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KomMrr roTepHa MoJiellb ypaxyBaHHS HAyKOBOI TisSUTBHOCTI MPAIliBHUKIB CHCTEMH
OCBITH

X. O. Adanaceena, O. I0. Mopo3, O. I'. Toncrony3pka

Xapxiscokuii HayionanvHuu yHisepcumem imeni B. H. Kapaszina, matioan Ceob6oou 4, m. Xapkis, 61022, YVrpaina
e-mail: krisaaf98@gmail.com

PoGora mpucBsdeHa orisigy Ta aHali3y pecypciB HaykoBoi iH(popMamii, JOCHIIKEHHS MOXIMBOCTEH PO3pOOKH TOIAaTKOBHX
iHpopMamiifHNX MacuBiB Ha 0a3i ICHyIOUHMX JKepen HaykoBol Ta HaykoMmeTpu4Hoi iHdopmamii. B pamkax poGorn
3aIPOINOHOBAHI MiIX0IU 30epiraHHs HayKOMETpHYHOi iH(opmaii, cnoco0n OTpUMaHHS JaHUX, IO JO3BOJIUTH ONTHMI3YBaTH
00poOKH.
Pesynprarom poboTH € KOMIT'TOTepHa MOJIENb, 10 HAJIA€ MOKIIMBICTH 30epiraHHs HayKoBOi iHpopMarii B 6a3i JaHUX, a TAKOXK
BHUKOPUCTaHHS pi3HOro (YyHKIiOHATY, SK Ha IpaBax agMiHiCTpaTtopa 0a3M IOaHUX, TaK 1 Ha IpaBax KOpHCTyBada, 3a
JoroMoroo popodienoro kiienta C ++. Mozens npartoe 3 inopmariiHuMu MacuBamy, siki GopMyroThest Ha 6asi pecypceiB i
MicTATh 0i0iOMEeTpHYHy 1 HayKOMETpHYHY iH(QOpMaLilo i MOXXYTh BHCTYNAaTH IapaMeTpaMy, sKi 3JaTHi BIUIMBATH Ha
NPUHHSATTS PillIeHb Ta PO3LIMPEHHS CIEKTPa MOXIIMBOI CITiBIpalli BUCHUX.
Knwwuosi cnoea: xomn'romepna mooenn, Kiienm, ponv, perayiina 6aza 0anux, iHGopmayis, pecypc, HOWYK, Onmumizayis,
iHgopmayitinuli macus, 36epicanus, npeomemua obnacmoe, iHoekc Xipwa, Scopus, Web of Science, mayxomempuunux
nokasuuku, oasa oanux, MySQL, 3anum, mooyas, apximexmypa, C ++.

Pabora mocesimena 0030py W aHAIM3y PECYpCOB HAaydyHOH HWH(OpMAIMH, HCCIECIOBAHHIO BO3MOXKHOCTEH pa3paboTKu
JIOTIOJTHUTENBHBIX MH()OPMAIIMOHHBIX MAacCHBOB Ha 0a3e CYIIECTBYIOIIMX HCTOYHHKOB HAyYHOH M HAyKOMETPHUUECKOH
nHpopmarmu. B paMkax paboThl IpeIoKeHbl MOAXOABI XPaHEHUS] HAYKOMETPHIECKOH MH(pOPMALUH, CIIOCOOB! HOIyYeHHS
JaHHBIX, YTO MO3BOJHUT ONTHUMHU3MPOBATh BpeMsi paboThl ¢ MH(pOpPMaNUeld ¥ NPUBIEKATh MEHBIIE PECYpCOB IS peaTU3aliy
paboT 1O MOKCKY HAYYHOU MH(OPMAIIMU U TIOCIIEAYOIIEH ee 00paboTKH.

Pe3ynbTaToM paboThI SBISAETCS KOMIBIOTEPHAS MOZEIb, MPEJOCTABIISAIONIAsS BO3MOXKHOCTh XpaHEHHsI Hay4YHOH HH(pOpMALUH B
0a3e DaHHBIX, a TaKXKe HCIOJIb30BAaHUE PA3IMYHOro (YHKIMOHANA KaK Ha MpaBax aJMHUHHCTpaTtopa 6as3bl JaHHBIX, TaK U Ha
MpaBax II0JIb30BATENS, TTOCPEACTBOM paszpadoranHoro kimmeHra C++. Monens paboraer ¢ MHGOPMAIMOHHBIMH MacCHBaMU,
KOTOpbIe (OpMHUPYIOTCS Ha 0a3e pecypcoB W COAEPKAT OHMONMMOMETPUUECKYIO0 H HAYKOMETPHUYECKYI0 HH()OpMANUIO H MOTYT
BBICTYNaTh MapaMeTpaMH, KOTOPbIE CIIOCOOHBI BIMATh Ha MNPHHITHE PEUICHHH W pACUIMPEHHs CIEKTPa BO3MOXKHOTO
COTPYAHHYECTBA YUCHBIX.

Kniouesvie cnosa: xomnviomepnas mooensb, KIUEHM, pPOlb, DelAYUOHHAs 6a3a OAHHbIX, UHGOpMayus, pecypc, NOUCK,
onmumuzayusl, UHGOPMAYUOHHBII MACCUS8, XpaHeHue, npeomemuas obaacms, unoexc Xupwa, Scopus, Web of Science,
HayKomempudecKkue noxkasamenu, basa oannvix, MySQL, 3anpoc, mooyas, apxumexmypa, C++.

The work is devoted to the review and analysis of resources of scientific information, the study of the possibilities of
developing additional information arrays based on existing sources of scientific and scientometric information. As part of the
work, proposed approaches for storing scientometric information, methods for obtaining data which will optimize the time of
working with information and require less resources for the implementation of the search for scientific information and its
subsequent processing.

The result of the work is a computer model that provides the ability to store scientific information in the database, as well as
the use of various functions as a database administrator and user rights through the developed C++ client. The proposed model
of accounting for scientific activity has the following functional capabilities of software modules: introduction of new and
removal of outdated information into a database; submitting information based on some criteria. The architecture of a
computer model consists of such software modules as the user role definition module, the database administrator module, and
the user module. The model works with information arrays, which are formed on the basis of resources and contain
bibliometric and scientometric information and can act as parameters that be able to influence decision making and expand the
range of possible cooperation of scientists.

The application of the developed computer model allows organizing a flexible search for scientific information in the field of
education.

Keywords: computer model, client, role, relational database, information, resource, search, optimization, information array,
storage, subject area, Hirsh index, Scopus, Web of Science, science metrics, database, MySQL, query, module, architecture, C
++,

1 Beryn

BypxnuBuii po3BUTOK iH(OpMAIIMHUX TEXHOJOTiH, IX BIPOBAKEHHS B YCi cepH JHOACEKOro
JKUTTS B OCTAHHI POKH MPUBENU 0 PI3KOrO PO3IMIMPEHHS MOHATTS OOPOOIIOBAHUX B KOMIITOTEPHHX
cucTeMax 3HaHb. JSIKIIO Ha I@OYaTKy MHHYJIOTO CTOJITTS 3arajbHa CyMa JIIOACBKUX 3HaHb
ITOIBOIOBAJIACS MPHUOIM3HO KOXKHI IT'ATIAECAT POKIB, TO B HACTYITHI POKH - KOXKHI IT'SITh poKiB. Came ToMy
MOCTa€ MUTAHHS CTBOPEHHS METOIB, SIKi JOOMOXYTh palliOHAIEHO OpraHi3yBaTH NpoLec 30epeKeHHS
Ta omepyBaHHA iH(POpMAITi€ro.

© Adranacbesa X. O., Mopos O. 1., Tonctonyabka O. T, 2019
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3 KOKHUM POKOM HayKoBa iH¢opMarlisi 3pocTae B CBOiX oOcsrax, crae Bce OimpIe IOCHIiAIB i
nyOuikalii 3a pisHUMHU MIPEIMETHUMH HamnpsMKaMH, B HACIIIOK IBOTo 30UIbHIyETHCS moTpeda 00Ky
HaYKOMETpHYHOI iH(opMariii.

Po3BHTOK 1 BHKOpPHCTaHHS HAYKOMETPHYHHX 3HAHb CYYaCHUMH NH(PPOBUMH TEXHOJIOTiSIMU
JIO3BONIUTH c(opMyBaTH BCeOIYHMI TMOTISIA HA aHa3 MyOJNiKamiifHOT aKTHBHOCTI Ta MOJIMBICTB
MOJANBIIOTO0 BUKOPUCTAHHS OTPUMAaHUX JaHUX AJIsl IPUAHATTS BaKIMBUX YIPABIiHCHKUX PIlICHB.

Memorw pobomu € CTBOpEHHS KOMIT IOTEPHOI MOZENi sl onTuMizamii iHpopmarii mpo HayKOBY
TSTBHICTD MPALliBHUKIB CHCTEMH OCBITH B paMKax (pakynbTeTy KOMIT IOTEPHUX HaYK.

2 ApxiTekTypa KOMII'I0TepHOI Moaei

OCHOBHI LiJILOBI TPYIIH:

* aaminicTparop b/1;

* KOPHUCTYBaYl, SIKi IIKaBJISATHCS HAYKOBOIO AisTIbHICTIO.

Buxozsuu 3 rpynu, 10 K01 BiIHOCHTHCA KOPUCTYBAaY, BiH BOJIOJIE Pi3HUM (YHKLIOHATIOM 110 POOOTI
3 pecypcom (auB. Tabm. 2.1).

Tabnuys 2.1 — Mooscausocmi kopucmyeauis pecypcy.

DyHKIIOHA KopucrtyBau | AaminictpaTop
[lepermsin indopmariii 3a pi3HUMHU MOMTYKOBUMH KPUTEPISIMH + +
JonaBati/Bunanstu iHpopMmaiiito aBTopiB — +
Jonasati/Bumanstu indopmaitito myOmikariit — +
HonaBatn/Bunanaru iHdopmailito KypHaIy — +

ADpXITEKTypa KOMIT'IOTEPHOT MOJEJI CKIAJa€ThCs 3 TAKUX MPOTPAMHUX MOJYNIB, SK MOJIYJb
BHU3HAYEHHS POJIi KOPUCTYyBava, MOIyJb aIMiHICTpaTopa 06a3u JaHUX Ta MOIYJIb KOPHUCTyBaya.

Mogynp BHU3HAuYeHHs pOJIi KOpUCTyBada iJieHTU(IKYye aaMiHicTpaTopa Ta Hala€ MOXKIUBICTB
BHECEHHS 3MiH 70 0a3W MaHWX, YM BIIXWJISE 3alUT 1 JO3BOJISIE JIMINE Tepersin iHopmarii 3a
BUOpaHUMHU TMapameTpamu. Monyns aaMiHicTpaTopa 0a3W JMaHuX peaiizye (yHKIi BHECEHHS Ta
BUJAJICHHs 1H(opMarii 3 0asu gaHux. Mojayib KOpPHUCTyBauya JIO3BOJISIE OTPUMATH iHGOpPMAIlO 32
PI3HUMH KPHUTEPISIMU TOIIYKY.

2.1 Moay.sib BU3HAYEeHHS PoJti

I'onoBHA CTOpiHKA MICTUTh €JIEMEHTH 3 SKMMH € MOXKJIUBICTh B3AEMOJIISATH, a CaMe:

* [Tosst st aBTOpU3AILLIT;

e kHomka «Loginy;

* kHonka «llomyk B B/]».

Konu kopucTyBay BHOCHTh KOPEKTHI JIaHi, SIKi BKJIFOUEHI B TaOJIMIIIO aIMIHICTpATOPIB B 0a3i TaHUX,
JUTSL aBTOpH3allii Ta HaTHCKae KHONKY «Login» 3’sBis€Tecss BIKHO IiATBEP/DKEHHS (IMB. pHC.) Ta
BiIKpUBAEThCa cTopiHka «KabiHer ammiHicTpatopa» — Momynb amMiHictpartopa (mmB. puc.4.1l). B
BHIIAJIKY KOJIM JaHi HEKOPEKTHI 3’ IBIs€TEC BIKHO MOMIJIKH (auB. puc.3.3) .

a-' Tonosra

Sing in

Usemame ‘ |

Password ‘ |

Puc.2.1.1 I'onosna cmopinka
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Aocrtyn HagaHa!

Puc.2.1.2 Bixno xopexmuoi asmopuzayii

Aoctyn zaéopoHeHolHekopekTHI A4aHi. [T0OETOPITE FanuT

Puc.2.1.3 Bixno nomunku agmopusayii

Hatuckatoun Ha xHomky «llomyk B BJl» KopucTyBau omnmHsETeCSs Ha CTOPIHII MOIYJS
KopucTyBaya(aus. puc.5.1).

2.2 Monyas aaminicrpatopa B/l

Cropinka «KabiHeT agMiHiCTpaTopa» MiCTHUTB:

* Bknagku «Jlomatu» ta « Bumanutuy;

* [Tanens BuOopy «loxanus indopmanii» Ha Brnaami «Jonatmy;
* [Tanens Bubopy «Bunanenns ingopmarii» Ha BKiIaani «Bunanutiy;
* Knonky «Ha ronosny» Ha Briaani «Jomatmny;

» Knomnky «36epertu» Ha BKiani «JdomaTm»;

* [Tonst 1715t BHECEHHS Ta BUOOPY JaHWX Ha BKIaALi «JlomgaTuy;

* Knonka «Ha ronoBay» Ha Bknaami «Bugamutny;

* [Tonst 1715t BHECEHHs Ta BUOOPY AaHUX Ha BKIanui «Bupanutuy;
« Knomnka «Buganutn» Ha BKiIaal «Bumamutmy.

 Horam || Buganima

Loparing indoprali

O Iopam Hosoro asTopa
() Npopam Hosy nyGnuKaLiio
() Nppa™ HosWA kypHan

Puc.2.2.1 [louamrosa cmopinka «Kabinem aominicmpamopa»

- |

LlonanHs HgopmaLi

(O Mogam Hosoro aBTopa
@ e D
(O Monam HosWiA XypHan

Puc. 2.2.2 Cmopinka «Kabinem aominicmpamopay nanens «/Jooamuy
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[Tanens Bubopy «lomanns iHdopmarii» Ha BkiIaami «/Jomatn» mae Tpu Bapiantu Bubopy «lomatn
HOBOTO aBTOpay», «/logatu HOBy myOuikamito» Ta «/onatu HOBuUit KypHA».

Ko KopucTyBad He 3poOMBIIM BHOIp HATHCKAa€E KHOMKY «30epertTi» 3 ABISETHCS BIKHO
norepemxeHHs «O0epiTh Mito» (IUB. PHUC)

OEepite giw!

Puc.2.2.3 Bixno nonepedcenns « Obepimo 0ito»

[Ipu BuGOpI nepuioro Bapianty «/lomatu HOoBoro aBTopa» Ha cropiHui «KaOiHer agmiHicTpaTopa»
3’SBJISIFOTHCS BIJINOBIIHI TIOJIs1 BHECEHHS Ta BUOOPY naHux(auB. puc). [Toss BUOOPY TpaHCIIOOTh 3 0a3u
JaHWX BiNOBiAHY iH(opMarito (1uB. puc)

[licna BHeceHHs AaHUX B MOJS BBOAY Ta BUOOPY HATHUCHYBILM KHOIIKY «30epertu» 3amuc Oyze
JIoJaHo B 0a3y JaHUX Ta KOPUCTYBad OTPUMAE IOBIIOMIJICHHS IO YCIIIIHE AONAHHS 3amucy (IuB.

puc.).
Donam | Buganum
LlonaHHa iHpoptaLi FU0

) Nonam Hosy nySnukavio Full name

| |
(® [opaw Hosoro asTopa nis | |
| |
| |

O [onam HosuA xypHan
email

YHisepcuTeT

ParynsTeT

Kamenpa

BugHe sBaHHRA

ID SCOPUS

ID Wa§

=

Puc.2.2.4 Cmopinka eubopy «Jooamu nosozo asmopay

VhisepouTeT

1. ¥XHY im. B.H. Kapasit:

ParyneTeT 2 HTY XN
3. XHYTIC
Kadenpa 4. XHEY im. C. Kyareun

5. HauioHansHWiA 0pMANHHAA YHIBEDCUTET M
B 6. XHALLY
ueHe SBaHHA 7 XHY iweri © G G

ID SCOPUS

ID Wos | |

Puc.2.2.5 Ione subopy danux « Yuisepcumemy» na naneni «Jooamuy

Buetie sBaHHA

IDSCOPUS  |pTH
LoLEHT
ID Weos npogeccop
4.TH.Npogeccop

Puc.2.2.6 Ilone 6ubopy danux «Buene 36anusny na naueni «/Jooamuy
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[ Donam | Bagamim |
DonaHHa HbopMaLi PU0 |.ﬁmaHacbeaa KpucTuha AnexcaHaposHa |
® [ogawm Hosore asTopa nie |AmaHat::eﬁa ¥puctuna OnexcaHapisHa |
) Dogam Hoey nynaaLyio Full rime |.N'anaseva Krystyna |
® TETET S email |krisaaf‘33@gmai|.com |
Vrisepeuter |1 ¥HY im. B.H. Kapasina v|

PakyneTeT |°PKH |
Kapegpa  [TTIC |

Buere spaHHA |l hd |

1D SCOPUS | |

ID WoS | |

Puc.2.2.7 Buecennsa Hogoeo asmopa

3anuc gogaHo!

Puc. 2.2.8 Bixno ycniuino2o dodanns Ho6oz2o 3anucy 6 b/

[Tpu BuGOpi npyroro Bapianty «Jlonatu HOBy myOutikamito» Ha cTopinii «KabiHeT agMiHicTpaTopay
3’SBJISIFOTHCS BIATIOBIHI OISl BHECEHHS Ta BUOOPY naHuX(nuB. puc). [lons BuGopy TpaHCIIOOTH 3 6a3u
JaHMX BiANOBIAHY iH(OpMaLito (IUB. pHUC)

[Tanens BHOOpPY HayKOMETpU4YHOI Oa3u Mae Tpu BapiaHTh: «SCOPUS», «Wo0S» Tta «Null».B
3aJIe)KHOCTI BiJ 1bOro BUOOpPY iH(opMarllisi Oyae BHecEHa JO BIJAMOBIIHOI TAOMUIl Ta 3 PiI3HUMH
3HAaYCHHSIMHU BiJIIOBIAHUX aTpUOYTiB.

DOopam | Baganam
Jloparn iHpoprani Hassa nyGrikaui |

® Mopam Hosy nySnukaLiio Pessionma

() Mopam Hosmit xypHan

\

(O Mopamw Hosoro asTopa LeTop ‘ v|
\
MpeametHa ofin ‘

Hata

[19.05.2019 B+

KypHan

HaywomeTpiuna Gaza
O Scopus () WoS O Null

:'I

Puc.2.2.9 Cmopinxa subopy «/Jooamu nogy nyouixayito»

Slkmio HaykomeTpruyHa 6a3a He 0OpaHa 3’ABUTHCS NONIEPEHKEHHA(INUB. PHC.)
Ilicns BHECeHHsI TaHUX B TOJIS BBOJY Ta BUOOPY HATHUCHYBIIM KHOTKY «30epertm» 3amuc Oyne
JI0JIaHO B 0a3y NaHUX Ta KOPUCTYBad OTPHUMAE TIOBIJOMIICHHS PO YCIIIIHE JOJAHHS 3amucy (AuB.

puc.).

PApTop | |\'|
1. Wmamkoe C.1. ~
Pekgianmi 2 Kyayk H.T. ]
3. ToncTonyaexa 0.
MpearmetHa ofin. 4. Beparikos AT
5. Mopos O. 10,
6. Napwerues B.B.
Oata hd
A s

Puc. 2.2.10 Ionre subopy oanux «Asmop» na naneni «/Jooamuy
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MpegmeTHa ofin. | | w

1. Computer Science ~
2. Materials science
L 01 3. Muttidisciplinary
4. Physics and astronomy
5. Mathematics
ST &. Engineering
g 17 Enemy

pury
w
[=]

Puc.2.2.11 Ione subopy danux «IIpeomemna obnacmey na naueni «Jooamuy

KypHan a Mosimpanux Cun 38palinne Cian Ykpaiius |E%

1. Hayikoso-TexHivHMi xy)
2. Computer Science and Cybersecurity

3. ChcTeri yMpaBNIHHA Ta 38 ASKY | HafﬁoﬁH
4. Monogwid BUEHWIA | HayKoBWI XypHan.

5. CyyacHi iHpopmMaLiiHi cCTEMM © HayKoB0-
6. Bichvk Xaprisckkoro HaWoHansHoro yHIBE -

Puc. 2.2.12 Ilone subopy danux «Kypuanr» na naneni «/Jooamu» npu eubopi naykomempuunoi 6asu « SCOPUS»
abo «\WoSy»

KypHan a MNositpanu Cun 36poiinu Cun Yiepainus

1. Haykoso-TexHidHWA kypHan «Hayka i TexHils
2. Computer Science and Cybersecurity

3. CvcTemu yrpaBniHHA Ta 38 ASKY | HAYKoB

4. Monomi BueHMiA © HEYKOBWIA XypHEDN.

5. CyuacHi iHPopMELIRHI CUCTEMM | HayKoBO-
6. BicHK XapKiBCEKOMo HEWOHANEHOT O YHIBE "

Puc. 2.2.13 Ione subopy danux «Kyprany na naneni «Jooamuy 0iis 10KAN6HUX JHCYPHANIG

OEepiTe HayKoOMETpPUYHY Bazy!

Puc. 2.2.14 Bixno nonepeocenus 6ubopy Haykomempuuroi oasu
Sxmo xopucTyBad obupae Tperid BapiaHT «Jlomatm HoBHMH >XKypHam» Ha cropiHui «KaOiHeT
aJIMiHICTpaTOpa» 3’ SIBJISIOTHCS BiIOBIIHI MOJIS BHECEHHS JaHUX(IUB. PUC).
[licna BHECEHHS JaHUX B IOJIS BBOJY HATHCHYBIIHM KHOIKY «30epertu» 3amuc Oyzae nogaHo B 0azy
JaHMUX Ta KOPUCTYBAa4 OTPUMAE MTOBIIOMJICHHS PO YCHIIIHE JOJaHHS 3alKcy (AUB. pHC.).

opam | Buganum
TopaHHA iHbopmaLil Hassa | |
O [Opaam Hosoro asTopa MicTo | |

) Oppam Hosy nySnvkaLiio

@ [opam Hoewit xypHan

Puc. 2.2.15 Cmopinxa eubopy «/Jooamu HO8ULL JCYPHATLY

ITanens BuOOpY «BunmanenHs iHdopmarii» Ha Briaii «Bumanmutu» Mae Tpu BapiaHTH BHOOPY
«Bunanutu aBropay, «Bunanutu myOmikariiro» Ta « BUganuT xxypHam.
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Skmio KopucTyBad He 3pOOMBIIM BHOIp HATHCKAa€E KHOMKY «30epertu» 3’SBISETHCS BIKHO
noriepekeHHs «O0epiTh Nito» (JUB. PUC)

[Ipu BuboOpi mepmoro Bapianty «Bupamutu aBTOpa» Ha ctopinui «KabiHer agminicTpaTopay
3’SBJISIETHCS BIAMOBIAHE MoJie BUOOPY «ABTOp» (muB. puc). IHdopMarllist mossi TpaHCTIOEThCS 3 0a3u
JAaHUX (IUB. puC)

[licns BuOOpy HaHMX B MOJMI HATHCHYBIIM KHOMKY «Bunmanutw» 3amuc Oyne BupaneHo 3 B/ Ta
KOPHCTYBa4d OTPHMAE TIOBITOMIIEHHS IO YCIIITHE BUIAICHHS 3aIUCy (IUB. PHC.).

Hogam | Bumanum

BuaaneHHs iHopravil
) Bupanvmv astopa
) Bupanami nyGnukaLio

() Bupanumi xypHan

Puc. 2.2.16 Cmopinxa «Kabinem aominicmpamopay na naneni « Buoanumuy

3anwc EmgansHo!

Puc. 2.2.17 [logidomnennsa npo ycniwne 8U0aIeHHs 3anUcy

AsTop 11. Bynagin [.0. | v
~

Puc.2.2.18 Ilone subopy «Aemop» na naneni « Buoanumuy

MyGnikaws || | v

7. Mogens iHpopmMaLiiiHol CTPYKTYPM MNEpKOHBEPreHTHE A,
8. Mogens iHpopMaLIAHOI CTRYKTYPM MiNepKoHBEpT eHTH:

5. Development of graphic-analytical models for the softw,
10. Development of software of edeaming information syste
11. Development of software of edeaming information syst

Puc. 2.2.19 Hone subopy «Ilybnixayis» na naneni « Buoarumuy

KypHan | | v
1. HaykoBo-TexHiuHWiA xypHan «Hayka i TexHika Mosimpar -
2. Computer Science and Cybersecurity
3. CMGTEMW YIPABNIHHA Ta S5 ASKY |
4. Monogwil BYeHWiA © HayKoBWA XypHan.

5. CyuacHi iHPpOpMAaLiiHi CHCTEMIM | HAYK OBO-TEXHIYHIA !

6. BicHuk XapkiBcbKoro HaLioHANEHOr0 YHIBEPCUTETY Mg o

Puc. 2.2.20 Ilone subopy «Kyprany» na naneni « Buoanumuy



BicHuk XapkiBcbkoro HawioHanbHoro yHiBepcuteTy iMeHi B. H. KapasiHa, 2 0 19 11

Oopama | Buaanuma

Buaanerta iHpopmMaLy’
AsTop

® Bupanumi asTopa

O Bapanam nyBnukalsio

) Bvmanum xypHan

Puc.2.20.21 Cmopinka eubopy «Budarumu asmopay

Bupanum

BuaaneHHa iHpopmaLsi
MyGrikawa | w |

() Bupanuma asTopa

(@ Bunanam nyGnukavio

) Buganima xypHan

Puc. 2.2.22 Cmopinka eubopy «Buoarumu nyonikayiioy»

[Ipu BuOOpi anmminicrpatopom BJl apyroro Bapianty «Bupamutu myOiikaimiro» Ha CTOPIHII
«Kabiner agminicTpaTOpa» 3’ABISIOTBCS BignoBigHe mone BuOOpYy «IlyOmikamis» (quB. pHC)

iH(popMalis B sIKe TpaHCIIIOETbCA 3 Tabnuui /1.
[licna BubOpy HaHMX B MO HATHCHYBIIM KHONKY «Bumanutu» 3amuc Oyne BupaneHo 3 b/ ta

KOPUCTYBau OTPUMAE MOBIJJOMIICHHS [P0 YCIIIIHE BUAAJICHHS 3aMucy (IIMB. pHC.).

Buganim

BunanexHa iHpopmaLil

KypHan

() Bupanvmi asTopa
() Bupamumi nySnukaio

(@) Bupanuma xypHan

Puc. 2.2.23 Cmopinxa eubopy « Buoanumu scyprany



12 Cepisd (MaTtematnyHe MofentoBaHHs. [HchopmaLjinHi TexHonorii. ABTOMaT30BaHi CUCTEMM YNPaBIiHHSY, BUMYyCK 41

Sxmo amgminictpatop BJ] oOupae tperiit BapianT «Bumamntu xypHam» Ha cropinmi «Kabiner
aZIMiHICTpaTOpa» 3’ SIBJISIOTHCS BiINOBIAHE NOJIs BUOOPY AaHuX «XKypHam» (IuB. puc).

[Ticns BHECEHHS IaHMX B IOJIC HATHCHYBIIHM KHONKY «Bunmamutn» 3amuc Oyzae BupaneHo 3 bJl ta
KOpPHCTYBa4 OTPUMAE MOBIJOMIICHHS PO YCITIIIHE BUTAJICHHS 3aITUCy (IUB. PUC.).

Skmro aaMiHiCcTpaTop HaTHCHE KHOMKY «Ha ronoBHy» Ha Oyab-sikili 3 manenel cropinku «Kabiner
aJMiHICTpaTOpa» BiH ONMMHUTHCS Ha CTOpiHIl «[ 010BHAY» (AMB. puC.).

2.3 Moay.1b KopuCTyBaya
Cropinka «Ilomryk» MicTUTB:
e [lanens BuOOpy «BubepiTh 3amuTy;
oJie BiIOOpaKeHHS pe3y/IbTaTiB 3aMuTiB;
kHomKy «[Torryk»;
KHOTIKY «Ha ronosny»;
OISt A71s1 BUOOPY MOIIYKOBUX JTAHUX.

Bubepits sanuT

(O MyBnikawi asTopa
O MyBnikawi a6Topa 3a BMBPEHWA pik
Puc.2.3.1 Cmopinxa «Ilowyx»

() TyBnixawi 3a snBparumil pix
(O Haykomepuuni noxasHmnky FKH

[lanens BubGopy «Bubepite 3amut» Ha cropiHmi «llomyk» Mae dYoTupu BapianTu BUOOpY
«[TyOnikamii aBropa», «IlyOsikarii aBTopa 3a BuUOpaHuil pik», «IlyOmikaiis 3a BUOpaHHUIl pIK» Ta
«Hayxometpuuni nokazauku @KH».

Skmo kopucTyBau He 3poOHMBIIM BuOIp HaTHcKae KHONKY «llomyk» 3’sSBISETBCS BIKHO
nonepemxeHHs «O0epiTh aito!» (IuB. puc)

IIpu BuOGOpi mnepmioro Bapianty «IlyOmikarii aBropa» Ha cropiHii «llomyk» 3’SBISE€THCSA

BiNIOBiHE T0JIe BUOOPY «ABTOP» (IuB. puc). [Hopmaris mons TpaHCIoeThCs 3 BiANOBIAHOT TaOMUIi
0a3u naHuX (IUB. pHC)

Buepite sanuT
(® My6nixawi asTopa

AeTop | w |

Puc.2.3.2 Cmopinxa eubopy «Ilyonixayii asmopay

(2 Ny6nikawi asTopa sa BMBpaHWA pik
() MyBnixaui 3a snBparA pik
() Haykomepwuti nokastikn FKH
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OBepiTe giwo!

Puc. 2.3.3[lonepeodcenns «Obepimb dito!»

LeTOp | |v
1. Wmamkos C.I.

3. ToncTanyseka 0.1
4. Beparikos AT.

5. Mopos Q. 10.

6. Mapwenues B.B.

Puc. 2.3.4 Ilone subopy «Aemop» ons cmopinku «Ilowyk»

[licna Bubopy naHux Ta HATHCHYTOI KHONKH «llomryk» 3 moiist «ABTOP» 3UUTYEThCA iHpOpMaLis Ta
1o BJ1 Bignpasiserbes HacTynHui SQL-3anut:

SELECT (select fkn_info.info_author.Fio_ua from fkn_info.info_author where

idinfo_author=fkn_info.publications.id_aut) as AsTop,

fkn_info.publications.Pub_name as '"+"Ha3Ba ny6naukauii"+""',

fkn_info.publications.flag_mag as '"+"HaykomeTpuyHa 6asa"+"",

fkn_info.publications.requisities as PekBi3uTu,

(select fkn_info.subject_area.Subject from fkn_info.subject_area where

idSubject_area = fkn_info.publications.SJA)as '"+ HayKosa obnactb"+

year(fkn_info.publications.year) as '"+"Pik BuaaHHa"+"',

(if (((fkn_info.publications.flag | mag = ""+"scopus"+"") or
(fkn_info.publications.flag_mag ""+"wos"+" ")), (select
fkn_info.magazine_in_db.name_m_db from fkn_info.magazine_in_db where
fkn_info.magazine_in_db.idMagazine_in_db = fkn_info.publications.magazine_in),
(select fkn_info.magazines.Name_mag from fkn_info.magazines where
fkn_info.magazines.idMagazines = fkn_info.publications.magazine_out))) as XypHan
FROM fkn_info.publications WHERE id_aut = '" + authCBIn + "' ;

Hani B 061acTe BitoOpaxeHHs TaOIUIb TPAHCIIOETHCS Pe3yabTaT BUKOHAHHS 3alIUTY(JUB. PUC.)

BuBepite sanmT

ABTOp |1. WraaTkos C.1. Y] ‘
® MySnikaui astopa
() MyBnikaui a5Topa sa BMBPaHMA pik
MyBnikcaLit Gparmii pi
) M e LeTop Hazga nyfnikaui g‘:;:OMequa Pexsizum z
O Haykomepmuri nokastikk PKH -
Mogens iHpopmMaliiiHal cTp... |non Bun. 2(48).-C.9... |Q

Wrmatkos C.1. Development of software of .. [non T.2HN2-C1. |C
Lmamsos C.1. Structural model of the non{... |non Ne30-C 514
Wramkos C.I Mokasatens sggexeHOC... [non W=2 (15). -C. 108
Wmamsos C.1. MeTommKa onpeaeneHiA Tp... [non N=8 (133 C 115
Wramkos C.1. PaspafioTka maTemamiueck... [non M=§(134)C123-..

