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[HTEeHCUBHUI PO3BUTOK XMAapHUX OO0YHCIIEHb TpaHC()OpMYyBaB MpoIecu 30epiraHHs
Ta 0OpOOKHM [aHMX, MPOMOHYIYHM MAacIITa0OBaHICTh, €KOHOMIYHY €(EKTHBHICTh Ta
noctynHicTh. IloTpeba y BucokoepeKTHUBHUX 3acobax pO3MOALTY OOYMCICHb Y
TeTePOTCHHUX XMapHUX 1HPPACTPYKTypax € HaA3BUUYAWHO aKTyalbHOW. TpaguriiiiHi
MiIXOIU JI0 PO3MOAUTY OOYHCIIOBAIBHHMX 3aBlIaHb Y XMApHHUX CEPEJOBHUIINAX YacTO HE
3/1aTHI aJICKBATHO BUPINIMTH BUKJIUKH JUHAMIYHOI IPHUPOJM XMAPHUX CEPEIOBHIII, IO
MPU3BOJUTh /0 HEe(EKTUBHOTO BUKOPUCTaHHS pECYpCiB, MIABUIICHHS BUTpaT Ta
MOTEHIIHHUX BpasnuBocTed. JlaHa amcepraiiiiHa po0oTa TPEACTaBIIsIE KOMILJIEKCHE
JOCIIJUKEHHSI Cy4acHUX MYJIbTUXMapHUX apXIiTeKTyp, METOIIB OararoKpuTepiasibHOI
onTuMizalii Ta IHTEJIEKTyalbHUX CHUCTEM TMPUUHATTSA pillleHb, M0 3aBEPIIYETHCS
PO3pOOKOI0 1HHOBAIIMHOTO KOMILJIEKCHOTO METOJy (OopMyBaHHS OOYHCIIOBAIBHOL
iH(PACTPYKTYPH Y TETEPOTCHHOMY MYJIBTHXMAaPHOMY CEPEIOBHIII.

MeTa nociaiaaeHHs MOJsATae y MiABUINCHH] PIBHS aBTOMAaTH3alli1, TOCTOBIPHOCTI Ta
00’€KTUBHOCTI OI[IHIOBaHHSI BapiaHTIB PO3rOPTAaHHS MYJIbTHXMAPHOI apXiTEKTYpH s
00poOKHM 00YMCIIIOBAIBHUX 3aBJaHb y OaraTOXMapHOMY CEpEIOBHILI, siIKa 3abe3nedye
aJlanTallio 0 JWHAMIYHO 3MIHIOBAaHOTO HA0OpY KpUTEPIiB (PYHKI[IOHYBAHHS CUCTEMH.

OcobmuBy yBary B po0OTI TMPHUALIEHO POJIi  XMapHOi 0OYHCIIOBAIBLHOI
iHbpacTpyKTypu y cydacHUX iH(popmamiifHO-KoMyHiKaniiHux wmepexax (IKM).

3anponoHOBaHUH MIIX11 AEMOHCTPYE, 110 MYJIbTUXMAapH1 ApXITEKTYPH € KIIFOUOBUMU TS



3a0e3nedeHHst MacITabOBaHOCTI, THYYKOCTI Ta HaIHHOCTI 00YNCIIeHB, HEOOXITHUX ISt
(GYHKLIOHYBaHHSI TEJIEKOMYHIKAlIMHUX CHCTEM HOBOTO TIOKOJIIHHS, 30Kpema Yy
cepenoBuili 5G. CdopmynboBaHO Ta peasi3oBaHO METOJ| AMHAMIYHOTO PO3MOILTY
OOYHCIIOBATIBHUX 3a/1a4 Y MYJbTUXMAapHOMY CEpPEIOBHUII 3 ypaxyBaHHSAM cCHEIHU(IKU
TEJIEKOMYHIKAIIHHUX HABAHTAXKEHb, 110 IO3BOJISE MIBUIIUTH €(DEKTUBHICTD YIIPABIIHHSA
pecypcamu B IKM.

MynpTUXMapHi OOYMCIEHHS CTald JAOMIHYIOUMM MIJXOJOM JUIs PO3TOPTaHHS Ta
HAJAHHA TIOCHYT uepe3 TIJI00aNbHI Mepexi. IX TepeBarn CHOpHAIOTH LIUPOKOMY
BIPOBA/DKCHHIO B pI3HUX Tany3ax. OfHak eBOJIOLIS XMapHUX OO4YMCIIEHb, IO
XapaKTepU3y€eThbCsl  PI3HOPIAHICTIO  CEpBICIB, HECYMICHICTIO  iHTepdeiciB  Ta
BapiaTHBHICTIO yMOB pO3TOPTaHHsS, CTBOPIOE 3HAYHI BHUKIMKKA B YIPaBIiHHI
O00YHCITIOBATLHUMHE TIpoliecamu. J[nHamMiuHa MpUpoaa XMapHUX CEPEIOBUII, MOETHAHA 3
MHOKMHOIO B3a€MO3QJIEKHUX (PAKTOpiB, IO BIUIMBAIOTh Ha MPOAYKTHBHICTH Ta
€KOHOMIYHY €()eKTHBHICTh, MOTPEOY€E IHHOBAIIIWHUX IT1IXO0/TIiB /IO ONTUMI3AIlil pO3MOALTY
00YHCITIOBAaJIbHUX 3aBJaHb Ta BUOOPY XMapHUX MPOBANIEPIB.

Opranizaiiii Bce 4acTillie BIPOBaXKYIOTh CTpATErii BAKOPUCTAHHSA KITbKOX XMapHHUX
MPOBaiIepiB IJisi OTPUMAaHHS KOHKYPEHTHHX TepeBar Ta CTUKAIOTHCA 3 BHUKJIMKAMU
3a0e3MnedeHHs MPOAYKTUBHOCTI, ONTUMI3allll BUTpAT, O€3MEKH JaHUX Ta €PEeKTUBHOIO
ynpaBiaiHHg pecypcamu. CKIaJHICTh BHHHUKA€ 3 HEOOXITHOCTI OalaHCyBaTH MIXK
KUTbKOMa LIUISMH, TaKMMHU SIK MiHIMI3allis 3aTPUMOK, MaKCHMIi3allisl MpPOITyCKHOI
3IaTHOCTI, 3a0€3MeYeHHsI HaAIMHOCTI CUCTEMH Ta TOTPUMAHHS PETYIATOPHUX BUMOT, TIPH
bOMY aJIalITYIOYUCh A0 AUHAMIYHUX 3MiH y MapaMeTpax XMapHHUX CEPBICIB.

3aBaaHHS T0CJIIZKEHHsI: TPOBECTH aHAJII3 CyYaCHUX KOHIICTIIii 1 MeTO/iB BHOOPY
XMapHUX CEpBiCIB y 0araTOXMapHUX CEpeOBHINAX; BU3HAYUTH HaOip KpUTEpIiiB IJis
MPOEKTYBAHHS BIPTyaldbHOI MYJBTUXMApPHOI IJIATGOPMH; JOCHIAUTA AOUUIBHICTD
3actrocyBanHs LLM-moxeneld nisi MiATPUMKA TPUWHSATTS —PIIICHb, BU3HAYUTU

IHTETpOBaHUN TMOKA3HUK €(PEeKTUBHOCTI C(HOPMOBAHOI BIPTyaslIbHOT MYJIBTHXMAapHOI
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apXiTEKTYpH; PO3POOUTH MPOTOTHUII CHCTEMH JIJIsi IHTETPOBAHOI OIIHKUA €(PEKTUBHOCTI
BUKOHAHHS OOYMCIIOBAJILHUX 3aB/IaHb;, MPOBECTH KOMIUIEKCHY OIIIHKY €(QEeKTHBHOCTI
PO3pOOICHOTO MiAXOMY.

HaykoBa HOBH3HA MOJSIra€e y TOMY, IO BIIEPIIE 3alpPOINOHOBAHO KOMIUIEKCHUN
Meroa  (opmyBaHHS ~ OOYHMCIIOBaJIbHOI  IHPPACTPYKTYpU Yy  TETEPOreHHOMY
MYJBTUXMAPHOMY  CEpPEIOBHI, SKUH BUKOPUCTOBYE IHTETPOBAHUN MOKA3HUK
e(eKTUBHOCTI BUKOHAHHS OOYMCIIOBAILHUX 3aBlIaHb 1 MOEJHYE TIEpPEeBaru METOMIB
HaBYaHHS 3 MIAKPIIUVIEHHAM Ta OaraToKpuTeplalbHUX €BOJIOUIMHUX aJIrOpPUTMIB;
3alIpOIIOHOBAHO MAaTEMAaTUYHY MOJIENb MYJbTUXMAapHOI B3a€MOJIi OOYHMCIIOBAIBHUX
CEpBICIB y JNMHAMIYHO 3MIHIOBAHOMY CEpEJOBHIIi; pPO3pOOJIEHO METOJ| BU3HAUYEHHS
IHTErpOBAaHOTO MOKa3HHWKa €(EeKTUBHOCTI 3 BUKOpucTaHHsAM LLM moxeni mist aHamizy
CTaHy OOYMCIIIOBAJIBHOTO CEPEIOBUIIA; 3alPONOHOBAHO METOJ BU3HAUEHHS CKJIaJ0BHX
1HTErpOBAaHOTO MOKa3HUKA €)EKTUBHOCTI, SIKU BiJIpi3HIE€ThCS BUKOpUcTaHHIM LLM nnst
0araTOKpUTEPiaTbHOTO aHAMI3Y.

B pe3yabTaTri BUKOHAHHS 3alPONIOHOBAHO HACTYIHI PillIEeHHSI: KOMIUIEKCHUI
MeToJ 10J0 (OpMYyBaHHS OOUYMCIIOBAIBHOI 1HPPACTPYKTYpU Y TE€TEPOreHHOMY
MYyJbTUXMApHOMY  CEpPEIOBUIII 3 BHUKOPUCTAHHSIM  IHTEIPOBAaHOIO  MOKa3HUKa
e(eKTUBHOCTI; MAaTeMAaTHUYHy MOJEJb IHTEIPOBAHOIO TIOKa3HMKA €(QEeKTUBHOCTI
BUKOHAHHS OOYMCIIOBAJILHUX 3aBJaHb; MYJbTHAr€HTHY CUCTEMY HIATPUMKHU MPUUHSTTA
pimenb Ha ocHOoBi LLM; anroputm onrtumizamii apXiTeKTypu MYJIbTUXMapHOI
1H(QpacTpyKTypH; MOJedb JMHAMIYHOI ajanTtauii 7o 3MIHM MapaMeTpiB CEpelOBUIIA;
IPOrpaMHUNl MPOTOTUI CHCTEMH aBTOMATHU30BAHOI'O IPOEKTYBAHHSA MYJIbTUXMApHOI
m1aTGOPMHU.

Meroonoriss AOCTiPKCHHS OXOIUTIOE BCEOIYHUN aHai3 ICHYIOYHX MiIXOIIB 0
MyJbTUXMapHOi 1HTerpamii, Qopmanizanito KpuTepiiB e(QEeKTUBHOCTI, PO3POOKY
apxiTeKTypd  MYJIbTHAr€HTHOI  CHUCTEMH Ta  €KCIIEpUMEHTAJIbHY  IEpeBIpPKY

3alpPOMOHOBAHOTO METOAY B pealbHUX CIEHApIAX BHUKOPUCTAHHA. MylbTHAareHTHA



CHUCTEMa BKIIFOYA€ TEXHIYHOTO, EKOHOMIYHOTO Ta OE3MEKOBOTO areHTiB, KOOPIAMHAIIIIO
SKUX 3a0e3neuye Crheliaai3oBaHuil areHT-KOOpAUHATOp, 1m0 BUKOpucTOBye LLM s
OOTpyHTYBaHHS MPUHHATHUX PIIIEHb Ta (GOPMYBaHHS PEKOMEH/IAIIIN.

IIpakTHyHa UWiHHICTH TIONSTa€ y CTBOPEHHI KOMIUIEKCHOTO MiAXOAy IIOAO
MPOEKTYBAHHS BIPTyalbHOI MyJIbTUXMApHOI MIAaTHOPMHU, KU MIJBUILYE aJalTUBHICTD
Ta e(QEeKTUBHICTh BHKOHAHHS OOYHCIIOBAJIBLHUX IMPOIECIB; PO3pOOIl MPOrpaMHOTO
3a0e3MeyeH s, 1110 aBTOMAaTHU3y€ IIPOLIECH TMPOEKTYBAHHSA 1 NEpeHaIallTyBaHHS
BIPTyaJIbHOI MYJBTUXMApHOI IUIaT(GOpPMU; BIPOBAIKEHHI PO3pPOOJIEHOI CHCTEMH Y
BUPOOHUUYOMY CEPEOBHILI, 10 MIATBEPAMIIO 3HIXKEHHS BUTPAT y cepeJHhoMY Ha 47% Ta
MOKPAIEHHS. TPOAYKTUBHOCTI Ha 25%; yCHIIIHOMY HpPakKTUYHOMY BIIPOBAKEHHI
3alpOMOHOBAHOTO METONy B KopmopaTuBHOMY cepenoBuini Continental Automotive
Technologies GmbH (Himeyunna) B mexax npoektiB PRIME-MES, ne miaxin Oys
3aCTOCOBAHUN [UIs ONTUMI3alii XMapHOi 1HQPACTPYKTypH, KOHTPOJIIO BUTpAT Ha
30epiranns nanux y data lake Ta po3mosiny po6ouoro HaBaHTaXKEHHSI, 0 3a0€3MEeUnII0
MIJBUIIEHHS MPOJYKTUBHOCTI, CTIMKOCTI Ta €()EKTUBHOCTI XMapHUX OIepalii Ha piBHI
MiMPUEMCTBA; PO3POOIIl MPOTPAMHHX PIllleHb, K1 IHTETPOBAHO B CUCTEMH YIPABIIHHS
OOYHCIIOBAILHUMHM PecypcaMu JUIsl TIOKPAIIEHHS THYYKOCTI, MIiABUILEHHS pPIiBHSA
aBTomMaTu3alii Ta MIBUAKOCTI PO3rOpTaHHS  IHQPACTPYKTYpH;  BIPOBAKEHHI
PO3p00JICHHNX MIAXOIB Y HaBYaIbHI Ta JOCIITHUIIBKI IPOTpaMu JjIs MiArTOTOBKH (axiBIliB
y chepi xmMapHUX 0OYHMCIEHb Ta aBTOMATH3AIlll MPOIECIB MPOEKTYBAHHS PO3MOAIICHUX
CHCTEM y MYJIbTHXMApPHOMY CEPETOBHIII.

KawouoBi cioBa: MynbTUXMapHi OOYHCIEHHS, TETEPOTre€HHI CepeloBHINA,
MYyJIbTHXMapHE CEpEeJOBUINE, IWUHAMIYHUNA pO3MOJIT OOYUCICHb, MYJIbTHATEHTHI
CHCTEMH, BETTMKI MOBHI MOJIEJIi, yIPaBIiHHSI XMapaMu, 6araToOKpuTepiaabHa ONTUMI3aIlis,

IITYYHUH THTENEKT, SIKICTb 00CIIyTOBYBaHHS, YTOJH MPO pPiBEHb 00CTYyrOBYyBaHHS.



ABSTRACT

Caceres A. A comprehensive approach to designing computational infrastructure in
a heterogeneous multi-cloud environment. — Qualifying scientific work on manuscript
rights.

Thesis for graduation scientific degree of Philosophy Doctor by specialty 172 —
Telecommunications and radio engineering. — Educational and Scientific Institute of

Telecommunication Systems of KPI named after Igor Sikorsky, Kyiv, 2025.

The rapid development of cloud computing has transformed data storage and
processing, offering scalability, economic efficiency, and increased accessibility. The
need for highly efficient computation distribution methods in heterogeneous cloud
infrastructures is hugely relevant. Traditional approaches to distributing computational
tasks in cloud environments often fail to adequately address the challenges posed by the
dynamic nature of cloud environments, leading to inefficient resource utilization,
increased costs, and potential vulnerabilities. This dissertation presents a comprehensive
study of modern multi-cloud architectures, multi-criteria optimization methods, and
intelligent decision-making systems, culminating in the development of an innovative
integrated method for forming a computational infrastructure in a heterogeneous multi-
cloud environment.

The research aims to enhance the automation, reliability, and objectivity of
evaluating deployment options for multi-cloud architecture in the processing of
computational tasks within a multi-cloud environment, ensuring adaptation to a
dynamically changing set of system operation criteria.

Special attention is given in this work to the role of cloud computing infrastructure
in modern information and communication networks (ICNs). The proposed approach
demonstrates that multi-cloud architectures are crucial for providing the scalability,

flexibility, and reliability of computations required for the operation of next-generation
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telecommunications systems, particularly in 5G environments. A method for dynamically
distributing computational tasks in multi-cloud environments, considering the specifics of
telecommunications loads, is formulated and implemented, thereby improving resource
management efficiency in ICNs.

Multi-cloud computing has become the dominant approach for deploying and
delivering services over global networks. Its advantages contribute to widespread
adoption across various sectors. However, the evolution of cloud computing,
characterized by service heterogeneity, interface incompatibility, and deployment
variability, creates significant challenges in managing computational processes. The
dynamic nature of cloud environments, combined with a multitude of interdependent
factors that affect performance and economic efficiency, requires innovative approaches
to optimizing computational task distribution and selecting the most suitable cloud
provider.

The problem of computation distribution in multi-cloud environments is
multifaceted. As organizations increasingly adopt strategies using multiple cloud
providers to gain competitive advantages, they face challenges in ensuring performance,
optimizing costs, securing data, and managing resources efficiently. The complexity
arises from the need to balance multiple objectives, such as minimizing latency,
maximizing throughput, ensuring system reliability, and complying with regulatory
requirements while adapting to dynamic changes in cloud service parameters.

Research objectives include analyzing modern concepts and methods for selecting
cloud services in multi-cloud environments; defining a set of criteria for designing a
virtual multi-cloud platform; exploring the feasibility of applying LLM models to support
decision-making; determining the integrated performance indicator of the formed virtual
multi-cloud architecture; designing and creating a prototype system for integrated
assessment of computational task performance efficiency; and conducting a

comprehensive evaluation of the effectiveness of the developed approach.



The scientific novelty lies in the fact that, for the first time, a comprehensive method
for forming computational infrastructure in a heterogeneous multi-cloud environment is
proposed, which uses an integrated performance indicator for computational task
execution and combines the advantages of reinforcement learning and multi-criteria
evolutionary algorithms; a mathematical model of multi-cloud interaction of
computational services in a dynamically changing environment is proposed; a method for
determining the integrated performance indicator using an LLM model to analyze the state
of the computational environment is developed; and a method for determining the
components of the integrated performance indicator is proposed, which differs by using
LLM for multi-criteria analysis.

As a result of the work, the following solutions are proposed: a comprehensive
method for forming computational infrastructure in a heterogeneous multi-cloud
environment using an integrated performance indicator; a mathematical model of the
integrated performance indicator for computational task execution; a multi-agent
decision-support system based on LLM; an architecture optimization algorithm for multi-
cloud infrastructure; a model for dynamic adaptation to changing environmental
parameters; and a software prototype of a system for automated multi-cloud platform
design.

The research methodology encompasses a comprehensive analysis of existing
approaches to multi-cloud integration, the formalization of efficiency criteria, the
development of multi-agent system architecture, and the experimental validation of the
proposed method in real-world usage scenarios. The multi-agent system comprises
technical, economic, and security agents, all of which are coordinated by a specialized
coordinator agent that utilizes an LLM to justify decisions and formulate
recommendations.

The practical value lies in the creation of a comprehensive approach to designing a

virtual multi-cloud platform, which enhances adaptability and efficiency in computational
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processes; the development of software that automates the design and reconfiguration
processes of the virtual multi-cloud platform; the implementation of the developed system
in a production environment, which confirmed a 47% average cost reduction and a 25%
improvement in performance; the successful practical implementation of the proposed
method in the corporate environment of Continental Automotive Technologies GmbH
(Germany) within the PRIME-MES platform projects, where the approach was applied to
optimize cloud infrastructure, control data storage costs in the data lake, and distribute
workloads, leading to increased productivity, resilience, and efficiency of cloud
operations at the enterprise level; the development of software solutions integrated into
computational resource management systems to improve flexibility, increase automation
levels, and speed up infrastructure deployment; the incorporation of the developed
approaches into educational and research programs for preparing specialists in cloud
computing and the automation of distributed system design processes in multi-cloud
environments.

Keywords: multi-cloud computing, heterogeneous environments, multi-cloud
environment, dynamic task allocation, multi-agent systems, large language models, cloud
management, multi-criteria optimization, artificial intelligence, quality of service, service

level agreements.
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BCTYII

AKTyaJbHiCTh TeMH. B yMOBax 3pocTarouoi cKiI1aIHOCTI iIHPOpMaIlIfHUX CUCTEM Ta
Jenaii 3poCTalouux 00CsTiB 0OYUCITIOBAIILHUX 3aBAaHb, TOTpeOa y BUCOKOC(PEKTUBHUX
3acobax po3Nouly OOYMCIeHb Yy TEeTEePOreHHMX XMapHUX 1HQpacTpyKTypax €
HaJ3BUYallHO akTyajdpHOIO [1-3], 1O 3yMOBIIOE HEOOXITHICTH PO3POOICHHS
KOMIUIEKCHUX MIJIXOJiB /10 MPOEKTYBAaHHS THYYKHUX MYJIBTUXMApHUX 1H(PACTPYKTYD,
3/1aTHUX €(PEKTUBHO PO3MOAUIATH OOYUCIIOBAIbHI PECYPCH MIXK PI3HUMHU ITPOBaiiiepaMHu.
XmapHi oOuucieHHS 3a0e3MedyroTh 3py4YyHUM 1 MacmTaboBaHUW JOCTYyH  JO
OOYMCITIOBAIbHUX TOTY>KHOCTEH, OJHAK, 3BaKAl0UM Ha CYTTEBI BIAMIHHOCTI MIX
mnaTGopMaMu, 1HTErpaiisi Ta PO3MOJUT OOYHCIEHb y OaraTOXMapHHUX CEpEeIOBUINAX
3QJIMIIAETHCS 3HAYHUM BHUKJIUKOM. [IpakThka CBiIUWTH, IO KOPUCTYBaul 3/1€OLIBIIOTO
oOMexeH1 BUOOPOM OJTHOTrO MpoBaiiiepa, XapaKTePUCTUKU SIKOTO 3aJI0BOJIBHSIOTH IXHIM
BUMOTaM Ha KOHKPETHOMY e€Tami, NP IbOMY BHMOTH II0J0 NPOAYKTHBHOCTI,
€KOHOMIYHOI €(EeKTHMBHOCTI Ta JOCTYMHOCTI OOYHCIIOBAaJIbHUX PECYpPCIB 3a3HAIOTh
JUHAMIYHUX 3MIH MPOTATOM >KUTTEBOTO LUKy PO3POOKU Ta eKCIUTyaTallii MporpaMHOro
3abe3nedyenns. CywyacHi MeTOau Mirpamii Ta iHTerpamii MK IUiatgopMamMu 4YacTo
MOTPeOYIOTh 3HAYHUX 3yCWib 3 00Ky (axiBIIB Ta CHEIIaJbHO PO3POOJIECHOTO
MPOrpaMHOro 3a0e3MeyeHHs, 1110 YCKIAIHIOE Ta 3aTPUMYE MPOIECH po3poOKku [4-6].

BigcyTHicTh aBTOMAaTH30BaHUX MIAXOMIB JJII KOMIUIEKCHOTO TIPOEKTYBaHHS
00uHCIIOBaIBHOI 1HQPACTPYKTYPH, IO 3a0€3MEUYyIOTh HE Julle e()EKTUBHUN PO3MOILIT
oOuuclieHb, ajie 1 aBTOMAaTHU30BaHE IMPOEKTYBAHHS apXITEKTYp B3aeMOJIli HEOOXITHUX
cepBiciB, OOMEXy€ THYYKICTb CHCTEM Ta IMIiJBUIIY€E€ BapTICTh OOCIYyrOBYBAaHHS.
JlocnipkeHHsl Ta po3poOKa HOBUX METOJIB, IO JIO3BOJISIIOTh €(EKTUBHO IHTErpyBaTH
pi3HI XMapHi TIaTGOpMH JJisi CTBOPEHHS aJalTHBHOI Ta BHCOKOIPOAYKTHBHOL

1HOPACTPYKTYPH, € KPUTUYHO BKIMBUMH JIJIS TIOJIAJIBIIIOTO PO3BUTKY Taily3i.
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3B’5130K po0OTH 3 HAYKOBMMH MPOrpaMaMu, IJIAHAMH, TEMaMH.

HuceprartiiiiHa poOoTa BUKOHYBajlach 3T1IHO 3 IJIAHOM HAyKOBHUX JOCHIIKEHBb
kadeapu iHpopMaIiitHO-KOMYHIKAI[IHHUX TEXHOJIOT1H Ta cucteM HaB4yanbHO-HAYKOBOTO
[HCTUTYTY TENEeKOMYHIKAI[ITHIX CUCTEM:

- B pamMmKax jaepxOropkeTHol TeMu: 22181 «I'eTreporenna Mepexa 300py, nepeaaudi
Ta 00poOKM iH(opMamii ajs cuctemM po3mnojaiaeHoi renepamii MicroGrid» (Homep
nepxasHoi peectpariii 0119U001184);

- B paMkax aepxxOromxkerHoi Temu: 2313n «I1oOyaoBa iHpopMaiiitHO-aHATITHYHOT
maaTGopMu g CyNpOBOKEHHsI (DYHKI[IOHYBaHHS KiOEp(I3MYHUX CHUCTeM» (HOMEp
nep>kaBHoi peectparii 0120U102298);

- B pamkax mikHapomHoro mpoekty “IDEA-East-Hub: International Innovation
Hub for Data Science and renewable Energy”, DAAD Program - HAW.International
Modul 3a cniBnpaneto HTYY «KIII im. 1. Cikopcekoro» Ta  AHXaJIBTCHKUM
yHiBepcuTeToM npukiagaux Hayk Keoten, Himeuunna (Homep gorosopy 57603761).

Merta i 3aaa4i nocJixkenHsi. MeToro naHoi qucepTaliitHol poObOTH € MiABUILICHHS
pIBHS aBTOMAaTH3allii, JOCTOBIPHOCTI Ta OO €KTHUBHOCTI OIlIHIOBaHHS BapiaHTIB
pPO3rOpTaHHsT MYJbTUXMAPHOI apXiTeKTypu IJii 0OpOOKM OOYUCITIOBATBHUX 3aBIAHb Y
0araToxMapHOMY CEpPEJIOBHIII, sfKa 3a0e3Mnedye ajanTalliio 10 JUHAMIYHO 3MIHIOBAaHOTO
Habopy KpuTepiiB (yHKI[IOHYBaHHS cCHUCTeMH. J[Jsi MOCSTHEHHsSI TOCTaBIIEHOI METHU
nepeadaueHo po3B’sI3aHHS TAKMX HAYKOBHX 3ajau:

1. IIpoBecTu aHami3 CydyacHUX KOHLEIMLIA 1 METOAIB BUOOPY XMapHUX CEPBICIB IS
BUKOHAHHS 3aJaHUX OOYHMCIEeHb Yy OararoxmMapHHMX CEpeJOBMINAX, BUSBUTH iXHI
0OMEKeHHS Ta KPUTUYHI (PaKTOPH.

2. Buznauntu Habip KpHUTEpiiB, sKi 3a0€3MEeUyIOTh MPOEKTYBAHHS 33 JWHAMIYHO
3MIHIOBAaHMM HaOOpPOM KpUTEpIiB BIPTYaJbHOI MYJbTUXMApHOI MmiIaTGoOpMHu A
BUKOHAHHS OOYMCIIEHb 3 YypaxyBaHHSM HasBHUX [apaMeTpiB CepeoBHUINA Ta

BUITaJIKOBOI'O XapaKTeEPy HAJAXOKEHHS 00UHCIIIOBAIbHOIO HABAaHTAXKEHHS HA 00pOOKY .
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3. JocmiguTtu nominbHICTE 3acTocyBanHs LLM-Mopeneii 1t miaTpuMKH MPUHHSATTS
pIllIeHb Y CKJAJHUX OOYMCIIOBAIILHUX CIIEHAPIAX y pa3l aBTOMAaTU30BAHOTO IPOIIECY
BU3HAYEHHS BIIMOBIIHOCTI BUMOT MO0 BUKOHAHHSA O0YHUCIIEHh BUCOKOT IHTEHCUBHOCTI 3
HEPIBHOMIPHUM PO3TMOAIIOM HaBaHTAKEHHS Ta MOTpeOo0 B MacmTaOyBaHHI PECypCiB y
pealbHOMY Yaci Ta PecypciB, 110 MPONOHYIOTHCS Yy MYJIbTUXMApHOMY CEpEIOBHILI
pizauMU cloud-npoBaitnepamu.

4. BuzHauuTu 1HTETPOBAaHUM MOKa3HUK €(EKTUBHOCTI C(HOPMOBAHOI BIPTyalbHOI
MYJIBTHXMApPHOI ~ apXiTeKTypd IS BUKOHAHHS OOYMCIIOBAIILHUX  3aBIaHb Y
MYJIBTUXMAapHOMY CEPEIOBHUIII, SIKHUA BpPaxOBY€ BIUIMB KOXXKHOT'O KpUTEpis B yMOBax
JUHAMIYHOI 3MiHH SIK BUMOT CITO’KHMBaya, TaK 1 mapaMeTpiB CEPeIOBHIIA.

5. Cripo€ekTyBaTH Ta CTBOPUTH TPOTOTHI CHUCTEMH, SIKAa 3/JaTHA 3AIMCHIOBATH
IHTErpOBaHy OLIHKY O4iKyBaHOI €()eKTUBHOCTI BUKOHAHHS OOUMCIIOBAIbHUX 3aB/IaHb Ha
BUOpaHUX XMAapHUX MIaTGOpMax, a TAKOXK 3/aTHA 3aJOBUTHHUTH JUHAMIYHO 3MIHIOBaHUN
Ha0ip BUMOT KIiHIIEBOTO CIIOXHBAYa 1010 OOYUCITIOBAIBHOT IHPPACTPYKTYPH.

6. [IpoBecTH KOMIUIEKCHY OIIHKY €()EeKTUBHOCTI pO3pOOJICHOTO MiIXO0AY Ha OCHOBI
€KCIIEpUMEHTAIbHUX BUMPOOYBaHb Ta aHANI3Y iX pe3yJIbTaTiB.

O0’€KTOM [JOCTIIZKEHHsI € TPOLIeC MPOEKTYBAaHHS 3a JIUHAMIYHO 3MIHIOBAaHUM
HabOpOM BHUMOI' BIPTyaJabHOI XMapHOI IUIAaTGOPMHU UIsi BUKOHAHHS OOYHMCIEHb 3
ypaxyBaHHSIM HasBHUX T[apaMeTpiB CEpelOBHINA Ta BHUIIAJKOBOIO XapakTepy
HAJXOHKCHHS 00YHMCIIIOBATILHOTO HAaBAaHTAXKEHHS Ha 00POOKY.

IIpeamMeTromM JOCTiIXKeHHSI € METOIM BU3HAYCHHS ONTHMAIBHOI CTparterii
MPOEKTYBAaHHS 3a JAMHAMIYHO 3MIHIOBAaHUM HAa0OpOM KpPUTEPiiB BIPTyaJbHOI XMapHOIi
mw1aThOpMU y TETEPOreHHUX XMapHUX CEpPeOBUINAX HAa OCHOBI MOJENE Ta METOiB
IITMOOKOT0 MAIIMHHOTO HABYAHHSI.

MeToau noc/iizKeHHsl, 3aCTOCOBaH1 JIsl BUPIIIEHHS MTOCTABJICHUX 3aBIaHb:

1. MeToau CUCTEMHOTO aHaNI3y Ta CUHTE3y — JJIs aHalli3y 00 €KTa JOCIIIKEeHHS,

dbopmartizariii mporeciB MPOEKTYBAHHS BIpTyaIbBHOT'O XMAapPHOTO CEPEOBUINA, BUIJICHHS
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KITIOYOBHX XapPaKTEPUCTHUK 1 B3a€EMO3B S3KiB MK HUMHU.

2. MeTtoau GaraTOKpUTEPIATBHOTO aHAMI3y — JUIsl PO3POOKM Ta OI[IHKH MOJENei
MPUUAHATTS PIlIEHb 00 BHOOPY ONTHMAalIbHOI XMapHOI IiaTdOpMH, IO BiAMOBIIAE
3aJaHUM KPUTEPisiM ePeKTUBHOCTI, BAPTOCTI Ta MPOIYKTUBHOCTI.

3. Metoau rmuGoKOro MalMHHOTO HAaBYaHHSI — JJ1s1 CTBOPEHHS MOJICJIeH MIATPUMKHI
MPUHAHSTTS PillIeHb, 10 3a0€3MeUy0Th TUHAMIYHUN BUOIp CEpeOBHINA /I BUKOHAHHS
o0YMCIeHb 3 ypaxyBaHHSM 3MIHHUX BHUMOT JO BIPTYaJbHOI XMapHOi MjIaTGopMu y
MYJIBTUXMAPHOMY CEPEIOBHIIII.

4. Metoau mporpamMHoi 1HXeHepli Ta aBToMaTu3allii — a1 po3poOKu Ta peasizarrii
INPOTOTUITY CHUCTEMHU AaBTOMATHU30BAHOTO MPOEKTYBaHHS 3a JWHAMIYHO 3MIHIOBAaHUM
HAO0OpPOM KpHUTEpiiB BIPTyaldbHOI MYJIBTUXMApHOi IUIATGOPMH 3a JOMOMOTOIO
IHCTPYMEHTIB IIpOrpaMyBaHHs Ta 3aco01B aBTOMaTH3aIlli 1HGPACTPYKTYpH, IHTETpaIlii 3
API xmapHuX TipoBaiiiepis.

5. Meroau iMiTaIliiHOTO MOJICTTIOBAaHHS Ta €KCIIEPUMEHTAIBHOTO TECTYBaHHS — JIJISt
nepeBipkd e(EKTUBHOCTI 3aMpONMOHOBAHMX MOJEIEH 1 METOAIB, iX TOPIBHAHHS 3
ICHYIOYMMH aHajoraMyd Ta aHallildy OTPUMAHUX PE3YNbTATIB y pEATbHHUX CIIEHAPIAX
BUKOPHCTAHHS.

HaykoBa HOBU3HA OTPUMaHUX Pe3yJIbTaTIB:

1. Bnepuie  3ampomnoHOBaHO ~ KOMIUIEKCHUM — MeTox — moAo  (GopmyBaHHS
O0YHCIIOBATILHOI 1HQPACTPYKTYpU y TE€TEPOrC€HHOMY MYJIbTUXMApHOMY CEpelOBHII],
AKUM  BHKOPUCTOBYE  IHTErpOBAaHUN  MOKAa3HUK  €(EKTHUBHOCTI  BUKOHAHHS
OOYHUCIIOBAIbHUX 3aBJaHb JJI BU3HAYEHHS B AaBTOMATHU30BAaHOMY PpEXHUMI MiCIs
pO3TallyBaHHS 1 TUITY CEPBICIB, SIKi MPOMOHYIOTHCA XMaPHUMU MPOBANUIEPAMHU, TIOETHYE
nepeBard METOJIB HaBUAHHS 3 MIAKPIIJICHHSIM 1 0araTOKpUTEpialbHUX EBOJIOMIHHUX
QITOPUTMIB JIJISl TOIIYKY €(EKTUBHUX PILLIEHb 13 ypaxyBaHHSAM AUHAMIKU 3MIiHU SK CTaHY
1HQPACTPYKTYPH MYJIbTUXMAPHOI'O CEPEIOBUIIIA TAK 1 BUMOT KIHLIEBOTO KOPUCTYBaya, 110

JO3BOJIAE HiI[BI/IH_[I/ITI/I HpOI[yKTI/IBHiCTB, SaXI/IH_IeHiCTB Ta 3HU3UTHU BUTPATU BUKOHAHHA
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00YHCIIOBAJIBHUAX 3aa4.

2. 3anponoHOBaHO MaTeMaTU4Hy MOJEIb MYyJIbTUXMApHOi  B3aeMOJIT
00UYHCITIOBAILHUX CEPBICIB Yy JIWHAMIYHO 3MIHIOBAHOMY CEPEIOBHIII, SKa BPaXOBYE
JMHAMIKY 3MiH BUMOT KIHIIEBOTO KOPHCTYBaya Ta XapaKTEPUCTUK HAIBHUX XMapHUX
pecypciB, MO JIO3BOJISIE aBTOMAaTHU3yBaTH I[E€PEHANAIITYBaHHS  MYJbTHXMapHOI
mIaTGOopMHU.

3. 3anponoHOBaHO METO]] BMU3HAYEHHSI IHTETPOBAHOTO MOKa3HHKA €(EeKTHBHOCTI
BUKOHAHHSI OOYHMCITIOBAIBHUX 3aBJlaHb y JUHAMIYHO 3MIHIOBAHOMY CEpEIOBHILI, SKUN
BHUPI3HAETHCS  BpaxyBaHHSIM  JWUHAMIKA 3MIHM SK  CTaHy 1HQpacTpyKTypu
MYJIBTUXMAapHOTO CEpPEeJOBHINA TaK 1 BUMOI KIHIEBOTO KOPHCTyBaua, IO J03BOJISIE
aBTOMATHU3yBaTH TMPOIEC TNPOEKTYBAHHA Ta TMEpPEHAJAIITYBAaHHS  BIpTyaJbHOI
MYJIbTUXMAapHOI m1atopmu.

4. 3anponOHOBAaHO METOJI BU3HAYEHHSI CKJIAJJOBUX I1HTETPOBAHOTO IOKAa3HHUKA
e(peKTUBHOCTI BUKOHAHHS OOYMCIIOBAJIBHUX 3aBJaHb y JAWHAMIYHO 3MiHIOBAHOMY
MYJIBTUXMAapHOMY CEpEOBHINI, SIKHU BIAPIZHAETHCS BUKOpUcTaHHAM LLM monem nmns
aHai3y cTaHy OOYHMCITIOBAILHOTO CEPEOBHINA 32 CYKYITHICTIO KPUTEPIiB MPOEKTYBAHHS
BIpTYaJbHOI MYJIBTHXMAPHOI MIATGOPMHU 13 JUHAMIYHO 3MIHIOBAaHUM HAaOOpPOM BHUMOT,
IO [J03BOJISIE BPAaxOBYBAaTH CTYMiHb BIUIMBY KOXKHOIO KpHUTepis Ta MiJIBUILUATH
JIOCTOBIPHICTD 1 00’ €EKTUBHICTb MPUUHSTTS PIIIICHb.

IIpakTHYHe 3HAYEHHS 0JePKAHUX Pe3Y/IbTATIB:

1. Yci TeopetnuHi po3poOKH AucepTallii MpeCTaBICH]l Y BUIIISAAI KOMILJIEKCHOTO
MIIXOQy MIOAO TMPOEKTYBAHHS BIPTYalbHOI MYJIBTUXMApHOi MIAaTHOPMH, SIKUN
BUKOPUCTAHUW 1 ePeKTUBHOrO BUOOpY HaOOpy XMapHHX CEpBICIB  Ta
aBTOMAaTHU30BAaHOTO PO3TOPTAHHSA HEOOXITHUX CEPBICIB, SIKI MPOMOHYIOTHCS XMapHUMU
mpoBaiepaMu, 110 MIABUILYE AJaNTUBHICTh Ta ©(EKTUBHICTh BUKOHAHHS
00YHCITIOBAJILHUX MTPOLIECIB.

2. Ha ocHOBI yAOCKOHAJIEHUX MiAXOJIB 0 mpouecy (GOopMyBaHHS MYJIbTHXMAapHOT
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w1atopMu 3a JOMOMOTOI0 CyYaCHUX IHCTPYMEHTIB MPOTPAMHOI 1HXKEHepii, TaKuX 5K
LangChain 1 LLM, Ta BUKOpHCTaHHA MOB MpOrpaMmyBaHHs, 30kpeMa Python, po3po6ieHo
[13, sxe M03BOJMIO ABTOMATH3yBaTH MPOIECH IMPOEKTYBAHHS 1 MepeHANalITyBaHHS
BIPTYaJbHOI MYJIbTUXMAPHOI IIATGOPMH 13 TUHAMIYHO 3MIHIOBAHHUM HaOOPOM BUMOT.

3. Ho ocHOBI 3anmporioHOBaHOi MOJIedl 1 METOly po3p00JIEHO MPOrpaMHi pilIeHHS,
SK1 IHTETPOBAaHO B CHUCTEMH YIIPaBJIIHHS OOYHCIIOBAIBHUMHU PECypcaMH BipTyalIbHOTO
MYJIBTUXMApHOTO CEpelOBHUINA 13 JAMHAMIYHO 3MIHIOBAaHUM HAOOpPOM BHMOT IS
MOKPAIIEHHsS] THYYKOCTI, MIJABUIIEHHS PIBHS aBTOMATH3allil Ta IIBUIKOCTI PO3TOPTaHHS
1H(}paCTPyKTYpH, 3MEHIIIYIOUH 3QJICKHICTh BiJ] pyYHHX MIPOIIECIB Ta JIIOACHKOTO (pakTopy.

4. Po3po0ieHO MPOTOTUIT CHUCTEMHU YIPABIIHHS OOUYMCIIOBAIILHUMU PECypcaMu
BIpTYaJbHOT'O MYJITHXMAPHOTO CEPEIOBUINA 13 TUHAMIYHO 3MiHIOBAaHUM HA0OPOM BUMOT
KIHIIEBOTO  KOpUCTyBada, SKHH  JE€MOHCTpy€E  €(EeKTHUBHICTb  3aCTOCYBaHHS
3allpOIIOHOBAHUX METOMIB 1 MoOJeNed i 4Yac MPOEKTyBaHHSI 1 PO3rOpPTaHHS
0o0YHCIIOBaNBbHOI  IHQPACTPYKTYpH, U[IO0 MIATBEPDKYE MOXKIUBICTE MPAKTUYHOTO
BIIPOBA/KCHHSI aBTOMATH30BAaHMX pIMIEHh Yy pEATbHUX CIEHAPisiX BHKOPUCTAHHS
OaratoxMapHUX 1HPPACTPYKTYP.

5. BUKOHAaHO TMpakTUYHE BIPOBADKEHHS pO3POOJIEHOI CHCTEMHU YIPaBIIHHA
O0OUYHCITIOBATLHUMHM ~ pPECypcamMu  BIPTYyaJIbHOTO MYJBTUXMApPHOTO CEpeJOoBHUINA 13
JUHAMIYHO 3MIHIOBaHMM Ha0OpoM BHUMOI Ha 1HQPACTPyKTypi y BHUPOOHHYOMY
CepEeJIOBMILI BEJIMKOi TpPaHCHAI[IOHAJIBHOI KOpIOpalii, MPOBEACHO TECTYBaHHS B
KOpIIOpaTUBHOMY cepeAoBHII. ExcriepTHa oIliHKa, MPOBEICHA CIUIBHO 3 1H)XXEHEpamMu
MPOBIHOT XMapHOI TaThOpMU, MATBEpANIA ePEKTUBHICTD 3alPOINIOHOBAHOTO PIIIIEHHS.

6. Po3pobinieHi migxonu BOPOBAHKEHO y HABYAIbHI Ta JOCIIAHUIIBKI MPOTpaMu
kadenpu [TT HTYY «KIID» imeni Iropst Cikopchkoro aist miAroToBKH (axiBiiB y cdepi
XMapHUX O0YHMCIICHb, aBTOMATH3AIlli TPOIIECIB MPOEKTYBAHHS PO3IMOIIJICHUX CHCTEM Y
MYJIBTUXMApHOMY CEPEIOBHIL, 10 CIPHUSAE MOKPALICHHIO MPAKTUYHUX HABUYOK pOOOTH

3 0araTOXMapHUMU CEPeIOBUIIIAMHU.
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Oco0ucTuii BHecok 3100yBaua. [/[uceprariiina poboTa y3araibHIOE pPe3yJbTaTH
TEOPETUYHUX Ta €KCIIEPUMEHTAIBLHUX JOCHTIKEHb, TPOBEACHUX aBTOPOM CaMOCTIHHO.
ABTOpoM Oysi0 po3pobiieHo Gopmalli3oBaHy MOJeNb MPOEKTYBAaHHS OOYMCIIOBAIBHOI
1HPACTPYKTYpH pecypcamMmil BipTyalIbHOTO MYJbTUXMAPHOTO CEPEIOBHUIIA 13 JUHAMIYHO
3MIHIOBAaHMM Ha0OpOM BHUMOT, siIka BpaxoBYye€ OaraTOKpUTEplajibHI acHeKTH BUOOPY
maaTGopMu SISl BUKOHAHHS o04ucieHsb [7-10]. 3anpornoHoBaHO KOHIIENTyalbHY MOJICIb
NPUMHATTS pilIeHb HA OCHOB1 O0OYHCIIEHb 13 3aCTOCYBAHHAM METO/IB HEYITKOI JOTIKH, 110
3a0e3redye aBTOMATH30BaHE NPOEKTYBAHHS Ta TMEPEHAJAINTYBaHHS BipTyaJabHOI
MyJbTUXMApHOI MIaTGOpMHU 13 JUHAMIYHO 3MIHIOBAHUMHU BHMOTaMH, a TaKOX
aBTOMAaTUYHE pPO3rOPTAaHHS OOYMCIIOBAIBHMX 3aBJaHb B HIiA. ABTOp BIPOBAJIUB
KOMIUIEKCHHI MeTo (opMyBaHHsS 00UMCIIOBAIbHOI iIHQPACTPYKTYPH Y TETEPOTCHHOMY
MYyJIbTUXMAPHOMY  CEPEIOBHINI, SKHH JJO3BOJISIE aBTOMATHU3yBaTH PO3TOPTAHHS
00YHCIIeHb IHTErPYBaBIIIY Cy4acH1 IHCTPYMEHTH IPOrPaMHOi 1HXeHepii, 30kpema Python,
LangChain i LLM [11]. JIs1 owink# e(eKTUBHOCTI pO3pOOICHUX METOIIB 1 MOZenel 0yio
MPOBEJICHO IMITAIliiHE MOJIEIIOBAaHHA POOOTH 3alPONOHOBAHOT CHUCTEMH YIPABIIHHS
OOYHUCITIOBAILHUMU pPECypcaMH BIPTYaJIbHOTO MYJIBTUXMApHOTO CEpeOBUINA, 110
MOIATBEpAWIIO X Mi€BICTh y TeTeporeHHux iHdpacTpykTypax. ExcnepumMenTtanbHa
nepeBipKka MPOTOTUITY CHCTEMH 3IIMCHIOBAJIaCh Ha IHPPACTPYKTYpl y BUPOOHUYOMY
CEpEZOBUII BEJIUKOI TpPaHCHAIIOHAIHHOT KOMIIAHII 3a Y4YacTHO 1HXXEHEpiB MPOBIITHUX
KOHCaJTUHTOBUX KOMIMAaHiH, M0 JO3BOJUJIO MIATBEPAUTH €PEKTUBHICTH PO3POOICHOTO
KOMIUIEKCHOT'O METO/Iy B pEATbHUX YMOBAaX BUKOPUCTAHHA. ABTOpP TaKOK BUKOHAB aHAII3
Ta y3arajJbHEHHS pe3yJIbTaTiB TECTYBaHHS, 1[0 JOTIOMOTJIO BU3HAYUTH KIIFOUOBI IEpeBaru
Ta 0OMEXEHHS 3alPOIIOHOBAHOIO KOMIUIEKCHOT'O METOy (hopMyBaHHS 00UHCIIOBAIBHOT
1HGPACTPYKTYPH Y TETEPOTC€HHOMY MYJIbTUXMAPHOMY CEpPEIOBHIIT.

Amnpobaunis  pe3yabratiB aucepramii. Po3poOneHuit nmporoTHm  cucTeMH
yOpaBIiHHA  OOYUCIIOBAJIBHUMHU  pecypcaMd  BIpTYyaJbHOTO  MYJBTUXMapHOTO

cepenoBHIIa Oys0 anmpoOOBaHO NUIAXOM HMPAKTHYHOTO PO3TOPTaHHS Ha 1HPPACTPYKTYypi
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y BHPOOHHUYOMY CEpENOBUIII BEIMKOI TPaHCHALIOHAJIBHOI KOpHOparlii, I10 J03BOJIHIIO
NepeBIpUTH X €EKTUBHICTh y pealIbHUX yMOBax ekcrutyarauii. O1iHka pe3yiabTaTiB Oyiia
HiATpUMaHa eKCIIepTaMM Tajy3l, 30KpeMa I1H)XXeHepaMH IpPOBIIHUX KOHCAJITHHTOBUX
KOMMaHii, n1o 3a0e3MneYusio OTpUMaHHs 3BOPOTHOTO 3B’SI3KY Ta MIATBEPIUIO IPAKTUYHY
3HAYYIIICTh PO3POOJIECHOTO KOMIUIEKCHOTO METOAy. Pe3ynbrat poOOTH Ta KIFOYOBI
MIOJIO’KEHHS OyJIM MpeICTaBJIeH] i 0/1ep)Kajii CXBaJICHHs Ha:

- MibkHapoaHii koHpepeniii PyCon Poland 2023 (m. Kpakis, [Tonbmia, 2023 p.);

- MikHapo Hii koHpepeHii Voxxed Days Cluj 2023 (m. Knyx-Hanoka, PymyHis,
2023 p.);

- mibkHapoaHiil koHdepeniii PyCon CZ 2023 (m. [Ipara, Yexis, 2023 p.);

- MmibkHapoaHiit konpepentii Pycon IT 2023 (m. ®nopenis, Itamis, 2023 p.);

- MibkHapoaHii koHdepeniii EuroPython 2024 (m. [Ipara, Yexis, 2024 p.);

- MibkHapoHii koH(pepenii PyconDE 2024 (m. bepnin, Himewuunna, 2024 p.);

- TexHiyHii koH(pepenii Pycon Wroclaw 2024 (m. Bporas, [Tonbma, 2024 p.).

Iyo0aikamii. 3a TeMo0 AOCTIIHKEHHS OMYyOJI1KOBaHO CTATTI Y (paXxOBUX JKypHaJIax 1
30ipHUKaX MaTepiaiiB KOHPEpeHiliil: 4 cTaTTi y HAyKOBUX (paxOBHUX BHJIAHHSX YKpaiHH,
1 te3u y matepianax mixHapoaHoi koHdpeperii TCSET (Scopus), Ta 8§ BuctymiB Ha
MIKHApPOJIHUX KOH(pEpEeHIIsX po3pOOHHUKIB.

Crtpykrypa Ta obcsar aucepraunii. J(ucepramiitna poboTta cKiagaeThCcs 31 BCTYITY,
I’ SIThOX PO3/1IIB, BUCHOBKIB, CIIMCKY BUKOPHUCTaHMX JKepen 13 93 HailiMeHnyBaHb, 21
J0JIaTOK. 3aranbHUil oOcsar poOoTtu 227 CTOpIHOK, 3 sKux 170 CTOPIHOK OCHOBHOIO
TEKCTy, 10 CTOpIHOK BUKOPUCTAHUX JKepell Ta 47 cTOpiHOK noaaTkiB. PoboTta micTuTh 26

PHUCYHKIB, 6 TaOIHIIb.
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PO3JILT 1
AHAJII3 TIPOBJIEM TA AKTYAJIBHI IJIXO/IM IO TPOCKTYBAHHS
OBUYMCJIIOBAJILHOI IH®PACTPYKTYPH Y TETEPOTEHHUX
MYJIbTHXMAPHUX CEPEJJOBUILIAX

1.1 Oco01uBOCTI 00YMCIAIOBAJTHLHOI0 HABAHTAKEHHSA Ta BUMOI'HM L1010

NPOEKTYBAHHS MYJIbTHXMAPHOI'0 cepeI0BHINA

3 MoyaTKy BUHUKHEHHS TEPMIHY «XMapHHUX OOYMCIEHb» 1 JO TENEPIIIHbOTO Yacy
BUKOPHCTAHHS XMapHUX CEPBICIB 1 pecypciB 3a3Hajo Beaukoi Tpancopmariii. [Tanaemis
COVID-19 nmpuckopwuia nepexin 013HECIB B OHJIAWH-CEPEIOBHUIIE, 1[0 CYTTEBO BILTUHYJIO
Ha IMIAXOAM JO TMPOEKTYBAaHHSA OOUYMCIIOBAIBHUX I1HQPACTPYKTyp, SKI MAaroTh
3abe3neuyBaTd e€()EKTUBHUN PpO3MOJLT HABAHTAKECHHS MK PI3SHUMUA XMapHUMU
cepBicamu.

Po3Burox  iH(MOpMaLiHHO-KOMYHIKAIlIHHUX ~ MEpPEX  OCTaHHIX  MOKOJIHB
CYIPOBOJIKYETHCA 3POCTaHHSAM OOCATIB OOPOOKM JaHUX, HEOOXIAHICTIO 3a0e3medeHHs
HU3BKUX 3aTPUMOK, BUCOKOI HAJIHHOCTI Ta MacimTabOBaHOCTL. Y I[bOMY KOHTEKCTI
XMapHi O0YHCICHHS, 2 0COOIUBO MYJIBTUXMApHI apXiTEeKTYpH, BIIIrPalOTh BUPIIIATBHY
ponb B eBomouii IKM. Mynbstuxmapha iHppacTpykTypa 3abe3nedye MOKIUBICTb
OJIHOYACHOT'O BUKOPHUCTAHHS PECYPCiB B KIJTbKOX XMAapHUX MPOBaiiepiB, 110 A03BOJISIE
aJIalITUBHO  PO3MOAUIATA OOYMCIIIOBANbHI HaBaHTaXEHHsS, OanaHcyBath Tpadik,
ONTHUMI3yBaTU BUTpaTH Ta 3a0e3ledyBaTd BIIMOBOCTIHKICTh TEJIEKOMYHIKaLIHHUX
cepBiciB. [Jlns omepatopiB IKM 1€ cTBOprO€ HOBI MOXJIMBOCTI: 3 OJHOTO OOKy —
3MEHIICHHS eKCIUTyaTallifHNuX BHUTpAT, 3 IHIIOTO — peaji3aimisi 1HTEIeKTyalIbHOTO
YOpaBIIHHS MEpexer depe3 aHani3 Benukux gaHux (Big Data) ta aBromaTm3oBaHe
MacimTaOyBaHHS OOUYMCIIOBAIBbHUX pecypciB. OcoOnuBe 3HAYEHHS MYJIbTHXMapHa
MoieNib Ha0yBa€e y KOHTEKCTI BIpOBaKeHHsT Mepex S5G, ne nepudepiitHi o0uncieHHs

(Edge computing) pa3om i3 XMapHUMH JaTa-IEHTpaMu 3a0e3MeUyIoTh KPUTHIHO
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BAXUJIMBY 1HQPACTPYKTYypy [UIS HAQJAaHHA CEpBICIB 3 MIHIMAJIbHUMH 3aTPUMKaMH.
[HTerpanis MyJIbTUXMapHUX OOUUCIEHB 3 MEPEXKEIICHTPUYHUMU MIIX01aMHU (TAKUMU K
SDN 1 NFV) no3Bossie peanizoByBaTH JIOTTUHMN moAil mepexi (network slicing), mio
KPUTHYHO BAKJIUBO JUISI TEJIEKOMYHIKAIIMHOTO CEpeOBHINA 3 BHUCOKOIO JWHAMIKOIO
BUMOr. TakuM YMHOM, MyJIbTHXMapHi OO4YHUCIEHHS He € okpemMuM Hampsimom IT, a
0e31ocepelHbO IHTETPYIOThCA y CTPYKTYPY CYYAaCHUX TEJIEKOMYHIKAIIHHUX CUCTEM.
Bonu mneperBoproroThCS Ha HEOOXITHUN KOMIIOHEHT, IO 3a0e3nedye peasizaliio
IHTENEeKTyalbHUX (QYHKUIA yOpaBiIiHHS, OOpOOKM JaHMX Ta MacluTaOyBaHHSA B
IUHaMiuHOMY cepenoBuill. Came TOMY JOCHIUKEHHS €(QEKTUBHOIO IPOEKTYBAHHS
00YHUCITIOBATBHOT IHPPACTPYKTYPHU Y MYJTBTUXMAPHOMY CEPEIOBHIII M€ MPSMUM 3B’ 30K
13 PO3BUTKOM TEJIEKOMYHIKAIHHUX TEXHOIOT1H.

CyyacHuil cTaH rajty3i XMapHHX TEXHOJIOTIH XapaKTepU3yEThCS HAsIBHICTIO PI3HUX
apXITeKTYpHUX pIlIeHb A opraHizamii iHQpacTpykTypu. Y MHHYJIOMY KOPHCTyBaul
MEPEBAKHO OPIEHTYBAIHMCS HA TOCIYTH OJHOTO IOCTadalbHHUKA, OJHAK BHACIIIOK
MOCUJIEHOT KOHKYpPEHIlI Ta cremianizaiii CepBiCiB, CIOCTEpIraeTbCcs TEHACHINSA 0
BUKOPHCTaHHS TIOCHYT pI3HUX XMapHuX TmpoBaiaepis [12]. lle sBume wMoxHa
MPOLTIOCTPYBATH Ha MPHUKIAJl CIEHIaTi30BaHUX XMApHUX CEPBICIB U pO3Ii3HABAHHS
MEIUYHOI TepMiHOJIOTii. PO3pOOHMKM MEAMYHUX MNpOrpaM HaJarTh HEpeBary TaKuM
Creliali3oBaHUM cepBicaM, BOJHOYAc 30epiraroyd JaHi y I[OCTayajdbHUKIB, IO
MPOMOHYIOTh HAMOLIbII €KOHOMIYHO BUT1IHI YMOBH. Lle ¢popmye TUIIOBY MO/€Ib, KOIH
MacHBHU JTaHMX 30€epiraroThbCsi B OJIHOMY XMapHOMY CEpEIOBHIII, TOIl SK iX oOpoOka
3MIMCHIOETHCS B 1HIIOMY. PesynpTatu oOpoOKH MOXYTh PO3MIIIYBATHCS B TPETbOMY
CepeIOBHILI, SIKE€ MPOIMOHYE ONTUMANIbHI YMOBH JUIsl aHAITUYHOT poboTH. BiamosinHo,
PO3pOOHMKH TParHyTh ONTHMI3yBaTH XMapHy 1H(QPACTPYKTypy UYepe3 BHUKOPUCTAHHS

reTepOreHHUX PECYPCiB BiJl JEKUIbKOX MocTavanbHUKIB [13].
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[lignpremcTBa IO BCHOMY CBITY BCE YacTillle BHKOPUCTOBYIOTH Y CBOIH IiSTIBHOCTI
Kibka xMapHux mposaiinepiB. 3BiT Flexera 3a 2024 pik mnokazye 89% Takux

kopuctyBauiB [14] (Pucynox 1.1).

Single private

Single public

2% Multiple private

Multi-cloud '
Hybrid cloud

Pucynox 1.1 [13] XmapHa cTpateris s BCiX oprasi3auii, 3BiT Flexera

[cHyIOTh HaCcTYMHI MOJIeINi po3ropTaHHs xmapu [15]:

- [IpuBaTHa xMmapa — 3a3BHYail 3amyCKa€Tbcs 1 BUKOPHUCTOBYETHCS OJHIEIO
Oprasizaii€ro, po3TallOBaHOIO, YAaCTINIE 3a Bce, JIOKambHO. T00TO iH(pacTpyKTypa,
obnmagHaHHs Ta TMporpaMHe 3a0e3MeueHHs] MPUBATHOI XMapu OOCITYyTOBYIOTHCS Ta
BUKOPUCTOBYIOTHCS KOHKPETHUM Oi3HECOM.

- Ilybniyna xmapa — 3arajlbHOJOCTYIIHA, HAJTA€ peCcypcu i OOYUCIICHHS,
30epiraHHs, cepeloBUIIA JUIsl PO3poOKM Ta posropraHHd. HanexaTb 1 KepyroThcs
CTOPOHHIMH TOCTa4aJIbHUKAMHU.

- T'ibpuana xMapa — MoenHye BHUKOPUCTAHHS MPUBATHUX 1 MyOmiyHUX XxMmap. Y
BUIAKy BUKOPUCTAHHS K MiHIMYyM JIBOX ITyOJIYHUX XMap, TOBOPSITH PO MYJbTUXMAPY

(Pucynok 1.2).
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Multi-Cloud

Hybrid Cloud

Public Cloud Public Cloud
Provider 1 Provider 2

Private Cloud

On-Premises

Pucynok 1.2 [16] 3aranbHe npeacTaBieHHs MyJbTUXMapPH 1 TIOPUIHOT XMapu

[N6puana xmapHa apXiTEeKTypa BKJIIOUYAE JIOKAIBbHY 1HQPACTPYKTYpy (Oon-premises),
TO1 sIK 6araToxmMapHa apXiTeKkTypa ii He BKIouae [16].

MynbTUXMapHICTh ~ XapaKTEPU3YEThCA  TOCIHITOBHUM  ab0  OJHOYACHUM
BUKOPUCTAaHHSIM CEpBICIB BIJ] PI3HUX MPOBANAEpIB AJi1 BUKOHaHHSA mporpamu [17]
(Pucynok 1.3). B mexax gaHoi po6oTu OyJeMO BBakaTH CHCTEMY MYJIbTUXMapHOIO,
SKIIO BOHa BUKOPHCTOBYE J[Ba a00 OiNIbIlIe XMapHUX CEPBICIB BiJl OyAb-sIKOT KIIBKOCTI
PI3HHX XMapHUX MPOBANJIEPiB B OJIHIN MEPEKEBii apXxiTekTypi. L{e crocyeThest po3noainy
XMapHUX aKTUBIB, MPOTPAMHOTO 3a0€3MeUeHHS, T0AaTKIB TOIIO MK KIIbKOMa XMapHUMHU

CCpCaoOBHUINAMMU.
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Pucynok 1.3 [17] AGCTpakTHHI BUTIISLA MYJbTHXMapH

Jl5is KepyBaHHS TOJIaTKaMU y PI3HUX XMapax iCHYIOTh HACTYITHI apXiTeKTypH [16]:
1. Po3mo/iin KOMIIOHEHTIB TPOTpaMu B Pi3HUX XMapHUX cepenoBuiax. HaBenena Ha
puc 1.4 apxiTekTypa po30nMBae KOMIIOHEHTH ISl iHTEpQEiCYy Ta CepBEpPHOI YaCTUHU Ta

pO3ropTae B pi3HUX XMapax.

