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IOPUI BJIAJUMHUPOBIY I'AH/IEJIb
(05.07.1934 — 04.04.2017)
[TAMATHU YUUTEJIA

IlepBoro ampesst Mbl IOTEPAIN APYyra, KOJJIETY,
yuuTeNNd M 3aMedaTesNbHOro 4enoBeka IOpus
Brnagumuposuua I'annens. TspkecTs 3TOH yTpaTsl
orpomMHa. Jlis MHOrMX W3 Hac  lOpwmit
BnangumupoBud ObLT HE TOJNBKO Y4uTeNeM, HO U
oOpa3ioM yueHoro u meparora. Kak ydyeHbll OH
co3layl B XapbKOBE MIKONY, KOTOpasi HCIOJIb3YeT
KOMIIBIOTEPHBIH SKCHEPUMEHT IJIS1 HCCIIEeIOBAHUS
3aJadax MaTeMaTHYecKod (H3MKH Hapsay C M Ha
OCHOBE MAaTEMaTHYECKH KOPPEKTHOIO aHajIu3a
3amayn. OOpa3oM TaKOTo IMOAX0/1a CITyKaT padOTHI
€r0 U €ro YYEHUKOB, TIIOCBALICHHBIE METOIY
JUCKPETHBIX  OCOOCHHOCTEH. BprauciauTenbHbIN
IKCHEPUMEHT B 3THUX pPadOTax HCIOJB3YeTCs Kak
CPEACTBO TOPOXKACHUS TMIIOTE3 U HE HCKIIOYAET,
Kak 3TO 4acTo ObIBaer, KOPPEKTHBIX
MaTeMaTHYECKUX JOKA3aTeIbCTB. DTOT MOIXOMA CaM
Opuii BrnagumupoBuy OOBSCHAT M NPONAraHAMPOBAI CBOUM CTYyAEHTaM Tak:
MOJYYHUTE TPaBAONOAOOHOE pElIeHHE He OuYeHb 3a00TsAch 00 000CHOBaHHOCTH
Ka)XJIOTO BaIllero Iara, Ho He 3a0bIBaliTe, YTO MOJYYCHHOE BaMHU elle He pelleHHe
3aJadd, a TOJIBKO THUIOTe3a O BHJAE pEIIeHHs; KOorxa Takas THUIoTe3a Oyner
chopMynupoBaHa — HUCHONB3YHTE MaTeMaTHUECKUE METOJIBI JUIsl €€ JI0Ka3aTelnbCTBa,
TOJIBKO TIOCJIE TaKOTO J0KA3aTeNbCTBA MOJYYCHHOE BaMU OOPETAaeT CTaTyC peIICHHS
3aJa4d, a HEKOTOpash HEKOPPEKTHOCTh IEPBOIO ATama OOOCHOBBIBACTCS HM3BECTHBIM
adopmsmom «llobenmreneit He cymar!». Takas cTparerus nana BEINHKOJCIHBIC
pe3yNbTaThl, a €e YCHEIIHOE pacHpoCTpaHeHWE B HEMalloil CTENEHH 3aBHUCENO OT
npyroro TananTa Opus BrmagumupoBuda — ObIT YuuTeneM. [[s MHOTHX W3 HAC OH
OBLT yuuTeneM, Jake ecii Mbl (GopMmaibHO HEe ObUTH ero ydeHnkamu. OH CBOMM
IMPUCYTCTBUEM, OTHOLICHHEM K KH3HU, HEIIPUMHUPUMBIM OTHOLICHHUEM K
HEMOPAAOYHOCTHU, KaK B HAYKEC, TaK U B HOBceHHeBHOﬁ JKW3HHU, JaBaJl HaM YpPOKH,
3aIIOMHUBIIMECS HA BCIO JKU3Hb. A €ro YYeHUKOB, T€ KOTOpbIe paboTaiu BMecTe ¢
HUM U IPOAOIKAIOT CETOAHA €TI0 ACJI0, MOXHO HaWTH TI0 BCEM Y MHUpPY, BO BCEX TEX
CTpaHaxX, KOTOpBIE BCEPbE3 OTHOCHTCS K MareMaTHke. MIMeHHO MaremaTHke Oblia
NocBsiIIeHHa Bes ku3Hb FOpus Bragumuposuya. [ ee pa3sBUTHS OH HCHOJIB30BAJ
CBOW OpraHM3aTOPCKMH TaJlaHT, OTPBIBASICh OT HCCIENOBaHUN M paboTBl CO
cTyneHTamMH W acnupantamu. OH OBUI OJHUM W3 OPraHM3aTOPOB XapbKOBCKOW
¢u3nKo-maTeMaTHYECKOM MKOJbI (Terneppb Junes) Ne 27, oH ObUl OpPraHU3aTOPOM U
OECMEHHBIBIM PYKOBOJHUTENIEM MEXKIYHApPOJHOIO ceMuHapa «MeToapl TUCKPETHBIX
ocobeHHOCTEeH B 3ajJ1adax MaTeMaTH4ecKol (U3MKM» B HAIlleM YHHBEPCHTETE, OH
VHULUAPOBAI U PYKOBOJAMI MEXIyHAPOAHBIM CUMIIO3UYMOM «MeToabl TUCKPETHBIX
0coOeHHOCTEH B 3a/jauax MaTeMaTHIeCKON (DU3NKM», KOTOPBIM MPOBOIMIICS pa3 B B
rojia U NpUBJIEKAI CHEIUATUCTOB B 00JaCTH MaTEeMaTHYECKOIO MOAEIUPOBAHUS U3
MHorux crpas. Teneps, korna FOpus Bragumuposruua He cTano, MBI SIBHO OCO3HAJIH
Ty POJIb, KOTOPYIO OH MIpall, U TOT 00beM 0053aTeNbCTB, KOTOPHINA OH B3sUT Ha cebsa. 1
Hallla 3a/1a4a — IPOJODKUTH AENI0 Y UYUTEs.




BIKTOP OJIET'OBHUY MIIIIEHKO
(04.08.1952 — 10.04.2017)

£~ KonextuB (akynpreTy KOMIT IOTEPHHUX
‘ HayK 3 TIMOOKMM CyMOM CIOBIIIa€ MpO
nmepemqyacHy cMmepThb Mimenka Bikropa
OneroBuua, I.T.H., 1podecopa, B.O.
3aBijlyBava Kadeapu MOACITIOBAHHS CHCTEM i
TEXHOJIOT1H, 3aCTYITHUKA TOJIOBHOTO
penakropa Bicauka XHY iMeHi
B.H. Kapa3ina cepii «Maremarnune
MojemoBaHHs. [HdopMmaliiHi  TeXHOMOTII.
ABTOMaTH30BaHI CUCTEMH YIIPABITIHHSY.

Haponuscst Biktop OmeroBmd MimeHKO
04 cepnasa 1952 p. y pomuni ciykO0BLiB.
3akinuuBmy y 1969 pomi cepeaHio MIKOIy
No27, BimoMy Ky3HIO KaJpiB I TEXHIYHHX
¢axynbTeTiB BULIiB, BikTOp HE MaB mpobieM
31 BCTYNOM [I0 MEXaHIKO-MaTeMaTHYHOTO
(dakynpreTy  XapKiBCBKOTO  JI€P’KaBHOTO
yHiBepcuteTy imeHi O. M. Topskoro 3a
CICIIANIBHICTIO IPUKJIAJHA MaTeMaTHKa». 3
[FOTO Yacy A0 OCTaHHBOTO MOAWXY WOTO XHUTTA Oyno TicHO moB’s3aHo 3 muM BH3
(amai  — XapkiBchbKWil HamioHanmpHMHM yHiBepcuter imeHi B.H. Kapasina).
Kanmunarceky aumcepramiio 3a  CHCUIATBHICTIO «MAaTEeMAaTHYHHMN —aHai3»  Mij
kepiBHULTBOM Tipod. @.C. Pode-bekeroBa Ha Temy «Jleski MUTaHHS CIIEKTPAIBHOTO
aHamizy a0CTpakTHUX nuepeHIiaIpbHuX omnepaTopiB» Bikrop OneroBud 3aXvCTHB y
1980 p. Ha ocHOBiI po3BUTKY METOMiB, CTBOpeHUX akan. B.O. MapueHkoM i mpod.
®.C. Pode-bekeroBum, HuM Oynu noOynoBaHi —y3arajdbHEHI CIEKTpaibHI
po3KianaHHs abCcTpakTHUX (B3araii, HecaMOCIPsDKEeHUX ) u(epeHIIiifHIX OnepaTopiB,
JIOBEICHO ICHYBaHHS OIEPATOPHUX CHEKTPaIbHUX (YHKIIH Yy CHMETPHYHOMY
BUIAJKY 1 JOCIIKCHO OOCpHEHY 3aj1a4y.

