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1. Inceprarifina po60Ta IpUCBIYEHA JOCTIIKEHHIO Ta pO3p00Li apXiTeKTypHUX HiAX0OiB 10 IO0YHOBU
MacumTaboBaHUX IPOrpaMHUX NIAaTHOPM CKiIHUEHHO-eJIEMEHTHOrO aHasizy. Po60oTa cripsiMoBaHa Ha MiflBULIEHHS
MacimTaboBaHOCTI Ta KepoBaHOCTi FEA-i1aT¢opm HIISIXOM 3aCTOCYBaHHS N10Ji€BO-OPi€HTOBAHOI MiKpOCEPBiCHOI
apxiTeKkTypu, po37iIeHHs KepiBHUX MOBiJOMJIEHb, METAJAHUX i BEJIMKUX 004K CIIIOBATIbBHUX apTE(PAKTIB, a TAKOXK
3a0€e31e4eHHs He3aJ1eXKHOTO FOPU30HTAJIbHOTO MacClITabyBaHHS Hal6iyIbll pecypcoeMHOI 064N CII0BaIbHOIL CTaAii 3i
30€pEe’KEHHSIM YACEIbHOI KOPEKTHOCTI Ta BiATBOPIOBAHOCTI pe3ysbTaTiB. OCHOBHA YaCTHHA AMCepTaLiliHOI poO60TH
CKJIaJIaeThC 31 BCTYIly, YOTUPbOX PO3[ijiB Ta BUCHOBKIB. HayKOBa HOBM3HA OTPMMAHUX PE3YJIbTATIB MOJISITAE Y
HACTYITHOMY: BIepIle PO3p00JIeHO apXiTeKTyPHY MOeJb [10/1ieBO-0pieHTOBaHOi MikpocepBicHoiI FEA-inatrgopmu,
y sKill [IOBHMI1 00YMCIIIOBATIbHUI LIMKJI JIOTIYHO MO/IiJIEHO Ha OKpeMi MiKpocepBicH, BilOKpeMJIEHO KaHaIu
nepeaBaHHs KePiBHUX MO, CIy>)KOOBUX i BEJIMKAX O0YMCIIIOBATIbHUX AAHUX, & TAKOXK BU3HAUYEHO [TpaBUja Ta
dopmaru B3aeMozii MDK KOMIIOHEHTaMU CUCTEMU, 10 3a6e31edye MOKIIMBICTh HE3aJIEKHOI 3MiHM 00YNCIIIOBAIBHOI

IIOTY>KHOCTI OKpeMHUX CTafiili 6e3 nepebyoBu peutu miatdopmy; Brepiue 1 FEA-nnaTdopM ekcriepuMeHTalIbHO



BCTAHOBJIEHO, IO PO3MEXYBaHHS (YHKLiM KOOPAUHALII IOAi! i BUKOHAHHSI PECYPCOEMHMX UYMCEJIBHUX 33724 MK
He3aJIeXXHUMU KOMIIOHEHTaMU 3a0e3Ievye BiiTBOPIOBAHICTh YNCEIbHUX Pe3yJIbTaTiB IpY 3MiHi KiJIbKOCTI

004U CII0BATIbHUX BUKOHABLB, 1110 103BOJISIE PO3IJISAATU FOPU30HTAIbHE MAacCIITa0yBaHHS SIK MATEMaTUYHO
HEWUTpaJbHy ONEpalilo MO0 TOYHOCTI PO3B'sI3Ky; OTPUMAJIM OJAJbIINN PO3BUTOK METOAM OL[iHIOBAaHHS
MacmTaboBaHOCTI PO3NOAINIEHUX OOUNCIIIOBAIbHUX MIIAT(GOPM LIUISIXOM KOMILIEKCHOTO BPaxXyBaHHS IPOIYCKHO]
3[0ATHOCTI, HACKPi3HOI 3aTPUMKMU Ta i CTATUCTUYHUX XapPaKTEPUCTHUK, TPUBAJIOCTI OKPEMUX CTaLiN

