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1. JIsmenko A.B. Mozesi Ta METOIM afalTUBHOI MapuipyTu3alii B TpancnopTHUx loT mepexxax. — Keanigikaniina
HayKOBa ITpallsl Ha IIpaBax pyKonucy. Jlucepraris Ha 3M00yTTsI HAYKOBOTO CTYIEHs AOKTopa dinocodii 3a
crienianpHicTIo 172 — TenekomyHikallii Ta pagioTexHika. — HaB4aibHO-HayKOBUI iHCTUTYT TEJIEKOMYHIKALIITHUAX
cucreMm KIII im. Irops Cikopcekoro, Kuis, 2026. Y nucepralii BUpilieHO HAyKOBO-TIPUKJIALHY 3a7a4y YIIPaBJIiHHS
iH(popMaLiTHUMU IOTOKAaMH aBTOHOMHUX TPAHCIIOPTHUX 3aC00iB B IoV-Mepesxi po3yMHOr0 MiCTa, 10 06'eIHy€
Mo06inbHi [oT-By3nu, punoposkHi Momyi, 6a30Bi cTaHLii Ta XMapHi cepBicH; TPaHCIIOPTHUIA 3aCi6 € mkepesiom
MOTOKIB V2X-TIOBiOMJIEHD, TE€JIEMETPIil Ta CEHCOPHUX JaHuX, A akux ETSI ITS i 3GPP C-V2X 3a1aioTh XOPCTKI
BMMOTHU [0 3aTPUMKU. [IpobieMa — y IpOCTOPOBO-4aCOBiil HEPiBHOMIPHOCTI HABAHTAKEHHSI: Y TOAVHMU TIiK Ha
OKPEMUX CETMEHTaX Pi3KO 3pOCTae iHTEHCUBHICTb MOTOKIB, HA iHINMX 36€piraeTbCst IOMIPHUIA PEXUM;

HaBaHTaXE€HHSI HECTAl[ilOHapHe, 3alllyMJIeHe i IOMNPIOETHCS MK CyMDKHUMU pebpamu rpada. Kiacuuni metonu



