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JHuceprauiitna poOoTa npucBgYeHa po3poOiil JIHIBICTUYHOIO Ta MPOrPaMHOro
3a0e3MneueHHsT CKIHYEHHO-CJIEMEHTHOTO aHaji3y B MapajelbHUX OOYHUCIIOBAIBHUX
CUCTEMAX.

Ha cporomHi CTBOpEHHSI HOBOT TEXHIKHM MPAKTUYHO HEMOXKJIMBE 0€3 IMIMPOKOTO
3aCTOCYBaHHSI Cy4acHUX 1H(POpMaIIMHUX TEXHOJOTIM Ta OOYUCITIOBAIBHUX CHCTEM.
Opniero 3 HaWBXUIMBINIMX 33J1a4, SKI MOCTalOTh MEpeja 1HXKEHepaMHu, € 3aMiHa
G13UYHUX BUMPOOYBaHb JOCHTITHUX 3Pa3KiB CKIQJHUX 1H)KEHEPHO-TEXHIYHUX CHUCTEM,
IO MPOEKTYIOThCS, BIPTyallbHUM KOMIT IOTEPHUM eKkcriepuMenToM. lle mo3Bomsie, 3
ogHOro OOKy, 3HaYHO 3MEHIIWTH BUTPATH 4YacCy Ta PECypciB Ha MPOEKTYBAaHHSA, a 3
1HIIIOTO, ITIIBUIIIMTHA MOTO SIKICTh.

OpmHuM 3 HaOUTBII MOMIMPEHUX Ha MPAKTHUII MiAXO/IB A0 YUCEIHHOTO aHaJi3y
HIMPOKUX KJACIB 3a/Jad € 3aCTOCYyBaHHS METONYy CKIHUEHHHMX eJeMeHTiB. Jlis
aBTOMaTH3allli PO3pPaxyHKIB 3a KMOro JOMOMOIOK Ha ChOTO/HI CTBOPEHO BEIUKY
KUIBKICTh PI3HOMAHITHOTO MporpamMHoro 3adesnedeHHs. HallOuabIn BIIOMUMU cepenl
KOMEPIIIHHUX CHCTEM CKIHUCHHO-€JIEMEHTHOro aHaiizy € Abaqus, Ansys, MSC
Nastran ta iumi. Cepen nmporpaMHOro 3a0e3neyeHHs 3 BIIKPUTUM BUXIAHUM KOJIOM
moxkHa BuauTH dial.ll, FreeFEM, OpenCAD tomo. KinbKicTh Takux Hporpam
HEYXWIbHO 30UIbIIYETHCA, OCKUIBKM TOCTIHHO 3pOCTae CKIAAHICTh 3a4ad, SKi
MOCTAlOTh MepeJ] 1HXEHEepaMu Ta HayKoBUsAMH. Kpim TOro, ciij BpaxoByBaTu
CTPIMKHUWA PO3BUTOK MOMJIMBOCTEH Cy4acHOI OOUYMCIIOBAJIbHOI TexHiku. Jlis

e(bCKTI/IBHOFO 3aCTOCYBAaHHA HasiBHUX OOYHCIIIOBAJIBHUX pecypciB CydaCHHUX



MYJIBTUIIPOIIECOPIB Ta MYJIBTUKOMIT IOTEPIB HEOOXITHO pO3pOOSATH MapalieNbHi
BepCii HABHUX aJTOPUTMIB CKIHUEHHO-EJIEMEHTHOTO aHai3y.

TakuM 4yrHOM, MpoOemMa CTBOPEHHS! CUCTEM CKIHUEHHO-EJIEMEHTHOTO aHali3y
3 BIJKPUTUM MOPOTPaAaMHUM KOAOM, SIKI O JO3BOJISUIM BUKOPUCTOBYBATH MOXJIMBOCTI
PI3HUX MapaielbHUX apXITEKTyp Cy4aCHUX KOMIT FOTEPHUX CHUCTEM, € AKTYaJIbHOIO.

