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METPUKU EOEKTUBHOCTI BUKOPUCTAHHSA OBYUCJIIOBAJIBHUX PECYPCIB ¥
XMAPHUX CEPEJOBUIIAX JJJIA MIKPOCEPBICHUX APXITEKTYP

Cucmemamuzoano ma NPOAHANI308AHO 0A2AMOBUMIPDHI MEMPUKU e@eKMUSGHOCMI MIKPOCEepPSICI8 y XMaAPHUX
cepedosuwiax 3 Mo4KU 30py MeXHIYHUX, eKOHOMIUHUX MA eKOIO2IYHUX ACNeKmis, iX 83a€MO038 A3Ki6 ma KOMIPOMICIS.
3anpononosano KouyenmyanvHy 0OazamopieHesy MoOelb OYIHKU edeKkmusHocmi ma nioxoou 00 6azamoyinbogoi
onmumizayii pecypcie. Ocobausa ygaza NpudinAEmvbcs MOOENOBAHHIO CUCIEMU NPULHAMMA PilleHb 3 YPaXy8aHHAM
cynepeunusux yinet onmumisayii Ha pisHUX PiGHAX apXimexmypu.

Knrouosi cnoea: mixpocepsicu, xmapHi 0OUUCIeHHS, Mempuxku egexmusHocmi, 06azamoyiieosa Onmumizayis,
eHep2oeheKmusHicmb, eKOHOMIYHA eeKmuUeHICIMb.

CyuacHa po3po0OKa IMporpaMHOTo 3a0e3NeueHHS ePEKUBAE 3HAYHHIA 3CYB MapaUrMH BiJl TPATUI[IHHUX MOHOJITHHX
apXiTeKTyp Ha KOPUCTH OLbII THYYKHX Ta MACIITA00OBaHHMX MIKPOCEPBICHUX MiJXOJiB, OCOOJHBO B KOHTCKCTI XMapHO-
opieHTOBaHHX cucTeM [1]. [amy3eBi mocmimKeHAS JeMOHCTPYIOTh CTPIMKE IPUHHATTS IIi€l apXiTeKTypH B OCTaHHI POKH,
10 CBiTYHUTH PO ii MPaKTUIHY HiHHICT I BUPIMICHHS CYYaCHUX 33134 pO3pOOKH.

XMapHi 004YHCIeHHS CTallk KaTalli3aTOpPOM LLOT0 IIEPEX0AY, Halaloun iHPpacTpyKTypy, IO T03BOJISIE TIOBHOIO MipOIO
peanmizyBaTH TepeBaru MikpocepBiciB. TexHomorii KoHTeiHepm3amii, Taki sk Docker, pazom i3 muiaTdopmamu
opkectpariii, 30kpema Kubernetes, copMyBann ekocucTeMy iHCTPYMEHTIB, IO JO3BOJISIE S(EKTUBHO PO3ropTaTH,
MacmTabyBaTH Ta KepyBaTH MIKpPOCEPBICHUMHU JoAaTKaMu [2].

OpHak, TONPH OYEBUHI NepeBark, MIKPOCEpPBICHA apXiTEeKTypa MOPOJKYE HHU3KY BUKIMKIB — BiJ IiJBUILEHOT
CKJIATHOCTI yMPABJIIHHS PO3MOIUICHUMH CHCTEMaMd 10 TMPOOJIIEM 3 MEPEKEBOK 3aTPUMKOIO Ta YCKJIATHCHOTO
MOHITOPHUHTY. 3 MOIIKPEHHSIM MIKPOCEPBICHUX CUCTEM Y KOPIIOPaTUBHOMY CEpEIOBHIIII 3pOCTa€e MOTpeda y KOMIUIEKCHIN
OIHII TXHBOI €(PEKTUBHOCTI, 1[0 BUXOAUTH 32 MEXI CYTO TEXHIYHHX ACIEKTIB Ta OXOILUIIOE EKOHOMIYHY TOLIIBHICTS 1
€KOJIOTIUHY CTIi#KICcTh [3].

