHBHICTIO 3a eKCTpEeMaTbHUX Bapiamiit
HEBU3HAYEHOCTI.

Crarts [4] posrisgae TpaHCIOPTHY 3anady 3 4OTHpMa
BUMIpaMy JJIsl CyMICHHX 1 HECYMICHHMX BapiaHTIB ILIaHy,
J¢ TapaMeTpd IMOJAaHO Y BHIVIAAI HEYITKHX 3MIHHHX
JpYroro THUIly. 3alpOIIOHOBaHA MOJIENIb OPI€EHTOBaHAa Ha
MiHIMI3al[il0 TPAaHCIOPTHHX BHUTpPAT MpPH BpaxyBaHHI
JOCTYIIHOCTi, IIONHUTY, BarW Ta OOCSATY TPaHCIIOPTHUX
3aco0iB. HewiTki mapamerpum THIly 2  CIOYaTKY
TIEpETBOPIOIOTHCS B HEUITKI MapaMeTpH THITy 1, a MOTIM y
BUIIAJKOBI  MapaMeTpd 3a  JIOIOMOIOI0  METOJIB
y3araJibHeHOi JOCTOBIpHOCTI Ta HeHTpoina. Lli mapamerpn
KOHBEPTOBaHI B WUiTKi MapaMeTpud JiIsd OOMEXEHb |
11b0BOT (QYyHKIII.

HoBu3Ha mounsirac B JI€TaJbHOMY OIHKCI  IPOLIEAYP
NepEeTBOPEHHSI HEYITKUX MapaMeTpiB TUIY 2 y 4YiTKi Ta
3aCTOCYBaHHI KiJIbKOX METOIB JUIS IbOTO MEPETBOPEHHSI.
OcHOBHUII He#oJNiK — OOYMCIIOBAJIbHA  CKJIAJHICTh
NpOlLIeCy MEePETBOPEHHS 1 pO3B'A3aHHs MOJIEII.

Crarts [5] mpomoHye MeTOZ YpaxyBaHHS MIiHIHUBOCTI
rapaMeTpiB, sKi € BUXIIHUMH AaHHUMHU JUIS PO3PAXYHKY
IaHy (GOpMyBaHHA OJHOTPYIHUX BAaHTAKHHUX IOI31IiB
JUI1  TABHINEHHA #oro HamifHOcTi. BmpoBamkeHo
BUKOPHCTaHHS HEYITKUX MHOXHMH JUISI BpaxyBaHHS
KOJNMBaHb y TapaMeTpax OpraHizalii BaroHOIOTOKIB.
Po3pobiieHo ~ MeTOJT  BHM3HAY€HHS  ONTHUMAIBHOIO
MOPOrOBOr0  3HA4YEHHsT PyXy BaroHiB B  yMOBax
HEBU3HAUEHOCTI 3a JOMTOMOTOI0 TexHik beuimana i 3aze.
HoBuzHa monsirae B 3aCTOCYBaHHI HEUITKMX MHOXHWH JIJIS
MiABUIEHHS CTaOUIFHOCTI ITaHy (HOpMYyBaHHS TOI3MIB i
3MEHIIEHHS KUIbKOCTI KoperyBaHb. OCHOBHUIT HEJIOMIK —
MOXUIMBA CKJIAQHICTh peaii3amii MeTOIiB HEUYITKUX
MHO>KHH 1 IXHs 00YHCIIIOBAJIbHA CKIIAAHICTD.

Crartss [6] mpomoHye HOBY MoJenb (OpMyBaHHS
BaHTQXXHUX TI013/1iB Ha 3aJi3HWYHOMY TPaAHCHOPTI 3
ypaxyBaHHSAM HEUiTKHX BUTpaT Ha NepeBe3eHHs. Mojelb
BUKOPHCTOBYE METOJ] HEYITKUX HAMKOPOTIIMX IUIIXIB
JUIsT BU3HAYCHHS ONTHMAIbHUX MAapLIPYyTiB, a MOTIM

MEPETBOPIOE He‘-IiTKy MOACIb Yy KIaCU4YHY MOJICJIb

OmokyBaHHs. Jlns  BHPINIGHHS BEIHKUX  PEATbHUX
npobieM po3poO0JICHO METOA Ha OCHOBI T'€HETHYHHX
ANTOPUTMIB.

HoBu3Ha monsirac y BUKOPUCTaHHI HEUiTKUX BUTpAT IJIs
MOJICITIOBAaHHSI OJIOKYBaHHS BAaroHiB 1 3acTOCyBaHHI
TCHETHYHUX ANTOPHTMIB Ul MOKpAIIeHHS ¢(peKTUBHOCTI
PO3B'sI3aHHSA. OcHOBHHI HEIOMIIK — MOYKJINBI
00YHCITIOBANIFHI BUTPATH IPH 3aCTOCYBaHHI T'C€HETHIHHUX
AITOPUTMIB Ha BEJIMKHX 3a1avax.

Bunisiennsi HeBUpilIeHHX paHille YacTHH 3arajabHol
npoodaeMu

AHaJi3 CyJacHMX HAYKOBHX JOCHI/DKCHb ITOKa3ye, IO
MepeIoBl MaTeMaTHIHI METOH, 5K, HAITPUKIAJ, TEXHIKH
HEYITKOI ONTHMIi3allii, MepeBa)XHO 3aCTOCOBYIOTH JIO
OinbI 3aranbHUX MpoOIIeM, 30KpeMa OXOIUTIOIYHM Tary3i
JIOTICTUKM Ta 3MIIMIAHUX [EPEBE3CHb, 3AIUIIAI0YH
MUTAHHS YIOCKOHAJCHHS YIPABIiHCHKHX TEXHOJIOTIH Ha
PiBHI MicLIEBOi pOOOTH HEIOCTATHHO PO3POOICHUMH.
IMompu 3Ha4YHI JOCATHEHHS B OMNTHUMI3aIlil TEXHOJOTIN
3aTi3HUYHOTO  TPAHCIOPTY, THTAHHS YIOCKOHAICHHS
TEXHOJIOTIH  YIpaBJIiHHA  MICIIEBOI0  pOOOTOIO  Ha
3ai3HUYHUX JAUIBHUISAX YacTO 3ajMIIAIOTBCA 1032
yBarorw. BiuTbIIicTs AOCTIKEHD Y MiHt cdepi 30cepemKeHi
HAa 3aralbHUX METOJaX ONTHMi3alii, He BPaXOBYIYH
cnenudiky 1 CKIAmHICTH MPOOJIEM MICHEeBOi podoTH
3aJII3HUYHOTO TPAHCIIOPTY.

Ile migkpecitoe BaKIMBICTh MOMANBIIONO BUBYCHHS 1
ajanTamii Cy4acHUX MiAXOJIB, 30KpeMa MiAXOIiB 0
onepyBaHHS (hakropamu HEBU3HAUYCHOCTI, JUTSt
MABUIICHHS e()eKTUBHOCTI MiJCHCTEMH MICIIEBOI pOOOTH,
0 € KPUTUYHO BaXKJIUBUM ISl 3HWKGHHS BUTpAT 1
MIBUIIEHHST 3araibHOi e(pEeKTUBHOCTI TPAHCIOPTHUX
CHCTEM.

DopMy.TIOBaHHA Wineil

MeTor0 IOTO JOCHIJPKEHHS € pO3poOIeHHS
MiIXoAy 10 TulaHyBaHHS PoOOTH 30ipHMX MNOI3IB, LIO
JlacTh  3MOTY  BpaxOByBard  KOJIMBaHHS  0OCSTiB
HaBaHTa)XCHHS Ta BUBAHTAXXCHHS BAaroHIB HA IUTHHUII i
oOupaTé Takuii BapiaHT IUIaHy, sSKHHd Oyne HAHOUTBII
pamioHaNBPHAM 1 HaIifHEM 3a OyIb-SKUM BapiaHTOM
PO3BUTKY IOIH.

BukJiajeHHs1 0CHOBHOI'0 MaTepiaJly 10C/iIKeHHs

CydacHa opranizaijis MicueBoi poOOTH Ha 3alli3HUYHUX
IUISHKaX ~ CTHUKA€ThCS 3  0OaraTbMa  BHKJIMKAMH,
MOB'SI3aHMMHU 3  PErJIaMEHTAIIEI0 Ta IUIAaHYBaHHSIM.
He3Bakaroun Ha  HasABHICTHP  BENHKOi  KUIBKOCTI
HOPMATHBHO-TEXHOJIOTTYHUX JOKYMEHTIB, TAKHX SIK ILJIaH
¢dopmyBaHHS mOi37iB, Tpadik pyxy MicueBHX MOI3IIB i
onepaTMBHE IUIAHYBaHHS  IIOI3HOI Ta  BaHTaXHOI
TSTIFHOCTI, TXHS HEBIAMOBITHICTH MK COOOI0 CTBOPIOE
3HAYHI TPYIHOIIT B yIpaBIiHHI MICLIEBUMH
BaroHOMmotokamu.  Ili ~ JOKYMEHTH  pO3pOOIISIOTH
MIPO3iaM Ha Pi3HI 4acoBi TOPH30HTH, IO NPU3BOIHUTH
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a0  ¢parMeHranii = IUIaHyBaHHS =~ TAa  3HMDKCHHS
e()eKTUBHOCTI EKCILTyaTalliiHUX ITPOLECIB.
Peampbna  curyamis  Ha  MicIIX  4acTO  CYTTEBO

BIZIpI3HSETHCS B Nepen0aueHoi B HOPMaTHBHUX aKTax,
ae NPUITYCKAIOTh  PIBHOMIpHE cepenHbo1000Be
HaBaHTaXXCHHA. Y pe3yJIbTaTi BUHUKA€E HEPIBHOMIPHICTB Y
poOoTi, sIKa TPOABISAETHCS y TPHBAIHX MEpepBax Mik
MOJaBaHHSAM BaroHiB Ha BaHTaXHI (QPOHTH 1 IXHIM
NOCHJICHMM HAJIXO/DKCHHSIM Ha CTaHLIl BHBaHTa)KCHHS.

Ile y cBow dYepry NpPU3BOAWTH [0 3HIDKCHHS
e(eKTHBHOCTI BHKOPUCTAHHS HaBaHTaXXyBaJbHO-
PO3BaHTAXYBAIBHUX  MOXJIMBOCTCH 1  30UIbIICHHS

oTeparifHUX BUTpAT.

HepiBHOMIpHICT, y BHKOHaHHI BaHTXXHHUX Ollepamii
NpoTAroM J00M € O0'€KTHMBHOIO pEANBHICTIO, SIKY
HEOOXiTHO BpaxoOBYBaTH MpH IUIaHYBaHHI MiCIEBOT
pobotu. IIpoTe HasBHI METOOU 3MIHHO-TO0OOBOIO
IUIAHYBaHHS  HE  OpPIEHTOBaHI  HAa  JOCATHCHHS
MaKCUMAJIbHAX pE3YyJbTAaTiB [IOJO 3aBAHTAXCHHSI Ta
PO3BaHTAXKEHHS, 10 HPU3BOIUTH A0 YACTHX KOpPETYBaHb
IJTaHIB 1 3HMKEHHS CTIHKOCTI pOOOTH BCi€l cHCTEMMU.

CKIIa[HICTh Opraizamii MiciueBoi poOOTH IoJsrae B
PO3MOPOIICHOCTI BAHTAXHUX OIEpalii Ha BEIHKii
KIJIBKOCTI CTaHIi#, OUIBIIICTh 13 SKUX dYepe3 HHU3bKY
peHTabenbHIiCTh € 30MTKOBMMHU. EdexTrBHE ynpaBiiHHS
MICIICBOIO PO0OTOI0 TOTpeOye OUIbII THYYKOTO Ta
Y3rODKEHOTO MAXOXy — He JHIIe CepeaHbor1000Bi
HOpMH, ane I peampHa [OWHAMiKa pPyXy BaroHiB.
[InanyBaHHsS Mae OyTH CHpsIMOBaHE Ha MaKCHMalbHE
BUKOPHCTaHHS BaHTQ)XHHX (DPOHTIB, 10 MOJIIMBE JIUILE
32 YMOBH CBO€YACHOTO TIOJABAaHHS BaroHiB Ha CTaHIIi
NPU3HAYCHHSL.

OTxe, HEOOXiOHICTH pPO3pOONIEHHS OLIBII CTIMKKX 1
aJaNTHBHUX METOJIB IUIAaHyBaHHS Ta  yNpPaBJiHHSA
MICLIEBOI0 POOOTOI0, 3IaTHUX BPaxOBYBAaTH MIiHJIMBICTH 1
HEBHM3HAUEHICTh YMOB, CTA€ OUEBHIHOIO.

Po3srnsiHeMO  3aNi3HWMYHY ~— AUIBHUIIO,  OOMEXEHY
MUIBHUYHAMHU CTaHIisMu A Ta F, siki 00CiyroByroTh
MicrieBy poOory Ha mpomixHHX cTaHisx B, C, D i E
(puc. 1).

Puc. 1. CxemMa 3a1i3HHMYHOI iJIBHHUII MiCIIEBOT pOOOTH

OO6cnyroByBaHHS MicIieBOi poOOTH HUX CTaHIIiH
3OICHIOETBCSL 32 JOMOMOTOl0 30ipHHMX mOi3miB. Y
CyJyaCHHX  yMOBax Ha  craHIisx  Mepexi AT
«YKp3ai3HUID» MAIOTh MICIle iCTOTHI JOOOBI KOJMBAaHHS
00CSTiB HAaBaHTAXKCHHS 1 BHBAHTAXXCHHS Ha CTAHINAX,
MOB'SI3aHUX SIK 13 HEPUTMIYHICTIO POOOTH TiJIIPUEMCTB,
Tak 1 Hee()eKTHBHOIO OpraHizaiiero MicueBoi poboTH Ha
3ajmi3HMLi. Y Oyab-sKOMy pa3i Taki KOJNMBaHHI €
HEMHHYYHUMH, SIKIIO CKOHOMiKa € He IUIAHOBOIO, a
PHUHKOBOO. 3 1HIIIOTO OOKY, CHCTEeMa OpraHizarii MicieBol
poboT Ha OCHOBI 30ipHHMX TMOI3diB Mepeadayae, IO
BHOpaHa cXeMa OOCIYrOBYBaHHS CTaHIIH JiTbHHIII
MpuB'sA3aHa 10 HUTOK rpadika pyxy, skuii Ha Mepexi AT
«YKp3ami3HUID» aie 6e3 3MiH TPUBAIUA Yac i PaKTUIHO
JUI1  BaHTWKHUX O3B  [i€ TPOTITOM  yCHOTO
KaJICHIApHOTO POKY. ICHYFOTH 1 iHIII 3aco0M i TEXHONOTI]
JUI1  OOCIyTOBYBaHHS MicleBOi POOOTH MPOMIXKHUX
CTaHII{ HE TUIBKM 3a KOPAOHOM, aje i Ha mepexi AT
«Yxp3amizauiy.  OpmHak  Ha  YKp3ami3HUII  BOHH
(hakTHYHO € JOMOMDKHHUMH 1 JIMIIE JIOTIOBHIOIOTH
TexHosorito, 0OazoBaHy Ha 30ipHMx moizgax. OTxe,
aKTyaJIbHUM 3aBJaHHAM € (OpPMyBaHHS METOIIB OibII
panioHANBHOTO IUIAHYBaHHS pOOOTH 30IpHMX MOI3IB B
yMOBaX KOJHBaHb OOCSATIB MicIeBOi po0OoTH, TOOTO B
yMOBaxX HeBH3Ha4eHOCTi. CTaHIapTHUM MiAXOIOM Y
TakOMy BHIIQJIKy CKOpimie 3a Bce € moOyJoBa
IMOBIpHICHHX a00 CTaTUCTHYHHX MOJENCH Ha OCHOBI
ICTOpUYHHAX TaHUX 10 KOXHii craHmii. OmHAK BiH Jyxe
BUTPAaTHUHA 1 HEMPOAYKTHBHMH, a/ke Il iMOBIpHICHI
XapaKTePUCTUKN IOCTIHHO 3MIiHIOIOThCA. J[o Toro x
MOJEl JUCKPETHOI ONTHMi3allii, SKi MICTATh 3HAYHY

KUTBKICTP ~ CTOXaCTHYHUX  3MIHHHX, JyXEe  BaXXKO
ontuMizyBaTd. TOX y TakoMy BHIAAKy JOIUIBHO
BUKOPDHCTOBYBATH  MPOCTIII ~ MOENi,  HAMpHUKIaI
IHTepBaJbHI 4YHCIa, SKi BHU3HAYAIOTHh JIMIIE BEPXHIO i
HIDKHIO MEXi 3MiHHO{, — A7 TOOyI0BH HAIITHOTO TUTaHY
poboTH 30ipHUX MOI3MIB 3aCTOCYBATH MiAXiJ Ha OCHOBI
pobacTHOT onTUMi3aIfii.

PoGacTHa ontumizauis — 1€ METOA, CIPSIMOBaHMH Ha
MOIIYK PIlIeHb, CTIHKUX 70 3MiH 1 HEBU3HAYCHOCTEH Y
BXiIHMX JaHux [7]. 3amicte TOro, mo0 MIyKaTu
ONTHMAaNbHI pilleHHS il (DIKCOBAaHMX YMOB, poOacTHa
ONTHUMI3aIlis TparHe 3HAWTH TakKi pIlleHHA, SKi OymyTh
e(heKTUBHUMH HAaBiTh NPH BIIXWJICHHSIX BiJ OYiKyBaHUX
mapameTpiB. Y BHNAIKy IDIAaHYBaHHA PoOOTH 30ipHUX
MOI3AIB LI METoj Ja€ 3MOTY CTBOPHUTH IDIaH, SKHH
3aJIMIIAETHCS HaIIHHAM 3a 3MIHHUX o0csTiB
BaHTA)XOIICPEBE3€Hb, 3aTPUMOK HA CTaHIISX Ta IHIINX
HeBHU3HA4YeHOCTeH. PobacTHa onTuMmizamis 3abesnedye
30a7aHCOBaHICTP MDK €(EeKTHBHICTIO 1 HamiWHICTIO,
MiHiMi3yt0un oTpeOy B YaCTHX KOPETYBaHHSIX IUIaHY, IO
BPEIITI-peIIT 3HIXKY€E eKCIDIyaTalliiHi BHTpaTd Ta
MiABHIIY€ CTaOUTBHICTh POOOTH 3aII3HUYHOI CHCTEMH.
OTxe, HEoOXiHO c(OPMYBaTH LIIHOBY (PYHKIIIO MOJEII
YIpaBIiHHS, SIKa peaiidye MiJXiJ pobdacTHOi onTUMizaii.
3a Kkputepiii onTUMi3alii JOUITBHO B3STH BUTPATH
BaroHorojuH. Toxi ninboBa QyHKIS MOXe OyTH 3aIucana
K
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B(X mnae mH[l@ mgue mGMG

Hen ! nap ! Hen ! nap T

n

min max
X

nen ' 'nap ' 'uen 1" nap

n

+Z(mnae+mnadn)(24 ( np.36

i=1
n

+Z(m6u3 + m *necm

i=1

i(méfug + m *necm + m@u@

i=1

e X — OyreBa kepyroua 3MiHHA, KA BIIIIOBiIa€ OTHIN i3
JIBOX CX€M IpOKJIaJaHHs napy 30ipHHUX NOI3/1iB, KOXKHY 31
cxeM Oynemo ifeHTH(iKyBaTH 3a HAIpsSMKOM MEpIIOro
30ipHOTO TMOi37a, OTXKE, M0 OyJIeBy 3MiHHY MOXKHA
iHTeprperyBary Tak: 0 — mapHuil HanpsMok (1 BiTnoBiaHa
cxema), | — HemapHUH HaNPSIMOK;

m:zz ) mzzz ) mzzz ) mf:;, — 3MIiHHI BEKTOpH (Ha IO
1 BKa3ye KUPHUH WPUQT), SIKI MICTIATh TOTOYHI 3HAYECHHS
mapaMeTpiB MiCIIeBOi pOOOTH, TONAHI SK IHTEpBaIbHI
Yucna, — 0OCSTH HAaBAHTAXKCHHS B HEMAPHOMY 1 ITAPHOMY
HampsIMKy 1 OOCSTH BHWBAaHTaXCHHS B HEMapHOMY i

MApHOMY HANPSAMKY II0 CTaHIAX MiCIEBOi pPoOOTH
BiANOBIAHO, Bar;

Haese . . .
mi,x — eJIEMEHT 3MIHHOTO BEKTOpa, IO BiAINOBiAaE

KUTBKOCTI BaroHiB, HaBaHTaeHmx Ha | -if crammii i
BiAnpasneHux y Hanpsamky X (Ha BiAMOBiAHY AiTbHUYHY
CTaHIf0) a00 3BOPOTHOMY HANPSMKY, SKIIO APYTHHA

imnexc — —X ;

euUes
mi,X — CJCMCHT 3MIHHOI'0 BEKTOpa, MI0 BIANOBLIAE

axi mpubymu o | -i crammii 3

Hanpsmky X (BiAMOBifHOT AiNbHUYHOI cTaHii) abo y

KIJIBKOCTI BaroHis,

3BOPOTHOMY HANpSMKY, KIIO ApyrHit ingekc — —X ;

*Hnecm *naon
m: m:

ix iy — KUIBKICTh TNOPOXKHIX BaroHiB, sKi

npubynyts o | -i 3 mampamky X  (a6o
3BOPOTHOTO HAMPAMKY, fKIIO Apyruii imgekc — —X) i3
METOI0 KOMIICHCAIlli HecTadli MOPOXKHIX BaroHiB, sKi

cranuii

sinnpapnatees 3 | -i cramuii B wampamxy X (abo 3i
3BOPOTHOTO HAMPAMKY, KO Apyruii ingekc — —X) i3
METOI0 YCYHEHHs HAQJUIMIIKy Ha CTaHIli, i 3MiHHI
MMO3HAYEHI 3IPOYKOI0, TOMY IO BOHH 3aJeXarh BiJ
3MIHHUX MOJENI, ajle L 3aJe€KHICTh € CKJIAIHOI0, aJlKe
3MiHHI €  pe3ylbTaTOM  ONTHMi3amii  BKIJIAJCHOL
OIITUMI3aIliHHOT Mojen, HaIpUKIA] JIIHIAHOTO
MporpaMyBaHHA 3a THIIOM TPAHCIIOPTHOI 3ajadvi, MeTa

np 30

2(m

Hae Hae 68U 68U
(m mies moes . m ) i1

r by by b by

np.36 610.30 610.30 Mman Mman
P " 1 ):

6U8 *Hnecm 6i0.30 np.36
e+ me ) (20 = )+
6i0.30
2.i,—.x ))+
@
Hag *Hnaon Mau
UM U LA
*necm '\ __Man
mi,ﬁx )Ii,ﬁx
KOl paliOHATbHO PO3MOMUIATH TOPOKHI BAaroHU IO
IUTBHULI,

np.36 __ _6i0.30 ) )
Ti,x Ti,—|x — TPHUBAJIICTh YaCOBOTO iHTEPBATY

Misk TIpHOYTTAM Hepioro 36ipHoro moizaa no | -i crammii
1 BIATIpaBIICHHSM JPYTOTO;

(Telc) 30 2_np .36 ) ) )

ix i —X — TPUBAJIICTh YaCOBOTO iHTEpBAITY
MiK BigmpaBieHHAM miepmioro 36ipHoro moizma 3 | -i
cTaHil i TPUOYTTSIM JAPYroro;

MAaH MAH -
Ti,x ’Ti,—.x — TpUBAIliCTh MaHeBpoBHX omnepartiii Ha I -
W craHOil 3 mepwuM 1 JpyruM 30IpHUMH MOi3JaMu
BiJIIOBITHO;

N - xinekicts cramuiit MicueBoi poGoTH (IPOMIKHEX
CTaHI[i) HA TUTHHUIL.

[epmmii momaHok [iMbOBOI (YHKIII € CcyMapHUMHA
BUTpaTaMH BaroHOTOAMH Yy 4YacOBHX IHTEpBajlax Mix
BIANPABJICHHIM EPIIOro 30ipHOrO Moi3za Ta NpuoyTTIM

JIPyroro MO KOXHIM 13 NpOMDKHMX craHuii. [pyrui
JIOZIAHOK € CYMapHAMH BHUTpPaTaMH BaroHOTOJIUH Y
YacoOBHUX IHTEpBaJlax MDK BIJNPaBICHHSIM JPyroro

30ipHOTO TO137a Ta MPHOYTTAM IEPIIOTO IO KOXHIH i3
NpoMiKHUX cTaHmid. Tperid i 4yeTBepTHH IOJaHKH €
CyMapHHMH BUTpaTaMH BaroHOTOAWH I/l Yac BUKOHAHHS
oreparii i3 mepmwuM 1 APYruM 30IpHUMH MOi3gaMu
BiJIIIOBIJTHO TT0 KOXHIH 13 MPOMIKHUX CTaHIIIH.
Omneparopu Min i Max y niipoBiil GpyHKLUIT 3aCTOCOBaHI 3
METOI0 peayi3amii NpUHIUIy MiHIMaKCy — 3HaHTH Take
pilmeHHs, SKe€ MIiHIMI3yE MaKCHMalbHO MOXIIUBHUI
HETaTHBHHI BIUTUB HEBU3HAYEHOCTI HA IITHOBY (YHKITIIO.
Ile o3Hawae, MO 3aMicTh TOTro, MO0 ONTHUMI3yBaTH
MiNbOBY (YHKIIO JHIIE IS OJHOTO MOXIHBOTO
CIIEHApil0, PO3TIAAAIOTh yCi MOXJIMBI CIIeHapii, 110
MOXYTh  BHHUKHYTH  BHACIiJJOK  HEBHU3HAYECHOCTI
napaMmeTpiB, TOOTO 3HAWTH PIlIEHHS, SKE € «HAHKpaIIUM
cepen HaWripmmx» — MiHIMI3yBaTH BHUTpPaTH B
HaWTipIIOMY BUIAJIKY.
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3acTOCOBYIOUYM NPUHLMUII MiHIMaKCy 10 3a1adi noOy10BH
HaJiHOrO TIaHy poOoTH 30ipHUX MOI3/iB, MU IIPArHEMO
MiHIMI3yBaTH MaKCHMaJlbHi MOXJMBI 30UTKM  abo
BUTpATH, SIKI MOXYTb BHHUKHYTH 4epe3 KOJHMBAaHHS B
rapameTpax, TakuX sSK OOCSTH NepeBe3eHb. Y 3BHYaiHIN
ONTUMI3aIlil MI MOTJIH O IIYKAaTH PillIeHHs, SKe MiHIMi3ye
cepenHe 3Ha4YeHHS BHUTpaT abo wacy. [Ipore B ymoBax
HEBU3HAUCHOCTI, NI¢ TapaMeTph MOXYTh BapilOBaTHCH,
MiHIMAaKCHHHA TIiOXiX Ja€ HaM 3MOTY 3HAWTH Take
pilICHHS, fKe 3alHUIINThCS ONTHMAIBPHHM HAaBITh 32
HAMTipmoro creHapiro.

KpiMm Toro, Ha 3MiHHI Mozexmi, SK Kepywodi, Tak i
JIOTIOMIXHi, HEOOXiTHO HAKJIaCTH OOMEKEHHs, SIKI MarOTh
3a0e3NeunTH JOTPUMAHHSA T[EBHUX TEXHIYHUX 1/a00
TEXHOJIOTIYHUX YMOB.

Xo4a JuIsl KO’)KHOTO 3MIHHOTO IapaMeTpa, siK, HalpHKIal,
obcsaru HaBaHTaKEHHS 110 CTaHIIisAX, 3a1aHO
IHAMBiqyanbHI MeXi KOIWBaHb, OAHAK MEXi KOJMBaHb
TaKOX MOXYTb OyTH 3aJaHi i JUIs1 arperOBaHUX BEJIUYHH,
SK, HalpHKIal, CyMapHe HaBaHTAXCHHSI B HEMapHOMY
HampsAMKy Tomo. Taki oOMeXeHHS IS MOJENi MOXHa
3aIMCcaTH SIK

( n
mZmIn < Z m;—tae.nap <m

Has.nap
i=1

n
mZmln < Z m;{ae.uen <m

Hae.Hen

4 i=1

Z max
Hae.nap

2 max
Hae.Hnen

n
>min 6us.naq, > max
m < Z m "’ <m (2)
6ue.nap i eue.nap
i=1
n
>min 6us.Hen > max
m < E m.
6ué.1en i 6ue.1nen
L i=1
T eamn.on o ) "
e i — MiHIMaJbHa TPUBAJICTb 3A1MCHEHHA

BaHTa)XXHUX orepaliil (y TOMy 4HCIIi NOABIHHUX, SIKIIO 10

CTaHIli1 HAIXOIATh HABAaHTAXKEHI BarOHM) HA | -it cranmii.

KpiMm TOro, HeoOXigHO 3a0E3MEYUTH BHKOHAHHS
TEXHOJIOTIYHOTO  OOMEXKEHHS  IMOJ0  MaKCHMaIbHOT
KiJ'ILKOCTi BaroHiB y cKiami 36ipHHX NOi3MIB, a/pKe
8us Hae nop HOp/‘/l
> e 3m, 33 m (p<y)(a>y)<m
p=1 g=1
|£N—2 i<N
8ue Hae l’lOp
Zmd+2md+ZZm
p=1 g=1
i<y |<N

p>y)(g<y)<m™, wy=2..N,d=0

HAae.na, HAae.Hen BUB.NA, 6UB.HeENn
m ' m m 7. m

ac i ’ i ’ i ’ i -
[IOTOYHI 3HAYEHHS HABAHTAKEHHS 1 BHBAHTAXEHHS B
mapHOMy i HemapHOMy Hampsmkax To |-t crammii
BIJIIOBITHO;

zmin zmin zmin zmin zm m zm
mHae.nap’ mHas.Hen ! meu(f.nap’ msue.Hen ) mHllSi;p ! Has;taxen ) eue.i)z(zp'
— MaKCHMalbHI 1 MIiHIMambHI CyMapHi 3HA4YEeHHS

HAaBaHTAXKCHHS 1 BUBAHTAXXCHHS B ITAPHOMY 1 HEIIapHOMY
HaIlpsIMKax BiAMTOBiTHO.

