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AHOTANIA

Omenvuenxo B. B. [ndopmariitna TEXHOJIOT 15 yIpaBJIiHHS
obuncmoBaIbHUMH pecypcamu B Kubernetes kimacrepi. — KBamiikariiina HaykoBa
npais Ha IpaBax PyKOMHCY.

Hucepraitiss Ha 3700yTTS HAyKOBOTO CTymneHs Joktopa dutocodii 3a
cnemianbHicTIO 126 — [HdOopMariifHi cucTeMu Ta TEXHOJIOTII B raiysi 3HaHp 12 —
[adpopmariitni Texnonorii. — HamioHanbHMI TEXHIYHUN YHIBEpCUTET YKpaiHu
«KuiBcbkuii momtexHiyHuM 1HCTUTYT iMeHi Iropst Cikopebkoroy, Kuis, 2025.

JHuceprartiiifHa poOoTa MPUCBSYEHA BUPIMICHHIO MPOOJIEMH aBTOMAaTH3AIlli
yOpaBIIHHS O0YMCIIIOBATBHUMHU pecypcamu B kiactepax Kubernetes. CyuacHi
1H(pOpMaIlliiHI CUCTEMHU MIATPUMYIOTh BEJIMKY KIJIBKICTh 3aCTOCYHKIB. OJIHUM 13
BAKJIMBUX (PAKTOpPIB JUIsl MIATPUMAHHSA 3aJaHOTO pIBHS SAKOCTI MOCIYr €
3a0€3MeUYCHHs] KOMIIOHEHTIB 1H(GOpMAIIfHOI CUCTEMH JOCTaTHIM 00’ €MOM
oOuYuCHIOBANILHUX  pecypciB. OO4ucHOBaIbHI Ta (PIHAHCOBI pPECYypcU €
OOMEKEHHUMH, 1110 BUMAarae MOCTIMHOrO MOIIYKy OajaHCy MiIX pIBHEM IOCIYT Ta
0o0’eMmoM pecypciB. ABTomatH3allis MpoiieciB ynpapiiHHg [T-iHdpacTpykTyporo
J03BOJISIE TIABUIIUTH €(PEKTUBHICTH BUKOPUCTAHHSA OOYMCIIOBAJIBHUX PECYPCIB
KJIacTepa Mpu JOTPUMaHHI HEOOX1THOTO PIBHA SAKOCTI MOCHYT, 1110 HAAAIOTHCA.

[IpoBeaeHO aHali3 ICHYIOUMX METOJIB MPOTHO3YBaHHS YacOBUX PSAIB B
KOHTEKCTI poO0OYMX HaBaHTaXEHb Ha JOUIBHICTh iX BUKOPUCTAHHS IS
MPOAKTUBHOTO MaciiTaOyBaHHs. sl MOPIBHSAHHSA OOpaHO TOMIMPEHI METOIU
MPOTHO3YBaHHS JJI YacOBHUX PSJIIB 3 BpaxXyBaHHSIM CE30HHOCTEH, TEHICHINHN Ta
3aruraHoBaHUX momaid. IIpoBeneHi eKkcriepUMEHTaNbHI JOCHIKEHHS OLIHKU
TOYHOCTI OOpaHMX METO/IB Ha THUIOBUX IabMOHaX pOoOOYMX HABAaHTAKEHb Ha
OCHOBI ICTOPUYHUX JAHUX PI3HOI AOBKUHU. TaKOX MOCTIIKEHO CTIMKICTh JaHUX
METOJIB JI0 HAsBHOCTI aHOMAJi B ICTOPUYHMX JMaHuX. Ha OCHOBI MpOBEIEHHX
EKCIIEPUMEHTIB O0OpaHO MHOXXHHY METOMIB Il TPOTHO3YBaHHS POOOUYMX

HaBaHTa)XEHb B MPOAKTUBHOMY MaclITaOyBaHHI.
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3anponoHOBaHO METOJT KOMOIHOBAaHOTO TMPOTHO3YBAHHS 3 TOE€IHAHHAM
KOMIIOHEHTIB  JIOBTOCTPOKOBOTO  Ta  KOPOTKOCTPOKOBOTO  TependayeHHsI.
HaBanTa)keHHS 3aCTOCYHKIB MOKE€ BKJIIOYATH aHOMallii, II0 MPU3BOIUTH [0
HEKOPEKTHOTO PO3MOAULYy OOYHUCIIOBAIBHUX PECYpCiB MpPU MPOAKTUBHOMY
yOpaBiiHHI. MeToax KOMOIHOBAaHOTO TPOTHO3YBaHHS JIO3BOJISIE  M1JBUIIUTH
CTIMKICTP pillIEHb AJIS MPOAKTUBHOTO MaciITaOyBaHHS MPU HASBHOCTI aHOMAi 3
BU3HAUCHUM M1a0joHOM ©0€3 TOCTIHHOI mepioguvHoCcTi.  J[oBroctpokoBe
MIPOTHO3YBaHHSI BUKOPUCTOBYETHCA JIJIs IepeA0aueHHs] KOMIUIEKCHUX CE30HHOCTEH
1 TenaeHiil. KopoTkocTpokoBe NpOrHO3yBaHHS BIANOBIIAE 3a 1EHTU]IKAILIIO
aHOMaJlii B TMOTOYHOMY HAaBaHTa)XCHHI Ta BU3HAYEHHsS iX MAacIITa0y HUISIXOM
31CTaBJIEHHS] MOTOYHOrO0 1 MHUHYJIMX [a0soHIB. KOMOIHyBaHHA MPOTHO31B JIBOX
METO/IIB BIJIOYBAETHCS 3a JOMOMOIOI0 BaroBUX KOE(IIIEHTIB, SIKI BU3HAUAIOTHCS
NUISIXOM BUPIIICHHS 3a/a4l MakcuMi3allli Ha JaHux s TecTyBaHHs. [IpoBeneHo
eKCIIEPUMEHTAJIbHE  JOCHIPKEHHS  3alpOMOHOBAHOTO  METOAy. Pesynbratn
JIEMOHCTPYIOTh IMIIBUIIICHHS 3arajibHOi TOYHOCTI 3 91% 10 95% Ha TECTOBUX JIaHUX
32 YMOBM HasiBHOCTI aHOMAJIbHHUX IIA0JIOHIB B ICTOPUYHUX JaHUX. BukopuctanHs
3aIpPOMOHOBAHOTO KOMOIHOBAHOTO METOAy NPOTHO3YBaHHS B PIMICHHSAX IS
MPOAKTUBHOTO MACIITa0yBaHHS MOX€E MIJIBUIIUTA €(QEKTUBHICTh YIPaBIIHHS
OOYHUCITIOBAILHUMU PECYPCAMMU.

3anpornoHOBaHO METOJI MPOAKTHUBHOI'O MaclITaOyBaHHS OOUYMCIIIOBAIbHHUX
pecypciB. IlpoakTuBHI MeToAuM  MaciiTaOyBaHHS  JIO3BOJIAIOTH  HajJaBaTu
KOHCHUCTEHTHUW PIBEHb SKOCTI TMOCAYr TMpu e(PEeKTUBHOMY BHUKOPHUCTAHHI
OoOYHUCTIOBANILHUX pecypciB. OmnucaHo MOJENb MPOAKTUBHOTO  YIIPABIIHHS.
3anmpornoHOBaHO apXITEKTYpy MOAYJs MPOAKTUBHOTO MacIITaOyBaHHS, sKa
BKJIFOYA€ MOJYJI JTaHWX, MPOTHO3YyBaHHSA, 3aCTOCYBaHHS Ta TPHUUHATTS PIIICHb.
OnucaHo BHUKOPUCTAHHS METOAY B yMOBax BIJICYTHOCTI JaHUX a00 HHU3BKOT
TOYHOCTI OTPUMaHUX MpPOrHo3iB. Ha OCHOBI MpoOBENEHOTO aHajizy METO/IB
MPOTHO3YBaHHS OOpaHO PIMIEHHS I MOJATBIIOT0 BUKOPUCTAHHS Ta PO3POOKU
IpOrpaMHOTO MOAyJs. PeamizoBaHO mporpaMHUN MOIYNb JUIsl TOPU30HTAIHHOTO

npoakTHBHOrO MacmTaOyBanHs B Kubernetes 3 BHKOpUCTaHHSAM BOYIOBaHHX
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iHcTpyMeHTIB. [IpoBeneHO ekcrepuMeHTalbHE JOCHIDKEHHS PO3pOO0JICHOTO
nmporpaMHoro MoayJisi Ha kjactepi Kubernetes asis mopiBHSHHS 31 CTAaTUYHUM Ta
pPEaKTUBHUM TMiAX0oAaMU MacuTaOyBaHHS. Y TOPIBHSAHHI 3 HAaJJIMIIKOBUM
CTaTUYHUM IMIJIXOJOM OTPUMAaHO AaHAJOTIYHUI pPIBEHb SKOCTI TMOCIYr MpHU
BUKOpHCTaHHI Ha 46% MeHIIOro 00’eMy pecypciB. Y MOpPIBHSHHI 3 PEaKTUBHUM
T1IX0JI0OM CepeIHIN Yac BiMOBII 3aCTOCYHKY 3MeHIuBes 3 160 mc 1o 23 mc.

3anponoHOBaHO TIOPUAHMM MeETOJ, MacluTaOyBaHHsS, IO BKJIIOYAE
pPEaKTUBHUM 1 MPOAKTUBHUNA KOMITOHEHTH. KoMOiHaIlisA JaHUX METOMIB J03BOJISIE
BUKOPHCTOBYBATH MPOAKTUBHE YIIPABIIHHS MIPU HASIBHOCT1 TOYHUX MPOTHO31B. [1pu
BHHHKHEHHI1 aHOMaJI1i HaBaHTa)KEHHS 1 HEMOYKJIMBOCTI TOYHO OLIIHHUTHU IX MAcIITao,
YOPABITIHHS MEPEAAEThCS PEAKTHBHOMY KOMITOHEHTY. 3allpOTIOHOBAHO 1HIUKATOP
nepexoay MiK MPOAKTUBHUM 1 PEAKTUBHHUM YTMPABIIHHIM Ha OCHOBI IMOPIBHSIHHS
BIJIOBIJTHOCTI OTPUMAaHUX MPOTHO31B JI0 MOTOYHOTO HABAHTAKEHHS HA 3aCTOCYHOK.
PiBeHb TOYHOCTI MPOTrHO31B BU3HAYAETHCS MPOTATOM 3aJaHOI KUIBKOCTI 1Tepariil.
Jlnst 3a0e3neueHHs OINepaTUBHOI Tepeaadl yrpaBiiHHS 3abe3nedyeTbes pobdoTa
000X KOMIIOHEHTIB HE3aJIe’KHO BiJ MOTOYHOI'O CTaHy. PeanizoBaHO NpOrpaMHHA
MOJAYJb 3 BUKOPHCTAHHSIM PO3POOJICHOTO MPOAKTUBHOIO METOAY 1 BOYIOBAaHOTO
pilieHHs JJIs  peakTUBHOro MacmradyBaHHs B Kubernetes. IlpoBeaeHo
eKCIIEPUMEHTaJbHE  JOCTI/DKEHHS  pPO3pPOOJICHOTO  MPOTPAMHOTO  MOJYJIS.
Pe3ynbraTti 1€eMOHCTPYIOTH 3/IaTHICTH 3aMIPOINIOHOBAHOTO METOAY 1eHTU(DIKYBATH
aHoMmajii Ta TmepeaaBaTH YIPaBIIHHSA MIK KOMIOHEHTAMH 3a BH3HAUYCHUMH
paBUIIaAMH.

3anponoHOBaHO TiOpUAHUN MeToJ MacmTaOyBaHHS, IO JO3BOJISIE
KOOpPAMHYBAaTU POOOTY TOPU30OHTAJIBLHOIO 1 BEPTUKAJIBHOTO KOMIIOHEHTIB
MacitabyBanHs. MeToj 03BOJIsS€ TIABUIUTH €(PEKTUBHICTh BUKOPUCTAHHS
OOYHCITIOBAILHUX PECYpCiB  KJlacTepa TMPU BUKOPHCTAHHI TOPU30HTAIBHOTO
MaciiTaOyBaHHs. BepTukanbHUNM KOMIOHEHT ajanTye 00’eM OOUYHCIIOBaIbHUX
pecypciB 10 TIOTOYHMX TMOTpeO B MEXKax OJIHOTO €K3eMIUIIPY JUIsl THITIB
OOYHCITIOBAILHUX PECYpCiB, SKi HE € OCHOBHHMH IIPH TOPHU30HTAIBHOMY

MaciiTabyBaHHi.  3amporOHOBAHO MOAYJIb KOOPAHWHAINT JJis  Y3TO/DKCHHS
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KOH(pirypailii BEePTUKAIBHOTO 1 TOPU3OHTAJIBHOTO KOMIIOHEHTIB. Po3pol6ieHo
nporpaMHuii  Moaynb i pobotu B Kubernetes, skuii BUKOPHCTOBYE
3alpOIIOHOBAHMI METOJ. Pe3ynbTaTi MpoOBEACHUX €KCIIEPUMEHTIB AEMOHCTPYIOTh
3MEHIIIEHHS] 30MTKOBOTO pE3epBYBAHHS OOYMCIIOBAIBHUX peECypciB Ha 65% y
MOPIBHSHHI 31 CTATHYHUM ITiTX0/IOM Ha CHHTCTHYHUX JTaHUX.

CrtBopeHo iH(pOpMAIIHY TEXHOJOTII0 YIPaBIiHHA OOYUCITIOBAILHUMH
pecypcaMu B KJacTepi. 3anponoHOBAHO  3IIMCHIOBATH  JAEKOMIIO3UIIIIO
iHpoOpMaIIHHUX CHCTEM Ha OKpeMmi Monayndi. BuzHaueHO (yHKIIOHAT KOKHOTO
MOJYJISl 1 KOMYHIKaIlil0 M’k MOJIYJISIMU Ta KiactepoM. Ha 0cHOBI 3ampornoHoBaHO1
apxITeKTYpH OIKMCAaHO peaii3aiilo 1HGOpMAaIIMHOI TEXHOJOrli B KiacTepax
Kubernetes. 3anponoHoBaHO 3A1iCHIOBATH IHTErpalilo BOyJAOBaHUX 1HCTPYMEHTIB
JUISL MOHITOPUHTY CTaHy, aHajli3y JaHWUX 1 PO3rOpPTaHHS €JIEMEHTIB YIPaBIIiHHS.
OnucaHo mpolecH YNpaBliHHA OOYMCIIOBAIILHUMH pecypcamu. PeanizoBana
iH(popMaIlliiiHa cUCTEMa BUKOPUCTOBYE IHTErPALI0 PO3POOJIEHUX METOMIB ISt
MPOAKTUBHOTO Ta TOPUAHOTO MACIITa0yBaHHS.

Po3po6reni meroau ta iHpopmMaliiiHa TEXHOJIOTIs MOXe OyTH BUKOpHCTaHA
JUISL  yOPaBIIHHS pecypcaMd B pealbHHX 1HGOPMAIIMHUX CcHUCTeMax 3
BUKopuctanHaM miarpopmu Kubernetes abo moaiOHux matdopm opkecTparii
KOHTEMHEPU30BAHUX 3aCTOCYHKIB JJIi aBTOMAaTH3allil NpPOLECIB YIpaBIiHHSA
OOYHUCITIOBAILHUMHU PECYPCAMHU.

KitouoBi cnoBa: 1H(opmaniiiHi cucteMu, 1H(QOpMalIHI TEXHOJIOT],
BipTyamizalis, KoHTeWHepm3amisi, Kubernetes, Docker, xmapHi oOu4HCICHHS,
YIPaBIIHHS peCypcaMu, MIKpOCEPBICHA apXITEKTypa, Be0-3aCTOCYHKH, PO3MO/ILICHI
CHCTEMH, MaTeMaTUYHA MOJIEJNb, IPOTHO3YBAHHS, MAIIMHHE HABYaHHS, TIPOTpaMHE

320€e3IeYeHH.
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ABSTRACT

Omelchenko V. Information technology for computing resources management
in Kubernetes cluster — Manuscript.

Thesis for the Doctor of Philosophy degree in the specialty 126 — Information
systems and technologies in the knowledge field 12 — Information technologies. —
National Technical University of Ukraine «lhor Sikorsky Kyiv Polytechnic
Institutey, Kyiv, 2025.

The dissertation work is devoted to solving the problem of automating the
management of computing resources in Kubernetes clusters. Modern information
systems can include a large number of applications. One of the important factors in
ensuring a given level of service quality is to provide the components of the
information system with a sufficient amount of computing resources. Computing
and financial resources are limited, which requires a constant search for a balance
between the level of service quality and the amount of resources. Automation of
management processes allows for an increase in the efficiency of using the cluster's
computing resources while maintaining the required level of quality of services
provided.

The existing forecasting methods are analyzed for the feasibility of their use
for proactive scaling. For comparison, modern forecasting methods for time series
with complex seasonality, trends, and planned events were selected. Experimental
studies of the accuracy of the selected methods were conducted on typical workload
templates based on historical data of various lengths. The stability of these methods
to the presence of anomalies in historical data was also investigated. Based on the
experiments, a set of methods was selected for predicting workloads in proactive
scaling.

A hybrid forecasting method with a combination of long-term and short-term
forecasting components is proposed. Application workloads may include anomalies,
which leads to incorrect allocation of computing resources in proactive management.

The combined forecasting method allows you to increase the stability of proactive
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scaling solutions in the presence of anomalies with a defined pattern without a
constant frequency. Long-term forecasting is used to predict complex seasonality
and trends. Short-term forecasting is responsible for identifying anomalies in the
current load and determining their scale by comparing current and past patterns. The
forecasts of the two methods are combined using weighting coefficients, which are
determined by solving a maximization problem on the test data. An experimental
study of the proposed method was conducted. The results demonstrate an increase
in overall accuracy from 91% to 95% on the test data, provided that there are
anomalous patterns in the historical data. The use of the proposed combined
forecasting method in proactive scaling solutions can improve the efficiency of
computing resource management.

A method for proactive scaling of computing resources is proposed. Proactive
scaling methods allow to provide a consistent level of QoS while efficiently using
computing resources. A model of proactive management is described. An
architecture that includes data, forecasting, application, and decision-making
modules is proposed. An approach for the method to work in the absence of data or
low accuracy of the obtained forecasts is described. Based on the analysis of
forecasting methods, a solution was selected for further use and development of a
software module. A software module for horizontal proactive scaling was
implemented in Kubernetes using built-in tools. An experimental study of the
developed software module on a Kubernetes cluster was conducted to compare it
with static and reactive scaling approaches. Compared to the redundant static
approach, a similar level of service quality was obtained using 46% less resources.
Compared to the reactive approach, the average application response time decreased
from 160 ms to 23 ms.

A hybrid scaling method is proposed that includes reactive and proactive
components. The combination of these methods allows the use of proactive control
in the presence of accurate forecasts. When load anomalies occur and it is impossible
to accurately assess their scale, control is transferred to the reactive component. An

indicator of the transition between proactive and reactive control is proposed based
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on comparing the compliance of the obtained forecasts with the current load on the
application. The level of accuracy of forecasts is determined within a given number
of iterations. To ensure the prompt transfer of control, both components operate
regardless of the current state. A software module was implemented using the
developed proactive method and a built-in solution for reactive scaling in
Kubernetes. An experimental study of the developed program module was carried
out. The results demonstrate the ability of the proposed method to identify anomalies
and transfer control between components according to certain rules.

A hybrid scaling method is proposed that allows coordinating the work of
horizontal and vertical scaling components. The method makes it possible to
increase the efficiency of using the cluster's computing resources when using
horizontal scaling. The vertical component adapts the amount of computing
resources to the current needs within a single instance for resource types that are not
the main ones in horizontal scaling. A coordination module is proposed to coordinate
the configuration of the vertical and horizontal components. Based on the proposed
method, a program module for working in Kubernetes was developed. The results
of the experiments demonstrate a 65% reduction in unprofitable reservation of
computing resources compared to the static approach on synthetic data.

The information technology for managing computing resources in a cluster is
described. The decomposition of information systems into separate modules is
proposed. The functionality of each module and communication between modules
and the cluster are described. Based on the proposed architecture, the
implementation of information technology in Kubernetes clusters is described. The
integration of built-in tools for status monitoring, data analysis, and deployment of
controls is proposed. The management processes are described. The implemented
information system integrates the developed methods for scaling.

Keywords: information systems, information technology, virtualization,
containerization, Kubernetes, Docker, cloud computing, resource management,
microservice architecture, web applications, distributed systems, mathematical

model, forecasting, machine learning, software.
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HEPEJIIK YMOBHHUX ITIO3HAYEHDb TA CKOPOYEHbD

BM — BipTyasibHa MaIlimHa

IC — indopmariiiina cucrema

IT — inpopmariiiHi TEXHOJIOTI]

[13 — mporpamue 3a0e3neyeHHs

CKK3 — cucremu kepyBaHHs KOHTEHHEPU30BAaHUMU 3aCTOCYHKAMHU

CVY — cucrema ynpaBiiHHA

CVYI — cucrema ynpaBiiHHS 1HOPACTPYKTYPOIO

OP — oOuuncnoBalbHI pecypcu

OC — omeparriifHa cucTeMa

API — application programming interface — npukiIagHUi IporpaMHuil IHTEpdENC
CPU — central processing unit — ieHTpaJIbHUN TPOLIECOP

ECS — elastic container service — cepBic KOHTEHHEPU30BAaHUX 3aCTOCYHKIB
GKE — Google Kubernetes engine — mnardopma Kubernetes Big Google
HPA — horizontal pod autoscaler — ropu3onTansuuii MacTadyBau

HTTP — hyper-text transfer protocol — mpoTokos nepeaayi rirnep-TeKCTy
[aaS — infrastructure as a service — iHppacTpyKTypa K CepBicC

MAPE — mean absolute percentage error — cepenns aOCOJIOTHE BIAXWUIJIECHHS Y
BIJICOTKaX

OOM - out-of-memory — nomMuIKa HecTaul rmam’aTi

PM — pattern matching — 3icTaBieHHs 111a0JI0HIB

PaaS — platform as a service — mnardopma sixk ceppic

QoS — quality of service — sKiCTb TTOCTYT

RAM — random access memory — nam’Tb 3 JOBUIBHUM JOCTYTIOM

RMSE — root mean square error — cepeIHbOKBaIpaTUYHE BIAXUJICHHS
SLA — service-level agreement — yroga npo piBeHb MOCITYT

SLO — service-level objectives — 1111 piBHIB MOCIYT

SaaS — software as a service — mporpaMHe 3a0€3MeUYeHHSI SIK CEPBIC

VPA — vertical pod autoscaler — BepTUKanpbHUIT aBTOMATHYHUNA MacIITa0yBad
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BCTYII

AKTyaJbHiCTh TeMH. B cydacHOMy CBITI KUIBKICTh JI€p)KaBHUX 1
KOPHOPAaTUBHUX MOCIYT, 10 JOCTYIHI 4Yepe3 Mepexy IHTepHeT, 301IbIIyeThes
KoxHOTO AHA. [Hpopmamiiai TexHomorii (IT) 3acTOCOBYIOTBCS MOBCIOMHO 1 iX
KUIBKICTh TaKOX TMOCTIMHO 30UIbLIY€EThCs. 3a0e3MeueHHs BUCOKOI JIOCTYIHOCTI Ta
Bucokoro piBHs QoS IT-mociyr € K1I040BUM acmieKToM Ui iHPOpMAIiHHUX CHCTEM
(IC), ockinbku HU3BKHI piBeHb QO0S abo BigMOBa BiJ OOCIYTOBYBaHHS MOXKE
NPU3BECTH 10 KPUTUYHUX (DIHAHCOBUX, PEMyTallMHUX Ta pecypcHux BTpaT [1].
OnuH 13 ¢dakTopiB 3a0€3MEUCHHS Y3TOKEHOTO PIBHA SIKOCTI MOCIYT € HasBHICTb
HeoOXiHOro 00’emy obuuncmoBanbHuX pecypciB (OP) IT-indpactpykrypu [2]. 3
1HIIOTO OOKYy, OOYMCIIIOBaJIbHI Ta (PIHAHCOBI peCcCypcu € OOMEXKEHHUMH, Yepe3 IO
BUHHKae mpobOiema miarpuManHsa piBHS QoS mpu MiHiMizauii 06’emy OP, mio
BUKOPHCTOBYIOTBHCS.

CyuacHi kjiacTtepu OOpOOKH JaHUX MOXKYTh BKJIIOYATH BEIUKY KUIBKICTh
PI3HOMAaHITHUX 3aCTOCYHKIB, KOKEH 3 SIKUX Ma€ CBOi 0COOIMBOCTI Ta BuMoru 0 OP.
ABToMaruzaiiisi mporeciB ynpaBmiHHI OP € KpUTHUYHO BaKIUBUM aCIEKTOM
¢dbyHkuionyBaHHs iHdopmaliiinux cucreM [3]. [lotouni nigxoau 1o ynpasmiaas OP
yacTo € Hee(heKTUBHUMHU ab0 3 TOYKHU 30py piBHA Q0S, a00 3 TOUKH 30py PiBHA
yrumizauii BuauieHux OP. Tomy mgana podota mpucBsiueHa po3poOil eQpeKTUBHUX
MeTO/I1B aBTOMaTu3allii ynpasiinas OP s 3abe3neuenns 3aganoro pieHs QoS npu
MiHIMaJbHO He0OX11HOMY 00cs31 OP.

3a3Buuail iHpopMalliifHa CUCTEMA BKJIIOYA€ MHOKUHY METOAIB, TPOTrPaMHUX
1 TEXHIYHHMX 3ac00i1B, 110 00’ €/IHAaHI 3 METOI aBTOMAaTH3allli BHYTPIIITHIX MPOIIECIB,
MOKpAIIeHHS iX CTaOUTBbHOCTI Ta e(QeKTHBHOCTI. Y pPOOOTI BUpIMIEHHS 3aaad
ynpapiinHs OP posrismaeTscsi KOMIUIEKCHO, TOMY TPOMOHYIOTHCS METOAHM Ta
3aco0u TMOJOJIaHHS ICHYIOYMX MpoOJieM, SKi 1HTErpYIOThCS 3aiis 3a0e3reueHHs
IUTICHOTO Miaxoay a0 ynpapmidaHs OP, mo Bk/IrOYa€ MOHITOPUHT, aHAII3 JaHUX,
MIPOTHO3YBaHHA, 00POOKY MOMMIJIOK, KOOPAMHAIIT Ta 3aCTOCYBaHHS KOHQITypaIlii

OP, o HeoOxiaH1 st pOOOTH 3aCTOCYHKIB Ta BKIIIOUAIOTh MTPOIIECOPHUH Yac, 00csT
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OMEpPaTUBHOI NaM’sITi, MPOMYCKHY 3/IaTHICTh KaHaNIIB 3B’S3KYy, OOCSTH CXOBHIIA
nanux Ta iHmi. B po6oti ynpasninas OP posrnsanaerscs B koHTeketi Kubernetes,
HOTO MOKIIMBOCTEH Ta 0OMEXKeHb, 3 JAeKiIpbkoxX nmpuuuH. [lo-mepme, Kubernetes €
HaWOLIbII MacoBOIO TUIATGOPMOIO I PO3MIIIECHHA KOHTEHHEPU30BAaHUX
3aCTOCYHKIB 1 JIOCTYIIHA y BCIX OCHOBHHMX XMAapHHUX IpoBaiinepiB y Burisai PaaS
pimenns [4]. [lo-npyre, MmoaynbHICTh Ta THY4KicTh Kubernetes Hagae MOXIHUBICTD
3aMIHATH 1CHYIOY1 KOMIIOHEHTH a00 pO3IIMPIOBATH iX ()YHKITIOHAT 3a JOIMOMOIOI0
BIacHUX mporpamMHux MoxayiiB [5]. Ilo-tpere, exkocucrema manoi Tturatdopma
BKJIIOYA€ B ceOe TOTOB1 KOMIIOHEHTH J71s ynpasiiHHsA OP, mo crpoiitye nojiasnbiii
JOCTI/PKEHHSI 1 JI03BOJISIE TPOBOJWUTU TOPIBHSUIBHUM aHaMi3 3alpONOHOBAaHUX
pIlIEHb 3 ICHYIOYUMHU.

00’eKkTOM JOCHIIKEHHSI € MPOIEC PO3MOLITY OOYHUCITIOBAIBHUX PECYPCIB
JUIsl KOHTEMHEPU30BaHUX 3aCTOCYHKIB B IT-1H(pacTpyKTypi 3 BUKOPUCTaHHSIM
Kubernetes.

IIpenmeroM focigxkeHHA € METOAM AaBTOMATW3allli  yHpaBIiHHA
OOYHUCIIOBAILHUX PECYPCIB.

MeTta poOoTH ToJisirae B 3a0€3MeUeHH1 MATPUMAHHS Ha Y3TO/HKEHOMY PiBHI
skocTi [T-cepBiciB, 110 HANAETHCS 3aCTOCYHKaMU KOPUCTyBadam, MPU MIHIMI3aLli
00’€MIB BHJIIJIEHUX OOYMCIIOBAIBHUX pecypciB. [[ns MOCATHEHHS MaHOI METH
BUPIIIICHI TaKi 3aBJIaHHS:

— aHaJi3 MOTOYHOTO CTaHy MpoOJIEMHU Ta ICHYIOUUX METO/IB yrpasiiHHg OP
B IC;

— aHaJi3 1 OPIBHSIHHS ICHYIOUHUX METO/I1B TPOTHO3YBAHHS /IS BAKOPUCTAHHS
B IIPOAKTUBHUX METOAX;

— YAOCKOHAJIEHHS ICHYIOUMX METO/1B MPOTHO3YBaHHS B KOHTEKCTI 3/TATHOCTI
nepeadayaT MaclITad BUHUKAIOYMX aHOMATIH;

— po3poOKa MPOAKTUBHOTO METOAY MacIITa0yBaHHS,

— po3poOka KOMOIHOBAHOTO METOJYy MaclITaOyBaHHS 3 BUKOPHCTAHHSIM

MPOAKTUBHOTO 1 PEAKTUBHOI'O KOMITOHEHTIB;
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— po3po0ka METOoAy IO€JHAHHS TOPU30HTAIBHOIO 1 BEPTUKAIBHOIO
MaciTa0yBaHHS.

HaykoBa HOBH3HA OTPUMAaHMX pe3yJIbTATIB:

— 3aMpONOHOBAHO METO/I MPOAKTUBHOI'O BEPTUKAIILHOTO Ta TOPU30HTAIBHOIO
MacIITa0yBaHHs OOYHUCIIOBATBHUX PECYpCiB, SKUNA BIAPI3HAETHCS 3AATHICTIO
MPaIfioBaT 3 POOOYNMH HABAHTAXKEHHSIMH, SKI MICTATh KOMIUIEKCHI CE30HHOCTI Ta
TEHEHIII, 110 103BOJISIE 3SMEHILIUTH BUKOPUCTaHHS OOUMCIIIOBAIIBHUX PECYPCIB IIpU
JOTPUMAaHHI BCTAHOBJICHOTO PiBHS SIKOCTI MOCIIYT;

— 3alpONOHOBAHO METOJ] NMPOAKTUBHO-PEAKTUBHOIO MAacIITa0yBaHHS, SKUN
BIJIPI3HSIETHCS TEPEPO3INOAIIOM YIPABIIHHIM OOUYUCIIOBAILHUMHU PECYpPCaMU MIXK
KOMIIOHEHTAaMH BEPTUKAIBHOTO Ta TOPU3OHTAIBHOTO MAacImITaOyBaHHA, IO
J03BOJIsIE 3a0€3MeUyBaTH BCTAHOBJICHUM PIBEHb SKOCTI MOCIYT Y pasi BIJICYTHOCTI
ICTOPUYHUX JAHUX, HEIOCTATHBOI TOYHOCTI OTPUMAHMX MPOTHO31B 400 HEKOPEKTHOT
poOOTH TPOAKTUBHOTO KOMIIOHEHTA;

— 3aIllpPOMIOHOBAHO METOJ T'OPU30HTATbHO-BEPTUKAIBHOTO MacIITa0yBaHHS,
SAKUU BIAPI3HAETHCA HABHICTIO KOOPJIAMHATOPA JUIs Y3TOJKEHHS KEPYIOUUX NI MIXK
KOMIIOHEHTaMH MacITabyBaHHs, 10 JO3BOJISIE 3MEHIIUTH 30MTKOBE pe3epBYBaHHS
OOYHUCITIOBAJILHUX PECYPCIB MPU BUKOPUCTAHHI TOPU30HTAILHOIO MaciITa0yBaHHS
JUTS IPOAKTUBHOTO Ta PEAKTUBHOTO YMPABIIHHS;

— Halylla MOJaNbIIOro PO3BUTKY iH(OpMaIiiHA TEXHOJIOTIS YIpPaBIIHHS
oOuucioBanbHUM pecypcamu [T-1HPpacTpyKTypH, sKa BIAPI3HAETHCA HASBHICTIO
MPOAKTUBHOTO Ta TIOpUAHOTO MacimTaOyBaHHS, IO JIO3BOJISIE HaJaBaTH
KOHCHUCTEHTHUMN PIBEHb SAKOCTI1 MOCITYT.

IIpakTu4He 3HAYeHHS] OTPUMAHUX pe3yJbTaTiB. Po3polneHi nporpamHi
MOJTyJIi JIJIsl IPOAKTUBHOTO MacIITa0yBaHHsI MOXKYTh OyTH BUKOPUCTaHI1 B KJIacTEpax
Kubernetes nns ynpasminass OP 3acTOCyHKIB, $IKI MarOTh YITKY KOMILIEKCHY
CE30HHICTh, TEHJIEHIIII Ta MOBTOpPIOBaHI IMabJoHU Oe3 CTajdoi MEepioJMYHOCTI B
HABAHTAXKEHHI, JUIsI TOKpameHHs piBHS QOS y MOpIBHAHHI 3 TOIMUPEHUMHU
pPEaKTUBHUMHU DIIICHHSAMU Ta NiABUIIEHHS edexTtuBHOCTI ytwmzamii OP vy

MOPIBHSHHI 31 CTATUYHHUM IMiJIXOJIOM. 3ampONOHOBAHUN METOJT KOMOIHOBAHOTO
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MPOTHO3yBaHHs MOXe OyTu Bukopuctanuil B IT-iHppacTpykTypax, B SKUX 4acTO
BUHUKAIOTh aHOMaJIbHI HABAHTAKEHHS, 1110 TOBTOPIOIOTHCS, aJi€ MPHU [IbOMY MICTSITh
MOCTIiMHI CE30HHOCTI Ta TeHAeHi. [ 10puaHuii MeToa MaciTabyBaHHs, 110 MICTUTh
PEaKTUBHHUI Ta MPOAKTUBHHM KOMIIOHEHTH, MOXKe OyTH BuKopucTtanuii B IT-
iHppacTpykTypax 3 BukopucTanHsMm Kubernetes ansi mifgBUILEHHS €(EKTUBHOCTI
poOOTH 0OpaHOTO MPOAKTUBHOTO MeTOoMy. ['10puaHuii MmeTox MacmTabyBaHHS, 110
MICTUTh BEPTHKAJIbHUN Ta TOPU3OHTAILHUA KOMIOHEHTH, MOXYTh OyTH
BUKOpHCTaHI B icHyrouux IT-iHppacTpykTypax sl 3MEHIICHHS 30MTKOBOTO
pe3epByBanHs OP.

Pesynbrati mociimKeHb, WO BKIIOYEHI J0 JUCEpTaliifHOi poOoTH,
JOTOB1IAJIMCH 1 0OrOBOPIOBAIMCH HA KOH(PEPEHIISAX:

— Mixnapoana koHdepeniisa «Security, Fault Tolerance, Intelligence», Kuis,
29-30 munns, 2023;

— Tperiii MmibkHapogHuil HaykoBui cummnosiym «Intelligent Solutionsy,
KwuiB - Yxropon, 27-28 BepecHs, 2023;

— Miuixnaponna koHdepenuiss «Problems of Infocommunications. Science
and Technology», XapkiB, 5-7 >xoBTHs, 2024.

JocmipkeHHs: Ta po3poOka 1HGOpMAIIHHOI TEXHOJIOTIT MPOBOAWINCH B
paMKax  1HIIIaTUBHOI  HAyKOBO-JIOCHIAHUIILKOI  poOOoTH  «IHTenekTyasnbHi
BHUCOKOITPOTYKTUBHI TEXHOJIOT1] yIPABIIHHS TEXHIYHUMHU CUCTEMaMI» (IepKaBHUN
peectpauiitauii Homep — 0121U110810).

Crtpykrypa Ta 06csr podoTu.

Hucepramiitna poOoTa CKJIAAA€TbCsl 13 BCTYIMY, YOTUPBOX PO3MILIIB,
BHUCHOBKIB, CIHCKYy BUKOPUCTaHUX kepen (83 HalilMEeHyBaHHSA) 1 UYOTHUPHOX
nonatkiB. OCHOBHUHN 3MICT BUKIJIaJeHUM Ha 125 cTOpiHKax IPyKOBAaHOTO TEKCTY,

MICTUTh 88 pUCYHKIB Ta 8 Tab/uIlb. 3araabHui 00cAar aucepTaili — 154 cTopiHKH.
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1 AHAJII3 APXITEKTYPU IHOOPMAIIMHUX CUCTEM 3
BUKOPUCTAHHAM KJIACTEPIB YIIPABJIIHHA PO3IIOAIJIEHUMUA
KOHTEWHEPU30BAHUMMU 3ACTOCYHKAMHU

1.1 AHaJi3 moTo4HOro cTany i TpenaiB kepyBanusa IT-indgpacrpykryporo

Cyuachi IC HamaoTh KOpHCTyBayaM MIUPOKUNA CHEKTp pizHOMaHITHHX IT-
MOCJIYT 3 PI3HUMH 3HAYEHHSIMU IMOKa3HUKIB JOCTYITHOCTI Ta HaaiitHOCTI. Lle Bumarae
JICKOMIIO3HIIIT MOHOJITHUX 3aCTOCYHKIB Ha HEBENUKI (YyHKI[IOHATIbHI KOMIIOHEHTH
[6]. 3abesmeuyeHHst BucCOKOi npoctynHocTi [T-mocmyr Bumarae myOirOBaHHS
KOMIIOHEHTIB, IO iX HaJaloTh, @ TAaKOXX PO3MILICHHS IIUX KOMIIOHEHTIB B PI3HHUX
reorpagiynux 30Hax [7]. CyuacHi [C miaTpumMyroTh BEIUKY KUIbKICTh 3aCTOCYHKIB,
KOYXEH 3 SIKUX PO3rOpTAETHCA B JACSIKINM KUIbKOCTI ek3eMIuisipiB. IT-inppacTpykTypa,
sKa BUKOPUCTOBY€EThCA il po3ropTaHHs [C, MICTUTh BENUKY KUIBKICTh (DI3UYHUX
CepBEpiB, Ha SIKMX CTBOPIOIOTHCS BipTyanbHi MammHu (BM) [4]. Ynopasainus
BEJIMKOIO KUIBKICTIO CEPBEPIB 1 3aCTOCYHKIB, IO PO3MINIYIOTHCS HAa HUX, €
HETPUBIAJIBHOIO 3aJa4Y€l0 1 BHMAarae€ 3HAYHOTIO PIBHA aBTOMAaTH3allli MpPOLECIB
yOpaBIiHHS, 30KpeMa, po3MilleHHd Ta Mirpamii BM, cTBopeHHs eK3eMIUIspiB
3aCTOCYHKIB, HaJallITyBaHHS MEPEKEBOro JOCTYIy JI0 HHUX, pE3epBYBAaHHS
HEO0OX1AHOTO 11 iX poOoTH 00’emy OP Ta MOHITOPUHTY MOTOYHOTO cTany [8]. Jlus
ynpaBmiHHsa  [T-iHGpacTpykTyporo  po3poONSIIOTECS  Ta  BUKOPUCTOBYIOTHCS
PI3HOMaHITHI CUCTEMH YNPABIIHHS, IK KOMEPIIiiiHI, Tak 1 cuctemu ynpasmiHHs [T-
1H(PACTPYKTYPOIO 3 BIAKPUTUM BHUXIJTHUM KOJIOM, JO SKUX BITHOCSITHCS CUCTEMU
KepyBaHHA KoHTeiHepuzoBaHumu 3actocynkamu (CKK3) abo cucremu
opkectpailii. Po3po0ka i BUKOpUCTaHHS CUCTEM YNpaBIliHHS (PaKTUUHO MTPU3BEIIU JI0
BUHUKHEHHS MOBHOIIIHHOTO PiBHS MiX piBHEM (Pi3udHOT 1HOPACTPYKTYpH 1 pIBHEM
CEpBICIB — piBeHb M1aTGopmu, 1110 300pakeHo Ha puc. 1.1 [9].

OcHOBHMMHU 3aZjauaMM pIBHS TJIATGOPMHU € PO3TOPTAHHA 1 YINPaBIIHHSA
KUTTEBUM ITUKIJIOM 3aCTOCYHKIB. [[7151 11bOT0 HEOOX1THO 3a0e3meuntu podoTy SIK 3
PIBHEM 3aCTOCYHKIB, TaK 1 3 piIBHEM 1HPpacTpyKTypu. KpiM 11bOT0, Ha JTaHOMY PiBHI

BiIOyBaeThCcsl (hopmyBaHHS 3amuTiB Ha 00°’eM OP 3 MeTo0 miaTpuUMaHHS SKOCTI
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CEpBICIB, 10 HAJAIOTHCS 3aCTOCYHKAMHU Ha Y3roJKEHOMY piBHI. Takoxk, Ha piBHI
maTGopM peasizyeThCcsl MPOLEC MOHITOPUHTY, SIKMM TIOB’sA3y€ HHU3BKOPIBHEBI
1H(GPaACTPYKTYpHI METPUKH 3 BHCOKOPIBHEBUMH METPHUKaMH 3aCTOCYHKIB, IO
JI03BOJISIE B TOAAIIBIIIOMY BHUKOPHMCTOBYBATH IIi JIaHI JJIsi aBTOMATH3aIlii IHIITHX
nporecis IC.

Kopacrysati
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Pucynox 1.1 — lepapxiuna cxema IT-indpacTpykrypu

Buxopucranns npu ynpasiinti pecypcamu [ T-iHdpactpykrypu Takux CKK3
sk Kubernetes, Nomad ta ECS [3] no3Bosisie 3HaUHO CPOCTUTU OaraTto acreKTiB
pO3rOopTaHHs Ta KEPyBaHHS 3aCTOCYHKAaMH B XMapHUX CEPEIOBHINAX, a TAKOX B
koprnopatuBaux [T-iHpacTpykTypax. st po3ropraHHi 3aCTOCYHKIB y Kiactepi
CKK3 3abe3neuye BuIIMI piBeHb aOCTpakuii Haja amnapaTHUMH 3acobamu,
Bipryam3zaiieo ta OC, mo 300paxkeHo Ha puc 1.2, MO M03BOJISE 130JFOBATU
CKJIQJIHICTh 1HQPACTPYKTYpH 1 yHIPIKYBaTH B3aEMO/I1I0 PO3POOHUKIB 3aCTOCYHKIB 3

eJieMeHTaMu 1HQPaCTPYKTYpH .
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PiBenb 3aCTOCYHKIB

OpkecTpanis

YTpaBiiHHA cepBicaMu

IInanypanHA

VYnpapiiHHA pecypcaMu

Konreiinepuzartis

OnepariiiiHa cucTeMa Biptyamizanis

Amaparsi 3acobu

Pucynok 1.2 — Iepapxiuna cxema IT-iHbpacTpyKTypH BITHOCHO OpKeCTpallii

CKK3  103BOJNSIFOTH  aBTOMATUM3yBaTH  MPOLECH  PO3TOPTaHHA  Ta
MaciTaOyBaHHS 3aBAsku BOy/1oBaHUM iHCTpyMeHTaM [10]. HagaroTh MOXIUBICTH
aBTOMATUYHOTO JIOJaBaHHS HOBHUX BY3JIB J0 KJacTepa B aBTOMAaTUYHOMY PEKUMI,
10 BKJIFOYAE HAJIAIITYBAHHS MOHITOPUHTY, MEPEXKEBOi Ta 0€3MEK0BOT KOHPITypaIlii,
€ KpPUTHYHUM acleKTOM cydacHoi MacimTtaboBaHoi IC B KOHTEKCTI MOCTIHHOTO
MacmradyBadss [11].

CKK3 3ab6e3meqyroTh BUCOKHM PiBEHb JOCTYITHOCTI IUISIXOM BiJICTEKYBaHHS
3001B y 3aCTOCYHKax Ta iX aBTOMAaTWYHE BIAHOBIIEHHA. MepexeBa KOH(Irypauis
TaKOX BKJIIOYA€ OaaHCYBAHHS HABAHTAXKEHHS M1 €K3EMILISIpaMU 3aCTOCYHKIB Ta
HaJalITyBaHHS BHYTpIIHIX 3’€AHaHb a1 kommoHeHTiB IC [12]. B koHTekcTi
yopaBiniHHg  OP, mnmatrdopmu ayig  opKecTpauii  JTO3BOJSIOTH  AMHAMIYHO
nepepo3noAuIaTH 00’em BumieHux OP s KOHTEWHEpiB, B SKUX PO3MIIICHI
€K3EMIUISIPU 3aCTOCYHKIB, IUISIXOM BHECEHHS 3MiH B KOH]Irypailito 3anutiB OP abo
KUTBKOCTI €K3eMILTIPIB [6].

Kinbkicte 00’ekTiB  ynpaBiiHHg B IT-iHPpacTpykTypax BUMIPIOETHCS
TUCAYAMU, ICHY€ BEJIMKA KIJIbKICTh HEBM3HAYEHOCTEW CTaHy YyCiX KOMIIOHEHTIB,
KOMITOHEHTH MOXKYTh TPAIfOBATH B PI3HUX PEXHMaX, BUPIIIYIOYH PI3HOMAHITHI

3a/1adyli B yMOBaxX HEMOBHOTHM Ta HEJOCTOBIPHOCTI BUXIAHUX JaHUX, HASBHOCTI
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pI3HOMaHITHUX (aKTOpiB pU3UKY. 3a TaKUX YMOB CHCTEMY YIIpaBJIiHHS
iHppacTpykTypoto (CVYI) IOIIBHO NPOEKTYBATU SK 1€pApXiduHy JBOPIBHEBY

CUCTEMY YIIpaBIiHHS 3 KoopauHatopoM [1, 13, 14], mo 306pakeno Ha puc. 1.3.

1 CVI |

|
| |
i Koopaunatop i
| |
| |
| |
| |
I I
! CVY ¢izumaaIMH !
i CKK cepBepaMu CY mepexero CVY nammmn i
| |
| i

IIpotiec HATAHHA TIOCITYT

Pucynok 1.3 — Ctpykrypa nBopiBaeBoi CVYI

VY rtakiii mozem CVYI MICTUTh KOOPAMHATOpP, SKUH pO3TalllOBaHUN Ha
BEPXHbOMY PiBHI, Ta MHOXHUHY cucTteM ynpasiiHHs (CY), KOKHA 3 SKUX BUPILIYE
okpemi acriekt  ynpasmiHHsS  [T-iHdpactpykryporo. Kepyroui  BrumBu
KOOpJIMHATOpA CHPSIMOBAaHI Ha Y3roJKeHHd ik croeumianmizoBanux CVY, mio
po3TalioBaHi Ha HUKHBLOMY piBHI iepapxii. Koxkna 3 nux CY npuiimMae pimeHHs Ta
Kepye 00’ €KTaMU yNpaBIIiHHS Y CBOIH 30H1 BiJIMOBIATBHOCTI.

CY ¢BuuHMMH  cepBepaMu  3IMCHIOE  YIpaBIiHHA  anapaTHUMHU
koMrioHeHTamu [C Ta 3a6e3neuye KoH(DIrypyBaHHS HOBUX CEPBEPIB JJIs1 BKIIOUCHHS
B IC, MOHITOpHHT CTaHy HasBHUX CEpBEpiB, OHOBJICHHS I1X MPOTPAMHOTO
3a0e3neueHHss ([13) Ta BIIHOBIEHHS Yy BHUMNAAKYy HENOJAAOK. Y BHUIAIKY
BUKOpHUCTaHHA XMapHUX miatdopm st posmimienus [C CY di3uannmu cepBepamu
kepye BM.

CY nmanuMmu BiZMOBIZA€ 3a PO3MIMICHHS, 30epiranus Tta 3axuct gaHux B IC.
[{a CVY kepye 10CTYIIOM JI0 TaHUX, 10 3a0€3MeUy€EThCs MUISIXOM BU3HAUCHHS POJICH

1 103BOJIIB KOPUCTYBauiB, BUKOPUCTAHHS BIMOBIIHUX MPOTOKOJIIB ayTeHTU(IKAIII].
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Oynkmionan nux CY MICTUTh OpraHi3aliio poOOTH PeNIiiHUX Ta HEPEJSIIHHUX
0a3 JaHuX, iX pe3epBHE KOMIIOBAaHHS Ta BIAHOBJICHHS.

CY mepexero miaTpuMye (yHKIIOHYBaHHS MEpEXKEBOi 1HPPACTPYKTypH, il
e(eKTUBHY pOOOTy, HEOOXIJTHUM piBEHb OE3MEKH Ta BHUCOKY JOCTYITHICTb.
YrpasiaiHHS MEpPEXKEBOIO 1HYPACTPYKTYPOIO BKITFOYAE MTOOYIOBY TOIIOJIOTIT MEepexKi
Ta i pekoHpirypartito s 3abe3nedeHHs 6e3nepediitHoi podotn kommoHeHTiB IC.
MOHITOPUHT Mepexi, B TOMY YHCII TaKUX METPHUK, SK IMPOIYCKHA 3/1aTHICTD,
3aTpUMKa 1 BTpaTa MakeTiB, € HEOOX1THUM aCIIEKTOM 3a]1J1s1 3a0e3MeueHHs] BUCOKOTO
piBast QoS. BuKkopucTaHHS BIpTyaJdbHUX MEPEXK IIJBUIILYE PIBEHb OE3MEKH Ta
JI03BOJISIE KOHTPOJIFOBAHHS TOCTyNH B cepenuni IC.

