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(mpisBuue, iM’s1, 110 GaTbKOBI )

1. Tema npoekty (podotu) Po3polOka mpenpouecopa sl CKiH4eHO-

€JICMEHTHOI'0 MOAECJIIOBAHHS KOHCTPYKUIiM

KepiBauk kBamidikamiitHoi podoTu MorwnbHuii I'.A.

(MpisBHIIE, M4, 10 GATEKOBI, HAYKOBHI CTYTIiHE, BUCHE SBAHHA)
3aTBEpAKEHA HAKa30M IO YHIBEPCUTETY Big“ ” 2022 poxyNe_
2. CTpoK moJIaHHs CTYJICHTOM IPOEKTY (poOOTH)

3. Buxigni nani 10 po6otu (poexTy) y pe3yJibTaTi BUKOHAHHS poOOTH

MOBUHHO OYTH po3p00JICHO MPENPOIecop i CKIHUEHO-EJIEMEHTHOTO

MOJICJTIOBaHHS KOHCTPYKITIH.

(BM3HAYAIOTHCS KiNbKiCHI 00 (Ta) AKiCHI MOKa3HUKH, SIKUM MOBMHEH BiAMOBifaTH 00’ €KT PO3pOOKH)

4. 3MICT pO3paxyHKOBO-TOSICHIOBAILHOI 3aMMUCKHU (TIEPEiK MUTaHb, K1 TOTP1IOHO
po3pooutn) AHAJII3 ICHYIOUUX ITIAXOAIB 10 MOAEJIFOBAHHA 1

JIMCKPETU3ALII [TPOCTOPOBUX OF'€KTIB. MOJAEJIIOBAHHS TA

AHAJII3 TTPOTPAMHOI'O 3ABE3ITEUYEHHA ITPEITPOLIECOPA.

PO3POBKA ITPEITPOLIECOPA JUTA CKIHYEHHO-EJIEMEHTHOI'O

MOJEJIIOBAHHA

(BM3HAYAIOTHCS HA3BM PO3AiNiB abo (Ta) mepernik MUTaHsb, AKi NOBUHHI yBiiiTh 10 Tekcty I13)

5. Ilepenik rpadiunoro Marepiany (3 TOYHUM 3a3HAYECHHSIM O0OB’I3KOBHX KPECJICHb)




6. KoHncynbpTanTu po3aiiaiB mpoekTy (podoTH)

Po3min

[Ipi3Buie, iHiianu Ta nocanaa

ITignuc, nata

KoncynpranTa

3aBJaHHsA BHaB

7. Jlata Bumadi 3aBAaHHS ,,

KAJIEHIAPHUM ILJIAH

” 2022 p.

3/11

HasBa erariB JUIIIOMHOTO
npoeKTy (podoTH)

CTpoK BUKOHAHHS

eTarniB IPOEKTy
(poboTtH)

Bubip Temu poOOTH, BHUBYEHHS HAYKOBOI JiTepaTypH,
3aTBEp/DKCHHS TEMH Ta KEPiBHUKA.

J1o 15 »oBTHs

AHani3 niTepaTypHHUX JpKepell 3a TeMoro poOoTu. Po3pobka
Ta ampobauis METOAUKU JIOCIIAHO-EKCIePUMEHTAIbHOT
poboTwu.

[TonaHHs CTPYKTYpU TEOPETUUHOI YACTUHU pOOOTH Ta IJIaHy
CKCIICPUMCHTAJIbHUX I[OCJ'IiI[)KeHB.

Jpyruii THXK1€Hb

JHCTOIaIa
(10 muctomnana )

PoboTa HaJl TEOPETHYHOIO YaCTUHOIO.
[ToganHst TeopeTWUYHOT YACTHHH POOOTH [UIsI TIEPIIOTO
YUTAHHS HAYKOBUM KEPIBHUKOM.

Mo 15 rpynua

YcyHeHHsT — 3ayBakeHb,  ypaxyBaHHS
HaYKOBOT'O KEpiBHUKA.
[TonaHHs TeopeTHYHOi YaCTUHHU POOOTH Ha APYTe YUTAHHS.

peKOMEeH Al

Jlo 28 ciuns

[IpoBeneHHst ekcrnepuMeHTanbHOi pobotu. [loeTamHuit
aHaii3 Ta oOroBopeHHs ii pe3ynbrariB. IlepeBipka crany
BUKOHAHHS POOOTH.

[Tepumii THKIEHD

Oepe3Hs

VpaxyBaHHS ~ pEeKOMEHAALlil  HAyKOBOTO  KEpiBHHKA,
YCYHEHHS HEJOJNIKIB, MiArOTOBKAa BapiaHTa pPOOOTH [0
HepeI3axucTy.

Po3pobka mpe3eHTartii.

Jlo 31 Gepesns

[TonepemHiii 3axucT poOdOTH Ha Kadeapi

KBITEHb

JoompartoBanHs poOOTH 3 ypaxXyBaHHAM pEKOMEHIAIii

3a 10 guiB 10

micns  mepen3zaxucty. [lomaHHS — poOOTH  HAayKOBOMY EpKABHO]

KepIBHUKOBI Ta PELEH3EHTOBI HA MiJArOTOBKY BIATYKY Ta P
arecTarii

penensii

[lonanHs Ha Kkadeapy OCTaTOYHOrO BapiaHTa poOOTH, 3a 5 nHIB 110

HEpEeNIeTeHoro Ta MiANUCAHOTO aBTOPOM, HAyKOBHM Aep:KaBHOT

KEPIBHUKOM 1 PEIICH3EHTOM. aTecTari

CryneHr

B.B. JloHuenko

MiAmIe

KepiBHuk npoekry (po0oTH)

(iHiiany, npi3BHILE)

I'.A. MorunsauM

miamnuc

3aBJIaHHS IPUIHSIB

[TpumiTka




AHOTANIA

Jlonuenko B. B.

Tema: Po3poOka mnpempomecopa sl  CKiHY€HO-eJ€MEHTHOI0
MO/IeJII0BAHHS KOHCTPYKIIii.

Crenianbhictb: 121 "[HXxeHepiss nporpaMHOro 3a0e3nedyeHHs "

YcranoBa: JIHY imeni Tapaca [lleBuenka, 2023 p.

bakanaBpcbka po6ora mictuth: 74 c., 37 puc., 1 Ta6m., 1 monmar., 44
TDKEpElL.

OO0'eKkT HOCTiIKEHHS — TEOMETPUYHE MOJCIIOBAHHSA KOHCTPYKIIM Ta
JUCKPETHU3allisl TeOMETPUYHUX 00JacTell Ha CKIHYEH] €JIeMEHTH.

IIpeamer nociimskeHHst — 1moOyaoBa Mojielll KOHCTPYKINI Ta TeHeparlis
PO3paxyHKOBHX CITOK JUISI CKIHYEHO — €JIEMEHTHOT'O MOJICTFOBAHHS KOHCTPYKIIIH.

Mera poOoTtm — aHami3 MeTOAIB TNOOYAOBH KOMITIOTEPHUX Mojeen
FCOMETPUIHUX oOJacTeld Ta iX JMCKpeTH3allii Ha CKiHYEHHI eJIEMEHTH 3aJlaHOi
dbopmu Ta po3poOka mpemnporecopa Uisi CKIHIYEHHO -€JIEMEHTHOTO MOJICTIOBaHHS
KOHCTPYKITIH.

Pesyabratn pobotm. Y pobGoTi OyJI0 MPOBEACHO JOCIIIKCHHS
HAWUTIOMMPEHIMUX TPOTrPAMHUX KOMIUICKCIB JIUII MOJICTIOBAaHHS Ta aHaji3y
CKJIAJAHUX 1H)XKEHEPHUX KOHCTPYKIIM, $K BITYU3HSIHUX, TaK 1 3apyODKHHX.
Po3ristHyTO OCHOBHI METOAM MOOYJOBM T'€OMETPUYHUX MOJAeNed O00'€KTIB 1
nomupeHi (GopmaTu, IO BHKOPHUCTOBYIOTBCS JUIA iX omucy. Takox Oynu
MpoaHaTi30BaHl OCHOBHI MIAXOJH, SIKI 3aCTOCOBYIOTBCSI B CYYaCHHUX CHCTEMax
aBTOMATU30BAaHOTO  MPOCKTYBaHHS IS  TBEPAOTIILHOTO  MOJICITFOBAHHS
TCOMETPUYHUX O0O0'€KTIB, a TAaKOXX JOCIIKEHI MOIIMPEHI METOIU Ta aJIrOpPUTMU
JUCKPETHU3aIli] TNIOCKUX Ta IPOCTOPOBUX 00JIACTEH.

Byno 3aiiicHeHo aHani3 rmpoiiecy po3poO0KH MpenpoIiecopa 3 METOI OOy I0BU
reoMeTpii Ta aBTOMATH3aIlli CTBOPECHHS JUCKPETHOI (CKIHYEHHO-EJIEMEHTHOT)
MOJIeJl KOHCTPYKITii. Takoxx Oyi0 MpoBEACHO MOIEITIOBAaHHS Ta HaJIaHO JIeTaTbHUN
OMMHC apXITEKTYpU pO3pOOJIEHOTr0 M0MaTKy. BHUKOHAHO OOIPYHTYyBaHHS BUOOpY
CepeloBUIIa PO3POOKU JOJATKy Ta MOBH mporpamyBaHHsA. ONHUCAaHO aIrOPUTM
noOyZJ0OBH reOMETPIi po3paxyHKOBHX 00JIaCTEH Ta FeHepallil CITOK Y IPEnpoLECcOopl.
VY npenpoiiecopi 6ysio po3po0iaeHo aBa MOy st poOoTH: Moayib "['eomerpist"”
JUISL CTBOPEHHSI MPOCTUX T'€OMETPUYHUX CyTHocTted Ta Mmoayip "Citka" ms
CTBOpEHHs 1-, 2- Ta 3-MipHUX CITOK 11X ontumizartii. J{is peanizarii nporpamu Oysa
obOpana moBa nporpamyBanns C++ y cepenosuiii Microsoft Visual Studio 2022.

BucnoBok. B pesynapTari po6oTu Oysio po3poOJIeHO mpenporecop st
noOyJI0OBM TeOMeTpii Ta aBTOMATH3allli CTBOPEHHS JHUCKPETHOI (CKIHYEHHO-
€JIEMEHTHO1) MOJIeJIl KOHCTPYKITIH.

Kawouosi caoBa. METOJ] CKIHYEHUX EJIEMEHTIB, CUCTEMA
ABTOMATHU30BAHOI'O [TPOEKTYBAHHA, JUCKPETU3AILILA,
TPIAHTYJIALIS, AJITOPUTM, OINITUMM3AIL CITKU, MS VISUAL C++,
OPENGL.



ABSTRACT

Donchenko Vladyslav

Theme: Development of a preprocessor for finite element modeling of
structures.

Speciality: 121 "Software Engineering”

Institution: Luhansk Taras Shevchenko National University (LTSNU), 2023.

Diploma work contains: 74 pages, 37 Fig., 1 Table, 1 adj., 44 source.

A research object is geometric modeling of structures and discretization of
geometric areas into finite elements.

The article of research is construction model construction and generation of
calculation grids for finite element modeling of structures.

An aim of work is analysis of methods of building computer models of
geometric areas and their discretization into finite elements of a given shape and
development of a preprocessor for finite element modeling of structures.

Job performances. In the work, a study of the most common software
complexes for modeling and analysis of complex engineering structures, both
domestic and foreign, was conducted. The main methods of building geometric
models of objects and common formats used for their description are considered.
The main approaches used in modern automated design systems for solid-state
modeling of geometric objects were also analyzed, as well as common methods and
algorithms for discretization of flat and spatial areas were studied.

An analysis of the preprocessor development process was carried out in order
to build geometry and automate the creation of a discrete (finite element) model of
structures. Modeling was also carried out and a detailed description of the
architecture of the developed application was provided. The justification of the
choice of the application development environment and programming language has
been made. The algorithm for constructing the geometry of calculation areas and
generating grids in the preprocessor is described. In the preprocessor, two modules
have been developed for operation: the "Geometry" module for creating simple
geometric entities and the "Mesh" module for creating 1-, 2- and 3-dimensional
meshes and their optimization. To implement the program, the C++ programming
language was chosen in the Microsoft Visual Studio 2022 environment.

Conclusions. As a result of the work, a preprocessor was developed for
building geometry and automating the creation of a discrete (finite element) model
of structures.

Keywords. FINITE ELEMENT METHOD, AUTOMATED DESIGN
SYSTEM, DISCRETIZATION, TRIANGULATION, ALGORITHM, MESH
OPTIMIZATION, MS VISUAL C++, OPENGL.
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1. BCTYII

1.1 HaiiMeHyBaHHSI: NPENPOLECOP VISl CKIHYEHO-EJIEMEHTHOI'O MOJIEIIOBAHHS

KOHCTPYKLIH.

1.2 IIudp MP: AJIP-1

1.3 IlincraBa no BukoHaHHs [1P: [lincraBoro s BUKOHAHHS JaHOI PO3POOKU €

HEOOX1THICTh MOOYI0BH TeOMETPil JBOMIPDHMX Ta TPUBHMIPHHMX KOHCTPYKIIH Ta

aBTOMATUYHOI TeHepallii pO3paxyHKOBUX CITOK ISl CKIHYEHO — €JIEMEHTHOTO

MOJICJIIOBAHHSI KOHCTPYKILIM Ui  €JIEMEHTIB YHUCEIbHOTO pPO3pPaxyHKY

HaIpy>KeHO-1e(OPMOBAHOTO CTaHy J1e(HOPMIBHOTO Tija.

1.4 Tepminu po3podKu:

1.4.1
1.4.2

[Touarok 30 >xoBTHS 2022 p.

3akinuenns 20 6epesns 2023 p.

1.5 MdinaHCyeTbCA 32 pPaxyHOK KONITIB 3aMOBHUKA. YMOBHU (pIHAHCYBaHHSA —

3rigHo moroBopy Nel2/a ta mporokoy moromkeHHs miHu Ne 12/6.

2.1.

2.1.1.
2.2.

2.2.1.

2. XAPAKTEPUCTUKA OB’EKTY
Po3pobnsiemuii mporpamMHUi  KOMIUJIEKC TOBHHEH OyayBaTH T'€OMETPI0
JBOMIpHHMX Ta TPUBHMIPHHUX KOHCTPYKI[iii Ta aBTOMAaTH3yBaTH JIUCKPETHU3AIIIIO
Ha CKIHYEHI €JIEMEHTH AOCTIIKYBaHY 00JacTh B KOHCTPYKISX CKIJIAJIHO1
dopMu I €NEMEHTIB  YHMCEIBHOTO  PO3paxyHKy  Hampy>KeHO-
nedopmoBaHoro crany gedopmiBHoro Tuta. o ckiaamy o00’ekry, 110
CTBOPIOETHCS] TOBUHHO BXOJUTH:
[TporpamHamii KOMIUIEKC, IO PO3POOIISIETHCS.
Jlo BXigHoOi iHdopmanii Hanexath (ailin reomMeTpii KOHCTPYKIIN PI3HUX
dopmMm, ski miarpumyBadi OarathMa CAD -makeTtamMu il €JIEMEHTIB
YHCEJIbHOTO PO3PAaXyHKY HAINpPyKEHO-Ie(hOPMOBAHOTO CTaHy JAe(hOPMIBHOTO
TijA.
[adopmarris momo muckpernsariii Ha 1D, 2D 4yu wa 3D ckiHueHi enemMeHTH

JOCITKYBaHOT 00J1aCTi.



2.3.

3.1.

3.2.

Jlo BuxigHoi ingopmanii HanexxuTh (aiia B IKOMY 30€piraeTbcs reoMeTpis
KOHCTPYKIIi Ta AUCKpETHU3allisi Ha CKIHYEHI EeJEeMEHTH JOCIHIIKYyBaHOI
001acTi KOHCTPYKUIN pi3HUX (HopM.
3. MPU3HAYEHHSA NPOJIYKIIII

IIpusnayennsi: Po3poOka Ta HACTpOIOBAHHS TMPOTPAMHOTO KOMILICKCY,
SKUM BUKOHYE MOOYJI0BY T€OMETPii TBOMIPHUX Ta TPUBUMIPHHX KOHCTPYKIIIH Ta
JUCKPETH3aIlll0 Ha CKIHYeHI eJeMEHTH JOCHIDKyBaHOi objacti B
KOHCTPYKITISIX IS €JIEMEHTIB YHCEIBHOTO PO3pPaxyHKy HampyKeHO-
nehopMOBaHOTO CTaHy Ae(OPMIBHOTO TiJa.

OcHoBHi kpuTepii e¢peKTHBHOCTI

3.2.1. 3pyuHnuii inTepdeiic.

3.2.1.1. OmepaTop MOBUHEH MaTHl MOXJIUBICTh BIJKPUBATU (Dailsiv 3 reOMETPI€I0

KOHCTPYKIH Pi3HUX (POPM.

3.2.1.2. Oneparop NOBUHEH MaTH MOJKJIMBICTh 3aJaBaTH JUCKpeTu3allito Ha 1D,

2D 4yu Ha 3D cKiHYEeH1 €JIEMEHTH.

3.2.1.3. OmepaTop MOBHHEH MaTH MOXJIUBICTH 30epiraru .

3.2.2. IlporpamMHHi1 KOMIUIEKC TOBUHEH:

3.2.2.1. mBigkpuBatu ¢aim: Gmsh geometry .geo - daitn reomerpii GMSH,;

STEP 1 IGES - Bimomi ¢dopmatu ¢aiiiB reoMerpis, MiATPUMYBaHI

oararema CAD —makeramu.

3.2.2.2. aBTOMAaTHYHO BUKOHYBaTH Auckperusamito Ha 1D, 2D un na 3D ckinueHi

CJIECMEHTH,

3.2.2.3. BizyamizyBatu auckperusaiito Ha 1D, 2D uu Ha 3D ckiHueH1 e1eMeHTH,

3.2.2.4. BizyanizyBaTu HyMepallito CKIHUCHUX €JICMEHTIB,

3.2.2.5. aBTOMAaTH3yBaTH PEKOMOIHAIIIIO CITKH CKIHYCHUX CJICMEHTIB,

3.2.2.6. BHUKOHYBaTH ONTHUMI3aI1I0 CITKM CKIHUEHUX EJIEMEHTIB,

3.2.2.7. TlporpamHuii KOMIUIEKC TOBHHEH 30epiratu B (aill reoMeTpiro 3

3.3.

auckperu3aiero 1D, 2D un 3D ckiHUeHi eleMEeHTH.

OcHoBHi ¢yHKUil omepaTopa

3.3.1. 3anmycTuTi MporpaMHHUil KOMITJIEKC



3.3.2.
3.3.3.
3.3.4.
3.3.5.
3.4.

4.1.

4.1.1.

4.1.2.

4.1.3.
4.1.4.

4.1.5.

4.1.6.

4.2.
4.2.1.

4.2.2.

4.3.
4.3.1.

Binkputu daiin 3 reomeTpiero KOHCTPYKIIIT

BukoHatu 1uckpeTH3allito Ha CKIHYEHI eJIEeMEHTH

Buxonatu ontuMizartito, Ko tpeda

30epirtu B daili CiTKy CKIHYEHUX €JIEMEHTIB

OcHOBHOIO  (DYHKIII€I0 TPOTPAMHOrO KOMIUIEKCY €  aBTOMaTu3allis
MOCJTITOBHOCTI JIii onepaTopa

4. OCHOBHI BUMOI' 10 NIPOI'PAMHOI'O KOMILJIEKCY
3araJjibHi BUMOT'H

OpOrpaMHUN  KOMIUIEKC  TpAmioe€ Mg ONEepariifHOl0  CHUCTEMOIO
WINDOWS 7/10/11;

BUMOTH JI0 arapaTHOTO 3a0e3MeUYeHHS TMEPCOHATBHOTO KOMIT IOTEPY — HE
nependavyaroThbCs Ta MOKYTh BCTAHOBJIFOBATHUCS PO3POOHUKOM MPOTPaMHOTO
KOMILJICKCY;

MPOrpaMHUI KOMIUIEKC TTIOBUHEH MAaTH 3pyYHUI 1HTEpEiC;

B CKJIaJ[l MPOTPaMHOI0 KOMIUIEKCY MepeadayuT MOKIIUBICTh BUKOHYBATH
muckperusamiero Ha 1D, 2D um 3D ckiHYeHI eleMeHTH ISl PO3OUTTS
KPUBOJIHIHHUX, MPOCTOPOBHUX IOBEPXOHb 1 MOBEPXOHb, IO OOMEKYIOTh
00'eMH1 T171a Ta 00'eMHI1 TLIA;

B CKJIaJi MPOTPAMHOTO KOMIUJIEKCY Mepea0aunuTi MOXKIIUBICTh BUKOHYBATH
OIITUMI3AII0 CKIHYEHUX €JIEMEHTIB,;

IPOrpaMHUIl KOMIUIEKC OBUHEH 3a0e3neuyBatu 30epekeHHs B (ailil CiTKy
CKIHUEHUX €JIEMEHTIB KOHCTPYKIIii pi3HUX (PopMm.

JlonaTkoBi BUMOT'H

MoBa mnporpamyBaHHsa C++, mnpu CTBOpEHHI 3aco0iB BigOOpa)kKeHHs 1
Bi3yastizallii BUKOpUCTOBYBaTH rpadiunuii intepdeiic OpenGL.

BUMOru o0 JineHsiiinoro I[I3 He mnepenbavarOThCs Ta BHUPIINIYIOTHCS
3aMOBHHKOM

BuMmoru 10 ckiiaay Ta apxiTekTypu

PO3pOOHUK CAMOCTIMHO OOMpae CKJaJ Ta BUKOHYE PO3pPOOKY apXiTeKTypu

I1P



4.3.2. oco0nMBUX YMOB JI0 ckiiany Ta apxitektypu [P He nmependadeno
4.4, Bumorm a0 1IKoCTi Ta HagilHHOCTI
4.4.1. nporpaMHuil KOMIUIEKC TOBUHEH HAAIMHO MpaLIOBaTH
4.4.2. po3poOHUK OOMpae TeXHIYHI XapaKTEPUCTUKH TIEPCOHAIBHOTO KOMII FOTEepa,
HaJAIlITOBYE CUCTEMHE MPOrpaMHe 3a0e3MeYeHHs .
4.4.3. po3poOHUK TapaHTye poOOTy MPOrpaMHOro KOMIUIEKCY 0e3 300iB Ta
nepeHaIalTyBaHb.
4.4.4, BUKOHABELb rapaHTy€e NpUI0aHHS TOAATKOBOTO 00JIaJHAHHS (KOHAMIIIOHED,
UPS) 3a BiacHi KOIITH.
4.5. Bumorwu 10 ekcniyaramii
4.5.1. po3pOOHUK BHKOPHUCTOBYE TIEPCOHAJBHUN  KOMIT'IOTEp, Ha  SKOMY
MPOrpaMHUI KOMIUIEKC TOBUHEH HAA1MHO MpaIfoBaTH
4.5.2. TlepconanbHuii koMmm’'rorep Oyae 3aisHO Yy po3paxyHKax Ta Oyne
BCTAHOBJICHO Y IPUMIIICHHI O0YHMCIIIOBATILHOTO IICHTPY.
5. TEXHIKO-EKOHOMIYHI BUMOI' 10 KIHHEBOI'O ITPOAYKTY
Bapricte poOoT no po3po6ui ganoi [1P Bu3HauaeThCs 3riJHO I1OrOBOPY Ha
po3po0Ky. BapTicTh 3anmponoHOBaHUX aHAJIOTIB MOBUHHA 3a0€3MEYUTH
€KOHOMIYHY JOIIBHICTh 1X 3aCTOCYBaHHSI.
6. BUMOI'M 1O MATEPIAJIIB TA KOMILUVIEKTYIOUYHUX
B mnpormeci po3poOku MpOrpaMHOTO KOMIUIEKCY MOKJIMBE BUKOPUCTAHHS
CTaHJAPTHUX MPOrPaMHUX 3aC001B, IKI BAKOPUCTOBYIOTHCS B 1HKEHEPHIN CIIpaBi.
6.1. Bumoru mo exonoriyHoi 0e3MeYHOCTI TiJ] 9ac eKCIuTyaTaIllii.
He npen’ sBisroThCs.
6.2. CremiagbHiI BAMOTH JI0 KiHIIEBOTO MTPOIYKTY.
He npen’ siBnstoThCs.
6.3. Bumoru g0 Ge3neku s HaCEJICHHS 1] Yac eKCIuTyaTallii mpoIyKIlii.
He npen’ sBisttoThCs.
7. ETAIIA BUKOHAHHHA ITP.
Etanu BukoHanHs [IP MOXyTh yTOUHIOBATHUCH 3T1JIHO KaJEHAAPHOIO IUIaHy

pOOIT 10 Y3TOKEHHIO MiK 3aMOBHUKOM T4 BUKOHABIIEM



No Tepmin
ETtanu Bukonanus po6otu BUKOHAHT 3BITHI MaTepiaiu
Ta 00CsT
pooIT
1 Ananiz pO3pOOKHU IPOrpamMHOro YactkoBuit
KOMILJIEKCY Ta pO3po0Ka Mepiioi Bepcii. MpOTrpaMHUMN
Amnaini3z Bumor. Po3poOka cTpyKTypw. komiuiekc Ha EOM
[Tonepenne TecTyBaHHs 3aMOBHHKA, 110
BUKOHY€E BC1 OCHOBHI
¢dbyHKIi Ta 3BITHA
JOKYMEHTAIs 11.8.2
2 KopekryBanns ctpykrypu. Po3pobOxa I'otoBuit
NOMOMDKHUX  (yHKHiii.  Po3poOka IIPOTPaMHUI
OCTAaTOYHOI Bepcii MIPOrPaMHOI0 komiiekc Ha EOM
KOMIUIEKCY Ta WOro OMNpaltOBaHHS. 3aMOBHHKA Ta 3BITHa
TectyBaHHs JOKYMeHTaIlis 1.8.2
3 JloompalltoBaHHsl OKpEMUX MOAYJIB Ta 3BITHI MaTepianu
HaBUYaHHS KopucTyBauiB. Po3poOka 3T1JIHO MTYHKTY 8
3BITHMX MAaTepialliB 3TigHO 1.8 IHOTro
T3

8. MPUMMAHHS
8.1. HeoOxinni Bumoru juist BupoBaixkeHHs [1P ta 3aBepiieHHs pooiT.
Orinka pe3yabTaTiB pO3pPOOKH 1 JOIUIBHICTH 11 IPOJOBKEHHS 3{1HCHIOETHCS
3aMOBHHUKOM TIO TIPEICTABJICHHIO HACTYITHUX MaTepiaiB:
e  BCTaHOBJIEHUU MPOTpaMHUM KOMIUIEKC HAa EOM 3aMOBHUKA;
e  Tepelik (aiTiB Ha pe3epBHOMY HOCIT;
e cruciuii omuc poboru IIP Ta ommc Bcix ¢ainiB, sSKi HEOOXImHI IS
po6otu I1P.
® [epeniK JOKYMEHTIB
o TexniuHe 3aBAaHHS
o lloscHioBasIbHA 3aMMCcKa
o Ilporpama Ta MeToaMKa TeCTyBaHHS
o KepiBHUIITBO KOpHUCTYyBaya

8.2. Ilepenik 3BITHUX TOKYMEHTIB, HEOOX1IHUX JJI IPUUHATTS €TamiB poOOTH:



® CTHUCJIMI ONUC Pe3yJbTaTIB €TaIly Y BUIJIAI aHOTOBAHOIO 3BiTYy(id 1ta 2
eTariB);
® YaCTKOBUU mporpamMHuii komiuiekc Ha EOM 3aMoBHHMKA 3rigHO
KaJICHIAPHOTO TIaHy POOIT;
® aKT NMPUUMAaHHS MPOMYKIIil.
3BITHI MaTepiaiu MoJarThes y BUMIIsAL 3B1TiB Ha namnepi mo 'OCT 7.32-91
8.3. 3aranbHuil mepenik 10 MNpUAMaHHA 3BITHMX JIOKYMEHTIB, MAaKeTIB,
eKCIIEpUMEHTAILHUX 3Pa3KiB.
Jlo mpuiiMaHHS Tpea’sBISIIOTBCA: aKT 37adi-MpUWMaHHS MOPOAYKIi, aKT
BrpoBakeHHS [1P.
8.4.TecryBanns I1P
TectyBaHHs BHKOHyeThCA 10 "lIporpamm Ta METOAMKHM TECTyBaHHS', sKa
PO3pOOIAETHCSI BAKOHABIIEM Ta 3aTBEPAKYETHCS 3aMOBHUKOM
9. HOPAAOK BHECEHHS 3MIH 10 TEXHIYHOI'O 3ABJIAHHA, 1O
3ATBEP/I/KEHO.
JlaHe TexHIYHE 3aBJIaHH MOXKE YyTOUHIOBATHCS B Tiportieci po3pooku [1P nmpu

y3rOJIKEHH1 CTOPIH 3 0(hOPMIIEHHSIM J0MIOBHEHB 710 T3.



MIHICTEPCTBO OCBITHU I HAYKH YKPAIHU
13 «JIYITAHCBKUU HAINIOHAJIBHUHU YHIBEPCUTET
IMEHI TAPACA HIEBYEHKA»

HapuanpbHO-HAYKOBUHN IHCTUTYT (PI3MKU, MATEMATUKH Ta
1H(QOpMaIITHUX TEXHOJIOT1H

(Ha3Ba (axynbTeTy, IHCTHTYTY)

[HdopMaLITHMX TEXHOJIOT1H Ta CUCTEM

(Ha3Ba kadenpu)

IlosicHIOBaJIbHA 3aITUCKAa

710 TUTIJIOMHOTO MPOEKTY (POoOOTH)
BAKAJIABPA

(ocBiTHBO-KBai(iKaLIHHUN PIBEHb)

Ha Temy: PO3POBKA ITPEITPOLECOPA JIJIs1 CKIHYEHO-
EJJEMEHTHOI'O MOJEJIOBAHHSA KOHCTPYKIIN

Bukonas: cTtyneHT 4 kypcy
HarpsMy MiATOTOBKH (CTeI[iaJIbHOCT1)

121 «IHx)enepis IIPOTPaMHOTO

320€3IEeUEHH )

(umdp 1 Ha3Ba HANMPSMY MiATOTOBKH, CIEIiaJbHOCTI)

Jlonuenko B.B.

(Tpi3BHIIE Ta iHiIiaH)

KepiBauk MorunbHuii I'.A.

(mpi3BHILIe Ta iHiI[iaIN)

Perienzenr Ko3y0 10.T.

(mpi3BuILe Ta iHiLiaNN)

[TonTaBa — 2023 poky
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BCTYII
JlocmiaHUKK Ta 1HXKEHEPU CTUKAIOThCS 3 OaraThMa 3aBIaHHAMH, K1 HE
MOXYTh OyTH aHaJIITUYHO BHUpIIIEHI ab0 BHMAaralThb BEJIMKHX BUTpAT Ha
eKCIIEpUMEHTAIbHE BTUICHHS. CAMHUM MIBUAKUAM CIIOCOOOM aHAII3y 1HXKEHEPHUX
po0JieM € BUKOPUCTAHHS KOMIT'FOTEPHOTO MAaTEMAaTUYHOT'O MOJICJIFOBaHHS.
[Tporpec y po3poO1ii YuCEeIbHUX METOJIB 3HAYHO PO3IIUPUB KOJIO 3aBJIaHb,
K1 MOXKYTh OyTH MpoaHajizoBaHi. Pe3ynbrat, oTprMaHi Ha OCHOBI IIMX METO/IIB,
BUKOPUCTOBYIOTBCA MPAKTUYHO B YCIX Taly3dX HAayKd 1 TeXHIKA. Y aHai3l
KOHCTPYKIIiH HalO1IbIIIe 3acTOCYBaHHA Ma€ MeTo1 ckindeHux enemenTiB (MCE).
[lossBa MeTomy CKIHYEHUX €JIEMEHTIB TOB'si3aHa 3 HEMOXKJIMBICTIO
aHATITUYHOTO PO3B'si3aHHS OUIBIIOCTI 3324 MEXaHIKU J1e(pOPMOBAHOTO TBEPAOTO
Tia 1 MexaHiku pyhHyBaHHA. [Ipu po3s's3anHni 3agau MCE mocnbypkyBanbHUN
00'€KT TIPEACTABISAETHCS SIK CYKYIHICTh JUCKPETHHUX MiJ00dacTed - CKIHYEHUX
enemenTiB (CE). YcepenuHi KO)KHOTO CKIHYEHOTO €JIEMEHTa ITyKaHa HerepepBHa
BEMYMHA HAOJMKAETHCA CYKYIHICTIO KyCKoBO-HenepepBHUX ¢yHki. [lykana
BenuurHa B Mexax CE BHU3HadaeThes 3a JOMOMOTOIO 3HAYCHH INi€] BEJTMYMHH B
KIHIIEBOMY YHCJI1 TOYOK JIOCHII)KYBAHOTO 00'€KTa - By3JIOBUX TOUOK 200 BY3IiB, SKI,
sk mipaBuio, € xapakrepuumu toukamm CE. Ilpm posB's3aHHi 3amadi IrykaHa
BEJTMYMHA OMUCYETHCS aHATITHYHUMU 3aJICKHOCTSIMH, SIKi MOJICTIOIOTH BIIACTUBOCTI
Matepiany (HemepepBHICThb, 130TPOMHICTh 1 T. J.) 1 3aKOHM MEXaHIKH (3aKOH
piBHOBaru cuj, BapiamiiHi npuHuunu). Lle mo3Boisie oTpuMatu OJHO3HAYHUUN
pO3B'aHHS 3a/1a4i 32 3aJaHUMU TTOYATKOBUMH 1 TPAHUYHUMH YMOBaMH.
Po3paxyHOK KOHCTpPYKIIIH 3a JOMOMOTOI METOJNY CKIHYCHUX €JIEMECHTIB
MOHa PO30UTH HA TPU B3AEMOMOB'A3aHUX MOCTIJOBHUX MPOIIECH:
1. TligroroBKa MOYaTKOBUX JAHMX: 1€ BKJIIOYAE CKIHYCHHO-CIIEMEHTHY
JTUCKPETHU3aIlito 00'€KTa, AKUU MiJJIsIrae po3paxyHKy, BU3HAUYCHHSI HOTO
TOMOJIOTIi Ta KIHEMAaTUYHUX 1 CWJIOBUX TPaHUYHUX YMOB, a TaKOX
(b131MKO-MEXaHIYHUX XapaKTEPUCTUK MaTepiany.
2. YucenbHHUI pO3paxyHOK CKIHYEHHO-EJIEMEHTHOI MOJENi: el Mpolec

BKJIIOYA€ OOUYMCIICHHA KOEQIIIEHTIB MAaTPUI JKOPCTKOCTI CKIHUEHUX
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€JIEMEHTIB, (POPMYBaHHS TJIO0AIBHOI CUCTEMH PO3B'SI3yBaHUX PiBHSHb
111 po3B'sI3aHHS.

3. OOpoOka pe3ynbTaTiB PO3B'S3aHHS: HA ILOMY €TaIll OOYHCIIOIOTHCS
napamMeTpu Hanpy>kKeHO-7e(OpPMOBAHOTO Ta TEMIIEPATYpPHOIO CTaHy
KOHCTPYKIIii, a iX pe3ynbTaTh NpPe/ICTABISAIOTHCS y BUIIISIAL TaOIUIb,
rpadikiB a00 ABOBUMIPHUX/TPUBUMIPHUX 300paKCHb.

[li mporecu YwMcenbHOI peanizailli, SK II¢ 3a3BU4Yail BiJIOyBa€ThCcs B
aBTOMAaTHU30BaHUX  PO3paxyHKaxX, BHUKOHYIOTBCS  TphOMa  MiJCHCTEMaMHU:
IPETPOLIECOPOM, MPOLIECOPOM 1 TOCTIPOLIECOPOM.

[Ipenporiecop € OAHIEIO 3 TOJOBHUX CKJIAMOBUX OY/Ib-SKOTO MPOTPaAMHOTO
KOMIUIEKCY YHCENbHOrOo aHaiizy. BiH aBTomaTtusye mpolec mnoOya0BU
TrCOMETPUYHOI MOJIell 00'€eKTa AOCIIKEHHS Ta MOro JHUCKpETH3allii Ha CKiHYCeH1
eleMeHTH. SKicTh Tpemporecopa Mae BeJIMKE 3HAYCHHs IS 3arajbHOI SIKOCTI
MIPOTrPaAMHOTO KOMIUIEKCY B IIIJIOMY .

OpHi€ero 3 TOJIOBHUX BUMOT JI0 MPEMNpoliecopa € HOoro 37aTHICTh €PEKTUBHO Ta
TOYHO MOJIEJIIOBATU reOMeTpruuHy (HopMy AOCIIKYBaHOTO 00'ekTa. BiH MOBUHEH
MaTH MOXJIMBICTH CTBOPIOBATH, peAaryBaTh Ta MAaHIMMYJIIOBATH T€OMETPUUYHUMU
00'eKTaMM, TAKUMU SIK TOUKH, JIiHIi, MOBepXxH1 Ta 00'emu. Kpim Toro, npemnpoiecop
MTOBUHEH 3a0€3MeuyBaTH MOXKJIMBICTh BCTAHOBJICHHS TPAHUYHUX YMOB, BU3HAUCHHS
Gb13MKO-MEXaHIYHUX BIIACTUBOCTEH MaTepially Ta BCTAHOBIIEHHS TapaMeTpiB
PO3paxyHKOBOI MOJIENI.

[Tpenportecop AJis MOAETIOBAaHHS KOHCTPYKIIi TOBUHEH BKJIFOYATH HACTYITHI
byHKII:

1. T'eomerpuune mognentoBanHs: [Ipemporniecop MOBUHEH  MaTu
MOJXXJIMBICTh CTBOPIOBATH a00 IMIOPTYBaTH T'€OMETPUYHY MOJIETh
KOHCTpyKIii. [le MoXke BKIIOYaTH CTBOPEHHSI TEOMETPUYHUX (OpM,
BU3HAYEHHS PO3MIPIB, pO3TallyBaHHs By3J1B Ta 3'€IHAHb.

2. MarepianpHi BrnactuBOCTi: [lpemporiecop TMOBHHEH JO3BOJIATH
BCTAHOBJIIOBATH MaTepiajbHl BIACTUBOCTI €JIaCTOMEPHUX MaTepiais,
Taki K MOAYJIb MPY>KHOCTI1, MILIHICTh, Ae(OpMaIliiiHi XapaKTepUCTHUKU
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ta iHmi. Ile mo3Bossie BpaxoByBaTH OCOOJHMBOCTI Marepiainy MpHU
MOJICJTFOBaHH1 MOBEIIHKA KOHCTPYKIIII.

HMuckpetuzaiisi: [Ipenpoiiecop moBUHEH 3a0e3MedyBaTH MOKIUBICTh
PO30OUTTS TEOMETPUYHOT MOJIENIl Ha CKIHUCHI eJleMeHTH. BiH moBHUHEH
JI03BOJISATH BHOWPATH THITH €JIEMEHTIB, BCTAHOBJIIOBATH iX MapamMeTpu
Ta (opMyBaTH 3B'SI3KM MK eneMeHTamu. [{e BaKIIMBO JJ1s1 CTBOPEHHS
CKIHUEHHO-CJIEMEHTHOI MEpEeXi, SKa BIJIMOBIJA€ BJIACTUBOCTSIM
KOHCTPYKIIIi.

