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2. Enhancing Resource Utilization Efficiency and Quality of Experience in Intelligent Software-Defined Networks

Pedepar:

1. B pucepTauiiHiil poboTi po3B’s13aHO HAYKOBO-TIPAKTUYHE 3aBJAHHS MiIBULIEHHS IKOCTi CIPUMHATTS [IOCIIYT B
IIPOrpaMHO-KOH)IrypOBaHMX MEPEXKAX IIISIXOM PO3POOJIEHHS iHTEIEKTYalIbHUX METO/IiB MOHITOPUHTIY CTaHy
Mepexi, MmapupyTusatii Tpadiky Ta epeKTUBHOI JOCTaBKU BilEOKOHTEHTY B YMOBax 0OME>XKEHUX PeCypCiB i 3BMiHHUX
BAMOT KOPUCTYBayiB. Y NIEPIIOMY pO3Lisi «AHasi3 METOMIB i MOZEJIeN yIIPaBJIiHHA SKiCTIO CIIPUMHATTS IIOCIYT B
IPOrpaMHO-KOH(QIrypOBaHUX MepeXXax» IIPOBEAEHO aHAJIi3 Cy4aCHOTO CTaHy TEJIEKOMYHIKALIHUX MEPEX Ta
BM3HAUYE€HO OCHOBHI OOMeXXeHHs TPaAULiMHUX MiIX0iB 10 3abe3euyeHHs IKOCTi 06cyroByBaHHs (QoS) i sikocTi
cripuiiHaTTs nocayr (QoE). OuinloBanHst QOE € akTyasibHMM, OCKiJIBKY BOHO Bifjo6paxkae peasibHe 337J0BOJIEHHS

KOPHCTyBaua SIKiCTIO CEPBICy, TONOBHIOIYY TeXHiIYHI MeTpuKku QoS. Y cydacHUX MepeXax, 0COOJIMBO NPY HAJAHHI