Kpim Toro, Ha IpoMiXKHIH cTaHMIi, 0 € HAHOIIKIOI0 0
MUIBHUYHOI CTaHIlii, Ha SKid cXOmAThcs 30IpHI TMOI3aH,
HEoOXimHO  3a0e3MEeYMTH  MOXKJIMBICTh ~ BUKOHAHHS
MOJBIMHMX BaHTKHHX OTEpAlliil i3 BATOHAMU B 1HTEpBaJIi
MDK 30IpHMMH TOI37aMH, sKi NpUOYTH 110 CTaHIIl 3
nepiuM 30ipHUM MOI3J0M Yy 3aBaHTaXXCHOMY (AesKi B
MOPOXKHBOMY) CTaHi 1 3 SKAMH HEOOXITHO MPOBECTU
omepamnii po3BaHTaXEHHS (SKIIO IOTPiIOHO), a MOTIM
NOBTOPHOIO HABAaHTAXXCHHSA 1O NPHOYTTA JAPYroro
30ipHOTO TMMOi3/1a, IO SKOTO BOHM OymyTh MHpHUYCIUICHI

1, sxmo x=0
» (3)

6i0.30 np.36 8aH.0N. HE
(Ti,x z-i,ﬂx ) ZTi ' I=

N, sxmo X =1
KUTBKICTh BaroHiB y CKJIJi TOi31a, 3 SKUMHU BiH BHPYIIA€e
Ha KOXEH IepeTiH, 3MIHIOETHCS 1 3aJeXHUTh BiJ 3HAYECHb
Kepyrounx 3MiHHHX. L[i oOMexeHHS B paMKax MoOJei
(oKpemMo UIA HEmapHOTO 1 MApHOTO HAMPSIMKIB) MOXHA
3aIKCcaTH SIK

vy=1..N-1 d=1

. (4)

IKC3T, 2024 Ne3

max
6U8.Hen



IHOPOPMALINHO-KEPYIOUI CUCTEMHU HA 3AJII3BHUUYHOMY TPAHCIIOPTI

ze N — KUIBKICTH CTaHLIM HA AUIBHULI BKJIIOYHO 3
MUIBHUYHAMY CTaHIIISIMH;

y- napamerTp, 1o HaOyBae 3HaYCHHsI HOMEPIB CTaHIIH
Ha JinpHMLII (ycl craHOii MPOHyMEpOBaHI MOCHiZOBHO
BKIIOYHO 3 JIBHAYHUMH CTaHI[IIMH), TOOTO BiH
nepedupae HOMEPH CTaHIIN, 13 sSKkux 30ipHI MOI3AM
BIJNPABISIFOTBCSL  Ha  MeperoHu (st oOYMCIICHHS
KUTBKOCTI BaroHIiB y CKJIafi Mmoi3/a, 3 IKUMH BiH BHpYIIIa€e
Ha TIePETiH);

d — HampsAMOK pyxy mo aumpHumi: 0 — mapHmA, 1 —
HEIapHUH;

HOpM . . .
m — HOpMaTI/IBHa KUIBKICTb BaroHiB y CKJ1aa1

30ipHOTO MOT3/1a, MPUIHATA HA TICBHIM T1THHHUIII;

nop
mpyq _

cranii p 0 cTaHIii q B TMOPSAKY PETYIIOBAIBHUX

KIJIBKICTh TOPOXKHIX BaroHiB, mepenaHa 3i

3aXOMiB 3TiJHO 3 TOTOYHUM IUIAHOM IIePEMilllCHHS
MTOPOXKHIX BaroHIiB (SKUH CIiJ TepepaxoBYBaTH OKPEMO
SK BKJIANeHy TWif3amady TpH KOXKHIM 3MiHI 3HAa4YeHb
3MIHHUX MOJIENII).

PosrnsiHeMO — MUMBHUINO, HaBeAeHY Ha  puc. 1.
[pumnyctumo, 1110 00CATH HABAaHTAXXCHHS | BUBAHTAXKCHHS
BaroHIiB MO CTaHINSIX MiCIIEBOI POOOTH KOJUBAIOTHCS B
MEBHUX MeXax 1 TOMy 3ajaHi IHTepBAJILHUMH YHUCIAMHU
(tabm. 1). VY mepemocTaHHROMY Ta OCTaHHBOMY
CTOBIMUMKAX HaBEIEeHI MIHIMaJIbHI 1 MaKCHUMaJIbHI
3HAYEHHS /ISl CYMapHHUX BEIMYUH [UX TapaMeTpiB.

JUIl MaTeMaTHYHMX pPO3paxyHKiB, Taki sk Matlab, He
MICTSITh TOTOBHX pIilllCHb JUI1  3agad  poOacTHOI
onTuMizanii, 0COOJIMBO SKIIO Ti MAalOTh JUCKPETHY
NpUPOJY, SIK 3a7a4a onTHMi3alii podotu 30ipHUX MOI3iB.
VYpaxoByroun — CKJIQJHICTh  3aJadi, K  MEXaHi3M
onTUMI3amii OOUITHHO B3SITH MaTeMaTHYHHH amapar
TEHETHYHHUX aNropuTMiB [8].

Po3pobnennss mpomenypu  onTuMizamii Ha  OCHOBI
TCHETHYHUX aNTOpuTMiB y cepenounli MATLAB mis
3a7adi  OUCKPETHOI MpPUPOAM €  CKIagHHM, ale
e(peKTUBHUM MAXOJOM JO TIOIIYKy ONTHMAaIbHHX
pimenb. ['eHeTHYHI anroputMmu, sKi IMITYIOTh HpoLEcH
MPUPOJHOTO  BIimOOpY 1 €BOJIOII, HalOTh 3MOTY
3HAXOJUTH pIlIEHHS I CKJIQAHUX KOMOIHATOPHUX
3aja4, Je TpamuUidHi METOOH MOXYTh OYTH MeEHII
epextuBauMu. Y cepemopumii MATLAB meit minxin
peaiizoBaHO uepe3 PO3pOOJICHHS CIeMiaabHUX (PYHKITIH,
SKi BH3HAYAIOTH OIeEpamii CelleKlii, KPOCHHTOBEpY,
MyTamii Ta OIIHIOBaHHA TpHIATHOCTi. JIWCKpeTHa
MpHUpoAa 3a1avi moTpedye po3poOIIeHHS CIeNiani30BaHUX
oTIepaTopiB, SAKi 3a0€3MeTyI0Th TeHepaIlito i MoanQiKaIio
pillleHb y BIAMOBIOHOCTI 3 IOMYCTUMHUMH 3HAYCHHSIMH
3MIHHHX. Y TIpoleci eBOJIOLIl MOMyJSIis MOTEHIIHHUX
pillieHh TOCTYIOBO MOKPALIYEThCSI LUISIXOM Binbopy
HaWOUIbII NPUCTOCOBAHMX IHIWBINIB, WIO Ja€ 3MOTY
JIOCSITTH TJIO0AIbHO ONTHMAJIBHOTO PO3B'3KYy HAaBiTh 3a
HasiBHOCTI BEJIMKOTO POCTOPY MOMKIIMBHX BapiaHTIB.
Byno po3pobieHo cremianbHy Ipoueaypy ONTHMI3aIll Ha
OCHOBI TECHETHYHHX aJTOPHUTMIB, SKy pEali30BaHO B
cepenosumii MATLAB. s nponenypa 3abe3mnedye moBHe
JNOCHIIDKCHHS ~ TPOCTOPY  pIIeHb 1 JOTpUMaHHS

Tabmuns 1 HeoOXimHMX oOMexeHb. Iliciast po3poOieHHsS aXropuTMy
O0cArn MicIeBOi poOOTH Ha CTAHINISIX MITBHHULI Oy70 TpPOBENCHO MOJNCTIOBAHHS 3 BHKOPHCTaHHSIM
TPOMIiKHI B C D E |yominysma{ 333HAUEHHX  BHIe BUXITHHX JIAHHX, CIPAMOBAHE Ha
cTaHii OLIIHIOBaHHS MIPOyKTUBHOCTI TpOIEeAyPH Ta
HABaHTAXKEHHS B aJ7IeKBaTHOCTI PO3pOOJICHOT MOJIEIT.
apHOMY [0;5] | [0;5] [0;5] [0;5] | 10 | 17 ®diHanbHI 3HaUYEHHS 00CATIB MicleBOi poOOTH, OTpUMaHi B
HAIIPSMKY pe3ynbTaTi MOZIENIOBAaHHSI, HaBe/IeH] B Tabu. 2.
HAaBaHTa)KCHHS B
uenapuomy  [13;18] [4;9] [0;5][15;20] 30 | 47 Tabmmus 2
HAIPSIMKY O0cAaru MicIeBoi poOOTH, OTPUMaHI IPH MOJICITIOBaHHI
BUBAHTQ)KCHHS B IPOMDKHI CTaHLIT B C D E )
MapHOMY [0;5] | [0;5] [[1;6] [1;6] | 11 | 19 HABAHTAXXCHHS B 5 5 5 5 17
HAIPSIMKY HNapHOMY HaIpPSIMKY
BUBaHTA)XCHHSI B HaBaHTa)XCHHS B 18 4 5 20 | 47
nemapuomy | [0;5] [[13;18][4;9] [1;6] | 25 | 35 HEMapHOMY HalpsIMKY
HaNpsIMKY BUBAHTa)KCHHS B 0 5 6 6 17
NapHOMY HaIpPSIMKY
[lpuitMeMo  TakoX, 1[I0  BEJIMYMHA  MiHIMAIBHOI BUBAHTa)KCHHS B

. . . T 6dH.ON.
TPUBAJIOCT1 3AIMCHECHHA BAaHTaXHUX OICpanin i

JUTSL BCIX CTaHIid JOpiBHIOBaTUME 5 roJ, a HOpMAaTHUBHA
KUTBKICTh BAaroHiB y CKJIaji 30ipHOTO MOi3aa HA AITBHMIL
mpuitHATa Ha piBHi 50 Bar.

Tomi nmns omtumizanii chopmoBanoi mozaenmi (1) i3
BUKOPHCTaHHSIM BHXIJHHMX JaHMX 13 Tabn. 1 HeoOXxigHO
pO3pOOMTH ONTHUMI3ALiHYy TpoLenypy, aJXKe HaBiTh
cy4acHi onTHMIi3aliifHi rmakeTtH, abo HaBiTH CepeloBHINA

3 18 9 1 31
HEeNapHOMY HaIPSIMKY

pa3oM HaBaHTAXEHHS 23 9 7 25 | 64
pa30oM BUBAaHTAXKECHHS 3 23 | 15 7 48
HecTaya MopoKHix 20 0 0 18 | 38
BaroHiB
HaJUIMIIOK MOPOXKHIX 0 14 | 8 0 29
BaroHiB
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Takoxx mig dYac oONTUMI3alil BHPIMIYIOTH Mig3aa4yy
PO3MOALTY MOPOXKHIX BaroHiB Ha AiUTbHUIN. {15 0oOcsriB

KpH

6

MiciieBoi pobotu (Tabi. 2) med po3mojia BUTISAAE TaK,
SIK HABEICHO Ha pHC. 2.

<kpu 18}

BKpM  -20

Ha ocHOBI OTpMMaHOTO pPO3MOJUTY IMOPOXKHIX
a TaKoX JaHUX mpo J00oBe
HABAaHTa)XCHHS 1 BHBAaHTAXXCHHS MICIEBUX BAaroHiB Ha

BaroHiB

(puc. 2),

[ Kpu 14

) Kpn 8

— S

FKpH

Puc. 2. Po3noain nopoxkHix BaroHiB Juis 3a0e3MeYeHHs MiCIIeBOT poOoTH
Ha niapHUII A-F, 110 BiNOBiae ONTUMATFHOMY BapiaHTy IUIAHY
nieHui A-F (Tabm. 2) Oyno po3paxoBaHO giarpamy

OanaHCy MPUYCIICHAX 1 BiTYETDICHUX BaroHiB (puc. 3).

Y4

+5/0
-0/20
B
+18/0
-3/0
23
23

+5/14
-5/0
C
+4/0
-18/0
23
23

+2/6
-6/0

D
+5/2
-9/0

15
15

+5/0
-6/16

E
+20/0
-1/2
25
25

Puc. 3. [liarpama 0axaHCy IpHUYCIIICHAX 1 BIAYETUICHIX MiCIIEBUX BaroHiB
Ha nigpHuI A-F

Ha ocHOBi  orpumanux  jiarpam  OyJo
chopMOBaHO JiarpaMy MiCIIEBHX BaroHONOTOKIB Ha
nuteHUIl A-F (puc. 4).

33
155%0 , 17/16
17 18
17/6  +5/0 +5/14 12/6 42/6 1%% +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
31/@ 32/0 28/2
31 25 30
46/0 47/0
46 45

Puc. 4. [liarpama miciieBUX BaroHOIIOTOKIB Ha JUTHHUII A-F
s mpocToTH 1 HAOYHOCTI 3amporoHoBaHOro Ha oOcHOBI mpuWHHATOI KITBKOCTI 30ipHHX O3B i
miaxony Oyno BuOpaHO AaHi, fKi mepexgbadaroTe OJHY  JAiarpaMH MIiCIEBHX BaroHOMOTOKIB OyJI0 CTBOPEHO ILTaH-
mapy 30ipHHX TO3miB, a TakoX HE pO3TLINANd  HapsA A NpakTUYHOI peanizamii pyxy 30ipHUX MOI3ZiB

nmepexpecHi cxemu Ta iH. OgHAaK CHifg pO3yMITH, IO
peanpHI 3a7adi MJIaHYBaHHA MicLeBOI POOOTH MOXKYTbH
OyTn HabaraTo CKJIaJHIIIUMH.

0 3aJi3HWYHIN AimeHULI (pUC. 5) — cXeMy HepeMilleHHS
MOT3/IB 1 iXHIX 3yNMMHOK HAa TPOMIXHHUX CTAHITSAX IS
MPOBEICHHS MAaHEBPOBHUX OMeEpaIiil i3 NMpUYCIICHHS Ta
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BiguemsieHHs BaroHiB. Kpim TOoro, y rmuiaHi-Hapsui
BiZIOOpa)XEHO Yac, BUTPAYECHHUH Ha 3yNHHKU Ha KOXKHIH 31

CTaHIIN.

16/0 17/16
12/28 12/6 =
_ 17/8
+5/0 +5/14 +2/6 +5/0
-0/20 -5/8@ -6/0 -6/16
® ® © © G, ®
+18/@ +4/0 +5/2 +20/0
-3/0 -18/e@ -9/@ -1/2
HenapH —
31/e 46/0
32/0 28/2 =
47/
Puc. 5. [Tnan-Hapsin Ha poOOTY 30ipHUX TOI3/iB
Y Bunangky, sKkmo BigOyBatoThcs omepauii  Takoxkx y  pe3yibrari  onTuMmizamii  Ha  OCHOBI
BIMUEIUICHHS 1 TPUYCIUICHHS  MICIIGBHX  BaroHiB, C(OPMOBAHOIO IUIAHY-HapsIy Ta JaHUX HPO TPUBATICTh

BCTaHOBJICHO TPHUBAJICTh 3YNMHOK Ha piBHI 40 XB.
HaromicTh, y THX BUNAAKax, KOJIM BUKOHYIOTH JIHIIIE
OIWH BUJ OIepamiid, mepeadavyeHi 3yIMHHKHA TPUBATICTIO
25 xB. Leit minxin crpuse eheKTUBHIN KOOpIUHALIT Yacy
JUI1 BHUKOHAHHA MAaHEBPOBHX oIepamiii i 3abe3medye
6e3mepeOiitHmiA pyXx 30ipHUX MOT3/1iB MO AUTHHHUIII.

1 2 3 L 5

B=110162 bdz-2dd

7 8
i |

PYXy BaHTaXHUX TNOI3AIB MO NeperoHax auibHHUII A-F
(puc. 6) Oyno oTpuMaHO pOOACTHWIA BapiaHT IUIAHY
opraHizamii pobotu 30ipHHX TMOI3HiB Ha rpadiky pyxy,
SIKAH BIITIOBiAa€ CXeMi «IIepIInii mapHuit moizm (puc. 6).
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Puc. 6. [Tnan pobotu 36ipHUX NOi3MiB Ha qiNEHUI A-F
33 CXEMOI0 «IEpIIN MapHUN MOi31»

BI/ITpaTI/I BaroHo-roavH, 1o BiIlHOBiI[a}OTB

OTPUMAHOMY IUIaHY 32 CXEMOI0 «IEPIINM mapHUil Moi3ny,
craHopwin BemmuuHy 1101,62. Criixg 3a3Ha4uTH, 10
BUTpPAaTH BaroHO-TOAMH JUIS TaKOTO  3HAHJIEHOTO
HaWCKIIQIHIIIOTO BUNIAAKY KOMOIHAIT BUXITHUX TaHUX 32
CXEMOI0 «IepIIUi HEeMapHUM TOI3», CTAHOBIIATH JIUIIIE

Ha JeKiIbKa [ECITKIB BaroHO-rOJWH Ollblle, HIXK 3a
CXeMOI0 «mepmmui mapHHid  moiza». Kpim  Toro,
po3pobieHa omTuMmizaliifHa mporexypa Oyna cTBOpeHa
Tak, 10 BOHA MOIJIa  BiACHIJKOBYBaTH  TEBHI
eKCTpeMaJIbHi BUIIAJIKH, y AKHX BapTICTh
HEONITHUMAJILHOTO caMe€ Ul MOTOYHOI KOMOIHAmil JaHuX
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pimenHss Oyna HanTo BUcOKow. Omxke, OyiM BUSIBIEHI
Taki KOMOIiHAIlil JaHUX, PI3HHIS BUTPAT BaroHO-TOJIUH
JUIA SIKHX 3aJIKHO BiJ] BUOpPAHOI CXEMHU MPOKIIaJaHHS
30ipHUX MOi31iB MOTIJIa CTAaHOBUTH HAaBITh M'SITHKPATHY
BEJIMYUHY. Y OINBIIOCTI TAKUX BUMAMKIB caMe OTpUMaHa

3a JONOMOTOI0 ONTHMI3aliifHOI mpomexypu cxema
BHSBJISIACH OITHMAJILHOIO.
OTxe, OTpuMaHi  pe3ympTaTH  MOKAa3aIl

HAJIWHICTh 1 e(eKTUBHICTH 3allPONOHOBAHOTO IMiAXOMIY,
HaJaBIIM IUHHI JaHi I BWU3HAYEHHS OITHMAaJIbLHOTO
piIIeHHs 3amadi.

BucHoBkH

Bbyno posrmstHyTO mpo0ieMy yIOCKOHAJICHHS

TEXHOJIOTil  yTpaBIiHHA  MicIeBOI0  poOOTOI0  Ha
3aNi3HUYHUX [JOITBHAISMX 32 YMOB HEBH3HAYCHOCTI.
3ampornoHoBaHui miaxin Oa3oBaHMII Ha 3acCTOCYBaHHI
pobacTHoi onTHMi3auii, MO Aa€ 3MOry 3a0e3NneuuTd
CTIMKICTH 1 HaAIWHICTH pilleHb 32 MIHJUBUX 1
HerepeabauyBaHUX YMOB. Y pe3yJbTaTi HPOBEACHHX
JIOCITIKEHB 0yJI0 po3p00JIeHO MPOIeIypy ONTUMI3AIT Ha
OCHOBI ~ BUKOPHCTaHHS  MaTeMaTHYHOTO  amapara
TEHETHYHOTO alTOPUTMY, 3a JAOTIOMOTOIO SIKOT €()eKTUBHO
3HAaXOIATh ONTHUMANbHI IIAaHH POOOTH Ut 30ipHUX
noizaiB. MozenroBaHHs 1MOKa3ajo, IO 3aIpONOHOBAHMIN
METOJ] 3MEHIIIy€ KUTBKICTh KOpPeryBaHb IUIaHIB Mg 9ac iX
peamizarii, MO CHOpHUsA€ MiIBUIICHHIO €(PEKTHBHOCTI Ta
3MEHILICHHIO eKCIUTyaTaliifHuX BuTpar. BukopucranHs
pobacTHoi onTHMi3alii y mporeci MiIaHyBaHHS MicLEBOT
pobotu 3abesnedye OUTbII TOYHE 1  AJaNTUBHE
YIPaBJIiHHS, 1[0 BPaxoOBY€ peajbHi yMOBH pOOOTH Ha
3aJi3HMYHUX  JUISHKax 1 Jae  3MOry  JOCSITH
ONTHMAJIFHOTO PE3yJbTaTy HaBiTh 33 YMOB 3HAa4yHOI
HEBU3HAYEHOCTI.
Po3pobnennit Metox ontumiszalii miany podotu 30ipHUX
MOi3/MiB Ha OCHOBI pPOOACTHOI ONTHMi3amii BPaxoBYye
MIHJIABAH XapakTep MapaMeTpiB MICIEBOi POOOTH, IO
Ja€ 3MOTY 3HAYHO MJBUINUTH CTIiHKICTh NPUHHATHX
pillleHb, 3MEHIIUTH KUTBKICTh KOpEryBaHb IUIaHY Ta
3HU3UTHU eKCIUTyaTaliitHi BuTpaTu. Po3pobineHi niaxoau €
e(eKTUBHUM IHCTPYMEHTOM JUIsL MOKPALLEHHS
IUTaHyBaHHA MiclieBoi poOOTH Ha 3ami3HUILIX. OfHaK 3a
HasIBHOCTI CTaTHCTHYHUX JAHUX PO KOJMBAHHS OOCSTIB
MICIIeBOi POOOTH Ha CTaHINSAX I 3HAXOKECHHS OUIBII
TOYHOTO PIlIEHHS JOUUIBHO YCKJIAQJAHUTH MOJENb 1
3aCTOCYBATH IiXiJ, HAIIPUKIIAJ, CTOXaCTUYHOI pobacTHOT
onTUMi3alii, ajpKke 3 OISy MaTeMaTHKH Taka 3a/1ada
(dakTHYHO € 3ajader0  IOUIyKy  cTpaTerii, sKa
OaratopazoBo OyJe 3acTOCOBaHa JIO PI3HUX KOMOiHAIlii
JaHUX.
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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.

randomness and  fuzziness. Applied Soft Atthe same time, the study results indicate that to achieve
Computing. 2011. 11(1). P. 778-792. 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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VJIK 656.2

KAJIIOTA 1O. B., acmipanr,
AHAHBEBA O. M., n.1.H., ipodecop

DOI: 10.18664/ikszt.v29i3.313601

(YxpaiHCbKHii 1ep>KaBHUAN YHIBEPCUTET 3a1I3HUYHOTO TPAHCIIOPTY )

AHATITHYHHAH orJjisfil CUCTEM 3aJIi3HUYHOI ABTOMAaTHKH

Y cmammi posenanymo cucmemu 3ani3HuyHOi agmomamuxy 3a iXHb0l10 enemMeHmHow 6a3010. 3anponoHo8aHo
iEpapxiuny cmpyKkmypy, 3aCHO8AHY HA MemoOi aHAni3y IEpapxiu, Ond 8uOOPY Muny cucmemu Oaf 6NPOBAONCEHHSL.
Ilposedeno y3azanvrenuii ananiz aubopy 0oyiibHOCmi 8nposaddcents cucmem. Ha ocnosi ananizy eusnayeno neoOXioHi

KDOKU PO36UMKY CUCHEM  3ANi3HUYHOL

aemomamuxu,

ceped SAKUX  neputodepecosum  HANpAMOM  6USHAYEHO

OiaeHocmyganHs pelikogux Kin. Ilooano Oesxi HesHauHi npono3uyii 011 600CKOHANEHHS CUCTEM.
Knwuosi cnosa: mixponpoyecophi cucmemu, MIKponpoyecopra oucnemyepcoka yeumpanizayia (MAL]),
niocucmema mexuiunozo diacnocmysanns (IICT]]), peiikose Kono, Memoo aHanizy iepapxii.

Beryn

Po3BuTok 3amizHmuHOi aBTOMAaTHKH (3A) TpU3BiB
J0 CTBOPCHHS PI3HHX THIIIB CHCTEM 3a EJIEMEHTHOIO
6a3o0r0. /[0 TakuX THIIIB Halle)KaTh peleiiHi, eJIeKTPOHHO-

peneiini (HampHWKIag ~ CHCTEMH  JHUCIETYEPCHKOi
ueHtpamizanii  «Hesay),  peneliHo-miporiecopHi  Ta
MikponporecopHi cucremu. UYepes 1e pi3HOMAaHITTS

TOCIOJIAPCTBY CUTHaJi3alii Ta 3B’S3Ky Ba)XXKKO BHOpatu
THUII JJIs1 BIIPOBA/KCHHS, OCKIIBKH KOXKEH 13 HUX Ma€ CBOT
MepeBary Ta HEIOMIKH.

ToMy akTyanbHMM 3aBIaHHSAM € IPOBCICHHS
MOPIBHAIBHOTO aHAJi3y pI3HUX THIIB 32 EJICMEHTHOIO
0a30l10 BITYM3HSHHAX CHCTEM 13 METOI OIiHIOBaHHS
JOIIBHOCTI  1X  BIOPOBQUKEHHS  Ta  BUSIBICHHS
MOYITHBOCTEH ISl BJIOCKOHAJICHHSI.

AHani3 nocaimkens i myoaixanii

Awnanizyroun Jpkepena  iHdopmauii, y - SKHX
PO3MIITHYTO ~ MIKpOIIPOIIECOPHI  CHCTEMH  3aJli3HUYHOI
aBTOMATHKH, 30kpeMa [1-15], MOKHA BUAIIUTH Taki IXHI
TiepeBaru:

1) posumpenHs GYHKIIHHUX MOXKIUBOCTEH IS
rOCIIO/IapCTBA IIEPEBE3EHb;

2)  apxiBallisi CTaHy IPHUCTPOIB, MOI3HOI CHTYAIIii
Ta Jiif NepCOHaIy B «4OPHY CKPHHBKY;

3)  BiZHOCHA TPOCTOTA 3MiH MPH PEKOHCTPYKIIi
KOJIITHOTO PO3BHUTKY;

4)  migBumEeHHs OE3BiAMOBHOCTI;

5) HasBHICTH TEXHIYHOTO MiarHOCTYBAHHS;

6) mpocToTa YB’SA3KHM 3 IHIIMMH MPUCTPOSMH Ta
00’€KTaMy BUIIOTO PiBHS;

7) 3HayHe 3MEHLICHHS KiTbKOCTI pere;

8) 3menmenus miomi nocra ELI;

9) 3MeHIIEHHS Yacy Ha  OOCIyroByBaHHS
MIOCTOBUX MPHUCTPOIB;

10) 3MeHImeHHsT BHUTpPAaT 4Yacy Ha ONEpaTHBHE
BUSIBJICHHSI 1 YCYHEHHSI OIIKO/IXKEHb;

© TAHVYK JI. A, AHAHBEBA O. M 2024

11) 3meHmieHHs 00CATY MOHTaXHHX pOOIT.Y
JiTepaTypi 3a3BUYail po3MIANAlOTh MPUHIMIN HOOYI0BU
MIKPOIPOLIECOPHUX CHUCTEM, NpPOTE HE 3rajyloThb Ipo
HEJIOJIKH, SIKI BHHHKAIOTh NpH iX 3actocyBaHHI. Tomy
CJIiJI OTIMCATH HEIOJIKH MIKPOTIPOLIECOPHUX CHCTEM:

1)  HeoOXimHICTh JIOBEIEHHS ¢$yHKIiHHOT
0e3IeYHOoCTI Ta HAIWHOCTI;

2) 3HAYHO TEXHOJOTIYHO CKJAjHIIA MoOymoBa
NPUCTPOIB  (BUKOPHCTaHHSA  3aKPUTHX  IPOrPaMHO-
anapataux komuiekciB (ITAK));

3) MeHIa 3aBaJOCTIHKICTh IPUCTPOIB;

4)  OGinpmra BapTiCTh BIPOBAIKEHHS
MIKPOIPOLECOPHUX TPUCTPOIB y PO3pPaxXyHKy Ha OJIMH
00'eKT KepyBaHHS Ta KOHTPOJIIO;

5)  MOXIMBICTH 3aBHCAHHS Ta
aBTOMAaTH30BaHHUX podouux Micip (APM);

6) HeoOXimHiCTh GiIBIIT BHCOKOKBATi(hiKOBAaHOTO
MIepCOoHAIY;

7) npuB's3aHicTh 0 BHPOOHMKA CHCTEMH, a
camMe IpOorpaMHOi Ta eIeMEHTHOI 0a3;

8) HeoOXiAHICTh BHUTPAT KOIITIB HAa CEPBiCHE
00CITyTOBYBaHHS CTOPOHHIMH OpTaHi3aisIMU;

9) mBHAKE MOpanbHE CTapiHHS EICKTPOHHHX
KOMITOHEHTIB (4Yepe3 MeBHMH Yac JesKi KOMIIOHEHTH
MOKYTh [IEPECTaTH OYTH JOCTYIHUMH Ha PHHKY);

10) HeMOXIHBICTH CTBOPEHHS OE3MOMHUIKOBOTO
MIPOrPaMHOTO 3a0€3MeUeHHS;

11) BHCOKi BUMOTH JI0 SIKOCTi EJICKTPOKUBIICHHS;

12) migBuiieHi  BUMOTH 10  KJIIMATHYHUX
YHHHUKIB.

300iB

IlopiBHSAHHS cUcTEM

Bynp-sxa cuctema 3A BHKOHYe Bci HEOOXimHI (QyHKIii
srimHo 3 [ITE Ta iHmMMMU HOPMATHBHUMHU TIOKYMEHTAMU
[17-20], Tomy BuOip enmemeHTHOI 6a3W UIS CHCTEMH
3aJII3HNYHOI aBTOMaTHKU HE € OYEBHIHUM.
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VY 3BSI3Ky 3 PpI3HOMAHITTSIM HasBHUX CHCTEM 1
CKJIAJTHICTIO BHOOPY HEOOXIJHO IMPOBECTH HOKJIATIHHIA
aHaii3 1 nopiBHAHHA. [IOpiBHSAHHS CIiX MPOBECTH JUIA
OCHOBHHMX cHCTeM 3A: eJeKTpU4HOI IeHTpaji3auii
(ELI), aBroGmokyBanusi (Ab), aBTOMaTHyHOI mepeizHOi
curHamizanii  (AIIC) 1 ripkoBoi  aBTOMAaTHYHOL
nenTtpanizamii (AL, mpu npomy He po3aisroun ix. Sk
aNbTEpHATHBH CIIiJ] BHUKOPHUCTOBYBATH TaKi THIH
CHCTEM:

1. Peneiina cucrema.

2. Peneitro-miporiecopHa cuctema (PII cuctema).

3. Mikpompouecopna cucrema (MII cucrema).

4. Peneiina cucremMa 3  MIKpOIPOLECOPHOIO
JUCTIETUEPChKOIO IeHTpatizamiero (MILL).

VY npoMy BUNAIKY CJiJi BUKOPUCTOBYBaTH METOJ
aHamisy iepapxiit (MAI) [27], ockinbku BiH nmae 3Mory
BpaxyBaru OaratodakTtopHi  Kpurepii BuOOpy 3a
BIICYTHOCTI OO’€KTHBHUX [aHWX 1 Ma€ psI IepeBar,
onucanux y po6oti [28].

