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HaykoBa HoBU3Ha oJepxkaHuxX pe3yabratiB. HaykoBa HOBU3Ha
JUCepTalliiHOl poOOTH MOJIATAE Y TOMY, LIO:

enepuie po3pooieno:

— IHTENIEKTyaJIbHy MOJIEJh KepyBaHHS TPAHCHOPTHUMU NoTokaMu M. Kuena,
[0 BUKOPUCTOBYE PE3yJbTAaTU CUMYJALINHUX EKCHEPUMEHTIB Ha MO
JOPOKHBOI MEpPEXk1 MICTa 32 CLIEHAPIEM PYXY 3 YpaxyBaHHSIM TOUOK IHTEpECY;

YOOCKOHAIEHO:

— apXiTEeKTypy  pPO3MOJAUICHOI  BHUCOKOHABAHTAXXEHOI  1HTEJNEKTYalbHOI
CUCTEMHU KEpYyBaHHs Tpa(ikOM MICTa, SKa Ha BIAMIHY BI1J ICHYIOUHX, HABYAETHCS
ONTUMI3yBaTU Tpadik NUISIXOM BUOOPY KPalIOTO PIIEHHS 3 MHOKUHU TPUHHATHUX
aJbTEPHATUB, BUKOHYIOUH MOJECIIOBAaHHSI TPAHCIOPTHUX MOTOKIB MEPEKEI0 JOPIr
IILOT'O MICTA;

— TEXHOJIOT110 MPOEKTYBAHHS CUCTEM KepyBaHHs TpadikoM BEJIMKOI0 MiCTa B
HaMpsMKYy MiBUILIECHHS HAJIMHOCTI 1 IMIBUIKOCTI HAaBYAHHS MOJENI 3a PaXyHOK
3aKJIaJJaHHS B OCHOBY MOJICJIIOBAHHS pEAIbHUX YMOB PyXY;

HaOyIU NOO0AIbULOZ0 PO3GUMKY:

— MOHATIMHUN amapaT KOHIIENTY OHTONOriM «TpaHCIOPTHUN TMOTIK» 3a
PaxyHOK HaOJIM>KEHHSI MOJEI1 CEepe/IOBUINA IO PeAIbHUX YMOB Ta HAJaHHS areHTam

CEMaHTUYHOT'O PO3YMIHHS MOJIENI CEpEJOBUIIIA;



— MyJIbTHAr€HTHUM MIiAXiJA HABYaHHS 3 MIAKPIIJICHHSIM JJisi KEepyBaHHS
TpadikoM B HAMPSIMKY NPUIIBUIIICHHS HAaBYAHHS MOJENEH MITyYHOTO IHTEIIEKTY
[UISIXOM BUKOPUCTAHHS PE3YJIbTATIB CUMYIISIIMHUX €KCIIEPUMEHTIB, 3aCTOCYBaHHS
OHTOJIOT11 MJi1 TMOBTOPHOTO BUKOPHUCTAHHS 3HAHb 1 3aMyCKy HEYITKUX MPaBUII
KepyBaHHS CBITJIOPOpaMH B peaibHUX YMOBaXx;

OcHOBHHUI1 3MiCT qUcepTALNiHHOL po0OTH

Jucepraniito MOpPHUCBAYEHO BHUPIIMIEHHIO BaXJIUBOiI HAYyKOBO-MPAKTUYHOL
npo0JieMH pO3yMHOTO KepyBaHHS TpadikoM BeIuKoro micra. ['onoBHa ijiest poboTH
MOJISITAa€ B CTBOPEHHI MOJIEJIl CUCTEMH, IKA CKIAJAETHCA 3 MOJYJIB, KOXKEH 3 SKUX
Mae€ JIeKUIbKa aJIbTEpHATUBHUX CIOCO0IB pearizaiii, o Aa€ J0JAaTKOBY THYUKICTb
Ha eTaml BNPOBA/KeHHS. TakuMm 4uHOM 1t poOoTa (HOKYCyeTbCsl HA OTPUMAaHHI
MPAKTUYHOI [IIHHOCTI BiJl 3alIPONOHOBAHUX 1JIeH Ta 3Ba)KAa€ HAa BAPTICTh, IIBUAKICTD
Ta MPOCTOTY BIPOBAKEHHS B PeaJIbHUX YMOBAX, 110 Y BOEHHUM Yac € 0COOIHMBO
aKTyallbHUM JJIs1 OFOJKETIB MICT Ta obOsiacteil YkpaiHu. 3anponoHOBaHi MiIXO0AH
J03BOJISIIOTh  MPUIIBUJIIMATA HABYAHHSA MOJEIl TPUUHATTS PIillleHb, KOO
KEPYIOThCS IHTEJIEKTyalbH1 ar€HTH MPU KEPYBaHHI KOMIUIEKCOM CBITJIO(OPIB.

