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IIporHo3yBaHHsl BTOPMHHMX OLIHOK MNapaMeTpiB CUTHAJIY TeCTYBAaHHA OOMOTKHM CTaTOpa
TpU(a3HOro ACHHXPOHHOIO €JIeKTPOABUIYHA

[ eusnauenHs NOMOYHUX GeAUYUH AKMUBHO2O MA PEAKMUBHO20 ONOPI6 0OMOMKU CMAmMopa aCUHXPOHHO20
€eKMpPOOBUSYHA  BUMIDIOIOMb NAPaAMempu NpONYWeHo20 Kpize Hei mecmogozo cmpymy. Onucano npoyeoypy
NPOSHO3YBAHHS 6MOPUHHUX OYIHOK 6EIUYUH YUX NAPAMEMPI8 NPU HePIBHOMOYHOMY Mda HeeKGIOUCMAHMHOMY 8 4aci ix
sumiproéanni. Ompumano 6upas Ol PO3PAXYHKY OUCHEPCIi CNpOSHO308AHOI  GelUHUHU NPU  32TA0NCYBAHHI
NOCTIO0BHOCI BMOPUHHUX OYIHOK OOBLIbHUMU OemepMIiHO8aHuMUu QyHKyiamu yacy. Lleti eupas KoHKpemu308aHo O

BUNAOKY NONTHOMIANBLHO20 3271A0HCYBAHHS.

Knrouosi cnoea: oyinka napamempis, nepeuHHAa OYIHKA, GMOPUHHA OYIHKA, 321A0JICY8AHHS, OUCMAHYIA

nPOcHO3Y, OUCNEPCIs.

Beryn

B TaroBux mpuBOmax pyxoMux  3aco0iB
EJICKTPOTPAHCIIOPTY IIMPOKO 3aCTOCOBYIOTH TpH]asHi
ACHHXPOHHI CJIEKTPOBUTYHH. Cryninb ixHBOT
IIpare3laTHOCTI BU3HAYa€ EKCIUTyaTalliiiHy NpHIATHICTh
BKazaHMX 3aco0iB. 3i cBoro OOKy, TEXHIYHHH CTaH
0OMOTKH CTaTopa TaKoTo JBUTYHA SIK HOTO HMPUHIUIIOBO
HEOOXiHOTO eJeMEeHTa KOHCTPYKIii BH3HAYaJIbHUM
YHMHOM BIUTMBAE HA IMPANE3JaTHICTh 1 EKCIUTyaTaIliifHi
XapaKTEePUCTUKH BJIACHE JIBUTYHA. BennmunHu akTHBHOTO 1
PEaKTUBHOTO  OHOpiB  OOMOTKM  CTaTopa  HECyTb
iH(OpMaiio K Ipo cTaH ii IPOBIAHMKIB Ta 130711, TaK i
PO TOTOYHY TEMIIepaTypy IBHTyHa. Bxkaszani omopu
MOXYTb OyTH BUMIpsHI B Ipoleci Horo poOOTH HIISIXOM
BBEJICHHS B KOJO OOMOTKM Maioi TECTOBOI Hamlpyrd 3
BijoMHMH (OpMOIO Ta TapaMeTpaMu i B MOJAJIBIIOMY
BUMIpIOBaHHI IapaMETpiB CTBOPEHOTO HEIO CTPyMYy.
OTtpuMaHi B Takuii criociO MepBHHHI OLIHKK MarOTh HEBHI
BIMXWICHHS BiJ] ICTUHHHX BEIWYWH BUMIPIOBAHUX
rapaMmeTpiB 3 TpPUYMHM [ii 3aBax Ha pgaTdukd. Lle
YTPYIHIOE BHUSBJICHHS TCHICHINI 3MIiHM TapameTpiB
oOMoTKH B yaci. {1t po3B’si3aHHs 11i€i 33124l BUKOHYIOTb
3MIQ/DKYBaHHS  4acoBOI  ITOCHTIJOBHOCTI  NMEPBHHHHUX
OIIIHOK, OTPUMYIOYM 3 HEl YacoBy IOCIIJOBHICTh
BTOPMHHHMX OIIHOK, BEJIMYMHHU SIKUX 33/I0BOJIGHSIOTH
MIeBHIN TOCTATHBO TMIaJKiN aHAMITHYHIN (yHKIIl. 3HaHHS
BuAay Ta TmapamerpiB miei ¢QyHKOii  mae  3Mory
CIPOTHO3YBaTH II YMCIIOBY BelIW4YMHY (a BimTak — i
YHCIIOBY BEJIMYMHY BUMIPIOBAHOTO HapaMeTpy OOMOTKH)
Ha JIIKUH TIPOMDKOK dYacy. 3BiJICH YTBOPIOIOTHCS
MepelyMOBH Uil OOIPYHTOBAHOTO BH3HAYEHHS TEPMiHY
Ta BUJY TEXHIYHOTO OOCIYyrOBYBaHHS JABUTYHA, MAlOUX Ha
METI MIHIMI3aI[il0 TEXHIYHWX, OpraHi3amiiHUX 1
(iHAHCOBUX BHUTpAT.

OTxe, po3B’sI3aHHS 3a1adi CTIHKOTO J0 MOXUOOK
[ICPBUHHUX BUMIPIOBaHb TPOTHO3HOTO BHU3HAUYCHHS
BEJIMYUH JiarHOCTHYHUX TapaMeTpiB JBUTYHA B YMOBax
KOPCTKOTO PECypCco30eperKeHHS € BUCOKOAKTYATEHUM.

IocranoBka mnpoOiaemMn ¥ aHami3 [AoCHiIXKeHb |
nyoaikauii

BukopucranHs ~ TecTOBOTO CUTHALy Ui
BU3HAUCHHS Yepe3 HOoro napamerpu KOMIUIEKCHOTO OTIOpY
OOMOTKHM cTaTopa acHHXPOHHOTO EJIEKTPOJBHTYHa Ta
0OMOTKHM Oynb-IKOI KOTYIIKM IHZXYKTHBHOCTI B3araii
Hazae Gi3MYHy MOXIIMBICTB CIIAKYBATH SK 32 TEXHIYHUM
CTaHOM BJIACHE IIi€i OOMOTKH, TaK i 3a TeMIepaTypHUM
PEeKMMOM JBHTYHA B IiijioMy. Binomi 3 xmacu4noi teopii
SNICKTPUYHUX KiJT CHIBBIIHOIIGHHS IS PO3PaXyHKY
BKAa3aHOTO OINOpPY Ta BTpaT y peanbHi KOTyIIIi
iHxykTUBHOCTI [1] HaOymu po3BUTKY Ha 0a3i po3MIMPEHHS
MOXIJIUBOCTEH BUMIpIOBaHb 1 00p0oOIeHHS iX pe3ysbTaTiB,
a TaKOX JIOCSITHEHD B TEOPii €JIEKTPUYHUX MAIIUH.

Tak, Meron BHM3HAUEHHS KOMIUICKCHOTO OIIOPY
KOTYIIKH 1HIYKTHBHOCTI, 0a30BaHW Ha audepeHIarmii
BTpaT B Hii (BKJIIOYHO i3 BTpaTaMH B i30JI1ii) 3aJI€)KHO
BiJl BUTTIILy CTPYMY, IO IPOTiKa€, MOAaHO B poOoTi [2].
MOXIHMBOCTI 3aCTOCYBaHHSI I[bOIO METOJY OOMEKeHi
HEOOXITHICTIO TIPOBEIEHHS BHMIPIOBaHb 11032 POOOYNM
peskuMoM. MeToJ| OIiHIOBaHHS MapaMeTpPiB eIeKTPUIHOL
MAaIIFHU BKJIFOYHO i3 OMOPOM CTaTopa Mix 9ac ii poOoTH
ommcanuii B ctarti [3]. BiH 3a0esmedye BU3HAUCHHS
MHUTTEBOI BEIMYMHM aKTHBHOTO OMNOpY 3a OyIb-SKOTo
peXKuMy poOOTH MallMHHM, OJHAK 3a CYITIO €
IHCTpYMEHTOM BH3HAYCHHS JIMIIE IEPBUHHMX OILIHOK.

©AHAHBEBA O. M., BABA€EB M. M.,JJABUJIEHKO M. I'.,TIAHYEHKO B. B., 2026
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Cimijg 3a3Ha4yuTH, 1[0 Mae€  MicCle IIEBHE
PO3MEXyBaHHS MDK ()i3MYHHUM BU3HAYCHHSIM aKTHBHHX
ONOpiB Ta IHAYKTUBHOCTEH, IOJO SKHX BiIOyBaeThCs
00YnCIIeHHSI.

YactrHa poOiT TpHCBSYeHAa BU3HAYCHHIO HE
0e3mocepeTHFO OMOPIB Ta IHIYKTHBHOCTEH TEXHIYHUX
€JIEMEHTIB KOHCTPYKIii, a BEIMYMH HapaMeTpiB CXeMH
3aMmileHHs 6araToa3HUX aCHHXPOHHHUX MAIIWH 3TiIHO 31
cragmaprom 112 IEEE [4]. Takwii migxin onucaHWid B
po0orti [5], mpUCBSYCHIN BU3HAYCHHIO BKa3aHUX BEIUYUH
B IIMPOKOMY Jiala3oHi YacTOT >KMBWJIBHOI HalpyTH.
OpHak y BiANOBITHOMY EKCIIEPUMEHTI OyJIM JOCIiKeHi
HE HACHiKA HarpiBaHHS JBUTYHa CTpPyMaMmH, IO
YTBOPIOIOTBCSI B TIpOIleci Horo poOOTH, a HACHTiIKA
30BHINIHBOTO HArpiBaHHS 3yITMHEHOTO JBUTYHA B MY 3
peryJbpoBaHOI0 TeMmeparyporo. BoxHowac Bimomo, o
HasBHICTh aKTHUBHHX OIOpPIB  OOMOTOK JBHTYHa €
OCHOBHOIO TIPUYMHOIO HOro camoHarpiBaHHsi. BoHo, 3i
cBoro 00Ky, 0OyMOBIIIOE 3MiHY IIbOTO OIOPY B Haci Mo
Mipi mporpiBy IBHryHa. BusBIeHO, IO BKa3aHWIl OIIp
CYTTEBO BIUIMBA€ TAKOXK HA IIBHJIKICTH OOEpTaHHS Bally
[6] Ta HA obeproBmii MomeHT [7]. Ile 3HOB moBepTae
yBary JOCITITHHUKIB JI0 HEOOXITHOCTI BiICIIIKOBYBAaTH
omip OOMOTKH CTaTopa B pealbHOMY MaciuTadi dacy sk
0a30BMI eNeMEHT pO3paxyHKy IHIIMX IapaMeTpiB
poboUoro pexxumy, BUKOPUCTOBYIOUH JOJABAHHS MaJIOTO
KaTiOpoBaHOTO CHUTHANY A0 (DYyHKIIOHAJIBHO OCHOBHOTO
XKHUBWIbHOTO cTpyMy [8-12]. Brim Bkazani pobotn
OIMCYIOTH 3aCO0M OTPHMAHHS 3HOBY K TaKH NMEPBHHHUX
OILIIHOK 1 HE TOPKAIOThCS NMUTAHHS MPOTHO3YBAaHHS IXHIX
BenmmurH. OCTaHHIM YacoM OITyOIIiKOBaHO Jesiki poOoTH,
110 YaCTKOBO 3aIlOBHIOIOTH 1ei npoOin. Tak, y crarti [13]
PO3TIISTHYTO TIPOTHO3YBAHHS CTaHy 1307l
AaCHHXpPOHHOTO JIBUTYHA B yMOBax (QUIyKTyamiii Ta
MOJYJIALIT JKUBUIIBHOI Hampyry, a B crarti [14] omucano

MIPOTHO3YBAaHHS ~ BJIACHOI  IHAYKTHBHOCTI  €TaJOHY
ignyktuBHOCTI. OpHak B mepmiii 3 1mMx craTtel
PO3TIITHYTO ~ JIOBFOTEPMIHOBY — II€PCHEKTHUBY  BIUIUBY

BpaxOBaHWX YHHHUKIB, BCIMYMHA SKOi HE OXOILTIOE
oTped ONEepaTUBHOTO IMPOTHO3YBAaHHS, B 000X CTAaTTIX
HE BPaxOBaHO IHAMBIIYaJIbHOCTI BEJMYMHM JAUCTIEpCil
KO)XKHOTO 3 BHUMIpPIOBaHb, XOua Jpyra 3 HHX 1 Hamae
IHCTPYMEHT OIIEpaTHBHOTO IPOrHO3YBaHHSI.

3a3HaunMoO, II0 OCTAHHIO BJIACTUBICTH Ma€ Oyab-
SIKMH METOJ] eKCTPAIOJIALii 32 JOIIOMOTOI0 HEIEePEePBHUX
¢yHKmii gacy [15, 16], mpote 1i 1Bi ocTaHHI pOOOTH TEXK
HEC  BpaxOBYIOTh  IHAWBIAyalbHUX  CTATUCTUIHUX
XapaKTEpPUCTUK KOXKHOI OKpeMOi TIepBHHHOI OLIIHKH.
[epexin 10 pO3MIALY MOCTIAOBHOCTI IEPBUHHUX OIIHOK
SIK CTOXaCTHYHOT'O TPOLECY MPHUHOCHUTH IEBHI IMO3UTHUBHI
pe3ysbTaTH, KOJIU BiH MOEAHYETHCS 3 MPOTHO3YBaHHIM Ha
0a3i MeTOIiB IIMOOKOTO MAaIIMHHOTO HaB4yaHHA [17-19].
Arne # 1 MeToaW, MPHHAMMHI ONKCaHi y BiAKpUTOMY
JIOCTYTII Ha CHOTOJIHI, TEK HE BUIBHI BiJl BKa3aHOTO BUIIC
oOmexxeHHs. [leBHOTO OCiaONeHHS BIUIMBY PO3KHIY
BEIMYMH JIUCIIEPCii  NMEpBMHHMX OLIHOK  CSraroTh
3acTocyBaHHsAM TiepeTBopeHHs bokca-Kokca [20], ske 3a
CYTTIO € HEJIHIHHUM IIepETBOPEHHSM YUCIIOBUX BEIMYMH

KO>KHOI TOCHTIZIOBHOCTI NEPBUHHUX OILIIHOK, MPU3HAYCHUM
JUTst cTalimi3alii BeIMIUHH JUCIIEPCIi.

OpHak 1s crabimizamis (GaKTHYHO MPHU3BOIUTH 10
BTpaTH iHQOpMamii 1010 BaromMocTi BHECKY KOXKHOI
OILIHKH B MiICYMKOBY TOYHICTb Pe3yJbTaTy, i B MiJCYMKY
«IIEPEeTBOPEHI»  ITIEPBHHHI  OLIHKM MAalOTh  Maiike
OJTHAKOBHUH BIUIMB Ha PE3yJbTaT, OCKUIBKA B HHUX Terep
Maiibke OJTHaKOBI JHCIIEPCIi.

Otxe, Ha CHOTOAHI PO3POOIIEHO Ta OMyOIIKOBAaHO
OoOCSDKHMH ~ amapaTr  OIKCY  EKBIBAIEGHTHOI  CXEMH
AaCHHXPOHHOTO  €JEKTPOJBUTYHAa 13  ypaxyBaHHAM
KOMIUIEKCHOTO OIopy OOMOTKH ioro crartopa. JloBouri
JIETaIbHO IIPOAHANII30BaHO BIUIMB AKTHBHOI CKJIAJOBOL
L[BOTO OIIOpY Ha TEMIlepaTypHHH pPEeXUM ABHUTYHA, HOTO
0o0epTOBMII MOMEHT Ta IIBHIKICTH OOepTaHHS Ha
KOPOTKMX IHTEpBaJaXx dacy, IPWIEITUX OO0 MOMEHTY
BUMIpIOBaHHS IIbOTO OMOpPY. ICHYIOTH TakoX IEBHI
eKCIIEPUMEHTAJIbHI HaNpAaIfOBaHHS IIOJO0 IPOBEICHHS
TaKMX BHMIpIOBaHb Ha 0a3i BHUMIpPIOBaHHS IapaMeTpiB
TECTOBOTO CTPyMy, IITYYHO BBEACHOTO OO0 OOMOTKH
craropa (Tak 3BaHUX NEPBUHHUX OIMIHOK). OKpemMo €
LIHPOKO PO3BHHEHUM MaTeMaTHYHUH amapar
eKCTparoysinii cramioHapHuX (QyHKOIH yacy Ha 3aJaHUN
iHTepBan Maii0yTHhOro wacy (TOOTO TPOTHO3YBaHHS
MaOyTHIX YHCIIOBHUX 3HAuYeHb, SKIi NMPUAMATUMYTH I
¢yHKuil). Ayie He BRanocs BHABHTH ITyONiKamiil, B SIKHUX
Oymo © ommcaHo TPOTHO3YBAaHHS  IIOCIIIOBHOCTI
BTOPMHHHMX OI[iHOK IapaMeTpiB TECTOBOTO CHUTHAIY
(ToOTO 3rIIaKEHOT MOCIIIOBHOCTI MEPBUHHNX OIIHOK) 13
BpaxyBaHHSAM 3MIHHOI B 4aci Jucrepcii NepBUHHUX
ouiHok. Po3p’s3anHs miei 3amaui manmo O 3Mmory
OTPUMYBaTH TEOPETUYHO OOTPYHTOBAHI ITOTIEPEIPKCHHS
IIO/I0 3arpo3 TEXHIYHOMY CTaHy JBUTYHa Ta IOJO
HEOOXiTHOCTI HOTO TEXHIYHOTO 00CITyrOByBaHHS.

Merta Ta 3ama4i J0CTiTKEHHS

MeTta noOCHiIKCHHS — pPO3POOICHHS TEOPSTUIHO
00TpyHTOBaHOT TIpOIIe Ty I MIPOTHO3YBAHHS
ITOCTIIOBHOCTI BTOPHHHUX OI[IHOK MapaMeTPiB TECTOBOTO
CTpyMy craropa TpudazHOTrO ACHHXPOHHOTO
CJICKTPOJIBUTYHA 32 YMOBH HEpIBHOCTI AWCHEpCid
MIEPBUHHUX OILIHOK MMapaMeTPiB I[LOTO CTPYMY.

JUis  MOCATHEHHS TIOCTAaBICHOI METH  OyIio
PO3B’S13aHO TPH 3aadi:
1) MEPETBOPEHHS TPOLEAYPH 3IJIAJKyBaHHS

MEpBUHHUX OLIHOK Ha
BTOPMHHHUX OIIiHOK;

2) aHATITUYHE BHU3HA4YEHHS Jucriepcii
CIPOTHO30BaHOI BEJIMYMHHU JUIS 3arajibHOTO BHUIAIKY
3MIIA/DKYBaHHS IETEpMiHOBaHUMH (DyHKLISIMH Hacy;

3) KOHKpETH3allisl aHaIITHYHOTO BHpasy Ui
BEJINYHHU BKa3aHOi Jucnepcii B HIAPOKO
PO3IIOBCIOIKEHOMY BUTAJKY MTOJIIHOMIHAJIBHOTO
3TJIA/KYBaHHSI.

HOpoLexypy NPOrHO3yBaHHS

OcHOBHA YacTHHA

IKC3T, 2026 Ne2
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IlepeTBopeHHsT mMpouleIypH 3IJIAXKYBAaHHS Ha
MpoueaAypy NPOrHo3yBaHHS

Posrsnemo cutyamito, B sikiii mpoBeneni Ha K
MOCHIZIOBHUX IHTepBaJlaX Yacy BHMIPIOBAaHHA Jaid

~
IIOCJII IOBHICTH /1/( MEPBUHHUX  OIIHOK  TICBHOTO

napamMeTpy TECTOBOI'O CHUrHaly, /1€ k = 1, 2, ceey K

YacTrHa BKa3aHMX IHTEpBaJIiB ypakeHa KOPOTKOYACHOIO
iMITynIbCHOIO ~ 3aBajoro. KuUIbKiCTP 1HX  iHTEpBalliB
nopiBHIOE K1, iXHI HOMEpPH YTBOPIOIOTH MHOXHHY Ki;
JIICTIEPCisl OTPUMAaHMX IEPBHHHHUX OILIHOK JOPIBHIOE

2 . . . .
Oy - lmmi Ko=K-Ki idTepBaliB ypaxeHi TiIbKH
CTalliOHApHUM HENEpPepBHUM IIYMOM, iXHI HOMEpH
YTBOPIOIOTH MHOXHMHY Ko, aucmepciss OTpUMaHHX

. . 2 ..
NEPBUHHUX OLIHOK NOP1BHIOE O-O . binpm JCTAJIbHO TaKa

cutyanis omucaHa B poOoTi [21]; TexHiuHi 3acobu, mo
3a0e3rnevyoTh  OTPUMAaHHS  IEPBUHHUX  OLIHOK 3
PO3TISIHYTHMHU BJIACTUBOCTSAMH OIHUCaHI B poOoTi [22].
Skmo Uil 3rIAJUKyBaHHS — YacoBOi  MOCIHIZIOBHOCTI
NIEPBUHHUX OI[IHOK BHKOPUCTAHO 3B&KECHY CyMYy,

CKJIaJicHy 3 M MOBHICTIO BifoMUX (PYHKITiH dacy F m (t )

(me m = 1,2...,M), TO TIOCITiJOBHICTh OTPUMAHUX y TaKHi
*

croci0 BTOPUHHUX OIIHOK ﬂvk YTBOPIOE BEKTOP

*

—

*
A=FTa. (1)

Tyt F e MaTpHULIECIO ”ka”, CKJIAJICHOIO 3

YHUCJIOBHUX  3HAYCHb Fm (tk ) BKa3aHUX BiﬂOMI/IX

GyHKIIIH, 3adikcoBaHUX B MOMEHTH
*

t i (k =1, 2...,K); O € BEKTOPOM BaroBHX

koedimieHTiB. Y pobori [21] mokazaHO, IO BiH

OOYHCITIOETHCS STK

(1 oY1 1

- - - oy sl (@

a=|—vo+—v| | Zhh+—=hH4 @
Oy o1 0y o1

Tyt nigmarpuii FO Ta Fl € pe3yJbTaTaMu

dparmentyBanus  martpuni [ BigmoBimmo 1o
IpyIlyBaHHS HOMEpIiB iHTepBaJIiB yacy Ha MHOXXKHHH Ko Ta

Ki: ﬁO = ”ka“(k € KO) Ta
ZO Ta ZI €
p

NEPBUHHUX

ﬁi = ||ka||(k € Kl) [TigBexTopH
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Tx41> ©

Puc. 1. 3anexHicts qucriepcii MporHo3y Bijl 4acoBOI JUCTAHII TPOTHO3YBAaHHS IIPY pi3HOMY TPYIyBaHHI
HU3BKOJMCIEPCHUX Ta BUCOKOANCIIEPCHUX IIEPBUHHMUX OLIHOK

MoxHa  3pOOMTH  JOCHTH  OOIpYHTOBaHE
NPUIYIIEHHS, M0 13  MepecyBaHHSAM  OLIBIIOCTI
HU3BKOIMCIEPCHUX MEPBHHHUX OLIHOK BiJ| TIOYaTKy
IHTEpBaly CIIOCTEpEXEHHS JI0O WOro KIiHI 4YacoBa
JIUCTaHIis HAWTOYHINIOTO TPOTHO3Y (TOYKa MIHIMYMY
KPHBOT) 30IBIIYETHCS.

Ha puc. 2 300pakeHo s mopiBHAHHS Tpadiku

3aJIeKHOCTEH AucHepcii MporHo3y Bifl YacoBOI JUCTaHIT
2 2

npornosy Ip | mpu O] =0, = 0,3; k=10;

Af=1c. Kpupa 1 Biamosizaec To4HOMY pO3paxyHKy 3a
¢dopmynamu  (11), (19)-(21), a kpuBa 2 BiamoBigae
PO3paxyHKy 3a HabIKeHOI0 (opmMyJioro (23).

Onp
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o
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Tk415 €

Puc. 2. TTopiBHSIHHS pe3ynbTaTiB 00UMCICHHS JUCIepCii MPOTrHO3y 32 TOYHOIO Ta HAOIKEHOO (hOopMyIaMy

Burnsimae  oOrpyHTOBaHMM — NPUIYIIEHHS, IO
peaybHa 4acoBa JUCTAHIlIST HAWTOYHIIIOTO MPOTHO3Y, SIKY
BHU3HAuae KpuBa 2, 1emio Oinbina 3a BenuuuHy 172,
BU3HAUYCHOIO 332 KPHUBOIO 1.

BucHoBkn

PosrsiHyTe mMTaHHS BIIHOCHUTBCS 10 CYKYHHOCTI
METO/IiB TIPOTHO3YBAaHHS BTOPUHHHUX OLIIHOK
KOHTPOJILOBAaHUX IAapaMEeTPiB CHTHANIB y HPHUCTPOSIX
JIIarHOCTHKA oOyiasiHaHHs ~ EJEeKTPONpHBOAY  Ta
eNIeKTporiocTayanHs. Y mid  poboTi  ommcaHo Ta
OOIpyHTOBAaHO MaTeMaTH4Hy TPOLEAYPY PO3PaAXyHKY
IIPOTHO30BAaHOI BEJIMYMHHM BTOPUHHOI OIHKH IS Oyb-
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SKOI YacoBoi AMcTaHmii mporHody. Ilpm mpomMy Ha
TICPBUHHI OIIIHKH, BUKOPHUCTAHI VISl PO3PaXyHKY BaroBHX
Koe(illieHTIB 3rIaKeHnX (QYHKIIA HEe HAKIaJIeHO YMOB
pIBHOCTI Jucmepciii Ta eKBiAMCTaHTHOCTI B  daci.
Pezynpratm  poboTH  Oal0Th  3MOTY  OTpUMYBaTu
00’ekTHBHY  iH(OpMAIF0 MO0  IPOTHO30BAHOTO
TEXHIYHOTO CTaHy Ta IepeadadyBaHOi HEOOXiJHOCTI
TEXHIYHOTO 00CITyroByBaHHS KOHTPOJILOBAHOTO
oOnmamHaHHA. 3amavyer0o  MalOyTHIX  JOCHIKEHb €
BHUBYCHHS BILUIUBY HecTalioHapHOCTI BaroBHUX
koedilieHTiB  3mIa/pkeHNUX  (QYHKIOIH Ha  TOYHICTH
MIPOTHO3Y.
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Ananieva O., Babaiev M., Davidenko M., Panchenko
V.

Prediction of secondary estimates of signal parameters
for testing the stator windings of a three-phase
induction motor

Abstract. Forecasting the technical condition of a three-
phase asynchronous electric motor is the foundation of a
cost-effective maintenance strategy for both the motor
itself and the it is incorporated into. The stator winding of
such a motor is one of the most unreliable elements of its
design. The values of its active and reactive resistances
are the main indicators of its technical condition.

A known method of measuring these quantities during
normal operation of the motor is to introduce a small
sinusoidal test voltage with all known parameters into it
and then measure the amplitude and initial phase of the
current in the winding caused by this voltage. The results
of direct measurements of the specified current

parameters (primary estimates) are distorted by the
additive effect of stationary Gaussian noise and short-
term impulse interference.

This results in two different dispersion values of the
primary estimates. To reduce the influence of high-
variance estimates, smoothing of their time sequence is
performed. As a result, a time sequence of secondary
estimates is obtained, which has a smooth character. Due
to this property, the sequence can be used to predict the
numerical value of the monitored parameter at a specific
time horizon.

The paper examines the transformation of the existing
smoothing procedure for primary estimates into a
forecasting procedure for secondary estimates. An
analytical expression is derived for calculating the
variance of the predicted value in the general case of
smoothing by deterministic functions of time. This
expression is specified for polynomial smoothing both for
arbitrary time intervals between the obtained primary
estimates and for time-equidistant primary estimates.
Computer simulation revealed that as the majority of low-
variance primary estimates shift toward the end of the
observation interval, the time horizon of the most accurate
forecast increases. Therefore, a theoretically substantiated
forecasting procedure has been developed for predicting
the sequence of secondary estimates of the test current
parameters of the stator winding of a three-phase
asynchronous electric motor under conditions of non-
uniform-accuracy primary measurement, as well as under
conditions of possible non-equidistant arrangement of
primary measurements in time.

Keywords: parameter estimation, primary estimation,
secondary estimation, smoothing, prediction distance,
variance.
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Research into methods and means of controlling brushless traction motors of locomotives
based on modern power converters

Abstract. The object of the study is the electromechanical and energy conversion processes occurring in
brushless traction electric drives of locomotives during the implementation of traction and regenerative braking modes.
The paper examines approaches aimed at improving the energy efficiency and operational reliability of traction systems
through the justified selection of power converter topologies and modern methods of controlling the electromagnetic
torque of traction motors.

The structural and energy characteristics of induction motors and permanent magnet synchronous motors are
generalized as the main control objects within brushless locomotive electric drive systems. It is established that the
operation of traction systems under railway conditions is characterized by a wide speed range, significant load
variations, and the requirement to ensure bidirectional energy exchange with the traction power supply system.

The main operating modes of the traction electric drive, particularly the traction mode and the electric braking
mode, are systematized, and the structural requirements for their implementation are determined. Typical
configurations of power conversion systems used in DC and AC electric locomotives are summarized, including
solutions based on a DC link, voltage source inverters, multilevel converters, intermediate energy conversion stages,
and hybrid configurations incorporating energy storage systems.

It is shown that the efficiency of regenerative bracing and the stability of energy processes are largely
determined by the capability for bidirectional energy conversion, the parameters of the DC link, and the coordination of
the electric drive with the characteristics of the catenary traction power supply system. It is established that the
application of modern vector control methods and direct torque regulation, and reduced energy losses in power
converters.

The prospects of the considered approaches are associated with the integration of next-generation
semiconductor power conversion systems, the application of energy storage devices, and adaptive control algorithms
capable of operating under variable operating conditions. The results of this review study can be useful in the design
and modernization of locomotive traction electric drive control systems, the optimization of regenerative braking
modes, and ensuring reliable locomotive operation over a wide range of load conditions.

Keywords: brushless traction motors, traction drive, locomotive, power converters, voltage source inverter,
regenerative braking, control methods, multilevel inverters.

Relevance of the research topic. The implementation of energy-saving modes,

such as regenerative braking, becomes especially
important, the effectiveness of which largely depends on
the possibility of bidirectional energy exchange with the
contact network and the integration of energy storage
systems into the intermediate DC link. This allows for an
increased utilization of regenerative energy and ensures
the stability of energy processes in traction systems. In
this context, the study of control methods and means for
brushless motors based on modern power electronic
converters represents an important direction for
improving locomotive traction drives.

The relevance of research into methods for controlling
brushless traction motors of locomotives is due to modern
trends in the development of electric rolling stock,
focused on increasing energy efficiency and reducing
operating costs. Asynchronous motors and permanent
magnet synchronous machines are increasingly being
implemented in traction electric drives due to their high
reliability, absence of a commutator-brush assembly, and
improved dynamic characteristics. At the same time, their
efficiency significantly depends on the use of modern
power electronic converters, in particular voltage source
inverters, active four-quadrant (4QS) converters,
controlled rectifiers, as well as multilevel inverter

Introduction. The development of locomotive
traction drives at the present stage is inseparably linked

structures, which provide improved output voltage quality
and reduced harmonic distortion. The further
development of semiconductor technologies, in particular
the use of SiC devices and modular converter structures,
opens new prospects for improving the efficiency and
functional capabilities of traction drives.

© NERUBATSKYI V. P. 2026

with the implementation of next-generation electric
machines and high-efficiency power electronic devices.
The transition from traditional commutator systems to
brushless traction motors is driven by the desire to
increase operational reliability, reduce maintenance
requirements, and ensure stable energy characteristics
across a wide range of operating modes. In this context,
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asynchronous motors and permanent magnet synchronous
machines are considered as the fundamental components
of modern traction drives, meeting the demands of
intensive railway operation.

Brushless traction motors are characterized by
high specific power, the ability to operate under
significant overloads, and the capability to achieve
efficient electromechanical energy conversion under
variable load conditions [1, 2]. Asynchronous motors
remain a widely adopted solution due to their structural
simplicity and resilience to external influences, whereas
permanent magnet synchronous motors provide higher
energy efficiency and improved power-to-size ratios. At
the same time, the realization of the potential of such
machines in traction applications is determined not only
by their design but also by the capabilities of control
systems and electrical energy conversion [3, 4].

One of the key components of a modern traction
drive is the power converter, which provides voltage and
frequency shaping according to the operating modes of
the motor. Voltage source inverters serve as the basis for
supplying asynchronous and synchronous machines with
variable-frequency alternating current, enabling flexible
control of electromagnetic torque and speed. The presence
of an intermediate DC link allows for the stabilization of
energy processes, smoothing of ripples, and the creation
of conditions for efficient interaction between the contact
network and the traction motors [5, 6].

A voltage source inverter is typically
implemented based on transistor power modules (IGBTs
or SiC MOSFETs) and provides pulse-width modulation
of the output voltage, which is a necessary condition for
the implementation of modern control methods for
traction machines [7, 8]. The use of a voltage source
inverter makes it possible to form the required
electromagnetic operating modes of the motor, maintain
optimal stator current values, and ensure high dynamic
performance during locomotive acceleration and braking.

Depending on the type of locomotive power
supply system, different topologies of input power
conversion devices are used [9, 10]. For AC rolling stock,
controlled thyristor rectifiers have historically been
employed, providing regulation of the voltage in the
intermediate DC link; however, they are associated with
limitations in terms of regeneration capability and power

quality. Modern solutions are increasingly based on active
four-quadrant converters, which enable bidirectional
energy exchange with the grid, improve the power factor,
and reduce harmonic distortion. Thus, the choice of power
topology significantly affects the energy efficiency of the
traction drive and the capability to implement
regenerative braking.

An equally important aspect is the application of
modern control methods that ensure precise torque control
and optimization of energy processes. Field-oriented
control (FOC) and direct torque control (DTC) methods
have become widely adopted in traction systems due to
their high dynamic response and ability to maintain
optimal operating modes of the motor under rapidly
varying load conditions [11, 12]. The effectiveness of
such methods is determined both by the characteristics of
the electrical machine and by the capabilities of the power
converters supplying the traction motor.

Thus, a modern locomotive traction drive
represents a complex electromechanical system in which
the brushless traction motor, the voltage source inverter,
and the input power conversion unit operate in close
interaction. Achieving high energy efficiency, reliability,
and the implementation of regenerative braking is
determined both by the choice of power topology and by
the application of effective torque and speed control
methods.

Analysis of recent research and publications.
In the review paper [13], more than 240 publications
(2019-2025) on advanced control of asynchronous motors
are analyzed. Control methods — strategies, algorithms,
and sensorless approaches (Fig. 1) — are summarized, with
descriptions of their operating principles, advantages,
limitations, and application areas. The comparison
(Table 1) demonstrates the high efficiency of artificial
intelligence—based direct torque control strategies,
although their industrial implementation is limited by
algorithmic complexity and hardware requirements.
Prospects for hybrid approaches aimed at developing
high-efficiency and reliable electric drive systems are also
considered.
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.
Fig. 1. Induction motor control techniques [13
b
1
Comparative evaluation of induction motor control techniques [13]
Control technique Advantages Disadvantages

Scalar control

— simple and cost-effective structure

— limited precision;

— sensitive to parameter variations

—no direct torque control;

— poor performance at low speeds

>

FOC — high precision; — complex transformations;
— excellent dynamic performance; — sensitive to parameter variations
— decoupled flux-torque control
CDTC — simple structure; — significant torque and flux ripples;
— fast torque response; — variable switching frequency
— robust against parameter variations
DTC-SVM — reduced torque ripple; — complex implementation;
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— fixed switching frequency; — higher calculation charge
— low harmonic distortion
MPC-DTC — significant ripple reduction; —high computational demand (real-time
prediction);
— improved dynamic response;
— sensitive to motor model inaccuracies
— fast adaptation to disturbances
DTC-SMC —reduced torque and flux ripples; — chattering phenomenon;
—robust to parameter variations and | —sensitive to gain tuning
disturbances;
— fast convergence in transients
DTC-FL — adaptive to load variations; — complex design and implementation;
— reduced torque and flux ripples; — requires high-performance processors
— enhanced robustness
DTC-ANN — ripple reduction; — requires large training datasets;
— high accuracy; — high algorithmic complexity;
— improved robustness; — demanding computational resources
— machine learning capability
FCS-MPC — very high dynamic performance; — high computational burden;
—excellent control accuracy (torque, | — sensitive to parameter variations;
current);
— requires fast DSP units
— low ripple;
— fast response

In [14], a combined adaptive control system for
an asynchronous motor is proposed, based on passivity
principles and aimed at improving drive robustness in the
presence of parametric uncertainties and external
disturbances. The algorithm is synthesized using an
energy-based approach with Lyapunov functions and
adaptive parameter update laws, which ensure a reduction
in control error during transient conditions. Experimental
studies have confirmed improved dynamic performance
and stability compared to conventional control methods.
A limitation of the study is its focus on laboratory
conditions and the lack of analysis of system operation
within a high-power locomotive traction drive under real
grid influences.

In [15], the improvement of the control algorithm
for a 4QS converter of the DS3 electric locomotive with
an asynchronous traction drive is investigated, aimed at
increasing the converter efficiency and reducing current
harmonic distortion. Simulation results have shown that

the modified algorithm reduces the discharge of the DC-
link capacitor into the transformer secondary winding,
thereby improving the energy performance of the drive. A
limitation of the study is that the results are obtained for a
single locomotive type and a specific load condition, and
therefore require validation under a wider range of
operating conditions.

In the article [16], a feedforward control method
for a four-quadrant converter using a load current
observer is considered, which allows improving the
dynamic performance of the system under abrupt load
changes. The integration of load current observation into
the control algorithm is proposed, reducing the need for
additional sensors. A comparison with conventional PI
control is carried out: simulation and experimental results
showed a reduction in voltage ripple and an accelerated
system response. Such an approach is promising for high-
power traction drives with stringent requirements for
dynamic stability and power quality. A limitation of the
study is that the proposed method is evaluated mainly on
a model with a power of ~1.2 MW and requires further
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verification on real traction platforms with different grid
and load parameters to confirm the universality and
robustness of the approach.

In the scientific paper [17], a new grid-forming
(GFM) control strategy for a four-quadrant converter in
railway traction systems is proposed, adapted to the
specific operating conditions of the contact network with
a low short-circuit ratio (Fig. 2). Compared with standard
schemes, the proposed approach significantly reduces

input inrush currents (up to 10 %) and accelerates the
synchronization process of the 4QS with the grid. Such
control is promising for modern traction drives with
stringent requirements for stability and dynamic
performance.

s . 3
Vpcc-*( Single-phase phase-locked loop )
v/ 0
E
i, > 2B 7 —>( Current controller )—"‘f—b dq B
iref +
Vi —>( DC-link voltage controller ) (PWM 9L, ’53
. = 4
a
f —)
. ) Modulation
E Virtual Current S-S
v rcf . PWM 1,77 7504
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b
Fig. 2. Traction 4QSs with various control strategies [17]:
a — the conventional GFL control strategy; b — the GFM control strategy
Sl S2 S3
In the article [18], model predictive control of o —
the torque of an asynchronous motor supplied through a S A
voltage converter is investigated, with an emphasis on the
impact of the algorithm on acoustic noise levels. It was
found that predictive control (Fig. 3) allows the current lisa ish | g,
harmonic spectrum to extend beyond the switching Cordinate

frequencies, contributing to a reduction in acoustic noise
intensity ~ compared to  conventional  methods.
Experimental measurements confirmed the ability of the
adapted control to reduce noise levels according to
electric motor acoustics standards. A limitation of the
study is that the test setup had low power, and the results
may not fully reflect the behavior of high-power
locomotive traction drives under complex operating
conditions.

Transformation

Cost Function
Optimisation

¢ E

\1'fl’(k+l)T TTL!’(I\'H)
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Fig. 3. The predictive torque control block diagram for an
IM drive by a three-phase inverter [18]:
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1 — estimation stage; 2 — prediction stage; 3 —
optimization stage

The research materials [19-23] are devoted to
the improvement of scalar control methods for
asynchronous motors. These works examine the
development of V/f control strategies, slip compensation,
robust adaptation, and predictive algorithms for regulating
speed and electromagnetic torque, aimed at increasing the
accuracy of electromechanical energy conversion. The
studies demonstrate the potential for enhancing the energy
efficiency and stability of control systems for
asynchronous drives under variable load conditions. At
the same time, most results were obtained primarily
through mathematical modeling or bench experiments,
which indicates the need for further verification of the
proposed approaches under real operating conditions of
asynchronous drives.

In the scientific works [24-27], modern
approaches to improving the energy efficiency of voltage
source inverters, which are key components of control
systems for brushless traction motors of locomotives, are
comprehensively considered. The studies analyze the
impact of various modulation algorithms on power losses
and the quality of output electrical parameters. Particular
attention is given to the use of impedance and quasi-
impedance branches in the input circuit, which expand the
functional capabilities of inverters and ensure improved
energy conversion performance. These works form the
scientific basis for further improvement of power
converters in traction drives. A limitation of the cited
publications is their focus primarily on individual
operating modes of the inverters, without proper
consideration of the real operating conditions of
locomotive traction drives and the specifics of their
operation within control systems for brushless motors.

The research materials [28-30] are devoted to
the application of multilevel power converters in control
systems for brushless traction drives. These works
substantiate the feasibility of using multilevel inverters to
improve output voltage quality, reduce current harmonic
distortion, and decrease electromagnetic and acoustic
ripples in traction machines. It is shown that increasing
the number of conversion levels contributes to reducing
the load on power semiconductor switches, improving
energy efficiency, and enhancing the electromagnetic
compatibility of the drive. Particular attention is given to
combining multilevel topologies with robust and
nonlinear control algorithms, which ensure stable
operation of brushless motors across a wide range of
speeds and loads. The summarized results indicate the
prospects of integrating multilevel converters into the
structure of modern locomotive traction drives.

The research publications [31-35] are devoted to
a comprehensive analysis of control systems and energy-
efficient topologies of four-quadrant converters for
electric rolling stock. The works provide a detailed

consideration of control algorithms for compensating 4QS
converters, as well as energy-efficient solutions for three-
level active rectifiers, taking into account the optimization
of the power factor. Significant attention is paid to the
application of modern modulation methods, which ensure
stable and efficient operation of four-quadrant converters
under various operating conditions. Some publications
summarize technological approaches to the integration of
control systems for active rectifiers in traction electric
rolling stock, including the maintenance of a constant
switching frequency of power switches. Overall, the
materials create a systematic understanding of ways to
improve the energy efficiency and reliability of
locomotive drives through a comprehensive combination
of technical, algorithmic, and digital solutions in the
control of four-quadrant converters.

Summarizing the results of the analysis of the
cited literature, it can be stated that modern research is
focused on improving the energy efficiency, reliability,
and dynamic performance of brushless traction motors of
locomotives through the enhancement of control methods
and the optimization of power converter structures and
topologies. These results provide a scientific basis for the
systematization of motor design features, control
schemes, and traction drives as a whole, allowing for a
substantiated determination of promising directions for
increasing the efficiency of traction systems under various
operating conditions.

Defining the purpose and objectives of the
research. The aim of the work is a comprehensive review
study of the methods and means of controlling brushless
traction motors of locomotives (asynchronous and
permanent magnet synchronous) through the analysis of
their energy characteristics, modern power converter
topologies, and torque and speed control algorithms. This
approach allows for a substantiated consideration of ways
to improve energy efficiency, reliability, and the
implementation of traction and regenerative braking
modes under railway operating conditions. To achieve the
stated aim, the following tasks were formulated:

—to summarize the design and energy
characteristics of brushless traction motors (asynchronous
and permanent magnet synchronous) as control objects
under railway traction conditions;

—to systematize the main operating modes and
control structures of brushless traction drives of
locomotives in traction and regenerative braking modes;

—to analyze the main topologies of power
converters (voltage source inverters, thyristor rectifiers,
4QS converters) and determine their influence on the
implementation of traction and regenerative braking
modes;

—to consider modern methods of vector and
direct torque control (FOC, DTC) in traction drive
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systems and evaluate their effectiveness depending on the
type of motor and converter;

—to identify promising directions for improving
the energy efficiency and reliability of control systems for
locomotive traction drives.

The main part of the research.

Design and energy characteristics of brushless
traction motors as control objects under railway traction
conditions. Brushless traction motors, which include
asynchronous machines and permanent magnet
synchronous motors, are considered in modern
locomotives as the main components of the
electromechanical system responsible for propulsion and
energy regeneration. They operate under complex railway
conditions: with high starting and nominal loads, frequent
changes in speed and direction, and during interaction
with the contact network and the locomotive braking
systems. Therefore, their study as control objects requires
a comprehensive analysis of design and energy
characteristics that determine the dynamics, energy
efficiency, and reliability of the traction drive.

Asynchronous motors are characterized by
structural simplicity and robustness [36, 37], resistance to
overloads [38, 39], and low maintenance requirements
[40, 41]. They are widely used in locomotives due to their
reliability and ability to operate under harsh conditions.
The squirrel-cage rotor provides mechanical reliability,
minimizing the risk of failure under shock loads and
vibration. However, as a control object, the asynchronous
motor has specific features [42, 43]:

—rotor slip — the motor torque depends on the
stator frequency and current, which complicates precise
torque control;

— parameter variation with heating — inductance
and winding resistance change, requiring adaptive control
algorithms;

— limited energy efficiency at low speeds — due
to low rotational frequency and losses in the phase
windings.

Therefore, the use of asynchronous motors in
locomotives requires the application of voltage source
inverters with pulse-width modulation and modern control
methods (FOC or DTC), which allow compensating for
dynamic parameter variations and maintaining optimal
traction modes [44, 45].

Permanent magnet synchronous motors provide
high specific power and better size-to-weight ratios
compared to asynchronous motors [46, 47]. The absence
of rotor currents reduces losses and increases system
efficiency, which is especially important for locomotives
under intensive  operation. = Permanent  magnet
synchronous motors enable high dynamic response and
precise torque control, ensuring optimal traction and
regenerative braking modes. However, these motors have
specific limitations [48, 49]:

—requirement for accurate rotor position
determination — FOC or DTC methods require sensors or
position estimators;

—risk of permanent magnet demagnetization —
under overloads and high temperatures, magnetic
properties may change, necessitating operational mode
control;

— complexity of operation in the field-weakening
region — at high speeds, special stator current control is
required to provide the full torque range.

In railway applications, brushless motors operate
in two main energy modes: the traction mode, in which
the motor consumes electrical energy from the contact
network to produce traction torque, and the regenerative
braking mode, in which the motor operates as a generator,
returning energy to the network or storage devices. This
defines the key requirements for power converters:
bidirectional energy exchange, current and voltage
stabilization, and smooth torque control [50, 51]. Only a
coordinated combination of the motor, converter, and
control algorithms allows achieving high efficiency and
reliability of the locomotive.

Table 2 presents a comparative characterization
of the asynchronous motor and the permanent magnet
synchronous motor.

Comparative characteristics of the asynchronous motor and the permanent magnet synchronous motor

Parameter Asynchronous motor Permanent magnet synchronous
motor
Rotor design Squirrel-cage rotor, without magnets | Rotor with high-flux permanent
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magnets
Maximum specific power (kW/kg) 0.7-1.0 1.2-1.5
Efficiency at rated operation (%) 88-92 94-97

Operating frequency/speed range

Wide, but with reduced torque at high
speeds

Wide, with stable torque across the
entire range

Increased starting losses

High due to rotor induction currents

Lower due to the absence of rotor
currents

Need for position sensors

Not required, position control via

Required for precise FOC/DTC

vector method

Torque control dynamics Limited by

slip
response to command changes

High, fast response to command
changes due to direct current control

inertia, slower

Energy efficiency
braking mode

in regenerative
resistance

Medium, depends on slip and rotor

High, nearly the entire torque can be
fed back to the network

Reliability under harsh conditions

Very high, withstands overheating
and mechanical loads

High, but requires monitoring of
magnets and temperature

Effect of temperature on performance | Significant,

reduces torque

resistance

Lower, but magnets are sensitive to
overheating

increase

Maintenance requirements

Minimal, no brushes or commutators

Minimal, but the magnetic system
requires periodic inspection

Thus, asynchronous and permanent magnet
synchronous motors have distinct design and energy
characteristics, which determine specific requirements for
power converters and control methods. Their analysis is
necessary for the development of optimal traction drive
systems capable of providing high dynamic performance,
efficiency, and operational reliability of locomotives
under various operating modes.

Main operating modes and control structures of
brushless traction drives of locomotives in traction and
regenerative braking modes.

The operation of modern brushless traction
drives of locomotives is determined by the specifics of
railway service, which is characterized by significant load
variations, a wide range of operating speeds, the need to
perform intensive transient processes, and increased
requirements for energy efficiency. Unlike stationary
industrial installations, the traction drive operates under
conditions of frequent mode changes, which necessitates
flexible control means and the ability of the system to
provide bidirectional energy exchange with the traction
network [52, 53].

The main operating modes of the traction drive
are traction, coasting, dynamic braking, and regenerative
braking. For brushless electric machines, the traction
mode involves the need to control the electromagnetic
torque under variable supply frequency and voltage,
which is achieved through the use of power

semiconductor  converters  [54, 55].  Effective
implementation of regenerative braking in brushless
traction drives of locomotives requires modern power
converters capable of providing bidirectional energy
exchange between the traction motors and the network.
Key conditions include stabilization of the voltage in the
intermediate DC link, coordination of the traction network
parameters with the drive operating modes, and ensuring
the stability of the control system. In cases where the
traction network has limited capacity to accept
regenerated energy, a combination of regenerative and
rheostatic braking is used, which leads to a reduction in
the energy efficiency of the traction drive system.

The structural organization of a brushless
traction drive is determined by the type of locomotive
power supply system (DC or AC) and the need to
generate a controllable variable voltage to supply
asynchronous and synchronous motors [56, 57].

For DC locomotives, a typical structure involves
energy from the contact network passing through input
filtering elements to the intermediate DC link, after which
a voltage source inverter generates a three-phase AC
system of the required frequency for the traction motor
[58, 59]. Modern systems may include multilevel
inverters, which reduce harmonic distortion and increase
voltage quality, as well as DC-DC intermediate stages for
voltage stabilization and integration of energy storage
devices. This configuration allows the implementation of
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both traction and braking modes, provided that

appropriate means for energy exchange are available.

For AC locomotives, the structural scheme
includes a transformer stage to match the contact network
voltage, followed by conversion of AC to DC to form the
intermediate DC link. In traditional systems, controlled
thyristor rectifiers were used for this purpose, providing
voltage regulation but with limited and less efficient
energy regeneration capabilities back to the network [60,
61]. Modern solutions involve the use of active four-
quadrant converters [62—65], multilevel voltage source
inverters [66—69], and may also include intermediate DC-
DC stages [70-72] and energy storage devices
(supercapacitors or lithium-ion batteries) [73-76],
enabling efficient implementation of traction and
regenerative braking modes, stabilization of the

intermediate link voltage, and improved overall energy
efficiency of the locomotive. As an example, Fig. 4 shows
the power structure of an AC locomotive traction drive
based on an active four-quadrant rectifier and a voltage
source inverter. The diagram includes the following
notations: TV — transformer; L1 — choke acting as a buffer
reactor to increase the output voltage; Ci — capacitor
representing an energy storage capacitive filter for
smoothing the output voltage (intermediate DC link);
C2L> — rejector filter used to filter 100 Hz harmonics in
the output voltage; S1—Sa — power switches representing
the fully controlled bridges of the 4QS rectifier; S5—Sio —
power switches forming the voltage source inverter; M —
asynchronous motor.
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Fig. 4. Power structural scheme of an AC locomotive traction drive based on an active four-quadrant rectifier and a
voltage source inverter [77—80]

A summary of the main structural configurations
of brushless traction drives is presented in Table 3,
showing both basic and modern enhanced architectures
with multilevel inverters, intermediate DC-DC stages, and
combined schemes with energy storage devices. This
allows a clear illustration of the correspondence between
the type of contact network, the configuration of power
converters, and the capabilities for implementing traction
and regenerative braking modes for both asynchronous
and permanent magnet synchronous motors.

Typical structural schemes of brushless traction drives of locomotives with modern options

Type of traction | Main structural | Type of traction | Regeneration Features (modern elements)

network elements motor implementation

Direct current Contact network — | Asynchronous  or | Possible if  the | Use of multilevel inverter
DC intermediate link | permanent magnet | network can absorb | possible to reduce harmonics
—  voltage source | synchronous energy and increase voltage
inverter — traction
motor

Direct current Contact network — | Asynchronous  or | Possible with | The use of an intermediate
DC-DC intermediate | permanent magnet | connection of energy | DC-DC stage allows
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stage ~—  voltage | synchronous storage devices adaptation of voltage for
source inverter — regenerative  braking and
traction motor stabilization of the supply
voltage
Alternating Contact network — | Asynchronous Limited (often | Traditional scheme; in
current transformer - rheostatic braking) modernized systems, addition
thyristor rectifier — of a DC-DC stage for link
intermediate link — stabilization is possible
voltage source
inverter — traction
motor
Alternating Contact network — | Asynchronous  or | Full regeneration to | Possible use of multilevel
current transformer — 4QS | permanent magnet | the network inverters and energy storage
converter — | synchronous devices (supercapacitors,
intermediate link — lithium-ion  batteries) to
voltage source improve efficiency
inverter — traction
motor
Alternating Contact network — | Asynchronous  or | Full regeneration + | Combined scheme with a
current transformer — DC- | permanent magnet | energy storage DC-DC stage and energy
DC intermediate stage | synchronous storage  devices  ensures

—  voltage
inverter —
motor

source
traction

maximum energy efficiency
and control flexibility

The operating modes of brushless traction drives
of locomotives are determined by the combination of
railway operational requirements and the structural
capabilities of power conversion systems [81, 82]. The
implementation of traction and regenerative braking

modes directly depends on the type of contact network,
the method of forming the DC intermediate link, and the

applied energy conversion schemes [83, 84].

The introduction of multilevel inverters (Fig. 5)
allows reducing harmonic distortions and provides more

precise control of voltage and frequency at the motors,
while the use of intermediate DC-DC cascades ensures
voltage stabilization, adaptation to variations in the
contact network voltage, and integration of energy storage
systems.
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Fig. 5. Cascaded Multilevel Inverter Scheme [85]
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Combined schemes with energy storage devices
(supercapacitors or lithium-ion batteries) enable full
regenerative braking and improve the overall energy
efficiency of electric locomotives, while providing
backup power during voltage fluctuations in the contact
network [86, 87].

All of this necessitates a detailed analysis of the
main topologies of power converters, which ensure the
efficient operation of modern traction drives and allow
precise implementation of traction and regenerative
braking modes for both asynchronous and permanent
magnet synchronous motors.

Main topologies of power converters and their
impact on the implementation of traction and
regenerative braking modes. Modern brushless traction
drives rely on the use of various power converters, which
determine the capabilities for implementing traction and
regenerative braking modes [88, 89]. Classical DC
electric locomotives usually employ a voltage source
inverter, which generates a controlled voltage for
asynchronous or permanent magnet synchronous motors.
In AC systems, the role of a controlled source is
performed by a transformer in combination with a
thyristor rectifier, an active 4QS converter, or modern
cascaded multilevel voltage source inverters, which allow

the generation of a high-quality sinusoidal voltage with a
low level of harmonics.

To increase flexibility and efficiency, some
modern systems use DC-DC intermediate stages, which
match the voltage levels between the power supply and
the inverter, as well as combined schemes with integrated
energy storage devices, enabling regenerative braking
with energy storage for reuse [90, 91].

All these topologies determine the specific
features of drive operation, torque control characteristics,
and the capabilities of bidirectional energy flow. Table 4
presents the main converter topologies, motor
compatibility, mode implementation, and key features of
each configuration.

Main power converter topologies for electric locomotives

Type of | Converter scheme Type of traction | Mode Features
traction motor implementation
network
DC Voltage source inverter | Asynchronous  or | Traction and | Direct torque control, stable
permanent magnet | regenerative braking | operation, enabling
synchronous bidirectional energy flow
AC Thyristor rectifier + | Asynchronous or | Traction Voltage  control, reliable
voltage source inverter permanent magnet operation of classical schemes
synchronous
AC Active four-quadrant | Asynchronous  or | Traction and | Operation in four quadrants,
converter + voltage | permanent magnet | regenerative braking | bidirectional energy flow,
source inverter synchronous flexible torque control
AC/DC Cascaded multilevel | Asynchronous  or | Traction and | High-quality = voltage, low
voltage source inverter | permanent magnet | regenerative braking | harmonic level, ability to
+ voltage source | synchronous provide high voltage to the
inverter motor
AC/DC DC-DC intermediate | Asynchronous  or | Traction and | Voltage matching, system
stage + voltage source | permanent magnet | regenerative braking | flexibility, optimization of
inverter synchronous motor operating modes
AC/DC Combined scheme with | Asynchronous  or | Traction and | Implementation of
integrated energy | permanent magnet | regenerative braking | regenerative  braking  with
storage + voltage source | synchronous energy  storage, increased
inverter energy efficiency, provision of
backup power
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The choice of power converter topology
determines the efficiency and dynamic characteristics of
the electric drive. The voltage source inverter is a
fundamental element in all considered configurations,
providing controlled voltage and bidirectional energy
flow. Thyristor rectifiers and four-quadrant converters
determine the capabilities for controlling the
electromagnetic torque and implementing regenerative
braking in conventional traction drive schemes [92, 93],
with four-quadrant converters providing a wider range
and higher quality of control compared to thyristor
rectifiers. Cascaded multilevel inverters and DC-DC
intermediate stages improve the voltage spectral
characteristics and enhance the controllability of the
power system, while combined configurations with
energy storage enable regenerative operation, optimize
energy consumption, and can increase the locomotive’s
operational autonomy [94, 95].

Thus, the structural configuration of the power
converter directly determines the capabilities for
implementing traction and regenerative modes and is a
key factor in the design of modern electric locomotives.

Modern vector control and direct torque control
methods in traction drive systems, as well as the
assessment of their effectiveness depending on the type of
motor and converter. Contemporary brushless traction
drives of locomotives, based on asynchronous motors and
permanent-magnet synchronous machines, operate under
complex conditions characterized by a wide range of
speeds, significant load fluctuations, the need to
implement traction and regenerative braking modes, as
well as increased requirements for energy efficiency and
dynamic stability [96-98].

Under such conditions, the key task of the
control system is to ensure precise and fast regulation of
the traction motor’s electromagnetic torque, taking into
account the limitations imposed by power semiconductor
converters, the parameters of the contact network, and the
operating modes of the DC link [99].

The use of voltage source inverters, active
rectifiers, and multilevel energy conversion structures has
created the prerequisites for implementing highly efficient
torque control methods, among which the most common
are vector control and direct torque control.

Vector control is one of the fundamental
methods for designing AC traction drive systems. Its
principle lies in transforming the three-phase current
system into a two-component coordinate system aligned
with the machine’s magnetic flux vector [100]. This
allows independent regulation of the components
responsible for flux and torque generation, similar to the
control of DC motors.

For asynchronous motors, the application of
FOC ensures stable formation of the traction torque over a
wide range of speeds, the possibility of operation in field-
weakening at high speeds, and improvement of energy
performance under variable loads [101]. For permanent
magnet synchronous motors, vector control is practically
the main method, as it allows achieving high torque
accuracy and minimal losses in the stator windings [102].
At the same time, the implementation of FOC requires the
presence of a rotor position estimation or measurement
system, which is especially critical for traction modes
with high torques and during regeneration [103, 104].

Direct torque control is an alternative approach
in which torque and flux are regulated directly by
selecting the optimal switching states of the inverter. The
main advantage of DTC is its high dynamic response and
the absence of the need for complex coordinate
transformations in classical implementations [105]. For
traction electric drives, the DTC method is characterized
by features such as rapid response to load changes during
acceleration and braking, increased robustness to
variations in motor parameters, and the ability to operate
effectively in regenerative braking mode [106, 107]. A
drawback of traditional DTC is the increased level of
torque ripples and the strict requirements for inverter
voltage quality. Therefore, in modern systems, DTC is
often combined with multilevel inverters or pulse-width
modulation algorithms to reduce harmonic distortions
[108].

The effectiveness of FOC and DTC methods in
traction electric drives is largely determined by the
structure of the power converter. The voltage source
inverter is a fundamental element for generating
controlled three-phase voltage for traction motors [109,
110]. Its characteristics, including switching frequency
and the ability to operate in four quadrants, significantly
influence the quality of torque control, torque ripple
levels, and the stability of regenerative braking modes.
Active four-quadrant converters used in traction systems
provide controlled bidirectional energy exchange between
the overhead contact line and the intermediate DC link, as
well as high power quality, reduced harmonic distortions,
and effective regulation of operating modes [111, 112].
Multilevel inverters contribute to improved output voltage
quality, reduced torque ripples, and lower electromagnetic
interference, which is especially important for high-power
locomotive drives [113—115].

Table 5 presents a comparative assessment of
FOC and DTC methods in traction electric drives, while
Table 6 demonstrates that the choice of torque control
method in locomotive traction drives is determined not
only by the type of motor but also by the structure of the
power converter and the capability to implement
bidirectional energy exchange. Vector control is the
fundamental solution for most electric locomotives,
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especially when using permanent magnet synchronous
motors, whereas direct torque control is appropriate for
high-dynamic modes when modern inverter structures are

employed [116, 117].

Comparative assessment of FOC and DTC in traction electric drives

Parameter FOC DTC

Torque control accuracy High High, but with ripples

Dynamic response High Very high

Need for rotor position sensor Often required May be less critical

Torque ripples Low Increased

Regeneration capability Effective Effective, but filtering is more

complex

Inverter requirements

Standard voltage source inverters

Preferably multilevel structures

a
b
1

Selection of the control method depending on the type of locomotive and the power converter

Type of locomotive | Power converter | Type of traction | Recommended Rationale for selection
and power supply | structure motor torque control
system method
DC locomotive (3 | Contact network — | Asynchronous FOC Provides precise torque
kV) intermediate DC link control over a wide speed
— voltage source range and stable operation
inverter in traction and
regenerative braking
modes
DC locomotive with | Intermediate DC link | Asynchronous or | FOC or DTC (with | The presence of an active
an active regenerative | + active converter or | permanent magnet | pulse-width energy channel increases
energy system energy storage — | synchronous modulation) the efficiency of
voltage source regeneration, and DTC
inverter can be used for high-
dynamic operating modes
AC locomotive (25 | Transformer — | Asynchronous FOC (primarily) The thyristor rectifier
kv, 50 Hz) — | thyristor rectifier — limits regenerative
traditional structure intermediate DC link capabilities, so torque
— voltage source stability and minimization
inverter of current ripples are
required
AC locomotive with | Transformer — 4QS | Asynchronous FOC or DTC The  active  rectifier
an active rectifier converter — provides bidirectional
intermediate DC link energy flow, enabling
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— voltage source efficient implementation
inverter of both traction and
regenerative braking
AC locomotive with | Transformer — | Permanent magnet | FOC (primary | For permanent magnet
permanent  magnet | active rectifier — | synchronous method) synchronous motors,
synchronous motors | intermediate DC link precise control of currents
(high-efficiency — voltage source and rotor position is
drive) inverter critical; therefore, vector
control is the most
justified approach
Next-generation Intermediate DC link | Asynchronous or | FOC or DTC with | Multilevel inverters
high-power - multilevel | permanent magnet | optimized reduce harmonics and
locomotives inverter synchronous modulation torque ripple, improving
efficiency in both traction
and braking modes
Electric locomotives | Intermediate DC link | Asynchronous or | FOC (primarily) Voltage stabilization and

with hybrid solutions

+ DC-DC stage —
voltage source

permanent magnet
synchronous

energy storage capability
make  vector  control

inverter

optimal  for  smooth
traction and regenerative
braking modes

Thus, vector control and direct torque control are
the most widely used modern methods for regulating
torque in brushless traction drives of locomotives. Their
application depends on the type of motor, dynamic
performance requirements, regenerative operation
conditions, and the structure of the power converter. FOC
provides high torque accuracy and efficiency in steady-
state operation, whereas DTC is characterized by
enhanced dynamic response and robustness in transient
processes, which is critical for traction and braking modes
in railway transport.

Prospective directions for improving the energy
efficiency and reliability of locomotive traction drive
control systems. Improving the energy efficiency and
operational reliability of traction drives is one of the key
directions in the development of modern railway

transport. Increasing demands for energy savings,
reducing operational costs, and ensuring stable
performance under intensive traction and braking

conditions necessitate the enhancement of both the power
components of the traction drive and the control
algorithms for brushless traction motors [118, 119].

Prospective directions for the development of
locomotive traction drive control systems are based on the
integration of advanced power converters, the application
of modern semiconductor technologies, the improvement
of energy exchange with the overhead contact line, and
the implementation of intelligent diagnostic methods and
adaptive control [120].

One of the most promising directions is the
implementation of power modules based on silicon
carbide (SiC) [121]. Compared to conventional silicon
IGBT devices, SiC components provide lower switching
losses, the ability to operate at higher switching
frequencies, and reduced size and weight of power
converters [122—124]. For locomotive traction drives, this
enables an increase in the overall efficiency of the energy
conversion system, a reduction in thermal stress on power
modules, improved output voltage quality of voltage
source inverters, and a decrease in electromagnetic
interference in the overhead contact line. Thus, the use of
SiC converters is considered one of the most effective
ways to modernize next-generation traction drives.

Further improvements in the energy efficiency
and reliability of traction drives are associated with the
use of multilevel inverters, which provide output voltage
with lower harmonic distortion and reduced torque
ripples. The advantages of multilevel structures in
locomotive drives include reduced stress on the insulation
of traction motors, improved electromagnetic
compatibility with the traction network, smoother traction
force, and the possibility of constructing modular systems
with enhanced maintainability [125, 126]. The modular
design principle of power converters also contributes to
higher operational reliability through redundancy and
simplified maintenance [127-129].

A significant potential for improving the energy
efficiency of locomotives is associated with the
integration of energy storage systems, in particular
supercapacitors and lithium-ion batteries, into the
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intermediate direct current link. Such solutions enable
enhanced efficiency of regenerative braking when the
network’s capacity to absorb energy is limited, reduce
peak loads on the contact network during traction, provide
partial autonomous power supply during short-term
voltage drops, and optimize the energy operation modes
of the traction drive under variable operating conditions.
Combined systems with energy storage are considered an
important component of prospective energy-saving
technologies in railway traction [130, 131].

Improving the reliability of traction electric
drives is impossible without the development of modern
methods of technical condition monitoring and adaptive
control [132, 133]. Changes in motor parameters,
temperature effects, insulation aging, and load non-
uniformity require the use of algorithms capable of
correcting operating modes in real time. Promising
directions are sensorless control with the use of state
observers, prediction of failures of power modules based
on diagnostic models, integration of digital monitoring
systems and elements of artificial intelligence for
optimization of traction and regenerative braking modes
[134-137]. The development of such approaches will
contribute to increasing operational safety and reducing
maintenance costs of locomotives.

Thus, the considered promising directions for the
development of traction electric drives of locomotives
indicate a gradual transition from traditional control
schemes to integrated energy-efficient systems of a new
generation. Modern trends are determined by the active
introduction of high-frequency power converters based on
SiC technologies, the development of multilevel and
modular inverter structures, as well as the use of energy
storage to increase the efficiency of regenerative braking.
At the same time, adaptive control algorithms and digital
diagnostic methods are becoming of significant
importance, which allow ensuring stable operation of the
traction electric drive under conditions of variable loads
and complex operating modes. Thus, the combination of
innovations in power electronics and intelligent control
approaches forms the basis for increasing the energy
efficiency, reliability, and competitiveness of modern
railway transport.

Conclusions.

Based on the research conducted, the following
conclusions can be drawn:

—the design and energy characteristics of
brushless traction motors of locomotives are generalized.
It is established that asynchronous machines are
characterized by high mechanical reliability and
resistance to overloads; however, their electromechanical
parameters depend on rotor slip and temperature changes
of the windings, which requires an adaptive control
approach. Permanent magnet synchronous motors provide
increased energy efficiency and stable torque over a wide

speed range, but require accurate determination of rotor
position and control of the state of the magnetic system
under significant loads. The energy operating modes of
these motors in traction systems are characterized by
bidirectional flow of electrical energy in traction and
regenerative braking modes, which determines the
features of drive dynamics and torque control processes.
Thus, asynchronous and permanent magnet synchronous
motors have different design and energy characteristics,
which justify the need to apply specialized control
methods to ensure high efficiency, reliability, and
dynamic performance in railway traction;

— the main structural configurations of brushless
traction electric drives of electric locomotives are
systematized and their operating modes are considered:
traction and electric braking. It is established that in the
schemes of direct current and alternating current electric
locomotives the key elements are the intermediate direct
current link and the voltage source inverter, which
provides the formation of controlled voltage for
asynchronous and permanent magnet synchronous
motors. For alternating current systems a transformer with
a thyristor rectifier or a transformer with an active four-
quadrant converter are used. Modern systems also provide
the use of multilevel inverters to improve the quality of
the output voltage and reduce harmonic distortions. In
addition, intermediate DC-DC stages are used for voltage
stabilization and integration of energy storage, as well as
combined schemes with electrical energy storage systems.
The features of the use of asynchronous and permanent
magnet synchronous motors in these schemes for the
implementation of traction and braking modes are
generalized. It is shown that the choice of structural
configuration determines the possibilities of organizing
bidirectional energy flow, provides increased control
flexibility and stability of operation of the traction electric
drive, and also allows the energy to be used as efficiently
as possible during regenerative braking, which is critically
important for modern electric locomotives;

— it is established that the configuration of power
converters is a determining factor for the formation of
traction and regenerative braking modes in brushless
traction electric drives of locomotives. It is confirmed that
the voltage source inverter provides effective torque
control and bidirectional energy flow in direct current
systems, while in alternating current systems the use of
thyristor rectifiers, active 4QS converters, and cascaded
multilevel inverters allows improving the quality of the
supply voltage, implementing precise torque control and
optimizing regeneration. The introduction of DC-DC
intermediate stages and combined schemes with energy
storage systems provides increased system flexibility,
allows matching voltage levels, and enables efficient use
of regenerated energy for repeated supply of the motors;

—modern approaches to electromagnetic torque
control in brushless traction electric drives of locomotives
based on asynchronous motors and permanent magnet
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synchronous machines are considered and generalized. It
is shown that the most widespread methods are vector
control and direct torque control, which ensure the
implementation of traction and regenerative braking
modes over a wide range of speeds and loads. It is
established that FOC is characterized by high control
accuracy and efficiency in steady-state modes, while DTC
provides increased speed of response and stability in
transient processes. It is noted that the choice of control
method is determined by the type of traction motor, the
requirements for drive dynamics, and the structure of the
power converter. The application of modern torque
control algorithms in combination with voltage source
inverters and active converters is a necessary condition
for increasing the energy efficiency and reliability of
traction electric drives of electric locomotives;

—it is determined that the prospects for
increasing the energy efficiency and reliability of control
systems of traction electric drives of locomotives are
associated with the comprehensive improvement of power
converters, the introduction of SiC semiconductor
technologies, the development of multilevel inverter
structures and modular solutions, as well as the
integration of energy storage into the intermediate direct
current link. An additional important direction is the
implementation of control methods based on digital
adaptive algorithms and diagnostic systems, which ensure
stable operation of the electric drive under real operating
conditions of railway traction.
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Hepyoayvkun B. I1. /Jocnioycenna memodie i
3aco0ie  Kepysanns  0e3K0JIEKMOPHUMU  MA206UMU
08UZYHAMU JIOKOMOMUBIE HA OCHOBI CYUACHUX CUTIO8UX
nepemeoprosauis.

Anomayin.  O6’ekmom  00CHiOJCeHHA €
eNIeKMPOMEXAHIYUHI ma eHepeemuyHi npoyecu
nepemeopeHHsl i KepyeamHs eHepeielo 6 Oe3KONeKMOPHUX
MA206UX ~ eNeKMPONPUBOOAX JTOKOMOMUGIE Ni0  yac
peanizayii  peoicumie  macu 1 pPeKynepamusHo20
eanbmyBanHs. Y pobomi po3zensiHymo nioxoou w000
niosUUeHHs eHep2oeheKMUBHOCMI ma eKCHIYAmayitiHol
HaOitiHoCMi  MA208UX CUCmeM 4Yepe3 OOIPYHMOBAHUL
8UObIp CIMPYKMYPHUX KoHgbieypayiti CUNOBUX
nepemeopro8ayie i Cy4acHux MemooOi8  Kepy8aHHs.
EN1eKMPOMASHIMHUM MOMEHIOM MA20BUX OBUSYHIB.

V3azanvneno xomcmpyxmusni ma emepeemuumi
0coOIUBOCMI  ACUHXPOHHUX — OBUSYHI8 I  CUHXPOHHUX
0BUCYHI8 13 NOCMIUHUMU MACHIMAMU SIK  OCHOBHUX
00’ckmie  KepysawHa Y  CKIa0i  0e3KOJIeKMOPHO20
enekmponpugeoda  aokomomueda.  Busnaueno, wo
DyHKYiOHYBAHHA MALOGUX CUCIEM Y 3ANISHUYHUX YMOBAX
MA€ WUPOKULl 0ianazon WeUOKOCmel, 3HAYHI KOIUBAHHS
HABAHMAdICEHHs ~ ma  HeoOXiOHicmes  3abe3neyenHs
O0BOHANPAMHO20 ~ eHep2emuUiuHo20 OOMIHY 3  MA2080I0
Mepeoicero.

Cucmemamuz08aHo OCHOBHI pedcuMu pobomu
MA206020 €eKMPONpUBoOd, 30Kpema MmAco8Ull pelcum i
pedicum  eeKMpUudHo20  2albMY6AHHA, 4  MAKOMC
6CMAHOBNICHO CMPYKMYPHI 8UMO2U w000 iX peanizayii.
Y3azanvueno munoei KoHgbieypayii CUNOBUX
nepemeopro8aIbHUX KOMNIEKCi8 e1eKmpoB603ie
NOCMIUHO20 MA 3MIHHO20 CHPYMY, 30KDeMa DPIUleHHs 3
NPOMIJICHOIO IAHKOI0 NOCMILIHO20 CHPYMY, A8MOHOMHUMU
iHgepmopamu Hanpyau, bazamopieresumu
nepemeopoeaiamu, NpOMIdICHUMU Kackaoamu
nepemeopeHts eHepeii ma KOMOIHOBAHUMU CXeMaMu 3
HAKONUYY8ATTbHUMU CUCTHEMAMU.

Toxkazano, wo egpexmusnicmes peKynepamusHo2o
2aNbMYBAHHA | CMAOIILHICMb eHepeemuyHUux npoyecie
BUBHAYUEHI NEPEBANCHO MOICTUBOCHAMU OBOHANPIMHOZO
nepemeopenHs enepeii, napamempamu nPOMINCHOL JIAHKU
ma V32000/CEHHAM eneKmponpugooa 3
Xapaxkmepucmukamu KOHMAKMHOI MepedxcCi.
Bcmanoeneno, wo 3acmocysamnns cyuachux memooié
BEKMOPHO20 | NPSMO20 KEPYBAHHI MOMEHMOM Od€ 3MO2Y
3abe3neuumu  GUCOKI OUHAMIYHI HOKA3HUKU MSA208020
eeKmponpueo0da, MoYHICMb pe2yt08aAHHs MOMEHmY i

X > o = . SHUDICEHHSI  eHepeemuyHux  empam Y  CUNOBUX
Wheeler, P., & Ji, B. (2025). Artificial intelligence and nepemeopiosaua.
digital twin technologies for power converter control in
transportation  applications: A review. [ET  Power [epcnexmugnicmys — posenanymux — nioxodis
Electronics, 1 8(1)3 Atrticle  pogeneno inmezpayiero HANienpoGiOHUKOBUX
€70013. https://doi.org/10.1049/pel2.70013 NEPemBOpIBANbHUX — CuCmeM — HO8020  NOKOJIHHA,
BUKOPUCIMAHHAM HAKONUYYSAYie eHepeii ma adanmueHux
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(YkpalHCbKHii iepKaBHUN YHIBEPCUTET 3aJI3HUYHOTO TPAHCIIOPTY)

Tpancdopmaniss ynpasJdiHHA BAaHTaKONMOTOKAMM Ha 3ali3HHIII Ha OCHOBI HHM(POBHX

miargopm

Pozenanymo npobremu ynpaeninna 6anmasiconomoxamu Ha 3aNi3HUYHOMY MPAHCNOPMI 3 AKYEHMOM Hd
yughpogizayito npoyecié i 6nNPOBAONCEHHS OIOKUEUH-MEXHONO0IH. 3anpoOnoOHOBAHO ONMUMIZAYIUHY MOOelb, KA
8DAX0BYE 6APMICMb NEPeGe3eHdb, Yac OOCMABLEHHS, NPONYCKHY CHPOMOJICHICIb OLIAHOK mda UMOBIPHICMb 3aMPUMOK.
Ipoananizosano egekmueHicmv 3acmocy8anHa YUPPosux naamgopm i asmomMamu3zo8aHux CUCMeEM Ol 3HUICEHHS.
sumpam i NOKpAWeHHs NPO30pOCMi N02icmuKku. Y cmammi HAOAHO NPAKMuyHi peKkomenoayii wooo inmezpayii
onoxuetiny ma yugposux piuleHv y cucmemy YNpaeiinHa 6aHmaxiconomokamu. Pezyiomamu cnpusioms nioguiyeHHio

eghexmusHOCmi 3aNI3HUYHOL TOZICMUKLL.

Knrouosi cnosa: ynpaeninus 6anmadconomoxamu, yugposizayis 3anizHUYHOI 102iCmuKl, ONOKYeUH-MexXHON02Il 6
nepeee3eHHsAX, ONMmuMizayis Nnepese3eHv HaA 3ANZHUYHOMY MPAHCNOPMI, A8MOMAMU3AYIA J02ICMUYHUX NPOYECIS,
yughposi naam@opmu 08 3ANZHUYL, MAMEMAMUYHI MOOeNi Nnepee3eHb, NpPO30PIiCMb  NOICMUYHUX Onepayil,

SHUMNCEHHA sumpam Ha nepeees3eHnsl,

iHmezpayis

Beryn.