AKTUBHY I€aroriudy IisulbHicTh BikTop OJsieroBHY NMpOAOBXKHB IICIHS 3aXUCTY
KaHAMJATChKOI Auceprauii , obiiiMaioun mocaau acucTeHTa Kadeapu MaTeMaTHYHOI
¢izuku (1980 - 1986), crapmoro Bukianada (1986 - 1987), nouenra (1987 - 2005)
kadeapu MOJCIIOBaHHA 1 MaTeMaTU4HOro 3abesneueHHs EOM — MexaHiko-
MaTeMaTuyHoro Qaxynbrery, goneHta (2008 - 2013) ta mpodecopa (3 kBitHa 2013
POKyY) Kadenpu MOAEIOBaHHS CHCTEM 1 TEXHOJIOTiH (PaKyIbTeTy KOMIT IOTEPHUX HAYK
XapkiBcbKOTro HarioHanpHOTO yHiBepcuteTy imeHi B.H. Kapazina. Bin OyB Takox
OIHUM 13 KEpIiBHHKIB TIIEPEMiIrOTOBKM BUYWTENB XapkoBa 1 oOiacTi mijg dYac
ICTOPUYHOTO BIPOBAKEHHS iHPOPMATHKH B CEPEHIN MIKOIT.

Hampukiami 1990-x pokiB Biktop OneroBud craB oOJHMM 3 OpraHi3aTopis
BIIKpUTTSI y XapKiBCbKOMY HalliOHaJbHOMY YHIBEpPCHUTETI HOBOTO HAmpsMy
MiTOTOBKH — «KOMIT IOTEpHI HAayKW» 1 CIHEIiallbHOCTI «iH(opMariiiHi ympaBistodi
CHUCTEeMHM 1 TEXHOJIOTI» CIIOYaTKy Ha MeEXaHIKO-MaTeMaTU4HoOMy (akysabTeTi, a
3rojioM, 3 2001 poky — QakynbTeTy KOMII IOTEPHUX HayK. 3aCHYBaHHS (aKyIbTETy
KoMIT'10TepHUX Hayk B XHY Oyno 3ymoBieHe OypXJIMBUM PO3BUTKOM KOMIT IOTEPHOT
TEXHIKA HampuKiHi XX CTOMITTSA 1 ii MIMPOKHUM BTIICHHAM MPAaKTUYHO B YCi Tramysi
rpomajcekoro xutTs. [losBa Takoro (akynbTeTy B yHIBepcHTETI Oynia, 3 OJHOTO




00Ky, BiATyKOM Ha 3pocTarounii nonut Ha IT-¢axiBuiB Ha puHKY mpaui B YKpaiHi Ta
32 KOPIOHOM, a 3 IHIIOIO — €JIEMEHTOM BIIPOBA/KCHHS B HaBYaJbHUU IIpoOIEC
HOBITHIX KOMIT FOTEPHHUX TEXHOJOTiH, 0e3 SIKUX HEMOXUIMBHU CyJacHHN KIaCHIHHHA
yuiBepcuteT. 7 BepecHs 2001 poxy Hakazom pekropa XHY imeni B.H. Kapasina
KaHauaat ¢iz.-mar. Hayk goneHT Mimenko B.O. OyB mpu3HadeHHH 3aCTYITHUKOM
JIeKaHa 3 HaB4aJIbHOI POOOTH HOBOCTBOPEHOTO (PaKyiIbTETy.

BaxnuBe micne y HaykoBHX iHTepecax Biktopa Oierosuua Toro 4acy 3aiimMaiu
METOAN AMCKPETHUX ocoOnmBocTell y 3amauax matematuuHoi ¢izuku (MAO3MO®);
BiH OyB BYEHHM CeKperapeM HaykoBoro ceminapy mpod. FO.B. 'anmens 3 mporo
Hanpsimky, a 3 2001 poky — O€33MiHHHUM YYEHHM CEKpeTapeM peryispHUX
MikHapoaHuX cummno3iymiB MJIO3M®, ski 00’enHany HAayKOBiI MIKOIH METOJIB
MUCKpeTHHX ocoOnmBocTeir ychoro CHJI Ta Hamamm MOXITUBICTE XapKiBCBKOMY
YHIBEpCUTETY 3aiHATH OAHY 3 IPOBITHUX POJIEH y IbOMY CIIBTOBapUCTBi. 3 MOMEHTY
3acHyBaHHA MixkHapoaHux koH(pepenuii KMHT («Komm’iotepHe MonenmoBaHHS B
HAYKOEMHHUX TEXHOJOTisAX»), Bikrop OneroBu4 mpHiiMaB aKTUBHY Yy4acTb B ix
opranizarii.

VY 2003 p. ®KH Ta MM® 6epyTh akTUBHY y4acTb Y MiArOTOBII HOBOTO BicHuKa
XapkiBCbKOTO  HallioHaNbHOTO  yHiBepcuTery imeni B.H. Kapasina cepii
«MaremaTruHe MOJeNrOBaHHA. [HpopmarliitHi TexHooril. ABTOMaTH30BaHI CHCTEMHU
YHOpaBIiHHIY, [Ie BiAOBiHambHIM cekperapeMm ctae B. O. Mimenko. [loxmaBmm Ha
cebe BINNOBIJaNbHY OpraHizalliiHy Ta JOBOJI KPOIITKYy poOOTy 3i CHiNKYBaHHS 3
aBTOpaMU, peiaryBaHHs, BUaHHs BicHnka, Biktop OneroBud He OKHIaB i 0COOUCTI
HAyKOBI JIOCT/DKEHHS 3 MaTeMaTHYHOTO 1 KOMIT IOTEPHOTO MOMENOBaHHS,
00YHCITIOBATILHUX METOIB, PO3POOKH Ta SKOCTI MPOrpaMHUX cHcTeM. BiH mpaitoBaB
HaJ PO3BUTKOM METOAY NapaMETPHUYHHMX TPENCTAaBICHb TPaHUYHUX IICEBJO
mudepeHianpanx omnepatopiB mpod. HO.B. T'ammens B 3D 3amawax mudpaxiii
€JIEKTPOMArHiTHUX XBHIb Ha IUIACKO NapalleIbHUX CTPYKTypax i, BOAHOYAC, HaJ
METO/IaMH MPOTrpaMHOi peaiizamii moJiOHUX METOJIB Ta OLIHKH SIKOCTI HAYKOEMHOTO
KOMIT'IOTEDHOT'O MOJENIOBaHHS B 3arajlbHOMy Bumazaky. Ilicns 3akiHueHHA
nmokTopantypu y 2008p., 3a pe3ynpTaTamMu, OTPUMaHUMH y IMX HampsMKax, Bikrop
OneroBud 3axUCTUB JOKTOPCBKY JHUCEpTAIlil0 3a CHCIIAIbHICTIO «MaTeMaTH4YHEe
MOJICJIIOBAaHHs Ta OOYMCIIOBAJIbHI MeTOANW» Ha TeMy «TeopeTHdHi OCHOBH i METOAM
CTBOPEHHS HAYKOEMHHX MOJIEITIOI0YHX MporpaMHuX cuctem » (2012 p.).

3 caMoro modyaTtKy meAaroriuHoi IisuibHocTi Biktop OneroBud mposiBUB cebe
TEPIUITYNM, HeOalIy)KUM Ta MyJApPHM BUYHTENIEM, IO HE 0OMeXyBaB (GopManbHO Yac
CHUIIKYBaHHS 31 CTyJEHTaMH. 3aBXAW 3aKJIONOTaHWH, BIH MaB MPUEMHY IOCMILIKY K
ipOHIYHMI Ta TMO3UTHBHUI TMOINAL Ha JKUTTI. Sk 3ragye OOMH 3 KOJIET,
A.I1. Tlpuxoapko, «Tpeda BiIMITHTH, IO MPH JIETKI METaHXONIYHOCTI XapakTepy H
HEMILHOCTI 310poB’s, BikTop OneroBn4 MaB BUCOKY aKTHBHICTh Ta MPO30PIUBICTh.