004K CIII0BAIbBHOTO KOHBEEPA, BHYTPILIHBOTO Yacy poOOTH YACEIbHOTO PO3B’s13yBaya, BiIHOCHOTO IIPUCKOPEHHS Ta
e(EeKTUBHOCTI MaclITabyBaHH4, 1O A€ 3MOI'y KOMIIEKCHO XapaKTepU3yBaTH €(PEKTHUBHICTh TOPU30HTAIbHOTO
macumTabyBaHHS IJ1aTPOPMU; YTOUHEHO 3aKOHOMIPHOCTI BIJIMBY OOYMCJIIOBaJIbHOI CKIIAHOCTI CKIHYEHHO-
€JIEeMEHTHO] 3a/1a4i Ha ePEeKTUBHICTb FOPMU3OHTAJIILHOTO MacIITabyBaHHs po3noginenoi FEA- nargopmu:
BCTAHOBJIEHO HENPOMOPLiIHMI XapaKTep MacIITabyBaHHs Ta BUSHAYEHO YACTKY YacCy YUCEJIbHOTO PO3B'SI3aHHS Y
IIOBHIll HACKPi3Hii1 3aTpUMILIi K KpUTEPIiil BUOOPY KiJIbKOCTi OOYMCIIIOBAJIbHUX BUKOHABLIIB, IO A€ 3MOTY
OOI'PYHTOBAHO IVIAHYBaTH pecypcy N1aTGopMu i YHUKATH HAJJIMIIKOBOTO BUIiIJIEHHS OOYMCIIIOBAJIbHUX
NOTY>KHOCTe!. [IpakThyHe 3HaueHHs oJep>XKaHuX PEe3yJIbTaTiB I10JIra€e y CTBOPEHHI Npale3faTHOro IPOTOTHUITY
[I0/1ieBO- OPi€eHTOBaHOI MiKpocepBicHOi FEA- niiaTgopmu, B IKOMy peasli3oBaHO IOBHUI LIMKJI OOpOOJIEHHS 3a1ayi:
$hopMyBaHHS CKiHYEHHO-€JIEMEHTHOI CiTKH, YiCeJibHe PO3Bs13aHHS, Mic/SI00p006IeHHs, 30epiraHHs IPOMiKHUX i
KiHLIeBUX JAHUX, BiICTEXXEHHS CTaHy 3a/ia4i Ta 6pay3epHy TPUBUMIPHY Bi3yasizallilo pe3yibTaTiB. 3alpollOHOBaHi
apXxiTeKTypHi PillleHHs Ta METOAYU MOXYTb OYTH 3aCTOCOBAHi IIpU: pO3p00JIEHH] PO3MOAiIEHUX IPOrPAMHUX
1aT(GOPM /17151 YUCEJIBHOTO MOJIE/IIOBAHHS, B SIKUX OKpeMi cTalii 0641 CIII0BasIbHOTO IIPOLeCy MaloTh PisHi mpodii
BHMKOPHUCTaHHS peCcypciB; OpraHisallii aCHHXpOHHOTO BUKOHAHHS JOBrOTPUBAJINX OOYMCIIIOBAJIbHUX 3312y i3
II0/1i€EBOI0 KOOPAMHALII€I0 OKPEMUX CTalil; TIOOYAOBI CUCTEM i3 HE3aJIeXKHUM T'OPU30HTAIbHUM MaclITabyBaHHSIM
pecypcoeMHUX OOYMCIIOBAIbHUX KOMIIOHEHTIB; OpraHisallii BiZlOKpeMJIEHOT0 36epiraHHs BeJIMKUX YUCETbHUX
apTedaxTiB i3 1epefaBaHHSIM Yepe3 OPOKep I10BiJOMJIEHb JIALIe CIYy>KO0BUX NAHUX i IOCUJIaHb;
€KCIIEPMMEHTAIbHOMY OLiHIOBaHHI NPOJYKTUBHOCTI, MaCIITAaOOBAaHOCTI Ta YACEJIbHOI BiITBOPIOBAHOCTI
PO3I0LiNeHNX 00UYNCIIOBAIBHUX IJIAT(POPM; IJIaHYBaHHI KiJIbKOCTi 004K C/II0BAIbBHUX BUKOHABLLIB 3a7I€XKHO Bif|
CKJIaJTHOCTI 33/a4i, CIiBBiTHOLIEHHS 9Yacy KOPUCHUX 00YNCIIEHb i HAaKJIATHUX BUTPAT PO3NOLiIEHOTO CEPENOBUILA.
[IporpaMHy pearnizaliito 3alIpOIIOHOBAHOI aPXiTEKTYPY BUKOHAHO 3 BUKOPUCTAHHSIM CYy4aCHUX TEXHOJIOTIN Ta
iHCTpyMEHTIB po3pobJIeHHs po3NOJiNeHnX cucTeM, 30kpema Angular, Three.js, Node.js, Socket.IO, FastAPI, Apache
Kafka, PostgreSQL, MinlO, Redis, Celery, Gmsh, NumPy, SciPy, Docker, Kubernetes, Traefik i Keycloak.

