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2. Development of a Software Framework Based on Microservices and Cloud Technologies for Modelling Processes
and Phenomena of Nanoplasmonics.

Pedepar/aHoTanis:

1. CTpiMKe 3pOCTaHHS 06CATiB HAYKOBUX OOUMCIIEHD Ta I7100aIbHE NOMMPEHHS XMAPHUX IJIAaT(QOPM 3YMOBJIIOIOTh
HarajbHy OTpedy y HOBUX MiIX04ax [0 Mo0y[0BY IPOrpaMHUX cucTeM. MikpocepBicHa apxiTekTypa cTajia Je-
(axTO CTaHJAPTOM MacIITab0BaHUX PO3IIOJiNEHUX pillleHb, TpoTe ii afamnTalis 40 pecypcoeMHUX HayKOBO-

004N CII0BAIBHUX 33724 3a/IMIIAETHCS BiIKPUTOIO ITPo61eMOI0. ICHYI0Ui XMapHi iIHCTPYMEHTH NPOEKTYBAJINCS
[IEPEBAKHO [ TUIIOBUX B€03aCTOCYHKIB i HE BPaXOBYIOTb CIIENM(iKU iIHTEHCUBHUX HAaYKOBO-004KCIIOBAIbBHUX
KOHBE€PIB: HA/IBUCOKY NIOTPEOY B OOYMCIIIOBAJIbHUX PECYPCAX, KOOPAMHALIII0 MACUBHUX MapajlesIbHUAX IPOLECiB Ta
CHHXPOHIi3allilo reTepOreHHUX anapaTHux pecypcis. CTaHIAPTHI MEXaHI3MU XMapHOI OpKeCTpallii 4eMOHCTPYIOTh
iHepuiliHicTh Ipy 06pOOLi My/IbCYIOUNUX HABAHTAKEHD, a (pOpMai3oBaHi Kpurtepii BUbopy ML-apxiTekTyp Ta
creliani3oBaHi METPUKH [1J14 OLiHIOBAHHS €(DEKTUBHOCTI HAYKOBUX OOUMCIIEHD Y PO3MOIiIEHOMY CEepPeOBULIi