VYei CVY, axi HaBeneHo Ha puc. 1.3, a Takox 1HuN CVY, gK1 HA PUCYHKY He
MOKa3aHo, Pa3oM 3 KOOPJAWHATOPOM BIMITPAIOTh BAXJIMBY POJIb B MiATPUMAHHI
BHCOKOI'O pIBHS SIKOCTI cepBiciB, mo HanawoThes IC. Insg Ounbmocti 3 nux CY
HaIpalboBaHl METOAU Ta 3acOOM YIIPaBJIIHHSA, ICHYIOTh BIJAIMOBIJHI CTaHIApPTH Ta
cnernudikaiii. MeHI onpanboBaHi MUTAHHS YIPABIiHHSA KOHTEHMHEPHU30BAaHUMU
3aCTOCYHKaMHu, siki € 30Hor0 BianmoBizanbHOCTI CKK3, depe3 BigHOCHO Manmuit
TEpPMiH BiJl TIOSIBU Ta IMIUPOKOTO 3aCTOCYBaHHS TaKMX TeXHOJOrii. Tomy B poOoOTI
OCHOBHA YyBara CKOHLEHTpOBaHa caMe€ Ha YIpaBiIiHHI OOYMCIIIOBaJIbHUMU
pecypcamu. CKK3 He TUIbKM 3A1MCHIOE PO3MIIICHHS KOHTEHHEPU30BaHUX
3acTOCyHKIB Ha cepBepax IT-indpacTpykrypu, a i kepye macmrtadyBanusm OP,

BUXOJs1YM 3 HasiBHUX 00csTiB OP Ta 3 BpaxyBaHHSIM BUMOT JI0 SIKOCT1 MOCIYT.
1.2 Anaui3 IT-indpacTpykTypH Ta ii eJIeMEHTIB SIK 00’ €KTIB yIIPABJIiHHSA

Jist 3’sicyBaHHsSl akTyallbHUX NpoOsiem ynpasiiHHs [T-iHdpacTpykTypoto,
TpeHAIB Ta nepcnekTuB po3BUTKY I[T-iHdpacTpykTypu Ha 0a3i KOHTeHHepH3allii
HEOOXITHO TMpoaHaIi3yBaTh IMOTOYHUN CTaH, apXiTeKTypy, 0a3oBy MoJeib Ta
OCHOBHI KoHuemnuii nodynoBu IT-indpacTtpykTypu Ta 1 ympaBiiHHA. Js
epextuBHOI pobotu IC HeoOxigHO 3a0e3neuyBaTH CKOOPAMHOBAHY pPOOOTY BCIX
piBHIB 1H(pacTpyKkTypHu, TeXHIYHMX Ta Oi3Hec-cepBiciB [1]. Taka koopauHaris

3a0e3MeuyeThCsl IIITXOM BUKOpUCTaHHs 1HTerpoBanoio CVYI, HeBim eMHOIO



23

gactuHol sikoi € CKK3. CVYI BukopucTtoBye BHUCOKHN piBeHb aOCTpakiiii s
PO3ropTaHHs CEPBICIB Ta MIATPUMKUA HEOOX1THOTO piBHS QOS.

Jlna miarpuMku Bucokoro piBHs skocti mociayr CKK3 Mae BUKOHyBaTH Taki
byHKIi [6]:

—3a0e3nevyyBaTu HaJJaHHS HeoOX1AHO1 KinbkocTi OP A poOoTH po3aMieHIX
3aCTOCYHKIB;

— PO3MIITYBaTH 3aCTOCYHKH IIIIBLHO JIJII MaKCHUMI3allii yTUJI13a1ii JOCTYITHUX
OP;

— 3a0e3meuyBaTu CTIAKICTh 10 BIIMOB OKPEMUX KOMIIOHEHTIB 200 BY3IIiB;

— rapaHTyBaTH, 110 €K3EMIUISIPU 3aCTOCYHKIB € 130JIb0BAHUMU 1 HE BILTUBAIOTh
Ha poOOTY IHIIMX B MEXKaX OJIHOTO BY3JIa;

— 00poOyATH BXIAHI 3amuTh ab0 3ajavi Ta PO3MOAUIATH iX MIX BCiMa
€K3EMILISIpAMH 3aCTOCYHKY BIJAMOBIIHO JO BCTAHOBJIEHUX MOJITUK OajJaHCYBaHHS;

— 371ACHIOBATH TOPU3OHTAILHE MacIITa0yBaTUCA JJIsI aJallTallll 10 TOTOYHUX
BHUMOT 3aCTOCYHKIB — J]0JIaBaTH a00 BUIAJISATH BY3JU Y pa3l HECTaul pecypciB ado ix
HETMOBHOI YTUJI13a11li, BIATOBITHO.

MuoxuHy  BIpTyaqbHUX a00  (i3uyHUX  MamuH, K1 00 €IHaHi
cnemiaimizoBanuM 113 B eauHy cuctemy Ha3uBaioTh kiactepoM. Kiacrepu
BUKOPUCTOBYIOTBbCS  JI1  €(PEKTUBHOrO po3noiuny jgoctynHux OP Mk
3aCTOCYHKaMHM, IO JI03BOJISIE BUKOHYBATH BEJIMKY KUIbKICTh PI3SHOTUITHHMX 3a/1a4

OJIHOYACHO.
1.2.1 3aranbHa MoJieNb Ki1acTepa

Jlist popMyTroBaHHS 3a71a41 PO3MIIIEHHS 3aCTOCYHKIB Y KJIacTepl He0OX1THO
dbopmaiizyBaTl BCl mapaMmeTpH, siKi OyJIyTh BUKOPUCTOBYBAaTHCS NpU MOOYAOBI

monem CKK3.

OcHoBy KiacTepa ckiajgae MHOxuHa N={N;}, ne 1=1,n By3niB Ha (isuunnx
a0o0 BIpTyaJbHUX CEPBEPAX B 3aJIEKHOCTI BiJl TUIY 1HQPACTPYKTYPH, KUTbKICTh SIKHUX

JIOPIBHIOE A.
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B kyacTepi po3ropTalThCs 3aCTOCYHKHM i3 MHOKUHU A={A;}, [=1,m, ne m —

KIJIBKICTB 3aCTOCYHKIB. K0OXK€H 3aCTOCYHOK BKJIFOUa€ MHOKUHY €K3eMIUIApiB [={/;},

[=1m, j= I,_k , 1e k — KUIBKICTh €K3EMILISPIB 3aCTOCYHKY /).
CKK3 kepye pecypcaMu 13 MHOXUHU R :{Ry} , Y =1,_h, ne h — KUIbKICTb

TUIIB PECypcCiB A ynpaBiiHHA. TakuMu pecypcaMu 3a3BUYAl € — MPOLIECOPHUIA
gyac, omnepaTUBHA IlaM’sTh, MPOITYCKHA 3JaTHICTb MEpEXki, €MHICTh JUCKIB abo

HasBHICThH CHEIIaJIbHUX IIPUCTPOIB, 30KpeMa, I'padiyHUX MPOIIECOPIB Ta 1H.
Koxken 7 -ii By3ou kjiactepa mae 3aaanuii 06’em OP {V}, y=Lh,1=1n,

i
ne Y —tun OP. Jlana xapakTepucTHKa BU3HAYA€ MOTYXHICTh Z -T'O By3Ja.

Koxen [ -it 3aCTOCYHOK Mae BuMoru g0 OP { X ZV}, yv=1,h, ne h — kinpkicTs
TUIIIB PECYpPCIB Ul YNPaBIiHHSA, Kl OynyThb HaJaHl KOKHOMY €K3eMIULIpy I,

[=1,m, j=1,k, ne k — kinbKicTh eK3eMILTPIB 3aCTOCYHKY / ., IPY PO3MIIIICHH] Ha

By3nax kiuactepa. ®daktuune BukopucTaHHi OP 3acTOCYHKIB BU3HAYa€ThHCS

A

MHO>KHHOIO {X ,V}, 7€ MOXKE€ BIAPI3HATHCS BiJ BCTAHOBIICHHX BHUMOT {X ,y} B

3aJI€KHOCTI B1JI IIOTOYHOTO HABAHTAKEHHS.

['onoBny Mety ynpasininas OP MoxHa (popmanizyBatu y Takui crocio:

XX, . sl=Lmy=Lh, (1.1)

ne O, ta O, — dakTUyHe i UITPOBE 3HAYCHHS METPHKHU SIKOCTI MOCIYT st [-eo

3aCTOCYHKY, [ =1,m, ne m — kinbKiCTH 3aCTOCYHKIB Yy KJIaCTepi.
Takum uunom, meta CKK3 mpu ynpasninai OP nonsirae B miaTpuMaHHi
BCTAHOBJICHOTO PIBHS SIKOCTI TOCIYT TIPH MiHIMI3aIii 30MTKOBOTO pe3epBYBaHHS

OP, sax 1ie Bu3HauaeTbes piBHIHHAM (1.1).
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CKK3 mae 3a6e3neuyBaTu 1151 Oy 1b-KOI0 €K3eMIUIsIpa /j;, HasBHICTh Ha BY3Ji
PO3MIIIEHH J0CTaTHBOI KuibkocTi OP R, g KOpeKTHOI poOOTH 3aCTOCYHKY 1

BUKOHAHHS CUCTeMU piBHSHB (1.1):

> X, <V, l=Lmy=1Lhi=1n, (1.2)

ne Xj,; — BUMOTH eK3eMIusipa /-ro 3acTocyHky 1o OP mist y-ro tumy pecypcey, 1o
PO3MILIYETHCS HA I-TOMY By31i; V), — 00’em OP noctynHuii 1u1s i-ro By3ia Ajs y-ro
TUITY PECYPCY.

Takum uymHOM, HEpiBHICTH (1.2) BH3HAYa€ 3aJeKHICTh MK BHMOTaMHU
PO3MILIEHUX EK3EMIUISIPIB Ha By3/lax 1 IX MOTYXHICTIO, a came, 10 CyMapHa
MOTY>KHICTb BCIX €K3EMILISAPIB, PO3MIIICHHUX Ha i-My BY3J11, HE MOKE MIEPEBUIILYBATU
Horo notyHicTh. [linTpuMaHHs 1aHOI HEPIBHOCTI rapaHTye, IO BY3JIM KJlacTepa
OyIyTh MaTH JOCTaTHIO KUIBKICTh PECYPCIB ISl IITATHOI pOOOTH BCIX PO3MIIIEHUX

Ha (I3UYHOMY CEpBEP1 3aCTOCYHKIB.
1.2.2 Ctpykrypa knacrepa

Crpyxrypa CKK3 HaBenena Ha puc. 1.4. YrpaBiiHHS KIacTepoM 31HCHIOE
CKK3. [ns xoudirypaiii pecypciB 3 OOKy aamiHICTpaTopa Ta pPO3MIIICHHS
3actocyHkiB, CKK3 micTuth iHTEpdEiic 11 B3aeMoaii 3 aiMiHICTpaTopoM. MoyIib
pPO3MIIIIEHHSI KOHTEWHEPIB 3/IIMCHIOE TIONIYK BY3Ja JJI PO3MIIICHHS KOHTEHHEpa,
BUKOPUCTOBYIOUM JaHl MOMAYJsl MOHITOPUHTY KOHTEiHHepiB. Bzaemomis 3
¢b13u4HIMH 200 BIpTyalbHUMHU MAIIMHAMHU B110YBA€THCS 3 BUKOPUCTAHHAM MOAYJIS

B3a€EMOJIIT 3 By3JIlaMHU, SIKMM O€3MOCePETHbO PO3MIIIY€E 3aCTOCYHKH B KOHTEHHEpax

Ha BM.

Monyne
»{ PO3SMIIIEHHT (4
KOHTeHHepIB

. Moayab Mopynn
InTepdeiic Oy ) Ay
R » MOHITODHHTY |4 B3a€MOTII 3
B3aeMOZIIT

KOHTeHHepiB BY3JIaMH

{

I
I
I
: Moayne
I
I
I
I

Ingpactpykrypa

Byzom 1

by

ApuiHICTpaTop

I
I
I
I
I
I
I
Byson 2 :
I
I
I
I
I

- - ——y——

Byson 3

'»{ ympaBmiHHA [
KOHTeHHepaMH

Pucynok 1.4 — Crpykrypa CKK3
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Monynb ynpaBiiHHA KOHTEHHEpaMH Ha OCHOBI JaHUX MOJYJII MOHITOPUHTY
Ta KOMAaHJ| YyMOpaBJIiHHS, OTPUMAHHUX BIJ aIMIHICTPATOpIB KJacTepa, INpUiMae
pIIICHHS PO MEePEMIIICHHS], TEPECTBOPEHHS YN BUJATICHHS KOHTeHHEepiB. MoTyb
MOHITOPUHTY KOHTEHHEPIB 3 BUKOPUCTAaHHAM MOAYJISI B3a€EMOJIIT 3 By3JaMu 30upae
JaH1 Mpo MOTOYHUI CTaH KOHTEHHEPIB y BUTJISI/II CUCTEMHUX METPHUK.

Ha ocnoBi 3ampomnonoBanoi crpykrypu CKK3 MoxHa BHU3HAUHTU
apxiTekTypy knacrepa. Kiactep Mae ckinagarucs 3 oQHOro a0 MHOKMHHU BY3JIIB,
Akl € (izuyHuMH a0o0 BipTyaJlbHUMU MammHamu. Ha Bysnax po3MilIyroThes
KOHTEIHEpU30BaHl 3aCTOCYHKM Ta KOMIIOHEHTH YIpaBIIHHA Kiactepom. Jlis
3a0e3neYeHHs] B3a€MO/IIi By3J1a 3 IHIIMMU KOMIIOHEHTaMHU YIIPaBJIiHHS B KJacTepi
BCTAHOBJIIOETHCS areHT [15].

AreHT Ha puc. 1.5 € nporpaMHUM MOJyJIEM, KU HEOOX1AHUM /17151 BUKOHAHHS
koMaH ynpaBiaiHHA Big CKK3 Ha po3ropraHHs, MOHITOPUHI Ta BHJIAJEHHS
KOHTeMHepiB. Takoxk, areHT MOKe BIAMOBIAATH 32 MEPEXKEBY KOHQITypaIllito By3Jia
JUis 3a0e3Me4YeHHs 3°€IHAaHHS MDK pO3MIIICHUMU KOHTEHHEpaMH Ta I1HIIUMHU

KOMIIOHCHTAMHM KJIaCTeEpa.

Byson
Exzemmusp 14—
— Exzemmmap 24— AreHT
Bxiani Komann
3aITHTH _ YTIpaBITiHASL

Exsemmuiip 3 ¢#———

Kontponep xonTefiHepH3anii

Pucynok 1.5 — ApxiTtekTypa By3Ja KjiacTtepa

[Ipu oTpumaHHI KOMaHJ| yIpPaBIiHHSI Ha PO3TOPTAHHSI HOBOTO KOHTEHHEpY,
areHT Tepejae JAaHl Mpo MepexeBy KoHQIryparlito Ta KoH]Iryparir pecypciB 10
CKK3 [16]. CKK3 3a gomomoror AOCTYIHHX Ha LbOMY BY3Ji 1HCTPYMEHTIB
onepariitnoi cucremu (OC) 3amyckae KOHTEMHEp 13 3a7aHOr0 KOHQITypaliero

3abe3neuyroun Bkazanmii 00’em OP Ta mepexeBux pecypciB. CKK3 3aiiicHioe
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MOHITOPUHI ~ CTaHy PpO3TOpPHYTUX KOHTeiWHepiB Ta o00’emy OP, 1o
BUKOPUCTOBYIOThCA. Y pa3i MEPEeBUIICHHS OOCATIB PecypciB, IO BU3HAYEHI MPU
koHbirypyBanHi OP koHTelHep 3YNUHSAETHCS, a areHT OTPUMY€E 1HPOPMAIIIIO PO
nofito, Ky nepeaae B CKK3.

Knactep wHamae mnpukinagauii mnporpamuuii iHTepdeiic (API) s
KoH(DIrypyBaHHs pecypciB KiacTepa, o Bifanoigae inTepdeiicy Bzaemonii CKK3.
AJIMIHICTpAaTOPH MOXYTh CTBOPIOBATH, OHOBJIIOBATH Ta BUAAIATH KOHIryparii
pecypcCiB MIISTXOM HajcuaaHHs komaH Ha API.

baza nanux HeoOXigHa 111 OOMIHY JaHUMHU Ta KOMaHJaMH yIPaBIiHHS MIX
komrnoHeHTamu CVY Ta € yactuHoro peanizamii moaymiB CKK3. Konrponep
3aCTOCYHKIB, 11O BIJIOBIJA€ MOJYJIIO YIPABIIHHS KOHTEHMHEpAaMU, OTPUMYE JaHI
PO TOTOYHY KOH(Irypalliro 3acTOCYHKIB 1 BHKOHYE BIATIOBITHI omeparii s
MPUBEJICHHS TOTOYHOr'O CTaHy J0 BKa3zaHoro [17]. SIKIo KOHTpoJep 3aCTOCYHKIB
npuiiMae pIMIEHHS NPO PO3MIIIEHHS HOBUX €K3EMIUIIPIB B KJIACTEpl, TO 4Yepe3

30epeKeHHs BIMOBIIHOT 3a7a4i B 0a31 JaHUX TIEpeIac 3amuT JI0 MIaHyBaJbHUKA.

Byson 1
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API-cepgep Basza nanHx | bamancysau

Byson 2

7# Arent

Kontponep T
3aCTOCYHEKIB

Exsemmap 1

ExseMmiuap 2

Exsemmmap 3

Pucynok 1.6 — ApxiTekTypa Kiacrepa

[InaHnyBambHUK PO3MIILYE HOBI €K3EMIUIAPU Ha JOCTYMHUX By3nax. [licis
3HAXOJ/KCHHS BY3J1a JUTsl PO3MIIIICHHS, TUIaHYBAJIBHUK 3BEPTAETHCS 0 arcHTa, SKUH
BUKOHY€ BIAMOBIAHY ormeparfito. [licms po3MmileHHs eK3eMIUIIpy pe3yJbTaT
omepaitii 30epiraerbest B 6a3i nanux. [nanyBaabHUK € YACTHHOIO peaizaiii MOayJIs

pO3MilleHHs 3acTOCYHKIB B cTpykTypi CKK3.
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1.2.3 MoHITOpUHT KJacTepa

[InanyBanHst Bukopuctanus OP BuMarae oTpuMaHHs aKTyalbHUX 3HAHb MPO
norounuid ctad IC. CyuacHi IC MOXyTh BKIIIOUATH THCAYl BY3/iB, HA KOXHOMY 3
AKUX MOXKE 3HAXOJUTUCA COTHI KOHTEWHEPU3OBHHX IMporpaM. Tomy st
epextuBHOTO ynpasiainHaa OP B kiactepi HeoOXiaHe pilieHHS st 300py TaHUX PO
NOTOYHUN CTaH KOMIIOHEHTIB Ta KiacTepa B I[JIOMYy — MOJAYJIb MOHITOPUHTY.
MOHITOPUHT € CHUCTEMaTHYHHM IMporiecoM 300py, aHallily Ta BUKOPUCTaHHS
iHpopMallii mpo crtaH Ta €(EeKTHBHICTb BHYTPIIIHIX CEPBICIB Ta PO3MIIIEHUX
3aCTOCYHKIB Yy Kiactepi. Lle#t mpoiiec BKItouae BiICTEKEHHS piI3HOMaHITHUX METPUK
1 JIOT1B, SIKI MOKYTh HaJ]aBaTH JIaHl MPO MOTOYHY MPOTYKTUBHICTh, TOCTYIHICTh Ta
oe3neky cucrteMd. OCHOBHA IIJIb MOHITOPUMHTY — BH3HadaTu piBeHb QOS Ta
NepeBIPATH JOTPUMaHH BcTaHOBIeHUX BUMOr SLA [18].

B Kubernetes Merpuka — 1e KUIbKICHMM TMOKa3HUK, SIKHA OMNHCY€E CTaH
KOMITOHEHTA B ICSIKUA MOMEHT 4acy B OTHOMY BUMIpl. METPpUKHU MOKHA PO3AUIATH
Ha cucTeMHI 1 Oi3Hec-MeTpuku. CHCTEeMHI METPUKH IIOB’sf3aHI 3 pOOOTOIO
iH(ppacTpyKkTypH, a came anapatHoi yacTuHu Ta OC. TunoBuii nepenik CUCTEMHUX
METPUK:

— wMeTpuku ytuiizamis OP Hamae MOXIMBICTH OIIHUTH BUKOPUCTAHHS
pecypcy CPU, RAM Ta iHIIMX pecypciB KOXKHUM 13 PO3MIIIEHUX KOHTEHHEPIB Ha
BY3J1, @ TAKOXX 00’ €M BUIBHHUX PECYPCIB;

— METPUKH MEpEXeBOI aKTUBHOCTI JO3BOJISIOTH OI[IHUTH TIOTOYHE
BUKOPUCTAaHHS MEPEKEBOTO KaHay, 00’ €M BXIJTHOTO 1 BUXIAHOTO Tpadiky;

— metpuka I/O nagae iHpopmallito mpo KUIbKICTh ONEpailiii BBOAY-BUBOIY Ta
iX IMIBUJKICTE;

— METpUKa TOMWJIOK [O03BOJIA€ MpPOAHANI3yBaTH HAasBHICTb KPUTUYHHUX
cuTyalii B po6oti sapa OC ado anapaTHOTO 3a0€3MEUCHHS.

CucrteMHI METpUKU € 0a30BUM IS 1eHTUdIKAIlT TpobsieM y poOoTi By3ia
a60 3acTocyHkiB. KpiMm TOT0, 1aHI METPUKH € KITFOUOBUMH JIJI51 OI[IHKH €(heKTUBHOCTI

BuKopucTtanua OP By3ina.
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bizHec-meTpukn € OUIBII BHCOKOPIBHEBUMH 1 BiI0OpakaloTh CTaH
KOMIIOHEHTIB 3 TOUKH 30pYy JIOCATHEHHS Oi3Hec-luIeH. [lepenik TUIIOBUX METPHK
JTAHOTO BUJTY:

— METPHKA Yacy BIATYKY Hajiae iHQOpMaIlilo PO MBHUAKICTh 00pOOKHU 3aIuTY,
sIKa 4acTO € TOJOBHUM ITOKa3HUKOM QoS;

— METpHKa MPOITYCKHOI 3/TATHOCT1 JO3BOJISIE OIMIHUTH KUTBKICTH 0OOPOOICHUX
3aMMTIB 32 OJIMHUIIIO YaCY;

— METpPHUKa KIJTBKOCTI TpaH3aKIliid ado moaiOHI € BUCOKOPIBHEHUMH JTaHUMH,
K1 MOKYTb 30MpaTHUCS 3 3aCTOCYHKIB.

B nporieci MOHITOpUHTY 3A1HCHIOETHCA 301p METPHUK Ta JIOTIB 3 3aCTOCYHKIB 1
By3JiB. 310paHi JaHl MarlOTh OyTH arperoBaHi Ta 30epexeHl B LEHTPaJi30BaHe
CXOBHIIIE JIJISl X MOJAIBIIOT0 BUKOPUCTAHHS aBTOMATH30BAHUMHU KOMIIOHEHTAMHU
CVYI1 abo nepcoHasioM. Mojyiab MOHITOPUHTY CIIOBIIlIa€ TPO aHOMaJbHI abo
KPUTUYHI CHUTYyalli, HaIpHKJIaJd, aBapiiiHe 3aBEpUICHHS EK3eMIUIIpy aldo pi3ke
NajiHHS MepexkeBoro Tpadiky. Bizyaizalis € BaKIMBOK YaCTUHOI MOHITOPHUHTY,
OCKUJIbKH MEPETBOPIOE 310paHi AaHi y (hopmart, IKUi 3p03yMUTHI 1711 KOPUCTYBayiB
Kjacrtepa. Y pa3l HasBHOCTI BIAMOBIIHUX 1HCTPYKIIM, MOAYJIh MOHITOPHHTY

3alycKae aBTOMaTUYH1 TPOLIECH BiTHOBJICHHS.

P&anis TPCH g,
EHHGHHHOHC)

Pucynox 1.7 — OcHOBHI 3a71a4i MOHITOPUHTY
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Jnss  Monynss MOHITOPUHTY KPUTHYHMM  aTpuOyTOM €  3AaTHICTh
MaciTadyBatuca y KOHTEKCTI JaHuX. Ockiunbku IC MOXYTh BKIIIOUATH BEJIHKY
KUTBKICTh KOMIIOHEHTIB, @ KOKHUN 3 HUX € MIOTEHIIHHUM JKEPEIOM JTAHUX MPO CTaH
CHCTEMH, TOMY MOJYJIb MOHITOPMHTY Mae 30upartu, mepenaBaTH Ta aHali3yBaTh
BEJIMKUI 00CST JaHUX. BblIicTh METOIB MOHITOPUHTY 0a3ylOThCsl Ha IPUHIIUII
PO3MO/IIIEHHS, KOJIHM areHTH Ha KO>KHOMY BY3JI1 BIIMIOBIAAIOTH 3a MOMEpeaHiii 30ip,

dinpTpariro 1 arperarito nanux [19, 20].
1.3.4 TlopiBHANBHUM aHAJI3 BipTyasi3alii i KOHTeHHepu3anii

TexHosoris BipTyamizaiii MOBCIOJHO BHUKOPHUCTOBYETHCA MPU PO3pOOII
cyuacHux IC. ®aktnuno laaS MOBHICTIO 3aJIEKUTH BiJ] JAHOI TEXHOJOTIT, OCKUIBKH
XMapHi MpoBaiJepu HAJAIOTh KII€HTAaM B KOPHCTYBAaHHS CaM€ PO3TOPHYTI Ha iX
¢b13uuHMX cepBepax BipTyanbHi MamuHU. Kpim toro, PaaS ta SaaS OynyroTecs Ha
ocHOBI [aaS, 1o o3Havae, 0 BC1 3aCTOCYHKH, Oa3U JaHUX Ta 1HIII CEPBICH TAKOK
3aMyCKarThCA 3a JOTMIOMOT0I0 TEXHOJIOT1 BipTyamizanii [21].

Bipryanizariist — 11€ TE€XHOJIOTIS CTBOPEHHS JOJAaTKOBOTO PIBHS aOCTpakilii
MDK ¢Qi3uuHuMH OP Ta iX JOrIYHOIO penpe3eHTall€l0 B MITYYHOMY CEPEIOBHILI.
Jlana TexHoJIoTis A03BOJIsE CTBOpoBaTH BM, siki MOBOIATH cebe sSK MOBHOIIHHI
¢13uuHi cepBepu. Koxkna taka BM mae Bnacny OC Ta BiptyansHi OP, 110 103B0JIs1€
3alyCKaTH JIeKUIbKa CEpEelOBMIL BUKOHAHHS NPOrpaM Ha OAHOMY (DI3UYHOMY
cepBepi.

Bipryanizauist 103BoJisIE 3HAYHO MIJBUIIUTH €(PEKTUBHICTH BHUKOPUCTAHHS
OP, 3Hu3uTH (iHAHCOBI BUTpPATH HaA EJCKTPOCHEPTil0 Ta  CIPOCTUTH
oO0cnyroByBanHs cepBepiB. Kosxkna BM i13onmboBana Bij iHmmx BM, 1o po3mimieHa
Ha oHOMY (pizuuHOMY cepBepi. Lle 3a0e3neuyeThest NUIIXOM 0OMEKEHHS JOCTYITY
JI0 TIaM’SITI Ta MEPEKEeBUX THTEP(QEHCIB, a TAKOXK CTBOPEHHSM BJIACHOI (halIoBOi
cucteMu. BipTyamizaiiss 3Ha4HO TMIJABHUINYE piBeHb Oe3neku [22], OCKUIbKU
mkignuee 113 Ha oxniit BM He Moxe BiuMBaTu Ha poOoTy iHmux BM 3acobamu
OC.

[HIIOI0O BaXXKJIMBOIO NEPEBarold TEXHOJIOTIT BIpTyasi3aiii € MOXIIUBICTb

IIBUIKO PO3TrOPTATH HOB1 HABAHTAKEHHS, OCK1TbKA BM mIBHIKO pOo3ropTaroThes Ha
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icHyrounXx (PI3UYHUX CEpBEpax, MOXKYTh OYTH TepeMillieHl pa3oM 3 KPUTHYHUMU
JaHUMH y pas3l HeoOxigHocTi abo BumaieHl. BiprTyamizaimis J1ae MOXIJIHMBICTb
po3pobnukam [13 otpumyBaTu yHi(ikoBaHy TuaTGopMmy A PO3POOKH, OCKUTBKU
JlaHA TEXHOJIOTiA JO03BOJISIE €MYJIIOBaTH MPOIECOpHY apxitektypy BM 6e3
3aJICKHOCTI JI0 apXITEKTYpH (hi3MIHOTO CEpBEpA.

B konrtekcti ympasminaa OP, BipTyamizaimis J03BoJisie 0OMEXyBaTu
BUKOPHUCTAHHS PECYpPCiB cepBepa Ta JUHAMIYHO iX 3MIHIOBATH y pasi morpedu 6e3
nepe3aBaHTaKEHHST PO3MIIIEHOTO 3aCTOCYHKY MpU HasBHOCTI goctynmHux OP Ha
(b13M4HIN MallIvHi.

HesBaxatouu Ha 3Ha4HI 1epeBary BIpTyalisailii, laHa TEXHOJIOT1 Ma€ TaKOX
HEJ0JIIKH 1 00MEXeHHsI. 30KpeMa, HasiIBHICTb 10JAaTKOBOTO P1BHS a0CTPaKIIli 3HUKYE
3arajbHy NPOJAYKTUBHICTH Y JESKUX TUMAX BipTyam3aili. Llei Hemonik Moxe 0yTu
KPUTUYHUM JUIsI PECYPCOEMHHMX 3aCTOCYHKIB, II0 BUMAararoTh IIBUIKOI 0OpOOKH
JaHUX a0o0 BBOY-BUBOY [23].

HesBaxaroun Ha Te, 1O BIpTyaii3alii Hajae aOCTpakiio Haj (Gi3UYHUM
oOnaaHanHsM, BM Bce mie € 3aieKHUMHU Bl MIIJIErIUX IaTGopM Ta iXHIX
MoxkymBocTed. [Ipobrnemu Ha piBHI (PI3MUHOTO cepBepa MOXKYTh BIUIMHYTH Ha
poOoTy po3mimieHux Ha HboMy BM. Kpim Toro, npu mirpauii BM Ha 1111 ¢i3uyH1
CEepBEpPU MOXKHA 3IIITOBXHYTUCS 3 MpoOJeMaMu HECYMICHOCTI Ta HEOOXI1THOCTI
aganTanii oopasiB. He3Bakaroum Ha BUCOKHI PIBEHB 130141111 Ta OC3MEKH, aTaKu Ha
rinepBizop ad0 MOMHJIKM B HOro peani3auii MOXYTb MPU3BECTH 10 OTPUMAHHS
nocTymy 1o iHmux BM HeOaxkaHuMH 0cobamu.

IcHye KkinbKka METOJIB BipTyasizailii, Ki1acudiKalliio SKUX HaBEICHO Ha PHC.
1.8. Bipryamnizamis Ha piBHI OC, a00 KOHTeitHepu3aIlis, 3a0e3ne4ye 130Jb0BaHICTh
3allyIIeHUX 3aCTOCYHKIB IUISXOM BHKOPUCTAHHS CHEliai30BaHUX BOYIOBaHHUX
iHcTpyMenTiB OC. Lleit meToq He BuMarae emyidiii abo BipTyani3alii OKpeMux
¢b13uuHMX pecypciB. HaTOMICTh MpolecH 130JI0I0ThCS 32 JOIMOMOIOK0 IPOCTOPY
IMEH Ta KepyBaHHsIM pecypcamu Ha piBHI OC, 30kpema cgroups [24]. [lpuxnanamu

peanizanii nanoro meroay € Docker ta containerd [25].
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Bipryanizaiis

Ha pisni OC Anaparna [Tapagipryanizaiis

Tun 1: anapatHuit Tun 2: nporpaMHuii
TimepBizop rinepBizop

Pucynox 1.8 — Knacudikaitist MeTo1iB BipTyasizaiii

[TapaBipTyaiizalisi TakoXX BHUKOpUCTOBYye xocToBy OC, ajie mpu oMy
BUMAaraeThcs Moaudikaris siapa st BAKOpUCTaHHs cnenianizoBanoro APIL. Jlanuit
METOJ1 JT03BOJISi€ 3HU3UTH HAKJIAJAHI BUTPATH, MOB’sI3aH1 3 eMYJISIIEI0 anapaTHOTO
3a0e3nedYeHHs, 10 J103BOJIsiE€ 30UTBIIUTH MPOYKTUBHICTh y TTOPIBHSHHI 3 METOI0M
anapaTHoi BipTyanizaiii. [Ipukiamom peanizaiii gaHoro MeToay € Xen [26].

AnmnapaTHa BipTyauti3allisi IOBHICTIO €MYJIIO€ arnapatHe 3a0e3nedyeHHs, 1110, 3
onHoro OOKy, HaJlae HaWKpaluil piBeHb 130JIA11i, ajge 3 1HIIOr0 MPU3BOJAUTH JI0
3HAYHUX BTPAT MPOAYKTUBHOCTI. AMapaTHa BIpTyali3amis MoXe OyTH IBOX THIIIB.

[Ipu nepmomMy THMI BUKOPUCTOBYETHCS allapaTHHUM TiMepBi30p, SIKUN HaJae
BHUCOKHMI pIBEHb MPOAYKTHUBHOCTI 3aBIdku mpsimiil B3aemoxii 3 CPU, RAM ta
MPUCTPOSIMU BBOJY-BUBOJTY, 10 NMPUOUpAE HAKIaaHI BUTpaTH KomyHikaiii 3 OC.
[Ipote mepmmii Tvm BipTyaui3allii BUMarae HasBHOCTI BIJMOBIAHOTO arapaTHOTO
3a0€e3MeUeHHs.

Bipryanizamiss apyroro THIY BHUKOPHUCTOBYE TIPOTPAMHHIA TiMEpBI30pP.
['inepBizopu apyroro Tumy iHTterpoBani B OC Ta MaroTh HWKYUM pPIBEHb
MPOIYKTUBHOCTI y TIOPIBHSHHI 3 amapaTHOI0 BipTyami3alli€lo 4epe3 HasBHICTh
nonatkoBoi komyHikamii Ha piBHi OC. Ha puc. 1.9 300pakeHO MOpIBHSHHS

apXITEKTYpH THUIIB BipTyalli3alii 3 rnepBi3opoM i 0e3 HbOro.
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I'inepsizop KonTtponep xonTeiinepis

Xocrtosa OC XocroBa OC

Anaparse 3a6e3nedeHns Amnaparhe 3a6e3neueHHs

Bipryaisanis 3 rinepsizopom Konreiinepmsanis

Pucynox 1.9 — IlopiBHSIHHS apXITEKTyp BIpTyasi3aiii 1 KOHTeHHepHu3amli

B CKK3 nouuibHO BUKOPUCTOBYBATH BipTyanizaiito piBHs OC uepe3 HU3KY
npuurH. 30KpeMa, KOHTEWHEpHU3allisi Mae Kpally [IBHAKOJII0, MEHI HaKJIaJIHI
BUTPATH Ta IIBUJIILE PO3TOPTAETHCS, MO € KputuuHumu ¢aktopamu aiaa IC.
AOcomoTHa OUTBIIICTE KOHTEHHEPIB 0a3zyeThest HAa BUkopuctanHi OC Linux [27].

[Iporpamu, 110 BHUKOHYIOThCS B KOHTeWHepax Linux, € 3BHYaliHUMHU
IpoLIECaMt 1 CHIIbHO BUKOPUCTOBYIOTH spo OC. Taki mpouecu BUKOHYIOTHCS B
okpeMux mnpoctopax iMeH sapa OC, mo He 103Bojisie Oyab-KOMY HpOLECY
OTpUMATH JOCTYI M0 1HIMX mporieciB. KpiM Toro, kokHa KOHTEHHEpPH30BaHA
nporpaMa Mae BiIacHUU NpocTip GhailsioBoOi CUCTEMH, TOI1I0HO 10 BUKJIMKY Omnepartii
chroot B Unix-noai6uux OC. J{ns 1301111 pecypciB BUKOPUCTOBYETHCS MEXaHI3M
rpyn KepyBaHHs groups. OHUM 13 HEIOTIKIB JAHOTO MEXaHI3MY € T€, 10 MPOLECH
BCEpeNHI KOHTEHepa He MatoTh 1H(opmarlii npo oOMexxenHs OP — mpoiec moxe
O0auntu BCro goctynHy RAM, ane npu oMy MaTu JOCTYII JIMIIE 10 il YaCTHHH.
[HIIMM  HETOIKOM € HEMOXKJIMBICTH 3MIHHUTH BcTaHoBJIeH1 iMitTH OP 0e3
IT  ynpaBniHHA

3aBepIIeHHS  poOOTH

npouecy, 10  YCKIIATHIOE
KOHTCHHEPHU30BaHUMHU 3aCTOCYHKAMHU.

B po6oTi [28] aBTOpM H0CHIIMIN TPOIYKTUBHICTh BUKOHAaHHS Spark 3amay 3
BUKOPUCTAaHHSAM KOHTEHHEepH3allii 1 BipTyasi3arlii, 3 MOPiBHSIHHSIM 4acy BUKOHAHHS
napanenbHuX TUMOBUX Spark 3amay. PesynpTaT eKCIIepuMEHTIB MOKa3allu, 10 Mpu

3pOCTaHHI KITBKOCTI KOHTEWHEpIB KpHMBa 4Yacy BHKOHAHHS 3pOCTA€ 3HAYHO
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noBuIbHIIIE. Kpim TOro, Ha ogHOMY (Di3UUHOMY CEpBEP1 MOKHA PO3MICTUTH 3HAUYHO
OinpIe KoHTeWHepiB HiXK BM. B iHImIOMy ekcmepuMeHTI JOCIiIKyBaJIOCs
BukopuctanHa CPU min yac mpoBeneHHs MONEPEAHbOr0 AOCTIKEHH. 3p0o0IeHO
BHCHOBOK, III0 NMPU BUKOHAHHI €KBIBAJICHTHHUX 3a/ay KOHTEHHepU3alisi moTpedye
3HAYHO MEHIIIE MPOIIECOPHOTO Jacy.

UYepes 3HIWKEHI HaKIaJHI BUTpaTH Yy TmopiBHAHHI 3 BM, «kpamry
MPOAYKTUBHICT, 1 HAsABHICTh BIAMOBITHOTO pIBHA 130JiIli  3a0e3meuye
KoHTelHepu3aiis. ToMy BOHA € MPEBaTIOYUM THCTpyYMeHTOM Tipu moOyaosi IC.
[IBuakicte po3ropranHs BM HampsMmy BIUIMBa€ Ha MOXJIMBICTH JUHAMIYHOTO
MaciTabyBaHHS 3aCTOCYHKIB, IO € OJHHUM 13 KJIIOYOBHX (DakTOpiB HagaHHS

HeoOxiaHoro piBHA QoS Ta BUukoHaHHA yMOB (1.1).
1.3 Meroau ynpas/iiHHA 004HCII0OBAIBHUMH pecypcaMu

VYupasniaas pecypcamu B IT € rojgoBHUM acnekTom st 3a0e3nedeHHs
e(heKTUBHOCTI, cTabLIBLHOCTI Ta MacmTaboBaHocTi IC y ckiIagHUX Ta AMHAMIYHHUX
cepefoBumiax. B yMoBax, komu Oi3Hec-mporecd TicHO mnoB’sizanHi 3 [T-
iHpacTpykTyporo, BianoBinHe kKepyBaHHS OP € BupimaiabHuM (akKTOpoM st
JIOCSITHEHHSI CTpaTeriyHuX Oi3Hec-3aBaaHsb [1].

VYupasniaas pecypcamu B IC € KOMIUIEKCHUM TMPOIECOM, SIKUM BKJIIOUYAE
IJIaHYBaHHS, PO3MOJIT Ta BUKOpuUcTaHHA HasBHUX OP 3amis 3abesneueHHs
epektrBHOI pobotn IC B wmuUloMy Ta HagaHHS 1HQOpPMALIMHUX MOCTYT
KOpUCTyBauaM 3 BUKOHaHHSM Bumor (1.1).

VYmopasninuss OP Bigirpae kio4oBy poiib y noTpuMmaHHi BuMor SLA.
Hanpuknaza, edhekTuBHE YNpaBiiHHA pecypcaMy MOKE rapaHTyBaTH, LIO MiJ 4ac
MIKOBUX HaBaHTa)KE€Hb 3aCTOCYHKH OyIyTh HAJIEKHUM YMHOM MacIITa0OBaH1 s
HNIATPUMKA BHCOKOIO pIBHS JOCTYNHOCTI. BogHouac, y mnepiogu HHU3BKOTO
HAaBaHTa)XCHHSA, CHUCTEMa MacIITa0yeThbCcs BHW3, 3MEHIIYIOUM BUTPATH, alie TpHU
IHOMY 3aJHMINAIYNCh Y MeXax MokazHukiB QoS, mo 3adikcoBani B SLA.
HekopekTHe ympaBiiHHS pecypcaMHM $K 1 HOro BIACYTHICTh MPHU3BOJUTH 0

nopymieHs BuMor SLA, jiHaHCOBUX Ta penmyTaiiifHuX BTparT.
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Cyuachi IC € 6araroyHKIIOHaJIbLHUMH 1 MOKYTh HaJaBaTU COTHI PI3HUX
CEpPBICIB KOPUCTYBauaM, 1110 JOCITAETHCS JEKOMIO3HUIII€I0 MOHOJITHUX 3aCTOCYHKIB
Ha KOMIIOHCHTH B paMKax MiKpocepBicHOI apxiTekTypu. Lle, B CBOIO "epry, o3Havae,
110 IC MOXXyTh MICTUTH COTHI TIOB’SI3aHUX MIK COOOIO 3aCTOCYHKIB 3 YHIKaJIbHUMU
0COOIUBOCTSIMH POOOTH 1 MOTpedaMu 7Sl KOSKHOTO 3 HUX. /|71t ynpaBIiHHS TaKUMH
IC, a Tako MOJIMBICTIO MacIITa0yBaTHCA B Mail0yTHbOMY, MPOLIECH MAIOTh OyTH
aBTOMAaTU30BAHUMHM, OCKUIBKH JIOACHKUN (DaKTOp MOXKE 3HAYHO OOMEXYyBaTH Ta
CTIOBUIPHIOBATH TMPOLIECH YMpaBiiHHSA. TomMy B poOOTI BHpPILIYIOTHCS 3aaadyi

aBToMaTHu3allii nporeciB ynpasiiHas OP.
1.3.1 AHaini3 METO/IIB yIpaBIiHHS 00YUCIIOBAILHUMHU PECYpCaMu

Jlist 3a6e3neuenHs norpumanHs SLA 1 miarpumku Bucokoro piBHsa QoS B IC,
CKK3, 30kpema Kubernetes, HaatoTh BiJIMOBIIHI IHCTPYMEHTH, SIK1 JIO3BOJISIOTHCS
THYYKO KEepyBaTH OCHOBHMMH AacCHEKTaMU pO3MOIJICHHS 1 BUKOPHCTAHHS

MOTYXHOCTEN Kiactepa [29].

VYupaBniHHS
pecypcamu

MacurradyBanus MacirrabyBansst . . 3anuTH 1 00MeKeHHS
. IMpuopirerHicTs
3aCTOCYHKIB Ki1acTepy Ha pecypcH

Pucynok 1.10 — Inctpymentu ynpasniaas OP

MacmtabyBaHHs € IpouecoM 301IbIIEHHST 200 3MEHIIEHHSI 00’ €My pecypcCiB
HAJIAHOTO 3aCTOCYHKY a0o0 KjacTepa 3ajyisi ONTUMi3allii BUTpaAT Ta MIATPUMKH
HeoOx1qHoro piBHS QoS. MacmtabyBaHHSI 3aCTOCYHKIB BIJOYBA€ThbCSl 3aBASKU
BUKOPHCTAaHHIO pecypciB kiactepa. SKmo 00’eM pecypciB KiacTtepa HEAOCTaTHIN
ab0 yTWIII3YyEThCS HE TOBHICTIO, KJIACTEpP TAaKOX MOXKe OyTH MacmiTabOoBaHUM.
MacmtabyBaHHsI € TOJIOBHMM IHCTPYMEHTOM aBTOMATHU3allli  yIpaBIiHHS

pecypcaMu y KJacTepi uepe3 CBOO THYUKICTh.
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3MiHa KiJBKOCTI €K3eMIUISIPIB 3aCTOCYHKY BU3HAYA€ETHCS SIK TOPU30HTAJIbHE
MmacmTaOyBaHHA, a 00’€éMy HaJaHUX PECYpCiB B MeXKaxX OJHOTO EK3eMIUIIpY —
BepTHKanbHEe. MacmTabyBaHHs MOXe BinOyBaTHCS Bropy NpHU 3pOCTaHHI
HaBaHTaXX€HHI, a00 BHM3 — MPU HEJIOCTATHIM yTWJIi3allii BUIIJICHUX PECypCiB.
['OpunHuii THN MacTaOyBaHHS Ha/la€ MOXJIMBICTh MacIITa0yBaTH 3aCTOCYHKH SIK
BEPTHUKAJIBHO, TaK 1 TOPU30HTAIIBLHO 3aJIEKHO B KOH(ITYypaIlii, o HaJa€ IepeBaru

000X MIiIXO0/IIB.

MacmrabyBanus
3aCTOCYHKIB 32
THIIOM PO3TO/ILICHHS

l l

['opu3oHTaNBHE Beprukanbhe I'ibpunne

Pucynok 1.11 — Knacudikauist macmraOyBaHHs 3a TUIIOM po3nojiieHHs: OP

3a TUNOM 1HiIlanii MacluTadyBaHHs MOKe OyTH PEaKTUBHHUM, IPOAKTUBHUM,
3a poskimagoM Ta TiOpugaum [30]. OcHoBHa mpobOiema MpU aBTOMAaTH3AIli
MacmTabyBaHHS € OTPUMAaHHS BIJAMOBIAEH HA MUTaHHS «KOJIM MacmTadyBaTw» 1

«IKYy KUTBKICTBh pecypciB HEOOX1AHO HagaTu» [31].

MacmrrabyBaHHs
3aCTOCYHKIB 3a
THIIOM PO3IIO/1ICHHS

]

PeaxtuBHe IIpoakTuBHe 3a po3KkIagoM I'opunne

Pucynok 1.12 — Knacudixkarist macimtaOyBaHHSI 32 TUIIOM 1HIITiAIl{

PeakTtuBHe MaciiTaOyBaHHS MOKJIAIAEThCS HA OTOYHI METPUKHU PiBHSI Q0S
Ta yruiizarii pecypcis. [Taninns piBas QoS, HasBHICTh MOMUJIOK HECTaUl PECYPCIB,
TPOTJHHT a00 3aHAATO BUCOKHM piBEHb YTWUJII3allli € CUTHAJIaMH J0 301JIbIICHHS

KUTBKOCTI €K3eMIUIAPIB 3acTocyHKy. [Ipu Husbkiil ytmmizanii OP aBromatuyHO
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3MIMCHIOETBCS MacIITaOyBaHHS BIJMOBIHO /O MOTOYHUX TmoTped. Ilei Tun
MacimTa0yBaHHS pearye Ha 3MIHM B CTaHl 3aCTOCYHKY a00 HaBaHTa)KEHHI,
3a0e3mneuyoun OrnepaTUBHE YCYHEHHS BHHHKAIOUMX MPOoOJieM, aje TIIbKHA TpHU
HAsBHOCTI JIaHUX MOHITOpUHTY. PeakTuBHe MacimTaOyBaHHS € TIPOCTUM Y
BIIPOBA/KEHHI, OCKUIbKM HE BHUMAara€ aJropuTMIB TPOTHO3YBAHHS MJi CBOET
pobotu. ['0JOBHMI HEJONIK PEAKTUBHOTO MAacIITa0yBaHHsS II€ 3aTpUMKa MIX
MOSIBOIO CUTHAJY 1 O€3M0ocepelHbO PO3TOPTAHHIM HOBUX E€K3EMIUISIPIB, IO MOXKE
MPU3BOJUTH 7O THMYACOBHX IMOPYIIEHbh y pPoOOTI 3acTocyHKy. PeakTuBHE
MacmTabyBaHHs HaWkpaile MiAXOAUTh I 3aCTOCYHKIB 13 ITUIAaBHUMHU Ta
CTaTUYHUMH HABaHTXKCHHSIMU, ajie MOXKe OyTH MEHII €(EeKTUBHUM Yy BHIAJKaX
pI3KUX 3MIH HAaBaHTAKEHHs. PeakTHBHE MaciITa0yBaHHS € Ba)XJIMBOK YaCTUHOIO
CVY IT-iadpactpykryporo, 3abe3mneuyrodd 0a30By aBTOMATH3AIlIO YIPABIIHHS
pecypcamu [32].

Tabnuus 1.1 — [HopiBHSIHHS TUIIB MaclTaOyBaHHS 3a TUIIOM 1HIIlami3ali

Tun 1g1manmi

Yac maciraOyBaHHs

O06’eM HalaHUX pecypciB

Onpa3sy mmpu IOTipIIeHH]
piBHs QOS, HeocTaTHIN

BinnosigHo 10
NOTOYHOT'O PIBHS OTPEO

3aCTOCYHOK; B
MPOTHO30BaH1 MOMEHTH
3MIHM HABAHTAKECHHSI

PeaktuBHE )
yTUII3a1li1, IePEBUILICHHS
3aIIUTIB
BusHauaeTbcs Ha OCHOBI | Bu3Hauaetrscs B
IIPOTHO3YBaHHS 3aJIEKHOCTI B1J] IPOTHO3Y
HaBaHTAXEHHS Ha HABAHTAXXECHHS HA
[IpoakTrBHE

3aCTOCYHOK Ta
POTrHO30BAaHUX MOTPED

3a po3kiagom

3a BCTAaHOBJICHUMH
paBUJIAMH

3a BCTAaHOBJICHUMH
paBUJIAMH

[IpoaktuBHe MacmTaOyBaHHS 0a3yeTbcs Ha MPOTHO3YBaHHI MalOyTHIX
HaBaHTAXEHb 1 3MIUCHIOETHCS 10 PAaKTUUHOTO 301IBIIIEHHS a00 3MEHIIIEHHS 00’ €MIB
HEOOXITHUX JJIs1 poOOTH 3acTOCYHKIB pecypciB [33]. Lle mo3Bosie miaroryBaTucs
0 3MiH 3a3[ajeriip, M0 3HAYHO 3HWXKYE PU3UK BUHUKHEHHS TUMYAaCOBHUX

NopyuieHb y poOOTI 3aCTOCYHKIB uepe3 3aTpUMKHU po3roptaHHs. BogHouac
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MPOAKTUBHE MAacIHITa0yBaHHsS BUMAarae HasBHOCTI TOYHHUX IMPOTHO31B MalOyTHIX
00’€MIB peCypcCiB 1 MPUIYCKAETHCS, 110 IIa0JIOH HABAaHTAKEHHS HE € BUKIIOYHO
BUMaAKoBUM. B Tabmuii 1.1 mpoBoaUTHCS MOPIBHSIHHS THUITIB MacIITa0yBaHHS 3a
qacoM.