3a pe3ynbTaTaMu JOCTIIXKEHHS PO3pOOJICHO:

— IHTENIEKTyaJIbHy MOJI€JIb K€PYyBaHHS KOMILIEKCOM CBITJIOPOPIB BEIUKOTO
MiCTa, B OCHOBI SIKO1 JIGKUTh MYJIbTHATC€HTHUHN M1JIX1]] HABUYAHHS 3 MIIKPIIUVICHHSIM;

— MPOTPAMHO-TEXHIYHUM  KOMIUIEKC  JJIsi  aJalTUBHOTO  KEpyBaHHS
ceitiioopamu micta KreBa Ha piBHI BYJHIIb.

Y nepwomy po3zoini chopMoBaHO KOMIUIEKCHE PO3YMIHHA MpoOsiemM
JIOPOKHBOTO PyXY, IO MOB’sI3aH1 3 TPAHCIIOPTHUMHU 3aTOPAMU y BEIMKHUX MICTax;
JTOCTIKEHO MAXO0IU 10 BUPIIISHHS MPOOJIEMH 3aTOPIB Ta METOAM MOJCITIOBAHHS
Tpadiky BEIUKOr0 MICTa; TPOBEACHO BCEOIYHUMN OISl iICHYIOUUX 1H(OpMaIiiTHUX
Ta 1HTENEKTYaJIbHUX CUCTEM KepyBaHHA TpaikoM; MOKa3aHO 3HAYEHHS MOJeneH i

METO/IIB IITYYHOI'O IHTEJIEKTY B MPOIIECI aHATI3y AaHUX, ONTUMI3allli MapIIPYTIB i



KepyBaHHsI CBITIIOQOpaMHU B PEXKUMI pPEATbHOTO Yacy; 3’sICOBAHO, IO TMIpH
MIPOEKTYBAHHI IHTEJEKTyaJbHUX CHUCTEM KEpyBaHHS Tpa(diKoM BEJIMKOrO0 MiCTa
HEOOX1THO BpaxOBYBaTH TaKi PUCH CEPEOBUINA, K CTaH MEPEXl JOpIr, BIUIUB
pO3TalllyBaHHS TOYOK 1HTEpecy Ha (opMyBaHHS MapUIPYTIB KOPUCTYBayiB
TPAHCIIOPTHUMH 3aC00aMU 1 TPAHCTIOPTHHUX MOTOKIB, YACTKOBA CIIOCTEPEKYBAHICTh
1 CTOXAaCTUYHICTb, OKPECICHO OOMEXKEHHS II0JA0 BUKOPUCTAHHS HABYAaHHS 3
MIJKPIIJIEHHSAM B IHTEJIEKTYaJbHUX CUCTEMAaxX KEPYBAaHHs CBITIO(OpaMH; BUKOHAHO
MIOCTaHOBKY 3aJayi.