3ai3HWYHI BaHTAaXHI IEPEBE3CHHSI € OCHOBHOIO
JIAHKOIO TPAHCIOPTHOI 1H(PACTPYKTYpH, IO 3abe3redye
Oe3rnepeOifHUN PyX TOBApONOTOKIB K Y MeXax KpaiH,
TaKk 1 Ha MDKHapOIHOMY piBHi. BaJIMBOIO CKIIafoBOIO
L[BOTO MPOLECY € KOHTPOJIb 38 BaHTa)KOIIOTOKAMH, SIKHHA
BIUIMBAE HA CBOEYACHICTh, OE3MEKy Ta EKOHOMIUHY
e(CKTUBHICT, IEpeBE3eHb. 3i 3POCTaHHAM OOCSTIB
3aJTI3HMYHUX IIEPEBE3EHb 1 PO3BUTKOM CBITOBOI JIOTiCTHKH
BUHHMKAE  HEOOXIJHICTH  BIPOBA/UKEHHS  CydYacHHUX
TEXHOJIOTIH, 37aTHUX aBTOMAaTHU3yBaTH 1 ONTHUMI3yBaTH
YIpaBIiHHS BAHTAKOMIOTOKAMH.
OcCTaHHIMH pOKaMH 3aJi3HUYHHH CEKTOp AaKTHUBHO
BIIPOBAPKy€ LU(PPOBI TEXHOJOTIi, cepes SKUX TOJOBHY
ponp BipirparoTe nu¢poBi IwATGOpMH Ta OIOKYEHH.
BukopucranHs X IHCTPYMEHTIB J1a€ 3MOTY MOKpAIIUTH
MOHITOPUHT NIepeBe3eHb, 3HU3UTH BUTPATH, MiHIMi3yBaTn
PH3HKH JIIOJCHKOTO (DaKkTOpa Ta 3a0e3NeUnTH IPO30PICTh
ycix  omepamiii.  brnokdelH-TexHosorii  0cOOIMBO
aKTyaJlbHI Uil OONKYy BaHTaXiB, KOHTPONIO 32
JIOTICTHYHUMH npoLecaMu Ta YIIpaBIiHHS
JIOKYMEHTAJIBHUM CYIIPOBOIOM IIEPEBE3EHb.
Y crarti  poO3TNSHYTO CyYacHI MIXOAW  IIOJIO
BUKOpHcTaHHS IMdpoBux margopm 1 OJokueiiHy B
YIOpaBiiHHI ~ BAaHTAXKONOTOKAMH  HAa  3ali3HUYHOMY
TpaHcriopTi. OcoOnuBY yBary NpPHAUIEHO —aHaJi3y
OCHOBHHUX (DaKTOpiB, IIO BIUIMBAIOTH Ha €(EKTHBHICTH
BIIPOBA/DKEHHS [IUX TEXHOJIOTIH, a TAKOXX MEpPCIEKTHBAM
iXHPOT0 OAATBIIOTO PO3BUTKY B YKpaiHi Ta CBITi.

IMocTanoBka mpo0/eMH AOCTIKeHHS.

3ai3HUYHUI TPAHCHOPT € BAKJIMBOIO JIAHKOIO Y
coepi BAHTaXKHUX HEPEBE3EHb, 3abe3nevyroun
TPaHCIIOPTYBaHHS 3HAYHUX 00CATIB TOBApiB HA BEJUKI
BiJICTaHI 3 BUCOKHM PiBHEM HAIIHOCTi Ta EKOHOMIYHOT
edextuBHOCTI. BoHOYaC ynpaBiiiHHS BaHTA)KOTTOTOKAMHU
Ha 3aJI3HUYHOMY TPaHCIIOPTI 3aJIMIIAETHCS CKIAIHUM
© PUBAJIBYEHKO JI. 1., 2026

yugposux  piwieHb Yy  3ANIBHUYHUL — MPAHCHOPM.
6araro(akTOpHUM 3aBIAaHHSIM, IO MOTPEOy€e MOCTIHHOTO
BJIOCKOHAJICHHSI.

[Mompu HasBHICTH 3HAYHOI KITBKOCTI TOCIIKCHD Y
chepi Jorictukn  Ta  1MpoBi3amii  TpaHCHOPTY,
HEIOCTaTHLO ONPalbOBAHUMH 3aJMIIAIOTHCS MHTAHHS

KOMIUIEKCHOI  iHTerpamii mu¢ppoBux  miatdpopMm i
OJIOKYEHH-TEXHOJIOTI y €IUHY CHCTeMy YIPaBIiHHS
BaHT@XKOIIOTOKAaMH, a TaKOX OLIHIOBAHHSA iXHBOT'O
cuHepreTudyHOro  edexry.  30kpema,  HOTpeOyroTh
MIOJIaJIBIIIOTO JOCIIKEHHS:

- Y3TOIKEHHS pobotn Ppi3HOpIAHMX
iHpOpMaiHHUX  CHUCTEeM y  MeXax  3ali3HHYHOI
iH(pacTpyKTypH;

- 3abe3nedeHHs Oe3repepBHOTO oOMiHy
JIOCTOBIPDHUMH ~ JaHUMH  MDK  yCiMa  yYaCHHKaMH

JIOTICTUYHOTO ITPOLIECY;

- ajanTaris iCHyrouux Oi3HeC-TpOoIeCiB 1O YMOB
g poBoi TpaHCPOPMAIIii;

- OIIHIOBAaHHSA €KOHOMIYHOT
BIIPOBAKCHHSI IHHOBAIIHIX TEXHOJIOTIH.

OpnHi€l0o 3 TONOBHUX NpPOOJIEM € HeJOCTaTHIN
piBeHb  aBTOMarW3amii  MPOIECiB  KOHTPOJIO  Ta
KOOpJMHAII TIepeBe3eHb, M0 MPHU3BOIUTH JI0 3aTPHMOK,
HEC(PCKTHBHOTO BHKOPHCTaHHS pPYXOMOTO CKIQay i
3pOCTaHHS EKCILTyaTaIlifHIX BUTPAT.

Y cydacHMX yMoBax IU}POBI  TEXHOJIOTIi
BIJIITpArOTh JeAalli BAXKIUBINIY pOIb y MOZACPHI3alil

JIIOLUIBHOCTI

JOTICTUYHMX  TporeciB.  Buxopucranus  nudpoBux
wiathopm  3abe3neuye IEHTpali30BaHE  YIPaBIiHHS
NIepeBE3CHHIMY, aBTOMATH30BaHWK 30ip JaHuX 1

MOHITOPUHT BaroHOIIOTOKIB Y peaibHOMY 4aci. BoxgHouac
BIPOBA/I>KEHHS OIOKYEHH-TEXHOJIOTIH BiJIKpHUBa€
MOXJIMBOCTi JUIS TIABHINCHHS MPO30POCTi OIeparli,
3axHCTy iH(OpMAaIlil Ta ONTUMI3aLlil TOKYMEHTOOOIrYy.
[Ipore, He3BaxaoYM Ha 3HAYHUKA MOTEHIIAI
mudposizamii, i npakTHyHe BHPOBaKEHHSI Yy cdepi
3TI3HMYHUX  BAaHTAXHUX  IIEPEBE3CHb  CTPUMYBaHE
HU3KOI0 (DaKTOpiB, cepell SKUX TEXHIYHa HECYMIiCHICTh
iHpopMamiiHUX  CcHCTeM, CKJIagHicTh iHTerpamii 3
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HasIBHOIO iH(pacTpyKTypolo, 3HauHi (hiHAHCOBI BUTpATH i
HEIOCKOHAIICTh HOPMAaTHBHO-TIPABOBOTO 3a0€3IIeYCHHS.

OTrxe, aKTyaJbHICTH JOCIHIPKEHHS 3yMOBJICHA
HEOOXIMHICTIO pO3B’sI3aHHA  HEBUPILIEHMX  ACIEKTIB
iHTerpanii mudpoBux mIaThopM i OIOKIEHH-TEXHOIOTIH
y CHCTEeMy YINpPaBIiHHS BaHTAXOIMOTOKAMH 3 METOIO
i ABUIICHHS e(eKTUBHOCTI ($yHKIIIOHYBaHHS
3aJTI3HHYHOTO TPAHCIIOPTY.

AHaJIi3 OCTaHHIX I0CTiMKeHb i my0JTikamiii.

Y cywacHii HaykoBiil JiTeparypi NHMTaHHA
mudpoBizamii 3aJi3HUYHOTO TPAHCIIOPTY 1 YIpaBIiHHS
BaHTAXKOIIOTOKAMH  PO3MIISAAIOTE Yy MeXaxX KUIbKOX
B3a€EMOIIOB’ I3aHUX HAMNPSAMIB: BIIPOBADKEHHS IH(PPOBUX
1aTGopM, BUKOPHCTAHHS TEXHOJIOTIH BEIMKHX JAHHX 1
LITyYHOTO I1HTENEKTY, PO3BUTOK KOHIEMLIi «IHU(PPOBOTO
JBITHNKA», @ TAKOX 3aCTOCYBAaHHs OJOKYEHH-TEXHOJIOTIH
Y JIOTiCTHYHHX MPOLIECaXx.

3HayHa  KUTBKICTH  JOCHTIDKCHb  NPHUCBSIYCHA
3arajJbHUM  TNUTaHHSM  1udpoBoi  TpaHcdopmarii
TpaHCTIOpTHOI raiy3i. 3okpema, y podorax C. Capma, M.
Kysny, B.MoBaHoBMu Ta iH. pO3INISHYTO BILIUB
mudposizamii, Iarepuery peueir (IoT), wmTy4HOTO
iaTenekTy i konmenmii Industry 4.0/5.0 Ha po3BUTOK
3TI3HAYHUX  CHCTEM. ABTOpPM  3a3HAyaroTh, IIO
iHTerpaIis TUGPOBUX TEXHOIOTIH JONOMArae i IBHIUTH
eeKTUBHICT,  eKCIUTyaTamii, Oe3lmeKky Ta  SKICTh
TPAaHCIIOPTHUX TOCIYT, OJIHAaK npouec IMppoBizamii
CTpUMYE 3acTapijia iHppacTpyKTypa i HefocTaTHil piBeHb
iHBecTuIii [1].

Oxpemuii HampsM JIOCTIDKEHb OB SI3aHUN 13
BUKOPHCTaHHSIM LU(QPOBUX TEXHOJIOTIH IJIS yIpaBIIiHHSA
IHQpacTPyKTypoIO 1 TEXHIYHUM 0OCITyroByBaHHIM. Tak,
M. Ponpirec-Epnannec, A. Kpecno-Mapxkec, A. Canuec-
Eprenac i B. I'oncanec-IIpina anamizyioTs pojib BEJIMKUX

maanx, loT 1 aHAmMITHYHUX CHCTEM Y IIiJIBHIICHHI
e(CKTUBHOCTI  YNpaBIiHHA aKTUBAMH 3aJTi3HUYHOI'O
TpaHcmopTy. Y  ixHIX poOoTax  JOBeIEHO, IO

muQpoBizallisl CHpHUse TEpexony /A0 HPEAUKTHBHOTO
0OCITyrOByBaHHS Ta IIOKpAIly€ SKICTh YNPaBIIHCHKUX
pilleHb, OAHAK MOTPedye KOMIUIEKCHOTO Y3TOJDKECHHS
TEXHOJIOTIYHHX i OpTraHi3aliifHuX 3MiH [2].

BaxnuBe Micne B CydacHHX JOCIIDKCHHSX
3aiiMaroTh nMQpoBi IaTGopmMu SK IHCTPYMEHT iHTerpaii
JIOTiICTHYHMX TIporieciB. Y poOori [3] po3ristHyTO 10CBiA
BIIPOBA/DKCHHS LUQPOBHX pilIeHb Yy 3ali3HUYHIN
JOTICTHII, BH3HAYCHO IXHIO pOJNb y 3a0e3redeHHi
B3a€MOJIii MK YYaCHHKAaMH TPAHCIOPTHOT'O IPOLECY Ta
MiABUIIEHHI  €(QEeKTUBHOCTI  OOpOOKM  BaHTaXiB.
Bcranosneno, mo miathopMu JaroTh 3MOTY iHTErpyBaTh
iHpopMamiliHI TMOTOKM Ta ONTHUMI3YBaTH YIPABIiHHS
MIePeBE3CHHIMH, OHAK iXHS €PEKTUBHICTb 3aJEKHUTH BiJl
piBHs 1 poBoi 3pinocTi mixnpueMcts [3].

Y  3apyObKHUX JOCH/DKCHHSX 3HAuHy yBary
MPUAIICHO  KOHIEMIil «uudpoBoro IBiffHMKa» Ta
IHTEJIEeKTyalbHIX TPAHCHOPTHUX CHCTEM. 30Kpema, y
poboTax, MPUCBSIYEHUX aHai3y HU(POBUX ABIHHUKIB,
JIOBEZICHO, IO IX BUKOPUCTaHHS 3a0e3Ieuye MOXKIHBICTb
MOJICTIIOBAaHHS ~ MPOLECIB Yy  pealbHOMYy  dHaci,
MIPOTHO3YBAaHHS TEXHIYHOTO CTaHy iH(QPACTPYKTypu Ta

ONTHMi3alii BaHTaXOMOTOKIB. BoaHOouac OCHOBHHUMH
poOJIeMaMH 3aJMINAOTHCS CKIAMHICTh IHTETpallii JaHuX,
BUCOKI BWTpaTH Ha BIPOBA/DKCHHS Ta IHUTaHHA
kibepOe3mneku [4].

3aranpHi  TeHAEHHIT LUQPOBI3aIil  JOTICTHKH
BiZIOOpaXkeHI TaKOX y poboTax, MPHUCBIYEHUX PO3BUTKY
BaHTQXHUX II€PEBE3CHb 1 JIAHIIOTIB IOCTA4YaHHSA. Y HHUX
3a3HaueHO, 010 NU(POBI TEXHOIOTII BHKOHYIOTH TpHU
OCHOBHI (pyHKIIi1: 3a0e3rmeueHHs 3B’ I3HOCTI, KOOpAWHAIIIT
1 CTBOpEHHS JI0JIaHOI BapTOCTi B JIOTICTUYHUX CHCTEMaXx.
IIpn 1mpoMy ocoOmMBY yBary NpHIUIEHO iHTErpamii
iHpopMamiHHUX TOTOKIB 1 MiJBHIICHHIO IPO30pPOCTi
omepartiii [5].

CyTTeBHii  HayKOBMH  IHTEpeC  CTAHOBIATH
JIOCHI/KEHHS, TIPUCBSYEHI 3aCTOCYBAaHHIO —OJIOKYEHH-
TEXHOJIOTI y 3alli3HWYHOMY TpaHCHOpTi. 30Kpema, y
poboti [6] moBemeHo, 1O OJOKYEHH MOXe OyTH
e(eKTUBHO BUKOPHCTaHWH I 3a0e3MedeHHs] HaIiiHOTO
oOMiHy maHWUMH, aBTOMAaTH3amii JIOKyMEHTOOOIiry Ta
ITiIBUIIEHHS TIPO30POCTi JIOTICTHYHMX OIepalii. ABTopu
BUAUSIIOTH TIEPCIICKTHBHI HANpPSMH 3aCTOCYBAHHS ITi€i
TEXHOJIOTIi, 30KkpeMa y cdepi Mi>KHApOIHUX HEepeBE3CHb,
YIpaBIIiHHS JIaHIIOTaM{ IOCTaYaHHsI Ta KOOPAMHALIT MK
PI3HMMH yY9aCHUKaMH PUHKY [6].

Kpim TOro, y HUM3II JOCHIIKEHb PO3TIISTHYTO
CeKOHOMIUHMHM edekT BiJ BHPOBAKEHHS H(PPOBUX
TEXHOJOTIH y 3aJli3HUYHOMY TpPaHCIOPTi. 30KpeMa,
noBeneHo, mo BukopuctanHs RFID, aBTomaru3oBaHHX
CHCTEM 1 aHANITHKH JaHUX JIOTIOMAarae 3HU3UTH BUTPATH,
MIIBUIIUTH TOYHICTH OOJIKY BaHTaXIB 1 HOKPAIIUTH
KOHKYPEHTOCIIPOMOJKHICTB 3aJ1i3HUYHHX NepeBe3eHb [5].

Bonnowac aHaii3 HayKOBHX JKEpeI CBIUUTH, L0
OINBIIICTE  JOCTIDKEHb 30CepeiDKeHa Ha  OKPEMHX
TexXHOJOTiAX abo acnekrax 1mmdpoizanii. KommiekcHui
miaxin mono inrerpanii mudpoBux miarhopm, 6JI0KIeHH-
TEXHOJIOTiH, AaHANITUKM JaHUX Ta IHTEJEKTyaJbHUX
CHCTEM Yy €JIMHY CHCTEMY YINPaBJIiHHS BaHTa)KOIIOTOKaMHU
3JIMIIAETBECS  HEJOCTaTHhO  po3poOsieHnM.  Takox
HEIOCTaTHLO JOCHI/DKCHUMH € TIUTaHHS OIL[iHIOBAHHS
€KOHOMI4HOi e()eKTHBHOCTI iX CITIJIBHOTO BUKOPHCTaHHS 1
ajganTamii [uX pIiOIeHb A0 YMOB (YHKIIOHYBaHHSI
HallOHAIBHUX 3aJII3HUYHNAX CHCTEM.

Otxe, icHye moTpeba y INpOBEICHHI MOAAIBIINX
JIOCITI/PKEHb, CHPSIMOBaHUX Ha PO3pOOICHHS
IHTErpoBaHMX MiAXOAIB IIox0 HudpoBizamii yrnpaBiIiHHSI
BaHT)XOIOTOKaMH, IO 1 BHU3HAYa€ aKTYAIbHICTH Ii€i
pobortu.

Bu3HaueHHs1 MeTH Ta 3aBJaHHA JOCTiIKEeHHS.

Mera [OOCHIKEHHS IIOISArac B IABHUIIEHHI
€(CKTHUBHOCTI  YIpPaBIiHHA  BaHTKOIMOTOKAMH  Ha
3ai3HUYHOMY  TPAHCIOPTI  4Yepe3  BIPOBAKCHHS

mudpoBux 1miaardpopMm 1 OnmokyerH-TexHOmorid. lLle
BKJIIOYA€ aHaJi3 MOMJIMBOCTEH BHKOPUCTAHHS IU(PPOBUX
IHCTpyMEHTIB ISl  TOKpallleHHS  KOHTPOJIO 32
MIePEBE3CHHsIMY, 3MEHIICHHS 3aTPUMOK, OITHUMi3awii
JOTICTUYHMX TIPOIECiB 1 MiABHINEHHS IPO30POCTi
OTIeparliid.

Jnst nocsTHEHHS TOCTaBICHOI METH HeoOXiTHO
BUPILINTH TaKi 3aBJaHHs:
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- JOCHNTH CydYacHHMH CcTaH nudposizauii y

chepi  3aM3HMYHMX  BaHTAKHUX  IEPEBE3CHb 1
MIPOaHANi3yBaTH iCHyIO4i mpoOiemH, TOB’s3aHi 3
YIPaBIiHHAM BaHTAKOIOTOKAMM;

- PO3IISIHYTH  MOMJIMBOCTI  BUKOPHCTAaHHS
OJIOKYEHH-TEXHONIOTiM Il  MIABHMIIEHHS MPO30pPOCTi
JOTICTUYHMX  Omepamid, 3MEHLIEHHS  I1allepoBOTO
JIOKyMEHTOO00iry;

- po3poOuTH KOHIENmito iHTerpamii nuppoBUx
aThopM y CHUCTEMYy YIPaBIiHHS BaHTaKOMOTOKAMH,
YpaxoByIOUM BHUMOTH 3aJli3HUYHHUX ONEparopiB i
PETYIATOPHI 0OMEKEHHS;

- BU3HAYUTH  OCHOBHI  MEpEIIKOAW IS
mudposizaii  yHOpaBIiHHS ~ BaHTAXOHMOTOKAMH i
PO3poOUTH PEeKOMEHIAIIIT IOJT0 X MO IOJIAHHS.

Bukonanus UX 3aBJaHb CIIpHUATHME
BJOCKOHAJICHHIO  JIOTICTHYHHMX TpoueciB y  cdepi
3ai3HUYHUX  TEPeBE3CHb, 3a0e3MeUeHHI0  OUTBIIOL
e(eKTUBHOCTI Ta KOHKYPEHTOCIIPOMOXKHOCTI Taiy3i 3a
paxyHOK BUKOPHCTAaHHS Cy4aCHHUX LU(PPOBUX PillICHb.

Buxusag ocHOBHOTO MaTepiaJy.

3ai3HUYHUI TPaHCIIOPT € OJHUM i3 TOJIOBHHUX
€JIEMEHTIB  TJIO0AIBHOI  JIOTICTUYHOI  CHCTEMH, IO
3a0e3medye MepeBe3eHHsT 3HAYHUX OOCATIB BaHTaXIB Ha
maneki  BigcrtaHi. BomHouac — TpamumiiiHIi  METOIU
YIpaBIiHHA BAaHTAXXOINOTOKAMHM BCE IIE MAaIOTh MEBHI
HEJIOJIKH, 30KpeMa CKJIaJHI IpoLeIypH TOKYMEHTOO00ITy,
3aTpUMKH B IIepeJaBaHHI JaHWX 1 HEZOCTaTHIO
KOOPJIMHAIII0 MK YJaCHHKAaMH [IEPEBI3HOTO ITPOIIECY.

Jns  migBumieHHS eQEKTUBHOCTI  3aJII3HUYHOI
JIOTICTUKM Ba)XJIMBO BHKOPHCTOBYBATH OINTHMi3aLliiiHi
MaTeMaTW4Hi Mojeli, sKi JaloTh 3MOTY YXBaJIIOBaTH
pIIICHHS B PEKUMI pEaJbHOTO Yacy, pO3IMOIUISTH BarOHH
BIJIMTOBITHO /10 OTped PUHKY 1 MiHIMi3yBaTh BUTpaTH [8].

OcraHHIMH  pOKaMH aKTUBHO  PO3BHBAETHCS
mudposizallisi Tamys3i, CopsMoBaHa Ha IIOKPAIICHHS
e(eKTUBHOCTI TIepEBE3CHb. BrpoBapkyrots
aBTOMAaTH30BaHI CHCTEMH  MOHITOPHHTY  PYXOMOTO
CKJIaJy, €JIeKTPOHHUM JOKyMEHTOO00Ir, a TakoX Iu(poBi
aTGopMu s oNTHMi3amii JorictiuyHux npotecis [10].
Bopgnouac icHye moTpeba B OUTBII JOCKOHATHX ITiX0JaX
II0/I0 KOHTPOJIIO 32 BaHTAXKOIOTOKAMH, SIKi 3MEHIIyBaJIH

6 BB moAcbKoro  (Qaktopa 1 MiIBUILYBalu
OTIepaTHBHICTb OOPOOKH iHpOpMAIIi.
Jns  3a0e3neyeHHsT e(QEKTUBHOTO  yNpaBIiHHS

BAaHTAXOIOTOKAMH  HA  3QN3HAYHOMY  TPaHCIIOPTI
Ba)XJIMBO BPaxOBYBAaTH pi3Hi (hakTopw, SIKi BIUIMBAIOTH Ha
TpoIiec TepeBe3CHHS. Ie BKJIIOUYAE BapTiCTh
TPAHCIIOPTYBAaHHS, dYac JIOCTABJICHHS, JOCTYIHICTh
PYXOMOTO CKJIaJy, MOXIIHBI 3aTPHMKH HAa MapIIpyTax.
Po3pobinienHst onTuMizamiiHOi Mozenmi, siKka IHTErpye i
mapaMeTpH, TaCTh 3MOTY HE JIUIIEC MIiHIMI3yBaTl BUTPATH,
ajie 1 iIBUIIUTH HATINHICTG 1 IIBUAKICTH IEPEBE3CHb.

Y 1poMy KOHTEKCTI JOLUIBHO  PO3poOHTH
MaTeMaTHYHY MOJICNb, IKa BPAXOBY€E K €KOHOMIYHI, TaK i
TEXHIYHI AaCIeKTH TIPOIeCy TICPEBE3CHHS BaHTAXIB.
BomHodac epeKTHBHICTH Takoi MOJETI 3HAYHOKI MipOFO
3aJICKUTh BiJ SIKOCTI, TIOBHOTH 1 aKTYalbHOCTI BXiTHHUX
maanx. CamMe TOMy  JOIUIBHO  BUKOPUCTOBYBATH
OJOKYEHH-TEXHONOTII, sAKi  3a0e3ledyroTh  HajiifHe

30epiraHHs, IepenaBaHHs Ta Bepudikamito iHdopmarii
IIPO BaHTAXXOIIOTOKH B PEXUMI peanbHoro vacy [7, 9].

[Hrerpamiss OmokueiiHy nmae 3Mmory (opmyBaTu
JIOCTOBIpHI 3HAa4EHHS IapaMeTpiB MOJENI, 110, 30Kpema,
MiIBUIIYE TOYHICTb ONTHMI3AIIMHUX pPO3PaxyHKiB 1
0OI'PYHTOBaHICTh YNPABIIHCHKUX PIllICHb.

Jnst epeKTUBHOTO yrnpaBiliHHS BaHTa)XKOIIOTOKaMHU
HEOOXiTHO pO3POOMTH ONTUMI3AIHY MOIENb, sKa
BPAaxOBYE€ TaKi ITaApaMETPH:

— KITBKICTh BaroHiB, sKi HEOOXiTHO MEPEBE3TH 3

ITYHKTY @ y HyHKT;

Clj — BapTiCTI) NEPEBC3CHHA OAHOI0 BaroHa MK

MIyHKTaMu |ﬂ Ta J;
il — 4ac mepeBe3eHHs MK ITyHKTaMH @ Ta E;

j| — IIOIIMT HAa BarOHU B HyHKTi N

MateMaTiyHa MOJEITh MOXE OyTH CcQOpMyIIbOBaHA SK
3aadya MiHiIMi3alii 3araJbHUX BHUTPAT Ha TCPEBE3CHHS,
YPaxoBYIOUH OOMEKEHHS ITPOMYCKHOI CIIPOMOKHOCTI

miny,; . CijXi;j

()

13 JAOTPUMAHHAM BKAa3aHUX HUKYC YMOB.

OOMeXXeHHsST ~ JOCTYITHOCTI  BaroHiB Yy  BiANPaBHUX
ITyHKTAax:

< Si >
2)

SIKIIO @

bananc IONUTY B ITYHKTAX MPU3HAYCHHS:

©)

SIKIIO .

OOMEXEeHHS TMPOMYCKHOI CIIPOMOXHOCTI 3aITi3HUIHHUX
IUISTHOK:

(4)
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SIKIIIO V(i, )

ne |Cji

IUISTHKH.

— MaKChMaJIbHa TMPOITYCKHaA CHpOMO)KHiCTI)

Mopgenp Takok Moke OyTH pO3IIMpeHa Ha BHIAI0K
HEBM3HAYEHOCTI, YPaxOBYIOUH HMOBIpHICTh 3aTPUMKH Ha
MapmpyTi i—j. Onrumizamisi nepeBe3eHb BigOyBa€eThCs
Yyepe3 MiHIMI3allilo 04iKyBaHUX 3aTPUMOK:

min y,; ¥.; DijtijXij
(5)

L1 Mozenp 1a€ 3MOTY BH3HAYHUTH ONTHUMAaTbHUH
PO3IIONI BaroHiB, 3HIDKYIOYM TPAHCIOPTHI BUTpaTH i
CKOpOYYIOUH Yac JOCTABIICHHS.

Cnix  3a3Ha4MTH, 10  HPaKTHYHA
3aIIPONOHOBAHOT Mojeni norpedye HasiBHOCTI
JIOCTOBIPHMUX 1  CHHXpOHI30BaHMX  JaHUX  IIpO
MepeMillIeHHs]  BaroHiB, BapTiCTh IIEPEBE3CHb, 4Yac
JIOCTAaBJICHHS Ta MOXJIMBI 3aTPUMKU. Y TpaauMLiitHAX
cUcTeMax Taki jgaHi 9acTo € (parMeHToBaHUMH abo
3aCTapuIMMU, 10 3HMKY€E e()EKTHBHICTh ONTHMI3AI[IHHIX
pillIeHb.

Buxopucranns OJIOKYEHH-TEXHOJIOTIH aorioMarae
YCYHYTH IIi HEIOIIKH, OCKUTBKM BCI JIaHi MPO ormeparii 3
BaHTaXaMH (IKCYIOTh Yy PO3IOJIIICHOMY pPEECTpi Ta €
JIOCTYIHHMH /ISl BCIX YYaCHHKIB JIOTICTHYHOTO TPOLECY.
Ile 3a0e3neuye akTyaqbHICTH IApaMETPiB MOAENI Ta Jae
3MOTY 3aCTOCOBYBATH ii B p&XKUMIi peaNbHOro yacy.
BnokuelH-TeXHOIOTI] € MEepCIeKTUBHUM DILICHHSIM JUIs
YIOCKOHAJIEHHSI  YNpaBIiHHA BaHTAXKOIOTOKAaMH  Ha
3aTI3HHYHOMY TPAHCIIOPTI. OcHoBHI HepeBaru
OJI0KYEHHY BKIIIOYAIOThH MPO30PICTh 1 HE3MIHHICTD JaHUX
— ycl TpaH3akKIii 3alMCyIOTh y PO3NOAIJICHOMY PEECTpi,

peaizaris

0  yHEeMOXJMBIIOE  (anbcudikamito abo  3MiHY
iHpopMarii.

ABToMaruzalisi NpoIeciB — CMapT-KOHTPAKTH JAl0Th
3MOTY  aBTOMAaTHM3yBaTH  BHKOHaHHA  Yrog  MiX

MIepEeBi3HUKAMK, OIEpPATOPaMH TEPMIHAIIB Ta IHIIMMHU
YYaCHUKAMH JIOTICTUYHOTO JIAHIIIOTA.

Besrieka Ta 3HWKEHHS pPH3MKIB IIaxpaicrBa —
JICIIEHTPAJII30BaHUK XapakTep OJOKYEHHY TapaHTye, IO
JIaHi PO BaHTAXI1, MApIIPYTH Ta YIACHHUKIB IIEPEBE3CHHS
3QIMIIAIOTECS  3aXMIIEHWMH Bl HECAHKIIOHOBAHOTO
JIOCTYILY.

3arnpoBa/pKeHHST OJIOKYEHHY JOMOMOXE 3MEHIIUTH
aZMIHICTpaTHBHI BUTpaTH, CKOPOTUTH 4Yac IEpeBipKU
BaHTAXXHUX JOKYMCHTIB i MMOKPAIIUTH KOOPIUHAIII0 MiX
3aTI3HHYHUMH aJIMiHICTpaLisIMH Pi3HUX KpaiH.

bnok4yelilH € TOTYXHHM IHCTPYMEHTOM JUISt
mugpoBizallii 3ai3HUYHUX TIEPEBE3CHb, OCKIIBKHU BiH JIA€
3MOTYy aBTOMAaTH3yBaTH JOKYMEHTOOOIT, 3MEHIIUTH

PU3HMKH MIaXpaicTBa 1 MOKPAIIUTH KOOPAMHAIIIO MiX
oTepaTopamH.

Jns 3a0e3nedeHHs 3B’53Ky MK ONTHMIi3aniiHOIO
Mojemnto Ta  iH(opmauiiiHoro  iHdpacTpyKTypoIo
JIOLUTBHO IHTErpyBaTtu OJOKYEHH-CHCTEMY Yy TIpOIec
YIOpaBIiHHA BAHTAKOMOTOKAaMH. Y IIbOMY BHIAJKY
ONOKYEeHH € JDKEepelIoM JIOCTOBIpHUX JaHWX  JUIs
rapaMeTpiB  MoJeJli Ta IHCTPYMEHTOM peawmizamii ii

pe3yIIbTAaTIB.

Koxxen Baron @ Ma€ VHIKAIBHUA IUPPOBHIA
inentudixarop |[ Dk’ a indopmamito Tmpo  ioro
MEpPEeMIIIeHHsl, CTaH 1 BUKOHAaHHS  IICPCBC3CHb

aBTOMAaTHYHO (iKCYIOTh y Onok4yerH-Mepexi. OTpumani

,HaHi BUKOPHUCTOBYIOTH JII OHOBJICHHS napaMeTpiB ] 5

, Y pPeXHMi peaslbHOTO 4acy, 100 alanTyBaTH

ONTHUMi3aliiiHy ~ MoOHenb 10  IOTOYHMX  YMOB
(YHKI[IOHYBaHHS TPAHCTIIOPTHOT CHCTEMH.

3anmc y 6J10KUYeiTHI MOKHA TTO/IaTH SK

Hk =H(IDkITkILk'Pk) ,
(6)

— mapaMeTpy BaHTaXy.

Ile mae 3Mory B peXuMiI peaJbHOTO dacy
BIJICTe)XyBaTH IIEPEMIIICHHS BaroHiB, 3MEHIIYIOYH
KIJIBKICTB JIFOJICBKMX MOMIJIOK 1 MOKpAIIUTH KOHTPOIb 32
JIOT1CTHKOIO.

Kpim TOro, pesynpraTH ontumizamiiHOi Mozeni
MOXYTb OyTH peaji30oBaHi 3a JIOIIOMOTOIO CMapT-
KOHTPAKTIiB, $Ki aBTOMAaTHYHO BHKOHYIOTH PO3IOJILIT
BaroHiB BIANOBIAHO /0 3HAWICHOIO ONTHUMAJIBHOTO
pimenns. Lle normomarae MiHIMi3yBaTH BIUIMB JIFOACHEKOTO
(haxTOpa, CKOPOTUTHU Yac YXBaJICHHS PIlICHb 1 IiBUIUTH
e(eKTUBHICTh YIIPaBIiHHS BAHTAKOIIOTOKAMH.

Inmeepayia yugposux niamgopm y cucmemy
VAPAGNIHHA 8AHMAICONOMOKAMU

udposi mmardopmu, 1m0 BHUKOPHCTOBYIOTH
€JIEMEHTH IUTYYHOTO IHTENEKTy 1 Benmkux nanux (Big
Data), BiJIKPUBAIOTH HOBI MO>KJIMBOCTI IS
IIPOTHO3YBAaHHSI Ta ONTHUMI3arii mepese3ensb [11].

Bouu patots 3mory:

- aHaJIi3yBaTH MOTOYHE 3aBAHTAKEHHS 3aJ1I3HIYHOT
MEpeXi Ta IPOrHO3YBaTH MOXKJIMBI 3aTPHMKH;

- aBTOMATHYHO PO3MOAUIATH BAarOHU BiAITOBIIHO
JI0 TOTped PHHKY Ta HAsBHOCTI BUIBHOTO PYXOMOTO
CKJIANY;
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- KOHTPOJIIOBAaTH TEXHIYHWH CTaH BaroHiB 1
JIOKOMOTHBIB Y PEXUMI PEaNbHOTO Yacy.

OnmHyM 13 YCHIIIHMX TIPHKJIANiB € €BpOIEHChKa
imimiatuBa Rail Freight Digital Platform, sxka 06’exnye
MIePEeBI3HMKIB, BAHTAKOBJACHHUKIB Ta 1H(PACTPYKTYpHI
KOMITIaHii JUIsi CIPOILIEHHS YNPaBIiHHS JIOTICTUYHHUMHU

OTICpAIlisIMH.
Inrenexryansni  TpancnoptHi cuctemu  (ITS)
JIOTIOMAraloTb ~ NPOTHO3yBaTH  HABaHTaKCHHS  Ha

3TI3HAYHY MEpeXy, aHai3ylouM ICTOpWYHI JaHi Ta
MTOTOYHI YMOBH. IIporuosyBanHs o0csriB
BaHTXXOIOTOKIB MOKHA 3MIHCHUTH 32 JIOTIOMOTOIO
perpeciiinoi Mofeni

Vi=a+pBiVi_1 + BoP + B3T; + & ,
(7

Jec t| HpOFHO3OBaHI/Iﬁ o0csr NEPEeBC3CHb Ha MOMCHT

vacy [L;
Vea| -

o0csr TmepeBe3eHb Yy MOIEPETHBEOMY

P, nina Ha 3ami3HIYHI IEpEBE3CHHS;

Tt cepeaHa TpI/IBaIIiCTI) TEPCBC3CHb;

% BUIIAJKOBA IMOMUJIKA IPOTHO3Y.

BukopucranHs Takux ~MojneNned Jae  3Mory
3aTI3HMYHUM KOMIIaHisIM Oi7bII e(h)eKTHBHO PO3MOMIIISTH
pecypcu Ta YHHKaTH IIEpEBAHTaKCHHS Ha OKPEMHX
IUISTHKaX.

EdexruBHicTh BIIPOBAIXKCHHS nuQpoBUX
TEXHOJOTIH y  3aJi3HUYHIM  JIOTICTHII  JIOLUIBHO
PO3IIISAATH SIK KOMIUICKCHUH pe3ysIbTaT 3MiH y Tporecax
YIpaBIiHHS BaHTaXXOIOTOKaMU, iHpOpMaIiHHOMY
3a0e3reveHHi Ta OpraHizaii nepeBe3eHs.

Ha BimMiHy Bif miaxo[iB, oo 0a30BaHi BUKIIOYHO
Ha Yy3arajJbHEHWX CTAaTHCTUYHMX MOKa3HHKax, y il
poboTi  edekTuBHICTH  IUQpPOBI3aAIil  MPOIOHOBAHO
OLIIHIOBAaTH 33 CYKYITHICTIO SIKICHUX 3MiH, III0 BHUHUKAIOTh
y pesynbrari iHTerpamii mm¢poBux miaardpopMm i
OJIOKYEHH-TEeXHOJIOTIH.

30Kkpema, BIPOBA/KEHHS U(PPOBUX IHCTPYMEHTIB

3a0e3mneuye:

- HIiIBHILNEHHS OTIePaTUBHOCTI 00poOKHU
iHpopMmamii  3aBASKHM TEpeXoxy A0  EIEKTPOHHOTO
JIOKyMEHTOO00Iry;

- TIOKpamleHHs KOOpAWHALil MDK Yy4YacHHKaMH
MIEpeBI3HOT0  Tpolecy  3a  PaxyHOK  €JHHOTO
iH(pOpPMaLIHHOTO CEPEAOBUINA;

- 3HWKEHHS BIUIMBY JIIOACBKOTO (akTopa mist
YXBaJICHHS PillleHb;

- TiABHUILCHHSA IPO30POCTi
oriepariif i JOCTOBIPHOCTI JaHUX;

- MOXIIMBICTb ajanramii yrnpaBIiHCBKUX DillleHb
Y PEKHMI pPEasIbHOTO Yacy.

JIOTICTUYHHUX

BaxmiBoro 0coONMMBICTIO € T€, 1110 BUKOPHCTaHHS
OJIOKYEHH-TEeXHOJIOTiH /1a€ 3MOry 3a0€3MeUnT! HUTICHICTh
1 CHHXpOHI3alilo JaHuX, 10 Oe3M0CcepeHbO BIUIMBAE HA
SKICTh TTapaMeTpiB onrTuMmizauiiinoi moxeni. Ile y cBoro
Yepry CIpHs€ MiIBUIIEHHIO OOIPYHTOBAHOCTI PillIeHb PO
PO3IIO/IUI BaroHiB 1 TUIaHYBaHHS IIEPEBE3CHb.

Otxe, epeKTUBHICTh IUQPOBI3AIl MPOSBIAETHCS
HE JIMIIE B MOXKJIMBOMY 3HID)KEHHI BUTPAT ab0 CKOPOUCHHI
yacy BUKOHAHHS OIEpallii, ajie i B MiABUINEHHI 3arabHOL
KEpOBAaHOCTI TPAHCIOPTHOI CHCTEMH, ii aganTHBHOCTI JIO

3MiH 30BHINTHBOTO CEPEJOBHINA Ta 3IHaTHOCTI [0
iHTerpamii 3  IHIOUMH  €IEMEHTAMH  JIOTICTHYHOI
iHppacTpyKTypH.

3ampornoHoBaHUil MiAXiZ Aa€ 3MOTY pO3IIsIaTd
mudposizaito K (HaKTOp IMIABHIICHHS CHCTEMHOI
e(eKTUBHOCTI 3ali3HUYHHUX IIEPEBE3€Hb, 10 3abe3neuye
JIOBFOCTPOKOBI ~ TepeBarWm s BCIX  YYacHHKIB
TPaHCIIOPTHOTO TPOLIECY.

OcHogHI nepewikodu ma pexomeHOayii woodo ix
nOOONAHHSA

HesBakaroun Ha nepeBaru nupoBHX TEXHOJOTIH,
ICHYIOTb TI€BHI MEPEIIKOIH JUISl X BIIPOBAKECHHS:
- BHCOKa BapTiCTh iHTerpamii OloKYeHH-cucTeM

y 3aJIi3HUYHY 1HPPACTPYKTYPY;

- HEOOXiMHICTh  Y3TOKCHHS  TEXHOIOTIYHHUX
CTaHAAPTIB MIDX pi3HUMHI 3aJI3HUYHUMH
a7IMiHICTPAIliIMU;

- BiACyTHICTh €muHOI  crpaterii  nmdpoBoi

TpaHcdopmarii B 0ararbox KpaiHax.

JA1st To101aH s IIUX aCHEKTIB BaXKIINBO:

- po3pobutn e€auHi nUPOBI CTaHAAPTH OOMIHY
JTAHAMH MK 3QJ1I3HUYHIMH OTIEPaTOPaMHU;

- 3aMy4YUTH JCp>KaBHI IHBECTHINT Ta MIXXKHAPOIHI
TPaHTH JUIsl MIATPUMKHU OU(POBi3aLii 3ali3HUYHO]T rajry3i;

- CcIOpuATd aKTHBHIN criBrpari MiX
3TI3HMYHUMHM aJIMIHICTPaLisIMU 3 METOIO BIPOBAKCHHS
OJI0KYEeHH-TEeXHOJIOTIH 1 IM(POBUX IIIATHOPM.

BucHoBkn.

Y  poboTi BU3HAYEHO OCHOBHI  HampsMu
mudpoBizamii  3aJi3HUYHOTO  TPAHCIIOPTY, 30KpeMa
BIIPOBa/[KEHHA 1MpoBUX TarpopMm 1 OJIOKYEHH-

TEXHOJIOTIH, 10 3a0e3neuyloTh aBTOMaTn3alio 300py Ta

00poOKHU JIaHKX, TTOKPAIICHHS MOHITOPUHTY
BaHTa)KOIIOTOKIB i BJIOCKOHAJICHHS YIpaBITiHAS
JTOKYMCHTAIIIETO.

3ampornoHoOBaHO  MWiAXiJ MO0  YNpPaBJiHHSA
BaHTa)KOIIOTOKaMH Ha OCHOBI OIITUMI3aIiHHOT

MaTeMaTu4HOi MOZENi, SKa BpPaxOBYE EKOHOMIYHI Ta
TEXHIYHI TapamMeTpu IepeBi3HOro mpouecy. Takox
OOTPYHTOBAaHO MJOIUIGHICTh BHUKOPHUCTAaHHS OJIOKYCHH-
TEXHOJIOTIH SIK IHCTPYMEHTY 3a0e3Me4eHHsI JOCTOBIpHOCTI
Ta aKTyaJbHOCTI JTaHUX, HEOOXITHUX IS
(YHKIIIOHYBaHHS MOJIEI.

[Nokazano, mo iHTerpanis THGPOBUX TEXHOIOTIH Yy
CHUCTEMy  YNpPAaBIiHHS  BaHTAXOIIOTOKAMU  CTBOPIOE
MIepelyMOBH JUISl TIABHUIIEHHS IPO30POCTi JIOTICTUYHUX
MIPOLECIiB, TOKpAIIEHHS KOOpAWHALII MIX y4JacHHUKaMu
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MIepeBE3CHb 1 OMEPATUBHOCTI YXBaJICHHS YINPABIiHCHKUX

pillIeHb.
Ionanbmri gociKeHHs TOULTBHO CIIPIMYBaTH Ha
BJJOCKOHAJICHHS METO/IiB MIPOTHO3YBaHHS

BaHTAXXOIOTOKIB, a TaKOX IHTErpawilo I1HCTPYMEHTIB
IITyYHOTO IHTEJEKTY Ui aBTOMAaTu3alii IuIaHyBaHHS
3aJTI3HNYHUX TIEPEBE3CHb.
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Rybalchenko Liliia

TRANSFORMATION OF FREIGHT FLOW
MANAGEMENT IN RAILWAY TRANSPORT
BASED ON DIGITAL PLATFORMS

Abstract. Rail freight transportation plays a critical role
in ensuring the smooth flow of goods both domestically
and internationally. A key component of this process is
cargo flow management, which directly influences the
timeliness, safety, and economic efficiency of
transportation. With the growing volume of railway
freight and the development of global logistics, there is an
increasing need to implement advanced technologies to
automate and optimize cargo management. In recent
years, the railway sector has actively adopted digital
technologies, including digital platforms and blockchain,
to improve monitoring, reduce costs, minimize human
error, and enhance operational transparency. Blockchain
technologies, in particular, are crucial for cargo
accounting, logistics process control, and document
management.

This paper explores the modern approaches to the use of
digital platforms and blockchain in railway freight flow
management. It analyzes the key factors influencing the
effectiveness of implementing these technologies and
examines the prospects for their further development both
in Ukraine and globally. The research addresses the
challenges of insufficient automation in the control and
coordination of railway transportation, which leads to
delays, inefficient use of rolling stock, and increased
operational costs.

Digital platforms offer centralized management,
automated data collection, and real-time monitoring of
freight flows, while blockchain can significantly improve

transparency, reduce the risk of fraud, and streamline
documentation. Despite these advantages, the widespread
implementation of these technologies faces challenges
such as the technical compatibility of various information
systems, the need for integration with existing
infrastructure, high implementation costs, and the
adaptation of legal frameworks.

The aim of the research is to improve the efficiency of
cargo flow management on railways through the use of
digital platforms and blockchain. The study analyzes the
potential of digital tools to enhance monitoring, reduce
delays, optimize logistics, and increase operational
transparency. By examining case studies and identifying
obstacles, the research offers recommendations for
overcoming barriers and integrating these innovations into
railway transportation systems, contributing to the overall
modernization of logistics processes and improving the
competitiveness of the sector.

Keywords: freight flow management, digitization of
railway  logistics,  blockchain  technologies in
transportation, optimization of rail transportation,
automation of logistics processes, digital platforms for
railways, mathematical models of transportation,
transparency of logistics operations, reduction of
transportation costs, integration of digital solutions into
rail transportation.
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LINPOKU 1O. B., X.T.H., 1OLIEHT

(HauionanpHMi aepOKOCMIYHUIN YHIBEPCUTET «XapKiBCbKUI aBlallifHUN 1HCTUTYT)

EneproedgexTuBHi anropuTMu 00podku ceHcopHOi iHGopmanii 1151 Ha3eMHUX POOOTH30BAHMUX
CHCTEM Pi3HOI0 NPU3HAYEeHHS

Y cmammi posensnymo 3acmocysanus memoodis oououacHoi noxanizayii ma nobyooeu xapmu (SLAM) ona
3a6e3nevents amMOHOMHOI Hagieayii MoOIIbHUX poOOmMIE y HeGIOOMOMY cepedoguwyi. AxmyanvHicms O00CTIONCEHHS
3YMOBIEeHA NompeboIo y CIMBOPEHHI UCOKOeDEeKMUBHUX ANeOpUmMie 00poOKU ceHcOpHOI iHpopmayii 0151 A8MOHOMHUX
MOOITbHUX nAam@opm, wo QYHKYIOHYIOMb 8 YMOBAX 0OMENCEHUX 0OYUCTIOBATILHUX PeCypCi6 I GIOCYMHOCHI 308HIUHbOL
Hasieayiunoi  ingpacmpykmypu. Ocobausoi eaeu maki 3a0aui HAOY8awmv 04 YKPAIHCLKUX pedanill, 30Kpema
PO3pO0ONEHHA HA3eMHUX POOOMU30BAHUX CcUCmEM OJil 0OCMENCeHHs Mepumopiu, MOHIMOpuHey ingpacmpykmypu,
PO3MIHYBAHHS, POOOMU 6 30HI HAO38UYAUHUX cumyayill i Ha npomucioeux 06 'ekmax. Ilpoananizosano nioxoou wo0o
Qinempayii 0anux razeprHo2o danekomipa 6 HagieayiiHux cucmemax moointoHux pooomis. Tpaduyitino 6 3a0avax SLAM
3aCcmoco8yioms Memoou Ha ochosi Qinempa Karvana i tioeo moougixayiti — poswupenuti ¢inomp Kammana (EKF) i
nenacuyenuti ginemp Kammana (UKF). Oouax aneopumm EKF nompebye nineapusayii HemiHitinux mooleneu, ujo
npuzgooums 00 empamu moyrocmi, mooi sk UKF 3abesneuye kpawyy y32000ceHiCmb OYIHOK, ale MAe Ni0GULUeHY
obuucnosanbHy ckiaodHicme. Lle obmedicye ixHIO egexmusHicmv 0Nl ABMOHOMHUX POOOMIE i3 0OMedceHUMU
anapamuumy pecypcamu.

Anvmepuamueoro € ancopumm Qinempayii GP-RTSS, nobyoosanuii Ha 0CHO8I 2ayco8ux npoyecis, sKuil He
nompebye npoyedypu JniHeapusayii, YUCEIbHO20 IHME2PYBAHHSA MA 6HO20 NPOSHO3Y8aHHS 6ubipku moodeni. Takuil
nioxio 3abesneuye Guugy MOYHICMb OYIHIOBAHHS CMAHY Md AOANMUBHICMb 00 PI3HUX MUNIE OUHAMIMHUX CUCTEM.
Boounouac cymmesum obmescennam GP-RTSS € snauni obuucniosanvhi eumpamu, nos’si3aui 3 004UUCTIEHHAM 0p06oi
ynryii.

Y pobomi oocnioaceno moougpikayiro ginempa DIS RTSS, wo peanizye cxemy po3noodiieHux oOYucieHv y
cmpykmypi GP-RTSS i3 memoio 3meHutenHs uacy o6pobOKu Oanux i 00csey nam’sami. 3anponoHo8aHo womupu
aneopummu posnodinenux obuucaens: DIS RTP, DIS RTGP, DIS RTB i DIS RTrB. 3a pesynomamamu mMoOent08anHs
ecmanosneno, wo ancopumm DIS RTGP demoncmpye Halikpawe Cnig8iOHOUIeHHs WBUOKOOTi ma moYHocmi 0ist 3404y
ABMOHOMHOI Hagieayii MoOitbHUx pobomis. Ompumani pe3yrbmamu MOXNCymb Oymu 6UKOPUCMAHI Ol CMEOPEHHs
BIMYUBHAHUX POOOMOMEXHIYHUX KOMNLEKCI8 I3 NIOBULYEHOI A8MOHOMHICIIO | eHep20eheKMUSHICIO.

Knrouosi cnoea: emonomui mobinoni pobomu, niamyeanns wnaxy, SLAM, aneopumm, ceucopu, uasicayis, eaycié
npoyec, aneopumm ginempayii, areopumm DIS RTSS, ancopumm DIS RTP, ancopumm DIS RTGP, aneopumm DIS RTB,
anzopumm DIS RTrB.

JIMIIIE B HAYKOBHX I[JIX, al€ i B PEAIbHHX yMOBaXx,

Berym. HATIPUKJIIA] JJIs PO3BIAKH, PO3MIHYBAHHS YU JIOTICTHKH B
JUist 3aGe3medcHHs (yHKIIOHYBaHHS aBTOHOMHOI — 30HaX KOHQUTIKTIB. 30KpeMa, YKpaiHChKi PO3POOHUKH,
CHCTEMH  YIDAaBJHHA  ABTOHOMHAMH  MOGUmHuMu  TaKl SK KOMNaHii, O CTBOPIOIOTH 0e3miIOTHI Ha3eMHI

poboTaMu ImiJ 4Yac TPOBENEHHS HAYKOBHX JOCIHIIKCHb
ab0 MpaKTUYHHUX 3aBlJaHb Yy CKIAJAHUX CEpeJOBHUINAX
HEOOXiMHO po3poOMTH  e(EeKTHBHI aNTOPUTMH UL
cucreMu HaBiramii. B VYkpaini, sk kpaiHi 3 IOTY>XHOIO
HaYKOBO-TEXHIYHOIO CHa/IIINHOIO B raimysi
POOOTOTEXHIKM Ta KOCMIYHUX TEXHOJIOTIH — BiJl pO3p0OOK
y Kb «IliBnenne» 10 cydacHUX HpOEKTIB Jlep:kaBHOTO
KOCMIYHOTO areHTCTBa — OCOOJIMBY YBary NpHIUISIOTH
aBTOHOMHHAM MOOUIBHMM pO0OTaM, 3aCTOCOBYBAaHMM HE

TpancnoptHi 3acobu (UGV) 3 iHTerpami€ro ITYYHOTO
IHTENIeKTY  JUIsI ~ aBTOHOMHOi  HaBiramii, aKTHUBHO
BITPOBADKYIOTh TEXHOJIOTII, o i ABUIIYIOTH
e(eKTUBHICTh OIepalii i 3MEHIIYIOTh 3aIEKHICTh BiJ
orepaTtopa, K 1€ BHJHO 3 JIOCBIy IOTOYHMX HOAIH Ha
¢ponTi. [lns BupimeHHS 3aBraHb HaBiramii Mo)KHa
3aCTOCYBaTH METO]I OJJHOYACHO] JIoKaTi3awii Ta o0y 1oBu
KapTu MicueBocTi, Bimomuii y dmitepatypi sik SLAM
(simultaneous localization and mapping) [1].
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Lle#t ™meTom BHKOPHCTOBYIOTH B aBTOHOMHHX
MOOUTEHHX poOOTax Uit CTBOPEHHS KapTH B HEBIJOMOMY
cepenoBHILi a0 OHOBJIEHHS KapTH Y BiIOMOMY IPOCTOpi
3 OAHOYACHMM KOHTPOJIEM TIOTOYHOTO IIOJIO>KCHHS
o0'exta. Jlazepamit SLAM (i3 BUKOPHCTaHHSM JaHUX Bif
Ja3epHUX JanekomipiB, Hanpuknax LRFs) 3abesmeuye
BUCOKY TOYHICTb Ul TIOOYIOBH KapT 1 Jlokamizamii 0e3
CYTTEBOTO HAKOIWYEHHS NOMMIOK. PazoMm i3 maszepHuM
SLAM vy HaBiramifiHux 3ajadax HIHPOKO 3aCTOCOBYIOThH
pi3Hi Meromu ¢inpTpanii BHMipIOBaIBHOI iH(pOpMAIii,
taki sk QineTp Kanmmana (EKF 1 UKF) [2] un ¢inbTp
YAaCTHHOK, JUIS OTPUMAaHHS aloCTEPiOPHOTO PO3MOALITY
TIO3UIIIH Ta OpieHTUpIB 1A poOoTa Ha KapTi. OqHaK Ha
MPaKTHIll 1[I METOMU MAIOTh CYTTEBI TpoOIEeMH: B
anmroput™mi  EKF mpucyThiii mpomec JiHeapm3arii, mo
3HmKye TouHicth; UKF Kkparie y3rompkeHuii MopiBHSHO 3
EKF, ane mae BuILy 0OUMCIIOBaJIbHY CKIAIHICTH; METOJ
(GUIbTpa YaCTHMHOK CTpaKAa€ BiJ Aerpajaiii 4acTHHOK.
Tomy 1w amropurMm HE  MOXHAa  e(EKTHBHO
BUKOPHCTOBYBATH B PEXHMi pEaIbHOr0 dYacy, II0
0cOONMMBO aKTyaJIbHO JUIA yKpaiHCBKUX peawniif, ne
aBTOHOMHI CHCTEMH MYCSTH IPAIfOBaTH B JAWHAMIYHUX 1
BOPOXHX CEpEelOBHIIAX 3 OOMEXEHHMH peCcypcamH.
PosBurok  ynockonanennx — SLAM-anroputmiB 3
ypaxyBaHHSIM YKpaiHCBKHX po3pobok y cdepi Al i
CCHCOPHHX CHCTEM MOXKE CTAaTH KIIIOYEM JUISi CTBOPCHHS
HAMIHHAX  aBTOHOMHUX  MOOUTBHHX  pOOOTIB  JUIs
IUBLUTHHUX 1 00OPOHHUX IIiIICH.

AHaJIi3 0CTaHHIX JOCTIZKeHb Ta MyOTiKamiii

Mo0OinpHI HaBiTaliiHI CHCTEMH, 3aCHOBaHI Ha
cydacaux  amroputMax ~SLAM-HaBiramii, CBhOTOJHI
IIMPOKO 3aCTOCOBYIOTh Y PI3HHUX Taly3sX, 30Kpema
poboToTexHimi, JoricTuii, OOOpOHI Ta HAayKOBHX
JociipkeHHsAX. B Ykpaini, e 4epe3 reonoiTuaHi peaiii
Ta TIOTOYHI BHKJIMKH, Taki SK 30poifHI KOHQUIIKTH,
aKTHBHO PO3BHHYTI aBTOHOMHI MOOiTBHI poOOTH JUIst
PO3BIJKH, PO3MIHYBaHHS TEPUTOPIH Ta aBTOHOMHOL
JOTICTUKM B 30HaX pU3UKY, Ii CHUCTEMH HaOyBaloTh
0COONMMBOrO 3HAa4yeHHs. Hapiramiss — 1e  mporec
MepeMilieHHs] Mo MicheBocTi (traversing terrain) Juis
JIOCSITHEHHS TIEBHOI MeTH. MeTolo 3a3BHYail € MicIs, 110

MalOTh HAyKOBHH YM TIPAaKTUYHUH  iHTEpec, Je
aBTOHOMHMH  MOOUTbHMH  poOoT  30mparume i
aHaNli3yBaTHMe JaHi 200 BHKOHYBAaTUME 3aBJIaHHS.

Meton SLAM [3] - 1e wMeTon, IImo

BUKOPHCTOBYIOTh B aBTOHOMHHX MOOLTBHUX 3aco0ax Juist
MoOYyZOBH KapTH B HEBIIOMOMY HPOCTOPi 200 OHOBIICHHS
KapTy B 3a3/1JIETiJb BiJIOMOMY HPOCTOPi 3 OJHOYACHUM
KOHTpOJIEM MOTOYHOTO MiCIIe3HaXO/PKECHHS Ta
mpoiaeHoro  nuAxy.  Mertogq  SLAM mmpoko
3aCTOCOBYBaHMH y CEPBICHHX pOOOTax, aBTOMaTU30BaHUX
aBTOMOOUISIX, OE3MUIOTHUX MOBITPSHUX TPAHCIIOPTHUX
3ac00ax, aBTOHOMHHUX ITiIBOJHMX TPAaHCIIOPTHUX 3aco0ax
1 HA3eMHUX aBTOHOMHUX MOOUTBHHX POOOTAaX.

IMonsrtss SLAM 6yno Bnepmie BBeaeHo B 1986
poui JIxefimcom Kpoyai ta ITitepom Yismenom [1]. Born
po3pobmmn  posmmpennii ¢inetp Kanmmana (EKF) ms
KaprorpagyBaHHS Ha OCHOBI O3HaK i3 TOYKOBHMH

OpIEHTHpaMH Ta BIJOMHMH acoliaisMu maHuX. [lox
Heroman [2] noBiB y cBoiii podori, mo EKF cxomutbes
st miHidHEEX  3amad SLAM, ne Momem pyxy Ta
CIOCTEpEXKEHHS € JIHIMHUMH (QYHKIISIMA 3 TayCOBHM
mymoM. IlporsiroM oOcTaHHIX AECATWIITH TpobieMa
SLAM npuBeprana yBary 4YHCIEHHHX JOCIIiJHUKIB.
Caiimon [Ixymiep Ta iHmi [3] BUBYAIH BIUTUB HETIHIHHIX
Mmogeneii Ha epexruBHicTs EKF. Metsio MoHTeMepito Ta
criBaBTopu po3pobmnu anroput™m FastSLAM [4], sxwuit
BinpizHsaBcs Bix TpamumiiHoro EKF SLAM. llei
aNTopuTM IPYHTOBaHMH Ha peKypcHBHIN BuOipmi MoHTe-
Kapno Tta ¢imprpamii 4YacTHHOK, JEMOHCTPYIOUH
HenmiHiiHy Monens mpouecy. JDxopmkio I'pizerri Ta
Paitnep Kymmepie [5] 3ampononyBamu meron SLAM Ha
OCHOBI TpadiB, mo 0a3oBaHWN Ha MiHIMI3aIii TOMIIOK
METOOM HaWMeHImMX KBazapariB. CydacHi IOCHIIKCHHS
aKTHBHO  IHTETPYIOTh ~ MallMHHE  HaBYaHHSI  JUIs
nokpamieHHs epextuBHocTi SLAM. Benpsamin beckoc ta
iHmi [6] cTBopuim cucteMy Bizyanizauii Ha ocHoBi ORB-
SLAM, 3acTOCOBYIOUM JUHAMIYHE BHSBICHHS PYXOMHX
00'eKTiB 32 J10MOMOroOI0 0OaraToBHIIOBOI reoMeTpii Ta
rmbokoro HapuanHa. Can JIi Ta cmiBaBTOpH [7]
BUKOPHCTAII PEKypPEHTHY 3TOPTKOBY HEHPOHHY MEpEXKY
(RCNN) mrst mobimsHOTO poboTa 3 2D LIDAR ta IMU,
abu po3B’s3aTH TpoOJIEeMy 3HIKEHHS TOYHOCTI JUIst
Benukux KyTiB moBopotry B LIDAR SLAM. Ha ceoroani
CIOCTEpIraloTh CYTTEBHH Tporpec y po3poOJieHHI
anroput™iB SLAM, BKIIIOYarouu TpaAWIiiHI, Bi3yaibHI
ta riOpumHi migxomu. CydacHi ceHcopu, sk LIDAR,
crepeokamepu, RGB-D kamepu ta IMU, Hajgaioth
BUCOKOsIKiCHI naHi amst epextnBHOro SLAM. Boxnouac
MallMHHE HaBYaHHs BiJKPHUBA€ HOBI IEPCIEKTUBH JUIS
MM ABUILEHHS TOYHOCTI Ta aganTtuBHOCTI SLAM.

Bu3HaueHHs1 MeTH Ta 3aJa4i J0CTiIKeHb

B ocraHHi pokm po3poOHHMKM B  Traiysi
poboToTexHikn [4—7] TPUOINAIOTE BENHMKY yBary
BUKOpHcTaHHIO (inbTpa ["aycca mis 06podku indopmarii
Ta o0uncieHb. SIk mokazaHo B ctaTTi [12], Ha BimMiHY Bif
3raJlaHiX MeToAiB (IbTpalii, anropuT™M pobacTHOTO
3IN1aJPKyBaJIbHOTO ¢uetpa  Taycca  (GP-RTSS)
JIorioMarae OTpUMaTH aHATITHYHY (HOPMYITy JUIS TIPOLIECY
¢inprpamii  6e3  HEOOXiMHOCTI B JUCKpPETH3AIlii,
JiHeapu3alii YM YMCEIBHOrO iHTerpyBaHHSA. Y poboTi
[11] mpomemonctpoBano, mo GP-RTSS mnopiBHSHO 3
anmroputMamu EKF, UKF T1a CKF (kyOiunuii ¢inetp
Kanmmana) [19] wMae MeHmy HEBH3HAYeHICTH 1
HECYMICHICTh, € CTIHKIMM 1 3JaTHAM aJanTyBaTHUCS B
PI3HOMaHITHUX JUHAMIUYHMX cepepoBumax. Tomy GP-
RTSS - ne nepcnekTuBHUN BapiaHT AJIsl 3aCTOCYBAaHHS B
HEBIZJOMOMY CEpEIOBHII pa3oM i3 cucremoro SLAM mist
aBTOHOMHHX MOOiUTBHHX pobotiB. Anroputm GP-RTSS
0a3yeThCs HA TayCOBUX Ipolecax, Horo pobora notpedye
3HAYHUX OOYMCIIOBAIBHUX PECYpCiB JUIs 0OpOOKH siapa
I'aycca. BogHouac aBTOHOMHI MOOUIBEHI poOOTH TOBUHHI
IIBHIKO pearyBaTH Ha 3MIHM CEpeloBHINA, TOMY JUIS
CHCTEM HaBiramii Ta KepyBaHHS BaXJIMBO MiHIMi3yBaTh
yac obumcieHs. Tomy 11 mpoOnema CTae KPUTHYHOIO,
CHOHYKAlO4Hl  PO3pOOIISTH ONTHMI30BaHI  Bepcil
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aNTOPUTMIB, a/IalITOBaHI J0 JIOKAJBHUX BHKIIHKIB, TAKUX
SIK €HEepro30epex eHHS i CTIHKICTh 10 30BHIIIHIX BILTUBIB.

Jns  ycyHEeHHS 1IbOTO HEIOJIKYy B po0OOTi
3alpPOIIOHOBAHO 3aCTOCOBYBaTH METOA  PO3MOALICHHX
obOuncienp gus  anroputMmy  ¢imsrpanii - GP-RTSS,
YHACIIZIOK 9oro po3podieHo Houit anroputM DIS RTSS.
Le#t anroput™m edekTHBHINIE BHUKOPHCTOBYE pECypcH
JTaHUX JUTs 3a0e3redeHHst nporecy ¢inbTpanii Ta CyTTEBO
3MeHIIye 00csAT 00YMClieHb. Y KOHTEKCTI YKpaiHCBKHX
pozpobox DIS RTSS wmoxe Oyrtn iHTerpoBanuii y
HaliOHAIBHI MPOEKTH 3 POOOTOTEXHIKH JUIS TiBUILCHHS
e(EeKTUBHOCTI AaBTOHOMHHX MOOUIBHMX pOOOTIB Yy
peaJbHUX yMOBAX, TaKMX SK ABTOHOMHA HaBiramis B
30HaX 3 EJEKTPOHHHUMH IEPElIKOAaMH YU HEpPiBHOIO
MmicueBictio. Ile gmacte 3Mory He JMIIE 3HU3UTH
00YNCITIOBANIBHY CKJIQIHICTB, ajie i a/lanTyBaTH CHUCTEMY
JI0 OOMEXEHHUX PEecypciB, XapaKTEpPHUX IS BITYM3HIHUX
UGV, cripusitoun po3BUTKY HayKOBOI chepHu.

OCHOBHA YacTHHA

layciB mporec € HagifHUM HEMapaMeTPUIHUM
METOJIOM MOJCTIOBAHHS HEBIOMHUX JUHAMIYHUX CHCTEM.
Bin  nmomomarae  OymyBaT  THYYKI  Mojenmi, He
MTOKJIAZAF0YUCh Ha YKOPCTKI MPHITYIICHHAS PO CTPYKTYPY
mporecy. OcoOaMBO KOPUCHMIA TayCiB MpoIleC B 3a1adax
aBTOHOMHHX MOOUIBHHX POOOTIB, e HOr0 3aCTOCOBYIOTh
JUTST  MOJCIIOBAaHHS HCBU3HAYCHOCTEW y  HAaBiramii,
OIIIHFOBAaHHS TPAEKTOPIHA PYyXY 1 ajanTamii 10 JUHAMITHIX
CEpeIOBHUI, TAKWX SK HEpIiBHA MICIEBICTh UM 30HU 3
MEPeIKOJaMH, 0  aKTyalbHO JUIS  YKPaiHCHKUX
Ppo3poboK v cdepi OE3MIOTHIX Ha3eMHUX TPAHCIIOPTHIX
3aco0iB [10].

HesBakaroum Ha  BHCOKY TOYHICTB, SIKY
3abe3rmeuye  raycoBa  (inprpamis, 1 IpakTH4YHE
3aCTOCYBaHHS CYTT€EBO 00MEeXeHO BEJIUKOIO

OOYHCITIOBAIEHOIO CKIIAIHICTIO TaycoBUX mporeciB. Lle
CTa€ KPUTHYHUM Yy peaJbHOMY dYaci Ul aBTOHOMHHX
MOOLTBHUX  POOOTIB, e oOMexxeHI  pecypcH
00YNCITIOBAJIBHOT TIOTY)KHOCTI  (Hampukian Ha OopTy
KoMrakTHUX Tuiatdopm tuny Raspberry Pi) motpedyrots
onTUMi3alii aaroputMiB, abum 3a0e3MEeUUTH MIBHAKY
peakmito Ha 3MIHH CepeloBHIa 0e3 HaKONWYCHHS
TTOMHJIOK.

VY miif cTaTTi OCHOBHY yBary 30Cepe/DKEHO came
Ha JIOCII/DKEHHI raycoBoi ¢uIbTpamii 3 ypaxyBaHHAM ii
iHTerparii B CHCTEMH aBTOHOMHHUX MOOLUTBHHX pPOOOTIB.
3ampornoHoBaHU MmiAXin mependadae  3acTOCYBaHHS
raycoBOrO MHpOLECY Uil OLIHIOBaHHS CTaHy CHCTEMH 3
METOI0  OJHOYACHOTO  IiJBMIICHHS IIBHJIKOCTI Ta
TOYHOCTI aJTOPUTMY, LIO JacTh 3MOTy e(eKTHBHIIIE
BUPILIyBaTH 3aBJaHHS JIOKami3alii Ta moOyJoBH KapTu
(SLAM) y HEBIIOMHX CEpEIOBHINAX, THIIOBUX JUIS
aBTOHOMHHX POOOTIB.

OTtpuMaHi 3a JONOMOT0I0 T'aycoBOi OaleciBChKOT
¢uteTpanii (GP-Bayes Filters) pesynsratn 30epirarots
XapaKkTepHi 0COOIMBOCTI TaycoBOro mporecy [18]:

* raycoBa OaieciBCbKa (UIbTpaLlist HE 3aJIeKHUTh
BiJl MapaMmeTpiB Mojeleil NMPOTHO3yBaHHS Ta Moeel
CIIOCTEPEKEHHS;

* BoHa ()OpPMYE€ OLIHKH CTaHiB, SKi BpPaxOBYIOTh
SIK IIIyM BUMIpIOBaHb, TaK 1 HEBU3HAYCHICTh, IPUTAMaHHY
camiii perpeciitaiit Mozeni;

* BUKOPHCTaHHS KJACHYHOTO (CTaHAApTHOIO)
raycoBoro nmporecy B  OaleciBChKili  QinmbTpamii
MIPU3BOJUTE J0 3HAYHOTO 3POCTAHHS OOYMCITIOBATBHUX
BUTpaT 3 O0OpOOKOIO BEJMKUX OOCATIB JaHWX, IO
0CcOONMMBO  aKTyaJlbHO JJIsl aBTOHOMHHMX MOOLIBHHX
poboriB, ge 06pobka cercopuux nanmx Big LIDAR um
IMU wmae BigOyBaTucs B pEXHMI peaJbHOTO dHacy 3
MiHIMaJTbHIUMH 3aTPUMKaMH.

'aycoBomy mporecy XapakTepHa (QYHKIS
MaTeMaTW4HOro croziBaHHs W(-), mucmepcis o) 1
TIO3UTHBHO HaIliBBU3HAa4YeHa KoBapiamiiHa ¢ynxkmis K(-),
SIKY Ha3UBAIOTh SIIPOM.

Sxkmo nmoctynHmit Habip manux D = (x, z), TO
CHOYaTKy MOro IepeTBOPIOIOTh OJHMM 13  BiIOMHX
METOJiB /10 (POPMHU, CyMICHOI 3 TayCOBHM IPOLIECOM:

2
z, = h(x*) +é&, &6~ N(0,0'g ),
(1
i (] .x* - BCKTOP 3MiHHI/IX CTaHy HI/IHaMi‘IHO.l' CUCTCMU,

Zy - BCKTOD BI/IXiHHI/IX 3HA4YCHb,

h () - (hyHKIISA, IO MOJICITIOE TayCiB IPOLIEC;

E - myM, pO3MONUICHWH 3a HOPMAaTbHUM
3aKOHOM 13 HYJIBOBUM MAaTEMATHYHHM CITOJiBAHHIM i
JTUCTIEPCIEIO C.

3Bakaroud Ha KBaJpaTHIHY
eKCIIOHEHTI  sIpa TayCOBOTO IIPOIIECY,
KOBapialiitHoi (GYHKIIIi MAaTUMe BUTJIST

K(x.x')=a’exp —%(x* ~x) A (% -x) |,

3aJI€KHICTE B
BHpa3 s

@)
ne /A — niaroHaibHa MaTpHIl, 10 BU3HAYA€ XapaKTepHi
MacmTabu JIOBKUHU KBaJPATHYHOTO €KCIOHEHIIaJIbHOTO
Sapa;

o — pucrepcis npuxoBaHoi GyHKii /.

lnepnapameTpn A 1 0 MOXXHa BU3HAYWTH 32
JIOTIOMOTOI0 METOAY T'Pa/IiEHTHOTO CITYCKY.

Hacrymauii mepenOaueHuii po3monin 3HaueHb
¢bynkuii A* = h(x*) nns BexkTOpa 3MIHHHMX CTaHy X* €
raycoBMM IIPOIIECOM 13 TAaKUMH  MaTeMaTHYHUM
CITIOJTIBAHHSIM 1 JIUCTICPCIETO:

u,(x)=M,[h]=K! (K'+01) z=K!p,
3)

o (x.)=D,[h]=K.~K! (K'+o’I) K.,
“4)

e

K.=K(xx).K.=K(x.x).6=(K'+071) =
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K' —  wmarpuus eJIEMESHTaMH

K’ :K(xl.,xj);

y

sapa 3

11— OIWHHWYHA MaTpULs.
HpI/IHYCTI/IMO, mo MOACIb Z[I/IHaMiLIHO'l. CUCTCMHU
B IUCKPETHOMY BI/II‘J'I?II[i OoIuMcaHa piBHSIHHHMI/I

X, =f(xt_1)+ w,

zZ, = g(zl_1)+ v,
©)

ne f1 g — HeniHiiHI QyHKII;
Xt — D-BuUMipHUil BeKTOp O€311epepBHOTO CTaHy;
z — D-BUMIpHHH BEKTOP BUXIJHAX 3MIHHHUX;

w~N(0,0,) i v~N(0,0,) —

rayciB IIyM;

t — suckperHuit innexc wacy, ¢ = 1,...7".

VYV miif poOOTi CTaH CHCTEMH 3MOJCIEOBAHO SIK
MapKOBCHKHH IPOLIEC, OCKITBKH NPUXOBaHI 3MiHHI CTaHy
B MOMEHT t 3aJIe)KaTh BUKJIIOYHO BiJl CTaHy B MOMEHT t-1.

Anroputm GP-RTSS ckmapaetscst 3 TpbOX
OCHOBHUX €TalliB: MPOTHO3yBaHHs, OHOBJIEHHS (ibTpa Ta
3IapKyBaHHS [2].

Ertan 1.

IIpornosyBannsi.  Po3paxyHok

anpiopHOro po3nojiny WMoBipHoCcTel D (Xt | A ) :

p(xt|Zl:t71) ~ N(/uzxt—l’atxt—l )’
(6)

e

wi =M [ M) ]| io! | = [ ()N (x| = BT,

(7
o =10 -
(®)

VY dopmynax (7) i (8) noznaueHo

1
L= [ll,...,ln]T J=a’ ‘(I'A_1 +[‘_E X exXp —%(xl. — ,u')T(O" + A)_1 (x,— ) |,

L~y_ _ K(xi,/,l')K(le’/'/) y exp(f/g,- — ,u')T

20A + 1|2
| |

Py =%(xl. +xj), IV|:(K'+G§I)_IZ:|—
CJIiJT MATPHIT (K' + 0'62])71 L~, X, ~ N(/J,,OJ),

2/ ,, o' Busnaueni 3a ¢dopmynamu (3) Ta (4).

Lle#t eram nNpOrHO3yBaHHA € OCHOBHHUM IS
OLIHIOBaHHS CTaHy CHCTEMH Ha OCHOBI IOIeperHix
JIaHUX, JOIOMAararouu repeadadynuT MOXIHUBI TPaeKkTopii
PO3BUTKY 0€3 ypaxyBaHHs MOTOYHUX CIIOCTEpEeKeHb. Bin
CHHMpaeThcss Ha TaycoBl ampokcuMamii, Mo poOHTh
o0unciieHHs1 e(pEeKTUBHIIIMMH B YMOBaX HEBU3HAUEHOCTI.

Etran 2. OnoBienns dinbrpa. Po3paxyHox
aroCTepiOpHOTO PO3MOILTY IMOBIpHOCTEH.

AmnocTtepiopHuii posmoin iMOBipHOCTEH

P (Xt | Zl-t ) BU3HAYAIOTh TaK:

p(‘xt|let) ~ N(xt|lutez’azet)’
©)

Jec

-1

o'+ %A oA ()74'1' — ,u'),

-1 T
e __ X _ Xz z zX
at\z T Gt\t—l (O-tt—l ) (Gt\t—l ) :
(11
VY dopmynax (10) i (11) moznageno

=M o)
M., [sz] = 2ﬁijxclN(x‘xi,Ai)N(x‘yf[_l,aﬁ_l )dx,

Jie C1 — KOHCTaHTa.

OHOBNEHHA ¢ireTpa iHTerpY€E HOBI
CIIOCTEPEKCHHS, KOPETYIOUHM TIPOTHO3 Ha  OCHOBI
peampHUX naHuX. lle mae 3MOry 3MCHIMUTH TOXHOKY Ta
MiIBUAIIUTH TOYHICTH MOJENI, OCOOJHMBO B JUHAMIYHHX
CHUCTEeMax, JI¢ JaHI HAAXOIATh y peadbHOMYy Yaci. Takuit
miaxig poOuTh (QITBTp aaNTHBHAM 1O 3MiH Yy
CEpeNIOBUIII, M0 € KPUTHYHAM I 3acTOCYBaHb V
pOOOTOTEXHIIII.
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Eran 3. 3ruamkyBanns. Jl1sg OTpUMaHHS
TOYHINIMX  Pe3yJIbTATiB TIPOBOAATH poueaypy
3MJIA/KYBaHHS IayCOBOi CUCTeMH. MeTa 3ri1aKyBaHHs —
MOKpamMTH  SKICTh  igeHTH(dIKamii 3a  paxyHOK
MIOBTOPHOTO BUKOPHUCTAaHHS [JlaHUX CIOCTEPEXKEHb Y
3BOPOTHOMY MOPSIAKY Bi Xt 70 Xi. Ilicis moexHaHHS

pe3ylIbTaTiB  OHOBJIEHHSA  (LIbTpa p(xt_l|leT) 1

KIHIIEBUX pPE3YJIbTATiB eTamy 3riapKyBaHHS (it t =
T,...,1), orpumyemo

p (x;—1 | Zyr ) ~ N(xt—l | lutlil\T ) O-tIiI\T )’
(12)

e

R e e
o =Byt J, l(luzr /utt)’

(13)
R e T
O, 1\T - 1\; 1 +J ( \ Gtt)"]t—l’
(14)

VY dopmynax (13) i (14) moznageno
-1
_ e
J 1_67, - (O-zzl) >

t—

n -1
_ XJXx X e
Gt—l,t\t—l - Zﬂz Zi (7;—1\t—1 (Gt—lt—l + A) (
i=1

Anroput™ ¢ineTpa GP-RTSS (Gaussian Process
Rauch-Tung-Striebel Smoother) mae Hmwkumii piBeHb
HEBU3HAYEHOCTI Ta HECYIEPEWINBOCTI, a TAKOX 3/aTHICTh
ajanTyBaTUCS JO pI3HUX JWHAMIYHUX CHCTeM. BiH
e(EKTUBHO CHPABIISETHCS 3 HETIHIHHUMH 3aI€KHOCTSIMH,
BUKOPHCTOBYIOUHM TayCOBiI NpOLECH JUIS MOJICIIOBAHHS
HeBM3HaueHocTel. OpHak, 3acrocoBytoun ¢ureTp GP-
RTSS, Bunukae 3nauna mpoOnema: (QYHKIIS raycoBOTO
sapa HoTpedye BeNMKOi KUTBKOCTI OOYHCIEHb, IO MOXE
YIOBUIBHUTH TIPOLIEC Y BENUMKUX Habopax naHux. Jlis
3MEHIIECHHS o0uuncIeHb MOXHa 3aCTOCYBaTH
pO3piIKeHNH TayciB Tpolec, SKHA ONTHMi3ye BHOIp
OCHOBHMX TOYOK JaHUX. llpore HaBiTh 13 TakUMH
aNpOKCUMALlISIMM HE PEKOMEHJIOBAaHO BHKOPHUCTOBYBAaTH
GP mns naHux 13 PO3MIPHICTIO B JIECATKM YH COTHI
MITBHOHIB TOYOK, OCKUTBKH II¢ TNPHU3BOIUTH IO
Ha/JMIpPHOTO HaBaHTAXEHHA Ha pecypcH. Tomy, mI00
MIOJI0NIATH 1[I0 MTPOOJIeMy Ta CKOPOTUTH 00CsAT 00YMCIICHb
anroputmy GP-RTSS, nmominpHO BOpPOBaIUTH METOIH
po3mofiieHnx ~ o0YMCIIeHb, Taki K  IapalielibHe
00po0IeHHs Ha KJlacTepax YM XMapHHX Iutatdopmax, mo
PO3IIOIUISIOTh HAaBAaHTAKEHHS MIX KUIBKOMa BY3JIAaMH
[10].

