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AHOTAILA

Kpasuenxko M.A. Y nockoHaJeHHS MPOIIECY 3aTI3HUYHUX MIEPEBE3CHDb 36PHOBUX
BaHTaXK1B HA OCHOBI NPUHLMIIB paiamepunry. — KpanidikaiiiiHa HaykoBa npatisi Ha
npaBax pyKOIHUCY.

Hucepranisi Ha 3100yTTsI HAyKOBOTO CTYIEHS JIOKTOpa Qiaocodii 3a
cuemianpHicTIO 275 — TpancmopTtHi TexHOJNOTI. — YKpaiHCBKUN ep KaBHUMN
yHIBepCcUTET 3ai3HruuHOr0 Tpancnopty, MOH Ykpainu, Xapkis, 2024.

JlucepTarito MPUCBSIYCHO MHUTAHHIO ITIBUINCHHS €()EKTUBHOCTI 3aTI3HUYHUX
NEPEBE3CHb 3€PHOBHX BAaHTAXKIB HA OCHOBI PAaWJIIEPUHIOBOIO CEPBICY 00’ €HAHHS
BAaHTA)KOBIJIIPABHUKIB JJIsi OpraHizaiii CTYNEHEBUX MAapIIPYyTiB Ha 3al13HUYHIN
Mepexi Ykpainu. Lle 103BONUTH MPUCKOPUTH MPOCYBAaHHS BAarOHHUX BIANPABOK 3
3epHOBUMH BaHTa)KaMU Ta CKOPOTUTH MPOCTiil BAarOHIB Ha TEXHIYHUX CTAHIIISX.

HaykoBa HOBHW3Ha mucepTainiiHol poOOTH MOMsSrae y BUPINIEHHI HAyKOBOTO
3aBJIaHHSA 11[0JI0 TEOPETUYHOTO OOIPYHTYBaHHS €(EKTHBHOCTI 3aCTOCYBAHHSA MOJIEII
NEPEeBE3CHb 3€PHOBUX BAaHTAXIB HAa OCHOBI Pail/IlIEpUHIOBOrO CEPBICY MOTOIKEHOT
oprasizaifii CTyNeHeBHX MapIIPYyTiB IS 3aJI3HUYHUX CHUCTEM 32 JIFOYMMHU YMOBAMH
pyxy — 0€3 JOTpUMaHHS pO3KJaay BIANPABICHHS BAHTAXHUX IMOi3/1B Ta B yMOBax
JIOTPUMaHHS pO3KIIaay pyXy moi3aiB. Brepiie nis ¢opmanizaliii mporecy nepeBe3eHb
36pHOBUX BaHTaX1B HAa OCHOBI IMOTOJKEHOI OpraHi3allili CTyNeHEeBUX MapIIPYTIB 3a
NPUHLKAIIAMU PalIIIEpUHTY B 3ali3HUYHUX CHUCTEMAaX pPO3POOJIEHO METO]| MOIIYKY
IJIaHy TMEpPeBe3eHb Ha OCHOBI MAaTEMAaTUYHOI MOJIEIl Y BUIJISAI KOAMIIINA B irpax 3
NEPEeBAHTAXKEHHSAM 3 (YHKI[IEI0 BapTOCTI Ta PO3MOJLIY TOTOKIB Ha MEpPEexi.
[TocTaHOBKY I'pH MEPETBOPEHO HA 3a/1a4y HENIHINHOI onTHMI3allli, SIKy PO3B’S3aHO 3a
JIOTIOMOT'O¥0 TEHETUYHOTO aJITOPUTMY, B Mexkax (PiTHEC PYHKIIT SKOTO BUKOPHCTAHO
MITY4YHY HEHUPOHHY Mepexky SIK MaTeMaTU4HYy MOJeldb HEeJIHIMHOI perpecii, 110
IPYHTY€TbCS Ha MaKpoaHalll3l MEpEeKeBOro eQeKTy Ta [03BOJISIE 3MOJEIIOBATU
B32€EMO3AJICKHICTh PyXy MOi3J0MOTOKIB HA MAPUIPYyTaxX MMEPEBAHTAKEHOTO MOJIITOHY.

[le no3Bonmio BIEpIIe 3 JOCTATHBOK TOYHICTIO Ta IMIBUIKICTIO PO3B’SI3KY
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3MOJIEIIOBATH MTOBEJIHKOBI MEXaHI3MH, 110 BIJOYBAIOTHCS B 3aJ13HUYHIN CHCTEMI B
YMOBaX peajizalii paiillepruHroBOro CEPBiCy MepPeBE3eHb 36PHOBUX BaHTAXIB.

Jlng 1oCHiPKeHHs BIUIMBY YJOCKOHAJIEHHS MPOLECY 3aI3HUYHUX IepEeBE3€CHb
3¢pHa Ha POOOTY 3aII3HUYHOI CHUCTEMH PO3POOJICHO METOJ OI[IHKH BIiJICYTHOCTI
KOOPJMHAIIIT B 3aJI13HUYHIN CHCTEMI Ha OCHOBI MMPOBEACHHS PO3PAaXyHKIB LIIHU aHAPXil
(anrn., The price of anarchy, PoA) 3a pi3HUMH MNOpPIBHAJBHUMH CLEHAPIAMU
NIepeBE3CHb 3€PHOBUX BaHTaXiB. LliHa aHapxii [y1s 3ami3HMYHOT CUCTEMHU YKpaiHH y
BUMAAKY POOOTH 3a J1H0YO0I0 MOJICIUTIO MEPEBE3€Hb 3€PHOBUX Y “BUCOKHUN CE30H”
ckianae 1,0605. Lle noBoauTh, 1m0 €PEeKTUBHICTH POOOTH 3aTI3HUYHOI CUCTEMHU MPH
YAOCKOHAJIEHHI NIEPEBE3€Hb 3€PHOBUX BAHTAXKIB HA OCHOBI NMPUHLHUIIIB PalLIEPUHTY
BiJI CIICHAPiIO TOBEJIIHKY 3a JIIF0Y0K0 MOJCIUIIO MepeBe3eHb MoKpamuThes Ha 6,05%.
3a OTpUMaHUMU pe3yIbTaTaMU TEOPETUYHO OOIPYHTOBAHO BaXKJIUBICTh KOOPAMHAIIIT B
3aII3HUYHIA CUCTEeMI YKpaiHW il TPUCKOPEHHS TIEPEBE3CHb Ta ITiIBUIIICHHS
MPOITYCKHOI CTPOMOXKHOCTI. BHUsIBJICHUMIT TOBEIIHKOBUI MEXaHI3M JIJIs1 CTUMYJTFOBAHHS
BAaHTAXKOBIJIMPABHUKIB JI0 YTBOPEHHS CTYNEHEBHX MAapIIPyTiB, 10 0a3yeTbcs Ha
KOOpAUHAIIIT B ME€XaX €IMHOTO 1HPOPMAIIHHOTO cepe0BUIIA Ta 3a0e3NeYeHHs Mo /1aul
ITi]] MapIIPyTHI TPYIIX MOi3HOTO JOKOMOTHBA BIJIMTOBITHO 70 3a3/1aJIET1/Ih Y3TOJ[KEHOTO
rpadiky pyxy.