Puc. 2.3.5 Pezynomam sanumy «Ilybnixayii asmopay




14 Cepisd (MaTemaTnyHe MofentoBaHHs. [HchopmaLjinHi TexHonorii. ABTOMaT30BaHi CUCTEMM YNPaBIiHHSY, BUMYyCK 41

OOwuparoun apyruii BapianT «IlyOmikamii aBropa 3a BuOpanumii pik» Ha crtopinmi «Ilomryk»
3’BJISIETHCSI BIAMOBIAHI MOJIsl BUOOPY «ABTOp» Ta «Pik» (auB. puc). Indopmanis nomist BU6opy «ABTOp»
TPAHCIIOETHCS 3 BiAMOBIAHOT Tabmuii b/l (quB. puc)

Bubepite sanut

O NyGnikawi asTopa
®) MyGnikaui asTopa 3a sMBpaHMIA pik i -05-2019
O MyGnikaui 3a BAGpaHA pik

O Haykomepuuni nokasHikn PKH

LeTop |

Puc. 2.3.6 Cmopinxa eubopy «IIybnixayii asmopa 3a subpanuii pik»

|01.04.2019 | E~ |

1 Anpene 2019 4

Ma Br Cp Y7 Mr C6 Be
25 26 27 28 29 30 A
2 3 4 35 68 7
& 910 11 12 13 14
15 16 17 18 19 20 21
22 23 24 25 26|27 28
20 30 1 2 3 4 5
[ Cerogns: 19.05.201%

Puc. 2.3.7 Ilone eubopy «Pix» ons cmopinku «Ilouyx»

[licna BuOOpy naHux Ta HaTUCHYTOI KHONKHM «llomyk» 3 moniB «ABTOp» Ta «Pik» 34HMTyeThCA
inpopmanis ta 1o b/l Binnpasnserscs HacTynHui SQL-3anuT:
SELECT (select fkn info.info author.Fio ua from
fkn info.info author where
idinfo _author=fkn info.publications.id aut) as AmTOp,
fkn info.publications.Pub name as '"+"Haszpa nyOamkauii"+"',
year (fkn info.publications.year) as Pik,
fkn info.publications.flag mag as '"+"HaykomeTpmdHa 6Gasza"+"',
fkn info.publications.requisities as Pexmisurn,
( select fkn info.subject area.Subject from fkn info.subject area

where idSubject area=fkn info.publications.SJA)as '"+"HaykoBa
obmnacTp"+""',

(1f (((fkn_info.publications.flag mag ="'"+"scopus"+""'") or
(fkn_info.publications.flag mag =""+"wos"+" ")), (select
fkn info.magazine in db.name m db from fkn info.magazine in db
where

fkn info.magazine in db.idMagazine in db=fkn info.publications.ma
gazine in), (select fkn info.magazines.Name mag from

fkn info.magazines where fkn info.magazines.idMagazines=
fkn info.publications.magazine out))) as XypHan
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FROM fkn info.publications WHERE
year (fkn info.publications.year)=
'"+DateforDB+"' and id aut='" + authCBIn + "';

Jaui B 00:1acTh BioOpaXKeHHS TaOIUIh TPAHCIIOETHCS PE3yJIbTaT BUKOHAHHS 3aTUTY(JIUB. PHC.)

BuGepite 3amat

) MyGnikaui asTopa
®) TyBnikawi asTopa a BMBPaHWA pik Fik |19.D5 2018
) MyBnikawi 3a BUBPaHAA pik

Batop (2 Kywe H.T.

Haszsa nyBnukaui
) Hayromepuuri nokashnky PKH

Ebex TMBHIC TS ypaBniHHA p

Mopenk iHbopmMaiiHol cTp

Development of graphic-anal...
Development of software of ..

Puc. 2.3.8 Pesynomam zanumy «Ilyonixayii aemopa 3a subpanuii pixy

IIpu Tperpomy BapianTi «llyOmikamii 3a BuOpanuii pik» Ha cropiHmi «llomyk» 3’sBIA€THCA
BiJINIOBiTHE T10J1€ BUOOPY «Pik» (AuB. puc)

Bubepite sariT

) MyBnikawi asTopa

) MyBnikaui a5Topa 33 BUEPaHIA pik i 15.05.2019
(®) MySnikaui 3a BUGPaHAN pik

) Hayromepmuni nokasHikn FKH

Puc. 2.3.9 Cmopinka subopy «Ilybnixayii 3a eubparuil pixy

[Micns BuOopy manux Ta HaTHCHYTOI KHONKHU «[lomryk» 3 moist «Pik» 3untyerhes iHdopMaris Ta
no BJI Bignpasnserbes HacTynmauid SQL-3anuT:

SELECT (select fkn info.info author.Fio ua from
fkn info.info author where
idinfo author=fkn info.publications.id aut) as ABTOD,
fkn info.publications.Pub name as '" + "Haspa nyBaukauii" + "',

year (fkn _info.publications.year) as Pixk,
fkn info.publications.flag mag as '" + "HaykoMeTpuuHa Oaza" +

mwi

fkn info.publications.requisities as Pekeisurnu,

(select fkn info.subject area.Subject from fkn info.subject area
where idSubject area=fkn info.publications.SJA)as '" + "HaykxoBa
obmacte" + "',
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(1f(((fkn_info.publications.flag mag ='" + "scopus" + "') or
(fkn _info.publications.flag mag ='" + "wos" + "')), (select
fkn info.magazine in db.name m db from fkn info.magazine in db
where

fkn info.magazine in db.idMagazine in db=fkn info.publications.m
agazine in), (select fkn info.magazines.Name mag from
fkn info.magazines where fkn info.magazines.idMagazines=

fkn info.publications.magazine out))) as XypHan

FROM fkn info.publications WHERE
year (fkn info.publications.year)='" + DateforDB + "' ;

Haumi B 001acTh BinoOpakeHHS TaOIUIh TPAHCIIOETHCS PE3yIbTaT BUKOHAHHS 3aTUTY(/IUB. PHC.)

Buiepite 3armT

) MyBnikawi asTopa
(O TNynikawi asTopa 3a BuGpaHMi pik Pitc 19.05.2018 El~ |

@& i
S -V e
13 Mogene nporpa... |2018 non H=11 (63
Kyuyw H.T. EpexmsHicTs yn... | 2018 non Bun. 1(47 =
Wiramkos C.| Mogens iHpopr 2018 non Bun. 2(4%
Kyuyw H. T Mogens iHpopr 2018 non Bun. 2(4%
Kyuye H.T. Development of ... | 2018 scopug Nz 2/4(92
Wrmatkos C.1. Development of ... | 2018 non T.2,N=2
Kyuyw H.T. Development of s... | 2018 non T.2 N2
Beparikos Al Mode! of industria... | 2018 non Bun. 3{4¢
Cropos O E. Supemadiance of ... | 2018 wWos N.4 (116 -
< [ [ >

Puc. 2.3.10 Pesynomam 3anumy «Ilyonikayii 3a eubpanuii pik»

[Ipu BuOopi yerBeproro Bapianty «Haykomerpuuni nokasnuku ®KH» Ha cropinmi «llomykx» He

3’BJISIETHCS 11OJIS1 BUOOPY, AOCTaTHHO HATUCHYTHU KHOMKY «llomryk» micis woro no b/l BinnmpasisieTses
HactynmHui SQL-3amut:

select fkn info.info author.faculty as ®dakyneTer ,
fkn info.info author.department as Kadempa,

fkn info.info author.Fio ua as '"+"IIB HAyKOBO-IIemaroriuHoro
npauiBumka"+""' ,

fkn info.info author.id scopus as '"+"ID Scopus"+"',

(select fkn info.info document aut.h Sc from
fkn info.info document aut where
fkn info.info document aut.id auth in

=fkn info.info author.idinfo author )as """ Tumexkc Xipma
SCOpUS"‘l’" v ,

fkn info.info author.id wos as '"+"ID Web of Sciense"+"',

(select fkn info.info document aut.h wos from
fkn info.info document aut where
fkn info.info document aut.id auth in

=fkn info.info author.idinfo author )as '"+"Inmexc T'ipma Web of
Sciense"+"!

from fkn info.info author where fkn info.info author.faculty
=""HTOKH"+"';

Hani B 061acte BitoOpakxeHHs TaOIUIb TPAHCIIOETHCS pPe3yabTaT BAKOHAHHS 3alIUTY(JUB. PUC.)
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Butepite sanut

O NyGnikavii asTopa

O MyBnikavil asTopa 5a BUBPEHAA pik
O NyGnikail 3a sMBpaHWA pix

®) HaykomephuHi nokasHiakn PKH

=

Puc.2.3.11 Cmopinka subopy «Hayxomempuuni noxasznuxu @KH»

Buwiepite sanut

) MyGnikauii asTopa
() My6nikavii a5Topa 33 BuBpaHWI pik
() NMyBnikavii 33 BUGPaHUIA pik

(® Hayxomepiani nokastmkin PKH

o

PakyneteT

BiH

Kamenpa

nie

Haykoso-negaroriat | Scopus

npauiBHWKa

~
Inaeke I

N Scopus

e

DOons TM.

8590313100

lWiran3

Kyinin B. M

7005807989

PKH

MCT

Nasypue B.T.

6701685521

BiH

lWiran3

Nazypuk B.M

6701685920

PKH

EYC

Crepeoenos M.T

6602426638

BiH

lWiran3

Criopos 0 £

65056934301

PKH

e

Kywyx H.T.

57196006131

BiH

nc

llimaTros C

PKH

T0C

Tone

<[

0.

Puc.2.3.12 Pesynomam 3anumy «Hayxomempuuni noxasnuxu @KH»

4 BucHOBKH

Po3BuTOK 1 BHUKOpPHCTAaHHA HAYKOMETPUYHHX 3HAaHb CYYacCHUMH IH(PPOBUMH TEXHOJIOTiIMHU
JIO3BOJIUTH C(OpMyBaTH BCEOIYHMI TOTIISI HA aHaji3 MyOJNiKamiiHOI aKTUBHOCTI Ta MOJJIHBICTBH

MOJJJIBIIOTO BUKOPUCTAHHS OTPUMAHUX AaHUX JAJISl IPUHHATTS BOKIMBUX YIPaBIiHCHKUX PIIICHb.

Came TOMy CTBOPEHHS KOMIT FOTEPHOT MOJIEINI JJIsl ONTHMIi3allii iHpopMarlii mpo HayKOBY JisUTbHICTb

MPAIiBHUKIB CHCTEMH OCBITH € aKTyaJlbHUM Ha ChOTOJIHI.

i mocsirHeHHs! MocTaBjIeHoi MeTH OyJiu BUpilLIEH1 HACTYIHI 3a7a4i:

TJISIHYTI Ta IPOAHATI30BaHI1 Hi METOAX onTUMI3aLil iH Marni;
*DO3 1 Ta MpoaHaIi30BaHi Cy4acHi METOIH O i3awii iHpopmarii

* po3pobiieni UML-aiarpamu MoJielti ypaxyBaHHsI HAYKOBOI JisTBHOCTI;

* 3aIPOTNIOHOBAHA JIOTiKa 30epekeHHs iHdopmartii B b/l ans noganemoi ray4koi 00poOKY 3HAHB;

* po3po0IIeHa KOMIT IOTEPHA peati3allito MOJIelli 3a JOMOMOT 00 O0paHUX TEXHOJIOTiH po3pooku [13;

* IPOBEJICHO TECTyBaHHs po3pobiuenoro I13;
* po3po0JIIeHi IHCTPYKILil KOpUCTYBaua;

* POBEJICHO aHAI3 SIKOCTI Ta MIBUAKO/IiT BUPOOYBaHb PO3POOIECHOI MOJIENI.
Y poboti OyB mpoBefeHUI Mporec pPo3poOKH 1 CTBOPEHHS KOMII'IOTEPHOI MOJIeNi ypaxyBaHHS
HAYKOBOI JisUTFHOCTI MPAIliBHAKIB CHCTEMH OCBITH B MeXaX (aKyJIbTeTy KOMIT FOTEPHUX HaYK.
OnucaHa apxiTeKTypa CTBOPEHOI KOMIT'IOTEpHOI pealtizaiii po3poOIFOBaHOI MOJIENi, OIHCaHI
MO>KJIMBOCTI MOJIYJIB Ta MPECTaBJICHI IHCTPYKIT IUTS KOpUCTYBaya.
B pesynbrari aHamizy SKOCTI Ta MBUAKOAII BHIIPOOYBaHb PO3pPOOJICHOI MOJIENI MOXKHA 3pOOUTH
BHCHOBOK, II0 po3po0JieHa MOJENb OAHO3HAYHO MOJMIMIIye poOOTy 3 BEJIUKUMH 00CSATaMu HayKOBOL
iHpopMmalii, T03BOJISIE B JiU€HI CEKyHIN OTPUMAaTH HeoOXigHy iH(opMamito 3a 0OpaHUMHU KPUTEPIIMH

MIOLIYKY.
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Mopens Mae iCTOTHI TepeBard B TOPIBHSHHI 3 pPYyYHOIO OOpOOKOr0 HaykoBWX maHuX. [laHa

mporpaMHa peajizailis Moxe OyTH BUKOPUCTaHA B IMOAAIBIIOMY JJIsi CTBOPECHHS 3BITIB AisUIBHOCTI
¢baxynbpTeTy, pi3HOMaHITHUX CTATUCTHYHHUX JOKYMEHTIB, TOLIO.

B 3akmodeHHS MOXKHA CKas3aTH, IO B PE3YyibTaTi poOOTH 3 PO3POOKH i CTBOPEHHS KOMI IOTEPHOI

MOJIeJl ypaxyBaHHS HAyYKOBOI TiSUTBHOCTI MIPAIliBHUKIB CUCTEMH OCBITH BJAJIOCS JOCSTTH ITOCTABIEHUX
iJIeH 1 BUPIIINTY 3asBJICH] 3aBIaHHA.
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MeToa TUCKpEeTHUX 0COOJIMBOCTEH Y 3a7a4aX KOJIUBAaHb
3al0BHIOBaYa MAJIMBHUX OaKiB IIPH MEPEBAaHTAXKCHHIX Ta B yMOBaX HU3bKOI
rpaBiTarii

B.I. T'niteko, K.I'. lertspsos, M.JI. MuporeHko
Tnemumym npobaem mawunodyoysanns im. A.M. Iliocopnozo HAHY,
syn. Iloxcapcovkoeo, 2/10,. Xapxie, 61046, Yrpaina

PosrsiHyTO 3amaui KOJIMBaHE PIOVHYN B NaJIMBHHUX Oakax 3 pPi3HUM piBHEM 3allOBHEHHS B yMOBax [ii IepeBaHTaXeHb abo
HHU3bKOI rpasitamii. [IpuiryckaeTbesi, mo O6aky € )KOPCTKUMHU 000JIOHKaMHU oOepTaHHs. Po3risimaeThes ineanbHa HECTHUCIHBA
piguna. Ii Teuis, inxyKkoBaHa 30BHINIHIMU BIUTMBAMH, BBAXKAECThCA MOTeHMiiHOI0. COpMyIIEOBAHO MilllaHy KpaioBy 3amauy Ta
BIJIMIOBiIHI TPAaHUYHI YMOBHU Ha OPCTKil IOBEpXHi OOOJIOHKH Ta BUIBHIM MOBEPXHi PiIMHU 3 YpaxyBaHHAM CHJI IIOBEPXHEBOTO
HaTATy. 3aJady BH3HAUCHHS MOTEHIaNy IIBHUAKOCTEH 1 (QyHKIIi, IO XapaKTepu3ylOTh piBEHb MiAHOMY BiJIBHOI MOBEPXHI,
3BEJICHO NI0 PO3B’SI3aHHS CHCTEMH CHHTYJSIPHHUX IHTETPalIbHUX PiBHSAHb. UMCIOBHI PO3B’SA30K Li€l CHCTEMH 3iHCHIOETHCS
METOJIOM AUCKPETHHX 0COOIMBOCTEH.

Knrwuogi cnoea: cuneynapui inmespanvHi pieHAHHA, i0ealbHa HECMUCAUBA PIOUHA, MemOoO OUCKPEemHUX 0cobausocmell,
NIECKAHHA, HU3bKA 2pasimayis, 000NI0HKa 06epmMaHHsL.

PaccmoTpeHs! 3agaun KonebaHuit )KUAKOCTH B TOIUTMBHBIX 0akaxX C Pa3IMYHBIM YPOBHEM 3allOJHEHUS B YCIOBHUSX IEHCTBHS
Heperpy3oK WIM HHM3KOH TpaButammu. [Ipenmornaraercsi, 4to OakW INPEICTaBISAIOT CO0OH JKEeCTKHE OOOJIOYKH BpalICHWUS.
PaccmarpuBaeTcsi upeanbHas Hec)knmaemasl KHUAKOCTh. Ee TedeHWe mpearosaraercst noteHuuanbHeIM. CdopmynupoBaHa
CMeIlIaHHasl KpaeBas 33j1auya U COOTBETCTBYIOIINE IPAaHNYHBIC YCIOBHS Ha )KECTKUX CMOYEHHBIX ITOBEPXHOCTSAX 00OJOUKH M Ha
CBOOOTHOM MOBEPXHOCTH XKHUIKOCTH C yIETOM CHJI IOBEPXHOCTHOTO HATSDKEHHS. 3a/1ada ONpPEAENICHNs TOTEHI[aNna CKOpOCTel
U (QYHKINH, XapaKTepU3YIOIeH ypOBEeHb MOJbeMa CBOOOIHON MOBEPXHOCTH, CBEAEHA K PEIICHHIO CHCTEMBI CHHTYIISIPHBIX
HMHTETpabHBIX YpaBHEHHUH. UHCIIEHHOE PELIeHUE 3TOH CHCTEMBI OCYIIECTBIISIETCS] METOAOM JHCKPETHBIX 0COOEHHOCTEH.

Knioueevie cnosa: CUH2YJISIPHbIE UHmMezpAlbHble YPABHEHUA, UOCANIbHASL HECHCUMACMASL .’)lCMaKOCmb, Memoo auCermHMX
0606€HHOCWZ€ZZ, njilecKaHusl, HU3Kas epasumayusl, obonouka epawjerus.

The paper is about free vibration problems in fuel tanks with different levels of fillers both under overloads and low gravity.
The fuel tanks are considered as rigid shells of revolution. The liquid, contained in the tanks, is supposed to be an ideal and
incompressible one, and its flow, induced by external excitations, is irrotational. The problem of free axisymmetric harmonic
oscillations of the fluid-filled rigid compound shell is considered. The mixed boundary value problem is formulated, and
boundary conditions are received on the boundaries of the fluid domain. The non-penetration conditions is formulated on the
rigid shell boundaries, and on the free liquid surface there are kinematic and dynamic boundary conditions. The flow
fluctuations are described by using the velocity potential that for ideal and incompressible liquids satisfies the Laplace
equation. For its solution, the integral representation is in use. But there are two unknown functions, the velocity potential and
the function describing the shape and position of the free surface during time. The transformation of the boundary conditions
leads to eliminating one of these unknown functions. So, the system of boundary singular integral equations is obtained to
determine the velocity potential. The discrete singularity method and the boundary element method are applied for its
numerical solution. The problem of determining own modes and frequencies is solved by using the techniques, where the
surface tension effects are neglected. Then these modes are considered as basic functions to determine the modes and
frequencies of the liquid taking into account the surface tension. Thus, in this work the method is developed which takes into
account the surface tension effect on the frequency of fluid fluctuations in the rigid tank under low gravity conditions. The
surface of the interaction between liquid media and gas is considered as a thin membrane, whose thickness is neglected. The
fluid pressure on this surface is determined by the Laplace-Young equation. The developed method is useful for the
investigation of free and forced fluid oscillations in rigid compound shells with arbitrary meridians.

Key words: singular integral equations, ideal incompressible liquid, discrete singularity method, sloshing, low gravity, shell
of revolution.

1. Beryn

[Ipobnema BTpaTH CTIHKOCTI KOCMIYHHUX anapaTiB BKIIOYAa€e HU3KY MOMJIMBUX NPUUMH Ta Oepe CBiil
MOYaTOK Ie 3 THX €TamiB PO3BUTKY aBialii, KOJM BIEpIIE CIOCTEpPirajd sBUIIA, SKI BUKIMKAIHA
HECTIHKICTh JTAIBHOTO anapary. byio po3po0iieHo HU3KY iH)KEHEPHUX KOHCTPYKTOPCHKHUX PIllIeHb, SKi
3 PO3BUTKOM PAKETO-KOCMIYHOI TEXHIKHM MOTpeOyBaiu meperisay. Po3poOka moTy>KHHX pakeTOHOCIiB
npu3Beia A0 MosiBM HOBUX (opMm HectidikocTi. Crenudiuni GopMH HECTIHKOCTI pakeTo-KOCMidHOT
TEXHIKM TIOB’S3aHI 3 PYXJIMBICTIO TaJlMBa, IO YAaCTKOBO 3allOBHIOE TaNWBHI Oaku. BupimeHHs
MPaKTUYHUX Ta TEOPETHYHUX 3adad MO0 JAWHAMIYHOI CTIHKOCTI PIAKOTAIIMBHUX PaKETOHOCITB
JO3BOJIAE BUAUTUTH (akTOpH BIUIUBY Ta NUISIXM MOKPAIICHHA TUHAMIYHUX XapaKTEPUCTHK
PaKeTOHOCIIB 3 METOIO MiABUIIEHHS HAIHHOCTI pAKETHO-KOCMIYHUX CHCTEM.

© THiTbko B. 1., Qertapbos K. I'., MuporeHko M. J1., 2019
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2. AHAJIi3 oCcTaHHIX J0CTiT:KeHb Ta MyOJiKkaniit

3Ha4yHa KUTBKICTh pOOIT BITYUM3HSAHHX Ta 3apyOi’KHUX BUCHHX PO3TIISAAE Pi3HI aCHEKTH BUHUKHEHHS
HECTIHKOCTI, a TaKOX BapiaHTH iX ycyHeHHs. JlOCHiKeHHS CHIIbHUX KOJMBAaHb TBEPAMX TiNl 1 PiluH,
10 X 3aMOBHIOIOTH, OyiH mpoBeneHi pansHcskuM BueHUM ['.C. HapimaroBuMm y 50-X pokax MHHYIIOTO
CTOJIITTS Ta 3arOYaTKyBaJIW HU3KY OpPHUTiHAJBHUX HAYKOBUX PE3YJBTATIB, SIKI CIIPHSIN NPAKTHIHOMY
BUPILICHHIO MPo0JeM CTilKOCTI pakeToHOCIiB. Y kHu3i [1] aBTOp Hamae Moaenb NpyKHUX Aedopmaii
BUTHHY KOPITyCY PAaKETOHOCIsI 6€3 ypaxyBaHHS KOJIMBaHb PiAWHU. BIUIMB pyXIUBOCTI piAMHY 3 BIILHOIO
MOBepXHE0 Ha cridkictp BuBumiM [.H. MikimeB Tta b.I. PabiHoBnu [2] y cBOiX CHITBHUX
JociipKeHHsIX. TakoX y KHU31 [3] 3HauHy yBary NMpHIICHO BIUIMBY PYXJMBOCTI PiJKOrO MajHBa y
Oakax Ta ypaxyBaHHS MPYXHOCTI KOPITyCYy PakeTOHOCIS MPH BU3HAYEHHI TUHAMIYHHUX XapaKTepUCTUK
paker. MaTeMaTHYHHUM MOJEISAM KOCMIYHHMX JTaJbHHUX amapaTiB, SK NPYKHAM KOHCTPYKIIAM 3
piauHOIO, IX TapameTpaM, METOJaM BU3HAUYEHHsI JUHAMIYHUX XapaKTePUCTUK MPHCBIYEHO MOHOTpadiro
Mikimesa I'.H. [4]. Kuura Pabinosuua b.1. [5] ocHOBHY yBary mpuiisie KOMIUICKCY 3a]ad JUHAMIKH, a
camMe JUHAMIYHIN CTIHKOCTI 3aMKHYTOI CHCTEMH KOPITyC - PiMHA - aBTOMAT CcTa0imi3allil - ABUTYH 3
ypaxyBaHHSIM PYXJIHBOCTI MalliBa Ta MPYKHOCTI KOpITyCcy. Bennka KibKicTh JTOCIHIHKEHb MPUCBIYCHA
KOJIMBaHHSM PIJIMHH B pe3epByapax 3a pi3HHUX YMOB 3allOBHEHHS Ta piBHs rpasirarii, [6] — [8] Ta iH.
[Ipami amepukaHchkux BueHUX AOGpamcona [9] ta I6parima [10] micTsTh BceOiuHMIA aHATI3 AMHAMIYHOT
MOBEIIHKY PIIMHU B pe3epByapax, SKi PyXarThCs, BKIIOYAIOUN PE3yNIbTATH MMPOBEACHUX aHATITHIHUX
Ta eKCIIEPUMEHTANBHUX JOCHikeHb. [IpoTe mocuTh ckiagHO Oe3mocepeHbO 3aCTOCOBYBATH
00YHCITIOBaTIbHY TPHBHUMIPHY TiAPOAMHAMIUHY MOJENb IMPH TMPOCKTYBaHHI pPe3epByapiB, OCKIIBKH
NPOBEACHHS TaKOro aHalizy MoTpedye 3HAYHMX BHUTpAT dacy Ta 3yCHJIb. 1TOMYy aKTyaJlbHHM €
po3poliieHHsT e(heKTUBHUX METOIB Ha OCHOBI YHCIIOBHX QJITOPHTMIB, IO BUKOPUCTOBYIOTH TEOPIiIO
noteHmiany [11,12].

3. IlocranoBka 3agaui

B nmaniit po60Ti po3risHYTO 3a/1a4y BiIbHUX OCECUMETPUYHUX TapMOHIYHHUX KOJMBAHb PiJIUHH, IO
3aIlOBHIOE )KOPCTKY 000710HKY. [T03HaYMMO 3MOUYEHY MTOBEPXHIO OOOJIOHKH SIK Sy, @ BUIbHY IMOBEPXHIO —
So. Hexait R — panmiyc mumingpuyaoi wactuHM, H — BHcoTa 3Mo4eHOi yacTuHH o0ojoHKH. Crin
3a3HAYUTH, 110 BUJIbHA TIOBEPXHS Sy € MOBEPXHEIO PO3MOALTY MIXK JBOMA CEPEIOBUIIIAMHU: PiUHA-Ta3. Ii
OyJie pO3IJITHYTO SIK TOHKY MEMOpaHy, SIKIIO BPaXOBYEThCS BILUIMB ITOBEPXHEBOI'O HATSATY.

[MpunycTuMo, MO pivHA € HEeCTHCIHMBOIO, P; = const; MOTIK PiMHUW OE3BHUXPOBHI, TOMY ICHYE
MOTEHIIa] MBUAKOCTI V = V@; Ha piIUHY BIUIMBAaE IpaBiTalliifiHe TOJIe, TOMY €IWHOI0 30BHIIIHBOIO
CUJIOI0, TIO JIi€ Ha CUCTEMY, € CWJa TsDKiHHS F=p,g.. 3HaueHHS TpaBiTaliiHOI CTaJOi g MOXKe
3MIHIOBATUCH MiJl 9ac Micii. OCKUIBKM CTIHKH OOOJIOHKH € >KOPCTKHMH, TO IBHIKICTH V Ma€ JIHIIe
TaHTCHIIAJIbHY CKJIaJIOBY, TOMY:

o
on

S1
Jie N — 30BHIMIHS OJIMHUYHA HOPMAJIb JI0 TIOBepXHi. JlMHaMiUHa TpaHWYHA YMOBA Ha BUIBHIN MOBEpXHI
Ma€ TaKUi BUTIISIL

| |, 00

~2 +g4 =o0.
6t25 9n
0

So

TakuM 4YMHOM, OTPHUMAaHO TpaHMYHI Ta I[IOYATKOBI YMOBH [UIS JUHAMIYHOI CHCTEMH 1
chopMynbOBaHO KpailoBy 3amauy ais piBHsAHH: Jlamaca:

0% 8¢

Ap=0; —| +g—

® at? | 9%n
0

op

9 € _%
on

o & on (31)
1

SO .
Takox BpaxyeMO YMOBY iICHYBaHHS pO3B’ 3Ky
] %045, =0
on
So

Tyt HeBigoma pyHkList { onucye GopMy BiIbHOT MOBEpXHi Ta i OJIOKEHHS.
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4. MaTtemaTu4yHna MojeJib. BILINB NOBepXHEBOI0 HATATY
Hexait o — noBepxueBuii Hatsr. 3a popmyroro Jlammaca-lOnra [10] maemo

P =o0K , (4.2)
Jle k¥ — KpWBWHA MMOBepXHi. Bupas g « moxaa giHeapusysartu [10]:
K=—-A, (4.2)

ne A, — moBepxHeBwii omepartop Jlammaca. Takum gwHOM, AMHAMIYHA TPaHWYHA YMOBa Ha BLIBHHIN

MIOBEPXHI MpHUMae BUTIISL

0
a(ergQ——ASQ 0. (4.3)
So
IIpunycrumo, mwo
o(r,t) = y(r)e™ (4.4)
OTpuMyeMo TaKy KpaioBy 3amady s QYHKINT y :
oy o’ oy oy
Ay=0, — =—vy|., —| =0, ||=-dS,=0. —dS, =0. 4.5
v=0 Gl =g e Gl {{an 0 {{an 0 (45)

Ili cmiBBiAHOIIEHHS MPHUBOIATH MO 3a7adi Ha BIIACHI 3HaYeHHS. BriacHi 3HAYEHHS € YacTOTaMH

BUILHMX KOJIMBAHb ¥k , @ BIACHI BEKTOPH ¢ (r)— GopmaMu BinbHUX KonuBaHb. KokeH 3 IUX BIACHMX

BEKTOPIB € po3B'si3koM cuctemu (4.5), a MOTEHIia MIBUAKOCTI, IO omucye 3amady (3.1), mpuiimae

BUTJISA]
o(r,t) =2 ¢ (Lo (1. 1). (4.6)
k=1
Bupas mis dyskmii ¢(p,t) 3Haxoaumo 3 piBasiHAS (4.3) B (3.1) Ha BibHIN OBEpXHi, TOOTO MaeEMO
6
Lo, t) = ZC Pk P QO(P)) (4.7
) on

KpaiioBa 3amaua (4.5) 3BOOUTBCA [0 CHUCTEMH CHHIYJSIPHUX 1HTErpajibHUX pIBHSHb 3
BUKOPHCTaHHSIM METO/Y T'PAaHUYHHX €JIEMEHTIB y fioro mpsMomy dhopmymtoBanHi [13].

3anaya BU3HAYEHHS QYHKIH ¢ (r) i 4acTOT Y, PO3B’A3y€THCA 32 JOMOMOTOK0 METOIiB, OMMMCAHUX Y
[14,15], ne He BpaxoByBaaucs eEeKTH MOBEPXHEBOI'O HATATY.