BukopucranHs Takoi albTEpPHATUBH, SK
peneitna cucrema 3 ML, € 000OB’SI3KOBUM, OCKLTBKH
BrpoBamkeHHs M/ILl oxommoe psnm mepeBar, siki € B
Mikponponecopuux cucremax EIl, Ab Tta AIIC:
301IBILCHHS GbyHKIIHHUX MOJKJIMBOCTEH IS

rOCIOJapCTBa IEPEBE3CHb, HASBHICTh apxiBamii Ta
TEXHIYHOTO J[IarHOCTYyBaHHS, OIEPAaTHBHE BHSBJICHHS M
yCyHeHHs momkomkeHb. MJII] moTpiOHO BpaxoByBaTH sk
CKJIaJIOBY OCHOBHHX CHCTEM i HE BPaXOBYBATH 11 BUCOKHH
piBeHb  (OKpIM  pPO3MIMPEHHS  MOXJIMBOCTEH  JuIs
TOCIIO/IapCTBA IEPEBE3CHD).

lepapxiuna  cTpykTypa  BHOOpPY CHCTEMHU
3aJi3HMYHOI aBTOMATWKKA 300pakeHa Ha puc. 1 (3
pO3paxoBaHMMH  BaroBUMH  KPHUTEpPisMH,  MAaTpHIi
MIOTIAPHUX TTOPiBHSIHD HE HABEICHI).
Kpurepiif «0e3BiqMOBHICTh i TOTOBHICTB» BIUIMBAa€E Ha
OC3MeUHICTh, TOMY BiH pO3JICHUA 1 JOJAaTKOBO
BKJIIOUYEHUI 10 TONAapHUX TMOPIBHAHb 3a KpUTEpiEM
«OesmeunicThy. [lpm  BigMOBax pyx TOi3NIB  HE
npununsetbes [17, 20], i «duepropuit mo craHIii MOBHHEH

npuiiMaTH Ta BIANPABIATH MOI3MM 1 TPOBOJIUTH
MaHEBPOBI TepeMillleHHs, 3a0e3Neuyloyd MepeBipKy
BUIBHOCTI KOJIii, CTPUIOK 1 TOTYBaHHA MAapIIPYTy
HOPSAAKOM, Tepef0dayeHHM U1 TaKHX BHIAIKIB Y

TeXHIYHO-po3nopsiaomy akti craniiiy [20]. Tlpu upomy
BUKOHAHHS JFOJUHOI0 TaKMX BHUMOI HE IapaHTOBAHO, HA
BiIMIHY BiJJ CHCTEMH 3aJi3HHYHOI aBTOMATHUKH, TOMY
0Ee3BiAMOBHICTL 3a 3aXMCHHM CTaHOM Ma€ BIUIMB Ha
Oe3rneKy uepes «JIFJICHKHIA (GaKTopy.
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IHOPOPMALINHO-KEPYIOUI CUCTEMHU HA 3AJII3BHUUYHOMY TPAHCIIOPTI

AHaJi3 albTepHATHB 32 KPUTEPisiMu

BuxopuctaHHS MiKpOEIEKTPOHHOI €JIeMEHTHOT
0a3u CTBOpIOE MPOOJIEMU TXHBOI HAMIMHOCTI, OCKUIBKU
IMOBIpHICTh HeOe3MeyHOl BiIMOBH € Hadarato OiIbILIOO,
HiK HEpO3MHUKaHHS (PPOHTOBOTO i 3arajlbHOTO KOHTAaKTY
pere mepmoro Kiacy HamidHOCTI (Hampukman mpoOiit
TpaH3UCTOpa, XMOHA reHepalis JoriyHux «1» ado «O»,
mapaMeTpudHi 3MiHH; a JIJIsI 9epBOHOTO BOTHIO OOpHB
TpaH3UCTOpa YM IHIIOTO €JIEMEHTa MOXKE IPHU3BECTH 10
HeOe3neynoi BimMoBu). He Menmoro mpobiemoro €
HU3bKa 3aBaJOCTIMKICTh TaKWX E€JEMEHTIB, 3yMOBJICHA
¢bakropamu, ormcanuMu B pobori [16, c¢. 188-190]. Tlpu
LbOMY BIUIMB 3aBaj] (OCOOJHMBO BHCOKOEHEPTETHYHHX)
MOXE HE JIMIIEe CIPUYMHUTH DPAaNTOBY BIIMOBY, a W
3HaYHO IIIBUIIATH CTapiHHA Ta IMOBIPHICTE TOSBH
HeOe3MEeYHNX BiAMOB eIEMEHTiB. TOMy 3 TOTIALY
KputepiiB 1 i 2 cUCTEMU 3 peNeiHOI0 eJIeMEHTHOI 0a3010
MaroTh OYEBU/IHY TIepeBary.

Buxopucranns nporpamaoro 3abe3neueHss (I13)
MOXE CTAaHOBHTH HeOe3leKy uepe3 HOro MOXKIHUBY
HEJIOCKOHANICTh. Yepe3 1ie, 3a BHMOraMH CTaHIApTy
JCTY EN 50128:2022 [25], nepenbaueHO BUKOPUCTAHHS
pI3HMX TPOrpaMHUX 3ac0o0iB /I KOXKHOTO KaHay
pe3epByBaHHsA. Y  peneilHuX, pelaeiHHO-IPOLECOPHUX
cucteMax 1 MIKPOINPOLECOPHI  JuCHeT4epChKii
uentpamizauii  [I3  BimcyrHe abo mnpakTHYHO He
BUKOPHUCTAaHO B 4YacTWHI 3a0e3meueHHs Oe3mekd, 3a
BUHATKOM BIJIOBiIaNbHUX KOMAHI, MO € IXHBOIO
TIepeBarolo 3a KpurepieM 4.

EnexTpoXnBiIeHHS MOXXE CTaHOBHTH HeOe3neKy
32 BIJICYTHOCTI Hampyrd, [OIO MOXE TIPHU3BECTH O
NOTeHUIHHNX  aBapiliHMX  CHUTyaliif, = HampuKiaj
BIZICYTHICTb TOPiHHSI Y€PBOHOTO BOTHIO CBITIO(hOpPa (KON
BBIMKHEHO 3a00pOHHE TMOKa3aHHs) ab0 HEOMyCKaHHS
nuiaroaymiB. OCKUIBKM BUMOTH 0 €JIEKTPOXKUBIICHHS B
cucTteMax Ha 0a3i MIKpPOEJIEKTPOHIKH € OUIbII CyBOPUMH,

perieiiHi  cuCTeMH MAalOTh HEBEJIMKY IIepeBary 3a
KpHUTepieM 5.

BukopucranHsi ~ MIKpPONPOLECOPHOT  TEXHIKH
nependavyae  HarpiBaHHI [0  BIOJHOCHO  BHCOKHX

TemrepaTyp. SIKIIO He JIOTPUMYBATHUCS KJIIMaTHYHUX
BUMOT, 1€ MOXE IPHU3BECTH JI0 NEPETPiBy €IEKTPOHHHUX
KOMITOHEHTIB, IX 3aropsiHHS Ta MOAAJIBIIOTO 3aMHUKaHHS
MPOBIAHUX JOPDKOK, IO MOXE CTaTH TNPUYUHOIO
HeOesmeyHoi  BiAMOBH. Y  peleiiHMX — cHcTeMax
IMOBIpHICTh TaKMX TOJiH MEHIa, 10 Hajae iM mepeBary
3a KpUTEpPieM 6.

Jns  3abesrmedeHHs  HEOOXiTHOTO  piBHA
¢ynkuiinoi  Oesnexkn  (PB) y  MikponporecopHHX
cHCTeMax BIJNMOBIAHO JO BUMOr poliT [22-26]
BUKOPHCTOBYIOTH ~ OCOOJNMBY  HOOyHOBY  iXHBOTO

IIpOrpaMHO-anapaTHOro KoMmIuiekcy. Ha BinmiHy Bin
peneiHNX cucTeM, 1€ BHKOpHCTaHa Oe3neyHa 1moOynoBa
32 OJHOKAaHAJIBHOIO CTpyKTyporo, y MII cucremax
HEOOXiJHE BHUKOPHCTAHHS pPE3EpPBYBAHHS, €JIEMCHTIB
3aBaJIOCTIMKOCTI Ta TMiJACHCTEM [IarHOCTYBAaHHS ISt
BHSBJICHHS TEPE/IBIIMOBHUX 1 BIIMOBHUX HEOE3MEUHUX

crauiB. Lle nae 3mory nocsruyti HeoOXxinHoro piBHs Db.
JletasibHO TPO NPUHUMIIK 1MOOYJOBU OE3MEYHUX CHCTEM
omucaHo B pobGoti [16]. HeGesneky BigcyTHOCTI
JKUBJICHHS] YaCTKOBO I10JI0JIaHO CXEMHHUMH PIIICHHSIMH SIK
y peneiitanx, Tak 1 MII cucTemax, HampHKIaL
3aCTOCYBAaHHS TEPEHECEHHS YEPBOHOTO BOTHIO, O1JI0TO
BOTHIO Ha JOPOKHBOMY Mepei3HOMY  CBITIIOODi,
3aCTOCYBaHHSA HUIarOayMiB, sIKi 3aKpHUBAIOTBCA TIiX
BJIACHOIO Baroio.

OTtxe, 3a kpurepiem 3 mepeBara Ha Oomi MII
cucrteM. OHAK, KO IOPiBHIOEMO 3araibHui piBeHb OB,
Yy MIKpPOIPOLIECOPHUX CHUCTEMaxX MOXYTh BHHUKHYTH
npoOyieMH, Taki SK HENpaBWIBHUHA pO3paxyHOK il
¢GyHKIiHHOT ~ Oe3meku,  HEMOXJIMBICTH  IMOBHICTIO
KOMIICHCYBaTH  BIUIMB  ycix  3aBajg  (0coOiuBO
BUCOKOGHEPTETHMYHNX) 1  HAasABHICTb  HENONIKIB Y
nporpamHoMy 3abesmedyenHi. OTke, 3a KpUTepieMm
«OesmeuHicTh» peneitHi Ta PII cucteMn MOXyTh Matd
NOTEHLIfHy  HE3HAa4yHy  IlepeBary  IOpIBHAHO 3
MIKPOTIPOIIECOPHUMH CHCTEMaMH.

Cnipg ypaxyBaTd, II0 B peJICHHO-IIPOLIECOPHUX

cHCTeMaX 1  MIKpOMPOLECOpHIA  AMCIETYSPCHKIN
HeHTpamizamii (KMo  3IifiCHeHO  KepyBaHHSA 3
LHEHTPAILHOIO  MOCTa) HAa  NPOTrPaMHOMY  DiBHI

MEPEBIPSIFOTh  YMOBU OE3MEKH, IO CTBOPIOE HEBEIHKY

nepeBary  HOpPIBHSHO 31 3BHYAiHUMHM  peJelHHMHU
CHCTEMaMH.
SIkmo  mopiBHATH Wi caMi  KpHTepii 1I0/0

HMOBIpPHOCTI BUHUKHEHHS 3aXHCHOI BiIMOBH, TO II€peBara
PENEHHIX CUCTEM CTa€ e OUTBII OUYEBUIHOIO.

IMOBipHICTP BHWHHKHEHHS 3aXWCHOi BiJIMOBH
€IEMEHTIB  HANUIBHUX  OpUCTpoiB  (Kpurepid  7)
3aJIMINAETHCS OJJHAKOBOIO B OYyIb-SIKOMY THIII CHCTEMH,
OCKIIBKM HaminbHe oOmagHaHHsA He3MiHHe. OIHaK y
MOCTOBUX HPHUCTPOSIX IMOBIPHICTh BUHMKHEHHS 3aXHCHOT
BiIMOBM  eleMeHTiB  (kpurepidi 8) Buma B
MIKPOIPOLECOPHUX 1 PENCHHO-IPOLECOPHUX CHCTEMax
4yepe3 BUKOPUCTAaHHS MIKPOEIEKTPOHHUX KOMIIOHEHTIB.
Ile HaBITH 3 ypaxyBaHHAIM TOrO, IO WMOBIPHICTH
HECTPAIIOBAHHS pelie MEePIIOro KJacy HaIiiHOCTI Ha
KiTbKa TOpAAKIB OiTbIma, HIK IS HEPO3MHKAHHS
(GpoHTOBOrO 1 3arajJbHOTO KOHTaKTy. AHAJIOTIYHY
CUTYyAIliF0 MOXXHA CIIOCTEpIraTH 3i CTIHKICTIO JO 3aBaj
(kpurepiii 9), BUMOramMu MIOA0 XKUBICHHS (Kputepii 11) i
BIDTMBOM KIIIMATHYHUX YHHHHKIB (KpHUTepiid 13).

[Ipu 1mBOMYy B  pENEHHO-TIPOIECOPHUX 1
MIKPOIIPOIIECOPHUX CHCTEMax YK€ UYITKO BHpakeHi
HEJOJiKA MporpaMHOTO 3abe3nedeHHs (kputepiid 10),
ocobmmBo B APMax (myHkT 5 HenomikiB MII cuctem).
Kpim  Toro, crBopeHHS  0e€3Me4HOI  CTPYKTYypH
MIiKpOMpPOLECOPHOT CHCTeMHU MIPU3BOJUTH JI0
YCKJIQIHEHHSI TPOrPaMHO-alapaTHOTO KOMIUIEKCY, IO
TakoX 30UIbIIye HMOBIPHICTh BHHHUKHEHHS 3aXHCHHUX
BiIMOB (KpuTepiit 12).

Orxe, SKIIO 3a KpUTEpiEM «OE3NeuHICTH
HEJIOJIKM BHKOPUCTAHHS MIKPOEJIEKTPOHHOI ~TEXHIKH
BIUIMBAIOTh Ha MIKPONPOLECOPHI CHUCTEMH, TO 32
KpHUTEpieM «IMOBIPHOCTI BUHUKHEHHS 3aXHUCHHX BiZIMOB)
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el BIUTMB YXKE CIOCTEPIral0Th 1 Ha  pPEJICHHO-
MPOIICCOPHUX CHCTEMAX.

Ane B Cy4YacHHX CHCTEMaxX BIPOBAKCHO
TEXHIYHE JIarHOCTYBaHHs, WIO [MiJABHIIYE MOKAa3HHUK
0e3BiIMOBHOCTI. Y  MIKpONpPOLECOPHUX  CHUCTEMax
JIarHOCTYBaHHsS ~ MOCTOBUX  IPUCTPOIB  KOMIICHCYE

3HIKCHUN TTOKa3HUK IMOBIPHOCTI BUHMKHEHHS 3aXHCHOI
BigMoBH. TexHiIYHE MiarHOCTYBaHHS MOCTOBOI YaCTHHU B
MII cucremax BHABISE NEPEABIIMOBHHN CTaH 1 Mae
HaJI3BUYAalHO BHCOKMI IIOKa3HWK BHSBICHHS BiIMOB
(xputepii 15,17). YV peneliHO-TpOIECOPHUX CHCTEMAax
JIIarHOCTYBaHHS HEePEBAXKHO 3I1CHIOBAHO JUIst
nponecopHoi yactuHu. lllono peneiinoi wactuau B PII
cucreMax 1 penediHux cumcremax 3 MJIII, TO
JllarHOCTYBaHHs BiOYBaeThCsI B OOMEXeHOMY 00csi3i Ta
BUKOHYBaHO ITOOIYHUM METOJIOM.

JiarHocTyBaHHS HaMJIBHUX MPUCTPOIB (KpUTEpii
14, 16) 3a3Buyaili BUKOHYIOTh IIIIXOM BHUMIpIOBaHHS
IXHIX BXITHHUX 1 BUXIJHHAX TapaMeTpiB, TAKHUX K HAIPyTa

i CTpyM, a TaKkoX BIiJNAJCHOr0 Meperisiny CTraHy
JMCKPETHUX MpPUCTPOiB (HANPHKIAZL Yy CHIHAJbHIH
ycranoBni). lle nae 3Mory HaBYCHOMY HEpPCOHATY
ONepaTHMBHO  OTPUMYyBaTu HeoOXimHy iHdopmarito,

BKJIIOUAIOYM MOXIJIMBICTH Teperisiny apxiBy. Takuit
MiAXiA 70  JIarHOCTYBaHHS  BIPOBA/DKCHO 5K Y
MIKpONPOIIECOPHHUX, TaK 1  peseHHO-IIPOLIECOPHUX
cUCTeMaX, a TaKOXX peali30BaHO Yy BITYM3HSHIA CHCTEMI
MIKpOIIPOIIECOPHOT AucIieTyepchkol neHTpamizamii MILI-
V.

TexHiyHe  MIaTHOCTYBaHHA €  BAXIUBHM
aCIieKTOM, IO CIpHs€ 3MEHIICHHIO 4Yacy Ha TEXHIUHe
obciyroByBanHs mpuctpoie CLb (kxpurepii 18, 19).
3aBsIKH SKICHOMY JiarHOCTYBaHHIO B
MIKPOIPOIIECOPHUX CHUCTEMax 3HAYHO 3MEHIIYETHCS Hac,
HEeOoOXiIHUI Ha OOCIIyroBYyBaHHS MMOCTOBUX IPUCTPOIB, Y
cucremax PIT i M/IL] ueii moka3HUK 3MEHIICHHS 4acy He
€ BHCOKMM. HasiBHICTh JlarHOCTYBaHHsS HaIiJIbHUX
IIPUCTPOIB CYTTEBO HE BIUIMBAE HA CKOPOYEHHs Hacy ix
00CITyrOByBaHHS.

[Tpote 30inblICHHS Yacy Ha YCYHEHHs BiJMOB Y
cUCTeMaxX Ha MIKPOCNEKTPOHHIA eJeMeHTHIH ©0asi
MOXUJIMBE 4Yepe3 TaKHH HENONIK, SK 3aJeXHICTh BiX
BUPOOHMKA CHCTEMH 3aJTi3HWYHOI aBTOMaThKH. HaBuennit
MEpCOHaN TOCHOJApCTBA CHTHANi3amii 1 3B’S3Ky HE
3aBXK/IM 37aTHUH CaMOCTifHO YCYHYTH BCi HECHPaBHOCTI
(xputepiit 20), K e MOXJIMBO B pENEHHHX CHUCTEMAX,
TOMy 4Yac Ha YCyHEHHS BiOMOB (HampuKIag y
MpOrpaMHOMY  3a0e3levYeHHi) Moxe OyTH JOCHUTh
TpuBamuM. KpiM TOrO, Yepe3 HEMOMIMPEHICTh IEBHOI
CHCTEMH B JUCTAHINI CHUTHami3amii i 3B’SI3Ky BUHUKAE
neimuT eJIeMeHTIB CHCTeMH B OOMiHHOMY (oHxi
(xpurepiii 21), 110 MOKe CIPUYMHUTH 3aTPUMKH TTOT3/1iB.

3actocyBanHs ~APMiB  gemo  po3mupuio
(YHKIIHHI MOXJIIMBOCTI ISl TOCIIOJApCTBA NeEpeBE3EHb
(xkpurepiti  22). OpnHak  Taka  IepeBara  JUIs

MIKPOIIPOLIECOPHUX 1 PENICHHO-IIPOLIECOPHUX CUCTEM €

MOTEHLIIHOI0, @ HE PeaJbHOI0. 3alMTaBIIN NPaliBHUKIB

TOCIIOJIApCTBA TEPEBE3CHb, SIKMI CIOCIO BCTAHOBICHHS

MapuIpyTiB € KpamuM: y TpaJuLiiHAX CUCTEMax 4u

MIKpOIIPOIIECOPHUX ~ CUCTEMax, BIJIIOBIAL € Maibke

OHOCTAHOIO:  TpPaAWIiHHWKA CcHocid BCTAHOBJIICHHS

MapmpyTiB € KpammM, ToOTO TepeBara Ha Oomi

MapIIpyTHOTO HabOpy 3a JIONMOMOTOI0 KHOIIOK ITyJbTa

MaHinmyistopa. lle MoOXHa HOSCHHTH  Tak, MIO

BUKOpUCTaHHSA B APMax BHOOpPY MapmipyTy 3i CITHCKY

abo BHOOpPY KaTeropii MapmipyTy, CaMOCTiifHE BBEICHHS

JIaHUX TIPO XapaKTEPUCTHUKY PYXOMOTo CKiaay 30iiblIye

KIJIBKICTh 1M, SIKi MOTPIOHO BUKOHATH, III0 Y CBOIO UEpry

Oinbllle  HAaBaHTAXYE JIOACHKMH MO30K. OdveBnaHa

nepeBara 3a kputepiem 22 ¢ B MJII] depe3 HasBHICTH

PEKHMY «aBTOAMCIIETIEPAY.

Hdns  cucrem i3 BukopucraHHsiM  APMis
HEOOXITHO  pO3MIMPIOBATH  (QYHKLIHHI ~ MOIJIHBOCTI,
HaTpUKIa] OJOKYBaHHS 00’ €KTIB KepyBaHHS (y 0aratbox
CHCTeMaX BKE BHKOPHUCTOBYIOTH), OOMIH JaHUMH 3
cucremoro MJII], aBTOoMaTu3amis MaHEBPOBOi Ta
COPTYBaJIbHOI ~ POOOTH, ABTOMAaTHYHE  OIMOBILICHHS
HaBYEHOTO TIEPCOHAITY Ha KOJIii.

MIiKpOIpOIIeCOpHI CUCTEMH MaloTh NepeBary 3a
kpurepisimu 23, 24 Ta 25. 3MiHa B3a€MO3aIEKHOCTI
CTPUIOK 1 CUTHAJIIB BiJOYBAETHCS HA MPOTPAMHOMY DiBHI,
a yB’si3Ka 3 OyAb-sIKUMH IPUCTPOSIMHU - IIISIXOM BBEJICHHS
Ta BHUBEICHHS JUCKPETHMX CHTHANIB, 10 3HAYHO
3MmeHmrye obcsar Monrtaxy. MIT i PII cuctemu merko
yB’s3aHi 3 BepxHIM piBHem (Hampukimany MJIL]) 6e3
HEOOXITHOCTI BENUKOi KUTBKOCTI OONaJHAHHSI, SK Y
peneHNX CHCTEMaX.

3a kpuTepieM 26 mepeBara HaJICKHUTh PEICHHUM
CUCTEMAM. Xoya BapTICTh OymiBHHIITBA
MIKPOIPOLECOPHUX CHUCTEM € BUILOI), NPOTE y BHIAJIKY
HeoOxinHocTi OyniBHuiTBa HOBOro nocra ELl (xpurepiit
27) uUIAXOM 3MEHIIEHHs IUIOII [OCTa IepeBara
peNeiiHIX CUCTEM TPOXH 3HUKYEThCS.

Kpurepiii  28: mnpup’sizaHicTh 10
cUCTEMaX Ha  MIKpPOEJEKTPOHHIMH
BIUIMBAa€ HE TUIBKM Ha MOKa3HUK

E€KOHOMIYHMI  acmeKkT d4epe3

KOIIITiB Ha cepBicHe

BUpPOOHHKAa B
eJIEeMEHTHIH 0a3i
FOTOBHOCTI, aje u
HEOOXiIHICTH BHUTpAT
00CITyroByBaHHS.

3meHmmenHs kinbkocTi perre B MIT i PIT cuctemax
(y MII cucremax pene Bce X TaKW BHKOPHUCTOBYIOTB)
NPU3BOJUTH JI0O 3MEHILIEHHS IIEPEeBIPOK Y PEMOHTHO-
TexHoyoriyHnxX AimpHHIAX (PTM). 3aBmsaxku 1mpomy
ckopouyetscs mTatr PT/I, mo gae ekoHOMiUHY IiepeBary
3a Kkputepiem 29.

AHaJni3 pe3yJbTaTiB po3paxyHKiB

[Ticnst moOpiBHAHHS Ta pO3paxyHKYy MaTpHIlb
MONIApHHUX TIOPIBHSHB allbTepHATHB (SIKI HE HaBEJCHI)
OTPUMAaHO pEe3yJbTAaTH Yy BUIJSII BEKTOPIB INPIOPUTETIB
AIIbTEPHATHB 32 KOXXHUM KpUTepieM (Tabi. 1-4).
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Tabmuus 1
Bekropu npiopuTeTiB anbTepHaTUB 3a KpuTepismu 1-6
Kpurepiit
1 2 3 4 5 6
- P 0,312 0,318 0,108 0,328 0,3 0,3
o g PIT 0,312 0,318 0,15 0,305 0,3 0.3
5 cE MII 0,063 0,045 0,605 0,062 0,1 0,1
< P ML 0,312 0,318 0,137 0,305 0,3 0,3
Tabmuws 2
Bekropu npiopuTeTiB aJbTepHATUB 3a KpuTepisimu 7-13
Kpurepiit
7 8 10 11 12 13
5o P 0,25 0,391 0,391 0,391 0,399 0,424 0,437
o g PIT 0,25 0,151 0,151 0,151 0,152 0,119 0,113
B cE MII 0,25 0,067 0,067 0,067 0,05 0,034 0,04
< P MILI 0,25 0,391 0,391 0,391 0,399 0,424 0,41
Tabmuns 3
BekTopu npiopuTeTiB adbTepHATUB 3a KpuTepisimu 14-21
Kpurepiit
14 15 16 17 18 19 20 21
5o P 0,127 0,054 0,066 0,04 0,127 0,064 0,47 0,437
o g PI1 0,262 0,142 0,247 0,161 0,262 0,156 0,11 0,159
2 cE MII 0,454 0,719 0,524 0,696 0,454 0,715 0,037 0,047
< P MILI 0,156 0,085 0,163 0,104 0,156 0,064 0,384 0,357
Tabmuus 4
BekTopu npiopuTeTiB ajJbTepHATUB 3a KpuTepisimu 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
§ § PIT 0,156 0,249 0,201 0,197 0,172 0,189 0,082 0,159
g 5 MII 0,156 0,558 0,602 0,613 0,073 0,598 0,041 0,666
<=|p MJLL 0,64 0,096 0,074 0,07 0,31 0,104 0,349 0,085

Po3paxyBaBim BEKTOp NPIOPUTETIB albTepHATHB
3a TIOOaTbHUM KpHUTEpieM «Oe3medHicTh» (puc. 2),
MOJKHA MOOAYMTH, IO HAWOLNBIIA MepeBara B PeciHO-
MPOLIECOPHUX CHCTeM 1 penedHux cucrem i3 ML
Perneiini cucremMu AemIo BiJCTalOTh, a MIKPOIPOLIECOPHI
CHUCTEMH 3aiiMaroTh M€ HIDKYy no3uuito. Ilpudamnn
TaKOr0 pe3yJIbTaTy OIMCaHi BHIIE.

PenefiHO-NPOLIECOPHI CHETEMH

MiKponpoecopHi CHCTeMH

Peneiini cucteni 3 MJIL]

5 10 15 20
%

o

Puc. 2. I'icrorpama BeKTOpa IPiOpUTETIB ATbTEPHATHB 3a
KpHUTEpieM «Oe3MeuHICTh»

Po3paxyHOK BeKTOpa NPiOPUTETIB aJbTEPHATUB 3a
r700aIbHUM KpUTEpieM «Oe3BiIMOBHICTD 1 TOTOBHICTB»
(puc. 3) IEeMOHCTpye, MO MIKPOIPOIECOPHI CHUCTEMHU
MaroTh HaiOinbIry mepeBary. lle 3yMOBIEHO BHCOKHM
PIBHEM TEXHIYHOTO JIarHOCTYBaHHS ITOCTOBUX IPHUCTPOIB
1 CKOpOYEHHSM dacy, HEOOXiIHOTO s TEXHIYHOTO
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o0ciyroByBanHs. Ha HACTYMHHX MO3HUISAX PO3TAIIOBaHI
peneitni cuctemu 3 M/IL 1 3BuuaiiHi peneitHi cuUcTEMHU,
TOJIi SIK PEJICHHO-TIPOIICCOPHI CHCTEMH 3HAYHO BiJICTAIOTh.

PerefiHO-IIPOLECOPHi CHCTEMH

Peneitni cHeTeMH

Peneiini cucreMu 3 MJILT

o
w
=
EN
o

Puc. 3. T'icrorpama BekTOpa MpiopUTETIB albTEPHATUB 32
KpUTEpieM «Oe3BiIMOBHICTh 1 TOTOBHICTB)»

Po3riaHyBIIM BEKTOp IIPIOPHUTETIB albTEPHATHB
3a TI00aThPHUM KPUTEPIEM «TEXHIYHI IOKa3HUKI) (pHC.
4), MO’XKHA BH3HAYWTH, IO peneitri cucremu 3 M/
MaroTh HaiOUTBITY IepeBary 3aBISIKH CBOIM IINPOKHM
(YHKIIMHAM =~ MOXJIMBOCTSIM ~ JUIA  T'OCIIOZApCTBA
nmepeBe3eHb. Ha  apyrifi  mo3umii  3HAXOIATHCS
MIKPOIPOIIECOPHI CUCTEMH 3 MPOCTOTOI0 iHTEerpamii 3
IHIIUMUA TOPUCTPOSIMM  Ta THYYKICTIO JO 3MiH Y
KOJfHOMY po3BUTKYy. Tpere wicue — peJelHo-
NPOLIECOPHI  CHCTEMH, a Ha 4YeTBEpTOMY  MiCIi
ONMHMJINCS peIeWH] CUCTEMH 3 OYEBUIAHUX MPHYHH.

Pe1eHHO-IIPONECOPHi CHCTEMH
Penefini cucremn vl

MiKpOIpOIECOPHi CHCTEMH

1.2

=]
=
U

—

Puc. 4. T'icrorpama BekTOpa MpiOPUTETIB albTEPHATHB 32
KPHUTEPiEM «TEXHIYHI MTOKa3HUKID»

3a BEKTOpOM TMPIOPHUTETIB albTEPHATHB 34
r100aNbHIM KPUTEPiEM «EKOHOMIUHI MOKa3HUKI» (pHC.
5) crocrepiraloTh TakMi PO3MOJIUL: HA MEpHIOMY Micli
peneliHi cuctemu, qpyromy — peneitni cucremu 3 M/ILI,
TPETbOMY — MIKpPOIIPOIIECOPHI CUCTEMH, YETBEPTOMY —
peneHO-TIPOLIECOPHI CHCTEMH.

PeneHHO-IPOLIECOPHI CHCTEMH

Pernefiri cHCTeMH

2,6
Misponponecopsi cacres

Perefini cacTeMH 3 MJIL] 9

o
2
n
n

2 2,5 3

Puc. 5. I'icrorpama BeKTOpa MPiOpUTETIB ATbTEPHATHB 32
KPHUTEPIEM «EKOHOMIYHI ITOKa3HUKI)

[o)

Ha puc. MOJIAHO ~ BEKTOp  INIPIOPUTETIB
aNbTepPHATHB 3a BCiMa KpHUTEPISIMU. OTxe,
HaWJIOIIBHILIIO € BIPOBADKEHHS peNeHHOl cHCTeMHU 3
MIKPOIPOIIECOPHOIO TUCTIETYEPCHKOIO IIEHTpaTi3alli€lo.
[otiM OMIKYMMHU 32 TIPIOPUTETOM € MIKPOIPOICCOPHI
cucreMu. PeneiiHi cucTeMH MaroTh JAEMIO HIDKIHH
NPIOPUTET, a OCTAaHHIO MO3HUILII0 3afiMarOTh peNeHHO-
NPOLECOPHI  CHCTEMH. JSIKIIO pO3IJISHYTH BEKTOPH
npioputeriB  (puc. 7) 0e3 ypaxyBaHHI KpHUTEpiio
«Oe3MevHiCTh»,  SIKMH  Mae  3HauyHy  Bary, TO
MIKPOIPOLIECOPHI CHCTEMH Y MpPIOPUTETI MOPIBHSHO 3
peneiiHIMu cUcTeMaMH 3 MIKpOIIPOILIECOPHOIO
JTUCTIETYCPCHKOIO IICHTPATI3aIli€r0.

PeneffHO-PoIIECOPHI CHCTEMH 229

Pereiini cHetemH 3 ML] 26,2

o
n

10 13 20 25 30

Puc. 6. I'icrorpama BekTOpa MpiopUTETIB ajJbTEPHATUB

PeneifH0-NIpoNecOpHi CHCTEMH 18.3
Pereiini cHCTeME 24,9
Mikponponecop i CHCTeMH 29.4
Pernetini cHereMH 3 ML 274

=]

10 20 30 40
%

Puc. 7. T'icrorpama BekTopa IpiOpUTETIB ATETEPHATHB
0e3 ypaxyBaHHs KPUTEPi0 «0e3MEUHICTE
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Ipumirka

Chin  3a3HayuTH, WO I  pE3yJlbTaTH €
y3araJbHCHUMH  JIUII ~ OCHOBHHX  BHJIB  CHCTCM.
[NopiBHIOIOYH, ypaXOBYBAaJH, IO CHCTEMH 3aCTOCOBYIOThH
HAa JUISHKaX 3 IHTCHCHBHUM pPYXOM TMOI3ZIB JUIs
BHU3HAYCHHS HANPSAMIB MOMANBIIOTO PO3BUTKY CHCTEM. Y
MPaKTUIHOMY 3acTocyBaHHI MeTomy MAI mpu BuOOpi
TUIy CHCTEMH 32 €JEMEHTHOI0 0a30i0 YM BHUPOOHHUKOM
moTpiOHO BpaxOBYBaTH IHTCHCHBHICTh PyXy HOI3IIB Ta
iHIII YWHHUKA  3aCTOCYBaHHA  CHCTEMH,  TOOTO
CHIBBIAHOLIEHHS «OE3MEYHICTE»Y — «O0€3BIAMOBHICTE 1
FOTOBHICTB» — «TEXHIYHI IMOKa3HUKU» — «EKOHOMIYHI
MMOKAa3HUKM», 1 BXKEC KOHKPETHO OPIEHTYBATHUCS HAa BUJ
cucremu (AB, ELL, ATIC i 1. ).