Moaudikauis aaropurmy GP-RTSS Ha
OCHOBi PO3MOAIJIEHUX CHCTEM

3anponoHOBAaHO BAOCKOHAJIUTU anroput™ GP-
RTSS ans 3MeHIICHAS 00YHCTIOBAIHUX BUTPAT IIif] Yac
Horo peamizamii  depe3 BUKOPHUCTaHHSI CXEMU
po3moAiieHNX OO0YHMCIeHb. Takuid MiOXil [Iae 3MOTy

TIOJIUTUTH CKJIaHI OOYMCIICHHS, HANPHUKJIA]l IHTETpaln Ta
MaTpU4Hi oOmepalii, Ha HE3aICXKHI 3aBHAHHSA, SKi
BUKOHYIOTh NapajielbHO Ha KiJIBKOX Ipolecopax abo
cepBepax.

[Mpunycrumo, mo € Habdip mauux D = (x,z) i3
posMipaicTio N. IloBHuit HaGip nanux D = (x,z) MOXXHa
MOIUIATH Ha T IMHOXHUH

pv :(x(j)’z(f'))’(j :1’_._5)’ "

JOKaIBbHUH MigHa0ip AaHUX po3MipoM n. Pesynbratn
IIPOTHO3YBAHHS Ha OCHOBI JIOKAJIBHUX JAaHUX Ha3WBAaIOTh
JOKaNbHUMHU ekcnepramu. Ha puc. 1 cuni kBagpatn
UTFOCTPYIOTh  JIOKaJbHI MiJIMHOXKUHH JTaHUX DO a
ONaKWTHI KBaJIpaTH — peE3yJbTaTH NPOTHO3YBaHHA Ha
OCHOBI ITUX JIOKAJIbHUX JTaHWUX, TOOTO JIOKAIbHI eKCIIEPTH,
OTpHMaHi 3a JormoMoro moaudikamii anropurmy GP-
RTSS. s Bizyamizamisi HmiIKpeCIIOe, K PO3MOIUT JaHUX
JiorioMarae apajeinbHo 00poOIATH YacTHHU Habopy, 10
€ B@KIMBUM JUI ONTHMIi3alii OOYMCIEHb Y BEIMKHX

DO—

CUCTCMaAX.
ul, ol
\\
‘ )
(x/.2}) (e 22)
o
" /’/\\
//"'/ / \
_— N
— 2 -2 \ S S\
ol o wo

/
.\ .’/ m .\ . .

1,1
Odz)  (hz) Rz Rz (7 (x5, 23
a 0
Puc. 1. OOGuuncmoBansHi rpadu: a - cxema
OOYNCIICHp 13 JIOKAFHUMH CKCcrepTamu; O - cxema
PO3TOAUICHUX 0OYUCIICHb
Crnig 3a3HauWTH, MO JIOKATBHI  EKCIIEPTH

MEPEBaXHO 3aCTOCOBYIOTH I OOpOoOKH 0a30BUX HaHUX
Ha HIDKHbOMY piBHI. OTpuMaHi B Takuii crocio JIOKaJbHi
pe3ysbTaTd NpOrHO3yBaHHs (ONaKWTHI KBaapaTh) Hajai
MOXHa 00'€THyBaTH B 0aThKiBCHKOMY BY3Ii, SIK TOKa3aHO
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Ha puc. 1, 6. 3acTocyBaHHS PEKypCHBHOI CXeMH JUIs
TaKUX PpEKOMOIHAWH Yy TIJACYMKY NPH3BOAWUTH [0
OaraTtopiBHEBOI JIEpEBOIIOIIOHOT JICKOMITO3HIII{
obuncmoBanpHOTO Tpada. Taka cTpykTypa Harazmye
iepapxiuHi Mogneni, Je HWKHI piBHI Cc(OKycoBaHi Ha
Jeransix, a BepxHi — Ha arperamii. Omxke, cxema
PO3IOiICHHX 00YNCIICHb a€ 3MOTy OTPHUMATH OCTaTOYHI
pe3yibTaTh  IMPOTHO3YBaHHS, O0'€AHYIOUM BUCHOBKH
KIJIBKOX JIOKaJbHUX ekcreptiB. Ha puc. 1, 6 Oinmit
KBajpar MI03HAYAE OCTaTOYHHH pe3ynbrar
nporHozyBaHHs. Lled minxin He TUIBKM 3MEHIIYe
HaBaHTKEHHS Ha OJWH IIpolLecop, aje 1 MiABHUILYyE
CTIHKICTh CHCTEMH 10 300iB, OCKIJIBKH OOYHCIICHHS

MOXXHA PpO3MOJIUINTH MDK HE3IC)KHHUMHU  BY3JIaMH,
HaNpUKIAL y XMapHUX CEPEJOBHIIAX.
CTpykTrypa Ta CckJIagHicTh Moamdikamii

aIropuTMy

Mopnoikanis anropurmy GP-RTSS na ocnoBi
PO3IIOJUICHUX CHUCTEM, SIKYy HAa3UBAIOTh alroputMom DIS-
RTSS (Distributed Rauch-Tung-Striebel Smoother),
CHpsSIMOBaHa Ha ONTHMI3amlilo IS BeJMKHUX JaHWX. Bona
6azoBaHa Ha MPHUHIMIIAX MAPAJIEIHHOTO 0OPOOIICHHS, IO
pobuts il igeanbHOI0 JUIS Cy4YacHHUX PO3MOIUICHHX

log p (z(j )
(16)
1e K;l) =K (x(j) R x(j)) — SIAPO TayCOBOTO MPOIIECY.

s ¢dopmyna mimkpecmioe, SK JIOKabHI
00UHCIICHHS CHIPOIIYIOTh rIo0anbEHy 3amauy,
JIOTIOMAraro4d yYHHKHYTH 1HBEPCii BEIUKUX MAaTpPHUIh
oxpasy.

D g\ L (gl 2
x ,9)— 57 (K(p +(Tg])

wiatdopm, Takux sk Hadoop um Kubernetes, ne nami

MIOJIIJICHO HAa YaCTHHU YIS OJHOYACHOTO aHAII3y.
Binmosigmo bi (o) rinoTe3n MaKCUMyMY

MIPaBAONOAIOHOCTI, Jorapud™M pO3NOAUTY HMOBIpHOCTI

pP= (h| X,z ) y raycoBiii cHCTEeMi MOKHA 3aIlHCaTH TaK

[6]:
10gp(z|x,9) ~ ﬁlogp(z(j)
j=1

(15)

Jie j — KUTbKICTh eKCepTiB (j = 1,...5);

0 — rinepniapameTp sapa, 010 BKIIFOYaE A Ta 0.

I1i S excnepTiB BHKOPHUCTOBYIOTH OJWH 1 TOH
camMuii  Habip rimepmapamerpiB, 1m0  3abe3rneuye
Y3rOJ/DKEHICTh MOZENi Ha BCIX piBHAX. Takwid Imiaxif
moiOHuil 10 aHcaMOJIEBMX METOJIB, A€ KiIbKa Mojaeiei
KOMOIHYIOTh JJIsl Kpamoro Yy3arajJibHEHHs, ajie TyT
aKIIEHTOBAaHO Ha PO3IIOALTI OOYNCIICHB.

Jlyst TOBUTBHOTO j-rO eKcIiepTa BHpa3 31 3HAKOM
cymu y dopmyni (15) wmoxe Oyt oOuncieHui
aHAITITUIHO:

x(j), 49),

11 4
) _2 ) 4 52
z 210g(K(p +Ggl)+const,

a 6
Puc. 2. Cxemn anroputmiB: a - anroputm GP-
RTSS i3 ganumn D = (x,z); 6 - anroputm DIS-RTSS i3

JTAHUMHUA D(J) = (X(j),Z(j)),(j = I,S)

Ha puc. 2 mosnadeno: x — 3MiHHI CTaHy; y —
3MiHHI CIIOCTEpeXeHb; ¢ — 4ac; f — HemiHiiHI (QyHKmii
pyXy; g — HemiHiiHI ¢yHKLiI criocTepekenb. JlokabHi
eKCIIepPTH BHKOPUCTOBYIOTH OJIMH 1 TOH camuii HaOip
rinmeprnapamerpiB § B OZHOMY HEINIHIHHOMY TmpoLeci,
Hanpukian O — rinepmapamerp i QyHKUIT pyxy f; 6g —
rimeprapamerp it (GYHKIIl CIIOCTEpeXKeHb g; | —
KinbKicTe ekcneptiB. Llsg ywidikamis rimeprapamerpis
3a0e3rneuye, IO MOAENh 3aIHIMIAETHCS  Y3TOJKEHOIO
HaBITh JUIS PO3IOILIEHOT 0OPOOKH 1 MOJIErnIye HaBYaHHS
4yepe3 TpAIiEHTHUHA CIyCK YHM 1HIONI ONTHMIi3aIliiHi
METO/IH.

Hus  nHabopy pmammx D = (x,z), KO
3acrocoByBat amroput™M GP-RTSS, To cknmanmHicTh
oOurcneHHss 00epHEHOT MaTpulli simpa ['aycca mopiBHIOE
ON®) (puc. 3). Basyrounch Ha BUINE3rajaHiii Teopi,
CKIIAIHICTh 00YHCICHb O00epHEHOT MaTpuIl sapa [aycca
s anropurmy DIS-RTSS  jopisroe O(Sn’), ne S —
KUTBKICTh €KCIIEPTiB, # — KUIBKICTh JaHWUX YIS j-TO
ekcniepta (S<KN, n<<kN). OTxe, SK BUIHO 31 TOPIBHIHHSA
puc. 3 i 4, ckiagHicTh 00YHCIIEHHS OO0EpHEHOI MaTpHIi
sapa I'aycca mnst anroputMmy DIS-RTSS 3meHmyerscs.
[[poro pmocsraioTh 3a paxyHOK pO3IApaJICITIOBAHHS:
KOXKCH EKCIepT o0poOmse CBill migHaOlp He3alekHO, a
MOTIM PEe3yJbTaTH arperyroTs, mo igeansHo mist GPU-
KJIacTepiB Y PO3NOAITICHNX (PpeHMBOPKIB.
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-1

"o
| AmropuT™ Marpung sapa O(N?)
GP-RTSS
/ ‘ \ K=(x,x)
(xy, 1) (CR/D)
N N
O(N?3)
Puc. 3. Anroputm GP-RTSS
OT1xe, BUKOPUCTaHHS OIMHCAaHOI CXeMH  HEBU3HAUCHICTh JAaHWX BHCOKA, Mi  Mojudikarmii

pO3IOAiIEHHX ~ OO4YHMCIeHb (pO3MapajeIoOBaHHs) Jlae
3MOTY MpOBECTH €(EKTHBHE IIEPETBOPEHHS IaHUX [0
BUTJBILy TayCOBOTO IPOIECY Ta IOJAJIbIIY HpPOLEAypY
MIPOTHO3YBAaHHS, a TaKOX 3HAYHO 3MCHIIMTH 3arajbHi
BUTpaTy Ha o0YMCIeHHS (Jac 1 mam'siTe). Y MpakTHUYHUX
3aCTOCYBaHHSX, TAaKUX SK aHaTi3 CEHCOPHUX JAaHHWX UM
MO/ICITIFOBaHHS CUCTEMH 1€ MOKE CKOPOTHTH Yac 0OpoOKn
3 TOAMH [0 XBWIHH, pOOJSIYM MOJENnb  OimbIn
MacIITa00BaHOIO Ta EKOHOMIYHOIO.

1,0

uo

SSLY-do randoxry
SSLY-do randowry

-1
-1
el
om®)
-1
El

-

n n

(R I A

e

n n

s ml,m

o(sn?)

Puc. 4. Anroputm DIS-RTSS

Y miit crarri s o0'emqHAaHHS pe3yJbTATIB
eKCIIePTiB 3aCTOCOBAHO YOTHPH OCHOBHI METOIH: METOJ
JIOOYTKY pe3ynbTaTiB JIOKAIbHUX EKCIEPTIB TayCOBOTO
mporiecy (PoE — Product of GP Experts) [3], MeTox
y3araJIbHeHOTo  JOOYTKY  pe3yibTaTiB  JIOKaJbHUX
ekcrieptiB  raycoBoro mponecy (GPOE — Generalised
Product of GP Experts) [9], merom OaifeciBCchKOl
acoriatuBHoi MammHun (BCM — Bayesian Committee
Machine) [14] 1 wmerom pobacTHOI OaifeciBChKOT
acomiatuBHoi Mamman (rBCM  — robust Bayesian
Committee Machine) [7]. Lli meromu, iHTerpoBaHi 3
anroputMoMm DIS-RTSS (puc. 4), dopmyrors uvoTtupu
BapianTn Moxaudikanii 6azoBoro amroputmy: DIS-RTP,
DIS-RTGP, DIS-RTB Tta DIS-RTrB. Taka inTerparis
JlorioMarae  ONTHMI3yBaTH MpOLEC arperamii MporHo3iB
BiJl JIOKQJBHUX €KCIIEPTiB, pOOJITYM CcHUCTEMy OuIbII
THYYKOIO Ta €)EKTUBHOIO AJIs1 OOPOOKH BEIMKHX JIAHUX Y
peanpHOMY uaci. Hampukinan, y 3amagax nporHO3yBaHHS
YacOBHX ps/IiB  YM aBTOHOMHOTO KEpyBaHHA, J€

3MEHIIYIOTh ITOXHOKY 1 MiBUIYIOTh CTIMKICTH 0 LIyMy
MOPIBHSHO 3 TPAAUIIMHUMH (QIIbTpaMH, TAKUMH SIK
Kalman.

Auaroput™m DIS-RTP

Merton PoE nae 3Mory oOuYMCIMTH LiJILOBHH
posmoin iMoBipHOCTeH 13 opmymn (15) sk moOyTok
MHOXXKMHHM KIHIEBUX TYCTHH IMOBIPHOCTEH Yy Takomy

BHTIISAI:
_ (D] () G
p(ﬁ x*,(x,z))_ij(f* ) (W) 20)).
7
B amroputmi DIS-RTP mns xoxkHOro j-rO (j =
1,...S) excnepra TYCTHHY HMOBIPHOCTI OOYHCIIOIOTH 3a

TaKUM BUPA30M:
! (5.0 ()

p( b xi"),( U z(j))) _ N( b

(18)
R R .
ne ﬂj (*),O'j (*) — MaTeMaTH4YHE CIOMIBaHHA Ta
JUCIIepCist  BIAMOBIIHO, OTpPHMaHi SIK  pe3ysbTar

EKCIIEPTHOTO MPOTHO3YBAaHHS 32 JONOMOTOI0 aJITOPUTMY
GP-RTSS.

Lleit MeTOA € IPOCTUM y peaiizaliii, OCKUIbKH He
moTpedye JOMAaTKOBHX BaroBWX KOCQIIIEHTIB, Ta €
II€UTBHUM JJISI CHCTEM 13 HE3IC)KHUMH IiAMHOXXWHAMU
JAaHWX, J€ MHOXXMHHE MHOXXEHHS TYCTHH HOCHIIIOE
KOHCEHCYC MIXX EKCIIepTaMHu.

Pezynprar,  oTpumMaHMii = 3a  JOIOMOIOKO
MoaudikoBanoro anropurmy DIS-RTP, moxna monmarn
SIK

RTP RTP

p(f* x*,(x,z)) :N(f* u o ),

(19)
A€ MaTCMaTU4YHE CHO,HiBaHHS[ Ta ,HI/ICHepCiIO BU3HAYAKOTh
TakK:

1= () X (o () (),

(20)
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(o) =% (of (x))

21)

S
Tyt i mam Z]() :Z() SIkmo S =
J=1
pesynbratn  anroputmy  DIS-RTP  30iratotecs 3
pesynbraramu GP-RTSS, mo pobuts #ioro 3pydnum s
MIOCTYIOBOTO MacuiTabyBaHHS Bif oxHiel 10 OaraTbox
MammH. IlepeBara mporo mjgxogy B TOMY, IO BiH
MiHIMI3ye  OOYMCIIOBaNbHY  CKJIAJHICTH  arperarii,
JIO3BOJISIIOYM  MIBHAKE OO0'€lHAaHHSA B PO3MOIUICHHX
Meperxax, TAaKUX SIK KjlacTepu cepBepis [21].
Adaroputm DIS-RTGP
Meron GPOE gae 3Mory pospaxyBatu
30UIBIICHAS YW 3MCHIICHHS BaroBOro KoeimieHTa
ekcriepra f, a TakoX OOYMCIUTH IUTLOBUI PO3MOILT
iMoBipHOCTEel 3a (hopmyinoro (15). KinmeBe 3HaueHHS
T'YCTHHH HMOBIpHOCTEH BHU3HAYAIOTh TaK:

p(fxo(x2)=TT,» ( ()(x(j),z(.i)))_

(22)
B amroputmi DIS-RTGP s koxHoro j-ro
eKCIIepTa TYCTHHY HMOBIPHOCTI OOYMCIIOIOTH 32 TaKUM

BHpPa3OM:

pFI (1,2 = (7] (1) 0 1)
(23)

ne ,LIJR (*),Uje (*) MaloTh TOH caMuil 3MiCT, 0 i

GPOE

omucannii  Bume. OCKUIBKH B
BUKOHYBaHa yMOBa E j ﬂj =1

KoedillieHTa j-ro eKcriepTa BCTAaHOBJICHA SIK ﬂ = 1/8.

ITOPUTMI

, 3HAYCHHsA BaroBOI'O

e y3arancHeHHS pOOWTH METOXN OUIBIN aTaNTHBHUM,
JTAI0YM 3MOTY JWHAMIYHO KOPETYBaTH BHECOK KOXXHOTO
eKCIepTa 3alle)KHO B SKOCTI HWOTO TPOTHO3Y, IO
KOPHCHO B HCONHOPIAHWX JaHUX, HANPHUKIAL Y
CEHCOPHHUX MepexKax.

Pezynerar,  oTpumMaHMii = 3a  JOIOMOIOKO
MoaudikoBanoro anropurmy DIS-RTGP, moxna nonarn
SIK

RTGP RTGP

p( £l (x.2)) = N (£ ", 6™")

(24)
ne

/uRTGP _ (O_RTGP )2 Z jﬂj (GR
, (25)

%)) #f (x)
( RTGP) (Z:)ﬁ( ))72.

Taxuii miaXia MOKpamlye TOYHICTh y CHEHapisX i3
BapiaTWBHICTIO NTaHWX, OCKUTBKM Baru JTarOTh 3MOTY

NPUTIYIIUTH BIUIMB MEHII HAAIHHHUX EKCIIepTiB, THM
CaMHM MiJBHUIIYIOUH 3arajibHy pOOACTHICTh MOJETI.

Auaroputv DIS-RTB

Ha Bigminy Big meroay PoE, meron BCM siBHO
BKJIIOYAa€ anpiopHy HMOBipHICTH p(fy) Ui 00'eaHaHHS
nporHo3iB. Merogq BCM nae 3Mory o04HCIUTH HiTbOBHN
posmoin imMoBipHOCTEl 3a (opmynoro (15) sk moOyTOK
MHOXXMHHM KIHIEBUX TYCTHH IMOBIPHOCTEH Yy Takomy

BUTJISIIL:
I1, p( £ ( V) Z(.f)))
J b b

p(f* x*,(x,z)): S-1
P (fx)
@27
Y wmomudikanii anropurmy DIS-RTB  mns
KOXXKHOTO  j-TO  eKcHepra TyCTHHa  MMOBIpHOCTI

PpoO3paxoBaHa 3a TAKUM BUPA30M:

D ( £ xgﬂ,(x(f),Z(f))) _ N( i
(28)

R R o . . o
ae ﬂ] (*)’Gl (*) MarwThb TOM CaMHM 3MICT, IO H

uf (),

onucaHuii Bume. BkimoueHHs ampiopHoi iH(opmaii
pobuthk MeToj OaifieciBCHKHMM, IO KOPHCHO I 33734 3

OOMEXCHUMH  JaHUMH, JI¢  I[ONepeqHi  3HAHHS
JIOTIOMAararoTh CTabiTi3yBaTH OIIHKH.
Pesynprar,  oTpumMaHMii = 3a  JOIOMOIOKO

MoaudikoBanoro anroputmy DIS-RTB, moxna momartn

p(fx(x.2)) = N[ ]
(29)

RTB __RTB
2 G )9

e

W= (") L (o (v)) s (x),

-2 -2
(GRTB) = (0';e (x*)) + (1 - S)G;f.

TyT 0+ — qucnepcist anpiopHoi WMOBIpHOCTI p(f+)
anroputmy GP-RTSS. Ile poOute airoput™m CTiHKIiIIUM
JIO TIEPEOLiHKH BIEBHEHOCTI, 0COOJINBO B PO3MOIIICHUX
cUcTeMax i3  TOTCHIIMHUMH  KOPEALIsIMH  MiX
MM AMHOXXUHAMH.

Auaroputv DIS-RTrB

Merton rBCM e mogudikariero anroputmy BCM
i3 TOJJATKOBOKO (DYHKIIIETO, sIKA JTA€ 3MOTY 30UTBIIATH YU
3MEHIINTH BaroBUi KoedimieHT ekcriepTa f. AHAIOTIYHO
merony BCM, 1inboBMil po3momin iMOBipHOCTEH [UIst
Metoxy rBCM o0unciioroTh Takox 3a ¢opmynoro (15).
Toni criiBBiAHOMIEHHS U PO3PAXyHKY KiHIEBOI I'yCTHHU
WMOBIpHOCTEH Ma€ TaKUi BUTIIS;

xi’),(x(’),z(’)))

' B *(")
x*,(x,z)):H]p i )

-1+ 5
P (fx.
(30)

p(f.
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Y wmomudikanii amroputmy DIS-RTrB  mns
KOXKHOTO  j-TO  eKCIepTa TYCTHHY  HMOBIpHOCTI

O6‘H/ICJ‘HOIOTB 3a TAKUM BUPA30M:
R R
u(x).07(x))

p( £V x§f>,(x<f>,z<f>)) _ N( 0
HC

31

N LIbOMY aNroOpuUTMi HOTPiOHO

JIOTPUMYBATHUCS] YMOBH E i ,8 i = 1, a6u 3abesneuntn

peanizamito obumcmoBanpHOro rpada 3 KigbKOMa
mapami. ToMy BaroBuii Koe(iIlieHT pO3paxoBYyIOTh 3a
(dhopmyIoro

B, %(log o log(cfjl.e (x*))2 ),

(32)
e o« — JHCIepcis anpiopHoi HMoBIpHOCTI p(fy)
anroputmy GP-RTSS. Ils pobactHa Bepcis momae
THYYKOCTi, TO3BOJISIIOYM aJanTalifo A0 aHOMalid Yy
JTAHUX.

pi3HMX CIeHapiiB, BKJIIOYAlOYM IIyMOBI BIUIMBH Ta
HemiHiHOCTI. lle mae 3Mory He TUTBKH MiATBEPIUTH
TEOPETHYH] NPUITYIICHHS, ale W MOPIBHATH 3 0a30BUMH
MeTolaMH, TakuMH sK 3BuuaiiHuii Kalman-dinetp um
6azoBuii GP.

Po3risiHeMo HeNiHiiHY CTOXacCTHYHY IAWHAMIYHY
CHCTEMY, SIKa ONHMCaHa TaKUMH PiBHSHHAMH. LI cucrema
MOJIETIIOE  peajbHI MpOLECH, fK, HaNpHKIam, pyx
aBTOHOMHOI'O MOOUIFHOTO po0OTa, A€ CTOXaCTUYHICTh
JIOJTA€ PEANiCTUYHOCTI. PIBHSHHS BKIIOYAIOTH HENiHIAHI
¢yHKIii CTaHy Ta CIOOCTEPEkKEHb 13 JIOJaBaHHIM
raycoBOro mrymy mjisi imitamii HEeBH3HAu€HOCTEH, IO
pobuTh 1l imeaTbHUM TECTOM JUISi TayCOBHX IIPOILECIB i
iXHIX MOTU(IKaITiii:

X =
t+1 2
I+ x

w, ~ N (0,0.01°),

y, =5sin(x,)+v

+sin(x)+w,

to

Pezynerar,  oTpumMaHMii = 3a  JOIOMOIOKO e
MogudikoBanoro  amropurmy — DIS-RTrB,  moxna )
OCTaTOYHO TOJIATH SIK v, ~ N (0,001 ), .
p( f* X*,(X,Z )) =N ( f; IURTrB,CT Rirb ), 3HaueHHS NOKa3HUKIB JUcIiepcii, Bia €MHOL
norapumiuHoi  HMOBIpHOCTI, yacy  BHMKOHAaHHSA
" (33) o0unciieHs nogaHo B Tadir. 1-3.
RT/B RTvB ) R 2 R
H =(a ) Z,ﬂj(dj (x)) w1y (x.),
() E o)) +(-F 1)
O = ijj Xy ij**.
Y miif crarti 3a JONMOMOIOI0 MOJETIOBAHHS
JIOBEZICHO MOXIIMBICTh pealtizallii 3armporoHOBaHOTO
aNTOPUTMY 3 BUKOPHCTAHHSM KUIBKOX HAaOOPIB TECTOBUX
NpUKiIaziB. MosenoBaHHs IPOBOISATh HA CUMYJIbOBAHUX
AaHWX, a0W OWIHUTH eQEeKTUBHICTE Moaudikamid 3a
3HavyeHHs NOKa3HHUKa AUCHEpCii o
Kinbkicte GP-RTSS DIS RTGP DIS RTP DIS RTB DIS RTrB
ekcriepTiB (S)
S=1 0,0460 + 0,0081 0,0460 +0,1270 | 0,0460 + 0,1270 0,0460 + | 0,0460 +
0,1270 0,1270
S=2 0,0440 + 0,0186 0,0444 +0,1100 | 0,0444 +0,1100 0,0444 + | 0,0444 +
0,1100 0,1100
S=4 0,0447 £0,0134 | 0,0443 +£0,0299 | 0,0443 +0,0299 0,0443 + | 0,0443 +
0,0299 0,0299
S=6 0,0420 + 0,0106 0,0440 £ 0,0035 | 0,0440 + 0,0035 0,0440 + | 0,0440 +
0,0035 0,0035
S=8 0,0438 +£0,0150 | 0,0456 +0,0066 | 0,0456 + 0,0066 0,0456 + | 0,0456 +
0,0066 0,0066
S=10 0,0452 +£0,0104 | 0,0521 +£0,0106 | 0,0521 +0,0106 0,0521 + | 0,0521 +
0,0106 0,0106
T
a
0
b
u

61

IKC3T, 2026 Ne2




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

3HavyeHHs NOKa3HMKa BiJ €MHOI jorapudMidHOi KMOBIpHOCTI

Kinbkicte GP-RTSS DIS RTGP DIS RTP DIS RTB DIS RTrB
ekcriepTiB (S)
S=1 —4,790 + 0,140 -4,740 £ 0,070 -4,740 £ 0,070 —4,740 + 0,070 | —4,740 + 0,070
S=2 —4,860 + 0,586 —4,872 + 0,362 —4,976 + 0,626 —4,976 £ 0,626 | —4,872 £ 0,362
S=4 —4,910 + 0,502 —2,956 +£ 0,304 =5,244 + 0,484 —5,244+ 0,484 | 4,956 £ 0,304
S=6 —4,930 + 0,502 —4,992 + 0,358 5,128 £ 0,618 —5,128 £ 0,618 | —4,992 £ 0,358
S=8 -5,160+ 0,838 — | —5,080 + 0,418 -5,020 +£ 0,772 —5,020 £ 0,772 | —5,080 £ 0,418
S=10 —4,900 + 0,346 -4,840 + 0,360 —4,791+£ 0,614 —4,791+ 0,614 | 4,840 + 0,360
T
a
0
b
3HavyeHHsI 4Yacy BUKOHAHHS 004YHCIICHb ¢
Kinbkicte EKF UKF GP-RTSS DIS RTGP DIS RTP DIS RTB DIS RTrB
ekcriepTiB (S)
S=1 27,3 + | 30,3 + | 54,1+£283 | 56+5,41 56+ 5,41 56+ 5,41 56+ 5,41
1,42 1,42
S=2 26,6 +|30+1,46 |52,6+293 |268+1,24 |26,8+1,23 |26,8+1,24 | 26,8+1,24
1,46
S=4 28+ 1,35 | 31,5 + | 554+2,75 12,46 + | 12,46 + | 12,46 + | 12,46 +
1,35 0,364 0,364 0,364 0,364
S=6 27,2 + | 31,2 + | 53,8+1,55 11,24 +| 11,26 + | 11,24 + | 11,24 +
0,768 0,769 0,312 0,308 0,31 0,308
S=8 28,11 £ 33,6 + | 55,6 +2,64 11,92 +| 11,96 + | 11,92 + | 11,92 +
1,34 2,27 0,152 0,115 0,152 0,152
S=10 27,2 + | 32,71+ 53,7+ 1,37 12,26 +| 12,26 + | 12,26 + | 12,26 +
0,597 0,224 0,184 0,185 0,185 0,184
OntumanbHuii gianason S = 4—-8 nae 3MOry aBTOHOMHOMY
Jus  mopiBHSIIBHOT  OLIHKM — €(eKTHBHOCTI  MOOLTBHOMY poOOTy HOCSTaTh MaKCHMAaIbHOI TOYHOCTI
NTOPUTMIB y 33ja4ax Hapiramii aBTOHOMHHX MOOUIBHMX  TpaekTopil Ta HaJiiHOI OI[HKM BIACHOTO CTaHy 3a
pobortiB Oy1o MIPOBEJICHO pPO3paxyHOK  MiHIMaJIbHUX OOUYHMCIIOBAJIBHUX BUTPAT.

cepenHbokBaapatuuHoi noxuOku (RMSE) 1 Bix’emHoi
norapumiunoi HmosipHocTi (NLL). Ilokxasank RMSE
XapaKTepu3y€e TOYHICTH Y3TOJUKEHHS JIaHHX 13 PealbHUM
pyxom pobora, a NLL KoMIIeKCHO BpaxoBye
HEBU3HAYEHICTh MOJIENI Ta ii Y3rOKEHICTb, 1[0 0COOINBO
Ba)KJIMBO JIUIsI pOOOTH 3 IIYMHUMH CEHCOPHUMH JAHUMH B
JMHAMIYHOMY CEepEJOBHIILI.

3a Tabn. 1, 3mauenns RMSE, orpumani
anroputMamu  cimeiicrea DIS RTSS (DIS RTP, DIS
RTGP, DIS RTB, DIS RTrB), mnpaktuano He
BIZIPI3HAIOTECS Bix pesynbraTiB kimacuyHoro GP-RTSS,
JNIEMOHCTPYIOUM  BHCOKY TOYHICTH JIOKami3amii Ta
OLIIHIOBaHHS CTaHy MOOIIBHOro poboTa. AHaii3 Tabi. 2
nokasye, mo 3HadeHHst NLL y DIS RTSS (Bxmouatoun
BapiaHTH 3 KiJbKicTio ekcrepTiB S = 8 1 S = 10) cyrreBO
Hwk4i nopiBHsHO 3 GP-RTSS. Ile o3nagae, mio
po3moxinennii rayciB minxim DIS RTSS 3abe3neuye
Kpauty oOpoOKy HEBH3HA4YECHOCTI, sIKa BHHHKA€E Mija dac
HaBiramii B yMOBaX YacTKOBOi BHIWMOCTI, JWHAMIYHHUX
MIepeIKo/] Y1 00MEKEeHOT TOYHOCTI 010MeTpii.

3 00poOKOI0 OJHAaKOBMX CEHCOPHHUX MOTOKIB
(LiDAR, IMU, xamepu) 4YiTKO TIPOCTEXYIOTh TaKy
3aKOHOMIPHICTE: 31 30UTBIICHHAM KUTBKOCTI HE3aJIC)KHUX
ekcrepTiB  (S) MOKpamyroThcsl OOWABa TOKA3HUKH —
RMSE i NLL. Ognak 3a S = 8 i S = 10 pe3ynsTatu aemo
moripiieHi 4epe3 HaaMIipHy (parMeHTaIilo JaHHX.

Jani Taba. 3 miATBEpAKYIOTh TOJIOBHY IIepeBary
JUIE pOoOOTOTEXHIKK: Yac OOpOOKM MaHHX AITOPUTMaMH
DIS RTSS 3nauno menmwmii, Hixk y GP-RTSS, EKF un
UKF. Ile xpuWTHYHO BaXXIMBO Ml PEaIbHOTO dYacy
HaBiramii — IIBUJIKE OHOBJICHHS KapTH OTOYEHHS,
TUTAaHYBaHHS NIULIXY Ta YHUKHEHHS 31TKHEHb. Skmo S = 8
i S = 10, Burpam y yaci 3HHKA€, OCKIJIbKH 3pOCTAIOTh
BUTpaTH Ha 3JIUTTS PE3yJbTaTiB ekcrepTiB. Tomy Juis
MOOUTBHHX POOOTIB PEKOMEHAOBAHO BUOMPATH KIUJIBKICTH
eKCTIEPTiB, BUXOASYH 3 OOUMCIIIOBAIFHUX MOMJIMBOCTEH
OOpTOBOrO KOMI'IOTEpa Ta BHUMOI' IOJO YacTOTH
onosineHHs (Harpukian 2050 I'm).

OTXe, ITOpPUTM PO3MOALIEHOIO TayCOBOTO
npouecy DIS RTSS mae cyrreBi mnepeBarm came B
KOHTEKCTI HaBiramii aBTOHOMHHUX MOOUTBHUX pOOOTIB: BiH
3a0e3meuye BUCOKY TOYHICTh 1 HU3bKY HEBU3HAYCHICTH 13
panuKaIbHAM 3MEHIIECHHIM 00YNCITIOBAJIEHOTO
HaBaHTaxXeHHs . lle momomarae poGoTy edeKTHBHO
MIPAIIOBATH 3 BEJIMKOMACIUTAOHUMH JTAaHUMH, HaIpHKIIa
THCSMAMH  TOYOK  xmap  Todyok  LiDAR  um
6araToCeHCOPHUMH MOTOKAaMH B CKJIaJHUX HMPUMILICHHIX
abo ©Ha Bigkpurii wmicueBocti. IlpaBunbHHIE BHOIp
KinmpkocTi  ekcneptiB  poouts DIS RTSS  ineansaum
pilieHHAM s BOYIOBaHMX CHCTEM, JOIOMAaraiodu
aBTOHOMHHMM MOOUIBHMM poOOTaM BUKOHYBAaTH TPHUBAIY
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aBTOHOMHY HaBiramito, SLAM y peanpHOMy uYaci Ta
KOJIEKTHBHY poOOTY B pOi.

V¥ mnepcnekrusi interpauis DIS RTSS 3 edge-
OOYHCIICHHAMH Ta  MYJBTHPOOOTHUMH  CHCTEMaMu
BIJIKpMBA€ HOBI MOXKJIMBOCTI: IIBUALIY aJanTaliio 10
3MIHHOTO CEepeJIOBHUINA, TOUHIITY TTI00aIbHY JIOKaJIi3amiio
Ta CyTTEBE IIJIBUILCHHS €Heproe()eKTHBHOCTI — OCHOBHUX
(axkTopiB AN 3aCTOCYBaHHS ABTOHOMHHMX MOOLIBHUX

poboTiB y  JOTiCTHII, CUIBCBKOMY T'OCHOAAPCTBI,
PATYBaJIbHUX —ONEpawlisiX, IOCHI/DKEHHI HEeIOCTYHHHX
TEPUTOPIH.

BucHoskn.

[Ipobmemu 0OpOOKHM BEIHMKHUX OOCATIB MaHWX 1 iX
¢uTbTpanii B pexXnMi peabHOTrO 4acy € KPUTUYHUMH UL
3a0e3MeUeHHs] TOYHOTO IO3WIIIOHYBAaHHS Ta HaBirarii
aBTOHOMHHX MOOITBHUX POOOTIB 3a JOIOMOTOI0 CHCTEM
SLAM, ocobmuBo sKi TpamiolOTh Yy  CKJIAJHHX,
Herepen0adyBaHUX CepelloBUINAX. Y CTaTTi JeTanbHO
JIOCIIIDKEHO YOTUPH IHHOBAIIHH1 Moudikarii
aNropuTMy po3rojiiiieHoro raycosoro ¢insrpa DIS RTSS
— DIS RTP, DIS RTGP, DIS RTB i DIS RTrB, sxi
CHeLiaJIbHO ~ ajanToBaHi Il  eQeKTUBHOI 0OpoOKu
MacHBHUX ITOTOKIB ceHcopHHX naHuX Bix LiDAR, kamep
Ta IHEpLIMHUX NaT4YMKiB. Pe3ynmpTaTé MopmemroBaHHS Ta
eKCIIEPUMEHTIB IiATBEP/UKYIOTh 3HauHi mepeBarn DIS
RTSS momo TowHOCTI  JOKaji3amii, 3MCHIICHHS
HEBM3HAYEHOCTI Ta 3arajlbHOi HAAIHHOCTI CHCTEMH.
30kpema, Imed  aJTOpPUTM  MIHIMI3ye  3aJICKHICTh
o0uncIieHp BiJ JIETaIbHOI MOJETl HABKOJHMIIHBOTO
Cepe/IOBHINA, JO3BOJISIIOYM HOTO 3acTOCYBaHHS B Oy/Ib-
SKMX JUHAMIYHUX CHCTEMaX: TOYHICTH ITO3HMIIOHYBaHHS
HE TIOTipUIyETHCS, HEBU3HAYEHICTh 3HIKY€eThes 10 4,4 %,
a yac 00YMCIICHb CKOPOUYEThCS ax 10 82,1 %, mo poOuTh
Woro imeabHUM aNsA  OOPTOBHX KOMI'IOTEpIB 3
0OMEXeHUMH pecypcaMH, HalpuKiaJ B aBTOHOMHHX
JIpOHAX 41 Ha3eMHHX poOOTax.

OcobnmBO  cmix  Big3HAYMTH  pajuKaibHE
CKOpOUYCHHS 4Yacy OOYHMCIEHb i3 BUKOpUCTaHHAM DIS
RTSS, mio € BaxxmBHUM 7151 peabHOTO Yacy Hasiramii, 1e
3aTPUMKH MOKYTh TPHU3BECTH /O 3iTKHEHb UM BTpaTh
opienTanii. PanionansHuid miadip KiJIbKOCTI HE3aJIeKHUX
eKcnepTiB (Hampukiag S = 4-6 nansd THIIOBHX 3a1ad
SLAM) He TINIBKM TOCHWIIOE I TIepeBaru, ane i
onTtuMizye OamaHC MDK IIBUAKICTIO 1 TOYHICTIO,
JlorioMararoun poooTaM oOpoOIIATH rirabaiiTm naHuWx 3a
ceKyHay 0e3 IepeBaHTa)KeHHs mporecopa. Y CLeHapisx,

e aBTOHOMHI  MOOUIBHI ~ pOoOOTHM  BHKOHYIOTBH
JIOBIOTPHBAI Micii — Bil MOHITOPUHTY
CLIBCBKOTOCTIONAPCHKUX yTigp bi (6] MTOLTYKOBO-

pATYBaJIbHUX ONEpaliii y 30HaX CTUXIHHMX JIMX, Take
CKOpOYEHHSI 4acy MOXe ITiABUIINTH e(eKTUBHICTh Ha 50—
70 %, 3abesrneduyroud IUIAaBHY KOPEKIIO TpaekTopii B
YMOBax IIyMy 4M 4acTKOBOi BTpatu curaany GPS.
PesynbpraTi MOJEIOBaHHS YiTKO BKa3yloTh Ha Te,
mo cepen 9oTuphox Moaudikamii anmropurmy DIS RTSS
HaiOinpI panionansHuM pimenHsM € DIS RTGP, sxwuit
JIEMOHCTPY€ ONTHMAaJbHE TIOEJHAHHS MIBUAKOCTI Ta
TOYHOCTI s 3amad Hapiramii. Llg Bepcis ocobmmBO

epekTMBHa B  iHTerpamii 3  MYJIBTHCEHCOPHHUMH
CHCTEMaMH, JIe BOHA CIIPHSE MIBUAKOMY 3JIUTTIO JaHUX i3
PI3HHX JKepesl, 3MEHIIYIOUH TOMUJIKH, OL[HIOIOYH CTaH
pobdora mo piBat HmKkYe 1| %. VY mepcrexTusi
BrupoBapkenHss  DIS  RTGP y  poiioBi  cucremn
aBTOHOMHHX  MOOUTBHMX  poOOOTIB  JacTb  3MOTY
peaii3yBaTH KOJEKTHBHY HaBiraiilo, Jie Kijibka IpUCTPOiB
OOMIHIOIOTBCS OOpOOJIEHMMHM JTaHUMH JUIsi CTBOPCHHS
ro0anbHOI KapTH B pEbHOMY 4Yaci, MiJIBUILYIOUH

CTifiKiCTP 1O 300iB 1  pPO3MMPIOIOYH  Jiara3oH
3aCTOCYBaHHS — BiJl IPOMHCIIOBOi aBTOMAarTm3alii 0
KOCMIYHUX JOCIIKEHb.

3aramoM  po3poOJIeHHS ~ Ta  BIPOBAIPKCHHS
anroputMiB Ha 06a3i DIS RTSS e mpopuom y cdepi
ABTOHOMHOT POOOTOTEXHIKH, BHPIIITYOYH
(dyHmaMeHTaNbHI ~ BUKIMKKM ~ OOpoOKM  jmaHmx 1

3a0e3neuyroun HaJliiiHy HaBiramito B HECTPYKTYPOBAaHHX
cepenoBumiax. MaiOyTHI IOCITI[DKEHHS, CHPSIMOBaHI Ha
koMmOinanito DIS RTSS 3 ememeHTaMH IITYYHOTO
IHTENeKTy, TakMMH SK TIJIMOOKe HaBYaHHS UL
mepea0adeHHsT  MEpemikofl, OOIIMI0Th e  OUThIIy
aBTOHOMIIO 1 ajmanTuBHiCTb. lle He JHIe NpPHUCKOPHUTH
mepexig BiJl eKCHEePUMEHTAIFHHX IPOTOTUMIB 110
MacoBOTO  BHUKOPHCTaHHS  aBTOHOMHHUX  MOOULIBHHX
poOOTIB y MOBCSKACHHOMY KHTTi, aie W CHpHUITHME
BUPILICHHIO TJIOOAIBHUX 3aBAaHb, SK-OT EKOJIOTTYHHH
MOHITOPMHI YW TyMaHiTapHa JOIOMOTra, poOJIsTdn
TEXHOJOTIi JOCTYNMHIMMMH Ta e(QEKTUBHIIIMMHU JUIs
cycminberBa. Otxe, DIS RTSS cTae ocHOBOIO 1711 HOBOT
TeHepamii 1HTENeKTyallbHUX CHCTEM, JC HaBiraris
MIEPETBOPIOETHCSL 3 TEXHIYHOTO BUKIMKY Ha HaAiHHHUN
IHCTPYMEHT ISl OCBOEHHSI HEB1IOMOTO.
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Energy-Efficient Algorithms for Sensor Data
Processing in Ground Robotic Systems of Various
Applications

The article examines the application of
simultaneous localization and mapping (SLAM) methods
to ensure autonomous navigation of mobile robots in
unknown environments. The relevance of the study is
driven by the need to develop highly efficient algorithms
for processing sensor data in autonomous mobile
platforms operating wunder limited computational
resources and in the absence of external navigation
infrastructure.  These challenges are particularly
significant in the Ukrainian context, especially in the
development of ground-based robotic systems for territory

inspection,  infrastructure = monitoring,  demining
operations, emergency response, and operation at
industrial facilities. Approaches to filtering laser

rangefinder data in mobile robot navigation systems are
analyzed. Traditionally, SLAM problems employ
methods based on the Kalman filter and its modifications
— the Extended Kalman Filter (EKF) and the Unscented
Kalman Filter (UKF). However, the EKF algorithm
requires linearization of nonlinear models, which leads to
a loss of accuracy, while the UKF provides better
estimation consistency but is characterized by increased
computational complexity. This limits their effectiveness
for autonomous robots with constrained hardware
resources. An alternative is the GP-RTSS filtering
algorithm based on Gaussian processes, which does not
require linearization, numerical integration, or explicit
model sample prediction. This approach provides higher
state estimation accuracy and adaptability to various types
of dynamic systems. At the same time, a significant
limitation of GP-RTSS is the high computational cost
associated with evaluating the kernel function.

The paper investigates a modification of the DIS
RTSS filter that implements a distributed computing
scheme within the GP-RTSS framework in order to
reduce processing time and memory usage. Four
distributed computing algorithms are proposed: DIS RTP,
DIS RTGP, DIS RTB, and DIS RTrB. Simulation results
show that the DIS RTGP algorithm demonstrates the best
balance between computational efficiency and accuracy
for autonomous mobile robot navigation tasks. The
obtained results can be used in the development of
domestic robotic systems with enhanced autonomy and
energy efficiency.
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XICMATVYJIIH B. I, xanaumaT TeXHIYHUX HayK, HOpodecop, mpodecop Kadeapu
aBTOMATHKH Ta KOMITIOTEPHOTO TEJIEKEPYBAaHHS pPYXOM TMOI3IiB YKpaiHCHKOTO JEpKaBHOTO
YHIBEPCUTETY 3aJ1i3HUYHOTO TPAHCHIOPTY

CATAUJAYHMUMN B. T., acmipantr kadeapu aBTOMAaTHUKM Ta  KOMII'IOTEPHOTO
TEJIEKepYBaHHS pPyXOM TMOI3IIB  YKpPAiHCBKOTO JEpKABHOTO YHIBEPCUTETY 3aJi3HUYHOTO
TPAHCHIOPTY

INIEJIEX B. P., acnipanT kadeapu aBTOMAaTUKU Ta KOMII'IOTEPHOTO TEJEKEPYBaHHS PyXOM
noi3/1iB YKpaiHChKOTO I€P>KaBHOTO YHIBEPCUTETY 3a1i3HUYHOTO TPAHCTIIOPTY

OOrpyHTyBaHHsl IHTepBaJly OHOBJICHHS KOOPAWMHATHOI iHopManii NMpo CTaH PYXOMHX
OJUHHUIBb Y KOOPAUHATHHUX CHCTEMAaX PeryTl0BaAHHA

V' cucmemax xoopounammoeo pecyntosanus pyxy noi3oie i3z pyxomumu ONOK-OUISHKAMU 8aAdCIUSe Micye
3aumams onepayii, noé sa3ani 3 OMPUMAHHAM MdA 00POOKOI0 KOOPOUHAMHOI THPOpMAaYii — 8UBHAYEHHS KOOPOUHAMU
2071081 [ 008ICUHU NOI30d, PO3PAXYHOK OORYCMUMOL W8UOKOCMI pyXy noi3da 0o Xxeocma nonepedy po3mauio8aHo20
noisoa.

Ilposedeno cnekmpanbHuti ananiz ckiadosux pyxy noizoa, 06yMoGIeHUx Kepylouumy Oiamu MauuHicma 3a 36U4atiHo20
(nnanosoeo) pyxy ma iHwux GURAOKOBUX (akmopie. 3a pe3yibmamamu anaiizy 6CMAHOBIEHO, WO CNeKmp QuyKmyayit
BUNAOKOB020 NPOYecy, 00YMOBIEHO20 OIAMU MAWUHICIA, 30CePe0dCeHUll Y 8Y3bKill obnacmi uacmom, a paykmyayii 6i0
iHWUX ghaxmopie maioms WUPOKULL CReKmp i MEHULy CReKMpanbHy HOMydicHicmyb. Tomy 3 8UKOPUCMAHHAM WUPOKO20
cnekmpa, wo Mae Micye 3a GeIUKOl YACMOmMU OHOBNeHHs IHQopmayil,  «8aea» KOPUCHUX CKIAO08UX Oyoe
BMEHULY8Amucs. NopieHaHo 3  gaykmyayiinumu. Omoice, 01 mo2o wob 3 06poOKO KOOpOUHamwuoi iHgopmayii
spaxoeyeamu auuie po3nooil CHEKMPANbHUX CKAAO0BUX, 0OYMOGIEHUX OifAMU MAWUHICIA, YACMOMA OHOGLEHHS
iH(hopmayii mae 6ymu maxorw, wobd 3abe3neuumu BiOHO6/EHH MINbKU OCHOBHOI YACMUHU CHEKMpPAd NPUCKOPEHHS.
Haseoeno cnigsionoutenns, ske, 6i0N0GIOHO 00 YyM08 meopemu GIONIKI8, NOG'SI3YE 3HAYEHHS YACOMU OHOGIEHHS
iH(hopmayii 3 nOCMiliHOW 4Yacy Kopenayii NPUCKOPeHHs, W0 O0OYMOBIEHO Kepyrouumu OiimMu mawuHicma (cepeoHe
3HAYEHHS THMEPBANLY 4AcCy PyXy 3 NOCMIUHUM NPUCKOPEHHSM).

Haseoeni oyinku nepiody ma uacmomu OHOBIEHHs KOOPOUHAMHOI THGOpMAYii MOJCHA BUKOPUCIOBYSAMU JUlUle 8
niaHogux (Hopmanvuux) cumyayisx. Lle noschioroms mum, wo niniuni areopummu Kanmana € inepyitinumu 3
«nam’sammioy XxXapakmepy pyxy, Mpuearicmv SKOi  BUHAYEHA BENIUYUHOI0 NOCMIUHOI Yacy 3MIHU NPUCKOPEHb.
Hasignicms «nam’ami» Hao36udaiiHo KOPUCHA MUM, WO JIHIUHI aieopummu O0aloms, no-nepuie, 3mM02y HpPOGOOUMU
eKcmpanonayiro pyxy ob’ekma i noiznoi cumyayii Ha 8i0no6ioHull yacosull inmepsan i nepeddauamu MoNCIUsE Oii 3 it
pegynioeants; no-opyee, 3a60AKU HASGHOCI IHEPYIUHOCII MOJICIUBE NPOOOBICEHHS PODOMU CUCMEMU KepYBAHHSL 3d
KOPOMKOUACHO20 BUKPUBIEHHA AD0 3HUKHEHHS 6UMIDIOBAHD.

Oonak AiHIUHI aneopummu He 3a0e3neyyoms MUMmegy peaxkyiro cucmemu Kepy8auHs pyxom noi30ié i3 GUHUKHEHHAM
Hao38uuauHUX cumyayii (asapis, pizke eanvmysanHs abo npuckopenus). Tomy HeobXiOHO, W06 Yy HAO36UUALHUX
cumyayisx BUKOPUCMOBY8ANU MemoOU eKCMPEeHO20 OYIHIOBAHHA CMAHY DYXOMUX OOUHUYb — CHeylaibHi HeliHiliHi
aneopummu, 3ACHOBAHI HA Meopii YX6ANeHHS pilleHb, A MINC PYXOMUMU OOUHUYAMU NIOMPUMY8AmMuU GIOCHAHD,
docmamuio 0118 3ano0ieants A8APIUHUM CUMYAyisM.

Kniouosi cnosa: xoopounammui cucmemu pezynioganHs, KOpenayiiha (QYHKYis NPUCKOpeHb, CHeKmpanbHd
WiNbHICMb, YaCMOMa OHOGAEHHs IHpoOpMayii, meopema 6IONIKI6, NIHIUHUL ANCOPUMM OYIHIOBAHHS CINAHY.

PO3paxyHOK IOMYCTUMOI IIBHIKOCTI pyXy Ioi3ma a0

Beryn.

[epcriekTHBHI METOAW KEpyBaHHS PYyXOM 3ali3HHYHOI'O
TPaHCIIOPTY Nepen0adaloTh BUKOPUCTAHHS KOOPAWHATHOT
iHpopMarii mpo pyxomi oguawIi [1, 2], mod peanizyBatu
KOOPJMHATHI CHOCOOM pETYJIIOBaHHS pPyXy Ha OCHOBI
BU3HAUCHHS MiCIl pO3TallyBaHHA IOI3MiB, IXHBOI
mBHAKOCTI 1 mpuckopeHHs. ToMmy B cucremax
KOOPJMHATHOTO DETyJIIOBaHHA 3 PYXOMHMH OJIOK-
JMUTSTHKaMA BXXITUBE MicIle 3aliMarOTh orepairtii, oB’s3aHi
3 OTPUMaHHAM Ta 0OpPOOKOI0 KOOpAMHATHOI iH(popMarlii —
BU3HAUYCHHS KOOPIMHATH T'OJIOBH Ta JOBKUHH 11013713,

XBOCTa TIONEpeny po3TamoBaHoro moizaa. OpmHieo 3
npobieM moOynoBH cuCTeMH OOpOOKH KOOpAWHATHOI
iHpopManii B IEHTPI KepyBaHHS € BH3HAYCHHS YacTOTH
abo iHTepBay Yacy OHOBJEHHS iH(popMamii, HeoOXixHOT
Jutst GOpMyBaHHsI KOMaH/1 KepyBaHHsL.

Mera.

MeToro poOOTH € BH3HAYCHHS BHUMOT IIIOJIO
YaCTOTH OHOBJICHHS KOOPAMHATHOI iH(poOpMalii B HEeHTpi
KEepyBaHHS, SKa JOIOMarae 3a0e3NneuynTH eQEeKTUBHY
po0OTYy anropuTMiIB OLIHIOBAHHS MapaMeTpiB pyxy B
KOOPJMHATHUX CHCTEMaX PEryJIlOBaHHS PyXy IMOi3/iB.

OXICMATYJIH B. I1I., CATAUJAYHHAM B. I'., IEJIEX B. P., 2026
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OcHoBHHUIT MaTepiaJ.

KoopaunatHa iHdopmamis Moxke OyTH oTpuMaHa 3
BUKOPDHCTaHHSIM  CYIYTHHKOBHX CHCTEM  HaBirarmii,
JIOKOMOTHBHHX 3aC00iB KOHTPOJIIO i TOYKOBUX KOJIIHHX
naryukiB abo Oami3 (balise) y cucremi ETCC-3. V Beix
IUX BHUIAJAKAaX y LEHTPI KEpyBaHHS HEOOXiIHO
MIPOBOANTH CTAaTHCTHYHY OOpPOOKY IEPBUHHHX JaHHX,
OJIEp)KyBaHMX BiJ PpI3HUX [pKepen iHdopmarii, st
OLIHIOBaHHS KOOPAMHAT CTaHy, iX eKCTpamoysii Ta
(opMyBaHHS KOMaH]| KEPyBaHHS PyXOMHMHU OJMHHUIISIMA
[1-3].

Jlist poBeIeHHS aHajli3y CKOPHCTAEMOCS CTAaTUCTUYHOIO
MOJIEJUTI0 PyXy O0'eKTa, 3aCHOBAHOIO Ha TiNoTe3i, Mo
JUISTHKA pIBHOMIpHOTO pyXy, NPHCKOpEHHS abo
raJbMyBaHHS TO13/1iB 3MIHIOIOTBCS anpiopi B HEBIJOMHN
cnoci6 [4, 5]. Takuit miaxig oOyMOBICHHH THM, IO PyX
o0'ekTa 3a3janeriib TOYHO HE BU3HAYCHUH 1 MOXe
3MiHIOBaTuCs HerependauyBaHo. OTxe, MOJENb PyXy
noizaa 6azoBaHa Ha fioro CTaTHCTHYHHUX
XapaKTEePUCTHKAX.

Y poboti [5] neranpHO TpPOAHATI30BAHO CTATUCTHYHI
XapaKTepUCTUKK  pyxXy  mnoizga.  [lokasano, 1o

MIPUCKOPEHHS w(l‘ ), 00yMOBJICHE KEPYIOUUMH isIMU

MaIIMHICTa U 3BHYalHOTO (IJIaHOBOTO) PyXy, MOXHA
BB@)XaTH BHUIIAJKOBUM MPOLIECOM 3 EKCIIOHEHIIHHOIO
KOpEJISILIHHOIO (QYHKITIE0

FW(T)zo@expC{d/rw)
(1)

Ae O\, - CepeIHbOKBA/PATHYHE 3HAYCHHS IPUCKOPEHHS,
T,, - TOCTIHHA Yacy Kopemsuii NPUCKOPEHH,

mo 00yMOBJIEHE KEPYIOUMMH JisIMM MallnHicTa (cepeqHe
3HAYCHHSA IHTEpBaJy dacy pyxy 3 HOCTIHHHM
TIPUCKOPEHHSIM).

Bkazani mapaMeTpy MOKHAa BH3HAUUTH 32 Pe3yJbTaTaMu
00poOku cratucTnyHoi iH(OpMamii Uil KOXKHOTO THILY
noi3aa i minsaku [4, 5].

Ha mincrasi craructuanoi mopmeni mnpuckopeHsb (1)
OyZIyIoTh JIHIMHI TUCKPETHI aJrOPUTMH OLIHIOBaHHS Ta
eKkcTparossinii koopauHaTHOi iH(opmanii [6, 7]. s
iXHBOTO CHHTE3Y KOPHCTYIOTbCS NapaMeTpaMu MOJei
TPUCKOPEHb y ICKpeTHOMY 4aci ¢ = n1':

w(nT)z;rw{nYﬂ—T)+q-§(nT)
)
ze T — iHTepBa) dYacy IMCKpeTm3alii — mepion

OHOBJICHHS 1H(OpMaIli;

;):exp(—T/rW) -
XapakTepu3ye CTYIiHb
iHTepBai vacy 7

rnapamerp, SIKUH

KOpeJisilii TPHCKOpPEHHS Ha

2
q=1-p° — napamerp, mo XxapakTepusye
HEBH3HAYEHY CKJIaJOBY IPUCKOPEHHS Ha iHTEpBali dacy
JIMCKpETH3allii;

f(nT) -
BUIAIKOBUX BEJIMUMH (IIyM 30yIDKEHHS), PO3NOAITICHUX
32 HOPMAJIBHUM 3aKOHOM 3 OJIMHUYHOIO ANCIEPCIETO.

MOCTIIOBHICTE ~ HEKOPEIhOBAHUX

OT)Ke, HE TUIBKU CEPCAHBOKBAIPATUYHC 3HAYCHHA O w 1

OCTiHHA Yacy KOpeJisiii IPUCKOPEHHs T, @ | BellMYnHa

iHTEepBay 4acy AuMckperu3auii 7 € OfHUM i3 BayKIMBUX
rapameTpiB  aNroputMmiB o0poOku iHdopmanii. Bona €
00EpHEHOI0 710 YacTOTH OHOBJIEHHS iHopmamii F: F =
1/T. 3po3ymiino, 1m0 30UTBIICHHS YaCTOTH OHOBIICHHS Ja€
3Mory 3abesneudTd OLTbII HAAIHHMHA KOHTPOJNb 32
MOT3HOI0  CHUTYyaIli€efo, aje  ImoTpedye  CYTTEBOTO
30UIBIICHHST PECYpCiB BiJ CHCTEMH KepyBaHHA. Tomy
3’iCyeMO, SIKI BHMOTM  TOTpPiOHO  BPaxoBYBaTH,
BuOupatoun ii. PosrmgHemMo 1me TMTaHHS — 4Yepes
CHEKTpPaJbHUI  aHall3  CKJIaAy  INPHUCKOPEHb 3
ypaxyBaHHSIM JOJAaTKOBHX (AaKTOpiB, IO BHU3HAYAIOThH
pyx noisza.

SAx Bimomo [6], CHEKTpanbHa MIUIBHICTH PO3IMOILTY
¢uryKTyaniii npUCKOpeHHS, O0YMOBJICHOTO KEpyIOUHMH
IisIMM ~ MamuHICTa, sKa € reperBopeHHsIM Dyp'e
Kopessiiinoi ¢pyHKii (1), BU3HaYeHa BUpa3oM

ZOiTk
Sel@)=rm2 7 ®
k

Jie (¥ — Kpyrosa (IMKITIYHA) YacTOTa, pas/c.
Kpim mpuckopeHHs, 00yMOBJICHOTO KEPYIOUHUMH IisIMH
MAaIMHICTA, 3aBXIM NPUCYTHI NOAATKOBI (IyKTyariiHi

CKJIaZOB1 W f (t) , SIKi 3aJIeXaTh BiJ HEPIBHOCTEH IUIAXY,

KOJIMBaHb KOJICHMX Tap Ta iHmMX (akTopis, M0
BIUIMBAIOTh Ha pyX moi3ma. Lli ckmamoBi HakmageHi Ha
OCHOBHHMH pyX, ajie He BIUIMBAIOTh CYTTEBO Ha HOTO
OCHOBHMM  XapakTtep a00  KOMIICHCOBaHI  JisiMH
MammHicTa. ToMy MOXHA BBaXaTH, II0 (IyKTyariiHi
CKJIAJIOBI PyXy MAalOThb MaTeMaTW4HE CIIOJiBaHHS, IO
nopiBHIOE Hyir0. Ha mizcraBi  craTMCTHYHOTO aHalizy
¢uryKTyaniiiHy CKJIaJOBY NPHCKOPEHHS MOXKHA BBa)KaTh
BUIIaIKOBUM MIPOLIECOM 3 EKCIIOHEHIIIHOIO
KopeysiiiHoo  ¢yHKIieo, aHaiorigyHoro (1), i3
CepeHbOKBAAPATUYHIM BIIXIICHHSIM O ) 1 TIOCTIHHOIO

yacy Kopessinii 7, , SKa CyTTEBO MEHINA 3a MOCTIHHY Jacy

/2
Ty
Pesynbryrounii rpadik 3MiHM TPUCKOPEHHS B daci 3
ypaxyBaHHsIM 000X CKJIQJIOBHX ITOKa3aHO Ha puc. 1.
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Puc. 1. Pesynprytounii rpadix 3MiHH TPUCKOPEHHS B Yaci

TumoBi rpadikn KopensuiiHoi  QyHKmIi F(T ) i
CHEKTpalbHOI  IiimbHOCTI S (0)) NPUCKOPEHHS 32

noctiiiHoi vacy kopemsuii Ty = 2 ¢ (KOpEKTyBaHHs
pyxy wmammnictoM) 1 0,2 ¢ (dmykryamiiiHi cKimamoBi)
HaBeleHI Ha puc. 2. Sk Oaummo, cmektp (aykTyamii
BHUIIaJIKOBOTO ITPOIIECY, OOYMOBIICHOTO JiSIMH MallnHiCTa,
30CcepepKeHi Y By3bKiil 0bnacti 9acToT moommsy o = 0, a
¢urykryanii Bif iHmmMX (GakTopiB MalOTh MIMPOKUI CIIEKTP
1 MEHIIy CIIEKTpaJIbHy IOTYXHICTh B 00JacTi HU3BKHX

()

51,¢C

S (o)

yacToT. ToMy 3 00poOKoI0 iH(OpMAIii i3 3aCTOCYBaHHAM
LIMPOKOTO CIIEKTPa, II0 Mae€ MICIe 3a BEJIMKOI 4acTOTH
JMCKpeTn3alii, «eHepris» (QIYKTyarifHuX CKJIaJ0BHX
Oyae TpOIOPIfHO 30ULTBITYBaTHCH, a KOpHCHa
iHpopManis nmpakTudHO He nojana. OTxe, U TOTo 100
3 00poOKoI0 KoopauHaTHOI iH(pOpMaIii BpaxoByBaTh
JIMIIE PO3MOALT CHEKTPATbHUX CKIIaJ0BUX, 00YMOBICHHX
JSIMM MAIMHICTa, 9acTOTa OHOBJICHHS iHQopMmamii Mae
OyTH Takoro, MO0 3a0E3MEYNTH BiTHOBICHHS TUIBKH
OCHOBHO{ YaCTHHH CHEKTPa IPHUCKOPEHHSI.

0

-10 -5

Puc. 2. I'padixu kopensmiiHoi GpyHKIiT

F(T ) i chexTpanbHOi MmIbHOCTI S (a)) ¢urykTyaniit
IUTA Pi3HAX MOCTIHHKX Yacy KOpensmii 7,
Bynemo BBaxaTH, 1110 pO3MOII OCHOBHHUX CIEKTPAIBHUX

CKJIAaZIOBUX  NPUCKOPEHHsS,  OOYMOBJEHOrO  JisIMH
MallMHICTa,  30CepeKeHH B o0macTti  4YacTor

(—C()max, a)maX)BI/IHIG 3aJaHOIr'0 MOPOroBOoro piBHA 0

BiZIHOCHO MaKCHMAJIbHOTO 3HAYEHHS S w (O) = 2O-v2vrw:

1

1+ ( @max * Ty )2
4)

=0.

Toxi ocnoBHa mmpuna cnektpa [ =27w)max,

I,
Oyze 3aJJ0BOJILHATH YMOBY

1 1-0
o

F =

max
2r -1,

©)
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BimmoBimao mo ymoB Teopemu Bimmikie (HalikBicra-
[[Ternona-KoTtensHnKOBA), JUISt 3a0€e3MeueHHs
MOUJIMBOCTI BIJHOBJICHHS HEICPEPBHOTO CHUTHAIY 3a
JMUCKPETHUMH BUMipaMH TIEpPIOJT YacOBOI TUCKPETHU3AIlil
T mae 3aI0BOTBHSITH BUMOTY

T<1/2F
(6)

3 ypaxyBaHHSM BHUpa3y (5) OTpHMyeEMO, IO IHTEepBal
yacy 7  OHOBJIEHHA  KoopauHaTHOI  iH(opmamii
BU3HAYCHUI HEPIBHICTIO

T'<n-t,/ ﬂ
o

()

3a IIaHOBOTO PyXy BCJIMYMHA Tw CCpCAHLOI0 3HAYCHHA

iHTEepBay dYacy pyxy 3 TMOCTIHHUM NPHUCKOPEHHSIM
CKIIaNa€ BiJl OAWHUIL JO JECATKIB CekyHm [5].
BignosigHo, s 3a0e3leuUeHHS JOCTaTHLOI  SIKOCTI
OLIIHIOBaHHS IMApaMeTpPiB PyXy y 3BHYAHHMX CHTYyaIlisix
TIepioJ] OHOBJIEHHSI KOOPAWHATHOI iH(OpMaMii IomiIbHO
BubOuparu B Mexax 1-10 c.

3a3HaunMoO, IO BEIWYHMHA TIOpora oJ BIUIMBAaE Ha
MIPUILYCTUMHNA piBEHb BTpaT iH(GOpMAILlii 3a MBUAKUX 3MiH
IIPUCKOPEHB, 00yMOBJICHUX  JisIMH MaIINHICTA.
Hanpuknan, 31 3menmenHsm mopora Bix 0,1 mgo 0,01
MiHiManbHa 4acTorTa OHOBJICHHS iHpopMarii

36imbmyerbes Brpuyi — Bin 1/7,, 1o 3/, mo nae

3MOTy OUIBII TOYHO CIIOCTEpIraTH pyx IOi37a Ha MalluX
YacOBHX IHTEpBajlax. 3pO3yMiJio, IO IUIATOIO 3a IIE €
3pOCTaHHSA piBHA (ryxTyaniitHol CKJIaJI0BOI,
00yMOBJICHOI Ji€l0 T0MAaTKOBHX (PAaKTOpiB i 301IBIICHHS
HaBaHTaKEHHS HA O0YHCITIOBANIBHI 3aCO0H.

BesymoBHO, HaBeleHiI OLIHKKM THepiogy 1 dacToTh
OHOBJICHHS KOOpAWHATHOT iHpopMarii MOJKHA
BUKOPHCTOBYBATH JIMIIE B IUIAHOBUX (HOPMAJIBHHX)
cutyanisx. lle MOsSCHIOITE THM, IO JHIHI alTOPUTMH
Kanmana, posmisiHyTi y crarti [7], € iHepuiiiHumMm 3
«IIaM’ATTIO» ~ XapakTepy  pyXy, TPHBAJICTh  SIKOI

BHM3HA4Y€Ha BEIMYMHOIO NOCTikHOi wacy 7, [6]. HasBHicTh

«maM’sTi» HaI3BUYaHO KOPUCHA THM, MO JIHIHHI
aNrOpUTMH  JAIOTh, TIO-TIEpIIe, 3MOTY IPOBOJUTH
EKCTPATOJIAIIID PyXy O0’€kTa 1 TOi3HOI CHTyamii Ha
BiJINIOBiTHUI YaCOBHU iHTEpBAaJ 1 mepeadadaTv MOXKIIHBI
nii 3 1i perymioBaHHS; IO-JIpyre, 3aBJISKM HasBHOCTI
IHEpIHHOCTI MOXIIMBE MPOJOBXKEHHS POOOTH CHCTEMH
KEepyBaHHS 32 KOPOTKOYAaCHOTO BHKPHBJIECHHS abo
3HUKHEHHS BUMIpPIOBaHb.

OpHax JiHIHHI adropuTMH, 3acHOBaHI Ha Mozeni (1), He
3a0e3MeuyroTh MUTTEBY PpEaKIil0 CHCTEMH KEpyBaHHS
PYXOM TI0i3/1iB 13 BUHUKHEHHSM HAI3BUYaiHUX CHTYAIliH
(aBapis, pi3ke TanbMyBaHHsA abo mnpuckopeHHs). Tomy
HEOoOXiTHO B HAJ3BMYAHHUX CHUTYyalisX BUKOPHUCTOBYBAaTH
METOIM eKCTPEHOTO OLIHIOBAHHS CTaHy pPyXOMHX

OJIMHMIb — CIICialIbHI HENiHIHHI aJlrOpUTMH, 3aCHOBaHI
Ha Teopii yXBaJleHHS pilleHb, a MDK pPYXOMHMH
OIMHHUIIMUA MATPUMYBATH BiJCTaHb, JOCTATHIO JUIS
3ano0OiranHs aBapiiHuM cutyauisM [8-10].
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Khismatulin V., Sagaidachnyi V., Pelekh V.

Justification of the update interval of coordinate
information about the state of moving units in
coordinate control systems

In train movement coordinate control systems with
moving block sections, operations related to obtaining and
processing coordinate information play an important
role—determining the position of the train’s head and its
length, as well as calculating the permissible speed of the
train relative to the end of the preceding train.

A spectral analysis was conducted on the components of
train movement, which are influenced by the driver's
control actions during normal (planned) movement, as
well as by other random factors. The analysis results show
that the fluctuation spectrum of the random process
caused by the driver’s actions is concentrated within a
narrow frequency range, whereas fluctuations from other
factors have a broader spectrum and lower spectral power.
Therefore, when using a wide spectrum, which occurs

with a high frequency of information updates, the
«weight» of useful components decreases in comparison
to fluctuation components. Consequently, in order to
process coordinate information while considering only the
spectral components caused by the driver's actions, the
frequency of information updates should be set to ensure
the reconstruction of only the main part of the
acceleration spectrum. A formula is provided that, in
accordance with the conditions of the sampling theorem,
relates the update frequency to the time constant of
acceleration correlation, which is determined by the
driver's control actions (the average time interval of
movement with constant acceleration).

The estimated update period and frequency of coordinate
information can only be used in planned (normal)
situations. This is because Kalman linear algorithms are
inertial and have a «memory» of the movement
characteristics, the duration of which is determined by the
time constant of acceleration changes. The presence of
such «memory» is highly beneficial as it allows, first, for
the extrapolation of the object’s movement and the train
situation over a corresponding time interval, predicting
possible control actions. Second, thanks to inertia, the
control system can continue functioning even in cases of
short-term distortions or loss of measurements.

However, linear algorithms do not ensure an immediate
response of the train control system in emergency
situations (accidents, sudden braking, or acceleration).
Therefore, in emergencies, rapid state assessment
methods should be used—special nonlinear algorithms
based on decision-making theory. Additionally, a
sufficient distance should be maintained between moving
units to prevent emergency situations.

Keywords: coordinate control systems, acceleration
correlation function, spectral density, information update
frequency, sampling theorem, linear state estimation
algorithm.
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IIEBYEHKO B.VI., K.T.H., JOIICHT,
MAIIEBCBKHWU b. B., acmipanr,
CYMEIb M. C., maricTpaHT

Po3po0JieHHsI OKpeMHX M0J105KeHb 10 «[HCTpyKIIii Mpo mopsAoK nepenayi BAHTaKHUX BaroHiB
B opeHay» i «IlopsiAKy npoBeaeHHs eJ1eKTPOHHHUX TOPTiB 3 OPEHAH PYXOMOI0 CKJIALY»

Anomayin. YV cmammi OocniodceHo npobnremy 2apmMoHizayii  8I00MH020  HOPMAMUBHO-NPABOBO2O
Pe2ynioeants OpeHOU BAHMAICHUX BA2OHIB i3 YUHHUM 3AKOHOOABCTNBOM HPO OPEHOY 0epPIHCABHO20 MA KOMYHATbHOZ2O
matna. Ha niocmagi nopisHaneHO-npagogoeo auanizy 6usneHo n'sme epyn Hegionosionocmel «Inecmpykyii npo
nopsa00K nepeoayi 8aHMANCHUX 8a20HI8 8 opendy» (nakaz Ne 151 y peoaxyii Haxazy Minicmepcmea inghpacmpyxmypu
No 931 6i0 18.11.2013 p.) eumocam 3axony Yrpainu Ne 157-1X i Ilopsioxy KMY Ne 483. Buznaueno ocHOGHI KOi3ii:
HEeKOpeKmHe GU3HAYEeHHs CYO'€Kmie OpeHOHUX GIOHOCUH, 3acmapiiuii Mexawizm 6i00opy OpeHOaps, 3acCMOCYSAHHS
CKACOBAHOI MemOOUKU PO3PAXYHKY OPeHOHOI naamu i 8i0CYMHICMb NOJIONCEHb NPO B0EHHUL CMAH. 3anponoHO8aHo
OHOGJIeHI pedakyii OCHOGHUX NoAoJCeHb IHcmpykyii ma po3pobreHo npoekm 2anyzesoeo «llopsoky nposedenHs
eNeKMPOHHUX MOP2I8 3 OPEHOU PYXOMO20 CKAAdY», adanmosanoeo 00 niamgopmu Prozorro.Ilpooasici. Obrpynmosarno

O00YINbHICMb 3aMBEPOICEHHA YUX OOKYyMeHmig aKk HopmamusHux axmie AT « Vkpsanizuuysy.
Knrwowuosi cnosa: openoa oepicagnozo mMauna, 8aHMANCHI BASOHU, PYXOMUL CKIAO, eleKMPOHHI ayKYIOHU,
Prozorro.Ilpooaici, AT « Yxpzaniznuysay, HopmamusHo-npagoge peeynrogarns, Ilopsoox Ne 483.

Beryn.

PedopmyBanus CHCTEMHU YIIpaBIiHHS
Jiep>kKaBHIM MaiiHOM B YKpaiHi CIPUYMHUIIO TPUHIUITIOB]
3MIiHM Yy NIPaBOBOMY DETYJIIOBAaHHI OPEHIHHMX BiJHOCHH.
VxBanenHsa 3akoHy Ykpainu «lIpo opeHny aepaaBHOTO
Ta KoMyHajbHOro MairHa» Binm 03.10.2019 p. Ne 157-IX
3alpoBaWIO  SKICHO HOBY MOAENb OpEHIH, IO
I'PYHTOBaHO Ha 3acajgax IIPO30pPOCTi, KOHKYpEHLii Ta
00OB'SI3KOBOTO BHUKOPHUCTAHHS €JIEKTPOHHOI TOProOBOI
cucremu [1]. Ti npakrtuunma peanizauis 3a6e3nedena
[opsinkoM TmepenaBaHHS B OpEHAY JAEp’KaBHOTO Ta
KOMYHAJBHOTO MaiiHa, 3aTBep/KeHHUM IlocTaHOBOIO
Kabinery MinictpiB Ykpainu Big 03.06.2020 p. Ne 483

[2], sixkmii meTanmbHO peryIaMEHTYE BECh INPOLEC — Bif
(opMyBaHHS TIEpeNiKy 00'€KTiB 0 YKIAACHHS JIOTOBOPY
OpEHIU.

Bonmnowac y cdepi 3ai3HUYHOTO TPaHCIOPTY
MIPOJIOBXKYE OYTH 3acTOCOBYBaHOIO «IHCTpyKuis TIpo
TOPSIIOK  TIepeAadi BaHTWKHHWX BaroHiB B OPCHIY,
3aTtBep/pkeHa  Hakazom  MiHicTepcTBa — TpaHCIIOPTY
Vkpainm Ne 151 y penmakuii Haxasy Minicrepcrsa
iHppactpykrypu Ne 931 Bim 18.11.2013 p. [5], sxy
PO3pOOISUTM 32 YMHHUM IIOIEPETHIM 3aKOHOIABCTBOM.
HeBiamoBigHiCTs MiXK Tay3¢BOK0 HOPMATHBHOKO 0a3010
Ta 3arajJbHAM 3aKOHOJABCTBOM O0'€KTHBHO (hOopMye
MIPaBOBY HEBU3HAYCHICTH K ANt AT «YKp3amizHULD,
Tak 1 cyO'eKTiB, 110 NHparHyThb OPEHIYBAaTH BarOHHHN
PYXOMHUII CKIIaf.

[IpobGnema HaOyBae OCOOIMBOI aKTyalbHOCTI B
KOHTEKCTI BO€HHOTO craHy. IlocramoBa KMY Big
27.05.2022 p. Ne 634 [4] 3zampoBaamia CHeIHiaibHi
MEXaHi3MH OpEHIN JAEp)KaBHOTO MaiHa B KPH30BUX
yMOBax, NpoTe Tajy3eBa IHCTPyKIisS He MICTUTh
BIJIMIOBITHUX IIOJIOXKEHB, IO YCKJIAJHIOE IX HpaKTHYHE
3aCTOCYBaHHSI.

JIOCIIIHMKK PHHKY OIIEpaToOpiB  BaHTAXKHHUX
IepeBe3eHb 3BEPTAIOTh yBary Ha Te, MIO NpaBoOBa
IIPO30PICTh TOCTYIY J0 BarOHHOTO MapKy Oe3rnocepeHbo
BU3HAYa€ pIiBEHb KOHKYpPEHLil Ta  IHBECTHULIHHY
nipuBabMBicTh Tamysi [18].

AHaJ1i3 0CTaHHIX A0CTiZKeHDb i myOaikamii.