['pannyni ymoBu: Ilpenporiecop MOBMHEH JO3BOISTH BCTAHOBIIOBATH
IpaHUYHI YMOBH JJIs KOHCTPYKIIIi, TaKi K 3aKpIIUICHHS, TPUKIAACHHS
CHJI, TemIepaTypHi yMoBH Tomo. lle BKiIOuae BCTaHOBICHHS
IPaHUYHUX YMOB JUIsl OKPEMHUX BY3J11B a00 IpyI BY3JIB.

[TinroroBka BximHux (aitnis: [Ipenpouecop nmoBuHeH 3a0e3neuyBaTH
TeHepaIliio BXiqHUX (ailniB, SKi MICTATh iH(OPMAIIIIO PO TEOMETPIIO,
MarepialibHl BJIACTUBOCTI, JUCKPETHU3allif0, TPAaHUYHI YMOBH Ta 1HIII
napametpu. Lli ¢aiinm noTiM MOXyTh OyTH BHUKOpPUCTaHI ISt
YHCEJIbHOTO PO3PaXyHKY.

[lepeBipka sxocti mojeni: [Ipenponecop noBuHeH MaTu (HyHKIIIOHAI
JUTSL TIEPEBIPKHM SIKOCTI CKIHYEHHO-EJIEMEHTHOI Moxeni. lle moxke
BKJIIOYATH TIEPEBIPKY Ha HASBHICTh HEOOXITHUX 3'€THAHb MIXK
CIIEMEHTAMH, TIEPEBIPKYy TPAaHUYHUX yMOB, TIEPEKOHAHHA Y
BIJIMMOBIAHOCTI MOJICITI pealibHIi TeOMEeTpii Ta 1HIII IEePEBIPKH.
Bizyanizariis Ta BimoOpakeHHs1 pe3ynbTaTiB: [Ipenporiecop moBUHEH
MaTH MOXJIMBICTh BIJIOOpa)KaTH T€OMETPUUYHY MOJEIb KOHCTPYKIII,
CKIHUEHHY €JIEMEHTHY MEpEeXy Ta 1HII aTpuOyTH Mojeni. BiH Takox
MOBUHEH  JIO3BOJISITH  BioOpakaTW  pe3yJbTaTH  YUCEIBHOTO
PO3paxyHKy, Taki sIK Hampy>kKeHHs, Aeopmariii, TeMIepaTypHuil cTaH
tomo. lle nomomarae aHami3yBaTH Ta IHTEPIPETYBATH PE3YyJIbTaTH

MOJIETIOBAHHSL.



8. Exkcmopt Ta imnopT nanux: [Ipenporiecop MOBUHEH MaTh MOKJIUBICTh
€KCIIOPTYBATH CKIHYEHHO-EJIEMEHTHY MOJIEb Ta 1HIII JaHl y PI3HUX
dopmaTax, SKi MOXKYTh OyTH BUKOPHCTaHI 1HIIMMH MPOTPAMaMH IS
MOJAJIBIIIOT0 aHajli3y a00 00poOKHU. BiH TakoK MOBHUHEH MiATPUMYBATH
IMIOPT IaHUX 3 IHIIUX MPOTPaM JIsl BAKOPUCTAHHS B MPEMPOIIECOPI.

9. 3pyunuit inTepderic kopuctyBaya: [Ipempoiiecop TOBUHEH MaTu
IHTYiTUBHO 3pO3YMUIMI Ta 3py4HHi 1HTepdehc KOopucTyBaya, SKUN
JI03BOJISIE JIETKO BUKOHYBAaTH BCl HeoOXimHi (yHkiii. Lle momomarae
KOPHUCTYBaueBl MIBUIKO 1 €(EKTUBHO CTBOPIOBATH Ta HAIAIITOBYBATH
CKIHYCHHO-EJIEMEHTHY MOJIEITb.

10.ITinTpumKa pi3HUX TUMIB KOHCTpyKuii: [Ipemponiecop moBuHeH OyTH
3aTHUH MOJCIIOBATH Pi3HI TUIHM KOHCTPYKINHM, BKIIOYAIOYH TBEP/Ii
TLJIA, TIJTACTHUHM.

11.06pobka mepexeBux By3niB: [lpemporiecop MOBHHEH MaTu
byHKITIOHAT 111 00POOKH MEPEKEBUX BY3IIIB, IKI BUKOPUCTOBYIOTHCS
B MEBHUX THIMAaX KOHCTPYKIIH, HAMPUKIIAJ, B CIEKTPUIHUX MEpPEKax
abo TpyOompoBomax. lle Moyke BKIIOYATH BH3HAYCHHS BY3IIB,
po3TalryBaHHs, MapaMeTpH 3'€ THAHHSI Ta 1HII aTpHOYTH.

12.TTapameTpuzartis mozemi: [Ipemporiecop MOBUHEH MaTH MOXJIHBICTh
napamMeTpu3yBaTH MOJENb KOHCTPYKIIl, IO J03BOJISIE€ 3MIHIOBATH
3HAYEHHS pI3HUX MapaMeTpiB, TaKUX SIK pO3MIpU, MarepiaiabHi
BJIACTUBOCTI, TPaHUYHI YMOBH 1 T. A. Lle m03BoJIsIE TPOBOINTH aHAII3
MOJIeJIl TPU 3MIHHUX NapaMeTpax 1 ONTUMI3allii0 KOHCTPYKII.

13.Imnopt reometpii: Ilpemporiecop MOBHHEH MaTH MOXJIHUBICTh
IMIIOPTYBAaTH T€OMETPI0 3 pi3HUX (popmartiB (aiiniB, Takux ik CAD-
dopmaru (nanpuxnan, STEP, IGES) abo ¢popmaru rpadiunux 06'exTiB
(manpuknan, OBJ, STL). Ile cnopoirye mnpolec CTBOPEHHS
T€OMETPUYHOI MOJEN KOHCTPYKIli 1 J/J03BOJIIE BUKOPHUCTOBYBATH

HasiBHY T€OMETPUYHY 1H(pOopMaIlito.



14. ABTomaTnyHa TeHepaiis Mepexi: [lpemporiecop Moxke MaTu
MOJKJIMBICTh aBTOMAaTUYHO I'€HEPYBATH CKIHUCHHO-EIIEMEHTHY MEPEIKY
Ha OCHOBI 33JaHOi reoMmerpii 1 mapametpiB. lle 103BoJIsi€e MIBUAKO
CTBOPIOBaTH JETAli30BaHy MOJieJIb 3 HEOOXIJIHOK  KUIBKICTIO
€JIEMEHTIB.

OpHi€ro 3 KITIOYOBUX MPOOJIEM, 110 BUHUKAIOTh NMPU BUKOPUCTAHHI METOY
CKIHYCHHUX €JIEMEHTIB, € MOOy0Ba JTUCKPETHOI MOl MEXaHIYHOI CUCTEMH, sKa
NiJJIsrae JOCHKeHHI. BuKopucTaHHs mpernpolecopa nokpamrye e(heKTUBHICTh
Ta HAIIMHICTh MPOIECY MOJCIIOBAHHS, JO3BOJISIIOUM IBHUIKO BHOCHTH 3MIHH B
MOJIeJIb, BUKOHYBATH PI3HOMAHITHI PO3paxyHKH Ta aHali3yBaTH pe3yibTaTu. Lle
poOUThH HOTO HE3aAMIHHUM 1HCTPYMEHTOM I 1H)KEHEPIB Ta JOCIIIIHUKIB, 3alHATHX
pO3poOKOI0 Ta aHajgi3oM KOHCTpyKIii. Tomy po3poOka mpemnporecopa s
CKIHYEHHO-CJIEMCHTHOT'O MOJICITFOBAHHS KOHCTPYKIIIH € aKTyaJIbHOIO TEMOIO.

OO0'eKT HOCTiIKEHHSI — TEOMETpUYHE MOJCIIOBAHHSA KOHCTPYKIM Ta
JUCKPETHU3AIlisl TeOMETPUYHUX 00JacTell Ha CKIHYEH] €JIeMEHTH.

IIpeamer gocaigxeHHss — noOyJoBa MOJENI KOHCTPYKLII Ta reHeparis
PO3paxyHKOBHX CITOK JUISI CKIHYEHO — €JIEMEHTHOT'O MOJICTFOBAHHSI KOHCTPYKIIIH.

MeTta poboTM — aHami3 MeEToJAIB NOOYJ0BM KOMI'IOTEPHUX MOJCNEH
TCOMETPUIHUX oOJacTeld Ta iX JMCKpeTH3allii Ha CKiHYEHHI €JIEMEHTH 3aJIaHoi
dbopmu Ta po3pobka mpemnporiecopa sl CKIHUEHHO -CJIEMEHTHOT'O MOJCITIOBAHHS
KOHCTPYKIIH.

Metoan  1OCHiIZKEeHHS: METOOM OOYMCIIOBAIBHOI ~ MAaTEMAaTHKH 1
KOMIT'TOTEpPHOI Ipadiku.

JInst  TOCSATHEHHS MOCTaBJIE€HOI METH HEOOXIIHO BHUPIIMIMTH HACTYIIHI
3aBIAHHS:

e [IpoBecTu anani3z o0UUCTIOBaTLHUX KOMIUIEKCIB Ha ocHOBI MCE;

e [IpoananizyBaTu MeTOaU MOOYI0OBH T€OMETPHUUHHUX MOJIENICH 00'€KTIB
1 momupeHi GopMaTH iX OMHCY;

e [Ipoanami3dyBaTM OCHOBHI IMOIIMPEHI METOAM W  aJrOpUTMHU

JOUCKPETHU3allii INTIOCKUX Ta MPOCTOPOBUX 00IacTel;



o [IpoBeacHHS MOACIIOBAHHS Ta aHAJI3Y MPOTPAMHOTO 3a0€3MeYeHHS
npenpouecopa 3 MeTo MNoOyJOBM TeoMeTpii Ta aBTOMaTH3allii
CTBOPEHHS JTUCKPETHOL (CKIHYEHHO-EJIEMEHTHO1) MOl
KOHCTPYKITiH;

e Po3pobutu i peamizyBaTu mpenporecop s Mooy/10BU TeoMeTpii Ta
aBTOMaTH3allli CTBOPEHHS JMCKPETHOI (CKIHYEHHO-EJIEMEHTHOI)
MOJICITI KOHCTPYKIIIH.

[TpakTU4YHOIO HIHHICTIO POOOTH € PO3POOICHUH Mpenpoliecop A o0y 10BU
reoMeTpii Ta aBTOMAaTH3allli CTBOPEHHSI JUCKPETHOI (CKIHYEHHO-EJIEMEHTHOT)
MOZCI KOHCTPYKIiH. Y mepmoMy po3aun Oylo IPOBEASHO IOCHTIIKCHHS
HAWUTIOMIMPEHIMUX TPOrPAMHUX KOMIUICKCIB JIII MOJICIIOBAaHHS Ta aHaji3y
CKJIAJAHUX 1H)XEHEPHUX KOHCTPYKIIM, SK BITYM3HSIHUX, TaK 1 3apyODKHHX.
Po3rnssHyTo OCHOBHI MeToau TOOYIOBM TE€OMETPUUYHHUX MoOJeNe 00'€KTIB 1
nomupeHi (GopmaTu, IO BHKOPUCTOBYIOTBCS I iX omucy. Takox Oyiu
MIPOAHAI30BaHl OCHOBHI MIJIXOAM, SIKI 3aCTOCOBYIOTHCA B CYYaCHUX CHCTEMax
aBTOMATU30BAaHOTO  MPOCKTYBaHHS IS  TBEPAOTIILHOTO  MOJICITFOBAHHS
F€OMETPUYHUX OO'€KTIB, @ TAKOX JOCIIJKEHI MOIIMPEHI METOIU Ta aJrOPUTMU
JMCKPETH3aIlii IUIOCKMX Ta IMPOCTOPOBUX oOmacteil. Y apyromy po3aiiai Oyio
3IMCHEHO aHajli3 MPOIeCy PO3POOKH MPEnpoIiecopa 3 METO MO0y 0BU TeOMETPil
Ta aBTOMAaTHU3aIlli CTBOPEHHS JUCKPETHOI (CKIHUYEHHO-CIIEMEHTHOI) MOJel
KOHCTpYKIiK. Takox OyJIo TpOBEJCHO MOJICIIIOBAHHS Ta HAJIaHO JCTAIbHUU OIHUC
apXITEKTypu po3poOJEeHOro  JA0JaTKy. Y  TpPeTbOMYy pO3[UIL  BUKOHAHO
OoOrpyHTYBaHHsI BUOOPY cepeAoBUIIa PO3POOKH T0JATKYy Ta MOBHU IIPOTrpaMyBaHHS.
OnucaHo anropuT™M MoOyIOBU T€OMETpPii pO3paxyHKOBUX OOJlacTed Ta reHeparlii
CITOK y mpemnpoliecopi. Y npemnpoiiecopi 0yJio po3po0aeHo ABa MOAYJI1 1Jisl poOOTH:
Moayih "['eoMeTpis" y1s1 CTBOPEHHS MPOCTUX TEOMETPUYHUX CYTHOCTEN Ta MOIYJITh
"Citka" st cTBOpeHHs 1-, 2- Ta 3-MIpHUX CITOK 1 iX onTumizamii. J{ns peanizamii
nporpamu Oyia oOpana moBa nporpamyBannas C++ y cepenosuii Microsoft Visual
Studio 2022. Tlpu po3pobmi 3acobiB  BimoOpakeHHS Ta  Bidyasizariii

BUKOPUCTOBY€EThCS rpadiunuit intepdeiic OpenGL.



PO3JILI 1.
AHAJII3 ICHYIOUMX MIIXO/IB 10 MOJEJTIOBAHHA I
JTACKPETU3ALI MPOCTOPOBHUX OB'E€KTIB

1.1. AnaJi3 BiioMuXx croco0iB MOJAHHA TreOMeTPHUYHMX TiJl

3aranpHa Ki1acudikallisi OCHOBHHUX ITiAXOIIB 0 MOJICIIFOBAHHS T€OMETPUUHUX

Ti7 Oyna mana B po0oTi [21], Tam ke Oynu chopMyIbOBaHI 1 IepepaxoBaHi HIDKYE

OCHOBH1 BUMOTH JI0 TBEPAOTLIMX MOJIETICH:

[Toka3HicTh - MOAENb MNOBUHHA OYTH MpUIATHA Uil OMUCYy Oe3midi
¢b13ugHUX 00'€KTIB JOCUTH MIUPOKOTO KIIACY;

OaHO3HAYHICT, - OAWH 1 TUIBKH OIWH OO0'€KT MOBHUHEH BIAIIOBIIATH
KOXHOMY KOHKPETHOMY OTHCY, 00 HE BUHUKAJIO MTUTAHHS MPO TE€, SIKAN
BJIaCHE 00'€KT MPEACTABISIETHCS;

VHIKaNIBHICTL - B 1eanl OakaHo, 00 KOKEH MOJEILOBAaHHUU 00'€KT
OMMCYBaBCs B OOpaHii cXeMi MOJaHHS €IWHUM YWHOM. LI BIacTHBICTH
3a0be3reuye JIETKICTh PO3pI3HEHHS JIBOX PI3HUX 00'€KTIB, ajie Ha MPaKTHIl
€ BOXKO JTIOCSKHO¥O;

TounicTh - OaxkaHo, 00 MOaHHS TOYHO OMKCyBasio opMy 00'exTa, 6e3
anpoKcUMalIlii;

KopekTHicTh - B imeani, cxema MojaHHsl MOBUHHA JOMYCKATH BBEICHHS
TITBKM THX OMNHUCIB, SIKI 33JI0BOJIBHSIIOTH BCIM KPHUTEPISIM BU3HAYCHHS
TBEPAOTUILHUX MOJIETIEH;

3aMKHYTICTh - TIOJIaHHS Ma€ OyTH 3aMKHYTHM IIIOJ0 JOITYCTUMHUX B HHOMY
oreparii. /[ reoMeTpUYHOTO MOJICITIOBAHHS BEJIMKE 3HAYCHHS MaroTh
r€OMETPUYHI IEPETBOPEHHA T4 TEOPETUKO - MHOKHHHI OIepanii;
KoMImakTHICTh - MOJIeTTh TOBUHHA MAaTU KOMIAKTHUN OMHUC, EKOHOMHE 3
TOYKH 30py JaHUX, HEOOXITHUX JIJIs 1i TOBHOTO 3aBJIaHHS,

EdextuBHICTS - MOJENb MOBUHHA AOMYCKAaTH €(PEKTUBHI aIrOPUTMU ii
00OpOOKH, M0 OXOIUIIOE BBEJCHHS/BUCHOBOK, OOYHCIICHHS OCHOBHHUX
BIJIHOCUH 1 Omepalii, pegaryBaHHs 1 MoauQikaliio, Bi3yali3allilo,

OOYMCIIEHHS] METPUYHUX XapAaKTEPUCTHUK 1 T. 1.



3a/10BOIBHUTH BCIM IIUM BHUMOTaM OJHOYACHO BaXKKO, TOMY pi3HI CXeMU
NOJIaHHs OyIyIOThCS HAa OCHOBI JIEIKOTO KOMIIPOMICY 1 MalOTh CBOI NepeBaru i
HEJIOJTIKU.

B nmaHmii yac MO)KHa BWIUIMTH HACTYHHI HAWOLIBII TOIIMPEHI METOIH
MpeCTaBlICHHs TeoMeTpuuHuX Tia [4, 21, 22, 23]:

* MapaMeTPU30BaHi MPUMITUBH,

* TpaHUYHE YSBJICHHS;

* KOHCTPYKTHBHA F€OMETPIs;

« kiHemMaTu4HHA MeTof (" cBimmHT "abo 3aMiTaHH:);

* pO3KJIaJaHHS HA €JICMCHTH;

* TPOCTOPOBE MEpepaxyBaHHS,

*  HEsABHI MOJIEIL.

MopnentoBaHHs 32 JOTMOMOIOl0 O10110TEKH MapaMeTPU30BAHUX MPUMITUBIB
3aCTOCOBYETHCSl 3a3BHuYaii B  PI3HUX MPUKIATHUX 0OJacTsax, Jae Halip
BUKOPUCTOBYBAaHUX T'€OMETPUYHUX OO'€KTIB OOMEXKEHHH 1 CTaHIapTU30BaHUM.
Takuii  miaxig — BIANOBIOAE  TPYMNOBIM  TEXHOJOrIi, 3acTOCOBYBaHIA B
aBTOMAaTHU30BaHOMY TIPOEKTYBaHHI. BiH 4YacTO BHUKOPUCTOBYETHCS JUISI TaKUX
CKJIQJTHUX 1 B TOM K€ Yac CTaHJIapTU30BaHUX 00'€KTIB, sIK O0JITH, 3y0UacTi IIECTEPHI
1 T.1I., IK1 BTOMJIMBO BH3HAYATH 32 JIOTTIOMOTOI0 OyJIeBUX KOMOIHAIIH OUTBII MPOCTHX
00'eKTIB, ajle MOXKHA OXapakTEepU3yBaTH HAOOPOM BHUCOKOPIBHEBUX MapameTpiB
(I1aMeTp 1 KUIBbKICTh 3y0iB AJIA IIECTEPHI 1 TaK Aal).

[Ipn BUKOpWCTAaHHI TPAHUYHOTO OIKCY TEOMETPUYHE TIJIO 3aTAETHCS
3aMKHYTOIO TOBEpPXHEI0, M0 oOMexye 1e Tito. [lpu mpomy mns omucy dopmu
00JacTl BUKOPUCTOBYIOTh SIK ayireOpaiuHi moBepxHi 1 -ro 1 2 -ro mopsaky, Tak 1
KyCKOBO -aHaJITUYHI MOBEPXHi. 3a JOMOMOTOI0 TPAHUYHOTO OMUCY MOXE OyTH
MPeICTaBIICHUN MUPOKUIA KI1ac 00'€KTIB. Y TPaHUYHOMY MOJAHHI B SBHOMY BUTJISI1
MICTUTBCS 1HGOpMAIliss MpPO MOBEpPXHI Tiia, JaHE NOJMAaHHS e(EeKTUBHE IpHU
Bi3yasizallii Ta 4YHCEIbHOMY MOJentoBaHHl. OCHOBHUM HEIOIIKOM METOIy €
I'POMI3JIKICTh JaHUX, 110 OMKUCYIOTh MOJIEIb 1 CKIaJAHICTh OOYUCIICHHS TEOPETUKO -
MHOXUHHUX ONEpalii.
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VY MeToai KOHCTPYKTHBHOI TeoMeTpii CKIIaaHui 00'€KT POPMYETHCS IUIIXOM
BUKOHAHHS TEOPETHKO-MHOXKMHHUX OIEpaliii Ta omepamiii TeoMEeTpUIHHUX
NEPETBOPEHb HAJ MPOCTIIMMU O0'€KTaMH, 3BaHUMHU 0a30BUMH €Je€MEHTaMHu, abo
npumiTuBaMu. [[is Toro, mo0 pe3yibTaT 3aCTOCYBaHHS TEOPETUKO-MHOKHHHHUX
orepauii 10 TBepAOTUIUX IPUMITHBIB caM OYB TBEPAUM TLIOM, BUKOHY€ETHCS HOTO
perymnsipu3ailis, sika 3BOJAUTHCS O 3aMUKaHHS BHYTPIIIHIX TOYOK. TakuM 4MHOM
BHU3HAYAIOTHCS PETYJISIPU30BaH1 TEOPETUKO -MHOXKHUHHI orepartii [4].

Mopnenbs KOHCTPYKTHMBHOI TeoMeTpli Moke OyTH OIKCaHa 3a JIONOMOTOKO
nepeBa noOy0BH [24], B sIkoMy HETepMiHAJIbHI BY3JIH MPEJICTABISIOTH OTIEPATOPH,
a IUcTA - 6a30B1 eneMeHTU. MeTo/l KOHCTPYKTUBHOI F€OMETPIi OXOILTIOE HIUPOKE
KOJO 00'€KTIB, HOr0 3py4HO BUKOPHCTOBYBATH IPH BBEJIECHHI, TOMY LI0 B HbOMY
iHpopMariiss po 0O0'€KT MpeAcCTaBiIeHAa B JIOCUTh CTPYKTYpOBaHOi (opwmi, 110
3a0e3neuye BEJIMKY HAOYHICTh 1 JO3BOJISIE YHUKHYTH MOMUJIOK MPU OMKC] 00'€KTa.
Kpim Toro, moianHs 3a JOIOMOT 00 JepeBa o0y A0BH e(eKTHUBHE IIPH PeaaryBaHHI.
IcHyroTh anropuTMu Bizyamizaiii TiI, TpeACTaBIECHUX Oe3MOCepeHhO 32
JIOTIOMOTOI0 METOTy KOHCTPYKTHUBHOI T€OMETpIi, MPOTE YacTO Ha €Tarli OTPUMAaHHS
300pakeHHsI 3A1MCHIOIOTH MEPEXi]] 10 TPAHUYHOTO OIHUCY.

VY kiHemMaTH4HOMY MeToAl [25] nBoBHMIpHA 00JacTh MPEJCTABISETHCA SIK
CIIJT pyXOMOi y TPOCTOPi KpWUBOi, a TPUBHMIpHA OOJACTh - SK CIiJ PyXOMOTO
JIBOBUMIPHOTO Tis1a 200 nepetuny. [loganbuimm po3BUTKOM KIHEMAaTUYHOTO METOLY
€, TaK 3BaHUM, IJA30BHA METOJA, B SKOMY OO0'€KT, 11O PyXaeTbCs MO CKIAIHIN
TPAEKTOPIi, HE € JKOPCTKUM, a NePOPMYy€ETHCS BIAMOBITHO O 3aJICKHOCTEHN Tiil un
1HII# Mipl ckiaagHocTi. KiHemMaTuyHUN MeToa 3pydHUM MpH BBEICHHI, J03BOJISE
e(EeKTUBHO BUKOHYBAaTHU PAJl OOYMCIIOBAJIBHUX OINEpaliid, MPOTe BIH OXOIUIIOE
oOMexeHu Kiac 00'€eKTiB 1 He Tmependadae BUKOHAHHS TEOPETHUKO -MHOKWHHUX
orepariil.

VY MeToii po3KIaaHHs Ha €JIEMEHTH MOJICTbOBAHUN 00'€KT MPEICTABISETHCS
K 00'€eTHAHHS IEIKOT0 Ha00Opy HEMEPEKPUBAIOUUXCS €IEMEHTIB - TPUMITHBIB. Lei

MeTos ONM3bKUKA 10 METOAY KOHCTPYKTHBHOI T€OMETpii, MpoTe y HbOMY, B
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MOPIBHSHHI 3 OCTaHHIM, 3BY)KEHE KOJIO TEPETBOPEHb, BUKOHYBAHUX HaJ
IPUMITUBAMHU B MPOIIEC] 3aB/IaHHs 00'€KTA.

JlaHe oOMeXeHHsI 3HaYHO YCKJIaJHIOE (OpPMYBaHHS ONHUCY 00'€KTa, OJHAK
IpU 1OMY 3MPOIIYETHCS BUKOHAHHA orepanii po3OUTTs, 1Mo e()EeKTUBHO IS
Bi3yastizallii Ta YMCEeIbHOTO MOJICTFOBaHHS.

Y wMeroal MpOCTOPOBOro IepepaxyBaHHS OO0'€KTH 3aJaf0ThCS MUIIXOM
nepepaxyBaHHsl BCIX THX MO3UIINA MPOCTOpPY, SKI BOHW 3aiimMaioTh. [Ipu mbpomy
BBAXKAIOTh, IO MPOCTIP CKJIAJACHO 3 €IEMEHTApHUX OCEPENKiB, IO MPUMHUKAIOThH
OJIMH JI0 OJHOTO, a 00'€KT IMpeACTaBICHUN K 00'€ THAHHS JeAKOi KiHIIeBO1 Oe3miyi
TaKMX oOcepellKiB. B sKocTi ocepeikiB BUKOPHCTOBYIOTh 3a3BHYail 3aMKHYTI
kBagpatu (KyOw) (ikcoBaHOrOo po3MIpy 31 CTOPOHAMH, MapajelbHUMU
KOOpAMHATHUM ocsM  (TiommHaMm). Bigomi JBI  pa3HOBHUJIHOCTI  METOJIB
IIPOCTOPOBOT'O TEPEUYUCIICHHS - BOKCEIIbHI MPEJCTABICHHS 1 NMPEACTABJICHHS 3a
JIOTIOMOTOI0  KBaJpaTHYHUX (BICIMKOBHIX) JEpeB, SIKI BIAPIZHSIIOTHCS CIIOCOOOM
OIMCAHHS CYKYITHOCTI OCEpPEJIKIB, SIK1 3aiiMae MOJIEIbOBAHUM 00'eKT. Y mepuiomy 13
3a3HAYCHUX METOJIIB JUISl WX I BUKOPUCTOBYIOTHCS MaTPpUUHI CTPYKTYpPH, a B
JIPYroMy - 1€papxiyHi CTPYKTYypW - KBaJpaTU4HI 1 BOCBMEpPUYHI nepeBa [26].
Po3pobieHo criemianbHi AykKe ¢hEeKTHBHI alTOPUTMHU JIJIST BUKOHAHHS TEOPETHKO -
MHOXHHHHUX OTIepalliii 1 Bizyaii3aiii BOKCEIbHUX MOJIEJeH 1 Mojaenell Ha OCHOBI
KBaJpaTUIHUX (BICIMKOBHUX) JCPEB.

VY HeSIBHHMX MOJENAX TiJIO 33JJa€ThCS 3a JOMOMOTOI0 JESKOI MPOIEAYpH, SKa
JI03BOJISIE JJISI KOSKHOT TOYKH MTPOCTOPY MOJICITIOBAHHS BU3HAYATH 11 IPUHAIICKHICTh
onucyBaHoMy 00'exty [27, 28]. Lls mpoueaypa Moxke OyTu peasiizoBaHa Pi3HUMHU
cnocobamu. Hampuknan, y By3max peryisipHOi CITKH, IO OXOIUTIOE I[IJIKOM
MOJIENTbOBaHUN 00'€KT, MOKHA 3aJIaTH MPEAUKAT MPUHATICKHOCTI i 00YUCIIOBATH
NPUHAICKHICT 1HIIMX TOYOK 3a JIOMOMOroro iHTeprnoiismii [29]. Jlns HesBHOTO
OIKCY T€OMETPUYHUX TiJ BUKOPUCTOBYIOTH TaKOXX (YHKIIIO BiJCTaHi, 3HAYCHHS
SIKOT B KOXKHIH TOYIll JOPIBHIOE BIJICTaHI BiJl II€1 TOUKHU O MOJIEIIBOBAHOTO 00'€KTa
[28]. Taka ¢yHKIlIsE MOXe OYyTH TakOX BH3HA4YeHa Ha 0a3i BOKCEIBHOI'O IMOJIaHHS.
Hapemuri, icHye miaxiJl, KM B 3arajJlbHOMY BUIJIAJl HESIBHO ONUCY€ NOBUIBHUI
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reoMeTpudHuil 00'ekT B mpoctopi En 3a momomororo dynkmii f (x1, x2, ..., xn)
KoopAuHAT Touok (x1, X2, ..., xn) y Burisiai Hepisaocri f (x1, x2, ..., xn) > 0, Tax 1o
¢ynkuig f (), mo BuU3HAYae 00'€KT, MpUIMA€E MO3UTHBHI 3HAYEHHS B TOYKA, IO
JeXaTh B cepeiuHl 00'€KTa, HYJIbOBE - B TPAaHUYHHUX TOYKaX 1 HETaTUBHE - B TOUKaX
no3a o0'exrom. Takuii migxig oTpuMaB Ha3By (QyHKIIOHaTBHOTO TogaHHs (F-rep)
[2]. SIx 1 B MeTOAl KOHCTPYKTHUBHOI TeoMetpii, ckimamuuii F-rep o0'ext, moxe
dbopmyBaTHcs 3 MPOCTHX 3a JOMOMOTOI0 TEOPETUKO -MHOKMHHHMX OIeparii 1
T€OMETPUYHUX MIEPETBOPEHb.

AHamiTHaHUN BU QYHKINI, 10 OMHUCYE PE3yJbTaT TEOPETUKO -MHOKHHHUX
oreparii, Moxke 0yTH 3HaiiieHuit Ha ocHOB1 Teopii R- ¢pynkuiii [30]. 3acTocyBaHHs
R- ¢pyHK11i 103BOISIE OTPUMYBATH OIKC MTOBEPXHI CKJIAJIHOIO TEOMETPUYHOIO TiJIa
B HesiBHOMY BUTIIAAL f (X, y, z) = 0. B manuii gac po3po0seHi MeToau apaMeTpu3artii
TakuX NmoBepXxoHb [31, 32], mo 3a0e3neuyoTh MoOyI0BY rpadiyHUX BiIOOpPaKEHb
TiJI, TPEJCTABIECHUX 3a JOMOMOTOK (YHKIIOHATHHUX Mojeneil. dyHKiioHanbHe
ySIBJICHHSI y3arajbHIOE Pi3HI CIOCOOM HESIBHOTO 3aBJaHHS T'€OMETPUYHHX T, B
paMKax HBOTO PEaNi3ylOThCs PI3HOMAHITHI Omepallii, B TOMY YHUCJl 3aMiTaHHS,
JIEKapTOBUH TBIp, MeTaMop(o3ic Ta iH.

AHami3yro4n ONMCcaHi ySABICHHS 3 TOYKU 30py 3a3HAUEHUX BHUIIC BUMOT, IO
Ipe'ABISIOTHCA 10 TBEPAOTUIMX MOJENeH, MOKHa BiA3HauuTu HactymnHe. Cepen
NepepaxoBaHUX ySBIEHb HHU3bKY TOYHICTH MalOTh METOJU MPOCTOPOBOTO
nepepaxyBaHHs, TOYHICTh TPAaHUYHHUX YSIBICHb, KOHCTPYKTHBHHX MOJENCH 1
pO3KJIaJaHHS Ha €JIEMEHTH 3aJICKUTH Bifl (HOPMHU CETMEHTIB MMOBEPXOHD 1 00'eMHMX
npumiTuBiB. [lpy 1poMy HaAHOUIBII IIHPOKE KOJIO 0O0'€KTIB MoOxe OyTu
IPEICTaBICHEe METOJIaMU MPOCTOPOBOTO TMEpepaxyBaHHs, TPAHUYHUM MOJAHHSM,
GyHKIIOHATHHUM 1 KOHCTPYKTUBHUM METOaMH. MeToIi 3aMiTaHHsI 1 pO3KJIaIaHHs
Ha €JIEMEHTH, a TaKOX IMPEJICTaBICHHS EK3eMIUIIpaMH MPHUMITHBIB BEITbMHU
oOMeXeHl B CeHCl 0e3iul MPeACTaBUMHX TUI. Y HIKaJIbHICTh YSBICHHS MPAKTHYHO
rapaHTyIOTh TUIBKHM BOKCEJIbHI MOJIENII Ta BICIMKOBI JepeBa IMpU T0JATKOBOMY
nigpo3outrti. Cepea BCiX YsIBIEHb, HaWOLIbII BAXKKO OLIIHUTH KOPEKTHICTH IS
TPaHUYHOTO TIOJAHHS, A€ HE TUIBKU CTPYKTYypW [aHUX, IO MPEACTaBISAIOTH
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BEPIINHM, pedpa 1 rpaHi MOXKYTh OyTH CyNIepewWINBUMH, ajie TAKOXK IpaHi abo pedpa
MOXYTb nepetuHaTucs. CKIaJHICTh aHalli3y MOJEIbOBAHOIO O0'€KTa HA MPEIMET
BIJIMOBIAHOCTI BU3HAYECHHIO TBEPAOrO TiJia XapakTepHa 1 g (yHKIIOHAIHHOTO
noAaHHs. Bkl JIerko mepeBipuTH KOPEKTHICTh JIsi KOHCTPYKTHBHOI T€OMETPii 1
pO3KJIajaHHsl Ha eyieMeHTH. HailOuibll MpoCTO OLIHUTH KOPEKTHICTh MOJENel
IIPOCTOPOBOI'O TEpepaxyBaHHA. Perynsapu3oBadi TEOPETHUKO - MHOKHHHI omepartii
HE BU3HAYCHI JUIsSl MOJAHHS €K3EMIUISIPAMH MPUMITHUBIB, KIHEMATHUYHUX MOJIETIEH 1
pO3KJIaZaHHs Ha eJleMeHTH. Perita Mojenel 3aMKHYTI OO0 LUX OMepaLii.

Haii6inpmr KoMmakTHUNA OMUC MaloTh YSABJICHHS Ha 0a3l mapamMeTpuyHuX
IPUMITUBIB, (YHKIIOHAJbHI, KOHCTPYKTHBHI Ta KiHeMaTH4Hi Mozeni. Onucu
MOJIeJIel TPOCTOPOBOIO MEPEPAXyBaHHS IPOMI3JIKI, aJle MaIOTh MPOCTY CTPYKTYDPY.
Haii0inpmn cki1aiHO 1 TPOMI3JIKO OMHUCYIOThCSA T'paHWUYHI mogaHHsA. EdekTuBHICTH
peanizauii onepariii CWIbHO BIIPI3HIIOTHCA Y PI3HUX T€OMETPUUYHUX MOJIETIEH.

Bizyauizariis Ta yucenbH1 po3paxyHKH HaWOLIBII MIPOCTO PeaizytoThCs IS
Mojieiel TPOCTOPOBOIO MepepaxyBaHHs 1 PO3KIIAJaHHS HA €JIEMEHTH.

[Tomironizamisi moBepxHi, HeOOXiAHA s BigoOpaxkeHHs 3D 00'ekTis,
HaWOLIBII TTPOCTO OYAYEThCS JUISl TPAHUYHHUX MOJIeNeH 1 KIHEMaTHIHUX MOJICTIeH.
OO6uuncneHHs: KOPAOHY € TPYJOMICTKOIO ONEPAI€r0 sl KOHCTPYKTUBHOI Tr€OMETPii
1 0c00JMBO 7151 (DYHKITIOHATBLHOTO ITOTaHHS.

o x 10 perynsipu3oBaHuX OyJEBUX OMEpalliif, TO BOHU MIPUPOJTHUM YHHOM
BUKOHYIOTBCS JIJIsl KOHCTPYKTUBHOI 1 (DYHKIIIOHAJIBHOT MOJIENEH, MOPIBHSAHO JIETKO
00YHCITIOIOTHCS JIJIT BOKCEIBHUX MOJICIIEH 1 MOJIesIel Ha OCHOBI BICIMKOBHX JCPEB 1
3HAYHO OUTBIN CKIAAHO PEeani3yroThCs ISl TPaHWIHHX Mojened. [IutanHs mpo
MPUHATIEKHICTh TOYKU MOJICJIbOBAHOTO 00'€KTY HAUOLIBII MPOCTO BUPIIIYETHCS TSI
(GyHKIIOHATBHOTO YSBJICHHS 1 METOJY MPOCTOPOBOTO TepepaxyBaHHs. Habarato
CKJIQJTHIIIE 11 3aBJIaHHS BUPIIIYETHCS JIJIS 1HIIAX MOJICIICH.

3a3naveHa kinacudikaiis BigoOpaxae IPUHIUIIOBI M1IX0IU IO MOICTIOBAHHS
Ti71. B pamMkax Ko»HOTO 3 epepaxoBaHUX TUIIIB ICHY€E 0€37114 KOHKPETHUX MOJICIICH,
110 BIAPI3HAIOTHCS criocoOoM peainizanii. 2KojeH 13 3a3Ha4eHUX CIocOo0iB HE MOXKE

BBAKATHUCSI TOBHICTIO YyHIBEpCaNbHUM, €(QEKTUBHICTb Ti€i YW 1HIIOT MOl
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3aJIeKUTh BiJ Oomeparliii, ki HEOoOXiJHO BHUKOHYBAaTH Haj 00'€KTaMu B TIpOIIECi
MojentoBaHHsA. Tomy BHOIp MoOJeNl 3aJIeKUTh Bl NPUKIAIHOT  3ajadl.
[TepepaxoBaHi METOAM ONMKUCY TEOMETPUIHUX T JOTIOBHIOIOTH OJMH OJTHOTO, TOMY
HaWOUIbII €(EeKTUBHUM YacTO BHUABISETHCS CIUIbHE BUKOPUCTAHHS JCKLIBKOX
ySIBIICHb, IO TPHUITYyCKae iX B3aeMHI mepeTBopeHHs. [IpoTe peamizariii mojaenei
PI3HUX THITIB CHUJIBHO BIJIPI3HSIOTHCSA MO BUKOPHCTOBYBAHOMY MAaTEMaTUYHOMY
amaparty, CTpyKTypaM JJaHHUX 1 aJITOpuT™MaM oOpOOKH.