Ha croronni HalOUIbII MOMIMPEHUMH KJIacaMU TMapajieIbHUX KOMIT IOTEPIB €:
1) mynasTHIpOIIECOPH (OOUUCTIOBAIbHI CUCTEMHU 31 CIITLHOIO IMaM STTIO 1 IEKUIbKOMa
mpoliiecopaMu abo OJIHUM IMPOIIECOPOM 3 OaraTrbMa spamMm) Ta 2) MyJIBTUKOMIT FOTepU
(0OuncIIOBANIbHI CUCTEMH, IO (PAKTUYHO € 00’ €IHAHUMU B €IMHY MEPEXY OKPEMUMU
KoMmIT oTepamu). [Iporpamua peanizaiiisi mapajieqbHIX PO3PAXYHKIB B IUX CHCTEMAax
ICTOTHO Pi3HHUTHCS, OCKIIBKH, HAIIPUKIIAJ], B MYJIBTHIIPOIIECOPHUX CUCTEMAX 3aBISIKU
HasBHOCTI CIUIbHOI MaMm’siTi HE NOTPIOHO peasi3oByBaTH CKIAJHUN 1HTEpderic
CHUHXPOHI3alll] JaHUX.

OTxe, Ha ChOTOAHI aKTyadbHOIO € 3a7ada PO3POOKH TaKUX MPOTPAMHHUX
CUCTEM CKIHYEHHO-EJIEMEHTHOTO aHami3y, siki 0 MoxHa Oyli0 BHKOPHCTOBYBaTH Ha
pPI3HHX THUIAX TMapajelbHUX apXitektyp. i pos3p’s3aHHs 1i€i 3agadl B
TUcepTaliiiHii  poOOTI  MPONOHYETHCA  3aCTOCYBAHHS  TBIPHOTO  IMaTEpHY
MPOEKTyBaHHs Prototype, 3a JOMOMOTOIO SIKOTO MOXXHA CTBOPIOBATH KOIIii 00’ €KTIB,
HE BJAIOUUCh Yy MoApoOuIll iXHBOI peamizamii. Ile mg03BoJsie, 3 OAHOTO OOKY,
napajeibHO 3alyCKaTh MPOrpaMHiI IMOTOKKM Ha OOYMCIIOBAIBHUX BYy3JIax Pi3HOI
npupoau (sIpax MPOIECcopa; OKPEMHUX MpoIecopax abo By3sax OOYHCIIOBAILHOTO
KJIacTepy), a 3 iHIIOT0, CTBOPIOBATH CTAHAAPTHU30BAHMIA MPOTPAMHHMA KO/, 3MEHIIIUTH
Jac Ha MWOro HAJIArO/DKEHHS, a TaKOXK MIHIMI3yBaTH MOXKIIUBICTh BHUHHUKHEHHS
MIOMHJIOK B KOJIi 32 paXyHOK BUKOPUCTaHHS BepU(IKOBAHUX PIIlICHb.

CydacHi mOporpaMHi CHUCTEMH CKIHYEHHO-EJIEMEHTHOIO aHalli3y 3a CBOEIO
apXITEeKTYpOI0 MOXYTb MOXYTh OyTH MONIJIEHI HAa TPU OKpemi (YyHKIIOHAJIbHI
niacuctemMu: 1) mpenpoiecop, SKUi BUKOHY€E aBTOMaTH3alil0 MOOyI0BU TUCKPETHOT
r€OMETPUYHOI MOJiel 00’ €KTy pOo3paxyHKy; 2) TpoILecop — SIpO Hporpamu, sKe

0e3mocepeIHbO peallizye YUCENbHUI pO3paxyHOK 3ajadl 13 3aCTOCYBAaHHSM METOIY



CKIHUEHHUX €JIEMEHTIB; 3) MOCTIPOIIECOp, L0 peai3ye aBTOMATH3AIll0 aHali3y
OTPUMAaHMX YHCIOBUX PE3yJIbTATIB Ta iX Bi3yasi3alilo.