[utaHHS TPaBOBOTO PETYINIOBAaHHS OpEHAN
Jilep)KaBHOTO MaifHa B YKpaiHi 3HaXOIAThCS B LEHTPI
yBard BITYM3HSIHOI HAYKOBOI CHUIBHOTH BIPOJOBX
OCTaHHBOTO JECIATWIITTSA, omHaK pedopma 2019-2020 pp.
BIIKpWJIa HOBMH BHTOK [IHUCKYCIH IOJO NPaKTUYHUX
MEXaHi3MiB peaji3anii OHOBJIICHOTO 3aKOHOJABCTBa. Y
nparpsix B. I1. Miknosau Ta 1. T. Bpituenka mociimxeHo
TEOPETHYHI 3acajid TapMOHI3aIii BIIOMYNX HOPMATHBHHUX
akTiB 13 myOmiyHo-nipaBoBUMH pedopmamu Yy cdepi
YIpaBIiHHSA MallHOM JIepXKaBH; aBTOPH HAroJoIIyloTh Ha

CHUCTEMHOMY XapakTepi KOJi3ili MDK Trajgy3eBUMH
THCTPYKIISIMU Ta HOBUMH 3aKOHOJIaBUNMH
koHCTpyKmisMua  [11].  Amnamituuni  ormsau Doy
Jep)kaBHOro  MaiHa ~ Ykpainm  QikcyroTe, 10

BIIPOBA/DKCHHS €JIEKTPOHHMX ayKIiOHIB Ha IIaTGOpMi
Prozorro.Ilpomaxi CyTT€EBO MiABHIMIIO  IPO30PICTH
OpPEHJHMX BiTHOCHH, OJHAK BHUSBHJIO HETOTOBHICTH PSAIY
OaraHcoyTpuMyBauiB 10 poOOTH B HOBiH cuctemi [10].
[IpobGnemaTtnka pHHKY OIEpaTOpiB BaHTAXKHUX
IIepeBe3eHb 1 NMPaBOBI MEXaHI3MHU JIOCTYILY /10 BarOHHOTO
napKy 3Hainum BimoOpaxkeHHs B podorax M. B. Kopins,
SIKMH KOHCTATy€ NPsMYy 3aJIe)KHICTh MK pIBHEM IPaBOBOL
BU3HAYCHOCTI OPCHAHMX MpOLEAYp Ta IHBECTHULIHHOIO
aKTHBHICTIO TIpuBaTHUX omeparopiB [18]. Ilpaxrtnuni
acIeKTH OpraHizamlii eJeKTPOHHHMX TOPriB 3 OpeHAn
Jlep)kaBHOrO ~ MaifHa  BHCBITJIEHI y  BWJAAHHSAX,
MPUCBSYCHUX HOBIA Moxeni opermu [8, 9, 12], ne
JIETAIBHO PO3IIISIHYTO aJITOPUTM POOOTH 3 TIAT(HOPMOIO
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73

IKC3T, 2026 Ne2




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

Prozorro.Ilpomaxi 1 THWNOBI TMOMWJIKM OpraHi3aTopiB
aykmioHiB. PazoM 13 THM y Ha3BaHMX JpKepenax
MIPAaKTHYHO HE PO3MIANAIOTH CrenudiuHi 0cobIMBOCTI
NepeiaBaHHsl B OPEHAY 3aJi3HWYHOTO PYXOMOTO CKIay
— BaroHis, Imo mnepedyBatoTh Ha Oamanci AT
«YKp3aJi3HMIS», 1 HE  NPONOHYIOTH  MEXaHI3M
immuemenranii HopMm Ilopsaxky Ne 483 'y Bimomuy
HOpPMaTHBHY 0a3y 3aJi3HUYHOTO TPAHCIOPTY.

OxpeMmi acreKkTH OpEeHAM PYXOMOIo CKJIaay B
yMOBax BOEHHOTO CTaHy 4YacTKOBO BHCBITJIEHI B
odiniitanx mosinomienusx Kabinery MinictpiB Ykpaian
Ta aHANTITHYHUX MaTepiajax eJIeKTPOHHUX MalIaHdHKiB
[16, 17], mpoTe cuCTEMHOTO HAYKOBOTO aHAII3Y alamnTarlii
rajy3eBUX HOPMAaTHBHUX aKTiB JIO BHMOI' IHOCTaHOBH
KMY Ne 634 y nmx wmarepiasax He mogaHo. Otxe,
HEe3Ba)KaIOUM HA 3HAYHWI MacHB ITyOJIiKalliif mpo 3arajbHi
MEXaHi3MH OpeHOM JEPXKaBHOTO MaifHa, NHTaHHSA
KOMIUIEKCHOI MoJepHizawii Bigomuoi «lHCTpyKuii mpo
MOPSIIOK  Tlepesiadi  BaHTaKHUX BaroHiB B OPEHAY»
3aJIMIIAETHCS HEOCTAaTHRO JOCHIDKEHUM, IO 1 BU3HAYAE
aKTyaJIbHICTh 1i€l poOOTH Ta HEOOXIAHICTH BHUPOOJICHHS
KOHKPETHHUX IPONO3HUIIIH 11010 11 OHOBJICHHSI.

Mertoro CTaTTi € OOTpYHTYBaHHS i
(opMyJTIOBaHHSI OHOBJICHUX MOJOXKEHb U «IHCTPYKIil
PO TIOPSZOK Tepeniadi BaHTAXXHUX BaroHiB B OpPEHAY» 1
PO3pOOIEHHS npoekty  «[lopsaxky — mpoBemeHHA
CJIEKTPOHHUX TOPriB 3 OpEHAW PYXOMOTO CKIaIy»,
Y3rOJKEHHX 13 YUHHUM 3aKOHOJIaBCTBOM Y KpaiHH.

JUii  JOCSATHEHHS METH  BHpILIYIOTH  Taki
3aBIaHHs: MPOAHAII3yBaTH OCHOBHI HOPMAaTWBHI aKTH y
cepi opeHH IepKABHOTO MaifHa B KOHTEKCTI PyXOMOTO
CKJIaJly 3aJi3HHUIb;, TMOPIBHATH 1 NMpOAHATI3yBaTH YUHHY
[HCTpYKIitO; BUSIBUTH OCHOBHI TPYIH HEBIIIOBIIHOCTEH;

3alpPOTMIOHYBATH OHOBJICHI TIOJNIOXKCHHA 1 TaTy3eBUH
MTOPSIOK MIPOBEACHHS CJIEKTPOHHUX TOPT'B;
OOTpYHTYBaTH  IIOUWITBHICT iX  3aTBEPKCHHA 5K

BiJTOMYNX HOPMATUBHUX aKTiB.

OCHOBHA YaCTHHA JOCTIIKEeHHS

1. HopmaTuBHO-IpaBOBi 3acagu OpeHAHN
JAep:KaBHOI0 MaiiHa Ta IX 3aCTOCYBAaHHS 0 PyXOMOI0
ckaaay. 3akoH Ykpainm Ne 157-1X [1] xapaunamsHO
MIEPEOCMUCIIUB ~ APXITEKTYpY OpPEHIHHX BIJHOCHH Yy
myOsiuHoMy cektopi. [IpuHIMNOBMMHM HOBamisMH €
BBEIICHHS €IMHOTO KOJla OPEHAOMABIIB, IIEpEXil [0
BIIKPUTUX TIEPETiKiB O0O0'€KTIB OpPCHOU MOBOX THIIB 1
00O0B'SI3KOBE MPOBEJICHHS €JIEKTPOHHMX AYKIIOHIB Yepes3
aThopmy Prozorro.ITponaxi [14]. Haykosui

3a3HaYal0Th, MO IIi 3MIHM CYTTE€BO  IIiABHINMIN
KOHKYPEHTHICTb 1 MPO30picTh OpeHaHuX mpouexyp [11],
Xo4a iX IMITIEeMEHTAIlis B Tay3eBMX HOPMAaTHBHUX aKTax
3aJIMIIAETHCS] HEPIBHOMIPHOIO.

Mopsimox Ne 483 [2] neramizye anroputm
BKJIIOUCHHSI OO'€KTIB O TEpEeNiKiB, BHMOTH IIOJO
OTOJIOIICHb MPO AYKIIOH, MOPSIIOK peecTpalii yIacHUKIB
i (opMyBaHHS TIPOTOKOJIB 3a pe3yJibTaTaMH TOPTiB.
Anamitnyri  martepiamm @MY cBimuars, 110
CTaHAAPTH3Allil IMX MPOUEAYP IIOMITHO CKOpOTHIIA
KIJIBKICTh OCKap>keHb pe3ynbTartis [10].

Meroauka pO3paxyHKy OpEHIHOI IUIaTH 3a
JIlepKaBHE MaifHO, 3aTBEpJpKeHa MmocTtaHoBor0 KMYVY Bix
28.04.2021 p. Ne 630 [3], BcraHOBIIOE 0a30Bi CTaBKH,
NOPAIOK iHjeKcallii Ta KoperyBaibHi Koedimientu. [i
3aCTOCYBaHHS € OOOB'S3KOBMM JUIi  BH3HAUCHHS
CTapTOBOT'O PO3Mipy OPEHHOI IUTATH B OTOJIOMIEHHSX IIPO
ayKIioH, MO OE3MOCepeIHhO CTOCYETHCS JIOTIB 13
BaroHamu AT «YKp3ai3HUILI.

B ymoBax BoeHHOro crany mocraHoBa KMV Ne
634 [4] 3ampoBasmiia CIpPOILIEHI NPOLEIYPH: YKIIaJaHHs

JIOTOBOPIB HAa KOPOTIIMI CTPOK, BiATEpMiHyBaHHS
OKpEeMHX 3axOhiB 1 0coOnuMBUII pexuM pobdoTn
CJIEKTPOHHOI ~ TOproBoi  cucreMu. Lli  TONOXEHHS

moTpeOyIOTh IHTETpamii 0 TaTy3eBUX HOPMATHBHUX
JIOKYMEHTIB 3aJIi3HHYHOTO TPAHCIIOPTY.

Pyxommii ckman 3amizHUOG  (QYHKIIOHYE B
cnenudigHOMY TEXHIKO-TIpaBoBoMy cepenoBuiui. CtaryT
3amizHulp Ykpainu [6] i [IpaBuna mepeBe3cHb BaHTaXiB
[7] permameHTyIOTh peXXHUM EKCIUTyaTallii BaroHiB, YMOBHU
iX mepemaBaHHS MDK BIIACHHKAMHM Ta BHMOTH IIOJIO
TEXHIYHOTO cTaHy. Binrak wmozepnizamnito IHcTpykmii
MOTpiOHO  3MiiCHIOBAaTH 3  YpaxyBaHHSAM  yChOTO
HOpPMaTHBHOrO MacuBy — Bix 3akony Ne 157-IX i
Mopsinxy Ne 483 no Mertomuku Ne 630 i cnemiaabHHX
HOPM BO€EHHOTO 4acy.

2. Anajui3 uymHHOI IHCTpykmii mpo mopsaok
nepeJaBaHHsl BaHTA’KHUX BaroHiB B OpPeHAY.
«IHCTPYKIis PO MOPSIIOK Nepeiadi BaHTA)KHUX BaroHiB B
OpeHIy», 3aTBep/pkeHa Haka3zoM Ne 151 y pemakuii 2013
p- [5], Oyma cdopmoBana 3a mii TOIEPETHHOTO
3akoHO/MaBCTBA. [lopiBHsUIIBHUMI aHami3 1 MOJOXEHb 13
BuMmoramu 3akonHy Ne 157-IX i Ilopsaky Ne 483 nae
3MOTY BHOKPEMHUTH II'SITh I'PYIl HEBIINOBiAHOCTEH (pHC.

).
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Cyb'ekTn Mpouenypa MeToauka BiocyTHicTb CucTemHi
OpeHaHnxX Binbopy po3paxyHKy HOpPM Npo HeaoNiKn
BIAHOCUH opeHAaaps OopeHAHOI BOEHHWI CTaH

nnaTtu

Puc. 1. Po3nozin BusiBIeHUX HEBiANMOBiAHOCTEH YNHHOI [HCTPYKIii BUMOTraM OHOBJICHOTO 3aKOHO/JAaBCTBA (CKIIAICHO
aBTOpaMH)

2.1. Cy0'exTn openaHux BigHocuH. Y m. 1.3
[HCTpYKIii BU3HAYEHO OPEHAONABISIMH «3aJII3HHII Ta
MAIPUEMCTBA 3ATI3HUYHOTO TPAHCIIOPTY 3arajbHOTO
KOPUCTYBaHHSI 32 TOTO/UKEHHSIM 3 YKp3aIi3HHUIICIO».
Taxuii migxin cynepeunTs NONoKeHHsM 3akony Ne 157-
IX, 3a sxumu opengonaBueM € MOHJ Iep>KaBHOIO MaiHa
VYkpainu abo yIOBHOBaXCHUH OpraH, a IiJIpHEMCTBO —
Ile BHKIIOYHO OamaHcoytpumyBad [1]. B ymoBax
koprnopatmzanii AT «YKp3ami3HUIS» 1Ie PO3MEXYBaHHS
HaOyBae NMPHUHIMIIOBOTO 3HAYCHHS /ISl BU3HAUCHHS 1IPaB 1
000B'SI3KIB CTOPIH JJOTOBOPY.

2.2. llpouexypa BindGopy openaaps. Y posm. 11
[HeTpykuii nmependadeHo posrnsHyTH 3asBu TapudHOIO
KOMICI€I0 Ta BHYTPIIIHIA «KOHKYPC Ha MPABO OPEHIM.
Taxuii MexaHi3M IpsIMO CyTiepednTh BUMoraMm 3akony No
157-IX i Tlopsaky Ne 483, ski BCTaHOBIIOIOTH
CJIEKTPOHHMH aykiioH y cucteMi Prozorro.Ilponaxi
OCHOBHHUM c1oco0oM Bibopy opennaps [2, 14]. Bunanns
aHAJITUKIB PUHKY HAroJIoUlye, MO BiZIOMYi KOHKYPCHI
KOMICiT MOJKyTh BUKOHYBATH JIMIIIEC TOpaxdy pois [8§, 9].

2.3. ®inancoBi momoxenns. Y m. 3.1
IHcrpykmii  3pobieHo  mocwiaHHs Ha  MeTOIUKY
PO3paxyHKy OpPEHJHOI IIaTH, 3aTBEPPKEHY IIOCTaHOBOIO
KMY Ne 786 Bixm 04.10.1995 p., siKy 3aMiHEHO HOBOIO
Metomukoro Ne 630 [3]. 3acrocyBaHHS CKacOBaHOTO
HOPMAaTHBHOTO aKTa JJIsl PO3PaxXyHKYy OPEHIHOI IUIaTh
MOX€ IPHU3BECTH 0 HEBIJIOBIZIHOCTI YMOB JOTOBOpIB
YMHHOMY 3aKOHO/ABCTBY Ta NPETEH3iil KOHTPOJIIOIOYMX
OpTraHiB.

2.4. BincyTHicTb HOPM NP0 BOEHHMIl CTaH.
UuaHa [HCTpYKIist HE MICTHTH XOAHHUX IOJOXEHb IPO
OpeHJy B YMOBaX BO€HHOTO CTaHy, IIOIpH T€ IO B
noctanoBi Ne 634 [4] 3anpoBakeHO creniaIbHI PeKUMU:
CHPOLIEHHS TPOLENyp, MOXIMBICTh TEPErJIsiLy CTPOKIB
Ta yMOB JOTOBOpiB Tomio. BixcyTHicTe ramyseBoi
KOHKpeTH3allii yCKIIaJHIOE MMPAKTUYHE 3aCTOCYBAHHS LIUX
HOpM Y mist1bHOCTI AT «YKp3ami3HUIID».

2.5. Cucremni Hemogiku. Jlo cucTeMHHUX
HENOJIKIB HaJeXkaTh 3MilIyBaHHS IOHSATh «OPEHIHA
IUIaTa» 1 «IIpoBi3HA IUIaTay, M0 MOXE IMPHU3BOIUTH [0
MiAMIHM ~ OpPEeHAHUX  3000B'S3aHb  TPAHCIIOPTHUMH;
JKOPCTKA peTJIaMEeHTaIlisl CKJIaay IMiANKACAHTIB aKTiB
npuiiMaHHsS-TiepeaBaHHst 0e3 BiJCWIAHHS /IO YMOB
KOHKPETHOTO JIOTOBODY; HEUITKUH postoin
BIJIOBIJAJIGHOCTI 332 PEMOHTH 0€3 y3TO/KCHHA 3
tunoBuMu popmamu GIMY [10, 12].

3. 3anpononoBani 3miHm g0 IHcTpykmii:
OHOBJIEHI ToOJO:KeHHs. Ha TincTaBi MpoBeAEHOTO
aHaJIi3y oOIpyHTOBAaHO MOTPEOy Y BHECEHHI KOMITJIEKCHUX
3MiH 3a I'sIThMa HarpsMamH.

[o-nepmie, y po3mini «3araibHi IOJOXKEHHSD
HEOOXiTHO YTOYHHTH CYO'€KTHHMH CKJIaJI: OpEHIONABIEM
JUTSL BarOHIB JEp)KaBHOI BIACHOCTI MOTPIOHO BH3HAYHUTH
®JIMYVY abo inmmii opran BiAmoBigHO 10 3akony Ne 157-
IX [1], a AT «VYKp3ami3HHUI» 3aKpilUTH B PO
OayaHCOyTpMMyBaua; BOJHOYAC 3aMiHUTH IMTOCHJIAHHS Ha
3acTapijii HOpMATHBHI aKTH BiACWIAHHAMH 10 3aKoHy Ne
157-IX, Mopsaxy Ne 483, Meromuku Ne 630 i [ToctanoBH
Ne 634.

[o-mpyre, po3mial TPO TOPSNOK YKIIAJICHHS
JIOTOBOPIB MOTPiOHO TpaHCHOpMyBaTH Tak, 1100 TapnpHa
KOMicisl BHUKOHYB&JIa BHKIIIOYHO Jopaady (YHKIIIO, a
OCHOBHHM CIOCOOOM TIIepeAaBaHHs BaroHiB B OPEHIY
CTaB €JIEKTPOHHWH ayKIioH y cucremi Prozorro.Ilpomaxi
BimnoBigHO 10 [Topsiaky Ne 483 [2, 15].

[To-Tpere, TONOXEHHS TIPO OpEHAHY IUIATY
HEOOXiTHO TPUBECTH y BIAMOBIMHICTH M0 Metoauku Ne
630 [3], BCTaHOBMBIIM, IIO pPO3MIp OPEHAHOI IUIATH
BU3HAUCHO JOTOBOPOM OPEHIM Ha OCHOBI Hiel Meroaukn
Tta pos'ssicienp ®JIMY, a craproBa cTaBKa ayKLiOHY
PO3paxoBaHO 3TiHO 3 ii BUMOTaMH.

[lo-uerBepre, mo  IHcTpykmii  JOWiNBHO
BKIIIOYUTH  OKPEMHH MYHKT IIOAO  3aCTOCYBaHHS
oco0nMBOCTE OpeHAW B YMOBax BOEHHOTO CTaHy Ha
migcTaBi mocraHoBu Ne 634 [4], 30kpeMa CHpOLIEHHX
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MPOLEAYpP, MOXIIMBOCTEH  IEperisigy CTpPOKiB  Ta
0oOMe>KeHb JUI TIepelaBaHHsl CTPATEriyHuX 00'€KTIB.

[lo-m'ATe, cHCTEMHI TIOJIOKEHHS TPO AaKTH
npuiiMaHHs-TIepeJaBaHHsl, PO3MOALT BUTPAT HA PEMOHTH,
MapKyBaHHS BaroHIiB i BiAMOBITaIbHICTH CTOPIH MAlOTh
BIJICHJIaTH /10 YMOB JIOToBOpY 1 TunoBux (opm OIAMY,
YiTKO PO3MEXOBYBAaTH OPEHJHI Ta MEpeBi3Hi BiJHOCHHH,
OyTtH y3romkeHuMH i3 Hopmamu CraTyTy 3aii3HUb [6] 1
ITpaBun nepeBe3eHp BaHTaxXiB [7].

4. Ipoekr «Ilopsigky NPOBeJCHHSA
€JIeKTPOHHHUX TOPTiB 3 OPEHAN PYXOMOro cKJamgy». I3
MeTO0 Jeramizarii 3actocyBanHs I[lopsimky Ne 483 mo
cnenu@ik PyXoMOTO CKJIaay po3poOIeHO IPOEKT
raiy3eBoro «Ilopsaxy npoBeaeHHs eIeKTPOHHHUX TOPTiB 3
OPEHJU PYXOMOTo cKiaay». Llell TOKyMEeHT MOKJIMKaHUN
BUKOHATH  pOJIb  HOPMAaTMBHOIO  MICTKa  MiX
3aralbHOHAI[IOHATEHUM MexaHi3MoM Prozorro.Ilpomaxi i
TEXHIKO-eKCILTyaTallifHUMIA OCOOJIMBOCTSMH BaroHHOTO
mapky AT  «VYkp3amiauips», He  (opmyroun
aIbTepHATUBHOI ayKI[IOHHOT MOJIEJII.

VY po3nini «3aranpHi MOJOKEHHS» BCTAHOBIICHO,
mo Ilopsimok peryioe TpoBeAEHHS  EIEKTPOHHHUX
ayKIIOHIB 3 OpEHANW PYyXOMOro ckjianxy (TepeBakHO
BaHTa)XHUX BaroHiB) Ha Oamanci AT «Ykp3amizHHL;
TOPTM  TIPOBOAATH Yy  cucremi  Prozorro.llponmaxi
BimnoBigHO 10 3akony Ne 157-1X i IMopsoky Ne 483 [1,
2]; Ha TmepioJy BOEHHOTO CTaHy 3acTOCOBYIOTh
ocobmuBocTi, epeadadeni [TocranoBoro Ne 634 [4].

Po3gin mpo iHimiFOBaHHS Ta MiATOTOBKY [0
ayKIIOHY 3aKpiIUIIOE MOXKJIMBICTD 1HILIATHBH SIK 13 OOKY

YKnaneHHs
noroeopy

IHiLitoBaHHSA
Ta NigroToBkKa

BkntoyeHHs Ao
nepenikis @AMy

OanaHCOyTpHMyBaya, Tak i MOTEHLIHHOro opeHmaps, a
TaKOX 00O0B'SI3KOBICTh TEXHIKO-eKOHOMIYHOTO
OOIpyHTYBaHHSI JOWIJIBHOCTI II€pelaBaHHS pPYyXOMOTO
CKJIaZy B OpEHIy Ta IPOLEAYpPYy BKIIOYCHHS BaroHiB 10
niepenikiB 06'exTiB operau [16, 17].

Po3nin  «PopmyBaHHS ~J10Ta»  KOHKPETH3YE
CTPpYKTYpY iH(oOpMAIii B  OrOJONICHHI: TEXHIYHI
XapaKTEpPUCTUKM BaroHiB (TWUN, pIK BUTOTOBJICHHS,
TeXHIYHUN CTaH, HasIBHICTb ceptudikarti),
OanmaHCOyTpHMyBay, CTapTOBa OpEHJHA IUIaTa 3
BincunanasM 10 Meromuku Ne 630 [3], IpoeKT 1oroBopy
OpeHIM 3 Taly3eBHUMH JOJaTKaMH, OOMEKEeHHS I0JI0
BUIIB BaHTAXIB 1 MapIIPyTiB.

Po3nimm mpo ywacth 1 IIPOBENEHHS TOPTiB
BinTBOpIOIOTh BUMOTH [lopsinky Ne 483 i periamenrtiB
Prozorro.Ilponaxi [14] momo peectpamii y4acHHKIB,

BHECEHHS  TapaHTIHHMX  BHECKIB,  TPHPAyHIOBOTO
¢dopmMaty aykmioHy, GOpMyBaHHS HPOTOKOIY. Y po3zini
po  yKJIAJEHHS  JIOTOBOPY  mepenadadeHo  Horo
odopmiieHHS 3a THITOBOIO (popmoro DJIMY 3 ramyseBumu
JIOTIOBHEHHSIMH.

3akmouHi  po3mlM TIpO IIPOAOBXKEHHS
JIOTOBOPiB,  O€3ayKIIOHHYy OpEHAy, MOHITOPHHT 1

3BITHICTh BIJICHUIAIOTH JIO BINMOBIMHUX HOpM 3akoHy Ne
157-IX, Tlopsoxy Ne 483 i [TocranoBu Ne 634 [1, 2, 4],

KOHKPETU3YIOUM 1X JUIi OpEHIM BaroHiB. Po3mojin
TPYJAOMICTKOCTI OCHOBHHX €TamiB I[hOTO  IPOIECY
ITOKa3aHo Ha pHC. 2.
[MfpoBeneHHA
ayKUioHy
PeecTpauis
y4aCHUKIB

dopMyBaHHSA N10Ta
Ta OroJIoLeHHS

Puc. 2. Po3nozin TpyfOMiCTKOCTI €TamiB €J1eKTPOHHOTO ayKIIOHY 3 OPEHIM PyXOMOTO CKJIaay BifmosinHo 1o [lopsaxy
Ne 483 (ckianeHo aBTOopamu)

BucHoBkn.
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[IpoBenenuit aHaui3 MiATBEPIKYE, )1 (6)
«IHCTpYKIis PO MOPSIIOK Nepeiadi BaHTR)KHUX BaroHiB B
OpEHIY» CYTTEBO BiJICTAa€ BiJ Cy4acHOTO 3aKOHOJIABUYOTO
peryJIoBaHHS OpPEHAHMX BIIHOCHH: BOHa 30epirae
3acTapiii MexaHi3MH BiOOpy OpeHIapsl, TOCHIAETHCS HA
CKacoBaHI HOPMAaTHBHI aKTH, HE PO3MEXOBYE PO
OpEeHIOAABIl Ta OalaHCOyTpUMyBada, HE BPaxoBYe
ocobmmBoCcTi BOeHHOTO craHy. Llg cwuryamis renepye

pu3MKM  TpaBoBoi  HeBM3HaueHocti gt AT
«YKp3ai3HULD 1 11 KOHTPAreHTiB.

3ampornoHoBaHi OHOBJICHI TIOJIO>KEHHS
Incrpykmii  ta  mpoektr  «llopsnxky — mpoBeneHHs

CIICKTPOHHUX TOPTIB 3 OPCHIM PYXOMOTO CKIIAIy»
3a0e3rneuyroTh  CHCTEeMHY  IHTErpamiro BizoMuOi
HOpMaTuBHOI 0asu i3 3akoHoM Ne 157-1X, TTopsimxom Ne
483, Metomgukoro Ne 630 i IloctanoBoro Ne 634 [1-4].

Born maloth  3MOry  WiTKO  pO3MEXYBaTH PO
OpeHIOAABIl Ta  OalaHCOyTpUMyBaua;  3aKpillUTH
Prozorro.ITponmaxi K €IVHUI IHCTpyMEHT

KOHKYPEHTHOT'O BifOOpY OpeH/apiB; ypaxyBaTH Ialy3eBy
cnenudiky TEXHIYHOTO O0OCIyroByBaHHS 1 OOJIKY
BaroHHOTO TAapKy; aJanTyBaTH OPEHIHI HpPOLEAYypH 10
YMOB BOEHHOT'O T IIOBOEHHOTO BiTHOBJICHHS.

PesynbraTi 10CHiDKEHHS MalOTh TEOPETHYHE Ta
MIPAaKTHYHE 3HAYCHHSA. TEOpeTMYHO BOHH CHPUSIOTH
(hopMyBaHHIO METOHOJIOTIYHMX 3acaJl TapMOHi3amii
BIZIOMYHX aKTiB i3 IyOJiYHO-TIPaBOBUMH pedopMamMu y
cdepi ynmpaBniHHS JEpXKAaBHUM MaiHOM, a TPAKTUIHO
MOXyTb Oyrn Bukopuctani AT  «Ykp3amizHULID,
®onI0M Nep>kaBHOTO MaiiHa Ykpainu ta MiHicTepcTBOM
IHQpacTpyKTypu sl TiATOTOBKM HOBUX pelaKmii
HOPMAaTHBHUX JIOKYMEHTIB MO0 OPEHIH pPYyXOMOTO
CKIIamy.

[NepcriextiBu TIOJJATIBIIINX JIOCITIKCHB!
BUBYCHHS BIUIMBY IIPO30PHUX EJICKTPOHHUX MEXaHi3MiB
OpEHIM BaroHiB Ha PO3BHTOK PHHKY OIEpaTOpiB
BaHTa)XHUX IIEPEBE3EHb, OPIBHUILHO-TIPABOBHI aHAII3 13
MIPaKTHKOIO JiepkaB — uieHiB €C [11].
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The relevance of the study is determined by the continued
application of the Instructions on the procedure for
leasing freight wagons (Order of the Ministry of
Transport of Ukraine No. 151 as amended by Order of the
Ministry of Infrastructure No. 931 of 18.11.2013), which
were developed under the previous legislative framework
and have not been brought into conformity with the
Sfundamental reform of 2019-2020. Through a systematic
comparative legal analysis, five groups of inconsistencies
are identified between the Instructions and the
requirements of the Law of Ukraine «On the lease of state
and municipal propertyy No. 157-1X and the Procedure
for the lease of state and municipal property approved by
Cabinet of Ministers Resolution No. 483. The principal
conflicts established are: an incorrect definition of the
parties to lease relations (failure to distinguish between
the lessor and the balance-holder), an outdated internal
lessee selection mechanism that bypasses the mandatory
Prozorro.Sales electronic auction system, application of a
repealed rent calculation methodology (Resolution No.
786 of 1995 instead of the current Methodology No. 630
of 2021), the absence of provisions governing lease
arrangements under martial law conditions as required
by Cabinet Resolution No. 634 of 2022, and a number of
systemic terminological and procedural shortcomings.
Updated versions of the key clauses of the Instructions
are proposed, ensuring clear delineation of the roles of
the lessor (the State Property Fund of Ukraine) and the
balance-holder (JSC Ukrzaliznytsia), and integrating the
Prozorro.Sales platform as the primary competitive
selection tool. Additionally, a draft sectoral Procedure for
conducting electronic auctions for the lease of rolling
stock has been developed. This document serves as a
normative bridge between the national Prozorro.Sales
mechanism and the technical and operational specifics of
JSC Ukrzaliznytsia’s wagon fleet, detailing the stages of
lot  formation, auction announcement, participant
registration, the three-round bidding process, contract
conclusion, and performance monitoring. The expediency
of approving these documents as internal regulatory acts
of JSC Ukrzaliznytsia is substantiated, with a view to
enhancing legal certainty, improving the efficiency of
rolling stock utilisation, and adapting lease procedures to
both wartime and post-war recovery conditions.

Keywords: state property lease, freight wagons,
rolling stock, electronic auctions, Prozorro.Sales, JSC
Ukrzaliznytsia, regulatory framework, Procedure No.
483.
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VIK 656.21:519.872 DOI: https://doi.org/10.18664/ikszt.v31i2.362277

[Tpod. JOMOTBHKO /1. B.},

Jou. IBYUIIVH B. M.2,

nou. TPYHUK I. C.2,

acri. CEPI'E€EB B. C!,

aci. HECTEPEHKO O. O.!

'Vxpainchkuil nepKaBHUN YHIBEPCUTET 3ai3HMYHOTO TPAHCIIOPTY
’Harionanbuuil yHiBepceuteT «JIbBIiBChbKa MOMITEXHIKa

YaockoHaneHHs1 (PYHKIIOHYBaHHSI NPUKOPAOHHOIO 3aJi3HHYHOI0 BY3J1a 4Yepe3 CTOXACTHYHE
MO/ICJTIIOBAHHSA HA OCHOBI Mepesk nerpi

CrarTs mpHCBsSUYEHa JIOCHTI[DKEHHIO TEXHOJIOTIYHUX MPOLECIB NPHUKOPAOHHUX 3aJi3HWYHUX BY3JB B yMOBAax
repeiaBaHHsl BaHTaXiB MK komismMu 1520 1 1435 mM. Metoro poOoTH € po3poOJIeHHS KOMIUIEKCHOI CTOXaCTHYHOI
MoJieTli onTuMi3alii poOOTH TPHUKOPIOHHOI cTaHlii Juid ckopodeHHs cykymHux Butpar (TCO) i tpuBanocti
TEXHOJIOTIYHOTO IMKJLY 32 YMOB HEPIBHOMIPHOTO HA/IXO/KCHHS MOi3/IiB.

3aBraHHs BUPINIEHO i3 3acTOCYBaHHsAM amapary iepapxiyamx wmepex Ilerpi (HPN), mo pamo 3mory
JICKOMIIO3yBaTH CHCTEMYy Ha TPW PiBHI: BYy3/a, AeTalli3amii TEXHOJOTIYHMX MiIMEpex (3aMiHa XoJoBUX Bi3kiB L1,
NepeBaHTaXKeHHs1 BaHTaxiB L2) Ta ympaBmiHHS pecypcamu. CToxacTHUHa CKJIQJIOBa IPOLECIB ypaxoBaHa depe3
3aTpUMKH 3a 3akoHamu Epranra ta HopMansHOTO po3noziny. EkoHomiuHa koMoHeHTa rpyHToBaHa Ha kputepii TCO 3
ypaxyBaHHSM KalliTAIFHUX 1 ONepaliiHiX BUTpAT.

[ToOynoBaHoO KOMIUIEKCHY i€papxiuHy MOAeib, BepudikoBaHy Ha JaHuX cTaHmii Moctuceka-Il i3 moxubkoro
10 4,2 %. IlpoBeneHo MOPIBHIBHUMA aHali3 TPHOX NMPHUKOPAOHHUX HANpsSMKiB: Mojbchbkoro (Meanka/MocTHChKa),
yropcbkoro (3axons/Yom) i cinoBaupkoro (Lliepuna/Uiepna-nan-Tucoy). BeranoBiieHo, 1m0 KpUTHYHE «BY3bKE Micue»
JUISL TIOJILCBKOTO TIEPEX0y — MUTHI nocTu (4yTmBicTs 0,68); ai1st yropchKOro — 0JHOYAaCHO MUTHHIS Ta JOMKpaTHI
criina (0,61/0,52); amst coBabKOro — BHKIIIOYHO JOMKpaTHE rocrionapcetso (0,57). 3acrocyBaHHS METOAY ia€asibHOT
ToukH jgano 3mory 3Hm3uTH TCO Ha 16-19 %. HaykoBa HOBHM3HA moisrae y BIIOCKOHAJIEHHI MaTEeMaTHYHOTO OIHUCY
B3a€MO/Iii TEXHIYHUX 3ac00iB By3/a yepe3 IHTErpalilo eKOHOMIUYHHUX MMOKAa3HUKIB O€3M0CEepPEeHb0 y CTPYKTYPY Mepexi
[eTpi.

Knrouosi cnosa: 3aniznuunuil npuxopOOHHULL 8Y301, iepapxiuni mepexci Ilempi, cmoxacmuuna onmumizayis,
cykynna sapmicmse 8on00inHA (TCO), nepesanka 6aHmMaicie, 3aMIHA 3ANI3HUYHUX BI3KI6, MYIbMUMOOATbHI NEPese3eHH s,
JO2ICMUYHUTL AAHYI02, 3ANI3HUYHUTI MPAHCHOP.

MIPU3BOJUTE JI0 HEOOIPYHTOBAHOTO 3POCTaHHS CYKYITHHX

Beryn

Junamiuaa nepeOy/oBa JIOTICTUYHUX MapLIpyTiB
VYkpainm B Tmporeci €BpoiHTerpamii Ta TPHBAJIOTO
BOEHHOTO CTaHy CYyTTEBO BIUIMBAE Ha 3aBaHTAKCHHS
MIPUKOPIOHHUX 3aJli3HUYHHUX NepexomiB. BiTumsnsaHI
BUPOOHMYO-TPaHCIOPTHI JoricTHyHi JsaHmorn (BTJLT)
CTHKAIOThCA 3 TEXHIYHHM 0Oap'epoM, 3yMOBIICHHM
pi3HMIICI0 CTaHAapTiB ImWpuHM Komi — 1520 MM
(mpocrtip ¥3) i 1435 mm (mpoctip €C), mo HepeTBOPrOE
NIPUKOP/IOHHI ~ CTaHWii Ha «BY3bKI Micusa»  yciei
TpaHcriopTHOi cuctemu [1]. YV KOHTEKCTI IiIo0aIbHUX
JIOTICTUYHMX JIAHIIOTIB MYJITUMOJAJIbHI TIePEBE3CHHS
3aliMarOTh MPOBITHI MO3UIIi1, A¢ HAMIWHICTh JOCTABICHHSI
B OCHOBHOMY BH3HaueHa Oe3nepeOiiiHICTIO BY3JIOBUX
omepaniii. [Ipore came B MICISIX CTHKY pI3HHX BHJIB
TPaHCIIOPTY — TOpPTax, TEPMiHAJIBHUX KOMIUIEKCaX 1
MDKIEpP)KaBHUX TE€PEeX0/laX — CKOHIIEHTPOBaHI OCHOBHI
omepaniiini pusuku [2]. Po3paxyHkoBi MeroaM, IO
0a3oBaHI Ha JeTEpPMiHOBaHIH OCHOBi, HE CIIPOMOXKHI
KOPEKTHO BpaxyBaTH HEPIBHOMIPHICTb HAIXOPKCHHS
0i3/1iB, BapiaTHBHICTD TPUBAJIOCTI MUTHUX HpOLERyp Ta
0CO0JIMBOCTI TEXHOJIOTIT IEPETHHY KOPAOHY, 110

Burpar (Total Cost of Ownership, TCO) mporsrom
YCBHOTO JKATTEBOTO IIUKITY.

AHaJi3 nonepeaHix HAyKOBMX HANIPALIOBaHb

[MutanHs pO3pOOJEHHS TEXHOJIOTIYHMX MOEIeh
3aTI3HMYHUX TPUKOPAOHHUX IIE€PEXOJiB MOPYIICHO B
poborax [3-5]. Kmacnuni migxomu IpyHTOBaHI Ha
QHAITHYHUX PO3PAXyHKOBHX (OPMYJax, sSKi 3a70BUIEHO
MIPaIIOIOTh B YMOBax CTAOUIBHUX IOTOKIB, OJHAK JIAIOTh
CYTT€BI BIIXWJICHHS 32 YMOB HepiBHOMipHOTO Tpadika. ¥
Jokepeni [6] omucaHO IMITamiiiHy MOJENb 3alli3HUYHOT
CTaHIil pa3oM i3 TpPOrpaMHUM 3a0e3MeUYeHHSIM UL
BU3HAUCHHS 11 TEXHIKO-EKCIUTyaTaliifHUX MMOKa3HUKIB.

Y pobGoti [7] pO3MIAHYTO NUISXH ITiBUIICHHSI
e(eKTUBHOCTI IPOLEAYpH IepeaBaHHs BaHTAXIB depe3
KOpZOHH Yxpainu. 3anpornoHoBaHO METOn
YIOCKOHAJIEHHSI TEXHOJOTIH MHTHOTO KOHTPOJIIO Ta
opOpMIICHHS BaHTaXiB, SIK1 BUKOHYIOTh Ha
MIPUKOPIOHHUX MEePEAABANBHIX CTaHIIIsX.

VY crarti [8] 3ampoOHOBAaHO MOJIENH 3MIIIAHOTO
NpOrpaMyBaHHS 3  JBOKOHTYPHUM  T'C€HETHYHHM
ITOPUTMOM ULt TUTaHYBaHHS LIBHJKICHOTO
KOHTEHHEPHOTO CITOJY4YEHHS B YMOBaX IHTEpPMOJAIbHUX

© JIOMOTBKO . B., VIBYUIIHWH B. M., TPYHHUK 1. C., CEPT'€€EB B. C, HECTEPEHKO O. O., 2026
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NepeBe3eHb 13 3aCTOCYBaHHSIM INPHHIMIIB poOacTHOI
onTHMI3aIllii. JocmimkeHas [9] MIPUCBSYEHO
3aCTOCYBaHHIO amapaTty mepex llerpi ams MonenoBaHHS
TEXHOJIOTIYHUX JIiHIH 0OpOOKM Maca’kMpChbKHUX MOI3IIB B
VYxkpaini.

VY naykoBux myOmikamisx [10-12] oOrpyHTOBaHO
JIOLUTBHICTh 3aCTOCYBaHHS KOJILOPOBUX Ta l€papXidHHX
Mmepex Ilerpi (CPN) mist ¢popManbHOTO OMHCY CKIIQJHUX

JOTIYHUX  B3aEMO3AJICKHOCTEH y  OaraTopiBHEBHX,
30KpeMa  3ali3HWYHHX, CcucTeMax. Pobory  [13]
MIPUCBSIYCHO  MOJIENIIOBAHHIO  3aJi3HMYHOTO  00'€KTa

3acobaMu Mepex [leTpi 3 AeMOHCTpaLi€0 MOXIIMBOCTEH
pO3LIMPEHOr0  aHaji3y  pe3yibTaTiB y  raimysi
TPAHCIIOPTHOI JIOTICTHKH. Y AoCHipkeHHi [14] mpobnemy
Mepepo3noiuly ~ 3ali3HUYHOTO  pyXy B yMOBax
Ha/3BUYAHHMUX CcHUTyauii (opMalli3oBaHO y BHIVISAL
Mepexi [etpi; y poboTi [15] mpoaHanmizoBaHO HAMIHHICTH
1 IOCTYTHICTH 3alII3HUYHUX cucTeM 3acobamu CPN.
[IpoBenenunit anani3 CBiAYUTH PO BIACYTHICTH

crnenudiky 3aJi3HUYHAX IMPUKOPAOHHUX BY3JIB DPI3HUX
HAaIPSIMKIB.

MeTta Ta 3aBIaHHA AOCTiTKEHHS

Meror0o  IOCH/DKEHHS €  YJOCKOHAJICHHS
(YHKIIIOHYBaHHSI TIPUKOPAOHHOTO 3aJi3HWYHOIO BY3JIa
gepe3 po3poOIICHHS KOMIUIEKCHOI CTOXACTHYHOI MOJENTL
ONITHMI3allil TEXHOJOTIYHUX TPOILIECIB HA OCHOBI amapary
iepapxiuanx mepex Ilerpi, ¢opmanizamis TexHomorii y
BUTJISIII OPIEHTOBAHOTO i€papxivHoro rpada, Bepudikamis
OTPUMaHHX PE3yJbTATIB i MOOYI0Ba MPOTOTHITY CHCTEMHU
miarpuMky  yxBaneHHs — pimens  (CIIIIP) s
OTIEPAaTHBHOTO TEPCOHATY 3aTI3HUYHUX TIEPEXO/IiB.

OcHoBHA YacTHHA

Ha cyuacHi oOCSrMm BaHTaXHHX IIEpEBE3CHb
3aJTI3HNYHUM TPAaHCIIOPTOM BIUIMBAE KOMIUIEKC YMHHUKIB!
HasIBHICTH ~ JIOTICTUYHOI  iHQPACTPYKTYpH,  PEXHUM
BOEHHOTO CTaHy, OCOOJHMBOCTI TEXHOJIOTiI poboTn
MIPUKOPIOHHUX TIepexoaiB Tomo. HaliMeHm 4gyTimBUMHA
JI0 SKOCTI 1H(PACTPYKTYpHU NPUKOPIOHHHX BY3JIB €

KOMIUTEKCHOT'O  IHCTPYMEHTY, SKHA OH TIO€IHYBaB . .
. . . . KOHTeHHepHi nepese3enns (puc. 1, [16]).
nepeBarn  iepapxiyanx ~ wMmepexx [letpi CPN i3
MOBHOIIIHHOIO onTuMizamiero TCO 1 apanramiero 0
120000 280 300
5
100000 250
x =
a =
S 80000 200
=
& 62987 =
& 151 2
X 60000 | 150 &
g é °
I ‘46 411 =
g rere 3989801 §§@73 43046 S
sl
gf 40000 3368 3676733104 100 3
@ 2463 2630 2742 24157 &
N J J ] I
0 ‘ ‘
2017 2018 2019 2020 2021 2022 2023 2024 2025
N COHALUHWKOBUN WPOT N DOC/IMHHA 0Nif B8 3epHOBI

XiMikaTu

N YOPHI MeTanu

e 3araibHU 06car, Tuc. TEU

Puc. 1. Junamixa eaumadsicuux nepeseseHsb 3a1i3HUYHUM MPAHCROPMOM 3a eudamu eanmadicie, TEU

OO'ekr  MopmenioBaHHS  —  IIe  THIOBHH
TIPUKOPIOHHUN 3TI3HUYHUI BY30J1, CEPLIEBHHOIO SKOTO €
CTaHIIis, IO 3JiMCHIOE MEpEeMIlIeHHs] BaroHIB 1 BAaHTaXIB
3a HasBHOCTI Kojii pizHoi mupunan (1520/1435 mm) i 3
BUKOHAHHSIM MWTHHX Tipouenyp. Buokpemieno taxi
OCHOBHI TEXHOJIOT14YHI BY3JIH:

e jomkparHa JiHis L1 (Bysom J): minifimanus
BaroHiB JIOMKpaTaMu 3 IOJAJIBIIOI0 3aMiHOIO Bi3KiB —
3aCTOCOBYIOTH IIEPEBaYKHO JUISI MACOBUX BaHTAXIB;

e kpanoBa JiHis L2 (By3on K): nmepeBaHTaxeHHA
BaHTaXiB KpaHaMH — ISl KOHTEHHEpIB 1 MaKeTOBAHUX
BaHTAaXIB IiIBUIIICHOT BAPTOCTI;

® JIOKOMOTHBHE 00CIyroByBaHHS (By3om L):
BUKOHAHHS MAaHEBPOBHX OIEpalliii i3 MojaBaHHA Ta
IPUONPaHHS PyXOMOTO CKIIaJY;

e wmuTHe oopmieHHS (By3onm M): mpoBeaeHHS
JIOKYMEHTAJIBHOTO Ta (hi3MYHOTO KOHTPOJIIO BAHTAXKIB.

KompopoBi iepapxiuni  mepexi Ilerpi (CPN)
SIBIISIFOTH coboro TIOTYXHUH MaTeMaTHIHUH
IHCTpyMeHTapil JUIst MO/ICITIFOBaHHS CKJIaJIHUX
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TapaJieNIbHUX CHCTEM 13 PECYpCHHMH OOMEXEHHSIMH [2].
BxinHi mapameTpu Mozielli OMCaHO KOPTEXKEM

I={A,R,E, O},
)

SIKUH OXOILTIOE:
® [apaMeTpy CTOXaCTHYHOTO TIOTOKY (@):

o — IHTEHCHBHICTH TNPHOYTTS TOI3MiB
(moi3n/ron), 110 BpaxoBye 10OOBY HEPIBHOMIPHICTD;
o |CV,,CV§ —  xoebimienTn  Bapiamii

iHTEepBaNiB MPUOYTTS 1 Yacy 0OCIyroByBaHHs (TIOKa3HUKU

HEPUTMIYHOCTI);
o — JIOBXHMHa cocTaBa (KUIBbKICTh

BaroHiB), WIO
orepartii;
o — KOe(]Iimi€HT o3IOy IMOTOKY: YacTKa

BHU3Ha4Yae TpI/IBaJ'IiCTL MaHCBPOBUX

MOi3/1iB, IO CHPSIMOBYIOTh HAa KPaHOBE IEPEBAHTAKCHHS
(TexHosorivyna JiHis L2), BITHOCHO IepecTaHOBKHU Bi3KiB
(TexHonoriyna niHist L1);

® pecypcHi mapamerpu (@):
o — KUTBKICTh TOCTiB/OpHTa]] MUTHOTO
orJIsIAY;

o —
JIOKOMOTHBIB Y IIyJIi (Z€110) CTaHIil;
o) — KUIBKICTh TEXHOJIOTIUHMX CTIHII Ha

NITBHMIN 3aMiHM Bi3KiB;

KiJIBKIiCTh MaHEBPOBHX

o — KIJIBKICTh TPaNIOIOYNX KPAaHOBHX
OJIMHHIIb;

e CGKOHOMIYHI Ta YacoBi mapameTpu (:

o Ceapexs Copex] — KamitanpHi Ta omepaniiini

(excruryaTariifHi) BUTpaTH Ha OJUHUINIO TCXHIKM;
0 (Cpen| — BapTICTL OHIEI BarOHO-rOAMHH

npocroto (Penalty cost);

0 [Thorm/ — HOpMaTHBHUIT yac 0OpoOKH 1MOi3/1a

3TiHO 3 TEXHOJIOTIYHUM IIPOIICCOM.
MaremaTtnyna  OCHOBa
koprexeM [17]:

Moeln oInMcaHa

HCPN=(P,T,A,%,V,C,G,E, ),
@

ne P (mo3uii) — craHn HaKOIMYEHHS;

T (mepexoan) — TEXHOJIOTIYHI OIlepartii;

A (yrn) — JOT14HI 3aJI€XKHOCTI;

2 (KOIbOPH ) — THUIN TaHUX MapKepiB;

G (YMOBH-OXOpOHIl) — JIOTiYHI
aKTHBAIIi1 IEPEXO/IiB;

E (Bupasu ayr) — 3a0e3neuyioTh MapIIpyTH3aLi€0
3 KoeilieHTOM @, HaNpHKIaJ, SKII0 BaHTaXK BH3HAYEHO
SK KOHTEHHEpHHWH, BHpa3 IyI'W CIPSIMOBYE MapKep [0
Yepry O TEXHOJIOTYHO] Jinii L2 .

00OMEKEHHS

IanuBinyanpHUN Yac OYiKyBaHHS JJIS KOXHOTO @—
ro Mapkepa (1oizza) , 10 TIPOXOTUTH Yepe3 TIO3HUIIIF0

V € {Customs, Shunting, L1, LZ}{,

4epru

¢bixcoBaHuii:

ink,j

Tout,k,'
Wq,k,j = fT 71 dt = Tout,k,j -

ink,j
3)

ne  [[jn| — MiTKa yacy BXOIKCHHS B Yepry;

Ty — MiTKa "acy akTuBalii 06CITyroByBaHHSI.
Toni iHTerpangpHa OLIHKA 3aBAaHTAKEHHS MOXKE
OyTn peaii3oBaHa SK CyMapHUH dYac OYIKyBaHHI B
cucreMi, o (HopMye HENIPOAYKTHBHI (IITpadHi) BUTpATH,
PO3paxoBYIOTh K HAKONMHWYEHY TPHUBATICTh IOBXHHH
yepru

Weotar(t) = X7 [, Li(t) dt
4)

ze — KUIBKICTh MapKepiB y ITO3HMii y

MomeHT [t|. Lledi miaxinm momomara€ BHUSBUTH «ITIKOBi»

MepioJ, KOJNIM 4Yepra 3pocTae€ EKCHOHEHIIaJIbHO depe3
30Ir BUIIAJKOBUX YMHHUKIB.

BararokpurepiallbHy ONTHUMI3aLil0 TPOBOAATE LIS
BeKTOpa X METOJIOM i/1ealTbHOT TOUKH

P( = {Ncusr Niocos Njk, Ncr, a}(,

(6]
Onrumizanis 31ilicHIOBaHa B cucreMmi
€KOHOMIYHOTO 1 TEXHOJOTIYHOTO KpHTEPIiB.

ExoHoMiuHMII KpuTepi mMOB’s3aHMK 13 MiHIMI3ali€lo
3arajJbHUX MPUBEICHUX BUTpAT )uTTeBOro ukiy (TCO)

Fi1(X) = Zi(ccapexi T+ Copexi) + (Cpen '
Wtotal(X)) - min

(6)

TexHosoriunnii  Kputepii — 1e MiHiMi3amis

cepenaporo gacy ooiry (Cycle Time)

1 .
I (X) = Ezlk(=1 Tcycle,k - mn.

()

KommpomicHe pimenHss X* 3HaXoJsTh METOJIOM
iJIeaJIbHOT TOUKH Yepe3 HOPMOBAHY €BKIIIJIOBY BiJICTaHb:

PX)= |wy (M)z +w, (M)Z

Fmax_pmin Fjnax_pmin

®)

VYkpynnennit tpad iepapxiunoi CPN-monemni
MIPUKOPIOHHOTO 3aJII3HMYHOTO By3Jla HAaBEJICHO Ha pHC. 2.
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P_gﬁswm;Res

’ \‘

’ \

’ \
\

P_Reception
(Napk npuitomy)

P_Customs_Queue
(Yepra)

P_Customs_Proc
(MutHUuR)

P_Ready
(FoToeo)

P_Loco_Pool
(TokomoTnex)

JlereHpa

O |—|O3HL[iﬂ — CTaH CUCTEMH

Mo3uyia nigmepesxi
PecypcHa no3uyia
® Mapkep (TOKEH)
Mepexia 3 4acom
MWUTTEBUK Nepexia

CToxacTU4YHUK Nepexig

—p 3BMYalHAa ayra
---4 PecypcHa gyra

L1 — gomkpaTtHa nikiAa (3aMiHa Bizkie)

L2 — kpaHoBa niHiA (KOHTelHepK)

Puc. 2. Vkpynnenuii epagh iepapxiunoi Konvopogoi
mepedci  Tlempi  npukopOOHHO20  3ANI3HUYHO20 8Y31d
(6epxHiiil pisenb iepapxii)

P
(B,

P_Done_L2
(Bux. L2)

P_L2_Process
[Niamepexa L

P_Crane_Res

Bepxuniii piBenp iepapxii CPN oxomiroe Taxi
no3utii: P Reception (ITapk npuiimMaHHS) — mo4aTKoBa
TOYKa BXOony moi3miB y cucremy; P_Customs Queue
(Uepra Ha MWTHHIIO) — HAKONMYEHHs IOi3/1iB mepen
mutHUM ornsigoM; P Customs Process (MutHuit orisn)
— TIpoLec IMPOXOPKEHHS MUTHOro KoHTpoiro; P Ready
(T'oToBo 110 0OpPOOKM) — MOI3AM MiCIIA MUTHUIIL, TOTOBI 10
MmapmpyTuzanii; P Wait L1 (Yepra na L1) — moizau, mo
OUiKyIoTh 00pOOKy Ha noMKpaTHid umiHii; P Wait L2
(Uepra nma L2) — moi3mm, mo odikyoTh 0OpoOKy Ha
kpanoBiii ninii; P_L1 Process (JomkparHa iiHis) —
[mimmepexxa L1] — mpomec 3aminum Bi3kiB; P_L2 Process
(KpanoBa mimist) — [migmepexxa L2] — mpomec
nepeBanTakenns; P_Departure (Ilapx BiampaBneHHsS) —
TOTOBI MMOT3/1M JUIS BiPaBIICHHSI.

Pecypcui  mosumii: P Customs Resource —
kimpkicte MuTHUX TOcTiB (N_cus); P_Loco Pool — myn
MaHeBpoBuX JokoMoTuBiB (N _loco); P_Jack Resource —

KUTBKICTh JIOMKpaTHUX CcTiiin (N_jack);
P Crane Resource — KIIBKICTHP KPaHOBHX OJWHUIIL
(N_crane).

Iepexoau (Transitions): T Arrival

(croxacTmyHMi) — TpUOYTTS MOI3IIB 3 IHTEHCHUBHICTIO
Mt); T Customs (4acoBuif) — IIpomec MHTHOTO OTJISIIY;
T Customs End (MutTeBHii) — 3aBEepIICHHS MHUTHOTO
ommsimy; T Route (MuTTeBME) — MapmpyTH3amis 3
koedimieaToM o (o0 — Ha L2, TOOTO KOHTEHHEpH, KpaHH, 1
(1-a) — na L1, ne macosi BaHTaxi, Bi3ku); T Shunt L1
(vacoBuil) — TOJAaBaHHSI HAa JOMKpaTHY JIiHiIO;
T Shunt L2 (vacoBwuii) — nogaBaHHA Ha KPAaHOBY JIHIIO;
T L1 Process (wacoBmit) — o0pobka wHa Ll
(posropraetsest B miaMepexy); T L2 Process (uacoBuif)
— o00pobka Ha L2 (posropraeTbcs B IIMEPEXKY);
T Departure (MUTTEBHIT) — BifIpaBIICHHS TI013/1a.

I'pad mimmepexxi L1 (momkparHa miHis, 3amiHa
Bi3kiB 1520— 1435 mm) HaBeneHO Ha puc. 3.
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P_LocoM 1 ™.

(TNokomorwen) S ACriiina)

P_Jack_Up
(Minwom)

P_L1_Entry
(Bxin)

P_Shunting
(Manespm)

P_Positioning
(Noawuis)

P_Await_Shunt
(Ouikye.)

P_Jack_Stat

P_Bogie Ins ~~|
(Beraxoen.)

P¥Bogie_Rem
(3unTTa)

P_Jack_Down

(Onyck.) ‘

P_Tech_Check . ;
(Ornag)

P_L1_Exit
{Buxin)

P_Bogie_1520
(Bizku)

P_Bogie_1435
(Bizku)
P_Tech_Brig
(Bpuragu)

Puc. 3. I'pagh domxpammnoi ninii iepapxiunoi CPN (niomepesica L1, P_L1_Process — npoyec 3aminu X0008Ux 6i3Kig)

[Minmeperxxa L1 peanizye HOBHMH IUKI 3aMiHA
XOJIOBHX Bi3KiB: BXiJl — 3allUT JIOKOMOTHBa — MaHEBPH
— TO3UIIIOHYBaHHSA Ha CTII0O —  mixiiMaHHA
JIOMKpaTaMn — JAeMOHTaX Bi3kiB 1520 (i3 moBepHEHHIM

P_Gfane_Pool

®_Cont_Lift
{Niiiom)

Kpariv) ==
/

y IyJ1) — MOHTaX Bi3kiB 1435 (3 myiny) — omyckaHHs —
TEXHIYHUHA OIS — BUXiA. 3a0e3redeHa IMPKYISIis
3amaciB Bi3KiB 000X THIIIB.

I'pap  mimmepexi L2
IepeBaHTaKEHHS ) HABEJICHO Ha pHC. 4.

(xpaHoBa  JiHif,

P)\spe;\or

(KgHTponepu)
/ \

P_Riggkr
(Taxenaxciingn)
\

P_Await_Crane
(Ovikye.)

! Prep
ran
P_Crane_Pos

(TliaroTosxa)

P_L2_Entry
{Bxin L2)

OX

P_Plat_1520
(inar.1520)

P_Quality
(KouTpon)

P_L2_Exit
(Buxia L2)

P_Secure
(Kpinnenns)

P_Plat_1435
(Anar.1435)

Puc. 4. I'pagh kpanosoi ainii icpapxiunoi CPN (niomepexca L2, P L2 Process — npoyec nepesanmasjicenHs)

[Minmeperxa L2 peamizye  NMOBHMH  IHKI
MIepeBaHTaKEHHS: BXiJl — 3allUT KpaHa — IiJrOTOBKA Ta
MO3WIIIOHYBAaHHA KpaHa — MiJIHMaHHA BaHTaXy 3
wiathopmu 1520 — TmepeHeceHHs HaJ KOMiIMH —>
yKimamaHHs Ha miatpopmy 1435 —  KpituieHHA
TaKeJIAXKHOIO0 OpPHUTaJiol0 — KOHTPOJIb SIKOCTI — BHXIiX 13
BUBUIEHEHHSIM KpaHa 1 KOHTpoJiepa.

B iepapxiuniii Mepexi Ilerpi ocHOBHI MpHHIMIHN
HEIUCKPUMIHAIKHOTO ~ JOCTyNy 0  3aJIi3HUYHOI
iHppacTpyKTypu Moxke OyTH peanizoBaHO uepe3 Arc
Expressions (Bupasu Ha nayrax) i Guard Conditions
(ymoBu nepexoniB). Hampukiran, mepexif, 0 BignoBigae

3a mnpomyckaHHs uepe3 MUTHHUIIO (Tcyustoms), Mae
BUOMpAaTH MapKepH 3 Yepru 3a

npuanunoM FIFO (mepmmM  mpuifimoB — mepuimm
o0ciryxeHuit) abo 3a BaroBuM Koe(illieHTOM IpiopHTeTy,
SIKMH € OJTHAKOBHM JUIS BCIX YYaCHHKIB, IO 3a0e3redye
peaizaniio HeAUCKPUMIHALIIITHOTO TOCTYITY.
Bepudikarmist  momemi  3xilicHIOBaHa
KOHTPOJIb 30€peXeHHS TIOTOKY MapKepiB:

4yepes

E Token;, = Y. Tokenyy, + Y, Tokeniysiqed
©)

OLIHIOIOTH aJIeKBaTHICTh (Baumigariro)
MTOPiBHSHHIM pe3yIbTaTiB MOJICITFOBaHHS 3
PETPOCTICKTUBHUMH JaHUMHU cTaHmii 3a 2024 pik i3
3acTocyBaHHsIM Kpurepiro Dimepa (Mojens aJeKkBaTHa,
SIKIIO Fposp < Fraen,, piBeHs 3Hauymmocti 0,05). TouHicTs,
3a MerojioM Mownte-Kapio, (kinbkicts nukiis N = 1000)

€E=2z- 2

VN’

(10)
Ie Z — KBapTWIb CTaHJAPTHOTO HOPMAIHHOTO
pO3TOALy;

0 — CTaHJIapTHE BiIXHUICHHS.

JUts miaTBepKEHHS TOYHOCTI MOJIEINI TPOBEICHO
MIOPIBHSHHS 3 HATYPHUMH JaHUMH craHmii Moctuceka-11
(tabn. 1). 3a piBHem 3Hauymocti o = 0,05 i1 N = 1000
iTeparliii MakcuMaibHa MOXHOKa He TepeBuinye 4,2 %,
IO CBIMYMTH NP0 BHCOKY HaJIilHICTH Mojemi Ta
JIOCTAaTHICT, Uil OOTPYHTYBaHHS  CTpaTeriyHux
IHQpaCTPyKTYpHHX pillICHb.
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a
u
y
3icmasnenns pe3yibmamis MOOen08AHHsL 3 HAMYpHUMU cnocmepedicentamu (cm. Mocmucoka-11)
aHi HaTtypuux Pe3dyabTaTn .
IToxa3zauk A yp Y BignocHa moxuoxa, %
crocTepe:KeHb MOJEJTHOBAHHSA
Cepenniii yac OUYiKyBaHHS OOpOOKHU
Pe Y POOKHL 142 14,8 42 %
roj
Koedimient 3aBAHTAKEHOCTI
u 0,72 0,69 4,1 %
KpaHOBOTO 00JIaTHAHHS
IIpomyckna cripoMo>kHICTB, Bar./moba 840 815 2,9 %
Iz METOIO MIPaKTHIHOTO 3aCTOCYBaHHS
po3pobnenoi moxeni crBopeHo mnportorun CIIIIP s
MIPUKOPIOHHUX 3aJII3HUYHUX BY3IiB (pHC. 5).
Peparysanna napamerpis (Mosbwa (Meguka))
A (noizg/acty) a (xoed. poanoginy) N_cus (mwsi nocTw) N_joco (roxomoTvem) N_jack (omxp. critina) N_crane (xpaHn)
15 0.7 4 5 5 4
OV_a (xoed. sapiai)
086
¢ MigKazKa: WiHIONTE N3PIMETPY 415 HANI3Y ENANEY IHOP3CTPYKTYPHAX PiLUEHS Ha ESSKTHEHICTS BY21a. Y2PBOHNY CTATYC BKEZYE Ha KPHUTYSHE NEPEBaHTEXEHHA (p > 05%).
OnTUMiCTUUHWI V] HopmanbHui V] Mecumictnunmii (V]
11.8rop 15.. ‘rDA 1026.4 rog
290 MJIH FpH/pik 82 MJIH rpH/piK 384378 mnH rpH/pik
11‘124 noisa/pik 8213 noiza/pik 8086 noiza/pik
HopaaneHa poora HopmaneHa posoTa HopsmaneHa pobora
1! 3asanTaxenns pecypcis (%)
_— LI & L |

Puc. 5. Inmepgheiic npomomuny CIIIP 015 npukopOOHHUX 3aNI3HUYHUX 8Y3/I6

I3 wmeroro Bepudikamii Ta  JIEeMOHCTparii
MIPAaKTHYHOI IIIHHOCTI pO3pOo0JIeHOi MOJeNli IPOBEAEHO
MOPIBHSUIBHUM aHAIII3 TPhOX 3ATI3HUYHUX MTPUKOPIOHHUX
HanpsIMKiB YKpainu: nosibcskoro (Menuka/MocTHCBKa),

YrOpCHKOro (3axons/Yom) i CJIOBALILKOTO
(iepna/Yiepna-nan-Tucoy). Bubip 3yYMOBJICHUH
CYTTEBUMHU BiIMIHHOCTSIMU B IHTEHCHBHOCTI
BaHTAXXOIOTOKIB,  CTPYKTypi BaHTaXiB Ta  piBHI

TEXHIYHOTO OCHAIICHHS TIEPEXO/IiB.

[Nonbepkuit HAaNPSIMOK € HAOLIBIT 3aBaHTAXKEHHUM:
BHCOKa J000Ba iHTeHCHBHiCTH (18-22 moizn/moba),
3HaYHA YacTKa KOHTCHHEPHHX BaHTaXiB (a 0,70),

po3BHHEHA iH(pacTpyKTypa 3 J0CTaTHIM JIOKOMOTHBHUM
1 KpaHOBHM Hapkamu. YTopchkuil Hampsmok (HYom —
3ax0oHb) Ma€ cepeaHI0 iHTeHCUBHICTH (12—16 moizn/noba)
31 30aIaHCOBAHOIO CTPYKTYPOIO BaHTaxiB: O1mM3bK0 45 %
00po0bisie kpan (oo = 0,45), pemra — JOMKpaTHA JIHIS.
Hampsimox Mae TOMipHE TEXHIYHE OCHAIIEHHA 3
TEHJICHLIIEI0 10 HapouryBaHHsA. CIIOBalbKUil HampsSMOK
(Wiepna/Yiepna-nan-Tucoy) Mae HWXK4Yy iHTEHCHBHICTH
(8-11 noizn/noba), nepeBakaHHS MacCOBMUX BaHTaXiB (0 =
0,30), oOMmexxeHWH Tapk MaHEBPOBHX 3aco0iB 1
JIOMKpaTHHX CTilJI, IIO THIIOBO ISl MeEpexofiB i3
MEHIIMM  ToBapoobirom. Buximni mapamerpum uis
YHCENIHOTO EKCIIEPUMEHTY HaBeIEeHO B TabI. 2.
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Tabn
uya 2

Bxioni napamempu nopisHsibHo20 wucenbHo20 excnepumenmy (mpu HanpsmKu)

Hoabima (PL) VYropmmua (HU) CuaoBayunHa (SK)
HMapaverp LU TE i Menuka/Moctucbka  3axons/Yon Liepua/Yiepna
Cepennst IHTCHCUBHICTD
HaJIXOKCHHS oi3miB, A 18-22 12-16 8-11
moi3/moba
KoedimienT Bapiatii /. 0.85 0.70 0.55

iHTEepBaNiB NPUOYTTA

Yacrka BaHTaXIB 10
’ o 0,70 0,45 0,30
niepepoOIIsie KpaH, o
KinbkicTp IIFOYUX MHUTHHX
. Ncus 3 2 2
IIOCTIB
Kinbkicts MaHEBPOBUX
. P Nloco 4 3 2
JIOKOMOTHUBIB
Kinbkicte noMkparaux ctiiin ~ Njack 6 4 3
Kinbkicts KpPaHOBUX
P Ncrane 4 3 2
OJIMHHIIb

Ha ocnosi 1000 irepamiii cumymsimii otpumano Ilapero-ontumanshi 3HayeHHss TCO 1 cepeqHbOro uacy
TEXHOJIOTIYHOTO IIMKJILY JUIS TPHOX CIIEHapiiB HAa KOXKHOMY HarpsMKky (tabm. 3):

e X1 — onrumicTHuHHMK creHapidi (MiHIMaJbHI IHBeCTHIIi): MiHIMAIPHMH piBEHb KalliTAJIOBKIAJICHb 34,
BiJITIOBiTHO, OOMEXECHHX 00CATIB poOOTH;
e X2 — HOpMaJbHUII crieHapiii (30aidaHcOBaHMI BapiaHT): 30aJaHCOBaHI KalliTaJlbHI BUTPAaTH 3a HAWOUIbII

iMOBIpHHUX 00csTiB IepeBe3eHb. Bianosinae ontumymy P(X);
e X3 — mecuMiCTHYHMH CIeHapiii (MakCMMaibHe OCHALICHHS): 3HAYHUH 00csAr poOOTH MOTpedye CYTTEBUX
IHBEeCTHLIH B IHPPaCTPYKTYpy.

Tabauys 3
Pezynomamu Ilapemo-onmumizayii NOKA3HUKIE MEXHONOSITYHUX NPOYECi8 NPUKOPOOHHUX 3ANIZHUYHUX 8Y3/I6
TCO MJIH Hh IIntomuit TCO, THC
Kondirypauis pecypciB (X) i TexHoJorivnoro M (X) . i ’
TpH/p. TpH/MOI31
UKLy, TOJ
Hoabcbkuii Hanpsimok (PL)
X1 — miHIMaJIbHI IHBECTHUIIT 450 38,5 0,82 61,6
X2 — 30aJ1aHCOBAHMIA 320 182 0.15 438
(onmTUMyM)
X3 — MaKCHMaJlbHE 580 12,5 0.45 79.5
OCHAIIICHHS
Yropcbkuii Hanpsimok (HU)
X1 — miHIMaJbHI IHBECTHUIT 310 32,0 0,74 66,2
X2 — 30aJ1aHCOBAHMIA 220 16,5 0.13 47.1
(onTuMyM)
X3 — MaKCcHMaJlbHE 395 10.8 0.52 842
OCHAIIICHHS

CaoBanbkuii HanpsiMok (SK)

86 IKC3T, 2026 Ne2




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

. . . TCO, MJIH
Kondgirypaunis pecypcis (X) rpulp.
X1 — miHIMaJIbHI IHBECTHIIT 195
X2 — 30aJ1aHCOBAHMIA
145
(onTUMyM)
X3 — MaKCHMaJIbHE 280
OCHAIIICHHS

AHami3 pe3ynbTaTiB MOJCIIOBAHHSA JIa€ 3MOTY
JUITH TaKuX BUCHOBKIB PO KOXKEH HAIPSIMOK:

e monbcekuii  Hanpsamok (PL):  omrumanbHuMit
cienapiit X2 3abesneaye TCO = 320 mutH TpH/p. 3a Hac
ity 18,2 ron. BusnauansHUM pecypcHUM OOMEKEHHIM
€ KUTBKICTh MUTHHX TMOCTIB Necus, KOCII€HT TyTIMBOCTI
sikoro ctaHoBuTh 0,68. Bucoka 9acTka KOHTeHHEpiB (o =
0,70) 3yMOBIIOE TOMiHYIOUYE€ HABAaHTA)KECHHS HAa KPAHOBY
muifo L2, mo € HOpManbHUM JUIi TaKoro THITY
BaHTaXoMoToKy. [lepexin mo konuenuii Seamless Border
(cucremu ontmuHoro posmizHaBaHHs Ta III) Moxe
CYTTEBO MIJBHUIIUTH TPOIYCKHY CIIPOMOXHICTH MUTHOTO
BY3J1a;

EED . Muromuii TCO, THC.
TexHoJIOTiYHOro M(X) ..
TpH/MOI3
IUKJTY, TOJT
26,0 0,31 59,8
13,5 0,11 443
92 0,88 85,7

mutHi moctu (Ncus, uymmuBicts 0,52). EdexruBHuM
3aX0/IOM € PO3MIMPEHHS JAOMKPATHOI'O TOCHOAAapCTBa 10
II’ITH-IIECTU CTINM 1 301abIIeHHS Neys 10 3;

e cyoBanpkuii HampsMok (SK): onrtumansHumit
cuenapiit X2 mae TCO = 145 muH TpH/p. 3a Yac IUKITY
13,5 ron — HaiiHmK4i aOCONIOTHI BUTPATH cepen TPhOX
HalpsIMKIB Yepe3 MEHIIy iHTeHCHUBHicTh. [IpoTe nutomuit
TCO (44,3 THUC. TpH/TI0131) 3aITUIIAETHCS
KOHKYPEHTOCIIPOMOKHUM. KpuTHiHe «By3bKE MicIe» —
noMmkpatHi criina (Njack, gymmuBicts 0,57) BHacmigok
nepeBakanHs  TexHoiorii L1 (70 %  BaHTaxiB
0o0poOmstoTh 31 3MiHOIO  Bi3KiB). PexomeHmoBaHO
HapoOLIyBaTH MOTYXHICTh JIOMKPAaTHOTO TOCIIOapcTBa

e yropcekuii Hanpamok (HU): onrtuManbuuii 200 HOCTYNOBY — KOHTEHHEpH3allilo  BaHTAXKOIMOTIK
cuenapiii X2 mae TCO = 220 muH rpe/p. 3a yac uukny  (30umemenns a go 0,45-0,50).
16,5 rox. Hampsmok nemoHcTpye 30amaHcoBaHe 3BeneHuil aHaii3 BY3bKUX MICITh i
HaBaHTaXeHHsA MiK JiHiamMu L1 ta L2, mo BiamoBigmae  PEKOMEHAOBAaHMX 3aXOiB IS TPhOX  HANpsSMKiB
3HAYEHHIO O 0,45. Kpuruuaumd OOMEKEHHSMH €  HABEICHO B TabO. 4.
onHo4acHO JoMKpaTHi cTiiiiaa (Njack, dyTiuBicts 0,61) i
Tabauys 4
Ananiz KpumuuHUX pecypcHux 0OMedtceHb i peKoMeH008aHi 3ax00u
. KoedinienT . .
Hanpsimox Kpurnunmnii pecypc . PexomenoBanmii 3axin
YyTJIHBOCTI
. BnpoBamxennss cucrem OPH Ta HII
[Tonbwa (PL MurtHI nocT S 0,68
ma (PL) (News ’ (Seamless Border)
OMKpaTHi  cTiiiiia  Njack 1 PosmmpenHs AOMKpaTHOrO TOCIOAApCTBA
VYropumwaa (HU) Homip e 0,61/0,52 1P JIOMKP ap
MUTHHALS Neus Ta 301mbIIeHHS Neus 10 3
MopgepHizalisi JOMKpPaTHUX MOTYXHOCTEH
CrnoBayunna (SK) | JlomkpatHi cTiiina Njack 0,57 abo MOCTYIOBa KOHTEHWHEepU3aIlis

[opiBHAHHS HaAmNpPSMKIB 3a METOIOM iJeanbHOT
TOYKH HiITBEP/KYE, IO BCl TPU MEPEXOI BUTPAIOTH Bij
30anmancoBaHoro cuenapito X2. Ilpu mpomy crpykTypa
BY3BKOT'O MiCIlsl IPUHIMIIOBO BijpizHsAEThCS: Wi PL — e
MUTHHALSA (News), m11 HU — komOiHariss MHTHHIN Ta
JIOMKpaTHUX cTiitn, it SK — BHKIIOYHO JTOMKpaTHe
TOCIIO/IapCTBO. 3acCTOCYBaHHS METOAY il€aJIbHOI TOYKH
noromarae 3am3uTH TCO B cepemnbomy Ha 16-19 %
MIOPIBHSHO 3 HEJOONITUMAIHUMH CLEHAPISIMH 33 PaXyHOK
palioHABHOTO  TEPEepO3MOAITY BAHTaKOIMOTOKIB MiX
migissmu L1 ta L2,

BucHoBkH

3amporoHoBaHa MOJeNs Ha 0asi
Mepex [lerpi 3abesmedye sSKiCHO

iepapXiqHuX
BHAIIMNA  PiBCHB

(30inbpIIeHHS TOt)

TEXHOJIOTIYHOI aJeKBAaTHOCTI IIOPIBHSIHO 3 KJIACHYHUMHU
JIETEpMIHOBAaHMMH aHAJTITHYHUMH Miaxoxamu. Bona nae
3MOTY pO3paxoBYBaTH MOTpeOy B TEXHIYHHMX 3acobax Ta
IHQpacTpyKTypi, a TakoX CKOOpPAWHYBaTH poOOTY
MUTHHII, MAaHEBPOBUX 3acO0IB 1 BaHTAXHUX TEPMiHAIIIB
SIK €JUHOI CUCTEMHU.

Bepudikarmiss Ha manux cranmii Moctuchka-II
MiATBEpAMIIa TOYHICTE MoJeli ToHax 95 % (MakcumampHa
moxubka 4,2 %), MO0 € JOCTaTHIM IS CTPaTeTiYHUX
iHppacTpyKTypHUX pimens. [IopiBHAIBHUI aHAaMi3 TPHOX
HaNpsIMKIiB BUSIBMB IPUHLMIIOBI BiIMIHHOCTI B CTPYKTYpi
BY3bKHX MICIIb: TOJNBCBKHHA  TIepeXiyy 0OMeKeHUit
mutHHULEIO (4yTuBicTh 0,68), yropcbknii — OmHOYacHO
JIOMKpaTHUM rocrnoaapctBoM i murtHunero (0,61/0,52),
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CIIOBALlbKUM — BHKJIIOYHO JIOMKPAaTHHMH CTiillaMu
(0,57). 3actocyBaHHS METOAY iMEANBHOI TOYKH Jajio
smory 3Hu3UTH TCO opieHToBHO Ha 16—19 % 3aBHSIKH
panioHaIbHOMY TIEpPEPO3IOIITY BAHTaKOIIOTOKIB.

[lepciekTMBHMMEM ~ HampsiMaMHl  BJOCKOHAJICHHS
JUId BCIX TPHOX IIEPEXOJiB € BIIPOBADKEHHS KOHIICHIIii
«besmoBHoro Kopony» (Seamless Border) i3 cucremamu
ontuyHOro posmizHasaHHs Ta I1II; BcTaHOBIIEHHS cHCTEM
aBTOMaTHYHOrO 3MimeHHs mupuHn koiii (SUW 2000,
Talgo, CAF); HOCTYTIOBA KOHTeHepH3arlis
BaHT@XXOIOTOKIB Ha YrOPCHKOMY Ta CIIOBal[bKOMY
HanpsIMKax JUisl IiJBUIIEHHS YacTKHU o 1 IEPEeHECeHHS
HaBaHTaXEeHHS 3 OubII TpynomicTkoi JyiHil L1 Ha minito
L2.

VYHiBepcaNlbHA CTOXAaCTHYHA MOJEIH ONTUMI3arlil
MIPUKOP/IOHHOTO ~ 3alI3HUYHOTO  By3Jla Ha  OCHOBI
iepapxiganx Mepex Ilerpi Moxe OyTH peKOMEHIOBaHA SIK
aaimitnune sapo CIITIP 3ani3sHMYHMX omepaTopiB JuIs
IUTaHyBaHH pobotn mepexoniB  Ykpaina—Ilombia,
VYkpaina—YropumHa ta Ykpaina—CiioBaqunHa Ta iHIIHX.
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IMPROVEMENT OF THE FUNCTIONING OF A
BORDER RAILWAY HUBS THROUGH
STOCHASTIC MODELING BASED ON PETRI
NET

Abstract

This article investigates the technological
processes of railway border hubs in the context of freight
transshipment between 1520 mm and 1435 mm track
gauges. The study develops a comprehensive stochastic
optimization model for border station operations aimed at
minimizing total costs (TCO) and technological cycle
time under non-uniform inbound train flow conditions.

The problem is addressed using the Hierarchical
Petri Nets (HPN) framework, enabling system
decomposition into three levels: hub level, detailed
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technological subnet level (bogie exchange L1, cargo
transshipment L2), and resource management level.
Stochastic process characteristics are incorporated via
Erlang and normal distribution time delays. The economic
component is grounded in the Total Cost of Ownership
criterion.

A comprehensive hierarchical model was
constructed and verified against Mostyska-II station data
with an error below 4.2 %. A comparative analysis of
three border crossing directions was performed: Poland
(Medyka/Mostyska), Hungary (Zéhony/Chop), and
Slovakia (Cierna nad Tisou/Tsirna). The critical
bottleneck for the Polish crossing is customs posts
(sensitivity 0.68); for the Hungarian crossing — customs
posts and jack stands simultaneously (0.61/0.52); for the
Slovak crossing — exclusively jack stands (0.57). The
ideal point method reduced TCO by 16-19 %. Scientific
novelty lies in the integration of economic indicators
directly into the Petri net structure.