[Ipn BupimeHHi OaraTbOX MNPUKIAJHUX 33Ja4 BHUHUKAE HEOOXIAHICTh
PO30UTTS MOJIETHOBAaHUX 00'€KTIB 1 MOOYI0BU AUCKPETHUX MOJCIICH, SIKi 3 3aJIaHOI0
TOYHICTIO aMpPOKCUMYIOTh (POpPMY BHUXIJHOTO 00'e€kTa. Y AUCKPETHOMY IMOJaHHI
BAKJIMBY POJIb BIAITPalOTh 3aCO0M OMHUCY BHYTPIIIHBOI CTPYKTYPU MOJAEIbOBAHUX
00'exTiB. J{J1s1 OTIMCY TUCKPETHUX MO/IeIeH BUKOPUCTOBYIOTHCS Pi3HI cTpaTrdikarii,
ix orysan mojgaHo B podoti [33].

3aranom ctpatudikaiis - e onuc o0'ekTa y BUTIISLIL 00'€THAHHS CYKYITHOCTI
HEMEepeCciuyHNX CTpaT, KOKHA cTpaTa € PI3HOMAaHITTAIM y mpoctopi En, xopmon
KOXHOI 3B'A3HOI KOMIIOHEHTH CTpPaTH Ma€ PO3MIPHICTh HUXYE, HIK PO3MIPHICTh
camoi CTpaTu 1 B KOXKHIHA 0OMEXKEH1 MHOKHUHI TIPOCTOPY MOJIETIOBAHHS MICTUTHCS
KiHIeBe 4uciio ctpar [34]. OkpemMuMu BUNajKkaMu ctpaTudiKaliii € TeoOMeTpUYHI
Komiuiekcu [35, 36, 37].

VY pamkax HaBejeHOT BuUIIE Kiacudikallii TMCKpEeTHI MOJIeNIl MOYKHA BITHECTH
70 TUNY pO3KJIanaHHs Ha eneMeHTH. ONUC TPOCTOPOBOI CTPYKTYpHU TaKOX
BOXJIMBUH TIPY 3aBJIaHHI CKJIAJIOBUX KPUBHUX 1 TOBEPXOHB, KyCOYHO- aHATITHIHOMY
MOJIaHHI TPAHUYHUX MOJIE]eH 1 MpHU 3aBJaHHI PO3MIPHO HEOJHOPIAHUX OO'€KTIB.
Jlns nux nuied Takoxk 3aCTOCOBYIOThCA pi3Hi ctpatudikaiii [39, 40]. 3okpema, B
po6ori [40] Oyno mokaszaHO, IO TEOMETPHYHI KOMIUIEKCH JO3BOJISIOTH €IUHUM
YUHOM TMPEJACTABIATH TPAHUYHI MOJENl, KIHeMaTH4HI MOJeNl Ta MoJel
IIPOCTOPOBOIO MepepaxyBaHHs. BII3HAYMMO TaKOX, 1110 B 3aJIEKHOCTI B1J1 CIIOCOOY
ONKCY TPUMITHBIB B KOHCTPYKTHBHOMY IIPEACTABJICHHI MOTO MOXXHA 3BECTH
BIJIMOBIHO JI0 TPAHWYHOI MOJIEJN, MOJENl MPOCTOPOBOrO MepepaxyBaHHS abo

(¢yHKUI0HATBHOI MOAeN. TakuM YMHOM, B IKOCTI OCHOBHOI aJIbTEpPHATUBH y BUOODI
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YSIBJICHHSI T@OMETPUYHUX T MOXHA PO3TJIAIATH MOJENh HA OCHOBI KOMIUIEKCIB,
3BaHy TaKOX KJIITHHHOO, 1 (QyHKIIOHaJIbHE ysaBieHHs. [lepiua 3 uux mojeneit 3anae
SBHUW omHC 00'eKTa, a Apyra - HesBHUM. L{i Momeni mMpUHIMIIOBO BiPi3HAIOTHCA,
OJIHaK BOHM HE 3aMIHIOIOTH OJMH OJHOTO, KOKHAa 3 HUX Ma€ CBOi IepeBaru i
HenomiKu. Tak (GyHKIIOHATBHE YSBJICHHS 3a0€3Meuye KOMITAaKTHUN OMUC CKJIAIHOI,
MOJKJIMBO OaraTOBHMIPHOi, T€OMETpii, BOHO MPUJATHE JUIsl OMHCY O0'€KTIB Pi3HOT
PO3MIPHOCTI, BKJIIOUYAOYH PO3MIPHO HEOJHOPIJHI 00'€KTH Ta O00'€KTH, SKI HE €
pizHOMaHITHI. OJTHaK BOHO HE MICTUTh JAHUX PO TOMOJIOTIYHY CTPYKTYpY 00'€KTa,
110 BUKJIMKAE MPOOJIEMH ITPYU BUKOHAHH] 0araTb0X YMCEIBLHUX MPOIETYD 1 OTepalrii.
VY cBOO yepry KJIITHHHE YSIBJIEHHS, 3aCHOBAaHE HA TOMOJOTIYHOMY pO30OHUTTI, A€
NOBHUI ONUC TOMOJIOTIYHOI CTPYKTYpH 00'€KTa, TO3BOJISE BUILISATH TOMOJIOTTYHO
OJTHOPIJTHI KOMIIOHCHTH B CKJIaJll CKJIaIHUX 00'ekTiB. OHAK CTYIIHb JAeTanizarii
KJIITUHHOTO YSBJICHHS, 10 BHU3HAYAETHCS TOMOJIOTIYHUM PO3OUTTSAM, YacCTO
BUSBJISIETHCSI HAJIUIIIKOBOI 3 TOYKH 30py OMHUCY T€OMETPUYHUX BIACTUBOCTEH. Y
J0aTKax, K1 HE BUKOPUCTOBYIOTH ITOBHOIO MipOI0 1H(POpMAIIit0 TTPO TOMOJOTIUHY
CTPYKTYpy 00'€KTa, Taka HaJMipHa AeTalli3alis 3HMXKY€E €(PEeKTUBHICTH poOOTH 3
T€OMETPUYHUM 00'€KTOM.

BpaxoByroun BuUIlle BHKJIaJeHE, MOXHAa 3pPOOMTH BHCHOBOK, IO TIpH
MOJICTIOBAHH1 CKJIQHUX HEOJHOPITHUX 00'€KTIB Pi3HI YSBIECHHS MOXYTh BIAJIO
JIOTIOBHIOBATH OJAMH oaHoro. Ha mpaktumi juist 3a0e3neueHHs MOKIUBOCTI
CHUIBHOTO BUKOPUCTAHHS PI3HMX YSBJIE€Hb HEOOXIJHO 3a0€3MEUUTH Y3TOJKEHICTh
cnerudikaIii pi3HUX MOJIeIeH 3 ypaxyBaHHSIM iX B3aEMHHUX TIEPETBOPECHb.

1.2. Onuc TonoJorii odaacti

OpHnM 3 HABAXIIMBIIIUX €JIEMEHTIB YHCEIbHOTO PO3PAXyHKY HANpyKEHO-
nedopmoBanoro crany (HJC) Ttina, mo mnegopmyeThes, € modyaoBa aJeKBaTHOT
Tr€OMETPUYHOI MOJEN JOCHKyBaHOI oOsacti. SIK mpaBuiao, Ha MPaKTHUIl
JOBOJUTHCSI MAaTH CIIpaBy 3 00'€KTaMU AyXe CKJIaIHOI KOH(Irypaii, o iCTOTHO
YCKIIAJIHIOE TTOOYIOBY TakuxX Mojeield. B Toi ke Jac Bij TOYHOCTI OOy I0BaHO1
reOMETPUYHOI MOJIeNl 6araTo B YoMy 3aJIeKaTUME SKICTh OTPUMAHOIO YUCEIBHOTO
pe3ynbTaTy.
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HuHi icHyroTh pi3HI cmocoOW oOmucy TeoMeTpli MOJenhbOBaHOi 001acTi.
OpHuM 3 HalyacTile BHKOPHCTOBYBAHHUX ITiJIXOJIB SBJISETHCS BHKOPHUCTAHHS
cnemianizoBanux CAD -cucreM, MmO AO03BOJIAIOTH IOOYJIyBaTH HEOOXIIHY
TOIOJIOTIYHY MOJIEb, K JIESIKY CYKYHHICTh 0a30BHX T'€OMETPUUYHHUX MPHUMITHBIB.
Takuii migxin 3acrocoByeTbes, Hampukiaa, B cucremax ANSYS, COSMOS i
COSAR [12]. V npenpomecopax IHX CHCTEM € 0i10J10TeKHM TaKuxX TIpadidHHUX
MPUMITHBIB, SIK TOYKa, JIHIS, CIUIalH, JJaMaHa, Kojo, cdepa, KOHyc, KyO Ta 1H., HaJ
JIO3BOJISIOTH 3a7aTH MPAKTUIHO JOBUIBHY 00J1aCTh. AJIBTEPHATUBHHM € IIIIX11, 10
MIOJIATAE B MApaMETPUUYHOMY OIUCI T€OMETPIl MOJEIbOBaHOI 00J1ACT1 32 I0NTOMOTOI0
JesKoi MOBU omucy Tomojorii obnacti. Hampukman, cucrema reoMeTpUYHOTO
moaentoBanHss NETGEN [12] BUKOpUCTOBY€E AJis OMUCY TOMOJIOTii 00JaCTi MOBY
CSG (ConstructiveSolidGeometry), 1110 103BOJIsIE ONMUCYBAaTH HEBEIUKI 1 CepeHI
wiocki 1 TpuBuMipHi obrnacti. Y CSG B TekcroBomy dopmari ASCII moxHa
OMHUCYBaTH JIOBUIBHY IPOCTOPOBY 00JIaCTh, AK JIOT1YHY KOMOIHAIIII0 HACTYIHHUX

0a30BUX Fr€OMETPUYHUX NPUMITHBIB:

TUIOIIMHA;

HWITIHAD;
- chepa;
- CIMNTUYHUN TAITHJIP;
- SJIICOI;
- KOHYC;
- napaeenines;
- MHOTOTPaHHHK.
I'eomeTpist 00'eKTy BUSHAYAETHCS SIK JIESIKA CYKYITHICTD €MJIEpEBUX OTepalliii
(o0'erHaHHSI, IEPETHH 1 TOTIOBHEHHSI) HAJl BUILICOTTUCAHUMU MTPUMITUBAMH.
[HIIMM TOMIUPEHNM CIIOCOOOM OTHCY TOMOJIOTII TPUBUMIPHUX O0'€KTIB € TaK
3BaHuil popmart crepeo gitorpadii (STL - dopmar). Lleit hopmat 3acTOCOBYETHCS B
aBTOMATU30BAaHUX CHUCTEMaX MPOCKTYBaHHS ISl OMUCY TPUBHMIPHHX MOJENEH 1 €

JUTSI HUX HAaWO1IbIIT 4aCTO-BUKOPUCTOBYBAHUM CTaHIAPTHUM (OPMATOM.
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[adopmarrist mpo 06'ekt B STL — haiini BKiIrOYa€ CIMCOK TPUKYTHUX TPAHEH,
K1 OMUCYIOTh MOBEPXHIO MOro TBEPAOTUIOT MOJENI 13 33JJaHO0 TOYHICTIO, 1 MOXKE
OyTtu npeacrasnena y Burisiai TekctoBoro (ASCII) abo 6inaproTro daiiny. TekcTose
npencrasienns STL - ¢aiiny moBuHHE nmounHaTHCca KiIr04oBUM cioBoM SOLID 1
3akiHgyBaTucsi ENDSOLID. Mix iumMu nporpaMHUMU 1yKKaMH HABOJIUTHCS OIUC
TPUKYTHHUKIB. ONIUC KOXKHOT'O TPUKYTHHKA BKJIIOUAE 3aBJIaHHS OJUHUYHOTO BEKTOPY
HOpMaJTi, CHOPSIMOBAHOTO BiJ HOTro TOBEPXHI, IICIAS 4YOTO CIIAy€E CIHCOK
TPUBUMIPHUX KOOPJMHAT YCIX BEPIIMH. YCI KOOPAMHATH NPEICTaBIEHI B
OpPTOTOHAIBHIN JEKApPTOBIM CHCTEMI1 KOOpJWHAT 1 3amucaHi y BUTIIAMI JIACHUX
YHCell.

Ha puc. 1.1 naBenenuii npuxnaa onucy ogHoro TpukytHuka B STL -dhopmari:

Puc.1.1. Onuc tpuxkytauka B STL -dopmari.

[Ipu npaBUILHOMY OMKCI TPIAHTYJILOBAHOT MOBEPXHI YC1 CYCIHI TPUKYTHUKH
ITOBHHHI MaTH 10 JIB1 3arajibHi BEPIIHHU.

1.3. AnaJji3 MeTo/1iB MOOY/10BM CiTOK

[Ipoec MoOOynOBHM CITOK MOXE pO3IJISAaTHCS SK  [EPETBOPEHHS
TEOMETPUYHUX MOjeseid. MeTonu AuCKpeTH3allii ICTOTHO 3aJieXaTh Bij CIIOCO0y
nojaHHs 00'€KTy, 11O PO30MBAETHCS, 1 BIJT OOMEXKEHb, HAKIAJACHUX MPUKIATHUM
3aBJIaHHSM Ha TUCKPETHY MOJIETb.

Ornsan anropuT™MiB MOOYIOBU CITOK MOXHA 3HAWUTH 30Kpema B poboTax [40,
41]. Cepen pizHuX cnocoOIB reHeparii CITOK MOKHa BUAUIATHA HACTYIHI TPyINu
HaHOUIbII MOIMIMPEHUX METO/IIB:

* METOJU TeTpaespizallii (TpiaHTyJIALil);

* METOJHY MOOYJAOBH HECTPYKTYPOBAHUX I'€KCArOHAIbHUX (UYOTUPUKYTHHX)

CITOK;
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e KIHEeMaTH4HI MeTOau a00 MeTOo 1 00'€THAHHS ITEPETHUHIB;

* METOJM HaKJIAJIEHHS HEY3rOXKeHUX 3 (POopMOr0 00JIaCT1 CITOK;

* METOAM BiOOpakeHb T€OMETPUYHO HEPETyJIpHUX o0xacTeil B o0macti

paBUWIBHOI PopMU;

* METOIH OITHUMI3ALI].

AHai3 pi3HUX METOIIB TPIaHTYJISAIIT 1 TeTpaeapizailii 1aeThes B podoTax [42,
43]. Cepen METOIB TPIaHTYJIALIT MOYKHA BUIIJIUTH JIBI OCHOBHI TPynd. Y MeTOax
nepuioi rpynu BUXIAHOWO 1H(OpMaIIi€o AJisi TeHepallii CITOK € Halip By3JiB, fKI
MOTIM 3'€IHYIOTHCS, YTBOPIOIOUM TPHUKYTHI €leMeHTH abo Terpaenpu. HaitOimbin
4acTo MPHU IIbOMY BUKOPUCTOBYETHCS MeTOa JleToHe, B IKOMY BY3JIH 3' €THYIOTHCS
TaKUM YHHOM, IO BCEpeauHY Koja (KyJji), OMMCAaHOIOo HAaBKOJO (hOPMOBAHOIO
TPUKYTHHKA (Te€Tpaenpa), He MOTPAIUISIOTh HisKi 1HII BY3JIM CITKH, BIAMIHHI BiJl
BEPIIIMH JIAHOTO €JICMCHTA.

IcHyrOTH pi3HI crocoOM TOYaTKOBOTO BUOOpY By3niB. OpHi aBTOpHU
MIPOTIOHYIOTh CIIOYATKy PO3MINTYyBaTH BY3JIM Ha MEX1 00J1acTi, a MOTIM I'eHepyBaTH
BHYTpIIIHI BY3JId BHIIQJIKOBUM YWHOM, 3aJMINAI0OYM TUIBKM TI 3 HHUX, SKI
32/I0BOJIBHSIOTH 3aJ]aHIl MIIJTLHOCTI CITKH. Y Psii poOIT CIIOYAaTKy BBOJIUTHCS HAOIp
TOPU30HTAIBHUX TPSIMHX, IO TOKPHBAE BCIHO 00jacTh pimeHHS. [loTiM By3mu
PIBHOMIPHO PO3MOIUISIOTECS HA BIAPI3KAxX IUX MPSMUX, IO JIekKaTh BCEPEIUHI
ob0nacti. Y TpPUBHUMIPHOMY BHIAJKy I aBTOMATUYHOTO 3aBJaHHS BY3IIIB
MIPOTIOHYETHCSI TAKOK BHKOPHUCTOBYBATHU MPEACTABICHHS 00JacTi C JOTIOMOTOIO
BICIMKOBHX JICpPEB.

Jo npyroi rpynu METOMIB TPIaHTYJIALII BIAHOCITHCA TaK 3BaHI METOIU
JEKOMIIO3uIli. Y MeTofax JEKOMIIO3MIT MOXXHA BHUAUINTA PEKYPCUBHI Ta
ITepariiifHi METOIH.

Y peKypcHMBHHX MeETOJaX BHXiJHa O0OJIACTh CIIOYATKy PO30MBAETHCSA Ha
ni1001acTi, SIKI MOTIM JIIATHCS B BIAMOBIIHOCTI 3 TUM K€ CAMUM aJIrOPUTMOM
po36utTs. Ilpouiec MpPOAOBKYETHCS 1O THX Iip, MOKA PO3MIPH OTPUMAHHX
nigo0sacTeil He BIAMOBIAATUMYTh HEOOXiTHOT WIUIBHOCTI ciTku. llel meton

703BoJIsie OyayBaTH CITKH B 00JIACTSX, SIKI € 0araTOKyTHHUKaMHU, SKi B 3arajJbHOMY
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BUIIAJIKY MOXKYTh OYTH 1 KpUBOMIHITHUMU. BuxigHa rpy0a ciTka BUXOJUThH IUISIXOM
noOyJJOBM JlaroHajied, IO 3'€HYIOTb HECYMDKHI BEpIIMHU OaraTOKyTHHUKA.
Enementn rpy0o0i CiTKM TIOTIM TIOPIOHIOIOTHCS, JJI IIHOTO BBOASTHCS JTOMATKOBI
BY3JIH, 110 PO3MIILYIOTHCA Ha KOPJIOHAX €JIEMEHTIB, Il BY3/H 3'€IHYIOTHCS OJUH 3
OJIHAM BIJIpi3KaMu, IO JiekaThb BCEpEIUHI eleMeHTIB. J(aHuil Meroa nomyckae
y3araJibHEHHS i Ha TPUBUMIPHHUIA BUTIA/IOK.

B irepamiiinux meromax IEeKOMIO3HUINI pPO3OUTTS 3IIHCHIOETHCS TaKUM
YUHOM, III0 Ha KOXHOMY Kpolll OyayeTbcss OAWMH a00 KiJIbKa €JIEMEHTIB
PE3yIbTYI0UOI CITKH. [Iporec mpoaoBKYy€EThCS 10 THX IIip, TOKH €JIEMEHTH CITKH HE
3aMOBHSTH BCIO PO3PaXyHKOBY 00s1acTh. MeTO M 11i€1 rpyIu 103BOJISIOTH Oy TyBaTH,
K MpaBWJIO, TPUKYTHI 1 TeTpadlpaibHble CITKUA. B ITepamiiiHux Meroaax iCHye
MOXJIMBICTh YIIPaBIIHHS po3MipamMu 1 (GoOpMOI eJIeMEHTIB Oe3locepeHb0 B
mpoleci MmoOyloBH CITKM, IO € iX Oe3MepeyHOol0 NEepeBarol0 MOPIBHSIHO 3
PEKYPCUBHUMHU METOaMH.

ITepariiini MeToau yHIBEpCallbHi 1, SIK PAaBUIIO0, 3ACTOCOBYIOTHCS JJIsl 00IacTeit
JOCUTh J0BUIbHOI (opmu. Came TOMY ITepauliiiHi METOJM B OCHOBHOMY 1
BUKOPUCTOBYIOTHCS B aBTOMAaTUYHUX MPOrpaMHUX KoMIuiekcax. HegomikoM 11p0ro
KJIaCy METO/IIB € PECYPCOMICTKICTb, ICTOTHO O1JIbIII MOBIJIbHA MBUAKICTh pOOOTH (Y
MOPIBHSHHI 3 MPSMUMH METOJaMH) 1 MEHIIIA HATIHHICTb.

ITepamiitHi MeToIM Yepe3 CBOI YHIBEPCAIBHICTh OTPUMAIM HANHOUIbIINN
pO3BUTOK. P03po0neHO KilbKa PI3HUX MIJIXOJIB, AKI MOKHA PO3AUIUTA HA TpU
MKIIACU: METOIU TPAHWUYHOI KOPEKIlii, METOAM Ha OCHOBI KpuTepito [lemone i
METOJIM BUYCPIIaHHS.

MeTonu rpaHMYHOT KOPEKLIi € HAMIIBUAILIMMU 3 ITepalliiHUX METO/IIB, ajle, Ha
’Kajgb, MAlOTh PsiJ HEBUKOPIHHMX HeaodikiB. [loOymoBa ciToOK B HMX MeTOAaX
3IIACHIOETHCS B JIBa eTamu. Ha mepiioMy erari mpoBOJUTHCS TPIaHTYIIALIS SIKOICH
npocToi "cymnep- o6acti", MOBHICTIO BKITIOUAE B ce0e 3aaHy 00acTh. Sk mpaBuio,
151 cymnep- o0JacTh ABJISE COOOI0 Mapajenermninen (4epe3 MpoCTOTy TPIaHTYJISAIIT),
TPIaHTYJISALISA SIKOTO 31MCHIOEThCS Ha OCHOBI OJTHOTO 3 YMCJIEHHMX IabsoHiB. Ha

JpYroMy €Tari BCl By3JM OTPUMAHOI CITKH, IO JEeXaTh NOOIU3Y KOPJAOHY 3aJaHl1i
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00J1aCTi, IPOEKTYIOTHCS HA TOBEPXHIO KOPJOHY; a BY3JIH, IO JIeXkKaTh 1032 3a/1aHii
o0xacTi - BunanstoThes. [1lo0 koMieHcyBaTh HEMUHYY1 F€OMETPUYHI CIIOTBOPEHHS
CJIEMEHTIB CITKU MOOJM3Yy KOPAOHIB, 9YaCTO TOJAATKOBO MPOBOIATH III€ OJIUH €TaIl -
eTam ONTHUMI3aIlii CITKH, IO B IIJCYMKY J03BOJISI€E OTPUMATHU JOCHUTH XOPOIIIi
pe3yNbTaTH.

OueBHUIIHO, 1O JAHUN METOJ HE MOXHa 3aCTOCOBYBATH JUISl JAMCKpPETU3aLii
obJyacTel 13 3aJIaHOI0 TPIAHTYJIALIEI KOPAoHiB. Ile icToTHE 0OMEKEHHS, a TaKOXK
IHII CKJIAJIHOCTI 3HWXKYIOTh MOMYJISIPHICTD METOAY, 3BOJSYM HaHIBEUb MHOro
OCHOBHY TI€peBary - BUCOKY IBHUAKICTH POOOTH.

CyTHICTP METOAIB BHYEpPHAHHS MOJSITa€ B TMOCHIJOBHOMY 'BUpi3aHHI" 13
3a/1aHoi 00J1acTi (PparMeHTiB TeTpaeApiueckod GopMH OTH, OKU BCS 00JACTh HE
ONMUHUTHCS "BUuepnaHa'. B aHTIIOMOBHIN JiTepaTypi Lied METOJ OTPUMAaB Ha3BY
"advancing front", mo Takox n006pe BimoOpaxkae ier0 Metoay. BuxiqHumu qjaHuMu
Ha KOXHiH iTepamii € "GpoHT", TOOTO TpiaHTYINAIs KOPIOHY Ie He "BuyepriaHa'
yactuHa oOsacti. KoXeH TpPUKYTHHK Ili€1 TpIaHTYJAIIl € OCHOBOK 00JacTi
TeTpaenpa, Ik BUIy4aeTbCs, IPUUOMY Ha KOXKHIN iTepallii Moke BUIydaTucs abo
OJIMH TEeTpaenp, ado BiApaszy LUl map Terpaeapis. [licns BuydeHHs TeTpaeapa
"(ppoHT" OHOBIIOETHCS, MICIHSI HOTO BIIOYBAETHCS MEPEXI] A0 HACTYITHOI 1Tepallii.

MeTtoau BUuepnanHs yHIBEpCcalbHI 1 MOXKYTh OyTH BUKOPUCTaHI1 1715 oOnacTeit
JOBUTHHOT (popmu Ta KOHPITYpaIllii (HaBiTh I HE3B'I3HUX 00JIACTEH ), IO MOSICHIOE
iX momymsipHICTh. 30Kpema, came IIi METOJM BUKOPUCTOBYIOTHCS B MPOTPAMHOMY
komruiekci ANSYS. Pa3zom 3 TuM i BiI3HAUUTH X BUCOKY PECYpPCOMICTKICTb 1
HU3bKY MIBUJKICTH POOOTH.

MeToau Ha ocHOBiI KpuTepito JlenoHe 4acTo Ha3WBalOTh MPOCTO METOAAMH
Jlenone, Xoua 11e He 30BCIM KOPEKTHO, OcK1IbkH caMm b.H. Jlenone HisskuX MeTo/iB
HE po3poO0isiB, a JUIIE 3ampoIlOHYBaB NPOCTUH 1 €PEKTUBHHM KpUTEpiHd, IO
BUKOPHUCTOBYETHCS IPU YCTAHOBLI 3B's13K1B MK By3J1aMH. BilMOBiIHO, 171€€0 OTO
KJIaCcy METOIB € PO3MIIICHHS B 3a/JaHii 00J1acTi By3JiB 1 IMOJajbla PO3CTaHOBKA

MI>K HUMH 3B'SI3KIB 3T1HO 3 KpUTepieM Jlemone (4u iHIIOMY CX0KOMY KPUTEPIIO).
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HectpykTrypoBaHi rekcaroHajibHI CITKM OyaylOTbCS 3a3BUYaii Ha OCHOBI
CHUMILTIIIABHUX CITOK HUISTXOM 00'€THaHHS CYCiAHIX eieMeHTIB [40].

Kinematnunmii meton mo3Boisie OyayBaTu CITKM B 00JacTsX, 3aJaHUX
MeronoMm 3amitanHsa [45]. [Ipu muckperuszaiii o0jacTi CrOYaTKy pPO30HMBAETHCS
pyxoma KpuBa (IBOBUMIPHUW PO3THH), a MOTIM BIJIMOBIIHI OJIUH OJHOMY TOYKHU
(BiApi3KM) HA CYCITHIX 32 9YaCOM KpHUBHX (TIE€pETHUHAX) 3'€THYIOTHCS OJUH C OJHHM,
YTBOPIOKOYH €JIEMEHTH JBOBUMIPHOI (TPUBUMIPHOI) CiTKH. KiHeMaTHYHUN METOI €
OKpPEMHM BHIIaJIKOM 3arajJlbHOro MeToay oO'€eqHaHHS TMepepi3iB. Y MeTo.l
00'eTHaHHS Mepepi3iB MepedadacThCs BiJOMa JOBIIbHA ITOCTIJOBHICTh OTPUMaHUX
SAKUM-HeOy b crocoOoM mepepi3iB 00'ekTa, sIKUi po30uBaeThesa. Toxl, SKIIO Ha
NepeTHHAaX BIA€ThCA MOOYTyBaTH 130MOP(HI CITKH, TO 3'€JHYIOUH BIAMOBIIHI OJUH
OJTHOMY €JIEMEHTH Tepepi3iB, MOKHA OTPUMATH YOTUPUKYTHY a00 MPU3MATHYHY
CITKY, sIKa € JHMCKpEeTH3alll€l0 po3risHyToro ob'ekrta. Jlanuii cmocid € AOCHUTh
¢()eKTUBHUM, OJTHAK BiH 3aCTOCYETHCS JO OOMEKEHOIo Koja 00'€KTiB. Y IESIKHUX
BUIA/IKaX, KOJIM CITKH Ha CYCIJTHIX Mepepizy He € n30MOPGHBIMU, JIJIS TUCKPETU3AIT i
IPOCTOPY MIXK TAaKUMH ME€PEPI3aMHU BUKOPUCTOBYIOTHCSI METOIU TPI1aHTyJISILII.

[Ipy BUKOpHCTaHHI HEY3TO/JKEHHX CITOK BHXiJIHa OOJACTh MOKPHBAETHCS
JeSIKOi peryisipHoto ciTkoro. CITKOBI €JIEeMEHTH BCEPE/IMHI 001acTi 3aJUIIatoThCs
0e3 3MiH, a €eMEHTH, IO Jie)KaTh Ha KOPJOHI 1 1mo3a 00JIacTi ITHOPYIOTHCS. Y
pe3yJbTaTi BUXOJHWTH CiTKa 31 CTYMIHYACTHM a00 JIaMaHUM KOPJOHOM, IS
3rIaJKyBaHHA [KOI MOXYTh 3aCTOCOBYBATHCS pI3HI MIAXOAU. 30KpeMa,
MPOCIIIOBAaHHS TOYOK CTYIIHYACTOTO KOPJOHY HAa KOPJOH o00yacTti, abo 3CyB
MPUKOPIOHHUX BY3JIB Y30BXK JIHIN CITKH JI0 IEPETUHY C KOPJIOHOM.

EdexktuBHuil miaxix A0 noOyJOBHM HEY3rOJKEHHMX CITOK TOB'SI3aHMM 3
BUKOPHUCTAHHSM IPEJCTaBICHHS 00JacTi ¢ JOMOMOTOK BiCIMKOBHUX JepeB. llei
METO/I TO3BOJISI€ B aBTOMATUIHOMY PEKHMI 3A1HCHIOBATH JUCKPETH3AIIIIO CKIIATHIX
TPUBUMIPHUX 00'€KTIB [44].

Jlist TeHepartiii CITOK aKTUBHO 3aCTOCOBYIOTHCS TaKOX Pi3HI BiOOpaKeHHs
[45, 46], m0 A03BOJSIIOTH MEPETBOPIOBATU CITKM, IOCTaBJEHI Ha 00JIaCTsIX

IpaBHIBHOT (POPMH, CITKH, 110 TOKPUBAIOTH 0071acTi ckiagHoi opmu. B nanuii uac
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HAWOUIbIIIE TMOMIMPEHHS OfepKaau KOH(GOPMHI BimoOpa)keHHS 1 TpaHCPUHITHI
nepeTBopeHHd. MeTo/u, 3aCHOBaHI Ha BUKOPHUCTAHHI PI3HUX BIJOOpa)Ke€Hb, ILIO
3a0e3neuyoTh TOOYIOBY, SIK TPABUWIIO, SKICHUX PO3PAXyHKOBUX CITOK. OmHaK
3aCTOCYBaHHA MOAIOHMX AJITOPUTMIB TOB'si3aHa 3 ICTOTHUMH OOMEXEHHSMU Ha
dbopmy BUXIHOI 00J1acTi 1 Ha CMOCIO MOJAaHHS I[i€l 00JACTI, IO MPU3BOAUTH 10
HEOOX1THOCT1 1HAUBIAYATBLHOTO MX0y 10 BUPIIICHHS KOKHOI HOBOT 3a/1a4i.

Mertoau BigoOpakeHb J03BOJISIOTH Oy AyBaTH OJIOYHO-CTPYKTYPOBaHI CITKH B
rajy3siX, BU3HAUEHWX METOJOM pO3KJIaJaHHSI Ha EJIIEMEHTH, IO MPHUITYCKAE
3aBJaHHS Taly3l y BUIISAAI 00'eHaHHS MakpoOnokiB meBHOT (opmu. [lns
aBTOMATUYHOTO PO30OUTTS CKJIQJIHMX O0O0JacTeli Ha MakpoOJOKH 3aCTOCOBYETHCS
TaKOX MEPETBOPEHHSI, SIKE€ JT0O3BOJISIE€ BUILIUTHU KICTSIK 00'€KTa, IO CKJIANAETHCA 3
0e37114l TOYOK, KOJKHA 3 SKMX € PIBHO BIJIJIaJICHOIO BijJ HAHOIMKYMUX 70 HEl TOYOK
Mexi o0'exta [30].

Metonu ontuMmizamii CITOK BUKOPUCTOBYIOTHCS JJIsi TIOKPAIIEHHS Ta
ajanTallii 10 yMOB IIOCTaBJIEHO1 3a/1aui BKe C(POPMOBAHUX SKUM-HEOY b CLIOCOOOM
citok [31, 32, 33]. V 3arasibHOMY BUTJIS/I1 CYTh LIMX METO/IIB MOKHA C(HOPMYJITFOBATH

HAaCTYITHUM YHHOM:
HeoO0X1JTHO 3HanuTH E=min (max Ei) ,1=1,2,...N,
1

ne Ei - skack Mipa IOMUJIKH, 110 JI03BOJISIE KUTBKICHO OLIIHUTH SKICTh KIHIIEBO-
pi3HMIIEBOT a00 CKIHYEHO-€JIeMEHTHOI ampokcumanii - Ej-momuika Ha i-my
enemenTi, N - 3aranpHa KUTBKICTh eneMeHTiB. Mipa E moxke Oyt oOpaHa caMumu
pI3HUMH  crocoO0aMu, BOHA MOKE 3ajekaTH TUIBKH Bl TEOMETPUUYHUX
XapaKTEPUCTHK €JIEMEHTIB a00 * BPaxOBYBaTH XapakTep MpuKIagHoi 3axayl. [lpu
onTuMmiszaiii CciTok abo BapilOIOTh TUIBKH KOOPJIWHATAMU BY3JIB, 3aUIIAI0YN
TOMoJIOT1I0 0€3 3MiHM, a00 JOMYyCKalTh 3MIHY TOMOJIOTii, B LIbOMY BHUIAJKY
MOXJIMBE pO30UTTA a00 HaBINAKUM YKPYNMHEHHS JAESKUX €JIEMEHTIB, 3MiHa
KOH(DIrypaiii 3B's3KiB MK By3J1aMu a00 BBEJIEHHS JOJaTKOBHUX BY3J1iB HA KOPJOHAX
1 BcepeIMHI €JIEMEHTIB.

Koxxen 3 mepepaxoBaHMX METOAIB MOOYJOBH CITOK PO3PAaXxOBAHUU HA TICBHY

MOJIeJIb TIOJIaHHS po3paxyHKoBoi obinacti [34]. Tak mpu TpiaHTysAIi, 3aCHOBAHOT
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Ha METOJIaX JICKOMIIO3HMIIli, BUKOPUCTOBYEThCS TpaHWMUYHHMK omuc obOmacti. [lpu
noOy/I0B1 HEY3TOJKEHUX CITOK 3aCTOCOBYEThCS 3aBAaHHsA 00JIaCTI METOJIOM
IPOCTOPOBOTO TMepepaxyBaHHA a00 rpaHHYHUM MeToaoM. KiHematwunHuii meTon
NPUIAATHUN NI PO3OUTTS TUIBKH THX OOJIACTEH, OMUC SKUX TaKOX OyIyeThcs Ha
OCHOBI KIHEMaTHYHOTO METOAy. MeToau BimoOpakeHb MPUIYCKAIOTh 3aBIaHHS
PO3paxyHKOBHX 001acTeit a00 METOI0M PO3KIIaIaHHS Ha €JIEMEHTH, a00 TpaHUIHUM
METOJIOM.

Caipg 3a3HaYUTH, 110 3aCTOCYBAHHS TUX a00 THIIMX CIIOCOO1IB MOOYI0BU CITOK
ICTOTHUH  BIUIMB  MaloTh OOMEXEHHsS, 1[0 HAKJIaJalThCcs  METOJlaMH,
BUKOPHUCTOBYBAaHUMH JIJIs1 BUPIIICHHS MPUKIATHUX 3aBJIaHb.

Takum 4rnHOM, BHOIp TUITY PO3PAXYHKOBUX CITOK 1 QITOPUTMIB iX MOOYJOBU
3 OJTHOT'O OOKY 3aJICKHTh BiJl MPUKIAIHOI 3a7a41l 1 METOIB 11 YMCEIBHOTO PIIICHHS,
a 3 1Hmoro OOKYy BH3HAYA€THCS CIOCOOOM 3aBIaHHS T'€OMETPUYHOI MOJEi
PO3paxyHKOBOi 00J1aCTi.

1.4. Orasij icHyl04YHX nporpam JJisi AUCKpeTH3amii

Citka poOUTh JOCUTH ICTOTHHUW BIUIMB HA TOYHICTH PIIIEHHS MPOEKLIWHO -
CITKOBUMH METOJ[aMU (a B IEIKUX BUMAAKaX 1 Ha 301KHICTh METOIIB). SIKICTh CITKH
3 TOYKH 30py TOYHOCTI pIllICHHS BU3HAYAETHCA TPhOMa 0OCTaBUHAMH: PO3MipaMu
eJIEMEHTIB, iX (POPMOIO 1 TUM, HACKUIBKH 100pe CITKa alpOKCUMYE BUXITHY 00JIaCTh.
Takum 4YuHOM, MOXXHa Cc(HOpPMYIIOBAaTH Taki BUMOTH JO OyIb-iKOi CHCTEMHU
aBromaTu4Hoi Tpianryssuii (CAT).

1. MakcuManbHO TOYHA aAMpOKCUMAIlis KOPAOHIB 00jacTi Ta i BHYTPINTHIX
oOMeXeHb: JIHIi 3'€JHaHb I[IOBEPXOHb MOBHHHI OYTH ampoOKCHUMOBaHI
JAHIIOKKAMH pedep CITKH, a cami OBEPXHI - 0€31144I0 INIOCKUX TPUKYTHHUX
I'paHen.

2. ®opma eNEeMEHTIB TMOBHHHA OyTH MO MOXIMBOCTI Onu3bka A0 QopMu
NPaBHJIBHOTO CUMILJICKCA.

3. CAT noBuHHA JO3BOJISITH KOHTPOJIOBATH PO3MIPU €IIEMEHTIB CITKH, 1100

MO>KHA 0yJ10 3a0€3MeUnTH 3TYIIEHHS CITKU B MOTPIOHUX 00JIACTSX.
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BaxnuBoio TakoX € MOXIJIHMBICTh TEPEBIPKA SIKOCTI Ta KOPEKTHOCTI
1noOy0BaHOI CITKH.

Huxde HaBOAWTHCS OTIIA PI3HUX MPOTPAMHUX IMAKETIB, MPU3HAYCHUX JIJIS
JUCKPETH3allii CKJIAJIHUX MTPOCTOPOBHUX oOnacTelt (BubOipka oOMexeHa mporpaMaMu
3 BIAKPUTHM KOJOM, MOBHICTIO O€3KOIITOBHMMH MpPOrpaMaMH Ta MporpamMamu,
O€3KOITOBHUMHU JIJIS aKaIEMIYHOT'O BUKOPUCTAHHS).

[Taker Geompack pospobnennit moxkropom bappi ko, BigomMum cBOiMU
poOoTamu B 001aCTi IUCKpETU3allli METOJJaMU Ha OCHOBI kputepito Jlenone. [lepur
Bepcii makeTy 3'apuncs oubiie 20 poKiB TOMY 1 MaJlv - BUJ TPOrpaMHoOi 610110TeKH
Ha MoBi FORTRANT77 (ctapi Bepcii makeTy NOIIUPIOIOTHCS 3 BIAKPUTHM KOJIOM).
Tenep Geompack € MOTy HOK KOHCOJIBHOI MPOrpamMor0 JJii BUKOHAHHS PI3HUX
omeparliii 3 ciTkaMu - ToOy0BH, 3TYIICHHS, onTuUMI3alli, nepedyaoBu 1 T.i. B
OCHOB1 QJIFCOPUTMY BUKOPUCTOBYETHCS METOJ KOPEKI[i CIIJIBHO 3 METOJOM Ha
OCHOBI Kputepiro Jlenone.