Biktop OneroBuu, Ha NpPEBEJMKUN Kajb, IMIIMIOB 3 JKUTTA HECHOIIBaHO,
3aJMIIMBINM 10 cOO1 0arato Hepeani3oBaHHWX IUIAHIB Ta 3aJyMOK, HE MOOAYMBIIH
HaBiTh HApPOJ/UKEHHS BHYKA, SIKOTO TaK IMUPO 4ekaB. [ IMOOKe CIiBUYTTS pPiTHUM Ta
Onu3bKUM, Apy3siM, Kojieram. [lam’sitaemo.
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The Dynamics of Processes of Resonant Scattering and Generation
of Waves by a Three-Layer Dielectric with a Nonlinear Medium

L. Angermann?, V. V. Yatsyk?, M. V. Yatsyk >
! Clausthal University of Technology, Department of Mathematics, Germany
2 0.Ya. Usikov Institute for Radiophysics and Electronics NASU, Ukraine
¥ Kharkiv National University of Radio Electronics, Ukraine

A mathematical model and results of numerical computations of the dynamics of
processes of resonant scattering and generation of waves by a three-layer dielectric
containing absolutely transparent decanalizing and canalizing nonlinear media are
presented. The approach is based on a self-consistent solution of systems of nonlinear
boundary value problems near the eigen-frequencies of the corresponding linearized
spectral problems. The analysis of the relative Q-factors of the oscillations has shown
the possibility of an indirect description of the processes of energy exchange.

Key words: cubically polarizable medium, resonance scattering, wave generation, self-consistent
analysis, spectral problems, relative Q-factor.

3amponoHOBaHa MaTeMaTWYHAa MOJENIb 1 HAaBEINCHI Pe3ybTaTH YHCEIBbHOTO aHaji3y
IUHAMIKH TPOLECIB PE30HAHCHOTO PO3CITHHA Ta TeHepalii XBHIb TPHOXIIAPOBUMH
TENeKTPUKAMH, IO MICTATh aOCOJIOTHO MPO30pYy NCKaHANI3YIUy Ta KaHATI3YIUy
HeNiHiiHYy cepeny. B 0CHOBI pO3BHHEHOTO MiAXOAY JIEKHUTh CAMOY3TO/DKEHE PIllICHHS
CHCTEM HENIHIHHUX TpaHWYHUX 337ad MOOJIM3Y BJIACHUX 4YacTOT BiANOBITHHX
JIiHeapH30BaHUX CHEKTPAIBHHUX 337ad. AHaji3 BEIWYMH BITHOCHHX JOOpOTHOCTEH
KOJIMBaHb TT0Ka3aB MOJKIJIMBICT HEMIPSIMOT'O OITUCY IPOIECIB EHEPreTHIHOTO OOMIHY.

Knwouosi cnosa: xybiune nonspusyema cepeoaq, De30OHAHCHE PO3CIAHHSA, 2eHepayis Xeuib,
63AEMOY32004CEHULL AHANE3, CNEKMPATbHI 3a0ayi, BIOHOCHA 00OPOMHICMb.

IIpennokeHna MareMmaTWdeckas MOJECIb M IPHBEACHBI PE3yIbTaThl UHCIEHHOTO
aHanu3a JUHAMUKH TIPOIIECCOB PE30HAHCHOTO pacCesHHs W TEHEpalud BOJH
TPEXCIOWHBIMH  JUINEKTPHKAMH,  COAEPXKAIMUMH  a0COIMIOTHO  HPO3PAYHYI0
JEKaHATM3UPYIOIIYI0 ¥ KaHAIU3UPYIONYI0 HEIMHEHHYI0 cpeny. B ocHOBe pasBuTOro
MOJX0/1a JIEXKUT CaMOCOIIaCOBAHHOE PEILICHUE CUCTEM HEIMHEHHBIX IrPaHIYHbIX 33/1a4
BOJIM3M COOCTBEHHBIX YaCTOT COOTBETCTBYIOIIUX JIMHEAPU30BAHHBIX CIEKTPAIBHBIX
3a1a4. AHaJIM3 BEIWYMH OTHOCHTENBHBIX JOOpOTHOCTEH KojeOaHWi IoKasal
BO3MOXXHOCTH KOCBEHHOTO OITHICAHHS MIPOIIECCOB YHEPTETHIECKOTO OOMEHa.

Kniouesvie cnosa: xyouuecku nonspusyemas cpeod, pe3oHAHCHOe paccesHue, 2eHepayus GOH,
CamMoCo2acO8AHHbII AHANU3, CHEKMPALbHbLE 3a0ayl, OMHOCUMENbHAS O0OPONHOCTb.

1. Introduction

Nonlinear dielectrics with controllable permittivity have been intensively studied
over the recent decades and have now found wide applications in optics and
electronics [1-6]. In most of the published papers, the scattering properties of
nonlinear media and objects are analyzed. These include studies that investigate
resonant scattering properties on nonlinear layered media with Kerr nonlinearity. In
the resonance region, the analysis of such problems reduces to the solution of
nonlinear boundary value problems. The next stage of research is connected with the
investigation of the resonant properties of scattering and generation of waves by
nonlinear layered structures [7, 8]. This causes the necessity to solve systems of
nonlinear boundary value problems in a self-consistent way.

© Angermann L., Yatsyk V. V., Yatsyk M. V., 2017



8 Cepisi¢Mart. mogentoBaHHs. IHpopmaLiiHi TexHonorii. ABTOMAaTU30BaHi CUCTEMM yipaBiHHsH, BIAM. 33

This paper presents a mathematical model as well as computational results of the
dynamics of resonant scattering and wave generation for the wave packet excitation of
a layered dielectric object which is formed from nonlinear cubically polarizable
absolutely transparent (in the linear approximation) decanalizing and canalizing
media. Calculations near the resonance frequencies of scattering and generation have
shown that the minimum of the function, which characterizes the ratio of the quality
factors of the eigen-oscillations of the induced nonlinear structure at the frequencies of
excitation and generation, respectively, corresponds to the maximum value of the
generated energy.

2. Statement of the problem
The problem of resonant scattering and generation of waves by a nonlinear,

nonmagnetic, isotropic, E-polarized E=(E,,O0, O)T, H:(O,Hy,HZ)T, cubically

polarizable p(NL) =(PX(NL),O, O)T, layered dielectric structure (see Fig.1) is
investigated in a self-consistent formulation [3]. The time dependency has the form
exp(—inwt), neN. Here the variables X,y,zt denote dimensionless spatial-
temporal coordinates such that the thickness of the layer is equal to 475, with 6 >0;
now=nxc are the circular frequencies, nx=27z/4,, . are frequency parameters; A,

are the lengths of the incident waves: c=(eoy0)‘]/2, Imc=0, g and g are the
free space permittivity and permeability, respectively.

gr=ebpett)

/ -2md

Fig. 1. The nonlinear layered dielectric structure.

The incidence of a packet of plane waves

B 3 : 3
inc inc
E VY, E Y ’
{ 1 (ngy z)}n:1U{_1 (nx;y z)}n:1
with
- 3
—inc . inc
E_1 (nery.z)| _ Ani exp[i(q)nKyirnK(zJ?Zﬂé))], 2 +215 ,
inc . .. Inc <
E; (nK,y,Z) b n=1

onto the layered structure at the angles {gon,(,ﬁ—gon,(:|(pn,(|<7r/2}ﬁ:1 and with

respect to the amplitudes {a/"®, K"} at the frequencies {nx}>_; is considered.



BicHuk XapkiBcbkoro HawioHanbHoro yHiepcuteTy iMeHi B. H. Kapasina, 2017 9

Here the excitation field consists of a strong field at the frequency « (generating a
field at the triple frequency) and of weak fields at the frequencies 2x, 3x (having an
impact on the process of third harmonic generation due to the contribution of the weak
electromagnetic fields).