MyJIbTUMEIINHUX IOCJIYT, 3a6e31e4eHHs1 BUCOKOro QOoE e Kito4oBUM (PaKTOPOM KOHKYPEHTOCIIPOMOIKHOCTI
orepaTopiB i epEeKTUBHOCTI Mepe>KeBOro yIpasiliHHs. BcTaHOB/IEHO, 10 TpaauLiiiHi [P-Mepexi xapakTepr3yoThCs
CTaTUYHOIO apXiTEKTYPOIO 3 IeLIeHTPali30BaHOI0 CUCTEMOIO KEPYBAHHS, >KOPCTKOIO 3aJI€XHICTIO Bif, (i3uHOrO
MEPEXKEBOT0 00JIaJHAaHHS Ta IOTPebOI0 B PydHOMY KOHQirypysanHi. Taka apxiTeKTypHa MOJieJIb CyTTEBO OOMEXKYE
aJaNTUBHICTh, THYYKICTh MacIITaOyBaHHS Ta 3[JaTHICTb 10 ONEPATUBHOTO pearyBaHHs Ha 3MiHy MEPEXEBUX YMOB i
cepBiCcHUX BUMOT. OBIPYHTOBAHO AOLINIbHICTb TpaHCPopMaliii 1o nporpamHo-KoH}iryposanux mepex (SDN), siki,
3aBISIKY LIEHTPaJi30BAHOMY KOHTPOJIIO Ta abCTpaKLii piBHS yIIpaBsIiHHS, CTBOPIOIOTh TEXHOJIOTIYHE MiAIPYHTS 1151
pearnisanii rHy4KUX, aIaNTUBHUX MOJeJIel YIIPaBJiHHS MepeskeBUM TPaQikoM i IKiCTI0 06CIyrOByBaHHS.
ApxitexTypa nporpamHo SDN, sika 3a6e3reuye [eHTpasi30BaHe YIIPaBJIiHHS Ta BilOKPEMJIEHHS] KOHTPOJIbHO]
IJIOIIMHMU BiJl IUVIOIIVHY [TIEPECUJIAHHS, BiIKpHBa€e HOBI MOKJIMBOCTI 17151 peasnidalii QOE-OpieHTOBaHOrO yIIpaBJliHHS
Tpadikom. OJHaAK y 6iZIbIIOCTI MOTOYHUX peaslizalliil 3aCTOCOBYIOThCS (PiKCOBaHI iHTepBaiu 360py TeleMeTpii, o
He BPaxOBYIOTb AHaMiKy TpaQiKy, BUKJIMKa4X a0 3aTPUMKU B peakllii Ha Aerpajalilo cepsicy, abo HaMipHe
HaBaHTa)KE€HHSI HA MepeXXeBY iHPPaCTPYKTypy Yepe3 HaJJIMIIKOBUI cyx00Buil Tpadik. Kpim Toro, BigcyTHICTb
peasi3oBaHUX MEXaHi3MiB 6araToLUISIXOBOI MapHIpyTU3alii Ta 0JJHOYaCHOro 0OCIyrOByBaHHS KOPUCTyBaya
IeKiJIbKoMa TOYKaMHU JIOCTYITy 0OMEKye MOKJIMBOCTI afanTalii o 3MiHHMX YMOB i IOTPe6 BUCOKOSIKICHOI IOCTaBKU
MYyJIbTUMELINHOTO KOHTEHTY. Y APYroMy po3zili « MeToau NiiBUIIEHHS SKOCTi CIPUAHSTTS MOCJYT B
iHTeJIeKTya/IbHUX IPOrPaMHO-KOHQIrypoBaHUX MEpEsKax» 3alIPOIIOHOBAHO KOHIIENITYaJIbHY MOJIEJIb
iHTeJIeKTyaIbHOI NPOrpaMHO-KOHQIrypoBaHOI MEPEXI, sIKa 6a3yeThCsl HA BUKOPUCTAHHI LIEHTpali3oBaHOro SDN-
KOHTPOJIEPA, 110 3abe3Medye iHTeeKTyalbHe YIIPaBliHHS MEPEXXEBUMU PECYPCAMU LIISIXOM iHTerpalii Tppox
OCHOBHUX METOZiB: iHT€JIeKTyaJIbHOTO MOHITOPUHTY, afantuBHoi QoE-MapiipyTusarliii Ta 6araTomuasxoBoi
MapiupyTtu3auii. MeTo iHTeNIeKTyaJlbHOTO MOHITOPUHTY IO3BOJISIE€ JUHAMIYHO 3MiHIOBATU iHTEPBAJl MOHITOPUHLY
MEPEXXEBUX NTaPaMeTPiB, 10 3HWKY€E HABAHTAKEHHS Ha KOHTPOJIEP Ta KaHAJIM YIIPABJIiHHS, HE BTPA4aloun
aKTyaJIbHOCTI faHuX. Lle 0co61MBO BaKJIMBO Y BUNAAKaX BUCOKOAMHAMIYHUX HABAaHTAXKEHb, XapaKTePHUX IJIs1
URLLC-cepBiciB Ta JOAATKiB peajlbHOrO 4Yacy. Y TPeTbOMY PO31iji «MoeI0BaHHS Ta SOCII)KEHHS METO/IIB
NiABUILEHHS SIKOCTi CIIPUMHSTTS IOCJIYT Ta €(EKTUBHOTO BUKOPUCTAHHS PECYPCIB B iHTE/IEKTyaJIbHUX IPOrPAMHO-
KOH(QIrypoBaHUX Mepeskax» IIPOBeNIeHO 00'€eKTUBHE OLiHIOBaHHS SIKOCTI Bifieo Ta VoIP-Tpadiky 3a MeTpukamu
APSNR i PESQ BignosigHo. JJoCigKeHHS BUSBUIIO CUJIbHY 3aJI€XXHICTh TOKa3HUKiB QOE Big napamerpis QoS
(3aTpuMKH, BTpaT NaKeTiB, MPOIYCKHOI 30aTHOCTI). 30Kpema, BTpaTa HaBiTh 2% MaKeTiB 3HIKyBajla OLHKY Bifeo 3
«BinminHO» 10 «Jlob6pe», a 3aTprumKa noHasn 800 Mc HeraTMBHO BIJIMBAJIA HA iHTEPAaKTUBHICTb. OJTHUM i3 KJIIOUOBUX
[IPaKTUYHUX JOCSITHEHb, IPOJEMOHCTPOBAHUX Y PO3LiJi, € cTabisnizallis AKOCTi CIPUNHATTS y AUHAMIYHOMY
CepeNoBUILI MEPEXKI LIIIXOM iHTerpallii IPOTHO3HUX MOJIeJIEN Y IIpoLeC MaplupyTu3auii. TpaguLiniHi cucremu
yIpaBJliHHS Tpadpikom 3a3BUYail pearyloTb Ha MUTTEBE MOTiPIIEHHS apaMeTpiB QOS, Mo MOXKe IPU3BOAUTU 1O
HaJMipHO 4aCTUX [IEPEMUKaHb MApPIIPYTIB. Y 4eTBEPTOMY po37ini «IIpakTu4Ha peasnisaliiss METOIB MiABUILEHHS
SIKOCTi CIIPUMHSITTSI IIOCJIYT B iHT€JIeKTyaIbHUX [IPOrPaMHO-KOH)IrypoBaHUX Mepeskax» MpeJCTaBleHo Pe3yybTaTu
IIpakTUYHOI peanizalii, Bepudikauii Ta ananisy e(peKTUBHOCTI 3aIIPOIIOHOBAHOTO METOAY JOCTABKA KOHTEHTY B
apxitektypi SDN. 31iliCHEHO €KCIIEPMMEHTAJIbHY NePEeBipKy (PYHKLIOHYBaHHS 6araToIJISIXOBOTO NE€PeaBaHHs
BiZIEOTIOTOKIB y 6€3IPOBiTHMX Mepeskax i3 BUKOpHUCTaHHIM emysiaTopa Mininet-Wi-Fi. EkcneprMmeHTH 1okasanu,
110 OJHOYACHE MiJIKJII04€HHS MOOIJIBHOTO IIPUCTPOIO [10 KiJIbKOX TOUOK JOCTYIY [I03BOJISIE 3HAYHO MIOKPALUTH
CyMapHy [IPOIyCKHY 3[aTHICTb Ta NiIBUIIUTU IOKA3HUKU SKOCTi nepenadi Bigeo (PSNR > 35 nB). ¥ pamkax
IIPAKTUYHOTO 3aCTOCYBAaHHS 3alIPOIIOHOBAHO TA PEaJli30BaHO METO[, JOCTABKY BilEOKOHTEHTY, SIKUM [PYHTYETHCS Ha
IAHAMIYHOMY PO3IOJiji BiIEOIIOTOKY MiX KiJIbKOMa CepBEpPaMU BiIIOBIIHO O 3aJIMIIKOBOI IPOIYCKHOI 3aTHOCTI
MapuIpyTiB i KoedilieHTiB HaJJIMIIKOBOCTI.