BiZICYTHI. Y IEpPIIOMY PO3/iJi IPOBEIEHO CUCTEMHNN aHAJi3 METO/IiB, apXiTEKTYPHUX MigXOiB Ta



iHCTpyMEHTaJIbHUX 3aCO0iB 17151 T06YJ0OBY BUCOKOHABAHTAKEHNX CUCTEM HAyKOBOTO MOZEIOBaHHS. OGI'PYHTOBAHO
IOLJIbHICTh MIKpOCEPBICHOI TapagyurmMu y OeIHAHHI 3 6araTOXMapHOIO OPKeCTpalli€lo Ta BU3HAY€HO TeOPeTUIHE
HiATPYHTS AJ151 PO3POOKU MEXaHi3MiB IPOaKTUBHOIO aIalITUBHOTO YIIPaBJliHHS pecypcamMu Ha OCHOBI ukiny MAPE-
K. CucremarnsoBaHO 06YMCIIIOBAIbHI BUMOTH 337,24 MOZE/IIOBAHHS HAaHOIJIA3MOHIKY METOJIOM AUCKPETHUX
nunosnis (DDA), mo o6rpyHTOBYyEe HEOOXITHICTD crierianizoBaHnx KOHBeepiB i3 GPU-nIpuckopeHHsIM. Y gpyromy
PO37iJsi po3p06JIeHO TEOPETUKO-METOHO0JIOTIiUHE Ta aJIrOPUTMiUHe 3a6e3redeHHs 17151 ONTUMi3allii MikpocepBiCHOI
ingpacTpykTypu. PopmanizoBaHo iHTerpajbHUM KpUTEpiil pecypcHoi epektuBHOCTI (REI) Ta cuctemy
crienianizopanux MmeTpuk (RUE, SWE, EPR) 114 i3071b0BaHOTO OL[iHIOBAHHS ITyJIbCYIOYMX HAYKOBUX HAaBAHTAKEHb.
Po3pob6sieHo anroputrMmivHe sapo agantuBHOro LOC-koHTposiepa 3 TpuinapoBow LSTM-Monesiio Ta MexaHi3aMOM
yBaru s IPOrHO3yBaHHS HABAHTAKEHHS 3 TOPM30HTOM 110 15 xBuMH. KOHTpOJIep IMHAaMIYHO TEPEMUKAETHCS MixK
[IPOAKTUBHUM i pEaKTMBHUM PEXUMaMU, a [1JIs1 6araTOKpUTEpialbHOI ONTUMI3allii BUKOPUCTOBYE anroputm NSGA-
III. Y TpeTbOMy pO31isi onrMcaHo iHXeHepHY peasisalilo MikpocepBiCHOTo Kapkacy Ha 6a3i Amazon EKS
(Kubernetes v1.28) Ta indpacTtpykTypu sk koay (Terraform). [IpencrasieHo QyHKIiOHaNbHY JEKOMIIO3UILLi0
CHCTEMH, riOpUIHy aCUHXPOHHY KOMyHiKaliiiny crparerito (Apache Kafka, AMQP) Ta TpupiBHeBY HificucTeMy
kemyBaHHs (in-memory LRU, Redis LZ4, XFS), sxa 3a6e3mneuye hit rate 90%, 3HIKEHHS 3aTPUMKU TOBTOPHUX
3anuTiB Ha 75% Ta ckopo4yeHHs 3BepHeHb 0o GPU Ha 90%. Onucano koHBeepu CI/CD Ta iHPpacTpyKTypy
criocrepexxyBaHocti (Prometheus, Grafana, Jaeger, OpenTelemetry). ¥ uerBepToMy po3[iiji npencTaBieHo
pe3yJbTaTU eKCllepuMeHTanbHOI Bepudikauii (450 BumipioBaHb Ha MeTpUKYy, 30 OBTOPiB). CTaTUCTUYHUMU
mertogamu (tect llanipo-Binka, t-kpurepiit) nigTBepakeHo AOCTOBipHiCTb pe3dynbTaTis (p < 0,001, d o [0,89; 1,85]).
CepepnHsa 3aTpuMKa ckopouyeHa Ha 80,7% (3i 145 o 28 mc), mpornyckHa 3paTHicTs 3pocia y 10 pasis (no 2,5 Th /rog),
JocTynHicTb — 99,89%. LOC-KOHTpOEp [isIB IPOAKTUBHO y 67% BUIIAAKiB, 0OMEXYIOUM erpagalilo 3aTpUMKH 10
8%. Ilokasuuku RUE 3pocnu Ha 23,6%, SWE - Ha 17,2%, EPR - Ha 37,7%. HaykoBa HOBM3HA M0JISITA€ Y TOMY, 110
BIIEplIIe 3aIIPOIIOHOBAHO CUCTEMY CIIel}iali30BaHMX METPHK Ta iHTerpajibHUI KPUTEPill pecypcHOi epeKTUBHOCTI
L7151 onTuMi3anii Bu6opy ML-apxiTeKTyp 3 ypaxyBaHHSM I1yJIbCYIOUOT0 XapaKTepy O0UKCIIEHb; YIOCKOHAJIEHO
aJIrOpUTMU 6araToxmapHoi opkecTpaii msaxom interpauii LSTM-IporHo3yBaHHs Ta AMHAMIYHOTO IEPEMUKAHHS
peXXUMiB ynpasiliHHs y uuki MAPE-K; Ha6y/1 MoAanbporo po3BUTKY METOAY TPOEKTYBAHHS PO3MOIiIEHUX CUCTEM
yepe3 CTBOPEHHS MiKpOCEPBICHOr'0 KapKacy 3 TiOpuIHOI0 OpKeCcTpallielo Ta TPUPiBHEBUM KelllyBaHHSM. [IpakTuiHe
3HAUEHHS I0JIITa€e B TOMY, 110 PO3pO0JIeHMI IPOrpaMHUI KapKac Ta aJrOPUTMU IOBEIE€H] 10 PiBHS IPAaKTUYHOTO
BMKOPHCTAHHS i MOXKYTb 3aCTOCOBYBATUCS [J151 TIOOYOBY BUCOKOHABAHTA)KEHUX PO3NOIiIEHUX CUCTEM HE3AIEKHO
Bif mpenMeTHOI rasysi. XmMapHa miatgopma Ta MexaHi3My afanTUBHOTO YIIPaBJIiHHS FOTOBI 110 iHTerpan;i B IT-
iH(ppaCTPYKTYpy HOCIIIHULPKUX LIEHTPIB i NiAIPUEMCTB, a cucTeMa MeTpuK 3 Prometheus-ekcnoprepom Hazae
imkeHepaM roTosi iHcTpyMeHTH 1151 DevOps-MOHITOPUHTY Ta aBTOMaTtu3alii macmrabyBaHHs. Kito4oBi cioBa:
MIKpPOCEPBiCHA apxiTeKTypa, XMapHi 064K CIeHHS, IPOTPaMHUIl KapKac, HAyKOBi OOYMCIIEHHS, HEIPOHHA Mepexa,
aJlanTMBHE yIIpaBJliHHS pecypcamu, MamuHHe HaByaHHS, LSTM, Kubernetes, pecypcHa epeKTUBHICTb, pO3NOJineHi

CHUCTEMMU.