ABTOMaTH3aIlisl YIIPABIIHHA pecypcaMu Moke OyTH OIKCaHa 3a JIOTIOMOT OO

UKy MOHITOPUHT-aHaJI3-TIaHyBaHHSA-3aCTOCYBaHHS [34], sK 1€ 300pakeHO Ha

puc. 1.13.
MoHiTOpUHT AHanis
- CUCTEMHI METPUKKN > - JOTpUMaHHga SLA
- QoS meTpuKn - NOTO4YHI ymoBK poboTy goaaTkis
N
A 4

3acTocyBaHH4 [MnaHyBaHHSA
- PO3rOPTaHHA HOBUX eK3eMNApis < - OUiHKa obcary HeobXxigHWX pecypciB
- aganTtauisa 3anuTie - OUiHKa iHTepBany MaclwrTabyBaHHA

Pucynok 1.13 — [{uki aBTOMaTH30BaHOIO YIIPABIIHHS PeCypcamMmu

MOHITOpUHT BKIJIIOYa€ 30ip CHCTEMHHMX Ta BHCOKOPIBHEBUX METPHK, iX
arperaifito Ta OOpoOKy i MOJANBIIOr0 BUKOpHCTaHHS. Ha erami anamizy
IIPOBOJUTHCS aHAIII3 MIOTOYHOTO CTAHY 3aCTOCYHKY Ha OCHOB1 00pOOJIeHHS 310paHmX
METpPHK, 30KpeMa — foTpuManHs SLA, piBHs ytunizauii OP, icHytounx TpeHaiB abo
CE30HHOCTI B MeTpukax. Ha oCHOBI aHamizy 3MIHCHIOETHCS TUIAHYBAHHS, Mij 4ac
SKOTO BU3HAYAETHCA HEOOXITHUM 00’€M pecypciB i MOAAJbIIOI poOOTH Ta 4yac
3actocyBaHHs HOBOi kKoH(irypaiii OP. Ilicis BopoBamkeHHs 3MiH B KOH(Iryparii
MPOBOUTHCA MOHITOPUHT cTany [C miis omiHku e(heKTUBHOCTI BHECEHUX 3MiH. [Ipu
MPOAKTUBHOMY MaclITaOyBaHHI €Tany aHaii3y 1 TUIAHYBAaHHS BKIIIOYAIOTh B ceOe
MpPOTHO3yBaHHA MalOyTHIX KoH(pirypamiii OP Ta BHU3HA4YeHHS PO3KIAAY
MacimTaOyBaHHS.

Cepen incTpyMeHTIB yripaBiiiHHS OP Mo)kHa BUITUTH BCTAHOBJICHHS JIIMITIB
Ha OP nonaTkoBo 70 3anmuTiB. SIKIO 3amuTH rapanTyioTh HasBHICTE OP Ha By3mi,

TO JIIMITH JO3BOJISIIOTH BUKOPUCTOBYBATH BUIbHI 00’ €MU 11032 3alIUTaMU, 10 MOXKE
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JIOAATKOBO IMiJBUIIYBaTH CTAOUIBHICT, poOOTH 3acTocyHKiB. Ilpuknagom Takoi
peamizaiiii € mexaHi3m requests 1 limits B Kubernetes. [Ipioputesariis Takox €
BOKIMBUM iHCTpyMeHTOM yrpasiinag OP B IC, ockinbKy 103BOJISIE BUSHAYHTH SIK1
3aCTOCYHKH a00 CepBICHM MOXYTh OyTH 3TOpHYTI a00 BUJIaJIEH] B MEpIITy Yepry Mpu

HEJIOCTaTHHOMY 00’ €My pecypciB Ha By3Ji a00 B KJIACTEPi B LIJIOMY.
1.3.2 Oco0GanBOCTI TOPU3OHTATIBLHOTO MACIITa0yBaHHS

['opuzonTanbHe MacmTaOyBaHHS € OCHOBHMM METOJIOM  YNPaBIIiHHS
pecypcamMu B XMapHUX OOYHCIEHHSX, MPU SIKOMY KUIBKICTh BY3JIB KjacTepa abo
CK3EMIUISIPIB  3aCTOCYHKY aJanTyIOThCsl JO0 TOTOYHOTO HABAHTAXKEHHS 3aJJIs
OIATPUMKKA  HeoOxigHoro piBHA QoS Ta yrwmizamii 3ape3epBoBanux OP.
['opuzoHTanbHE MaciiTa0yBaHHS HE OOMEXKEHO (PI3MUHMMHU pecypcamu OJHOTO
cepBepa Ha BIAMIHY BIJl BEPTUKAJIBHOTO. AJle HE BCl 3aCTOCYHKH MOXYTh
NIATPUMYBATH Ll METO MaclITaOyBaHHs, HAIPUKIaa, 0a3u JaHUX, sIKI IPUB’ s13aH1
710 TUCKY Ha (Pi3uuHiil MamuH. ToMy /11 BAKOPUCTAHHS TaHOTO METOIY OCHOBHOIO
BUMOIOI0 € €JACTMYHICTh KOMIIOHEHTa, IO MACIITa0ye€ThCs, Ta MOXKJIUBICTh
PO3MOIUICHHS HaBaHTAXKEHHS MK MOro ek3eMiuisipamu [35].

['opuzonTanpHe MacmTabyBaHHsS HaJa€ THYYKICTh Ta BIAMOBOCTIHMKICTE IC,
OCKUJIbKH JI03BOJISIE PO3MOAUISATA HaBaHTAXEHHS MK Oararbma cepBepamu abo
eK3eMIUIsIpaMHu. Y pasl BIAMOBHM YaCTUHU CEPBEPIB a00 €K3EMIUISIPIB HABAHTAKECHHS
MO>ke OyTH Mepepo3Io/IIJIeHe Ha 1HII Yepe3 MOBHE Ny0roBaHHA (DYHKITIOHAITY, 1110
3a0e3nedye BUCOKUHM pIBEHb JOCTYIHOCTI MOCIYT sl KopucTyBadiB. Kpim Toro,
TaKi KOMIIOHEHTH MOXKYTh OyTH IIBHJIKO 3aMilieHi 6e3 3minu koHdiryparii IC.

HesBaxatoun Ha 4dHCENbHI MepeBard, TOPU3OHTAJIbHE MacIITaOyBaHHS
30UIBIIYyE CKJIAMHICTh yrpaBmiHHSA [C, OCKUIbBKM BUMAarae KOOpJWHAIT MHOXUHU
BY3JIIB 200 €K3eMIUIAPIB Ta BUMAara€ KOMIUIEKCHHMX PIIIeHb sl OallaHCyBaHHS
HaBaHTKCHHS MK HUMH. KpiM TOT0, TaHWI THTT MacIITaOyBaHHS MOYKE MPU3BECTH
70 30UIbIIEHHS BapTocTi 00ciyroByBaHHs IC depe3 HEOOXITHICTh MIATPUMKHU

OUTBIIIOT KITBKOCTI anapaTHUX 3aco0iB.
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Byzon 1
Exzemmmap 1
Byzom 1
Erzenmmap 1 Byzom 2
Byzon 1 B & 5
ropy KzeMITap 2
Exzenmmap 1 Bz Byzon 2
Exczemmuaap 2 Byzon 3
Erxczenmmuap 3

Pucynox 1.14 — 3aiiicHeHHSI TOPU30HTAIBLHOTO MacIITa0yBaHHS

Busnaueno, mo X € 3anuToM Ha y-ii 00UMCIIOBaJIBHUM pecypc i [-ro
3acTOCYHKY, 1¢ ¥ =1,/ , ne I —xinbKicTs THIB pecypciB atst ynpasmiaus, a [ = 1,m,
Jie m — KUIBKICTh 3aCTOCYHKIB y Kiactepi. X, € (GakTUYHUM CIIO)KUBAHHAM )-TO
pecypey WIS j-TO eK3eMIunipy [-ro 3actocyHky, ne j =1Lk, k — kizekicts

EK3EMIUISIPIB /-r0 3aCTOCYHKY. JlJis 3py4HOCT] BiIOOpaKEHHSI 3aJIEKHOCTI BiJl 4acy

Hajajli BUKOPHMCTOBYIOThCA (yHKIil dacy K, (t) Ta X, (t), OCKIJIbKM BOHH €

OUHAMIYHAMH, a X}, C KOHCTAHTHUM IIPU TOPU3OHTAIBLHOMY MAacIITa0yBaHHI.

BusHaunmMo (yHKIII0 3arajlbHOr0 HAaBAHTAKEHHS le(l‘ ) 3aJIEKHO Bl 4Yacy Ha
3aCTOCYHOK JJIsl KO>KHOT'O 3 PECYPCIB:

W,(0)=%X,©, [=1,my=1Lhj=Lk (1.3)

VY Oynb-aKuii MOMEHT Yacy W,y(t ) JIOPIBHIOE CyM1 BUKOPHUCTAHHS PECYpPCIB

BCIMa €K3eMIUIIpaMu 3aCTOCYHKY. B TakoMy BUNAAKy KUIBKICTh €K3EMIUISPIB

3aCTOCYHKY B 3aJIEXKHOCTI BiJl pECypCy BU3HAUAETHCSA HACTYITHOIO PIBHICTIO:

W, @)

k, ()= ,[=1m,y=1,h, (1.4)

by
ne k, (t) € TPaHUYHOIO KUIBKICTIO €K3EMIUISIPIB 3aCTOCYHKY JJISl y-T'O THITY pecypcy

[-r0 3acTOCYHKY. TakKMM YMHOM MPU TOPU30HTATBHOMY MacIITa0yBaHHS HEOOXI1THO

BpPaxOBYBATH MOTPEOU 1O KOXKHOMY 3 HassBHUX PECYPCIB:

k,(t) = max(k, (1)), [=1m,y=1h, (1.5)
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ne k, (l‘) — IPaHUYHOIO KUTBKICTh €K3EMILISIPIB /-rO 3aCTOCYHKY AJis 3a0€3MeueHHs

HeoOximHoro 06’emy Bcix OP. JlomaTkoBO HEoOXiHO BpaxyBaT, 0 (YHKIISA

HABAHTAKCHHS W,y(t ) MOK€ BHUXOJHUTHU 32 PAMKHM BCTAaHOBJIEHUX O0’€MIB, IO

MIPU3BOAMUTH J0 NaIiHHS piBHA Q0S 200 MOBHOI BIIMOBU HAJIaHHS CEPBICY, TOMY JIJIs

0OpOOKM TaKuX CUTyallili HEOOXiJHO HaJaBaTh PE3EPBHUI 00’ €M €, KOKHOIO Y-TO

THUITYy peCypcy:
k() = max(k, () €,).] =Lm,y =1 (1.6)

Toni kpurepiii ajig MaciiTadyBaHHS Bropy Ta BHM3 MOXXHA BU3HAYUTH SIK

PI3HHULIIO KUIBKOCTI €K3EMILUISPIB HA HACTYITHOMY Ta MOTOYHOMY KPOKax

Ak, =k (t+1) =k (1)l =1,m, (1.7)
ne Ak, ,y pasl, IKIIO HOro 3Ha4eHHs He A0PIBHIOE 0, € IHIUKAaTOPOM HEOOX1AHOCTI
3MIHU KOH(QIrypanii 3acTocyHKy. IIpnu Ak, > 0 Bi1OyBaeThCs MaciiTaOyBaHHs Bropy,
anpu Ak, <0 — BHHU3.

Heo0xiaHO 3a3HaYNTH, 1110 HABAHTAKEHHS HAa €K3EMIUISIPU 3aCTOCYHKY MOXKE
PO3MOAUIATHUCS HEPIBHOMIPHO Y€pe3 HACTYITHI TPUUUHH:

— HEKOpEKTHA poOoTa OanaHCyBaIbHUKA, 1110 TPU3BOIUTH /10 HEPIBHOMIPHOTO
PO3MOUICHHS 3aUTIB MIXK €K3EMIUISIPAMH;

— HEKOPEKTHO OOpaHWil airoputM poOOTH OallaHCyBallbHUKA, SKUM He
BpPaxoOBY€ 0COOIMBOCTI pOOOTH 3aCTOCYHKY;

— pi3Ha KOH(QIrypailisi By3JiB, sIKa MOXE MPU3BECTH J0 3HAYHOI PI3HUII B
MPOYKTUBHOCTI MpU OOpOOIIl 3amuTiB, 30KpeMa MiATPUMKa OUThIIT e(HEKTUBHUX
THCTPYKIIi} nporecopa abo cTaHIapTIB NaM’ sITi;

— BUKOPHCTAHHS PI3HUX QJITOPUTMIB OOpOOKHM 3aIuTIB, KOJIHM CXOXI 3a7adi

MO’KYTh 3HAUHO BIAPIZHATHCS B yaci 0OpOOKH.
Uepes BKasaHi Bulle NpuuuHM (akTuuHe Bukopuctanus OP X, (1)

CK3EMIUIIpAaMH OJHOTO 1 TOTO CaMOro 3aCTOCYHKY MOXe BiapisHsaTucs. Jlns
HIBEJIIOBAaHHS HEKOPEKTHOTO OaJIaHCYBAaHHS MOKHA BBECTU KOC(IIIEHT BITHOIICHHS

MaKCHMAaJILHOTO 1 CCPCAHBOIO HABAHTAXKCHH !



42

max(U,(¢), , —  — . —
.m),l—l,m,y—l, ,J=1k. (1.8)

HaBenena mozaens pu po6OTI BpaxoBy€e NOTPeOU MO BCIM JOCTYITHUM THUTIAM

k (1) = max(k, (¢) €,

OP. [Ipote nesKi TUIU € APYTOPSATHUMH 1 MOXKYTh ITHOPYBATUCS MPU OOUHCICHHI
KUTBKOCTI ek3eMIuisipiB. Takoxk, macimTaOyBaHHS MOKe BiOyBaTHCS TUIBKH I10
omnomy 3 OP, mampuknazn, targetCPUUtilizationPercentage B8 HPA [36], ne
OOYHCIICHHS KIJIBKOCTI €K3EeMIUIAPIB BiAOYBAETHCS JIMIIIE 32 CEPEAHIM 3HAUYCHHSIM
yTHJII3a1lii mporiecopHoro yacy. Takuii miaxija Moxe OyTH KOPUCHHM, HAPUKIIA, Y
Bumnajaky CPU-IHTEHCHBHMX 3a/1a4, KOJIM came MPOLECOPHHUI Yac € OOMEXYIOUUM
pecypcom [37]. KpuTHUHICTH KOKHOTO THUITy PECypcy BiJloMa PO3pOOHHKAM
3aCTOCYHKY Ta BUBHAYA€ThCS HA OCHOBI MOTPEO 3aCTOCYHKY Ta AOCTYIHUX PECYPCIB
y KJIaCTEpIB.

BaxnuBo BpaxoByBaTu crnenuQiky YIpaBIiHHSA KOXHUM OKPEMUM THIIOM
pecypcy. HepocraTtHiii 00’€M OJHOrO 3 pecypciB MOKE MPHU3BECTU 10 IMOBHOI
BIJIMOBHU Bij o6ciyroByBanHs. Hanpukian, HegocratHii 06’em RAM mipu po6oTi
€K3EMILUISIPY MPU3BOJUTH 10 MOMMWJIOK BIJJIIJICHHS MaMm’sTi. 3 I1HIIOro OOKy, MpH
HEJIOCTaTHbOMY 00’€M1 MPOIECOPHOTO Yacy orepaliiiHa cuctema Oyjae IMTYy4YHO
CHOBUIBHIOBATH pOo0OOTY mporpamu [37].

Po3ropranHs HOBOro €K3eMILISIpY BUMArae 3/11iiCHEHHS] HACTYTHUX ONepariiii:

— TOTIIYK By3J1a 3 HeoOxigHuM 00’ emom OP Tta pezepByBannst OP BiJloBigHO
JI0 3aJ1aHO1 KOH]ITrypallii;

— 3aBaHTa)KEHHS 00pa3iB, 3aJIEKHOCTEN Ta KOy 3aCTOCYHKY JUIS TOJAIBIION
1HIIiaxi3amii KOHTeHHepa;

— MOYATKOBA 1HIIIaTi3a1lisl MPOrPaMH — BCTAHOBJICHHSI MEPEXKEBUX 3’ €/IHAHD,
KoH(Dirypaitist iHTepeiciB, MOYaTKOBE KEITyBAaHHS JaHUX HEOOX1THUX ISl pOOOTH
3aCTOCYHKY.

L1 onepaiiii MOXYTh 3aiiMaTH 3HAYHUHN Yac nepe Mo4YaTkoM 0e3nocepeHbOl
poOOTH €K3eMIUISApYy, IO MPU3BOAATH 1O 3aTPUMOK MacmTaOyBaHHS Ta Mae

HEraTUBHUY BIUIMB Ha piBeHb QOS 1 noTpumManHs SLA.
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MO,Z[CJ'IB TOPHU30HTAJIBHOT'O MaCH_ITa6YBaHH$I 3 BpaxXyBaHHAM 34aTPUMOK Mae€

HaCTyrIHI/Iﬁ BUTIJIAA:

k,(t) =max(k, (t +n,)),l =Lm,y =1,h, (1.9)
ne k, (t) — KUIBKICTIO €K3eMIUIAPIB [-TO 3aCTOCYHKY i 3a0e3IeueHHs

. , : . :
HeoOxigHoro 06’emy Bcix OP 3 BpaxyBaHHAM MaiOyTHIX 1mOTpED, 1, — € Hac
3aTPUMKHU MacIlITa0yBaHHS Bropy, U0 BU3HAYAETHCS SIK:

nT = neysofl + no6pa3 + niuiuicwawui}l ’ (1 . 10)
ne 1M,,,, — 4ac IOLIyKYy By3JIa, IO MOXKE BKIIIOYATH B CE0€ 101aBaHHsA HOBOTO By3/1a

B KJacTep B pa3l HEOOXiIHOCTI, M yac JOCTaBKU 3aJIEKHOCTEH 1 KOy

obpaz

3aCTOCYHKY 3 PEECTPIB Ha BY30J, 1 — Yac Ha MOYATKOBY IHIIIaIi3aIliI0

iniyianasayis
3aCTOCYHKY.

[Ipu macmraOyBaHHI BHHM3 JaHa 3aTpUMKa PO3TOPTaHHS EK3EMIULIPIB HE
BPaXOBY€TbCSA, OCKUIbKM BHJIAJICHHS HaBaHTaOXCHHS BIIOYyBA€ThCA  MICIA
(haKTUYHOTO 3MEHIIICHHS HABAHTAXKCHHS:

max(k, (£ +m,)),k, (1 +n,) >k, () T

k )= 5 :15 ’ :la_h' .
= i, (O)k, (41, <, (0 ") (111

Peanizamiss  nmaHoi  Mozeni  MOXJIMBA  JIMIIE TPU  MPOAKTUBHOMY
MacmTabyBaHHI, OCKUIBKA BKJIIOYaE€ B ce0e TMPOTHO3YBaHHS MaMOYyTHIX

HAaBaHTAKCHb HA EK3EMILISIPH 3aCTOCYHKY.
1.3.3 Oco6auBOCTI BEPTUKATHHOTO MacIITa0yBaHHS

[Ipu BepTHKaTILHOMY MacITa0yBaHHS KIJIbKICTh €K3EMILISIPIB 3ACTOCYHKY HE
3MIHIOETbCS. AganTariisi 3aranbHoro 06’emy OP 3acTocyHKy 10 IUHAMIYHHX
HaBaHTa)XEHb BIOYBa€ThCS BHACHIIOK KOH(Diryparii 3anmuTiB Ha OP m11d K0XHOTO
ex3eMIuLsipy. Take mMacmTabyBaHHS BUKOPUCTOBYETHCS, KOJIM 3aCTOCYHOK HE MOXKE
OyTn MacmTaboBaHWII TOPU3OHTAIBHO, 30KpeMa, 0a3u JaHuX a00 3aCTOCYHKH 3

BOYJIOBaHUM cXOBHIIEM [32].
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Byson 1 Byson 1 Bysox 1
= BinsHi pecypcu
B z - Buem pecypcs | 0000000 | _ZPEE PSR
____________ Pecypcr exsenmuapy 1
IRy s sy | Pempenexsamany |
Pecypen immaEx Pecypew fgmex | 0 |[[ T Pecypes ibmex
33CTOCYHELR S3CTOCYHEIR SACTOCYHEIR
BHH3 Bropy
Byszom 2 Bysom 2 Bysomn 2
- BunsHi pecypcu
B z - Buem pecypcr || 0000 | L _ P ERRAERE
____________ PecypcH ersenmnapy 2
L | Fecyper ey 2
Pecypes immax " Pecypesm iEmax © Pecypemmmx
33CTOCVHELR S3CTOCYHEIR SACTOCYEEIR

Pucynok 1.15 — 3aiiicHeHHS! BEpTUKaJIbHOTO MaclITa0yBaHHS

Ha BigMiHy Big TOPU30HTAJIBHOTO MAaCIITa0yBaHHS, BEpPTUKAJIbHE
oOMexyeThest 00’ emoM OP (i3uuHOT MaIMHK, HAa SKOMY PO3MIIIY€ThCS €K3EMILISIP
3actocyHKky. Tomy 3miHa 3anuTiB Ha OP Moxe noTpeOyBaTH Mepe3anycKy
EK3EMIUISIPY 3aCTOCYHKY Yepe3 0OMEKEHICTh KOMIIOHEHTIB yIPaBIIiHHS pecypcamu
OC, nampukiaa, cgroups y Linux, a0o mpu HEOOXiTHOCTI 30UIBIIUTH PO3MIP
(G13MYHOT MaIIMHY.

Ha BigmiHy BiJl TOPH30HTAJIBHOTO MaciiTaOyBaHHS, (GYHKIS KUIBKOCTI
EK3eMIUISIPIB  ky(t) 1 [-r0 3aCTOCYHKY Mae TMocTiiiHe 3HadeHHs. O0’eM
3ape3epBOBAHOIO y-TO THUIy pecypcy € (yHKuiero Xj(f), fKka BU3HAYAE€THCA

HaCTYIITHUM YHHOM!

X, ()= JI=1,m,y=1h, (1.12)

ne h — KUIBKICTh THIIIB PECypCiB JJIsl YNPABIIHHA, M — KUIBKICTh 3aCTOCYHKIB Y
kiactepi, Wy (f) — pyHKLIS HaBaHTaXEHHS AJIS -T'O TUILY pecypcy /-ro 3aCTOCYHKY.

[Ipu HAsIBHOCTI KUIBKOX €K3EMIUISIPIB 3aCTOCYHKY JJISl IKMX 3aCTOCOBY€ETHCS
BEpTUKAJIbHE  MacIITa0yBaHHA, HEOOXIJHO  BpPaxoBYBAaTHU  MaKCHUMAaJIbHE
BUKOPHUCTaHHA KOXHOTro Ty OP, oCKiabKM Tpu OallaHCyBaHHI 3alMTIB MIX

EK3EMIUISIPAMH HE 3aBXAHU BAAETHCS PIBHOMIPHO PO3MOAIIUTH 3aITUTH:

X, (t)=max(X,,(),] =1,m,y=Lh,j=Lk, (1.13)
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Je h — KIUIBKICTh THUIIIB PECypcCiB JUIs YIPaBIIHHSA, M — KUIBKICTh 3aCTOCYHKIB Y
KJIacTepl, a j — KUIbKICTh €K3EMILISPIB /-T0 3aCTOCYHKY.
[IpoakTBHA MOJIENb BEPTUKAIIBHOTO MACIITA0yBaHHS € aHAIOTTYHOIO MO

(1.11) ropu3oHTaNbHO MacIITA0yBaHHS Ta BU3HAYAETHCS HACTYITHUM YMHOM:

max(X, (1+n,)),X, @t +n)>X () —

X t: 71219 9 :la_h) 114
o= (X, () X, (1) < X, (1) ey =L (19

Je h — KITBKICTb THUIIIB PeCypciB JUIs YIPaBIIHHSA, m — KUIBKICTh 3aCTOCYHKIB Y

KJIACcTepl, j — KUIBKICTh E€K3EMIUIAPIB [-r0O 3aCTOCYHKY, T|,— 4Yac 3aTPUMKH

MacIITadyBaHHsI BrOpY.
Mopeini BEpTUKAIBHOIO 1 TOPU30HTAIBHOIO MAacIITA0yBaHHS B 3arajJbHOMY
BUIJIAZIl € CXOXKUMH. ToMy 3’SBISETbCS MOXIJIMBICTH MOOYIyBaTH YHIBEpCAJIbHE

pllIeHHs U1 peani3anlii 000X METO/IB MacIITa0yBaHHS.

1.4 AnaJi3 3aga4 ynpasJiiHHA 00YHMCIIOBAJILHUMH PeCypcaMu NP yIpaBJIiHHI

SIKICTIO MOCJIYT

1.4.1 OOrpyHTyBaHHS HEOOXIJHOCTI JOCIIPKCHHS Ta PO3POOKH METOMIIB

MacuiTabyBaHHS

IIpu ananizi 3agau ympasiinHs OP crnouatky HeoOXigHO copmyiitoBaTH
KOHTEKCT, B SKOMY po3rsinaerbess ynpasiinas OP. B HezanexxHocTi Bin
npu3HayeHHs1 [C — Oi3Hec, HAyKOBE YM COLllaJIbHE MPHU3HAYEHHS — ii BIACHUKHU
3aIlikaBjeHl B TOMY, 1100 HaJaBaTH HAJICKHUN piBeHb QOS mnpu HaliMeHIHUX
¢dbiHaHcOBUX BHTparax. ToMy mpu BHpIINIEHH] 3a7ad, M0 PO3TIAAAIOTHCS B
JYcepTallii, BpaxOBYEThCA KpPUTEPIM 3a0€3MeueHHs] CTaOUIBHOTO PIBHSA SKOCTI
cepBiciB npu MiHiMi3awii 06’emy OP, 1110 BUKOPUCTOBYIOTHCS 3aCTOCYHKAMHU.

Opniero 13 3amau ynpasninHs OP y kiactepi € aBromaru3allisi ynpaBiIiHHS
posnoauieHHssM  OP.  OcHOBHMM  1HCTpyMeHTOM ympaBiiHHa OP,  skwuii
pO3TIsiAaeThesl B poOOTI, € MacTadyBaHHs 3acTOCYHKIB. HemoctaTtHe BuiIeHHS
OP abo KUIBKOCTI €K3eMIUISPIB 3aCTOCYHKY NPHU3BOAUTH JO MOTIPUICHHS

MOKA3HUKIB SKOCT1 CEPBICIB 1 B PE3yabTaTl JO MOPYIICHHS BCTAHOBJICHUX BUMOT
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SLA mono sikocti IT-mocinyr, 1o Hece 3a co0oro (hiHAHCOBI Ta peIyTalliiiHi BTpaTH.
B Toil xe vac, HagMiIpHE BUAUICHHS PECYpCIB MPU3BOJAUTH A0 HEe(HEKTUBHOTO
Bukopuctanus OP i, sk Hacmigok, (GpiHAHCOBUX pecypciB, siKi MokHa Oyio O
BUKOPHUCTATH JISl BUPIIICHHS 1HITUX 00UMCITIOBaIBLHUX 3a1a4. [linTpumka 6aiancy
MDK BKa3aHMMH JBOMA acCIeKTaMH € 337a4Ci0 JUHAMIYHOTO PO3MOJIIITY PECYpCiB.
Cyuacui IC MoOXyTh BKJIIOYAaTH THCS4Yl PI3HUX 3aCTOCYHKIB, SIKI MalOTh CBOI
oco0nuBocTI Ta moTpedbu B OP, mo 3HaYHO YCKIIQJHIOE BHUPIIICHHS 3ajadi
ynpasmninas OP.

Opnieto 13 3a1ay ynpaiinaga OP € mporao3yBaHHs poO0OYMX HABAaHTAXKEHb Y
CKK3, ocKiJIbKH HasBHICTh JIAaHUX ITPO MaOyTHI HABaHTAXKCHHS HAJA€ MOXKJIUBICTh
3HA4YHO €(peKTUBHIIIIE IJTaHyBaTH po3noaiieHHs: OP 11 3acTOCyHKIB Ta 3arajibHUN
00’eM Kjactepa I OOpoOKH IOTEHIIMHOTO HaBaHTaxeHHSA [38]. HasBHicTb
BHCOKOTOUYHMX IMPOTHO3IB € BaXXJIMBOIO YMOBOIO JJIsS 3a0€3MEeUeHHS] HEOOX1THOTO
piBHA Qo0S Ta edexkTrBHOI yTHii3awii HassBHUX OP. PoOoui HaBaHTa)XeHHSI MalOTh
OJIHy a00 JEKUJIbKa CE30HHOCTEHN — 11a0JI0HIB HABAHTAKEHbD, 1110 TIOBTOPIOIOTHCS 13
MOCTIHHOIO EPIOANYHICTIO Ta MOXKYTh HAKJIaJAaTUCS — P13HOT TPUBAJIOCTI, TCHACHITIT
3poCTaHHs a00 3MEHIICHHS Ta 1HII 0coOoimBoCTi [39]. Ha ocHOBI aHami3y yacoBHX
pSAAIB MOXKHA MPOTHO3YBATH KUIBKICTh 3allUTIB KOPUCTYBayiB 1, BIANOBIIHO,
MaifOyTHI ToTpeOu 3actocyHkiB B OP. AmnHami3 ICHyIHOUHX aJITOpPUTMIB
MPOTHO3YBaHHA Ta iX ajamnTaiis 10 ymnpaBiiHHS oocsiramu OP B 3anmexHOCTI BiX
poO0OYOTO HaBAaHTAXKEHHS y KJACTEpl € OJHIEI0 3 MiA3anay gaHoi aucepTartii. Js
[[OTO HEOOX1THO BU3HAYUTH IT1IXO0/IX JIO BaJIiallii Ta OLIHKHU MPOTHO31B B MOTpedax
OP.

Takox HEOOX1AHO PO3IMIAHYTH 3a/lauy 1AeHTHU]IKalll aHOMamil pobouyux
HAaBaHTAKEHb y Kiactepi. Herumoe miaBuIeHHS a00 3HWXKEHHS POOOYMX
HABAHTAXKEHb MOKE CTATHUCS Yepe3 HU3KY NMPUUMH, 30KpemMa, 4yepe3 MepexkeBl 3001,
BIJIMOBU BiJ 0OCIyroByBaHHs KoMmoHEHTIB IC, 3MiHM B apXiTEKTypi, CE30HHI
KoJiuBaHHs 200 cBsATa. Taki momii 31eOUIBIIOr0 HEMOXIMBO IEepe0adnuTH, a iX
BUHHUKHEHHS MPU3BOJIUTH J0 3HAYHOTO IOTIPIIECHHS 3HAaYeHb MOKa3HUKIB QoS y

nepion pearyBanus CYI1 abo no 3naunoi 30uTkoBOCTI pesepByBanHss OP. CYI mae



47

IIBUJIKO pearyBaTh Ha aHOMaJIbHI MOJIii Ta BIAMOBIAHO 1 aganTyBaTu oocsru OP 1o
MOTOYHMX TMOTpeO. BupimieHHs paHOi 3a1ayl € BaXIMBUM IIPU  1HTErpartii
PEaKTUBHUX 1 MPOAKTUBHUX MIIXOIB 10 MacmTaOyBaHHsa. OMHIEO 13 33729 JaHOT
JcepTallii € TOIIYK PillleHb, sIKi IO3BOJISIOTh BUACHO BUSIBUTH aHOMaJIli B poOOTI
3aCTOCYHKIB Ta BUKOHYBATH BIMOBIIHI 3aX0AM JJIs CTa0LIi3allli mpolecy HaJaHHs
[T-nocnyr IC.

Po3pobka npoakTHBHUX METO/IIB MacIlITa0yBaHHs 3aCTOCYHKIB € aKTyaIbHOIO
npobiemoro B ekocuctemi Kubernetes, OCKIIbKM CTaHOApTHI 1HCTPYMEHTH HE
HAJAI0Th Takoi MOXKJIMBOCTI [40], a iCHYI0U1 pillIeHHS 3 BAKOPUCTAHHIM PEaKTUBHHUX
METO/IB 0a3ylOThCS HAa €BPUCTUYHHMX, TOMY HETOUHHMX airoputrmax. [IpoakTuBH1
METOAM MaclTadyBaHHA € OuUIbll €()EKTHBHUMHU y TMOPIBHSHHI 3 PEAKTUBHUM B
koHTekcTi ynpasiiaas OP B IC 3 nekinbkox npuuuH [33]. [lo-nepiie, mpoakTUBHI
METOJM YTPABIIHHS J03BOJIIOTH 3aBYaCHO MAcCIITa0yBaTH 3aCTOCYHKH ITiJT Yac
MIKOBUX HABAaHTAXKECHb 3aBISKW, HA MPUKIAJ, aHAi3y ICTOPUYHUX HaHux. Lle
JT03BOJISIE 3HAYHO 3MEHIIIUTH PU3UK MOTIpIIEHHS MOKa3HUKIB QOS 3a yMOB CyTT€BOI
JUHAMIKM 3alMTIB KOpUCTyBauiB. Ilo-mpyre, 1e 103BOJSE 3HAYHO 3MEHILIUTH
HaaMipHe pe3epByBaHHs OP 3aBasiku mporHo3yBaHHIO HeoOXigHOTO 00’emy OP Ta
3aBYACHOMY IUTAHYBaHHIO MacmTaOyBaHHS BHU3. PeakTWBHE MaciiTaOyBaHHS
BBEPX 3A1MCHIOETHCA 32 (PAaKTOM MOSBU HaIMIPHOTO HaBaHTaXeHHsI. BTpaTu yacy Ha
pO3rOpTaHHs Ta TMOYATKOBY IHIIAMI3aIll0 3aCTOCYHKY MOXE MPU3BECTH 0
THUMYAaCOBOTO KPUTUYHOTO A IIHHS MOKa3HUKIB SKOCTI [T-mocmyr, HaBiTh 10 MOBHOI
BiIMOBHU. [IpoakTUBHUIA MiJIX11, HA BIAMIHY BiJl pEAKTUBHOTO HE € CAMOJIOCTATHIM 1
Mae€ JIeK1IbKa MepeayMOB JUIsl MOTO 3aCTOCYBAaHHS — HAsIBHICTh ICTOPUYHHX JaHHUX
ab0 OCTOBIPHMUX MPOTHO3IB. Y TaKWX BUIAJIKaX KOPEKTHa poOOTa 3aCTOCYHKIB 3
ebexktuBHUM BukopuctanHs OP moxe OyTu 3abe3nedyeHa NUISXOM IHTErparlii
MPOAKTUBHOTO 1 PEAKTUBHOTO METOJIB MaciiTa0yBaHHs. BakauBicTh Ili€i 3amadi
o0yMOBUMJIa HEOOX1IHICTb 11 BUPIIICHHS B AUCEPTaLlHII pOOOTI.

IIpy HasBHOCTI BUCOKOTOYHHUX IPOTHO3IB MPOAKTHUBHI METOIU JO3BOJISIOTH
3aBYacHO KepyBaTu 00’emoM OP abo KUIBKICTIO €K3eMIUISPIB, IO JO3BOJISE

OTIEpAaTMBHO pearyBaTy Ha AUHAMIYHI 3MiHM HaBaHTaXeHb. [IpoTe HU3Ka GakTopiB,
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HaIpUKJIaJ, aHOMajbHI HABAHTAXXEHHSA, BTpaTa ab0 HEAOCTYIHICTh 1CTOPUYHMX
JnaHux, 3MiHM KoHirypamii IT-iHdpacTpykTypu, HpU3BOASITH OO0 CYTTEBOTO
MOTIPIIEHHsI TOYHOCTI MPOTHO31B MailOyTHIX HaBaHTaXeHb. B Takux Bumaakax
pEaKkTHBHI METOJM JI03BOJISIOTH CTaOUII3yBaTH CUCTEMY JOTH, MOKUA 3HOB HE
3’ IBIISITHCS TOUHI JaHi PO Mai0yTHI poOoyl HaBaHTaxeHHs. ['10puaHmii MeTo, 10
MOEHY€E TPOAKTUBHUI 1 PEAKTUBHUN KOMIIOHEHTH MAacCIITa0yBaHHS, 3aBISKU
KOMOIHYBaHHS, MOXKE HIBEJIIOBATHU OIMCAHI HETOJIKA 000X MeTo/iB. OCHOBHOIO
3aJavero JUIs peanmizamii komOiHoBaHoro minxony [T ympaBmiHHS pecypcamu €
po3po0Ka METO Iy BU3HAUEHHSI HE0OX1THOCTI 3MiHM pexumy yrpasiiHHs B CKK3.
MOo>KIJIMBOCTI BEPTUKAIBLHOTO MaciTaOyBaHHs oomexxeHi OP onHoro Bysna.
['opuzonTanbHe MacmTadyBaHHS  1M030aBlieHO 1bOro  Hepodika. lIpore,
BEPTUKAIBHUNA THUI MacIITa0yBaHHS MOKE€ OyTH KOPHUCHMM JJii HIATPUMAaHHSI
HeoOx1qHoi npomopiii OP, 1m0 103BOJUTH 3MEHIIUTH 30MTKOBE PE3€pBYBAHHS
pecypciB. KpiM TOoro, BepTUKaIbHUNU METOA € HEOOXIAHUM [Jisg 3arno0iraHHS
BIIMOBaM BiJ] OOCIyrOByBaHHSl 4epe3 HecTauy KpPUTHUYHHX PECypCiB, 30KpeMa,
nam’siti tTa OOM  nomunok. JlaHa 3amaya  mosisirae B KOOPJMHYBaHHI
TOPU30HTAJIBLHOTO Ta  BEPTHKAJIBHOTO  MacmTaOyBaHHA JJisi  30UIbIIECHHS
edexkTuBHOCTI BUKOpUcTaHHs OP 1 onepaTuBHOro yCyHeHHsI TOMWIOK HecTtadul OP.
Pecypcu knactepa MaroTh 00MeXeHY KUIbKICTh By3JiB 1 OP, 1m0 HeoOX1aHO
BpPaxoOBYBaTH NpH IIaHyBaHHI BuKopucTtanHs OP. XMapHi npoBaiaepu HagaroTh
MOXJIMBICTh J10JJaBaTH HOBI BY3JIM B KJacTep B X0J1 poOOTH Yy pasi moTpelwu.
BuUKOpUCTOBYIOUM  MPOTHO3YBaHHS  POOOYMX  HABAaHTaXXEHb,  MOXJIMBO
MacmTabyBaTi HE TUIBKM 3aCTOCYHKH, a Takoxk Kkiactep. HeoOximHo wmatu
MOJKJIMBICTh MacIITaOyBaTHUCs, KOJIM IOTOYHUX PECYPCIB KJIacTepa He BUCTAYAE AJIs
3a0€e3MeUeHHsI BCIX HEOOX1THUX pOOOUMX HABAHTAKEHb, TOMY JIaHA 3a/1a4a MOJIATae
B aBTOMAaTHU3allli JOJaBaHHS BY3JiB B KJacTep 13 3aCTOCYBAaHHSAM IMPOAKTUBHUX
METO/I1B JIJIsl 3MEHILIEHHS 3aTPUMOK PO3TOPTaHHS HOBUX €K3EMIUISIPIB 3aCTOCYHKIB 1

MiATpUMaHHS HeoOXigHuX QoS.
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Pucynox 1.16 — liarpama 3amau ynpasininag OP y kiacrepi

Ha puc. 1.16 300paxeHo jaiarpamy NOCHIIJOBHOCTI BHPIIICHHS 3ajad.
3okpeMa, g po3poOKH MPOAKTUBHUX METO/IB HEOOX1JTHO CIOYAaTKy MAaTh MOJIENI
MIPOTHO31B HABAHTAKCHHS, a TaKOXX IXHBOI Baijaii. [HII 3amadi € KoMOIHAIIEO
JIBOX METOJIB JJISI TIOKpAIIEHHS CyMapHHUX BJIACTUBOCTEH, 30Kpema IHTerpallis

MPOAKTUBHUX 1 PEaKTUBHUX METO/IIB.
1.4.2 BusznaueHnHs (QyHKITIOHATY PillIeHb JUIsl YIIPABIiHHS pECypcaMu

AKTyanpHl pimieHHs s ynpasiiHHd OP B knacTepi € KOMIUIEKCHUMH
CUCTEMaMH, sIK1 BKJIFOYaIOTh KOMIIOHEHTH MOHITOPUHTY CTaHy CUCTEMH Ta OKPEMUX

aHamizy e(EeKTUBHOCTI yTHIII3allii MPOTHO3YBaHHS

pecypciB,

MaiOyTHIX 00’€MIB HABaHTaXE€Hb, MJIAHYBAaHHS MAcCIITa0yBaHHS Ta 0€3M0CEePEeTHBO

3aCTOCYHKIB,

KepyBaHHS PO3MOJUIeHHAM HasgBHUX pecypciB. OcHoBHi 3amaui [T ta CKK3 €
HACTYITHUMHU:

— MoHiTopuHT BUkopuctanus OP 3actocynkamu, 3anutiB Ha OP, HasBHOTO
BUTbHOTO 00’emy OP Ta mpare3naTHOCTI KOMIIOHEHTIB, B TOMY YHCJ1 TOMHJIOK B
pOOOTI 3aCTOCYHKIB, IO BUKIMKAH1 HEKOPEKTHUM po3noaiieHHsM OP;

— o0poOka, arperaiisi Ta 30epiraHHS JaHWX MOHITOPUHTY 3 METOIO
MOAANBIIOr0 aHaidy NpH IUIaHyBaHHI po3nojauieHHs OP Mix 3acToCyHKaMu

KJIacTcpa,
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— BiJIcTe)KyBaHHs piBH QOS Ta 10T0 KOHTPOJIb Y pa3i HEOOX1THOCTI IUISIXOM
ajanTalii BepTUKaIbHOI Ta TOPU3OHTAIBHOI KOH(]Irypallii KOMIIOHEHTIB I[1JIOBO1
CUCTEMU;

— TPOrHO3yBaHHS MalOyTHIX HaBaHTaxeHb Ta motped y OP 3 mertoro
MOJAJbIIOTO IJIaHYBaHHA Ta MPOAKTUBHOTO ympasniHHA OP, mporrosyBaHHs
MOTECHIINHUX KpUTHYHUX cTaHiB IC;

— IUTAaHYBaHHS po3nojiieHHs HasBHUX OP Ta po3mmpeHHs KiacTepa y pasi
HEeOOX1THOCTI;

— ynpaBiiHHA ~ po3nojuieHHsM  OP  mmisixom  BEpTUKAJIBHOTO — Ta
TOPU30HTAJIBLHOTO MacIITa0yBaHHS 1 IPIOPUTE3AITIEI0 KOMIIOHEHTIB;

— pearyBaHHs Ta OINEpaTUBHE YCYHEHHs IOMUIIOK B PoOOTI KoMIOHEHTIB IC
BUKJIMKAHUX HEKOPEKTHUM posnoauieHHsM OP abo aHomaibHUM 00’€eMOM
HABaHTA)KCHHS;

— CUTHAJII3YBaHHS NpO HasiBHI a00 MOTEHLIMHI NpoOieMH NpHU yIpaBiaiHHI
OP, siki HE MOXYTh OyTH YCYHEH1 B aBBTOMAaTUYHOMY PEXKHUMI.

Kpim ¢ynkmionany IT ta cuctemu ynpasninuas OP Buznaunmo sumoru g0 IT
Ta cuctemu ynpapiiHHg OP, ski 00yMOBIIOIOTS i1 3/1aTHICTh MPAIIOBATH B yMOBaX
Cy4YaCHHX mapaaurm HajganHs [T-nociyr:

—3[JaTHICTh MpaIlOBaTH HE3aJeXHO BiJ apXiTEeKTypu Ta BUPOOHHUKA
mpoliiecopa, mam’ATi Ta IHIIUX THUIB PECypCiB, HAIPUKIIAA, MIATPUMKA K X64 Ta
ARM, 1110 103BOJIUTH NPALIOBATHU 3 TIOPUIHUMHU KJIACTEPAMHU, SIKI BKJIIOYAIOTh Pi3HI
TEXHOJIOT1i, 1110 MOKPAITy€e 3aTHICTh 10 MacIITa0yBaHHS KJlacTepa B Mail0yTHbOMY;

— PO3MOIJICHICTD Ta AyOIIOBaHHSI KOMIIOHEHTIB CUCTEMU yripaBiaiHHs OP s
MIJBUIIICHHS HAIMHOCTI, OCKIJIbKM HEKOPEKTHA pOO0Ta CUCTEMH MOKE MIPU3BECTH
JI0 HEKOPEKTHOTO IUIaHyBaHHS, BIJIMOBU BiJ OOCIYroByBaHHsS a0O MOTIPIIEHHS
piBHs QoS;

— BUCOKA IIBUJIKICTh pearyBaHHs Ha MOTripiieHHs piBHA Q0S Ta MOMUJIKH, 1110
BUHUKAIOTD;

— miaTpuMKa pi3Hux tumniB OP, Hanpukiag, OKpiM MPOLECOPHOTO Yacy Ta

nam’siTi, YOpaBIiHHS MOXE 3IIMCHIOBATHUCS I MPOITYCKHOI 3aTHOCTI MEPEexl,
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HAsIBHOTO JWCKOBOTO MPOCTOPY, CHEIliaIbHUX MPHUCTPOIB, HANPUKIIAJ, TpadidHIX
MIPOIIECOPIB;

— MAacImTabOBaHICTh KOMIIOHEHTIB cuctemu ympaiiHHs OP 3 meroro
MIITPUMKH 3HAYHOI KIJIBKOCTI BY3JIIB KJIacTepa 1 BIAMOBIIHO 3HAYHOI KUIBKOCTI
3aCTOCYHKIB PO3MIIICHUX Ha TAHUX By3JaX.

Ha ocHOBI Bu3HaueHUX (PYyHKIIOHAIBHUX Ta HE(QYHKIIOHAIBHUX BUMOT

MOEMO BU3HAYaTH CTPYKTYpY cucTeMu ympasiinas OP.
BucnoBku 10 po3uiay 1

Ha ocHOBI mpoBeieHOro aHaiizy MOTOYHOTO CTaHy 1 MPOOJIeM yHpaBIIiHHS
OP, a Takox ocobsmBocTeit ynpasmiHHs [ T-1HQpacTpyKTyporo B LIJIOMY BU3HAYEH1
akTyanbH1 mpoosemu yrpasiainas OP ta dyukmionan IT ta CVY, 1o ix BUPIITYIOTb.

dopmaitizoBaHO 3arajibHy MOJIENIb KJIacTepa, B K1 BUKOHYIOTHCS MPOIECU
pPO3MILIEHHS KOHTEWHEpPIB Ha BYy3JlaX, OHOBJEHHA KOH(QIrypauii pecypcis,
MOHITOPUHTY Ta OaJlaHCyBaHHS HaBaHTakeHHS. Ha OCHOBI Mojeni BU3HauYeHI
OOMEKEHHA Ta IHCTPYMEHTH, SIKI HEOOX1HO BHUKOPUCTOBYBAaTH MpPHU PO3POOIL
METO/1B Ta 1HGOPMAIIIITHOT TEXHOJIOT1] YIIPABIIHHS B MOJATBIIIOMY.

[IpoBeneHo TMOPIBHAJIBHUN aHa3 BIpTyamlizamii Ta KOHTEHHepHU3allii.
BusHaueHi mnepeBard Ta HEAOJNIKM 000X METOIIB PpPO3rOpTaHHS MPOTPAMHHUX
3aCTOCYHKIB Ha (i3uyHux a00 BIPTyalbHUX MalIMHAaX. AHai3 J103BOJIMB
OOTpyHTYBaTU BUKOPUCTAHHSI caMe€ TEXHOJIOT1i KOHTeWMHepu3allii /sl MBUIKOTO 1
THYYKOT'O YIIPaBIIHHS PO3TOPTAHHSIM 3aCTOCYHKIB.

PosrisiayTo icHyroui 3acobu mnsa ynpasiinaga OP B kimactepax. 3aiiicHEHO
aHaJi3 TOPU30HTAILHOTO 1 BEPTUKAJILHOTO MaclITa0yBaHHs, iX MepeBar, HeAOIKIB
Ta MOXJMBUX CIEHapiiB BHKOpucTaHHi. OnucaHo aHANITUYHY MOJEIb

MacimTaOyBaHHS.
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2 PO3POBKA INTPOAKTUBHUX METO/IB MACLLITABYBAHHA

[IpoaktuBHe MacmTabyBanHs — wMeton ynpasiminags OP B IC 3
MPOTHO3YBAaHHSAM MailOyTHHOIO HaBaHTAXKEHHS HAa 3aCTOCYHOK Ta MOMNEPEIHbOI
HiATOTOBKH A0 30LIBIICHHA PEecypciB, HIO0 HAMAIOThCA. MeEToIu MPOaKTUBHOTO
MaciTabyBaHHs HEOOXIJHI Yy KOHTEKCTI JoTpuMmaHHs BuUMor SLA, Hampukian,
33711 TapaHTyBaHHS JOCTYITHOCTI cepBiciB Ha piBHI 99.99% wacy kaneHmapHOTO
POKY.

OmHuM 13 MOXJIMBUX BapiaHTIB 3a0e3MedYeHHs] BUCOKHUX MOKa3HUKIB
JOCTYITHOCTI HE3aJIe)KHO B1JI HABAHTAKEHHSI € PE3€pPBYBaHHS HEOOXITHOTO 00’ €My
OP mnpotsarom Bchoro uacy pobortu. Ilpore, B Takomy BHMaaKy HEOOXITHO
BpPaxOBYBaTH BHCOKI (DiHAHCOBI BUTpaTu. PeakThBHE MacluTaOyBaHHS 4YacCTKOBO
BUpILIY€E aHy NpoOJieMy HUISIXOM aJamTallii, ajie B TOM ke 4ac MOXKe MPU3BOIUTH
JI0 TUMYAcOBUX MaaiHb piBHA QOS mij yac MIKOBUX HaBaHTAKEHb. [ 0JIOBHUM
HEJIOJIIKOM PEAKTUBHOTO MIAXOAY € JOJATKOBHM Yac Ha MacliTaOyBaHHS Bropy
yepes Taki oocraBunu [32]:

— Yy pasi BIJICYTHOCTI JOCTYMHOTO JIJIi PO3TOPTaHHsS By3jda B KiacTepi 3
HeoOxiaHUM 00’eMoM OP 3miiicHIO€ThCsl 3amuT Ha BM BiAMOBIAHOTO PIBHS /0
XMapHOTO MpoBaiaepa, Bii0yBaeThCs 10aBaHHS HOBOTO By3Jia Ta OT0 MOYaTKOBa
1HIIIa13a111;

— IHCTaJISIlIS HAa BYy3J1 MOYATKOBUX JaHUX I poOOTH, 30Kpema, oOpasiB
3aCTOCYHKIB 200 HeOOXiTHUX 010J110TEK Ta KOIY;

— MOYaTKOBA 1HILIAI3a1isl 3aCTOCYHKY, MEPEXEBUX 1HTEP(ENCIB, OTPUMAHHS
KEIIOBAaHUX JIAHUX.

Takox nmpy BUKOPUCTAaHHI PEAaKTUBHUX METO/I1B HEOOXITHO BPaXOBYBATH Yac
peakirii, OCKUIbKH 301p Ta 00poOKa CUCTEMHUX YM 1HIIUX METPUK 3alMae NEsKUi
yac. [IpoakTuBHI MeTOAM O3BOJSIOTH YHUKHYTH IIMX TPOOJIEM pPEaKTHBHUX
METOJIB, OCKUIBKA TIpOIleC JOJaBaHHS 00’eMH pecypciB BiOyBaeThCcs 3
BpaxyBaHHSIM dYacy pO3rOpPTaHHSA, W0 BaXJIMBO i miaTpumaHHs QoS Ha

BiJIMOBITHOMY piBHi [33].
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2.1 AHaJi3 0co0/1MBOCTEH MPOAKTHBHOIO MACIITA0YBaHHA

OCHOBHOIO TIEpEBarol0 IMPOAKTUBHOIO MacIITaOyBaHHA € MiHIMI3aIlis
HaJMipHOTO pe3epByBaHHs OP mpu oHOYACHOMY MIATPUMAHHI HEOOX1THOTO PiBHS
QoS. IC Bkiroyae 3HaYHy KUIBKICTh 3aCTOCYHKIB, KOKEH 3 SIKHX Ma€ CBO1 yHIKaIbHI
ocobimBocTi podotu Ta BuMoru 10 OP. [IpoakTuBHe macmTaOyBaHHS, 3 OJHOTO
00Ky, J03BOJISIE 3HAYHO TMOKPAINIUTH MOKa3HUKK QoS, a 3 1HMIOro — MiIBUIUTH
edexkTuBHICTh Bukopuctanus OP [41].