Y opyzomy po30ini 3anponoHOBaHO KOHIIENTYaJbHY MOJEIb IHTEJIEKTYJIbHO1
CUCTEMH KepyBaHHS TpadikoM BEIHMKOrO MICTa; OKPECICHO HampsiM (GOpMyBaHHS
riopuaHuX Mojieneit kepyBaHHs Tpadikom; GopMaTizoBaHoO 1 CTPYKTYpOBaHO 0a30Bi
MOHATTS JOMEHY «JIOpokHIN pyx»; HJd HaJaHHS areHTaMm KOHTpPOJIEPIB
CBITIIODOPIB  CEMAHTUYHOTO  PO3YMIHHS  MOJIENII  CEPENIOBMINA;  KOHIEMT
«TpancnopTHHI MOTIK» PO3MIUPEHO B HAIPSIMKY HAOJIMKEHHS MOJIEIIl CepeI0OBUIIA
JI0 peaJbHOTO aHajora IUISXOM JOMOBHEHHS Ha0Opy BXIJHUX JaHUX, SKI €
3HAUYIIUMHM ISl 3a0€3MeUeHHST HalTHOTO MOJIeNIIOBaHHs Tpadiky BEIUKOro MicTa
MpU peaii3alii MOXIHUBOCTI PyXy J0 OO’€KTIB IHTEPECY albTepHATUBHUMHU
MapUIpyTaMH; dbopmanizoBaHo yHi1(piKOBaHY MOJIETb CKJIQHOTO
YOTUPUCTOPOHHBOTO TEPEXPECTsI, MPHIETIUX AOPIT 1 MHOXKHHU 3MIHHUX, IO
BUKOPHUCTOBYIOTHCSI IPU MOJIETIOBAaHHI POOOTH KOMILUIEKCY CBITIO(OPIB HA IILOMY
nepexpecTi; OOIPYHTOBAHO 3aCTOCyBaHHS aBToMara Mypa [ KepyBaHHA
KOMIUIEKCOM CBITI0(GOpPIB B YMOBAaX HEBM3HAYEHOCTI, IO MOB'sI3aHa 3 BUOOPOM
KpaIlloro PIillIEeHHS 3 MHOXUHU MPUUHATHUX albT€PHATUB; BUKOHAHO KOIYBaHHS
BHYTPIIIHIX CTaHIB 1 (PYHKI[IH BUXO/IB aBTOMAaTa; CTPYKTYPOBaHO 1 (opMai3oBaHO
OCHOBHI TOHSATTS KOHULENTY «Mojenl pilleHb» OHTOJIOTI CHUCTEMHU 1 HaJaHO
PO3YyMIHHSI MOKJIMBOCTI PI3HUX MOJIEIEH 1 METO/IIB IITYYHOTO 1HTEJIEKTY, 34aTHUX

BUPIIIYBATH Pi3HI 3a7a4l HOKPAIIEHHS JOPOKHBOTO PYXy BEIUKOrO MICTa.



Y mpemvomy po3oini po3risiHyTO apXIiTEKTypy IHTEJIEKTYyaJbHOI CUCTEMHU
KepyBaHHs TpadiKOM BEJIUKOr0 MICTa; HA OCHOBI aHAI3y KJIFOUOBUX KOMIIOHEHTIB 1
(GyHKIIH cucTeMu MiAiOpaHO B3a€MOIOB’SI3aHI OJIMHMUIN, SIKI 37aTHI CIHUIBHO
KepyBaTH TPAHCIOPTHUMU TOTOKAMU MICTa; OOIPYHTOBAHO JOIIBHICTD
3aCTOCYBaHHS B CHCTEeMI HepessiiHoi 0a3um paHux apxitexktypu Kacanmapa;
OMHUCAHO SIPO 1HTEIEKTYaJbHOI CUCTEMU KEPyBaHHS TpadikoM BEIUKOr0 MICTa —
MOJIEIb IPUUHSTTS PIllIEHb; MPOAHAI30BAHO MOTEHIIA) AITOPUTMIB, SIK1 JOLIIBHO
BUKOPUCTOBYBAaTH MpHU BHUPIIMIEHHI 3aJlad  IHTEJIEKTyaJlbHOTO  KEpYyBaHHS
KOMIUIEKCOM CBITJIO(OpIB; OOrpyHTOBAHO BUOIp HABUAHHS 3 MIJKPIIUICHHSM;
HaJJaHO MaTeMaTU4YHy OCHOBY HaBYaHHS 3 MIAKPIIUICHHSAM, 110 HEOOXiaHa IS
PO3YMIHHSI BHYTPIIIHKOI POOOTH CHUCTEMH KepyBaHHS TpadiKoM MiICTa; MOKa3aHO
MOXJIMBICTh CIIUJIKYBaHHS AareHTIB KOHTPOJIEPIB CBITIO(OPIB NUISIXOM OOMIiHY
MPOCTHUX 1 3pO3YMIUINX MTOBIJOMJIEHb HA OCHOBI JJAHUX IIOJI0 CTaHY PyXYy Ha [IEBHOMY
nepexpecTi 1 MPOXIAHOCTI CYCIAHIX TEpPeXpecThb: AETaIbHO OIMKMCAHO IIPOIIEC
(dhopmMyBaHHS OBIIOMJIEHb, CHHXPOHI3al1lil pOOOTH CBITIO(DOPIB 1 37aTHICTh MOJIEII
NPUUHATTS pillleHb JO0 aJanTaiii 3a paxyHOK 3acTOCYBaHHS HaBYaHHS 3
M1JIKPITUICHHSIM.