2. The dissertation addresses the scientific and practical problem of improving the Quality of Experience (QoE) in
Software-Defined Networks (SDNs) by developing intelligent methods for network state monitoring, traffic
routing, and efficient video content delivery under conditions of limited resources and variable user requirements.
Chapter One, titled "Analysis of Methods and Models for Quality of Experience Management in Software-Defined
Networks", presents a comprehensive review of the current state of telecommunications networks and identifies
key limitations of traditional approaches to Quality of Service (QoS) and QoE assurance. Assessing QoE is of



particular importance, as it reflects the actual user satisfaction with service quality, complementing technical QoS
metrics. In modern networks, especially in the context of multimedia service delivery, ensuring high QoE is a
critical factor in both operator competitiveness and effective network management. The study establishes that
traditional IP networks are characterized by a static architecture with a decentralized control system, tight
coupling with physical network infrastructure, and the need for manual configuration. This architectural model
significantly limits scalability, adaptability, and responsiveness to dynamic changes in network conditions and
service requirements. The transition to Software-Defined Networking (SDN) is justified, as SDN provides
centralized control and management abstraction, forming a technological foundation for the implementation of
flexible and adaptive traffic and service quality management models. The SDN architecture, which separates the
control plane from the data plane, enables the implementation of QoE-driven traffic control strategies. However,
most current implementations rely on fixed telemetry collection intervals that do not account for traffic dynamics,
resulting in either delayed responses to service degradation or excessive control overhead due to redundant
monitoring traffic. Additionally, the absence of multipath routing mechanisms and the inability to serve users
through multiple access points simultaneously limit adaptability and hinder high-quality multimedia content
delivery in changing network environments. Chapter Two, "Methods for Improving Quality of Experience in
Intelligent Software-Defined Networks", introduces a conceptual model of an intelligent SDN architecture. This
model is based on the use of a centralized SDN controller capable of intelligent network resource management
through the integration of three core methods: intelligent monitoring, adaptive QoE-aware routing, and multipath
routing. The intelligent monitoring method enables the dynamic adjustment of the monitoring interval for network
parameters, reducing overhead on the controller and control channels while maintaining data relevance. This
approach is particularly beneficial under high network dynamics, such as those found in URLLC services and real-
time applications. Chapter Three, "Modeling and Investigation of Methods for Enhancing Quality of Experience and
Resource Efficiency in Intelligent Software-Defined Networks", presents an objective evaluation of video and VoIP
traffic quality using APSNR and PESQ metrics, respectively. The results demonstrate a strong dependency of QoE
indicators on QoS parameters, such as delay, packet loss, and bandwidth. For instance, a packet loss rate as low as
2% reduced video quality ratings from "Excellent" to "Good," while delays exceeding 800 ms significantly impaired
interactivity. One of the key practical outcomes of this chapter is the stabilization of QoE in dynamic network
environments through the integration of predictive models into the routing process. Traditional traffic
management systems typically react to immediate degradation in QoS parameters, which can lead to frequent and
unnecessary route switching. Chapter Four, "Practical Implementation of Methods for Improving Quality of
Experience in Intelligent Software-Defined Networks", presents the results of the practical implementation,
validation, and performance analysis of the proposed content delivery method within the SDN architecture.
Experimental validation was carried out using the Mininet-WiFi emulator to assess multipath video transmission in
wireless networks. The experiments showed that simultaneous connection of a mobile device to multiple access
points significantly improved the aggregate throughput and enhanced video quality indicators (PSNR > 35 dB). As
part of the practical implementation, a method for video content delivery was proposed and implemented based
on the dynamic distribution of video streams across multiple servers according to the residual bandwidth of
network paths and redundancy coefficients.
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1. Muxanescbkuii IMutpo BanepiiioBuy