OCHOBHOIO TIEPEIYMOBOIO 3aCTOCYBaHHSI MPOAKTUBHOTO MacIITaOyBaHHS €
HAsBHICTh METOAY TIPOTHO3YBaHHS, MO0 3JaTHUH BpPaxoOBYBaTH KOMIUJICKCHI
CE30HHOCTI, TEHACHIIT Ta € CTINKUM JI0 HETUTIOBUX CUTYaIlill B ICTOPUYHUX JAHUX
[38]. BianmoBigHO HAABHICTH ICTOPUYHMX JAHMX € HEOOXIHOI YMOBOIO
3aCTOCYBaHHA JTaHOro MeToay. s poOOTH 3 JOBrUMHU CE30HHOCTSIMH HEOOXI1JTHO
MaTy 3HaYHUN 00’€M JIaHMX, 1110 BUMAra€ 3aCTOCYBaHHsI CIIEL1aII30BaHUX PIIICHb
1151 00poOKU 130epiranHs MeTpuk ytuiizaiii OP. Takoxx He0OXi11HO MaTu JaH1 PO
yac PO3TOPTaHHS €K3EMIUISIPIB 3aCTOCYHKY, JOJABaHHS HOBHUX BY3JIB Ta 4YacOBI
BUTPATH Ha IHIINANI3alii0 3aCTOCYHKY [UJIi PO3paxyHKy 3aTpPUMOK IIpH
MacmTadyBaHHI 3aCTOCYHKY.

Jlo HemodikiB MPOAKTUBHUX METOMIB MOKHA BITHECTH HEOOXITHICTh
po3ropTaHHs iIHPPACTPYKTYPH JJIsl MOHITOPUHTY, 30epiraHHs Ta 00OpOOKH 3HAUHUX
00’eMiB icTopuuHux AaHux. KpiM Toro, mij yac HETUIIOBUX HABAHTaKEHb METOJIU
MPOTHO3YBaHHA MOXYTh OyTH HeedhekTuBHUMHU [39]. ToMy mpoakTHBHUN METOJ
HEJIOIJIBHO 3aCTOCOBYBATH JIJISl 3aCTOCYHKIB, B SIKUX HABAaHTAXEHHS HE € CE30HHUM
a00 He MicTHTh MmabJoHiB. Takox, deski IapaMeTpu JaHUX METOJIB
HAJIAIITOBYIOTHCS BPYYHY, 30KpeMa, CE30HHOCTI HE 3aBXK/IU MOKYTh OyTH KOPEKTHO
11eHTU(IKOBaHI B ICHYIOUMX JAHUX.

XKutreBnii UK TPOAKTUBHUX METOJIIB BKJIFOYAE €TAlH, 1110 300paKeHHO Ha
puc. 2.1. PoboTa nounHaeThCs 31 300py JaHUX MOHITOPUHTY IOTOYHOTO cTany IC —
CUCTEMHUX METPUK BHUKOPHCTAHHS pecypciB abo BHCOKOPIBHEBHX METPHK, IX

MOTIEPETHS arperailis Ta 30epirans
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v

301p METpHK OOpoOKka JaHUX

v

[Iporao3yBanHs

3acToCyBaHHA |[¢—| Bamimanis

Pucynok 2.1 — JKutreBuit iUk poOOTH MPOAKTUBHOT'O MACIITa0yBaHHS

Ha mnactymHomy erami 3IiHCHIOETBCS 00poOKa YacoBUX pSAIB  Jis
[0JIaJIbIIIOT0 BUKOPUCTAHHS B METO/IaX MpOorHo3yBaHHi. [licis uporo Bin0OyBaeThCcs
NPOrHO3 HABAaHTA)XCHHS HA OCHOBI OTpUMaHUX JaHUX. JlaHWi eTam BKIIIOYaE
1AeHTU(IKALII0 aHOMaJlH, Ma0JOHIB, CE30HHOCTEM, TPEHMIB, MiI0Ip MapaMmeTpiB
MOJIeNIl Ta OIIHKY ii ToyHocTi. Ha erami Bamijamii mpuilMaeTbcsi pillICHHS PO
JOLIIBHICTh BUKOPUCTAHHS OTPUMaHUX MpOrHo3iB. Ha npoMy erami npuiiMaeTbes
pILIEHHS. NP0 BUKOPHUCTAHHS aJbTEPHATUBHUX MeToniB ympaniiHHS OP. YV pasi
YCHIIIHOI BadiAalii MporHO3iB BIOYBAETHCS 3aCTOCYBAHHS HOBUX KOH(DIrypairiii.
[leii mpouec € I1TEpaTUBHUM Ta 3aKIIOYAETHCS B IOCTIHHOMY MOHITOPUHTY
notouyHoro crany IC, BimmoBimHocTi QoS BcranoBiaeHuM SLA Ta amanTartii

koH(pirypamii IC 10 TOTOYHUX YMOB.
2.2 AHAJI3 iCHYIOYHX pillileHb JJI51 IPOAKTHBHOI0 MACIITA0YBAHHS

OmuH 3 MeToNIB NPOAKTUBHOTO MAacIITa0yBaHHS OyayeThCS Ha OCHOBI
3HAXOJKEHHS HaHO1IbII MOAI0HOr0 1mabJIoHy HaBaHTaXEHHS B MUHYJIOMY 1 HOoro
eKCTpamnoJiAilii Ha moTouHuii crad. Hanmpukiana, B po6oTi [42], aBTOpU IPOMIOHYIOTh
pIlIEHHS, B SAKOMY ICTOPUYHMA 4YaCOBUU psJ aHaAM3yeETbCsl HaA MpPEeAMET
3aKOHOMIPHOCTEM 1 Ha iX OCHOBI BIJOYBa€ThCS MOLIYK HaMOLIBII MOAIOHOTO
mabIOHy HaBaHTAXEHHS JI0 MOTOYHOro. BUsBIEHI 3aKOHOMIPHOCTI MOXKYTh
BIIPI3HATHUCS 3a MaciiTaOoM, ajie 3a CHIBBIJHOIIEHHSM MIDX e€JIeMEHTaMu
171eHTU(IKOBAHOTO MIA0JIOHY Ta MOTOYHOTO NIA0JOHOM MAarOTh OyTH TOIOHUMHU.
OtpuMaHi 1a0JOHU 1HTEPHOJIOIOTECS 3a JOMOMOTOK 3BAXKEHOI 1HTEPHOJIALII.

Haii6inp1r moaioH1 1m1abioHu MaroTh HAMOUTBITY Bary B pe3yJbTyI0UYOMY YaCOBOMY
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pani. Ilo cyTi, 1aHWil METOJ 3BOJAMUTHCS JI0 MOIIYKY HAWO1IbIT MOAIOHOT cUTyaItli
HABAHTAKEHHA Yy MUHYJIOMY Ta HOro ajanrailii J0 MOTOYHOTO HaBaHTaXEHHS.
[TepeBaroro MeToly € MOKJIMBICTh IPOTHO3YBAaHHS HETPUBIAIILHUX YaCOBUX PSAIIB,
B SIKMI BIJICYTHSI Oy/b-sIka CE€30HHICTb, ajié B BUMAJKOBI MOMEHTH 4acy MOXYTh
BiIOyBaTUCSI TUIIOBI JUIS JTAHOTO OTOYCHHS BIJPI3KM HaBaHTKCHHS. OCHOBHUM
HEJOJIKOM JaHOTO METOAY € HU3bKa TOYHICTh MPOTHO3YBAHHSA Yy TOPIBHSAHHI 3
IHIIMMHU METOJaMU MPOTHO3YBAHHSI Ta HEKOPEKTHICTh POOOTH y BHUMAAKaX, KOJIH
11a0JI0H HAaBaHTA)KEHHA HE 3yCTPIYA€ThCA B ICTOPUYHHX AaHuX [43].

B poGoti [44] posrisgaeTbcsi NMPOAKTUBHE MaclITaOyBaHHS Ha OCHOBI
ARMA/ARIMA. ABTOpH TMpOMOHYIOTH METOJ, B SKOMY € KUIbKa pIBHIB
BIIEBHEHOCTI, K1 0OMPAIOTHCS B 3aJIEKHOCTI B1Jl 0COOJIUBOCTEHN 3aCTOCYHKY. Takox
MIPOBOJIUTHCA OIlIHKA TOYHOCTI OTPUMAHOI MOJIEJI1 Ta OLIHKA BIUTUBY HAa NMOKA3HUKU
AKOCTI mochyr. BapTo 3a3HauuTH, 0 ICTOPUYHI JaHI HE MICTATh KOMIUIEKCHOI
CE30HHOCTI, BIATIOBIAHO OI[IHKA BiOYBA€ThCA HA MPOCTOMY YacoBoMy psial. Takox
3a3HAYAETHCS, 1110 3HAXOHKEHHS KOE(ILIEHTY MOPSJIKY aBTOpErpecii, 110 BU3HAYAE
KUIBKICTh TIONEPEAHIX 3HAUY€Hb YacoBOl cepli, sIKI BUKOPUCTOBYIOTHCA JIs
MPOTHO3YBAaHHS TIMOTOYHOTO 3HAYEHHS, Ta KOEQIIEHTY TOPSJIKY KOB3HOTO
CepeHbOTrO0, IS JaHOTO METOAY MPOTHO3YBAaHHS € HETPUBIATBHOKIO 3a/adyero 3
TOYKHM B KOHTEKCTI yacy o0uuciieHHsd Ta 00’emy OP.

B po6ori [45], aBTOpH 3ampomnoHyBaiu IBOKOMIOHEHTHUH nu3aitH PRESS
JUIS TIPOAKTUBHOTO MacmiTabyBaHHs. [lepminii KOMIOHEHT 3aCTOCOBYETBHCS MJIs
ma0JIOHIB HaBaHTAXEHb, K1 MICTATh MPUKJIaAN HABaHTAKEHbB, 1110 TTOBTOPIOIOTHCSI.
st 06poOKkM Takoro TUIy I1a0JOHIB BUKOPUCTOBYETHCS IIBHKI TEPETBOPEHHS
®dyp’e, a A1 MOPIBHAHHS CXOKOCTI MOTOYHHUX 1 MUHYJUX MNPUKIAIB KPUTEPIH
[Tipcona. Skmo &kpuTepii HE Ja€ HEOOXIJHOTO TOKa3HHWKA CXOXOCTI, TO
BUKOPHUCTOBYETHCS APYTUN KOMIIOHEHT «Ha OCHOBI CTaHy». [|JIs IIbOTO KOMITOHEHTA
BUKOPUCTOBYIOThCS JIaHIIOTKM MapkoBa, A€ BCl MOXJIMBI BapiaHTH PIBHOMIPHO
PO3MOAUIAIOTECS Cepel] 3aaH0i KITbKOCTI Kop3uH. Ilicns mporo OymyeThest rpad
MO>KJIMBUX CTaHIB 1 MATPUIS BIPOT1AHOCTENH. ABTOPU CTBEPIKYIOTh, 1110 1X PIllIEHHS

JIETKO MacCIITa0y€eThCs 1 MAXOAUTH 711 KOMIJIEKCHUX CHCTEM.
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B po6oTi [46] mu1st ynpaBaiHHS SIKICTIO TTOCIYT BUKOPUCTOBYIOTHCS HEUPOHHI
MEpEeXi, a camMe JOBrOTpHBaia KOPOTKOYACHA IMaM siTh. Mepexi JOBrOTPUBAIOl
KOPOTKOYACHOT TaM’sTi — II€ BHJ PEKYPEHTHHX HEHPOHHHX MEPEX, 3TaTHHUX
BUBYATH JIOBFOTPUBAJ 3aleKHOCTI. OCOONMBICTIO TakMX MeEpEeX € 3/IaTHICTb
3HAaXOJUTH KOMIUIEKCHI 3aJIe)KHOCTI Ta 30epiratu iHQOpMaIlil0 MPOTATOM JOBIHX
MOCIIOBHOCTEH abo mepioiB yacy. ToMy Taki Mepexi 100pe BUPINIYIOTh 3ajaul
NIPOTHO3YBaHHSI 4YacoBHX psAiB. KpiM TOro, MeToj IOMOBHEHUN HaBYaHHSIM 3
MAKPITUICHHSM JJI1 OTpUMaHHs O1IbIII TOYHUX MPOTHO31B. Henonikamu MeToiB Ha
OCHOBI1 HEHPOHHUX MEPEK — € HEOOX1THICTh BEJIMKUX 00’ €MIB TaHUX JIJIs1 HABUAHHS

1 HEMO>KJIMBICTh MOSICHUTH PIIICHHS MOJIEIIL.
2.3 AHaJ1i3 MeTOAIB NPOTrHO3YBAHHS

OCHOBHMM KOMIOHEHTOM PIllIEHHS I MPOAKTUBHOTO MAcCIITa0yBaHHS €
MEXaHI3M MPOTHO3YBaHHI. B gaHOMy MIIpO3AiJll MPOBOAUTHCS aHANI3 METO/IB
MPOTHO3YBAaHHSA Ha MPEIMET iX TOYHOCTI B yMOBaxX XMapHHUX HaBaHTaXXEHb,
HassBHOCTI aHOMaJIbHUX MIA0JIOHIB Ta 0OMEKEHUX 1ICTOPUYHUX JaHuX [38].

[TpumyckaeTbes, mo 1abJIoH HaBaHTaXeHHS KOMMOHEHTIB IC Mmae 4iTKy
CE30HHICTh a00 TeHACHIlI0. ToMy mepiiia BUMOTra 0 MPOAKTUBHUX MOJENEH, Kl
pPO3pOOJIIIOTECST B pOOOTI, 1€ MOMJIMBICTH MPAIIOBATH 3 OJIHIEID YU KUIbKOMa
CE30HHOCTSIMU. TaKoX I11 MOJIel MalOTh OyTH TOYHUMH, OCKUTBKH YUM TOUYHIIIHMI
MIPOTHO3, TUM TOYHIIIE pO3PaXOBY€ThCA HEOOX1THUN 00’ eM BueHuX OP.

3BakalouM Ha ICHYIOUnid TpeH 1 Bukopuctanus B IC MikpocepBiciB, HOIIILHO
MacmTabyBaTd BCl KOMIIOHEHTH KiacTepa. KoxkeH KOMIIOHEHT MIKpOCEpBICHOT
apXITEKTYpU Ma€ yHIKaJIbHI OCOOJMBOCTI poOOTH Ta (PYHKIIOHAJI, TOMY IIA0JIOH
HABAHTAKECHHS € 1HIUBITyaTbHUM JJIs1 KOKHOTO KOMIIOHEHTA, @ TAKMX KOMIIOHEHTIB
MO>Ke OyTH BeJIMKa KUTbKICTh. L{e MpuBOAUTSH 10 BUCHOBKY, 1110 00pOOKa ICTOPUYHUX
METpPUK, a TAaKOX HAJAIITYBaHHS MapaMmeTpiB METOAY MPOTHO3YBaHHS B PyYHOMY
pPeXHUMI I KOKHOTO OKPEMOro KOMIIOHEHTa € MPOIECOM, KU HEMOKIMBO

MacimTabyBaTy.
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['onoBHa mepeBara Ta OCOOJUBICTh MPOAKTUBHUX METOIIB B TOMY, IO
3 ABJISIETHCSI MOXJIMBICTh OLIIHUTH HABAHTAKEHHS B OY/Jb-IKUH MOMEHT 4Yacy Yy
MaitoytHeoMy. lle o3Hauae, 1m0 MOKHA ananTyBaTH I[UIbOBUM KOMIIOHEHT IO
MaiOyTHIX HaBaHTa)KEHb K 3 TOYKH 30PY MIBUAKOIT, TaK 1 3 TOUKH 30py €KOHOMIT
OP. TIpoTe mporHO3yBaHHS B KOHTEKCTI HAaBAHTAKCHHS HE 3aBXIU € TOYHUMH 3
Oaratbox npuuuH [39].

HaBaHTa)keHHSI Ha KOMIIOHEHT 3aJ€KHUTh BIiJ 0araThbOX TEXHIYHUX Ta
HETEXHIYHUX (PAKTOPIB — CTAOIIBHICTE MEpEeXi, JOCTYIHICTh IIEHTPY OOpOOKH
JTAaHUX, CBSATAa Ta HABITh MOJITHYHA Ta €KOHOMIYHa cuTyamii. XXomeH wmeron
MPOTHO3YBaHHS HE MOKE BpaxyBaTh BCl i (akTopu, aje ii MO)KHa 3pOOUTH
aJanTUBHOIO Ta CTIMKOIO /IO TAKUX peuei. SKIo MO € TOYHOIO, ajle HABYAETHCS
3aHAJITO JIOBro, TO €(QEeKTUBHICTh ii 3aCTOCYBaHHsS TakoX mamae. Meroau
IPOTHO3YBaHHSA MarwTh OYyTH yHIBEpCaJIbHUMH, HAJaBaTH TOYHI MPOTHO3H,
MIITPUMYBATH KOMILJIEKCHI CE30HHOCTI Ta TPEH]IU.

Meron mnpornozyBanHsi TBATS [47] po3poOneHo aiii MNPOTHO3YBAaHHS
CKJIaJIHUX YaCOBUX PSAJIIB 3 JICKUILKOMa CE30HHOCTSMU pi3HOT JoBXKUHU. Y TBATS
JI0 OPUTTHAJILHOTO YaCOBOTO PSIY 3aCTOCOBYETHCS CTATUCTUYHI TpaHCchopMaIlii, o
MOJICTIIYIOTh TOAANbIIE BUSIBJIECHHS OCOOIMBOCTEN 4dacoBoro psiay. Ilicist doro,
TpaHC(OpMOBaHUN YACOBUU PSAJ  PO3KIATAETHCS K JIiHIHHA KOMOIHAIlIS
EKCIIOHEHITIMHO 3TJIaJKEHOTO TPEHIy, CE30HHMUX KOMIIOHEHTIB Ta KOMIIOHEHTIB
ARMA [48]. Ce30HHMII KOMIIOHEHT BIATBOPIOETHCS 3 BUKOPUCTAHHSIM
TPUTOHOMETPUYHUX TEPETBOPEHb Ta psAniB Dyp'e. OgHOIO 3 TEepeBar METOAY €
aBTOMATUYHHM MONIYK JOBXKHH CE30HHOCTEH Ta iHImmX mapametpiB. Merogq TBATS
o0paHo 4epe3 Horo yHIBEpCalbHICTh 1 3/JaTHICTh aIalTyBaTUCS O YaCOBUX Ps/IiB
PI3HOI CKJIQJHOCTI, 110 03HAYa€ BIICYTHICTh HEOOX1THOCTI aIalTyBaTu MapameTpu
METOJy MijJ] HAaBaHTAXKEHHS KOJKHOT'O 1ICHYIOUOTO KOMIIOHEHTAa B CUCTEMI.

Prophet € 616;110T€KOI0 Ha OCHOB1 MAIIMHHOTO HABYAHHS JUIsl IPOTHO3YBAHHS
4acOBUX PsIIB, Ky po3pobiieno y Facebook [49]. MeToro po3poOku O6ysio CTBOpUTH

NPOCTUN, MPO30PUI Ta 3PO3yMUIMM aarOpuTM TIeHepaiii Mojened, gkud Ou
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JIO3BOJISIB IIBUAKO OTPUMYBATH JOCTOBIPHI MPOTHO3U. AJNTOpUTM 0Oa3yeThCcsi Ha
aUTUBHIN perpecuBHii mozemi [50], sika Mae IeKiIbKa KOMIIOHEHTIB:

y()=g(t)+s(t)+h(t)+e(?), (2.1)
ne g(f) — KOMIIOHEHT TPEH/IB, S(f) — CE30HHUN KOMITOHEHT, A(f) — aHOMaJIbHi TOii,
a e(t) — QyHKIIIS MTOMMJIKH.

Kpim amutuBHOi perpeciiinoi Moxeni, B Prophet 3acTocoByerbes
neperBopenHs paniB @yp’e. Cepen mepeBar Mojeli — MOXIUBICTH poOOTH 3
JOBUIBHUMHU YaCOBUMHU PsIIAMH, MOXJIMBICTh MPAIfOBaTH €EKTUBHO 3 BEJIMKUMU
Ha0OpaMu JaHUX Ta THYYKICTh Y HaJallITyBaHHI.

NeuralProphet [51] € 6i10mi0TeK00 AJiE TMPOTHO3YBAaHHA YacOBUX PSIiB,
po3pobeHuit Ha ocHOBI 610mi0TeKkn PyTorch, sika € po3ButkoM mogeni Prophet Ta
Hajae aHajoriyunuii APl nns BukopuctanHs. OCHOBHa BiAMIHHICTH JIaHOI
616mi0Texu Big Prophet — BukopuctanHs rimOOKOro HaBYaHHS 3aMICTh CTATUYHHUX
METO/IIB aHaJi3y yacoBux psiaiB. B ocHoBi NeuralProphet nexxuth aBToperpeciiina
HEHpOHHAa Mepexa [52], sAKa MO€AHYe KIAaCHYHI aBTOPETPEecCiiiHl METOIu
MPOTHO3YBAaHHS 4YAacCOBUX PSJIIB Ta CydacHI MIJXOJM HA OCHOBI MAIIMHHOTO
HaBuaHHsA. Kpim Toro, NeuralProphet Bkitouae MOXIHMBICTH aBTOMAaTUYHOTO
nigoopy MmapaMeTpiB KOMIIOHEHTIB, Ma€ MOJKJIMBICTh MpPAIOBAaTH 3 YaCOBUMH
psaamMu pi3HOI CE30HHOCTI Ta J03BOJIIE BUKOPUCTOBYBATH JOJATKOBI 3MIHHI JJIs
MOKpAIIEHHS! TOYHOCTI MPOTHO31B.

B nawniit po6oti He BukopuctoByeTbess SARIMA [53], ocKkiIbKY TaHH METO
HE MIATPUMYE pOOOTY 3 KUIbBKOMa CE30HHOCTSIMU B OJHOMY YacOBOMY psifl. Takox
MpOIIeC 3HAXO/DKEHHS ONTUMAJbHUX TapaMeTpiB MOJEelIl € HETPUBIAIBHOIO
3aJa4ero.

OOpaHi MeTOIM TPOTHO3YBAaHHS € TMIEPCIICKTHBHUMH Ta TOETHYIOTh
CTATUCTUYHI Ta 4YHCEIbHI TMIAXOAW 3 CYYaCHUMHU TPEHJIAMHU BUKOPHCTAHHS
MAITUHHOTO Ta IITMOOKOT0 HaBYaHHSI.

JIst OIIHKM TOYHOCTI METOIB MPOTHO3YBaHHS YacCOBUX PSIIB JOLLUIBHO
BUKOPHCTOBYBAaTH JIBI METPUKH TOYHOCTI — CEPEeIHE aOCOIIOTHE BiJICOTKOBE

BinxuwieHHs (MAPE) ta kBaapatuune cepenne BiaxwieHHs (RMSE). Iloka3znuk
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RMSE nae 3Mory mopiBHSATU BIAXWJICHHS Y IMOYATKOBUX BEJIMYMHAX 1 JorloMarae

OIIIHUTH 3araJibHy TOYHICTh MPOTHO31B:

RMSE = , (2.2)

JI€ X; — peajabHe 3HAYECHHS B MOMEHT 4acy #, X, — IPOTHO3 y MOMEHT Yacy ¢, a 1 —

KUTBKICTh TOYOK JaHUX Y HAOOPi JaHUX.
ITokazank MAPE y BijcoTkax J1ae 3Mory TMOPIBHSATH IPOTHO3U PI3HHUX

MoJIesIel Ha Pi3HUX MaciiTabax ado JaHuX:

mape =100 x| (2.3)
n = X

t

A€ x, — pCaJIbHC 3HAYCHHA B MOMCHT 4HacCy t, )%l — IIPOTHO3 Y MOMCHT 4Yacy &, a n —

KUIBKICTh TOUOK JJAHUX Y HA0OP1 JaHUX.

OuiHKa yHIBEpCaJIbHOCTI METOAIB BIIOYBAETHCS HA OCHOBI OLIHKH METPHUK
TOYHOCTI 0€3 JO0JAaTKOBOTO HAaJAINTYBaHHS IMapaMeTpiB, MO HEOOXITHO s
NePEBIPKU 3IaTHOCTI MOXKE aJIalITyBATUCS J0 PI3HUX IA0JIOHIB HABAHTAKECHHSI.

s nepeBipKU TOYHOCTI Ta YHIBEpPCAIBbHOCTI Mozenen
BUKOPHCTOBYBAaTUMEThCS INTYYHO 3TE€HEPOBAHO YAaCOBUM psif 3 JICHHOIO Ta
THXKHEBOIO CE30HHICTIO. Taka komOiHallisl CE30HHOCTEW OOpaHa OCKUIbKH BOHA
BiIoOpaka€ IUKIIYHICTh MOBEIIHKM JIIOAEH Yy CYCHUIBCTBI, IO 3yMOBJIEHA
CYCIUIbHUMH HOpPMaMH Ta 3BHYKaMHU. Y THUIIOBOMY THXKHI, OCOOIHMBO y Oi3HEC-
OTOYEHHI, € YITKO BUPAXKEHUI PUTM, 3yMOBIIEHUI POOOUYMMH Ta BUXIJTHUMU JAHIMHU.
JleHHa CE30HHICTh, B CBOIO YEpry, BiJIOOpa’kae MOBTOPIOBAHICTH MIH JtOJEH
BIIPOJIOBXK J100OM: poOOYl TOJAWHM, YaC Ha BIAMOYMHOK, COH 1 Tak gaii. B migomy,
OyJIib-sIKa 1HIIIa CE30HHICTh MOXke OyTH oOpaHa, a METOIO JOCHIKEHHS € MepeBipKa
poboTH Mojeieii Ha KOMIUIGKCHMX CE30HHOCTSAX. YacTroTa 3HaYeHb B
3reHEpOBAHOMY YacOBOMY psjii cTaHOBUTH 3600 ¢ 1 Mae MiHIMaJIbHUI BIUIMB Ha

TOYHICTh MOI[GJ'ICﬁ y HOpiBHﬂHHH 3 MCHIIOKO 4aCTOTOIO AAaHHX.
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VY mepioMy eKCepuMEHTI MPOBOIUTHCS MOPIBHAHHS OOpaHUX MOJENel Ha
MPUKIIAI BHINE OMHCAHOTO YacOBOTO PSAYy 3 JBOMA IMEPIOAWIHOCTAMHU Pi3HOT
JTOBKMHU — JIEHHOT Ta THKHEBOi. JlaH1 monepeaHpo He 00poOIIsITHCS.

[{imp mMaHOTO EKCIEPUMEHTY JOCTIANTA MOXKIHUBOCTI TPOTHO3YBaHHS
OOpaHMMH MOJETSIMU Ha CKJIQJHUX I[IAa0JIOHAX HABaHTAXXCHHA O€3 CIIOTBOPEHb
JaHUX, a TAKOK JOCIIAUTH BIUIMB PO3MIPY ICTOPUYHUX JAHUX MiJ Yac TPEHYBaHHS
Ha TOYHICTh MPOTHO31B. Mojeni TPEeHYIOThCS Ha JaHUX pPI3HOI JIOBXKHHH, SKI
BKJIIOYAIOTh OJIMH, JIBa Ta TPU THHKHEBHUX MEPI1OIH.

PesynapTatn mnepmoro eKCcnepuMeHTy, IO 300pakeHuil Ha puc. 2.2,
JEMOHCTPYIOTh TOYHICT, MeToniB Prophet, NeuralProphet ta TBATS Ha

TPUTHKHCBUX JAHUX.
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Pucynok 2.2 — IIporno3yBaHHs ICHHHX Ta TH>)KHEBUX KOJIMBaHb 0€3 CLIOTBOPEHB

JaHUX Ha OCHOBI TPUTHIKHCBUX OAHUX

B Tabmuii 2.1 HaBOAATHCS MOKA3HUKH TOYHOCTI METOIB, IO OTPUMaHI Ha
OCHOB1 TPUTHXHEBUX NaHuX. [lo oTpumanum rpadikam 1 3HAYEHHSIM TOYHOCTI
MO’KHa 3pOOMTH BHUCHOBOK, 110 KOKHA 3 MOJEJIeH JI0BOJII TOYHO Iependavae
HABaHTAKEHHA B JaHUX yMoBax. [IpoTte BapTo 3a3HauuTH, mo TBATS € Tounimmm
Ha 6% 3a i1HIII MOAeNI, SKI MOoKa3adu oAHaKOBUU pe3ynbrar. Merpuku RMSE 1

MAPE uaBeneni B Ta0aumi 2.1.
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Tabnuus 2.1 — [IporHo3yBaHHS JA€HHHMX Ta TH)KHEBUX KOJIMBaHb 0€3 CIIOTBOPEHb

JaHHUX Ha OCHOBI TPUTHUIKHCBUX JAHUX

Mopeinb RMSE MAPE

TBATS 32.464 0.081

Prophet 46.16 0.0856
NeuralProphet 53.705 0.0891

Jpyruii eKCepruMeHT MPOBOIUTHCS HA JBOTHMIXKHEBUX JTAHUX, PE3YJIbTATH
aKkoro 3o00paxkeHi Ha puc. 2.3. JlaHl aHaJNOriyHi NEPIIOMY EKCIEPUMEHTY.
OuikyeTbCs, IO TOYHICTH MOJIEJIEN HE Ma€ MOTIPUIMTUCS, OCKUIBKU JIBa MEPI1Oau
CE30HHOCTI € TPAHUYHOIO JTOBKUHOFO JAHUX JISl BUSBICHHS YITKUX 3QJICKHOCTEH B

JacoOBOMY Psifi.
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Pucynok 2.3 — IIporao3yBaHHsi JEHHUX Ta TUKHEBUX KOJIMBAHb 3 IBOMA BX1THUMHU

nepiojgamMu

3MEHIIIEHHS TPUBAIOCTI NaHUX JUIS TPEHYBAaHHS Maike HisIK HE BIUTUHYJIO Ha
TouHicTh y Bumaaky TBATS Ta Prophet BimHOCHO pe3ynbpTaTiB NEPIIOTO
EKCIIEpUMEHTY Ta cTaHOBUTH MeHIe 1%. Tounicte NeuralProphet noripmmnace Ha
44% y TOpPIBHAHHI 3 TEPIIMM EKCIEPUMEHTOM, IO CBIIYUTH MPO 3aJIEKHICThH
JTAHOTO METOJy MPOTHO3YBAaHHS BiJ MOBKWHU JaHux. B Tabmuii 2.2 HaBeneHi

pe3yJbTaTH APYroro eKCIepruMeHTy.
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Tabnuus 2.2 — [IporHo3yBaHHs JI€HHHMX Ta THXKHEBUX KOJIUBaHb 0€3 CIIOTBOPEHB

JaHHUX Ha OCHOBI ABOTH)KHCBUX JaHHUX

Mopenn RMSE MAPE
TBATS 32.943 0.084
Prophet 51.236 0.089
NeuralProphet 71.378 0.130

TpeTiii ekciepuMEHT MICTHTh aHAJOTIYHI JaHi 0 MEepIIUX ABOX, ajlie iX

JIOBXKMHA 3MEHIIIEHA JI0 OJIHOTO MEPiojly THUXKHEBOi Ce30HHOCTI. OYiKyeThCs, 1110

TOYHICTh MCTOI[iB Ma€ 3Ha4YHO 3MCHIIUTHUCA, OCKIJIBKH JOBXKHMHA JaHUX € MCHIIOIO

3a TPaHUYHUN MOKA3HUK, 110 CTAHOBUTH JIB1 CE30HHOCTI.
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Pucynok 2.4 — [IporHo3yBaHHsI IE€HHUX Ta TUKHEBUX KOJHMBAHb 3

OJTHUM BX1JTHUM II€Pi10JIaMOM

B tabnuui 2.3 HaBeaeHi merpuku TouHOCTI RMSE Ta MAPE. V Bunanky

TBATS naiHHs TOYHOCTI MiHIMaJbHE Ta CTaHOBUTHL MeHIe 2%. TounicTs Prophet

3HM3WiIack Ha 25% y BigHocHOMY Ta 3% y abcomoTHOMYy BuMipi. TOYHICTH

nporuozyBanHs NeuralProphet cranoButh 49% B meTpuiii MAPE, 110 € kpuTH4HO

HU3BKUM TMOKa3HUKOM. [Iporno3 NeuralProphet Ha puc. 2.3 moBHICTIO BiAMOBiIa€e

HU3BKUM METPUKAM TOYHOCTI.
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Tabnuus 2.3 — [IporHo3yBaHHs JI€HHHUX Ta THXKHEBUX KOJIMBaHb 0€3 CHOTBOPEHB

JaHHUX Ha OCHOBI OJHOTHMIXKHCBHX JAaHUX

Mopeinb RMSE MAPE
TBATS 35.006 0.085
Prophet 64.427 0.117
NeuralProphet 281.056 0.493

B excrniepumMenTi, mo 300pakeHui Ha puc. 2.5, B ICTOPUYHI JaHI BHECEHO
CIIOTBOpeHHs. Jlesika YacTMHA AHIB MarOTh HETUIOBI 30UIbIIEHI a00 3MEHIICHI
3HaueHHs. Ce30HHICTh aHAJIOTIYHA MUHYJIUM ekcriepumeHTam. B peanpnux IC
MPUYUHOI0 TaKWX CIIOTBOPEHb MOXYTh OyTH CBATa, BiAMOBa MEPEKEBOTO
oOnmagHanHs abo mpoOsieMu 3 OallaHCYBaHHSM HaBaHTaAXKEHHS. B nmaHomy
CKCIIEPUMEHTI TIEPEBIPSIETHCS CTIMKICTh OOpaHUX METOAIB [0 aHOMaliil B

ICTOPUYHUX JIaHUX.
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Pucynox 2.5 — IIporuo3yBaHHs JI€HHUX Ta TH)KHEBUX KOJIMBAHb 3 TPbOMA BX1JTHUM

nepiolaMu Ta HasBHICTIO aHoMaiil y 10% nHiB

Y naHoMy eKCIepMMEHTI IOKa3HUKH TOYHOCTI TporHo3iB TBATS vy
MOPIBHSIHHI 3 TEPIIMM EKCIEPUMEHTOM TOTIPIIy€eThCs BABIYI, st Prophet Ta

NeuralProphet 3HmwkenHs TouHocti Outbmie 200%. 3aranpHuil  11a0JI0H
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30epiraeTbcsi, MPOTE HAasBHI 3HAYHI BIAXWICHHS. METpUKU TOYHOCTI HABEJICHI B
tabnui 2.4.
Tabmuus 2.4 — [Iporao3yBaHHS JEHHUX Ta THXKHEBUX KOJIMBAHb 3 TPhOMa BX1IHUM

nepiojamMu Ta HasgBHICTIO aHOMaii y 10% nHiB

Monenb RMSE MAPE
TBATS 135.949 0.174
Prophet 163.716 0.263
NeuralProphet 161.726 0.297

B nHacTtynHOMy eKcriepuMEeHTI KUTbKICTh aHOMAJIBHUX JIHIB 30UTBIITY€ETHCS 10
20%, 1o HEOOX1MHO JJIsi MEPEeBIPKU POOOTH METOJIB B YMOBAaX HHM3bKOI SKOCTI
JAHUX Ta BIACYTHOCTI TomnepeaHboi oOpoOku. Bcl 1HIII yMOBU TOBTOPIOIOTH

nonepeaHii ekciepuMent. Ha puc. 2.6 300paxeHi pe3yJbTaTd MPOTrHO3yBaHHS.
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Pucynok 2.6 — IIporao3yBaHHs J€HHUX Ta TH)KHEBUX KOJIMBAHb 3 TPhOMA BXIJTHUM

nepiolaMu Ta HasBHICTIO aHOMaii y 20% nHIB

B Tabnutii 2.5 MICTATBCS METPUKHU TOYHOCTI. B Takux eKCTpeMalbHUX yMOBaX

TOYHICTh MPOTHO3IB 3HAYHO 3MEHINYETHCS. 30KpEMa, TOYHICTh MOJENI

NeuralProphet B tanoMy BUmnajky € KpUTUYHO HU3BKOIO. Pe3ynbratu cBigyath, 10
NP HASBHOCTI BEJIWKOI KIIBKOCTI aHOMaJlii B ICTOPMYHHMX JaHUX HEOOXITHO

MPOBOJIUTH MOMEPEAHIO 00OPOOKY TaHUX SISl OTPUMAHHS BUCOKMX METPUK TOYHOCTI.



65

Tabnuus 2.5 — [IporHo3yBaHHs I€HHUX Ta TUKHEBUX KOJMBAHB 3 TPhOMA BX1THUMU

nepiojamMu Ta HasgBHICTIO aHOMaii y 20% JHIB

Mopeinb RMSE MAPE
TBATS 134.313 0.243
Prophet 134.848 0.209
NeuralProphet 274.135 0.476

Pe3ynbraté mpoBeNEHUX EKCIIEPUMEHTIB IMOKa3yloTh, 10 BCl TPU OOpaHi
MOJel 3AaTHI JIOCUTh TOYHO TNepeadadaTv CKIIaJHI IIA0JIOHM HaBaHTaXEHb 3
JIEKUJIbKOMa CE30HHOCTAMH 0Oe3 IMOMepeHboi 0OpOOKM AaHUX Ta 13 aHOMAJISIMHU.
TBATS € Oumbmr tounum 3a Prophet Ta NeuralProphet B ycix mnpoBeaeHHX
EKCIEPUMEHTAaX, MPOTE PI3HUIL B TOYHOCTI cKiasae He Outbine 16%. TBATS Ta
Prophet nmocuth TOuHO Tependavdanv HaBaHTAXKEHHS MalO4YM BCHOTO JIUIIE OJIMH
TUKHEBHUI MEpioj 1 MOripimieHHd To4HOCcTi ckianae jumie 10%. NeuralProphet
noTpedye MOJAaTKOBOTO HAaJAIITYBaHHS IMapaMeTpiB abo momepeaHboi 00poOKu
JAHUX B JICSIKUX TPOBEJCHUX eKcrepuMeHTax. HasBHICT, aHOMaliii 3HAYHO
BILUIMBAE HA TOYHICTH 1 ONepeaHsl 00poOKa ICTOPUUHUX JAHUX € HEOOX1THOIO.

BpaxoByroun oTprmMani pe3yiabTaTH Ta MOCTaBICHI BUMOTH MOKHA 3pOOHUTH
BHCHOBOK, L0 BC1 TpU 0OpaHi MOJIEN1 MOYKHA BUKOPUCTOBYBATH AJI aBTOMATH3AIIl1
MacmtadyBaHHS pecypciB B Kubernetes, ajie HeoOxi1HO BpaxoByBaTH OCOOJIHMBOCTI

Ta IEPEYMOBH iX 3aCTOCYBAHHS.
2.4 Po3po0ka koMOIHOBAHOTO METOAY NPOTHO3YBAHHSA

Pe3ynbraTti mpoBeIeHUX €KCIIEPUMEHTIB MTOKA3yIOTh, IO PO3TIISTHYTI METOIH
MIPOTHO3YBaHHS MalOTh BUCOKY TOYHICTh MTPOTHO31B HA THIIOBUX HABaHTAKCHHSX 3
HAsIBHICTIO CE30HHOCTEW abo TpeHniB. [IpoTe mpu HASBHOCTI BEIHUKOIO KITHKOCTI
aHOMaJIIi B ICTOPUYHUX JAHUX TOYHICTh MPOTHO3YBaHHS 3MeHIIyBanacs 3 92% no
76%. AnHomanii HaBaHTaXCHHS MOXYTh MaTH Di3HE IMMOXO/KEHHS, aje MOXHa
OPUMYCTUTA 1[0 TPUYMHH AHOMAJIbHUX HABAaHTAXEHb € TaKUMH, IO

IMOBTOPIOIOTHLCH. 3 BpaxyBaHHsAM HObOIro IHIPUITYHICHHSA 3’ ABJIIETBCA MOXKIIMBICTH
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MOKPAIIUTH OKPEM1 XapaKTepUCTUKH PO3TISHYTHUX METOJIB, 30Kpema, Prophet.
OTxe, cepesl nepeBar po3rIsIHYTUX METO/IIB MepeI0aueHHs € MOKIIUBICTh pOOOTH 3
CE30HHOCTSIMHU Ta TPEHJaMH, MPOTE TOJOBHUM HEIOJIKOM € HU3bKa CTIUKICThH 10
HETHUIIOBUX HaBaHTaXXeHb [43, 54].

[TimBuIIEeHHS XapaKTePUCTUK CTIMKOCTI O aHOMAaJIIi Ma€ MpsIMUI BIUTMB Ha
e(eKTUBHICTh MPOAKTUBHUX METO/IIB, OCKITLKH OCHOBHHI HEIOJIIK TAKMX METO/IIB
BUHHUKAE CaM€ Yepe3 HEMOXIIMUBICTh CIPOTHO3YBATH BCl MOMKJIMBI MO/
[linBuIieHHs CTIAKOCTI MPOAKTUBHUX METOJIB B TEPCIEKTUBI € KIIOYOBUM
aCIEeKTOM ISl MATPUMAHHA HE0O0X11HOTO piBHS QOS 5K B IIIOMY, TaK 1 y BUIAJKY
HETUTIOBUX HaBAHTAKCHb.

Bupimienns npobOiemu iAeHTH(IKAIll aHoOMaliil y YacoBHX psgax €
aKTyaJIbHUM 1 pO3IISIIA€Thes B 0araThox podoTtax [55], 30kpema, 3 BAKOPUCTaAHHSIM
CTaTUCTUYHHUX METOMIB [56], HEWpOHHMX Mepex [57] Ta YHCENbHHX METOAIB
pOrHO3yBaHHA [58], 5Kl (DOKYCYIOThCS HA MOLIYKY aHOMAJIIA B ICTOPUYHUX JTaHUX
Ta y peasibHOMy 4aci. [loganbImM po3BUTKOM LIBOTO HANPSIMKY € TPOTHO3YBaHHS
aHOMaJili Ha OCHOBI YacOBUX PsI/IiB, 3 METOI NepeAdadyeHHs TOYHOIO 4Yacy Ta
Macmtaby aHoOMajdbHUX TOMIA y MailOyTHROMY, 30KpeMa 3 BHUKOPHCTAHHSIM
HEUPOHHUX MEPEX Ta JIEPEB yXBaJleHHs pillieHb [S59]. 3anexHo Bij 3aBlaHHS, SIKE
BUPILIY€ETHCS, HEOOXITHO OLIHUTHA WMOBIPHICTh BUHUKHEHHS! aHOMAJIbHO1 MOJIIi Ta
OIIIHUTH 11 MacITad 1 BIAXWICHHS B1J HOPMaJbHUX 3HaueHb. B 3ampornoHoBaHOMY
B poboti [60] MeTO1l BUKOPUCTOBY€EThCS 1epapxiunuii Pattern Matching (PM), mio
HAJa€ MOXJIMBICTh HAOJIMKEHO OIHUTH Xapakrtep aHomaiii. B poGoti [61]
31CTaBJICHHS 11a0JOHIB BUKOPUCTOBYETHCS HE JIJIS TIOIIYKY aHOMaTii, a Il TOYHOT
OI[IHKY MacITa0y HEMOBTOPIOBAHUX IMOJIN Y peaIbHOMY Yaci.

OxkpiM pPO3TASHYTUX METOJIB MPOTHO3YBAHHS YacCOBUX PSAIB HEOOXITHO
3BEpPHYTH yBary Ha MeToau Ha 0a3l HelpoHHHX Mmepex Ta PM. Buxopucrtanus
HEHPOHHHUX MEPEK J03BOJISIE BUSBISITH CKJIAJIHI 3QJIGKHOCTI B ICTOPUYHHX JTaHHMX,
10 TEOPETUYHO MOXKE JO3BOJIUTU MTPOTHO3YBATH aHOMAJIbHI HaBaHTakeHHs. [IpoTe
BUKOPUCTAHHS JaHOTO TMIIXO0Jy HECE BIAMOBIIHI PU3UKH, OCKUIBKH MOSCHEHHS

MPUIHATUX PIICHh HEUPOHHOIO MEPEKEI0 € HETPUBIATHHOIO 3a/1a4ueto. Metoau Ha
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ocHOBiI PM 0a3y1oTbcsl Ha MONIYKY CXOXKUX CUTYAIlill y MUHYJIOMY Ta €KCTPAIoJIsLii
Ha TMOTOYHUHM cTaH. SIKIO TOBEPHYTHCS OO0 TMPUIYLICHHS, L0 aHOMAaJbHI
HaBaHTa)XCHHS MalOTh OOMEXEHY KIJIbKICTh IPUYUH, TO MOXKHA 3pOOUTH BUCHOBOK,

110 1 mabJ0HU HaBaHTaXKEHHS OyIyTh MOBTOPIOBATHUCS.
2.4.1 Po3poOka MeTory KOMOIHOBAHOTO MTPOTHO3YBAHHS

PM € meTogoM mporHo3yBaHHS YacOBHX PSAIB, IO 0a3yeThCs Ha TMOIIYKY
HaWOLIBII TOMIOHMX IIAOJOHIB B ICTOPHMYHHMX JAaHUX Ta iX EKCTpamoJisiii 10
noto4yHoro crany [61]. Lleit MmeTon epeKTUBHUI A1 BUSBICHHS 1 MTPOTHO3YBaHHS
MOBEIHKOBUX IIA0JIOHIB, III0 MAlOTh TEHJICHIIIIO JI0 MOBTOPIOBAHHA 0€3 MOCTIHHOT
NEePIOIMYHOCTI.

JUiss BU3HA4Y€HHS CXOXOCTI IIA0JOHIB B 4YacoBUX psaax B PM
BUKOPUCTOBYIOTHCS Pi3HI METPUKHU BiJICTaH1, HapukKIiaa, EBkIijoBa BiCTaHb ado
Dynamic Time Warping. Jlani MeTpuKd AO3BOJSIOTH OLIHUTH HACKUIBKU OJIMH
CErMEHT CXOXMil Ha 1HmMK. Hampuknaza, EBkiigoBa BIJCTaHb € HAaWMPOCTIIIAM

METOJIOM OILIIHUTH MOAIOHICTh IBOX YaCOBUX PSIIB:

d(X,Y)= (2.4)

ne X=[x;,x2,...,.x,] T Y=[y1,¥2,...,yn] — 9acoB1 psiay, AKi MOPIBHIOIOTHCH, a d(X,Y) —
(GyHKLIS TUCTaHLI].
Meroa Dynamic Time Warping € po3ummpeHHsiM EBKioBoi BiacTaHIi, 110

JTIO3BOJISIE TIOPIBHIOBATH YaCOB1 PSIIM Pi13HOT IIBUIKOCTI 3a YacoMm [62]:

DTW(X,Y): Z (xi_yj)27 (2.5)

(i,))eW
ne W(k) — GyHKIlis BUpIBHIOBaHHS, SIKa BU3HAYAE 3MIIMICHHS YacOBUX PAIiB X Ta Y
OJIMH BIJHOCHO 1HIIIOTO.
JUist mouryky HeoOXIJHOTO IIa0JoOHy 3a JOMOMOror oOpaHoi (yHKII
BIJICTaH1 MOXYTb BUKOPUCTOBYBATHUCS pi3HI miaxoau. YacoBuii psa po3dUBaeThCs
HA CETMEHTH BCTAHOBJICHOI OBXUHU () 1 MPHU MOUIYKY MOPIBHIOIOTHCS LIJTLOBUHN

11a0JI0H 1 KOXKEH 3 CErMEHTIB:
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k =argmind(0,C)), (2.6)

ne k — inaexc Hao1bi noaioHoro cermenty, d(Q, C;) — GyHKIisA AUCTaHIT MK
yacoBUMH psnamu, C; — i-i yacoBuil psa. Ha ocHOBI 3HalijieHOTO IIaGIOHY
HABAHTAKCHHS BUKOHYETHCS EKCTPANOJSAIis, M0 € Oe3mocepeaHbo IMPOIecoM
MPOTHO3YBaHHS.

Omucana Mojenb JEMOHCTPYE OCHOBHI HEJOJIKH JaHOTO  TIXOMIY
nporo3yBanHs. [loBToproBaHi MmabMOHM MOXYTh MaTH pI3HY TpPHUBAJICTh, a
CErMEHTOBAHICTh 1CTOPUYHOTO 4YAacOBOTO pSAYy € CTalolo, 10 HE JO03BOJISIE
MPOTHO3YBATHU TpuBaii mabdsoHu. KpiM Toro, ranuit niaxia € HeeEKTUBHUM, SKIIIO
ICTOpUYHI JJaH1 HE MICTATh MOAI0HUX ma0noHiB. [IpoTe ocHOBHa mepeBara rnepen
IHITUMHU METOJIaMH MPOTHO3YBAHHSI € aJJaliTUBHICTh /0 HETUIOBUX IIA0JIOHIB, 5K
B)KE€ TIPUCYTHI B iICTOpUYHUX AaHKUX. [laHA BIACTUBICTD € KPUTHYHO BAYKITHUBOIO TSI
MOKpPAIICHHS CTIMKOCTI 10 aHOMAaJTi ICHYIOUUX METO/I1B POTHO3yBaHHSI.

Po3rasHyTi MeTonu NporHo3yBaHHs, 30KkpeMa, Prophet, 31aTHI npamtoBaTi 3
KOMITJIEKCHIMHM C€30HHOCTSIMH, TPEHJAAMH Ta BKa3aHWUMH TOMISIMH, aje HE €
CTIMKUMU 110 aHoMali. OJHUM 13 MOKJIMBHUH BapiaHTIB IOKpAIEHHS JaHOI
XapakTepucTUKu € KomOiHyBaHHs Prophet ta PM. KomOinyBaHHS MeTO[1B
MIPOTHO3YBAHHS 3aKJIIOYAEThCS B JIHIMHIN a00 HeIiHIMHINA KOMOIHAIT MPOTrHO31B
KOXHOTO 3ajisiHoro meroay. llpu mniHiIiHOMY KOMOIHYBaHHI po0OOTa METOMIB €
HE3JIEKHOIO Bl 1HIIMX. BX0IOM B TakoMy BUMNAAKYy € TUIBKM ICTOpUYHI AaHi i
Oe3rmocepeIHbO mapamMeTpu MeToaiB. [Iporuo3u Bcix METOIB Jajdi KOMOIHYIOThCS,

30KpeMa, METO/I0M BaroBUX KOE(III€HTIB, 0 300pakeHO Ha puc. 2.7:

Prophet

MeTo0I BATOBHX

. S — IIporHos
Hami KoedillieHTIE P

» Pattern Matching —

Pucynok 2.7 — JliniiiHe koMOiHyBaHHSI METO1B POTHO3YBaHHS
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B HeniniiiHIM KOMOIHAIIT pe3yapTaTh poOOTH OJJHOTO a00 KUIBKOX METO/IIB €
BXIJIHUMH JTaHUMH JIJI1 pOOOTH 1HIIIOTO, IO J03BOJISIE BUKOPUCTOBYBATH HEIiMHI
3aJeKHOCTI Mia yac mporHo3yBaHHs. bibmioteka Prophet kpiM mporHosyBaHHs
MaiOyTHIX 3Ha4Y€Hb HABAHTAKEHHS, TaKOXX HaJa€ TOAATKOBY IHQOpMAIl0 Mpo
CE30HHOCTI, TPEHU 1 aHOMaJIli B ICTOPUYHHUX JAaHUX, 0 MOXE OyTH BUKOPHUCTAHO

JUTS TIOKpaIleHHs pe3yabTaTiB PM:

r

Prophet

S

MeTom BaroBHX

; o — TIporxos
Ham KoediieHTIB P

» Pattern Matching —

Pucynok 2.8 — HeniniiiHe koMOiHYBaHHSI METO/I1B IPOTHO3YBAHHS

B po0oTi po3risgaeTscs MEpIIMi BapiaHT, [0 HABEAEHO Ha puc. 2.7,
OCKUJIbKH METOIO JIOCTI/DKEHHS € JOBEJECHHS MOXJIMBOCTI KOMOIHYBaHHSI JIBOX
METOJIB JIJIS MOKpAICHHS OKPEMHUX XapaKTEePUCTHUK KOXKHOTO 3 HuX. HeminiitHe
KOMO1HYBaHHS Oyjie BUKOPUCTAHO JJIs ONTHUMI3allil METOAY, L0 PO3POOIIETHCS.

