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1. Y puceprauiiiHiil po60Ti PO3B’s13aHO aKTyaJIbHYy HAyKOBO-TIPAKTUYHY 33724y IifjBUIIEHHS €HeproeeKTUBHOCTI Ta
IIPOJYKTUBHOCTI OOCJIyTOBYBaHHS HaBaHTaKE€HHS iHpopMaLiliHO-KOoMyHiKaliliHOi mepexi (IKM) npu BuKoHaHHi
BHMOT 110710 JOCTYIIHOCTi CUCTEeMHU OOCIIyrOBYBaHHS HaBaHTaXeHHs. [IpoBefieHni1 y poOOTi aHali3 BUMOT Pi3HUX
THUIiB HaBaHTaXeHHs IKM 3rigHo 3 pexomeHpauissMu MbkHapOHOI CIIiJIKY €J1eKTPO3B'sI3KY [103BOJIMB BU3HAUUTHU
OCHOBHi [I0Ka3HUKY €(EKTUBHOCTI CUCTEMU PO3NOIiIEHOr0 OOCIYrOBYBaHHS HaBaHTAKEHHS Yy cKiafi IKM ta
CEepPBEPHOro KJjlacTepa K OOUHUL pO3NOiIeHoro neHTpy 06pobku nanux (LIOM) y cknaai IKM 30kpemMa: MOKa3HUKA
eHeproe(deKTUBHOCTI Ta IPOAYKTUBHOCTI 0OPOOKY 00UYMCIIIOBATIbHOTO HABAHTKEHHSI, @ TAKOXX KoeillieHT
TOTOBHOCTI CUCTEMU PO3NOIiIEHOr0 OOCIYrOByBaHHS HaBaHTaXKeHHS1. Ha 0CHOBI 1MX NOKa3HUKIB CPOPMOBAHO
KpUTEPiil ONTUMaJIBHOCTI IPOL,ECy OOCIYTOBYBAaHHS HaBaHTaKE€HHS B iHPOpMaLiliHO-KOMYHiKaliliHill mepexi. 3

METOI0 cucTeMmarusallii Ta popmasizauii npouecy o6ciyroByBaHHs HaBaHTaKkeHHs IKM sk 06’eKTa JoCiKeHHS



N06YA0BAaHO OHTOJIOTIYHY MOJIeJIb JOCIIPKYBaHOI CUCTEMU PO3MNOAiITIEHOTO OOCIyTOBYBaHHS HaBaHTaKEHHS. 3
METOI0 OTPUMAaHHS KiJIbKiCHOI OIiHKM B3a€MO3B's13KiB MiXK IIOKa3HUKaMu e(eKTHBHOCTI OCIiI>)KyBaHOTO IIPOLIeCy Ta
napaMeTpamy, 10 Ha HUX BILJIMBAIOTh, [100YI0BAHO MAaTEMaTUYHY MOJI€JIb CUCTEMHU PO3IIOiIEHOrO
00CJIyrOByBaHHSI HaBaHTaXXEeHHS y ckiafi IKM sik cuctremu macoBoro oociyrosysanss (CMO). YV npoueci no6ynosu
MO/JIeJIi 3aIIPONIOHOBAHO METO/, [IEPEXOTY Bif HECTAI[iIOHAPHOTO HEOPJIUHAPHOTO BXiJHOTO ITOTOKY 3a51BOK 11O
CTalliOHAPHOTO OPJIMHAPHOIO MOTOKY IIJIIXOM AMCKPETU3allil KPMBOI iIHTEHCUBHOCTI BXiZJHOTO HAaBaHTAXXEHHS Ta 32
IOTIOMOTOI0 NTepeXoly 1O KOMILJIEKTIB CEPBEPIB, 10 JO3BOJINJIO 3HAYHO CIIPOCTUTU PO3PAXyHKYU IIPU JONYCTUMUX
BTpaTax TOYHOCTI MogeJi. [lyst aucKpeTrsalii KpuBOi IHTEHCUBHOCTI BXiJHOrO HaBaHTAKE€HHS 3aIIPOIIOHOBAHO
BHMKOPHCTaHHS METOMY KBAaHTYBaHHS 32 PiBHSMM, 1O JO3BOJIMJIO Y3TOOUTH BEJIMUYNHY KPOKY IUCKpeTusalii QyHKIii
31 MIBUKICTIO 3MiHM iHTEHCHUBHOCTI BXiJHOTO HaBaHTKE€HH4. [lJ1s1 BUBHAYEHHS KPOKY KBaHTYBAaHHS 3aIIPOIIOHOBAHO
METOJ], PO3PaxyHKy [IOPOrOBUX BEJIMYUH iHTEHCUBHOCTEN BXiJHOTO HABAHTAKEHHSI SIK (PYHKIiH KiJIbKOCTI