VY aockoHaneHo koMiuieke ¢yHkiioHanpHuX 3agau cuctemu ACK BII V3-€ nHa
OCHOBI (hopMyBaHHSI BUMOT 10 LU(POBOI MIarGopMu arperaropa Jjisi KOOpAUHAILII1
BAaHTQXOBIJMPABHUKIB Ta TIEPEBI3HUKA 3a TMPUHIUIAMH pPaNAINIEPUHTY, IO
3a0e3MeUnTh MOEMHAHHS BarOHHUX BIJNPABOK y CTYMEHEBHH MapIIpyT 32 paxyHOK
YKPYIHEHHS] HABAHTAKEHHSI TAPTiil 3epHa PI3HUX BaHTAXKOBIANPABHUKIB, 110 0aXKaI0Th
BIINPABUTH Y CIIBHaAa0ul KaJeHAapH1 NEPIOAU 111 MOXKIMBOCTI OPOHIOBAHHS MICIIs
B CTYIIEHEBOMY MapiipyTi. Lle 103BOIUTH MPUCKOPUTH PYX BIAMPABOK 13 36PHOBUMHU
BaHT@KaMU Ta MiJBUIIUTA €(EKTUBHICTh BUKOPUCTAHHA OOMEKEHOI MPOIYCKHOT
CIIPOMO>KHOCTI 3aJII3HUYHOT MEPEXKI.

[IpakTuuni pe3yabTaTH PoOOTH MOJATAIOTh Y TOMY, IO BUPIIICHO MPUKIAIHE
3aBJIaHHA aBTOMATH3alll{ MOLIYKY IUIaHY 3aJ113HUYHUX [1€PEBE3€Hb 3¢PHOBUX BAHTAXKIB

HAa OCHOBI TMOTO/PKEHOI Oprasizaiii CTYMEHEBUX MapIIpyTiB 3a NpUHIMIAMU
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paiinmepunry. 3aBIsSKA 3aCTOCYBAaHHIO METOAY MNOOYAOBH IITYYHOI HEHPOHHOI
MEpEeXl SK MareMaTU4HOI MOJE]1 HEJIHIMHOI perpecii Braajgocs (Gopmaii3yBaTu
B3a€MO3AJIEKHOCTI PYXy MOI370MOTOKIB Ha MEPEBAHTAKEHOMY TMOIITOHI Mepexi. Lle
JI03BOJIMJIO YHCEJIbHO OI[IHUTH B3a€MO3B 30K I1HTEHCHUBHOCTI pPyXy IIOi3/iB Ha
OKpPEeMHX [JUIBHMLSAX Ha TPHUBAIICTh CIHIAyBaHHS TOi3[iB Ha MapuipyTrax
MEPEBAHTAXKEHOTO MOJIroHy. OTpUMaHU HAYKOBUM pe3yJibTaT y BUTJISI PO3POOKHU
MaTEMaTUYHOT MOJIEJ1 PalIIIEpPUHTOBOTO CEPBICY 3aI3HUYHUX NIEPEBE3CHB 3€PHOBHUX
BAaHTAQXIB € LIKaBUM 3 TEOPETUYHOI Ta NpPaKTUYHOI TOYKU 30py. IIpoBeneHi
MOJIEJIOBAHHS Ta 3HANIEH] 3aJIEKHOCTI IOBEIM aJEKBAaTHICTh MOJEI Ta BIUIMB
3aMpoBa/KEHHST PAIIIEPUHTOBOTO CEpPBICY MEPEeBE3€Hb 3€PHOBUX 3 ypaxXyBaHHSIM
PYXy 3a pO3KJIaJIoM Ha €(PEeKTUBHICTH POOOTH 3aTI3HUYHOI CHUCTEMHU. 3 MPAKTUYHOI
TOYKU 30pY BUSBJICHUN TMOBEJAIHKOBUM MEXaHI3M B 3ali3HUYHIA CHUCTEMI Ta
BaXJIMBICTh BPaXyBaHHs y HOBUX CEPBICHUX MPOYKTaX paliAIIEpUHTOBUX IIEPEBE3ECHb
3epHOBUX Ha 3aI3HMII CTHUMYTIB JJii BAHTAKOBIANPAaBHUKIB. OJHMM 13 Takux
CTUMYJIIB MO€ OyTH HaJlaHHs BHJIIJIEHOTO BUILHOTO YaCOBOTO CIOTY JJISl PyXY, IO
Oylle MPUCKOPIOBATHU IEPEBE3EHHS y MOPIBHSAHHI 13 3BUYAHMUMHU. TakuM YuHOM,
NPUKJIAJHUM aCMEKTOM BHUKOPUCTaHHS OTPUMAHOIO HAYKOBOTO pE3yNbTaTy €
MOJKJIMBICTh YJIOCKOHAJICHHS 3€PHOBOI JIOTICTUKM Ha 3ajli3HUINl 32 pPaxyHOK
BUKOPHMCTAHHS PallIIEpUHIOBOIO CEPBICY.

VY Bcryni oOrpyHTOBAHO aKTYyaldbHICTh T€MHU, C(HOPMYIHOBAHO METY Ta 3ajayl
JOCTIPKEHHS, BIJOOPa)KEHO HAYKOBY HOBHM3HY Ta NPAKTHUYHY I[IHHICTb, IO/JAaHO
3arajabHy XapaKTePUCTUKY POOOTH.