Maro4u mporHo3u ABOX METOIIB HEOOX1JHO CKOMOIHYBATH 1X JIJIS TIO1AJIBIIO1
poOOTH MPOAKTUBHUX METOAIB MaciiTadyBaHHS. sl bOr0 MOXHA BUKOPUCTATU
pi3HI MeToaM KOMOIHAIl 4acOBUX psAIIB, 30KpemMa, METOJl BHOOpY HaMKpalioi
MOJIEII1, METOJT CePEHBOI0, METO ] BaroBux KoedimieHTiB. Toi 3a1aua onTuMizartii
BUTJISIIA€ HACTYITHUM YHMHOM:

37 Kowbinosanuii (t ) =0 37 Prophet (t ) + B ) )7 PM (t )7

(2.7)
at+tfB=1,
ne Voo (t ) € (YHKIII€I0 TPOrHO3y KOMOIHOBAaHOTO METOY, a O Ta [3 BaroBUMH

koedimiearamu ais Prophet Ta PM BinmosigHO.
Toni winboBa QyHKIs, Ky HEOOX1THO ONTUMI3yBaTH BUIJISIIa€ HACTYTHUM

YHUHOM:

J(@,p) =%§l(y<r[>—(a-ﬁpm,,he,<r,.)+ﬁ-m @)Y (2.8)
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ne J ((1,[3) — IipoBa (YHKIS, TMapamMeTpu sKOi HeOOX1THO ONTHUMI3yBaTu, N —

KUTBKICTh TOYOK JJIsl IEPEBIPKH TOUHOCTI, a #; — Yac JJIs i-TOT TOUKH.

(a,$") = argmin(J (o, B)), (2.9)

ne o ta —Barosi koedilieHTH NpY AKX LiTHOBA QYHKIIiS HAOyBa€e HAMMEHIIOrO

3HQYEeHHS, 110 BIANOBIAA€ HaWKpamid ToyHOCTI. [l onTumizamii MoxHa
BUKOPUCTATH METOJ| Mepedopy, METOM TPAAIEHTHOTO CIYCKy a0o0 IMOCIiIOBHOTO
KBaJpaTUIHOTO IIpOorpaMyBaHHs. 3 BUKOPHUCTAHHSIM OOMEKEHHS
a+pB=1,
0<a<l, (2.10)
0<B<l,
1e o Ta B —BaroBi KOeQiI[iEHTH, ae TCOPSTUUHO KIIbKICTh METOIIB i KOSQII[iEHTIB

MOXC 3pOCTH, 3’ ABIISIETHCSA MO>KJIUBICTD BHUKOPHUCTOBYBATH HOCJ'IiI[OBHC
KBaApPaTU4YHC IIpOrpaMyBaHHs, IOO IIOJTa€ B IIOIOYKY OIITHMAJIBHHUX 3HAYCHb

METO/IOM TI'PAJIIEHTHOTO CITYCKY 3 BpaXyBaHHSIM BCTAHOBJIEHUX 0OMEXeHb [63]:

%Hzak—LRéi,
ou (2.11)
oJ '
Bk+1 =B, _LRG_B’

Ie o,, Ta B, — 3Ha4eHHA KOE(]ILIEHTIB Ha HACTYIHOMY KpOLl MOIIyKYy, LR —

k+1
napamMeTp WBHUIKOCTI momryKy. [loximHa uuiboBoi (GyHKLII B AaHiil (popmyni

00YHCITIOEThCS HAaCTyYITHUM YHMHOM:

Z_‘; - _gi(y(tz) - ((X ) yPruphet(ti) + B ) .)7PM (tz))) ) J?Prvphef(ti)’
- (2.12)
Z_é ) _gg(y(tz) —((X ) .),;Prophet(ti) + B ) .)7PM (tz))) ) )7PM (ti)'

BukopucranHs MOCIiIOBHOTO KBaJpaTUYHOTO MPOTpaMyBaHHS B TaKOMY
BUTJISAZII JIO3BOJISIE 32 OOMEXKEHHMI Yac 3HAWTH ONTHMAJIbHI 3HAYEHHS BaroBHUX

KoedirieHTiB o Ta [3 mis 3actocyBaHHs B (2.7).
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2.4.2 JlocniipkeHHs] KOMOIHOBAaHOTO METOIY

JIist mepeBipkU Tpaie3gaTHOCTI 3alpONOHOBAHOIO KOMOIHOBAHOTO METOJY
MIPOBOJIUTHCS TECTYBAaHHS Ha CHHTCTUYHUX JaHUX. KOKEH eKCIIEpUMEHT TIepeBipsie
OKpEeMY CHUTYaIlil0 HaBaHTaXXEHHS Ta MPOBOJUTHCS MOPIBHAHHA KOMOIHOBAHOTO Ta
metoniB Ha 0a3i Prophet i PM. Jlns Buxopuctanas PM wMeromy B MOBI
nporpamyBaHHs Python o6pano 6i6mioTeky Stumpy, sika Mae BOyIOBaHUU
iHTepdeiic Ui aHamizy 4YacoBUX psAmiB. s  KoMmMOiHYBaHHsS pe3yJIbTaTiB
BUKOPUCTOBYEThCS 0Oi10moTeka Scipy, sSKa Hamae peani3aiiio IOCTiI0BHOTO
KBaIPaTUYHOTO MPOrPaMyBaHHS.

[lepmmii exkciepuMEHT HaIiJIeHu Ha 0a30By NEPeBIPKY aJeKBATHOCTI.
3reHepoBaHi JAaHl JJIsI €KCIEPUMEHTY MICTSATh YacOBUM Pl 3 HETUIIOBUM
HABAHTAKEHHSAM TMPOTSITOM OJHOIO IMEpIOAy CE30HHOCTI. 3€JE€HUM KOJhOPOM
300pakeHo JAaHi, K1 HAJAIThCA NIl TPEHYBAHHS MOJENCH, a )KOBTUM IMO3HAYEHI

YMOBHO MailOyTH1 3HAYE€HHS HaBaHTAKECHHS.

300 { — TpeHyBanbHi naHi
TecTyBansHi aaHi
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KinbKiCcTb 3anuTie, oa.
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=

0 200000 400000 600000 800000
Yac, €.

Pucynok 2.9 — I11a6si0H HaBaHTa)eHHs 1 0a30BOi EPEBIPKU

Ha puc. 2.10 300paxeni pe3yabTatd NporHo3yBaHHsA. OCKIIBKM JaHl JJIs
MEePEBIPKU MICTUTh aHOMAaJIbHE HAaBaHTa)KEHHSI, SIKE B)KE MICTUTHCS B 1CTOPHYHHX
JAHUX, TO OYIKYEThCH, IO Merod PM mae OyTu TOuHIImUM, a KOMOIHOBaHUMN

MOBHICTIO HOT0 MOBTOPIOBATH, 110 1 IEMOHCTPYEThCs Ha puc. 2.10.
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—— TpeHyBanbHi AaHi
TecTysanbHi AaHi
—— Pattern Matching r\
—— Prophet
KomGiHoBaHWA MeToa |
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Pucynok 2.10 — Pe3ynbTaTu mporao3yBaHHs 1] 4ac 0a30BOi MEPEBIPKU

Hactymauit ekcriepiMeHT MPOBOIUTHCS Ha 3TEHEPOBAHUX JaHUX, K1 MICTSTh
MOCTIMHUM IIyM Ta HE3HAYHI BIAXWUJICHHS B1J] 3arajbHOrO IIA0JIOHY KOJIMBaHb.
HasiBHiCTh IIyMy B AaHUX HaOJIMXKae yMOBU CKCIIEPUMEHTY N0 peanbHux. [laHi
MICTATh MPOCTY CE30HHICTh Ta HE MICTITh TEHJEHIIH, KOJMBaHb a00 aHOMAJIIM.
[[Ta6on HaBaHTaXeHHS 300pakeHui Ha puc. 2.11. JlaHi, 1110 BUKOPHUCTOBYIOThHCS
JUIS. HABYaHHS, MICTSATh YacTUHY BaliIAllifHOTO Tepiody, IO HEOOXITHO I

KOpeKTHO1 pobotn PM.

— |(TODIII"IH\ NaHI KINbKOCTI 3anuTi8
200 ManbyTHI 3HaYEHHS KINLKOCTI 3anuTis
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Pucynok 2.11 — [I1a6i0H HaBaHTa)KEHHS 3 IPOCTOIO CE30HHICTIO

Ha puc. 2.12 300pakeHO pe3yJbTaTh MPOTHO3YBAaHHS JJIsi YACOBOTO PSIy 3
MPOCTOI0 CE30HHICTIO. OCKUIBKHM 1CTOPUYHI J1aHI HE MICTSITh aHOMAaTii Ta MarOTh

YITKY CE30HHICTh, TOYHICTh MPOTHO31B € BUCOKOIO.



73

—— AKTyaNbHa KiNbKICTe 3anuTie
—— nNporxo3 pattern matching meToay
— Mporxo3a Prophet

Mporxo3 KoMBiHOBaHOTO MeToaY
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Pucynok 2.12 — Pe3ynbratu mpOrHo3yBaHHs Ha MA0JIOH] 3 MPOCTOIO0 CE30HHICTIO

HactynHuii eKcnepuMEHT OKpIM TIPOCTOI CE30HHOCTI TaKO0X MICTUTh
aHOMaJIbHI HaBaHTaXeHHA. [IporHo3yBaHHs B1AOyBa€eTbCcs came IJs MEPIOAY 3
aHOMaJli€l0. AHOMaJIbHE HABAaHTAXEHHS NPHUCYTHE B I’ SITOMY MEPIOJI ICTOPUUHUX
JAHUX Ta MICTUTBCS B JaHUX JUIA Bajifallii, 0 O03BOJUTH IIEPEBIPUTH

34CTOCYBaHHA KOMIIOHCHTHU KOPOTKOCTPOKOBOI'O IIPOIrHO3YBAaHHA.

300 1 —— ICTOPWYHI laHi KiNbKOCTI 3anuTis

ManbyTHI 3HaYeHHA KiNbKOCTI 3anuTie
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Pucynok 2.13 — [[1ab10H HaBaHTa>KEHHSI 3 TPOCTOIO CE30HHICTIO Ta aHOMAJISIMU

Ha puc. 2.14 300pakeHO pe3yJbTaTh MPOTHO3YBAHHS JJIsi YaCOBOTO PsIy 3
IPOCTOI0 CE30HHICTIO Ta aHoMmamisiMu. OuikyBaHo, o PM nemoHcTpye Kpariry
TOYHICTb, OCKUIBKM IIA0J0OH aHOMaJbHOI'O HABAaHTAXKCHHS B)KE MICTHTBCI B
icropuyHuX AaHuX. OCKIIbKM HasBHE aHOMAJIbHE HAaBaHTAXXEHHS HE € CE30HHUM,
Prophet mnokazaB HU3bKY TOYHICTb. BianoBiAHO, KOMOIHOBAaHHUM METOJ

BUKOPHUCTOBYE came pe3yabTaTu PM.
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300 4 = AKTyaJlbHa KifIbKiCTb 3anuTis

7 WA —— [MporHo3 pattern matching metoay
VY Y —— TporHo3 Prophet
v MporHo3 KOMGIHOBaHOro MeToay
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Pucynox 2.14 — Pe3ynbraTty mporHo3yBaHHs Ha M1a0JIOH1 3 TPOCTOIO0 CE30HHICTIO

Ta AaHOMAJIISIMHA

B HacTynmHOMy €KCHepUMEHTI, 1110 300pakeHuil Ha puc. 2.15, nepeBipseTbes
poboTa Ha TaHUX 3 MIPOCTOIO CE30HHICTIO, 3POCTAI0YO0I0 TCHJICHIIIIO 1 aHOMATISIMU B
I’ITOMy 1 ChOMOMY (BadijaliiiHOMy) mepioAl HaBaHTaxeHHsA. OnucaHui
eKCIIEPUMEHT [03BOJIsI€ IMepeBipUTH 3AaTHICT PM macmtabyBatu 3HaiizieH1

111a0JIOHN a0 MOTOYHUM YMOB.

1200 { —— ICTOPM4HI AaHI KINBKOCTI 3anuTie

MaAGyTHI 3HaYEHHA KiNLKOCTI 3anuTie
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Pucynox 2.15 — [1labnon HaBaHTaXeHHS 3 TPOCTOIO0 CE30HHICTIO, AHOMAJTISIMH Ta

3pOCTAIOYHUM TPEHIOM

B nmaHomy ekcnepwMeEHTI uYepe3 HasBHICTh aHOMAJIBHOTO HAaBaHTAKCHHS
Prophet € HemoctaTtHpO TOUHMM. OCKIJIBKH IMTA0JIOH aHOMAJbLHOTO HAaBAHTAKCHHS

B)K€ MICTUTHCS B ICTOPUYHHX JaHuX, PM MacmitabyBaB iieHTu(ikOBaHMI 111a0JI0H
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JUIS ajanTaiii 10 3pocrarodoro TpeHay. KomOiHOBaHMIT MeTOJ aHAJIOTIYHO 0

MOMNEPETHHOTO EKCIIEPUMEHTY BUKOPUCTOBYE MPOrHO3 PM.

1200 e ~— —— AKTYanbHa KiNbKICTb 3anuTIB
i / N —— Mporxo3 pattern matching metoay
1100 /f % — nMporxo3 Prophet
4 MporyHo3 komBiHoBaHOro MeToAy
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Pucynox 2.16 — Pe3ynbratu mporuHo3yBaHHs Ha MIa0JIOH] 3 TPOCTOIO0 CE30HHICTIO,

aHOMAaJIISIMM Ta 3pOCTAOINM TPCHAOM

HacTynHuil €KCIIepuMEHT BHKOHYETbCS Ha JaHUX 3 KOMIUIEKCHOIO
ce30HHICTI0. KpiM TOro, TpeHyBajbH1 JaHl HE MICTATH JaHl 3 HACTYIHOrO NePioTy
CE30HHOCTI, 1110 He J103BoJIsie PM 3HaliTu HeoOXiaHui 111a0a0H. JlaHuii eKCriepuMeHT

JEMOHCTPYE MepeBary came JOBrOCTPOKOBOIO MPOTHO3YBAHHS.

—— [CTOPUYHI JaHi KINBKOCTI 3anuTie
MaibyTHI 3Ha4YeHHS KiNbKOCTi 3anuTis
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Pucynok 2.17 — [11a6;10H HaBaHTa)KEHHS 3 KOMIUIEKCHOIO CE30HHICTIO

Yepes HecTady JaHUX IS pO3Mi3HaBaHHS HE0OXiMHOTO madiony PM meton

JIEMOHCTPY€E HEIOCTATHIO TOYHICTh, 110 300pakeHO Ha puc 2.18. B Toif *e uac,
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Prophet, sikuii onepye c€30HHOCTAMH, 3aBYaCHO HAJIA€ MPOTHO3H BUCOKOI TOYHOCTI,

K1 € 0a30BUMHU IS KOMOIHOBAaHOTO METO/Y.

—— AKTyanbHa KibKiCTb 3anuTis

300 { = MporHo3 pattern matching meTony

—— [Mpor+o3 Prophet
MporHo3 KoMb6iHoBaHOro MeToay
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Pucynok 2.18 — Pe3ynpTaTu mporao3yBaHHs Ha MIa0J0H1 3 KOMIUJIEKCHOIO

CE30HHICTIO

OcTaHHIl €KCIIEPUMEHT [I03BOJISIE€ OLIHUTH €(PEKTUBHICTH KOMOIHOBAHOIO
METOJy IIPOTATOM CEMHU BaJidaIlliHUX MepioiB. JlaHl € CHHTETHYHUMHU Ta MICTSTh
KOMIUIEKCHY CE30HHICTh — JICHHY Ta THXHEBY, 110 300pakeHo Ha puc. 2.18. B
ICTOPUYHUX JTAHUX MICTSTHCS aHOMAJIii, 110 BIATBOPIOIOTH OJTHAKOBHM 1M1a0JIOH, Ta
HE MalOTh KOHCTAHTHOT'O INepioay MoBTOpeHHs. [IporHo3yBaHHs BIAOYyBaeThCcsl Ha

MOYaTKy KOXKHOT'O MEPI0y IE€HHOI CE30HHOCTI.

—— ICTOpPWYHI AaHi KiNbKOCTI 3anuTis
300 MaiibyTHi 3HaYeHHS KiNbKOCTi 3annTiB
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Pucynok 2.18 — JlaHi 7151 OI[IHKK TOYHOCTI PO3POOJICHUX METO/IIB
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PesynbraT nporHo3yBanHs 300paxkeHi Ha puc. 2.20. [Iabnon HaBaHTa)KEHHS
NepIIoro Tepioly He MICTHThb aHOMaliid, ToMy Prophet HagaB mporHo3 BHCOKO{
TOYHOCTI 1 € 6a30BUM /J1s1 KOMOIHOBaHOTO MeToy. Ha apyromy mepiojii MiCTUTBCS
aHoMaJIis, sika € KOpeKTHO iAeHTrudikoBaHa PM. [H1mi mepiou aHoMaltiii He MICTSTh.
Ha mocromy mepiofi € THXHEBE 301IbIIEHHSI HaBaHTAXEHHs, 175 koro Prophet

HAJ1aB KOPEKTHHUM ITPOTHO3.

300 ﬂ —— AKTYanbHa KiNbKIiCTb 3anuTie

—— MMporHo3 pattern matching meTony
—— MporHos Prophet
1 MNporHo3s koMmbiHoBaHoro MeToay

\
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Pucynox 2.20 — Pe3ynbratu TecTyBaHHS PO3POOICHUX METOIB

B tabmumi 2.6 naBoasThcsi MeTpuku TouHocTi MAPE otpumani B pe3ynbrari
eKCIIEpUMEHTIB. BUkoprcTaHHI KOMOIHOBAHOTO METOY MiABHUIINYE €(hEKTUBHICTh
nporuosyBanHa 3 91.32% pno 95.4% y mnopiBHsHHI 3 Prophet, mo moBoauTh
e(eKTUBHICTh 3aMPOTIOHOBAHOTO METO/Y.

Tabnuug 2.6 — MeTpuKu TOYHOCTI 1711 METO/11B IPOTHO3YBaHHS

Meton nporHo3yBaHHs MAPE, %
PM 9.23
Prophet 8.68
KomOGinoBauuii 4.60

[IpoBeneHi ekcriepuMeHTH JOBOASTH, III0 BAKOPUCTAHHS KOMOIHAIIIT METO/I1B

nporHo3dyBanHs PM 1 Prophet mokxHa BHKOPHCTOBYBAaTH 3a/Jis II1JBUIINEHHS
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CTIMKOCTI TMPOTHO3YBaHHS O aHOMAJIbHUX HaBaHTaXEHb. EKCIepUMeHTH
MPOBEJIEHI Ha 3TCHEPOBAaHUX JAHUX, TOMY B MaWOYTHIX JOCIIIKEHHSIX
KOMOIHOBAaHOTO METOAY HEOOXITHO BKIIOYUTH JaHl peajbHUX HaBaHTAKEHb JIs
O1MBII TOYHOI OIIIHKKA PEJICBAaHTHOCTI 3alpOINOHOBAHOTO METOy. TOYHICTH
3alpOIIOHOBAHOTO METONY O€3MOCEepPEAHbO 3aJICKHUTh BiJ TOYHOCTI METOJIB, IO

BUKOPHUCTOBYIOTHCS IPU KOMOIHYBaHHI.
2.5 Po3po0ka npoaKkTUBHOIO0 METOAY MAaCIUTA0yBAHHA

2.5.1 CyTHICTh NPOAKTUBHOTO METO/Iy MacCIlITa0yBaHHs

HasBHICTP TOYHOTO Ta CTIMKOTrO A0 aHOMAaJili METOJIy MPOrHO3YBaHHS €
OCHOBHOIO YMOBOIO JUJIsl TOOYJJOBH METO/AY MPOAKTUBHOTO MaciiTadyBaHHHA. J{Jis
pO3pOOKH JaHOTO METOAY HEOOXIIHO BHU3HAYUTHU OCHOBHY PIBHICTh TpHU
ynpasiiaHi OP:

k() X,(t)=W,(t+D,),l=1,m,y=1h, (2.13)

ne W,

/y(t ) — (yHKUIS HaBaHTaXeHHs Ha [-i1 3acTocyHOK mia y-ro OP, sxa €

HEBIJIOMOIO JI1 MaiOyTHIX YacOBMX MPOMIXKKIB, aje€ METOAM IMPOTHO3YBAHHS
JO3BOJIAIOTE  OTPMMATH il anpokcuManio. DyHkuis £, (l‘ ) OMHCY€ KUIbKICTh
€K3EMILIAPIB /-T0 3aCTOCYHKY B 3aJIEXKHOCTI Bi 9aCy, a X, (¢) € QyHKLico 00’ eMy

3alUTIB Ha y-UM pecypc [-ro 3actocyHky. Ilapamerp Bu3Hauae 3aTpUMKY
pO3rOpTaHHs HOBUX €K3eMIULApiB. Takum 4uHOM piBHICTH (2.13) Bu3Hauae, 110
3arajabHui 00’eM OP Mae OyTu eKkBiBaJeHTHHUI MOTpedaM 3 BpaXyBaHHSIM YaCOBOTO
npoMixky. Ilpu D,, = (0 naHa pIiBHICTb € CIPaBEAJIMBOIO Ul PEAKTUBHOTO
MacimTaOyBaHHS.

[IpoakTuBHEe MacmTaOyBaHHS MOXE BiIOyBaTUCA SIK TOPU30HTAIbHO, TaK i
BEPTUKAIbHO. Po3risiHeMo mepimii BUMIAOK, mpu skomy ¢yHKIis 3amutiB OP €

KOHCTaHTO0. To/a1 PyHKIIIS KUTBKOCTI €K3eMIUISIPIB BU3HAYAETHCS SIK:

W (t+D — —
k,(t) = max( M ),[=1,m,y=1nh. (2.14)

ly
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st pyHKITIS ONMHCYE 3alI€XKHICTh KITBKOCTI €K3eMIUISIPIB [-T0 3aCTOCYHKY BiJl
yacy BpPaxOBYIOUM HEOJHOPIJHICTh 3aBaHTAKEHOCTI BCIX JIOCTYIHHUX PecypciB i1
Oepyun 10 yBaru HaiOuiblry nmotpely. KimbkicTh ek3eMIUIIpiB Mae OyTH LILIUM,
TOMY BiJI0YBa€ThCSI OKPYTJICHHS BBEPX JJIs 3a0€3MeUCHHS HE0OX1THOTO 00’ eMYy.

Y BuMagKy BEPTUKAIBHOTO MAacCITA0yBaHHS KOHCTAHTOI € KiJIBKICTh

eK3eMIULIPIB ki(Z), a GyHKIIIS 00’ €My y-TO pecypcy BU3HAYAETHCS SIK:

wyae+D,) | —
k

() J=1,m,y=1nh. (2.15)

!
3anuT BU3HAYAETHCA ISl BCIX €K3EMIUISIPIB OJHOYACHO, OCKUIBKU OepeThes
710 yBaru po0otu OanaHcyBajbHUKA HaBaHTaxXeHHs. KokeH pecypc € He3aJleKHUM
Ta BU3HAYAETHCS 1HIUBITYaIbHO.
OCKUIbKM PIBHOCTI HAaBEAECHI BUIIE HE € JUCKPETHUMH, a iX 0OpaxyHOK
3aiimMae JesKui 4Jac Ta BiIOYBA€ETHCS 13 3aJaHOI0 MEPIOJUYHICTIO, TO HEOOXIIHO
BpaxyBaTH IIPOMIXKHI 3Ha4yeHHsA. /[1s1 1bOro BBOAMTHCS NApaMeTp KPOKY fswep IS

IOUCKpeTu3alii onucanux GopMyi. B 1aHoMy MeTOAl NPONOHYETHCS BPaxOBYBaTH
MaKcHMaJbHe 3HaueHHs (QyHKIii HaBaHTakeHHs I, ( ) Ha 4aCOBOMY IIPOMIXKKY BIJ
tnot+ D,

maX(W,y(t-i-fs,ep)) ) I=1m yzl_h t. =1, D (2.16)

step

k, () = max(

y €y
AHanoriyHa  TpaHcopMmallisi ~ 3aCTOCOBYETbCA  JUISl  BEPTHKAIBHOTO

macmrabyBanusa. KpiM Toro, HeoOXigHO BpaxyBaTH KOE(ILIEHT 3amacy e, A
BUITAJIKIB 3 HETUIIOBUM HaBaHTAKCHHSIM:

max(Wy,(t+1,))) | | _1— y=Lht, =1D,. (2.17)

4 step

le(t): k e
Iy

TOI[i MOXCEMO BU3HAYUTH YMOBHU MaCHITa6YBaHH$I M1 TOPHU30HTAJIBHOT'O

MacimTabyBaHHS:

k,(t +1) =k(t) + Ak, k,(t + D,)) > k,(t),] =1,m, (2.18)
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JUist  BEepTUKAIbHOTO MAaclITaOyBaHHS BUKOPUCTOBYETHCS aHAJOTTYHHMA

X171, aJie 3HaYeHHs 00’ eMy I KO>kHOTO TUITY OP 004uCII0€ThCSI OKpEMO:

X, t+1)=X, (1) +AX,

X, t+D,)> X, (O,]=Lm,y=Lh  (2.19)

HeoOximHo Takox BpaxyBaTh, IO B KOHTEKCTI OJIHOTO PO3TOPTAaHHS
3aCTOCYHKY BepTHKaJIbHa KOH(]Irypallisi BCTAaHOBIIIOETHCSA 1L BCIX E€K3EMILISAPIB,
BIIMOBITHO HEOOXITHO BpaxoByBaTh BuKOpucTaHHs OP BcimMa AOCTYNMHUMHU

eK3EeMILISIPAMH 3aCTOCYHKY.
2.5.2 Oco0auBOCTI peaizailii IPOaKTUBHOTO METOTy MacIITa0yBaHHS

Peanizaiiss 3ampornoOHOBAHOTO METOJY MPOAKTUBHOIO MacIITaOyBaHHS
B1I0YBA€ETHCS 3a JIOMIOMOTOI0 OKPEMHUX MOJYJIIB, KOKEH 3 SIKMX MAa€ CBOI OKpEMY
dbyHkIio. Moayne JNaHUX OTPUMYE JaHl BiJ JPKepella ICTOPUYHUX JTaHUX Ta
3MIACHIOE iX 0OpoOneHHs. MoJynb MPOTrHO3yBaHHS MPOTHO3Y€E ManOyTHI
HaBaHTaXeHHs. MoyJIb Baigallii OmMiHIOE JOIIJIBbHICTh 3aCTOCYBAaHHS OTPUMAaHHX
nporHo3iB. Moayinbe 3acTtocyBaHHs B3aemojie uepe3 API 3 kmactepom 3 MerToro

3aCTOCYBaHHS OTPUMAHUX 3Ha4YeHb 00’ eMiB OP y pa3i HEOOX1AHOCTI.

Hoctaeka 30epeskeHEX
JaHHX
MoIyIe JaHHX < JKepeno icTOPHYHIX JaHIX

IligroToBka JaHHx O71% IPOrHOZYEAHHT

y

MoIyiIb IPOrHO3YBAHHSA

OTpHMaHHS IPOTHOSIE 1 OIIIHKA TOIHOCTI Po6oTa 3CTOCYHKIE

r

Momyns Bamimamii

OuiHKa JOLITEHOCT] 3aCTOCYEAHHE HOBOT KOH(Irypamii
y L

MoayIs 3acTOCYBAHHS > API xmactepy
Bigknagene abo
MHTITEERE 3ACTOCYBAHHA
KoH(Irypami

Pucynok 2.21 — Jliarpama KOMIOHEHTIB MPOAKTUBHOTO METOy MACIITa0yBaHHS
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Komu pimeHss, sike peanidye ONUCAHUNW METOJ, 1HIMAM3YEThCA IS
aBToOMaTH3allli MacmTaOyBaHHA IJILOBOTO 3aCTOCYHKY, IONEPEIHI METPUKHU
BUKOPHUCTAHHA MOXYTh OYyTH BIACYTHI. Y TakoMy BHUMAAKYy, JaHE PIIICHHS
BCTAHOBJIIOE€ BU3HAUYEHY aJMIHICTpAaTOpOM KuIbKicTh pertik defaultReplicas notw,
MOKA He Oyae OTPUMAHO JOCTOBIpHUN TPOrHO3. JIOCTOBIPHICTH MPOTHO3Y
BUKOPHUCTAHHS PECYpPCIiB BHU3HAYAETHCA 3a gonomororo nmokazHuka MAPE. fxmo
NOMWJIKAa MOJIEIl € MEHIIOK 3a TapaMeTp BIEBHEHOCTI, TOAl JaHUA METO]
MacIITadyBaHHs, MOKJIAAaI04YUCh Ha OTPUMAaH1 3HaYCHHSI, BCTAHOBJIIOE PO3PAaXOBAHO
ONTUMAJIbHY KUIBKICTh PEILTK 3MiHIOI4H mosie replicas B Kubernetes manidecti
posropranus [10].

[cTopuuHi 1aH1 OTPUMYIOThCS LIUIIXOM 3anuTiB Ha Prometheus cepsep. s
OTPUMaHHs ICTOpUYHUX MeTpuK BHUKOpucTaHHS CPU BHKOpUCTOBY€THCS 3aruT
BUTJIsATy sum(rate(container cpu usage total {container!=""}[60s])) by (pod). s
OTPUMaHHA [TOTOYHUX 33JaHuX 3anuTiB BUKopuctoByeTbesa APl Kubernetes, a came
noJie spec.container[0].requests.cpu B MaHi(eCTi pO3TOPTAHHS.

OO6panwuii anropuT™ MPOTHO3YBAHHS MA€ aBTOMATUYHO BUSIBIISITH CE30HHOCTI,
TpEeHJAM Ta aHOMalii B YacOBHX psAgaX, TOMYy HE TMOTpedye I10AaTKOBOTO
HanamryBanHs. [IpoTe anMiHiCTparop MoOXe BKa3zaTh 0a30BYy CE30HHICTb
seasonalities /sl MOKpaIlleHHs] TOYHOCTI MPOrHo3iB. HaBuaHHs Ta OliHKAa TOYHOCTI
Mozeni BimOyBaeThes 3 3amgaHuM miepiogom trainEvaluatePeriod. Tlpu maminni
MOKa3HUKIB TOYHOCTI MOJENI, PIIIEHHS BCTAHOBJIIOE KUIBKICTh  PEIUTIK
defaultReplicas, 1o MomeHTy 1oku He OyJie OTpUMaHa HEOOX1/IHA TOUYHICTb.

[Tpu po3poOIii pillieHHs IJii TOPU3OHTAILHOTO MacIITadyBaHHS HEOOX1THO
BpaxyBaTH, 10 3aCTOCYHKHU MOTPEOYIOTh AESKUI yac Ha iHiianizamito. Hanpuknan,
y BUmnaaky 6a3u ganux Redis, 3acTocyHKy HEOOX1IHO pPO3TOpHYTH 30€peKEeHH CTaH
0a3u JaHUX Ta BCTAHOBUTH 3 €JHAHHS 3 1HIIMMH KOMIOHEHTaMH kiacrepa. Kpim
TOTO, TMICJSl KOMaHIM Ha 301IbIIEHHS KUIBKOCTI PEIUIIK 3aCTOCYHKY, TOTPEOYEThCS
JesIKUI yac Ha 1HiLiaji3aliio Moy, a caMe pO3ropTaHHs HOro Ha IOCTYITHOMY BY3IIi,

3aBaHTaXEHHS 00pa3y Ta MiJ €IHAHHS MEPEXEBUX TUCKIB. ToMmy pilIeHHS Mae
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nonaTkoBuil mapametp applicationTimeToStart ayis Toro, abu TOYHO po3paxyBaTu
MOMEHT, KOJIU HEOOX1HO 301IbIITUTH KIIBKICTh PEIUTIK 3aCTOCYHKY.

BinmoBigHo, pilieHHs nepeBipsie HEOOXiTHICTh MacIITadyBaTH 3aCTOCYHOK 3
KOPOTKUM iHTepBajioM. [Ipu MaciitaOyBaHHI Bropy, IepeBIpSE€TbCS MPOTHO30BaHI
3HA4YCHHS] BUKOPUCTaHHS B MOMEHT uacy currentTime + applicationTimeToStart,
a0y BCTAaHOBUTU HEOOXITHY KIJIBKICTH PEIUIIK 3aBYACHO 1 HE JOMYCTUTH TMaiHHS
METpPHK SKOCTI cepBicy. [Ipu MacirabyBaHHI BHU3, ITEPEBIPSIETHCS JIUIIE 3HAYCHHS
B MIOTOYHUI MOMEHT, 100 HE 3MEHIIUTH KUTHKICTh PEIUTIK 3aBYaCHO. TOMYy MaeMo
crpoiieHo (GopMyiay s OOYMCIICHHS HEOOXIJHOI KIJBKOCTI PeIUIiK Ha OCHOBI
MIPOTHO3Y — max(forecastedUsage[currentTime + timeToStart],
actualUsage[currentTime]).

3anponoHoBaHe pilleHHs po3MillyeThbesi B kiactepi Kubernetes, 110
300paxeHKy Ha puc. 2.22, 1 mae 6e3nocepeniit foctyn 1o Prometheus cepsepa Ta

API Kubernetes.

34CTOCYBAaHHA

Hancnnae
3amT bamancysau
“«—p
HAaBaHTAXKCHHA
Kopucrysaa ¥
v Posmogine s 3aHTIB MK v
Banancyrau 3aCTOCYHKAMI banancysau
HaBaHTaKEHHS HaBaHTAKEHHS
3aCTOCYHKY A 3aCTOCYHKY b
Po3TIOAITEHHS 3aHTIB MiXK eK3eMIUIApaMI ;

| PosropranH4 3acTOCYHKY A I | PosropranHus 3acTocyHKY b |

I I |

‘ Exzemmmsap 1 3acTocyHKy A ‘ 36ip ‘ Exzemmmsp 1 3actocyHky b ‘ |

I 61 I

ﬂr Prometheus l«— e

‘ ExzeMinsap 2 3aCTOCYHKY A ‘ ! Exzemmunsip 2 3actocyHky b |

|

OTpunannn : !

icTopwmmx '| Exsemmmip 3 3acTocyHKy b ‘ |

_:::::::::::::::::::::::::: ______ e EIPEX______________L:::77777777777777777777777)
: ¥ Macmrrabysau !
! 1
[ Monyns |
! | Moayns manux —» KoHTpomep |« Ay !
| MpPOTHO3YBAaHHA | |

i ¢ ! » Kubernetes API

\ 3acTocyBaHHA :
: MO,I[YHB KoH(pirypanii :
| i
| |

3acTocyBaHHA KoHpirypauii qo pecypeis Kubernetes

Pucynok 2.22 — Cxema interpaiiii macitadbyBaua B Kubernetes
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2.5.3 JlocniipKeHHS] TPOAKTUBHOTO METOY

Jlns TecTyBaHHS OTPUMAHOIO PIIIEHHS 1 MOro MOPIBHSHHS 3 1HIIMMH
MiX0/AaMHU BUKOPHCTOBYeThCa kiacTep Kubernetes Ha 6a31i minikube. Kiactep
BKJIIOYAE €MHUI BY30J1, SIKUI Ma€ IIICTh MPOIIECOPHUX SIJIEP 3 TAKTOBOIO YaCTOTOIO
3.6GHz Ta 16 rirabaiit onepaTuBHOI Iam’aTi. MepexeBa KOMyHiKallis He BUXOUTh
3a pamMku ofHl€ei mammaM. [leit kmactep micTuTh BcTaHoBieHu Prometheus s
MOHITOPHUHTY 3a gornoMoroto kube-prometheus stack.

Jlnis mepeBipku 00paHO ClieHapiil 3 mepioAuyHUM HaBaHTakeHHsAM. [lepiof
HaBaHTaKeHHsA cTaHOBUTH 300 c. CymapHe MiHIMalIbHE HABAHTAXKEHHSI CTAHOBUTH
100 minikopiB, MakcuMaibHe — 550 MiJTIKOpIB.

HagantaxyBaibHe TECTYBaHHS 3I1ACHIOETHCS 3a JIOIIOMOT OO
crneriaiizoBanoi ytwiit locust nis Haacwianas HTTP 3anuriB, ex3eMIusip axoi
TaKOX PO3MINIY€EThCS B KiacTtepi. Cxema eKCepuMeHTy 300pakeHa Ha puc. 2.23.
HaBaHTa)xyBanpHUI IMIA0JOH 3alWTIB CKIAJAETHCS 3 MNEPIOJUYHUX KOJIUBAHb.
[lepion konmuBaHb ctaHoBUTH 300 ¢, MiHIMabHA YacToTa 3anmuTiB — 10 3amuTiB B

CEeKyHIy, MakcuMmaibHa — 50.
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Pucynok 2.23 — Kondirypariist ekciepuMeHTiB

TectoBuii 3aCTOCYHOK € BeO-CEepBEpOM, SIKUI Ha KOKEH 3aIlIUT BUKOHYE JESKY
CPU-inTencuBHy  poboty. Takuif  TecTOBUM  3aCTOCYHOK MOXe OyTH

MacmTabOBaHUM $IK TOPU3OHTAIBHO, TaK 1 BepTUKAIbHO. KIIBKICTh perutiK
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3aCTOCYHKY a00 00’€M BUJILJICHUX PECYpPCiB HE BIUIMBAIOTh Ha pOOOTY 3aCTOCYHKY.
3aCTOCYHOK 1HILIANI3YEThCS 3aJaHUi Yac mepej] THUM, SIK CTaTh JOCTYIHUM JIJIst
3allUTIB 1 Mepea THM, SK MepeBipku goctynmHocTi Kubernetes OyayTh BBakatucs
yCHIIIHUMU. B poBeieHnx eKCriepuMeHTax 1€l yac JOPIBHIOE I’ SITH CEKyHIaM.

B nmanomy excnepuMeHTi MacmTtaOyBaHHS BigOyBaethcs sumie st CPU
pecypcy. 3amuT Ha IOPOLIECOPHUI pecypc Il TECTOBOIO 3aCTOCYHKY CTaHOBHUTH
200 minikopiB. OCKUIbKY IPU MEPEBUILEHH] IaHOTO 3HAYE€HHSI J0 3aCTOCYHKY Oynie
3aCTOCOBAHMN TPOTIIHI, IO MOXKE BIUIMHYTH Ha pe3yJbTaTH TECTyBaHHS,
BCTAHOBJICHO JIIMIT Ha pecypc MPOLIECOPHOIO yacy, o JopiBHIOE 250 MITIKOPIB.
[TouyaTkoBa KUTBKICTh PEILIIK JIOPIBHIOE IT SITH.

HPA — BOynoBaHe pilieHHd I aBTOMaTH3alli TOPU30HTAIBHOIO
macirabyBanHs B Kubernetes. HPA € npenctaBHUKOM peakTUBHOTO MIAXO1Y, TOMY
HE MICTUTh )KOJHUX aNropuTMiB iporHo3yBaHHs. [nes HPA nosnsdrae B Tomy, abu 3a
JOTIOMOTOK0  peryJisilii  KUIBKOCTI — PEIUIIK  HIATPUMYBAaTH  BCTaHOBJICHE
aZIMIHICTPAaTOPOM 3HAUEHHS CEPEJHbOTO HABAHTAXEHHS Ha EK3eMIULIp —
targetAverageUtilization. OcHOBHaA pI3HUII MOJSATa€E B TOMY, IO PIMIEHHS PO
MacIITa0yBaHHsI IPUIMAETHCSI HA OCHOBI TOTOYHUX 3HaUeHb BUKOopucTaHHs OP.

OCKUIbKM pEaKTHMBHUM MiJX1] CUJIbHO 3aJIEKUTh BIJ 3aTPUMOK OTPUMAaHHS
NOTOYHUX JIaHUX, HEOOXIJHO MIHIMI3ZyBaTH (aKTOp 3aTPUMOK Ha pE3yJIbTATU
excriepumenty. HPA BukopucToBye metrics-server sk JKEpesno TaHUX, TOMY
HaJalTyBaHHs resolution a1 metrics-server BCTAHOBJIEHE B MIHIMAJIbHO MOXJIUBE
3Ha4YeHHS — 15 c¢. Takok BCTaHOBJICHE MiHIMajJbHE 3HAa4YeHHs sync-period, cpu-
initialization-period, initial-readiness-delay juist npurBuaeHHs yacy peakiii HPA
Ha 3MmiHUd. Kpim 1iboro, B mojiiTukax maciita0yBaHHs behavior 3HSATO JiMITH Ha
MIBUAKICTh MacIuTaOyBaHHS BHU3 Ta Bropy.

Ha puc. 2.24 300paxkeHO pe3yJibTaTu MPOBEACHHS TECTOBOIO CLIEHapio 0e3
BUKOPUCTAaHHS aBTOMAaTUYHOTO MaciTabyBanHs. [{aHa napa rpadikiB MiCTUTb J1aH1
npo (akTUYHE CyMapHe BUKOPHUCTaHHS, pPE3€pBYBaHHS MPOLIECOPHOTO Hacy 1
pe3yJbTyIOunii yac oOpoOku 3anuTiB. B HaBeleHMX yMOBax 3aCTOCYHOK Mae€

JIOCTaTHIO KUIBKICTh €K3EeMIUTAPIB It 00poOKM oTpumaHux 3anuTiB. [lpu
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MaKCHMaJbHOMY HaBaHTa)XXCHHI CymMapHe (paKkTUYHE BUKOPHCTAHHS MPOIIECOPHOTO
yacy cTaHOBUTH 570 mutikopiB. [Ipu 11,0My 9ac BiAMOBII B TIIKOBI MOMEHTH 3pOCTa€

3 12 Mc 10 90 mc, 110 (hakTHYHO € ToKa3HUKOM QOS B JTaHOMY €KCIIEPHUMEHTI.
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Pucynok 2.24 — Pe3ynbpTaTti poOOTH 3aCTOCYHKY 31 CTATUYHUMU 3alTUTaMU

Ha puc. 2.25 300paxeHo pe3ysbTaTH TECTYBaHHS PO3POOJIECHOIO PIIICHHS.
Januii rtpadix AEeMOHCTpye, IO 4Yac BIJMOBIAI TECTOBOTO 3aCTOCYHKY €
aHAJIOT1YHUM TEPIIOMY eKCrepuMeHTy — BiJl 12 mc 10 90 Mc, TOMy Taka moBe/IHKa
MOK€ TPAKTyBaTUCA K OCOOJIMBICTh pOOOTH 3aCTOCYHKY. MaciitaOyBaHHS BBEPX

BiI0yBaIOCAd 3aBYACHO, a MacIITaOyBaHHS BHHU3 — MICIS MPOXOHKEHHS MIKOBOTO

HAaBaHTaXCHHA.
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Pucynok 2.25 — Pe3ynbratu poOOTH 3 IPOAKTUBHUM MaclITaOyBaHHSIM
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Ha puc. 2.26 300paxeno pesyiabratu TectyBaHHss HPA 3 onucaHoro paniiie
KoH(irypaitietro. HeoOxi1HO 3a3HAYUTH, 1110 METPUKA T10 3ape3E€PBOBAHUM pecypcaM
€ CYMOIO 3aIlUTiB BCIX MO/IIB, K1 3HAXOAAThCs B cTaryci Ready. Tomy Ha puc. 2.26
MOXHa TMOOQ4YUTH, 110 € HEBEIWKa 3aTpUMKa MK 30UIbIICHHSM (aKTHUYHOTO
BUKOPUCTAHHS PECYpCy 1 HaJaHUM pecypcoM. Uepes 11e¢ BUHHKAE KOPOTKOYACHE
noripmeHHss QoS B MOMEHT 3aTpUMKHU MacIITaOyBaHHsI, a caMe 301IBIIICHHS Jacy

BiAMOBIl 3 90 Mc B monepeHix ekcrepumenTax g0 1700 mc.
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Pucynox 2.26 — Pesynbrar podotu 3 HPA

Ha puc. 2.27 nopiBHIOIOTECSA METPUKUA 4Yacy BIJIMOBIAl JJI BCIX TPbOX
KOH(DIrypaiiii 1 MOKJIMBO OLIHUTH MAcIITa0 PI3HMII MK pOOOTOI0 METOIB, L0

PO3TTAOa0OTLCA.
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Pucynox 2.27. TlopiBHSIHHS Yacy BIAMOBII BCIX 0OpaHUX MiAXO/IB
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Tabmumg 2.7 MICTUTH JaHl NpoO cepeAHid Yac BIAMOBIII, a TakoXK 95 Ta
99 nepuenTwi. 30KpeMa, B CEPEIHbOMY BCl 3HAYEHHS Yacy BIAMOBIAL IS
MPOAKTUBHOTO 1 PEAKTUBHOTO MiIXOIB BIAPI3ZHAIOTHCS B BICIM pa3iB Ha KOPHUCTbH
NepIoro, ajie pe3epBye Ha 26% OibIie pecypey. Takox MOKa3HUKHU Yacy BiAMOBIII
JUIS  pIlIEHHS, IO TMPOIMOHYEThCS, 1 YyOpaBliHHA 0Oe3 MaciTabyBaHHS €
aHAJIOTIYHUMHU, ajie MPHU IOMY pEe3epBYBaHHS pecypcy 3MeHIryeTbes Ha 47%.
BapTo 3a3HauuTH, IO YMOBH TIPOBEJCHOTO EKCIIEPHUMEHTY CIIPSMOBaHI Ha
JEMOHCTPAIIII0 TepeBard MPOAKTUBHOTO TIAXOAYy TNPH IIBUAKO3POCTAIOYHX

mabJIoHax HaBaHTa>XCHH:, IO € 3HAYHOIO HpO6JI€MOIO PCAKTHBHOI'O HiI[XOI[y.

Tabnuus 2.7 — IopiBHSHHS pe3yJIbTaTiB poOOTH

ITigxin CepenHiii, Mc 95%, mc 99%, mc
[IpoakTnBHUI 23 87 190
Cratnunuit 22 88 188
PeaktuBuin 160 770 1350

Otpumani pe3yJbTaTH CBiIYaTh NOpPO Mpale3JaTHICTh Ta €PEeKTHUBHICTh
po3polbieHoro pimieHHs. ExcrnepuMeHTH NpoBeNeHl Jis TPOILECOPHOrO dacy.
Iamum xkmodgoBumM OP € mam’ste. [lam’sTe Mae cBoro crenudiky BHAUICHHS
pecypciB, OCKUIbBKM TIpU TEPEBUINEHHI BCTAHOBJEHUX 3aMMTIB a00 JIMITIB,
3aCTOCYHOK MOXke OyTu aBapiiiHo 3aBepiieHuid. Kpim Toro, Ha BiAMIHY BIif
MPOIIECOPHOr0 4Yacy, Jesika 4aCTHHA MaM’ siTI BUKOPUCTOBYETHCS HE3AJIEKHO BIJl
HABAHTAXKEHHA — JJIs 30epiraHHs KOJy 1 MOYaTKOBHX JaHuX misi pobotu. lle
O3HAYae€, 110 PO3PAaXYHOK CYMapHOI KIJTBKOCTI TaMm’SiTi MPU TOPU3OHTAIBLHOMY

MacmTabyBaHHs Ma€ BKJIIOYATH ONMKMCAHY BUIIE NOCTINHHY CKIIAJOBY.
BucHoBkm 10 po3aiay 2

B poszainmi  BuU3HAyYeHI HEOJIKM PEAKTUBHOTO MaclITaOyBaHHS — Ta
OOTPYHTOBAHO HEOOXITHICTH PO3POOKH MPOAKTUBHOTO PIMICHHS [JIS yIPaBIIIHHS

OP. BuznaueHo, 110 KJIOYOBOK YACTUHOIO NPOAKTHUBHUX PIlIEHb € METOAU
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NPOTHO3YBaHHA  POOOYMX  HaBaHTaXeHb a00  BUKOPUCTaHHS  PECypCiB.
[IpoananizoBaHo 1ICHYHOYl METOAM, IO 3JIaTHI MpaIoBaTH 3 CE30HHUMU
HABAaHTAKCHHAMH Ta TEHJSHIIIMH. Ha OCHOBI €KCHEpUMEHTATLHUX JOCTIIKCHb
00paHO MHOXHUHY TaKMX METOJIB, 110 MOXKYTh OyTH BUKOPHUCTaHI JJIsi TOAATBIIOL
pPO3pOOKH MPOAKTUBHUX MeToiB. OOrpyHTOBaHO BHOIp METOJa MPOTHO3YBaHHS
Prophet.

3anponoHOBaHO METOJ KOMOIHOBAaHOTO MPOTHO3YBaHHS, IO BKIIOYAE
KOMIIOHEHTH [IJI1 KOPOTKOCTPOKOBOTO Ta JIOBTOCTPOKOBOIO IPOTHO3YBaHHSI.
HoBeneno, mo mnoeaHanHs PM Tta Prophet no3Bosisse oTrpumaTtu CTIMKHMA 0
AHOMAQJIbHMX  HABAHTAXEHb  METOJ  MPOTHO3YBaHHSA.  EkcriepuMeHTan bH1
JOCHIPKEHHSI TIOKa3aJl 3pPOCTaHHS TOYHOCT1 MPOTHO3yBaHHS 3 91% 10 95% y
MOPIBHSHHI 3 0230BUMH METOJIJaMU Ha 3T€HEPOBAHUX JAHUX.