Po3BuUTOK cucTeM

OTxe, 3aCTOCYBaHHS MiKPOIIPOIIECOPHHUX CHUCTEM
HE 3aBXKAM BHIIPaBJaHE, OCOOJHMBO SKIO BpaxyBaTH IX
BUKOPUCTAHHSA Ha JUISIHKaX 3 HCIHTCHCHBHHM PYyXOM
MOT3/1iB, JI¢ CKOHOMIYHI MOKa3HUKUA MAIOTh OLIbINY Bary.
Jlis BUKOHAHHS 0arathoX (YHKIIIH, XapaKTepHHX [UIs
MIKPONPOLIECOPHHUX CUCTEM, MOXKHA 3aCTOCYBATH pelleiHi
cucremu 3 M. Iloganbpmmii pO3BUTOK CHUCTEM,
3aCHOBAHUX BHKIIIOYHO Ha peiie, HEMOXKIMBHMA, OCKITBKA
pereiiHi  cHCTeMH  BHYEpHAIN CBOi  MOXKIHBOCTI.
Po3paxyHkn TOKa3amy, MO0 3aCTOCYBaHHSA pEJCiHO-
MPOIICCOPHUX CHCTEM € HEAOIUIPHUM dYepe3 HHU3bKi
MOKa3HUKH O€3BIIMOBHOCTI, TOTOBHOCTI Ta €KOHOMIYHOI
epexTuBHOCTI. TOMy TOJaNBIIA PO3BUTOK MOXIUBUH Y
Mikporporiecopaux cuctemM i M/l abo m0maTKOBHX
Ha/0yI0Bax JJIsl pEJICHHUX CUCTEM.

Takok MOXHAa PO3IJISIHYTH MPOIMO3MIII0, He
BUKOPHCTOBYBaHY B JKOAHIH BITYM3HSHIA cucCTeMi
MIKpONPOLIECOPHOT  JIMCIIeTYEePChKOl  IeHTpasi3auii: i3
3actocyBanHsM MJ/IL] BcranoBnennss APM JICIT 3
MOJKJIMBICTIO KePYBaHHS CTAHIIIEIO 3 HBOTO (Y TOMY YHCII
HAa BEIMKHAX CTaHOifgX). To0TO, BHKOPHCTOBYIOUH
amaparypy AHCIETYepChKOI IeHTpami3alii, 0e3 3HauHHX
BHTpAT BIIPOBAIUTH PpeNeitHO-TIPOIIeCOPHY
LEHTpaTi3aLito.

301IBIINTH nepeBary MIKpOTIPOLIECOPHUX
CHCTEM HaJ| 3aCTOCYBaHHSIM HaJ0yJ0B MOXXHA IIIIXOM
PO3POOIICHHS €MHOTO CTaHAAPTHOTO pillleHHs (THIOBOTO
anpOboMy) JUI MIKPOIPOLECOPHUX CHCTEM, BIACHHUKOM
akoro mae 0ytn AT «Ykp3amizHULS». 3a TAKOTO MiIX0ay
MO>KHA TTIBHIIUTHA O€3MEYHICTE 1 O€3BIIMOBHICTE CHCTEM
3a paxyHOK BHOOpPY HaWKpamIuX TEXHIYHHX pilICHb,
mo30yTHCS 3ale)KHOCTI BiX KOHKPETHHX BHUPOOHUKIB,
3HAYHO 3MEHIIUTH BapTICTh BIIPOBAKEHHS CHUCTEMH, a
TAaKOXX TIOCTIHHO YIOCKOHAJIOBAaTH MiKpOIPOILECOPHI
CHCTEMH MUIIXOM BIIPOBA/KCHHS PpaIliOHANTi3aTOPCHKIX
MPOTIO3HUIIIN Bijl MPAIiBHUKIB TOCIIOIAPCTBA CUTHAI3AIIT
1 3B’s3Ky (IO NPaKTHYHO HEMOJKIIMBO, KOJHM CHCTEMa
HAJISKUTh TIPUBATHOMY IiJIPHEMCTBY).

Jpyruii, 6e3cyMHIBHO, HAHBaXXIMBIMINH, KPOK 10
BIOCKOHAJICHHSI MOJArae B  3aCTOCYBaHHI  IOBHOI
migcucremMu TexHiyHoro naiarnocryBanusi (IICTIH),
30KpeMa sl HamJIBHUX MPHCTpoiB. OnHi€0 3 mpodieM
IaTHOCTUKHA B CYYaCHHX CHCTEMax € HeOoOXiIHICTh
NPOBEJCHHS AaHali3y OTPUMAHHX [aHWX BpPYy4YHy, a
HaBYCHOMY NEPCOHATY JOBOAMUTHCS YXBAIIOBATH PIIICHHS
mpo craH TpHUCTPOiB. ToMy HEOOXigHO pPO3pOOICHHS
I[ICT/, sixa 3moxe:

- MOHITOPHUTH CTaH CHCTEM i 1 mapameTpu;

- BUSIBIITH TIEPEJBIIMOBHHI CTaH EJIEMEHTIB i3
BUCOKUM KO€(il[iEHTOM BHSIBJICHHS;

- IOCUTh TOYHO BUSIBIISITH NPUYNHU BiIMOBH;

- BUSIBISITH HeOe3NeuHi CTaHu 3 MOXKJIMBICTIO
BIUIUBY Ha CHCTEMY aBTOMATHKH;

- 3MIHHATH CTPATETiI0 TEXHIYHOTO OOCIYTOBYBaHHS
Ha 00CITyrOBYBaHHS 32 PaKTHYHUM CTAaHOM 00'€KTa;

- IaBaTH peKOMEH/1allii HABYEHOMY MepCOHAIY;

- KOHTPOJIIOBAaTH BUKOHAHHS Tpadika TEXHITHOTO
00CITyroByBaHHS.

CTBOpEHHsS Takoi IiJCHCTEMH € HENpPOCTO
HAYKOBOIO IMPO0JIeMOI0, 00 MOTPIOHO BITHOCHO JICIICBUM
METOJIOM BHKOHYBATH CKJIQJHI TEXHOJOTIYHI MPOLECH.
OCKIUIbKM  KOXKEH eJIeMEHT 3alli3HUYHOI aBTOMAaTHUKH
notpedye 1HIAMBIIYadbHOr0 HAYKOBOTO JIOCIIIKCHHS,
HEOOXITHO CTBOPUTH CXEMYy pO3NOALLY EJIEMEHTIB
niarHoCTyBaHHS (pHc. 8).
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JliarHOCTYBaHHS IPUCTPOIB 3ATI3HUYHOT aBTOMATUKH

D KOHTPOJIb BHIMMOCTI,
o KOHTPOITb CTIPABHOCTI JIAMITH . 6
| Caitnodop (CBITIOMIOAHO! TOJIOBKH) Ta e J[1arHOCTYBaHHSA aBTOMATHUYHOTO OJIOKYBaHHS
CHTHAITBHOTO TpaHchopMaTopa,
o JIYCHHSI TPUBAIOCT1 TOPIHHS
JIaMIL.
. . e KOHTPOJIb CTaHY Ta MEXaHIUHHUX = J[1arHOCTYBaHHSI €IEKTPUYHOI LEHTpaTI3aLlii
|| Crpinoynuit napamerpis CTPLIOYHOro
MepeBij NEepeBO/lY Ha BIATIOBITHICT
sumoram IITE.
« romrpons cnpastoct bysis || /JliarHocTyBaHHs aBTOMATUYHOI MEPEi3HOT
(en CKTPOBHIYH, aBTOMAaTHKa
|__|EiiexTponpuBo aBTOIEPEMHUKAY, PeIyKTOop);
CTpiﬂquHﬁ . KOHTPOJb ENeKTPHYHUX Ta
MEXaHIYHUX TapaMeTpis;
° JIYeHHS KiJIbKOCTI MepeBOiB; o
|| iarHoctyBaHHS 00J1aTHAHHS Ta CHCTEMH
TAILT
D KOHTPOJIb CTIPaBHOCTI
€JIEMEHTIB Ta apaMeTpiB
PpeWKoBOi JiHif;
. TMepeBipKa BAKOHAHHS PSKUMIB . .
— PeclikoBe K0JIO poGoru PK; - Hiarnoctysanns npuctpois AJIC na
. KOHTpOJB cripaBHOCTi PK; JIOKOMOTHBI
. KOHTpoJb Tapamerpis AJIC,
o KOHTPOJIb CIIPaBHOCTI
KaHaJii3alil TIroBOro CTpyMy.
- - - Hpuxnan pyHkii:
- APM ° TIepEBIpKa T0CTOBIPHOCTI . nepeBipKa BiJINOBIHOCTI CTaHy pejie Ta CTaHy
BiZIOGpaskeHHsI iHdopMaIlii. eJIEMEHTIB CUCTeMH (JU1s1 MiKPOTIPOLIECOPHIX
CHCTEM) B TOMY YHCITi Mik 00'ekTamu (cTaHIIii,
y
Ka0OenbHa . KOHTPOJIb 1307151111 KaOetiB; M JiepeB1pKa BIATIOBIIHOCT1 MK JaHUMU
- Mepexa o KOHTPOJIb OTIOPY KIJT KAOCIHO. JiarHOCTHKM iHLIMX TIPUCTPOTB i piBHEM
HeHTpanizamnii (0roKyBaHHs); )
. TepeBipKa BiJICyTHOCTI HEOE3MEUHHX BiIMOB Ta
s KOHTpOJIb HATIPY[Hl Ta CTPYMIB OmokyBaHHsl TakHX BiIMOB. B ToMy uncii
KiJI KUBIICHHS, BTpYaHH JIFOITMHH, .
o KOHTPOJIb CIIPABHOCTI . KOHTPOIIb 4aCOBHX MapaMeTpiB podoTH
% aKyMyJISITOPHOI GaTtapei; CuUCTeMHy, . .
|| IIpuctpoi o KOHTPOJTB TTOKEKHOTO CTaHy d ‘.‘OHTgom’ IHIIKMX EIIEMCHTIB (I0POXKHI
SKMBJICHHS JKHBIISMO] YCTAHOBOK, CBITJIO(OpPH, BaroHi yTiTIOBaY1 i T.1).
o KOHTPOJTb MEX aH{YHUX
napamerpis IT'A;
o KOHTPOJIb CTaHy 3a3¢MJICHHS Ta
HPUCTPOIB IPO303aXHCTY.
Hpuknag pynkuii

Puc. 8. Cxema po3moiiy e1eMeHTIB JiarHOCTYBaHHS

[Togana cxemMa € Yy3arajlpHEHOW 1 MOTpedye
JETaJbHOTO JOCHiIKEHHS 1 pO3poOJeHHs JepeBa
¢ysxkmiin. Ha croromni meski GyHKIil Bke peaizoBaHi,
HalpUKJa] AiarHOCTYBaHHS IPHUCTPOIiB aBTOMAaTHYHOI
JIOKOMOTHBHOI ~ CHTHaNi3amii, JIOTIYHOi  YaCTHHH
eJISKTPUYHOI HeHTpaii3anii Ta aBroOsoKyBanHs B MII
cucreMax, Oyl 00’€KTOM 1 TPEAMETOM JOCIiIKEHb,
HalpuKiag KOHTPOJb CTaHy EJIEKTPOJBUTYHIB 1
crpiounux nepesoaiB [21]. Inmi ¢pyHKuii moTpeOyOTh
HAYKOBHUX JOCIIPKEHb 200 1H)KEHEPHOTO PO3POOIICHHS.

VmpoBamxenass motyxkHoi [ICTJ[ He Tinbku
MiABUIINTE €(DEeKTUBHICTh MIKPOIPOLIECOPHHUX CHCTEM,
aje ¥ CTUMYJIIOBaTHME PO3BUTOK 1HHOBALIHHUX CHCTEM
3ai3HUYIHO{ aBTOMATHKH:

1. 30inbIeHHs aBTOMATHU30BaHUX (YHKUIH 10
NMOBHOI  aBTOMaTH3allii  mMepeBi3HOrO npouecy:
o0'eqHaHHS 3ai3HUYHOI CHCTEMH KpaiHW B €IUHY
IHTErpoBaHy MEpEeXy JacTh 3MOTY MalIMHHHUM CIIOCOOOM
BU3HAYaTH Hale(EeKTUBHIMMKA CcHoCi0 BHKOpPHCTaHHS
HassBHUX PeCypciB, 30KpeMa PO3paxoByBaTH ONTHMAJIbHI
rpadiku pyxy moizniB. lle mnpusBene 10 3HaYHOTO
€KOHOMIYHOTO e(eKTy 3aBAsSKU 301IbLIEHHIO INEpEeBi3HOT
CIIDOMOXKHOCTI, ~ CKOPOYEHHIO  4acy  JIOCTaBJICHHS
BaHTaXiB, a TaKOX 3MEHIICHHIO KUIBKOCTI TEPCOHATY
ray3i nepeBe3eHb (0COOIMBO YEProOBUX IO CTaHIli Ta
JIUCTIETYEPIB).

2. CucteM IHTEpBaJbHOTO PETYIIOBAaHHA pYyXy
MO13/1iB HA OCHOBI PyXOMHX OJIOK-TiISTHOK.
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3. CucreM aBTOMATHYHOIO KepPyBAHHS HeoOximHO BU3HAYMTH, SKHH 3 €JIEMEHTIB
Nnoi3aA0M (aBTOMAIIMHICT). moTpedye MEepIIOYeproBoro MOCHiKeHHs. (s 1mporo
4. CucreM 31 TIIOBHOIO  aBTOMaTH3aLil HEOOXiHO PO3IJISHYTH TiCTOrpamMy BiZIMOB IPHCTPOIB

MaHEBPOBHX i COPTYBaIBHHUX POOIT.
BucHoBok

3aJII3HUYHOT aBTOMATHKH 3a eineMeHTamu (puc. 9) [29].

MpUCTPOI MeXaHi30BaHWX Ta aBTOMaTU30BaHWUX COPTYBaAbHUXFipoK ' 0,09
MoBiTPAHI NiHil
EnexkTponpueoau agTownarGaymis

ARymMmynAaTOpUH

MynbTy, TaBN0o, anapati ynpasniHHA
ENEKTPOMUBK/IbHI YCTAHOBKU

Ceitnodopu

lHW — 5,5

KabenbHi ninii
CTaTveM, peneiHi wadw, KoNiiHi KopoBKK

CTpiNOYHI €NEKTPONPUBOAM, TAPHITYPa, 3aMKM MeneHTbeBa

I 8’33

—— ] 83}

Anapatypa CUE (Pene, Gnoku, TpaHcdopmatopu i 1.4)

25,21

PeiikoBi kona

(=]

33,87

5 10 15 20 25 30 35 40
%

Puc. 9. I'icrorpama po3noisy BigMOB IPUCTPOIB 3aTi3HUUHOT AaBTOMATHKH 32 €lIeMEHTaMU

AHani3ylouu ricTorpamy, MO>KHa BHSBHJIH, L0
BUJIUIAIOTH 1Ba €IEMEHTH — PEHKOBI KOJIa Ta amaparypa
CHb. Opnak ogimiiira cratucTika JlemaprameHTy
AaBTOMATHKH 1 TeJIEMEXaHIKH € HEeIOCTOBIPHOIO.
Hanpuknan, perKoBi KoJIa € HaHO1TBIIT
MOIIKO/DKYBaHUM  eleMeHToMm: y 2021 pomi  Oyio
3apeectpoBano 680 BigMOB, MmO B CEpPEIHHOMY
CTaHOBHUTH JIBi BiIMOBH PEHKOBOrO Kojla Ha J00y IO
BCiif YkpaiHi, 1[I0 3HAYHO HENIOOIIHIOE PeaIbHUN 00CsT
npobiiemu. MoOKHa TPUIYCTUTH, IO  CIPABXKHS
KUTBKICTh BIIMOB peiikoBux kin meperuirye 20000 Ha
pik 1o Bciit Ykpaiui.

Ha ocHOBI mpakTWYHOTO [OCBiLy ApPYruM
€JIEMEHTOM 32 YaCTOTOIO BiIMOB MalOTh OyTH CTPUIKH, a
He amaparypa CLIb. [IpuunHOO 3aHIKEHHUX TTOKa3HUKIB
KUJTBKOCTI BIIMOB MOXeE OYTH dYacTe NPHXOBYBaHHS
nomkokeHs npuctpois CLIb HaBueHHM mepcoHamoM
ciryk0 cHrHamizamii i 3B'3Ky, a TaKoX HpalliBHUKaMH
rOCIIOZAPCTBA NIEPEBE3EHb.

IMomkomxenns amaparypu CLIb i MOHTaXy Ha
cTaTuBax 1 penedHUX madax MNOTPeOyIOTh aHami3y
MIPUHITUIIOBUX CXEM 1 BUCOKOKBaJi(hikoBaHUX (DaxiBIIiB,
TOMY YCYHEHHS TaKuX IOIIKO/DKEHb 3aiiMae TpUBaIHii
yac, 1 mpuxoBaTd IiX BHaeTbcs pimme. Hacmpasmi
MOKa3HUK BiZIMOB B amapaTypi Ta MOHTaXi Mae OyTH
HE3HAaYHUM IIOPIBHSAHO 3 IHIIMMH ITOIIKO/PKECHHSIMH,
TaKUMH K PEWKOBI Koja, CTPUIKH, CBiTIO(OPH,
KabenbHI Mepexi.

Orxe, mnokasHuk BigmoB mpuctpoiB CIb, 3a
odiLiifHOI0 CTAaTUCTHKOI, MOXe OyTH 3aBHIIeHMM y 10-

30 pagiB. lle Takok MmiAKpecHOe  HEOOXiTHICTH
3aCcTOCYBaHHS (DYHKIIIT BUSBICHHS 1 apXiBaIlil BiIMOB.
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TPAIUIAIOTBCS HaifyacTille, MepIIoYeproBUM 3aBIaHHAM
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cnoco0iB AiarHOCTYBaAHHSA PeiKOBUX KiJl.
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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
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
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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/ikszt.v29i3.313625

AHAHBEBA O. M., n.1.1., npodecop,

BABAE€B M. M., n.1.H., ipodecop,

JABUJIEHKO M. I'., K.T.H., JOLICHT,

ITAHYEHKO B. B., k.T.H., IOIIeHT

(YkpaiHChKHi 1ep)KaBHUN YHIBEPCUTET 3aT13HUYHOTO TPAHCIIOPTY)

CuHTe3 NPUCTPOIO OLIHIOBAHHA MapaMeTpPiB CHHYCOITHOTO CUTHAJY, AIUTHUBHO
3MILIAHOTO0 3 OJJMHOYHOI0 iIMITYJILCHOIO 3aBA/1010

Benuuunu erexmpuunux napamempie 0OMomxy cmamopa acuHxpoHHo20 mpu@asHozo eneKmpoosueyra Cymmeso
6UZHAYAIOMb 11020 MEXHIYHUL CMAH [ MOMY MOJCYMb OYmu GUKOPUCMAHI 3 Memolo 1020 OiacHocmuku. Brasawi
eNeKmpuyHi napamempu MOICHA HenepepsHo KOHMPONIO8AMU WAAXOM 68e0€eH020 8 0OMOMKY MAN020 MeCmo8o2o
cmpymy 8i0oMOi yacmomu, SUMIPIOIOYU 1020 aMnIimydy ma nowamxosy ¢hazy. Tounicme ix GUMIPIOBAHHA MOdice
BUABUMUCS HENPUNYCIMUMO HUZbKOK 3 NPUYUHU HASABHOCTI KOPOMKUX IMAYIbCHUX 3A640 Y 8UMIPIOBANTbHIU IHpOpMayii.
Y pobomi ompumane imogipnicne mamemamuytne ONUCAHHA peani3ayii CymMu CusHALy ma iMnYyabCHOL 3a6a0u Yy 6uenaoi
@yuryii npasoonodionocmi yiei' peanizayii. Bupas ona yiei @pyuxyii dae 3moey onucamu Xxapaxkmepuuil 6Unaoox, 8
AKOMY HA IHMEp8ani yacy, GiIbHOMY 6I0 IMAYIbCHOI 3a8adu, 6i0cymHi OyOb-AKi 3a8aou @3aeani. [[nsi mecmosoco
cmpymy, AKUll € CUHYCOIOHUM 3 8i00MOIO 4ACMOMOIO, aie HegioOMUMU aMNAIMYyO00l0 MAd NOYAMKO80I0 @aszori,
OMPUMAHO MAMEMAMUYHI 6upasu O0Jid OYIHOK Yux 060X NApaAMempie 3a pe3yibmamamy CHOCMEpPediCeH s 6KaA3AH020
cmpymy Ha QOHi 0OUHOUHOI IMHIYILCHOI 3a6a0u. 3a yumu MAmeMamudHuMy 6Upa3amu, SUKOPUCTNOBYIOUU DYHKYII0
npagoonodibnocmi Ak Yinbogy, nodyoosaHo CMpyKmMypHy cXemy Npucmpoio OYiHIO8aHHA AMALIMYOU Ma NOYAMKO80T
@asu cmpymy mecmysanna 0OMOMKYU CIMAMOPa MpuasHo20 aAcuHXpoHHO20 erekmpoosuzyua. Iipoyedypy oyinioganns
napamempis mecmogozo CUSHAIy cPOpMo8ano y 8uenadi, AKul 0ac 3Mo2y 3acmocy8amu WupoKe KO0 OOCHIYNHUX
Memooi8 pPO3PAXYHKY KIHYeGUX 6elUYUH OYIHOK npu maxcumizayii @QyHKkyii npagoonodioHocmi 3a 4acosumu
napamempamu iIMRYIbCHOT 3a8a0u.

Knrwouosi cnosa: enexmpoosucyn, oomomka cmamopa, mecmoguil CUSHA, IMAYIbCHA 3A6a0d, CNEeKMpPAlbHd
2ycmuna, QyHKYis npagoonooioHocmi.

Beryn I3 3pOCTaHHAM KiJIbKOCTI €JIEKTPUIHOTO

CTPYyKTypHO JICTEPMiHOBAHI CHMIHAIH ILIMPOKO o0na/iHaHH, SIKe YTBOPIOE 3aBa/iv, 3pOCTAE i IMOBIpHICTh
BHKOPHCTOBYIOTh TIPM TECTYBaHHi TeXHi4HOro cragy 1AKHX HOMHMIIOK. Orxe, 3aB/lants OTpUMAHH: sKOMOTa
pisHOMaHiTHOrO O6nanHaHHsA. BincrexxyBanns Bemuumn ~ TOUHIMIMX OLIHOK  MapaMeTpls TCCTOBHMX CHIHAMIE B
mapaMeTpiB TAKMX CHTHANIB J@€ 3MOTy cBoedacHo — YMOBAX I 3aBaji CTA€ BCE OUIBII AKTYaILHUM.
(ikcyBaTH BUHHKHEHHsS HECIPABHOCTEH ab0 HACTaHHS
nepefyMoB JO HHX 1 y Takuid cnocid mnpuiimaru

IMocranoBka mnpodGuaemMu i aHajiz gochikenb i

OTepaTUBHI PillleHHs 010 TEXHIYHOro o6cayropysanHs — MyOJikauii
TECTOBOTO O0NagHaHHA. BaXiIMBUM KJIacoM Takoro
oOMamHAHHA € TATOBI EJEeKTPOABUTYHH JIOKOMOTHBIB. JlomaBaHHS KamiOpoBaHOTO TECTOBOTO CTPyMy 10O

JotpumaHHA  iXHIX KOHCTPYKTMBHO  BCTaHOBJIEHHX
XapaKTepUCTHK KPUTHUYHO 3alIeKHUTh BiJl TEXHIYHOTO
CTaHy iXHIX OOMOTOK, SIKM{ OJHO3HAYHO TIOB’SI3aHUM 3
SJNICKTPUYHUMHU NTapamMeTpamu 1ux ooMoTok. Lli BennunHu
MOJKHA KOHTPOJIIOBAaTH LUIIXOM BUMIpIOBaHHS
rapaMeTpiB CIelialbHO BBEJICHHX TECTOBUX CTPYMIB.
ToyHOMy BH3HAUEHHIO NapaMeTpiB IEPeUIKOIKaIOTh
3aBa/IOBl €JEKTPUYHI KOJMBAHHSA, SKi MOTPAIUISIOTH 10
CKJIaly BUMIiproBasibHOI iH(opmamii. Lle mpusBoguts 10
MIOMWIOK y TIPUHHATTI pillleHb IIOJI0 TEXHIYHOTO CTaHy
JBUTYHA.

(YHKITIOHATbHO OCHOBHOTO CTPYMYy OOMOTKH 3 METOIO
KOHTPONIO il TEXHIYHOIO CTaHy JOBOJi IIUPOKO
BUCBITJICHO B JOCHIAHHLBKHX myOmikamisx —[1-4].
Po3risiHyTO TEXHI4HI pillleHHS I110JI0 BHECEHHS TECTOBOTO
CTpyMY, METOIUKH OB’ SI3yBaHHS pe3ynbTariB
CIOCTEPEXXEHb 13 TEXHIYHUM CTaHOM JBHI'YHIB Ta CTYIIEHb
BIUIMBY TECTOBOTO CTpyMy Ha 00epTOBHMII MOMEHT. Yci
PO3TIISTHYTI aCTEKTH TECTyBaHHS HE MICTATH ypaxyBaHHS
eNneKTpryHuX 3aBaj. Lleif Oik BHMiprOBaHb CTOCOBHO IO
00MOTOK craropa TpudazHoro ACHHXPOHHOTO
€JICKTPOABUTYHA PO3TIISTHYTO B poOoOTi [5].

© AHAHBEBA O. M., BABAEB M. M., JABUJIEHKO M. I'., TAHYEHKO B. B 2024
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B pesynbrari aHami3y crieKTpalbHUX XapaKTEpPUCTHK
HasiBHUX 3aBaJ] BU3HAUYCHO MEXI YacTOTHOTO Jiara3oHy,
NPaKTUYHO BUIBHOTO Bl CHEKTPAJbHUX CKJIAJTOBUX
Maibke ycix IMX 3aBaji. BuUKiIIOYeHHsS CcKiIajae Juie
OIMHOYHA  IMITyJbcHa 3aBajga. Jlis  OLiHIOBaHHS
mapaMeTpiB TECTOBOTO CHTHANY, CIIOCTEPEKEHOTO Ha TIIi
miel 3aBagM, 3ampOIIOHOBAHO BHUKOPHCTAaTH  METOJ
HallMEHIINX KBaApaTiB. [HYYKICTH 3ampOIIOHOBAHOTO
MAX0My € OOMEXEeHOI 3 TPHUYMHH HEeBpaxXyBaHHS
YacOBOTO PO3TAIIYyBAHHSI Ta TPOTSHKHOCTI 3aBafoBOTO
iMITynbCy. BiTHOCHO TOYOK BXOAY Ta BHXOXY TECTOBOTO
CTpyMy OOMOTKa € TaCHBHHUM aKTHBHO-PEaKTHBHHM
JIBOIIOJIIOCHUKOM, @ BiATaK MHOPSAIOK I KOMIIJIEKCHOTO
OTOpY HE TEPEeBHIY€E NBOX. Takuil omip Mae JuIie JBa
napaMeTpu — abCOJIOTHY BEIMYMHY Ta aprymeHt. Tomy
NpU  3a/aHii  eNEKTPUYHIA cXxeMmi Uil iXHBOTO
BUMIpIOBaHHS JOCTaTHBO BUKOPHCTOBYBATH
JBOIIAPAMETPUYHHN cTpyM. Takui cTpyM Mae Micie npu
XKHUBICHHI OOMOTKM  BiJ  TECTOBOTO  TeHepaTopa
CHHYCOiHOI HampyTH 3 BiJOMHUMH aMILTITyIOI0, (a3oio
Ta 9acTOTOl0. 3a IUX yMOB a0COJIOTHA BEJIMYMHA Ta
apryMeHT KOMIUICKCHOTO OIOpY OOMOTKH OJHO3HAYHO
BU3HAYCHI aMIUIITYAOI0 Ta MOYaTKOBOK  (ha30lo
YTBOPEHOTO0 B Hili TECTOBOIO CHHYCOIJHOTO CTpPYyMY.
OyupaMeHTaIbHUN MIAXI M0 OIIHIOBAHHS IUX JIBOX
rapaMeTpiB ONMucaHuii B poOoTi [6]. Ane BiH OXOIUIIOE
TIIBKA BHIIAQJIOK CIOCTEPEKEHHS CHrHainy Ha (oHi
OesnepepBHO Jirouoi 3aBanu. [1oJ0)KeHHS, PO3BUHYTI B
yKazaHiii po0OTi, KOHKpETH30BaHI B CTAaTTsAX [7-9] mms
OIIIHIOBaHHSA  aMIUNTyId Ta  IOYaTKoBOi  (asm
CHHYCOITHOTO KOJMBAaHHA 3a HasBHOCTI aJWTHBHOTO
rayciBCBKOTO IIyMy Ta €(EKTiB 4acOoBOi IAMCKPETH3AILii
BUMIipIOBaHOTO cHrHaiy. [IpencraBieHi pe3ysbTaTH €
CHpaBeUIMBIMHU  JIMIIE JUII  BEJIWKHX  BiJHOLICHB
«curHaj1/3aBama», 1 1e oOMexye cdepy IXHBOrO
3acTocyBaHHs. [IpoTuiexHa KpalHICTh — NPUIYIIECHHS
PO MaJjie BiIHOIIEHHS «CHI'HaJ/3aBajiay — 31 CBOrO OOKY,
00MeXye 3aCTOCOBHICTh pe3yibraTiB pobortu [10]. s
3MEHIICHHS BIUIMBY TMOTYXXHHUX IMIYJIBCHHX 3aBaj
LUIMPOKO  BHKOPUCTOBYIOTH ~ KacKajHe  BMHKaHHs
IIMPOKOCMYTOBOTO (DifbTpa, aMILTITYJHOTO OOMEXyBada
Ta By3bKOCMyroBoro ¢imetpa [11]. Ame me mnpuctpiit
XKOPCTKO 3a7aHOi CTPYKTYpH, HE aJaNTOBaHUH BiZIHOCHO
mapaMeTpiB 3aBaZOBOTO IMITYIbCY. Bimommm crocobom
00pOTHOH 3 IMITYJIBCHOKO 3aBaJO0I0 € ii OJaHKyBaHHS, TIPU
IFOMY MOMEHTH TOYaTKy Ta KIHIA  IMITyJIbCY
3alpONOHOBAHO BU3HAYMTH 33 BEJIUYHMHOI MHUTTEBOT
MOTY>KHOCTI CyMH CHUTHaly Ta 3aBaau [12]. IlIBuakomis
00poONeHHsT CcHUTHAy TyT OOMekeHa MOTpeOoro
BUKOHAHHS TIONEPEIHbOr0 «HABUAHHSY» QITOPUTMY IS
BU3HAYCHHS CTATUCTUYHHUX XapaKTEPUCTUK  BXIJHUX
KonuBaHb. [lOBHY KOMNEHCalil0 BIUIMBY IMITYJIbCHOT
3aBaqyl Ha BXIJHUA CHUTHAI PO3DISHYTO B craTti [13].
[Ipore BUKOpPHCTaHUH B IIbOMY METOJi OKpPEMHH KaHall
NpuiiMaHHA 3aBajM HasgBHUHM JalleKo He 3aBXK/Iu.
BumiproBanHs mapaMeTpiB CHHYCOIIHOTO KOJMBaHHSI 3
BUKOPHCTaHHSIM OJaHKyBaHHS IMITyJbCHOI 3aBagu B
OJIHOKaHAJIBHOMY TpHUiiMadi po3risHyTe B poboTi [14].
3acTocoBaHO METOJA  OMLIHIOBaHHS  IapaMeTpiB  3a

KpuTepieM MakcuMyMmMy QYHKIII [paBIonoaioHoOCTI.
OTpuMaHi pe3ysbTaTH, BTIM, HE MOXYTb OyTH Halpsmy
NOIIMPEH] Ha BUMAJOK, KOJIM MPOTATOM YacTHHU
KOPHUCHOT'O CHT'HaITy TIOBHICTIO BIJICYTHsI Oy/ib-sIKa 3aBaja.
3 aHaJIOTIYHOT MPUYUHH OOMEKEHOK € 3aCTOCOBHICTH
0a30BaHOTO Ha TOMY X KpHUTEpii METOLy OIliHFOBaHHS
mapaMeTpiB 3a MOIAHHS 3aBaJH y BHUIILILI aMILITYIHO-
MOJYJIbOBAHOTO KOJNWBAHHA 3 LIYMOBOI aJHTHBHOIO
Momayistiiero [15]. Y3aranpHIOIOUHIA MTiIpaXyHOK BILUTHBY
OlaHKYBaHHS Ha BiZHOIIECHHS «CHTHAJ/ITyM» Ha BUXO.I
npuitMada HaBeqeHo B poOori [16]. Otpumani pe3ynpTaTtu
OXOIUTIOIOTH 1JIea]lbHUil BHIIAJIOK, B SKOMY BIJIOMiI 4ac
MOYATKY Ta MPOTSDKHICTB IMITYJIbCY 3aBa/IH.