AHai3 e()eKTHBHOCTI MIKPOCEPBICHUX CHCTEM BUMArae iHTETpOBAaHOTO ITi X0y, III0 BPAXOBY€ TEXHIYHI, CKOHOMIUHI
Ta ekoyoTivyHi actektd. L{i Tpu Bumipn popMyrOTh HiNliICHY KapTHHY MPOAYKTUBHOCTI Ta CTIHKOCTI CHCTEMH Y Cy4aCHOMY
XMapHOMY CEepeOBHIII.

VY TexHIYHOMY BHMipi KJIFOYOBE 3HAUCHHS MAIOTh TIOKa3HUKHU ITPOAYKTUBHOCTI Ta BUKOPUCTAHHS PecypciB. 3aTpuMKa
Ta 4Yac BIATYKY CTalOTh KPUTHYHO BAKJIMBHMH UYepe3 YaCTi MepekeBi B3a€MOJIi MiXK cepBicaMu, IO € HEBiJ €MHOIO
XapaKTepUCTHKOIO MiKpocepBicHOT apxiTektypu [4]. [IpomyckHa 37aTHICTE CHCTEMH BU3HAYAE 11 MOXKITUBOCTI 00POOIIATH
BHUCOKI HaBaHTaXCHHS. He MEHII BaXIMBUMH € TMOKA3HUKHA BUKOPUCTAHHS OOYHCITIOBAIBHHX PECYpPCiB — piBEHb
3aBaHTXEHHS TIpolecopa Ta O00’€M CHOXKUTOI OMEpPaTHBHOI MaM’sTi, IO Oe3MocepeHbO BIUIUBAIOTH HA
MacmTaboBaHICTh Ta €1aCTUIHICTh CUCTEMH [5].

ExoHOMiuHUI BUMIip €(heKTUBHOCTI OXOILTIOE AK MPsAMi BUTPATH Ha CTIOKMBAHHS XMapHHUX pecypciB [6], Tak 1 HempsiMi
BHTpATH, 0 HOpMYIOTh 3aranbHy BapTicTs BonoaiHHs (TCO). Bubip onTrMansHOT MOIeNi IIIHOYTBOPEHHS — BiJ] OIIATH
3a ¢paktuaanM BukopructanHsaM (PAY G) 10 3ape3epBoBaHNX a00 CIIOTOBUX €K3EMIUISIPIB — CTA€ CTPATETIYHUM PillICHHSM,
0 CYTTEBO BIUIMBAE Ha (iHaHCOBY edektuBHICTh [7]. Ilpn 1boMy exoHOMiuHa e(EeKTHBHICTH TICHO IOB’S3aHa 3
TEXHIYHMUMHU ITOKa3HMKaMM: HEIOCTATHE BHKOPHCTaHHS PECypCiB NPHU3BOIAMTH 11O HEBUIIPABJAHWUX BHUTPAT, TOAI SIK
HaJMipHEe BUKOPHCTAaHHS MOX€E HETAaTUBHO BIIMBATH Ha SIKICTh 00CITyrOBYBaHHS KOpHCTyBadiB [§].