[Taker Geompack O€3KOIITOBHUIM [UIsi aKaJeMIYHOTO BHUKOPHUCTAHHS. Y
KOMIUIEKTI 3 MAaKETOM MOCTABIISETHCS JJOKJIaTHA JOKYMEHTAITIS aHTTIiHCHhKOI0 MOBOIO
1 0e3miy mpukiIaaiB. ABTOp 3MIMCHIOE OOMEXEHY MIATPUMKY KOPHUCTYBAYiB IIO
eJIEKTPOHHI1M noTi. Bizyanbauii iHTEpQEiic 1 MOXKIMBOCTI IO Bi3yasizallii BiICyTHI.
IMnopT Ta eKCHmopT JaHUX 3IIHCHIOETHCS dYepe3 TEKCTOBI Ta OiHapHi (aiinu
cnemianbHuX (HecTtaHaapTHux) dopmaris. [laker Moke OyTH BUKOPUCTAHHUM Mija
onepatiinumu cucteMamu cimenictB Unix 1 Windows.

Jlo HeMOMIKIB MaKeTa CJIiJI BITHECTH HEMOXJIMBICTh MPSMOTO KOHTPOJTIO HaJT
po3MipamMu eJIEeMEHTIB.

JlomarniHs cropinka maketa B [aTepueri: http://members.shaw.ca/bjoe/

TetGen - mporpama, pospobrnena nokropom Xan Ci 3 1HCTHTYTY
Beiiepmtpaca (WIAS). B ocHOBI anropuTmy JIeKUTh METOJ Ha OCHOBI KPUTEPIIO
Hemone. [Inst o0O0miky BHYTpPIIIHIX OOMEXEHb BUKOPHUCTOBYETHCS METOJ
nepebynoBu. TetGen Bosofie BizyanbHUM 1HTepdeiicoM (MOXKe 3amycKaThCs 1 K
KOHCOJIbHA TIporpama), 103BoJisie Oy 1yBaTu Ta ONTUMI3YBaTH CITKH, OILIHIOBATH iX
SKICTh, & TAKOK BUPOOJISITH JOKAJIbHE 3TYIICHHS.
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[Taker TetGen O€3KOIMITOBHUM JJIT aKaJAEeMIYHOIO BHUKOPHUCTAHHS. Y
KOMIUJIEKTI 3 MTAKETOM MOCTABJISIETHCA TOKJIAIHA JOKYMEHTAIIisl aHTT1HCHKOI0 MOBOIO
1 6371y mpuKIaAiB. IMIOPT Ta eKCIOPT MaHUX 3/IIHCHIOIOTHCS Yepe3 TEKCTOBI (paitim
pi3HUX (y TOMy 4uMCH 1 craHaapTtHux) Qopmari. Po3Mmipu eneMeHTIB
KOHTPOJIIOIOTHCS TJIOOATBHIM YHHOM.

[Taker ™Moxe OYTH BHUKOPUCTaHMA TMia OyAb-SIKUMH OMEpariiHuMu

CUCTEMaMHU, JJi AKuX icHye kommiusitop C + +.

¥ TetView - %
i 2 boundary markers
B

-2

_
Puc. 1.2. Bikno nporpamu TetGen

JlomammHs cropinka maketa B [aTepreri: http://tetgen.berlios.de/

[Tporpamuuii komruieke "Mefisto", po3poOaeHuit KOJEKTUBOM (PPaHIly3bKUX
aBTOPIB i KepiBHUIITBOM AnaHa [leppoHa, mpu3HadeHUI ISl BUPIMIEHHS PI3HUX
3aBAaHb MareMaTuyHoi (i3uku, 1 BKJIIOYaE B ce0e MOIyNb JUCKPETH3allli,
MOCTIPOIIECUHTY, BUpIIlyBaya 1 Bizyanizaiii. Moyib i JucKkpeTu3ailii ooaactei
(Mefisto - maillages ) Mo)KHA BUKOPHCTOBYBATH i OKPEMO.

[Iporpamuuit komruieke Mefisto npusHadeHuit ans poOOTH MiJ yIPABIIHHAIM
onepauiifaux cucreMm cimerictsa Unix. [lommproerbest pa3om 3 BUXITHUMHU KOAaMHU
(manmcannii Ha MoBax FORTRAN77 1 C) 1 neMOHCTpamiiiHUMU TpUKIaAaMHU.
JloxyMeHTariisi ppaHIy3bKOH MOBOIO.

Jlisa  TpiaHTyssmii MOBEpXHI 1 BHYTpPIMIHIA 00JaCTi BUKOPUCTOBYETHCS

KOMOIHOBaHUU METOJ] Ha OCHOBI kputepito Jlemone ta anroputmy Quad - tree.
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VYrpaBiiHHS po3MipaMu €JIEMEHTIB 3IHCHIOETHCS 3a JOMOMOTOI0 CIEIiaIbHUX
¢GyHKLii (TOOTO 3rylIeHHs CITKM MOKHA OTPUMATH B npoleci nodyaosu). O6mactb
JUTS TPlaHTYJIALIT MOKHA 3a7]aBaTH 3a JOTIOMOTOI0 TeKCTOBHX (haililiB CrieniajabHOro
dbopmaty abo BizyasibHOro iHTepdeicy. EXcnopT CiTKM MpOBOAUTHCS B TEKCTOBI
daiinu cremianbHOTO (hopMmarty.

JlomamiHs ~ CTOpiHKa  TpPOrpaMHOrO  KOMIUIEKCY B [HTepHeTi:
http://www.ann.jussieu.fr/ ~ perronnet/mefistoa.gene.html

NetGen - oauH 3 HaWOoOMyJSIPHIMMX OE3KOIITOBHUX TAKETIB MM
JUCKpeTH3amii CcKiIaaHuX obnactei. IlommproeTbess 3  BIIKPUTHM  KOJIOM,
CYHPOBOJIKYETHCS JTOKYMEHTAII€I0 aHTIIHCHKOI0 MOBOIO, OE3JIIUYI0 MPUKIIAIIB, a
TaKoX Mae BiiacHui [HTepHet -hopyM. Moske OyTH BUKOPUCTAaHUH M1 Oy Ab-SIKUMHU
oTneparifHUMK CUCTEMaMH, JIJIs AKuX icHye kommiisatop C++. Bonoaie Bi3yalbHUM
iHTEpdeiicom, ane Moxe OyTH 3amylIeHUN 1 sIK KOHCOJIbHA mporpama. Jlo3Bosse
3TyIIyBaTH Ta OMTHMI3yBaTH CITKH.

NetGen npuzHadeHU 17151 reHepaiiii 1 BiqoopakeHHs 3D- CITOK 1 CKIaAa€eThCs
3 Jekuibkox 010morek. OcHoBHa 0i0mioreka nglib peanizye Oe3nocepeaHbo
reHeparlio citok. € aBa crmocobu 3aBAaHHS MPOCTOPY, SKE Mae OyTH 3alOBHEHE
TeTpaeJaIbHUMI €JIEMEHTAMHU:

3aBiaHHsl MPOCTOPY 3a JOMOMOTOI0 OMEpPaTOpiB KOHCTPYKTHUBHOI OJIOKOBOT
reometpii (Constructive Solid Geometr, CSG). ¥ 111#f TeXHOOTII ITyKaHUW TIPOCTIP
OMUCYETHhCS CYKYIHICTIO MPUMITUBHUX OO'€KTIB, HaJl SIKUMHU 3aJIal0ThCS Taki
omeparii K 00'€THaHHS, ICPETHH, PI3HUAILIS.

Onuc moBepxHi, M0 € KOPJIOHOM IIYKaHOTro MpocTopy, y (aitni dpopmaty
STL. V mpomy dopmati iHPopMmallis Npo MOBEPXHI MPEACTABISAETHCS Y BUTIISII

KOOPJIMHAT TPUKYTHUX IPAHEH MOBEPXHI 1 IX HOPMAJIEH.
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File Geometry Mesh View Refinement Specal Help Solve

Quit | Generate Mesh SmpJ Visual | Solve | Recent| Mesh — l Zoom All l Cenher]

Y. Netgen 4.9.11

Points: 7309 Elements: 32896 SurfElements: 6344

Puc. 1.3. Bikno nmporpamu NetGen

VY makeTi BUKOPUCTOBYETHCSI aJTOPUTM Ha OCHOBI KOMOIHOBaHOI'O METOIY
BUYEPHAHHS 1 METOIy Ha OCHOBI Kputepito JlenoHe. IMnopT Ta eKCrnopTt 1aHUX MOXKeE
OyTu 37ilicHeHWN depe3 HaWpi3HOMaHITHIImI ¢GopMaTtd, B TOMY YHCHI 1 Yepes
cranaaptHi. 3okpema, NetGen "3nae" 6arato popmaris CAD -cucrem.

VIMOBIpHO, €{{HUII HEJIOMIK AKEeTa - HEMOXIIMBICTh IPIMOTO KOHTPOIIIO HaJ
PO3MipaMH €JIIEMEHTIB.

ABtop mporpamu - Joachim Schoberl. Cropinka B IHTepHeTI:
http://www.hpfem.jku. at/netgen/.

T3D - mporpama myis moOyJOBU SIKICHUX CITOK METOJOM BHUYEPITyBaHHS.
CkmamHi 007acTi JUCKPETU3UPYIOTCS METOJOM Y3TO[KEeHHsS Mo KopaoHy. Cama
00JacTh 3aMa€ThCsl K CYKYIHICTh IOBEPXOHb KOPAOHY 1 oOMexeHb. JlaHi
IMIIOPTYIOTHCSI Ta €KCIIOPTYIOTHCS Yepe3 TEKCTOB1 (ailiu creniaabHOoro dhopmary.
Kpim Toro, naker BMie npairoBaTi 0e3nocepero 3 cuctemamu CAD.

Icayrote Bepcii makera gt OC Windows 1 Linux. Ilporpama Bonomie
koHcosbHUM 1HTepdercom. g OC cimeiictBa Unix nependayeHa MOXIHUBICTh
Bi3yaJi3allii CiTOk 3a 10noMoroio ctopoHHboi mporpamu (Elixir). Takox MoxmuBuii

3anuc ciTok B rpadiunux ¢popmarax VRML 2.0 1 VTK.
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dam2.in
ELIXIR (C) Copyvight 1334, Petr Krysl
ointer at [-116. 172054;-54_460603;457_440366]
|E1=wimdmv| “B1=pan| “BZ=zoom| SB2=fit] “SBl=retate|B3=done
iscretization completed

Total: 7023 nodes, 44149 edges, 72219 trias, 35091 tetras
FE: 7023 nodes, O edyes, 0 trias, 35091 tetras

render ambiemt 0.15 imeLip centexr 7 17 0
melip woxmal 0.7 1 0

Puc. 1.4. Bikno nporpamu T3D
[Taker OE3KOIMITOBHUN MJIsi aKaAeMIYHOTO BUKOPHCTAHHS, ajie aBTOPOM
HIATPUMYETHCA Ty’Ke oOMexeHo. ABTop nakera - Daniel Rypl. Jlomamnus cropinka

npoekry: http://ksm.fsv.cvut.cz/MIr/t3d.h1ml

1.5. BucHOBKH 10 po3aiiny

B pesynpTaTi ornamy JiTepaTypHHX JDKEpEN MpOaHalli30oBaHO CIOCOOU
NOoJaHHSA TEOMETPUYHHMX TII Ta METOAUW NOoOyIoBU CITOK. Po3risiHyTo Ta
MIPOAHAJII30BAHO KPUTEPIl AKOCTI MOOYI0BAHOI CITKU. 3pOOJICHO OTJIsij Cy4acHHX

porpam Jjist AUCKPETU3allii MPOCTOPOBUX KOHCTPYKIIIH.
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PO31JI 2.
MOJAEJIOBAHHS TA AHAJII3 TIPOI'PAMHOI'O 3ABE3INEYEHHS
MNPEINNPOLHECOPA

2.1. JloriyHe mpeacTaBJ/IeHHS CTATUYHOI MOJAeJIi CTPYKTYpPH MPOrpaMHOL
PO3poOKHU

[ToBHUI MPOEKT MPOrpamMHOi CUCTEMH SIBIIsiE COOOI0 CYKYIHICTh Mojelei
JIOTIYHOTO 1 (PI3UYHOTrO YSIBJIEHB, K1 TOBUHHI OyTH y3roJKEH1 MK c00010. Y MOBI
UML pnd CcTaTMYHOrO NPEACTABICHHS MOJEIEH CHCTEM BHUKOPHUCTOBYIOTHCS
niarpamMu KiaciB.BoHM BU3HAYIOTH CKJIaJ KJIaciB 00'€KTIB 1 iX 3B’S3KIB.

Ha nmiarpami knaciB (Puc.2.1.) npsIMOKYTHUKH, NOJ1JIEH] HA TPH YACTUHU — LE
KJIacu, JIiHII — 3B A3KM MDK HUMHU. IM'sS Kiacy 3amuMcaHo B BEpXHIM YacTHHI
OpsIMOKYTHUKA. B 1pyriii 1 TpeTiil yacTWHI — BIJMOBIOAHO CIHMCOK aTpuOyTIB 1
orepaitii, 1o MarTh CHEUpIKATOPU JOCTYITY.

Crnenudikaiiist KJ1aciB mpemnpoiecopa.

cPoint- kmac BepmMH €JIEMEHTIB B N-MipHOMY IMPOCTOpI, SIKUH MICTHUTh
KOOpPAMHATH TOYKH, 11 1HAUBIAyaIbHUNA HOMEP B CIIUCKY BEPIIMH yCiX TOUOK.

cElement- knac exementiB B mpoctopi Rn. 1leit kiac 36epirae B co0i CIMCOK
HOMEPIB BEpUIMH, iX KUIbKICTb, 1HIMUBIAyaJbHUH HOMEp €JIEMEHTY, KOOpAUHATH
HOro 1eHTpy Mac, 00'eM, HOMEPH CYCIJTHIX €JIEMEHTIB, 0 MAalOTh 3 HUM 3arajibHy
rpadb. s MopentoBaHHS 3aBAaHb, IO MalTh O0'€KTH 3 PI3HUMH (PI3UYHUMU
BJIACTUBOCTSIMA BUKOPUCTOBYETHCSI 3MiHHA, 110 MICTUTh HOMEp Mimo0macTi, sKii
HaJICKUTh eleMeHT. KpiM Toro Kiac eJeMeHTY MICTUTh METOJIU ISl TMHAMIYHOTO
OOYMCIIEHHS rpaHen.

cFacet- xiac rpaHeil eleMenTy, K1l MICTUTh CIIMCOK HOMEPIB BEPIIIHH, 110
YTBOPIOIOTH TPaHb; X KiIBKICTh, TUIONLY, HOpMallb, OPIEHTOBAHY 3 €IEMEHTY Xa3siHa
rpaHi, HOMEp €JIEMEHTY CyciJla Xa3siiHa I'paHi, 1 HOMep €JIEMEHTYy Xa3siiHa rpaHi.
['paHb 0OUKCTIOETHCA TUHAMIYHO Y MIpy BUKOPHUCTAHHS JJIs1 €EKOHOMIT IaM'sTi.

cMesh- kiac st 30epiranHs i JOCTyIy J0 CITKH B Tui iporpamu. Lleit kiac

MICTUTh CIUCOK TOYOK 1 €IEMEHTIB CITKH. [HO/1 TaKi KJIaCH MICTSITh CIIUCOK I'PaHEH.
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[Ipote, gk MoKa3ye mpakTHKa, 30€piraHHs CIHUCKIB TpaHel MPU3BOIUTH 10 3HAYHOT

nepeBuTparu nam'saTi. Lleil kiaac MICTUTh y TOMY 4YMCIl METOAM JUISi: YUTAHHS 1

3alliCy CITOK B PI3HUX CITKOBUX (popmarax, METOAM JUIs peaii3amii 3TyHIeHHS 1

PO3PIKEHHSI CITOK, SKi BUKOPHUCTOBYIOTHCS ISl aJalTUBHUX CITKOBHX METO/IIB,

METO/U 110 TIepeOy10B1 CITOK.

pycalfem

[]
[.]

createdofs

pycalfem_utils l

CLASS: cMesh

[Dari

Cnnc oKk BEPWWH *
Cnucok enemenTie S

. ,Metogn
Bxia/suxia y dain
MNepebynosa ciTok

3aryweHHs/ PO3piHKEHHS

s, .
cNscssccsnccnncnennn,

CLASS: cElement

Rani
IHpuBIAYanbHMiA
HOMED
Homepa cyciaHix
ENEMEHTIB
Cnucok sepunH
0OG'em enemenTa
MoNoXEeHHA ueKTpy
Mac
Homep nipobnocTi

MeToam
BuuecnesHs rpaHen

CueremMa NosHavoK:
«uw CTATUYHI 38'A3KN
e OGHHMCNEKHA
g [IMHAMIYHI 3B'A3KM

CLASS: cPoint

BaHi

Koopauuxatn
IKAMBIaYanbHKIA
HOMED

CLASS: cFacet

[aHi
Cnuc ok BepLlunH
Hopmanb, nnowa
Homep enementa

rocnoaaps

Puc. 2.1. Jliarpama kiaciB npemnpoiiecopa

[]
which

[.]

Puc.2.2. Jliarpama Kkj1aciB HOBUX KJIaciB

pycalfem_vis l

[.]

GeoData

points
curves
surfaces
volumes
is3D

. uses

GmshMesher getPointCoords
geoData 5 pointsOnCurves
elmType \T~ stuffOnSurfaces
elmSizeFactor 3 stuffOnVolumes
dofsPerNode addPoint

mshExecPath contains  (addSpline
‘*f?"s crealedof'gcuw addBSpline
Tceeo._ |minsize addCircle
> maxSize addEllipse
oy - meshingAlgorithm addSurface
-=""" calls which|bgmFile addRuledSurface
additionalOptions addStructuredSurface
geofile addVolume
nodesOnCurve addStructuredvVolume
nodesOnSurface setPointMarker
nodesOnVolume setCurveMarker
create setSurfaceMarker

removePoint
removeCurve
removeSurface
removeVolume

setVolumeMarker
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KBagpaTtu 3 Bkiagkamu Bropi € MoayssiMu. IlokazaHo «myOmivHi» METOAH,
aTpuOyTH Ta PYHKILI1, IKI BUKJIMKAIOTHCS 32 KIACAMH.

OOuucmoBanbHa ciTka MICTUTBCS B 00’ekTi chi_mesh::MeshContinuum,
SKUI MOKHA OTPUMATH 32 JIOMTOMOTOIO:

auto grid_ptr = cur_handler->GetGrid();

JleTanpHilie npo cTpyKTypu nanux Mesh

chi_mesh::MeshHandler

Memu Ta omepaiii 3 citkamu 00poOsitoThes chi mesh::MeshHandler.
OOpoOHMKY CITKH 3aBaHTaXYIOThCA B TI00anbHy 3MiHHY chi _meshhandler stack, a
NOTOYHUM  OOpOOHMK  BIACTEXKYEThCA  IHIIMM  TJI0OATBbHOI  3MIHHOI,
chi_current mesh_handler. fIkio BukoHyeTbcst Oy1b-Ka onepairisi 3 CITKO0, BOHA
MMOBUHHA TOMIIIATH HOBOCTBOPEHI 00'€KTH y CTeK B 00poOHuUKY. Ha pucynky 2.3

MOKa3aHO y3arajibHEHY apXiTeKTypy.

| chi_meshhandler_stack |

v

handier 0

| chi_mesh::MeshHandler::GetGrid() |
Y linemesh_stack Gets latest mesh
handler n *\‘.

A

surface_mesh_stack

surface_mesh_collections - -
interface_boundaries

L edge_loop_collections _
handler N ,mesh continua
region_stack A l
logical_volume_stack Makes
_ N nodes |
finterpolation_stack ;S —
Makss cels |
surface_mesher o ! ] —>| Polygon
- native I
volume_mesher | Polyhedron

foreign Ghost Cell

Puc. 2.3. Ornan iepapxii CITKH
Koxen o0poOHUK CiTKM 00J1aJHAHO OJHIEIO CITKOIO JIJIsl TOBEPXHI Ta OJTHIEIO
CITKOIO 111 00’eMy, 00MBa CIIOYaTKy HeBH3HaueHi. Etam ciTku moBepxHI MOXHA
PO3IIISIaTH SIK €Tall MOoNepeaHbOI 00POOKH.

By nmoBepXHEBUX CITOK:
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chi_mesh::SurfaceMesherPredefined. Ilpoiitu uepe3 mpemporecop. He
BUKOHYE KOJTHOTO 3UCTIJICHHS.

chi_mesh::SurfaceMesherDelaunay. 3miHIO€ MOBEpXHEBY CITKYy 3a
JIOTIOMOT 010 TpiaHTyJsii Jemone.

chi_mesh::SurfaceMesherTriangle. 3miHi0€ CiTKy TOBEpXHi 3a JIOIIOMOT' 01O
Triangle 1.6.

Tak camo iICHYIOTB pi3HI TUIIH 00'€MHHX CITOK:

chi_mesh::VolumeMesherLinemeshlD. IleperBoprtoe miHiiiHI CiTKHM Ha
cision.

chi_mesh::VolumeMesherPredefined2D.  IleperBopioe  momepeaHbo
BU3HAYEHI CITKM NOBEPXOHb Yy JBOBHUMIPHI TPUKYTHUKH, YOTHPUKYTHHUKH abo
0araToKyTHUKH.

chi_mesh::VolumeMesherExtruder. Ekcrpanye mnomepenHbo BH3HAuUCHI
MOBEPXHEBl CITKM B TPUBUMIPHI TPUKYTHI TPU3MHU, IIECTUTPAHHUKH abo
OaraTorpaHHUKH.

chi_mesh::VolumeMesherPredefined3D. IleperBoproe 3aBanTaxkeHi 3D-
citku Ha 3D-TeTpaeapu, NIECTUTPAHHUKHN a00 OaraTorpaHHUKH.

chi_mesh::VolumeMesherPredefinedUnpartitioned. IleperBoproe Jerky
HEPO3/UJICHY CITKYy Ha MPaBWIbHY PO3JUICHY CITKY 3 MOBHUMH AetaimsMu. llei
Merep 3abe3nedye BeTUKy THYUYKICTb JIJIsl YUTaHHS CITOK 13 30BHIIIHIX JPKEpe.

[ToBepxHeBi CITKU Ta 00’ €MHI CITKH MPU3HAYAIOTHCA OOPOOHUKY SIK:

cur_handler->surface_mesher = new chi_mesh::SurfaceMesherPredefined;
cur_handler->volume_mesher = new chi_mesh::VVolumeMesherPredefined3D;

[I{o6 BUKOHATH OBEPXHEBI CITKU, IPOCTO BUKOHANTE:

cur_handler->surface_mesher->Execute();

cur_handler->volume_mesher->Execute();

Komipku B Chi-Tech € ocHOBHUME OyaiBeTbHAUMH OJIOKAMU JIJIsi HAYKOBUX
OOYHMCIIEHh HA OCHOBI CITKH. Jlesiki THNHM CITOK TMOKa3aHI Ha pUCYHKY 2.4 Ta
BU3HAYAIOTHCS MEPEIIKOM, IKMI BOHU MICTATh, ik Bu3HaueHo chi mesh::CellType.

Hapasi miarpumyroThCcst Takl TUIIH KOMIPOK:
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https://chi-tech.github.io/d0/d83/classchi__mesh_1_1_surface_mesher_predefined.html

chi_mesh:
chi_mesh:
chi_mesh:
chi_mesh:
chi_mesh:
chi_mesh:

chi_mesh:

:CellType
:CellType
:CellType
:CellType
:CellType
:CellType
:CellType

:SLAB

TRIANGLE
:QUADRILATERAL
:POLYGON
:TETRAHEDRON
:HEXAHEDRON
::POLYHEDRON

A\ [
_J

Triangles, quadrilaterals,
Polygons

Slabs

Tetrahedra, Hexahedra,
Polvhedra

Puc. 2.4. Tunu KmiTUH

Knituan sxuByTh y wuneni local cells citku, sika Mae Tunm o00’ekTa
chi_mesh::MeshContinuum::LocalCells mig erimoro native cells abo external cells.
["apanToBaHO, 110 JTOKAJbHI KJIIITUHU € TOBHICTIO BU3HAYEHUMH, TOJI1 K HEJIOKAIbH1
KJIITHHY, IBUIIIC 32 BCe, OyAyTh KIITHHAMH-TIpUBUIaMUA. HalmBuammii crmocid
OTPUMATH JOCTYII A0 KOMIPKH 3a JIOITOMOTOIO ii JIOKaJIBHOTO 1IeHTH(IKaTOpa.

auto cell = grid->local_cells[cell local_id];

O06'exT local_cells Takox cripusie iTepaTopy.

(auto cell = grid->local_cells.begin();

cell '= grid->local-cells.end();

++cell)

{//do stuff}

a TaKOX ITepaTop Ha OCHOBI Jl1alla30Hy

(auto& cell : grid->local_cells)
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{ //do stuff}

Kpim Toro, Ouibll moporuit crocid oTpuMaTtu AOCTYN J0 KOMIPKH 3a
JIOTIOMOTO10 11 T7I00aIBHOTO 1HJAEKCY Yepe3 €JIeMEHT KIITHHKHU CiTKU. Lleit umeH e
JOTIOMI>XHUM 00’ €KTOM, SIKMI IykaTuMe B native cells 1 external cells kaiTuHKy 3
OB’ I3aHUM TJ100AJTLHUM 17IeHTHU(IKaTOPpOM

auto cell = grid->cells[cell_global id];

Partitioning Line
[ Region ] 1

) TN

[ Boundary ] /

v

| MeshContinuum

nodes
Partitioning Line® \-“ = . -

cells | £ |
Local Cells Non-local cells

Cell 0 N 4
¢—|: Cell 1

local_cell_glob_index : 'y -
A i
Cell 32 1
Cell 33
Cell 34
Cell 35
Cell 36

Puc. 2.5. Jlorika B1100pa>k€HHS KIIITHHOK

2.2. JloriyHe nmpeacTaBJIeHHS MO/eJIi MOBEAIHKN MPOrPaMHOI PO3POOKH

[ToBeninka mporpaMHOi PO3pPOOKH BU3HAYAETHCS MHOXHHOIO OO'€KTIB, 1110
OOMIHIOIOTHCSI TIOB1IOMJICHHSIMU.

Ha UML niarpami BapianTiB Bukopuctanus (Use Case Diagram) (Puc.2.6.)
MOKa3aHO B3a€EMOJII0 MIXK BaplaHTaMu BHUKOPUCTaHHS 1 Ji04MMU ocobamu. Bona
BigoOpakae BUMOTH JI0 CUCTEMH 3 TOUKH 30py KOpHCTyBada. B HamoMmy BUMmajaky
BapiaHTH BUKOPHCTAHHSA - I (PyHKIIi, BUKOHYBaHI MPOrPaMHUM KOMILIEKCOM, a
J1A0B1 0COOM - 11 KOPUCTYBadl CTBOPIOBAHOTO MPOTpaMHOro 3ade3nedyeHHs. Taki
JiarpaMu MOKa3yloTh, SIK1 JIiF04l 0COOM 1HIIIIOIOTh BaplaHTH BUKOPUCTAHHS. 3 HUX
TaKoXX BHJHO, KOJU JilioBa ocoba oTpuMmye iHdOpMaILilO BiJl BaplaHTy

BUKOPHUCTAaHHA.
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Cnenudikartist Use Case Diagram «/luckperusarttis ¢irypu» (Puc.2.6.)

Kopotke onucanus:

Use Case Diagram no3Bossie KOpUCTyBady AUCKpeTusyBatu ¢irypy Ha 1D,

2D, 3D - ckiHY€HI eJIEMEHTH.

Kopucrysaui cucremu:

1.

2. IlporpaMuuii KOMILJIEKC-BUKOHY€E KOMaH]IA OTIEpaTopa.

OmnepaTop- 3a7a€ KOMaHIH JIJIsl TTOOYTOBH MOJIEIII.

BapianTu BUKOpHUCTaHHS:

1.
2.

© ©°o N o 0o~ W

3amyck mporpamu.

BcranoButu macmira0.

BuOip moneni.

3anatv BUJI MOJIEIIL.

3agaT¥ TN AUCKpPETHU3Allii.

Po36uTTs (hirypu Ha CKiHYEHI €IEMEHTH.
1D- po30uTTH.

2D- po30uTTs.

3D- po36urTs.

10. uckpern3oBana ¢irypa.

11.Omnrumizarisa CiTKM CKIHYEHUX €JIEMEHTIB.

12.30epexeHHs CITKM CKIHYEHUX €TIEMEHTIB.

Kopucrysau cucremu «Onepatop»

KopoTke onucaHHs :

JlaHuii KOpUCTYBa4 CUCTEMHU OIMUCYE il oniepaTopa Jyisi o0y 10BU MOJEI.

OcHOBHI oIl

1.
2.

Omneparop 3aryckae mporpamy.

IIporpama 3aBaHTaKy€ThCH.

3. Omeparop Bubupae ¢irypy.

4. TIporpaMHH1 KOMIUIEKC 3aBaHTaXy€e 00paHy Qirypy.
5. Omnepatop 3aaae BU MOJEIIL.

6

. Omneparop 3agae macmtad

36



7.
8. IlporpamHuii KOMILJIEKC aBTOMATU3Y€ MOCIIIOBHICTD 1 OniepaTopa.

9.

OmnepaTop 3a7a€e TUI JUCKPETH3AIIII.

[TporpamHuii KOMIUIEKC BUKOHY€ TIOCTABJICH] 3aa4l oneparopa.

KopucryBau cucremu «IIporpaMHUN KOMIUIEKC)»

Kopotke onucanHs:

Jlanuii KOpHUCTyBau CHUCTEMH OIUCYE [ii MPOTPaMHOTO KOMIUIEKCY II0JI0

o0y I0BH MOJIEIII.

OcHOBHI oIl

1.

7.

OTpuMaB 3armuT oneparopa, 3aBaHTaXYy€EThCS 1711 POOOTH.

. Onepartop 3aae TUN AUCKPETU3AILI].
. [Iporpamuuii koMIiekc po30ouBae GIrypu Ha CKIHUEHI €JIEMEHTH.

2
3
4.
5
6

Omnepatop nparHe NOKpaIuTH IKICTh CITKH.

. [Iporpama ontumi3ye CiTKy CKIHYEHUX €JIEMEHTIB.

. Omnepatop 30epirae mody10BaHy MOJIETb.

[Tporpamamii KOMILIEKC 30epirae CITKy CKIHUCHHX €JIEMCHTIB.

BapianTt BUKOpUCTaHHS «3ammycK NpOorpaMm»

KopoTtke onucanHs:

Jlanuit BapiaHT BUKOPUCTAHHS OMKCYE 3aIyCK NMPOTpaMu Il TUCKpETU3allii.

OcHOBHI TOAIT:

1. Omnepatop BiZKpUBAE MIpoOrpamy .

2. IlporpaMHuii KOMIIEKC 3aBaHTAXKy€ETHCA.

Bapiant Bukopuctanns «Bubip dirypm»

Kopotke onucanHs:

JlaHuii BapiaHT BUKOPUCTAHHS OMUCY€e BUOIp onepaTopoM (Pirypu.

1.
2.

Omneparop Bubupae noTpioHy ¢irypy.
[Iporpama BigoOpaxkae BuOpany pirypy.

BapianTt Bukopuctanus «BcranoButu macmtady»

KopoTtke onucanHs:

Jlanuii BapiaHT BHMKOPHUCTaHHS OIKMCYE 3aBJaHHs OIEpaTOpPOM MacuTady

¢irypu.
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1. Omnepartop oOupae moTpibHMI MacmiTal.
2. Tlporpama BimoOpaxae ¢irypy.
BapianT BukopuctanHus «3a1aTy TUI AUCKPETU3ALIID
Kopotke onucanus:
JlaHuii BapiaHT BUKOPUCTAHHS OMNHUCYE BHUOIp THUIy IUCKpETU3AIil s
po30uTTS dirypwu.
1. Omneparop 3agae Tun nuckperusanii (1D,2D,3D)
2. IlporpaMHuii KOMIUIEKC TUCKPETH3YE (Irypy Ha CKIHYECHI €TEMEHTH.
Bapiant Bukopucranus «1D- po30uTTs» , «2D-po30utTsi», «3D-po30uTTsi»
Kopotke onucanHs:
JlaH1 BapiaHTH BUKOPHUCTAHHS OMUCYIOTh po30UTTS (dirypu mns 1D,2D,3D-
TUTOLIUHHU.
1. Omneparop 3amae kKomaHmy st po3outts ¢iryp, a came s 1D-
IUTOIIMHU.
2. Tlporpamuuii komIiekc BUKOHYe po30ouTTs 1D,2D,3D- po36uTTs.
Bapiant Bukopucranus «JluckpetuzoBana (hirypa»
KopoTtke onucanHs:
BapiaHT BHKOpHCTaHHs ONMUCY€ aBTOMAaTUYHE BHKOHAHHS JUCKPETH3AIlii Ha
1D, 2D uu Ha 3D cKiHY€EH]I €eJIEMEHTH.
1. TIporpama oTpumye 3anUT Ha pO3OUTTS (IrypHu.
2. Ilporpama guckpeTusye Qirypy.
BapianTt Bukopuctanuas «OnTuMizariisi CITKH CKIHYCHUX €JIEMEHTIBY»
Kopotke onucanHs:
BapiaHT BUKOpUCTaHHS ONUCY€E MOKPALIEHHS TOMOJIOTIYHOT SIKOCTI CITKH.
1. Tlporpama oTpuMye€ 3amuT BiJl OmepaTopa Ha IMOKPAIIEHHS SIKOCTI
CITKH.
2. Ilporpama onTUMI3Y€E CITKY.
Bapiant Bukopucranus «30epexKeHHs CITKH CKIHYCHUX €JIEMEHTIBY»
Kopotke onucanus:

BapianT BUKOpUCTaHHS OMUCYE TMPOIEC 30epeKeHHS TOOYJ0BAHOT MOJIENI.
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1. TIporpamHuii KOMIUIEKC OTPUMYE 3aMUT HA 30€PEKCHHS MOJIEII.

2. Tlporpama 30epirae MojeNb MO 3aJaHOMY IIUISAXY.

- x

2anyck NporpamM9

Onepatop
(from Use Case Wiew) {from Use-Case Model)

Mporpanttuis SaMATH BM, MOAEM
KOMINEKT 5 . BuAip tirypu A A Mo
(from Use Caze iew) PoaBUTTA QirypK Ha CKiHYEH UEl oL ) Lk R (fram Use Case iew)

(fram Use-Case hMadel)

EMEMEHTH (from Uze Caze Wiewi)

/ (from Use-Caze Model)\

20 - pozfKTTA .
1D-pozbuTTA ZE0ATH THN GUCKPBTHZ AL

30 - pozfuTTA (from Use-Casze hiodel)

(from Use-Caze hdaodel) (from Use Casze Wien)

(from Use-Caze hdod

(5% O

JHckpeTHI0BaHa dirypa ONTUMIZaLIA CITEW CHIHYEHWY SBENEHEHHA CITKW CKIHYEHHH
(from Usa Case View) ENEMEHTIE EJ'IEI'u'IEHTIBl
(from Use-Caze hiodel) (from Use Case Wiew)

Puc.2.6. Use Case Diagram «Jluckperu3ariiist Girypu»

Hiarpama mochigoBHocTi Aik (Puc.2.7.) BigoOpaxkae B3aeMOAil0 00'€KTIB,

BIIOPSIKOBaHy 3a yacoMm. Ha Hiif moka3zaHi 00'€KTH 1 KJlacu, BUKOPUCTOBYBaHI B

CleHapli, 1 TMOCHIAOBHICTh MOBIJIOMJICHb, SIKUMH OOMIHIOIOThCA O00'€KTH, ISt

BUKOHAHHS CIleHapiro. JliarpamMu TOCTITOBHOCTI i 3a3BUYail BiAMOBITAIOTH

peaizaliisM NperegeHTIB B JIOTTYHOMY MPEJICTaBICHHI CUCTEMU.

Jiarpama Bi1oOpaskae MOCIIIOBHICTh MOBIIOMJIEHb MK 00’ €KTaMHu.
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20-po2fuTTA

20-po2fuTTA

% diryna 1 D-pozfiuTTa

. KopHeTyeay
1. BigkpHTH dirypy

2. BigkpwTH daln 2 reoMeTpicm KoHc".rp\,fKu,iT

1

!

]

PozfuTa

Mofent diryou

Citea tiryau

]

B:Poééﬁwrrﬂ dirypu

|Message &;PoztrTTA ¢irypn|

: :
: :
3P 02BWTH HE CKIHYEHT enaMeHTHiE 10-NNoWwKHI

(-
'

.

{Po3BMTM Ha ckiHdeHi eneMenT B 20-N0oWMHI

5:P030HTH Ha CHIHUEHT BNEMEHTH B 30-NN0WMHI

|

T3anati xa}'paKTepHchH Mogeni

=E0nepauii s citkon

Puc2.7. Jliarpama mociiiIoBHOCTI JIiif

J

9:0n:'ruru'|iaau,i::| CiTKK

[ 1

KooneparuBHa fniarpama BioOpakae MOTIK MOJINA Yepe3 CLeHapii BapiaHTa

BukopuctanHs. [iarpama (Puc.2.8.) 3aroctproe yBary Ha 3B'ss3kaxX MK 00'€KTaMHU.

T BinkpdTTA 2aaaHal dirypu

1. BubpatH dinyy
——

[

Mporpamal: 3anaHHA NapameTpie SMCKpeTH3 AL

X

D KopHcTyeady

a Inmisauiﬂ

2: BinofpaseHHA pesyneTaTy

9 BigoApaseHya po2BuTol girypu

HOuckpeTHz0eaHa qirvpa Ha
1D-cKiHYEHI BENEMEHTH

Dl

A BigoApaxeHHA pozBuToi dirypu

DOuckpeTHz0EaHa Qirypa Ha
AD-CKIHYEHI BOEMEHTH

AWCEpeTHZOEAHA Dinypa Ha

2D-CKIHYEHI BNEMEHTH

Puc.2.8.[liarpama koonepariii
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2.3. ®izuyHe npeacTaBJIeHHSA MOJeJIi MPOrPaMHOI pO3podKH

Jiarpamu cTaHiB BU3HAYaIOTh BC1 MOXKJIMBI CTaHH, B IKUX MOXKE MIepeOyBaTu
KOHKPETHUI 00'€KT, a TAKOX MPOLIEC 3MIHU CTaHIB 00'€KTa B pe3yJIbTaTl HACTAHHS
NEAKUX TIOI1H.