In such a situation the problem under consideration can be described by a system of
one-dimensional nonlinear integral equations w.r.t. the unknown functions

U (nK'; ) el, (—27[5, 27[5) , see [8],

i 2 2m
0 (i) + LT iy, 12-2)
Nk 276
x[l—gnK(g,a(g),{u (mx;f)}?nzl)}u (ni; &)dé&
i(nk)? 270

= | exp(iCnclz-¢)a (&) U (26:6)u” (3:8) O

ZFHK 270

+53 {%UB(I{;f)-i-U 2(2k;6)U* (K;g)Hdg

+Umc(nzc;z)+gin°(nzc;z), n=123,
where
Th (ni;2) = affe exp[ —ily, (2-275) ],
U™ (n; 2) =bie exp[ iy, (z+275) ],
5:1‘ — Kronecker’s symbol; * — complex conjugation; FnK=W and

@, =nksin(p,.) — the transverse and longitudinal propagation constants of the
nonlinear structure,

Enie ={1,|z|>27z§; and (1) + c(NL), |Z|£27r§},

€(L) =1+ 471;(1(1) (Z),

3
e = a(z) {2 |Ex(miry,2)f° )

m=1

. 2
[El (x; y,z)] \ 52 E (2x;y,2)
E(x;y,2) " E(2x:y,2)

+{65% Ei(x;y.2)  E1(3x3Yy,2) |,

a(z):37z;()(§z(x(z) — the function of cubic susceptibility of the nonlinear medium,

;(%() and ZS&X — components of the susceptibility tensors of the nonlinear medium.
The solution of the problem is represented as
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Ex (N y,2) =U (n; 2)exp(i®p,.y)
aiC exp i ©ny ~ Ty (2-275)])

+ a2 exp{i[ @y + T (2-209) ]}, 2> 275,
=1U (nx; 2)exp(i®p,Y), |2|< 270,
p/nc exp{i[ @pyey + Ty (2+275) |}

+RY9N exp {i[ @py — T (2+270) )}z <275,

and can be obtained from (1) using the formulas
U (nk; 2728 ) = all® +aS@Y%N | U (ni;—276) =B + b0 n =123,

®)

3. Self-consistent analysis and spectral problems

The application of suitable quadrature rules to the system of nonlinear integral
equations (1) leads to a system of complex-valued nonlinear algebraic equations of the
second kind [8]

[I nx UK"UZI(’U3K‘ :|UnK‘

= 52C, (Upe, Uz ) + 65 <:3,((U,<,U2,()+Un,(+u'”C n=123,

nx?’

(4)

where Up, ={U (nx;7 )} — the vectors of the unknown approximate values of the
solution, {{z|}|:1 1y =-2710<...<7 <..<Zy =270} — a discrete set of interpolation

N
nodes, | ={§|m}| . — the identity matrix, By, (U, Uz, Uz, ) —nonlinear matrices,
;m=

Ci(Uzie Uz ), Cai(Uye, Uy, ) — the vectors of the right-hand sides determined by

i N
the choice of the quadrature rule, U'n",f_{a:{,'fexp[—il"n,((q—27T5)]}| 1 and

N
uin _ {b'“c exp[iln.(z +27:5)]}| - the vectors induced by the incident wave

packets at the multiple frequencies nx, n=1,2,3.

A self-consistent solution of (4) can be found numerically by the help of a block-
iterative method, where at each iteration step in each block of the system (4) a system
of linearized algebraic equations is solved [8].

The analytic continuation of the linearized problems into the region of complex
values of the frequency parameter allows us to switch to the analysis of spectral
problems [8, 9]. The determination of the eigen-frequencies «;, and eigen-fields U,

reduces to the solution of the following equations:
{fn,((l(n det[l nie (Kn )] 0,

[1-Bne (xn) U, =0, ®)
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where xp, € Q. cH,,, k=conste[0,+x), n=1,23, Q.  are the sets of eigen-

frequencies and H,, denote two-sheeted Riemann surfaces [8], U, ={U (xn57) )}|N:1

- the vector of unknown values of the nontrivial solution at the nodes in the layer
corresponding to the eigen-frequency «,, B, (x,)=B,, (x;U_U,U,) - the

n

matrix with the given vectors U__(cf. (4)).
We mention that the radiation condition to the eigen-fields

ay _ _ >

E (xn;y,2)= 0 exp[l((l)n,(yirl“,(n (K'n,q)n,()(2+2ﬂ5))], z<4_rZ7r§, n=12,3,
Kn

for real values of the parameters x, and @ _ is consistent with the physically

justified requirement of the absence of waves coming from infinity z =zoo in the
radiation fields:

ImT . (K, P, )20, ReT,. (&5, Py )REAR >0,

for Im®,,. =0, Imx, =0, n=1,2,3.
The nontrivial solutions of the spectral problem (5) allow us to write the electric
components of the eigen-fields as follows:

Ey(kn;y.2)=U (kn;2)exp(i@p,y) =
& exp[i(cI)nKyH“Kn (Kn,CDn,()(z—erd))J, 7> 276,
=1U (kn;2)exp(i®p,.y), |z| < 276,
be, exp[i(ch,(y—l“Kn (K0, @y )(2 +27r5))}, 7<-2796.
Here: x,eQ,.cHp., N=12,3, x=x" - a given constant value equal to the
excitation frequency of the nonlinear structure, a, =U(Kn;27r5) u

bKn=U(Kn;—27Z'5) - the radiation coefficients of the eigen-field,

Ly (Kn,(DnK):«/an—d)nKz - the functions of the transverse propagation

(depending on the complex spectral frequency parameters x,), @, =Nk sin(gonK) -
the given real values of the longitudinal propagation constants.

The eigen-frequencies x;, € Q. cHp,, N=1, 2, 3, i.e. the characteristic numbers
of the dispersion equations of problem (5), are obtained by solving the corresponding
dispersion equations fn, (x,)=det[1-By,(;)]=0, n=123, using Newton's

iterative method or a modification of it. The nontrivial solutions U, of the
homogeneous systems [I—BnK(Kn)]Uano, n=12,3, of linear algebraic

equations (5) corresponding to these characteristic numbers are the eigen-fields (6) of
the linearized nonlinear layered structures with an induced dielectric permittivity (2).
The sought solutions U x, are unique except for an arbitrary multiplicative constant.
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Since the irregular dynamics of the resonance processes of scattering and
generation of waves is observed near the eigen-frequencies of the object under study,

such excitation frequencies = k'"° = const €[0,+00) are of interest, which are
determined, for example, by one of the following quantities:
k=Rex,/n for vne{123}; -

k=Re(xy + K +K3)/(1+2+3); K= Re(K1+K3)/(1+3).
One of the requirements (7) can be satisfied by an iterative approach such that, at
each step, iterative processes of the successive solution of problems (4) u (5) are
carried out. As an initial approximation to the solution of the noted nonlinear problem

(4), (5), (7), we can take the solution of the corresponding linear problem with the
coefficient of nonlinear susceptibility «(z)=0.

4. Three-layer dielectric objects with nonlinear media

In what follows we present results of numerical studies that demonstrate the
resonance effect of the transfer of the oscillation energy at the scattering frequency to
the oscillation energy at the generation frequency for three-layer objects containing
nonlinear, absolutely transparent (in the linear approximation &) =1) layers, which
decanalize (a<0) and canalize (a <0) the excitation field. The dynamics of the
scattered/generated fields and of the nonlinear dielectric permittivities at the resonance
frequencies of scattering/generation are given, the resonance frequencies being close
to the eigen-frequencies of the considered nonlinear structures induced by the incident
field.

We consider nonlinear layered objects, see (2) and Fig. 1, with the parameters:

[+ (2). a(2)} - £V =15,0=0}, [ze-275,-275/3) U (275/3, 275];
£V =1, 0 =70.01}, ze[-275/3,275/3];

at =05 and ¢, =02, n=1,23. The excitation takes place from above by an

(8)

electromagnetlc field with al™ =const, {a"° =0}_,, {H"°=0}>_; at the basic

frequency x=x""° =Rex .
In order to describe the scattering and generation properties of the nonlinear
structure, we introduce the following notation:

.2
2 3 inc inc
/Zszl[ Agc +‘b51c

v
bscat/gen‘ /Zs 1[ aér,lfc ‘bé?(c‘ j, 7<-275, n=123.

The quantities R, R,_ are called scattering/generation (or radiation) coefficients of

the waves w.r.t. the total intensity of the incident packet.
Denote by

scat/gen

Rie =|a

j, 71> 270,

U, =U(nx;2)
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the complex Fourier amplitudes of the total scattered/generated fields at the
frequencies nx, cf. (3).