® A®

Cloud A Cloud B

Portfolio of
Applications

Pucynox 1.4 [16] Po3noiij1 KOMIOHEHTIB IPOrPaMH B PI3HUX XMapHHUX
cepeOBHIAX
2. 36epexeHHA BCiX KOMIIOHEHTIB B 000X xMapax. Taka apxiTekTypa miaiijae, Koau

MOTPIOHO CTBOPUTHU CTIMKICTH 1 aBapiliHE BIAHOBIEHHA. M0XEMO HallalITYyBaTH CUCTEMY
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K aKTHBHY-aKTMBHY, KOJH OOWJBI XMapu npuiiMaroTh Tpadik y Oyap-skuii dac, abo
aKTUBHY-TIACHBHY, JIe OJHA XMapa MpaIoe SK OCHOBHA Ta MpHIMAae >KUBUU Tpadik.
Btopunna xmapa obpoOisitTume Tpadik, JIUIIe SKIIO0 BUHUKHE MpoOiemMa 3 OCHOBHOIO

XMaporo, 1 BOHa nepecTane Bianosiaaru (puc 1.5).

A% A®

Cloud A Cloud B

Redundant
Applications

Pucynox 1.5 [16] 36epekeHHs BC1X KOMIIOHEHTIB B 000X XMapax

CyugacHi 6aratoxmapHi apXiTeKTypu po3poOieHi i OJHOYACHOTO BUKOPUCTAHHS
KUIBKOX MOCTa4ajJbHUKIB XMAapHHUX IOCIYT, MPOMOHYIOYM OpraHizauisiM MiABUIIEHY
THYYKICTh, p€3€pBYBaHHS Ta CBOOOY BiJ MPUB’A3KHU A0 MocTadaidbHuKa. L{i apxitekTypu
JI03BOJISIIOTH PO3MOJUIATA poOOUl HABAHTAXXEHHS B PI3HUX CEPEOBUINAX, JONOMAarayu
30aaHCyBaTH BUTPATH, TPOyKTUBHICTH, BIIMIOBIIHICTH Ta 1HII ONepalliliHi moTpeou.

He3Baxarouu unciaeHH1 nepeBaru MyJbTUXMapHUX apXITEKTYp, ICHYIOTh MPOOJIEMHI
aCIeKTH, K1 TOTPeOyIOTh MOJANBIIOTO yAoCcKoHaIeHHs [18-20]:

- Binminnocti B API, popmarax MeTpuk 1 MOdITHKaxX O€3MEeKH MIX MPOBITHUMHU
MOCTavYaJIbHUKAMHU XMapHUX MOCIYT YCKIAIHIOIOTh MPOLEC iX YHI(PIKOBAHOI B3aEMO/III.

- BincyTHICTh T100JIBHOTO MOHITOPUHTY Y pealbHOMY Yaci.

- HepnocraTtHe BpaxyBaHHs 6araTokpuTepiaabHUX (AKTOPIB.

- CyyacHl aJrOpUTMH 4acTO HE 3a0e3Mevyr0Th JOCTaTHHOI aJanTUBHOCTI 10 3MiH

Tpadiky, HOBHX PETYISITOPHHX BHUMOT a00 KOJHMBaHb BapTOCTI OOYMCIIIOBATILHHUX
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pecypciB.
- Ilepenaua crany, 1aHuX a00 KOHTEHHEPIB MK XMapaMH € CKJIaJIHOIO TEXHIYHO Ta

(hiHaHCOBO, OCOOIMBO B yMOBax Oe3repepBHOI pOOOTH CEPBICIB.

1.2 Opranizanis MyJbTHXMapPHOI0 Cepe0BHIIA Ta MIATPUMKA HOro

(pyHkuionyBaHHs

Opranizamito MyJIbTHXMApHOTO CEPEIOBHINAa MOXKHA TMPEACTABUTH Yy BUTISAIL

abcTpakTHHX PiBHIB (puc 1.6).

SaaS

} PaaS

N

Servers
> laaS

Storage

Network

J

Pucynok 1.6 [10] AGcTpakTHI piBHI XMapHOTO CTEKY

VY BigmoBigHOCTI 10 [29] MOXHA BUIUIMTH NIE€B’ATh PIBHIB aOCTpakiii, a came
Meperka (HIDKHS YaCTHHA CTeKa), CXOBUILE, CEPBEPH, BIpTyauti3allis, oniepalliiHa cuctemMa,
MIPOMIKHE MporpamMHe 3a0e3MeueHHs], Yac BUKOHAHHS, JIaHl Ta JOJIaTOK (BEpXHs YacTUHA
CTEKa).

[Tlinxoam mo XxmMapHOI CyMICHOCTI MOKHA PO3TJIsIaTH K OaraTopiBHEBI MOJEII, Jie
KOKEH PIBEHb Ma€ B3a€EMOJISTH 3 HACTYITHHUM PIBHEM 1 31 CBOIM aHAJIOTOM B 1HIIIOMY
npoBaiepi.

XMapHi OOYMCIIEHHSI JOCTYIIHI B TPhOX MoOjeNsx oOciyroByBaHHs puc.l.7 [30]:

«IadpacTpykrypa sk nociayra» (laaS), «Ilmardopma sk mocayra» (PaaS) 1 «IIporpamue
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3a0e3nedyeHHs K mociyra» (SaaS). Y Bumaakax SaaS ab6o PaaS 6a3oBi pecypcu Takox

KEPYIOTbCS XMapHUM IIPOBANIEPOM.

Managed by vendor

* Applications
* Data

* Runtime
* Middleware

] N a
« 0/S
\ &

* Virtualization

) ~— T — . (cam . * Servers

D’ H = [eee ]

& == :E; = « Storage
.. * Networking

Pucynoxk 1.7 [30] ITocmyru, siki KepyOThCs TPOBaIepOM XMapHOI m1atgopMu Ha

pi3HHX piBHAX abcTpakiii

XMapHa cymicHICTh Ha piBHsX PaaS 1 SaaS 3anexuts Big piBas laaS, mo Bkazye Ha
Te, IO CYMICHICTh Ha piBHI [aaS mae kiro4oBe 3HAUCHHS.

Pi3H1 mxepena iHTEpHPETYIOTh TEPMIH «XMapHa FeTEpPOreHHICThY Mo-pizHoMy. Ha
HIDKYOMY PIBHI T€TEPOreHHICTh O3HAYaE, M0 Pi3HI TUITH TPOIECOPIB 00’ €THYIOTHCS s
3a0e3MedYeHHs BIpTyaIi30BaHOTO T€TEPOreHHOI0 O0IaJHAaHHS B MEKaX OJJHOTO XMapHOTO
npoBaiepa. Ha BuioMy piBHI TETEPOTeHHICTh Ma€ Ha YyBa3l B KOHTEKCTI
MYJIbTUXMapPHUX TEXHOJOTH MOEIHAHHS OCIYT BiJl ACKIJIbKOX MOCTavyaIbHUKIB. Takum
YHMHOM, TE€TEPOTEHHICTh JOCATAEThCA 32 PaxXyHOK BUKOPHUCTAaHHS TiNEepBi3OpiB Ta
MpOrpaMHUX MAKETIB BiJ Pi3HUX NocTayanbHUKIB [10].

[ntepdeiic  mporpamu  103BOJNSE  MPUXOBATH  CUCTEMHI  CKJIQJHOCTI
MyJIBTHXMapHOCTi. Po3pi3HEeHa apXiTeKTypa CKJIAJAa€ThCs 3 PI3HUX amapaTHUX 3aco0iB,
BIpTyaJbHUX MAINH, OTEPAIITHIX CUCTEM, IPUBATHUX XMap, KiactepiB Tomo. Joctym
KOPHUCTYBauiB /10 0araTOXMapHUX CIy>)KO peasi3yeTbcsi yepe3 €AUHHUM yHi(piKoBaHUMN

iHTEpdeEiic, M0 Haae 3MOTy KOPUCTyBadaM 30CEPEIUTUCS HA POOOUOMY MPOIIECI.
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JUis  miATpUMKY  (YHKIIIOHYBaHHS MYJBTHUXMApHOTO CEPENOBUINA, MOXIJIUBO
BUJIUIUTH JIB1 TPYTIH:

1. IncTpymenTapiii niATpUMKH (QYHKIIOHYBaHHS MYyJIbTUXMapHOTro cepenosuia. Ha
KO)KHOMY 3 DIBHIB MYJIBTUXMApHOTO CEpPEAOBHUINA 1HCTPYMEHTApil MiATPUMKH HOTO
(GbyHKL10HYBaHHS Ma€e OyTH cyMmicHUM. Lleil iHcTpyMeHTapiii He € 3aJeKHUM Bl XMapHHUX
npoBaiifiepiB. BracHMK MynbTHXMapHOIrO cepefoBUIla MOXXe oOuparu HalOUIbII
e(peKTUBHUN IHCTPYMEHTapil Ui pO3pPOOKM BIACHOI'O TETEPOTEHHOr0 MPOTrPaMHOIO
CepeoBHILA.

2. O6uncnoBaibHI CEpPBICH, KI BUKOPHUCTOBYIOTh Ha piBHsIX PaaS ta SaaS s

BHKOHAHHA 3aa4 KiHHeBOFO KOpUCTYyBaya.

1.2.1. IncTpyMeHTAapiii po3ropTaHHs MyJIbTH-XMAPHHUX Cepel0BHIIL

Jlnist po3ropTaHHsl MyJIbTUXMapH ICHY€ 0arato iHcTpyMeHTiB [21-23]:

1. VuidikoBani APl ans kepyBaHHA XMapHUMH pecypcaMu. [HCTpyMeHTH, SKi
abcTparyioTh crenniky KOKHOTO XMapHOTO MOCTa4aJIbHUKA, JO3BOJISIOYH MPOTrpaMamM
npaioBaTu B Oyab-aKii xmapi 6e3 3Haunux moaudikauiii (HashiCorp Terraform, Apache
Libcloud, Pulumi).

2. [ncTpyMeHTH KepyBaHHS XMaporo — 3a0e3MeuyIoTh [IEHTPaIi30BaHUNA KOHTPOJIb,
MOHITOPUHTI 1 aBTOMAaTH3alll0 JUJIsi KEPYBaHHS pECypcaMH, BUTpPATaAMH Ta IOJITUKOIO B
KUThbKOX XMapHHUX cepenoBuiax (Apache OpenStack, RightScale (Flexera), CloudHealth
by VMware).

3. Konreiinepizamiss B XMapax — CHpPOIICHHS pO3TOPTaHHSA Ta KEpPyBaHHS
KOHTEHHEPHUMHU IpOrpaMaMH Ha KuUlbKoX xmapHux Iuargopmax (Kubernetes, Red Hat
OpenShift, Docker Swarm).

4. Menemxepu 6a3 JaHUX 1 CXOBUII — HAJAIOTh IHCTPYMEHTH I KEpyBaHHs 0azaMu
JTAHUX 1 CXOBHIIIEM Y XMapHUX MpoBaiijiepax, 3a0€31euyoun 10CTyTHICTh, TOCIII0BHICTh
1 CyMICHICTh JJaHMX y PI3HUX cepenoBHInax. [le MoxyTh OyTH MyJIbTHXMapHI MIIO3U

30epiranHs 1 twiargopmu kepyBanHs ganumu. MinilO, Ceph Tomo agomomararoTthb
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KepyBaTu pecypcaMu 30epirans Ha pi3sHUX XMapHuX miardopmax. Kpim Toro, Taki 6a3u
nanux, ssk NuoDB, FaunaDB 1 CockroachDB, 3a10BOnbHSI0TE BUMOTH OaraToXMapHHUX
cepeoBHII, 3a0e3Meuyroun 0e3npodIeMHe HalallTyBaHHs 0a3 JaHUX 1 KEpyBaHHS HUMH.

5. CrenianbHi IHCTPYMEHTH JUIS XMapy — MPU3HAYEH] IS IHTETpallii IeBHUX CITY>KO
Bl OJIHOTO XMapHOro IMOCTayajlbHUKA 3 IHIIUMHU XMapHUMHU cepenoBuiiamMu (AWS
Outposts, Google Anthos, Azure Arc).

AHai3 NOMUPEHNUX IHCTPYMEHTIB MYJIBTUXMAPHOI B3a€MO/I11 J03BOJISI€ BUOKPEMUTHU
HACTyMHI NpOorpaMHi 3aco0u.

1. Kubernetes [24] — ue mmardopma KepyBaHHS KOHTEHHEpaMH 3 BIIKPUTHM
BUXIJTHUM KOJOM, SKa aBTOMAaTU3Yy€ pO3TOpTaHHS, MaclITaOyBaHHS Ta KepyBaHHS
KoHTeliHepHUMHU Tporpamamu. Kubernetes ckmamaeTbcs 3 piBHS KepyBaHHS (Kepye
KJ1actepoM) 1 pobouux By3miB (PucyHok 1.8). ABTOMaTuiyHO BUKOHYE Taki 3aBAaHHS, SIK
TJIaHYBaHHS  KOHTEHHEpiB, MaciiTa0yBaHHs, OallaHCyBaHHS HAaBaHTAXKCHHS Ta

CaMOBITHOBJICHHS.

I (optdional) cem

I Controller @

manager =

eted

Node (persistence store)

I —
hubelet Jabe-proxy
k-proxy,

~
I - API server
ﬁ Cloud controlk
‘ @ @ ' provider oud controller
. bl opions) @

Pucynox 1.8 [21] Komnonentu kinactepy Kubernetes
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Kubernetes m03BoisiE THYYKO pO3rOpTaTtd Ii KOMIIOHEHTH Ta KEPYBATH HHUMHU.
ApXITEKTYypy MO’KHA aJanTyBaTH 1O PI3HUX NOTpPed, BiJA HEBEIUKUX CEPEIOBHIILL
PO3pOOKH 10 pO3rOPTAaHHS BEIMKOTr0 BUPOOHHUIITBA.

2. Terraform [25] — ne incTpyment «ladpactpykrypa gk koa» (IaC), mo no3Bosnse
BU3HAYaTH Ta HaJaBaTH 1HQPACTPYKTypy Ha MOBI JI€KJIapaTUBHOI KOHQIryparii.
Terraform miaTpUMy€e MUPOKUN CHEKTp XMapHUX MPOBaWEpiB 1 JOKaJIbHI PIIICHHS,
J0IIoMarae 3acToCyBaTH €IMHUNA pPOOOYMI Mpolec aBTOMaTu3alli, mo0 KepyBaTu
KUJIbKOMa MOCTavyajibHUKaMH IHPPACTPYKTypHU Ta SaaS, a TaK0X KepyBaTU MIXKXMAPHUMU
3anexHocTsAMHM. lle cmpoirye KepyBaHHS JKUTTEBUM IIMKIOM 1 OpPKECTPOBKY
O6araroxmapHoi iHGPaCTPYKTYpH Oyab-sIKOTO MacTady.

3. S3Proxy [26] — mpukiang MyJIbTUXMapHUX NUTI031B 30epiranas (Multi-cloud
storage gateways). CyTh ix poOoTH mojsirae B neperBopeHHi API-iHTepdericiB pi3HUX
XMapHUX HpoBaiaepiB B equHuii AP, moneruryroun nepemilieHHs JaHuX 1 YIpaBJIiHHS
HUMHU. BOHHM 103BOJNSIOTH KOPUCTYBayaM OTPUMYBATH JOCTYI 1 K€pyBaTH NAHUMHU B
PI3HMX XMapHUX MpoBaiinepax 6e3 HeOOX1AHOCTI BIPOBAKEHHS Ta MIATPUMKHU KUTBKOX
inTerpaniii API. Crnpomiena apxiTekTypa JOCTYIy 10 JaHMX 4Yepe3 LUI03 30epiraHHs

MPOLTIOCTpOBaHa Ha puc. 1.9.

KopucTyBaLibka nporpama

EanHnii API

LLinto3 36epiraHHs

N

Cneundivnnin API gna xmapn  CneuundiuHunii API ans xmapu CneundivHnin API gna xmapu Cneundivnnin API gna xmapu

AWS S3 Azure Blob Storage Google Cloud Storage IHWWIA XMapHWiA npoBaiaep

Pucynoxk 1.9 [8] Copoiiena cxema MyJIbTUXMapHOTO IUII03Y

4. Apache Nifi [27] — npencrapisie coboro matgopmy kepyBanHs ganumu (Data
management platforms abo DMP). DMP — 1ie mporpamHi pimeHHs, Ki, Ha BIAMIHY Bif

HUTI031B 30€piraHHs, MpU3HAYEHl JJIs MOJIETUIEHHS HE JIUIIE KEepyBaHHSIM JaHUMU Ta
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JOCTYyIy JI0 HUX y MYJbTUXMApHHX CEPEIOBHINAX, aje ¥ Mirpaiii, 3axucty Ta
KepyBaHHSAM JaHUMHU MK PI3HUMH MTOCTaYaIbHUKAMH XMapPHUX CXOBHII. APXITEKTypa Ta
MOTIK JIOCTYITY JI0 JaHUX JYy’K€ CXO0XK1 Ha IUTI03H 30epiranus (puc. 1.9).

5. Apache Libcloud [28] — xmapHo-He3anexna 6i6mioteka (Cloud-agnostic librarie).
XMapHO-He3alekH1 010J110TEKH — 1€ MPOTPaMHI IHCTPYMEHTH, SIK1 3a0€311eUyI0Th €IMHUN
yHi(pikoBaHU 1HTEpdEC 171 B3aEMOIIT 3 AEKUIBKOMA CTy>K0aMH XMapHOT'0 CXOBHUIIA Ha
piBHI MporpamMyBaHHS JAOJATKiB, YCyBarOUM HEOOXIJHICTh MPAIIOBATH 3 KIIbKOMA
crneumianbauMu API mns cloud-cepenoBuia. BukopuctanHs Takux O010110TeK gojae
3HAYHUX 3YCHWJIb JIs peaiizallii KiHIeBOro aoAaTKy, 00 icHye moTpeba B peamizarrii
BIIacHOTO cremiaabHoro API, skuii 3a3Buyaii  OLIbII OOMEXKEHHN 1 MEHII
nokymenToBanuid, HXk APl xmapaux nposaiinepis. [IpoimocTpyemo mpouec iHTerpamii

XMapHO-He3aexHoi 010:110TekH 3a gornomororo aiarpam 1.101 1.11.

"/loAaToK 3 iHTerp.yHiBepc.xMapHoto bibnioTekoro" "LUnto3 36epiraHHs abo DMP" "AWS S3" "Azure Blob Storage" "Google Cloude Storage"

YHidikoBaHWiA AOCTYN A0 AaHUX

YHidikoBaHWiA AOCTYN A0 AaHNX

YHipikoBaHuiA OCTyN 40 AaHUX

YHidikoBaHWiA 4OCTYN A0 AaHUX

"/loAaTok 3 iHTerp.yHiBepc.xmapHoto bibnioTekoro" "LUnto3 36epiraHHa abo DMP" "AWS S3" "Azure Blob Storage" "Google Cloude Storage"
Pucynox 1.10 [8] Hiarpama mociioBHOCTI Ai#l 040 iHTErpailii XMapHo-

He3aJIe)KHOI 010/110TEKH B KIHIIEBUM TOJATOK

"[lopaTok 3 iHTerp. yHiBepc. XMapHoto 6ibniotekoto" "AWS S3" "Azure Blob Storage" "Google Cloude Storage"

YHidikoBaHWA AocTyn A0 AaHUX

>

YHidikoBaHW1 AocTyn 40 AaHWX

YHidikoBaHWI 40CTYN A0 AaHWX

>

"[loaaTok 3 iHTerp. yHiBepc. XMapHoto 6ibniotekoto" "AWS S3" "Azure Blob Storage" "Google Cloude Storage"

Pucynox 1.11 [8] [iarpama mocaigoBHOCTI pe3yJIbTaTiB IOCTYITY 0 JaHUX i3

IHTErPOBAHOIO0 XMapHO-HE3aAJIEKHOI0 010J110TEKOI0
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1.2.1 Oco0MBOCTI MyJIbTUXMAPHOI B3a€MOJII

3pocTaHHsl BOPOBAKEHHS MYJIBTHXMApPHHUX TEXHOJOTIH pa3oM i3 3pOCTaloyuM
MOMUTOM Ha e(PEKTUBHY CYMICHICTh JIaHUX CTBOPIOE CKJIAHY MPOOJIeMY /I OpraHi3allii.
Pi3HOMaHITHICTh XMapHUX IJIATPOPM, KOXKHA 3 IKUX MA€ CeU(iuHI 1715 oCcTadaIbHUKA
API, cnyx0u Ta MexaHi3MHU 0e3MeKH, 30UIbIIYE CKIAAHICTh MYJIBTUXMAPHUX aApXITEKTYP
[31]. CxnagHicTh MyJIBTHXMApHOI apXITEKTypH 3yMOBIIOE€ MOTpeOy Yy BIPOBAKCHHI
CTPYKTYpPOBaHMX 1 CTpaTeriyHo OOTPYHTOBAHMX pilleHb. PilleHHS aii CyMICHOCTI
MOBUHHI HE TUTBKM BIAMOBIZATH TEXHIYHMM BHUMOTAM IHTErpamii, ajge W MIHPIIAM
OpraHi3allifHUM IUISIM [[0J0 MacIITabOBaHOCTI, MPOAYKTUBHOCTI Ta BapTocTi [32].
BukopucranHs 0OaraToxMapHOTo MIiAXOAy TMOTpeOye METOMiB, SKI JO3BOJSIOTH
OpraHi3ailisiM 3aCTOCOBYBAaTH HAaHOIbII €PEeKTHUBHI CTpaTerii.

bararoxmapHa B3aeMO/Iisi CTOCY€ETBCSI TOTO, SIK JOJATKH Ta CIY>KOU OOMIHIOIOTHCS
JTAHUMH MK KUUIBKOMa XMapHUMU MpoBaiiaepaMu. MoxHa BUIITUTH Taki QYHKI[IOHATBHI
BHMOTH JI0 Oprasizalii MyJbTHXMapHoi B3aemoii [33-35]:

- CuHXpoHI3aIlis TaHUX M1k XMapaMu 3a0e31euye y3roKeHICTh y cepenoBuiili. Lle
MOXYTh OYTH TEXHOJOTIi IIJI031B XMApPHUX CXOBHII, XMapHO-HE3aJekKHI 0a3u JTaHHX,
Ci1y>k0u peruTikanii JaHuXx.

- besneune ta HajiliHEe MepexkeBe 3’ €AHAHHSI MK XMapaMHi Ma€ Ba)KJIMBE 3HAUCHHS.
Heo0xigHo 3a0e3neynT 3’ €THaHHS 3 HEBEIUKOI 3aTPUMKOIO 1 BUCOKOKO IPOITYCKHOIO
3IaTHICTIO.

- LenTpamnizoBane kepyBaHHsS 3abe3mneuye yHipiKOBaHE YSBICHHS HPO PECypcu
PI3HMX XMapHHUX IIPOBaiIepiB.

- HasBHicTe iHCTpyMEHTapit0 MYJIbTUXMApHOI OPKECTPOBKH, WO JO3BOJISE
porpaMmam OXOILTIOBATH KiJIbKa XMap, 3a0€3Meuy0un CTIHKICTh 1 THYYKICTb.

- Buxopucranas noniTuku Oe3MeKH Ta CUCTEM KepyBaHHA 1leHTU(IKalli€r0, SKi
CTaHJAapTU30BaHl B XMapHUX CEpPEIOBUINAX Jis 3a0€3MeUeHHs Y3rOI)KEHOTO KOHTPOJIIO

JNOCTYILY Ta 3aXMCTY JaHHUX.
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- 3actocyBaHHA OaraTOXMapHHUX IHCTPYMEHTIB YIIPaBIIHHA BUTpAaTaMu s
HajaHHs 1H(QopMalli Npo oOCATH BUKOPUCTaHHS XMAapHUX pECypciB Ta BiANOBIJHI
BUTpATH, OTIOMAralouy OpraHizaiisiM BU3HA4YaTU MOKIJIUBOCTI €KOHOMII.

[Ipuxmamom po3noBCIOHKEHOTO 00UUCITIOBAIBHOTO cepBicy € bescepBepna DyHKITis
(serverless function) — mnporpamHa ¢yHKIS, $SKy MOXE HamucaTd PO3POOHUK
nporpaMHoro  3a0e3NedeHHs MPUKIAAHOI  CHUCTEMH  JJisi  BUKOHAHHSA  OJIHI€T
(GyHKIIIOHAIBHOI 3ajaui, fKa pPO3MIIIYETbCA Ta MIATPUMYETHCS B 1H(PPACTPYKTypi
npoBaiiiepa XmapHuX oOuucieHb. be3cepBepHi (yHKIIT SBISAIOTH COOOKO JIETKY
OoOYHUCIIOBATIbHY MOJI€NIb, KEpOBaHy MOAIIMU. BoOHM chpolyrooTh OararoxmapHy
B3aEMOJIII0 3aBJSIKM a0CTparyBaHHIO BiJ MpoOieM 3 iHPPaCTPYKTYypOro, 3a0e3MeUeHHIO
KEPOBAHMX MOMISIMU POOOUYMX TIPOIECIB y XMapax, a TaKOXX 3HIKEHHIO BHUTpAT Ha
00cITyroByBaHHS poOOUYOTro HaBaHTaXEHHs [36].

VY KoHTeKCTI MysbTUXMap serverless-pyHKii Mpamto0Th HACTYITHUM YHHOM:

- 3alyCKalOThCA TAaKUMHU TOJIsAMH, sIK BUKIuUKA API, 3aBanTakenns ¢aitniB abo
3MiHU 0a3H JaHHX;

- BHUKOHYIOThCS JIMIIIE 32 MOTPEOH, 0 MiHIMI3y€E BUTPATH;

- KOXEH MOCTa4yaJbHUK XMAapHUX MOCIYT MPOMOHY€E Oaraty €KOCHCTEMY, 10 SKO1
MOXYTh MIJIKIIOYUTUCS Oe3cepBepHi QYHKIIII.

bescepBepHi (yHKINT HATarOThCSI HAWOLIBII BIIOMUMH MTOCTaYyaIbHUKAMU XMapHHUX
MOCHYT, cepell AKX MokHa HazBaTu Lambda Big Amazon Web Services, Cloud Functions
Bi1 Google Cloud Platform, Ta Azure Functions Big Miscrosoft Azure.

Hagenemo npuxnaau npaktuyHoro 3actocyBanuss AWS Lambda B MynbTUXMapHUX
CIIEHApIisIX:

1. baratoxmapue aBapiitne BigHOBIeHHsS. AWS Lambda 3amyckae ocHoOBHY
0e3cepBepHy (PyHKIIIIO 47151 0OpoOKHM 3amuTiB 1 30epiranHs qanux B AWS DynamoDB.

2. MynpTUXMapHUi KOHBeep 00poOku 300paxkeHb. AWS Lambda aktuBye

3aBaHTaXeHHs painiB y S3, a QyHKIII — KOHBEPTYE 300paKeHHA Y CTAaHAAPTHHUH popMmar.
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3. bararoxmapue mamuuHe HaBuanHsA. Kommanisg [oT 3amyckae Mozaesni MalmmHHOTO
HaBYaHHS JJI1 IPOTHO3IB y peallbHOMY 4acl 3a JI0MOMOror Oe3cepBepHUX (PYHKIIN Y
pizaux xmapax. AWS Lambda 06po6isie Bxigni nani [oT 3 mpucTpoiB i BUKoHye 6a30By
MOTIEPEIHIO 0OPOOKY JaHUX JTATUHKIB.

[IpoBenenunii aHami3 CTPYKTypH Ta BHMOT JO TNPOEKTYBAaHHS MYJIbTHXMApPHOTO
CepeOBUILA /ISl KIHLEBOTO KOPUCTYBaya CBIAYUTH IPO:

- HeoOxinnicte BuOOpY HaWOLIbII €()EKTUBHOTO I1HCTPYMEHTAPIIO MiATPUMKHU
(yHKLIOHYBaHHS MYJIbTUXMApPHOTO CEPENOBUILA B 3aJIEKHOCTI BIJ YMOB, 3a SIKHX L€
CEpEeZIOBUILE YTBOPIOETHCA.

- Ilig yac pyHKIIOHYBaHHS IPUKIIATHOI CHCTEMH Y MYJIbTH-XMapHOMY CepeIOBHUIII
BUHUKA€E CUTYaIlisl, KOJIM YMOBHU HOTO (DYHKITIOHYBaHHS 3MIiHIOIOTCS (3MiHA 00’ €My TaHUX,
SIK1 0OpOOJISIOTHCS; 3MIHA OIO/KETY, BAPTOCTI XMAPHUX MOCIIYT, TOIIIO).

- B 3B’s3Ky 31 3MiHOIO YMOB ()YHKIIOHYBaHHS MYJIbTUXMAapHOTO CEpeOBHILA
BUHUKAE MOTpeda B IEPEIPOEKTYBAHHI HOTO apXiTEKTYPH, LIeH MPOLIeC Ma€ BUKOHYBATHCh
aBTOMAaTU30BaHO 0Oe€3 PY4YHOIo MepenporpaMyBaHHs 3 METOI 3MEHUICHHS BUTpAT Ha

MIATPUMKY IPOTPAMHOTO KOMILJIEKCY.

1.3 IlepeBaru Ta o0MesKeHHs pillleHb 1010 MYJIbTHUXMAPHOI B3a€MOJII

Kommnanii-mocrayagpHUKH XMapHUX TOCIYT PO3POOJISIIOTH Pi3HI MIJXOAH 10
iHTerpamii MyJbTHUXMAapHUX CEpeloBHIN. AJle, Mepil 3a BCE, KOMIIaHIi-KOpUCTyBaul
MarOTh BU3HAUYUTHUCS 3 LIUISIMU 1 TIOTIM BXK€ 0OMpaTH MiAXOH, SIK1 HalKpallle peani3yroTh
ixH1 BUMOTH. [[7151 11bOTO BapTO 3BEpHYTH yBary Ha Hactymnse [37]:

- aHaJi3 BJIACHOI CHCTEMHU IS BU3HAYEHHS HEOOX1THUX CEPBICIB;

- B3a€EMOJIs PI3HUX XMap: MOTPIOHO NMepeKoHATHUCH, 1110 00paHi MIIaTGOPMH CyMICH1
1 MOXKYTh IHTETPYBaTHUCH;

- TMPOEKTYBAHHS apXiTEKTYpPU MallOyTHBOT MyJIIbTUXMAPHOI CUCTEMH;

- BIIPOBADKCHHS HATIHHUX 3aX0/1IB KEPYBaHHS 1 O€3IMEKH;
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- BUOIp pimIeHp 11 00CIyroByBaHHS | MOHITOPUHTY;

J10 OCHOBHMX THIIIB MYJIBTUXMapHUX CTpaTerid MOKHA BIIHECTHU Taki miaxoau [38]:

1. Po3noainene xmapHe pO3ropTaHHs TMepefdadae pO3MIIIEHHS MPOrpPaMHHUX
KOMIIOHEHTIB Ha KUTbKOX IIaT(HOopMax 3 METOIO MiABUIIECHHS JOCTYITHOCTI Ta 3SMEHIICHHS
3aTPUMOK.

2. Pemmikarris Ta pe3epBHE KOIIIOBaHHS TaHUX — TUPAXXyBaHHS JAHUX MIXK KIJTbKOMa
XMapHUMHU MIPOBaiepaMu, 10 3a0e3nedye BUCOKY JOCTYITHICTD 1 aBapiiiHe BiTHOBICHHS.

3. Ilom’sikiieHHsT OJIOKYBaHHS MocTadalbHUKA. [[pOro MOXHa IOCATTH HIISXOM
NPUIHATTS OaraToXMapHOi apXITEKTYpH, SiKa BUKOPUCTOBYE CHJIbHI CTOPOHU KOKHOTO
XMapHOT0 TOCTavagbHUKa. Matouu OUTbIIe MOXITHBOCTEH, KIIIEHTH XMAapHUX TEXHOJIOTIN
MOXXYTh JOMOBHUTHCS MPO Kpalli yMOBH Ta I[iHM Ta YHUKHYTH TMPUB’S3KH IO BIIACHUX
TEXHOJIOT1H MOCTavyalbHUKA, SIKI MOKYTh KOH(JIIKTYBAaTH 3 BJIACHOIO MYJIbTUXMApHOIO
CTpaTeTi€r0 KIIEHTA.

4. OnTumizaiisi TPOIYKTUBHOCTI — ONTHMI3aIisl 4acy Oe3BiAMOBHOI poboTm Ta
MPOAYKTHUBHOCTI TporpaM. bararoxmapHIiCTh TO3BOJII€ pO3TOPTaTH TPOTPaMH B
obnactsx, ki Hi3uyHO OJIMKYE IO KIHIIEBUX KOPUCTYBAYiB.

5. OnTumizamisi BUTPAT — BUKOPHUCTOBYIOUM MOJENI I[IHOYTBOPEHHS KOXKHOTO
MoCcTavyajJbHUKA IMy0JIIYHOT XMapHy, KOMIIaH11 MOXKe OTpUMaTH Hailkpally BapTICTh.

6. BiamoBiIHICTh 1 CYBEPEHITET NaHUX — 3 KIJIbKOMa XMAapHUMH MOCTavYaIbHUKAMHU
KOMIaHIsM JieTie JOTPUMYBAaTUCh 3aKOHIB 1 HOPM ILIOJIO CyBEpeHITeTy AaHuX. Llporo
MOXHa JOCSTTH LIJISIXOM PO3TOPTaHHs JOJATKIB Y PETi0HAX, SIK1 BIAMOBIIAI0TH MICLIEBUM
3aKOHaM 1 HOpMaM BiJITOBITHOCTI.

PosrisHeMo icHyI0Y1 MiAX0IU MYyJIbTUXMApHOI B3a€EMO/II.

Mynvmuxmapni winozu 30epieanta — 1e anapatHe abo mporpaMHe 3a0e3mneueHHs,
SK€ HaJa€ IUIaBHUW JOCTYN JO0 JaHUX, M0 30epiraroTbCcsi B KIIBKOX XMapHHUX
npoBaiifiepax, JII0YM SK MOCEPEIHUK MDK IporpaMaMu KOpHUCTyBada Ta CIyXOamu

xMapHoro 36epiranss [8, 39].
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JlocTym 10 XMapHOTO CXOBHIINA Yepe3 MUTI03 3a3BUYail Ma€ Taki epeBaru:

- CoporeHe KepyBaHHS JaHUMH 3a JOTIOMOT0I0 €UHOTO yHi(pikoBaHoro API.

- YHukae ONOKyBaHHs IMMOCTadyaJibHUKAa Ta 3a0e3leuye CTIMKICTh JaHUX MUISTXOM
PO3MOTY TaHUX MIXK KiJTbKOMa XMapHUMHU IIPOBaiiepamMu.

- IloteHmiiHO TMOKpallleHa MPOIYKTUBHICTH JIOCTYNYy A0 JAaHUX 3a JIOIOMOTOKO
KEIIyBaHHs Ta METO/IIB ONTHMI3aIlii.

[Tpu oMy 710 HEIOJTIKIB MOXKHA BiTHECTH:

- JlomaTkoBi BUTpATH 32 KOPUCTYBAHHS IIUTIO30M.

- 3HIWKEHHS MPOIYKTUBHOCTI a00 301IbIIIEHHS 3aTPUMKH Yepe3 T0AaTKOBHM PIBEHb
abcTpakiiii.

- 3aJeXHICTh Bij] MOCTaYaIbHUKA IIUTFO3Y 1100 OHOBJICHB, BUIIPABJICHHS TIOMHJIOK
1 TIATPUMKH.

Pospobkamu y miit cdepi e: Cloudian Hyper-Store, Nasuni Cloud File Services,
Panzura Freedom, Morro Data CloudNAS, S3Proxy, siki ONTUMIi3yIOTh BUKOPHUCTAHHS
CXOBHIIIA Ta MiJBUIYIOTh O€3MEKy, OJHOYACHO 3a0€3MeUy0Und MYJIbTUXMAPHUH JTOCTYII
710 TAaHUX.

Inamgopmu xepysanns oanumu — e WIaTGopMu, sIKi aOCTParyoTh 6a30Bi CITYKOU
XMapHOTO 30epiraHHsi Ta 3a0e3MeuyroTh IEHTpalIi30BaHE YIPaBIiHHS JaHUMH, IO
JI03BOJISIE  OpraHi3allisiM 3amnpoBaJKyBaTH TMOJITUKH, AaBTOMATHU3YBaTH IMPOLECH Ta
OTPUMYBATH aHaJIi3 CBOIX JAHUX y KUIBKOX XMapax [8, 40].

[lepeBaru miatgopm ynpaBiiHHA JaHUMU:

- OnTuMi3yoTh K€pyBaHHS JaHUMH, 0OpOOKY Ta aHAJIITUKY B 0ararbox XMapHHUX
MpoBaiiiepax, MPOMOHYIOUN OUIBII PO3IMUpeH] QYHKIIIT, HIXK TUTF03U 30epiraHHsl.

- IlokpamiytoTh yrmpaBiiHHS JAaHUMH Ta BIJMOBIAHICTE BUMOTaM, 3a0€3MEUyH0Un
LUEHTPaJII30BaHUN KOHTPOJIb 1 BHJAMMICTh JAHUX 13 PI3HUX JDKEpEN, Y TOMY YHCII
MYJIBTUXMApHUX CITy:K0 30epiranHs.

- IMigTpumyroTe po3mupeHy oOpoOKy MaHMX 1 MOXIMBOCTI aHAIITUKH, SKi
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3a3BUYal HEJOCTYIHI B IUTI03aX 30epiraHHsl.

Henoniku miiardopm ynpaBiniHHA JaHUMU:

- MoxyTh OyTH CKJIAJHIIIMMH Yy BIPOBAKEHHI Ta OOCIYyroBYBaHHI 3aBISKH
JIOJATKOBUM (PYHKIISIM 1 pyHKLIAM, K1 Hagae mardopma.

- MoxXyTb NPU3BECTH 10 MIABUIIEHHS BAPTOCTI BUKOPUCTAHHS MIATHOPMH.

- Jlesixi rutatopMu MOXKYTh HE TIATPUMYBATH BCIX XMapHUX MOCTAYaIbHUKIB a00
NEBHI CITy>K0M 30epiranHs, 10 MOXe MPU3BECTH 0 MOTEHIIIHUX MPOOJIeM 13 CYMICHICTIO
a00 0OMEKEHbD.

Cepen npuknanis DMPs mosxna Ha3zBatu Talend Data Fabric, Informatica Intelligent
Cloud Services, Azure Synapse Analytics, Google Cloud BigQuery, Dell Boomi
AtomSphere, SnapLogic Intelligent Integration Platform, a Takox pinieHHsI 3 BIIKpATHM
kogoMm Apache Nifi.

Inempymenmu cmanoapmusayii APl — e rpyna pilieHb, siKi 103BOJISIOTh TIPUXOBATH
BigminHOCTI API pi3HuX XMapHHUX MOCTa4albHUKIB, TOOTO BUKOPUCTOBYBATH TOM CaMHiA
poOounii mporiec Ui KepyBaHHs JeKUTbKOMa MpOBaiiiepamMu, MOJIETTIIYI0YH KepyBaHHS
xmapamu [41]. Jlo Bka3aHMX I1HCTPYMEHTIB MOKHA BIJHECTH 1 XMapHO-HE3aJIeKHI
6i0miorexku. L{i 6i6mioTeKHM YacTO PO3POOIAIOTHCA Ta MIATPUMYIOTHCS CIUIBHOTOIO
YYaCHUKIB, 110 POOUTH iX 1HIIIATUBAMHU 3 BIKPUTHM BUX1JTHUM KOJIOM 1 I03BOJISIE Oy 1b-
SKAM pPO3pOOHMKAM J0JaBaTH BiACYTHI (YHKIII Ta HaJalITOBYBAaTH I1HCTPYMEHT
BIIMOBITHO 10 TOoTped BiacHoi mporpamu. OpHaK, OCKUIBKU I 010i0TEKH MOTPiOHO
BIPOBA/PKYBAaTH B KIHIIEBY IpOrpaMmy Ha Habarato HM)KYOMY pIiBHI, BOHHM MOXYTb
nmoTpedyBaTu OUIbIIE 3yCHUIIb Y PO3pOOIll MOPIBHSAHO 3 MOMEPEIHIMHU JBOMA PIIICHHSMH.
Hesixi npuknaau: JClouds, Pulumi, Apache Libcloud, Terraform, OpenStack Ta inmi.

Jlo mepeBar iHCcTpyMeHTIB ctangapTu3aiii APl MmoxxHa BigHECTH:

- CopouleHHsi poOOTH 3 pI3HUMHU XMapHUMHU MpoBaiijiepamMu, HaJalOyu €IUHUN
inTepdeiic APL

- 3MEHIIeHHS 3aJIeKHOCTI BiJ] €IMHOTO XMAapHOTO TOCTAYaIbHUKA 3aBISKA
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3a0e3MeYeHHIO IOPTATUBHOCTI.

- TlokpamieHHs ynpaBiiHHS pECypCaMHu.

- 3abe3rneyeHHs [EHTPaAII30BAaHOTO KOHTPOIIO 1 MOHITOPUHTY Yy OararoxmapHHX
CepeOBHIAX.

Henomniku:
- OOMexeHuit HaO1p QyHKIIIH.

- JlomaTkoBi piBHI aOCTpakKIlii MOXYTh BUKIHMKATH 3aTPUMKY.
- IloyatkoBe HamamTyBaHHA Ta KOHQIrypaiiss MOXYTh OyTH CKJIQJHUMH Ta
noTpeOyBaTH JIOCBi Y.
- Tlorenuiiini npobiaemMu O6e3MeKH JaHUX 13 CTOPOHHIMU 1HCTpyMeHTamu API.
PosrisineMo iHCTpyMEHTH aBTOMATHU30BAHOTO PO3TOPTAHHS, IO SIKUX BIAHOCATHCS:
- Terraform mWHPOKO BUKOPHUCTOBYETHCS  JUJII  aBTOMAaTH3aIlil  HaJaHHS
iH(QpacTpyKTypu B Oaratbox cepenoBuiiax. Hampuknaza, mo0 po3ropHyTH BIpTyallbHY
npuBatHy xmapy (VPC), miamepexy ta mpumipauk EC2 HeoOXiTHO BUKOHATH HACTYIHI
KPOKH:
o iHimamzamig Terraform;
* [UJIaHYBaHHS PO3TOPTAHHS;
* 3aCTOCyBaHHS KOHQIryparii.
Sk pesynbrat, HoBUil VPC, nigmepexa ta npumipHuk EC2 crBoprorotbest B AWS,
MOBHICTIO aBTOMaTu30BaHi Terraform.
- ArgoCD — e cyyacHMi IHCTPYMEHT U1l aBTOMATH3allli pO3rOpTaHHS 3aCTOCYHKIB
y Kubernetes-knacrepax. Bin mobynoBannii Ha npunnumnax GitOps, ne Bci KoHbiryparii
30epiraoThesa B Git-penosurtopii, 1 Kubernetes aBToMaTuuyHO CHHXPOHI3Y€E CBiil CTaH 3
IIUMH KOHDITyparissMu.
1006 noeqnatu Terraform 1 ArgoCD HeoOxiAHO BUKOHATH HACTYIIHE:
- Buxopucrtatu Terraform, mo6 nigrorysatu kinacrtep Kubernetes.
- Posropaytu ArgoCD y kiacrepi 3a gonomoroto Terraform.

- Buxopucraru ArgoCD ans posropranss nporpam Ha ocHOBI GitOps.
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14 CyMicHicTh 004HC/IeHb Y MYJIbTHXMAPHOMY Cepel0BHIII Ta ii BILIUB

HA reTeporeHHi MyJIbTUXMAaPHi CHCTEeMH

BrnpoBajkeHHsT ~ MyJNbTUXMapHUX  PIIEHb  CYNPOBOMKYETbCS  BUKIMKAMU
CYMICHOCTI, 3YMOBJIEHUMHU BIJIMIHHOCTSAMH Y BHKOPHUCTOBYBAaHUX apXITEKTypax,
CTaHJapTax 1 MPOTOKOJAX PI3HUX XMapHUX MpoBaigepiB. OCHOBHUMH NpUYUHAMU
TpyIHOUIIB 3a0e3meueHHs] CyMICHOCTI € po30DKHOCTI y QopmaTtax JaHUX, poOOUnx
MoJeNsX, mporpamuux iHTepdeiicax (API) Ta momiTukax Oe3mneku.

[cHyIOTH TIEBHI pO3pOOKH B HAIPSIMKY CTaHJapTH3allli MyJIbTUXMAPHOTO MPOCTOPY.
IaTepdeiic kepyBanns xmapuumu aanumu (Cloud Data Management Interface (CDMI))
[42] — ue cranmapT, Akud BU3HA4Yae (PYHKIIOHATBbHUM 1HTepdEic s AOCTyIy Ta
KepyBaHHS JaHUMHU, 1110 30epiraroThCs B XMapi. 3a HOTO JOMOMOT00 MOKHA CTBOPIOBATH,
OTPUMYBATH, 3MIHIOBAaTH Ta BUJAISATH (DAl 4M 1HII JaHl, a TAaKOX JI3HABATHUCH, SIK
o0JamToBaHEe XMapHEe CXOBUIIIE 1 KEPYBATH HUM.

[To3UTUBHUM CTOPOHOIO JAHOI TEXHOJIOTIi MOXXHA Ha3BaTHU BIJCYTHICTH MPHUB’SI3KU
JI0 OJJTHOTO XMapHOIr'0 MOCTa4YalbHHUKA, IO JAa€ MOXJIMBICTH MEpPEMIIyBaTH JaHI MiX
xmapamu. lIpoTe B OkpeMux BHUMNAAKax CTaHAAPT MOXE HETATUBHO BIUIMHYTH Ha
MPOJYKTUBHICTh 1 BUMAraTu JOJATKOBUX 3yCHJIb 1HTErpauii 3 ICHyIOUMMU CHUCTEMaMU
yIPaBIIiHHS TaHUMHU.

Binkputuii intepdeiic xmapuux obuucinenp (Open Cloud Computing Interface
(OCCI)) [43] — ue Habip mpaBwi, SIKI ONUCYIOTh, K KE€PYBAaTH PI3HUMH pecypcaMu B
XMapi, TAKUMU SIK CXOBHIIA, CEPBEPU UM Mepexi. BiH monomarae moeHyBaTH cepBicH
PI3HHX XMapHUX MPOBANUJIEPIB 1 CTBOPIOBATH MPOTPAMHU, SIK1 JIETKO IEPEHOCUTH MI>K HUMH.

Leit iHTepdeiic cnporrye poOOTy 3 XMapHUMH PECypcamu, IMiAJIallITOBYEThCS il
pi3HI MOTpeObn KopucTyBauiB 1 TexHosorli. OmHaK yepe3 Moro rHydYKiCTb MOXe OyTu
CKJIaJIHO BHOpATH 1 HAJIAIITYBAaTH MOTPIOHY KOHPITypaIlito.

Omnwucani cTaHgapTy MalOTh AESIKi CHUTBbHI EPEeBary, Taki K CIPOIIECHHS 1HTerpaii

Ta YOpaBIIHHS XMapHUMH pecypcamu, JJ03BOJIS€ BHUKOPUCTOBYBAaTU pi3HI XMapHI
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maTdopmu 63 IPUB’SI3KH 10 OAHOTO MpoBaiiaepa. OCHOBHI HEIOMIKYA BUSHAYAKOTHCS SIK
MOTEHIIIHI MPOOJIeMH 3 TPOIYKTUBHICTIO 1 CKJIAIHICTh BIPOBA/KEHHs. TakuM YHHOM
iCHy€ HEOOX1THICTh y JIOCHI/PKEHHI albTepHATUBHUX TEXHIK MIXKXMapHOI B3a€MO/IIi.

3rimno 3 [44, 45] MoXHa BWAUIMTHA OpTraHi3aliiHi mpobieMu, MOB’sA3aHl 3
0araToXMapHOIO 1IHTErPali€lo:

- MOoTpiOHO HAWHATH a00 HABUMTH MEPCOHAT HOBUM HaBUYKaM, CIICHU(IUHUM IS
HIATPUMKH ITyOTIYHUX XMap;

- CKJIQJIHICTb MOJIITUKHU yNPaBJIIHHS HABKOJMILIHIM CEPEIOBUILEM;

- TPYIHOIII 3 ONTUMI3AIlI€I0 BUTPAT;

- pU3MKH, TOB’s3aHl 3 mpoOiemamu Oe3MeKkd, MaHuX 1 KOH(DiIeHIIHHOCTI
Hey3rokeHa iHppactpykrypa AP, 6a3 nanux, mepex i Ge3mneku.

Jlo TexXHIYHMX BUKJIUKIB MOKHA B1IHECTH:

- BiacyrtHi cranmaptu APIL: 3arameni APl mns pobotu GaraToxmMapHUX cuUCTEM
noTpeOyIOTh PI3HUX BHUJIB PECypcCiB, IO HAAAIOTHCS pi3HUMH xMmapamu. lle ckimamna
npobJieMa, OCKUTBKHA HOB1 PECYpPCH 4acTO JOAAIOTHCS 10 XMapHOTO PUHKY, TO/II IK HEMae
UDDI-noaibHux kaTanoriB, siki © MOBIIOMIISIM MPO BCl PeCypcH, TOCTYIHI s
BUKOPHUCTAHHS.

- Pi3n1 abcTpakiii: yci 3arajibHi aOCTpakiiii, BKJIIOYAIOYX apXiTEKTYpy CXOBHIIA Ta
MEpEeXi, BIIPI3HATUMYTHCS B PI3HUX XMApHHUX MPOBaNIEPIB.

- OO0uuciaeHHs BapTOCTi: MOJEJI BUCTABIICHHS PAaXyHKIB KOPHUCTyBadaM CYTT€BO
BIIPI3HSIIOTBCA B PI3HUX XMapHUX MpOBaRAEpiB, 10 POOUTh Maike HEMOKIMBUM
JWHAMIYHY OIIIHKY BapTOCTI TOTO CaMOTO 3aBJaHHS, K€ BUKOHYETHCS B TIA YM 1HIIN
XMapi.

MoskHa BUAUTMTH HACTYTHI EpeBaru MyJIbTUXMAapHUX cTpaterii [16, 45]:

- ABapiiiHe = BiJIHOBJIEHHS. BnpoBamkeHHss ~ pe3epBHOrO  KONiIOBaHHS,
BUKOPUCTOBYIOUH Bi[pa3y JMeKiJIbka XMapHUX MPOBaANIEPIB.

- Ilepexinx mo iHIIOT XMapu y BUTIAAKY 300¥0.
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- OnTtumizanis  BuTpar. BukopuctaHHs  HalOUIBII  BUTITHUX  CEpBiCIB
MOCTAYaIbHUKIB XMapPHHUX TOCIYT.

- Cysepenirer naHux. barato kpaiH Ha 3aKOHOJJaBYOMY PIBHI MPUHMAIOTh 3aKOHHU,
AKI pEeryJioloTh po3MilleHHA naHux. Opradizamii MarOTh pPO3MILIYBaTH JaHI y
reorpa(iyHUX perioHax, siki He cyrnepeyaTh 3aKOHOJaBCTBY.

Posrnsaemo ckmamnicte iHTerpamii APl wa mnpuknami Crossplane [46, 47].
Crossplane — 1e IHCTpYMEHT i3 BIAKPUTHUM BHUXIJIHUM KOJOM, MpPU3HAYEHUN IS
KepyBaHHsA Ta YHi(ikamii OaraToxmMapHHUX CEpEeIOBHIL 3a JOMNOMOIOK EKOCHUCTEMHU
Kubernetes.

- APl xmapHHMX TpOBaiiiepiB 4YacTo BIAPI3HIIOTHECA CBOIMHU MapamMeTpaMH,
lepapXisiMH pecypciB 1 JIOTiKOI0 poOoTH, 10 Toro kK API uacTo OHOBIIOIOTHCS, T01AI0THCA
HOBI (QYyHKIIIi a00 MPUNIUHAIOYH BUKOPUCTOBYBaTHUCS cTapl. BignosigHo Crossplane mae
MOCTIHHO OHOBJIIOBAaTH KOHTPOJEpU MOCTadallbHUKA BIAMOBIAHO A0 IUX 3MiH, LIO
BHMAarae 3Ha4HOTo 00CITyrOBYBaHHS.

- Komun Bukimuk APl He BuKOHyeThCs depe3 XxuOHy KoH(irypariro abo
HECYMICHICTb, HAJIArOJ)KEHHSI MoXke OyTH ckiIaaHuM. [loMHMIIKKM 4acTo MOMIMPIOIOTHCA
yepe3 Kubernetes, mo mnpu3BOaUTE A0 HE3PO3yMUIMX TMOBIJOMIIEHh 1 TOTpedye
netanbHOro 3HaHHs sk Crossplane, Tak 1 API nocrauanpHuka.

- Crossplane iaTerpyethes 3 APl xmapHuX mpoBaiifiepiB 3a 10MOMOT00 00JIIKOBUX
3anuciB ciyx0, poneit IAM ab6o ximouis API. HenpaBuinbHO HanmamroBaHi 103BoJd a00
MPOCTPOUYEHI 00JIIKOBI JaHI MOXYTh MOPYIIUTH POOOTY, OCOOIMBO B AyXKE€ AUHAMIYHUX
CepeIOBUILAX.

PimennsmMu nux npo0iaemM MOXyTh OyTH HACTYIHI KPOKU:

- IlpuitsarTa crangaprusoBanux API.

- IHcTpymMeHTH POMIXKHOIO MporpamMHoro 3abesneueHHs, sk Apache Libcloud a6o
Terraform, MOXyTb CIYXUTH MOCEpETHUKAMU JUJIs TOA0TIaHHs po30ikHocTel API.

- JluHamiuHe KepyBaHHS OOTIKOBUMH JaHUMH.
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Crossplane nemMoHCTpYy€e BHCOKY €(DEKTUBHICTb, TPOTE ICHYIOTh CYyTTEBI OOMEKEHHS
HOT0 BUKOPUCTAHHS, 3yMOBJICHI PI3HOTUITHICTIO 1HTep(eiciB mporpaMyBaHHs pi3HUX

MOCTAYaJIbHUKIB.

BUCHOBKH

1. Ormgan  po3noaiTy OOYMCITIOBANBHOTO HABAaHTAKEHHS B MYJIBTUXMapHOMY
CepelOBHUII JO3BOJIMB BUSABUTH HU3KY MPOOIEM: PI3HOPIAHICTh 1HTEpQENCIB Ta cepBiciB
MpoBaiiepiB, pi3Hi GopMaTH METPUK, HEJOCTATHE BpPaXyBaHHS OaraTOKpUTEpiadbHUX
¢bakTopiB, mpoOJIEMHU 3 AMHAMIYHOIO aJaNTAIII€0 10 3MiH HABAHTAKCHHS

2. BuKkoHaHO aHani3 6araToXMapHUX CEpeIOBHIL, APXITEKTYP 1 ICHYIOUUX IT1JIXO0/IIB
MYJIBTUXMApHOi B3aeMOJii. A TakoX BHUMOI LIOJ0 OOCIyrOBYBaHHS MYJIbTUXMapHUX
cucTeM, IpobiieMaTHKa IXHbOT CYMICHOCTI 1 CITPOOH cTaHAapTU3alLlli B IbOMY HalPSMKY.

3. IlpoBeneHo ormsi ICHYIOUMX 1THCTPYMEHTIB aBTOMATH3allli, BUSIBJICHO X CHJIbHI 1
cnabki croponu. Cepen po3risHyTUX TiaxonaiB: DMP, MynbTuXMapHi MIITIO3H,
iHCTpyMeHTu ctanfaptusanii API ta konTeitHepu3arii.

4. Ing miaTpuMKH (YHKIIOHYBAaHHS MYJIBTUXMApHOTO CEPENIOBUINA, MOXIHUBO
BHUJIUIUTH JIB1 TPYTIH:

- IHcTpymenTapiit miATpUMKH (YHKIIIOHYBaHHS MYyJIbTUXMapHOTo cepenosumia. Ha
KO)XHOMY 3 DPIBHIB MYJIBTUXMApHOTO CEPEAOBHUINA IHCTPYMEHTApil MATPUMKH HOTO
(GyHKLIOHYBaHHS Mae OyTH CyMICHMM. BIIaCHUK MyJIbTUXMAapHOTO CEpelOBUIIA MOXKE
obupatn HaWOLTBII  e(EeKTUBHUN  IHCTpYMEHTapid JJis  pPO3pOOKH  BJIACHOTO
reTepOreHHOr0 MPOrPaMHOTO CEPEIOBHIIA.

- OOuucnioBaJbHI CEpBICH, SIKI BUKOPUCTOBYIOTh Ha piBHsX PaaS ta SaaS nns
BUKOHAHHS 33/1a4 KIHIEBOTO KOPUCTYyBaya.

5. BuzHaueHo HEOOXiAHICTh CTBOPEHHS aBTOMaTHU30BaHO1 CUCTEMHU, siKa O JT03BOJIsIIA
OprasizaiisiM Ha OCHOBI BU3HAUYE€HUX HUMHU KPUTEPIiB 0OMpaTH 1 po3ropTaTH HAOUIbII

edeKxTUBHY 17151 ce0e OaraToXMapHy CTpaTeriio.
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PO3/1J1 2 ®OPMAJIIBALIA NPOLIECY B3AEMOAII OBUUCIIOBAJIBHUX
PECYPCIB Y 'TETEPOI'EHHOMY MYJbTUXMAPHOMY CEPEJTOBHUIII

2.1 Kpurepii oniHroBaHHs eeKTHUBHOCTI MYJbTUXMAPHOI B3a€EMOIL

Ha ocHoBI anamizy A0CBily XMapHHMX IHTerpamid, peaji3oBaHUX IPOBIIHUMHU
areHiisMu, 3okpema Nordcloud [48], Crayon [49] Ta Tech-5 [50], a Takox mociimKeHb
CTPYKTYPHUX OCOOJIMBOCTEH MYJIbTUXMAPHUX CEPEOBUI, OYJO0 BH3HAYEHO KIFOUOBI
KpuUTepii, 10 KOMIUIEKCHO XapaKTepU3yI0Th MPOLEC MyJIbTUXMapHOi B3aemoii [51, 52].
Ili xputepii € dyHIaMEHTATBHUMHU IJIs MMOOYAOBH (GopMaIbHOT MOETI ONTHMI3aIli
PO3MOLTY OOUHCIICHB:

- ExoHomiuna edpextuBHicTh (EE, Economic Efficiency) — XxapakTepu3y€e CyKyIH1
BUTpaTH HA BHUKOPHUCTAHHS XMAapHUX CEpBICIB, BKJIIOYAIOYM MpsiMi BHUTPAaTH Ha
00YHMCITIOBANIbHI PECYPCH, CXOBHINA JaHUX, MEPEKEBY B3a€EMOJIiI0, a TAKOX HEMpsMi
BUTPATH, TIOB’A3aHi 3 YIPABIIHHAM Ta MOHITOPUHTOM.

- IlponyktuBHicte (P, Performance) — BigoOpaxae e(QeKTUBHICTb BUKOHAHHS
OOYHUCITIOBATbHUX 3aBJaHb, BKJIIOYAIOUM IIBUAKICTH OOpPOOKHM [aHWX, Yac BIATYKY
CHCTEMH Ta 3arajbHy MPOITyCKHY 37aTHICTh. OXOIUTIOE Yac 3aTPUMKH Mi’K KOMITOHEHTaMHU
PO3MOIICHOT CHCTEMH Ta 3arajbHHUI YaC BUKOHAHHS 00YHMCIIOBAIEHUX 3aB/IaHb.

- Hapivinicts (R, Reliability) — BU3HaUa€e CTIMKICTh CHCTEMH 10 BIIMOB OKPEMHUX
KOMIIOHEHTIB Ta 3JaTHICTh MIATPUMYyBaTH Oe3nepepBHE (YHKI[IOHYBaHHS B YMOBax
YaCTKOBOI Jierpagaiii iHppacTpyKTypH.

- Cywmicuicte B3aemonii (I, Interoperability) — XxapakTepu3ye 3/1aTHICTh
PI3BHOPIAHMX XMapHUX CEpBICIB €(PEKTUBHO B3aEMOIIATH MK CO00H0 uepes
CTaHAapTU30BaH1 iHTepdeiicH Ta MPOTOKOIH.

- besneka (S, Security) — BKIIOYA€E aCMEKTH 3aXUCTy JaHUX, ayTeHTU]iKarlii,
aBTopu3allii Ta BIAMOBIIHOCTI PEryJsTOPHMM BHMOTaM Yy  PO3MOJUICHOMY

MYJIBTHXMApPHOMY CEPEIOBHIIII.
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2.2 MaTtemaTu4Ha MojeJIb MYJbTHUXMAPHOTO CepeaoBuila

Hexaii P = {p4, p2, ..., Pm} — MHOXHHA 3 M XMapHUX MIPOBANIEPIB, KOXKCH 3 IKHX
XapaKTepU3y€eThCs HAOOPOM JOCTYNHUX OOUHCITIOBAJIBHUX CEPBICIB, IIIHOBUX MOJITHK Ta
(GyHKITIOHaTFHUX MOXKJIMBOCTEH. [[71s1 KO’KHOTO MpoBaiinepa p; € P BU3HAYNMO:

- Ry ={ry, 112, ..., Tin} — MHOXXMHA JOCTYITHUX OOUYMCITIOBAIBHUX CEPBICIB, JI€
7;j TIPENICTABIIAE j-H THII CEPBICY y TpOBalepa p;.

- C;i: R; > R — ({yHKIis eKOHOMIUHOT €EKTUBHOCTI, 10 BigOOpa)kae BapTiCTh
BUKOPHUCTAHHS BIAMOBITHOTO CEPBICY.

- L;: R; — R* — QyHKuig 4acoBoi 3aTPUMKH, 110 BifoOpakae 4acoBy 3aTPUMKY
TiJ] 9aC BUKOPUCTAHHS CEPBICY.