3agaua moOyI0BU CKIHUYEHHO-EJIEMEHTHOI MOJIENI, SIKy BHUPIIIYE MPEmpoIecop,
€ CKJIAIHOI0 1 Moke OyTH MOAUIEHa Ha JBl OKpeMi CKIaIoBl: 1) CTBOpPEHHS
dhopManTbHOTO ONMKUCY TeOMETPii 00’ €KTYy PO3paxyHKy y MEBHIM GopMi, 3pydHid aJis
MOJIAJIbIIOI aBTOMAaTUYHOI 00pOOKH 1 2) reHepallis CKIHUeHHO-EJIEeMEHTHOI MOJIeN1 Ha
OCHOBI IIOTO OITHCY.

HaiiGinpm mpupoaHiM Ta YHIBEPCAIBHUM CIIOCOOOM OIMKCY JTOBUIBHUX
reOMETPUYHUX O0nacTel € (PyHKIIOHATBHUM MiAXiA, KUl 0a3yeThcs Ha MOOYIOBI
Takoi (QyHKIII, sKa TpuUAMae BT €MHI 3HAYCHHS 3a MEXKaMH BUXIJHOTO
reOMETPUYHOr0 00’€KTa, 1 HEB1JI'€MHI B HOT0O CepeuHl Ta Ha TpaHull. MOXIHUBICTh
noOyA0BH TakuX (PYHKIIH A Oylb-SKOrO r€OMETPUYHOro 00’ekTa Oyna J0BeleHa
akageMmikoMm B. JI. PBauoBum.

Bukopuctanus (yHKIIOHATBRHOTO TIAXOAY B Mpernporiecopi morpedye
pO3p0OKH (HOpMaTBLHOTO CIIOCOOY OMHUCY (PYHKIIIOHAJBHHX MOJACICH reOMEeTPUIHUX
o0’exTiB. B mucepramiitHiii po6OTI 3 IIi€l0 METOI Oyino po3pobiaeHo MpoOIeMHO-
opientoBany MoBy FORL-G, sika 103BOJIsiE OMUCYBaTH F€OMETPUYHI MOJIEN1 00’ €KTIB
Oynb-skoi opmu. B poGoti 13 3acTocyBanHsM po3mmpenoi Gopmu bekyca-Haypa
HABEJICHO MOBHMM OMUC CUHTAKCHCY Ta CEMAHTUKH I[I€] MOBH, a TaKOXK MPUKIAIN ii
3acrocyBaHHs. OcobOnuBicTio FORL-G € HasBHICTh B HIA 3ac00iB, IO KEPYIOTh
npoiiecoM  NoOylIOBH  CKIHUEHHO-CJIEMEHTHHX  MOJeJeil B MapajielibHUX
OOYMCITIOBAIBHUX CHCTEMaX. TakoX B JUCepTaliidHId poOOTI 13 3aCTOCYBaHHSIM
natepHy MpoeKkTyBaHHS Prototype mporpaMHO peasnizoBaHO MapajieibHI aJrOpUTMHU
MoOy/IOBU CKIHYEHHO-EJIEMEHTHHX MOJCIEH TeoMeTpUYHUX OO0 €KTIB, 3aJIaHUX
($yHKI10HANBHO. Byno mpoBeeHo 00YMCITIOBaIbHUN €KCIEPUMEHT, IKUU I1ATBEPAUB
¢(DEKTUBHICTD 3aIPOITOHOBAHUX ITiIXOIIB.