A universal stochastic model for optimizing a
border railway junction based on hierarchical Petri nets
can be recommended as an analytical core of DSS for
railway operators for planning the work of crossings
Ukraine-Poland, Ukraine-Hungary and Ukraine-Slovakia,
and others.

Keywords: railway border hub, hierarchical
Petri nets, stochastic optimization, total cost of ownership
(TCO), cargo handling, replacement of railway bogies,
multimodal transportation, logistics chain, railway
transport.
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Po3poOiiennss Meroay iHTerpamii omepamiiiHMX JaHMX 3aJi3HHMYHOI Mepexi 3 rpagoBoro
CTPYKTYPOIO I1aHy (hopMyBaHHS MOi31iB

Anomayin. Y cmammi po3pobreno memoo iHmezpayii onepayitinux Oauux @OYHKYIOHYBAHHA 3ANIZHUYHOL
Mepedici 3 epagoeoro cmpykmypor niany @opmyeants noizoie. Memoo cnpamoeanuil Ha opmyeanHs iHpopmayiiHol
OCHOBU Ol AHANI3Y MA NPOSHO3YBAHHS 3AMPUMOK HNOI300NOMOKI6 3 YPAXYBAHHAM NPOCHOPOBOL CMPYKMypu
mparcnopmuoi cucmemu. /s docriodicenns suxopucmano onepayiiini oani AT « Ykp3aniznuysy npo Haeanmajicents
6A20HI6 PIZHUX HOMEHKIAMYP 8AHMAICIE MA THPOPMAYiI0 NPo NPOCMOL KUHYMUX NOi30i8 HA CMAHYIAX NOAI2OHA MepexiCi
pecionanvroi ¢hinii «Odecvka 3aniznuysay. Po3pobneno npoyedypy azpe2y8anus OaHUX 3a epynamu 6aHmMAdiCie i euoamu
8A20HONOMOKIB [ NEPEMBOPEHO IX Y NOKAZHUKU NOI300-200UH 3aMPUMOK. 3aNpONOHOBAHO ANOPUMM NPUE A3KU CIAHYIU
HABAHMAICEHHS I CIMAHYI 3amMpPUMKU 00 ONOPHUX CMAHYIN naaHy (opmyeanHs noizoié i3 GUKOPUCMAHHAM 2pagosol
MoOeni 3anizHuuHoi mepexcl. 'V pesyromami c@opmosano iHmezspogaHuil HAbIp OAHUX, WO NOEOHYE NApaAMempu
HABAHMAICEHHS, MAPWPYMU PYXY 8A20HONOMOKI6 I NOKAZHUKU 3AMPUMOK noi30ie. Ompumanuii Habip OaHux Mmooice
Oymu  GUKOpUCMAHULL 5K HAGYAIbHA GUOIpKA 01 NOOY008U MAMEMAMUYHUX MOOelel AHANI3Y | NPOCHO3YBAHHS

3AMPUMOK NOI300NOMOKIE Y 3ANI3HUUHIL MEPEiCL.

Knrouosi cnoea: sanisnuuna mepesica, nian popmysants noisois, epaghosa mooens, 6a20HONOMOKY, 3AMPUMKU

noiz30i8, NPOSHO3YBAHHS.

Beryn.

OmHpM 13 HAWOUTBII YYTIMBUX 1HIUKATOPIB
e(eKTUBHOCT] (YHKIIOHYBaHHS BaHTAXHOI 3aJIi3HUYHOI
CHUCTEMH € 3aTpUMKH IIOi3/iB, IO BiJOOpaXkaroTh
NIEPEBaHTAKCHHS OKPEMHMX  €JIEMEHTIB Mepexi Ta
mucbamanc y posmoxnini BaroHomotoki [1]. Tpamgwmitiai
METOIM aHaJli3y TaKMX NpOILeciB 3/1e0inbmoro 6asoBaHi
Ha JIOKUIBHUX TTOKAa3HUKaX pOOOTH 3ai3HWYHHUX CTAHMIN
ab0 OKpeMHX UIbHUIb, Yepe3 IO HE MOXKHAa IOBHOIO
MIpOI0  BpaxyBaTh IIPOCTOPOBY  CTPYKTYpPY  PyXy
BaroHOIOTOKIB y MacmTadi Bciel Mepexi. Y 3B’S3Ky 3
UM OCOOJIMBOI aKTyasbHOCTI HaOyBa€ BHKOPHCTaHHS
MEpPEeXEBUX MIAXOMNiB, SKi HalOTh 3MOTY pO3IISAATH
3aJi3HUYHY CHCTEMY SIK CKJIAJHy B3a€EMOIIOB’SI3aHY
CTPYKTYpy Ta IOCHIIKYBAaTH B3a€MO3ANICKHOCTI MiX i
eJIEMEHTaMH.

OCHOBHMM  HOPMAarMBHHM  JIOKyMEHTOM, IO
PETYIIIOE CHCTEMY OpraHi3alii BarOHOIIOTOKIB Y TOT31H, €
wiad (opmyBanus noizais (IIPII) [2], sxkuii Bu3Ha4yae
cXeMy KOHCOJiamii BaroHiB y TOI3AM, MapumpyTH IXx
MIPOCYBAaHHS Ta PO3MOALT TEXHOJOTIYHHMX (YHKIIH Mix
cTaHisaMU. I3 mo3umiii Teopii ckmagHux Mepex I[1OIT
MoOXe OyTH IHTepIpeToBaHUH sK rpadoBa MOIENIb
3aJi3HUYHOI CHCTEMH, IO MOXKHA BHUKOPHCTaTH JUISt
MaTeMaTHYHOTO MOJIEIIIOBAHHS MPOTHO30BAHUX 3aTPUMOK
MOI30NOTOKIB Ha Mepexi. OmHak Juid MPakTHYHOTO
3aCTOCYBaHHS MEPEXEBHX MoJIeJIel MOTpiOHO po3B’si3aTn
po0JieMy Y3rOo[PKeHHS Pi3HOPITHHUX ONEpaliifHuX JaHuX
i3 CTPYKTYpOIO CHCTEMH OpraHi3allii BaroHOIOTOKIB.
30kpema, 1aHi IPO HaBAaHTAXKEHHS BarOHIB, MapIIPYTH iX
niepeMinieHHs Ta (pakTHYHI 3aTPUMKH T1013/1iB

chopmoBani B pi3HMX iH(]oOpMaliiiHNX MacuBax 1 He
MAlOTh TPSAMOi BiAMOBIMHOCTI 3 TPaPOBOIO CTPYKTYPOIO
[I®II. Le yckinaaHiO€ BUKOPUCTAHHS TAKUX JAaHUX IJIs
o0yI0BH MaTeMaTHYHUX MOJIeJIel IPOTHO3YBaHHS.

Y 3B’S3ky 3 I1UM AaKTyaJlbHUM HAyKOBUM
3aBIaHHAM €  PO3pOOJICHHS ~ METoAy  iHTerpamii
oTepalifHuX JaHWX 3aJII3HUYHOI Mepexi 3 rpadoBoio
CTPYKTYpOIO TuIaHy (hopMyBaHHs HOI3/iB, IO 3a0e3mnedye
(dopMyBaHHS  y3TO/DKEHHMX  MAacHBIB  JaHMX  JUIS
MOAAJIBLIOT0 MOAEITIOBAHHS Ta MPOTHO3YBAaHHS 3aTPUMOK
noizziB. Peaizamist Takoro miaxoy JoroMarae BpaxyBaTu
IIPOCTOPOBY CTPYKTYPY PYXy BaroHOIIOTOKIB, 3MEHIIUTH
PO3MIpHICTh BHXITHMX IaHUX 1 cOpMyBaTu HaBYaJIbHI
BUOIpKM a1 MOOYZOBM  MaTeMaTWYHUX  Mofesel
TIPOTHO3YBAHHSI 3aTPUMOK HOI3I0IIOTOKIB Ha MEPEXi.

AHaJli3 0CTaHHIX J0C/iIXKeHDb i myOsikauii.

[Ipobnema mOCHIKEHHS 3aTPUMOK TO3IIB €
OJTHMM 13 CKJIaJIHNX 3aBAaHb. P0o3B’sA3yroun 1110 mpoodiemy,
CKJIaHO BU3HAYMTH PpEJICBAHTHUH HAOIp MaHUX, SKi
MOXYTb OyTH BHUKOPHCTaHi JUIsi TOOYIOBH MOJENEH, 10
OTIMCYIOTBH CKJIaJHI IpoliecH yTBOpeHHs 3aropiB. CyuacHi
iHpopMaLiiiHi  CHCTEMHM  3ali3HUYHOTO  TPAHCIIOPTY
TeHEepyIOTh 3Ha4YHI MacHBM PI3HOPITHHMX OIEpaIlifHuX
JIaHWX, II0 BiZOOpPaXalOTh IapaMeTpy HaBaHTAXKCHHS,
MapIIpyTH PyXy BaroHOIOTOKIB, TEXHOJOTIYHI omepariii
HA CTaHIAX 1 (QakTW4Hi 3aTpuUMKH TOi3aiB. OmHAK
e(eKTUBHE BHKOPHCTaHHS LMX JaHWUX TMOTpedye ix
Y3TO/KEHHSI, arperyBaHHs Ta BHSABJICHHS CTaTHCTHYHHX
3aJeKHOCTEH MDK  XapaKTepPUCTHKAaMH  MEepeBi3HOTO
MIPOLECY 1 BUHUKHEHHSIM 3aTPUMOK.

© KHMAH A. M., MTPOXOPYEHKO I. O., KPABYUEHKO M. A.,2026
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Y  poborax, mNPHCBIYEHHX  aHAN3y  Ta
MIPOTHO3YBAaHHIO 3aTPUMOK IOi3iB, MOXKHA BHIUTUTH
KiJlbKa OCHOBHHX HalpsMiB BHKOPHUCTAaHHA JIaHUX 1
METOJIB IX arperyBaHHs Ta OOpOOKH. Y OuIbIIOCTI
JIOCHIJDKEHb TIPOTHO3YBAaHHS 3aTPHMOK IPYHTOBAaHO Ha
BUKOPUCTaHHI ICTOPHYHMX JAaHWX NPO PyX IOI3NIB, SIKi
MICTATH iH(pOpMALiI0 MPO IUIAHOBWH 1 (hakTHUHWIT Hac
npuOyTTs 1 BigmpaeieHHS moi3niB  [3], BenmumHy
BIIXWICHHS BiJ rpadika pyxy [4], a Takox momepenHi
3aTPUMKH Ha CTaHIIAX abo mumpHUIEX [5, 6]. Taki mani
(hOPMYIOTh YacOBi PSAM EKCILTyaTaIliifHAX IMOKA3HUKIB, HA
OCHOBI SIKMX OyIylOTh CTAaTHCTHYHi, CTOXacTH4YHi abo
MOJIEJNI TIPOTHO3YBAaHHS Ha OCHOBI MAIIMHHOTO HaBYAHHS.
OCHOBHOIO OCOONHMBICTIO IIHOTO MIAXOLy € TIOIAHHS
TPAHCIIOPTHOTO TIPOIIEeCy SIK IOCIiOBHOCTI MOii y vaci,
0 ONMHUCYIOTH TPOXOUKEHHS II013/[aMH CTaHIIH MEepexi.
Bonnouac y 3HayHId 9acTHHI JOCHIPKEHb IPOCTOPOBI
B3a€EMO3B’SI3KM MDK €JIEeMEHTaMH 3aJli3HUYHOI Mepexi
BpaxoBaHI 0OMexeHO [6, 7] abo JuIIe OmocepeaKOBaHO
[8].

Y [OCHiIKeHHSAX YKPaiHCBKMX YYEHHMX 3HAuHY
yBary IpUAIJICHO  YAOCKOHAIEHHIO  MaTeMaTHYHHX
MoJeNiel pO3paxyHKy IuUlaHy (OpMYBaHHS IIOI3MiB.
3o0kpema, y poOoTi [9] 3amponoHOBaHO YTOYHEHHS MO
[IPIT uepe3 ypaxyBaHHS BIUIMBY 3aBaHTaKEHOCTI
COPTYBAJBHUX CTaHIi Ha BUTpaTW BaroHo-roauH. Jlis
MOUIYKY ONTHMAJIBHHMX BapiaHTiB IUTlaHy (opMyBaHHS
OT3/1iB BUKOPUCTAHO JaHi, 0 MAaOTh TEXHOJIOTIYHUHN 1
IUTAHOBUM XapakTep, 30KpeMa IOKa3HUKH OpraHizamii
BaroHONOTOKIB,  TEXHOJIOTIYHI  HapaMeTpu  podoTH
CTaHLiH, ekciuryaraniiiHi BuTpatu. OpHak y poOoTi
OCHOBHY yBary 30CEpE/DKCHO Ha ONTHMi3amlii mporecy
(¢bopMyBaHHS TOi3/iB 1 BUTpaT BaroHO-TOJAWH, TOMIi 5K
3ajady IHTerpamii omnepamiiHUX JaHUX 13 CHCTEMOIO
oprasizanii BaroHOIIOTOKIB Ha PiBHI 3aJi3HUYHOI Mepexi
0e3mocepeTHFO He PO3TIIAHYyTO. Y mociimkeHHi [10] mis
MIPOTHO3YBAaHHS  OOCSTIB  MAaCaKUPCHKUX IEPEBE3CHb
3aCTOCOBAHO arperoBai CTaTUCTUYHI JaHi
(YHKIIOHYBaHHSI 3aJIi3HUYHOI TPAaHCIIOPTHOI CHCTEMH.
Jlo Takux JaHWMX HaleXaTb IIOKa3HUKH OOCSTIB
MIepeBE3CHMX MacaXupiB, (HaKTopu, IO BIUIMBAIOTH HA
(dopMyBaHHS TIONMWTY Ha TEPEBE3CHHS, a TaKOX
y3araJlbHeHi XapaKTEPUCTUKH TPAHCHOPTHOI CHUCTEMH 1
MapIipyTiB TIepeBe3eHb. Ha OCHOBI NWX TIOKa3HHUKIB
chopmoBaHO BXimHWI Halip TapaMeTpiB MPOTHO3HOI
MOJeTli  TAacaXUpoONoTOKy.  BukopucranHs — came
arperoBaHWX  CTAaTHCTHYHMX  JaHUX  J0loMarae
BCTaHOBHTH 3aJICKHOCTI MK (akTopamMH IIONMUTY 1
oOcsiraMp  TiepeBe3eHb 1 3acTOCyBaTH  iX  JUIs
MIPOTHO3YBAHHS TACAKUPCBKUX TIOTOKIB Yy CHCTEMI
3aTI3HAYHOTO  TPAHCIIOPTY. OpmHak  TPOCTOpOBI
XapaKTEPUCTUKU TACAKHUPOIIOTOKIB HE BpaxoBaHi. Y
poboti [1] nns aHanizy NOMIMpPEHHS 3aTPUMOK IOi3IIB y
3TI3HUYHIA  Mepeki  BHUKOPHCTaHO  MOAM(IKOBaHY
emigemionoriuny SIR-mozens, y sikii emmipudHi gaHi po
3aTPUMKHM ~ arperoBaHi 3a JIUIBHUISIMH ~ MeEpexi 3
ypaxyBaHHSIM TPIOPHUTETIB TOI3/IB 1 MEpeKeBOro edexTy
ixgpoi B3aemomii. Ilpm 1BOMy THTaHHS iHTErparii
PI3HOPIIHMX OlepallifHIX JaHWX MEPEBI3HOrO MPOIecy,
30KpeMa JaHWX TpO HaBaHTAXCHHS BaroHiB, NPOCTIH

TOT3/TiB 1 IXHIO B3a€MOJIIIO 3 TEXHOJOTIYHOI CTPYKTYPOIO
wiady  ¢opMyBaHHS T0i31iB, Oe3mocepenHbO  HE
po3risiHyTO. lle 3yMOBIIOE HEOOXiTHICTE PO3pOOICHHS
MeToniB (hopMyBaHHS Ta iHTErpamii ornepamiiHuX JaHUX
3aJTi3HUYHOI Mepexi 3 ii TpadoBOI0 CTPYKTYPOIO, IO JTAE€
3MOTy 3a0e3MeUnTH OUIBII TOBHUH HPOCTOPOBO-YaCOBHH
ONMC TPOLECIB BHHUKHEHHS Ta TOMIMPEHHS 3aTPUMOK
moi3miB. Y gocmipkeHHi [l11] mpoanHani3oBaHO BIUIHB
00CsITiB IIepeBe3eHb 1 IMUIBHOCTI TPaHCIIOPTHOI poOOTH Ha
eKOHOMIUHY e(peKTHUBHICTh (DYHKIIIOHYBAHHS 3aJ1i3HHYHOT
cucteMH YKpaiHM; BHKOHAHO MAaKpOpiBHEBHH aHai3
JAaHWX 13 BWSBJICHHSIM B3a€MO3AJICKHOCTEH 1 He
PO3MIITHYTO  Oe3ocepelHbo  eKCIUTyaTalliifHi  mponecH
pyxy moi3miB. Y pobOoti [12] BUKOHAHO MOPIBHSIBHUN
aHaJ3 pI3HUX CXeM oOpramizauii IepeBe3eHb, IO Jae
3MOTY OIIHWTH iXHili BIUIMB Ha e(EKTHBHICTbH
BUKOPHCTaHHS BAaroHHOTO MapKy Ta dYac JOCTaBJICHHS
BaHTaXIB.

OcranHi JOCHi/DKEHHS Jenaii Oijmbiue yBaru
NPUAUIIOTE  BPaxyBaHHIO — IIPOCTOPOBOI  CTPYKTYpH
3amizauaHoi cuctemu [13, 14]. YV poboti [13] Ha ocHOBI
MEpPEKEBO-OPIEHTOBAHOTO TINXOAY, M€ 3aTi3HHISI B
KOXKHIM 4acoBiil MITII pO3IJIsIHyTa SIK OKpeMHi rpad,
pi3HI 00'eKkTH, Taki sSK TOI3MU 1 CTaHIii, € By3Tamu. Y
pobori [14] 3anporioHoBaHuMi METO/ arperaii JaHUX Ipo
00CsTH TepeBe3eHb TEMIIEPaTyPHO-UyTINBUX BaHTaXIB y
3aTI3HAYHIN JIOTICTHYHIM CHCTEMi 3a MPOCTOPOBHMH
00’eKTaMH TPaHCIIOPTHOI Mepexi (MICTaMH) i YaCOBUMH
iHTEepBaNTaMu  cnoctepexxeHHs. OTpuMaHi  arperoBaHi
MIOKa3HUKH BUKOPHCTOBYIOTh SIK BXIJHI IapameTpu
rpadoBOi HEWPOHHOI Mepexi. Yce OUIbIe ITOCIiIKCHb
CITUPAIOTBCS HA  METOAM  IHTerpamii  JaHuX i3
MIPOCTOPOBUMH CTPYKTYPaMH OpraHi3allii epeBe3eHb.

Otxe, aHaNi3 HAyKOBHX JIOCIIKEHb TIOKa3ye, 110
Ba)XJIMBUM €TalioM MOOYAOBH, IO OINHWCYIOTH CKIJAIHI
MIPOLIECH YTBOPEHHS 3aTOpiB, € OPMYBaHHS Y3rOKEHUX
MAaCHBIB BXiJHUX MJaHUX, SKi MAalOTh BiIOOpakaTH sK
YacoBi XapaKTEPUCTUKH EKCIUTyaTalliiHUX MPOLECIB, TaK 1
IIPOCTOPOBY CTPYKTYpPY TPaHCHOPTHOI Mepexi. Pazom i3
TUM y OUIBIIOCTI iCHYIOWHMX pOOIT HEZOCTAaTHHO yBaru
NPUAIICHO  iHTerpamii  omepamiiHMX — JaHUX — TIPO
(opMyBaHHS  BaroHONOTOKiB,  HAaBaHTAXXCHHSI  Ta
MapHIpyTH iX IPOCYBaHHS 3 MPOCTOPOBOIO CTPYKTYPHOIO
opraHizamii  BaroHONOTOKIB y Toi3au.  30Kpema,
MOXJIUBOCTI BHKOPHCTaHHS TpadoBOi CTPYKTYpH IUIAHY
¢opMyBaHHS TOI3AIB Uil (QOpPMYBaHHI NPOCTOPOBO
Y3roJUKEHNX HaOOpiB JaHMX JJIsi BUBYEHHS 3aTOpIB Ha
3aJTI3HUII 3aJIMIIAI0ThCS HEJJOCTATHHO JOCIPKEHUMH.

Bu3zHauyeHHSI MeTH Ta 3aBAaHHS J0CTIIKEeHHS.

Metoro poboTH €  pOo3pOOIICHHS  METOAY
iHTerpamii - omepamiiHMX ~ JaHUX  (YHKI[IOHYBaHHS
3aJi3HUYHOI MepexXi 3 TpadoBOIO CTPYKTYypOIO IUIAHY
¢dopmyBaHHA mOi3MiB It QopmyBaHHS iHPOpMaLiHOT
OCHOBM  aHalizy Ta  IPOTHO3YBaHHS  3aTPUMOK
TIOI3/JONOTOKIB Y 3aJII3HUYHINA CHCTEMI.

JUIst OCSTHEHHSI TOCTaBJICHOI METH MOTPiIOHO
BUPILINTH TaKi 3aBIaHHS:

— pO3pOOMTH MiAXiy M0N0 arperyBaHHS Ta
TIEPETBOPCHHS OIEPAIIMHUX JaHUX 3aJTI3HUYHOI MEpEexi,
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30Kkpema iH(popMamii Mpo OoOCSATH HaBaHTaXCHHSI Ta
BUIIAJIKH ITPOCTOI0 KNHYTHX ITO13/1iB, y MOKA3HUKH MOI310-
TOOWH 3aTPUMOK, IO XapakTepHU3yIOTh IOPYIICHHS
TEXHOJIOTI] IEPEeBi3HOTO NMpOLECY;

— chopmyBaTi Meron iHTErparii OTPUMAaHUX
eKCIUTyaTalliiHUX TTOKAa3HUKIB 13 TpadoBOIO MOJEILIIO
iady (OpMYBaHHS HOI3AIB VIS TONAIBIIOTO aHANIZY Ta
IIPOTHO3YBAHHS 3aTPUMOK ITOi3[JOMOTOKIB 3 YpaxyBaHHIM
IIPOCTOPOBOI CTPYKTYPH 3aJII3HUYHOT MEPExi.

BuknaneHHsi OCHOBHOroO Mmartepiaidy. Y crarti
3aIpOIIOHOBAHO METOX iHTEerpamii omepauiiHuX daHuX
3aJi3HUYHOI Mepexi 3 TpadoBOIO CTPYKTYypOIO IUIAHY
¢opmyBanHs mnoizmiB. lleli merom arperye maHi 1mpo
HaBaHTAKCHHS, MapIIPyT PyXy BaroHiB i3 pO3MOALIOM 32
TpbOMa pOIAMM BaHTaXy 1 BHUJIOM BaroHOIIOTOKY, 1
3HAQUEHHS MOI30-TOAMH  3aTpUMaHUX  IO3IiB  3a
crannisvu T1DIT ny1st mporHo3yBaHHS 3aTPUMOK.

dataload.xlsx

HOMep BaroHa

Hast TIPOBEJICHHS IIbOTO JIOCITIIPKeHHS
BUKOpHCTaHO omepariiiai gaHi AT «Ykp3ami3HHLD» Tpo
HaBaHTAKEHHS 3€PHOBMX BaHTaXiB, OyamarepiamiB Ta
THIIMX BaHTaXiB, KpiM BaHTaXIB ripHAYO-
MeTaIypriiHOro KOMIUIEKCY, 3a repiox 3 1 BepecHs 2019
poky 1o cigerb 2020 poky, siki mictsaTh mani 3 110567
3ammciB i3 AaTol0 1 yacoM Npo OOCSITH HaBaHTa>KCHHS
BaroHiB 3a CTAHISIMU BiJNpaBJICHHSA 1 NpPU3HAYCHHS,
KoJaMM BaHTaxiB (puc. 1), a Takox maHi 3 7682 3amuciB
i3 1aTOI0 1 YacoM MpoO KUIBKICTH 1 TPUBAIICTH IPOCTOIO
KHHYTHX TIOi3[iB HA CTaHIAX TIOJIrOHA MeEpexi
perioHanmpHOi  Qimii  «Onecbka 3ami3HUIL»  (IOBiTKa
¢dopmn «/letaspHa NTOBigKa NPO 3aTPUMKY MOI3IIB IO
cTaHmisM mupeknid Oxecbka 3ai3HUI Oinbire 12 romuH
3a Tepios 3BITHHX AatT») (puc. 2).

Kog ETCHB i Ha3Ba BaHTaXy

Maca BaHTaxy, T

CTaHLiA NPMUMaHHA BaHTaXKy AnA nepese3eHHA — Ko ECP

NaTa NPUMMaHHSA BaHTaXy — A.M.p. ro/1:XB

CTaHUiA npmM3HavyeHHA — Koa ECP i Ha3Ba

KOJ, BigNpaBHUKA BaHTaXy

Puc. 1. CtpykTypa MacuBy JaHUX PO 3aBAaHTAXKXCHHS BaroHiB Ha 3QJII3HHYHOMY TOJITOHI

datadelay.xlIsx

@ HOMep MNoi34a XXXX

o O 0 ©

IHOEKC Noi34a XXXX+XX+XXXX

CTaHLiA 3aTpUMKK, ECP Ha3Ba

AaTa i Yac 3anMwWeHHA noi3aa, 4.M.p. ro4:xB

AaTa i Yac 3aKiHYeHHA 3aTPMMKM Noi3aa — A4.M.p. ro4:XB

Puc. 2. CtpykTypa MacuBy TaHHX PO KMHYTI MOi31 Ha 3aJIi3HNYHOMY TOJIIrOHi

Ha mepmomy erani meron nepeabadae arperamito
BaHTaxiB 3a kogoM €TCHB - €mmra Tapudao-
Craructnuna Homenknatypa Bantaxis [15]. Koxyrots
BanTax 3rigHo 3 €TCHB 3a miecTU3HAYHMM KOLOM, €
nepii ABi DU(PU KOAY MO3HAYAIOTh HOPSAKOBUH HOMED

Tpyn, 1[I0 BU3HAYa€  HAJIEKHICTH /0  IEBHOI
HOMEHKJIATypd BaHTaxiB. Ha mili ocHoBi Oyno
BHOKPEMJICHO TpW y3arajbHEHI TPyl BaHTaXIB:

arpoTnpoAyKIlisi — TOBapH, IO HaJekaTh 1O KJIaciB 3
komamu 01 Ta 02 (cimpchKOTOCTIONAPCHKA IPOMYKIIis), SO-
60 (mpoayKTH XapuyBaHHS, HAIOi, TOBAapH IITHUPOKOTO
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BXKHUTKY); BaHTaXi, IO HaJekKaTh JO OyaiBEIbHUX
Marepianis (Oyamar) — BaHTaxi 3 Kogamu 23 (Marepianu
MiHepaJIbHO-Oy/AiBeIbHI TPUPOAHI, 307a, HUIAKH, KpPIiM
TpaHyJIbOBAaHUX METANYpPriiHUX [UIS TIEpeIUIaBKH), 25
(MaTepiany cTIHOBI NOKpiBeJbHI), 26 (Marepiaiu, BUpoOn
OyniBeJIbHI TPOMHCIIOBOTO BUPOOHHIITBA, KPIM CTIHOBHX 1
MOKPIBENIbHNX); 1HIII BaHTaXi — yci pemTa MOo3Umik
Kiacugikaropa, fKi HE HajeXaThb 0 BHIE3a3HAYECHUX
rpyn. Take TpymyBaHHS IPYHTOBAaHO Ha PpO3MOJILTI
3arajJbHOTO  00CATY  TIEPEeBE3EHOr0  BAaHTAXy 32
HOMEHKJIATypOIO, JI¢ IOMIHYIOTh OyJMaTepiaiii, a TaKoX

3epHOBI Ta OJiiHI KynbTypHu. Po3poOnenuii amroputm
BUKOHYe  (QYHKIiIO TpyHyBaHHS  BaHTaXiB, sKa,
aHaii3ytoun nepiui asi mudpu koxy €TCHB, BimHOCHTH
3amKc 10 y3araJbHEHHX TPYI «arpoy, «Oymmarepiaym
abo «iHmi». Buxonyiots arperyBanmbHmii SQL-3ammT i3
TPYIlyBaHHSAM 32 HOMEHKJIATYpOIO BaHTaxy, TIpYIOIO
BaHTaXXy, CTAHIISIMH BiJNIPaBJICHHS Ta NpUOYTTS 1 1aTOI0,
KM OO0YMCIIIOE CyMapHy Bary y TOHHax 1 KUIBKICTB
BaroHiB. Pe3ynpraTn nepeHocsTs y Buxiguuii ¢aiin Excel
3a Ha3BOIO results.xlsx (puc. 3).

CTaHLiA NPMUMaHHA BaHTaXKy AnA nepese3eHHA — Koa ECP

3ampormoHOBaHUM  mWiaXig  Jgae  3Mory  30epertu
IHTEpIIpeTanilo JaHUX IpO KUIBKICHI Ta TEXHOJIOTIUHI
0cOONMMBOCTI BIUIMBY Ha TI€PEBAaHTAXXEHHS 3aJIi3HUYHOI
Mepexi 1 BOJHOYAC 3MEHIIUTH IXHIO BHUMIPHICTH IS
1o0Y0BH NIPOTHO3HOI MOJIEI.

Hns BpaxyBanus rpadoBoi crpykrypn Ilmany
noizaiB (I1IT) 3alIpONOHOBAHO

result.xlsx
Kog ETCHB i Ha3Ba BaHTaXy
rpyna BaHTa)Ky — arpo, rMk, iHwWi
CTaHLUiA NnpM3HayYeHHA — Ko €ECP i Ha3Ba
Maca BaHTaxy, T
KiNbKiCTb BaroHis
AaTa NPUMAMaHHA BaHTaXKy — PiK-MicALUb-AEHDb
Puc. 3. CtpykTypa MacuBy IaHHX IICIIs TPYITyBaHHS BaHTAXIB
OxpiM THITy BaHTaXy, JUIA ONHCY pi3HOI

CKJIAZHOCTI ~ TEXHOJIOTIYHOTO TMPOLECY IEePEBE3CHHS

3aIpOIIOHOBAHO BpaxyBaTH BHJ BiAmpasieHHs [16], sxuii

BH3HAYAIOTh 3a KUIBKICTIO BaroHiB, HaBaHTAXECHUX

OJTHOYAaCHO Ha OJHIH cTaHIil. ArperyBaHHs JaHHX 32

TUTIOM  BIANpaBJIEHHS  BHKOHAHO  4Yepe3  moxul  QopmyBaHHA

HaBaHT@KEHHS Ha  MapumipyTHI  BiANpaBKH, IO

i1eHTH(IKYIOTh 32 YMOBH OJHOYACHOTO NMPHHMAaHHS IS
MIEPeBE3CHHS 3 OJHAKOBOIO CTAHIIEI0 TPH3HAYEHHS Ta
OTpUMYyBayeM Yy TIOH3J COpPOK BAaroHiB, Ta BaroHHI
BIJIPaBKH, OO SKUX HajeXaTb TPYNH BaroHiB i3
KUTBKICTIO BaroHiB J0 COpOoKa BKItOYHO. [lomin
BIJIpaBJICHb HA MAapIIPYTHI Ta BAaroHHI Ja€ 3MOTY
moniutd  BaroHomotokun B [IDII Ha TtpamsutHi 3
mepepoOKoro (Tp 3/mep) i TpaH3UTHI Oe3 mepepoOKu (Tp
0/mep), mo BimoOpaxkae pi3HUH pIBEHb CKIAIHOCTI
TEXHOJOTIYHMX Omepamii Ha CTaHISX Mepexi Ta
MOTCHLIHY  WMOBIpHICTh ~ BHHUKHECHHS  3aTPUMOK.

IHTErpyBaTH JaHi PO HaBaHTAKEHHS BAaroHIB i AaHi 1Mpo
kuHyTi moizau 3 rpagom IIDII, mo ommcye cucremy
oprasizanii BaroHornortokiB y moizau Ha 2018-2019 pik.
Omudposannii rpad mepexi npuzHauens [1PI1 mae s
KOXKHOI BEpIIMHHU Ha3By CTaHLil Ta YHIKUIGHUHA HOMEp

cranmii B Mepexi (kox €CP). ¥V wMexax mnporo
JIOCIHIJPKEHHST BUKOpUCTaHO TpadoBy crpykrypy I1DII 3a
HaiimenyBanHaM  (G2019. Ha puc. 4 HaBeneHa
KOHLIENTyaJbHA  CXeMa  iHTerpamii  JaHUX  TIpO

HaBaHTaKeHHS BaroHis i3 rpagom I1DII.
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Non (G2019)

a2

Bar/gob6a
Arpo Tp 6e3 nepepobku (rpyna 6inbwe 40 Bar)
Tp 3 nepepobKoto
IHWi >

CraHuin
NPUAMaHHSA
BaHTaXy

CraHuia
NpU3HaYeHHA
BaHTaXy

Puc. 4. KoHnenTyansHa cxema iHTeTparii JaHuX Ipo HaBaHTaXEHHs BaroHis i3 rpadom [1DIT

VYpaxosyroun, mo no [1OII BXxoasTh umie omopHi
crannii 3anizangaoi Mepexi (G2019 mae 142 cranmii), a
HABAaHTAXXCHHS MOXKE BiJOYBaTHCS Ha OUIBININA KiTHKOCTI
CTaHIi{, IO HE BXOIITh Y MHOXHHY OIOPHHX,
3alpPOMOHOBAHO, BUKOPUCTOBYIOUH BXKE 3TPYIOBaHI JaHi
¢aitmy results.xlsx (puc. 3), 3OIHCHHTH 3a KOXKHOIO
CTaHIIEI0 TIPUAMAHHS BAaHTAXy [UIS TCPEBE3CHHSI
IIPUB 3Ky 10 OomopHoi, mo Bxoauts 10 G2019. Ha puc. 5
HaBeJICHA 3a/ladya IMPUB’SI3KU CTAHIIA HABaHTAKCHHS Ta
MIPU3HAYCHHS! BaHTaXy 10 onopHux cranuii [IPIL. V¥V
po0bOTI 3a JONMOMOTOI0 CHEUiANFHOTO AIrOpUTMY OyiH
BH3HAYCHI KOOPJAWHATH KOXHOI CTaHIll BIAMOBIAHO IO
kogy €CP. Ile nmamo 3Mory B MeXax alrOpUTMY, Yy
BHIAAKY SKIIO CTaHIS NpPUAMAHHA BaHTAXy I
IepeBe3eHHsT HE BimmoBimama omopHii cranmii [1DI,
mrykatd  HaOommwkuy — craHmito  [I®II  srimHO 3
MiHIMaJIbHOIO BijicTaHHIO. J[1s1 0OYMCICHHS BiJICTaHI MiX
3QM3HUYHAMKA  CTAHI[ISIMH, mo 3amadHi  IXHIMH

reorpadiuyHIMHA  KOOpAWHATaAMHU ((01 R /ll) i (gpz , ﬂ,z ),
BHUKOPHCTaHO (hOPMYITy TaBEpPCHHYCIB

d :R-c:R-ZarctanZ(\/Z,\/l—a),
(D

(A .
a=sin’| =2 +c0s(¢1)cos(¢)2)s1n2 A—; ,
@)
Ap=0,—p., A=, -4,

€)

e (Dl,ﬂ,l —mUpoTa 1 JOBroTa CTaHII NpHHMaHHI
BaHTaXy I TEpPeBe3cHHA ab0 MpPU3HAYCHHS BAHTAXKY,
pan;

mmpoTa i JoBrota onopuoi craniii [1DI1,

(02712 -
paxn;

R — cepenniii paxgiyc 3emii, R = 6371 kwm;

d — reoze3nyHa BiACTaHb MK CTaHIISIMU.

[Momyk Bincranei 3a popMyIoro raBepcuHycCiB Jae
3MOTY KOpPEKTHO BpaxOBYBAaTH KPHUBHU3HY 3emili, Ha
BiIMIHY BiJl €BKJIIJIOBOi METPHUKH, IO MAaE€ TMOXHOKH Ha
BEIMKMX BiACTaHsX abo pisHUX mmpoTax. [licius
mporenypu mnpuB’s3ku 10 cranmiii [IOII 3a meromom
anroput™y Je#ikcrpu [17], mo BuKopHcTOBYe (yHKIis
nx.shortest_path () 6i6miorexun NetworkX [18], mrykamu
MapmpyT o cradmii [1PII, mo € OCTaHHBOIO O CTaHIIIl
MIPU3HAYCHHS BAaHTAXKY.
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(0, 4)

result.xlsx

kogoM €TCHB Ta Ha3Ba BaHTaxy

rpyna BaHTaXy — arpo, rMK, iHuui

CTaHIis MpHIMaHHsA BaHTaXy /10 nepeBe3eHHs — ko €CP

cTaHLis npu3HaueHHs — kox €CP Ta Ha3Ba

Maca BaHTaXy, TOHH

KIJIBKICTh BaroHiB

JlaTa NpUHMaHHs BaHTaXy — Pik-MicsLb-1eHb
@)

Bar/poba
CraHuia O

T

NPUIUMAHHA BaHTaXy

AnAa nepeseseHHA CraHujis

MM, Wo € OrOPHOK
ans o

BXOOKEHHSA/BUXOAY
BiANpPaBKM B AP0

3aNi3HUYHOI Mepexi

3rigHo3 [N

CraHuin
NpU3HaYeHHA
BaHTaXy

CraHuia MM, wo e
OCTaHHbO A0 CTaHu,iT
NPU3HaYeHHA BaHTAXy

Puc. 5. Cxema npuB’si3KM CTaHIIN HaBaHTa)KCHHS Ta MPU3HAYECHHS BAaHTAXYy 10 onOpHUX cranuii [1PI1

3a pesynpTaTamMu OOYHCIECHb 3T€HEpPOBaHO (haiin
routes.xIsx, y sSKOMy 10 BXiIHHX JaHUX i3 (ailmy
results.xlsx ~ momaHo  TpM  TWONA, IO  BPaxoBYe
IIOCJIIIOBHICTh HAa3B CTAHMIM 3rigHO 31 3HAWIEHUM
MapmpyToMm y rpadi [IPII, nocnigoBHicTs IXHIX KOIIB 1
TUN TOi37]a, [0 BHM3HAYEHO IIOPOTOM 32 KUIBKICTIO
BaroHiB (Big 40 BaromiB i Oimpme — «MapmpyTHa
BigmpaBka» (M) BigNOBia€e THUIy BaroHONOTOKY
«TpaH3uT Oe3 mepepoOkw», iHakme (IT) — «rpaH3uT i3
nepepoOkoto»). Ha ocHOBI MacuBy pnaHux (aiiiny
BUKOHAHO  TPOLEAYpY  IOCTOOPOOKHM  pe3yJbTaTiB
MO/ICTIFOBaHHS MapHIPYTiB ISl IEPETBOPEHHS 3HAWICHUX

MIOCIIZIOBHOCTEH KOJIB CTaHILIN Yy BIANOBIOHI HOMEpHU
pAnKiB BHXimHOTO peectpy cranmii all codes.txt. Y
Mexax npouenypu chopmosano ¢aitn routes full.xIsx, y
siKkoMy ponaHo nosie «Homepu psiakiB», Zie mepeTBOpEeHO
nocizoBHicTs koaiB €CP craHMmiif y BiAmoBixHI HOMEpH
PAIKIB BUXITHOTO peecTpy cranuiil ¢aiury all codes.txt 3i
30epeKeHHs XapaKTEPUCTUK CTaHIiH, 0 BOHA HAJICKUTh
[OIT (sxmo cranmis He HamexuTh I[IOII, 11 HOMEp
Bim’emuuii). lle HeoOXimHO My 30epeskeHHs iH(OpMaIIil
npo Tum craHdoii (omopha, mo Hanexuts DI, i
JIOTIOMDKHA, IO MAa€ HABAaHTAXKEHHS) 1 KOPEKTHOTO
Y3rOJUKEHHST MapHIpyTiB 13 MOJAIBIIUMH JaHUMH Ta
MoesMu (puc. 6).
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routes_full.xIsx

®

Maca BaHTaxy, T

Ki/IbKiCTb BaroHiB

o & 0 060 O 0o 0 ©°

Kog ETCHB i Ha3Ba BaHTaXy

AaTa NPUAMaHHSA BaHTaXy —

TMN BaroHonoToKy — M uu [1

rpyna BaHTa)Ky — arpo, rMk, iHwWi
CTaHLiA NPMUMaHHA BaHTaXKy AnA nepese3eHHA — Koa ECP

CTaHUiA npmM3HavyeHHA — Koa ECP i Ha3Ba

piK-micaub-4eHb

HAMKOPOTLLIMIM MapLIpPYT — NOCNIAOBHICTb HAa3B CTaHLM

KOAM CTAHLiM MapwpyT — nocnigosBHicTb ECP cTaHuin

HOMep pPAAKa — NOCAIAOBHICTb CTaHLiM 3aKO40BaHMX HOMEPOM PAAKA

Puc. 6. CtpykTypa MacuBy JaHMX ITICIIS TPOIIEAYPU IIOCTOOPOOKH PE3yJIbTaTiB MOICIIOBAHHS MapIIPYTiB

@ain routes_full.xIsx € BuximuuMm s moOyn0BU
HaBuasibHOI Marpuii load.xlsx i3 MacWBOM maHUX TIpO
HaBaHTKEHHS PO3MIPHOCTI (KUIBKICTh CTaHIIA X
KIJIBKICTB JJHIB X BaroHOIOTIK), sIKa arperye BaroHOMOTIK
32 MapumpyToOM Ha KOXKHIA CTaHOii 3a THSIMHU 1 BUAAMH.
KoxkeH nmeHp mns craHmii 30epirae piBHO HIICTH YUCEN Y
TIOPSIIIKY, /1€ 3aKOZ0BAaHO ITOJISI ISl BUIY BaHTaxy (arpo,
TMK, iHIII) 1 BUTY BaroHOMOTOKY (Tp 0/11, Tp 3/m) (puc. 7).
Jlorika mpoueaypH 3aHECeHHs! BiIIPaBKH 3 BiJIIOBIIHOIO

KIJIBKICTIO BaroHiB Iependadae JoaBaHHS KiJBKOCTI
BaroHiB y IOJI€ CTaHIIil, sIKa € ITOYaTKOBOIO Ta B KOXKHY
HaCTYITHY CTaHII0 MaplIpyTy, OKpiM OCTaHHbBOI, IO €
CTaHIII€I0 TPU3HAYCHHS IMX BaroHiB. [lOCIiIOBHICTH
CTaHII{ 3a MapUIpyTOM pPyXy BiJIIpaBKH BUOMPAIOTH Y
o «Homep psanka» ¢aitmy routes full xIsx. 3a Takum
ITiIX0I0M BiJOOpa’KeHO MapUIPYyT PyXy BIINPaBKH 3TiTHO
3 TII®I, mo jgae 3MOry  OMHCATH  CKJIATHI
B3a€MO3AJIC)KHOCT]I BIUIMBY BEJIMYMHH BaroHOIOTOKY Ta
IIPOCTOPOBOTO HOTO PyXy Ha 3aTPHUMKH B MEPEXI.
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load.xlIsx
A B C D E F
1 |Homep crabumn| 2019-09-flewn1 | 2019-10-Aewbl | 2019-11-fewnl | 2019-12-fewbl | 2019-09-fexn2 |
2 1 0,0,0,6,0,0 47,0,0,14,5,4 0,0,0,21,3,0 93,0,0,11,0,0 0,0,0,16,0,0
3 2 0,0,0,0,5,0 0,0,0,7,10,2 0,57,0,4,8,1 0,0,0,0,25,0 0,0,0,0,26,0
4 30,0,0,0,0,0 0,0,0,12,0,3 0,0,0,4,0,1 0,0,0,10,0,0 0,0,0,0,0,0
5 40,0,0,0,0,0 0,0,0,0,0,0 0,0,0,0,0,0 0,0,0,0,0,0 0,0,0,0,0,0
6 554,50,0,32,157,48  0,0,0,33,164,19 52,50,0,2,105,28 108,48,0,0,97,3 0,0,0,44,78,4
7 6 49,50,40,114,165,144 45,41,0,243,163,140 265,57,0,118,173,128 54,109,0,44,114,40 51,40,0,203,327,149
8 7 0,0,0,0,0,11 0,0,0,0,0,2 48,0,0,0,0,0 0,0,0,0,9,0 0,0,0,0,0,0
142 9 8 0,0,0,0,0,3 0,0,0,30,0,6 0,0,0,0,0,10 0,0,0,0/0,3 0,0,0,0,0,4
- 10 9 0,0,0,9,0,0 0,0,0,10,0,18 0,0,0,4,8,5 0,0,0/10,0,0 0,0,0,9,18,0
CTaHUlI
Mnon ()
° KiNbKIiCTb
o
108,48,0,0,97,3

VRN

arp

bya

iHLWi arp  6ya  iHwi

| |

TpaH3uT 6e3 Nnepepobkn  TpaH3UT 3 NepepobKu

Puc. 7. CtpykTypa MacuBy NaHWX HaBYAIHLHOI BUOIPKH MPO BarOHOMIOTOKH Ta CXeMa KOJAYBaHHS BUIY BarOHOTIOTOKIB
uts koxxHol craHmii [TDIT

JUIs TmOroTOBKM JAaHWX, IO ONHUCYIOTH TOI370-
TOJAVHM 3aTPUMaHHUX TMOi3AiB Ha craHmisx [IDII,
po3pobieHO Tpouedaypy Ha OCHOBI JaHuUX (hairy
datadelay.xlsx, me 3a3Ha4eHi BCi HA3BH CTAHINH 3aTPUMKH
BiAMOBiMHUX 10i3AiB (puc. 2). CraHmii 3aTpUMKH 9acTo €
MIPOMDXHUMHM Ha JIIBHUIIAX, SIKI HE BXOAATH IO OINOPHHUX
crarmid [IDI1. BaximBo 3MEHMIUTH OOYHCIIOBAIEHUI
mpocTip  mocTaBiieHOi  3ajmayi. I3 miero  meroro
3anporoHoBaHo iHTerpyBat AaHi cranmii 3 ITDII. s
IOTO ieHTH(]IKOBAaHO MapuIpyT HOI3HOTO (hopMyBaHHS

3a IHIEKCOM IOi3Ja, MICNIsS 4YOoro B MeKax 3HaiaeHOl
MHOXKMHHM BEpILIMH 3alpOIOHOBAaHO 3HAXOAWTH IIpaBy
CTaHII0 3 OCTaHHBOI MapH CYCIIHIX BY3JB MapLIpyTy
(IpU3HAYEHHS), MK SKHMH 4YHCEJIBHO JIEKHUTh KOJI
3atpuMKH. Hampukman, 3a puc. 8, craHLis 3aTpUMKH
41400 nexwuts y Mexkax cycigHpoi mapu koziB 32000 <
41400 < 41510, i xom craHmii 3aTPUMKH YHCEIHHO
JISKUTh MDK HHUMH, YOTO JOCTATHBO JUIS HIPUB’SI3KH JIO
mpasoro koxy 41510.
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CTaHUjA (BepwwuHa rpada MNPM) npue’A3Ka Ao
1538 KaniHkoBnumn HaMBANKYOI cTaHLT

O npusHayeHHa MNor
1550 ¥nobiu CTaHUis (BepwurHa rpada NOM)
32000 AapHuuyAa

CTaHLiA 3aTPUMKM

414007 KYLOB 41510 MuKonais

AKWO cTaHuin CTaHUuiAa (He
BiacyTHA y NI, BepLIMHa
BMbMpatoTb

P rpada NdM)

HanbanKuy, Wo

HasBHa B NN 41780 XepcoH

O

41840 XepcoH MopT
1550+459+4184

iHOEKC noi3ga

MapuwpyT noisga 15380 - 32000 - 41510 - 41780
\ J

3HanaeHo napy npmsHayeHHa 32000 - 41510
YncenbHa nepesipKa, UM nexkutb Kog 3aTpmmkmn 32000 < 41400 < 411510

41510

npuB’A3Ka Ao NPaBoi CTaHUii npusHavyeHHA MNP

Puc. 8. [Ipukiiag cxeMu puB’sI3KK CTAHIIIT 3aTPUMKH, 110 He € cTanmieio [IDI1 no onopHoT cranmii
MPUHIUT TPUB’S3KH IO HAHOIMKYOTO 3a 3HAYCHHIM
3a yMOBH CIHIBIAIiHHSA MapUIpyTy PyXy MOi3ma 3  KOAY Mapu 3 Mapy CYCimHIX By3miB Mapmipyty. [Ipukman
icHyrounM TnpusHaueHHsM y [I®II, a kox craHmii CcXeMH TIPUB’SI3KM CTaHIli 3aTPUMKH 32 IPABHIOM
3aTPUMKH HE JIGKUTHh HA MapIIpyTi i HE TOTPAIUIAE «MDK  «HAHOIIKYA 32 KOJOM» HAaBEJCHO Ha puc. 9.
[aporo» BY3JIB 3a YHCIOBHUM MOPSIKOM, 3aCTOCOBYIOTH
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CTaHUiA (BepwwuHa rpada MNPM)
32000 AapHuuyA
@

3200+41+4051

iHOEKc noi3ga

MapwpyT noisga 32000 - 40510

npue’A3Ka Ao
HaMBANKYOI cTaHLT
npusHayeHHA MM

40570 Po3ginbHa CopT

CTaHUuja (BepwuHa rpada
non)
40510 Opeca 3acrBa |

CTaHLiA 3aTPUMKM

KoA4y CTaHUil 3aTPUMKN HEMAE cepea By3niB mapwpyTty 32000 41510

BMbip 3a npaBuaom «Hanbam»kua 3a kogom» 40570 — 40510 = 60

| 40570 — 32000| = 8570
HalmeHwWwa pisHyus (60) 3 40510

npue’aska go 40510

Puc. 9. IIpukinan cxemMu pyB’sI3KU CTAHIIT 3aTPUMKH y BUIIAJKY, SIKIIO KOJ| CTAHII1 3aTPUMKH HE JISKHUTh Ha MapLIpyTi
1 HE TIOTpaIUIIe «MIXK MApOI0» BY3JIiB 32 YUCIOBUM HOPSIKOM

3a pe3ynbTaTaMu IHTETpaIlii 3aralbHUX TaHUX PO
3aTpUMaHi O3 Ha Mepexi 10 MHOXHUHU cTaHmid [1DI1
3reHepoBaHo Qain route report.xlsx, sIKMH € BHXiTHUM
JUTST TIOOYJIOBM HABYAIILHOI MATPHI IS MaTEMAaTHYHOT
Mozeni. BigmoBiqHO A0 CIIBCTaBICHHSA PSIKIB BXiTHOT

Marpuui ¢aiiny load.xlsx 3renepoBano aiin outputs.xlsx.
VY Mexax IpolenypH MepeTBOPEHO TPUBAJICTH HMPOCTOIB
y TOAMHHM TO KOXHII maTi Ta cOpMOBaHO MaTPHIIO
po3mipHicTio 142 cranmii [I®IT X gath, ne B KOMipkax
3a3HaueHi 1Moi30-rofuHu Ipoctoo. CTpyKTypa MacuBy
naHux ¢aiimy outputs.xlsx HaBenena Ha puc. 10.
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outputs.xlsx

A B C D E
_ 1 | Kog cranuii (5 yndp) I Hassa craHuyii 31.08.2019 | 01.09.2019 | 02.09.2019
2 13020 BpecT-Bocr.
3 13940 Nyuney
4 15000 Tomens
5 (15380 KanuHkosuumn
6 20000 BpaHCK-JIbrosckum
7 132000 [apHuua 12,9 28,27694444
8 32050 Kues-BonbiHCKuiA
9 '32500 YepHuros
142 7 10 i32600 Baxmay-accammpckui
CTaHUIT| ¢
non °
) 12,9 noi3po-roanH 3aTpuMKmn

Puc. 10. CtpykTypa MacuBy JaHUX HaBYAIBHOI BUOIPKH IPO MOI340-TOANHH 3aTPUMKH

3a pesympTaTamMy peajizalii 3ampoIIOHOBAHOTO
migxoay cOpMOBaHO IHTETpOBaHMH HAOIp AaHMX, IIO
MIO€/IHY€ ONepamniifiHi MMOKa3HUKH HAaBAaHTA)KEHHS BaroHiB
i3 TpadoBOI0 CTPYKTYpOIO IUIaHy (GOpMyBaHHS IOi3JIiB.
Pospobnena  mpomenmypa nama  3MOry — BHKOHATH
IIPOCTOPOBY TPHB’SI3KYy CTaHLiil HaBaHTaXEHHA Ta
3aTpUMKH T0i3AiB 110 omopHuX ctaHmii [1PII, a Takox
chopMyBaTH MapHIpDyTH PyXy BaroHOIIOTOKIB y MeKax
Mepexi. Y pesynbTari OyIio cOpMOBaHO JBI Y3rOKEeHI
MaTpUIll JaHWX, 30KpeMa BXigHy marpuirto load.xlsx, sika
MICTUTh arperoBaHi IapamMeTpu HaBaHTAXEHHI 3a
cranmisMmu  [IOII, BugamMu BaHTaXIB 1 THIAMU
BaroHOINOTOKIB, 1 BUXIJHYy MaTpHIo outputs.xlsx, mo
BijoOpaXkae  MOI3MO-TOAMHHM  3aTPUMOK IIOI34iB  3a
CTaHIISIMU MEPEXi.

Otpumanuii Habip JAaHWX Ja€ 3MOTY IHTErpyBaTH
MIPOCTOPOBY  CTPYKTYpY  3alli3HMYHOI  Mepexi 3
olepalifHUMK TTOKa3HMKAaMH TIEPEeBi3HOTO THpouecy i
CTBOpIO€  iH(OpMAIHY OCHOBY JUIi  10OYyIOBH
MaTeMaTHYHUX Mojesiell aHaji3y 1 TPOrHO3YBaHHS
3aTPUMOK IT013/I0TIOTOKIB.

BucHoBkn. Y mochmimKeHHI PO3pOOICHO METOM
iHTerpanii - omepamiiHMX — JaHUX  (QYHKIIOHYBaHHS
3aTI3HMYHOI Mepexi 3 rpadoBOI0 CTPYKTYpOIO IUIAHY

¢dopMmyBaHHS TO37iB, sKUH Qopmye iHPOpManiiHy
OCHOBY JUIA aHajlidy Ta NPOTHO3YBAaHHSI 3aTPUMOK
MOI3ONOTOKIB Yy 3ali3HWYHIK cucTeMi. Y Mexax

JIOCHIJPKEHHST pO3pO0JICHO MiAXiJ MIOA0 arperyBaHHS Ta
TIEPETBOPEHHS ONEPAIlifHUX JaHUX 3aJTI3HUYHOI MEpexi,
IO BKJIIOYAIOTH 1H(OpMALiI0 TIPO 00CSTH HAaBaHTa>KCHHS
BarOHIB 1 BWIIAJKH TPOCTOK0 KHHYTHUX  IIOI3IIB.
3arpornoHoBaHUH MiJIXiJ JOIOMIT y3araJlbHUTH NEpBUHHI
JaHl 3a TPyImaMy BaHTaXIB 1 BHJAMH BaroHOIIOTOKIB 1
MIEPETBOPUTH X y ITOKA3HUKH MOi3J0-TOJUH 3aTPHMOK,
SKI XapakTepu3yIOTb piBEHb IOPYLICHHS TEXHOJOTl
MIEPEBI3HOTO MPOLIECY Ha CTAHIIAX MEPEXKi.

CdopmoBaHo Meronx  iHTerpamii  OTPHUMaHHX
eKCIUTyaTallifHuX TI0Ka3HWKIB i3 Tpad)OoBOI0 MOJEIUIIO
ady (OpMyBaHHS TOi3/iB, 110 Jaji0 3MOTY BHUKOHAaTH

MIPOCTOPOBY ~TPWB’SI3KYy CTaHLiil HaBaHTaXEHHA Ta
3aTPUMOK JI0 ONOPHMX CTaHLid Mepexi 1 BpaxyBaTu
MapHIpyTH pyXy BaroHOIOTOKiB y cTpykrypi IIPII. ¥V
pe3ynbTari cOpMOBAHO Y3roKEHUH HaOIp NaHMX, SIKUHA
MIO€/IHY€ OTEpalliiiHi MmapamMeTpy MepeBi3HOTO Mpolecy 3
MIPOCTOPOBOO CTPYKTYPOIO 3ATI3HUIHOT MEPEkKi Ta MOXKE
Oytn BuKopHucTaHuil sK iHQopmamiiiHa OcHOBa JUIs
MOJAJbIIOro  aHajizy 1 moOynoBHM  MaTeMaTH4HHX
Mo/ieJiel TPOrHO3YBaHHS 3aTPUMOK I10i3/J0MOTOKIB.
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KYMAN A. M,
Kravchenko M. A.
Development of a method for integrating railway
operational data with the graph structure of the train
formation plan

PROKHORCHENKO H. O,

Abstract. The paper proposes a method for
integrating operational railway network data with the
graph structure of the train formation plan. The method is
aimed at creating an information basis for the analysis
and forecasting of train flow delays while taking into
account the spatial structure of the railway transport
system. The study uses operational data of JSC
«Ukrzaliznytsiay related to wagon loading of different
freight categories as well as information on idle
«abandonedy trains at stations within the operational
area of the Odesa Railway regional branch. A data
preprocessing procedure is developed that aggregates
operational records according to freight groups and
wagon flow types. The obtained data are further
transformed into indicators of train-hours of delay, which
characterize disruptions in the technological process of
railway transportation. To incorporate the spatial
structure of the railway network, a method is proposed for
integrating loading data and delay information with the
graph representation of the train formation plan. The
proposed approach includes an algorithm for assigning
loading stations and delay stations to the main stations of
the train formation network using geographical
coordinates and graph-based routing procedures. This
makes it possible to reconstruct wagon flow routes within
the network and to represent the interaction between
freight flows and railway infrastructure nodes. As a result,
an integrated dataset was generated that combines
operational indicators of wagon loading, spatial routes of
freight flows, and delay indicators expressed in train-
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hours. The resulting data structure forms a consistent
input and output dataset that can be used as a training
sample for the development of mathematical models for
the analysis and prediction of train delays in railway
networks. The proposed method enables the integration of
operational transportation data with the spatial topology
of the railway network and can serve as a basis for
further research on delay propagation and predictive
modeling of railway transport processes.

Keywords: railway network, train formation
plan, graph model, operational transportation data,
wagon flows, train delays, delay prediction.
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Efficiency Evaluation of a Code Division Multiple Access System Based on a Multilevel Functional
Model of Performance Indicators

The article considers the problem of evaluating the efficiency of a code division multiple access system that
uses ensembles of unequal-energy complex signals. The purpose of the work is to develop an efficiency evaluation
procedure for a code division multiple access system based on a multilevel functional model of performance indicators
with determination of the set of model levels sufficient for the stated task. The multilevel functional model is treated as
a set of levels ordered by the degree of generalization of efficiency estimates. Each level is associated with functionals
that determine the corresponding performance indicators. The model includes energy, structural, power-channel and
system levels. The energy level is related to the energy composition of the signal ensemble, the structural level is related
to mutual-correlation parameters of the signals, the power-channel level is related to the corresponding channel-level
parameter, and the system level is related to the final estimate for the stated task. The full model keeps a sequential
structure: the indicator of each upper level is determined through the indicator of the previous adjacent level and the
parameters that enter the current level. This prevents the system-level indicator from being mixed with the reduced
functional used for comparison of variants. The procedure uses functional reduction to determine which level
functionals must take part in the reduced functional for a given finite set of compared variants. For each level under
consideration, the procedure checks whether there is at least one pair of variants for which the value of the
corresponding level functional differs. If all variants have the same value of a level functional, that level does not enter
the reduced functional for the considered task. If at least one level satisfies the difference condition, the reduced
functional is formed by the mapping that transforms the values of the sufficient level functionals into one numerical
efficiency estimate for each variant. The obtained numerical estimates are then used to order the variants according to
the selected type of task, minimization or maximization. The practical value of the result is that efficiency evaluation,
synthesis or optimization of a code division multiple access system can be performed by the values of the reduced
functional, while the full multilevel model remains sequential and the comparison uses only the set of levels that is
sufficient for the stated task and the given set of variants.

Keywords: code division multiple access system; complex signal; performance indicator; multilevel functional
model; functional reduction; reduced functional; energy level; structural level; power-channel level; system level.
To evaluate unequal-energy  ensembles,

Introduction. equivalent transformations were used in [4, 5]. These

Ultra-wideband  transmission  modes  with  transformations connect the original ensemble with

impulse signals form a technical basis for energy-efficient conditignal equal-energy .ensembles .that are equivalent in
wireless access devices with practically implemented —total §1gnal cnergy. This makes it possible to apply
high-frequency transmitting, receiving and processing analytical relapons developed for equal-energy ensembles
paths in the 3.1-10.6 GHz and 5771 GHz bands. The ~©f complex signals to unequal-energy ensembles and to
possibility of using impulse signals in such modes is  US€ these relations in analysis, comparison and ranking
defined by the IEEE 802.15.4 family of standards [1, 2].  tasks. ] ) . . .
For code division multiple access based on complex The obtained analytical relations make it possﬂﬂe
impulse signals, the key property of a signal ensemble is 10 .select, comparc and ran1.< ensembles by .Pfll’tflal
the ability to keep a low level of multiple-access 1nd1c.at0rs. Efficiency evalgatlon of a code d1V1519n
interference for arbitrary time shifts between signals. In Fnu!tlple access system requires a transition from partial
[3], ensembles of periodic impulse sequences were indicators to a generallzed.efﬁcwncy estimate of .the
proposed that meet these requirements. However, the System as a whole. For this purpose, a mathematical
signals in such ensembles have different numbers of model is needed.

impulses and are therefore unequal in energy.

©PANCHENKO S. V., LYSECHKO V. P., ZHUCHENKO O. S., INDYK S. V., 2026
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This model must define the set of indicators,
their distribution by levels of consideration,
the relations between indicators and the rule for obtaining
the final estimate.

The analysis of publications [6—19] showed that
mathematical models used to obtain the corresponding
estimates or indicators are defined by the task, input data,
application conditions and required result, and have
common features: decomposition of a system or a task
into elements, subsystems and relations between elements
and subsystems; definition of functions of elements and
subsystems; definition of inputs, outputs and states of
elements or subsystems; definition of levels of a
hierarchical structure, subtasks or functions; aggregation
of partial results to obtain a system estimate; aggregation
of elements and subsystems into the system as a whole;
simplification of the task through decomposition, model
reduction, reduction of task dimensionality, use of simpler
models and replacement of level functions by their
approximations. An approach to evaluating performance
indicators of a code division multiple access system based
on a multilevel functional model and using the theoretical
apparatus of system and functional analysis [20-22] was
considered in [23, 24]. The use of a multilevel functional
model requires determination of the set of levels needed
for the stated task of efficiency evaluation, synthesis or
optimization. This leads to the need to determine the
model levels whose functionals give different values for
the compared variants and must take part in forming the
estimate.

The purpose of the article is to develop an
efficiency evaluation procedure for a code division
multiple access system based on a multilevel functional
model of performance indicators with determination of
the set of model levels sufficient for solving the stated
task.

Discussion of the problem.

A multilevel functional model of performance
indicators of a code division multiple access system is
defined as a set of levels ordered by the degree of
generalization of efficiency estimates. Each level is
assigned functionals that determine the corresponding
performance indicators. The considered multilevel
functional model includes the energy, structural, power-
channel and system levels. The functional relations of the
multilevel model are determined by the following
relations:

Pen = Fen((Ey, By, -, L), L),
Pstr = Fstr(Pens L, ernax)»

Pcup = Feup(Pstr, N),

Psys = Fsys(Pcup, Csys),

PEN» PSTRa PCHPﬂ PSYS — performance

indicators of the energy, structural, power-channel and
system levels, respectively;

where

FEN’ FSTR, FCHPﬂ FSYS — functionals of the

energy, structural, power-channel and system levels,
respectively;

L| — ensemble size;
ﬂ — energy of the @—th signal of the ensemble,
i =12, ..,L

2 .
Rmax - maximum value, over the ensemble, of

the squared cross-correlation;
N — parameter of the power-channel level
determined by the communication channel model;

CSYS — vector of parameters that directly enter

the system level.

The energy level reflects the energy composition
of the signal ensemble. The structural level reflects the
correlation properties of the ensemble. The power-
channel level takes into account the influence of the
communication channel model. The system level gives
the final estimate according to the stated task.

In practical use of the model, not every level
necessarily affects the result of comparison of the
variants. If the values of the functional of a certain level
are the same for all compared variants, then this level
does not affect their ordering. In this case, it is sufficient
to use only those levels whose functionals give different
values for at least one pair of variants.

Functional reduction of the set of model levels
will mean the rule for forming a reduced functional by
those levels whose functionals give different values for
the compared variants. This rule does not change the
sequential structure of the full four-level model. It only
determines the set of levels whose functionals take part in
the reduced numerical estimate for the stated task.

A functional formed by this rule will be called
the reduced functional. The value of this functional is
used as one numerical estimate for comparing and ranking
the variants.

To determine the reduced functional, we

cbred’

values of the functionals of sufficient levels into one
numerical efficiency estimate for comparing the variants.
The reduced functional defines the comparison rule for
the variants and does not change the sequential relations
of the full four-level model.

Consider a finite set of variants of system
construction, signal ensemble construction or parameter
selection:

S = {x(l),x(Z), ___’x(K)}

introduce the mapping which transforms the

where

g — set of compared variants;
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x(k)—@—th variant, k = 1, ...,K;

g — number of variants.

For the implementation of functional reduction,
we specify the composition of each variant by levels:

— (+® (K k
) = (xEN X1 xc(H)P)»

k=1,..,K,

where

(k
KEN

the @—th variant;

k
ngI){ — set of parameters of the structural level

— set of parameters of the energy level for

for the

-th variant;

(K

XcHp| — set of parameters of the power-channel

level for the w—th variant.
We introduce the functionals of the energy level

FSTR and power-channel level

The functional of the system level

FEN’ structural level

F CHP} F SYS
determines the system-level indicator through the power-
channel level indicator and the parameter vector of the
system level.

For the levels whose functionals may enter the
reduced functional, we introduce the set:

W = {EN,STR,CHP}

The set of levels whose functionals enter the
reduced functional is denoted by Wred~ The set Wred

includes the levels from W for which the value of the
corresponding level functional differs for at least one pair

of variants from the set D|.
For an arbitrary level w from the set , the
corresponding level functional is denoted by . The

value Fw (x ) is the result of calculating the functional of

level M for variant @ For a variant @, the value of the
reduced functional is determined through the mapping

@ .. 4> whose argument is the set (Fw (x ))WEW :
red|

Fred(x) = CI)red ((FW(x))WEWred)'

where Fred —reduced functional;

Fred (x ) — value of the reduced functional for

variant {X;

q)red — mapping whose argument is the set

(FW (x ) )WEWred and whose value is [Fl.oq (x ) ;

FW (x) — value of the functional of level @ for

variant {X|;

Wred — set of levels whose functionals enter the

reduced functional.

xB k=1,..,K. we
(Fw(x(k)))

Then, using the selected mapping cbred’ we determine

For each wvariant

calculate the set of values

WEW eq

the value of the reduced functional Fred (x (k) )

The algorithm of functional reduction of the set
of levels of the multilevel functional model for a finite set

of variants P| includes the following steps.

Step 1. Define the initial data:
1) specify the set of compared variants:

S ={x®,x®,  x®]}

where

S| set of compared variants;
X (k) - @—th variant;

g — number of variants.
2) specify the set of functionals of the levels that

may enter the reduced functional: {FEN , FSTR , FCHP};

3) specify the system-level indicator through the
power-channel level indicator and the parameter vector of
the system level:

Psys = Fsys(Pcup, Csys),

where

FSYS — functional of the system level;

PCHP — performance indicator of the power-

channel level;

CSYS — vector of parameters that directly enter

the system level.
4) specify the set of levels whose functionals
may enter the reduced functional:

W = {EN,STR,CHP},
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where M - set of levels whose functionals may enter D _ specify the task type:
the reduced functional; opt € {mln, max}, where 0Pt - task type:
EN. STR. CHP - energy, structural and minimization or maximization of the values
) 4 >
power-channel levels, respectively. Fred (x (k)), k=1,..,K|
Step 2. For each level w from the set , check 2) build a permutation of variant numbers

whether the value of the corresponding functional can |07 {1 , e, K } - {1 , o, K }‘ such  that, for
differ for at least one pair of compared variants:

1) for each W € W], define the condition :

minimization, the following ordering holds:

Froa (1)) < Frog (x@)) < 1ot < Fro (x(00)),

R,:3ABE{1,..,K},A# B:F,(x®) # F,(x®)

and, for maximization, the following ordering holds:

where @ — condition that determines the presence of Fred(x(cu))) > F.og (x(c(z))) > > Fred(x (c(K))),
a difference between values of the functional of level @;

A, B| - numbers of compared variants; where — permutation of variant numbers;
F,, (x(A) )’ E, ( x(B)) _ values of the J| — position number in the ordered sequence,
=1,..,K;
functional of level w for variants [X (4) and X (B) . J L

o (]) — number of the variant that occupies the

2) determine the set of levels Wred whose

-th position in the ordered sequence;
functionals enter Fred as the set of levels M from for ﬁ P - q
X (G(J )) — variant that occupies the E—th

osition in the ordered sequence by the values

(k) —

W,eq = {w € W:R,,}: Frea(x®), k=1, ..,K
3) take the ordered sequence of variants as the

result of evaluation:

which the condition BW is satisfied:

3) complete the algorithm without defining Fred

if the set Wred is empty: x(o-(l)) x(o-(z)) x(o-(K))
, ) e .
Wred =0
Step 3. Define the reduced functional Fred The resulting algorithm determines the levels

whose functionals take part in the reduced functional,

through the mapping % for the case Wred * ¢ forms one numerical estimate Fred (x (k)) for each

variant and orders the variants according to the selected

I d(x) = d( F (x) ) task type. If, for a certain level, the corresponding
re re ( v )WEWred functional has the same value for all variants from S, this

level does not affect the ordering and is not included in
Step 4. For each  wvariant number W.
red

k = 1,...,K| calculate the set of values

. Thus, the procedure keeps the sequential structure

of the full multilevel model and uses only the levels that

are sufficient for comparing the variants in the stated task.
Fw (x (k)) and use the mapping (P d to - e
WEW re Conclusions.
red - -
5 A multilevel functional model of performance
determine the value Fred (x ): indicators for a code division multiple access system has

been considered with the separation of energy, structural,
power-channel and system levels. The full model keeps a

Fre d ( x (k)) = q)re d (( Fw (x (k))) ) sequential structure in which the system-level indicator is
WEW eq obtained through the power-channel level indicator and

the parameter vector that enters the system level.

Step 5. Order the variants by the values Funcjcional reduction has been defined as a mle for

®) forming a reduced functional by the levels for which, on a

F red (x ), k = 1; ey K: given set of compared variants, at least one pair of
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variants has different values of the corresponding level
functional. The proposed efficiency evaluation procedure
determines the set of model levels sufficient for the stated
task, forms the reduced functional using this set and
orders the variants by the values of the reduced functional
according to the selected task type. The practical value of
the results is that the multilevel functional model together
with the functional reduction procedure makes it possible
to compare variants of code division multiple access
systems using the set of model levels sufficient for the
stated task, without replacing the sequential structure of
the full model.
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OuinroBaHHs edexTUBHOCTI CHCTEMH
MHOKMHHOTO JOCTYNY 3 KOJOBMM PO3/JiJIeHHSIM Ha
OCHOBI OaraTopiBHeBOi (QyHKHiIOHAJIBLHOI MopeJi
NMOKA3HUKIB e()eKTUBHOCTI

Y crarri po3rIsIHYTO 3ajady  OLIHIOBAaHHS
e(eKTUBHOCTI CHCTEMH MHOXXHHHOTO JIOCTYILY 3 KOJIOBHM
PO3IUICHHSAM, Y SKiH BHKOPHCTOBYIOTHCS —aHcamOIi
PI3HOCHEPreTHYHUX CKIIAQJAHUX CUTHaJiB. MeToro poboTH
€ PO3pOOJICHHS TPOIEAYPH OLIHIOBAHHS CHEKTHBHOCTI
CHUCTEMH MHO>KHHHOTO JOCTYITy 3 KOJOBHM PO3JUICHHAM
Ha OCHOBI OararopiBHeBOi (QYHKIIOHAJIBHOI Mozei
MTOKA3HUKIB €(EeKTHBHOCTI 3 BH3HAYCHHSM JOCTATHHOTO
JUI pO3B’sI3yBaHHS MOCTABJIEHOI 3a7ayi CKJIaxy piBHIB
MOJIETTi. v MexKax BUKJIAy GaraTtopiBHEBY
(YHKIIIOHAJIbHY MOJICNIb BU3HAYEHO SIK YIOPSIKOBaHY 3a
CTYIICHEM y3arajJbHEHHS OI[IHOK €()eKTHBHOCTI MHOXXHHY
PiBHIB, KOXKHOMY 3 SKHX TIOCTAaBIICHO Y BIiIIOBIIHICTH
(YHKITIOHAJIH, 1110 BU3HAYAIOTH TOKa3HUKN €(DEKTHBHOCTI.

PosrnsHyTO  €HepreTMuHuil,  CTPYKTYpHHI,
MTOTYKHICHO-KAaHAJFHUIA Ta CHUCTEMHUH pPIiBHI Momenmi, a
TAaKOX 3aJaHo (YHKIIOHAJIbHI 3B’SI3KM MiX PIBHEBUMH
MoKa3HUKaMu 1 ¢pyHKnioHanamu. [ToBHa Mozens 30epirae
MOCHIZIOBHY CTPYKTYpY, Y SKii TOKa3HHK KOXHOTO
BUIIOTO  piBHS  BU3HA4Yae€Tbcs  4Yepe3  IOKAa3HHUK
MIOTIEPETHBOT0 CYMDKHOTO DIBHS Ta NapaMeTpH, IIo
HaJIXOJIATh HAa MOTOYHHUM piBeHb. EHepreTnynuii piBeHs
MOB’SI3aHO 3 TapaMeTpaMH EHEPreTHYHOrO  CKIAIy
aHcaMOJI0, CTPYKTYpPHHH piBeHb - 3 TapaMeTpamu
B3a€MHOI KOpEJsLii CHUTHAIIB, MOTYXHICHO-KaHAJIBHUN
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PiBEHB - 3 BiIIOBIAHUM MTapaMeTPOM KaHaJIBHOTO PiBHS, a
CHUCTEMHHH piBeHb - 3 Yy3arajJlbHEHHSIM pe3yJbTaTy
BIIMIOBITHO 110 TOCTaBIeHOi 3amaui. Po3pobieHo
anropuT™ (PYHKI[IOHANBEHOI peAyKIlii, SKUH Js 3adaHol
MHO)XMHH BapiaHTiB BU3HaYa€ MHOXKUHY PIBHIB, JUISl SIKUX
icHye xoua O oJHa mHapa ITOpPiBHIOBaHHMX BapiaHTIB 3
pi3HUMU 3HAYEHHSAMU BIJMIOBITHOTO  PIBHEBOTO
¢yHKIiOHaNIa, BU3HAYA€ peIyKOBaHWH (yHKIiOHAN 1
BIIOPSIIKOBYE BapiaHTH 3a 3HAYCHHSAMH PEIYKOBAHOTO
¢yHKIIOHaNIa BINOBIIHO A0 0OpaHOrO THIY 3ajadi.
Skmo 7S TEeBHOrO piBHS 3HAYEHHS BiANOBIAHOTO
piBHEBOTO ¢dyHKIOHAMA OJIHAKOB1 IS BCIX
MOPIBHIOBAaHWX BAapiaHTIB, TAKMH PIiBEHb HE BXOAWUTH 1O
penykoBaHoro (pyHKLIOHaANA. Y pe3ynbTarTi alropuT™ JIae
3MOTY BH3HAUUTH CKJIaJ piBHIB, (YHKIIOHAIM SKHX
BXOJISITh JIO PEYKOBAaHOTO (D)YHKITIOHAJIA, TA CKIIAJ PIBHIB,
JUTSL SIKAX Ha 3aJlaHiii MHOXKWMHI BapiaHTiB HE BHSBICHO

BIIMIHHOCTI 3HA4YECHb BIAITOBIIHUX piBHEBHUX
¢ynkmionaniB.  IlpakThdne  3Ha4YeHHS  pe3yJbTATIB
MOJISITa€ Y  MOXIMBOCTI  BUKOHYBATH  OI[IHIOBAHHS
e(pCeKTHUBHOCTI, CHHTE3 ab0 ONTHMI3aIlif0 CHCTCMH

MHOXXKMHHOTO JIOCTYITy 3 KOJOBHMM pO3IUICHHSIM 32
3HAUYEHHAMH pEIyKOBaHOTO (YHKI[iOHalla, BU3HAYECHOTO
Ha OCHOBI MiHIMaJbHO HEOOXIJHOTO CKIIQAy PiBHIB IS
3a71aHOi MHOJKHHH BapiaHTiB.

KirouoBi cioBa: cucremMa MHO>KHHHOTO JIOCTYITY
3 KOJOBHM PO3JIUICHHAM; CKJIQJHHHA CHTHAJT; IMOKAa3HUK
edekTuBHOCTI; OaraTopiBHEeBa (YHKI[IOHaJbHA MOJIEIb;
(GyHKIIOHATIbHA PEIYKIis; peAyKOBaHMH (YHKIIIOHAI;
CHEepreTHYHUH piBeHB; CTPYKTYPHHH piBeHB;
MOTYXXHICHO-KaHAIbHUN PiBE€Hb; CHCTEMHHH PiBEHb.
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OOYINbHICMb  CMBOPEHHA  A8MOMAMU308AHOI  cUCHmeMU

ONepamusHo20 OYIHIOBAHHA eKONOSIYHUX TNOKA3HUKIE JIOKOMOMUSA Ni0 Yac eKCnayamayii Ha Mapupymax pisHoi

CKIIAOHOCMI.

Knrouoegi cnosa: mennogos, ouzenb, npocHo3y8anHs 6UKUOi8, 3a0pYOHIOIOYI peYOBUHU, PEMOHM 34 (PAKMUYHUM

MEXHIYHUM CIMAHOM.

Beryn.

JusenpbHa TATA 3aJUIIAETHCS  HEBIJ EMHOIO
CKJIaJI0BOIO TIePEBi3HOTO porecy Ha
HeeNeKTpU(DIKOBaHUX AULIHKAX 3alli3HUYHOI MEepexi,
3a0e3meuyroun K BaHTaXKHI, TaK 1 IACaXXUPCHKi
repeBe3eHHs. BogHOYac 3HAUHY YaCTHHY JIOKOMOTHBHOTO
MapKy eKCIUTyaTyOTh IIOHA] HOPMATHBHI CTPOKH, IO
CYNPOBO/KCHO  3POCTAHHSM  3HOMICHOCTI  MIJIHIPO-
MTOPIIHEBOI TPYIIH, MMATHBHOI amaparypy Ta JOTOMIKHUAX
cucteM. HacmigkoM IIbOTO € TiBUIICHI BUTPATH TaJIBa
Ta 3pOCTaHHS EKCIDTyaTalliiHUX BUKHIIB OKCHIIB a30Ty
(NOy), w™onookcuay syriemio (CO), ByTICBOTHIB i
TBEPAUX YaCTUHOK, & TAKOXK 30UTBIICHHS 00CSTIB BUKUIIB
CO: K OCHOBHOT'O TAPHUKOBOTO rasy.

