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

Pedepar:

1. B pucepTauiiiHiil poboTi po3B’s13aHO HAYKOBO-IIPAKTUYHE 3aBAAHHS MiIBULIEHHS SIKOCTi CIIPUMHSTTS [1OCIIYT B
[IPOrpaMHO-KOH(QIrypoBaHUX MepeXax LJISIXOM PO3PO0JIEHHS IHTEIEKTYaIbHUX METOiB MOHITOPUHTY CTaHy
Mepexi, Mmapupytusaii Tpadiky Ta epeKTUBHOI JOCTABKH BilEOKOHTEHTY B YMOBax 0OME>KEHUX PeCcypcCiB i 3MiHHUX
BAMOT KOPUCTYBayiB. Y IIEPIIOMY pO37isi «AHasi3 METOIB i MOZEJIeN yIIPaBJIiHHA SKiCTIO CIIPUMHATTS IIOCIYT B
IIPOrpaMHO-KOHQIrypoBaHUX MepeXkax» [IPOBEEHO aHali3 CyyaCHOTO CTaHy TeJIEKOMYHIKaLiHUX MEPEeX Ta
BM3HAYE€HO OCHOBHI OOMEXXEHHS TPAAULIMHUX NiIXOLiB 0 3a0€3Me4eHHs SIKOCTi 06cIyroByBaHHs (QoS) i IKoCTi
cripuiaaTTs nocayr (QoE). OuinoBanHs QOE € akTyasibHUM, OCKIJIBKY BOHO BiloOpaxkae peasibHe 3370BOJIEHHS
KOPHMCTYyBaua SIKiCTIO CepBiCy, IONIOBHIOIOUY TeXHiYHi MeTpuku QoS. Y cyyacHUX Mepexkax, 0COOJIMBO NpY HaJaHHI
MyJIbTUMEIMHUX IOCJIYT, 3a6e31e4eHHs1 BUCOKOro QoE e Kito4oBUM (PaKTOPOM KOHKYPEHTOCIIPOMOKHOCTI
oIeparopiB i e(peKTUBHOCTI MEPEXKEBOT0 yIIPaBJIiHHS. BCTaHOBJEHO, O TpaguLiiiHi IP-Mepesxi xapakTepu3yloThes