We also define the total energy of the scattered and generated fields at the
frequencies nx by

scat/gen 2 2

bscat/gen
ni ni

Wi =1|a

+ , h=1273,

and the energetic quantities

3
Wigqy =Wae /Wy, Wiggog) :W3K/ 2n=1Wnie
In the numerical experiments, the function of the relative Q-factor of the eigen-
oscillations is of particular interest:

Q{]_'S} = QK'l / QK‘3 :
Here
Qx, =—ReKn/[2|mKn]

denotes the Q-factor of the eigen-oscillations of the spectral problem (5) at the eigen-
frequencies &, € Qg . < Ho > S€€ [8, 9].

In the considered case of E-polarization, the type of the investigated field is
classified by the notation H (or TE,,, ,). The indices indicate the number of
local maxima of |E,| (or [U| due to U|=|E,], cf. (3), (6)) along the coordinate axes
X, Yy and z (see Fig. 1). Since the waves under study are homogeneous along the X -
axis and quasi-homogeneous along the y -axis, we examine fields of the type H,, ,

m,l,p m,l,p

(or TEy,, ,), Where the index p is equal to the number of local maxima of the

function |U| with respect to the argument z on the segment [-275, 275].

4.1. Structure with a nonlinear decanalizing medium

The Figs. 2-4 show the properties of the layered structure containing an absolutely
transparent (in the linear ~ approximation) decanalizing medium
{e®M =1, 0 =001, z €[-275/3, 2725/3], see (8).

Fig. 2 shows the results of a qualitative analysis of the wave scattering and
generation properties by a three-layered object with a nonlinear decanalizing medium

obtained in solving problems (4), (5) for x=&" =Re(x). The branches of the
eigen-frequencies x, = x{"")(a"™) of the investigated layered structure are depicted
by the curves 5.1, 5.2, 6.1, 6.2 in Fig. 2 (left). Ibid the curves 3.1, 3.2, 4.1, 4.2 show
the values of the corresponding eigen-frequencies x;, =x\")(al"®) =const of the
linear problems (for a =0). The eigen-frequencies K,(P do not depend on the
amplitude  characteristics of the fields, in particular, the relation

1lim zcr(,NL) (aL”C) =/<r(,") holds, see Fig. 2 (left). If a decanalizing layer is present in

Inc
a. —0
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the layered object, the growth of the excitation amplitude a,if° leads to an increase of

ReK,ﬂNL), n=1,3 (curves 5.1, 6.1), and a decrease of Im Kr(,NL)

NL)

, =13 (curves 5.2,

6.2). Here the increase of Rezc,(1 , =13 (see Fig. 2 (left)), is due to a decrease of
the values Reeg,,., n=1,3 (see. (2) and Fig. 3).

3.5

6.1 -0,2
—_ 4.1 o=
Z 3,04 ~ o
E 2 | = o
E s
. 25 03E o
:‘3;: - 5
E ek
1,04 £ -
13 - &
= £
0.5 0,4

inc

N d,
Fig. 2. Curves for x=Rexy. Left: 1- 3 =30 at a=0, 2- 3=3ND) at
a=-001; 31- kD =Rex{V, 32-Imx"), 41-Rex{", 42- 1mx"), s51-

3 ]
x(ND) ERezcl(NL), 5.2- Imzcl(NL), 6.1- REKéNL), 6.2 - ImzcéNL). Right: The

energetic properties of scattering and generation and the relative Q-factor.

Fig. 3. The scattered (left) and generated (right) fields for & =-0.01 and x =Rexj .

The spectral characteristics shown in Fig. 2 (left) allow us to analyze indirectly the
energy exchange processes occurring during scattering and generation of waves by
nonlinear objects within the framework of the developed self-consistent approach. In

particular, the value of the relative quality factor (Q-factor) of the oscillations Q{1:3} is
of interest. For example, comparing the values plotted on the curve Qu3) with the

energy characteristics represented by the curves Wigqy or Wizgoq in Fig. 2 (right), we
see the following.
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The spectral characteristics shown in Fig. 2 (left) allow us to analyze indirectly the
energy exchange processes occurring during scattering and generation of waves by
nonlinear objects within the framework of the developed self-consistent approach. In
particular, the value of the relative quality factor (Q-factor) of the oscillations Q{1:3} is

of interest. For example, comparing the values plotted on the curve Q{l:S} with the
energy characteristics represented by the curves Wigqy Or Wizgo3 in Fig. 2 (right), we
see the following.

The local decrease in the relative Q-factor Qq.5 (@i™) with increasing amplitude
of the incident field al™ leads to a burst of energy Wiz and Wig123) generated in

the third harmonic, see Fig. 2 (right). In this case, the type of scattered and generated
oscillations does not change. In the investigated range of amplitudes of the incident

field, scattered fields of the type Hg o3 (see Fig. 3 (left)) and generated fields of the
type Hg o g (see Fig. 3 (right)) are observed.

Fig. 4. The permittivity of the nonlinear layered structure for & =-0.01 and k¥ =Rex; .

The nonlinear components ggQL) of the permittivity &, at each of the frequencies

x and 3x are determined by the values U(x;z) and U(3x;2). For non-absorbing

media Img(")(z) =0, taking into account the reality of the cubic susceptibility

a(z), the equality Imgn,((z)zlmgrg,'}"‘)(z) holds, see (2). The increase in the

amplitude @™ of the incident field at the frequency « leads to the generation of a

K

third harmonic field U(3K';Z). In the case under consideration, the quantity

ImeNY) (2) (or Ime, (z) if Ims((z) =0), that oscillates in general, takes
posititive values along the height of the nonlinear layer, see Fig. 4 (left). The described
situation characterizes the portion (loss) of energy in a nonlinear medium (at the
excitation frequency x ) that went to the generation of the electromagnetic field of the
third harmonic (at the frequency 3x) [7, 8]. The generated fields at the frequency 3x
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are weak. They do not deliver energy for the generation of new harmonics. Here

Ime{NY) (2)=0 (Ime,,(2)=0 for Im&{X) (z) =0), see Fig. 4 (right).

4.2, Structure with a nonlinear canalizing medium
The Figs. 5-7 show the properties of the layered structure containing an absolutely

transparent canalizing medium {g(") =1, a =+0.01}, z €[-2765/3, 275/3] , see (8).

n

n

nkK, Re KU“] . Re .&LNL)

inc
-

Fig.5. Curves for x=Rex. Left: 1- 3 =3« at a=0, 2-3x=3ND at

a=+001; 31- kD =Rex™, 32- ImxM), 41-Rex"), 42- ImafH), 51-

KND =RexMD) 52 ImaMD) 61~ Rea{™, 62- Imi{ND).  Right: The

energetic properties of scattering and generation and the relative Q-factor.

24 - o |
1
2 1 A’ ‘
= 16 1 I |‘
] 1 |
D12 71 ‘|
T |
4 —
1 ~l
] e

Fig. 6. The scattered (left) and generated (right) fields for & =+0.01 and x = Rexj .

If a canalizing layer is present in the layered object, with an increase in the
perturbation amplitude a™ a decrease of Rezcr(,NL), n=13 (curves 5.1, 6.1), and
piecewise monotonic variations of the quantities Im/cr(,NL), n=13 (curves 5.2, 6.2)
are observed. This behaviour of Rezcr(]NL), n=1,3 (see curves 5.1, 6.1 in Fig. 5 (left))

is due to an increase of the values Reg,,., n=1,3 (see. (2) and Fig. 7).
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Fig. 7. The permittivity of the nonlinear layered structure for o =+0.01 and x = Rex .

In the region of monotonicity of the function Q3 » with an increase in the

inc

amplitude a,

of the incident field an increase of the energies Wizqy and Wygqpg
generated in the third harmonic is observed, see Fig. 5 (right). The main increase in
the generated energy is observed in the region of monotonic decrease a..° e(5, 23).