5. YacToTH KOJMBAaHb IIPY BPaXyBaHHI IOBEPXHEBOI0 HATATY
[MincraBmstoun psiau (4.6), (4.7) 3 N cxmajgoBumu ais TOTEHIiany ¢ i piBHS HiAHOMY BHCOTH
BIJIBHOT MOBEpXHi { B rpaHUYHY yMOBy (4.3), MOXHa OTpUMATH

ch t)<pk(r)+Zc a(Pk(r) ch [&Pk(r)j 0. (5.1)
P k=1 on
[punyctumo, ¢, (t)=ae 1 BukoHaemo ckanspHuii jgo6yrok Bupasy (5.1) i ¢yukmii
o;(r) i=12,..N.
OTpHUMy€eEMO BHACIIZIOK OPTOTOHAJIBLHOCTI (hOPM KOJIMBaHb

_(L)Zai +X|2a| a S(pk (pl) 0 52
Z el o) 52)

Ile npuBOAMTH 70 3ajia4i BJIACHUX 3HAYEHb Y TAKOMY BUIJISII:

Gazmza, a=(ay,aay), Gc={xi{5ik—p%%}} - (5.3)
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Jis IMIHAPUYHMX 1 CKIaZeHHX OOOJIOHOK o0epTaHHs MoBepxHeBHM omepaTtop Jlammaca A, B

. 10 0
OUWINHAPHUYIHUX KOOPpAUWHATAX AJId OCCCUMCTPUYHHUX 3ala4 Ma€ BUTTIAL As =——|P— . Takum YHUHOM,

op
BUKOPHUCTOBYIOUM iHTErpallil0 YacTMHAMH B CKIAPHOMY H0OYTKY (A,@y,@;) i BpaxoBylouH, IO

((”i )I P

JUtsl [WUTHIPHYHUX OOOJNIOHOK AaHANITHYHI BHpasH UL ¢ (r) B OCECHMETPHYHHX BHIIAIKaX
otpumani gepe3 ¢ynkiii beccemns nepmoro poxy [10], a came:

o (0, 2)=1J, (HRk )cosh( 5 jcoshl(%kHj, (5.4)

1e 3HAYeHHS L, € KOpeHsMH piBHsAHHA Jy(p)=0. Ciix 3a3HaYMTH, IO SKIIO |L — KOPiHb PiBHSIHHS

=0, orpimvacsio (8,04,01)=— (o). (015 ).

p=R

J5(p)=J1(p)=0, TO MarOTH Micie HacTymHi HopMy.IHn:

Jositoon308) [ok{(o oo 207 25-t0)-2:0

23, ()=o) + 3 (W)]=0=>J, (1) =—Jo (1) (5.5)
0O (Asq)k v(Pi) ——8
THKE, MOYKHA OTPUMATH BHPa3 Tlona) o) ROk Ta HACTYIHY (POPMYITY ISl YaCTOT KOJMBAHb 3
1 1

ypaxyBaHHSM IIOBEPXHEBOIO HATATY:

SAxuio BBectn yncio borga Bo= (png)/G, TO pe3yNbTaT BpaxyBaHHS MMOBEPXHEBOTO HATATY MOXKHA
OIIIHKUTH 32 (HOPMYJIOIO:

of 1 4E =(1+u§/Bo). (5.6)

®opmyna (5.6) Bimmoimae pesynbratam, oTpuManuMm y [10]. Lle cBiqunTh, MmO 3amporioHOBaHUH

MiJXig MOXe OyTH 3aCTOCOBaHMMA JO OIIIHKK YacTOT KOJIMBaHb PIJIMHU B JKOPCTKOMY pe3epByapi 3a
YMOBH HU3bKOT rpaBiTarlii.

6. MeToa CMHTYJISIDHUX iHTerpaJbHUX PiBHIHb
3 BUKOPHCTAHHSIM OCHOBHOT'O iHTeraJ'IBHOFO criBBigHOMmEHHS [13]

o 1
_ L - , 6.1
2n0(Ry) Han|P P| Lj.(pan|P—P0|ds' 3=% U585, 61)

e |P — PO| — JIEKapTOBa BiZICTaHEL MiX ToukKamu Py 1 P, 110 3HAXOIITHCS Ha MEXI 00y1acTi S, 3BOIMMO

3ajauy BM3HAYEHHSA BIAacHUX (GopM oy (r)Ta BiAMOBiZHMX M YACTOT 0 CHUCTEMH iHTErpalbHHX
CUHTYJISIDHUX PiBHSHB, 5K B [14, 15]

o [ o e ey o ey e

o 1 § 1
_S[)js (pa_n[m}is —~2ngy +%H%mds =0,

(6.2)

JBoBuMipHi iHTerpanu B (6.2) mpu LbOMY 3BOISATHCA 10 OAHOBHMIPHHX, SIKI OOUUCIIOIOTHCS B3I0BX
KOHTYpY OOOJIOHKH Ta pafiycy BUIbHOI TMOBEPXHi, NMPH IIbOMY 3aCTOCOBYBABCS METOJ AMCKPETHUX
ocobmBocTeit, 3anpononosanuii F0.B. Tangenem B [16].

7. AHAJII3 YMCTOBHUX Pe3yJbTATIB
Po3rnsHyTO KOMMBaHHS PIAWHU B KOPCTKiH 00O0JIOHITI 00epTaHHS, SIKa CKJIAMAETHCS 3 IIMTIHAPHIHOL
Ta chepudaHOi yacTuH (puc. 7.1a).



24 Cepis (MaTemaTiyHe MoaentoBaHHs. IHchopmaLiiHi TexHonorii. ABTOMaT30BaHi CUCTEMM YNPaBMiHHsY, BUNYCK 41

z
SU
Sl
P - i e - .
/ [
S
O o D DO Do ey
X ; y 100 00 300 a0 500
Bo
a §)

Puc. 7.1 Oboronka obepmants, 4acmro8o 3an08HeHA PIOUHOIO

BBakasnock, o paiiyc o60J0HKH A0piBHIOBaB R =1M, a ii piBeHb 3aII0OBHEHHS PiIMHOIO CKIIAIaB
H =2m. BinbHa noBepxHs y cTaHi crokoro 3aiimana nonoxenns Z = H . Kopucryrouncs pesynsratamu,
orpumannmu B [11, 14], Oy0 BCTaHOBIEHO, IO MPH 3acTocyBaHHI 180 rpaHUYHHUX €TIEMEHTIB B3IOBXK
MepuiaHy 000JIoHKHM Ta 60 TpaHMYHUX EJIEMEHTIB B3JIOBXK pajiyCy BUIBHOI MOBEPXHI 31 CTaJOI0
anpOKCHUMAIlIE0 TYCTHHHU (IO BiJIOBIJA€ i€0JI0Til METOY JTUCKPETHUX OCOOIMBOCTEH) IOCITAETHCS
TounicTs & = 10° y HOPIiBHAHHI 3 AHATITHYHIM PO3B’AI3KOM JUIS IITHAPHUIHOI0 060s10HKH [10]. Tomy
caMe TaKe YUCIIO eNIEeMEHTIB OyJI0 BHKOPHCTAHO MPHU YMCIOBOMY MOJICIIOBaHHI KOJHMBAaHb PIAWHA B
CKJIa/IeHil o0oJoHIIi o0epTanHs, (puc. 7.10).

baunmo, 110 epeKT MOBEepXHEBOrO HATTY 3MEHIIYEThCS 13 3pOocTaHHSIM unciia bonaa, nei edekr €
O1ITBIII CYTTEBUM Ha BUIIUX YACTOTAaX KOJIHBAHb.

Y HaBeZieHOMY NpHKIIaAi (opMa JHUIIA HE3HAYHO BIUIMBA€E HA 3HAUEHHS YacToT.

8. IlepciekTHBM MOJAIBIINX AOCTIAKEHb
IlepenbauaeTbest MPOBECTU JOCHIHKEHHS BIUIMBY KPUBUHH BiIBHOI MOBEPXHI HA YaCTOTH KOJIMBAaHb
3allOBHIOBaYa 32 YMOBH HHU3bKOI TpaBiTaliii.

9. BucHOBKH

TakuM YMHOM, B JIaHii poOOTi po3po0IeHO METO, IO HAOIMKEHO BPAXOBYE BIUIUB MOBEPXHEBOTO
HATATY HAa YaCTOTH KOJMBAHb PiJIMHU B )KOPCTKOMY pe3epByapi 32 yMOBH HU3bKOT rpaBitailii. [ToBepxHs
B3a€EMOJII1 CepeIOBHIL] «PiIKHIA 3aMOBHIOBAY-Ta3» PO3TIIIAETHCS IK TOHKA MeMOpaHa, TOBIIMHOIO SIKOi
MOJKHa 3HEXTyBaTu. THCK PiIMHM Ha 1[Il OBEPXHI BU3HAYAETHCS 3a JIOMOMOTO0 piBHsIHHS Jlarmaca-
Onra. Crnin Takoxk 3ayBaXKHTH, IO PO3poOIeHH MeTO ] Oyie KOPUCHUM JUISl JTOCIIDKEHHS BUTBHUX 1
BUMYIICHUX KOJIUBAHb PiIUHU B )KOPCTKHX OOOJIOHKAaX 00epTaHHs 3 JOBIIbHUM MEPHIaHOM.
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Numerical simulation of electromagnetic wave diffraction on a finite number of
slits in a flat screen
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The article presents an algorithm for modeling diffraction on slits made on a flat screen made of actual materials. As a result,
the boundary conditions of Schukin-Leontovich lead to the mixed boundary value problem. According to the method of Y.V.
Gandel and V.D. Dushkin the solution of the problem can be reduced to a system of paired integral equations with singular and
logarithmic singularities. The author has created and debugged a PC program that performs the numerical solution of the
arising problems, and a series of computational experiments has been performed. This work has been carried at School of
Mathematics and Computer Sciences of V. N. Karazin Kharkiv National University within the state budget themes: "Modeling
of the dynamics of folding systems with the method of identifying problem situations.”

Key words: Sommerfeld radiation conditions, Meixner conditions, Fredholm integral equation of the second kind.

VY craTTi BUAAETHCA ANTOPUTM MOJEIIOBAHHA AMGPAKLii HA LIUTMHAX MPOAETAaHBIX B IUIOCKOMY €KpaHi BHTOTOBJICHOMY 3
peansHuX MatepianiB. B pesynbraTi rpannuHi ymoBu ll[ykina-JleoHTOBHYA NPU3BOASATH O TPETE KpaioBOro 3aBpaHHs. [lo
merony mpod. F0.B. Tannens i B.Jl. [ymkuHa pimieHHs 3aaa4i 3BOAMTHCS O CHCTEMH TMAPHUX IHTETPATBLHHUX PIBHSIHD 3
CHHTYJSIPHOIO 1 jorapudmivHoio ocobnmBocTsiMu. CtBopeHHs nporpaM EOM 1o peaini3oByIOTH MOIIOHI YMCeNbHI Mojelni
HaJI3BHYaliHO aKTyaJbHO IJIs BIPOBA/DKEHHS IIEPEJOBHX KOMITIOTEPHUX TEXHOJIOTIH B IPAKTHKY pPEAIbHHX (Ii3HYHHX
JOCHIKeHb. ABTOp CTAaTTI OCTaHHIM 9acoM 0arato yBaru npuAiIse CTBOPEHHIO 1 Bimanni nporpam EOM BnpoBamKyBanbHUX
B MPaKTHKy TBopuy cmammuny mnpo¢. H0.B. Nanmens. 3okpema B 3Toif cTarTi aBTOp MpomoOHye BapiaHT mporpama [IEBM
BBHIMTONHSIONICH YHCENbHE PIlIeHHS BHHUKAIOUOi 3a1adi, a TAaKoX 3 ii JOMOMOTOI0 MPOBOAMTH CEPiF0 OOUYHCIIOBAIBHUX
excriepuMeHTiB. L{1 mporpama mMo)ke BUKOPHCTOBYBATHCS JUIS IIMPOKOTO JOCIIKEHHS MPOLECIB po3CiAHHSA 1 Audpakuii Ha
MOAIOHMX CTPYKTYpax, a TaKoX I BepUdikarii aHaJIOTIYHUX NPOTpaM CKIAAEHHX 3 BUKOPUCTAHHSIM TiNEPCHHTYIIPHUX
iHTerpatis, (OPMyIN BUKOPUCTOBYBaHI IPH CTBOPEHHI KX HA0AraTo CKJIaIHIIIE i BUMAraloTh peTeNbHINIHX mepeBipok. L1
pobota BukonaHa Ha Mexmari XHY im. B.H. Kapasuna y pamkax nepxOromkeTHOi TeMaTWku: "MOJEMOBaHHS JUHAMIKH
CKJIQIHMX CHCTEM 3 METOI0 ieHTHdiKkawii mpobieMHuX cutyarii”

Knwwuoei cnosa : ymosu sunpominiosants 3ommeppenvoa, ymosu Maiikchepa, inmezpanvhe pisHsnis @pedzorvma opy2o2o
poOy, iHmezpanvHe pigHaHHA 30pom Kowu i 3 noeapugpmiunoio ocobausicmio cucmema AiHiHUX PIGHAHb aleeOpu.

B crarbe npeacTaBiseTcst alropuT™M MOJSTHPOBAHUS AU(PPAKIUK Ha MIENIX MPOJENIaHbIX B IFIOCKOM 3KpaHe M3TOTOBICHHOM
U3 peanbHbIX MaTepuaioB. B pe3ynprarte rpannunsle ycnosus llykuna-JleonToBuya npuBOIAT K TpeThel KpaeBoi 3anaue. 1o
Mmeronay npod. F0.B. Tannens u B.Jl. [lymkuHa pemeHne 3a1aund CBOAUTCS K CHCTEME MapHBIX WHTETPAbHBIX YPaBHEHHN C
CHHTYJIIPHOM U JorapuMIYeckoil 0cOOEHHOCTSAMH. ABTOPOM COCTaBlieHa W OTJakeHa mporpamma [19BM BeimomHsromas
YHCIICHHOE pEIIeHHe BO3HUKAIOMMX 33/1ad, NPOBOAMTCS CEpHs BBIYMCIMTENBHBIX SKcIeprMeHTOB. Co3maHHMe NpoTrpamMM
I[I13BM, koTopble pealu3yroT IOAOOHBIE YUCICHHBIE MOJEIM, 4YPE3BbIYAHO aKTyadbHO JUIS BHEAPEHUS IEpeloBBIX
KOMIBIOTEPHBIX TEXHOJIOTHH B MPAKTUKY PEATbHBIX (M3MYECKHX HMCCICIOBAHUH. ABTOp CTaThbM B IOCJIEAHEE BPEMsl MHOTO
BHUMaHUs yJeiseT CO3JaHHIo M oTiaake rnporpamm [I9BM BHenpsrommx B NpakTHKY TBOpYecKoe HaciencTBo mpod. 10.B.
langens. DTa mporpaMma MOXKET HCIIOJIb30BAThCS ISl UCCIIEAOBAHMS IPOIECCOB paccesHHs M IU(PPaKIMU Ha MOAOOHBIX
CTPYKTypax, a Takke Uil BepH(UKaIUM aHAJOTHYHBIX IPOrPAMM COCTABJIEHHBIX C HCIIOJIb30BAaHHUEM THIEPCHUHTYIISIPHBIX
MHTETPANIOB, (OPMYINBI, KOTOPHIE HCIONB3YIOTCS IPU HX CO3JAHWM HAaMHOTO CIIOXKHee M TpeOyloT Ooiee TIIaTeIbHBIX
nposepok../lanHass pabora BbmonHeHa Ha Mexmare XHY wmm. B.H. Kapasmna B pamkax TocOIOPKETHOH TeMaTHKH:
«MopemoBaHHS IUHAMIKA CKIIQJIHUX CHCTEM 3 METOIO ieHTH]IKALlIT TPOOIEMHUX CHTYAIlii».

Knrouesvie cnosa: ycnosus uznyuenus 3ommepgensoa, ycnogus Matikcnepa, unmezpanvhoe ypasnetue Oped2oivma 6mopozo
poda.

1 Introduction
One way of describing the interaction of electromagnetic waves with non PEC structures is to consider
boundary-value problems for the Helmholtz equation with mixed boundary conditions [1] - [5]. Mixed
conditions are consequences of Schukin-Leontovich boundary conditions (IBC). In [6]; [7], the systems
of boundary integral equations for the problem of determining the direction of electromagnetic waves
on an impedance tape were obtained. The method of parametric representations of integral
transformations has been used to obtain these systems [8] - [10]. The numerical solution of these
systems had been found by the method of discrete singularities [11]; [12]. This approach is widely used
in modeling the scattering of electromagnetic waves on PEC structures [12] - [22].

The PC program created, debugged and used for the numerical modeling is based on the methods of
solving diffraction problems developed by Y.V. Gandel and his students. In particular, the monography
[12] in section 5.3 proposes a method for the numerical problem of diffraction of an electromagnetic
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wave by a finite number of slits on a flat screen made of actual materials. The article is devoted to the
numerical solution of this problem. The results of some computational experiments obtained by using
the developed program are presented at the end of the article.

2 Arrangement and the method of solving the problem
There is flat panel in subspace z=0 with M slits which are parallel to the axis Ox. Fig. 1 shows the
section of this screen by the Y0Z subspace.
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Fig. 1 Sectional drawing of the diffraction structure by the subspace Y0Z

Let
L:{yeR|yetﬂj(aq,ﬁq),0<a1<,81<...<aq<ﬁq}, (1)
q=1

where Y — the coordinates of metal-free points.
Let us set 2" and Q" half-subspaces above and below the structure.

The flat electromagnetic wave of unit amplitude falls obliquely from infinity to the diffractive
structure with the following x-coordinate:

u'(y,z) =exp(ik (y-sing—z-cosg)). (2)

It is necessary to find the full field resulting from the diffraction of a wave on a structure.
Let U,(Y,2) be the field that is a result of diffraction of a given plane wave, when in the z=0 plane a

solid conductive screen is present. Due to the boundary conditions of Shchukin-Leontovich, the equality
on the screen is:

M by (yv,00=0, yeR 3)
0z

The field U,(Y,2) has the form:
ikcosp+h

ikCOS(p_hexp{ik(y-singo+z-cosgo)}, @)

uy(y,z) =exp(ik (y-sinp—z-cosg))+

and the property:
2ik cosp . .
u,(y,0) :m-exp{lk(y-sm(p)}. (5)

The full field u(y, z), arising from the diffraction of a wave on a structure can be derived in the form:

u,(y,2)+u*(y,2), (y,z2)eQ
U_(y,Z), (y,Z)EQ_.

The field u* (Y, z) in the area QT is derived as:
u'(y,z)= [ C*(2)-exp(ily —y(1)2)d4, , (7)

and in the area O~ 1~ (y, z) is derived as:

u(y,z) ={ (6)
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U (y,2) = J C(4)-exp(idy +7(2)2)dA,, ®)

where y(1) = VA2 K2, Re(y(4)) =20, Im(y(1))<0, A€R. (9)
From the boundary conditions of Schukin-Leontovich on the surface of the screen follows that:

au (10)
E(y,0)+hu‘(y,0) =0, yeCL; (11)
The consequence of the continuity of the field and its derivatives in the screen slits are:
Uy(¥,0)+u"(y,0)=u"(y.0), yelL; (12)
2 30=2-(0, yel (13)

From the boundary conditions (10), (11) and the conjugation conditions (12), (13), taking into account
the representations of the fields (7) and (8) follows that:

j[y(ﬂ)+h] .C*(A)-exp(ily)dA = j[;/(/i)+h] C (A)-exp(ily)dA=0, yeCL; (14)

—00

u,(y,0) - j C*(A)-exp(ily)d A = j C (A)-exp(idy)dA, yel; (15)

a © ©
%(y,o)—_I C*(4)-y(A)exp(iy)d 4 = _I C (4)-y(A)exp(iAy)d4, yel; (16)
Let:

(y)—

jC (A)-[7(A) +h]exp(idy)d 4 (17)
F(y) = E(y’o) +hu™(y,0) = 7f C () -[7(A) +h]exp(idy)d L. (18)

By (10), (11) the functions F*(y) and F~(y) have the properties:
F*(y)=0, F(y)=0, yeCL (19)
Using the definition and properties of the functions F*(y) and F~(y), for the functions C* (A1)
and C~(A) we obtain the integral representations:

1
cttA)N)y=————~ |: t)-edt, AeR: 20
1
Ch=5 lF e -edt, 1eR. 21
Considering (20), (21) for functions u (y O) and u~(y,0) we get integral representations:
u'(y,0)= TC+(/1)-exp(i/1y)dA: jF (t)dt | Wd

17 e0s(A0Y 1) ey gp - F+t[ cos(A(y =) 4, COS(Ay=1) 4 l}ﬂ. -
G e fE ] [ Lo @



30 Cepis i(MaTemaTiyHe MoaentoBaHHs. IHhopmaLiiHi TexHonorii. ABTOMaT30BaHi CUCTEMU YNPaBIiHHSY, BUNYCK 41

u(y,0)= TC’(/I)@XD(My)dA— j F(t)dt jwd

_ L FeosAy 1) 4, Cos(A(y ~1)) d/i}d;
,,{ (t)h () Ld-omen @

It is known that
© cos(/l(y t)) i !
——22dA= kly—t{),
where H; (y)= J(Y)+i-N (y) - Hankel function of the first kind of zero order.
Considering (17), (18) we get:
u(y,0) = T C*(1)-exp(ily)dA :—Ej'?” H;(k|y—t|)F*(t)dt+%jQ(y,t)F*dt}, (25)
—o L

L

(24)

_ ° . 1.iz, . 1 _
u (y,0):_jwc (l)-exp(liy)d/i:{;{%Ho(kw—ﬂ)l: (t)dt+;{Q(y,t)F dt}, (26)

where

2 cos(A(y—t
Q(y.t) =-h| “Oo=Y) g,
07(4)-(y(A) +h)
For the convenience of further transformations we introduce the functions:
AN =[FO+F®] AO=[FO-F®] ter (28)
After substituting the integral representations (25), (26) for the functions u*(y,0) andu (y,0) the

conjugation condition (12), we obtain an integral equation of the first kind with a logarithmic
singularity:

(27)

1.ir . 1 .
15 Hokly—t) A" @dt+— QYDA dE =u,(y.0). yelL. @)

+

From (17), (18), (25), (26) for the function 88u (y,0), we obtain the integral representation:
z

ou*

=~ C*(A)- 7(A)exp(iAy)d A =— | C*(A)-[7(2) +h]exp(iAy)d A +
+h T C*(1)-exp(ily)d A =F+(y)—h{lj%ﬁH;(k|y—t|)F*(t)dt+le(y,t)F+dt}. (30)
o TL Ty
Similarly, for the function%(y, 0), we obtain, using (18), (26), the integral representation:
ou” f . < .
%(y,O) = j C (1) -7(A)exp(iiy)dA :j C™(4)-[r(2) +h]exp(idy)dA—

_hjc (1) -exp(ily)d A =F(y) - h{ljz (kly —t|)F-(t)dt + = jQ(yt)F dt} (31)

After substituting the integral representations (30), (31) for the function

d— ,0
and—-(y,0)

into the conjugation condition (13), we obtain the Fredholm integral equation of the second kind:

_ 1 iz, 4 B B 1 _ __%
A(y)—h[;{?Ho(kw t))A (t)dt+ﬂ{Q(y,t)A dt}_ p- (y,0), yeL (32
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Meixner conditions will be fulfilled if we look for restrictions of functions A*(y) and A"(y) at
intervals (aq,,b’q) in the form:

Ny s @=LM), (33)
JO-a)(B,-) v

_ Vv, (¥) _

A (y)= ye(a,p), (@=L..M) (34)

JO=a)(B, -9
where V" (y) ec[aq,ﬁq], Vo(y) e c[aq,ﬂq], (q=1,..,M).

Let:
0, [-11]>[a,.8,] gq(t):ﬂq;aqﬁﬂq;a'ﬂ (q=1...M) (35)
From this point the following notation will be used'
f=(y) ———(y 0); (36)
f*(y):—u (y,0); (37)
K, (& )———H 2 (k|o,©)-9,(2))) -5, , Infr = £[-Q(lg,(£).9, (),
(9=1,...M), (p=1... M), (38)

Ko (65) =] 1K) 0,0)) -0, Il =218, (209,63 |

(q=1...M), (p=1..M); (39)

From (32) and taking into account (33) - (39), we obtain a system of integral equations with a
logarithmic singularity on the standard interval (-1, 1)_

2 V '“ | §|V (T)d’[
ﬂ - \/1 f 71'1 \J1-
ATk @0 DY @) E<L @=LoM). @)
- T = , <S4, =1,..., .
Tt oP /1—2'2 9, q

Taking into account (33) - (39), we transform the integral equation (29) to a system of integral
equations of the first kind with a logarithmic singularity on the standard interval (-1, 1):

ﬂlnlr—élJ— ZJKlqp(e: )%—f (9,(&). <1 (g=1..M). (41)

Let us use the notation:

1 .aKlJ,rq’p(é:’T) Ikﬂ'
0 o 2

K qp(67) =~ H: (k|9,(£)-9,()])-

o

- 42
EXCETG g(é)ﬁgQ(\g (€).9,(0), (42)
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£, (y)= p (y,0). (43)

The system of integral equations with a Iogarithmic singularity (41) is equivalent to the SIE system:

11 1 Vq*(r)dr Y V. (r)dr

= K e
”Jlgq(f)—gq(é:) J1-72 ﬂpz—:l'[l 202 (5 )\/_r (9,())

¢<1 (@=1..,M) (44)

with additional conditions:

7)d
—Il = (:IJLT ZIKlqp(ér)J%T—f (9,69, (g

Thus, the solution of the problem is reduced to solving a system of integral equations with a
logarithmic singularity (40) and the SIE system (44) with Cauchy kernel and with additional conditions
(45), also having a logarithmic feature, on the standard interval (-1, 1). It is assumed that the functions

{9,(), F7(9,(9), 1,7(9, (), 1,7 (9, (). K, (&,2). K] (6,7), K], (£,7)}eCly, for each of

the variables are uniform with respect to the other variable. Here C[lylll — the class of functions

continuously differentiable on the interval [-1, 1], whose derivative satisfies the Holder condition with
the exponent 0 < y <1.

Let's proceed to the task (40):
We will look for approximate solutions of the SIE systems in (40) and (44), (45) as a vector of

=1,..,M). (45)

function (Vl’nl(r),...,Vq’nq(r),...,VM’nM (r)), each g-th coordinate of which is the Lagrange

interpolation polynomial function Vq (z) of the degree (nq —1) over nodes t:", (k :1,...,nq), that is,

by the roots of the Chebyshev polynomial of the first kind.
Using Lagrange type 1 interpolation polynomials: I* () T—(t) k=1..,n and
LT T )-8
Lagrange type 2 polynomials:

2 )
()= VRS

we approximate the smooth kernel of the equation (40)
—1 n,

K, (D)= £ XK (001 (012 (=K, ., (£0).

j=1 k=1

j=1..,n-1

T () and U_ (t) are Chebyshev polynomials of the first and second kind, respectively.

After that, to approximate the integral with a smooth kernel in (40), we use the well-known quadrature
formula [12]:

(T)dT 1 ) _ n, n,
Iqu(é N T EEDY,, € (46)

For integrals with a logarithmic kernel, we use the formula [12]:

1 V@ 13y 1T
;jl|n|f_§|ﬁ__n_qk§vq,nq(tk {In2+22T(.§) } (47)
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Substituting the right-hand sides of the quadrature formulas (46) and (47) into the integral equation
(40) and giving similar terms with respect to the unknown values of the vector functions in all

nodes t:p, (p=1,..,M), (k=1,...,np), we obtain a linear algebraic equation for these

unknowns (note in (47) p = q). The coefficients of these equations are functions which depend on & .
Sequentially substituting in all these functions instead & the values of all nodes

n

M
t', (9=1..,M), ( =l,...,nq), we obtain an of linear algebraic equations for the same
g=1
number of unknowns. The solutions of this system are substituted into wvector function

(Vl,nl (2), ...,qunq (7),...V, n (r)) presenting the solutions of equation (40).

To solve the system of integral equations (44) and (45) for smooth kernels and kernels with a
logarithmic singularity, we use the same quadrature formulas (46) and (47). For the integral with the
Cauchy kernel in equation (44), the quadrature formula [12] is used:

i.lf 1 V, (¢)dz _inzq Vq,nq (t*)
729,0)=0,(&) J1-72  niHg (") -g ()

(48)

Substituting the right-hand sides of quadrature formulas (46), (47) and (48) into integral equations (44)
and carrying out similar terms with respect to the unknown values of the vector functions at all nodes

tE", (p=L..,M), (k =1,...,np), we obtain a linear algebraic equation with respect to these
unknowns. The coefficients of this equation are functions which depend on&. In contrast to the
previous case, in order to obtain a system of linear algebraic equations, successively substituted into all
functions of equation (44) not the & values of all nodes tI”“, (9=1,...M), (I =1,...,nq), but the

M
values & of all nodes tg‘] (9=1,...M), (j =1,...,nq—1). As a result we obtain Z(nq—l) of
g=1

linear algebraic equations. It should be noted that tg‘] are the roots of the Chebyshev polynomial of the
second kind. M equations which are absent will be obtained using the integral equation (45). To do this,
in the quadrature formula instead & for each q, (q=1,...,M) is substituted one arbitrary t;‘] . The

solutions of this system are substituted in vector functions (Vl,nl (r),...,qunq (), o (r)) presenting

the solutions of equations (44) and (45).

3. Results of computational experiments

According to the method presented above, a PC program has been compiled and debugged. Below
we present the results of calculations obtained with it.

As an example, we investigate a finite-dimensional analogue of the dependence of the functions

C*(A)on the dimensionless wavenumber k. To establish such a relationship, we use the
representations of these functions introduced in the previous section as integral transformations (20) and
(21). Then, using expressions (28), (33) and (34), we obtain integral representations C*(1) andC™(A4)
from solutions of integral equations (40), (44) and (45):

1 VOV )

cCA)=—————
) 47r[y<z)+h]u(y—aq)(ﬂq—y)

dt, (9=1..,),4A€R;
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1 (v, (-, () -
ar[y () +h]L Jy=a)(B, - )

Then, using formula (35) for dimensionless variables and using quadrature formula (46) to calculate
integrals with a smooth kernel, we obtain approximate formulas for calculating functions C*(4) and

C™(A) for integer values A :

cC\)= dt, (g=1..,),1€R;

M 1 M N B ] g @)

C+n = — —_— (V+ te +V tq)e 9q (G y _N SnSN, n Z’
(n) 4[}/(n)+h]q§n Z{ q'"q(k ) q,nq(k ) c

C_ — M 1 q V+ tnq V_ tl"lq _ingq(IEQ) N < < N Z.

"= [7(”)+h]2n_kz—1( an, &) =V, (& ))-e , —N<n<N, neZ;

Fig. 2 presents the results of such calculations for the case when a plane electromagnetic wave of a
single amplitude normally falls on a diffraction structure with a single slit. Y-coordinates of a slit are

5) . .
located on the segment{%,f] Through C° the modules of each of the n harmonics are denoted, and

1 T T T 1 T T T

3 e
Co L i | Co - "
[ Tl
ICHI”

Fig.2 Dependencies of functions C* (1) and C™(A) on the dimensionless wavenumber k. Single slot structure
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|C]| is the total modulus of all the considered harmonicsC :\/real(Ci(n))2 +imag(C*(n))* ,

N
Icl= > \freal(Ci(n))Z+imag(Ci(n))2.In all experiments, the case of E-polarization is
n=-N

considered.
Fig. 3 presents similar graphs for the diffraction structure represented by two slits of different

5 . .
widths. Their y-coordinates are located on segments {%,%}and[&z,?ﬁ]. To the slit, which is

considered in the first experiment, a slit of noticeably larger sizes is added. As expected, in comparison
with Fig. 2, in Fig. 3, the previous peaks of the curves remained in place, but many new ones appeared.
This indicates the growth of the diffraction radiation spectrum in the second experiment, in comparison
with the first. The power of diffraction radiation also increases. This is especially evident when
comparing the latest graphs in these figures. In the last two graphs of Fig. 3, and especially for small k,

the graphs of the curves CO+ and C(; coincide almost completely and that is why they are represented
Je]n

almost everywhere in red color. The same situation takes place for pairs of graphs HC+

k

s 0 "

Fig.3. Dependencies of functions C*(4) andC™(A) on the dimensionless wavenumber k. The structure of
two slits of different sizes
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VY cTaTTi 00roBOPIOIOTHECS MOXKIMBOCTI KOMITTOTEPHOTO MOJEIIOBAHHS JUIS NIPOBEICHHS PO3PAaXyHKIB Ha AETATbHUX MOJAEIIX
KPOBOHOCHOI CHCTEeMH JTIOANHH. HaBeeHo KOPOTKHI OTyIa]] iCHYFOUMX MaTeMaTHYHUX MOJEIEH 1 3alipOIIOHOBaHa MOJEINb, SKa
JI03BOJISIE MIPOBOJUTH PO3PAaxXyHKH IapaMeTpiB KPOBOOOIry — HIBHAKOCTI i THCKY KpPOBI, NEpeMIllleHb CTIHOK apTepii — JiIs
CKJIQHOTO JiepeBa CyAWH B peasbHOMY daci. Ha ocHOBI Moperni IpoBefeHO po3paxyHKH IapaMeTpiB KpoBOOOIry B Mojeni
aoptu (91 B's3xonpyxkHs TpyOka). [lokazaHo TapHe BiAMOBIAHICTH PE3yAbTATIB KOMII'FOTEPHOTO MOJETIOBAHHS BUMipaM THCKY
1 IBUAKOCTEH Tedii KPOBi B3TOBX a0PTH.

Knruoei cnosa: komn'tomepue mooentogants, biomexanixa, Kpogoobie, nyibcosi Xeuni, MeOudHa OiaeHOCMUKA.

