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AHAJIN3 apXUTEKTYP Il OCTPOEHUSA
BbIYHCJIUTEIBHBIX PA00YNX MPOLECCOB B pacnpeieIéHHOI cpee

B.B. I'aesoii, JI.C. I'106a

I'aeBoii acnupamnm,
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I'no6a 0.m.H., npogeccop; 3a6edyiowull Kagheopoi uHPOpMayuoHHO-

Jlapuca CepreeBna MeNeKOMMYHUKAYUOHHBIX CUCHEM
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B craThe npeacTaBlieHa MOJCb BEIYUCIUTEIBHBIX pabOUHX MPOIECCOB, KOTOPAsi OCHOBBIBACTCS HA MX HOHUMAaHUH KOHEYHBIM
MOJIb30BaTEIIeM, IPUBEIEH 0030 Pa3IMYHBIX BEIYUCIUTEIBHBIX aPXUTEKTYP, TAKIUX KaK BRIYUCIUTENbHBIN KiacTep, Grid, Cloud
Computing u SOA, 11 WX TOCTPOCHUS B pacmpeaenéHHoil cpene. [IpoBen€H CpaBHHUTENBHBIA aHAIH3 BO3MOXKHOCTEH
APXUTEKTYP UL PeaM3allii BBIYUCIUTENBHBIX PabOYMX MPOIIECCOB, B XOJE KOTOPOTO ONPEACICHO, YTO Pabodne MpOLEcChl
eNecoo0pasHo peann3oBbiBaTh Ha OCHOBe SOA, MOCKOJBKY JaHHBIA IMOIXOJ OTBEYACT BceM TpeOOBaHUSIM K 0a3oBOit
HHOPACTPYKType U 00ECIIeUNBaET BEICOKYIO CTEIEHb pacHpeNeIéHHOCTH BEIYHCIUTENBHBIX Y3JIOB, CO31aeT CIIOCOOHOCTh X
MHTpalliK 1 UHTETPALUY C IPYTUMHU CHCTEMaMH B reTeporeHHoi cpene. Vicronpzosanue apxurektypsl Cloud Computing Mosxet
OBITH 11€1eCO00pa3HBIM IIPH MOCTPOSHUH 0a30BOH MH(MOPMAIMOHHOW HH(PACTPYKTYpH! A OpraHHM3alMU pacIpeielIeHHBIX
BBICOKOIIPOU3BOUTEIbHBIX BBIYMCICHUH, TaKk KaKk OHa IOJJEp)KMBAeT o0llee M CKOOPAMHHPOBAHHOE HCIOJIb30BAHHE
JMHAMHYECKH BBICISIEMbIX PACIIPEICTICHHBIX PECYPCOB, MMO3BOJISCT B reorpahuuecky paccpeJOTOYCHHBIX LIEHTPaX 00paboTKI
JaHHBIX CO371aBaTh M BHPTYaJIH3HPOBATH BBICOKOIPOM3BOAUTEIIBHBIC BBIYMCIMTEIBHBIE CHCTEMBI, KOTOPBIC CIIOCOOHBI
CaMOCTOSITENIBHO TO/JIEPKUBATH HEOOXOMUMBIH YPOBEHB 00CITYKHBAHHS, a TAKXKE MPU HEOOXOAUMOCTH MCIIONIB30BaTh MOJIEITh
Software as a Service (SaaS) mis momb3oBateneit. [IpenmyriiecTBa apXUTEKTyphl OOJAYHBIX BBIYHCICHHI HE MO3BOJISIOT
KOHEYHOMY MOJIb30BaTENIO PeaIn30BhIBATh MPOSKTHPOBAHHE OM3HEC-MPOLECCOB aBTOMATHYECKH, IPOSKTUPYS MX «HA JIETY.
OueBHaHa HEOOXOAMMOCTH IOCTPOSHUSI CEMAaHTHYECKH-OPUEHTHPOBAHHBIX BBIUMCIMTENBHBIX PabouyMx MpoleccoB Ha Oase
CEepPBHC-OPHEHTUPOBAHHON apXUTEKTYPHI C IPUMEHEHHEM I10JIX0/[a MHKPOCEPBHCOB, OHTOJIOTHH M CTPYKTYpP METaJlaHHBIX, YTO
HO3BOJIUT (POPMHUPOBATH PabOYHe MPOLECCH «Ha JIETY» B COOTBETCTBUH ¢ TPEOOBAaHUAMHM TEKYIEro 3armpoca.

Knrwuesvie cnosa: sviuuciumenshovie pabouue npoyeccol, goiuucaumenvuwiti kiacmep, GRID, Cloud Computing, SOA, se6-
CEepBUChHL, CePBUC-OPUCHMUPOBANHAS APXUMEKMYPA, MUKPOCEPBUCHI, OHMONO2USL.

AHaJIi3 apxXiTeKTyp A M00YA0BH 00UMCIIOBAIBLHUX PO0OYMX MPOLIECIB Y
PO3MOiJIECHOMY cepeloBHILi

B.B. I'aesunii, JI.C. I'mo0a

I'aeBuii acnipaum

Bagum BosogumupoBuy Hayionanonuti mexuiunuil ynieepcumem Yxpainu "Kuiecokuil norimexnivHui
incmumym imeni leops Cixopcovkozo”,
npocnexm Ilepemocu 37, m.Kuig-56, Yxpaina, 03056

I'noda 0.m.H., npogpeccop; 3aedyowuil Kagheopoi uHGopMayuoHHo-
Jlapuca CepreeBHa MENeKOMMYHUKAYUOHHBIX CUCTEM
Hayuonanvnuiii mexnuueckuti ynusepcumem Yrkpaunwr "Kuegckuii
noaumexuuyeckui uncmumym umenu Meops Cuxopckoeo”,
npocnexm Ilobeowt 37, Kues-56, Yrpauna, 03056

Y crarti mpencTaBIeHO MOAETh OOYHCIIOBATFHUX pOOOYHMX IMPOIECiB, sKa 0a3yeTbCd Ha CHPHUHHATTI iX KIiHIIEBUM
KOPHCTYBa4eM, 1 MpUBEIEHHI OIS PI3HUX OOYHCITIOBATLHUX apXiTEKTyp, TaKuX sK obuncaroBansHuil Kiacrep, Grid, Cloud
Computing i SOA, s ix HoOy0BY B po3nopizeHoMy cepenosuili. [IpoBeaeHo MopiBHAIbHIN aHAITI3 MOXKINBOCTEH apXiTEeKTyp
JUTs peantizanii 004YHCITIOBaIbHUX POOOYHX MPOIIECIB, B XO/i SIKOr0 BU3HAUEHO, 1110 poO0Ui MPOIecH AOLINBEHO peanizoByBaTH Ha

© laeson B.B., 'noba J1.C., 2020
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ocHOBI SOA, OCKIJIBKM TakWil MiJXiJ BIANOBiZae BCiM BUMOTraM 10 0a30Boi iHQPAcCTpyKTypH i 3a0e3nedye BUCOKY CTYIIiHBb
PO3MOAITEHOCTI 00UNCIIOBAIBHUX BY3JIiB, CTBOPIOE 31aTHICTH X Mirpamii Ta iHTerpamii 3 iHIIMMHI CHCTEMaMH B TeTepOr€HHOMY
cepenoBumi. Bukopucranns apxitektypu Cloud Computing Moxke OyTH IOLUIBHUM IIpH MoOynoBi 6a30Boi iH(opMariiHOT
1HQPACTPYKTYpH Ul OpraHizamii pO3MOAIICHMX BHUCOKONPOAYKTHBHHUX OOYHCIEHb, TaK fK BOHA MiATPUMYE 3arajbHe i
CKOOPJMHOBAHE BHUKOPHCTAHHS PO3IMOJUICHUX pECypCiB, SKi BHAUIAIOTBECS AWHAMIYHO, JO3BOJIsiE B TreorpadiuHo
po3ocepeKeHNX HEHTPax 00pOOKH JaHUX CTBOPIOBATH 1 BipTyalli3yBaTH BUCOKOIPOIYKTHBHI OOUUCITIOBAIBHI CHCTEMH, 34aTHI
CaMOCTIHHO MHiATPUMYBaTH HEOOXiIHMH pPiBEHb OOCIYrOBYBaHHs, a TaKOXX HPU HEOOXiTHOCTI BUKOPHCTOBYBATH MOZEID
Software as a Service (SaaS) mst kopucryBauiB. IlepeBaru apXiTeKTypu XMapHHX OOYHCICHb HE J03BOJLSIIOTH KiHIIEBOMY
KOPHCTYBady peali30ByBaTH IIPOCKTYBaHHS Oi3HEC-TIPOIECIB aBTOMATHYHO, IPOEKTYIOUH iX «Ha JboTy». HasBHOIO €
HEOoOXiZHICT, MOOYNOBH CEMaHTHYHO-OPI€EHTOBAHMX OOUYHMCIIOBAJIBHUX pPOOOYMX TpOIeciB Ha 0a3i cepBic-Opi€HTOBaHOL
apXITEeKTypH i3 3aCTOCYBaHHAM IIiIXOy MIKpOCEpBICiB, OHTOJIOTIH 1 CTPYKTYp MeTaJaHuX, 10 JO3BOJIHUTH (GopMyBaTH pobodi
HPOLIECH «Ha JILOTY» BiIIOBIZTHO /10 BUMOT IOTOYHOT'O 3aITHTY.
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1. Beenenue

Ha ceromusiimHuii JeHb MHOTHE OPraHU3alli¥ U KOMIIAHUH CTAJIKHBAIOTCS C MPOOJIEMON OONBIIHX
JaHHBIX, pa:mntmmx 110 CBOGP'I Hpnpoz[e 158 TpeGy}ome pa3J’II/I‘IHI)IX MaTEeMaTHYCCKUX MCTOAOB HX
o0paboTku. Ha OoCHOBaHMM 3THX JaHHBIX TpeOyeTCs ONMPEeAeNUTh MapaMeTpPbl, IO KOTOPHIM HYXHO
BHITIOJHTh aHAJUTHYECKHE pacdy€Thl ¥ BbIAaBaTh O000OIMIEHHYIO WH(DOPMAILNIO, BEHITOIHSITH
AHAMUTUYECKYIO0 00pabOTKY 3THUX JIAHHBIX M PEIIaTh IPYTHe BEIUMCIUTEIBHBIC 3a/1a4H.

Takue 3amaud MNPEACTABJIAIOT B BHjae padodero mpoiecca, T.e. IOCICIOBATCILHOCTH
BBIYMCIIMTEIBHBIX IIaroB, KOTOPBIE COCTABISIOT BBIYMCIHUTEIBHBIE 3Tallbl W CTaIuUd OOPaOOTKH
uHpopMmaruu. Bmecte ¢ Tem, o0mas 3¢ (eKTUBHOCTD BBIITOJIHEHUS PACTIPEICICHHBIX BRIYUCICHUHN IS
pemeHI/m AHAJIIMTUYCCKUX 3aJda4 MOXKCET 6BITB HH3K017I, HOCKOHI)Ky OHU XapaKTepI/I?:YIOTC}I 60.HI)IHI/IM
O6’beMOM BI)I‘II/ICHCHI/Iﬁ U, COOTBECTCTBCHHO, ITOBBIIIAKOT Tpe6OBaHI/I$[ K BBIYUCJIIUTCIIbHBIM pecypcaM,
npuyeM 00beM HEOOXOJUMBIX BBIUYHCIHUTENBHBIX PECYPCOB 3aBUCUT OT KOHKPETHBIX TEKYIIHX 3aJad,
KOTOpPBIE PeIaeTcs.

B cBs3u ¢ »THM, 3a7ada ompeelieHus TpeOOBaHUM K 0a30BOM HH(PACTPYKTYpEe MOCTPOCHHS
BBIYMCIIUTEIBHBIX PabOYMX MPOIIECCOB, a TAKXKE NMPOBEJICHNUE CPABHUTEIHHOTO aHAIHM3a UX apXUTEKTYP
SIBIISIETCS aKTYaIbHOH.
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B nanHol paboTe MpHUBE/ICH CPAaBHUTEIBHBIA aHAIN3 BHICOKOIPOU3BOAUTEILHBIX BEIYUCIUTEIBHBIX
ApXUTEKTYp, TaKUX KakK BbluuciauTenbHblid knactep, Grid, Cloud Computing, n BeO-cayXObl IS
MOCTPOCHUSI HHYPACTPYKTYPHI BHIMIOJIHEHHUS BEIYUCIUTEILHBIX PA00YMX MPOLIECCOB.

OTa crarthkd CTPYKTYpPHpPOBaHA CIEAYIOIUM o0pa3oMm: B pa3gene 1 omuceiBaeTcss oOmas
XapaKTepUCTHKA BBIYMCIUTEILHBIX pabOYMX MPOIIECCOB, HX CTPYKTYpa W MareMaTthdeckas Mojelb. B
paszzene 2 mpUBOIUTCS 0030p BBIUMCIMTEIBHBIX apXUTEKTYp, TAKUX KaK BBIYHUCIUTEIBHBIH KiIacTep,
Grid, Cloud Computing u CepBuc-OpueHTHpPOBaHHAs apXuTeKkTypa. B pasmene 3 mpoBoaurcs
CPaBHUTEIBbHBI  aHalW3 BO3MOXKHOCTEH  BBIYMCIMTENIBHBIX  APXHTEKTYp JUJISl  pealnu3aluu
BBIYUCIUTEIBHBIX PA0OYMX MPOIECCOB IO PSIIy KpUTepUeB U TpeboBanuii. B pasmene 4 mpuBonsTcs
pe3yibTaThl aHAK3a U AAI0TCSl PEKOMEHIALNH MO MOCTPOSHUIO BHIYUCIUTEIBHBIX pab0YNX MPOIECCOB
Ha pa3M4YHBIX apXUTEKTypax W miardgopmax. B paszmene 5 narorcsi oOIue BBIBOJBI, OMUCHIBAIOTCS
HepemEHHbIe MPOoOIeMbl U TJIaHbI JaIbHEHIIET0 UCCIeJOBAHUSL.

2. O01mas XapakTepuCTHKA BHIYHCIUTEIBHBIX PA00YHX NMPOLECCOB

BrrancnurensapiM - pabounm  mporteccoM  (workflow) OymeM HasplBaTh HEKOE OIMCaHHE
MOCJIEJOBATEIFHOCTH BBIYMCIUTEIBHBIX JCHCTBUH (9TAmoB 0OpabOTKHM JTAHHBIX), MPEACTABICHHBIX B
BUAE OTHCNBHBIX CTPYKTYpPHBIX HNPOTrPaMMHBIX KOMIIOHEHT, OTBEYAIOLIMX 33 KOHKPETHYIO
(YHKIIMOHATBHOCTH U Pa0OTAIOIINX aBTOHOMHO.

Mozenb BBIYUCIUTENBHBIX PabOYMX MPOLECCOB CIYKUT JUIS MPEACTABICHHUS MEMOYKH peallbHBIX
BBIUMCIUTEIBHBIX 3a/a4, ONEHKH W aHamm3a ux S(QQEKTUBHOCTH, a TaKKE ONHCAHUS YacTo
MOBTOPSIIOIIEHCS [TOCIE0BATEILHOCTH ONIEpalii 00padOTKU JaHHBIX.

[TockonbKy TaHHBIE BEIYUCIUTEIbHBIE KOMIIOHEHTHI MOTYT OBITh pACHpEEIeHBI IO CETH, TO MHOTHE
ANTOPUTMBI, HCHOJNB3yeMble KaXKIbIM M3 KOMIIOHEHTOB, MAaKCHUMalbHO OPHEHTHPOBAaHBI Ha
pacnapayieTiBaHie JaHHBIX B IIPOLECCE UX aHAIM3a, @ TAKKE Ha '’MOKOE yIpaBlieHHE NapaljieIbHbIMU
IpoLeCCaMH C LENbI0 OCTHXKEHHS BBICOKOH 3((EKTHMBHOCTH NMPUMEHEHMS ammapaTHBIX PECYPCOB.
Bomnpocam aBTOMaTH3alMU MPOEKTUPOBAHHUS OU3HEC-TIPOIIECCOB B PACIPECIICHHOW Cpe/ie MOCBSIICHBI
pa6otsl [1,2,3], ocobennoctu apxurektypbl HPC Cluster npencrasiensl B padote [4], a B padote [5]
AQHANM3UPYIOTCS ~ OCOOCHHOCTH  apXWUTEKTYpbl  PAacHpEAETICHHOW  HMHTETPUPOBAaHHOM  Cpensbl
BeruucnuTenbHoi Grid — cpensl, B [10] — apXuTeKkTypHbBIE pelieHus], ucrnoiab3yeMbie B cuctemax Cloud
Computing. ITogxoabl K MOCTPOSHUIO OU3HEC-TIPOIIECCOB C MCIONIb30BaHueM Web-service TeXHOIOT i
paccMmotpensl B [7,8,9]. OOmme momxoasl W PEKOMEHJANWHA K IMOCTPOCHHUIO ONTHMHU3UPOBAHHOM
WH(POPMAITMOHHOW WHQPACTPYKTYphl paccMoTpeHsl B paborte [10]. Bwmecre ¢ Tem, moctpoeHme
ONTUMATLHON MH(PACTPYKTYPHI I XOCTHHIa OM3HEC-TIPOIIECCOB OCTAETCs HETPUBHAIBHOW 3a1aueii,
TpeOyromiel yueta ocoOeHHOCTEH HH(PACTPYKTYPbl pacpeieeHHON Cpeibl, MOIX0I0B K IOCTPOSHHIO
OM3HEC-TIPOLIECCOB M OPTAHU3ALMH BBITIOIHEHHS CAMOT'0 BBIYMCIINTENHLHOTO MPoLiecca B TAKOH Cpee.

OO0m1ast cxemMa BBIYMCIUTEIBHOTO paboduero mpoiecca MOKeT ObITh TpeICTaBIICHA HAa PHCYHKE HUKE
(eM. Pucynox 1).

Pucynox 1 Obwas cxema pabouezo npoyecca

BrranciautenbHbil  paboumii  mporiecc COCTOMT w3 Habopa dTamoB (Stages), KOTOpPBIE MOTYT
BBITIONHSTBCS IIOCIIEA0BATEIEHO M MapaiuienbHo. Kaxkiaplii aTam coctouT w3 Habopa 3amad (tasks)
KOTOpPBIE, B CBOKO OYEPE/ib, TOKE MOTYT BBIIIOJHATHCS MOCISIOBATEILHO U MapauieabHo. Kpome Toro,
paboumii IpPOIECC MOXKET COAEP)KaTh TPeOOBAaHHS K BBIUUCIUTEIBHON cpele. MareMaTHUYECKH 3TO
MOJKHO TPEICTABUTH CIEAYIOIINM 00pa3oM:

W = {Si} - {Tij}' {Mreqij: Preqij' tmaxij} !

rae W — BBIYHMCIMTEIbHBINA pa004mii Ipolecc;
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Si— i-i aTam paboyero mporiecca;
Tij —j-s2 3amaua i-2o stamna;
Mreqij — Tp€OOBaHHUS K OTIEPATHBHOM MaMSITH JIJIsl BBINOTHEHUS -1/ 3a]Ja4H I-20 JTarna;
Preqij — TpeOOBaHUS K TIPOIIECCOPY LTS BBHITIOIHEHUS j-1i 3a1a4H i-20 JTara,;
tmaxij — TPEOOBaHHS IO MAKCHMAJILHO TOMTYCTUMOMY BPEMEHH BBITIOJIHEHHUS |1 3a/1a4H i-20 dTana.
Brranciienust mpoBOJATCS B BEIYUCIUTENFHOM CUCTEME, KOTOPBI COCTOUT U3 Habopa y3JI0B:
DC = {Ny},
rie DC — BRIYHCIUTENBHBII IIEHTP;
Nk — K-27 y3en BBIYMCIUTETBHOTO IICHTpA.

B pacnpenenénHoll ci1aboCBA3aHHOH T€TEPOTEHHON Cpefe Y3/l MOTYT OBITh TEPPUTOPHATIBHO
pacmpeneneHsl U He 3aBHCETh APYT OT APYra, HO AOJDKHBI OBITh OOBEAMHEHBI B OJJHY BEIYHCIUTEIHHYIO
CETb.

Kaxnpiii y3en o01agaeT BEIMUCIUTENbHBIMA PECYPCAMH:

Ny = {My, P},
rae My— 00beM JOCTYITHBIX PECYPCOB OIIEPATUBHOM MaMsITh y K-20 y3ia;
Px — 00beM TOCTYMHBIX MTPOIIECCOPHBIX PeCYPCcoB y K-20 y3ia.

Torma mpy BBITIONHEHWH BBIYMCIUTENBHBIX 3a1ad Ha K-y y3ie HeoOXOauMO OyAeT BbIICIUTH

ClleTyolInii 00beM pecypcoB i-u 3aiave:

{ n
| My, = fM(Ti)'UMki C My, My, N My, =@V k,p:k #p

i=1
n
kPki = fp(T), UPki C Py, P, NP, =0OVEkpk#p
i=1

BbimenM OCHOBHBIE €M HPH TPOSKTHPOBAHUH HH(PPACTPYKTYpPHl BBIYHCIUTENBHBIX PadOvnX
IPOLIECCOB:
®  COKpallcHHE BPEMEHH BBIYMCICHUN U aHAJIN3A;
® COKpalleHHWEe CTOMMOCTH aHanu3a 3a cyeT Oonee APQPEKTHBHOW YTHIM3ALMUA HMEIOMINXCS
BBIYHCJIIHUTECIBHBIX PECYPCOB;
® TOBBIIICHHE JOCTYITHOCTH BBIYHCIHMTEIBHBIX CEPBUCOB M OOECICUeHHE HMX LEIOCTHOCTU H
KOH(UICHIIMATLHOCTH.

3. O030p BHIMMCIANTETbHBIX APXUTEKTYP

Ha cerognsmHuil J1eHb CyIIECTBYET HECKOJIBKO BBICOKOIPOU3BOJUTENBHBIX BBIYMCIMTEIBHBIX
ApXUTEKTYp, KaKOIY0 W3 KOTOPBIX MOXHO HCIOJIb30BaTh JUIS TOCTPOCHHS HHQPACTPYKTYPHI
BBIUMCIIUTEIBHBIX Pab0UNX MPOLIECCOB:

e  BpIYMCIUTENBHBIN KIIACTED;

e Grid;

e Cloud Computing;

e (CepBHC-OpHEHTHPOBAHHAS APXUTEKTYpA.

BeIyuc/MTe IbHBIN KiacTep. Ha GpusnueckoM ypoBHE apXUTEKTypa KilacTepa MpejcTaBisieT co0oi
IBa win Oojee cepBepoB (Y3JI0B), COCAMHEHHBIX BBICOKOCKOPOCTHBIM KAaHAJIOM CBSI3M, OHH HMEIOT
OJIMHAKOBYIO alllIapaTHYI0 WIH BUPTYAIU3UPOBAHHYIO aPXUTEKTYPY, OAHY U Ty K€ OINEPalUOHHYIO
CHUCTEMY U TIPEJCTABISIIOTCA B KAauyecTBE EAMHOT0 HH()OPMAIMOHHO-BBIYUCIUTENFHOTO pecypca.
BrlunicnuTensHble KIacTEpbl MO3BOJAIOT YMEHBIINTH BPEMSI pacyeToB, 10 CPABHEHHIO C OJWHOYHBIM
KOMITBIOTEPOM, pa30MBasi 3a7ady Ha BETBH, BBINOJHSIOIIMECS NapajulebHO, U OOMEHUBAIOIINECS
JAHHBIMU 10 ceTHU. JIJIsi BBIUMCIMTENBHBIX KJIACTEPOB CYIIECTBEHHBIMU ITOKA3aTENSIMU SIBIISIFOTCS
BBICOKAs TIPOU3BOIUTENLHOCTH TPOIIECCOPa B ONEpaInsAX HaJl YUCIIaMU C TUIaBaroiei Toukoit (flops) u
HHU3Kasl JIATEHTHOCTh OOBEIMHAIOUICH CETH, MEHEe CYIIECTBEHHBIMH — CKOPOCTH OIlEpaldil BBOJA-
BBIBOJIA.

Grid. Beramciutenshas Grid — 3TO apXUTEKTypa paclpe/ieieHHbIX BBIYMCICHHH, B KOTOPOM
BBIYNCIIUTEIbHBIE PECYpPCHl IPEACTABICHBl B BUJAE PACIPEACIICHHBIX KIACTEPOB, COCIUHEHHBIX C
nomouisio cetd. TexHonoruu Grid moaaepKUBalOT COBMECTHOE M CKOOPIAMHUPOBAHHOE HCIOIb30BaHUE
Pa3HOPOJIHBIX PECYPCOB B IUHAMHUYECKHUX PACHPENENIEHHBIX BHPTYAIbHBIX CEKIMAX. OJTO Ja€T
BO3MOXXHOCTb ~ CO34aBaTh  BUPTyalbHbIE  BBIYMCIMTENBHBIE  CHCTEMBl €  reorpauyecKku
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paccpeOTOYCHHBIMH KOMIIOHEHTaMH, CIIOCOOHBIX COBMECTHO TOJICPKHBATh HEOOXOIUMBIH YPOBEHb
oOcmyxkuBanus. Grid ¢ TOYKHM 3peHHs] CETEBOM OpraHM3alld MPEACTaBISET COOOH COrjlacoBaHHYIO,
OTKPBITYIO M  CTaHAAapTU3UPOBAHHYID  cpeay, o0ecleurBaromyro  rubkoe,  Oe3omacHoe,
CKOOPJUHHUPOBAHHOE PAa3JielICHHE BBIYUCIUTEIBLHBIX PECYpCOB H PECYPCOB XpaHEHWs HH(OpMAIUH,
KOTOPBIE SBJISIOTCSA YaCThIO ATOM CpPeNbl, B paMKaxX OAHON BUPTYaJbHON OpraHU3aluy.

Cloud Computing. Cloud Computing — 3To apXuTeKTypa paclpeeicHHbIX HH()OPMALMOHHBIX
CHUCTEM C JIOCTYIIOM IO TPEOOBAHUIO K PACIPEICIICHHBIM BBIYHCIUTENLHBIM PECYPCHBIM ITyJIaM
(HammpuMep, ceTeid, cepBepoB, CHCTEM XPaHEHUS JaHHBIX, CEPBHCOB), PECYPChl KOTOPBIX MOTYT OBITh
OBICTPO TPEAOCTABICHBI W 3aJCHCTBOBAaHBl C MUHHMAJIbHBIMH YCHWIIMSMH 10 YIPABICHUIO H
B3aUMOJICHCTBUIO ¢ TOCTaBUIMKOM yciyr. Apxurektypa Cloud Computing mo3BojsieT NpeaocTaBUTh
rubkyto u macmrabupyemyto UT-unbpacTpykTypy, Win TporpaMMHYyIO Imiat@opMmy, B KOTOPOH
BBIYUCIIUTEIbHBIE PECYPCHI BBLACISIIOTCS JUHAMUYHO, [0 TPEOOBAHUIO ISl PEIICHHST BHIYUCIUTENBHBIX
3ajad.

CepBuc-opuenTupoBannas apxutekrypa (SOA). CepBuc-OpHeHTHPOBAHHAS aPXUTEKTypa — 3TO
apXUTEKTypa pachpe/eIeHHbIX HHYOPMAIMOHHBIX CUCTEM, KOTOpask 00J1a1aeT MOTYIbHBIM MOJX0IOM K
IIPOEKTUPOBAHUIO NIPOTPAMMHBIX PEIICHUN. B OCHOBE apXUTEKTYpPHI JICKUT IIPUHIIMIL, OCHOBAHHBINA Ha
UCTIOJIb30BAaHUN  PACTIPEICIEHHBIX, CIAa00 CBS3aHHBIX 3aMCHSICMBIX KOMITOHCHTOB, OCHAIIEHHBIX
CTaHJIAPTU3UPOBAHHBIMY UHTEp(eHicaMu sl B3aUMOJICHCTBUS MO CTAHIAPTU3UPOBAHHBIM MTPOTOKOJIAM.

4.CpaBHHUTEIbHBIH AHAJHM3 BO3MOKHOCTEHl BBIYHCIUTEIBHBIX APXUTEKTYP ISl peaau3aluu
BBIYHCINTEIBHBIX PA00YHX MPOLECCOB

CrpoekTupoBath HHQPACTPYKTYPY BEIUUCITHTEIBHBIX pA00YHX MPOLIECCOB MOXKHO Ha OCHOBE KaXKI0M
M3 3TUX BBIYUCIIMTCIBHBIX apXUTCKTYP.
PaccMoTpuM KpaTkoe cpaBHEHHE OCHOBHBIX MX CBOMCTB (Tadum. 1):

Tabnuya 1 Cpaguerue c80UCME 8bIYUCIUMENbHBIX APXUMEKMYD

CBoiicTBO Bobruuncin- Grid Cloud SOA
TEJIbHBIH  KJIa- Computing
cTep
Pacnipenenenne BbI- | PacnipenencHue CoBmMmecTHOE Hc- | Pecypesr  Bbize- | Pecypesl moryT
YUCIUTENbHBIX cTporo  (UKCH- | TIOJB30BaHKE JSIOTCS 1O Tpe- | BBIIEIATHCS 110
pecypcos poBaHHOE U | pecypcos O0OBaHHIO, B COOT- | TpeOOBaHUIO, B
OrpaHHYCHO (BUpTYasbHBIE BETCTBUHU C | COOTBETCTBUH C
paMKaMM €aMoOro | OpraHM3aliM). | HAarpy3Kod,  HO | Harpy3Koi, U ux
KJlacTepa Pecypcbl mMoryt | MOTyT OBITH pac- | pacmlpeneneHue
OBITH pac- | mpefieNeHbl TOJIb- | HE  OrpaHHUYEHO
IpeaeIICHBI KO B paMKax 00- | KOHKPETHO BBI-
TOJIBKO B | TauHOW  WH(pa- | IeIeHHOH
paMKkax WH- | CTPYKTYpbl BeH- | matdopmMoit
¢dbpacTpykTypsl | mopa 170031 nHppa-
Grid CTPYKTYPOH.
Crenenn OtcyTcTBYyeT OTtcyTcTBYeT OrpannueHHa Bricokas
BO3MO>KHOCTH pamkamu uH(ppa-
MUTPalyy BBIYUCIIH- CTPYKTYpPHI
TENIbHBIX PECYPCOB Cloud-
NpoBaiiiepa
Heonnopoanocts pe- | O0benuneHmne O0bennHenne Brraucnurenshele | Beraucnurens-
CypcOB OJTHOPOJIHBIX TETEPOTreHHBIX | PECypChl  MOTYT | HBIE  PecypcChl
pecypcoB pecypcoB OBITH TETEepPOreH- | MOTYT OBITh
HBI reTepOTreHHBI
Bupryanuszanus Bupryanuzanus Pecypcel He | [lonnasg Buptya- | Bupryanusamnus
MOET  HCIIOJNIb- | BUp- AW3auys  anma- | UCTONb3YyeTcs B
30BaThCS NIpH | Tyaqu3upylOTCs | paTHBIX M TIPO- | GOJBIIMHCTBE
HEOOXOIUMOCTH IrpaMMHBIX pecyp- | ciydaeB
COB
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CBoiicTBO Bobrunciu- Grid Cloud SOA
TeJBHBIH  KJIa- Computing
cTep
CamooOciyxnBanne | OTCyTCTBYeT Ha ypoBHE | ABTOMaTH3UPO- OTtcyTcTBYyeT
camo- BaHHOE yIIpaBIe-
OpraHu3anuu HUE JAUHaMu4Ye-
Grid-y3noB CKOM uHppa-
CTPYKTYPOH,
MOXXET BO3MOX-
HOCTb  CaMOBOC-
CTaHOBJICHHUSA
rociie cOoeB
Crenenb LenTpanuzo- Heuentpanuzo- | LlentpanmuzoBan- | LleHTpanu3oBan-
LEHTPaIN30- BaHHBIN KOHTPOJIb | BAHHBIH ~ KOH- | HBI KOHTPOIb HBII KOHTPOITb
BaHHOCTH TPOITb
Crenens ruOKocTH Huzkas Huzkas Cpennsis Bricokas

HHTErPaLiy C
APYTruMHU CUCTEMaMHU
B F€TEPOreHHOU

cpene
CnoXXHOCTh IIpoctoit B pa3- | CnoxHbli B pa3z- | CnoxHbld B pas- | IIpocToit B pas-
pa3BEpTHIBA- BEPTBIBAaHUU W | BEPTBIBAHUM W | BEPTHIBAHHH, BEPTHIBAHUU U
HUS1/YIpaBJICHUS! MH- | YIPaBICHUH yIpaBJIeHUH MIPOCTOM B | YIpaBJICHUHI
(dpacTpyKTypoOii yIpaBJIeHUU
Hoctyn Yepes nokanbHyo | Uepes mpo- | Uepes cerb UH- | Uepes KO-
(xopmopaTuBHYI0) | TpaMMHOE 00ec- | TepHeT PHIOPaTHBHYIO
ceThb NeYeHne mpome- cerb/cetb  Un-
’KyTOYHOTO TEpHET
YPOBHS
I'apantim SLA OTCcyTCTBYIOT OTCYTCTBYIOT l'apanTupyercs OTCyTCTBYIOT
SLA

s moctpoennss MHPPACTPYKTYPBl BBIYMCIUTENBHBIX Pab0OuMX IMPOLECCOB TAaKKE HEOO0XOIUMO
OIIpeIeJIUTh IPYIITY OCHOBHBIX TpeOoBaHUH K 0a30B0i HHPpOpMaMOHHON HHpacTpyKType. Cpenu HuX
MOJKHO BBIJICTTUTH CIIEAYIOIINE:

e HaneXHOCTh M OTKAa30yCTOMYHBOCTB;
e JIOCTYIIHOCTS;
e MacmTabupyeMocTs;
e beszonacHOCTE;
e COBOKYITHast CTOMMOCTb BJIaJICHHSL.
HanexHocTs U o0TKa30ycTOiYMBOCTH. OJHUM M3 OCHOBHBIX TpeOOBaHUI K HMH(]pacTpyKType
BBIUUCIUTEIBHBIX ~ PAa0dOYMX  IPOLECCOB  sIBISETCS  TpeOoBaHME  OOECIEUYEeHUs]  HaAeKHOCTH

MpEAOCTABJICHUA YCIIYT'U. ITonp3oBaTenn JOJIDKHbBI 6I)ITI) YBEPCHLI B HAJIC)KHOCTHU, MPEACKA3yEMOCTHU U
BBICOKOM YPOBHE JIOCTYITHOCTH cepBuca. HemocTarouHslil ypoBeHb MOKa3aTeNs OTKa30yCTOMYMBOCTH
MOXET NPUBECTH K OTKAa3y B OGCHY)I(I/IBEIHI/IH B KpI/ITI/I‘IeCKI/Iﬁ MOMCHT IIpHU PaCU€TC, YTO MOKET 6BITI)
HEAOITYCTUMO IJIA paaa BIYHUCIIUTECIIBHBIX CUCTEM.

JoctynHocth. PemeHne JOMKHO OBITH JOCTYNHBIM Kak JUIs OHW3HEC-aHAJIMTUKOB, TaK |
o0cTyXHUBaromero nepcoHana. JlomxHa OBITH BO3MOXKHOCTh OOECIIEYHTH JOCTYITHOCTH CEPBUCOB C
MOOMIBHBIX pab0odnX MECT.

Macmradupyemoctb. MaciiTabupyeMOCThb - BaXKHBIH aCHEKT paclpeleseHHbIX BBIYMCIUTEIBHBIX
CHUCTEM, IIOCKOJIBKY MJIA pa6OTBI BBIYUCINTCIIbHBIX pa60111/1x IIPpOUECCOB MOXKET 6BITB HCO6X0)II/IMa
BO3MOXXHOCTb Pa0OTHI 1Mo O0JIbIIOi Harpyskoil. CucreMa Ha3bIBaeTCS MacIITaOMpyeMoii, eclii oHa
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UMEET BO3MOXXHOCTb HapalllMBaHUs AOIOIHUTEIbHBIX PECYPCOB 0€3 apXUTEKTYPHBIX M CTPYKTYPHBIX
M3MEHEHUI ee KOMIIOHEHTOB.

Be3onacHocTb. [lomkHa OBITH B MOJIHOW Mepe oOecriedueHa KOH(PHUASHIIMATBHOCTh M LIEIOCTHOCTS,
KaK CaMHX CEPBHCOB, TaK U JaHHBIX.

CoBoKynHasi cTOMMOCTB BJageHusi. I[loctpoeHne BBICOKONPOM3BOAUTENBHBIX BBIYHCIUTEIBHBIX
KOMITJIEKCOB CTOHT JIOPOT0, TOSTOMY TP pa3BepThIBAHIH HHPPACTPYKTYPHI BBIYUCIUTENBHBIX pabounx
IPOLIECCOB HEOOXOAMMO YUUTHIBATh U COBOKYIIHYIO CTOUMOCTh PEILICHHUS.

B Tabn. 2 nmpuBOAMTCS CPaBHUTEIbHBIM aHAIN3 BBIYMCIUTEIBHBIX APXUTEKTYP II0 KPUTEPHIO
COOTBETCTBHS TPeOOBaHMSIM K WHQPPACTPYKTYpE BBIYMCIUTENBHBIX pabOuMX MpoLeccoB K 0a30BOii

WH(POPMAITUOHHOM HHPPACTPYKTYPE.