3anmpornoHOBaHO METOJI MPOAKTUBHOTO MaciTadyBaHHa. DopmanizoBaHO
MOJIE/Ib MPOAKTUBHOTO yIpaBiiHHSA. Ha ocHOBI Mofie/i BU3HAYEHO OCHOBHI MO,
30KpeMa, MOJyJib JIaHMX, aHali3y, Badijamii 1 NPUAHATTA  PIIICHb.
ExcniepuMeHTaNbHI JOCHIIKEHHS MOKa3aid €()eKTUBHICTh PO3POOIECHOTO METOIY
IIPU HASBHOCTI KOMIUIEKCHMX CE30HHOCTEH Ta TCHJCHIIIH B 4acOBHUX psaax. bymo
OTPMMAaHO 3MEHLIEHHS CEepelHbOro 4vacy BiAmoBial 3 160 mc mo 23 Mc npu
30UTbIIEHH] BUKOPUCTAaHHS pecypciB Ha 26%. Y MOpIBHSHHI 31 CTAaTUYHUMHU
3aMMTaMu OTPUMAHO aHAJIOTIYHUMN PIBEHB SKOCTI MOCIYT MPHU 3MEHIIIEHHI 00’ €MIB

3ape3epBOBaHUX pecypciB Ha 47%.
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3 PO3POBKA I'lbPUIHUX METOAIB MACIITABYBAHHA

B TperboMy po3auIi IPONOHYETHCS MOKPALLIEHHS 3alIPOIIOHOBAHOTO METOAY
IPOAKTUBHOTO TOPU3OHTAJIBHOTO MacmTaOyBaHHs. [lpoakTuBHI MeTonu €
e(peKTUBHUMHU TPHU HASBHOCTI TOYHUX MPOTHO3IB, aje MpHU MOsBI aHOMANIld B
HaBaHTAXX€HHI BHHHUKAaE TIpoOJieMa HEKOPEKTHOTO PpO3MOJAUTYy pecypciB 1 B
pe3ynbTaTi — nopyiieHHs BctaHoBiIeHUX SLA. B po3aiii npononyeTbes riOpuaHuii
METO/I, IKUI TO3BOJIsIE MepeAaBaTH KEPYBAHHS PEAKTUBHUM METOJaM IPU MOSBI
aHOMaJIbHUX HaBaHTa)KEHb.

['opuzoHTaNBHI METOU € OUIBII MacCIITA0OBAHUMH, OCKITIBKM HE OOMEXeH1
pecypcamMu OJiHI€T MAaIIMHHU, TPOTE KEpyBaHHS BiAOYyBaeTbCA JIMILE Ha PIBHI
KUIBKOCT1 eKk3eMIULipiB. 3anuTh Ha OP Ha piBHI €K3eMIULIpy HE KOPEryrThCs B
3aJIEKHOCTI BiJ PIBHS YTHJII3AIlli KOXHOTO 3 PECYPCIB, IO MOKE MPU3BECTH 10
HeepeKkTUBHOTO BukopuctanHsi yactuHu OP. Lo mpoOnemy MokHa BHUpPILIIUTH
BUKOPUCTAaHHSAM BEPTUKAIbHUX METOMAIB, POTE ICHYIOY1 PIIIEHHS HE JA03BOJISIIOTH

KOMOIHYBAaTH Pi3HI TUIIA MacIITa0yBaHHS.
3.1 MeToa NPOAKTHBHO-PEAKTHBHOI0 MACIITA0yBAHHA

[IpoakTuBHEe  MamictaOyBaHHs ~ 3a0e3medye  BHCOKY  €(EKTHUBHICTH
BukopuctanHa OP, a TakoX [03BOJIsi€E MIAPUMYBATH HEoOXiAHMI piBeHb QOS.
[Ipore mpoakTUBHUN THUN MaclUTa0yBaHHS € €(PEKTUBHMM 3a YMOBU HasiBHOCTI
TOYHUX MPOrHO31B, LI0 MOXJIMBO JIMIIE B TUIOBUX CHUTyallsx. Y BHUMIAJIKY
BUHUKHEHHSI AHOMAJIbHOIO HABAHTAXKEHHS, pE3yJbTaTH pPOOOTH aJIrOPUTMIB
IPOrHO3YBaHHSI MOXYTh MPHU3BOAUTU JO MOPYLIEHb BUMOT JO SKOCTI MOCIYT Ta
HekopekTHoro BuaieHHs: OP. 3 iHmoro 00Ky, peakTUBHUN TUIT MacIuTaOyBaHHS €
3Ha4YHO MeHII e(peKTUBHUM [32, 33| mpu HASIBHOCTI TOYHUX MPOTHO31B, TPOTE MOXKE
alarTyBaTUCS 10 HETUIIOBUX HAaBAaHTaXEHb, OCKIJIBKU MOTpeOye JHIle JaHUX IO
notoynut cran IT-inppactpykrypu. s TMOKpalleHHS  XapaKTEPUCTHK
MPOAKTUBHOTO METOAY MOXJIMBO IHTETpYBaTH PEAKTUBHUN KOMIIOHEHT HUISIXOM

CTBOPEHHSI TIOPUIHOTO METOY.
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[M6puaHuit MeTo, SIKMI BKJIIOYAE MPOAKTUBHUM 1 PEAaKTUBHUM KOMITIOHEHTH,
€ e(eKTUBHUM MpPU MPOrHO30BAHMX HABAHTAXKEHHSIX BHACHIJIOK BUKOPUCTaAHHS
MEPIIOi KOMIIOHEHTH, TaK 1 MPH HETUIIOBUX CHUTYAIliSX 3aBISKA BUKOPUCTAHHIO
npyroi. Ilpu po3poOii riOpuaHUX METOMIB OCHOBHUM IHTAHHSAM € aJrOPUTM
BU3HAUYEHHS HEOOX1AHOCTI pOOOTH MPOAKTUBHOTO UM PEAKTHMBHOIO KOMITOHEHTIB.
OxpiM TOrO, HEOOXITHO MIBUJKO BH3HAYATH HASBHICTH HETUIIOBHX HABAHTAXKCHB
3319 MiHiMizarii noripmenHs piBHS QoS. KpiM Toro, HeoOXigHO BH3HAYUTHU

YMOBH, IIPH AKUX BUKOPUCTAHHA IIPOAKTUBHOI'O METOAY € NOPCUHUM.

3.1.1 AmHami3z ICHyIUHUX pillleHb JUIsI  MPOAKTUBHO-PEAKTUBHOTO

MacuTabyBaHHs

B poGorti [64] aBTopu npe3enTtytoTh pieHHst CloudScale nis ynpasmiaas OP
JUTSI MyJIbTUTEHAHTHUX XMapHUX cucTeM. J[aHe pillleHHs BKIIIOYAE SIK TPOAKTUBHUIM,
TaK 1 peaKTUBHUI KOMIIOHEHTH, SIKI MOKYTh MPAIIOBATH K Pa3oM, Tak 1 OKpEMO B
BIJIOBIJTHUX PEXUMax poOOTU. B 0CHOBY NMpOaKTUBHOIO KOMIIOHEHTA MOKJIAAEHO
BUKOPUCTAHHS IIBUJKOTO TepeTBOpeHHs Dyp’e s 3HAXOKEHHS MOAIOHHMX
1a0JIOHIB HABAaHTAXKEHHS, MICIS YOro 3aCTOCOBYIOTHCS JIAHIIOTM MapkoBa st
11eHTU(IKaIlT TOTOYHOTO CTaHYy 3aCTOCYHKY Ta OTPIOHOTO nepexoty. PeakTuBHui
KOMIIOHEHT B CBOIO 4Yepry oOpaxoBy€ MOMWIKY MK MOTOYHUM 00’€eMOM
3ape3epBOBAHUX PECYpCiB Ta HEOOXIJHHUM, Ha OCHOBI 4Oro OO0’ €M BHJIUICHUX
pECypCiB  KOPUTYETbCS. TakuM YMHOM, PEAKTUBHUM KOMIIOHEHT BHKOHYE
KOpUryBajabHy (QyHKIit0. Ha pi3Hux Habopax maHuX, po3po0JIeHI KOMIIOHEHTU B
napi mokazajiu Kparili pe3yJbTaTh HiIXK KOKEH 3 HUX OKPEMO.

B po6ori [65], aBTOpY MPOMOHYIOTH 1HIIMI BapiaHT IHTETpallii peakTUBHOTO
Ta TPOAKTHUBHOTO MiAXOAYy, a caMe, MacluTa0yBaHHS Bropy BifOyBaeThCs
pPEaKTUBHO, a BHU3 — MPOAKTUBHO. PEakTUBHWII KOMIIOHEHT MOCTIMHO aHAII3y€e
MOTOYHI METPUKHU IBUAKOCTI BIJIMOBI/I1 Ha 3aMUTU. Y BUMAJAKY, KOJIH JIaH1 METPUKHU
nopyurytotecsi  SLA, BinOyBaeTbcsi MaciutaOyBaHHs Bropy. IIpoakTuBHUM
KOMITOHEHT, B OCHOBI SIKOTO BHUKOPHCTOBYETHCSI perpeciiiHa MoJenb, 3amobirae
nepeayacHoOMY 3BUIBHEHHIO 3ape3epBOBAaHUX peCypCiB. Pe3ynbTaT eKCIIepUMEHTIB,

IO MpOBOJATHCSA HAa CMHTCTUYHUX JdHUX, ICMOHCTPYIOTH 3I[aTHiCTI) piHIeHHH a0
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aganTaiii a0 MNpoCcTUX MIA0JOHIB HaBaHTaXeHHsA. B poborax [66, 67]
JOCIIJIKYIOTBCS MOXJIMBI MIIXOAU JIJIi TOPU3OHTAJIBLHOrO MacuiTabyBaHHs. B
pe3yNbTaTi MPOBEAECHUX EKCIEPUMEHTIB B POOOTI MPUXOIATH JO BUCHOBKY, IO
KOMOIHaIlisE 3 JBOMa HE3QICKHUMHU KOHTpPOJEpaMH — PEAKTUBHOTO JJis
MacmTabyBaHHS Bropy 1 MPOAKTUBHOTO JIJIsi MacIITaOyBaHHS BHHU3 — € HAHOUIBII
e(eKTUBHUM 3 TOYKH 30py AKOCTI mochyr. [IpoTe HaBaHTa)KEHHS PO3TISAAIOCS SIK
Take, M0 HE MICTUTh NOCTIMHMX CE30HHOCTEH Ta TPEHIB, a MPOAKTHUBHE

MacIITadyBaHHsI peali30BaHO Ha OCHOBI KOPOTKOCTPOKOBOI'O MPOTHO3YBAHHH.
3.1.2 CyTHICTh METOly MPOAKTUBHO-PEAKTUBHOTO MACIITa0yBaHHs

OCHOBHUMHU KOMIIOHEHTaMH TIpH PO3pOOIl TIOPUIHOTO IMPOAKTUBHO-
PEaKTUBHOTO METOY € Oe3MOCePEeIHbO PEAKTUBHUM 1 MPOAKTUBHUNM KOMITOHEHTH,
AK1 HajaTh KoHGIirypamii OP nis 3aCTOCYHKIB Ta MOJYJIb MPUWHSTTS PIIICHHS,
SKUW BHU3HAYA€ JOPEYHICTh 3aCTOCYBaHHSA IMIEPIIOTO YW JPYroro THITY

MaciTa0yBaHHs. 3arajibHa cxema TriopuIHOro 300pakeHa Ha puc. 3.1:

Mopyns O6’ekT
Jlxepeno maHux |« . < .
MOHITOPHHTY YIIPaBIIiHHSA
Mojyie Momyms
—  PeaKTHBHOTO [ 3aCTOCYBAHHS
YIIPaBILHHA
h 4 T
Mopmyms 06pobKkn Mc‘)‘;(ym;
- IpHAHATTA
JaHUX .
pimreHs
Momyie
'— TPOaKTHBHOTO |[—
VIpaBIIHHST

Pucynok 3.1 — 3aranbHa JilarpaMa KOMIOHEHTIB T10pUAHOTO METOY YIIPaBIIHHS

[Ipu po3poOiii TiOpUIHOTO METOy HEOOX1IHO BUAUIMTH CHUTYyaIllli, B SKHUX
HEOOXITHO TepeaaBaTH KepyBaHHS MDK KOMMOHeHTamu. [lpu HaBuaHHi Mojeni
MPOTHO3YBaHHS OOOB’SI3KOBUM €TaliOM € BHU3HAYEHHS il TOYHOCTI PI3HUMHU
METOJlaMU — PO3AUICHHS JaHUX Ha HAaBYaJIbHI Ta TECTOBI, KpOCBaIiAaIlis Ta 1HIII

[68]. Skmo oTpuMaHa MOJENh Ma€ HU3bKI MOKA3HUKH TOYHOCTI, TO 3 BHCOKOIO
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BIPOTIHICTIO 3aCTOCYBaHHSI IIPOTHO3IB TaKOi MOJENIl MOXKE IIPU3BECTH JI0
HAJUIUIIIKOBOIO a00 HEIOCTaTHHOTO pe3epBYBaHHS. TOMy MPOMOHYETHCS POOUTH
nepexig 3 MPOaKTUBHOTO YIPaBIIHHS 10 PEAKTUBHOTO MPU BIJICYTHOCTI TOYHHX
nporHo3iB. Taka cuTyarlisi MO’ke BAHUKHYTH Uepe3 BTpaTy JaHUX a0o iX BIACYTHICTh
Ha MMOYaTKOBHX €Tanax poOOTH.

MosxnmBa cuTyallis, KOJId TOYHICTh OTPUMAHOI MOJIETI € JOCTaTHbOIO IS
3aCTOCYBaHHs MPOTHO3IB Ha 1HGPACTPYKTypl, aje (PaKTUUYHO TMPOTHO3U HE
CHIBNAJAIOTh 3 AaKTyaJbHUMH MOTpeOdaMM 3aCTOCYHKIB. Taka cHTyalis MOXe
BUHUKATH Y€pe3 HAABHICTh HETUIIOBUX HABAHTAXKEHb, SIKI BIJCYTHI B ICHYIOUHX
naHux. B Takomy BUNaiKy, YIpaBIiHHSA Ma€ MEPEXOIAUTH Bl MPOAKTHUBHOTO /10
PEaKTUBHOTO KOMIIOHEHTA, OCKIJILKM OCTaHHIN Jll€ HA OCHOBI JIMIIE MOTOYHOIO
crany IC. V Bumnanky Buxopuctanus MAPE 1 mominy naHux Ha TpeHyBasbHI 1

TECTYBaJIbHI BaJJallITHUIN 1HIUKATOP OMUCYETHCS SIK:

X (- X, (¢ ST T
lz ly() ! ly() <Athreshold7t:O,nalzlamayzl’ ’ (31)
X, (?)

n

A€ X, — IIPOTHO30BaHE 3HAYEHHS BUKOPUCTAaHHA [-ro 3acTocyHKy y-ro OP, X, (1) -

baktuaHe, Amyreshols — KOHCTATHE 3HAYEHHS 33J0BUIHHOTO MOKa3HUKA TOYHOCTI.

SIKIIO ynpaBiiHHSA 3A1ACHIOETHCS PEAKTUBHUMH METOAAMM, ajie MpU LbOMY
Oyna oTpuMaHa JOCTATHS TOYHICTh MOJENl, HEOOXIJHO MepelaTH YNpaBlIIHHA
IPOAaKTUBHOMY KOMIOHEHTY. /[l 3amo0iraHHs MOBTOPEHHIO TOINEPEIHbOTO
BUIIAJIKY, B SIKOMY TOUYHICTb OyJia JOCTaTHSA, ajie (paKTHUUHI BUMOTH B1IPI13HSUTUCS BiJl
MIPOTHO30BAaHUX, MAIOTh BIIOYBATHUCS 10JATKOBI IEPEBIPKH.

Jist BUpilIeHHS €T MpOoOJIeMH MPOMOHY€ETHCSA 3aCTOCOBYBATH ACHHXPOHHUM
KOMIIOHEHT MOHITOPUHTY CTaHy 3aCTOCYHKIB, SKUU TIEpeBIpsi€ HAasBHICTb
nocTaTHbOI KiabkocTi OP y 3acTocyHkiB abo mokazHukyd QoS mepea NpUuiHATTIM
OCTAaTOYHOTO PIMICHHS IIOAO0 Mepeaadl YMpaBliHHS BiJ OHOTO KOMIIOHEHTY [0
iHmoro. Taki itepauii BigOyBaeTbCcsl 3 NEPIOJUYHICTIO Tepeck, @ KUIBKICTH
HEYCHIIMHNX a00 YCHINTHUX ITepariil Juisi mepenadl yrnpaBiiHHS BHU3HAYAETHCS

KOHCTaHTaMHu N, Ta N, BIATIOBIJHO.
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Y F(ty+ T,y =N, i=LN, (3.2)

ne F (l‘ ) — 1HAMKATOpHA (PYHKIIIS BIAMOBIIHOCTI MOTOYHUX 3aMHTIB 0 MOTOYHUX

noTped, 110 OBEPTaE HYJIb MPHU YCHIIIHOMY pe3yibTaTi, a B 1HAKIIOMY BUIAAKY —
OJIUH; fp— TIOYaTKOBMM Yac BUIIIKY ITICISA MEpIioi Hepaadi. TakuMm YHUHOM, IIs
PIBHICTh BUKOHYETHCS TPHU TMOCIHIIOBHINA HEBIAMOBIAHOCTI 3amuTIiB A0 moTped OP
MPOTATOM 3aJIaHOi KIJIBKOCTI 1Tepamii N,, 1o € 1HIUKATOPOM IIEPEeXoy Bij
MPOAKTUBHOTO YMPABIIHHA 10 PEaKTUBHOTO.

3BOpPOTHSI omeparlisi Mepexoy OMUCYEThCS HACTYITHUM YHUHOM, JI€ BCl
MOCJIIJIOBHI TEPEBIPKU BIANOBIAHOCTI 3HaueHb 3anutiB OP g0 daktuuHoro
BUKOPUCTAaHHS MAIOTh OyTH yCHIIIHUMMU:

S F(ty+ T, i)=0,i=LN, (3.3)

ne F(t) — iagukatopHa (yHKIIS BIAMOBIAHOCTI MPOTHO30BAHUX 3alUTIB O
MOTOYHUX MOTPeO; #y) — MOYATKOBUN Yac BIJUIIKY IICJIS OTPUMAHHS HEOOX1IHOT
TOYHOCTI MOJIEJII TPOTHO3YBaHHH.

[lepen Oe3nocepenHiM 3acTOCYBaHHAM KOHQIrypallii Ha OCHOBI MPOTHO3IB
3MIICHIOETHCS TIEPEBIPKA MPOTATOM BKa3aHO! KUIBKOCTI 1Teparliii, M0 IMiABUIILYE
cTiiikictb IC 10 MOBTOPHHMX HETUINOBUX IIA0JOHIB HaBaHTaxeHb. Ha puc. 3.2

300pakeHa aiarpama craniB CY Ta onucaHni yMOBU EPEXOAY MK HUMHU.

3. HeycnimHa iTepariiina
TIepeBipka
2. Hu3bKa TOYHICTE
MoJeni

IIpoaxTuBHe
YIIPaBIHHS

PeakTuBHe ynpaBIiHHsA

1. JlocTaTHA TOYHICTE MOJIETI 1
YCILIIHA ITepaniiiHa ITepeBipKa

Pucynox 3.2 — Jliarpama ctaniB TiOpuIHOTO YIIpaBIiHHS

JI>xepesnoM 1CTOPUYHUX AAHMUX JJI MMPOAKTHMBHOIO MOAYJS BUCTyINae Oa3a
naHux cucteMHux MeTpuk. B Kubernetes 11 1bOro BUKOPUCTOBYETHCA

Prometheus. Ilicis oTpumanHsS maHWUX 1 1X MIATOTOBKH BiIOyBA€ThCS HABYAHHS
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Mozeial Ta omiHka i1 ToyHocti MerogamMu MAPE, RMSE a6o inmmmu. OiiiHka
TOYHOCTI MOJKE BiJJOYBaTHCS Ha BIJOKpEMJICHIM YaCTHHI ICTOPUYHMX JaHUX. Taka
nepeBipka HeoOX1IHa JAJIl YHUKHEHHS CUTYallil, KOJIM KOPOTKOCTPOKOBO HA/Ia€ThCS
TOYHHMM TPOTHO3, aj€ y JOBTOCTPOKOBIM MEPCIEKTUBI TOYHICTh 3HAYHO Majae. Y
pa3i JOCTaTHbOI TOYHOCTI, MOAYJb TPUUHATTS PIlIeHb MEpeNae YIpaBIiHHA
IPOAKTUBHOMY KOMIIOHEHTY, SIKUH 3/11iCHIOE pO3paxyHOK HE00X11HOT KibkocTi OP
Ha OCHOBI OTPUMAHMX MPOTHO31B. Y 1HAKIIOMY BHITAJIKY, YIIPABIiHHS MEPEAAETHCS
pPEaKTUBHOMY KOMITOHEHTY.

J1Jist BU3HaYEHHS MPUIHATHOT TOYHOCT1 HEOO0X1/1HE BCTAHOBJIEHHS KOHCTAHTH
Ahreshold- SHAYCHHS A jpreshola MAE TIPSIME BITHOIICHHS J0 MIATPUMaHHS HEOOX1HOTO
piBHs Q0S. Huszbke 3HAUCHHS A pyreshola<80% Tipu3Beie 10 BUKOPUCTAHHS HETOYHUX
MPOTHO31B 1 HeKOpeKTHO1 KoHbirypartii OP, a 3ananno Bucoke ~100% 110 mocTiiHO1
pOOOTH PEaKTUBHOIO KOMIIOHEHTA, 0 MA€ TIpIl XapaKTEPUCTUKU €(PEKTUBHOCTI 3
Touku 30py piBHA QoS. 3HaueHHS  Apreshola MOXKE OyTH  3HAMACHO
CKCIIEPUMEHTAJIbHO, OCKIJIbKM TOYHICTh QJITOPUUTMIB TPOTHO3YBaHHS MOXKE
BIJIPIZHATHCS Ha PI3HUX TUIMAX HaBaHTaxkeHHsA. Ha puc. 3.3 300pakeH0 aJroputM

Nepexoy BiJl MPOAKTUBHOTO YIIPABIIHHS 10 PEAKTUBHOTO.

(Hoqarox )

OTpHMaHHA ICTOPHYHHX
IAHHX

ObpaxyHOK MporHosie
Buxopucrauna
OOIHCTOBATEHHX pecypeiB

Hocraras
TOYHICTB

/ 3acTocyBaHHA PEAKTHEHOL
rordrypami

f
Tax / 3acrocyeanmsa npoakTHBEHOL
rordirypami

/\Tal\
3acTocyHOK npaipoe?
Hi

Kiners
——

Y

Pucynok 3.3 — AropuTt™ nepexo1y Mi>k CTAaHaAMU B 3aJI€KHOCTI BiJl OTPUMaHOT

TOYHOCTI TIPOTHO31B
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VY pasi oTpuMaHHs TOYHOCTI MOJIEII, IO BIAMOBIAE 3aIAHOMY A ihreshoid, A€
HEBIJAMOBITHOCTI IMIPOTHO30BaHUX 3HA4YeHb (DAKTUUYHOMY BHKOPHCTAaHHIO PECypcCiB
MOJTyJIb BaJliAamii 31l CHIOE MOCTIHI MEPEBIPKU 3 METOIO BUSIBUTH TaKy CUTYAIIIIO.

ITepion nepeBipoK 7 cpeck MAE BIATIOBIIATH TIEP10TY 300pPY 1 OHOBJICHHS METPHK
B IC nns mBuaKoi peakilii Ha 3MiHy HaBaHTakeHHs. [IpoTe mpu HU3BKOMY Mepioi
iTepaiiid 7epeck KITBKICTD MEPEBIPOK NI iepexoay N mae OyTu 301IblIeHa 1JI TOTO,
100 YHUKHYTH TIEPEX0/Iy BiJl OAHOTO CTaHy JI0 1HIIIOTO Y BHITAKy KOPOTKOYACHHUX
aHOMaJbHUX HaBaHTaxeHb. Ha puc. 3.4 300pakeHo cXxeMy aaropuTMy nepexo.ry Bif

IIPOAKTUBHOI'O 10 PCAKTUBHOI'O yr[paBJ'IiHHH.

TTogatox

DI‘IJI[MH.HHS[ NOTOYHHX Z

+ Ouikysanns T gacy
IaHHX BHKOPHCTAHHA /
* 'y
OTpHMAHHA OTOYHHX
3AMHTIB
Hi
UH BIANOEBITAIOTE
3AIHTH n+=1 n>=N?
BHKOPHCTAHHIO?
Tax
Y
Tax / 3acTocyBaHHL PeaKTHEHOL

3acTOCYHOK Mpamroe?

/ KoHpirypanii

Pucynok 3.4 — Anroput™ nepexoiy BiJi MPOAKTUBHOIO JO PEAKTUBHOTO

VIPaBIIHHS y BUMAAKY TOCTAaTHHOI TOYHOCTI MOJIEII

Jlyist mepexoay 10 MPOaKTUBHHOTO YIPABIIIHHS MAa€ BUKOHYBATHUCS JIB1 YMOBH,
a caMme JOCTaTHS TOYHICTh OTPUMAHOI MOACT Amoder > Aihreshola 1 YCHIIIHICTD
MepeBipoOK MPOTATOM n iTeparliii, mo 3o00paxkeHo Ha puc. 3.5. Lle m03BOJIUTH
YHUKHYTH 3aCTOCYBaHHSI MOJIEJII TPOTHO3YBaHHS HU3bKOI TOUHOCT1 Ta HEKOPEKTHUX

MPOTHO31B HABAHTAXKEHHS.
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OTpHMaHHA IOTOYHHX
JAHHX EHKOPHCTAHHS

)

OTpHMAHHA IPOTHO30BAHAX
3AMHTIE

UH BiIOOBLIAE
IpPOTHO3
BHKOPHCTAHHIO?

f

Ouixysanua T gacy

n+=1

Hi

% ACTOCYBaHHA HpOOa.KTHBHO/

/ Kondirypanii

Pucynok 3.5 — Anroput™ nepexoiy BiJi peaKTUBHOTO 10 MPOAKTUBHOTO

yIpaBJIiHHS

B Kubernetes knactepi peanizaliisi riOpUIHOTO METOJy BUMAara€e HasBHOCTI
BCTAHOBJIEHUX pILIEHb s MOHITOpUHTY, a came Prometheus ana pobGotu 3
BUCOKOPDIBHEBUMH 1 arperoBaHMMHM METpPUKaMH Ta metrics-server s
HU3BKOPIBHEBUX METPUK IMOTOYHOTO cTaHy. KOMMOHEHT metrics-server Haaae
iH(opMaIlil0 3 MEHUIUMMHU 3aTpUMKaMHU, HI0 JIOPEYHO BHUKOPUCTOBYBATH IS
peakTUBHOTO MaciTaOyBaHHS. 3 1HIIOTO OOKYy, TMPOAKTHBHE MacIITa0yBaHHS
BUMAara€ HasBHOCTI ICTOPUYHHUX JaHMX, a Prometheus Hajae Taky MOXIIUBICTH 3
HEBEJIMKUMU 3aTpUMKamMu. Mojayib 3acTOCYyBaHHsS MpU3HAYEHUN A poOOTH 3
Kubernetes API ta Ge3nmocepeHbO BIAMPABIIsA€ KOMAH/IM HA 3aCTOCYBaHHS HOBUX
KoH(pirypaiit OP.

JIJig TpOaKTUBHOTO MacIITa0yBaHHS BHUKOPUCTOBYETHCS 3aIIPONOHOBAHUMN B
po3auni 2.4 meron. Jyis peakTUBHOTO MaciITaOyBaHHS BUKOPUCTOBYeTbcst HPA —
BOyJIOBaHE pIIICHHS JJIsI aBTOMAaTH3allli TOPU3OHTAIBLHOIO MacIITaO0yBaHHS B
Kubernetes. OcnoBna iness HPA nonsirae B Tomy, abu 3a TOMOMOTOIO pPeryJsiii
KUJIBKOCTI PeTlIiK MATPUMYBAaTH BCTAHOBJIEHE 3HAUECHHS CEPEIHbOI0 HABAHTAKEHHS
Ha KOXHY peIUlKy 3acTocyHKy. Jlius MiHiMi3amii yacy TepeMHUKaHHS BiJ

MPOAKTUBHOTO JI0 pEeakTUBHOro kommnoHeHTy, HPA mnpamioe B pexumi
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CIIOCTEpIraHHs, 10 AOCATAETHCS MIJISIXOM BCTaHOBJIEHHS mapametpy selectPolicy B

3HayeHHd disabled.

Kopucryean
———————————————————————————————————————————————————————————————————————————— 1
| Knacrep I !
: banancyeaq Kommonest :
I HABAHTAHKEHHT | momiTopunry |
| |
| & |
I e e |
| | Macmrratbysat — !
| | Nowm | | |
| 3 L 4 I | Momv - Metrics-Serv |

Mopgyus sanimanii «— peaxktEEHOrO [+ Metrics-Server +—

| | . |
| Pozroprauns A Posroprauns b | yrpagmisma | |
I I 7 : I
| | — |
: 3actocyHox A Exzemmmap 1 3actocyHok B Exzenmmap 1 : Momvas : |
J = I

: : MPHEHATTA : — I
. - L PpIIIeHE Moz [ :
| Jacrocyrok A Exzemmnap 2 3acrocyrok B Exzenmmap 2 | 7 Oy Ik | |
: I [IPOAKTHEHOTO 4JI— Prometheus |[+— |
| : |

| | Mozyms YTIPABIIIHE ! |
: Jacrocynok A Exsemmnap 3 3acrocyrok B Exzemmap 3 : 3aCTOCYBaHHL : - :
I I ! I
I I | I
| [ 7 e |
| |
| |
| |
| |
| |
| | h 4 |
: KonrTponep I
| Kubenetes APT !
| POIrOpTAHE :
| |

Pucynok 3.6 — [liarpama inTerpauii riopuanoro pimenss B Kubernetes kiacrep

3.1.3 JlocmipkeHHs: METO1y TPOAKTUBHO-PEAKTUBHOTO MacIITa0yBaHHS

J1J1st OIIIHKH SIKOCT1 pO3pO0JICHOTO PIIIEHHSI TPOBEICHO /IBA EKCIIEPUMEHTH Ha
kjactepl minikube, sikuii BKIItOUa€e 0JIMH By30J1, Mae 12 nporecopHux saep 1 16 I'0
OTIEPATUBHOI MaM’SITI.

HaBaHTaxkeHHsI TeHepyeTbCs 3a JOMOMOror0 yTWIITH locust, sika 103BoJIsLE
HAJCWJIATH 3alUTH IO 33JaHOMY CLEHapilo. TecTOBUH 3aCTOCYHOK MOXe OyTu
MacmTabOBaHW $SK TOPWU3OHTAJIBHO, TaK 1 BepTUKaIbHO. Ha KOXHUE 3amuT
BUKOHY€THCS CUHTETUYHA 3a]1a4a, sIKa BKJII0Uae BUKOHaHHS onepaiiii Ha CPU.

B nepiiomy ekciepuMeHTi po3po0sieHe pillIeHHs 3aITyCKAaeThCs 0e3 0y ab-sSKO1
nonepeaHpoi ictopii. IlepioguyHicTh HaBaHTAXKEHHS CTAHOBUTH I1’SITh XBUJIMH Ta
konuBaeThes Bi 20 1o 100 3anuTiB Ha cekyHay. Ha puc. 3.7 300paxeHo pe3ysibratu
IPOBEJEHOr0 eKcrepuMenTy. Ha mouaTky ympaBiiHHS pecypcamMu IepeaaeThes

PCaKTHUBHOMY KOMIIOHCHTY, 4CPEC3 110 B MOMCHTH ITI0SIBU HABAHTAKCHHS HpI/ICYTHi
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BUCOKI 3HaueHHs dYacy BiamoBimi. Ilicis Tprox mepiofiB HaBaHTAKEHHS,
MPOAKTUBHUN KOMIIOHEHT MAa€ 3MOT'y TOYHO OOYMCIIIOBATH HEOOXIJHY KiJIbKICTh
perutik Ta 6epe Ha cebe ynpasmiHHs. [lounnaroun 3 800 CeKyHIM EKCIIEPUMEHTA,
9ac BiATIOBIIl B MOMEHT MOSIBU HABAHTA)KEHHS 3HAYHO 3MEHIITY€ThCSI, 1110 BIMIOBIIA€

4acy Mepexoy YIpaBIiHHS J0 MPOAKTUBHOTO KOMITOHEHTY.
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Pucynox 3.7 — IIpukian nepexoay BiJl pEaKTUBHOTO JI0 MPOAKTUBHOTO YIIPABIIIHHS

Bapro 3a3naunty, mo 95 mepueHTUIb Yacy BIANOBIAI MPU MPOAKTUBHOMY
MacitabyBanti Ha 210% kpamuii 3a aHaIOT1YHUN MMOKa3HUK peakTuBHOTOo. Kpim
TOrO, MpU TNPOAKTUBHOMY YHPaBIIHHS pe3epByBajiocs Ha 11% weHie
IIPOLIECOPHOTO Yacy.

B npyromy ekcnepuMEHTI BU3HAYA€THCS 3/IaTHICTh 3BOPOTHOTO MEPEXOIY.
CrnoyaTKy ynpasiiHHS BiAOYBa€TbCs 32 JOMIOMOTOI0 PEAKTUBHOT'O KOMIIOHEHTA, aJle
IICJIsl TIOSIBU HETUITOBOTO HABAaHTAKEHHS YIPABIIHHS MEPEXOIUTH 10 PEAKTUBHOTO
KOMITIOHEHTa. Pe3ynbratu excriepuMeHTy 300paxkeHi Ha puc. 3.8. IIporsarom Tprox
Nepio/iiB HABAHTAKEHHS BIANOBinae ma0dioHy. YeTBepTwil mepion MICTUTh
aHOMaJIbHE HABAaHTAXKEHHS, BIAMOBIIHO BiJOYyBa€ThCs TEpexis 10 PEaKTUBHOIO
YOpPABIIHHS, OCKUIBKM BHUHHUKA€ HEBIANOBIJHICTh 3alUTIB 10 (HAKTUYHOTO

BuKopuctanus OP.
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Pucynox 3.8 — [Ipukian nepexoay BiJl MPOAKTUBHOTO J0 PEAKTUBHOIO YIIPABIIHHS

IIpU HCTUIIOBOMY 11a0JIOH1 HaBaHTaKEHHS

[IpoBeneH1 eKCrepuMEHTH JEMOHCTPYIOTh €(PEKTUBHICTH 3alIPOIIOHOBAHOIO
METO/1Y MPOAKTUBHO-PEAKTUBHOIO MaciTadyBaHHs. [IporpaMuuii MOy BKITIOUA€E
peanizariii Jyisi FOPU30HTATILHOTO MaclITadyBaHHs, IPOTE 3aIPONOHOBAHUI METO/
MOXKe OyTHM BUKOPUCTAaHUU 1 JIJIi BEPTUKAIBHOIO YIPABIIHHS 3 BUKOPHUCTAHHIM

aHAJIOTTYHMUX 1HIUKATOPIB MEPEXOy.
3.2 MeToa ropM30HTAJIbHO-BEPTHKAJIBbHOI0 MACIITA0YBAHHS

['opusoHTanbHE Ta BepTUKAIbHE MacIITa0yBaHHS 3aCTOCYHKIB € OJHUM 13
HaWOUIBII e(h)eKTUBHUX IHCTPYMEHTIB /I aBTOMATH3allii rpoiieciB ynpasiinag OP.
['opu3oHTanbHe MacimTadyBaHHS, HAa BIAMIHY BIJl BEPTHKAIbHOrO, € OUIbLI
yHIBEpPCAIbHUM, OCKUIbKM 3a0e3nedye BIAMOBOCTIHKICTh, HE € OOMEXEHUM
pecypcaMu OjHI€T (PI3MYHOI MAIIMHU Ta JO3BOJISIE THYYKO KEepyBaTH 00’ eMaMu
BUJIITIEHUX pecypciB  [69]. Ha mpaktumi BepTUKaJbHE MaclITa0yBaHHS
BUKOPHUCTOBYETHCS Y BUNAAKY, KOJIHM 3aCTOCYHOK HE MOXKE OYTH PO3IOIIICHUM.
Xoya TOpH30HTAJbHE MAacHITa0yBaHHA € THYYKHUM CIIOCOOOM JUHaMIYHO
PO3MOUIATU PECYPCH, IIEH MPoIieC BiIOYBAETHCSA B MEKaX BCTAHOBJICHHUX 3aITUTIB.

Ao KUIBKICTh BUIIIEHUX 3acTocyHKy OP 1 akTyajlbHe HaBaHTaXEHHS IO



100

KOKHOMY 3 PecypciB He 30alaHCOBaHEe, TO BiATOBIIHO YacCTHHA IILOTO PECypCy He
BUKOPHUCTOBYEThCS. PeryiroBaHHs 00’€MiB 3alHTiB B MEXaX OJHOTO 3aCTOCYHKY
MO3K€ JI03BOJIMTH PO3MIIIEHHS HOT0 €K3eMIUIIPIB Ha OUIbII crienianizoBaHux BM,
110 JTO3BOJIMTH 3HU3UTH (PIHAHCOBI1 BUTpATH MpHU €KBiBaJieHTHOMY piBHI QoS [70].
Y  mepmoMy  po3mii  3ampoOINOHOBAaHA  MOJENh  TOPU30HTAJIBLHOTO
MaciTabyBanas. Onrcana MoJIelTb TOPHU30HTATBHOTO MAacCIITa0yBaHHS Ma€ HEJIOTIK
— HEJOCTaTHS yTWII3allisl HENpIOPUTETHUX THUIIB pecypciB. HempiopureTHwmii
pecypc He Ma€ BIUTUBY Ha 00’€MM BUIUICHHS PECYpCiB MiJ TUIAHYBaHHS B ILIIOMY
ab0 B KOHKpeTHHI MoMeHT uacy. Ha puc. 3.9 300pakeHO mpuKIaj
He30aJIaHCOBAHOTO BUAUICHHS pECypcCiB Il 3aCTOCYHKY, KOJHU YTHIJII3aIlis
MPOIIECOPHOr0 Yacy MIATPUMYETHCS HA 3aJJaHOMY DiBHI, 1110 cTaHOBUTH 90%, ane

pIBEHb YTUJII3allli IHIIIUX PECYPCIB € HU3BKUM.
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30 |-
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Pucynok 3.9 — Hez06anancoBana ytwmizaiiii OP npu ropu3zoHTaibHOMY

MaciTabyBaHHI

3MEHIICHHS] KUIBKOCTI E€K3EMIUISIPIB  HEMOXJIMBE dYepe3 HEeOoOXITHICTh
3a0e3nedyBaTu 3ajaHuil piBeHb QO0S, a 4YacTKOBE peryltoBaHHSA 00’€My pecypciB
3aCTOCYHKY HE MOXe OYyTH BHUKOHAaHE KOMIIOHCHTOM TOPHU30HTAJIBLHOTO
MacitabyBanHs. JIJis BUPIIIEHHS OMKCAaHOI MPOOJieMH HEOOXITHO B PYyYHOMY
PeXUMI alanTyBaTH KOH(DIrypallio 3aluTiB Ta TOPU30HTAIILHOTO MacITabyBaHHs

JI0 TOTOYHUX TOTPeO, 110 € CKIaAHO0 3a1aueto B Benukux IC.
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[Ipononyetrhcsi MeToA TIOPUAHOTO MacITaOyBaHHS JUIsl aBTOMAaTH3aIlll
JTAHOTO TIPOIIECY, AKUH € MOX1IHUM BiJ] TOPU30HTAIBHOTO, aje MPH I[bOMY € OUTbII
epekTuBHUM B KOHTeKCTI ytwiizauii OP. 3ampomoHoBaHUil METO MOKIMKAHUIM
BUPIIIUTH HACTYIHI MpOOJIeMH MpU POOOTI 3aCTOCYHKIB, IO MACIITaOYyIOThCS
TOPU30HTAIBHO:

— MIBUIICHHS PIBHS YTHIII3AIlil TUIIIB PECYPCIB, SIKi HE € MPIOPUTETHUMHU TIPU
TrOpU3OHTAIBHOMY  MaciiTaOyBaHHI, JJI  MIABUINCHHS  €(EKTUBHOCTI  iX
BUKOPHCTaHHS,

— YPEryJIIOBaHHS CUTYaIll{, KOJIM MaKCUMaJIbHE BUKOPUCTAHHS €K3EMILISIPOM
OJIHOTO 3 THUIIIB PECYpCiB NEPEBUIIY€ BCTAHOBJICHI 3allUTH HA IIEH THUM pecypcy,
30KpemMa, TMOMMJIKM HecTadl TmaM dTi, 5K M[pU3BOAATH JI0 BIAMOBU  BIJ

00CITyrOByBaHHS.

3.2.1 Anam3 ICHyIOUYMX METOMAIB  IHTErpamii BEePTUKAIBHOTO 1

TOPU3aHTAJIbHOI'O MaCH_ITa6YBaHH$I

Tema xoMOiHaIlli BEpTUKAIBHOTO 1 TOPU3OHTAIBHOIO MACIITa0yBaHHS BCE
yacTille 3’ SIBIsE€ThCS B HayKoBuX mpaisax [40]. buibmiicts migxo/iB 6a3yeThcs Ha
nporHo3yBanHi. B po6oTi [71] mpornoHyeTbes MiXia 3 BAKOPUCTAHHIM YIIPaBIiHHS
MPOTHO3YIOYMMHU MOJICTISIMA 3 BUKOPUCTAHHSIM MOJENI 13 3aJaHOI0 KIJIBKICTIO
napameTpiB, SIKI BU3HAYAIOThCS HA OCHOBI €MHOCTI KJacTepa, MPOTHO30BAHOIO
00’eMy uepru 3aj1ad i 3anuTiB 3acTocyHKiB Ha OP. Ha ocHOBI 3a/1aHiX 0OMEXKEHb 1
OTPMMAaHUX MPOTHO3IB BUPINIYEThCA 3a7aya onTuMizamii posnoguieHHs OP.
ExcniepuMenTansHo oTpuMadi MeTpuku QoS KOMOIHOBAaHOTO METOAY MOKa3ylOTh
OPUPICT Yy TOPIBHAHHI 3 TOPU3OHTAJIBLHUM MACIITa0yBaHHSM, IPOTE OIlIHKA
edexTuBHOCTI BUKOpucTaHHs OP He BuBYaeTbes. B poboti [72] mporoHyeThes
I miaxia, komu BM macmraOyeThesi BEpTHKAIBHO, TTOKA HE JOCATHYTO MEXI1
(b13MYHOT MaIlIMHU, TICJSI YOTO 3aCTOCOBYETHCSI TOPU3OHTAILHE MAaCIITa0yBaHHS.

B naniif poOOTI IpUITYCKAETHCS, 1110 TOPUZOHTAIbHE MACIITa0yBaHHS MOXeE
3a0e3nedyBaTu HEOOXiaHUM piBeHb QO0S, ToMy 3Ha4YHA yBara MPUAUIIETHCS caMe
edexktuBHOCTI BUKOpucTaHHs OP kinactepa. Takoxk, MeTod, IO MPOMOHYEThCS,

3/IaTHUY BUKOPUCTOBYBATH SIK ICTOPUYHI JIaHl, TaK 1 IaHI METOIB TPOTHO3yBaHHS.
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3.2.2 Po3pobOka koopauHaTopa

Jlns ycmimHoi  CHUIbHOI  pOOOTH TOPU3OHTAJIBHOTO 1 BEPTHUKAIBHOTO
MacmTabyBaHHS HeOOXimHa KoopAuHailis ix pobotu. KoopauHyBaHHS Mae
3MIACHIOBATACA TAaKUM YHHOM, IO 3MiHM BHECCHI KOXHHM KOMIIOHCHTOM €
NoBHICTIO y3romkeHuMu [73]. HeoOpobneHi KOHGMIIKTYyIOYl 3MIHH MOXKYTh
npu3BeCTH 10 TafiHHA piBHS QO0S Ta BiAMOBH Bij 00CIyroByBaHHS. MomyIb
KOOpAMHAIlI MICTUTh JaHl MPO OCOOJIMBOCTI POOOTH 1 MOMKIMBOCTI KOXHOTO 3

METO/IIB MacIITa0yBaHHS.

Kmactep <+ - -
36ip aamx npo podory 3acTocysaHEd HOBOL KoRGIrypanii
OrTpmEManns gaEmEx Opo Moayib
YTHIISAMIR pecypcis
» TOPH3OHTATBHOTO
VIpaBIiHHL . Onosnemmz
KIMBEOCT] EESEMILTAPIE
h
Koopammarmia
4 ¥
Momyb Monyus
oAy > e Kubernetes API [—
MOHITOPHHTA KOOpIHHAI11
k 3
Koopamsamsa
4
OmoEmessa
Mozayis KOHQIryparil pecypeis
* EBePTHRAIBHOTO
OTpHEMaHEA JAHHEX PO : .
YTHTISaNiK pecypeis YOpPaBTIHA

Pucynok 3.10 — liarpamMa KOMIIOHEHTIB rOPUAHOTO METOAY MaclITa0yBaHHS

B Moayni koopauHanii asis y3roukKeHHsI poOOTH KOMIIOHEHTIB POMOHY€ThCA
BUKOPUCTOBYBAaTH MPHUHIIMI TMPIOPUTETHOCTI, KOJU OJIMH 3 KOMIIOHEHTIB €
JPYTOPSIHUM 1 HE MOKE€ BIUIMBATH HA MOTOYHI PILIEHHS KOMIIOHEHTA YIIPABJIIHHSA 3
BUIIMM  MPIOPUTETOM, a JIMIIE aJanTyBaTUCS JO HAJAHMX  PILIEHb.
HeckoopanHoBane MNpUHHATTS pIlIEHb MOXE MPHU3BECTH A0 HEKOPEKTHOTO
MaciTadyBaHHS 3aCTOCYHKY 1 JI0 TaiHHs MoKa3HUKIB QoS. Moaynb KoopauHallii
3a0e3neduye y3ropKeHHsI KOH(ITypalliii KOMIOHEHTIB MacIITa0yBaHHS HACTYITHUM

YHUHOM:

S(x) = H(x,V (x,null)),F, > P,, (3.4)
Y V(x,H(x,null)),P, > P,
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ne S(x) € dynkiiero macmtadbyBanus, H(x, ¢) ta V(x, ¢) — pyHkuii macimtabyBaHHS
TOPU30HTAIFHOTO Ta BEPTUKAJIHLHOTO KOMIIOHEHTIB BiJIIOBITHO, SIKi MPUHMAIOTh Ha
BX1J ICTOpWYHI JaHi Ta HasBHY KoH(]irypauito, Py Ta Py € mupiopureramu
BIATIOBITHUX KOMIIOHEHTIB [69].

Monyns  koopAMHaLii  HaJae TMepeBary  camMe  TOPHU30HTAIbHOMY
MacIITa0yBaHHIO, OCKUIbKM TaKHHM MiAXiT HE OOMEXEHH pecypcamMH OJHIET
(G13UYHOT MAIIMHU Ta € OLIBII THYYKUM JJIsl BUKOPUCTAHHS B CYYacHI apXITeKTypi

3 BUKOPUCTAHHSIM MiKPOCEPBICIB.

MacwTa6oBaHicTb

EdeKTUBHICTL BUKOPUCTaHHSA pecypcis
@ Beprukansre @ lopusoHTanbHe

Pucynok 3.11 — [lopiBHSIHHS XapaKTEPUCTHK TUIIB MAacIITa0yBaHb

Jlist peamizaifii 3anpOnOHOBAHOTO METOJIY MOKHAa BHUKOPUCTOBYBATH SIK
JoKepeNia ICTOPUYHUX JIaHUX YTWII3allii 3aCTOCYHKIB, TaK 1 JlaHi OTpUMaHi B
pe3ysbTaTi poOOTH MOAeNeil MporHo3yBaHHSA. [CTOpUYHI AaHI MepenarThes 0
MO/TYJIsl TOPU3OHTAIILHOTO YIIPABIIHHS, 1€ TPUHMAETHCS PIIICHHS MPO JAOLUIBHICTh
30UTbIICHHST a00 3MEHIIEHHS KIUTBKOCTI ek3eMmrunipiB. Ha Bxig Momyins
TOPU30HTAJIBHOTO YIPABIIHHS TaK0X MOAAETHCS 1HPOpMAILlis PO MOTOYHI 3aMUTH
Ha pecypcu Xy, [=1,...m, y=1,...,h, e m — KUIBKICTb THIIIB PECYpPCIB Is
YOPAaBIIHHS, /1 — KUJIBKICTh 3aCTOCYHKIB 1 IIJIbOBUHM PIBEHb YTHIII3allli KOXKHOTO 3
pecypciB 1, 0 < Tj, < 1. Pe3ympraToM poOOTH MOAYJSI TOPU3OHTAIBHOTO
YOPaBIIHHSA € KUIBKICTh €K3eMIUBIpIB [-e0 3acTocyHKy k; Ilpukmamom Takoro

monyiist € HPA.
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B Moaym BepTHKanbHOTO MaciITabyBaHHS Ha MEPIIOMY eTari Bii0yBaeThCs

BU3HAYCHHS PIBHS YTUIi3a1lii Ko>kHoro 3 OP:

U e 1oy Lok (3.5)
=—=,1=1,..m,y=1,..,h, .
> y

ly
ly

ne Uy, — piBeHb yTHiI3allii /-ro 3acTocyHky y-ro tuiy OP.

Ha ocHOBI BCTaHOBIEHHMX LIJIbOBUX DIBHIB yTuii3amii 7j BHU3HAYA€ThCS
OTMIOPHUN THN pecypcy, Ha OCHOBI SKOTO BIJOYBaJIOCS TOPU3OHTAIHHE
MaciTabyBaHHS:

Ul
Y i =argmax(?y),l =1...m,y=1,...,h, (3.6)

Iy
I€ Vpivor — IHAEKC pecypcy 3 MaKCUMaJbHUM BIJHOCHHUM pIBHEM yTwiizauii /-eo
3aCTOCYHKY y-koro tuity OP. HactynmHum kpokom BiA0yBa€eThCs OLIHKAa HEOOX1THUX
00’€MiB pecypciB, sIKl HE € OMOPHUMHU 3 BUKOPUCTAHHSM I[IIbOBHUX PIBHIB YTHII13a1lii

szl
X, = fUX, (). X, () X, t)}.T, )l =1m,y =1..h,n=1..N,
yiypivot’

(3.7)

ne X 1y — OOYHCIIEH] HA OCHOBI ICTOPMYHUX JAHUX 400 MPOrHO31B 3HAYEHHS 3aIMTIB
Ha OP nHa morouHiii itepamii, i X;(f) BinOyBaeTbcs NEPEXiA Bl CKAIIPHOIO
3HauYeHHA 10 (DYHKIII1, OCKIJIBKH JJIs1 00OUUCIIEHHS 3aMUTIB HEOOX1THO BpaxOBYBaTH
BIJIPI30K ICTOPUYHMX JaHUX abo OTpUMaHMX TMpOrHO3iB; f(x,y) — QyHKIA
oOuucieHHs 3anuTiB. B 3amexHocTi B KOH(Irypamii, s 1i€i QyHKIIT MOXYTh
3aCTOCOBYBATHCS P13HI METOM ONITUMI3aIIii.