Ha niarpami € aBa criemiajibHUX CTaHy - Mo4aTKoBe (start) 1 kiHieBe (stop).
[TodaTkoBHl CTaH BUAUICHO YOPHOIO TOYKOIO, BiH BI/MOBI/Aa€ CTaHy 00'€KTa, KOJIU
BiH TUIbKHU 110 OyB cTBOpeHUM. KiHIIEBUI CTaH MO3HAYAETHCS YOPHOIO TOYKOIO B
01J10My KPY’KKY, BIH BIJIIIOBIJIa€ cTaHy 00'eKTa nepes Horo 3HuIIeHHsM. Ha niarpami

CTaHIB MOke OyTH OJMH 1 TIILKHM OJIUH ITOYAaTKOBUH CTaH.

OuikyEaHHA
euBapy dirypu

Bubip dirygkt 4nA onepauii
BigkputTa

33BAAHHA Py pozBuTTA

FozfurTa

JuckpeTtnzagia 20-

CKIHYBHI BNEMBEHTK

Auckpetnzan 20

JOuckpeTuzaia na 30-
CKIHYEHi BNEMEHTH

Anckperwzadia Ha 10-

CHIHYEHI eNeMEHTH

Auckpetuzo
BaHa irypa

MokpaweHHa TagonaridHol AKOCTI CiTkM

QNTUMIZALIA CITEW

CKIHYEHHX eNeMEHTIE

aHAM z0epexeHHA

fepexeHy

A mogeni

Puc.2.9. liarpama crany (Statechart diagrams)
Hiarapama mismeHOCTI (Activity diagrams) geTanizye ocoOTUBOCTI

ITOPUTMIYHOI peasti3allii BAKOHaHHS POTPMHUM KOMILIEKCOM ONEpaLliil.
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OuikyBaHHA BigkputTa

EnBopy tirypn thirypu

Tun
InCKpeThIaLl

State THN AWcKpeTHEaWT]
g :
M6|p TAMY

MCKpETHEAL

JnckpeTusauia
Girypn

1D-auckpe 20- 30-
AEENE] AWCKpeTH3aLia AHCKpeTHIaU A

Puc.2.10. [liarpama nisutbHOCTI (Activity diagrams)

2.4. ApxiTeKkTypa NporpamMmHoro 3ade3nedyeHHs nmpenpouecopa

ApXITEKTypOI0 TPOTPAaMHOTO 3a0e3MeueHHs] € CTPYKTypa CHCTEMH, SKa
npeacTaBisge HaOip KOMIIOHEHTIB, IO BUKOHYIOTH MEBHY (yHKIiI0 abo Halip
¢bynkuiin. OcHOBHE IpU3HAYEHHS apXITEKTYPH - OpraHizailisi KOMIOHEHTIB 3 METOIO
3a0e3MeYeHHsI MeBHOIT (DYHKIIOHATBHOCTI.

Posrnsimaerbest apXiTekTypa MNpPOrpaMHOTO 3a0e3NeueHHs Mpemnporecopa.
Po3pobnena cxema (Puc.2.11.) 3 ocHOBHUMH (DYHKIIOHAJIbBHUMH KOMIIOHEHTaMH,
K1 BXOJSTH JI0 CKJIaMy JOJATKy aBTOMAaTUYHOI TeHepallii CKIHY€HO-EIEMEHTHOTO
MO/JICTFOBAHHSI.

ApXiTeKTypa MPOrpaMHOTO KOMILIEKCY CKIaIa€ThCs 3:

® IIJICUCTEMHU CKIHYEHO-CIEMEHTHOI JUCKPETU3AIIIT;

® IIICUCTEMHU MOJICIIOBAHHS IMPOTPaMHOTO 3a0e3MeUeHHs.
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Heat Conduction -
Solver : ‘ Mesh ‘
" SDM: Finite Volume ———
. N
Grido — | Field Function |
A ’ : Interpolator
............................. ' _’.
‘ Mesh }—
/ Y
| Math | Output |

Neutron Transport
Solver

' SDM: PWLD FEM ———

—

Puc.2.11. Cxema KOMIIOHEHTIB MIPOTPAMHOT0 KOMILJIEKCY

2.5. BUCHOBKH 10 PO3aiiy

B oMy pos3niii mpeacTaBiIeHO CTaTHUYHY MOJICNIb Ta MOJIEIb IOBEIIHKH

nporpamMHoi po3poOKH. A TaKOK BUKOHAHO (Di3UYHE MPECTABICHHS MOJIEIII.

Omnwncano
aBTOMaTH3aIll

KOHCTPYKIIH.

apXITEKTypy

o0y 10BH

IporpaMHOro  3a0e3meuyeHHs  JojJaTKa IS

JUCKPETHOI1

(CKIHYEHHO-EJIEMEHTHOI)

MOJIEN]
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PO31J 3.
PO3POBKA ITPEITPOIECOPA JIJIsS1 CKIHHEHHO-EJIEMEHTHOI'O
MOJAEJIOBAHHSA

3.1. O0rpyHTyBaHHsI BUOOPY Cepe0BHINA PO3POOKH Mpenpoiecopa

Microsoft Visual C++ (MSVC) — iHTerpoBaHe CepeIoBHINE PO3POOKU
nonatkiB Ha MoBi C++, mo po3pobiene dipmoro Microsoft i mocTaBnseTbes K
yacTrHa komruiekcy Microsoft Visual Studio 2022.

Visual C++ 2022 Hamae mOTyXHE 1 THYYKE CEpEIOBHUIINEC PO3POOKH, IO
JI03BOJISIE CTBOpIOBATH goaaTku st Microsoft Windows 1 qomatku, 3acHOBaHI Ha
Microsoft .NET. Ile cepemoBuilie MOXHa BHUKOPUCTOBYBAaTU SK I1HTETPOBAHE
CEpEeIOBUIIE PO3POOKH, TaK 1 B AKOCTI OKpeMux 3aco0iB. Visual C++ cknagaerbes 3
HACTYMMHUX KOMITOHEHTIB:

e KomminsaTop C++: Visual C++ nocradaerbcs 3 KOMIUIATOPOM, SIKUH
NEepeTBOPIOE€ KoJ Ha MOBI C++ y MallMHHUN KOA, KMl MOxe OyTu
BUKOHAHUN OTEpaIliifHOK CUCTEMOIO.

e InrterpoBane cepenoBuiie po3podku (IDE): Visual C++ wmae
NOTYXHE 1HTerpoBaHe cepenouile po3poOku (IDE) mix Ha3Bomo
Visual Studio. Ile cepenoBuine Hagae po3MUPEHI MOMKIMBOCTI JJIs
pO3p0o0KH, HAIAroKCHHsI, TECTyBaHHS Ta KEPyBaHHS IPOCKTaMHU Ha
MoBi C++. BoHo mae iHTepdeiic koprucTtyBaua 3 6aratbMa (QyHKIIISIMH,
TaKUMH SIK PEaKTOp KOy, BIAJIATYMK, CHCTEMa KOHTPOJIIO BEPCiH,
IHCTPYMEHTH TE€CTYyBaHHS Ta 0arato 1HIIOro.

e bioaiorekn Windows API: Visual C++ namae goctynm o 6araTtbox
616mioTexk Windows API, siki 103BOJIAIOTH PO3POOHUKAM B3AEMOIISITH
3 onepariitHoro cuctemoro Windows. L1 610110Texkn HagaroTh QyHKIIIT
JUTsl KepyBaHHS BIKHAMHU, OOpOOKM TOJii, MEPEKEBOTO B3aEMOJIII,
pobotu 3 daiinamMu Ta 6araTo 1HIIOTO.

e biomiorekn cramgapry C++: Visual C++ Briaoyae 0i0ioTekn
cragmapty C++, Ttaki sk STL (Standard Template Library), ski

HAJAI0Th peami3allii pi3HUX alrOpUTMIB, KOHTEHWHEPIB Ta IHIIUX
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KOPHUCHHUX KOMIIOHEHTIB. I[li O0i0Ii0TeKH TOJIETIIYIOTh PO3POOKY
nporpam Ha MoBi C++ 1 3a0e3meuyloTh NEPEHOCHUMICTh KOAY MIXK
pPI3HUMH IUT1aTHOpMaMHU.

e IHCTPpyMeHTH AJs HajJaromaxeHHs ta npodimoBanns: Visual C++
HaJa€  PI3HOMAHITHI  IHCTPYMEHTH JJi1  HaJlaro/DKCHHS — Ta
npodimoBanHs mporpaM. lle BKIFOYa€ TOYKOBHIA HaIAropKyBad
(debugger) nns BUSABICHHS Ta BHUIIPABICHHS ITOMUJIOK, aHAJIi3aTop
maM'aT1 U1 BUSABJIEHHS BUTOKIB ITaM'sITI.

e [Ilakern po3podkm (SDK): Visual C++ mae pi3HOMaHITHI MaKeTu
po3pooku (SDK), ski 103BOJISIOTH PO3POOHMKAM CTBOPIOBATH
nporpamMu i KOHKpPETHUX Miargopm abo (QyHKIIOHAIbHOCTEH.
Hanpuknaa, Windows SDK nanae HaOip 1HCTpyMeHTIB Ta 010110TEK
JUTsl po3pOOKH Mporpam IiJi onepaiiiny cuctemy Windows.

e IHCTpyMeHTH /U1 po3podku rpadiunoro intepdeiicy: Visual C++
Mae Hallp IHCTPYMEHTIB IJisi PO3poOKM TrpadiyHOro iHTepdeincy
KOpUCTyBaua. Bxitouatoun nuzaitHep ¢opM, SIKUA  JT03BOJISIE
CTBOPIOBATH 1 HAJIAIITOBYBATH BIKHA, KHOIIKH, TTOJISl BBEJACHHS Ta 1HIII
eJIEMEHTH 1HTep(]eiicy.

[{i KOMIOHEHTH pa3oM CTBOPIOIOTH TMOTY)KHE CEPEJOBHILE PO3POOKHU st
nporpam Ha MoB1 C++, T03BOJISIFOYM PO3POOHMKAM CTBOPIOBATH P13HI TUIIU MPOTrpam
3 BUKOPHUCTAHHSM IIAPOKOTO HAOOPY IHCTPYMEHTIB Ta 010J110TEK.

Moga C++, 1110 € HaUTIONYJIIPHILIOIO Y CBITI MOBOIO PiBHS cucTeMu, 1 Visual
C++ pa3om HaIamTh PO3POOHMKOBI BHCOKOKJIACHHM 3aci0 CBITOBOrO PiBHS IS

noOyI0BH MPOTPaMHOT0 3a0€3MeYCHHS.
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- ]
AAMUHWCTPATOP

o

()->getDrawContext();

Puc. 3.1. Microsoft Visual Studio 2022

[Tporpama peaizoBana Ha MoBi nporpamyBaHHs C++ B cepemoBumtiVisual
C++ 2022. Bubip cepemoBuila MporpaMmyBaHHS OOyMOBJIEHUN BlJHOCHOIO
IPOCTOTOIO peaiizauii rpagiuyHoro inTepdeiicy kopuctybaua (GraphicUserInterface
— GUI).

IIpu cTBOpeHHI 3aco0iB BiAOOpaKeHHs 1 Bi3yali3alili BUKOPUCTAHHMA
rpadiunmii iHTepdeiic OpenGL.

OpenGL mae ocHOBHY MeETY - B1I0Opa)KeHHS CTATUYHHX Ta JUHAMIYHUX CIIEH
3 JBOBUMIPDHMMU Ta TPUBUMIPHUMHU OO0'€kTamMH. Y IIbOMY KOHTEKCTI, 00'€KTH
MOXXYTh OyTH TIpejCTaBieHl sK Hallp BepmuH (i TeoMeTpuIHUX Giryp) ado
nikceniB (st pacTpoBux 300paxens). [lounHatroum 3 Buximuux manux, OpenGL
BUKOHY€E MEPETBOPEHHS, 11100 MEPETBOPUTH MTPUMITUBHU Ta 300paKEHHS B MIKCEIbHE
npencrabieHHs. KoxkeH chopMOBaHMI MIKCENb AaCOIIIETHCS 3 HEOOXITHUMU
JAHUMHU I MOTO BI1IOOpaK€HHA Ta TOJAibIIOi OOpoOKH, a pe3yibTar
NIEPETBOPEHHS po3MilTyeThes B Oydepi kaapy. Peamzaris OpenGL mis Windows
Bitouae moHan 400 dyHkmii, 3 skux 368 € 6a30BUMU (PYHKINISIMH OCHOBHOT

616motexu opengl32.dll, a me 52 QyHKuii BXOASITH A0 CKiIaay O0107110TEKU YTUIIT
glu32.dll.
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bazosi ¢ynkiii OpenGL 3a6e3nedyroTh MOXKIUBICTh MOOYA0BH 300pakeHb
rpaiyHUX NPUMITHBIB, TAKUX SK TOYKH, JiHII, OaraTOKyTHHUKHA Ta pPAaCTPOBI
300pakeHHs. BOHM TakoX BKIIOYAIOTh (YHKIT IS MEPETBOPEHHSI KOOPAMHAT,
oOMeXeHHs 00J1aCTl BUTUMOCTI, KEpyBaHHS KOJIbOPOM, OCBITIICHHSIM, TEKCTYPOIO Ta
TyMaHOM.

@yukiii 6i16miorekn yruiait OpenGL € posmmpeHHsMm 6a30Boro Habopy
GYHKIN 1 clyKaTh JJII CTBOPECHHS 300pa)Ke€Hb CKJIAIHIIIUX 00'€KTIB, TAaKUX SK
chepu, JUCKU, KOHIYHI UUIIHAPH. BOHU TakoX J03BOJIAIOTH KEPYBATH TEKCTYPOIO
Ta BHUKOHYBAaTH IIEPETBOPEHHS  KOOPAMHAT, MPOBOAUTH  TPIaHTYJIALIIO
0araTOKyTHUKIB Ta MOOYJOBY KPUBUX Ta IMOBEPXOHb HA HEPEryJSIpHIM CITII
KOHTPOJIbHUX TOYOK 3 BUKOpUCTaHHAM QopM bes'e Ta panionansHux B-crutaiiHis.

Bci 6a3oBi pyskiiii OpenGL MoKHa pO3AUIATH HA T'SATh KaTeropii:

e ODyHKIT ONMMCY MNPUMITUBIB BH3HAYAIOTh HIKHIN pPIBEHb iepapxii
00'eKTIB, AKI MOXYThb OyTH B1IOOpa)keH1 IpadiuHOIO CUCTEMOIO. Y
OpenGL Takumu npuMiTUBaMU € TOYKH, JiHIT, 0araTOKyTHUKHU 1 T.1.

o OyHKIII ONUCY HKEpe CBITJIA BUKOPUCTOBYIOTHCS ISl BU3HAYCHHS
MOJIOXKEHHSI Ta TMapaMmeTpiB JDKEpeN CBITJA, SIKI 3HAXOAATHCS Y
TPUBUMIPHIN CIICHI.

o Oynkuii 3aBAaHHS aTpuOYTIB MO3BOJSIOTH MPOTPAMICTy BU3HAYATH
30BHIIIHIA  BUIIAA  BioOpaxkyBaHux o0'ektiB. Lli  aTpulyrtun
BKJIFOUYAIOTh KOJIp, XapaKTEPUCTUKH MaTepiany, TEKCTYpH, MapaMeTpu
OCBITJICHHS.

e OyHKuUIi Bi3yani3auii 103BOJSAIOTH 33J]aBaTH MOJIOXKEHHS CIIOCTEpiraya
y BIpTyaJIbHOMY MpOCTOpi Ta mapameTpu o00'ekTmBa Kamepu. lle
J03BOJISIE CHCTEM1 MPAaBHIIBHO MOOYIyBaTH 300pa)K€HHS 1 BIICIKTH
00'eKTH, K1 HE MOTPAIUISIIOTH B MOJIE 30PY.

Habip ¢yHkiiii reoMeTpuyHUX TEPETBOPEHb JIO3BOJISIE TMPOTPAMICTY
3MIMCHIOBATH PI3HOMaHITHI TpaHcdopmarlii 00'€kTiB, Takl SK MOBOPOTH, 3CYBH,

MaclTaOyBaHHS.
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OpenGL cknagaeTnscs 3 Habopy 610110TEK, 1 OCHOBHI (DYHKIIIT 3HAXOIATHCS B
OCHOBHIM O10mioreni, sKy mo3HadaroTh adpesiaryporo GL. KpiMm ocHOBHOI
6i0miorekn, OpenGL Bkmtowae kinbka nomatkoBux Oi0miorek. Ilepma 3 HEHX -
6i6miorexka yrtwmt GL (GLU - GL Utility). VYei ¢yskmii miei 616miorexu
BHU3HAYAIOThCA 3a gomnoMorow 6azoBux ¢yHkuii GL. bidmioreka GLU wmicTuth
peanizamio CKIAmHIMUX (DYHKIIH, TakuxX SK HAOlp MOMYJISPHUX T€OMETPUIHHUX
NPUMITHBIB (KyO, KyJis, IIWIIHJP, TUCK), GYHKIIT TOOY/I0BU CIUIaiHIB Ta J0JIaTKOBI
omeparlii HaJl MaTPULISIMHU.

OpenGL cam mo cob6i He BKIIIOYA€ CIEHIaIbHUX KOMaHJ Uil poOoTH 3
BikHaMu ab0 oTpuMaHHsA 1H(opmanii Big KopuctyBaya. Tomy Oynu CTBOpeHi
cremianbHi  0101i0Teku, sKki  3a0e3medyroTh Taki  (YHKI, $AKI  4acTo
BUKOPUCTOBYIOTHCA TMPU B3a€EMOJIi 3 KOPUCTYyBaueM Ta Ui BiJoOpa)keHHs
iH(popMaIlii 3a JAOMOMOroI0 BIKOHHOI MmigcucTeMu. OJHIEI0 3 HAUMOMYJISIPHIIINAX
takux 010miorek € GLUT (GL Utility Toolkit). ®opmansao GLUT He € yacTuHOIO
OpenGL, ane mpaktuyHO BKJIHOYaeThesl B OaraTto muctpudytuBiB OpenGL 1 mae
peanizamii g pizHux miargpopMm. GLUT Hanmae miHiManbHUE HaOlp (QyHKIIH,
HeoOx1HuX st ctBopeHHs OpenGL-nopatkiB. ICHye Takok MEHII MOMyJspHA
610mioTexa GLX, sika Mae aHanoriyHi QyHKIIII.

Kpim Toro, dynkmii, crenudiyai 1 KOHKPETHOI BIKOHHOI MiJCHCTEMH,
3a3BUYai BXOJATH 10 il MpHUKIaaHOTO porpaMuoro inTepdeiicy (API). Hanpuxmnan,
¢bynkuii, cneuudivni s BukoHanHs OpenGL, MoxyTh OyTu BriItoueH1 B Win32
API qyist cucremun Windows a6o B X Window miist cuctemu X Window.

Ha cxemi 3.2, sika mpejacTaBiieHa HUX4e, 300pa)keHa OpraHizallisi CUCTEeMH
010110TeK y Bepcii, 0 MPaLIOE M1 yIpaBmiHHAM cucteMu Windows.

(Tyr He BmaeTbcs BiAOOpa3uTH CXeMy, aje€ MOXHA HABECTHU OIHC
300pakE€HOTO HA CXEMI. )

Ha cxemi BuaHo, mo ocHoBHa 6ibmioreka GL wmictuth 6a30Bi (yHKIIT
OpenGL. biomioreka GLU € nomaTtkoBor 1 BKJIHOYAE OLIBII CKIaAHI (DyHKIIII.

bidniorexka GLUT, xoua He € ywactunoro OpenGL, 3a6e3neuye MiHIManbHUN HaOIp
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bynkuiii s crBopeHHst OpenGL-3acrocyBanb. Inmii  ¢yskiii, mnos'szani 3
BIKOHHOIO MIICUCTEMOI0, MOXKYTh OyTH BKJItoueH1 B Win32 APL.

Omxe, OpenGL cknamaerbest 3 ocHOBHOI Oibmiorekn GL, momatkoBoi
616miotekn GLU 1, 3a HE0OXiTHOCTI, BUKOPUCTOBYETHCA pa3oM 3 010J10TEKOI0
GLUT a0 iHImMMH BIKOHHUMH M1JCUCTEMAMU JIJ1s1 pOOOTH 3 BIKHAMH Ta OTPUMaHHS

iH(dopMaIrii Bl KOpUCTyBaya.

GLU
/——’ GL
MpuknagHa Bycep
nporpama Kagpy
porp _— GLUT » win32 I—'
GLX

Puc. 3.2. Opranizariis 616motekun OpenGL

OpenGL BukOpHCTOBYEe MOJAENH KIIEHT-CEpBEp IS pealizaimii CBOiX
byHKIIA. Y 111l MOIeTi MPUKJIIaIHA MPOTpaMa BUCTYTIAE B POJTL KITIEHTA, IO TEHEPYE
komaHu, a cepBep OpenGL iHTepnpeTye Ta BUKOHYE i koMaHau. CepBep MoOxkKe
OyTH po3TalllOBaHUM HA TOMY K KOMI'IOTEP1, U0 ¥ KIIEHT (HAPUKIAA, Y BUIJISIL
nuHaMivHOi 610mioTexku - DLL), abo Ha 1HIIOMY KOMITIOTEPi, BUKOPUCTOBYIOUU
CTIeIiaIbHUH MPOTOKOJ MepeIadi JaHuX MK MalllHHAMH.

OpenGL 06pobiisie Ta popmye 300paxkeHHs TpadiuHUX TPUMITHBIB B Oydepi
KaJ[py 3 ypaxyBaHHAM BHOpaHuX pexumiB. [IpumiTuB Moxke OyTH TOYKOIO,
BIJIp13KOM, 0araTOKyTHUKOM TOI110. KoXeH pexxum Moke OyTH 3MIHEHUI HE3aJIEKHO
Bil IHmMWX. BW3HaYeHHS TPUMITUBIB, BUOIp pPEKHUMIB Ta IHIII Omeparii
BUKOHYIOTBCSI 32 JIOIIOMOTOI0 KOMaHJ, sIKI BUKIMKAIOTHCA Yy BUTIJSI (DYHKIIIH
MPUKIAAHOI 010110TEKH.

[IpuMiTHBY BH3HAYAIOTHCSI HAOOPOM OJHIET YU JACKUJIBKOX BEpIIHH (Vertex).
KoxHa BepimHa BU3HaYa€e TOUKY, KIHELb BIApi3Kka a00 KyT 6ararokyTHuka. KoxHii

BEpIIMHI MPUIHCYIOTHCS MEBHI JaHl, Takl SIK KOOPAHWHATH, KOJIp, HOpMAaIl,
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TEKCTYPHI KOOPAWHATH 1 T.[I., II10 HA3UBAIOTHCS aTpuOyTaMu. Y OUITBIIOCTI BUIIAJIKIB
KOXKHa BEPILIMHA 00pOOIISIETHCS HE3AIEKHO BiJI IHIIUX.

Apxitektypa OpenGL peanizye koHBeepHy cxemy oOOpoOku rpadiuHux
JAaHUX, SIKa CKJIAJIA€ThCs 3 KUIBKOX MOCTIOBHUX eTariB o0poOku. Ha pucynky 3.3

ITIOKa3aHa I CXeMa.

AnpoKcumalia KpuBMX i
NnoBepXoHb

ATpubyTH

= ‘//,,/”/ BepLUMH

O6pobka BepLUMH i
CKNafaHHs NpUMITUBIB — | Dxepena

| I cBiTna

PacTtepu3adis i

o6pobka cpparmeHTiB '\
I I TexkcTypu

Onepadii Hap,
nikcenamu

b

MNepepnaua paHux B
Gycbep kappy

Puc. 3.3. Cxema ¢yHnkiuionyBanHs kouBeepa OpenGL

Komanau OpenGL 3aBxau 0OpoOISIOTECS B MOPSIAKY X HATXOKEHHS, ajie
MOXYTb B1I0yBaTUCS 3aTPUMKH, TIEPE]] TUM K MTPOSIBUTHCS €(PEKT BiJT iX BUKOHAHHS.
3aszBuuait OpenGL peanizye npsamuii iHTepdeiic, 1m0 o3Havae, 10 BU3HAYCHHS
o0'ekTa MPU3BOAWTH N0 KOrO Bizyam3amii B Oydepi kaapy. ist po3poOHUKIB
OpenGL - e Habip KOMaH/, sIKI KEPYIOTh BUKOPUCTAHHAM TpadiuHOro anapary.

SAxmo rpadiuamii anapart CKIaAa€eThCs TITBKA 3 aIpecoBaHOTO Oydepa Kaipy,
To (yskii OpenGL NOBHICTIO peanmi3oBYIOThCS 3a JIOMOMOTOI PECypcCiB
LHEHTPAJILHOIO TMpolecopa. 3a3Buyail rpadiuHuid amapaT HaJa€ pi3HI PiBHI
NPUCKOPEHHsI, TOYMHAIOYM BiJl amapaTHoi peamizamii BUBOAY JIHIA Ta
0araTOKyTHUKIB O BUCOKOIPOIYKTUBHUX TpadiuHUX MPOLECOPIB 3 MiATPUMKOIO

PI3HHUX ONepalliil Ha/l FEOMETPUYHUMU JaHUMHU.
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OpenGL € npomrapkoM Mixk anapaTHUM piBHEM Ta PIBHEM KOPUCTYyBada, 110
N03BOJIsIE  3a0e3MeunuTd  €AUHUM  1HTepdeic Ha  pi3HMX  mIaTdopmax,
BUKOPUCTOBYIOYH MOKJIMBOCTI allapaTHOI MIATPUMKH.

3.2. Po3podka inTepdeiicy

Jly’)xe BaXJIMBY POJib B €(PEKTUBHOCTI pOOOTH MpOrpamMu Ipae MpaBUILHO
po3pobuienuit iHTepdeiic. Came Bija 1IbOro OyJie 3aJIe’)KaTH BUKOHAHHS JEKUIBKOX 3
OCHOBHMX BHMOT - 3pYYHICTh 1 IPOCTOTa B OCBO€HH1. CKIaAHMI, IepeBaHTAKECHHIM
iHTepdeiic Moxe 3MEHIIUTU €(EeKTUBHICTh poOOTH 3 mpempoiiecopoM. ['onoBHE
MPaBUJIO, Bijl SKOTO BAapTO BIMIITOBXYBaTHUCS - iHTep(elic HE MOBUHEH 3aBaXKaTh
po0OTI KOpUCTyBaya il He MOBUHEH B1IBOJIIKATH MOTO yBary Bij poOOTH, OTHOYACHO
HE BTpayaro4y Mpu UbOMY (PYHKI1OHAIBHOCTI.

Buxonsuu 3 11boro, 0ys0 BUPIIIEHO BUKOPUCTOBYBATH THUIIOBI Jist windows-
nporpam Bi3yalibHi KOMIIOHEHTH. Lle JacTh MOXKIIMBICTH OLIBIIOCTI KOPUCTYBadiB
MIBUIKO pO3i0paTHCS ¥ BKIIOYUTHUCS B poOoTy. [HTEepdeiic mpsMo 3alexuTh BiJ
GbyHKIIIH, II0 BUKOHYIOTHCSI TPOrPaMOI0.

Po3poOnenuii mnporpaMHuUil KOMIUIEKC BUKOHYE CTBOPEHHS MPOCTHUX
TCOMETPUYHHUX CYyTHOCTEH Ta TUCKPETU3AIlII0 HA CKIHUCHI €JIEMEHTH JTOCIIKYBaHO1
o0iacTi B KOHCTPYKIISIX ISl €JIEMEHTIB YHCEIIbHOTO PO3paxyHKy Hampy>KeHO-

nedopMoBaHOTro cTany JAeGOpMIBHOTO Tija.

Mae 3mory:

e BigkpuBaTu (aiimu: Gmsh geometry .geo - daitn reomerpii GMSH;
STEP 1 IGES - Bimomi ¢opmaTtu daitniB reomerpis, miATpUMYBaHi
oaratema CAD —makeramu;

e Oyaye TOYKH, BIAPI3KH, CIUIaiiHU, B-cmaiitH, nyry kofa, emiNTHYHY
YTy, TJIOCKY (irypy, o0TATyH04y MOBEPXHIO, 00’ €MHE TLJIO;

® Bi3yali3y€ HyMepallito TO4OK;

e BI3yalli3ye TOYKH, BIAPI3KH, CIUIaiiHM, B-crnmaiinu, ayru Koua,

SNIMTUYHI YT, TUIOCK] QirypH, OOTATYIOY1 MOBEPXHi, 00’ €MHI Tina;
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e AaBTOMAaTUYHO BHUKOHYBaTH Juckperusamito Ha 1D, 2D ym na 3D
CKIHYCHI €JIEMEHTH;

e Bi3yanizye auckperusaiito Ha 1D, 2D yu Ha 3D CKiHYEHI €JIeMEHTH;

e Bi3yalli3y€ HyMEpaIlilo CKIHUEHUX €JIEeMEHTIB;

® aBTOMAaTHU3Y€ PEKOMOIHAIlIIO CITKH CKIHUCHHUX €JIEMEHTIB;

® BHUKOHYBATH ONTUMI3AINIO CITKH CKIHUEHUX €JIEMEHTIB.

[Iporpamumii KoMILIEKC 30epirae B (ailyl TeOMETpito 3 JucKperu3aiiero 1D,
2D uu 3D ckiHYEHI €IEMEHTH.

[IporpamMHMii KOMIUIEKC Ma€ JOCHTh 3pydHuUil 1HTepdeiic. B HbOMY
nependayeHa MOKJIMBICTh BUKOHYBATU Auckperusanieto Ha 1D, 2D yu 3D ckinyeHi
CJIEMEHTH JJ1 PO3OUTTS KPUBOMIHINHUX, TPOCTOPOBUX MTOBEPXOHB 1 TOBEPXOHb, 1110
00OMEXYIOTh 00'eMHI1 Tijla Ta 00'€MHI Tija,;

[Iporpama mMae 3MOTy BUKOHYBATH ONTHUMI3AIllI0 CKIHYEHUX EJIEMEHTIB Ta
3a0e3neuye 30epekeHHS B (Pailyl CITKy CKIHYCHHX €JIEMEHTIB KOHCTPYKIIIA PI3HUX
bopm.

InTepdeiic mporpamu mnpeacTaBICHUM B BUIJIAI MOEAHAHHS ABOX BIKOH
(Puc.3.4.). Onne 3 Hux aBuserbest ['padiaaum BikHOM, 1€ CTBOPIOETHCS MOJENb 1
penaryBaHHsl Mojeli. A iHIlIe MICTUTh B co01 ocHoBHEe MeHnto [Iporpamu ta Habip

KOMaH/I 111 poOoTH 3 (hirypamu.
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e XYZQ118S

Geometry

MENM. — X
File Tools
: Geometry G
— Mesh M7
. Solver s

Post-processing P
Edit

Reload

Puc. 3.4. Turepdeiic mpenpoiiecopa

B wwxHil yacturi ['padivnoro Bikna sHaxomuthes Psagok Crany (Puc.3.5).

e XYZS 111ES

Geometry

Puc.3.5. Panok Crany

Bin MicTUTh KOMaHAM I KEPYBaHHS 300pakeHHIM 1 1HPOPMAIIIIO PO 10

akTuBHOI KoMaHu. (Ta6:1.3.1.)

Tabmuns 3.1.
Komanau Psinka Crany
3o0paxeHHst KomoOinauis Tist
NiKTOrpamMu KJIaBilI
g g Alt+x, Bun mozeni BigHOCHO oci X.
Alt+Shift+x
X Alt+y, Bun moneni BigHOCHO oci Y.
Alt+Shift+y
7 Alt+z, Buna moneni BigHOCHO OCi Z.
Alt+Shift+z
L, ITosopot Mozeni Ha 9¢°3a yacoBorO
Shift CTPLJIKOIO Ta MPOTHU YaCOBOT.
Alt CHHXPOHI3aIis TOBOPOTY.
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3o00paxeHHst Komoinanis Tlis
nikTorpamMu KJIaBilI
11 BcranoBienusa macmira0y.
Alt CuHXpoHi3allis Macirady.
@ Alt+o, [lepemMukaHHs pexuMy MPOEKIIii.
R Alt+Shift+o
b Esc [Tepemukau mumi Bxi/Buki.

Bikno Menrto IlporpamMu MicTUTh B cO01 OCHOBHE MEHIO IPOrpaMu Ta Habip

KOMaHJ Juisi pobotu 3 ¢irypamu. Y BepxXHiM AUISHII pPO3TAIIOBAHUN PSIOK

najgarounx MeHro. B Hporo Bxoasats File, Tools. (Puc.3.6).

FEM. — X
5§ Tools

New... Ctrl+N

- Open._.. Ctrl+0

_ Merge... shit+Cti+0 | HEM. — X

" New Window _ .

- Split Window » : Options Shift+Ctrl+N
Rename crsR| T Plugins Shift+Ctrl+U
- fo—= .

Save As . Ctrl+S ‘!Ijslbfhty Sh?ﬂ+CtrI+V
Save Mesh Shift+Ctrl+S Clipping Shift+Ctrl+C
Save Options — Manipulator Shift+Ctrl+M
Save Default Options Statistics Ctrl+
Quit Ctrl+Q Message Console Ctrl+L

Puc.3.6. Menro File, Tools

Omnuc 3micry aianory mesio File

Bioxpummas ¢hicypu

1. Hatuckaemo Ha meHio File.

2.3

BHIIQIAI0YOTO MEHI0 oOupaemo Open

a00 KOpHCTAEMOCS

koMOiHariero knasim Ctrl+O.

3. B criucky 3HaX0AMMO TanKy, B AKiil 30epiraroThes Girypu.

4. TTogBiifHIM HATHCKAHHSM BIIKPHBAEMO TATKY.

5. [oaBiliHMM HAaTUCKAHHSAM 00HpaeMo QIrypy

06 ’eOnanus 0eKibKoX enemenmis gicyp

1. Hatuckaemo Ha menro File.

2. 3 Bumagaroyoro MeHto ooupaemo Merge, Shift+Ctrl+O.

3. Bubupaemo crouatky ofHy ¢irypy, a HOTIM TaKUM YHHOM OOMPAEMO

1€ OHY .
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Bioxpumms nosozo eixna

1. Hatuckaemo Ha meHto File.

2. 3 Bumagarouoro MeHio oobupaemo New Window.
Po3zoinenns sixna

1. Haruckaemo Ha BikHO File.

2. 3 Bumanarodoro BikHa obupaemo Split Window => Horizontally mis
ropuszoHTaibHoro posauieHus, Split Window =>Vertically s
BEPTUKAJIBHOT'O PO3ALICHHS.

3b6epesrcenHs npoexmy

1. Hatuckaemo Ha meHro File.

2. 3 BUIaIal0u0ro MeHo ooupaemo Save As aco Ctrl+S.

3. Bubupaemo narnky, B sIKky BUKOHAETHCS 30€piraHHs .

4. B none Im’s aiiay 3agaemo iM’st Mojemi.

5. HatucuyTtu kHonky CoxpaHUTb.

3axpumms npoexmy
1. Hatuckaemo Ha meHro File.

2. 3 BUmagao4doro MeHio oobupaemo Quit.
Onuc 3micty aiajgory medro Tools
Onyii nanawmyseaums 8i000paiceH s
1. Hatuckaemo Ha mento Tools.
2. 3 BHUIIa1al0490r0 MeHI0 odupaeMo Options.

3. 3’sBsieTbes BikHO Options General (Puc. 3.7).
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HE C:\Users\ifmit\AppData\Local\Temp/untitled.geo = o X

File Tools

: Geometry v/

Et~=entary entities

sical groups
General Axes Output Aspect Color i
Geometry £ E Edit
Mesh [~ Enable expert mode Reload
Solver | =
Post-pro ™ Show tooltips
[~ Show bounding boxes
[~ Draw simplified model during user interaction
[ Enable mouse hover over meshes
[V Enable double buffering
I Enable antialiasing
¥ Use trackball rotation instead of Euler angles
™ Rotate around pseudo center of mass Y
BXYZS1A@SH AL I Geometry

Puc. 3.7. Bikno Options General
4, [Tpu BuGopi Mesh na Briaami ta Visibility MmoxxiuBo oOupaTtu
B1JIOOpayK€HHSI HA TEOMETPUYHIN (Irypl TOUOK, JiHIH, TOBEPXOHb Ta 00’ €MIB

Ta HyMEpaIlio TOYOK, JiHil, MOBepX0oHb Ta 00’ eMiB (puc.3.8).

Fi Options - Mesh - x
General General Advanced Visibility Aspect Color
Geomet
[ Nodes ™ Node labels
Solver
Post-pro [" Lines ™ Line labels
W Surface edges ™ Surface labels
[~ Surface faces [~ Volume labels
W Volume edges Number ¥ | Label type
[~ Volume faces 100 Frequency

Elements
0 Rho | Quality range
0 Size range

Normals

i

|

Tangents

Puc. 3.8. Bikno Options Mesh
Onyii Statistics
1. Hatuckaemo Ha mento Tools.
2. 3 BUIAJar040ro MeHio obupaemo Statistics.
3. 3’sBiseThes BikHO Statistics (Puc. 3.9).
[Toka3ye iHpopMaIio Npo KIIbKICTh €JIEMEHTIB T€OMETPIi, CITKHU, a TaKOX

JesIK1 J1aHi PO SIKICTh CITKH.
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. Statistics - X . Statistics - X

Geumeiry Mesh Post-processing Geometry Mesh Post-processing
0 Points 0 Nodes on Lines
0 Lines 0 Nodes on surfaces
0 Surfaces 0 Nodes in volumes
0 Volumes 0 Triangles
0 Physical groups 0 Quadrangles
’07 Tetrahedra
0 Hexahedra
0 Prisms
0— Pyramids
o Timefor 1D mesh
,07 Time for 2D mesh
’07 Time for 3D mesh
Plot: 3D
Plot: 3D
Plot: 3D
Plot: D

Update ~ Update ~

Puc. 3.9. Bikno Statistics

Onyii Clipping

1. Hatuckaemo Ha meHro Tools.

2. 3 Bumnaaarouoro MeHro ooupaemo Clipping.
3. 3’sBnseThes BikHO Clipping.

[lepetun - HameBHO, 1€ OUTBII BAXKJIUBUN 1THCTPYMEHT MEPErsay CITKU, HIK
Visibility. Amxe gk 1Hakie 3arjisHyTH BCEpEAUHY MOJENi, SKIO0 HE 3poOUTH

po3tuH? Gmsh 103BOJIsI€ pOOUTH PO3TUH FEOMETPII 1 CITKH. [HTEepdelic HacTynHUi:

Clipping = X . Clipping — X
Geometry {Planes! Box 3 Geometry Planes |Box
Mesh Mesh bt |
Plane 0 4 | o Cx |1 Wx |
1 A ; [o cy |1 wy |
0 B | o cz 1 wz
0 c :
0 D ‘ |
I~ Keep whole elements I™ Keep whole elements
I~ Only draw intersecting volume layer [~ Only draw intersecting volume layer
I Cut only volume elements I Cut only volume elements

7
Fodaw | Reset | Redraw | Reset ‘

Puc. 3.10. Bikuo Clipping
I nna reomerpii 1 I CITKM MOXXHA 3pOOUTH TEPETHH a00 IUIONIMHAMHU
(Planes) a6o mapamrenenumnenom (Box). st 1iporo moTpiOHO BUOpaTH BiMOBITHY

BKJIQJIKY .
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Planes. MoxHa 3amatu 6 ciuaux rmiomuH koedimieatamu A, B, C, D 3
piBHSIHHS TwionMHI A*X + B*y + C*z + D = 0. M0OXJIMBO TaKOX 1HTEpaKTUBHHIMA
"pyx" MJIOIIMH 32 I0MOMOI0I0 Muilli. /{151 bOro mopyxaiTe MUILIEIO 3 3aTUCHYTOIO
JIBOIO KHOMKOI B TOJII BBEACHHS uucia aisa Koedimienta. Bu mobauute, sk
3MIHIOETHCS TUIOLIMHY MEPETUHY 1, BIAMIOBIAHO, CaMe NEPETHH CITKH.