[lepmnii po3aiT HPUCBSIYEHO aHai3y MEPeAyMOB YJIOCKOHAJIEHHS MpPOLECY
NepPEeBE3EHb 3€PHOBUX BAHTAXIB HA 3aTI3HUYHOMY TpaHcnopTi Ykpainu. I[IposeneHo
aHaI3 PUHKY TIEPEBE3CHb 3€PHOBUX BAHTAXKIB Ha 3QJII3HUYHOMY TPAHCTIOPTI Y KpaiHu
B yMoBax Jaito4oi omepariiinoi mogeni AT “Ykpzamizaunsa”. BusBieHo 3araibHUMA
TPEHJI 3POCTaHHs OOCATIB 300py 3€pHOBUX HABITh B YMOBAaX 3MEHIIEHHS O0OCATIB B
OCTaHHI pPOKM 3 TPHYMH BIUIMBY pPOCIHCHKOI BiiiHM mipoth Ykpaiam. OnpHa 3
HaNOUIBIINX YaCTOK y BAJIFOTHUX HAIXO/KCHHSIX MPUIIAA€E HAa 3€PHOBI BAaHTaXI, 5K €

BUCOKOMAPKUHAJIBHUMU BaHTAKaMU  ITJIA  TICPCBC3CHHA. OI[HB,K, y CEerMeHTI
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NEepPEeBE3eHb BArOHHHWX BIANPABOK CIIOCTEPITa€TbCs 3HAYHA KOHKYPEHIs 3 OOKYy
aBTOMOOUIBHOIO TpaHCHOPTy. Ha pUHKY NpUCYTHS BEJIMKA KUIBKICTh IPaBLIB - YaCTKa
OJIHI€1 3 HAWOITBIINX KOMIAHIN eKCopTepiB He mepeBulnye 8%. AHami3 BIAMPABOK 3
kogamu BaHTaxy 01 Ta 02 — knac “cuibChKOrocrnojapchbka MpoAyKIis” 3a KOBTEHb
2019 poky BHUSIBUB, 1110 HA 3aJII3HUYHIN Mepexi maibke 94% Bix 3araabHOT KITBKOCTI
HABaHTAKCHUX BAaroHIB CJIiAyBaJId MPU3HAYCHHSIM J0 MPUTIOPTOBUX CTaHIIA Bemmkoi
Opnecu Ta Mukonaesa. [lapanensHuii aHami3 poO3BUTKY 3a13HUYHO1 1HOPACTPYKTYPH
CTaHLM BianpapieHHs BusiBuB, 1o 70,2% Bia BCIX CTaHIIA, BIAKPUTUX JIs
BAaHTAKHHUX OMEpalii 13 3CpPHOBUMH BaHTAKaMH, € HE MapHUIPYTHUMH, IO
BI/IMPABIISIOTh JIMINIE BAaroHHI BiANpaBKu. B Takmx yMoOBax BaXJIMBUM € HaIpsM
yJIOCKOHAJIEHHS MEepPeBe3€Hb 3€PHOBUX, 110 JO3BOJIUTH 3/1HCHIOBATH BiJIMIPABIEHHS 31
CTaHII{, 1110 HE MOXKYTh BaHTa)KUTU MapIIPyTHI COCTaBU MOi3/iB.

AHanmiz mpobnem omepamiiitHoi  momeni AT “Ykp3amizHunis® — BUSBUB
HEJIOCKOHATICTh JIiF090i XaboBOi MOJIeTli IepeBe3eHb BaHTAXIB, KA HAJa€ TepeBary
BaroHHUM 1 TPyMOBUM BianpaBkaMm. [IpakTrka miKOBUX CE€30HIB MEPEBE3E€Hb 36PHOBUX
JIOBOJAUTH, 10 JIOCUTh 4YacTO KJIIOUOBI COPTyBalbHI cTaHlii B Mepexi AT
“Yip3amizHull” 3YMUHSIOTHECS 3 TPUYUH TMEPEeBAHTAKEHHS Ta Ne(IIUTy MOiZHUX
JOKOMOTHUBIB. Jlitoua cucTeMa BIJMPaBICHHS BAaHTAXHUX TOI3JIB ‘32 TOTOBHICTIO”
NPUHOCUTHh 3HAYHY HEBU3HAYCHICTh. JIOBEIEHO BaXXJIMBICTh TNPUCKOPEHHS
MOT3/IOTMIOTOKIB 32 paXyHOK HaJlaHHS 3allJTAHOBAHWX HHUTOK rpadiky. Cruparouucs Ha
aHai3 TMPaKTUK B I1HIIMX TPAHCIOPTHUX Tally3sdX, 3aMpPONOHOBAHO TMEPETTITHYTH
omepaliiny MOJENIb MapIIpyTU3allli MepeBe3eHHs] 3€pHOBUX BaHTaXIB B YKpaiHi,
IPYHTYIOUMCh HE TUIBKM Ha BIANPABHUIBKUX MaplIpyTax, a 1 3a MNPUHIUIIOM
paiamepuHry B Mexkax I1udpoBoi mmaTdopMmm-arperatopa MOEIHATA BaroHHI
BIJIIPaBKHU y CTYNMEHEBUN MapIIPYT 32 paxXyHOK YKPYIMHEHHS HaBaHTaKEHHS MapTii
3epHa 0 15-25 BaroHiB pi3HUX BIANPABHHUKIB, M0 Oa)XalTh BIANPABUTH Y
CIIBIAJAIOYUl KaJeHJapHI TMepiogd [JIs1 MOXJIHUBOCTI OpOHIOBaHHS MiCls B
CTYTICHEBOMY MapIIPYTI.

[IpoBeaeHo aHami3 mepeayMOB peaiizallii MepeBe3eHb 3EPHOBUX BaHTAXKIB

CTYIICHCBUMU MapHIpyTaM# 34 IPUHIIUIIOM CITIJIBHOTO BHUKOPUCTAHH. Bi)]HOBi,Z[HO 0
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MIPOBEJICHOTO aHaJli3y PeajbHUX JaHUX MO0 OOCSTIB HAaBAaHTAXKEHHSI Y YEPBHI Ta
#0BTHI 2019 poky BHUSBIEHO, L0 MOTEHIIHHO B YacoBOMy niepional A0 3 i BiA
MOMEHTY TEPIIOr0 HaBaHTAXKEHHA MOXJIWBO o0’emnatu g0 20,6% ta 20,7%
BIAMOBIAHO. Y uepBHI Oym3bko 70 4800 BaroHiB, a y koBTHI 10 6000 BaroHiB 3
arponpoaykiiero mornii O OyTH BIAOpaBlieHI y CTyNeHeBHX Mapuipytax. Jlaxi
pe3yNbTaTd 3 MPAKTUYHOTO MOy OOIPYHTOBYIOTH BKIMBICTH JOCHIIKCHb B
HanpsMi YJOCKOHAJICHHS IEPEBE3E€Hb 36PHOBUX BAHTAXIB 3 YPaxXyBaHHSIM YTBOPEHHS
CTYIIEHEBUX MapIIPYTIB HA OCHOBI IPUHUUIIB PaNIICPUHTY.