Tabnuya 2 Coomsemcmesue mpebdo8aHusIM K UHGpPaAcmpyKmype GolNUCTUMENbHBIX APXUMEKIYD

TpeGoBanue Boruncauresn- Grid Cloud SOA
HBIii K1acTep Computing
Hapexnocte  u | ObGecnieunBaercs | ObecneunBaerc | OGecneunBaetcs | ObecneunBaeTcs
OTKa3oycToWum- | OazoBoil  wWHGO- | 5 myTéM | HA ypoBHE apxw- | 6a30BOi nH(po-
BOCTh pacTpyKTy-poit BBE/ICHHS TEKTYpHI PEIICHUS | PaCTPYKTYpOii
¢byHKIHO- N30BITOYHBIX (yHKIMOHUPOBa-
HUpoBaHus  kia- | Grid y3moB HUS CEpBUCOB
crepa
JlocTymmHOCTB IMoctpouts BbI- | [lockoneky TO- | Moxer  mpeno- | JlocTynHOCTh — pe-
cokoZocTyn-Hyto | nomorus  Grid | cTaBaiATh CBEpX- | [MIEHUS  3aBUCHUT
CHCTEMY JIOPOTO, | MOKET  IOCTO- | BLICOKMH MOKa3a- | OT HAJEXHOCTU U
IpU 3TOM IMOJy- | THHO MCHSTBCS, | Tenb SLA, mopsaa- | 0TKa30yCcTONYU-
YUTb CBEPXBBICO- | CTIOKHO TrapaH- | ka 99,99% BOCTU  6a30BOH
KWH Tmoka3zaTenp | THPOBATh OIpe- MHGOPMALIMOHHO
SLA npaxTuuye- | A€NEHHBIA ypo- i
CKU HEBO3MO>KHO | BEHb NOCTYIIHO- UHPPACTPYKTYPHI
CTH. B LI€JIOM
Macmrabupye- Macmrtabupye- Macmitabupy- | [lunamuueckoe u | MacmtabupoBaHue
MOCTb MOCTb Ha YPOBHE | eMOCTb Ha | MTHOBEHHOE Mac- | Ha YpOBHe Jj06aB-
Jo6aBjeHusi /| ypoBHe 106aB- | ITaOUPOBAaHHE JieHus / yaajieHue
yAasieHdue Y3JI0B | JIeHUs1 / ygna- | PECypcoB B COOT- | y3/10B (pepMbl
KJlactepa JIeHHe  y3J10B | BCTCTBUM C 1IO-
Grid TpeOHOCTAMU
BbesonacHocTh BezonacHocTb BezonacHocte | besonacHocTh BesonacHocTb
pellleHHWe 3aBU- | pelleHHe 3aBU- | CUCTEMbl TapaH- | pelleHHusl 3aBUCHUT
CUT OT 0e3omac- | CUT OT KOH(H- | TUpyeTCsS TMpo- | OT 6e30MacCHOCTH
HOCTM ©6a30BOM | I'ypallud B3aW- | BaJepoM  HH- | 6a30Bol  HHOOp-
“HbOpMalLMOH- MOJICHCTBHS bpacTpyKTyphl MallUOHHOW  MH-
HoM uHpacTpyk- | Mexay ys3namu | Cloud Computing | dpacTpykrypsl B
TYpBI B [|EJIOM ¥ BBIOpaHHOH 11eJI0M
HOJIUTHKA KOH-
TPOJISL IOCTYTIa
O61as cron- | Bxirouaer B cebsa | Bxirouaer B | BrirouaeT B ce0st | 3aBUCHUT OT Cpejbl
MOCTb BIQJICHHS | KaKk  HadaibHbIE | ce0s KakK | TONBKO  3aTpaThbl | pa3BEPTHIBAHUSL.
WUHBECTHIHN B | HAUaJIIbHBIC WH- | HA MoskeT BKJIIOYaTh B
0a3oByr0 HWHGOp- | BECTHIINU Ha | pa3BepTHIBaHUE ce0s Kak Hadab-
MaI[MOHHYI MH- | IOCTPOCHHE M | BHIYMCIIUTENIBHBIX | Hble MHBECTULUM B
dpacTpykrypy pa3BepThiBaHME | paboymx mporec- | 6a3oByr0 HHOP-
TaK W 3aTparbl Ha | MHPPACTPYKTY- | COB MalMOHHYI WH-
nx obcnykuBanue | ppl GRID Tak u dbpacTpykTypy Tak
3aTpaThl Ha WX W 3aTpaTthl Ha MX
o0ciyxuBaHue o0cCTyKHBaHHE.
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Kax Bumno u3 Tabm. 1 u Tabn. 2, apXUTeKTYphl BRIYUCIUTENbHBIN KinacTep U Grid mpu mocTpoeHun
MHQPACTPYKTYPBl BBIYUCIUTEIBHBIX pab0uMX MPOLECCOB HE 00ECIEYHBAIOT HEOOXOIMMYIO THOKOCTD
yIpaBlieHHs] CUCTEMOW U MaclITaOHUpOBaHHE, a TAKKe He 001a1at0T HEOOX0UMOH TaCTHYHOCTBIO TIPH
BBIJICJICHUH BBIYUCIIUTEIBHBIX PECYPCOB.

B 10 xe Bpems, ncnons3zoBanue apxutekTypsl Cloud Computing mpu mocTpoeHnu HHPPACTPYKTYPHI
BBIYUCIUTEIBHBIX pab0UMX MPOLIECCOB UMEET CIIEAYIOINE IPEUMYIECTBRA:

e VmpaBicHue HHQPACTPYKTYpOH BBIYMCIHMTENBHBIX pabOYMX TPOILECCOB CBOAUTCS K
YIpPaBICHUIO HEMOCPEICTBEHHO CepBHCAMH, MPH 3ITOM obecredeHrne paboTOCIIOCOOHOCTH
anmapaTHOW ¥ TMPOrPaMMHOW COCTaBJISIOMIEH OOCITyKHBaromieil cpenbl OepéT Ha cebd
ungpacrpykrypa Cloud Computing u BeH10p.

e (OO0ecreueHne TUHAMUYHOTO U MTHOBEHHOT'O MaclITaOMPOBaHMs PECYPCOB MPOMNOPLUOHATBHO
CO crpocoM. Brifenenre BBIYHUCIUTENBHBIX PECYPCOB MOXKET OBITh HEOTPAaHMUEHHBIM C TOYKU
3pEHHS CEPBUCA U 3TH PECYPCHI MOTYT OBITh ITOMYUYCHBI B JIIOOOM KOJIHYECTBE U B JTF000€ BpeMsI.

Opnnaxko, apxurektypa Cloud Computing He o0nagaeTr psSaoM MPEeUMYLIECTB, KOTOPBIMHE 00J1aJaf0T
pelIeHHs, TOCTPOSHHbIE Ha 0a3e apXUTEKTyphl B€O-CEPBUCOB, & IMEHHO:

e Bricokas cTeneHb pacnpeeIEHHOCTH BBIYUCIUTEBHBIX Y3710B. BHIUHCITUTEIBHBIC Y3IIbI MOTYT
OBITh pacrpe/ieNieHbl TI0 BceMy MUPY 0e3 MPUBSA3KH K KOHKPETHOMY BEHA0pPY THO0 mpoBaiiaepy
NPEIOCTABICHUS YCITYT.

o Bricokas crerneHb MUI'pallii BBIYUCIIUTCIIBHBIX Y3JIOB. BreraucnaurensHbie Y3JIbI MOKHO JICTKO
MUTPHPOBaTh C OJHOH BBIUMCIUTEIBHON WHOPPACTPYKTYpHl B JApYryio 0Oe3 TpHUBI3KH K
anmapaTHbIM HITH I1aTGOPMEHHBIM 3aBHCUMOCTSIM.

e Bricokas cTeneHb WHTErpalnud ¢ APYTMMH CHCTEMaMH B TeTEpOreHHO# cpezae. Mcmonb3ys
OTKPBITBIC MPOTOKONBI M CTAHAAPTHI, APXUTEKTypa BeO-CEPBUCOB SIBISETCS MIaTHOPMEHHO-
HE3aBUCUMOMN M JIETKO MOKET 6I)ITI> HWHTCTpUpPOBaHa C APYrUMH CUCTEMaMH HEC 3aBUCUMO OT
anmapaTHO-TIPOTPaMMHBIX OCOOCHHOCTEH BeHA0pa MPEeN0CTABICHUS YCIIYT.

BMmecte ¢ Tem, CyIlleCTBEHHBIE MpeUMyIIecTBa, KoTopbie maet apxurektypa Cloud Computing

CBSI3aHBl M C OMpEACICHHBIMU MPOOJIeMaMu, KOTOpble TpeOyeTcs peliaTh MpH aBTOMAaTH3aLUH

MPOEKTHPOBAHUSI OM3HEC-TIPOLIECCOB «HA JIETY» KOHEUHBIM MOJIb30BaTEIEM:

e  OTcyTCTBHE CEMaHTUYECKHU-OPUEHTHPOBAHHBIX MOJIENIEH BHIYHCIUTENHHBIX PA00UHX MPOIECCOB
Ha 0a3e CepBUC-OPUCHTUPOBAHHOW AapPXHUTEKTYPbI, YYUTHIBAIOUIMX HAKOIUICHHBIA OIBIT
pa3paboTUHKOB;

e OrcyTcTBHE MOIXOJOB W METa-MOAEJCH, MHUKPOCEPBUCOB, TO3BOJIIIONIMX BBITONHATE HX
WHTETPAIVIO «HA JIETY;

e OTcyTCTBHE OHTOJNIOTHH W CTPYKTYpP METalaHHBIX, OIKCHIBAIOINIMX BCE OOBEKTHl Kak
BBIYHCITUTEIBHON Cpe/bl, TaKk M KOMIIOHEHT, MpPaBWIa WX COCIUHCHUS, BBITIOIHSIONINE
BBIYUCIICHUS, XpAHCHUE U 00pa0OTKY JaHHBIX.

5. Pekomenaanuu

CpaBHUTENBHBIN aHATU3 MOKa3aJl, 4yTo Hcnojib3oBanue TexHonoruu Cloud Computing MoxeT ObITh
1IEJIECO00Pa3HO MPH IMOCTPOCHUU 0a30BOM HHGPOPMAIMOHHONW HH(PACTPYKTYphl JJIsi OpraHU3al|u
pacrpeacaCHHbIX BLICOKOIIPOU3BOJUTCIIBHBIX BBEIYHCIICHUH.

Cloud Computing mojyepxxuBaeT o0Ilnee ¥ CKOOPAWHHUPOBAHHOE HUCIMOJIb30BAHUE JUHAMHYCCKU
BBIICTISIEMBIX ~ PACIpEISICHHBIX pecypcoB. Mcmonbp3oBaHWe O3TOW apXWTEKTYphl TO3BOJUT B
reorpaduecKd PAcCPEIOTOUCHHBIX IICHTpaXx OOpaOOTKM MAHHBIX CO3/1aBaTh W BUPTYaJIU3UPOBATH
BBICOKOIIPOU3BOIMTENIbHBIC  BBIYACIHTEIBHBIE CHCTEMBI, KOTOpPHIE CIOCOOHBI CaMOCTOSTEIHHO
MOJIIEPKUBATh HEOOXOAMMEIN yPOBEHb OOCTYXHBAaHHS, a TAKXKe MPU HEOOXOAMMOCTH HCIOJIh30BaTh
Mozeib Software as a Service (SaaS) juis mosib30BaTelNei.

B T0 e Bpems, apxurekrypa Cloud Computing cama 1o cebe He 00yiagaeT psaoM OJIOKUTEIBHBIX
CBOICTB, KOTOpbIE NPUCYIIH CEPBUC-OPUEHTHPOBAHHON apXUTEKType U BeO-cepBucam. llocrpoenue
WHPPACTPYKTYPHl BBIUYMCIIUTENBHBIX pa0OYMX IPOIECCOB Ha 0a3e apXUTEKTYphbl BeO-CEpBUCOB HacT
BO3MOYKHOCTH 00€ECITIEYUTh BBICOKYIO CTCIICHb paCHpe}leHéHHOCTI/I BBIYHCJIIMTCJIBHBIX Y3JI0B, 4 TAKXKEC HUX
MUTPAIUH IPH HEOOXOTUMOCTH.

CepBuUC-OpUEHTUPOBAHHAS APXUTEKTypa 00ECIIeYrBAET BBHICOKYIO CTENEHh MHTETPAIlUU C JAPYTUMHU
CHCTEMaMU B reTepOTreHHOM cpelie.
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IToaTomy 115 TOCTPOEHUS pelIeHn i HHGPACTPYKTYPHI BBIYUCITUTEIBHBIX PA0OYHX ITPOIIECCOB MOXKET
OBITh PEKOMEHJIOBAHO HCIOJIb30BAHUE CCPBUC-OPUCHTUPOBAHHOW apXUTEKTYPhl, HO TIPU DSTOM
pa3MeniaTh BIUUCIIUTENbHbIC Y3kl cucTeMbl B cpefe Cloud Computing, 4TO MO3BONHMT MOJYYUTH BCE
MPEUMYIIECTBA KAXKIOW apXUTEKTYPHI B OTJEIHHOCTH.

6. BeiBoabI

Ha ocHOBe npoBeIeHHOTO CPAaBHUTENEHOTO aHAN3a BRIYMCIUTENHHBIX apXUTEKTYP MOXKHO CHIEIaTh
BBIBOJI, 4TO apxuTekTypa Cloud Computing mOTHOCTEIO COOTBETCTBYET MPENBABISIEMBIM TPEOOBAHHSIM
K 0a30BOM WMH(MPACTPYKTYPE BHIUMUCIUTENBHBIX Pa0OYUX IMPOILECCOB U UMEET Psji MPEUMYIIECTB, IO
CPaBHEHUIO C KJIACTCPHON apXUTEKTYpoi U apxutekrypoit Grid.

UcnonszoBanue Cloud Computing mMoxkeT OBITH IeNecoo0pa3HBIM TPH TOCTPOSHHH 0a30BOit
WHGOPMAITMOHHOW MHGPACTPYKTYPHI JUIsl OpTraHU3aI[MK PacIpeeiICHHBIX BBICOKOIPOU3BOAUTEIBHBIX
BBIUMCIICHUH, B cBs3u ¢ TeM, uro Cloud Computing noanepkuBaer oOlee U CKOOPAMHUPOBAHHOE
WCIIONB30BaHNE JWHAMHUYECKH BBIICISIEMBIX paclpefeNieHHBIX pecypcoB. Vcmomp3oBanme 3TOM
APXUTEKTYPHI TIO3BOJIAT B TeOTpauuecKy paccpeOTOYCHHBIX IEHTpax 00pabOTKN JaHHBIX, CO31aBaTh
U BUPTYAIU3UPOBATH BBICOKOIIPOU3BOJAUTCIILHBIC BBIYUCIUTCIBHBIC CHUCTCMbI, KOTOPBLIC CHOCO6HI)I
CaMOCTOSITETTFHO MOAEPKIUBATh HEOOXOIUMBIN YPOBEHb OOCITY)KMBAaHUS, & TAKXKE TIPH HEOOXOAUMOCTH
HCITOJIB30BaTh Moieh Software as a Service (SaaS) s MoIb30BaTEIICH.

IIpuMeHeHue noaX010B CEPBUC-OPUEHTUPOBAHHON apXUTEKTYPBI AJIs1 TOCTPOCHUS BBIYUCIIUTEIbHBIX
pabounx mpoueccoB JaéT BO3MOXHOCTh OOECIEYUTh BBICOKYIO CTENEHb pacHpelenéHHOCTH
BBIYHCIIATEIHHBIX Y3JI0B, & TAK)KE MX MUTPAIIHH.

CepBUC-OpUECHTUPOBAHHAS apXUTEKTypa 00ECIICYMBACT BBHICOKYIO CTEIICHh MHTETPAIlUU C JAPYyTUMHU
CHCTEMaMU B F€TEPOTeHHOM cpelie.

JanpHelimme wcciaenoBaHus OyAyT TPOAOKEHB B HAMPaBICHUM W3YyYEHUS BO3MOXKHOCTH
MMOCTPOCHUST CEMAaHTHYECKU-OPUECHTUPOBAHHBIX BBIUYUCIUTENBHBIX pab0dnX MpOIeccoB Ha 0a3e cepBuc-
OPHUEHTUPOBAHHOM APXUTEKTYphl C NPUMEHEHHEM IIOAXOAA MHUKPOCEPBUCOB, OHTOJIOIMH U CTPYKTYD
METaJaHHBIX, YTO, TTO3BOIUT POPMHUPOBATH padOUHe MPOIECCHl JUHAMUYECKH, «HA JIETY.
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BuBuaeThcs 3B’430K MK TiIPOAMHAMIYHAMHE 1 PpakTaJbHUMH MapaMeTpaMy MOPHCTUX CTPYKTYP BEPXHIX MTUXAIBHHUX IUIAXIB
apKTUYHUX TBapuH. PpakTanbHa po3MipHicTh D momepedHrx mepepisiB KOMIT FOTEPHHUX TOMOTpaM HULIXiB Oyna oOumcieHa
MeToIoM counting box. OGUHCIIEH] TaK0X MOPUCTICT 3pa3KiB, 3BUBUCTICTH TOpP Ta €KBIBAJEHTHUH TiipaBiiuyHuiA miametp Dn
KaHarmy. B sKoCTI Mozenell MOPHCTHX CTPYKTYyp BUKOpHCTaHi (pakramu CepriHbCHKOTO Pi3HUX THINB, UL SKHX TEX
o0uuciIeH] BUIEHA3BaHI MapaMeTpH, a TaKOXX TiJApaBIiYHI OHNOpH Ui cTanioHapHOI Tewil. BusiBieHMH psii cTaTMCTHYHMX
3aJIKHOCTEI MIXK pO3paxoBaHMMHU MapaMeTpaMy, aje IoKa3aHa BiICYTHICTh 1X Kopemwii 3 D. AHani3 3akOHOMIpHOCTei, 1110
Oynmu obOumcneHi ais (QpakTalbHUX MOPHCTHX CTPYKTYp, MOKa3aB, II0 OAHAKOBI 3Ha4deHHS D MOXXyTb MaTé CTpyKTypu 3
PI3HMMH MOPHUCTOCTSIMU Ta TiJPaBIiYHUM OHOPOM, i TOMy BHOIp aJeKBaTHOi MOJei Ha OCHOBI TiNbkHM D BHOCHTBH 3HA4YHY
MOTPIIIHICTD B PE3YNIBTATH PO3PaxXyHKIB HArpiBaHHS IMOBITPS MPHU MPOXOKEHHI KPi3b BEpPXHI AMXaibHI nurixd. CTaTHCTHYHI
3aJIeKHOCTI, BIIACTHBI J0 JOCITI[HKEHUX MPHPOJHHUX 3pa3KiB, MOKYTh OyTH OTpMMaHi TUTBKH HAa OCHOBI MyJIbTH()PAKTAIEHIX
MoJieield, KoM 9ucio 1 opma KaHamiB, a TaKOX MacmTad iX 3MEHIICHHS 3MIHIOIOThCS BiAMOBITHUM IUITXOM Ha KOXKHIH
TeHeparii.

Knrouogi cnosa: mamemamuune MoOeno8ants, nopucmi cepedosuuyd, menioMacoooMin, pakmanbra posmipHicmb.

Investigation of the relationship between fractal and hydraulic properties of
porous structures of the upper respiratory tract of some Arctic animals

N. Kizilova, O. Svietlichny, V. Chujko
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The respiratory ducts of animals and humans are presented by curved tubes with a complex geometry. The air moving through
these structures is governed by a pressure drop between the inlet and outlet of the duct. The complex structures formed by thin
walls and warmed by a constant blood flow at the body temperatures T=36-39 C provide the fast and efficient warming of the
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inhaled air to the body temperature and its moistening up to 100% humidity. The Arctic animals possess the most efficient
nasal ducts allowing the heating of the inhaled air from T=-30-60C to T=38-39 C in the duct with the length L=8-15 only. The
detailed geometry of the Arctic animals’ nasal ducts have been obtained from the computed tomograms (CT) scans found in
the open databases and previous publications. The highly porous structures observed on some slices are formed by fractal-like
divisions of the walls protruded into the nasal lumen. Since the fractal structures are characterized by their fractal dimensions
D, the relationships between the hydrodynamic properties and fractal dimensions of the porous structures of the Arctic
animals’ upper respiratory tract have been studied. The dimensions D of the cross sections of the tract have been calculated by
the counting box method. The porosities of the samples, the tortuosity of the pores, and the equivalent hydraulic diameter Dn of
the channel have been calculated. The Sierpinski fractals of various types have been used as models of porous structures, for
which the parameters mentioned above, as well as hydraulic resistance to a stationary flow, have also been computed. A
number of statistical dependencies between the calculated parameters have been revealed, but there is no correlation with D. It
has been shown that the structures with different porosities and hydraulic resistance Dn can have the same values of D.
Therefore, the choice of an adequate model based solely on D introduces significant errors in the calculations of air heating
along the upper respiratory tract. The statistical dependences inherent in the natural samples studied can be obtained only on
the basis of multifractal models in which the number and shape of the channels, as well as the scale of their decrease, change in
a certain way at each generation.

Key words: mathematical modeling, porous media, heat and mass exchange, fractal dimension.

I/ICCJIe)IOBaHI/Ie CBA3H (l)paKTaJIl)HbIX H r'uipaBJIHY€CKHUX CBOMCTB MOPUCTHBIX
CTPYKTYP BEPXHHUX AbIXaTCJIbHbIX nyTeii HEKOTOPLIX aPKTHYCCKUX
KHNBOTHBIX

H.H. Kuzunosa, A.B. Ceernuunsiii, B.B. Uyiiko
Kusnnosa Haranbs 0.¢h.-m.1., npogpeccop,

HuxosaeBHa Xapwvkoeckuii Hayuonanbuwill ynueepcumem umenu B.H.Kapaszuna, ni.Cé0600ul,
4, Xapwvkos, 61022 Yxkpauna

CBeTIHYHBIIH cmyoenm

AJiekcaHap Xapvrosckuii Hayuonanvuwiii ynugepcumem umenu B.H. Kapazuna, ni. C60600b1
Baagumuposuy 4, Xapvros 61022, YVrpauna

Yyiiko BnaguciaB cmyoenm

BanepueBuu Xapwvroeckuil Hayuonabuwill ynusepcumem umenu B.H. Kapasuna, ni. C60600b1

4, Xapwvros 61022, Vrpauna

N3yuaercst cBA3b MEXAY T'HAPOJUHAMHYECKMMH IapaMeTpaMy IOPHUCTBIX CTPYKTYp BEPXHHMX MAbIXaTeNbHBIX ITyTeH
ApKTHYECKHX >XMBOTHBIX. DpakTanbHas pa3MepHOCTh D IOMEpedHBIX CEUeHWi KOMIBIOTEPHBIX TOMOTpaMM ITyTel Oblia
BBIYMCIICHA METOJOM counting box. BerumcneHsl Tawke HOPUCTOCTH 00pa3lOB, W3BMIMCTOCTH IOP W IKBHBAJCHTHBIH
ruapaBardeckui auamerp Dh kamama. B kadectBe Mozeneil MOPHUCTBIX CTPYKTYp HMCIONB30BaHBEI (pakTansl CeprnuHCKOro
Pa3HBIX BHAOB, /I KOTOPHIX TOXKE PACCUMNTAHBI BBHIIICHA3BAHHBIC ITApaMEeTPHI, a TAKKe THAPABINUECKHE CONPOTUBICHUS K
CTaI[MOHAPHOMY TEUCHHUIO. BBIBIICH PsI] CTATHCTHYECKUX 3aBUCHMOCTEH MEXIY PACCUNTAaHHBIMH ITapaMeTpaMH, HO ITOKAa3aHO
OTCyTCTBHE MX Koppemsiuuii ¢ D. AHamm3 3aKOHOMEPHOCTEH, KOTOpBIE OBLIM BBIYHCIEHBI IS (DPAKTaIbHBIX ITOPHCTHIX
CTPYKTYp, MOKa3aJl, 4YTO OJUHAKOBBIC 3HAUCHUSI D MOT'YT UMETh CTPYKTYpBHI C Pa3IMYHBIMU IIOPUCTOCTAMH U THAPABIMUYECKUM
CONPOTHBJICHHEM, W TOITOMY BBHIOOp a/eKBATHOW MOJEIM HAa OCHOBE TOJBKO D BHOCHT 3HAUUTENIBLHYIO MOTPEIIHOCTH B
pe3ynbTaThl pacyeToB HarpeBa BO3JyXa IpU TIPOXOXKICHUU uepe3 BEpXHUE JbIXxaTelbHble IyTH. CTaTHCTHYECKUE
3aBUCUMOCTH, TIPUCYIIHE HCCICIOBAaHHBIM IPUPOJHBEIM 0O0pasiaM, MOTYT OBITh TIOJNy4eHBl TOJIBKO Ha OCHOBE
MyNbTH(PAKTATEHBIX MOJeNel, B KOTOPBIX YHCIO M (opMa KaHAJIOB, a TAaK)Ke MacImTad MX YMEHBIICHHS H3MEHSIOTCS
OTIPE/IeNICHHBIM 00pa30M Ha KayKIOH TeHeparuH.

Kniouesvie cnosa. mamemamuueckue Mooenuposanue, nopucmoie cpeodvl, MeNIOMACCONEPeHoc, GpakxmanvHas
PasmepHoCb.

1 Beryn

ITopucti cepefoBHIlia IMHPOKO MOMIMPEHI B HPUPOAl 1 TEXHIll, a JOCHIDKEHHS Aedopmariiii
HOPUCTUX MaTepiaiiB Ta Te4ii Kpi3b HUX PI3HHUX PiJMH Ta ra3iB Mae BeJWKE MPHKIaaHe 3Ha4eHHs [1].
Ha piBHi Benmkux MacmrabiB e ¢uIbTpamis IpyHTOBHX BOJ, HadTH a0o razy B IPyHTax 3 pi3HUMH
(GI3MYHUME BITACTHBOCTSIMU. B TexHimi (inbTpallisi BAKOPUCTOBYEThCS JUIS TIOCTAYaHHS, PO3IIICHHS,
OUMINEHHS cyMileil. B 0GloNoriyHUX TKaHWHAX PIAMHU PYXaKOThCS KPi3b MOPHCTI CTPYKTYPH KICTOK,
NIEYiHKY, JETeHIB Ta 1HIIMX TKaHWH. B MIKpO/HaHONPHUCTPOSIX BUKOPHUCTOBYIOTHCS MIKpO/HAHOQIBTPH
JUTs 3MiHU (i3MYHMX BJIACTUBOCTEH piAMH. Y BCiX BUIAIKax MOTPiOHO oTpuMartu podoui hopmymnu s
e(eKTUBHOCTI BIMOBIMHUX (DI3MYHHUX MPOIIECIB MUITXOM PO3B’s3aHH 33124 MPUKIIAIHOI MATEMATHKH,



BicHuk XapkiBCbKOro HawioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHhopmaLliiHi TexHonorii. ABTOMAaTM30BaHi cUCTEMM YNpaBniHHs», BUNyck 46,2020 19

Ut 9oro Tpeba (opmamizyBaTH ONKMC BIIACTUBOCTEH MOPUCTHX MaTepiamiB, TaKUX SK ITOPUCTICTDH
9=V, /V ta rinpasniuaa nposianicts K=uLQ/(AP-S), ne V, i V — 06’emu nop Ta matepiany, u -
B’SI3KICTh piguHU, L1 S - MOBXKHWHA Ta MONEPEYHHHA Iepepi3 3pa3ka marepiamy, Qi AP - 00’emHa
BUTpaTa Ta Mepenaj TiApOoCTaTHYHHUX TUCKIB Kpi3b 3pa3ok. OOUMcIeHHs 3HaueHb 4 1 K moTpeOyIoTh
CKJIaJHUX EKCIEPUMEHTAIbHUX BUMIPIOBaHb, TOMY 0araTo 3yCuib NPUKIAJA€ThCS A1 MATEMaTUYHOTO
MOJICJTIOBaHHS MOPHCTHX MarepialliB Ta OOYMCICHHS IX BIACTHBOCTEH Ha mpoctimux (opmynax [1].
Hanpuknan, mis i3oMeTpUYHHX MOp OOYMCIEHHS ¢ 3aMIHIOIOTBCS OOYMCIECHHSAMH NPOCBITHOCTI
m=2p/ L, e X, - 3arajbHa IUIOUIMHA IOP HA MONEPEYHOMY nepepizi T 3paska. TakuMm YHUHOM,

o0uMcieHHs ¢ MOXYTb NPOBOAMTUCH Ha Mepepi3ax IPYHTIB Ta marepiaiiB ad0 KOMIT FOTEPHUX
tomorpamax (KT) GionoriyuHux TKaHMH IUISIXOM KOMII FOTEPHOTO aHajlizy 300paxeHb. s obuucneHs
K BHKOPHCTOBYIOTBCS Pi3HI CHPOILEHI MOJEII MOPUCTHX CEPEAOBHIL SIK CYKYITHOCTI TpyOOK (MoJens
Ko3eni), kynbok 3 3amanumu aiamerpamu dg (popmyna Kapmana-Kozeni K = g d%/ (x(1-9%)), ne k-
KoeilieHT 3BUBHCTOCTI IMOp, SIKAH 3aeKHUTh BiJ THUIy PO3TallyBaHHs Kynbok). HaitOinpmn mmigni
HiAXOIM MOB’S3aH1 3 MOJIEJIIOBAaHHIM MOPUCTUX CEPENOBULI K (PPAKTATBHUX CTPYKTYP.

®pakranpHi 200 caMONOiOHI CTPYKTYpH, pO3MipHICTh Xaycaopda Ais AKUX BiAPI3HAETHCS Bif iX
TEOMETPUYHOI PO3MIPHOCTI, YTBOPIOIOTHCS IIUIIXOM BHUKIIOUEHHS 3 epeTHHy abo 3 00’eMy Matepiany
JESIKUX CKJIAJIOBUX YACTHH, K1 IOCTYIIOBO CAMOIIOAI0HO 3MEHIIYIOThCS 3 MAacIITa0OM 3MEHLICHHS I >1
. TunoBumu npuknagamMu (pakTalbHUX MOPUCTUX CTPYKTYP € KBaApaTHUHA Ta TPUKYTHUH KHUINMH
Cepminbscproro (Puc.1a,0), sxi MOXyTh OyTH y3araibHeHi Ha mpsMokyTHi (Puc.1B) abo mectukyTHi
nepepizu; kpyrosi ¢pakranu (Puc.Ir) [2] Ti iX y3aranbHeHHS Ha JAOBIUIBHI N-KyTHi 001acTi, HAPUKIIA],
5-xytauku Hropepa; ryoxa Menrepa (Puc.1m), mipamiza Cepmiabcbkoro (Puc.le) abo ix y3aranpHeHHS
Ha BHIIEBKa3aHi BUMaigku. DpaxTambHi MOJENi MalOTh TMOPU pPI3HUX PO3MIpPIB Bil Makpo- [0
HaHOPO3MIpHHUX, IO BIAINOBIJa€ peaNbHUM IMPHPOAHUM MaTepianam, a Kpyrosi ¢pakramu (puc.lr)
CKJIQ/Ial0THCA 3 MYYKiB KPYTOBUX TPYOOK 3 IMMOCTIHHUMU JliaMeTpaMH, X04a iICHYIOTh 1 OUTBII KOMITaKTHI
yHaKyBaHHS TPYOOK 3 pisHUMH giamerpamu [2]. DpakTanbHUi MiAXiJ JO3BOJISE OTpUMATH (PopMymH
JUTSL TIPOHUKJIMBOCTI TIOPHCTOTO cepepoBuina [3], y Tomy uuchi ans 3B’s3aHUX Nop [4] Ta mojBiiiHO-
MOPUCTHX a00 TPIMIMHYBATHX CepeaoBHII [S].

Ad
A £ A A

Puc.1. Keaopamnuii (a),mpuxymuuii (6) ma npsmoxymuuii (8) kuaumu Cepninbcoko2o,
Kpyeoguil ppakman (2), eyoxa Menzepa (0) ma nipamioa Cepninbcvkozo (e).
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®pakTanbHa po3MipHICTE D TIOPUCTHUX MaTepialiB abo X Mojenel Moxke OyTr oOUHNCIIeHa SIK
D log(N) , 1)
log(r)
ne N — MiHiMaJIbHE YHCIIO €IEMEHTIB 3 MacIITad0OM 3MEHIICHHS I, sIKe TIOTPiOHE /Il TOBHOTO MOKPUTTS
BiZIMOBIAHOT (ppaKTaTbHOI CTPYKTYPH Ha IUIOMKHI abo y mpoctopi. @pakTaibHi pO3MIpHOCTI CTPYKTYP,
HaBeneHNx Ha Puc.la-e, ckmamarors D=1.893; 1.585; 1.893; 1.77; 2.276; 2 sigmosiguo [1,2]. Taxwum
9yuHOM, KHIUMH CepmiHbCHKOTO SK TEOMETPUYHO IBOBHMIpPHI CTPYKTYypH, MAalOTh (pakTalbHy
posmipricte D<2, TpuBumipHi ryOka Menrepa Ta mipamizna Cepminecbkoro MatoTh D<3. 1li
TEOMETPUYHI MOJIENI IIMPOKO BUKOPUCTOBYIOTHCSI JJIsi MOJCIIOBAHHS IMOPCTKHX ITOBEPXOHb Ta
MTOPUCTHUX CEPEHOBHIN 3 PI3HUMH (iI3UIHHMH BIACTHBOCTSIMH, aHTCH, COHSYHUX TaHEJICH Ta 1HIIHX
TEXHIYHUX CCUTEM.
Jlns mpUpoIHKUX IPYHTIB BUMIpIOBaHHS Jat0Th 3HaueHHs D=1.112-1.526 [6]. dns mopucTux Metanis
D=1.25-1.43, a 3anexHICTh MiXk (QpaKTaTHLHOI PO3MIPHICTIO Ta IOPHUCTICTIO OMKUCYBAIacs EMITIPUIHOO

dhopmyioro [7]

. ko —ki
1+exp(($—Kg) / k) '
ne Koo 3 - KOHCTaHTH, Pi3HI Ul KOXKHOTO 3 MaTepiais.

D=kj (2)

3anexHiTh (2) O3Hayae, MO CTPYKTYPH 3 PI3HUMH (PpaKkTaTbHUMH PO3MIPHOCTSIMH MOXXYTh MAaTh
pi3HYy TOpICTICTH Ta TiApaBIiYHYy NTPOHUKIHMBICTE, i TOMY MOJEIIOBAHHA IIOPUCTOI CTPYKTYpH
(pakTanoM 3 Ti€IO ) PO3MIPHICTIO MOKe OYTH HEBIpHHM 3 TOUYKH 30py rApoMexaHiku. B maniit poboti
BUBYAETHCA 3B'I30K (DpakTadbHUX Ta TiAPaBIIYHUX BIACTUBOCTEH AESKUX MOPUCTHX CTPYKTYp, SKi
3YCTpPiYalOThHCS B JKUBIM IPUPOII Ta BiIMOBIMHUX (DPaKTAITEHUX MOJIEIEH.

2. Marepianu i MmeToau

300pakeHHs MMONEPEYHHX TEPETHHIB MOPUCTHX CTPYKTYP BEPXHIX AMXATBHUX IUIAXIB apKTUYHUX
TBapHH OyJH oTpuUMaHi 3 omyomikoBanux gaHux KT-300paxens [8]. Lli cTpykTypH SBISIOTH 3HAYHUI
iHTepec 3aBASIKM CBOET 31aTHOCTI €()EeKTHBHO HArpiBaTH Ta 3BOJIOKYBATHU IMOBITPS, SIKE BAUXAETHCA, JIO
temneparypu Tina Ta 100% Bomnorocti [9]. na ob6uucnens Oynu obpani KT-300pakeHHs mepepisiB
Ha3aJbHUX IMa3yX MOPCHKOI BHJAPH, SKa MAa€ HAJA3BHYaliHO BUCOKE BiJHOLICHHS IOBEPXHs/00’eM abo
¢=%,/A e A - 3aralbHUii IPOCBIT AMXAIBHOIO LUIAXY HA 300paxkeHHi (061acTi 61I0ro KOIbopy Ha

puc.2).

a 0 B r i e € u
Puc.2. KT snimku 6epxuix OuxanbHux wiisxie apkmuunoi uopu.*

Haseneni Ha Puc.2a-u cialicu Maroth npoioBxkHi koopauHaTt x=0.52; 0.64; 0.74; 0.78; 0.81; 0.85;
0.92; 0.96 BimmoBigHO. MoOpChKi BHJpH aJanToBaHi N0 Temrepatypu Boau -4C Ta Temmeparypu
noBitpst 7o -70C, TOMY 110 MOBITPSI, SIKE BOHU BIUXAIOTh, MPOXOJIUTH KPi3b MOPUCTI CTPYKTYPH IXHIX
BEPXHIX JUXaJIbHUX HUISAXiB, SIKI HArpiTi 3a JONMOMOTOI0 LUPKYJIOYOI KPOBi 10 TeMIepaTypH Tiia

! https://etda.libraries.psu.edu/catalog/25064
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38.8C, ToMy MOBITpS MIBUAKO MiAIrpiBa€ThCSA MiJ Yac MPOXOKEHHS KPi3b IMOPUCTI CTPYKTYpPH 3
BenukuM koediuienrom ¢ (Puc.26,8). @pakranononiOHi CTPyKTYpHM B BEpXHIX YacTHHaX cCIaiciB

puc.2e-H BiANOBIAaOTh 00JIACTI, KA PO3Mi3HAE 3alaxy Ta He MPUHAMAaOTh y4acTh Y HarpiBaHHI MOBITPSL.
HetanpHuii aHamiz crnaiiciB puc.20,B TOKa3ye, MO MOPUCTI CTPYKTYPH IUXATBHUX MUIAXIB TaKOX
yTBOpeHi PpakranonoaioHuMu posranyxenasmu (L-gepesa).