Exonoriunnii BUMip, KM paHillle 4acToO 3aJMIIABCS 11032 yBaror, HadyBae Bce OLIBIIOT 3HAUYNIOCTI 3 OTJIILy Ha
3poctatounii BrumB IT-ingycTpii Ha moBkiuta. CrioXuBaHHsS €Heprii meHTpaMu oOpoOKH JaHWX, 10 BUMIPIOETHCS B
KUTOBaT-roMHax [9], Ta MOB’s3aHMIA 3 UM BYTJICHEBUH CIIil CTAIOTh BAXIMBUMH MOKAa3HHKAMHU CTIHKOCTI CHCTEMHU.
Oco06muBO1 yBaru 3aciiyroBy€ pO3pi3HEHHS OTepariiiHoro BYTJIEII0 (BiJ CIIOKUBAHHS €HEprii) Ta BTUIEHOTO BYTJICITIO
(Bix BupoOHHIITBA 001agHaHHA) [10], a TaKOX MOKa3HUKH €(EeKTUBHOCTI BUKOpHCTAaHHS eHeprii, 30kpema PUE (Power
Usage Effectiveness) [11].
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Tpu BuMipn epeKTHBHOCTI MIKPOCEPBICHHX apXiTEKTyp HE € i30JIbOBAHUMH, a yTBOPIOIOTH CKIAIHY CHCTEMY
B3a€MO3B’SI3KiB Ta KOMITPOMICIB, IO TOTpeOye KOMIDIEKCHOTO aHali3y Ta O6axaHcyBaHHS. ONTHMI3allis OJHOTO aCTEKTY
CHCTEMH YacTO Ma€ HACTIIKA IJIS 1HITNX BUMIipiB, CTBOPIOIOYH MOTPpeOy B MONTYKY ONTHMaIbHUX KomnpomiciB (Puc. 1).

—— TexHiyna
i edexTusHicTL

Buwpme_ CAOKMBAHHA N 30cepepKyETLCR Ha
aHepr, syrneuesuin N NPOAYKTHEHOCTI,
cnig 1a ed:exmslwcrh - - “-*--\\ "'\._\ MmacwrabosasocTi
pecypcis (PUE) ~ Ta HagiakocTi

Edbexrusdicts \ — | ]
|
mikpocepsicis

y XmMmapi / |

EKoHOMIuHA
eekTHaHICTD
OuyiHwe npami 1a

HEeNpAMI BATPaTYH, 8

TAKOW
npubyTroBicTs

Puc. 1. B3aeM03Bs3KH Ta KOMIIPOMIiCH Mi>K BUMipaMu e(heKTUBHOCTI MiKpOCEpPBICiB y XxMapi

30kpema, MiIBUIIEHHS TEXHIYHO! MPOAYKTHBHOCTI IIISIXOM BUAIICHHA MOJATKOBHX OOYHCIIOBAIIFHUX PECYpCiB
3a3BHYail IPU3BOANTH A0 30iUIbIIeHHS (piHaHCOBHX BUTpAT [6]. [Ipym 11bOMy IHTEHCHBHIIIE BUKOPHCTAHHS PECYPCIB IS
JOCATHEHHS Kpamioi MPOAYKTUBHOCTI TaKOX 30UIBIIyE CIIOKMBAaHHS €HEPTii, [0 Ma€ sIK eKOHOMI4Hi (BHIIA BapTiCTh
€JIEKTPOCHEPTii), TaK 1 eKoIoTiuHi (O1IBIINI ByTIICIIeBHHA CITi) HAacHiaku [12].

[ikaBuM € B3a€MO3B’S30K MiX PI3HUMH YaCOBHMMHM TOPH30HTaMM onTHMi3amii. Hampukman, momgoBXeHHS TepMiHy
CITy’KO1 cepBepHOro 00JIaJIHaHHS 3MEHIIYE BTUICHUH BYTJIEIb, ITOB’SI3aHUI 3 BUPOOHHUIITBOM HOBOTO OOJIa/IHAHHS, alle
cTapine o0aHaHHA 3a3BHYall CIIO’KUBAE OiJiblIle eHeprii, 301bIIyoun onepauiinuii Byrinenesui ciia [ 10]. Lle ctBoproe
HEOOXITHICTp BpaxyBaHHS IIOBHOTO J>KHTTEBOI'O IMKJIY CHCTEMHM HPH TNPUHHATTI pIlleHb II0J0 OHOBJIEHHS
IHpPaCTPYKTypH.