HaBenene Bume nae mifcTraBu JIiTH BHUCHOBKY, IO Ha
CHOTOJHI ICHY€E IMUPOKE PO3MAITTS METOJIB OIIHFOBAHHS
napaMeTpiB CHHYCOIIHOTO CHTHAy, CIIOCTEPEKEHOrO Ha
(oHI K HerepepBHUX, TaK i IMIYJIbCHHUX 3aBaj. AJe He
BJAJIOCS BHUSBUTH IMyOiKamiid, B KX OyB OW ommcaHWiA
PO3BSI30K  3a7adi  CTATHCTHYHO  OOIPYHTOBAHOTO
OIIHIOBAaHHS AMIUNTYAH Ta II0YaTKOBOi (ha3W TaKOTro
CHTHAJy B yMOBaX, KOJM Ha IHTEpBall CIIOCTEPEKCHHS
Ole BUKIIOYHO OOMHOYHA IMIyJbCHA 3aBaga 3
HEBIJOMUMH 4acOM IOYaTKY, IPOTSIKHICTIO Ta €HEPri€lo.
L1i ymoBH € xapakTepHUMH ITpU GOpMyBaHHI CTPYMY, LIO
CIIOCTEpIraeThcsi MNpPU TECTyBaHHI OOMOTOK cTaTopa
ACHMHXPOHHOTO TSTOBOTO €JEKTPOJABUTYHA. PO3B’s3aHHS
miei 3amaui jgano O 3MOry MiJBHIIMTH €(QEeKTUBHICTh
JIIarHOCTUKHU TaKHUX JIBUTYHIB.

Merta Ta 3aaa4i JOCTiIKEeHHS

Mera nOCHIPKEHHST — CHHTE3 IPHCTPOIO OLIHIOBaHHS
aMIUTITyIM Ta MOYaTKOBOI (ha3u CHHYCOIAHOTO CHTHATY
BIIOMOI YacTOTH, IO CIOCTEpiraeTbcsi Ha  (oHI
OJJMHOYHOT IMITyJIbCHOI 3aBafy 3 HEBIIOMHM YaCOBHMH
napamMeTpaMy Ta eHepriero.
st oCSITHEHHS TTOCTAaBICHOT METH OYJIO PO3B’S3aHO TPH
3aaui:
1)
HaxOJUKCHHS MAaTeMaTUYHOro BHpa3y Uil (YHKUIl
MPaBIONONIOHOCTI cyMH CTPYKTYPHO
JIETEPMIHOBAHOT'O CUTHANy Ta OAMHOYHOI IMITYJIbCHOT
3aBa/iu;
2)
HaXOJKEHHS BUpAa3iB JULst MaKCHMAIIbHO
MPaBIOMOMIOHAX OIIHOK aMIUTITyJd Ta MOYaTKOBOT
CHHYCOITHOTO CUTHAJTY Bigomol 4acTOTH,
CIIOCTEPEKEHOT0 33 BKa3aHHUX BUILE YMOB;
3)
00yIoBa CTPYKTYPHOI CXEMH NPHUCTPOIO, 110 (popmye
BKa3aHI BHWIIE OIIHKKH Ha 0a3l crIocTepexeHol
pearizaliii CyMH CHHYCOIZHOTO CTPyMy Ta OZMHOYHOI
IMITyJIbCHOT 3aBajIu.

OCHOBHA YaCcTHHA

3uaxoooicenns Qynryii npaedonodibnocmi cymu cueHany
ma iMnyabCHol 3a8a0u
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Pozrnsinemo CHUTYAIlifO, KOJIK CTPYKTYpPHO-

JeTepMiHOBAHUI CUTHAT s{t. .f} CIIOCTEPIraeThCs B CyMi 3
iMmysbcHOO 3aBajoro nlt), mpoTskHicTh T, AKOi He
HEPEBHIIYE IPOTSHKHOCTI CUTHAILY:

u(®) = s(t,3) + nlo),

ne t — ygac;

A — BexTOp iH(OPMALiHIX TApaMETPiB CHrHATY;

n(t) - 3aBajja y BHIUIAAL  BiJpIi3Ky
rayCiBCHKOTO CTaIliOHAPHOTO BHMIAJKOBOTO TIPOIECY 3
MPSAMOKYTHOIO OOBITHOIO Ta CIEKTPAIbHOIO T'yCTHHOIO

IMITyJIbCHA

u N

MOTYKHOCTI, pIBHOMIPDHOIO B CMy3i 4YacTOT CHTHaIy
-5 B

0,5N, npu f € [-F,.E[;
N, {f] = P et
i 0 mpy iHOD BemmraEax [
o . oD
YacoBi CIIBBIIHOIIEHHS MK CHTHAaJOM 1 3aBajolo0

MPOLIFOCTpOBaHi puc. 1.

® 6 & 0 0 o 0|0 o o o

VMoBHI Mexi 00acri
CTIOCTEepeKSHHS
CUTHANY

® 0 0 0 0 o

o/e © o o o ol 0 o o o

T l+Tx+Tp T 2 t

YMOBHI MeXKi curHany

o3a 00JacTIO
CTMOCTEPEIKCHHS

VMmoBHI Mexi o0uacTi

/ IMITY ILCHOT 3aBajan

Puc. 1. YacoBi CIiBBIHOIICHHS MiXK CUTHAJIOM Ta IMITyJIbCHOO 3aBaJI010:

Th i T> — BIANOBIAHO TOYATOK Ta KiHEUb IHTEPBAITY
CHOCTEPEKEHHS,
T, — 3CYB MOMEHTY BHHUKHEHHS 3aBaJd BiJHOCHO

MOYaTKy IHTEPBAJy CIIOCTEPEKEHHS; T, — TPUBAIICTH
IMITyJIbCY 3aBajIH

[Tpuiimemo 10 po3TISITy JOMOMIXKHE KOJMBAHHS
v(t) = ul®) + ny () = s(£. ) + n(0) + n, (&),

ne 1, () — HemepepBHHMIl Ha iHTepBayi CHOCTEPEKEHHS
[T1, T>] nesanexuuii Bin n(t) raycischkuii cramionapuuii

Hexaii nonomixkne konusanHs v(t) mpoauckpernszoBane
3a 9acoM 3 IHTepBaJIOM
L

P

At =

O6pobui mignarae peanizalis KOTMBAHHS v(f) y BUIIAm
CYKYITHOCTi HOTO BiJUTiKiB

3
V;;=5;;{j}+“;;+“n;;=uk+“m;- ®)

ae v, = wlkAE), SF\;{I} = S{R:jf.j'}, N = nikAt),

BHUITAJKOBUN TpOIEC 13 CHEKTPadbHOK TyCTHHOW  'lok = ng(kAt).
MOTYXHOCTI Tyt K — HOMEp BimmiKy, 110 Je)uTh B iHTepBami [Ki, Ko,
ky =Int[2F, - T,] + 1; k, = Int[2F, - T,].
N, (f) = {U-5Np mpu f € [‘%-F_ﬁ]i Bitiku rayciBChKOTO BUITAIKOBOTO MPOILQGY, B3ATI 3
? (0 mpw iHNEX BemHEHHAY IHTEpBaJOM,  BH3HAUCHWM  CHiBBigHOMmCHHSIM  (5),
He3alexHi. MaTeMaTHYHe OYiKyBaHHS JIOTIOMIKHOTO
KOJINBAHHS
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E{l}'k} = 5;;{.1 }
Kopensmiiina MaTpHIls BiAJIiKiB JONOMIXKHOTO KOJHBaHHS

£l — 5 (] [ = 2]} = E i + ]
[y + g1} =

= ﬂJHFé' |5;_-m + PirD.F.é' |5;_-m,

ne &y — cumBoa Kponekepa.
3BijicK TUCTIEPCis OMOMIDKHOTO KOJUBAHHS JOPiBHIOE

o5 = NoF,

Ha IHTepBalli HOMEpIB BIIUIIKIB, Ha SIKOMY IPHCYTHI
CHTHAJI Ta IMITyJIbCHA 3aBaja, Ta

iy = (N, + Ny ),

HAa iHTepBaJI, i MPUCYTHI OOUIBI 3aBaH Nok Ta N.

3 ormmigy Ha 3a3HaueHI BHUIIE HE3aJICKHOCTI BIAJIKIB
CyMapHOi TayCiBChKOI 3aBaJi MOXHA 3aMUCATH CILUIbHY
IITBHICTB IMOBIpHOCTI peamizatii v ={vg, , vy 4 joven, Vpnt
SIK

p(ol7) =TT, p(vy 1),

ae p{uk |.1} — yMOBHa 1o A IIUIBHICTH HMOBIpHOCTI K-ro
JIMCKPETY NONOMDKHOTO KOJTUBAHHS.
BBenemo nozHaueHHs

k= Int[2E,(T) +1,0] + 1, }
ke = Int[2E,(T, + 7, + 7, )]

JUISL MEX IMITyJIbCY Ta
kep = Int[2F,7,]
JUIsL IPOTSDKHOCTI IMITYJIbCY B JIUCKpPETax yacy.

[osnauumo sk &y nianasoH HOMEPIB IUCKPETIB, B AKOMY
3HAXOJUTHCS IMIyNbcHa 3aBajaa. [losHaummo sk &

p(V|/T)=1(;[p(VkM)‘l(;[p(ka): @)

L
M, i —=-¢ X
S0 | RNy
":r:_"r:l.i:-
x [, —=———="e M0*"Fr
J2T (g +0p J P 8)

I[Ipu copsvyBanHi BenmmawmHA No 0 HyIS TIEPIINA
CHIBMHOKHUK HaOyBae Burmimy 11, N [u;_. - s;_.{.'f}],
OCKIIBKH TIpH 1boMY No=0 Ta Vk=Uy; Bupa3 &[x] o3nauae (c
OIHOMIpHY JenbTa-QyHKII0 apryMeHty X. Sk Bimomo,
ML, 60e) = 6" (x ez ey, nproMy
J;I INJM{_rL.....xN]de=1, ne 6¥(x,.....xy) € N-

BUMIPHOIO JienbTa-pyHKIiero. Tomy

(10)
Hﬁ [ — s:(2)] =
B
= grh el — s (B) g,y —
S;C| +L{‘i}" "'uk: - S;C: {‘i}]
TOOTO & -(QYHKIisI TyT Ma€ CTUIBKM BHUMIpIB, CKIIBKH (11)

BiJUTIKIB 3HAXOIOWTHCA Ha MJUIMHIN, HE MEPEeKPHUTIN
iMIyIbcoM 3aBaad. Taka & -pyHKISI He TOPIBHIOE HYIIO,
KOJM JUTsi KOXKHOI K-01 KOOpauHATH BHKOHAHA DiBHICTH
u; — 5, = 0. Ilpu ciipsamyBaHHI 70 HyJss Bifcrasi A Mix
JMCKpeTaMHu i KonusaHHs ult) mpasa wacTuHa piBHOCTI

(16) by

S[H{t] —s{t..f}], KOTpa He [ODIBHIOE HYJIO, SKIIO B

HaOyBae ¢bizuuHOTO CEeHCY

KO’KEH MOMEHT yacy t mie piBmicts ult) — s{t.j} = 0.

O0cAr mpocTopy, OXOIDICHOTO Wiel0 (YHKIII€I0, JOPiBHIOE

OJIHUILII.

Jpyruit crmiBMHOXKHUK BHUpa3zy (15) 3 BUKOpHCTaHHIM (1
TEOpPEeMH BIUTIKIB MOXHA, SIK MOKa3aHO B poboti [14],
NPEJICTABUTH B HEIIEPEPBHOMY Yaci:

Pﬂ{ulj' TI ' Tﬂ} =

niamazoH HOMEpIB  OHMCKPETiB, IO JeXaTh I[03a . L .ju |_—'!J'.—3F[ulrl_3 (1) 2
IMITyJTIECOM: = mg Ng+Np T1 47z | at
8, = (T + 1Tt + Tr.l}- } ITpu cnpsMysansi BenuuuHu No 10 Hyns oTpumaefid)s
8y = [T.T, + T, JU[T, + 7, + 7,. T2] OCTAHHBOTO BHDA3Y, 1O
BianosinHo o Bupasy (11) MoxkHa 3anucary, 1o e

Pp(VdTotp )=

P;.{HH. Ty rp} =
— 1 i _ﬁ -]'JI|_—:?.—rp[ulrl_,g['r]::l:_rjr.
(2aNpF,) FF
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Orxe, cnpsimyBanHs No 0 HyIs HEpPEBOIUTH YMOBHY
IIJIBHICTE iIMOBipHOCTI (15) peamizamii V 1OMOMiXHOTO
KOJIMBAaHHS B YMOBHY IIUIBHICTH IMOBIpHOCTI peaizauii U
peasbHO CIIOCTEPEKEHOTO KOJIMBAHHS

pluld ry) = 6[ul® - s(6. D], ., % 2ol ),

Ji¢ TEpIIUil CIiBMHOXHUK OOYHCIIOIOTH IO AUISHIIL,
BUTHHIH BiJl IMIyJIbCY 3aBaH, a APYTHHA CIIIBMHOKHHUK —
IO JINISHIN, Ha AKiH Ji€ IMITyTIhC 3aBaji.

MaxkcumyMm ¢ynakmii (19) mMae wmicme mpu ZOTpUMaHHI
YMOBH

u(t) =s(t,i).teo,.

OmHak 1 ymMOBa MAaJOKOHCTPYKTHBHa 3 TOYKH 30Dy
CHUHTE3y NPUCTPOIO OI[IHIOBaHHS, OCKLIBKUA HOIPOCTY

03Hauae, Mo Tpeba crocoboM mepeGopy mixiGpari A Ta
BEIIMYUHHU T, | Tp (AKi BU3HAYalOTh iHTEpBan 8, mpu
Binomomy 71) Tak, mo0 piBHicTh (20) Oyna BUKOHaHa.
KpiM TOro, HeineanbHICTh TPHCTPOIO  30epiraHHs
pearmizarmii 4 Ta TPUCTPOIO POPMYBAHHS CHTHATY s{t.i}
He 3a0e3medyarh Ha MPaKTUII BUKOHaHHS piBHOCTI (20).

Tomy ysBnsgeTscst OITBII KOHCTPYKTHBHHUM KPOKOM
OTpPHMaHHS HENEPEpBHOTO IO MapaMeTpax HaOIMKEHOTO

BHpasy IJIsA p{uli. Ty rr,}. besnocepenHbo MOB’A3aHUM 3

BUBOJIOM TOYHOTO BHpasy (19) BapianTom aiii BOa4aeThCs
ampoKcHMaIlis IIbOTO BHUpa3zy, oTpuMana 3 Bupasy (15)
NpU BeJbMHU MaJliii, ajie Bce K HeHyJboBii BennunHi No.
BuxopucraBmu ctocoBHo 10 (15) TeopeMy BimmikiB
aHAJIOTIYHO TOMY, SK I OyJo 3poOJEeHO TpPH BUBOII
Bupasy (17), oTpuMaemMo Il OBUTEHO MaJHX YHCIOBHX
3HaueHpb BesmanHK No (1pu iipomy No << N,), 110

1

};'r,('_r: -T-Tp)

plullz,z,) xp(vlls,,) =
' T (2nN,E,

i r e
1 —ﬁJﬁ.P[u'rl—sfrIJ_ de

[:.—::-.rr,:-'r,}F P°F
Beenemo ¢yHK1i0

1, t @y

#trem) =% g
Np

[Ticns HeCKTagHUX MTEPETBOPEHH OTPUMAEMO, IO

p(u|ﬂ,,fx,rp) ~
o ra e A)

L _N“ T tagmp)

i — FoTa-Ty, (Ng PP
[:_.TN“rpj F J'l-ﬁ_.l

1

—g Mo

Ipu Bigomux 71 i 7> 1 HEBIIOMUX TOYATKy Ta
MPOTSHKHOCTI 3aBa/I0BOTO IMITYJIBCY OLIHKOIO CYKYIHOCTI

iHpOpMaliHHUX apaMeTpiB A CUTHATY Ta MapaMeTpiB T,

i T, 3aBagy OyJe BEKTOp

4 19
: _ 19
T, | = nrgmnxp{ulﬂ.rx.rp}.

T, Lrgrg

Oyinioganns  napamempie  mecmogozo
nooyooea cmpyKmypHoi cxemu npucmpoio

cmpymy ma

CTOCOBHO OOMOTKHM JBHTYHA CHT'HAJIOM 3 OLIHIOBAaHIMH
mapaMeTpaMH € CTPYM B Hill. 3a CHHYCOiTHOTO CTpyMy Iie

s(t,X) =1, sinlwt + @),
Jle KyTOBa 4acToTa & BigoMma, a I, Ta ¢, — Npu3HAYEHi

AJIsL OI_IiHIOBaHHﬂ BCIIMYUHU aMHJ’IiTyZ[I/I Ta MOYaTKOBOI
¢a3u. 3a miei 00cTaBUHU

p(i|/f,rx,rp)z

p(ali e 7,) =
1
FoTaTy (Mg PR
(2rig ) PY2 "I_ﬁ}
X ext [ LJ-"-": [|"r'—:,m..3|'n'u.-r+¢.1_,.'I: n’t}
P Ny T o) '

ne i(t) — cyma curnamy Ta 3aBaj, sika 0e3mOCEpEHBO
CIIOCTEPIraeThCs.
3Bigcu OWHKK ¢, Ta [, 3aJ0BOJNBHAIOTH YMOBU

. . dplil-) dplil.] .

BIJIIOBIJTHO =0Ta = 0, 3B1OKH
£ ™y

J},n[u [ tl_sl_rt III_I.-TJ?I:E in'l'.'ﬁ::dl.‘

L g x-cnl

Pz = ﬂ?"ﬁ'fﬂ rTaLt)-xim n:Ldra

Ty o txy, )

= 2 Tailel-zinlwt+q,)
e = . = A, 21

TE L Ty-Ty-1, J:-rl &1 11p) (21)

[MincranoBka BHUpasiB (27) i (28) B (26) meperBopro€E

ocranHiil (npu QikcoBaHiii No) B QyHKIIIO BETHYUH Ty,

T, 1 N,. 3BepHEMO yBary Ha Te, IIO BEIHYHMHA z[2026y
L .

*(tagey) "PH N, >> Ng B oOumMciroBaIbHOMY CEHCI
T2 Tp)

NPHU3BOJUTE 10 BHKIIOYEHHs olmacti @ 3 nianasoHy

iHTerpyBaHHs (Tob6To 10 OnmaHKyBaHHS  BXiJHOTO
KOJINBAaHHS) HE3aJEKHO BiJ BeTHIMHH N,, OCKUIBKH B i

obacri - (. A B 3HaMEHHUKY MHOXHHKA TI€peN

1
11y
AN
CKCTIOHEHTOI0 BeuinHa | —= npu BK&LE;SIéI)C)My BUIIIE
4N

noBinbHOMY BHOOpI No << N, BIuUIMBae Ha BeIWYHHY
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MakCUMyMy (QYHKIIT p{ul.?l. Ty rﬂ}, aje He Ha MHoro
MOJIOKEHHA MO KOOPAMHATAX ¢, Ta l,,.. TOMy BeIMunHa
], . .
npo0y xr_F MOJKe OyTH JOBLIBHOMO, ajie HabaraTo OLTBIIO0

Rl
oauauIli. OTxe, micas miacTanoBku (27) Ta (28) B (26)
3aJIMIIAETHCS TUTBKH 3HAWTH TOUYKY I[r‘,_,. r‘ﬂ} MaKCUMYMY

¢yHKIii p{u|rx. rﬂ} M0 KOOPAMHATAX T, 1 T, OyAb-SIKHM 3

BIZIOMHMX METO/IB NOIIYKY ekcTpeMyMy. Ilicis mporo ciifn
MICTABUTH OTPUMaHI OLIHKU T, 1 T, 10 BHpasiB (27) i
(28) Ta OOUMCIWTH OLIHKA aMIDNTYyAW Ta ITOYaTKOBOI
¢a3um TectoBoro crpymMy obmoTkm. CTpyKTypHa cxema
NPUCTPOIO, SKMH  pealidye OTpUMaHy IpOLERypy
OIIiHIOBAaHHS, HaBe/ICHA Ha puUC. 2.

i(t
vi0)
i ) T. NAM'ATH i(,) ®OPMIIPYBAY
l([ 3 ! | OPMIIPYB:
J‘\—Tl 1(1),f€(7‘|,T2) (/)s(z-x’rp) A
P
A A A A vy = —_—
> U
oz &
T SN
CH o
™ L ) g
Tys Z'p &~ n Tys T/) E(,\:
NAM'SITD AL > &
KOHCTAHT N,,N, o, F M,,N ,o,F :
0>%%p p vy Yy vV ” 1
a 9
®OPMIPYBAY Lo
L A >
i(f) ]ms(z-x’z-p)
T.\" Tp A
BJIOK KEPYBAHHS OBUHCJIEHHAMM p(l Py s> T TP)

A

BIANNOBIAHO 10 METOY -
MAKCHMI3ALIT

A

¢S 3 IH‘IS

Puc. 2 CtpykTypa CHHTE30BaHOTO PUCTPOIO Ta QYHKIIOHAIBHE MPU3HAYEHHS HOro GJIOKIB IOMYCKAIOTh SIK allapaTHY,
TaK 1 MporpamMHy peatizamiro

OOropopeHHsi  pe3yJbTaTiB  CHHTe3y HNPHUCTPOIO
OL[iHIOBAHHSI NAPaMeTPiB TeCTOBOI0 CUTHAJY

Y poboTi po3rISIHYTO pO3B’SA3yBaHHSA 3ajad, sKi B
LIMPOKOMY CEHCI BITHOCSTBCS JJO 3arajibHOi MpoOjeMu
OLIIHIOBAHHS MapaMeTpiB CTPYKTYpHO AETEPMIHOBAHOTO
curHany Ha ¢oui 3aBam. JlocmimkeHo a0Ci MO30yTHIA
yBaru BHIIQJIOK, KOJM BiJICYTHsI HEllepepBHA 3aBaja, sika
nie MPOTATOM YCBOTO 4acOBOTO iHTEepBaITYy
CHOCTEPEKEHHs, aje MPHUCYTHS aJWTHBHA IMITyJIbCHA
3aBaja 3 HEBIOMHMHM MOMEHTOM IIOYaTKy Ta
nporsbkHicTIo.  Taka — cHTyaliss — XapakTepHa Ui
MIPaKTHYHHUX BHUMIipIOBaHb IIapaMETPiB TECTOBOTO CTPYMY,
aIUTHBHO JIOJAHOTO JI0O OCHOBHOT'O CTpPyMy OOMOTKH
SNIEKTPOABUIYHA. Bpanocs MaTeMaTH4HO KOPEKTHHUM
crocoboM ypaxyBaTH BiJICYTHICTb HENEpepBHOI 3aBajiHl i
KOHCTPYKTUBHMM (3 TOYKH 30pY CHHTE3y IIPHCTPOIO)
cocoOOM  iHTepIpeTyBaTH  OTPUMaHy  (PYHKIIIO
MIPaBIOIMIONIOHOCTI cIocTepekeHoi peamizamii  cymimi
CHTHAIly Ta IMIyJbcHOI 3aBagu. lle 3abe3meunTh
OTPUMAaHHS OiNbII HAOMIKEHHX 0 PEaTbHOCTI OIIHOK
rapaMeTpiB TECTOBOTO CHUTHAIIy Ta IOB’SI3aHUX 3 HUMH
BEJIMYMH EJIEKTPUYHUX NapaMeTpiB 0OMOTKH, a BiJTaK —

MiABUIIUTE TOYHICTH JIarHOCTYBAaHHS TEXHIYHOTO CTaHY
JIBUTYHA.

[Iponenypy OIiHIOBaHHS MapaMeTPiB TECTOBOTO CHTHAIY
c(hOpMOBAaHO y BHIJISMAL, SKHH A€ 3MOTY 3aCTOCYBaTH
HIMPOKE KOJIO AOCTYIHHUX METOMIB PO3PaXyHKY KiHLEBHX
BEINYHNH OLIIHOK npu Makcumizaii bysKii
NpaBIONoNiOHOCTI 3a JaCOBUMH napamMmeTpamu
IMITyJIbCHOT 3aBamu. JIOCHIKEHHS MUIAXIB PO3B’SI3aHHS
OCTaHHBOI 3aJaui BOAYAETHCS HAMPSIMOM IMOMAJBIIHUX
poOiT.

BucHoBku
1.
a 0a3l CTAaTHCTUYHOTO ONHCAaHHS CYMH
CTPYKTYPHO JIETEPMIHOBAaHOTO CHUTHAIy Ta
IMITyJIBCHOT 3aBajiy, MTO€HAHOTO 3

PO3BHHEHHSIM CIIOCTEPEXKEHOIO KOJMBAHHS B
6a3uci OpTOroHaJbHUX (YHKIIH OTPUMaHO
GyHKIIIO  IpaBAONOAIOHOCTI  BKa3aHOTO
KOJIMBAHHSL.
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2.

Jsl BUIIQJIKYy, KOJIM CHIHAI € CHHYCOIJHUM
CTPYMOM 3  BIZIOMOIO  YacTOTOIO,  aje
HEBIIOMUMH aMIUITYI0I0 Ta MOYaTKOBOIO
(a3o0 OTpUMaHO MaTeMaTH4Hi BUpa3d Ul
OIIIHOK JBOX OCTaHHIX TMapaMeTpiB 3a
pe3yinbTaTaMH  CIOCTEPEKCHHS — BKa3aHOTO
cTpyMy Ha (OHI OAWHOYHOI IMITYyJIBCHOT
3aBaJI.

a 0Oa3i (YHKUIIOHAJIHHHUX CIIBBITHOIIECHB i
(YHKIIOHAJIBHUX 3B’SI3KiB, IO BUIUIMBAIOTH 3
mn. 1 1 2, moOyJnoBaHO CTPYKTYpPHY CXeMy
NPUCTPOIO  OLHIOBAHHS  aMIUITYAM  Ta
NoYaTKoBOi (ha3u curHaiy.
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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: electric motor, stator winding, test signal,
impulse interference, spectral density, likelihood function.
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YK 656.2 DOI: 10.18664/ikszt.v29i3.313607

TAPACOB K. O., acniipant
(YxpaiHcbkuil ep:kaBHUN YHIBEPCUTET 3aJII3HUYHOTO TPAHCIIOPTY)

YI0CcKOHAJIECHH YMHHOI CHCTEMH OIIEPATHBHOIO YNPABJIHHA IIBHAKICHUMM
3aJIIBHUYHUMH NACAKUPCHKUMHU NepeBe3eHHAMM

Y cmammi pozenamymo numanua nioguujenHs eghekmusHocmi WEUOKICHUX NACANCUPCLKUX 3ANIZHUYHUX Nepese3eHb
WITIAIXOM BRPOBAOINCEHHS ABMOMAMUOBAHOI MEXHON02i] HA0AHHA ANbMEPHAMUBHUX MAPUPYIMIE 8 YMOBAX PYUHYGAHHSA
3ani3HUYHOT  IHOpacmpykmypu 6HACKIOOK NPUPOOHUX KAMAKII3MIB, MEXHO2eHHUX agapiti abo B0€HHUX Oill.
3anpononosana asmomamuzoeana cucmema 0de 3MOZy ONMUMIZY8AMU NPOYeC YX6AneHHA piuieHb  Wooo
AnbMEPHAMUSHUX MAPWPYMI6, 3MEHUYIOUU DUSUK TH0OCbKOI NOMUNKU, [ CKOPOMUMU HAC 3aMPUMKU UEUOKICHUX
nacaxcupcokux noizois. Cmamms makodic ananizye iHmezpayiro yiei cucmemu 3 YUHHUMU CIPYKMYPAMU YIPAGTIHHSA
ma asmomMamu308aHuUMu pooouumu micysimu noiznux oucnemuepie (APM J[HI]) i it eniue na niosuwjenus 3a2aivHol
epexmusnocmi pobomu 3aNI3HUUHOL0 MPAHCHOPMY 8 HAO3BUUAIHUX CUMYAYIAX.

Kniouosi cnosa: weuokicHuil pyx, nacadcupcoki nepeeseHHs, aNbMEePHAMUSHUL Mapuipym,
NIOMPUMKU YXBAEHHs piuienb, IHPOPMAYIIHI MeXHON02iT.

cucmema

Beryn IIpoTe BiH Bpa3nMBHH [0 PI3HUX HETATHBHUX

BIUIMBIB, TakUX SIK HPUPOJHI KaTaKII3MH, TEXHOTCHHI

VYrpaBniHHS € KIIIOYOBHM acCleKTOM Oprasizamii
OyZIp-SIKOTO TpOLECY, CHPSMOBAHOTO Ha JOCSTHEHHS
KOHKpeTHHX Iisei. [le BKkiItodae BIUTUB Ha pi3HI QakTopH,
sKI ~ BH3HA4YalOTh CTaH o0'ekta abo  mporecy,
3a0e3neuyroun IXHi SKICHI 1 KiTbKicHI 3MiHU. OfHi€0 3
BRXJMBUX CKIAJOBUX YIPAaBIIHHA € OIEpaTHBHE
YIpaBIIiHHS, OPI€EHTOBaHE Ha KOPOTKOCTPOKOBI 3aBIaHHS
1 HeraiiHe pearyBaHHsI Ha 3MiHHU a0o npodiemu. B ymoBax
KPUTHUYHHUX CHUTYallil, TAKUX SIK PyHHYBaHHS 3aJi3HUYHOT
IHQPaCTPYKTypH, OICpaTHBHE YIPABIiHHA Bimirpae
BUpINIAJIBbHY pOJb, NAIOYM 3MOTY UIBHAKO aJanTyBaTh
CHUCTEMY JI0 HOBHX YMOB 1 3a0e3meuutu Oe3mepeliiiHumii
TIPOLIEC 3aTI3HNYHUX TIEPEBE3CHb.

3anpoBa/pKEHHS] aBTOMATHU30BAHUX TEXHOJIOTIH,
SKI  CHOpPUSIIOTH  ONTHMI3allii yNpaBiIiHHS B  TakKuX
BHIQJIKAX, 3HAYHO IMABHUINYE eQEKTHBHICTE pPOOOTH
3aJTI3HUYHOTO TPAHCHOPTY, 3MEHIIYIOYH Yac MPOCTOIO
o13/1iB 1 MiHIMI3YIOYH JIOACHKI TOMIIIKHA. OTXe, CydacHi
MiAXOMU O YIPaBIiHHS € HEBIJEMHOK CKJIaJIOBOIO
ycIimHoro (yHKIIOHYBaHHS Oprasizaiii, ocoOimBo B
YMOBaX HaJ3BUYANHHUX CUTYAaIliH.