B cratpe 06cyxaaioTcs BO3MOXKHOCTH KOMITBIOTEPHOTO MOJEIMPOBAHHS A MPOBEICHUS PACUETOB Ha JETAIbHBIX MOMAEIAX
KPOBEHOCHOH cucTeMbl 4enoBeka. [IpuBeneH kpaTkuid 0030p CYIIECTBYIOIIMX MaTeMaTHYeCKUX MOZENCH W HpeayokeHa
MOfeNnb, KOTOpas MO3BOJIAET IPOBOAUTH pPACUETHl IApaMeTPOB KPOBOOOpAIleHHWs — CKOPOCTH M JaBIEHHS KPOBH,
HepeMeNIeHnH CTEHOK apTepuH — Ul CIO0XKHOTO JIepeBa COCYIOB B pealbHOM BpeMeHH. Ha ocHOBe Momenu mpoBeneHSBI
pacdeTsl IapaMeTpoB KpoBooOpamieHuss B Mopenu aopthl (91 Bs3koympyras TpyOka). IlokazaHo xopolee COOTBETCTBHE
Pe3yIbTaTOB KOMIBIOTEPHOTO MOJICITHPOBAHNS U3MEPEHHIM IaBICHHI U CKOPOCTEH TeUESHHs KPOBH BJIOJIb A0PTEHL.

Kniouesvle cnosa: romnviomepnoe MoOeiuposamnue, OUOMEXAHUKA, KPOBOOOpaujeHue, nyibCo8ble GOLHbL, MEOUYUHCKAS
OUacHOCMuKda.

The possibilities of computer modeling for numerical computations on detailed models of human circulatory system are
discussed. A brief review of existing mathematical models is presented, and the model based on the axisymmetric
incompressible Navier-Stokes equations for blood as a Newtonian fluid and the momentum equations for the incompressible
viscoelastic arterial wall allowing real time calculations of blood circulation parameters — velocity and blood pressure,
movements of the arterial walls — for a complex tree of blood vessels is proposed. The pulse waves propagation is investigated
in the form of small perturbations. The geometrical model is based on the morphometric data of extraorgan (systemic) arteries
performed on five corpses preparations. Depending on the individual geometry, a model of the middle tree containing ~ 1000
segments, which is the most detailed of the existing models of the tree of the human systemic arteries. Based on the model, the
blood circulation parameters have been calculated in the aortic model (91 viscoelastic tubes). A good agreement between the
results of computer simulation and the measurements of pressure and velocity of blood flow along the aorta has been shown.
An analysis of the wave reflection coefficients revealed areas with abnormal values of friction on the wall and pressure
oscillations that can lead to damage of the wall, the development of aortic aneurysm, stenosis of the renal arteries, and other
pathologies. The proposed model can be used to calculate cases of pathology (narrowing, expansion, atherosclerotic plagques,
and others) on an individual model of the patient’s aorta according to CT, MRT, ultrasound, etc., as well as for preliminary in
silico modeling of vascular operations.

Key words: computer simulation, biomechanics, blood circulation, pulse waves, medical diagnostics.

1 Beryn

Y cydacHiii OioMexaHili KpOBOOOIrY IIMPOKO BHUKOPHUCTOBYIOTHCSI METOAM KOMII'IOTEPHOTO
MOJICITIOBAHHSI Teuii KPOBi MO apTepisx, BEHAX, MIKPOIMPKYISATOPHUX PYyCiIax BHYTPINIHIX OpraHiB i
M's13iB, SK y 3JI0OPOBUX CYJHMHAX, TaK 1 3 ypaxyBaHHSIM HAasBHOCTI TATOJIOTiH y BUTJIS/I CTEHO3IB,
aHEeBpHU3M, BIKOBOi aereHepauii crinku Ta iH. [1]. Komn'torepni kiacrepu i miatdopMu XMapHHX
00YMCIIeHb JTO3BOJISIIOTH MPOBOAMTH JeTalbHI po3paxyHku 3D Ttediil B aedopmMoBaHUX CyAMHAX 3
ypaxyBaHHSM B3a€MOJIIT piJIMHA-CTIHKA HA HEBEJIMKHUX MOJICISIX CYyIUHHUX PYCel, IO CKIAJa0ThCs 3 ~
10-40 cymun. Crporreni 2D i 1D mMoxeni 103BOJISIIOTH MPOBOAUTH po3paxyHku Ha [IK mms Oinbin
CKJIaJHUX CHCTEM, IO MICTATh COTHI i ThCsA4i cyauH. Komm'roTepHi Moneni MexaHiKM KpoBOOOIry
JO3BOJIIIOTh OyayBarth iHAWBimyasdbHi (patient-specific) Momenmi KOHKpeTHOro Taii€eHTa, a IOTIM
NUISIXOM YMCENFHUX PO3PaxyHKIB, IUIAHYBaTH CYJWHHI omeparlii, CTeHTYBaHHs, UIYHTYBaHHS Ta IHII
Xipypriuti BTpy4anHs. Takuil miaxig J03BOJISIE OLIHUTH KiJIbKICHUN eeKT omnepalii y BUTTISAL CTYNEHS
BiZTHOBJICHHSI KPOBOTOKY, 3HIKECHHS B'SI3KOTO TEPTS Ha CTIHKAaX CYAMH, OCHWISLIA THCKY Ta iHIIMX
CIPUSTIUBUX a00 MOIMIKOKYIOUHX (aKTOpiB, MPOBOASYM JIO OlepalliiiHe IUTaHyBaHHS 1 BHOIp
ONITUMAJILHOTO BILJIHBY.

Kpim mporo, 3poctae posb CydacHUX METOZIB aHami3y Benukux AaHux (big data analysis) y Burmsai
THMYACOBUX PAAiB [2]. Y MexaHimi KpoBOOOITY I1i TaHHI Oe3MepepBHOr0 JOOOBOTO 1 OLIBII TPUBAIOTO
MOHITOPUHTY THCKY p (t) 1 mBHAKOCTI Vv (t) Tedii KpoBi B MaIbIeBUX (TATBIEBHHA MAaTIHK), TUICTOBUX
(MamXeTHUM MaHOMETp) 1 IEeHTpalbHUX (iHBa3WBHHM [NaTYMK Ha KaTeTepi) apTepisfix, a TaKoXK
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eleKTpokapaiorpadigHUX curHamiB. MeTOI0 KOMITIOTEPHOTO MOJAETIOBaHHS B OioMeXaHiIi KpoBooOiry
€ po3po0Ka CKJIaJIHUX 1HIWBIyaTIbHUX MOJIEICH K OKPEMHUX CaMOCTIHHUX JUISTHOK CYJMHHOTO pycia 3
ypaxyBaHHSM MICIICBOi, HEPBOBOI 1 TyMOpPalbHOI pEryisiii (CHCTEM KOPOHAPHUX, MO3KOBHX,
JIETeHeBUX apTepi 1 iH.) [3,4], Tak i cucTeMHOTrO IepeBa mo3aopranHux aprepiit [5]. [lomioH1 Momeni
OyIyTh BUKOPHCTOBYBAaTHCS B KOMITTOTEPHIH MEIUIMHI MalOYTHBOTO JUISI KUTBKICHOI OIIIHKH PiBHA
KPUTUYHOCTI TIATOJIOTiH, NPUHHATTS pilieHHs Mpo BHOIp Tepamii, IulaHyBaHHS XipypriYHUX BTpy4YaHb,
OCKUTBKH Jaf0Th MOXKIIMBICTH MPOBECTH JETajdbHI UYHCENbHI PO3PAXYHKH 1 OILIHWUTH pPE3yibTaT
BUKOHAHHS OIepallii, HampuKiIaj, 31 CTEHTYBaHHS CTEHO3y, TPOMOYBaHHS a00 TUIACTHIl aHEBPHU3MH,
ctBopenHs mryHTa (bypasss) Ta iH. Patient specific Mojeni 3acHOBaHI Ha pe3yJibTaTaX KOMITHOTEPHOT
(CT) abo marniTope3zonancHoi Tomorpadii (MRT), ynpTpasBykoBoro ckanyBauHs (Y3/1), anrioradii
CYyIIMHHOTO pycia marieHTa. /[ mpoBeneHHS pO3paxyHKIB B pealbHOMY Haci Ha BEIMKOMY HaOopi
Mojieiei HeoOXiTHO pO3yMHE CHpOIICHHS 3aBJaHHS Ha OCHOBI KOMOIiHAIlli MaTeMaTHMYHUX MOJEIeH
Pi3HOI CKITaHOCTI.

2 MaremaTtu4Hi MmoaeJi

Hns neranpHux 3D po3paxyHKiB THUCKIB 1 IIBHIKOCTI Tedwii KpoOBi, Nedopmalliii CTIHOK CYAHMH i
IHIINX TEeMOJWHAMIYHMUX MapaMeTpiB BUKOPHCTOBYIOTHbCA piBHSHHA Ha'e-CTokca mms KpoBi SK
HBIOTOHIBCHKOI PIIMHU 1 PiBHAHD B'SI3KOIPYKHOCTI TS CyTMHHOI CTiHKH. [Ipy BiACYyTHOCTI 30BHINIHIX
CHJI, HECTUCITUBOCTI Marepiany CTIHKMA i Oe3mepepBHOCTI MOJS MIBHIKOCTEH 1 HAlpyr Ha TPaHMILX
PO3[IiTy piAMHA-CTIHKA, TIOB'I3aHa CUCTEMa PiBHSIHb i TPAHUYHI YMOBH MarOTh BUTJISI [2,5]:

diw=0, p %+ (VVV |=-Vp+ uav 1)
- o%u .
divi=0, p, Fo -Vp, +dive (2
r=0: v,=0 @)
r=Ry(X)+U,(t, r,x)|r:RO(X) ;

ou ov ov, ov
—=V, —-p+ L=—p,+0,, L+—L =0, 4
r=Ry(X)+U,(t, r,x)|r:R0(X) +H +u,(t, r,x)|r:RO(X)+H (=0 (5)

ne V=(v,,0,v,), U=(u,,0u,) - mBHAKICTE pyXy PiIMHH 1 MEpPEMIlIEHHs CTIHKH B MOB'S3aHOI 3
apTepicr0 MUIIHIPUYHIN CUCTEeMi KOOPAUHAT, /- B'I3KICTb KPOBI, p, - IIUIBHICTh MaTepialy CTIHKH,

P, P, - TiApocTaTHYHi THCKY B piauHi i cTinui, ge Ry(X) =/Sy(X)/7 , & - TeH30p HanpysKeHb CTIHKH:

Tsd—0+6':|§é+,usd—g (6)
dt dt
Je & - TeH30p aedopmarlii, E - TEH30p MOJYJIIB IIPY’KHOCTI MaTepiany CTIHKH, i, 1 T - PEOJIOTiuHi
napameTpu. YMoBa (3) Mae Micle TUIbKH B IPUITYILEHHI OCbOBOI CUMETpii Teuii.

YMmoBu (5) BIANOBIIAIOTH dKOPCTKOMY 3aKPIIJICHHIO 30BHIIIHBOT MMOBEPXHI CYJAMHU 10 HABKOJIMIITHIX
TKaHUH. J1s1 moBepxHeBHX aprTepid 3amicTh (5) BHKOPHUCTOBYIOTH YMOBH HEHaBaHTaKeHHA. Jliis
MOBEPXHEBUX apTepiil, HaBaHTAKEHUX 30BHIIIHIMA HOPMaJIbHUMH (CTHCHEHHS MAaHXKETOI0) 1
JOTHYHUMH (3CyBHI HABAaHTA)KEHHSI) CHJIAMH, 3aMiCTh (5) BUKOPHCTOBYETHCS yMOBA Oy, =0, O = O, .

Jisi HeBeJNMKWX 32 MPOTSHKHICTIO CUCTeM KpoBeHocHUX cynmuH (1) - (2) BHPINIYIOTBCS METOAOM
KiHueBux enemeHTiB (AnSys Fluent, Multiphysics, MatLab Ta iH.) [5]. 3 MeTOIO MPHUCKOPEHHS Yacy
PO3paxyHKiB U CKIaJHUX cHcTeM, 110 MicTATh 100 i Oinblie cynuH, MOUIMPEHHS MYIbCOBHX XBUIIb
JOCHIJDKYETHCS Y BUTIISI Malix 30ypeHb. J{Jis 1Iboro Ha BXOJIi B CHCTEMY 3aJIA€ThCSl XBHIISI THCKY, IO
TeHEPYETHCS cepleM, y BUrisiai @yp'e-posxiany

x=0: P=>PR(re*, @)
k=0

Jie TiepIia TapMOHiKa BU3HAYAETHCS YACTOTOI CKOPOYEHB CepIls Malli€HTa.
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Toni pimenns (1) - (2) ans monel THCKIB, MIBHIKOCTEH 1 IEPEMIIIeHb ITYKAEThCA Y BUTIIsLAL (7) Ha
OCHOBI JInHeapu3oBaHHON Mozenm (1) - (2) [2]. Haii6inbmn yacTo e pilieHHS BUKOPUCTOBYETHCS LIS
BUTIAJIKy OCECUMETPHYHOI Teuii KpOBi 1 palianbHUX MepeMillleHb B'SI3KONPYKHOI CTiHKU cynunH [1,5],
OJIHAK MOJKHA OTPHUMATH 1 TOPCIOHHI MOIHW, BIAMOBIAHI CIipanbHiN Tedii KpoBi B aOpTi i ii BETUKHX
BigramyxeHssx [1].

HaiirpocTimow MOAEIIIIO My/IbCOBUX XBUIIb B apTepisx € kBaziogHoMipHa (1D) moxens pyxy B'si3koi
piauHu 1o mojamMBii Tpy6ui sminroro S(t,x) [1,2,5,6]:

§+Q(SU)=O,

ot oX

U U oP
P L EsL), 8
”(at axj P ) ®

P(t,X)~ P, =G(S,),
ne F=27,7/S —Sfla/axj‘(ux—U)dS, o,U, - WIUIBHICTE i TMO3IOBXKHSA KOMIOHEHTa IIBUIKOCTI
s

pyXy pimueM, iHgekc W BiZHOCHTBCA 10 3HaueHHs Ha criHii TpyOkm, P(t,X) - cepemmiii mo

-1 .
nepetuny Tuck, U =S J.UXdS - cepedHs LIBHAKICTh, P,- THCK B OTOUyrOYMX TKaHWHAX, 7, (u) -
s
cepelHs MO mepuMmeTpy Hampyra teprs Ha crinmi, G(S,X)- nimiliuuii abo HeniHifiHWHA omepaTop,

BIINOBITHUI pPEOJIOTIYHOMY 3aKOHY CTiHKM cyauHH. Slkmo P=P,, o S=S;, ne G|S:SO =0, mo

BIJIMIOBiZJa€ HEHANpPY>KEHOMY CTaHy CTiHKH TpyOkH. Y HOpManbHUX (i3i0JNIOTIYHUX YMOBax
TpaHncMmypainbHuid THCK Py, =P —P,>0. Ilpu npomy criHka cyauHM 3a3Ha€ 3Ha4yHI IO3JOBXKHI 1
OKPY)KHI HATSATHEHHS, 3aJMIIAETHCS BiJHOCHO YKOPCTKOIO MPOTSTOM CEpIIEBOr0 MUKITY 1 BiqdyBae Maii
KOJIMBAHHSI I[0I0 HE30ypeHOro 3HaYeHHS S, .

[Tpu npoBeieHHI pO3paxyHKiB Ha KOHKPETHIM MOJIeli pyciia piBHSHHS (8) 3alUCYIOTBCS TSI KOXKHOT
aprepii, a B Micisx Oipypkaiii BHKOPUCTOBYIOTHCSI YMOBH HETEPEPBHOCTI IIBUAKOCTI i JTUHAMIYHOTO
THCKYy. Ha BiZKpHUTHX KIHIIX MOJENi BHKOPUCTOBYIOTHCS TPaHWYHI YMOBH y BUIVIAII 3aIaHOTO
BiZJOOpakeHHsI TMyJNbCOBUX XBHIIb HAa CHCTEMax MalHX CYAWH, SIKi MOJETIOIOThCA IPH LBOMY
HyeBuMipHUME (0D) Monensmu Tumy Windkessel y Burisiai komOiHamiid pe3ucTBHUX (Z), EMHICHUX
(C) i ingykruBHux (L) BractuBocteii (prc. 1) B ceHci MexaHo-eaeKTpudHoi aHaorii [ 1-5].
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Puc. 1 lpuxnao cunmemuunoi mooeni wacmunu cyoOuHHoi cucmemu

V cnemiaibHOMY AOCTIIKEHHI OyII0 MOKa3aHo, 10 YHCENIbHI po3paxyHKH 1o Mojeni (8) mist nepeBa
CHCTEMHHX apTepill JIOAWHHM, IO MICTUTH 55 apTepiil, 3 BUCOKOIO TOUHICTIO BiANOBiNANU pe3yibTaTam
OCEpEeJHEHHS THCKIB 1 IIBUAKOCTEH B CEpeIMHHMX IIONEPEUYHUX MEepeTHHaX Bcix 55 TpyOoK,
po3paxoBaHUX Ha Kiactepi Ha moBHii 3D Moxeni aepeBa 3 55 aprepiit [7]. TakuMm auHOM, AT MIBUIKAX
MOTIEPEIHIX PO3PaxyHKIB PO3MOALIIB MBUAKOCTEH KPOBOTOKY i THCKY B apTepialibHill cucTeMi JOCHUTH
npoBecTd po3paxyHkd 1o 1D momemi (8). Ockinbku 1jIsi MPaKTUYHUX ILiJied (TaHyBaHHS omeparii,
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OIliHKA TSHKKOCTI CyJTMHHOI MATONOTii Ta iH.) HeoOXimHa aeTamizamii KapTHHHU Tedil KPOBi MO CYyAHHI
a00 JICKITbKOX CY/AMHAX, PO3PAaxXyHOK 3HAUCHb HANPYTrd TEPTS HA CTIHKAX, aMIUNTYA 1 4YacToT
OCHMJIAIIT, TO OCTaHHIM YacoOM TIOCWJIMBCS IHTEPEC N0 CHHTCTHYHHMX MOjeJiel, 3aCHOBaHMX Ha
cipomennx 2D ab6o 1D momensx cepennix i mamux aprepiit, 0D Momeni mis MIKpOIHPKYISITOPHUX
pycen i neransHUX 3D Momeneil Uit OKpeMUX CyAWH, IO MPEICTaBISIOTh iHTepec A Xipypra (puc.1).

3 Moaeib CHCTEMHOT0 apTepiajibHOTO AepeBa JIIOIUHH.

Y nmanii poOOTI BHUKOPUCTAaHI pe3yabTaTd MOPHOMETPHUYHUX JOCTIDKEHb [M03a0pPTaHHUX
(cucteMHUX) apTepiii, BUKOHAHUX Ha I'ATH TPYMHUX Npenaparax [8]. 3ainexHO Bij iHAWBITyaTbHOI
reoMeTpii B Ko)XHOMY AepeBi HamiuyBanocs 780-1240 aprepianbHUX CETMEHTIB, TOMY MOKHa TOBOPUTH
PO MOJETH CEPEeTHBOTO IepeBa, Mo MICTUTh ~ 1000 cerMeHTiB, M0 MPEICTaBIsse COOO0 HAWOIIBII
JeTajbHy 3 ICHYIOUMX MoJelieil JepeBa CHCTEeMHUX apTepiid mioguad. Ha puc.2 mpuBeneHa Mozemb
aopTH Ta 1i po3ranxyXeHb, BUKOPHUCTaHa B JaHii poOOTiI Uil YHCENbHUX PO3PaxyHKIB Ha OCHOBI
moxuedneit (1) - (7), (8) i 0D. OcepenHeHHi 3HaYeHHS AOBXKYH 1 JiaMeTpiB HaBeleHi B [9].
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Puc. 2 Cxema 6yoosu aopmu ma ii po3eanyicensb

4 Pe3yJbTaTH PO3PaxyHKiB.
Pospaxynku nposouiarcs Ha mozeni (1) - (7), 3amucaHol JJIst KOXKHOTO cerMeHTa aoptu (puc.2).

BUKOPUCTOBYBAIIMCS HACTYIIHI 3Ha4eHHs mapamerpis mogeni: p, =1.05 Kr/m, My = 4107 Ma-c, Pu

=1.12 ko™, 7=0.045 ¢, 79 =0.035¢c, 0=05. Jns rtoBummm i momyns IOmra crinku
BUKOPHCTOBYBAITHCS HacTymHi anpokcumarii [10]: (Eh/ p,d) =15.18-d %",
h(d) =R,(0.2802 - exp(—5.053R,) + 0.1324exp(—-0.1114R,), R,(X)=R, - (R,—-R,,)X/L.

Ha ocHOBi umcenpHuX po3paxyHKiB Ha mMomeni (1) - (8) mis aopTu Ta ii BEMUKHX pO3raiyXeHb 2-
4,22,23,29,32, moneni (8) mist iHmmx riok i moxaenei 0D i BCIX BIAKPUTHX KiHINB MO Oyiu
orpuMani Bupasu i konmBaub P (), U (t), u (t) B pi3Hux neperuHax aoptH i ii Tijok. 3HAYCHHS
peosoriyaux KoedinieHTiB HaBeAeHi B [9]. Bynu po3paxoBani KoeillieHTH PO3rallyKeHHs, IBHIKICTb
MYyJBbCOBOI XBHJI 1 KOe(illiEHT BiAOUTTS XBUJIb Ha KO)KHOMY PO3Tally’KEHHI y3/I0BK AOPTH Bif 1l KOpeHs
1o Oipypkarii. Pe3ynbTatn po3paxyHKiB KpUBHX THCKY i 00'éMHOT BUTPATH KPOBI Ha JIJSIHKAX a0pTH,
BIOBIMHUX Bigramyxenusm 5,19,31 (puc.2) HaBemeHni Ha puc.3. AHami3 koe(illi€HTIB BiIOUTTA
XBWJIb J03BOJIMB BUSIBUTH IUISHKHA 3 aHOMAaJbHUMH 3HAUYCHHAMH TEpTs Ha CTIHII 1 OCHWUIALUSMH
TUCKY, SIKI MOXYTh TPHU3BOAMTH JO TOIIKO/KEHb CTiHKH, PO3BHTKY AHEBPU3MH AOPTH, CTEHO3Y
HUPKOBHX apTepiil Ta iHIIHUX MaTONOTiH.

Po3paxyHku XBWJIb THCKY 1 IIBHAKOCTI B3A0BXK aoptu (puc.4d a, 0) BignoBigaoTh (i3MYHO
NpaBUWIBbHIA KapTHHI TpaHcdopmalii BXigHOI XBWIII, a caMe 3pOCTaHHS IIUPUHM MKy (steepening) i
30UIBIICHHST aMIDTTyIu THCKY (peaking) (puc.4a) 3a paxyHOK 30UIBIICHHS IMBUAKOCTI XBWJI MpH ii
MOIIUPEHHI BiJ{ OUTBIN MiJIATAMBUX IO KOPCTKIIIMX [IJISHOK, & TaKOXX 3MEHIICHHS aMILTITYIH
MIBUJKOCTi, yYTBOpEHHA 1 30iJbIICHHS AaMIUNTyIW BTOPHUHHOI (AMKPOTHYHOI) XBHJI 3a PaxyHOK
CYMEePHO3uIii IMPOXOA’NIUX 1 BiZOMTHX XBUIb (puc.40). PospaxoBani KpuBi 100pe BiAINOBIIalOTH
pe3yibpTaTaM BUMIPIOBaHHS 3a JOIIOMOTOI0 KaTeTepa B3I0BXK aOPTH JIIOIUHH, coOaku, kpouka [11-13].

OU'[
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P (kITa) P (kTTa) P (KITa)
18 18 18
16 16 16
14 14 14
12 12 12
10 10 - - 10 x
0.2 04 0.6 0.8 1 t(c) 0 0.2 0.4 0.6 08 1t(c) 0 0.2 0.4 0.6 0.8 I't(c)
Q (m/c)
14 Q (mv'c) Q (m/c)
12F 12 12
10 10 10
8 8 8
6 6 6
4 " . A 4 A n 4 i
[ 0.2 04 0.6 08 1 0 0.2 04 0.6 0.8 1 [{ 0.2 0.4 0.6 08 1
t(s) t(s) t(s)

Puc. 3 Pesynomamu po3spaxynkie kpusux P(t) i Q(t) na yuacmkax 5 (a),19 (6) u 31(8) aopmu

p (MM pr.cT.)
140

130
120
110
100

90 |

80

0 0.2 0.4 0.6 0.8 1 t(c)

v (cMm/c)

140

120

100
80
60
40

20

0 0.2 0.4 0.6 0.8 t(c)

Puc. 4 Pesynomamu pospaxyuxie xpusux P(t) i v(t) 63006 aopmu na yuacmxax (cm. Puc.2)
1-2 (a), 4-5 (), 18-19 (8), 23-24 (2), 31-32 (0)

5 Busoam.

[IpencraBaeHo mMaTteMaTH4Hy MOJIEINb, SIKA JO3BOJISIE NMPOBOAMTH IIBHJIKI PO3PaXyHKH Ha JIOCHUTh
CKJIaJHIF MOJeIi aOpTH JIFOJWHM, sika Hamiuye 32 cermeHTta aopTH i 59 ii posramyxenb. OTpumano
KpHBI KOJHMBaHb THCKY 1 IIBHJKOCTI KPOBOTOKY B3JIOBXK a0PTH, SIKi JI0Ope BIIMOBIIAIOTH (i3UYIHUM
ySBJICHHSIM Tpo Momudikamito xBuib p(t) 1 v(t) mpu nommpeHHi X 1Mo 3BYXKeHill moJaTimBiil TpyOui 3
BiJray’>KEHHSIMH, a8 TAaKOX BIAMOBINAIOTH KPUBHUM, BUMIPSHUM in Vivo MiKpOMaHOMETPOM B aOpTi
JIOWHU 1 €KCIICPUMEHTAIBHIX TBAapHH. 3aIllpOIIOHOBaHA MOJIETh MOXKE OYTH Jalli BUKOPHCTAHA IS
PO3paxyHKIiB BHIIAAKIB MAaTONOTii (3BYXKEHHS, PO3IIMPEHHS, aTepOCKIepOTHYHI Omsmku Ta iH.) Ha
IHIUBIAyanbHIA Mojeni aopTH namienTa 3a nanumu CT, MRT, V3/1 Ta iH., a Tak0X JJIs1 TOTIEPETHBOTO
in silico MoieIFOBaHHS CYAMHHUX OTIEepaIliil.
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ITokazano, mo 0Oarato po3ranxyXeHb aOPTH MAalOTh HETATHBHUNA KOE(IIIEHT BIAOWUTTS IyIbCOBUX

XBHJIb, IO CHPHsIE MPUCKOPEHHIO KPOBOTOKY 3aBISKM MiACMOKTYyIOUoMY edekTy (suction effect) i,
TaKUM YMHOM, 3MEHILICHHS HaBaHTAXCHHS Ha JiBUH NITyHOUYOK. Po3paxoBaHi kpuBi koiuBaHb P (t) 1 Q
(t) moOpe BiAMOBIAAIOTH JaHWM KIIIHIYHUX BUMIpIOBaHb. Ha 0CHOBI 3ampornoHoBaHoi MOzeli Moxe OyTH
po3pobneHa cucreMa paHHBOI ifeHTH(iIKamii AUISHOK CYOUHHOTO pycia Tali€HTa 3 aHOMAallbHO
BUCOKHUM KOE(I[iEHTOM BIIOWTTS XBHJIb i IPEBEHTUBHOI KOPEKIii THX MAaTOJIOTiH, SKi MalOTh BHCOKHH
PU3UK TPOTPECYIOYOTO PO3BHTKY JOKAJIBFHOTO TMOPYIICHHIO KPOBOOOITYy B OpraHax 1 TKaHWHaX 3a
paxyHOK BIZOWTTS XBWJIb 1, TAKUM YHHOM, 3HIKEHHS XBWJIBOBOI TPOBITHOCTI aOPTH SK M'SIKOTO
XBHJICBOTY.
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Stationary problem of heat conductivity for complex-shape multilayer plates

A.l. Malykhina, D.O. Merkulov, O.V. Postnyi, N.V. Smetankina
A. N. Podgorny Institute for Mechanical Engineering Problems of the National Academy of Sciences of Ukraine,
Pozharsky str., 2/10, Kharkiv, 61046, Ukraine
e-mail: nsmetankina@ukr.net

A method for calculating stationary temperature fields in a complex-shape multilayer plate when it is heated with film heat
sources is proposed. Convective heat exchange takes place on the outer surfaces of the plate. The solution of the stationary heat
conduction problem is obtained for a three-dimensional formulation based on the immersion method. A comparative analysis
of the temperature distribution along the thickness of a square plate with the results obtained by finite element method has been
carried out. As an example, the problem of stationary thermal conductivity for a five-layer glazing element of a vehicle when
heated with a film heat source has been solved.

Key words: multilayer plate, complex form, stationary thermal conductivity, film heat source.

3anponoHOBaHO METO]] PO3PAaXyHKY CTAI[lOHAPHUX TEMIIEpaTypHHX MONIB y 0araToImapoBiii IIACTHHI CKIAAHOI (GOPMH IIpH
BIUIMBI IUTIBKOBHX JDKEpeN Teruia. Ha 30BHIMIHIX NOBEPXHAX IUIACTHHHU BiOyBa€ThCs KOHBEKTUBHHU TEIIOOOMiH. PiBHSHHSA
TEIUIONIPOBIAHOCTI 1 TPAaHUYHI YMOBH OTPUMAHi 3 BapiallifHOTO piBHSIHHS TEIIOBOro OanaHcy. Po3B’s130k 3amadi cTanioHapHOL
TEIUIONIPOBIAHOCTI OTPHUMAHO B TPUBUMIPHIH IIOCTaHOBLI Ha OCHOBI Meroay 3aHypeHHs. [loximHi mrykanoi ¢yHKmii
TEMIIEpaTypHy B3IOBXK IONEPEYHOI KOOPAMHATH, IO BXOJATh y PIBHSIHHS TEIUIONPOBIIHOCTI, 8 TAKOX YMOBH KOHBEKTHBHOTO
TEIIOOOMIHY Ha BEpXHii 1 HHKHIM MOBEPXHSX IUIACTHHY Ta YMOBHU PIBHOCTI ITOTOKIB TeIUIa i TeMIepaTyp Ha MeXax KOHTAKTY
IapiB, 3aMIHIOIOTECS X CKIHYEHHO-PI3HUIEBUM IOJAHHSIM. JUJIsi IbOTO BHKOPHCTOBYIOTHCS CHMETpWYHI pi3HuIi. Buximxa
GaraTomapoBa IUIaCTHHA JOBUTFHOT (JOPMU B IUIaHI 3aHYPIOETHCS B IONMOMDKHY 0araToIapoBy IUIACTHHY, IO OXOILIIOE, 3 Ti€0
JKe KoMrosuuielo mapiB. dopMa IUIACTHHH, IO OXOILIIOE, BHOMPAETHCS TaKMM YHHOM, 10O MOXIINBO Oyiio OTpUMAaTH
MPOCTUIl aHATIITUYHUH PO3B'A30K. Y HaHii poOOTi POk MIIACTHHY, IO OXOIUTIOE, BUKOHYE MPSIMOKYTHA IUIACTHHA 3 HYJIbOBUMH
yMoBaMH Ha KOHTypi. L[[00 3a0e3meynTH BHKOHAHHS peabHUX TPAHWYHHX YMOB, JO IOIMOMDKHOI IUTACTHHU B KOXHiH
BY3IIOBiil TOUIi MO TOBIIMHI B3JOBX BHXiZHOTO KOHTYPY HOMAIOThCA JOJATKOBi KOMIIEHCYIOUi JKepena. IX iHTeHCHBHOCTI
BU3HAYAIOTHCS 3 YMOBH 33J0BOJICHHS BUXIIHUM TPaHUYHUM yMoBaM. DyHKIIT TeMIlepaTypH B mapax i Ha Oi4Hii MOBEpXHi, a
TaKOXX IIUTBHOCTI BHYTPILIHIX TEIJIOBHX PKEPENT PO3BHBAIOTHCS B TPUTOHOMETPHYHI PSIIU MO (QYHKIISAX, IO 33T0BOJIBHSIIOTH
TPaHNYHI YMOBaM JIONOMDKHOI IUIACTHHH, a TaKOX Y PsI Y3JOBXK BHXIJHOTO KOHTYpY. Y pe3yibTaTi IepeTBOPeHb CHCTEMa
IHTErpalbHUX PIBHSAHB 3BOAWTHCS O CHUCTEMH JIHIHHHMX anreOpaidHMX pPIBHSAHB IIOJNO KOS]IiLi€HTIB PO3BHHEHHS B PsJ
¢GyHKIIH KOMIEHCyrounx Jokepen. IIpoBeieHO NOpIBHIOBAIBHMI aHAN3 PO3MOALTY TEMIIEpaTypH B3JIOBX TOBIIMHH
KBaJpaTHOI ITACTHHH 3 PE3yJlbTaTaMM, OJCPKAaHUMH METO/IOM CKIHYCHHHMX eJeMEHTIiB. Sk HpHKiaa po3B’sizaHa 3amava
CTaLliOHAPHOI TEIUIONPOBIAHOCTI IS I’ ITHIIAPOBOTO €JIEeMEHTa OCKIIHHS TPAaHCIIOPTHOTO 3acO0y MpH HarpiBaHHI IUTIBKOBUM
JDKEPEJIoM TerIa.