06U CIIIOBAJIbHUX BY3JliB y cucTeMi. Ha 0CHOBI 106y 10BaHOI MaTeMAaTUYHOI MOJIeJIi 3aIIPOIIOHOBAHO METO
PO3paxyHKy 11abJIOHIB TOPU30HTAILHOIO MaClITabyBaHHS, 1O J03BOJISl€E BU3HAYATH ONITUMAJIbHY KiJIbKiCTb
aKTUBHMX OOUMCIIIOBAJIbHUX BY3JiB y kiactepax IOl IKM Ha KoXXHOMY iHTepBaJli yacy, sIKuil BU3HA4a€ThCs
MIBUJKICTIO 3MiHM iHTEHCUBHOCTI BXiTHOTO HaBaHTakeHHS. [TpoaHasnizoBaHO CrIOCOOU BU3HAUYEHHS iHIMBiIyaIbHUX
MoJeJsiell eHeproco>KUBaHHS OOUMCIIOBAJILHUX BY3JIiB posnogineHux [IO]] Ta 06rpyHTOBAaHO AOLIIbHICTD iX
BMKOPHUCTaHHs y IIpoleci 06¢cayropyBaHHs HaBaHTaxXeHHs IKM. [ToGyoBaHy MaremMaTU4Hy MOJ€JIb CUCTEMU Y
Burgai CMO Ta po3risiHyTi coco6M BU3HAY€HHS iHOUBiAyalbHUX MOJI€JIEN €HEPrOCIOKMBAHHS 00YMCIIIOBAIbHUX
BY3J1iB [TOKJIaZIlEHO B OCHOBY HOBOT'O KOMIIJIEKCHOTO METOly eHeproedeKTHBHOro 00CIyroByBaHHSI HABAaHTa)XEHHS B
IKM. 3anponoHOBaHMUI KOMITJIEKCHUI METOJI, BilPi3HSIETHCS Bifl BilOMUX BUKOPUCTAHHAM iHAUBIAYAJIbHUX MOZEIEN
€HEProCIIO>KUBAaHHS O0UMCIIIOBAJIBHUX BY3JIiB, IO€JHAHHSIM IlepeBar MiJiXx0iB FTOPU30HTATIBHOIO MaclITa0yBaHHS Ta
eHeproeeKTUBHOTO PO3MOLiay 3a5iay, BpaxyBaHHSIM HelepenoavyBaHUX JUHAMIYHUX 3MiH iIHTEHCUBHOCTI BXiTHOTO
HaBaHTaKeHHS, 10 IO3BOJIMJIO MiTBUIIUTY eHeproedeKTUBHICTb IIPOoLiecy O6CIyroByBaHHS HaBaHTaXXeHHs 6e3
BTpaTHU MPOJYKTUBHOCTI Ta 32 YMOBM JOTPUMaHHS BUMOT OO0 JOCTYIIHOCTI CUCTEMU. B paMKax 3aIIpOIIOHOBAHOTO
KOMIIJIEKCHOTO METO/lY YIOCKOHAJIEHO iCHYIOUI IiAXOIX 040 FOPU30HTAIIBHOTO MACIITa0yBaHHS 004K CIII0BAIbHOI
CHCTEMHU IJISIXOM BUKOPUCTAHHS iHOUBIAyaIbHIUX MOJIeJIEll €HeProCIIOKMBAaHHS 00YMCIIIOBAJIbBHUX BY3JIiB Ta
3aCTOCYBaHHS MEXaHi3My IIPOTHO3YBaHHS JUHAMIYHUX BiAXUJIEHb BXiJHOTO HAaBAaHTAXKEHHS, 1110 JO3BOJINJIO
3a0€31e4YnTH IHTEHCUBHIIlle BUKOPHCTAaHHS Halbibll eHeproeeKTUBHOro 06J1ajHaHHs Ta BUACHO pearyBaTu Ha
HernepenbavdyBaHi 3MiHM iHTEHCMBHOCTI BXiIHOrO HaBaHTak€HHS. Ha OCHOBIi 3aIpOIIOHOBAHOTO KOMILJIEKCHOTO
MeTo[ly eHeproedeKTHBHOI0 0OCIyroByBaHHS HABaHTA)KEHHS CTBOPEHO IporpaMmHe 3abesnevyeHHs (I[13) kepyBaHHS
obuncaoBaIbHUMU pecypcamu B IKM, sike 103BoJIsI€ NiIBUIIUTY €HEProePEKTUBHICTb Ta IPOJLYKTUBHICTD
PO3IOLiNEHOr0 06CIyTrOBYBaHHSI HABAHTAKEHHS 3 TOTPUMAHHSIM BUMOT 100 JOCTYIIHOCTI CUCTEMU
00CJIyrOBYBaHHSI Ta MOXKE OYTU BUKOPUCTAHO [1JIs MiJIBUIIEHHS €Heproe(eKTUBHOCTI Ta IPOAYKTUBHOCTI OOpPOOKHU
HaBaHTa)KeHHs y nepudepiliHiil Ta LleHTpasbHIN XMapi B apXiTeKTypi Mmepexki 5G. EQeKTuBHICTb 3apOIIOHOBAHOTO
KOMIIJIEKCHOTO MeToAy Ta I13 Ha 11oro oCHOBI IlepeBipeHo i3 BUKOPUCTAHHSIM METOZiB J1a00PaTOPHOTO
€KCIIEPUMEHTY Ta iMiTalliliHOrO MOZEIOBaHH. Burpai 3arpornoHoBaHOTO KOMIJIEKCHOTO METOAY Y IIOPIBHAHHI i3
Bimomumu minxomamu Backfill ta Round Robin 3a mokaszuukom eHeproedekTuBHOCTI ckiaB 9,953% Tta 26,382%
BiIIIOBiHO. Burpai 3a NoKasHMKOM IIPOJLyKTUBHOCTI CTAaHOBUB 5,593% Ta 49,458% BinnosigHo. [Ipu npomy
3aIPONIOHOBAHMM KOMILJIEKCHUN METOJ, 3a6€e3I1euye BUKOHAHHS BUMOT 1010 JOCTYITHOCTI OOUNCIIOBAJILHUX BY3JIiB
posmnopinenux IO/l Ta mae Burpaiu 3a 06paHUM KpUTEPiEM ONTUMANIBHOCTI Ha 15,722% y nopiBusHHI i3 Backfill Ta Ha
88,887% y nopisHsHHi 3 Round Robin.