2. The dissertation is devoted to the investigation and development of architectural approaches to the design of
scalable software platforms for finite element analysis. The research is aimed at improving the scalability and
manageability of FEA platforms through the application of an event- driven microservice architecture, the
separation of control messages, metadata, and large computational artefacts, as well as the independent horizontal
scaling of the most resource- intensive computational stage while preserving numerical correctness and
reproducibility of results. The main body of the dissertation consists of an introduction, four chapters, and
conclusions. The scientific novelty of the obtained results is as follows: for the first time, an architectural model of
an event-driven microservice FEA platform has been developed, in which the complete computational cycle is
logically divided into separate microservices, channels for transmitting control events, service data, and large
computational data are separated, and the rules and formats of interaction between system components are
defined. This provides the possibility of independently changing the computational capacity of individual stages
without restructuring the rest of the platform; for the first time for FEA platforms, it has been experimentally
established that separating the functions of event coordination and resource-intensive numerical task execution
between independent components ensures the reproducibility of numerical results when the number of
computational workers is changed. This makes it possible to regard horizontal scaling as a mathematically neutral
operation with respect to solution accuracy; methods for evaluating the scalability of distributed computing
platforms have been further developed through the integrated consideration of throughput, end-to-end latency
and its statistical characteristics, the duration of individual stages of the computational workflow, the internal
execution time of the numerical solver, relative speedup, and scaling efficiency. This makes it possible to



comprehensively characterise the efficiency of horizontal platform scaling; the patterns governing the influence of
finite element problem complexity on the horizontal scaling efficiency of a distributed FEA platform have been
refined: the scaling behaviour was found to be non-proportional, and the proportion of numerical solution time
within the total end-to-end latency was identified as a criterion for selecting the number of computational
workers. This makes it possible to plan platform resources in a substantiated manner and avoid excessive
allocation of computational capacity. The practical significance of the obtained results lies in the development of a
functioning prototype of an event- driven microservice FEA platform that implements the complete task-
processing cycle, including finite element mesh generation, numerical solution, post-processing, storage of
intermediate and final data, task state tracking, and browser-based three- dimensional visualisation of results. The
proposed architectural solutions and methods can be applied to: the development of distributed software
platforms for numerical modelling in which individual stages of the computational process have different resource
utilisation profiles; the organisation of asynchronous execution of long-running computational tasks with event-
driven coordination of individual stages; the development of systems with independent horizontal scaling of
resource-intensive computational components; the organisation of separate storage for large numerical artefacts
while transmitting only service data and references through the message broker; the experimental evaluation of
the performance, scalability, and numerical reproducibility of distributed computing platforms; the planning of the
number of computational workers depending on problem complexity and the relationship between useful
computation time and the overhead of the distributed environment. The software implementation of the proposed
architecture was carried out using modern technologies and tools for distributed systems development, including
Angular, Three.js, Node.js, Socket.IO, FastAPI, Apache Kafka, PostgreSQL, MinlO, Redis, Celery, Gmsh, NumPy,
SciPy, Docker, Kubernetes, Traefik, and Keycloak.
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