Buxonanuii aHami3 TEOPETHMYHUX 1 MPAKTUYHUX JIOCHIHKEHb MO0
YJOCKOHAJICHHSI TEPEBE3€Hb 3€PHOBUX BAHTAXIB B 3aI3HUYHHUX CHUCTEMaxX JOBIB
BaXJIMBICTh 3aCTOCYBaHHsS MaplIpyTH3allli IepeBe3eHb, 30KpeMa 3a paxXyHOK
CTyneHeBuX MapuipyTiB. OJHaK, BIJCYTHIMH € JOCHII)KEHHs, CIPSIMOBaHI Ha
BUBUYEHHS BIUIMBY CTYMEHEBOI MapUIpyTH3allli Ha 3aJi3HUYHY CUCTeMy YKpaiHU B
yMOBax CaMOOpTraHi3allii BaHTAXOBIAMPABHUKIB B Mekax MU(PoBoi miaThopmMu Ha
OCHOB1 TPUHIMIIB palaIIepuHry. AHami3 pi3HUX HAYKOBUX Tpaib MI0J0
MOJICJIIOBaHHSl palIIIEpPUHIOBUX CEPBICIB JI03BOJISIE 3pOOMTH BHCHOBOK, IO
MaTeMaTH4IHI MOJIeNl, SIKi JO3BOJISIOTH 3MOJCTIOBATH PalIIIEPUHIOBUNM CEPBIC
NEePEBE3CHHsI 36PHOBUX BaHTAXIB B 3aJI3HUYHINA cUCTeMi, BIICYTHI. OJiHAK, BUSBIIEHI
nepeBaru Ta pe3yJIbTaTH JOCHIDKEHb B IHIIMX Tally3sX J03BOJSIOTH 3pOOUTH
BUCHOBOK, M0 TOEJHAHHS TEOPETUKO-ITPOBOTO MIAXOAY 3  KIACHYHUMH
ONTHUMI3AIIMHIMHU TPAHCIIOPTHUMH 33Ja4aMH HA/IACTh MOXJIMBICTH CTBOPUTH HOBY
MaTeMaTUYHy MOJIeNlb, 10 Bpaxy€ CKJAJHY B3a€EMOJII0 BaHTAXOBIJIMPABHUKIB B
3QNII3HUYHIN CHCTeMI 3 ypaxyBaHHSM iX TMOBEIIHKM Ta IHTEPECiB, IO YacTO HE
CHIBMAAAIOTh 3 iHTepecaMu €(EeKTUBHOTO (PYHKIIIOHYBAaHHS 3aJIi3HUYHOI CHCTEMU B
yMOBaxX MEpeBaHTAXEHHS. 3amporoHOBAaHO (OpMai3yBaTH TEXHOJIOTIIO0 MEPEBE3CHb
3€pHOBUX BaHTaXIB HAa OCHOBI YTBOPEHHS CTYIEHEBUX MAPUIPYTIB 3 ypaxyBaHHIM
IPUHIUINB PAAIMICpUHTY Ha 3aJi3HUYHIA Mepeki YKpaiHM B MIKOBUH mepion
HABAHTAKECHHS.

Jpyruii po3aiia NpUCBAYEHO PO3poOLl METONy MOOYAOBH HITYYHOI HEHpPOHHOI

Mepexi JUIsl MOACIIOBaHHS B3aEMO3AJICKHOCTI pyXy MOi30MOTOKIB HA Mepexki. MeTos
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I'PYHTYETBCS HAa MaKpOAaHAIII31 MEPEKEBOro €(eKTy 3 BHKOPHUCTAHHSIM MOOYIOBU
KJIacTeporpam B3a€MO3B’ 13Ky IHTEHCUBHOCT1 PyXY I1013/11B HA OKPEMHX JUIBHULSX HA
TPUBATICTh CIIAyBaHHS TMOI3JIB Ha MapIIpyTax MepeBaHTaXXEHOro momiroHy. Ha
OCHOBI MaKpOaHaJjizy MepeKeBOro €heKTy 3 BUKOPUCTAHHSIM MOOYA0BH KIacTeporpam
YHCEJIbHO OLIIHEHO B3a€MO3B 30K IHTEHCHBHOCTI PyXY I0i3/11B HA OKPEMHUX AUTBHULISX
Ha TPUBAJIICThH CJIIyBaHHS IOi3[1B Ha MaplipyTax NepeBaHTaXKeHOoro noiirony. Ha
OCHOBI 3HaWJIEHUX B3a€MO3AJIEKHOCTEN 3alpONOHOBAHO MOOYAyBaTH MaTeMaTUYHY
MOJIeJIb HEJIHINAHOI perpecii Ha OCHOBI BUKOPUCTAHHS IITYYHOI HEHPOHHOI MEpexi
npsimoro nomupenHs (anri., feedforward neural network, FNN). B mexax merony
nobynoBu FNN po3po0iieHO mpoueaypy, Ska Ha KOXHOMY KpoIll mepeadoadae
cTBopeHHs1 Mepexxi FNN 3 BiIOBIAHOO 10 KPOKY IUKITY KIJIbKICTIO HEHPOHIB, MICHs
4Oro Mepeka MPOXOJIUTh HAaBUYAHHS Ta MEPEBIPSETHCS HA TOYHICTh Ta aJ€KBATHICT.
[IpoBeneno mepeBipky mnmoOyaoBaHOi MTY4HOI HeHpoHHOi Mepexi FNN mosa
aJITOPUTMOM HaBUaHHS Ha OCHOBI He3anekHOro TectyBaHHs. [loxnbka MAPE ckiana
0,03 — 3%. TounicTs MOJIEIII HENMHINHHOI perpecii ckiana 97%.