Y uemeepmomy po30ini po3rigHyTO NPOrpaMHi NAKETH, IO PO3POOIICH] AJIs
MOJICTIOBaHHSI MICBKOTO 1 perioHajgpbHOro Tpadiky; OOIPYHTOBaHO BHOIp
nporpamuoro naketra Simulation of Urban Mobility nist MmonentoBaHHs JOPOKHBOTO
PYyXy; MOKPOKOBO OMKCAHO MPOLIEC CTBOPEHHS MOEINI TOPOXKHBOT MEPEXKI1, 3aIMyCKY
cuMyJsiii 1 popMyBaHHA HAOOpY MaHUX JJIi HABYAHHS 3 MIAKPIIJICHHSIM, SKE
MOKJIaJICHO B OCHOBY KEpYBaHHS KOMILJIEKCOM CBITJIO(OPIB; MPOIEC MOIETIOBAHHS
TPAHCIIOPTHUX IMOTOKIB 3 YpaxyBaHHSIM TOYOK IHTEPECY OMUCAHO Ha MPHUKIIAJL M.
KueBa; Ha OCHOBI eKCEpUMEHTAJIBLHUX JOCHIIKEHb C(HOPMOBAHO HaBUYAJIbHE
cepeloBUIIE Ji1 MOJENI KepyBaHHS cBiTiioopamu 3a anroputmamu Q-learning,

Deep Q-Network, Proximal Policy Optimization 1 True Online Temporal-Difference



Learning; BUKOHAHO TPEHYBaHHsS 1 MOPIBHSUIBHUI aHaJ3 pe3yJibTaTiB HAaBYAHHS;
JUTS TIOJIaIBIIOr0 MPAKTUYHOIO BIPOBAIKEHHS B IPOTrPAMHO-TEXHIYHUI KOMILJIEKC
CIIOCTEPEKEHHSI 3a CTAaHOM PYXy 1 QJanNTUBHOrO KEpyBaHHS CBITIO(POpaMHU Ha
CKJIAIHUX TEpEeXpecTsiX 3a pe3yJbTaTaMH JOCHII)KEHb PEKOMEHIOBAHO
IHTEJIEKTyaJIbHy MOJENIb KEpyBaHHS KOMIUIEKCOM CBITJIO(OpPIB, HABUEHY 3a
anroput™moM True Online Temporal-Difference Learning; Hanano iHCTPYKIIitO HOA0

BIPOBA/IP)KEHHS] CUCTEMH B JOPOXKHIO 1HQPACTPYKTYPY MiCTa.

Kuarouosi caoBa: indopmaliitHa cucrema, MOJENIb IPUHHATTS PillleHb, MAIIUHHE
HaBYaHHS, HEUPOHHA Mepexka, 00'€KT OHTOJIOTIi, PO3yMHE MICTO, CHUMYJISIIIIHHUN
EKCIEPUMEHT, TPAHCHOPTHUM TOTIK, ymOpaBiaiHHA TpadikoMm, (opmanizalis,

IITYYHUH THTEIEKT.



ABSTRACT

Mazurenko R. Intelligent traffic control management system of a big city. —
Qualified scientific work on the rights of the manuscript.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in
specialty 126 "Information systems and technologies". - Kyiv National University

of Construction and Architecture. - Kyiv, 2024.

The scientific novelty of the obtained results. The scientific novelty of the

dissertation is that:

first developed:
— the intelligent model of traffic flow management in Kyiv, which uses the
results of simulation experiments on the model of the city's road network according

to the traffic scenario, taking into account points of interest;

improved:

— the architecture of a distributed highly loaded intelligent traffic management
system of the city, which, unlike the existing ones, learns to optimize traffic by
choosing the best solution from a set of acceptable alternatives, performing
simulation of traffic flows through the road network of this city;

- the technology of designing traffic management systems of a large city in
the direction of increasing the reliability and speed of learning the model due to the

basis of modeling real traffic conditions;

acquired further development:
— the conceptual apparatus of the concept of "Transport flow" ontologies by
bringing the environment model closer to real conditions and providing controller

agents with a semantic understanding of the environment model;



— a multi-agent reinforcement learning approach for traffic management
towards accelerating the learning of artificial intelligence models by using the results
of simulation experiments, applying ontology for knowledge reuse, and running

fuzzy traffic light control rules in real conditions.