The amplitude a"

o ~23 corresponding to the minimum of Qq.3 s a critical

inflection point of the functions Wiaay and Wigqp3) . Therefore, in the range
alnc €[23,25.5] there are an increase of Qu3) and a spike in the generated energies
Wigqy+ Wizgog) -

Note that in the vicinity of critical points (such that a,i(”C ~5, aj(“c ~23) and
inflection points (for instance a,i(”C ~12) of the function Q{1:3}’ see Fig. 5, (right), a
type conversion or a change in the configuration of the scattered and generated

inc

oscillations is observed, see. Fig. 6. For example, with increasing a,

, changes in the

dynamics of types of the scattered oscillations Holo's(aj(nce[o.l,lz» -
Ho02(a™ €[12,23)) — Hgo3(al™ €[23,25)) — Hgg4(alf [25 255]), see
Fig. 6 (left), and generated oscillations Hgg3(all=5) — Hgg4(@™=8) —

H0,0,7(a,i(“c €[12, 25.5]), see Fig. 6 (right), are observed.

The portion of energy in the nonlinear medium that went into the generation of the
electromagnetic field of the third harmonic is described by the characteristic

oscillating quantity Ims™(z) (or Ime (z), as here Ims™(z) =0) along the

K

height of the nonlinear layer [7, 8]. In the case under investigation, the values of the
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oscillating quantity Img,((z) are positive in the range a,i('“C €[0.1,16.7), as well as

positive and negative for a,L”C €[16.7, 25.5], see Fig.7 (left).

The numerical results are obtained by means of the application of Simpson’s rule
to the system of nonlinear integral equations (1). The resulting system of nonlinear
algebraic equations (4) is solved using a self-consistent iterative algorithm that is
based on a block method [8]. In the investigated range of problem parameters the
dimension of the algebraic systems was 301. The relative error of the calculations did

not exceed 107" .

5. Conclusion

The dynamics of resonant wave processes for layered structures containing
nonlinear media has been investigated. In the framework of the developed self-
consistent approach for the solution of systems of nonlinear boundary value problems,
it is shown that, according to the spectral characteristics of the structures induced by
the incident fields, it is possible to indirectly analyze the energy exchange processes
that arise through the scattering and generation of waves by nonlinear objects. Thus,
local critical processes of energy exchange correspond to a minimum of the relative
Q-factor of the scattered and generated oscillations. The obtained results can be used,
in particular, in problems of optimization of nonlinear electrodynamic devices
possessing intense scattering and generation properties.
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YHuBepcallbHasi CTPATET sl MOJICYETa XOJICTETOBCKUX TPUMHUTHBOB
MPOTPAMMHBIX MOJTYJICH: TPOBEPKA TOYHOCTH M aBTOMATU3AIUS
JIrOpUT™Ma

T. A. Amaynosa, B. O. MuieHxo|

Xapvkrosckuti Hayuonanvusili ynugepcumem umenu B.H. Kapaszuna, Ykpauna

Lenpto pabGoTHI sIBIsETCS MPUMEHEHHE SHEPIeTHYECKOro aHajiu3a B YNpaBICHUU
KauecTBOM NPOTPAMMHBIX CHCTEM, pa3paboTKa YHHBEpPCATbHBIX CTpAaTErHil Mmojcuera
OCHOBHBIX METPUK KayeCTBa MPOrpaMMHOT0 oOecedeH s, pa3paboTKa IPOrpaMMHOTO
obecriedeHHs UIsl aBTOMATH3alNK MTOJIYYSHHBIX alTOPUTMOB M CTpareruil. B craTthe
MPOJEMOHCTPUPOBAHEl PE3YNBTATHl YHCICHHOTO KOMITBIOTEPHOTO AKCIEPHMEHTA,
KOTOpBIE TOKa3bIBAIOT d((PEKTHBHOCTH IPUMEHEHNUS pa3paboTaHHOTO IPOrPaMMHOTO
obecriedeHs1 JUTs TToIcYeTa X0JICTETOBCKIX TPUMHUTHBOB IIPOrPAMMHBIX MOIYJIEH.

Kniouesvie  cnosa: smepzemuveckuii  ananus, npumumuevl  Xoicmeodd, npospaMMHOE

06€Cn€'~£€HM€, KO/lfinblOmeprllj IKCnepumernm, cneuuqbuxauuoz—maﬂ oHepeus, YHueepcaivbHas
cmpamecus noocuema.

Merolo poOOTH € 3acTOCYBaHHS CHEPreTHYHOTO aHali3y B YIPaBIIiHHI SKICTIO
NPOTpaMHHX CHCTEM, PO3pOOKa YHIBEPCAIBHHX CTpaTerid ImigpaxyHKy OCHOBHHUX
METpPHUK SIKOCTi HMPOrpaMHOro 3abe3nedyeHHs, po3pobKa MpOrpamMHOro 3abe3ledeHHs
U aBTOMATHU3allii OTPIMaHUX aJrOpUTMIB 1 cTpareriii. B crarti mpogeMoHcTpoBaHi
pe3yabTaTH  YHCENBHOTO  KOMIT'IOTEPHOTO  €KCIEPUMEHTY, KOTpi  JOBOASTH
e(eKTHBHICTh 3aCTOCYBaHHS PO3POOJCHOTO MPOTPAMHOrO  3a0e3Me4eHHs It
MiApaxyHKy XOJICTEAIBCHKUX MPUMITHBIB IPOTPAMHHUX MOJYJIB.

Knwouosi cnosa: emepeemuunuii auanis, npumimusu Xoicmeoa, npocpamue 3aOe3neueHHs,

KoM TomepHuil eKCnepuMenm, cneyu@ikayiina enepeis, YHieepcaibHa cmpameis NiOPAxXyHKY .

It is often difficult to give a formal definition of programming symbols (semantic
atomic units of software); therefore the special applications, which implements
automatic counting, is used to solve this problem. The article presents the results of a
numerical computer experiment which proves the efficiency of the software developed
for counting the Halstead’s primitives of program modules.

Key words: energy analysis, Halstead’s primitives, software, computer experiment, specification
energy, universal counting strategy.

1. O0mas mocTaHOBKA 33]a4M M OCHOBHbIE MOHSITHUS

llenpto maHHOW pabOTHI SBISETCS NMPUMEHEHHWE JHEPIreTHYeCKOro aHalu3a B
VIPaBICHUH KAa4eCTBOM IMPOrPAMMHBIX CHCTEM, pa3pad0oTKa YHHBEPCAIbHBIX
CTpaTeruii MoJICYeTa OCHOBHBIX METPUK KauecTBa IPOrPaMMHOr0 00eCcIHedeHus,
pa3paboTka TPOrpaMMHOTO OOECTeYeHHsT Il aBTOMATH3AallMHd  ITOJYYEeHHBIX
aNropuTMOB U cTpateruil. Cmpameeueti noocuema (counting strategy) JUist UCXOIHBIX
TEKCTOB TPOTrpaMM SIBJIICTCSI METOJl OINPEACICHHS NPUMHUTHUBHBIX XapaKTEPUCTHK
(IPUMHUTHBOB) MOJyJIell TIPOrpaMM, B YaCTHOCTU Oiun u crosapei. M. Xoincren [1]
paspaboTan psjg METPUK, B CBSI3M C KOTOPHIMH OBUTH pa3paOOTaHBl CTpaTeTud
nojacyeta. JlaJbHEHIIUM Pa3BUTUEM CTpaTEruil MOJACYETa MOYKHO CUUTATh IMOJXOJIbI
oHepeemuuecko20 axanuza TporpaMMmusix cuctem [2, 3]. Hayka o mporpammax
Xoncrena - ogHa W3 TEPBBIX TEOPHH KadyecTBa IMPOTPaMMHOTO OOeCIe4eHus, B
KOTOpOW OBUIM BBEJCHBI METPUKU 00vema (MOIYJsS TPOTPaMMBI), mpyOHOCMU
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(Momymst) U ycunuii (HEOOXOAUMBIX ISl pa3pabOTKu MOAyisi). Vcrmonp3ys maHHBIC
METPHUKH, MOKHO C KaKOH-TO BEPOSTHOCTHIO MPOTHO3UPOBATH YHCIO AOMYIICHHBIX
OIIMOOK MPOrPaMMHUPOBaHUS, TPYTHOCTh UX OTBHICKAHUS M TPYTHOCTh MOIUGDUKAIIUU
MOJIyJIs1, 3aTpaThl BpEMEHHU Ha pa3pabOTKy OTAEIBHOTO MOYJIS HJIH UX CUCTEMBI [4].