IocTanoBka mpodJjemu

3ani3HUYHUI TPAaHCTIOPT BiAIrpae KPUTHYIHY POIH
B CGKOHOMIYHOMY pO3BUTKY KpaiHW, 3a0e3rnedyroun
IepeBe3eHHs BaHTaXIB 1 MAaCaXHPIB.

© TAPACOBK. O. 2024

aBapii, TpaHCIIOPTHI NOAIT a00 TPOBENCHHS OOHOBUX Miid,
IO € JOCHUTh aKTyaJbHUM y Haml 4ac. PyliHyBaHHS Oynab-
SIKOTO CJIEMCHTA 3aJII3HUYHOI I1HPPACTPYKTYpU MOXKE
MPHU3BECTH JIO0 CEPHO3HMX COLIATbHUX, €KOHOMIYHHX 1
TEXHIYHUX  HACHIJKIB, MO NOTpedye  HeraiHoro
pearyBaHHS Ta YXBaJeHHS e(QEKTHBHHMX pillleHb II0J0
OIIEPaTHBHOTO BIZIHOBJICHHS Ta 3abe3neueHHs
NbTEPHATHBHUX MApHIPyTiB B 00Xing 3pyHHOBaHOL
IUIBHUIN Ui BCiX KaTeropiii moi3miB. Ilpu mpomy yac
NpsSIMyBaHHSI I0i3/la TaKMM MapUIPyTOM 1 BHTpaTH Ha
Horo opraHizaIlito MaroTb OyTH MiHIMaJIbHUMH.

3a TakuX yMOB iCHy€ HEOOXiTHICTH PO3pOOIICHHS
e(peKTUBHUX METOMIB 1 TEXHOJIOTiil ONepaTHBHOTO
YIPaBIiHHSA 3aJ1I3HUIYHAM TPAHCIOPTOM, SIKi Jaf0Th 3MOTY
MBHAKO  aJanTyBaTHCd IO YMOB  pyHHYBaHHS,
3a0e3neunT MiHIMalbHI 3aTPUMKH B pyci MOI3AiB 1
3HU3UTH €KOHOMIYHI BTPaTH.

OTxe, TIOCTAE 3aBIaHHs CTBOPEHHS
aBTOMAaTH30BaHOI CHCTEMH, sIKa 3a0€3Me4nTh ONTUMAJIbHE
YOPaBITiHHSA 3aJIi3HUYHOIO iHPPACTPYKTypOI0 B YyMOBax
HaJ[3BUYANHMX CHUTYaIlill 3 ypaxyBaHHIM yCIX MOMIIUBHX
PHU3MKIB i BapiaHTiB PO3BUTKY HOAid. BaximBo Takox
3a0€3MeunTH IHTerpamiro Ii€i CHCTEMH 3 YHHHOIO
CTPYKTYPOIO YIpaBIiHHS pyxom moi31iB Ta
ABTOMATH30BAaHUMH  pPOOOYMMH  MICISIMH  33/iSTHOTO
MepcoHajy, 10 JacTh 3MOTY JOCSITTH  BHCOKOT
e(eKTHBHOCTI B pearyBaHHi Ha Ha3BUYalHI CUTYaIlii.
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AHaJIi3 0CTaHHIX J0CTiTKeHDb i myOJikamii

VYIOCKOHaNEHHIO  IUBUIKICHHX  3aJII3HUYHHUX
NacakUpChKUX IepeBe3eHb, 30KpeMa B HaA3BHYaWHHUX
YMOBax, TIPUCBSYEHO Oarato poOiT BITYM3HAHUX 1
3aKOpIOHHUX ydeHHX. Tak, y HaykoBiii mpami [1] Oyma
PO3TIISTHYTa CXeMa OINEPaTHBHOI B3a€MOJIl B TOJOBHOMY
Ta PEriOHANBHUX IEHTPaxX YIPaBIiHHSA NEPEBE3CHHIMH 3
omeparopaMi MepeBe3eHb Ha 3aN3HHIX YKpaiHH Ta
HaBeJICHA CXeMa OpIEHTOBaHOro iHgopmariitHoro rpada
JMCIETYEPCHKOTO IIEHTpa YIPaBIiHHS 3ali3HULE0. Y
HayKOBilf cTarTi [2] mpoaHamizoBaHo BrpoBamkyBany AC
«HanzBryaiina cutyalis» i 3alpONOHOBAHO CTPYKTYpY il
B3aemonii 3 ACK BII Y3 € nmnst oprasizaiiii nepeBi3HOro
IpoLeCcy B pa3i BUHUKHEHHS HECTaHOAPTHUX CHUTyaliil y
BHTJISAI CHCTEMH TiATPUMKH NpuHHATTA pimens (CIIIIP).
ABTOpamMu HaykoBOi poOotu [3] 3amns MiJBUIIEHHS
HaAIMHOCTI  (DYHKI[IOHYBaHHS CHUCTEMH IIBHIKICHUX
3aTI3HNYHUX ITACAKHUPCHKUX TIIEPEBE3€Hh B yMOBax
BOEHHOTO CTaHy B YKpaiHi 3allpOIIOHOBAHO MPOUENYPY
HaJlaHHS ~ ajJbTEPHATUBHOTO MapUIPYTy IIBUIKICHUM
oi3aM Ha HaIpsIMKY IIepEBE3EHb.

He € BuximodeHHAM 1 pOOOTH 3aKOPIOHHHX
BUCHHX, HAMNpHKIan, y poboti [4] Oyno po3pobiieHO
NPOTpaMHy ~ CTPYKTYpY, IO MOENHYE  AITOPUTMHU
MOHITOPUHTY CTaHy 3aJTi3HWYHOT'O PYXYy, HIPOTHO3YBaHHS,
BUSIBJICHHS TA BUPILIEHHsS KOHQUIIKTIB HAa MapIpyTax Mix
yac He3alUIaHOBAaHHUX MOPYIICHb POOOTH 3ai3HHYHOIO
TPaHCIOPTY, a B po0oTi [5] aBTOpamu 3alpoONOHOBAHO
METOAMYHY MpOLEAYpY HaJaHHS  aJbTEPHATHBHHX
MapuIpyTiB TpU IPOBEJICHHI IUIAHOBUX PEMOHTIB i3
3aKpUTTAM  3aN3HUYHOI  MUIBHUII  JUIL  9YECHKOTO
orepaTopa 3aJli3HHIb.

Orxe, gk ©6ayuMo 3 HaBEACHOTO aHAII3Y,
yIOCKOHAJIEHHIO HIBUJIKICHUX 3aJI3HUYHUX
MacaXHPChKUX IepeBe3eHb, a TaKOX PpO3POOJICHHIO
ABTOMATH30BaHUX TEXHOJOTIH, SKI JalTh  3MOry
OTEpaTHBHO pearyBaTH Ha HaJ3BHYaiHI cHTyamii, 3
METOIO ITiIBUIIEHHS HAIIHHOCTI Ta €pEKTHBHOCTI poOOTH
3aJTI3HMYHOTO  TPAHCIOPTY,  HPHUCBSYEHO  OaraTto
JIOCITII)KEHb, 1 TeMa JOCIIKCHHS € aKTyaIbHOIO.

Meta gociaixKeHHs

VY iockoHaNEHHS YWHHOI CHCTEMH OIEepaTHBHOTO
YIIpaBJIiHHS TSt MIBUAKICHUX 3ITI3HAYHUX
NacaXMpChKMX  TepeBe3eHb y  pa3i  pyHHyBaHHS
3aJI3HUYHOI 1HPpacTpyKTypH

BukisiageHHs1 0CHOBHOI0 MaTepiay A0CaiIKeHHS

SKmo TpoxW 3aHypHUTHCS B TEPMIHOJIOTIIO, TO
camMe CJOBO YIpaBIiHHA CJiJl PO3YyMITH SIK BIUIUB
LTeCIpAMOBaHUX i Ha 00’ekT abo mporec, M0

NPU3BOJUTH JI0 SIKICHOT 1 KiNBKICHOT 3MiHM (pakTopiB, sIKi
BU3HAYalOTh CTaH o0'ekTa abo mpolecy, B pe3yJsbTaTi
4Oro MOYKHA IOCSATTH KOHKPETHOI MeTH. JI0 OCHOBHHX
GYHKIOIH yOpaBIiHHA MOXKHA BiTHECTH IUIAHYBAaHHSA,
oOyik, omnepaTMBHE YNpaBIiHHA Ta KOHTPOJIb 32
BU3HAUYCHUMH TmporiecamMu [6]. 3a3Buuail ynpaBiiHHS
CHPsIMOBAaHE Ha JOBTOCTPOKOBE IIAHYBAHHS, BU3HAYCHHS
CTpaTeriyHuX wLijed 1 3araJbHUX HANpsAMIB PO3BUTKY
opraHizanii abo mporecy, BOHO OXOIUIKOE BCi PiBHI 1
ACTeKTH JISUTBHOCTI — Bifl CTPATETIYHOTO IUIAHYBAaHHS 1O
3a0e3MeUCHHS PECypCaMH.

VY BuIajaKax, KOJM HEOOXiMHO CPOKyCyBaTHCS Ha

KOHKPETHUX  OIEPaTHBHUX  3aBJaHHAX, YacTo Ha
HIDKYOMY  pIiBHI  yTpaBliHHSA, OpPI€HTOBAaHOMY Ha
KOPOTKOCTPOKOBI ~ Iepiojy, MOTPiOHO  oOpraHizyBaTu

HeraifHe pearyBaHHS Ha 3MiHM a0o mpoOiiemMH, IO
BUHMKIIM, TOJi 3aCTOCOBYIOTh OIIEPAaTHBHE YIPABIIHHS
(OVY).

OneparuBre ynpasiinas (OY) sBisie co0ow0 oaHy
3 OCHOBHHX (YHKIIH YIpaBIiHHA BUPOOHHUITBOM, IO
MOJATaE B IHTEPBAILHOMY pO3POOJIECHHI ONEPaTHBHHUX
TUIAHIB 1 MOCTIHHIIM opraHi3alii KOHTPOJIIO 1 peryItoBaHHs
ix BukoHaHHA. OcHoBHOIO ckimagosoro OV €
JUCTIETYCPChKE KEPIBHHUILTBO, CHCTEMATHYHHH OOMIK i
KOHTpPOJIb 32 XOJOM BHKOHAHHS OIEPAaTHBHHX IUIAHIB 1
peryoBaHHs X0y BUPOOHHUITBA [6].

Sk yxe Oyno 3a3HaueHO, AaJIbTCPHATUBHUI
MapHIpyT — 1€ PE3epPBHUH NUISAX, SIKUH BUKOPHCTOBYIOTh
JUIsl TIPOJIOBXKEHHSI TIOT3710K B 00X1]1 3pyHHOBAaHHX JIJITHOK
yn crtaHnii. @opMyBaHHS albTEPHATHBHUX MapIIPYTiB
JUI  IIBHAKICHUX TMACAXHUPCBKHX O3By pasi
pYHHYBaHHS 3aJIi3HUYHOT IHPPACTPYKTYpU € OJHUM i3
HaWsCKpaBilIMX MPHUKIAAiB, KOJM HEOOXiJHE came
OTIepaTUBHE YIPaBIiHHSA. Y [OMY BHUIAAKY HAWOLIBIIHN
PiBEHB BIAMIOBINATBHOCTI 3a OpraHi3aliio pyxy MOI3IiB Ha
cebe OepyTh aucnerdepchkuii amapar ¢imii «Y3IIK» i
BUpoOHMYI minpo3aimu «Ciryx0u podotu cranmii» (M) i
«UenTp ynpasmiaas pyxoM moizaiB» (LIYP) y mexax tux
perioHanbHUX QUIiH, ne BinOysocs pyldHyBaHHS abo siKi

Oynyth 3amisHi npu (GOpPMYyBaHHI albTEPHATHBHOTO
MapupyTy.
3arajoM  Mepeka  YKpaiHCBKHMX  3aJi3HHUIb

CKJIaJJa€ThCS 3 MIECTH PErioHANBHUX (inii, MOgUIeHNX Ha
perioHH, a KOXKEH perioH — Ha OKpeMi JHUCHeTYepChKi
nuteHuNi. Hampuknan, perionampHa ¢inis «[liBaeHHO-
3axigHa 3al3HMIM», sSKa Ma€ OJUH 13 HAWBHUIIUX
MOKa3HUKIB IHTEHCHBHOCTI pyXy IOI3/iB Ha TepUTOPIi
VYkpainu, monuisieTbcsi Ha IsATh perioHiB (KuiBCBKWMIA,
Kozstuaceknit, Xmepuaceknii (puc. 1), Kopocrencpkuit
i Konoroncekuii i 23 nucneT4epchKi MiMbHHMIII.
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Puc. 1. Cxema JKmepuHCBHKOTO perioHy perioHanbHii ¢inii «[liBneHno-3axigHa 3a1i3HAL

KoskeH 13 migpo3aisliB Mae CBOIO METY i 3aBJIaHHSI.
Tak, metoto IIYP € 3amoBoieHHs moTped mepeBe3eHHS
MacaKUpiB, BaHTaXiB, 30KpeMa HeOE3MEUHUX BaHTaXIB,
Oaraxxy, BaHTaXo0araxxy 1 TOMTH 3alli3HHYHUM
TPAaHCIIOPTOM Yy BHYTPIIIHBOMY Ta MDKHapOIHOMY
cnomyuyeHHsix. lLliei Merm pgocsraloTh 3a  paxyHOK
BHpINICHHS TAaKWX 3aBlaHb, SIK OPTaHi3allis yIpaBIiHHS
NPOLIECOM  TEPEeBEe3eHb,  PETYJIOBaHHS  HANpPSIMKY
BaroHONOTOKIB 1  3a0e3meueHHs  Oe3nepeOiitHOCTI
TIEPEBI3HOTO TIPOIIECY, BUPILICHHS MUTAHb €(EKTHBHOTO
BUKOPDHCTaHHS ~ PYXOMOTrO  CKJIagy Ha  perioHax
3aJI3HHYHUX [EepeBe3eHb, VYIPABIIHHSA Ta KOHTPOIb
po3pobieHHs rpadika pyxy HOi3IiB, MOPSIIKY HATPSIMKiB
BaroHOIIOTOKIB 1 (opMyBaHHS iX y TOI3OM 3TiHO 3
m1aHoM (hOpMyBaHHS TI0i3/1iB 3TI3HUYHUMH CTAHITISIMH.

Ha mepexi ykpaiHCBKHMX 3alli3HHIb ICHYE II'STh
IIYP, posramoBannx y Kuesi, Xapkosi, JIbBoBi, IHinpi
ta  Opeci, 13 SAKHX  TATOPSAKOBAHUN
Oe3nocepelHbO «JlemapTaMeHTy ympaBIiHHS PYyXOM» VY
Mmicti KueBi. AnHanoriyno «/lemaprameHTy ympaBiiHHS
pyxom»  migmopsakoBaHud 1 amcmerdep  Y3IIK.
OCHOBHMUM  TpaiiBHUKOM y Mexax LIVP, sxwid
OJTHOOCIOHO Kepye pyXOM IOi3/iB Ha 3aJaHii AiTbHUILI, €
moizamid  gucmeruep (JHII), mo 00O0B’s3KiB  sIKOTO
HAJICKHUTB!

- aKTHUBHE BUKOPHUCTaHHS TEXHIYHUX 3acO0iB s
3a0e3neueHHss HeOoOXimHMX O0CATIB pyXy, 3MEHIICHHS

KOXCH
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gacy oOOpoOKM TO3MiB HA CTaHIIAX, a TaKOXK
e(eKTHBHOrO  BHUKOPHCTaHHS  BAaroHHOrO  MAapky,

JIOKOMOTHBIB 1 3a0€311eueHHs IPOITYCKHOT CIIPOMOXKHOCTI;

- KOHTPOJIFOBAHHS [ISUTBHOCTI CTAHINH 1 BXKHBaHHS
3aXO0[iB JUIS BHUKOHAHHSA 3aBIaHb i3 (OpMYyBaHHS Ta
BIANpAaBJICHHs I03/1iB 3a rpadikoM pyxy 1 IUIaHOM
(opMyBaHHSI MOT3/1iB;

- CBO€YaCHE HaJJaHHS BKa3iBOK MIOAO PyXy MOi3IiB
YEeproBUM [0 CTaHIiSX, a B pa3l moTpedu — MaIIUHICTaM
JIOKOMOTHBIB 1 CKJIaJiadaM TOi3/iB;

- CIIOCTEePEKEHHS 3a MpoLecaMH IMpUHMaHHS Ta
BIANpAaBJICHHS TMOI3JIB HAa CTaHISX, OCOOJNMBO Yy
BuUIajKax 300iB y pobori cucrem CLIb i 3B's3Ky, mijg uac
OOTOHIB 1 CXpEIIeHb MOBIHX, BEIHKOBATOBUX IOi3/iB,
Mo13/1iB 13 HEOE3MEYHUMH YN HerabapUTHIMHU BaHTAXKAMH,
a TaKoX BXKHMBAaHHSA 3aXOAiB JUIA YyOe3NMe4eHHS |1
CBO€YACHOTO PYXY MHOI3MIB.

«Ciy)x06a poOOTH  CTaHI»
3a0e3meuyye  CBOE€YacHe Ta  SIKiCHE
MacaKUpiB, BaHTAXiB, Oaraxxy Ta IOIITH, TapaHTYIOUU
Oesrmexky pyxy Tmoi3miB 1 30epekeHHS BaHTaxy;
OpraHi3oBye pyX MOi3AiB 3a rpadikoM, aHaii3ye PUHOK
TPAaHCIIOPTHUX TMOCIYT, pO3po0OJsie Ta MOTO/KYE 3
BIINIOBITHMUMH  CIy’)X0aMH  JOBrOCTPOKOBI  IIJIaHU
PO3BUTKY TPAHCIIOPTHOTO 00CITyTOBYBaHHS,
iHQpacCTpyKTypH Ta pPyXOMOTO CKJIamy; 3abe3rnedye
PO3BUTOK 1 3MIIHEHHS MaTepiaJbHO-TEXHIYHOI 0asu
MEBHOTO PETIOHY, 3aXUCT HABKOJMUIIHBOTO CEPEOBHIIA,

y CBOIO 4epry
MepeBe3CHHS
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TOTOBHICTh TEXHIYHUX MiAPO3AUIIB JO HaI3BUYAMHUX
CUTyalill, a TaKOXX Kepye JIKBIJali€ro IXHIX HACHiJKiB;
BH3HAYa€e OOCATH TMEpeBe3eHb BAHTAXIB IS ITiIPO3ILTiB
PETiOHY BIATIOBITHO MO 3aTBEPIKCHUX IUIAHIB, JOBOIUTH
iM HOPMH 3a0C3ICUCHHS PYXOMHUM CKJIaJIOM, KOHTPOJIIOE
BHUKOHAHHS IUIaHIB TIEPCBE3CHD IMACAXKHPIB 1 BAHTAXIB, a
TakoX 3a0e3nedye BIPOBADKEHHS €JUHOI HAayKOBO-
TEXHIYHOI Ta IHBECTUIIWHOI IMOJITHKUA IJIS I ABUILECHHS
TEXHIYHOTO  pIiBHA  BUPOOHHUITBA,  yIOCKOHAJICHHS
TEXHOJIOTIYHAX TIPOIECiB 1 3aCTOCYBaHHSA CBITOBOTO
nocBiny. OpranizamiiiHa  CTpyKTypa  BHPOOHHYOTO
nigpo3ainy «Ciyx6a poOOTH CTaHLii» MoJjaHa Ha pHC. 2.

VY pa3i BUHUKHEHHS HECTaHAAPTHHUX CHTYyaIlii
caMme perioHanpHUH Bignin podoru cranuiin (APC),
B3a€EMOJIIIOYM 3 IHIIMMH CTPYKTypamu, 3a0esmedye
OTIepaTUBHE YIPABIIHHA TEXHIYHUMH 3aC00aMU PETioHY
(moxexHi abo BimOyAOBHI TOI3aH, aBTOMOOLTBHHUI
TPaHCIIOPT TOWIO) 1 MIATOTOBKY 3aXMCHHX CIHOPYA 1
cremiaJbHUX O00'€KTiB 10 pPOOOTH B EKCTpEeMalbHUX
yMOBax.

Havansaak
caryx6u 1

v

h 2

¥

¥

v

v

¥

SacTyTHIE RaTaTEHERA
cmy6n 3 perioRaTsROl

3acTyTErE RRvATERHEA
cmy#bE 3 perioRaTRoi

3acTymEmE HavaTEREEA
cmyRbE 3 perioRaTRol

cyaBH s omeparHERoT

HawaTs A
coyn s BamTaNTHOT

3acTyTErE ERvATERREA
cmy6H 3 TexmiTEI

TInanoE0-eXOROMITHIH

siggiz JIE

xoopamanii J3P-1 xoopmmanii J3P-2 xoopmHmani J3P-3 podors T30 pofora 130 mass 13T
S R 1 — S
PerioHatsHmi BIATLN PerioHamsmmi BIATLT PerioHaTsEmd BIATLT Bigzin 3 opramizamii AxI0ED- Texniurmit 5igait Tposimi-irxerepn
H»  oprauizami poSora M  opramizani poSora ™  opranizamii poSors Ly BaHTLEHHX TpeTeH3ifiHm BT
crammii JPC-1 cTammi JPC-2 crammi JPC-3 nmepeeezess MO AMIO
\
Bigain aomitopumry Biaain ananitems Biazin Sesnerw pyxy
Il masrasms iz poboTa
Ta pospaxysmis IMM JIMVA
IlymxTa ECHIERTPAnil Bigain rexmiTaoro
lp|  cEpobim mepesismm p— <«
AoRyemin
M Cremin (] crmn | |) Crmis | ] e i |
Aoyemin
TIyEETH EoHITeRTpAnil BupoSaerDmi mrar
oBpobin nepesistn
AoxyMerTiE
Puc. 2. Opranizariiiina cTpykTypa BUpoOHIHUOTO Miapo3ainy «Ciayxba poOOTH CTaHIii»
Koxxne pyiiHyBaHHS 1HQPACTPYKTYpH, 3ais
3aranom py#HYBaHHS 3aNMi3HUYHOI  MIJBHINCHHS piBHA  HAAIHHOCTI  CHUCTEMH,  SKOCTI
iH}ppacTPyKTypy MOXKIMBE uepe3 TaKuil psii NPUYMH:  OOCIYrOBYBaHHS IAcaKHMPiB 1 3MEHIICHHS BEJIWYHUHH
NPUPOAHI ~ KaTakii3MH, TEXHOT€HHI  KaracTpou, EKOHOMIYHHX BHTpPAT, HE3AJEXKHO BiJl BHIIECBKa3aHUX

TpaHCIIOpTHI Toxii abo HpoBeIEeHHS BOEHHHX OOHOBHX
niit. Tako MOXKIIMBI BapiaHTH KOMOIHYBaHHS AEKITBKOX
npuynH, Hanpukiax miapuB Kaxoscekoi 'EC 6 mwmHs
2023 poKy, BHACIIIOK YOTO CTaBCS IIBUAKHA BIITiK BOJH,
y pe3ysbTarti SKOro BifOYBCSI CHIIBHHH 3CYB 3€MIISTHOTO
moyiotTHa Ha AinpHHLI Kpusuit-Pir — Hikomomns 1 3akpuTTS
i€l UTBHUII Ha JeKiibka 1o [7].

NPUYUH MOTpedy€e ONepaTHBHOTO YNPABIIHHS Ta MIBUAKOT
ajianTarii CUCTEMH 10 HOBOCTBOPEHUX YMOB.

Y  peampHHX yMOBax Iicias  pyHHyBaHHS
3aJTI3HUYHO] IHppacTpyKTypH B32€EMOJIisS MiX
NpaliBHUKaMH, BiJNOBiIQIbHUMHU 3a OpraHi3alilo pyxy
MOi3/iB, BUIIIA/IAE TaK, K OKAa3aHO Ha puUC. 3.
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Puc. 3. Cxema B3aemogii npaniBaukiB «Ciryx0u podotu cranmii», LIYP ta Y3IIK
TIpH pyHHYBaHHI 3ai3HIYHOI IHPPACTPYKTYypH

[Mepmnm, XTO [Ji3HAETBCA MpO  PyHHYBaHHS
[EBHOTO €JIEMEHTa 3ali3HUYHOI 1HQPACTPYKTYPH, MOXKE
Oyt  SK  TpamiBHAK  3aMi3HANI  (IpEICTaBHUKHU
nokoMoTtuBHOro  rocmogapctea  (TH),  kouiitHoro
rocnogapctea (ITH), enekrponocrayanns (EY), aucranmii
38’s3ky (IIIY) Ta iH.), Tak 1 MEBHa CTOPOHHSI 0c00a
(macaxxup, BUMAAKOBUN Tepexoxuii Tomo). [licas mporo
BXiJHY iH(pOpMAII0 NpO pyWHYBaHHS MEBHOI IUIBHMII
IHPPACTPYKTYpH TIEpPeNaloTh YEproBOMY HAHOIIKYOL
craamii  (JCII). OtpumaBmu  iHdopMamito  mpo
pyHHYBaHHS ~ 3aJli3HUYHOI  iHQpacTpykTypu Ta i
MMOTOYHUI CTaH, YSPrOBHUH 10 CTaHINI Mepeaae moi3HOMY
mucrietaepy 1iei gimeaum (JAHLY). IToi3umii gucmeTtdep,
oTpuMaBIIM iH(GOpPMAIil0 TPO 3aJaHe pyHHYBaHHS
3ai3HUYHOI 1HQPACTPYKTYpH (HECTaHIAPTHY CHTYAIi0)
nepenae 1 yeproBomy mno BimmirenHro (JHLIP, panimre
AT'TI) abo HavyaJbHUKY  PETIOHAIBHOTO  BIIALIY
opranizanii poborn cranmii ([IPC), kepiBHHKY LEHTpPY
ynpasiiHHA pyxoM noizaiB (L{YP), y mexax ympaBmiHHA
SKOTO  CTajocs  pyHHyBaHHS  iHQpacTpyKTypH, i
mucrierdepy dinii Y3LIK (JHIY). AHLY, orpumasmm

BXimHy iH(oOpMamito npo pyHHYBaHHSA 3aTI3HHYHOI
iHppactpykrypn  Binm  JHILl, y3romkye mopsmox
NMOJANbIIMX [ 13 BIACHUM KEPIBHHUM  CKJIAJIOM.
Havanpank L[YP, otpumaBmm indopmarmiro 1mpo

pYHHYBaHHS 3a1i3HUYHOI iHPPaCTPyKTypH, nepenac ii B

Henaprament I[YP. Ilicis uporo menmapTaMeHT
MIPOBOIUTH OIEPaTHBHY Hapaay pa3oM i3 PeBi30PCHKUM
anmapatoM (IIPB) i kepiBamM ckmamom ¢imii V3IUIK, me
YXBQJIIOIOTh  DIlIEHHS NP0  IOJAJIbIIE NPSIMYBaHHS
HIBUKICHOTO 1101318,

[Micnss yxBameHHs pimeHHs naenaprament L[YP
nepeaae woro 3HOB HadyanbHHUKY L[YP, a BiH 3a1exKHO Bix
BUOPAHOIO aJbTEPHATUBHOTO MApIIPYTy MIBUAKICHOTO
Maca)XHpChKOro Toi3Aa mepenae Bke iH(opmamnilo THM
JHILI, JHIIP a6o JAPC, minpHUII Ta PETiOHA SIKUX MArOTh
OyTH 3aisHI.

Sxuio yXBaJICHE piteHHs nependaydae
BUKOPHUCTAHHS OJATKOBOTO moi3na-matia, To JAPC abo
JHIP  pgonmatkoBo  3B’SI3y€Tbes 3 JTUCIETYEPOM
nacaxkupcbkoi kommanii JJHIIIK momo BumineHHs
JIOZIATKOBUX ITaCaKUPCHKMX BaroHiB JUIS IIOJAJIBIIOTO
TPaHCIIOPTYBAaHHS MACAXHUPIB 1 MOI3HUMH JUCTIETYEpAMHU
OO0 3HAaXOMKEHHA Ta BHJIUIGHHS JOAAaTKOBOTO
JIOKOMOTHBA Ta JIOKOMOTHBHOI OpHraau IUii CTBOPEHHS
«T10i3/1a-111aTIIaY.

Sxmo morpidHe 3amyd4eHHS aBTOMOOIIBHOTO
tpancnopty, To JIPC a6o JIHIIP 3B’s3yeThcst 3 MEBHUM
BUPOOHUYNM iApO3iIoMm, SIKUH 3HaXOJUThCS
HalOmwK4Ye 710  Miclsl  pyHHYBaHHA  3aJIi3HUYHOI
iHpPaCTPyKTypH Ta Ma€ Ha CBOeMy OanaHcCi aBTOOyCH,
a00 HaWOIMKYNM MPUBATHUM NEPEBI3HUKOM i3 BUMOTOIO
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HAJaTH  JIeKiIbKa  aBTOOYCiB Al MOAAJBIIOrO
TPAHCIOPTYBaHHs  macaxkupiB. [licms  IBOTO  BCHO
iHpopMamito, 1m0 HamidIDIa, HAAAIOTh  MOIBHUM

JUCTIeTYepaM HOBHX 3alisfHUX JUTPHHUNb, a Bi HUX —
4YeproBuM Mo craHmisx. [loi3Hi nucmerdepu pasom i3
YEPrOBUMH [0 CTAHINSIX MOBUHHI 3a0e3MeunTH Oe3reuHe

NPOIYCKaHHA aJbTEPHATHBHMM MapLIPyTOM MoOi3za
V3UIK, Hamatoun #HoMy TpU IbOMY HaHOLIBLIY
MIPIOPUTETHICTB.

Cimig TakoX 3a3HA4YWTH, IO CXEMa B3aEMOIT
MPaLiBHUKIB, IOJJaHa Ha PUC. 3, aKTyaJlbHAa JIUIIE IS THX
BUNAJKIB, KOJW Ticias pyHHyBaHHS  3aJi3HHYHOI
iHQPaCTPYKTypH NIMBHUINIO 3aKPUBAIOTH IOBHICTIO. Y
BUIAJKY, KOJIU PyHHYBaHHS iH(PACTPYKTYypH Aa€ 3MOTy
pyxatucs — IOi3qy  JIUIBHHMLEI  BJIACHUM  XOJIOM
HEMpPaBUIBHOIO KOJIE€I0 a00 3 BUKOPUCTAHHSIM TEIJIOBO3a,
IIpOIIeC OpraHizalii MoJaJbIIOr0 PyXy 3HAYHO MPOCTIIIE
— 0e3 3amyuenHs LIPb i memapramenty L[YP. Tomy B
crarti chopMOBaHA aBTOMATH30BaHA CHCTEMa HaJaHHS
NBTEPHATHBHUX MAapIIPYTiB JUIA LUX BHNAJKiB HE
HaJlaHa.

IIpoTe Takuii YMHHUN MiAXIiA [OI0 OpraHizamii
pYXy IIBHJAKICHOTO TM0i3a 4Yepe3 BEeIMKY KUIBKICTh
3aydeHUX TPAIliBHUKIB MOXKe 3aiiMaTh Oarato dacy,

ABTOMATH30BaHOI TEXHOJIOTii HalaHHS aJbTEPHATHBHOIO
MapHIpyTy pEKOMEHIOBAaHO NPOBOAUTH Ha OCHOBI
onTuMi3ariiftHol Mozei, chopMoBaHoi B podori [8].