2. The rapid growth in the volume of scientific computations and the global spread of cloud platforms create an
urgent need for new approaches to building software systems. Microservice architecture has become the de facto
standard for scalable distributed solutions; however, its adaptation to resource-intensive scientific computing
tasks remains an open problem. Existing cloud tools have been designed primarily for typical web applications and
do not account for the specifics of intensive scientific computing pipelines: an extremely high demand for
computational resources, coordination of massive parallel processes, and synchronization of heterogeneous
hardware resources. Standard cloud orchestration mechanisms demonstrate inertia when processing pulsating
workloads, while formalized criteria for selecting ML architectures and specialized metrics for evaluating the
efficiency of scientific computations in a distributed environment are lacking. The first chapter presents a
systematic analysis of methods, architectural approaches, and tools for building high-load scientific modeling
systems. The feasibility of the microservice paradigm combined with multi-cloud orchestration is substantiated,
and the theoretical foundation for developing mechanisms of proactive adaptive resource management based on
the MAPE-K loop is established. The computational requirements of nanoplasmonics modeling tasks using the



discrete dipole approximation (DDA) are systematized, substantiating the need for specialized pipelines with GPU
acceleration. The second chapter develops theoretical, methodological, and algorithmic support for optimizing
microservice infrastructure. An integral resource efficiency criterion (REI) and a system of specialized metrics
(RUE, SWE, EPR) are formalized for isolated evaluation of pulsating scientific workloads. An algorithmic core of an
adaptive LOC controller with a three-layer LSTM model and an attention mechanism is developed for load
forecasting with a horizon of up to 15 minutes. The controller dynamically switches between proactive and reactive
modes and uses the NSGA-III algorithm for multi-objective optimization. The third chapter describes the
engineering implementation of a microservice framework based on Amazon EKS (Kubernetes v1.28) and
infrastructure as code (Terraform). The functional decomposition of the system, a hybrid asynchronous
communication strategy (Apache Kafka, AMQP), and a three-level caching subsystem (in-memory LRU, Redis LZ4,
XFS) are presented; the subsystem provides a 90% hit rate, reduces the latency of repeated requests by 75%, and
cuts GPU accesses by 90%. CI /CD pipelines and an observability infrastructure (Prometheus, Grafana, Jaeger,
OpenTelemetry) are described. The fourth chapter presents the results of experimental verification (450
measurements per metric, 30 repetitions). The reliability of the results is confirmed by statistical methods (the
Shapiro-Wilk test, t-test) (p < 0.001, d 0 [0.89; 1.85]). Average latency was reduced by 80.7% (from 145 to 28 ms),
throughput increased 10 times (to 2.5 TB/h), and availability reached 99.89%. The LOC controller operated
proactively in 67% of cases, limiting latency degradation to 8%. RUE increased by 23.6%, SWE by 17.2%, and EPR by
37.7%. Scientific novelty consists in the fact that, for the first time, a system of specialized metrics and an integral
resource efficiency criterion is proposed for optimizing the selection of ML architectures while accounting for the
pulsating nature of computations; multi-cloud orchestration algorithms are improved by integrating LSTM-based
forecasting and dynamic switching of control modes into the MAPE-K loop; methods for designing distributed
systems are further developed through the creation of a microservice framework with hybrid orchestration and
three-level caching. The practical significance lies in the fact that the developed software framework and
algorithms have been brought to the level of practical use and can be applied to building high-load distributed
systems regardless of the subject area. The cloud platform and adaptive management mechanisms are ready for
integration into the IT infrastructure of research centers and enterprises, while the metrics system with a
Prometheus exporter provides engineers with ready-to-use tools for DevOps monitoring and scaling automation.
Keywords: microservice architecture, cloud computing, software framework, scientific computing, neural network,
adaptive resource management, machine learning, LSTM, Kubernetes, resource efficiency, distributed systems.
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rOJIOBYIOYOTO Ha 3acCiiaHHi



BigmoBigasbHUH 32 MiATOTOBKY

00JIIKOBHX JOKYMEHTIB

PeecTpaTop

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZINIOBiZaJIbHUM 32 peECTpallil0 HAyKOBOIi

OisIIBHOCTI

JKax Onpra BonogymupiBHa

IOpuenko TeTsHa AHaTOJIiBHA

FOpuenko TetsHa AHaToJiiBHA