Knirouogi cnosa: bazamowaposa nnacmuna, ckiaoua gopma, cmayionapna menionpogionicme, niigkoge 0icepeno menad.

IIpemtoxxer MeTon pacdera CTallMOHAPHBIX TEMIIEPATYPHBIX IOJIE B MHOTOCIOWHON IUTACTHHE CIOKHOH (DOpMBI TpH
BO3JCHCTBMH IUICHOYHBIX HCTOYHHUKOB TeIia. Ha BHENIHMX TIOBEPXHOCTSIX IUIACTHHBI IPOWCXOANT KOHBEKTHUBHBIN
TEIII000MEH. YpaBHEHHMS TEIIONPOBOAHOCTH M TPAHWYHBIC YCIOBHS ITOJIYYCHBI M3 BapHAI[OHHOTO YPABHEHUS TEIIIOBOTO
Gananca. Pemenne 3agauM CTallMOHApHOW TEIIONPOBOJHOCTH TOJMYYE€HO B TPEXMEPHOI MOCTAaHOBKE Ha OCHOBE METOJa
norpyxenus. [Ipon3BojHble UCKOMOH (YHKIMH TeMIIEpaTypsl BIOJb IONEPEYHOIl KOOPIMHATHI, BXOJSLIMX B YpaBHEHHE
TEIJIONPOBOAHOCTH, @ TAaKXKE YCIOBHS KOHBEKTHBHOTO TEIUIOOOMEHA Ha BEpXHEH M HW)KHEH MOBEPXHOCTSAX IUIACTUHBI U
YCIIOBUSL PABEHCTBA IOTOKOB TEIUIA U TEMIIEpaTyp Ha IPaHULAX KOHTAKTa CJOEB, 3aMEHSIOTCA MX KOHEYHO-Pa3HOCTHBIM
npescTaBIeHueM. [ 3TOro MCHONB3YIOTCS CHMMETPUYHBIE pa3sHUIBL. BEIXOAHAs MHOTOCIOWHAs IIacTHHA IPOU3BOJIBHOM
(hOpMBI B TIIIaHE MOTPYKAETCSI BO BCIIOMOTATENbHYI0 MHOTOCIIOHHYIO TIIACTHHY, KOTOpast OXBATHIBAET, C TOH e KOMITO3UIIHEH
cioeB. dopma TIACTHHBI, KOTOpas OXBaTHIBAaeT, BHIOMpaeTcs TaKMM 00pa3oM, 4TOOBI MOXHO OBIIO MOJTYYHTH IIPOCTOE
aHAINTUYECKOe pelnieHne. B maHHONW paboTe poilb OXBAaTHIBAIONIEH IUIACTHHBI BBIMONHSET HPSMOYTOJbHAs IIIaCTHHA C
HYJIEBBIMH YCIIOBHSIMH Ha KOHType. UTOOBI 00€CIeunTh BBHIMOTHEHNE PEaTbHBIX I'PAHUYHBIX YCIOBHH, K BCIIOMOTATEIbHOMN
IUIACTHHE B K&XJOW Y3JIOBOM TOYKE IO TOJIIMHE BJOJb HCXOAHOTO KOHTYpa JOOaBISAIOTCS IOMOJHUTEIbHBIC
KOMIIEHCHUPYIOIIUE HCTOUYHHUKH. VIX HMHTEHCUBHOCTH ONpPENENSIOTCS U3 YCIOBUS YIOBJIETBOPEHMS BBIXOJHBIM I'DaHUYHBIM
ycioBusiM. DyHKIMM TeMmepaTypsl B CJIOSIX M Ha OOKOBOW ITOBEPXHOCTH, a TaK)Ke IUIOTHOCTHM BHYTPEHHHX TEIUIOBBIX
WCTOYHUKOB pAa3BHBAIOTCS B TPHUTOHOMETPHYECKHE psAAbl MO (YHKIUSM, YHOBICTBOPSIOMINE MpEIebHBIE YCIOBHUIM
BCIIOMOTATEeIbHON IUIACTHHBI, a TaKKe B pPAI BAOIb HCXOJHOTO KOHTypa. B pesymprare mpeoOpas3oBaHmii cucTeMa
MHTETPAIBHBIX YPAaBHEHUH CBOAUTCS K CHCTEME JHMHEHHBIX anreOpandecKuX YpaBHEHUH OTHOCHTENBHO KO3 QHIMeHTOB
pasnokeHHss B psAx  (QYHKIUH KOMIECHCHPYIOIIMX HWCTOYHUKOB. I[IpoBeleH CpaBHHUTENBHBIN aHAIM3 paclpeeleHHs
TeMIIepaTyphl BIOIb TOJIIMHBI KBAAPATHOH IUIACTHHBI C Pe3yIbTaTaMH, MOTYYSHHBIMH METOJIOM KOHEUHBIX 3JIEeMEHTOB. B
KayecTBe MpHMepa pelleHa 3ajJada CTallMOHAPHOM TEMIONPOBOAHOCTH JUISL MATUCIOMHOTO 3IEMEHTa OCTEKJIECHHUS
TPaHCIOPTHOI'O CPEACTBA IPHU HArp€BaHWU MJICHOYHBIM UCTOYHHUKOM TEILIA.

Knroueewvie cnosa: mnozocnolinas niacmuna, CiodicHdas d)opma, cmayuoHapras memonpoeodHocmb, NIEHOYHDIL UCTNOYHUK
menJia.

© Malykhina A.l., Merkulov D.O., Postnyi O.V., Smetankina N.V., 2019
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1 Introduction

Analysis of the literature shows that the problem of thermal conductivity of multilayer plates on the
outer surfaces of which convective heat exchange takes place have been fully studied for the plates of a
standard shape in the plane [1, 2]. For non-standard plates FEM and R-functions are mainly applied [3,
4]. As arule, internal heat sources in the objects under consideration are absent.

Therefore, the development of methods for calculating temperature fields in multilayer plates having
an arbitrary shape, with convective heat transfer on the outer surfaces and the presence of distributed
interlayer film heat sources is an urgent problem.

In publications [5-7] similar problems were solved on the basis of a two-dimensional theory. This
paper proposes an approach based on a three-dimensional theory.

2 Formulation of the problem
We consider a multilayer plate which is assembled from | layers with constant thickness h;. The

plate is referred to the Cartesian system of coordinates, which is related to the outer surface of the first
layer (Fig.1). On the coordinate plane, the plate occupies the area Q bounded by the contour

[
L: X =x(S),yL = Y(S). On the outside Sp,S; and the side (S,_ = ZS{_J surfaces of the plate are
i=1

convective heat transfer.
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Fig.1 Multilayer plate
The temperature distribution in the layers of the plate is determined by the equation:
AT ' =—= A= st +t—, (X,y) €Q &1 <26, (1)
Ki ox?  oy® oz

_ | .
where i is the layer number (i =1,I); o = Zhj; hj is the thickness of the j-th layer, T' is temperature
j=1
of the i-th layer, Qi is internal heat source of the i-th layer, k; is thermal conductivity of the i-th layer.
Boundary conditions on the side surface:
or' L ,
L i iy _ | i _1
——+ (=T =0, (x,y.2) €S|, (x,y,2) €S}, i=1]1, )
n .

[
where T|_i is temperature on the side of the i-th layer, H,i_ is convective heat transfer coefficient on the
side surface of the i-th layer.
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Conditions of convective heat transfer on the upper and lower surfaces of the plate:

1 H I H
—i+k—1(T1— 1y_0, z=0, %+k—'(T' ~Th)=0, z=4, (3)
1 |

where TO% and To'O are environment temperatures at the boundary between the first and I-th layer, H;
and H, are coefficients of convective heat transfer on the outer and inner surface of the plate
respectively.

Conditions for the equality of heat fluxes and temperatures at contact boundaries of layers,
taking into account thermal loads on surfaces of the layers, are written as:

oT! o+ -
ki ki ————0; =0, T' =T'"%, z=4 )

qio, X1 £X<Xo, Y1 SY<Y>
where ¢ =

0, 0<X<X1, Xo<X<A 0<y<y;, Yyo<y<B

qi0 is heat flux arising from the action of the film heat source located at the contact boundary of

adjacent layers.

Derivatives of the desired function with respect to the transverse coordinate z included in equations
(1) as well as conditions (3) and (4) will be replaced by their finite-difference representation. To do this,
we use symmetric difference [8]:

aTri _ Tri+1 _Tri—l 82Tri _ Tri+1 B 2Tri +Tri—1

oz 24, oz° A?

h: _
where Ap. = r_l is grid spacing, I, +1 is the number of nodes in the i-th layer, T,' is the value of the
I .
i
desired function in the r-th node of the i-th layer.
As a result, the system of equations (1) takes the form:

T, -Q+A (—2+£J)Ti+T‘ ——A—Z“iQ‘ (5)
r-1 h; XZ yz r r+1 = k re

The conditions of convective heat transfer on the upper and lower surfaces of the plate (3) and the
conditions on the interface of the adjacent layers (4) take the following form:

J(T=TE +i(r1—T1)=o 7=0
27, k ’ '

T . -T,
SLE SN TN, A 1) I NP ©)
2A,, Ky

T.-T I i _ il
k[z—Jk z—]“ ToT e

Conditions (6) and (7) allow excluding the values of the desired functions at the nodal points with

the numbers: r=—1 and r =r; +1 in the i-th layer (i :1,_I), as well as with numbers r =0 (in all

layers, excepting the first layer) from the system (5)
As a result, we obtain a system of equations in the following form:

AT=B+[clQ (8)
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To solve the system (8) an approach similar to the immersion method [9] is applied. The original
multilayer plate of arbitrary shape in the plane is immersed in the auxiliary covering multilayer plate
with the same composition of layers. The shape of the enclosing plate is chosen so that it is possible to
obtain a simple analytical solution. In this paper, a rectangular plate with zero conditions on the contour
is used as a covering plate (Fig.2).

(q comp

Fig.2 Auxiliary plate

The conditions of convective heat transfer on the upper and lower surfaces of the auxiliary plate
coincide with the conditions of heat transfer on the surfaces of the original plate. To ensure that actual
boundary conditions are met for the auxiliary plate at each node point in thickness along the border L

additional compensating heat sources are attached g™ (x, y), (x, y)e L and included in the system
of heat conduction equations (8) in the form:

A (% y) = 4 (x, v )o(x =%,y =y, )ds, r=012,

where 5(X - X,y yL) —is two-dimensional Dirac d-function, s* is contour length L .
Satisfying the boundary conditions for the contour leads to a system of integral equations for
determining the distributions of compensating sources:
BLT|qK°""” (x, y)|=o, X,y eL. 9)

Further T (x, y) and qi(x, y) are decomposed into trigonometric series in functions satisfying the
boundary conditions at the boundary of the enclosing rectangular plate:

M N

TH(X y)=D>.D Tasin mTﬂXsin n?ﬂy
m=1 n=1
M N

0 (X, ¥) =D Gpoy SIN M2 Gin W
m=1 n=1 A B

where A and B — side lengths of the enclosing rectangular plate.
In addition, the functions Tri and qi, included in the boundary conditions of the original plate are
decomposed in a row along the contour L [10-12]:
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*

T6)=S T4 6), d6)=5 T d (s).

u=0a=1,2 u=0a=12
ans ds
where d,, =sinf[uy(s)], d,, =cos[uy(s)], 7(s)=——,0<y(s)<27.
ds

As a result of transformations, the system of integral equations (9) is reduced to a system of
linear algebraic equations for coefficients of expansion in a series of functions of compensating
1
sourcesq/‘“.

3 Numerical examples

A comparison of the results calculated on the basis of the proposed approach with the results
obtained in [1] using the finite element method and on the basis of two-dimensional theory has been
carried out. In this paper a square plate is considered.

Initial data are as 1=5 (the number of layers); I =1,=0,9m (linear dimensions of the plate);
h;=0,006 m, h,=0,003m, h3=0,015m, h,=0,002m, hs=0,020m (layer thickness);
ki=1,60 W/(m-°C) (i =1, 3,5); ki=0,17 W/(m-°C) (i = 2, 4) (thermal conductivity coefficients of the
layer material); H; = 80 W/(m%°C), H, = 25 W/(m?°C) (convective heat exchange coefficients); T = -
16°C, T's =20°C (ambient temperatures).

Fig. 3 shows the temperature distribution across the thickness of the five-layer plate at the midpoint.
The calculation results are shown with a solid line. The results obtained by the finite element method
are shown with a dashed line; results on the basis of the two-dimensional theory are presented with
markers.
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Fig.3 Temperature distribution over the thickness of a five-layer plate

Therefore we consider the thermal state of a five-layer plate, the design diagram of which is shown
in Fig.4. The location of the heat source is shown in the figure with a dashed line.

The plate has the following geometrical and thermal characteristics: number of layers | = 5; sizes
shown in Fig. 4, 1;,=09m, I,=055m, [3=089m, I,=0,46m, R;=0,15m, R,=0,15m,
R;=0,17m, R,=0,16 m; layer thickness h; =0,005m, h,=0,003m, hs=0,01 m, h,=0,002m,

hs = 0,012 m; thermal conductivity coefficients of layer material k;j=1,61 W/(m-°C) (i=1, 3, 5);
ki=0,17W/(m-°C) (i=2, 4); convective heat transfer coefficients H; =90 W/(m2-°C),
H, = 40 W/(m2-°C); ambient temperature: T'. = -20°C, T'. = 20°C.
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The power of the film heat source located between the first and second layers: q; = 4000 W/m?, and
its dimensions (see Fig.4)—a=1m,b=0,6 m.

On the contour of the original plate TLi =0.

Fig.4 shows the temperature distribution over the plate thickness in section 4 — 4 indicated in the
design diagram with a thick dashed line.

s 15 S s

Fig.4 The design scheme and the temperature distribution across the thickness of the plate in cross
section A— A

Fig. 5-7 show the temperature fields on the outer surfaces of the plate and the interface of the 1st
and 2nd layers. On the outer surface of the first layer (Fig. 5) and the surface containing the heat source
(Fig. 6) a sharp change in temperature is observed near the edge of the region occupied by the heat-
generating film. Such changes can lead to significant temperature stresses in the layers of the plate. On
the outer surface of the fifth layer (Fig. 7) the temperature takes only positive values.

i
N
-15
0

Fig.5 Surface temperature distribution S;
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Fig.6 Temperature distribution on the surface S, (surface with heat source)

Fig.7 Temperature distribution on the surface Ss

4 Conclusion

The method for solving problems of stationary heat conduction in a three-dimensional formulation
for multilayer plates has been developed. It allows describing the thermal state of non-standard plates.

The comparison of the obtained results with the results presented in [1] confirms the reliability of the
proposed approach. The calculations carried out for the plate shown in Fig. 4 demonstrate the
capabilities of the method.

The proposed approach can be applied in designing heating systems for multilayer glazing of various
vehicles.
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The article is dedicated to software quality improvement research within the maintenance phase based on post-object-oriented
technologies. An important problem of the maintenance phase is surveyed, namely, the crosscutting functionality problem.
Mechanisms of post-object-oriented technologies have been reviewed and basic tasks to be resolved have been formulated in
order to reach the final goal of the research: defect reduction during the maintenance phase. The post object-oriented
technologies utilization framework for software quality improvement based on a collection of 4 heuristic assumptions has
been introduced. The conceptual scheme of the framework has been presented. An applied 2-steps procedure for defect
reduction assessment based on quantitative crosscutting-functionality and defect metrics has been described. Twelve results
of the experiments concerning calculation of the residual defect number have been presented and analyzed.

Keywords: post object-oriented technology, crosscutting functionality, software, defect, maintenance, metric.

CraTTs mpUCBSYEHA IOCTI[HKEHHIO IIIBUIICHHSA SKOCTI PO3POOKH IMporpaMHOro 3ade3medeHHS Ha (asi cympoBomy i3
BUKOPHUCTaHHSAM IIOCT O0’€KTHO-OPI€EHTOBaHMUX TexXHONOTiH. OpHiero i3 ocobmmBocTeil (ha3u CympoBOAy MPOTPaMHOTO
3a0e3MeYeHHS € MOCTiifHA 3MiHa BUMOT KOPHCTYBadiB, IO Ha PiBHI BUXIZHOTO KOAY MPU3BOAUTH OO MpOOIEeMH HACKPi3HOL
(YyHKLIOHANBHOCTI, SIKa B CBOIO YEpPry BUKJIMKAE 3pOCTaHHSA piBHA nOedekrtiB. [nsd BupimeHHS NpoOiIeMu HAaCKPi3HOi
(YHKIIOHAIBHOCT] 3alpOIIOHOBAHO BHKOPHCTATH MEXaHI3MH IIOCT 00’€KTHO-OpPIEHTOBaHI TEXHONOTIH Ta chopmyapoBaHi
6a30Bi 3aBOaHHS JUIL JIOCSATHEHHS (iHAMBHOI WIMI JOCHIIKEHHS: 3HIKEHHS PiBHSA He(deKTiB mix dac (asu CympoBOIYy.
IIpencrasnennit ppeliMBOpPK JUIs MiABUIICHHS SIKOCTI IPOIPaAMHHUX CHUCTEM 13 BUKOPHCTAHHSM IIOCT 00’ €KTHO-OPi€HTOBAaHUX
TEXHOJIOT1H, SIKMH 0a3yeThCsl HA KOHLENTI 3-BUMIPHOTO IPOCTOPY, IO MOEAHYE Y COOI THUIT CUCTEMH Ta BHI IIOCT 00’ €KTHO-
OpIEHTOBAaHOI TEXHOJIOTii, 13 BHKOPHCTaHHSAM $KOI IepeadadaeThbCsd 3HIDKCHHS PIiBHS HACKPI3HOI (PYHKLIOHATBHOCTI Y
iTboBil cuctemi. Januii GppeMBOpK Oa3yeThesl Ha YOTUPHOX 0Aa30BHX €BPHCTHYHMX MPHUITYLICHHSX, IO OB’ A3YIOTh PiBEHb
nedeKTiB, HACKPi3HY QYHKIIOHATBHOCTD, IIOCT 00’ €KTHO-OPi€HTOBaHI TEXHOJIOTII Ta IIUILOBY MPOTpaMHy cuctemy. HaBenena
KOHIIENITyaJlbHa CXeMa Ta 3alpoNOHOBaHA IBOIIATOBA NPOILEAYpa i3 BUKOPUCTAHHS JAHOI IMOCT 00’ €KTHO-OPi€HTOBAHOL
TEXHOJIOTT JUIs 3MEHIIEeHHs piBHA JedekTiB Ha (asi cynpoBoay WiIbOBOI mporpaMHoOi cuctemu. [Ipouenypa mependavae
OTpPHUMaHHS KiJIbKICHAX OLIHOK Ha 0a3i MeTpHK HAcKpi3HO! (YHKI[IOHATBHOCTI, TAKUX SK: PiBEHb MPUCYTHOCTI HACKPi3HOL
¢dyukioHanbHOCTI CF g0, T CTyHiHB po3citoBanHs DOS, 3anunikoBuit piBeHb HackpizHOi (yHKIiOHATBHOCTI RCR 40, T
KIUTBKICTh Jie(eKTiB y 1inboBii mporpamuii cucremi NoD. HaBeneni nani 12 nmpakTHYHHMX €KCIIEPUMEHTIB i3 BH3HAYCHHS
3aJIMIIKOBOTO PiBHS Je(eKTiB, 0 3rpymoBaHi 3a YOTHPMa TUIIMH TNPOTPAMHHUX CHUCTEM Ta TPhOMa MOCT 00’ €KTHO-
OpIEHTOBaHMMH TEXHOJOTISIMH, TaKUMH SK: aCIIEKTHO-OPIEHTOBaHA TEXHOJIOTiSI, BIACTHUBICTH-OPIEHTOBAHA TEXHOJIOTIS Ta
KOHTEKCTHO-OPI€HTOBaHA TEXHOJOTis. Pe3ynpTraTH BiOMOBIAHWUX EKCHEPHMEHTIB Oyl IMpOaHaTi30BaHi, OI0 Jal0 3MOTY
MPOpaH)KyBaTH 3TajiaHi BHIIE MOCT 00’€KTHO-OPIEHTOBAHI TEXHOJIOTI 3a 3aJMIIKOBAM DiBHEM Ae(EKTIB B JOCIIIKEHUX
cHCTeMax Ta BHU3HAYUTH HaiiMeHII Ta HaHOLIbII e(EeKTHBHY TEXHOJOTIIO0 Ui BHKOPHCTaHHS B MpOLECi CYNPOBOAY
HNPOTPaMHHX CHCTEM.

Knrouosi cnosa: nocm 06 ’eKmuo-opieHmo6ani MexHon02ii, HACKPI3HA (DYHKYIOHATbHICMb, NPOSPAMHE 300e3neyeHns,
deghexmu, CynposooHICY8anicmy, MEMPUKLL.

CraThsl TOCBSIICHa KCCICJOBAHUIO TMOBBIIMICHUS] KadecTBa pa3pabOTKM IMporpaMMHOro obecrmeueHuss Ha (ase
CONPOBOX/ICHUSI C HCIIOJIb30BAHUEM IOCT OOBEKTHO-OPHEHTHUPOBAHHBIX TexHomorud. OpHOIT M3 ocobeHHocTeil (a3bl
CONPOBOXK/ICHUS] IPOIPAMMHOTO OOECIICUCHUsI SIBISIETCSI OCTOSIHHOE M3MEHEHHe TPeOOBaHUiA MOJIb30BaTENei, Ha YPOBHE
HCXOIHOTO KOZa IPHBOJHUT K MpoOieMe CKBO3HOW ()YHKIMOHAIBHOCTH, KOTOPasi B CBOIO OYEpE]b BEI3BIBAET POCT YPOBHS
nedexToB. 1 pemieHns mpodIeMbl CKBO3HOH (hYHKIMOHATEHOCTH TIPEJIOKEHO HCIIOIb30BaTh MEXaHU3MBI IIOCT 0OBEKTHO-
OPHEHTHPOBAHHBIE TEXHOJOTHUH ¥ CHOPMYIHPOBAHBI 0A30BBIC 33a7aud JUIS JOCTIDKEHUS (DUHAIBHOM IeNN HCCIEIOBAHUA:
CHIDKEHHE YPOBHS Je(eKTOB BO BpeMs (a3sl compoBoxkaeHHs. [IpencraBieHHbIH (pelMBOPK I IOBBIMICHHS KadecTBa
IPOTPAMMHBIX CHUCTEM C HCIIOJb30BAHHEM MOCT 0OBEKTHO-OPUEHTHPOBAHHBIX TEXHOJOTHH, OCHOBAaHHBII Ha KOHIeNTe 3-
MEpHOTrO MpPOCTPAHCTBA, COYETAaeT B cebe THI CHUCTEMbl M BHJ MOCT OOBEKTHO-OPUEHTHPOBAHHOW TEXHOJOTHH, C
HCIOJIb30BaHUEM KOTOPOMH MPEAINOaraeTcsi CHIKCHHE YPOBHSI CKBO3HOM (DYHKIIMOHAIILHOCTH B LieNieBOil cucteme. JlaHHBIN
¢peitMBOpk Oa3upyeTcss Ha 4eThIpeX 0a30BBIX IBPUCTHUYECKUX IMPEINOJIOKEHUAX, CBA3BIBAIOLIMX YPOBEHb NE()EKTOB,
CKBO3HYIO (YHKIMOHAIBHOCTH, MOCT OOBEKTHO-OPHEHTUPOBAHHBIE TEXHOJOTHH U IEJEBYI0 IIPOTPAMMHYIO CHCTEMY.
IIpuBenenHas KOHIENTyaTbHas CX€Ma U IpeUIoKeHa JBYX€ETAHAS IPOIeypa 110 HCIIOIB30BaHUIO JaHHOH ITOCT OOBEKTHO-
OPHEHTHUPOBAHHON TEXHOJIOTHH JUIi YMEHBIIEHUS YPOBHA HE(EeKTOB Ha (ha3e COMPOBOXKACHMS IEJEBOH IPOTrpaMMHOMN
cuctembl. [Ipomemypa mpemycMaTpuBaeT IIOMyYeHHE KOJIMYECTBEHHBIX ONEHOK Ha 0a3e METpPUK CKBO3HOI
(YHKIMOHATIBHOCTH, TaKMX KakK: YPOBEHb IPHCYTCTBHUs CKBO3HOH (yHkimonambHOocTH CFratio, ee cremeHb pacceMBaHHs
DOS, ocraro4Hblii ypoBeHb CKBO3HOH (yHKumoHambHOCTH RCRratio, n Komu4decTBo Ae(EeKTOB B LEJICBOW MPOrpaMMHOI
cucreme NoD. IIpuBeneHHble qJaHHBIE 12 MPaKTHYECKUX HKCHEPUMEHTOB 110 ONPEAENICHHIO OCTATOYHOIO YPOBHS Je()eKTOB,
CTPYIIIHMPOBAHBI MO YETHIPEM THUIMAM MPOTPAMMHBIX CHCTEM U TPEMS MOCT 00BEKTHO-OPHEHTUPOBAHHBIMU TEXHOJIOTHSAMH,
TaKUMH KakK: acleKTHO-OPUCHTUPOBAHHAs TEXHOJIOIUS, CBOWCTBO-OPUEHTUPOBAHHAS TEXHOJOIMS U KOHTEKCTHO-
OPHEHTHUPOBAHHASI TEXHOJIOTHS. Pe3ynbTaThl COOTBETCTBYIONIMX IKCHEPUMEHTOB OBUIH IPOAHAIN3UPOBAHEL, YTO HO3BOJIMIO
MPOPAHKUPOBATH YIIOMSIHYTHIC BBIIIE IIOCT 0OBEKTHO-OPHEHTHPOBAHHEBIE TEXHOJIOTHU 0 OCTaTOYHOMY ypoBHIO [ledekTs B
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HCCICA0BAaHHBIX CUCTEMAX U ONPEACIINTh HAUMEHEE U Hanbosee 3(1)(1)CKTI/IBHyIO TEXHOJIOTUIO JJIS1 UCTIOJIb30BAaHUA B IIPOLECCE
COIIPOBOKACHUSA MPOTrpaMMHBIX CUCTEM.

Knrwouesvie cnosa: nocm o00vbeKmMHO-OPUSHMUPOBAHHbIE MEXHONOUY, CKEO3HASL (PYHKYUOHATILHOCIb, NPOSPAMMHOE
obecneuenue, deghekmul, CYnPOBOOINCYBAHUCTIb, MEMPUKL.

1 Introduction. Problem actuality and research goals

Nowadays object-oriented programming (OOP) is the most popular technology for software system
development and maintenance [1]. For the maintenance of legacy software systems (LSS) one of the
important problems is continuous modifications of major part of their sub-systems due to changes in
user requirements and the development of new components to meet new user requirements. Permanent
changes in LSS components lead to design instability which causes a so-called crosscutting
functionality (CF) problem [2; 3]. The OOP approach increases source code complexity and does not
resolve this issue in effective way, especially during a maintenance process of large legacy software
systems.

During the last two decades post object-oriented technologies (POOT) have emerged and been
intensively designed. The most known fully-fledged POOT are: aspect-oriented software design
(AOSD) [4], feature-oriented software design (FOSD) [5] and context-oriented software development
(COSD) [6]. These POQOTSs use core principles of the object-oriented software design but additionally
include a complementary feature-set to resolve the crosscutting functionality problem. On the other
hand, utilization of any of mentioned POOT for LSS maintenance results in extra time and efforts
interconnecting software development. Hence most of researchers accentuate the necessity to elaborate
approaches for the complex estimation of POOT’s effectiveness usage in real-life software projects, see
e.g. in [7; 8; 9]. Besides, the issues of relationship between specific features of different POOTs and
software design defects caused by CF [10] as well as development of such sophisticated solutions as
software product lines with FOSD [11] and evaluation of software quality with usage of AOSD [12] are
presented and discussed intensively nowadays. Nevertheless a lack of applied researches related to the
impact of POOTSs on software defects behavior with respect to the factor of crosscutting functionality
has to be emphasized.

Taking into account the above-mentioned issues the research goal of this paper is to assess the
impact of different POOTs on defect reduction in software maintenance and to provide some
methodological recommendations for choosing an appropriate POOT in real-life projects. In order to
reach this research goal the following tasks are to be resolved:

- to analyse some critical CF-issues in maintenance of LSS by utilizing traditional OOP-
methodology;

- to give a short review of the knowledge-oriented approach to the estimation of POOTSs
effectiveness;

- to define metrics to estimate a CF level and a method to calculate a number of software
defects in LSS;

- to propose the conceptual scheme of quality improvement of software maintenance using
POOTs;

- to check the proposed approach experimentally, to analyse the results obtained and to
formulate some praxis-oriented recommendation for usage of POOTSs in maintenance of
different LSS.

The possible solutions for these tasks are presented below in more details, as well as, the outlook of
the next steps concerning this research.

2 A framework for usage of post object-oriented technologies to improve a software quality in
software maintenance.

A lot of studies investigate complexity of the maintenance process of OOP-based legacy software
systems [13; 14], especially a crosscutting functionality (CF) problem. The crosscutting problem is a
functionality which can’t be modularized at the source code level, although represents a particular
businesses feature from the requirement perspective. Some well-known representatives of the CF are:
data validation, transaction management, logging, exception handling, etc. Complexity of the
maintenance process of a software system which includes the CF increases dramatically [14]. There are
some peculiarities which are common to those crosscutting features, namely: complication of software
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requirements traceability; decrease of readability and understandability of diverse design artifacts;
source code redundancy; lack of modularity which prevents further reuse of such CF-solutions.

Separation of Concerns (SoC) [10] is a principle which resolves CF problem. It presents a
decomposition phase and a non-invasive composition phase of the CF-source code and the LSS basic
source code. At the decomposition phase the source code of the crosscutting functionality should be
localized, extracted and isolated, from the rest of the LSS-code, into well-structured modules (CF-
modules). The composition phase involves reassembling of well-structured CF-modules with the LSS
CF-free modules. Realization of the SoC principle allows solving CF-peculiarities listed above and
implementing software system configuration in order to add or remove functionality, if it is required.

As mentioned in Section 1, there are three fully-fledged approaches in POOT-domain, namely:
AOSD, COSD, FOSD. To represent main features of these approaches an interaction between basic
OO-components and POOT-components should be restated [15]. AOSD was proposed about two
decades ago in Xerox PARC research center, and now it is implemented in vast majority of
programming languages, like Java, .Net, C++, JavaScript and so on. CF-related source code should be
isolated in a special module, which is called the aspect. Further composition of this module and non-
crosscutting functionality source code is based on the idea of intersection point — the point-cut and the
injection. Schematically this interaction is shown in Fig. 1(a), where the white vertical rectangles C1,
C2, C3 represent OOP-classes and gray horizontal rectangles Al, A2, A3 represent the aspects.

L = l €~ A interaction between AOSD and OOP
/
= .F/—f [crosscutting functionality]
[ Aspect -
ﬁn-tlzr-t';pe declaretion) H [base funclionaliy]
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class C
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Fig. 1 AOSD: (a) — the conceptual scheme; (b) — the implementation facets [15]

A specific structure of the aspect is represented in Fig. 1(b). It includes point-cut, advice and inner-
type declarations. The core function of point-cut is to define a set of join points between the aspect and
the basic methods in OO-classes in order to inject advice source code. Advice represents a piece of
source code of former CF, in other words it is a special kind of function written in a OO-programming
language (e.g. Java). There are three types of advice: before — is invoked before target method
execution, after — is invoked after target method execution, around — is invoked instead of a target
method execution. Also it is possible to declare additional members of a target class such as fields and
methods via inner-type declarations. Two other technologies, FOSD and COSD can be represented and
analyzed in the similar way (see [15] for more details).