3HauyeHHs ¥, Ta A Ul KOXKHOIO CiaiiCy, siki Oyau obiiueHl aBroMaTn4HO npu mposeieHHi KT,

HaBeneHi B [8]. ®dpakranibHa PO3MIpHICTH KOXKHOI CTPYKTYpH oOYMCIIOBajach B AaHildk poOoTi 3a
JIOTIOMOTOI0 anTropuTMy box counting BOymnoBanux ¢yHkiii Python 3.8.2.

3. Pe3yabTaTH i 00roBOpeHHA
3HaueHHA X, A 1 (pakTaibHUX PO3MIpHOCTel 300paxeHb Puc.2a-u HaseneHi B Tabi.1. Taxum

YUHOM, CTPYKTYPH, SIKi BiJIMOBi/HI 32 HArpiBaHHS TOBITPs, MAlOTh (PAKTAIBHY PO3MIPHICTH, OIM3BKY
0 po3MipHOCTI KBagpaTHOro KmimMa CepmHiHbChbKOro. BHKOpHCTOByrOuM 0OYHCIEeHI HaHi, MOXKHa

po3paxyBatu koediumieHT ¢ (mepumerp/mepepis), Oe3pos3MipHuil ¢dakTtop dopmu & :Ef, /A Ta
rigpapiiyHuii giamerp Dy, =4A/X;, sSKUH BUKOPUCTOBYETbCS B MEXaHILl PIAMHU 5K XapaKTePUCTHKaA
TiIpaBIidHOrO OMOPY KaHaJiB NoBiMBHOI cknaanoi gopmu [10]. dns TpyOku kpyrosoro mnepepizy Dy
JOpiBHIOE ii JiamMeTpy, a ais KaHaimy KBagpaTHoro mepepisy D; mopiBHIOe CTOpoHI KBagpara.

Pesynbrati po3paxyHkiB Takok HaBeaeHi B Tabn.l. MeromamMu CTaTUCTHMYHOTO aHAIi3y IOKa3aHa
HAsBHICTh HACTYIHUX 3aJIKHOCTEH MiX o0uncieHnMu napamerpamu (Tabm.2).

Tabn. 1. 3nauenns ppaxmanvrux posmiprocmel nepepizie OUXAIbHO20 ULTAXY MOPCLKOL UODU.

Cnaiic (puc.2) a 0 B r i e € u
D 182 | 1822 | 1779 | 1.813 | 1.759 | 1.757 | 1.745 | 1.650
Zp (Mm) 270 | 1250 740 480 410 400 450 250
A (vn?) 120 260 230 180 165 160 152 110
¢ 225 | 481 322 | 267 2.49 25 2.96 227
5 607.5 | 6012.6 | 2382.8 | 1281.6 | 10209 | 1000 | 1332 | 567.5
Dy, (Mm) 178 | 0832 | 1.4 15 161 16 1.35 1.76

. . . 2
Tabn.2. Cmamucmuuni 3anexcnocmi mixc napamempamu 3 Taonl, (R® -
Koegiyicum demepminayii).

A=5.92. 3.0°8 R?=0.942; £=58.19. 303 R?-0.964;

£=0.168- £,"%8, R? =0.992; Dy, =14.163/ £932 | R? = 0.963;
D, =23.8/=,%4%9, R? =0.923; £=0.0042- A?>4"® R2?-0.893
&=¢%p; Dy =4/¢.

TakuM 4MHOM, TOPHUCTI CTPYKTypH Puc.20,B MaroTh HaWBUII BigHOWmEHHS ¢ (mepuMmerp/mioma
nepepisy). Ix Gopma HaifckmaqHima, 0 XapaKTepH3yeThcs HAHOITBIINMY 3HAYEHHAMH 3BUBUCTOCTI &

>2000. I'igpaBniyHui iaMeTp HUX Mepepi3iB HaWMEHBLINMH, 10 BiANOBiIAa€ €KBIBATEHTHUM KPYTOBUM
TpyOkam 3 miamerpamu Dy <1.25Mm.

3rizHo 3 migxonoM [1-6], MaTeMaTHYHO MOJEIUIIO MOPHUCTOI CTPYKTYpH ciaiiciB Puc.2a-u mMoxe
Oytu xBagpatHuil kunuMm Ceprinbebkoro (Puc.la), a s crnaiiciB Puc.2n-€ — kpyroBuii ¢paxtad.
3rignao 3 (1), HAWOMMKYY JIO IUX CJANCiB (pakTaIbHy PO3MIpHICTh MaloTh KWMMH CepriHbChKOTO 3
N=7.5, r=3 (D=1.834), N=13, r=4 (D=1.85), N=19, r=5 (D=1.829).

JJis TOpiBHSHHS TiApOMEXaHIYHMX BIACTHBOCTEH PO3IIITHEMO 00JacTh 13 3aJlaHOI0 IUIOLIMHOO
Ag=const Ta JOBUIbHOI IOYATKOBOIO (opMo0 mepepidy. Toai MOYaTKOBI PO3MIpU KBaAPaTHOI,
TPUKYTHOT, IPSIMOKYTHOT Ta JiiaMeTp KpyroBoi odnacteil CkianyTh, BiIMOBITHO
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A A A
a‘,:\jAO,aA:Zﬂ/Tg,H:a‘,‘]:\/TO,aC,:Z\’?O, (3)

ne A=W/H - pakrop popmu npsmMokyTHOT 001acTi.
3naueHHs X, A, m, Dyi &, po3paxosaHi 3 ypaxyBaHHsM (3) sl KBaJPaTHOrO, TPUKYTHOTO, i

NPSMOKYTHOTO (3 MOYaTKOBUMH PO3MipaMu 8, X Ad ) =BHCOTa X MHUPUHA) KIiIMiB CepriHbCHKOTO Ta
KpyroBoro (¢pakrany, HaBeaeHi B Tabm.3. s n — oo Bci kuimumu CepriHbCHKOTO MEPETBOPIOIOTHCS Y
KanropoBuii 1 3 HECKIHYCHHM MEPHMETPOM X, —>o00 Ta IO0YaTKOBOKO IUIOMKMHOI A, =A.

3anexHocti 3 Tabm.2, obumcneni mis n<10, HaBeneni Ha Puc. 3. Be3po3miphi 3anexHOCTI Mn(N)
inenTHaHi Prc.36. MOHOTOHHO 3pOCTar0di 3alIeKHOCTI Xyn(n) 1 &y (n) posramroBaHi TAKMM YHHOM:

X925 > 20 g=4 > 20 1=3 > 20 2=2 > 20,421 > 20 > 24,

Sra=1>80 >Sp > & 122 > &, 4=3 > &1 024 > &7 224

Tab6n.3. I'iopodunamiuni napamempu ppaxmanbHux cmpykmyp, Hagedenux na Puc. la-e.

Zpn An My Dy, Sn
n_an n_gn n 5(9" —g" N _ a2
Puc.la 48 -3 ay v 8 a? (8 ¥"J‘[ 0488 =2 )"
5 3n Q" 9 6" (8" —3") 9" _g"
n_sn n_an n a gqn 3" N _HNy2
Puc.16 33 2 ap £4 3 ai 1- 3 4= 12\/§M
2" 4 4 4 443 273" -2") 4" _3n
n_gn n_gn n | 104a- 9"-g" 4(A+1)%(8" -3")?
Puc.Ls 20498 -3" | 52 918 1_[§) 9 -8 (2+1) (n - )
5 3" 9" 9 (A+1) 6"(8" -3") 259" -8")
n n n a
Puc.1r mag 7— ﬁa% ! Z O 4.7"1
3" 4.9" 9 16-3"

VY Bumaaky KaHaliB KpyroBOIrO, KBaIpaTHOTro, MPSIMOKYTHOro a0 TpPUKYTHOTO  THepepisy,

rijipaBiivyHa MPOBIHICTG Zj, BIAMOBIAHUX (pakTanbHux cTpyKTyp (Puc.1(a-r)) Moxe Oyru obuucieHa
32 aHaTiTHYHUMK popmysiam [8], sKi y 6e3posmipHoMy BUNISAL Zj, = Zj, A(ZJ/ uL MaroTh BUTJISL
o - akok 1 70 - gkak-1 . < 4k
Zon =2043) 23 77 ~ k> 978 ,20n=52(7-3) : ()

k=1 k=1 k=1
npuaomy s A =1,2,3,4,5 maemo x =28.407;8.746, 5.064; 3.768; 2.746 BinnosinHo.

Puc.3. Besposmipni sanexcrocmi Dy (n) ta Zpn (N) Ona posenanymux ¢paxmanorux cmpykmyp.
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CrarucTnaHuii  aHami3z 3aimexHocTed 3 Tabn.3 BHABHB 3aKOHOMIPHOCTI, SKi BIAIOBITAIOTH
orpumanuM B Ta6m.2, Tinbku anst ¢(A) KBaApaTHOrO Ta TPHKYTHOTO i 3aJIEXKHOCTI &(X,) TPHKYTHOIO

kunmuMiB Cepmiabekoro. TakuM 9WHOM, TiApaBIiYHWEN NiaMeTp HEAOCTAaTHBO TOYHO OIUCYE peabHe
CIIiBBiTHOIIIEHHS TIEpUMETp/ TIepepi3 CIaiCiB, MOBEPXHs/00’ €M MOPUCTOTO MaTepiay, 3BUBUCTICTh ITOP
Ta TiOpaBIiuYHUHA OMip Marepiady, TOMY IIO TiApaBIiYHUHA JiaMeTp TPUKYTHHX, KBaJpaTHUX Ta
MPSIMOKYTHHX KOXKHOI 3 TOP JIOPIBHIOE Pajiycy BIIMCAHOTO KOJIA i, TAKMM YHHOM, IPUMEHIIYE TIONTY
nepepizy Ta MpUOIBIIYE T1IPaBIIYHUH OIip KOKHOI 3 HHX, IO BXKE IICIs KUTBKOX iTepariil ¢ppakramy
BHOCHTB CYTTEBI MOXMOKH JI0 3arajibHOI BEJTUYHUHU TiJPOAMHAMIYHIX TTApaMETPiB.

4. BUCHOBKH

Mopeni TOpUCTHX CEPEelOBHIL, SKi OOMPAIOTHCS AJsl MOJAECTIOBAHHS MPOLECIB MEPEHOCY TUIBKK Ha
OCHOBI BiAmoBiAHOCTI (ppakTanbHUX po3mipHOcTei [1,3-7], MOXYTh BHOCHTH CyTTEBY MOXHOKY O
pe3ynbTaTiB  pPO3paxyHKIB TPOIECIB TEIUIOMACONEPEHOCY, OCKUIBKH BOHH HE BIANOBIIAOTH
CTaTUCTHYHHUM 3aJI€KHOCTSIM MiX TipaBIiYHUMHU HapaMeTpaMd HMPUPOTHUX CEPEelIOBHIL (IOPUCTICTh,
BiJTHOIICHHSI TIEPUMETp/Tiepepi3, 3BUBHUCTICTh IMOpP) Ta 3HAYCHHSM TiIPaBIiYHOIO OMOPY KaHAIYy.
Kpamunmu MmareMaTHIHIMEI MOJETISIMU MOKYTh OYTH MYJbTi(paKTaibHi CTPYKTYpH, B SIKHX 33 PaXyHOK
BrOOpy 3HaueHb Np, I, Ta (GOpMH KaHANBg, HA KOKHOMY TIeHepauil MynbTH(paKkragy MOKHA

3a0e3MeYNTH HE TIJIBKU CTaTUCTU4YHI 3ayiexkHOoCcTi Burisay (Tabn. 2), mo BiANOBITAIOTH JaHUM
BUMIpIOBaHb Ha 3pa3kax marepiany, ane W (pakTaibHi po3MIpHOCTI Ta TiApaBIiyHHUN OMip KaHaly B
mizomMy. s po3B’s3aHHA OCTaTHROTO MUTAHHS MOTPiOHI metanbHi yncenbHi CFD-po3paxyHku onopy
kaHaniB BUrsAy (Puc.2) Ha OCHOBI METONy CKiHUEHHX €IIEMEHTIB, IO CKJIANa€ 3a/Jady MOMaTbIINX
JOCIiJKEHb.
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A method of solving the boundary-value problems for heat conduction equation in a complex area — a multi-layered cylinder
with internal heat sources in some layers and external ones in other layers, is proposed. A method of problem solution in
conditions of uncertainty of one of the boundary condition at the layers interface with conductive heat exchange between the
layers is reviewed. The principle of method is in the averaging of temperature distributions radially in the internal layers. A
boundary condition of the impedance-type conjugation appears as a result of transformations at the layers interface. The
analytical and numeric-analytical solutions of simplified problems have been obtained. The mathematical model of a thermal
process in an electrical machine presented as a three-layer cylinder, where internal heat sources operate in one layer and heat is
submitted to the other two by means of heat conduction, has been built as an example.

Kniouosi crosa: electric machine, mathematical model, temperature field, multi-layered cylinder

MeToa po3B’si3aHHSI KPailoBUX 327124 B 0araromapoBux 00J1acTAX

0O.b. Ko6unsceka, B.I1. JIsmenko

Kobunvcoxka Onena Kanouoam Qizuxo-mamemamuyHux HayK, OOyeHm; npogecop kagpedpu
Bopuciena iHhopmamuru i suwoi mamemamuxu,
Kpemenuyyvruii nayionanvnuii ynisepcumem im. Muxaiina Ocmpozepadcvroeo,
eyn. Ilepwompasnesa, 20, m. Kpemenuyx, 61046, Yxpaina

JTawenko Bikmop O00KMOp MEeXHIYHUX HAYK, npogecop; 3asidysay Kageopu inghopmamuxu i suwoi
Ilagnoseuu Mamemamuxu,
Kpemenuyyvruti nayionanvuuti ynisepcumem im. Muxaiina Ocmpozpadcvkozo,
eyn. Ilepwiompasnesa, 20, m. Kpemenuyx, 61046, Yxpaina

3amponoHOBaHUK METOA pO3B’S3aHHA KpaloBHX 3adad sl DPIBHAHHS TEIUIONPOBIMHOCTI Yy CKIamHii ob0macti —
GaraToiapoBOMy LIMJIIHJPI, 1¢ B OJHIN YaCTHHI IIapiB AilOTh BHYTPIIIHI JKepena Tera, a y iHIIii — 30BHiHI. Po3rmsHyTo
METOJI PO3B’s3Ky 3a/a4i B yMOBaX HEeBU3HAYCHOCTI OJHI€] 3 TPAHMYHUX YMOB Ha MEXi LIapiB 3 KOHAYKTHBHHM TEIUIO0OMiHOM
Mix nrapamu. CyTHICTh METO/ly MOJISATAE B yCepeJHEHI TeMIepaTypPHUX PO3MOALTIIB 3a pajiiycoM y BHYTpilIHix mapax. [Ipomec
yCepeIHEeHHsT TEMIIepaTypHOro pPO3MOALTY Y3AOBXK pajiyca, SKIIO Le Jgo3Boiisie (izndHa Monenb 3agadi, 3HWKYe ii
PO3MIPHICTh, alle y pe3yJbTaTi MepeTBOPEHb 3 SBIETHCS HAa MEXI IIapiB TpaHWYHA YMOBA iMIlegaHcHoro tumy. Lllmsxom
HOCJTZIOBHOTO YCEePEIHEHHSI 3a pajiiycoM, BUKOPUCTOBYIOYH YMOBY CIIPSDKCHHS Ha MEXKIi IIapiB BU3HAYAETHCS TeMIIEpaTypHHI
po3Mojia B ocraHHBOMY Imapi. J[yisi BH3HAYCHHS TEMIEPAaTypHOTO PO3MOALTY B OCTaHbOMY Iapi MmoOymoBaHa KiHIIEBO-
pizuuieBa cxema Kpanka-Hikoncon. Hactymauii kKpok BU3HAYCHHS TEMIIEPATYpPHUAX PO3MOALIIB y OaraTonrapoBoMy IHTIHIPI
TOJIATa€ y 3BOPOTHOMY PO3B’sI3aHHI 3a/1a4 BiJj OCTAHHBOTO LIapy A0 mepuioro. Po3s’sA3yroun 3aady BiJl OCTAHHBOTO LIApy 10
MEpPIIOro0 Ha KOXKHOMY Iapi OTPUMYEThCS MATpPHUIls] 3HAUYSHb TEMIEPATyp, 1[0 BUKOPUCTOBYEMO JUIs PO3B’SI3aHHS 3a/1aui sIK
IPaHUYHY YMOBY JUIsl HACTYIHOTO Iapy. L{e Aae MOXIMBICTD 3HAWTH TeMIlepaTypHUI PO3MOALT B yChbOMY LMJTIHAPI. Y SIKOCTI
NpHKIany moOyqoBaHAa MaTeMaTHYHa MOJIENb TEIUIOBOTO IMpPOLECY Y eNeKTPUYHIM MalluHi, siKa MpeACTaBlIeHa y BUIJISMI
TPHUIIAPOBOTO IWIIHIpA, € B OJHOMY 3 INApiB JilOTh BHYTPILIHI JoKepeda Tera, a O JBOX IHIIMX TEIUIO MepeIacThes
TeIIonpoBifHicTI0. OTPHUMAaHO aHATITUYHUH Ta YHUCENHHO - AaHATITHIHUH PO3B’SI30K CIPOINEHUX 3anad. [IpoBeneHo uncensHi
PO3paxyHKH, 3HAIICHO pO3B 30K HEINiHIHHOI 3a1a4i Ta o0y oBaHi rpadiki TEMIIEpaTypHUX PO3IOILTIB.

© Kobilskaya E., Lyashenko V., 2020
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MeTOIl PeIICHUN KPpacBbIX 3a/ia4 B MHOT'OCJIOMHBIX 00/1aCTAX

E.b. KooOsuisckas, B.I1. JIsmenko

Kobwvinvckan Kanouoam Qu3uKo-mamemamuyeckux Hayxk, ooyeum; npogeccop xragedpwi

Enena bopucoena ungopmamuku u evicuwen mamemamuxy, Kpemenuyeckuii HayuoHanbHbll
yuusepcumem um. Muxauna Ocmpozpaockozo, yi. Ilepgomaiickaa, 20 39600, e.
Kpemenuye, Yrpauna

Jawenko O00KmMOp MeXHU4eCKux Hayk, npogheccop 3a8edyiowuli kagheopoi uH@dopmamuxu

Bukmop Ilagnosuu u gvicuwien mamemamuxu, Kpemenuyeckuii HAYUOHANLHBIL YHUSEPCUMEM UM.
Muxauna Ocmpoepaockozo, ya. Ilepsomatickas, 20, e. Kpemenuyx, 61046,
Vkpauna

IIpemtoxkeH MeTOJ pELIeHUs KpPaeBBIX 3ajJad il ypaBHEHHs TEIUIONPOBOJHOCTH B CIOXKHOI 00JacTH — MHOTOCIOHHOM
IUIMHIpPE, TIe B OJHON JacTH CIIOEB ACHCTBYIOT BHYTPEHHHE MCTOYHHUKHM TEIIa, a B Jpyroil - BHemHue. PaccMoTper meTon
peLICHUs 3a/laud B YCJIOBHUSIX HEOINPENEICHHOCTH OJHOIO M3 IPaHUYHBIX YCJIOBHHM Ha IpaHUIE CIOEB C KOHIYKTHBHBIM
TEIUIO0OMEHOM Mex [y closiMi. CYIHOCTb METO/la 3aK/II0YaeTCs B YCPEAHCHUH TEMIEPaTypHBIX Paclpe/ele U 0 pagycy
BO BHYTPEHHHX CIOSIX. B pesynprare mpeoOpa3oBaHMil Ha I'paHHIE CIIOEB IOSBISIETCS TPAHUYHOE YCIOBHE COIPSIKEHHS
UMIIEJAHCHOTO ThMa. B kauecTBe mpHMepa IOCTPOEHA MaTeMaTHdeckas MOJENb TEIUIOBOTO IPOIEcca B 3IEKTPHUYECKOH
MalluHe, KOTOpast MpeJcTaBlIeHa B BUIE TPEXCIOWHOTO NMINHAPA, T B OJHOM U3 CIIOEB JEHCTBYIOT BHYTPEHHHE HCTOUHUKI
TeIJa, a B ABYX APYTHX TEIUIO MEPeAacTCsl TEeIIONPOBOIHOCTRIO. [10MydeHO aHANINTHYeCKOe M YHCIICHHO - aHAIUTHYECKOe
pelleHue YIpoIeHHBIX 3amad. IIpoBeseHbl YUCIIEHHBIE PAcyeThbl, HAWJEHO pPELICHHE HEIMHEHHOMW 3alaud U IMOCTPOEHBI
rpaduKy TeMIepaTypHbIX pactpeaeneHuil. [IpeaioxeHslii MeTon pemeHns 0ocoOeHHO OyIeT MoJie3eH MPU PeIIeHH! TEIIOBBIX
3aJ1a4 B CJIO’KHBIX MHOTOCIIOWHBIX 00JIacTsIX, HAIPUMeEp B 3JIEKTPHUECKUX MAIIMHAX MM B BAJIKOBBIX KPHCTAIUIN3ATOPaX.

Knouesvie cnosa: SleKMpU4ecKas mawuna, mamemamudeckas Moaeflb, memnepamypHoe noiie, MHO20CIOUHbILL Lﬂl/lqup

1. Introduction

In the mathematical modelling problems of thermal processes a range of challenges related to
nonlinear nature of the problems, complexity of investigation areas and boundary conditions at their
interfaces, inhomogeneous medium limiting the investigation areas, as well as tridimensionality of the
problems appears. For linear and some of the nonlinear problems with linear boundary conditions in
canonical areas the analytical methods are applied (e.g. the Fourier method, the integral transformation
method, the thermal potential method, the conformal representation method, the methods of problem
linearization). These methods require of the researchers to simplify output problems of heat exchange to
the level where problem solution becomes practically enforceable.

An important advantage of analytical solutions of heat exchange problems is a possibility to review
their dependence on parameters in an explicit form. Analytical solutions help to sort out the determining
criteria through all their diversity. It greatly facilitates the physical experiment set-up. The accurate
analytical solutions often are used as standard solutions and serve as a test task for checking the
adequacy of more complex nonlinear models.

In comparison with the above-mentioned analytical methods numerical methods give the
opportunity to get a full quantitative description of heat exchange in the complex form constructions
and use complex nonlinear mathematical models. Nonlinear mathematical models describe the
investigated thermal processes more accurately in a wide range of geometrical and physical parameters
[1-2].

Contemporary computer technologies allow using numerical methods to obtain mathematical
prediction of thermal processes in quite complicated physical objects, particularly in modern electrical
machines.

The electrical machines construction started to expand rapidly at the end of the XX century due to
the development of small electrical machines for space, aircraft and electrical cars industries. A
magnetic core and winding are active parts of any electrical machine. All the other parts are
constructive ones which provide necessary toughness, durability, slewing capacity, and cooling. The
range of operating temperatures of electrical machine plays an important role in their reliability.

The diversity of the types of electrical machines notwithstanding, they have a lot of common
structural elements: a wire with low electrical resistance, an isolation material with high dielectric
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properties, magnetic conductors with anisotropic properties in orthogonal directions. That allows
building mathematical models of electromagnetic and thermal processes in electrical machine. The
method of temperature field investigation in a three-layer cylinder has been reviewed in the paper with
the example of mathematical model of thermal process in a simplest electrical machine.

Determination of three-dimensional temperature distributions generated by electromagnetic field
activity in electrical machines is an extremely complicated problem of mathematical modelling and
mathematical physics [3-8]. Electromagnetic fields are described by the models containing the
Maxwell’s equations system, the equation of charge continuity and the Ohm’s law [9-12].

rotﬁ:4—”j+l§, rotE = 29
K K ot K ot

divE = 47p,, divH =0, agtudiﬁ:o, J=0,E.

Where H,E,J,p, 0, are a magnetic field strength, an electric field strength, an electric current

density, an electric charge density, an electrical conductivity. Presence of the fields and currents in an
electrical machine stimulates an electrocaloric effect in the subareas where electrical current flows. So
an energy equation must be added to the Maxwell’s equation in the mathematical model in order to
determine the temperature distributions in the windings and between them because the model will not
be consistent without it. Furthermore, the electrical conductivity o, of electrical machine windings
depends on the temperature. To determine the internal energy in electrical machine the following form
of the thermal conductivity equation is used

Pa % =div(A(T)gradT )+W (P,t,T),

where 4,p, are a thermal conductivity coefficient and winding materials density, respectively,
e= j c,dT is a specific internal energy, c is a generalized thermal capacity of the environment,
Q
W (P,t,T)is a density of heat sources in electrical machine windings. The displacement current 9E s
ot
neglected in many Maxwell’s equations

roth = 225, 1€
K x ot

in comparison with the conduction current J generated by the electrical current density. H is a
magnetic field intensity in electrical machine windings, E is an electric field intensity, « is a speed of
light. Such assumptions are appropriate because the displacement current 9E in electrical machines has

ot

much less influence on the temperature distribution than the conduction current J . Also the Peltier heat
which appears in the moving contacts is often neglected.

Accepting the abovementioned assumptions, the Maxwell’s equations system can be written in the
quasi-steady-state approximation in the area Q, in the following non-dimensional form

rotH = 470, E, rotﬁz—%, divH =0, T =0, E=W (P,t).


https://www.multitran.ru/c/m.exe?t=1195319_1_2&s1=%ED%E0%EF%F0%FF%E6%E5%ED%E8%E5%20%EC%E0%E3%ED%E8%F2%ED%EE%E3%EE%20%EF%EE%EB%FF
https://en.wikipedia.org/wiki/Electric_current_density
https://en.wikipedia.org/wiki/Electric_current_density
https://en.wikipedia.org/wiki/Charge_density
https://en.wikipedia.org/wiki/Speed_of_light
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Neglecting the displacement current @ allows simplifying a mathematical model greatly by
ot

changing the equation system and turning it from the hyperbolic into parabolic. The model is
significantly simplified by decreasing the number of boundary conditions.

Alternating electric current flowing through the electrical machine windings releases the energy in
cases of both direct and backward current. Furthermore, electrical energy of alternating current causes
the change of internal energy of conductors. Because of energy of alternating magnetic field and
magnetic reversal, the coil cores are heated by the whirling currents. Electric and magnetic energy cause
the rise of temperature of constructive elements. It is also called active energy, and the density of active
heat sources can be determined by the formula

W =JxUxR/Z, R:M, Z=\R2+ X2,

where S,p,,X,,U,Z,Rare a wire section area, a specific resistance of winding wire, a winding

inductance, a voltage in windings, an operating impedance, an active impedance. If the electrical
machine power factor cos¢ is known, the density of active heat sources is determined by the formula
J xU cos¢

s :

Mathematical models that permit to investigate electromagnetic and thermal fields in electrical
machine can be designated as the models of processes in a complex area. Therefore, the simplest case of
the heat exchange process in electrical machine can be presented as the temperature field in a three-
layered cylinder, where the internal heat sources operate in one layer (winding) and external heat
sources operate in other two layers. The simpler case of temperature field in a two-layered cylinder has
been reviewed in [5, 6].

W =

2. Purpose of the paper

Purpose of the paper is to construct a mathematical model of temperature field in a multi-layered
cylinder where internal heat sources operate in one part of the layers and external sources operate in
another part, using the simplest electrical machine as an example. It is also necessary to develop a
method for determining the temperature field in a complex multilayer area.

A schematic illustration of a three-layered cylinder is shown in Fig.1.

o (;\l
\/ L~ |

Figure 1. A three-layered cylinder with different thermal-physical characteristics of the layers.

3. Study resources and results

Let us consider the mathematical model of temperature field in a three-layered cylinder where
internal heat sources work in one layer and heat is transferred by means of thermal conductivity to other
two layers which have different thermal-physical properties. Internal heat sources constitute the Joule
heat released while the electric current flows through one of the layers. Let us consider the temperature
field of an electrical machine consisting of a two-layered rotor without heat sources and a stator with


https://www.multitran.ru/c/m.exe?t=6499902_1_2&s1=%EF%EE%EB%ED%EE%E5%20%F1%EE%EF%F0%EE%F2%E8%E2%EB%E5%ED%E8%E5
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the windings of a copper wire or aluminum inserts where an electric current flow generates the Joule
heat (see Fig. 1).

Determination of the temperature distribution T(r,z,t)in a three-layered cylinder, where internal
heat sources operate in the external layer and heat is transferred from the external layer to the internal
ones by means of thermal conductivity, can be presented as the following boundary problem on

conjunction in the area Qxt:{0<r<r, 0<z<l, 0<t<ty)

1%p, (1
e R s &)
"ror e
0, O<r<nr,p<r<p, r>r,
Ti(r,2,0)=To, @
Ti(r,o,t):To, Ti(l',|,t)=T0, (3)
oT,; oT.
L=0 423 =[-a (h-T)-a0( =T,
or | o |, @
T (5, z,t)=T(r,o.2,t), 1=1.3 (5)
T, .
A — _111 Tiat i=1.3, (6)
o lr=g-0 'S fi+0

where 4, ¢, p;,i=1..3, T; are the respective thermal-physical characteristics and parameters of the

parts of an electrical machine, the ambient temperature «, !, o, & o, B are a heat transfer
coefficient, a current strength, a resistivity of the windings wire, an emissivity factor, the Stefan-
Boltzmann constant and a temperature coefficient of resistance, respectively. S is a total section area of

the wire in the stator windings, particularly s, = ﬂ(r;- - rl2) layer surface areas,.

The problem as arranged in (1)-(6) is non-linear, so the analytical solution for it does not exist. Let
us simplify the problem according to the following algorithm.

It is enough to know the homogenized temperature distribution in the third and second layers to
investigate the temperature distribution in the inner cylinder. So to determine the transmission rate of
heat flowing through the inner cylinder surface, let us multiply the equation (1) by rdr and integrate

over the layer thickness within the 1 to r, limits

Ty rr |2Po ? ©)
ﬂgrﬁ . +/13—IT3rdr C3p3 ITsrdr =— X rj(1+ ST5)rdr,
aT,| " y(5,2,1).
r—=2 = (T -T,) +eo (T -1, —sun
Ca 2 (0a(Ts ~To) + a0 (T 1)) 2gh =
After the transformations and using the ratio [13]
Us(z,t) = jTg(r z,t)rdr,

> (8)

the equation (7) can be displayed in the form of
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Sg Ty(,2,1) 4583 0°Us  C3p3S30u; 128 1% pq r22 r12
o 2 - - ' Z-1)

u
2 ar 2 o 20t 2s; ° s2l2 2

1y [ Uy =T +eo(us* =T | o)

The proportion (9) will be reviewed as a boundary condition of impedance type at the interface of
the outer and inner cylinders. With u(z,t) »T;(r, z,t) T, (1, z,t) and taking into account the direction of

the heat flow, the condition (9) could be written as

2 2
A aT, (1, 2,1) :ﬁasz _Capshp Ty | po/% T | poﬂz(rz - )_
or A A a Aq1;S42 RN

_ Ah2
T,-T T,
0 22 (T, -T,) + eo(T* T |.
(10)
After the determination of the boundary condition, the temperature distribution in the second layer
of the cylinder can be reduced to the following problem with the condition that includes a tangent
derivative alongside with a normal derivative by the direction of

aT, 2T2 aT,
9 -C,p =0,
Y ay)
p<r<r, 0O0<z<l, t>0
T,(r,z,0)=T,, (12)
Tz(r,o,t):To, T2(rl|1t) :T|7 (13)
5, L) 40T aph 0Ty Vool 1A% -5)
ar R SN a gt 857 R 2585
I
/22 [a(Tz Tc)+5O'(T24 _Tc4):|’
1S3/ (14)
T (o 2t) . aTi(ho.2t)
% -4 -
or or (15)

The second boundary condition in this problem arrangement (11)-(15) is indefinite. The method of
determination of the temperature distribution in a multi-layered cylinder in the conditions of uncertainty
is stepwise averaging of the temperature fields along the radius and the consequent determination of the
temperature field in the first layer 0<r <r,. After finishing the averaging the backward process of

determination of the temperature distribution in the inner layers starts y<r<up,
<P <Dy Ty <I<fry-
If it is possible to neglect the temperature distribution along the radius in the second layer of the

cylinder, then, after averaging by analogy with (8) we get the boundary condition at the interface of the
first and second cylinders
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2 2 2
T, (rp, 2,1) :ﬁazuz _ Cyp3dy OUy aUz I Poﬂﬂz + : poﬂa(rz —h )_

- e I A ST PRI
_LZZ[O,(UZ “T.)+eo(uy’ - T, )] ﬁa_u;_%ﬂaﬁ:o,
S34 fhy oz rp ot

(16)

In this way the temperature distribution in the inner cylinder (layer S:) is determined from the

solution of the following problem in the area O, xt={0<r<r, 0<z<l, t>0}

/11_

aT1 2Tl aT1
- (r ) ﬂl

Tl(r, Z,O) :To,
Tl(r,o,t):To, Tl(r,l,t):-r“

5 Tlo2) 24 5 Ay | ey Voo +l2poﬂi(r22—r12)_

or oz Al Aol T Ot AgnSy " 15851
A2 4 14
- a(u, -T.)+eo(u,” =T =0,
r083/13|: ( 1 c) ( 1 c ):|
am(0,z,t)
or

To
Uy (z,t) = SE [To(r.z,0rdr, S =717,
10

r:ro 2 f

an ITlrdr an jTlrdr =0,

r
ﬂiar

r=0

ﬂr ’ /116“1 AP ﬂiczpz)aul |,00,3/11 Ipoﬂi(rzz_rlz)_ﬂirz
or o B a asE s S

Ar
By using (24) in (23) and taking into account (22) we get

) 12, (rz —r2)
oy (03P3+Cz,02 01/01)5”1 (| PP _ N2a ), + o\2 1),
o7 3 3k 3k A 3187 357, 3555
( r,2a T+ r2¢oTy . 1,260 bt =

35k 350 ) 35

and come to the following boundary problem for a differential equation of the second order

2
a_\zl_a2Q+Av+Cv = O<z<l, t>0
oz ot

v(z,0) =T,

[a(ul T,)+é0(u 4—T;‘)]

(17)
(18)
(19)

(20)

(1)

(22)

(23)

(24)

(25)

(26)

(@7)



Bulletin of V.N. Karazin Kharkiv National University
32 series «Mathematical modeling. Information technology. Automated control systems» issue 46, 2020

v(o,t) =Ty,  v(I,t)=T,,

(28)
where
2
A= (Pl B2ay e (Sbs Py OGPy o R260
34,S5° 33k 3% 3, 34 3534
|2,0 2 _p2 4
Bo_ o(z31)+r22a_|_c+r22ch )
3455, 353/, 3534,
Supposing that ¢ =0, the problem (26)-(28) can be solved by analytical means.
After replacing the variables
747t A -t
v=e®""u,  u=0 A1=—, f(zt)=Be",
a
the equation (26) can be reduced to
u =a’u, + f(z,t),vt>0, 0<z<I 29)
with the nonhomogeneous boundary and initial conditions
u(z,0)=g(z) =Tye™, (30)
u(0t) =y, M) =Toe™, u(l,t)=y,@)=T e, (31)
We seek the solution of the problem (29)-(31) as a sum of two functions
u(zt)=v(zt)+w(z,t), (32)

where Vv(zt) is a new required function and w(zt) is an arbitrary function satisfying the
nonhomogeneous boundary conditions

Wz, ) =10 -1 0]+ 1 0.
(33)

The function v(z.t) should satisfy the nonhomogeneous equation

v, —a?v,, = f(z,t), (34)

where
?(z,t) =f (z,t)—wt —a2WZZ

and the additional initial and boundary conditions are

v(z,0) = ¢(z) —w(z,0),
v(0,t) =y, (t) —w(0,1),
v(l,t) =y, (t) —w(l,t). (35)

After inserting (33) into (35) the conditions become nonhomogeneous and the problem (34)-(35) is
reduced to
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u =a’u, +f(zt),t>0, 0<z<l
u(z,0)=0,

u(0,t)=u(l,t)=0.

The solution of this problem has a form

n’n?

to| o — T a2(t-1)
u(zt)=J | TZZe 12 sin$zsin$§ f(g1)dedt =
00

(36)
Therefore the problem (26)-(28) of determining the temperature distribution in the inner cylinder is
completely solved. Then we build the finite-difference scheme of Crank-Nicolson [1-2]. In the area
Qxt {0<z<I, t>0}we apply the uniform grid by the length (coordinate z) of the cylinder

oh ={z, =mh, m=0,1..M}; the time grid (coordinate t) wx ={t,- = jAt, j:o,l,__jo} with the intervals:
h=1/M, At=ty/],-

The problem solution in the area Q is sought as a solution of a system of nonlinear algebraic
equations for the grid function u, . marked as uj.

TR Y BTN £ SN £ S £ iyl

ut—ud w20 ul T Ul - 2ud +u ; ;

aZ i " i il i |+lh2 i-1 i i+1 +AUiJ+l+C(UiJ+l)4—B.
2

@37)

Let us review and solve the linearized problem. The obtained temperature values matrix is used for
the solution of the problem (13)-(16) as a boundary condition.