OHepreTHdeckuii  aHanu3 0000ImaeT TOHATHE O0beMa W TPYAHOCTH
B3aUMOCBSI3aHHBIX MOJAYJICH MHOTOMOAYIBHBIX MpOrpamMM (METPUKH 00béma
paspabomku W mMpyoHOCMU pa3pabOmKu), BBOIUT CHEYUDUKAYUOHHYIO IHEPIUio
(MeTpuka uHTEp(EHCHBIX MOAYJIEH U MPOTPAMMHOM CHCTEMBI B LIE€JIOM), ONpPEIeIseT
pabomy npoepammuposarusi (METpuKa, 00OOIIaomas METPUKY YCHIMK XOJCTena),
UHMENIeKMYAbHOe Men0 U ypaBHEHHE THIIA 1ep8020 HAUALAd MEPMOOUHAMUKU.

JlnmHa MOJyINs IPOTPaMMBI — 3TO KOJIMYECTBO MPOTPAMMHBIX CUMBOJIOB (tokens B
TepMUHONOTUM XOJCTena), Ha KOTOpble pa30uBaeTCs HCXOMHBIA TEKCT JaHHOTO
MOJYJIsI, @ CJIOBaph — YUCIIO Pa3HBIX MPOTPAMMHBIX CHMBOJIOB, KOTOPBIE BCTPEUYAIOTCS
B 3TOM TekcTe. [Ipu 3TOM Janeko He Bceraa MPOrpaMMHBIMH CHMBOJAMH MOTYT
CUMTAThCS OTICNBHBIC JIGKCEMBI JAaHHOTO s3bIKa mporpammupoBanms (lexical tokens),
YacTO 9TO KOMOHMHALMM CIIOB W 3HAaKOB (HEpeIKo pa3lenéHHble ApYTrUMHU
JIEKCHYECKUMU 3JIEMEHTAMH, KOTOPBIC B UX JaHHOM YIOTPEOJICHHUH JIUIICHBI CMBICIIA B
OTpBIBE APYT OT JpyTa (3HaK «OOIbINE WIH PaBHO», Mapbl CKOOOK Pa3HOTO BHUA, B
HEKOTOPBIX S3bIKAaX TAKHE KOHCTPYKIIMH KaK if ... else wiu while ( ... ))

HcuepnpiBaroliie TOYHOE OIpeNeieHHE NPOTPaMMHBIX CHMBOJIOB (CMBICITIOBBIX
ATOMApHBIX CAMHUI] KOMIBIOTEPHBIX MPOTPaMM) JTAHHOTO SI3bIKA MPOrPaMMHUPOBAHHUS
TpeOyeT CYIIECTBEHHBIX 3aTpaT KBaJU(QHIMPOBAHHOTO TPYAa M, OTYACTH, MOMKET
OKa3aTbCsi OCHOBAHHBIM Ha Cy6’bCKTI/IBHI>IX PCHICHUAX.

CyIlecTBYIOT, OJHAKO, METOJbBI, KOTOpble MOXHO ObIJIO Obl  Ha3BaTh
HEJICTCPMHUHUPOBAHHBIMUA ~ CTPATETHUSAMH, KOTOPBHIC  TO3BOJSIOT  MPOU3BOJIUTH
NpUOTMKEHHBIE MOACYETHl AJTUH U CIIOBapeil, He HCIONb3ys TOYHBIX OINpENeIeHUM
HpOrpaMMHBIX CUMBOJIOB [2, 5].

B nmanHO# craThe pa3pabaThiBaeTCS METOJ OYHCTKH MPOTPAMMHBIX (ailyioB mist
JaIbHEHIIero TojcyeTa CIeHU(HUKAIUOHHONW 3HEPrHH NPOTPaMMHON CHCTEMBI, a
TaKXXe paccMaTpUBaeTCsl YHHBEPCAJIbHBIM METO IOJICUETa XOJCTEAOBCKIX METPHK C
MIPUBJICYCHUEM BHEIIIHETO 3KCIIEPTa, U3JI0KEHBI PE3YJIbTAThl CPABHUTEILHOTO aHAIN3a
MOJYYECHHBIX OIEHOK OCHOBHBIX METPHK KAueCTBa C TOYHBIMU 3HAYCHUSMH JaHHBIX
MeTpuK (OBbUTM MOJydYeHBI IMyTEM MPSMOro MOJCYeTa MPOrPaMMHBIX CHMBOJIOB), a
TaKXe pa3pabdoTaHO MPOrpaMMHOE OOECICUeHHE JJIsi aBTOMATHU3AIlUM M3II0KCHHOUW B
CTaThe CTPATETUU C PUBJICYCHUEM BHEIIHETO 9KCHEPMA.

PaCCManHBaeMBIﬁ MCTOJ HC 3aBHCHUT OT A3bIKa IpOTrpaMMHPOBaHUA, OJHAKO, JIA
€r0 INPHUMCHCHHA OKCIEPT JOJDKCH OGJIaIlaTI) 3HaHHAMH, TIIO3BOIAIOIIMMU CEMY
OTPEIENIATh JICKCUUESCKHIE IMHUIIBI SI3bIKA.

MeTOIL MOXET 6BITB HCIIOJIb30BAH HE TOJIBKO B KAa4CCTBE IIOJJYYCHHA OLCHOYHBLIX
3HAQYEHUH BEJIMYMH METPHK, HO M KaK CaMOCTOSITENbHAash cXeMa [oJcueTa
XOJICTEIOBCKHX METPUK.

2. HUcnoan3oBaHHe NMPOTPAMMHBIX CHMBOJIOB TMPH peaju3aluu CTpaTeruu
noacyera

[Iporpammusie cuMBouEl (tokens) siBisiFoTCS Oo0Jiee KPYIMHBIME OOpa30BaHUSMU B
HUCXOJHBIX TEKCTaX MPOrpaMM, YeM JICKCHYeCKHe aromapHbie enuuuisl (lexical
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tokens), HO 0oJiee MEIKHMH, YeM OIepaTophl (statements), KOMaH bl WM HHCTPYKIIUH
A1 (instructions). Hanpumep, B cienyromemM ¢gparMeHTe UCXOTHOTO TEKCTa Ha S3BIKE
Cllava/CH#H/C++: «int [] A= {1, 2, 3, 4}; int b = 4;».

MPOrPaMMHBIMU CHIMBOJIAMH SIBJISTIOTCSI:

1)int2) [ ] (Bmecte!) 3) A4)= 5) { ... } (Bmecte!) 6-9) 1234 10), 11) b.

Uroro, 11 pa3HbIX mporpaMMHBIX CHUMBOJIOB, & BCETO MCIOJIb30BaHO 13. 3Hauwr,
0 oTpeaeNieHnto: cioBapb n = 11, mmuaa N = 13.

Omna w3 Hamboyiee BOCTPEOOBAHHBIX XOJICTCIOBCKUX METPHK — «OIICHKA
TPYAHOCTH» TpeOyeT elle paszfeleHus HCIOIb30BaHHBIX NPOrpaMMHBIX CUMBOJIOB Ha
omepartopsl (operators) u onepansl (operands). OnepaTopsl UTPatOT, HOTHOCTHIO HIIH
YaCTHYHO, CIY)XKeOHYI0O pOJb (HampuMmep, CKOOKH), a OIepaHabl HaIOIHSIIOT
NporpaMMy KOHKPETHBIM COJep)KaHHEeM, HMX KOHKPETHBIH BHJ HE BIMsAET Ha
MOHUMAaHUE CMBICTIAa TPOorpaMMbl (HO BIMSET Ha pe3ynbTaT €€ paboThl, BbIxo[d). B
JTAaHHOM (pparMeHTe orepaHgaMu SBISIFOTCS TOIbKO A, b, 1, 2, 3, 4. IloaTomy croBaps
1 JUTHHA pa30MBAIOTCS TaK: CIIOBAaph OnepaTtopoB nl = 6, cioBaps onepanmoB n2 = 11-
6 =5, onepaTopHas yacTh 1iauHBI N1 = 11, yacTb onepanoB B anuHe N2 = 13,

B nanHHOl cTaThe paccMaTpUBAETCS ~YHHUBEPCAJbHBII METON  MOACYETa
MPOTPAMMHBIX CHMBOJIOB MOJIYJS — METOJ C NPHUBJICUYEHHEM BHEITHETO JKCIIEpTa.
3HavyeHus, TOJyYeHHbIC IaHHBIM METOAOM, OYAYyT CpaBHUBATbCA C TOYHBIMHU
3HAYCHUSIMH TIOJCYMTHIBAEMBIX ITAPAMETPOB.