Busznaunmo MHOXMHY OOYHCTIOBaNBbHUX 3aBHaHb 1 = {t;, t,, ..., t;}, #Ki
noTpeOyIOTh PO3MOALTY MK XMapHuMH mpoBaiinepamu. Koxne saBmauus t; € T
XapaKTePHU3y€ETHCA:

- Dj ={dj;, dj3, ..., dj;}— MHOXHMHA BUMOT 10 CEPBICiB, 1€ d;; BU3HAYA€E MIOTPEOY
B CEpBiCi TUITY i.

- Qi =1{4j1, 92, ---» Qjp} — MHOXHMHAQ TApaMETPiB SKOCTi OOCITYrOBYBaHHS
(QoS), BKIIOYAIOYM MAaKCHUMAaJIbHO IOMYyCTHMY 3aTPUMKY, BHMOTH IO JOCTYITHOCTI,
0e3MeKH TOLIO.

- Ij € T — MHOXHHA 3aJIEKHOCTEH BiJI IHIIMX 3aBJaHb, TOOTO 3aBIaHb, SIK1 IOBUHHI
OyTu BUKOHaHI TIepen t;.

Jns dopmanizaiiii nporecy po3noAuly 3aBAaHb y MYJbTUXMAPHOMY CEPEAOBUIII
BBCJIEMO MATPHUIIIO NIpU3HAYCHHS X = [ X;;], 1ie:

xi; = { 1, AKII0 3aBaHHs ¢; IPU3HAYEHO NPOBANIEPY P

0, B IHIIOMY BHUIIAJKY }.
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Taka Qopmamizamis 03BOJISIE OMHCATH KJIIOYOBUH ACMEKT IMPOEKTYBAHHS
MYJIBTUXMApHOi 1HQPACTPYKTYPH — ONTUMAIBHUN PO3MO1T OOYUCIIOBAIBLHUX 3aB/IaHb

MDK JIOCTYITHUMH pecypcaMu Pi3HUX MPOBAMIEPiB.

2.3 HinboBi pyHkuii onTuMmizanii Ta ixHii 3B’A30K 3 KpUTEPiAMH
eexTUBHOCTI

Busnaueni B migpo3ainai 2.1 kputepii ouiHOBaHHS €(EKTUBHOCTI MYJIbTHXMApPHOI
B3a€eMO/IIi 0e3nocepeiHbO TPAaHCHOPMYIOTHCS Y BIIMOBIIHI LIJIBOBI (DYHKIIIT ONTUMI3aLi
s popmanizaiiii mporiecy BHOOPY ONTHMANIBHOI apXITEKTypH B3a€EMOJIIi CepBiCiB
MYJIbTUXMApHOI CUCTEMH.

- Minimizanis 3aranbpHoi BapTocTi (CM, Cost Minimization) — BiINIOB1Aa€ KPUTEPIIO

e€KOHOMIYHOi epexkTuBHOCTI (EE):
min Cost(X) =X, YL xi; - Ci(Dy), 2.1)

ne Cj(D;) — dyHKuis, 10 00YMCIIIOE BAPTICTh BUKOHAHHS 3aBJaHHA t; 3 BUMOTaMu
D; y npogaiinepa p;.
- Minimizanis yacy BukoHnauus (ETM, Execution Time Minimization) — BignoBinae

KpUTEPII0 MPOTYKTUBHOCTI (P):
min max(i,j: xi]- = 1)(T] (tl) + L] (Dl)): (22)

ne T;(t;) — yac BUKOHAHHs 3aBIaHHA t; y nposainepa p;, a L;(D;) — 4acosa
3aTpPUMKa, OB’ s13aHa 3 BUKOPUCTAHHSIM CEPBICIB.
- Makcumizamis Hagitnocti (RM, Reliability Maximization) — BiiIoBilae KpUTEPito

HaJiiHOCTI (R):
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max Hi'(=1 Z;n:1 xij . A](tl), (23)

ne A;j(t;) — HaxiiHICTL BAKOHAHHSA 3aBJaHHA t; y NpoBaiaepa p;.
- Makcumizariiss cymicHocTi B3aemonii (IM, Interoperability Maximization) —

BIJIMOB1Ta€ KPUTEPIIO CyMiCHOCTI B3aemoii (/):
K
max Yi—q Xj=q xij - (D, T), (2.4)

ne I;(D;, T) — MeTpuka CyMiCHOCTI B3a€MOJII Uit 3aBanHs t; 3 Bumoramu D; Ta
MHOKHHOIO 3aBJialb 'y CHCTEMI poBaiiepa p;.
- Makcumizaris 6e3neku (SM, Security Maximization) — BiANOBIAa€ KPUTEPIIO

oesmnexu (S):

max Yoy Xk xi; - Si(Dy), (2.5)

ne Sj(D;) — piBeHb Oe3MeKu, AKMA 3a0€3METy€EThCSA TPOBAWAEPOM P IS 3aBJIAHHS
t; 3 BumMoramu D;.
- KommnekcHa ninboBa ¢yHkiis 3 BaroBuMu koedirmientamu (WMOF, Weighted

Multi-Objective Function):

IE(X) = wq-Costyprm(X) + wa - Perfrorm(X) + ws - Relprm(X) + wy -
Internorm(X) + Ws - Secnorm(X) s (45)

e W1, Wa, W3, Wy, Ws — BaroBi KOE(QiIli€HTH Ba)XJIMBOCTI KpHUTEpPIiB (BapTOCTI,
MPOAYKTUBHOCTI, HAJIHHOCTI, CYMICHOCTI, O€3MeKH BIAMOBIIHO). 3HAYEHHS BaroBUX
Koe(DiIieHTIB BU3HAYAIOTHCS MPIOPUTETAMH KOHKPETHOTO 3aCTOCYBAaHHS Ta MOXYTh
aJanTyBaTHCS AUHAMIYHO BIANOBIAHO [0 3MIHM BHUMOT KOpPHCTyBaya abo yMOB

(yHKIL10HYBaHHS CHUCTEMHU.
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Costnorm (X) = (COStmax - COSt(X))/(COStmax - COStmin):

Perfporm(X) = (Perf(X) — Perfmin)/(Perfmax — Perfmin),
Relnorm(X) = (Rel(X) - R6lmin)/(Relmax - Relfmin):
Interyyrm(X) = (Inter(X) — Intery,,)/(Intery,,,, — Interfyin),

Secporm(X) = (SeC(X) — Secmin)/(SeCmax — SeCmin)-

24 OO0MexeHHs, AKI HAKJIAAI0THCS HA IapaMeTpu MojeJIi

MYJbTHXMAaPHOI B32€MOIL

OnTuMizaliii  po3nofiry OOYHCIIOBAJbHUX 3aBJaHb TOBHHHI 3aJ0BOJBHSTH
HaCTyIHI oOMexeHHs [53, 54]:
- OOmexenHs noctynmHoro pecypcHoro mnoteHmiany (CRC, Computational

Resource Constraints):

Zi:xij = 1di1‘ < Cap](r),‘v’] € {1,2,...,m},Vr € Rj, (27)

Ie Capj(r) — JOCTYNTHHHM DPECypCHHH NOTEHWian r y MpoBaijgepa p;, KU
XapaKTepu3y€e TpaHUYHYy OOYMCIIIOBAIbHY MOTYXXHICTb, 110 MOXe OyTH HajaHa A
BUKOHAHHSA 3aBlIaHb. lle oOmexeHHs 3abesmedye, 100 CcyMapHi BHUMOTH BCIX
MPU3HAYEHUX 3aB/JIaHb HE MEPEBUIIYIOTh JOCTYIIHI PECYPCH MPOBaiaepa.

- Oowmexenns npusnaueHus (AC, Assignment Constraints):
Z}lelxij = 1,v1 € {1,2,...,k}, (28)

KoyxHe 3aBiaHHs Mae OyTH MPU3HAYCHE PIBHO OJHOMY MPOBaWJEPY, IO TapaHTYE
MMOBHE BUKOHAHHSI BCiX OOYMCITIOBAIBHIX 3aBAaHb 0€3 TyOIFOBaHHS.

- Obmexenns QoS (QC, Quality of Service Constraints):

QOSj(ti) = C[i,Vi,j: xij =1 , (29)
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ne QoS;(t;) — sAKicTs 0OCTyroByBaHHs, Ky HpOBaiiiep p; MoKe 3a0e3neunTH i

3aBIaHHA t;, a q; — MiHIManbHI BUMoru 10 QoS nmna t;. lle obmexenHs 3abe3neuye

JOTPUMAaHHS BU3HAUYEHUX MAapaMETPiB SKOCTI 0OCITyroByBaHHS.
- OO6wmexenns 3anexuocreit (DC, Dependency Constraints):
start(t;) = end(t;),Vt; € I, (2.10)

ne start(t;) i end(t;) — 4ac moyaTKy 1 3aKiHYEHHS BHUKOHAHHS 3aBIaHHS t;
BinnoBigHo. Ile oOMexeHHS rapaHTye TMpaBWIbHY TMOCHIJIOBHICTh BUKOHAHHS
B3a€MO3AJICKHUX 3aBJlaHb, 3a0€3MEUyIOYN 3alyCK 3aBAaHb, SKi MOTPEOYIOTH BXITHUX
JAHUX BiJl 1HIIWX, JIWIIE MICJs 3aBEPIICHHs] OCTaHHIX. Taka MOCHiIOBHICTH OCOOIHUBO
BAXJIMBA JJI1 OOYMCIIIOBAIbHMX KOHBEEPIB, aHATITUYHUX MPOIECIB Ta PO3MOIITICHUX
TpaH3aKIIii.

OO6mMmexxenns ganux 1 ix nokamizauii (DLC, Data Locality Constraints):
Loc(Data(t;)) € Allowed_Regions(t;), (2.11)

ne Data(t;) — mani, HeOOXiHI I BUKOHAHHS 3aBIaHHs t;, Loc() — QYHKIIis, 110
BU3Hauae reorpadiuHe posramryBaHHs naHux, a Allowed_Regions(t;) — MHOXuUHA

PETiOHIB, Y SKHUX JI03BOJICHO 30epiratu Ta 00poOIsATH 1aHi AJis 3aBIAHHA ;.

2.5 Knacudikauisi pimieHb mo0y10Bu MyJIbTHXMAPHOI'0 cepeAOBHUINA

[cHytoui pimeHHs g TOOYJIOBH  MYJBTUXMApHOTO CEpEelOBHUINA MOXKHA
kinacu(dikyBaTd 3a pi3HUMU KpuTepisimu [55, 56]. IlpomoHyemo TakcoHOMIIO,
MpeACTaBlieHy Ha pwuc.2.1, ska TpeacTaBise MiAXOAW 3a piBHEM abcTpakiiii,

TEXHOJIOT1YHOIO MapaJUTMOI0 Ta CIOCOOOM PO3TOpPTaHHSI.
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| HusbkopiBHeBI L KonreitHepHa | s
(ynpaBJiiHHA pecypcaMu) OpKecTparisa HTp
Cepe/ITHbOPiBHEBI L
— (Ceplgcﬁa iH'I;erpauiﬂ) — IudpacrpykTypa K KOZ — Posmnozisieni
— %g;zggg:g%l ——1{ API-opieHTOBaHI ITi/IX0/1M - TiopumHi
—— IlnarinHa apxiTeKTypa

Pucynok 2.1 TakcoHoMist AXOAIB A0 MYJIbTUXMApHOI 1HTETparii

B Tabmumi 2.1 mpencrtaBieHO CTPYKTYpOBaHHWM IMOPIBHSJIBHUN aHalli3 OCHOBHUX
MiXO/IIB IO MYJIbTUXMAPHOI iHTErpaIii.

Tabnuysa 2.1 lopisuanvruil ananiz nioxo0ie MyaibmuxmapHoi inmezpayii

Kareropin Minxin Kirovosi Oo0MeskeHHs CepenoBuiue
nepeBaru 3aCTOCYBAHHS
Konteitnepna | Kubernetes - YHidikoBaHa - CKknagHicTh MikpocepBicHi
opKecTparis adcTpaxiis HaJallTyBaHHS; apXITEKTYypH,
PO3rOpTaHHS; - 3Ha4yHa KpHBa BEJINKI
- JlexnapaTtuBHa HaBYaHHS, po3noiieHi
KOHQITypaIlis; - HeoOxinHicTh CHUCTEMU
- ABTOMaTHYHE JIOAATKOBHUX
MaciiTaOyBaHHS; | IHCTPYMEHTIB IS
- CaMOBI/JTHOBJIEH- HOBHO{
Hsl MYJIBTUXMApHOCTI
Indpactpykrypa | Terraform | - JleknapatuBHuit - OOmexeHa Ynpasninas
SIK KOJU CHUHTAKCHC; abcTpakuis MK | iHQPACTPYKTYpOIO,
- YnpaBmiHHS MIpoBaiiiepamu; aBTOMATU30BAHE
CTaHOM; - [ToTenuiiini pO3ropTaHHsA
- [linTpumka mpo0siemMu 3
6araTbox BIJIKATOM 3MiH




npoBaiiiepis;
- ITonepenne
TJTaHYBaHHSI 3MiH
Myneruxmapi | S3Proxy | - €xuamii API nns - ObmexeHuit 3acTOCYHKH 31
[IUTIO3H JOCTYIIy; ¢dyHKIiOHAT; CHUIBHUMH
- IIpozopa - MoxmmBi JaHUMH y Pi3HUX
TpaHCHAIIIS npobiemMu XMapax
3aIUTiB; CYMIiCHOCTI 3
- Huspka yacoBa HATUBHUMU
3aTpUMKaA GyHKITIIMA
[Tnatrpopmu Apache - BizyanbHe - Bucoxka OO0poOKa BeIHKHX
KEpyBaHHA NiFi POEKTYBAHHS PECYPCOEMHICTB; nmanux, ETL
JTaHUMH MMOTOKIB; - CKIIagHICTh IS porecu
-Po3mmproBa- MPOCTHX CIICHAPIiB
HICTb;
- MacmraboBa-
HICTh
XMapHoO- Apache - €nuHuit - [linTpumka Kpoc-xmapHi
He3aJIekKH1 Libcloud NPOTrpaMHUI «HAWMEHIIIOrO 3aCTOCYHKH,
6ibmioTexn iHTepeiic; CHIBHOTO MporpamMHe
- [Iporpamua 3HAaMEHHUKa» yIpaBIiHHA
MOPTATHBHICTS; - OOMexeHHs pecypcamu
- Huzpkwmit mopir HATUBHOI
BXOJPKEHHS (YHKITIOHAJIBHOCTI
bescepsepHi AWS - MacmrabyBannst | - X0J0QHHIH CTapT; [onieBo-
apXiTeKTypH Lambda + BiJl HYJIS, - OOMexeHHSs Jacy opi€eHTOBaHi
Azure - OmnaTa 3a BUKOHAHHS; apXiTeKTYpH,
Functions BUKOPHCTaHHS; - 3aJIeXKHICTD BiJ| MikpodyHKITii
- BigcytHicTh mpoBaiepa
YIIpaBITiHHS
iH(PACTPYKTYPOIO

2.6 ®opMaabHHUl ONMMC KPUTEPiiB BU3HAYEHHSI CYMICHOCTI cepBiciB pi3HHX

NpoBaiiiepiB MyJbTUXMAPHOI0 CepeI0BHINA Ta CIOCO0IB iX B3aeMOil

JIns KUTBKICHOI OINIHKK €()EKTUBHOCTI PI3HUX TMIAXOMIB JO0 MYJIBTHUXMApHOI

1HTerpaii BU3HaYMMO (OpMasIbHI METPHUKH:

- Innmexc cymicHocti B3aemoii (11, Interoperability Index):

(@) = (1/IP)) Xi-, X5, (I1F; 0 Ej|/(F; V B - wyj,

ne a — miaxia, P — MHOXKHMHA mpoBaiiaepiB, F; — MHOKMHA QYHKIIIN mpoBaiiaepa i,

JIOCTYITHUX YEPE3 MIJXI/ a, W;j — Bara B3a€MOJIil MK IPOBaNIEpaMHu i Ta j.

(2.12)
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- KoedimienT cknagrocti BupoBamkenss (ImpE, Implementation Effort):
ImpE(a) = « - Tiep(a) + B+ Teonp(@) + v - Trgine (@), (2.13)
1€ Tieys Teong> Tmaint — OUIHKA Yacy Ha po3poOKy, KOHQIrypaliro Ta MiATPUMKY
BIJINOBIJTHO, & 0, f3, ¥ — BaroBi KOE(iIlI€HTH.

- Hponyxrusnicts (PM, Performance Metric):
1
PM(a) = (m) 2. 0 € O(Tpasetine(0)/To(0)), (2.14)
ne O — MHOXWHA THUNOBUX onepauiid, Tpgserine(0) — 0a30BUH Yac BHKOHAHHS

omeparttii o, T, (0)— 9ac BUKOHAHHS Omeparii 3 BAKOPUCTAHHIM IiIXOY d.

- Kommnekcnuit mokasuuk epextuBHocti (CEI, Composite Efficiency Index):
CEI(a) = wy; - 1I1(a) + w,; - (1 - norm(lmpE(a))) + w;; - PM(a) + wg,. - Sec(a),

(2.15)
ne w — Barosi koedinientu, norm() — QyHkKuis HopMmaiizaiii, Sec(a) — MeTpuka
Oe3rneKku IS MAXOAY d.

3anpornoHoBaHi (opMaNbHI METPUKH JIO3BOJISAIOTH IPOBECTU 00’ €KTUBHHI
KUTbKICHUH aHalli3 €(QEeKTHBHOCTI PI3HUX MIAXOAIB JIO0 OpraHizamii MyJbTHUXMapHOi
B3a€MOJIIi Ta OOTPYyHTYBaTH BUOIp ONTHMAJIBHOTO PILICHHS JIJs KOHKPETHHUX CIIEHApiiB
BUKOPHCTAHHS.

[Ipouenypa 3aCTOCYBaHHSI METPUK CKJIAIa€ThCA 3 HACTYITHUX €TaIliB:

1. BusHaueHHss MHOXWHU THNOBUX omepamii O = {04,0, ..., 0p}, 1O
MPECTaBISIIOTh XapaKTEpHI JUIsl IUIbOBOTO 3aCTOCYBaHHS IMAa0JIOHIB B3aeMOJil 3
XMapHOIO IHPPACTPYKTYPOIO.

2. EkciepuMeHTanbHe BUMIPIOBaHHS 0a30BUX IMOKAa3HUKIB IMPOJYKTUBHOCTI,
3yCHJUISI BIIPOBAKEHHSI Ta PIBHS CYMICHOCTI JUIsl KOXKHOTO 3 MIiJIXOJIB HA MHOXHUHI
BH3HAYCHUX OTEpaIlii.

3. Hopmauizaniss oTpuMaHuX MOKa3HUKIB JUIsl MPUBEIACHHS X 10 €IWHOI LIKalu

OLIIHIOBAaHHSI, 10 JO3BOJISIE KOPEKTHO MOPIBHIOBATH PI3HOPIIHI METPUKH:
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norm(v) = (V. = Vmin) / (Wmax = Vimin) (2.16)

4. Bu3zHaueHHsI BaroBux Koe(Qili€HTIB sl KOMIIJIEKCHOTO MOKa3HUKA €PEKTUBHOCTI
BIJIMOBITHO /IO IPIOPUTETIB KOHKPETHOTO CIIEHAPII0 BUKOPUCTAHHS.

5. OGuHCIIeHHS KOMITJIEKCHOT'O TTOKA3HHUKA JIJIsl KOYKHOTO 3 PO3TJIIHYTUX MMIIXO/IIB Ta
pamKyBaHHS aJIbTEPHATHUB.

[TpoBenenuii aHasi3 3 BUKOPUCTAHHSIM 3allPONIOHOBAHUX METPHUK J103BOJIsIE€ 3pOOUTH
HACTYTHI BUCHOBKH:

- Jna cueHapiiB 3 BHCOKMMH BUMOTaMHU /O THYYKOCTI 1H(QpPaCTpyKTypu Ta
MiHIMQJIbBHUMH 1HBECTHIISIMU Y BIIPOBA/KEHHS HAaWBUILY €(PEKTUBHICTh JEMOHCTPYIOTh
MiJIXO/I¥, 3ACHOBaHI Ha MPHUHITUII IHPPACTPYKTYPH sIK Koy, 30kpema Terraform.

- Y BuUmazakax, KoM KPUTUYHUM € 3a0e3MEeUYeHHs OJHOPITHOTO iHTepdeicy mms
B3a€EMOJIII 3 PIZHUMH XMapHUMHU CEpPEAOBHILAMH, ONTUMAJIBHUMHU € DPIIMICHHS 3
BUKOPHCTaHHSAM XMapHO-HE3aIC)KHUX 010J110TEK.

- Jns cuenapiiB 3 IHTEHCUBHOIO OOpPOOKOI JAHUX Yy T€TEPOTEHHOMY XMapHOMY
CepelOBUIIl HANOUIbII MEPCIEeKTUBHUMU € IJIATGOPMHU KEpPyBAaHHS JaHUMH, IO
3a0€31euy0Th BUCOKHM piBE€Hb a0CTpaKIlii Ta aBTOMATH3aIIi].

Takum yuHOM, (opManbHI METPUKH 3a0€3MeYyITh TEOPETUYHY OCHOBY IS
palioHaJIbHOTO BUOOPY MIAXOY A0 MYJbTUXMApPHOI IHTErpalii Ta ONTUMI3alli NpoLecy

PO3MO1TY O0YUCIICHD Y TETEPOreHHOMY XMAapHOMY CEPEOBHIII.

2.7 lIpobaeMaTnKa CyMiCHOCTI Y MyJIbTUXMAPHOMY Ceped0BHII|

['eTeporeHHIiCTh XMapHUX PECYpCiB pI3HUX MOCTAYaJIbHUKIB MPU3BOJIUTH 10
CYTTEBUX HEBIJNOBIIHOCTEW Yy iX XapaKTepUCTHKAX, IO YCKIAJHIOE e(EeKTUBHE
BUKOPHCTAaHHS MYJIbTHXMapHHUX cepenoBul [57, 58]. s ¢popmanizanii miei mpobiaemu
MPOTIOHYEMO MOJIEIIb PECYPCHUX HEBIANOBIAHOCTEH.

Hexaii g KOXHOro TUIy pecypcy r (HampHukial, 00YHMCIIOBaJIbHI €K3EMIUISPH,

CXOBHIIIA JaHUX, MEPEKEBI CEPBICH) Pi3HI MpoBaaAepHu pi, p2, ..., Pm TPOMOHYIOTH CBOT
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peamizanii r;, 72, ..., rm. KoXXHa peamizailis XapakTEepPH3yEThCSI BEKTOPOM aTPHOYTIB:
A(ry) = {ay, az, --., ani},
nie aj; —j-1 atpubyT pecypcy 1; (HanpuKiaz, 00YKMCIFOBAIbHA TOTYKHICTh, 1AM’ SITh,
MPOIyCKHA 3aTHICTb, rapanTii SLA).
J171s1 OLIIHKY HEBIAMOBIAHOCTI MK peCypcaMu MOYKHA BU3HAYUTH (YHKIIIIO BiJICTaHI:
D(r;,75) =/ Cheey Wi * (ari — @), (2.17)

1Ie W), — BaroBi Koe(illieHTH, 0 BiA0OpaKaOTh BAXIJIUBICTh KOXKHOTO aTpuoyTa.

3aranbHa HEBIANOBIIHICTH PECYPCIB YCIX TUIIIB MK IBOMA IIPOBAIEPaMu p; Ta Pj

MOke OyTH BU3HAUCHA SIK:

RD(pi,pj) = X7 €RD(ryy, 157) - Wy, (2.18)

ne R — MHOKMHA BCIX TUIIIB PECYPCIB, T3, — pealli3allisi pecypcy TUILy I TpoBaii1epoM
Di, @ W, — Bara pecypcy TUIly 7 B 3arajibHiil apXiTEKTypi CUCTEMH.

Bucoka HeBIAMOBIAHICTh peCypCiB MPU3BOIUTH JIO:

1. CxnagHoCTI Mirpaiiii HaBaHTaXXEHHS MIXK IIpOBaiijiepamu.

2. 3HmkeHHS e(DEKTUBHOCTI OaIaHCYBaHHS PECypCiB.

3. HeoOximHOCTI po3p0o0OKHU TOJATKOBUX aIaNTaIlIHUX [IapiB.

4. 3pocTaHHs onepaliiHUX BUTPAT HA YIPABIIHHS T€TEPOTEHHUMH pecypcamu.

Perynaropni oOMexeHHs1 MOKHA (popManizyBaTh HACTYITHUM YHHOM:

- R={r,r, ..., 11} — MHOXUHA PETYISITOPHUX BUMOT;

- C; ={¢i1,Cizy -+, Cii} — PiBEHB BIANOBIAHOCTI IIpOBaiepa p; KOKHiH BUMO3i 7;,
e Cij € [O, 1],

- W ={w;,w,, ..., w;} — Baroi KoeQili€HTH BaKIUBOCTI KO)KHOI BUMOTH.

3arajgbHUl 1HAECKC PETyJIATOPHOI BIAMOBITHOCTI MpOBaijiepa p; MOXKHA BU3HAUNUTHU

K

RC(p;) = Z§'=1 Wj - Cij, (2.19)

A CyMICHICTh MIX IIPOBaiiiepaMu 3 TOUKH 30py PETYISITOPHUX BUMOT:
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PCC(pipj) = Ckey Wi min(cip, vji))/ Ch=1 Wi) (2.20)

2.8 Oninka edeKTUBHOCTI pilieHb 010 NO0YI0BH MYJIbTHXMAaPHOI0

cepeaoBHINA

2.8.1 InTerpoBaHuii NOKa3HUK OLIHKH e)eKTUBHOCTI APXiTEKTYPHHUX

pilleHn

KommiekcHy — OIIHKY €(EeKTUBHOCTI PI3HHUX apXITeKTYpHUX DillleHb MpuU
MPOEKTYBAHHI MYJIbTUXMApHOI 1H(GPACTPYKTYpH TPOMOHYETHCS BUKOHYBaTH 3a
JIOTIOMOTOI0 ~ 1HTETPOBAHOTO  TMOKA3HWKA, SAKUH OO0’€IHYye OKpeMi IOKa3HUKH
MyJBTUXMApHOI B3a€EMOJIl y €IWHY MaTeMaTH4Hy CTpyKTypy [59]. InTerpoBanuit
MMOKA3HUK OIIHKM €()eKTUBHOCTI (POpMaITi3yETHCS HACTYITHUM YHHOM:

E(S) =w, -C(S) +wp - P(S) +w, -R(S) +w; -1(S) +ws -5(5),
(2.21)

Ie:

S — cTpareris po3noiny 00YUCIICHB;

C(S) — HopmasizoBaHa OIliHKa BapTOCTI;

P(S) — HopManizoBaHa OIliHKA TPOAYKTUBHOCTI;

R(S) — HOpManizoBaHa OI[IHKA HAJIHHOCTI;

1(S) — HOpMmai30BaHa OIiHKAa CYMICHOCTI B3a€MOJIT;

S(S) — HOpMaITi30BaHa OIlIHKA OE3TEKH.

We, Wp, Wy, Wi, Wy — BaroBi KoepiieHTH, Cienupidni JUsi KOHKPETHOTO CLEHAPIIO

BUKOPHUCTaHHS, IpHIoMy y w; = 1.

2.8.2 Hopmauizaniss KOMIIOHEHTIB Mojei

Jlns 3abe3nedeHHs] KOPEKTHOTO arperyBaHHS pI3HOPITHUX METPUK Y €IUHY

IHTErpaJibHy OI[IHKY 3aCTOCOBYETHCA Mpolieaypa HOpMadizailii, 10 MPUBOAUTH YCI
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KOMITOHEHTH MOJIENi JIO0 €IWHOI IIKaau BHUMIiprOBaHHsA. Hopmamizaiiro KOMITOHEHTIB
31MCHIOEMO 32 METOJ0OM MIHIMAaKCHOI HOpMaJi3allii:

C norm(S) = (C(S) - C_min) / (C_max - C_min);

P _norm(S) = (P(S) - P_min) / (P_max - P_min),

R norm(S) = (R(S) - R_min) / (R_max - R_min),

1 norm(S) = (I(S) - I min) /(I _max -1 min),;

S norm(S) = (S(S) - S_min) / (S_max - S_min).

ne X min ta X max — MiHIMaJIbHE Ta MaKCUMaJIbHE 3HAUYCHHS BIJMOBITHOI METPUKHU
X'y MHOXKHMHI BCIX MOXKJIMBUX CTpaTEriil po3noaily 00UNCIICHb.

Jlyist MEeTpUK, Jie ONTUMAJIbHUM € MaKCUMaJbHEe 3HAYeHHS (HaiiHICTh, CyMICHICTh
B3aeMoJii, Oe3meka), mpu arperyBaHHi 3aCTOCOBYETHCS JOTIOBHEHHS 1O OJWHUII IS

MIPUBEICHHS 3a/1a4l 10 (OpMH MiHIMI3aIlii.

2.8.3 CTroxacTu4Ha MoJeJIb JUHAMIYHOI aJlanTalii BArOBUX Koe(ilieHTIB

Barosi koedilieHT! W,, Wy, Wy, W;, Wy BA3HAYaIOTh BITHOCHY BaXKJIMBICTh KOXKHOTO
KpUTEpIl0 B IHTETpaJibHIM OWIHII. Y MoOAeNsIX 31 CTaTUYHUMHU [apaMeTpamu i
kKoedilieHTH (DIKCYIOThCSA Ha eTarmi MpoeKTyBaHHS cucTteMu. OHaK, Ui €PEeKTHBHOTO
(GyHKIIOHYBaHHSI B JMHAMIYHOMY CEpEJOBHINI 3alpONOHOBAHO CTOXACTUYHY MOJIEITh
azanTallii BaroBux KoeMIiIi€eHTiB:

w_i(t+1) = w_i(t) + a - V.WE(S,t) + B - n(t), (2.22)

ne:

w_i(t) — BaroBuil Koe(ilieHT 7151 1-T0 KPUTEPIIO B MOMEHT 4acy f;

0. — KOeIIEHT MBUIKOCTI HABYAHHS;

V w E(S, t) — rpanieHT QyHKIII1 €epEeKTUBHOCTI 32 BArOBUMHU Koe(illieHTamMu;
[ — xoedillieHT CTOXacTUYHOI Bapiarlii;

7(t) — BUIAAKOBUH IIyM 3 HOpMaJIbHUM po3mnoaiioM N(0, o).
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s mMonenp 3abe3reyye TUHAMIYHY aJanTallif0 BaroBux Koe(iIlieHTIB 10 3MiH y
cepenoBUlll (DYHKIIIOHYBaHHSI CHUCTEMH, 30€piralouud Nnpu LbOMY YMOBY HOpMali3anii
Yiw_i(t) = 1,Vt, mo aocsIraeTbCs yepes3 I0JaTKOBY MPOLEAYpPy HOpMai3allii micis
KOXHOT iTepallii OHOBJICHHS:

Wit+1) = wilt+1)/ Xjw_jt+1). (2.23)

2.8.4 bBaraTokpurepiajibHa ONTUMI3allisi NPH NMPOEKTYBaHHI
MYJbTHXMaPHOI iHQpacTPyKTYpH

3amaya BUOOpY ONTHUMAJBHOI CTpaTerii B3aeMOJii CEPBICIB MPU MNPOEKTYBaHHI
MYJIbTUXMApHOI 1HQPACTPYKTYypu GOPMYIIOETHCA SK 3ajJada OaraTOKpUTEpiaabHOI
ornTuMizarii:

S* = argminE(S)S € 0, (2.24)
ne £ — MHOXHUHA JIOIMYCTUMUX apXITEeKTYpPHUX PIllIeHb, 110 BU3HAYAIOTh €PEKTUBHUIMA
PO3MO/ILST 0OYUCITIOBATILHUX 3aB/IaHb.

Jlnst  BupimeHHs i€l 3amavi  3aCTOCOBYIOTBCS METOIU OaraToKpUTepiaabHOI
onTUMI3aIlli, 30Kkpema:

1. Mertoa ckanspu3zariii — GOpMyBaHHS €JUHOTO KPUTEPIIO ONTUMI3AIIIT SIK 3BaXKEHOT
CYMH OKPEMHX KPHUTEPIiiB, 110 BIAMOBIAE 3aPONOHOBAHIH 1HTErpaIbHii MOEIT.

2. Metoa Ilapero-ontumizaliii — MOuyK MHOXXHUHU HEJIOMIHOBaHUX PIIIEHb, IS
SKUX TTOKPAIIEHHS OJIHOTO KPUTEPi0 HEMOXKIIMBE O€3 MOTipIIeHHs X04a O OIHOTO 1HIIOTO
KpPHUTEPIIO.

3. Mertoa nexcuxkorpagiqyHOro ymnopsiIKyBaHHSI — BCTAHOBJIEHHSI CyBOpOi iepapxii
KpUTEPIiB 3a iX MPIOPUTETHICTIO Ta IMOCJIJOBHA ONTUMI3AIlis 3a KOXKHHUM KPUTEpIEM 3

ypaxyBaHHSIM 0OMEKEHb, OTPUMAHKX Ha MOMEPETHIX KPOKax.
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2.8.5 Crpareris B3aemopii cepBiciB IPU NPOEKTYBAHHI MYJbTHXMAaPHOI
iHppacTpyKTYpH

JluHamiyHe cepelioBHILE MYJIbTUXMAPHOI 1HQPACTPYKTYpPH XapaKTepU3YETHCS
MOCTIMHUMHU 3MIHAMHU TapaMeTpiB, TAKUX SK JOCTYIHICTh PECypcCiB, BapTiCTh MOCIYT,
HAaBaHTAKEHHSA Ha cucteMy Towo. [[ns 3abe3neueHHss €(heKTUBHOCTI B TaKUX YMOBAaxX
3alpOMOHOBAHO MEXaHI3M JIUHAMIYHOTO OHOBJICHHS AapXITEKTypHUX PIlICHb MpHU
MPOEKTYBAHHI MYJIBTUXMAPHOI IHPPACTPYKTYpH:

St+1) = argminE(S,t+1)S € N(t + 1), (2.25)
ne:

S(t + 1) — onTtumanbHa CTpaTeris po3MoIily B MOMEHT 4acy t + 1;

E(S,t + 1) — inTerpanbHa oliHKa e(eKTUBHOCTI CTpaTerii S 3 ypaXyBaHHSM CTaHy
CUCTEMH B MOMEHT Hacy t + 1;

N(t+1) — MHOXHMHA JONMyCTUMHX CTpaTeridi 3 ypaxyBaHHSIM OOMEXEHb,
aKTyaJJbHMX Ha MOMEHT Jacy t + 1.

Jns  3abe3medyeHHs CTaOUIBHOCTI (PYHKIIIOHYBaHHS CHUCTEMH Ta MiHIMI3aMil
HaKJIaJHUX BUTPAT HA MEPEepO3MOJLT O0UHCICHb BBOJUTHCS JOJATKOBE OOMEXKEHHS Ha
9acTOTY OHOBJICHHSI CTpATerii:

d(S(t+1),5()) < A_max, (2.26)
ne:

d(S1, Sz) — pyHKIIS BIACTaH1 MIXK CTpATET1sIMU, III0 BU3HAYAE CTYMIHB iX BIZIMIHHOCTI;

A _max — MakKCUMaJbHO JOMYyCTHMA 3MiHa CTpaTerii 3a OJHY iTeparlio.

[{s monmenb mo3Bosisie ¢dopmanizyBaTH IIpoliec BUOOPY ONTUMANbHOI CTpaTerii
PO3MOJUTYy OOYHCIEHb y TeTEPOreHHOMY MYJIbTHXMApHOMY CEpEOBHILI Ta CTBOPIOE
TEOPEeTUYHUN (QYHIAMEHT s PO3POOKHM aBTOMATH30BAHHUX CHUCTEM JIHHAMIYHOTO

YIPABIIHHS PO3MOIIOM 00UMCIIOBAIbHUX 3aB/IaHb.
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BUCHOBKU

1. ®opmainizoBaHO MaTeMaTHYHY MOJENb MYJbTUXMApPHOTO CEepeloBUINA 3
BHU3HAYEHHSIM MHOXKMHU XMapHHX MPOBaiiepiB, 00YMCIIOBAIILHUX 3aB/laHb, CEPBICIB Ta
00MEXEHb, 110 CTBOPIOE TEOPETUYHUN (yHIAMEHT ISl MOJANBIIOI PO3POOKH METO/IB
MPOEKTYBaHHS €(DEKTUBHOI 1HQPACTPYKTYPH.

2. BuznaueHo KI04YOBI HIIbOBI (YHKIIT ONTHUMI3alli apXiTEeKTYpHHUX PIlIEeHb NpU
MIPOEKTYBAHHI MYJBTHXMapHOi 1H(PACTPYKTYpH, BKIIOYAIOYM MIHIMI3allil0 BapTOCTI,
yacy BUKOHAHHS, MaKCHMI3allil0 HaJIHHOCTI Ta 1X KOMOIHAIl 3 BpaxyBaHHSIM BaroBHUX
Koe(iieHTiB.

3. 3anponoHOBAaHO  CTPYKTYpOBaHy TaKCOHOMIIO  BapiaHTIB  B3aeMOJli B
MYJIBTHUXMapHOMY CEpPEIOBHIIl Ta MPOBEJCHO MOPIBHIBHUN aHATI3 ICHYIOUUX IMIAXOI1B
710 HOoro mnoOyJIOBH, IO JO3BOJIMJIO BHU3HAUYUTU ONTHUMAJbHI PIMIEHHS AN PI3HUX
CIIeHapiiB BUKOPUCTAHHS T'€TEPOTeHHIX XMAPHUX CEPETOBUIIL.

4. ®opmanizoBaHO  KJIIOYOBI  (aKTOpW  pEeCcypCHHUX  HEBIAMOBIIHOCTEH Y
MYJIbTUXMapHUX CEPEIOBUIIAX Ta 3aMPOMOHOBAHO BIAMOBIAHI METPUKHU JJIs1 X KIJIbKICHOT
OL[IHKH.

5. 3anponoHOBaHO IHTETPAJIbHUM MOKa3HUK OLIHKU €()EKTUBHOCTI MYJbTUXMApPHHUX
pillieHb, 10 103BOJIsA€ (hopMasizyBaTH MpoIiec BUOOPY ONTUMAIBHOI CTpaTerii po3Mmoainy

o0YHCIIeHb 3 ypaxXyBaHHSIM MHOXHUHH KPUTEPIiB.
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PO3/ILI 3
METOJOJIOT'ISI TIPOCKTYBAHHSI APXITEKTYPU OBUMCJIIOBAJIBLHOI
IHOPACTPYKTYPHU Y TETEPOTEHHOMY MYJbTUXMAPHOMY
CEPEJJOBHUIIII

3.1 IMTocTanoBka 3axaui

Y umpomy miApo3aiun (opmanizoBaHO 3aJady IMPOEKTYBAaHHS apXITEKTypu
00YMCIIOBATIBLHOT IHPPACTPYKTYPH y T€TEPOr€HHOMY MYJIbTUXMAapHOMY CEPEIOBHILI, 1110
JI03BOJIUTH €()EKTUBHO PO3NOIUIATH HABAHTAXKEHHS MK PI3HUMH XMapHUMU CEpBICaMHU 3
ypaxyBaHHAM IX T€TEPOTre€HHOI IPUPOIH.

Jlano:

1. MHOXMHA oOOYHMCIIOBABHUX 3aBmaHb 1 = {ty, ty, ..., t,}, KOXHE 3 SKHX
XapaKTepHU3y€eThCsl HAOOPOM MapaMeTpiB: OOUHCIIOBAaJIbHE HABAaHTAKEHHS, OOCAT JaHUX,
BHUMOTH /10 KOH(1IEHIIIHHOCTI, MPIOPUTET Ta MAKCUMAJIBHO JOMTYCTUMUIA 4aC BUKOHAHHS.

2. MHoxuHa cepBiciB MyJbTHXMapHoi miathpopmu R = {ry, 1y, ..., 1,}, 1O
HAJIeXKaTh PI3HUM XMapHHUM TpoBaiinepam P = {p;, P2, ..., Pr} Ta XapaKTepHU3yIOTHCS
pI3HOIO OOYHMCITIOBAIBHOIO TIOTYXKHICTIO, JOCTYIHOIO I1aM’STTIO, pPIBHEM Oe3MeKH,
JOCTYTIHICTIO Ta BapTiCTIO BUKOPUCTAHHA..

3. lunamiuyHO 3MiHIOBaHI mapamerpu cepenosuina E = {eq, €y, ..., €y}, fKi
BKITIOYAIOTh!

3arpumku Mepexi L(t), mo MoxyTe Oytu BupaxeHi sk L(t) = L_base +
L_var(t) + L_cong(t), ne L_base — 06a30Ba 3aTpuMKa MEpEXi, 110 3aJIEKUTH BiJ
reorpaiyHOrO po3TallyBaHHS pecypciB, L_var(t) — BapiaTMBHA CKJIaJoBa 3aTPUMKH,
0 3MIHIOETBCS TpOTATOM uHacy, L_cong(t) — nmomaTkoBa 3aTpuUMKa, CHPUYHMHEHA
MEPEBAHTAXCHHIM MEPEXi B MOMEHT 4acy t.

HaBantaxxeHHs Ha oOumcitoBanbHI pecypcu U(t), MmO po3paxoBYEThCS SK:

U(t) =Y;(CPU;(t) + MEM;(t)+(10;(t)), ne (CPU;(t)— BUKOpHCTaHHS IpoLecopa i-
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THM 3aBJaHHSAM B MOMEHT 4acy t, MEM;(t) — BAKOPHUCTAaHHS [1aM’ATi i-THM 3aBJAaHHIM B
MoOMeHT vacy t, 10;(t) — iHTeHCHBHICTB omepaliiii BBeIEHHS/BUBEIECHHS [~-TOI0 3aBIaHHs
B MOMEHT 4acy t.

- 3wminu Tapudis nposaiinepi P(t), mo moxe OyTu mpencrasieHa sik: P(t) =
P_base - (1 + AP(t)), ne P_base— 6a3oBuii Tapud s KOHKPETHOTO pecypcy,
AP(t) — BigHOCHa 3MiHa Tapudy B MOMEHT Hacy t, 1[0 MOXKE 3aJeKaTH BiJ MOMUTY,
CE30HHOCTI, CeliaTbHIX MPOMO3HIIiH Ta iHIHX (aKTOPIB.

- Koeopimienr moctynmHocTi pecypciB A(t), sSKuii MOXHA po3paxyBaTd 3a
dopmynorw: A(t) = MTBF /| (MTBF + MTTR(t)), ne MTBF (Mean Time Between
Failures) — cepenniii uac mix BigmoBamu, MTTR (t) — cepeaHiii 9ac BiIHOBJICHHS, KU
MOJKE BapiIOBATHCS 3aJIEKHO BiJ HABAHTAXEHHS HA CEPBICHM TEXHIYHOI MIATPUMKH
npoBaiaepa.

- Innexc eneproedexTuBHOCTI 0OuncieHs E(t), mo po3paxoByerbes sik: E(t) =
COMP(t) / POWER(t), ne COMP(t) — oOumcItoBaibHA MPOJAYKTUBHICTH B MOMEHT
yacy t, POWER(t) — cnioxuTa eHepris B MOMEHT 4acy t.

- JunamiuHui moka3HUK Oe3reku S(t), o BpaxoBye 3MIHU B 3arpo3ax Oe3neku Ta
MexaHi3zmax 3axucty: S(t) = Y, w; - s;(t), ne w; — Bara i-roro acnekry oesmeku, s;(t) —
OIiHKA I-TOTO acIMeKTy 0e3MeKr B MOMEHT 4acy t.

Busnauumu:

OnTuMmaneHy apxiTeKTypy B3aeMoJlli XMapHHUX cepBiciB X = {x;;} MK pecypcamu
PI3HMX XMapHHUX IPOBaIepiB, 10 MIHIMI3Y€ LIIbOBY (YHKIIIIO, SIKA BPAaXOBYE:

- 3arajbHUN Yac BUKOHAHHS 3aBJaHb;

- CyMapHY BapTiCTh BUKOPUCTAHHS PECYPCIB;

- piBeHb Oe3neku 0OpoOKHU JaHUX.
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3.1.1 ®opmauizania npodaeMn BUOOPY apXiTeKTYypH MYyJbTHXMAPHOI
iHppacTpyKTYpH
[IpoGiieMy NpO€KTyBaHHS OOYMUCIIOBAIBHOI 1HQPACTPYKTYPU y TIETEPOr€HHOMY

MYJIBTUXMAapHOMY CEpEIOBHUIII MOXKHa (QopMmani3yBaTh SK 3a7adyy ONTHUMAaJIbHOTO

PO3MIIIIEHHSI CKIHYEHHOT MHOXUHU OOYMCIIOBAIBHUX 3aBnanb T = {t;, t,, ..., t,} Ha
MHOKHHI CepBICiB MynbTHXMapHOi tiarpopmu R = {ry, 1y, ..., I,}, IO HaIEXaTh
pi3HUM XMapHUM nipoBaiinepam P = {py, p2, ..., Pk}

Koxxne 3aBnanns t; € T xapakTepu3yeThCcsi BEKTOpoM atpulyTiB t; = (w;, d;, C;, S,
T;), Ie:

w; — o0uncIoBalibHEe HaBaHTakeHHs 3apaaHHs (y FLOP);

d; — obcsr qaHnx, HeoOXiTHUX 171 3aBnaHHA (y OalTax);

C; — BUMOTH 710 KOH(1ICHIIIHHOCTI JaHuX (3a mkanoro Big 0 10 1);

S;, — IplopUTeT 3aBaHHs (3a mKanoro Big 0 1o 1);

T; — MAKCUMAaJIbHO JIOMYCTUMUN Yac BUKOHAHHSI.

Kosken xMapuuii cepsic 7; € R XapakTepu3y€eThCs BEKTOPOM aTtpulyTiB: 77 = (pj, A;,
Wjs Sjs s ¥ ), A€

pj € P — XMapHuil poBaiiep CEPBICY;

A; — obuncmoBanbHa OTykHICTh (y FLOPS);
U — mocTynHa nam’ stk (y 6anTax);
sj — piBenb 6e3neku cepsicy (y FLOPS/Br);

j — JIOCTYIHICTh CEPBICY (Y BIZICOTKAX);

Yj — BapTICTh BUKOPUCTaHHs CEPBICY (y TPOILOBUX OJMHHUIIAX/YAC).

3.1.2 MaremaTu4Ha Moje/ib BUOOPY apXiTeKTypH AJ MyJbTHXMAPHOI0

po3noainy 3aga4

Hexait X = {x; j} — MaTpHulIsl pO3MIIIIEHHS 3aB/IaHb, JIC:
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X;j = {1, AKIIO 3aBJaHHs t; IPU3HAYEHO PECYPCY Tj
0, B 1HIIIOMY BHUTIAJIKY }

Mopnens BuUOOpPY apXiTeKTypw sl MYJbTUXMApHOTO  PO3MOAUTY  3a7ad
dopmamizyeTrbess  SK  3amada  OaraTokputepiampHOi  omrtuMizamii  min F(X) =
{T'(X), C(X),5(X)}, me:

T(X) — dyHKIig 3araTbHOTO Yacy BUKOHAHHS;

C (X) — dbyHK11is 3araqbHOT BapTOCTI;

S(X) — dyHKIis OLIHKY PiBHS O€3MEKH.

i pyHKIIT BU3BHAUAIOTHCS HACTYITHUM YUHOM:

TX)=max(i€{l,...,n}) X =1tom)xy - (Wi/A);

CX)=X(=1ton) ¥(j=1tom)xy - y; - (Wi/4);

SX)=XY(@(i=1ton)Y(j=1tom)xy - ¢; * s,

1€ S; — piBeHb OE3MEeKH CepBiCy j, C; — BUMOTH /10 O€3MeKH 3aBIaHHA i.

[Ipu iboMy HEOOX1JHO MaM’ATaTH PO OOMEKECHHS:

1. KoxHe 3aBaaHHs MOBUHHO OyTH NMpPU3HAYEHE PIBHO OJJHOMY PECYPCY:
Yj=1ltom)x; = 1,Vi € {1,...,n}.

2. O6¢csr maHux, HEOOXIMHUX JUIsl BUKOHAHHS 3aBIaHb Ha pecypci, HE TOBHHEH
TIEPEBUIYBATH JOCTYITHY TIaM’STh:

Yi=1ton)xy - di < w,vj € {1,...,m}.

2. Yac BUKOHAHHS 3aBJaHHS HA PU3HAYEHOMY peCcypci He TIOBUHEH MEPEBUIILYBATH
MaKCHUMAaJIbHO JOMYCTUMUM:
wi/A < T, Vi € {1,...,n},Vj € {1,...,m} Taki, mo x;; = 1.

3. PiBenp Oe3neku, 1110 3a0€3MeUy€eThCsl CEPBICOM, MIOBUHEH 3a/10BOJIBHATH BUMOTHU
3aBJAHHS:
¢ < s,Vi € {1,...,n},Vj € {1,...,m} Taki, mo x;; = 1,

Jie S; — piBeHb 0e3nekHu, SKuii 3a0e3reuye cepBic 77.
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3.2 IIpoexTyBaHHs B3a€MOJil cepBiciB Yy MyJIbTUXMAapPHOMY cepeA0BHILi

Posnoginena cucrtema BU3HAYAETHCS SIK KOMIUIEKC aBTOHOMHHUX OOYHCIIIOBAIBHUX
KOMITOHEHTIB, 110 B3aEMOJIIFOTh MK COOOI0 3a JOMTOMOTOI0 MEPEKEBHUX MPOTOKOIIB IS
JOCSITHEHHS CMJIBHOT 00YMCIIOBANIbHOT MeTH. Po3noiiieH1 cucTeMu MOKIMKaHl YCYHYTH
BY3bKI MICI TTPOJYKTUBHOCTI Ta IEHTpaji30BaHl TOYKH BIJIMOBH B OOUYHCIIOBAJIBLHUX
cepenoBuIax. Y IEHTPATI30BaHUX OOYUCITIOBAIBLHUX CHCTEMaxX YyCi OOYMCIEHHS
3MIMCHIOIOTCA HAa €IMHOMY OOYHMCIIOBaIbHOMY pecypci. OCHOBHA BIAMIHHICTH MIXK
LEHTPaII30BAaHUMHU Ta PO3MOAUICHUMH CHCTEMAaMH MOJSra€ B IIA0JIOHI 3B’SI3KY MIXK
By3JlaMU cuCTeMH [56]. Y po3MojaiIeHuX CUCTEMax KOXKEH BY30J MOXKE B3a€EMOJISTH 3
1HIITMM, OMUHAIOYH IeHTpanbHui. [{e 3a06e3neuye CTIAKICTD 10 BIIMOB 1 JI03BOJISIE OUTBIII
e(eKTUBHO BUKOPUCTOBYBATU PECYPCH.

[TpoexTyBaHHS apXiTEKTypu OOUUCIIOBATBHOT IHQPACTPYKTYPH Y MYyIbTUXMAPHOMY
CEPENIOBUIIII CTOCYETHCS ONTHMAIBLHOTO PO3MIIICHHS Ta B3a€EMOJii CEpBICIB MiXK
JEKUTbKOMa XMapHUMH IJIaTGOpMaMHU 3 MOKIIMBICTIO a/lanTallii B peaibHOMY a00 Maifke
peanbHOMY 4aci. Taka cuctema po3po0seHa ajsi OonThMi3allii MPOAYKTUBHOCTI, BAPTOCTI,
HAJIMHOCTI Ta MacmTaboOBaHOCTI NUISXOM BUKOPHUCTAHHS CHUJIBHUX CTOPIH pI3HUX
XMapHHUX MOCTAYaJIbHUKIB Ta IXHIX MOCIYT.

JlunamivH1 poOodl HaBaHTAKEHHS JEMOHCTPYIOTh 3HaUHI HEPETYJSPHI KOJIUBAaHHS
IHTEHCUBHOCTI 1 MOXYTh CIIOCTEpIraTUCs panToOBI CIUIECKH TMOTped y pecypcax.
Hamnpuknaz, BeOcallT oHIaiiH-Mara3uHy MOXe MaTH BEIMKUM Tpagik IMiJ Yyac MBUIKOTO
posnpoaaxy. Lli poboui HaBaHTa)XEHHS TaKOXX MOXKYTh BIIPI3HATHUCS 3aJIEKHO BiJ
KOHKPETHHUX IEpio/iB Yacy, HANpHUKJIaJd, CE30HIB CBITKOBHX IOKYIMOK a00 KiHIIEBUX
TEpMIHIB MOJAaHHS MOAATKOBOI JeKJIapallii 1 iHIIoi JokyMeHTalli. Poboui HaBaHTa)XeHH,
KEepOoBaHi MOAISMH, SIKI 1HIIIIOIOTHCS MEBHUMHU MOJISIMHU, K 00poOKa BXIAHUX JaHUX 13
npuctpoiB loT abo kaHamiB comiaibHUX Mepex, 1 poOoUl HaBaHTAXXEHHS B pEaTbHOMY
Jaci, Taki K iHAaHCOBA TOPTIBIIA B peaIbHOMY 4aci a00 CUCTEMH MOHITOPUHTY, TAKOXK €

MO PCHUMH ITPUKITaJaMU )II/IHaMi‘IHI/IX HaBaHTa>XXCHb.
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Mo>kHa BU3HAYUTH HACTYITHI XapaKTEPUCTUKH TUHAMIYHUX HABAHTAXCHb:

- MiHnuBICTh y KOPUCTYBaHHI pecypcaMi, IO YCKIAIHIOE iX ONTHMaJbHUN
PO3MOIL.

- HeonHopigHicTh Ta CIOKMBAHHS PI3HUX XMApHUX PECYPCIB.

- BumararmoTe 37aTHOCTI MIBHUAKO 30UIbIIYBaTH a00 3MEHIIYBaTH PECYpCH, 1100
3a/I0BOJIbHUTH MIHJIMBUI MOIHT.

- IloTpeOyroTh i1HTEHCHBHOTO ympaBiiHHA. ONTUManbHa NPOAYKTUBHICTH IS
IMHAMIYHUX HABAaHTA)XCHb BHMarace IMHAMIYHOTO PETYIIOBAHHS PO3MOIITY pPECypciB
[61].

JuHamigHi poOOYl HABaHTAXXEHHS CTAHOBISITH MPOOJIEeMy B OaraToXMapHOMY
CepeIOBHIL Yepe3 HEOOXITHICTh KEPYBaTH PECYpPCaMHt KITBKOX XMapHUX IMMOCTavaIbHHUKIB
3 PI3HMMH MOJEISIMU I[IHOYTBOPEHHS, MPOMO3UIISMU MOCIYTr 1 XapaKTEepUCTHKaAMU
IPOAYKTUBHOCTI.

Cepen cyyacHUX ITiIX0J1iB MOYKHA BUJITTUTH:

- bescepBepHi apxiTEeKTypH, sIKI JO3BOJISIIOTH PO3POOHHKAM PO3rOpTaTH Kon 0e3
KepyBaHHS OCHOBHOIO 1H(GPACTPYKTyporw. MynbTUXMapHI CUCTEMU BHKOPHUCTOBYIOTH
6e3cepBepHi m1aTGopmMu pi3HUX MOCTavaIbHUKIB, Takux Sk AWS Lambda, Google Cloud
Functions 1 Azure Functions, s BUCOKOJAMHAMIYHUX 1 KEPOBAHMX MOJISIMU 3aBJIaHb.
bescepBepHi cucTeMH BIAMIHHO CHPAaBISIIOTBCS 3 HemepeadadyyBaHUMH POOOYUMU
HABaHTa)KEHHSMU 3aB/SIKM aBTOMAaTUYHOMY MacIITa0yBaHHIO Ta BUKOHAHHIO JIMIIIE TiCIIs
3amycky [62].

- O®ynkuii sk nmociayra (FaaS) — me miaMHOXHHA Oe3CepBEpHUX OOYHCIICHB, €
okpemi (QyHKIIi pO3ropTaloThCcsi Ta BUKOHYIOTHCA 32 BUMOTOK. Y OaraTroxmMapHOMY
cepenoBuii miaargopmu FaaS MokHa BHUKOPHUCTOBYBATH JUIS PO3IMOMITY KOHKPETHHUX
3aBAaHb y XMapi, LI0 MPONOHYE HaWKpauly HIPOAYyKTUBHICTH a00 EKOHOMIYHY
edeKkTUBHICTH y neBHUM yac. DyHkiris sk nociuyra (FaaS) ctae monmynsspHuM BUOOpPOM 11715t

MacIITabOBaHOTO Ta EKOHOMIYHO €()eKTHUBHOTO PO3TOPTaHHS poO0YNX HABAaHTAXKEHb. Y Ci
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MOMYJISIPHI TOCTaYaIbHUKN HAAAr0Th matgopmu FaaS [63].

- KonTeliHepu CTBOPIOIOTH JIETKi, MOPTATHBHI Ta Y3TOMKEHI CEPEIOBHINA IS
3amycky mporpaM. Taki iHCTpyMeHTH, ik Docker 1 Kubernetes, moserurytoTs po3mo i
po0OOUYOro HaBaHTAXXEHHS MK KUIbKOMa XMapamu, a0CTparylouyd BiIMIHHOCTI 0a30BOi
iH(QpacTpyktypu. bararoxmapui moxnuBocti Kubernetes, oco0auBo 3 Takumu
iHcTpyMeHTamH, sk Anthos ab6o OpenShift, mo3BonstoTe Oe3mepediftHO KepyBaTH
KOHTEHHEPHUMU IIpOrpaMaMu B XMapax [64].

- Cloud Bursting — ne riOpugHud MIAX1J, KOJM 3aBAaHHS BUKOHYIOTHCS B
OCHOBHOMY B IPHUBATHIN XMapi, aje BUKOPUCTOBYIOThH IMyOI14H1 XMapH IiJ1 Yac CTPUOKIB
nonuTy. L5 TexHika 3a0e3nedye eKOHOMIUHY €(DeKTUBHICTh, 30€piraroun KOHTPOIb HAJl

KPUTHUYHO BXXJIMBUMU JJaHUMHU [65].

3.2.1 ®opmanbHa MOAeIb JMHAMIYHOI afanTanii MyJbTHXMAPHOI
iHppacTpykTypn
JluHaMiuHy amanTaiiio MyJIbTHXMapHOI 1HPPACTPYKTypu MoOkHa (opmaiizyBaTh
yepe3 MPEACTABICHHs MapaMeTpiB cucteMu sk QyHKIINA dacy. Hexalt cran cuctemu B
MOMECHT 4Yacy t ONMUCYETHCH:
Ai(t) — obuncaoBaIbHA MTOTYXKHICTh PECYPCY 7 B MOMEHT 4acy t;
U;i(t) — MOCTyIHA ITaM’ATh PECypCy 1; B MOMEHT 4acy t;
¥;(t) — BapTiCTh BUKOPHUCTAHHS PECypCy 7; B MOMEHT Yacy t.
@DyHKIIis Tepexoay CUCTEMHU 3 OHOIO CTaHy B IHIINI MOXe OyTH MpeacTaBiIeHa sK
S(t+A4t) = F(S(t),A(t),E(t)), ne:
S(t) — cran cuctemMu B MOMEHT 4acy t;
A(t) — BeKTOp Iili CUCTEMH yTPaABJIiHHS pECypCcCamu;
E (t) — BEeKTOp 30BHIINIHIX MMO/IIH;

F — ¢yHKIIis Iepexoy, 10 OMUCYE €BOJIOIII0 CUCTEMHU.
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JUis  OWIHKM  TETEPOreHHOCTI  MYJIbTUXMapHOTO  CEpeAOBHINA  MOJXKHA
BUKOPHCTOBYBATH HACTYITHI METPHUKH:
1. [HaEKC reTepOreHHOCTI 00YHCIIOBAIBHOI MOTYKHOCTI:
HA = od/uA4, (3.1)
e 0A — CTaHJapTHE BiIXWJICHHS OOYHMCIIOBAIBHOI MOTYKHOCTI CEpBICiB, a UA —
cepeHE 3HAUYCHHS.
2. [HaeKC reTepOreHHOCTI BapTOCTi:
Hy = oy/uy, (3.2)
7ie 0y — CTaHAapTHE BIIXUJICHHS BapTOCTI BUKOPUCTAHHSA CEPBICIB, a |1y — CEpEIaHE
3HAYCHHS.

3. 3aranpHUM 1HIEKC T€TEPOreHHOCTI MYJIbTUXMAPHOI IHPPACTPYKTYPHU:

H, = \/wAHA? + wyHy? + wsHs?2, (3.3)
ae WA, wy, ws — BaroBl Koe(illi€eHTH, M0 BiOOpaxarTh BaXKIUBICTh

XapaKTEePUCTUK OOUYHMCIIIOBAIBHOI MMOTY>KHOCTI, BAPTOCTI Ta OE€3MEKH BIANOBIIHO.

33 IIpoekTyBaHHA MYJIbTHXMAPHOI aPXiTEKTYPH

ApxiTekTypa CHCTEMH Ui JWHAMIYHO  PO3MOMIJICHHX  OOYMCICHb Y
OaraToxMapHOMYy cepeoBUIlll 00’ €qHYyE MOMIYJbHI KOMIIOHEHTH, $KI OOpOOJIAIOThH
PO3MOJILT 3aBJaHb, aBTOMATU3alLlil0, TPUUHSTTS PIlIEHb 1 MOHITOPUHT. 3apONOHOBaHA
apxiTeKTypa M03BOJIsIE €(EKTUBHO PO3MOAUIATH OOYMCIIOBAIBHI PECYpCH B MeXax
Mepexi, L0 CIpHUA€ iX ONTUMAJILHOMY BHKOPHUCTAHHIO 1 MOKPAIIEHHIO MIBUIKOCTI
pearyBaHHsL.

VY TpaaumiifHUX EHTPaTi30BaHUX CHUCTEMaX OJUH cepBep abo mpolecop BUKOHYE
BC1 3aBJIaHH Ta onepailii. Hapnmaku, po3noijaeH1 CUCTEMH PO3MOIIISAIOTH HABaHTAXKCHHS
MIDXK B32€MOIIOB’ SI3aHUMU MPUCTPOSIMHU.

