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Pedepar:

1. lucepraris npucBsYeHa BUPIIIEHHIO aKTyaJbHOI HAYKOBO-TIPUKJIAAHOI 3aa4i OpraHisarii nacakupCbKux
nepeBe3eHb rPOMa/ICbKMM TPAHCIIOPTOM B YMOBAX PO3YMHOTO MiCTa HIJIIXOM PO3POOKM Ta 3aCTOCYBaHHS METOLIB i
3aco06iB Ha OCHOBI CUCTEMHOTO aHaJIi3y, iHTeJIeKTyaJIbHOTO aHaJIi3y JAaHMX Ta MOJeJel IIIMO0KOro HaBuyaHHS. Y
BCTYIIi OGIPYHTOBAHO aKTyaJIbHICTb TEMU, C(POPMYIBOBAHO METY, 3aBAAHHS, 00'€KT, TPEIMET i METOIU
IOCJiIKEeHHs. BU3BHaY€HO HayKOBY HOBM3HY Ta [TPAKTUYHE 3HAYEHHS OTPMMAHUX PE3yJIbTaTiB, HABEJEHO JaHi IIPo
0cobKMCTHI1 BHECOK 31,00yBaya, anpooaliiio pesysabTaTiB gucepralii Ta myoJiikarii. Y nepuomy posiii 3niiCHEHO
KOMILJIEKCHUM CUCTEMAaTUYHUI aHaJli3 Cy4aCHOTO CTaHy, Ipo6JieM Ta NIPAKTUYHUX MigXO4iB N0 OpraHisaii
Iaca’kMpChKUX IIepeBe3eHb B yMOBaX IepPexoAy 10 napaaurmu [I'aToi mpoMucioBoi peBoJIoLii y Meskax KOHL e
PO3yMHOTO MicTa. Po3ryissHyTo TpaHcdopMaliiio nacaxknupChbKrxX E€PEBE3eHb FPOMaICbKUM TPAHCIIOPTOM ITifj
BIIJIMBOM HOBIiTHIX iH(pOpMaLiflHUX TEXHOJIOTil, 30KpEMa CUCTEMHOTO aHali3y, BEJIMKUX JAHWX, IITYyYHOTO
iHTeJIeKTy Ta XMapHUX OOYNCIIEHD, @ TAKOXK BUSIBJIEHO KDUTWUYHI PO3PUBHU MiX 3i6paHMMU JaHMMU Ta iCHYIOUMMU

MeTOJaMu, 3acobaMu Ta iHCTpyMeHTaMu ix onpauoBaHHs. [IpoBeieHO KpUTUYHUY TOPIBHSIIBHUI aHAali3 iCHYIOUNX