[Ipu MacmtabyBaHH1 110 BciM goctynmHuM OP nponoHyeTbes 3aCTOCOBYBATH
yHiBepcainbHy QYHKIIIIO, PE3YJIBTAT SKOI rapaHTy€ KOPEKTHY pOOOTY 3aCTOCYHKIB Ta
KOMIIOHEHTIB MaclITa0yBaHHS:

max(x)

f(x,u):—, (38)
u

JIe X — BEKTOp 3Ha4eHb BUKOpucTanHs OP, a 4 — 11ij1boBe 3HAYCHHS MOTO yTHITI3aIlli.
SIKIIO Vpivor € PIKCOBAHUM 3HAUYEHHSM, TO MOXKYTb 3aCTOCOBYBATHCS HACTYTIHI

ornTuMi3ariii.
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Kosxen Tun OP Mae cBoro cnienindiky ynpasiiHHs. [IpornoHyeTbest po3aiivTu
ix Ha nBi rpymu. llepma rpyma BKIOYae THIH PECypCiB, TEPEBUINCHHS
BUKOPUCTAHHS SKUX HE TMPU3BOJWUTH MO TOBHOI BIMOBHU BiJl OOCIyrOBYBaHHS
3aBIISIKM aMOPTH3AIlil HecTadi Ha HACTYITHUX [UKJIaX poOOTH 3acTOCYHKY [74]. Taki
tund OP MoXyTh OyTH IITY4YHO OOMEXKEHi 3 METOI0 JOTPUMAHHS BCTaHOBJIECHUX
Bumor. Hampuknan, mius CPU pecypcy 3acTocyHKy Oyae HagaBaTHCS JIHILE
BCTAHOBJICHUH Yac poOOTH Ha sJpl Ipoliecopa, a BCl omeparllii, ki BUXOIATh 3a
MexXi, OyIyTh BUKOHaHI B HAacCTymHOMY mepioail podotu [75]. CX0Xuil MPUHIIMII
poOOTH Mae MepeKEBUI pecypc, B sIKI CTBOPIOETHCS Yepra 3 NaKeTiB Ha BIAIIPABKY.
st OP 3 mepiioi rpynu mporoHY€EThCsl BUKOPUCTOBYBATH 3aJJaHUM TEPIICHTUIIb

Py OOYMCIIEHH] 3aIUTIB:

fl(x: p)= Xsorted (n=1) 1|, (3.9)

P
100

JIe X — BEKTOp 3HA4eHb BUKOPUCTAHHS Jesikoro OP, n — NoBXKUHA BEKTOPY X, a p —
[IJTFOBUN TMEPUEHTWIh YTWII3alii. 3ampolioHOBaHA ONTHUMIZAIlld MOXe OyTu
KOPHUCHOIO TpPH HASIBHOCTI KOPOTKOYACHUX IMIKOBMX 3HAY€Hb y HABAHTAXCHHI
3aCTOCYHKY. IlepueHTusib 103BOJIsIE OOYUCIUTH TaKl 3alUTH, SIKI MOKPUBATUMYTh

OUIBIIIICTD HASIBHUX CIICHApP1iB HABAHTAXKEHHS Ta JI03BOJISATh YHUKHYTH HAJMIPHOTO

pe3epBYBaHHS PeCypCIB.

3.2.3 [EkcnepuMeHTalbHI JIOCHIJDKEHHS TOPU30HTAIbLHO-BEPTUKAIHHOTO

METOY

JUist  omiHKM €(QEeKTHMBHOCTI 3alpONOHOBAHOIO METOIY MPOBOAUTHCS
MOJICIIIOBaHHS pOOOTH 3aCTOCYHKY, SIKMM MacIITa0yETHCS K TOPU3OHTAIBHO, TaK 1
BepTukanbHO. [IpoBenenns excnepuMeHnTtiB Ha Kubernetes 1H(pacTpykTypi
YCKIAAHIOETHCA TUM (DAKTOM, IO [l OHOBJIGHHS 3alUTIB Ul 3aCTOCYHKY
HEOOX1THO TIepe3amyCTUTH BCl oro ex3emiunsipu. Ha peanbHiii iHQpacTpyKTypi 11€
JOCSITAETHCS IIJISIXOM MOCTYIOBOTO Mepe3anycKy KOKHOTO 3 €K3eMIUISIPIB, 110 He
BUMarae CyTT€BUX J0AaTKoBUX 00’eMmiB OP Ta He BmimBae Ha MeTpuku QoS.

MopentoBanHsi BinOyBaeThcsi 3acobamu Python ta 6i6mioreku Pandas. Mognenb
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rOpU30HTAJIBLHOrO MaciiTadyBaHHs aHanoriuHa 1o HPA, a came BUKOpUCTOBY€EThCS
PEaKTUBHMU TIJIX1J], BU3HAYAIOTHCS IUJIOBI PiBHI yTHIII3allli JJISI TIPOLIECOPHOTO
Jacy Ta Iam ATi, a epeolliHKa 3auTiB Bi0yBaeThcs 3 mepioanuHicTio B 100 c, o
€ BIJOOpaXCHHSAM TEPIOAMYHOCTI 300py Ta arperaiii METPUK B pealbHOMY
KJ1acrTepi.

[lepmnii ekciepuMeHT nepeBipsie poOOTy 3aIPOMOHOBAHOTO METONY, KOJU
OTIOPHUM PECYPCOM, MO SIKOMY BiOYBA€ThCSI TOPU3OHTAIbHE MacIITaOyBaHHS €
nporecopHuil yac. BimoBigHO BEpTUKAIEHO MacITa0y€eThCs IaM’iTh. B mepiomy
JOCITIKEHH1 cyMapHe HaBaHTakeHH:1 3 riepiogudHicTio 1000 ¢ konmmBaeThes Bix 200
MiTikopiB g0 1200 wmimikopiB, a BCTAHOBJIEHI 3alUTH HAa MPOLIECOPHHUM dYac
CTaHOBJIATH 250 MUTIKOPIB MpH LUIbOBOMY piBHI ytuiizamii 90%. Takum ynHOM
3aCTOCYHOK MAacITa0yeThcsl BIJ JBOX J0 I'ATH ek3emmuisipiB. Ha puc. 3.11
300paxeHo rpadik HaBAaHTAXXECHHS Ta KUIbKOCTI €K3eMIUISIPIB AJisl HOro oOpoOKH.
Takox Ha puc. 3.12 MoXkHa MOOAYUTH 3aTPUMKY MAacIITaOyBaHHA NpPHU TOSIBI
HABAHTAXKEHHS 1 BIJIIOBIAHO 3aTPUMKY MEepe]l 3MEHIIIEHHSIM KUTbKOCTI €K3EMILISIPIB,

10 BiamnoBiaac nosemium HPA.

—— CymapHni 3anut CPU
CyMapHe BUKOpUCTaHHSA CPU
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Pucynok 3.12 — 'opuzoHTabHe MaciTadyBaHHS 3aCTOCYHKY MO MPOIECOPHOMY

qacy

[TouatkoBa KOH(]ITyparllisi 3aMUTIB MaM AT HE € ONTUMAJIBHOIO Ta CTAHOBHTH
100 M6. Ilpu iboMy B MOJIEITI BpaXOBYETHCSI, IO KOXKEH €K3EMIUIAP Ma€ MOCTIHHY

CKJIIaAOBY BHKOPHCTAaHHIA maM’sTi Ta TaKy, IO 3aJIC)KUTDh Bi}l HaBaHTa>XCHHA.
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BianoBigHo Ha mepimx ABOX Mepiogax poOOTH yTUIi3allis maM’aTi cTaHoBUTh 50%.
[Ticst TOTO, SIK KOMIIOHEHT OTPUMAaB JJOCTATHIO KUIBKICTh JTaHUX, & CaMe MPOTITOM
2000 c, BinOyBa€eThcs MacITaOyBaHHS BHU3 VIS 3aMKMTIB HA MaM ATh JI0 I[IJTOBOTO
9
: o .. , .
piBast 90%. Ha uerBepromy mepiofi poOOTH 3’SBISE€TbCS AHOMAIBHUM MK
BUKOPHUCTAHHSA MaM’ STl 1 KOMIIOHEHT BEPTUKAJIBHOTO MacIITabyBaHHS BiIIMOBIIHO
pearye 30UTbIICHHSM 3amUTIB Ha mam’AThb. [licis ABOX MEpiofiB HU3BKOTO PIBHS
yTHJII3a1lii 3HOBY Bi0YBA€ThCA MaclITaOyBaHHs TaM’sITI BHU3 JI0 PIBHS YTHJII3aIlli
90% mpoTAroM JBOX OCTaHHIX MepiofiB poOoTu. Pe3ympTaTu AOCTIIKEHHS

300paxkeHi Ha puc. 3.13.

—— CyMapHu# 3anuT RAM

i i =

NILIRNATERRS:
IR RIRIAIRI

‘ " PF Y

T T T T T T T
0 2000 4000 6000 8000 10000 12000
Yac, c.

0O6car nam'aTi, mb.

Pucyuok 3.13 — BeprukainpHe MacinTaOyBaHHS 3alIUTIB I1aM’ ATl
Yy p Yy

Hactynuuii ekcepuMeHT HaIliJIeHUH Ha OLIHKY pPOOOTH METOIy, KOJu
TOPU3OHTAJIbHE MaclITa0yBaHHS BIJOYBA€ThCsl MO TMaMm’sTi, a BEPTHKAIbHE
MaciiTadyerbes mpoiecopuuit yac. Ha puc. 3.14 300pakeHe HaBaHTaXKCHHS Ha
3aCTOCYHOK, @ TaKO KUIBKICTh €K3eMILUIAPIB 3aCTOCYHKY. Pi3HUILIA Yy TIOPIBHSIHHI 3
MEePIIUM EKCTIEPUMEHTOM TOJISTaE Y BUKOPUCTAHHI THITY PECypcy, MEepPEBUIIEHHS
BUKOPHUCTAHHS SKOTO HE MPHU3BOAWTH JIO aBapidHHOTO 3aBEPIIEHHS 3aCTOCYHKY.
Biamosinuo no piBHsHHA (3.9) po3paxyHOK ONTHUMAIBHOTO 3HAYCHHSI 3AITUTIB IS
MIPOIIECOPHOTO Yacy BiIOYBAETHCS HA OCHOBI BKa3aHOTO MEPIICHTHIIA, 0 I03BOJISIE

edexkTrBHO yTUiIi30BYyBaTtu OP.
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0O6car nam'aTi, M6.
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—— CyMapHWil 3anuT RAM
CyMapHe BUKOPNUCTaHHA RAM
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Pucynok 3.14 — I'opuzoHTanbHe MacITaOyBaHHS 3aCTOCYHKY IO ITaM’sITi

Ha puc. 3.15 BigoOpaxeHi pe3yibTaTH BEPTUKAIBbHO MaciiTaOyBaHHA. J[iis

oOpaxyHKy 3aluTIB Ha MPOLIECOPHUN Yac BUKOPUCTOBYEThCS 95 mepueHTwib. Ha

puc. 3.15 MoxHa MOOAYUTH aHAJIOTIYHY POOOTY MO MacIITa0yBaHHIO BHU3 Ta BIOPY

1 BIAMOBIIHUX CUTYaIlIsIX. PI3HUILIA 3 MIEPIIUM €KCIEPUMEHTOM IOJISITA€ B BUILIOMY

PIBHI yTHIII3allli pecypcy, 1110 MacTady€eThCsl BEPTUKAIBHO.
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—— CymapHuii 3anuT CPU
CyMapHe BUKOpUCTaHHs CPU
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Pucynok 3.15 — BeptukanbHe MacitaOyBaHHs 3allMTIB HA MPOLECOPHUI Yac

OcTaHHIl eKCIepUMEHT HallJICHUI Ha OI[IHKY €(EKTUBHOCTI B 3aJIEKHOCTI

Bl JOBXHHHU ICTOPUYHUX JaHUX, IO BPaXOBYIOTHCS TP BEPTUKAIHLHOMY

macimtadyBanHi. ['opu3oHTanpHe MaciiTaOyBaHHsA BiIOyBaeTbcs MO Mam’sTi 3

nepiogunuHicTio 1000 ¢, 1o 3006pakeHo Ha puc. 3.16.
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—— CyMapHMA 3an1T RAM
BuKopucTanHa RAM
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O6car nam'aTi, M6

[ 5000 10000 15000 20000 25000 30000 35000
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Pucynok 3.16 — 'opuzonTanpHe MaciTabyBaHHS 3aCTOCYHKY 11O Iam’ STl

Ha puc. 3.17 300paxkeHO pe3ylbTaTd pOoOOTH KOMIIOHEHTA BEPTUKAIHLHOTO
MacmTabyBaHHs, a pO3MIp ICTOPUYHUX JAaHUX, IO OEPYThCs 0 yBaru, CTAHOBUTH

1000 c. IlinpoBa yTHIII3a1lisl TPOIIECOPHOTO Yacy CTAaHOBUTH 95%.

400 —— CymapHui 3anut CPU
" A BukopucTaHHs CPU

350 ‘
300 A

250 J

MpouecopHWi Yac, Minisapa
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o 5000 10000 15000 20000 25000 30000 35000
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Pucynok 3.17 — BeptukansHe MaciTaOyBaHHS 3aCTOCYHKY I10 IPOIECOPHOMY

qacy 3 IOBXKUHOIO icTopuyHux nanux 1000 ¢

AHanoriyHuM eKcrnepuMeHT 300paxeHudl Ha puc. 3.18, ame posmip
icropuuHux naHux 30utbmenuit 10 4000 c. 301AbIICHHS TOBXKUHU 1CTOPUYHHX
JAaHUX, 10 BUKOPHCTOBYIOTHCS JJIsi OOYMCIIEHHS ONTHUMalIbHOI KoH(pirypaiii OP
JIO3BOJIUTh BPAaXOBYBAaTH JOBIINl IIa0JIOHW 1 CE30HHOCTI HABAHTaXEHHSA, IO

HEOOX1THUM J1sI 3a0e3eueHHsT He0OX1THOTO PiBHS SKOCTI MOCIYT.
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400 1 —— CyMapHWi 3anuT CPU
ﬁ BWKOPWCTaHHA CPU
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Pucynok 3.18 — BepTukanpHe MacitaOyBaHHS 3aCTOCYHKY I10 ITPOIICCOPHOMY

yacy 3 JOBXKUHOMW icTopuuHux gaHux 4000 c

Pesynbraty mnoka3zyrooTh, 10 MaclITaOyBaHHS BIIOYBA€TbCS 31 3HAYHO
MEHIIUM TEepioAOM, L0 3 OJHOro OOKY MPHU3BOAMTH 0 MEHIIOI €(EeKTUBHOCTI
BUKOPHUCTAHHS PECYpCiB, a 3 1HIIOTO JO0 KpalluxX MOKa3HUKIB QOS mpu MiKOBHX
HaBaHTa)XeHHAX. [IpoBeeHNI eKClIepUMEHT IEMOHCTPY€E MOXKIIUBICTD aJalTyBaTH
po3pobIieHuI METO/ 111 BCTaHOBJIEHI BuMoru SLA.

Jlami mnpoBOAMTHCS TOPIBHSHHS yTWII3Alli MPOLIECOPHOrO 4Yacy Mpu
CTaTUYHMX 1 TUHAMIYHUX 3allUTax, M0 300paxkeHo Ha puc. 3.19. Yrumizamis npu
CTaTUYHMX 3alUTaxX B CEpeIHbOMY cTaHOBUTH 60%. [Ipn BUKOpUCTaHHI TMHAMIYHUX

3aMMTIB CepeIHs yTHi3alisa cTaHoBUTh 90%.

—— [OuHaMiyHi 3anut CPU
MocTiiiki 3anuTn CPU
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©
S
L

Pucynox 3.19 — [lopiBHsIHHA yTHII3allli pECYpPCIB PY CTATUYHOMY 1 AUHAMIYHOMY

yIpaBIiHHI
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Pisenp QoS B gaHOMY BHUIAJKY 3aJ€XKHUTh BiJl OaraThoX 1HIIMX (PaKTOPiB,
30KpeMa pIBeHb BCTAHOBJIEHUX JIMITIB. [Ipy 1IbOMY BHKOPHUCTAHHSI CTaTHUYHUX
3allMTIB, HA PiBHI 95 MEPIEHTUIS, MPU3BOJUTH 10 HU3BKOTO PIBHS YTHII3aIlil Bij
30% 1o 90% B HaBeIEHUX yMOBaXx.

OO6csir BUAUIEHOTO TMPOILIECOPHOTO Yacy TMpU IWHAMIYHHMX 3amuTax y
MOPIBHSAHHI 31 CTAaTUYHUMH € MeHImuM Ha 65%. IlpoBeneHi eKCnepuMeHTH €
MOJICTIOBAaHHSAM 1 Ha pealibHIM 1HQPACTPYKTypl pe3yiabTaTH MOXKYTh 3HAYHO
BIPI3HATHUCS, TPOTE€ BOHHU JIO3BOJIIIOTH OIIHUTH TEOPETUUYHY MOKIIHUBICTh

3aCTOCYBaHHS PO3POOJIEHOTO METOLY.
BucHoBkHu 10 po3ainy 3

B poznin goBeneHO HEOOXINHICTh BUKOPUCTAHHA TiOpUIHUX METOJIB
MacmtabyBaHHs. Po3risiHyTl iCHyro4i KOMOIHOBaHI METOAM MaclITa0yBaHHS 1
MEeTOJM KOMOIHAIi JjIsl TIOpUIHUX PIlICHb.

3anpornoHOoBaHO KOMOIHOBAaHMW METOJ, SIKMWA BKJIIOYAa€ PEAKTUBHUN 1
MPOAKTUBHUN KOMITOHEHT JIJIsl TIOKPAIIEHHS CTIMKOCTI MPOAKTUBHOTO MiAXOAY A0
aHOMAJIbHUX HaBaHTaXXEHb 1 pOOOTH B yMOBaxX MOBHOT a00 YaCTKOBOI BiJICYTHOCTI
JaHUX. 3alpolOHOBAHUNA METOJl TEPEBIPEHO EKCIIEPUMEHTAIbHUM MUIAXOM 1
POJIEMOHCTPOBAHO €(DEKTUBHICTh JAHOT KOMOIHAII].

[IpoanainizoBaHO HEMOJIKA TOPU3OHTAIBHOTO MAacIITa0yBaHHS SK JUIs
MIPOAKTUBHOTO, TaK 1 PEaKTUBHOIO MiAXxoAiB. Ha ocHOBI aHali3y 3ampONOHOBAHO
KOMOIHAITIO BEPTUKAJILHOTO 1 TOPU30HTAIBLHOTO MaciTa0yBaHHS.
ExcnepyMeHTaabHO JOBEAEHO, IO 3aMJ1 Y3rOJUKEHHS pOOOTH KOMIIOHEHTIB
JOLIIIBHO ~ BUKOPUCTOBYBaTH  KoopAuHaTop. [l  OWIHKKM  e(peKTUBHOCTI
3alpOIIOHOBAHOTO METOY IPOBEACHO CUMYJISILIIF0 POOOTH 3aCTOCYHKY. Pesynbratu
€KCIIEPUMEHTIB IEMOHCTPYIOThCA 3MEHIIEHHS pe3epByBaHHs 00’ emy OP Ha 65% B
MOJIETIOBaHH1 Ta MiATBEPKYIOTh JOLUUIBHICTh BUKOPUCTAHHS T1OPUIHUX METOIIB

MacIITa0yBaHHS.
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4 PO3POBKA TH®OPMAIIMHOI TEXHOJIOTTI YIIPABJITHHSI
OBUYUCJIIOBAJIBHUMHU PECYPCAMU

B namomy po3gini Ha OCHOBI 3alpoOINOHOBAHMX MoJieNied 1 MeETOHdIB
po3pobisieThes iHpopMaliiiiHa TexHoorisa ynpasiinas OP. BupinyioTbcss OCHOBHI
3aja4i, OOMparOThCS KOMIIOHEHTH, PO3POOJIIEThCS CTPYKTypa Ta BHU3HAYAIOTHCA
0COOJMMBOCTI 1HTErpalii B icCHyIoUi pimeHnHsa kepyBanHsa IT-indpactpykryporo. B
po06oTi [1] 3anponoHoBaHa iHpOpMaIIiiiHa TEXHOOTIS IS 3MIHCHEHHSI YIIPaBIIiHHS
1HQPACTPYKTYpPOIO 3 JOTPUMAHHSM BCTAHOBJICHOTO PIBHS SIKOCTI IOCIYT IpH
MIHIMi3allli BUKOPUCTAaHHS HasiBHUX PECYPCIB, POTE HE PO3IISAAETHCS YIIPABIIHHS
OP B KOHTEKCTI MPOAKTUBHOIO MaclITa0yBaHHS Ta B yMOBaX HasBHOCTI BEJIMKOI
KUJIBKOCTI PI3HOTUITHUX 3aCTOCYHKIB B Mexax ojHi€l [C.

[npopmamiitna texHosoris ynpasiiHHA OP € CyKyNHICTIO METO[IB, WLIO
3a0e3neuyoTh edekTuBHe BuKopuctanHs OP y BipryansHux abo ¢Gi3U4HHX
kjacrepax. /s BnpoBapkeHHs 1HPOPMALIHHOI TEXHOJIOTIT B CUCTEMY YIIPaBIIiHHS
Tpeba BU3HAYUTU METOJIM YMPABIIHHS, a TAaKOXX OOpaTh TEXHIYHI 3aco0u Ta
ctBoputu [13. CyKynHICTh ITUX CKJIaI0BUX 3a0e3meuye BUKOHAHHS 1H()opMaIiiiHux
MPOLIECIB 3315 MIABUIIEHHS HAIIHHOCTI HaAaHHs 1H(OpMaIIiHUX MOCayr Ha (OH1

e(heKTUBHOTO BUKOPUCTAHHS 3aIsTHUX pecypciB [1].
4.1 Oco06.,1MBOCTI 00YHCIHBATBHUMH PECyPCaMU | HABAHTAKEHHSIM y KJIacTepi

B nigpo3nini po3risaaroThes acnekTu yrpasiainas OP, siki 6e3nocepennbo He
noB’si3aHi 3 po3noauieHHsM OP Mk 3acTocyHkamu y kiactepi. BuzHauenHs
KOPEKTHUX TOJITUK MepeBuIlieHHs 3anuTiB OP, mopsiky po3MileHHsT eK3eMIUISPIB
3aCTOCYHKIB Ta OajaHCyBaHHS HABAaHTAXCHHS € HEOOXITHUMH aCIEeKTaMUu IS

KopekTHoro ¢yHkuionyBanns [C ta Bukonanus (1.1).

4.1.1 TlomiTUKKM yHpaBIIiHHS TPHU MEPEBUIICHH] 3aMHUTIB HA 0OYMCITIOBAIIBbHI

pecypcu

3rigHo 3 (1.2) cymapsi 3anutu 3acTocyHkiB Ha OP x

Iyi ?

l=1m, y=1Lh,i=1n,

ne h — KUIbKICTh TUIIB PECYPCiB JJI YIPABIIHHS, M — KIJIBKICTh 3aCTOCYHKIB, 11 —
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KUIBKICTh BY3J1iB, HE MOXKYTh NE€pEBULIYBaTH 3araibHuil 00’em OP i-ro By3na Vi,
[0 TapaHTy€ HasBHICTh HEOOXIMHOI KUIbKOCTI OP 11 poboTH BCiX pO3MIMIEHUX

3acTOCYHKIB. HeoOXigHO BH3HAUUTH aAITOPUTM POOOTH TpU TEPEBUIICHHI
(akTH4HOrO BHUKOpPHCTAaHHS pecypciB X, BcTaHOBIeHUX BHMOI. Jleski Tumu

pecypciB MoKHAa OOMEXHTH O€3 MOBHOI 3YNMUHKY C€K3EMIUISpa, 30KpeMa, MOXKEe
3aCTOCYBATUCS TPOTIIHT Y BUMAJAKY MPOIIECOPHOTO YaCy Ta MPOITYCKHOI 3/TaTHOCTI
mepexi. [Ipu nepeBuilieHHI BUKOPUCTaHHS 3aJJaHIX 00’ €MIB peCypCiB €K3eMILISIPOM
3aCTOCYHKa B POOOTI MPOMOHYETHCS BUKOPHUCTAHHS JBOX IMOJITHK OOPOOKH TakKoi
CUTYallil — CTPOTr0i Ta HECTPOTOl.

A

[Ipu cTporiii MOJMITUIIl Y BUIMAJIKY MEPEBUILECHHS X,

 BCTAHOBJICHUX BHMOI

X, I=L,m, y=1,h, i=1,n, 1€ h — KUIbKICTb THITIB PECYpCIB JJIs YIPABIIHHSI, M —

Iyi®
KUIBKICTh 3aCTOCYHKIB, # — KUIBKICTh BY3JIIB, BIJOYBA€ThCSI HErailHE 3aBEpPIICHHS
eK3eMILISIPY, 1110 MopylIye BcTaHoBIeH] 3anuTi OP. ¥V Takuii crocid rapanTyerbces,
10 E€K3EMIUISIPH 3aCTOCYHKIB HE BIUIMBATUMYTh Ha POOOTY I1HIIMX CYMIDKHHX
eK3eMIUISIpIB Ha By3Jdl po3MimieHHs. [[10 3amponoHOBaHy MOMITUKY MOKHA
3aCTOCYBATH JJI1 MEHII BayKJIMBUX 3aCTOCYHKIB.

[Ipu HecTporiii MOMITHUII PO3MILIEHH] €K3EMILISIPU MOKYTh BAKOPUCTOBYBAaTH
HAQ/UTMIIKOBI PECYpCH BYy3Jla JIOTH, MOKH CymMapHe (paKTUYHE BUKOPHCTAHHS He

NEPEBULLYE MOTY>KHICTh JAHOTO By3Ja:

AX/yi:Vvi_zlei S,lzl,m,y:L_h,i:L_n, (41)

ne AX

yi— O0’€M JOCTYIHHUX PECYpCiB By3jla M BUKOPMCTAaHHS 3a MEKaMu

BCTAHOBJICHHX 3aIUTiB, X, — BUMOTU €K3eMILIIpa /-0 3acTocyHKy 10 OP st y-ro
THILy peCypCy Ha i-My BY3.i Kinactepa; V,, — 06’em OP nocTynHuii 1 i-ro By3ia
IUIs Y-TO TUILY pecypcy.

[Ipy upoMy B pa3l IUTAHYBaHHS pPO3TOPTAaHHS HOBHUX €K3EMILIAPIB,
BUKOPHCTOBYIOTBCSI CaM€ BCTAHOBJICHI 3alUTH, a He (aKTUYHE PO3TOPTAHHS.

[Ipuknagom peasnizaiii Takux MOJITHK € MEXaHi3M requests 1 limits Ta MexaHizm

npioputeTiB B Kubernetes.
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4.1.2 MacitaOyBaHHS KilacTepa

3aaya MJILHOTO PO3MIIICHHS €K3EMILISAPIB 3aCTOCYHKIB Y KJIACTEP1 MOJIsTae
B ONTHUMI3aIil pO3ropTaHHs PoOOYNX HABAHTAXKEHb HA JOCTYITHUX BY3JaX IS
MakcuMi3allii piBHs yTuiizaiii [76]. BupimieHHs 11i€i 3a/1a4l 103BOJIMTH 3MEHITUTH
(diHAaHCOBI BUTpATH Ta MPUIIBUIIIUTU MPOIEC PO3TOPTAHHS HOBUX EK3EMILISPIB.
HeoOXimHO 3a3HAuYuTH, IIO L8 3ajJada € IIAMHOXXHHOIO 3aJad ONTHUMAaJIbHOIO

PO3MIIIEHHS BIpTYaJlbHUX MallliH, sika € NP-moBHOIO [77].

I-Iepra PD?MiIIIEHHH EKﬂEMH.T[HPiB Ha BY3IIH KJIaCTeEpy

#1 #2 #3

#4‘ #5 ‘#6

Y pasi HeBaaui MpH PO3MIIIIEHH] eK3eMILIAp MOBePTAEThCA B Hepry

(ineTparlia By3miB 3a
TpaBHIaMH Ta >
HAasBHICTIO pecypciB

T

Pucynok 4.1 — Cxema eramniB po3MilIEHHS €K3EMIUISIPIB

O1riHKa OCTYITHAX PoamireHHs Ha
i JIOCTY. Iy

BY3I1iB obpanomy By3ui

V pasi BIZICYTHOCTI JIOCTYIIHHX BY3IIIB /U1 PO3MITIIEHHS

VY BuUMajKy, SKIIO KJIacTep HE Ma€ JOCTaTHRO1 KiIbKoCTi OP 1151 po3ropTaHHs
HOBOTO €K3EMIUIAPY, Ma€ BIIOyBaTHCS MacIITa0yBaHHS KiacTepa MUITXOM
J0/IaBaHHSI HOBUX BY3JiB TAKUM YUHOM, 11100 BUKOHyBanacs HepiBHICTH (1.3) 3
ypaxyBaHHAM €K3eMILIPIB B uep31i Ha po3ropranHs. [loBHa yTumizauis OP knactepa
O3HAYae, M0 PO3MIIICHHS HOBUX €K3EMILISIPIB UM 3aCTOCYHKIB 200 HEMOXKJINBE, a00
BiIOyBAa€ThCS 31 3HAYHOK 3aTPUMKOW. [l moOKpalieHHs METPUKH Yacy
pO3ropTaHHs BBeIeMO Koe(DilieHT 3amnacy.

szi >(1+¢)- Zle
> X

Y 5 max

2V,

ne Xj, — BUMOTH eK3eMIusipa [-ro 3actocyHKy 1o OP nmst y-Toro tumy pecypcey, 1o

J=1m,y=1h,i=1n, (4.2)

po3MiLLyeThCs y Kiactepl; Vi, — 06’ em OP noctynHuit fi1s i-toro By3ia Jyist y-TOTO

THUITYy pecypcy; € — Koe(illieHT 3anacy, SKUil BUBHAYAETHCA HACTYITHUM YHHOM:
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2
ZV;y 9y :Lhai :1,7’1, (43)
V>V

iy iy

€

! . . )
ne ZVW — MakcHMallbHa OYlKyBaHa MOTYXXHICTh KJjlacTepa B MalOyTHbOMY, a

CHUCTCMA 3BOIUTHECA 10 HaCTYHHOT 3aJ1€)KHOCTI:

X, 1 e o
> J=1m,y=1Lhi=1,n (4.4)

DV, l+e
Ilpu ¢>1 xmactep mae moctatHpo OP ausl MIBHAKOTO PO3TOPTAHHS HOBUX
3aCTOCYHKIB 200 €K3eMIUISIPIB B paMKaxX BCTAHOBIIEHUX 0OMexkeHb SLA 1 ipu 1ibomMy
€ ONTHUMaJIbHUM 3 (DIHAHCOBOI TOUKH 30py. 30KpeMa, SKIIO PO3TOPTaHHS HOBUX
3aCTOCYHKIB a00 MacmrTaOyBaHHS ICHYIOUHX HE IependadacThesi, TOAl mpu €=1

yTUiIi3allis pecypciB kiactepa mae ctaHoBUTU 100%.
4.1.3 banancyBaHHs HAaBaHTAXEHHS MIXK €K3EMIUISIpAMH 3aCTOCYHKIB

Opniero 3 BUMOr 710  1H(QOpMaUIAHOI  TEXHOJOTii  YHpaBJiHHI
KOHTEHHEPU30BAHUMH 3aCTOCYHKaMH € 3/IaTHICTb KOPEKTHO OanaHCyBaTH BXIJIHI
3anmuTH a00 3a7a4i Ha 00POOKY MK €K3eMIUIIpaMU 3aCTOCYHKIB.

banancyBaHHs — 1€ TIpoOIEC PO3MOJIUICHHS POOOYOTO HABAHTAXKEHHS MiXK
MHOKHHOIO €K3EMIUISIPIB 3aCTOCYHKY 3 METOIO 3HWKEHHS 3aTPUMOK, IiJABUILEHHS
MPOITYCKHOI 3IaTHOCTI Ta 3a0€3MeUeHHs B1JIMOBOCTIMKOCTI, 1[0 HAMPSAMY BILTUBAE

Ha piBeHb QOS 1 JoTpuMaHHs BcTaHOBIEeHUX BUMOT SLA [78].

Knactep

3actocyHok 1
¥ Exzemmusp 1

¥ Exzemmsp 2

—  bBanancysay | —

3aranpHuit
GanancyBay

3acTocyHok 1

AnminicTpatop ¥  Exsemmuip |

— banancysau 1 —

+  Exzemmusp 2

Pucynok 4.2 — Cxema OanaHCyBaHHS y KjiacTepl
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bamancyBaHHs ~ HaBaHTaKEHHS  BIIOyBAae€TbCS HA  CIEIIATI30BaHOMY
POrpaMHOMY CEpBEpi, KU po3TalioBaHUi 0e3MocepeIHbO Mepel] EK3EMIUIIPaMU
3acTocyHKiB. KpiMm OanmaHCyBaHHS, MOYKE TaKOK HalaBaTHCS (DYHKITIOHAI JIOTTYHOTO
pO3MO/ILTY, HAIIPUKJIIAJ, HAITPaBJICHHS 3alUTIB OJJHOTO KOPUCTyBaya Ha OJUH 1 TOU
CaMHl eK3EeMIUTSIP 3 METOI0 BUKOPUCTAHHS JIOKAJIHHOTO KEIlla eK3eMILISIpA.

Ha puc. 4.2 300paxkeHo nekiiibka OanaHCyBadiB. 3arajbHUN OalaHCyBau
BUKOHY€E (DYHKIIIIO JIOT1YHOTO PO3MOALTY 1 MEpeaJpecoBY€ 3alUTH Ha OajlaHCyBau
3aCTOCYHKY 3TiIHO BCTAaHOBJICHUX IPABUJI 32 JOIMIOMOTOI0 3aroJIOBKiB a00 1HIIHMX
aTpuOyTIB 3amuTiB. bamaHcyBad 3aCTOCYHKY MpU PO3MOJUICHHI 3alUTIB MiX
EK3EMIUISIpPAMH BUKOPUCTOBY€E BCTAHOBJICHI TOJIITUKH.

[li1BHILIEHHS TPOIYCKHOI 34aTHOCTI JOCATAETHCSA ILISAXOM PIBHOMIPHOTO
PO3IOUICHHS 3aMUTIB TaK, 110 KOXEH €K3eMIULIp MOBHICTIO yTUlizye HajgaHi OP
BYy3JI1a 1 HE BIJIOYBAETHCA MEPEBAHTAXKEHHS )KOJTHOTO 3 HUX.

BigmMoBoCTIHKICTh 3a0e3MedyeThcsl HUITXOM Tepeajpecallii  3amuTiB 3
CK3EMIUISIpa, SKUM HE MOXKE BUKOHYBAaTH CBOi (yHKII, Ha 1HII EK3EeMIUISIpH
3aCTOCYHKY IPH HAasBHOCTI 3amacy MpPOMYCKHOI 34aTHOCTI.

HexopekTHuii po3mojif 3amuTiB MOXKE MPU3BECTU JI0 TEPEBAHTAKCHHS
KOHKPETHOTO €K3eMIUISIPY, [0 MOXKe MaTu psij HachiakiB. [lo-mepine, e 3ynuHka
pobOTH eK3eMIUIsipa 4Yepe3 BUXiJ 3a MexXi 3anuTiB Ha OP, mo npuszBOguTh 10
JI0JIATKOBOTO HABAHTAYKEHHS Ha 1HII €K3EMIUISPH 1 JIAHIFOTOBOTO €(EKTY, 110 MOXKE
NpPU3BECTH [0 TNOBHOI BIIMOBHM BiJI OOCIYroBYyBaHHS. I|HIIMM HacCIiIKOM €
HEPIBHOMIPHICTh BUKOpHUCTaHHS OP mpu MOHITOPHMHTY Ta aHaji3y 3aCTOCYHKIB.
Hani npo cnoxuBanHs OP MOXyTh BHKOPHUCTOBYBATHUCS JUISl TMOAAIBIIOT iX
onTUMI3aIlli, 10 3HAYHO YCKJIAJHIOEThCS  HASBHICTIO  HEPIBHOMIPHOTO
PO3IIOIJICHHS 3aIUTIB.

Meroau 6aiancyBaHHS MOXKYTh OyTH CTaTUYHUMHU 1 AUHamMiyHUMU [79, 80].
Cratuyni Metogu € e(EeKTUBHUMHU B CEpEeJOBHINAX 3 IependadyBaHUM
HaBaHTaXXEHHSM, JIc BapiaTUBHICTh 3alUTIB € MiHIMaabHOK. CTaTUYHI METOJIU HE
BUMAralmTh ajantauii KoH]irypaiii Ta BUKOPUCTOBYIOTHb 3ajJlaHl MpaBuia JJIs

PO3MOMUICHHS 3alUTIB MDK ek3eMIuisipaMu. OCHOBHOIO TIEPEBArol0 CTaTUYHUX
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METOJIIB € TIPOCTOTA, JETEPMIHOBAHICTh Ta HU3bKI BUMOTH JI0 MOHITOPUHTY CTaHy
ex3eMIuisapiB. [Ipukimagom takux metoniB € Round-Robin [79], ne ex3emmuisip no
00poOKHM 0OMPAETHCSI HACTYITHUM YHHOM:

[(x) = (I(x=1) + 1) mod k, (4.5)
ne [(x) — gyHKuis 1y BUOOPY 1HIAEKCY eK3eMIUIsipy, /(x - 1) — 3HadueHHs QyHKIIIT Ha
MonepeHbOMY KpoOIli, a k — KUIBKICTh €K3eMIUIApiB. TakuM 4YHHOM KOXEH 3
EK3EMIUISIPIB TIOUYEPTOBO OTPUMYIOTh 3aIUTH.

JlunamiuHi MeToaM OajaHCyBaHHS 3aCHOBAHI Ha aHalli3l MOTOYHOTO CTaHY
CHUCTEMH Ta aBTOMATHYHO QIaNTYIOTh CTPATET1i pO3MOAiTY HAaBaHTAKEHHS 3aJICIKHO
Bill 3MiHU MeTpuk. Cepes METpPHUK, $AKI MOXYTh BUKOPUCTOBYBATHCS JUJIS
OaslaHCyBaHHS, KIJTbKICTh aKTUBHUX 3'€/JTHAHb, YaC OCTAHHBOTO BIJITYKY €K3EMILISPY,
notouna ytuimzaiis CPU a6o RAM. JlunamiuHi MeToau 3a0e3MeuyioTh BUIIUN
piBeHb €(EeKTHUBHOCTI Ta BIIMOBOCTIHKOCTI B IMHAMIYHMX YMOBAaX, ajié BOJHOYAC
BUMAaralTh HAasBHOCTI MOHITOPHMHIY CTaHy ek3emiunipiB. IIpuknamom € meron

HaMEHIIIOT0 Yacy BiAMOBIIL:

I(x) = min(T,), x=Lk, (4.6)

ne l(x) — ¢yHKiig st BUOOPY 1HIEKCY eK3eMIUsipy; Iy — 4ac BIAMOBIII X-TOTO
EK3EMILISIPY, a k — KUTbKICTh €K3eMILISIPiB

Meroau GanmaHCyBaHHS MOXYTh OyTH HAIllJICHI HAa JOCATHEHHS OJiHi€i abo
KUIBKOX IiIeH mipu po6oTi [81]. 30kpema, 11e MOKYyTh OyTH HE TITbKU METpUKHU Qo0S,
HaIpUKJIaJ, 4ac BIANOBIAl, a M omTUMi3alis yTHiIi3alii pecypciB 1 (IHAHCOBHUX
Butpar. OAHOIIILOBI METOAM HAIJICHI Ha JOCATHEHHI OJHIET KOHKPETHOI IIii,
HaMpUKIIaa, MiHIMI3allli Yacy BiAMOBIAI a00 ONTUMI3allli BUKOPUCTAHHS 3aIaHOTO
THUITY PEeCypCiB.

bararorminpoBi MeTomuM po3poONeHI IS ONTUMI3AIil  KITBKOX  ITUIeH
OJIHOYACHO, 1110 JIO3BOJISE€ 3HAUTH OanaHC MK pi3HUMU acriekTaMu QoS, TaKUMHU K
4ac BIJMOBII, MPOMYCKHA 3/IaTHICTD 1 BIIMOBOCTIHKICTh. Taki MeTOaM 103BOJISIOThH
JIOCSITTH KOMIIPOMIC MDK PI3HUMH IUISIMUA JIJIE CTBOPEHHSI 30aJIaHCOBAHOI Ta

€(hEeKTUBHOI CUCTEMHU.
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4.2 Po3poOka indopManiiiHOI CHCTeMH YNPABJIIHHA O00YMCIIOBAJILHUMU

pecypcamu

4.2.1 Po3poOka ¢pyHKIIIOHATBHOT cXeMHU 1H(POpMaIIHOT CUCTEMHU YIPaBIIHHS

00UYHCITIOBAIBHUMU pecypcaMu

OyHKIIIOHAIbHA ~ CTPYKTypa  1HQOpMaIiiiHOT  TEXHOJOTii, MOBHICTIO
BU3HAYAETHCS NeperikoM ii pynkuiii. Ha puc. 4.3 3006paxeHna ¢pyHKIIIOHaTbHA CXeMa
cucremu yrpasiainHaa OP, e koxxeH okpemuii eneMeHT QyHKI[IOHATY BIIOOpaKeHHI
BIJIMOBIJTHAM BIJIOKpEMJIEHUM MOJYJIEM. 3alporoHOBaHA CTPYKTypa BiAMOBIAA€
OPUHIMIY €IMHOI  BIANOBIJAJIBHOCTI, JI03BOJIIE  JE€KOMIIO3YBAaTH IPOILIECH
ynpasiiHHsa OP Ha Mennn enemenTu. Knactep € npsiMum BiioOpakeHHSIM peaibHOI
IT-iHppacTpyKTypH, 1110 BKIIOYAE 3aCTOCYHKH, K1 HAJJal0Th 30BHIIIHI Ta BHYTPIIIHI
nociyru. Ex3eMIUIsipy 3aCTOCYHKIB 3 MHOXWHU A PO3MILIYIOThCS HAa MHOKHHI
BY3JIIB KJjlactepa N, siki € BioOpakeHHsM (i3uyHUX ab0 BIPTYaJbHUX MAIIWH.
KopucryBaui, SKUM HaJarOTbCAd MOCIYTH, B3aEMOIIIOTH 3 KJIacTepoM, popMyroun

HaBaHTAXXCHHA HAa 3aCTOCYHKH.

v
Kmacrep
3anuTn
. . . . OfuncmoBaNbHi
DisHec-cepBicH Texniuni-cepicH pecypeit Byzm
Kopucrtysau
Moay/ib MOHITOpHHTY
3:01p ARHIE TIPO ‘ ‘ 3y AL OTORHOL ‘ Tlepeunana 0bpobka ‘ 3bepiranna ‘

PODOTY 3aCTOCYHKIB xoH}irypauii
Moayan aHafTizy

. — - Cran cHCTEMH Ta

‘ PiBeHp yTHTI3AMIT ‘ Pisens QoS ‘ PR i
Monyas ynpaBJaiHHEA
[ligTpaMKa Veynenns 3acTocyBanHA KoH(pirypami PeakTuBHe
PiBHA yTHII3aLIL npobaem pecypeiB YIIpaBIiHHA
Moayab ILTAHYBAHHS
TpoakTHBHE PO3MOIICHHA IlnanyBaHHA pOSITHPEHHA
OOTHCIIOBATIEHHX pecypeiB KIacTepy
Mopy1s nporao3yBaHAs
Ll Maiiby i TTorenmita OwiHKa TOTHOCTI A panTtams Mozenei
HABAHTAKCHHA npobGreMa MPOrHO3iB TPOrHO3YBAHHA

Pucynok 4.3 — @yHK1ioHaIbHA CTPYKTYypa iHGOpMAIiHHOT TEXHOIOT1T
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4.2.2 OyHKIIIOHATBHA CXeMa MOJYJISI MOHITOPUHTY

B monayni MoniTOpuHTY, 110 300pakeHuit Ha puc. 4.4, BinmOyBaeThcs 30ip,

00poOKa Ta 30epeKCHHsI CHCTEMHHX Ta BHCOKOPIBHEBUX METPHK P, z =1, Jie ¢ —

KUTBKICTh TUIIIB METPHUK 3 PO3MIIIEHUX 3aCTOCYHKIB, BY3JIiB Ta 1HIIUX KOMIIOHEHTIB
KJlacTepa, 1o BKJIo4yae iHpopMallito mpo yrumizaimito OP ta HasBHuUl piBeHb QOS,
a TaKoX MOTOYHOI KoH(iryparuii posnoainy OP Xy, i =1,m, y=1,h, 1€ h — KUIBKICTb
THUIIB PECYPCIB 7S YIIPABIIHHS, 1 — KUIBKICTh 3aCTOCYHKIB.

Jlns aHanizy mpoOJieM Ta TEHACHIIIN B CepeIHbOCTPOKOBIH Ta TOBMOCTPOKOBIN

PETPOCHEKIISAX B MOJYJl MOHITOPUHTY HEOOXIJHO peajizyBaTh JOBTOCTPOKOBE

30epeKeHHs 310paHuX JTaHUX.

IMepenaua naHmHx
KOMIIOHEHTY aHaIi3y

. . Ilepenaua qaHmx
Jlaui 3 By3IIB Ta i .
_ KOMIIOHEHTY VIIPaBIIHHI
4,

KOHTeiiHepiB ) Ba3a JjaHuX | CVB[
—— > 30ip MeTpHK

ITepenada qaHHX KOMIIOHEHTY
) - TIPOTHO3YBaHHA
JlaHi 3 KOMIIOHEHTY

KoHirypariit
—>

v

36ip moToyHOi
koHGiryparii

v

] Oobpodka Arperanis

Pucynok 4.4 — dynHkirioHanbpHa cxemMa MOJTIyJIsl MOHITOPUHTY

4.2.3 dyHKIlOHAIbHA CXeMa MOIYJIS aHATI3y

B moayni anamizy, mo 300paxkeHuit Ha puc. 4.5, 3A1HCHIOEThCS TIEPBUHHUN

aHai3 JaHUX, OTPUMAHHX B PE3YJIbTaTI pOOOTH MOIYJISi MOHITOPUHTY.

TToEimosrmenEs
T EOMTIDEHEETY
Owiena piErs VUpEEMEET [pod e
Jaed = MoTynRs [y
MO TODHETE
» Apamiz Qob
I

TopierTEaEs 2

CirpiEss A0 TyTIEE iGOEENE

pecypoiE EmecTepy | L IRITCEETME

Pucynok 4.5 — ®@yHkiioHabHA cXeMa MOJYJIsl aHAITIZY

B mopyni BinOyBaeTbcs aHaimi3 piBHA yTwmsamii U, Ha npeaMmer ix

JIOCTATHOCTI Ta e(eKTUBHOCTI. BigXxuiieHHs Bij 3arutaHOBaHUX 3HAYCHb CBITYUTH
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PO HEOOX1THICTh 301IBIIUTH a00 3MEHIIUTU 00’ €M BUIIJICHUX PECYPCIB, MPO 110
MOBIJIOMJIIETHCSI MOJTYJIb YIIPaBIIIHHSA. AHAJIOTIYHUM YHMHOM BiJIOYBAa€ThCS aHaI3

piBHS SIKOCTI mocayT Ta Horo BianosigHocTi SLA abo SLO:

AQl = QZ _Qlal :lama (47)
ne AQ, — BIAXWIEHHs PIBHA SKOCTI IOCIYT B1J LIILOBOro BignosigHo 1o (1.1), a

m — KUIbKICTh 3aCTOCYHKIB. BiIXWJEHHS BiJ] BCTAHOBJICHMX 3HAYECHb JaHOTO

MOKAa3HUKA CBIIYUTH IPO MPOOJEMU B CHUCTEMI, AKI HEOOX1JHO OMepaTUBHO
YCYHYTH.
4.2.4 OyHKIIOHAIBHA CXEMa MOJYJIsl IPOrHO3YBaHHS

B Moy mporHo3yBaHHs, (yHKIIOHAJIbHA CTPYKTYpa SAKOTO 300pa)keHa Ha
puc. 4.6, 3A1iCHIOE TPOLIECH OTPUMAHHS MPOTHO31B HA OCHOBI ICTOPUYHUX JTAHUX
JUTS TITTaHYBaHHS MallOyTHROTO PO3MOAUICHHS pecypciB. B Moy mporuo3yBaHHs
BUKOPUCTOBYIOTbCSI METOAM TMPOTHO3YBAaHHS, MOJENI SKHUX HABYalOThCS Ha
JOCTYNMHUX NanuX. Jlami 1l Mojesni BalliIyl0ThCs HA aKTyaJlbHUX JaHuX. Mojeni 3
HaWKpaI[o TOYHICTIO 30€PIiratoThCs 1 B MOJANBIIOMY OYyTh BUKOPUCTOBYBATHUCS
JUIsL OTpUMaHHsI TPorHo3iB Bukopuctanus OP. Mojeni HeoOXiIHO TepeHaB4aTH,
11100 OXOMUTH HOB1 OCOOJIMBOCTI YaCOBUX Psi/IiB poOOUYMX HaBaHTaxeHb. Pe3ynbratu
MIPOTHO3YBAHHS TIEPEIAIOTHCSl B MOJTYJIb TUTAHYBaHHS, SKUW Ha OCHOBI OTPUMAaHUX
JIAHUX OILIIHIOE HEOOXITHUM 00’€M KilacTepa B MalOyTHbOMY 1 00°€M pecypciB IJis

KOXXHOTO 3 PO3MIIICHUX B HbOMY 3aCTOCYHKIB.

[Iporro3yBaHHS <
HaBaHTaKeHb <
v basa manmx
Bamipamis
HUIX 1 TIPOTHOHO31B
Jani 3 Mmomyns O6pobra na [epenaga marmx
. OTHO3YBAHHS
MOHITOPHHIa ip yB MOJYIIFO IUIAHYBaHHS

CVB/]I >

O6pobka qaHuX As
HABYAHHA

v

Haguanus mojeneii Ha
HOBHX JaHHX

PucyHnok 4.6 — OyHKiioHaIbHA cXeMa MOJ1yJIsl IPOTHO3YBaHHS
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4.2.5 dyHKIIOHAIbHA CXeMa MOYJIsl TUIaHyBaHHS

Monynb nIaHyBaHHs, 300pakeHui Ha puc. 4.7, BIATIOBIA€ 3a IHTEPIPETALIiIO
OTPUMAaHMX MPOTHO31B. MOAy/ b TUTAHYBaHHS 3/11MCHIOE IPOAKTUBHE YIIPABIIHHS B
iHQopMaIiitHIA ~ TEXHOJOrii, 3a0e3nedyrodd TepeAdyacHy MiATOTOBKY IO
3pOCTAlOUOr0 HAaBAaHTAKEHHS SK B KOHTEKCTI OKPEMHX 3aCTOCYHKIB, TaKk 1 B

KOHTEKCT1 00’ €My pecypciB Kiactepa.