For this purpose the finite-difference scheme of Douglas-Gann is built for by the alternating
direction method [1-4] in the area Qxt {0<r<r, 0<z<I, t>0} with

the intervals

T ul gy WG W2
AtI2  reyp, 2h, " Cop, h
" ﬂz ur{,m—l_zur{,m +ur{m+l
C202 hs ,
Um—udn? 4, wiim-ulR? o ulR 20l vulin
At/2 rc,p, 2h " Cy 09 hl2
N A ur{}r:][—l —ZUJ}} +ur{,+rr}+1
G20, hs

at the boundaries of the area

j+1 j+l j+1
Uy + Aug —3u0an

=0, n=0
2hy

for n=N we substitute the value of the temperature distribution matrix at the boundary of an outer
cylinder.
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Fig. 2 shows the solution of the problem (34)-(35), that is the distribution of temperature in the inner
layer of the cylinder along the coordinate z.

Temperajure, K

[
[
)

0.4 0.6 0.3

length, nx
m2

Figure 2. Solutions of the problem (34)-(35): curve 1- with o =1 , curve 2-a =10 , curve 3-a =100 K

4. Conclusions

The general mathematical model of heat conduction in a complex multi-layered area has been
developed in the paper. The method of solving the boundary problems for the heat conductivity
equation in a complex area — a multi-layered cylinder with internal heat sources in some layers and
external sources in other layers in the conditions of uncertainty of one of the boundary conditions at the
layers interface and with conductive heat exchange between the layers is proposed. The principle of
method is averaging the temperature distributions by the radius in the internal layers if the boundary
condition by the radius in one of the layers is not determined. Averaging the temperature distribution
along the radius decreases its dimensionality if it is allowed by the physical model of the problem, but
as a result of the transformations, the boundary condition of impedance type appears at the interface of
the layers. The temperature distribution in the last layer is determined by the stepwise averaging by the
radius and using the conjunction condition at the interface of the layers. The next step of determining
the temperature distributions in the multi-layered cylinder is the backward problem solution, from the
last layer to the first. The analytical solution of the simplified problem for the three-layered cylinder
where internal heat sources operate in one layer and heat is transferred to other two layers by means of
heat conductivity is obtained. The numerical experiments have been conducted and the approximate
solution of the nonlinear problem has been obtained. The temperature distributions are presented as the
graphs.
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V GaraTh0X METO/Iax BUPIIICHHS KpaiOBHX MPOOJIeM 3a JOMOMOTOF0 IOBiIBHOT ciTkH, TakuXx sik SDI (scattered data interpolation)
ta SPH (smoothed particle hydrodynamics), 3amis momimiieHHS TOYHOCTI PO3PAaXyHKIB BHKOPHCTOBYIOTHCS CiMEWCTBa
aTOMapHHUX paXialbHUX Oa3ucHUX (YHKIIH, M0 3amexars Bin mapameTpiB. DyHKIIT TaKOTO poIy MarTh 3arajibHy Ha3BY
«bynkuii Gopmuy». [Ipu BUKOpUCTaHHI Y SKOCTI TaKUX (PYHKIIH MOJIIHOMIB 200 MOJIHOMIaNbHUX CIUTAiiHIB BOHH MalOTh Ha3BY
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«b6azucHi pyrkuii». TepMmin «paxianbHay 03HaYae, I10 HocieM QyHKIT € quck ado map. TepMiH «aToMapHay o3Havae, Mo HOCIH
¢yHKuii ooMexeHult, To6TO QyHKIISA € QiHITHOW. Y OUIBIIOCTI BUMAIKIB y aHTIIOMOBHHX ITyONiKaIlisiX 3aCTOCOBYIOTh TEPMiH
«biniTHa». Y cTaTTi HABOJWUTHCS AITOPUTM IOOYTOBH Takol (YHKIII, IO € pIlIeHHAM (YHKIIOHATEHO-AU(EPEeHIiHHOTO
PIBHSIHHSA

Au(xq,%p) = A [fl u[a(x — &), a(xp — &)]dw + pu(axy,axp)
a0

ae O€2 —xomopagiycal: E2 + £Z =r?,a & > 1.Tlopomxena num pisusunsm ¢pyrxuis Plop, (X, X;) mae

IIBa mapaMeTpu: I Ta @ . BapitoBaHHS UMM mapameTpaMH IO3BOJISIE 3MEHIIHUTH IIOXHOKY y pO3paxyHKax KpaioBoi 3amadi
Ilyaccona y kinbka pa3iB. ¥ cTaTTi 10Ka3yeThCs TeOpeMa Mpo iCHyBaHHS Takoi 0qHO3HAuHOI QyHKuii. Jloka3 Teopemu 103BOJISIE

o0
moOyIyBaTH ONHOBHMIpHE TepeTBopeHHs Dyp’e miei (yHKIHl y BArIsmi Plﬁf)a’r(l)z IT K2|:Z(I’,|,a,h)], ne
h=0

Ky[z(r.lah)]= 4'{1_ Jo[z(r,l,a,h)]} . Tlomepenupo dymkmis K, (z) obumcTOBaTacs 3a JIOMOMOTOK i

[z(r,l,a,h)]2

HabmmxenHs Teitnopa (npu Z € [0; 8] ),amnpu Z>8 - 3a I0NOMOrOK aCHMITOTHYHOTO HAGIKeHHS ['aHKenst QYHKIT
JQ(Z). [pu upomy y Ko Toukd z =8 Oy/0o BUABIEHO JOCUTH BeuKy noxubky. Tomy obuucnenns ¢pymxuii Ko, (z) vy

miamasoHi ze : MPOBOAMIIOCS 3a JONOMOror HabmmkeHHs YeOumosa 1€l HKIT niamnasoHi
5,288;17,004 p 0 Yebd y y

Ze [4,6; 17,2] . Koedinientn Yebumona Ak (po3paxoByBaiucst y cucremi Maple 18 3 TounicTio 26 mecsaTkoBuX 1udp) Ta
niarmazoH Oys0 0OpaHo 3a JOIIOMOT0I0 EKCIIEPUMEHTY, LIJLTIO SKOTo OyJI0 MiHIMI3yBaTH 3arajibHy NOXHOKY 0O0UYMCIeHHS QyHKIIT

P|(~)[f~)a’r (|) . 3aBIsAKM BUKOpHCTaHHS HaOmmkeHHs YeOuioBa onepkaHa QyHKIISA PIOpa, r (X1, X2) Mae OLIbII HiX Y ABa

pasd MeHIIy MOXHOKY, HDK 32 OOYMCIICHHSM 3a TOMepenHiM anroputMoM. J[oBiNbHE 3HAueHHS (YHKIIT P|Opa‘r(|)
00paxOBYETHCS 3a JIONMOMOIOI0 IIECTUTOYKOBOi cxeMH EWTKeHa, siKy MOXHa BBaXaTH (AESIKOI0 MIpOIO) 3IJIAJUKyBalbHUM
¢inpTpoM. 3acTocyBaHHS HIECTUTOYKOBOI cxemu EilfTkeHa BHOCHTH MOXHOKy, sika AOpiBHIOE 6% BiA 3aranbHOI MOXHUOKH
obuucieHHss (QyHKii F:"Opa'r (1), ane momomarae 3mauno 3’exomomutn uac mpu Qopmysamni APB® mnpu Bupimensi

KpaloBHX HPOOIIEM 3a JOIIOMOTO METOLY KOJIOKAILi.

Knrwwuoei cnosa: (pynxyii' 3 KOMRAKMHUM HOCIEM, AMOMAPHI YHKYIL, aneopummu 06YUCiIenHs: YHKYIL 3 KOMRAKMHUM HOCIEM,
Memoou piwienHst Kpatiosux npobiem 3 0oginbhoto cimkoio (mesh-free), memoou eupiwenns xpatiosux npobiem, amomapHi
@PyHKyii bacamvox 3MIHHUX.
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A lot of methods for solving boundary value problems with the help of arbitrary grids, such as SDI (scattered data interpolation)
and SPH (smoothed particle hydrodynamics), use families of atomic radial basis functions that depend on parameters to improve
the accuracy of calculations. Those functions are commonly called "shape functions". When polynomials or polynomial splines
are used as such functions, they are called "basis functions". The term "radial means that the carrier of the function is a disk or
a layer. The term "atomic" means that the support of the function is limited, i.e. the function is finite. The article presents an
algorithm for constructing such a function, which is the solution of the functional-differential equation
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Au(xq,%p) = A [fl ufa(x — &), a(xp — &)ldw + pu(ax,axp)
o0
where 02 is the circle of radius 11 &2 + &2 =r?, and @ >1. The function generated by this equation
Plop, , (X,,X,) has two parameters: r and a . Variation of these parameters allows reducing the error in the calculations

of the Poisson boundary value problem by several times. The theorem of the existence of such an unambiguous function is
proved in the article. The proof of the theorem allows us to construct one-dimensional Fourier transform of this function in the

4-{1- o[ z(r,1,a,h) ]}

[z(r,l,a,h)]2

K, (z) has been calculated by using its Taylor approximation at ZG[O; 8] , and by using the asymptotic Hankel

o0
form PI6p, (1) =[] K[ z(r.1,a,h)], where K2[2(r.1,a,h)]= . Previously, function
h=0

approximation of the function Jg (Z) at z>8 . Thusinacircle of apoint z =8 a fairly large error was found. Therefore, the
calculation of the function K, (z) intherange z e [5, 288;17, 004] has been carried out by Chebyshev approximation of this
function in the range z [4,6; 17, 2] . Chebyshev coefficients A, (calculated in the Maple 18 system with an accuracy of 26
decimal digits) and the range have been chosen by the experiment aimed to minimize the overall error in calculating the function

F’If)f)a’r (l) . Due to using the Chebyshev approximation, the obtained function Plop, , (X,, X,) has more than half as many
errors as calculated by the previous algorithm. Arbitrary value of the function PIOpa, . (1) is calculated by using a six-point
Aitken scheme, which can be considered as a smoothing filter. The use of Aitken's six-point scheme introduces an error equal to

6% of the total function calculation error Plop, , (1), but helps to save a lot of time in the formation of ARBF in solving
boundary value problems using the method of collocation.

Keywords: functions with a compact support, atomic functions, algorithms for calculating functions with a compact support,
shape functions, methods for solving boundary value problems with an arbitrary grid (mesh-free), methods of solving boundary
value problems, atomic functions of many variables.

1 Berymiienue

[IpakTrueckoe TpHUMEHEHHE aTOMAapHBIX pagualbHBIX OasucHBIX GyHKIUH (APB®) wmHOTrHX
nepeMeHHbIX [1, 2] mpu peanu3alui METOAOB PELICHUS KPaeBbIX 3aJad MaTeMaTH4ecKoW (pu3uku co
CBOOOHOM CETKOH BBIHYAMJIO aBTOPOB YHU(UIMPOBATH aJITOPUTMBI BEIYMCICHUS YKA3aHHBIX (DYHKIIUH.
Heo6xonumocTs npeanaraeMoro moaxo/1a cBa3aHa ¢ KpaeBoi mpo0sieMoi (CKa4oK PeLIeHNs] Ha TPaHuLe
0o0acTH) W HEKOTOPOW HECTaOMIBHOCTHM pEUIeHHsi BHYTpU oOmactu. s ymydineHHss KadecTBa
NpUOMKEHHOTO PENIeHHUsT KpaeBOH 3a7jaui 0OBIYHO MCTIONB3YIOTCS CEMEHCTBA paJlalIbHBIX 0a3UCHBIX
GyHKLMH, 3aBUCAIIMX OT MapaMeTpoB. B 9acTHOCTH, NMpH HCMOJB30BAHUU MYJBTHKBAIPATHUECKON

byHKIMU BHA /l+||x—x j I /a? , npumensiemoii B Metonax SDI (scattered data interpolation) u SPH

(smoothed particle hydrodynamics), npu pemernu 3aga4 ruapoanHaMuku [1, 2], Takum mapameTpaMu
SBIIAIOTCS BEJIMUMHBL ¢, . Ilpu mpumenenun APB® BapbMpyeMbIMH IapaMeTpamMH MOTYT OBITH

k03(pGUUMEHT (@ ¥ paamyc I, KOTOpble NPHCYTCTBYIOT B mopoxpiaromem (ynkuuro Plop (X, X,)
¢byHKIIMOHAIBEHO- UG hepeHIIHaTbHOM ypaBHEHUH [ 3]

Au(xg, %) = A [f| u[a(q — &), a(X, —&)ldw+ uu(ax,axy) (1)
o0

rae 02 — OKPYXKHOCTh pajiyca 1 £2 + £2 = r?,anapamerp a > 2. Hannuue 5THX napameTpos
no3gosteT 0603Havath nannyio Gynkmio Plop (X, X,) BBuae Plop, (X, X,) .

2. Hocrpoenne APB® Plop, (X, X;)

Paccmotpum  mpouenypy nocrpoenns dynxumn - Plop, (X, X,), KkoTopas ompejensercs
cleayrolel TeopeMoil.
Teopema. Jlns ypauenus (1) cyiiecTByeT M €IMHCTBEHHO OeCKOHEYHO mAu(hepeHITpyeMOoe

ra
pelieHre ¢ KOMIAKTHBIM HOCHTEIEM B BUIE Kpyra paamyca R =5y HOPMHDOBAHHOE yCIOBHEM
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I I P|Opa'r(X1, X,)dxdX, =1 Tompko mpH CHEAYIOUMX 3HAYEHHUAX KOd(DDHUIUEHTOB:

2
H=—7D2rm-F-A u 4 _ 2-a° ;. APBD Plop, . (X;,X,) ABIseTCS MHBAPHMAHTHOH OTHOCHTENBLHO
z-r?
OIepaliy BPALCHHS:

Plop, (x4, x;) = T ()& + x5 ); 2)
npeobpasosanue Oypre pynkuun Plop, (X, X,) uMeer Bua
- . 4-[1—Jo(r-ah-w/tf+t§ﬂ )
Plopa,r (tl’t2)=H 2
h=0 (r .a™" M)

u sIBJIsieTCs GBICTPO yObIBAOMIEH Y T + 12 —> 0o ByHKIMelt SKCOHeHIMATBHOTO THHA 1; hyHKIWS
Plop, , (X, X,) B KkBajpare [_ ra ra }([ ra ra ], npeacrasnsercs B Buze pana Oypse [3]:

a—1'a—1 a-1l'a-1
2 00 o0 _ —
Plop, (X, %;) = (a__lj 2.2 U Cos[a—l pﬂ'leCOS(a—lCIﬂ'ij ’ (4)
' a ) 2= a a
1.
rae  kodpduiuentsl Dyppe  MMEHOT  BHI Uy :Z U o= Plérja,r (( )ﬂ.p’oj,

Uo, =%P|55a,r(01(aa_l) ”qJ; U, = Plﬁﬁa,{(a_l) p”’(a_l)q”j, p,q=12,...

Jlokazamenscmeso. Bynem obosznagars uepes U (L, t,) nsoiinoe npeobpasosanue dyphe GpyHKIMM

u(x;, X,): U(t,t,)= J. I u(x,, Xz)e*i(‘lxﬁtzxz) dx, dx, - [Tpumennm K (GYHKIIMOHAIBHO-

muddhepernuanpHOMy ypaBHeHUIO (1) qBOiHOE peodpazoBanue Dypre:
j J' AU(X,, X,) e @) dy dx, =
= [ [{[fjula(x, — &).a(x, - &)de + pu(ax, ax,)je @ = dx,dx,- ()
—00 —00 oQ

B  coorBerctBMM < co  cneactBueM ~ u3  TeopeMbl 54 w3 [5] umeeM,  4TO

T;j_):gf(x)-e—iéx dXZ(if)Z.T f(x)-e™ dx:_§2,].i £(x) e dx-

—00

HCXO)_UI U3 3TOro, Ui JaHHOI'0 ABYMEPHOI'0 ClIy4ad IojJaydacM:

T TAu(xl, X,) e W) dy, dx, =

C (@ +2) [ O x) e dx dx, = (€ +12)-U t,1,)

BBGZ[GHI/IC BCIIOMOTI'aTCJIbHBIX TNCPECMCHHBIX aX1 - agl = 771, aX2 - a§2 = 772 MO3BOJIACT TMICPEIUCATDH

ypaBHeHwue (5) B BUIE:

- ('[12 "'tzz) 'U(tl’tZ) =
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1
77 w[m A2 | o) ina ) g g T g ’7_2+iu[t1 tzj
A a' a a a g2 \a a
1 2~

W3MeHuB B IpaBO YacTH YpaBHEHHUSI TTOCIIE0BATEILHOCTD BHITONHEHHUS OTiepaliid mpeoOpa3oBaHus
®Dypbe 1 UHTETPUPOBAHHUS IO KOHTYPY, nonyan 4, 71

(€ +1)- 0 L) = [t tj[z [ e dos ] ®)
a'a) .z

2 2 2
WuTerpupoBanue BIOJIb OKPYXKHOCTH 2 + &2 = r? JaeT BO3MOXKHOCTb IIPEICTABUTH UHTETPall B
MPaBOM YacTU COOTHOIIEHU (6) B cieayroieM Buae [6]:

& =rcos(o);
b =sin(0);

Jt2 2

e g = |&, = rsin(@); =

g+ef=r? t
—2 __=cos(8);
JE2 +t2 @)
do=rde
= | {cos| \/tZ +17 - L-rcos -rsin(
_I,[ Jt2+t2 «/tl +t2
+ isin| Jt7 +t2 - \/ﬁ rcos( -rsin( rdp=
2

«/ti +t2

=r”_r) {cos[rw/t1 +t25|n(qo+49)]+| sm[r t2+t sin(e + 0) }d((p+49)=

—7+6

=r ]Z {cos[rmsin(go)]ﬂ -sin[rw/tf +12 sin(go)]}d(p =
= ZrT{cos[r«/tf +t7 sin(qo)]+i -sin[r«/tl2 +1t2 Sin((p)]}d(o =
:Zn-r-[Jo(r-\/thtf)H-O} =2r- r-Jo(r -t +t§) :

(&t 2 | 12 17 .

To ecTs, [f] e ie2)d o =27t - Jo(r'\/tl +1 ) rae J,(X) =—jcos(xsm @) do-
G +gf=r? Z 0

¢bynkius beccenst ¢ HyleBBIM HHIECKCOM.

Takum o0pazom, ypaBHeHue (6) MOXKET OBITh 3aIKMCAHO B CIIEAYIONIEM BHJIE:
a'a (£ +17) '
BriOupaem kodpduuuent g =-27-r- A, 4ro 00yCIOBIEHO HEOOXOAMMOCTBIO HMETh JPOOb

[[2 <2
A-2m-r ‘]o(r L+ )—|—,u nenoi gyskuuei (mpu t12 +t22 — 0) [5].

(17 +1t7)
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B pesynpraTe ypaBHeHue (7) MOKHO IIPeoOpa3oBaTh K BHILY
2 2
27 -1-A-|1=J3g| r-AJtf +t
T () [ 0[ e ﬂ
U(tl,tz)z u g,g 1 2 =
2 / 2 2
a” - 5 (r . tl + t2 j

r

3
2xr 2 2)
A 1= 3g| et +t
_a(t_lt_zj a2 [ 0( 1+2]
- \a'a 2

(r-\/tlz+t22j

Ypasuenue (8), coritacHo [3, 5, 8], MOJKeT OBITH TIPEICTABICHO B BH/IE OECKOHEUHOTO TPON3BEICHNS:

3
o 1-2”: -[1— Jo(r-a‘“-«/tfﬂzz)}

(8)

att)= [[—32 2 )
h=0 (r-a“-«/tf+t22)
2a’
CxoauMocTh mpousBeneHus (9) rapantupyercss BbIOOpOM Ko3(h(duImeHTa A=—. [annoe
r

3HayeHue A OTBeyaeT TpeOOBAHMIO, YTO BBIPAKEHUE 110 3HAKOM OECKOHEYHOro mpousBeneHus (9),
2 42
JIOIDKHO CTpeMuThCs K eaunauie npu i +t5 — 0 [5].

[Mocne Takoro BeiOOpa A  Bblpakenue (9) mpeoOpasyercs K BHIY, KOTOPBIA SBJIAETCA
npencTaBieHneM obpartHoro npeodpasosanms Oypse APBD Plop, (X1, X2):

. 4-[1—J0[r-a_h Wit +t§ﬂ

Plﬁr)a,r(tlitz) = H

2
h=0 (r-a_h -\/tlz+t§j

Ecin U(t,1,) paccmarpusath kak (yHKIMIO KOMILIEKCHBIX NEDEMEHHBIX, TO OHa OyJeT Lenoii

(10)

(byHKLIMEH S5KCIOHEeHIMAIBHOTO THNa 1.
U3 teopemsr Bunepa-IIanmu [5, 6] BeiTekaer, uro oOparHoe mpeoOpazoBanue Dypbe (pyHKIIMU

G, t,):
4-[1—J0(r ah \/tht%H

2 2 _—2h .2 .2
(27)° o _oh=0 re-a = - (i +t5)

e—i (t1X1+t2 X2 ) dtldtz ,

Oyner dyHkuued knacca C® ¢ KOMIAKTHBIM HOCHTENEM B BUIE Kpyra ¢ pajuycom R — &,
a—1

BIMCaHHOM B KBajpaT [ —R,R|x[-R,R].
Uckomas dynxumst U(X, X,) OyaeT 4eTHON OTHOCHTEIBHO KaXKIOTO CBOEro NepeMeHHoro. Eé

MIpEeICTaBIICHUE B BUJE ABOMHOrO psima Dypbe B ASHCTBUTENHHOW GopMe B KBajpaTe MOXKET OBITh
BBIYMCIICHO 110 popmyre [2]:

2 o0 o0
u(x, Xz):(a—_lj D> U, cos(a—_l- pﬂ'le-COS(a—_l-C]ﬂ'XZJ, 11)
a ) S5 a a

k03¢ purmenTsr Pypre KOTOPOro UMEIOT CIEAYIOLIeH BHI:
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a/(a-1) _
Uoo =143 Upo =2 | (00008 @D pry [asy
—al/(a-1) a
a/(a—1) _
Uog=> | U(0,§2)COS[(a D'Q”@dez;
—al(a—-1) a
al(a-1) \lm (a-1) (a-1)
Upg = | | u(cfl,fz)cos{ " -p;rfl}cos{ " -quz}dgldcfz. (12)

—al(a— 2 2_.2
al@-1)_\Ja%/(a-1)-4
Tak kak QyHKIMS U(X], Xp) ABIAETCS (MHUTHON OTHOCHTENBHO MepeMeHHBIX X| u X9, 370
H03BOJISIET 3aMEHUTh UHTerpansl B (12) Ha HecoOCTBeHHBIE. A TaKk KaK (QYHKIHSA U(Xq, Xp) SBISAETCS

YEeTHOH OTHOCHTENHHO TepeMeHHBIX X| m X) | MOXKHO 3aMEHHTh TPUrOHOMETPHYECKHE (DYHKIIHH

cos @TVPTE o@D, SKCITOHCHIHAIBHEIC exp|:—i (@-1pzs } " exp [—i (@-1gzy _1)q”’7}_
a a

a a
B pesynbTare mosyyaem cliieayromme npeacTapieHus 1 kodddunuento Oypoe psaaa (12):
17 (a-1) pﬂeﬁ} 1 ~{(a—l)prr }
Ugo=1/4; Uyg== | u(&,0)exp| -i————=|dg ==-0|———,0;
00 PO 2_{0 (&,0) p[ " a > 2
17 .(a-1)gr 1., (a-1)gr
Uog =5 | u(o,sz)exp[—n%}déz - L 22T,

Upg = [ u(él,éz)exp{—i%}exp{—i%} dgdé, =

—00 —00

~of@ber @Dur] pgp (13)
a a

Orcrona sicHo, uTo mpuseleHHoe B (opmynax (11) u (12) pemenue u(xq, Xo) (QyHKIHOHATBHO-
muddepeHnnansHoro ypapaeHus (1), mpu 3agaHHOM 3HAYCHUH MapaMeTpa & , SBISETCS MCKOMOM

APBD Plop, (¥, %p).

3. OueHka TOYHOCTH BbIYHCIEHHS 00paTHOTO npeodpaszoBanust Pypbe piop, , (tu,t2) APBD
Plop, r (X1, X2)

OTtmetuM, 4TO QYHKIHS Plﬁﬁa,r (tl, tz) (cM. mpencrasnenne (10)) Takke, Kak U QYHKIHS

Plop(x, X,) [3, 8] uHBapHaHTHA OTHOCUTENIBHO ONEpalyy BpamieHus (2), To mpu Beidope | = Jtl2 + t%

R
. e a
umeem PlOP, ¢ (tl'tz)z P16f, (|)= I1 2 :
" (%)

ah

BBGZ[GM BCIIOMOTI'aTCJIIbHYIO (byHKLII/HO

z(r,l,a,h):r—'hl. (14)
a

Torna QyHKIHIO Plﬁr)a,r (|) MOXHO IIPEJICTABUTH B BUJE

Plc’ir)ayr(I):f[OKz[z(r,l,a,h)], (15)
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rue

4-{1-Jo[ 2(r.),a,h) ]} |
[z(r,l,a,h)]2

Ouenum nosenenre Gpyukimn Ko [z(r,l,a, h):l npu N— o0 . TIpu 3TOM OYEBUIHO, UTO TS THOOBIX

Kz[z(r,l,a,h)]z

(16)

aprymenros r, | ua>1 z(r,l,a,h)= r_hl — 0. B oxpectHocTn Hyns dynknuio beccens Jg(z) MOKHO
a

© 2n
TMPE/ICTaBUTE B BU/E pasnoxkenns B psia Teinopa, J, (2)=3 (_1)” % [7,10].
n=0 (n !)

Psn Teiinopa Gpynxuun Ko [Z( r.la, h)} B OKPECTHOCTH HYJIS MOIYYaeT NPEACTaBICHUE:
zz(r,l,a,h) 24 (r,1,a,h)

Kz[z(r,l,a,h)]=1— + —t(-1)

22. (217 2*.(31)?

n22"(r,1,a,h)

22 () (17)

I'paduk pynxmn K, (z) B AMana3oHe U3MEHCHUS BEJTMYHMHbBI 1, 7€ [0; 8] B JIEKAPTOBOU CHCTEME
KOOpJMHAT NpUBEJEH Ha puc. 1.
OLeHnM NOTpeIHOCTh MeTO/[a BhlUCiIeHHsT pyHKIn Ko (Z) IO €€ PA3N0oKEHUIO B pan Teinopa B

OKPECTHOCTH HyJs (B IWama3oHe 3HAYCHUH BENUYMHBI L, Z € [0; 8] ). U3BecTHO, 4TO MHUHUMAaIbHAS

OTHOCUTEJbHASL [TOTPEIIHOCTh BBIYUCICHUS (OKPYTJIEHHs) IPU IOMOLIM YHCEN € IUIABAIOIIEH 3arsITON
paBHa [TOJIOBUHE MJIAJIIIETO pa3psaa MaHTHCChI yucha. s 80-pa3psiiHbIX YUCeN C IUTaBarolel 3amsaToi
JUTMHAa MaHTHCCHI paBHa 64 pas3psza M, COOTBETCTBEHHO, MUHUMAaJIbHAsl OTHOCHUTEIbHAS MOTPEIIHOCTD

BBIUMCIICHUI Oy/IeT paBHa g = 274 +5,42.1070 [5]. MuHHUMaIBHYIO a6COMIOTHYIO MOIPEITHOCTh IPH
2n
z7(r,l,a,h
3Ha4YeHMsX 1, Z E[O; 8] BBIYMCISIEM Kak &g -| Ko (z)+ maxQ
o 22N-2.(n1)?

(GYHKIMM ¥ MakCUMalbHOrO aOCOJIOTHOTO 3HAYEHHs! BBIYMCISIEMBIX WICHOB psfga Teiyopa maHHON
GbyHKUMHM, YMHOXEHHass Ha &g. ['paduk MHUHUManbHON aOCONIOTHON MOTPELIHOCTH BBIYMCICHUS

, T.e. CyMMa BEJMYUH

Gyuxmn K, ( Z) ¢ moMoibko ee psiza Tetinopa B okpecTHOCTH ToUKH O TpHuBeieH Ha puc. 2. O603HauNM
oty dynkimo yepes MErK (Z) M HAa30BEM €€ METOIHUYECKON TOTPENTHOCTHIO BBRIYMCICHUN (PYHKIHMH
Ky (z), T.x. usmenenns dynkumu K, (Z), BbI3BaHHBIE 3HAYEHUAMH WIEHOB PAaa, MO aGCOTIOTHOM

BenuuuHe MeHpinx MErK (Z) SIBJISIFOTCSL HEJJOCTOBEPHBIMU. J{pyriMu CJI0BaMH, MPOLECC BHIYUCIEHUSA
2n

222 . (n1)?

OneHuM aOCOMIOTHYIO IMOIPEIIHOCTh BBIYUCICHHS (DyHKIMU KZ(Z) B JMana3oHe H3MEHEHUs

psina (6) MOXHO MPEKPATUTh NPH BhITOJIHEHUH HepaBeHcTBa MErK (Z) >

Bexanunnbl 2, Z €|0;8| . AnropuT™, COCTaBIEHHBIN IS OLIEHKH aOCOJIFOTHON MOTPEIIHOCTH ()YHKIIAH
s Yy

K>y (Z) ¢ moMo1Isio ee psifa Teitopa, mpuBeN K pe3yabTaTaM, TOKa3aHHBIM Ha pHC. 2.



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTemaTtuyHe MogentoBaHHS. [HopMaLliitHi TexHonorii. ABTOMAaTWU30BaHi cucTeMn ynpaeniHHsy, Bunyck 46, 2020 45

F
11 /,
] | ’!
Te-18 1 7
] _ p
0.8 4e-18 ] ,!1
] rd
2e-18 /1
0.6 le-18- _ e
] 7e-19 - P
4e-19 ¢
- Tn
047 2e-19
r
1e-19-
' 7e 20
021 s - |
0 2 & 8
T T —— g Ih’l’ﬂ"'m oundien
"""" Abcomomnan oumbea

Pucynox 1 —I'pagpux pynxyuu Ko (Z)

6 0eKapmosoii cucmeme KOOPOUHAM

0o 2

4 6

npu Z € [0; 8]

Pucynox 2 — Memoouueckas u abconrommas

noepewrocmu evruuciernus gyuxyuu Ko ( Z) c

nomowvio paznodicenus Tetinopa npu Z € [0; 8]

Eme oxuH anroput™m BbeMHCICHUS (QyHKOMN KZ(Z) MIPUMEHSIETCS. NpU OOJNBIIMX 3HAYCHUAX

aprymenta. Cienys npenctaBieHuto (16), BUAAM, 9TO MOXKHO 3aI¥caTh

Ko(2)

_4[1-3(2)] |

(18)

OOBIYHO TPUHATO pacCUUTHIBATH 3HaueHWs QyHKuuM beccens JO(Z) IIPpY 3HAYEHUSX ApryMEHTa

OOJIBIINX 8

C ITOMOIIBIO

ACUMIITOTHYCCKOI'O

TIPUOTKEHUS

I (2)=J21(x-2)-[P(z)-cos(¢c)-Q(z)-sin(s)]. rae ¢ = z—%.

CornacHo cripaBouHuKy AdpamouTia u Cturas [10] monuaom P(Z) MMEET NpeICTaBICHNUE:

P(2)

12.32

12.3%.52.72
+

+(-1)

21.(82)°

41 (8z)"*

K12-32 .. (4k=3)7 - (4k -1)

Xankens  [7, 10]:

2
+...-

(2K (82)%

[onuuoM Q(z) cornacko [10] umeer ceyroliee NpeCTaBIeHue

Q(2)-

8z 31(82)

1 17.3%.5% 12.3%.5%.72.¢° .

51 (82)°

+(-1)

k11232 (4k 1) - (4k +1)°

(2k +1)!(82

)2k+1

IIpoBenemM OLIEHKY METOAMYECKONW IOTPEIIHOCTH IPU  BBIYMCICHHUH JO(Z) C IIOMOIIBIO

ACHMIITOTHYECKOTO MPUOMKeHus: Xankens. Tak kak psibl P(Z) uQ ( Z) 3HaKOYepeAYIOLIHUECs, TO €CITN
paccMOTpeTh B MpUOIMKEHNH XaHKeNs (QyHKIUU JO(Z) JUIsL N 4JIEHOB psijia P(Z) ¥ M 4YJICHOB psna

Q(Z) , TO MOXHO CUYHUTAaTb, 4YTO MCTOAUYCCKASA MOrPCIIHOCTb I P(Z) npeacrtaBuMa Kak

m
S|Pn+1(z)| U, COOTBETCTBEHHO, IS Q(Z) - Q(Z)—Z‘iQi(Z)£|Qm+1(Z)| . 3mech
i=

P(z)-2XR(2)

i=1
Pn+1(2) —n+1 -if unen psina P(Z), a Qm+1(Z) —m+1 unen psana Q(Z) .

‘ n
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Ecnu 06038a49nTh yacTHOE NpHOIMKEeHHE XaHKens QyHKIUH J(lJ" (z) xax Hyp (Z) , TO

38" ()~ Hom (2)| =27 (7-2) - [P(2)- cos(¢) —Q(2) sin(s) ] -
_J2I(72) .{%p, (z)-cos(g)—%Qi (z)-sin(g)}
<27 (7 2) [ Pria(2)-c08(5) ~Qmar (2)-sin(s)] <2/ (7-2) -R(2),

R ( Z) = \/ Pn2+1 (Z) + Qr% 1 ( Z) . Oro m Oyger MaKCUMalbHOW IOIPEHIHOCTBIO  METOJa

<

rae
ACHMIITOTHYECKOro NpuommKkeHus Xankens GyHkuun Jg (Z) .

BrerauciaTs 3HaueHUS (pyHKLH/II/I ‘JO (Z) MIIAaHUPYCTCA C MOMOIIBIO ACUMIITOTUYICCKOT'O HpI/I6J'H/I)KCHI/ISI

Xankens npu Z>14,5, To oneHUM aOCONIOTHYIO MOTPEIIHOCTh ISl (BYHKIIMH J(I)-l (Z) B JIAIla30HE
W3MCHCHUS BEJIMUUHBI 2, Z € [14,5; 19,0] JUTSL ClieiyroluX BapuantoB N u M : (14; 13), (14; 14), (15;
14), (15; 15), (16; 15). 3HayeHus: WICHOB psaa P(Z) (P,(Z)) U YICHOB psja Q(Z) (Qi(z)),

NpeHa3HAYCHHBIX JUIS OICHKH METOJMYECKONH MOTPEIIHOCTH aCHMOTOTHYECKOTO MPUOIMKEHUS
Xankens GyHkuun Jg (Z) MIpUBeIEHBI B Tabm. 1 u 2.

Tabnuya 1 — 3nauenus unenos psoa P(Z) (R (Z) Ynpu Z € [14, 5; 19,0]

Pi\z 14,5 15,25 16,0 16,75 17,5 18,25 19,0

P14 3,880E-14 | 9,453E-15 | 2,465E-15 | 6,834E-16 | 2,005E-16 | 6,191E-17 | 2,005E-17
Pis 3,748E-14 | 8,256E-15 | 1,956E-15 | 4,948E-16 | 1,330E-16 | 3,776E-17 | 1,128E-17
P16 4,147E-14 | 8,258E-15 | 1,777E-16 | 4,102E-16 | 1,010E-16 | 2,637E-17 | 7,268E-18
P17 5,210E-14 | 9,379E-15 | 1,833E-16 | 3,862E-16 | 8,710E-17 | 2,091E-17 | 5,317E-18
P1s 7,375E-14 | 1,200E-14 | 2,131E-16 | 4,097E-16 | 8,465E-17 | 1,869E-17 | 4,384E-18

Hcxons 3 nanHbix Tabi. 1 npu 3HadeHusx z <15 menecooOpa3HO B3SITh JJisl BEIYUCICHUS (PYHKIIUH

P(Z) 14 unenos psza; npu Z €(15,0;16, 25] — 15 unieHoB psna, npu Z € (16, 25; 17,5] — 16 uneHoB psia

unpu Z=>17,5— 17 uneHos psna.

Tabauya 2 — 3uauenus unenos paoa Q ( Z) (Q ( Z)) npu Z € [14, 5;19, 0]

Qi\z 145 15,25 16,0 16,75 175 18,25 19,0

Q13 4,166E-14 | 1,067E-14 | 2920E-15 | 8,477E-16 | 2,598E-16 | 8,366E-17 | 2,820E-17
Qs 3,747E-14 | 8,681E-15 | 2,157E-15 | 5,714E-16 | 1,604E-16 | 4,751E-17 | 1477E-17
Qs 3,879E-14 | 8,123E-15 | 1,834E-15 | 4,432E-16 | 1,140E-16 | 3,104E-17 | 8,907E-18
Q16 4,577E-14 | 8,666E-15 | 1,777E-15 | 3,920E-16 | 9,236E-17 | 2,312E-17 | 6,122E-18
Q17 6,109E-14 | 1,046E-14 | 1,948E-15 | 3,921E-16 | 8,463E-17 | 1,948E-17 | 4,759E-18

Hcxons n3 naHHbIX Tabu1. 2 Ipy 3Ha4YeHUIX Z <16 1enecooOpasHo B3SITh Ul BBIYMCICHHS QYHKIMH
Q(z) 14 unenos psana, npu z €(16,0; 17,5] — 15 unenos psaga, npu Z>17,5 — 16 unenos psza.