Even a short overview of CF issues shows that to make a decision about the effectiveness of using
an appropriate POOT to resolve CF-problem in a given LSS, we need to consider a number of factors,
which have to be formalized and evaluated in the appropriate modeling approach. This approach is
elaborated in [15] and its main idea is to use the 3-D modeling information space which is graphically
shown in Fig. 2. According to this modeling framework the integrated effectiveness level of a POOT
usage depends on two interplaying factors, namely: 1) what type of LSS (System Type) has to be
modified with an appropriate POOT; 2) what kind of POOT is used to eliminate the CF in this LSS.
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Effectiveness,
1 JR S

System Type
Fig. 2 The 3-D space for assessment of POOTSs effectiveness [15]

In turn, an appropriate System Type for any given LSS can be defined as a set of two interconnected
factors, namely: 1) the target software system Structural Complexity which can be evaluated from an
appropriate collection of object-oriented source code metrics; 2) the system’s Requirement Rank which
depicts the complex characteristics of functional requirements in the target software system (Fig. 3).

requirement rank ® LSS 1

_________ -
: [
high ! :
n . v
g . i
low | : i :

! 'system complexity

simple complex
Fig. 3 The 2-D space to define the System Type for the target LSS

More details concerning the framework for estimation of effectiveness coefficient of POOTSs usage
in maintenance of different types of LSS can be found in [15].

In order to realize our research goal: to elaborate the approach to assessing an impact of POOT
usage on defect reduction in software maintenance, we propose to formulate a collection of heuristic
assumptions. Those assumptions are based on the study of modern information sources and on the
generalization of our own experience of using different POOTS in software development and
maintenance.

Assumption 1. A set T of post object-oriented technologies for software development does exist.
AOSD, FOSD, COSD belong to this set.

(POOT) €T, j=123.. 1)

Assumption 2. Each LSS might relate to some particular system type, i.e. a set of system types S
does exist.

(SysType), €S,i=1,2,3... )

Assumption 3. CF-level decrease in a target LSS is possible by using one of the existent POOT,
although it is accompanied with additional costs needed for software modification of a target LSS.

A(CFR),, =5 ((SysType), ,(POOT) ), 3)

j
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where A(CFR)i J_ is a ratio of CF-level decrease caused by usage of a j-th POOT within i-th LSS-

type maintenance; o () is a functional dependency between the corresponding values.

Assumption 4. There exists a positive correlation between crosscutting functionality level and an
average number of defects in a target LSS, which are presented during the LSS maintenance process,
i.e. there exists some functional dependency u ():

NoD((SysType), ,(POOT ), ) = u(A(CFR), ). (4)

It should be mentioned that the functions & and x cannot be defined in an analytical way, because

there are a lot of weakly-formalized and complicated factors which characterize software development
process in general, and the LSS maintenance phase in particular. Therefore we have decided to
construct the appropriate metrics and to elaborate a procedure of assessing the impact of POOTs on
possible software defects reduction in maintenance of LSS.

Taking into account the assumptions (1) - (4) mentioned above, we propose a conceptual scheme for
usage an appropriate POOT in order to reduce a number of defects during maintenance of a given LSS.
The elaborated conceptual scheme is shown on Fig. 4, and it can be described briefly as a set of the
following steps:

1
5 6
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Fig. 4 The proposed conceptual scheme

1. Some User (presented as a role on the scheme) requires some additional/new features to be
added to a target LSS. These user’s requirements have to be transformed into a new version of a
software requirement specifications (SRS).

2. A given version of SRS precipitates the development a new version of a target LSS which
embraces a set of project artifacts: a system model (e.g. architectural model, information model, etc.)
and its realization, namely: a set of target software components.

3. A set of developed software components (source code) can be divided into the following
groups, namely:
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a) a subset of components which are “healthy”, that is, they do not contain source code with
CF;
b) a subset of components “infected” with a CF-code which leads to code scattering and
tangling with a source code of another functional concern;
¢) a collection of CF-focused metrics to be constructed in order to assess a level of CF, its
negative factors, etc.;
d) using this metrics an appropriate CF-status of a given LSS has to be defined.
4. A current CF-status in LSS leads to some software defects to be fixed by Developer/Quality
Assurance (QA) shown in conceptual scheme (Fig. 4).
5. A Developer/QA takes a care of assessing the number of defects, namely
a) Completion of a defect reports;
b) Computing a number of defects.
6. Basing on a given defect report the appropriate changes can be done in the next SRS versions.
The steps (1) - (6) in the real LSS maintenance cycle have to be repeated iteratively. Basing on the
results obtained from 3.c (usage of a CF-metrics collection) and 5.b (assessing a number of defects), an
effective POOT (from AOSD, COSD, and FOSD respectively) can be chosen within 2.a (see these
logically interconnected icons shown in grey in Fig. 4).

3 The 2-steps procedure to assess the defect reduction with usage of different POOTS in
software maintenance

According to the proposed conceptual scheme (Fig. 4), and taking into account formulas (3) and (4)
in Section 2, it is possible to construct the quantitative metrics and to elaborate the appropriate
procedure to

1) assess a crosscutting functionality level in a given LSS;
2) compute a number of software defects in this system before and after the usage of an chosen
POOT.

To perform these 2 steps we have to localize source code which includes a particular CF in a given
LSS, and for this purpose we could use some already existing source code analysis tools for CF
localization, CIDE, for example [16]. After that it is possible to define a specific crosscutting
coefficient of a particular CF in the system indicated as CFq,. This coefficient shows a ratio between
OOP-classes “damaged” by a particular CF and all other OOP-classes in the given LSS, e.g. business
logic realization without subordinate classes of a framework. This coefficient can be represented as:

C,
CFfa[iO - m
cf (5)

where C, is a number of programming classes in LSS with CF, C is a number of classes free of CF.
Obviously, that CF_.. €[0;1], and if CF_. = 0, a particular functionality is free from crosscutting; and if

ratio ratio

CF .. = 1, all programming classes are “damaged” with a particular CF.

ratio
After obtaining CF,,, it is possible to calculate a residual crosscutting ratio (RCR) indicated as

RCRyatio- This metric, based on DOS (Degree of Scattering) value is proposed in [15]. But this metric
actually does not allow assessing a “damage” degree caused by a particular CF, therefore we propose to
refine DOS-metric in the following way

RCR

=DOS - CI:ratio (6)
where DOS is a Degree of Scattering; and a CF,;, is a specific crosscutting weight ratio of a particular
CF. Similarly to CF_,,, a value of RCR

o e[0;1], and if RCR,,,= 0, CF is localized in a separate
module and there is no more crosscutting; if RCR_. = 1, CF affects a whole LSS, and is uniformly

ratio
distributed. Thus the proposed quantitative metrics (5) and (6) give to an expert a possibility to assess a
distribution nature of a CF and to estimate a “CF-damage” for a whole given LSS.
As a next step we need to compute a number of defects (NoD) in a given LSS, and this can be done

directly by using a special function known as a DefectCount (), namely
NoD = DefectCount (LSS). 7)

ratio

ratio ratio
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This function can be realized by defect tracking focused on corresponding features of the target
software system before and after POOT-modification of the source code.

In our research we have used one of existent defect-tracking system as a defect collector for POOT-
modified source code of features in the target LSS. Then direct observation and calculation of a number
of defects have been applied to get the final result.

4 Experimental results and their analysis

Taking into account the workflow in the proposed conceptual scheme (Fig. 4) and using the
quantitative metrics given in formulas (5)—(7) the appropriate computerized experiments have been
performed [17]. The final results are presented briefly in Table 1 and in Fig. 5 — 6. The number of
software defects has been computed basing on the project reports obtained from the defect-tracking

system and grouped according to the 4 system types: I, II, 1l and 1V.
Table 1 — Number of defects
Basic number of defects in Number of defects in LSS Residual number of
LSS (OOP-based) (POOT-modified version) defects
NoD NoD (%)
POOT System type System type System type
I 1 Il [\ 1 i v [ Il i v

I

COSD | 28 68 46 83 6 19 13 18 214 1279 | 288 | 21.7
FOSD | 28 68 46 83 4 24 22 56 143 | 353 | 478 | 67.4
AOSD | 28 68 46 83 4 14 16 27 14.3 1 20.6 | 34.7 | 325

The first group of table columns shows NoD for LSS of corresponding types where maintenance is
based on OOP approach. It is evident that when the System Type becomes more and more complex
NoD increases dramatically. For further calculations this defect quantity is considered as 100%. The
second group of columns represents NoD for the same LSS after their modification with usage of

appropriate POOTs: COSD, FOSD and AOSD.
Fig. 5 shows the data presented in the first two groups of columns from Table 1 as a histogram, and
it is obvious that NoD is decreasing with usage of any POOT for all system types (I, Il, I1l and V).

Defect number
100

83
68 6
46
I s 101318 , 1416
OOP COSD FOSD AQOSD
System Type

NoD

| W =l =WV
Fig. 5 Number of defects with POOTSs impact

The values from the third group of columns in Table 1 are presented graphically in Fig. 5. It is
possible to draw the following conclusions:
1. For LSS of the (I) and the (II) system types, all POOTs presents practically the same defect
reduction. A low structural complexity of LSS could be a reason.
2. For LSS of type (111) the FOSD presents the lower defect reduction in comparison with AOSD
and COSD. A difference between CF-weaving mechanisms in the corresponding POOTS is a reason.
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3. For LSS of type (IV), the COSD provides the lowest level of residual number of defects,
namely, about 20%.

Residual Defect Level

100
67,4
X 50 $5,3 47’8347
S 27,9 28,8 F 32,5
21,44 3143 20,6 l 21,7 l
0 ] []
I | [l v

POOT

COSD FOSD W AOSD

Fig. 6 Number of defects with POOTSs impact

Finally, an average NoD value for all types of LSS can be computed:

COSD — 21,4+27,9;28,8+21,7 — 24, 95,
FOSD — 14,3+35,3+47,8+67,4 — 41’ 20’

i

AOSD — 14,3+20,6+34,7+32,5 — 25’ 53’

4

To sum it up, COSD approach to CF-problem management has the strongest impact on a defect
reduction for all System Types.

5 Conclusion and future work

This paper presents a framework for assessing the impact of post object-oriented technologies
(POOT) usage on defect reduction in legacy software systems (LSS) maintenance. Some specific
features of all existing POOTSs, namely, AOSD, FOSD and COSD are considered. Particular attention is
given to the crosscutting functionality (CF) problem. The heuristic assumptions to elaborate the
assessment procedure for defects reduction are formulated. The collection of quantitative metrics to
estimate of CF-level in LSS is provided. The conceptual scheme of the LSS maintenance process in
respect to eliminating CF-problem by using POOTSs is proposed. The scheme allows decreasing a
number of software defects. The performed experiments show the impact of POOTSs usage on defects
reduction in real-life LSS maintenance projects.

Our future work will include advanced analysis of different defect types in LSS maintenance and
detailed research of influence of each POOT on those defect types.
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MeToa CUHTYJIIPHBIX UHTETPAJIbHBIX YPaBHEHUH B 3a/1auax KoJieOaHuMH
KUIKOCTH B KOAKCHAJIBHBIX 000JI0UKaX
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PaccmarpuBaeTcs 3amada o CBOOOJHBIX KoJIeOaHUSIX HIEATbHONH HEC)KMMAEeMOH JKHIKOCTH B KOAKCHAIBHBIX 000JI0YKax
BpameHus. llpenmonaraercsi, 4To MABIDKEHHE >KUAKOCTH SBISIETCd O€3BHXPEBBIM. OTO TO3BOJISIET BBECTH IOTECHIMAI
ckopocteid. OTHOCUTENIFHO MOTEHIHaa CKOpocTel chopMyIHpoBaHa KpaeBas 3a1ada, KOTopas Janee CBOAUTCS K mpobiieme
COOCTBEHHBIX 3Ha4YeHHH. [ pemenus KpaeBoi 3aqa4um Juisl ypaBHeHUs Jlamiaca IprMeHeH METOJ TPaHHYHBIX JIEMEHTOB B
npsmMoit hopMynupoBke. [lodyueHHOE CHHTYISIpHOE YpaBHEHHE pelaeTcs METOAOM AHUCKPETHBIX ocobeHHocTed. Obnactb
MHTETPUPOBAHUS COJEPKUT CBOOOIHYIO ITOBEPXHOCTD JKUIKOCTH, KOTOpasi B CIydae KOAKCHAIBHBIX 000JI0YEK MPENCTaBISIET
coboii kobno. [IpoBeneHo YKCIIeHHOE MCCIIeIOBAaHUE, TTO3BOJIMBIIEE ONPEACIUTE YaCTOTHl M (JOPMBI MIECKaHMUI )KUIKOCTH B
00010YKax MPHU Pa3HBIX OTHOLIEHHUAX PAJANYCOB BHYTPEHHEH M BHEIIHEH HITMHAPHIESCKIX KOAKCHATBHBIX 000I0YeK.

Knwueesvle cnoea: cuneynaproe unmezpanibHoe YpAGHEHUe, YUCIEHHOe peuleHue, KOAKCUATbHble 000N0YKU, WNIECKAHU
orcuokocmu, c80000HbIE KOIeOAHUA

PosrnsHyTO 3amady mpo BUIBHI KOJMBAaHHSA 1l€abHOI HECTHCIMBOI DPIIMHM B KOAKCiaJbHUX OOOJOHKAaxX OOepTaHHS.
BBaxkaeThes, 10 PyX PIMHU € OE3BUXPOBUM, L0 JO3BOJISIE BBECTH MOTEHIIA MIBUAKOCTEH. B 3a3HaueHHX yMOBaxX MOTEHIIiaN
MIBUIKOCTEH 3aq0BONIbHAE piBHAHHIO Jlammaca. ['paHuuHi ymMoBH copMyIbOBaHO Ha 3MOYEHHX IMOBEPXHIX OOOJOHKOBOT
CHCTEMH Ta HAa BUNBHIM IOBEPXHi piAMHMA. YMOBa HENpPOTIKaHHS Mae€ BHKOHYBAaTHCh HAa 3MOYCHHX INOBEpXHAX. Ha BinpHIH
MOBEPXHi 3aCTOCOBYEMO JMHAMIUHY Ta KIHEMaTHYHY I'paHUYHI YMOBH. JIMHaMi4uHa rpaHUYHA YMOBa IOJISITAE B PIBHOCTI THCKY
pimvHM Ha BiNBHIM moBepxHiI aTMochepHOMy THCKy. KiHemaTH4yHa rpaHMYHa yMoOBa IOTpe0ye BHKOHAHHS PIBHOCTI HYJIO
MOBHOI MOXi/HOT 32 YacoM Bix (yHKIIT, 110 omucye piBeHb MiAHOMY BUIBHOI IMOBEPXHI B KOXKHHH MOMEHT 4Yacy. BimHocHO
HOTEHIialy MIBUAKOCTeH c(hOpPMYIbOBaHO KpaioBY 3amady, SKy JAali 3BEJEHO IO NPOOJIeMH BIACHUX 3Ha4eHb. J[is
PO3B’s13aHHA KpaifoBoi 3amayi 11 piBHAHHS Jlamaca 3acTocoBaHUi METOJ TPAHUYHUX €JIEMEHTIB B IPSIMOMY (OPMYIIIOBaHHI.
Ocecumerprudnaa (popma 000JIOHOK 0OepTaHHS IO3BOJISE 3BECTH OTPUMAHY IPH I[bOMY CHCTEMY CHHTYISIPHUX IHTETPAIbHHUX
PIBHSHD 10 OJHOBHMIPHHX DIBHSHbB. SIpa CHHTYISPHUX ONEpaTopiB B IUX PIBHAHHSIX 300pakeHi y TepMiHAX EIMNTHIHUX
IHTETpaliB MEepIIOr0 Ta OPYroro poay Ta MAroTh Jorapumiddi ocoOmuBocTi. Po3pobieHo crnemianpHy mpoueaypy s
e(eKTHBHOTO OOYMCIIeHHS Takux iHTerpaniB. OTpUMaHe CHHTYISIpHE pIBHSHHSA pPO3B’S3aHO METOJOM JUCKPETHHX
ocobnmBocTeld. OOMacTh IHTErpYBaHHS MICTUTH BiJIbHY HMOBEPXHIO PiIUHM, SKa B pa3i KOAKCiaJbHHX OOOJOHOK Ma€ BUIIIS
KinbIsl. TakuM YHMHOM, BCTQHOBJICHO MOXJIMBICTH BHKOPUCTaHHS METONY TPaHMYHUX IHTErpalbHHUX PIiBHSHb CYMICHO 3
METOJIOM AUCKPETHUX OCOOJIMBOCTEH JUTs pO3B’SI3aHHS CHHIYJISIPHUX IHTETPAIbHUX PIBHSHB 3 HE3B sI3HOIO Mexkelo. [IpoBeneHo
YHUCIIOBE JOCHIPKEHHS, SIKE 1aj0 MOXKJIMBICTh BU3HAYUTH YaCTOTH 1 (GOpMH TUIECKaHb PiJHU B 00OJIOHKOBHX CHCTEMax IpH
PI3HUX BiITHOIIEHHSX pajiyciB BHYTPIITHBOI i 30BHINTHBOT HMITIHAPHYHHUX KOAKCiadbHUX 00070HOK. OTprMaHi popMu BIacHUX
KOJIMBAHb PiJJHN MOKHA 3aCTOCOBYBATH AK 0a3ucHI (pyHKIIi MpW BUBYECHH]I BUMYIIICHUX KOJMBAHb PIAWHU B Pe3epByapax.

Knrwowuoei cnosa: cuncynapue inmezpanvhe pi6HAHHA, YUCETbHUL PO38 30K, KOAKCIANbHI 000IOHKU, NIECKAHHA PIOUHU, GLIbHI
KOJIUBAHHL.

The paper deals with the problem of free vibrations of an ideal incompressible fluid in coaxial shells of revolution. It is
assumed that the motion of the fluid is irrotational that allows us to introduce the velocity potential. In these suppositions the
potential is satisfied to Laplace equation. The boundary conditions are formulated on the wetted surfaces of the shells and on
the free liquid surface. The non-penetration conditions are applied to the wetted surfaces. On the free surface we consider
dynamical and kinematical boundary conditions. The dynamical condition consists in equality of the liquid pressure on the free
surface to the atmospheric one. The kinematic condition requires that total time derivative of the free surface elevation will be
equal to zero at any instant. Regarding the potential of velocities, a boundary value problem is formulated that is further
reduced to the eigenvalue problem. To solve the boundary value problem for the Laplace equation, the boundary element
method is used in a direct formulation. The axial symmetric form of the shells allows us to reduce the obtained system of
singular equations to one-dimensional equations. The kernels in singular operators of obtained integral equations are expressed
on terms of elliptical integrals of the first and second kinds, and have the logarithmic singularities. The special numerical
technique is elaborated to treat with such kind integral equations. The resulting one-dimensional singular equation is solved by
the method of discrete singularities. The integration region contains the free surface of the fluid that in the case of coaxial
shells is a ring. So, the possibility of using the boundary integral equation approach coupled with application of the discrete
singularities method is established to solution of the singular integral equation with incoherent boundaries. A numerical study
has been carried out that made it possible to determine the frequencies and modes of the liquid sloshing in the shells for
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different ratios of the inner and outer radii of cylindrical coaxial shells. The obtained modes of natural vibrations will be used
for numerical simulation of forced liquid vibrations in the tanks and reservoirs.

Key words: singular integral equations, numerical solution, coaxial shells, splashing fluid, free vibrations.

1. Beryn

KoakcuanbHble 000JI0YKH BpallleHUs, YaCTUYHO 3arOJHEHHBIE KUAKOCTHIO, ITMPOKO UCIIOIB3YIOTCS
KaKk KOHCTPYKTHBHBIC OJJIEMEHTHI B Ppas3iIHYHBIX HWHKEHEPHBIX MPWIOKCHUSX, HANpUMep, B
HEe(PTEeXVUMUYECKOM W aTOMHOW NpoMbINUIeHHOCTH. CHCTeMBI TpPYOONPOBOJOB TaKKE MOTYT
MOJICITUPOBATECS KOAKCHATBHBIMH O0OJOYKAMH, MEXJY KOTOPBIMH JBYIKETCS JKUAKOCTH [1-3].
[lpumeHeHne aHaTUTUYECKUX METOAOB IJISl M3y4YEHHs BUOpAIMH TaKUX CUCTEM BO3MOXKHO JIUIIb IS
CPaBHUTEIBHO HEOONBLIOTO KJIacca KOaKCHaJbHBIX 0Oomouek. [losToMy MHOrme mpoOiieMbl pacueTa
yactoT ¥ (opM KoneOaHWH KHUIKOCTH B KOAKCHAIBHBIX OO0OJIOUKAX OCTAIOTCS HEPEIICHHBIMU W
TpeOyIOT pa3BUTHS COBPEMEHHBIX 3(D(hEeKTHBHBIX YHCICHHBIX METOAOB. B manHOW paboTe mis pacuera
4acTOT U (opM CBOOOTHBIX KOJEOAHMH >KUAKOCTH B JKECTKHMX KOAKCHAIBHBIX O0OJOYKAaX BpAILlCHHS
NPUMEHEH MeTOJI TPaHWYHBIX 3JeMeHTOB. Hamu ucrmons30BaHbl pa3pabOTaHHBIC paHEe METOJbI
pEIICHHS CHHTYIISIPHBIX WHTETPATbHBIX YPaBHEHUH, BOZHUKAIOIIUE B 331a4aX O KOJEOAHUIX 000JIOUEK,
YaCTHYHO 3allOTHEHHBIX XHUAKOCTHIO [4-6]. B [4] m3ydeHpl cBOOOMHBIC M BBIHYXICHHBIE KOJCOAHWIS
yOpyrux O0OJOYEeK BpaIleHWsl C JKUAKOCTHIO; B [5] paccMoTpeH ciydail AefcTBHS CEHCMHYECKOM
Harpy3kd; B [6] paccMOTpeHBl OONbIIME aMIUIMTYIbl BHEIIHErO BO3ICHCTBHS, YTO IPHUBEIO K
MOSIBIICHUIO XAaOTHYECKOTO XapakTepa koneOanuil. Llempio manHO# paboThl siBIseTcs 0000IIeHHE
METO/IOB TPAaHWUYHBIX HHTErPAIbHBIX YPaBHEHWH W JUCKPETHBIX OCOOCHHOCTEH MJISl ONpEIeIICHUs
4acToT ¥ (hOpM CBOOOITHBIX KOJICOAHUH KHUIKOCTH B JKECTKUX KOAKCHAJIBHBIX 000JIOUKaX.

2. O01as MOCTAHOBKA 3a1a4YH
PaccmaTtpuBaroTcs 1Be KOaKCHANbHBIE jKecTKHe 000ouku. O0JacTe Mexay OO0OI0YKaMH MOXKET
OBITH TIOJTHOCTHIO MJIM YaCTHYHO 3aIOJTHCHA UICaIbHON HeCKUMAeMOH KUAKOCThIO, puc.2.1.

Puc. 2.1. Koakcuanvnvle 0060104k, codeparcawue HeUOKOCMb

TpeOyercss HaliTh 4YacTOTHl W (OPMBI KOJEOAHWH KUIKOCTH, 3arONHSIOMEH 007acTh MEXAy
obosoukamu. [Ipearnonaraercs, 4To NBMKEHHUE )KUIKOCTH O€3BUXpeBOe. B 3THX yCIOBHSIX CYIIECTBYET
MOTEHITMA cKopocTed @, ymIOBIETBOPSIONINI BCIOMY BHYTPU OOJIACTH, 3aHATOH KUAKOCTHIO,
ypaBHenuto Jlamnaca. JlapieHUe XKUAKOCTH P HAa CMOYEHHBIE TTOBEPXHOCTH O00OJIOUEYHOW CHCTEMBI

OIpEACIACTCA U3 IMHCAPU30BAHHOTO MHTCTpaia BCpHy.]'IJ'II/I
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P— Py =—p|[%b+92] (2.1)

31eck ¢ - yCKOpEHHE CBOOOJHOIO MAaJeHUs, P, -IUIOTHOCTb >KUAKOCTH, [,- aTMOC(HEpPHOE NaBICHHE.
Jns pemenust ypaBHeHus Jlamaca 3amaauM KpaeBble YCIoOBUsA. Ha CMOYEHHBIX TOBEPXHOCTSX

KOaKCHaJIbHBIX 000JI04eK S;,S, NOTpeOyeM BBIIOJHEHHUS YCIOBHS HEIPOTEKAHUS
oD
onls,

o
onls,

-0. 2.2)

)

Ha cBoOomHON moBepXHOCTH S, 3aAaguM KHHEMAaTHYeCKOe U IUHAMHUYECKOE YCIIOBHUS.
JluHaMH4YeCcKoe YCIOBHE COCTOUT B PABCHCTBE NABJICHHS >KHIKOCTH Ha CBOOOJHON MOBEPXHOCTH
aTMoc(epHOMY JABIECHHIO P,, @ KMHEMAaTHYECKUE YCIOBHE 3aKIIOYAeTCsl B TPeOOBAHUM PAaBEHCTBA

HYJTIO TIOJTHOW MPOWM3BOTHON IO BPEMEHHU OT (PYHKIIMH, OMUCHIBAIOIIEH YPOBEHD MOJABEMAa CBOOOTHON
MTOBEPXHOCTHU

| &
P Polg, =0 anly, ot (2.3)

3nech pynkuus { onuceBaeT GopMy cBOOOIHON MOBEPXHOCTH U €€ moyioxkenrne. OTMETHM, 4TO Ha
CBOOOJTHOM MOBEPXHOCTH TUHAMUYECKOE YCIOBUE MPHOOPETACT CICAYIOIINI BH/I:

%‘H 9C=0. (2.4)

[Iponuddepentupyem cootHomeHue (2.4) Mo t ¥ MOICTAaBUM HOJTYYSHHOE PaBEHCTBO BO BTOPOE M3
cootHomeHui (2.3). IlpuxoauMm K CIEAyIONICH KpaeBOW 3alaye OTHOCHUTEIbHO HEU3BECTHOIO
noTeHuana ckopocrei @

o*® oD
AD=0, — +

o |, onlg

o
on

-0. (2.5)

Sl!SZ

Jnst ogHO3HAYHOW pa3pemmMocTH KpaeBod 3amaum (2.5) morpeOyeM BBITIONHEHHS YCIOBHUS
Helimana

j—dso =0. (2.6)

B mpennonokeHuu, 4To paccMaTpuBaeTCs 3a/1adya O MallbIX KOJNeOAHHUSX KUIKOCTH, HEU3BECTHBIN
MOTEHIIHAJI CKOPOCTEN TIPEJICTABIISIEM B BU/IE

o(r,t)=g(r)e, i?=-1 r=(xy,z). (2.7)
[Tpuxomum x ipobiaemMe cOOCTBEHHBIX 3HAUSHUI

op

0 o’
Ap=0, S |s’ P
g 0 6nsl2

onls,

=0, J;IZ—(gdSO =0. (2.8)
0

31ech o - 4acToTa COOCTBEHHBIX KOJI€OaHUI KHUIKOCTH B CUCTEME M3 KOAKCHAJIBHBIX 000I0YEK.

3. MeToa CHHTYJISIPHBIX HHTEIrPAJbLHBIX YPABHEHU I
B oOnactu, 3aHATON XHIKOCTBIO W OTPAHMYEHHOW MOBEPXHOCTAMHU Sy,S;,S,, IS ONpeAeNeHHs

TapMOHUYECKOW (YHKLIHUH ¢ HCIIONb3yeM CIleAyIollee HHTErpalbHOE IpeAcTaBieHue [7]:
op 1
2n(Ry) ﬂ on P —H(pan| |ds S=S,US,US,. (3.1)

3neck |P—P,| - 1eKapTOBO pacCTOSHHE MEXKIY ToukaMu Py 1 P, HaXOMSIIMMUCS Ha TpaHUIlEe 001acTH
0

S, N - OpT BHEIIHEH HOPMAJIX K TIOBEPXHOCTH S .
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B [8] moka3aHo, 4TO MpU UCTHOIB30BAHWHM HHTETPAIBLHOTO TpencTaBieHus (3.1) kpaeBas 3amaya
(2.8), ommceBaromasi mMpoOieMy COOCTBEHHBIX 3HAYEHWH, CBOOUTCS K CIEAYIOIIEH CcHCTeMe
CUHTYJISIPHBIX HHTETPATLHBIX YPaBHECHUIL:

e [ o (g |JS‘X_2““’°|P—1P| ol (e

S1US)
1
] an(P deS gy + £ H%m o

SluS

(3.2)

B ypaBuenusix (3.2) yepe3 ¢ 0003HaUeHBI HEM3BECTHBIE 3HAYCHUS TOTEHIMANIA HA TIOBEPXHOCTAX S;,S, ,
a uepes (g — 3HaUCHHS MOTeHIIMANIA Ha CBOOOJHOM MOBEPXHOCTH Sy, .

Haunee, anagoruuno [9] BBOAUM HHTErpajbHbIEC OIIEPATOPHI

Ap=2rlp+ ” (p

Slu 2

———~dS B(Po—”(Po—ds Ccpo—f 9o (1}131

r(P Py) r

- f ‘Pan|p P|ds Foo = _”(Po =ds. (3.3)

S1u§
C ucnonn3oBanueM (3.3) mpuBOAMM KpaeByro 3anady (2.8) k cienyroiieli oneparopHoii hopme:

2 2
A@:XEB@O—C%, PoesluSZ,D(p=2ﬂ:|(po—%F(po, Py €S, (3.4)

UckmounB u3 ypaBHeHuil (3.4) ¢yHKUMO ¢, NOJIyYydM 3agady Ha COOCTBEHHBIE 3HAUYCHHUS B
orepaTtopHoi (opme, IPU TOM HEM3BECTHBIMU OYIyT JIMIIb 3HAUCHUS MMOTEHIMANA (p HAa CBOOOAHOM
MTOBEPXHOCTH

(DA'C+2nl)y, —M(DAB+F)p, =0, L=%%/g. (3.5)

CoOcTBeHHbIE 3HAYEHUsI M COOCTBEHHBIE BEKTOPHI MPOOJEeMbl COOCTBEHHBIX 3HadeHUH (3.5)
SBJIAIOTCS 4acTOTaMH M (OpMaMH CBOOOIHBIX KOJEOAHWI JKUIKOCTH B CHCTEME KOAKCHAIBHBIX
000JI0Y€K.

IMycts I' =T; UT, - obOpasyromiasi cocraBHOM 000n04kn BpatieHus. B [8-9] momydeHs! cnemyromue

COOTHOIICHMUS:

R
ﬂ <Pan£|P PJdS —j(P(z)G(z Zo)r(z)dr, H%'P P| =£¢0(r)®(P,PO)rdr,

1uS

ol g [ e e

Ja+b -b

/2

tD(P,PO)=‘/:TbFa(k) E, (k)= (-1*(1-160 )j cos 20y 1—KZ sin? ydy »

xl2
_cos2alydy ,a=r2+12+(z-z ), b=2rr, k? =2—b, I=1. 3.5)

= l
J. J1-kZsin?y a+b

@opmynsl  (3.5) TO3BOJISAIOT CBECTH AByMepHble HHTerpaisl (3.3) K OJHOMEpPHBIM, KOTOpHIE
BBEIYHCIIAIOTCS TI0 O0Opa3yromiel coCTaBHONH OOOJOYKKM W BIOJIb paguyca CBOOOJHOW ITOBEPXHOCTH.
[Hony4yennoe B pe3ynbrate npuMeHeHus: Gopmyin (3.5) k unrerpanam (3.3) CHHIYIApHOE UHTETpaIbHOE
ypaBHEHHUE PEIIaeTCss METOJIOM AUCKPETHBIX ocobeHHoctel [10].