Oco0MBO CKJIaJIHUIMU € KOMIPOMICH NPH TOPU30HTAILHOMY MacIiTaOyBaHHI MIKPOCEPBICIB — J10JJaBaHHS HOBHX
eK3eMIUTIPIB CEpPBICIB IMOKpAIlye MPOAYKTHBHICTb Ta AOCTYIHICTB, aje 30UIbIye BUTPATH Ta CHOXHBAHHS CHEpTil.
EdexTuBHI MeXaHI3MH €JaCTUYHOCTI, IO 3a0e3NeduyloTh aJanTHBHE MaciTaOyBaHHS BiAMOBIAHO 1O HOTOYHOTO
HaBaHTAXXCHHS, CTAIOTh KJIIFOYOBUM (haKTOPOM ONTHMIi3allii BCIX TPhOX BUMIPIB epeKTHBHOCTI [5].
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3Ba)kar0uM Ha CKJIAIHICTH B3a€MO3B’A3KIB MK PI3HIMH aCIIeKTaMH €(PEeKTHBHOCTI, TPAAUIIHHI METOAN ONTHUMI3aIllii,
Opi€HTOBaHI Ha €JMHHUN KPUTEpill, BISBIAIOTHCS HeHocTaTHIMHA. HaToMmicTh HEOOXiMHMM CTa€ 3aCTOCYBaHHS METOIIB
6araromninsoBoi ontuMizamii (BLIO), o 703BONAIOTE 3HAXOAUTH KOMIIPOMICHI PIMIEHHS MK CYHIepeWINBIMH ITIIIMH.

Konmernis [TapeTo-onTUMansHOCTI J€XKUTH B OCHOBI cydacHHX minxoniB no BIIO, mo3Bomsroun imeHTH(IKYBaTH
HaOip pilleHb, 1e HEMOXKIMBO NOKPAIUTH OJMH MOKa3HUK Oe3 moripiieHHs iHmoro. Cepel alropuTMIB, IO YCIIIIHO
3acTOCOBYIOThCS 71t BIO B KOHTEKCTI MiKpOCEPBICHUX apXiTeKTyp, ocobnuse Mmicite 3aiimae NSGA-I1 (Non-dominated
Sorting Genetic Algorithm Il) — eBomroriiiHuil aaropuT™, MO ePEKTHBHO 3HAXOIUTH PI3HOMAHITHI PIillICHHS B3I0BXK
¢pourty ITapero [13]. Takox MIMPOKO BUKOPUCTOBYIOTHCS T€HETUYHI aJITOPUTMH Ta ONTUMI3alis poeM yacTHHOK (PSO)
JUIsl pO3B’SI3aHHS CKJIQIHUX 3a]1a4d PO3IOJIUTY PECYpPCiB Y XMapHHX cepepoBuiax [8].

Crparerii ympaBIiHHS pecypcaMu, IO 3aCTOCOBYIOTHCS JJIs ONTHMI3allii MiKPOCEPBICHUX CUCTEM, OXOILTIOIOTh Pi3HI
aCIeKTH — BiJ po3MOAiTy pecypciB (IpU3HAYCHHS KOHTCHHEPIB KOHKPETHUM (Di3WYHUM MaIlWHAM) A0 TUHAMIYHOTO
MaciTaOyBaHHS BiIMIOBITHO IO 3MiH HaBaHTaXeHHsA. OCOOIMBO MEPCIIEKTUBHUM HAINPSIMKOM € KOHCOJNiIAIis pooounx
HaBaHTaXXCHb — IEPEMIIICHHs KOHTEHHEepiB MK CcepBepaMH U1 IiIBUIICHHS DPIBHA BHKOPHCTAHHS pPECypCiB Ta
3HIKCHHS CHEPTOCIIOKUBaHHSA [12].

3 pO3BUTKOM TEXHOJOTIH INTYYHOTO iHTEJIEKTY Ta MAIIMHHOTO HAaBYAHHS 3’SBIIIOTHCS HOBI MOXIHMBOCTI IS
aBTOMAaTU30BAaHOTO YIPABIiHHA pecypcaMd MiIKpOCEpBICHUX cUcTeM. MeToay NpOrHO3yBaHHS HaBaHTaKEHHS
JIO3BOJISIIOTH peajli3yBaTH MPOAKTUBHE MAcIITa0yBaHHS, a alTOPUTMH HABUYAHHS 3 IiJIKPIIUICHHSM 3[aTHI aBTOMaTHYHO
aJlanTyBaTH CTpaTerii yrpaBIiHHS pecypcaMu 10 3MIHHHX YMOB (pyHKILIOHYBaHHs cuctemu [14].