I'paduik MeTOIMYECKON 1 aOCOMOTHOMN MOTpeHOCTe!N Bhrurciennit pynkimun Ko (Z) C IIOMOILBIO

ACHMIITOTHYECKOTO MPUOIKEHU XaHKeNs TPy U3MEHEHUH BEJIMYMHbI 2, Z € [15; 19] MIPEJICTaBJIEH Ha

puc. 3.
JU1st yMeHbLIEHHs TIOTPelHOCTH Bhluncaennii dynkunn Ky (Z) B auanasone usMeHeHus BETHUHHDI
7, 1€ [4, 6;17, 2] WCIIONB3YIOTCST  MHOrowieHsl  YeObimieBa. VHTeprnonupoBaHue — (GyHKIUU

f (X) eC [a, b] C UCIIOJIH30BaHNEM MHOTOWICHOB UeOrImeBa 6a3upyeTcss Ha MUHIMHU3AIIAN BBIPAKCHIS
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n

N (X) =max [ | (X — X ) myTeM COOTBETCTBYIOLIETO BHIOOpA  Y3II0B UHTEPIOJISIIUH.
k=0
. 1 4 2x—-bh-a
VHTEpNONAIUOHHBIA ~ MHOIOWIEH  MMEET  BHI: P, (X) = E A+ D AT ﬁ , Tae
k=1 -
n ; _
A __2 f(x )w , k=0,n, Ty (X) — k-1t Muorounen YeOkwI1ena.
n+1;5 2n+2

IIpu f(x)eC(n+1)[a,b] OIIEHKa TMIOTPEITHOCTH TpuOmmkeHns YeObllmeBa WMeeT BHJ

- ()< o=
‘f( ) Pn( )‘_22n+l(n+l)!

KoymuecTBa KodpduuuentoB N u amanazoHa [a,b]. [Ipennonaras, 4ro |b—a|=12,6, N BeIOpaHO

1
max‘f(m )(X)‘ [10, 11]. IIpm >TOM BO3HMKAeT MmpobeMa Mmomdbopa

paBHBIM 30, C y4EeTOM TOTO, 4TO mocienHuil wieH psana Apg <&y (e £y — MAIIMHHOE SICUJIOH NP
pacuerax ¢ Tumamu gaHHeIX long double s3pika C++ wu Extended s3pika Pascal). Pacuers
kospummentos A n Ty mpomssommmcs B cpene Maple 18 ¢ mapaMeTpoM KONHYECTBA AECATHUHBIX
mudp, paBasiM Digits=32. [TosTomMy mprMepHas TOYHOCTh BBIYMCICHHUH — HE MEHEe 26 NEeCATHIHBIX

(b-a)™ 31 0,1401-12,63!
<—max‘K2 (z)‘ = 22000000 23878857100, B

T 563
2%°(32)! 2%3(32)!
KauectBe 3HaueHni 8 u D BoiOpansl a =4,6 u b =17,2.
PaccunranHas OqHOBPEMEHHO CyMMa aOCOIFOTHOM M METOJIMYECKON IMOTPEITHOCTEH BHIYMCICHUH B

uudp. [pu sToM, ‘Kz(z)—Psl(Z)‘

JMana3oHe 3HAYCHUIl BeNWYUHBI I, Z 6[4,6; 17,2] BecbMa Mana (CMOTpPH pHC. 4) U COOTBETCTBYET
TEOPETUUECKUM CBEJICHUSIM 00 anmpokcumanuu Yeosimesa [11].

CoBMellIeHHBIE OLICHKH TOYHOCTH BbIUMCIIeHUs GyHKIun Ko (Z) Pa3IMYHBIMU METOJaMH TIOKA3aHbI
Ha puc. 5 u 6. Ha puc. 5 nokazaHo cpaBHeHHe OMIKOOK BbrducieHus: Gpynkimun Ko (Z) C MOMOIIBIO
pasnoxenus Teinopa W amnpokcuMmaruu YeOblieBa npu  Z 6[5,15; 5,4]. OueBHgHO, YTO NpH
Zz <5,288 nexommnosuims Teiiopa UMeeT MEHBILIYIO MOTPEIIHOCTh BBIYHCICHUH, TO ecTh K (Z)
npu 7z <5,288 inyume BbUUCIATH C MOMOIIBIO JeKommo3uuuu Telnopa. A mpu z > 5,288

MEHbIIIasi TIOTPEIIHOCTD BHIYKCIICHNH y anmpokcuManiu YeObimesa, To ectb Ky (Z) mpu z > 5,288
JydIlle BBIYUCIATH ¢ IOMOIIBIO anmpokcuManuu YeObimesa. Takum 00pa3om, JTydIlle BCEro B Ka4ecTBe
TOYKHM Tepexosa ¢ BeruucieHus Ko (Z) METOAOM JeKoMmo3unuu TeWsaopa Ha MeTOX BBIYMCICHUS

K2(Z) C ToMoIIbio ammpokcuMmarmu YeObieBa cnexyer BbiOpate 7z =5,288. Ilpu stom

-18
MaKCHMaJTbHasI IOTPEITHOCTh PHOImKEHHO paBHa 2,63-10 7.
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1e-16-
le17{ ™ le-187
le-18+ I. 1
1e-19+ I
< Ze-18-
15 16 17 18 19 10184
S Ihlﬂﬂ,'m THNPELEHOCTE T T T T T T
-------- ADCOMOTHAR INNPEUROCTE [ 8 10 12 14 16
Pucynok 3 — Memoouueckas u abcontomuas Pucynox 4 — Ilonnasa nocpewinocms 8biuucieHus
nozpewnocmu evruucaenus gynxyuu Ko (Z) c dymrap Ko (Z) € NHOMOWbIO ANNPOKCUMAYUU
nomowwio npubnuscenus Xankens npu 1 € [15; 19] Yebbuumesa npu I € [4, 6:17, 2]

Ha puc. 6 moka3aHo cpaBHEeHHE OMUOOK BeraucieHus QyHkmu Ko (Z) C ITIOMOUIBIO aIMPOKCUMAITUU
YeObimieBa W MpUOMIKEHUsT XaHKeIsT Mpu L€ [16,85; 17,15] . OueBumno, uyro mpu Z<17,004

ammpokcuManyss YeObIlieBa MMeeT MEHBIIYI0 MOrPEIIHOCTh BbIUMCIeHHUH, T0 ecth Ko (Z) pH
z2<17,004 nyuie BBIYKMCIIATH C MOMOIIBIO anmpokcuManuu Yeosiiesa. A npu Z>17,004 menbiast

HOTPEIIHOCTh BhrauciaeHuit Gpykimn K, (Z) C TMIOMOIIBI0 ACHMITOTUYECKOTO MPHOIMKSHUS XaHKeIs
bynkumn Jg (Z), to ecth Kjp (Z) npu Z>17,004 nyuine Beraucisats pyukmmo K, (Z) B TIOMOUIBIO
acHMITOTHYECKOTo pubmKkenns Xankens Gynkunn Jo(2). Taknm 06pasoM, JTydilie BCEro B KauecTe

TOYKHM mepexoaa ¢ Boramcienust Ko (Z) METOJIOM ammpokcuMarui YeOrIieBa Ha METOI BEIYUCIICHUS

pyukim Ko (Z) C TIOMOIIBI0 ACUMIITOTUYECKOTO MpHONMKeHus: XaHkes GpyHKIun JO(Z) clenyer
-18
0 ".

BeiOparh Z=17,004 . IIpu 3TOM MakcHMalibHast IOrPENIHOCTH NPUOIIMKEHHO paBHa 3,97 -1

P

Se-18-

A4e-18-

3e-18- ,
515 5.2 595 513 535 544 1685 169 1695 17 1705 171 1715
Tipssimorermee INMpuieceemse Seboanens
------- Paxnoxessese Tednopa m=mm=== [lpeieceeime Xasmenm
Pucynox 5 — Cpagnenue ouubox auiuucienust Pucynox 6 — Cpagnenue ouubox goiuucienust ynkyuu

gyuxyuu Ky (z) ¢ nomowwio paznoscenus Tetinopa — Ky (z) ¢ nomowwio annpokcumayuu Yebvluesa u ¢

NOMOWBbIO ACUMNMOMUYECKO20 npu6fluofcenwz

u annpoxkcumayuu Heovluteea npu Z 5)151 554
poscuayus Hesmuesa pu 2 €| ] Xankes npu 2 €[16,85;17,15]
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U3 npencrasnenus (16) cieayer, uto npu h— oo QyHKIUS z(r,l,a,h)—>0 u KZ[Z(F,l,a,h)}—ﬂ.

HpI/I TaKOM 3HAa4YCHUU Kz(Z) MHMHHMAJIbHAsT a0COIOTHAS NOrp€IHOCTL BBIYHCIICHUA paBHA

MAIIHHHOMY STICHJIOH TPUMEHAEMOTro I pacueToB Tuma maHHbix Extended s3pika Pascal. TTpumersis
U1t pacdeToB 80-paspsaHBIC YHCIAa C IUTABAIOMICH 3aIaToN, MMeeM 3HAYeHHWE MAITHHHOTO SIICHIIOH

paBHoe &5 =2 =54210-1020 [10, 11].
OTMCTI/IM, 4TO Cpcau 3HaYEHUN Z, HaxoasAmuxcsd B OKPECTHOCTU HYJIA, BaXXHbI TOJIBKO TC, IJIA

KOTOPBIX BCJIMYUHA Kz(Z) oTian4yaeTcsa or 1 Ha BCJIMYUHY, 60J'H>IHyIO & - OTCIO)Ia MHHHUMAJIBHOC

3HAYCHHUE 7 , [Ip1 KOTOPOM BCJIMYUHA K2 (Z) OTJIMYHA OT €ANHUILIBI, OIIPEACTIACTCA HCPABCHCTBOM

Ka(2)-12 ¢ . (19)
2
Z .
Ioncrasmnss Beipaxenue (17) B (19), nomyuaem, —ﬁ + O(Zr?nin) ~ &y , OTKy/a Zrznin r 24 "&p M
2° (2!
Zmin = 22+ \Jeg =9,3132:107 (20)

Ifle BeNMMuMHA Ipjn SABIAETCS HMKHEH TpPaHMIEH W3MEHEHHS I TIPH BBIYHCICHHH KO3(h(UIMEHTOB
obparHoro npeoGpasosannus Oypbe dynkuun PlOP, ¢ (|) B ripesicTapienu (15).

Jls1st Gosiee TOYHOTO BHIYMCIICHUS (PYHKITHN P|0pa,r (X1, X2) crenyer BBIGHPATH GOMIbILEE KOTHEECTBO

pacyeTHBIX TOUYEK 110 CPaBHEHUIO ¢ GOpMYIIOoii (4), a IMEHHO
1 & & T T
Plop, , (xl,xz):—2 > apq COS(? pxljocos(?qxzj, (21)
k p:O q:O
rae K MoHO IIpuHATH paBHBIM 4, 8 uiu 16.

C nenplo OnpeneseHUus] 3HAYEHHS z(r,l,a,h) (mpu h=0), ¢ koTOpPOro Ha4HeM BBINOIHEHHE
NpuOMVKEHHBIX BblaucieHnd (yakumun (15), omeHuMM BenWuuHY (YHKIUU KZI:Z(I’,La,h):I pu

Z —> 40 . [Ipu Gonbimx 3HaueHUsAX I Qynkuuto beccens ‘]0 (Z) MOJKHO 3aMEHUTH aCUMITOTUYESCKUM
/4
npubmmkennem Xaukens [10] Jg (Z) ~ \/2 / (72' Z) -COS| Z— Z . Orcrona, npu Z —> +00 momy4aem

~1—2«/1/7zz(r,l,a,h)< 1

z(r,l,a,h)2 _z(r,l,a,h)z'

CIEIYIOIYIO OLEHKY IJIs Kz[z(r,l,a,h)]: KZ[Z(I’,I,a,h)]

Taxum o6pazom, Ko I:Z(I’, l,a, h):l —0 npu Z >+,
Pacuers! nokassisator, uro PlOP, (Z) < &p yXe Npy 3HaYeHUsX I, Gonpmmx, yem 6287 .
Takum 06pa3oM, B KAUECTBE MAKCUMAIBLHOTO 3HAYEHUS JUIS z(r, l, a,O) MOYHO TIPUHSATH BETMYUHY

Imax =028 7 (xax st ciydas o6branoit pynkuun P1OP ( Z) ).
Jlns Toro, 4yToObl OLEHHUTH MaKCHMaJbHOE KOJIMYECTBO JIEMEHTOB mpousBeneHus (15) dpyHkimu
PI6P, (), Botuncoam

z _ 6287 12
nn:loga[ﬂj =logy| ———————— |~log, (2,1184-10").
min | 9,3132.10710 a( )

Tak, nus 8 =2,0 Bemuunua NN~ 40,946 , nns a=2,5 — nn~30,975 , m1t a=3,0 — nn~ 25,834 ,
IS a=4,0 - nnz20,473,a)1n;[ a=50 - nn=17,635 .
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Orcrona 1yist NPUOJIMKEHHBIX PACYETOB QYHKIMH Plﬁpa,r (Z) dopmyiy (15) MOKHO 3aMEHUTH Ha
bopmyy
. nn
PI6p, r (1)~ 1T Kz[ z(r.1,a,h)]. (22)
h=0

®dopmyna (22) naeT BO3MOXKHOCTh PaCCUUTATh MPHOIMIKEHHOE 3HAYCHUE (PYHKIIUN Plopa, r (I ) u
MOCTPOUTH €e TpaduKu IS Pa3InYHBIX 3HAUYCHUH mapameTpa a , (cMm. puc. 7). ['paduku abCOTOTHBIX
ommGoK OKpyriuenus npy Beranciennn Gpynkunn PlOP, (l) JUTSL pa3JIMYHBIX 3HAYCHUH MapaMeTpa
a npu I =1 npusenens Ha puc. 8.

IToce 3amenst Gopmynsr (15) mpubmmkenHoi dopmynoi (22) B dopmyne (21) Taxke MOXHO
3aMEHHTh BEPXHHE TPAaHUIBI CYMMHpPOBAHUS KOHEUHBIMH BEIMYMHAMH, IO TapameTpy [P 3To

M=K Zyax /7, a mo mapamerpy ( 310 «/mz — p2 (Bce Touku mpeoOpazoBaHusi Dypbe HOJIKHBI
HAaXOJHUThCA B Kpyre paaumyca M, unaue Gynxuus Plop, ( (X, Xp) He Gyzmer pagmansHoit). [Ipu k=8
¢dopmyna (21) IPUBOAUTCS K CICAYIOUIEMY BUAY:

1 mAmop? V4 V4
Plopa’r(xl,xz)z—z- 2. 2 Upqcos| =-pxg [COS| —-0Xy |.  (23)
8~ p=0 q=0 8 8

Oynxuus Plopy ¢ (Xl, X2) (23) sBnsieTcs paauaTbHON, IKBUBAJIEHTOM KOTOPOH OyIeT OqHOMEpHAs

/N
2 2 o
GbyHKIHS P|Opa r (V) (mpu V=+/X{ +X5 ), nmocrpoeHne KOTOPOil MOXKHO OCYIIECTBHTH IO
crienyromei popmyre:
2

A 1 mym —p T T
Plopa’r(v):8—2- > U pq COS pgv cos qg-O . (24)
p=0 qg=0
~. . 19 20 30 4
1 le-17
-1 le-18
le-1 1e 19
le-2
le-20
1e-3
1e-21
1e 05
le-22
1e- 06
1e-23
le-07
=20
— a= 2.[' IIIIIIIIIIIIIIIIIIIIII a — ="
—— 238, T 3=33
------- a=25h mm————— g =2Ah
T T L] a:3ln ----- 323.“
— e — 324.“ — e — ﬂ=4.“
Pucynox 7 — Ipaghuru drymiyuii Plﬁpa,r (|) ons Pucynok 8 — Abcontomnasn owubxa oxkpyeienus

. wi P16p 1) ona paznuunsix snauenuii
pazuunblX 3Havenuii napavempa a , npu ¥ =1, Py pa,r( ) p

|e[0;40] napamempa Q ,npu =1, |e[0;40]
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Takum 00pa3oM, BeIMHUCIEHHS (QYHKIIHU PlopayIr (Xl,XZ) JJI IBYX NEPEMEHHBIX MOXXHO CBECTH K

3-r-a

2(a—1)} . Anroputm

N
serancenmio pyuxmmn Plop, (V) ams oxmoit mepemennoii V, rae V€ [O;

3-r-a
2-(a-1)

y371aMH, BBIYMCIMM B HHX 3HaueHUS (YHKIMM W pPAcIoONOXKHM HUX B BHUAe MaccuBa (¢aiina).

BBIYUCIICHUH OyJeT CIEAYIOMUM: pa3o0beM OTPE30K {0; } PaBHOMEPHO paclpeelIeHHbBIMU

N
Ipoussonsroe 3Hauenne dynximu PlOp, (V) GyaeM BBIMHCIATH ¢ MOMONIBIO HHTEPIIOJISHA

Jlarpamxka maHHOW (QYHKIHMM 1O PaBHOMEPHO pacmhpereneHHbIM y3nam [9]. C menpio yMEeHbBIICHUS
MOTPENTHOCTEH, BO3HUKAIONIUX MPH UHTSPIIONSAUY (B OTIEPAIMIX JICICHHS), 32]1a6M KOJIUIECTBO y3JIOB,

paBHOE 3- 2K=1 e k MoxHO MIPUHATH paBHBIM 15 niwm 16.
as
TTpu 3amene dpopmyist (21) Ha dopmysy (24) npu Beraucienun Gynxiun Plop, (V) tounocts ee
BBIUHCIICHHS 3aBHCHT OT MapaMeTPa Zn, ,» AT Ooliee KOPPEKTHOTO ONpPEAECNCHHs 3HAYEHUs JaHHOU

BEJIMYMHBI MOXKHO BBISICHHUTH, KAKHE MAKCUMAIIbHBIE H3MeHeHus B 3Hadenue Gpynxauu Plop, , (Xl, X2)

BHOCHT CJIOH JBYMEPHOro mpeoOpa3oBaHus Dypbe ¢ TPAHULAMH OT Zp,, AO Zmay +h. VIHade rosops,
HY’>KHO HaliTH MaKCHUMYM BBIPaXEHUS

' 2
1 m2 - M Nm P Vs Vs
8_ Z Upq cos( ple cos( qsz > U pq -cos(g ple-cos(gqxzj ,

p=0 g=0 p=0 q=0

Hl\)
N

TAC My = Zmay -8, My =(Zmax +N)-8. PacueTs! JaHHOTO BBIPAXKEHHS CO 3HAYCHUAMH Zpy,, B JHAMA30HE

[3507z; 18507[] u N=507 nns pasnuuueIX 3HAYEHNMI MapaMeTpa @ TpPHUBEAEHH! B Ta0M. 3.

N
Tabauya 3 — Maxcumanshoe pasmuuue snavenuii Plop, (V) npu usmenenuu 2,y npu pasiutnbix 3Ha4eHUaX

napamempa a u r=1

['panuue! cnost
Zmax 7501 a=20 a=2,25 a=25 a=30 a=4,0
Zmax
3007 350m 5,421E-20 2,168E-19
350n 4007 0 1,084E-19 | 3,036E-18
4007 4507 1,084E-19 | 3,253E-19
4507 5007 2,711E-20 | 2,168E-19
500 & 550m 0 2,168E-19 3,947E-17
550m 6007 2,168E-19 1,735E-17
6007 6507 1,084E-19 6,831E-18
65071 700n 2,711E-20 2,711E-18
7007 7507 0 1,518E-18
7507 8007 7,589E-19 7,137E-15
800x 850 3,253E-19 | 4,446E-15
850 9007 2,168E-19 | 2,457E-15
900x 950 2,168E-19 1,132E-15
950n 10007 2,168E-19 6,786E-16
10007 10507 2,168E-19 3,121E-16
1050% 1100% 2,168E-19 1,835E-16
1100% 1150% 2,168E-19 1,239E-16
1150%n 1200xn 2,711E-20 | 7,394E-17
1200xn 1250n 2,711E-20 | 6,288E-17
1250n 13007 1,084E-19 3,979E-17
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IIpooonscenue madauyor 3.

13007 1350n 2,776E-17
1350 14007 1,952E-17
14007 14507 1,041E-17
1450 15007 7,156E-18
15007 1550n 4,120E-18
1550n 16007 2,494E-18
16007 1650 1,843E-18
1650n 17007 1,301E-18
17007 1750n 9,758E-19
1750n 18007 8,674E-19
18007 1850n 5,421E-19

ITonGepem Ha OCHOBAHHMH JAaHHBIX TA0J. 3 3HAUEHHUS 7,5, , IPH KOTOPBIX Oy/1€M NPOU3BOJUTH OLIEHKY

VAN
TOTPELIHOCTH BbIYMCIeHHs cemelictea Gynkimii Plop, (V) (npuBomsres B Tabu. 4).

N

Tabnuya 4 — 3uavenus Iy, , NO00OpanHble Ol OYEHKU NOZDEUHOCIU GbIYUCTEHUS (PYHKYUU P|0pa r (V) npu

PasnudHbiX 3HAYeHUusIX napamempa a u r =1

[Tapamerp a 2,0 2,25 2,5 3,0 4,0

Zmax 350 500m 700m 1250n 1800

N
I'padmkn aGCOMIOTHBIX TOTPENTHOCTEH NMPHU BHIYUCICHWU CEMENCTBa (PYHKIHN Plopa,r (v) npu

yKa3aHHBIX B TaOJ. 4 3HAYEHHAX BEJIMUUHBI 7, NPHBEAEHBI HA pHC. 9.

IIpuBenennsbie B Ta0J1. 3 1 Ha pHC. 9 pe3ynbTaThl AAI0T BO3MOKHOCTD OLIEHUTH MTOJIHYIO MOTPEIIHOCTh

N
BBIUMCIICHUS (YHKITHH Plopa r (v) [IPH pa3jIMyYHBIX 3HAYCHUAX MapaMerpa a (cM. Tadi. 5).

Ta6ﬂut;a 5 — Maxcumanvnvie Memoduuecmﬂ, abconiomnas u NoOIHASA nocpeuwHocmu 6bl4uUcCileHus d)yHKL{uu

N
PlOpa’r (V) npu pasiuuHblX 3HA4YeHUAX napamempa a u r =1

[Tapametp a 20 2,25 2,5 3,0 4,0
Merommyeckas 0 0 0 1,084E-19 5,421E-19
MOTPEITHOCTD
AbcomoTHas 2,139E-17 | 2,237E-17 | 2,371E-17 | 2,710E-17 | 3,424E-17
HOFpeH_IHOCTL
IlosHas OTPENTHOCTH 2,139E-17 2,237E-17 2,371E-17 2,721E-17 3,479E-17

I'paduxu QyHKIMIA Plopa,r (Xl,Xz) IpY Pa3IUYHBIX 3HAYCHUSX NapameTrpa a IPHUBEICHBI Ha

puc. 10.

N
Kax yxe yKasbIBaIoCh BBILIIE, IPON3BONIbHOE 3HadeHue Gpynkmmn Plop ar (V) momydaem ¢ momorpio
uHTepnonsanuu Jlarpamwxka mo cxeme Oiftkena [9, 7]. Ilo pe3ynpTaTaM HOTpEeHIHOCTEH pacueToB B
KayecTBe Hamboiee ONTUMaIbHOW i KOJMYecTBa y3710B, paBHoM N=49152, BpiOupaem

IIECTUTOUEYHYIO cXeMy DITKeHa, MM IATUTOYEUHYI0 cXeMy DITKeHa IIpH 3HaueHusAX napamerpa a < 3
(cm. Tabu. 6).
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N
Pucynox 9 — Abcontomnuie nozpewnocmu npu 8bIYUCIEHUY CeMelcmaa QyHKYui |::'|Opa’r (V) npu pasnuyHuIx

3HayeHuAx napamempa & u r=1, R= 3a/[2(a —l)]

Tabnuya 6 — MaxcumanvHvle nocpewinocmu UHMEPHOIAYUOHHBIX cXeM DUMmKeHa npu UHMepnoIayuu QyHKkyuu

N
PlOpa’r (V) npU pasiuuHbIX 3HAYEeHUAX napamempa a u r =1

3HayeHue A u
4-x ToueyHast 5-TH TOYEUHAS 6-T TOUEeUHAS 7-TH TOYEHHAS
OKBHBAJICHTHOC cxeMa DHUTKeHa cxeMa DiTkeHa cxeMa DHTkeHa cxeMa DHTkeHa
3HadyeHue R
2,0 (R=2,0) 2,4069E-17 3,7947E-19 3,7947E-19 4,3368E-19
2,25 (R=1,8) 3,5128E-17 5,4210E-19 5,4210E-19 5,4210E-19
2,5 (R=5/3) 5,2150E-17 7,5894E-19 7,5892E-19 7,5894E-19
3,0 (R=1,5) 1,1362E-16 1,3010E-18 1,3010E-18 1,4095E-18
4,0 (R=4/3) 4,6306E-16 2,0600E-18 1,9516E-18 1,9516E-18

IIpu cpaBHeHMM JaHHBIX, OTOOPaXEHHBIX Ha puUC. 9 W B Tabm. 6 BHUIHO, YTO IOTPEIIHOCTH
HMHTEPIOJIALUOHHON CXeMbl DUTKEHA ¢ KOJMYECTBOM Y3JI0B, PABHBIM IIeCTH (IIATH), puMepHO B 15-20
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N
pa3 MeHbIIe MOJIHON MOTPEIHOCTH BBIYHMCICHUH (QyHKIMN F"ODa’r (V). Kpome Toro maHmyio cxemy

NPUOTMKEHHS B KAKOH-TO MEepe MOYKHO CUHTATE CrIaKUBAONUM GuiIsTpoM [9]. TTosTomy mpeiaraercst
JIAHHOW MOTPEITHOCTHIO MPEHEOPEYb.

14

a=3,0; R=15 a=4,0 R=4/3

Pucynox 10 — Ipachuxu ¢ynrkyuii P|0pa,r (X]_, X9 ) npu pasiuyHbIX 3HavYenuax napamempa a u r=1

4. BeIBOABI
HoBu3HOW TOYIEHHBIX PE3YyIbTATOB SBIAETCS TO, YTO MOAUGPHUITUPYETCS aITOPUTM BBIYHCIICHHUS

byHKIUH KZ(Z) C TMOMOUIBIO anmpokcuManuu YeOblmeBa, Oonee TOYHO HailieHbl aOCOJIOTHBIE U

N
MTOJTHBIE TIOTPEITHOCTH BBIYUCIICHUH (DyHKITHI Plopa r (N MIpH 3HAYEHHUSAX MapaMeTpa a , paBHBIX 2,0;

2,5; 3,0; 4,0. IlpuBeaensl rpaduky aOCOIOTHBIX MOIPEITHOCTEH BRIYUCIICHUH 1 3HAUYCHUM (DYHKIUI TpH
YKa3aHHBIX 3Ha4YeHUsAX a . [lokazaHo, YTO MPUMEHEHHWE WHTEPIOJSIMOHHOTO anroputMa Jlarpanxa

(H_ICCTI/ITOLIGLIHaH NI IIATUHTOYCYHAasA CXCMbI 3ﬁTKeHa) I OMnpeACJICHUA MPOU3BOJIBHOIO 3HAYCHUA

bynxumn Plop, (Xl, XZ) IIPAKTUYECKH HE BIMACT HA €€ TIOTPEITHOCTh BEIYMCIICHHUS.
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Bce atn YIAy4qlI€HUA aJITOPUTMOB MNPHUBEIN K YMEHBUIICHUIO IMOTPEIIHOCTU BBIYMCIICHUS (I)YHKI_II/II/I

F’lopa,r (Xl, X2) Gosiee ueM B [1Ba pa3a MO CPABHEHHIO C arOPUTMOM BbrurcieHus Gynkipn Ko (Z)

0e3 anmpokcumanuu YeOblesa.

o0~

~

10.

11.

o o

10.

11.
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Pazpaboran ruOpuIHBINA aJanTUBHBIM METOJ MOWCKa KOpHEeH Hernaakod (yHKLIUH OJHOW IepeMeHHOH. MeTox nmpuMeHeH K
PEIIEHNIO XapaKTePHCTHIECKOTO YPABHEHUS B 3aJa4e ONpeIeNIeHUs] COOCTBEHHBIX 9acTOT KOIeOaHNH XKHUIKOCTH B pe3epByape,
umeronieM ¢Gopmy obomouku Bpamenus. [IpuBenena GopMyarpoBKa yKa3aHHOH 3aadd, U pa3padOTaH METOJ CBEICHHS 3TOU
3aJa4d K PENICHWIO0 HEIMHEHHOTO ypaBHEHHS, KOTOPOE SIBIISIETCS XapaKTEPHCTUYECKHM JUIS COOTBETCTBYIOMIEH MPOOIEMEI
cOOCTBEHHBIX 3HaUeHni. ONHCaH alTOPUTM aJaNTHBHOTO METO/a IMTONCKA KOPHEH HerIanakoi (QyHKINH, KOTOPBI OCHOBAaH Ha
rHOpUIM3alMi  M3BECTHBIX MeTOJOB. IIpoBeleHO cpaBHEHHE pe3yJabTaTOB BBIUMCICHHH KOpHEH (YHKILMHA, KOTOpbIe
MPOBOJVIIMCH C TIOMOIIBIO METOJa TMXOTOMHUH, MeTola «3/5» 1 pa3paboTaHHOTO MeToja. Y CTaHOBJIEHO, 4TO 3P (EeKTHBHOCTH
MPEJIOKESHHOTO MeTo/1a TpeBbiiiaeT 3(h(HEKTHBHOCT, 000MX METOAOB - TMOPHINEHTOB. PaccMoTpeHa 3amada 0 KoieOaHUsIX
JKHJKOCTH B JKECTKOM IMJIMHIPUYECKOM pe3epByape. [IpoBeieHO cpaBHEHHE pe3yJbTaTOB pacdyera 4YacToT KoJjeOaHWi
JKHJIKOCTH C TIOMOUIBIO Pa3JIMYHBIX METOIOB.

Knrwouesvie cnosa: 2ubpudnviii a0anmuseHuili Memoo, KOPHU He2NA0KUX @OYHKYUll, KOoNeOaHus JHCUOKOCMU 6 IHCEeCTKUX
pe3epayapax, Xapakxmepucmuyeckoe ypasHeHue

Hybrid adaptive method for finding the roots of a non-smooth function in
the problem of determining the natural frequencies of fluid vibrations in

reservolrs
D.V. Listrtova, T.V.Medintseva, G.A. Sheludko
Listrova Daria Student
V. N. Karazin Kharkiv National University,6 Peremohy place, Kharkiv,
Ukraine,61022
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Ukraine,61022
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Institute of Mechanical Engineering Problems A. N. Podgorny NASU, st.
Pozharsky, 2/10, Kharkiv, 61046, Ukraine

The article proposes a hybrid adaptive method for finding the roots of a non-smooth function of a single variable. The
algorithm of adaptive root search method for non-smooth functions is presented. It assumes both adaptive reduction of a search
step, and changing the search direction. It is found that the proposed approach allows us to detect the root even in the presence
of a point of inflection. That is, for example, impossible for the Newton method. The accuracy of finding the root by using the
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proposed algorithm does not depend on the type of functions, the choice of the initial approximation; the method allows
finding the root with the given accuracy in any case. The comparison of the results of the root calculations is performed by
using the dichotomy method, the "3/5" method and the proposed algorithm. It is established that the effectiveness of the
developed method exceeds the efficiency of both hybrid methods when they are applied separately. The developed method is
applied to the solution of the characteristic equation in the problem of determining the natural frequencies of oscillations of a
liquid in a rigid tank having the form of a shell of revolution. The fluid in the tank is assumed to be perfect and incompressible,
and its motion caused by the action of external loads is eddy. Under these assumptions, there exists a velocity potential to
describe the fluid motion. The formulation of the problem is given and the method of its reducing to the solution of a nonlinear
equation is presented. This equation is a characteristic one for the corresponding problem of eigenvalues. The methods of
integral singular equations and the boundary element method for their numerical solution have been applied. The problem of
fluid oscillation in a rigid cylindrical tank is considered. The results of numerical simulation of the fluid oscillation frequencies
obtained by different methods for different number of nodal diameters are compared. It is noted that if the root of the
characteristic equation is localized by using approximate methods, then its refinement can be carried out by using the proposed
approach.

Key words: hybrid adaptive method, roots of non-smooth functions, fluid oscillations in rigid reservoirs, characteristic
equation.

I'iOpuaHuil aganTUBHUHA METO/ MOLIYKY KOPEHiB HerJiaakol QyHKuUil B
3a1a4i BU3HAYEHHS BJIACHUX YACTOT KOJIMBAaHb PiIUHU B pe3epByapax

J.B. JlictpoBa, T.B. Meninuesa, I'.A. lllenynpko

JlicrpoBa Hdap’sn  Cmyoenmka HABYANLHO-HAYKOBO2O I[HCMuUmMymy Komn 'iomepHoi @isuku ma
BagumiBna enepeemuxu ynisepcumemy im.. B.H. Kapa3zina

Inowa Ceoboou 6, m.Xapkis, Yrpaina, 61022
Meainnesa Tersina Cmydenmka HABYANLHO-HAYKOBO2O [HCMUMYMY KOMN tomepHoi ¢hisuku ma
BoJiogumupiBua enepeemuxu ynisepcumemy im.. B.H. Kapa3zina

Inowa Ceoboou 6, m.Xapkis, Yrpaina, 61022
Hleaxyabko Teniit  Haykosuui cniepobimnuk
ApTemMoBHY Incmumym npobaem mawunoyoysanns im. A. H. Iliozopnoco HAHY, eya.

Hooicapcwroeo, 2/10,Xapokis, Vrpaina, 61046

B crarti 3anporoHoBaHO TiOpuIHMI aganTHBHHN METOX IOIIYKY KOpeHIB Hernaakoi ¢yHKil oxHiei 3MinHoi. HaBeneno
ITOPUTM aJaNTHBHOTO METOJY IOIIYKY KOpPEeHIB Hernagkoi (yHKIIi, sSKMi 3aCHOBaHO Ha TiOpuau3aiii AEsKMX BiOMHX
METOJIB BH3HAYCHHsS KOpEHIB (GYHKIiH OHi€i 3MiHHOI JOBITBPHOTO BHUIJISIY. 3aMpONOHOBAaHO 3acO0M SK aJalTHBHOTO
3MEHIIEHHA IIary IOIIyKY, TaK i 3MiHH HampsMKy. BCTaHOBIEHO, IIO 3alpOIIOHOBAHWI MiAXil JO3BOJISIE BUSBISTH KOPiHB
HAaBITh NPU HASBHOCTI TOYKU MEPETHHY, 1110, HANPHKIAA, HEMOXKINBO A1 MeTony HetoToHa. TOOTO, TOYHICTh 3HAXOMKEHHS
KOpEHs 3a JOIIOMOTOI0 3allPOTIOHOBAHOTO AITOPUTMY HE 3alIeKUTh Bif BUAY (yHKIIi, BHOOPY MOYAaTKOBOTO HAOIMKEHHS,
METOJ B OyIb-IKOMY BHIAQJIKy 3Haie KOPiHb 3 3aJ]aHOI0 TOUHICTIO. [IpoBeeHO MOPIBHSIHHS Pe3yNbTaTiB 00UYNCICHb KOPEHIB
(yHKIIIH, AKI TPOBOJMIMCS 33 TOTIOMOTO METOIY AUXOTOMIl, MeTomy «3/5» 1 po3pobieHoro arroputMy. BeraHoBieHo, 1110
e(eKTHBHICTh 3aIIPONIOHOBAHOTO METOY MEePEBUIYE e(hEeKTUBHICTh 000X METO/IB — IiOpilieHTOB, KOJIM BOHHU 3aCTOCOBYIOThCS
okpeMo. Po3poOnennit MeTos 3acTocoBaHumil 10 PO3B’sSI3aHHS XapaKTEPUCTUYHOIO PIBHSHHS B 33/1aui BU3HAYEHHS BIIACHUX
YacTOT KOJIMBAaHb DPIUHUA B KOPCTKOMY pe3epByapi, 1o Mae ¢GopMmy 0O0OJOHKH oOepTaHHsA. BBaxkamoch, 10 piauHa B
pe3epByapi € iearpHOI0 Ta HECTUCIHUBOIO, a ii pyX, BUKIMKAHWU Mdi€l0 30BHINIHIX HaBaHTaXeHb, € 0e3BUXpOBUM. B mmx
YMOBaX iCHYy€ ITOTEHIIiaJl MIBHAKOCTEH AJsl OMUCYy pyxy piamHu. HaBemeHo ¢opMmymoBaHHS 3a3HaueHOl 3a/adi Ta BKa3aHO
METOJ 3BeACHHS i€l 37a4i 10 pO3B’SA3aHHS HENIHIIHOTO PIBHAHHSA, IO € XapaKTEPUCTHYHHM PIBHSAHHSAM JUIS BiATOBITHOI
npo0IeMH BIaCHUX 3Ha4eHb. [IpH 1[bOMY 3aCTOCOBYBAJINCH METOH IHTETPAJbHUX CHHTYJSIPHUX PIBHSHB Ta METOJ TPAaHUYHUX
EJIEMEHTIB U 1X YHCIOBOTO pO3B’s3aHHsA. PO3MISIHYTO 3amady PO KOJMBAaHHSA PIAMHM B SKOPCTKOMY IMITIHIAPUYHOMY
pe3epByapi. [IpoBesieHO MOPIBHIHHS pe3yNbTaTiB PO3PaxXyHKy 4acTOT KOJMBAHb PIAMHH, OTPUMAHHUX PI3HUMH METOIAMH, IS
pi3HOi KiJBKOCTI BY3JIOBHUX JiaMeTpiB. Bim3HaueHo, 10 SKIIO JIOKATi30BaHO KOPiHb XapaKTEPUCTUYHOTO DIBHSHHI 3a
JIOTIOMOT010 HaOJIM)KEHUX METOAMK, TO Or0 YTOUHEHHS MOXKe OYyTH 3/1ifICHEHO 3 BUKOPHCTAHHSM 3alPOIIOHOBAHOTO MiAXO/Y.