VY posnoaineHiii cucremi KOXKeH By30J1 (OKpeMHi IpuCTpiil abo cepBep) Mpalioe

HE3aJIe)KHO, aje CIIBIPALIOE 3 IHIIMMHU IJ JOCSITHEHHS CHIUIBHUX IfIed. 3B’SI30K 1
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KOOpAMHAIIS MDK IMMH BY3JIaMHd MAlOTh BUpIIIajdbHE 3HAUYEHHS A Oe3nepeOiitHOro
(GyHKLIOHYBaHHS cucTeMu [66].

MoskHa BUJIUIMTH YOTHPHU MOLIMPEHI TUIH APXITEKTYPH PO3IMOAUIEHOI CHCTEMHU:
KIIIEHT-CEpBEP, OJTHOPAHTOBA, 3-piBHeBa Ta N-piBHEBa [67]:

1. Kimient-cepBep. [lani oTpuMyIOTbCSI 3 cepBepa KIIEHTaMH, SKI 3roJ0M
dopMaTyroTh iX 1 NMOKa3yloTh KopucTyBaueBi. KiHIIEBMI KOpPHCTyBau TaKOX MOXeE
BHOCHTH TONPABKH HAa CTOPOHI HAa CTOPOHI KIII€HTa 1 BIAHOBUTH iX Ha cepsepi, 100
3poOMTH X TMOCTIMHUMHU. ApXITEKTypa KIIEHT-CEPBEP Ma€ OJHY CTaHJIAPTHY
KOHCTPYKTHBHY OCOOJIMBICTh: IIEHTpaIi30BaHy O€3MeKy.

2. OnnopanroBa apxitektypa (peer-to-peer (P2P)). Ilpamtoe 3a npuHImoMm
JCIEHTPAII30BaHOT CHUCTEMH. Y HId HeMae JIOAATKOBHX KOMIT IOTEpiB, SIKi
BUKOPHCTOBYIOTBCS JUISI HaJaHHS MOCIyT abo ympaBiiHHS pecypcamu. Komm 'rotepu B
CUCTEMI, SIK1 HA3UBAIOTHCS OJITHOPAHTOBUMH, MAIOTh PIBHOMIPHO PO3MOILJIEHI 000B’A3KH.
Humu MOXyTb KOPHCTYBATHCS SIK KITIEHTH, TaK 1 CEPBEPH.

3. TpupiBHeBa apxiTekTypa. KiieHTu B TpUpiBHEBIH apXITEKTYpl HE MalOTh CTaTyCYy.
[Ilo6 cmpocTUTH pO3ropTaHHS Mporpamu, iHGopmallis He 30epiracThCs Ha CTOPOHI
KIIIEHTA, a HAa MPOMDKHOMY piBHI. TpupiBHEBa apxXiTeKTypa HaWOULIbII MOMIMpPEHA IS
Be0/10/1aTKIB.

4. N-piBHeBa apxiTekTypa. CepenHiil piBeHb B3a€EMOJIE 3 IHIIOK CIYXO0K s
oTpuMaHHs iHpopmMmarii. N-piBHeBa apxiTeKTypa 3a3BHYail BUKOPUCTOBYETHCS, KOJIU
nmporpami abo cepBepy NOTPiOHO MEpecuiaTh 3alUTH 0 JOAATKOBUX KOPIMOPATUBHUX
ciyk0 y mepexi [64, 65].

He3Baxaroun Ha pi3HHIN LUX apXITEKTyp, PO3MOIiIEHA CUCTEMa TMOBHHHA MaTU
HacTymnHe [68]:

- MacmraboBaHIiCTh, 0 O3HA4Ya€ 3JaTHICTh 3pOCTaTh B MIpy 30UIbLIECHHS
HAaBAaHTAXEHHSA. A L€ € MOXJIMBUM 3aBISKU JIOJaBAHHIO B MEPEXYy J0JIaTKOBUX

MIPOIIECOPIB.
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- Ilapamemizm, mo o3Ha4ae, MO KOMIIOHEHTH NPALIOBATUMYTh OJHOYACHO, i3
3aBJAHHIMU, 1110 BUKOHYIOTbCS 0€3 MEBHOTO MOPSAKY Ta 3 PI3HOIO MIBUAKICTIO.

- BigMoBocTiiikicTh. SIKIIO OAWMH BY30J BHUXOJWTH 3 Jaay, IHII MOXYTh
MPOJOBXKYBATH MPAIFOBATH 0€3 MOPYIICHHS 3araJiIbHOT0 O0UYHUCICHHS.

- Ilpo3opictb, 100 KiHIEBUH KOpUCTyBad abO CTOPOHHINM pO3pOOHUK OauuB
pPO3MOITIEHY CUCTEMY SK €IWHY OOYHCIIOBAIBHY IIUIICHICTh, IO JO3BOJBSUIO O iM
B3a€MOJIISITH 3 IEBHUM JIOTTYHUM IPUCTPOEM, HE TYPOYIOUUCH PO BCIO apXITEKTYPY,

- BiaTrBoproBaHicTh, fKa Hajgae 1H(OpMaLi0 Ta MOBIJOMIIEHHS AJI CHUIBHOIO
BUKOPHUCTaHHS Ta 3a0e3Meuye y3roJKEHICTh MK JOCTYIHUMHU pecypcaMu (TaKuMU SIK
KOMITOHEHTH MPOTrpamMHOro abo armapaTHOro 3a0e3MeUeHHs ), TAKUM YHHOM IT1ABUILYIOUN

JOCTYIHICTh, HAJINHICTD 1 BIIMOBOCTIHKICTb.

3.3.1 OCHOBHi KOMIIOHEHTH CUCTEMHU

CknagHICTh PO3MOJIIEHUX CHUCTEM 3pOCTa€ B 3aJEXKHOCTI BIJl CLEHAPIIO
BUKOPUCTAHHA Ta BUMOT 1O MpPOXYyKTUBHOCTI. IIpoTe MoOKHAa BHUIITUTH HACTYIIHI
HEOoOX1TH1 CKIIa0Bi cuctemu [69]:

- Posmonin 3aBoaHp Ta piBEHb OPKECTPOBKU. lleHTpanbHUN MOAYJb, SIKUN
BIJINOBIJIa€ 32 PO3MOJALT poOOYMX HABAHTAXKEHb HAa OKpPEMI 3aB/IaHHS, NMPHU3HAUYEHHS iX
BIIMOBITHUM XMapHUM pecypcaM 1 KepyBaHHS BUKOHAHHSIM 3aBAaHb. BukoHye (yHKIT
MOCTaHOBKH 3aBJaHb y Yepry Ta IUIaHYBAHHS, OPKECTPOBKA pOOOYOT0 HABAHTAXKECHHS B
KUTBKOX XMapax; NMepernpu3HaueHHs 3aBJaHb y PEKHUMI peajqbHOTO yacy y pasi 30010
pecypciB a00 HEONTUMATILHOIT MTPOYKTHBHOCTI.

- Monynp npudHATTS pimieHb. Bu3Hauae ontuManbHE pO3MILICHHS 3aBIaHb Ha
OCHOBI TaKMX KpUTEpIiB, SIK BapTICTh, 3aTPUMKa, Oe3leKka Ta MOCTIMHICTh AaHux. TyT
MPUCYTHI CHeElialibHI aJrOpUTMH (HAMPUKIAA, METOAN 0araTOKpUTEpiaJbHOTO aHali3y),
AK1 1HTErpyIOThCS 3 iHCTpyMmeHTamMu Tuiy Terraform a6o Pulumi mist po3ropraHus.
Peanizyrorbcst (yHKLIT aHamizy BUTpaAT, MNPOAYKTUBHOCTI, O€3MEKW 1 NEpeBIpKU

BIIMOBIHOCTI OpraHi3aIliiHIM TOJIITHKAM.
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- Iarerpamist 3 iHcTpymeHTamu aBTomartumzamii. [lmardopmm aBromaTtmsamii mms
HaJaHHS XMapHHUX pecypciB 1 KepyBaHHi HHUMH. B pgaHomy Mopyni BinOyBaeThcs
aBTOMaTHYHE MacITaOyBaHHS Ta JCiHIIam3alis pecypciB, a TaKoX YIPaBIiHHS
MYJIBTHXMApPHOIO KOH(Irypali€ro.

- besneka 1 MOHITOpUHI. MOHITOPUHI y pealbHOMY 4Yaci Uil BiJICTEXKEHHS
MPOJYKTUBHOCTI, BUTPAT 1 BUKOHAHHA 3aBJaHb y XMapax, a TaKoXX 1HCTPYMEHTH 3a
KOHTpoJieM HOopM Oe3nexku. OyHKIi1: BIZICTe:KEHHSI BUKOPUCTaHHS PECypCiB 1 MOKa3HUKIB
BUKOHAHHS 3aBJaHb; BHSIBJICHHS aHOMAJild Ta BY3bKMX MICIb Y BUKOHAHHI 3aB/IaHb;
3BOPOTHIHM 3B’S30K 3 MOJYJIEM MPUUHATTSA pillleHb; KepylTe KiIrouamMu mudpyBaHHS Ta
KOHTPOJIEM JOCTYILY.

JluHaMigHO pO3IOAiIICHa O0YHCITIOBAIbHA CUCTEMa Ma€ B OCHOBI apXiTEKTypy, Ze
TJIaHyBaHHS, KepyBaHHA pecypcamu, 30epiraHHs Ta 3B 430K MpPaIOITh pa3oM s
edekTuBHOI 00p0oOKHM poOoYMX HaBaHTaxeHb. CHcTeMa TWHAMIYHO aJalTyeEThCS JI0
BHUMOT, 5IKi € 3MiHIOBaHUMHU. [{e poOuTh 1i i1eaTbHOI0 ISl XMapHUX OOYHCIICHb, aHAII3Y

BEJIMKUX JaHUX 1 p0OOYMX HAaBaHTAXEHb, & TAKOXK BUKOpUCTaHHS Mojenei LI,

3.3.2 B3aemoaist Mi’k KOMIIOHEHTAMHU

OyHKIIOHAIBHUI poOOYMil poLec CKIAAAETHCS 3 HACTYITHUX KPOKIB:

1. Poboui HaBaHTa)XXeHHsI IEpPEeNalOTbCcs Ha PIBEHb PO3MOJULY 3aBJlaHb, SIKUHN
po30uBac iX Ha 3aBJaHHS Ta MPU3HAYAE TTOYATKOBI MPIOPUTETH.

2. Moaynb OpUMHSTTS PIlIEHb OILIHIOE OCTYIMHI XMapHI PECypcH 3a JOMOMOTOIO
MONepeIHh0 BU3HAYCHUX KPHUTEPIiB (HAMpUKIIAA, BapTIiCTh, MPOAYKTHUBHICTH) 1 Hajae
pecypcn.

3. 3aBaaHHS MJIAHYIOTHCA HA HAJAAHUX pecypcax 3a JOMOMOI'O0 PiBHS OPKECTPOBKHU
(mampuknan, Kubernetes). Konreitnepu, 6e3cepBepHi GyHKINT ab0 BipTyaabHI MaIllMHU
BUKOHYIOTh 3aBJaHHS.

4. Moaysb MOHITOPUHTY BIACTEKY€E BHKOHAHHS 3aBJaHb 1 IPOJYKTUBHICTb

pecypciB. SIKIIO TPOAYKTHBHICTh BIAXWUISAETHCS B OUYIKYBaHOTO PIiBHS, BIATYK
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HAJICUJIAETHCS IO MOAYJISI IPUHHSTTA PIIEHb I NEPEPO3NOIUTY YA ONTUMI3AIII].
5. [ncTpyMeHTH aBTOMaTH3aIlil 301IBIIYIOTh 200 3MEHIIYIOTh PECYPCH 3aJI€KHO BiJl
nonury. Y pasi 30010 cuctemMa JMHaAMIYHO Mepenpu3Hayvae 3aBJaHHs IHIIUM XMapaMm.

OyHKI10OHANbHI 3B’SI3KW MOKHA IPEACTaBUTH y BUTsAAl Tabmuui (Tabmmus 3.1):

Tabnuys 3.1 QyuxyionanvHi 36 A3Ku Midke KOMNOHEHMAMU

Komnonent B3aemonisn IIpu3HayeHHs
PiBeHb posmoiny 3aBaHb Monynb npuitHATTS pimeHb, | [Ipu3HaYeHHS Ta MUIaHyBaHHS
PIBEHb OPKECTPOBKHU 3aBJIaHHS
[TpuiiHATTS pileHb PiBenb posnoniny 3aBaaHb, OnTuMansHU po3noin
3aco0u aBTOMAaTH3AIlI pecypciB i 3a0e3nedeHHs
[HTerpanis 3 aBromMaru3zaitiero | Moaynb NIPUAHSTTS pillicHb, ABTOMaTH3aIlis HaJaHHS 1
YTpaBIIiHHS pecypcamu MacImTa0yBaHHS
iH(pacTpyKTypH
MOHITOpPUHT 1 aHATIITHKA Monyne NpuiHATTA pilieHsb, | JlaHi npo NpogyKTHUBHICTE Y
BUKOHAHHSI 3aBJIaHb peaJbHOMY Yaci Ta BIIIYKH
PiBenb Oe3nexu Ta Bci komnonenTn 3abesnedyeHHs O€3MeKH Ta
BIIOBITHOCTI BIJIITOBITHICT, HOPMATUBHUM
BUMOTaM
34 MeToa 6araToKpuTepiaJbHOT0 aHAJI3Y /ISl ABTOMATH30BAHOT0

BHOOPY ONITHMAJILHOI XMAPHOI'0 iHCTPYMEHTAPiI0

Ha croroguimmiii JeHh MOCTyImHA IIUPOKAa HU3KA IHCTPYMEHTIB s pearizarii
MyJIbTHXMapHOi iHTerpauii. [Ipote, koxHa opranizaiis Mae BiacHi norpedu. OqHakoBa
CTpaTeris peari3alilii MoKe IEMOHCTPYBATH Pi3HY €(heKTHUBHICTh 3aJICKHO BiJ crieliuiku
KOPHCTYBAIbKUX MOTPEO.

[lepen po3ropTaHHsIM BJIACHOI MYJBTHUXMApHOI CHUCTEMH, BIANOBIIHO O
pEeKOMEHJIalil, MpeacraBieHux y podortax [70, 71] BakauBO BpaxyBaTH HACTYIHI
KpUTepii:

- Bapricts. Heo6xiHO 4iTKO po3ymiTH SLA 1 HONITUKY LIIHOYTBOPEHHS. Y PI3HUX
MOCTAYaJIbHUKIB MOXYTh 3HAYHO BIAPIZHATHCS YMOBH BHUKOPUCTaHHS KOXXHOTO 3
KOMIIOHEHTIB.

- Ckunagnicte. CHUCTEMHA apXITEKTypa, pO3MOJAUIEHA MK KIJIbKOMa XMapaMu
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(perioHamm), CTBOPIOE CKIIQJHICTh HA PiBHI apXITEKTypH Ta MOKE BUMAraTy 3MiH Ha piBHI
JOJIaTKIB, 1II00 OYTH OUTBII CTIMKUMHU JI0 3aTPUMOK 1/a00 MaTH MOXKJIMBICTh CIIJIKYBaTHUCS
3 0a3010 JaHUX, Ky MEPEHECEHO JI0 1HIITOT XMapa JIs IijIeH BiTHOBJICHHS MMIC/IS BIIMOBH.

- IBunkicte. Xmapa gae OuIbIIEe MOXIMBOCTEH KOHTPOIIOBATH IIBUAKICTH a0
3aTpUMKY calTy/mporpamu. Hampukiaa, MoXHaA 3amyCcKaTh pi3HI TUIH €K3EMIUISPIB
BIIMOBIAHO a0 moTped mnporpamu. [l gomaTkiB, sAKi I1HTEHCHBHO TWPAIIOIOTH 3
KOpHUCTyBaueM, JO0JaTKOBA 3aTPUMKA, SIKa € pe3yJbTaTOM MIKXMapHOT0/perioHaJIbHOro
3B’SI3KY, MOX€ OyTH HEPUHUHATHOIO.

- XMapHa MOPTAaTUBHICTh. X04Ya MOXE€ OyTH MPOCTillleé BUKOPUCTOBYBATH OJUH 13
IHCTpYMEHTIB ab0 CIy’K0 XMapHOro MocTadajlbHUKA, SK OallaHCyBaHHS HAaBAaHTa)KEHHS
abo cmyx0y 0a3m maHWX, BaKJIUBO YCBIAOMIIIOBATH, IIO SKIIO 1 KOJU 3HAIOOHUTHCS
MEPEMICTUTH LIel KOHKPETHHUH piBEHb apXITEKTYPH A0 1HIIOI0 XMapHOTO MOCTavyaJbHUKA,
MoTpiOHO Oyie BiMOBIAHO 3MIHUTH CBOIO apXIiTEKTYpYy.

- besmeka. Jlns MynbTHXMapHOI apXiTEKTYpH BaXXJIMBO PO3YMITH, IO
MDKXMapHUM/PET10HATbHUM 3B’ 30K 31HCHIOETHCA Yepe3 3arajabHOA0CTYHUM [HTepHeT
1 MOXK€ BUKJIMKATH MpoOJieMH Oe3IeKku, ki MoTpiOHO OyJie BHPIMIUTH 3a JOIOMOTOIO
MEBHOTO TUITY UG pyBaHHsA AaHUX a00 TexHomorii VPN.

[Ipore kpurtepiiB Moxke OyTu 3HayHO Ouibiie. I st BUOOpPY MyJIbTUXMapHOIO
miaxoay OakaHO 3aIiITH MOJENb, fKa HaWKpalluM YMHOM J03BojwiIa O miaibparu
pilIeHHs i BU3HAYEHI KPUTepIi.

Tak, y nmochimkeHHsX [72-74] 3anponoHOBaHO OaraTOKpUTEpialibHI MOJENl Ha
ocuosi meroais AHP 1 TOPSIS.

B sixocTi miaxomiB mpencTaBiieHi:

- MynbpTUXMapHI HUTIO3H;

- miaThopMH KEPYBaHHS TaHUMH,

- XMapHO-He3aJIexkH1 610J110TEKH.

B sxocri kxputepiiB oOpaHi:
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- BapTICTb;

- TNPOAYKTUBHICTH;

- 3YCHJUISI BIPOBAXKEHHS;

- Oesmnexa.

Takox Oysiu 03HaY€H1 MPIOPUTETH KPUTEPIIB M1]1 KOPIIOPATUBHI 1 aKaJieMIYHi 3a/1a4l.
PesynbraT MopentoBaHHS [OKa3aB, WIO JUIs Koproopamii OiIbIl peJeBaHTHUM €
BUKOPHCTAHHSI XMapHO-He3alIeXHUX 0101i0TeK 1 miarGopM KepyBaHHS JaHUMH, a UL
akajaemii — U034 30epiraHHs JaHuX.

Ane BapTO BpaxyBaTH, IO MpH 301IBIIEHHI KUIBKOCTI MapaMeTpiB 1 MiAXOMIB,
CKJIAQJHICTh MOOYIOBU TaKUX MOJENei 3HA4YHO 301MbIIHUThCs. I[CHYIOTH 6i107i0TEeKH, SIKi
MOXXYTh MOJICTIOBATH OaraTokpuTepialibHi MpoOIeMH MPUUHATTS PIillIeHb, 0COOIUBO Y
MO€EAHAHHI 3 TEXHIKOIO MallMHHOTO HaBuaHHs. Hampukman, Python-6i6mioreka scikit-
learn.

Taxk, 3 UM IHCTPYMEHTOM JJOCTaTHHO BUKOHATH HACTYIIHI €TaIH:

- IligroroBka nanux. [ToTpiGHO Oye mpeacTaBUTH BC1 TOCTIIHKYBaH1 OaraToxmapHi
cTpaTerii 1 HopMaTi30BaH1 MOKa3HUKH KPUTEPIiB.

- Hapanns BariB kpuTepisM 3a iXHbOIO BaXKIHBICTIO.

- MopnenroBaHHS Ta pEUTHHT, 3a IKUMH CTPATETii pAaH)XYIOThCS Ha OCHOBI 3BaYKEHHUX
KPUTEPIiB, IO T03BOJISIE 3pOOUTH ONTUMAIIBHUIN BUOIP.

Buxopucranns mogioHuX 010110TEK Ma€ HACTYIHI TIEpEeBaru:

- ABTOMaTH3auis NonepeaHboi 00pOOKH (HalpUKIIa, HoOpMasi3allisl, 3BaKyBaHHs)
1 1o0pe macmTaOyBaHHS 3 OLIBIIMMH HaOOpaMu AaHUX, IO € OUTBIN MPUIATHUM JIJIs
MUHAMIYHHX 1 CKIAJHUX CUCTEM.

- Mopeni MamMHHOTO HaBYaHHS (HANPWKIAJ, JEpeBa pIlIeHb, KIacTepu3allis)
3/1aTHI BHSBJISATH NPHUXOBAHI MAaTEPHU B ICTOPUYHUX JAHMX, IO JIO3BOJISE AJIalITUBHO
KOPUTYBaTU MapaMeTpH MPUNHHATTS PIllICHb.

- 3paTHICTH 0OpPOOIATH HEBU3HAYCHICTh Y BUXITHUX JIAHUX JIO3BOJISE 3a0€3MeUnTH
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OuTBII CTAOUTBHI Ta OOTPYHTOBAaHI PEKOMEH IAITI].

BpaxoByroun ckiaiHiCTh XMapHOi CYMICHOCTI Ta Pi3HOMaHITHICTh MYJIbTUXMapHUX
M1X0/I1B, MOJIEIh OaraTOKpUTepiaabHOro aHamizy npuiHaTTa pimenb (MCDA) no3Bossie
MPOBOJANTH KOMIUICKCHUN aHaji3, SKUl MO€IHYe 00’€KTHBHI Ta Cy0 €KTHMBHI OLIIHKH
PI3HHMX ITapameTpiB.

Sk BKe 3a3HaYaI0Cs BUILE, Il MYJbTUXMApPHUX CUCTEM BaXKJIMBUMHU MapaMeTpamMu
€ IPOAYKTUBHICTb, O€3MeKa, CyMICHICTb, 3aJIEKHICTh BiJl CEpPBICIB, PErYISTOPHI BUMOTH
Ta BUTpaATH TOIIO0. Takoxk KUIbKICTh CAMUX MIJAXOAIB TEX € JOBOJII BEIUMKO. BBaxkarouu
Ha 11e, Oyno oOpano metronq AHP (Analytic Hierarchical Process), sikuii q03BOJIsIE
OTEepyBaTH 3 BEJIMKOK KUIBKICTIO aJbTEPHATHB 1 MapaMeTpiB 1 MOXKE IHTErpyBaTHU SK
SKICHI, TaK 1 KUIbKiCHI AaHi [75, 76].

1106 ctBoputu Monens MCDA/AHP, Bu3Hauaemo Taky CTpyKTypYy:

- PiBenp 1.BusHauntm HaWOLIBII BIAMOBIJHE PIIMICHHS Cepea  IIIXOJIB
06araToXMapHOTO JIOCTYIY.

- Pienb 2.Kpurepii: npoayKTHUBHICTb, BAPTICTh, O€3MEKa TOILIO.

- PiBenn 3.AnbpTepHATUBU: TPEACTABIAIOTh KOHKPETHI miaxomau (OaratoxmapHi
nUTio3M  30epiraHHst JaHuX, IUIATGOPMU KEpyBaHHS [aHUMH, XMapHO-HE3aJeXKHI
010J110TEKN).

Anroputm MCDA/AHP Mae HacTyIHI KPOKH:

1. Insi KOXXHOTO KPUTEPII0 CTBOPIOETHCS MATPHUIl TOMAPHUX TOPIBHSHB
albTEpPHATHUB, J€ KOXKHUU €JIeMeHT HaOyBae 3HaueHHA Bia 1 10 9, mpuuoMy OJHaKOBI
aNbTepHATUBU MpPHUIMalOTh 3HayeHHs 1. [HmmMU nudpamu mokasaHo nepeBary OJHiel
aJbTEPHATUBH HaJ 1HIIOK. YnuM OibIe 9uciao, TUM OlIbIa repeBara.

2. [lami CTBOPIOETHCSI MATPHUILA TMOMAPHOTO MOPIBHIHHS KPUTEPIiB, 1€ aHAJOTIYHO
OLIIHIOEThCS TepeBara OJHOrO KpuTepis Haa I1HmMHUM. /[l KOprmopaTuBHOrO 1
aKaJIeMIYHOTO TIIXO0/IB 1[I MaTpHIll OyyTh PI3HUMHU.

3. Hopmaizariiss MaTpuis MONapHOTO MOPIBHAHHS KPUTEPIiB.
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4. O0uncneHHs] BEKTOPY TPIOPUTETIB, KW TOKa)Ke€ PaH)KyBaHHS abTEPHATUB
(HalOUTbIIOMY 3HAYEHHIO BIAMOBIAA€ Kpallla albTepPHATUBA).

5. IlepeBipka dYyTIMBOCTI OTPUMAHMX MapamMeTpiB. SIKIIO 3HAYEHHS He
3aJ0OBOJILHSIOTH NIEBHOMY MOPOTOBOMY 3HA4YCHHIO, HEOOXIHO MPOBECTU KOPETYBAHHS

MaTpHIb OMAPHOTO NOPIBHIHHS.

3.4.1 ®opmanizania npouecy BUOOPY iHCTPyMeHTApPisi MyJIbTH-XMaPHOI

B3a€EMOil

[Iporiec BuOOpY IHCTpYMEHTapist MyJIbTH-XMapHOT B3a€MO/I1i MOkHa (hopMasizyBaTu
K 3a7ady OaraTOKpUTEPIaJbHOTO MPUUHATTS pimeHb. Hexalth MaeMO MHOXHHY
anprepHatuB A = {aq, ay, ..., a,}, IO TPEACTABIAIOTH Pi3HI XMapHi TIATHOPMH, Ta
MHOXXUHY KpuTepiiB C = {cq, C3, ..., C;pm}, 32 SKUMH OIIHIOIOTHCSA 11i ATBTEPHATHBH.
Kosxen Kputepiit ¢; Mae Bary wj, a 1 KOXHOI albTEPHATHBU A; Ta KPUTEPIKO Cj
BM3HAYEHO OWIHKY V;;. 3anada (pOpPMYIIOETbCSA K 3HaXOKEHHS albTEPHATHBH A*, AKa
MaKCHUMI3ye 3arajbHy KOpHcHicTh a* = argmax(a; € A) U(ai), ne U(a;) — pynkuis
KOPHCHOCTI aJbTePHATUBY A, HATIPUKIIA, 3Ba)KEHA CyMa:
U(a) = X0 =1tom)w; - vy (3.4)
Hana dopmanizauis qo3Bodsie iHTerpyBatu meroa AHP, onucanuii y HacTynmHOMY

HiAPO3/UIi, y 3araibHy MOJENb MPUUHSTTS PillICHb.

3.4.2 IlodoynoBa moaesi AHP

Jlnis BuOopy HaMKpamioi MyIbTUXMapHOI cTpaTerii OyJio MPOBEACHO EKCIIEPUMEHT 1
BH3HAYEHO HACTYITHI KPUTEPIi:

- IIpoaykTHBHICTH Y 3HAUEHHI MIBUAKOCTI JOCTYITY 70 (aiiiiB:

i TiSi

P =
Z?:l Si ’

(3.5)

ne S; — po3mip i-ro ¢aitny,

T; — 4ac noctyny 1o i-ro daitny,
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1 — KIIBKICTH (ailiB.

- besneka — Moxe ckimagaTHcs i3 6araThbOX CKIaJ0BUX, Y TaHOMY BHIAJIKY OyJI0
BUKOPHCTAHO BaroBi Koe(iIieHTH:

S=W,+W;+ W, (3.6)
e W, — xepyBaHHA iIeHTH]IKAIIEIO Ta TOCTYIIOM,
W, — mmdpyBanH4,
W, — noryBaHHS Ta MOHITOPHHT.

- 3ycuiuis BOPOBAHKEHHS — OI[iIHKa KOHCAJITHHTOBUX areHIlid B 00J1acTi
XMapHUX OOYHMCIICHb y BUTJISII JIFOJAUHO-TOAMH, BUKOPUCTAHUX JJIS
PO3TOpTaHHS:

ImpE = — Y, ImpE; (3.7)
ne ImpE; — cepenHs OliHKa eKCIIEpTa M0 BIPOBAIKEHHIO,
1 — KUTBKICTh €KCIEePTIB.

- Bapricth — cyMa ycixX CKJIaJOBUX BApTOCTI HaJaHHS MOCIYT: BapTICTh

3a eK3eMILISP, 3aMUT, PO3MIIIEHHS TOIIO:
C=3K,C, (3.8)

ne K — KUTbKICTh 1IHOBHX (haKTOPIB.

VY sikocTi miaxoiB 0yiio oOpaHo:

- MynpTuxmapHi nuto3u 36epiranss ganux (S3Proxy);

- ITnatdpopmu kepyBanns ganumu (Apache NiFi);

- XmapHo-He3anexHi 616miotexu (Apache Libcloud).

Bapto BiaMITHTH, 1ITO AJI OIIHKK PEATbHUX CUCTEM MOXKE OyTH BKIIFOUEHO
HabaraTo OlJIbIIIe MapaMeTpiB 1 aTbTEPHATHUB.

JlJis eKCTIEpUMEHTY TaK0X OyJI0 BU3HAYEHO MPIOPUTETH KPUTEPIiB JIsl ABOX THUIIIB
3a/a4y: aKkaJeMIYHUX 1 KopnopaTtuBHHX, e C — BapTicTh; P — NpOIyKTUBHICTB; [E —

3yCUJUIS BOPOBAKEHHS; S — Oe3meka.
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- Jlns akagemivHuX pimneHs Bij Haitbinem Baromoro: C, [E, S, P.
- Jlna xopropaTUBHUX pillieHb BiJ HanO11e1n Baromoro: C, S, P, IE.
ExcnieprmeHTanbHi 1aHi, IeTaJbHO OMUCaHI y [7], TpeaCcTaBUMO Y BUTJISII
HacTynHoi Tabmumi (Tabmwuist 3.2):

Tabnuysa 3.2 3acanvha mabauys kpumepiis

Cepenns Cep G/t 3ycuauis be3nexa
Hinxin NPOAYKTUBHICTH BAPTICTL | BIPOBAGKCHH, (Barosi
c ’ 3a TB, JHOIMHO- KkoedimieHTH)
USD TOAMHH
XmMapHo-
He3aJIeKHI1 0,27 117,3 48 3
0i0sioTeKn
MynbTHXMapHI
IIUTIO3H 0,34 121,7 47 3
30epiraHHs TaHUX
[Tnarpopmu
KEepYBaHHs 7,24 126,1 87 8
JTAHUMH

[Ticns mpoxokeHHs ycix KpokiB anroputMy AHP oTpumano HacTynHwMi
pesynbTat (Tabmuist 3.3):

Tabnauys 3.3 Pe3ynomamu

Hinxix Axagemiuni KopnopaTusHi
pileHHst pilieHHst
XMapHO-He3aJIexkHi 010Ti0TeKH 3 3
MynbTUXMapHI HUTIO3H 30epiraHHs JaHNX 1 2
[Inardopmu kepyBaHHS JTaHUMHU 2 1

MCDA no3Bosisie OTpUMaTH paHkyBaHHS MyJIbTUXMApHUX CTPATET1ii, B 3aJIEKHOCTI
B1Jl KOPUCTYBALIbKUX MTOTPEO, MPOTE € Psii HEAOIIKIB TAKOI'O MOJICIIOBAHHS:

- YV wmeroni AHP € 3nauynmii cy0’extuBHui BrummB. [Ipum moOynoBi MaTpuib
MOPIBHSAHb MOK€ OYyTH BeJMKa KUJIbKICTh Baplaliid, sIKi JOCUTh CUJIBHO BIJIMBAIOTH Ha
KIHLIEBUH pe3yJbTaT

- 30iIpIICHHA KPHUTEPIiB 1 albTepHATHB 3HAYHO YCKIAAHHUTH MPOIEC MOOYIOBU
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MOJIeTi.
- Bnposamxenns 1 niarpumka MCDA M0OyTh OyTH CKJIaAHUMHU 1 TPYJIOMICTKUMH.
BpaxoByroun HaBejeHI OOMEXKEHHsS 1 HEIOJIKA, B POOOTI 3ampoOrOHOBAaHO
BUKOPUCTATH METOJY MAIMHHOTO HAaBYaHHS IS MATPUMKH TPUUHATTS pIlIEHb Y

MYJIbTUXMap.

3.4.3 OnToJI0TiYHA MO/eb I MOOYAOBH MYJbTHXMAPHOI0 Cepe0BHUIIA

Matoun HabOip anbrepHaTuB 1 kpurtepiiB CR={C, P, S, IE}, dopmanizyemo nany
npeaMeTHy o0aacTb. i bOTO MPONOHYETHCS OHTOJIOTIYHA MOJENb ISl (POPMYBAHHS
HallKpamux CTpaTerii BUOOPY MYyJIbTHXMApHHUX IMIIXOMAIB, MPEICTaBICHA Yy BHUIJISLAL
opiertoBaHoro rpada (puc.3.1). Lle mo3BoJisie 0HOUACHO BiIOOPAKATH BEJIMKY KIJTBKICTh
00’€KTiB 1 3B’A3KiB MK HUMU. By31u rpada nmoka3yroTh OCHOBHI MOHATTS a00 00’ €KTH [2,
77]. Y HamoMmy BHUIaJKy Iie OaraToxMapHi MiAX0Iu, KPUTEpli Ta 3HAUEHHS MPIOPUTETIB.
Crpinky 1oka3yroTh 3B’sI3KM a00 B3aeMofito MK HUMHU. KokeH By301 3’€IHyeTbCS 3
iHmMM. [lapameTpu yTBOPIOIOTH 1€papXiduHy CTPYKTYpY, JI€ HIAXOAM 3HAXOAATHCA Ha
OJIHOMY PIBHI, a KpUTepii Ta OYiKyBaHa OI[IHKA — Ha THIIIHX.

TakuM 4YMHOM, OHTOJIOT1sI MOK€e OyTH MPECTaBIICHA Y TAKOMY BUTJISII:
0=<C,AV,ILR >, (3.9
ne C — Hallp yciX KIIOYOBUX CYyTHOCTEH a00 KOHIIEMIIIH
C ={CAL,SG,DMP}, (3.10)

ne SG — MyJTbTUXMAapPHI 1ITI031 30€piranHs JaHuX,
DMP — nnatdopMu KepyBaHHS JaHUMU,
CAL — xmapHO-He3anexkHi 610:110TeKH.

A — Habip aTpuOYTIB 1 XapaKTEPUCTHK, 1110 ONMUCYIOTh KJIACH MOHSATH:

A={C,P,S, ImpE}, (3.11)

ne C — BapTicTh,
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P — ipotyKTUBHICTB,
S — Oesrmeka,
ImpE — 3ycriuist o0 BOPOBAIKEHHS.

V — pe3ynbTyioui 3HaUeHHS y BUIJISI/II PAHTy MPIOPUTETIB:

V= V3,V o, Vi, (3.12)

ne V, — HaiiBUIuii npiopurer, a V,, — HalHWKYIN.
I — MHOXWHA €K3eMIUIAPIB KJIACiB, MPEACTABIISIIOTH HAO1p BaplaHTIB MyJIbTUXMAPHOT

B3a€EMOJIII:
1={ S3Proxy, Apache NiFi, Apache Libcloud} (3.13)

R — Habip BiIHOIIEHHh MIXK KJIacamu, SKi BKa3ylOTh Ha 3B’S3KH 200 B3a€EMOJIII0 Mixk
noHATTSIMU. KoKeH MmiaxiJ OIIHIOETHCA HAa OCHOBI MOr0 €(EeKTHUBHOCTI 100 KOXHOTO
KPUTEPI0, TOB’A3YI0YH 1X 13 MOTEHIIMHUMHU pe3yJbTaTaMHu.

s Momenb A03BOJISIE CTPYKTYPYBATH BUOIp 1 CTBOPUTH IIPO3OPHUI MPOIEC OLIHKH.
binbm Toro, maHy Mojaenb MOXKHA PO3IIUPHUTH HA KOXKHOMY 1€papXiqHOMY piBHI, Jie
MO>KHA JI0AATH 1HILI MYJIbTUXMApHI CTpaTerii Ta KpuTepii.

O1iHKY aJIbTepHATUBHUX PIlIEHb HA OCHOB1 OHTOJIOT1YHOT MOJIEN MOYKHA PO3ALIATH
Ha TaKi eTaru:

1. BusnaueHHs MeTH 1 BUOIp KOHIEMIIIH 1] KOHKPETHUHN CIIEHAPIM.

2. BusnaueHHs KpuUTepiiB OliHKA. B omucaniii Mozeni — Iie MPOJAYKTUBHICTD,
Oe3neka, 3yCHUslIs BIIPOBAKEHHS 1 BAPTICTb.

3. I KOXKHOT aJIbTepHATUBU MTPOBOJUTHCA OL[IHKA 110 BKa3aHUM KPUTEPISM.

4. PamxyBaHHS anbTepHATHB HAa OCHOBI OI[IHOK.

5. TIpuitHATTS pillleHHS 1010 BIPOBAKEHHS KOHKPETHOTO MiTXOTy.
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OnTonoris gomomarae BpaxyBaTH BaXJIMBI HIOAHCU MPHUUHSITTSA PIIIEHb, HAOYHO
MOKa3aTH NpPOLEC OLIHKM Ta CTBOPUTH THYYKMW IUJIaH BUOOPY I1HCTPYMEHTIB MJist

0araToxMapHOT0 JIOCTYIy B KOHKPETHIN opraHi3aiiii.

Apache
Libcloud

Pucynok 3.1 OnTOsN0TIYHA MO/I€TH BUOOPY MYJIBTUXMAPHOTO MIAXO1Y

Takum ynHOM, MOOYJAOBaHA OHTOJIOTIYHA MOJIENb € OCHOBOIO MOOYJIOBH CXOBHIIA
30epiraHHs BCiX HEOOX1THUX PECYPCIB A MOOYI0BU MYJIbTUXMAPHOI 1HPPACTPYKTYPH,
Ta I03BOJIsIE€ (POpPMaITi3yBaTH 3B’ SI3KH MK KPUTEPISIMHU Ta AIbTEPHATUBAMH, TIOKPAIITYIOYH

MPO30PICTh MPOLIECY TPUMHATTS PIlLICHb.

3.5 Moneni mamaHOro Hap4yanisi Ta LLM s mo0yaoBu

MYJIbTHXMAPHOTO CEepPeI0BHIIA

Heuitka nmorika — 1ie popma ob6unciieHp, sika BpaxoBy€ HCBU3HAYCHICTh 1 HETOUHICTb,
mo poOuth ii MpUAATHOIO IS JUHAMIYHUX 1 HEOJHOPITHUX CEPEIOBUIN, TAKUX SIK

OararoxmapHi cucremu. Ha BiIMIHY BiJ KJIacHM4HOi OlHApHOI JIOTIKM, HEYITKA JIOTiKa
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BHUKOPHCTOBYE CTYIEHI ICTUHHOCTI, 3a3Bu4aii Big 0 10 1. L{s MokmuBicTh 0COOIHMBO IiHHA
B 0araroXMapHHX CEpeIOBHINAX, J€ IMMOKAa3HWKH TMPOMYKTUBHOCTI, BHUTpaTH Ta
JOCTYITHICTh PECYPCIB YACTO KOJIUBAIOTHCSI.

BuxopucranHs B JUHAMIYHUX MYJIBTHXMApPHUX CEPEIOBUINAX MOXKHA OIHCATH
HACTYITHUM YUHOM [78]:

- BusHauenHs kpuTepiiB 3a AOMOMOro0 HEUITKUX HaOopiB. Hampuknan, 3ycumis
BIPOBAKCHHSI MOYKHA 0XapaKTEPU3YBATHU K «MiHIMAIIbHE», KIIOMIPHE, «3HAYHE.

- Cucremu Heuitkoro BHUCHOBKY (Fuzzy Inference Systems (FIS)). ToOto
BiI0yBaeThCcsl MOOyJ0Ba MpaBUJI Ha OCHOBI HEWITKUX HabopiB. Hampukmam, sKiio
KpuTepiit A «BUCOKHI 1 Kputepiit b «omipHuii», To BUGEpiTh AnbrepHaTuBy Ne3.

- Junamiuna amanraiis. HediTka jorika 3a CBOEIO CYTTIO € aJalTHBHOIO Ta MOXKE
00pOoOJISITH 3MIHU B peaJIbHOMY 4aci, [0 POOUTS ii 11eaTbHOO IJIs CEPEAOBHIII, e poboue
HABaHTa)KEHHS 3MIILY€EThCS 00 pecypcH CTal0Th 0OMEKEHUMH.

- Hedazudikamis. Buxigai mani NpudHATTS piIeHHS 3 HEYITKOI CHUCTEMH
MEPETBOPIOIOTHCA HAa YITKE 3HA4YeHHsS a0o BHOIp, HampuKiIaa BUOIP KOHKPETHOIO
XMapHOTO MocTadaabHUKa a00 KOHQITypaIrii.

VY Toif yac fK HeuiTKa JIOTiKa HajiiHa B poOOTI 3 HEBH3HAYEHICTIO, IHTETparlis
MamuMHHOro HaB4yaHHS (ML) Moxe 1ie Ouibllie MOKpaUIUTH MPOLEC TPUUHSATTS PillleHb
3aBASIKA MOKJIMBOCTSIM IIPOTHO3YBAaHHS Ta PO3Mi3HABAHHIO Ia0JIOHIB.

BrnpoBakeHHsI MAIIMHHOTO HaBYaHHs B 0araToXMapHOMY YIIpaBIIiHHI Mefia
TAHUMHM, HAIPUKIIAJ, Hagae nepesaru [79]:

- Ilokpamiena eeKTUBHICTD 1 MPOAYKTUBHICTh. MalllMHHE HAaBYaHHS aBTOMAaTU3YE
TPYJIOMICTKI 3aBIaHHS, Takl SK Kiacuikailis BMICTY Ta TeTyBaHHS MeETaJaHUX, IO
n03BOJISIE MemiapaxiBIsIM 30CEPEIUTHUCS HA ORI CTPATETIUHIN 1 TBOPUIH MTisITEHOCTI.

- Posmupenuii nporec npuiHATTS pillIeHb 1 CTPATEr1YHOTO IJIaHyBaHHA. MalnHHe
HaBYaHHS Ja€ [IHHY 1HPOPMAIIiIO PO MOBEIIHKY KOPUCTYBaUiB, TPOJYKTUBHICTh BMICTY

Ta PUHKOBI TEHJEHIIi. AHANI3ylOUM BENWYE3HY KUIBKICTh JAHUX 13 PI3HHX JDKEped,
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QITOPUTMH MAIIMHHOTO HAaBYaHHS MOXXYTh BHSBHTH 3aKOHOMIPHOCTI Ta imei, sKi
aHATITUKU MOXKYTh HE IOMITHTH.
B ninomy kmrouoBumMu cdepamu interpaitii ML moxHa HazBatu [80]:

- IIpornosyBanus: nepeabadeHHs MailOyTHIX MOTped B pecypcax abo MOTEHLIHHO
BY3bKI MICLSI B XMapHHUX clly»)k0ax. MOXJIHMBICTh MPOTHO3YyBaTH BUTpPATH HAa OCHOBI
MojieNiell BUKOPUCTaHHS, 110 J103BOJIsiE€ Kpalle ¢piHaHCOBE MIaHyBaHHS B 0araToxMapHHUX
orepartisx.

- OnTuMizanis: TOJITHKA PO3MOAULY PECypciB 3 4YacoMm, B3aEMOJIIYH 3
CepeIOBUIIEM 1 MIHIMI3YIOUH 3aTPUMKY 200 BapTiCTh.

- PosmupenHs moneneilt HEUITKOI JIOTIKU: alTOPUTMHA MAITMHHOTO HABYAHHS, TaKi
AK JIepeBa pilieHb ad0 METOIW KiacTepH3allii, MOXYTh T€HEpYBaTH ab0 yTOYHIOBATH
HEUITKI TTpaBUjia Ha OCHOBI ICTOPUYHUX JaHUX, 3MEHIIYIOUU PyYHE BTPYUaHHS.

- BusBnenns anomaniii: ML MOXyTh ieHTU(]IKYyBaTH HEHOPMAaJIbHY IOBEIIHKY
CHCTEMH, HANPUKJIal HE3BUYAiTHI CTpHOKH BUTPAT ab0 MOTipIIeHHS TPOAYKTUBHOCTI, 110

JO3BOJIA€ BXKUBATHU nonepemeBaani 3ax01MU.

3.5.1 Aaroputm podoru LLM

Large Language Model (abo LLM) — ue cyyacHud I1HCTPYMEHT, IO 3HA4YHO
PO3IIUPIOE MOKIIUBOCTI po00TH 3 TekcToM. LLM — 1ie ckianna III-moxaens, mo mpaigtoe
3 TEKCTOBMMH JaHUMHU. TOKEHi3allis € BaXKJIMBUM €TaroM TONepeaHboi 00poOKu
HapuaHHs LLM, ske aHamidye TEKCT Ha HEPO3KJIaJHI OJWHUIN, IO HA3HBAIOTHCS
TokeHaMH. TOKeHH MOXyTh OyTH CHMBOJIaMU, IiJICIOBAaMH, CHUMBOJIaMU a00 CJIOBaMH,
3aJIeXKHO BiJ Mporiecy TokeHizarii [81].

Mogens 3acTocoBye OaratorapoBi aaroputMu oOpoOKku KoHTEKCTy. Lle mo3Bosie
PO3YMITH HE TUIBKH CJIOBA, a ¥ IXHIM CEHC y KOHKpEeTHOMY 3amuTi. J[ani Moaens oTpumye
JIOCTYTI 0 CBOiX 3HaHb — II€ BEJIMUE3HI MAaCUBH JaHMX, HA SKUX BOHA OyJia HATPEHOBaHA.
I, HapemTi, Moaenb popMye BIANOBIAb, SIKA € IOBHOIO Ta 3p03yMLIIO0.

OcHoBHI eTany poOOTH MOJENI TIpeAcTaBjeHl Ha puc.3.2.
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B3 BxigHui TekcT

4} Large Language Model

A Tokenisaujs

Po3aineHHs TekcTy Ha TOKeH|

&% AHani3 KOHTEKCTY

MobynoBa KOHTEKCTHUX 3B'A3KIB

€ [ocTyn Ao 3HaHb

Butsar peneBaHTHOI iHcbopmalyii

®) MeHepallis Bignosigi

© Pesynbrat

Pucynox 3.2 Etanu pobotu mozerni

Eranu:

1. TokeHizamiss — pO3AUICHHS TEKCTy Ha OKPEMi EJIIEMEHTH, SKi MOJENb MOXKE
aHaJi3yBaTH.

2. AHalli3 KOHTEKCTY — BCTAHOBJICHHS 3B’ SI3KIB MiK TOKCHAMH JJIsl PO3yMiHHS CEHCY
TEKCTY.

3. JlocTyn 10 3HaHB — BUTSAT peJieBaHTHOI iH(opMallii 3 6a3 3HaHb 00 TPEHYBATBHUX
JTAHUX MOJIEII.

4. I'enepartist BiAmoBiai — GOpMyBaHHS 3aBEPIICHOTO TEKCTY Ha OCHOBI OTPUMaHUX
TaHHX.

MaremaTuuHe IIpCaACTaBJICHHA pO60TI/I LLM moxHa onucatu HAaCTYITHUM YUHOM:



89

1. TokeHnizariss. BXimHWii TEKCT NEPETBOPIOETHCS HA TOCIHIIOBHICTh TOKCHIB:
T = (ty, ty,..., tn).

2. Ananiz koHTekcTy. Ha oOCHOBI TOKEHIB MOJeilb OOYHCIIOE KOHTEKCTHI
MpeACTaBlIeHHS h; i1 KOXHOIO TOKeHa t; 3a JIOMOMOrow OaraTomapoBoi
TpancopmepHoi apxitekrypu: h; = Transf (tq, t,,..., tp).

3. Hoctyn no 3Hanb. Mojens BUKOpUCTOBYE Baru W, siki 30epiratoTh iHGOpMaIliio,
OTpUMAaHY TIiJ] Yac HaBYAHHS, U1 300py peneBaHTHOI iHpopMmaii z;: z; = f(h;, W), f —
(GYHKITIS JOCTYMY /10 3HAHb.

4. T'enepariiss BiamoBimi. Ha oOCHOBI KOHTEKCTYy Ta 3HaHb Mojzenb (opmye
MOCTIOBHICTh BUXITHUX TOKEHIB {Y4, V2, ..., Y} PiHaMBHUI TEKCT R 00’ €AHYETHCS 3
tokeHiB: R ="".join(yy, ¥,,..., Vi)

Posrnsaemo apxitektypy Transformer, sika € ocHoBoro cydacHux LLM 3a
oKepesom [79].

binbmiicte Mopenell TpaHcIyKuii HEWPOHHOI MOCHIIOBHOCTI MalOTh CTPYKTYpPY
konep-aekoaep. Komep BimoOpakae BXiJHY IOCHTIIOBHICTh MPEACTaBICHb CHMBOJIB
(x1, X, ..., X;) Y TIOCIIIIOBHICTh HETIEPEPBHUX NPENCTABICHD Z = (Zq, Z3, ..., Zp ). 32 YMOBU
Z JeKoJlep TeHEepye BUXIAHI JaHi TOCHiTOBHICTH (Vq, ..., Yy,) CHUMBOIIB IO OJHOMY
€JIEMEHTY 3a pas.

Mopens Transformer npatitoe 3a aHaNIOTTYHOIO cxeMot0. BoHa BUKOpUCTOBYE KiJIbKa

PIBHIB Ta MOBHICTIO 3’ €IHAHI MIAapu B Kojepi Ta aexoxaepi (puc.3.3).
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Encoding '9 E' .
ncoding Encoding
Input Output
Embedding Embedding
Inputs Outputs
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Pucynok 3.3 [82] Transformer — Mmozaens apxiTeKTypu

Kogep cknanaetncs 31 cteka 3 N inenTnunux mapiB. KokeH map mae fBa miamapu.
[Tepuuit — e multi-head (GaraToronoBuii) MexaHi3M caMOKOHTpoOJt0. Bin momomarae
MOJIeJi 30CEPEeTUTHCS Ha PI3HUX YaCTHHAX BXITHHUX MaHUX. [[pyruii — mepexa mpsmoro
3B’s13Ky (feed forward) — oOpo0G:sie BUXiiHI JaHi.

Jlexonep TakoX CKIamaeThes 31 creka 3 N imeHTnyHux mapis. Ha momaTox g0 1Box
MiJIPIBHIB y KOXKHOMY IIapi Kojepa, IEKOoJep BCTaBJisiE TPETIA MiIpIBEHb, SIKUM Jae
Bka3iBKy multi-head 06poOuTH naHi 13 BUXOAY CTEKy Kojepa. baraToroioBuii MexaHizm
yBaru J03BOJISIE MOJIEITI aHATI3YBATH Pi3HI ACMEKTH TEKCTY OJHOYACHO.

OyHKINIO yBaru MOKHA OMKCATH K B1IOOpakKeHHsS 3alUTy Ta HaOOpy map KIIrou-
3Ha4YCeHHS Ha BUXIJHI JIaHi, 7€ 3aluT, KJIIOYl, 3HAYEHHS Ta BUXIJHI JaHl € BEKTOpPaMH.
Buxing oOuuciroeTbcs fK 3BaKeHa Cyma 3HAu€Hb, JI€ Bara, MpH3HauYeHa KOXKHOMY

3HAYEHHIO, OOUHMCITIOETHCS (PYHKIIIEI0 CYMICHOCTI 3aMUTY 13 BIAMOBITHUM KITIOUEM.
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Octarounuii pe3yJabTaT OTPUMYETHCS, KOJMU 00pobOneHa iH(opMamis MpPOXOTUThH
yepe3 miHiMHUI piBeHb (linear). @ynkuis softmax mnpu3Hauyae WMOBIPHOCTI CIIOBaM,
BUOMparOYy HaAWOUIbII WMOBIpHE HACTYIIHE CIOBO B TMOCHIIJIOBHOCTI. 3a3HauyeHa
CTpyKTypa no3Boiisie Transformer oOpoOnaTu mepekianu, reHepyBaTH TEKCT TOILIO, HE
noTpeOyrYH MOBTOPEHHS.

3aranbHUN alrOpUTM (DYHKLIOHYBaHHS 3alIPOIIOHOBAHOTO MIAXO0AY 3 BUKOPUCTAaHHS
LLM nans aHamizy 1 HIATPUMKU NPUAHATTS PilIEHb JUIs MPOEKTYBAHHS MYJIbTUXMAapHUX
1H(paCTPYKTyp NpeaCTaBICHO Ha puc. 3.4.

CriouaTky KOpUCTYBay I10A€ BX1/IHI 1aH1 — KOJ IPOEKTY Ta apaMeTpu BUMor. Jlani
nepmuii eramy — exkcrpakuii mertamanux. Lleil eram m03BoJis€ BUAUIUTH KIHOYOBY
iHpOpMaIliio, ika CTaHe OCHOBOIO IS MTOIAJBIIOTO aHATI3Y.

Cucrema napaneibHO BUKOHYE TPU BaXKJIUBI1 OJIOKH aHAJI3Y:

- AHami3 3aJexXHOCTed cepBiciB, MO0 3pO3yMITH, sIKIi XMapHi CEpBICH BXKe
BUKOPHCTOBYIOTBCS 1 SIK BOHU B3a€MOJIIOTb.

- PerionanpHi 0OMEXEHHs, SKI JOMOMAararOTh BpaxyBaTH TeorpadiyHi BHUMOTH,
HANpPUKJIIAJ, € OBUHHI PO3TAIIOBYBATHUCS J1aH1 UM CEPBICH.

- Ominka motped y pecypcax, siKa JIO3BOJISI€ BU3HAYUTH, SIKI OOYUCITIOBAIbHI

pecypcu OyryTh TOTPiOHI A1t pOOOTH CUCTEMHU.



92

© Mouarok

</> BXigHui kof NpoexTy =] EkcTpakuis meTagaHmx

% AHania 3anexHocTen

€ OujHka noTpeb y pecypca
cepsiciB S s e

39 PerioHanbHi 06MexeHHs

@ Anania npoagykTMBHOCTI Ta
3aTpUMKU

© MNepesipka BignoBigHOCTI

$ OuiHka BapTOCTi .
BMMOraMm Ta perynsujsam

£ Arperauis peaynbraris

@ OntmanbHa pekomeHaaList

Pucynok 3.4 Etanu po6oTu anroputmy

Hactynnauit kpok — aHai3 MpOAYKTUBHOCTI Ta 3aTPUMKH, SIKUM 30Mpae AaHi 3 ycix
nonepenHix OnokiB, MO0 omiHuTH edektuBHiCTe. Ha ocHoBi miei iH(opmarii
BUKOHYETHCS OLIIHKA BAPTOCTI, IO BKIIOYAE PO3PAXYHOK MOTSHIIIMHUX BUTPAT HA XMapHi
CEpPBICH.

HactynHuit kpok — nepeBipka BIAMOBIIHOCTI BUMOTaM, IO J03BOJISE€ BIIEBHUTHCS,
10 BCi 00paHi cepBicH BIAMOBIIAI0OTh HEOOXITHUM CTaHJIAPTaM 1 MPaBHUIIAM.

VY pesynbTaTi BCi OTpUMaHi JaH1 MPOXOIATh Yepe3 OJIOK arperarlii pe3yiabTaTiB, Je
BOHU KOMOIHYIOThCS B €IUHY OIliHKY. Ha 3aBepiansHOMY eTarni sapo NpUHATTS pillieHb
MPOIMOHYE ONTHUMAIbHY PEKOMEHJAII0, IO J03BOJSE KOPUCTYyBAadeBI OTPUMATH

HalKpale pileHHs BiJIMOBIHO JI0 1OT0 BUMOT.
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[IpencraBnena cTpykTypa BigoOpaxkae iHTerpamiro (yHKIIOHATBHUX MOIYJIiB
CHUCTEMH JIJIsl TOCSTHEHHS €IMHOI METH — aBTOMAaTH3allil Ta ONTUMI3aIlii IpoIiecy BUOOpY

XMapHUX CEPBICIB.

3.5.2 MyabTHareHTHa cucteMa Ha ocHoBi LLM

J1yist BUpillIEHHS BUKJIMKIB MYJIbTUXMAPHO1 1HTErpallii MPOMOHYETHCS CUCTEMA, SIKA!

- AmanTyeTbest 10 3MiH cepeloBHIa, TOOTO 3/1aTHA MPAIIOBATH 3 TUHAMIYHUMU
napameTpaMH, OHOBIIIOIOYM KPUTEPIi Ta PIlLIEHHS B pealbHOMY 4aci.

- ABTOMaTH3Y€ aHaIi3 PillIeHb 1 TAKUM YHHOM MIHIMI3Y€ pyYHY y4acTh, CIIPOITYIOYH
MPUIHATTS CKIAIHUX PIIlICHb.

- [nTerpye 6ararokpurepianbHUI aHai3: JO3BOJISIE BpPaXOBYBAaTH JECATKH KPUTEPIiB
Ta B3aEMO3B’ SI3KIB.

- MacmtabyeThcsi, TOOTO 3JaTHA MPANIOBATH 3 BEIUKHUMH OOCSTaMH JaHHUX Ta
PI3HOMaHITHUMH KOMIIOHEHTaMHU.

Tpaaurifini cTaTUYHI MOJENI JAEMOHCTPYIOTh OOMEXKEHI MOKJIUBOCTI IIIOJIO
MO/IOJAaHHS KOMIUIEKCHHX BHUKJIUKIB MYJBTHXMApHOI iHTErpaiii, Mo 3yMOBIIOE
HEOOX1AHICTh 3aIPOBAIXKEHHS MM1JIX0AY Ha OCHOBI MyJibTuareHTHoi Al-cuctemu (MAS).

VY Hall0inpll 3arajdbHOMY BUIJISAI MYyJbTHareHTHa iHOpMaliiiHO-aHaTITHYHA
CUCTEMA CKJIAJA€ThCs 3 TPhOX MiJICKHCTEM: 300py Ta 30epiraHHs JaHUX, aHaJTi3y JaHUX Ta
B3aeMOJIIT 3 KopuctyBadem [83].

CTpyKTypHI KOMITOHEHTH CUCTEMHU XapaKTEPU3YIOThCS HACTYITHUM YHHOM:

1. [Tincucrema 360py Ta 30epiranns nanux. [lomryk Ta aBToMaTUYHE 3aBaHTAXKEHHS
TaHMX, iX 00poOKka Ta oHOBIEHHS. 30€peKEHHS OTPUMAHOI 1H(pOpMaIIil Ta MiATPUMKA i1
AKTyaJIbHOI CTPYKTYPH.

2. Ilincucrema anamizy naHux. OOYHUCIEHHS CTAaTUCTHYHUX JAHUX 1 CTBOPEHHS
nporuo3iB. Habip moka3HUKIB BU3HAYAETHCS 3aJI€KHO BiJl BAKOPUCTOBYBAHUX areHTIB Y
CUCTEMI.

3. [lincucrema B3aemonii 3 KopuctyBauem. PoOoTa 3 KOpucTyBauem: NepeTBOPEHHS
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HOTro 3amuTiB Yy KOMaH/IU, IKi pO3yMi€ CHCTEMa, Ta HA0YHE MPECTABICHHS PE3yJIbTaTiB
aHamizy.

CTpykTypy MyJbTHAareHTHUX CcHUCTeM (OPMYIOTh aBTOHOMHI O0’€KTH, SKi
KIAaCU(IKYyIOTbCS SIK areHTU. ATEHTH CHUIBHO BHUPIIIYIOTh 3aBIaHHSA, ajle BOHH
MIPOTIOHYIOTH OUIBIIY THYYKICTh 3aBJISIKM 3JJaTHOCTI HABYATHCS Ta MPUIMATH aBTOHOMHI
pillieHHs. ATEHTH BHKOPHCTOBYIOTH B3a€EMOJIIF0 3 CYCIAHIMH areHramMu abo 3
cepenoBuIeM, o0 BUBUATH HOBI KOHTEKCTH, Ta [ii JJIg BUPIMICHHS MPU3HAYECHOTO
3apaaHHs. [1lo6 po3podbutu MAS, noTpiOHO BUPIMIUTH PI3HOMAHITHUN CHEKTP CKIaAHUX
npo0seM, TaKuX K KOOpJAUHAIlIS MK areHTaMH, HaBYaHHs 1 Oe3neka [84].

MynbruarentHa Al-cuctema po3poOiieHa Tak, MO0 JMHAMIYHO aanTyBaTUCS O
3MiH CepeIOBHIIA, AaBTOMATHU3YBATH CKJIATHUI MPOIEC aHANI3y Ta BPaXOBYBATH IIUPOKHHA
HaO1p kpuTepiiB. Hanpukian, ko 3’ IBIsSE€THCA HOBUIM XMapHHUii cepBic a00 3MIHIOIOTHCS
napameTpu 0e3MeKu Y1 MPOAYKTUBHOCTI, CUCTEMA CAMOCTIITHO BPaXOBYE Il 3MiHH.

Pospobiniena cucrema mpencraBiisie cOO0I0 KOMIUICEKCHE IalTHBHE PIllIEHHS, IO
aBTOMATHU3Y€E MIATPUMKY ONTUMAIbHUX KOHDIrypatiil 1 MyJIbTUXMAapHUX CEPEIOBHILL.

ATEHT BU3HAYAETHCS SIK MPOTPaMHUI CyO’€KT, IHTETPOBAHHUM y CepeqoBUIIIE, IO
3MIACHIOE aHaji3 MmapaMeTpiB cepedoBUIIa JUisi (OpMyBaHHS pilIeHb BIAMOBIIHO 10
BCTAaHOBJICHUX IUIHOBUX (QyHKIM. Ha OCHOBI 1bOTO pilIeHHS CYO’€KT 3/1IHCHIOE
HEOoOX1aH1 Ai1 110,10 HABKOJIMIIIHHOTO CEPEAOBHIIIA.

@OyHKI10HAIbHI XapaKTEePUCTHKH areHTIB, 110 3a0e3MeuyIoTh X yHIBepCaIbHICTh Ta
e(eKTUBHICTh P BUPILLIECHHI CKJIAIHUX 3a/]a4, BKIIOYatoTh [85]:

- KomyHikaOenbHICTh. ATEHTH MOXYTh [ITUTHUCS CBOIMH 3HAHHAMH, a TaKOX
3anuTyBaTu 1HGOpPMAII0 B IHIIMX areHTiB, N[00 MOKPAUIUTH MPOIYKTUBHICTh Y
NOCATHEHHI CBOIX IIJIEH.