CTaTUYHOIO apXIiTEKTYPOIO 3 [IeLleHTPai30BaHOI0 CUCTEMOIO KEPYBAHHSI, >)KOPCTKOIO 3aJI€KHICTIO Bif, (i3yHOTO



MepesKeBOro 06J1aIHaHHS Ta OTPe6oI0 B pydyHOMY KOHQIrypyBaHHi. Taka apxiTeKTypHa MOJiesib CYyTTEBO OOMEXYe
aJanTHUBHICTb, THYYKICTb MaclITabyBaHHSI Ta 3[aTHICTh [10 ONIEPAaTUBHOrO pearyBaHHS Ha 3MiHy MepeXeBUX YMOB i
cepBiCHUX BUMOT. OBIPYHTOBAHO AOLIIbHICTh TpaHCPOpMallii 1o mporpaMHo-KoH}iryposanux mepex (SDN), sxi,
3aBISIKU LEHTPAJi30BAHOMY KOHTPOJIIO Ta abCTPaKlii piBHS yIIpaBiIiHHS, CTBOPIOIOTh TEXHOJIOTIYHE HiAIPYHTS 151
pearnisanii rHy4KUX, aIaNTUBHUX MOJEJIEN YIIPaBJIiHHS MepeskeBUM TPAQikoM i IKiCTI0 06CIyroByBaHHS.
ApxitexTypa rnporpamHo SDN, sika 3a6e3meuye LjeHTpasi30BaHe YIIPaBJiHHS Ta BiJOKPEMJIEHHS! KOHTPOJIbHO]
IJIOIIMHMU Bifl IUIOIIVHY [TIEPECUIJIAHHS, BiIKpHBa€e HOBI MOKJIMBOCTI 1714 peasnidauii QOE-OpieHTOBaHOTrO yIIpaBJliHHS
Tpadikom. OfHaK y 6iZIbIIOCTI MOTOYHUX peartizalliil 3aCTOCOBYIOThCS QikCcOBaHi iHTepBanu 360py TenemeTpii, mo
He BPaxXOBYIOTh AUHAMIKy TpadiKy, BUKIIMKA4M ab0 3aTPUMKU B peakliii Ha Jerpazaliio cepsicy, abo HanMipHe
HaBaHTaXEHHS Ha MEPEXXeBY iHPPaCTPYKTYpy Yepe3 HaJJIMIIKOBUI cyx00Buil Tpadik. Kpim Toro, BifCyTHICTb
peasi3oBaHUX MEXaHi3MiB 6araToLUISIXOBOI MapHIpyTU3alii Ta 0JJHOYaCHOrO 0OCIyTOBYBaHHSI KOPUCTyBaya
IeKiJIbKOMa TOYKaMHU JIOCTYITy 0OMeKye MOXKJIMBOCTI afanTalii o 3MiHHIX YMOB i IOTpe6 BUCOKOSIKICHOI IOCTaBKU
MYJIbTUMEIHOTO KOHTEHTY. Y APYroMy po3fini «MeTonu MiiBUIIEHHS SKOCTi CIPUMHATTS ITOCJIYT B
iHTeJIeKTyaIbHUX IPOrPaMHO-KOHQIrypoBaHUX MEPEKax» 3alIPOIIOHOBAHO KOHIIENTYaJIbHY MOJIEJIb
iHTesIeKTyaIbHOI MPOrpaMHO-KOHQIrypoBaHoi Mepexi, sika 6a3yeTbCsl HA BUKOPUCTAHHI LieHTpasizoBaHOro SDN-
KOHTpOJIepa, 110 3abe3Mevye iHTeJeKTyalbHe YIIpaBiliHHS MepeKeBUMHU PeCcypcaMu LJISIXOM iHTerpalii Tppox
OCHOBHUX METOZiB: iHT€JIEKTyaJIbHOTO MOHITOPUHTY, afantuBHoi QoE-MapiipyTusaliii Ta 6araToumsisixoBoi
MapiupyTu3sauii. MeTo iHTeIeKTyaJlbHOTO MOHITOPUHTY IO3BOJISE€ VHAMIYHO 3MIHIOBATU IHTEPBAJl MOHITOPUHLY
MEPEXKEBUX ITaPaMeTPiB, 110 3HMKY€E HABAHTAKEHHS Ha KOHTPOJIED Ta KaHAJIM YIIPABJIiHHS, HE BTPA4aloun
aKTyaJIbHOCTI 1aHuX. lle 0co611MBO BaKJIMBO Y BUNAAKaX BUCOKOAMHAMIYHUX HAaBaHTAXKEHb, XapaKTePHUX 7151
URLLC-cepBiciB Ta JOAaTKiB peajlbHOrO 4acy. Y TpETbOMY PO31iji «MoeI0BaHHS Ta JOCII)KEHH METOIB
HiABUILEHHS SIKOCTi CIIPUMHSTTS IIOCJIYT T2 €(EeKTUBHOTO BUKOPUCTAHHS PECYPCIB B iHTEIEKTyaJIbHUX IPOrPAaMHO-
KOHQIrypoBaHUX Mepeskax» IIPOBeLeHO 00'€eKTUBHE OLiHIOBaHHS SIKOCTI Bifieo Ta VoIP-Tpadiky 3a MmeTpukamu
APSNR i PESQ BignosigHo. JJoCigpKeHHS BUSBUIIO CUJIbHY 3aJI€KHICTb NTOKa3HUKIB QOE Big napametpis QoS
(3aTpuMKH, BTpAT MaKeTiB, MPOIYCKHOI 30aTHOCTI). 30Kpema, BTpaTa HaBiTh 2% MaKeTiB 3HIKyBaJla OLiHKY Bifieo 3
«BigMiHHO» 1O «JJo6pe», a 3aTprmka noHas 800 MC HEraTUBHO BILIMBAJIA Ha iHTEPAKTUBHICTh. OJHUM i3 KIIOYOBUX
[IPaKTUYHUX JOCSITHEHb, IPOJEMOHCTPOBAHUX Y PO3iJi, € cTabisnizallisl SKOCTi CHPUNHATTS y AUHAMIYHOMY
CEepeNoBUI MEPEXKI LJIIXOM IHTerpallii IPOTHO3HMX MOJEJIeN Y IIpoLec MaplupyTu3auii. TpaguLiniHi cucreMu
yIpaBJliHHS Tpadpikom 3a3BUYall PearyloTb Ha MUTTEBE MOTiPIIEHHS apaMeTpiB QOS, Mo MOXXe IPU3BOIUTU [0
HaJIMipHO 4aCTHUX [IEPEMUKaHb MapIIPYTiB. Y 4eTBEPTOMY po31isi «[IpakTuyHa peasizalisi METOJiB MiABUIEHHS
SIKOCTi CIIPUMHSITTS ITOCJIYT B iHT€JIEKTyaJIbHUX [IPOrPaMHO-KOH()IrypoBaHUX Mepeskax» MpeJCTaB/leHO Pe3yIbTaTu
IIpaKTUYHOI peaizalii, Bepudikauii Ta aHanisy e(peKTUBHOCTI 3alIPOIIOHOBAHOTO METOAY JJOCTABKA KOHTEHTY B
apxirexTypi SDN. 31iliCHEHO €eKCIEpPUMEHTAJIbHY NePEBipKy (PYHKILIOHYBaHHS 6araTOLLISIXOBOTO NepeaBaHHs
BiZIEOTIOTOKIB y 6€3MPOBiTHUX Mepeskax i3 BUKOpUCTaHHIM emysiaTopa Mininet-Wi-Fi. EkcneprmeHTH 1okasanu,
110 OJJHOYACHE MiJIKJII0YEHHS MOOIJIBHOTO IIPUCTPOIO [10 KiJIbKOX TOUOK JOCTYIY [103BOJIsI€ 3HAYHO MIOKPAIUTH
CyMapHy IIPOIyCKHY 30ATHICTh Ta MiIBULIUTY MOKa3HUKU SIKOCTi epenadi Bizeo (PSNR > 35 nB). V pamkax
MIPAKTUYHOTO 3aCTOCYBAaHHS 3alIPOIIOHOBAHO Ta PEasli30BaHO METOJ, IOCTABKY BifJEOKOHTEHTY, SIKUM I'PYHTYETHCS HA
IAHAMIYHOMY PO3IIOJiji BiIEOIIOTOKY MiX KiJIbLKOMa CepBEpPaMU BiIIOBIIHO O 3aJIMLIKOBOI IIPOIYCKHOI 3aTHOCTI
MapuIpyTiB i KoedilieHTiB HaJIMIIKOBOCTI.