[TpoGiema HaOyBae OCOOJIMBOI aKTyaJbHOCTI B

yMOBax MOCWJICHHS MDKHapoOJHHX BHMOT  IIIOJIO
JieKkapOOoHi3aIlil TPaHCIIOPTHOTO CEKTOPY Ta ITiABHIICHHS
CTaHAApTIB  AKOCTI  arMocdepHOro  moBiTPL. Y

€BPOIEHCHKIH IPaKTHII KOHTPOJIb 3a KOHIEHTpALisIMU
3a0pyAHIOIOUNX pPEYOBHH Y TOBITPI  3IIHCHIOETHCS
BimnoBigHO 10 Jdupexkrtusu 2008/50/EC, sika BCTaHOBITIOE
TpaHMYHI Ta [UILOBI MOKa3HUKHU JUISi OCHOBHUX JIOMIIIIOK,
30kpeMa NO: i tBepamx yactuHOK (PM). OTxe, HaBiTh
SKIIO JH3eJbHA TiAra HE € JOMIHYIOYHM JDKEPEIOM
3a0pyaHeHHS B MaciuTall KpaiHH, Yy JIOKaIbHUX 30HaX
IHTEHCHBHOTO pyXy ii BHECOK MO OyTH CYTTEBHM,
0co0IMBO 32 YMOB MOpajbHO Ta (I3MYHO 3acTapiioro
PYXOMOTO CKJIaIy.

ExcmyarariiiHe NporHO3yBaHHS Mae OyTH
6azoBaHe Ha iHTETrpallii TATOBOrO PO3PaxXyHKY 3 MOIEIIIIO
poboTn nm3ens Ta eMiCIMHUMHK XapakTepucThkamu. lle
nepenbayae BpaxyBaHHS TMpoQiIo Kojii, MacH moi3fa,
LIBHIKOCTI PYyXy, OHOPIB PyXy, a TakoX TEXHIYHOTO
CTaHy CHJIOBOi YCTaHOBKHM. Y Takiii cuUCTeMi BHUTpaTu
manuBa Ta BUKUAH NOx, CO, PM i nOKa3HMKU JUMHOCTI
PO3TIIAAIOTH HE SIK YCepEeOHEHI BEJIWYHMHH, a SIK (QYHKINT
yacy Ta pEeXKUMY HaBaHTAXKCHHS MABHTYHA IIPOTSITOM
KOHKPETHOTO peiicy.

[epexix 10 aBTOMAaTW30BaHOTO MPOTHO3YBAaHHS
CTBOPIOE MOKJIMBICTD HE JIMIIE OUIBII TOYHO OLIHIOBATH
eKOJIOTIYHMI  BIUIMB  TEIJIOBO3HOI  TsIrM, a i
BUKOPHCTOBYBATH €KOJIOTIUHI ITOKAa3HUKH SIK KpUTEpid
e(eKTUBHOCTI TEXHIYHOTO OOCIyTOBYBAHHS 1 peMOHTY. 3a
YMOBH HasiBHOCTI BiJIIOBIZIHOI MOJENi MOXKHa KiJIBbKICHO
OB’ SI3aTH 3MiHY KoMIIpecii, XapaKTEePUCTHK
YIOPCKYBaHHS UM TOYHOCTI PETYJIIOBAHHS 3 OUiKyBaHOIO
JIMHAMIKOI0 BUKUAIB y pyci. Lle BinkpuBae mepcnekTuBy
(opMyBaHHS CUCTEMH PEMOHTY 3a TEXHIYHHM CTAaHOM, Y
SIKIH €KOJIOTIYHA CKJIa/I0BA CTAE ITOBHOLIHHUM €JIEMEHTOM
YXBAJICHHS iH)KCHEPHUX pillICHb.

AHaJi3 0CTaHHIX J0CTiIKeHb i myOJikamii.

[Mpobnema 3HWKEHHS IIKiIJIMBUX BUKHIIB BiJl
JIM3EIIBHOTO PYXOMOTO CKJIaJy 3aJli3HHIb € aKTyalbHOIO
SK Yy KOHTEKCTI EKOJIOTiYHOI Oe3meKkw, Tak 1 acmeKkTi
MIBUINCHAS CHEProe()eKTUBHOCTI IEPEBI3HOTO MPOIIECY.
B  VYkpaini HoOpMyBaHHA Ta METOAWYHI  3acaau
BU3HAYCHHS BUKU/IIB TETIJIOBO3HUX JIM3ETIiB
pernamenToBaHi ramyzesuMm cranpaptom I'CTY 32.001-
94, sxkuii BCTaHOBJIIOE HOPMH Ta METOAM OLIHIOBaHHS
BHUKH[IB 3a0pyTHIOIOYHX PEYOBHH 13 BiIIpParbOBAaHUMH
ra3aMi TEeIUIOBO3HUX au3eniB [1]. BogHouac 3a3naueHuit
MAXi OpIEHTOBaHWII IEPEeBaXHO Ha peryIaMEeHTOBaHi
YMOBH BHUIPOOYyBaHb 1 HE IOBHOIO MiIpOI0 BpaxoBYE
3MIHHICTh PEXHMIB pPOOOTH JIOKOMOTHBa B peaibHIN
eKCIITyaTarlii.

MixHapogHa TIpaKTHKa OLIHIOBaHHS eMICii
JIM3EeNBbHAX JIBUTYHIB 0a3oBaHa Ha craHmaprtax cepii ISO
8178, y sKuX BHU3HAYEHO BHUMOI'M MIOJO CHUCTEM
BUMIpIOBaHHS T'a30HOAIOHMX 1 TBepAUX 3a0pyIHIOIOUMX
pPEUOBHH, a TaKOXX THUIIOBI BUNPOOYBaJIbHI LMK JUIA
pi3HuX ctep 3acrocyBanHs ABUTYHIB [2, 3]. Lli crannaptn
CTBOPIOIOTH ~ BA&XJIMBY  METOIUYHY  OCHOBY  JUISl
TTOPIBHSHHS IIOKa3HUKIB JIBUTVHIB, OJIHAK ix
BUKOPHCTaHHS 3[e0UIBIIOrO IIOB’s3aHE 31 CTEHIOBUMH
a00 CTaHIAPTU30BAHNUMHU PEKUMAMH, 110 OOMEXKYE
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MOXJIUBICTh 0€3110CEPETHFOT0 MPOTHO3YBAaHHS BUKUIIB Y
KOHKPETHHUX €KCILTyaTalliiHIX yMOBax pyxy moi3za.

Ha piBHI €BponenchKOi €KOJOTiYHOI MONIITHKH
BUMOTHY 010 KOHTPOJIIO SIKOCTI aTMOC(EpHOTro MOBITPs
Ta CKOPOYECHHS BHKUAIB 3a0pYyAHIOIOUMX PEYOBHH
Bm3HadeHi [Jupektusoro 2008/50/EC, dupektusoro (EU)
2016/2284 1 Permamentom (EU) 2016/1628, sxuit
BCTaHOBIIOE OOMEXKEHHS IIOJO BHUKHIIB JIBUTYHIB
MO3aNIIIXOBOI TEXHIKM, O SIKOI HAJICKUTh 1 YacTHHA
3aJTI3HMYHOTO  TSATOBOTO  pyXoMoro ckimamy [5-7].
3a3HaveHi JIOKYMEHTHU (hopMyroTh HOpPMaTHBHI
TIepelyMOBH Ul BJIOCKOHAJICHHS METOMAIB KOHTPOJIO,
OLIHIOBaHHS Ta TPOTHO3YBaHHS BHUKHIIB IW3EIBHUX
SHEePreTUYHNX YCTaHOBOK.

Jiist iHBeHTapH3aliifHuX OLIHOK Ha MaKpOpiBHI B
€BPOIEHCHKIH  MPaKTHII MIMPOKO  BHKOPHUCTOBYIOTH
Metoquky EMEP/EEA  Guidebook, y sxiit  mis
3aTI3HMYHOTO TPAHCIIOPTY  3alpoIlOHOBAHO  MiJXOAW
IIOI0  PO3paxyHKy  BHKHAIB 32  arperoBaHUMH
MOKAa3HUKaM{ JiSUTBHOCTI Ta THUIIAMH PYyXOMOTO CKJIay
[4]. TIlpore iHBeHTapu3aliiiHi METOAM OpiEHTOBaHI
HacamIepe]] Ha Tary3eBHi a0 perioHanbHUH piBeHb 1 He
3a0e3MevyroTh JOCTaTHhOI TOYHOCTI ISl IIPOrHO3YBaHHS
BUKU/IB KOHKPETHOTO JIOKOMOTHBa Ha OKPEMOMY
MapHIpyTi 3 ypaxyBaHHSM NpoQiIo KOJIii, Barn cocrasa,
LIBHKICHOTO PEXHUMY Ta MOTOYHOTO TEXHIYHOTO CTaHy
T3S

VY HayKOBHX MpalfX BITYU3HSHUX JOCIITHUKIB
PO3MIITHYTO — MiAXOMW  IIOAO  pO3paxyHKy BHKHJIB
3a0pYJHIOIOYMX PEYOBHH TEIIOBOSHUMH JIU3EISIMH, a
TAKOXX BCTAHOBJICHO BIUIMB OCHOBHUX EKCIUTyaTalliifHHUX
¢axTopiB Ha piBeHb emicii [§, 9]. 3okpema, okazaHo, 10
BEJIMYMHHA BUKHUAIB ICTOTHO 3aJeKaTh BiJl PEKHIMIB
HaBaHT@KEHHS, BWUTPAT TMalWBa, TEXHIYHOTO CTaHy
CHJIOBOI YCTAaHOBKH Ta yMOB eKcIutyatamnii. Pazom i3 Tum
y 1mux poboTax OOMEXKEHO pO3IJISHYTO IUTaHHA
iHTerpanii TArOBUX PO3pPaxyHKIB i3 MOAEISIMH yTBOPEHHS
BUKU/IIB JUIS ONEPAaTUBHOTO MPOTHO3YBAaHHS EKOJIOTIYHUX
MTOKa3HUKIB Y MPOIIECi pyXy.

Oxpemuii  HampsM  Cy4acHHX  JIOCII/KCHb
MOB’SI3aHMH 13 BUMIPIOBaHHSAM pEaJbHUX BUKHUJIB
JIOKOMOTHBIB TiJI dYac ekciuryaramii. Y pobGori [10]
M0Ka3aHo, 0 (DAaKTHYHI MOKA3HWKH €MICil JU3eIbHOrO
PYXOMOTO CKJaly CyTTEBO 3aleXXaTh B IEpexiIHUX
PEeXUMIB poOOTH, PODLITI0O MAPHIPYTY 1 PEUTbHUX YMOB
pPYXy, SKi HE TOBHICTIO BIATBOpPEHI B CTaHIapTHUX
BUIIPOOYBAJIFHUX IHMKIax. Lle miarBepmKye HeoOXiaHICTh
pO3poOJICHHS  MiAXOIiB, OPIEHTOBAaHWX CcaMe Ha
eKCIITyaTalliifHe MPOTHO3yBaHHS BUKUIIB.

V mpami [11] mokazaHo, 1o HEepeXigHi PEKUMH
poOOTH JOKOMOTHUBHHX JH3EJIB CYTTEBO BIUIMBAIOTH HA
SHepreTHYHi NOKA3HUKH 1 MalOTh OyTH BpaxoBaHi IiJ 4ac
MaTeMaTH4HOTO MOJICTIOBAHHS eKCIUTyaTaliHIX
npoueciB. Y po6oti [12] mocnimkeHo ewmiciiini dakTopn
BIJINPalbOBAaHMX Ta3iB JU3CIbHUX JIOKOMOTHBIB 3aJICKHO
BiJl BUTpaT IaJMBa, MOTYXXHOCTI JBUTYHa Ta DPEXAMY
pyxy. ¥ crarri [13] nmpoananizoBaHo ra3onoziOHi BUKHIH
JU3EBHOTO  JIOKOMOTHBAa B pEaJibHMX  yMOBax
eKkcITyaranii i3 3acrocyBanusM PEMS i BcranoBieHo
3B’30K MDK BHUKHJIAMH 1 HaBaHT&KEHHSM JIBUTYHA.

Ipans [14] mpucesideHa TOOYIOBI CHPOIICHOI MOAEMTI
BUTpAT NaJMBa JU3EJIBHOrO MOi3J[a B pealbHOMY Yaci Ha
OCHOBI  eKCIUTyaTalliiHUX  MapamerpiB  pyxy. Y
nocmipkerHi [15] mokasaHo, MmO peajbHI YMOBH PyXy
JIOKOMOTHBA ICTOTHO BIAPI3HSIOTBCS BiJl THIIOBUX
ceptu(dikaifHuX pEeXUMIB, a 3HAUYHA YacTKa BUKHUIIB
chopMoBaHa B peXHMMax 3YMHHOK, XOJOCTOTO XOIy Ta
iHTeHCHBHUX TpuckopeHb [10-15]. Omxe, cyuwacHi
HAYKOBI TIpaIli miITBEPIKYIOTh JOIUIBHICTh IEPEXOY Bif
CTaLliOHAPHUX 1 YCEPEAHEHHX OLIHOK J0 IHTETPOBAHOIO
MIPOTHO3YBAaHHS BUKHUIB HAa OCHOBI IapamMerpiB pyxy,
pexuMiB  pobotm  amzenss 1 (aKTHYHHUX  YMOB
eKCIITyaTarlii.

Ananmia  HayKoOBHX  IIpalb, HOPMaTUBHHUX
JIOKYMEHTIB 1 MDKHapOJHHMX METOJHWK CBIIUHTH, IO
icHytoul migxoan 3a0e3nevyroTh HOpMAaTUBHE
OLIHIOBaHHS Ta 3arajJlbHe MOJENIOBAHHS EMICIHHUX
MTOKA3HUKIB, MPOTE HEAOCTATHHO BPAXOBYIOTh KOMILIEKC
peaJbHUX eKCIUTyaTaliiHux (pakTopiB, SIKI BH3HAYAIOTH
00CSITM BHUKHIIB JIW3CIBHUX TEIUIOBO3IB Yy KOHKPETHHX
yMoBax pyxy. Lle 3yMoOBIIO€ MOLUIBHICTH PO3pOOIECHHS
aBTOMaTHU30BaHOI CHCTEMH TIPOTHO3YBAaHHS
eKCIUTyaTaI[ifHNX BUKHUJIB HA OCHOBI iHTETpaii TATOBUX
PO3paxyHKiB, TaJIWBHO-CHEPIeTHYHHUX TIapaMeTpiB i
XapaKTEePUCTUK YTBOPEHHS 3a0pYAHIOIOYMX pedoBUH [1-—
4, 8-15].

BusHauyeHHsI MeTH Ta 3aBJAaHHSI IlOCJIi)l?KeHHﬂ.

Mertoro JIOCITI/PKEHHS € TEOPETUYHE
oOrpyHTYBaHHS Ta ()OPMYBaHHS KOHIENTYaJIbHUX 3acall
aBTOMaTHU30BaHOI CHCTEMH TIPOTHO3YBAHHS
eKCITyaTallifHUX BHKWMIB JIU3CIbHUX TEIUIOBO3IB, SKa
3a0e3neuye BU3HAYCHHS BHUTPAT MalnMBa 1 ITOKAa3HUKIB
tokcnuHocTi (NOy, CO, PM, nuMmHICTB) y peajbHHX
yMOBax pyxy 3 ypaxyBaHHSAM mpodigro Koui, Macu
Toi3/a Ta MIBUAKOCTI PyXy.

JlocsirHEeHHST TOCTaBJIEHOI MeETH THependavae
IHTErpamilo TATOBOTO PO3PaXyHKY 3 MOACIIIO POOOTH
JIM3ENILHOTO JIBUT'YHA Ta €MICIHHMMHU XapaKTepHCTHKAMHU,
110 1aCTh 3MOTY IIEPEUTH BiJl yCepeTHEHUX HOPMAaTHBHUX
OLIHOK JI0 PEKWMHO-4aCOBOTO TIPOTHO3Y BHKHUJIB Y
MeKaxX KOHKPETHOTO peHcy.

Just peamizanii mocraBiieHOT MeTH HEOOXiIHO
BUPILINTH TaKi HAYKOBI 3aBIaHHS:

— OOIpyHTYBaTH TEOPETHYHHUI 3B 530K MIX
pekuMamMu poboTH u3ens Ta (HOpMyBaHHSIM BHUKHJIB
IIKIJUIMBUX PEYOBHH;

— BH3HAUUTH TMEPEeNIK BXIAHUX IApaMETiB,
HEOOXITHUX UIsl IIPOrHO3YBaHHS BUKHIIIB y PYyCi;

— cthopMmyBaTH KOHLENTYaJbHY CTPYKTYpY
aBTOMaTHU30BaHOI CHCTEMH TIPOTHO3YBAaHHS
EKCILTyaTaI[ifHIX BUKHIIB;

— BCTaHOBUTH MOXIIMBOCTI ~ BHKOPHCTaHHS
MIPOTHO3HUX ITOKA3HUKIB SIK KPUTEPIIO OLIHIOBAHHS SKOCTI
TEXHIYHOTO OOCIYTOBYBaHHS 1 PEMOHTY 1 SIK IHCTPYMEHTY
MIepexo/Iy 10 PEMOHTY 3a TEXHIYHUM CTaHOM.

Peamizamis  3a3HaueHMX  3aBJaHb  CTBOPIOE
HayKOBY OCHOBY /I TI€PEXOAy BiJI KOHTPOJIBHHUX
€KOJIOTIYHUX BHMIpPIOBAaHb Y CTaI[lOHAPHUX YMOBaX [0
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CHUCTEMHOTO YTPABIIHHSA BUKUAAMH JIWU3CIBHOI TATH B
peanpHil eKcIuTyaTaiii.

OCHOBHA YaCTHHA JOCTIIKEeHHS.

dopMmyBaHHSA eKCIUTyaTalitHuX BUKHIIB
JIM3EIBHOTO TEIUIOBO3a € HACIHIAKOM CKJIQJHOI B3aeMOIl
TATOBOI 33j1a4i, €HEPreTHYHUX XapaKTEePUCTHUK CHIIOBOI
YCTAHOBKM Ta (Di3UKO-XIMIUYHMX TIPOLECIB 3TOPSHHA
nmamuBa. Ha BiAMiHy BiI cramioHapHMX YMOB, Yy
peamsHOMY pyCi peXumu poOOTH Iu3eist BU3HAYCHI
3MIHHOIO NOTpeOor0 B Ts13i, mo (opmyeTbess npoditem
KOJIii, Macoro Ioi3/a, MBUAKICTIO PyXy Ta JHHAMIKOIO
kepyBanHsi. Came  TOMy  TEOpPETHYHHMH  OIHC
eKCIUTyaTallifHUX BUKHIIB Ma€ TIPYHTyBaTucs Ha
iHTerpamii TArOBOTO pPO3PaxyHKY 3 MOAECIIIO POOOTH
JIBUTYHA Ta eMICIHHIMH 3aJIeKHOCTSMH.

TsroBuii po3paxyHOK BH3Ha4a€e HEOOXiTHE
TATOBE 3yCWIISl JJOKOMOTHBA SIK CyMy CHJI OIIOPY PYXY,
IO BKJIIOYAIOTh OMip KOYCHHIO, aepOAMHAMIYHMHN OIIip,
omip Ha migloMax i B KpuBHX. Maca mnoizaa ta npoginb
Kouii (popMyIOTH 4YacoBY 3MIHHICTb WHOTO 3YCHIUISA, a
LIBHKICTH pyXy BU3HA4a€ CIIIBBIHOIICHHS MiX TATOBOIO
CWIOID Ta TMOTYXHIiCcTIO. HeoOXxigHa  MexaHiuHA
MIOTYXHICTh Ha 000J1i Kojeca yepe3 MepeaaBalbHi JJaHKA
TpaHCPOPMYETBCS B IOTYXKHICTh, SKy Ma€ PpO3BHBATH
JIM3EITBHAHN JIBUTYH.

3MiHa yXwiy a00 MacH 101312 BHUKJIHMKAE 3MiHY
HaBaHTaKEHHS, [0 TIO3HAYAE€THCS HA KOPEKIii IIMKIOBOTO
MOJ]aBaHHsI TaMBa, TUCKY HAAIYBY 1 TEIUIOBOMY CTaHi
kamepn 3ropstHHS. OTXe, eMICiiHI TOKa3HWKH HeE €
CTAJIMMH XapaKTepHCTHUKaMU ABHUTYHA, a 3aJIe)XaTh BiX
JMHAMIKH HaBaHTaKeHHS, COPMOBAHOTO YMOBaMH PYXY.

®dopmanbHO TIeH 3B’A30K JOIUIBHO ITOJATH K
MIOCHIZIOBHICTh TIEPETBOPEHb «YMOBH DPYyXy —> DPEXHM
poboTH An3eNs — BUTPATH NAINBA — BUKUAIW.

3a HasgBHOCTI TSroBOro 3ycwmist Fit) i
IIBHAKOCTI pyXy V(#) THOTyXHICTP Ha 00o0mi Koieca
BU3HAYAIOTh CITiBBIAHONICHHIM

N, (6= F,(0)- ).
(1)
a HeoOXiZHY €()eKTUBHY IOTY>KHICTB JTU3EIIS 3aJICIKHICTIO

No=29 o)

tr

2

Iie 1 — Koe(iieHT KOPUCHOI il TATOBOI Iepeaayi;

Naux(t) — IOTYKHICTB TOJATKOBHUX CITO’KUBAYIB.
Toxmi pexwum pobOTH jau3ens Moxe OyTh

OTIMCaHUI BEKTOPOM
= b b b / b >
R(t) = {n(t), M (2),u(t),u(?), S}

A3)

e 1(t) — 4acToTa 00epTaHHs KOJIIHYaCTOro Baja;
Me(t) — eexTUBHUI KPYTHUII MOMEHT;

u(t) — BITHOCHE HAaBaHTA)XCHHS;

u(t ) — IHTEHCUBHICTh 3MiHN HaBaHTaKCHHS,

S -
JIBUTYHA.

3a TaknXx YMOB MHTTEBI
BU3HAYAIOThH SIK

G, (1) = g.(nm(t), M ,(1),S)- N, (1),

CYKYIIHICTh TIapaMeTpiB TEXHIYHOTO CTaHy

BUTpATu T1aJIMBa

(4)

a MHTTEBY IHTEHCHBHICTH YTBOPEHHS j-1 3a0pyIHIOIOYOI
PEUOBHHH SIK

i, (1)=® (R(t),G, (1)), je{NO,,CO,PM,C,H,}

)

BignoBizHo, cymapHMi = BHKHA 32  peiC
BU3HAYAIOTh IHTETPYBaHHSIM:
M, = i (t)d
= IO i (£)dt

(6)

Taka ¢opma 3amucy mokasye, OO0 BUKHIU €
(YHKII€I0 HE JHIIEe IOTOYHOTO HABAaHTAXEHHSA, a 1
JMUHAMIKE HOTO 3MIHH 1 TEXHIYHOTO CTaHy IU3ENs, TOOTO
(OpPMYIOTECSI B 4acOBOMY IIPOCTOpi  KOHKPETHOTO
eKCILTyaTalliifHOro peXXumy.

[Turomi BuTpaTH mHanWBa IW3EIBHOIO ABHUIYHA
BU3HAUCHI HOT0 XapaKTEpPUCTHUKOIO, sIKa BCTAHOBIIIOE
3B’130K MK €(EeKTHBHOIO MOTY>KHICTIO, YacTOTOIO
obepTaHHs Ta KUIBKICTIO BIIOPCKYBaHOTO HajiiBa. Y 30HI
HOMIHAJIbHNX HAaBAaHTAXXCHb JIBUTYH 3a3BUYAll MpaIioe 3
MiHIMQIbHIMHA THUTOMHMH BHTpaTaMH, TOAI SK Yy
pPeKMMax YacTKOBOTO HABaHTaKEHHS, abo 3a dYacThX
MepexXilHUX  MpPOLECIB  CIIOCTEpIraloTh  3pOCTaHHS
BIZJTHOCHUX BTpAT i 3HMKEHHS €()EKTUBHOCTI.

Y peanbHii 1O3HIH poOOTI AM3ENH 4YACTO
(YHKIIOHYE B 3MIHHHMX pEeXHMax, SIKi HE BIAIIOBIJArOTh
ONTHUMANBHIM Toull XapakTepucTWKd. Yacti 3MiHK
MO3MII KOHTpOJIepa, KOPOTKOYACHI IepPEeBaHTAKCHHS
abo TpmBaa poOoTa HAa MAIMX HABAHTAXKCHHIX
MIPU3BOJATG 1O 3POCTaHHS CEPeAHIX HMUTOMHUX BHUTPAT
nmanuBa. 30UIBIICHHS BHTpaT NaiuBa Oe3MocepesHbo
Kopeoe 31 3poctanHsaM BUKHAIB CO2, a TaKOX BIUTUBAE
Ha KOHIEHTpALil IHIIMX KOMIIOHEHTIB BHXJIOIYy depe3
3MiHY YMOB 3TOpSTHHSI.

[Ipomec yTBOpEHHS OCHOBHHX 3a0pyIHIOIOYNX
peUoBMH Y  JAWM3ENBHOMY  JBHTYHI  BH3HA4Y€HO
TEMIIEPaTypOIO 3TOPSIHHS, CHIBBIIHOIICHHSM IaJHBO-
MOBITPSI, THCKOM Yy Kamepi 3TOpsSHHA 1 TpUBAJICTIO

mepeOyBaHHS TPOAYKTIB peakmii B 30HI BUCOKHX
temmepatyp. Oxcumu  aszory (NOy)  dopmyroTses
MIEPEBaYKHO 32 BUCOKMX TEMIEpATyp i HaUINIIKY KHUCHIO,
TOMy iXHA KOHIEHTpAalisl 3pOCTa€ B  peKHMax

IiIBUIIEHOTO HABaHTaKCHHS Ta BHCOKOTIO TEIJIOBOTO
Harpy>KeHHS.
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Monookcun Byraemo (CO) € mpomykroMm
HETIOBHOTO 3TOpSIHHS 1 30UIbIIyeThCS Yy BHIAJKax
HEIOCTaTHLOTO TIEPEMIlTyBaHHsI, 3HW)KEHHS TEMITEpaTypu
ab0 HecTaOLIBHOCTI MPOLECY 3TOPSIHHS, IO XapaKTEPHO
JUIs  TepexiHuX peXuMiB 1 pobdoTH Ha Manmx
HaBaHTaXeHHsX. TBepai wacTuHku (PM) yTBOpIOIOTHCS
BHACNIJIOK JIOKAJbHOTO IEPEOOOTAlCHHS CYyMIlI Ta
HETIOBHOTO OKHCHEHHS BYTJICIIEBUX CTPYKTYp, NMPUIOMY
iXHs IHTEHCHUBHICTb CYTTEBO 3POCTAE 3 IIEPEBAHTAKECHHIM
JIBUTyHa a00 TOpPYHICHHSM XapaKTEPUCTHK PO3IIITY
TIaJIuBa.

JIMMHICTB, SIK ONEpaTWBHHUN EKCIUTyaTaliitHuit
MIOKa3HUK, BiJoOpaykae CyMapHHH e(eKT CaKOyTBOPEHHS
Ta € YyTJIUBOIO O 3MiH PEeXUMY MOAABaHHI MalIMBa i
MOBITPs. Y 3MIHHUX pEeXHMaX pyXy, KOJIM HaBAaHTKCHHS
JU3eNsl IIBUJIKO 3MIHIOETHCS, MOXJIIMBI KOPOTKOYACHI
KA TAMHOCTI, 90ro He (iKCYIOTh ITiJ Yac CTaIliOHAPHUX
BUIIPOOYBaHb.

OTxe, popMyBaHHS €KCIUTyaTallifHAX BUKHIIB €
JUHAMIYHUM TIPOLECOM, IO BH3HAYCHO PEKHUMHOIO
TPAEKTOPIEI0 HaBaHTaKEHHS IBUryHa. lle minTBepiukye
HEOOXIiTHICT MOJIETIIOBaHHS BUKHU/IB K (YHKII] 4acy Ta
30BHINIHIX EKCIUTyaTalifHNX MapaMeTpiB, a HE K CTaJol
IMUTOMOI ~ XapaKTEpPUCTUKH, OTPUMaHOi B  yMOBax
CTEHZOBHX 200 PEOCTaTHUX BUIPOOYBaHb.

ABTOMaTH30BaHy  CHUCTEMY  IIPOTHO3YBaHHS
eKCIUTyaTal[ifHuX  BHKHIIB MU3CIEHUX ~ JIBUTYHIB
TEIUIOBO3IB  HOTPIOHO  pO3MIAAATH SIK  IH)KEHEPHO-
aHAIITUIHUN KOHTYp, IO MEPEeTBOPIOE iH(OpMAIIIO TIPO
MOi3Hy pOOOTY B 4YacoBi psSAM pPEXHMIB JBHI'YHa Ta
BIJINIOBiTHI 4YacoBi psAOM BUTpPAT MajvBa 1 BUKHUJIB
3a0pyaHIOIOYNX pedoBUH. KoHIeNnTyansHO Taka cucreMa
MOKJIMKaHa  yCYHYTH  METOIMYHMH  pO3pHB  MiX
KBa3iCTAalllOHAPHUMHU  OI[IHKaMH, XapakTepHUMH  JUIS
peocTaTHHX 1 CTEHIOBHX TMpPOLEAYp, 1 peaJbHUMH
YMOBaMH pyXy, J€ BH3HAUAIGHHNMH € MapIIpyTHI
¢axTopn 1 pexxumHi nepexonu. lleHTpanpHOIO ineeio €
BIJITBOPCHHS! HaBaHT&KEHHS IM3EIS B KOKHMHA MOMEHT
peiicy depe3 TATOBUI PO3paxyHOK, IICNIS YOTO eMicCiifHi
MOKAa3HUKK  copMoOBaHi SK  (QYHKIIS  OTPUMAHHUX
PEKUMIB, a HE SIK ycepelHeHa KOHCTaHTa.

BxigHi gaHi

: E\' Mpodink konii

Maca noizpa
Ta rpadik pyxy

Tarosui
PO3paxyHoK

g*lﬁ

* BusHaueHHs
TArOBOro 3ycunns
Ta NOTyXHOCTI
Ha Koneci

Mopaenb

TexHiuni
XapaKTepUCTUKM
NIOKOMOTHBA

HaBaHTAXEeHHSA,
nanueonopaa

MapameTpu |

TeXHIYHOro \ t *

{ ABTOMaTM30BaHa CUCTEMa NPOrHO3yBaHHA eKCnayaTauiiHuX BUKUAIB
AV3eNbHOrO TenioBo3a

po6oTtu gusens

« Pexum: 0bepty,

Bxigna indopmarisi cucteMu Mae BimoOpakatw
Ti 3MiHHI, fKi JETepMiHYIOTb IOTpedy B TA3i Ta,
BIJIMOBITHO, BHUMOTH TIOAO TMOTYXHOCTi. Jlo Takmx
rapameTpiB Haiexarh IudpoBuil npodine Komii, Mo
MICTUTh YXWJIM, KpPHBI Ta, 3a MOMJIMBOCTI, JaHi IpO
oOMe)KeHHSI MIBUAKOCTI; Maca II0i3/1a, sKa BHU3HAYae
iHepwiliHi Ta TpaBiTamiiiHi CKJIaJ0BI OMHOPIB  PYXY;
LIBHIKICTH PYXY, SIKa 3aJa€ AMHAMIKY peaizamii TsIru ta
BIUIMBA€ HAa CIHIBBIIHOIIECHHS MDX TATOBUM 3YCHIUIIM 1
MOTYXHICTI0. OCKUIBKY IIBUKICTD € HE JIUIIE HACTIKOM
TATOBOTO pEeXHUMY, a W oOMeXeHa CHrHaJi3aLiero,
rpagikoM 1 peXUMaMH BEIEHHS I0i3/1a, y CHCTEMI
JIOLUTFHO TIepei0aYnuTH J[Ba CLEHApii: MPOTHO3YBAaHHS 3a
3aJJaHUM PO IEM IIBUIKOCTI (KOJU MIBUIKICTh BBEICHA
SIK BX1THMI 9acOBUI1 psin) 1 MPOTHO3yBaHHS MIBUIKOCTI SIK
pe3ysbTaTy TATOBOI MOJIEN 32 3aaHUMU OOMEKEHHSIMH 1
LUTHOBUMH YMOBAaMH PYXY.

MogensHUIl NpUHLIUN «pEeUC — pexuM —
eMicCis TONsTaE B MOCHIZOBHOMY IIEPETBOPEHHI 3ajadi
pyXy B IapameTpu poOOTHM CHJIOBOi ycTaHOBKHM. Ha
MepIIOMy €Tali Ha OCHOBI Ipodimo Kojii, Macu Ta
IIBHIKOCTI BH3HAYAIOTh CHJIM OIOPY PyXy 1 HeoOXimHe
TATOBE 3yCHIIIS, @ TAKOX MOTYXHICTh Ha KOJIICHIN Tapi 5K
¢yHkuito yacy abo mpoiinenoi Biacrani. Ha apyromy
erami I TOTYXHICTh, 3 YypaxyBaHHAIM Koe]illieHTiB
KOPHCHOI Jii TATOBOI Iepemadi Ta IOTMOMIKHUX BTpAT,
TpaHCPOPMYETBCS y  BHUMOTHM OO  €(heKTHBHOL
MOTYXHOCTI AM3ENS, a TaKOXK y XapakKTepHi MapameTpu
HOro peXuMy, 30KpeMa piBeHb HaBAHTAXKCHHS, YaCTOTY
obepraHHs 1 mapaMeTpu NaiuBonojaHHsi. Ha Tperbomy
erami BUTpaTW TMaJMBa BHU3HAYAIOTH 32 MAIMBHOIO
XapaKTEPUCTUKOIO JIBUTYHA, IICIS 4YOrO 3a eMiCiHHHMH
3aJeKHOCTAME 00unciorTh BUKkHIU NO,, CO, TBepanx
YAaCTHHOK 1 HOKA3HUKH AUMHOCTI. [IpHHIIUIIOBHM € Te, 110
eMiciiiHa Mozaenb Mae OyTH NpHB’S3aHa A0 PEKUMHHUX
mapameTpiB i Moxe OyTH TmapaMeTpu3OBaHa  3a
pesyibTataMu ~ KOHTPOJIBHMX  BHIpOOyBaHb,  aje
3aCTOCOBaHA [0 BiJHOBICHOI B dYaci EKCIUTyaTarliifHOI
TPAEKTOPii HABAaHTAXXEHHS (PUCYHOK).

Pe3ynbratu
n RS
Moaenb
Yacosi
EB NOx, CO, | /\/ 3aneXHOCTI
PM, CO, Ta cymapHi
» » D

* MutTeBa
Ta iHTerpansHa
BUTpaTa nanuea

« MporHosysaHHs
BUKMAIB
3abpyaHIcoumMx
peuoBuH

ExonoriuHi
.,@ NOKa3HMKY
ekcnnyarayii

CTaHy ausens

Bba3a paHux
Ta KanibpysaHHa

 EmiciitHi Ta nanusHi
XapaKTepuUCTUKU

e i i N !

MiaTpuMKa pileHb

wopo TOIP

OujHka aerpapauii
Ta pekomeHaauii
14040 06CAYroBYBaHHS

« PesynbTatit BUNpoByBaHL

Puc. KonnentyanpHa CTpyKTypa aBTOMaTH30BaHOT CHCTEMH IIPOTHO3YBAHHS €KCILUTyaTallifHIX BUKHIIB
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3amnporoHoBaHa cucTeMa  IIPOTHO3YBaHHS
eKCILTyaTallifHuX BUKHU/IB HaOyBa€e MPaKTHYHOI LIHHOCTI
JMIIe 3a YMOBH i iHTerpamii 3 mpouecaMy TEXHIYHOTO
00CITyTOBYyBaHHS Ta PEMOHTY JIOKOMOTHBIB. Y I[bOMY
BUIAJKy TPOTHO3HI MTOKa3HUKK BUTpar nainusa, NOy, CO,
PM i pumHOCTI pO3IISNAIOTE HE SIK  130JbOBAHHMH
pe3ynbTaT  MOJETIOBaHHS, a SK (QYHKIIOHAIbHUHA
KpHUTEpil OLIHIOBAHHS TEXHIYHOTO CTaHy MIW3eNs Ta
IHCTPYMEHT YINpaBJIiHHS HOTO >KUTTEBUM IMKIOM. Taknit
MiIXiJ JOmoMarae pO3MIMPUTH TPANUIIHHY CHCTEMY
KOHTpOJIIO, [0  IPpyHTOBaHa  Ha  TEPIOANYHHUX
BUMIpIOBaHHSAX IIiJi Yac PEOCTATHUX BUIPOOYBaHb, 1
MepeHTH 1O TOCTIHHOrO MOHITOPHHTY €KOJIOTIUHOI
e(eKTUBHOCTI B YMOBax peajibHOI eKCILTyaTarlii.

Y wMexax iHTerpoBaHoi MojelNi EKOJOTIYHMI
KpUTepii Moxe OyTH BHKOPHCTaHHMH SIK KUIbKICHUH
MOKa3HUK  SKOCTI ~ BHKOHAHOTO  peMmoHTy. Ilicmsa
MIPOBEJCHHS PEMOHTHHX pPOOIT TNPOTHO3HI PO3pPaxyHKH
BUKOHYIOTh JUISl 3aJaHuUX THUIOBHUX YMOB pyXy, IIO
BKJIIOYAIOTh KOHKpPETHWH mpo¢ine Kouii, Macy moizza i
MaKCUMallbHO  JOMYCTHUMi  IIBUAKOCTI. Otpumani
3HAQUEHHA BWTpAT MalWBa 1 BUKWJAIB IOPIBHIOIOTH 3
STAJIOHHUMH a00 JaHMMHU Iepe]] PEMOHTOM. 3MEHILICHHS
nporao3uux 3HaueHs CO, PM i mumMHOCTI 3a otHOYAacHOT
crabimizamii ab6o 3HmwkeHHS NOx 1 IHTOMHX BHUTpAT
MajJBa CBIAYUTH TIPO BiJHOBJICHHS ONTHUMAJIBHOTO
MIPOLIECY 3TOPSHHS Ta MIITBEPIUKYE SKICTh BHKOHAHHX
pobit. HatomicTe 30epexeHHs! ITiABHIICHUX ITOKa3HHKIB
abo ixHi1 HeOaxaHa 3MiHA BKa3ylOThb HA HEIOBHY
e(CKTUBHICTE PEMOHTY UM HEOOXiTHICTH JOAATKOBOTO
peryjiOBaHHS  NaJIMBHOI  amaparypu Ta  CHCTEMH
MIOBITpOIIO1ayi.

BaxnuBrM HampsiMOM € BUKOPHCTaHHSI CUCTEMH

JUIs  TPOTHO3YBAaHHS  Jerpajauii  mapaMeTpiB  y
MDKPEMOHTHHH  Tiepiof. 3HOC IMIIHAPO-TIOPIIHEBOI
TpYIIM,  TIOTIpIIEHHS  XapakTEPUCTHK  (OPCYHOK,

MOPYIICHHS TePMETHYHOCTI KJIAIIAHHOTO MeXaHi3My abo
HecTaOLIbHICTE  po0oTH  TypOOHAALYBY  HOCTYIOBO
3MIHIOIOTb YMOBH CYyMIIIOYTBOpEHHsS 1 3ropsHHS. lLle
MIPOSIBIISIETBCSL Y 3POCTAHHI BIJHOCHWUX BUTpAT IAJINBa,
36utpmenni CO Ta AMMHOCTI SIK IHAWKATOPiB HETIOBHOTO
3TOPSIHHS, a TaKoX y BapiaTuBHHX 3MiHax NOy 3aJ1eXHO
BiJl TeMIepaTypHOro pexxumy. [IporHosna cucrema Jae
3MOTY BIACTe)KYBaTH Taki TEHJICHLIi He Jume 3a
pesyibTaTaMM ~ pa3OBHX  BHUMIpIOBaHb, a  4epe3
MO/IETIIOBaHHS THIIOBOTO pPelcy 3 (PiIKCOBaHMMH yMOBaMH,
0 CTBOPIOE yHi(ikoBaHy 0a3y JUId IOPIBHSAHHS B Yaci.
OTKe, eKOJIOTIUHI TOKa3HUKH TIEPETBOPIOIOTHCS Ha paHHI
MapKepu TIIOTipUIEHHS TEXHIYHOTO CTaHy, SIKIi MOXYTh
CHUTHAI3yBaTH PO HEOOXITHICTh BTPYYAHHS IINE TEpe
BUHUKHEHHSM MIOMITHOTO 3HWKEHHS TSTOBHUX
XapaKTePUCTHK.

Ha ocHOBI HakONMYEHHWX NPOTHO3ZHHUX JAHHUX
BIJIKPUBA€ETHCS MOXJIMBICTH IIE€PEXOJy JO PEMOHTY 3a
TEXHIYHUM CTAaHOM. Y Il KOHIENMii pIIIEHHS PO
PEMOHT YXBAJIOIOTh HE 3a KaJeHAapHUM rpadikom abo
mpoOiroM, a 3a JIOCATHEHHSM TPaHWYHUX 3HAYCHb
KOMIUIEKCHOTO ~ €KOJIOT1YHO-CHEPreTHYHOTO TOKa3HHUKa,
copmoBaHoro Ha 0a3i BHTpaT MaJMBa i TOKCHYHOCTI Y

BU3HAUCHUX YMOBaxX pyxy. Takuil WiIxXin nomomarae
ONTHUMI3yBaTh IHTEPBAIM MK DPEMOHTAaMH, 3MEHIIUTH
HETPOAYKTHBHI TPOCTOI Ta BOAHOYAC MiATPUMYBaTH

eKOJIOTIYHI XapaKTepUCTHUKH JIOKOMOTHMBAa B MeXKax
JIOITyCTUMUX 3HAYCHb.

I3 wMerogmyHoi TOYKM  30py  IHTerpamis
MIPOTHO3HOI ~ CHCTEMHM 3  MpOLECaMH  TEXHIYHOTO
00CITyroByBaHHS nepedayae thopmyBaHHs
CTPYKTYPOBaHOT BiJIMIOBiTHOCTI MiX TUIIOBUMU

BiIXWJICHHSMHU TEXHIYHOTO CTaHy Ta 3MiHAMH EMIiCIHHHX
nmapametpiB. Lle Moke OyTH peani3oBaHO y BHIVISAI
y3araJpbHeHOT TaONUIN BiANOBITHOCTI, fKa Ja€ 3MOTY
IHTEpIIpEeTYBaTH 3MiHHU IPOrHO3HUX IOKA3HHUKIB SIK MPOSB
KOHKpeTHHX JedekriB abo posperymoBanb. Taka
TaOJIMIA € aHAIITHYHAM 1HCTPYMEHTOM JUISl IH)KEHEPHOTO
MepcoHaly Ta 3a0e3ledye 3B’SI30K MK MaTeMaTHYHOIO
MOJIEIUTIO 1 IIPAKTHKOIO JICTIOBCHKOTO PEMOHTY.

OTxe, iHTErpanis ABTOMATH30BAaHOTO
MIPOTHO3YBAHHS 3 CUCTEMOIO TEXHIYHOTO 0OCITyTOBYBaHHS
1 pPEMOHTY CTBOPIOE TIEpEIyMOBH IIE€peXONy  Bil
PEaKTUBHOTO IO IPOAKTUBHOTO YIPABIIHHS TEXHIYHUM
CTaHOM JM3€JTIB TEIUIOBO3iB, Yy SKOMY €KOJOTi4Ha
CKJaJioBa CTa€ pIBHOIPaBHUM KpHUTEPIEM pa3oM i3
HaJIiHHICTIO Ta eHeproe()eKTHBHICTIO.

BucHoBkn.

Y  pesymeTari  OPOBENEHOTO  JTOCIIKCHHS
BCTaHOBJICHO, 10 YHWHHI HAI[lOHANBHI Ta MDKHApPOIHI
METOIMKH BHU3HAYECHHS BHKHIIB JW3CIBHUX JIBUTYHIB
TEIUIOBO3IB NEPEBAXXHO OPI€HTOBAHI Ha CTaIliOHapHi abo
KBazicTallioHapHi pEeXUMHI pobotn. Peocrarni
BHIIPOOYBaHHS 1 CTEHIOBI MpoIeaypu 3a0e3ledyroTh
KOHTPOJb  BIATIOBIAHOCTI HOPMATHBHAM BHMOTaM i
JIOTIOMAraloTb ~ OTpUMaTd  BIATBOPIOBAaHI  IOKA3HHUKH
JUMHOCTI Ta TOKCHYHOCTI, OJHaK HE BpPaxOBYIOTb
JUHAMIUYHY CTpPYKTypy TMoOi3HOi pobotu. @akropHi
IHBEHTapW3aliiHi MAXOMW, IO 3aCTOCOBYIOTH JUIS
MakpopiBHs, TIPYHTOBaHI Ha YCEpEOHEHHX eMICIHHUX
koedimieHTax 1 He JAlOTh 3MOTY  BinoOpasutu
IHIUBILyaJ bHy PEXKHUMHY TpPAEKTOPII0 KOHKPETHOTO
peicy.

JoBeneHo, mo (opMmyBaHHS eKCIUTyaTamiiHUX
BUKHU/IIB JM3EIBHOTO TEIUIOBO3a BM3HAYEHO CYKYITHICTIO
TATOBUX 1 TEpPMOJMHAMIYHHMX (aKToOpiB, cepen SKhX
TOJIOBHY pOJIb Bizirparote npodinp kouxii, Maca moizna,
mBHAKICTE pyxy. Came mi mapamerpu (GOpMyIOTh YacOBY
3MIHHICTh HAaBaHTAXXCHHS IBUI'YHA, a OTXKE, TEMIEPATypy
3TOPSIHHS, CITIBBIJHOIICHHS NaJIMBO-NIOBITPS Ta YMOBH
yrBopeHHss NO;, CO, PM 1 mOKa3HUKIB JIUMHOCTI.
IrHopyBanHst 3a3HaueHMX (akTOpiB Yy TpaAWIIHHUX
METOIMKaxX  OOMEXye  MOJMJIMBICTH  a/IGKBaTHOTO
MIPOTHO3YBAHHS €KOJIOTIYHOTO BIUIMBY JW3ENIBHOI TSTH B
peanpHil eKcIuTyaTarii.

HaykoBa HOBM3Ha 3aIllpOIIOHOBAHOTO IiIXOIy
MoJisira€ B iHTErpauii TATOBOIO PO3pPaxyHKY 3 MOJEILIIO
poboTH  IU3ENBHOTO  JBUTYHA  Ta  EMICiHUMH
XapaKTepPUCTUKAMH B €IMHY aBTOMAaTH30BaHYy CHCTEMY
nporHo3yBaHHs. Ha BigMiHy BiJ iCHYIOUMX METOMAUK, 1€
BUKHU/IN PO3TIIAAIOTH K CTajl a00 ycepeaHeH] BeTMINHY,
y poboTi 00IpyHTOBAHO pO3IIsIaTh iX sSK (QyHKLIl "yacy
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Ta pPEXUMY HaBaHTQXEHHS IPOTITOM KOHKPETHOTO
peicy.

Kpim TOro, pospobiieHo  miaxix  1mI0n0
BUKOPHCTaHHS MPOTHO3HUX EMICIHHMX NapaMeTpiB SK
IHIMKaTOpiB Aerpajamii TEXHIYHOTO CTaHy i KpHTepiiB
OLIIHIOBaHHS SIKOCTI PEMOHTY, IO CTBOPIOE METOAWYHI
MIepelyMOBH TIEPEXOY JI0 PEMOHTY 3a TEXHIYHHM CTaHOM
13 ypaxyBaHHSIM €KOJIOTTYHOI CKJIaJJ0BOI.

BrpoBa/pkeHHST  3aIIpONIOHOBAHOTO  IJIXOJY
CTBOPIOE yYMOBHM JUIS BHKOPHUCTAHHS EKOJIOTIYHHUX
MOKAa3HUKIB SIK OJHOTO 3 KpUTEpiiB IUIaHYBaHHS

TEXHIYHOTO OOCIYTOBYBaHHS 1 PEMOHTYy, IO CIIPHUSE
3HIDKCHHIO TICPEBUTpAT MANMBa, MiHIMI3aIlii BUKHUJIIB
IIKiJTUBUX PEUOBHH 1 IMiIBUIICHHIO EHEPrOCHEKTHBHOCTI
JIOKOMOTHBHOTO TAapKy. 3acTOCYBaHHS CHCTEMH Y
MPaKTHIll  eKCIUTyaTarii JacTh 3MOTy 3a0e3MeunuTH
00TrpyHTOBaHE VIpaBITiHHS peXuMamMu PYXY,
ONTHMI3Alil0 PEMOHTHUX IHTEPBAIIB 1 IIiJBUILCHHS
€KOJIOTIYHOI BIINOBIAHOCTI AM3ENBHOI TATH Cy4acHUM
BHUMOTaM.
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Dr. Sc. (Econ) N. Panchenko, PhD (Tech) O. Oboznyi
DEVELOPMENT OF THE CONCEPT FOR AN
AUTOMATED SYSTEM FOR PREDICTING
DIESELL. LOCOMOTIVE EMISSIONS WITH
CONSIDERATION OF REAL OPERATING
CONDITIONS

Abstract. The article deals with forecasting
pollutant emissions from diesel locomotives under real
operating conditions. The study is relevant due to stricter
environmental requirements for railway transport, the
need to improve ecological assessment of traction rolling
stock, and the limitations of existing standardized and
inventory-based approaches that do not fully reflect
route-specific operating variability. Current regulatory,
methodological, and scientific approaches to emission
assessment are analyzed, including national standards,
international engine emission measurement procedures,
European environmental requirements, and recent studies
on real-world locomotive emissions.

It is shown that existing methods are mainly
focused on bench testing, certification, or aggregate
inventory calculations and therefore are not sufficiently
suitable for operational prediction of emissions during
train movement. Special attention is given to the influence
of traction load, fuel consumption, transient engine
operation, train mass, route profile, and speed conditions
on emission formation. On this basis, the need to develop
an automated system for forecasting operational
emissions of diesel locomotives is substantiated.

The proposed approach is based on integrating
traction calculations, fuel and energy parameters, and
diesel engine emission characteristics. This makes it
possible to move from generalized estimates to route-
specific prediction of environmental indicators for a
particular locomotive under defined operating conditions.
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The practical significance of the study lies in the
possibility of using these principles for environmental
assessment of locomotive operation, comparison of
operating modes, support of energy-efficient train control,
and further development of digital decision-support tools
for railway transport. The obtained results may also be
used as a methodological basis for improving
environmental monitoring procedures.

Keywords: locomotive, diesel engine, emission
forecasting, pollutants, condition-based maintenance.
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OIJIIMOHYYK T. B., k.T.H, JOIIEHT,

KOJITYH KO.M., x.1.H, IOIICHT,

MACJIOB M.K., marictp,

XapKiBChbKUI HalllOHAJTBHUN YHIBEPCUTET PaliOeNEKTPOHIKI

AnanTuBHA MO/ieJIb PO3MI3HABAHHSA TeXHIKH 3 MexaHi3Mamu yBaru Ha 0a3i YOLOv11

Anomauin. AxmyanvHicms 00CHiOJNHCEHH 3YMOGIEHA HeOOXIOHICMIO NIOSUWEeHHs eqeKmUusHOCmi cucmem
KOMI IOMepHO20 30pY 8 YMOBAX CYYACHOL GiliHU, 0e CMPIMKULL PO3GUMOK Oe3niIOMHUX TIMATbHUX anapamis i 3acobie
PO36I0KU nompedye HAOIUHUX THCIMPYMeHmi6 OJisl A8MOMAMU308AHO20 BUABNEHHS GIlICLKOBOI MEXHIKU 8 pPedlbHOM)
yaci. Icnyioui demexmopu, Nonpu 6UCOKY WEUOKOOII0, OeMOHCMPYIOMb 3HUNCEHHA MOYHOCMI 8 pa3i pobomu 3
MANOPOIMIPHUMY, 3AMACKOBAHUMU 00 ekmamu abo 6 YMOo8ax CKIAOHOI (HOHOBOI 06CMAHOBKU Yepe3 6mpamy
npocmopoeoi ingopmayii nio uac 3eopmrosux onepayiu. Y 36’53Ky 3 yum YOOCKOHANEHHS MOOeni apXimexmypu
HEUPOHHUX Mepedic uepe3 I[Hmezpayilo MexXawizmié yedazu ma ORNMUMI3ayilo OOYUCTIOBATbHUX npoyecie Habysae
ocobueol snavywocmi. Q0’€KmMOM 00CHIOHCEHHA € Npoyec ABMOMAMU308AHO20 GUAGIEHHA ma JIOKAi3ayii 06 ekmis
BILICbKOB0O20 NPU3HAYEHHs Y 8i0eonomoyi onmuynozo dianazowny. Ilpeomemom docnidxycenus € memoou cmpykmypHoi
Mooudgpikayii apximexmypu 320pmKo6oi HetipouHoi mepesici YOLO 3 6uUKOpUCMAHHAM MEXAHI3MI8 KOOPOUHAMHOI yeacu
ma po30iieHux OemeKkmopHux mooyunie. Pezynemamu. Y pobomi 3anponoHosano ma peanizo8aHo MOOUQpikosary
MOOeNb  apXimeKmypu Heupomepedici, 20J06HOK 0COOIUBICIMIO AKOI € MOYK08ad iHmMezpayis NOAecUeH020 MOOYJis
xoopounamuoi yeaeu (Lite CA) neped wapom nipamioansnoi aepeeayii 03HaK, wo 0ano 3mo2y 30IUCHUMuU
0eKOMNo3uyilo npoyecy npocmopo8o2o KoOYEaHHs, 30epicuiu MouHy no3uyitHy ingopmayito, aKy 3a36udail
8MPAYAOMb 3d CMAHOAPMHO20 2100AIbHO20 YcepeOHeHHs. Bnposadoicenns 6 Mmolenb CKIA0080I «0emeKmopHa
YacmuHay 3a6e3neduno He3anedxicHy o0poOKy 3adau Kiacugixkayii ma peepecii koopounam. ExcnepumeHmanbHO
niomeepOoI*CeHO, WO A0ANMUBHA MOOeTb 00CA2A€E NOKA3HUKA cepedHbol mounocmi mAP@0.5 na pisni 0.651, wo na 8 %
nepesuwye 6a306uil pigenv, i 0eMOHCMPYE CYMMESe 3POCMAHHL NOBHOMU BUsgNeHHs. Bucnoseku. 3anpononosanui
nioxio 3abesneuye eghpekmusHUll OANAHC MIJC MOYHICIIO JOKATI3AYIl Ma 00YUCTIOBAIBHOK CKAAOHICMIO, 2APAHMYIOYU
BUCOKY CMIlKICmMb OemeKkmopa wooo Gi3ValbHUX nepewkoo ma egexmie xamygaaxcy. Pospobnrena moldens
PEKOMEHO08AHA OJisk BNPOBAOICEHHS 8 AGMOHOMHI CUCIEMU CUMYAYiliHOI 00I3HAHOCMI Ma YINeBKA3aHH:, 0ONOMA2ArYU
MIHIMIZY8amu NOMUIKYU NPONYCKY Yili 8 OOUOBUX YMOBAX.

Kniwouosi cnosa: YOLOvII, CBAM, mexanizm ysacu, demekyis 00'ekmig, Komn'tomepnuil 3ip, mpaucepne
HAasuaHHsl, 320pmK06i HelipouHi mepeici, Python, PyTorch.

Iocranoska npobaemu OcHOBHUMH IpoOJieMaMu, 1[N0 BHHHUKAIOTH 3
B yMOBAaX Cy4acHOTrO GOHOBOTO  IPOCTOPY 00pOoOKOIO BiIEONOTOKIB 13 3a3HAUEHUX JDKEPEIL, € TaKi:
BOXJIMBAM  (DAKTOPOM  YCHIXy €  JIOCSTHCHHS - Acrpajalid BI3yaJbHOI'O CHIHAy: BIACOPANL 13

indopmariiinoi TepeBarn Ta cuTyariiiHoi oGizmaHocti.  KaMep Oponerexniku  abo HOJIEOBUX HY.HKT.iB
Bisyanesa indopMauis HagxoauTh i3 pisHopigmmx ~ CTIOCTEPEIKCHHS 4acTo CIIOTBOPEHMH Yepe3 BiOparrii i1
JUkepel:  GOPTOBMX — CHCTeM — TIpHMIIOBaHHs — Ta  JAC PYXY, 3allMICHICTH ONTHKH, 3aIMMICHHS, CKIA/HI
crioctepekeHHst  OpoHerexHikd (TankiB, BMII, BTP), HOTOIHL yMOBH .369 HU3BKY  PO3AUILHY  3MaTHICTH
KaMep CTaIllOHAPHUX CIOCTCPEKHUX ITyHKTIB, a TaKOXK CeHCOplB.(TeHHOI?BOplB: HIYHUX .Hp.I/IIIImB).. CranpmaptHi
Oe3minoTHUX JiTanbHMX anapati. Macu Bineomanmx ~ STOPTKOBL MEPEXKI CHPHUMAIOTE Il BISyaJIbHI nedexTH SIK
dopmye CKITaJTHE indopmariiiine cepenosuie, — UYM, HIO TIPU3BOJIMTE IO MPOIYCKY HLICH,

e)eKTHBHUH aHANI3 SKOrO JOJXMHOIO-OIEPATOPOM Y - BaplaTHBHICTb PaKypCIB 1 MaCHITaﬁlBZ.CI/ICTeMa
PEKUMI PEATHHOrO Yacy € yCKIagHeHuM depe3 (izumumy M€ OIHAKOBO etbeKTIf.BHO PO3MI3HABATA TEXHIKY sK Y
BTOMY, CTpeC i AMHAMIKY GOHOBHX i, ¢poHTaNBHIA TPOEKIil (BUITSIL 3 €KpaHa HaBiIHUKA

Ha CbOTOAHI CTAaHAApPTOM Wil ABTOMATH30BAHOL tanka/BTP Ha piBHI SGMHi),. TaK 1 B.erHif/'I TIPOEKIIT
JeTekii 00’eKTIB € HelWpoMmepexeBi apXiTeKTypH (Burmsan 3 BHHA)' 533031. Mozem  HacTo  MaroTh
cimerictea YOLO (You Only Look Once), siki 3aBasku 0OMeKeHy 31aTHICTh TeHEpami3alii TAKKX PISHOPIIHHX
BUCOKif IMBHAKOMII MOXyTh OyTH posropuyti wHa  [TPOCTOPOBHX O3HAK,

OoproBux 00uMCIOBayax MOOLIbHUX IIaTdopMm. OpHak - MacKyBaHHA Ta 1aCTKOBE TICpEKPUTTA
6azoBi amroputmu YOLO, HaBueHI Ha CTaHAAPTHUX (Occlusion): B ymMOBax Ha3eMHOTO 6010. TCXHIKA
Ha0Opax JAHWX, JEMOHCTPYIOTh CyTT€Be 3Hibkenps [POTHBHHMKA HaCTO BMKODHUCTOBYE TPHPOJHI yKDHUTTS
eeKTHBHOCTI B pasi poGOTH B pealbHAX yMOBAX (n.1c00Myr1/I, CKJIaAKK penbedy) abo 3acobM MacKyBaHHS
eKCIUTyaTalil BilichKOBOI TEXHIKH. (CITKH, «HAKHJIKW).

© OIVIIMOHYYK T. B., KOJITYH I0.M., MACJIOB M.K., 2026
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JlokanbHi penenrtuBHi mosnst ctanaaptHuX CNN He
JIAIOTh 3MOTY €(EKTUBHO BHOKPEMHUTH O0'€KT, SKIIO
BUAMMA JIMIIE HOro He3HAUHa YacTHHa (HANpHKJIIa JIHIIe
Oamra abo ryceHwHIIi).

HaykoBa 3amaga monsrae B  Momudikarii
apxirektypu HeliponHoi mepexxi YOLO uepes iHTerpamnito
MexaHi3MiB yBarn (Attention Mechanisms), 30kpema
Monynst CBAM, mo n0omomMoxe CTBOPUTH AaJalTHBHY
CHUCTEMY, 3[aTHY IMHAMIYHO MEpPEepO3NOJUIATH «yBary»
Mepexxi Ha HaWOumbm iH(GOPMATHBHI AUISHKH KaJlpy,

irHOpyloun mepemikogu  Ta  GoH. Take pimeHHs
3a0e3MeunTh IJIBHMIICHHS TOYHOCTI Ta HaAIHHOCTI
aBTOMAaTHU30BAaHOTO IIJIEBKa3aHHSI SIK UL CKiNaxiB
0ofOBMX  MamMH, TaKk 1 ONEpaTopiB  IyHKTIB

CIIOCTCPCIKCHHS, HE3aJIC)KHO Biﬂ TUITY Bi,HGOCCHCOpa.

AHaJIi3 OCTaHHIX A0CTiIzKeHb i myOmikamii

JUii  cydacHOro  eramy — pO3BHTKY  CHCTEM
KOMIT'FOTEPHOTO 30py XapaxTepHe AKTHBHE
BIIPOBAPKCHHSI HEHPOMEPEKEBUX apXiTEKTyp CiMeHcTBa
YOLO, ski cramm crtaHgapToM pae-GakTo i1 3amad
JeTeklii 00'eKTiB y peasbHOMY uaci. AHali3 HayKOBOI
MIEPiOJVKH CBIAYMTH MPO 3MILIEHHS (OKYCYy TOCIHiIKEHb
Bil TIPOCTOTO TIJBHIICHHS TOYHOCTI JO ONTUMI3allil
apxiTeKTyp At poOOTH B CKJIQJAHUX yMOBax (OOMexeHi
00YnCITIOBANIBHI  pecypcH, Malli 00'€KTH, TNMEpeIIKoIu) i
rOOKO1 iHTerpanii J01aTKOBUX MEXaHI3MIB yBaru.

Y dyHmameHTampHIM  ormsamoBiii  poboti  [1]
MPOBEACHO TIHOOKHHA CUCTEMHUH aHami3 CBOJFOIIL
apxitektyp YOLO Bim mepmioi Bepcii 10 HaiHOBIIIAX
itepanii YOLOvVS i YOLO-NAS. HaykoBa HOBH3HA
poboTH monArae B JETAIBHOMY po300pi Mepexojy Bij
skipaux (anchor-based) no Oessikipaux (anchor-free)
MAXOMIB, MO JaJI0 3MOTY 3HAYHO CIIPOCTUTH IIPOIEC
HaBYaHHS Ta MIJBUIUTH TeHEpalizalilo MoJeni. ABTopu
JIETAIbHO PO3TIISIAIOTh CTPYKTYpHI 3MIiHM B OJOKax
Backbone, 3okpema 3aminy MoxymiB C3 Ha Oimbin
rpagienTHo-eektuBHI  C2f, a  TakoX  MOBHY
pectpykrypuzarito enemeHta «[lomoa» (Head) Ha
BifokpemsteHi rinku (decoupled head) mnst knacudikamii
Ta perpecii koopauHar. OcoOnMBY yBary HpHALIEHO
npobiemi KoMIIpomicy MiX HIBUAKICTIO iH(pepeHcy i
TouHicTio (MAP), e HOBITHI Mopemi JAEMOHCTPYIOTh
3HAQUHy TIepeBary 3aB[SIKM BUKOPHCTaHHIO METOJIB
aBTOMAaTHYHOTO MONIyKy HelipoHHOI apxitekTypu (Neural
Architecture Search, NAS).

VY po6oTi [2] KOMIUIEKCHO AOCIIKEHO MpoliemMy
onrrumizanii mozgeneit YOLOVS miist 3agau po3mi3HaBaHHS
cnenudiuHUX I[Ieil B yMOBaX OOMEXKEHHMX BHOIPOK

nanux. Hoy-xay aBTopiB mojsirac B po3poOJICHHI
aJanTHBHOI  cTpaTerii  HaBYaHHS, 1[I0  BPaxoBYe
3aJeXKHICTh e(QEKTUBHOCTI JETEKLii BiX PO3IUIBHOI

3IATHOCTI BXiJIHOTO 300paXKE€HHS Ta MAacIITady IIJILOBUX
00'eKTiB. ABTOpH IIPOBEIIM CEPiI0 EKCIIEPUMEHTIB 13
Pi3HUMH pO3MipHOCTAMH Mojeni (nano, small, medium) i
JIOBENHM, MIO HpocTe 30UIbIICHHS TTTMOMHM MeEpexi He
3aBXKIM TPHU3BOANTH 1O TOKPAIICHHS pe3yibTaTiB Ha
Mamux o0'ektax. HaroMmicTh KpPUTHYHO BaXIMBUM
(hakTOpOM BH3HAYEHO €Tal IONepeHbOi OOPOOKH JaHUX

(Data Preprocessing) i BAKOpUCTaHHS IPOCYHYTHUX TEXHIK
ayrMeHrarlii, Takux sk Mosaic i Mixup, o Jomomarae
Mojeni «0OaunTm» O0'€KTH B HOBHX KOHTEKCTaX.
Pesynbratn MiATBEPXKYIOTb, o TIpaBUIIbHE
HaJIAIITYBaHHS TireprapaMeTpiB (3okpema learning rate
scheduler) mae 3Mory merkuM MOJCNSM JIOCSTaTH
TOYHOCTI, IIOPIBHSIHHOI 3 BA)KKUMH apXiTEKTypaMH, ajie 3a
3HAYHO MEHIINX O0YUCIIOBAJILHUX BUTPAT.

VY nocmipkenHi [3] 3ampornoHOBaHO MPAKTHYHY
peanizanito end-to-end cucremn po3smizHaBaHHS 00'€KTIB
Ha 6a31 YOLO, aknenrtyioun Ha Oe3IIOBHIHM iHTerpamii
Helpomepeki 3 anapaTHUMHU MOJIYJISIMU
BifeocrocrepeskeHHsl.  OCHOBHY — yBary  HpHIUICHO
TEXHIYHUM acrekTaM posroptranas mozeni (Deployment)
Yy pealbHHX YyMOBaxX eKCIuTyaTamii, /¢ KpUTHIHUMH
(dakTopamMu € IWHAMIYHI 3MIHH OCBITJICHHS, IIOTOMHI
YMOBM Ta CKJIagHI pakypcu 3HOMKH. ABTOpH
MIPOAHANI3yBaJIM BIUIMB PI3HUX (QOpMATiB  BXIAHOTO
Bigeonotroky (RTSP, HTTP) na 3arpumky (latency)
00poOKM Ta 3ampONOHYBAIM AJITOPUTM Oydepusanii
KaJIpiB, 10 MiHIMI3y€ ITPOITYCKH JETEKIIi] 3a pi3KNX pyXiB
KaMmepH. ExcniepumenTanbHo JIOBEJICHO, 110
BHKOPHCTaHHS ONTHMi30BaHUX TeH30pHUX saep GPU y
noesHaHHI 3 apxiTekryporo YOLO pomomarae pocsartu
crabinpHoro ¢peimpetity (FPS) Bume 30 kagpiB 3a
CeKyH/Iy HaBiThb Ui OOpOOKHM 300pa)KeHb BHCOKOI
YITKOCTI, IO € KPUTHYHUM IIOKa3HUKOM JUISi CHCTEM
0e3I1eKH Ta MOHITOPUHTY TIEPUMETpa.

Oxpemuii HampsM JOCIIKEHb, BUCBITICHUH Y
pobori  [4], cToCyeThCs  CKIIAAHOTO  3aBAAaHHS
inenTHdikamii Ta cynpoBoay pyxomux 00'ektiB (Object
Tracking). ABTOpPHM NpOIOHYIOTH KOMIUIEKCHHH ITiIXiJ
10710 TOOY/IOBH CUCTEMH, SIKA HE JIMIIE AETEKTye 00'€KTH
B KOJKHOMY KaJIpi, aJjie i BITHOBIIIOE iXHI TPa€eKTOPii pyxy,
po3p’si3ytoun mpoOiieMy TmepekpurTst (occlusion). Y
CTaTTi  JETaJbHO  IPOAHAI30BaHO  e(EeKTHUBHICTH
iHTerpanii gerexkropa YOLO 3 anropuTMamu TpekiHTy,
takuMH K SORT 1 DeepSORT. OcHOBHIM BHCHOBKOM 13
poboTH € Te, MO cTabUIBHICTh TPEKIHTY Oe3rnocepeaHbo
KOpPEJIoE 3 SIKICTIO POOOTH NETEKTOpa: HaBITh HE3HAYHI
noMuiiku B Jiokanizanii (bounding box) mpusBomsAThH 110
300iB B igeHtudikanii (ID  switch).  ABrtopm
JIEMOHCTPYIOTb, SIK MOAM(IKAIisl 3rOPTKOBUX IIApiB JUIs
Kpamioro BHJUICHHS TIPOCTOPOBHX O3HAK J0IoOMarae
3MEHIINTH KIJIBKICTh IMOMWJIKOBHX CIIpalbOBYBaHb Ha
ckragHuX (oHax, MiABHILYIOUM 3arajbHy HaIiHHICTH
CHUCTEMH MOHITOPHHTY.

VY poboti [5] po3risHYTO BY3bKOCIEIiANi30BaHE
3aCTOCYBaHHS ~ HEHPOMEPEKEBUX  TEXHOJIOTIH  JuIst
BHSBIICHHS HeOe3neyHnx 00'exTiB (30kpema
BUOyXOHEOE3NeUyHNX TIPeIMETIiB) y BKpail CKIQJIHUX
BI3yaJIbHHX  CEpPEelOBHINAX, BKIIOYAIOYM  IIiABOJHY
3HOMKY. ABTOp JOCIIIXKY€E METOIM aIaNTallii apXiTeKTyp
YOLO st pobotu i3 300paskeHHSIMH HH3BKOI SIKOCTI 3
HU3BKMM KOHTPAacTOM, PpO3MHUTTAM 1 crenugpidHIMU
KOJIbOPOBUMH CIIOTBOPEHHSMH. 3armpornoHoBaHa
METOJOJIOTiST  BKJIIOYAE BHKOPUCTAHHA TpaHC(EpPHOTo
naBuaHs (Transfer Learning), ko Mozenb monepeaHso
TPEHYIOTh Ha BEIHMKHX 3arajlbHAX Jaracerax, a HOTIM
noHaBuaroTh (fine-tuning) Ha cnenudivaux nanux. Hoy-
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Xay TOJsra€ y BHKOPHCTaHHI CHELiabHUX (UIBTPIB
oriepeHb0i  0OpOOKHM 300paskeHb IJISL  IMiJKPECIICHHS
KpaiB 00'€KTiB Iepei] MOJaBaHHAM IX Yy HEHpOMEpexy.
Le#t minxix € peneBaHTHUM s OyAb-sSKUAX 3a1adv, Je
o0'ekTH  MarTh CKIagHy QopMy abo  4YacTKOBO
3aMacKOBaHi CEpPEJOBHUILEM.

Y poboti [6] HaBeICHO ambTEPHATUBHUM ITiIXiT
o0 JITEeKII1, 6azoBaHnit Ha apxiTeKTypi
tparchopmepi (Vision Transformers), a came RT-DETR
(Real-Time DEtection TRansformer). Ha BiamiHy Bin
3TOPTKOBHX Mepex, Takux sk YOLO, mo anamizyroTb
JIOKaIbHI  O3HaKW, TpaHCHOpMEPH BHKOPUCTOBYIOTH
MexaHi3M riobaneHOi  yBarm  (Self-Attention) s
PO3yMiHHSI KOHTEKCTYy BCHOTO 300pa)keHHs. ABTOpH
nopiBHIOIOTH edektuBHicTh YOLOVS 1 RT-DETR i
3a3Ha4aloTh, 10 TpaHCcOPMEpHI Mozemi  Kparie
CHPABISIIOTECS. 3 CUTYalisIMH CHJIBHOTO TEpPEKPUTTS
00'eKTiB 1 BIJICYTHOCTI UWiTKHX Bi3yaJbHHX O3HaK. Xoua
TpaHcopMmepr TOTPeOyIOTh Olnblie pecypciB  uis
HaBYaHHS, IXHS 3aTHICTh MOJICIIOBATH JIOBT 3aJIe>KHOCTI
MDK THKCENISIMHM  TIKPECIIOE KPUTHYHY BaXKJIMBICTh
BUKOPDHCTaHHS MEXaHI3MiB yBarm Ui JIOCSTHEHHS
BUCOKO{ TOYHOCTI IETEKIi] B CKJIQHUX YMOBaX.

Y poboti [7] 3ampoIOHOBAaHO KOHIENTYAIbHY
MOJIETIb CHCTEMH YIPaBIIiHHS MPOLECaMy PO3Ii3HABaHHS
o0paziB, sika 06a3oBaHa Ha IHTErpalii Cy4acHHX METO/IB
IITyYHOTO 1HTENEKTy. ABTOpM (OKyCylOTh yBary Ha
npobiemi TOOYZOBM aJalTUBHUX CHCTEM, 3JaTHHUX
epekTuBHO (yHKIIOHYBaTH B YMOBax JMHAMI4HOTO
BXIIHOTO TIOTOKY JaHWX. HaykoBa MiHHICT HOCIIIKEHHS
mnojsira€ B PO3POOJICHHI CTPYKTYPHOI CXeMH, sKa
CHUCTEMAaTH3Y€ €TalmM >KUTTEBOTO LUKy MOJENI: BiX
ToTiepeIHb0i 00pOOKH JaHUX O Balifamii pe3yJbTaTiB.
ABTOpPHM  3a3HayarOTh, OI0 MPOCTE BHKOPUCTAHHS
motyxHoi apxiTekTypu (CNN) 6e3 HanexHo1 opraHizarii
KOHBeepa OOpOOKM JaHMX Ta YNpPaBIiHHSA HapaMeTpamu
HE TapaHTye CTaOUIbHOCTI pe3ynbTary. Lled miaxin
KOPEJTIOE 3 HEOOXIMHICTIO ONTHMIi3alii apXiTeKTypu THILY
YOLO jns cneumdiuHuX 3a1ad, MiATBEPIKYIOUH
Ba)KJIMBICTh KOMIUIEKCHOTO ITiXOIY IIOA0 HPOEKTYBAaHHS
CHUCTEM  KOMM'IOTEPHOTO  30pYy, JA€  JITOpUTMH
pO3ITi3HaBaHHS TICHO TIOB'SI3aHI 3 MOJYJISIMH YXBaJCHHS
pilleHb.

V3araipHIOIOYM TIPOBEICHUH aHATi3 HayKOBUX
moxepen [1-7], MoxHa 3pOOHWTH BHCHOBOK, IO ICHYHOUI
6a30oBi Mozeni Jerekiii (30KpemMa cTaHIapTHI Bepcil
YOLO) 3a6e3neuytoTb BUCOKY HIBHAKOAIIO, IPOTE MAIOTh
CYTTEBI OOMEXEHHS /I poOOTH B CKJIQJAHUX YMOBax
ekcruryaranii. OCHOBHMMM  HEIONKaMH €  BTpara
iHpopmanii Mpo Manopo3MipHi 00'€KTH B  Ipomueci
3TOPTKOBHX II€PETBOPEHb, HEIOCTATHS CTIMKICTH IOJO
BI3yaJIbHUX TIE€pEIIKO/ (MacKyBaHHS, IIOTaHE OCBITIICHHS)
1 BIACYTHICTP MeXaHi3MiB IJI00aIbHOTO (HOKYCYBaHHS
yBaru, IpUTaMaHHUX TPaHCPOPMEPHUM apXiTEKTypaM.

Binpmiicte po3risHyTHX pillleHb COKYCOBAHO Ha
OKpEMHMX acrieKTax: abo momnepenHii oopodui naHux, abo
apxiTeKTypHHUX 3MiHax, abo onTuMizamii iH(pepeHcy.
[Ipote s gocSATHEHHSI BUCOKOI TOYHOCTI Ta HaAIHHOCTI B
CHCTEMaxX  CHTyalmiiHOi  00i3HaHOCTI  HEOOXiTHWU
KOMIIIEKCHHAH X1,

Ha ocHOBI 1pOro BHHHKAE HEOOXIIHICTH
PO3pOo0JICHHS BIOCKOHAICHOI MO, sKa O MoeaHyBasia
e(CKTHBHICT, 3TOPTKOBHX MEpEX 3  aJalTHBHICTIO
MexaHi3MiB yBaru. ®opManbHO y3araibHEHY MOJICTHh
aBroMarn3oBaHol cucremu nerekuii MASD  moxxHa
MOJATH SIK BIOPSIIKOBAHWA KOPTEXK (QYHKI[IOHATHHUX
KOMIIOHEHTIB:

M 5, =(PreP, FE, FPN, DH, LFn, InfE), (!

nme PreP (Preprocessing module) — momyns 06a3oBoi
OTIepeTHROI 00POOKH;

FE (Feature Extractor) — cranmapTHH €KCTPaKTOp
o3Hak Backbone;

FPN (Feature Pyramid Network) — xmacuunmii
MO/IyJIb arperarii 03Hak 6e3 MexaHi3MiB yBary;

DH (Detection Head) — nerexTopHa yacTuHa;

LFn (Loss Function) — ¢yHKIist BTparT;

InfE (Inference Engine) — mizcucrema indepeHcy.

3a3HaueHa QopManizamis Ja€  3MOTY  YiTKO
BU3HAUUTH HANpsSM TOJAIBIIOTO JIOCHIDKEHHS  SIK
ONITHMI3aLiI0 KOXHOTO 3 HABEICHWX KOMIIOHEHTIB ISl
JIOCSITHEHHS! €(DeKTy 3 TOUHOCTI Ta MIBUAKO/II CHCTEMH.

Merta gociaiaKeHHs

Mertoro JIOCITI/PKEHHS € ITi ABUIIICHHSA
e(eKTUBHOCTI ~ AaBTOMATH30BAaHOTO  BWSBJICHHSI  Ta
knmacudikamii 00’ €KTiB BiliCHKOBOI TEXHIKH Y BiJICOMOTOIIL
peaJbHOro 4Yacy 4epe3 CTPYKTypHY Moaudikamito
apxiTeKTypH 3ropTKoBOi HelpoHHOI Mepexi YOLO.
JlocsirHeHHsT MeTH 3a0e3nedyeHo uepe3 iHTerpamiio B
MOJIyJIb arperarii 03HaK MeXaHi3My KOOpAMHATHOI yBaru
Ta BIPOBAKEHHS MEXaHI3My He3aJIe)KHOI 00pOOKH 3a/1a4u
knmacudikamii Ta JoKamizamii, OO B TOETHAHHI 31
CTOXaCTHYHUMH METOJaMM ayrMeHTalii Jornomarae
cUCTeMi aJanTHBHO (OKycyBaTHUCS Ha iH(GOPMATHBHUX
JUITHKaX 300paKeHHS, TapaHTYIOud CTIHKY CeJIeKIio
MaJIOPO3MIpHUX 1 3aMackOBaHMX IIiJIeH B yMOBax
cKi1a7HO1 (POHOBOT OOCTAHOBKH.