- ABTOHOMHICTh. KOXEH areHT Moke CaMOCTIIfHO BUKOHYBATH IMPOLIEC MPUNHHATTS
pIlIeHb 1 BYKUBATH BIAMOBITHUX JiH.

- IIpoaktuBuicte. KoOXeH areHT BHUKOPUCTOBYE CBOIO ICTOpPilO, BH3HAYEHI
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napameTpu Ta iHGOPMAIIiiO0 1HIIUX areHTiB, 00 nependaunT MOKIMBI MaitOyTHI mii. [1i
nepeadavyeHHs T03BOJISIIOTh areHTaM BXKUBATH €(DEKTUBHUX 1M, K1 BIAMOBIAAIOTH IXHIM
uiisaM. L{g 31aTHICTE 03HAYae, 0 OJMH 1 TOM caMHil areHT MO)Ke BUKOHYBATH Pi3HI i,

KOJIM BiH 3HaXOJIUTHCS B PI3HUX CEPEIOBHINAX.
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BUCHOBKU

1. IlpoBenenuii  aHami3  MIOAXOMIB  JO  IPOEKTYBAaHHS  OOYHCIIIOBAIBHOI
1HGPACTPYKTYpH y MYJIbTUXMAPHOMY CEPEIOBHII IEMOHCTPY€E MOMIMBOCTI ONTUMI3aIlii
MPOJYKTUBHOCTI, BAPTOCTI 1 HANIMHOCTI NUIAXOM €(EeKTUBHOIO BUKOPUCTAHHS CEPBICIB
pI3HUX XMapHHX IIOCTa4aJdbHUKIB. PI3HOMaHITHICTP pPOOOYMX HABAaHTAXKEHb Yy
MYJIbTHXMAaPHOMY CEpPEOBUII MOTpeOy€e aanTUBHUX METOJIB KEPYBaHHS PECypCaMu,
0cOo0IMBO ISl 0OpOOKM 3aB/laHb y peajlbHOMY 4Yaci. ApXITEKTypa CUCTEM JTUHAMIYHOTO
pO3MOALTY OOYMCIIEHb CKIIAJAEThCS 3 MOMAYJIBHUX KOMIIOHEHTIB, sKI 3a0e3MeuyioTh
PO3MOLT O00YHUCITIOBATTEHUX 3aB/IaHb, aBTOMAaTU30BaHE Nepepo3rOpTaHHS
MYJIbTUXMApHOiI 1HQPACTPYKTYpH, ii MOHITOPUHI 1 MNPUHUHATTA PpilIeHb MIOAO il
MepeHaNallTyBaHHS.

2. PosrnsinyTO Mozenb 6ararokpurepianbHoro ananizy (MCDA) 3 iMIiieMeHTaIieo
MeToay aHamthuHOi iepapxii AHP, skuii 703BOJIIE OIIIHUTH  albTEPHATUBU
3aCTOCOBAHOTO IHCTPYMEHTApil0 il MOOYyAOBH MYJbTUXMApHOi 1HQPACTPYKTypH 3a
KpUTEPISIMU MTPOTyKTUBHOCTI, BAPTOCTI, OE3MEKH Ta 3yCUIIb BIIPOBAIKECHHS.

3. Po3po6iieH0 OHTONOTIYHY MOJENb, M0 (PYHKIIIOHYE SIK OCHOBAa CHCTeMAaTH3allii
pecypciB 11l TOOY/I0BH MYJBTHXMapHOi 1HGPACTPYKTYypH Ta peaiidye ¢dopmanizaiito
KOpEJSALIMHUX 3aJIe)KHOCTEH MK OI[IHOYHHUMHU KPHUTEPIsIMU Ta BapiaHTaMH PIllIeHb, IO
CHpUsi€ MABUILEHHIO JIOT1YHOI OOTPYHTOBAHOCTI MPOLECY MPUUHSTTA PillICHb.

4. [IpoananizoBaHO BHUKOPUCTAHHS HEUITKOI JIOT1IKM Ta MAalIMHHOTO HaBuaHHs. L1
METO/M MOXKYTh MOKPAIIUTH MPOIEC YXBAJICHHS PIllIEHb Y T€TEPOreHHUX Cepe/IoBUIIaX,
3a0e3neuyoun afanTUBHICTh J0 3MIHHUX MMapaMeTpiB 1 MPOrHO3yBaHHS HABAHTAXKEHb.

5. OOrpyHTOBAaHO AOLUIBHICTh IMIUIEMEHTAIlli MYJIbTHAT€HTHOT CUCTEMHU HA OCHOBI
BeMUKUX MoBHUX wmoaenei (LLM), mo 3a0e3medye aBTOMATH3allil0 IPOIIECIB
MepeHaIalITyBaHHSI MYJbTUXMAPHOI 1HPPACTPYKTYpH, Ta 3[1aTHA BPAXOBYBATH BEIUKY

KUTBKICTB KPUTEPIiB 1 3MiH MapamMeTpiB CEPEIOBHINA y PEKHUMI PEATLHOTO Yacy.
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PO3/ILI 4
KOMIITEKCHHMI METO/ AUHAMIYHOT'O ®OPMYBAHHS
OBYUCJIIOBAJILHOI IHOPACTPYKTYPU Y MYJbTUXMAPHOMY
CEPEJIOBUIIII

4.1 I'iOpuaHa CTPYKTYpa NPOEKTYBAHHS MYJIbTHUXMAPHOI iHPpPaCTPYKTYpH

Po3B'ss3aHHs 33141 TPOEKTYBaHHS €()EeKTUBHOT 00UMCITIOBAIBHOT IHPPACTPYKTYpH Y
TeTEePOreHHOMY MYJIbTUXMApHOMY CEpPEIOBUIIl I'PYHTYEThCS Ha IHTErpamii JeKUIbKOX
METOJOJIOTIYHUX MAXOAIB, IO TOEJAHYE aJaNTUBHICTh, I1HTEICKTYaJdbHICTh Ta
dbopmanibHy  OOTPYHTOBAHICTh apXITEKTypHHX pillleHb. Y  JaHOMYy MIAPO3aALTI
MIPEACTABICHO TIOpUAHY CTPYKTYpPy IHTENEKTyallbHOI CHUCTEMH, IO O0a3yeThCs Ha
1HTerpari MeToA1B MallIMHHOTO HaBYaHHs 3 miakpimieHHsM (Reinforcement Learning) Ta
OaratokpuTepialibHux — eBoitomiitHux —anmroputmiB  (Multi-Objective  Evolutionary
Algorithms) mis onTuMmizamii MPOMECiB  pO3MOALTY OOYHCICHh y JTUHAMIYHOMY

TEeTEPOTeHHOMY CEpPEIOBHIIII.

4.1.1 MaremaTH4Ha MO/ eJIb iHTETPOBAHOI0 MOKA3HUKA ¢EeKTHBHOCTI

BUKOHAHHSA 00YHCJII0BAJIbHUX 3aBJaHb

3pocTaroya CKJIAIHICTh 1 MacmTad CydacHHX XMapHUX 1HOPACTPYKTYp 3yMOBHIU
HEOOX1THICTh PO3POOKH 1HTENIEKTyaIbHUX aBTOMATU30BAHUX CHCTEM JUISl IPOEKTYBAHHS
Ta KepyBaHHSA MYJbTUXMapHUMH cepenoBuiamu [51]. Ilpu npomy aBTOMaTH3allis Mae
KepyBaTUCS HACTYITHUMU IUISIMHU:

- IunamiyHicTs. CUCTEMa MOBHMHHA MiJIAIITOBYBAaTH 1HPPACTPYKTYPY B PEXKHMI
peanbHOro yacy BIAMOBIAHO 0 3MiH poOOYOT0 HaBaHTaXEHHS, BUMOI KOPUCTYBayiB a0
YMOB ITOCTayaJIbHUKA.

- MacmrraboBanicte. [lnaBHe MacmiTabyBaHHSI pecypciB MK IpoBaiifiepaMu, KOJIU

noTpeda B CUCTEMI KOJIUBAETHCS.
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- AnantuBHicTh. CHCTEMa Ma€ aIanTyBaTUCS 10 HOBUX BUMOT Mporpamu, 3miH SLA
a00 HOBHX MOIMBOCTEH MOCTavaIbHHKA.

Jl71st ToCsITHEHHS BUIIIe3a3HAYEHUX I[1J1eil He0OX1/IHO BU3HAYUTH BUMOTH, SIKI MOKHA
MOJIIUTH Ha QYHKI[IOHATBHI Ta He(QYHKIIOHATBHI.

@OyHKIIOHAJIbHI:

- 'Hyuke pe3epByBaHHS Ta CKaCyBaHHS PE3€pPBYBAaHHS XMapHUX PECYPCIB.

- B3aemogist Mixk pi3HOPIIHUMH IIATGOpPMaMHU.

- MOHITOpPHUHT 1 OPKECTPOBKA B PEAIbHOMY 4aci.

HedynkuionanpHi:

- besnepepsHicTh 00cayroByBanHs. [HTErpaiisi MexaHi3MiB BUCOKOI JOCTYIHOCTI Ta
BIIMOBOCTIHKOCTI.

- BignoBignicts SLA. Cucrema moBUHHA MIPOAKTUBHO KEPYBATH 1HOPACTPYKTYPOIO,
100 BiJIMOBIATH YTO/1aM MPO PIBEHb OOCIyTrOBYBaHHS.

- ExoHOMi4HICTB. AITOpUTMH ONITHMI3aIlii MalOTh 30aTaHCOBYBATH POAYKTHUBHICTh
1 OFOHKETHI OOMEKEHHS.

OcHOBHOIO MpOOJIEMOI0 0araTOXMapHOTO JU3aHYy € HEOJIHOPIIHICTh, sKa
3ymMoBiieHa BiaMmiHHOCTSIMM B API, Momemsx oO0ciayroByBaHHs, CTPYKTypax
L[IHOYTBOPEHHS Ta XapaKTePUCTUKAX MPOJTYKTUBHOCTI MIXK IIpOBaiiiepamu.

Metoau OHTOJIOT1T XMapHHUX CEPBICIB 1 MEXaHI13MHU 31CTaBJICHHSI CEPBICIB BIAITParOTh
KIIIOYOBY POJIb Y TOMY, 11100 3p0OUTH pOOOTY 3 XMAaPHUMHU TEXHOJIOTIIMU OLIBII IPOCTOIO
Ta 3po3yminoro [86, 87]. ABToOMaTH30BaHE MPUIHATTS pIlIEHb MA€ BKIOYATH PO30PICTh
(pO3yMiHHSA CTOpOHaMH SK 1 YoMy TIPUHMAIOTHCS PIIIEHHS), apTyMEHTOBAaHICTh
(rpyHTYBaHHS Ha YiTKO BHU3HA4YE€HIN JIOTIIl YM MOJENAX), BiITBOPIOBAHICTh (IPUUHSATTS
CUCTEMOIO TIOCIIJOBHUX PILIEHB).

[HTerpoBaHuil MOKa3HUK €(EKTUBHOCTI BUKOHAHHS OOYMCIIOBAJIBHHUX 3aBJaHb Y
MYyJIbTUXMAapHOMY CepeloBHII (opMani3oBaHO SK JUHAMIYHY (YHKIIO BiJ CTaHy

CUCTCMU Ta 4Yacy:
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IE(S,t) = wy-CoStyorm(S,t) + wa - Perfomrm(S,t) + ws - Rel,prm(S,t) + wy -
Interyprm (S, t) + Ws - Secorm(S,t), 4.1)

ne:

IE(S,t) — inTerpoBaHuii MOKa3HUK €(hEKTUBHOCTI /I CTaHy CUCTEMH S y MOMEHT
Jacy t;

CoStyorm(S,t) — HOpMalTi3oBaHa OIliHKA BapTOCTI BUKOHAHHS 3aBJaHb y CTaHi Sy
MOMEHT t;

Perf,orm(S,t) —HOpMaizoBaHa OIiHKA MPOIYKTUBHOCTI CUCTEMH Y CTaHi S;

Rel,0rm (S, t) — HOpMai30BaHa OIiHKA HAIHHOCTI CHCTEMH Y CTaHi S;

Inter,prm(S,t) — HOpMamizoBaHa OIIHKAa CYMICHOCTI B3a€MOJii KOMIIOHEHTIB
CHCTEMU;

Sec,orm(S,t) — HOpMasizoBaHa OIliHKA OE3IEKH CUCTEMU;

Wy, Wy, W3, Wy, Ws— THUHaMI4HI BaroBl Koe(iIli€eHTH, IO aJanTyIOThCSd 3 YacoM
BIJIIIOBI/THO /10 3MiHU MPIOPUTETIB Ta YMOB (DYHKIIIOHYBaHHS CUCTEMH.

JluHamika 3MiHU CTaHy 1HQPACTPYKTYPU MYJbTUXMAPHOIO CEPEAOBHILA MOXKE OyTH

MIpe/ICTaBlIeHa K MAapKOBCHKUIA MPOLIEC MPUNHATTS PIllICHb:

S(t+At) = F(S(t),A(t),E(Y)), (4.2)
ne:
S(t), — craH cucTeMH B MOMEHT 4Yacy t;
A(t) — nis (pimeHHs), BUOpaHa CUCTEMOIO B MOMEHT t;
E (t) — 30BHIIIHI MOAIT Ta 3MiHU CEPEIOBUILA;

F() — pynkuig nepexony cucTeMu B HOBHUI CTaH.



100

4.1.2 ®opmaJtizanisi IPOCTOPY CTAHIB Ta Ail 1JIs1 IPOEKTYBAHHSA
MYJbTHXMAaPHOI iIHppacTpyKTypH
Jns dopmamizamii mporecy MpOEKTYBaHHS OOYMCIIOBAIBHOI 1HPPACTPYKTYpH Y
reTepOreHHOMY MYJIbTUXMApHOMY CEpeIOBUIII HEOOXITHO BU3HAYUTH MPOCTIP
MOXJIMBUX CTaHIB CHUCTEMH Ta MPOCTIp AOCTYMHHUX i apXITEeKTypHUX pimieHb. lle
JI03BOJISIE 3aCTOCYBATH METOJM MIJKPIIUIIOBAIBHOIO HABYAHHS JJIsI aBTOMAaTHU30BaHOTO
IPUUHATTS ONTUMAIBHUX PILICHb.
[IpocTip craniB cucTteMu S MOXKHA MPEICTAaBUTH SK 0araTOBUMIPHHHA BEKTOp, IIO

XapaKTepu3ye MOTOYHY apXITEKTYpy Ta CTaH MYJIbTUXMApPHOi 1HQPACTPYKTYpH:

S = {CP,WL,NP,QoS,C0}, 4.3)
ne:
CP = {cp4, cp3, ..., CP;m} — MHOXKHHA JOCTYITHHUX XMApHHUX NpPOBaiAepiB 3 iX
XapaKTePUCTUKAMH;
WL = {wl;, wil,, ..., wl,} — MHOXXMHA O0YHCITIOBATHHHUX 3aBJaHb 3 X BUMOTaMH

Ta MpiopuUTETaAMU;
NP = [np;;] — MaTpuis OTOYHOTO PO3MIILIEHHS 3aBJaHb Ha CEPBICax, g€ np;; = 1,
AKIIO 3aBJaHHs i TPU3HAYEHO NPOBaiepy j, iHakie np;; = 0;
QoS = {qos1, q0S3, ..., qOSy} — MHOXHHA METPHK SIKOCTI 00CITyTrOBYBaHHS;
CO = {coy, €0y, ..., COp} — MHOXKMHA OOMEKEHD Ta IPABMII IPOEKTYBAHHS.
[IpocTip miit A BKiIrOYa€e BC1 MOXKJIMBI omeparlii, ki cucTeMa MO>Ke BUKOHATH IS

3MIHM MOTOYHOI apXITEeKTYypH MYJIBTUXMAPHOI IHPPACTPYKTYPHU:
A = {Assign,Migrate, Scale, Optimize}, (4.4)

ne:
Assign(wl, cv) — npu3HaYeHHsI HOBOTO 3aBAaHHs W/ CepBICy cV;
Migrate(wl, cvi, cvz) — mirpailisi ICHyIO4Or0 3aBIaHHs wl BIJ CEPBICY CV; 0 CV2;

Scale(wl, r) — MacmTaOyBaHHS PECYpCIB 7, BUAUICHUX JIJIs 3aBIAHHS W
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Optimize(cv, param) — ONTAMI3allisI TAPAMETPIB param sl CEPBICY a cv.
Oynkuis nepexony F (s, a) Bu3Ha4ae HMOBIPHICTh TIEPEX0Oy CUCTEMH 31 CTaHy S JI0
cTany s’ IIp¥ BUKOHAHHI Iii a. Y 1eTepMiHOBaHOMY CepeIOBHILI 1 (YHKIIis OJHO3HAYHO

BM3HAYa€ HOBUM CTaH:
s'" = F(s,a) 4.5)

Y croxacTHYHOMY cepeloBHINl (PYHKIIS TEpexXoay BHU3HAYAE  PO3MOJLT

IMOBIPHOCTEH:
P(s'|s,a) = Prob[S(t+1) = s"|S(t) = s,A(t) = a] (4.6)

4.1.3 ®yHkuii BHHATOPOAU HA OCHOBI 0araToOKpuTepiajabLHOI onTUMIi3amii

Jlnst OiHKM e(QEeKTUBHOCTI apXiTEeKTYpHUX pillleHb Ta ajanTailii mnapaMeTpiB
IHTENEeKTyaIbHOT ~ MIACHCTEMH  TNPHUHHATTA  pIOIeHb ONTUMAJIbHUM  CTPATETisiM
MPOEKTYBAHHS MYJbTUXMAPHOI 1HPPACTPYKTYpH HEOOXIAHO BHU3HAYUTH (PYHKIIIIO
BUHATOPOJIH, SIKa BpaxOBYBAaTUME BC1 PEJIECBAHTHI KpUTEPIi ONTHMI3allii.

KomnosutHa ¢QyHkuiss BUHaropoau (HOpMyeThCs SIK 3BaK€HA CyMa OKPEMHX
KOMIIOHEHTIB BUHATOPO/IH, 110 BIAMOBIAIOTH PI3HUM KPUTEPISIM ONTUMI3AIII:

R(s,a,s") = wy - Repse(s,a,8") + Wy - Ryerp(s,a,8") + wy - Rygi(s,a,s") +

Wy - Rinter(sr a, S,) + ws - Rsec(sr a, S’), (4-7)

ae:

R(s,a,s’) — 3aranpHa (QyHKIIiS BUHATOPOIH TIPH MEPEXOJi 31 CTaHy S 10 CTaHy S’
BHACJII1JIOK BUKOHAHHS JIii a;

R.os:(S,a,s") — KOMIIOHEHT BUHArOPOIH 332 €EKOHOMIYHOIO €(DEKTHBHICTIO;

Rperf(S,a,s") — KOMIOHEHT BUHATOPOJIH 32 MPOAYKTUBHICTIO;

R,ci(s,a,s") — KOMOOHEHT BHHAIOPOIH 32 HaIiHICTIO;

Rinter(S,a,s’) — KOMIIOHEHT BUHATOPO/IH 33 CYMICHICTIO B3a€EMO/II;
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R..c(S,a,s") — KOMIIOHEHT BUHATOPOIH 3a OE3MEKOIO;
Wy, Wy, W3, Wy, Ws — Barosi Koe(dimieHTH, M0 BU3HAYAIOTH MPIOPUTET KOKHOTO
KpUTEPIIO.
KomnoneHTn QyHKIIT BUHArOpoau (GOpMYITFOIOTECS HACTYITHUM YHHOM:
1. Bunaropoja 3a eKOHOMI4HOIO €()EeKTUBHICTIO:
Reost(s,a,8") = =N - (C(s") — €(5))/Cmaxs (4.8)
ne C(s) — BapricTh KOHIrYyparii y ctaHi S, Cy,qr — MAKCUMAIBHO JOITYCTUMA
BapTicTh, N — HOpMai3yro4unil KoeQili€eHT.
2. Bunaropo/a 3a npoyKTUBHICTIO:
Rperf(sr a,s') =N-(P(s") — P(s))/Pnax 4.9)
ne P(s) — NpOayKTUBHICTh CUCTEMH Yy CTaHi S, Py, — MAaKCUMAIbHO MOXKJIHBA
MPOAYKTHBHICTb.
3. Bunaropopa 3a HaAilHICTIO:
Ryei(s,a,s") = N - (R(s") — R(s))/Rmax; (4.10)
ne R(s) — HamidHICTh CHUCTEMH Yy CTaHl S, Rp4, — MaKCUMaJbHO MOXIJIHBA
HaIIHHICTD.
4. Bunaropo/ia 3a CyMICHICTIO B3a€MOIII:
Rinter(s,a,8") = N - (I(s") — 1(5))/Imax (4.11)
ne 1(s) — piBeHb CyMICHOCTI B3aEMOJIT Y CTaHi S, Iy, 4,, — MAKCUMAJIBHO MOKJTHBUN
piBEHb CYMICHOCTI.
5. Bunaropopa 3a 6e3nekoro:
Reoc(s,a,s") = N - (Sec(s") — Sec(s))/SeCmax (4.12)
ne Sec(s) — piBeHb 0€31EeKH CUCTEMH Y CTaHI S, SeCyy, 4, (MAKCUMATBHO MOKITUBUN
piBeHb O€3MeKn).
[Is1 OaratoxputepiaibHa (PYHKIIST BUHATOPOJIU JO3BOJISIE CHUCTEMI ONTHUMI3ZyBaTH
PO3MOI1 0O0YHCTIOBATIBHUX 3aBAaHb 3 YpaxXyBaHHSAM KOMIIPOMICIB MiX PI3HHMH, 9acTO

KOHQTIKTYIOUNMU IUISMH.
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4.1.4 MexaHi3Mu agantanii Ta HABYaAHHSA

Jns 3a0e3neyeHHs MUHAMIYHOT afanTallii 10 3MIiH y CEpeIOBHIINI Ta MOCTIHHOTO
BJIOCKOHAJICHHS MPOIECY MPUUHATTA pIlIEHb, CUCTEMA IHTErpye HACTYIHI MEXaHI3MU
aJanTalii Ta HaBYaHHI:

1. IloBropHe Bukopucranusa nocsiny (Experience Replay). Mexani3m noBTOpeHHs

: . / : : .
nocBiny 30epirae nepexonu (s,a,r,s’ )y 0ydepi D ta nepioguaHO BUOUpA€E MiHi-TIaKeTH

JUTIsl OHOBJIEHHS (DYHKITIT iHHOCTI O:

Q(s,a) « Q(s,a) + a[r + y-max_a' Q(s’,a") — Q(s,a)], (4.13)

Jie @ — MBUAKICTh HABYAHHS, Y — KOS(IIIEHT TUCKOHTYBAHHS.
2. TlpioputetHe moBTOopeHHs aociny (Prioritized Experience Replay). Cucrema
npUILIsie OUTbIIE YBAark BAYKIMBUM MIEPEX0/1aM, BAKOPUCTOBYIOUYH MPIOPUTETHHUIA BUOIP 3

IMOBIPHICTIO:
P@) =pi'/X;pf (4.14)

1€ p; — IPIOPUTET MEPEXONY I, & — KOePILIEHT, 10 BU3HAYAE CTYIIHb IPIOPUTU3ALII].
3. Tpancdepue naBuanus (Transfer Learning). [Is npuckopeHHS HABYaHHS Y HOBUX
CepeZIOBHIIAX CUCTEMa BUKOPUCTOBYE 3HAHHS, OTPUMAaH1 3 MOMEPEAHBOTO JOCBITY:
Q_new(s,a) = (1 — 7)-Q_random(s,a) + t-Q_old(s,a), (4.15)
ne T € [0, 1] KOHTpOJII0€E CTYMHIHb NIepeiayl 3HaHb.

4. Meta-naBuanHs (Meta-Learning). Cuctema onTuMi3ye caM IpoIec HaBYaHHS:

0" = argming Y.r Lt (f6), (4.16)

ne 8 — mapamerpu mojeni, 7 — HaOip 3aBaanb, Ly () — GyHKIisS BTpaT 115 3aBIaHHS

T, f0 — GyHKIiA TPUIHATTS PIlICHb 3 MapaMeTpamu 6.
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5. JluaamiyHa ajamnTanisi BaroBux KoedimieHTiB. Cuctema AMHAMIYHO KOPHUTYE
BaroBl KOeQILUIEHTH W; y (PYHKIIIT BUHArOpoJd Ha OCHOBI €()EKTUBHOCTI Ta 3BOPOTHOIO

3B’A3KY:
wi(t+1) = wi(t) + a-VEW()/Vw; + B-n(t), (4.17)

ne o — mBuAKicte HaB4yaHHS, V E(w(t)) — rpamieHT ¢QyHKIii epeKTHBHOCTI 3a
BaroBUM KOeQillieHTOM W;, § — Koe(ilieHT cToXacTU4HOI Bapiattii, 77(t) — BUIAAKOBHIA
IyM.

3 MOJANIBIIIOI HOPMAJTI3AIIETO:
wi(t+1) = wi(t)/ 2w (t+1). (4.18)

[{i mMexaHi3Mu amanTailii Ta HaB4YaHHS 3a0€3IME€UyIOTh MOCTiMHE BIOCKOHAJICHHS
CTpaTerii po3nojAlly OOYUCIIOBAIBHUX 3aBJaHb Yy MYJbTUXMAapHOMY CEpEI0BUII,
J03BOJISIIOYM CHCTEMI €(EeKTHBHO pearyBaTH Ha JAWHAaMI4HI 3MiHM y ToTpebax Ta

XapaKTCPUCTHUKAX CCPCAOBUIIA.

4.2 Kommiekcunit MeTo gpopMyBaHHSI 004YNCIIOBAIBHOI iHPPACTPYKTYPH

Kommnekcuuit  meton  QopMyBaHHA  OOYMCIIOBaIbHOI  1HQPACTPYKTYpH Yy
reTepOreHHOMY MYJbTUXMAapHOMY CEpEJOBMILII 00 €AHYy€E TEOpPeTHYHI MOjenl 3
NPAKTUYHUMHU MIIX0AaMU 10 TOOYIOBU €(EKTUBHOI CUCTEMH MHIATPUMKHU MPUUHATTA
pimieHb. Y LbOMY HIAPO3ILIl MPEICTABIECHO APXITEKTYPY MYJBTHAr€HTHOI CHCTEMH,
QITOPUTMHU ONTHMI3allll PO3MOALTY OOUYHCIIOBAIBLHUX 3aBAaHb Ta METOAW JAUHAMIYHOI

ajanTalii 1o 3MiHU ITapaMeTpiB CEPEIOBHIIIA.
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4.2.1 ApxiTeKTypa MYJbTHATEHTHOI CHCTEMH MiATPUMKHU NPUIAHATTA
pilieHb
Jlns peamizaimii aBTOMaTHU30BaHOI CHUCTEMH TMIATPUMKH TPUUHSITTSA pIllIeHb Y
MYJBTUXMApHOMY CEPEIOBHILI 3alpONOHOBAHO HACTYNHY TEOPETHUHY apXiTeKTypy

MYJIBTHAreHTHOT cucTeMu Ha ocHOBI LLM (puc.4.1).

282 |uTepdbeiic kopucTyBaya

BB O6pobka BXiAHUX AaHWUX

) MynstuarenTHa Al-cuctema
AreHT pospaxyHk AreHT pospaxyH
@ AreHT pospaxyHky Geaneku @ ey y. v B Arent ontumisauii BaptocTi x . pospaxynky
NPOAYKTUBHOCTI CKNa/IHOCTi BNPOBa/DKEHHS

By AApO NPUIMHATTA pilleHb

Pucynok 4.1 Apxitektypa mynbTuareHTHOT Al-cuctemu

ApXITEeKTypa CKJIaIa€ThCs 3 HACTYIMHUX KOMITOHEHTIB:
1. Intepdeiic kopuctyBaua — Miclie, /1€ KOPHCTYBad BBOJIUTH CBOi BUMOTH:

MPOJIyKTUBHICTb, OIOJIKET, Oe3mneKy Toulo. L{e Touka BXoay B cucTeMy.

2. O06pobOKa BXiIHUX JTaHUX — CHCTEMa HOpMalli3y€e BBEJCHI JaHi, 00 BOHU Oynu
TOTOBI /IO aHaJI3Yy.

3. MynbtrarentHa Al-cucteMa — OCHOBHUH OJIOK aHami3y, 0 cKiIagaeTbes 3 [11]:

AreHTa po3paxyHKy MPOAYKTUBHOCTI, IKMI aHANI3y€ MIBHUIKICTD 1 CTAOUTBHICTb.

ATreHTa onTHMI3aIlii BapTOCTi, IO IIyKAa€ eKOHOMIYHO BUTiIHI PilIEHHS.

AreHTa po3paxyHKy O€3MeKH, IKUH OI[IHIOE PU3UKH Ta 3aXUIIEHICTh.

AreHTa po3paxyHKy CKJIaJHOCTI BIIPOBA/DKEHHs, 10 BU3HAYa€ TPYJIOMICTKICTb
iHTEerpaIii.

Koopaunaniro mMixk areHtamu 3abe3reuye areHT-KOOpPAUHATOp, SIKMM CUHXPOHIZY€
iH(popMaIliiiHl IOTOKH Ta Mepeae 3BeJeHy 1H(OpMaLlilo O MOAYIISI IPUHHSATTS PIIIEHb.

4. Slnpo MpUAHATTS PilIEHb — HEHTPAJbHUN MEXaHi3M, [0 MpUiMae pilleHHS Ha



106

OCHOBI Pe3yJIbTaTiB pOOOTH areHriB, i3 3acTocyBanHsIM MeToAiB MCDA Ta moneneii 1.
[lepenbaueno BukopucranHs LLM ansa reHepanii oOrpyHTOBAaHUX pillIEHb, MOSICHEHHS
albTEPHATUB, y3arajJbHEHHS BEJIMKUX 00CATIB JaHUX [88].

MynpTUXMapHe cepelnoBulle mependayae poOOTy 3 PI3HOMaHITHUMHU XMapHUMU
npoBailiepaMu, KOXXeH 3 kux Mae BiacHi API, mexanizmu aBreHTu(iKalli, popmaru
OTIMCY CEPBICIB, MapaMeTpH KOH(pIrypariiii Ta oOmMexeHHs. /[ yCyHeHHs 3aIeKHOCTI B
KOHKPETHOTO TOCTadaJlbHUKAa Ta 3a0e3Me4YeHHs IHTepornepaldenbHOCTI, Yy CHCTEeMI
peanizoBaHo map abcTpakiiii, 0 BUKOHYEThCS Y BUIIIsIAL anantepiB o0 APIL.

Peanmizamist 1mporo mapy wmae BKJIOYaTH aOCTpakTHI 1HTepdeiicu pecypciB
(manpuknan, VirtualMachine), amantepu nias KOXKHOTO THUITy XMapHOTO CEPEIOBHUIIA
(AWS, Azure, GCP, OpenStack To1m10), sIKi TpaHCIIOIOTh BUKJIMKU Ha BiamoBigHi API,
PEECTp CEpBICIB 3 METaJaHUMH (HA3BH, PETIOHHU, TUIIH PECypcCiB, miaTpuMyBaHi SLA).
Le# miaxia 103BOJIsIE aT€HTaM CUCTEMH BUKOHYBATH PO3paxyHKH, 0a3yr0UnCh Ha €IUHIN
MOJIEJTi CEepBICiB, a HE Ha crenu@ikaXx KOHKPETHOTO MpoBaiaepa.

JIns mATPUMKH PEaKTUBHOCTI Ta aJalTUBHOCTI CHUCTEMHU B peaJbHOMY daci
BKJIFOYEHO MOJYJIb JUHAMIYHOTO MOHITOPHHTY, SKHH BHKOHYE 30ip Ta 0OpOOKy
TeIeMETPUYHHUX JAHUX 3 Pi3HUX JKepel. Moro yHKuii:

- 30ip TOKa3HUKIB MPOAYKTUBHOCTI: 3aTPUMKA, HABaHTaXEHHsA, 0OCST
BUKOPHUCTAHUX PECYPCIB.

- BusBnenns mnoniii Oe3meKu: HECAHKIIOHOBAHWUW JOCTYN, HEBIAMOBIIHOCTI
MOJTITUKAM.

- Bincrexxenns (iHAaHCOBUX BUTPAT y PEKHUMI PEabHOTO Yacy.

3i0paHi JaHi HAKOMUYYIOTHCS Y CXOBHIII TEJEMETpii i MOCTYIHI K JUIsl aHaJizy
arearamu, Tak 1 aua LLM/Al-monmyns. Cucrema aBTOMATUYHO IHIIIOE CIleHapil
peKoMeHaIl y BUMAIKaX, KOJU KIFOYOBI MOKAa3HUKHU BIIXWISIOTHCS BiJl OYIKYBaHHUX

3HAa4YCHBb.



107

OmHMM 13 KITIOYOBHX 1HHOBAIIWHUX €JIEMEHTIB MPOEKTOBAHOI apPXITEKTYpH €
iHTerpauis LLM 1 miaATpUMKHM CKJIAQQHOTO aHamizy, (opMyBaHHS OOIPYHTOBAaHMX
pillleHb Ta aBTOMAaTUYHOTO CTBOPEHHS TOKyMeHTaIlii. MOKJIMBOCTI TAKOTO MOJIYJISI:

- T'enepariist oOrpyHTYBaHb AJIs PillIEHb 3 TOSICHEHHSAM BUOOPY KOHQITYyparlii.

- VY3aranpHeHHs JaHHUX 3 TeJleMeTpli, JoriB 1 0a3u 3HaHb [ (opMyBaHHS
aHATITUYHUX BUCHOBKIB.

- Ilpomo3umii anxpTepHaTHB ab0 clLEHaApiiB ONTHMI3alii HAa OCHOBI ICTOPUYHMX
pIlIEHb 1 KOHTEKCTY.

3anporoHoBaHa apXiTEKTypa aBTOMAaTU3YE MPOIeC BUOOPY XMapHUX KOHQITyparlii
13 BpaxyBaHHSIM yCiX KIIOYOBUX KPUTEPIiB €PEKTUBHOCTI. APXITEKTypHA MOJEIb,
mpejcTaBiieHa Ha jiarpami (puc.4.2), BimoOpakae CTPYKTYpPYy OCHOBHHX IIiJICHCTEM,
BKJIFOYAIOYM MYJIbTHAr€HTHY JIOTIKY, MOHITOPUHT, agantepu Ta LLM/Al-komMmnoHeHTH.

@OyHKII{ areHTiB BU3HAYEHO TAKUM YHHOM:

1. Texniunmii areHT. BiamoBimae 3a TEXHIYHY OI[IHKY BapiaHTIB XMapHOTO

pO3ropTaHHs Ha OCHOBI MPOAYKTUBHOCTI, CYMICHOCTI 1 MacIITabOBaHOCTI.
2. ExoHomiunuii areHT. BukoHye aHaji3 BapTOCTi pilleHb, (GopMye TPOTHO3U
BUTPAT Ta FeHEpYe€ MOsICHEeHHsI 3a Jornomoroto LLM-monyniB. Moaens BukopuctoBye LLM

JUISL aHAJTI3Y CKJIaJHUX TapudiB 1 reHepallii NosiCHEHb.

LLMJ/AI-MOTIyT
‘—’_—/‘___’__’____’:g SIpo TIPHIHATIA Pillers
I InTepdelic KOpHCTYRaya

\
I MoHITOPHEHT i TeneMeTpis ’—FIOGPOGKEI BXIJHIIX [IQHIX
\

p| ArenT Geanexi
IA,uamepn/API-iHTepQJeﬂcu 4{ My/mbTHaresTHa Al-cHCTeMa
_— \'I ATeHT TIpOAYKTHBHOCTI

AreHT BapTOCTI

ATeHT-KOOPHHATOpP

I Ouronoriyxa 6aza aHaHb

IArem CKTaHOCT] BIPOBATKEHHT
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Pucynok 4.2 JliarpaMa KOMIOHEHTIB CUCTEMH MTPOEKTYBAHHS MYJIbTHXMAPHOTO

cepenoBulla 3 BUKopuctanusa LLM.

3. besnexoBuii areHt. IlepeBipsie Oe3mekoBi KpuTepli, Taki fK BIJHOBIAHICTh
MOITUKaM Oe3MeKH, OIlIHKa PU3UKIB, TeoioKaliitHi oomexxeHHs. O1iHka GopMy€eThCs Ha
OCHOBI OHTOJIOT1YHO{ 0a3u 3HaHb Ta HOPMATUBHUX IIAOJIOHIB.

MexaHi3M OIIHIOBaHHS aJbTEPHATUB MOYHA OMKCATH HACTYITHUM YMHOM. JIOKalbHi
OLIIHKM KOXHOTO areHTa HopMaji3yroTbcs y aiana3oni [0; 1] Ta rpyHTyrOThCS Ha
(GYHKIIISIX KOPUCHOCTI, aIalTOBAHMX JI0 BIMOBIAHOTO kKpuTepito. O1iHka GopMy€eThCs 3a
JOTIOMOT'OK0 HOpMasi3alii, HEYITKMX IpaBuUil abo0 EBPUCTUKU. BHKOpPUCTOBYIOTHCS
(yHKIIT KOPUCHOCTI, aJanToOBaHI /10 TUIy KpUTEpiro (MakcHMMi3alis MPOAyKTHBHOCTI,
MiHiMi3allis BAPTOCTI TOLIO).

ATeHTH  MyJIbTHAareHTHOI  CHUCTEMH  CIEMIami3ylThCsl 32  HACTYNHUMU
(GyHKIL10HATBHUMU HAIPSIMKaMHU:

1. Texuiunwmii areHT (74). OLiHIOE TEXHIYHI TaApaMeTPU BapiaHTIB PO3TOPTaAHHS:
TAnorm(v) = w_ty-perf(v) + w_t,-scalab(v) + w_ts - compat(v), (4.19)

ne perf(v), scalab(v), compat(v) — HOpMalli30BaHi OIIHKH TPOAYKTHUBHOCTI,
MacImTabOBaHOCTI Ta CYMICHOCTI BiAmoBiAHO, TA,,-m(V) — HOpMaji3oBaHa OIliHKA
TEXHIYHOT'O areHTa JJis Bapianty v, W_t1, W_t,, W_t3— BIATIOBI/IHI BaroBi KoeirieHTH.

2. Exonomiunuii arent (EA). AHami3ye eKOHOMIYHI aCTIeKTH BapiaHTIB:
EAnorm(v) = (CoStpax — Cost(v))/(Costpmax — CoStipin), (4.20)

ne EA,orm(V) — HOpManizoBaHa OIliHKa €KOHOMIYHOTO areHTa JJis BapiaHTy v,
Costyi, — MIHIMaJIbHA TEOPETHYHO MOXJIMBA BaPTICTh, COStq, — MaKCHMalbHa
JOITyCTUMa BapTicTh (OromkeTHe oOMexeHHs), Cost — 3aranbHa BapTICTh BapiaHTy V

(USD/micsis).
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3. besnekoBuii areHT (SA). OIiHIOE acIeKTH Oe3NeKH Ta BIAMOBIIHOCTI
PEryJISTOPHUM BUMOTaM:

SAnorm(V) = w_s; -data_sec(v) + w_s, - compl(v) + w_s3-resil(v),

(4.21)

ne  SA,orm(V) — HOpMamizoBaHa OIliHKAa OE3MEKOBOrO areHTa JIs BapiaHTy v,

data_sec(v), compl(v), resil(v) — HOpMai30BaHI OIlIHKK PIiBHA 3aXHUCTy JaHHX,

BIIMOBIHOCTI PEryJSTOPHUM BHMOTaM Ta CTIMKOCTI JO aTak, W_S;, W_Sp, W_S3 —
BIJIMTOB1/THI BaroBl KOe(iIli€EHTH.

3aranbHa OIliHKa BapiaHTy v (OPMY€ETHCA K 3BaXKEHA CyMa OI[IHOK areHTiB:

AE(W) = wra - TAporm (V) + Wga - EAporm (V) + Wsa - SAnorm(V),
(4.22)

ne Wrg, Wga, Wsq — BaroBi Koe(iIlieHTH [JIi TEXHIYHOTO, €KOHOMIYHOTO Ta
0e31eKOBOro areHTiB BiMmoBiHO, AE (V) — 3aranbpHa OIiHKA arcHTIB.

KoHTekcT (BUMOTH KOpHCTyBada, MOTEPEAHI OI[IHKH TOINO) MEepPeJacThCI MK
areHTaMM 3a JOTIOMOT'OI0 CIUIBHOT OHTOJIOTIYHOI MOJIeNi Ta poO0YOro KOHTEKCTY, SIKUN
30epiraeThes y Kem-mam’ sti cucreMu. HaBenemo Taki npukiaau:

- TexHiuHMil areHT MOXKeE TMONEePEeIUTH EKOHOMIYHOTO TMpO  OdYiKyBaHE
HABAHTAYKEHHSI.

- bBesmnekoBwuii areHT Bpaxye peKOMEH/IAIli1 MO0 TeOTOKAIlIN BiJl IHIITUX areHTIB.

[le n03BOJISIE YHUKHYTH 130JbOBAHOTO aHaJI3y Ta JOCATTH Y3TOJKCHOTO,
KOHTEKCTYaJIbHOTO OLIHFOBAaHHS.

ApXiTeKTypa MYyJbTHAr€HTHOI CHUCTEMM MIATPUMKH NPUNAHATTS pIlIeHb s
dbopMyBaHHS ~ OOUYMCIIOBAJIbHOI  1HQPAcCTpyKTypu  (opmami3yeTbcsi y  BUIIISAIL

OpIEHTOBAHOTO Tpada:

G = (41M), (4.24)
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ae:

A ={aq, ay, ..., a,} — MHOXWHA areHTIB CUCTEMHU;

I ={i, iy, ..., i;} — MHOXMHA iH)OPMAIIIHHUX TTOTOKIB MI>K areHTaMU;
M = {m4, m,, ..., my} — MHOKHMHA MOJIyJIiB 30BHIIITHHOI B3aEMO/IIi.

Koxen areHr a; € A xapakTepu3yeThCs TPIMKOIO:

a; = (Perc;, Dec;, Act;), (4.25)
ae:
Perc; — QyHKIiS COpUHHATTA, IO MNEPETBOPIOE BXIJAHI JaHI y BHYTPIIIHE
IPEJICTaBICHHS;

Dec; — QyHKUis NpUHHATTS pilIeHb Ha OCHOBI BHYTPIIIHHOI'O CTaHy areHTa Ta
TTOJIITHKY,

Act; — dyHKUIs 111, 110 peani3ye NpUHHATI PILICHHS.

MexaHi3M B3a€eMOJii areHTIB B CHCTEMI 3JIHCHIOETBCS dYepe3 OoOMiH
[IOB1JOMJIEHHSIMU:

M;; = (sender;, receiver;, content, metadata), (4.26)

ne:

sender; — areHT-BiANPAaBHUK MTOBIJOMJICHHS,

receiver; — areHT-OTPUMYBa IOBIIOMJICHHS;

content — 3MiCT ITOB1JOMJICHHS;

metadata — MeTagaHi TOBiAOMIICHHS (TIPIOPUTET, YACOBI MITKH TOIIIO).

4.2.2 Anroput™M onTuMi3alii apxXiTeKTypH MyJIbTHXMAPHOI iHppacTpyKTYypH

Ha ocHoBi popmainizoBanoi Mojeni po3po0aeHO alirOPUTM ONTHUMI3AIli PO3MOALTY
o04YnciIeHb, [0 TOEAHYE TIepeBard METOMIB MIAKPIIUIIOBAJIbHOTO HABYaHHA Ta
0araTOKpUTEPiaIbHUX E€BOJIOLINHUX aJTOPUTMIB JJIS MOIIYKY ONTUMAJIBHUX PILICHb Y
TMHAMIYHOMY T€T€POTreHHOMY MYJIBTHXMApHOMY CEPETOBHIII.

Anroputm 1. Ontumizariiss apXiTeKTypy MyJIbTUXMApHOT 1HPPaCTPYyKTYpH.
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Bxio: MHOXWHa OOYMCITIOBAIBHUX 3aBJaHb 1, MHOXHHA XMapHUX CEpBiICiB S,
MHOHHa kputepiiB C, MHOkHHA oOMexeHb CO.
Buxio: ontumMaibHa apXiTeKTypa MyJIbTUXMapHOi iHppacTpykTypu X = [X;;], 1€ X;;
= 1, SIKI0 3aBIaHHs [ IPU3HAYEHO CEPBICY j, IHaKIue x;; = 0.
1. ImimianizyBatu Q-pyukuiro Q(s, a) Ta QyHKIIIO MOTITHKH 77(als).
2. InimianmizyBatu nomysismito pimmenb Pop = {X;, X5, ..., Xy}
3. InimamizyBatu Oydep mocsiny D.
4. Jlna xoxHoi emoxu e = [, 2, .., E BuxkoHaTu (NOYMHAETHCA e€Tal
MIJKPIITIOBAIBHOIO HABYAHHS):
5. 171l KO’KHOTO KPOKY ¢ y enoci BUKOHATH:
6. criocTepiraTu NOTOYHUH CTaH Sg;
7. BUOpaTH J1i10 A; 3 BUKOPUCTAHHSIM MOJITUKU TT(a|S)
8. BUKOHATH JiI0 4, OTPUMATH BUHATOPOJTY 73 Ta HOBUI CTaH Stt+1})s
9. 30epertu nepexin (¢, A, 1, Sge41)) Y 0ydepi D;
10. BuOpatu MiHi-akeT nepexois 3 D;
11. onoBuTH Q-(PYHKIIIIO Ta MOJITUKY T HA OCHOBI MiHI-TIAKETY;
12. xiHeup JJ1s eTamny MiJKPIITIOBAIIbHOTO HABYAHHS.
13. Etan eBOIOMIMHOT OnITUMI3aIlil:
14. ouinuTH KoxHe pimieHHs X € Pop 3a kpurepismu C;
15. BuzHauutu ppont [lapero HeoMIHOBaHUX pilieHb PF)
16. BuOpatu 6aThKIBCHKI pimieHHs 3 PF 3riHO 3 OmepaTopoM Bigoopy;
17. 3acToCcyBaTH ONMEPaTOPH CXPEIlyBaHHS Ta MyTallli JyIsl CTBOPEHHS HOBUX
pIIlICHB;
18. onoBuTH nomyJsALito Pop, 30epiraroun HaKkpay pilieHHs;
19. oHOBUTH MapaMeTpu MYJIbTHAT€HTHOI CUCTEMU Ha OCHOBI HaWKpallnux
pIIICHB;

20. xiHelb JIJIs €Tamy eBOJIOLINHOT ONmTHMI3allii.
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21. IloBepHyTH Haiikpamie pimeHas X * 3 pponry Ilapero.

Ki1t040Bi KOMITOHEHTH aTOPUTMY:

1. Interpamis RL ta MOEA. Po3pobieHuit anroputM 0a3yeTbcs Ha KOMOIHAIT
METO/IB MiAKPIITIOBAIILHOIO HaB4aHHs (Kpoku 6-11)  Ta OGararokpurtepiaibHOI
eBOJIIONIIHOT onTumizaiii (kpoku 14-18) nmna gocsrHenHs [lapero-onTumanbHUX
pIIICHb.

2. Ouinka pimenb. OUiHIOBaHHS KOKHOTO PilIeHHS X 3/1MCHIOETHCS 32 BEKTOPOM

KpUTepiiB eHEeKTUBHOCTI, 10 BiAMOBiAa€e crienudikaii Moaeni:

Eval(X) = [AX), (X),.... firl (], (4.27)

ne fi (X) — ominka pimeHHs X 3a i-M KPUTEPIEM.

3. Busnauenns Ilapeto-ontumanbHocTi. Pimenns X; nomiHye Haj pilieHHIM X,
(no3Hauvaetbes K X1 < X5), AKIIO:

Vi € {1,2,...,k}: fi(Xy) < f;(X3) ans 3agaq miHiMizamii (> 1711 MakcuMizartii);

3j € {1,2,...,k}: f;(Xy) < f;(X3) mna 3amay minimizamii (> a1 Makcumizarii).

®ponrt [lapeto PF MiCTUTh BC1 HEIOMIHOBaH1 PIIIIEHHS.

4. Onepatii eBOMIOIIIHOTO aITOPUTMY:

- Biabip. Bubip 6aThKiBChKHX pillIEHb 3 MPIOPUTETOM A0 HEAOMIHOBAHMX PIILIEHb
Ta 3 ypaxyBaHHSAM Pi3HOMAHITTS.

- CxpenryBanHs. ['eneparliss HOBUX pillleHb NIJISXOM KOMOIHYBaHHS 0aThbKiBCHKHX
pIlICHB.

- Mpyramnis. BHeceHHS BUNAIKOBUX 3MIH y pIIICHHS IS TOCHIIHKEHHS HOBHUX
o0nacTeil mpoCcTopy MOIIYKY.

5. Apanranis nmapamerpiB. Ha ocHOBI Haiikpamux pilieHb 3 MOMyJALii cuctema
aJanTye MapaMeTpu MYJIbTHAreHTHOI CHUCTEMH, MO0 MOKPAIIUTH SAKICTh MaiOyTHIX

pIIIeHb.
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4.2.3Mopeab 1TMHAMIYHOI aanTauii 10 3MiHM apamMeTpiB cepe0BUIIA

Jlnst 3a0e3neueHHs aJanTUBHOCTI 10 AMHAMIYHMX 3MIH Yy MYJbTUXMapHOMY
CepeaOBUIIl PO3pOOJICHO MOJIeNb TUHAMIYHOT ajamnTailii, o 0a3yeThCs Ha MPUHIIAIIAX
3BOPOTHOTO 3B’SI3KYy Ta MPOTHO3YBAaHHS 3MiH NapaMeTPiB CUCTEMH.

Monens AMHAMIYHOI aJanTailii CKJIaJaeThCs 3 HACTYITHUX KOMIIOHEHTIB:

1. MoniTopuHr crany cuctemu. CTaH CUCTEMH TMOCTINHO BIJICTEKYEThCS uepe3 30ip

TeJIEeMETPii Ta METPHUK:

M(t) = {my(t), my(L), ..., m(t)}, (4.28)

ne m;(t) — 3HaUCHHS i-i METPUKHA B MOMEHT 4Yacy .
2. BusBnenHs BimxwieHb. CHcTeMa aHali3y€ BIIXWICHHS IOTOYHHX 3HAYCHb

METPUK BiJ 04iKyBaHUX (200 6a30BHX):

Di(t) = |my(t) — m{®|/m¢, (4.29)

®

e . .
ac ml. — OY1KYBAaHC 3HAYCHHA MCTPUKH, m? — CTAaHAAPTHC BIAXUJICHHA MCTPUKH.

3HayHe BIAXUJICHHS BU3HAYAETHCSI YMOBOIO:
D;(t) > 06, (4.30)

ne 0; — moporoBuii piBeHb JJIs i-1 METPUKH.
3. [Iporro3yBanHs 3MiH. |15 mpOaKTUBHOI ajanTailii CucTeMa MporHo3ye MaiOyTHI

3HAYCHHA MCTPHK:

m"eHET A = (i), mi(t = 1),...,mi(t —n)), (4.31)

n€ fprea — (yHKIIS NpOrHO3yBaHHSA, fiKa MOXE OyTH peanizoBaHa METOJAMH
9acOBHX PSIiB, aBTOperpecii ab0 MalTMHHOTO HABYAHHS.
4. Bubip ctparterii agantamii. Ha OCHOBI BHUSIBICHHMX BIIXWJICHb Ta IPOTHO31B

cUcTeMa BUOUpAE OHY 3 HACTYITHUX CTpATETriil ajanrarii:
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- MacmrabyBanHs pecypciB. 30UIbIIeHHS a00 3MEHIIEHHS KUIBKOCTI PecypciB,
BHJIIJICHUX JIJISl 3aBJIaHHS.

- Mirparmis 3aBaans. [lepeMimenHs 3aBaaHb MK XMapHUMH MpOBaiiaepamu.

- 3miHa mapameTpiB skocTi. 3miHa piBHIB QoS nis 3a0e3nedeHHs OajlaHCy Mik
MPOJYKTUBHICTIO Ta BapTICTIO.

- PekoHndiryparis cucteMu. 3MiHa apXITEKTypH PO3MOITIEHOT CHCTEMH.

5. Peanizanis aganrauii. BuOpana crpateris aganTaiii peaiizyeTbcs yepe3 MexaHizm

YIIPaBIIIHHS PECYypCaMHU:

A(t) = Y(D(t), MPedt+4D) g(t), P), (4.32)

ne A(t) — nis apanTauii, y — GyHKIis BuOOpY Aii, D(?) — BeKTOp BimxuaeHs, MPTe4 —

BEKTOp MPOTHO31B, S(?) — MOTOYHMIA CTaH, P — MOJITUKU Ta OOMEKESHHS.
6. Ouinka edexktuBHOCTI amanTariii. [licis BUKOHAHHS alaNTUBHHUX il CUCTEMa

OIIIHIOE TX e(PEKTUBHICTD:
E(A) = n(S(t+At) | S(t), A(t)), (4.33)

ne 7 — QYHKIIs OI[IHKU €(PeKTUBHOCTI, S(#+At) — cTaH CUCTEMH MICTs afanTarii.
Pe3ynprati OWIHKM €(QEKTUBHOCTI BUKOPUCTOBYIOTHCS JJII  KOPUT'YBaHHS

napaMeTpiB ajanTaiiitHoi Mojaeni:
P(t+1) = P(t) + a-(E_target — E(A)), (4.34)

ne P — mapameTrpu Mofeni, a — MBUAKICTh HaBYaHHS, E farget — MIbOBUI PiBEHb
e(hEeKTUBHOCTI.

Mogens auHamiuHO1 aganTaiii (QyHKIIOHye€ B IUKIIYHOMY pPEXHMI, MOCTIHHO
BUKOHYIOUM MOHITOPUHT CTaHy CUCTEMH Ta pearyrud Ha 3MiHU 3 METOIO 3a0e3MeueHHs
ONTUMAJIBHOT €(DEKTUBHOCTI PO3MOJIITY OOYHCIIOBAIBHUX 3aBIaHb Y MYJbTUXMAPHOMY

CepeIOBUIIII.
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4.3 IToOynoBa arenTiB Ha ocHoBi LLM 1uis1 miATpMMKHM NPpUAHATTS

pilieHb

Y nmaHoMy Migpo3AUN TpenctaBieHo minxim mo iHTterpamii LLM-areHTiB y
MYJIbTHAr€HTHY CUCTEMY MIATPUMKH HPUUHSTTS PIlIEHb ISl AMHAMIYHOTO OpMYyBaHHS
00UYHCITIOBATILHOIT IHPPACTPYKTYPHU Y MYJIBbTUXMAPHOMY CEPEIOBHIIII.

MynpTHareHTHa cUcTeMa 3abe3reuye mapajieibHy, He3aJleXKHy Ta CIeliani30BaHy
OLIIHKY KOXXHOT'O KpUTEp1t0. 3aBIsSKH L1l MOIYJIbHOCTI MOXJIMBA afanTalisi CHCTEMHU J10
HOBHMX BUMOT a00 3MiH y MpiopuTeTax, 0e3 morpedu nepedy/10BH BCI€T JIOTIKH MPUHHATTS
pillIeHb.

CTpyKTypa CHCTEMH MOXKE CKIIAJaTHCS:

- ATeHTH OIIHIOBaHHS 32 KpUTEpisiMu (0e3MeKH, MPOIyKTUBHOCTI, BAPTOCTI, 3yCUIIb
BIPOBAKCHHS).

- Arentu npiopuretiB ((hopMyBaHHS BaroBUX KOE(II[IEHTIB HA OCHOBI BBEACHHUX
KOpPHUCTYBaueM, KOHTEKCTY 3aJladi TOLIO).

- Arent y3aranpHeHHs (Ha 0a3i LLM). Bin ¢opMmye mnosicHeHHs, y3arajibHIOE
ICTOpHYHI cUTyalii 1 TOTOYHI a00 CXO0Xi KeicH, TeHepy€e aabTepHATUBH, IKUX He Oylo B
0a3 3HaHb.

- Sapo npuiinarts pimens. 3actocoBye meronn MCDA (AHP, TOPSIS a6o ix
ribpuan) /Ui y3aralbHEHHS JaHUX BiJ areHTiB, (opMyBaHHS (iHAIHHOTO PIIICHHS Ta
nepenanns oro LLM nmns renepartiii oOrpyHTYBaHHS.

Posrnsaemo mpukian apxiTeKTypu areHta omnTuMizamii BapTocTi (puc.4.3).

BXimHuMu 1aHUMU € BUMOTH KOPHUCTYBaua Ta MPOrpaMHUA KOl 00YUCITIOBATLHUX 3a/1a4.
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B8 Bxiani AaHi (BuMoru
KopucTyBaya)

B AreHT onTumisauii BapTocTi

BxiaHwi 3anuT 3 napamerpamu

) Benviki moBHi Mopeni
aHaniay KOHTEKCTY

PosnisHaBaHHs cepBsiciB

3aBaHTaxeHi LiHW BiANoBIAHMX

cepsiciB

B Ouinka BapToCTi HEOBXiaHMX
cepsiciB

Po3paxoBaHi BapiaHTV BUTpa

4% Mogynb chopmynioBaHHs
PEeRTUHry

CchopMOBaHO pPevTUHT CepBicCiB

L AHania BnnuBy Ha iHWi kpuTepii
N0 KPUTEPItO LiiH

@ Pesynsrati nepepaHo
HaCTYMHOMY areHTy

< 3BOpOTHIi 3B'A30K

Pucynox 4.3 ApxiTekTypa areHta onTumizailii BapTocTi

BukopucroByroun LLM, areHT posmi3Hae cepBicH, sKi MOTPiOHI AJIsI BUKOHAHHS
3anuty. [lani Moy 3aBaHTaXEHHS MOTOYHUX I[IH OTPUMYE aKTyallbHY iHPOPMAIIiIO PO
IiHA Ha i cepBich. Jlami MOmyh OIIHKM BapTOCTI pO3paxoBY€ BapiaHTH BHTpAT IS
KOKHOTO cepBicy. HampukiHili ¢popMy€eThCcsi pEUTHHT CEpPBICIB 32 KpUTEPIEM BapTOCTI, 1
pe3yNbTaTH MEPEeAar0ThCs Jall, Mo0 JOMOMOITH MPUUHATH onTUMaibHe pimeHHs. Lle

JI03BOJISIE aBTOMATU3yBATH MPOLIEC 1 BPaXOBYBATH BC1 BaXKIIMBI (DIHAHCOBI aCTIEKTH.
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ATreHT onTuMi3allii BAPTOCTI BUKOHYE JAEKUIbKA KIIOYOBHX €TaIiB, BUKOPUCTOBYIOUN
cydacHi TexHoJorii, Bkiovaroun LLM. Ha ocHOBI BXIJHHUX AaHWUX MOJENb PO3IMi3HAE
cepBicH, K1 OyayTh 3aaisH1. J{aii 11l cepBicH MOPIBHIOIOTHCS 32 MOTOYHUMU I[IHAMH, 1 IS
KOXXHOTO 3 HHX pPO3paxOBYIOThCS BapiaHTH BHUTpar. Ha 3aBepmasibHOMY eTari
(hopMy€ETHCS PEUTHHT CEpPBICIB HA OCHOBI OILIIHKM iXHBOI BAPTOCTI, IMICJISI 4YOTO PE3yIbTaTH

MepenaroThCs IS 1HTerparlii 3 1IHIIMMH MOYJISIMH CUCTEMH.

4.3.1 IIpouec B3aemoaii LLM-areHTiB y MyJIJbTUXMapHOMY CepeI0BHIILi

IaTerpamiss LLM-areHTiB y MyJbTHareHTHY CHCTeMY BuMarae dopmarizamii

CHUTBHOT METH — ONTHUMAIBHOTO TMPOEKTYBAaHHS apXIiTEKTypH MYJIbTUXMAapHOi
iH(ppacTpyKTYpH.

['iOpunHa cuctema MPUUHATTA pIlIEHb BKIIOYAE TPU PiBHI 00poOkH: (popmanbHi
npaBuia (4iTK1 JIOTIKH, MOJIITUKH, OOMEKEHHS ), EMITIPUYHI JIaH1 (TeJIeMeTpisi, ICTOPUYHI1
criocTepekeHHs, BuUTpaTu) Ta LLM-3HaHHS (TeHepaTHBHI MOXJIMBOCTI MOJENi, $Ki
JI03BOJISIFOTH IHTEPIPETYBATHU OMUCOBI BXiHI faHi). Lle m03Boiise cucTteMi aantyBaTUCs
710 HECTPYKTYpOBaHUX a00 HEMOBHUX cUTyalii [86].

IIpuknanu Bukopucrtanus LLM:

- LLM MoXxe CTBOPHTH IepesiK MOTEHIIMHUX XMapHUX CEpBICIB YM IIA0JIOHIB
apXiTEeKTypH Ha OCHOBI ONKCY 3a/1a4l KOPUCTyBayda, HaBITh SAKIIO JAESKi cepBicH He Oynn
SIBHO BKa3aHI.

- Apanranis KpuTepiiB A0 KOHTEKCTY 3adadi. Hanmpukiaza, y BUMajaky THM4acoBOi
aHAJITUKA BKpall Ba)JiMBa MacimTaboBaHicTh, ToMy LLM 3MiHIOE Barum KpHTEpiiB
BI/IMOBIHO /10 aHAJII30BaHOTO KOHTEKCTY.

- LLM dopmye oOrpyHTOBaHI MOSCHEHHS Yy BUIJIAMNI TEKCTy, MPUAATHOTO IS
CIOPUUHSATTS K TEXHIYHUM CIICIIaIicTOM, TaK 1 MeHepkepom [90, 91].

[Tonpu nepesaru, LLM-cucremMu MaroTb OOMEXKEHHS:
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- BIJNOBIAI MOXYTh 3MIHIOBATHCS TPHU OJHAKOBUX 3amUTax 0e3 KOHTPOJIS HaJl
JDKepellaMu 3HaHb;

- PU3HK CyNepeYHOCTEeH Yy MOsSCHEHHSX;

- LLM wmoxe BHragyBaTh HEiCHyIoul cepBicm abo (opMyTroBaTH IOMHIKOBI
pexkomenpanii [91, 92].