Knrouosi cnosa: 2ibpuonuii aoanmuenuti memoo, KopeHi He2laoKux QyHKyil, KOIUSAHHs PIOUHU 8 JICOPCMKUX pe3epayapax,
Xapaxmepucmuune pigHsIHHSI

1 Beenenue

3amaun mowWicKa KOpHEW (YHKIMHA TPOU3BOJIBHOTO BHJA BO3HHKAIOT BO MHOTHX HHXKEHEPHBIX
MIPUJIOKEHUSAX, TIPY PEUIeHUH IKCTPEMANbHBIX 3a7ad. B 3ajadax momcka ONTHMAaJbHBIX MapamMeTpoB
3JIEMEHTOB KOHCTPYKLHMH Ipouenypa HaxOXICHHS KOPHEH W 3KCTPEMyMOB HETVIAAKHX (YHKIUHA
SBJISIETCS] OJTHOM M3 COCTaBISIONIMX METOJa ONTHMM3anuu. Tak, B padore [1] momoOHbBIE TpoIieTyph
WCIIONB30BaHbl TPW PEIICHWH 3a7add 00 OmNpeeNieHHH ONTHMAaJbHBIX IapaMeTpoOB JIETATENbHOTO
amnmnapara, KOTOpble pEryJIMpyoT AUHAMUKY MojieTa. B [2] ¢ moMolpio METOI0B JTOKaIN3alui KOpHEH
M DKCTPEMYMOB MOJYYEHbl ONTHMAJIbHBIE MapaMeTpbl KPYHMHOTa0APUTHBIX BETPOYCTAHOBOK. 3aaadu
OTCTPOWKH amlmapaTypsl OT HEXENATeNbHBIX PE30HAHCHBIX YacTOT NPUBOAAT K HEOOXOIWMOCTH



Bulletin of V.N. Karazin Kharkiv National University
58 series «Mathematical modeling. Information technology. Automated control systems» issue 47, 2020

HaXOXKJIEHUS] KOPHEW XapaKTepucThdecknx ypaBHeHHid. B [3] paccmoTpena 3amada o6 ompeneneHUH
COOCTBEHHBIX YacTOT COCYIIOB BBICOKOTO [ABJICHUS, YACTUYHO 3alOJIHEHHBIX JKUAKOCTBIO, B [4,5]
ompesiesicHbl COOCTBEHHBIC 4YacTOTHI KOJNEOAHWN JKUJIKOCTH B IIMIIMHAPUYECKUX O00JOYKAX MpH
HAJIMYUHA KOJBIEBBIX M KOHWYECKHX MEperopofok. /laHHas cTaThsl MOCBAIIEHA MMOCTPOCHHUIO HOBOTO
s dekTnBHOTO BapWaHTa MOWICKAa KOPHA (QYHKIHHW OJHON mepeMeHHoW. Ha ceromHsmuuii 1eHb
CYLIECTBYET TOBOJIEHO MHOTO METOJIOB HaXOXKACHUS KOPHS (YHKUIUH OIHOW MEepeMEHHOH, KOTOpbIe
o0namatoT pazHOW IPPEeKTUBHOCTHIO, a TaKKe€ HMMEIOT CBOM IPEHMYIIECTBA W HEIOCTATKU: OIHH
TpeOyIoT OONBIIET0 BPEeMEHH JUIA pacdyeToB, HO B3aMEH MAlOT Oojiee TOYHBIA pe3yNbTaT, APYTrHe
pacxonyloT MEHbIIE pecypcoB B ymepd TouHocTH [6,7]. IlocKonbKy YenoBeYecTBO MPOAOIIKAET
pa3BUBATBCS U CTPEMUTHCS K COBEPILIEHCTBY 10 MEpPE CBOETO Pa3BUTHUS, A0 CUX MOP pa3padaThIBAIOTCS
HOBBIE METOJABI, KOTOpblE [aBamu Obl Hanbojee TOYHBIA pe3ynbTaT C  HaWMEHBIIEH
pecypco3arpatHocThio [8,9]. B aT0l cTaThe mpeniokeH HOBBI METOA, KOTOPHIN yaaJloch pa3padboTarts,
OMHpasiCh HAa YK€ CYMECTBYIOUIUEC aITOPUTMbI TOMCKAa KOPHS HEIWHEHHON (QYHKIUM OJHOM
nepemeHHoi [10], myTeM KOMOMHHPOBAHHUS PA3TUYHBIX METOIWK C IENBI0 JOCTIKEHHS HAMITydIIero
pe3ynpTaTa. MeTox MpHMEHEeH K YTOYHEHHOMY pacdyeTy 4YacTOT KoJeOaHWH >KUAKOCTH B IKECTKOM
UUITMHIPHYECKOM pe3epByape.

2 O01as NOCTAHOBKA 32124 0 KOJIe0aHMsIX KUIKOCTH B KeCTKOM pe3epByape U CBeleHHe ee
K pellleHNI0 HeJINHEHHOT0 YpaBHEeHHA

PaccmatpuBaercs jkecTkast 000JI04UKa BpAIEHUs], YACTUYHO 3all0JHEHHAs UIeaIbHOW HeCKUMaeMOon
JKUJKOCTBIO, puc.2.1.
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Puc. 2.1. Obonouku epawenus, cooeparcaugue H#uoKoCcmp

3,Z[GCB 80181 - CBOGOI{Haﬂ MOBCPXHOCTh JKHUJAKOCTH MW CMOYCHHAA IOBCPXHOCTH 000IIOUKH.

[Ipenmonoxum, 4To ¢ 000JIOUKOH CBsI3aHa JeKapTOBa cucTemMa KoopauHaT OXYz, Ipu 3TOM CBOOOIHAS
MTOBEPXHOCTH JKUIKOCTH B COCTOSIHUH TIOKOSI COBIAJIAET C MIIOCKOCTHIO Z = H, H — ypOBEHb 3aNIOJTHEHHS
000JI0YKH KHUIKOCTHIO.

IIpenmonaraercs, 9T0 KHUIKOCTh HWAEaJbHAs, HECXKHMaeMas, a €€ JBIKEHHe, WHAYIHPOBAHHOE
BHEIITHUMH BO3AECUCTBUSAMH, ABIISIETCS 0€3BUXPEBBIM. [Ipr 3TOM MOXHO BBECTH MOTEHIIHAT CKOPOCTEN
@, ynosnerBopsitomnii ypasHenuto Jlarutaca [4]. Torma npobnema omnpeaeneHns COOCTBEHHBIX YacTOT
KHJKOCTH B 000JI0YKE CBOJIUTCS K CIIEAYIOLIEeH KpaeBoi 3a/1aue JUIs 3TOr0 ypaBHeHHs [5]:

2
somo, DU g0 o o0
S on

at2S on

-0. 2.1)

Sy

3nmech N - BHEUIHSS €AWHUYHAs HOPMalbh K PaccMaTpUBaeMOW IOBEPXHOCTH, § - YCKOpEHHUE
cBOOOJIHOTO MajieHus, t - Bpems.

s 0THO3HAYHOM Pa3peIIMMOCTH yKa3aHHOW KpaeBOH 3aJaun HEOOXOAWMO BBHINOJIHEHHE YCIOBUS
Heiimana B Bune
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oo
—dS, =0. 2.2
J. on 0 ( )

TpeOyercst HATH 9acTOTHI U (POPMBI KOJIEOAHUH KUAKOCTH, 3aITOTHAIONIEH 000I0UKY.
[Mockonbky paccMaTpuBaeTcs 3a/1a4a 0 KOJIEOAHUIX KUIKOCTH, HEM3BECTHBIN MMOTEHIMAT CKOPOCTEH
® MOXHO IPEJCTABUTH CICAYIONIUM 00pa3oM:

o(r,t)=p(r)e'™, i?=-1, r=(xy,2). (2.3)
Torna kpaeBas 3amaya (2.1)-(2.2) ceoautcs kK mpodiaeMe COOCTBEHHBIX 3HAUCHUH
9| _ o 90 o9
Ap=0, 22| =2 ¢, 2 _o Lds, =0. 2.4
=0 Fnk g o, ﬂ ) (2.4)

OTHOCHTEIILHO COOCTBEHHBIX YacTOT . J{yist onpeeeHust (byHKum/I () MCTIOJIb30BaH METO/] TPAHMYHBIX
3JIEMEHTOB B TpsAMOil (hopmynupoBke, paspabdorannbiii C. Brebbia B [11]. TIpu 3ToM ucmosb3yercs
HUHTETPAIbHOE MPEACTABICHUE

2mp(Py) J'J' J’J‘ dS S=S,US (2.5)

0 ¢ 091 :
on r(P,R) r(P, PO ’

B KOTOpPOM TOYKH P W Py HaxoJsaTCsl Ha TOBEPXHOCTH WHTETPUPOBAHHS M TPEACTABISAIOT COOOI
TEKYIIYIO TOYKY Ha MOBEPXHOCTH M TOYKy Koyutokaiu [11], r(P,Po) — mekapToBO paccTosiHUE MEXITY
yKazaHHbIMH To9kamu. C HCmoiib30BaHUeM (2.5) U BBeIEHHEM WHTETPANBHBIX oreparopoB A, B, C, D,
F amanoruuno [5]

1
Ap = 27T|(P+J‘J.<P—W B¢0—I_[¢o—d5 C(Po—”(Po ( )dS
dS F —dS 2.6
MIPUBOMUM KpaeByro 3amauy (2.4) k CJICI[YIOHICI/I OTIepaTOPHOH (bopMe:
2 2
Aq>=%Bcpo—Cq>o. Poesl,D(p=2nlcpo—%F<po, Py <So.- (2.7)

B dopmynax (2.6) u (2.7) pyHKIHUN Qo U @ TPEACTABIAIOT COOOH HEN3BECTHBIC 3HAYCHUS IMOTEHIIHAIA
CKOpocTeil Ha CBOOOJHOW W CMOYEHHOH ITOBEPXHOCTSX, OTPAaHMYHMBAIOIINX OOBEM IKHUAKOCTH,
COOTBETCTBEHHO. VICKIII0OUMB M3 ypaBHeHHi (2.7) QYHKIHMIO @, IPUXOAUM K MpobiieMe cOOCTBEHHBIX
3HAYEHHH B ONEPATOPHOIT (hopMe OTHOCHTEIHLHO HEM3BECTHBIX 3HAUCHUH MOTEHINAIA (Po Ha CBOOOIHON
HOBEPXHOCTH

(DA'C+2nl)p, —A(DAB+F)p, =0, L=0’/g. (2.8)

Marpuunsiii Bug oneparopoB A, B, C, D, F ¢ ucnonbs3oBaHreM MeTO/a TPaHUYHbBIX 37eMeHTOB [11]
nosy4eH B [5].

CobOcTBeHHBIE 3HAUCHUST M COOCTBEHHBIE BEKTOPBI MHPOOJEMbI COOCTBEHHBIX 3HaueHHil (2.8)
SIBJIAIOTCS. 9aCTOTaMH M (OpMaMH CBOOOJHBIX KOJICOAHHMH JKHIKOCTH B paccMaTpUBaeMON 000J04YKe
BpareHus. YpaBHenue (2.8) nanee UCIoib3yeM KaK XapaKTepUCTUIECKOE YPaBHEHUE IS OTPEICTICHIS
COOCTBEHHBIX 3HAUCHUI1 B BUJIC

det[(DA™'C+2nl) - A(DAB+F)]=0. (2.9)

Otmerum, 4TO ypaBHeHHe (2.9) sBisieTcS HEIMHEHHBIM, MPEACTABISIET COOOH XapaKTePHCTUUECKHUH
MHOTOYJIEH, CTENEeHb KOTOPOrO 3aBUCHUT OT KOJIMYECTBA TPAHUYHBIX 3JEMEHTOB Ha CBOOOAHOM
MTOBEPXHOCTH.

3. ATanTHBHBIA METO]] HAXOKIEHHS KOPHEl Her1aakoi GpyHKiun
Paccmotpum mpou3BoibHYIO HenuHelHyto ¢yHkimio f(X) Ha maTepBane [a; b] (puc.3.1). Ilycts
M3BECTHO, YTO KOPEHb HAXOAMUTCS B 3TOM MHTEPBaJe, U TpeOyeTCs YTOUYHUTE €T0 MECTOIIOJI0KEHHE.
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Puc. 3.1. Obwuii 6u0 Herunelinol QyHKyuu

MCTO}I, C IIOMOIIBIO KOTOPOTO MBI 6YILCM HNCKAaTb KOPCHb, ABJIACTCA aAallTUBHBIM M OCHOBAH Ha
THOPUAM3AINY HECKOIBKUX YK€ CYIMECTBYIONIX anroputMoB [10].

OcymiecTBisieM TEPBBIA IIAr MOWCKa C MOMOIIBIO AeNieHUs WHTepBana momnojiaM. llomydeHHyro
TOYKY OOBSIBIISIEM CTAapTOBOM, M BBIMOIHIEM U3 HEE «IIarW» B CTOPOHY MCKOMOTO KopHs. Omnpenenus
CpCOHIOI0 TOYKY Ha MHTCPBAJIC, CPABHUBACM 3HAKH q)YHKHI/II/I Ha Ir'paHrulax MHTCpBaja U B 9TOH TOUYKE.
3nmeck B3sTA HES METOAA TUXOTOMHUH: OTCEKAETCSl TOT yYaCTOK, 3HAKH Y KOTOPOTO Ha KOHIIE Y4acTKa U
B Touke coBmanairT [6]. Takum o00pa3om, WHTEpBaj, B KOTOPOM pa3bICKUBACTCS KOPEHb, Cpasy
cokpamaercsi BaBoe. Ha puc.2 crpenka ykasbplBaeT HampaBlieHHE, B KOTOPOM OyOyT MpPOU3BOAUTHCS
JATBHEUTIINE «IIarmy.

Janee HaM HY»HO TONACTh B CIEAYIONIYIO TOUKY, TJI€ MOXKET OKa3aThbCs MPEAToIaracMblii KOPEHb.
UToOBl 3TO OCYIIECTBUTh, MbI PACCUMTHIBAEM «IIar» ¢ MOMOINBI0 «MeTona 3/5» [6]. Ilomydyaem
CIIeTyOIIyI0 TOUKY (puc.3.2).

y;h

Puc. 3.2 Jlokanuzayust Kopus
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Jlasee BBIYUCIIEHUS IPOUCXOANUT COTIIACHO METONY NUXOTOMHH: CPABHUBAIOTCS 3HAKHU, M OTCEKACTCS
Y4acToOK, B KOTOPOM KOpeHb He JonupyeTca. OIHaKo, eciau MpoaoDKaTh MOMCK TaKuM o0pa3oM, ecTb
BEPOSITHOCTh BBIMTH 3a TPaHUIIBI MHTEPBaJa WIH IIEPECTYMUTH» KOpeHb. st 3Toro ObLIM BBEICHBI
JIOTIOJIHATENBHBIE YCIOBHS: HAa KaXAOM IlIare MpOBEPsUIOCHh YCIOBUE MONANaHUs MOITYYEHHON TOYKH B
3alaHHBI HHTEpBall. HampaBieHne MONCKa TakKe MEHIETCA B 3aBUCUMOCTH OT Pe3ybTaTa CPaBHEHHS
3HaKkoB. Takxke, pe3ynbTaT MpUMEHEHUst POopMyIbl «3/5» U3MEHSUICS MyTeM JICJCHUs TOIMoJIaM, eCITU
BBISICHSUIOCH, YTO LAl MOMCKA CIHMIIKOM OOJBIIOH, a, €CJIM HaOJIF0alICs BBIXOX 3a TPaHMIbl HHTEpBAa,
Iar Aejiaercst B 00paTHOM HampasieHud. Takum oOpa3oM, Mbl BUAUM, YTO THOPUAN3ALMS HECKOJIBKUX
METO0B NPUOMIKEHHOTO BBIYMCICHUS KOpHS HEIMHEHHON (QYHKUMM OJHON mepeMeHHOH, HaéT
aJalTHBHBIN aJrOPUTM IOUCKA.

O} PexTHBHOCTH TOTYICHHOTO METOA OKa3ajach BBIIIE, YeM Y METOJOB TUXOTOMHUHU U «3/5» mpu
UX IPUMEHEHUH 10 0TAeTbHOCTUA. OO 3TOM CBHACTEIBCTBYIOT AaHHbBIC, TPUBEACHHBIC HUXKE.

PaccmarpuBanuce Qynkiuun  fi(X) =e*—e*—2 u fi(X) =3x-4Ihx-5=0. B Tabmuue 3.1

MIOJIyYEHHBIX TpPEeMs METOJIaMH: IUXOTOMHH, «3/5» u
CpaBHUBAIIMCH, TOYHOCTh BBIYUCIICHUS M KOJHYECTBO

NPUBEJCHO CpPaBHCHUE PE3YJIbTATOB,
pa3paboTaHHOTO AaJalTUBHOIO METOJA.
C/IeTIaHHBIX I1aroB.

B Ttabnuime 3.1 nmpuBeneHO CpaBHEHHE PE3yJbTATOB, MONYYSHHBIX TPEMsI METOAAMU: TUXOTOMHHU,
«3/5» 1 pa3paboOTaHHOTO aJanTHBHOTO MeToza. C MOMOIIBIO KaXKI0r0 METO/Ia BHITIOIHSIIOCH 10 maros.

Tabnuya 3.1. Cpasnenue 3¢pghexmusrocmu memo0ooe noUcka KopHet

Metop, f1(x), x* = 0,8800 f2(x), x* = 0,3800
JmxoTomus 10 mraros m 3nauenue 0,8818 10 nraroB m 3uaueHmne 0,3821

«3/5» 13 mraros m 3nauenue 0,8815 11 nraroB u 3uHaucHmne 0,3818
I'uGpuHBIT 8 maroB u 3Hauenue 0,8811 7 mraros u 3Hauenue 0,3800

Pe3ynbTaThl BRIMMCICHUN CBHIECTEIBCTBYIOT 00 3()(EKTUBHOCTH pa3pabOTaHHOTO alropuTMa s
BEIOpaHHBIX (DYHKITHI.

4 PacyeT COOCTBEHHBIX KOJIE0OAHU KUAKOCTH B MWJIMHAPHYECKOM pe3epByape

PaccMoTpuM mHIUHIPUYECKYIO 000JIOUKY € TUIOCKAM JTHOM, YaCTHYHO 3aITOTHEHHYIO YKHUIKOCTHIO.

ITapamerpsl pesepByapa ciemyroomue: paguyc R = Im, gmuHa L = 2M. YpoBeHb 3amoJHEHHS
obonouxu H = 1.0m, puc.2.1.

B Tabnume 4.1 npuBeacHBI YACTOThI KOJCOAHUH JKUIAKOCTH B IKECTKOM IMJIMHIPHYECKOM
pesepByape, IMOYUYCHHBIC PA3JIMYHBIMH METOJAaMH. AHAJIMTHYECKOE pelieHne mnpuBeaeHo B [12],
3HaueHus vactoT B [13] momydensl ¢ momomipto QZ - anropurma B 000OIICHHO# MpobIeMe
COOCTBEHHBIX 3HAYEHUI.

Tabnuya 4.1. Cpaerenue uacmom Ko1eOAHUU HCUOKOCTHU, NOJLYYEHHBIX PAZHLIMU MEMO0Oamu

a a=0 a=1 a=2
Anamutnueckoe | 3.828108 | 1.7507975 | 3.0406821
pelnieHue
MeTton [13] 3.829121 | 1.7508223 | 3.0412861
I'uGpuaHbIA 3.828110 | 1.7507984 | 3.0406886
METOJ

Pe3ynbraThl pac4eToB CBHICTEIBCTBYIOT O TOM, YTO MPUMEHEHNE THOPUIHOTO aJallTHBHOTO METO/a
OPUBOAUT K YTOYHEHHBIM 3HAYCHHSM YacTOT B CPAaBHEHHUH C pe3yJIbTaTaMd, MOJYYECHHBIMH 10
METOJMKe, TMpuBeleHHOW B padorax [4,13]. Ormerum, YTO €CIIM JIOKAJIU30BaH KOPEHb
XapaKTEPUCTUUECKOTO YPaBHEHMSI C MOMOIIBIO MPHOIMKEHHBIX METOJHK, TO €r0 YTOYHCHHE MOXKET
OBITh OCYIIIECTBIICHO C UCIIOJIb30BAHUEM ITPE/UIOKEHHOTO ITOIX0/1a.

5 BriBOABI
PaccmaTtpuBas mpeumyIiecTBa M HEIOCTATKH pa3pabOTaHHOTO METOa TMOWCKAa KOpHEH (yHKITHA
MIPOU3BOJIBHOTO BHIA, MOKHO OTMETHTbH, YTO TAKOW IOIXOJ MO3BOJIIET OOHAPYKUBATh KOPEHBb JTaXKe
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MIPH HAJMYWU TOYKHU Ieperuda, 9To, HalpuMep, HeBO3MOXKHO A1t MeTona HerotoHa. To ecTh, TOUHOCTH
HAXO0XJICHUSI KOPHS C TIOMOIIBIO MPEIOKEHHOTO aIrOpUTMa HE 3aBUCHT OT BUJAA (DYHKIIUU, METOX B
mr000M cllyyae HaWJeT KOpeHb ¢ 3aJaHHOM TowyHocThlo. K HemocTaTkaM MeToia cliefyeT OTHECTH
HEOOXOIMMOCTh MPENBAPUTEIHLHOTO OTJENEHUsI KOpHel. B mampHeiimem mpeamomaraercs pa3paboTka
THOPUAHBIX QJaNTUBHBIX METOAOB pEIICHWS CHCTEeM HEIMHEWHBIX YypaBHEHHWA W TPUMEHEHHUE
pa3pabOTaHHBIX TIOJIX0I0B K PEUICHHUIO MPAKTUICCKUX 3a/1a4.
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B crarTi mpomoHyeThCs MOAENb AWHAMIKA TMOTIIAIB y CYy4acHOMY CYCHUJIBCTBi. 3ampoloOHOBaHa Mojenb Oepe n0 yBaru
reorpagiuHi 0COONMBOCTI CYCHIIBbCTBA, TaKi SK pi3HAa I'yCTHHA HACEJICHHS Ha TEPUTOPii MOJEIbOBAHOTO CYCHIJIBCTBA, Pi3HI
HOTJISIM B HOTO perioHax, reorpadiyHe MOJIOKEHHS IIUX PErioHiB Ta IX BIIHOCHI po3Mipu. B Mozeni BpaxoByIOTECS MOMITHYHI
napTii Ta iX BIUIMB Ha CBOIX y4acHHKIB. Takoi, OKpiM Pi3HHX THIIIB B3a€MO3B’SI3KiB MK WICHAMHU CYCIIIJIbCTBA, BPaXOBaHUI
BIUTUB 3ac00iB MacoBoi iHdopMaii (K 3aIe)KHUX TaK i HE3aIe)KHUX Y JAPYrild YacTHHI CTATTi HaBEACHI JesKi 0COOIMBOCTI
KOMIT'TOTepPHOT pealizailii 3ampormoHOBaHOT MOJENI Ta ONTHUMi3amii wacy i BHKOHAHHS, a TaKOXX MPOBEICHI YHCENbHI
EKCTIIEPUMEHTH I IEPEBIPKU KOPEKTHOCTI pOOOTH OTPHMAHOT MOJIEII.

Knrwwuosi cnosa: mooens, cycninvha oymxa, noansio, napmis, 3MI, cycninecmeo.

Model of public opinion dynamics in modern society

Mykola Morhun PhD student
Bohdan Khmelnytsky Cherkasy National University, Shevchenko Boulevard 81,
18031, Cherkasy, Ukraine

Nowadays more and more scientific interest is paid to social processes. It is relatively new, but a very important field of
research because it impacts significantly many areas of modern life. The purpose of this article is to create a model of public
opinion dynamics in modern society. The model is iterative and considers a number of features which are typical for modern
society. One of the key components of the model is political parties. They have significant influence on the public opinion. The
model takes into account the impact of mass media as well. It considers mass media both independent and controlled by a
political party. Also the model considers influence of social networks, messengers and telephony. In addition, it takes into
account geographical position of each state, the length of common border between states or social groups and differences in the
population density in each of the states.

The model is developed with consideration for the future computer implementation, which significantly simplifies further
steps. The model has been implemented in Python programming language with help of tkinter library for user interface and
matplotlib for displaying the results. Some implementation advice and performance optimizations have been added. The
implemented model has flexible and easy to understand and edit configuration, which makes it very convenient to use.

In the final part of the article the model has been tested against several cases where results can be predicted. The first case
shows the debate of two political parties where the first one has a notable advantage. The second case shows polarization of the
simulated society, where each ideology dominates in a separate region. The last case shows winning of a political party which
has significant control over practically all mass media in the simulated society. After simulations, the model results are similar
to expected ones. This similarity indicates the correctness of the created model.

Keywords: model, simulation, public opinion, view, political party, mass media, society.

MojaenupoBaHue TUHAMMKHN 001IIECTBEHHOT0 MHEHHSI B COBPEMEHHOM
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B cratbe mpemmaraercss Monens AWHAMHUKH B3TJIIOB B COBpeMeHHOM oOmecte. IlpemyoxkeHHass MOJIENb YYUTHIBAeT
reorpaduueckie OCOOCHHOCTH OOIIECTBA, TaKMe KaK pa3Hass IUIOTHOCTb HACENEHUS Ha TEPPUTOPUM MOJEIUPYEMOro
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o0IecTBa, pa3IMIHbIe B3MILIIBI B €r0 PErHOHAX, reorpaguaeckoe MOoI0KEeHHE ITHX PETHOHOB M UX OTHOCHTEIIBHBIC pa3MepHL.
B Mozenu y4yuTBEIBarOTCSI MOMUTHYECKUE NMAapTUU M UX BIMSHUE HA CBOUX YYacCTHUKOB. Takke, KpOME Pa3IMUYHBIX THIIOB
B3aMMOCBSI3e MEXTy WIEHaMH OOIIEeCTBa, y4YTEHO BIMSHHE CPEICTB MaccoBOM HH(popMamuu (Kak 3aBUCHMBIX TaK H
HE3aBHCUMBIX). Bo BTOpOil yacTH cTaTbu NpUBEICHBI HEKOTOPHIE OCOOCHHOCTH KOMIIBIOTEPHOW pealn3alyi MpeIoKeHHOH
MOZAENU M ONTHMHU3ALUH BPEMEHH €€ BBIMNONHEHHUs, a TaKXKe IPOBEACHbI YHCIEHHbIE 3KCHEPHMEHTHI I MPOBEPKU
KOPPEKTHOCTU pabOTHI MOTyIEHHOH MOMEIH.

Knrwueswie cnosa: mooenv, obujecmeennoe muenue, 6320, napmus, CMU, obwecmso.

1 Beryn

CroropHi, y BiK iH(pOpMaLiiHUX TEXHOIOTIH, Bce OLIBINOI Baru HabWpae 3HaHHS PO CYCIUIBCTBO,
HOro MOBENiHKY, peakuilo Ha TOW 4M iHmMMHA (akrTop. 3HAHHS HACTPOIB y CYCIIJIBCTBI, a TaKOX
MOJKJIUBICTD MepeadaYnTH iX MOJAIBIINK PO3BUTOK Ja€ BENHKY IepeBary. 3a JOIMOMOTOK TaKUX 3HaHb
MOJKHA HaBiTh IepeI0avnTH MONATBITY JOIIO AePKaBH, a BIAMOBITHUMH BaXXEISIMU BILTUBY — 3MIHUTH
if [1-6]. I xoua camomy (akTy BIUIMBY Ha CyCILUITBECTBO 32 JOTIOMOTO0 iH(GOpMAIIil MPUALIEHO HE MaJlo
yBar# [7-10], mpoTe nuHaMika 3MiHU MOTJISIB Y CYCHIJILCTBI HE € TOCUAb J0OPE JOCHTiHKEHOIO.

s Toro, mo0 oTpuMaTH MEBHUHM pe3yibTaT CHOYaTKy HEe0oOXigHO MoOyayBaTH MOIENb, AKa Oymie
CIIPOIMICHO BioOpakaTH peaibHHUN MpOIec, a TMOTIM — 3a/Ial04ul BXiTHI J1aHi — MOKHa Oy/ie oTpuMaru
KOHKPETHHH pe3yNbTaT — Iepei0adeHHs: po3BUTKY momii [11].

B nanoMy HampsiIMKy BKe iCHYIOTH JIesiki HampairoBants, Hanpukian [12 c. 580, 13-16]. Tak y [13]
3MiHa TyMOK MOJIEITIOETHCA B Yaci MOKPOKOBO 3a JOMOMOTOI0 3BAKEHOTO YCEPEeIHEHHS TMO3MIIii
00’ekTiB. HemoiikoM Mopeni € He3pYy4HICTh 3aJaHHs IOYaTKOBOI KOHQirypamii, sika 3000B’s3ye
BKa3aTH MaTPUIIO Bark BIUIUBY KOXKHUH 3 KOYKHUM.

B mogemni [14] mpu oOMiHI MOTISAaMHA BPaxOBYIOTHCSA CTIHKICTH 00’€KTa O 30BHIITHBOI TYMKH,
PO3TIA adbTEPHATHBHUX TIO3UIIIH Y MOJIETThOBAHOMY CYCITIBCTBI Ta BIUTHB CyCimHIX 00’ ekTiB. [IpoTe B
cTarTTi [ 14] aHAMi3yI0ThCS JIHIIE TPH (PIKCOBAHI THUITH MOJIOKEHHS 00’ €KTIB Ta 3B’sA3KIB M)XK HUMH, SKi HE
MOXYTh OyTH 3MiHEHi 06e3 mepepoOkn caMoi MoJIelTi.

Y [15] posrasmaeTscs mpobiieMa KOHCEHCYCY-TOJSApH3aiii MIOA0 MeSKOTO MUTaHHA. B OCHOBI
JISKUTh OJTHOBHMIPHA MOJIC)Ib, a TIOTJISIU 3MIHIOIOTHCS B 3aJISKHOCTI BiJI MOTJISAMIB OTOYCHHs. Takox
JOCHIJDKYETHCS Yac, SIKU MOTPIOHUH JIIsi KOHCEHCYCY YW TOJISIpU3allii B 3aJIe)KHOCTI BiJ apameTpiB
MOJIENI.

VY crarti [16] posrisimaerscsi mpoOnema 301KHOCTI MOIJISNIB NPU HAasBHOCTI EKCTPEMI3My Yy
cycrinbeTBi. OKpiM 3HAYEHHS MOTIIALY 00’ €KTa TaKOXK BPaXOBYEThCS HOT'O BIEBHEHICTH y HOTO TOYII
30py.

[Ipore BuIE 3a3HaueHi MOJEIi HE BPaxOBYIOTh BIUIMB 3MI, He O3BOJISIOTH KEPYBAaTH TEPUTOPIEIO
MO/JIENILOBAHOTO CYCHIJILCTBA, a TAaKOX HE PO3MIAAAIOTh Pi3HY TYCTHHY HAcCeleHHS Ta OCEpEIKH
OJIHOJTYMIIIB.

B miit crarTi 3po0sieHa cipoba moOymyBaTH MOAEIH AJIsl IPOTHO3Y AWHAMIKH IMOTJISI/IIB Y Cy4acHOMY
CYCITIJILCTRI.

2 llobynoBa moaei

st 3aaHHs MOJIei BUKOPUCTAEMO allTOPUTMIYHUH ITiJIXi/1, TOOTO BU3HAYMUMO YiTKY ITOCIIiIOBHICTH
i, sIKi TIOBUHHI OyTH BUKOHAHI JIJIsl TOTO 1100 OTPUMATH PE3yJIbTar.

Buxonmsum i3 TOro, mo CyCHUIBCTBO CKIQJA€ThCSA 3 IHAMBIAIB, OyJeMO MOJEITIOBATH HOTO SK
CYKYITHICTh JIeKUX 00’€KTiB — WieHIB cycmiibeTBa. KoxeH 00’€KT Mae CBiil cTaH, SKHU BiAmOBigae
fioro rpomachkii mosuirii. CTaH KOXKHOT0 00’ €KTa MOXKE 3MIHIOBATHCS 1] BIUTMBOM 1HIIUX 00’ €KTIB, a
TaKOX ITiJ1 €0 3ac00iB MacoBoi iHGopMallil, 110 € THIIOBUM JUIsi Cy4acHOTo cycrinberBa. [ToOynoBana
MOJIEJIb € ITepaTUBHOI0, TOOTO 3MiHa i1 cTaHy BiOyBa€ThHCs B 4aci HOKPOKOBO.

HaBenemo cxeMaTHYHHE anroput™ podoT Mozeni (puc. 1):



Bulletin of V.N. Karazin Kharkiv National University
66 series «Mathematical modeling. Information technology. Automated control systems» issue 46, 2020

BxigHi aaHi:

. MeorpadiyHi 0cOBNMBOCTI MOAENLOBAHOIO CyCNINbLCTBA

. YucenbHICTL HaceneHHs Ta noro posnoAin no repuropii

. CycninbHO BAXJ/IMBI NUTAHHA Ta NOYATKOBI NOMNSAAN Y CYCNINLCTBI

. Monitnuki naprii, ix Tunu Ta nornagu. Meorpacpivnnii posnogin
NPUXUNBHUKIB KOXHOT 3 NapTii

. 3MI, X 30HM BNAUBY Ta NPUHANEXHICTL 40 NONITUYHUX CUN

. BusHauyaemo napametpu CninkyBaHHA MK 4neHamu cycninscrea
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[ns koxHoro o6'ekTa
Mposogyumo oOMiH NornsAamMu 3 OTOHEHHSM

|

[ins koxHoro o6'ekta
MpoBoAWMO 06MiH NOrNSAaMK 3 BUNAAKOBUMM h 4
o0'ekTamu Hi Tak

3 NOTOYHUX AaHNX MOXHA 3p0OUTH BUCHOBOK ?

CratucTnyHo 06pobnsiemMo NoToYHMIA CTaH Mogeni

[LLnsa koxHoro 3MI
BNAMBaEMO Ha BU3HAUYEHY MHOXMHY 0G'EKTIB

Y
( OTpUMYEMO BUXIgHI AaHI )

Puc. 1. Ocnoeni kpoxu 6 pobomi moodeni

Temnep po3riTHEMO MOJIENb JAeTANBHIIIIE.

B Ham Yac ckmagHO YSBUTH JKUTTS JIIOJUHH 1032 MEXaMH CycHijibcTBa. KOXHE CyCHiNbCTBO
CKJIaJIa€ThCS 3 THAMBIIB, SKi BXOJATH 10 HHOTO Ta MiAMOPSIIKOBYIOTHCS HOro npaBuiaM. Takox KoxKHe
CYCHUIBCTBO 3aliMa€ JesIKy TEPUTOPI0, MPUYOMY WICHH CYCIUIBCTBA 3a3BHYAil PO3MOMALICHI IO
TepuTopii HepiBHOMIpHO. [loOymoBy Mozeiai pO3MOYHEMO 3 BH3HAUCHHS TreorpadiuHux Mex
cycminbeTBa. s 1bOro Ha MBOBHMIPHIM KOOPAWHATHIN IUIOMIMHI BU3HAYUMO JCSKHA KOHTYP —
reorpadiuyHi Mexi cycminberBa. [l Kpamoro BiATBOPEHHS pEaJbHOTO CYCIIIbCTBA y MOJENI,
po3i0’eMO BHIlle BH3HAYCHUI KOHTYp Ha perioHu. Takwii miXiJ 1acTb 3MOT'Y KOHTPOIIOBATH T'YCTHHY
HACEJICHHS 110 TEPUTOPIi, OCEPEJKH 3a MPUXHILHICTIO IO TOT YM 1HIIOI 1/1ei, @ TAKOX MEXYBaHHS I[UX
OCEPE/IKiB OJIH 3 OJTHUM Ta iX MPOHOPIIii.

KoxHe CycHibCTBO CKJIQJAEThCsl 3 iHAUBIAIB. HacTynmHUM KpPOKOM MOOYHIOBH MOJENI € JTOJaHHS
YJICHIB CYCHUILCTBA. Y BIAMOBIAHOCTI JIO JaHUX sKi MOTPIOHO 3MOJEIIOBATH, B KOXKHUN BHIIE
BU3HAUYEHHH PETiOH 101aM0 00’ €KTH — YJIeHHU cycniyibcTBa. Ha nanuit MoMeHT moOy10BH MOJEIi KOKEH
00’ €KT XapaKTepHU3y€eTHCSI KOOPAUHATAMH PO3MILICHHS HA TUIOLHHI.

IIpore Meroro AaHOi MOjEIl € JAMHAMIKA MOMISJIB Y CYCHIUJIBCTBI, a OT)XKE KOXeH 00’€KT (WieH
CYCIIJILCTBA) MIOBUHEH XapaKTEPU3yBaTUCS CBOEIO COLIANIbHOIO MO3uIlier0. [ Toro mob Moaeis Oyna
HaOJIMKEHOIO JI0 PeajbHOro CYCINIbCTBA, KOXKEH 00’€KT MOJeNli MOBMHEH OyTH ‘OaraTorpaHHHM’,
TOOTO MAaTH CBOIO BJIACHY JYMKY B JIesIKOMY HaOOpi NMUTaHb, Ki € BAKIMBHMH JJIsi MOJIEIHOBAHOTO
cycrniibeTBa. J{Js bOoro BBEIEMO MOHSTTS CUCTEMH MOTIISIIB.