BukJjiageHHs1 0CHOBHOIO MaTepiary

CyuacHa nmapanurma BejieHHs O0MOBHX il 3a3HaE
(dyHAaMEHTATBHAX  3MIiH i3  BIUIMBOM  TOTAaJbHOI
mudpoizamii Ta pobormsamii mons 00r0. BaxmuBuMm
(akTOpoM, 110 BHU3HAYA€ TAKTUYHY IIE€peBary, CTae He
JIUIIIE BOTHEBA Millh, a 1 MIBUAKICTH IMKIy YXBaJCHHS
pimers (OODA loop), sika 6e3rocepeiHb0 3aJIEKUTD Bijl
e(EeKTUBHOCTI  pPO3BIYBAIFHHX CHCTEM. Y  I[bOMY
KOHTEKCTI KPUTHYHOTO 3HAYEeHHsI HaOyBarOTh TEXHOJOTIi
KOMIT'FOTEPHOTO ~ 30py, IHTETpOBaHI B  OE3MiIOTHI
aBialiifHi KOMIIEKCH Ta CHCTEMH YIPAaBJiHHS BOTHEM,
OCKIJIbBKM BOHHM JalOTh 3MOTY aBTOMAaTH3yBaTH IIPOILEC
BHUSBIICHHS Ta ieHTH]IKaIii miyet 6e3 Oe3mocepeaHbol
ydacTi orneparopa, MiHIMI3yI04H JIIOACEKUI (hakTop 1 yac
peaxiii.

Ha cporomni crammaproM y 3ajgadax JeTeKii
00'€KTIB pEaJIbHOrO Yacy € BHKOPHCTaHHS TIJIMOOKHX
3roptkoBux  HelponHumx Mmepex (CNN), 30kpema
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OJIHOCTAIHUX  JleTekTopiB apxitekTypu YOLO. Ix
IIMPOKE PO3MOBCIO/DKCHHS 3YMOBIICHE apXiTEKTYPHOIO
3MATHICTIO  BUKOHYBaTH  Iiepef0adeHHs  KJIaciB 1
KOOpJIMHAT OO0'€KTIB 3a OJWH TPOXiJT Mepexi, Mo
3abe3neuye BHCOKY KaJpOBY 4acTOTy OOpOOKH HaBiTh Ha
BOYZOBaHMX 00YNCITIOBATEHUX aTdopmax 3
obmexxennMm eneprocuoxuBanusaM (Edge Al). Ocranni
iTepanii 1iei apxiTektypH, Taki sk YOLO, 1eMOHCTPYyIOTh
BpaXaro4l pe3ylbTaTH Ha CTAaHJAPTHUX ETAJTOHHUX
Habopax NaHWX, BUKOPHCTOBYIOYHM BIOCKOHAJICHI METOAN
arperarii O3HaK Ta ONTHUMIi30BaHi (QYHKIIT akTUBAL.
OnHak, HE3BaXAIOUM Ha 3arajbHy e(EeKTHBHICTB,
3acTocyBaHHs 0a3zoBux apxirektyp CNN y crenngianux
yMOBax BIilICbKOBOIO MOHITOPHHTY BHSBISIE HHU3KY
KPUTHYHUX He#oinikiB. (DyHpameHTambHAa TmpobdieMa
mojsira€ B TIPUPOZI OIepariii 3ropTKH, siKa OIepye B
MeXax 0OMEXEHOI0 JIOKAJIBHOTO PELENTUBHOIO 1mois. I3
MIPOXO/PKEHHSIM CHUTHAJy Yepe3 IIIMOOKi Imapu Mepexi Ta
omepanii 3HWKeHHS 1uckpermsamii  (downsampling)
MPOCTOPOBY 1HPOPMALIF0 TIPO MaTOPO3MIpHI 00'€KTH

4acTo BTpavdaroTh ab0 BOHA «po3MmHTay Ha (OHI
BHCOKOYAaCTOTHOTO IIyMY.
Curyaniss 3Ha4HO YCKJIaJHEHa  CIEHH()IKOO

BXIIHUX NMaHWX y OoiOBMX yMmoBax. BilickkoBa TexHika
YacTO Ma€ HU3bKWI Bi3yalbHUH KOHTPAacT BiZHOCHO
HaBKOJIMIIHBOTO CepeoBHIIa, BHKOPHCTOBYE
kamyispkae  gapOyBaHHSA, MacKyBaJIbHI CiTKM  abo
3HAXOJUTHCS B YMOBax INPHPOAHOro 3aTiHeHHA. Kpim
TOro, (akTOpH HABKOJIMIIHBOTO CEPEAOBHINA, TaKi K
atMocepHi omanaM, TyMaH, 3aJUMIICHICTh a00 HH3bKa
OCBITJICHICTb, CTBOPIOIOTH CKJIQJHI Bi3yaJibHI HaTEpHH,
SIKI CTaHJapTHA 3rOPTKOBA MEpeXka MOXKe IHTEpIPeTyBaTH
K 4acTHHy JaHmmadry. Y Takux yMmMoBax CTaHJIApTHI
MEXaHi3MH  BWIyYeHHS  O3HaK €  HEJOCTaTHBO
CEJICKTMBHUMH, 110 TPU3BOJMUTH 10 3POCTAHHS MOMMIIOK
Tnepiroro (MpOIyCK L) 1 Apyroro (XUOHE CIpaIfoBaHHs)
poxy.

TpagumiiiHi METOTU PO3B’s3aHHS Mi€l MPOOIEMHU
MIPOCTUM 301IBIIEHHSIM MIMOMHK 200 MIMPUHYU HEHPOHHOT
MepexXi € HENPUIHATHUMH JUIi CHCTEM BIHCBKOBOTO
NIPU3HAYCHHS,  OCKUIBKM  IIe  TpPHU3BOAUTH [0
€KCTIOHEHIIIHHOTO 3pOCTaHHS 004YNCITIOBAIBHOT
CKJIAJHOCTI Ta 3aTPUMOK iH(EpEeHCY, M0 € KPUTHIYHUM
JUIS 3a7a4 peasibHoTo Yacy. OTke, BUHUKAE HEOOXITHICT
MOUIYKY apXiTeKTypHHX pilleHb, sKi O jomoMorim
IiIBUIINTH YyTJIUBICTH MEpEXi A0 3HAUyIIMX O3HaK 0e3
CYTTEBOTO 301IBIICHHS 00YHCITIOBAIIEHOTO
HaBaHTaXKCHHSL.

[lepcrieKTHBHUM HaIPSIMOM ITOJOJAHHS ONMCAHUX
oOMeXXeHb € IHTerpamisi B apXiTeKTypy JeTeKTopa
MexaHi3MmiB yBaru (Attention Mechanisms). Ha Bigminy
BiJl CTaHJApTHUX 3TOPTOK, SIKI OOpOOJISIOTH yCi MiKceli
300paXEHHsI 3 OJHAKOBMM NPIOPUTETOM, MEXaHi3MHU
yBar# J1al0Th 3MOTY MEpEeXi JUHAMIYHO Nepepo3NOIiUITH
Bard, (OKyCylounch Ha HaWOUIhII iH(OPMATHBHUX
MIPOCTOPOBUX 30HaX a00 KaHAJIBHUX O3HaKaxX. 30Kpema,
MEXaHi3MH, TOmiOHI 10  iHTerpoBaHOro  OJIOKa
koopauHaTHOoi yBarm (Coordinate Attention), 3matHi
MOJICTIIOBATH JOBTOCTPOKOBI 3aJIe)KHOCTI Ta KOIyBaTh

TOYHY MO3WLIHHY iH(opMaiio, Ky 3a3BHYail BTpayaroTh
13 BUKOPHUCTAaHHSM TJI00AIEHOTO YCEePEIHEHHS.

Jnst po3B’si3aHHS MMOCTaBJICHOT HAyKOBO-TEXHIUHOT
3a7a4i moAaHo MoAn(IKOBaHy MOJIENb aBTOMAaTH30BaHOI
CHUCTEMM JETeKIii, sika IHTErpye KJIacH4Hi 3TOPTKOBI
METOIM BIJIyYEHHS O3HAK 13 HOBITHIMH MeXaHi3MaMu
IIPOCTOPOBOi Ta KaHAJIBHOI YyBaru. 3arpoIlOHOBaHA
apxirektypa 6a3oBana Ha mardopmi YOLOv11, cyTreBo
BJIOCKOHaJICHIH 4epe3 BhpoBaspkeHHs OnokiB Coordinate
Attention Ta oONTHUMI3alil0 KOHBEEpA IOMEPEAHBO]
00poOku manmx. Takwil WiAXig JOMOMAarae IOJ0JIaTH
OOMEKeHHSI CTaHAAPTHUX JETEKTOPiB I poOOTH 3
MaJIOPO3MIpHUMH Ta 3aMacKOBaHMMH O00'€KTaMH B
CKJIaJIHAX YMOBAaX CIIOCTEPEKECHHS.

@dopmabHO  3aNpONIOHOBaHy MOJIENb  CHCTEMH
nerekuii  oO0'extiB (ODS) Moxna ommcatd K
YHOPSAAKOBaHMH KOPTEK (PyHKIIOHATEHIX KOMIIOHEHTIB:

ODS = {PreP, FE, FPN, , DH, LFn, InfE},

ne PreP (Preprocessing module) — Moxynp monepeanboi
00pOoOKH Ta ayrMeHTaIlii JaHuX;

FE (Feature Extractor) — MoyJib BIIIy4€HHSI O3HAK
(Backbone);

FPNca (Feature Pyramid Network with attention)
— Moau(iKOBaHUI MOMYITH arperaiii 03Hak;

DH (Detection Head) — nerexropHa gacTuna;

LFn (Loss Function mechanism) — wmexaHi3M
oOuncieHHs: QyHKILI{ BTpaT;

InfE (Inference Engine) — nporpamuuii pyrmmi
BUKOHAHHS MOJIEII.

CrpyKTypHa  YHIKQJbHICTH  3aIPONOHOBAHOTO
pimeHHs 0a30BaHa HA KOMIUIEKCHOMY BJIOCKOHAJICHHI
0azoBux mimxomi. Ilo-mepmie, MOAYNb MOMEPEIHBOL
00po0Oku (PreP) po3mmpeHo anropuTMaMu CTOXaCTUYHOT
TpaHcdopmanii, mo  3abe3nmeuye  iHBapiaHTHICTB
JICTEKTOpa [0 T'€OMETPUYHUX CIIOTBOPEHb 1 3MiH
ocBimiieHHs. [lo-apyre, apxiTekTypa HEHpOHHOI Mepexi
MomudikoBana uepe3 iHTerpamito Mexanismy CA y
Moxynb arperarii o3Hak FPNca, 1mo mae 3mory cucremi
BPaxOBYBaTH TJIO0AJIbHUII KOHTEKCT 1 30epiratu TOYHY
MO3UIiMHY iHpOpMaliio, siKa 3a3BUYail HiBeIbOBAHA IIiJ
Yyac 3HMKEHHSI MPOCTOpoBOi po3mipHocTi. ITo-tpere, ms
3a0e3neuyeHHs poOOTH B pealbHOMY dYaci po3poOieHo

InfE, sxa onTHMi3ye B3a€EMOJiI0 3  amapaTHUM
3a0e3reveHHsIM 1 cTabilizye BieomnoTiK.
[NopiBHsHO 3 TpamuIlitHIMHA MiAX0JaMHI

3alpONOHOBaHa MOJIETb 3a0e3ledye BHILYy TOYHICTB
JIOKamizamii 00'exTIB 3aBIIKH aJalTUBHOMY
(oKycyBaHHIO yBard, 30epiralousl HpH LBOMY BHCOKY
LIBHIKOI0, XapaKTepHY JUI OJHOCTANIHHUX JIETEKTOPIB.
Bukopucranns npuHOMNIB TpaHC(EPHOTO HaBYaHHS Jae
3MOTy e()eKTUBHO aJanTyBaTH CHCTEMY A0 CIenn(piIHIX
KJaciB 00'€KTIB HaBiTh 32 YMOBH OOMEXEHOro 00cAry
HABYATBHUX JAHWX. YCI MOMAYNi CHCTEMH pealli3oBaHi
MoBoro Python i3 BukopucranHsaMm 06i0mioTex TIMOOKOTO
HaBYaHHS, 10 3a0e3neyye THyYKiCTh i MacTaboBaHICTh
pileHHS.
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@OyHKIIOHYBaHHS HAaBEOEHOI CHCTEMH JETEKIIil
po3moYrHaEThCs 3 poboTH Moxyns PreP, skuit peamizye
KOMIUIEKCHUH IMiJXiA IIOJ0 IArOTOBKHM BXIAHUX JIAHHX.
dopmanbHO CTPYKTYPY MOAYJIS MOIEpenHboi 00poOKu
MOXHa  TOJaTH K CYKYIIHICTb ITOPUTMIB
TpaHcdopmanii JaHuX:

PreP = {MDA, MixUp, Aug,,, Augg,... }» )

ne MDA (Mosaic Data Augmentation) AITOPUTM
MO3ai4HOTO CYMIILICHHS KaJIPiB;

MixUp — wMerong JiHIHHOTO — 3MilIyBaHHS
300pakeHb;

Augnsy —  (QOTOMETpWYHI  CIIOTBOPEHHS B
KOJIIpHOMY IIPOCTODI;

AugGeom — TeOMeTpHYHi adiHHI TpaHchopMarlii.

B ymoBax peangpHOro 60HOBOTO 3acTOCYBaHHS, /1€
BiJICOITOTIK HAIXOAWTH i3 KaMep Oe3MUIOTHHX JiTaTbHHUX
anapariB  (BIIJIA) abo HazeMHHMX pPOOOTH30BaHUX
wiathopM,  BXigHI  300paXeHHS  MalOThb  BHCOKY
BapiaTHBHICTh MacITaly, pakypcy Ta YMOB OCBITIICHHS.
VY Takux cueHapisx KJIaCHYHUH MiXiJl M0A0 MONepeaHbO]
00poOKkH, 1O OOMEKEHHH AEeTEepMIHOBAHOIO 3MiHOIO
po3Mipy (resize) 10 BXiAHOT pO3AIILHOT 31aTHOCTI MEpexi
(manpuxmax 640 ©Ha 640 mikcemniB), BHSBIAETHCA
HenocratHiM. [Ipocte MacmTabyBaHHS 4acTo MPU3BOIUTH
JI0 BTpaTH ApiOHMX xaeTajied, KPUTUYHO BaXKIMBHX JUISA
PpO3ITi3HaBaHHS MaJOpO3MIpHHUX 00'€KTIB, 1 HE 3a0e3neuye
HEOoOXilHy 1HBapiaHTHICTh MOJENi 1O T'eOMETPUYHHUX
CIIOTBOpPEHb.

Jns pos3B’si3anHs miel npoOiemu B Moxyii PreP
peai30BaHO KOHLEMIII0 CTOXAaCTHYHOI TpaHcgopmariii,
sKa Ma€ Ha METi IITyYHE PO3MIMPEHHS IPOCTOPY O3HAK
HaBuasbHOI  BHOipku. Peamizamis  3amporioHoBaHOI
METOIMKH Ja€ 3MOTY HAOJIM3WUTH PO3MONUT JNAaHHX, Ha
SIKOMY HaBUYA€ThCS MOJIENb, JI0 PEAbHOTO PO3IOILTY
Bi3yaJIbHUX CIIEH Ha 11071 0010.

BaxnBuM exeMeHTOM cTpaTerii ayrMeHTamii €
anroput™ MosaiuHoro cymimenss (MDA). Ha Bigminy
BiJl TPAIUIIIHHUX METOJIB, SKi OMEPYIOTh IMOOJUHOKUMHU
300paxenusiMu, MDA Qopmye onuH HaBYaIBHUI 3pa3oK
Yepe3 CHHTE3 4YOTHPhOX BHIAJKOBUX 300paXKeHb 13
naracety. Ilpomec reHeparii Mo3aiku CKJIagaeTbes 3
TaKUX €TalliB:

- BuOipKa Ta iHimiamizamis: BHOMPAIOTH IHAEKCH
YOTUPHOX BUITAKOBUX 300paxeHs 1, Iz, I3, 14;

- TEHEPYIOTh TbOBE MOJIOTHO po3MipoM WxH;

- BU3HAUCHHS TOYKM IIGHTPYBaHHSA: T€HEPYIOTh
BUIIAJIKOBY TOYKY HEPETHHY (Xc, Yc) Y MeXax 3aJaHOro
Jiarma3oHy KOOpPAMHAT, KA CTa€ LEHTPOM CTHUKYBaHHS
YOTHPHOX 300paKEHb;

- KOMITIOHYBaHHsI Ta OOpi3Ka: KOXKHE 3 YOTHUPHOX
300paXeHb PO3MIIIEHO Y BIiANOBITHOMY KBaJpaHTI
BIJTHOCHO TOYKH (Xc, Yc). YacTuHM 300pakeHb, IO
BHUXOJSTH 3a MEXI IUIOBOrO BikHa po3Mipom WxH
HaBKOJIO LIEHTPY, BiZICIKAIOTb.

MaremariuHa JI0TiKa QYHKIIOHYBaHHS aJrOPUTMY
MDA nependavae IIEPEPaxyHOK KOOpJAMHAT
ooMexxyBabHUX pamok (Bounding Boxes) ams koxHOTO

o0'ekTa  BITHOCHO  HOBHX MEX  CHHTE30BaHOTO
300paxenns. Ilicist 3mimeHHs ¢parmMeHTa Ha BekTop dx,
dy HOBI KOOpaMHATH (X', Y') OOUYHCITIOIOTH 3 ypaxyBaHHAM
Kiimiary (oOpizaHHs) 3a mmpuHolo W i1 Bucororo H
IOJIOTHA!

X;mn = max( in T dx)

B y,. =max (O Yo + dy) “)
X, =min(W,x, +dx)’
Yo =min(H, y,. +dy)

e X'min, Y'min, X'max, Y'max — KOOPIHWHATH BEPUIMH

00MeKyBaJIbHOI paMKH Ha HOBOMY TOJIOTHI MO3aiKH;

Xmin, Ymin, Xmax, Ymax — [I0YaTKOBI1 KOOpAWHATH paMKH
00'exTa Ha BUXiHOMY 300pakeHHI;

dx, dy — BekTopH 3MilIeHHS 300paKE€HHST BITHOCHO
LIEHTpa MO3AIKH;

W, H — mmpuHa Ta BUCOTa IILOBOTO 300pa)KCHHS
JUIST HABYAHHSL.

SIkmo Toma HOBOI paMKHM CTa€E MEHIIO 3a
MIOPOTOBE 3HAUCHHS, 00'EKT BUKIIIOYAIOTH 13 PO3MITKH.

Bukopucranns anroputmy MDA nmae cuctemi
CYTTEBI TepeBaru: MO-TiepHie, Ja€ 3MOry MOJeli
e(eKTUBHO HaBYaTWCSl PpO3Mi3HABaTH OO0'€KTH, IO
3HaX0JAThesl Ha mepudepii kaxpy (vactkoBo o0pizaHi),
IO € TUIOBUM /IS BIIEOTIOTOKY 3 pyXxoMoro apoHa. [lo-
JIpyre, d4epe3 3HayHEe BapilOBaHHA MacimTady 3
KOMITOHYBaHHSIM MepeXa CTa€ OUIbIl YyTJIUBOIO [0
Manopo3Mmipaux minei. [lo-Tperte, 3aBOsSKM HAsBHOCTI
00'€KTiB 13 YOTHPHOX PI3HUX CIIEH B OJHOMY TEH30pi
cTabinizoBaHoO o0UnCIeHHS CTaTUCTHK Batch
Normalization, mo gonomarae e(eKTHBHO HaBYaTH
MOJIeTIb HaBITh 3a Majoro posMmipy Oartuy (Mini-batch
size).

Jlns migBUICHHS 3aBaJOCTIMKOCTI MOJIENI IIOAO
BI3yaJIbHUX TEpemKox Ta edexTy HakimagaHHs 00'€KTiB
3aCTOCOBYIOTh aiiropuT™M MixUp, B OCHOBI SIKOTO JICKUTH
NPUHOMI ~ HAaBYaHHS Ha  BIPTyalbHUX  HNPUKIAAAX,
OTPUMaHMX ONYKJIOI KOMOIHAIi€l0 mMmap 300paxeHb 1
IXHIX MITOK.

dopManbHO IS IBOX ~ BHUNAJKOBUX  Hap
«300paKeHHA-MITKa» HOBMH HaBYAJIBbHUI npukiaz tildex,
tildey, pospaxoByroTh 32  ¢dopMmynamMu  JIHIHHOI
THTEpIIOSLIi:
X = AX; +(1—k)x
~ 2
y =Ay; +(1_7‘*)yh‘
ne A [0, 1] — koedirmieHT 3MiNTyBaHHS.

Y  KOHTEKCTI JerTekmii BIHCHKOBOi TEXHIKH

Bi3yalIbHHH  pe3ynpTar poborn anmroputmy MixUp
Harajlye HaIiBIpPO30pe HAKJIAJAaHHI OJHOTO 00'€KTa Ha
iHmmit abo Ha (QoHOBUI maHmmadT, MmO HaE 3MOry
eMYJIIOBATH pealibHi (i3n4Hi sBHIIA:
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- CHpUHHATTA 00'€KTIB Yepe3 CepepoBHIIA, IO
PO3CIIOIOTH CBITJIO (TyMaH, UM, TIHJIOBA 3aBica);

- e(eKT YacTKOBOI IPO30POCTI MAacKyBaJIbHUX
CITOK;

- Bi3yaJIbHE 3JIMTTS KaMy(IIb0BaHOTO 00'ekTa 3i
ckiaganM (GoHOM (JricocMmyra, Michka 3a0y10Ba).

Perynsapuzanitinuii  epexr MixUp 3amo0irae
NIepeHaBYaHHIO MEPEXi Ta «3amam'sTOBYBaHHIO» UiTKHX
KOHTYpIB, 3MYIIyIOYM MOJENb IIOKJIAJATHCA Ha OUIbII
poOacTHI O3HAKH.

@dinanpHMM  erarloM |y  KoHBeepi PreP e
3aCTOCYBaHHSI (POTOMETPUYHUX Augusv 1 T€OMETPUYHHUX
AugGeom crioTBopeHb. KomipHa kopekuist BifOyBaeTbest y
mpoctopi HSV (Hue, Saturation, Value), ockinbku BiH
Kpaiie BiJIOBIA€E JIIOACEKOMY CIPHHHSATTIO KOJbOPY,
Hbk RGB. [lng koxHOro 300pakeHHS BHKOHAHO
CTOXaCTHYHHI 3CyB KaHaJIIB:

H,., =(H+3,)mod180
Sy =clip(S-3,) : (©6)
V,., =clip(V-8,)

1€ Hiuew, Snew, Vinew — MoAu(ikoBaHI 3HAUEHHS BiATiHKY,
HACHYCHOCTI Ta SICKPaBOCTI MIKCEIIS BiAIOBIIHO;

H, S, V — movarkoBi 3HaueHHS KOMIIOHCHTIB Yy
KousipaHoMy npoctopi HSV;

8ha 85’ 81:_

MYJIBTUILTIKATUBHOTO IIYMY JUIsl KOXKHOTO KaHay;

clip() — o&yHKIOIZ OOMEKEHHS 3HAYCHb Y
JorycTuMoMy fiamnaszoni [0, 255].

3acTocyBaHHS KOJIIpHMX KOPEKIi BixTBOpIOE
BapiaTHBHICTH YMOB OCBITJICHHS (SCKpaBe COHIIE,
XMapHICTb, CyTIHKH) 1 CHEKTpajbHI OCOOJMBOCTI Kamep.
leomerpuuni  TpaHchopMmamii  AugGeom  BKIIOYAIOTH
BUIIaJIKOBI ITOBOPOTH, BiJJI3€PKAJCHHS Ta NEPCIECKTHBHI
BUKPHBJICHHSI, TapaHTyIOYH iHBapiaHTHICTh AETEKTOpa 10
TIOJI0KEHHS KaMEPH BiIHOCHO TOPHU30HTY.

[Micns  momepennsoi 0O0pOOKM BXiAHWI TEH30p
HAAXOMUTHh 10 Moxayist BwiydeHHs o3Hak (FE), sxwit
BukoHye ¢ynkuito Backbone HelponHOoi Mepexi.
ApXITEKTYpHO IIed MOIYJIb BH3HAUEHO SK KOMIIO3HIIIO
TakuX QyHKIIOHATBHUX OJIOKIB:

BHUIIAJKOBI  KOeQIIlieHTH

FE = {CSPNet, C2f,SPPF}, @)
nme CSPNet (Cross Stage Partial Network) — ©6azoBa
KOHLIEMIIST MepeXi 3 YaCTKOBUMH IIEPEXPECHHUMHU
CTaisIMU;

C2f (Cross Stage Partial Bottleneck with 2
convolutions) — MoandikoBanmii Omox  arperamii
TpaJli€HTIB;

SPPF — Moysb MIBHIKOT MipaMigaibHOI arperamii
MIPOCTOPOBHUX O3HAK.

ApxitexktypHa napagurma moayns FE 6a3oBana Ha
KOHLIENIii MepeXi 3 YacTKOBHMH  II€PEXPECHHUMHU
cragisimu (CSPNet), sxka Oyna cneniaibHO po3pobieHa

JUTSL PO3B’SI3aHHS MIPOOJIEMH HATUIIKOBOCTI TPali€HTHOT
iHpopManii B IITMOOKMX 3rOPTKOBUX MEpEexkKax.

OyrnamentansHa  imess CSPNet momsarae B
PO3MiJICHHI KapTH 03HaK 0a30BOTO IIApy HA JIBI YaCTHHU.
OpHa yacTHHA TPOXOMUTH uepe3 ImnbHuM 010k (Dense
Block) abo cepiro 3ropTKOBHX NIEpETBOPCHB, a IHIIA
YacTHHA TIepefaHa TPAH3UTOM 1 KOHKAaTEHOBaHAa 3
BHUXOJIOM IIUTBHOTO OJIOKa Ha HACTYITHIN CTaii mepexomy.
Takmii  miaxim  gomoMara€  JOCSIITH — 0arariioro
TPaJi€HTHOTO MOTOKY, OCKUIEKH TPATIEHTH BiJl TTOMUIKH
MIOITUPIOIOTECS  PI3HUMH [UIIXaMd, IO 3amodirae ix
IyOFOBAHHIO TIiJT 9ac OHOBIICHHS Bar. Peaiizallisi Takoro
MIXOMy  CHOpHsA€  3MCHIICHHIO  OOYHMCIIOBAIBHOI
CKIagHOCTI Mozmemi 31 30epexxeHHsM a0o HaBiTh
MIIBUIIEHASM TOYHOCTI ACTEKIlil, M0 € KPUTHIHUM JUIs
poOOTH Ha IPUCTPOSIX 3 OOMEKCHUMH PECYpPCaMHU.

B apxirtextypi YOLO xiacuununii mogyns C3, mio
BUKOPHCTaHWI Yy TIONEpeNHiX Bepcisix, 3aMiHEHO Ha
BrockoHaneHw 010k C2f. OCHOBHA BiIMiHHICTh TIOJISATAE
Y CTPYKTYpi pO3Tray’K€HHsI OTOKIB 1 KITBKOCTI BUXIJHUX
3'€JHaHb, MO Ja€ 3MOTY MOJEJi 3aXOILTIOBATH OLIBIT
Oarary ceMaHTH4HY iH(OpMaIiio.

IMpouec 06pobku iHpopMarii BcepenuHi Oioka
C2f moxna ¢QopmanizyBaTH Tak: BXIOHHH TeH30p Xin
CIOYATKy MPOXOJNTH uepe3 3ropTky Convi, sika 3MEHIIye
KIJIBKICTh KaHAJIIB, Jai OTPUMaHUHA TEH30p PO3ALIIETHCS
Ha JIBI TLIKH:

Y,,Y, =Split(Conv, (X, )). ®)

ne Xin — BXITHMH TEH30p O3HAK, IO HaJIXOIUTh y OJIOK
C2f;

Convi — 3roprtka 1x1, sika 3MeHIIye pO3MipHICTH
KaHAJIB BX1JIHOTO TEH30Da;

Split — omepartis po3xiieHHsT TEH30pa Ha J(Bi PiBHI
YAaCTHHU B3JI0BXK KaHAJIBHOTO BUMIPY;

Y: — yacTWHa TOTOKY, IO TEpelaHa TPaH3UTOM
(skip connection) mas 30epekeHHS HU3BKOPIBHEBUX
JieTalen;

Y2 — 9acTHHA MOTOKY, L0 CIIPSIMOBaHa Ha INIHOOKY
00po0OKy depe3 cepiro Bottleneck-mapis.

Koxen ©Omok Bottleneck cxiamaerecs 3  aBox
3roprok  3x3 1 BHKOPHCTOBYE 3aJHIIKOBI 3B'SI3KH
(Residual connections), siki BiZirpaioTh TOJIOBHY POJIb Y
30epeKeHHI aMIUNITYAuM TpalieHTa 3 TPOXODKEHHIM
gyepe3 MIHOOKI MIapw, 3amodirarodm mpoOieMi 3racaHHs
rpanienra (Vanishing Gradient Problem).

VuikanpHOI0 ocoOymBicTio C2f € Te, mo BiH
arperye He TUTBKH BUXiJ ocTaHHBOTO Bottleneck-6oka, a
1 TMPOMDKHI BHXOIM BCiX BHYTpIilIHIX OJOKiB. Yci mmi
MIOTOKK 00'€JHAaHI onepamniero KOHKaTeHalii Ta MpoXoIsTh
gepe3 QinanpHy 3roptky Convz JUIs  BiJIHOBIICHHS
BUXIJJHOI PO3MIpHOCTI KaHaJIiB:

X, =Conv, (Concat (Yl,Yz,B1 (Y,).B, (B ( 59
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nie Xout — BUXiTHHH TeH30p Omoka C2f;

Bi(Y2) — Buxig i-ro mOCHiOBHOTO OJIOKa
Bottleneck;

Concat — omepamisi KoHKareHamii (00'exHaHHSN)
yCiX TPOMDKHMX TIIOTOKiB O3HaK, 1Mo 30arauye

CEeMaHTHYHE TTOJIaHHS;

Conv2 — ¢inanpHa 3roprka 1x1, mo iHTErpye
o0'emrHaHi O3HaKM Ta BIAHOBIIOE HEOOXIJHY KIUIBKICTH
KaHaJliB.

3ampornoHoBaHa apxiTekTypa 3abesredye OimbIn
e(eKTUBHE 3JHUTTS HU3bKOPIBHEBUX 1 BHUCOKOPIBHEBUX
O3HaK, MO MiJBHUIIYE 3IaTHICTh MeEpeXi PpO3pi3HIATH
TEKCTYpH Ta IpiOHi fAeTaii 00'eKTiB.

3aBepHIaIbHUM €JIEMEHTOM EKCTPAKTOpa O3HaK €
monymnbs SPPF (Spatial Pyramid Pooling Fast), sxwuii
MIPU3HAYCHUH JUIS  PO3LIMPEHHSI PELENTUBHOTO IIOJIS
Mepexi Ta arperarii KOHTEKCTHOI iHdopMamii 3 pi3HHX
Macmrabis. Ha Binminy Bing kmacmunoro SPP, sxwuit
BUKOPHCTOBY€E TMapaJieNibHi TUIKH CyOAMCKpeTH3amii 3
pisauMmu simpamu, SPPF peanisye mocnifoBHy KackamHy
CXeMy, M0 € OuUIbIl OOYHMCITIOBATBHO E(PEKTUBHUM
pillIEHHAM.

Anroputm pobotu SPPF monsirae B mocitijoBHOMY
3acTocyBaHHI omepauii MakcuMizanii (Max Pooling) i3
¢ikcoBanuM po3mipoM sapa 5X%5 1 kpokom 1 (i3
BukopucTanHsaM padding aist 30epexeHHs] POCTOPOBOI
po3mipHocTi). Hexait Bxigauit Ten3zop monymns — Fo. Tomi
TIOCITIZIOBHICTB TIEPETBOPEHD MA€ BUIIISAL

F, = MaxPool, ; (F,)
F, = MaxPool,, (F,).
F, = MaxPool, s (F,)

(10)

e Fo — BXigHMiA TeH30p 03HAK, M0 HAJIXOIUTH Y MOIYIIH
SPPF (Buxinx ocranaporo 6ioka C2f Backbone);

Fi, F2, F3 — mocnimoBHI TeH30pH 03HAK, OTPUMaHi
micist 3actocyBaHHs onepanii Max Pooling;

MaxPoolsxs — omeparist BHOOpY MaKCHMalIbHOTO
3HAYCHHS 3 BiKHA 5X5 IMiKCEMiB.

OCKIJTBKH TIOCHTIJIOBHE BHWKOHAHHS JIBOX TaKHX
MpoIeyp CYyOMUCKpeTH3aIlii MaTeMaTHYHO CKBIBAJICHTHE
OXOIUIEHHIO PELEeNnTUBHOro nosst 9x9, a tprox — 13x13,

3arpoNOHOBaHA CTPYKTYpa YMOXKITUBITIOE
MyJIbTUMACIITA0OHUN  aHaNli3 O3HaK 0e3 3aIydcHHS
¢GuUIBTPIB  BeNIMKOI  PO3MIPHOCTI,  SIKI  CYTTEBO
VIOBUTHHIOIOTh  OOYMCIICHHS. Pe3ynpTyroumii  TEH30p

Monyns chopmoBaHuil 00'eaHAHHAM (KOHKaTEHAIIEIO)
MOYATKOBOTO MACHBY JIaHHX 13 pe3yJIbTaTaMH BCiX eTarliB
00poOKH, TMiCNIi YOro 3acTOCOBAHO (DiHAIBHY 3TOPTKY
Ix1:

Xgppr = Conv(Concat (F,,E,F,,F,)), (11)

Jie XsprF — BXIJHHH TeH30p y Moaynb SPPF;

Concat — o00'eqHaHHS BHXOIIB IOCIIZOBHHUX
IIPOCTOPOBUX O3HAK, LI0 JIONOMAarae Mepexi «OauuTm
00'eKTH pi3HOTO MacIITady OHOYACHO;

Conv — 3ropTKOBHH mIap, IO 3MIlllye arperoBaHi
O3HAaKH.

3aBosKM Takii iHTerpamii Mepexa OTpHMYye
3MATHICTh e(EeKTHBHO IO€AHYBAaTH JIOKAIbHI O3HAKU
00'exTa 3 H0ro rI00aTEHIM KOHTEKCTOM, IO € KPUTHIHO
BROXIIMBUM JUII KOPEKTHOI Kiacudikamii o00'€ekTiB Ha
cKIaHOMY (hoHI.

Monayns arperauii O3HaK FPNca y
3alpONIOHOBaHIN Mozeni € Moaudikamiero KIacHIHOI
CXEMH 1 CTPYKTYpPHO OITFICaHa 5K

FPN,, ={PANet,CA}, (12)

ne PANet (Path Aggregation Network) — wmepexa

arperarii NDIAXiB U1 O00'€MHAHHA O3HAK PI3HHUX
MaciTa0iB;

CA (Coordinate Attention) — iHTEerpoBaHHi OJIOK
KOOpJOWHATHOI yBarum, 1o 3a0e3nedye MpOCTOPOBY
CEJIEKIIIfO.

Y  kmacuuHIi  apxiTeKTypi  OJHOCTaIIMHUX

nerextopiB (YOLOVS/v8/v1l) momyns arperamii o3HaK
(Neck) 3a3Buuaii peamizoBanuii Ha 0a3i cxemu PANet.
Xoua medl minxix egeKTHBHO KOMOIHye CEeMaHTHYHY
iHpopMmamito 3 TAMOOKMX MmapiB 1 jderamizamiio 3
MIOBEPXHEBUX, BIH Ma€ CYTTEBUM HEMOJIK Ui poboTH 3i
CKJIaJJHAIMH CIIGHAMHU: BIJICYTHICTh SIBHOTO MeEXaHi3My
¢dokycyBanns yBaru. CraHIapTHI 3TOPTKOBI oreparii
00pOOIISAIOTE yei MKCeTl B MEKaxX PEIeNTHBHOTO ITOJIA 3
OJHAKOBUM  TIPIOPUTETOM, IO  TPHU3BOAUTH  JIO
«3a0pyTHEHHS» KOPHUCHOTO CHUTHAly (POHOBHUM LIyMOM,
0co0JIMBO B YMOBaX KaMy(IIsDKy.

CripoOu iHTeTparii KIaCHYHNX MEXaHi3MIB yBard,
takux sk SE (Squeeze-and-Excitation) a6o CBAM
(Convolutional Block Attention Module), yacto He qar0Th
0a)XxaHOTO MPUPOCTY TOYHOCTI B 3ajadax JIOKawizaril
00'extiB. OCHOBHa NpUYMHA TONATAE Y BHKOPUCTAHHI
HUMH oreparii rio6ansHoro ycepeanenns GAP (Global

Average Pooling) mi1s  CTHCHEHHS  NPOCTOPOBOL
iHpopManii B 0IHOBUMIPHHH BEKTOp KaHAIIB.
I3 3acrocyBaHHsSM  MeToqy — TIJ00anbHOTO

YCEepeqHEHHs /10 BXIJHOTO MAacHBY O3HAK BilOyBa€ThCs
NIEPEeTBOPEHHSI ~ JIBOBUMIPHMX  KapT  aKkTHWBalii B
OJHOBHUMIPHHUH BEKTOp, A€ 3HAUYEHHS KOXKHOTO KaHay
c(hOopMOBaHO OOYHCICHHSIM CEPEIHBOTO ApU(YMETHIHOTO
BCciX mikceniB. Take CTUCHEHHS HAHUX INPHU3BOAUTH O
MOBHOI BTpaTH iH(pOPMAIil MPO MPOCTOPOBY CTPYKTYPY
300pa)XeHHs, OCKUIBKH HiBEJIbOBaHA MPUB'SI3KA O3HAK 110
KOHKPETHUX KOOpAMHAT. SIKIm0 s 3a7a4 3BHYAWHOI
KJacugikanii e NpuHHATHO, OCKIJIBKH TOJIOBHOIO METOIO
€ nuiie igeHTudIKaIis HaIBHOCTI 00'€KTa, TO I 3a/1a4
JIETEKLi1, 16 KPUTUYHO BAKJIMBOIO € TOYHA JIOKAJi3arlis
MEX, TakMi miaxXig (aKTUYHO 3HUIIYE TTO3ULIHHY
iHpopMamito, 3HWKYIOYM UYYTIMBICTE MOAeT A0
po3TanTyBaHHS M.

Jlyist TotoNaHHs HOT0 OOMEXKEHHS B apXiTeKTypy
FPNca inrerpoBano wmexanisMm CA, sxuil nae 3Mmory
MO/ICIIFOBATH 3aJISKHOCTI MK KaHanaMu, 30epirarouu mpu
LIOMY TOYHY TO3ULIHHY iH(OpMAaIIiio.
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lonoBHOIO  ife€r0  MeTomy €  JEKOMITO3MIILS
(po3knazaHHs) Tpolecy IPOCTOPOBOTO  KOJYBaHHS.
3aMicTh TpaAMIiIHOTO MMiAX0AY, IO Nependadae MUTTEBE
3TOpTaHHS BCi€i JBOBMMIpHOI KapTH O3HAaK y €IUHE
YHCIIO0, AITOPUTM BHKOHYE [IBI MapalieNibHi omeparii
arperanii B3JOBX KOOpIMHAaTHHX oced. lle nomomarae
OKpemMo 00pobisiTH iH(hOopMaIliio Ul BEPTHKAIBHOTO Ta
TOPU30HTAIBHOTO HampsAMKiB. OTxe, g BXIZHOTO
TeH3opa X HAKONMYEHHS O3HAaK BiOyBA€THCS HE3AJICKHO
3a Bucororo H 1 mmpuHoto W, a pesymbrar i€l
TpaHcdopmanii It ¢-ro KaHairy Ha BucoTi H Bu3HaueHO
BHPa3OM

2 (h)=— 3 x,(hi),

0<i<W

(13)

h .
IS ZC (h) — 3HA4YCHHA FJIO6aJII>H0-ycep€I[H€H01 O3HaKHn

JIUIS C-T'O KaHajy Ha BUCOTI H;

Xc(h, 1) — 3HAUEHHS MiKCeNs BXiHOI KapTH 03HAK;

W — mmpuHAa KapTH O3HAK, B3JOBX SKOI
Bi/IOYBAETHCS YCEPEIHCHHS.

AHAJIOrIYHO pe3ynbTaT arperamii Juisi ¢-ro KaHalTy
Ha WUprHI W BH3HAYCHO SIK

22 (w) =5 3 x.(iow)

(14)
0<j<H
ne H — Bucora KapTH O3HaK.
Y  pe3ynapraTi BHKOHaHHA IUX  Omepamii

c(hopMOBaHO /1Ba HE3aJIe)KHI HAOOPH arperoBaHUX O3HAK:
OJIMH BI/IOBIZa€ 32 BEPTHKAIbHY CKJIAJIOBY 300pa)KeHHS,
a IHImWI 3a TOpU3OoHTANbHY. Takuil MiAXiA Jae MOIYIIO
3MOTY OJIHOYaCHO BPaxOBYBaTH TIJIO0ANBHHHA KOHTEKCT
Y3II0BXK OJHIET MPOCTOPOBOi OCi Ta 30epiraTd TOYHY
iH(pOpMaIIifo PO MO3MIIIF0 00'eKTa B3MOBXK iHMIOI. Hamami
OTpHMaHi JIECKPUIITOPH ITiJIAI0Th MPOLEAYpl KOTyBaHHS
JUTS MOZICITIOBaHHS B3a€EMO3B'SI3KiB MIXK KaHAJIAMH, ITiJ] 4ac
SIKO1 BiZIOYBA€ThCS iXHE MPOCTOPOBE IEPETBOPEHHS Ta
noJiajble 00'€IHAaHHS B €IUHY CTPYKTYpPY IS CIIUIBHOI
00po0OKH.

CdopmoBarmMid  TEH30p TMONAHWHA HA  BXIif
sroptkoBoro mapy 1x1(Convi), SIKuif 3MEHIITY€E KUTBKICTh
KaHaiB BIINOBiAHO 10 Koedimienta pexykmii 1 (Y
peasizanii BAKOPUCTAHO I = 32), 10 J1a€ 3MOT'Y 3MEHIINTH
o0uncIoBaNlbHy cKJagHicTh. Jlo pe3ynbTary 3ropTKH

3aCTOCOBAHO HENiHINHY (YHKIO aKTHBAIlii stish(S),

sika 3a0e31euye IIaaKicTh IPali€HTIB:

f= S(Convl ([zh,zW ])),

ne f — TpOMDKHMIA TEH30p O3HaK 31 3MEHIICHOIO
PO3MIpHICTIO KaHAIIB;

[z", 2] — omepallisi KOHKaTEHallii BEKTOPIiB BUCOTH
1 MUpUHY;

Convi — 3roptka 1x1, o Mozentoe B3aeMO3B'sI3KU
MDK KaHaJaMH Ta 3MEHIIY€ TXHIO KiJIbKICTh Ha KOS]ili€HT
peayKuii r;

(15)

S — Heniniiina ¢ynkuis aktuBanii (Hard Swish),

110 3a0e3reuye Kpally BUpa3HiCTh O3HaK.

Ha wmactymHomy erami TOpOMDKHHH — TEH30p
PO3IUISETBCS Ha [Ba HE3AJICKHI MOTOKM JI@HMX, IO
BIJINIOBIIAIOTh  BEPTHKAJIBHOMY Ta TOPH30HTAIEHOMY
npocropoBuM BuMipaM. [licisi mporo 10 KOXHOTO 3
OTPUMaHHMX MAaCHBIB 3aCTOCOBAHO OKpEMYy OIleparlito
3TOPTKH, 3aBAAHHSM SIKOI € BiJHOBJICHHS ITOYaTKOBOI
IMOMHM KaHaJIiB 10 3HAYCeHHS, M0 OyJIo Ha BXoAi Oyoka.
@iHaNpHI KapTH yBarWm I'eHEPOBaHI Yepe3 3aCTOCYBaHHS

curmoinanpHoi GyHKIIT akTuBanii O

g' = G(COHVh (fh )),

g' = G(COI’IVW (fw )),

(16)

ne gh, g% — dinanbHi BEeKTOpHM Bar yBarv Uil BHCOTH i
LINPUHY;
{2, f¥— po3tisieni YaCTHHM NPOMIKHOTO TeH30pa f;

Convy, Convw — 3rOpPTKOBI IIapW, IO
BiTHOBIIIOIOTH ITOYATKOBY KUTBKICTh KaHaIiB C;
O - curmoimanbHa (yHKOiS axkTHBAIi, 110

MIEPETBOPIOE 3HAUCHHS B Aiama3oH [0, 1], iHTepnpeTyoun
X SIK IMOBIPHICTD Ba)KJIMBOCTI O3HAKH.

Pesynbryrounii Buxing 6moka CA OOYUCIIOIOTEH SK
MOGIEMEHTHHH  100yTOK BXimHOrO TeH3opa X Ha
oTpuMaHi KapTu yBard. KapTu yBarm aBTOMaTH4HO
PO3TATYIOTHCS /IO PO3MIPHOCTI BX1IHOTO TEH30pa:
Y, (1,3)=x (. §)x g (1) g (3), (7
ne Y — BuxigHuit Tenzop moayist CA;

X — BX1THMH TEH30p O3HAK;

g, g% — BeKTOpH yBaru, sKi JI0Th SK NPOCTOPOBUIA
(GUIBTP, MIACWIIOIOYM CUTHAJ Yy 30HAX pPO3TallyBaHHS
LUTBOBHX 00'€KTIB 1 MPUTHIYYIOUN (POHOBHH LIyM.

OinansHa  Qopmyna (17) neMoHCTpye cCyTh
METOJy: 3HAUCHHSI KOXKHOTO TKCceNs Xc(1,j) MOIyIpOBaHa

.. h(: .
JBOMa KOG(i)lHl€HTaMI/II gc (1) BU3HA4Ya€ BaXJIHUBICTh

psanka (i) uig kanaiy (c), a g:’ (]) — B@XIUBICTH

cropnusg (j). Omxke, HEHpoHHA Mepexa OTPUMYE
MOXJIUBICTB aJIaITUBHO ITiJICHIIIOBATH CUTHAJ Y 30HAX, JIe
WMOBIDHO  3HAXOJWTHCSA IITBOBHH  O0'€KT  (TaHKW,
OpoHeTexHiKa) 1 NPUTHIYYBaTH CHTHAI y 30HaX (OHY
(nebo, TpaBa), IO 3HAYHO MiJBHIIYE BiJHOIICHHS
CUTHAJI/IIYM TIepejl TOJABaHHSIM JaHUX Ha IETEKTOPHY
YaCTHHY.

3aBepmIaJbHUM eTarnoM 00poOku iH(popmarii B
HelpoMepesKeBii apXiTeKTypi € (GYHKIIOHYBaHHS MOIYJIS
nerexkroproi ronosu (DH). KonnenryansHo apXiTekTypy
IIBOTO MOJYJS MOXXHa IOAATH SIK KOMITO3MLIIO TPbOX
CTPYKTYPHHX NPUHIHUIIIB:
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DH = { Decoupled, AnchorFree, DFL}, (18)

ne Decoupled — apxitexTypa 3 pO3B'SI3aHUMH TiTKaMH
knacudikamii Ta perpecii Juid YCYHEHHS KOHQIIKTY
O3HAaK;

AnchorFree — Ge3'sikipuuii mMeTon mnependavyeHHS
KOODPJIHMHAT, 1110 CIPOIIy€E HaBYaHHS;

DFL (Distribution Focal Loss) — wmexaHi3m
(OKaNBbHUX BTPAT PO3MOITY JUIS IiJBHIIEHHS TOYHOCTI
JIOKai3arii.

y po3pobieHiit Mozei TMIEpPIIOYEepProBO
IMIZIEMEHTOBAaHO  KOHLEMIIIO «PO3B'SI3aHOI  T'OJOBH»
Decoupled, sixa po3p’si3ye QyHIaMeHTaJIbHY IHpoOiemy
koH(pmikTy o3Hak (Feature Misalignment), nmpuramanay
KJIACHYHUM OJHOCTamiiHNM aerekropaM. CyTs mpobiemMu
MOJIsITae B TOMY, IO 3aJadi Kiacudikarii Ta Jokami3armii
MoTpeOyIoTh BifA HEWpPOHHOI Mepexi (OKycyBaHHS Ha
pi3HMX THIax iH(opMamii: I KOPEKTHOTO BH3HAYCHHS
Kjacy o00'€eKTa KPUTHYHO BXJIMBHUMHU € IHBapiaHTHI
CEeMaHTH4HI O3HaKW (TEKCTypa, Qopma), Toai sK Ui
TOYHOI perpecii KOOpAWHAT HEOOXiTHA JIeTalbHA
mpocropoBa iHQopMmaiis TPo Mexi Ta TpagieHTH
KOHTYPIB.

Apxitektypuo  npuHimun — Decoupled  Head
peaii3oBaHO 4epe3 pO3JUICHHS BXIJHOTO MOTOKY TaHUX
HAa JIBI HE3aNeXKHI TapaleNbHi TiIKH  OOpOOKH.
@opMallbHO CTPYKTYpY IBOTO MOJIYNS ISl KOXKHOTO
piBHS MaciuTaly mipaminu o3Hak Pi MOKHa monmatu sk
KOMITO3HLIO (QYHKITIH

Pi={9,, (Conv(P,)),0,, (Conv(PB)), (19

ne Conv — 3ropTKOBHIA 1Iap JUIsS 3MEHIIECHHS PO3MipHOCTI
KaHaJIIB;

(cls — TIOCITIZIOBHICTh 3TOPTKOBHX OIEpAIiil TITKH
knmacuikarii;

(Preg — TIOCITITOBHICTH OTIEpALiif T1JIKK perpecii.

Taxuii minxix nae 3mory Qopmysarn crienugivni
UL KOKHOI TMig3afadl KapTd AakKTHBAIii, MIHIMi3yHOUH
B3a€MHUI HETaTUBHUM BIUIMB TPAIi€HTIB IIiJ dYac
3BOPOTHOT'O MTOMIAPEHHS TIOMITKH.

OyHKIIOHYBaHHS TUIKH Kinacudikamii cnpsiMoBaHe
Ha repes0adeHHs] HMOBIPHICHOTO PO3IOJUTY HaJIeKHOCTI
BHSBIICHOTO 00'ekTa 10 OmHOTO 3 N IITBOBUX KIACIB.
Buxigauii TeH30p i€l TUIKK TPOXOIUTH  UYepe3
CUTMOIaNbHY (DYHKINFO aKTHBAIIil, [0 HOPMY€E 3HAYCHHS
B miama3oH [0, 1]. MaremMaTHYHO BHXiHE 3HAYCHHS IS
KO)XKHOTO SIKOpPS TIPOCTOPOBOI CITKM BH3HAYAKOTH 5K
YMOBHY WMOBIpHICTb

P = G(Wcls ' Fcls + bcls )’ (20)

ne O — curmoinaibHa (QyHKIis;

Woeis 1 bes — HaBYanbHi MapameTpu 3TOPTKOBOTO
mapy knacugikarii;

Fes — BXi1HI O3HAKH TIKH.

B yMoBax BIHCHKOBOTO 3aCTOCYBaHHS, Jie¢ 00'€KTH
MOXYTb MaTH Bi3yaJbHy MOJIIOHICTH (HampHKIax pi3HI
Momudikarii taakiB T-72 1 T-90), Taka cnemiami3aris
TUIKH JolToMarae Mepexi Kpamle BHBYATH O3HAKH, IO

BiJIPi3HSFOTHCS.

[MapanensHO QyHKIIOHYE TijKa perpecii, 3amaueio
SIKOI € TmepembadeHHs TeOMETPUYHHUX TIapaMeTpiB
00OMEXyBaJIbHOI ~ paMKH. BaXnnBoio  €BOJIOLIHHOIO

3MIHOIO B 3allpONOHOBaHIA MOJAETI € BiIMOBa Bif
BUKOpHCTaHHS (ikcoBaHuX skopiB (Anchor Boxes) na
KopucTh Oe3'sikipHoro migxoxny (Anchor-free). 3amicTb
MIPOTHO3YBAaHHS ~ 3MIMICHHS  BIHOCHO  IONEPEIHBO
3aaHuX MAOJIOHIB, MOAETHh OE3MoCepeHhO Tependadac
BiJICTaHi BiJ| IEHTPa MOTOYHOI YapyHKH CITKH (Cx, Cy) JIO
YOTHPHOX CTOPIH OOMEXYBalbHOI paMKH: JBOi |,
BepxHbOi t, mpaBoi r i HWKHBOI b. Bekrop Buxomy
perpecii

Xmin =€, —1

min
ymin = Cy -t

X nax :CX+I'

(B)={Lt,r,b} > 1)

Ymax = Cy +b

ne B — BekTop mepenbadeHnX reOMETpUYHMX MapaMeTpiB
paMKuy;

1, t, r, b — BiCTaHi BiJ EHTpPA MOTOYHOI YapPYHKH
CITKH JI0 JIiBOi, BEpXHBOI, TPaBOi Ta HIXKHBOI MeX 00'eKTa
BIJITTOBiTHO.

JIns TiBUIIEHHS TOYHOCTI JIOKAmi3aIili B yMOBax
HEBM3HAYEHOCTI (PO3MHTTSI, YaCTKOBE HEPEKPUTTS) Yy
rimii  perpecii 3actocoBano miaxin DFL. 3awmicts
MIPOTHO3YBAHHS OJHOIO JETEPMIHOBAHOTO 3HAYCHHS
BiZIcTaHi MepeXxa Iependadae po3MOoALT IMOBIpHOCTEH
3Ha4YeHb KOOpAWHAT. MaremaTudHe OYiKYBaHHS OIL[IHKH
KOOPJMHATH PO3PaxoBYIOTh IHTETpaIbHUM METoJ0M (abo
JMCKPETHOIO CYMOIO0) 3a PO3Io/IiyioM iMoBipHOCTEH P(yi):

g’:iP(Yi)'y”

i=0

(22)

Je y — (diHanpHe OLliHEHE 3HAYEHHSA KOOPAMHATH MEXi
paMKu;

P(yi) — IMOBIpHICTp TOTO, IO iCTUHHE 3HAYCHHS
KOOPAWHATH 3HAXOJUTHCS B TOUIN Vi.. | CiiJl po3ymiTH, 110

ZP(yi):l;

yi — JUCKpEeTHI 3HA4YCHHS KOOpIMHAT Yy BIiKHI
TIOLIYKY.
Taka wmeronomoriss Jnae 3MOry BpaxoBYBaTh

HEOJHO3HAYHICTh MEX 00'€KTa, 10 € KPUTHYHUM JUIS
00pOOKHM BiCOMOTOKY 3 OE3MUIOTHHKIB, J€ YiTKICTh
KOHTYpIB 4acTo 3HIKEHa yepe3 BiOpauii abo atmocdepHi
suma. Bukopucranns DFL pasom i3 0e3'sikipHuM
MAXOAOM 3HAYHO CHPOLIYE apXIiTEKTYpy  MOZYJIs
JIETEKIi1, 3MEHIIY€E KUJIbKICTh TileprapamerpiB i 3HWXKYE
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o0YnCITIOBaJIbHE HABaHTa)KCHHS Ha €Tami JIeKOJyBaHHS
nepe0adeHp, pooOsIuM CUCTEMY OUTBII aJIaITUBHOIO 110
00'€KTiB 13 HECTAHAAPTHUM CITiBBIJTHOILICHHSIM CTODIH.

Kommonent DFL € cnenmdiuanm s Anchor-free
apxiTekTyp, fKi IepeadayaroTh BiACTaHi 1O CTOPIH
paMKu. Y pealbHHX yMOBax, ocoOnmBo 3iiomka 3 BITIIA,
MeXi 00'€KTIB 4aCTO € PO3MUTHMH a00 MEPEKPUTUMH, IO
poOWTH TOYHE BH3HAYEHHS KOOPAMHAT HEOJHOZHAYHHM.
DFL pomomMarae MOMENIIOBATH L0 HEBH3HAYCHICTE,
PO3TIIsAal0uYN KOOPAMHATY HE SIK JIMCKPETHE YHCIIO, a SIK
PO3MOALT IMOBIPHOCTEH HABKOJIO iCTHUHHOTO 3HAYCHHS.
@ynknis  Brpar DFL  cropsmoBana w©a Te, 1100
CKOHIICHTPYBAaTH (3BY3MTH) ILE€H pO3MOJIIT HABKOJIO
MIPaBWJIBHOTO  3HA4YEeHHS, IIJBHIIYIOYH BIICBHEHICTh
MEpeXi B JOKAJi3allil YiTKUX MEXK 1 TO3BOJSIOUH OUTBIITY
JIICTIEPCIIO JUIS PO3MHUTHX MEX. 3aCTOCYBaHHS IIbOTO
MiIXOMy 3HAYHO TIJBHINYE CTIHKICTH JETEKTOpa [0
Bi3yaJIbHUX CIIOTBOPEHB I HU3BKOI PO3AIIBHOI 34aTHOCTI
BX1THOTO 300pa’keHHSI.

[Ipouec HaBuaHHA HEHpOHHOI Mepeki Oa3zoBaHMI
Ha MiHiMi3amii 1iboBOi (QyHKMLIi, SKa KUJIBKICHO OIIHIOE
poO30ODKHICTE MK Tepen0adeHNMH 3HAUCHHSMH  Ta
ICTHHHOIO ~ pPO3MITKOI0. Y  po3pobieHiii  mopeni
peaizoBaHO MexaHi3M obumcieHHs ¢yHKIii BTpar LFn,
oo SBIISIE COOOI0 3BaKCHY JiHIWHY KOMOIHAIIO TPHOX
KOMIIOHEHTIB, KO3KEH 13 SKHMX BIJIIOBIJA€ 3a ONTHMI3aIIii0
OKpEeMOTO acrekTy jerekuii. PopMaibHO 3arajbHa
(YHKIISI BTpaT OnrcaHa piBHAHHIM
LFn=2X\ (23)

L + }\’Clchls + }\’dﬂLdﬂ H

box ~box
nie Lvox — BTpatu perpecii KOOpIHAT PaMKH;

Las — BrpaTtn knacudikarii 06'exra;

Lan— doxanbhi BTpaTn po3noniny;

Lbox, Leis, Lan — TimepnapaMeTpw, Mo peryiio0Th
BHECOK KOYKHOTO KOMIIOHEHTa Yy 3arajlbHUH TpajieHT,
3a0e3meuyroun OamaHCc MK TOYHICTIO JIOKami3amii Ta

pO3Mi3HaBaHHS.
Hnst OIIiHIOBAHHS SIKOCTI repe0aYeHHS
TCOMETPUYHUX  IMapaMeTpiB  OOMEKYBaTbHOI  pPaMKH

BukoprcToByioTh MeTpuky CloU (Complete Intersection
over Union). Ha Bigminy Bix kmacnunoi IloU, ska
BPaxOBY€ JIMIIE IUIONLY nepekputts, abo DIoU, mo nonae
Bifctanb Mk neHrpamu, CloU ypaxoBye TpHU KPUTHYHO
Ba)XXJIMBI Te€OMETpHYHI (PAKTOPH: IIIOILYy TIEPEKPHUTTS,
€BKJIIOBY  BINCTAaHb MDK IEHTpAaMH paMOK Ta
Y3rOJUKEHICTh CIIBBIIHOIICHHS CTOpiH. MaremMaTudHo
(YHKIIS BTpaT BU3HAUCHA BUPa30M

2 t
box :1—10U+@

L +av, (24)

ne IoU — xoeoimieHnt mepekputts nependadenoi (b) ta
icruanoi (b%) pamok;

p — EBKJIIZIOBA BiJICTaHb MK IIEGHTPaMH pPaMoK;

C — JIOBKHMHa  JiaroHaji  HalMEHIIOTo
MIPSIMOKYTHHKA, 1110 OXOIUTIOE OOU/IBI PaMKH;

0. — BaroBHH KoeQillieHT;

vV — mapamerp, IO BUMIpIOE MOAIOHICTH

w

BiJTHOIICHHS CTOPiH —— .

Bukopucranns CloU 3abe3nedye 0i1p01 CTaOUIBHY
Ta IBUAKY 30DKHICTH (opMH paMKH, 3arodiradn
OCLWJISILIISIM TpajiieHTa Ha (iHAJIBHUX eTanax HaBUYaHHS.

Jns HaBuaHHS TUTKK KiIachdikanii 3aCTOCOBYIOTh
¢ynkuito Varifocal Loss (VFL) abo momudikoBany
OiHapHy Kpoc-eHTponito. OCHOBHOIO TpoOJIEeMOI0 B
3aja4ax JETeKIil € eKCTpeMaJIbHUH aucOanaHc Kiacis:
KIJIBKICTh SIKOpPIB, IO MICTATH (POHOBE 300pa’keHHs, Ha
KilbKa TOPSIKIB TEPEeBHUIIYE KIUIBKICTh SKOPIB 3
o0'exramu. VFL po3B’si3ye 110 mpoOiieMy acUMETpHYHUM
3BaKYBaHHSM IIPUKIIAIIB:

—q(q log(p)+(1—q)log(1-p o3

VFL(p.q)=
( ) _apylog(l—p)’q — 0 )

Jie p — nependadeHa HMOBIPHICTD Ki1acy;
q — IUThOBa OIiHKA SKOCTI JUIA TTO3UTHBHUX
npukitazis (abo O 1yt HeraTHBHUX);

Y, o — mapameTpu (OKyCyBaHHs, IO 3MEHIIYIOTh

BHECOK TIPOCTHX HETaTHBHUX mpukianiB (doHy) y
(yHKIIIIO BTpAT.

Jns nosutmBHUX mpukiangie (q > 0) Brpara
MacitaboBaHa BiATIOBIAHO JO SIKOCTI JIOKAMi3aIii g, 110
3MyIIy€ MEpPExKy MIPUALISTA OinbIe yBaru
BUCOKOSIKICHUM JIETeKIisiM. J[I1 HeraTWBHHUX NPHKIIAIiB
(q=0) 3acrocoByroTh (oKycyrounii Tapamerp, SKHA
3HIKY€ Bary IpocTHX (POHOBUX NMPUKIALIB, 3armo0iraodn
JIOMiHYBaHHIO (JIETKHX» HETaTUBHMX 3pa3KiB y (QyHKIi
BTpaT.

Jns 3a0e3nedeHHs] NPaKTHYHOTO BHUKOPHCTaHHS
po3po0ieHOI  HEHpoMepeKeBoi MoAeni B yMOBax
peaJbHOrO0 4Yacy CTBOPEHO IIPOTpaMHy IiJCHCTEMY
inpepency (InfE), sika BimnmoBigae 3a po3ropTaHHS MOJEITI
Ta 1 B3aeMofilo 3 jKepenamu BineocurHanmy. Ha erami
eKCIITyaTalii OCHOBHUMH BHMMOTAaMH MO0 CHCTEMH €
MiHIMI3aIlisl JAaTeHTHOCTI OOpOOKM Ta 3a0e3NeucHHs
CTaOUIPHOCTI  BiJIEONIOTOKY, YOTO JOCSATAIOTH 3aBJSKH

MOJYJBHIH 00'eKTHO-Opi€HTOBaHII apXiTeKTypi.
dopmansHO TijcucremMa oIMcaHa KOpTEXKeM
KOMITOHEHTIB

InfE = { Grabber, Converter, DeviceMgr, FPS 526

ne Grabber — MOJTyJIb 3aXOIIJICHHS KaJIpiB;

Converter — OnoOK TmoIepenHbOI  OOPOOKH
300pakeHb;

DeviceMgr — MeHemkep  OOYHMCITIOBAIBHUX
pecypcis;

FPSiim — MexaHi3M cTabinizaiii KaJpoBoi 4acTOTH.
LeHTpanbHUM €JIeMEHTOM IJCHCTEMH € Kiac
Grabber, sxuifi  peamizye marepH  IPOEKTYBaHHS
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«AnanTep», CTBOPIOIOYM  piBeHb  aOcTpakmii  Hax
HU3BKOpiBHEBUMH iHTepdeiicamu 6ibmiorekn OpenCV.
Moro ocHOBHE 3aBJaHHS MONATAE B {HKAINCYIAL{ JOTiKK
iHimiamzamii Ta KoHgirypamii NMpHUCTPOIB 3aXOIUICHHS.
Knac  3a0esmeuye  THydyke  HEpeMUKaHHI  MiX
PI3HOPITHAME JDKEpENaMH BiJICOCHTHATY, MiATPUMYIOUH
po0oTYy SIK i3 PI3NYHUMH CEHCOpaMH, TakK i BipTyaJbHUMH
norokamu, Hanpukiaax OBS  Virtual Camera. La
mpoueaypa Ja€ 3MOry JHHAaMIYHO HaJallTOBYBaTH
PO3IUIBHY 37aTHICTh BXiJJHOTO MOTOKY ISl Y3TOKEHHS 3
rapameTpamu BXI1JTHOTO mapy Helpomepexi,
3a0e3nevyrour OTpUMaHHs MaTpPHIi 300paKeHHS.

KpuTnuHO Ba)KJIMBHUM €TAIOM ITiATOTOBKH JJAHUX €
Y3rOJUKEHHST KOJIIPHUX MOJEJNeH, OCKLIbKM CTaHJIapTHI
IpaiiBepH BiJCONPHCTPOIB ONEPYIOTh 300paXCHHIMU Yy
¢dopmari BGR, a Bximauii map HEHpPOHHOI Mepexi
HaJalITOBaHMMA Ha cOpuiiHATT npocropy RGB. [ns
po3p’si3aHHs  1i€i  mpoOsemm kommoHeHT Converter
BUKOHYE  OOOB'SI3KOBY  TpaHc(hOpMaIlilo  KOJIIPHOTO
MIPOCTOPY BXIMHOTO Kaapy. MareMaTHdHO L omeparis
OIMCaHa sSIK IepeTBOPEHHS TEH30pa:

Liop = Tor sras (Iraw )a @7)

e IrgB — TeH30p 300pakeHHs y (hopMmari, HEOOXiTHOMY
JUTSE HEHPOMEpEeXKi;

lraw — «cupe» 300pa’keHHS, OTpUMaHE 3 KaMmepu
(3a3Buuait BGR);

T — OIIepaTop NepeCTaHOBKU KaHaJIiB MacuBy.

[MapanenmsHO KOMIOHEHT DeviceMgr peaiizye
MEXaHI3M aBTOMATHYHOTO BHOOPY OOYHCIIOBAIEHOTO
mpuctporo. [lepen 3aBaHTaXEHHSAM MOJENI TEPEBIPSIOTH
HASBHICTH allapaTHOTO NMPUCKOPCHHS:

) CUDA, axmo 3 GPU
DeviceMgr = ,

) (28)
CPU, inakmie

ne CPU (Central Processing Unit) — ineHTH(ikaTOp

peXKHMMY BHKOHAHHS OOYHCICHb HA LCHTPAIBHOMY
IpoIIecopi;

GPU (Graphics Processing Unit) — noriuyaa ymoBa
HasBHOCTI B CHCTEMi  CYMICHOTO  TpadiqHOro

IIPUCKOpIOBaYa 3 MATPUMKOIO apaiiBepiB CUDA.

VY pasi BusBiieHHs miaTpuMku TexHosorii CUDA
MO/IETIb i BXiJHI TEH30pH aBTOMaTHYHO MEPEMILIyIOThCS Y
BiZleomam'siTh, IO Ja€  3MOTY  BHKOPHUCTOBYBAaTH
napaeinizM rpadiqHuX saep Uil BUKOHAHHS MaTPUYHUX
orepariif i CyTTEBO MPUIIBHUALIYE MIPOLEC JETEKIIi1.

Anroputm OCHOBHOTO UKITY 00poOKHu
moOyZ0BaHO 3a KOHBEEPHMM MpHHIMIIOM. Ha koxHIiN
iTepanii  OTpUMaHWK  Kaap  IepeJacTbcs  METOIy
NpeAnKIii, SKUH BUKOHYE TIpsIME  IPOXOIPKCHHS
HelpoHHOT Mepexi. Pe3dynpraTm nerekmii Bi3yanmizyroTb
HaKJIQJIaHHAM rpadiuHux npumitusiB. st 3a0e3neueHHs
KOM(OPTHOTO CHPUHHSATTS BiICOIIOTOKY Ta CHHXPOHi3awii
3 YacTOTOI0 OHOBJICHHS  MOHITOpPa  BIIPOBAJKEHO
KoMrtoHeHT FPSim, SKuii peanizye aganTHBHUI alropuT™M

crabinmizanii, Mo po3paxoBye HEOOXiMHHMH Yac 3aTPUMKH
twait JUI1 KOYKHOTO KaJpy 3 METOI0 JOTPUMAHHS LiIbOBOI
qacToTh FPSiim:

- (tend - tstart ) >

L= g 29
wait FPS ( )

target

IIe twait — PO3PAXOBAHHUU Yac 3aTPUMKH Iepe]; 00poOKOI0
HaCTYITHOTO KaJpy;

FPStarget — OaskaHa yacToOTa KampiB;

tend, tstart — CHCTEMHHI Yac 3aBEpIICHHS TA TOYATKY
LUKITy 0OpOOKH IMOTOYHOTO Kaapy BiAMOBIIHO.

Skmo po3paxoBaHa 3aTpUMKa € JOJATHOIO,
cUcTeMa MPU3YNHIE BUKOHAHHS MIPOLECY, 1110 A€ 3MOTY
YTPUMYBAaTH CTaOUIbHY YacTOTy KaipiB, 3amodiraiodu
PO3CHHXpOHI3aIi{ BiZeopsny Ta HaJIMipHOMY
HaBaHTAKEHHIO HA MPOIIECOP Y MOMEHTH ITPOCTOIO.

PesyabTaTn Ta ix 00roBopeHHst

ExcriepumeHTanbHO  mepeBipsiM  €EKTUBHICTH
3anporioHoBaHoi Mozeni ODS  uepe3 mOpiBHSAUIBHHN
aHaimi3 13 0GasoBoro apxitekryporo YOLOvlln Ha

creniasi3oBaHoMy Ha0Opi JaHHWX BifICBKOBOI TEXHIKH.
Jlist  3a0e3nedeHHs  peNpe3eHTaTUBHOCTI  pe3ybTaTiB
BamijaniiHy BuOipKy Oyno posmmpeno po 1318
300pa)KeHb, 10 OXOILIIOIOTH 33 Kilacu 00'€KTIB y pi3HHX
YMOBax CHOCTepE)KECHHS (JeHb, HIY, CKIAaJHI IOTOIHI
YMOBH, MacKyBaHHs). OILHIOBAIM SKICTh JAeTeKHii 3a
MerpukaMd mMAPS50 (cepeaHss TOYHICTH 3a TIOPOTOBOTO
3HaueHHs nepekputts 50 %) i mAP50-95 (ycepennena
TOYHICTB y Jiana3oHi moporis Big 50 10 95 %).

Ha  nepmomy erami  jmocmimpkenb  Oyio
nporecroBaHo  6a3oBy mozenms  YOLOvlln, sxy
BUKOPHCTOBYBAJIM SIK TOuKy Bimiky (baseline). ITicis 50
eroX HaBYaHHS MOJENb MPOJEMOHCTPYBala MOKa3HUK
mAPS50 na piBai 0.603 i mAP50-95 na pisui 0.447.
Amnani3z moxuboK IMoKa3aB, IIO CTaHAApTHA apXiTEKTypa
e(EKTUBHO CIIPABISIETHCSA 3 BEIMKUMH Ta KOHTPACTHHUMH
o0'ekTamu, TPOTE JIEMOHCTPY€E 3HW)KEHHS UYYyTIMBOCTI 3
JICTEKII€I0 MaJlopo3MIipHUX wineli Ta o00'exTiB  3i
CKJITaHUM KaMy(IIsDKeM, IO IMATBEPIDKYE TEOpEeTHUHE
TIPUILYILEHHS po HEJIOCTAaTHICTh JIOKaIBHUX
PELENTHBHUX ITOJIB ISl TAKMX 33/1a4.

Ha npyromy erami Oyno nociigkeHO Mopenb i3
rMOOKOI0  iHTerpariero  MexaHismiB  yBaru  (Deep
CBAM), ne Onokn yBard JOAABIN TICJS KOXHOTO
OCHOBHOTO By3Jla €KCTpaKTOpa O3HaK. Pe3ynpTaTté mporo
eKCTIEPUMEHTY BUSBHJIMCS IIOKA30BHUMH 3 TOYKH 30pYy
oOMeKeHb TpaHC(EepHOTO HaBYaHHS. Mogensb
MIPOJIEMOHCTpYBaia TafiHHA MeTpukn mAPS50-95 rno
piBas 0.246. Takumii pe3ynbTaTr MOSCHIOIOTH SBHUILIEM
«xaractpodiuHoro 3adyBanHs» (catastrophic forgetting) i
pYHHYBaHHSIM CTPYKTYypH IOIIEpEHbO HAaBUYEHUX Bar.
MacoBe BIpPOBAPKCHHS HOBHUX IHILIJII30BaHUX INApiB
TIPU3BEJIO JI0 3HAYHKX 3MiH y PO3NOLII IPadieHTiB, uepes3
mo 50 enox BHSBWIOCS HENOCTATHHO JUISL BiJHOBIICHHS
(GYHKIIOHATBFHOCTI QIMBTPIB 1 IXHBOT afanTarii 70 HOBUX
yMOB. JlJIi KOPEKTHOTO HaBYaHHS TaKOi «BaKKOI»
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apxiTeKTypn HeoOXiZHa 3HAa4HO OimbIla  KUIBKICTH
iTepaniii HaB4aHHS ab0 BHKOPHCTaHHS OINBIIOTO 00CATY
HaBYaJbHUX JaHUX IS cTa0liai3amil Bar.

Ha  tperpomy eranmi Oyno  peasizoBaHO
ONITHMI30BaHy apXiTeKTypy, 0 OTPHMalla yMOBHY Ha3BY
Lite CA (Lite Coordinate Attention), i sKoi
XapaKTepHa CTpaTerisl CeJIEKTHBHOI IHTerpamii: 3amicTh
HacCHYEHHs KOXXHOTO OJIOKa MepexXi JI0JaTKOBHMH
00YNCITIOBAIFHUMH MOAYJISIMM MEXaHi3M yBaru Oyio
BIIPOBA/PKEHO TOYKOBO — BHUKJIIOYHO Hepel (iHaIbHUM
mrapoM TmipamimanpHOI arperartii. Takuil miaxig AOTIOMIT
30eperTy CeMaHTH4HY LUTICHICTh O3HaK, C(OPMOBAHUX
Backbone-yactiHo0, 1 BOAHOYAC JOAATH KOHTEKCTHY
iHpopmamito. Llst Mosens TpoeMOHCTpYBasIa HAHKPAIIHi
pe3ynbTatr: mokazHuk mAPS50 3pic mo 0.651, mo Ha 8 %
nepeBuuIye 60a30Buii piBeHs. [Ipn 11boMy, HE3BaXkaroun Ha
HE3HaYHE 3HIDKCHHS METPUKH CTPOroi JioKawmizamii
mAP50-95 (0.437), monens moOKaszaiga CYTTEBO BHIILY
3maTHicTh 10 BusBineHHA 00'ekTiB (Recall), mo e
MIPIOPUTETHNM JUIsl BIICBKOBHX CHUCTEM, JIe MIPOITYCK I
€ KPUTHYHOIO TIOMMJIKOIO.

Jdns  miaTBep/KEHHS  KOPEKTHOCTI  Tpolecy
HAaBYaHHS Ta OLIHIOBAHHSI IWHAMIKKA 30DKHOCTI MOZIENl
OyJ10 ITpoaHaIi30BaHO 3MiHM OCHOBHHX METPHK IIPOTSITOM
ycix enox (puc. 1). I'padiuni 3aeKHOCTI JEMOHCTPYIOTb,
mo ¢yHknig BTpat Jokamizamii (Box Loss) 1 kinacudikarii
CTPIMKO 3HWKY€ThCS Ha ITOYATKOBUX €Tamax i BUXOIHUTh
Ha CTaJIWH piBEeHb, IO CBIJYUTH MPO YCIIIIHY aJanTamiio

train/box_loss train/cls_loss

train/dfl_loss

BaroBux KoediuieHTiB Mepexi. OcoOmuBy yBary ciin
3BepHYTH Ha Tpadik cepeanpoi TouHocti (MAP@O0.5).
CrioctepiratoTh cralinbHe 3pOCTaHHS IOKa3HUKa 0e3
CYTTE€BUX KOJIMBaHb, IO INATBEP/DKYE TilMOTE3y IIpo
MIO3UTHBHUI BIUIMB IHTETPOBAHOI'O MEXaHI3My yBaru Ha
CTabUIbHICTh TpafieHTIB. BHCOKI 3HA4YEHHS TOBHOTH
BusiBieHHss (Recall), 3adikcoBani Ha 3aBeprIaNbHUX
eramax, BKa3ylOTh Ha 3JaTHICTb CHUCTEMH €(QEKTUBHO
BUSIBJIIATA ~ OO0'€eKTM  HaBiThb 32  YMOB  HH3BKOI
KOHTPACTHOCTI, MiHIMI3yIOUH KUJIbKICTB POIYCKIB HiTEH.

SkicHuil anHaniz e()eKTHBHOCTI METOAY HaBEAEHO
Ha pHc. 2, /¢ TPOJAEMOHCTPOBAHO pe3yibTaT 0OpoOKH
TECTOBOT'O KaJIpy Bi/IEONMOTOKY. SIK BHIHO i3 300paXKeHHS,
JIETEKTOP YCIIIIHO JOKali3ye 00'eKT BIICBKOBOT TEXHIKH,
(dopMyroun 00OMeXyBaJIbHY PaMKy 3 BHCOKHM CTYIICHEM
nosipu (Confidence Score).