JIns 1pOoro B CHUCTEMi pealizyloThCsl MexaHi3mMu mnepeBipkun LLM-Buxony uepes
areHTiB, a TAKOX JIOT1YHI (PUIBTPH, K1 MOPIBHIOIOTH BiANOBIAL 3 0a3010 3HaHb [93].

Ha puc.4.4 300paxeHo apxiTekTypy riOpuaHoi cucremu, ae LLM pomnoBHio€

MYJIbTHAr€HTHY CUCTEMY.

BimnMoru KopHCTyBada Il‘Ipmma/Enmcnmll |'l‘eneucrpillicwpmnimni| |C\mmm'inlBazamm| ILLMInpozmmelorixa|

EHepallif aNETEePHATHB [ aJanTallis

-

I MynbTHAreHTHa GICTEMa (TEXHIYHINI, EKOHOMIUHINI, §earneKoBHil areuTH) l

Sfnpo npinmeTTS pitnens (MCDA)

Teneparop mosciess (LLM)

‘ PexoMeHallR + [OSCHEHHS IR KOPHCTyBada |

Pucynok 4.4 ApxitekTypa MyJIbTUar€HTHOI CHCTEMH NPUNHATTSA PIlIEHb Ha
6a3i LLM
[Tpouec B3aemoxii LLM-arenTtiB QopmamizyeTbcsi sK copsiMoBaHUil Tpad

KOMYHIKAI[ITHUX ITOTOKIB:

G_comm = (A_LLM,E_comm), (4.35)
ae:
A_LLM = {a4, a,, ..., ay}—vHoxuHa LLM-arenris;
E_comm = {e;;|i,j € [1,n]} — MHOXMHa KOMYHIKallliHAX TIOTOKIB MK
areHTaMu.

Koxen LLM-areHT a; BU3HAYa€THCA KOPTEKEM:
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a; = (M;, P, K;, F), (4.36)

ne:

M; — MOBHA MOJIEITb, 1110 JIXKHUTh B OCHOBI areHTa;

P; — MHOXXMHa NPOMIITIB Ta IMIA0JIOHIB, 1110 BUKOPUCTOBYIOTHCS JUIsl (POPMYBaHHS
3anuTiB 10 LLM;

K; — 6a3a 3HaHp areHTa, 10 BKJIIOYAE JOMEH-crenudiuny iHpopMmaIliio;

F; — ¢yHKIioHanpHa cremianizamis areHrta (Hampukiaa, TeXHiYHa, €eKOHOMIYHa,
Oe3meKoBa).

[Iporec 06poOku iHpopmarrii LLM-areHToM BKJIIOYa€ HACTYITHI €TaIH:

1. I[TinroToBKa KOHTEKCTY:

C = PrepContext(l, K;, H), (4.37)

ne I — BxigHa inpopmaris, K; — 6a3a 3HaHb, H — icTOpist B3a€EMOJII.

2. ®opMyBaHHS 3anUTY:

Q = FormatPrompt(C, P;), (4.38)

ne P;— mabnoHu mpOMIMTIB arexTa.
3. 'enepartis BiANMOBIII:

R = M;(Q), (4.39)
ne M; — MOBHA MOJIETIb areHTa.

4. TToctobpoOka BiamOBIIi:

O = PostProcess(R), (4.40)
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ne PostProcess — QyHKIS TOCTOOPOOKH, IO MOXE BKIIOUYATH EKCTPAKIIIIO
KJIFOYOBO1 1H(hOpMaIlii, Baiaallio TOIlo.

B3aemois Mixk areHTamMu 3/1IHCHIOETHCS Yepe3 MeXaH13M 0OMiHY MTOBIIOMJICHHSIMHU:

MsgSend( a;, aj, content), (4.41)

Jie a; — areHT-BIINPABHUK, Q; — areHT-OTPUMYBaY, content — 3MiCT OB JOMJICHHS.
Jns xoopauHanii pobotn LLM-areHTiB BUKOPHCTOBYETbCSA CHELIalbHUN areHT-

KOOPAMHATOP, AKWW BU3HAYAE MOCIIOBHICTh OOPOOKH 3aMUTIB Ta arperye pe3yabTaTu:

Coordinator = (A_LLM,S,R_agg), (4.42)

ne:
A LLM — maOX1Ha LLM-areHris;
S — cTpareris KOOpAUHAII1, IO BU3HAYAE MTOCITIOBHICTh B3a€EMO/Ii1 areHTIB;

R _agg — pyHkiis arperariii pe3yJibTaTiB Bij] pI3HUX areHTIB.

4.3.2 Aaropurm y3roaKeHHsi BACHOBKIB areHTiB Ta ¢opMyBaHHS

OCTATOYHOIO pPillIeHHA

JUis IpUHHSTTA ONTUMAIBHUX PIIIEHb Y MYJIbTUXMAPHOMY CEPEIOBHILI HEOOX1THO
y3roJI)KyBaTH BHMCHOBKM PI3HHUX areHTiB, $KI MOXYTb OyTH CylNepewuBUMH abo
HENOBHUMHU. Po3poOieHuii anroput™ y3roJKeHHs BHCHOBKIB BUKOPHUCTOBYE IIIXOAU
KOHCEHCYCY, KOMIIPOMICY Ta JeJIeTyBaHHS.

[Ticnst oTpuMaHHS YacTKOBUX OIIIHOK B1J KOXXHOTO 3 areHTIB MYJIbTHAareHTHOI

cucTeMH (€KOHOMIYHOT0, TE€XHIYHOTO, OE3MEeKOBOTO TOIO), HEOOXIMHO Y3TOJUTH IIi
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BHCHOBKHM, 3 ypaxyBaHHSM Baru KOKHOTO KPHUTEPiI0, PIBHS BIIEBHEHOCTi, a TaKOX
MO>KJIUBUX KOH(IIIKTIB.

VY3rokeHHst Mi>k areHTaMu MOKe B1I0yBaTUCS 3a IOMIOMOTOIO:

- KoncencycHoro migxomy — areHTH ITEpaTUBHO OOMIHIOIOTHCS OIlIHKAMH,
KOPUTYIOUHU PE3yJIbTaTU JI0 JOCSATHEHHS MPUUHATHOTO nopory (Hanpukiaz, o < 0.05).

- KommnpomicHoro miaxoay — BHKOPHUCTOBYEThCS arperyroda (QyHKIis, 0 He
noTpedye MOBHOI 3roau, ane 30epirae OamaHc MiX OIIHKaMu (HaNpUKIAJ, MeJiaHa,
HEUITKa JIOT1Ka).

- Mexani3m generyBaHHsS — MpU KOH(MIIKTI JI€IKI areHTH TepeaaroTh IpaBo
OPUIHATTS  pIlIEHHS  croemiaigizoBaHoMy  areHty  (Hampukiaa, LLM-aredry
y3arajibHeHHS).

Ko>xeH areHT nmoBeprae He TUTHKHA 3HAYCHHS OLIIHKHU, ajie ¥ CTYMiHb BIIEBHEHOCTI, 1110
3aJIeKUTh BiJl TOBHOTH JaHUX, SKOCTI JDKEpesia, KOHCEHCYCy 3 IHIIUMHU areHTaMHu.

dinanpHa BOEBHEHICTH Y pillICHHI MOXe OyTH 00YHUCIIeHa K CEPEeTHBO3BAKEHA:

=2 (4.43)

1€ C; — BIIEBHEHICTb areHTa i,

Ww; — Bara Kpurepito.

VY pa3i KOH(]ITIKTY OIIHOK (HAPHUKIaA, OJIMH areHT Ja€ «BUCOKY» OLIHKY, IHIIUN —
«HHU3BKY») MOXe OyTH 3aCTOCOBaHA OJTHA 3 HACTYITHUX CTPATETii:

- IlpaBuna mnpioputerHocti. Hampukian, skmo mera — MiHIMI3alis BUTpAT,
NPIOPUTET HAAAETHCS EKOHOMIYHOMY areHTy.

- LLM-renepanisi MOsICHEHHA 1 clieHapHOro anamizy. Tobro LLM mpomnonye
aNbTEPHATUBHI pILIEHHS Ha 0a31 KOMIIPOMICY.

- Bussnenns anomaniii. Cuctema BU3Hay4ae, 4 € KOHQUIIKT HACTIAKOM ITOMUJIKH B

JIAaHUX.
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dinanpHe piIICHHS MEPEIAETHCS MOAYIIIO TeHepallii MOSACHEHbB, KU 32 JOTIOMOT OO
LLM ¢opmye noriky BuOOpY, NOpPIBHSIHHS albTE€PHATUB, KOMEHTapl MO0 MOKJIMBHX
PHU3UKIB YU IepeBar.

Anroputwm 2. Y3rokeHHs BUCHOBKIB areHTiB Ta (hopMyBaHHS (iHATBHOTO PIIICHHS.
Bxio: mHOXwWHa BHCHOBKIB areHTiB C = {cq,C3, ..., C,}, MHOXHMHA BaroBUX

koeoiuientie W = {w;, w,, ..., wy,}, TOpIr KOHCEHCYCY O.
Buxio: y3romxene pimeHHs R.
1. InimianizyBatu y3ro/KkeHe pimeHHs Ro.
2. IninianizyBatu TiYWIBHUK iTeparriii i = 0.
3. Iloku HE AOCATHYTO KOHCEHCYCY BUKOHATH:
4.i=i+1,
5. JUIsl KO’KHOTO areHTa j BAKOHATH:
6. O0uncauTH BiACTaHb d; = Distance(Cj, R{i—l});
7. BuzHauuTH CTYMiHb BIEBHEHOCTI CON f] JUIs1 BACHOBKY Cj;
8. OHOBUTH Yy3To/KeHe pilleHHs: R; = Ag gregatan(C W, {con fj})
9. [TepeBipuTtu JNOCSITHEHHS KOHCEHCYCY: converged =
CheckConvergence({d;}, §)
10. sxmo i > MAX ITERATIONS To:
11. 3acTocyBaTu cTpaTerito aeferyBaHHs ab0 BU3HAUYCHHSI MIP1OPUTETIB;
12. converged = true;
13. Bukonatu noctoOpoOKy Ta Bajigaiito R;.
14. 3renepyBatu MOSICHEHHS IS y3TOPKEHOTO PILICHHS.
15. IloBepuyTH R;.
dopmatizallis KJIFOYOBHX KOMIIOHEHTIB aJITOPUTMY:

1. ®yHKIIig BiJICTaHI M)k BAICHOBKAMU areHTIB:

Distance(C;, C;) = Zyay - di(Ci[k), Gi[K]), (4.44)
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ne dj, — MeTpuka BiJACTaHl I k-1 XapakTepUCTHKH, @ — Bara Iiel
XapaKTePUCTHUKH.
2. CtyniHb BIEBHEHOCT] areHTa y CBOEMY BHCHOBKY:
conf; = feons(Cj, Data;, Historyy), (4.45)
1€ feony — QYHKUIA OLIHKM BNEBHEHOCTI, Data; — nawi, DOCTYNHi areHrty j,
History; — icTopis BUCHOBKIB areHTa.
3. ®ynkuig arperamii 11t QOpMyBaHHS y3TOIKEHOTO PIILICHHS:
- 3BaXEHE yCEPETHCHHS:
R; = Xj(w; - conf; - C;) / X; (w; - confj). (4.46)
- MenmiagHui maxig:
Ri[k] = Median({C;[k]}|j € [1,n]). (4.47)

-  Heuitknii miaxia:

R; = DefuzzifyFn (FuzzyAggregate({Cj}, {Wj}, {confj})). (4.48)

4. IlepeBipka TOCATHEHHSI KOHCEHCYCY:
CheckConvergence({dj}, 5) = true, IKII0 Max({dj}) <é (4.49)
abo
CheckConvergence({d;},8) = true,saxmo |R;- Ry_q3| < 8. (4.50)
5. Crparerii npu BiZICYTHOCTiI KOHCEHCYCY:
- [HeneryBannsa. Bubip BUCHOBKY areHTa 3 HallBUILIUM MIPIOPUTETOM:
Jx= argmaxj(wj . confj), R; = Cgjy (4.51)
Busnauennsi mpioputeTiB. 3aCTOCYBaHHSI XOPCTKHX OOMEXEHb ISl BUPIMICHHS
KOH(DJIIKTY:
R; = EnforcePriorityRules(C,P) , (4.52)
ne P — MHO>KHMHA TIPIOPUTETHUX TPABUIL

6. I'enepariis MOsICHEHHS [T y3TO/HKEHOTO PIllICHHS:
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Explanation = LLMgxpiqin(R;, C, W, {confj}, DecisionHistory) (4.53)
1€ LLM gxpiqin — QyHKIIISA TEHEPAILT TTOSCHEHHS 3 BUKOPUCTAHHAM BEJIMKOT MOBHOT
MOJIEII.

VY Bumajkax, KOJu areHTU MaloTh CyNepewInBl BUCHOBKH (HANpUKIIaJ, Oe3neKoOBUi
areHT peKOMEHJye KOHQIrypaiilo, sKa He € eKOHOMIYHO ONTHUMAJIbHOIO),
BUKOPHCTOBYIOTHCSI HACTYTIHI MEXaHI3MHU BUPIMIEHHS KOH(IIIKTIB:

1. PamkyBaHHS anbTepHATHB HAa OCHOBI MYJIBTUKPUTEPIaJbHOTO aHaJi3y Ta
nominyBaHHs 3a [lapeTo.

2. LLM-reHeparlisi KOMIPOMICHUX PIllIEHb, 0 BPaXOBYIOTh KIFOYOBI BUMOTH BCiX
arceHTIB.

3. [lepedopmyaroBaHHs 3a7a4i ISl areHTY.

4.3.3 CueHapii BUKOPUCTAHHS MYJIbTHATEHTHOI CUCTEMU

Jns  gemoHcTpanii  epeKTUBHOCTI  po3poOJIEHOI MYJIBTHATEHTHOI CHUCTEMU
PO3TIISTHEMO KOHKPETHI clieHapii ii BUKOPUCTAHHS y THIIOBUX CHUTYaIllsIX JUHAMIYHOTO
(dbopMyBaHHS 00UHCITIIOBAIBHOI IHPPACTPYKTYPU B MYJIbTUXMAPHOMY CEPEAOBHILLI.

[HTenekTyanpHa cucTeMa ISl MIATPUMKUA MPUNUHATTA PIIEHb Y MYJIbTUXMapHOMY
CepeJIOBUIII TOBHHHA OXOIUTIOBATH TMOBHUHM IKUTTEBUHA IIMKJI PO3TOPTaHHS: BiJ
MOYaTKOBOIO IUIAHYBaHHS JI0 MOCTIMHOT afganTallii y BiAMOBiAb HA 3MIHY YMOB.

PosrasiuemMo etanu )KUTTEBOTO IIUKIY PO3TOPTaHHS:

1. [InanyBanHs. Bu3HaualOThCS BUMOTM KOPHUCTyBaya, KpUTEpii OILIHIOBAHHS,
KOHTEKCT 3a/1aul.

2. Bubip (omiHIOBaHHS  ajdbTEpPHATHB). 3amUT OOpPOOJAETHCS  areHTaAMH:
MPOJyKTUBHOCTI, BAPTOCTI, BIPOBAKEHHSI, O€3MEKH.

3. Posropranns (pexoMenpaarisi). Slapo npuiHATTS pimeHbs GopMye ONTUMATbHHMA
BapiaHT 3 MOSICHCHHSIM.

4. MoHitopuHr. Y BUPOOHHUOMY CEPEIOBHUIII CUCTEMa OTPUMY€E OHOBJICHHS 11100
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MPOAYKTUBHOCTI, BapTOCTi, 3MiH SLA a00 HaBaHTaXeHHS.

5. Apantauia. Ilpu 3MiHI mapameTpiB (HampuKkiad, MHIABUIIEHHS BapTOCTI Yy
npoBaigepa), LLM iHimitoe meperisg pilieHb, a CHCTeMa MPOIOHYE OHOBJIICHY
pEeKOMEHIaIlii0 0e3 BTpy4aHHsI KOPUCTyBaya.

Jnst crBopeHHst MyJnbTuareHTHoi Al-cuctemu Oyino oOpaHO HH3KY Cy4YacHUX
TEXHOJIOTIH, K1 JO3BOJISAIOTH 3a0e3meduTd eekTuBHY poboty cuctemu [11]. OcHOBY
ckianarote mozeni Large Language Models, taki sk LLAMA 3, ski BiANOBIZalOTh 3a
aHai3 TEKCTY Ta MIPUUHATTS PILICHb.

Hugging Face Transformers (6i61i0Teka 3 BIIKpUTUM BHX1IHHM KOJOM, SIKa HaJae
MOTIEPEIHBO MIATOTOBIEHI MOeNni TpaHchopmaTopiB mjis OOPOOKH HPHUPOIHOI MOBH)
JI03BOJISIE aJalITyBaTH MOJIENb A0 ClEUU(DIUHUX BUMOT.

Jlnst koopauHanii poOoTH arentiB BukopuctoByerbest LangChain, sikuii 3a6e3mneuye
B3a€MO/III0 MK KOMIIOHEHTaMHU CHCTEMHU.

Monyni o0poOku manmx, Taki sk Pandas i NumPy, mo3Bomsitorh e€peKTHBHO
MpaloBaTu 3 iHdopMali€ro.

[ndpactpykrypHi pimenns, Bkiaodaroun AWS Lambda, Azure Functions Ta Pulumi,
3a0e3MmevyoTh MacTaboBaHICTh Ta THY4YKicTh. HapemrTi, /i 30epiraHasi KOHTEKCTY Ta
CTPYKTYpPOBaHUX JAHUX BUKOPUCTOBYIOThCA In-Memory Vector DB Ta PostgreSQL, mo
703BOJIsI€ 30epiratu HeoOX1aHy 1HGOPMAIliI0 A1 pOOOTH MYJbTHATCHTHOI CUCTEMHU.

Apxitektypa mynsTuarentHoi LI-cucremu npencraiena Ha puc.4.5.

Pozrasinemo ocHOBHI eTamnu:

1. Tlowatox mnpomecy. Yce MNOYMHAETHCA 3 KOPHUCTYBALIbKOTO 3amluTy, SIKAN
BBOUTHCA uepe3 Streamlit. Ile 3pyunmii iHTepdelic, 1Mo M03BOISE IHTEPAKTUBHO
MPALIOBATH 3 HAITUM MPOEKTOM. TyT BBOAUTHCS KO a00 mapaMeTpH I aHaTi3y.

X ={x1, %3 -, Xn} (4.54)
1€ X; — MapaMeTpH, 10 OMUCYIOTh XMapHYy 1HPPaCTPYKTypy.

2. Excrpakiis metaganux. BXiaH1 1aHi mepeaaroThes B 0JI0K €KCTPaKIlii METaJaHuX,
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axkuii BukopuctoBye LLAMA 3 LLM. Ils monens 103BOJIsi€ pO3Mi3HATH BHUKOPHUCTAHI

CEpBICH Ta 1HIII 3aJI€KHOCTI B MPOEKT1, POPMYIOUH MOYATKOBY aHATITHKY.

© Movatok (Streamlit)

</> BxinHuiA kop npoekTy
[CEE)

B ExcTpakuis MeTagaHux
(LLAMA 3 LLM)

<[> LangChain: koopavHaLis
areHTis

& oriuve 36epiraHHs

(VectorDB) B Aren onTumisauii Baprocri
@ Arent npoaykTveHocTi (LLM) (LLM) 3$ ArenT BnpoBamkerHs (LLM) @ Arent Gesnexu (LLM)

X . . EB TabnuuHe 36epiraHhs . =
AHania wawnaKocTi PoapaxyHok BapTocTi (Postgres) CknagHicTs iHTerpauji Pu3ukn Geanekw

g A0pO NPUIAHATTS pileHb
(Custom Python Module)

@ OnTumankHa pekomeHaaLis
(Streamlit)

O Kiveup

Pucynok 4.5 Apxitektypa myabtuareHTHoi HI-cucremu

OyHkiisi mepeTBopeHHs AaHuX: f: X — M, me M — MHOXHHa METaJaHUX, IO
MICTUTH 1H(QOPMAIIIIO PO CEPBICH, PECYPCH Ta X XapaKTEPUCTHKH.

3. 30epiranHs koHTekcTy. Jlani mepenmarothes y VectorDB, skuii 3a6e3nedye
jgoriune 30epiranHsa. lle BaxkauBuii ertanm i 30€peKEHHS KOHTEKCTY, SKUU
BUKOPHCTOBYETHCS MIPH YXBAJICHHI PIllICHB.

Svectorpp = {M1, My, .., My}, My € M, (4.55)

VectorDB 36epirae iHdopmariito mpo MHOMEpPeaHl 3amuTH, II0 JOIOMarae IMpu
MaiOyTHHOMY YXBaJIeHHI PIllI€Hb.

4. Pobora arentiB. AreHtu mpaioroth y cuctemi LangChain. Koxken arenrt e
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byHKIII€10, IO PUHMAE JaHi Ta MOBEPTAE OIIHKY 32 CBOIM KPUTEPIEM:

- Arent npoayktuBHocTi (LLM) aHani3zye MIBUAKICTh Ta 3aTPUMKHU.

P=f (M) = 35, w; *py, (4.56)
1€ p; — MOKa3HUKH MPOAYKTUBHOCTI (HANPHUKIIaA, 3aTPUMKa, HIBUAKICT IIepeaadi),
w; — BaroBi koe(imieHTH.

- Arent ontumi3zariii Baprocti (LLM) oriHtoe ekoHOMIYHY €()EeKTUBHICTb.

C = feost(M) = ?:1 Ci» (4.57)
i€ ¢; — BapTiCTh BUKOPHCTAaHHS KO)KHOTO XMapHOTO CEPBiCy.

- Arent 6e3nexku (LLM) BpaxoBye pu3MKHU JaHHUX Ta JAOCTYIY.

R = fri(M) = Zioqvi* 1y, (4.58)
1€ 1; — pIBE€Hb PU3UKY, V; — KPUTHUHICTh PECypCy.

- Arent BripoBapkenHs (LLM) ananizye cknagHICTh iHTETpaIlii.

I'= frmpe(M) = Ty 53, (4.59)
1€ S; — CKJIJIHICTh 1HTerpalii 3 iCHyIOUMMH PIIICHHIMHU.

Koxen arent B3aemojie 3 Postgres, skuil ciayrye TaOJIWYHUM CXOBUIIEM MJIs
CTPYKTypoOBaHOi iHpopMaIlli Ta pe3yJbTaTiB OOYMCIEHb. 3aMUC MPOMDKHHUX JaHUX Y
PostgreSQL:

T = {(pi ci,mi, s}, (4.60)

5. Slopo mpuiHATTA pimeHb. Yci JaHi, 310paHi areHTaMu, NmepenarTbes B Sapo
NpUIHATTSA pimieHb. Le cnemianbauii Moaynb, Hanucanuil Ha Python, sikuii arperye nasi,

OTpHUMaHI BiJl areHTiB, Ta 30epirae ix y VectorDB mis ckiagHuX mOpiBHSIHbB.
S =ap 4 +r(2) +5) e
ne a, B, y, 0 — BaroBi KOe(IMIEHTH, 110 MOXYTh 3MIHIOBATUCS 3aJICKHO Bij O13HEC-
MPIOPHUTETIB.
6. ®inanpHa pexomenpaiis. Ha ocHoBi 3i0paHoi iH(doOpMalii cuctema reHepye

ONTUMAaJbHY pEKOMEHAAIlilo, sKa BimoOpakaeTbcss y Streamlit. Ile Moxe OyTtu

pPEKOMEHAIlis 010 HAKpaIux cepBiciB, KoHpirypaiiit abo miardopm.
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Xopt = argmax Sinar (X;) (4.62)

Xi

OOGpanuii BapiaHT Xy, BiIOOpaXxkaeThes y Streamlit sk pekOMeHaAIS.

Kpim Toro, MmyapTHareHTHa cucTeMa IoBUHHA BMITH OTPUMYBATH aKTyasbHi JAaHi 3
XMapHHX cepBiciB. 3aBAsku iHTerpauii 3 APl xMapHux npoBaiiiepiB MOKHa OTPUMYBAaTH
JaHl Mpo BapTICTb OOYMUCITIOBAIBHHUX peCypciB, KOHGIrypauii BIpTyaJIbHMX MaIIWH,
JOCTYITHUX CEPBICIB 3 BIIMOBIIHUMH MTapaMeTPaMH MPOTYKTHBHOCTI.

[Ilo6 cucrema 3amumanacs akTyalbHOI, HEOOXITHUN MeXaHi3M JHHAMIYHOTO
OHOBJICHHA 3HaHb. Hampukiaa, aBToMaTHYHE OHOBJICHHS 3aIlMCiB HA OCHOBI OTPUMAaHMX
JAaHUX, CAMOHABYaHHs areHTIB Ha OCHOBI ICTOPUYHUX JIaHUX, aBTOMATHUYHE BUSBJICHHS
HOBHX IaTEepHIB.

Cuenapiii 1. Po3ropranss Be63aCTOCYHKY 3 IMHaMIYHUM HAaBAHTAKEHHSM.

VY npoMy crieHapii HeOOX1AHO PO3TOPHYTH BE03aCTOCYHOK, SIKUM XapaKTepHU3y€eThCs
3HaYHUMH KOJMBAaHHSAMHU HABAaHTAXEHHS MPOTAroM J00M Ta Mae MIKOBI MEpioau
aKTUBHOCTI.

Bxigni napamerpu:

- Tun nonatky: Web-cepBep 3 6a3010 n1aHuX;

- OuikyBaHe nikoBe HaBaHTakeHHA: 10000 3anuTIB 3a CEKYHY;

- OuikyBaHe 3BMuaiine HaBaHTakeHHs: 1000 3anuTiB 3a CEKyHAY;

- Bumoru no 3atpumku: < 100 ms ais 95% 3anuTis;

- Bromkerni oomexenns: $2000 Ha micsub.

[Tpouiec MpUAHATTS pillIeHb Y MYJIbTUar€HTHINA CUCTEMI:

1. Anami3 BUMOT Ta Ki1acudikallis HaBaHTaKCHHS.

TexHiyHMI areHT BHU3HAYA€ XAaPAKTEPUCTUKA HABAHTAXKEHHS SK PI3KO 3MiHHI Ta
PEKOMEH/Y€E apXiTEeKTYpy 3 aBTOMACIITa0yBaHHSM:

TA result = {"architecture": "microservices",
"scaling": "horizontal autoscaling",

"confidence": 0.85}
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2. OmiHKa eKOHOMIYHOI €()EeKTUBHOCTI.
ExoHoMiuHMII areHT aHalli3ye pi3HI BapilaHTU PO3MOJAUTY HABAHTAXXEHHS MIX
MpOBalIepaMH:
EA result = {"primary_provider": "Provider A",
"burst provider": "Provider C",
"cost_estimation": 1850,
"confidence": 0.78}
3. Omi"gkKa BUMOT O€3MEKH.
be3nekoBuii areHT BU3HAYa€ BUMOTH JI0 3aXHUCTY JaHUX Ta BIJIMOBITHOCTI:
SA result = {"data_classification": "moderate sensitive",
"geo restrictions": ["EU"],
"encryption": "in_transit_and at rest",
"confidence": 0.92}
4. Y3rokeHHs BUCHOBKIB arceHTIB.

ATEHT-KOOpAMHATOP  BUABIAE MOTEHIIWHUN  KOH(MIIKT: pPEKOMEHJIOBaHUU
€KOHOMIYHMM areHTOM TMpoBaijep HE MATPUMYE BCl HEOOXITHI 3axX0oAu Oe3MeKH.
3aCcTOCOBYETHCS IPOIIEC Y3TOKEHHS 32 KOHCEHCYCHUM MiAXO0/I0M, SIKUH MPU3BOIUTH 110
KOMITPOMICHOTO PIILIEHHS:

Final decision = {

"primary provider": "Provider B",

"burst provider": "Provider C",

"architecture": "microservices",

"scaling": "horizontal autoscaling",

"security measures": ["in_transit_encryption", "at rest encryption"],
"cost_estimation": 1920,

"confidence": 0.83
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5. 'enepartis MOsSICHEHHS:

LLM-areHT reHepye NOSICHEHHS PUUHATOTO PIIICHHS:

«PexoMeH10BaHO po3ropTaHHs Be03aCTOCYHKY 3 BUKOPHCTAHHSM MIKPOCEPBICHOI
apxiTeKTypu Ha mpoBaiinepi B sk ocHOBHOMY, 3 BUKOpUCTaHHSM mpoBaiaepa C s
00pOoOKH TIKOBMX HaBaHTaKeHb. Xodya Ie pimeHHs Ha $70 H0poxkue, HIK MOYATKOBO
3aMpoONOHOBAHE EKOHOMIYHUM areHTOM, BOHO 3a0e3Ieuye BCl He0O0X1/1Hi 3ax0/1u Oe3MeKH,
BKJIIOYAIOYM IMH(pyBaHHS MJaHUX y CHOKOi Ta mpu nepengadi. Cucrema
aBToMacmITadyBaHHA JO3BOJIUTH €(DEKTUBHO 0OpoOIISITH MIKK HaBaHTaxkeHHs 10 10 000
3aMuTIB 3a CEKYH]Y, 30epiraoun 3aTpUMKyY B Mexkax BuMor (<100 ms).»

Cuenapiii 2. Mirpaiiisi aHaTITHYHOT CUCTEMU JI0 MYJIbTUXMapPHOTO CEpeIOBUIIIA.

Y mpoMy creHapii KOMMaHis Xode MITPyBaTH ICHYIOUY aHAJIITUYHY CHCTEMY 3
BJIACHOTO IICHTPY JMAaHUX 10 MYJbTUXMApPHOTO CEPEIOBHINA IS  ITiJBUIICHHS
MacuITaboOBaHOCTI Ta 3HWKEHHS BUTPAT Ha 1HQPACTPYKTYPY.

Bxigni mapamerpu:

- Tun cucremu: AHamiTudHa MIaTGopma 3 BEIUKHUMH JaHUMH,

- O6csar ganux: 50 Th;

- Perynsropni Bumoru: Jlani (iHaHCOBOi 3BITHOCTI MaroTh 30epiraTHCs B MeEXax
KpaiHy;

- Bumoru 1o nmpoaykTuBHOCTI: BUKOHaHHS aHadITMUHUX 3amMUTIB He JoBIIEe 15
XBHJIUH;

- HoctymHicth: 99.9%.

[Iporiec mpUAHATTS PillICHb:

1. AHauni3 CTpYKTYpH JaHUX Ta HABAHTAXKCHHS.

Texuiyamii areHT aHami3ye CTPYKTypy JaHUX Ta BH3HAYa€, M0 JaHI MOXKHA
PO3AUIMTH Ha «TapsAyi» (4aCTO BUKOPUCTOBYBAHI) Ta «XOJIOAHI» (apXiBHI):
TA result = {"data_segmentation": {"hot": 15TB, "cold": 35TB},

"processing_requirements": "high_memory",
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"confidence": 0.88}

2. O1iHKa EKOHOMIYHOI MOJIEI.

ExoHOMIUHMIT areHT aHalli3ye BapTICTh 30epiraHHs Ta 0OpOOKHU JTaHUX Yy PI3HUX

IpoBanepax:
EA result = {"hot data provider": "Provider A",
"cold data provider": "Provider B",
"processing_provider": "Provider A",
"monthly cost": 8500,
"confidence": 0.82}
3. O1iHKa BiAMOBIAHOCTI PETYISTOPHUM BUMOTaM.
be3nexoBwii areHT BH3HAUa€, IO YaCTHHA JTAHUX Mae€ 30epiratucs B JOKAJIbHUX
JaTa-1eHTpax:

SA result = {"financial data location": "local region",
"data_classification": {"public": 20%, "confidential": 80%},
"compliance requirements": ["ISO27001", "GDPR"],
"confidence": 0.95}

4. Y3roxeHHsI BUICHOBKIB Ta (hOpMyBaHHS (piHAIBHOTO PIlICHHS:
ATEHT-KOOPAMHATOP Y3TOKYy€ BUCHOBKH Ta (hOpMY€ TOpUIHE PIILICHHS:
Final decision = {

"architecture": "hybrid multicloud",

"data distribution": {

"financial data": "Provider A local region",

"hot_analytical data": "Provider A global",

"cold data": "Provider B archive storage"

s

"processing": {

"standard queries": "Provider A",
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"batch_processing": "Provider B_spot _instances'
s
"migration_strategy": "phased approach",
"estimated cost": 7800,
"confidence": 0.87
}
5. IlnanyBaHHs npolecy Mirparii:
LLM-areHT reHepye aeTajabHUM IUIaH MIrpamii 3 ypaxXyBaHHSAM BCiX aCIEKTIB:
«PexoMeHI0BaHAa MoOeTalHa Mirpamisi aHaJIITUYHOI CHCTEMH 3 HACTYIHUMH
dazamu:
1. IlizrotoBya (a3a: HamamTyBaHHA iAeHTH(IKamii Ta JOCTYmy B
MYJIBTUXMAapHOMY CE€pEeAOBHILI (2 THXKHI).
2. Mirparist XoJOAHUX JTaHUX 110 apXiBHOTO cxoBuIa Provider B (3 TwkHi).
3. CtBopenHs iHGpaCTPYKTypH At 00poOKH aHAMITHUHUX 3anuTiB y Provider A
(4 TxH1).
4. Mirparis TapsiYux JaHUX Ta HaJaIITyBaHHS aHATITUIHUX MPOIeciB (2 THXKHI).
5. BrnpoBajkeHHS MeXaHI3MIB CHHXpPOHi3allli MK pI3HMMH cepeaoBumiamu (2
THXHI).
6. TectyBanHs Ta Bepudikaiis (3 THxkHI).
3arpornoHoBaHa apXiTeKTypa 103BOJISIE JOTPUMYBATUCH YCIX PErYISTOPHUX BUMOT
MIPY 3MEHILIEHHI IOMICSIYHUX BUTPAT Ha 1HQPacTpyKTypy Ha 22% MOPIBHSAHO 3 MOTOYHUM

PILIEHHSM.»
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BUCHOBKU

1. Po3pobiieHo MaTeMaTW4YHy MOJENb IHTETPOBAHOTO TMOKAa3HUWKA €(EeKTUBHOCTI
BUKOHAHHS OOYHCIIOBAIBHUX 3aBJaHb, 10 BPaxXOBYE€ JIUHAMIKY 3MIHH CTaHy
1HGPACTPYKTYpH MYJIbTUXMAPHOTO CEPEIOBHINA Ta JO3BOJISIE CUCTEMI aJanTyBaTHCS 10
3MiH y peaJIbHOMY Yaci.

2. ®opmMaizoBaHO MPOCTIpP CTaHIB Ta AiM U1 NPOEKTYBAHHS Ta MEPEHAIAIITYBaHHS
MyJIbTUXMApHOi 1H(QPACTPYKTYpH, (YHKLII BHUHAropoad JJisi BHUpPILIEHHS 3ajaadl
OaraToKpuTepialIbHOT ONITUMI3AILIT, IO JO3BOJIUIIO CTBOPUTH CUCTEMY, 3[1aTHY 3HAXOIUTH
ONTUMAJIbHI apXITEKTYpPHI PIIIEHHS B CKJIAJHOMY Ta IUHAMIYHOMY IPOCTOPI MOIIYKY.

3. Po3po0isieHO apXiTeKTypy MYJIbTUAr€HTHOI CUCTEMH MIATPUMKH TPUNHHATTS
pillieHb, B SKIM cHoemiani3oBaHl areHTH (TeXHIYHUM, EKOHOMIYHUM, OE3MEeKOBUI)
OLIIHIOIOTh BapiaHTH PO3TOPTaHHS 32 PI3HUMH KPUTEPISIMHU, a IX BUCHOBKH Y3TOJKYIOTbCA
yepe3 MeXaHi3MU KOHCEHCYCY, KOMIIPOMICY Ta JIeJeTyBaHHS.

4. 3anmponOHOBAHO  AJTOPUTM  ONTHUMI3alli  apXITEKTypH  MYJbTHUXMapHOI
1H(PACTPYKTYpH, IO MOEAHYE MiIKPIIITIOBAIILHE HABYaHHS Ta €BOJIOLINHI aJITOPUTMU
i epexkTuBHOro momyky I[lapero-onTUManbHUX pimieHb y OaraToOKpHUTEpiaIbHOMY
MPOCTOPI.

5. Po3pobneHno mMojaenb IMHAMIYHOI ajanTarlii 0 3MIHHA MMapaMeTpiB CEpeIOBHIIA,
sKa BKJIIOYAa€ MOHITOPUHT CTaHy CHUCTEMHM, BUSIBJICHHS BiIXWJIEHb, IPOTHO3YBAHHS 3MiH
Ta BUOIp cTpaTerii ajanrailii s 3a0e3rneueHHs cTaduTbHOI POOOTH B YMOBaxX 3MIHHOTO
HABAHTAXKEHHS.

6. 3anmporoHOBaHO MiAXIJ 10 IHTerpaiii Benukux MoBHUX Mojeneit (LLM) y mporiec
NPUIHATTS pIlIeHb, [0 JO03BOJIIE PO3LIMPUTH AHAIITUYHI MOXIIMBOCTI CHCTEMH,
3a0e3neunT aBTOMAaTH30BaHEe (OPMYBaHHA OOIPYHTYBaHb Ta MOSCHEHb MHPUUHITHX
pillIEHb.

7. ®opmamizoBano mpouec B3aemoxaii LLM-areHTiB y MyJIbTUXMapHOMY

CEpellOBUIIl Ta PO3POOJIEHO aNrOPUTM Y3rOJKEHHS iX BHCHOBKIB Al (pOpMyBaHHS
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(hiHATBEHOTO PINICHHS, IO IiIBUIIY€E HAIIWHICTh Ta aJJaNTUBHICTh CUCTEMU.

8. PosrnsgHyTO  clieHapii  BUKOPUCTaHHS  MYJIBTHAreHTHOI  CHCTEMH, IO
JEMOHCTPYIOTH i1 €(DEeKTUBHICTD Y PI3HOMAHITHUX NPAKTUYHUX CUTYALISIX: PO3rOPTaHHS
web-3acTOCYHKY 3 JMHAMIYHUM HAaBaHTXCHHSIM, Mirpailis aHaJIITHYHOI CHCTEMH
KIHIIEBOTO KOPHCTYBada J0 MYJIbTHXMApHOTO CEPEIOBHUIIIA.

9. 3amponoHoBaHUN KOMIUIEKCHUN METO] 3a0e3leuye MiABUIICHHS! e(PEeKTUBHOCTI
MPOEKTYBAHHS MYJIbTUXMApHOi 1HPPACTPYKTYpH 3a paxyHOK JMHAMIUHOI ajanTarii 10
3MiH YMOB (DYHKI[IOHYBaHHsI, ONTUMAJILHOT'O PO3MIIIEHHS 3aBJaHb M1’ CEpBICaMU PI3HUX
XMapHHUX MpoBaiiiepiB Ta MIATPUMKH NPUMHSTTS PilllEeHb ILIOA0 MEepeHalallTyBaHHS
MYyJIBTUXMApHOI 1H(PACTPYKTYpH Ha OCHOBI OaraTOKpPHTEpiaJbHOTO aHaizy Ta

MAalllMHHOI'O HaBYaHHA.
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PO3A1JI 5
EKCHHEPUMEHTAJIBHE JOCJ/III>KEHHS 3AITPOIIOHOBAHOT' O
HIaAxony
5.1 Peanizanisa nporoTumy iHTeJeKTYaJbHOI CHCTEMH JJIsl IPOEKTYBAHHS

MYJbTHXMAaPHOI iIHppacTpyKTypH

3 Meroro  ampoOamii  3ampoONOHOBAaHOIO  METOJOJIOTIYHOTO  amapary
aBTOMATHU30BAHOTO MPOEKTYBAaHHS MYJIbTUXMApHOi TUIATGOPMHU y TETEPOTCHHOMY
MYJIBTUXMApHOMY CEPEJOBHIII PO3POOJICHO TPOTOTHII IHTEJIEKTYyalbHOI CHCTEMHU
MIITPUMKU TPUUHATTS PillIeHb.

PeanizoBaHuii MPOTOTUIT CUCTEMHU € MPOTPAMHUM KOMIUIEKCOM, PO3pOOJICHUM Ha
OCHOBI apXiTEKTYPHOI KOHIIEMIii Ta Mojiesel. [I[poToTun cuctemMu BKItoUa€e BCi HEOOX1aH1
KOMIIOHCHTH U1 MPAKTHYHOTO 3aCTOCYBaHHS 3aIllpOTIOHOBAHOTO MiAXOIy: BiJ 300py
BXITHUX JaHUX JO TeHepalii OOIPyHTOBAaHWX pPEKOMEHJAIlid II0J0 PO3rOpTaHHS

00YHCIIOBATIBLHOT MYJIBTUXMAPHOI 1HPPACTPYKTYpH.

5.1.1 ApxiTeKkTypa Ta KOMIIOHEHTH IIPOrpPaMHOI peasizauii

[Iporpamua peamizallis MPOTOTHIY CHUCTEMH aBTOMATH30BAaHOTO IPOEKTYBAaHHS
MyJIbTHXMapHOi miatgopmu nmoOyaoBaHa Ha MOAYJBHIA apXiTeKTypi, sika 3abe3nedye
THYYKICTh, MaCIITA0OBAHICTh Ta MOXKJIMBICTh HE3AJIEKHOTO PO3BUTKY KOMIIOHEHTIB.

3aranbHa apXiTEKTypa CUCTEMHU MpencTaBieHa Ha puc. 5.1. Bona cknamaetscs 3
II’ITH OCHOBHUX apXiTEKTYpPHHUX PIBHIB: 1HTEP(EHCHOT0, PIBHS areHTiB, aHAJIITHYHOTO,

IHTerpamiifHOro Ta piBHA 30€piraHHs JaHUX.
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IHTepdercHUI piBeHb

Streamlit Be6-iHTepdeiic

O6pobka BXiAHUX AaHUX

1

PiBeHb areHTiB LangChain

AreHT-koOpAHaTOP

Beanekosuii areHT TexHi4HWUI areHT EKoHOMIYHWIA areHT
—

=

|c| pauin -wm plae&

AﬂaﬂTepM XMapHUX
nposaiigepis

%animqym piaeib

MexaHiam NpuNHATTA pilleHb
[eHepaTop NosiCHeHb

=

L iSS iraHHs aaHnx i

PI/ICYHOK 5.1 3aranpHa apxiTeKTypa MMPOTOTUITY CUCTEMHU aBTOMATU30BAHOT'O

IPOEKTYBAHHS MYJIBTUXMAPHOI mIaThopMu

Iumepdpeticuuii pisenv. 3abe3nedye B3a€MOII0 KOPUCTYBAdiB i3 CHCTEMOIO Ta
BKJIFOYA€ HACTYIHI KOMIIOHEHTH:

- Web-intepdeiic xopuctyBaya uisi B3a€MOJIi 3 CHUCTEMOI — MOOyJOBaHUM 3
BUKOPHCTAaHHSAM (peiMBOpKy Streamlit. Bxmrouae ¢opmu ans BBeJ€HHS BHUMOT,

Bi3yaJi3allito pe3yJbTaTiB Ta iIHTEpaKTHBHE HAJAIITyBaHHS ITapaMeTpiB.
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- Mopayns 0OpoOKH BXiTHUX JaHUX — BiJIMTOBIJAE 3a BAJIIIAII0, HOPMATI3aIlilo Ta
CTPYKTYpYBaHHS BXIAHUX JaHUX Mepe]] iX Mepeaaueto aHalITUYHOMY PIBHIO.

Streamlit OyB oOpaHuii 3aBASIKM MOXJIMBOCTI HMIBUAKOT pO3POOKU THTEPAKTUBHUX
web-iHTepdeiiciB 3 MiHIMAILHUMU 3aTpaTaMu Ha po3poOKy iHTepdeiicy KOpUCTyBaya, 1110
JTI03BOJIUJIO CKOHIIEHTPYBATUCA Ha (YHKI[IOHATHHOCTI 0a30BUX aJITOPUTMIB Ta MOJICIICH.
Buxopucranns Python sik ocHOBHOT MOBU ISl Ui CEpBEpHOI YacCTUHU, Tak 1 JJs
iHTep(delicy KopucTyBaya 3a0€3MeUniIo €1HICTh TEXHOJIOTIYHOTO CTEKY.

Pigenv acenmis. € KIIOUOBUM €JIEMEHTOM apXITEKTypH Ta MICTUTh peaji3alliio
CHeliaigi3oBaHUX areHTiB, M0 MpallolTh 3 PI3HUMU AacleKTaMU MPOEKTYBAHHS
MyJIbTHXMapHOi iH(pacTpykTypu. OKpiM yXKe ONMUCAHUX areHTIB I MPAKTUYHOTO
BIIPOBA/KCHHS OYyJIO TOJaHO ATEHT-KOOPIWHATOp, SIKUH BiAMOBIZAE 3a KOOPAWHAIIIIO
poOOTH crieniani3oBaHUX areHTiB, PO3MOJILI 3aBJaHb Ta arperaiio pe3yJbTaTiB. ATeHT-
KOOPJMHATOP peasli30BaHUN SK LEHTPAJbHUI KOMIIOHEHT MYJIbTHAar€HTHOI CHUCTEMHU 3
BukopuctanusaM LangChain. Bin peanizye HacTynHi QyHKITI:

- TNpUNAOM BXIHHX 3alMTIB Ta X CTPYKTYpPYBaHHS;

- pO3MOJLI 3aBJaHb M)XK CHEIliai30BaHUMHU areHTaMH;

- MOHITOPHHT BUKOHAHHS 3aBJaHb Ta 00pOOKa MOMUIIOK;
- arperartlisi pe3yJibTaTiB poOOTH areHTIB;

- ¢opmyBaHHS PiHATBEHOTO PIIICHHS.

B3aemonis arenTiB npeacraBieHa Ha puc. 5.2.
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Kopuctysay AreHT-KOOpAUHATOP TexHIYHUI areHT EKOHOMIYHWMI areHT BesnekoBuit areHT MexaHiaMm NPUAHATTA pilleHb

Bumoru no cucremu

AHania Ta CTPYKTYpyBaHHs BUMOT

par [MapaneneHwit anania)

TexHiuni BUMOrn

Bumoru ao Geaneku

TexHiuHnin aHanis

leHepallis NoYaTKOBUX BapiaHTIB PO3ropTaHHS

loop [Ains KoXHOrO BapiaHTy]
3anuT TexHiYHOT OUIHKN
TexHiuHa OUIHKa

3anuT eKOHOMIYHOT OLHKM

AHania eapTocTi

3anuT ouiHk1 Gesneku

OuiHka 6eanekn

Mepepava ouiHOK BapiaHTiB

dopmMyBaHHA (hiHANBHOTO PileHHA

PekomeHpaaLlis 3 06rpyHTyBaHHAM

A

O6rpyHTOBaHa pekomeHAaLlis

KopucTysay AreHT-koopavHaTOp TexHiYHUA areHT EKOHOMIYHMIA areHT BeanekoBuit areHT MexaHiam NPUAHATTA pilueHb

Pucynok 5.2 Jliarpama B3aeMo/iii areHTiB

Ananimuuynuii pieenb. MICTUTh KOMIIOHEHTH, BIANOBIJAJbHI 3a aHali3 JaHUX,
MOJICJIIOBaHHS Ta MPUUHSTTS PIIICHB:

- MexaHi3M NpUHHATTS pillIeHb — peaiizye GopMantbHy MOAETH IPOCTOPY CTaHIB Ta
nid, (opMyJOYM 3aJady MPOEKTYBAaHHSA MYJbTUXMAapHOi 1HQPACTPYKTypH SK
OaratokpuTepiabHy ONTHUMI3AIINHY MPOoOJIeMy Ta 3aCTOCOBYIOUM PO3pOOJICHI METOIU
TUTs 11 BUPIIICHHS.

- TI'enepatop mosicHeHb — BiNMoOBiAae 3a (OpMyBaHHS 3PO3YMUTUX TOSCHEHBb Ta
OOTpyHTYBaHb pEKOMEHJAI[Il CHCTEeMH, BHUKOPUCTOBYIOYM MoxuBocTi LLM nmns

reHepailii TeKCTOBUX OMUCIB Ta Bi3yasizalliil.
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MexaHi3M TNPUHHATTS pIlIEHb pealizye€ METOJ BH3HAUEHHS ONTUMAIbHOT
peKoMeHAaaIli, KOMOIHYIOYHU MIXOIU HaBYaHHS 3 MIKPITUICHHSM Ta
OaraTokpuTepiabHOT oONTHUMI3AIli I 3HAXOKEHHS ONTUMAJIbHUX KOH(DIryparin
MYJIBTUXMAPHOI IHQPACTPYKTYPH.

Iumeepayitinuii  pisens. 3abe3niedye B3a€MOII0 3 30BHIINIHIMH CHUCTEMaMH Ta
cepBicamu:

- Apjantepu XMapHUX NpoBaiinepiB — Habip MoxymiB ans B3aemonuii 3 API pizaux
xmapHux nposaiaepiB (AWS, Azure, GCP touio), mo 3abe3neuyroTh yHi(piKOBaHUN
iHTepdeiic mocTymy A0 iX cepBiciB Ta iHPpoOpMaIlii.

ApanTepu peanizoBaHi AK 0Oroptku HaBkoyio odimiianx SDK  xMapHux
mpoBaiepiB, M0 3a0e3MeUyI0Th €AMHUNA 1HTepQEic 11 poOOTH 3 PISHUMH XMapHUMHU
mnatdopmamu. Lle mo3Bossie cucteMi abcTparyBaTucs Bif cenu(iyHUX 0COOMMBOCTEMN
APl koHKpeTHHX TmTpoBaljepiB Ta TMpaloBaTH 3 HUMU depe3 YHipiKoBaHUU
IHCTpyMeHTapii.

Pigenv 30epicanna oanux. Bkitouae KOMIOHEHTH JUIsl 30epiraHHsl Ta KepyBaHHS
JTAHUMU CUCTEMHU:

- baza pgaHux — BUKOPHCTOBYEThCS Mg 30epiraHHsS CTPYKTYpPOBAaHHMX JaHHUX
CUCTEMHU, BKJIIOUYAIOUU 1H(OpMAI[IIO0 PO KOPUCTYBAUiB, 3aBJAHHS IIOJ0 MPOEKTYBAHHS,
icropito pekomeHpaiiii Ttomo. PeamizoBana Ha ocHoBi SQLite 11 crpomieHHs
PO3ropTaHHs NPOTOTHUILY.

- Bexkropne cxoBuile — crnerianizoBaHa 0a3a qaHux il €(heKTUBHOTO 30epiraHHs
Ta TOILIYKY BEKTOPHUX MPECTaBICHb (eMOEIUHTIB) TEKCTY, 1110 BUKOPUCTOBYETHCS IS
poborn 3 LLM. PeamizoBana 3 BukopuctanHsM ChromaDB mqis jokagsHOTO
3aCTOCYBaHHSI.

Taka apxiTekTypa 3a0e3nedye MOJIYIbHICTh, THYYKICTh Ta MAacIITa0OBaHICTh
CUCTEMH, JO3BOJISIOYM HE3QJIEKHO PO3BUBATH OKpEMI KOMIIOHEHTH Ta aJanTyBaTu

CUCTCMY J10 HOBUX BHUMOT Ta YMOB BUKOPUCTAHHS.
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5.1.2 Peauizanisi npOrpaMHOro KOMIOHEHTY MiITPUMKH NPUIHATTA

pilieHb

[Iporpamuuii KOMIOHEHT MIATPUMKH MPUUHATTA PilIEHb 00 NepeHaTalITyBaHHS
MYJIBTUXMApHOT 1HQPACTPYKTYPH € KIIOUOBUM KOMIIOHEHTOM PO3pOOJIEHOT0 MPOTOTHILY,
110 3a0e3Meuye IHTEIEKTyaIbHUM aHaI13 PI3HUX aCIIEKTIB IPOEKTYBAHHS MYJbTUXMAapPHOI
iH(ppacTpykTypHu Ta HopMyBaHHS OOTPYHTOBAHMX PEKOMEHAAIIH.

Jnst #ioro peanizanii Oynmo oOpaHo KOMOIHAII0 HACTyMHUX TEXHOJOTIA Ta
IHCTpYMEHTIB:

- LangChain — ¢ppeiiMBOpK 151 TOOY10BH 3aCTOCYHKIB HA OCHOBI MOBHUX MOJIEJIEH,
SKUW BUKOPUCTOBYETHCS SIK OCHOBA JJIsl CTBOPEHHS Ta KOOPAMHAIIT areHTIB.

- Python — wmoBa mnporpamyBanHs, oOpaHa uig peaii3aiii JIOTIKM areHTiB,
1HTerpauii Ta 00poOKM TaHUX 3aBJASIKM il THY4KOCT1, OaraToMy ekocucteMi 01010TeK Ta
3pY4HOCTI /U1 poOOTH 3 JaHUMU Ta Al-KOMIIOHEHTaMHU.

- SQLite — nmerka BOynmoBaHa peisiliiHa 0a3za JaHUX, BUKOPUCTOBYETHCS JUIS
30epiraHHsi CTpPyYKTYpOBaHHUX JIaHUX CUCTEMHU.

- ChromaDB - nokanbHa BekTOpHa 0a3a naHmX, 1Mo 3abe3neuye eheKTUBHUI
MOIITYK 32 CXOXKICTIO JUISl TEKCTOBUX BEKTOPHUX MPECTABICHb.

[Ipuknaau peanizaiii areHTiB HaBeneHo y Jlomatky 1.

Jlns 3abe3neueHHss eEKTUBHOI B3a€MOJIl MK areHTaMd B CHUCTEMI peani3oBaHi
MEXaHI3MH KOMYHIKAIlll Ta KOOpJWHAIlli HAa OCHOBI NPSIMUX BUKJIMKIB (YHKIH Ta
CHUIBHOTO JOCTYIy A0 JAaHuX. Takuid Miaxin 3a0e3nedye MpOCTOTy peamizarii Ta
pO3ropTaHHsl cUCTeMH, 30epiraroud MNpu LbOMY BCl HEOOXiJHI (yHKIIOHAJbHI
MO>KJIUBOCTI.

OCHOBHI TPUHITUIHN B3a€MOJIi1 areHTiB:

1. CuHXpOHHA KOMYHIKAIlil — areHTH B3a€EMOJMIIOTH IUIAXOM MPSIMUX BHUKIUKIB

METO/IIB, 10 3a0e3Medye MPOCTOTY peaizallii Ta BiIjaroKeHHS.

2. ChinpHUR IOCTYI 0 IaHUX — areHTU MArOTh JOCTYII 10 CIIUIBHUX 0a3 JaHUX Ta
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IHIIIMX pecypciB, M0 3a0e3neuye y3roKeHICTh iHhopMarIii.

3. llenTpasizoBaHa KOOpJMHAIIS — areHT-KOOPJIWHATOP BIAMOBIAAE 3a PO3MOILT
3aBJjaHb Ta arperaiito pe3yJbTarTiB, 3a0e3Meuyrun y3roKeHICTh A1l yCiX.

Cxema oOMiHY JaHMMHU MK areHTaMu pealli3oBaHa Ha 0a3i MaTepHy crocTepiray
(Observer), mo J03BOJISIE areHTaM MIANKMCYBATHCS Ha TMOAll Ta OTPUMYBATU
MOBIJJOMJIGHHS TIPO 3MiHU. [[s1 mepenadi CTPYKTYpOBaHMX JaHUX BUKOPHUCTOBYETHCS
cepiamizamiss 'y dopmari JSON, mo 3abe3neuye HE3aNekKHICTh BiJ] KOHKPETHOI MOBHU
porpamMyBaHHS Ta MIaTGopMHu.

Jlns cuHXpoHi3allii poOOTH areHTIiB BUKOPUCTOBYETHCS MEXaHI3M TpaH3aKIliH, 110
rapaHTye aTOMapHICTh BUKOHAHHS CKJIaJHMX omepariil. Koxkna onepaiist GpikcyeTbcs B
KypHaJli, IO JO3BOJSE BIACTEXKYBAaTH MpPOLEC MPUUHATTA pilieHb Ta 3abe3mnedye
MOXJIUBICTh ayJIUTY.

B peamnizanii nporotuny cucremu Bukopucrano 0i6mioreky LangChain, sika Hagae
TOTOBI KOMIIOHEHTH JJisi MOOYJIOBM areHTHUX cucteM Ha 0a3i LLM. Koxen areHt
KOH(QITYpYEThCS 3a JOMOMOTOI0 CHEIIAbHOTO IIa0JOHYy MPOMMTY, SIKUM MICTUTH
iHeTpykiii ais LLM mono podi, 3aBaaHs Ta ¢opmaTy BUXIIHUX JaHuX. Hampukiman,
mabJI0OH MPOMIITY JIJIsE TEXHIYHOTO areHTa BKJIFOYA€E IHCTPYKIIT MO0 aHai3y TEXHIYHUX
MmapaMeTpiB XMapHHUX CEPBICIB, OI[IHKKM IX MPOAYKTUBHOCTI Ta MaclITa0OBaHOCTI
(domatox 2).

KomyHikariss MK areHtaMu 3A1HCHIOETBCS 3a JIONOMOIOI0 CTPYKTYpPOBaHHX
MOB1IOMJICHb, IO MICTSTh METaJaHl (TUI MOB1IOMJICHHSI, BIAMPAaBHUK, OTPUMYBay) Ta
KOpHCHE HaBaHTaXeHHs (nmani). Lle mo3BoJisge peanizyBaTH THYYKI CXEMH OOMIHY
TOBIJJOMJICHHSIMH, BKJTIOYAIOYU IIMPOKOMOBHI MOBITOMJICHHS Ta (DIIbTpaIlito 3a pisHUMU
KpUTEPISIMU.

JIns  TMOBUIEHHS CTIAKOCTI CHCTEMH O TOMHJIOK peali30BaHO MeEXaHI3M
MOBTOPHUX cIpo0 (retry mechanism) 3 eKCIIOHEHI[IaIbHOIO 3aTPUMKOI0. SIKIIIO areHT He

MO’K€ BUKOHATH 3aBJIaHHS Ye€pe3 TUMYACOBI MpoOiieMu (Hanpukiaa, HeaqocTynHicTs API
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XMapHOTO TIpOBaifiepa), CHUCTEMa aBTOMATUYHO TIOBTOPIOE CIPoOy 3 TMOCTYHOBO
30UTBITYBaHOIO 3aTPUMKOIO.

Takum uYMHOM, pealli30BaHI MEXaHI3MH KOMYHIKAIlli Ta KOOpAWHAIll areHTiB
3a0e3neuyoTh €(hEeKTUBHY B3a€EMOJII0 MiXK KOMIIOHEHTAMHU CHCTEMH, JO3BOJISIOUH i
MpAaIOBATH SIK €MHE 1[I Ta YCIIIIHO BUPINIYBAaTH 3ajayl AUHAMIYHOTO (pOpMyBaHHS

00UYHCITIOBATILHOIT IHPPACTPYKTYPHU Y MYJIBTUXMAPHOMY CEPEIOBHIIII.

5.1.3 InTerpaunis MeToaiB MAIIMHHOTO HaBYaHHA Ta LLM

KirouoBuM aciekTom po3po6IieHOT CUCTEMH € IHTETpallisi BEIMKMX MOBHHUX MOJIENIEH
JUIA TABUIICHHS €(EKTUBHOCTI MPUUHATTS pilieHb. Y TaHOMY MiAPO3ALII OMHCAHO
Meron  BukopucTtaHHd LLM B KOHTEKCTI NPOEKTYBaHHS  MYJbTUXMapHOI
iH(ppacTpyKTYpH.

Jlna peamizanii mporoturty cuctemu Oyno obpano mogaens Claude 3 Opus, ska
JIEMOHCTPY€E BUCOKY €(EKTUBHICTD y 3aJja4yax pO3YMIHHS Ta TeHepallii TeKCTy, a TaKOX
aHai3y CTPYKTYpOBaHUX JaHUX. JlaHa MoJiesh Mae KOHTEKCTHE BIKHO po3Mipom 10 200K
TOKEHIB, III0 JI03BOJIIE OOPOOIIATH BEIHKI OOCATH BXIJTHUX JIaHMX, BKIIOYAIOUYHU JIeTabHI
TEXHIYHI crnenudikaiii XMapHUX CEpBICIB, ICTOPUYHI JIaHI IPO BUKOPUCTAHHS PECYPCIB
Ta NOTOYHI NapaMeTpu 1HQPaCTPYKTYpH.

Jlns epextuBHOTO BUKOpHCTaHHS LLM B cHcTeMi NMPOEKTYBaHHS MYJIbTHUXMApHOI
iHppacTpyKTypH Oysu po3po0IIeHi Creliaii30BaHi TEXHIKH MPOMIITHHTY:

1. Chain-of-Thought (J1laHLIO’)KOK MIPKyBaHb) — CHOHYKa€ MOJENb MOKPOKOBO
aHaji3yBaTH MpoOJieMy, IO MIABHINY€ TOYHICTH MPHU BHUPIIIEHHI CKIATHUX 3aBIaHb
onTUMi3alii.

2. Role-Playing (poiboBa rpa) — KOKeH areHT OTPUMY€E KOHKPETHY POJIb (TEXHIYHUMN
EKCTIEPT, EKOHOMICT, CIeIialicT 3 Oe3MeKH), o JAomoMarae Mojaedi (hoKycyBaTUCS Ha
BIJIMOBITHUX aCTEKTaX MPOOJIEMHU.

3. JSON-cTpykTypyBaHHs BIANOBiAEH — cHemiaabHe (QopMaTyBaHHA BUXITHUX

nanux y ¢opmati JSON, 1o crpornye iX moganabiny oOpooKy.
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Jliist migBuIeHHs: TOYHOCTI Bignosiae LLM OyB po3po0iieHunii MmexaHi3m «retrieval-
augmented generation» (RAG), sAxkuil JOMOBHIOE 3aMHUTH A0 MOJEINl PEIECBAHTHOIO
iH(opMarriero 3 BeKTOpHOI 0a3u manuX. Lg 6a3a qaHUX MICTUTH aKTyallbHY 1H(OpMAIIiio
PO XMapHi CepBicH, IX XapaKTePUCTHKH, BApTICTh Ta oOMexeHHs. [Ipu ¢opmyBanHi
3anuty a0 LLM cuctema aBTOMaTuyHO BiAOMpae HaWOLIbII peneBaHTHI (pparMeHTH
iH(opMalrii Ta BKJIFOYAE X Y KOHTEKCT 3aIuTy.