OcHOBHa MeTa 1€l Moaeni — 3HaxXOUKEHHS
IBTEPHATHBHOTO  MapIIpyTy  Juii  IIBUAKICHOTO
Maca)XHpChKOro MOi3Za B pa3l pyHHyBaHHS 3aJli3HUYHOT
IHQPACTPYKTypH 3aJEKHO BiJ HOTO MiCIIe3HAXOIKEHHS,
KIHIICBUX 1 MPOMIXKHHUX CTaHIIA MOCaIKd Ta BUCAIKU
nacakupiB, a TakoX IX Kijgbkocti. OKpiM TOrO, mHpHU
moOyIOBI  aNbTEPHATHBHOTO  MapmIpyTy  MOMEILTIO
nepeadavdeHo He JIHIIE 3MiHy OCHOBHOTO MapmipyTy, a i
BUKOPHUCTAHHS «T10i3/1a-111aTIIay abo aBToOyca.
OnTuManbHe pillleHHS 3HAaXOAAThH HAa OCHOBI amapary
TEHETUYHHUX aJTOPUTMIB.

Koxxen  iHguBig  (MapumpyT) THOAAaHO  SK
MOC/IiIOBHICTE, J€ KOXEH €JEeMEHT BiAmoBimae miIAHIN
MapHIpyTy. 3Ha4€HHS IbOTO CJIEMEHTA Ha KOXKHIH JiJISTHII
Moxe HaOyBaTH OJHOTO 3 TphOX 3HaueHb: «lloizn
Intercity + (T _ict)», «Iloisg-matn (T sttl)» a6o
«ABto0Oyc (T auto)». Y cBoOr uepry moi3g-mati MOXe
HaOyBaTH [BOX 3HAYEHb 3aJIKHO BiI 3aIisTHOTO BHIY
Tsru: «rerwtoBo3Hui» (T sttl tep) abo «enexkTpoBO3HUIN»
(T sttl_el). Y GinapHOoMy BUIJISII L€ BHUIVISIAE TaK, SIK
MIOKa3aHo Ha pHc. 4.

SKUi  Oe3nocepeqHbO 30UNBIIYE BEIUYUHY IPOCTOIO
MacaXUPChKOro MO13/a, a OTXKe, 1 BEJINYHMHY J0JATKOBUX
BuTpar. s Toro mob 3MEHIIMTH BEIHYHHY MPOCTOIO 1

BUTpaAT, BIIPOBA/IP’KCHHS 3aHpOHOHOBaHO.1'
1 0 0 0 - IIpsaMyBaHHA MIBUIKICHOTO I0i3/1a BIACHOIO TATOIO
0 1 0 0 - [IpaMyBaHHA «I10137I0M — MATTIOM 13 3aTyUeHHAM TETIOBO3Y
0 0 1 0 - [IpsiMyBaHHS «IIOI3/OM — IIATTIOM» 13 3aJIy4EHHSM €JICKTPOBO3Y
0 0 0 1 - [IpsamyBanus aBTo6ycom
Tict T sttl tep T sttl tep T auto

Puc. 4. KogyBaHHs BUIIB TATH B OiHAPHOMY BUTIISAI

[Micis 1BOrO 3aJ€KHO BiJ 3aJaHOTO MapUIPYTy MOYEProBo, I KOXKHOI TUIBHUIN, MiAOUpae Halkpariuii

NpsSIMyBaHHS IIBHJIKICHOTO MOi3[ja CTBOPIOIOTH MOYATKOBY BapiaHT mIof0 BHUAY nomaibmoi Tiaru (puc. 5). Ilortim
nomysiro. Jam BKa3yrTh MUISHKY MapHIpyTy, Ha sIKid BiOyBa€eThCS poriec MyTaIii, a OTpUMaHUH
BiziOyJi0cst pyiHyBaHHs 3aii3HUYHOI iH(ppacTpykTypH. Lo aNbTepPHATHBHUNA  MapUIpyT TMeEpeBipsioTh HAa  YMOBY
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Puc. 6. Cxema B3aeMonii nmpariBHuKiB «Ciryx0u pobotu cranmii», {YP ta Y3IIK npu pyitHyBaHHI 3a1i3HAYHOI
1HPPACTPYKTYPH MICII BOPOBAKCHHS aBTOMATH30BaHOI TEXHOIOT1{

BnposamxeHHs 3alpONIOHOBAHO1
aBTOMAaTH30BaHOI TEXHOIIOT1 JIacThb 3MOTy
BiTMOBUTHCSI BiJl IPOBEICHHS OMEPATUBHUX Hapaj Ha
piBHi genapramenty LIYP i yxBamutu pimeHHs Ha
pisai IHL] i Hawanpauka L{YP. Takwii migxin He numre
MPUIIBUINIATE YXBaJCHHS OIEPATUBHOTO PIIICHHS
CTOCOBHO MOJAJBUIOr0 PyXy 3aJaHoro mnoizay, a u
3MEHIIIUTh BipOTIMHICTh JFOJCHKOI TOMWJIKH TpH
BEOMY.

BucHoBkn

OTrxe, pyiiHyBaHHS 3aJi3HIYHOT
IHPPACTPYKTYpH € CEepHO3HOI MPOOIEMOI0, M0 MAa€e
3HAYHI COIiajbHI, TEXHIYHI Ta €KOHOMIYHI HACIIiIKH.
He3sanexno Bif IPUYUHU pyiHyBaHHs
iHppacTpyKTypy  3aBXKIM  ICHye  HEOOXiAHICTB
CBO€YACHOT'O pearyBaHHs Ta ajanTalii CUCTEMH IS
3MEHIIIEHHS HEeTaTUBHUX HACHiAKiB. 3amporoHOBaHa
aBTOMAaTH30BaHa TEXHOJIOTis HaJlaHHS
IBTEPHATHBHOTO MapupyTy LIBUKICHUM
MacaXUPChKUM  TOI3aM  J1acTh  3MOTY  CYTTEBO
CKOPOTHTH dYac TIPOCTOI0 B OYIKYBaHHI pIIICHHS,
3MEHIIHUTH BIPOTiJHICTB JIFOJICHKOI TOMUIIKU Ta 3HAWTH
ONTUMAJIbHE PIlIeHHS, M0 MiABHIINTH €(PEKTHBHICTh
pobotn 3ami3HMYHOI I1HPPACTPYKTypH B yMOBax
HA/I3BUYAIHHUX CUTYyAaIliil.
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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, lvan KUIBOVSKYI 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 Dbasic 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

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

control

systems that collect and process the

regulatory documents.

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
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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
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
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architecture (fig. 2), the integration of non-formalized
knowledge represented in the architecture by the central
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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KepyBaHHSI KPUTUYHUMU 00’ €KTAMH CUCTEMHU
€JIeKTPONOCTAYAHHS 3aTI3HIYHOT0 TPAHCHOPTY

Anomauin.  Pospobka  iepapxiunoi  mooeui
iHghopmayiiinoeo cepedoguya KepyBauHs KpUMUYHUMU
06’ ekmamu cucmemu eieKmponoCmMadants 3aNi3HUYHO20
mpancnopmy €  AKmydanbHolO — HAYKOBO-MEXHIYHON0
3a0auero, wo 00360UMb RIOGUWUMU eDEKMUSHICIDb
VAPABNIHCOKUX DIUEHb WIAXOM IHmezpayii pi3HOpieHesol
iHGhopmayii ma 3abe3neyenHs it c60€HACHO20 AHANIZY 6
eounomy iHgopmayitinomy cepedosuwyi. Basicnusicmo
O0anoi npobOnemu 00yMO8NeHa CKIAOHICMIO 00 '€Kmig
eIeKMpPONOCMAayaHHs,  HeoOXIOHICMI0  ONnepamueHO20
Peazy6anHs Ha HeWmamui cumyayii ma KpumudHicmio
HACIOKI68 MOJCIUBUX 8IOMOG CUCEMU, IMOBIDHICMb AKUX
quwie  3pocmae  uepe3  DYUHYBAHHA 00 €Kkmis
enekmpoenepzemukuy Ykpainu pociticokor pedepayicio
pasom i3 nocuieHuAM Oeiyumy erekmpoenepeii 6
00’eonaniti  enepeemuuniti  cucmemi  Yxpainu. Tomy
Cb0200eHHs 8UMA2AE NepPeoCMUCNenHs THpopmayitinoco
cepedosuwa KepyeanHs CUCEMOI0 el1eKmponoCmaiaHHsl,
30Kkpema U Yy 383Ky 3 0YOiGHUYMBOM  2A308UX
enrekmpocmanyii 0nsi nompeb Yrpsaniznuyi.

Iepapxiuny modenv inghopmayiiinoco cepedosuua
NPONOHYEMBCA PO32NA0AMU K CIMPYKMYPY 8I0N0BIOHO 00
il @yHKyiu (peanizo8aHux NPOSPAMHON HACHUHOW) MaA
apximexmypu (8ionogioae 3a egexmugny peanizayiro
@DYHKYIOHATLHUX MONCTUBOCTNELL).

IIpononyemsca  yoockoHamosamu
cucmemy  YNpaeniHHA KpUMuyHUMU
e1eKmponocmadanis Vkpsaniznuyi Ha OCHO8I
pospobnenoi  icpapxiunoi  modeni  iHghopmayiinoco
cepedosuwia, Wo 8paxo8ye HAABHICMb GIACHUX Odcepel
eenepayii Ykpsaniznuyi, wasixom inmezpayii 6ionogionoi
niocucmemu Kepy8aHHs 6 CMpPYKmypy iHpopmayitiHoi
cucmemu. Mooenv niokpecaroe iHmezpayio NPOSPAMHUX §
anapamuux KOMHOHeHmi6 015 300py OAHUX, NONEPeoOHboi
00pobKU ma npulHAmMms piulensb, CRpUsoyU no6yoo0ei
BUCOKOABMOMAMUZ0BAHOI  ITHMENEKMYATbHOI  cucmemu
Kepy6aHHs, NPONOHYE 0Oa2amopisHedy CMpPYKmypy, uwo
nepedbavac  BUKOPUCMAHHA — NEPeOOosUx  MexHOI02il
00poOKU OaHux [ WMYYHUX HeUPOHHUX Mepedc Ol

ingopmayiviny
00 ’ekmamu
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YK 656.027.3 DOI: 10.18664/ikszt.v29i3.313558

KPAIIIEHIHIH O. C., a.1.H., mpodecop,

LITAITATIHA O. O., k.T.H., IOIICHT,

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

3AITAPA 4. B., x.T.H., TOIIECHT,

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

(YkpaiHChKHi 1ep)KaBHUN YHIBEPCUTET 3aT13HUYHOTO TPAHCIIOPTY)
OuiHOBaHHSI TEPCIEKTUB TEXHOJIOTIiN
nepeBe3eHb BAHTAKIB

YIPOBA/UKEHHS  AJIbTEPHATHBHHUX

Hocsio nepedosux Kpain nokaszye, wo 3anpoeaodcenHs HOBUX 6U0i6 MPAHCROPMY CHPUAEC NIOBUUJEHHIO
KOHKYPEHMOCNPOMONCHOCTE  MPAHCNOpMHOI  2any3i ma 30epedxceHHI0 HABKOIUUHBO20 Cepedosulyd, O0CcoOIUE0
axkmyanvhe 8 ymosax oeiyumy pecypcis. Bionogiono 0o yvozo 6 cmammi po32140aioms NUMAaHHA Wo00 NepCnexmus
YNPOBAOJICEHHS ANbMEPHAMUGHUX MEXHONO2IN Nepe6e3eHb 6 YKpaini.

YV cmammi nasedeni pesynomamu @popmysanna npoyeoypu 6UsHA4eHHs OYiHKU MPAHCHOPMHUX MEXHONO02Il Ha
OCHOGI onmuMi3ayii GUMpam Ha NepPede3eHHsl 3 YPaxy8aHHAM KEATIMempuyHo20 Kpumepiio. ¥ pe3ynvmami 6UKOHAHUX
00CiodHCeHb CHOPMOBANO 3a2albHY NPOYedypy OYIHIOBAHHA MPAHCHOPMHUX MEXHOAO02IN 00CMABNEeHHS 8ANMAICIE HA
NOJI20HI HA OCHOBI NPUHYUNIE KeaniMempil, AKA, HA BIOMIHY 8i0 ICHYIOUUX NiOX00i8, 0d€E 3MO2Y 8PAX08Y8AMU KOMNIEKC

¢axmopis, wo enausaroms Ha 8UOIP MPAHCNOPMHOT MEXHONO2I].
Ompumana npoyedypa OyiHIOBAHHS MPAHCNOPMHUX MEXHOIO2I MOdce OONOBHIO8AMU MPAOUYILIHI NiOX00U 00

opmysanHs MpancnopmHux mexHoI02iu.
Knrouoei cnoesa: szanizHuunuil
nepesesenHsl, KealmMempuuHull Kpumepii.

mpawncnopm,

anbmepHamueHi

Beryn

3a TpaHCIIOPTHOIO CTpaTeTiel YKpaiHd, B yMOBax
€BpoiHTerpamii OJHUM 13 TMPIOPUTETHHX HANPSIMIB
JISTIBHOCTI TPAHCHOPTY € HaJaHHS SIKICHUX 1 e(eKTUBHUX
MOCHYT 13 NEepeBe3eHb BAHTAXIB 1 MacaxwpiB. 3 i€k
METOI0 HEOOXiHO 3ampoBaJUKyBaTH HOBI HepenoBi
TEXHOJIOTI{ NepeBE3eHb, 30KpemMa pO3BUBaTH
aIbTepHATHBHI BUIM TpaHcropTy. [Ipu B3aemopii pizHHX
BHIIB TPAaHCIOPTY OCOOJMBOI aKTyalbHOCTI HaOyBarOTh
iHTepMOJalnbHi, KOMOIHOBaHI Ta  MYJIBTHMOJANBHI
NIepeBE3CHHS SIK TEPCHEKTUBHI HANPSIMH  PO3BUTKY
TPAHCIOPTHOI rary3i 3a y4acTIO 3aJTIi3HHUII.

AHani3 ocTaHHiX JocaiTxeHb i my0aikaniii

Ha cporomni HaiOurbIe 3acToCyBaHHS 3 YCiX
BU/1iB KOMOIHOBaHMX IE€PEBE3CHb Ha 3aNII3HUIAX YKpaiHu
3HAMIUIM KOHTEWHEpHI IIepeBe3eHHs, 0 YyOesneuye
JocTaBieHHs ~ BaHTaxiB. CucremMa  KOHTEIHEpPHHX
NepeBe3eHb Ja€ 3MOTy 3ajlydaTH 10 KOMOIHOBaHHUX
IepeBe3eHb aBTOMOOLUTBHHM, 3aJII3HUYHUH, MOPCHKHIA,
piukoBuii i MOBiTpsAHUI TpaHcopT. [Ipy nboMy B JesIKHX
KpaiHaxX KOHTEHHEpH 3aBaHTaXYyIOTh Y JIBa SIPYCH, 1110 JIa€

© KPAIIEHIHIH O. C., TAITATIHA O. O., KOBAJIBOB A. O., 3AIIAPA 41. B., KOBAJIBOBA O. B.,

KBaznpokonTep 3 BEJIMKOI BaHTaXOIIIHOMHICTIO

Ma€  MOXKJIMBICTh NEepEeBO3UTU  HE TUIBKH TOBapu

mexHonoz2ii nepeseseHb, KOMOIHOBAHI

MOXIIMBICTh 3HM3UTH BHUTPAaTH Ha TPaHCIOPTYBaHHs [1,
2].

CamMe TOMYy TEpPCHEKTHBHUM HAmpIMOM Yy
PO3BHUTKY TPAHCIOPTHOI rainy3i YKpaiHu € BUKOPHUCTAHHSI

Cy4acHHX TPAHCHOPTHHX TEXHOJorii. Sk ToKa3sye
CBITOBHH JOCBi, TPAAWIiHI CHCTEMH JOCTaBICHHS
BaHTAXIB MOXYTh OyTH JIONOBHEHI  CyYacHHMH
CHCTEMaMH, TaKUMH SK TIO131d HAa MArHITHOMY

MiABINIYBaHHI, CyAHA Ha TOBITPSHIA MOMYIIII, KANCYJIH
Hyperloop, 6e3ninoTHI MaIlrHH, ripokonrepw,
KBaJIpOKONITEPH 3 BEJIMKOK BaHTAXOIIIHOMHICTIO, a
TAaKOX IEPeXOJIOM TPAHCIOPTY Ha aJbTEpHATUBHI
JoKepela eHeprii Ta Buny nanusa [3].

Tak, y Snonii, Kurai ta Himeuuuni HaOysu
PO3BUTKY MOI31M Ha MarHiTHOMY mijBilryBaHHi. Taka
chucTeMa JIOCTaBJEHHS Mae€ psiji IiepeBar: BHCOKa
IIBUJIKICTh JIOCTaBJCHHS, ¢(EKTHUBHIIIE, HK B aBTO- Ta
aBiaTpaHCIIOPTY, e(EeKTHUBHIIE BHKOPHCTaHHS EHeprii,
HU3bKHH piBeHb WyMy [4, 5].

Y CHIA Oyno npoTecTOBAaHO NEPIIMH IOi3.-
rimepnym, mo jgocsrae mBuakocti Bim 480 mo 1220
KM/TOT 1 Ma€ MOXIUBICTh TEPEBO3UTH HE TiIBKH
nacakupis, a ¥ ixHi TpaHCTIOPTHI 3acobu [6].

VY Ham 4dac yce OinbIIOi akTyaJdbHOCTI HaOyBae
JIOCTaBJICHHS BaHTAXIB 3a JOMNOMOTOI0 KBaJPOKOMITEPIB.
2024
IMIAPOKOTO BXXHUTKY, a i y MaiiOyTHbOMY II€peBO3HTH
JIOJIeH, TEePEeMINIyIoYH IX Ha HEBENHUKId BHCOTI 3apajiu
ixapoi Oesnexu. llnsx kBaxpokomnTepa Oyjae MPOXOANUTH
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HaJl HAajdBHHUMH LJIAXaMHU W IHIIMMU ~ €JIeMEHTaMH

iHppacTpykTypH [7].

3aKOpIOHHUI MiJXiJ 3aCHOBAaHMH Ha BHCOKOMY
PiBHI PO3BUTKY INPOMHCIIOBOCTI, ajie, Ha jKajb, HaIa
KpaiHa 3HaXOOWTBCS Yy CKIaJHUX EKOHOMIYHHMX 1
MONITHYHUX YMOBaX, YacTHHA TEPUTOPi aHEKcoBaHa,
MIPOMHUCIIOBA THPPACTPYKTYpa YacTKOBO abo0 ITOBHICTIO
3pyiiHOBaHA Ta mepeOyBae mifg OOCTpilNaMu, IO 3HAYHO
YCKITaTHIOE POOOTY BCiX TPAHCIIOPTHUX 00’ €KTIB.

3po3yMino, MmO  3ampoBa/DKCHHA  CyYacHHX
TPAHCIOPTHUX TEXHOJIOTiH motpelye BEJINKHAX
KamiTalbHUX BKJIAQJEHb Yy MOOYHOBY, OCBOEHHS Ta
0OCIIyrOByBaHHS ~TPaHCHOPTHOI iHPPACTPyKTypu. A
BpPaxoOBYIOUH Te€, L0 YKpaiHa 3HAXOJHUThCS B yMOBax
BOEHHOTO CTaHy, CTa€ aKTyaJbHUM IHMTAaHHS OL[IHIOBAHHS
HaJaHHS TpPIOPUTETY pIlIEHHAM 13 3ampoBa/PKEHHS
TPAaHCIIOPTHUX TEXHOJIOTIH, SIKI MOXXJIMBO peajii3yBaTu
BXke chorofHi. lle y cBoro depry moTpedye OUiHIOBAaHHS
KOHKYPEHTOCHPOMOXKHOCTI 3aIPOBaPKEHOTO TPAHCHIOPTY

NOPIBHAHO 3  TPajMUiHHEM i3  ypaxyBaHHAM
KBaJIIMETPUYHOTO  KpHUTEpifo, 10 O0’€OHye BaroBi
TEXHIYHI Ta BUTPATHI (PaKTOPH.
MeTta Ta 3aaa4i J0CaiTKeHHS

Mera [OOCHiIDKEHHS IIONIATa€E B OLIHIOBaHHI

TIEPCIIEKTHB AIBTCPHATHBHUX TEXHOJOTIH IEPEeBE3CHb 3
ypaxyBaHHSIM SIKICHUX TTOKa3HHKIB.

Jnst OCSATHEHHS TOCTaBIEHOI METH HEOOXiTHO
BHPIIIUTH TaKi 3aBAaHHI:

- chopMyBaTH MOJEIb OIIHIOBaHHS ¢(EKTHBHOCTI
BUKOPHCTAaHHS aJlbTEPHATHBHUX TEXHOJIOTIH IEepeBE3CHb
npy 3a0e3Me4YeHH] ONTHMAaIbHUX BUTPAT;

- OLIHUTH €(DEKTHBHICTh TPAHCIIOPTHOT TEXHOJIOTI]
repeBe3eHb Ha OCHOBI KBaJIIMETPHYHOTO KPHUTEPIIO.

OCHOBHA YaCTHHA JOCJTiIKEeHHA

Y cywacHMX yMoOBax iHTerparii
€pporneiicbknii  Coro3  aKTyalbHHUM €
pedopMyBaHHS TPaHCIOPTHOI BITYU3HAHOI CHCTEMH,
30KpeMa  YKpalHChKOI  3aji3HuIl. 3a [pUAHATHM
Ka6inerom Minictpie Ykpaiau Bix 30 tpaBus 2018 poky
posnopskenasam  «IIpo  cxBasenHs — HarmioHanpHOT
TpaHCIOPTHOI crTparerii Ykpaimm Ha mnepion mo 2030
POKY», YKpaiHCbKy TpPaHCIIOPTHY CHCTEMY OYIKyIOTh
cepiio3Hi 3miHm. [lomo BITYM3HAHOI 3aNi3HHI, TO
mepenbaveHi Taki  3aXxoaWm: Jli0depaiizamis  pUHKY
3aJTI3HMYHUX TI€peBe3eHb Ha OCHOBI PIBHOIPABHOTO
JNOCTYIly A0  3alli3HUYHOI  iHOPACTPyKTypH  Ta
CIpaBeINIMBOI  KOHKYPEHII MDK  IepeBi3sHHKaMU;
HOpPMATHBHO-TIpaBOBe 3abe3nedeHHs (QyHKIIOHyBaHHS
PHHKY  3aJi3HHUYHHMX  IIepEeBe3eHb;  3alpOBaHKECHHS
MeXaHI3My TOITyCKYy /0 PHHKY 3aTi3HHYHHX IIePEBE3CHb
MEPEeBI3HUKIB PI3HUX (GOPM BIACHOCTI; CTPYKTypHA
pepopma AT  «VYkp3ami3HHIY», MmO Hependaydae
(inaHCOBe Ta oOpraHizauiliHe pPO3JUIEHHS oOleparopa
indpacTpykTypu Ta nepepizHuka [8-10].

Ha cporogHi omHMM 13 OCHOBHUX TIMTaHb €
3alpOBA/PKEHHS]  Cy4aCHHX TEXHOJIOTIH  IepeBe3eHb,
ypaxoBYIOUM BOEHHMH cTaH B YKpaiHi Ta HecTady
E€HEepropecypciB.

VYkpainu B
MTUTaHHA

Bubip TpaHcmopTHOi TexHoyorii  HEoOXimHO
pobut 3 ypaxyBaHHAM  SIKICHOI  CKJIaJOBOi,
BUKOPHCTOBYIOYHM METOJM TeopeTH4yHoi kBamimerpii [11].
PizHOMaHITTS TpPaHCIIOPTHUX 3aco0iB HE Jae 3MOTU
KOMIUIEKCHO OIIiHIOBaTH IXHI BIAacTHBOCTI. Tak, y pi3HHX
BHIIB TPAHCIIOPTY Jialla30H BHKOPUCTAHHA TEXHIYHHUX
XapaKTePUCTUK BIIPI3HAETHCSA, TOMY Uil 00’ €KTHBHOTO
OIIHIOBaHHS TPAHCIOPTHOI TEXHOJIOTIi 3aCTOCOBYIOTHh
KBAJIIMETPUYHUN TTOKa3HHWK, BUPAKEHUH y TpaHaX, 3
ypaxyBaHHSIM BHTpaT. TpaH € KUTbKICHOIO BEIUYHHOIO
KOPHCHOTO eeKTy TpaHCIOPTHOI onepariii [ 12].

OTxe, KpuTepiil, KUl BIINOBIAE ONTUMAIBHUM
BUTpaTam Ha nepeBe3eHHs 3 ypaxyBaHHIM
KBaJTIMETPUYHOI CKJIaJI0BOT [IpH/TpaH], 3amuiieMo sk [12]

P =55 ,d—, — min, )

- T K

e j — 3MiHHA, IO BIAMOBiNA€ MapHIPYTy JOCTABIICHHS
Bantaxy, j = 1, L;
{ — 3MiHHA, L0 BiJNOBiJa€ TPAaHCIOPTHIN TEXHOJOTI]
JIOCTaBJIeHHs BaHTaxy, i = 1, V;

[; — MapumipyT [OOCTaBICHHS BAaHTAXIB pI3HHUMH
TPAaHCIOPTHUMH TEXHOJIOTISIMH, KM;

{4 — 3HAYYIIICTh TPAHCTIOPTHUX TEXHOJIOTIH, 2, i i =1

d; — TPaHCIIOPTHI BUTPATH Ha TIEPEBE3CHHS, TPH;

@@ — KOPUCHHI e(DeKT TPaHCIIOPTHOI Omepallii, TpaH;

I':LL

IT &; — xoedilieHTH, MO BiIOOPaXYIOTh KOMEPLIHHY
Bijtauy, 3amac AMHAMIYHUX BJIACTUBOCTEHU, BiIHOIICHHS
BUTpaT Ha yTPUMaHHSA TPAHCIOPTHOrO 3acoly 3a
JKUTTEBUN HHUKI JIO HOrO0 BapTOCTi, BUTpPAT 4Yacy ik
TEXHOJIOTIYHUMH OTICPAIliSIMH.

ITpu 1bOMY KOPUCHUIT €EKT OLIHIOITH TaK:
w@; = m; - vf - I; = max, (2)

Je m; — mMaca BaHTa)KiB, mo O0CTaBJIAOTh piSHI/IMI/I

TPAaHCTIOPTHUMHU TEXHOJIOTISIMH, T;
'; — MBUKICTH MEPEMIIIEHHS TPAHCIIOPTHOTO 3ac00Y,

KM/TOI.

i=1
n

Koedinientn [T x; BU3HAYarOTh BiAMOBIAHO TaK:
- KoedilieHT KOMEePIIHOT Bigaadi K ;

®)
- : L
1€ Ji; — BaHTaXomi JHOMHICTB TPAHCIIOPTHOTO 3ac00y, T;
M; — maca TpaHcmOpTHOTO 3ac00y B 3aBaHTAXKEHOMY
CTaHi, T;

- KoedillieHT 3amacy NWHAMIYHUX BJIACTUBOCTEH
TPaHCIIOPTHOTO 3aCO0y Kz;

= (22 @
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ne Vmay, — MakcHManpHAa IIBHJKICTH TPAHCIOPTHOTO
3aco0y pa3oM i3 BaHTaXeM, KM/TOT;
¥, — pO3paxyHKOBa WIBHIKICTh TPAHCHOPTHOIO

3aco0y, KM/TOZ;

- Koe(iIlieHT, IO BPaxOBYE BiIHOIICHHS BHUTPAT
Ha YTPUMAaHHS TPAHCIIOPTHOTO 3ac00y 32 )KUTTEBUHA LIHKII
JI0 I0TO BapTOCTI, K3

figi = —, ®)

ne £y, — BUTpaTH HA YTPHMaHHS TPAHCIOPTHOTO 3ac00y
3a JKUTTE€BUHU LUK, TPH;
Oy; — BAPTICTh TPAHCIIOPTHOTO 3ac00y, TPH;

- Koe(QII[iEHT, MO0 BPAaXxOBYE CKOPOUYCHHS YaCy
Ti] TEXHOJIOTIYHUMH OTICPAIiSIMH, K;

(©)

Ky = 1-—

e @; — TpUpICT 3HAYEHHSA Yacy IIiJ[ TEXHOJOTiYHHUMH
oTeparlisiMu 3a Pi3HUMH TEXHOJIOTISIMH, TOJI;

T: — gac T TeXHOJIOTIYHUMHE OTIepalisaMu 3a 6a30BOTO
TEXHOJIOTIEI0, TOI.

Toni moka3HHK, SKWH BIATIOBiTae BHTpaTaM Ha
MEPEBE3CHHS 3 ypaxyBaHHSM KBaTIMETPHYHOT CKIJIAJ0BOT
JUTSL I3HUX TEXHOJIOTIH MepeBe3eHb, BU3HAYAIOTD SIK

Pl;) = Z_i' Z|' i

m;-vf

3a Takux 0OMEKEHb,

m = L= 0 =1
Pui=Lip; =0
0<¥ = v < Vpaye

®)

ne [, — BIACTaHb 10 MMyHKTY MPU3HAYCHHS, KM.

Bupimysatu mocrasieHe 3aBHaHHs AOLUIBHO 3a
JIOTIOMOTOI0 METOJIB  ONTHUMI3aIlii 3a CTPYKTYpHOIO
CXEMOI0, HaBeJICHOIO Ha puC. 1.
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Puc. 1. CrpykTypHa cxema alroputMy BUOOpy

TPaHCIIOPTHUX TEXHOJIOTIH
IIO4YaToOK

A\ 4

Beenenns m;, v;, |;, di,
VmaX1 mk‘l IB

\ 4

Pospaxynok koediuientis ki,Kp,Ks,Kq i kopucuoro
ehexTy @

\4

lps=1;; mp=m;; i=1

»

A 4

|p1=|0; IpZ: I? - Ipl; Imin: Ipl

A 4

Po3paxyHok BUTpaT Ha nepeBe3eHHs Pi;

A 4

\4

|p1: |p1' IK[)()K; IpZ: |3 - Ipl;

v

PO3anyHOK BUTpAT Ha NEPEBE3CHHA
Pi2

|p1> IKan

lm

PozpaxyHOK BUTpaT Ha HepeBe3eHHs Pig

A

ﬂpy]{ mp, |mim I; - Imin, F>miny Pi

A 4

Mp= Mp= My i=i+1

Hi

TaK

KiHeIb
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ITpn BubGOpi TexHONOTIT INEepeBe3eHb BAaHTAXKIB
Tpeba BpaxoBYyBaTH BaXKJIMBICTH KOXKHOI CKJIaJ0BOI
KBaJIIMETPUYHOTO ITOKa3HWKA B OyAb-sKUH Iepion dacy
JUIl TIPUMHATTS pilIeHb NPO NPIOPUTET BUKOPHUCTAHHS
BIJINIOBITHUX TEXHOJOTIH Yy KOHKPETHHX CHUTyaIlisxX i
oOMexxeHHsX. [Ipm mbOMYy OTpUMaHWH  yTOYHEHHH

m, T ,
500 1000

500

MOKa3HUK ypaxoBy€ BaroBi TEXHIYHI Ta BUTpaTHI
(hakTopu  TpaHCHIOPTHHX  TexHOJoOrii.  Peamizamis
npoueaypy BHOOPY BUAY TPaHCHOPTHOI TEeXHOJOTIl 3a
KBaJIMETPUYHHUM KPUTEPiEM HaBelleHa Ha puc. 2.