Tpetiit po3ain mpuUCBSIYEHO (opmaiizailii TEXHOJIOTIT MepeBe3eHb 3E€PHOBUX
BaHTa)KIB Ha OCHOBI IMOT'OJPKEHOT OpraHi3allii CTyNeHEeBUX MapIIPYTiB 32 PUHITUTIAMHA
palIepUHry B 3aJI3HUYHUX CUCTEMAaxX Ta JOCIHIJKEHHIO BIUIMBY YJIOCKOHAJIEHHS
MOJIeNIl 3aJI3HUYHUX TIEPEeBE3€Hb 3€pHa Ha POOOTY 3ali3HUYHOI CHUCTEMHU.
dopmatizoBaHO MPOIIEC TMEPEBE3CHb 3€PHOBUX BaHTAXIB HA OCHOBI NPUHIIUIIIB
padIIepUHry B 3ali3HUYHUX CHCTeMax O3 JOTpMMaHHsS pO3KIALy pyxXy s
BaHTA)XHUX MOi3/iB 32 JOIOMOT0OI0 METO/IIB Teopii irop Ta ontumizaiiii. [{e qo3Bomaumno
3 JIOCTaTHHOK TOYHICTIO Ta IIBUAKICTIO PO3B’SI3KY 3MOJIEIIOBATH TOBEIIHKOBI
MEXaHI3MH, IO BiAOYBaIOThCA B 3al3HUYHIM CHCTEMiI B yMOBax peaizartii
paliIlepUHIroBOro CEpBICY NEPEeBE3e€Hb 3€pPHOBUX BaHTaxiB. [locTaHoBKYy Tpu
3aMpONOHOBAHO PO3IIISAAATH K YTBOPEHHS KOAMIIIN B irpax 3 MEpeBaHTAXKECHHSAM Y
dbopMi PyHKIIIT BApTOCTI Ta PO3IMOALIY MOTOKIB Ha Mepexki. JlaHy rpy 3arpornoHOBaHO
MEPETBOPUTH HA 3a7ady HENIHIMHOI onTumizalii. i1 3HaX0MKEeHH ONTUMAIBHOTO
pIIICHHS 32 MaTEMaTUYHOK MOJIEIUII0 BUKOPUCTAHO T€HETUYHUM alIfrOPUTM, B Mexax

¢biTHeC QYHKINT SKOrO 3apONOHOBAHO BUKOPUCTATH IITYYHY HEHPOHHY MEPEXY SIK
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MaTeMaTU4YHy MOJIeJIb HENIHIAHOI  perpecii, M0 JO03BOJISIE 3MOJCIIOBATH
B3a€MO3AJICIKHICTh PyXY I0i3/I0II0TOKIB Ha Mepexl. OTpuMaH1 pe3ysibTaTH PIlLICHHS
OyJv MOPIBHSHI 3 peaIbHUMHU JIAaHUMHU J1I0UHX ITEPEeBE3CHb Ta JOBEH ii aJIeKBaTHICTh
nporecy, 1o JOCTDKyBaBcs. 3a pe3ysibTaTaMH MOJICIIOBAaHHS B yMOBaX pyXy 3a
PO3KIIAJIOM 3 YpaxXyBaHHSIM KOOPAHMHAIlI BaHTAXXOBIAIPABHUKIB Ta IMEPEBI3HUKA B
€AMHOMY 1H(MOPMALIIITHOMY CEPEAOBUII CEPEHS TPUBAIICTH IEPEBE3CHHS BIJIIPABKU
€ MeHIIo Ha 14,9 % BiJ MOKa3HUKA 3a CIEHAPIEM JIIFOYO0i MOJIENI MepeBe3eHb — 0e3
JTOTpUMaHHS po3kiaay. JloBeaeHa BaXXJIMBICTh CTUMYJIFOBAaHHS! BAHTAKOB1IITPABHUKIB
710 YTBOPCHHS CTYIICHEBUX MapIIPYTIB.

Jns pochimKeHHs BIUIMBY YJOCKOHAJIGHHS MOJIENl 3aJI3HUYHUX TEPEBE3EHb
3epHa Ha POOOTY 3aTI3HUYHOT CHCTEMH PO3pPOOJEHO METOJ OIlIHKH BiJCYTHOCTI
KOOpJIMHAIIT B 3aJII3HUYHIN CUCTEMI Ha OCHOBI MPOBEJIEHHS PO3PaXyHKIB LIHU aHApXii
(aarm., The price of anarchy, PoA) 3a pi3HUMH TOPIBHAJIBHUMH CIICHAPIIMH
nepeBe3eHb 3epHOBHUX BaHTaxiB. LliHa anapxii ayig 3ami3HMYHOI cucTeMu YKpaiHu y
BUIAJIKy pOOOTH 32 JIIFOUOI0 MOJIEJUTIO MEePEBE3€Hb 3€PHOBUX Yy “BUCOKUN CE30H”
ckianae 1,0605. Ile noBoauth, 1m0 €HEKTUBHICTh POOOTH 3aTI3HUYHOI CUCTEMU MPHU
yIOCKOHAJIEHHI TEePEeBE3eHb 3E€PHOBUX HA OCHOBI MPUHIIMINB PaNAINIEPUHTY BiJl
CIICHAPIIO MOBEJIHKU 3a JIIFOYOK MOJICIUTIO MEepeBe3eHb MOKpamuThes Ha 6,05%. 3a
OTPUMAaHUMH Pe3ybTaTaMU TEOPETUYHO OOTPYHTOBAHO BAKIUBICTh KOOPAMHAIlT B
3QII3HUYHIN cucTeMl YKpaiHM JUisi TPUCKOPEHHS TMepeBEe3€Hb Ta IIJBUILIEHHS
MIPOITYCKHOI CIIPOMOKHOCTI. BUSIBICHHIT TOBEIIHKOBHUI MEXaH13M sl CTUMYJTFOBaHHSI
BAaHTAXKOBIJIMPABHUKIB /10 YTBOPEHHS CTYNEHEBUX MAapUIPyTiB, 10 Oa3yeThcs Ha
KOOp/IMHAIlIT B MEKax €IMHOTO0 iH(QOopMaIiHHOTO cepeoBUIIA Ta 3a0€3MeUeHHs o1aql
1] MApIIPYTHI TPYMH MOi3HOTO JIOKOMOTHURBA BIJMOBITHO JI0 3a3/1aJIE€T1/b Y3TOJIKEHOTO
rpadiky pyxy.