Box. Cx, Cy, Cz - koopauHaTH LIEHTPY NepeTuHy napanenemnineaa. Wx, Wy,
WZ - noBXHHU BIJIMOBIAHUX CTOPIH, KI CHMETPUYHI LICHTPY.

SAxo Bu nocraBute ranodky HaBnpotu Keep whole elements (30epertu mii
CJIEMEHTH ), TO OTPUMAETE I11€ OUTBII 1IKaBYy KApTUHY, JUBJISTYNCH HA SKY BXKE MOXKHA
TOBOPUTH MPO SKICTh TETpaenpiB (3BUYANHO, YHCTO Bi3yaJbHO), MPO 3TYILICHHS
CITKH 1 T.]I.

3.3. [loOy10oBa reomeTpuYHUX 00’ €KTIB B nMpenpouecopi

Posrinsstnemo  poOoTy MOAYJIO TEeOMETpis Ha MNpUKIaal  1oOyAoBH
IPSIMOKYTHUKA po3MmipamMu 5 Ha 3 oJuHHUIN Ta MOOYMOBY 00’€MHOI (irypu, Ky
OTPUMYEMO BUTSTYBAHHSM HAIIIOTO MPSIMOKYTHHKA.

VY Bikni Mento Bubupaemo: Geometry => Elementary Entities => Add =>
New => Point. Bunukue BikHO "Contextual Geometry Definitions" 3 akTHBHOO

3akiajakoro "Point" (puc.3.11).
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IepecyveafiTe ERasiBHUE MuIH i/afo BB0IBTE ROOPIHHATH.
[Hatuenure Shift xaa yrpusanma mosuuil, e - 179 70138 aHHA TOYRH, §- 408

cipocy] l

I untitled.geo =8 #

.-. MEE = B
Eile T
o Looks Braagra: CTEOpeHHA
: |Gaomaw 'I Te0MEeTPHYHHE MPHMHTHELE
Paramater
Point TOYKA
Straight line EBigpizor
it 1G Definiti Spline CILTAHH Yepes TOUKH
B-Spline Bi-crnafin
Parameter Point Translation Rotation Scale Symmetry Circla arc :U'” Ko
1 X coordinate Ellipse arc EninTHuna ayra
0.1 Y coordinate Koopausars Plane suface ILaocka dirypa
0.5 Z coordinate Ruled surface OfiTaryioua nogepxHa
i Characteristic length Volume Odemue TiT0
0.1 |01 |01 Snapping gnd spacing
Y
Add < | |Z X
SBXYZQ 11 @SH A0 Geometry>Elementa J

Puc. 3.11. BBenenHus koopaArHAT TOUOK
Bogumo B "tekctOokcu" X=0, Y=0, Z=0 - 3HaYeHHSA KOOPAMHAT ICPIIOi
ToukH 1 THCHEMO Add. Tako, € MOKJINBICTh BBOJAUTH TOYKH MOKAKUMKOM MHUIIIL

oesnocepenbo B ['padiunomy Bikai (11 1bOro HEpPEMINIAEMO MOKAXKYUK 1

TUCHEMO "e" Ha KJaBiaTypi).

B mporieci BBeneHHsS TOYOK BOHU BioOpakaroThest B ['padiunomy BikHi.
3BepHeMo yBary Ha "tekcrOokc" 3  Ha3Bow  "Characteristic length"
("XapaktepuctuyHa TOBXKUHA"), B sIKii B’)Ke BKa3aHO 3a yMOBYaHHsM 3HaueHHs (. 1.
s Bennuuna nos'sizana 3 po3mipom CE ciTku 10 npuMHkae A0 TOYKH, sKa
BBOANTHCA.3aKkpuBaemo BikHO "Contextual Geometry Definitions".

Bino6paszumo Homepu BBeAaeHHUX TouoK.Tools => Options => Geometry Ha

3aknaam Visibility craBumo rajgouky "Point Numbers". Pe3ynabTaT nokazanuii Ha

puc. 3.12.
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i untitied geo [=l=] = ]

v

z_x

FHE MKE

File  Tools

3 [Geometry -

Parameter

Point

Straight line

Spline

B-Spline

i Options - Geometry

(== |

Mesh
Salver
Post-pro

aa XY ZS 11 @S H A I Geometry>Elementar Paint(4) = {0, 3, 0);

d
@ General Visibility Transfo Aspect Color

¥ Points [V Point numbers

¥ Lines I™ Line numbers
I™ Surfaces ™ Surface numbers

[~ Volumes ™ Volume numbers

0 Normals
0 Tangents

Puc. 3.12. BinoOpaxeHHs HOMEPIB TOUOK

BBogumo minii (Bimpizku mniHii). Jns nporo y Bikai Meno obupaemo:
Geometry => Elementary Entities = Add => New => Straight Line. | 3aiiicHroemo

BBEJICHHS, MOCIIJOBHO KJIMKAIOYU MOKKYUKOM MHII MO Toukax B I'padiunomy

BikHi (puc. 3.13).

-
FE untitled geo

[o/@] = ]

o XY ZG 1:1ESH A I Geometry=Elementar Line{4) =4, 1}

FE MKE b= [ ) S

File  Tools

: Geometry -

Parameter

Point

Straight line
Spline
B-Spline

Circle arc

Ellipse arc

Plane surface

Ruled surface

Volume

Puc. 3.13. BinoOpaxeHHs niHii
Sanummnocs noOyayBaTH MPSAMOKYTHUK (TUIOCKY (irypy) oOMexeHHit

BBEJCHUMH JIiHIsIMU. Bubupaemo:

Geometry =>ElementaryEntities =>Add =>New =>PlaneSurface

60



VY 3aronoBky I'padiunoro BikHa 3'sBhsieThest Hamue Select Boundary (O6epu
Mexy). Kiikaemo mno Oyab-sKid JiHII, 10 OOMEXYye 3aMKHYTHH KOHTYp 1
criocTepiraemo "mouepBoHiHHA". Y 3aroioBky [ 'padiuHOTOo BikHA 3'ABISETHCS HAIIIC
Select hole boundaries (BuGepu Mexi oTBOpy a00 MOPOKHUHU YCEpEAHHI
npsAMOKYTHUKA). OCKUIBKM HISIKUX OTBOPIB Yy HAac CIOYATKy HE IUIAHYyBaJOCS
THCHEeMO "e" Ha KJ1aBiaTypi JIJIs 3aKIHUCHHS BUJIIJICHHS.

Y TI'padiunomy BikHI ycepenuHi NPSIMOKYTHOI 00JacTi MO3HAYMIIUCS
NYHKTUPHI JIIHII, [0 YTBOPIOIOTH XpecT. Lle - moToyHe mo3HaueHHs MOBEPXHI B
nporpami. [loBepraemocs B Geometry => Edit. BinkpuBaeTthcsi mnporpama

"BiokHOT" 1 mepea HaMK MPECTal0Th KOMaH/ 1, 3alKicaHi B MPOolieci BAKOHAHHS 1

B IHTEPAKTUBHOMY PEKHUMI.

HE untitled.geo = 85 %

Select surface boundary FHE MKE = =
[Press 'q to abort] File Tools

: Geometry -
Elementary entities

Physical groups

Edit
4 - 3 Reload
i

_____________________________________________

_ | untitled.gec — BaoksoT =

®aiin Mpaska ®opwar Bua Cnpaska

Point(1l) = {0, 0, 0};
Point(2) s 0

5, 0,
5, 3, 0
[4]

0 :
3
3
%? @x
{
)

={
=13,
Line(3) =
Line(4) = {
Line Loop(5
Plane surface(6

{
i
i
1,
3
3
4
)]

Puc. 3.14. TBepaoTina Moaenb NpIMOKYTHHKA
Sxio BM X04eTe MOAMBUTHUCSA 1 MANMPABUTH BMICT (ailry B Iporieci podboTH,
to obupaere Edit y Bikai Mento (puc. 3.15). Geo daiin i3 3aMcaHUMU B HbOMH
KOMaHJIaMU BIJKPUETHCSA B TEKCTOBOMY penaktopi. Ilicnms mpaBku 1 30epexeHHs,

BaM Tpeba BukoHaTu Reload, To6TO mepe3aBaHTaXKUTH MOJIEIb.
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untitled.geo

Elementary entities
Physical groups
Edit

Reload

XY ZR 1@ SH AL I Geometry

Puc. 3.15. IlpaBka moxeni
[To6ymyemo 3D - Tiio BUTATYBAaHHSIM HaIIoro npsaMokyTHuka. Geometry =>
Elementary Entities => Extrude => Rotate => Surface.
Bunukue BikHO "Contextual Geometry Definitions" 3 akTUBHOIO BKJIQJIKOIO
"Translation". BBogumMo B HbOTO 3HAaYEHHS, K MOKa3aHO Ha puc. 3.16, BUILIIEMO

NOKQ)KYMKOM MHIII HaIlly €IWHY IOBEPXHIO 1 HaTUCKaeMo Kiamiumry '"e" Ha

KJIaBiaTypi.

.
i L/diplom_new/Proga/untitied geo (=B [

FIE MKE

File Tools

: Geometry -

Point

Line

Surface

[ Contextual Geometry Definitians [= |

Parameter Point Translation Rotation Scale Symmetry

bi2 X coordinate of an axis point

[t el 10%h Y coordinate of an axis point
I

0 Z coordinate of an axis point

1 X component of axis direction

0 Y component of axis direction
0 Z component of axis direction
Pi/2 Angle in radians

v

Z X

e XY Z9 11 @S A I Geometry=Elementar

Puc. 3.16. Bikro "Contextual Geometry Definitions"
B pe3ynbrarti B geo -(aiin nogactbes BUpas:
Extrude {{1,0,0}, {b/2,10*h, 0}, Pi/2} {

Surface{6};
}

A cTBOpeHe 00epTaHHIM 00'eMHE T1I0 MaTUMe BUTJIS sIK Ha puc. 3.17.
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M C:\Users\ION\AppData\Local\ Temp/untitled.geo =8 %

Select surfaces
[Press 'e' to end selection, 'u' to undo last selection or 'q' to abort]

i MKE = =

File Tools

: Geometry -

Elementary entities

Physical groups

Edit

Reload
~ untitled.gee — Bnoxsor (=] 2 [
©aiin Mpaska Gopwmst Bug Crpaska
// XapaKTEpHCTMHeCKﬂﬂ ANMHA B OKPECTHOCTHW TOYEK a
cl1=h/10;

c12=sgrt(bs2+h~2)/100;
//BBEOL TOuek

point(1) = {0,0,0,cl1};
point(2) = {b,0,0,cl1};
Point(3) = i{b,h,0,c12};
point(4) = {0,h,0,c11};
//BEOL NuHWRA

Line(1) = {1,2};

Line(2) = {2,3};

Line(3) = {3,4};

Line(4) = {4.1%;
//0B03HAUEHHE KOHTYpa
Line Loop(5) = {3,4,1,2};
Plane surface(6) = {5};
Y Extrude {{1:s 0, 0}, {b/2, 10*h, 0}, Pi/2} {

surface{6};
Lz |l

XY ZQ11ES Geometry

Puc. 3.17. Otpumanns 06'eMHOr0 Tij1a 06epTaHHIM
3.4. I'enepalis ciTku B npenpouecopi
PosrnsHemMo auckpeTu3aito mI0CKUX Ta TPUBUMIPHUX 00’ €KTIB Ha TIPUKJIIAII

r€OMETPUYHHUX T1J ONMMCAHUX B MyHKTI 3.3.

Bunpasumo 1 3aKkoMeHTyeMO KOMaHId B (€0 — (ailsii mpsSIMOKYTHUKAMH

TaKUM YHUHOM:

//TloyaTKoBI JjaHi:
//Po3mipu
b=5;
h=3;
// XapaKTeprucTUYHA JIOBKWHA B OKOJIMIII TOYOK
cl1=b/10;
cl2=Sqrt(b"2+h”2)/100;
//BBiz TOuek
Point(1) = {0,0,0,cl1},
Point(2) = {b,0,0,cl1},
Point(3) = {b,h,0,cl2};
Point(4) = {0,h,0,cl1};
//BBOJ miHI1iA
Line(1) = {1,2};
Line(2) = {2,3};
Line(3) = {3,4};
Line(4) = {4,1};
//Tlo3HayeHHS KOHTYpa
Line Loop(b) ={3,4,1,2};
//TloBepxHS IPIMOKY THUKA
Plane Surface(6) = {5};
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Bubupaemo B "Komb6060kci" Bikna Menwo "Mesh" ("mam" - ToOTO ciTKa) i
HATUCKAaeMO Ha KHomky "2D". Pe3synbTaT nokaszanuii Ha puc. 3.18. Buiinuio Te, 1mo
HA3MBAIOTh "TpiaHryssinis", npuyomMy o0epTae Ha ceOe yBary MiCLEBE 3TyLIyBaHHs
CITKM B pailoHi Touku Ne3 BHACTIOK MPUHUHATTS IS HEl BIJAMOBITHOTO 3HAYCHHS

XapaKTEPUCTUYHOT JOBKUHMU.

[ L/diplom_new/Proga/demos/33 =

M=)

4 3 File  Tools

: Mesh -

Define

Inspect

Delete
1D

20
30D
1 2 First order

Second order

Refine by splitting

Qptimize

Optimize (Netgen)

v
Partition
s Reclassify

Save

XY ZQ11ES Mesh

Puc. 3.18. Po36urts npsamokytHuka Ha CE

OTxe, y HaC BUMIILIM TPhOXBY3JI0B1 €EMEHTH MEPIIOro NOPAJIKY. A SKILO MU
HaTucHeMo Ha kHomKky "Second Order" Ha ekpani ['padiunoro Bikna OymyTh Bxke
HIECTH-BY3JIOB1 €JIEMEHTHU (TPUKYTHI, 3 MPOMDKHUMHU BY3JIaMH), SIK B1JIOMO - Ha
HOPSAZOK TOYHIII 3 pO3paxyHKOBOI TOUKHU 30pY, @ OTXKE 1110 HE BUMAaraloTh BEJTUKOTO
noApiOHEHHS I OTPUMAaHHS 3a/1aHOi TOYHOCTI. Ha mpakTuil ciTka 3rylryerscs B
30HaxX KOHIIEHTpallli HalpyTH, TaM JI€ Halpyra 3MIHIOETbCA PI3KO Ha HEBEIUKOMY
BiZlpi3Ky. Tam, ne rpagi€eHT HAmpyrd HE BUCOKHM, MOKHA OOIMTHCS TpyOIIIoro
CITKOI0, a APIOHUTH yC€ OJHAKOBO - HEMPOIYKTHUBHO 3 TOUYKH 30py TOYHOCTI i
€KOHOMI1 MallIMHHUX PECYPCIB.

Axmo mu 3aiiemo Ha BkiIaaky: Mesh => Define => Recombine, Buaiimmo
MOBEPXHIO, MICJISI 3aKIHYEHHS BUIJICHHS HaTthcHeMO "e" 1 po3i0'eMO 3aHOBO, TO
OTPUMAEMO pe3yibTaT, MOKa3aHui Ha puc. 3.19, a B cCIMCOK KOMaHA JOJACThCS
PAAOK:

Recombine Surface {6};
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[ 1:/ciplom_new/Proga/demos/32
Select surfaces
[Press 'e' to end selection or 'g' to abort]
FHE MKE =) :
4 2 File Tools
I N Mesh -
»
Define
Inspect
_____________________________________________ Delete
10
2D
3D
1 i 2 First order
Second order
Refine by splitting
Optimize
Optimize (Netgen)
\Y_ Partition
L X Reclassify
Save
BXYZR118S Mesh

Puc. 3.19. Pexom6inoBaHa ciTka

Otxe, Mu ckopuctanucs s po3outts Ha CE knomkoro "2D". "2D" - He
00O0B'A3KOBO O3HAYa€ IUIOCKY CITKY, HEIO TpeOa KOpUCTYBaTUCA 1 AJis PO30OUTTS
KPUBOJIIHIHHUX, MPOCTOPOBUX MOBEPXOHBb 1 MOBEPXOHB, MO OOMEXYIOTh 00'€MHI
TiJa.

Jist po36utTst 00'eMHMX T Ha 00'€eMHI €leMEeHTH Tpeba KOPHCTYBATHUCS
KHOMKo10 "3D".

JIist po30UTTS Ha KIHIIEB] €IEMEHTH BCTAHOBMMO HOBI 3HAUEHHS NapameTpa
CITKA, TOOTO TEPENPU3HAYYEMO XaPAKTEPUCTHUHY TOBXKUHY (TIpH 3aHAITO
BEJIMKOMY YHCIi €JIEMEHTIB MporpaMa MO)KE BHJIETITH Yepe3 HecTauy mam'sTi B
Windows).

3axogumo Ha Mesh => Define => Characteristic length, mo BBoaUTBCS
3HaueHHa b/6 3amicts 0,1, BUaLIIeMOTOUKH B [ padiuHOMY BiKHI 1 MICIHISI 3aKIHYEHHS
BUITICHHS (YC1 TOYKH TIOYEPBOHIIOTH) JaBUMO "e'", K MPOIMOHYE HaM TIiJKa3Ka B
3arojoBKy I'padiuynoro BikHa (IS BUAUICHHS TOYOK HE IMTOOAMHIIL, a 3a JOTIOMOTOIO
J1ACO KOPUCTYEMOCSI MUIIICIO 3 HATUCHYTOIO 1 yTpumyBaHoto kiasimew "Ctrl"). B
pe3ynbpTaTi B geo -(haiii 101a€ThCs BUPA3:

Characteristic Length {26,28,3,2,4,1,5,14,6,10} = b/6;

65



3axoaumo Ha BKJIaAKy Mesh, 1 Hatuckaemo kHonky 3D. Po3oure na CE Tino

nokasane Ha puc. 3.20.

[ C:\Users\UON\AppData\LocalTemp/untitled geo = @] = ]

FHE MKE

File Tools

: Geometry -

Elementary entities

Physical groups

Edit

Reload
{3 untitled geo — Enoraior ==
®aitn Mpaeka Dopwar Bug Crpaska
cl2=sgrt(bA2+hA2)/100; N
//BBOA, TOuek
Point (1 {0,0,0,cl1};

Point(2) {b,0,0,c11};
point(3) = {b,h,0,c12};
Point(4) = {0,h,0,cl11};
//BBOA,_ nuHUA

Line(1) = {1.2};
Line(2) = {2,3}

//0B03HaueHWe KOHTYpa

Line Loop(5) = {3,4,1,2};

Plane surface(6) = {5};

Extrude {{1, 0, 0}, {b/2, 10%h, 0}, Pi/2} {
surface{6};

m

Characteristic Length {6, 10, 14, 5, 4, 3, 2, 1]

< i | ]

zJ

sa XY ZQ 11 ESHA P I Geometry

Puc. 3.20. O6'emne Tin0, po301TE HAa CKIHYCHI €IEMEHTH

e
[E C:\User<\LION\AppData\Local\Temp/untitied.geo (=] = ]

MM =] %]
File  Tools
Line
Surface
Volume

ae XY Z 11 @S AP Mesh=Define>Transfi

Puc. 3.21. O6'emHe Tizio, po30UTE HA CKIHYECH] €IEMEHTH
3.5. ®opmaru ¢aiiiiB B npenpoiecopi
[Ipenporiecop HIYOrO caM HE OOYHCIIOE, TOMY BiH Mae OyTH TOB'S3aHUN 3
IHITUMU TIPOTPaMaMH 3a JOMIOMOTOI0 CTBOPIOBAHKX 1 TPOYNUTYBAHUX HUM (pailiiB.
3pobutu 11e MoxHa yepe3 BunagHe MeHto "File" Bikna Mento, BUOpaBmu

"Open" a6o" Save As" (puc. 3.22).
66



T T
Open * ’
W |_EDD

Jdowserwo > Proga » p |6 statistics
G 5

nopaaoumTs *  Hosas nanka nopsaoswme v | -deas universol mes
Gmsh geometry s b

I VTK mesh
Buaeo
@ Ea MED file

demos

Proga
VI h

fonsenke |Encapsulated PostScript
GIF

2cevecrp [pEG
LaTex
POF
PNG

[ 3ror kosnusd PostScript
8 3o komnsiaTe Gmsh.dil ;

- IFMIT ()

Yuv
L

Vinan paiina: ‘num,, Tun daina: | Guess from extension

| ompem Ormena
~ Crpums nanm Coxpamims Oruera

Puc. 3.22. Bunanatoue mento "File": "Open" Ta " Save As"
PosrasHemo neski opmatu GaitiiB Mo iX pO3MUPEHHSX:

- Gmsh geometry .geo - ¢daiin reomerpii GMSH.

- STEP 1 IGES - Bigomi ¢dopmaru ¢aiiniB reomeTpis, niaTpUMyBaHa
oaratbMa CAD -makeramu. Imnopt STEP 1 IGES, po3pobiennii Ha
ocHOBI BiikpuToi 616mi0Tekn OpenCascade 103BoJIsI€ 3aBaHTAKYBATH
B mporpamy Mojeini, nodynoBani B ctopoHHiXx CAD -ax (3BopoTHe
BUBAHTAXKCHHS MOJIEII 3 .geo0 B Il (popmaTH MOKM HE TiependadeHa), B
T.4. y BIAKpUTOMY MakeTti Salome.

- STL surface mesh - mommpenuit gopmar ans nepeaadi MOBEPXOHb
4yepe3 TPUKYTHI CITKH.

- .msh daiin - daiin citkunpenporuecopa.

3.6. BucHoBkHM 10 po3aity

B pomy po3aini 6yno po3po0seHo 3araibHU anropuT™M poOOTH POrpaMu
U 1HTepdelic Ha OcCHOBI mepeadauyBaHOl (YHKLIOHAIBHOCTI, Oynu oOpaHi
mporpamHi 3aco0m s peasizallii mocraBiaeHoro 3aaanus. [Iporpama peamizoBana
Ha MoOBI mporpamyBanus C++ B cepenopumii Visual C++ 2022. Ipu cTBOpeHHI
3ac001B B1IOOpakeHHsS 1 BI3yali3alii BHUKOPUCTAHUN TpaiuHuil 1HTEpPeiic
OpenGL.

VY npenporecopi peanizoBaHO J1Ba MOAYJ JJii pOOOTH: TeOMeTpis, ciTka. Y
MOJyJli TE€OMETPisl IOCTYITHO CTBOPEHHS IMPOCTUX T€OMETPUYHUX CYTHOCTEH, B

MOJIyJI1 CITKa JJOCTYITHO CTBOPEHHS 1- 2 - 1 3-X MIpHHX CITOK, 1 1X ONTHMI3aIlis.
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BUCHOBKU

Y numnomHii poOoTi OyJiI0 PO3IIISIHYTO PO3pOOKY Tmpempoiiecopa s
CKIHYEHO-€JIEMEHTHOTO MOJIETIOBAaHHSI KOHCTPYKIIH.

[Ipenporiecop € OAHIEID 3 HAMBAXIIMBIIIMX CKIAJOBUX YaCTUH OYJIb-SIKOTO
IPOrpaMHOr0 KOMIUIEKCY HJisi YHUCENbHUX pO3paxyHKiB. Bix sikocti peamizarii
penpoIecopa Ta mody10BaHUX 32 HOTO TOTTOMOTOF0 TEOMETPUYHUX Ta TUCKPETHUX
MoJieNiel MPOEKTOBAaHUX KOHCTPYKIM 3aJ€XHUTh 1 SKICTh BCHOTO IMPOTPaMHOTrO
KOMILJIEKCY B I[LJIOMY.

JJ1st MOCSITHEHHS TIOCTABJICHOT METH OYJTM BUPIIIICHI HACTYIIHI 3aBJaHH:

- IlpoBeneHo anHai3 HaWMONIMPEHINIMX B HAIl 4Yac BITYU3HSHUX U
3apyOIKHMX NPOrPaMHHUX KOMIUIEKCIB MOJEIIOBaHHS Ta aHami3y
HaIMpYy>KEHO-I€(OPMOBAHOTO  CTaHy  CKJIAQJHHUX  1HXKEHEPHUX
KOHCTpYKIiH 1 copyn Ha ocHoBlI MCE. Bim3HadueHo, mo cydacHi
MporpamMHi KOMIUIEKCH aBTOMAaTH3aIlil TPOSKTYBaHHS MOKHA YMOBHO
pPO3AUIMTH HA TPU MIJACUCTEMHU: TPEMPOIEcop, Mpouecop 1
noctrpoiiecop. [Ipenporecop BiAMOBiga€e 3a MIATOTOBKY BUXITHUX
JaHUX, sfKa BKIIOYAE TaKl €Tanmud poOOTH, SK OMHUC T€OMETPUYHOI
MO/IeJIl POEKTOBAHOTO 00'€KTa, Ta HOr0 AUCKPETU3ALIII0 HA 33 aHHM
TUTI CKIHYEHHUX eleMeHTiB. [Iporecop BUKOHY€E BCi HEOOXiaHI ISt
KOHKPETHOTO THWITy 3ajadl po3paxyHku: (opmye wmaTpuili Mmac,
JKOpcTKocTe 1 gemmndipyBaHHs;, Oylaye cUCTeMy JIIHIHHHUX
anreOpaiyHuX pIBHSHB; BPaxOBY€ TMOYATKOBI W TpPaHWYHI YMOBHU;
PO3B’s3y€ CUCTEMY PIBHSIHB 1 BUBOJUTH PE3YJIbTaTH PO3PAXYHKY.
[TocTmporiecop aBTOMATU3y€ TMpPOIEC aHalidy pe3yJbTaTiB Ta
reHepario JOKyMeHTaIlii.

- PosrissHyTO OCHOBHI MeTOIM TOOYAOBH TEOMETPUYHHX MOJETCH
00'ekTiB 1 mommpeni Gopmatu ix ommcy. [IpoananizoBaHO OCHOBHI
MIIXOAW, IO 3acToCOBYIOThCA B cydacHux CAIIP s
TBEPAOTUIBHOIO MOJIETIOBAHHSI T€OMETPUYHUX OO0 €KTIB, a TaKOXK

OCHOBHI IOIIMPEHI METOJIM i aNrOPUTMU JTUCKpPETU3allli INIOCKUX Ta
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MPOCTOPOBHX oOnactei. HaltmommpeHimni aaropuTMu JUCKpeTu3arii
MO>KHA PO30OMTH Ha JIBl YaCTUHU: MO0Y10Ba NEPBUHHOI JUCKPETU3ALIIT
(HAMOUTBII CKJIAHUM eTam), Ta ii onTuMi3alis. Y mpenpouecopi 1
CKIHYEHHO- €JIEMEHTHOTO MOJICJIFOBAaHHS KOHCTPYKIIIH JJ1 HEPBUHHOT
JUCKpeTH3alii 00ylacTi Ha CKIHYEHHI €JIEMEHTH MPUHHSATO
3actocyBaTd  MoaudikoBaHuii  anroputM  Batcona-JlaBcona.
OnTuMizallito OTPUMAHOI CKIHYEHHO-EJIEMEHTHOI CITKH pPOOUTH
[UIIXOM 3aCTOCYBaHHS aNropuTMy PammepTa B IiiockoMy BUTIAAKY Ta
[[TeBuyka — B TPUBUMIPHOMY.

Po3pobneno mpemnporiecop afig  CKIHYEHHO -  €JIEMEHTHOTO
MOJICJIIOBAaHHSL KOHCTPYKILIM. Y mpenpouecopi peaai3oBaHO JBa
MOJYJI1 JIJ1s1 pOOOTHU: T€OMETPIs, CiTKa. Y MOyl FT€OMETPIs JOCTYITHO
CTBOPEHHSI TMPOCTUX TEOMETPHUYHUX CYTHOCTEH, B MOIYJi CiTKa

JIOCTYITHO CTBOPEHHS 1- 2 - 1 3-X MIpHHX CITOK, 1 IX ONTHMI3aIisl.

69



CIIMCOK BUKOPUCTAHUX J’KEPEJI

. A three-dimensional finite element mesh generator with built-in pre- and post-
processing facilities // http://gmsh.info

. Arantes, E.R., Oliveira, E., Babuska, I., Zienkiewicz, O.C., Gado J.P.
Proceedings International Conference on Accuracy Estimates and Adaptive
Refinement in Finite Element Computation, Lisbon, 1984.

. Baldwin K.H., Schreyer H.L. Automatic generation of quadrilateral elements
by a conformal mapping. Eng. Comput. 1985, V.2, p. 187-194.

. Blum H A transformation for extracting new descriptors of shape. In Models
for the perception of speech and visual formed. By W.Wathen-Dunn,
Cambridge, MA, the MIT Press, 1967, p.326-380

. Brawn P.R. A non-interactive method for the automatic generation of finite
element meshes using Schwarz-Christoffel transformation. Comp. Methods
in Appl. Mech. Eng., 1981, V. 25, p. 101-126.

. Cook W.A. Body oriented (natural) coordinates for generating three-
dimensional meshes. Int. J. Num. Meth. Eng., 1974, V.8, p. 27-43.

. D.A. Field The legacy of automatic mesh generation from solid modeling,
Computer-Aided Geometric Des, V12, 1995,651-674

. Fleischmann P. Mesh Generation for Technology CAD in Three Dimensions
[Dnexrponnsiii pecypc] / P. Fleischmann // Dissertation. - 1999. - Pexum
nocryma: http://www.iue.tuwien.ac.at /phd/fleischmann/diss.html.

. Foley J, A.van Dam, S.Feiner, J.Hughes, R.Philips Introduction to Computer
Graphics, - Addison Wesley, 1994

10.Fomenko A.T., Kunii T.L. Topological modeling for visualization, Springer-

Verlag, Tokyo and Heidelbrg, 1997

11.Frey, P.J., George, P.-L. Mesh Generation: Application to Finite Elements -

HERMES Science Europe, OXFORD & PARIS, 2000, 814p.

12.Fritsch F, Piccinini R.A. Cellular structures in topology. Cambridge

University Press, Cambridge, 1990

70


http://gmsh.info/

13. George P.-L., Borouchaki H., Saltel E. *Ultimate’ robustness in meshing an
ar-bitrary polyhedron // Int. J. Numer.Meth. Eng. 2003. Vol. 58. Pp. 1061—
1089.

14.Geuzaine C., Remacle J.F. Gmsh: a threedimensional finite element mesh
generator with builtin pre- and post-processing facilities // International
Journal for Numerical Methods in Engineering, 2009, Vol. 79, No 11, pp.
1309-1331.

15.Ho-Le, K Finite. Element mesh generation methods: a review and
classification. / CAD, 1988, V.20, N 1, p. 27-38.

16.1.Babushka, W.C. Rheinboldt. A-posteriori Error Estimates for Finite Element
Method // Int. J. Numer. Meth. Eng., Vol. 12, p.p. 1597-1615, 1978.

17.Marot C., Pellerin J., Remacle J.F. One machine, one minute, three billion
tetrahedral // International Journal for Numerical Methods in Engineering,
2019, Vol. 117, No 9, pp. 967-990.

18.Schoberl J. NETGEN. An advancing front 2d/3d mesh generator based on
abstract rules // Computing and Visualization in Science, 1997, Vol. 1, No 1,
pp. 41-52. 11. Ermakov M.K., Kryukov I.A. Supercomputer modeling of flow
past hypersonic flight vehicles // Journal of Physics: Conference Series, 2017,
Vol. 815, 012016

19.Si H. TetGen, A Quality Tetrahedral Mesh Generator and Three-Dimensional
Delaunay Triangulator, 2006 Il WWW.Wias-
berlin.de/software/tetgen/files/tetgenmanual.pdf

20.Si H. TetGen. A delaunay-based tetrahedral mesh generator // ACM
Transactions on Mathematical Software, 2015, Vol. 41, No 2, Article 11, pp.
1-36.

21. Anexcannpos I1.C. KomOGunaropnas tonosorusi. OI'N3, 'ocrexusznar, 1947

22.Tamanma M.II. PaspaboTka u peanu3anus aarOPUTMOB TPEXMEPHOU
TPUAHTYJISIIIUU  CIIOKHBIX TMPOCTPAHCTBEHHBIX OOJACTEl: WTEpalMOHHBIC

Metoanl / 'ananma MLII., Illernos U.A. - M.: UIIM um. M.B. Kenasima PAH,

71



2006. — Ne 9. — 32 c. - (Ilpenpunt / PAH, UTIM um. M.B. Kenapima; 06-01-
00421).

23.Tamanma  ML.I1. PaspaboTka u peanu3anus aarOPUTMOB TPEXMEPHOU
TPUAHTYJISIIIUU CIIOKHBIX MPOCTPAHCTBEHHBIX 00JIacTel: MpsIMble METOJBI /
M.II. I'ananun, M. A. llernos. — M.: UIIM um. M.B. Kenasima PAH, 2006.
— Nel0. — 32 c¢. — (Ilpenpunt / PAH, UTIM um. M.B. Kennpima; 06-01-
00421).

24.T'onoBanoB H.H. 'eomerprueckoe moaenmuposanue / H.H. I'onoBanos. — M.:
HUznBo dus.-mar. aut., 2002. — 472 c.

25. lwxeckuii, A. 0. OOmuii moaxoa K peajiu3alrd METOJ0B MOCTPOCHUS
TPUAHTYJISIIIUU HESIBHO 33/IaHHBIX TOBEPXHOCTEH, UCTIONB3YIOIIUX pa3oreHue
npocTpaHcTBa Ha stueiiku / A. FO. JlwkeBckuii // BeraucauTeabHble METOIBI U
nporpammupoBanue. — 2007. — T. 8. — C. 286—296.

26.Kapramesa E.JI. MHcTpyMeHTanbHBIE CpeAcTBa TMOJATOTOBKM W aHAaIU3a
JAHHBIX JJI PElIeHUs TPEeXMEPHBIX 3a7ady MaTeMaTH4YeCKOW (QU3MKU -
Marematuueckoe moaenuponanue. 1997. T. 9. N°6. C. 20.

27.Jlacno M. BeruucnurenbHas reoMeTpusi 1 KommnbloTepHas rpaduka va C++ /
Jlacno M. Ilep. ¢ anrn. M.: BUHOM, 1997. 304 c.

28.Marematnueckoe mojaenupoBanue: [IpobGnemsr u pesymnprarel,-M. Hayka,
2003

29.HoBeie Bo3MokHOcTH Visual Studio 2022 [Onextponnsiii pecypc] //
Microsoft Learn: [web-caiit]. — Pexum JOCTyTA:
https://learn.microsoft.com/ruru/  visualstudio/ide/whats-new-visual-studio-
2022?view=vs-2022

30.[Tacbko  A.A., Ilumorun B.B., Tlokposckuii B.H. T'eomerpuueckoe
MOJIEIMPOBAHUE B 3aJja4e aHaln3a PyHKIUN Tpex nepeMeHHbIx, CooluieHne
OUSUN P10-86-310, Iyona, 1986. Publication in English: Computers and
Graphics, vol.12, # # 3/4, 1988, pp. 457-465.

31.ITocTpoenue pacuetHbix ceTok: Teopuss u npunoxenus — B cO. moxa pen.
NBanenko C.A., 'apanxka B.A., BL] PAH, M. 2002

72


https://learn.microsoft.com/ruru/

32.Ilpenapara ®. BeruucnurtensHas reometpus: BBenenue /Ilpemapara .,
[ITerimoc M. Ilep. ¢ aurn. M.: Mup, 1989. 478 c.

33.Prauer JI. Meronpl normyeckod anreOpbl B MaTeMaTHYECKOW (U3HUKE.
HayxoBa nymka, Kues, 1974r.

34.Pomxepc JI. MaremaTuyeckue oCHOBBI MamMHHOU rpaduku / Pomkepc /.,
Aname JIx. Ilep. ¢ aarin. M.: Mammnoctpoenue, 1980. 204 c.

35.CxBopiioB A.B. O630p airopuTMOB MOCTPOEHUs TpuaHryisiuuu [enone /
A.B. CkBop1ioB // BeraucnutensHbie METO b M mporpammupoBanue. — 2002.
—T.3.-C. 14-39.

36.CxBopiioB  A.B. [lpuMeHeHue TpHUAHTYJSIUU Uil  pEeUIeHUs 3ajad
BbrurcautenbHot  reomerpun  /  CkBopuoB  A.B., Koctiok FO.JL
['eonndopmatuka: Teopus u npakruka. Beim. 1. Tomck: U3a-Bo ToMmck, yH-
Ta, 1998. C. 127-138.

37.CxBopiioB A.B. Tpuanrynsius Jlenone u ee npumenenue / A.B. CkBopiioB //
Tomck, M3a-Bo ToM. yH-Ta, 2002. C. 128.

38.Comnory6 A.U., Banpmun A.T. CuCrema TpexMEpHOTO T€OMETPUUYECKOTO
MOJIETTUPOBAHUS MPOCTPaHCTBEHHBIX TN C UCIOJIb30BaHUEM
xapaktepuCtuueCkux u R-¢pynkuuii. [lporpammuposanue, 1991, N3, ¢.86-96

39.Cpspne ®d. MeToa KOHEYHBIX JJIEMEHTOB I SJUTMNTHYSCKUX 3a1ad /
@. Ceapie; nep. ¢ anria. b.1. KBacosa. — M.: U3a-Bo «Mup», 1980. — 512 c.

40. XumymmH ©.D. KoHCTpyKTHBHOE T€OMETpHUYIECKOE MOIeTpoBanue. —B. CO.
[Tporpammuoe obecnieuerne CAITP. BITAHCCCP,M., 1987, ¢.102-121

41. Xumymua O.®. O630p METOJIOB T'€OMETPUUECKOTO MOJICTUPOBAHUS IS
CAIIP.- B c6. IIporpammuoe o6ecneuenue CAITP, BI] AH CCCP, M., 1987,
c.78-101

42 . Yenw1ioBA.YO., [laBbiguenkod.A. [IpenCrapieHue faHHBIX U aTOPUTMBI JIJIS
CUCTEMBI TEOMETPUYECKOTIO MOJIEIMPOBAaHMs], OCHOBAaHHOM Ha 3aMeTaHuH. - B
6. IIporpammuoe o6ecneuenue CAIIP, BITAH CCCP, M., 1987, ¢.121-133.

43.1laitnypos  B.B. MHorocerounble MeTOJbl KOHEUYHBIX 3JEMEHTOB /

B.B. llaiinypos. — M.: Hayxka. I'n. pen. ¢us.-mar. nur., 1989. — 288 c.

73



44 Mlaiinypo B.B. MHorocetouHble METOAbl KOHEUHBIX 3JIEMEHTOB. - M.,

Hayka, 1989. - 288c.