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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JoparkoBa iHdpopmamnist:

IloBHE HaliIMEHYBaHHS IOPUAHNYHOI 0COOHM: BiHHMIBKNMIT HALLIOHAJIBHWI TEXHIYHMI YHIBEPCUTET
Kopg 3a €IPIIOY: 02070693

Micuesnaxo,rm(eunﬂ: ByJI. XMeJIbHUIIpKe 110ce, 6yz. 95, Binnung, Binuunupkuit p-H., 21021, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKH YKpaiHu

InenTudikarop ROR:

Penensentu

Baacwue IlpizBumie Im'a Ilo-6aTbKOBI:
1. Cenouenko Map’sH OnekcaHpoBUY

2. Marian O. Seliuchenko

KBasigikamis: k. . n., 05.12.02

InenTudikarop ORCID ID: 0009-0007-7801-8605

JoparkoBa iHdpopmamuist:

IloBHE HaliIMEHYBaHHS IOPUAHNYHOI 0CO0M: Hauionansuuii yHiBepcurert "JIbBiBCbKA MOJITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micue3HaxoaKeHHS: ByJ. CrenaHa Bangepu, 6yz. 12, JIbBis, 79013, Ykpaina

dopma BracHOCTI: JlepxaBHa

Coepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

BsacHe IIpizBuie Im'sa I1o-6aTbKOBI:
1. Kupuk Map’sH IBaHOBUY

2. Maryan Kyryk

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



InenTudgikarop ORCID ID: 0000-0001-9156-9347

JoparkoBa iHdpopmamnist:

IloBHe HaliMeHYBaHHSI IOPUAHUYHOI 0COOHU: HaujonanbHuii yHiBepcuteT "JIbBiBCbKa MOMTITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micuesnaxomxeunﬂ: ByJ. CrenaHa Bangepu, 6yz. 12, JIbsis, 79013, Ykpaina

dopma BracHOCTI: JlepxasHa

Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

VIII. 3akir04Hi BimoMocTi

BiiacHe IIpi3Buie Im'sa ITo-6aTbKOBI Kouan Opecr Bonogumuposny
TOJIOBH pajgu

BaacHe IlpizBume Im'st ITo-6aTbKOBI Kouan Opect Bosiopumnposuy
rOJIOBYIOYOTO Ha 3acCifiaHHi

BigmoBigasbHUH 32 MiATOTOBKY Bemeit M.1.

00JIIKOBHX JJOKYMEHTIB

PeecTpartop YkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaJIbHUM 32 PEECTpalLio HayKoBoOi IOpuenko TeTsHa AHaToiiBHA

OisIJIbHOCTI