UeTBepTuil po3aul NPUCBIUECHO (HOPMYBAHHIO BUMOT 0 HUPPOBOI MmiaaThopmu
arperaTtopa JJisi KOOpJAUHAIll1 BAHTAXKOBIIPABHUKIB Ta MEPEBI3HUKA TIPU MePEBE3CHH1
3epHOBUX BaHTaXIB 3a MPHHIMIAMU paiamepunry. [IpoBemeHo oOTpyHTyBaHHS
CTpaterii eKcIUIyaTailii 3ali3HMYHOI CHCTeMH Ha OCHOBI KOOpJMHAII B MexKax

eAUHOTO 1H(OpMaIIHHOTO cepeaoBuia. s BUSABICHHS HaWOUIBII NPUHUHATHUX
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CTpaTerii  ekclulyaTamii  3alli3HUYHOI  CUCTEMH  CHOPMYJIBOBAHO TPy
“BaHTa)KOBIAIIPaBHUKA 1 “‘CCTEMU’ SIK OIMATPUYHY TPy 3 IUIATIXKHUMU MaTPULISIMU.
[Tix “cucremoro” posymietbes oneparop iHpacTpykrypu (AT “Ykp3anizauis’), mo
MOXX€ 3MIHUTH CTpaTerii IUIaHyBaHHA TEPEBE3CHh — KOOPAWHYBATH IUIaHU
HABAaHTA)XCHHSI 3 CHHXPOHI3ALIE€I0 PyXy Ha IEPEBAHTAXEHOMY IIOJITOHI YH HE
KOOPAMHYBATHU (€roiCTUYHA MOBE/IIHKA [IPY IIJIAHYBaHH1).

BusiBnieHo mnepeBarm Ta HEJOJIKM TEXHOJOII] IEpEeBE3€Hb CTYIEHEBUMHU
MapuIipyTamMu Ha 3ali3HUYHIA Mepexki YKpaiHu. 3alpoONOHOBAHO YIOCKOHAJIUTH
KoMIuiekc pyHkuioHanbHuX 3a1a4 cuctemMu ACK BII Y3-€ Ha ocHOBI yB’s13k1 po6oTH
AC MECIUIAH Tta uudpoBoi mnmarpopmu arperatopa sl KOOpIWHAIT
BAaHTAXXOBIJMPABHUKIB Ta TMEpEBI3HMKA 3a TMpUHIUIAMH paiamepunry. Lle
3a0e3MeYnTh MOETHAHHS BarOHHUX BIJMPABOK y CTYMEHEBUH MapHIpyT 3a PaxyHOK
YKPYIHEHHS HABaHTXKEHHSI TAPTiil 3epHa PI3HUX BAHTAKOBIATPABHUKIB, 1110 0aXKat0Th
BIJITPABUTH Y CIIBIAAal04i KaJleHAapH1 TEPIOAH ISl MOXKIIMBOCTI OpPOHIOBAHHS MICIIS
B CTyNEHEBOMY MapuipyTi. Po3po0ieHo cxemy mpoleaypu y3ro/UKeHHs MpOMO3UIIii
o0 (QOpMyBaHHS CTYIIEHEBOIO MapuIpyTy B Mexax IHTerpaumii nudponoi
miatgopmu arperatopa 3 ACK BII V3-€. 3anpononoBani iHTepdeiicu kopuctyBada
Ta CXeMa B3aEMOJii 3 JOJAaTKOM [IJIsi aBTOMAaTH3allii TUIAaHYBaHHS YTBOPEHHS
CTYNIEHEBOTO MapIIpyTy B MEpPEXi Ha OCHOBI po3poOJeHOT Yy AOCHIHKEHH]
mMaTemMaTnuHoi Mopeni. Lle 103BONUTh MPUCKOPUTH PYX BIAMPABOK i3 3€pHOBUMHU
BaHT@XaMU Ta TMiJBUIMATA €(EKTUBHICTh BUKOPUCTAHHA OOMEXKEHOI MPOIMyCKHOT
CIIPOMOYHOCTI 3a113HUYHOT MEPEXKI.

3 METOI0 EKOHOMIYHOT'O0 OOTPYHTYBAHHS JIOIIJILHOCTI yI0CKOHAJIEHHS TEXHOJIOT 11
MIepEBE3€Hb 3€PHOBMX BAaHTaXIB Ha OCHOBI MOTOPKEHOI OpraHizaiii CTyNeHEBHX
MapHIpyTiB 3a MPUHIIUIIOM PaNIIIEpUHTY TPOBEACHI PO3PAXYHKU €KOHOMIi BUTpAT,
OI[IHEHUX 3a BaroHO-TOJUMHAMHU. 32 YMOBH MOTEHIIIHHO MOXJIUBOTO 00’ €IHaHHS
npotarom Micans 10 20% BaroHiB HaBaHTaXEHUX 3€PHOBUMH BaHTaKaMHU B MeEXax
TPhOX Mi0 TUTAHYBaHHS €KOHOMIUYHHK €(EeKT 3 HApPOCTAIOYHMM ITiICYMKOM 3a TIEPioj
I’ SITH POKIB MOKE CTAHOBUTHU 0J1M3bKO 730 MIIH. TpH.

KrouoBi cioBa: BaJ'IiSHI/IIISI, J'IOFiCTI/IKa, NMCPCBC3CHHA 3CPHA, MCPCIKA, IIPOITYCKHA
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CIPOMOXHICTb, BaroHHa BIJIIpaBKa, CTYNEHEBUM MapHIpyT, paNILIEpUHT,
MO/ICJIFOBaHHS, TPAHCIIOPTHA MOBEAIHKA, KOATILINHI ITPH, ITPU 3 MEPEBAHTAKECHHSIM,

udpoBa TpaHchopMmalris.

ABSTRACT

Kravchenko M.A. Improving the process of railway transportation of grain
cargoes based on the principles of ridesharing. — Qualifying scientific work in
manuscript rights.

Thesis for the degree of Doctor of Philosophy in the specialty 275 — Transport
Technologies. - Ukrainian State University of Railway Transport, Ministry of
Education and Science of Ukraine, Kharkiv, 2024.

The dissertation is dedicated to the issue of improving the efficiency of railway
transportation of grain cargo based on the ridesharing service that consolidates freight
shippers for the organisation of Stagedroute trains on the railway network of Ukraine.
This will accelerate the movement of wagon shipments with grain cargo and reduce
the downtime of wagons at technical stations.