CucreMa MomIsiAiB — 1€ BHOPSAKOBAaHWK Habip 3HaueHb B Mexkax BiJ -1 1o 1 BKIIIOYHO, KOXKHE 3
SAKMX BIANOBiJA€ CTaBICHHIO 10 BiANOBIAHOTO NHTaHHA, IO € BAKJIMBHM [UII MOJEIHOBAHOTO
CycnuibcTBa. Po3rissHeMO KOHKPETHHH MOTIISL]] Y CUCTEeMI MOTJISIB. SIKII0 3HAYEHHS MOy OJM3bKe
10 1, To e o3Havae, MO JaHUH 00’ €KT CUIIBLHO MIATPUMYE MUTAHHSA A0 SKOTO BiTHOCHTHCS LEH MOTIISA.
SKmio x 3HaueHHS OJMU3bKeE 110 -1, TO HaBIAKU, CUIIBHO MPOTECTYE. SIKIIO K 3HAYEHHSI OTIALYy OJM3bKe
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1o 0, To e o3Havae, MO AaHUH 00’ €KT HE Ma€ MO3UIIiil M0 TaHOMY MUTAHHIO, 1HAKIIE KaXy4dHl, HOMY He
Ba)XKJTUBA 1151 Ipobiiema (puc. 2).

Seesemseessessessescescescieeieeiseieeieeieeeneeeeees ] CUNBHA NIATPUMEKA

I = - - - 0 HeiliTpaneHe
i ] ] cTaBneHHA

eemmeesssesessesseresssseesssmnsassmneneneneeeeesee =] [lyOKE NIPOTK

Puc. 2. [Ipuxnao cucmemu noznsois

Jnst Mozeni HeoOXigHO BUOpaTH KUTbKICTh MUTaHb CUCTEMH TMOTIISIIIB Ta IX 1HTEpIPETAILilo.

KoxHe cycmigbcTBO Mae B CBOEMY CKJIa[i OAHY 4YHM OUIbLIE TPYI JIIOJACH 3 YITKO BHU3HAYCHUMHU
norsiiaMd. B cyyacHOMY CyCHUJIBCTBI Taki Oprasizailii Ha3WBaIOThCS TOMITUYHUMH TAPTisIMH.
Pozminmmo Bci mapTii Ha ABa BUIH:

e Jlizepcbki maptii — mapTii WieHH SKUX MATPUMYIOTh TyMKY CHJIBHOTO iHAWBiAa Ta CIiAYIOTH

Horo Bka3iBKaM. YYaCHUKH JIiJIEPChKOI MapTii MarOTh MOTJISAAM OJIM3BKI IO MOTJISAIB Jiijepa, a
TaKO BIJIHOCHO JIET'KO 3MIiHIOIOTh iX, SIKIIIO JTyMKa JIiJiepa 3MIHIOEThCS.

e [nmeomoriuni mapTii — mapTii WieHN SKUX 3TypTOBaHI HABKOIIO CHUIBHOI ifeil. HasBHICTE minepa
HE CYTT€Ba, TaK AK TOJIOBHOIO € caMa ijiesd. YYacHHWKH i€OJIOTIYHOI MapTii MOXYTh OyTH
0aifIy’)KUMHU IO TIUTaHb, SIKi HE CTOCYIOTHCS 1/1e0Norii mi€i mapTii. 3MiHUTH TyMKY Y4YacHUKa
17Ie0JIOTiYHOT MapTii CKIIAAHINIE Hi’K AYMKY YYaCHHUKA JIiAEPCHKOT MapTii.

Tenep HeoOXiMHO BWU3HAYMTH KUIBKICTh MapTiil y mozeni, ixHii Ttum Ta morisiau. Ilicms mworo
BU3HAYUTH KiJIBKICTh WICHIB y KOXHIM maprii Ta iX reorpadiune monoxkeHHs. CHCTEMYy IMOTJISIIIB
KOXHOTO MapTiiisg 3a7a€EMO y BIIINOBIJIHOCTI JO CHUCTEMH MOMISIB MapTil 4M Jigepa 3 AEIKUM
BUITQJIKOBUM BiJIXWJICHHSIM, 1[0 HE MEPEBHIIyE Hamepe 3adaHoi Mexi. Takox 3a7aeMo po3MilIeHHS
0e3mapTiiiHUX TPOMAJISH Ta HAJJAEMO iM BUITaJKOBI OTJISIH.

KosxeH uieH CycmiiibCTBa He € 130bOBaHUM, & CIIJIKYETHCS 3 1HIIUMH TPOMAJsTHAMU, TPH ILOMY
TaKe CHIJIKYBaHHS BIUIMBA€E Ha HOTO MOTJISIU TOO YH 1HIIOKO MipOIO.

CnovaTtky po3risiHeMo iHauBina. KojkeH 4jieH CyCIIBCTBa Ma€ CBO€ KOJO CHUIKYBaHHS, B SKe
BXOJIAITh reorpadiyHo OJu3bKi 00’€KTH, a TaKOX JesKa KUIBKICTh (DIKCOBAaHUX BIIIaJICHUX 00’ €KTIB,
CHUIKYBaHHS 3 SIKUMH € DPEryJISpHHM. Y Cy4acHOMY CYCHIUIBCTBI Il JIOCATA€ThCS, 3a3BUYai, 3a
JTIOTIOMOT OO IHTEPHET TEXHOJIOTiH (COoIiabHI MepeXi, MECEHIKEPH Ta iH.). AJle OKPiM ITOCTIHHOTO KOJa
CIIJIKYBaHHsI, KOYKEH YJICH CYCHIUILCTBA CIUIKYETHCS 3 He3HaoMUMHU ocoOamu. Takuid THIT CIIiJIKYBaHHSI
4acTo € ‘OJTHOPA30BUM’° 200 HEPETYIISIPHIM.

Takox Ha BUOIp KOJia CHIJIKyBaHHS BIUIMBA€ MPHUHAICKHICTH JIOAWHU A0 TONITHYHOI Maprii.
[aprifianii iHauBig OyAe BigmaBaTH IepeBary CHUIKYBaHHIO 3 OJHONAPTIMIAMU HDK 3 iHIIUMH
YYaCHUKAaMH CYCIILCTBA.

OKpiM cIiNKyBaHHS MiX 1HIMBiZaMu Ha MOTJISIU JIIOJUHU BIUIMBAIOTH 3aco0M MacoBoi iHdopMmarii
(3MI). Yci 3MI po3ainnmo Ha 3aliekHi Ta He3aJIexKHI.

e 3amexni 3MI — wMawTh BIAacHWKA, CIOHCOPA, SKHW JUKTye sKa iHQopMaris Oyze
PO3MOBCIOJKYBAaTUCS 4epe3 Iieil 3acid wmacomoi iHdopmarii. Yacro Baacauk 3MI €
NPUXUIHBHAKOM YH 3aCHOBHUKOM OJTHOT 3 MOJIITHYHKX MapTiH.

e Hezanexni 3MI — He MaroTh Hanepes c(OPMOBAHOI TOYKHM 30py Ta JO3BOJISIIOTH BUCBITIIOBATH
Oy/Ib-SIKy TOUKY 30DY.

Jlst Moesti BCTaHOBMMO KiNBKICTh Ta THIH 3MI, a Takoxk 06macTi [ii KOXKHOTO 3 HUX.

st Toro, 11100 3aBepIIMTH O0YI0BY MOJIEi, HEOOXIIHO BU3HAUUTH CIIOCIO OOMIHY MOTJISAaMU IIPU

crinkyBanHi. [loknageMo, MO SKIO JBa iHAMBINA CIUIKYIOTBCS, TO B3a€EMOJIS € JBOCTOPOHHBOIO,
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TOOTO TOTIISIIM 3MIHIOIOTECS y 000X ydacHWKIB miamory. Ilpm cminkyBaHHI 00’€KTH OOMIHIOIOTHCS
yciMa TOTJIsAaMu TOYEproBo.

Tenep po3ristHEMO 3MiHYy KOHKPETHOTO MOTIISAY TPH CHiKyBaHHi. Hexaii 00’ekT A 1ie mo morasiay
p; Ha 00’exT B. SIKio 3HaUeHHs MOTISAAIB MAarOTh MPOTHIIEKHI 3HAKH, TO 00’ €KT A Oy/ie HamaraTHCs
cXuIUTH 00’€KT B 10 cBO€I ToUkm 30py, a OTKE MOTISIAN MOBUHHI 301MMKyBaTucs: 00’ekT B 3MiHIOE
3HAYEHHS MOTJISAY B HANpsAMKY 3HaYeHHS MOTJAy 00’ekTta A. Po3rinsiHeMo cuTyanito, KOJIM 3HAUYEHHS
TIOTJISI/TIB MAIOTh OAHAKOBHH 3HAK. SIKI0 morisix 06’ exta A (1o xi€), OUTBIINI 32 MOIYJIEM, TO TTOTJIS
00’exta B Oyzne Habmmkatucs B HapsAMKY MOTISAY A. SIKIo sk 3HaYeHHS MOTIAY 00’ €KkTa A MeHIe
32 MOJYJIeM 3a 3HaueHHA MOomIiAy B, To B TakoMy BHNAAKY HampsIMOK 3MiHHM MOTJIALY BHOMPAaeEMO
BUTIAJIKOBUM YHHOM (TOOTO 00’€KT B MOKe SIK CTBEpPOUTHCS B LIBOMY MOTJISAL, TaK 1 3MEHIIUTH HOTO
a0COITFOTHE 3HAYCHHS).

BaxxnuBum ¢GakTopoM € BeTHMUMHA Ha SKY 3MIHIOETBCS OIS TpH B3aemMoAii. O4eBHUAHO, IO SIKIIO
00’€KT Ma€e MOZYJb 3HAYCHHS MOTIIAAY OJU3bKUM A0 OJUHMIIL, TO BeJIMYMHA Horo Iii Oyae 3HayHOIO. 3
iHIIOTO OOKY, Mist Ha HHOTO Oyne Mi3epHOI0 (HOT0 Ba)KKO MEPEKOHATH B MPOTHIIS)KHOMY). | HaBmaku:
SKIO 3HAYCHHS MOTJISIY OJHM3bKE A0 HYJS, TO Jisl, SIKY [IeH MO CIIPUYNHSIE, € HEBEIUKOIO, aje Jis
Ha Ied morisx Oyne 3HauHOro. ToOTO mpu 3MiHI MOTJISAY HEOOXiTHO BpaxOByBaTH aOCOJIIOTHI
3HAYCHHS KOXKHOTO 3 MOnISiB. [IponoHyeThest hOpMAaTIBHO 1€ OMUCATH TaK:

_cos(B(p) 'm) +1 1 cos(A(p;) "m) +1

Bnius
A Ha B 110 norsisgy p; 2 2
Jie p; — i-¥ morJIs i3 CHCTEMH MOTJISIAIB, k — IesKa KOHCTAaHTa, 10 00MEKYye 3MiHY OISy B MEKaX

OJTHOTO CITIJIKYBaHHSI.

OxpiM B3aeMOIii OJUH 3 OAHWM, Ha TOTJISAM WICHIB CycriiabcTBa BruuBaioTh 3MI. Koxue 3MI
PO3MOBCIOKYE iH(POPMALIitO0 B JesKii 001acTi CycHiibcTBa a00 Y BCbOMY CYCIIJIBCTBI, ajie OYSBUJIHO,
IO BCi WIEHHU CYCIIJILCTBA HE MOXKYTh MPUCITyXaTHCs A0 KOHKpeTHOTo 3MI. A Tomy koxue 3MI nie Ha
KOKEeH O0’€KT 3 IMEeBHOIO WMOBipHicTIO. J[aHa HMOBIipHICTH 3anexuts Bix Tumy 3MI Ta mapriitHOi
MIpUHAJIEKHOCTI camoro 00’ekta. Hampukian, sxmo ne 3MI maprii, 1o sfkoi HanexuTh 00’€KT, TO
HMOBIpHICTh TOTO, IO IIei 00’eKT chipuitMe iHdopMallito BUIIA HiXK Ui HelTpanbHoro 3MI ta 3MI,
SIK€ HAJISKUTH JI0 1HIIOT MapTii.

Koxne 3MI nie Ha cBOIX ciyxadiB MOTIsAAaMH 00 €KTa, KWW B TaHUH MOMEHT BUKOPHCTOBYE IIe
3MI s BUCBITIEHHST CBO€I TOYKM 30py. Bubip 00’ekta, skuWii JOHOCHTH CBOi TOTJSAM 4epes3
koHkpeTHe 3MI 3nmilicHiOEThCs Ha KOxHIM iTeparti. Skmo 3MI He3amexHe, TO OyIb-SKUH YJICH
CYCHUIBCTBA MOXE JIOHOCHTH CBOI MOTJsiAM depe3 Heoro. Skuo x 3MI 3anexne, To K00 00’ €KTIB SIKi
MOXXYTh BHCJIOBJIIOBaTH CBOI morjisiau depe3 1ie 3MI 3By yeThcs 10 OJHOMAPTIHINB BIAaCHHKA I[LOTO
3MI.

3 Komn’roTepHa peaJnizanis mojesi

Konu mopens TeopernuHo moOyoBaHa HEOOXiMHO MEpedTH BiJ Teopil JO NPaKTUKU, a caMme
CTBOPHUTH KOMII'IOTEpHY peaizauito Moeni. Lle 1actb 3Mory oTpuMaTH KOHKPETHI PE3YJIbTaTH.

Crepiry HeoOXiJHO BHM3HAYMTHCS 13 1HCTpyMEHTapieM, ToOTO 3acobaMu peaiizauii Mozedi.

ABTOp CTaTTi pO3TJIAIAB 1Bl OCHOBHI allbTepPHATHUBH:

e (C++ rta Qt framework

e Python 3
KokeH 3 muX TyHKTIB Ma€ K TepeBard Tak 1 HEAONKH. BaxknmBo, mo0 peanizoBaHa MOEb
npamioBaia 3rifHO0 TeopeTHyHoro omucy. TyT mepeBaramu C++ € cTpora THmizamisi, IO JA03BOJIUTH
3aro0irTi HeNmpaBUIBHOMY IHTEPIPETYBAHHIO JAHWX Ta 3MEHIIUTHh Yac BiJJIArO/PKEHHS MPOTPaMHU.
Takox yac BUKOHAHHS CaMOi ITporpaMu Oyze 3HauHO Kpariuid. [0 HeT0MiKIB MOYKHA BIHECTH HU3bKUN
piBeHb mporpamyBaHHA, IO MOTpeOye Oinblie yacy Ha peanmizanito. Y Bumaiaky Python, moctynna
BEJIMKA KUIBKICTh 010I0TEK, L0 CIPOILye HANMCaHHS HPOTPaMHOIO IMPOAYKTY, ajie B TOM K€ vac
BIJICYTHICTh CTPOTOl THITi3allii MOXE CTaTH TPOOJIEMOIO IMPH HAIKMCAaHHI CKIAJHOTO IPOrPaMHOTO
npoaykry. Takox yac pobotu nporpamu Oyne ripumid. [Ticis po3maymis 6yiio oopano Python 3.

Hns moneneit, 3a3Buuaii, BUMOrd a0 rpadivyHoro iHTepdeicy KopucTyBaua 3BOASTHCS A0 3PYUHOI
IHTepHpeTalii oTpUMaHUX pe3ynbTariB. Jis Bizyamizarii pe3ynbTariB moOyJ0BaHOI MOJENi MOXHA
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Bukopuctaru Python 6i6miorexy matplotlib. [Inst BimoOpaskernns camoro intepdeiicy mporpamMu MoxHa
BUKOPUCTATH BOymoBaHy OibmioTeky TKinter.

Takox OZHIEI0 3 BAXKIMBHUX XapAKTEPUCTUK MOJEI € MPOCTOTa Ta 3pY4YHICTh BUKOpUcTaHHS. ToOTO
KOpHCTYBad IOBHHEH MaTH MOKJIMBICTH JIETKO 3a7aTH KOH(ITypallito MO/Iesi Ta OTpUMAaTH pe3yiabTar. 3
Ii€10 METOI0 KOH(DIryparlis JOCTiKyBaHOI Mojelni Oyia BUHECEHa B OKpeMuid (aiii, sIKUil CKIaTa€ThCs
3 Ha0Opy 3HAUYCHb, 1[0 MOXKYTh OYTH JIETKO BiJpearoBaHi JrOAUHO. Takox, 3a HEOOXIHICTIO, MOJKHA
CTBOPUTH PEIAKTOp MapaMmeTpiB Mojem 3 rpadiuaum iHTepdeiicoMm kopucTyBaua. s mpukiany,

HaBeZieMo KOH]iryparrito 3aco0iB MacoBoi iHpopMarlii:
mass_media = [
('"Kanam X1', 'Maprisa X', [1, 2, 41, 2),
('HesanexHe papmio', '', [1, 3 1, 1),

]
3HaueHHs KOXKHOTO oIS Oy1e IOSCHEHO ITi3HIIIE.

PosrnssHeMo Ta 0OrpyHTyeEMO OCHOBHI 3HaueHHS (paiiny KoHpirypaii.

ITpocTopoBi MeXKi CycIiabCTBa OyIeMO 3a1aBaTh K MPAMOKYTHUK, IKUH CKIIQJIa€ThCS 3 KBaJIPaTiB —
obnacreii. Takmii miaxifg gae 3MOry Ierko 3agaBaTH reorpadiro Mozaeni. SIKmo >k HEOOXigHO
3MOJIENTIOBATH HE TMPSIMOKYTHY (irypy, To i HEOOXigHO YSBHO BIHCATH B MPSMOKYTHHK Ta 3aJaTH
rycTHHY HaceneHHs 0 y He BUKOPHUCTOBYBaHHMX O0JIaCTAX.

Hactymaum kpokoM 3amamo TiIo0aibHI TapamMeTpu Mojenmi. B el chucok MO)KHa BiTHECTH
KUTBKICTh TOTJSAIB Yy CHUCTEMi TOTIISAIB, 3arajlbHy KITBKICTh WIEHIB CYCHUIBCTBA, TIIOOATHHY
KOH(]irypamito 3B’3KiB 00’€kTiB (11a0JOH, SIKUA BHUKOPUCTOBYETHCS [UII KOXKHOTO 00’€KTa IpH
BU3HAYCHHI KIJIBKOCTI 00’ €KTIB IMOCTIHHOTO Ta BUIIAJKOBOTO CIUIKyBaHHs. J[Jis mapTidiliB BiH BKIIOYAE
BiTHOIIIEHHS MK TTAPTIHHUMH Ta HE MapTiHHUMU 3B’ I3KaMH ), MeXKi BIIXUJICHHS MTOTJISAIB MAPTIHINB Bix
MOTJISITIB MApTii, TOMIO.

Hani 3agamo momithuni maprii. [licns po3gymiB mpo 3pydHe 3aJaHHS XapaKTEPHCTUK MapTii Ta
MIPUHAJIEKHOCTI 00’ €KTIiB 10 Hel, Oymo oOpaHo HacTymHuH Gopmat. KoxkHa mapTis BU3SHAYaEThCA TAKUM
PSIOM XapaKTEPUCTHK:

e Hasga naprii

e Twun maprii: ieonoriuxa 4u Jigepcbka

e baszoBa cucrema norisiis

e  KinbKicTh HAapTIHINB Yy BiZICOTKAX BiJl 3arajibHOI KUILKOCTI HACEJICHHS

e Po3nojin nmapTiiiiB o 00JacTsx, y BiICOTKaX BiJ KiJIbKOCTI WICHIB HapTil
Ha mepmmii moruisi, Takui MiAXiJg MOXKe 3/aTHCA HE ONTUMAILHUM. AJle SKIIO 3a/1aBaTH BiJCOTOK
MApTINIIB BiJl HaceleHHS PETioHy, TO B TaKOMY BHUMAJKYy CKIAJHINIE KOHTPOIIOBATH KOPEKTHICThH
KOH(ITypallii, Tak K JJaHl pO3MIIIeH]i y Pi3HUX MiCISIX. SIKIO % MpHUHANEKHICTh HACEIEeHHs 001acTi 10
MeBHOI MapTii BKa3yBaTH y BJIACTHBOCTSX IIi€l 00iacTi, TO TOAI HEOOXIJHO MaTH YIOPSIKOBaHHIMA
CITUCOK MapTil 1110 € HE JIOTIYHUM BUXOMSYH 13 CYTHOCTI MHOXXUHU. SIKIIIO K JI0/JaBaTH MOCUJIAHHS Ha
NapTito U KOKHOT'O 3HAYEHHS, TO 1I€ CYTTEBO YCKIIAIHUTh KOH(Iryparito.

Jami 3agaeMo po3mojali Oe3mapTiMHOTO HAaCEJEHHS IO TEPUTOPIi, aHAJOTIYHO JIO PO3MOILTY
napTiimiB. Y pearnizamii Mojiei MOKHA TPaKTyBaTH Oe3MapTiiHUX YJICHIB CYCIiIBCTBA WICHAMH JIESIKOT
HEUTpanpHOI mapTii.

[IponioHyeTbest BUKOpHCTATH HAacTynHYy KOHpirypauito 3MI:

e Hasga 3MI

e Bracuuk 3MI. 3HaueHHAM € Ha3Ba maprii, Tak K 3a3Bu4ail 3anexsi 3MI BexyTb mponarangy
MEBHOT 1/1€0JI0Ti1, mapTii.

e Crucok obiacreii sxi e 3MI oxoruroe

e [nrencuBHicTh 3MI — uncio0, sike Mokazye Ha ckilbku iHTeHCHUBHO 11e 3MI nmie. Jlo3Boinse He

nyOnroBaTH KoHGirypairo 3MI, skiio moTpiOHO 3MiHUTH HOTO PiBEHH BILTUBY.

IIpu crBopenHi Monemi i3 Qainy koHgirypamii OakaHO TNEpeBIPATH NPABWIBHICTH 3aJaHHS
napameTpiB Ta iHpopMyBaTH KOpHCTYBava y pasi MOMWIKH y KOHQIrypaitii.

OTpuMaHHS KOHKPETHUX JaHHMX MOJIeNi i3 KOHpirypaimii He € CKIaJHUM MpOIECOM, ajie BapTo
BIIMITUTH KIJIbKA aCIIEKTIB.

Haii0inpm ckiagHOO MO BHUTpATi 4acy B MOJENi € 3ajJada MOLIYKY HaHOMMmK4ux CcycimiB s
KOKHOTO 00’ekTa. ToMy pallioHaNbHO 3HAWTH HAHOMIKYHUX CYCiJIiB KOXKHOTO 00°€KTa (Y BiJIIOBIAHOCTI
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o KoHirypamii) Ha erarmi iHimiamizamii Mojen Ta AoAaTh If0 iH(opMalio A0 HOro BIACTUBOCTEH.
Takox, u1s1 Kpamoi ontumizarii, Moxkaa Bukoprctatu KDTree 3i 6ibmioTeku SCipy (Moayis Spatial).

s onTuMizanii poOOTH 3 YUCTIOBUMH JaHUMHU MOXKHA BUKOPUCTATH 010IioTeKy NUMpY.

Crig 3BepHYTH yBary, IO Ui WICHIB CYCHIBCTBA, SAKI HANEXaTh O TOI YHM 1HIIOI MONITHIHOI
naprii, HeoOXiTHO 3HANTH NEAKY KUTbKICTh HAHOMMKYMX MapTiimiB. Alle y BHMAJKY, SKIIO KiTBKICTh
napTiiuiB y obaacti Maja, BiicTaHb MoXe OyTH 3HaYHOIO, TOOTO JIOKaJIbHa KOMYHIKaIlisl mepectae OyTu
nokanpHO0 o (pakTy. Jns BupimeHHS 1i€el mpoOieMu MOTPiOHO OOMEXHTHCS NESIKHM PpaaiycoM
(rmoGanpHU mapameTp Mozeni). Y BHMAAKY, KOJNH JIOKATbHI 3B’SI3KM HE MOXYTh OYTH 3allOBHEHI
MOBHOIO MIpOI0, KOMIIEHCY€EMO iX BiJIaIEHUMH 3B’ SI3KaMH 13 OAHOMAPTIHISIMH.

[HmmM acmexktoM pearnizaimii Moxke OyTH He Lije YMCIO MapTiiLiB (K 3aranbHe, Tak i y perioHi,
OCKUTBKM 3HA4YEHHS BHPAXOBYETHCS AK BIJICOTKHM). B TakomMy BUIaJKy MOXHa BpaxyBaTH MOXHOKY
OKPYTJICHHS 1 JTOJIaTH HE PO3MOMAUICHI 00’ €KTH B MOJICIb, CKQKIMO B 00JIACTh 13 HAMOLIBIIIUM YHUCIOM
onHomnapriiuis. Lle x came BipHO 1 1J1s1 6e3mapTiHHUX WIEHIB CyCMiJIbCTBA.

IIpoBenmeHHsT MOJENMIOBAHHS € JOBOJII MPOCTH TporiecoM. Ha koxHiil iTepatlii mpoxoanMo 1Mo CIUCKY
BCiX O0’€KTIB Ta MPOBOAMMO B3a€MOJIii: MOCTIHHI JOKaIbHI, MOCTIMHI BimmaneHi, Bunaakosi. [lotim
JIieEMO Ha 00’ €KTH, 13 33J]JaHOI0 WMOBIpPHICTIO, 3a goromororo 3MI. Ilicis npoBeaeHHs iTepallii oTpiOHO
30eperTy HeoOXiHMIA s BiMOOpaXeHHS pe3yIbTaTiB HA0ip JaHUX.

OCKITbKM MOZIENb BHKOPUCTOBYE BHITQJKOBI YHCJIA, TO JUIi OTPHUMAHHS TOYHILIOTO PE3yJbTaTy
HEOOXiZIHO 3pOOUTH AESKY KUIBKICTH Crpo0 Ui 3a/aHOoi XapaKTepucTUKU monenm. Jlana (yHKmis
BKIIIOUCHA y pealli3oBaHy MOJENb, Ta Ma€ P AOAATKOBHX rpadikiB. Takoxk 3 JoAaTkoBUX (QyHKIiN
Oyia nmomaHa MOJIMBICTH 30epiraTet pe3yibTaTd B (paiii, a moTiM, 3a HEOOXiTHOCTI, 3aBaHTAXHUTH Y
nporpamMy, BiioOpa3uTu pe3yabTaTH UM MIPOJAOBKUTH MOJICITIOBAHHS.

Juns xpamoro OaueHHs AWHAMIKH, AesKi Tpadiku Mae ceHc 30epiraTu peryasipHO MPOTITOM BCHOTO
MIPOIIECY MOJISIIOBaHHSI, a00 >k 30epiraTi TWHAMIKY IIPOIeCy y Bieo (aii.

4 TlepeBipka Mojei YnceTbHUMH eKCIEPUMEHTAMHU
Jns Toro mo6 mpoTecTyBaTH MOOYIOBaHy MOJAEIH MPOBEAEMO KiJlbKa YHCEIbHUX EKCIICPUMEHTIB,
npudoMy OyaemMo 3aJaBaTd TaKi BXiJHI MapaMeTpyd MOAENi, MU SIKUX Pe3ylbTaT He BUKIHKATHME
cyMmHiBiB. Lle 1acTb 3MOry nepeBipuTH KOPEKTHICTh TTOOYI0BAaHOT MOJIETI.
[yt Toro mo0 CpoCTUTH aHai3, ISl HACTYITHUX MOJICIICH 3a/1aMo:
®  CHCTEMa MOTJIsIiB MOJICThOBAHOTO CYCIIILCTBA CKIIATAETHCS JIUIIIE 3 OJJHOTO MOTIISY
e Yy CYCHIJIBCTBI NMPHUCYTHI JHIIe NBI MONiTHYHI mapTii (HazBemo ix A Ta B) 3 mporunexHumu
TIOTJIsIIaMHU, sIKi piBHI 32 MoyJieM. [lokimamemo abconroTHe 3HaYeHHS Moy piBHUM (.65
®  HaCCJICHHS PIBHOMIPHO PO3MOJIJICHE MO TEPUTOPil MOAETHOBAHOTO CYCHINLCTBA Ta CKIaJa€
1000 00’ €exTiB.
e 3amamo, 10 KOXEH 00’€KT crhinkyeTbes 3 10-Ma HaWOMMKYMMHU cycijamu, a SKIIO BiH
HAJIe)KUTh JI0 MOJITHYHOT MapTii, TO 6 13 HUX MOBUHHI OyTH HAHOIMKYUMH OJHOMAPTIHISIMH.
Takox Koke€H 00 €KT TOCTIMHO CIIJKY€ThCS 3 5-Ma BiffalieHUMH 00’ €KTaMH, 3 3 SIKHX
ONHOMAPTINII y BHUMAIKy NpUHAIEKHOCTI M0 maprii. KoxkeH 00’ekT Mae 4 BUNAIKOBI
KOMYHIKallii 3a iTepartito.

Ipuxnao 1.

3anamo, 1o napTis A 3Ha4HO TiepeBakae mapTiro B 3a ywcenbHicTiO: 10 maptii A Bxomuth 50%
HaceJeHHs1, a Jio naptii B mme 15%. [oknanemo, mo 3MI BiacyTHi.

[Ipu Takomy po3kiaai O4YEeBHOHO, IO HapTisi A 3MOXe HaB’S3aTH CBOIO iJEOJIOTiI0 CHOYATKY
nepeBaxHid OinpimocTi Oe3mapTiHUX 00’€KkTiB (Tak sK Oe3mapTiiHUM 00 €KT 3a3HaBaTHME B
CepeIHbOMY TIPUOJIHM3HO BTPUYI OUIBIIOr0 BIUTMBY 3 Ooky maptii A umM maptii B — me moxHa
CTBEpAKYBaTH 3 (DakTy PiBHOMIPHOTI'O PO3MOALTY HACENEHHs 0 TEPUTOPii), a MOTIM, 3 IX JOIOMOTOIO
BIUIMBATH Ha wieHiB mapTii B. ToOTO Bech mpolec 3aBepIIUTHCS JOMiHYBaHHSIM igeosorii mapTii A.

ITpoBeeMo uncesbHI eKCIIEPUMEHTH Ta HaBeeMO Kijibka rpadikis (puc. 3-5):
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00CNIOACYBAHO20 NUMANHS 00 NOYAMKY MOOETIOBANHS 00CTIOAHCYBAHO20 NUMANHS NICTISL 3AKIHYEHHS
MOOenio8ants

YcepegHeHe 3Ha4YeHHA nornagie

MutaHHa 1

1.0
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0.5 1

3HayeHHA nornagy 1
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Puc. 5. JJunamixa 0ocaioscysanoco numanms @ 4aci

3 puc. 3-5 6aunMo, 10 CYCHIIBCTBO MPUXOAUTH O KOHCEHCYCY, MPUYOMY TepeMoriia iJieonoris
OimbII yncenpHOI mapTii A.

Ipuxnao 2.

3agamMo MozenboBaHy TepuTopito po3mipom 2X1. Ilokmagemo, mo A0 KOXHOI maptii BXoauTh 35%
BIZICOTKIB HaceleHHs, IPUYOMY YCi WIEHH mapTii A 3HAXOAATHCS y 00JIACTI 37iBa, a BCI MPUXUIBHUKH
naptii B — cnpaBa. besnapriiiHe HaceseHHsI PO3MOJiJIEHE PiBHOMIPHO IO TEPUTOpii. 3amuiieMo B
KOH(]Iirypauito BiICyTHiCTb BIUIMBY 3MI.

B takomy Bumnaaky, Ko>kHa 3 mapTiil mepekoHae 0e3napTiHHUX IPOMAISH AKi 3HAXOASATHCS B 001acTi
pO3MillieHHs HapTil y CBOiX morisaax. [1icis 1boro HacTaHe HOJISAPU3allis CyCIIIbLCTBA.

IIpomopemoeMo 3amany cutyariiro (puc. 6-9).
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Puc. 6. 3uauenns i pos3nodin no mepumopii Puc. 7 3nauenns i posnodin no mepumopii
00CIOHCYBAHO20 NUMAHHA 00 NOYAMKY MOOENH0BAHHS 00CAIOHCYBAHO20 NUMAHHS NICTIA 3AKIHYEHH S
MOOeNI0BAHH
YcepenHeHe 3Ha4eHHA nornsaay 1 YcepenHeHe 3Ha4YeHHA nornanis
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Puc. 8. Juuamixa docrioscysanoeo numanHs 6 uaci, Puc. 9. Junamixa docriodicysanoco numanHs 6 4aci,
ycepeoneHna no oonacmsx ycepeoneHa no 8CbOMy CyCnilbCmey

SAx BuaHO 3 puc. 6-7, imeomnorist KOXKHOI mapTii B CBOi 00JacTi MOIMIMPIOETHCS HA BCe OUIBIIY
KIUTbKICTh HACEJCHHS 1 3 9acOM CYCIIUILCTBO CTA€ MOJSIPU30BAHUM, a JOMIHYIOYA JYMKa B KOXHIH 3
obnacrteli e OubIe CTBepKyeThes (puc. 8). I, sik BuaHO 3 puc. 9, MPH TaKUX MOYATKOBUX YMOBaXxX
CYCHUIBCTBO [IMTBCS TOIMOJAaM 3a 3HAYCHHSM JOCIipKyBaHoro morysimy. Hesemwki Quykryarii
HOSICHIOIOTBCS. THM, [0 WIEHH CYCIIUJIbCTBA IOCTIHHO OOMIHIOIOTBCS TOIIISAaMHU. AJie 3arajiom,
CYCIIIJIBCTBO 110 JAHOMY TIOTJISITYy CTa€ MAaKCUMAJIBHO MOJISIPU30BAHHM.

Ipuxnao 3.

Hexaii 1o koxxHoi 3 maptiil Hanexuts mo 35% HacenenHs. HacenenHs, K WwieHH KOXXHOI 3 mapTii
Tak i Oe3mapTiliHi 00’€KTH, PO3MoIiNeHo piBHOMipHO mo Teputopii. [lokmazemo, mo y cycminbCTBi
npucytHe 1 Hezanexne 3MI, 1 3MI mo nanexuts naptii A Ta 10 3MI mignopsinkoBanux naprii B. Vi
3MI nitoTh Ha BCil TEPUTOPIT MOAETHOBAHOTO CYCITiIHCTBA.

B pesynbrati maptis B HaB’spke cBOi mOrmsgM BCbOMY CYCHUIBCTBY 3aBASKH JOMIHYBaHHIO B
iH(opMaIliHHOMY IPOCTOPI.

ITpoBezeMo YHceNbHI SKCIICpUMEHTH Ui TepeBipku mpunyienns (puc. 10-12). 3 puc. 10-11
BUJHO, IO CYCITUILCTBO MPHUXOJUTH JIO0 i€0J0ril mapTii, K MiJnopsaAKoBaHA JOMiHYIHOUa YaCTHHA
3MI. 3 puc. 12 BuzgHO, 110 3aBASKM BENMKIH NepeBas3i y po3MOBCIOHKEHHI cBOei igeonorii yepe3 3MI
naprisi B nyxe MBHAKO CXHISE BCe CYCHIIbCTBO JIO CBO€T AyMKH. CyCIiIbCTBO NPHUXOIUTH JIO
KOHCEHCYCY.
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Puc. 12. Jlunamixa 00cnioxncysano2o numanHs 6 4aci

SAx 0aynMo, TEOpPETWYHI NPUIYHICHHS 30iraroThCs 3 pe3ysibTaTaMd OTPUMAHMMH 3 TECTOBHX
3aITyCKiB MOJIETIi, IO CBIYUTH PO KOPEKTHICTH MOOYIOBH Ta peaizaliii Mojeli.

S BucHoBok

B crarTi moOymoBaHo Moieb TWHAMIKY MOTIISIIIB Y CY4aCHOMY CYCHIIBCTBI. MoJienns BpaxoBye psizt
0cOOJMBOCTEH, 10 XapaKTEepHi came Ui Cy4acHOro cycmiiibetBa. Cepell HUX: HasBHICTH MOJMITUYHUX
TpyI — MapTiid, IPUCYTHICTh Y CYCHUILCTBI 3ac00iB MacoBoi iHdopMarlii, o, B CBOIO 4epry, MOXYTh
OyTH MiANOPSAAKOBaHI NeAKiM TmomiTH4HiA cwm. Ha BigMmiHy Bim OiNbIIOCTI KIaCHMYHUX MOJEICH,
BpaxoBaHa HAsBHICTb CyYaCHHX METOJIB KOMYHIKalii, TaKMX SIK COLiaJbHI Mepexki, MECEHIDKEPH,
tenedoHnisa. OKpiM TOro BpaxoBYeEThCs TeorpadiuHe PO3MIlIeHHs PETiOHIB, HAsBHICTD y HUX CIIJIBHUX
MEX Ta HEOHOPIAHICTh T'YCTUHU HACEICHHS 10 TEPUTOPIi MOIEIHOBAHOTO CYCIIJILCTRA.

[Ipu noGynoBi Mojeni Oys0 TakoXX BpaxoBaHO TOW (hakT, IO OTpUMaHa MOJENb HMOBMHHA OyTH
peaiizoBaHa JUIsl TIPOBEJICHHS YHCEIbHUX EKCIIEPUMEHTIB 3a JIOTIOMOTOI0 KOMIT toTepa. TyT BaIUBUM
ACIIEKTOM € 3PYYHICTh Ta MPOCTOTA 3aJaHHS MOYAaTKOBOI KOH(Irypamii Mojei, 10 3Ha4YHO CIPOIILYE
Po0OOTY 3 HEIO Ta JO3BOJISIE aHANI3YBaTH 3HAUYHO OiIbIle pi3HUX KOH(DIrypawiil.