2. Dmytro Mykhalevskyi

KBasidikanis: g.1.1., nouent, 05.12.02

ImenTudikarop ORCHID ID: 0000-0001-5797-164X

JoparkoBa iHdpopmamist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0COOH: BiHHMIIbKMII HAIliOHA/IbHUI TEXHIYHUI YHIBEPCUTET
Kopg 3a €IPIIOY: 02070693

Micue3HaxoaKeHHS: ByJI. XMeJIbHUIIpKeE 1I0ce, 6yz. 95, Binnung, Binaunupkuil p-4., 21021, Ykpaina
dopma BracHOCTI: /lepxaBHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

CeKTop HayKH: YHIBepCUTETCHKUIL

PeuenseHTu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Cenouenko Map’sH OnekcaHIpoBUY

2. Marian O. Seliuchenko

KBasigikanis: . . n., 05.12.02

InenTudikarop ORCHID ID: 0009-0007-7801-8605

JoparkoBa iHdpopmamuist:

IloBHE HaliIMEeHYBaHHS IOPUAMYHOI 0CO0H: Hauionanbuuii yHiBepcurert "JIbBiBCbKA MOJITEXHIKA"
Kopg 3a €IPIIOY: 02071010

MicueBHaxo,ereHHﬂ: ByJ. CrenaHa bangepu, 6yz. 12, JIbBis, 79013, Ykpaina

dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu



InenTudikarop ROR:

CeKTop HayKH: YHiBEepCUTETCHKUI

Baacue IlpizBuuie Im's Ilo-6aTbKOBI:
1. Kupuk Map’sH IBaHOBUY

2. Maryan Kyryk

KBasigikamis: 1. 1. u., npodecop, 05.12.02

Inentudikarop ORCHID ID: 0000-0001-9156-9347

JoparkoBa indopmamnist:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujonanbHuil yHiBepcuteT "JIbBiBCbKA MOTTITEXHIKA"

Kopg 3a €IPIIOY: 02071010

Micqesﬂaxon)KeHHﬂ: ByJ. Crenana Bangepw, 6yz. 12, JIbgis, 79013, Ykpaina

dopma ByacHOCTI: [lepxasna

Cdepa ynpaBitiHHS: MiHictepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

CeKTop HayKH: YHIBEpCHTETCHKUI

VIII. 3ak1104Hi BiZOMOCTI

BsiacHe IIpizBuie Im'sa ITo-6aTbKOBi

TOJIOBH pajgu

BaacHe IlpizBumie Im's ITo-6aTbKOBI

TOJIOBYIOYOTO Ha 3acCiiaHHi

BignoBigasibHUI 3a HiATOTOBKY

00JIiKOBHX JOKYMEHTIB

PeecTpaTtop

KepiBHuk Bigginy YKpIHTEI, mpo €

BiZINOBiZaJIbHUM 32 peecTpallilo HayKOBOi

OisSIIBHOCTI

Kouan Opect Bonogumuposud

Kouan Opect BonogumMupoBuy

Bemnen M.I.

VKpIHTEI

Opuenko TersiHa AHaTosIiBHA