[IporpamHa peanizaiisi TUIIOBOTO  MPOLIECOPY CUCTEMU  CKIHYEHHO-
€JIEMEHTHOIO aHaJli3y Iepeadayae CTBOPEHHS OKPEMHUX MOAYIIB, IO Peani3yroTh
MEBHUM THUI PO3pPaxyHKy. AJIbTEpHATUBHUM IIIXOIOM € aBTOMAaTH3allisl BUBEICHHS

HEOOXITHUX PO3PAaXyYHKOBUX CITIBBIJTHOIIIEHb O€3MOCEPEIHbO 3  BaplalllifHUX



IPUHIUIIB, O JA03BOJISIE OTPUMYBATH HEOOXIHI CIIBBIJHOIICHHS ISl YHCEIBHOIO
PO3B’sI3aHHS IMMPOKMX KiIaciB 3ajad. Moro 3acrocyBaHHs morpebye po3poOKH
dbopmanpHOro crnocoly omucy BapialifHuX (OpMya 1 MpaBUJl BUBEICHHS 3 HUX
HEOOX1IHMX CHiBBIIHOUIEHb. B nucepramiiiHiii poOOTI PO3pOOJEHO MPEAMETHO-
opienToBany MoBy FORL-F, 3a momomMororo sikoi KOpPUCTyBad MOXE OIMKCYBaTH
KOMIT FOTEpHI MOJIEN1 IIUPOKUX KJIaciB 3ajad. B po6oTi HaBeaeHO (hopMalibHUN OIMKC
1i€7 MOBH, a TaKOXX MPHKJIAIU ii 3aCTOCYBaHHS. 3a JIONMOMOror 1mabioHy Prototype
MPOrpaMHO peajli3oBaHO MPOLIECOpP, SKUM BUKOHYE PO3PAXYHKH MPOrpaM, OMHUCAHUX
Ha moBi FORL-F, B mapanenbHux OOYMCHIOBAIBHUX CUCTeMaX. byrno mpoBeneHo
HU3KY  OOYMCITIOBAIBHMX  CKCIEPUMEHTIB, Kl MATBEpAWIH  €()EKTHBHICTh
3aMpOIOHOBAHOIO ITiIXO.Y.

Takox B Jucepraiii HaBEJEHO OIKC 3alpPOIOHOBAHOTO MApajelbHOTO
aITOPUTMY Bi3yami3ailii YHCEIbHUX pO3paxyHKiB, Ha MOro OCHOBI IPOTPaMHO
pealli3oBaHO TMOCTHPOIIECOP, a TaKOXX BHKOHAHO BUIMOBIAHI OOYMCITIOBAIBHI
€KCIIEPUMEHTH.

Orxe, y naucepraiiiiHii poOOTI BHUpIllIEHa aKTyajlbHa HAayKOBO-TE€XHIYHA
npoOieMa NIABULIEHHS €(PEKTUBHOCTI PO3POOKHM CHCTEM CKIHYEHHO-EJIEMEHTHOTO
aHaTi3y 3 BUKOPUCTAHHSM MapajeIbHIX 00YUCIICHb.

Knrouogi cnoea: napanenbHi po3paxyHKH, MarepH NnpoekTyBaHHs Prototype,

METOJI CKIHUEHHHX €JIEMEHTIB, IPEMPOIIECOp, MPOLECOP, TOCTIPOILIECOP.
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The thesis 1s devoted to the development of linguistic and software finite
element analysis in parallel computer systems.

Today, the creation of new technology is almost impossible without the
widespread use of modern information technology and computer systems. One of the
most important problems facing engineers is to replace the physical tests of
prototypes of designed complex engineering systems a virtual computer experiment.
This allows on the one hand to significantly reduce the cost of time and resources for
design, and on the other — to improve its quality.

One of the most common in practice approaches to numerical analysis of wide
classes of problems is the use of the finite element method. To automate computing
with its help, a large number of different software has been created today. The most
well-known among commercial programs of finite element analysis are Abaqus,
Ansys, MSC Nastran and others. Among the open source software are dial.ll,
FreeFEM, OpenCAD, etc. The number of such programs is steadily increasing, as the
complexity of the problems facing engineers and scientists is constantly increasing.
In addition, the rapid development of modern computer technology should be taken
into account. In order to effectively use the available computing resources of modern
multiprocessors and multicomputers, it is necessary to develop parallel versions of
existing finite element analysis algorithms.