[IpoBeneHO 4YMCeNnbHI EKCIEPUMEHTH, SIKi MiITBEPAKYIOTh KOPEKTHICTH poOoTH Moxenmi. Takox
OTIMCaHi, 3 BIACHOTO JIOCBIJy aBTOPA, JIEsKI BaXKJIMBI JIeTalli KOMIT FOTEpHOI peaizarii miei Moseri.
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There have been large fluctuations in the perceived value of parallel computing in the last decades. Sometimes parallel
computation has been viewed optimistically as the solution to all of our computational limitations. The conventional division
of verification methods is analyzed. It has been concluded that synthetic methods of software verification can be considered as
the most relevant, useful and productive ones. The relevance of the implementation of the methods of formal verification of
software of computer systems, which supplement the traditional methods of testing and debugging, and make it possible to
improve the program uptime and security, is noted. The formal verification methods of computer system software can
guarantee that verification of the properties is performed by a system model. Nowadays, development of these methods is lying
in the direction of reducing the formal verification total cost, support of modern programming concepts and minimization of
"manual™ work in the transition from the system model to its implementation. Their main feature is the ability to search for
errors using a mathematical model without recourse to the existing software realization. It is very convenient and economical.
There are several specific techniques used for a formal model analysis, such as a deductive analysis, model and consistence
check. Every verification method is being used in particular cases, depending on the goal. Synthetic methods of software
verification are considered as the most actual, useful and efficient, as they aim to combine the advantages of different
verification approaches being free of their drawbacks. The significant progress in the development of such methods and their
implementation in the industrial software development has been currently made.

Keywords: parallel programming; verification of programs; formal verification
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IIpoBeneHo anaii3 3aranpHONpPHHHATOrO TMOALTy MeroniB Bepudikamii. CyTs (GopManbHHX METOAIB HONSTaE B CTBOPEHHI
MaTeMaTHYHUX MOJeJIed IporpaM i BUMOT 1 B JIOTIYHOMY aHaJli31 BiAMOBIAHOCTI Mk noOynoBaHuMHU MozensiMu. Ha ceoroxHi,
¢dopMasbHI MeTOmM — I (YHOAMEHT, Ha SKOMY CTOITh OymIiBIs TporpamHoi imxeHepil. 3poOJEHO BHCHOBOK, IO
HallaKTyalbHIIINMH, HaHOIIbII KOPUCHUMH Ta NPOAYKTHBHUMH MOXHA BBaXAaTH CHHTETHYHI MeToau Bepudikamii I13.
3a3Ha4yeHo, 10 aKTyallbHUM € BIPOBA/DKCHHsS B MPAKTUKY METOAIB (opMmaibHOi Bepudikaiii mIporpaMHOro 3abe3medeHHs
KOMIT'FOTEpHUX CHCTEM, L0 NONOBHIOIOTH TPagLiliHI METOIU TECTYBaHHS 1 HANAro/KCHHS, 1 JO3BOJSIOTH IiABHUIIUTH
0e3B1IMOBHICTB 1 O€3MeKy mporpam.

Knrwwuoei cnosa: napanenvhe npoepamyeants,; eepugixayis npospam,; gopmanvha eepughikayis

AHaJIN3 CylIeCTBYHOIIHMX TEXHOJIOTHH BepuUKAIMU NapaLlebHbIX

InporpamMmm
Mopo3s cmapwuii  npenodagamens — Kageopvl  meopemuyeckon U - NPUKIAOHOU
Ouabra IOpbeBHa cucmemomexHuku  axyibmema — KOMHbIOMEPHbIX — HAYK,  XapbKoeckuil

HayuonaneHwulll yHusepcumem umenu B. H. Kapasuua, niowades Ceob00ul, 0,
Xapvkos, Ykpauna, 61077
Toucronyxckas Enena 0.m.n., CH.C., npogeccop meopemuueckoi u NPUKIAOHOU CUCEMOMEXHUKU
I'ennagueBHa gaxyremema KomnviomepHuIX HAYK, XapbKOGCKULl HAYUOHATbHBIU YHUGEPCUMen
umenu B. H. Kapasuna, nniowaos Ceo600si, 6, Xapvkos, Yxpauna, 61077

CaBueHKO cmydenm axkyiomema KOMHbIOMEPHbIX HAYK;, XapbKoGCKUli HAYUOHATbHBIL
Poman BanepbeBuu yrusepcumem umenu B. H. Kapasuna, niowaos Ce0600wi, 6, Xapvkos, YVkpauna,
61077

ITpoBeneH aHanu3 OOLIETIPUHATOTO pacipeseaeHus MeToaoB Beprudukanun. CyTs GOpMaIbHEIX METOJOB COCTOUT B CO3J[aHUN
MaTeMaTH4YeCKHX MOJENEH mHporpaMM M TpeOOBaHMH M B JIOTHYECKOM aHAIN3€ COOTBETCTBHS MEXAY HOCTPOCHHBIMU
Mmozensmu. Ha ceromgus, gopmanpHble MeTOAbI — 3TO (yHAAMEHT, Ha KOTOPOM CTOUT 3[JaHUE IMPOrPaMMHON HH)KCHEPHH.
Craenan BBIBOA, 4TO Hamboliiee aKTyaJdbHBIMH, HanOoJee MOJIC3HBIMH W IIPOJYKTHBHBIMA MOXHO CUHTATh CHHTETHYECKHE
Mmeroabl Bepudukammu [10. OTMedYeHO, YTO aKTyalbHBIM SIBISIETCS BHEAPEHHE B IPAKTHKY METOJOB (OpMajbHON
BepU(HKaUK MTPOrpaMMHOTo obecriedeHHs] KOMIIBIOTEPHBIX CUCTEM, JOTOJHSIONINE TPaIUIHOHHBIE METOIbI TECTUPOBAHHS U
OTJIaJIKU, ¥ TTO3BOJISIFOT MOBBICUTH 0€30TKa3HOCTh M 0€30MaCHOCTD IMPHIIOKEHHUH.

KiroueBsie cioBa: mapamiensHOe IpOorpaMMHUPOBAHIE; BEpUBHKAIHS IPOrpaMm; hopMaIbHas BeprUpHKAIINST

There have been large fluctuations in the perceived value of parallel computing in the last decades.
Sometimes parallel computation has been viewed optimistically as the solution to all of our
computational limitations. But there are those who argue that it is not worth the effort, given that the
CPU speed continues to improve and memory cost to reduce. The perceptions tend to fluctuate between
these two extremities due to a number of factors: constant changes in the “hot” issues to be addressed,
availability to users of the programming environment, the computer market, vendors involved in
building the supercomputers and the focus of the scientific community at any given moment and time.
As a result, it is very difficult to judge objectively the value and prospects of parallel computing.

Verification of programs or computer systems is an activity aimed at determining their correctness
or finding errors. This activity can take various forms: code inspection; static analysis (search for
typical errors); testing (running the program on examples and checking the correctness of the results);
simulation modeling (creation of a feasible model of the system and its inspection in a special
environment); formal verification (construction of a logical model of the system and its analysis by
means of mathematical logic). There are many approaches, but none of them can guarantee the
correctness of really complex projects; the best results, as practice shows, are achieved by combining
different methods. The essence of formal methods is to create mathematical models of programs and
requirements and a logical analysis of the correspondence between the constructed models. Today,
formal methods are the foundation on which the building of the software engineering stands. It should
be noted that formal methods have long gone beyond the academic community and have become part of
the industry, as well as part of the system development process (microprocessors and operating
systems). In the information society, software development has become mass activity.
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Software Testing is developing both as industry and science. Distributions occur, new directions
and scientific flows appear; different techniques, methods and practices of software testing are used. It
is often caused by the fact that companies or organizations pursue different goals or by specifics of
testing the different product categories (medicine, tourism, education, finance, e-commerce, etc.).

STLC (Software Testing life cycle) means all actions which are performed during testing of
software product.

. Designing Test Test execution
Business and . z Summary report
- Test Planning & Cases and with Bug
Requirement L . . and Result Test Closure
. Estimation Preparing Test reporting and 5
understanding analysis
Data closure

Figure 1. STLC (Software Testing life cycle)

Nowadays, ensuring high reliability and infallibility of modern management systems software is one
of the main tasks of the IT industry. Therefore, the implementation of software engineering formal
verification methods, which complement traditional testing and tune-up methods, and allow increasing
software infallibility and security is highly relevant.

Software verification is more general concept than testing. The main goal of verification is to
achieve a guarantee that a verified object (requirements or program code) meets the demands, is
implemented without unexpected functions and suits design specifications and standards. The common
division of verification methods is presented as a diagram in Fig. 2.

Software system validation is a process of proving that goals set for this system are achieved as a
result of system development. In other words, validation is checking if the system meets the customer’s
expectations.

The main standard, which controls software verification planning and realization, is called
IEEE 1012 for verification and validation processes [1]. This standard includes the description of
different verification task sets which accord to diverse activities, recommended template of the
inspection and confirmation plan, determination of 4 software criticality levels (from high to minimal).

Software expertise includes all verification methods, in which evaluation of the software life cycle
artifacts is done by people. The main advantage of this method is the ability to detect 50-90% of errors
[5]. However, it also has some drawbacks. Error search, evaluation and analysis of software properties
are done by a human (usually it is a group of 2-5 persons). Therefore, experts, programmers with 10 or
more years of work experience are required to perform this action.

Static analysis is an analysis performed without program execution. Its methods can be divided into
two: the control to ensure that all formalized rules of correct construction of these artifacts are
performed, and the search for some typical errors and defects based on some templates. [2]. Static
analysis instruments often use both kinds of checking. Static analysis is considered to be the most often
used verification method. Proven code correctness rules or common errors templates are being
transferred to the development environments.

Static analysis advantages:
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— Automatic analysis of multiple execution paths at one time.
—  Detection of errors that occur only on single execution paths or on unusual input data.
— Ability to analyze on an incomplete set of input files.
— No overhead costs during program execution.
Drawbacks of this method:
— Lot of error responses.
—  Manual checking of work results is required (needs significant time, human and
material resources).

Verification
Expertise I ]
[ Synthetic
Formal
methods
Static methods
analysis Dynamic
H  General i methods
| | Model-based
Deductive | testing
) Correctness analysis
[|  Technical rules check P [
Monitering Monitoring
L of formal
Model properties
H  Specialized DEfT,C; check _
— search by Analysis of
— Testin v
templates g - formal
properties
L Organizational Consistence
check
Synthetic
method of
| structural
tests
generating

Figure 2. Common division of verification methods

Dynamic verification methods use results of real work of software system or its prototypes to
verify the compliance of these results with the requirements and designs.

There are two main kinds of dynamic verification methods: monitoring, which provides only
observation, recording and evaluation of the software normal working process, and testing, which runs
software by using prepared scripts. The advantage of this method is good error detecting ability; the
drawbacks include the need for a prepared input data set, runtime environment, as well as high demand
for the resources.

Formal verification methods. Their main feature is an ability to search for errors by using
mathematical model without recourse to existing realization of software. It is very convenient and
economical. There are several specific techniques used for formal models analysis, such as a deductive
analysis, a model and a consistence check. Unfortunately, construction of these models requires a
correct and adequate model of software itself [4]. Only if model is created correctly, some of its
properties could be analyzed automatically. However, in most cases specialists require deep knowledge
of mathematical logic, algebra and must be experienced users of this device in order to do an effective
analysis.

Compared to sequential writing, parallel programs are much more complicated. In sequential
programming, a programmer develops an algorithm, then expresses it to the computer in a correct and
understandable language, and makes it efficient to execute. Parallel programming has the same
problems, but also a number of additional ones. They complicate the development and have no
analogues in the consistent sphere. These problems include: data allocation management, parallelism
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search and expression, computational load, as well as the proper implementation of a parallel algorithm,
interprocessor communication management, and balancing. The algorithm takes turns considering each
of these challenges.

Distribution of task data is another problem of parallel programming. Most conventional parallel
computers have the concept of data locality. This means that you can get much faster access to data
stored in memory that is “closer” to a particular processor. Data locality can also occur because each
processor has its own local memory. Similarly, in a machine with allocated memory, this occurs
through a cache processor that is in the shared memory system.

The programmer must pay attention to where the data is stored in relation to the processors that will
access them, precisely because of the influence of data localization. The closer the data, the faster the
processor will be able to access them and shut down. That is why the division of labor and the
dissemination of data are closely linked. The optimal design of the program will take both aspects into
account.

For a long time, the basis of parallel computing has been the automatic parallelization of a serial
program by the compiler. Decades of work by compiler researchers have had little success, and
automatic parallelization works only in limited conditions. In the best case, the languages are partially
implicit, in which case a programmer gives the directives for parallelizing the compiler. Verilog,
VHDL, Parallel Haskell, SISAL, Mitrion-C, and System C (for FPGA) are known as implicit parallel
programming languages.

The tools for automatically generating code-based tests that use additional sources of information
have been recently developed actively.

These sources include static a code analysis, a formal analysis, earlier test monitoring, etc. Since this
kind of instruments uses 3—-4 different techniques, their methods are classified as a separate kind of
synthetic verification methods [3]. They combine several approach types — static analysis, formal
analysis of software properties and testing. In the last 10-15 years some of those methods such as
primarily model-based testing and monitoring of formal properties have become independent research
areas. Advantages and drawbacks of synthetic methods are determined by combination of verification
methods used by a synthetic method.

The purpose of the work is to analyze the possibilities of using structures of the semantic-numerical
specification to describe formally the objects of the model of planning parallel processes in the
computer networks. This work contains the analysis of the existing methods of static and time model
specification. The generalized model planning parallel processes in the computer networks is analyzed.

The formal description of input data of the planning model by the semantic-numerical specification
is proposed. The implementation program of graphic editor for the graphic specification for the model
planning parallel processes objects has been developed. The analysis of the resource model planning
highlights its significance and necessity of an object format. With the help of the program we can
construct a topology of the computer networks, C-graphs for C-programs, in order to understand and
create structures of the semantic-numerical specification for input data of the planning model.

The formal verification methods of computer system software can guarantee that verification of the
properties is performed by a system model. Nowadays, development of these methods is lying in the
direction of reducing the formal verification total cost, support of modern programming concepts and
minimization of "manual” work in the transition from the system model to its implementation.

Every verification method is been used in particular cases, depending on the goal. Every verification
method is being used in particular cases, depending on the goal. Synthetic methods of software
verification are considered as the most actual, useful and efficient, as they aim to combine the
advantages of different verification approaches being free of their drawbacks.

The significant progress in the development of such methods and their implementation in the
industrial software development has been currently made.
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Basic approaches to creating hardware and software for radiation monitoring information systems have been developed in the
article. A modern information system for radiation monitoring and control that requires a comprehensive approach and an
iterative process of its creation has been developed. The proposed approach to integrating local measuring devices with cloud
services, using M2M/IoT technology for remote measurements, advanced semiconductor sensors based on CdTe and CdZnTe
radiation detectors, modern microcontroller and communication microchips is highly promising. Developed hardware and
software solutions demonstrate increased accuracy due to hardware and software correction of measurement results. A variant
of the architectural solution for building a platform for remote access to dosimetric and radiometric measurements is being
developed. The solution lies in the direction of improving the parameters of detectors, as well as the characteristics of electronic
modules of detecting systems and creating software for controlling the detection process, collecting and digital processing of
information, and its adequate presentation to users online. The architecture and structural diagram of a dosimetric system, a
sequence diagram, a diagram of a dosimetric system with a subsystem for data exchange over the Internet have been created. A
new algorithm for measuring the exposure dose rate of ionizing radiation has been proposed. The block diagram of a
microcontroller dosimeter has been developed. The algorithm for correcting the dependence of the sensitivity of the detector
based on CdZnTe on the energy of the detected gamma quanta has already been proposed. The algorithm significantly reduces
the uncertainty of measuring the radiation dose rate. The architecture and block diagram of the dosimetric system with the
possibility of remote access and remote control of the main functions has been presented as well. The calculation of the exposure
dose of gamma radiation and the power of the exposure dose with the energy dependence correction have been used. The system
elements have proved to be useful for students’ distant laboratory work during the quarantine.

Keywords: radiation monitoring, microcontroller, dosimeter, detector, microcontroller, semiconductor sensors, charge-sensitive
amplifier, cloud services, remote user access..
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Tepboxin acnipanm xagheopu eneKmpoHiKU ma ynpasgisoyux cucmem
Birasniii Xapxiecvkuil nayionanvuuil yHieepcumem imeni B.H.Kapas3ina,
JleoHimoBUY Maitioan Ceoboou 4, Xapxie-22,Ykpaina, 61022

Pino3y0o cmyoenm gakyromemy Komn tomeprux Hayk

Ouner Xapxiecvkuil nayionanvuuil yHieepcumem imeni B.H.Kapas3ina,
BosoqumupoBuu Maiioan Ceoboou 4, Xapxie-22,Ykpaina, 61022

Domin K.¢h.H, cmapuwuii Haykoguii cnigpobimuuk kageopu saoephoi ma
Cepriii MeOuunoi Qisuxu gisuxo-mexniuno2o gaxynvmemy
IlerpoBu4 Xapxiecvkuil nayionanvuuil yHieepcumem imeni B.H.Kapas3ina,

Maiioan Ceoboou 4, Xapxie-22,Yrkpaina, 61022

V wmiit craTTi po3pobiaeHo 6a30Bi MiIXOOW X0 CTBOPEHHS alapaTHO-IPOrPaMHOTO 3abe3NedeHHs I iHPOpMAIifHIX CHCTEM
paniamiifHoro KOHTpouro. Po3pobneHo cyyacHa iHpopMalliiiHa CHCTeMa paialliifHOro KOHTPOJIIO 1 MOHITOPHHTY siKa MOTpeOye
KOMIUIEKCHOTO TiIX0/Iy Ta iTepaTUBHOTO Mporecy ii cTBopeHHs. IIpu npoMy, mepCclieKTHBHUM HAIIPSIMKOM € 3allpOTIOHOBAaHHUH
MiAXiA 1HTErpamii JOKaNbHIX BUMIPIOBAIRHUX MPWIAIIB 3 XMapHUMH cepBicamu, 3acrocyBanHi M2M/IoT texnomorii mis
BiJTaJICHUX BUMipPIOBaHb, BUKOPHCTAHHS MEPCIIEKTUBHUX HAIIBIPOBITHUKOBUX ceHCopiB Ha ocHOBI CdTe u CdZnTe nerekropin
BUIIPOMIHIOBaHb, CY4acHOI MiKPOKOHTPOJEPHOI 1 KOMYyHIKamifHOi MIKpPOCXEMOTEXHiKM TO 1mo. Po3pobneni amapartHi i
NporpaMHi pillleHHs MAloTh MiJABHIIEHY TOYHICTH 32 PAaXyHOK amapaTHO-TPOrpaMHOI KOPEKIil pe3ysbTaTiB BHMipPIOBaHb.
Po3po0ieHo BapiaHT apXiTEKTypHOTO PillleHHS I MOOYMOBH IIIATGOPMH JUIS BiJTAIICHOTO JOCTYIY JO JTO3MMCETPUYHHX Ta
pagioMeTpHYHMX BUMIPIOBAaHb 3 IMOUIYKOM LUIIXIB BHpIIIEHHS IIi€i mpoOieMH Hae B HANpsIMKY IOJINIIEHHS HapaMeTpiB
JIETEKTOpPIB, YIOCKOHAJCHHS XapaKTePHCTHK €JIEKTPOHHHX MOJIYNIB NETEKTYIOUMX CHCTEM 1 CTBOPEHHsS HpPOrpaMHOTO
3a0e3MeyeHHs] [UIA YNPaBIiHHA MNpPOLECOM JAETeKTyBaHHs, 300opoM iH(opmamii, i1 muppoBoi 00poOku 1 agekBaTHOTO
MpEeACTaBICHHS KOPUCTyBauaM B on-line pexxumi. CTBOPEHHS apXiTEeKTYpH Ta CTPYKTYPHOI CXEMH TO3HMMETPHUYHOI CHCTEMH,
JiarpaMa IIOCHIiIOBHOCTEH, cXeMa IO3MMETPHYHOI CHCTEeMH 3 MiJCHCTEMOI0 OOMiHY IaHHMH 3a JIOIOMOTror I[HTepHeT.
3amponoHOBaHO HOBHM aNTOPUTM BHMIPIOBAHHS IOTY>KHOCTI €KCHO3HIIIHOT 103U 10HI3yl0YOTro BHIIPOMiHIOBaHHS. Po3poOka
CTPYKTYPHOI CXEMH MIKPOKOHTPOJEPHOTO H03MMeTpa. PaHime OyB 3alpoOIOHOBaHWH alrOpPUTM KOPEKIii 3aJeXHOCTI
yyTauBocTi merektopa Ha ocHoBi CdZnTe Bim eHeprii peecTpoBaHMX TamMMa KBaHTiB. AJNIFOPUTM 3HAYHO 3MEHIIYE
HEBH3HAYCHICTh BHMIPIOBAHHS MOTYXXHOCTI JTO3M ONMpPOMiHEHHS. Takok Oyna po3pobiieHa apXiTeKTypa i CTPYKTypHa cXema
JO3UMETPUYHOI CHUCTEMH 3 MOJIMBICTIO BiJJJAJICHOTO JOCTYIy Ta IUCTAaHI[IMHOTO YNPaBIiHHS OCHOBHMMH (DYHKIIISIMH.
BukopucTaHo OOYHCICHHS EKCMO3UINIHOT 031 raMMa BHUIPOMIHIOBAHHS 1 MOTYXHOCTI SKCITO3MIIAHOT 103U 31 KOPEKIIE
CHEPTeTHYHOI 3aISKHOCTI. TaKOXK, CIEMEHTH CHCTEMH  BUSIBUIIHCS KOPUCHHMH JUIS IMCTAHIIHHOTO BUKOHAHHS J1ab0paTOPHUX
pOOIT CTyA€HTaMH IIi[J Yac KapaHTHHY.

Knrwowuoei cnosa: padiayiiinuii MOHImMopumne, MiKpOKOHMPOIePHULL 003UMemp, OemeKmop, MiKpOKOHMPOJep, HaNnignpo8iOHUKOGI
CeHcopu, 3apa00 - Yymaueull NiOCUTI08AY, XMAPHI cepsicu, 8i00aneHutl 00Cmyn KOpUCMy8ayis.
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B 3710i1 craThe pa3zpaboTanbl 6a30BbIe MOAXOABI K CO3AaHHIO allapaTHO-IIPOrpaMMHOro obecredeHus A HH)OpMaHnOHHBIX
CHCTEM paJUallMOHHOTO KOHTpoisi. PaspaboTaHa coBpeMeHHas MH(OpPMAaLMOHHAS CHUCTEMa pPaJHallMOHHOTO KOHTPOIS M
MOHHUTOPHHIa KOTOpast TpeOyeT KOMIUIEKCHOTO MOJIX0Aa U HTEPAaTHBHOTO Mpoliecca ee co3qaHus. IIpu 3ToM, NepCreKTHBHBIM
HaIlpaBJICHUEM SIBISIETCS TIPEIJIOKEHHBI MOAXOJX WHTETrpally JIOKAJIBHBIX HM3MEPUTENBHBIX IPHOOPOB ¢ 0OIAYHBIMU
cepBucaMy, mnpuMmeHeHus M2M/IOT TexHomormm M yHAJCHHBIX HW3MEPEHMIl, HCIIONBb30BAHUS IIEPCIIEKTHBHBIX
HOJTYTIPOBOTHUKOBBIX ceHcOopoB Ha ocHoBe CdTe u CdZnTe meTekTopoB H3IIydCHHH, COBPEMEHHON MiKPOKOHTPOJICPHOI M
KOMMYHHKAIIHOHHOH MHKpPOCXEMOTEXHHKH. Pa3paboTaHBl ammapaTHble W IPOrpaMMHBIE PEIICHHS HMEIOT IOBBIIICHHYIO
TOYHOCTb 3@ CYET aNNapaTHO-NPOrPaMMHON KOPPEKIMH DPe3yJIbTaToOB M3MepeHui. Pa3paboTaH BapHaHT apXUTEKTYpPHOTO
peLIeHNs UL HOCTPOCHHS IUIAaT(GOPMBI JUISl YAAICHHOTO 0CTYIA K JO3UMETPHYECKUM U3MEPEHHUSM C IIOMCKOM ITyTeH peIeH s
9TOH NpoONeMBbl HMIET B HANPABICHUM YIy4LIEHHS MapaMeTpPOB JIETEKTOPOB, YCOBEPIICHCTBOBAHUE XapaKTEPHCTUK
JNICKTPOHHBIX MOAYJEH JCTEeKTHPYIOIIMX CHCTEM M CO3JaHHE NPOrPaMMHOrO OOECNeHYEHMsS U YIPABJICHHS IPOLECCOM
JeTeKTUPOBaHus, cOopoM nHpOpMalnH, ee HUPPOBOii 0OPabOTKH U aJAeKBaTHOTO MPEICTABICHHUS IOJB30BaTEIsAIM B ON-line
pexume. Co3maHue apXUTEKTYPHI U CTPYKTYPHOW CXEMBI HO3MMETPHYECKOI CHCTEMBI, IHarpamMMa II0CIeIoBaTeIbHOCTEH,
cXeMa JO03UMETPHIECKOi CHCTEMBI C TIOICHCTEMOI 0OOMeHa MaHHBIMU TocpencTBoM MaTepHeT. [IpeioxkeH HOBBIH aaropuT™
W3MEpEeHHs] MOIIHOCTH OSKCIIO3MIMOHHOW 03Bl HMOHM3HPYIOUIEro W3iydeHws. Pa3paboTka CTpPYKTypHOH CXEMBI
MHKPOKOHTPOJUIEPHOTO 103UMeTpa. PaHee ObUT MPEeUI0kKEeH aropUT™M KOPPEKIMU 3aBUCUMOCTH YyBCTBUTEIBHOCTH ICTEKTOPA
Ha ocHoBe CdZNnTe OT 9HEPrHH PerrCTPHPYEMBIX raMMa KBAHTOB. AJTOPUTM 3HAYHTEIHPHO YMEHBIIAET HEOMPEIEICHHOCTD
M3MEPEHHsI MOIHOCTU 103kl obmyuenus. Tawoke OblUla pa3paboTaHa apXUTEKTYpa M CTPYKTYpPHAs CXeMa J03MMETPHYCCKOM
CHCTEMBI C BO3MOXKHOCTBIO YJAJEHHOTO JOCTYNA M JUCTAHIMOHHOTO YNPABICHHS OCHOBHBIMH (yHKUMSIMH. MCHOIb30BaHO
BBIYHCIICHUE DKCIO3UIIMOHHON 03Bl raMMa M3IyYeHHs] M MOIIHOCTH IKCIO3UIIMOHHOM J03BI C KOPPEKIHeil YHepreTHIeCKOH
3aBUcHMOCTH. Taroke, HJIEMEHTHI CHCTEMBI OKa3aJIMCh MOJIE3HBIMH JUIS IUCTAHIIMOHHOTO BBITIOJIHEHHS JIA00OPAaTOPHBIX.

Knruesvie cnosa: paouayuonuviii MOHUMOPUHZ, MUKDOKOHMPOILEPHULL 003UMemp, OemeKmop, MUKPOKOHMPOLLep,
NOAYNPOBOOHUKOBbIE CEHCOPbL, 3aPSO0 - YYECMEUMENbHBIIL YCUNUMENb, 00IaUHbLe CepBUChL, YOUNIEeHHbII OOCHYN NOIb308AMENell.

Introduction

The amount of ionizing radiation energy absorbed by a human body determines the degree of radiation
damage to the functional organs [1]. Therefore, the correct measurement of the radiation dosage and new
ways to increase the accuracy or reduce the uncertainty of the measured and calculated dosimetric values
present an immediate problem. The search for solutions to this problem is based on improving the
parameters of detectors, enhancing the characteristics of electronic modules of detecting systems, as well
as creating software for controlling the detection process, collecting and processing information, and
adequately representing it to users online [2,3]. When developing software, it is necessary to consider the
interaction of ionizing radiation with materials and objects that are irradiated. In particular, it is necessary
to consider their heterogeneity and the energy dependence of the detector sensitivity - the so-called
"course with rigidity" - in a wide range of energy and radiation intensity, which is a nontrivial task [4].

Rapid development of information technologies and modern electronic database provide new
opportunities for creating systems for monitoring the radiation state of objects and the impact of the
radiation load on living organisms. Also, they are using M2M / loT solutions for remote measurements,
advanced semiconductor sensors (e.g. based on CdTe and CdZnTe radiation detectors), modern
microcontroller technology, etc.

General structure of hardware and software for radiation monitoring information systems

The extremely useful hardware and software solution for online access to the information about the
measuring dose and spectral composition of radiation, as well as parameters of detectors and
spectrodosimetric equipment is the integration of local solutions with cloud technologies such as the
ThingSpeak, a service for receiving, analyzing, and visualizing data. This service is free and has built-in
MATLAB package - a high-level language and interactive environment for programming, numerical
calculations and visualization of results. When using the package you can analyze data, develop
algorithms, create models and applications [5].

The connection of equipment, a dosimeter in our case, is performed according to the Fig. 1. The ESP32
electronic module - a microcontroller with a Wi-Fi interface should be integrated in the device as
suggested in [6].

The developed scheme is particularly useful for educational purposes. Using this solution, students
will have remote access to research equipment via their smartphones and be able to use such powerful
tools as MATLAB and SIMULINK for calculations.
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Fig. 1. The scheme of integrating the spectrodosimetric equipment with the cloud service.

The variation of the architectural solution for building a platform with remote access to dosimetric
and radiometric measurements is presented in Fig. 2. The layout of the scheme for integrating dosimetric
equipment with global networks is based on the STM32F4 Discovery microcontroller board and weither

ESP8266 or ESP12 modules. Applying a single-board computer, for example, the Raspberry Pi and the
ESP32-SX1278-Lora module is a cost-effective and robust option for creating a platform.
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Fig. 2. The scheme for building a platform for remote user access to dosimetric and radiometric measurements.

The 137Cs (662 Kev) gamma-ray spectrum view on a smartphone screen obtained by using the
Cd0.9Zn0.1Te detector is shown in Fig. 3 [7].
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Fig. 3. Spectrum of 137Cs gamma quanta in a smartphone screen.

Development of architecture and block diagram of the dosimetric system

The graphical unified object modeling language UML-Unified Modeling Language is used for visual
representation of the system functions. This modern tool is widely used in the development of software
for modeling business processes, system design, and displaying organizational structures. The use case
diagram developed by UML is presented in Fig. 4. This diagram visually represents various scenarios of
interaction between actors (users) and precedents (use cases), and describes the functional aspects of the

system (business logic).
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Fig. 4. UML use case diagram of the system functions.

According to the use case diagram, the system assumes that there are several classes of users who take
part in the system operation.

There are two main types of users shown in the diagram: information consumers (students) and
researchers who do not have direct access to the system hardware, and staff who have the necessary
knowledge and authority to use complex devices of the dosimetry system to conduct experiments.
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It is planned that the system will include a certain number of dosimetric laboratories and a number of
users. The advantage of using a web service in this case is that the work of distributing information to
any number of users is performed by the service's servers. The ThingSpeak cloud service also allows you
to create a channel with multiple data fields that can be recorded from different data collectors.

The process of systems interaction over time is represented in the sequence diagram shown in Fig. 5.
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Fig. 5. UML sequence diagram of the system operation process.

Drawing up an idea of the necessary functions makes it possible to proceed to the system architecture
development. As a result of collaboration with experts in the subject area, a block diagram of the
dosimetric system has been developed (Fig. 6). The diagram includes both hardware and software
subsystems.
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Fig. 6. The diagram of a dosimetric system with a subsystem for data exchange over the Internet.

The diagram shows the following components: 2.1-sample, 2.2-semiconductor detector, 2.3-high-
voltage unit, 2.4-digital-to-analog converter, 2.5-charge-sensitive pre-amplifier, 2.6-spectrometric
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amplifier, 2.7-amplifier and shaper unit, 2.8-spectrometric ADC, 2.9-counter, 2.10-microcontroller, 2.11-
cloud service, 2.12-computer, software for dose determination and data processing.

A block diagram of a microcontroller dosimeter development

An algorithm for correcting the dependence of the sensitivity of the detector based on CdZnTe on the
energy of the detected gamma quanta has been proposed previously [7]. The algorithm significantly
reduces the uncertainty of measuring the radiation dose rate. The architecture and block diagram of the
dosimetric system with the possibility of remote access and remote control of the main functions has been
developed as well.

As can be seen from the proposed solutions, the necessary element of the system is an intelligent
measuring dosimetric device that can be implemented on a modern microcontroller base.

The simplified block diagram of a microcontroller dosimeter is presented in Fig. 7. Electromagnetic
radiation (y) is detected by the CdZnTe detector (D). A stable bias voltage is applied to the detector via a
software-controlled power supply unit (CHVPS). Pulses from the detector are fed to a spectrometric
module consisting of a charge-sensitive pre-amplifier (PA) and a main amplifier-shaper (FA). Basically,
amplifiers are programmed to generate the optimal signal-to-noise ratio and the required gain.
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Fig. 7. The block diagram of the microcontroller dosimeter.

Voltage pulses whose amplitude is proportional to the energy of the detected gamma quanta are fed
to the Board of a multi-channel amplitude analyzer. The analyzer consists of a spectrometric analog-to-
digital Converter (SADC) and a microcontroller module (MS & Interface). In addition to counting the
pulses from the registered gamma quanta, as it is done in a conventional dosimeter, the module generates
exposure sets the necessary statistical accuracy of measurements, calculates correction coefficients and
displays the measurement results. The module also provides the communication with a computer and the
Internet services.

The module is proposed to be developed on the basis of a 32 - or 64-bit microcontroller. For example,
it can be a STM32F407g-DISC1 debugging Board with a 32-bit ARM Cortex ® - M4F microcontroller
STM32F407VGT6 or a powerful Raspberry Pi 3 microcomputer on a 1.2 GHz 64-bit Quad-core ARM
Cortex-A53 CPU.

To find the optimal modes of the semiconductor detector, a programmable power supply unit
controlled by a computer or microprocessor has been developed (Fig. 8).
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Fig. 8. Programmable high voltage power supply.

The device can be used to power photomultipliers, semiconductor ionizing radiation detectors and
other low-power equipment, which requires high stability of the supplied voltage.

An example of using a programmable power supply to measure the dependence of the leakage current
of a semiconductor ionizing radiation detector on the offset voltage is shown in Fig. 9.

Voltage

curent

Software
(Measuremen
& control)

Detector

Ethernet

Fig. 9. The diagram of measuring the dependence of the leakage current on the offset voltage of the detector. R -
measuring resistor, A-instrument amplifier with galvanic isolation.

The calculations of the exposure dose of gamma radiation and the exposure dose rate with the
energy dependence correction.

Previously it has been suggested that the radiation dose measurement program operates in two modes
: the preset exposure time mode or the set statistical uncertainty mode [6]. In the first mode, the spectrum
set continues for the exposure time t. After the end of time t, the number of i pulses is recorded in each i
- memory cell that is allocated for the multichannel amplitude analyzer, N; which shows how many pulses
of this amplitude are received by the ADC input. Accordingly, the number of registered quanta of this
energy is the same. The total number of N;,.4; pulses is calculated or calculated in parallel. In the second
mode, Nyo¢q; 1S @ value that is calculated based on the time when the maximum number of no pulses is
reached N,.

The calculations of the exposure dose of gamma radiation D, and the power of the exposure dose
X, = D, /t (4) are performed accounting for the recorded dependence of the CdZnTe detector sensitivity
on the radiation energy [8]. To do this, after the spectrum is set, the program calculates D, in [ur] , using
the formulas (1):

D, = (A < Epulse > +B) * Niotals @)
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where the average pulse amplitude < E,,;5c > is calculated by using the formula (2):

< Epulse >= Yi (& *n; /Neotar) (2)
and N;,:q1 = X ni— the total sum of pulses in the spectrum, or the final (3):
D,=AYii*n;+BxYin;, 3)

The values of coefficients A and B are determined during calibration of the detector system using
standard gamma-ray isotope sources.
The exposure dose rate of gamma radiation X _e in [pr/s] is defined as:

X, =D,/t, 4)

where t is the measurement time in seconds [s].

The calculated exposure dose value is transmitted via one of the interfaces to the dosimetric data
representation subsystem.

Fully operational system, in addition to the program for determining radiation parameters, includes
necessary software modules for adaptive control of the detector bias voltage, selection of time constants
for forming circuits, setting of gain coefficients, and service programs.

Conclusions

The development of modern information systems for radiation monitoring and control requires a
comprehensive approach and an iterative process of their development. The proposed promising approach
is integrating local measuring devices with cloud services, using M2M/loT technology for remote
measurements, advanced semiconductor sensors based on CdTe and CdZnTe radiation detectors, modern
microcontroller and communication microchips, etc. The developed hardware and software solutions
have demonstrated high accuracy due to hardware and software correction of measurement results which
are provided by a multi-channel amplitude analyzer implemented into the dosimetric system. The
amplitude distribution which corresponds to the energy spectrum of radiation obtained during the
exposure allows us to accurately calculate the exposure dose and the power of the exposure dose of
gamma radiation. The ThingSpeak cloud service is used for providing users’ access to information about
the measuring dose, spectral composition of radiation, parameters of detectors and spectrodosimetric
equipment. The developed equipment, algorithms, and programs are used for experimental research of
radiation and nuclear-physical processes. The system elements have proved to be useful for students’
distant laboratory work during the quarantine.

The work has been carried out with partial financial support from the UNTC Foundation, project No.
9903.
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