74



JTOJATOK A

Generator.h
#ifndef GENERATOR_H_
#define _GENERATOR_H_
class GModel;
void GetStatistics(double stat[50], double quality[4][100]=0);
void AdaptMesh(GModel *m);
void GenerateMesh(GModel *m, int dimension);
void OptimizeMesh(GModel *m);
void OptimizeMeshNetgen(GModel *m);
void RefineMesh(GModel *m, bool linear, bool splitintoQuads=false,
bool splitintoHexas=false);
#endif
Generator.cpp
#include <stdlib.h>
#include "GmshConfig.h"
#include "GmshMessage.h"
#include "Numeric.h"
#include "Context.h"
#include "OS.h"
#include "GModel.h"
#include "MLine.h"
#include "MTriangle.h"
#include "MQuadrangle.h"
#include "MTetrahedron.h™
#include "MHexahedron.h"
#include "MPrism.h"
#include "MPyramid.h"
#include "meshGEdge.h"
#include "meshGFace.h”
#include "meshGFaceBDS.h"
#include "meshGRegion.h"
#include "BackgroundMesh.h"
#include "BoundaryLayers.h"
#include "HighOrder.h"
#include "Generator.h"
#if 1defined(HAVE_NO_POST)
#include "PView.h"
#include "PViewData.h"
#endif
static MVertex* isEquivalentTo(std::multimap<MVertex*, MVertex*>&m, MVertex *v)
{
std::multimap<MVertex*, MVertex*>::iterator it = m.lower_bound(v);
std::multimap<MVertex*, MVertex*>::iterator ite = m.upper_bound(v);
if (it == ite) return v;
MVertex *res = it->second; ++it;
while (it '=ite){
res = std::min(res,it->second); ++it;
¥
if (res < v) return isEquivalentTo(m, res);
return res;
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}
static void buildASetOfEquivalentMeshVertices(GFace *gf,

std::multimap<MVertex*, MVertex *>&equivalent,

std::map<GVertex*, MVertex*>&bm)

/l an edge is degenerated when is length is considered to be
Il zero. In some cases, a model edge can be considered as too
// small an is ignored.
/I for taking that into account, we loop over the edges
/l and create pairs of MVertices that are considered as
/Il equal.
std::
<GEdge*> edges = gf->edges();
std::list<GEdge*> emb_edges = gf->embeddedEdges();
std::list<GEdge*>::iterator it = edges.begin();
while(it '= edges.end()){
If((*it)->isMeshDegenerated()){
MVertex *va = *((*it)->getBeginVertex()->mesh_vertices.begin());
MVertex *vb = *((*it)->getEndVertex()->mesh_vertices.begin());
if (va!=vb){
equivalent.insert(std::make_pair(va, vb));
equivalent.insert(std::make_pair(vb, va));
bm[(*it)->getBeginVertex()] = va;
bm[(*it)->getEndVertex()] = vb;
printf("%d equivalent to %d\n", va->getNum(), vb->getNum());
}
P
++it;
}
it = emb_edges.begin();
while(it '=emb_edges.end()){
if((*it)->isMeshDegenerated()){
MVertex *va = *((*it)->getBeginVertex()->mesh_vertices.begin());
MVertex *vb = *((*it)->getEndVertex()->mesh_vertices.begin());
if (va!=vb){
equivalent.insert(std::make_pair(va, vb));
equivalent.insert(std::make_pair(vb, va));
bm[(*it)->getBeginVertex()] = va;
bm[(*it)->getEndVertex()] = vb;
}
P
++it;
}
}
struct geomTresholdVertexEquivalence
{
/I Initial MVertex associated to one given MVertex
std::map<GVertex*, MVertex*> backward_map;
/[ initiate the forward and backward maps
geomTresholdVertexEquivalence(GModel *g);
/] restores the initial state
~geomTresholdVertexEquivalence ();
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o
geomTresholdVertexEquivalence::geomTresholdVertexEquivalence(GModel *g)
{
std::multimap<MVertex*, MVertex*> equivalenceMap;
for (GModel::fiter it = g->firstFace(); it != g->lastFace(); ++it)
buildASetOfEquivalentMeshVertices(*it, equivalenceMap, backward_map);
// build the structure that identifiate geometrically equivalent
// mesh vertices.
for (std::map<GVertex*, MVertex*>::iterator it = backward_map.begin();
it 1= backward_map.end(); ++it){
GVertex *g = it->first;
MVertex *v = it->second;
MVertex *other = isEquivalentTo(equivalenceMap, v);
if (v !=other){
printf("Finally : %d equivalent to %d\n", v->getNum(), other->getNum());
g->mesh_vertices.clear();
g->mesh_vertices.push_back(other);
std::list<GEdge*> ed = g->edges();
for (std::list<GEdge*>::iterator ite = ed.begin() ; ite !=ed.end() ; ++ite){
std::vector<MLine*> newl;
for (unsigned int i = 0; i < (*ite)->lines.size(); ++i){
MLine *I = (*ite)->lines]i];
MVertex *v1 = I->getVertex(0);
MVertex *v2 = |->getVertex(1);
if (v1==v && v2 !=other){
delete I,
| = new MLine(other,v2);
newl.push_back(l);
}
else if (v1 != other && v2 == v){
delete [;
| = new MLine(v1,other);
newl.push_back(l);
¥
elseif (vll=v && v2 1=v)
newl.push_back(l);
else
delete I;
}
(*ite)->lines = newl;
}
¥
}

geomTresholdVertexEquivalence::~geomTresholdVertexEquivalence()
{
/] restore the initial data
for (std::map<GVertex*, MVertex*>::iterator it = backward_map.begin();
it 1= backward_map.end() ; ++it){
GVertex *g = it->first;
MVertex *v = it->second,;
g->mesh_vertices.clear();



g->mesh_vertices.push_back(v);

¥
¥

template<class T>
static void GetQualityMeasure(std::vector<T*>&ele,
double &gamma, double &gammaMin, double &gammaMax,
double &eta, double &etaMin, double &etaMax,
double &rho, double &rhoMin, double &rhoMax,
double &disto, double &distoMin, double &distoMax,
double quality[4][100])
{
for(unsigned int i =0; i < ele.size(); i++){
double g = ele[i]->gammaShapeMeasure();
gamma +=g;
gammaMin = std::min(gammaMin, g);
gammaMax = std::max(gammaMax, g);
double e = ele[i]->etaShapeMeasure();
eta +=e;
etaMin = std::min(etaMin, e);
etaMax = std::max(etaMax, e);
double r = ele[i]->rhoShapeMeasure();
rho +=r;
rhoMin = std::min(rhoMin, r);
rhoMax = std::max(rhoMax, r);
double d = ele[i]->distoShapeMeasure();
disto +=d;
distoMin = std::min(distoMin, d);
distoMax = std::max(distoMax, d);
for(intj = 0; j < 100; j++){
if(g >j/100. && g <= (j + 1) / 100.) quality[0][j]++;
if(e >j/100. && e <= (j + 1) / 100.) quality[1][j]++;
if(r>j/100. && r <= (j + 1) / 100.) quality[2][j]++;
if(d>j/100. && d <= (j + 1) / 100.) quality[3][j]++;
}
¥
}
void GetStatistics(double stat[50], double quality[4][100])
{
for(inti=0;i<50; i++) stat[i] = 0.;
GModel *m = GModel::current();
if('m) return;
stat[0] = m->getNumVertices();
stat[1] = m->getNumEdges();
stat[2] = m->getNumFaces();
stat[3] = m->getNumRegions();
std::map<int, std::vector<GEntity*>> physicals[4];
m->getPhysicalGroups(physicals);
stat[45] = physicals[0].size() + physicals[1].size() +
physicals[2].size() + physicals[3].size();
for(GModel::eiter it = m->firstEdge(); it != m->lastEdge(); ++it)
stat[4] += (*it)->mesh_vertices.size();



for(GModel:-fiter it = m->firstFace(); it != m->lastFace(); ++it){
stat[5] += (*it)->mesh_vertices.size();

stat[7] += (*it)->triangles.size();

stat[8] += (*it)->quadrangles.size();

for(GModel::riter it = m->firstRegion(); it = m->lastRegion(); ++it){
stat[6] += (*it)->mesh_vertices.size();
stat[9] += (*it)->tetrahedra.size();
stat[10] += (*it)->hexahedra.size();
stat[11] += (*it)->prisms.size();
stat[12] += (*it)->pyramids.size();
}
stat[13] = CTX::instance()->meshTimer[0];
stat[14] = CTX::instance()->meshTimer[1];
stat[15] = CTX::instance()->meshTimer[2];
if(quality){
for(inti=0;1<3;i+t)
for(intj = 0; j < 100; j++)
quality[i][j] = 0.;
double gamma=0., gammaMin=1., gammaMax=0.;
double eta=0., etaMin=1., etaMax=0.;
double rho=0., rhoMin=1., rhoMax=0.;
double disto=0., distoMin=1., distoMax=0.;
if (m->firstRegion() == m->lastRegion()){
for(GModel::fiter it = m->firstFace(); it '= m->lastFace(); ++it){
GetQualityMeasure((*it)->quadrangles, gamma, gammaMin, gammaMax,
eta, etaMin, etaMax, rho, rhoMin, rhoMax,
disto, distoMin, distoMax, quality);
GetQualityMeasure((*it)->triangles, gamma, gammaMin, gammaMakx,
eta, etaMin, etaMax, rho, rhoMin, rhoMax,
disto, distoMin, distoMax, quality);
¥
}

else{
for(GModel::riter it = m->firstRegion(); it I= m->lastRegion(); ++it){
GetQualityMeasure((*it)->tetrahedra, gamma, gammaMin, gammaMax,
eta, etaMin, etaMax, rho, rhoMin, rhoMax,
disto, distoMin, distoMax, quality);
GetQualityMeasure((*it)->hexahedra, gamma, gammaMin, gammaMax,
eta, etaMin, etaMax, rho, rhoMin, rhoMax,
disto, distoMin, distoMax, quality);
GetQualityMeasure((*it)->prisms, gamma, gammaMin, gammaMax,
eta, etaMin, etaMax, rho, rhoMin, rhoMax,
disto, distoMin, distoMax,quality);
GetQualityMeasure((*it)->pyramids, gamma, gammaMin, gammaMakx,
eta, etaMin, etaMax, rho, rhoMin, rhoMax,
disto, distoMin, distoMax, quality);
¥
}
double N = stat[9] + stat[10] + stat[11] + stat[12];
stat[17] = N ? gamma /N : 0.;
stat[18] = gammaMin;

79



stat[19] = gammaMax;
stat[20] =N ?eta/N: 0,
stat[21] = etaMin;
stat[22] = etaMax;
stat[23] =N ?rho /N : 0;
stat[24] = rhoMin;
stat[25] = rhoMax;
stat[46] = N ? disto / N : 0;
stat[47] = distoMin;
stat[48] = distoMax;

¥

#if 'defined(HAVE_NO_POST)

stat[26] = PView::list.size();

for(unsigned int i = 0; i < PView::list.size(); i++) {
PViewData *data = PView::list[i]->getData(true);
stat[27] += data->getNumPoints();
stat[28] += data->getNumL.ines();
stat[29] += data->getNumTriangles();
stat[30] += data->getNumQuadrangles();
stat[31] += data->getNumTetrahedra();
stat[32] += data->getNumHexahedra();
stat[33] += data->getNumPrisms();
stat[34] += data->getNumPyramids();
stat[35] += data->getNumStrings2D() + data->getNumStrings3D();

}
#endif

¥

static bool TooManyElements(GModel *m, int dim)
{
iIf(CTX::instance()->expertMode || 'm->getNumVertices()) return false;
/I try to detect obvious mistakes in characteristic lenghts (one of
// the most common cause for erroneous bug reports on the mailing
/1 list)
double sumAllLc =0.;
for(GModel::viter it = m->firstVertex(); it I= m->lastVertex(); ++it)
sumAllLc += (*it)->prescribedMeshSizeAtVertex() * CTX::instance()->mesh.IcFactor;
sumAllLc /= (double)m->getNumVertices();
if(!sumAliLc || pow(CTX::instance()->Ic / sumAllLc, dim) > 1.e10)
return 'Msg::GetBinaryAnswer
("Your choice of characteristic lengths will likely produce a very\n"
"large mesh. Do you really want to continue?\n\n"
"(To disable this warning in the future, select "Enable expert mode'\n"
"in the option dialog.)",
"Continue”, "Cancel");
return false;

}
static bool CancelDelaunayHybrid(GModel *m)

{
If(CTX::instance()->expertMode) return false;
intn=0;
for(GModel::riter it = m->firstRegion(); it != m->lastRegion(); ++it)
n += (*it)->getNumMeshElements();
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if(n)
return 'Msg::GetBinaryAnswer

("You are trying to generate a mixed structured/unstructured grid using\n"
"the 3D Delaunay algorithm. This algorithm cannot garantee that the\n"
"final mesh will be conforming. You should probably use the 3D Frontal\n"
"algorithm instead. Do you really want to continue?\n\n"
"(To disable this warning in the future, select "Enable expert mode'\n"
"in the option dialog.)",
"Continue"”, "Cancel");

return false;

¥
static void Mesh1D(GModel *m)

{
if(TooManyElements(m, 1)) return;
Msg::StatusBar(1, true, "Meshing 1D...");
double t1 = Cpu();
std::for_each(m->firstEdge(), m->lastEdge(), meshGEdge());
double t2 = Cpu();
CTX::instance()->meshTimer[0] = t2 - t1;
Msg::Info("Mesh 1D complete (%g s)", CTX::instance()->meshTimer[0]);
Msg::StatusBar(1, false, "Mesh™);

}
static void PrintMesh2dStatistics(GModel *m)

{
FILE *statreport = 0;
if(CTX::instance()->createAppendMeshStatReport == 1)
statreport = fopen(CTX::instance()->meshStatReportFileName.c_str(), "w");
else if(CTX::instance()->createAppendMeshStatReport == 2)
statreport = fopen(CTX::instance()->meshStatReportFileName.c_str(), "a");
else return;
double worst = 1, best =0, avg = 0;
double e_long =0, e_short = 1.e22, e_avg = 0;
int nTotT = 0, nTotE = 0, nTotGoodLength = 0, nTotGoodQuality = 0;
int nUnmeshed = 0, numFaces = 0;
If(CTX::instance()->createAppendMeshStatReport == 1){
fprintf(statreport, "2D stats\tname\t\t#faces\t\t#fail\t\t"
"#i\t\tQavg\t\tQbest\t\tQworst\t\t#Q>90\t\t#Q>90/#t\t"
"#e\t\ttau\t\t#Egood\t\t#Egood/#e\tCPU\N™);
if(m->empty()) return;

for(GModel::fiter it = m->firstFace() ; it I= m->lastFace(); ++it){
worst = std::min((*it)->meshStatistics.worst_element_shape, worst);
best = std::max((*it)->meshStatistics.best_element_shape, best);
avg += (*it)->meshStatistics.average_element_shape * (*it)->meshStatistics.nbTriangle;
e_avg += (*it)->meshStatistics.efficiency_index;//* (*it)->meshStatistics.nbEdge;
e_long = std::max((*it)->meshStatistics.longest_edge_length, e_long);
e_short = std::min((*it)->meshStatistics.smallest_edge_length, e_short);
if ((*it)->meshStatistics.status == GFace::FAILED ||
(*it)->meshStatistics.status == GFace::PENDING) nUnmeshed++;
nTotT += (*it)->meshStatistics.nbTriangle;

nTotE += (*it)->meshStatistics.nbEdge;
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nTotGoodLength += (*it)->meshStatistics.nbGoodLength;
nTotGoodQuality += (*it)->meshStatistics.nbGoodQuality;
numFaces++;
}
fprintf(statreport,"\t%16s\t%d\t\t%d\t\t", m->getName().c_str(), numFaces, nUnmeshed);
fprintf(statreport,”%d\t\t%8.7f\t%8.7f\t%8. 7fA\t%d\t\t%8. 7f\t",
nTotT, avg / (double)nTotT, best, worst, nTotGoodQuality,
(double)nTotGoodQuality / nTotT);
fprintf(statreport,”%d\t\t%8. 71\t%d\t\t%8.7f\t%8.1A\n",
nTotE, exp(e_avg / (double)nTotE), nTotGoodLength,
(double)nTotGoodLength / nTotE, CTX::instance()->meshTimer[1]);
fclose(statreport);

¥
static void Mesh2D(GModel *m)

{
if(TooManyElements(m, 2)) return;
Msg::StatusBar(1, true, "Meshing 2D...");
double t1 = Cpu();
/1 skip short mesh edges
geomTresholdVertexEquivalence inst(m);

if("Mesh2DWithBoundaryLayers(m)){
std::for_each(m->firstFace(), m->lastFace(), meshGFace());
int nlter = 0;
while(1){
meshGFace mesher;
int nbPending = 0;
for(GModel::fiter it = m->firstFace(); it != m->lastFace(); ++it){
if ((*it)->meshStatistics.status == GFace::PENDING){
mesher(*it);
nbPending++;
¥
}
if('nbPending) break;
if(nlter++ > 10) break;
¥

}
/1 collapseSmallEdges(*m);

double t2 = Cpu();
CTX::instance()->meshTimer[1] = t2 - t1;
Msg::Info("Mesh 2D complete (%g s)", CTX::instance()->meshTimer[1]);
Msg::StatusBar(1, false, "Mesh™);
PrintMesh2dStatistics(m);
¥
static void FindConnectedRegions(std::vector<GRegion*>&delaunay,
std::vector<std::vector<GRegion*>>&connected)
{

/Il FIXME: need to split region vector into connected components here!
connected.push_back(delaunay);

}
static void Mesh3D(GModel *m)

{



if(TooManyElements(m, 3)) return;

Msg::StatusBar(1, true, "Meshing 3D...");

double t1 = Cpu();

/I mesh the extruded volumes first

std::for_each(m->firstRegion(), m->lastRegion(), meshGRegionExtruded());

/I then subdivide if necessary (unfortunately the subdivision is a

/I global operation, which can require changing the surface mesh!)

SubdivideExtrudedMesh(m);

// then mesh all the non-delaunay regions

std::vector<GRegion*> delaunay;

std::for_each(m->firstRegion(), m->lastRegion(), meshGRegion(delaunay));

// warn if attempting to use Delaunay for mixed meshes

if(delaunay.size() && CancelDelaunayHybrid(m)) return;

// and finally mesh the delaunay regions (again, this is global; but

I/ we mesh each connected part separately for performance and mesh

/I quality reasons)

std::vector<std::vector<GRegion*>> connected;

FindConnectedRegions(delaunay, connected);

for(unsigned int i = 0; i < connected.size(); i++){
MeshDelaunayVolume(connected[i]);

¥

double t2 = Cpu();

CTX::instance()->meshTimer[2] = t2 - t1;

Msg::Info("Mesh 3D complete (%g s)", CTX::instance()->meshTimer[2]);
Msg::StatusBar(1, false, "Mesh™);

¥
void OptimizeMeshNetgen(GModel *m)

{
Msg::StatusBar(1, true, "Optimizing 3D with Netgen...");
double t1 = Cpu();
std::for_each(m->firstRegion(), m->lastRegion(), optimizeMeshGRegionNetgen());
double t2 = Cpu();
Msg::Info("Mesh 3D optimization with Netgen complete (%g s)", t2 - t1);
Msg::StatusBar(1, false, "Mesh™);

b
void OptimizeMesh(GModel *m)

{
Msg::StatusBar(1, true, "Optimizing 3D...");
double t1 = Cpu();
std::for_each(m->firstRegion(), m->lastRegion(), optimizeMeshGRegionGmsh());
double t2 = Cpu();
Msg::Info("Mesh 3D optimization complete (%g s)", t2 - t1);
Msg::StatusBar(1, false, "Mesh");

¥
void AdaptMesh(GModel *m)
{
Msg::StatusBar(1, true, "Adapting 3D Mesh...");
double t1 = Cpu();
If(CTX::instance()->lock) {
Msg::Info("I'm busy! Ask me that later...");
return;

}
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CTX::instance()->lock = 1;

std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
std::for_each(m->firstRegion(), m->lastRegion(), adaptMeshGRegion());
double t2 = Cpu();

Msg::Info("Mesh Adaptation complete (%g s)", t2 - t1);
Msg::StatusBar(1, false, "Mesh™);

¥
void GenerateMesh(GModel *m, int ask)

{
iIf(CTX::instance()->lock) {

Msg::Info("I'm busy! Ask me that later...");
return;
¥
CTX::instance()->lock = 1;
Msg::ResetErrorCounter();
int old = m->getMeshStatus(false);
/l Initialize pseudo random mesh generator with the same seed
srand(1);
/I Change any high order elements back into first order ones
SetOrderl(m);
// 1D mesh
if(ask == 1| (ask > 1 && old < 1)) {
std::for_each(m->firstRegion(), m->lastRegion(), deMeshGRegion());
std::for_each(m->firstFace(), m->lastFace(), deMeshGFace());
Mesh1D(m);
}
I/ 2D mesh
if(ask == 2 || (ask > 2 && old < 2)) {
std::for_each(m->firstRegion(), m->lastRegion(), deMeshGRegion());
Mesh2D(m);
¥
// 3D mesh
if(ask == 3) {
Mesh3D(m);
¥
/l Orient the surface mesh so that it matches the geometry
if(m->getMeshStatus() >= 2)
std::for_each(m->firstFace(), m->lastFace(), orientMeshGFace());
// Optimize quality of 3D tet mesh
if(m->getMeshStatus() == 3){
for(inti = 0; i < std::max(CTX::instance()->mesh.optimize,
CTX::instance()->mesh.optimizeNetgen); i++){
iIf(CTX::instance()->mesh.optimize > i) OptimizeMesh(m);



If(CTX::instance()->mesh.optimizeNetgen > i) OptimizeMeshNetgen(m);
¥
b

// Subdivide into quads or hexas
if(m->getMeshStatus() == 2 && CTX::instance()->mesh.algoSubdivide == 1)
RefineMesh(m, CTX::instance()->mesh.secondOrderLinear, true);
else if(m->getMeshStatus() == 3 && CTX::instance()->mesh.algoSubdivide == 2)
RefineMesh(m, CTX::instance()->mesh.secondOrderLinear, false, true);
Il Create high order elements
if(m->getMeshStatus() && CTX::instance()->mesh.order > 1)
SetOrderN(m, CTX::instance()->mesh.order, CTX::instance()->mesh.secondOrderLinear,
CTX::instance()->mesh.secondOrderIncomplete);
Msg::Info("%d vertices %d elements",
m->getNumMeshVertices(), m->getNumMeshElements());
Msg::PrintErrorCounter(""Mesh generation error summary");
CTX::instance()->lock = 0;
CTX::instance()->mesh.changed = ENT_ALL,;
}
MTriangle.h
#ifndef _MTRIANGLE_H_
#define _ MTRIANGLE H_
#include "MElement.h"
/*
* MTriangle

*

T T T T T T T T

*/
class MTriangle : public MElement {
protected:
MVertex *_v[3];
void _getEdgeVertices(const int num, std::vector<MVertex*> &v) const
{
v[0] = _v[edges_tri(num, 0)];
v[1] = v[edges_tri(num, 1)];

}

void _getFaceVertices(std::vector<MVertex*> &v) const
{

v[0] = _v[C];

v[1] = _v[1];

v[2] = _v[2];

}

public :
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MTriangle(MVertex *v0, MVertex *v1, MVertex *v2, int num=0, int part=0)
: MElement(num, part)

_Vv[0] =VvO0; _v[1] =Vv1; Vv[2] =V2;
}
MTriangle(std::vector<MVertex*> &v, int num=0, int part=0)
: MElement(num, part)
{
for(inti=0;i<3;i++) _V[i] = V[i];
}
~MTriangle(){}
virtual int getDim(){ return 2; }
virtual double gammaShapeMeasure();
virtual double distoShapeMeasure();
virtual int getNumVertices() const { return 3; }
virtual MVertex *getVertex(int num){ return _v[num]; }
virtual MVertex *getVertexMED(int num)
{
static const int map[3] = {0, 2, 1};
return getVertex(map[num]);

¥
virtual MVertex *getOtherVertex(MVertex *v1, MVertex *v2)

{
if(_v[0] = vl && V[0] !=Vv2) return _v[0];
if(_v[1] = vl && _V[1] !=v2) return _v[1];
if(_v[2] '= vl && _V[2] = v2) return _v[2];
return O;

}

virtual int getNumEdges(){ return 3; }

virtual MEdge getEdge(int num)

{
return MEdge(_v[edges_tri(num, 0)], _v[edges_tri(num, 1)]);

virtual int getNumEdgesRep(){ return 3; }
virtual void getEdgeRep(int num, double *x, double *y, double *z, SVector3 *n)
{

MEdge e(getEdge(num));

_getEdgeRep(e.getVertex(0), e.getVertex(1), X, y, z, n, 0);

virtual void getEdgeVertices(const int num, std::vector<MVertex*> &v) const
{
v.resize(2);
_getEdgeVertices(num, v);
}
virtual int getNumFaces(){ return 1; }
virtual MFace getFace(int num)
{
return MFace(_v[0], _v[1], V[2)]);
}
virtual int getNumFacesRep(){ return 1; }
virtual void getFaceRep(int num, double *x, double *y, double *z, SVector3 *n)

{
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_getFaceRep(_Vv[0], _V[1], _V[2], X, Y, z, n);
}
virtual void getFaceVertices(const int num, std::vector<MVertex*> &v) const
{
v.resize(3);
_getFaceVertices(v);
¥
virtual int getType() const { return TYPE_TRI; }
virtual int getTypeForMSH() const { return MSH_TRI_3; }
virtual int getTypeForUNV() const { return 91; } // thin shell linear triangle
virtual int getTypeForVTK() const { return 5; }
virtual const char *getStringForPOS() const { return "ST"; }
virtual const char *getStringForBDF() const { return "CTRIA3"; }
virtual const char *getStringForDIFF() const { return "EImT3n2D"; }
virtual void revert()
{
MVertex *tmp = _Vv[1]; v[1] = _V[2]; _V[2] = tmp;
}
virtual const functionSpace* getFunctionSpace(int 0=-1) const;
virtual bool isInside(double u, double v, double w)

double tol = _isInsideTolerance;
if(u < (-tol) || v < (-tol) || u > ((1. + tol) - v))
return false;
return true;
¥
virtual void getintegrationPoints(int pOrder, int *npts, IntPt **pts) const;
virtual SPoint3 circumcenter();
private:
int edges_tri(const int edge, const int vert) const
{
static const int e[3][2] = {
{0, 1},
{1, 2},
{2, 0}
b

return e[edge][vert];
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class MTriangle6 : public MTriangle {
protected:
MVertex *_vs[3];
public :
MTriangle6(MVertex *v0, MVertex *v1, MVertex *v2, MVertex *v3, MVertex *v4,
MVertex *v5, int num=0, int part=0)
: MTriangle(v0, v1, v2, num, part)
{
_vs[0] =v3; _vs[1] =v4; _vs[2] = V5;
for(inti=0; i< 3; i++) _vs[i]->setPolynomialOrder(2);
¥
MTriangle6(std::vector<MVertex*> &v, int num=0, int part=0)
: MTriangle(v, num, part)
{
for(inti=0;i<3;i++) _vs[i] =V[3 +i];
for(inti=0; i< 3; i++) _vs[i]->setPolynomialOrder(2);
¥
~MTriangle6(){}
virtual int getPolynomialOrder() const { return 2; }
virtual int getNumVertices() const { return 6; }
virtual MVertex *getVertex(int num){ return num < 3? _v[num] : _vs[num - 3]; }
virtual MVertex *getVertexUNV/(int num)
{
static const int map[6] = {0, 3, 1, 4, 2, 5};
return getVertex(map[num]);

¥
virtual MVertex *getVertexMED(int num)

{
static const int map[6] = {0, 2, 1, 5, 4, 3},
return getVertex(map[num]);
}
virtual int getNumEdgeVertices() const { return 3; }
virtual int getNumEdgesRep();
virtual void getEdgeRep(int num, double *x, double *y, double *z, SVector3 *n);
virtual void getEdgeVertices(const int num, std::vector<MVertex*> &v) const
{
v.resize(3);
MTriangle::_getEdgeVertices(num, v);
v[2] = _vs[hum];

virtual int getNumFacesRep();
virtual void getFaceRep(int num, double *x, double *y, double *z, SVector3 *n);
virtual void getFaceVertices(const int num, std::vector<MVertex*> &v) const
{
v.resize(6);
MTriangle::_getFaceVertices(v);
v[3] = _vs[0];
v[4] = _vs[1];
v[5] = vs[2];
}
virtual int getTypeForMSH() const { return MSH_TRI_6; }
virtual int getTypeForUNV() const { return 92; } // thin shell parabolic triangle
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/Ivirtual int getTypeForVTK() const { return 22; }
virtual const char *getStringForPOS() const { return "ST2"; }
virtual const char *getStringForBDF() const { return "CTRIAG"; }
virtual const char *getStringForDIFF() const { return "EImT6n2D"; }
virtual void revert()
{

MVertex *tmp;

tmp = _V[1]; _v[1] = _v[2]; _v[2] = tmp;

tmp = _vs[0]; _vs[0] = _vs[2]; _vs[2] = tmp;

¥
h
/*
* MTriangleN FIXME: check the plot
*
* 2
* N\ E = order - 1;
* |\ N = total number of vertices
*3+2E 2+2E
* 1N\ Interior vertex numbers
* o for edge 0 <= <= 2: 3+i*E to 2+(i+1)*E
* A\ in volume : 3+3*E to N-1
* 2+3E 3+E
* | 3+3Eto N-1 '\
* | \
* 0---3--...---2+E---1
*
*/
class MTriangleN : public MTriangle {
protected:

std::vector<MVertex *> vs;
const char _order;
public:
MTriangleN(MVertex *v0, MVertex *v1, MVertex *v2,
std::vector<MVertex*> &v, char order, int num=0, int part=0)
: MTriangle(v0, v1, v2, num, part), _vs(v), _order(order)

{

for(unsigned int i = 0; i < _vs.size(); i++) _vs[i]->setPolynomialOrder(_order);

MTriangleN(std::vector<MVertex*> &v, char order, int num=0, int part=0)
: MTriangle(v[0], v[1], v[2], num, part), _order(order)
{
for(unsigned int i = 3; i < v.size(); i++) _vs.push_back(Vv[i]);
for(unsigned int i = 0; i < _vs.size(); i++) _vs[i]->setPolynomialOrder(_order);

}

~MTriangleN(){}

virtual int getPolynomialOrder() const { return _order; }

virtual int getNumVertices() const { return 3 + _vs.size(); }

virtual MVertex *getVertex(int num){ return num <3 ? _v[num] : _vs[num - 3]; }
virtual int getNumFaceVertices() const

if(_order == 3 && _vs.size() == 6) return 0;
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if(_order == 3 && _vs.size() == 7) return 1,
if(_order == 4 && _vs.size() == 9) return 0;
if(_order == 4 && _vs.size() == 12) return 3;
if(_order ==5 && _vs.size() == 12) return O;
if(_order == 5 && _vs.size() == 18) return 6;
return O;
¥
virtual int getNumEdgeVertices() const { return 3 * (_order - 1); }
virtual int getNumEdgesRep();
virtual int getNumFacesRep();
virtual void getEdgeRep(int num, double *x, double *y, double *z, SVector3 *n);
virtual void getEdgeVertices(const int num, std::vector<MVertex*> &v) const
{
v.resize(_order + 1);
MTriangle::_getEdgeVertices(num, v);

intj=2;

const int ie = (num + 1) * (_order - 1);

for(int i = num * (_order-1); i 1= ie; ++i) v[j++] = _vs]i];
¥

virtual void getFaceRep(int num, double *x, double *y, double *z, SVector3 *n);
virtual void getFaceVertices(const int num, std::vector<MVertex*> &v) const
{

v.resize(3 + _vs.size());

MTriangle::_getFaceVertices(v);

for(unsigned inti=0; i !=_vs.size(); ++i) v[i + 3] = _vs[i];
¥
virtual int getTypeForMSH() const
{

if(_order == 2 && _vs.size() == 3) return MSH_TRI_6;
if(_order == 3 && _vs.size() == 6) return MSH_TRI_9;
if(_order == 3 && _vs.size() == 7) return MSH_TRI_10;
if(_order == 4 && _vs.size() == 9) return MSH_TRI_12;
if(_order ==4 && vs.size() == 12) return MSH_TRI_15;
if(_order ==5 && _vs.size() == 12) return MSH_TRI_15I,
if(_order ==5 && _vs.size() == 18) return MSH_TRI_21;
return 0;

¥

virtual void revert()
{
MVertex *tmp;
tmp = _V[1]; _v[1] = _v[2]; _v[2] = tmp;
std::vector<MVertex*> inv;
inv.insert(inv.begin(), _vs.rbegin(), _vs.rend());
_vs=inv;
}
I3
template <class T>
void sort3(T *t[3])
{
T *temp;
if(t[0] > t[1]){
temp = t[1];
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t[1] = t[0];
t[0] = temp;

¥

if(t[1] > t[2]){
temp = t[2];
t[2] = t[1];
t[1] = temp;

}
if(t[0] > t[1]){
temp = t[1];
t[1] = t[0];
t[0] = temp;
}
}

struct compareMTriangleLexicographic

{
bool operator () (MTriangle *t1, MTriangle *t2) const

{
MVertex *_v1[3] = {t1->getVertex(0), t1->getVertex(1), t1->getVertex(2)};
MVertex *_v2[3] = {t2->getVertex(0), t2->getVertex(1), t2->getVertex(2)};
sort3(_vl);
sort3(_v2);
If(_v1[0] < _v2[0]) return true;
if(_v1[0] > v2[0]) return false;
If(_v1[1] < _v2[1]) return true;
if(_v1[1] > _v2[1]) return false;
if(_v1[2] < _v2[2]) return true;
return false;
}
b
#endif
MTriangle.cpp
#include "MTriangle.h"
#include "Numeric.h"
#include "Context.h"
#include "qualityMeasures.h™
#define SQU@)  ((@)*(a))
SPoint3 MTriangle::circumcenter()
{
double p1[3] = {_Vv[0]->x(), _Vv[0]->y(), _Vv[0]->z()};
double p2[3] = { V[1]->x(), _Vv[1]->Y(), _V[1]->z()};
double p3[3] = {_V[2]->x(), _V[2]->Y(), V[2]->z()};
double res[3];
circumCenterXYZ(pl, p2, p3, res);
return SPoint3(res[0], res[1], res[2]);

}
double MTriangle::distoShapeMeasure()

{
return gmDistorsionOfMapping(this);

}

double MTriangle::gammaShapeMeasure()
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{
return gmTriangle(this, QMTRI_RHO);

}
const functionSpace* MTriangle::getFunctionSpace(int o) const
{
int order = (0 == -1) ? getPolynomialOrder() : o;
int nf = getNumFaceVertices();
if (nf==0) && (0 ==-1)) {
switch (order) {
case 1: return &functionSpaces::find(MSH_TRI_3);
case 2: return &functionSpaces::find(MSH_TRI_6);
case 3: return &functionSpaces::find(MSH_TRI_9);
case 4: return &functionSpaces::find(MSH_TRI_12);
case 5: return &functionSpaces::find(MSH_TRI_15I);
default: Msg::Error("Order %d triangle function space not implemented", order);

¥
¥

else {
switch (order) {
case 1: return &functionSpaces::find(MSH_TRI_3);
case 2: return &functionSpaces::find(MSH_TRI_6);
case 3: return &functionSpaces::find(MSH_TRI_10);
case 4: return &functionSpaces::find(MSH_TRI_15);
case 5: return &functionSpaces::find(MSH_TRI_21);
default: Msg::Error("Order %d triangle function space not implemented", order);

¥
b
return 0;
¥
int MTriangleN::getNumEdgesRep(){ return 3 * CTX::instance()->mesh.numSubEdges; }
int MTriangle6::getNumEdgesRep(){ return 3 * CTX::instance()->mesh.numSubEdges; }

static void _myGetEdgeRep(MTriangle *t, int num, double *x, double *y, double *z,
SVector3 *n, int numSubEdges)
{

n[0] = n[1] = n[2] = t->getFace(0).normal();

if (num < numSubEdges){
SPoint3 pntl, pnt2;
t->pnt((double)num / numSubEdges, 0., 0.,pntl);
t->pnt((double)(num + 1) / numSubEdges, 0., 0, pnt2);
X[0] = pnt1.x(); x[1] = pnt2.x();
y[0] = pntL.y(); y[1] = pnt2.y();
z[0] = pnt1.z(); z[1] = pnt2.z();
return;
¥
if (num < 2 * numSubEdges){
SPoint3 pntl, pnt2;
num -= numSubEdges;
t->pnt(1. - (double)num / numSubEdges, (double)num / numSubEdges, 0, pntl);
t->pnt(1. - (double)(num + 1) / numSubEdges, (double)(hum + 1) / numSubEdges, 0, pnt2);
x[0] = pnt1.x(); x[1] = pnt2.x();

92



y[0] = pntL.y(); y[1] = pnt2.y();
z[0] = pntl.2(); z[1] = pnt2.2();
return ;
}
{
SPoint3 pntl, pnt2;
num -= 2 * numSubEdges;
t->pnt(0, (double)num / numSubEdges, 0,pntl);
t->pnt(0, (double)(num + 1) / numSubEdges, 0,pnt2);
x[0] = pnt1.x(); x[1] = pnt2.x();
y[0] = pntL.y(); y[1] = pnt2.y();
z[0] = pnt1.z(); z[1] = pnt2.2();
¥
}
void MTriangleN::getEdgeRep(int num, double *x, double *y, double *z, SVector3 *n)
{
_myGetEdgeRep(this, num, x, y, z, n, CTX::instance()->mesh.numSubEdges);
}
void MTriangle6::getEdgeRep(int num, double *x, double *y, double *z, SVector3 *n)

{
_myGetEdgeRep(this, num, x, y, z, n, CTX::instance()->mesh.numSubEdges);

int MTriangle6::getNumFacesRep(){ return SQU(CTX::instance()->mesh.numSubEdges); }
int MTriangleN::getNumFacesRep(){ return SQU(CTX::instance()->mesh.numSubEdges); }

static void _myGetFaceRep(MTriangle *t, int num, double *x, double *y, double *z,
SVector3 *n, int numSubEdges)
{

Il on the first layer, we have (numSubEdges-1) * 2 + 1 triangles
// on the second layer, we have (numSubEdges-2) * 2 + 1 triangles
// on the ith layer, we have (numSubEdges-1-i) * 2 + 1 triangles
intix=0,iy=0;
int nbt = 0;
for (inti = 0; i < numSubEdges; i++){
int nbl = (humSubEdges -i-1) *2 + 1,
nbt += nbl;
if (nbt > num){
iy =i;
iX = nbl - (nbt - num);
break;
b
¥

const double d = 1. / numSubEdges;

SPoint3 pntl, pnt2, pnt3;

double J1[3][3], J2[3][3], J3[3][3];

if (ix % 2 ==0){
t->pnt(ix / 2 * d, iy * d, 0, pntl);
t->pnt((ix/2+1) *d, iy *d, 0, pnt2);
t->pnt(ix /2 * d, (iy + 1) * d, 0, pnt3);
t->getJacobian(ix / 2 * d, iy * d, 0, J1);
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t->getJacobian((ix / 2 + 1) * d, iy * d, 0, J2);
t->getJacobian(ix / 2 * d, (iy + 1) * d, 0, J3);
}
else{
t->pnt((ix/2 +1) *d, iy *d, 0, pntl);
t->pnt((ix/2 +1) *d, (iy + 1) * d, 0, pnt2);
t->pnt(ix /2 * d, (iy + 1) * d, O, pnt3);
t->getJacobian((ix / 2 + 1) * d, iy * d, 0, J1);
t->getJacobian((ix /2 + 1) *d, (iy + 1) * d, 0, J2);
t->getJacobian(ix / 2 * d, (iy + 1) * d, 0, J3);
%
SVector3 d1(J1[0][0], J1[O][1], J1[O][2]);
SVector3 d2(J1[1][0], J1[1][1], J1[1][2]);
n[0] = crossprod(dl, d2);
n[0].normalize();
%
SVector3 d1(J2[0][0], J2[0][1], J2[0][2]);
SVector3 d2(J2[1][0], J2[1][1], J2[1][2]);
n[1] = crossprod(dl, d2);
n[1].normalize();
%
SVector3 d1(J3[0][0], J3[0][1], J3[0][2]);
SVector3 d2(J3[1][0], J3[1][1], J3[1][2]);
n[2] = crossprod(dl, d2);
n[2].normalize();
}
X[0] = pntl.x(); X[1] = pnt2.x(); X[2] = pnt3.x();
y[0] = pnt1.y(); y[1] = pnt2.y(); y[2] = pnt3.y();
z[0] = pnt1.z(); z[1] = pnt2.2(); z[2] = pnt3.2();
}

void MTriangleN::getFaceRep(int num, double *x, double *y, double *z, SVector3 *n)

{
¥

_myGetFaceRep(this, num, X, y, z, n, CTX::instance()->mesh.numSubEdges);

void MTriangle6::getFaceRep(int num, double *x, double *y, double *z, SVector3 *n)

{
¥

_myGetFaceRep(this, num, X, y, z, n, CTX::instance()->mesh.numSubEdges);

void MTriangle::getintegrationPoints(int pOrder, int *npts, IntPt **pts) const

{
*npts = getNGQTPts(pOrder);
*pts = getGQTPts(pOrder);
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1. OB’EKT BUIIPObYBAHb

Po3pobnsiemuii mporpaMHuii KOMIUIEKC ToBMHEeH OyayBatu 2D, 3D
KOHCTPYKLIi Ta aBTOMAaTWM3yBaTH JUCKPETU3ALll0 HAa CKIHYEHl €JEMEHTHU
JTOCITIDKYBaHy 007acTh B KOHCTPYKIISX CKJIamHOi (OpPMH Uil €JIEMEHTIB
YHCEJIbHOT'O PO3PaxXyHKy Halpy>KeHO-1e(POPMOBAHOTO CTaHy TiJa.