The main content of the dissertation

The dissertation is devoted to solving the important scientific and practical
problem of smart traffic management in a big city. The main idea of the work is to
create a model of the system, which consists of modules, each of which has several
alternative ways of implementation, which gives additional flexibility at the
implementation stage. Thus, this work focuses on obtaining practical value from the
proposed ideas and takes into account the cost, speed, and ease of implementation
in real conditions, which in wartime is especially relevant for the budgets of cities
and regions of Ukraine. The proposed approaches make it possible to speed up the
learning of the decision-making model, which is controlled by intelligent agents
when controlling a complex of traffic lights.

Based on the results of the study, the following was developed:

— the intelligent model for managing a complex of traffic lights in a big city,
which is based on a multi-agent approach of reinforcement learning;

— software and technical complex for adaptive control of traffic lights of the

city of Kyiv at the street level.

In the first chapter, a comprehensive understanding of traffic problems
related to traffic jams in large cities is formed; approaches to solving the problem of
traffic jams and methods of modeling the traffic of a big city were investigated; a
comprehensive review of existing information and intelligent traffic management
systems was conducted; the importance of artificial intelligence models and methods

in the process of data analysis, route optimization and traffic light management in



real time is shown; it was found that when designing intelligent traffic management
systems of a large city, it is necessary to take into account such features of the
environment as the state of the road network, the influence of the location of points
of interest on the formation of user routes by vehicles and traffic flows, partial
observability and stochasticity; limitations on the use of reinforcement learning in
intelligent traffic light control systems are outlined; the statement of the problem is

completed.

In the second chapter, the conceptual model of the intelligent traffic
management system of a large city is proposed; the direction of formation of hybrid
models of traffic management is outlined; formalized and structured the basic
concepts of the "Road Traffic" domain; to provide traffic light controller agents with
a semantic understanding of the environment model; the "Transport flow" concept
has been expanded in the direction of bringing the environment model closer to a
real analogue by adding a set of input data that are significant for ensuring reliable
traffic modeling of a large city when realizing the possibility of moving to objects
of interest by alternative routes; formalized a unified model of a complex four-way
intersection, adjacent roads and a set of variables used in modeling the operation of
the traffic light complex at this intersection; the application of Moore's automaton
for controlling a set of traffic lights in conditions of uncertainty related to the choice
of the best solution from a set of acceptable alternatives is substantiated; the coding
of the internal states and functions of the automatic machine outputs was performed;
the basic concepts of the "Solution Models" concept of the system ontology are
structured and formalized, and an understanding of the possibility of various models
and methods of artificial intelligence, capable of solving various problems of

improving traffic in a large city, is provided.



The third chapter examines the architecture of the intelligent traffic
management system of a large city; based on the analysis of the key components and
functions of the system, interconnected units are selected that are able to jointly
manage the city's traffic flows; the expediency of using the non-relational database
of the Cassandra architecture in the system is substantiated; the core of the intelligent
traffic management system of a big city is described - a decision-making model; the
potential of algorithms, which are expedient to use when solving problems of
intelligent control of a set of traffic lights, is analyzed; the choice of training with
reinforcement 1s justified; provided a mathematical basis for reinforcement learning,
which 1s necessary for understanding the inner workings of the city's traffic
management system; the possibility of communication between agents of traffic
light controllers by exchanging simple and understandable messages based on data
about the state of traffic at a certain intersection and the passability of neighbouring
intersections is shown: the process of generating messages, synchronizing the
operation of traffic lights and the ability of the decision-making model to adapt due

to the application of reinforcement learning are described in detail.

The fourth chapter deals with software packages developed for modeling
city and regional traffic; the choice of the Simulation of Urban Mobility software
package for traffic simulation is justified; step-by-step description of the process of
creating a road network model, starting a simulation and forming a data set for
reinforcement learning, which is the basis for controlling a set of traffic lights; the
process of modeling traffic flows taking into account points of interest is described
on the example of the city of Kyiv; on the basis of experimental studies, a training
and test sample was formed for learning the traffic light control model using the Q-
learning, Deep Q-Network, Proximal Policy Optimization and True Online

Temporal-Difference Learning algorithms; training and comparative analysis of



training results were performed; for further practical implementation into the
software and technical complex of traffic monitoring and adaptive control of traffic
lights at complex intersections, based on the results of research, an intelligent model
of control of the complex of traffic lights, trained according to the True Online
Temporal-Difference Learning algorithm, is recommended; instructions were given
on the implementation of the system in the road infrastructure of the city.
Keywords: information system, decision-making model, machine learning,
neural network, ontology object, smart city, simulation experiment, traffic flow,

traffic management, formalization, artificial intelligence.