3IJ1aJKyBaHHsI (IaKeTHa 06po0Ka, KOB3HE BikHO, EMA) He 3a6e31e4yloTh 6aaHCy IYMOCTIMKOCTI i IBUAKOCTI
peaxtii; cTaTUyHi aJIrOpUTMU MOIIYKY LIJIIXY iCHOPYIOTh MAalOyTHIM CTaH MepeXXi, a IPOrHO3Hi Mojieli 6€3 TomoJorii
He BiATBOPIOIOTH NIOLIMPEHHS HaBaHTaXKeHHS. 3anaya GopMasizoBaHa sIK yacosasexHa 3BaxkeHa loV-mepexxa Go = (V,
E, W(t), T), ne BepmnHu — By3nu iHdppacTpykrypu (RSU, gNB, xmapHi arperatopm), a Bara pebpa — uac
06CJIyrOBYBaHHS [IOTOKY Ha CETMEHTI, 00YMCII0BaHM 32 QOS-iHAMKaTOpaMu: MPOITyCKHOI 3IaTHICTIO O,
3aBaHTaXeHHsM L i Temriom #ioro 3minu o. Po3pobiieHo TesekoMmyHikaliiiny mozesb loV-mepexi Ta Ba
B3a€MOIIOB'S13aHi MeTOgM. MeTo, alaliTUBHOI OLiIHKY CTaHy BU3Havae KoeQillieHT 3IJ1aJ)KyBaHHS 0 aBTOMATUYHO 32
pesysbTaTamu Kiactepusatii QoS-crany (o, L, 0) i3 3acTocyBaHHSIM MeTpuKU MaxanaHob6ica, koedilieHTa bxaTrayap'i
Ta HEYiTKoro BUCHOBKY Takari—CyreHo, 1110 3a6e3e4yye peaklilo Ha CIJIECKA HaBaHTaKeHHSI 6e3 eKCIIEPTHOTO
HaJIalITyBaHHs. MeTo/ IPOTHO3yBaHHS Ta MOIIYKY ONTHMaJbHOTO MapIIPyTy BUKOPUCTOBYE IrpadoBy HEMPOHHY
Mepexy 3 nudysaiitHolo sropTkoto (DiffusionConv) i GRU-6s10kaMu SIK 4ac03ajIeXXHy €BPUCTUKY aITOPUTMY A*, 1110
OLIiHIOE OYiKyBaHMI QOS-CTaH CErMEHTIB i CKOPOYy€ MPOCTip MOIYKY IPU 30€PE>KEeHHI ONITUMAIbHOCTI MAPIIPYTY.
Merta pobotu — ninBulieHHs eeKTUBHOCTI yIipaBiiHHA iHQOopMaLiHUMU IOTOKaMU aBTOHOMHUX TPaHCIIOPTHUX
3aco6iB B loV-Mepexi 3a paxyHOK po3po06s1eHOi MOJieJli Ta METOiB aJalITUBHOI OLiHKY, IIPOTHO3YBAHHS i
MappyTu3atlii Ha ocCHOBi MoaudikoBaHOro A*. BupiieHo cim 3apay: aHasi3 apxiTeKTypu loV-mepex, TocaigkeHHs
0OMe>KeHb iCHYIOUMX METOZiB, pOo3p0o0Ka Mojieli, METOly afallTUBHOI OL[iHKH, METOJly IIPOTHO3yBaHHS,
YAOCKOHAJIEHHS METOAY IOIIYKY MapLIpyTy, CTBOPEHHS IIPOrPAMHOI0 KOMIIJIEKCY Ta €KCIIEPMMEHTHU HA CTEHi M.
Ipnine i Ha6opi METR-LA. O6'exT mociikeHHsl — npouecu (opMyBaHHs, IEPEIaBaHHs Ta YIIPaBJIiHHS
iHpopmanitHMMU IOTOKaMK aBTOHOMHUX TPaHCIIOPTHUX 3ac06iB B IoV-Mepexi. [IpenmeT nociinkeHHs — MeTonu
aJlallTUBHOI OLiHKY CTaHy, IPOTHO3YBaHHS Ta PEAKTMBHO-TIPOAKTUBHOI MaplIpyTU3allii TOTOKiB. BUKopucrano
MeToau Teopii rpadis, MAaIMIMHHOTO HaBYaHHS, HEUITKUX MHOXUH, iMiTalliliHOrO MofienioBaHHs Ta iHxkeHepii [13.
Peasizanito BUKOHaHO sIK Mikpocepsicu Ha Apache Kafka 3 CSR-rpadom y nam'ssti, cepBicamu TGNN-
[IPOTHO3YBAaHHS Ta MapUIpyTU3allil peajlbHOro yacy. EKcriepruMeHTH HinTBepanan eeKTUBHICTb METOiB: TOMUJIKA
OLiHKM 3pOocCTae juule y 1,2 pa3u [pu CIlecKax HaBaHTaXEHHS IIPOTU 2,7 pa3u [j1d KOB3HOro BikHa; HA METR-LA 4ac
peakuii — 6;m3bKo 9 ¢ mpotu 171 ¢, mymocrtiiikicTs +10% npu o = 3 mph. TGNN mictuts 205 TrC. napameTpis (Ha 32%
meHme DCRNN) i nae Burpam 24% 3a MAE (2,10 npotu 2,77 mph). ITomyk MmapmpyTy CKOpodye npocTip Ha 56-68%
IIpu BTparti ontumasbHOCTi He 6inbuie 0,00-0,08%. 3a HaBaHTaxkeHHS 583 noBif,. /¢ (363 000 noBimoMeHb)
KOMILJIEKC 00po0iisie 96,6% MOTOKY i3 3aTpuMKoIo 1,19 Mmc npotu 27,2% 17151 oBHOTO nepepaxyHKy 3 bJl. Haykosa
HOBU3Ha: 1) ynepiie po3po6seHo TeJleKOMYyHiKaliliHy Mozesb loV-Mepeski y BUTTIAL1 4ac0o3a1eKHOro 3BaKEHOT0
opientoBaHoro rpada, B sKiil Bara pebpa — yac 06CIyroByBaHHS IIOTOKY Ha CerMeHTi Ha OCHOBI QOS-iHauKaTopiB;
2) OTprMaB NOJAJbIINI PO3BUTOK METO/ aJAIITUBHOI OL[iHKY CTaHy IIOTOKIB 3 aBTOMAaTUYHUM (GOPMYBaHHIM 6a3u
HEeYiTKUX IPaBuUJI 3a pe3yJibTaTaMu KjacTepusauii (MaxanaHobic, bxarrauap's, Takari—CyreHo) 6e3 y4acTi
€KCIEPTA; 3) yIOCKOHAJIEHO METOZ, [OIIYKY ONTMMAaJIBHOTO MapIIPYTy Ha OCHOBI A* 32 paxyHOK 4aCO3aJIE>KHOI
IIPOTHO3HOI €BPUCTHUKY, 1110 CKOPOUYE IIPOCTIp MOIIYKY [IpY 36€pekeHHi ONITUMAaIbHOCTI Ta JOTPUMaHHI 0OMeXXeHb
ETSIITS. IIpakT4He 3Ha4EHHS — CTBOPEHO [IPOrPaMHUI KOMILJIEKC YIIPaBJIiHHS [IOTOKaMU B [oV-Mepexi Ha
ocHosi Apache Kafka, In-Memory CSR-rpada, cepsici agantubHoi oiHk, TGNN-IIpOrHO3yBaHHSI Ta IIOUIYKY
MapupyTy, IPUAATHUH 1715 06POOKY BUCOKOYACTOTHOI TesieMeTpii Ta migTpUMKH pillieHb Y peasbHOMY 4aci.
Knrowosi ciiosa: IHTEPHET PEYEN (IOT), INTERNET OF VEHICLES (I0V), AIATITUBHA MAPIIPYTU3ALIIA,
HEMPOHHI MEPEJXI, HEUITKA JIOTIKA, TEJEKOMYHIKALIMHI MEPEXI, YITPABJTHHS IHOOPMALIIMHUMU
[TOTOKAMY, IMITALIVIHE MOJIEJIFOBAHHS, [TPOCTOPOBO-YACOBE IMTPOTHO3YBAHHS, PO3YMHE MICTO.