OTmiHKa HeoBXiTHOTO Bu3HAYEHHS POIKIATY Baza panux
06’eMy KiacTepy PpO3MIperns Knactepy | |
Ilepenada qaHIX
| OOpoOka IaHHX MOJLYJII0 YUPABITiHHS
IIPOTHO3IB = —$ CVB]T —
Jlani 3 Moy
MOHITOpHHTA - -
O1liHKa 3aIHTiB Ha BH3Ha"eHHA PO3KIATy
009ICIIIOBATBHI MacmTabyBaHHA — [—
pecypcH 3aCTOCYHKIB

Pucynok 4.7 — @yHKIlIOHaIBHA CXeMa MOJTYJIS IJTaHyBaHHS

[Ticns opmyBaHHS PO3KIaAy BUIUIEHHS PECYpCIB, KOMAH/IU HAa BUJILICHHS
nonatkoBux OP a0o ix 3MeHIIeHHsT MaloTh OyTH HaJaHl MOJYJIIO YIPABIIHHS AJIs
KOOpAMHAIl] 3 pEaKTUBHUMU KOMIIOHEHTaMH JJIsi MOJAlbIIOT0 3aCTOCyBaHHS. B
MOJyNi TUTAHYBaHHS MOXYTh BHUKOPHCTOBYBATHCS METOAU TMPOAKTUBHOTO

YOPABIIHHS pO3p00JIEHI B IPYTrOMYy Ta TPETbOMY PO3JLII POOOTH.
4.2.6 dyHKIIOHATIbHA CXeMa MOJIYJISl YIIPaBIiHHS

Mopynb ynpapiiHHS, 300pakeHuid Ha puc. 4.8, 3M1HCHIOE K 3aCTOCYBaHHS
pPO3KJIAJIB MOAYJSl TUIaHYBaHHS, TaKk 1 3a peakTUBHE YIpaBiiHHA. PeakTuBHA
JacTHHA MOJTYJIS YIIPaBJIIHHS 3/1HCHIOE YIIpaBIiHHA KoHDirypaiieto BuaineHus OP
JUIS NIATPUMKH HEoOX11HOTO piBHA QOS Ta piBHA yTuiizauii pecypci Uy Ha OCHOBI
noToyHuX mnoTped 3rigHo ymoB (4.1). Busnauenns xoudirypamii OP s
notpuManHs SLA BiI0yBa€eThCS came 3 METOI0 OTPMMaHHS 3a/1aHoro piBHS QoS 6e3
BpaxyBaHHs (akTopy edekTuBHOCTI. 3 1HIIOrO OOKYy, (YHKIISI BU3HAYEHHS
KoH(Diryparrii pecypciB st JOTpUMaHHS HEOOX1HOTO PiBHS yTHIII3aIlli 3a0e3neuye

e(eKTUBHE BUKOPUCTAHHS BUJIIJIEHUX PECYPCIB 1 00MEXY€ 30MTKOBE pEe3€pBYBAHHS,
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mo Bianosigae Bumoram (1.1). VY3romkeHHss OTpuUMaHUX KOHIryparin
B110YBA€THCS B PE3yJIbTaTI KOOPAMHAIII:

Ml = »f;()()rdinati()n (Ml,l > MI,Z 20> Ml,q )’ Z = ]" m, (48)

1€ feoordination — (QYHKLIS KOOpAuHALii, M;, — Kepyrouud BIUIUB, ¢ — KIJIBbKICTb

KEPYIOUMX BIUIMBIB JIJI1 KOOPJAUHYBAHHS, M — KIJIbKICTh 3aCTOCYHKIB.

Busnagenna
KoHpIrypawii Ima
JotpumanHa SLA

O6pobka JaHHK PiBHA

QoS

v

OTpuMaHHA TaHIX
MOHITOPHHTY

N 3actocyBamHa
e Busnauenns KoHQIrypanii ] 3acmf:ynam?.l xomirypaii
Oolpomlta AAHHX A ZOTP t > T( P : KOHd)ll'.ypaLlll
yTamsamii pecypeis HEOOXIIHOTO PIBHA Kouirypaii pecypeis POSIIOLICHHA
yTHmizanii pecypei
OrpHMaHHA TaHHX 4
[UIAHyBAHHA Obpobka gaHux Barinaniz
_— $| 33IUIAHOBAHHX 3MiH
ILTAHYBAHHA .
KoHpirypauii
OrpHMaHHA TaHHX B
: — H3HAYCHHA
aHamsy 0O6pobka - .
- .| Kordirypami pecypeis
TOBiIOM/ICHB PO > 1 yoyne
MOMHIKH Y
TOMHIKH

Pucynok 4.8 — dyHkilioHaIbHA CXeMa MOJTIYJIsl YIIPaBIiHHS

Takox, MOy Ib yIPaBIIHHS 3aCTOCOBYE JJaH1 MOJYJIS TIJIaHYBaHHS, IKUH Ha
OCHOBI MPOTHO31B Haja€ oNnTtuManbHi KoHQirypamii OP Xj, ski Takox
BPaxOBYIOThCS MpU KoopauHailii. [Ipy BUHHKHEHHI TOMUJIOK B pOOOTI 3aCTOCYHKIB,
IPUYUHOI0 SIKMX € HEKOPEKTHAa KOH(Irypauis pecypciB, JaHUW MOIYJb Mae

aJanTyBaTH 1CHYIOUY KOH(ITYpaIliio s iX YCYHEHHS.

4.5 CyrtHicts iHGoOpMAaNiIHOI TEXHOJOrIl YNPABJIIHHSA O00YMCJIHOBAJILHUMHU

pecypcammu

B nepmy depry HEOOXiHO BHU3HAYUTH OO’€KT yIpaBIiHHS, Ha SAKUU
3MIIACHIOETHCS 30BHIIIHIA BIUIMB 1 CTaH SIKOTO BIJCHIJKOBYETHCS 1 KOPETYETHCS
IUIIXOM  3aCTOCYBaHHSA Kepyrouoro BruiMBy. Po3pobnena B gucepranii
1H(pOopMaIliiiHa TEXHOJIOT1s TPU3HaYeHa JIsl MakcuMmizaiii piBHs QoS, 1110 HaJaeThCs
3aCTOCYHKOM, MpH MiHIMI3alii Bukopuctands OP, mo BUAUISMIOTBECS IS 1HOTO

3aCTOCYHKY BiamoBigHO 110 (1.1).
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3anuTy KOPHUCTYBAYiB JI0 /-TO 3aCTOCYHKY HAIXOATh Y KJIACTEP 3 YACTOTOIO,
mo onucyerbesi QyHkiiero Qi ?). O6’em OP, mo wnHeoOXigHuM 115 00poOKU

OTpI/IMaHI/IX BaHI/ITiB BHU3HAYAECTHECA HaCTyHHI/IM YUHOM.:
W, ()= f,(Q), =1,m,y=1,h, (4.9)

ne Wy(t) — 06’em y-ro tuny OP g oOpoOku €Q,(#) 3anuTiB, fi(x) — QyHKIIS
TpaHcdopmarlii 4yacToTu 3anuTiB B 00’eM y-ro OP mis 1-Toro 3actocyHky, m
— KUTBKICTh 3aCTOCYHKIB, /1 — KUTBKICTh €K3EMIUIIPIB 3aCTOCYHKY. Moaynb

MOHITOPHHTY 30Mpa€ naHi mpo moTouHe BukopucTanHs OP exzemiuisipamu /-ro

3aCTOCYHKY JUISL KOXKHOTO j-TO €K3eMIULIpY X, , HasBHUH 00’ €M 00YHCITIOBAIBHUX

pecypciB X y; T4 TMOKA3HUKIB PIBHS AKOCTI MOCIYT, SKI BU3HAYAKOTLCS IEPEIIKOM

meTpuk {P.}, z=1,c¢, ne ¢ — xinbkicTh Takux MeTpuk. Toxi piBeHb SAKOCTI IOCIyT

BHU3HAYa€THCA SIK:

O, = [, (B.P,,... P) I =1,m,z =1,c, (4.10)

ne ny— dbynKis 06paxyHky piBHA QoOS st [-ro 3aCTOCYHKY, Jieé m — KIJTBKICTh

3aCTOCYHKIB, ¢ — KUIBKICTh TAKUX METPHK. 301p METPUK BiAOYBAE€THCS 3 BUBHAUYECHOIO
NEepIOIUYHICTIO 7.

B monyni anamizy 3/1HCHIOETHCS TIEpEBIPKa BIAMOBIAHOCTI HAsIBHOTO PiBHA
AKOCT1 MOCAyT (J; 10 BCTAHOBJIEHUX aIMIHICTPATOPOM KJlactepa 3HaueHb SLA — Qz

AHanoriyHa nepeipka 3/11MCHIOETHCS JIJIs1 BIAMOBIAHOCTI piBHS yTrmizauii OP, o

BHU3HAYA€THCA HACTYIIHUM YHNHOM!

U =22 1=Lm,y=1h, 4.11)

ne Uy — piBeHp ytumzauii y-ro tuny OP /-ro 3acTtocyHky, m — KUIBKICTb
3aCTOCYHKIB, # — KUIbKICTh TUNIB OP. AaMmiHICTpaTop BCTaHOBIIIOE IIJILOBUMN

nokasHuk yrumsauii OP — g, st y-ro Tuiy pecypey /-ro 3acTocyHky. Y pasi
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HEBIJAMOBITHOCTI MOTOYHOTO PIBHS SIKOCTI MOCIYT Ta yTHII3aIil 3A1HCHIOETHCS
KOMYHIKaIlisl 3 MOIYJIEM YIIPaBIIiHHS JIJIS OIEPATUBHOTO YCYHEHHSI IIPOOJICMH.
B Momyni mporHo3yBaHHS 3A1MCHIOETbCS PO3pPaxyHOK MallOyTHIX 3Ha4eHb

¢yHKIIT HaBaHTaxeHHS Wp(?) Ha OCHOBI ICTOPHUYHUX JaHUX MNpo (paKTHUUHE

A

Bukopuctanus OP 3acrocynkamu X, . BUKOpHCTaHHS METO/B IIPOrHO3YBAHHS, X

HaBYaHHS Ta IHTEPIIPETallisl pe3yIbTaTiB OMKUCaH1 B po3/iii 2.2.
B Moamyni mnmanyBaHHS 3A1MCHIOETBCS po3paxyHOK KoH@irypamii OP mns

IPOAKTUBHOI'O YIPAaBIIHHSA Ha OCHOBI ICTOPUYHMX JaHMX Ipo 3anuTu Ha OP X,

A

(baKTUYHOTO BUKOPUCTaHHS X o

Ta UIBOBOTO PIBHS yTHIi3awii ¢, . O6uncIeHHs
KUJIBKOCT1 €K3EMILISIPIB MPU MPOAKTUBHOMY YIPaBIIIHHI ONKCYeThes (2.14), 00’ emy
OP koxnoro exzeMiuisapa — (2.15).

B monym ynpaBiiHHS 341HCHIOETECS (POPMYBaHHS KEPYIOUOTrO BIUIMBY, IO
BijoOpaxkeHo Ha puc 4.9. B 3ameXHOCTI BiJ 3aCTOCOBAHOI aJMIHICTPATOPOM
KOH(DIrypairii JJis KO’KHOTO 3 3aCTOCYHKIB 3/IIMCHIOETHCS PEAKTUBHE, MPOAKTUBHE
abo riopuaHe ynpaiiHHs. PeaktuBHe yrnpaiinds OP onucane B (2.14) Ta (2.15)
npu D,,=0. Meron iHTerpariii NpoakTUBHOIO 1 pEaKTUBHOI'O YIIPABIIIHHSA ONHCAHO B
po3aimi 3.1, a came (3.1), (3.2) ta (3.3). MeToa koopauHallli BEpTUKAILHOTO 1
TOPU30HTAJIBLHOIO MacIITadyBaHHA 3alpONOHOBaHUM B po3auii 3.2.

3oBHImHIl
BIIINB

Ob6’exT
YTIpaBIiHHA

Busznauenns . . Busznauenns 3acTocyBaHHA
.. MomitopuHT AHami3 JaHHX .
00’eKTiB . Kepyruoro — KOH(Iryparii
. (OTpHMAHHS JaHHX) MOHITOPHHIY .
yIpaBIiHHA BILTHBY pecypcis

Pucynok 4.9 — [liarpama ymnpasmiaas OP

3acToCyBaHHS KEpPYIOUOTO BIUIMBY Y BHIVIAJI KUIBKOCTI €K3eMIUISIPIB k; Ta
00’emy OP 117151 KOJKHOTO 3 €K3eMIUISIPIB Xy, SIK1 € B1IOOpaKEHHSIM BEPTUKAIBHOIO 1
TOPU30HTAJILHOTO KOMIIOHEHTIB KEPYIOYOro BIUIMBY, BiTOYBA€ThCS 3a IOIIOMOIOIO

KOMyHiKarlii 3 inTepdencom Kiacrepa.
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4.4 Oco0auBOCTI BMKOPHMCTAHHSA IHGoOpMaUiiHOI TeXHOJIOril yHpaBJIiHHA

o0uucaoBaILHUME pecypcamu B Kubernetes

4.4.1 Ocob6nMMBOCTI yHpaBIiHHA 004YHCITIOBAIBHUME pecypcamu B Kubernetes

Peanizaris 3amnpornoHoBaHoi 1H(OpMaIIHHOT TEXHOJOTIi BUKOHYETHCA Ha
ocHoBl Kubernetes, 3 iHCTpyMeHTamMM Ta OOMEXKEHHSIMU JaHOI ILIATHOPMHU.
Kubernetes nagae iHCTpyMeHTH Jyisi KepyBaHHs po3noauieHHsM OP kmacrepa Ta
MOXKJIMBICTh 0a30BOi aBTOoMaTH3anii gaHoro mporecy. OCHOBHOIO IEpEBaror
mathopmu Kubernetes € 1i BiIKPUTICTh Ta YHIBEPCAJIbHICTh, IO J03BOJISE
posmuproBatd ¢yHkiioHan Kubernetes 3a 10MoMoror BIacHUX MNPOTPAMHUX
moxayniB. Kubernetes namae APl ngis ynpaBimiHHS KjiacTepoMm, pO3MIIIEHUMHU
3aCTOCYHKaMM, BY3JIaMH Ta METPUKaMH{, 10O 3HAYHO CHPOLIYE peaizaliio
3anpoIroOHOBaHOT 1HGOPMAIIMHOT TEXHOJIOTI].

Ha puc. 4.10 300pakeHa jaiarpama KOMIIOHEHTIB kiactepa Kubernetes 3
IHTErpoBaHoI0 cucTeMoro yrpasiiHHs OP 1 BigoOpaxeHi 3B’ 3k 3 BOYJIOBAHUMHU

CTaHJapTHUMH KOMIIOHCHTAMM.

——————————————————————————————————————————————————————————————————————————
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Pucynox 4.10 — JliarpamMa KOMITOHEHTIB KJIacTepa 3 IHTETPOBAHOIO CUCTEMOTO

ynpasiiHHs OP
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Kiactep MicTuTh By3iH, SIKI pO3MIIIYIOTh KOPUCHE HaBaHTa)KeHHs. J[aHi mpo
BUKOPHUCTAHHS PECYPCiB, a TaKOK METPHKH 3aCTOCYHKIB depe3 areHT Kubelet 3
BUKOPUCTAHHSAM €KCIIOPTEPIB HAJCUJIAIOTBCS B  MOAYJIh MOHITOpHHTY [82].
Kondirypaiiist pecypciB 11 3aCTOCYHKIB Ta 3MiHa Po3Mipy KJlacTepa Bii0yBaeThCs
yepe3 API cepsep. Moayni cuctemu ympasiiaas OP € TeXHIYHIME 3aCTOCYHKaMH,
K1 TaKOXX PO3MIIIYIOTbCS Ha BY3Jax KiacTepa Ta MOXYTh OyTH peani3oBaHi y
BUTJISJII KOHTPOJIEPIB, 1HTep(dEIC SIKUX T03BOJIIE THYUKO 1HTETPYBaTH CTOPOHHIN

KoJ B ekocucteMy miatdopmu Kubernetes [82].
4.4.2 Peamnizaliig MOyJIiB iHpOPMAIIMHOT TEXHOJIOT1i

Peanizariiss MogyJisi MOHITOPUHTY BKJIO4ae 06a30Bi komrnoHeHTH Kubernetes
UIsl 300py, 00OpoOKM Ta 30€peKEeHHs] METPUK 3aCTOCYHKIB 1 muiargopM. Metrics-
Server € pileHHsIM Uil 300py CUCTEMHUX HU3bKOPIBHEBUX METPHUK PO YTHIII3AIIIO
pecypciB By3lia PO3MINIEHUMH Ha HBOMY KOHTCHHEPHU30BAHHMH TIPOIIECAMHU.
Metrics-server Hajae OOMEXEHI MOMIJIMBOCTI OOpPOOKH Ta 3allUTy METPHUK, alie €
HaJIHHUM 1 IIBUJIKUM PIIICHHSAM JJIsI BUPIIICHHS 3a/1aul MOHITOPUHTY. [HCTANSIIS
B KJIacTep metrics-server Ta rnepeBipka Horo poOoTH 3A1HCHIOETHCS 3a JOMOMOTOI0

KOMaH/H, 1110 300pakeHa Ha puc. 4.11:

git clone https://github.com/kubernetes-sigs/metrics-server.git
cd metrics-server/deploy/kubernetes

kubectl apply -f

kubectl get deployments metrics-server -n kube-system

NAME READY  UP-TO-DATE  AVAILABLE  AGE
metrics-server 1/1 1 1 3m

Pucynok 4.11 — [HcTansmis metrics-server y KiacTep

BucokopiBHeBI MeTpUKH, B TOMY YHCII Ti, SIKI BUKOPHUCTOBYIOTHCS IS
BU3HAUYeHHS piBHA QO0S, 30uparoThbes, OOpOOISAIOTBCS Ta 30epiraloTbCsi B
Prometheus. Bukopuctanuss Prometheus no3Bomsie 30upaTé  MeTpUKHA 3
KOPOTKOTpUBAJIUX 3aj1ad 3a jgomnomororo Pushgateway [83]. Takum unHOM,
Kubernetes Hafae mupoki MOKIMBOCTI 17151 300py Ta 30€piraHHs sIK CAICTEMHUX, TaK

1 BUCOKOPIBHEBHX METPHK.
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- MozyJib MOHITOPHHTY Metrics-server

‘ (30ip MeTpHK)

\ 4

Kubelet

TSDB
(ba3a JaHHX)

Prometheus
(oOpobkai3Gip |« —»  3acToCyHOK |

JIAHHX)

Prometheus push 1
gateway - 3acTocyHOK 2
(301p MeTpHK) |

4
OTPHMAHHS METPUK

Pucynox 4.12 — Jliarpama KOMIIOHEHTIB MOJTyJisi MOHITOpUHTY B Kubernetes

Kondirypariss Prometheus, mo 3o0paxkena Ha puc. 4.13, mo3BomIsIE
HajalmTyBaTU mepioa 300py METPUK 3 BY3JIIB 3a JIONOMOIOI MapameTpy
scrape_interval. Ilapamerp evaluation interval koH}irypye mepioay OLIHKH
BUKOHAHHS MpaBuil B Moxysi aHam3y. Cekuisa scrape configs HeoOXimHa aJis
HaJalITyBaHHS MPaBUJI 300py METPHUK B 3aJICKHOCTI BiJl TUITY 3aCTOCYHKY. 30KpeMa

nijcekiis pushgateway koH}pirypye 30ip METpHK 3a push miaxomaoMm.

15s
15s

- : 'pushgateway’

- : ['pushgateway:9091"' ]
= : 'kube-state-metrics'

- : endpoints

Pucynok 4.13 — Kondirypariist Prometheus
Moaynb aHammizy TakoX MOXKe OyTH peasli3oBaHUM 3a JOMOMOTOI0 0a30BUX
KOMIIOHEHTIB B ekocucTeMi Kubernetes. Alertmanager € pilieHHsSM 17151 BU3HAYECHHS
npoOJjieM Ha OCHOBI METPUK Ta CHOBIIIEHHS MPO HUX IHIIMX KOMIIOHEHTIB a0o0

BIJITTOBITHOTO TIEPCOHATTY.
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AnmMiHICTpaTOp

M 777777777 l BcTanoBnenns mpaBmI |
| Monyns anamisy !
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! ] I |
OTpUMAaHHS TaHHX i v v | OTpUMAaHHS JaHIX
MOHITOpHHTY | Graphana Alertmanager ! MOHITOPHHTY
| (aHai3) (anaiis) |

Ilepenatuy mammux
KOMIIOHEHTY YIIPaBIiHHSA

!

Pucynok 4.14 — Jliarpama KOMIOHEHTIB Moy aHamizy B Kubernetes

Kongirypariss Alertmanager pilieHHsI CKJIaJaeTbCsA 13 3alUTIB IO MOJYJIS
MOHITOPUHTY, TpPH TMOPYLIEHHI SKUX 1 BIJOYBA€TbCS B3AEMOJISA 3 1HIIMMHU
koMrioHeHTaMu. Takok, Graphana € pillleHHAM HE TUIBKH JUJIs Bi3yasizarlii
ICTOPUYHUX JIaHUX, a TAKOXK JUIS 1X aHaji3y 1 HOLIYKY NOTEHLIMHUX MPoOeM.

Ha puc. 4.15 300pakenuii npukiia Bizyanizailii METpUKU Yacy BIAMOBIAL 3a
JIOTIOMOTO10 1HCTpyMeHTY aHaiizy Graphana [84]. 3okpema, 300pakeHO Tpu
nokazHuku — 80, 95, 95 mepueHTWII Yacy BIJANOBiAI. 3a JOMOMOTOK JAHOTO
IHCTPYMEHTY € MOJJIMBICTh aHaJlI3yBaTH SIK CHCTEMHI METPUKH, Tak 1 Oi3Hec-

METPHUKHU, HATPUKJIIAJ, KUIbKICTh 3p00JICHUX 3aMOBJICHb.

Pucynox 4.15 — [puknaz Bizyamizaiii MeTpuku dacy Bianoiai B Graphana

Ha puc. 4.16 300paxxeno mnpukiag KoH]iryparmii mpaBuil IHCTPYMEHTY
Alertmanager, siki BU3Ha4alOTh CTaH 3aCTOCYHKY, IPH SKOMY HEOOXITHO HaJaTu

NOBIJJOMJIGHHS MOZYJI0 ynpaBmiHHs. Jkepenom panux st Alertmanager €
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Prometheus. Ilapamerp koHdiryparii expr BkJIO4ae 3anuT 10 Prometheus Ha
OTPUMaHHS CEPEIHBOI yTHITI3alIl1 ITpoIiecOpHOro Yacy. [Ipu piBHI yTrimi3alii O11b111e
80% mpotsiroMm 5 XBWIMH, IO KOHDIrypyeThcsi mapamerpom for, maHi mpo
MOTEHIIHHY TpoOJieMy TIepeJaloThCsl KOMIIOHEHTY yMpaBliHHA. [HCTpyMeHT
Alertmanager 37aTHHI HaACUJIATH JaHI MPO MOTEHIIHHI MPOOIEeMHU SIK B KaHAJIU
aZIMiHICTpaTOPiB, Tak 1 nepenasatu gani mo HTTP nmpoTokony BkazaHHM CEpBEpHUM

34CTOCYHKaM.

: cpu_alerts

: HighCPUUsage
1>
100 - (avg by (instance) (
irate(node_cpu_seconds_total{mode="1idle"}[5m])
) * 100) > 80
¢ 5m

: warning

: "High CPU usage on {{ $labels.instance }}"
H—
"CPU usage > 80% for more than
5 minutes on {{ $labels.instance }}"

Pucynok 4.16 — Kondiryparrist mpaBui alertmanager

Kongirypamiss alertmanager TakoX HaJae MOXIJIHMBICTh BH3HAYaTH
KPUTHYHICTb MOBITOMJICHHS 3a JOTIOMOT010 1oJist severity. [Ipukinaa HanamTyBaHHS
KOMyHiKallii alertmanager s nepenayl MOBIJOMIIEHb NMPOJAEMOHCTPOBAaHUM Ha

puc. 4.17.

: ‘default-receiver’

: ‘critical’
¢ 'custom-webhook

- 1 'default-receiver'
- : 'custom-webhook'

- : true
: 'https://my-custom-endpoint.example.com/alerts

Pucynok 4.17 — Kondiryparii komyHikamii Alertmanager

Ceki1is route BKkasye 3B 430K MK MpaBujioM alertmanager 1 orpumyBayem. B
JaHOMY TIPUKJIAAI OTPUMYyBadeM € CEpPBEPHMI 3aCTOCYHOK, ISl SIKOTO BKa3aHa
aznpeca.

Monynbs mporHo3yBaHHs BKJIIOUAE KOHTPOJIEP, OCHOBHOIO 33Ja4€l0 SKOTO €

KOOPAMHYBAaHHS B3a€MOJIIi IHIIMX KOMMOHEHTIB. MOJynb Tak0oX MICTUTh
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peaizalliio MeTO/IiB IPOTHO3YBaHHS, K1 3aIIPOTIOHOBAH1 B JIPYTiil 4acTHHI POOOTH.
s 30epiraHHsl NaHWUX TPOTHO3YBaHHSA Ta OOpaHMX MOJENed TPOTHO3YBaHHS
MIPOTIOHYETHCSI BUKOPUCTOBYBaTH S3 abo S3-cymicHe cxoBuime. s 30epiranus
TaK0X MOYKHA BUKOPHUCTATH 1HCTPYMEHT, KU Hajaae miardopma, a came volumes,

MPOTE BiH € HU3bKOPIBHEBUM 1 OTPEOYE PYUHOTO YIIPABIIHHS.

Kommonent Prophet

| |
| |
| |
! (IporHo3yBaHHN) i
| |
|
Ompmvamas | i Tlepegaua IPOTHO3IB
|
icTopmaHIX faHEX | < i KOMITOHEHTY IUIaHYBAHHA
———»  KoHTpomep ; >
! <
| 4 |
| |
| |
. |
| Kommnonent Kommnonent Greykite !
! .
! 30epiranns S3 (IIpOTHO3YBaHH) i
| |
| |
| |
|

Pucynox 4.18 — JliarpamMa KOMIIOHEHTIB MOJTyJis MporHO3yBaHHs B Kubernetes

JlaHi 17151 IPOrHO3YBaHHS OTPUMYIOThCS IIIIXOM 3anuty 10 Prometheus. Ha
puc. 4.19 npoieMOHCTPOBAHO MPUKJIIAL PO3KIAJAaHHS YaCOBOTO PSIAY 3a JIONMTOMOT OO
0i6mioTteku Prophet Ha KOMIIOHEHTHM CE€30HHOCTI 1 wyacoBoro psay. I[lpu
MPOTHO3YBaHHI 010/110T€Ka BUKOPUCTOBYE OMUCAHI KOMIIOHEHTH JUIsl OTPUMAaHHS

TOYHMX PE3YJIbTATIB.

1.000 - \/\,\/\/\’—\/\/\’\

0.998 -

trend

2024-11-07 2024-11-14 2024-11-21 2024-11-28 2024-12-05

0.0000 A
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—0.0005 -

Sunday Monday Tuesday Wednesday  Thursday Friday Saturday Sunday

0.0001 4
0.0000 A
—0.0001 4

daily

00:00:00 03:25:42 06:51:25 10:17:08 13:42:51 17:08:34 20:34:17 00:00:00

Pucynox 4.19 — AHamni3z 4acoBOTO psiZIKy 3a nonomoroto Prophet

Monynp minanyBaHHS OyayeTbcs Ha OCHOBI 1HCTpyMeHTy CronlJobs, sikuii
JI03BOJISIE€ BIKJIACTH BUKOHAHHS 3aBJaHHA IO BKa3aHOTO MOMEHTY Yacy. MexaHi3M

BIJIKJIJICHUX 3aBJIaHb € KOPUCHUM, SIKIIIO BIJIOMO MPO 3pOCTaHHS HABAaHTAKEHHS B
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TICBHUU Hepioz[ qacy Ta HOO3BOJII€E 3aBYACHO BiI[l'[paBI/ITI/I KOMaHIy MOAYJIXO

YIOPaBIIHHS TPO HEOOX1HICTh 30UTbIIeHHS KiibkocTi OP miis 3actocyHkiB. Takox,

MOJYJib INIAaHYBAHHS BKIIIOYa€ J/IBa nporpaMHi KOMIIOHCHTH. Hepmnﬁ KOMIIOHCHT

BIJIMOBIIA€ 3a J10/IaBaHHs 00 BUIAJICHHS BY3JIIB KJjIacTepa BIJIMOBIIHO J0 HAaJaHOTO

MPOTHO3Y, a APYTHil — 3a MacIITadyBaHHA KOH(DIryparlii 3aCTOCYHKIB.

Kontponep

——+»  pO3NIUpPeHHS
KIacTepy

?

Kondiryparria

:

KoHaTponep

OTpHMAaHHA NaHHX

v

CronJobs
(BigKITaJeHEe BHKOHAHHS)

1

1

1

|

|

|

1

. 1
IpPpOrHos1B 1
|

|

|

1

1

1

|

Macm'raﬁy]aamm

Ilepenaua xomanzg
MO0 YIIPABIIHHA

Pucynox 4.20 — [liarpama KOMIIOHEHTIB MOJTyJis IU1aHyBaHHsA B Kubernetes

Ha puc. 4.21 npoaeMOHCTpOBaHO KOH(Irypamio BIIKJIAJEHUX 3a]1ad

CronJobs, mo € yactuHoro exocuctemMu Kubernetes. Ilone schedule Bu3znauae

PO3KJIaJl, KOJIU HEOOX1JHO BUKOHATH JIaHy 3adady [82].

: batch/vl
: CronJob

: example-cronjob
: default

$OTR/5 Kk Kk Kk k"

— . example-task
: busybox:latest
: ["sh", "-c", "echo

Pucynok 4.21 — Kondiryparis CronJobs

Running scheduled task at $(date)'; sleep 10"]

[Tone command BuzHauae komanay OC mii BUKOHAHHS, B SIKI Mae OyTu

3BEPHEHHSI JJ0 MOJTyJIsl yIIPABIIIHHS 3 IEpeIavueto onTuMaibHoi KoHbirypaiii OP mms

MOAAJBIIOr0 MacIITa0yBaHHS.
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KomnoneHT MoyJist ynipaBimiHHS, 110 300pakeHui Ha puc. 4.22 CKIaAa€ThCA
3 CTOpPOHHIX MpOrpaMHUX MOAYJiB. KoHTponep peakTHBHOTO YyIpaBIiHHS
BIJIMIOBI/IA€ 32 PO3paxyHOK MOTOYHOI moTpedu B OP Ha OCHOBI MOTOYHOTO CTaHy, IO
MO>KHA peajli3yBaTh Ha OCHOBI HAasIBHUX PIIIEHb JIJIsl PEAKTUBHOTO MacIITa0yBaHHS
HPA Tta VPA. KoHTposiep NpoakTUBHOTO YIPABIIHHSA OTPUMY€E KOMaHIAN MOJYJIs
MIPOTHO3YBAHHS, MPOBOIUTH OIIHKY JONUIBHOCTI 3acTOCyBaHHSA. KOMITOHEHT
KOOpJIMHALll HEOOXITHUW JJisi Y3TO/DKEHHS PEaKTHUBHOTO 1 TPOAKTHUBHOTO
KOMIIOHEHTIB, OCKIJIbKM HEY3TOPKEHI PIIIEHHS MOXXYTh IPU3BECTH /10 TIOPYIIEHb B
poOoTi cuctemu. MeToa KOOpAMHYBAHHS BEPTHKAIBHOIO 1 TOPU3OHTAIBHOTO
MacmtabyBanHs onucanuid  (3.4). Meroa KOOpAMHYBAaHHS PpPEAKTHUBHOTO 1

MPOAKTUBHOTO OMUCaHU B po3aim 3.1.

OTpHMaHHS JaHHX
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TIOMHATIOK
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1 I
] I
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i .. ——» BlaeMomiiz ———»
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OTpHMaHHA JaHHX | Kubernetes API
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1 .
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1
]
1
]
1
1
1
1
]
]

|
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|
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Pucynok 4.22 — JliarpaMa KOMIOHEHTIB MoyJIsl ynpaBiainHa B Kubernetes

KommnoHeHT koH(irypaiii peandizoBy€ThCS BUKOPUCTAHHSM BHYTPIIIHBOTO
pecypcy Kubernetes — ConfigMap. Kountposiep 00po0ku moMUIOK HEOOX1THUM JJ1st
IIBUIKOTO pearyBaHHS Ha BUHUKAIOYl MpoOJeMH, 30KpeMa, MOMHUJIIKM HecTadl
nam’sti. [{ns B3aemonii 3 pecypcamu Kubernetes nmpomnoHyeThcsi 3aCTOCOBYBATH
ICHYIOUl KJII€EHTH, 30KkpeMa, kubectl.

Jnsa peaktuBHOoro MacmtaOyBanHs Kubernetes Hagae BianoBIAHUN
iHcTpyMeHT HPA, koH(irypaiis sikoro 3o0paxeHa Ha puc. 4.23. B noii type.name
BKazyeThes Tur OP, akuii € mpiopuUTETHUM MIPH PO3PAXYHKY KITHKOCTI €K3EMILISPIB.

[Tone averateUtilization € 1iJIbOBUM 3HAYE€HHSIM yTWJi3aiii BKkazaHoro tumy OP.
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MoxyTh BkazyBaTucsa mnojis minReplicas 1 maxReplicas mnust oOmexeHHs

MIHIMAJIBHOI 1 MAKCUMAJIBHOT KIJIBKOCT1 €K3E€MILISPIB BIMTOBIIHO.

: autoscaling/v2
: HorizontalPodAutoscaler

: apps/vl
: example-deployment

- : Resource
: cpu
: 80

Pucynox 4.23 — Kondiryparis HPA

Kondirypariis ~ koHTpojepa  MNPOAKTUBHOTO  MaclTaOyBaHHS, IO
3alpoINOHOBaHUN B po3aiual 2.3, AomatkoBo BKIOYae modis upscalingTime,
accuracyThreshold, seasonalitySeconds, mio 300pakeHo Ha puc. 4.24. Ilone
upscalingTime omucye yac poO3rOpTaHHS HOBOTO €K3EMIUISipa 3aCTOCYHKY IS
TOYHOTO OOYMCIICHHS Yacy MaciiTaOyBaHHS IpH 301JIbIICHH] HaBaHTaxxeHHs. [loie
accuracyThreshold € kpuUTHYHMM 3HAYEHHSM TOYHOCTI TPOTHO3IB, MPU SKOMY

MOJAJIbLIE 3aCTOCYBaHHS POAKTUBHOTO KOHTPOJEPY HE € €PEKTUBHUM.

: example-proactive-hpa
: default

: apps/vl
: Deployment
: example-deployment
: 75
: "5m"
: 0.1
[3600, 86400, 604800]

Pucynok 4.24 — Kondirypaiiisi npoakTUBHOTO MaciuTabyBaya

Ha puc. 4.25 300paxkeHo mpukiag poOOTH KOMIIOHEHTH TOPU30HTAIHLHOTO
MaciTabyBaHHs, OTPUMAHUN 3a JIOMIOMOTOIO0 OMHUCAHMX MOYJIB MOHITOPUHTY 1

aHamizy.
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Namespace pod count

]
16:00

== Number of pods

Pucynox 4.25 — [Ipukiajg ropu30HTaIbHOIO MacIITa0yBaHHS 3aCTOCYHKY

JUist iMIIeMeHTanli BIacCHUX MporpaMHux MoayiiB B Kubernetes HeoOX11HO
B3aemoisatu 3 API. JInst 1boro MOKHA BUKOPUCTATH CHEl1ali30BaH1 010J110TeKH, SIK1
HAJAaI0Th JOJIATKOBHM pIBEHb aOcCTpakiii MK KoHirypaiiero Kiactepa 1
nporpaMHuM kojoM. Ha puc. 4.26 300paxkenuit npukian podbotu 3 Kubernetes API
3 BUKOPUCTAHHSIM MOBHU TIporpamyBaHHs Python ny1st onoBienns 3anutiB Ha OP aiis

BKa3aHOI'O pO3ropTaHH:A.

"100m", "memory": "128Mi"}
"5@0m", "memory": "256Mi"}

container = client.V1Container(
name="example-container",
image="nginx:latest",
resources=client.V1ResourceRequirements(requests=requests, limits=limits),

api = client.AppsV1Api()

response = api.create_namespaced_deployment(
body=deployment,
namespace="default"

)

Pucynox 4.26 — Ilpuknazn B3aemosii 3 Kubernetes API 3 BukopuctanusiMm MOBU

nporpamyBaHHs Python

[Tpuknan Koy B3a€MO11 BKIIFOUA€E CTBOPEHHS KOH(pIrypallii KoHTelHepa, s
SIKOTO 33JIaf0ThCS 3amuTH Ta JiMiTh Ha OP 3a momomMoror mapameTpiB requests Ta
limits BinnosinHo. Kondirypauis konteiinepa nepeaaerbcsi Ha API Kubernetes Ta

3aCTOCOBYETHCS JIJIS BCIX €K3EMIUISIPIB PO3TOPTAHHS.
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BucHoBku 10 po3ainy 4

Po3pobneno iHdopmariiiny TexHosoriio ynpasiiHHS OP Ha o0OcHOBI
3alpOIIOHOBAHUX B JucepTalii Mojeineit ta MetoiB. [HdopmaliiiiHa TeXHOJIOTris
COpsMOBaHa Ha 3a0e3Me4YeHHs BCTaHOBJIEHOTO piBHI QOS 3 eeKTUBHUM
BukopuctanHsa OP. 3anponoHOBaHO MOJITUKU [Jis BUPIIMIEHHS CHUTYyallld Tpu
nepeBuIieHHi 3anmuTiB Ha OP. Omnrcano nporecu pe3epByBaHHS 3aralbHOTO 00’ €My
OP xnacrepy Ta #oro macmraOyBaHHs. BusHaueHo cTpykTypy iH(opmamiitHoi
TEXHOJIOT1i, Ha ocHOBI fkoi cTBopeHo IC ympasninHs OP 3 nexommno3uiiero
(yHKII10HATy B OKPEMHX MOIYJISIX.

Ha ocHoBi 3ampomnoHoBaHoi iH(oOpMaIiiHOi TexHosorii ympasiiHHsS OP
po3pobneno CY OP gnsa Kubernetes, 1mo BpaxoBye HasiBHI 1HCTPYMEHTH MJis
ympasninas OP, 30kpema, Prometheus, metrics-server, HPA, VPA Tta cnenianbhi
KOHTpoJiepH Ta pecypcu. [IpogeMmoHcTpoBaHo KoHpirypaiiito koMmrnoHeHTiB IC st
pob6otu B Kubernetes.

Takum ywmHOM, 3ampormoHoBaHa iHdoOpMAIlliiiHA TEXHOJIOTIS  Hajaae
KOMITJIEKCHHM mixia 1o yrpasiinas OP, cnpsimoBaHuil Ha 3a0e3ne4eHHs 3aJaHOTO
piBHa QoS mpu noTpuMaHHI BU3HayeHOro piBHA ytwiizamii OP, HagiiiHOCTI Ta

macitaboBanocti IC B tuHaMivHUX YMOBax poOOTH.
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BUCHOBKH

VY auceprariiiHiii poOOTI BUPINIYETHhCS aKTyallbHa MpoOJjieMa YyHpaBIIiHHS
IT-inppacTpykTyporo — aBromaTtu3zaiis ynpasiiHHs OP 3 BpaxyBaHHSIM MOTpeO
3aCTOCYHKIB Ta BCTaHOBIEHHMX BHMOI 10 SKOCTi mocayr. IloctaBieni B
JTYcepTaliiHii poOOTI 3a/1a4i BUKOHAHI B TOBHOMY 00CSI31.

Ha ocHOBI mpoBeieHOro aHamnizy NOTOYHOTO CTaHy 1 TEHACHIIN KepyBaHHS
IT-iHdpacTpyKTypor0 BCTaHOBJECHO, IO BUKOPHUCTAHHS KOHTEWHEpH3allii Ta
BipTyamizalii, XMapHuUX IUIaTGopM 1 MIKPOCEPBICHOT apXiTEKTypu IS
npoekTyBaHHs [C BHMararoThb CTBOPEHHS HOBHUX METOIB M KepyBaHHs OP 3
BpaxyBaHHSIM HassBHOCTI BEJIMKOIO KIJIBKOCTI 3aCTOCYHKIB B Mexax ojHiel IC ms
3a0e3Me4eHHs] HEOOX1THOTO PIBHA SIKOCTI MOCTYT.

JloBeneHo, 10 peakTUBHI Meroaw ynopaiaiHHA OP, sxki  mumpoko
3aCTOCOBYIOThCS IpH NpoekTyBaHHI IC, He MOXYyTh HaJaBaTH KOHCHUCTEHTHUM
piBEHB SKOCTI MOCIYT Yepe3 3aTPUMKHA OTPUMAaHHS JaHUX Ta PO3TOPTAaHHS HOBHUX
ex3eMIuIsipiB.  OOIpyHTOBAaHO HEOOXITHICTH PO3POOKKM Ta  BIPOBAKCHHS
MPOAKTUBHUX Ta TIOPUAHUX METOJIB MAacIITaOyBaHHS, SKI JO3BOJISIOTh
MIHIMIi3yBaTu 30UTKOBE pe3epByBaHHs OP npu 3a0e3neyeHHi BCTaHOBJIEHOTO PIBHS
SIKOCT1 TIOCITYT.

Po3pobsieHo MeTos KOMOIHOBAHOTO NPOTHO3YBaHHS, SIKAWA BIAPI3HAETHCA
HasIBHICTIO KOMIIOHEHTIB KOPOTKOCTPOKOBOTO 1 JIOBFTOCTPOKOBOI'O IPOTHO3YBaHHS,
IO JO03BOJIAE€ OIIIHUTH MacliTad aHOMaJbHMX HABaHTaXXEHb 3a JOMOMOTOI0
3ICTaBJI€HHS 3 IIa0JOHaMHM TMONEpPEeAHIX HasBHUX B ICTOPUYHUX JIaHUX.
ExcniepuMeHTanbHe TOCHTIIKEHHS IEMOHCTPYE MABUIIICHHS TOYHOCTI MPOTHO31B 110
95% y mopiBHSIHHI 3 0a30BUMH METOJaMHU.

3anponoHOBaHO METO/] MPOAKTUBHOI'O MacIITaA0yBaHHSA, IKUM BIIPI3HIAETHCS
MIATPUMKOI0 pOOOYMX HABaHTaXKEHb, 10 BKIIOYAIOTH CE30HHOCTI Ta TEHICHITII.
MeTon mo3BoJsie MacmTabyBaTH 3aCTOCYHKH [0 3POCTaHHS HaBaHTAKEHHS
pe3epByIOUN MiHIMaIbHO HeoOXimuuit 00’em OP 3amns motpumanas Bumor SLA.

PG3YJ'H>TEITI/I CKCIICPUMCHTAJIbHUX ]_IOCJ'IiI[)I(eHB JOBOJATH SMCHILICHHSA PE3CPBYBAHHA
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OP na 47% y nopiBHSHHI 31 CTATUYHUM TiaxoAoM BuauieHHs OP npu ananoriyHomy
Jacy BIJIOBIJII Ta 3MEHILICHHS Yacy BiAMoBiAl 3 166 mc 10 23 Mc y MOpIBHSHHI 3
pPEaKTUBHUM MacIITa0yBaHHSM.

3anponoHOBaHO riopugHun MPOAKTUBHO-PEAKTUBHUN METO/]T
MacmTabyBaHHs JJs1 3a0e3ledeHHs pOOOTH 3aCTOCYHKIB B YMOBax HH3BKOT
TOYHOCTI TIPOTHO31B, BIICYTHOCTI JaHUX a00 iX HU3BKOI SIKOCTI JJIsl 3a0€3MeUeHHs
poOOTH 3aCTOCYHKIB B YMOBaX aHOMAJIbHUX HABaHTAXXEHb.

3anpornoHOBaHO METOJI 1HTErpamii BEPTHKAIBHOTO 1 TOPU30HTAIBHOTO
MaciTabyBaHHs, SIKMUM BIJPI3HAETHCA HASIBHICTIO KOOPAMHATOpA JUISl Y3TOKEHHS
BEPTUKAJILHOTO 1 TOPU30HTAIIBHOTO YIPABIIIHHS, IO JO3BOJISIE 3SMEHIIUTH 30UTKOBE
pesepByBanHsd OP. 3acTocyBaHHA JAHOTO METOAY [IO3BOJSIE 3MEHILIUTH
pe3epByBaHHS TIPOIIECOPHOTO Yacy Ha 65% y TOpPIBHAHHI 3 MiaAXoaoM 0e3
MacmTaOyBaHHS.

Bnockonanena IT ynpasninusa OP, sika BIJIpI3HSETHCS HASIBHICTIO MOJYJIIB
MPOAKTUBHOTO Ta TIOPUIHOTO YIMPaBIiHHSA, KOMIUIEKCHO OIUCYE MIAX1T [0
yrpasiinas OP B knactepi Kubernetes, BkiIrouarou MOHITOPUHT CTaHy CHUCTEMH,
aHaI3 JTaHUX Ta TMOIIYK MOTEHI[IWHUX MpoOJieM, MPOTHO3YBAHHS HAaBaHTAKCHHSI,
OLIIHKY JOILIBHOCTI 3aCTOCYBaHHSI OHOBJIEHOI KOH(irypamii Ta B3aeMOAll
komnoHeHTiB IT 3 kimactepom. Po3poOiieHi METOIM € KIIFOYOBOKO YaCTHUHOIO JIaHO1
IT. [Ipakrnuna wiHHicTh gaHoi IT monsrae B i1i mOBHINA peanizaiii B Kiactepi
Kubernetes 3a nornoMororo BOyJ0BaHUX ITHCTPYMEHTIB AaHOI MJIATGOPMH.

JIJist 3anpornoHoBaHUX B poOOTI METOAIB peani3oBaHl MpOrpaMHi MOJIYJI Ta
MPOBENICHI EKCIEPUMEHTAIbHI JOCHIDKEHHS iX e(QEeKTUBHOCTI. Pe3ynmpTaTn

JTOCITIKEHB JOBEIN €(heKTUBHICTh 3alPOINOHOBAHUX PIIICHbD.
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JTOJATOK B. JICTUHT KOJAY KOMBIHOBAHOI'O METOIY
MPOTHO3YBAHHS

def predict pattern matching(df, prediction period=1440 * 2):
def predict pattern matching(df, prediction periods):
1 = len(df)
split index = 1 - LAST PERIODS TO PREDICT
train df, to predict df = df.iloc[:split index],
df.iloc[split index:]
train = train df['y'].values
to predict = to predict df['y'].values
distance matrix = stumpy.mass(to predict, train)
idx = np.argmin(distance matrix)
prediction = df['y'].values[idx:idx +
prediction periods]

future dates = pd.date range(start=df['ds'].iloc[-1] +
pd.Timedelta (minutes=1), periods=prediction periods,
freg="min')
print (len(future dates), len(prediction))
predicted df = pd.DataFrame({'ds': future dates, 'y':
prediction})
return predicted df

def find best match(actual, predicted, 1):
def f(a, b):
diff = np.mean (
np.abs((a.reset index(drop=True) .set index('ds'")
- b.reset index(drop=True).set index('ds'))))
return diff

def step(x):
from datetime import timedelta
return x - timedelta (minutes=1)

a = actual.copy ()
b = predicted.copy ()

min accuracy = float('inf')

min offset = -1

for offset in range (0, 1, 1):
b['ds'] = b['ds'].apply(step)
accuracy = f(a, b)

if not math.isnan (accuracy) and accuracy <
min accuracy:
min accuracy = accuracy
min offset = offset

result = predicted.copy ()

result['ds'] = result['ds'].apply(lambda x: x -
timedelta (minutes=min offset))
k =1

result['y'] /= k
return result
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predicted = predict pattern matching(df, prediction period)

match = find best match(df.iloc[-LAST PERIODS TO PREDICT:],
predicted, LAST PERIODS TO PREDICT)

return match

def predict prophet (df, prediction period):
import prophet as p
prophet = p.Prophet(daily seasonality=True,
weekly seasonality=True)
prophet.fit (df)

future = prophet.make future dataframe (periods=1440 * 1,
freg="'min')

forecast = prophet.predict (future)

return forecast[['ds', 'yvhat']].rename (columns={"ds": "ds",
"yhat": "y"})

def combine(q, a, b, 1=200):
def mean absolute percentage error(y true, y pred):
return np.mean(np.abs((y true - y pred) / y true)) * 100

def optimize weights(a, b, qg):
a = a.iloc[:1].reset index(drop=True)
b = b.iloc[:1].reset index(drop=True)

].
].

q = g.iloc[:1].reset index(drop=True)
a values = a['y'].values
b values = b['y'].values
g values = g['y'].values

def objective (weights) :
wl, w2 = weights
combined predictions = wl * a values + w2 * b values
return mean absolute percentage error (g values,
combined predictions)

constraints = ({'type': 'eq', 'fun': lambda weights: 1 -
sum (weights) })

bounds = [(0, 1), (0, 1)]

initial weights = [0.5, 0.5]

result = minimize (objective, initial weights,

bounds=bounds, constraints=constraints, method='SLSQP'")

if result.success:
optimized weights = result.x
else:
raise ValueError ("Optimization failed")

return optimized weights

weights = optimize weights(a, b, q)

print (f"Optimized weights: wl = {weights[0]:.4f}, w2 =
{weights[1]:.4f}")

return weights
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JOIATOK B. JICTHHI' KOAY NPOI'PAMHOI'O MOAYJIIO
INPOAKTUBHOT'O MACIHITBYBAHHA

def get future replicas(prediction: dict, env: Env) -> int:
current = datetime.today () .replace (microsecond=0) +
timedelta (

seconds=1
)
future = datetime.today () .replace (microsecond=0) +
timedelta (
seconds=env.app latency
)
two steps ahead future =
datetime.today () .replace (microsecond=0) + timedelta (
seconds=env.app latency * 2

)

current replicas = int (math.ceil (prediction[current] /
env.cpu per pod))
replicas = int (math.ceil (prediction[future] /

env.cpu per pod))

two steps ahead replicas =
int (math.ceil (prediction[two steps ahead future] /
env.cpu per pod))

print ("replicas", current replicas, replicas,
two steps ahead replicas)

return min (max (current replicas, replicas,
two steps ahead replicas), MAX PODS)

if name == " main
env = read env ()
kubernetes.config.load config()

kube client = kubernetes.client.CoreVI1Api ()

prom client = get client()
prediction = None
model cache = datetime.now() -

timedelta (seconds=(MODEL CACHE TIMEOUT + 1))
log.info ("env %s:", env)

log.info ("HPA is enabled")
enable hpa (env.deployment, env.namespace)

time started = time.time ()

while True:
now = datetime.now ()

if model cache + timedelta (seconds=MODEL CACHE TIMEOUT)
<= now:
metrics = read prometheus metrics(
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prom client, env.deployment, env.namespace

)

prediction, accuracy = predict (metrics,

SEASONALITY DAYS)
model cache = now
log.info (f"Got prediction accuracy={int (accuracy *

100)13")

if accuracy < ACCURACY THRESHOLD:
disable hpa(env.deployment, env.namespace)

continue

else:
enable hpa(env.deployment, env.namespace)

assert prediction
future replicas = get future replicas(prediction, env)

with kubernetes.client.ApiClient () as api client:

apli instance =
kubernetes.client.AppsVI1Api (api client)
apl response =

api_ instance.patch namespaced deployment scale (
env.deployment, env.namespace, {"spec":

{"replicas": future replicas}}

)

log.info (f"Set replicas to {future replicas}")

time.sleep (env.interval)
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JOIJATOKTI. JICTHHI' KOAY MTPOT'PAMHOI'O MOAYJIIO
I''bPUIHOTI'O MACILITABYBAHHA

def strategy cpu reactive (

)

history: t.List[t.Tuplel[int, float]],
target percentile: int = 95,
max data length: int = DAY IN SECONDS * 7,

-> float:

target history = history[::-1][max data length:]
sorted history = list(sorted(target history, key=lambda

time n value: time n value[l]))

percentile_indgx = len(sorted history) // 100 *

target percentile

_, recommended cpu value = sorted history[percentile index]
return recommended cpu value

def strategy mem reactive (

history: t.List[t.Tuplel[int, float]],
overhead factor: float = 0.1,
max data length: int = DAY IN SECONDS * 7,

target history = historyl[::-1][max data length:]
return max(time n value[l] for time n value in

target history) * (1 + overhead factor)