The scientific novelty of the dissertation work lies in solving the scientific task
related to the theoretical substantiation of the effectiveness of applying the model of
grain cargo transportation based on the ridesharing service for the coordinated
organization of Stagedroute trains for railway systems under current traffic conditions
without adhering to the freight train departure schedule and under conditions of
adhering to the train schedule. For the first time to formalize the process of transporting
grain cargoes with an emphasis on the coordinated organization of Stagedroute trains
in accordance with the principles of ridesharing within railway systems, a method for
searching a transportation plan has been devised. This plan is founded on a
mathematical model resembling coalitions in congestion games with a cost function
and the distribution of flows across the network. The game's formulation was converted
into a nonlinear optimization problem, which was solved through a genetic algorithm.

Within the fitness function of this algorithm, an artificial neural network has been
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utilized as a mathematical model for nonlinear regression, based on the macro-
analysis of network effects. This approach allows modeling the interdependence of
train traffic movements on routes within an overloaded polygon. For the first time, this
approach has allowed the modeling of the railway system's behavioral mechanisms
under the implementation of a ridesharing service for grain cargo transportation with
sufficient accuracy and solution speed.

To examine the effect of refining the model of railway grain transportation on
the railway system's functionality, a method for assessing the absence of coordination
within the railway system was established. This assessment is based on the calculation
of the price of anarchy (PoA) across various comparative scenarios of grain cargo
transportation. For the Ukrainian railway system operating under the current model of
grain transportation during the “high season” the price of anarchy is calculated at
1.0605. This indicates that the efficiency of the railway system, when improved grain
transportation is based on ridesharing principles compared to the scenario following
the current transportation model, will be enhanced by 6.05%. The findings theoretically
affirm the significance of coordination in the Ukrainian railway system for expediting
transportation and increasing its throughput capacity. A behavioral mechanism to
encourage freight shippers to form Stagedroute trains has been identified, relying on
coordination within a unified information environment and ensuring the allocation of
a route locomotive according to a pre-agreed movement schedule.

Enhanced the set of functional tasks for the ASK VP UZ-E system based on the
development of requirements for the digital platform aggregator to coordinate freight
shippers and the carrier according to ridesharing principles. This will enable the
consolidation of Single Wagonload shipments into a Stagedroute train by aggregating
loads of grain from different shippers wishing to send during overlapping calendar
periods for the possibility of reserving a spot in a Stagedroute train. This will speed up
the movement of shipments with grain cargoes and improve the efficiency of using the
limited capacity of the railway network.

The practical outcomes of the work include solving the applied task of

automating the search for a railway transportation plan for grain cargoes based on the
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coordinated organization of Stagedroute trains following ridesharing principles.
Through the application of a method for constructing an artificial neural network as a
mathematical model of nonlinear regression, it was possible to formalize the
interdependencies of train flow movements on the overloaded network polygon. This
enabled a numerical assessment of the relationship between the intensity of train
movements on individual sections and the duration of train journeys on routes of the
overloaded polygon. The scientific result obtained in the form of developing a
mathematical model of the ridesharing service for railway transportation of grain
cargoes is of interest from both theoretical and practical viewpoints. The conducted
simulations and found dependencies proved the model's adequacy and the impact of
implementing a ridesharing service for grain transportation, considering scheduled
movement on the efficiency of the railway system's operation. From a practical
standpoint, a behavioral mechanism in the railway system was identified, highlighting
the importance of incorporating incentives for freight shippers in new ridesharing
service products for grain transportation on the railway. One such incentive could be
providing a dedicated free time slot for movement, which would expedite
transportation compared to conventional methods. Thus, the applied aspect of using
the obtained scientific result lies in the potential for improving grain logistics on the
railway through the utilization of a ridesharing service.

The introduction substantiates the relevance of the topic, formulates the goal
and tasks of the study, reflects the scientific novelty and practical value, and provides
an overall characterization of the work.

The first chapter is dedicated to analyzing the prerequisites for improving the
transportation of grain cargoes by railway in Ukraine. An analysis of the grain cargo
transportation market on the Ukrainian railways under the current operational model
of JSC “Ukrzaliznytsia” was conducted. A general trend of increasing grain collection
volumes was identified, even in the context of decreased volumes in recent years due
to the impact of the Russian war against Ukraine. Grain cargoes, which are highly
profitable for transportation, account for one of the largest shares of foreign currency

earnings. However, significant competition from road transport is observed in the
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segment of Single Wagonload shipments. The market features a large number of
players - the share of one of the largest exporting companies does not exceed 8%. An
analysis of shipments with cargo codes 01 and 02 — class “agricultural products” for
October 2019 revealed that almost 94% of the total number of loaded wagons on the
railway network were destined for the port stations of Greater Odesa and Mykolaiiv.
A parallel analysis of the development of the railway infrastructure at departure stations
showed that 70.2% of all stations open for freight operations with grain cargoes are not
route stations, sending only Single Wagonload shipments. Under such conditions, it is
important to focus on improving grain transportation, which will allow for shipments
from stations that cannot load routed train compositions.

The analysis of the operational model issues at JSC “Ukrzaliznytsia” revealed
imperfections in the current hub transportation model, which favors Single Wagonload
and grouped shipments. The practice of peak grain transportation seasons demonstrates
that key sorting stations in the “Ukrzaliznytsia” network often come to a halt due to
overload and a shortage of train locomotives. The existing system of dispatching
freight trains “as ready” introduces significant uncertainty. It has been proven that
accelerating train flows by providing planned threads of the schedule is crucial. Based
on an analysis of practices in other transport sectors, it is proposed to reconsider the
operational model for routing grain cargo transportation in Ukraine. This approach
suggests not only relying on shipping routes but also using a digital platform-
aggregator principle of ridesharing to combine Single Wagonload shipments into a
Stagedroute train by aggregating grain loads into 15-25 wagons from different shippers
wishing to send during overlapping calendar periods for the possibility of reserving a
spot in a Stagedroute train.

An analysis of the prerequisites for implementing grain cargo transportation by
Stagedroute trains based on the principle of shared use was conducted. According to
the analysis of real data on loading volumes in June and October 2019, it was found
that potentially, within a time frame of up to 3 days from the moment of the first
loading, up to 20.6% and 20.7% of wagons could be combined, respectively. In June,

about 4800 wagons, and in October, up to 6000 wagons with agro-products could have
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been sent on Stagedroute trains. These practical findings justify the importance of
research aimed at improving grain cargo transportation, considering the formation of
Stagedroute trains based on ridesharing principles.