2. In the thesis, the important scientific and practical problem of increasing the energy efficiency and performance
of workload processing in the information and communication network (ICN) while meeting the requirements for
the availability of the workload processing system was solved. The requirements’ analysis conducted for each of
these workload types in accordance with the recommendations of the International Telecommunication Union
allowed determining the main performance indicators of the distributed workload processing system as part of the
ICN and the server cluster as a unit of the distributed data center as part of the ICN, in particular: energy
efficiency and performance indicators of workload processing, as well as the system availability factor. Based on



these indicators, an optimality criterion of workload processing in ICN was proposed. In order to systematize and
formalize the workload processing process in the information and communication network as an object of
research, an ontological model of a distributed workload processing system was built. In order to obtain a
quantitative assessment of the relationships between the defined efficiency indicators and the parameters that
affect them, a mathematical model of the distributed workload processing system within the ICN as a queuing
system (QS) was built. While building the model, a method of transition from a non-stationary non-ordinary input
requests flow to a stationary ordinary flow was proposed by discretizing the intensity curve of the input workload
and using the transition to sets of servers, which made it possible to significantly simplify calculations with
permissible losses of model accuracy. For the discretization of the input workload arrival rate curve, the use of the
quantization by levels was proposed, which made it possible to match the size of the discretization step with the
rate of change of the input workload arrival rate. To determine the quantization step, a method of calculating
threshold values of input workload arrival rate as a function of the number of computing nodes in the system is
proposed. Based on the constructed mathematical model, a method for calculating horizontal scaling patterns is
proposed, which allows determining the optimal number of active computing nodes in the system at each time
interval, which is determined by the rate of the input workload arrival rate change. The methods of determining
individual energy consumption models of computing nodes were analyzed and the expediency of their use in the
workload processing process in ICN was substantiated. The built mathematical model of the system in the form of
QS and the considered methods of determining individual energy consumption models of computing nodes
became the basis of a new comprehensive method of energy-efficient workload processing in computing nodes of
distributed data centers. The proposed comprehensive method differs from known ones in the use of individual
models of computing nodes’ energy consumption, a combination of the advantages of horizontal scaling
approaches and energy-efficient scheduling, while taking into account dynamic changes in the input workload
arrival rate, which made it possible to increase the energy efficiency of the workload processing without loss of
performance and subject to compliance with system availability requirements. As part of the proposed
comprehensive method, the existing approaches to horizontal scaling of the computer system were improved by
using individual models of computer nodes’ energy consumption and mechanism for predicting dynamic
deviations of the input workload arrival rate, which made it possible to ensure more intensive use of the most
energy-efficient equipment and to respond in time to unpredictable changes in the input workload arrival rate. On
the basis of the proposed comprehensive method of energy-efficient workload processing, software for managing
computing resources has been created, which allows increasing the energy efficiency and performance of
distributed workload processing while complying with the requirements for system availability, and can be used to
increase the energy efficiency and performance of workload processing in edge and central cloud within the 5G
network architecture. The effectiveness of the proposed comprehensive method and the software based on it was
verified using the methods of laboratory experiment and simulation modeling. The performance of the proposed
comprehensive method in comparison with the known Backfill and Round Robin approaches in terms of energy
efficiency was 9.953% and 26.382%, respectively. The performance gain was 5.593% and 49.458% respectively. At
the same time, the proposed comprehensive method ensures the fulfillment of the requirements regarding the
system availability and gives a gain according to the proposed optimality criterion by 15.722% in comparison with
Backfill and by 88.887% in comparison with Round Robin.
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