Ha ocHOBI mpoBefeHOr0 aHaji3y MPONOHYETHCS KOHICNTyajdbHAa OaraTOpiBHEBa MOJCNb OLIHKH €()EeKTUBHOCTI
MIKPOCEPBICHHX apXiTEKTyp, 10 IHTErpye TEXHIYHi, EKOHOMIYHI Ta €KOJIOT1YHI aCMeKTH Ha Pi3HUX PIBHIX aOcTpakiil
cucremu (Puc. 2).

TexHiuni meTpuxn:

Pisexs « Yac sigryxy
mixpocepsicy « Bukopucranms LN
nam'srl

Taxulunl meTpurn:

« Hacxpiawa sarpumea

« 3aranesHa nponyckxa
AaTHicTs

« HapiitsicTs goaaTky

Pisens gopartxy

Texuiuni merpurn:
Pisenn : m
inppacTpyxTypm « Npoayxmesict
fHppacTPyxTypH

ExoHomiuHl meTpmm:

« Bapricts koHTEANBpA

Exonomiuml meTpurn:

« 3aransiHa BapTicTh
axcnnyarauii

« TCO

Exonomivunl meTpmem:

« Bapricts
IRhpacTpysTypH

Exonorivsl merpuxwn

o EHOPrOCNOXHBaHHA
KOHTaMHepa

Exanoriunl merpum:

« JaransHe
EHEPTOCNOKUBAHHR

AcnaTxy

Exonoriusl smerpmim:
« PUE

« YacTea sigsoamosanol
enepi

IuTeHcusHicTs KonLopy = CTyninb BNNUBY Ha 3aranbHy edexTHBHICTL

Puc. 2. KonuenryanbHa 0araTopiBHeBa MOJEINb OL[IHKH e)eKTUBHOCTI MiKpOCEPBICIiB

Moens CTPYKTYpOBaHa 3a TphbOMa KIFOUOBHMMH PIBHSAMH MIKpPOCEpBICHMX cucTeM. Ha piBHI MikpocepBicy
OLIIHIOIOTHCS JIOKAJIbHI TOKa3HUKH — Yac BIATYKY Ta NPOIMYCKHA 31aTHICTh, CHIOXKHUBAHHS PECyPCiB KOHTEHHEPOM, BapTICTh
(YHKIIOHYBaHHS Ta €HEPrOCIOKMBAHHS Ha PiBHI KOHTEHHEpa.
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Ha piBHI momaTky aHaNi3yIOThCS arperoBaHi IMOKAa3HUKH CHCTEMH MIKPOCEpBICIB — HAcKpi3Ha 3aTpUMKa IIpH
MPOXO/KCHHI 3alUTy dYepe3 JIAHIFOKOK CepBiciB, 3arajbHa IIPOMYCKHA 3IATHICTH IONATKY, CYKYITHa BapTiCTh
eKCIUTyaTallil Ta 3arajbHe CHeProCIOKUBaHHA. Ha 1IbOMy PiBHI MPOSBIAIOTECA €PEKTH B3a€MOJIIT MiXK cepBicaMu, I0
CYTTEBO BIUIMBAIOTH Ha 3arabHy e()eKTUBHICTb CUCTEMH.

PiBeHp iH(PACTPYKTYpH OXOILIIOE MOKa3HUKU 0a30BOT XMapHOi MIaTPOPMU — BUKOPUCTAHHS (QI3HYHHUX pecypciB
cepBepiB, BapTiCTh IHPPACTPYKTYpH, eHEproeeKTUBHICT LeHTpY 00poOku nanux (dyepe3 PUE) Ta Byrneueswuii cii.