KputnuHOo BaXIHMBUM € Te, 110, HE3BaKAIOUM Ha
HasIBHICTh NPUPOJHMX TMEpemKo] 1 CKIAAHUA (oH
(pociuHHICTB, TiHI), MeXi IependadeHoi  paMKu
MaKCHMaJIbHO TOYHO BiJIIOBIAIOTh pealbHUM KOHTYpaM
o0'ekta. Takoi TOYHOCTI TO3WIIIOHYBAaHHS JOCSTAIOTh
3aBmsikn poboti Momyns Coordinate Attention, sikmid
JIOTIOMIT 30€eperTH MpOCTOPOBY iH(POPMAIIIO PO MEXi
ob'exta micis OaraTopa3oBuX omepamii  3MEHIICHHS
posmipaocTi. lle minaTBepKye MpakTH4HY HPUIATHICTD
MOJeTi sl BUKOPUCTAHHS B CHCTEMax aBTOHOMHOTO
CIOCTEPEKEHHSI Ta PO3BIAKH.

metrics/precision(B) metrics/recall(B)

7 ] 0.6 1
3.01 —e— results 0.6
6 smooth 3.01 0.5 0.5
2.5 0.4 0.4 1
251 N
504 0.3 0.31
2.0 0.2 1 0.2
151 0.11 0.1
10 1.51 0.0 1 0.0 1
0 20 40 0 20 40 0 40 0 20 40 0 20 40
val/box_loss val/cls_loss val/dfl_loss metrics/mAP50(B) metrics/mAP50-95(B)
4.5
101 0.6 1 ,nfr 0.4 1 P
4 4.01 0.5
8 | 0.3 1
337 0.4
] N _ o
3.0 0.3 0.2
] 2.5 0.21 dff’
21 ! 0.1+
M 2 1 /
2
15 0.0{e 0.0{e#
0 20 40 0 20 40 0 40 0 20 40 0 20 40

Puc. 1. lunamika 3minu ¢yHKIii BTpat i MmeTpuk TounocTi (mAP, Recall) min yac HaBuanHs MoaudikoBaHoi
mozeni YOLO

Ha puc. 3 wHaBemeHo mpukian pobdotn
MO (PIKOBAHOTO JETEKTOpa Ha TECTOBOMY 300pakKeHHI,
IO JAEMOHCTPYE pe3ylbTaTh iH(QEpPEeHCY B pealbHUX
yMoBax. SIK BHOHO 3  pe3yibTaTiB  Bisyauizamii,

HelpoMepeka YCHILIHO JIOKaji3yBasa OO0'€KT iHTepecy,
chopMyBaBIIM  OOMEXYBaJbHY pPaMKy 3 BHCOKHM
crynieHem noBipu (Confidence Score).
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Puc. 3. Pesynprar nerekuii OpoHeTexHiKH (Bi3yaltizallist 00MeXyBaJIbHOT paMKH Ta pO3paxoBaHOTO CTYHEHS
JIoBipH Knacudikaropa)

Ciip BiA3HAYUTH BHCOKY IIUIBHICTH IMPUIIATaHHS
pPaMKH 10 KOHTYpIiB 00'€KTa, II0 CBIAYUTH MPO KOPEKTHY
poboTy perpeciifHOl YacTHHM MOJENi Ta MiHIMI3aIliio
nmoxuOky  Jjokamizamii. He3Bakaroum Ha HasBHICTB
BI3yaJIbHUX TIEPEIIKOJ 1 HU3BbKHH KOHTPACT MK 00'€KTOM
i ponom (edexT kamyQusKy), IHTETPOBaHUH MEXaHI3M

YBarW JOMOMIT BHUIUIMTH 3HAYYII O3HAKH I,
BiQiIbTpyBaBIM iHGOPMALIMHUI IIyM HaBKOJIMIIHEOTO
cepenoumia. lle migTBepIKye 3MaTHICTH PO3POOIEHOT
apxiTekTypn e(eKkTUBHO (YHKIIOHYBaTH B yMOBaX,
HAOIIDKEHUX 10 OOWOBHX (TaOIHIIS).
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Tabmmms
[opiBHAHHS IiIXO/IB HABYAHHS MOJICIICH
8
& »
g G
§ <
& S 20
ApxiTekTypa Mozedmi =) 3 e [Mpumitka
2 2 5 e 5
S| 2] i &3
A= ©
é é Z 2 s
YOLOvlI 1n (baseline) 0.603 0.446 2.6 6.3 0a3oBa Mozenb 0e3 Moamdikamii
YOLOvl1n + Deep CBAM 0404 0246 35 3.7 Ba)kKKa iHTerpamis (JOTHpH OJIOKN),
) ) ) ) TIEpEHAaBYaHHs HE BAAJIOCS
T
YOLOvl11n + Lite CA 0651 0437 3.0 3.1 3CaXI))0n0HOBaHa Moienb (OUH OJIOK

OxpemMo MOTPiOHO 3a3HAYUTU BIUIMB CTPYKTYpH
JataceTy Ha OTPHMaHi pe3yibTaTH. AHali3 HOKIacOBOL
TOYHOCTI BHSIBUB JAWCIPONOPILIIO B pe3yibTarax: Juis
MacoBHX KiaciB (Harnpukiag Bradley M2, 2S38) Tounicts
csrana 0.93-0.94, Toxi sIK ISt PiKICHUX 3pa3KiB TEXHIKK
MOKa3HUKH Oymn HIDKYUMH. Otpumani
eKCIIEpUMEHTANIbHI JIaHl CBiYaTh MPO TE, 10 HASBHUN
qucOaiaHc  KJIaciB  y HaBUAIBHIM BHOIpHI  CTBOpIOE
JIOJIATKOB1  TPYIHOIII JUIS HaBYaHHS, $IKI YacTKOBO
KOMITEHCOBAHO BITPOBaPKEHUMH MEXaHI3MaMH yBaru, ajie
JUIs TIOAAJBIIOrO IiJBHINEHHS TOYHOCTI IOTPEOYIOTh
3aCTOCYBaHHS CHHTETHMYHHX JaHUX a00 pO3MHUpPEHHS
JlaTacery.

BucHoBkn

VY poGoTi BUpiIEHO HAYKOBO-TIPAKTUYHE 3aBJaHHS
[MABUIIEHHS  TOYHOCTI  aBTOMATH30BaHOI  JETEKIT
BiliCEKOBHUX 00'€KTIB Y BiICOMOTOII Yepe3 yIOCKOHAICHHS
HeHpoMepeKeBO1 apXiTEKTypH.

AmHamni3 apXiTeKTypHHX pillleHb II0Ka3aB, II0
mpsiMa  IMIDIEMEHTAIis CKIQJHUX MEXaHi3MIiB yBaru
(Baxka iHTerpamiss CBAM) y mnonepenHpo HaBYeHi
Mepexi € Hee()eKTHBHOI0 B YMOBax OOMEKEHOTO 4Yacy
HaB4aHHA (50 emox). BcraHoBieHO, IO 1€ MPU3BOIUTH
o necrabimizamii Bar Mozeni Ta NOTpeOye 3HAYHO
OIBIIMX OOYMCIIOBAIBHUX PECYpCiB ISt 301KHOCTI, 10
pOOUTHh TaKWii MiIXill HEAONUIEHUM I IIBUAKOTO
pO3rOpTaHHSI.

JlonaTkoBO OOIpYHTOBAHO, IO KJIACHYHI METOAN
3MEHIIEHHS MPOCTOPOBOi  po3MipHOCTI  (TiIoOaibHE
yCEepeqHEHHs) IPU3BOIATH JIO BTpaTh  KPUTHYHO
BaXJIUBOL MO3UIIHHOT iHpopMarii. Haromicth
BUKOPHCTaHMI  MEXaHI3M  KOOpJIMHAaTHOI  yBaru
3a0e3rneuye  JEKOMIIO3UIII0  IPOIECy IMPOCTOPOBOTO
KOJyBaHHsI, IO JorioMarae 30epiraTi TOYHI KOOpAWHATH
MeX 00'€KTa HaBiTh 13 MPOXOMKCHHSM CUTHAIY depe3
rmOoki mapu Mepexi. Lle cramo romoBHEM (akTopom
JUTSI TIOKPATIICHHS JIOKAITi3allii.

3ampornoHoBaHa CTpaTerist TOYKOBOi iHTErpamii
monyms CA  (Lite-Bepcis)  momomoria — JOCATTH
KOMITpOMiCYy MK CKJIAIHICTIO MOzeNdi Ta i TOYHICTIO.
ExcriepuMeHTaIbHO  MATBEPIAXKEHO HPHUPICT METPHUKH

mAP50 no 0.651, mo cBiguWTH TPO MiIBUILCHHS
HMOBIPHOCT] BUSIBIICHHSI 3aMacCKOBaHMX 1 MaJIOPO3MIpHHUX
el mopiBHAHO 3 6a30B0I0 apxiTekTyporo YOLOvVI 1.

OcobnuBy WIHHICTH IS INpUKIagHOI  cdepu
CTaHOBUTH 3a(iKCOBaHE 3POCTAHHS MOBHOTH BHSBJICHHS,
IO CBIAYUTH NP0 3IATHICTh CHUCTEMH MIiHIMI3yBaTu
KiJIBKICTh IOMHJIOK JIPYTOTO poxy (IPOITyCKiB L), 110 €
KPUTHUYHUM TIOKa3HUKOM JJIs1 BIHCHKOBUX 3a1ad. Mojenb
MPOAEMOHCTPYBAJIAa BHCOKY CTIMKICTh JO Bi3yalbHUX
MepenKko/y, eheKTUBHO BUIUISLIOUN 00'€KTH Ha CKIIaTHOMY
(oHi B yMOBaxX IPUPOTHOTO MacKyBaHHSI.

Takox miaTBEepIHKEHO €(EeKTHBHICTD CTPYKTYpPHOI
Momudikarii moxyns nmertekmii  (Decoupled Head).
Po3ninenns notokiB 00poOku [uist 3a1a4 Kiacudikamii Ta
perpecii  KOOpAMHAT  JIOTIOMOTJIO  HPHUIIBUIMINTH
30DKHICTh QJITOPUTMY Ta YCYHYTH KOHQUIIKT O3HaK, IO
MO3UTHBHO BIUIMHYJIO Ha TOYHICTh ITO3MILIIOBaHHS
00MeKyBaJIbHIX PaMOK.

Po3spobiiena mporpamua migcucrema iHdepeHcy
3abe3neuma  CTabUTbHY pPOOOTY MoOzeNli B PEXHMI
peaJbHOrO dYacy, peali3yloud aJalTUBHY OOpOOKY
BIZICOIIOTOKY 3 Ppi3HMX JoKepen. BusBieno, mio
CTPUMYIOUUM (HAKTOPOM ISl TTOJAJIBIIOTO 3POCTaHHS
TOYHOCTI € JucOajaHC KiIaciB y HaBYaJIbHOMY HaOoOpi
JIaHMX, [0 BU3HAYA€ HANpsM MOJATBbIINX JAOCIIKEHb Y
IUIOIMHI ~ TeHepamii  CHUHTETWYHHUX  HaBYAIBHHUX
npukinaniB. OrTpumani  pe3yiabTaTH  JAIOTh  3MOTY
PEKOMEHyBaT pO3pOOJICHY MOAENb Ul BUKOPUCTAHHS
B cucTeMax cuTyaniiHoi o06i3HaHOoCTI Ta
aBTOMAaTH30BaHOTO LiJIEBKA3aHHS.
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T. Filimonchuk, Y. Koltun, M. Maslov
Adaptive Model for Equipment Recognition with
Attention Mechanisms Based on YOLOv11

Abstract. Background. The relevance of the study is
driven by the need to improve the efficiency of computer
vision systems in modern warfare, where the rapid
development of unmanned aerial vehicles and
reconnaissance equipment requires reliable tools for the
automated detection of military hardware in real time.
Despite their high processing speed, existing detectors
demonstrate a decrease in accuracy when dealing with
small, camouflaged objects or in complex background
environments due to the loss of spatial information during
convolutional operations. Therefore, improving the
neural network architecture model by integrating
attention mechanisms and optimizing computational
processes is of particular importance. Object of the study
is the process of automated detection and localization of
military objects in an optical video stream. Subject of the
study encompasses methods for the structural
modification of the YOLO convolutional neural network
architecture using coordinate attention mechanisms and
decoupled detection modules. Results. The paper
proposes and implements a modified neural network
architecture model, the key feature of which is the
pinpoint integration of a lightweight coordinate attention
module (Lite CA) before the feature pyramid aggregation
layer. This allowed for the decomposition of the spatial
encoding process, preserving precise  positional
information that is typically lost during standard global
averaging. The introduction of the «detection heady
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component into the model ensured the independent
processing of classification and coordinate regression
tasks. It was experimentally confirmed that the adaptive
model achieves a mean average precision (mAP@0.5) of
0.651, which is 8 % higher than the baseline, and
demonstrates a  significant increase in  recall.
Conclusions. The proposed approach provides an
effective balance between localization accuracy and
computational complexity, guaranteeing the detector's
high robustness against visual interference and
camouflage effects. The developed model is recommended
for implementation in autonomous situational awareness
and target designation systems, allowing for the
minimization of target omission errors in combat
conditions.

Keywords: YOLOvll, CBAM, attention mechanism,
object detection, computer vision, transfer learning,
convolutional neural networks, Python, PyTorch.
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DYNAMIC ANALYSIS OF A SUBURBAN RAILWAY VEHICLE

Simulation modelling and analyses are widely used in a railway vehicle design. They allow to find the most
favourable parameters of wagons in order to achieve high level of ride comfort and running safety. The presented
research is focused creation of an suburban rail vehicle, i.e. a passenger wagon. The simulation model was used for
analysis of dynamic properties for two running cases, namely to find a critical running speed and the derailment
quotient in a curve. The derailment quotient is a factor of running safety of the solved vehicle.

Keywords: rail vehicle, suspension system, multibody simulations, dynamics.

Introduction

Dynamic analyses play a key role in the
development and optimization of railway vehicle. There
are various ways to perform the analysis. Currently used
programs for computer simulations of railway vehicle
operation provide a significant advantage in terms of time
and financial complexity for optimization purposes
compared to testing vehicles in real conditions on
measuring equipment [1, 2].

One of such commercial multibody programs is
Simpack, which is used at the research authors'
workplace. The basic simulation calculations performed
in these programs include eigenvalue analysis, simulation
of driving on a straight line with investigation of vehicle
running stability, passenger comfort when driving on
worn track, and especially simulation of driving in a curve
and investigation of safety against derailment and loading
of the track and vehicle, etc.

The aim of the research is to perform dynamic
analyses of a suburban railway vehicle with electric
traction. The prescribed minor structural changes to the
vehicle and their impact on the simulation results are
investigated. The research contains theoretical knowledge
about simulation calculations. The next part discusses the
objectives of the research. The work is focused on the
study of dynamic behaviour of vehicles using the
Simpack multibody program and the influence of vehicle
design on it, as well as for the summary of information
and its adaptation.

The need for dynamic analyses of the behaviour
of railway vehicle is influenced by their mechanical
structure. Railway vehicle represents large dynamic
systems with a large number of degrees of freedom, i.e. in
principle, each mechanical body has six degrees of
freedom (3 in the translational sense and 3 in the
rotational sense). Furthermore, there are complex force
elements and also a complex problem of wheel-rail
contact. The number of degrees of freedom is limited only
by mechanical connections. The behaviour of such
systems is therefore complicated and unclear.

Thus, such complex systems cannot be solved analytically
with a meaningful expenditure of effort, time and
financial costs [3, 4].

The basic areas of practical use of dynamic
calculations in the field of railway vehicle include the
conceptual development of new railway vehicle,
calculations for the purpose of dimensioning, verification
calculations, analysis of dynamic forces and movements,
which are used as inputs for other analyses, e.g. strength
analyses of structures, support for driving tests,
comparison of measurement and calculation results,
thereby verifying the correctness and authenticity of the
model, solving problems with vehicles in operation, as
well as measurement, evaluation and design of new wheel
and rail profiles.

The reasons for the use and application of
simulation programs in practice could be briefly
summarized as follows. Simulation calculations allow to
shorten the time and reduce the costs required for the
development of new railway vehicle, to reduce the
number of tests runs of railway vehicle when
experimental measurements are performed, to expand the
possibilities for optimizing railway vehicle parameters,
and also to provide information on the loading of
individual railway vehicles components.

Analysis of recent studies and publications.

Recently, scientists and scholars took their effort
to analyse running properties of rail vehicles by means of
simulation computations at many universities and
institutions. A brief overview of the latest available
studies and publications are provided in this section.

The study performed by Sugathapala et al. [5] is
focused on comprehensively investigation of the influence
of wheel and rail wear on both derailment coefficients and
critical derailment limits when a railway vehicle is
running on a curved track. The authors team revealed that
existing assessment methods have certain deficiencies.
They either fail to account for the critical derailment
limits of rely on conservative criteria known as the Nadal
and Weinstock criterion.
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They conducted multibody dynamics simulations to
numerically determine the greatest derailment quotients
for various combinations of a set of nominal and worn
S1002 wheel and UIC60EL rail profiles.

Another interesting research about the multibody
numerical simulations of post-derailments dynamics of a
trainset the aim at a comparison between guard rails and
derailment containment wall is given by the team of the
authors Santelia et al. [6]. They presented the results of
the research are focused on supporting the design of
effective derailment containment measures through
numerical simulation techniques, employing a multibody
model to simulate the post-derailment behaviour of a
railway trainset. The presented simulation model was
combined with a finite element model of a track-based
derailment containment device and it was used to predict
the forces on the structure resulting from the impact with
the derailed train. The key innovations of the presented
study consisted in a fact, that it considers the modelling
the entire trainset instead of a single vehicle instead of the
effect of inter-vehicle interaction forces due to the traction
gear and buffers, and the modelling of guard rails as an
alternative to derailment containment walls which were
previously investigated.

Alizhan et al. examined the modernization of the
61-4179 TVZ passenger coach for transporting light
automobiles up to 3 tons, addressing the efficiency of
multifunctional rail use in the work [7]. The main goal of
the work was to assess the influence of the additional
mass—dimensional loading to the strength, load
distribution, and the dynamic stability of the vehicle—track
system. Two approaches of numerical modelling were
applied for the research, namely the finite element
methods for determination of a stress distribution,
deformations, and safety margins and the multibody
dynamics modelling, where the wheel/rail contact forces,
wagon body accelerations, and stability coefficients were
assessed.

As it is stated in the research [8], the geometry of
the wheel/rail contact is a key factor in resolving the
dynamics of a rail vehicle. It is generally recognized that
the shape used to create both the wheel profile in the
rolling region and the railhead has a significant impact on
the vehicle's reaction in terms of stability, vibration
absorption, and curve-negotiating ability. Analysis of the
effects of wheel/rail profile and lateral suspension
characteristics on the dynamic hunting stability of rail
vehicles moving on tangent tracks is one of the main areas
of the presented research. Further, the main goal of the
research is reducing vibration in railway wheel/rail
profiles by an application of a novel design for enhancing
speed.

The authors team Shi et al. [9] devoted their
effort to study the proposal of the use of active lateral
secondary suspension system to address low-frequency
swaying railway vehicle body motion under low wheel-
rail conicity conditions. This research was also focused on
evaluation of railway vehicle dynamics, and it was
focused on assessment of the Sperling index for the
wagon body swaying motion. Krason et al. [10]

performed numerical tests of the influence of railway
bogie suspension on the wagon motion parameters. The
research was subjected on dynamic tests of a prototype
wagon, which is intended to transport semi-trailers. It
means, that in the contrast with the goal of the presented
research, it is focused on freight wagons. However, the
presented methodology of numerical tests of the dynamics
of a freight wagon and the problems of selecting
suspension parameters in used bogies of railway wagons
moving at chosen speeds on straight and curved tracks
can be also applied for a suburban railway vehicle. A
phenomenon of high-frequency vibration transmission
through primary suspension system is examined in the
study [11]. The authors created the multibody vehicle
model, which was extended by considering the structural
dynamics of the wheelsets, axle boxes and bogie frames,
and by employing more detailed models, which describe
the dynamic stiffness of the primary suspension
components such as roller bearings, hydraulic dampers,
rubber bushings and coil springs. The created model
served to describe the dynamic behaviour of the bogie in
this frequency range. The achieved results of the research
showed that the vibrations are mainly transmitted by the
rubber bushings. These findings provided a better
understanding of the dynamic behaviour of the bogie.

Statement of the purpose and objectives of the
study.

Dynamic simulation of the designed railway vehicle
represents the main part of the presented research. The
process of performing dynamic analysis of the designed
railway vehicle includes studying the vehicle parameters,
subsequent compilation of its computational model and
performing the necessary simulations. The main activities
and goals of the presented research are following tasks:
1. To create of a sufficiently accurate
computational model of the suburban railway
vehicle under consideration, which considers all

requirements for performing the relevant
simulations.
2. To perform the necessary simulation

calculations, which are primarily intended to
clarify the impact of changes in suspension
parameters on the driving characteristics and
dynamic behaviour of the suburban railway
vehicle under consideration.

3. To identify critical speed of the solved suburban
railway vehicle for the defined parameters.

4. To identify the derailment quotient of the solved
suburban railway vehicle during running in a
curve for original suspension parameters and for
softer suspension system.

A simulation model of the solved suburban
railway vehicle. The created the model of the solved
suburban passenger wagon in the Simpack software using
the following procedure. The vehicle body, which
represents the most significant part of the vehicle mass,
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was created by importing a computer aided model that
contained defined geometric parameters of the 3D model
display and inertia parameters of the body mass. Both
bogies were subsequently created as so-called
substructures. In principle, they have the same properties,
therefore, thy are input twice to the model. The three-
dimensional model of the bogie frame helped to define
mass and inertia properties, including all parts of smaller
dimensions, which were included as a fixed part of the
frame for rationalization and acceleration of calculations.
Separate components included in the bogie substructure
were the axle boxes and wheelsets guiding, also imported

///
*w—ﬂr‘mr' r-!r‘ -

a

as three-dimensional models, and the axle bodies. The
guide body, i.e. a swinging arms, also included the
bearing body itself. The model of the second, as a copy of
the original model of the bogie. The UIC 60 rail profile a
rail cant of 1:40 was chosen.

Overall, the created multibody model consisted
of the following rigid bodies, i.e. a body of the wagon, the
bogie frames, the axle boxes guiding, wheelsets. Fig. 2
shows the real vehicle and the multibody model created in
the Simpack software

b

Fig. 1. The solved passenger wagon: a - an illustration in reality; b - the model created in the Simpack software

These elements were assigned the appropriate
mass and inertia parameters and their mutual position, and
the appropriate degrees of freedom were defined.
Subsequently, it was necessary to define the mutual
connections between the rigid bodies through the so-
called connecting elements. These consisted of the
following elements, such as a primary suspension
consisting of vertical rubber conical springs, rubber
conical springs forming the axle bearing guide bushings
and further, a secondary suspension consists of pneumatic
springs, vertical dampers, lateral dampers, lateral bumpers
for the centre pivots.

The primary suspension elements were defined
as spring-damper modelling type with an ideal flexible
massless element with defined stiffness and damping in a
parallel way. The spring stiffness was defined as linear for
x, y and z direction. The above method is also applied for
creation of the suspension system of the second level,
which includes spring elements, rubber emergency
springs and the stiffness of the longitudinal guide of
centre pivots. It was used also for a model of the element
of lateral buffers for centre pivots, which is characterized
by a nonlinear stiffness curve and zero damping in the
lateral direction, in other directions both parameters will
also be zero. The stiffness is constant zero within the
limits given by the buffer, and sharply increases to an
excessively high value when the clearance defined by the
buffer is exhausted.

Results of the research and discussion. The
first task was to determine the critical speed of the solved
passenger wagon. It was observed the behaviour of the
wagon at different running speeds after applying the
excitation of the oscillations at the beginning of the
movement. Then, it was established the oscillations, at

which, the wheelsets are damped during the movement,
i.e. it is a stable state, remain the same, i.e. it is the critical
speed, or these oscillations increase to high amplitudes,
i.e. it is an unstable state. Therefore, it is determined the
critical speed the one at which the oscillations only
minimally decay. For this calculation, the wagon running
was simulated on a straight track with a standard model of
the wheel-rail contact of a length of 500 m. The wagon
was excited by an initial excitation in order to occur the
oscillations of the wagon. Calculations for individual
speeds must be set and started separately and manually.
The number of speed variations was set to 15, so that the
critical speed area of the vehicle in the range of 1 to 2
km/h at most was found in the most suitable way in 15
steps.

The results of the analysis of the critical running
speed for the constant values of the wheelset guidance
bushing are depicted in Fig. 2 and Fig. 3. It shows the
course of the deflection of the lateral oscillations of the
wheelset. It is possible to identify the decreasing
amplitude of the vibrations in the case of stable running
(Fig. 2), which stabilizes after overcoming the distance
approx. 250 to 300 m from the start of the running of the
wagon. On the contrary, it increases in the case of
unstable running. It is depicted in Fig. 3. It is possible to
identify, that with the overcoming distance, the amplitude
of the lateral motion increases. It is obvious after 50 m of
running. During the stable operation, its highest value was
found to be approximately + 0.525x10 m. This can be
seen in the distance of approx. 85 to 90 m.

The second task was focused on investigating
quasi-static values escribing the behaviour of the solved
passenger wagon while running in a curve with a
specified radius of 350 m. The quasi-static values are
determined by a quasi-static analysis. It means, that the
model of the track does not include track irregularities,
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i.e. the wagon is not excited and only quasi-static values
of the output quantities are observed. The model of the
railway track consists of an 1200 m long section. The first
50 m are formed of a straight section. This is followed by
a 50 m long section forming a transition to a curve with a
radius of 350 m and then a 750 m long constant curve. In

a constant curve, the outer rail is raised by 0.12 m
compared to the inner one. A transition from the curve to
the straight section is of 50 m and the last section of the
track is of 300 m.
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Fig. 2. An illustration of the lateral deflection of the wheelset during the stable movement
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Fig. 3. Illustration of the lateral deflection of the wheelset during the unstable movement

Results of the derailment quotient for the stiffer
suspension system are shown in Fig. 4. The evaluation of
the derailment safety coefficient Y/Q shows relatively safe
values, the maximum is reached by the approaching
wheel of the first bogie at a value of 0.75 (a red curve,
Fig. 4) when the wagon runs out of the curve. On the
approaching wheel of the second wheelset, this value is of
0.22 (a green curve, Fig. 4). On the opposite side wheel of
the same wheelset, the derailment quotient is more
favourable, it is of 0.5 (a black curve, Fig. 4). The safety
values for the 2" wheelset on the opposite side are
slightly more favourable, it is of 0.21 (a blue curve, Fig.
4). According to the standard, the limit value for the
safety coefficient is 0.8 [12].

After changing the stiffness of the suspension
parameters, values of the observed parameters are also

changed. The results are depicted in Fig. 5. The values of
the derailment quotient are obviously improved. This is
proven by the achieved values of the derailment quotient.
The highest value of the derailment quotient of the 1%
wheelset in a curve is approx. of 0.58 (a red line, Fig. 5).
The value of the derailment quotient of the opposite
wheel of the same wheelset reached the value approx. of
0.42. Further, the values of the derailment quotient of the
2™ wheelset of the same bogie achieved much smaller
values. Namely, the derailment quotient of the left wheel
reached the value approx. 0.13 and the opposite wheel of
the same wheelset, i.e. the right wheel achieved the value
of 0.1. Also, these values of the derailment quotient are
smaller than the maximal permissible value of 0.8 [12].
The smaller values of the derailment quotient of for the
softer suspension system is caused by the fact, that softer
suspension system allows to reduce the angle of attack of
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the wheelset in a curve. This results to more favourable

distribution of the wheel forces, i.e. to safer running
—— Ist wheelset, right

— | st wheelset, left
0.6

properties of the railway vehicle.

2nd wheelset, right
——2nd wheelset, left

-0.61
| L
el 200 400 600 800 1000 1200
s [m]
Fig. 4. Tllustration of the lateral deflection of the wheelset during the unstable movement
—— 1st wheelset, right 2nd wheelset, right
i - Ist wheelset, left — 2nd wheelset, left
0.41
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0.0 o=
>~ )
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Fig. 5. Illustration of the lateral deflection of the wheelset

during the unstable movement

It is considered to perform within the future
research another simulation analysis of the solved
suburban railway vehicle in order to optimize the
parameters of the suspension system. Number of
simulations will be performed to find the most suitable
response of the vehicle to the excitations caused by the
track unevenness. The suspension system will be tuned
regarding to ride comfort for passengers and well as
regarding to running safety.

Conclusions.

Urban and suburban railway transport represent
very important element of the transportation system in the

developed countries as well as in developed cities. Efforts
of engineers to find suitable vehicles lead to apply
advanced simulation tools to save time and financial costs
for development of modern, reliable, comfortable and safe
railway vehicles. The presented research was focused on
creation of a suburban railway passenger wagon. A
commercial simulation software was applied in the
research. The main goal of the research was to analyse the
critical running speed of the vehicle in a straight railway
track as well as running safety in a curved track section.
These observed output parameters were evaluated for two
types of suspension system, for stiffer suspension
parameters as well as for softer suspension parameters. It
was found softer suspension parameters lead to slightly
better running safety, because the wheelset has a more
favourable position relative to the longitudinal track axis.
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The maximal permissible value of the derailment quotient
of 0.8 was not exceeded for any observed case.
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aou. S. Hixo, inxk. M. Byuko, nou. M. biaaTHunbKui,
imk. I1. Crymnsik
JTUHAMIYHUA AHAJII3 HPUMICBKOI'O
SAJIIBHUYHOTI'O TPAHCITIOPTHOTI'O 3ACOBY
3anisnuunuti mpancnopm 68addcaromv O0OHUM i3
HAUeKOI0TUHIUX i HatlegheKmusHiuux 6udis
mpancnopmy. Cmyninb  po3sumky — iHghpacmpykmypu
3ANIBHUYHO20 MPAHCNOPMY YACMO 8I0N0GI0Ae pi6HIO
po3sumky  Kpainu.  Bucoxa  axicmv  3ani3HUYHO2O
MPAHCROPMY HEeMUHYYA 63 BUCOKOSIKICHUX 3ANI3HUYHUX
MPAHCNOPMHUX 3AC00i8, 5SKI NPAYIOIMb HA 3ATI3HUYHUX
KONIAX ~MiJC HNYHKMAMU NPUSHAYEHHA.  3ani3HUYHUL
mpaucnopm 3abesneuyc nepegeseHHs Nacalcupie K Ha
Kopomki, maxk [ Ooewi eiocmani. Modenroeanvhi
PO3PAXYHKU € OyJce — GANCIUBUMU 6  Npoyeci
NPOEKMYBAHHSL  MA  AHANIZY X0008UX 61ACMUBOCHEl
3ANIBHUYHUX MPAHCHOPMHUX 3AC0018.

Ilooane  Oocnidocenns — 30cepeddiceno  Ha
3ACMOCYBAHHI CUMYIAYIUHUX — PO3PAXYHKI6 015 AHALI3Y
X0008UX — 61ACMUBOCMEU  NPUMICLKO20  3ANI3HUYHO2O
mpaucnopmnozo 3aco6y. ILle nacadxcupcokuii  8a2oH,
npusHayeHull 0N excnayamayii 8 NeeHOMY MICMI.
Ilpogedeni  imimayiiini po3paxynku CnNpsamMo8aHi Ha
3HAXOOIICEHHS 8UOPAHUX BUXTOHUX BEUYUH

00CHIOAHCYBAHO20 3ANIZHUYHO20 MPAHCHOPMHO20 3AC00).
i napamempu — kpumuuna weuokicme i Koe@iyienm
cx00y 3 peliok sAK Kpumepill Oe3neynoi excniyamayii
MPAHCROPMHO20  3ac00y 34 PO32NAHYMUX — YMOB.
Busnaueno kpumuuny weuoxicme pyxy, 3a Akol
cnocmepieaiome  Oiuni 3miwenHs Konichoi napu. Koau
amnaimyou OiYHUX KOIUBAHb KONICHOI napu cmaobinbHi,
KpumuyHoi  weuokocmi  He  Oocsiearomv.  Momenm
cmabinbHux [ HecmabinbHUX OIMHUX KOAUBAHL KOMICHOL
napu € GUHAYANLHUM Ol KPUMUYHOI WEUOKOCmI pyX)y.
Tnwum KoHmponbosaHum napamempom besnexu pyxy o6ys
Koegiyicum cxody 3 peiiok. Koegiyicum cxody 3 petiok
cnocmepieanu 0nsi nepwioi i Opyeoi KONICHUX nap y
Hanpsamky pyxy. Hocnidoceno 0ea pigui ocopcmrocmi
cucmemu niogicku. Buseneno, wo wm'akwa cucmema
niogicku  npu3eoo0ums 00  Oe3NeuHiuo20  pyxy
3QNI3HUYHO20 — MPAHCROPMHO20 — 3AC00Yy 8  KPUBIIL.
Honycmume 3nauenns roeiyicnma cxody 3 peuox He
0Y10 00CACHYMO 8 HCOOHOMY GUNAOKY.

Kniwuosi cnoea: 3anisHuunuii.  mpaHcnopmuuil
3acib, cucmema niogicku, bazamominbHe MOOENI08ANHS,
OUHAMIKA MPAHCNOPMHO20 3aC00) .

Jan Dizo, Associate Professor, Philosophy Doctor,
associate professor at the Department of Transport and
Handling Machines, Faculty of Mechanical Engineering,
University of Zilina. Tel.: +421 41513 2650. E-mail:
jan.dizo@fstroj.uniza.sk.

Martin Bucko, mechanical Engineer, PhD student at the
Department of Transport and Handling Machines, Faculty
of Mechanical Engineering, University of Zilina. E-mail:
martin.bucko@fstroj.uniza.sk.

Miroslav Blatnicky, Associate Professor, Philosophy
Doctor, associate professor at the Department of
Transport and Handling Machines, Faculty of Mechanical
Engineering, University of Zilina. Tel.: +421 41513
2659. E-mail: miroslav.blatnicky(@fstroj.uniza.sk.

Partik Slusnak, mechanical Engineer, PhD student at the
Department of Transport and Handling Machines, Faculty
of Mechanical Engineering, University of Zilina. E-mail:
patrik slusnak@fstroj.uniza.sk.

Cmamma naoitiwna 12.03.26

Cmammsa npuiinama 00 OpYKY Hicla peyeH3y8anHs
02.04.26

Crarrs ony6mikoBaHa (onprmonHena) 29.05.26

Crartss mommproeTbcss Ha ymoBax Jinensii Creative
Commons Attribution License International CC-BY.

143

IKC3T, 2026 Ne2



https://doi.org/10.1177/16878132251385799
https://doi.org/10.1177/16878132251385799
https://doi.org/10.3390/futuretransp5040168
https://doi.org/10.18280/mmep.110119
https://doi.org/10.1080/00423114.2024.2398005
https://doi.org/10.2478/ama-2025-0077
https://doi.org/10.1080/00423114.2024.2444398
mailto:jan.dizo@fstroj.uniza.sk
mailto:martin.bucko@fstroj.uniza.sk
mailto:miroslav.blatnicky@fstroj.uniza.sk

ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

YK 656.2

ITPOXOPOB B.M,, K.T.H., IOLICHT,
I[TAPXOMEHKO JI.A., a.1.H., mpodecop,
KPABUEHKO M.A., noxtop ¢inmocodii,
KAJIAIIIHIKOBA T.IO., k.T.H., OOIIEHT,

DOI: https://doi.org/10.18664/ikszt.v31i2.362400

3acrocyBanHs 4acoBux Mepesx IleTpi sik o0umciroBajgbHOrO sigpa unudppoBoro ABiHNKA Ha
NpUKJIAAi 3a1a4i 00YI0BH PO3KJIALY 3aTi3HUYHOI Mepexki 3 KPOoC-T0KiHIoM

Anomayin. 3anpononosano euxopucmarus wacogux mepedc Ilempi sk 00uuci06aibHo2o A0pa yupposozo
OBIUHUKA 3ANI3HUYHOI MPAHCNOPMHOL cucmemu 071 3a0ayi N0OYy008U PO3KIA0Y MASIMHUKOBUX NOI3018 Y Mepedici 3 Kpoc-
Ookineom. Ha 6iominy 6i0 imimayitinux nioxodie, uyacoei mepeci Ilempi maroms 4imky aneebpaiyny cemManmuxy, ujo
00360J51€ He Juule po3paxosyeamu po3kiad, a U auarimuyno Oocaiodicyeamu eracmugocmi cucmemu. Pospobneno
aneopumm CUMyIAYIi Memooom uepeu nOOil, AKULl ABMOMAMUYHO 3HAXOOUMb YCMANCHUL PeXHCUM. MIHIMATbHUU nepioo
KYPCYBAHHA Ma pO3KIA0 nepesanmasicers. Excnepumenmanvno 008e0eno €OUHICHb Yb020 PediCumy, wo c8ioYums npo
30amuicms  cucmemu 00 CAMOCUHXPOHI3ayii. 3anpononosanuil nioxio 3abesneyyc a8MOMAMUYHUL NEPEPAXyHOK
PO3KNA0y npu 3MiHi yM08 ekcniyamayii 6e3 yuacmi oucnemuepa.

Knrouosi cnosa: yacosi mepeaici Ilempi, yugposuil 08iliHUK, KPOC-00KIH2, MAAMHUKOBULL N0I30, PO3KIAO PYXY,

CUHXPOHI3AYIsl, YCIATICHUL PeNHCUM, 3ATLIBHUYHA Mepedicd.

IHocTanoBka nmpodJemu.

Konnermiss ~ mmdposoro  meiftauka  (LIJ1)
TPaAHCIIOPTHOT CHCTEMH nepeadavae CTBOPCHHS
JMUHAMIYHOI OOYHMCIIOBATBHOT MOJEIN, IO B PEKUAMI
peampHOrO  wacy  BimoOpaxae  ctaH  (hi3u4HOL
iHQpacTpyKTypu Ta 3abe3nedye MiATPUMKY NPHHHITTSI
YIPaBIIHCEKHUX pilieHb. KITIOWOBOI BUMOTOIO JIO0 TakKoi
MOJENi € HasBHICTh OOYHCIIOBAIFHOTO  sapa —
(dbopMaTEHOTO  MaTEMaTHYHOTO  amapary, 3H4aTHOTO
pO3paxoByBaTH MapaMeTpu (YHKIIIOHYBaHHS CHUCTEMH
IIpY 3MiHI YMOB €KCIITyaTarfii.

Binbmiicts ICHYIOUIX peaizarii 10I
TPAaHCIIOPTHUX CHUCTEM BHKOPUCTOBYIOTH iMiTaliiiHe
MOJICIIOBaHHS a00 MiAXOQd Ha OCHOBI MAIIUHHOI'O
HaB4aHHA. L[i MeTOaM BIATBOPIOIOTH CIIOCTEPEIKYBAHY
MMOBEIIHKY CHCTEMH, TPOTE MAIOTh CYTTEBUH HEMOIIK:
BOHM He 3a0e3leduyloTh AHAJITUYHUX TapaHTii Iojo
BIIACTUBOCTEH OTPHMAHOTO PO3B'SI3Ky — 30KpeMa, He
JIOBOJSITH iCHYBaHHS Ta €IUHOCTI YCTAJICHOTO PEXHMY
poboTH cucTeMH.

Yacosi wmepexi Ilerpi [1] € dopmansaum
MaTeMaTHYHUM armapaTom TS MOJICITFOBAHHS
mapajenbHIX TUCKPETHO-TIOIEBUX MPOIECIB 3 YaCOBUMH
XapakTepucTukamMyd. Ha BigMmiHy Bif  iMiTarifiHEX
MiIXO/iB, BOHU [O3BOJIIOTH HE JIUINE BiITBOPIOBATH
MTOBEIIHKY CHCTEMH, alle ¥ aHATITUYHO AOCHIDKYBaTH il
BIIACTUBOCTI — 30KpeMa, JJOBOJUTH iCHYBaHHS Ta €INHICTh
ycraneHoro pexunMy. Lle pobuth IX TpuUpogHUM
KaHUIaTOM Ha POJIb o0uHCIroBasIbHOTO siapa L1,

YacoBi wmepexi Ilerpi €  dopmansHuM
MaTEeMAaTUYHAM arnapaToM 3 YiTKOKW —anreOpaidHoro
CEMAaHTHKOIO IS MO/ICIIOBAHHS mapajgeTbHIX
JIUCKPETHO-TIOTIEBIX MIPOIICCiB 3 YaCOBUMH
XapakTepucTHKaMu. Ha BigMiHy Big IMITaIiifHOTO

MO/ICIIFOBAaHHS, SIKE € JIMIIE TPOTrPaMHOI0 peatizaliero 6e3

CTPOTOr0 MaTeMaTHYHOTO MiIIpyHTs, Mepexi Ilerpi
MaroTh (hOpMaIbHO BW3HAUYCHI MpaBUIIa CIIPAILOBYBAHHSI
MIEPEXO/IiB, MOHATTS JTOCSHKHOCTI MapKyBaHb Ta JTOBEICHI
TEOpEeMH TIPO BIACTHUBOCTI cuctemu. lle mpuHIMIIOBA
BiIMIHHICTB: IMiTaIliifHA MOJEIh MOXXE BiATBOPIOBATH
MOBEMIIHKY CHCTEMH, ajJe HE MOXCE JIOBECTH IO I
MOBEIHKA € €AMHO MOXJMBOIO. Mepexi Ilerpi, 3aBaskn
CBOT (hopMaNbHIN CEMaHTHII, MO3BOJSIOTH HE JIHIIE
BiJITBOPIOBATH TIOBEHIHKY, ¢ W aHAJTITHIHO JOBOJUTH
ICHyBaHHS Ta €IWHICTh YCTAJCHOTO PEXKHMYy — IO €
KITFOYOBOKO BHMOTORO 10 o0uHciIroBasibHOTO siapa L1,

Anani3 Jiteparypu Ta IIOCTAHOBKA
npooJieMH.
Konnermis Il  emeMeHTIB  3aTi3HHYHOL

TPAHCIIOPTHOI CHCHEMH aKTHBHO PO3BHBAETHCS B OCTAHHI
POKH.

Y crarti [2] 3anpoMOHOBAHO METOMOJIOTIIO
ctBoperHs 11J] Ha ocHOBI (Pi3MYHOTO MOJCTIOBAHHS IS
3aCTOCYBaHb y MIPOTHO30BaHOMY TEXHIYHOMY
00CITyrOByBaHHi, $Ka CKJIAJa€ThCI 3 JBOX OCHOBHHX
eTamiB: CTBOPEHHS IM(POBOI MOJEII Ta BIPOBAIPKCHHS
konuenmii I/, ame Bce > He BpaxoBaHO NHTAHHS
iHTerpamii  3arporoHOBAHOTO MIAXOAY 3 ICHYIOUMMH
CHUCTEMaMH YNpPaBJiHHA BHPOOHWUITBOM B pPEATLHOMY
Jaci.

VY crarri [3] 3ampomoHOBaHO KibepdizmuHy
cucremy Ha ocHOBI L1/] 11 MOHITOPHHTY Ta IPOTHO3HOTO
VIOpaBIiHHA  JOBTONPOTOHOBHM  BHCOKOIIBHKICHUM
3aTI3HAYHUM ~ MOCTOM, IO  IO€AHYe  (i3uuHe
MO/ICTIIOBaHHS, MallMHHE HaB4yaHHS (TouHicTh 91 %) Ta
HEUiTKy JIOTIKY /i WIiATPUMKH pillleHb, ajJe He
BpPaxOBaHO MaclITa0OBAaHICTh Ha MeEpEeXy MOCTIB Ta
IHTErpamniio 3 icCHyl0OYMMH JUCIETYEPCHKAMH CHCTEMaMH.
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Y crarti [4] 3ampoIOHOBaHO METOOJIOTIIO
BrpoBapkenHs 1/l s nmdposizamii - TeXHIYHOTO
00CITyrOByBaHHsS 3aJli3HUYHOTO PYXOMOTO CKJIamgy 3
ypaxyBaHHsM BuMoOr pernamenty €C 779/2019, mo
MIOEIHY€E CEpPBICHUH MiAXiN, TaTGOpMEeHHY apXiTeKTypy
Ta MOJIETIbHY IM(POBi3alilo aKTUBIB, ajie HE BPaXxOBaHO

MUTAaHHA  IHTErpamii 3armporoHOBaHOrO pIIEHHS 3
ICHyIOUMMH CHCTEMaMH YTIPABIIHHS XUTTEBUM IMKIIOM
(ALM/PLM) BupOOHHMKIB pyXOMOro CKJIaay Ta

KibepOe3meKy B yMOBax pO3IOIUICHUX AaHUX.

3agaui moOymoBHM 1 KOperyBaHHS pO3KJIaiB
PYXy, CX€M LHPKYJsMii pyXOMOTro CKJagy IIOCTaroTh
Maifke BCIOMM NpPW PO3IIISAl 3ai3HUYHHUX CHCTEM, ane
BOHH YOMYCh IyX€ PIIKO PO3MISAAINCT B KOHTEKCTI
xonnerii [T/1.

CydvacHuii cTaH JocmipkeHb y Tamysi LIJ]
TPAaHCIIOPTHUX CHCTEM Ta  (OPMAIBHUX  METOJIB
MoOYZAOBH PO3KJIAAiB JIO3BOJIAE BHOKPEMHTH KUIbKa
B3a€EMOIIOB'SI3aHNX HAINPSMIB, KOXKEH 3 SIKUX Ma€ CYTT€EBI
OoOMeXeHHS 3 TOYKM 30py IIOCTaBJIECHOI 3amadi.
Po3paxyHOK mepiofWYHHX PO3KJIAAIB TPAaHCIOPTHUX
CHUCTEM HaWOIIbII TOBHO (QopMai3oBaHU B paMKax
3a7a4l MOOYMOBH PO3KIAAIB MEPIOAVYHNX MOMINA (@HTI.
Periodic Event Scheduling Problem, PESP).

Bona € ogHuM 13 HaWOLIBLI I[IKABUX IIAXOIIB 1
sIKa BBA)KAETHCSI JOOpE BHBYEHOIO, ajieé BiZOMOIO CBOEIO
BHYTPIIIHBOIO CKJIQJHICTIO Ta HEOOXimHICTIO T0OynoBH
TPOMI3IKMX MOJIeJIeH IIJIOYHCETFHOTO NPOrpaMyBaHHSI.

VY crarri [5] 3anpomonoBano migxin 10 PESP Ha
OCHOBI 3BeZICHOI MOJIeNi 3 (PIKCOBAaHMMH MiHIMaIbHUMHU
yacaMM pyXy Ta CTOSHOK, IO JJO3BOJISIE 3BECTH 3a]1ady 10
Y3rOJUKEHHS JIiHIHM 1 3acTOCyBaTH €()EKTHBHY EBPHUCTHKY
Ha OCHOBI TapyBaHHs], aje HE BPAaXOBaHO aJarTaliio
METONy OO0 peaJbHUX OOMEeXeHb IH(PPACTPyKTypu Ta
MOXJIUBICTh YpaxyBaHHS CTOXaCTHYHHX BIIXWICHb y daci
BUKOHAHHS peiiciB.

VY crarTi [6] 3ampOmOHOBAHO METOJ TeHEpaii
cTOBNIIB Ui po3B’si3anHs 3amadi PESP Ha ocHOBI
JIUCKpeTH3amii dYacy Ta BHUKOPHCTaHHS HUIIXOBHX
(opMyITIOBaHb 13 MUKJIAMHM Ha po3MMpeHoMy rpadi, mo
JI03BOJISIE TIOKPAIIUTH HIKHIO MexXy LP-penakcamii, ane
HE BPaxoBaHO a/IaNTAIII0 METOAY JI0 BEIHMKHX pealbHUX
MEpex dYepe3 3pOCTaHHS PO3MIPHOCTI 3amadi  Ta
IHTErpamnito 3 MapIIpyTH3aIi€lo MacaXupiB y TUHAMIYHIX
YMOBax.

Y crarri [7] 3ampomoHOBAaHO MiAXiJ IO
CKJIaZaHHS  3aJi3HWYHOTO  PO3KJIaZy Ha  OCHOBI
JIarpaHkeBoi perakcalii, ika J03BOJISIE€ PO3ALINTH 33129y
Ha OKpeMi JTUHaMIiuHi MporpaMu Ui KOXHOTO MOTsra Ta
OTpHMaTH PO3KJaJ] i3 BIIXWIECHHAM y MeXax KUIbKOX
BIZICOTKIB  BiJf ONTUMyMY, aje€ HE BpaxoBaHO
MepiOMYHICTh PO3KIANy Ta MOIIMBICTH iHTErpamii 3
MacaXHPOIIOTOKaMH1 B pealbHOMY Yaci.

Ii meronu mO3BOJSIIOTH 3HAXOIOWTH JIOCSDKHI
pO3KIamy Uil BENUKHX  MEpeX, IpoTe  MAaroTh
MPUHIUTIOBUN HeAomik 3 Toukd 3o0py LJ: BoHm €
oduaiiH-MeToaMu  ONTHUMI3aIii 1 HE TpUOaTHI It
pobOTH B peXXnMi pealIbHOTO Yacy IpH JUHAMIYHIN 3MiHI
mapameTpiB mepexi. Kpim Toro, PESP-mimxomm He
MOJETIOI0Th  (pi3nyHMiI Tpouec pyxy TMoi3miB 1 He

JIOBOJISITH IO 3HAWJCHWI PO3KIAJ € ONTHMaJbHUM abo
€IMHUM YCTaJICHHM PEXUMOM CHCTEMH.

Kpoc-nmokinr sk mpuHOMOD ~ Oprasizarmii
MIepeBaHTaKeHb 0e3 MPOMDKHOIO CKJIAAyBaHHS IMIMPOKO
JIOCTIDKYETHCSI B KOHTEKCTI aBTOMOOUTBHOI JIOTiCTHUKH
[8]. 3acrocyBaHHS KpOC-IOKIHTY Ha 3aJi3HHYHOMY
TPAHCIIOPTI PO3MIIAAAETECS Y TOOAWHOKMX podoTax
MepeBaKHO  HAa  KOHIENTyaJbHOMY  piBHI,  0e3
dopmarmizariii 3amadui CHHXpOHI3aIlii pPO3KIAMIB. 3amadya
OJTHOYACHOTO MPUOYTTS IMO{311iB 1O BY3JIOBOI CTAaHIII ISt
00MiHy KOHTeWHepaMH B KOHTEKCTI MasTHHKOBOTO PYyXy
y Jitepatypi opManbHO HE PO3TJIsiaanach.

TakuM 4YnMHOM, ICHyE HAyKOBMH TMpOOLT:
BiZICYyTHINl QopmanbHUN MeTOox MOOYZOBH PO3KIaLy
MasITHUKOBHUX TIOT3/1iB Y MepeXax 3 KpOC-IOKIHIOM, SIKHH
OM OJHOYACHO MaB CTpPOr€ MaTeMaTH4He MiIArPyHTS,
JIOBOJIUB ICHYBAHHSI Ta €IMHICTh YCTAJICHOTO PEXUMY, i
Mir ¢yHKIIOHyBaTH sK oOuncmoBaneHe siapo L1 B
PEKUMI peaNbHOTro 4acy. 3arloBHEHHS I[bOTO MPOOLTy €
METOI0 JaHO1 poOOTH.

Merta Ta 3aaa4i J0CTiIKEHHA.

Meror0 JOCHi/KEHHS € po3po0ka MeTomy
MoOYZOBH PO3KJIAly MaSTHUKOBHX HOI3/IB Y 3ai3HUYHIN
Mepexi 3 KpOC-IOKIHTOM Ha OCHOBI YacOBHX MEpEx
Iletpi Ta #oro 3acTocyBaHHS SIK OOYHMCITIOBAIBLHOTO SIpa
T TpaHCHOPTHOI CUCTEMU.

JLyist TOCSTHEHHST METH TTOCTABJICHO TaKi 3aaadi:

1. ®opmanizyBat 3amady CHHXpPOHi3amii
PO3KJIa/liB MasiTHUKOBHX TMOI3MIB y Mepexax 3 Kpoc-
JOKIHTOM y TepMiHax dYacoBuX Mepex Ilerpi,
BU3HAYMBIIIH BIJITOBIIHICTE MK eJIEeMEHTaMU
TPaHCIIOPTHOI Mepeski Ta eaeMenTamu Mepexi [lerpi.

2. Poszpoburn ITOPUTM CUMYJIALIT
nobynoBanoi Mepexi Ilerpi  anst  3HaXOKEHHS
YCTAJICHOTO PEXUMY POOOTH CHCTEMH — MiHIMAJIBHOTO
nepiogy KypcyBaHHS Tc Ta po3KJIaay IE€pEeBaHTAXKEHb
Ha BY3JIOBUX CTaHIIifX.

3. ExkcnepumeHTanbHO IOCIIIATH
BJIIACTUBICTh  €JMHOCTI  yCTaJleHOTO PEXUMY —
He3aJlekHicTh Tc Ta pO3KiIay Bil IOYATKOBOTO CTAaHY
CHCTEMH.

4. TIlpomemoHCTpyBaTn 3aCTOCYBaHHS
po3po0JIeHOTO METOAy Ha TECTOBIH Mepexi Ta
BepuGiKyBaTH OTPUMaHI pe3yJIbTaTH.

5. OOrpynTyBatu BUKOPUCTAHHS
3aIIPOIIOHOBAHOI0 METOAY SIK OOYHCIIIOBAIBHOTO sApa
I TpaHCIIOPTHOI CHCTEMH, PO3POOJICHOTO Yy POOOTI
[9], Ta mokazaTH HOTO 3AATHICTH 0 POOOTH B PEXHUMI
peabHOTO Yacy IpH 3MiHI TapaMeTpiB MEpexi.

Marepiann Ta MeTOoaH OCJIiIKEeHHS.
OO0'eKTOM  JIOCHDKEHHS € Tpolec CHHXPOHi3amii
PO3KJIaJliB MAasITHUKOBHX TIOI3/IB y 3aJII3HUYHIN Mepexi 3
KpOC-IOKIHTOM, TOTIOJIOTiS SIKOI C()OPMOBaHA BIAIIOBIIHO
IO METOJTY, 3aIIPOIIOHOBAHOTO Y poboTi [9].

IIpeamerom nocnimkeHHs: € GopMaibHI MoJeli
Ta aITOPUTMH  TOOYJAOBH  YCTaJ€HOTO  PO3KJIamLy
TPaHCIIOPTHOI MEPEsKi Ha OCHOBI yacoBUX Mepex Ilerpi.

OcCHOBHa TiNOTE3a JIOCTI/DKEHHS TIOJISITAaE B
TOMYy, IIO 33/1a4a CHHXPOHi3amii MasTHUKOBUX MOi3IIB Y
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Mepexax 3 Kpoc-JIOKIHToM Moske OyTu opmMaltizoBaHa sIK
yacoBa Mepexa Ilerpi, ycraneHuii pexxum Kol € €JUHUM 1
HE 3aJIeXKHTH BiJl TOYaTKOBOTO CTaHy CHCTEMHU.

YacoBi wmepexi Ilerpi — 1e po3mmpeHHs
KJacuuHuX Mepex [leTpi, B SKOMy KOXKHOMY HeEpexoiy
ab0 mo3Wmil  NpPU3HAYaE€ThCS  4YacoBa  3aTPUMKA.
dopmanbHO yacoBa Mepeka IleTpi BH3HAYaeTbCs SIK
koprexx M = (P, T, F, W, D, Mo), ne P — ckinueHHa
MHOXHWHA 1MO3uIii, T — CKiHYeHHA MHOXFWHA IEPEXO/IiB,
FE(PxT)U(TxP) — muoxuna ayr, W: F—N — ¢dynkuis
Bar nayr, D: T—R" — QyHKOiZ YacoBHX 3aTPUMOK
nepexofiiB, Mo: P—N — nouaTkoBa MapkupoBka. [lepexin
t cIpamnpboBy€e KOJMM KOXKHA BXiJHA TO3MLIS MICTUTH HE
MmerHmie W(p,t) TOKEHiB; MiClsl CHpalfOBaHHsS uYepe3 vac
D(t) TokeHn nepeMintyoThCs 0 BUXiTHUX MO3HITIH.

Bioobpasicenns  mpancnopmuoi  mepesci Ha
mepeacy Ilempi. 3anizanmuna mepexa G = (V, E) 3
MHOXKMHOIO BY3JIOBHX CTaHIiH V Ta MHOXHHOIO
MapuipyTiB E BimoOpaxkaerbcss Ha wacoBy Mepexy Ilerpi
TaKUM YHHOM.

Koxxna BysmoBa cranmis H i € V Bianosigae
nepexoqy t i 3 4acoBOIO 3aTPUMKOIO tr — TPUBAJIICTIO
nepeBaHTakeHHs. [lepexin ti criparboBye KOJIHM Ha BCIiX
HMOro BXiJHUX ITO3MINSAX € TOKEHH, TOOTO KOJIM BCi IOI31U
o o0ciTyroByoTh ctanuio H i mpubymu.

Koxen wmapmpyr (i,j) € E mnopomxye nBi
MO3HMIIT: pij — moizx pyxaersest 3 H i no Hj, Ta pji — moizn
pyxaerbest 3 Hj mo H_i. lyra Bix nepexozy t i 10 mo3uiii
pij Mae Bary 1. Jlyra Bix mo3umii pj 0 nepexomy tj Takox
Mae Bary 1. YacoBa 3arpumKa mo3umii pij TOPIiBHIOE tij —
qacy pyxy IO MapuipyTy B HalpsIMKY 1—].

INoyaTkoBa MapkrupoBKa Mo BU3HAYa€ ITOYATKOBI
MIOJIOKEHHS TO{3/1iB: TOKEH Yy MO3MMLii pij O3HAYa€ II0
moizn Ha MapmpyTi (i,j) pyXaeTbcs y HampsMKy i—j.
OCKUIbKM Ha KOXKHOMY MapIIpyTi Kypcy€ piBHO OJHH
oi37, CyMa TOKEHIB y IO3MLIAX p_ij Ta p_ji IOpiBHIOE
onuHUII Tt KoxkHoro (i,j) € E.

Anzopumm 3HAXOO0IUCEHHSA YCMANEHO20 PENCUMY.
Cumymsaniss moOynoBanoi mepexi Ilerpi BuKoHyeTbCs
MeTomoM uepru moaii (aHri. event-driven simulation).
CraH cHCTEeMH OIMCYETHCS YEProro MOoAild BUMIISLAY {dac,
By30JI, MapumpyT, HanpsMokj. Ha koxHoMy Kpoui
00po0IIseThCsT HAMOUTBIN PaHHs OIS — IPUOYTTS 1Moi3zna
JI0 By3110BOi cTaHmii. Komm Bei moi3nu mo o6ciyroByoTh
cranito Si 3i0panmnch, (IKCYeTbCS MOMEHT II0YaTKy
NepeBaHTaXeHHS, 4Yepe3  4ac t  BCl  1Oi3an
BIJIIPABISIIOTECSL Y 3BOPOTHBROMY HANPSIMKY 1 JI0 4Yepru
JTOJTAIOTHCSI HOBI MTOJTiT TIPUOYTTS.

YcraneHuii peKMM BH3HAYAETHCS SIK CTaH KOJN
IHTEpBaIM MDK NOCIHIZOBHUMH TI€PEBAaHTAKEHHIMH Ha
KOXHIM cTaHmii crabimizytorsest. Minimansauit nepiox Te
OOYHCITIOETECS K CEPEJHE 3HAYCHHS CTaOUTI30BaHUX
iHTepBaiiB. Po3Kian ycTalseHOro peXMMy BH3HAYAETHCS
Sk Bektop ¢a3z ¢ = [Q1, .., ¢a]T IEe @i = MOMEHT
NepeBaHTaKeHHs Ha cTaHLii Si 32 MoayneM T. BiZHOCHO
(ikcOBaHOT OTMIOPHOI CTAHIII].

Bepugixayis PO3KAAO0Y. KopexTHicTb
3HAMICHOTO pO3KIIAaNy IEpeBIpSETECS YMOBOIO:  JUIS

KOXKHOTO Mapupyty (i,j) € E moBuHHI BUKOHYBaTHCH /1B
oomesxeHHs — (@j — @i) mod Te >t + t Ta (@i — ¢;) mod T
>t + tji — W0 rapaHTye (Qi3UIHYy MOXKIHMBICTH PO3KIIAIY:
YKOJIEH T1013]1 He Iepe0yBae 0JJHOUACHO y JBOX MiCIISIX.

Peanizayis. Anroputm peaiizoBaHO y
cepenouii MATLAB. Yepra mogiii peamizoBaHa sk
MacWB KJITHHOK BiJCOpTOBaHMH 3a dacom. Jlis
3HAXO/DKEHHS  YCTICHOTO  PEeXHMY  CHMYJISLIS
BUKOHY€TBCS 10 HAKONMYEHHS HE MEHIIE I'SITHaAISTH
NepeBaHTaKeHb Ha KOXHIM craHmii, micis doro Te
00YHCITIOETECS 32 OCTAaHHIMH I'AThMa IHTEpBaIaMH.

Bukaagenns OCHOBHOI'0 Marepiany
nocaimxenHs. [ anpoOarrii 3arpornoHOBaHOTO MiIXOAY
00paHO TECTOBY MEpeXy 3 IIECTH BY3JIOBHX CTaHIN Ta
JiecaTd MappyTis (puc. 1).

@ S2

Puc. 1. T'pad mepexi cucteMu 3alli3HUYHOI TOCTABKHU
KOHTEHHEPIB 3 KPOC-TOKIHIOM

Tonosorist Mepexi CKIIaIaeThes 3 MPIMOKYTHHKA
3 JBOMa JiarOHAISIMH — 3 IIEHTPAJBHUM BY3JIOM S5 y
TOYIll iX MEepeTHHy — Ta TPUKYTHHKA 3 MIPaBOro OOKYy II0
3'ennye crannii S2, S4 ta S6. Ilapamerpm MmapupyTiB
HaBegeHo B Tabu. 1. TpuBaicTh nmepeBaHTaXEHHS tr = 15
XB Ha BCIX CTaHIIAX.

Tabmunst 1 — [TapameTpu MapHIpyTiB TeCTOBOI Mepexi

Mapuipyt tij, XB tji, XB
S1-S2 55 60
S1-S3 50 45
S1-S5 35 40
S2-S4 60 55
S2-S5 30 35
S2-S6 70 65
S3-S4 55 50
S3-S5 40 35
S4-S5 35 40
S4-S6 65 70

Tlobydosa uacosoi mepedci Ilempi. BingmoBigHO
JI0 3alpOINOHOBAHOTO BIZOOpPa)KEHHS TECTOBA Mepexka
MOpOJKye dacoBy Mepexy Illerpi 3 6 mepexomamu (1o
OJTHOMY Ha KOKHY BY3JIOBY CTaHIio0) Ta 20 mo3umisiMu
(10 1B1 Ha KOXKEH MapIIpyT).
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Puc. 2. I'pad Mepexi cucTemMu 3aTi3HIYHOI JOCTABKH KOHTEHHEPIB 3 KPOC-TOKIHTOM

CrymiHb ~ KOXHOTO  TIEpPeXoxy  JIOpiBHIOE
KUTBKOCTI MapHIPYTiB IO MPUMHUKAIOTH 1O BiATIOBITHOT
CTaHIIii: IepeXoH t1, t3 MAIOTh CTYIIiHb 3, IEPEXOMH t2, t4,
ts MalOTh CTYHiHb 4, Iepexif te Mae cryminb 2. [ToyaTkoBa
MapkupoBka Mo MICTHTH 10 OZHOMY TOKEHY B OJHIH 3
JIBOX TIO3MIIH KOXXHOTO MapuipyTy — y JaHOMY BHIAIKy
BCI NOI3]IM CTapTYIOTh 3 TO3HUMLIN Pij TOOTO pPyXaroThCs BiJl
By3J1a 3 MEHIIMM HOMEPOM JI0 By3Ja 3 OiIbIIHM.

Pezynemamu  cumynayii. CUMynsIis dYacoBoi
Mepexxki  Ilerpi  BHKOHyBaJach  JI0  HAKOITMYCHHS
I'ITHAALSTH  TIepeBaHTaXEHb Ha  KOXHIM  cTaHMii.
MoOMEHTH TIepeBaHTaXEHb Ha CTaHWIAX Yy Tporeci
cuMyIsiLii (mepii 8 MUKITiB) HaBeeHO B Ta0M. 2.

Tabmunst 2 — MOMEHTH TIepeBaHTaXEHb Y
TIPOIIECi CUMYIISIIIL
Cranmis | MoMeHTH IepeBaHTaKEHb, XB
S1 300, 550, 800, 1050, 1300, 1550,
1800, 2050
S2 225, 475, 725, 975, 1225, 1475,
1725, 1975
S3 220, 470, 720, 970, 1220, 1470,
1720, 1970
S4 155, 405, 655, 905, 1155, 1405,
1655, 1905
S5 40, 350, 600, 850, 1100, 1350,
1600, 1850
S6 70, 310, 560, 810, 1060, 1310,
1560, 1810
Amnaiis IHTEepBAIIB MK IIOCJIIIOBHUMHA

NEPCBAHTAKCHHAMMU  IMOKA3zye€ IO micIIst KOPOTKOI'O

MIEPEXiTHOTO TPOIIeCy BCi IHTEpBATU CTAOUTI3yIOThCS Ha
3radeHHi 250 xB. Ile miaTBEepIKY€E iCHYBaHHS yCTaICHOTO
pexuMy 3 MiHiManbHUM Tepiogom Te = 250 xB.

€ounicmo YCMANEH020 — PeAHCUMY. Honst
JIOCHI/PKEHHSI BJIACTUBOCTI €IMHOCTI IIPOBEAEHO CEpilo
eKCTIEPUMEHTIB 3 PI3HUMH [TOYaTKOBHMH MapKHPOBKaMH.
Ims koxmoi 3 2'° = 1024 MOMIMBHX MHOYATKOBHUX
MapKUpOBOK (BCi KOMOIHAIII] HaNpsIMKIB pyXy IMOi3MiB y
MIOYaTKOBUH  MOMEHT) BHKOHaHO CHMYJIINIIO — Ta
Bm3HaueHO T. ycrameHoro pexumy. Y Beix 1024
BUIMAJKaX OTpUMaHO Tc = 250 XB 3 TUM CaMHM BEKTOPOM
¢az 3 TouHICTIO 40 3CyBy. lle ekcrepuMeHTaIBEHO
MATBEPKYE IO YCTAJCHUM PEXUM € €IMHUM Ta He
3aJIeXKHTh BiJ] TIOYaTKOBOTO CTaHy CHCTEMH.

Yemanenuti posxknao. Bekrop ¢a3 ycraneHoro
peXUMy BiHOCHO cTaHIii S| HaBeneHo B Tabm. 3.

Tabmmms 3 — Poskimam  mepeBaHTaXcHb
YCTaJICHOTO PEKUMY
Cranmi | Paza Togarox Binmpaenenn
IepeBaHTAKEHH .
s , XB 4 S IIO1311B
S1 0 0 15
S2 175 175 190
S3 170 170 185
S4 105 105 120
S5 50 50 65
S6 10 10 25

[ToBHMIT po3kiax pyxy IMOi3MiB 3 MOMEHTaMH
BiJIIPaBJICHHS Ta MPUOYTTS HaBEAEHO B TabI. 4.
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Tabmunst 4 — Po3kinag pyxy Ioi3IiB ycTaneHOTro

Tabmunst 5 — Bepudikanis po3xiiamy

pexumy Mapm | A(i Iotpi | A(j Iotpi | Cra
IMoisn | Bignp. | Ipu6. | Bigup. | Ipu6. pyT —j), | 6HO —i), | 6HO TyC
Si, xB S;,xB | Sj, XxB Si, xB XB XB
12 15 70 190 0 12 175 | =70 75 >75 v
1o3 [ 15 65 185 | 230 o3 155 |65 |95 |60 |+
é“’i } SO (5)0 ?go }‘7)2 15 [50 [>50 [200 [>55 |v
<>
24 > 1 >
265 | 190 [ 220 | 65 100 2H E ;7‘5 1;5 ;70 v
206 1190 |10 25 90 5 > |=6 > |20 | v
34 | 185 [240 [ 120 170 206 |8 |28 165 | 280 |v
35 185 225 65 100 34 185 | >70 65 >65 v
45 120 155 65 105 35 145 | >55 105 | =50 v
46 | 120 185 25 95 455 | 195 |>50 |55 [>55 |«
L. . . 46 155 | >80 95 >85 v
Bepughikayis  posxknady.  IlepeBipka  Bcix
IBAANATH PI3HUIICBHX OOMEKEHBb MiATBepAMiIa (i3UIHY Jliazpania  yupkynsyii noisdis. Ha prc. 2

KOPEKTHICTh PO3KJIagy — MOAEH II0i31 He repedyBae
OJTHOYACHO Y JIBOX Micusx (Tabi. 5).

HaBEJCHO JiarpaMy LUPKYJALii HOI3IIB Ul YOTHPHOX
TIOCITIZIOBHUX TEPIOJIiB YCTAICHOTO PEXHUMY.

[iarpama umpkynsauii noisais Tc=250 XB

He i i

H5 l l

I \.\

H

'y
L

H

w

N

A

H1 l

l

| l

\. \.
\ \

nz2
3
ns
nz4
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ns4
n3s
n4s
46

200 300 400 500

Yac, xB

600 700 800 900 1000

Puc. 3. [diarpama nupKyJisimii noi3iiB Ha Mepexi

Korken 1moi3x 300pakeHO OKPEMOIO KOJILOPOBOIO
JIHIEI0 3 NWIKOMOJIOHOIO TPAeKTOpi€l0 MDK JBOMa
KIHIIEeBUMH  CTaHWiSIMH. [ OpHM30OHTaNbHI  CErMEHTH
BIJINIOBIJJAIOTh Yacy OYIKyBaHHSA IIOi3[a HAa CTaHIi IO
MOYaTKy  IepeBaHTakeHHsA. UYOpHI  NPSIMOKYTHHKH
MI03HAYAIOTh MOMEHTH TIEPEBAaHTAKEHHS Ha KOXHIN
crannii. [liarpamMa Hao4YHO WiATBEp/XKYE IO TATTEPH
TOYHO MTOBTOPIOETHCS KOKHI Te = 250 XB.

Peaxyiss cucmemu na 3miny napamempis. Jns
neMoHcTpanii MoxknmmBocted L[] posrisiHyTO CcueHapii
3MIHM MapaMeTpiB Mepexi — 30UIbIIEHHS Yacy pyxy Ha
MapmpyTi Si-S3 3 50 no 350 XB BHACHiIOK TpUBAINX
peMoHTHHX poOiT. [licns OHOBIEHHS mapaMeTpiB Ta
MOBTOPHOI ~CHMYJIsiii OTPUMAHO HOBHMH yCTaJICHHH
pexum 3 Tc = 425 xB. CucremMa aBTOMaTHYHO 3HAWILIA

HOBUH po3kiazn 6e3 OyIbp-SKOro BTpydaHHsI KOPHUCTyBaya.
Ile neMOHCTpY€E KIIIOUOBY BIIACTHBICTH 3aIIPOIIOHOBAHOTO
MiaXoMy sSK oOuucoBanbpHOTO siapa L[/ — 3maTHICTE 1O
aBTOMAaTHYHOTO TNepepaxyHKy pO3KJIaay IpH 3MiHI YMOB
eKCIuTyaTaii.

3acmocysannsa Ak  00YUCTIOBANLHO20 — A0pPA
yughpogozo 06itiHuKa. 3aTPOTIOHOBAHA MOJIENTb TTPUPOITHO
BITUCYETHCS B TPUPIBHEBY apxitekTypy LI/ TpancnoprHOi
cucTeMu po3pobneHy y poboti [9]. Ilepmmii piBeHh —
CTPYKTYpHa MOJIENIb MEpEKi — 3aIMIIAE€ThCS HE3MIHHUM.
Jpyruil piBeHb — omepaliiiHa MOJETb — peallizyeThCs
3alpOIIOHOBAHUM ~ ITOPUTMOM  CHUMYJBLII  4acoBoi
Mepexi Ilerpi skuii 3aMiHIOE iMiTamiiHE MOICITIOBAHHSI
Ha ocHOBI Mepexx [Ilerpi 3 ditkoio (opManbHOIO
CEeMaHTHKOIO0. TpeTii piBeHb — TMiJCHCTEMa NPHUHHATTS
pileHs — oTpuMye Bif apyroro piBHs Tc Ta Bektop (a3 i
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BHUKOPHCTOBYE
pillIeHb.
OOuncimoBanbHa CKJIaJHICTH OJHOTO 3aIlycKy
CUMYJIAIIi € JiHIMHOI BiMHOCHO KITBKOCTI MOMIA IO
poOHUTH METON NpPUAATHUM IJIi pOOOTH B  PEKUMI
peanpHOoro uacy. Ilpm 3miHi Oyab-sikoro mapamerpa
Mepexi HOBHH pO3KIaA 3HAXOAWTHCS 3a Yac IO HE

iX Ui TATPUMKH — JIACHETYCPCHKUX

MEepPEeBUINYE KITBbKOX CEKYHJ HaBITh UL  MEpPEeK
peasicTHYHOTO PO3Mipy.

Bucnoskmn.

B pesynprari IpPOBENCHOTO  JTOCIHiIKEHHS

po3pobieHo0 MeTox NOoOYIOBH PO3KIJIAAY MAaSTHUKOBHX
MOI3AIB y 3aJi3HUYHMX Mepekax 3 KpOC-IOKIHIOM Ha
ocHOBI uacoBux Mepex Ilerpi Ta 0oOrpyHTOBaHO HOTO

3aCTOCyBaHHS  SIK  oOumcmoBanbHOro  simpa LT
TpaHcriopTHOi  cucremu.  OTpumaHi  pe3yJibTaTH
JIO3BOJISIIOTH C(HOPMYJIIIOBATH TaKi BHCHOBKH.

1. 3anporionoBaHo (opmaizamito 3amadi
CHUHXpOHI3allii pO3KIaaiB MAasTHHUKOBUX O3B Yy

Mepexax 3 KpOC-JIOKIHIOM y TepMiHaX YacOBHUX MEpEx
[leTpi. BcTaHOBIEHO BiMMOBIMHICTE MiX €IEMEHTAMH
TPaHCIIOPTHOI Mepexi Ta eneMeHTaMu Mepexi Ilerpi:
BY3JIOBI CTaHIii BifOOpa)karoTbCS Ha TIEpEXoau 3
YaCOBOIO 3aTPUMKOIO tr, MAPIIPYTH — HA TApH HO3UIIH 3
3aTpUMKaMM IO BIJNOBiAlOTH YacaM pyxy. Taka
(dopmamizaris 3a0e3nedye 4iTKy aareOpaidHy CeMaHTHKY
MOJIeJTi Ha BiIMIHY BiJ| IMIiTAI[IITHHUX ITiTXO/IB.

2. Pospobiieno  anroput™M  cuMyJIsmil
noOyzxoBanoi 4vacoBoi Mepexi Ilerpi meromom uepru
MO JUI 3HAXOMKEHHS YCTAJCHOTO PEXUMY poOOTH
CHCTEMH. Anroputm aBTOMAaTHUIHO BH3HAYa€e
MiHIManbHUH Tepiox KypcyBanHs T. Ta Bekrop (a3
NIepeBaHTaKEHb Ha BY3JOBUX CTaHIIAX 0e3 Oyab-sSKuX
anpiOPHUX NPUITYIICHD 00 CTPYKTYPHU PO3KIIALy.

3. ExcrniepuMeHTanbHO TOBEACHO €IMHICTH
Ta CTIMKICTh YCTaJ€HOro pexuMy: Juia Beix 1024
MOXIIUBHX TTOYaTKOBHX MAapKHPOBOK TECTOBOI Mepexi
oTpuMaHo ofgHakoBuil Tc= 250 XB 3 TUM caMHUM BEKTOPOM
¢a3. lle o3Hagae MmO cHUCTEeMa  ABTOMATHYHO
CHUHXPOHI3ZY€ETbCS A0 €IMHOTO ONTHMAJIBHOTO PO3KIaLy
HE3aJIKHO BiJ MMOYATKOBOTO CTaHy — JHCIIETYEp MOXKE
3aIlyCTHTH TOI3[M Y JOBUIBHUX MO3UIISAX 1 CHCTEMa caMa
TIpuiizie 10 YCTaJICHOTO PEXUMY.

4. IIposeneno anpoOariio
3alpOIIOHOBAHOTO METO/Y Ha TECTOBil Mepexi 3 IecTu
BY3JIOBHX CTaHILiH Ta necsatu MapupyTiB. Otpumano Tc =
250 xB Ta MOBHHMH pO3KJIaJA pyXy Hoi3miB. Bepudikamis
miaTBepaAnita  (i3MYHYy KOPEKTHICTh PpO3KJIAaAy — BCi
JIBaAIATh  PI3HUIEBHX  OOMEXEHb  BHKOHYIOTBHCS.
Jiarpama 1UpKysAmii  MOI3AIB  HAOYHO JIEMOHCTpPYE
CTaOUIPHUN NAaTTEPH IO TOYHO ITOBTOPIOETHCS KOXHI 250
XB.

5. IIponemoHcTpOBaHO 3aCTOCYBaHHS
MeTony sIK obuucmroBaigbHOro sapa LIJ] TpancmoprtHOI
cucremu. [Ipn 3MiHI Wacy pyxy Ha OJHOMY MapLIpyTi
CHCTEMa aBTOMAaTHYHO TIIEPEPaxoBy€ HOBHH YyCTalCHHH
pexum 3 Tc = 425 xB 0e3 BTpydaHHsS KOPHCTyBaua.
OOunciroBanbHa  CKIAAHICTH METOAYy €  JIHIHHOIO

BITHOCHO KUTBKOCTI MO mio 3abe3medye poOOTYy B
PEXUMIi peaTbHOTO Jacy.

[NopiBHSHO 3 ICHYIOUNMH MiIX0JaMHU
3alpPOMOHOBAHUN METOJ Ma€ MPHUHITUIIOBY IIEPEBary: BiH
HE JHIIC 3HAXOMUTHh PO3KJIAN ale U TrapaHTye duepes
¢dopmanbHy cemMaHTHKy Mepex Ilerpi mo 3HaiineHui
PSKUM € €IWHUM YCTalleHMM s jgaHoi Mepexi. Lle
SKICHA BIOMIHHICTH Bij IMITAmIMHAX MIAXOMIB  SIK1

BIITBOPIOIOTH ~ IMOBEAIHKY ajle¢ HE JOBOIATH il
BJIACTHBOCTEH.
[lepcnexTuBu HOJAJIBIINX JIOCIIDKEHD

BKJIIOYAIOTh aHANITHYHE OOTPYHTYBaHHS 3ajiekHOCTi T
BiJl TapaMeTpiB MEPEexi, PO3MHUPEHHS MOJIET Ha BUMAIOK
KIJIbKOX ITOi3[iB Ha MapHIpyTi, a TaKOX IHTerpamiio 3
peaJbHUMHM ~ CHCTEMaMH  YNPAaBIiHHSA  IIE€PEBI3HUM
TIPOIIECOM 3aJTi3HUII.
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APPLICATION OF TIMED PETRI NETS AS THE
COMPUTATIONAL CORE OF A DIGITAL TWIN:

A CASE STUDY OF TRAIN SCHEDULE
CONSTRUCTION IN A CROSS-DOCKING
RAILWAY NETWORK

Viktor Prokhorov, Larysa Parkhomenko, Mykhailo
Kravchenko, Tetiana Kalashnikova

Abstract. This paper proposes the use of timed
Petri nets as the computational core of a digital twin for a
railway transport system, illustrated by the problem of
train schedule construction in a cross-docking network.
Unlike simulation-based approaches that reproduce
observed system behavior without rigorous mathematical
foundations, timed Petri nets possess a well-defined
algebraic semantics that enables not only schedule
computation but also analytical investigation of system
properties. A mapping of a pendulum train cross-docking
railway network onto a timed Petri net is proposed, in
which hub stations correspond to transitions and routes
correspond to places with time delays. An event-driven
simulation algorithm is developed that automatically finds
the steady-state operating regime — the minimum
circulation period and the reloading schedule at hub
stations. The key result is the experimentally proven
uniqueness of the steady-state regime: for all possible
initial system states the same schedule is obtained, which
implies the system's capacity for automatic self-
synchronization. Validation on a test network with six hub
stations and ten routes confirmed the correctness of the
method and demonstrated its response to network
parameter changes in real time. The proposed approach
extends the digital twin architecture for transport systems
developed by the authors in a previous work, where the
optimized network topology serves as the structural core
and the timed Petri net provides computation of
operational parameters. The practical value of the results
lies in the possibility of automatic schedule recalculation
when operating conditions change without dispatcher
intervention.

Keywords: timed Petri nets, digital twin of
transport system, cross-docking, pendulum train, train
schedule, synchronization, steady-state regime, railway
network.
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