The analysis of theoretical and practical research on improving grain cargo
transportation in railway systems has proven the importance of employing routing
strategies, particularly through Stagedroute trains. However, there is a lack of research
focused on studying the impact of Stagedroute routing on the Ukrainian railway system
under conditions of self-organization of freight shippers within a digital platform based
on ridesharing principles. The analysis of various scientific works on modeling
ridesharing services concludes that mathematical models capable of simulating a
ridesharing service for grain cargo transportation in the railway system are absent.
Nonetheless, identified advantages and research results in other sectors suggest that
combining the game-theoretical approach with classic optimization transport problems
could create a new mathematical model. This model would account for the complex
interaction of freight shippers in the railway system, considering their behavior and
interests, which often do not align with the interests of the railway system's efficient
functioning under overload conditions. It is proposed to formalize the grain cargo
transportation technology based on forming Stagedroute trains, considering ridesharing
principles on the Ukrainian railway network during peak loading periods.

The second chapter is devoted to the development of a method for constructing
an artificial neural network to model the interdependence of train flow movements
across the network. This method is based on a macro-analysis of the network effect
using the construction of cluster diagrams to evaluate the relationship between the
intensity of train movements on individual sections and the duration of trains' journeys
on the routes of an overloaded polygon. By employing a macro-analysis of the network
effect and the construction of cluster diagrams, the interconnection between the
intensity of train movements on individual sections and the duration of trains' journeys
on the routes of an overloaded polygon was numerically assessed. Based on the
identified interdependencies, a mathematical model of nonlinear regression was

proposed using a feedforward neural network (FNN). Within the method for
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constructing the FNN, a procedure was developed that involves creating an FNN
network with a corresponding number of neurons for each cycle step, after which the
network undergoes training and is tested for accuracy and adequacy. An independent
testing outside the training algorithm verified the constructed artificial neural network
FNN. The MAPE (Mean Absolute Percentage Error) was found to be between 0.03
and 3%. The accuracy of the nonlinear regression model reached 97%.

The third chapter is dedicated to formalizing the technology of transporting grain
cargoes based on the coordinated organization of Stagedroute trains according to
ridesharing principles in railway systems and examining the impact of improving the
grain transportation model on the operation of the railway system. The process of
transporting grain cargoes based on ridesharing principles in railway systems without
adhering to a freight trains' schedule was formalized using game theory and
optimization methods. This allowed for accurately and swiftly modeling the behavioral
mechanisms occurring in the railway system under the implementation of a ridesharing
service for grain cargo transportation. The game's setup is proposed to be considered
as the formation of coalitions in congestion games in the form of a cost function and
distribution of flows on the network. This game is suggested to be transformed into a
nonlinear optimization problem. To find the optimal solution according to the
mathematical model, a genetic algorithm was used, within the fitness function of which
an artificial neural network was proposed as a mathematical model of nonlinear
regression, allowing for modeling the interdependence of train flow movements across
the network. The obtained solution results were compared with real data from current
transportations and proved its adequacy to the process being studied. According to the
simulation results under conditions adhering to a schedule considering the coordination
of freight shippers and the carrier in a unified information environment, the average
duration of transporting a shipment is 14.9% less than the indicator under the scenario
of the current transportation model — without adhering to a schedule. The importance
of encouraging freight shippers to form Stagedroute trains has been proven.

To study the impact of improving the grain transportation model on the operation

of the railway system, a method for assessing the lack of coordination in the railway
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system was developed, based on the calculation of the price of anarchy (PoA) for
various comparative scenarios of grain cargo transportation. The price of anarchy for
the Ukrainian railway system, when operating under the current model of grain
transportation during the "high season," is 1.0605. This indicates that the efficiency of
the railway system's operation will improve by 6.05% with the refinement of grain
transportation based on ridesharing principles compared to the behavior scenario under
the current transportation model. The obtained results theoretically substantiate the
importance of coordination in the Ukrainian railway system to speed up transportations
and increase throughput capacity. A behavioral mechanism has been identified to
encourage freight shippers to form Stagedroute trains, based on coordination within a
unified information environment and ensuring the supply of a route group locomotive
according to a previously agreed schedule of movement.

The fourth chapter is dedicated to developing requirements for a digital
aggregator platform to coordinate freight shippers and carriers in the transportation of
grain cargoes according to ridesharing principles. A rationale for the operational
strategy of the railway system based on coordination within a unified information
environment is provided. To identify the most acceptable operational strategies for the
railway system, a "freight shipper" and "system" game is formulated as a bimatrix
game with payoff matrices. "System" refers to the infrastructure operator (JSC
"Ukrzaliznytsia"), which can change transportation planning strategies—either to
coordinate loading plans with movement synchronization on an overloaded polygon or
not to coordinate (selfish behavior in planning).

Advantages and disadvantages of transporting grain cargoes through
Stagedroute trains on the Ukrainian railway network have been identified. It is
proposed to improve the complex of functional tasks of the ASC VP UZ-E system
based on integrating the operation of the AS MESPLAN and the digital aggregator
platform for coordinating freight shippers and carriers according to ridesharing
principles. This integration will ensure the combination of Single Wagonload
shipments into a Stagedroute train through the aggregation of grain loads from different

shippers wishing to send during overlapping calendar periods for the possibility of
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reserving a spot in a Stagedroute train. A scheme for the procedure of coordinating
proposals for the formation of a Stagedroute train within the integration of the digital
aggregator platform with the the ASC VP UZ-E freight car accounting system has been
developed. Proposed user interfaces and the interaction scheme with the application
for automating the planning of a Stagedroute train formation in the network based on
the developed mathematical model in the research. This will accelerate the movement
of grain shipments and increase the efficiency of using the limited capacity of the
railway network.

For the purpose of economically justifying the improvement of grain
transportation technology based on a coordinated organization of Stagedroute trains
following the principle of ridesharing, calculations of cost savings estimated in wagon-
hours have been conducted. Assuming a potential consolidation of up to 20% of
wagons loaded with grain within three days during a month, the economic effect with
cumulative results over a five-year period could amount to approximately 730 million
UAH.

Keywords: railway, logistics, grain transportation, network, capacity, Single
Wagonload, Stagedroute train, ridesharing, modeling, transport behaviour, coalition

games, congestion games, digital transformation.
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