KirouoBa nepeBara MoJieni — 31aTHICTb BiJoOpakaTh B3a€MO3B’I3KH MiXk PIBHSMH Ta BUMipamMu e()eKTHUBHOCTI. 3MiHU
B apXiTEeKTypi MIKpOCepBiCy BIUIMBalOTh Ha IOTO JIOKaJbHY HPONYKTHBHICTH, 3arajbHy €(EeKTUBHICTH JONATKy Ta
BUKOPHCTaHHS pecypciB. Taka INEepCreKTHBa J03BOJSE NMPUHMATH OOIPYHTOBaHI DIlIEHHS OO NPOEKTYBaHHS Ta
ONTHMIi3alil MiKpOCEPBICHUX CHCTEM.

[lepcrieKTHBHUMH HampsIMKaMH [TOCTIKEHb € po3po0Ka IHCTPYMEHTIB IUII BUMIPIOBaHHS BYIJIELIEBOTO CIiXYy,
BIOCKOHAJICHHA apXiTEKTYpHHUX TAKTHK Ta PO3BHTOK METOIIB ONTHMi3allii, IO BPaXxOBYIOTh NHMHAMIYHHN XapakTep
XMapHUX cepenoBunl. OCOOJHMBO IEPCIEKTHBHUM € 3aCTOCYBaHHS IITYYHOTO IHTENEKTY Ui aBTOMATH30BAaHOTO
YIOpaBIiHHS peCypcaMi 3 ypaxXyBaHHSIM MHOKHHHHX IiJICH ONTHUMI3aIlii.

[IpoBeneHe mocmimKeHHS JEMOHCTPYE, MO e(EKTUBHICTE MIKPOCEPBICHIX apXiTEKTyp y XMapHOMY CEPEIOBHIII €
0araTorpaHHUM MOHSITTAM, [0 OTPeOYE KOMIUIEKCHOTO MiAX0Ay. [HTerpalis TeXHIYHUX, CKOHOMIYHHUX Ta €KOJOTTYHUX
METPHK J103BOJIsiE chopMyBaTH LTICHE YsIBICHHS IO cucrteMy. KIIIOWOBMM pe3ysbTaToM € BH3HAaHHS HEMHHYYHX
KOMITPOMICIB MK acrnekraMu e(eKTHBHOCTi, II0 pOOHMTh 0araTolIbOBY ONTHMI3allif0 HEOOXIJAHOK Ui MOIIYKY
30aJlaHCOBaHKX pillleHb. 3alPOIIOHOBAaHA MOJIENIb CTBOPIOE CTPYKTYPOBaHY OCHOBY JJIsl aHAJII3y LUX KOMIIPOMICIB Ha
PI3HHX PIBHSX apXiTEKTYpH.

TakuM YHHOM, MOEAHAHHS OaraTopiBHEBOI MO OIIHKK €()eKTHBHOCTI 3 METOJaMU 0araToiijibOBOI ONTUMI3AIli1
CcTBOpIOE (DYHOAMEHT [UIA PO3POOKH TiOpPHIHHMX TEXHOIOTIH ONTHMI3allii pecypciB MIKpOCEepBiciB, MO 3a0e3MMeTyI0Th
0anaHc MK IPOIYKTHBHICTIO, BAPTICTIO Ta EKOJIOTIYHOIO CTIHKICTIO XMAaPHUX 3aCTOCYHKIB.
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Dmytro Murzha

EFFICIENCY METRICS FOR COMPUTATIONAL RESOURCES IN CLOUD ENVIRONMENTS FOR
MICROSERVICE ARCHITECTURES

The thesis presents a systematization and analysis of multidimensional efficiency metrics for microservices in cloud
environments. Technical, economic, and environmental aspects of efficiency, their interrelationships, and trade-offs are
examined. A conceptual multi-level model for efficiency assessment is proposed, along with approaches to multi-objective
resource optimization. Special attention is paid to modeling a decision-making system that considers conflicting
optimization goals at different architecture levels — from an individual microservice to data center infrastructure.

Keywords: microservices, cloud computing, efficiency metrics, multi-objective optimization, energy efficiency,
economic efficiency.
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