2. AV. Liashenko. Models and Methods of Adaptive Routing in Transport IoT Networks. — Qualifying scientific
work on manuscript rights. Thesis for the degree of Doctor of Philosophy in specialty 172 — Telecommunications
and Radio Engineering. — Educational and Scientific Institute of Telecommunication Systems of Igor Sikorsky KPI,
Kyiv, 2026. The dissertation addresses managing information flows of autonomous vehicles in a smart-city Internet
of Vehicles (IoV) network, which unites mobile IoT nodes, roadside units, base stations and cloud services; a
vehicle is a source of intense V2X messages, telemetry and sensor data, for which ETSI ITS and 3GPP C-V2X
standards impose strict latency requirements. The problem stems from spatio-temporal unevenness of load:
during peak hours certain segments see a sharp rise in flow intensity while others stay moderately loaded; the load



is non-stationary, noisy, and propagates across adjacent graph edges. Batch processing, sliding-window methods
and EMA with fixed smoothing do not balance noise suppression and reaction speed; static path-search algorithms
ignore the future network state, and topology-agnostic forecasting models fail to capture load propagation. The
problem is formalized as a time-dependent weighted IoV network Go = (V, E, W(t), T), where vertices are
infrastructure nodes (RSU, gNB, cloud aggregators) and the edge weight is the service time of the information flow
on the segment, computed from measurable QoS indicators: the channel capacity coefficient o, the load coefficient
L, and the load-change coefficient o. A telecommunication model of the IoV network and two interconnected
methods were developed. The adaptive state-estimation method determines the smoothing coefficient o
automatically from clustering of the QoS state (o, L, o) using Mahalanobis distance, the Bhattacharyya coefficient and
Takagi-Sugeno fuzzy inference, enabling reaction to load bursts without expert tuning. The forecasting and route-
search method uses a graph neural network with Diffusion Convolution and GRU blocks as a time-dependent
heuristic for A*, evaluating the expected QoS state of segments and reducing the search space while preserving
route optimality. The aim is to improve information-flow management efficiency for autonomous vehicles in an
IoV network via the developed model and methods of adaptive estimation, forecasting and routing based on a
modified A*. Seven tasks were solved: analysis of oV architecture, study of limitations of existing methods,
development of the model, adaptive-estimation method and forecasting method, improvement of route search,
creation of a software complex, and experiments on the Irpin testbed and METR-LA. The object of research is
forming, transmitting and managing information flows of autonomous vehicles in an IoV network. The subject is
methods of adaptive state estimation, forecasting and reactive-proactive routing of information flows. The work
applies graph theory, machine learning and neural networks, fuzzy set theory, simulation modelling, and software
engineering. The implementation is a microservice system on Apache Kafka, an in-memory CSR graph, a TGNN
forecasting service, and a real-time routing service. Experiments confirmed the methods' effectiveness: the state-
estimation error grows only 1.2 times under load bursts versus 2.7 times for the sliding window; on METR-LA
reaction time is about 9 s versus 171 s, with +10% noise robustness at o = 3 mph. The TGNN model has 205K
parameters (32% fewer than DCRNN) with a 24% MAE gain (2.10 vs 2.77 mph). Route search cuts the search space
by 56-68% with optimality loss under 0.00-0.08%. Under 583 msg/s (363,000 messages), the complex processes
96.6% of the flow at 1.19 ms latency versus 27.2% for full DB recalculation. Scientific novelty: 1) for the first time, a
telecommunication model of the IoV network as a time-dependent weighted directed graph was developed, with
edge weight defined as the segment's flow service time based on measurable QoS indicators; 2) the adaptive state-
estimation method was further developed, with automatic fuzzy rule-base generation from QoS clustering
(Mahalanobis, Bhattacharyya, Takagi-Sugeno) without expert involvement; 3) the A*-based route-search method
was improved using a time-dependent predictive heuristic, reducing the search space while preserving optimality
and meeting ETSI ITS time constraints. Practical significance: a software complex for IoV information-flow
management was created, based on Apache Kafka, an in-memory CSR graph, adaptive-estimation services, TGNN
forecasting and route search, suitable for high-frequency telemetry processing and real-time decision support.
Keywords: INTERNET OF THINGS (I0T), INTERNET OF VEHICLES (I0V), ADAPTIVE ROUTING, NEURAL
NETWORKS, FUZZY LOGIC, TELECOMMUNICATION NETWORKS, INFORMATION FLOW MANAGEMENT,
SIMULATION, SPATIO-TEMPORAL FORECASTING, SMART CITY.
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InenTudikarop ROR:

PeuenseHtu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. AcTtpaxaHueB AHAPill AHATOMIOBUY

2. Andrii A. Astrakhantsev

KBasidikanis: n.1.1., nouent, 05.12.13
InenTudgikarop ORCID ID: 0000-0002-6664-3653
JoparkoBa iHdpopmamnist:

IloBHE HaliIMEHYBaHHS IOPUAHNYHOI 0COO0HM: HaujoHnanbHuii TexHiuHMiA yHiBepcuTeT YKpainu "Kuischkuit

NOJIiTeXHiYHMIA iHCTUTYT iMeHi Irops Cikopcekoro”

Kopg 3a €IPIIOY: 02070921

Micue3HaxoaKeHHS: npocnekT Bepecreiichkuit, Kuig, 03056, Ykpaina
dopma ByracHoCTI:

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBITH i HAayKu YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Makapenko AHaTositt OnekcaHgpoBUY

2. Anatolii O. Makarenko

KBasigikamnis: n. 1. n., npodecop, 05.12.02
InenTudgikarop ORCID ID: 0000-0002-4081-328X
JoparkoBa iHdpopmamuist:

IloBHE HaliIMEHYBaHHS IOPUAHNYHOI 0COOHM: HauionanbHuii TexHiuHMIA yHiBepcuTeT YKpainu "KuiBchkuit

NOJIiTeXHiYHMI iHCTUTYT iMeHi Irops Cikopcekoro”



Kopg 3a €IPIIOY: 02070921

MiCIICSHaXO,I[)KeHHH: npocnekT Bepecrericekuii, Kuis, 03056, Ykpaina
dopma BaacHOCTI:

Cdepa ynpaBriHHS: MiHicTepCTBO OCBITH | HayKK YKpaiHu

Imentudikarop ROR: He zacrocoyerbcs

VIII. 3aKkJIl04Hi BiZOMOCTi

Biacue IpizBume Im's [10-6aTbKOBI Tenenuk Cepriit Pesroposuy
rOJIOBH pajau

Biacue IlpizBume Im's ITo-6aThKOBI Teneunuk Cepriit Penoposuy
rOJIOBYIOYOTO Ha 3aciJaHHi

BiamoBiganbHHUH 32 MiZITOTOBKY JIsmeHko AH/piit BonogumupoBuy
00JIIKOBHX JOKYMEHTIB

Peectparop IOpueHko TetsiHa AHaToOJiiBHA

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIOBiZaJIbHUM 32 peecTpallilo HayKOBOIi IOpuenko TeTsHa AHaTosiiBHA

OisIIBHOCTI