METO/IiB iHT€JIEKTYaJIbHOT'O aHAJIi3y JAaHUX. PO3IJISIHYTO KOHLENLil HN(PPOBUX ABIMHUKIB y Pi3HUX NPEIMETHUX
cdepax. Y gpyromy posaisi Habysia NoJajblioro PO3BUTKY METOML0JIOTIS LOCTIIpKEHHS 3aTPUMOK PyXy
IPOMaJCbKOr0 TPAHCIOPTY. PO3BUHYTO MifXif, no ineHTudikanii peskuMiB po60TH TPAaHCIIOPTHOI Mepeski Ta
BUSBJIEHHS [IPUXOBAHUX [IATEPHIB Y 4aCOBUX PAJAX TPUBAJIOCTI BAKOHAHHS [IE€PETrOHIB NIJIAXOM iHTErpauii MeTozis
xopceTkoi (K-cepenHix) Ta m'skoi (HediTkux C-cepeHix) kiactepusaliil. Y po6oTi eTanbHO BUCBITIIEHO [IPOLEAYPY
BU3HAYEHHS ONTMMAaJIbHOI KiJIbKOCTi KJIaCTEPiB HA OCHOBI MTOPiBHAJIBHOTO aHasli3y BHYTPIlIHIX METPUK Baslifallii.
JocmnimkeHo, 10 po36DKHOCTI y pe3yJibTaTaxX LIMX METPUK JO3BOJISIIOTh BUSIBUTH MOSKJIMBI JIaTEHTHI (pakTOopu
BIUIUBY, TaKi SIK IOrOAHI YMOBHU. 1151 MiATBEPAKEHHS iCHyBaHHS TAaKOTO BILJIMBY IIOrOAY HAOyB MOJAJIbIIOTO
PO3BUTKY METO[L aHaJIi3y (PaKTOpiB 3aTPUMOK, SIKWI1 6a3yeThCs HAa 3aCTOCYBaHHI aHCAMOGJIEBOTO METOLY
rpagientHoro 6yctuHry XGBoost. BukopucToByouu MeTo[, iHTeprnpeTauii Mogesei MalInHHOro HaByaHHsl SHAP
0yJI0 BCTQHOBJIEHO, 1[0 J€TEPMiHICTUYHI onepauiiHi (akTOpH, TaKi SIK 4aCOBi Ta MAPUIPYTHI XapaKTEPUCTUKH, €
IOMIHYIOYMMU NIPEAUKTOPAMU 3aTPUMOK, TOJ] SIK METEOPOJIOTiUHI YMOBY BUCTYNAIOTh 3HAYYIIMMU MOJI€PaTOPaMHU.
Y TpeTboMy pO37isi 30iICHEHO CUCTEMHUN aHasli3 Ta MaTeMaTUYHE MOJIEJIIOBAHHS 33/1a4i CEpeHbOCTPOKOBOTO
IIPOTrHO3YBaHHS 1aCAXXUPOIIOTOKIB. 3 MO3ULili CUCTEMHOIO aHaJi3y BUKOHAHO (popMasizallilo TpPaHCIIOPTHOI MEpeXi
K IMHAMIYHOI CUCTEMH 3 TUCKPETHUM 4aCOM, [I€ 11iIb0BOIO (PYHKIIi€I0 € MiHiMi3allisl BifXUI€HHS IPOTrHO3Y
[1aCa’kKUPOIIOTOKIB. YIOCKOHAJIEHO METO/I TPOTHO3YyBAHHS N1aCaXKUPOIIOTOKY Ha OCHOBI ITIMO0KOI peKypeHTHOI
HEPOHHOI MepeXi 3 JBOHAIIPSIMJIEHOIO apXiTeKTypolo Bi-LSTM. KitouoBo0 0CO6/IUBICTIO YOCKOHAJIEHOTO METOLY
€ 3aCTOCYBaHHSI MOJIE€JIi HAaBYaHHSI Ha 3aJIMIIKAX, € HEIPOHHA MepeXka IPOrHO3ye BiIXUJIEHHS Bifi 6a30BOr0O
TKHEBOTI'O NIaTepHy. PeanizoBaHo npouenypy onTumisalii HaByaHHs Ta Bajigalii Mozesli Ha XpPOHOJIOTIYHO
PO3JiseHrX BUOipKax, 10 JO3BOJIMIIO NOCSAITU BUCOKUX II0Ka3HUKIB JeTepMiHallii Ha TECTOBUX JAHUX. Y YETBEPTOMY
PO31isi Briepliie po3po6ieHO KOMILJIEKCHY MOJieJb LIM(PPOBOro ABIIHMKA CUCTEMU IPOMAICBKOTO TPAHCIIOPTY
MiCTa, Ky (OpMasizoBaHy y BUIJISi AMHAMIYHOTO OPi€EHTOBAHOTrO rpada 3 aTpubyTamMu Ha OCHOBI pe6po-
LIEHTPUYHOI MOZeJIi MPOTHO3YBaHHS AJ1s1 OL[iHKY IIOTIUTY 6e3lI0cepeIHbO Ha IIeperoHax Mixk 3ylnHKaMy, a He Ha
By3Jj1ax Mepexi. Po3pobiieHo apXiTeKTypy ribpupiHOi IpocTopoBo-4acoBoi rpadosoi HelipoHHoi Mmepexxi (HST-GNN),
sKa BUCTYyIIa€ 00UKCIIOBAIBHUM SIAPOM LIM(PPOBOro ABiHMKA i MoegHye B cobi MexaHizmu rpagosoi ysaru (GATV2)
171 BUSIBJIEHHS [IPOCTOPOBUX 3aJIEKHOCTEN MIXK 3yNIMHKaMU, peKypeHTHI LSTM-1mapu A5 aHasisy 4yacoBuX
IIaTepHIB Ta MOBHO3B'3Hi 1apy Ha BUXOJ], 1110 arperyoTh pe3ysbTaTh POOOTH IIPOCTOPOBOTO Ta YaCOBOT'O
€HKOJIepiB, 17151 3a0e311e4eHHs perpeciiiHoro NporHo3yBaHHs Ha pebpax rpada. Ha Bxin po3pobieHoi mopeni
HEMPOHHOI MepeXXi 0JaBaBCs AeTali30BaHUI BEKTOP CTATUYHUX O3HAK, C(POPMOBAHUI HA OCHOBI JaHUX
OpenStreetMap, i TONoJIOTiYHOI CTPYKTYpPY MapIIpPyTHOI Mepexi fo0yToi 3 po3mnizHaHux notokoBux GTFS nanux, a
TaKOX JMHaMiyHi 4acoBi psy, 1110 BKIIIOYAOTh IapaMeTpu noroau 3 OpenWeather. SIK 11inb0By 3MiHHY 1715
HaBYaHHS PO3p006JIEHO]I riOpUIHOI IPOCTOPOBO-4acoBOi rpapoBoi MOeJli HEMPOHHOI MepexXi 6yJ10 0OpaHo
CHHTETUYHO reHepOBaHUM IIPOKCi-NIONUT. EKcriepyumeHTasibHa OLiHKA Ha TeCTOBil BUbIpLi, BingaseHid y yaci,
niATBEpANnIia BUCOKY y3arajbHIOUY 34aTHICTh po3pobJieHOi MoJiesli HEMPOHHOI MepeXxi Ta ii CTiMIKiCTb O Ce30HHUX
3MiH. lle niaTBEpAXye NOTEHIia BUKOPUCTaHHS PO3p06JI€HOr0 LM(PPOBOTrO [BiHMKA K iIHCTPYMEHTY [1J1s
CTPATeriyHOro NpOrHO3yBaHHS 3MiHU MIACAXKUPCHKOTO MOMUTY Ha pebpax, TOOTO eperoHax Mixk 3ylMHKamu, a
TaKOX SIK i Y BiilloBigp Ha (isnuHy 3MiHYy IapameTpiB MicbKoi iHdpacTpyKTypH.