JI71st BUMIpY SIKOCT1 pO3pOOIIIOBAaHOTO MPOTPAMHOT0 3a0€3MeYeHHs] BUKOHAHO
TECTYBaHHS JI0JATKy MOOYA0BH reOMETPii KOHCTPYKIIIT Ta aBBTOMAaTUYHOI TeHeparlii
JUCKPETHOI MOJIEJII.

[IporpaMHHi1 KOMIUIEKC HOBUHEH:

1. bynysatu 2D, 3D xoHCcTpyKIIii;

2. ABTOMAaTMYHO BUKOHYBaTH Auckperusaniro Ha 1D, 2D um na 3D
CKIHYEHI €JIEMEHTH,

3. BukoHyBaTH ONTHUMI3allii0 CITKU CKIHYCHUX €JIEMEHTIB.

2. META TECTYBAHHA

MeToro TecTyBaHHSI € TIPOLIEC TEXHIYHOTO JOCHIKEHHS TpO SKICTh
NPOAYKTY BiTHOCHO KOHTEKCTY, B SIKOMY BiH Ma€ BHKOPHUCTOBYBaTHCh. J[0 IIbOTO
MPOILIeCY BXOJIUTh BUKOHAHHS MPOTPAMHU 3 METOIO 3HANUICHHS TTOMUJIOK.

3. METO/IU TECTYBAHHSA

TecroBa 3agauya.

CKOHCTpYyIOBaTH KOJ, SKUM MOKHAa KOPHUCTYBAaTHUCS JJI BU3HAUCHHS
reoMeTpii 00'€KTIB 31 CKJIAJHOI CTPYKTYpPOIO MIKPOBKIIIOUEHb, TaKUX SK
KOMITO3UTH, Te0(I3UYHI CepPeIOBHINA, PI3HI cyMimri, O€TOH Ta iHIII, 110 B JaHUH
qac Jy>Ke MOMyJIsIPHI y MOJIeJIFOBaHHI MPOILIECIB.

Sk 3pa3ok marepiaily, 10 pO3MIISIAAE€THCS, BUCTyNae napaienenines. Tomy
NMoCTaBUMO #oro mepmuM. HaBegemo TyT HaWKOpOTIIHMNA CMOCIO BH3HAYCHHS
napaJiesneninesa. 3a01HO CKOPHCTAEMOCS IPUHITUTIOM MOJTyJTIEHOTO
nporpaMyBaHH 1 KOJKEH 3HaYHHI parMeHT Mojesi opopMIATUMEMO B OKPEMOMY
daiimi.

brick.geo

//nouaTkoBa ToOUka Iapa’liejeninena
x0 = 0;



y0 = 0;

z0 = 0;

// poszMipu napaseneninena

lenX = 1;

lenYy = 1;

lenZz 1;

// XapakTepuCTHUHa LNOBXMHA eJIEMEHT1B po30uUTTA HapaJjeseninena
clBrick = lenX / 2;

// BamaeMo Kpamky

Point (1) = { x0, y0, z0, clBrick };

// oTpuMmyeMoO JIiHin

lineBrick[] = Extrude { lenX, 0, 0 } { Point{l}; };

// OTPUMYyEMO IMOBEPXHIO

surfBrick[] = Extrude { 0, lenY, 0 } { Line{lineBrick([1]}; };
// oTpumyeMo ofBeM

volBrick[] = Extrude { 0, 0, lenZ } { Surface{surfBrick[1l]}; };
// 36epiraeMo MOBEpPXHIO Hapalejieninena y BUIJAOl MacuUBy
brickSurface[] = Boundary { Volume{volBrick([1l]}; };

// 306epiraeMo TaKOX HOMEP SBaMKHYTOTO KOHTYPY MNOBEPXOHb

sl = newreg;
Surface Loop(sl) = { brickSurfacel] };
brickSurfaceloop = sl;

W D:/nvnnonm_23.6 Pro ck.geo

File Tools

: Geometry v

Elementary entities

— a X
= brick.geo X ar
@aiin N3meHuTb Mpocmotp b
|f/nouatrosa Touka napaneneninena
x@ = 8;
¥e = e;
8 = 8;
// poswipn napanenenineaa
lenX = 13
len¥ = 13
lenZ = 1;
// XaBpaKTEpCTUUHA HOSXMHE eneMeHTis posBUTTA napanensniness
clérick = lenx / 2;
/1 sapaemo xpanky
Point(1) = { x@, y8, z8, clBrick };
/1 oTpmayemo niwin
lineBrick[] = Extrude { lenX, @, @ } { Point{l}; };
/1 oTpumyemo nopepxii
surferick[] = Extrude { @, leny, © } { Line{lineBrick[1]}; };
/1 oTpumyemo obem
| volbrick[] = Extrude { @, @, lenZ } { Surface{surfBrick[1]}; };
| // sbepiraeme nosepxwo napaneneninega y BurNAAi macusy
L bricksurface[] = Boundary { Volume{volBrick[1]}; };
// s6epiracwo TaKoX HOMEP SaMKHYTOrO KOHTYPY NOBEpXoHb
s1 = newreg;
Crpoka 1, ctoni 100% Windows (CRLF) UTF-8

BXYZS11EBS Geometry

Puc. 1. brick.geo no0ymoBana Mojeinb
Tenep cTBOpEeMO KyJto, 1110 CUMBOJII3Y€ MIKpOBKITIOUeHHSI. OPopMUMO HOTO
K QyHKUli. K 1 4714 nmapanesneninena, CTBOPUMO HOBUH (haidJ.
sphere.geo
// ueHTp kyni - (x ¢, y c, z c)
// papiyc xyni - rad
// XapakTepuCTHUHa NOBXMHA eJIEMEHTI1B po306uTTa Kyji - clSphere

// TopsamnKOBMM HOMep KyJji - number

Function SphereTemplate
// Bamaemo 3 TOUKM CceKTopa cbepwu

pl = newp; // xOMaHIa newp BM3HAUAE HOBMM YHIKaJbHMIM HOMEP TOUKM
Point(pl) = { x ¢, y ¢, z c, clSphere };
P2 = newp;

Point(p2) = { x ¢ - rad, y ¢, z c, clSphere };



p3 = newp;

Point(p3) = { x ¢, y ¢ - rad, z c, clSphere };

// BM3HadYaeMoO OIHY JiiHil0 - miBKOJO

line = newl; // xoMaHIa newl BM3HAYAE HOBUM yHIKaJbHMI HOMep JiHiI
Circle(line) = { p2, pl, p3 };

// OoTpuMMyeEMO MNOBepxHI - 1/8 uyacTmHa BCciel MOBepxHI KyJi
surfSpherel[] = Extrude { { rad, 0, 0}, { x ¢, vy ¢, z ¢}, Pi / 2}

{ Line{line}; };
// oTpumyemo iHmi uYacTMHM NOoBepxH1, komiooum BUXIOHY NOBEPXHD
// 13 Om3epKajJibHMM BilmoOpaxeHHSAM MO TPbOX ILJIOWMHAX

surfSphere2[] = Symmetry { 1, 0, 0, -x c }

{ Duplicata { Surface{surfSpherel[l]}; } };

surfSphere3[] = Symmetry { 0, 1, 0, -y c }

{ Duplicata { Surface{surfSpherel[l],
surfSphere2[0]}; } 1}

surfSphere4[] = Symmetry { 0, O, 1, -z c }

{ Duplicata { Surface{surfSpherel[l],
surfSphere2[0],
surfSphere3[0],
surfSphere3[1]1}; } 1}

// BaMKHYyTUM KOHTYP MOBEPXOHb KYyJIi

sll = newsl; // xoMaHZa newsl BM3HaAUaEe HOBMM YHI1KaJbLHMI HOMEP

// KOHTypa [OBEPXOHb

Surface Loop(sll) = { surfSpherel[l], surfSphere2[0],
surfSphere3[0], surfSphere3[1l],
surfSphered4 [0], surfSphere4d[l],
surfSphered [2], surfSphered[3] };

surfacelLoops [number] = sll; // MacuB HOMEP1iB KOHTYpP1iB NOBEPXOHL

// BamaeMo Ky

vl = newv; // KOMaHIa nNewv BU3HAYAE HOBUM YHIKAJBHMUNA HOMEp OO0'emy

Volume (vl) = { sll1 };

sphereVolumes [number] = vl1; // MacuB HOMepiB OOGEMiB

Return

[Tounnaerbest Gynkiisa 3 psaka Function funcName 3akiH4y€eThCsS CIOBOM
Return (0e3 ';' nanpukinii). JKXogHUX BXITHUX Ta BUXIJHUX MapaMmeTpiB HEMAE.
[Tpocto Ti 3MiHHI, SIKI BU BUKOPUCTOBYETE B (DYyHKIIi, MOBUHHI OyTH 1HILIaJ130BaHI
JI0 MOMEHTY BUKJIMKY (QYHKIIT, 0 3a1icHIOEThCs KomaHor0 Call funcName; (TyT
BXKe ;' mpucyTHii). Y Hamii QyHKIT BU3HAYEHHS KyJIl 11€ 3MIHHI X_C, V_C, Z_C,
rad, clSphere, number.

HaBegemMo Takok CHOMCOK yCIX KOMaHJ THUIy newp, newl, 1o

BUKOPHCTOBYIOTHCS B HAIIOMY KOJIi:
® newp BU3HAYA€ HOBUU YHIKAJIbHUI HOMEpP TOUKH (point);
e newl Bu3Hayae HOBUH yHiKanbHUN HOMep JiHii (line);

e newll Bu3Hauae HOBU yHIKaIBHUN HOMEp KOHTYpY JiHiH (line loop);



news BU3HAYa€ HOBUM yHIKaJIbHUN HOMEp NoBepxHi (surface);

newsl Bu3HAUa€ HOBUN YHIKQIBHUN HOMEpP KOHTYPY IIOBEPXOHB

(surface loop);
Newv BU3HAa4Ya€ HOBUI yHIKaIbHUI HOMep 00'eMy (volume);

newreg BU3HAYa€ HOBUM YHIKAJIbHUWA HOMED perioHy (region) - MOKe

BHKOPHUCTOBYBATHCH 3aMiCTh 6y,HB-HKOI 3 BUIIC3raJaHuX KOMaH/.

30epeMo Tenep Halll TOTOBI FTEOMETPUYHI €1eMEHTH B OTHOMY (aiiii, IKUi 1

BU3HAYUTh TEOMETPIIO0 JOCTIIKYBAaHOTO 00'€KTA.

model.geo

Include "brick.geo";
Include "sphere.geo";

// Hexal UeHTpY BKJIOUEHL PO3TAaloBaHl HE BUIAOKOBO,

// a y Bysjax Oeskol TPpUBUMIPHOI pemiTku.

// nimxim, 3acHOBaHMM Ha OKPEMOMY 3aBIaHHI1 KOOPIMHAT LEHTP1iB BKJIOUEHL,
// mO3BOMUTL 0e3 BeNIMKOL 3MiHM KOOy [IepeuTu

// Hapasi, KOJM BKJIOUEHHS PO3KMUIOAH1 NapasiesieninenoM BUIAAKOBMM UMHOM

// KiIbKI1CTHL BKJIOUEHBL MONO KOXHOTO BUMIpPY
nInclusionsX = 2;
nInclusionsY = 2;
nInclusionsz = 2;

// Pamiyc chepruHOTO BKJIOUEHHS
radIncl = lenX/10; // BemuumHa lenX B3grTa 3 "brick.geo"

// BaranbHa KI1JbK1CTb BKJIIOUYEHL

nlnc

1

= nInclusionsX * nInclusionsY * nInclusionsZ;

// KOOpIMHATM LEHTP1B BKJIOUEHD

n = 0;
For i In { l:nInclusionsZ }
For 7 In { l:nInclusionsY }
For k In { l:nInclusionsX }
// x0, y0, z0, lenX, lenY, lenZ B34Ti 3 "brick.geo"
x[n] = x0 + k * lenX / (nInclusionsX + 1);
y[n] = y0 + J * lenY / (nInclusionsY + 1);
z[n] = z0 + i * lenZ / (nInclusionsZ + 1);
n=n+1;
EndFor
EndFor
EndFor

// CTBOpPEeHHS BKJIOUEHb

For i In { l:nIncl }
x ¢ = x[i-1];
y ¢ = yli-1];
z ¢ = z[i-1];
rad = radIncl; // TyT MOXHa BapioBaTu pamiyc kyib,

// CrBopoouUM pisHoMamTabHl BKJIOUEHHS

clSphere = rad; // "HOpibGuicTe" ciTkyM B KOXHIM KyJi1 TaKoX MOXHAa

BapiwoBaTu



number = i; // HOMEp BKJIOUEHHS
Call SphereTemplate; // BurIMk GyHKIII
EndFor

// ocTaTouHo OPOPMIIAEMO MACHB HOMEP1B KOHTYP1B MNOBEPXOHb
surfaceLoops|[0] = brickSurfaceloop;

// cTBOpPHEMO OOCAr 3 ypaxyBaHHAM MAacCUBY KOHTYPiB.

// uenlm obcAdr - Te, WO HEe BalHATEe BKJIIOUEHHAMM

vV = newreg;

Volume (v) = { surfaceloops|[] 1}

Physical Volume (1001) = {v}; // ckemer (MaTpwuiig)

Physical Volume (1002) = { sphereVolumes[] }; // mopu (BKJIOUEHHH)
. D:/Aunnom 23 6akanaep/d/Proga/model.gec - O X

HEM. — X
File Tools
:[ Geometry ﬂ

Elementary entities

Physical groups

Edit

Reload

XY ZQ11@SH AP Geometry

Puc. 2. model.geo modynoBana moeb




. D:/Aunnom_23_6akanaep/d/Proga/model.geo = a X

HEM. — X
File Tools
:I Geometry ﬂ

Elementary entities

Physical groups

Edit

Reload

BXYZQ11®SH AP I Geometry

Puc. 3. model.geo modynoBana moieib

[IpoBenemo nuckpetusarito Ha 1D, 2D Ta Ha 3D ckiHYeH1 eJIeMEHTH.

. D:/Auvnnom_23_6akanaep/d/Proga/model.geo = O X

HEM. —

File Tools

: lMesh

Ei

Define

Inspect

Delete

1D

2D

3D

First order

Second order

Refine by splitting

Optimize

Optimize (Netgen)

Partition

Reclassify

Save

e XYZQ11@®SH WD I Mesh

Puc. 4. Jluckperuzanis Ha 3D ckiHUeH] eneMeHTH
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1. OIIUC CTPYKTVYPU ..o
2. OIIMC 3MICTY EJIEMEHTIB JIAJIOI'Y
3. IPUKJIAZL POBOTU ITPEITPOLIECOPA .



1. OIINC CTPYKTYPH

Po3po6ienuit mporpaMHHii KOMILJIEKC BUKOHY€E JUCKPETHU3allil0 HA CKIHYCH1

€JIEMEHTH JOCIIJKYBAaHOI O0JIACTI B KOHCTPYKLISIX JUISl €JIE€MEHTIB YUCEIbHOTO

PO3paxyHKy HaIpyKeHO-1e(pOpMOBAHOTO CTaHy Ae()OPMIBHOTO Tija.

Mae 3mory:

BigkpuBaTu (aitmu: Gmsh geometry .geo - daitn reomerpii GMSH,;
STEP 1 IGES - Bimomi dopmatu daitnie reomeTpis, TiATpUMYBaHi
oaratbMa CAD —nakeramy;

oyaysatu 2D ta 3D koHcTpyKIIii;

aBTOMAaTUYHO BUKOHYBAaTH Auckperusaniro Ha 1D, 2D um na 3D

CKIHYEHI €JIEMEHTH,

Bi3yalizye auckperusaiito Ha 1D, 2D uu Ha 3D ckiHuYeHI eJ1eMeHTH,
BI3yaJli3y€ HyMEpAIlil0 CKIHUEHUX €JIEMEHTIB;

aBTOMAaTHU3y€ PEKOMOIHAIIII0 CITKU CKIHYEHUX €JIEMEHTIB;

BUKOHYBAaTH ONTHMI3aII0 CITKA CKIHUEHUX €JIEMEHTIB.

[Iporpamumii KoMILIEKC 30epirae B (hailyl reoMeTpito 3 auckperusaiiero 1D,

2D uu 3D ckiHYEeH] eJIEMEHTH.

[Iporpamuuii KOMIUIEKC Mae€ JOCUTh 3py4dHHil i1HTepdelic. B Hbomy

nepeadayeHa MOXJIMBICTh BHKOHYBaTH aucKperusaiiero Ha 1D, 2D uum 3D

CKIHUEHI EJEMEHTH Il PO30MTTS KPUBONIHIMHUX, MPOCTOPOBHX TMOBEPXOHB 1

MTOBEPXOHB, 110 0OMEXKYIOTh 00'€éMHI TiJIa Ta 00'€MHI TiJa;

[Iporpama mMae 3MOTy BHUKOHYBAaTH ONTHUMI3allll0 CKIHYEHUX EJIEMEHTIB Ta

3a0e3neuye 30epekeHHs B (aiiil CITKYy CKIHYEHUX €JIEMEHTIB KOHCTPYKIIIM PI3HUX

dbopm.



2. OIIUC 3MICTY EJIEMEHTIB AIAJIOT'Y

[Tpu 3anmycky nmporpaMHOro KOMIUIEKCY BU OauuTe 2 BiKHA: rpadiyHe BIKHO

Ta BIKHO MEHIO puCyHOK l. YmpaBiiHHs y rpadidHOMY BiKHI 3I1HCHIOETHCS 3a

JIOTIOMOTOI0 MHUIII: JliBa KHOMKAa MHUIIl — IOBOPOT MOJCHI, TpaBa KHONKA —

NEPEHECeHHs], CepeIHsI KHOIKa (CKpOJUT) — MacITa0yBaHHS.

e XYZQ118S

MEM. —

File Tools

4
N Geometry

—Mesh
L Solver
Post-processing

Edit

Reload

Puc. 1. I'padiure BIKHO Ta BIKHO MEHIO

['padiune BiIKHO Ma€ HEBEJIUKY MAHENb YIPABIIHHS 31 CTATyCOM-0apoM.

PosristHemo Bcl eneMEHTH NaHedl KepyBaHHsS TIpadiyHOro BIKHA 3J11Ba

HaIpaBo:

1. Select active model (BuOpaTu ait04y MOJEIb - TOOTO TY MOJIENb, 3 SIKOIO B

JAHUM MOMEHT BU MpaIlOBATUMETE).

2,3,4. Set view (ycraHOBUTHU BUTJISI). BOHM BiANOBialOTH 3a MOBOPOT

KOOpPJIMHATHUX oOcel, ToOTO 3a BUOIp Buay. Ycboro icHye 24 Bapiantu. LlicTh

OCHOBHHX MOJXHAa BI/I6paTI/I HAaCTYITHUM YHHOM:

a) kHomnka X (rapsiya kiasimia Alt+X) - Bug +X

b) rapsya xinasima Alt+Shift+X - puris -X



C) xHomka Y (rapsya knasima Alt+Y) — sug +Y
d) rapsua knasima Alt+Shift+Y - Bug -Y

e) kHonka Z (rapsiya kiaima Alt+Z) — Bug +Z
f) rapsua xnasima Alt+Shift+Z - Burmsg -Z

5. Rotate (moBepHyTH). Pemira BapiaHTIB po3TalllyBaHHSI OCEH JOCSATAETHCS
IUISIXOM HAaTHCKaHHS 5-0i KHOIKU CTaTyc-0apy, a came, HoBOpoTOoM oceil Ha 90
rpaayciB MpOTH TOAMHHUKOBOI CTpuiku (i3 3atucHytuMm Shiftom - 1o
TOJUHHUKOBIN).

6. Set unit scale (BcranoButu oguHuyHUN wMacmrtad). [lg kHOmNKa
Npu3HauYeHa Uil MaciiTaOyBaHHS MOJEl 3a po3MipoM rpadiyHOro BiKHA.
Kopucha mrTyka, SKmio BH 30UIBIIMIM I[iKaBy Il Bac 00JacTh JJsi OUIbII
JETANBHOTO TEPerjsiy, a IMOTIM BUPIIIMIMA MOBEPHYTUCS 10 BUTISLY MOJAEII
IIIJIKOM.

7. Toggle projection mode (IepeKIIOYNTH THIT MPOEKITi). IcCHY€e nBi1 IpoeKIii
- oprorpadiuHe (3a 3aMOBUYBaHHSAM) 1 mepcriekTuBHe. Hikonm HE KOpHUCTyBaBCsS
ITUM.

8. Toggle mouse selection (TMEPEKTIOYUTH BHAUICHHS  MHUIICIO).
BukopucToBy€eThCS IpH 3aBJaHHI T€OMETPii y rpadiyHOMY.

O-12. IIi xHOMKM B3arajxi axkTUBHI. BOHW BHUKOPUCTOBYIOTHCS IS
Bi3yastizallii pe3yJbTariB.

Hani #ige psaok, B SKOMY HalMCaHO, B SKOMY pO3JUIl (MOJYJi) BU 3apa3s
3HaxoauTech: Geometry, Mesh.

[Ticns 1mporo ijme craryc-0ap, y SKOMY BHUIAIOTHCS ITOBIIOMJICHHS TIPO
nporiec modymoBu CiTku Tomo. CtaTyc 0ap TakoX KOPUCHO BUKOPHUCTOBYBATH JISI
neperisiay 3B'S3KiB MK JIHIAMH Ta TOYKaMu a00 BU3HAYEHHS KOOPAMHAT TOYOK,
AK1 3a7aHO B reoMeTpii moxeni. HaBiBmm Muilero Ha JIiHIIO, IO Bac I[IKABUTh,
nouBiThCA B craryc 6ap. Tam Bu moOaunrte Tekct tumy: Line 4 {3, 4}. Tak mo
BiJIpa3y CTaHe 3pO3yMiJI0, 11O IIe JIiHisA 3 HOMepoM 4 e BiJ TOYKH 3 10 TOYKH 4.

AO0o0 HaBeNiTh HA TOUKY. Y craryci Oapi 3'siButhest: Point 4 {1, 0, 1} {cl:0.4}.



Tenmep mepexomumo a0 BikHa MeH0. Bono mae wmenro File, Tools rta
nepemMukad monyiiB (po3autiB) (Geometry, Mesh) 3 KOHTEKCTHO-3aJ€KHUMU
KHOIIKaMH (y TOMY CEHCI, 110 Ha0lp KHOMOK PI13HUM JJI PI3HUX MOJAYJIIB).

Geometry

OCKUIbKHM T€OMETPII0 MOOYIOBH MU PO3MIISAANIM B MOSCHIOBAIBHIN 3amuCII
po3risHeMO ToOyI0BY reoMeTpii Ky 3amaeMo BOYIOBAHOKO MOBOKO Uepe3 .g2eo

daiin, HaMm 3HaH00ATHCs uie Al kHonku: Edit 1 Reload pucyHok 2.

File Tools

: ‘Geometry j

Elementary entities

Pl

Edit
Reload

Puc. 2. Edit 1 Reload
Knonka Edit Bukiukae pegaktop moTouHoro .geo daitiny. ¥ Windows 3a
3aMOBYaHHSAM I1€¢ OJOKHOT. OJHAK BH MOXETE 3MIHUTH TMPOTPaMy PEIaKkTop y
menio Tools -> Options -> posnin General -> Bxianka Output -> psiok Text editor

command (3amMiHUTH notepad.exe Ha Balll peJakTop):

ME Options - General = X

General Axes ?Out

Geometry

Mesh notepad.exe %s Text editor command
Solver
Post-pro explorer.exe %s Web browser command

[~ Print messages on terminal

WV Save session information on exit

[~ Save options on exit Restore default options |

W Ask confirmation before overwriting files

4 Message verbosity |
untitled.geo Default file name

Puc. 3. HanamryBanHs penakropa.
[licns penaryBanHs .geo ailly BaM HeoOXigHO Oynae Horo 30epertu i
nepe3aBaHTaXUTH, 100 3MiHM HAOYJIM YMHHOCTI Ta BIAOOPA3HIUCH Y MPOTpPaMI.

Jlist mepe3aBaHTaKEHHS TeOMETPii BUKOPUCTOBY€EThCS KHOTIKa Reload.



Mesh
Mopayne Mesh MiCTUTh KHONKHU Jyisi TOOYJOBU CITKH 1 BChOTO, IO 3 HEIO

noB's3ano. Ham 3Ha/100J1THCA

HEv. — X
File Tools
» N
Define
Inspect
Delete
1D
I 3D |
First order

Refine by splitting

I Optimize I
I Optimize (Netgen) I

Partition

Reclassify

Save

Puc. 4. Moayns Mesh

2D - Oynye nBoBUMIpHY (TMOBEpXHEBY) CITKY (aBTOMAaTUYHO BUKIIUKAE
cnoyatky 1D - moOyioBa 0IHOMIPHOT CITKH).

3D - 6ymye TpUBHMIpHY CITKY (aBTOMAaTHYHO BUKIIMKAE crioyaTky 2D).

Second order - moOymoBa CITKHM 3 €IIEMEHTaMH JIPYroro mopsaky (e
MOKJIUBICTh TOOYJOBH CITOK BHIINOTO MOPSAKY - 3-To, 4-T0 Ta 5-To, OJHAK
poOuTHCH 1€ Yepe3 .geo dai.

Refine by splitting - moxpiOHEHHS 3a paXyHOK pO30OMTTS - HAsABHI CIIEMEHTH
CITKH 0'FOTHCSI BCEPEIHHI JIJISi OTPUMAHHS IPIOHINION CITKH.

Optimize Ta Optimize (Netgen) - onTuMi3allis CiTKH, JJis1 OTPUMAHHS OibIIl
AKICHUX €JIEMEHTIB, 3a '"CBOiM" anroputMoM Ta 3a ainroputmMom Netgen'a
BIJIMOB1AHO.

Tools



PosristHemo Ternep 0CHOBHI MOXKIIMBOCTI, K1 Ja€ MeHio Tools.

MEM. — X
: Qpiions Shift+Ctrl+N
——— Plugins Shift+Ctrl+U
E visibility Shift+Ctrl+V
Clipping Shift+Ctrl+C
Manipulator Shift+Ctrl+M
Statistics Ctrl+l
Message Console Ctrl+L

Puc. 5. Mento Tools
Options
[Ipemnporiecop Mae MUPOKUM BUOIp HAJIAIITYBAHB JIJIs1 KOKHOTO 3 MOIYJIIB +
3aranbHi (General) HamamTyBaHHS. 3a YMOBUYAHHSIM CTOSTh TakKi HaJlalITyBaHHS
Bi3yasri3allii CiTKH, IO MIC/Is MO0yA0BH TeTpaeapaibHOTO pO3OHUTTS y rpadiduHOMY
BIKHI MOYKHA IT00AYUTH JIAILE 1IE:

| m C:/Users/ifmit/Downloads/brick.geo = (m] X
|

s XYZQ110S Mesh

Puc. 6. Terpaenpanbna ciTka
3po3yMifio, 1m0 TeTpaeApalibHa CiTKa modymyBanacs. Ale siK 11 po3rJIsHyTH?
3MiHITh HACTYIHI HaJAIITyBaHHS B MeHIO Tools -> po3min Mesh -> Bkiaaka

Visibility -> Surface faces Ta Volume faces:



. Options - Mesh - X

_____________ -

General General Advanced %Vlsibilityi Aspect Color
Geometry e
m W Nodes ™ Node labels
Solver
Post-pro W Lines [~ Line labels
W Surface edges I Surface labels
W Surface faces ™ Volume labels
W Volume edges |Number Vl Label type
W Volume faces 100 Frequency
Elements
0 |0 Rho | Quality range
0 0 Size range
0 Normals
0 Tangents

Puc. 7. 3mineni HanamryBanus Visibility
Tenep citka HaOyna OunpIn nuBLTI30BaHOTO BUrIsiay. 1[o6 mopasy mpu
HOBOMY 3aITyCKy MPOTpaMy HE 3aXOJUTH J0 HAJIAIITyBaHb, iX MOXKHA 30€perTa Ha

JoKajbHIK MamuHi. Pooutskes 1ie yepes merio File -> Save Default Options.

. C:/Users/ifmit/Downloads/brick.geo — O X i

B XY ZSQ 11 @SH AL I Mesh

Puc. 8. 3miHeHi HanamTyBaHHS
Visibility
Visibility — nmyxe xopucHUIl 1HCTPYMEHT, SKHM BH KOPHCTYBaTHMETECS

nysxe yacrto. [liciga noOy0oBU TeTpaeapaibHOI CITKU Ta YBIMKHEHHs Surface faces



ta Volume faces (SKmio I HajgamTyBaHHS IIIE HE BKIIOYEHI, JIUB. BHINE) BHU
no0ayuTe JNHIle TPUKYTHY CITKY Ha IpaHsX napajieienine/a.

. C:/Users/ifmit/Downloads/brick.geo = O X

. - X

| File Tools [
i | FIE visibility - u} X

List browser Tree browser Numeric Interactive Per window

*

— Type Number Name +
Volume volBrick
surfBrick
volBrick
volBrick
2 volBrick
2 volBrick
2 volBrick
1 volBrick
2 surfBrick
3
4 surfBrick
7
8
9
10
12
13
17
21
1 volBrick
Point 2 surfBrick
Point 3
Elementary entities ﬂ Jelete Apply 7
oo - v n
a XY Z Q‘ R iV Set visibility recursively Save current visibility |

Puc. 9. Bikno Visibility

Clipping
[lepeTuH - HareBHO, 1€ OUTbLI BaXJIMBUI THCTPYMEHT MEPETIIAY CITKH, HIXK
Visibility. Amke sk iHaKmie 3ariissHyTH BCEPEAMHY MO, SKIIO HE 3pOOHUTH

po3tuH? Gmsh 103BoJIsIE pOOUTH PO3THH TeoMeTpii 1 CiTku. [HTepdeiic HacTymHUMIA:

@ Ciipping - X M Clipping - X
Geometry  Planes’ Box J Geometry
Mesh Mesh
|Plane 0 :I Wx
1 A Wy
0 B Wz
o c
0 D
™ Keep whole elements I™ Keep whole elements
I~ Only draw intersecting volume layer I™ Only draw intersecting volume layer
I™ Cut only volume elements I™ Cut only volume elements
s
Redraw 7 | Reset | | Rodew | Reozet

Puc. 10. Bikuo Clipping

10



I nns reomeTpii 1 A7g CiTKKM MOXHA 3pobutn nepepis ado miommHamu (Planes) ado
napaneneninenom (Box). [lns nporo notpioHo BUOpaTH BIAMOBIIHY BKIIAJIKY.
Planes. MoxHa 3anaTi 6 ceKydux IUIommH koedimiearamu A, B, C, D 3 piBHSIHHS
wionHu A * x + B *y + C * z + D = 0. MoxIuBO TakoX 1HTEPaKTUBHUN PyX
IUTOLIMH 32 JOTIOMOT'0I0 MHUIlL. {7151 IbOT0 MOCYHbTE MUIICIO 3 JIIBOIO 3aTUCHYTOIO
KHOIIKOIO B TI0JIe BBEJIEHHS Ynciia Jyis koedirienta. Bu mobaunte, sik 3MIHIOETHCS
TUIOLIMHA TIEpepi3y 1, BIIMOBITHO, CaM Mepepi3 CITKH.

Box. Cx, Cy, Cz - koopauHaTH EHTPY ciuHOTO Tapanenemninena. Wx, Wy, Wz —
JIOBKMHU BIJMOBITHUX CTOPIH CHMETPUYHO MO0 HEHTPY.

[Ipnbau3HO Takui MNEepeTUH CITKA IUIOHIMHOK BH OTPUMAETE, BU3HAYMBIIU

koedirieHT D:

. C:/Users/ifmit/Downloads/brick.geo — O e

HEv. — b4
P File Tools
p [Vesh ~
L Nafing
. Clipping - X
t
@ Planes Box
o cx 1 Wx
|0 0000 Cy j4 Wy

[0.0000 cz s Wz

er

der

™ Keep whole elements flitting

™ Only draw intersecting volume layer

™ Cut only volume elements ptgen)

Redraw * | Reset

v ( T s

ca XY ZQ 11 @S A E I Mesh

Puc. 11. 3mina B HanamryBanusax Clipping
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3. HPUKJIAJA POBOTH IMTPENNPOLHECOPA
1. Haruckaemo Ha meHro File.
2.3 Bumagardoro MeHio obupaemo Open abo KopucTaeMmocs
koMOiHaiero kinasim Ctri+0.
3. B cniucky 3HaxoAMMO Manky, B SKii 30epiraroTbest Girypu.
4. TlonBiiHUM HATUCKAHHSAM BIIKPHUBAEMO TIAIKY.
5. [lonBilitHUM HaTHUCKaHHSAM 00UpaEMO QIrypy

00 ‘eonauns 0ekibKox eremenmis icyp

1. Hatuckaemo Ha meHto File.

2. 3 Bumajaoyoro MeHto ooupaemo Merge, Shift+Ctrl+O.

3. Bubupaemo crouatky ofHy ¢irypy, a moTiM TaKUM YHHOM OOHPAEMO
II€ OJIHY .

Biokxpumms nosozo eixkna

1. Hatuckaemo Ha mento File.
2. 3 Bumajgaoyoro MeHto oonpaemo New Window.

Po3zoinenns sikna

1. Hatuckaemo Ha BikHO File.

2. 3 Bumajarouoro BikHa obupaemo Split Window => Horizontally mns
ropu3oHTaabHOrO0 posauieHHs, Split Window =>Vertically mns
BEPTUKAIHLHOTO PO3/ILICHHS.

36€D€3/C€HH}Z npoekniy

1. Haruckaemo Ha meHro File.

2. 3 BHIaar04yoro MeHto ooupaemo Save As abo Ctrl+S.
3. Bubupaemo manky, B Iky BUKOHA€TbCS 30€piranHs; .

4. B mone Im’s daiiay 3amaemo im’ s Mo,

5. HatucayTtn kxHONIKYy COXpaHHTH

3axkpummsi npoexmy

1. Hatuckaemo Ha menio File.

2. 3 BHITa1al0490r0 MeHto ooupaemo Quit.

12



[Ticns BigkputTsa Girypu Mu Ha eKpaHi 0a4UMO HACTYITHE 300paKEeHHS
(Puc.12).

- D:/Aunnom_23_6akanaep/d/Proga/demos/transfinite.geo — O

M. — X

‘ File Tools

\: |Mesh ﬂ

Define

Inspect

Delete

1D

2D

3D

First order

Second order

Refine by splitting

Optimize

Optimize (Netgen)

Partition

Reclassify

Save

—

wXYZQ118S Mesh Ruled surface 19 {1,18.9,14} (Physical: 101 }

Puc.12. Burnsg po6ouoi naneni
106 po36utu dirypy Ha CE motpiOHO HaTHUCHYTH Ha KHOTIKY «2Dy,

BUKOHY€EThCA AuCKpeTu3aist Girypu B 2D-mmomuni (Puc.13).
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. D:/Aunnom_23_6akanasp/d/Proga/demos/transfinite.geo — O X

M.

File Tools

: |Mesh

Define

Inspect

Delete

1D

2D

3D

First order

Second order

Refine by splitting

Optimize

Optimize (Netgen)

Partition

ure Extruded

Reclassify

£\ X Save

e XYZSQ11@®SH A LI Mesh Plane 61 {58,1,52,29} ‘

Puc.13. 2D-po30utTs

106 po36utu dirypy Ha CE moTpiOHO HaTUCHYTH Ha KHOTIKY «3 Dy,

BUKOHYEThCA AucKpeTu3aiis Gpirypu B 3D-mmomwmni (Puc.14).

. D:/Aunnom_23_6akanaep/d/Proga/demos/transfinite.geo = (] X

“. M. —

‘ File Tools

: IMesh :I

Define

Inspect

Delete

1D

2D

3D

First order

Second order

Refine by splitting

Optimize

Optimize (Netgen)

Partition

Puyee Extruded Reclassify

EF X

Save

e XYZS11@SH AL I Mesh

Puc.14. 3D-po36utTs
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JIJ1st OMiMIIeHHsT TOMOJIOTTYHOI SIKOCT1 CITKM MOTPIOHO HATUCHYTH KHOIIKY

«Optimizey (Puc.15).

- D:/Auvnnom_23_6akanasp/d/Proga/demos/transfinite.geo = O

wXYZSTIEBSKADPI

Mesh

1. M. —

File Tools

: |Mesh

~

Define

Inspect

Delete

1D

2D

3D

First order

Second order

Refine by splitting

Optimize

Optimize (Netgen)

Partition

Reclassify

Puc.15. Oorumisaiis CiTKH

Save
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