Thus, the problem of development of systems of finite element analysis with
open source software, which would allow to use the capabilities of different parallel
architectures of modern computer systems, is relevant.

Today, the most common classes of parallel computers are: 1) multiprocessors
(computing systems with shared memory and multiple processors or a single
processor with multiple cores); 2) multicomputers (computing systems that are
actually connected to a single network by separate computers). The software
implementation of parallel computing in these systems differs significantly, because,
for example, in multiprocessor systems, due to the presence of shared memory, it is

not necessary to implement a complex data synchronization interface.



Thus, today the task of developing such software systems of finite element
analysis, which could be used on different types of parallel architectures, is relevant.
To solve this problem, the dissertation proposes the use of a creative design pattern
Prototype, with which you can create copies of objects without going into the details
of their implementation. This allows, on the one hand, to run software streams in
parallel on computing nodes of different nature (processor cores; individual
processors or on nodes of a computing cluster), and on the other — to create
standardized program code, reduce debugging time, and minimize the possibility of
errors in code through the use of verified solutions.

Modern software systems of finite element analysis by their architecture can be
divided into three separate functional subsystems: 1) preprocessor, which automates
the construction of a discrete geometric model of the object of calculation; 2)
processor — the core of the program, which directly implements the numerical
calculation of the problem using the finite element method; 3) postprocessor, which
implements automation of analysis of numerical results and their visualization.

The task of constructing a finite element model, which is solved by the
preprocessor, is complex and can be divided into two separate components: 1)
creating a formal description of the geometry of the object of calculation in a form
convenient for further automatic processing and 2) generating a finite element model
based on this description.

The most natural and universal way to describe arbitrary geometric domains is
a functional approach, which is based on constructing a function that takes negative
values outside the original geometric object and is non-negative in its middle and at
the boundary. The possibility of constructing such functions for any geometric object
was proved by Academician V. L. Rvachev.

Using a functional approach in a preprocessor requires the development of a
formal way to describe functional models of geometric objects. For this purpose, the
dissertation developed a problem-oriented language FORL-G, which allows you to
describe geometric models of objects of any shape. In the work with the use of the

extended Backus-Naur form, a complete description of the syntax and semantics of



this language is given, as well as examples of its application. A feature of FORL-G is
the presence of tools that control the process of building finite-element models in
parallel computing systems. Also in the dissertation work with the use of the design
pattern Prototype programmatically implemented parallel algorithms for constructing
finite-element models of geometric objects, given functionally. A computational
experiment was conducted, which confirmed the effectiveness of the proposed
approaches.

Software implementation of a typical processor of the finite element analysis
system involves the creation of separate modules that implement a certain type of
calculation. An alternative approach is to automate the derivation of the necessary
calculation relations directly from the principles of variation, which allows to obtain
the necessary relations for the numerical solution of wide classes of problems. Its
application requires the development of a formal way to describe the variational
formulas and rules for deriving the necessary relations from them. In the dissertation
the subject-oriented language FORL-F is developed, with the help of which the user
can describe computer models of wide classes of tasks. The paper provides a formal
description of this language, as well as examples of its use. Using the Prototype
template, a processor is implemented that performs calculations of programs
described in the FORL-F language in parallel computer systems. A number of
computational experiments were performed, which confirmed the effectiveness of the
proposed approach.

Also in the dissertation the description of the offered parallel algorithm of
visualization of numerical calculations is given, on its basis the postprocessor is
programmatically realized, and also the corresponding computational experiments are
executed.

Thus, in the dissertation the actual scientific and technical problem of increase
of efficiency of development of systems of finite element analysis with use of parallel
computing is solved.

Keywords: parallel computing, Prototype design pattern, finite element

method, preprocessor, processor, postprocessor.
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