2. The dissertation is devoted to solving the current scientific and applied problem of organizing passenger
transportation by public transport in a smart city by developing and applying methods and tools based on system
analysis, data mining, and deep learning models. The introduction substantiates the relevance of the topic,
formulates the goal, objectives, object, subject and methods of the research. The scientific novelty and practical
significance of the results obtained are determined, data on the personal contribution of the applicant, approval of
the results of the dissertation and publication are provided. Chapter 1 provides a comprehensive systematic
analysis of the current state, problems, and practical approaches to organizing passenger transportation in the
context of the transition to the Industry 5.0 paradigm within the framework of the smart city concept. The
transformation of passenger transportation by public transport under the influence of the latest information
technologies, in particular system analysis, big data, artificial intelligence and cloud computing, is considered, and
critical gaps between the collected data and existing methods, means and tools for their processing are identified.



A critical comparative analysis of existing methods of intelligent data analysis is carried out. The concepts of digital
twins in various subject areas are considered. In Chapter 2, the methodology for studying public transport delays
was further developed. An approach to identifying transport network operating modes and detecting hidden
patterns in time series of journey durations was developed by integrating hard (K-means) and soft (fuzzy C-means)
clustering methods. The manuscript details the procedure for determining the optimal number of clusters based
on a comparative analysis of internal validation metrics. It was investigated that discrepancies in the results of
these metrics allow identifying possible latent influencing factors, such as weather conditions. To confirm the
existence of such weather effects, a method for analyzing delay factors was further developed, which is based on
the use of the ensemble gradient boosting method XGBoost. Using the SHAP machine learning model
interpretation method, it was established that deterministic operational factors, such as time and route
characteristics, are the dominant predictors of delays, while meteorological conditions act as significant
moderators. In Chapter 3, a system analysis and mathematical modeling of the problem of medium-term passenger
flow forecasting are carried out. From the standpoint of system analysis, a formalization of the transport network
as a dynamic system with discrete time is performed, where the objective function is to minimize the deviation of
the passenger flow forecast. The passenger flow forecasting method is improved based on a deep recurrent neural
network with a bidirectional Bi-LSTM architecture. The key feature of the improved method is the use of a residual
learning model, where the neural network predicts deviations from the baseline weekly pattern. The procedure for
optimizing training and validating the model on chronologically separated samples was implemented, which
allowed achieving high determination rates on test data. In Chapter 4, a comprehensive model of the digital twin of
the city’s public transport system is developed for the first time, which is formalized as a dynamic directed graph
with attributes based on an edge-centric forecasting model to estimate demand directly on the segments between
stops, rather than on the network nodes. The architecture of a Hybrid Spatio-Temporal Graph Neural Network
(HST-GNN) is developed, which acts as the computational core of the digital twin and combines graph attention
mechanisms (GATv2) to detect spatial dependencies between stops, recurrent LSTM layers for analyzing temporal
patterns, and fully connected output layers that aggregate the results of the spatial and temporal encoders to
provide regression forecasting on the edges of the graph. The input of the developed neural network model was a
detailed vector of static features generated based on OpenStreetMap data, and the topological structure of the
route network mined from recognized GTFS streaming data, as well as dynamic time series, which include weather
parameters from OpenWeather. As a target variable for training the developed hybrid spatio-temporal graph
model of the neural network, a synthetically generated proxy demand was selected. Experimental evaluation on a
test sample, remote in time, confirmed the high generalization ability of the developed neural network model and
its resistance to seasonal changes. This confirms the potential of using the developed digital twin as a tool for
strategically forecasting changes in passenger demand on edges, i.e., between stops, as well as in response to
physical changes in urban infrastructure parameters.
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Biacue IpizBuie Im's I1o-6aThKOBI [aciynuk Bosogumup Bonopgumuposiy
TOJIOBH paju
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