[arerparis LLM 3 iHIIMMH KOMIIOHEHTAMU CUCTEMH 3/[IHCHIOETHCS 32 JOIIOMOTOIO
¢dperimBopky LangChain, sikuii Haae THy4YKi 3ac00u 171 TOOYI0BU JIAHII0KKIB 00POOKHU
nanux (chains) Ta areHTiB Ha 0a3i MOBHHMX Mojeneil. ApxiTtektypa iHterpamii LLM
onucaHa B [{oxatky 3.

B3aemomist 3 LLM 3xiticHtoetbest uepe3 API, mo mo3Bomsie abcTparyBaTucs Bif
KOHKPETHOT peaizallii MoJielii Ta 3a He0OX1THOCT1 3aMIHUTH 11 Ha 1HITY 6€3 CyTTEBUX 3MIH
y Koai cuctemHu. [yt miABUIIEHHS] HAAIMHOCTI peali3oBaHO MEeXaHi3M 00pOOKH ITOMUIIOK
Ta MOBTOPHUX 3aIUTIB Y BUTIAJKY 3001B.

LLM no3Bojisie TMHaMIYHO KOPUTYBATH IIi BaroBi KOeQilliEHTH HA OCHOBI aHAII3y
KOHTEKCTY 3aJ1a4i Ta MPIOPUTETIB KOPUCTYBaYa, IO MiBUIIYE aJaITUBHICTh CUCTEMH JI0
PI3HUX CLieHApiiB BUKOPUCTAHHS.

[arerpaniss LLM B cucteMy Npo€eKTyBaHHS MyJIbTUXMApPHOT 1HQPACTPYKTYpH Halae
PSIl CYTTEBUX TIEpEBar:

1. 3naTHiCcTh 0OPOOIATH HECTPYKTYPOBaH1 BX1/IHI AaHl — CHCTEMa MOXe MpaIfoBaTH
3 BUMOTaMH, COPMYITLOBAaHUMHU TIPHUPOTHOIO MOBOIO.

2. I'HyukicTh Ta agmanTuBHICTh — LLM Moe aganTyBaTHUCs 10 HOBUX THUITIB CEPBICIB
Ta CIleHapiiB BUKOPUCTAaHHA 0€3 HeOOX1THOCTI MepenporpaMyBaHHs CUCTEMHU.

3. enepamist 3po3yMinMX TOSCHEHb — CHCTEMa Hajaae OOIPYHTYBAaHHSA CBOIX
pekoMmeHaamii y dopmari, 3p03yMUIOMY [IJIi KOPUCTYBayiB Pi3HOTO PIBHS TEXHIYHOL

MMATOTOBKH.
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4. BpaxyBaHHs HessBHUX 3anexHocTeld — LLM Moe BUSBISATH HESBHI 3aJI€KHOCTI
MDK PI3HUMHU aCTIEKTaMH MPOEKTYBaHHS 1HQPACTPYKTYPH.

Opnak BukopuctanHs LLM Takoxk Mae TeBHI OOMEXEHHsS, SKI BpaxoBaHI B
apXITeKTypi CHCTEMHU:

1. IToTeHuiiHI HETOYHOCTI Ta «ramonuHauii» — LLM Moxe reHepyBaTH HEBIpHY
iHpopmamiro. Jlyist wmiHIMIZaMii [HOTO PHU3UKY CHCTEMa BHKOPHUCTOBYE BalliJallif0
BIJINOB1/IeH Ta MepeBipKy (PakTiB uepe3 30BHIIIHI JKepea JaHHX.

2. OOMEKEeHHsT KOHTEKCTHOTO BIKHa — HE3BaKAalOUM HA 3HAYHUU PpO3MIp
koHTeKcTHOTO BikHa (200K TOKeHiB), BOHO Bce k oOMexeHe. CucTeMa BUPINIYE IO
npo0iemMy dYepe3 TEXHIKH e()EKTUBHOTO YINPaBIiHHA KOHTEKCTOM Ta KOMIIpecii
iH(pOopMarlii.

3. 3asie)HICTh BiJ SAKOCTI MPOMMNTIB — epexTuBHIcTh LLM CcyTT€BO 3a1€XHUTh BiJl
SKOCTI ()OPMYJIFOBaHHS 3allUTiB. Y CHCTEMI pealli30BaHO MeEXaHI3M aBTOMAaTHYHOIO
MOKPAIIECHHS IPOMIITIB Ha OCHOBI aHaJIi3y Pe3yJIbTaTiB.

4. O0uncaroBaIbHI BUMOTH — B3aemoaisa 3 LLM BuMarae 3Ha4HNX OOUHUCITIOBATIbHUX
pecypciB. Cucrema ontumizye BukopuctanHs LLM depes keuryBaHHs pe3yJbTaTiB Ta
3aCTOCYBaHHS JIETIIUX MOJIEICH ISl MPOCTININX 3aBaHb.

Jns momonaHHA MX OOMEXEHb B CHCTEMI peasli30BaHO TIOpUIHMM MiAXia, SKUN
noenHye MoxiauBocTi LLM 3 KkilacMYyHUMH aidropuTtMamMu Ta CHeliali30BaHUMU

KOMITOHCHTaMHU IJIsI BUKOHAHHA KOHKPCTHHUX 3aBIaHb.

5.2 MeToaukKa eKCepuMeHTAJIbHOI0 T0C/IIKeHHA

Jnst oiiHKY €(heKTUBHOCTI pO3p00JICHOT CUCTEMH aBTOMATU30BAHOTO MPOEKTYBAHHS
MyJIbTUXMapHO1 TIaTGOpMU 3a JWHAMIYHO 3MIHIOBAaHUM HAOOpOM KpUTEpiiB OyIio
MPOBEJICHO KOMILJICKCHE €KCIIEPUMEHTAaIbHE JOCHIKEHHSI, CIIPSMOBaHe Ha MEePeBIpKY ii

(yHKI10HAJIBHOCTI Ta MPOJYKTUBHOCTI B PI3HUX CLIEHAPISIX BUKOPUCTAHHS.
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5.2.1 Bu3HayeHHS YMOB eKCIIEPUMEHTY

Jnst  gemoHcTpanii  €peKTUBHOCTI  po3pO0JE€HOI MYJIBTHArEHTHOI CHUCTEMU
PO3IJISTHEMO KOHKPETHI CLieHapii ii BUKOPUCTAHHS y TUIIOBUX CUTYallsX JUHAMIYHOTO
(bopMyBaHHS 0OUMCITIOBAIBHOI IHQPACTPYKTYPH B MYJIBTUXMAPHOMY CEPEIOBHILLI.

ExcniepuMeHTanpHe NOCHIIKEHHS OYyJl0 CHPSIMOBAaHE Ha JOCSTHEHHSI HAaCTYyIHUX
L1IeH:

1. Ominka e(eKTUBHOCTI PO3pOOJIEHOT CUCTEMU B TOPIBHSHHI 3 TPagUIliHHUMU
MiAX0AaMHU 0 TPOEKTYBAHHS MYJIbTUXMApPHOI IHPPACTPYKTYPH.

2. Bu3HaueHHs 37aTHOCTI CUCTEMH aJanTyBaTUCS IO PI3HUX THITIB HABAaHTAKEHHS
Ta BUMOT KOPUCTYBAaUiB.

3. [lepeBipka TOYHOCTI pEKOMEHMAIlIN, IO HAMAIOTHCA CHUCTEMOIO, Ta iX
BIIMOBIHOCTI 33JITaHUM KPUTEPISIM ONTHMI3AIli.

4. Orminka MacmTaboOBaHOCTI CHCTEMHU Ta ii 3JaTHOCTI 0OpOOIATH CKIIaaHI CIieHapii
3 BEJIMKOIO KIJIBKICTIO TapaMeTpiB.

5. Buznauenns BBy BHKopucTaHHd LLM Ha gKICTh Ta WIBUAKICTH NPUHHATTA
pIlIEHb.

Ha ocHoBi 1ux 1inei 6yiau copmyabOBaHi HACTYITHI BUMOTH:

Bumoea 1. MynbTnarentHa cucrema 3 BUKOpucTaHHSIM LLM 3aGe3neuye Ouibn
ONTUMAaJbHI PIICHHS II0JI0 MPOEKTYBAHHS MYJIbTUXMAPHOI IHPPACTPYKTYpH MOPIBHSHO
3 TpAAMIITHUMU TiAX0AaMu, 10 0a3yrThCs Ha (IKCOBAHMX MpaBUiIaX Ta EBPUCTHUKAX.

Bumoea 2. Cuctema 3maTHa e(EKTHBHO BpPaxOBYBaTH pPI3HOMAaHITHI KpuUTepii
ontumizauii (BapTiCTh, IPOJYKTUBHICTh, O€3MeKa) Ta 3HAXOJUTH ONTHUMAJIbHUI OanaHC
MIXK HUMU.

Bumoea 3. Bukopuctranas LLM no3Bosisie cucteMi afanTyBaTUCS 10 HOBUX THITIB

CEpBICIB Ta CLEHApPIiB BUKOPUCTAaHHA 0€3 HEeOOX1THOCTI MepenporpaMyBaHHs.



146

Bumoea 4. InterpoBanmii MOKa3HUK €PEKTUBHOCTI, onmucanuii ¢opmynoro (3.1),
aJIeKBaTHO BigoOpaxkae fAKICTh PEKOMEHJOBAHMX PIIIEHb Yy PpI3HUX KOHTEKCTaX

BHUKOPHUCTAaHHA.

5.2.2 Bu0ip Ta 0OrpyHTYBaHHSI METPHUK OLIHIOBAHHS

Jlns omiHku e(EeKTUBHOCTI po3po0ieHol cucTeMu Oyiad BH3HA4Y€HI HACTYIMHI
METPHKH, IO OXOIUTIOIOTH Pi3HI aCTIEKTH 11 ()yHKIIOHYBaHHS:

1. EkoHOMIYHa e(EeKTUBHICTb — OLIHIOETHCS 4Yepe3 TMOPIBHAHHA BapTOCTI
PEKOMEHOBaHUX PilllieHb 3 6a30BUMH Tiaxonamu. HopmainizoBana omidka: CoSt,prm =
(Costmax — CoStactuar)/(CoStmax — CoStiymin), ne Costy g, = 3000 USD (GromxeTHE
obmexxenHs1) Cost,,;, = 1200 USD (TeopeTnynuit MiHiMyM).

2. TexniuHa e(EKTUBHICTb — OIIHIOETHCS Ye€pe3 KOMIUICKCHUN TMOKA3HUK, IO
BpaxoOBy€ TMPOAYKTUBHICTb, MAaCIITAa0OBAaHICTh Ta HAAIWHICTH PEKOMEHIOBAHOI
KoH(pirypauii: Erecp = WpP + WsS + W,.R — HOpMasi3oBaHi OLIHKU IPOJYKTHBHOCTI,
MacmTaboOBaHOCTI Ta HAJIWHOCTI BIANOBIAHO, & Wy, Wp, Wg — BIANOBIIHI Barosi
Koe(DilieHTH.

3. be3snekoBa e(heKTUBHICTh — OIIIHIOETHCS Yepe3 BIAMOBITHICTh PEKOMEHJIOBAaHUX
N

" 2L % 100%

tot

pillieHb 3aJJaHUM BUMOTaM O€3MeKH Ta HOpPMaTUBHUM OOMexeHHsIM: Eg,. =

, 1€ Ngq¢ — KUTBKICTD 3310BOJICHUX BUMOT 0e31nekH, a Ny, p — 3arajibHa KiJIbKICTh BUMOT.

4. Yac mpuHHATTS PIIICHHS — BHUMIPIOETHCS K Yac, HEOOXITHUM cCHUCTeMl s
(dbopmyBaHHs pekOMeHaaIli micist oTpuMaHHs BXiMHUX NaHUX: Thee = Teng — Tstart> 1€
Tstqre —9ac mouaTky 0OpoOKH 3anuTy, a Te,g — 9ac HAJAAHHA BiIMOBIL.

5. SIKiCTh TOSICHEHb — OIIHIOETHCS €KcTepTamMu 3a mkanoro Big 1 70 10 Ha ocHOBI
MOBHOTH, 3pO3YMLIIOCTI Ta OOTPYHTOBAHOCTI MOSICHEHb, HAJAHUX CUCTEMOIO.

6. [HTerpanbHUil MOKa3HUK €(PEKTUBHOCTI — PO3PaXOBYETHCS HA OCHOBI (hopmynu

(3.1) 3 ypaxyBaHHSIM HOpMaJIi30BaHUX 3HAYEHb YCIX MOMEPEIHIX METPUK.
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5.2.3 Omnuc ekcnepuMeHTAJIBHOIO Cepel0BMINA TA TECTOBUX ClieHAPIIB

ExcnepumenTanbHe JOCHIIKEHHS MPOBOJUIOCH Y TIOpUIHOMY CEPEAOBHII, IO
BKJIIOYAJIO:

1. TecTtoBe cepefoBUIE UIsI PO3rOPTAaHHS — KOMOIHAIS peaTbHUX XMapHUX
pecypciB (AWS, Azure, GCP) Ta eMyi1b0BaHOTO CEPEAOBUINA JJIsi TECTYBAaHHS PI3HHUX
CIIeHapiiB.

2. Habip erajoHHMX JaHMX — BKJIIOYAB ICTOPHYHI JIaHI TIPO BapTICTh,
MPOAYKTHBHICTh Ta XapaKTEPUCTUKU PI3HUX XMAPHUX CEPBICIB.

3. Cuctema MOHITOPUHTY — J03BOJIsUIa BIJICTEKYBaTH KJIIOYOBI MapameTpu
(YHKITIOHYBaHHS CUCTEMHU Ta 30MpaTH JaHi I aHATI3y.

Jlnisa anpobarii cuctemu Oynu po3poOiIeHi HaCTYIIHI TECTOBI CLeHapii:

Cyenapiii 1. Po3ropranss web-3acToCyHKy 3 AMHAMIYHUM HaBaHTaKEHHSIM.

Tun 3acTocyHky: web-cepBic 3 OalaHCyBaHHSIM HaBaHTaKCHHS.

[Tapamerpu: mikoBe HaBaHTaxeHHs a0 10 000 3anuTiB 3a CEKyHIy, BUMOTH IO
nateHTHOCTI < 100 Mc.

JlomaTkoBi yMOBHU: HEOOXIAHICTh IIBHUIKOTO MacIITaOyBaHHS TIPH 3POCTaHHI
HABaHTAKEHHSI.

Cyenapin 2. Mirpartiist aHaTITUYHOT CUCTEMH JI0 MYJIbTUXMApPHOTO CEPEAOBUIIIA.

- Twun cucremu: ananiTuyHa miaTdhopma 3 00pOOKOIO BETUKUX JTaHUX.

- Ilapamerpu: obcsar nanux 50 Th, HE0OXiqHICTH JOTPUMAHHS PETYISATOPHUX
BHMOT 11010 30€piraHHs TaHuX.

- JlomaTkoBi yMOBH: MiHIMI3aIlis BTPAT IaHUX Ta MPOCTOIB i1 Yac Mirparri.

Cyenapiii 3. PO3ropTanHs CHCTEMH 3 CYBOPUMHU BUMOTaMU /10 O€3MEKH.

- Tun cucremu: piHaHCOBHIT 10AATOK 3 OOPOOKOIO KOH(IACHITIHHUX TaHUX.
- Tlapamerpu: HeoOxigHicTh BianoBigHOCTI cTanaaptam PCI DSS, GDPR.
- JlomaTkoBi ymoBH: reorpadiuai oOMeXeHHS Ha PO3MIIICHHS JaHUX.

Cyenapiu 4. OntuMmizanist iICHy10490i MyJIbTUXMapHO1 IHPPaCTPyKTypH.
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- Twun 3agavi: 3HWKEHHS BUTpPAT MpU 30€peKeHHI MMOTOYHOrO PIBHA
IPOTYKTUBHOCTI.
- Ilapamerpu: moTouHa BapTICTh IHPPACTPYKTYPHU, MOKAZHUKU BUKOPUCTAHHS
pecypciB.
- JlomatkoBi yMoOBHM: MiHIMI3allisl BIUIMBY MpOILECY INEepeHaNalITyBaHHs
MYJIBTUXMApHOI 1HGPACTPYKTYpH Ha MOTOYHI omeparlii sKi BUKOHYIOThCS B
JTaHUH 4Jac.
JIist KO>KHOTO CIIeHapil0 BHU3HA4YE€HO 0a30Bl pIlIEHHS, OTPUMAaHI TpaJuLIMHUMU
MeToJaMH (py4yHE TPOEKTYBAaHHSA €KCIEepTamMH, BUKOPUCTaHHS CIELialli30BaHUX
iHCTpYMeHTiB 6e3 LLM), 110 103BOJIMIIO MPOBECTH MOPIBHSUIBHUNA aHaNI3 €(pEeKTUBHOCTI

PO3p00JICEHOT CUCTEMHU.

53 ExcnepuMeHnTasibHa mepeBipka eQeKTHUBHOCTI 3aNpPONOHOBAHOIO

niaxoay

Jns  mepeBipkd  €dEKTUBHOCTI  pO3pOOJIEHOT  MYJIBTHAreHTHOI  CHCTEMHU
AaBTOMATHU30BAaHOTO TPOEKTYBAaHHS MYJIbTUXMApHOi IUIATGOPMH BaXXIMBO 0OpaTh
perpe3eHTaTUBHI ClieHapii, ki O BimoOpakalu pealbHI MOTpeOHM KOPHUCTYBayiB B
MyJIbTUXMApHOMY TMPOEKTYyBaHHI. 3rigHO 3 iHQOpMaIi€l0 KOMIaHii-IHTErpaTopiB
MYJIbTUXMapHUX PillIeHb, 3 IKUMHU OyJ10 poBeeHo nonepeaHi koHcynbTanii (Nordcloud,
Crayon Ta Tech-5), onHumMu 3 HalOUIBII THUIOBUX 3aBAaHb I MYJbTUXMapHOIO
cepeZoBHIIA € Mirpaillis 1 ontuMizamist web-zactocynkiB 3 REST API ta cucrem ananizy
i 00poOku nanux (ETL-cucrem).

Web-3actocynku 3 REST API € crionydHOr0 JTaHKOIO MDK PI3HUMH CE€pBICaMH Ta
CUCTEMaMH, JAEMOHCTPYIOTh BapiaTMBHE HAaBAaHTAXXEHHS Ta BHUMaraloTb THYYKOIO
MaclTaOyBaHHS.

ETL-cucremu (Extract, Transform, Load) BukoHyt0Th onepariii 3 00poOKH BETUKOi

KUTBKOCTI JJAaHUX YacTO BHMMAararTh 3HAYHUX OOYMCITIOBAIBHUX PECYPCIB, SIKI MOXYTh
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OyTH pO3MOALIEHI MK PI3HUMH XMapHUMHU MPOBAaWIEpaMu ISl ONTUMI3allii BUTpAT Ta
npoayKTUBHOCTI. KpimM TOro, Taki cucteMu MpauioioTh 3 PI3HUMH TUIAMU JAaHUX, SKI
MOXYTh MIJAMAJATH MiJ Pi3HI PETYIATOPHI BUMOTH, 11O POOHUTH 3aJady iX pO3MIIICHHS
0COOJIMBO CKJIAJIHOIO.

OOGpani cueHapii OXOIUTIOIOTh HaWOUIbII MOUIMPEHI Ta IOKa30B1 BHUIIAJIKU
BUKOPUCTAHHS MYJBTUXMApHUX CEPEAOBHIL, IO JO03BOJISIE OI[HUTH €(PEKTUBHICTh
3alpONOHOBAHOTO  MIAXOAY (OpMyBaHHS OOYHMCIIOBANBHOI  1HOPACTPYKTYpH Y

reTepPOreHHOMY MYJbTUXMApHOMY CEPEIOBHUIIII.

5.3.1 Cuenapiii 1. Posropranns web-3actocynky 3 REST API

Jlns TecTyBaHHSI MEPIIOTO CIeHapilo Oyyno oOpaHO HE BUPOOHHYY CHCTEMY, a
TECTOBUN MPHUKJIAA, MOOYJOBAaHUN HAa OCHOBI BIAKPUTOrO MPOTPAMHOTO 3a0e3NeueHHs
Django CMS, 1m0 € THy4ko0 cucteMoro ynpaiiHHs kKoHTeHToM 3 REST API. [launwuii
BUOIp oOymoBiieHuid TuM, mo Django CMS € penpe3eHTaTUBHUM NOpPHUKIAIOM web-
3aCTOCYHKY 3 THUIIOBOIO apXiTeKTyporo, 1o BKIodae frontend, backend, 6a3y manmux ta
API-map, a Takox Mae BIIKPUTY KOJOBY 0a3y, IO JO3BOJISE€ THYYKO HAJAlITOBYBAaTU
KOH(ITYypaIlito st TeCTyBaHHSI.

st ekciepuMenty Oyno Bukopuctano Django CMS 3.11 3 po3mupeHHsSIMU AJis
REST API Tta nogaTKOBUMH MOJIYJISIMH JUISi MOJEJIFOBAaHHST BHCOKOHABAaHTAKEHOIO
cepenoBHIIa. XapaKTePUCTUKH TECTOBOTO 3aCTOCYHKY BKIIIOYAIIH:

- Frontend: React.js 3 cepBepHUM pEHIEPUHTOM.

- Backend: Django 3.2 3 Django REST Framework.
- baza ganux: PostgreSQL 13.

- KemyBanns: Redis.

- MeniacxoBuiie: 00’€KTHE CXOBHIIE S3-CyMICHE.

- Cepenniii po3mip cropinku: 1.2 MB.

- Kinbkicts koHTEeHTHHX 00’ €KTiB: 50 000.

- Po3wmip 6a3u manux: 8 GB.



150

OO6csr meniadaitnis: 120 GB.

Bumoru 10 po3ropTaHHs BKITIOYAIIH:
- IlikoBe HaBaHTaxxeHHs: 1 500 3aMUTIB Ha CEKYHY.
- Cepenne HaBanTakeHHs: 300 3anHTIB HA CEKYHY.
- IinpoBa BianoBias cepBepa: <200 mc aist 95% 3anuris.
- HoctymnHictb: 99.95%.
- bromxerni oomexxenns: 3 000 USD na micsup.
- T'eorpagiune posramyBaHHs kopuctyBauiB: €Bpomna (70%), IliBHiuHa AMepuka
(20%), Az (10%).
- besnexosi Bumoru: BinnoBigHicte GDPR, mudpyBanHs naHux y crokoi Ta mpu
nepejaayl.
[Ipomiec aHamizy Ta NPUAHATTA pilIEeHh MYJIBTHAT€HTHOIO CHCTEMOIO BKJIIOYAB
HACTYIIHI €TaIu:
1. Anami3 BXiZHUX BUMOr OyB BHUKOHAaHHMHA areHTOM-KOOPIWHATOPOM, SIKUH
CTPYKTYypyBaB iH(}opMaIlito Ta BUIUIUB KIt04oBl napameTpu (loaatox 4).
2. TexHIYHMI areHT MpOoaHalli3yBaB TEXHIYHUN CTEK Ta BUSHAYMB MOJKJIMB1 BapiaHTH
posropranHs (oxatok 5).
3. EKoHOMIYHMI1 areHT mnpoaHaji3yBaB BapTICTh PI3HMX BapiaHTIB PO3TOPTaHHS
(domatox 6).
4. be3nexkoBuil areHT MNpoOaHali3yBaB BIJIMOBIAHICTb pIlIEHb BHUMOTaM Oe3NeKu
(Homatox 7).
5. ATeHT-KOOpAMHATOpP  arperyBaB  pe3yiapTaTd Ta copmyBaB  (iHAIbHY
pexkomenpaarito (JomgaTok 8).
Po3paxyHok inTerpoBanoro nmokasuuka st AWS+Azure Hybrid:
Bximui naui:
- Bapricte: 1673 USD (Honatok 6) Cost norm = (3000-1673)/(3000-1200) = 0.737.

- [IponyxTuBHicTh: 0.88 (3 TEXHIYHOTO aHAII3Y).
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- Haniitricts: 0.89 (3 aHami3y BiIMOBOCTIHKOCTI).

- CymicHicts: 0.92 (ominka B3aemonaii AWS+Azure).

- besneka: 0.96 (3 6e31MeKOBOTO aHaII3Y).

[Ipu BaroBux koedimientax w;=0.3, w,=0.25, w3=0.2, w,=0.15, ws=0.1:
IE(AWS+Azure) = 0.3%0.737 + 0.25%0.88 + 0.2x0.89 + 0.15%0.92 + 0.1x0.96 = 0.221 +
0.220+ 0.178 + 0.138 + 0.096 = 0.853.

[TopiBHSIHHSA aJTbTEPHATHB:

- AWS Full: IE=0.3x0.513 + 0.25%0.92 + 0.2x0.94 + 0.15%0.85 + 0.1x0.94 = 0.791

- GCP Full: IE = 0.3x0.622 + 0.25x0.90 + 0.2x0.92 + 0.15%x0.91 + 0.1x0.93 = 0.8 14
Pexomennanis: AWS+Azure Hybrid (mafiBummii IE = 0.853).

5.3.2 Cuenapiii 2. ETL-cuctema 00poOku 1anux

Jlnist TecTyBaHHS Ipyroro ciieHapito 0yio oopano Tectopuii npukian ETL-cucremu
Ha 0a3i BigKpuTOro mporpamHoro 3abesmeueHHs Apache Airflow 3 momaTkoBUMHU
KOMITOHEHTaMu AJid aHaii3y nanux. Apache Airflow 6yno o6paHo sik penpe3eHTaTUBHUN
MPUKJIAJ Cy4acHOl CHCTEMM YMNpPaBIiHHA POOOYMMHU MOTOKAMM JAHHMX, SKa IIUPOKO
BUKOpHUCTOBY€eThbes it peamizanii ETL-npomeciB y pizaux ramyssx. Cucrema Oyna
HajallToBaHa 3 Ha0OpOM JEeMOHCTpalIMHMX JaHuX Ta poOOYMX MPOUECIB s
MOJICJIIOBaHHS PeaIbHUX CIIEHAP1iB BUKOPUCTAHHS.
Xapakrepuctuku tectoBol ETL-cucremu Brirouanu:
OcHoBHuit ¢ppeitmBopk: Apache Airflow 2.3.
O6po0Oka ganux: Apache Spark 3.2 ta Python 3.9.
Cxosumie ganux: Amazon S3 (s Bxigaux ganux), Snowflake (s 06pobienoi
AQHAJIITUKH).
Momnitopunr: Prometheus 3 Grafana.
3aranpHuil 00car qanux Ha Bxoai: 500 GB Ha neHb.
Tumm pammx: crpykrypoBani CSV (40%), JSON (30%), HecTpyKTypoBaHi

TeKCTOB1 IokyMeHTH (20%), HaniBcTpykTypoBaHi XML (10%).
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- Kinskictes ETL-miporniecis: 25 pi3HEX poOOYNX MOTOKIB 3 PI3HOIO NEPIOANYHICTIO.
- HaiiGinpmmii pobounii npouec: 06podka 200 GB nanux, yac BUKOHaHHS 110 4
TO/IMH.

Bumoru 1o po3ropraHss BKJIIOYAIN:

[TikoBe BuKOpHCcTaHHS o0uKcioBaIbHUX pecypciB: 500 CPU-roauH Ha /eHb;

- Cepenne BukopucTanHs rnam’sti: 2 TB-ronun Ha 1eHb;

- Yaconi BikHa s BukoHaHHs KputuuHuX ETL-npormecis: 3 01:00 mo 05:00 3a
UTC;

- OOMeXeHHs Ha 4yac BUKOHAHHS: BC1 IIOJIEHH] MPOLIECH MAIOTh 3aBepUIyBaTHCS 32
6 TOIUH;

- bromxkerni oomexenns: 8§ 000 USD na micsp;

- PerynsropHi Bumoru: ¢iHaHCOBI AaHl MalOTh 00poOidTHCS Ta 30epiraTucs y
perionax, mo BiamnosigaroTe Bumoram PCI DSS;

- Bumoru no HaniiiHOCTI: ycminae BukoHaHHS 99.5% ETL-mpormecis.

[Iporiec aHamizy Ta TMPUUAHATTS PIlIEHb MYJIbTHATEHTHOIO CHUCTEMOIO ISl I[HOTO
CIIEHapi0 BKJIFOYAB HACTYIIHI €TaIu:

1. AHani3 BXiIHUX BUMOT areHToM-koopauHatopom ([lonarok 9).

2. TexH1yHUM areHT MpOoaHaji3yBaB TEXHIYHUI CTEK Ta cPOPMYIIIOBAB pEKOMEH1allii
(domatox 10).

3. EkoHOMIYHMI areHT mpoaHali3yBaB BapTiCTh PI3HUX BapiaHTIB PO3rOPTAHHS
(Homatox 11).

4. be3nekoBuil areHT MpoaHaai3yBaB BiAMOBIIHICTh PINIEHh BHUMOTaM O€3IMEKH
(Homatok 12).

5. ATeHT-KOOpAMHATOp arperyBaB  pe3ynbTaTd Ta cdopmyBaB  (iHAIBHI

pexomenaanii (lonarok 13).

OcHOBHI pe3yJIbTaTU BIPOBAHKEHHS PEKOMEH/I0BAHOT'O PIIICHHS:
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- 3HWKEHHS 3arajibHOoi BapTocTi Ha 23% MOPIBHAHO 3 MOYATKOBOIO OIIIHKOIO
AWS+Snowflake.

- TlokparmeHHst TpOyKTUBHOCTI aHAMITHYHUX 3anuTiB Ha 20% 3aBasku BigQuery.

- CopomieHHsl aaMIHICTPyBaHHSI Ta MOHITOPHUHTY 3aBISKM TOBHIM 1HTErparii
CEpBICIB y MeXaxX OJiHI€l MIaThopMH.

- 3MCHIIEHHS Yacy BUKOHAHHS HAHOUTBIIIOro poOoyoro mporuecy 3 4 10 2.5 rouH.

Ile#i cuenapiii NpoAEMOHCTpYBaB 3JaTHICTb CHUCTEMHM aHali3yBaTH Ta
PEKOMEHTyBaTH ONTHUMalIbHI pimeHHs qia ckiaganx ETL-mporeciB, BpaxoByroun sK
TEXHIYHI, TaK 1 €KOHOMIYHI AaCIIEKTH, a TaKOX BHMOI'M O€3IeKH Ta BIAMOBIIHOCTI

PETYISATOPHUM HOPMaM.

5.4 IlpakTnyHe BHPOBaJKEHHS Ta amnpodauwis B HNPOMHCIOBOMY

cepexoBHUILi

Jnst  miaTBep/KEHHS  NPAKTUYHOI  LIHHOCTI  CUCTEMHU  aBTOMATHM30BAHOIO
MPOEKTYBAHHS MYJIBTHXMApHOI IIaTGOpMHU 3a JUHAMIYHO 3MIHIOBAaHUM Ha0OpOM
KpUTEPIiB MPOBEACHO ii BIPOBAHKEHHS Ta ampoOaililo B peajbHOMY MPOMHCIOBOMY
cepenoBUll. Y [bOMY MIAPO3ILII OMHMCAHO MPOLEC MPAKTUYHOTO EKCHEPUMEHTY,
OTpUMaHI pe3yibTaTH Ta BIATYKH ekcnepTiB. JleTanbHa iH(poOpMaIllis npo BIPOBAKEHHS,
BKJIIOYAIOYM TEXHIYHI crmenu@ikaiii, MeTOAOJ]Oril0 Ta KIJIbKICHI pe3yJbTaTH,

MpEeICTaBIICHA B aKTi BOPOBAXKEHHS, 110 TOAAETHCS 10 AUCEPTAIIHOT pOOOTH.

5.4.10Onmc yMOB Ta npouecy BIIPOBAKEHHS

JI1s mpakTUYHOTO eKcnepuMeHTy Oyno obopano icHyrouuit ETL-npouec, skuii Bxke
OyB posropuytuii Ha EC2 wmammHax Ta HamamToBaHuii BpyuHy. Lleit mporec
BUKOPHCTOBYBABCSl B OJIHIN 3 BETUKUX BUPOOHUYMX KOMIIAHIN st 0OpOOKM NaHuX i3
BUPOOHMYUX JIHIM Ta MOJAIBIIOrO aHaNi3y €(pEeKTUBHOCTI yCTaTKyBaHHS. 3aBIaHHSIM
OyJ10 aBTOMAaTU30BaHE IMPOEKTYBAHHS ONTUMAIbHOI MYJIbTHMXMApHOI 1HPPACTPYKTypH

IUISL bOTO MIPOLIECY .
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Kirro4oBi xapakTepuCTHKY iCHYI0401 IHPPACTPYKTYPH:

- 5 EC2 incranciB (mS5.xlarge) nns 00OpoOKu 1aHUX;

- MySQL 6a3a ganux Ha okpemomy EC2 incranci (r5.1arge);

- Jenkins s 3amycky ta mitanyBanHs ETL-npouecis;

- Bash- ta Python-ckpunTu ans Tpancopmaiii 1aHux;

- 3arajgbHUN 00csaT oOpobmoBanux ganux: ~50 I'b moaeHHo;

- BIJICYTHICTh aBTOMAaTUYHOI'O MacIITa0yBaHHS;

- pyuHe kepyBaHHs iHpacTpykTyporo yepe3 AWS Console;

- TepioAUYHI MPOOJIEMU 3 MPOAYKTHUBHICTIO Ta BIIMOBOCTIMKICTIO.

Bapricte icHyrodoro pimeHHs crtaHoBuia mnpubnuzHo 2500 USD wHa Micsiip,
BKJIFOYAIOYM BUTPATH Ha OOYHMCIIOBAIbHI PECYPCH, 30€piraHHA NaHUX Ta MEPEKEBHM
Tpadik. KpiMm Toro, kommadiss BuTpayaiga Ogu3bko 20 JTIOIUHO-TOJAMH HAa MICSIb Ha

MIATPUMKY Ta aMIHICTpYBaHHS Ii€1 IHQPACTPYKTYpH.

5.4.2 Pe3yabTaTH NPAKTHYHOTO BUKOPUCTAHHS

Jnist ananizy icaytouoi ETL-cuctemu 0yiio BUKOPUCTAHO PO3POOIICHUI IPOTpaMHUIA
koMmruiekc. Ko)keH areHT mpoBiB JeTallbHUM aHali3 3a CBOIM HAIlpsSMKOM 1 HajaB
CTPYKTYpOBaH1 peKOMEH 1allii.

1. TexHiuHM# areHT IpoaHai3yBaB Jor-gaiian, KoHQIrypamiiHi daitmm ta Kox
ETL-nponecis. Bignosigno no dopmynu (4.19): TA(v) = w_t, -perf(v) + w_t, -
scalab(v) + w_ts - compat(v) areHT OIiHUB NPOIYKTUBHICTH, MacIITaOOBaHICTh Ta
CYMICHICTh ICHYI0YO1 IHPPAaCTPYKTYpH, BUIBUBIIN HACTYIIHI Ba)KJIMB1 aCIIEKTH:

- HeedextuBHe BuKOpuUCTaHHS pecypciB depe3 ¢ikcoBaHy KuibkicTe EC2
1HCTAHCIB HE3AJIEKHO Bl IOTOYHOTO HABAHTAKECHHSL.

- BiacyTHicTh aBTOMaTHYHOIO MacITaOyBaHHS Ta MEXaHI13MIB BiZIMOBOCTIMKOCTI.

- OOmMmexeHHs MacIITaOOBAHOCTI Yepe3 apXiTeKTypy 3 MPSAMHUMH 3’ €THAHHIMU 0

0as3u JaHux.
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- Bucoka 3aTpumKa BUKOHAHHS Y€pe3 HEONTHMAaJIbHE 3aBaHTAXEHHS Ta 00pOOKY
TaHHX.

Ha ocHoB1 aHamnizy, TeXHIYHHH areHT 3alpoIlOHyBaB Iepexin 10 Oe3cepBepHOi
apxiTexktypu 3 BukopuctanHsiMm AWS Step Functions, Lambda ta S3, mo kpaie
BIJIOBIJIa€ TOTpedaM CHUCTEMH 3a yMOBaMM MaclITaOOBAHOCTI Ta MPOJYKTUBHOCTI
(domatox 14).

2. EKOHOMIYHUW areHT OI[IHUB IOTOYHI BUTPATH Ta MOXKJIMBOCTI ONTHMIi3allii
BimmoBimHo g0 GyHkmii  omiHKU  (4.20):  EAuorm (V) = (CoStyax — Cost(v))/
(Costyax — CoStmin)-

Omuinka BapTocTi HaBeneHa y Jlonatky 15.

3. be3nekoBuii areHT MepeBIpUB BIAMOBIHICTH BUMOTaM OE3MEeKH Ta HaJaB CBOI
peKoMeHAaIli 3riIHo 3 QyHKI€r0 OiHKY (4.21):

SA(v) = w_s;-data_sec(v) + w_s, - compl(v) + w_s3 - resil(v)

AHaJti3 oka3aB HaCTYIHI TPOOJEeMHU B ICHYIOUIH CUCTEMI:

- BuxopucranHa coinbHHX ~OOJIKOBUX JaHUX, BOPOBADKEHUX y  (aiimu
KOH(irypaii.

- BiacyTHicTh eTanbHOTO KOHTPOJIIO AOCTYIY.

- HenocnigoBHe 3acTocyBanHs mU(pyBaHHS.

- OOMeKeH1 MOXKIIMBOCTI ayAUTY.

ATeHT 3amporoHyBaB nepexia 10 mojaeni 6e3nekun AWS 3 Bukopuctanusam [AM 3
JIETATBHUMH POJIsiMU, cTaHaapTHoro mudpysanns S3 Tta BkmodeHHsM CloudTrail mns
aynuty API, mo migBummio 6 3aransHuil mokasHuk Oesneku 3 0.65 mo 0.91 (HomaTox
16).

4. Ha ocHOBI aHami3y BCiX CIeliali30BaHUX AareHTiB, areHT-KOOpJIWHATOP
chopmymoBaB (hiHAIBHY PEKOMEHJAIlif0, OIIHUBINK Pi3HI apXiTeKTypHi. [HTerpampHa
OIliHKa KOKHOTO BapiaHTy OyJia po3paxoBaHa 3a ¢hopmyiioro (4.22):

AE(U) = Wryq- TAnorm(v) + Wggq - EAnorm(v) + Wy 'SAnorm(v)
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Byno po3risHyTO HACTYITHI apXiTEKTypHI BapiaHTH:

1. OntumizoBaHa apxitekTypa Ha ocHOBI EC2 (inTerpanbHuit nokaznuk: 0.69).

2. I'i6punna apxitekrypa EC2/Serverless (inTerpansauii nokaszuuk: 0.77).

3. IoBHicTio Oe3cepBepHa apxiTekTypa (iHTerpagbHuil mokasuuk: 0.91).

4. Mynptuxmapaa OescepBepHa apxitekrypa (AWS + GCP) (interpanbHuit
noka3Huk: 0.82).

PexomenmoBaHuM pillIeHHSM CTaja TOBHICTIO Oe3cepBepHa apxiTekrypa 3 AWS
Step Functions, Lambda, S3 ta Athena, sika 3a0e3nedyBana HaWkpamuii O0amaHc Mix
TEXHIYHUMH MOXKJIMBOCTSIMU, EKOHOMIYHOIO e(heKTUBHICTIO Ta Oe3nekoro (omaTok 17).

Ha ocHOBI mpoBejeHOro aHamizy CHUCTEMa aBTOMAaTH30BAHOTO MPOEKTYBAaHHS
MyJIBTUXMApHOI MIaTGOPMH PEKOMEHAyBalda CYTTEBY TpaHC(HOpPMAIliI0 apXiTeKTypH
ETL-mporiecy 3 mepexooM Ha cydacHy Oe3CepBEpHY apXITEKTypy, IO CKIATAEThCA 3
HACTYMHUX KOMIIOHEHTIB, skl HaBejeH1 y lonatky 18.

[Iporano3oBaHi pe3yabTaTH BIPOBAIKEHHS Ii€1 apXiTEKTypH:

3HIKEHHS moMicsaaux BUTpat 3 $2 500 mo $1 200 (exonomist 52%);

3MEHILIEHHS ONEpalliifHUX BUTPAT Ha aJMIHICTpyBaHHS Ha §5%;

1 IBUIIIEHHS TPOIyKTUBHOCTI 00poOku nanux Ha 30%;

3a0€3MeUYeHHs] aBTOMAaTUYHOrO0 MaclTaOyBaHHA BIJ HyJs J0 MIKOBOI'O
HABAHTAXKEHHSI.

JUis  KIIbKICHOI OIIHKM €(EeKTHBHOCTI 3aIpONOHOBAaHUX 3MIH 3aCTOCYEMO
IHTErpoOBaHUi MOKa3HUK e(heKTUBHOCTI (popmyna 4.1):

[ToToyHa cucrema:

- Bapricts: 4500 USD. Cost_norm = (5000-4500)/(5000-1500) = 0.143.

- [IpoaykTuBHicTh: 0.65 (3 aHANI3y iICHYIOUO1 CUCTEMH, Yac 00poOku 3.5 roxm).

- Hagitinicts: 0.70 (failure rate 8%, BiACyTHICTh aBTOBITHOBJICHHS ).

- CywmicHicts: 0.60 (pyuHe ynpaBiiHHs, OOMEXeHa 1HTerpatis).

- besnieka: 0.65 (3 ananizy 6e3nekoBoro areHta, Jlogatok 16).
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[Ipu crangapTHux BaroBux koedimientax w;=0.3, w,=0.25, w3=0.2, w,=0.15,
ws=0.1: [E(motouna) = 0.3x0.143 + 0.25x0.65 + 0.2x0.70 + 0.15x0.60 + 0.1x0.65 =
0.501.

PexomenioBana 6e3cepBepHa cucTema:

- Bapricte: 1500 USD. Cost_norm = (5000-1500)/(5000-1500) = 1.000.

- IIponyxkruBHicTh: 0.89 (30% mokpaiineHHs, aBTOMAacIITa0yBaHHS).

- Hagitinicte: 0.95 (aBTOMaTHuHEe BiIHOBJIEHHS, managed services).

- CywmicHicte: 0.88 (HatuBHa AWS iHTETpartis).

- besneka: 0.91 (IAM + CloudTrail + mudpysanus, Jonarok 16).

[E(pekomennoBana) = 0.3x1.000 + 0.25%0.89 + 0.2x0.95 + 0.15%0.88 + 0.1x0.91 =
0.94.

[Toxpamenns inTerpoanoro nokasauka: AIE = (0.94 - 0.50)/0.50 x 100% = 88%.

[Ticns mpoBeneHHs AETANbHOTO aHalli3y PEKOMEHJ0BaHOI apXiTeKTypH, KOMIaHis
MIpUiTHsIIA PIIICHHS BIPOBAIUTH 3aIIPOIIOHOBAH1 3MiHU. Mirpailis Bif0yBaiacs MoeTamHo
npoTsATOM 4 THXHIB, 100 MiHIMI3yBaTH PU3UKH Ta 3a0e3MmeunTr Oe3nepepBHiICTh Oi3HeC-
npotieciB. AHali3 BIATYKiB ()axiBLIB Ta €KCIEPTHUX OLIIHOK HaBeAeHo y Jloaarky 19.

PesynbraTu BipoBa»KeHHs MiATBEPIUIN MPOTHO30BAHI MOKPAIEHHS:

- ®akTuyHe 3HWKEHHs BUTpaT: 67% (3 $4 500 mo $1 500).

- [loxpamienns mBuAKOCTI 00pooku: 37% (3 3.5 10 2.2 roguHm).

- 3MeHIIeHHs KiibkocTi 300iB: 85% (3 8% mo 1.2% failure rate).

- 3meHIeHHs yacy aaMminictpyBanusa: 90% (3 20 1o 2 roauH/MicsIIb).

dakTUYHUM IHTETPOBaHUI MOKa3HUK micis BripoBakeHHs: [E = 0.912. Bigxunenuns

BiJ TporHO3Yy: +0.9%, 1110 MiATBEPIKYE TOUHICTH MOJICIII.
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5.5 AHaJni3 pe3yabTaTiB Ta peKOMeHAALIl 100 NOJAIbIIOI0 PO3BUTKY

5.5.1 Y3arajibHeHHs pe3yJbTaTiB eKCIEPUMEHTAJBHOI0 T0CJi/IZKeHHA

JIJIsl IpakTUYHOTO eKCIEpUMEHTY Oyiio oOpano icHyrounii ETL-mporiec, skuii Bxe
OyB posropuyTuii Ha EC2 MammHax Ta HaJIallITOBaHUI BPYUHY.

[IpoBeneHi eKCHEpUMEHTH Ta MPaKTUYHE BIPOBAKEHHS JIO3BOJSIOTH 3pOOHUTH
HACTyMHI  KJIIOYOBI BUCHOBKHM 100 €(PEKTHBHOCTI  PO3POOJICHOI  CcHUCTEMU
aBTOMAaTHU30BaHOTO MPOEKTYBAHHS MYJIbTUXMAPHOI 11aT(opmu:

1. BukopuctanHs MyJbTHAareHTHOro miAXxoxy 3 iHTerpauiero LLM 3abe3neuye
CYTT€BE MIJABUIICHHS SKOCTI PEKOMEHJAIId TMOPIBHAHO 3 TPATUIINHUMH METOJAMHU.
Cucrema IeMOHCTpPY€E 3/1aTHICTh BPaXOBYBAaTH MIMPOKUNA CIIEKTP (PaKTOPIB Ta 3HAXOIUTH
HEOYEBU/IHI KOMITPOMICH MIJK PI3HUMH KPUTEPISIMU ONTHUMI3aIIii.

2. IaTerpoBanmii TMOKa3HUK €(OEKTUBHOCTI, 3anpomoHoBaHuii y Qopmym (4.1):
IE(S,t) = wy-CoStporm(S,t) + wa - Perform(S,t) + ws - Rel,prm(S,t) + wy -
Interyprm (S, t) + Ws - Secporm(S,t) TIATBEpIUB CBOIO aneKBATHICTH IS OIHKH
SIKOCTI pillIeHb IPH MPOEKTYBAHHI MYJIbTUXMAPHOI IHPPACTPYKTYpHU Yy PI3HUX CLICHAPISIX
BUKOPHCTaHHS. BUKOpUCTaHHS AMHAMIYHUX BaroBUX KOE(II[IEHTIB JO3BOJISE a1aNTyBaTH
OLIIHKY /10 KOHKPETHUX MPIOPUTETIB KOPUCTYBAYa.

3. Cucrema NEMOHCTPY€ BHCOKY aJalTUBHICTh JO HOBHX THIIIB CEpBICIB Ta
CIIeHapiiB BUKOPHUCTAHHS 3aBISKH MOXIMBOCTAM LLM 10 y3aranbHeHHS Ta MepeHOCY
3HaHb. Lle miaTBepIKye TiMmoTe3y MPO MOMKIMBICTh CTBOPEHHS CHCTEMH, 1110 HE TOTpedye
MOCTIIHOTO MepernporpaMmyBaHHs IPU 3MiHI YMOB.

4. IlpakT4HE BIPOBA/KEHHS B MPOMUCIOBOMY CEpPEIOBUII MPOJEMOHCTPYBAJIO
CYTTEBUH €KOHOMIUHMN e(eKT BiJ BHUKOPHUCTAHHA CHCTEMH AaBTOMATH30BAaHOTO
MPOEKTYBAHHS MYJbTUXMApHOI IIATGOPMU: 3HIDKEHHS BUTpAT Ha iHOPACTPYKTYpy Ha

52% npu ogHOYACHOMY MiABHUIIIEHHI MPOAYKTUBHOCTI Ta MacIITaOOBaHOCTI.
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5. [Ipomiec MpUUHATTS PIlIEHh CTaB OUTBHII MPO30PUM Ta OO’ EKTUBHUM 3aBJISIKU
BUKOPUCTAaHHIO (QOpMajibHUX KpPUTEpIiB OLIHKKM Ta JETalbHUX TMOSACHEHb, IO
TeHEePYIOThCS CUCTEMOIO.

KomnoHeHTH iHTEerpoBaHOTO OKa3HUKA €PEeKTUBHOCTI MpeACTaBieH] y Tabmuui 5.1.

Tabnuysa 5.1 Komnonenmu inme2po8ano2o NOKA3HUKA eqheKmusHoCni

Excnepuvent Costyorm | P erf norm | Relyorm | INteryory | S€Chorm 1E
Cuenapiii 1:

AWS Full 0,47 0,92 0,94 0,85 0,94 0,76
AWS+Azure 0,74 0,38 0,89 0,92 0,96 0,85
Cuenapiii 2:

AWS+Snowflake 0,56 0,95 0,93 0,85 0,97 0,81

GCP Full 0,76 0,87 0,90 0,91 0,93 0,90
IIpakTuune

BIIPOBA/I’KEHHS
EC2-based ETL 0,14 0,65 0,70 0,60 0,65 0,50
Serverless AWS 1,00 0,89 0,95 0,88 0,91 0,94

Tabnuysa 5.2 [lpaxmuyni pe3yibmamu a2eHmis 3a apXimeKmypHUMU pilleHHIMU

ApxitektypHe | Serverless AWS+Azure | GCP AWS+ OnrumizoBaHa
pilmieHHs AWS Snowflake EC2 apxiTtekTypa
PeanpHa 47 28 23 19 8

EKOHOMis
Butpat (%)
Ominka 0,95 0,82 0,78 0,72 0,62
€KOHOMIYHOT'O
arenta (0-1)
ITokpamienns 25 15 20 37 51
MPOAYKTUBHOCTI
(%)

Ominka arenra | 0,89 0,75 0,82 0,91 0,68
HPOTYKTUBHOCTI

(0-1)

JUis miaTBEpIKEHHS e(QEKTUBHOCTI 3alpONOHOBAHOTO KOMILJIEKCHOTO METOMY
(dbopmyBaHHS 00UYMCIIIOBANIBHOI 1H(PACTPYKTYpH OyJIO MPOBEACHO JACTAIBHUN aHali3

TOYHOCTI MPOTHO3YBaHHS MyJIbTHAr€HTHOI CUCTEMH IUIIXOM MOPIBHSIHHS OI[IHOK arcHTIB
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3 MPaKTUYHUMHU PE3yJIbTaTaMH BIIPOBADKEHHS apXITEKTYPHHX pimeHb (Tabmuus 5.2).
Ha pucynky 5.3 npencraBieHo pe3ybTaTH Baijallii MPOTHO31B €KOHOMIYHOTO areHra,
Jie TIOKa3aHO CITIBBIJHOIIEHHS MK oIiHkamMu areHTta (mkana 0-1) Ta ¢dakTuyHOIO

EKOHOMI€IO BUTPAT y BIICOTKAX BiJl IOYATKOBOTO CTaHY.

Pe3yabTaTH NPOrHo3y eKOHOMi4YHOIO areHTY
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OuiHka eKoHOMi4HOro areHTy (0-1)

. TloBHa Ge3cepBepHa apxiTekTypa AWS . AWS+Azure ribpiiHa apxitekTypa
Q GCP noBHe po3ropTaHHs A\ AWS+Snowflake ri6pra

. OmnrimvizoBaHa EC2 apxiTekTypa

Pucynok 5.3 Pe3ynbratl mporao3y eKOHOMIYHOTO areHTa

AHaJi3 AT PI3HUX apXITEKTYpPHHUX PIIIEHb IEMOHCTPYE BUCOKY KOpendiito (r =

0.89) Mixk MPOrHO30BAaHUMH Ta MPAKTUYHUMU pe3yiabTaTamu. OOpane pimenHs “IloBHa
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6e3cepBepHa apxiTekrypa AWS” nmokaszano MakcumManbHy €eKOHOMi0 47%, 1110 BiITIOBi1a€
HaWBUIIIK oIiHII exoHoMmiyHOTO areHTa (0.95). Pucynok 5.4 BigoOpaxxae pe3yibTaTh
BaJlijlalii areHTa MPOJYKTHBHOCTI, /i€ TOPIBHIOIOTHCS OIIIHKK areHTta 3 (aKTUIHUM

MOKPAIIECHHIM MPOyKTUBHOCTI y BiICOTKAX.

Pe3yibTaTH NPOrHo3y areHTy NpOAYKTHBHOCTI
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. IToBHa Oe3cepBepHa apxiTekTypa AWS . AWS+Azure ribpiaHa apXiTeKTypa
<> GCP noBHe pO3ropTaHHS A\ AWS+Snowflake ri6pmx

- OmnrivizoBana EC2 apxitexktypa
PI/ICYHOK 54 Pe3yHBTaTI/I IIPOrHO3y arcHra HpOI[YKTI/IBHOCTi

Kopemsmig r = 0.82 miaTBepKye 3MaTHICTh CHCTEMH 10 TOYHOTO MPOTHO3YBAaHHS
TEeXHIYHUX MOKpalleHb. BapTo 3a3HaunTH, 110 PIIIEHHS 3 MTOKPAIIEHHAM IPOTYKTUBHOCTI

nmoHax 25% (AWS+Snowflake riopun — 37%, OntumizoBana EC2 apxitektypa — 51%)
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Oy BIIKMHYTI CHCTEMOIO Yepe3 HECYMICHICTb 3 EKOHOMIYHMUMH Ta Oe3MeKOBHMH
KpUTEpIsIMU, 110 JEMOHCTpy€e OaraTOKpUTEpladbHUN XapakTep MNPUNHHATTSA PpIlIEHb.
OOpane cucremor pimeHHs (TO3HAYeHE YEPBOHUM OOBeJEHHsIM) 3abe3rnedye
ONTHUMAlIbHUI 0OajmaHC MDK eKOHOMIYHOKW edekTuBHICTIO (47% ekoHoMmii) Ta
MOKPAIIEHHSIM NPOAYKTUBHOCTI (25%), MiATBEp/KYIOUd €()EKTUBHICTh 1HTETPOBAHOIO
MoKa3HUKa e(peKTUBHOCTI, onucanoro gopmyroro (4.1). [Ipoexkirii o6paHoro pimeHHs Ha
KOOPAMHATHI OCI HAOYHO JIEMOHCTPYIOTh JOCATHEHHS 3asBIE€HUX Yy JAucepTauii
pe3ynbTartiB. Bucoki koedimientu kopessiii (0.89 nnsa ekonomiunoro arenra ta 0.82 ms
areHTa NpoyKTUBHOCTI) CBIIYaTh PO aJeKBATHICTh PO3POOJICHOI MaTeMaTUIHOT MOJIe1
Ta MATBEPUKYIOTh MPAaKTUYHY  I[HHICTh  3alpPOMOHOBAHOTO  MIAXOMy IS

aBTOMAaTHU30BAaHOTO MPOEKTYBAHHS MYJIbTUXMAPHOI iHQPACTPYKTYPH.

[TopiBHSHHS  pO3pOOJIEHOT  CHCTEMH  aBTOMATH30BAaHOTO  IPOEKTYBAaHHS
MYJIBTUXMAPHOT TIATGOPMH 3 ICHYIOUHUMH TT1IX0IaMH 10 TPOEKTYBAHHS MYJIbTUXMAapPHO1
1H(pacTPyKTYpH MOKa3alo ii nmepesary 3a BciMa KIFOUOBUMHU IMOKa3HUKAMH, OCOOJIUBO Y
CKJIAQHUX CIICHApIAX 3 JWHAMIYHO 3MIHIOBAaHUM Ha0OpOM BHMOT Ta J>XOPCTKUMHU

BAUMOraMu 10 Oe3meKu.

5.5.2 BusiBjieHi 00MeKeHHS Ta HIJISIXH iX MOA0JIaHHA

VY nporieci eKCIepUMEHTIB Ta TPAKTUYHOTO BIIPOBAKEHHSI OyJIM BUSIBJICHI HACTYTIHI
0OMeXeHHS Po3p00JICHOT CHCTEMMU:
1. OOMexeHHs, OB’ s13aH1 3 BUKOpUCTaHHIM LLM:
- 3aexHICTb BiJl IKOCTI Ta AKTYyaJIbHOCTI JaHUX, HA KX TPEHYBaJIACs MOJIEb.
- TloreHuiliHi «raJOIUHAIND TpU OOpOOI CHEIliaTi30BaHUX TEXHIYHUX
3aIHTIB.
- OOMexeHHs KOHTEKCTHOTO BiKHA, IO YCKJIQJHIOE aHaNI3 AYXKE CKIAIHUX

KOH(piryparrii.
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[MInsxy TOMONAaHHS: BIPOBA/PKCHHS MeEXaHi3MiB Bepu@ikaiii  BIAMOBIIECH,
BUKOpHUCTaHHS TexXHIKU RAG 11 JOMOBHEHHS 3HAHb MOJIEIN1 aKTyalIbHOIO 1H(pOpMAIIi€to,
ONTHUMI3allis TPEJCTABIEHHS JaHUX JUIsi €(EeKTHBHOTO BHUKOPUCTAHHS KOHTEKCTHOTO
BiKHA.

2. OOMe)KeHHs MacIlITa0OBaHOCTI:

- 3HIWKEHHS NMPOAYKTUBHOCTI IIPH aHaJi31 Ty’kKe BeMUKUX iHQpacTpyKTyp (COTHI
CEpBICiB).
- 3pocTaHHS Yacy BIATYKY IIPU OJHOYACHIN poOOTI 6ararbox KOPUCTYBaUiB.

[Ilnsaxu mnomonaHHSA: ONTHMI3AIlisl aJTOPUTMIB B3a€EMOJII MDK areHTamu,
BIIPOBA/DKCHHSI ~MEXaHI3MIB  KEUIYBaHHA  pPe3yJbTaTiB  aHaji3y, BHUKOPHUCTAHHSA
PO3MOIUIEHOT apXITEKTYpH JUTsl 0OpOOKH 3aruTiB. 3aCTOCYBAHHS MEXaHI3MIB JUHAMIYHOI
apanramii, onucanux ¢dopmynamu (4.28) — (4.34), n03BOIUTH cUCTEMI €(PEKTUBHO
aJanTyBaTHUCS 10 3MiH BUMOT Ta MapaMeTpiB CepeIOBHIIIA.

3. O6mexenHs 1010 B3aeMoii 3 API xmapHux npoBaiinepis:

- 3anexHiCTh BiJl JOCTYMHOCTI Ta cTabiibHOCTI API.
- OOmMexeHHs Ha KibKicTh 3anuTiB 10 API (rate limiting).
- Ilotpeba B mocTiitHOMY OHOBIIEHHI afanTepiB npu 3MmiHi API.

[nsaxu mogonaHHs: BOPOBAHKEHHS MeXaH13MIB Oydepuzaliii Ta TOBTOPHUX CHPOO,
BUKOPHUCTAHHS JIOKAIHHUX KEIIB JJis1 3MEHIICHHS KIJTBKOCTI 3alUTIB, PO3pOOKa OLIbIII
THYYKHUX aJanTepiB Ha OCHOBI JeKJIapaTuBHUX crenndikariit AP

4. OOMe)eHHs 1010 OE3MEeKH:

- HeoOXximHICT, HaJaHHS CHUCTEMi JOCTYyNy A0 OOJIKOBHUX JaHUX XMapHHUX
poBaiiiepiB.
- IloTenuiiiHi pu3uKy BUTOKY Uy TiauBOi iHpopmaii yepe3 LLM.

[Insxu 1MoOAOaHHSA: BIPOBAKECHHS CYBOPOI CHCTEMH YIPABIIHHS JOCTYIIOM,

BUKOPUCTAaHHS O€3MEeYHUX CXOBHIN JJig OOJIKOBUX MJaHHUX, QUIBTpallis YyTIUBOI

iHpopmMmariii nepen nepexayeio B LLM.
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5. OOMexeHHs TO/I0 IHTerparllii 3 ICHyIOUUMHU MTPOIIECAMH:
- CknagHicTh i1HTerpauii 3 KOPIOPaTUBHUMHU CHUCTEMaMM  YIPaBIIHHS
1H(ppacTpyKTypoIO.
- HeoOxinnicth amanraritii 7o pisaux Meromonoriid DevOps.
Mnsaxu nomonaHHsA: po3poOka OUIbII THYYKUX 1HTepdeiciB  1HTerparii,
BIIPOBA/KEHHS CTAHaPTU30BaHUX IPOTOKOJIIB OOMIHY IaHUMU, CTBOPEHHS IIJIAriHIB JJIs

nonyssipaux CI/CD-cucrem.