B dopmymax (3.5) mapameTrp oo 0O3HaYaeT KOJIMYECTBO Y3JIOBBIX TUAMETPOB (MJIM BOJHOBOE YHMCIIO).
Eciu 0=0, To paccMaTpUBalOTCS 0CECUMMETPUYHbBIE KOJICOAHMUS.
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4. Anpo6anus MeToaa

B kadecTBe TECTOBOI paccMaTpHUBaeTCs 3ajada O KOJICOAHMSIX KHJKOCTH B HKECTKOU ChepUdIecKoi
obostouke. Paccmorpum chepuueckyro 00oouky paauyca R=1M, 4aCTUUHO 3aMOJHEHHYI HJICAIbHOM
HEC)KMMAEeMON KHUAKOCTbIO, ypOBeHb 3amoiHeHus h. UYucieHHbIH aHaaM3 MPOBOAMICA IS
(0.2<h/R<1.99), h =h/R. IlpumMeHeH MeTOJ TpaHMYHBLIX dneMeHTOB (MI'D), onucaHHbIH BbilTe, U

anaguTHaeckuii momxon [11]. Ilpm wWcmoap30BaHMK METOAA TPAHHUYHBIX 3JIEMEHTOB HCIOJIB30BaJIOCh
150 a;meMeHTOB BIOJB paguyca cBoOOaHOM moBepxHOCTH M 300 3JE€MEHTOB BIOJL CMOYCHHOW YaCTH
oOpasyroieid. PaccMaTpuBaiich rpaHUYHBIC SJIEMEHTHI C MOCTOSHHOW anmpOKCUMAIIMEH TUIOTHOCTH,
YTO COOTBETCTBYET HJICOJIOTHH MeToJa AMCKpeTHBIX ocoOeHHocter [10]. [lanbHeliniee yBennueHue
YHCIIa DJIEMEHTOB HE MPHBEJO K CYIIECTBEHHOMY M3MEHEHHIO pe3ynbTaToB. B Tabmmue 1 mpuBeaeHb
pe3yJIbTaThl pacieTa YacTOT OCECHMMETPUYHBIX KojIeOaHuii skunkocty (B Hz) ¢ MOMOIIbI0 yKa3aHHBIX
METO/IOB.

Tabruya 1. 9acmomol ocecummempudHbix Koaebanuil HCuoKocmu 8 cghepuieckoli 060104Ke

MeTox Ypogrens 3anoaHenus h, M
h;=0.2 h;=0.6 h;=1.0 h;=1.8 h;=1.99
[11] 3.8261 3.6501 3.7451 6.7641 29.0500
MID 3.8314 3.6510 3.7456 6.7665 29.1811

PaccMOTpeHbI pa3uyHbIe YPOBHH 3aIlOJIHCHHUS JKUAKOCThIO, BKiIto4Yas h;=1.99, 4To cooTBeTCTBYET
«ice-fishing problemy, [11]. Pe3ynbTarsl pacueToB OJIHM3KH, B HEKOTOPHIX ciydasx MID maer Gonee
BBICOKYIO TOYHOCTh. 3ameTHM, 4to «ice-fishing problemy (manast cBoO0OHasI MOBEPXHOCTH, TPOOIEMA
HOJICTHOM PBIOANKH)) ABIAETCS KaMHEM HMPETKHOBEHHS Ui MHOTMX YHCICHHBIX METOIOB, BKIFOYAs
METOJ] KOHEYHBIX JJIEMEHTOB. MeToJ TpaHWYHBIX HHTETPAIBHBIX ypPaBHEHHH M B 3TOM CIydae
JIEMOHCTPHPYET BBICOKYIO TOYHOCTh M HAJCKHOCTh. JTO Ja€T OCHOBAaHHE CUUTATH IEJIECO00Pa3HBIM
NPUMEHEHHE METO/A IUCKPETHBIX OCOOCHHOCTEH (KaK YHCICHHOIO aHalora MeETOJIa T'PaHHYHBIX
UHTETPAIbHBIX YPaBHEHWI) M B CIydae [JOCTaTOYHO MajJoro 3a30pa MEXAy MOBEPXHOCTSIMHU
KOAKCHaJIbHBIX 000JIOUEK.

5. AHAJIM3 YHCJIEHHBIX Pe3y/IbTaTOB

PaccMoTpeHsb! 1Be UITMHIPUYECKHE KOaKCHANBHBIE 000JI0YKH pa3HbIX panuycos. [lycts R, paamyc
BHYTpeHHeH 000J04kH, R, - paguyc BHeIHed 000704YKkH, H — ypOBEHb 3allONHEHHS >KUIAKOCTHIO
BHYTPEHHEH 4YacTH 000JI0YEeYHOW KOHCTPYKIHMU. PacueTsl MpOBOAMIMCH MPH HUCHOJb30BaHmH 150
TpPaHUYHBIX 3JIEMEHTOB C IOCTOSHHOW amnmnpoKCHMAaIlfeld IUIOTHOCTH BJOJb pajuyca CBOOOIHOM
noBepxHOCTH ¥ 300 37eMEHTOB B0JIb 00pa3syrollel Kaxaoi u3 obojiouek. B Tabnuile 2 mpuBeeHbI
4acTOThl KOJNEOAaHWH COCTaBHOM CHCTEMbl M3 KOAKCHAJIBbHBIX LMIMHAPUYECKUX O00O0JIOYEK.
[Ipunumanoce, uro R, = H =1mMm. PaccMaTpuBanuch pa3ivyuHble 3HAUEHHs] BHYTPEHHETO paauyca R;. B
Tabmnuie 2 MpUBEIeHbl 3HAYEHHsI YaCTOT KoJieOaHMI KHJIKOCTH B CUCTEME U3 KOAKCHAIBHBIX 000JI0YEK
IpH oL = 1 IpH pa3HBIX OTHOIIEHUSAX PanyCOB R; /R, .

Ta6/zuz4a 2. Yacmomeol 0CeECUMMEMPUUHBIX KOAeOaHUll HCUOKOCIU 8 CUCIeMe KOAKCUANbHBIX 00010YeK

R/R, | 00 | 001 | 01 0.2 0.3 0.4 05 0.6 0.7 0.9

® 4247 | 4247 | 4204 | 4086 | 3.937 | 3.785 | 3.641 | 3.516 | 3.403 | 3.212

(DOpMBI KoJleOaHMi KHUJIKOCTH B CUCTEME KOAKCHUAJIbHBIX 0001104eK NpEaACTaBJICHBI HA PUC. 5. 1, 5.2.
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Puc. 5.1 Ilepsvle ocecummempuunbie popmbl KOIOAHUIL HCUOKOCMU 8 CUCEME KOAKCUATBHBIX YUTUHOPUUECKUX
obonouex, a =10

Puc. 5.2 Ilepsvie neocecummempuunsle Gopmvl KOeOAHUTL HCUOKOCHU 8 CUCEME KOAKCUATbHBIX
yurunopudeckux obonovex, ¢ =1

[MpuBenennsie Ha puc. 5.1, 5.2 ¢opmbl KoneGaHWH KHUIKOCTH COOTBETCTBYIOT CIEIYIOIIEMY
otHomeHnto R;/R, =0.5. AnamornyHo QopMam KoneOaHWH UWIMHAPHYECKHMX W KOHUYECKUX

obomnoyek, paccMoTpeHHbIX B [9], BUauM, 4To (QopMbl KOeOaHWH CBOOOJHON MOBEPXHOCTH HUMEIOT
xapakrtep, npucymuid ¢yskuusam  beccens.  [lomydennsle  gopmbl  KojneOaHMH  SIBIISIOTCS
OpPTOTOHAJILHBIMH M MOTYT OBITh MCIIOJIb30BaHbI NPH PELICHWH 3a/1a4 O BBIHY)KICHHBIX KOJIEOaHUIX
JKUJIKOCTH B KOAKCHAJbHBIX 000JI0YKaX, a Takke Kak OasucHas cucrteMa (QYHKUIUH MPU H3YYCHUH
HEJIMHEHWHBIX KOJIeOaHUH.

5. BeIBOabI

MeTtonpl TpaHWYHBIX HWHTETPAIBHBIX ypPaBHEHWH W JHUCKPETHBIX OCOOGHHOCTEHW MOIYYMIH
JaNbHEWIIee pa3BUTHE IPHU PEIIeHWH 3a1ad O KOJeOaHMAX >KMJIKOCTH B HKECTKHX KOaKCHAaIbHBIX
000J04Kax, Korga CBOOOJHAs IOBEPXHOCTb JKUAKOCTH HMMEET BUJA KOJbLA. 3ajaya OIpelesieHHs
MOTEHIMAJIa CKOPOCTEH W JaBJIEHUS JKUJKOCTH CBEJEHA K pPEIICHUI0 CHUCTEMBI OJHOMEPHBIX
CUHTYJISIDHBIX ypaBHeHUWi. Pa3pabortan 3(dekTuBHBIN YHCICHHBIH MeToJ| ee pelieHus. [IpoBeaeHo
TECTHPOBAaHHE aJITOPUTMA, M YCTAHOBJIEHO HEOOXOJMMOE KOJMYECTBO TPAHUYHBIX BIIEMEHTOB IS
MOJTyYEHHsI 3alaHHOW TOYHOCTH.
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Metoa onTUMHU3ALMH YIIPYTO-IeMIIPEPHBIX MOIBECOK

B.A. [laBmouenko® , E.A. CTpCJ‘IBHI/IKOBaZ , C.B. DUITUIKOBCKHIL
Tocyoapcemeennoe npednpusmue «Anmonoe»
2HHcmumym npobaem mawunocmpoenus um. A. H. Iloocopnoeo HAH Ykpaumul,
ya. IHoowcapcroeo, 2/10, 2. Xapvkos, 61046, Ykpauna
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Ilenpro naHHOrO HCCIEAOBaHUA SIBISETCS YCOBEPIICHCTBOBAaHHE METOJOB ONTUMAIbHOTO IOUCKA JJs OIpEJeIeHUs
MapaMeTpoB aMOPTH3aTOPOB, KOTOPHIE O0ECIIEUMBAIOT 3alIUTy OT BHOpALMH M yIapHBIX SKCIUIyaTallMOHHBIX 3arpy3ok. B
IpeuIaracMoM IOAXO0JIe HCIOJIB30BAaH Psi METOJOB, KOTOpBIE Ha3BaHBl I'MOpHAMeHTaMu. IlpeiiaraeMblif ONTHMH3AIUH
SIBIICTCSl QHAJIOTOM TeHETHYECKOTO aNrophUTMa. 3ajaH KpHUTEpHH, IO KOTOpOMYy BHIOMparoT Hamboiee s¢ddexTnBHBIE B
TEKyILIEH CHTyalldd IIOMCKAa METOJbl. B yKa3aHHBIA KpUTepHid BXOMUT HH(OpPMAUUs, XapakTepusyrolas MPU3HAKK
KOHCTPYKIIMHM U METPHUYECKHE IapaMeTpbl NMPOCTPAHCTBA, IA€ OCYLIECTBISIETCS IOHCK; MPEAbICTOPUIO BBIYHCIHTEIHLHOTO
mpolecca, o KOTOPOi yCTaHABIMBACTCSI BO3MOKHOE MPOJOIDKEHNE; IPUPOTY CHCTEMBI (DYHKIUH, OMpPEeNeISIONINX PEIacMyIo
3amady. BeegeHo ajantuBHOE ympaBieHHE, KOTOPOE OCYIIECTBIISICT MONydeHHE BEKTOPOB PELICHHH, HAIIPABICHUH MONCKA H
MOMCKOBBIX IIIAaroB, COOTBETCTBEHHO M3MEHsIONENcs cuTyanud. [ockonbky 3((heKTHBHO MHHHMHU3HPOBATh MAccy yIdaeTcs
TOJIBKO NPH COBMECTHOI MMHUMM3aLUY IIEpErpy3Kd — IapaMeTpa, Ha IpaHUIly KOTOPOrO BBIXOAUT MPOLIECC IOUCKA PEIICHUS
3a7a4i, ¥ MacChl CHCTEMBI, TO HanOoJIee JJOTMYHO HCII0JIB30BaTh MHOTOKPUTEPHANIBHYIO ONTHMH3AIMIO. B maHHOM citydae 3To
03Ha4yaeT OJJHOBPEMEHHYIO ONTHMU3AIMIO MacChl U neperpy3ku. OrpaHUYeHUs HaKJIabIBalOTCSl HA KOHCTPYKTUBHBIC pa3Mephl
U IIPOYHOCTH JIEMEHTOB 000pyOBaHMs. B pesyiprare MpoBeaeHHOM ONTHMH3AIMU YMEHbIIEHa Macca 3JIEMEHTOB IIOJIBECKH 1
BO3JCHCTBYIOIIAs HA 3AlIMINAEMBIH 3JI€MEHT KOHCTPYKIHMHU Ieperpyska. OmpeneneHsl Mpenensl, 10 KOTOPBIX MOTYT OBITh
YMEHBIIEHBI Macca U meperpysKa.

Knrouesvie cnosa: amopmuszayuonnas noogecka, macca, nepespyska, ONmuMu3ayus, 2ubpUOHbIIL a0anmueHblii Memoo.

The design of equipment at overloads in aircrafts requires effective methods for analyzing the vibration characteristics of
suspensions, as well as the developing the synthesis methods to solve the topical problems. For these purposes the adaptive
hybrid optimization method is developed. The objects of optimization are different suspensions of space-crafts and aircrafts
units with asymmetrical distribution of masses and different arrangement of joints. Joints are the attachment points in the form
of shock absorbers and bellows for joining with pipes. Blocks are considered as solid bodies. The links are highlighted as
optimized elements. The main objective of the research is to improve the method of optimizing the parameters of shock
absorbers that have to provide protection from vibrations and operating shock loads. The proposed optimization method uses a
number of different methods that are operated together. Different criteria and their combination are chosen. These criterions
include and overwork information that characterizes the changing situations; namely, mechanical and geometric information
about structures, metric parameters of the space where the search is carried out, the prehistory of the computational process by
which the possible continuation is established, and nature of the functions system that determine the problem under
consideration. Adaptive control is introduced, and it obtains decision vectors, search directions and search steps, respectively
to the changing situations. It is possible to effectively minimize the mass of system only with minimization of overload which
is the variable parameter. Its boundary determines the domain where the search process of solution is accomplished. So, it is
natural to use multi-criteria optimization. In this case, at the same time the optimization of masses and overloads is in progress.
Restrictions are imposed on the structural dimensions and strength characteristics of the shock absorbers. As a result of the
optimization, the weight of the suspension elements and the overload acting on the suspended block are reduced. The limits are
determined of mass and overload diminishing.

Keywords: shock-proof suspension, mass, g-load, optimization, hybrid adaptive method.

Metoto poOOTH € YZOCKOHANICHHS METOAY ONTHMAIBFHOTO MOUIYKY Ui BH3HAYEHHS ITapaMeTpiB aMOPTU3aTOpiB, SKi
3a0€3MeuyI0OTh 3aXKCT Bifl BiOpallii Ta yIapHUX eKCIUTyaTalifHMX HaBaHTaXXECHb. Y 3allpONOHOBAHIM MpoIeaypi onTuMizamii
BUKOPHUCTAaHO PSAJ METOMIB, sSKi Ha3BaHO TiOpuaieHTamu. Lleil MeTox ONTHMAaIbHOTO TOIIYKY € aHaJOroM TeHETHYHOTO
ANITOPUTMY. 3ala€ThCs KpUTepii, 3a SKUM BHOMpAIOTh HaiOiNbII edeKTHBHI B OOYHCIIOBANBHIN CHTyalil MOMIYKY
riopunienTn. B neit kputepiii BxoauTh iHQoOpMallis, sKka XapaKTepu3ye O3HAKM CTPYKTYPU 1 METPHYHHUX BIACTHBOCTEH
NPOCTOPY, JI€ 3MIMCHIOETHCS IIOIIYK; BPaxOBYe MEPEmiCTOPil0 oOuHCIoBabHOrO mpouecy. lle mae 3Mory BCTaHOBHTH
HalOLIbII e(EeKTHBHE MOXKJIMBE MPOJOBKEHHS, 3HAWTH XapaKTePUCTHKU CHCTeMHM (YHKIIH, sSKi BU3HAYaIOTh 3ajady, LI0
posrisgaeTbes. BBeneHo anmanTHBHE KepyBaHHs, sIKe 3/IHCHIOE OTPUMaHHS BEKTOPIB PO3B’S3KiB, HANpPSIMKIB MOIIYKY i
MOUTYKOBHX KPOKIB BIAMIOBITHO CHTYAIlil, II0 3MIHIOETHCS. BCTaHOBICHO, IO €()EKTHBHO MiHIMI3YBaTH Macy BIA€THCS JIUIIE
MpU CIUTBHINA MiHIMI3amii mepeBaHTa)XeHHS — MapaMeTpa, Ha TPaHWUYHI XapaKTEPHCTHKH SKOTO BHXOAUTH IMPOIEC TOIIYKY
po3B's3Ky 3amadi. Tomy HaWOUIBII JIOTIYHO BHKOPUCTOBYBATH OaraTOKpHTEpiallbHY ONTHMi3amio. B maHoMy BUMagky Iie
03HAYa€ OJHOYACHO MIHIMi3yBaTH Macy i mmepeBaHTaxeHHs . OOMeKeHHs HAaKIaHaloTh Ha KOHCTPYKTHBHI PO3MIpH i MIITHICTD
eJIeMeHTIB oOyafgHaHHs. Y pe3ysibTari MPOoBEACHOI ONTUMI3allii 3MEHIIEHO Macy €JIEMEHTIB MiABICKH 1 IepeBaHTaXKeHHsI, 1110
Iie Ha cucteMy. Bu3HaueHo Mexi, 10 AKMX MOXe OyTH 3MEHILIEHO Macy i IepeBaHTaXKEHHS.

Knrwwuoei cnosa: avopmusayiiina niogicka, maca, nepesaHmad’iCenus, Onmumizayis, 2i0puoHuLl a0anmuerull Memoo
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1 Beeaenue

ObopynoBanue pa3IM4HOrO (YHKIHMOHAIFHOIO HAa3HAYEHHUS B JIETATENBHBIX ammapaTrax TpeOyeT
TIIATEIFHOTO HCCIEAOBAaHUA MPOYHOCTHBIX M AWHAMHYECKHX XapakTepUCTUK. DTO MPUBOIUT K
HEOOXOAMMOCTH pa3pabOTKH 3P(GEKTHBHBIX METOJOB aHAIN3a BHOPAITMOHHBIX XapPaKTEPUCTHK U
HaINpsHKEHHO-e(OPMUPOBAHHOTO COCTOSIHUSI TIOJIBECKH, a TAaKKe COOTBETCTBYIOUIETO crenuduke
3aJjayd METOJa ONTUMAalbHOTO cuHTe3a. llenmbio paboThl SABISETCS YCOBEPIICHCTBOBAaHHWE MeETOZA
OINITHMH3ALUH TTAPAMETPOB aMOPTH3aTOPOB, KOTOPbIE 00ECIIEUNBAIOT 3aLIUTY OT BUOpPAUK M YAAPHBIX
IKCIUTyaTallMOHHBIX HArpy30K. 3ajada CHHTE3a PEaJbHBIX KOHCTPYKIMH MOAENUPYETCS CIIOKHBIMHU
MHOTOMEPHBIMH ¥ HEJIMHEHHBIMH cucTeMaMu AuddepeHIranbHbBIX ypaBHEHWH B YaCTHBIX
NPOU3BOJHBIX CO MHOTMMH (DYHKIMOHAJbHBIMU CBs3MH W orpanumueHusmu [1, 2]. B cratee [3]
IpEUIOKEHBl MaTeMaTH4eckue (hOPMYIHMPOBKH OCHOBHBIX MPOOJIEM ONTHUMHU3AINH, TAHO OIMMCAHHE U
CpaBHEHHE Pa3IMYHBIX METOJOB PELICHHS MOCTABICHHBIX 3a1a4. B pabore [4] paccMoTpensl 3a1a4un 00
OIPE/CICHNH ONTUMAIBHBIX IapaMeTPOB, ONPENCIAIONMX JUHAMHUKY Tnoneta. B [5] momydens
ONTHMAJIbHBIE  TApaMeTpbl  KPYNHOTa0apuTHBIX  BETPOyCTaHOBOK.  [IpakTwka  pemieHus
ONITHMH3AIMOHHBIX 33/1a4 TAKOTO YPOBHS CIOKHOCTH ITOKA3bIBAET, YTO TapaHTHPOBAHHOE TOCTIKCHUE
pe3yibTaTa BO3MOMHO JIMIIb MPH IOCIEI0BATEILHOM M COBMECTHOM HCIIOJIb30BAHUU HECKOJIBKHX
METOJIOB TPSIMOTO TIOHMCKA 3KCTpeMyMa [6, 7]; 3To sBisieTcs Oojee THOKAM M HaJeKHBIM TIOJXO0I0M 10
cpaBHEeHHIO ¢ auddepeHIaI-HIMA METOAaMA BBICOKOTO Tmopsaka. B pabore [8] mpoBeneH aHamms
npeajiaracMblX B KOHCYHOSJICMCHTHBIX KOMIIJICKCAX MCETOJOB OITHUMHU3ALWK M IIOKAa3aHO, YTO OHH
Maso3((eKTUBHBEI B 3a7adyax, B KOTOPBIX OOJACTH W3MEHEHHWS BapbUPYEMBIX NapaMEeTPOB HMEIOT
cinoxHyo (opMy. ['HOpUIHBIA amanTUBHBIA METOJ ONTHMH3AIMHA MO3BOJsAET 3()(PEKTHBHO pernarh
3aJa4y ONITUMAJIbHOTO CUHTE3a YIIPYTrUuX IMMOJABECOK C HEJIWHEHHBIM I[eMHq)PIpOBaHI/ICM.

2 IlocTanoBKa 3a1a4i ONITUMHU3ALUH

OntrMalbHOE TPOEKTUPOBAHNE KOHCTPYKUMH NPOBOAAT IIyTEM MHHUMH3ALMU (MaKCUMH3aLWH)
HEKOTOpOW (YHKIUM LENU IMyTeM HaJUIeXallero BbIOopa BapbHpYEMBIX MapaMeTpoB MpPU 3aJaHHBIX
OTPaHUYEHUSIX, KOTOPBIE B CBOIO OYEPEe/Ib, SBISIOTCS 3aJaHHBIMU (PYHKIUSIMH BapbUPYEMBIX UCXOTHBIX
napameTpoB. PaccmaTpuBaeMasi 3KCTpeManbHas 3ajada, IO CyTH, NpeAcTaBisieT coOoil 3amady
HEJIMHEHHOTO MporpaMMHUpOBaHusl [6], Korga TpedyeTcs HaiiTH BEKTOP BapbUPYEMBIX TapaMeTpOB

X" =arg exx'([;rF(X) (2.1)

B JIONYCTHMOM 00J1aCTH
G={X:G/(X)20i=1m}=@ 2.2)

KOHEYHOMEPHOTO apaMeTPUUYECKOro TMPOCTpaHCTBa E,, JOCTaBISIONMI SKCTpEeMyM 3aJaHHOM
byuximu nenu F(X).

3 'mOpuaHbIii a1aNTUBHBI METOA ONTUMHU3AIUHI

IMpeamaraemas cxemMa TMOPHUIHON ONTHMHU3AIMK [T penieHns 3aaaun Buaa (2.1) — (2.2) mocrpoeHa
TakuM 00pa3oMm, 4To 00XOAuTCs 0e3 KaKUX-THOO TpeABapUTENbHBIX MpeoOpa3oBaHHUl pelacMoi
33724l ¥ HE TPEIbsBISCT HUKAKUX CIEIHAIbHBIX TpeboBanuii K (yHkuusm memu F ( X ) u

orpannueruam G!( X ) >0, i =1, M. YuursBaercs TOIBKO MCIONb3yeMas KOATMIMS TUOPHINCHTOB
(cMm. 1. 4.1.2) n 3apaHee ONMCHIBACTCSl OrPaHMYCHHBIN Habop Haubolee XxapakTepHsix curyauuii {o;},

MOTYIIMX BO3HUKHYTH B PeaJbHOM 3a7jaue ONTHMHU3AINH.
CyTh mpeanaraeMoro MeTOJa ONTHMH3AIMH 3aKJII0YaeTcss B TOM, YTO BBIOpaH pSJ METOIOB-
rUOPUINEHTOB {Mi}, (i=1,2, ..., N). 3aman kpurepuii Q(G), KOTOpBI BBISCHSET B IpoOLECCE

pelieHns, Kakoii W3 THOPHIMEHTOB B JaHHOW cuTyanud o Haubonee 5(dekTnBHO MOXKeT
MCIIOJIB30BaThCs ISl JOCTIKEHHUS IOCTaBICHHON 1eiu. B kputepuii cutyaunn Q BXOAUT He3aBHCHUMAsT
OT MeTOJI0B MH(opMaIHs, KOTOpas XapakTepu3yeT COOCTBEHHO MEHSIOLIYIOCS CHUTYalHi0; a UMEHHO
MPU3HAKK CTPYKTYPHl W METPHUYECKHME TapaMeTphl MPOCTPAHCTBA, TI/I€ OCYIIECTBISETCS ITOUCK;
MIPEIBICTOPUIO BBIYUCIIUTENBHOTO MPOLECCa, IO KOTOPOIl yCTaHABIMBAETCA BO3MOXKHOE MPOJIOIIKEHHE;
NPUPOAY CUCTEMBI (PYHKLNH, ONPENENIIONINX PelacMyto 3a1a4y; U T. 11.
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Hanee BBomutcs (GYHKIMS YIPaBICHUS, HA OCHOBE KOTOPOHW YCTAHABIMBAIOT aJalTHBHYIO
CTpaTEeTHIO BBEIEHHs B JACHCTBHE KOHKPETHOTO TMOPHAMEHTa WM Ipymibl rHOpuarenToB. s Toro,
4yT0OBI 001Iee AeHCTBHE THOPUANEHTOB oOecneunBaio Ooinee 3h(HEeKTUBHOE TOCTHKEHHE LENH, HeXKEIH
KOKIBIM W3 HUX B OTACIBHOCTH, BBOIAT CIICHAIBHOE aJalTHBHOE YIpaBICHHE, KOTOPOE

OCYHICCTBIIACT IOJYYCHUC MHHHMH3prIOHICI>'I MoCJICA0BATCILHOCTU BCKTOPOB {X|: . HaHpaBJ’ICHI/Iﬁ

moucka Dir Xkr Y TIOMCKOBBIX I1aros h ' , AJalITUPYCMbIX COOTBCTCTBCHHO I/I3MCH$[IOIII€I7[C$I CUTyalluu G.

Omnepanuo rHOpUAN3ANMN WM MOJyYeHHE THMOPHIHOW TOYKH Ha K-M Imare mporiecca MOXKHO
ONPENICTUTh B BUAEC MATPUIHO-BEKTOPHOTO «IIPOU3BEACHUS

X=XV ()
N N -
$up- Sv-1 j-koreik, ke

i=1 jek—r+1
rae (U Ei)) u (X Ei)) — Matpuilbl (pazmMepHocT Fx N ) yrpaBieHus U COCTOSHHUS, JIEMEHTAMHU KOTOPBIX
)

(i
ABISIIOTCS ynpasienus (ckamsipsl) U’ n npubmmwkenus (BEKTOPbl pa3MEpPHOCTH N) ruGpHIMEHTOB Ha

nanHoM ware j; V (r)— I-MepHBI «CKUMAIONINIT BEKTOP CO CKATSAPHBIMU KOMIIOHEHTaMK; ' — TITyOMHA TaMSTH
ruOpuaneHToB; N — X KOJIMYeCTBO.

CrienmanbHOE TPOW3BEACHNE CKASIPHON (U Ei)) U BEKTOPHOM (X Ei)) MaTpHIl JaeT BEKTop Z,

KOMIIOHCHTAMH KOTOPOI'O SABJIAIOTCA BEKTOPLI B BUAC

z,=SUulxW  jok—re1k, k=,

m
]
-1

a pe3yabTaTOM IPOMU3BEICHHUS 3TOTO BEKTOpa Ha BEKTOp V (r) ABJISIETCS. N-MEPHBIM BEKTOP

N N
X{= 3 v,(r)>ulix® k>,

jek—r+1 i=1

Ha xaxzaom miare mporiecca K> NpOBOAMTCS U3bATHE BEPXHEW M MPHCOCIUMHCHUE HWKHEW CTPOK

MarTpHuil (U E')) u (X E')) TaK, 9To 00IIee KOJIMIECTBO CTPOK OCTaeTCs HeM3MeHHBIM. [IpuHsaTas riyouHa
MaMsATH I THOPHIHOTO MeToAa TpeOyeT HEKOTOPOro 3HaHWsS IPENbICTOPHH TPOIecca, B KOTOPOM
YUUTBIBACTCS I' TPEIABIAYIIUX MPUOIMKEHUH, a CKUMAIOIIUNA BEKTOD V(r WUTPaeT poJib MEXaHHW3Ma

TIOCIIE/IOBATENBHOTO 3a0bIBaHus CTapoi nHpopmanuu. KomMnoneHtst V, (r) BEKTOpa V(r) M3MEHSIOTCS

COTJIACHO HEKOTOPBIM 3aKOHAaM OT mpeipaynmx K texymuMm. B [9, 10] mokaszaHo, 9To ruOpuaHBIi
METOJ] MOKET pellaTh HIMPOKUH Kpyr 3amad Oosee 3()(HEKTHBHO, YeM KaKIBIA M3 YIOMSHYTHIX
THOPUIMEHTOB.

[lpennaraemas cxema cubOpuOHOU — onmumuzayuu JUIL  PELICHHUS  3a/Jauydl  HEJIWHEHHOro
nporpammupoBanus (2.1) — (2.2) moctpoeHa TakuM 00pa3oM, 4YTO 0OXOAMTCS 0e3 KaKHX-TuOo
HpeBapUTEIbHBIX NPeoOpa3oBaHUil pelraeMoil 3a1a4d ¥ He TMPEIbsBISIET HUKAKHX CHEIHATbHBIX

TpeOOBaHMH K PYHKIUAM IeNTN F(X) u orpannueHnsM G' (X )Z 0, i=1, m. PaccmaTpuBaercst TOJILKO

UCTIONb3yeMasi KOAJWIHA THOPUIAMEHTOB M 3apaHee ONMCHIBASTCS OTpaHUYCHHBIM HAOOp HamOomee
XapaKTepHBIX cuTyalmii {c;}, MOrylux BOZHUKHYTb B PEaIbHOU 3a/1a4e ONTHMHU3ALHH.

Bynem paznuuats clieyromue CuTyaluy 1 UX MpU3HaKH.
1. Cmayuonapnvie cumyayuu: a) pasMepHOCTb 3aJay; 0) ypOBEHb TPYAHOBBIYHUCIMMOCTH
CUCTeMBI (YHKIHN F(X) 3a/la4ll HEJIMHEWHOTO MPOTPaMMHUPOBAaHUSA; B) OrPAaHWYEHHS B BHIE

PaBEHCTB; T) OrpaHUYEHHUS B BHUJIE HEPABEHCTB; /) 00IIee KOJIMYECTBO OTPAHHUYCHHIA; €) BBITYKJIOCTb
(BoruyToCTb) (DYHKUIMH LETU U OTpaHUUCHHI; ) XapaKTepHble 0COOEHHOCTH IOMYyCTUMOI 00acTu; 3)
JUCKPETHOCTh WJIM HENpephIBHOCTh (PyHKIMU 3amaun W T.n. Ha3BaHHBIE KOHKPETHBIE CHTYaI[UH
JIOCTAaTOYHO YCTOWYMBHI B TIPEJIEax OTIENBLHO B3ATON 3a/1a4H.

2. Juunamuueckue cumyayuu: a) TOJOTHHA CIYCK C IUIABHBIM M3MEHEHHEM HampaBieHUs; O)
KPYTOH CHYCK; B) MpPSIMOJIMHEHHBIA OBpar C TIOJOTUM CIYCKOM; T) H30THYTBIM OBpar; m)
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CrupaseoOpas3Hblil OBpar; €) JJUIMICONNANbHAA $Ma; K) M3MEHSIOIIeecs KOIWYEeCTBO HapYIIEHHBIX
OTpaHHYCHUH U T.J1. ITU CUTYaIlMH OTHECCHBI K YNCITY JMHAMUYCCKUX, TOCKOJIBKY OHH JIUIIb JOKAJIEHO
CTAaIlMOHAPHBI, T.e. MO MEpe NPOABIKEHUS K OSKCTPEMyMY CTCIEHb WX TIPOSBICHUS IOCTOSHHO
W3MEHSETCS B OJTHOM U TOM K€ 3a/1a4e.

[lo omnmcannomy HabGopy curyammii {oc;} Moker OBITh BBIOPAaHO HEKOTOPOE YHCIIO

cooTBeTcTBytomMX rudpuauentoB {M;}, He o00s3aTeNbHO paBHOE KOJIMYECTBY CHTYalUid.

CrnemoBaTenbHO, BRIOOP THOPUANEHTOB KaK OBl MpPEApEIIeH CaMUM CYIIECTBOM 3a/1adl ONTHMH3AIIHH,
CBSI3aHHOHN C MpennojaracMbiM HAa0OpPOM BO3MOXHBIX CHUTyanui. EcTecTBeHHO, B JaHHOM cliydae
rUOpUINEHTAMU JTOJDKHBI OBITH, TI0 BO3MOXKHOCTH HPOCTBIE, HO TOCTAaTOYHO 3(h(heKTHBHBIE MOUCKOBBIE
METO/BI.