R} P, TpH/TpaH
T ——— 11500
[T
'\ -
— | 1
e |~
1000
e |
— 3
B
K-

1
R 500

[, kKM
1500

Puc. 2. BusHaueHHs TpaHCIIOPTHOT TEXHOJIOTIi HA OCHOBI oNTHUMi3amii BUTpaT
Ha MEPEBE3CHH 3 ypaxyBaHHAM KBaJIMETPUYHOTO KPUTEPIIO:
1 — aBTOMOOLIEHUIA TPAHCTIOPT; 2 — 3aJI3HUYHNHN TPAHCIIOPT;
3 — KOMOIHOBaHHI TPAHCTIOPT

SIK BHIHO 3 LBOTO, MOKHA HarIAHO BH3HAYUTH
ONTHMAJIbHY 00JaCTh JOCSATHEHHSI MIiHIMAIbHUX BHTPAT
Ha  TIepeBe3eHHs IpU  BHOOpI  aNbTEPHATHMBHUX
TPAHCTIOPTHHUX TEXHOJIOTIH.

Tak, BIANOBIZHO OO0 pHC. 2 MOKHA 3POOUTH
BHCHOBOK, IO 3a Bijgcradi Oinbine 750 KM JIOLIJIBLHO
BUKOPHCTOBYBATH 3aJi3HWYHUI TpPaHCIOPT, TOAI SIK
aBTOMOOIIBHUI TpaHCTIOPT € e()eKTHBHUM Ha BiACTaHI 10
500 KM, KOMOIHOBaHMH  TPAaHCHOPT  JIOILUIBHO
BUKOPHCTOBYBaTH Ha BijacraHi B Mexax 250-300 xm.
To6To 30HY KOHKYPEHTHOTO BHKOPHCTAHHS LMX BHIIB
TPaHCIIOPTY MOKHa OOMEXHMTH BiAcTaHHIO Bijg 250 no
1500 kM. 3a Bigcrani Oigbmie 1500 kM e(eKTHBHUM €
TUIBKMA 3aJi3HUYHMK TpaHcrmopr. Pasom i3 Tum y

Cy4YacHHMX peaJlisix yce OULIbIIe yBard CTaiM NPHUAUISTH
BUKOPUCTAHHIO allbTEPHATUBHOTO BUJIY TPAHCHOPTY, SIK
OB MOOITHFHOTO Ta OMIEPATHBHOTO.

Crin 3a3Ha4YMTH, 10 MPOIEC MOKPAIIEHHS SIKOCTI
YIpaBiiHHS IE€peBe3eHb HEBIN'€MHHUH B BUpIIICHHS
TaKUX 3aBJIaHb, IK BU3HAYCHHS ONTUMAIbHOTO MapUIPYTy
JIOCTaBJIEHHS BaHTaXiB, MONIYK ONTHMAJIFHOI B3a€MOIi
BUJIIB TPAHCHOPTY B MICIPIX MEPEBAIIOBAHHS BaHTAXKY,
BUKOPHUCTAHHS aJIbTCPHATHBHUAX CHEPICTUYHHUX PECYPCIB.
[Momryk onTHMaNEHOTO MapIIPpyTy AOCTABICHHS BaHTAXKIB
e(eKTHBHO  3MIMCHIOIOTH METOJaMH  JIHIHHOTO i
JMUHAMIYHOTO IpOrpaMyBaHHsS. 3aBIaHHS ONTHMAaIbHOT
B33a€EMOJIIi PI3HMX BHAIB TPAHCHOPTY BUPIIIYIOTH Yepe3
peaii3aifiro  3arpoNOHOBAHOTO aJrOPUTMY Ha OCHOBI
KBAJIIMETPUYHOTO KpUTEpir0. BHOOpOM allbTepHATUBHHUX
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JDKepell eHeprii € mepexin Ha TiOpUIHI eHepreTHdHi
TPaHCIOPTHI 3aco0u, o BUKOPHCTOBYIOTh
aKyMyJIbOBaHy €HEprilo abdo BiJ IU3EIBHOTO JIBUTYHA,
abo  consuHux  Oarapeif, sAKkuMH  OOJIaJHAHUI
TpaHCIOpTHUIT 3aci6. Yce me nacTte 3MOry MOKpaIlUuTH
poboTy 1 WiIBHIIUTH €QEKTHBHICT TPAHCIOPTY B
LiJIOMy, JeI0 3MCHIIUTH BIUIMBH KPH30BHX CUTYaIliil B
€KOHOMIIi, 3a0€3IeYNTH pecypco30epeKeHHS.

OtpumaHa Tmpouexypa BHOOPY TPaHCHOPTHUX
TEXHOJIOTif MO’Ke IOTMOBHIOBATU TPATUINIMHI MiIXOAU 3
YIOCKOHAJICHHS TIEpeBe3¢Hb, y TOMY YHWCIi 1 3a yMOB
BUKOPHCTAaHHS HOBHUX TPAaHCIIOPTHHX 3ac00iB.

Tobto 3a  JIOIIOMOTOIO IbTEPHATUBHUX
TEXHOJIOTIH JOCTABJICHHS BaHTaXXiB MOXKHA MiHIMi3yBaTH
eKCIUTyaTalliiiHi BUTpaTH, TEPMIHM JOCTaBIEHHA Ta
30UIBIINTH (DIHAHCOBI HAJIXOJKEHHS B OIO/KeT YKpaiHu
BiJl TPaH3UTHUX TNEPEBE3CHb 1 3a paxyHOK LBOTO
HIIBUIIATH  KOHKYPEHTOCIPOMOXHICTh  3QJIi3HHYHOTO
TPAHCIOPTY.

BaxxmmBuM (hakTOpoM IMiIBUIICHHS SPEKTHBHOCTI
NEepPEeBE3CHb BAHTAXKIB B YMOBax BOEHHOTO CTaHy €
BUKOPUCTaHHS OC3MIJIOTHUX BAaHTAXXHUX TPAHCIIOPTHHX

3aco0iB.  TIpOKONTEpiB 1  KB3JAPOKONTEpIB  uepe3
BUKIIIOUCHHS  JIIOJCHKOTO  (hakTopa Ta  BiAMOBITHO
30epeKeHHSI  KUTTA  TIpoMajasH. [HImIi  TexHousoril

NepeBe3eHb BAaHTAXIB MOXKYTh OyTH PO3IIISIHYTI B paMKax
HaBeJICHOI METOIUKU Ha IEPCIEKTHBY 31 cTadimizaliero
€KOHOMIKH B YKpaiHi.

BucHosku.
1. CdopmoBano MO/IeJTh OIIIHIOBAHHSI
e(EeKTUBHOCTI BHMKOPUCTaHHS pI3HUX TPAHCHOPTHHX

TEXHOJIOTIH 13 3a0e3Ne4YeHHsIM ONTUMAIbHUX BHUTpPAT Ha
OCHOBI KBaJIIMETPUYHOTO KPUTEPIIO.

2. OuiHeHO  e(eKTHMBHICTb  TPAHCIIOPTHOI
TEXHOJIOTIi TepeBe3eHh Ha OCHOBI KBaJIIMETPUYHOTO
KpUTEpifo  3rigHO 31 c(OPMOBAHUM  AITOPUTMOM.
[MoOymoBana mpocTropoBa TpadidHa 3alekKHICTh, 3a
JOIIOMOTOI0  SKOI ~ HAarsiiHO ~ 300paskeHi  30HHM
e(pEeKTHBHOCTI PI3HUX TEXHOJOTIH TepeBe3eHb. Tak,
ONTHMAJbHE 3HAYCHHS BHTpPAT A1 KOMOIHOBAaHOTO
TpaHcnopTy P 3Haxomutbesd B Mexax 1o 100 rpa/TpaH y
30Hi 250-300 kM. AHAJOTNiYHO BHM3HAYAIOTh 30HU
e(eKTUBHOCTI Ta ONTHMAaJbHI 3HAYCHHS BUTpAT IS
IHIIMX BHUAIB TPAHCIIOPTHUX TE€XHOJIOTIH.

OTxe, BU3HAYEHHS e(eKTHBHUX 30H
BUKOPHUCTAHHS 3a BiAIIOBITHUX 00MeKeHD i
3aIpOBA/PKEHHS AJIbTEPHATHBHUX TEXHOJIOT1H MepeBe3eHb
JIacTh 3MOTY IJBHIIMTH SIKICTh HAJaHHS TPAaHCIOPTHUX

NocCiyr, OHTI/IMi3yBaTI/I HIBI/II[KiCTB IMEPEBE3CHHA,
BIZIMBATH Ha CHepFOC(bCKTI/IBHiCTI) NEPEBE3CHb, 4 TAKOK
MOXKEC CIIpUATHU 36€pe)l(€HHIO HaBKOJIMIIHbBOT'O

CepeloBHUIIA 32 PaXyHOK BHUKOPUCTAHHS YUCTHX JDKEPEI
€Heprii, JacTb MOXJIMBICTh 3a0€3MEYUTH BiJHOBICHHSI
TPaHCIOPTHOI ramysi Ta T ABHUIITUTH
KOHKYPEHTOCIPOMOXKHICTh YKPAaiHCHKUX MEPEBE3EHb.
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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

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

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.
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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

/ 2. By force

3. By frequency range

Classification of tvpes of noise
in the audio series

5. By structure

6. By subjective

perception

7. By impact on speech

recognition

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

4. By time structure

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 Wire noise
recording device itself)

Quantization noise

Acoustic noise

T

External noises (occurring in the
environment)

Electromagnetic
noise

Weak no1se

Average noise

Loud noise

Mechanical noise

Low frequency noise

Medium frequency noise

High frequency noise

Stationary noise

Non-stationary noise

White noise
Pink noise
Brown noise

Hissing
< Buzz
Crackle

Additive noise
< Multiplicative noise

Reverberation noise

AN N TN T~

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

Table 1. — Noise comparison

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.

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 to sudden | (Gaussian)
octave per octave ! RN
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
a 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
. L and soft sound, | to heavy sea structure or
perception noisy" sound L !
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.

— IR (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

Wavelet transform

Spectral subtraction

Filtering based on frequency
filters

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
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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).

Powerful Not powerful Frequency filters
I T Spectral subtraction
Clear input : ; Noisy audio files ; ; Denoised audio files | Determination of recovery
udio Noise adding Noise reduction quality(SNR, PSNR)
| Pink \ | Impuls \
Gaussian

noise

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

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.

compression or passing through noisy channels. It

Table 3. — Data subsets

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 -17.95 121 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

Noise

20 Tl T

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).
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Figure 3 — Graphs of changes in values for weak noise a) SNR, b) PSNR
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Figure 4 — Graphs of changes in values for powerful noise a) SNR, b) PSNR
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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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JocaigkeHHs1 BIUIMBY MeTOJiB IIYMONPUTHiYeHHS Ha
SIKiCTH BiTHOBJIEHHSI ayTi0OCHTHATIB

bapkoBcbka Osecs, ['aBpanieHKo AHTOH

AHoTanis.

IpeameTom qocaiaKeHHsI € aHAII3 PI3HUX AITOPUTMIB
¢binmpTpanii Ha AKICTH  Pe3yJbTYIOUMX aynio  ailiis.
3Hauyniicte QinpTpamii aymio psgy MOOMITHO 3pocia B
OCTaHHI POKH 3aBISKU ii KIIOYOBIH poJii B pi3HOMAaHITHUX
3aCTOCYBAaHHAX, TaKUX SIK 3MEHIIEHHS PO3II3HABaHHS MOBHU
Ta IITYYHUH iHTENEKT. 3 ypaxyBaHHAM 3pOCTAIOUOTO MOMHTY
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Ha pimeHHS 3ajad MOB’S3aHUX 3 PO3MI3HABAHHAM MOBH,
00poOKHM aymio psaay CTae BaXIMBOIO UL BH3HAUCHHS
TOYHOCTI Ta €()EeKTHBHOCTI OTPUMAHOTO PiIlICHHS.

MeTo0 po0OTH € [OCHIKEHHS BIUIMBY METOIIB
IIyMOTIPUTHIYCHHS Ha SKIiCTh BiJHOBJICHHS ayIOCHTHAIY, IO
MONepeaHbO OYB 3alTyMIICHUN OJHUM 13 I’ SITH BUJIIB IIyMiB -
Oinmi, poskeBHil, KOPUIHEBHH, IMITYyIbCHHH, TayCiBCBKHH 13
PI3HOIO TOTYXXHICTIO. [l NOCATHEHHS MOCTaBIEHOI METH
OyJu BUpINIEHI HACTYIHI 3aBAAHHA: OyJIO IPOBEICHO aHAII3
TUOIB IOyMiB Ta aHali3 METOAIB ILIYMOIIOJABJICHHS Ta
GuUIbTpyBaHHS, a TakoX OylI0 po3po0JICHO Yy3araJbHEHY
MOJIeNIb IIIYMOTIOJABIICHH Ta ()INbTPYyBaHHSA 1 CIUIAHOBAHO
EKCIIepHUMEHT y 3aJeKHOCTI BiJl THILY Ta MOTY)XHOCTI IIyMy.
MonentoBaHHsA CKCIEPUMEHTY BUKOHAHO IHUIIXOM
MOPiBHSHHS MTAPaMETPIB CIIBBIIHOIICHHS CUTHAI/IIYM 10 Ta
TICIIsL eKCIIEPHMEHTY Ta IIKOBE CITiBBIIHOIICHHS CUTHATY IO
myMmy B o0pobieHoMy ¢aini . Buxopucrani Taki MeTOIU:
CIeKTpaJbHEe BiJHIMAHHS , (iIBTpaIliss HA OCHOBI YaCTOTHUX
(GUIBTPIB Ta BEHUBIIET-TIEPETBOPEHHSL.

OTpuMaHi HACTYNHI Pe3yJbTATH: y 3AJIEKHOCTI Bif
o0paHMX IOyMiB Ta aITOPUTMIB, BAANOCS JOCATTH
HAHMKYOTO 3HAYEHHs IIKOBE CIIBBIIHOIICHHS CHTHATLY IO
mymy y 21.5206, Ta 30UIbIIyBaNo  CIiBBIIHOIICHHS
CHUTHAJ/IIyM IO AO3BOJHMJIO TOAANBIIy pOOOTYy 3 LUMH
aynmiodaiinamu. [IpakTHYHO 3HAYYIIICTIO JaHOT PoOOTH €
30UIBIIEHHS KUTBKOCTI JOCTYNHHX —ayjio (almiB st
oAaNbIIol poOOTH .

BucHoBku:
AHamiz  OTpHUMaHHUX pe3yNbTaTiB  II0Ka3aB, IO
¢GumpTpamis Ha OCHOBI  4acTOTHHX  (QUIBTpIB  jniIe

TOTipIyBajia BUXIAHUH CUrHaN, TOOTO (iIBTpyBacs He JHIIe
myM, a i kopucHa iHdopmaris. Y Bcix 3amyckax SNR
moripuryBaznacs 1o -1810. mo ripme Hix 6e3 QiTbTpyBaHHA.
ANTOPUTMH  CHEKTPaJbHOTO BiHIMAaHHA Ta  BEHBIET

TepeTBOpeHHsT Tmokpammm mapamerpy SNR Ta BuBenmn
aymiodaitmu 3amrymieHi HaWNOTYXHIMMMH IIyMaMu Yy
niama3zoH Bif 201b, mo Moxke BBaXKaTHUCS CIIPUAHITHUM JUIS
noJansIoi 06poOku. Pe3ynpraTy migKpecIoloTh BaXKIIUBICTD
BUKOPHCTAHHS LIyMOIIO/ABICHHSA Ta (iAbTpyBaHHA s
CKIaJHUX 3aBJaHb OOpPOOKHM aynio, 30KpeMa Yy 3agadax
HaBYaHHS HEHPOMEPEXK.

KnrouoBi cmoBa: 1mymonpurHideHHs, (inbTpamnis,
aynio, myM, SNR, PSNR, cniekrpanbHe BiIHIMaHHS, YaCTOTHI
(binbTpH, BEUBNET MIEPETBOPECHHS, CKCIICPUMEHT.
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CONCEPTUAL MODEL OF THE TECHNOLOGY FOR
CALCULATING THE SIMILARITY THRESHOLD OF TWO AUDIO
SEQUENCES

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 (Al), 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 Analyncs‘and Commerce
forecasting
Applications of 0 0 L. 0
generative Al v v v
Clnematlogrgphy 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:

Data accumulation
A B C D
E
Data access Intellectua! Data
< Analysis
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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Data comparison

Algorithmic

approaches

Mixed (hybrid)

—>

Neural network

Figure 3 — Generalized classification of approaches to data comparison.

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:

- 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 cmldilion}

Industrial
analysis

Monitoring the turbine
condition

Monitoring the pump status }

Parkinson's disease
identification

Voice disorders
detection

Diagnosing diseases

Medical analysis

Applications that use MFCC-based

ECG diagnostics
COVID-19

audio analysis

identification

ECG analysis

Analysis of emotions in
speech

Cloned voice detection

Acoustic

Speaker recognition

analysis
(biometric and R

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].

The aim of this work is to determine the orders of the
mel-frequency cepstral coefficients that most accurately
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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

'

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 is 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.

Recording of the Recording of the ' WAV
. . € . . <« — = .
input voice data input voice data conversion
h 4 D A o
I
Preprocessing & Preprocessing & Normahzgt!on,
Segmentation < Segmentation <« — — Denoising,
S| g Refactoring
[1}] L R e i -
= A 4 . A
3 . I - U
= Determining the » Determining the « — — MECC
z ! key features key features !
Z ) ]
< el e

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 z_l\(jll?\?lt:rS]S)
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 Robbhie | 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

input
layer

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:
TRUE/FALSE

cosine
distance

lower profile
hidden

i 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 _degree of | Average Proximi'ty . Computing

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

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%

Comparison of audio sequences using partial (predefined) MFCC orders

for identical voices

15 0.32 3:18 77%

16 0.34 2:15 65%

17 0.35 2:22 71%

18 0.38 0.33 2:42 68%

19 0.29 3:16 74%

20 0.28 2:55 69%

21 0.35 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 0.54
26 0.54
27 0.61
28 0.53

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.

Computing unit workload

100%
90%
80%
70%
60%
50%
A0%
30%
20%
10%

0%

All MFCC Selected MFCC

(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.

Proximity detection time

6:00
4:48
3:36
2:24
1:12

0:00

All MFCC Selected MFCC

(6) 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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KonuenryanibHa MogeJb TexXHOJIOrii BH3HaAYeHHS
nopory noaioHocTi ABOX ayaiopsaais

Vladyslav Kholiev, Olesia Barkovska

AHoTanis. PoboTta mpucBsueHa axTyaJbHId mpodJiemi
Bepu(ikamii CrHikepiB MOUIAXOM HOPIBHSAHHSA TOJIOCOBUX
yacoBuX psniB. MeTow 1aHOi poOOTH € BH3HAYCHHS
MTOPSAKIB METYACTOTHUX KETCTPAITEHUX KOSQIIiEHTIB, SKi
HAWTOYHINIE OMKMCYIOTH PI3HHUIO aBTEHTUYHOTO TOJIOCY
BiJl INTYYHOI 3T€HEPOBAHOI KOIIii IS IMOAAJBIIOrO iX
BUKOPHCTAHHS y SIKOCTI BXIJHMX JaHUX HEHpOMepexKeBol
MoOJIeJIi B yMOBax 0OMeXeHuX pecypciB. Jis mocsrHeHHs
i€l MeTH OyJd BHKOHAHI HACTYITHI 3amadi: po3po0seHo
KOHILIENTYaJbHY MOJEJIb TEXHOJIOTI] BU3HAUSHHS MOPOTY
o Ai0HOCTI JIBOX ayzaiopsiis, Ha OCHOBI
HEMpPOMEPEIKEBOTO  aHaNi3y  BU3HAYEHO  MOPSIKU
MEIT4acTOTHUX KEICTPaIbHUX Koe(ilieHTIB 3
HaliXapaKTepHIIIMMA  BIIMIHHOCTSIMH  3allACy  BiX
3T€HEPOBAHOTO TOJIOCY, TPOBEIEHO EKCIICPUMEHTAIIbHE
JOCII/DKEHHSI ~ 3aJIOKHOCTI  4Yacy  BHKOHAaHHS — Ta
3aBaHTA)XEHOCTI OOYMCIIIOBAaYa BiJj CTBOPEHOTO BEKTOPY
XapaKTepHUX O3HAK TPHW OILIHIOBaHHI MipH TOIIOHOCTI
JIBOX YaCOBHX PSIIiB, @ TAKOX BU3HAYCHO ONTHMAIbHUMN
Iopir MoAiOHOCTI Ha OCHOBI BHKOPHUCTAHHS alTOPHUTMY
DTW vy koHrekcti oOpaHoro pgaracety. Po3po0iena
MOJIeNTb TEXHOJIOTIi BU3HAUEHHS TOpOry MoAiOHOCTI Oyrna
MPOTECTOBaHA Ha HaOOpl JaHWX, MIO SBISE COOOKO
kombiHarito Habopy manumx DEEP-VOICE Tta BiacHoro
naracery. [IporeMoHCTpOBaHUH pe3ynbTaT 3aCTOCYBaHHS
po3pobnenoi TexHoyorii mokaszaB npupict 'y 43% mpu
BukopuctanHi  BusHauenux MFCC  mnopiBHsSHO 3
BUKOPHUCTaHHSIM ycix. Ha OCHOBI ekcreprMMeHTaJIbHUX
JIOCITi/KeHb OyB BCTAaHOBJIEHHUH nopir npuidnsaTtss DTW y
0.37.

Kmouosi cioBa: machine learning; mfcc, 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 €nhance the noise immunity of complex signal ensembles,
signal ensembles because these methods provide high ~Which is critical for the functioning of wireless

accuracy and efficiency in tuning spectral, temporal, and ~ telecommunications systems. In the face of constant
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]:
filx)= ”-r_ Xtarg pr”- +llx - X robust I

@

where || || — Euclidean norm;

X, Xt arget: Trobuse — SPECtral density vectors.
Based on this, the gradient of the objective function

will have the form [4,5]:
8f (x) _E{Ir:rg et — X)

VF@x) = ( ........ ) o @
9f (xm) —2(Xropus — ¥

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
XD={XD1.XD . ) :J

Calculating a Xng,, point
Xnew™Xolg~aVI(Xg1q)
when a - step,

Vi(x) - the gradient at a point x

X0 %new

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
; - w=()
1 1 _ /0.5 _ /0.5

0= (L)_??Ff{xl}]_ {05) X = (05)
2 _ /05y ~ 70,25 ~ (0,25
*2 = {0.5) = —Vf(x) = (0.25) *2 = (0.25)
n .= (x#] _ (x#_L - nf’f{xn_lJJ o= (x#]
R e LY " g

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 ¢, 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

2r = Original signal
—— Optimized signal

Amplitude
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—= Ll
a——
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[ ———
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Fig. 2 — Analysis of signal changes after optimization
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Fig. 3 — Dynamics of signal amplitude changes during iterations

Table 2 shows how the signal parameters and the Table 3
gradient norm changed with each iteration. The gradient Optimization of signal parameters by the gradient
norm is a characteristic that indicates the change in the method
function of the gradient vector length at a specific point. Iteration |1

2[3[4]5]6] 7 | 8] 9 [10[..[100
In our case, the gradient norm considers how close the t{Amplitude |1,2/09]11/08]1,0/13] 09 |1.1] 1.4 |12]..] ...
signal parameter optimization algorithm is to the given

minimum point € [9, 11]. The optimization process using the gradient method
can effectively adjust the signal amplitude, improving the
Table 2 level of noise immunity. Changes in amplitude at each
Dynamics of signal parameters on gradient norms by ~ iteration indicate the process of approaching the optimal
iterations level, which helps achieve better characteristics and
lteration Signal parameters on current Gradien stability under various interference conditions. Such
iteration (first 5 values, total t norm results are achieved by using the gradient of the objective
500 points) function, which indicates the direction and magnitude of
0 1,13,0.85, 1,05, 1,13, 1,38.... 12.75 the necessary changes to irr_1prove the_ signz_al en§emt_>le.
1 1,02, 0,76, 0,94, 1,02, 1,25 1150 The gradlent shows how quickly and in which direction
2 0.92 068.084 092 113 1035 th_e _5|g_nal ensem_blg parameters need to be_ changed to
3 0.83.0.61.0.75. 083 102 9.30 minimize the deviation from the target function value. As
4 0’75’ 0’55’ 0’67, 0’75’ 0’92 8’35 a result, the amplitude of the signal ensemble is gradually
R — ’ adjusted (improved) during the iterations, approaching the
optimal value, which overall contributes to ensuring a

n 0.10,0,01,020,0,15,0,01 <1.23 high level of noise immunity [11].
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Let’s consider a situation where the objective
function fix) evaluates the distance between the

parameter vectors of the spectral density x and the target

density .rm,,“r=g'§ and the
0.2

Xrobust = o Then, the gradient of this function will be

robustness density

as follows:

— ﬂ'f{ﬂ.'] _ _E{XL arg & _xL]
Vi) = (ﬂf{xt]] B (—E{I:;ajstr_x:] ] ©

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]:

Apew = and - ??Ff{ﬂnfd]
(4)
where 1 — the step coefficient, the learning rate,
determines the change of the parameter at each step.

Table 4
Dynamics of changes in signal parameters during
optimization
Iteration Parameter 1 Parameter 2
(signal amplitude) (noise level)
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 Optimization

10 —&— Parameter 1 (signal amplitude}
Parameter 2 (noise level)

02

0.0

0 1 2 3 4 5
tteration

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

Ei

S

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 n 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 y = 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]:

Q(x) = fi(xg) + Vf(xp)" (x — x3) +§{1’ -
2 )T HOr)(x — xg) (5)

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

1.5 7

1.0+

0.5

0.0 1

Signal Amplitude

~1.04

® 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
Iteration Frequency The calculation
error
0 0,5 0,1
1 0,45 0,075
2 0,475 0,05625
3 0,46875 0,0421875
4 0,46484375 0,03125
5 0,462953125 0,02265625
6 0,4619140625 0,015625
7 0,46123046875 0,0107421875
8 0,4608154296875 0,0068359375
9 0,4605712890625 0,004296875
10 0,460418701171875 0,002685546875

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

the general («global») minimum.

Weaknesses | 1. May be ineffective for | 1. Requires the calculation of the |1. The method requires
objective functions with a | gradient of the objective function, | calculation and inversion of the
non-smooth graph. which  necessitates ~ complex | Hessian

2. Can be slow for high-
dimensional objective
functions.
3. May get «stuck» in
local minima for complex
functions.

computation algorithms.

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

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

stability and speed of convergence.

2. Is sensitive to the choice of
initial values

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
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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.

5 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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HarioHanmsHUH yHiBepcuTeT [loBiTpssaux Cun imeHi [Bana
Koxemy0a, XapkiB, Ykpaina

Tapmun B.A.  —  JOKTOp  TeXHIYHMX  HAyK,
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Micwopa O.M. - kaHaUAaT TEXHIYHUX HAyK,
CTapIuit HayKOBUH CHIBPOOITHHK, HayaJIbHUK
HaykoBoro muentpy IloBitpstaHux Cun  XapKiBChKOTO
HanioHaneHOro YyHiBepcutery IloBiTpsiHux Cun imeHi
IBana Koxxeny0a, XapkiB, Ykpaina
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3ACTOCYBAHHSA JITHIAHUX
AITPOKCUMAILIA IS OIITUMI3ALI
MMAPAMETPIB AHCAMBJIIB CKJIAJJHUX

CUTHAJIB 3A TPAJIEHTHUM METOAOM 1
METOJAOM HBIOTOHA

B crarti gocmimkeHO eQEKTHBHICTH METOIIB
TPaJi€eHTHOTO CITycKy Ta HproToOHa i onTuMisamii
mapaMeTpiB aHCaMOJIB CKJIAJHUX CHUTHaIiB. Po3pobieHo
Ta BIPOBAPKCHO AITOPUTMH, IO MiJBUILYIOTh TOYHICTb
HaJIalTyBaHHS rlapameTpiB Ta 3a0e3neuyroTh
OOTPYHTOBaHY ONTHMI3allil0 CIEKTPATbHUX, YaCOBUX 1
CTATUCTHYHUX XapaKTEePUCTHK CHUTHaliB. E(eKkTHBHICTH

3aCTOCYBAHHS METOJIB i ATBEPIKECHO
eKCIIePUMEHTAIbHAM MUIIXOM Ha TPHKIaAi 3MEHIICHHS
MOXMOKM Ta MIABUINEHHS PIBHA  3aBaJOCTIHKOCTI.

OtpumaHi pe3ynbTaTH OOIPYHTOBYIOTH YIOCKOHAJCHHS
mapamMeTpiB  CKIQJHUX  CHTHANiB, M0  JIOBOJWTH
e(eKTUBHICT,  BHUKOPHCTaHHS JJIs1  0E3NMPOBOJOBUX
TEIEKOMYHIKAIlIHHAX CUCTEM 3 METOK 3a0e3ledeHHs
cTabIpHOT Ta HaAIWHOI pOOOTH B yMOBaxX JAMHAMIYHUX
3MiH Cepe/IOBHINA Ta BUCOKOTO PiBHS 3aBa/l.

VY craTTi HpOBENEHO IOPIBHSHHS MATEMaTHYHUX
METOZIB ONTHMIi3amii, a caMe TPaai€eHTHOTO METONy 1
MeTtony HploTOHA, 3anpONIOHOBAHO MaTEeMAaTUYHI MOJIENI i
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moOy/IOBAaHO AlTOPUTMH, SKi EMITPUYHO JTOBOMSTH
e(pCKTHBHICTh 3aCTOCYBaHHS JTOCITIIPKCHUX
MaTeMaTUYHUX METO/IB B BU3HAUYEHiil HayKoBii 00yacTi —
JUIA  ONTHMi3allii mapaMeTpiB aHCaMOJIB  CKJIAQJHUX
curHamie. Y HaykoBux pobGorax [1-6, 9, 12]
MIPEJCTABICHO ANTOPUTMH, 33 TPAIIEHTHAM METOIOM Ta
MeTozoM HpioTOHa, aje B HUX HE PO3MIITHYTO NETATBHO
MOPIBHANIBHUI aHalli3 €(QEeKTHBHOCTI ITMX METOIIB IS
onTUMi3alii mapaMeTpiB aHCaMOJIB CKJIAAHUX CHUTHAIIIB
JUTS peaiizamii B pi3HUX HAyKOBUX 1 MPAKTUYHUX 3a/adax.
EdexTuBHICT 3allpONOHOBAHUX B CTATTI ANTOPHTMIB
MIATBEPIXKCHO  CKCIICPUMEHTALHUM  [UISXOM, IO
JO3BOJIMJIO  JIOCSTHYTH  3MCHINCHHS  TNOXHOKH  Ta
MOKPAIICHHS  XapaKTEPUCTHK  aHCaMOJiB  CKIIAJHUX
CUTHAJIIB.

B pesynbraTi €KCHEPUMEHTIB 3 BHKOPUCTAHHSIM
METOMIB TpajieHTHOro chycky Ta Hpiorona Oyio
JNOCATHYTO  3HAYHOTO  3MCHIICHHS  IMOXUOKH  Ta
MOKpaIIeHHsT cTabimbHOCTI curHamiB. Meron HrroroHa
3aM3uB MoxXuOKy 3 0,1 10 0,0027, 06TpyHTOBYIOUH BHCOKY
TOYHICTh HAJAIITYBaHHSA MapaMeTpiB cHrHamy. MeTox
TPaJi€EHTHOTO CITyCKy 3a0e3MeYdB CTa0ibHE 3HIDKCHHS
HOpMH rpamienTa 3 12,75 no menmn Hix 1,23, edekTuBHO
3MCHIIIYIOYM  pIiBEHb  3aBajg, TOOTO  IIiJBHIIYIOYH
3aBa/IOCTIMKICTB.

KurouoBi cioBa: miHiiiHI anmpokcumaiii, aHcaMOi
CKJIaHUX  CHUTHAIIB, TPAJI€EHTHUNA METOA, METOJ
Hryrotona, Hopma rpajieHTy, QyHKIS LT, ONTHUMIi3aLlis
mapameTpiB CUTHAJIIB, iTepariitanit ANTOPHTM,
3aBaJIOCTIHKICTD.
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