5.5.3 Pexomenaamii o0 Maciuta0yBaHHA Ta BJOCKOHAJIEHHS CHCTEeMH

Ha ocHOBI aHami3zy pe3yibTaTiB €KCHEPUMEHTIB Ta MPAKTHYHOTO BIPOBAIKECHHS
chopMyibOBaHI HACTYMHI PEKOMEHJAIlll 00 MOAAIBIIOr0 PO3BUTKY CHCTEMU
aBTOMAaTHU30BAaHOT'0 MPOEKTYBAHHS MYJbTUXMAPHOI IIaT(HOPMHU:

1. PosmmupeHHs GyHKIIOHATBHOCTI:
- JlonaBaHHS MIATPUMKH OUIBIIOT KIJIBKOCTI XMapHUX IPOBaNIEPIB.
- Inrerpamis 3 iHcTpymeHnTamu laC (Terraform, Pulumi, CloudFormation
TOIIO).
- BupoBamkenHs MexaHi3MiB O6e3nepepBHOI ONTUMI3AIli IHPPACTPYKTYypH HA
OCHOBI JJaHUX MOHITOPHHTY.
2. BnockoHaneHHs alropuTMIB:
- JlochmimkeHHS Ta BOPOBADKEHHS OuTbIl  €(EeKTUBHUX  aJTOPUTMIB
OaraToKpuTepiaIbHOT ONTUMI3aLlii.
- TlokparmeHHs MexaHI3MIB KOOpJAMHAIlI areHTIiB I 3a0e3MMeUeHHS OlIbII
e(pEeKTUBHOTO KOHCEHCYCY, BIAMOBITHO 10 AJITOPUTMY 2.
- BmpoBamkeHHS MexaHI3MIB aKTHBHOTO HaBUaHHS [UIsI TIOKpPAIICHHS
TOYHOCTI PEKOMEH/IAIIii 3 4acoM.
3. TloxpameHHs B3aeMO/IIi 3 KOPHCTYBAaYEM:
- BnpoBajkeHHs 1HTEpPaKTUBHUX Bi3yasli3aliil 1jsl MOKpPAIEHHS PO3YMIHHS

peKOMeHaaIi.
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- PozmmpenHs MOXIMBOCTEH reHeparii mosiCHeHb Ta 00T PYHTYBAHb.
- CTBOpEHHsI NEPCOHATI30BaHUX MPOQUIIB KOPUCTYBadiB ISl BpaxyBaHHS
iXHIX MPIOPUTETIB.
4. Onrtumizanis NpoyKTUBHOCTI:
- BmnpoBakeHHsT METOJIIB PO3MOIIEHOTO0 OOYUCICHHS [JIs TI1BUILCHHS
MacTabOBaHOCTI CUCTEMHU.
- OnTumizauis BukopuctanHs LLM depe3 MexaHI3MU KEIIyBaHHS Ta
KOMIIpECii 3aMuTiB.
- Po3pobka onTHMI30BaHMX BEpCid areHTIB IS POOOTH 3 OOMEKEHUMH
O00YHCITIOBAILHUMH PECypcamM.
- BmpoBamxenHss MexaHI3MIB TpiopuTH3amii 3amuTIB Ais 3a0e3MeYeHHS
IIBUJIKOT BIJITIOB1/I1 HA KPUTHUYHI 3aTUTH.
5. InTerpartis 3 eKOCUCTEMOIO:
- Po3pob6ka APl nms imTerpamii 3 iHIIMMH CHCTEMaMH  YIIPaBIIHHA
1H(PaACTPYKTYpOIO.
- InTerpauist 3 cucremamu ynpaBiliHHS BUTpaTaMy Ha XMapH1 pecypcH.
- Po3po6ka mMexaHi3MiB /17151 0OMIHY JOCBIOM Ta KPaLIUMH MPAKTUKaAMH MK
PI3HUMH IHCTAJIALISIMU CUCTEMHU.
i pexomenanii opMyIOTh CTpAaTEriuHUM IJIAH PO3BUTKY CUCTEMHU, CIPSIMOBAHUMN
Ha TIOJOJIAaHHS BUSBJICHUX OOMEXEHb Ta PO3MIMPEHHS i MPAaKTHUYHOTO 3aCTOCYBaHHS.
OcoOnuBa yBara NpHUAUISAETHCA MOKPALICHHIO MEXaHI3MIB IHTErpauii 3 ICHYIOUUMU
mpouecaMM Ta 1HCTPYMEHTaMH, IO € KPUTHYHUM (PAKTOpOM JUIsl IIHPOKOIO

BIIPOBAKCHHSI B TIPOMHUCIIOBOMY CEPEIOBHIIL.
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BUCHOBKU

1. JocmipkeHHsT  ICHYIOYMX  MIAXOMIB JO MPOEKTYBaHHS  MYJIbTUXMapHOI
1HOPACTPYKTYpH  BHSBWIO CYTT€BI OOMEXEHHS, TMOB’S3aHI 3  BiJCYTHICTIO
IHTEICKTyJIbHUX METOJ[IB aBTOMATHU30BAHOTO TPUUHSATTS PINICHh Ta BpaxyBaHHS
JTUHAMIYHO 3MIHIOBAaHOTO HAOOpY KPUTEPIiB OJTHOYACHO.

2. 3anpornoHOBaHUN  KOMIUIEKCHHM ~ METOJ  AWHAMigyHOro  (OpMyBaHHS
00YHMCIIOBANBHOI 1H(PACTPYKTYPH, 11O NOEJHYE MYJIbTHATCHTHY apXITEKTYpy, BEJIHKI
MOBHI MOJENl Ta METOAM OaraTokpuTepiabHOI omnTHMI3allli, 3a0e3neuye CyTTEBE
MiBUIIEHHS €(DEKTUBHOCTI MPOEKTYBAHHS MYJIbTUXMAPHUX PIIlICHb.

3. ExcriepuMeHTalIbHE JOCHIKEHHSI Ha THUIIOBHX CIIEHApIAX pPO3ropTaHHsS web-
3actocyHKiB 3 REST API ta ETL-cuctem st 00poOku faHUX MiATBEPANIIO €(hEKTUBHICTh
pO3po0JeHOr0  MiAXOMy, JAEMOHCTPYKOUM  3HIMKEHHS  BapTOCTi,  IIJBUIICHHS
MPOJYKTUBHOCTI Ta TIOKPAIIEHHS MAacmTa0OBAHOCTI  TOPIBHSIHO 3 TPAAUIiHHUMU
MIXOJaMH.

4. IlpakT4yHEe BHOPOBAKEHHS CUCTEMH AaBTOMATH30BAHOTO  IPOEKTYBAaHHS
MYJIBTUXMApHOI MIATGOPMHU B MIPOMHUCIOBOMY CEPEOBHIII MPOJEMOHCTPYBAJIO 3HAUHI
MepeBaru 3arporOHOBAHOTO MiAXOAy, BKIIOYAIOYM 3HIDKCHHS 3arajlbHUX BHUTpAT Ha
47.5% Ta mokpalleHHs MPoTyKTUBHOCTI Ha 25.2%.

5. Cucrema mOpPOAEMOHCTpYBajla BHCOKY aIalTHUBHICTh JI0 PI3HUX CLEHapiiB
BUKOPUCTAaHHS Ta 3/aTHICTb BpaxOBYBaTH JMHAMIYHO 3MIHIOBaHUM HaOIlp BUMOT
KOPUCTYBauiB, WI0 MIATBEPIKYEe eQeKTUBHICT, BUKopucTanHs LLM nns 3amau

ABTOMATU30BAHOI'O IIPOEKTYBAHHA MyJIBTI/IXMapHO'l. H.HaT(bOpMI/I.
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3AT'AJIBHI BUCHOBKH

VY nuceptariiiiHiii poOOTi BUPIIIIEHO aKTyallbHY HayKOBY 3a/1auy MiJABUIICHHS PIBHA
aBTOMAaTH3allii MPOEKTYBAHHSA Ta IEpPEHANAIITYBAHHSA BIPTyadbHOI MYJIBTUXMAapHOI
m1aTGOpMHU HUIAXOM PO3POOKH KOMILIEKCHOIO MeToay (OpMYBaHHS OOYMCIIOBAIBHOI
1HQPACTPYKTYPH y F€TEPOr€HHOMY MYJbTUXMAapHOMY cepenoBulill. OCHOBHI pe3yibTaTu
pOOOTH MOJATAIOTH Y HACTYITHOMY:

1. IlpoBeneHOo aHami3 Cy4yaCHUX HIAXOAIB 0 NPOEKTYBAHHS MYJbTUXMapHHX
CHUCTEM Ta BH3HAUYE€HO OCHOBHI MpoOJieMH, TIOB’s13aH1 3 HEBIAMOBIIHICTIO 1HTepeiiciB Ta
CEpPBICIB pI3HUX NPOBAWJEPiB, HEJOCTATHIM ypaxyBaHHSM JTUHAMIYHO 3MIHIOBAHHUX
OaratokpuTepiaibHUX (PaKTOpiB Ta BIJICYTHICTIO €(PEKTUBHUX MEXaHI3MIB JMHAMIYHOI
ajanTalii 10 3MiH HaBaHTa)XEHHS Ta BUMOT 00 HOTo 0OpOOKH.

2. Po3pobieHo MaTeMaTHMYHy MOJEIb IHTETPOBAHOIO IMOKa3HHUKA €()EeKTUBHOCTI
BUKOHAHHS OOYMCITIOBAIBHMUX 3aBAAaHb y AMHAMIYHO 3MIHIOBAHOMY CEpEIOBHIII, SKa
J03BOJISIE  BpaxyBaTH €KOHOMIYHY €(EeKTHUBHICTb, MPOAYKTUBHICTh, HAJIHHICTD,
CYMICHICTh B3a€MOJII Ta Oe3MeKy NMpu aBTOMATH30BAHOMY MPOEKTYBAaHHI ONTUMAaIbHOI
KOH(ITrypalii MyJIbTUXMapHOT IHPPACTPYKTYPH.

3. 3anponoHOBaHO KOMIUIEKCHUA  MeToa  (GopMyBaHHS  OOYHMCIIOBAIBHOT
1HQPACTPYKTYPH Y TE€TEPOr€HHOMY MYJIbTUXMAapHOMY CEPEIOBHILI, SIKUIl BUKOPHUCTOBYE
IHTerpOBaHUN TOKa3HUK €()EKTHMBHOCTI BHKOHAHHS OOYMCIIOBAJIbHUX 3aBIaHb IS
BU3HAYCHHS B aBTOMATHU30BAaHOMY PEXHUMI MICLs pO3TallyBaHHS 1 THIy CEpBICIB, SIKI
IPONOHYIOTBCS XMapHUMHU IpoBaiiiepamMu, IO€IHY€E IEepeBaru METO/AIB HAaBYaHHS 3
MIIKPIJICHHSAM 1 0araTOKpUTEepiallbHUX EBOJIOMIMHUX aJITOPUTMIB JIA  TONIYKY
e(EeKTUBHUX pIIIEHb 13 ypaxyBaHHSAM JMHAaMIKHd 3MIHM $IK CTaHy IHQPACTPyKTypu
MYJIBTUXMApHOTO CEpPEJOBHINA TaK 1 BUMOI KIHIEBOIO KOPHCTyBaya, IO J03BOJISIE
HIBUIIUTA  MPOAYKTUBHICTh, 3aXUIIEHICTb Ta 3HU3UTH BUTPATH BUKOHAHHS

00YHCITIOBAJILHAX 3a1a4.
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4. 3amporoHOBAaHO METOJ BH3HAYEHHS CKJIAJOBUX IHTETPOBAHOTO IIOKa3HUKA
e(eKTUBHOCTI BUKOHAaHHS OOYHMCIIOBAJbHUX 3aBJaHb Yy JHWHAMIYHO 3MIHIOBAaHOMY
MYJIBTUXMApHOMY CEpEIOBHILI, SKUHA Bipi3HA€ThCS BUKOpUcTaHHAM LLM mopneni st
aHaJi3y cTaHy OOYMCIIIOBAJIBLHOTO CEPEAOBHUIIA 338 CYKYIHICTIO KPUTEPIiB MPOEKTYBAHHS
BIPTyaJIbHOI MYJIbTUXMApPHOI IUIATGOPMU 13 JIUHAMIYHO 3MIHIOBAaHUM HA0OpPOM BUMOT,
IO J03BOJISIE BPAaXOBYBaTH CTYIIHb BIUIMBY KOXKHOI'O KpHUTEpis Ta MIJIBULIUTH
JOCTOBIPHICTD 1 00’ €KTUBHICTD NPUIHSATTS PIIICHb.

5. Po3pobieHo MynbTHAreHTHY CHUCTEMY, SKa CKJIAJAa€TbCS 3 TEXHIYHOTO,
€KOHOMIYHOI'O Ta O€3MEKOBOI0 areHTiB, a TAKOXK areHTa-KOOPAMHATOPA AJIs y3TOPKEHHS
iX BUCHOBKIB Ta ()OpMYBaHHS KiHIIEBOTO PIIICHHS II0JI0 ABTOMATH30BAHOTO BU3HAUCHHS
MOTOYHOI apXiTEeKTYpH BipTyalbHOT MYyJIBTHXMApPHOI TIaTGOPMH B yMOBaX JUHAMIYHOI
3MIHM Ha0Opy BUMOT 10 HEi 3 ypaxyBaHHSIM HAasSBHHUX IapaMeTpiB CepeloBHINA Ta
BUIIAJIKOBOTO XapaKTepy HAIXOJKEHHS O0YMCIIOBAJILHOTO HAaBaHTAXXEHHS Ha 00OpOOKY,
IO JI03BOJISIE aBTOMATHU3YBaTH TMPOIEC MPOEKTYBAHHA 1HOPACTPYKTYPH Ta IIiIBULIUTH
MPOJYKTUBHICTh OOPOOKH HaBAHTAKEHHS.

6. Po3pobieHo mporpaMHMil KOMIOHEHT JWHAMIYHOI ajanTaiii [0 3MiHH
napaMeTpiB CepeqoBHINA, IO 3a0e3ledye MOCTIHHWNA MOHITOPHHI CTaHy CHUCTEMH,
BUSIBJICHHSI B1IXUJIEHb, IPOTHO3YBaHHs 3MIH Ta BUOIp cTpaTerii aganTarii Jis miATPUMKU
e(DEeKTUBHOTO TMPOEKTYBaHHA 1HPPACTPYKTYpHU TiJi BUKOHAHHSA OOYHCIIOBAJIBLHUX
3aBJIaHb.

7. Po3pobneHo nmporpamue 3a0e3meueHHs TPOTOTUITY CHCTEMHU aBTOMAaTH30BaHOTO
MPOEKTYBaHHSA MyJibTUXMapHOi 1uiaTdgopmu Ha 06a3i Python, LangChain, Ta
MyJIbTHAreHTHOi apxitektypu LLM, nocmignHa ekcriyartamisi sSKOTO JEMOHCTPYE
€(EeKTUBHICTb 3aIIPONIOHOBAHOIO MIX0y B p€aJbHUX YMOBaX.

8. IlpoBeneHo exkcrepUMEHTaNbHY MEpeBIPKY €(EKTHUBHOCTI 3alpOIIOHOBAHOTO
MiAX0AYy Ha TUIIOBUX CIEHapiiX BUKOPUCTAHHS Ha MPUKIAAl MPOEKTYBAHHSA

MyJIbTUXMAapHOI iH(ppacTpykTypH s web-3actocynky 3 REST API ta ETL-cuctemn
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00poOKM TaHUX, fKa MiATBEpANIIa 3HaUHI IEpeBaru po3po0IeHOT0 PIllIeHHS MOPIBHIHO 3
TPaIULIMHUMU T1IX0JaMHU.

9. 3aiiicHEeHO  IpakTHUYHE  BIPOBA/UKEHHS  CHCTEMH  aBTOMATH30BaHOTO
MPOEKTYBAHHS BIPTYaJIbHOI MYJbTUXMApHOI IUIaTHOPMHU 13 JUHAMIYHO 3MIHIOBAaHHM
HAaOOpPOM BHIMOT, IO MPOJAEMOHCTPYBAJIO 3HaYHE 3HWKCHHS BUTpAT (B CepeHbOMY Ha
47.5%), nmokpaleHHs: TPOyKTUBHOCTI 00pOoOKH 00UHCIIIOBAIBHUX 3aBAaHb (Ha 25.2%)
Ta MiABUIIEHHS MaciTaboBaHocTi (Ha 31.8%) MOPIBHSAHO 3 TPAAULIIMHUMH IT1IXOIaAMH.

10. BusHaueHO NEpCNEeKTUBHI HAOpPSIMKA TMOJAJIBIIONO PO3BUTKY CHUCTEMH,
BKJIFOUYAIOYH PO3IINPEHHS (YHKI[IOHATIBHOCTI, BIOCKOHAJICHHS aJrOPUTMIB, IOKPAIIEHHS
B3a€MOJII 3 KOpHUCTyBaueM, ONTHUMI3allil0 NPOAYKTUBHOCTI Ta IHTErpamilo 3
€KOCHCTEMOIO.

Pesynbrat auceprauniiiHoi poOOTH MarOTh 3HAYHY MPAKTHYHY I[HHICTH IS
HIANPUEMCTB Ta OpraHizaiiid, 110 BUKOPUCTOBYIOTh ab0 IUIaHYIOTh BUKOPHCTOBYBAaTH
MYJIBTUXMApHI CEpelOBUINA AJIs CBOIX OOYMCIIOBAIBHHUX MOTPed. 3ampornoHOBaHUN
KOMILJIEKCHUHM MeTo/1 (OpMyBaHHS OOUYUCIIOBAIBHOI IHPPACTPYKTYpH Y T€TEPOreHHOMY
MYJBTUXMApPHOMY  CEpEJOBHIIl  JI0O3BOJISIE  CYTTE€BO  MIJBULIIUTH  €()EKTHBHICTb
BUKOPHCTAHHS CEPBICIB MYJIbTUXMAPHOI MIATGOPMHU, 3HU3UTH BUTPATH Ta MOJIMIIUTH
MPOJYKTUBHICTh OOYMCIIOBAIIBHUX MPOLIECIB MPHU 30€peKeHHI BUCOKOTO pIBHS Oe3MeKu

Ta HAAIHAHOCTI.
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Honaroxk 1. Tlpukiaagu peasizauii areHris
Kawo4oBi koMIoHeHTH peaJiizalii TEXHIYHOI0 areHTa

Texniuauii areHT (OKYCyeThCS Ha aHaji3l TEXHIYHUX ACMEKTiB MPOEKTYBAHHS MYJIbTUXMAapHOI
iHQPacTPYKTypH Ta OIIHII Pi3HUX BapiaHTiB 3 TOYKH 30py NPOAYKTUBHOCTI, MaclITa0OBaHOCTI Ta
CYMICHOCTI.

class TechnicalAgent:
def init (self, 1lm model, vector store, cloud service db):
self.llm = 1lm model
self.vector store = vector store
self.cloud service db = cloud service db

self.instruction template =
self. load instruction template("technical agent instructions.txt

")

def analyze technical requirements(self, requirements):
# AHal3 TexXHiUHMX BMMOT IO CHUCTEMU
context = self. retrieve relevant context(requirements)

instruction =
self.instruction template.format (requirements=requirements,
context=context)

analysis = self.llm.generate (instruction)

return self. structure analysis(analysis)

def evaluate deployment options(self, options, requirements):
# OuiHka BapiaHTiB POBTOPTAaHHS
results = []
for option in options:

evaluation = self. evaluate single option (option,
requirements)

results.append (evaluation)

return results
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def retrieve relevant context(self, requirements):
# Tomyk pejieBaHTHOIl iHbopMauii y BEeKTOPHOMY CXOBMIIi
query embedding = self.llm.get embedding(requirements)

relevant docs =
self.vector store.similarity search(query embedding)

return "\n".join([doc.page content for doc in
relevant docs])

def evaluate single option(self, option, requirements):
# Ouinka OmHOTO BapliaHTY PO3TOPTAHHSA

service details =
self.cloud service db.get service details(option['provider'],
option|['services'])

instruction = self. create evaluation instruction (option,
requirements, service details)

evaluation = self.llm.generate(instruction)

return self. parse evaluation response (evaluation,
option)

Hpuxaag cTpykTypu madJaoHy IHCTPYKIIH 1151 TEXHIYHOTO areHTa

You are a technical expert in cloud computing, analyzing requirements for multicloud
infrastructure deployment.

Your task is to evaluate the technical aspects of the proposed deployment option.
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TECHNICAL REQUIREMENTS:

{requirements}

DEPLOYMENT OPTION:

{deployment_option}

SERVICE DETAILS:

{service details}

Analyze the following aspects:

1. Performance - whether the proposed option meets performance requirements
2. Scalability - whether it provides capabilities for horizontal and vertical scaling
3. Compatibility - whether there are compatibility issues between the selected services
4. Reliability - evaluate potential points of failure and fault tolerance strategies

Structure your response in the following JSON format:

"performance score": [score from O to 1],

"scalability score": [score from 0 to 1],
"compatibility score": [score from 0 to 1],
"reliability score": [score from O to 1],

"overall technical score": [overall score from 0 to 1],
"recommendations": [list of technical recommendations],

"reasoning": [explanation of your evaluation]
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Peasizaniss eKOHOMIYHOI0 areHTa

ExoHOMiYHMII areHT BIANOBiAa€ 3a aHami3 EKOHOMIYHOI €(EeKTHBHOCTI Ppi3HHX BapiaHTiB
pO3TOpTaHHs, BKJIIOYAIOYM OI[IHKY BapTOCTI PECypciB, ONTHUMI3allil0 BHUTpPAT Ta JOBIOCTPOKOBE

IJIaHYBaHHA.

class EconomicAgent:
def init (self, 1llm model, price database, usage estimator):
self.llm = 1lm model
self.price db = price database
self.usage estimator = usage estimator

self.instruction template =
self. load instruction template ("economic agent instructions.txt")

def analyze cost effectiveness(self, deployment option,
requirements) :

# AHanis exoHOMiuHOI edekTMBHOCT1 BapilaHTy PO3TOPTAaHHSA
estimated usage = self.usage estimator.estimate (requirements)
price data = self. get price data(deployment option)

cost analysis = self. calculate costs(deployment option,
estimated usage, price data)

return cost analysis

def generate cost optimization recommendations (self,
deployment option, cost analysis):

# TeHepaunisa pexoMeHIalL il mWomo omnTmMmizalnii BuUTpaT

instruction =
self. create optimization instruction(deployment option,
cost analysis)

recommendations = self.llm.generate(instruction)

return self. parse recommendations (recommendations)

def get price data(self, deployment option):

# OTpuMaHHS OaHMX OPO LiHM 10Jig oBpaHMxX cepBicis
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price data = {}
for service in deployment option['services']:
price info = self.price db.get pricing(
deployment option|['provider'],
service['type'],
service['region'],
service['tier']
)
price data[service['id']] = price_ info

return price data

def calculate costs(self, deployment option, estimated usage,
price data):

# PoBpaxyHOK BapTOCT1 Ha OCHOBI1 OLI1HKM BUKOPUCTAHHS Ta IaHUX
Ipo L iHU

total cost = 0

cost breakdown = {}

for service in deployment option['services']:
service id = service['id']

usage = estimated usage.get(service id, {})

price = price data.get(service id, {})

service cost = self. calculate service cost(usage, price)
cost breakdown[service id] = service cost
total cost += service cost['total']
return {
'total monthly cost': total cost,

'cost breakdown': cost breakdown

PeaJjrizanisi 0e3meKoBoro areura
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BesnekoBuii areHT aHamizye acrmeKkTh Oe3leKd Ta BiAMOBIAHOCTI HOPMATHBHUM BHMOTaM JIS
PI3HUX BapiaHTIB pO3TOPTAaHHS MYJIBTUXMAPHOI iHOPACTPYKTYPH.
class SecurityAgent:

def __init (self, llm model, security knowledge base,
compliance database) :

self.llm = 1lm model
self.security kb = security knowledge base
self.compliance db = compliance database

self.instruction template =
self. load instruction template("security agent instructions.txt"

)

def analyze security requirements(self, requirements):
# Ananis BuMOT mo Oesneku

extracted requirements =
self. extract security requirements (requirements)

security context =
self. get security context (extracted requirements)

return {
'security requirements': extracted requirements,

'security context': security context

def evaluate security aspects (self, deployment option,
security requirements) :

# Ouinka acnekTiB 0OesneKkM OJ9d BapiliaHTy pO3TOpPTAaHHSA

security features =
self. get security features(deployment option)

compliance info =
self. get compliance info (deployment option)

instruction =
self. create security evaluation instruction
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deployment option,
security requirements,
security features,

compliance info

evaluation = self.llm.generate(instruction)

return self. parse security evaluation(evaluation)

def extract security requirements(self, requirements):
# BunydeHHA BUMOT 1O Oe3NeKM 3 3arajlbHMX BUMOT
instruction = f"""

Analyze the following system requirements and extract all
aspects related to security and regulatory compliance:

{requirements}

Return the result in JSON format with fields:
- data protection

- authentication

- authorization

- audit

- compliance

- privacy

W

response = self.llm.generate (instruction)

return Jjson.loads (response)

def get security features(self, deployment option):

# OrpmmanzHs iubopmauiil npo dyHxuii Oesnexu mnas oOpPaHUX
cepBicis

security features = {}
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for service in deployment option['services']:
features = self.security kb.get security features(
deployment option['provider'],
service['type']
)
security features[service['id']] = features

return security features

Peanizanis arenra-koopamHaropa

ATEHT-KOOPAWHATOP BIAMOBIJA€ 3a KOOPJIWHAIIO POOOTH CIEliali30BaHUX areHTIiB, PO3MOJIiT
3aBJIaHb Ta arperaiito pe3yabTariB it GopMyBaHHs (iHATHLHOTO PIillICHHS.

class CoordinatorAgent:

def init (self, 1llm model, technical agent, economic_ agent,
security agent):

self.llm = 1llm model

self.technical agent = technical agent

self.economic agent economic_agent
self.security agent = security agent

self.instruction template =
self. load instruction template("coordinator agent instructions.t
th)

def process requirements(self, requirements):
# O6pobka BXI1OHMX BMMOT Ta POB3MIOA1J 3aBIaHb MiXx areHTaMmu

parsed requirements =
self. parse requirements (requirements)

# TapanenbHMM aHAJ13 PiB3HMMM aTeHTaMU

tech analysis =
self.technical agent.analyze technical requirements (parsed requir
ements)
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security analysis =
self.security agent.analyze security requirements (parsed requirem
ents)

# T'eHepallig MoOYaTKOBMX BapiaHTiB pPOBTOPTaAHHS

deployment options =
self. generate deployment options (parsed requirements,
tech analysis)

# OuiHka BaplaHTiB PO3TOPTAaHHS BCiMa areHTaMu

evaluated options =
self. evaluate options(deployment options, parsed requirements,
security analysis)

# dopmyBaHHsa QiHANBHOTO pilleHHA

final decision =
self. make final decision(evaluated options, parsed requirements)

return final decision

def parse requirements(self, requirements):
# [apCHHT Ta CTPYKTYPYyBaHHS BX1ODHMX BUMOT
instruction = f"""

Analyze the following requirements for multicloud
infrastructure and structure them by categories:

{requirements}

Return the result in JSON format with fields:
- performance requirements

- scalability requirements

- security requirements

- compliance requirements
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- budget constraints

- other requirements

response = self.llm.generate(instruction)

return json.loads (response)

def  generate deployment options(self, parsed requirements,
tech analysis):

# T'eHepallig NMoOUYaTKOBMX BapilaHTiB po3TOpTaHHSI

instruction =
self. create options generation instruction(parsed requirements,
tech analysis)

options json = self.llm.generate (instruction)

return json.loads (options_Jjson)

def _evaluate options(self, deployment options,
parsed requirements, security analysis):

# OuinHka BaplaHTiB POBTOPTaHHA BCiMa areHTamu
evaluated options = []
for option in deployment options:

# TexHiuHa ouiHKa

tech evaluation =
self.technical agent.evaluate deployment options([option],
parsed requirements) [0]

# ExoHOMiuHa OLI1HKA

cost analysis =
self.economic agent.analyze cost effectiveness (option,
parsed requirements)

# OuilHka 6Oesnexu

security evaluation =
self.security agent.evaluate security aspects(option,
security analysis|['security requirements'])
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# Arperaliis pesysbTaTiB
option evaluation = {
'option': option,
'technical evaluation': tech evaluation,
'cost analysis': cost analysis,
'security evaluation': security evaluation

}

evaluated options.append(option evaluation)

return evaluated options

def ~make final decision(self,

evaluated options,
parsed requirements) :

# dopmyBaHHa GiHAJBHOTO pimeHHS Ha OCHOB1 OLiIHOK YycCcix
areHTiB

instruction
self. create decision making instruction(evaluated options,
parsed requirements)

decision = self.llm.generate(instruction)

return self. parse decision(decision, evaluated options)
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Honarok 2. IIpomMnT-mad/0H AJ151 TEXHIYHOT0 AreHTA

You are a technical expert in cloud computing, analyzing requirements for multicloud
infrastructure deployment.

Your task is to evaluate the technical aspects of the proposed deployment option.
TECHNICAL REQUIREMENTS:

{requirements}

DEPLOYMENT OPTION:

{deployment option}

SERVICE DETAILS:

{service details}

Analyze the following aspects:

1. Performance - whether the proposed option meets performance requirements
2. Scalability - whether it provides capabilities for horizontal and vertical scaling
3. Compatibility - whether there are compatibility issues between the selected services

4. Reliability - evaluate potential points of failure and fault tolerance strategies

Structure your response in the following JSON format:

{

"performance score": [score from O to 1],

"scalability score": [score from 0 to 1],
"compatibility score": [score from 0 to 1],
"reliability score": [score from 0 to 1],

"overall technical score": [overall score from 0 to 1],
"recommendations": [list of technical recommendations],

"reasoning": [explanation of your evaluation]



193

HMonarok 3. Apxirekrypa interpauii LLM

1. Moayns miaroroBku 3amutiB — (opmye 3anutu 10 LLM Ha OCHOBI BXiIHMX AaHUX Ta
KOHTEKCTY, BKJIFOUAlOUH 1HCTPYKIIIi JUII MOJIENi Ta HEOOXiAHI JaHi.

2. Moaynbs 0OpoOKH BiAMOBiZIEH — MApCUTh CTPYKTYpoBaHi Bifanosini LLM, BukoHye Bamigaiito
Ta TIEPETBOPIOE 1X y BHYTPIIIHINH (HOPMAT CHCTEMH.

3. Moaynb KepyBaHHsI KOHTEKCTOM — 3a0e31euye 30epeeHHs Ta OHOBJICHHSI KOHTEKCTY PO3MOBH
3 LLM, 1110 103BOJIsI€ IPOBOANTH 0araTOKPOKOBI JiaJIOTH.

4. BextopHa 6a3za maHux — 30epirae eMmOemiHrM (BEKTOpHI MpEJCTaBICHHS) JOKYMEHTIB Ta
(hparMeHTiB TeKCTy JUIS IIBUAKOTO TOIIYKY peieBanTHOI iH(opMalii.

B po3po6ireniii cuctemi LLM BUKOpPHCTOBYETHCS ISl HACTYITHUX 3a]1a4:

1. AHani3 TEeXHIYHMX BUMOT Ta iX CTPYKTYpyBaHHS — MOJEJb MEPETBOPIOE HECTPYKTYPOBAHHI
OTKC BUMOT KOPUCTYBaua y (popmasizoBaHuii NEpeTiK mapaMeTpiB.

2. Ominka BapiaHTiB po3ropTaHHs — areHTd Ha 0a3i LLM aHami3yroTh pi3HI acHeKTu
3aMpoINOHOBaHUX KOHQIrypaliid Ta GOopMyIOTh OIIIHKY 32 BUBHAYEHUMH KPUTEPIsIMH.

3. I'enepaiiis mosicHeHb — cucTemMa (HOpMYe 3pO3yMiJli OOTPYHTYBaHHSI MPUUHATUX PillleHb, 0
MiJIBUIIYE OBIPY KOPHCTYBAYiB.

4. Anani3 Ta ycyHeHHsI KOH(IIKTIB — IPH BUHUKHEHHI TPOTUPIY MK OI[IHKAMHU Pi3HUX areHTIB,
LLM pomnomarae 3HaliTH KOMIIPOMICHE PillICHHS.
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Honatok 4. AHani3 BXiTHMX BUMOT, BUKOHAHMI areHTOM-KOOPANHATOPOM
{
"application type": "web application with rest api",

"technology stack": {

"frontend": "React.js",
"backend": "Django",
"database": "PostgreSQL",
"cache": "Redis",
"storage": "S3-compatible"
by
"performance requirements": {

"peak load": 1500,
"average load": 300,
"response time ms": 200,
"availability percent": 99.95

by

"data characteristics": {
"database size gb": 8,
"media size gb": 120

by

"budget constraint usd": 3000,

"geographical distribution™: {
"europe": 0.7,
"north america": 0.2,
"asia": 0.1

by

"security requirements": ["gdpr compliance",
"data encryption"]}
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Joaarok S. BuzHayeHHs] MOMJIMBHX BapiaHTIB pPO3rOpTaHHSl TeXHIYHUM

areHTomM

"technical analysis™: ({

"key requirements": [

"High computational resources for 1500 reqg/s peak load",

"Microservices architecture recommended",
"PostgreSQL clustering with replication",
"CDN and caching in multiple regions"
1,
"deployment options": [
{
"option": "AWS Full Deployment",
"components": [
"Frontend on CloudFront/S3",
"Backend on EKS",
"RDS for PostgreSQL",
"ElastiCache for Redis",
"S3 for media"
1,
"scores": {
"performance": 0.92,
"scalability": 0.95,
"reliability": 0.94,

"overall”: 0.94

by

"option": "AWS+Azure Hybrid",



b}

by

"components": [

1,

"Frontend/CDN on Azure",

"Backend/DB on AWS"

"scores": {

"option":

"performance": 0.88,
"scalability": 0.91,
"reliability": 0.89,

"overall": 0.89

"components": [

1,

"Cloud Run for backend",
"Cloud SQL for PostgreSQL",
"Memorystore for Redis",

"Cloud Storage for media"

"scores": {

"performance": 0.90,
"scalability": 0.93,
"reliability": 0.92,

"overall”: 0.92

"GCP Full Deployment",

196
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Jonarok 6. AHani3 BapTocTi pi3HMX BapiaHTIB PO3rOPpTaHHS €KOHOMIYHHM

areHTomM

"cost analysis": {
"options": [
{
"option": "AWS Full Deployment",
"components": [
{"service": "EKS cluster (2 AZ)", "monthly cost": 146},

{"service": "EC2 instances (6 X t3.large) ",
"monthly cost": 496},

{"service": "RDS PostgreSQL (db.m5.large, Multi-AZ)",
"monthly cost": 340},

{"service": "ElastiCache for Redis (cache.m4.large)",
"monthly cost": 187},

{"service": "S3 storage (120 GB)", "monthly cost": 3},

{"service": "CloudFront CDN (10 B traffic)",
"monthly cost": 860},

{"service": "Load Balancer and other services",
"monthly cost": 110}

1,

"total monthly cost": 2142,

"cost score": 0.78
by
{
"option": "AWS+Azure Hybrid",
"components": [
{"service": "Azure CDN and App Service for frontend",

"monthly cost": 420},

{"service": "AWS for backend and database",
"monthly cost": 1023},



{"service":

"monthly cost": 230}

410},

380},

170},

7801},

by
{

1,

"total monthly cost":

"cost score":

"option": "GCP Full Deployment",

"components":

{"service":

{"service":

{"service":

{"service":

{"service":

1,

"total monthly cost":

"cost score":

"Integration

0.92

[

1673,

"Cloud Run

198

and data transfer costs",

for backend", "monthly cost":

"Cloud SQL for PostgreSQL", "monthly cost":

"Memorystore

for

Redis", "monthly cost":

"Cloud Storage and CDN", "monthly cost":

"Other services",

0.85

1880,

"monthly cost": 140}
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Homarok 7. AmHaJi3 BiINmoOBiAHOCTI pilieHb BUMOram 0e3neKH, BUKOHAHOTO

0e3MeKOBUM AareHToOM

"security analysis": {

"requirements":
"authentication"],

"provider assessments": |

{

"provider": "AWS",
"assessments": |
{"aspect": "GDPR Compliance",

"European regions
management"},

fully compliant,

["gdpr compliance",

built-in tools

"data encryption",

"score": 0.95, "notes":

for consent

{"aspect": "Data Encryption", "score": 0.93, "notes":
"Full encryption in transit and at rest, AWS KMS"},
{"aspect": "Authentication", "score": 0.94, T"notes":
"IAM, Cognito, SSO integration"}
1y
"overall security score": 0.94
by
{
"provider": "Azure",
"assessments": |
{"aspect": "GDPR Compliance", "score": 0.97, "notes":
"Strong GDPR compliance tools including Azure Information
Protection"},
{"aspect": "Data Encryption", "score": 0.94, "notes":
"Advanced encryption system with Azure Key Vault"},
{"aspect": "Authentication", '"score": 0.96, '"notes":

"Azure AD,

1,
"overall security score": 0.96

by

enhanced identity capabilities"}



"provider": "GCP",
"assessments": |
{"aspect": "GDPR Compliance", "score": 0.90,
p P

"GDPR compliant but fewer specialized tools"},

{"aspect": "Data Encryption", "score": 0.92,
"Standard encryption at rest and in transit"},

{"aspect": "Authentication", '"score": 0.90,
"Cloud Identity, Firebase Auth integration"}

1,

"overall security score": 0.91
by
{
"provider": "AWS+Azure Hybrid",
"overall security score": 0.96,

200

"notes":

"notes":

"notes":

"notes": "Leverages Azure AD and AWS KMS advantages"



HMonatoxk 8. Arperauis areHTOM-KOOPAHMHATOPOM

dbopmysroBanHs QiHAIBHOI peKOMeH Il

"final recommendation": {
"options assessment": [
{
"option": "AWS+Azure Hybrid",
"scores": {
"technical": 0.88,
"economic": 0.92,

"security": 0.96,

"integrated score": 0.92
}
by
{
"option": "AWS Full Deployment",
"scores": {

"technical": 0.92,
"economic": 0.78,

"security": 0.94,

"integrated score": 0.88
}
by
{
"option": "GCP Full Deployment",
"scores": {

"technical": 0.90,
"economic": 0.85,

"security": 0.91,

pe3yJbTaTiB
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Ta
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"integrated score": 0.87
}
}
1,
"recommended solution": "AWS+Azure Hybrid",
"rationale": "Best balance between cost efficiency, technical

capabilities, and security. Leverages strengths of both platforms:
Azure for identity management and content delivery, AWS for core
computing infrastructure and data storage.",

"architecture": {
"frontend": "Azure Blob Storage with Azure CDN",
"backend": "Containerized microservices on AWS EKS 1in

European and North American regions",

"database": "AWS RDS for PostgreSQL with cross-region
replication",

"caching": "AWS ElastiCache for Redis in each region",

"media storage": "AWS S3 with cross-region replication",

"authentication": "Azure AD B2C for user management"
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HonaTtok 9. AHani3 BXiAHMX BHMMOI, BUKOHAHHUI areHTOM-KOOPAMHATOPOM

(cuenapiu 2)

"application type": "etl data processing",
"technology stack": {
"orchestration": "Apache Airflow",
"processing": ["Apache Spark", "Python"],
"storage": ["S3", "Snowflake"],
"monitoring": ["Prometheus", "Grafana"]
by
"data_ characteristics": {
"daily volume gb": 500,
"data types": {
"csv": 0.4,

"json": 0.3,

"text": 0.2,
"xml": 0.1
by
"workflows count": 25,

"largest workflow gb": 200

by

"resource requirements": {
"daily cpu hours": 500,
"daily memory tb hours": 2,
"critical time window": ["01:00", "05:00"],
"completion time hours": 6

by

"budget constraint usd": 8000,

"regulatory requirements": ["pci dss"],

"reliability requirement percent": 99.5
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Honarok 10. ®opmyJ/il0OBaHHS peKOMeHalliil TeXHIYHUM areHTOM

{
"technical analysis": ({
"key requirements": [
"Managed services for Apache Airflow with high availability",
"Scalable computing resources for 500 CPU hours/day",
"Combined object storage and analytical database",
"Separation of processing and storage"
1,
"deployment options": [
{
"option": "AWS Full Deployment",
"components": [
"MWAA for Airflow",
"EMR for Spark",
"S3 for input data",
"Redshift for analytics"
1,
"scores": {
"performance": 0.88,
"scalability": 0.93,
"reliability": 0.91,

"overall”: 0.91

by

"option": "AWS+Snowflake Hybrid",
"components": [

"MWAA for Airflow",



b}

by

"EMR for Spark",

"S3 for input data",

"Snowflake for analytics"

1,

"scores": {

"performance": 0.95,
"scalability": 0.94,

"reliability": 0.93,

"overall”: 0.94

"option": "GCP Full Deployment",

"components": [

"Cloud Composer for Airflow",

"Dataproc for Spark",

"GCS for storage",

"BigQuery for analytics"

1,

"scores": {

"performance": 0.87,
"scalability": 0.92,

"reliability": 0.90,

"overall”": 0.90

205
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Honarok 11. Anani3 BaprTocTi pi3HMX BapiaHTIB PO3rOpTaHHS €KOHOMIYHMM

Ar¢cHTOM
{
"cost analysis": {
"options": [
{
"option": "AWS Full Deployment",
"components": [
{"service": "Amazon MWAA for Airflow", "monthly cost":
8501},
{"service": "EMR for Spark (on-demand)", "monthly cost":
2800},
{"service": "S3 for data storage (15 B) ",

"monthly cost": 345},

{"service": "Redshift for analytics™, "monthly cost":
2200},

{"service": "Monitoring and other services",
"monthly cost": 350}

1,
"total monthly cost": 6545,

"cost score": 0.82
by
{
"option": "AWS+Snowflake Hybrid",
"components": [
{"service": "Amazon MWAA for Airflow", "monthly cost":
8501},
{"service": "EMR for Spark (on-demand)", "monthly cost":
2800},
{"service": "S3 for data storage (15 B) ",

"monthly cost": 345},

{"service": "Snowflake for analytics", "monthly cost":
3200},
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{"service": "Monitoring and other services",
"monthly cost": 350}

1y
"total monthly cost": 7545,

"cost score": 0.75
by
{
"option": "GCP Full Deployment",
"components": [
{"service": "Cloud Composer for Airflow",

"monthly cost": 950},

{"service": "Dataproc for Spark", "monthly cost": 2600},

{"service": "Cloud Storage", "monthly cost": 320},

{"service": "BigQuery for analytics", "monthly cost":
1900},

{"service": "Monitoring and other services",

"monthly cost": 380}

1,
"total monthly cost": 6150,

"cost score": 0.88
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Honarok 12. AHaji3 BiInmoBiZHOCTI pimieHb BUMOram 0e3neKH, BUKOHAHOIO

0e3MeKOBUM AareHToOM

"security analysis": {

"requirements": ["pci dss", "data protection",
"environment isolation"],

"provider assessments": |

{

"provider": "AWS",
"assessments": |
{"aspect": "PCI DSS Compliance", "score": 0.96, "notes":

"Certified regions and services for PCI DSS"},

{"aspect": "Data Protection", "score": 0.95, "notes":
"Comprehensive encryption, AWS KMS, IAM policies"},

{"aspect": "Environment Isolation", "score": 0.94,
"notes": "CloudTrail, GuardDuty, Security Hub"}
1,
"overall security score": 0.95
by
{
"provider": "Snowflake",
"assessments": [
{"aspect": "PCI DSS Compliance", "score": 0.97, "notes":

"Fully compliant with built-in audit tools"},

{"aspect": "Data Protection", "score": 0.98, "notes":
"Column, row and file-level encryption"},

{"aspect": "Environment Isolation", "score": 0.9¢,
"notes": "Detailed auditing, object-level access control"}

1,

"overall security score": 0.97
I
{
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"provider": "GCP",
"assessments": [
{"aspect": "PCI DSS Compliance", "score": 0.94, "notes":

"Compliant for all major services"},

{"aspect": "Data Protection", "score": 0.93, "notes":
"Standard encryption, Cloud KMS"},

{"aspect": "Environment Isolation", "score": 0.93,
"notes": "Cloud Audit Logs, Security Command Center"}

1,

"overall security score": 0.93



HMonaroxk 13. Arperauis areHTOM-KOOPAUHATOPOM

dopmyiroBaHHs (iHAIBHOI peKOMeHaaNil

"final recommendation": {
"options assessment": [
{
"option": "AWS+Snowflake Hybrid",
"scores": {
"technical": 0.94,
"economic": 0.75,

"security": 0.97,

"integrated score": 0.89
}
by
{
"option": "AWS Full Deployment",
"scores": {

"technical": 0.91,
"economic": 0.82,

"security": 0.95,

"integrated score": 0.89
}
by
{
"option": "GCP Full Deployment",
"scores": {

"technical": 0.90,
"economic": 0.88,

"security": 0.93,

pe3yJbTaTiB
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"integrated score": 0.90
}
}

1,

"recommended solution": "GCP Full Deployment",

"rationale": "Despite slightly lower security scores, GCP
offers the best combination of technical capabilities and cost
efficiency. BigQuery provides high performance analytics at

significantly lower cost compared to Redshift or Snowflake. Cloud
Composer (managed Airflow) integrates well with other GCP services,
simplifying management and monitoring.",

"alternative solution": "AWS+Snowflake Hybrid is recommended
for cases where security and analytical capabilities have higher
priority than cost.",

"architecture": {
"orchestration": "Cloud Composer (managed Apache Airflow)",
"processing": "Dataproc for Spark with autoscaling",
"input storage": "Cloud Storage with Standard and Nearline

storage classes",

"analytics": "BigQuery for storing and analyzing processed
data",

"monitoring": "Cloud Monitoring with Grafana',

"security": "Cloud IAM, Cloud KMS for encryption, VPC Service

Controls for isolation"

}
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JlopaToxk 14. AHaJti3 TeXHIiYHOIr0 areHTa

{

"technical analysis™: {
"workflow characteristics": {
"data sources": ["CSV files from manufacturing equipment", "JSON logs from

quality control systems", "XML configuration data"],
"processing stages": [

{

"stage": "Data collection",
"current implementation": "Scheduled bash scripts on EC2 instances",
"issues": ["Manual error handling", "No retry logic", "Fixed

scheduling regardless of data volume"]
by
{

"stage": "Data transformation",
"current implementation": "Python scripts with Pandas on EC2",
"issues": ["Memory limitations™, "No parallel processing",

"Inefficient data loading"]
}o
{

"stage": "Data loading",
"current implementation": "Direct MySQL inserts",
"issues": ["Database connection bottlenecks", "Scaling limitations",

"Complex transaction management"]
}
1,

"performance metrics": {
"average processing time": "3.5 hours",
"peak processing time": "7.2 hours",
"failure rate": "8%"
}
by
"architecture recommendations": {
"primary recommendation": "Shift to serverless event-driven

architecture",
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"rationale": [

"Clear separation of processing stages makes it well-suited for Step
Functions workflow",

"Batch processing pattern aligns with Lambda execution model",

"Data processing 1is mostly stateless, making it compatible with

serverless paradigm",

"Current resource utilization pattern shows significant idle time"
1,
"key components": [

{

"component": "AWS Step Functions",
"purpose": "Replace Jenkins for workflow orchestration",
"benefits": ["Built-in error handling", "Visual workflow monitoring",

"Native AWS integration"]

by
{

"component": "AWS Lambda",
"purpose": "Replace EC2-based Python processing",
"benefits": ["Automatic scaling", "Pay-per-execution", "No
infrastructure management"]
by
{
"component": "AWS S3",
"purpose": "Replace direct file access on EC2",
"benefits": ["Unlimited storage", "High durability", "Pay for used

storage only"]

}
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Joaarok 15. AHaJti3 eKOHOMIYHOI0 areHTa

ATEHT BU3HAYUB, 1110 ICHYIOYA iHPpaCTPyKTypa KOIITYE:
- obumcmoBanbHi pecypeu: $2 000/micsiib;
30epiranus nanux: $400/micsiib;
iHmi mocyru: $100/Micsir;
orepariitai BuTparu (agminictpysanss): $2 000/micsis;
3arajibHa BapTicTh BOJOAIHHS: $4 500/micsiipb.
3anpornoHoBaHa Oe3cepBepHa apXiTeKTypa nepeadadana HACTYIHI BUTPATH:
- AWS Step Functions: $120/micsib;
- AWS Lambda: $350/micsis;
- AWS S3: $150/micsup;
- AWS Athena: $300/micsmp;
- AWS Glue: $280/micsrip;
- 3arajiibHa BapTicTh iHpacTpykTypu: $1 200/micsis;
- onepariiini Butparu: $300/Mmicsiib;
- 3aranbHa BapTicTh BooxinHs: $1 500/micsiup.1le Biamoinae ekoHoMii 67% Bij 3araibpHOT
BapTOCTi BOJOMIHHSI.

{

"economic analysis": {
"current cost breakdown": {
"compute resources": ({
"EC2 instances": {
"m5.xlarge processing instances": "$1,620/month (5

instances) ",
"r5.large database instance": "$380/month",
"total compute": "$2,000/month"

by

"storage": {
"EBS volumes": "$320/month",
"S3 current usage": "$80/month",

"total storage": "$400/month"

I
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"other services": {
"data transfer": "$70/month",
"monitoring": "$30/month",
"total other": "$100/month"
I
"total monthly infrastructure cost": "$2,500/month"
I
"operational costs": {
"administration time": "20 hours/month",
"estimated labor cost": "$2,000/month",
"total operational cost": "$2,000/month"
I
"total cost of ownership": "$4,500/month"
I
"cost optimization recommendations": {
"serverless transformation": {
"projected costs": {
"AWS Step Functions": "$120/month",
"AWS Lambda": "$350/month",
"AWS S3": "$150/month",
"AWS Athena": "$300/month",
"AWS Glue": "$280/month",
"total serverless infrastructure": "$1,200/month"
I
"operational costs™: {
"administration time": "3 hours/month",
"estimated labor cost": "$300/month",

"total operational cost": "$300/month"
I
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"projected total cost of ownership": "$1,500/month",
"cost reduction": {
"infrastructure savings": "$1,300/month (52%)",
"operational savings": "$1,700/month (85%)",
"total monthly savings": "$3,000/month (67%)"

I
"cost optimization rationale": [

"Serverless pricing model eliminates costs for idle
resources",

"Athena's query-based pricing better aligns with actual
usage patterns",

"Managed services reduce operational overhead",

"Step Functions provides better visibility into workflow
failures, reducing debugging time"

]
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JlopaTok 16. AHaui3 0e3MeK0BOro areHTa

{

"security analysis": {
"current security posture": {
"access control": {
"authentication method": "SSH keys for ECZ access",
"database access": "Shared credentials embedded in

configuration files",

"issues": ["No fine-grained access control", "Manual
credential rotation", "Lack of audit trail"]

by
"data protection": ({

"encryption in transit": "Partial - only for database
connections",

"encryption at rest": "Only for some EBS volumes",

"issues": ["Inconsistent encryption practices", "Manual
key management"]

by

"compliance": {
"audit capabilities": "Limited manual log review",
"data lineage tracking": "Not implemented",
"issues": ["Difficult to demonstrate compliance", "No

automated controls"]
by
"security score": 0.65
by
"security recommendations™: {

"recommended approach": "Transition to AWS serverless
security model",

"key recommendations": [

{

"aspect": "Access Control",
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"recommendation": "Use AWS IAM with fine-grained roles
for service access",

"benefits": ["Principle of least privilege",
"Centralized identity management", "Automated credential
rotation"]

by
{
"aspect": "Data Protection",
"recommendation": "Use S3 with default encryption and

Athena with encrypted results",

"benefits": ["Consistent encryption approach",
"Automatic key management", "Simplified compliance"]

Yo
{
"aspect": "Audit and Compliance",

"recommendation": "Enable CloudTrail for API auditing
and use Step Functions execution history",

"benefits": ["Comprehensive audit trail", "Visual
workflow history", "Simplified compliance reporting"]

}

1,

"projected security improvements": ({
"access control improvement": "923%",
"data protection improvement": "85%",
"auditability improvement": "94%",

"overall security score improvement": "0.65 - 0.91"

b}
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Honartok 17. Ilpouec npuilHATTA PillIeHHS AT€HTOM-KOOPAUHATOPOM

{
"coordinator decision process": {
"evaluated architectural alternatives": [
{
"architecture": "Optimized EC2-based architecture",

"description": "Keep EC2 instances but optimize AMI,
instance types, and add auto-scaling",

"scores": {
"technical": 0.72,
"economic": 0.65,

"security": 0.70,

"integrated score": 0.69
}
by
{
"architecture": "Hybrid EC2/Serverless architecture",
"description": "Keep core processing on EC2 but migrate

orchestration to Step Functions",
"scores": {
"technical": 0.78,
"economic": 0.73,
"security": 0.82,

"integrated score": 0.77

by

"architecture": "Full serverless architecture with AWS
Step Functions, Lambda, S3, and Athena",

"description": "Complete migration to serverless
components",
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"scores": {
"technical": 0.89,
"economic": 0.92,

"security": 0.91,

"integrated score": 0.91
}
by
{
"architecture": "Multi-cloud serverless (AWS + GCP)",
"description": "Use AWS Step Functions and Lambda with GCP
BigQuery",
"scores": {

"technical": 0.84,
"economic": 0.79,
"security": 0.83,

"integrated score": 0.82

1,

"decision rationale": [

"Full serverless architecture provides the best balance of
technical capabilities, cost efficiency, and security
improvements",

"Clear workflow separation in the current process maps well
to Step Functions state machine model",

"Data processing patterns are well-suited for Lambda's
execution model",

"The analytical nature of the workload makes Athena an
excellent fit for post-processing queries",

"Integration with existing AWS environment would be simpler
with all-AWS solution"

1,
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"final recommendation": ({

"architecture": "Full serverless architecture with AWS Step
Functions, Lambda, S3, and Athena",

"implementation path": {
"phase 1": "Migrate data storage from direct EC2 access to
P _ g
83",
"phase 2": "Refactor Python processing scripts for Lambda

compatibility",

"phase 3": "Create Step Functions workflow to replace
Jenkins orchestration",

"phase 4": "Set up Athena views and queries to replace
direct database access",

"phase 5": "Implement Glue Data Catalog for metadata
management",

"estimated migration time": "4 weeks"
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Honartok 18. Be3cepBepHa apxiTtekTypa

1. AWS Step Functions ans opkectpaii Ta ynpasminas ETL-nmponecamu 3amicts Jenkins. Lle
3a0e3mneuye:
- BescepBepHy apxiTekTypy 6€3 HEOOXTHOCTI MiATPUMKHU CEPBEPIB.
- BoOynoBany 00poOKy MOMHIIOK Ta aBTOMATHYHI TIOBTOPHI CIIPOOH.
- BizyanpHe BiacTeXEHHS IOTOKIB POOOTH.
2. AWS S3 ans 30epiranssi BXiJHUX Ta MPOMDKHUX JaHWX 3aMIiCTh JIOKAJILHOTO 30epiraHHs Ha
EC2. IlepeBaru:
-  HeoOMeE)XKeHa MacIITaOOBaHICTE;
- HU3bKa BapTICTh 30epiraHus;
- MOXKIIUBICTh BUKOPUCTAHHS Pi3HUX PiBHIB 30epiranHs JJIs ONTHMI3allil BUTpAT.
3. AWS Athena nns ananizy o6poOnenux qaHux 3amicTs 3anutiB 7o MySQL. IlepeBaru:
- oIUIaTa JIMIIE 32 BUKOHAHI 3aITHTH;
- BIJCYTHICTh HEOOXITHOCTI yIPaBIIiHHS iHPPACTPYKTYPOIO;
- HaTuBHA iHTerparis 3 S3.
4. AWS Lambda st Tpancdopmartii nanux 3amictsh ckpuntiB Ha EC2. ITepeBaru:
- aBTOMaTHWYHE MAcIITaOyBaHHS BiAMOBITHO 0 HAaBAaHTAKEHHS;
- JeTaibHa MOJIEJNb IIIHOYTBOPCHHS;
- HYJIbOBI BUTPATH Ha 0OCIYTOBYBaHHS.
5. AWS Glue ans ynpaBiiHHSI MeTaJaHUMH Ta KaTajoroM Aanux. [lepesaru:
- aBTOMAaTHUYHE BUSBICHHS CXEMH JAaHUX;
- OesmioBHa iHTerpamis 3 Athena.
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Honarok 19. Anani3 Biarykis ¢axiBuiB Ta eKClIepTHUX OLiHOK

Jna ouinku edeKTHBHOCTI 3alpOMOHOBAHOTO PIlIEHHS Ta POOOTH CHUCTEMH 3arajioM OyJio
OTPUMAaHO €KCIEPTHI BIATYKH BiJl TPHOX KIIFOUOBUX CHEIialiCTIB KOMITaHii:

- IIporpawmicra, sikuii 6paB y4actb y po3poOiti Ta miarpumii BuxigHoi ETL-cucremu.

- IIpoexTHOTO MEHEKEPa, BIIMOBIIATHLHOTO 32 KEPYBaHHS MPOIIECOM MIrparfii.

- CucTeMHOro apxiTeKTopa, KU OLIHUB TEXHI4YHI ACHIEKTH 3alPOIIOHOBAHOTO PIIICHHS.

3aranpHa OWHiHKA cHcTeMH (axiBusiMu Oyna Qy’Ke MO3WTHUBHOIO, 3 BiA3HAUYEHHSIM HACTYIHHUX
KITFOYOBHX ACIIEKTIB:

TounicTe TexHiYHOTO aHanmizy — 4.8/5.0;

ExonomiuHa oOrpyHTOBaHICTh pekoMeHaniit — 4.7/5.0;
[MpakTryHa peari30BHICTh 3aNPONIOHOBAHUX pillieHb — 4.6/5.0;
IToBHOTA OXOIJICHHS OE3MEKOBUX acneKTiB — 4.5/5.0;

SxicTe noKyMmeHTauii Ta nosiciens — 4.9/5.0.

OcobmuBo Oyno BiJ3HAYeHO 3AATHICTh CHCTEMH HAJaBaTH JeTalbHe OOIPYHTYBAaHHS KOXHOI
pEKOMEH/AIli1 Ta MOoeTamHui JIaH MIrpaiii, Mo CyTTEBO CIPOCTHIIO MPOIEC MPUHHATTS pillleHb Ta
BIIPOBAJKCHHS 3MiH.

HeranpHa iHQOpMamis npo pe3yabTaTH BIIPOBA/DKCHHS, BKIIOYHO 3 KUTBKICHUMH MOKa3HUKAMH,
METOJIOJIOTIEI0 OIIIHKK Ta TMOBHMUMH BIATYKAMH EKCIEpTiB, IMPEICTaBICHA y BiIMOBIIHOMY aKTi
BIIPOBAIKCHHSI.
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Honarok 20. Cnucok mnyoOJaikaniii 3a Temow auceprauii Ta BigomMocTi mpo

anpoOauiio pe3yJabTaTiB AucepTaumii

Haykoei npaui, 6 akux onyonikoeani 0CHO8HI HAYKO06I pe3yibmamu oucepmauii
1. Caceres, A., & Globa, L. (2025). AHP-based multi-criteria analysis of multi-cloud
data management techniques. Radioelectronic and Computer Systems, I, Article 04.

https://doi.org/10.32620/reks.2025.1.04.

2. Caceres, A., & Globa, L. (2025). Anani3 niaxo/iB AOCTYIY 10 JaHUX Y MYJIbTHU-
kiayn cepefoBuil [Analysis of data access approaches in a multi-cloud environment].
Radio  Electronics, Computer  Science, Control, 1. Retrieved  from

https://ric.zp.edu.ua/article/view/324539/314660.

3. Caceres, A., & Globa, L. (2024). Iligxin n0 ¢GopMyBaHHS MYyJIbTUXMapHOTO
CepeIOBHIA HA OCHOBI OaraTOKpHUTEPialIbHOTO aHaJi3y Ta OHTOJIOT1YHOTO MOJICITIOBAHHS
[A multi-criteria and ontology-based approach to multi-cloud environment selection].

Cucmemu VAPABNIHHA, Hasgieayii ma 38 '3KY, 4.

https://doi.org/10.26906/SUNZ.2024.4.084.

4. Caceres, A., & Globa, L. (2024). Iarerparis 11 Ta MynbTHareHTHUX CUCTEM [T
OaraToKpuTEpiaILHOTO aHANI3y Y MyJIbTUXMapHOMY cepenoBuii [Integration of Al and
multi-agent systems for multi-criteria analysis in a multicloud environment]. Bueni
sanucku THY imeni B.I. Bepnaocwvkoeo. Cepis: Texwniuni nayku, 35(74), Ne 6, Yactuna 2.
Retrieved from

https://www.tech.vernadskyjournals.in.ua/journals/2024/6_2024/part 2/12.pdf.

5. Caceres, A., & Globa, L. (2022). State-of-the-art architectures for interoperability
of heterogeneous clouds. In Proceedings of the 2022 IEEE 16th International Conference
on Advanced Trends in Radioelectronics, Telecommunications and Computer
Engineering (TCSET) (pp. 704-709). IEEE.
https://doi.org/10.1109/TCSET55632.2022.9766965.
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Bioomocmi npo anpoéauiro pezyrvmamie oucepmauii
Pesynpratn poOOTH Ta KIIOYOBI MOJIOKEHHS OyJiM MpeACTaBieHl W OepKaiu

CXBaJICHHS Ha:

- MbkHapoaHii TexHiuHii kKoHpepeHiii PyCon Poland 2023 (m. Kpakis, [Tomsiia,
2023 p.);

- MmixkHapo H1i koHPepeniii Voxxed Days Cluj 2023 (m. Knyxx-Hanoka, PymyHhis,
2023 p.);

- mikHapoaHiil koHdepeniii PyConTH 2023 (m. banrkok, Tainanng, 2023 p.);

- rexniunii koHpepenuii PyConCZ 2023 (m. [Ipara, Yexis, 2023 p.);

- MibkHapoaHii koHepeniii Pycon IT 2023 (M. ®nopenuis, Itanisa, 2023 p.);

- eBporneiicekiit koHpepenIti Europython 2024 (m. Ipara, Uexis, 2024 p.);

- MibkHapoaHii koHpepenuii PyconDE 2024 (M. bepnin, Himeuunna, 2024 p.);

- TexH1uHii kKoHpepenii Pycon Wroclaw 2024 (m. Bpouas, [lonbiia, 2024 p.).
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Honarok 21. AKT BIPOBAa/>KeHHS

(ontinental %

Continental Automotive Technologies GmbH Sodener Strasse
9, 65824 Schwalbach am Taunus
P.O.Box 61 40 | D-65735 Eschborn

Regensburg, 04.06.2025

Act

On the implementation of a comprehensive method for optimizing computational

infrastructure in a heterogeneous cloud environment

We, the undersigned, representatives of Continental Automotive Technologies GmbH, hereby
certify that in 2025, during the course of cooperation between Continental and Anton Caceres, a
computational infrastructure approach developed by Anton Caceres was implemented as part of
enterprise-scale cloud engineering activities. This approach constitutes a core component of his
dissertation entitled: “Comprehensive approach to designing computational infrastructure in a

heterogeneous multi-cloud environment.”

The method was applied in production-grade projects, particularly in the context of Continental’s
PRIME-MES data platform. Relevant use cases included cloud infrastructure optimization, data
lake storage cost control, and workload distribution. The approach guided architectural decisions
and dynamic resource allocation strategies to enhance performance, resilience, and efficiency in

cloud operations.



As a result of applying the proposed approach, Continental recorded a significant decrease in

cloud infrastructure costs and an improvement in the performance of its ETL pipelines. In

particular, the cost of storing Parquet files in the datalake decreased by over 30%, and the

improved parallelism of step functions allowed those files to be processed up to 5 times

faster.
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