JIJis TOCTPOCHHOTO 3/IeCh BapHaHTa THOPUIHOTO METOJa ONTHMHU3AINH B Ka4eCTBE THOPUINCHTOB
NPUHATHL CIEAYIONMe METoAbl (MM MX MOTU(HUKANWHU): a) TMOMAroBelid agantuBHeli cioyck [10]; 0)
cxema AOpamora [10]; B) oBpaxnas Momudukanus [9]; T) MeTon mNapaUIENbHBIX KacaTelbHBIX
IMTAPTAH [11]; n) momudukaims MeTona ckojb3siiero aomycka [10]; e) cekyiee NBHXKCHHE BIOJb
rpaHunbl [12] W psag mpueMoB, YUYMTHIBAIOIIUMX TE€ WIM HWHBIE TPOSBICHUS OMHCAHHOTO Habopa
curyaruid. Cpean HUX oTMETUM MeToa myiabructapra [13]. lpu ero ucmnoiabp30BaHUM M3 MHOMKECTBA
JIOTTyCTUMBIX 3HAYCHUH TapamMeTpoB CIyYailHO WJIM JCTEPMHUHHPOBAHO BBIOMPACTCS HEKOTOPOE
noAMHOXeCTBO M3 L Toyek. Ha kaxaom i-TOM TOAMHOKECTBE M3 CIIydalHOW HAYalbHOW TOYKH
JIeNIaeTCsl JIOKATBHBIHN CITYCK B OJIDKANIINT MUHEMYM JIFOOBIM JIOKaJTbHBIM METOZIOM TTOHCKA.

B paccmarpuBaeMOM THOpPHIHOM  aJaNTHBHOM METOAE  HCIOJBL30BaHUE  MYJIbTHCTapTa
OCYILECTBISIETCS TP MEPEX0/1e Ha HOBYIO THIIEPILIOCKOCTh, puc. 3.1.

Xo <PV

/ . > :ZF (X, )

P(4)
~VF(X) dir (X ~X,)

Puc. 3.1 Bapuanm noucka skcmpemyma Qyuxkyuu F(X ) 8 eunepniIoCKoCcmHoM noonpocmpancmee { PM E.}

[lepexox or toukun X ; K TOuKe X B P nmpomcxomut 1o ITOMaHOi TpaeKTOpHH,
onpenensomeii runepruiockocts P! | 3BeHbsMu KOTOpOI CirykaT oTpesku X, Xyi1.0 » @ CIyCK IO

Hanpasnennio Y, =dir X, , X, ; , ocyuiecTpisercs marom h{t (k, | — HoMepa HampaBsieHHii i maros

COOTBETCTBCHHO).
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4 OnTuMH3alUs MAPaAMeTPOB MOABECKH

3agaua aHauM3a — YCTaHOBUTH 3aBHCUMOCTH MEXAY MapaMeTpamMH OObeKTa Ui 3aJadyd CHHTE3a,
peleHne KoTopoi naét Hanbosee palMoOHaIbHbIE COOTHOLICHUS 3THUX MapaMeTpoB, 00eCTIeUNBAIOIINX
BHITIOJTHEHHE HEOOXOAWMBIX KpUTEpHUEB. B maHHOM ciydae Ui OmpedeNeHus IMeperpys3ok
aMOpTH3aTOpa U YCHIINI B CBA3SIX HEOOXOAMMO IIPOMHTETPUPOBATH YPABHEHHUS ABIKEHUSI.

Tak kak mpu KoJeOaHUSIX aMOpPTU3aTOpa Ha OIMOpax YrioBBIE MEPEMEIICHUS MAaJbl, HCIOJIb3yeM
YpaBHEHUS JABWKCHHS, HE YUUTBIBAIOIIHE MOBOPOTHI Tena [8]. [IpaBast yacTh STOH CHCTEMBI ypaBHEHU
MOJKET OBITH BEKTOPOM, COCTOSIIIMNM M3 CHHYCOUAAIBHBIX COCTABJISIOMIUX C OAMHAKOBOM YacTOTOH B
Clly4ae YCTaHOBUBIIICHCS BHOpAIMY IJIaHEepa, OTPAaHUYCHHOW BO BPEMEHH (PYHKIIMEH NP BHE3AIHBIX U
YAapHBIX BO3JIEHCTBHUAX WIM POU3BOJILHOM (DYHKITUEH MPH MEPEXOIHBIX MPOIIECCaX HArpyKEHUsI.

B pesynbTare pemeHus 3aaud aHaM3a HAaXOIUM Teperpy3kn G B KaXIOW M3 ONACHBIX TOYEK U
CpaBHHMBaeM UX C [JOMYCTUMBIM 3HAUYCHHUEM [G] OcranbpHble OrpaHUYEHUS Ha3HAYaeM U3

KOHCTPYKTHBHBIX COOOPaKCHUIA M YCIOBHI CTaHAAPTA.
IMepememeHns: aMoOpTU3aTOpa MPH KOJIEOATETHHOM ABIKCHHH OTPAHMYEHBI pa3MepaMH HHIIH, B

KOTOPOil OH YCTaHOBIICH, MAKCHMAIbHBIM XOJOM INTOKa aMOPTH3aTOpa ©  IOIyCTHMBIMH

repeMerieHusIMU (DIaHIeB KOMIIEHCATOPOB, COSUHSIOIINX arperar ¢ TpyOOompoBOAaMu.

B Hammx pacderax MPHHSATO TAKOE OrPAaHUYEHHE TIEPEMEIICHHUIT BIOJb MPOIOIBHON OCH CaMoJIeTa:
[sx] = 8 mm, momycTEMble mepeMelieHus BIOJb BEPTHKAIBHONW W IOINEPEYHOM OCel PpaBHSIIUCH
[sy] = [Sz] = 5 mm, momycTHMBIE yIIIBI OBOPOTA BOKPYT 3THX ocell BbIOpaHbl paBHBIMU [@] = 0,02 pao,
[w] = [6] = 0,04 pao.

HauanbHbli BeKTOp mapamMeTpoB X, COCTOHT M3 BEJMYHMH KO duumeHToB xectkoctu K, , K

Y’k

oTHomeHus ko3 dunrenTa qemndupoBanus K Ko3QPUIMEHTY KECTKOCTH 3, OTHOCUTEIILHBIX BEJTHYNH
a,, a,, a3, a,, XapaKTEepU3YIOIIUX CTPYKTYPHBI cOcTaB mojaBecku Onoka. IIpeamonaraercs, 4ro B

7!

3aBUCUMOCTH OT paclpelesieHHss MacC B OObEKTe, YCHIMS M COOTBETCTBEHHO IapaMeTphl
aMOpTU3aTOPOB B KAXAOM Yy3JI€ MOTYT OBITh Pa3IUYHBIMH. OTH BEIUYMHBI €CTh OTHOILICHHS
ko3 duimeHTa KECTKOCTH aMOpPTH3aTopa B COOTBETCTBYIOLIEM y3Jieé K HEKOTOPOMY €ro
(UKCHPOBaHHOMY 3HAYCHHUIO.

Bubpanus mianepa camonera, OT KOTOpOH cCileqyeT 3alllUTHTh arperaT, 3aJaHa B BHJE CIIEKTpa
neperpy3ok. Ha untepBane wactotr ot 1 I'm mo 22 'y BuOpomeperpy3ku MOCTOSHHBI M PaBHBI 1, Ha
uaTepBaie ot 22 ['m no 60 I'm orn nuHEHHO Bo3pacTaroT ot 1 10 7 u majee, 10 HaUOOINBIIEH 9acTOTHI,
paBuoit 2000 ', oHM ocTaroTCS paBHBIMU 7.1IUN

IIporecc onTUMHK3aLKMK B HENOM MOCTPOEH KaK MOOYepeIHas IMOC/Ie0BATEIbHOCTh PEIIEHUH 3a1a4
MHHUMHM3AIMU Macchl M u neperpy3ku G. Jlns HadanbHOro BeKTOpa X, MEPBbIH 3Tal ONTHMU3ALUU

ocymecTBIsuICs 0e3 ydera neperpy3ku G v nmpuBoAMT K BekTopy X, . Creayromuii 3Tan onTHMH3ALUH

NPOBOJMTCS ¢ MHHUMU3anueil neperpysku G, HO Oe3 orpaHMyeHHs] Macchbl M, B pe3ylbTare 4ero
noiydyeH Bekrop X, . Ilponecc ontumusanuu noBTOPSIOT Jaiblle, yepeays GyHkuu neau m u G Ha

KaX1loM HOBOM 3Tane. OTMEeTHM, YTO MpPOLeCC ONTHMHU3ALMK Ha 3Tamnax, rae QyHkuueil nenu Oblia
Macca, OrpaHMUYMBAJICS TAKOW JOIYCTUMOW IEpEerpy3koi, KOTopas JOCTUIajach Kak €€ MUHMMYM Ha
NpeJbpIYIINX dTanax, korjaa GpyHKuel mneiu Obuia meperpysKa.

[IpuMeHeHHBIH THOPUAHBIA METOJl ONTUMH3ALKUN OTHOCUTCS K JIOKAJbHBIM IOMCKOBBIM. [loaTomy
JUTSI TIOMCKA TJI00aMbHOTO MHHUMYMa HMCIIOJIb30BaH METOJ MyJbTHCTapTa. [Ipu aToM nmpoBoauTcs cepus
CITyCKOB M3 3apaHee OIpPEJIEJIEeHHOr0 MHOXKECTBa HAYAJIbHBIX TOUEK , PABHOMEPHO PACIpeIEIeHHBIX 10
o0acTH JONMYCTHMBIX 3HAYCHWH BapbUPYyEeMBIX M[apaMeTpoB. TOYKHM JIOKAIbHBIX 3KCTPEMYMOB
NpUHAIEXKAT Pa3HbIM OKPECTHOCTAM oOyiacTH pemeHui. OHaKo 3HaYeHHs HKCTPEMYMOB B 3THX
TOYKaX SIBISIOTCS OJIM3KHMHU. YKa3aHHOE OOCTOSITEIHCTBO JIAET BO3MOXKHOCTH BBEIOOpPA ONTHMAIBHOTO
MPOEKTa, UCIIOJIb3ys KOHCTPYKTHBHBIE COOOpaKEeHNUSI.

B pesynbrare mpoBeIeHHONW ONTHMHU3AIMU C MOMOIIBIO Pa3pabOTaHHOTO TMOPHIHOTO MOWCKOBOTO
METOJla YMEHBIIIEHBl Macca 3JEMEHTOB TOJABECKH W BO3JCHCTBYIONIME Ha IIOABEIIECHHBIN arperar
neperpy3ku. OnpeneneHsl mpeneibl, 10 KOTOPhIX MOXKET ObITh YMEHbIIEHAa Macca W meperpyska. B
paccMaTpuBaeMON KOHCTPYKLUH MPHU CHATUH OTPaHMUYEHHUN Ha MEperpy3Ky CyMMapHYK MacCy MOXKHO
JioBecTH 110 3,96 K.

IIpu wuccrenoBaHWM BIMSHUS Ha TPOIECC TOWCKA DJKCTPEMyMa pa3UYHBIX OrpaHUYECHUH
(reoMeTpuUECKUX MapaMeTpoB, YCHJIMH B aMOpTU3aTOpax M T.I.) YCTaHOBIEHO, YTO AaKTHBHBIM
OTpaHMUYECHHEM SIBIIICTCS NEpeMelleHne arperara Sy. Ilo aTOMy KpHTepHro Ipolecc ONTUMH3AUH



78 Cepis (MaTemaTiuHe MoaentoBaHHS. IHchopmaLiiHi TexHonorii. ABTOMAaT30BaHi CUCTEMU YNPaBRiHHSY, BUNYCK 41

MPUXOAUT Ha TPAHUITy O0JIACTH MOMYCTUMBIX PEIICHUM, M Jajiee MPoIece IMOMCKa MPOUCXOANT BIOIh
aToii rpanuIbl. [Io ocTambHBIM apaMeTpaM MPOIECC ONTUMH3AIMKM HE BBIXOJUT HA TPAHMILY OOJIACTH
JTIOTTYCTUMBIX ITapaMeTpPOB.

5 BbIBO/bI U EPCHEKTHBBI AAJbHENIIUX HCCIe0OBAHM A

I'uOpumHBIi  METOX  ONTHMH3AIMKA  MOAM(DHUIMPOBAH MPUMEHHUTEIBHO K  ONTHMAILHOMY
MPOEKTUPOBAHUIO YHpPyro-AeMndepHbix moaBecok. [lokazano, d9ro »ddekTuBHOCTH mpoIEecca
MUHUMH3AIIA KaKOT0-IN00 KPUTEPHsl, HApUMeEp, MacChl, yBEeTUIUBAETCS, €CIIH B KA4eCTBE KPUTEPHS
ONTUMATBHOCTH MOOYEPEITHO MCIOIB30BaTh TE MAapaMeTpPhl, HA TPAHUIBI KOTOPHIX BBIXOIUT IMPOIECC
MOMCKa MUHMMYyMa. TOT (pakT, YTO MPU PAIMYHBIX 3aMMCIX (DYHKIUH IICJTU TOIY4YaroTCs OJU3KHE
pe3ynbTaThl, MO3BOJIET CHENaTh BBIBOA, O TOM, YTO B OOJACTH pEUICHWHA MMEETCS €IWHCTBEHHBII
MHUHUMYM, KOTOPOMY COOTBETCTBYET BBIYMCIICHHBIA ONTHUMAJBHBIA BEKTOp. Pe3ynbTaThl padOThI
HAWJIyT MPUMECHCHUE TPU TMPOCKTUPOBAHUM TAaKUX SJICMEHTOB JICTATCIBHBIX allapaToB, HA KOTOPHIC
MPOIECC IKCIUTyaTallMM HAKJIAJBIBACT PA3HOOOpa3HbIC OrpaHUuYCHUsl (MEepPerpy3KH, JOMYyCTHMEIC
MepeMeIeHNs, TEOMETPUIECKHE Pa3MePBI 1 MacChl aMOPTHU3aTOPOB).
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A faster way to approximately schedule equally divided jobs with preemptions
on a single machine by subsequent job importance growth

V. V. Romanuke
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The goal of this work is to study whether the input order of the job release dates results in different time of computations in
finding an approximate schedule for equally divided jobs with preemptions on a single machine by subsequent job importance
growth. It has been ascertained that the descending job order has a 1 % relative advantage when scheduling more than 200
jobs. With increasing the number of jobs off 1000, the advantage tends to increase. The advantage can grow up to 22%. A
maximally possible gain in computation time is obtained in scheduling longer series of bigger-sized job scheduling problems.

Key words: heuristic, approximate schedule, job order, preemption, total weighted completion time, computation time gain.

MiHiMi3anis 3aralbHOTO 3Ba)KEHOTO Yacy 3aBEPIICHHS € Jy)Ke Ba)XKJIMBOIO LIULTIO B OpraHi3amii Ta BUKOHaHHI OaraToeTamHuX
MPOIIECiB OOYMCIICHD, AUCTIETICPH3allil, BADOOHUIITBA, KOMIOHYBaHH, OyAiBHUITBA TOIIO. Ll 3amaga po3B’A3yeThCs TEOPi€I0
posknaniB. Teopis po3kiIamiB Hagae MiAXOAM JUIS 3HAXO/DKEHHS SIK TOYHUX, TaK 1 NPHONMU3HUX PO3KIAIiB BHKOHAHHS 3aBIaHb.
TouHuit po3kiIaa 03BOJIsIE BUKOHATH 3aBIaHHS 32 MIHIMAJIbHUHN 3aralbHUN 3BaKCHUH Yac 3aBepuieHHs. [IpuOnu3Huii po3kian
J03BOJISIE BHUKOHATH 3aBIAaHHA 3a 4ac, KOTPHH € JOCTaTHHO ONM3BKHM 0 MIHIMAJIbHOTO 3arajJbHOTO 3Ba)KEHOTO Yacy
3aBepiueHHs. OnHaK NPHUOIM3HUIA PO3KIIaJ] OTPUMYIOTh HE3pIBHSHHO MIBUJAIIE, TOAI SIK TOYHI MiIXOIOHW CTAlOTh MPAKTHYHO
HE3JICHEHHNMH YK€ UL IeKUTBKOX JECATKIB 3aBIaHb. TOMy pO3IIIsAacThcs onHa eheKTHBHA CBPHCTUKA IS 3HAXOJKCHHS
HNPUOIU3HOTO PO3KIaNy Ul BUITQAKY OJHAKOBO PO3JUICHHX 3aBJaHb 3 NEPEeMHUKAHHSIMH Ha €IMHIH MallnHi 31 3pOCTaHHIM
3HAYYIIOCTI HACTYNHUX 3aBJaHb. [Ipy bOMY BHBYAE€THCS NMHUTAHHS TOTO, UM IPHU3BOJHUTH NEBHUH IOPSIOK yBEACHHS Jat
3aIlycKy 3aBJIaHb O PI3HOTO Yacy o04rcieHb. BCTaHOBIIOETECS, IO CIaAHUI MOPSAIOK 3aBAaHb MAa€ BiTHOCHY mepeBary B 1 %
npu 11aHyBaHHI O0i1pm HiK 200 3aBaaHb. 31 3pocTaHHAM KinbKocTi 3aBaanb Bin 1000 ms mepeBara Mae He3HAYHY TEHACHIIIO
1o 3poctanHs. Taka mepeBara mMoxe pocsirtd 22 %. 3o0kpema, mocmigoBHICT 3 240 3amau 31 75000 3aBmaHp y KOXHiH, ae
KOXKHE 3aBJIaHHS CKJIAJAEThCS 3 5 YAaCTHH, 3a CIaJHOTO MOPSIKY 3aBJaHb PO3IUIAHOBYEThCA 3a 17.2973 roauHu, TOAi 5K 115l K
MOCTIJOBHICTh 32 3POCTAIOUOro MOPSAKY 3aBAaHb po3IiaHoBYeThes 32 21.0691 rommuu. MakcuManibHO MOMKITUBHMA BHTpAIIl
4yacy 00YUCIICHb JOCITAETHCS MTPU POOOTI 3 OLIBIT JOBIMMH MOCHIIOBHOCTAMH 337134 IUTaHYBaHHS 3aBIaHb OUTBIIIOTO PO3MIpY.

Kniouogi cnosa: espucmuxa, npubnusnuii po3xkiao, nopsao0ok 3a80anb, NepeMUKAHHA, 3a2albHUll 36AdNCeHUll YaAC 3a8ePuleHHs,
sucpawt y 4aci 06YUCIeHHs.

Ilpy HaXOXIEHUM TNPUOIN3UTENFHOTO pACHMCaHUs JUIl OJMHAKOBO pa3feNEHHBIX 3aJaHHd C IEepeKIIOYeHHsSIMH Ha
€IIMHCTBEHHOW MallliHe IpH pPOCTe 3HAYUMOCTH MOCHEAYIOIUX 3aJaHUil W3ydaeTcss BONPOC O TOM, HPUBOAUT JIH
ONpeeN€HHBI TMOPSIOK BBOJA JaT 3alycka 3afaHMi K pPa3IMYHOMY BPEMEHH BBIYMCICHHH. YCTaHaBIMBAETCS, 4YTO
yOBIBarOMINiT TOPSAMOK 3aJaHUH MMEeT OTHOCHTEIbHOE MperMyIecTBo B 1 % mnpu mianupoBanun 6oxee yem 200 3amanmii. C
BO3pacTaHheM KojuuecTBa 3amanuid ot 1000 3T0 mpenMyIiecTBO HMEeT He3HAUMTEIbHYIO TEH/ICHIMIO K Bo3pacTaHno. Takoe
MPEHMYIIECTBO MOXKET HOCTHYb 22 %. MaKkCHMaIbHO BO3MOKHBIH BBIUTPHIIT BPEMEHN BBIYUCICHUH JJOCTUTAETCS TIPH paboTe
¢ Gosee ITIMHHBIMH MOCIIEA0BATEILHOCTIMY 3314 TUIAHUPOBAHMS 33/IaHUH OOJIBILIIETO pa3Mepa.

Knroueswie cnosa: sepucmuka, npu6ﬂu3umeﬂbnoe pacnucarue, }’lOp}ldOK 3a6aHmZ, nepexivenue, 06“46‘@ 836eUlernnoe epems
3aeepuierusl, 6blUCpblul 60 6PEeMEHU 6blYUCTIeHUA.

Total weighted completion time minimization in the preemptive scheduling problem

In planning, organizing, and executing complex or multistep processes of computing, dispatching,
manufacturing, assembling, building, etc., there is a very important goal to minimize the total weighted
completion time (TWCT). This problem is addressed by the scheduling theory [1, 2]. The scheduling
theory provides approaches to finding both exact and approximate schedules of executing jobs. The
exact schedule allows achieving an exactly minimal TWCT. The approximate schedule allows
achieving a TWCT which is sufficiently close to the minimum [3]. Nevertheless, the approximate
schedule is obtained incomparably faster, whereas the exact approaches become practically intractable
just for a few tens of jobs [1].

The schedule is executed either on single machine or multiple machines. Obtaining an optimal
single-machine schedule is commonly easier. Minimization of TWCT for a class of preemptive
scheduling problems (PESPSs), wherein a job can be interrupted in favor of another job [1, 3], is almost
thoroughly studied for single-machine problems [4]. Meanwhile, a subclass of single-machine PESPs
(SMPESPs) exists, in which importance of subsequent jobs grows, and it can be separated. This is a
subclass consisting of SMPESPs by subsequent job importance growth (SJIG).

© Romanuke V. V., 2019
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The subclass of SMPESPs by SJIG

SMPESPs by SJIG refer to those systems whose non-parallelizable development becomes more
complicated along with its growing costs. Here, however, the non-parallelizability exists due to
unavailability of two or more machines rather than a specific integrity of the system itself. Scheduling
by SJIG is a common task in building (or assembling) hierarchical systems/objects whose build-ups
above the basis are more complicated and expensive (see, e.g., [1, 2, 5, 6]). SMPESPs for such
systems/objects are possible if they “start” functioning only after the assembling completion. A
schedule for them is obtained by setting subsequent jobs to greater priority weights. Theoretically, such
systems/objects still can be scheduled on multiple machines, so SMPESPs are just a specific case of
when only a single machine is available.

An efficient approach to scheduling

In solving SMPESPs, exact schedules are obtainable for no more than a few tens of jobs. In real
practice, a lot of heuristics are used to find the approximate schedule. Although the heuristics’
approximate schedule is not always executed in the exactly minimal TWCT, the inaccuracy is
commonly not so great [1, 2, 4], being often equal to zero. A heuristic known to efficiently give
approximate schedules by the minimal inaccuracy is an online scheduling algorithm, which applies the
rule of the shortest processing period (SPP) [3].

In solving SMPESPs by SJIG using the SPP approach, there are two ways to input the job release
dates and the respective priority weights. On the one hand, the release dates can be given in ascending
order. Then the respective priority weights and the release dates will be sets of, generally speaking,
non-decreasing values. On the other hand, the release dates can be given in descending order. Then
the respective priority weights and the release dates will be sets of, generally speaking, non-increasing
values. It is believed that the efficiency of the SPP approach could be increased more by selecting
either job order with the shorter computation time (although, surely, both job orders give the same
TWCT).

The goal of the article and five stages to achieve it

In finding an approximate schedule for SMPESPs by SJIG using the SPP approach, the goal is to
study whether the order of inputting the job release dates results in different time of computations. The
significance of the difference, if any, should be shown. As a simplification, the preemptive scheduling
of equally divided jobs (EDJs) will be considered. For achieving the said goal for SMPESPs by SJIG of
EDJs, the five stages are to be fulfilled:

1. To state an SMPESP by SJIG of EDJs, whose schedule should have no idle time intervals (see,
e.g. [1, 2, 4)].

2. To state the SPP approach for finding an approximate schedule.

3. To design a model of generating the SMPESPs by SJIG of EDJs.

4. To estimate the averaged time of obtaining the approximate schedule by both ascending and
descending orders of inputting the job release dates.

5. In finding an approximate schedule by the SPP heuristic for SMPESPs by SJIG of EDJs, to
discuss and conclude on whether significant the order of inputting the job release dates is.

The SMPESP by SJIG of EDJs
In the SMPESP, the number of jobsis N by N eN\{1}. Job n is divided into H, equal parts, i. e.

job n has a processing period (or time) H,, which, in the case of EDJs, is actually the same for every
job. So, let

H.=H, Vvn=1 N.

It should be noted that the case
H.=1 Vn=L N

is excluded from consideration due to the fact that then the SMPESP would be trivial (would have a
trivial solution). Job n has a release date r, and a priority weight w_, n =1, N. So, in general,
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H = [H*]lxN € NN ! W = [M')”]lxN € NN ! R = [’;"]IXN € NN

are a vector of job processing periods, a vector of job priority weights, and a vector of job release dates,
respectively.

Priority weights in vector W are either non-decreasing for the ascending job order (AJO) or
non-increasing for the descending job order (DJO). Formally,

w <w VI=2,N but 3l.e{2, N} such that w_,<w, (1)
for AJO, and
w,,=w VI=2 N but E”*E{Z,_N} such that w,_, >w, )
for DJO. Release dates in vector R are arranged similarly:
=1, r,=2, r,<r VI=3 N but Hl*e{&_N} such that r_,<r. ©)
for AJO, and
L=N, ,=N-1, r,>r VI=3 N but Hl*e{?,,_N} such that _ >t (4)

for DJO. Thus, either with (1) by (3) or with (2) by (4), the SMPESP has an SJIG.
N
The total length of the schedule is T =) H. =N -H. (which is measured in definite time units). Job

n=1

n is completed after moment 8(n; H.), which is
o(m H.)e {1_T} .

N

The goal is to minimize the TWCT, i. e. to schedule those N jobs so that sum > w,6(n; H.) would be
n=1

minimal. The resulting schedule is a set of job tags/numbers S=[s, ] _ along the grand total of job parts

T , where s, e{l_N} forevery t=1,T .

The SPP heuristic to solve the SMPESP by SJIG of EDJs
Let Q=[q,], ,=H be a starting vector containing the remaining processing periods (RPPs).

Later on, elements of vector Q will be decreased as time t progresses. Denote an approximate

schedule, given by the SPP heuristic, by S=[5] ., where § e{l_N} for every t=1T. A set of

1xT !
available jobs

A(l‘)z{ie{l,_N}:rigtandq{>0}C{1,—N} (5)

gives a set of RPP ratios {w; /q, } for every t=1, T, whence the maximal ratio is achieved at subset

ieA(t)

A*(t)zargm%{vw/qi} forevery t=1,T. (6)
If A*(t)‘zl,then
§=1" by g™ =q. and g, =q®™ -1; (7)

otherwise, if | A”"(t)|>1, then a set
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A" (t)=arg max w. A (t) = A(t) (8)
is found, where
A (O)=1i"} e A M) cAt) <L N}, 9)
whence
§ =i by qi(lfbs) =q. and q.= qi‘lfibs’ ~1. (10)

Then an approximate TWCT is calculated successively for every n =1 N using the moments
é(n; H*) IS {].,_T}
at which each job is completed. Finally,

p(N)=>w,6(n; H.) (11)

I MZ

1

=]

is an approximately minimal TWCT that corresponds to the nearly optimal job schedule $=[§], ..

A model of generating SMPESPs by SJIG of EDJs
As mentioned above, both the minimal numbers of jobs and job parts are 2. So, let

H,=2,14 ¥Yn=1 N and N=2,1000. (12)
A vector of N priority weights and N —2 release dates are generated respectively as follows [7]:
w, =y(05NC+1) vn=L N and r,=y((N/3)¢+1) Vn=3 N (13)

either with (1) by (3) or with (2) by (4), where ¢ is a pseudorandom number drawn from the standard
uniform distribution on the open interval (0;1), and function \u(&) returns the integer part of number ¢

. Thus, SMPESPs by SJIG of EDJs will be generated for each H, and N according to (12): the AJO
problems are generated by (13) for (1) and (3); the DJO problems are generated by (13) for (2) and (4).
Each problem will be repeated for 100 times to ensure good enough statistical confidence of the results.
Mainly, this is about the reliable percentage of a job order relative advantage (PJORA).

Estimation of PJORA and its significance
Denote by 7, (k, N) and 1y, (k, N) averaged times of obtaining the heuristic’s schedule by AJO

and DJO, respectively, for definite H. and N . The averaging is executed over those 100 repetitions.
If

o T (K N) =T (K, N)
B(k, N)=100 e (KN) (14)

then AJO has a relative advantage by B(k, N)<0, and DJO has a relative advantage by p(k, N)>0.

PJORAs (14) for the designed model of generating the SMPESPs by SJIG of EDJs are shown in
Fig. 1. As there are a lot of artifacts (unexpected rapid fluctuations of computational speed), including
those for a few tens of jobs (for, roughly, N <100), these PJORAs are refreshed in Fig. 2 by ignoring
the artifacts. Figure 3 re-refreshes the PJORAs zooming in the range of between 800 and 1000 jobs to
schedule.

It is well seen even from Fig. 2 that DJO has a distinct relative advantage when, roughly, N >200.
This advantage is about 1 %, which is confirmed by Fig. 3. The overall averaged PJORAs in each of
Fig. 1, 2, and 3 prove that DJO is about 1 % faster than ADJ for SMPESPs by SJIG of EDJs. Moreover,
the overall averaged PJORA in Fig. 3 prompts that, with increasing the number of jobs off 1000,
the advantage has a slight tendency to increase.
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Fig. 1. PJORAs (14) by H. =2,14 (left to right downward) versus N =2,1000 with the horizontal zero level;
the overall averaged PJORA (over those 13 PJORAS) is at the right bottom

Discussion of how significant the job order for SMPESPs by SJIG of EDJs is

At first sight, the 1 % DJO advantage may seem not so significant. Nonetheless, it becomes very
significant when scheduling thousands of jobs in a long series of repetitions. For instance, scheduling
a series of 80 SMPESPs by SJIG of 25000 jobs divided each into 5 parts takes 2237 seconds with DJO,
whereas AJO takes almost 2680 seconds (on the same processing unit). The DJO advantage here is
19.79 %. Another, more impressive example: a series of 240 SMPESPs by SJIG of 75000 jobs
divided each into 5 parts is scheduled with DJO in 17.2973 hours, whereas it is scheduled with AJO in
21.0691 hours. The DJO advantage here is 21.81 %. Therefore, the job order significance grows as the
size of the SMPESPs is increased. The growth, however, is slow and it seems to be close to an
asymptote.
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Conclusion, practical recommendations, and a further research outlook

Based on the well-generalized model, solving SMPESPs by SJIG of EDJs is definitely faster with
the DJO input. As the number of jobs increases off a few hundreds, the DJO advantage becomes clearly
certain. Nevertheless, in scheduling a fewer jobs (up to a few tens), the AJO input may not concede the
DJO input. To get a maximally possible DJO computation time gain, it is recommended to schedule as
long series of SMPESPs, as well as SMPESPs of the biggest possible size (including the number of jobs
and parts). A further research outlook will be focused on scheduling SMPESPs by SJIG without EDJs.
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Hayxkose suoanns

BicHuk XapKiBCbKOro HaiOHAJBHOI0 YHIBEPCUTETY

Cepisa «MatemaTuune MmojentoBanHs. [Hdopmaliiiini TeXHOJOTI].
ABTOMaTH30BaHI1 CUCTEMU YTIPABIIHHS»

Bunyck 41
36ipHuK Haykoeux npays

VYKpaiHChKOIO, POCIMCHKOIO Ta aHTJIIHCHKOI0 MOBaMH

Komm’torepue Bepcranns O. O. AdanacbeBa

[Migmucano mo npyky 22.04.2019 p.

®opmart 70x108/16. TTamip odeerrwmii. JIpyk pusorpad.
Ym. apyk. apk. —9,9.

O6m.— Bup. apk. — 11,5.

Haxnan 50 p.  3am. Ne

be3komroBHO

61022, m. XapkiB, maitnan CBo6oau, 4
XapkiBchkuii HamioHa bHUH yHiBepcuTeT iMeHi B.H.KapasiHna.
Bunasauirso

HanpykoBano: XHVY imeni B. H. Kapazina
61022 M. XapkiB, matinan CBo6o, 4,
tei.: 362-01-52
CainmonrBo cy0’ekra BugaBHuuoi cripasu JJK Ne3367 Bix 13.01.09