YuuteBas IpUONMKEHHBIN XapakTep OIEHOK METOa C MPHUBICYCHUEM DKCIIEPTa,
UMEET CMBICIT IPUMEHUTD NPOSPAMMHYIO OuepcHocmy [6], TO ecTh KCIONB30BaTh IS
aHanmm3a BBIOOPKH Cpa3y J1Ba METO/a — TOYHBIH M C MPUBJICYCHHEM OJKCIIEpTa, a B
KauecTBe MPU3HAKAa TOYHOCTH — Pa3HOCTh MEXKAY WX pesylnbraTtamu. Ecnm BemmdnHa
PasHOCTH HE IMPEBOCXOAUT HEKOTOPOH IMpUeMIIeMOil BETMUMHBI, Haripumep, 5-10%, To
MOJY4YEeHHBIM pe3yJbTaTaM MOXKHO BEpUTh. B KauecTBe OLECHKH MOXHO B3SITh JFOOOM
U3 TPUMECHEHHBIX METOJIOB HJIM K€ CpeqHee 3HaueHwe. B cinydyae HaOmroneHHs
CYIIIECTBEHHOTO PaCcXOXKICHHUA — coo0IaeM 00 3TOM (pakTe MOIB30BATEIN0, YTOOBI OH
NPUHSIT PEelICHne KaKOMYy METO/AY JIOBEpsTh. B cilyyae 3HaYMTENBHBIX PacXOXKICHHUN
MOKHO IPUMEHUTH PYYHYIO ITPOBEPKY MIIH K€ UCIIONIBL30BATh TPETHH METO/I.

3. HoacyeT cnmennpuKanMOHHON IHEPTHH MPOTPaAMM
Cneyughuxayuonnas suepaus NPOrPaMMHON CUCTEMBI MOXKET OBITh OIpeJeNieHa 10

3
cnenyromeit popmyne: E = EV*, 1) = 4 / PEIRY:C V* — nomenyuanonviii 06vem

NPOTPaMMHON  CHCTEMBI, arperupyloluidi TMOTCHIUATbHbBIE O00BEMBI  MOJIYJICH
KOHKPETHOH NPOrpaMMHOIM CHCTEMBI; A — YpoGeHb A3bIKA NpopamMmuposanus, Ha
KOTOpOM HalMCaHbl TMPOTrpaMMHBIE MOAYJIM paccMaTpUBaeMON MPOTrpaMMHOMN
CUCTEMBI.

Takoli mapamMeTp KadecTBa MPOrPAMMHOW CHCTEMBI, Kak crenu(UKaoHHas
SHEPIUsl, OTPAKAET 3PEJIOCTh KaK CaMOW MPOTrpaMMHOM CHUCTEMBI, TaK M OIBITHOCTb
Pa3paboTYNKOB, NPUHSBIINX Y4acTHE B HAIIMCAHUHU KOJA.

OnHako, MpexXIe YeM MPHCTYMUTh K TMOJICUETY CIEeHU(PHUKAIMOHHONW JHEPTUH
NPOTPaMMHBIX MOAYJIEH, HYKHO TpeIBapuUTeNibHO 00padoTaTh Qaiibl, TakuM
00pa3oM MOArOTOBUB MOUBY IS AaTbHEHILETr0 aHAIN3a.
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Hdns  s3pika  Ada  Obul  pa3paboTaH ©M  ONPOOOBAaH — AJIrOPUTM  OUYHUCTKH
(npenBapuTeNbHOW MOATOTOBKM) (QaiijloB K JdanbHeiimeidl o0paboTke ¢ UeNbio
MOJCUeTa HHTEPECYIOMUX MeTpUK. OCHOBHBIE MMYHKTHI JAHHOTO aJrOPUTMa U3JI0KHUM
HIDKE.

AHamM3 IporpaMMHON CHCTEMBI, HAITMCAHHOW Ha S3bIKE IMporpaMMupoBaHus Ada,
HaunHaeM c .ads-QaiijoB — QaiioB crnenuduKanul, COACpPKAMNUX OObSIBICHUS
MIEPEeMEHHBIX, THUTIOB JAaHHBIX W TOANPOrpaMM, 3aTeM aHammsupyeM .adb-aisl,
KOTOpPBIE  COAEpKAaT yXKe  HEMOCPEICTBEHHO pealM3alri0  ONHCAaHHOTO B
cnenrn(UKAMOHHbIX Qaiiaax QyHKIHoHAaA.

[anee ckaHupyeM CIMCOK MOJAKIIOUYEHHBIX B Qaiiie Oubauorek. I[lonkmroueHHbIe
Ada-6ubmnotexku ymansem. s MOJB30BATEIbCKAX OUOIMOTEK, MOAKIIOYCHHBIX B
¢aiine, oCTaBIsSET TOIBKO MHCTPYKIHMH C KIIOUEBBIM CIOBOM With, use-MHCTPYKIHMU
ynangeM. Ounmaem ¢aitn  oT BceX KOMMEHTapHEB — OIHOCTPOYHBIX |
MHOTOCTPOYHBIX.

YnaneHuto TO[NIEKAT TaKKe CTPOKH, COAepKale OOBSBICHHS THIIOB U
MOJTHIIOB: OJIOKM, HAYMHAIOIINECS C KIIIOYEBBIX CJIOB type, subtype. 3a uckiIroueHrHeM
BUIMMOW YacTH TAaKeTa, B JAPYTHX MecTax yjaanseM OOBSBICHHbIE OOBEKTHI —
KOHCTAHTBHI, IEpeMEHHBIE.

[Tpu paszbope .adb-daiina s JOKaNbHBIX (YHKIUHA (OMUCAHUS KOTOPHIX HET B
MOJIKIIIOYCHHBIX OMOIMOTEKaX M B COOTBETCTBYIOIIEM (haiisie .ads) ocTaBisieM TOJIBKO
Ha3BaHWE (YHKIIMH U THIT BO3BPAIIAEMOT0 pe3yabTaTra B BUE:

local function xx(t:Long_Float) return vector;

CompoBokaeM yKa3aHHYIO CTPOKYy KoMMeHTapueMm --local mms  ymporenus
JTATBHEUIIIETO aHAIM3a OYUIIICHHBIX (haiIoB.

Ecnan BHyTpH nOKanpHON (pyHKIMHM MPUCYTCTBYIOT ONEpAllid BBOJA/BBIBOJA, TO
TaKue OTepanry OCTaBJsieM B Tejie (YHKINHU, OCTAILHBIC YYaCTKH KOAA yJalIseM.

®DyHKIHMU, KOTOPBIE OMKMCAaHbI B COOTBETCTBYIOIIEM aHanu3upyeMomy .adb-daitry
.ads-daiine, ynansem u3 .adb-daiina, eciid BHyTpH HUX HET OTEpaIiii BBOIa/BBIBOIA.

Ecnu BHYTpH Takux (yHKIWH ecTh olepaluy BBOJA/BBIBOJA, Tor/a B Qaiiie .ads
JaHHble (YHKIMU CONMPOBOXKIAaeM KOMMEHTapueM --parameters in body mis
YIIPOILCHUS TajbHEHIIEro aHajIu3a OYMIICHHBIX (aitoB; BHyTpu .adb-gaiina takue
GyHKIMK compoBokiaeM KomMeHTtapuem --non-local. Ilpu sToM ypamsem Bce
orepanuy U3 Tena GpyHKIUK, KpoMe OTlepaIfii BBO1a/BBIBOJIA.

[Tocne Toro, Kak Bce (ailiibl OUMIIEHBI 0 YKa3aHHOMY aJITOPUTMY, IPOM3BOAUTCS
HOACYET CHEUU(PHUKAIMOHHON JHEPrHM IMPOTPaMMHOW  CHUCTEMBI. Y Ka3aHHBIN
QITOPUTM MOXKET ObITh MPUMEHEH TOJBKO K MPOTrPaMMHBIM CHCTEMaM, HAlTHMCAHHBIM
Ha s3bIKe NporpaMmupoBaHusi Ada, 4TO CBSI3aHO C TPHUBS3KOW TaKoro poja
QJITOPUTMOB HETIOCPEACTBEHHO K CHHTAKCHUCY si3bika. OTHAKO, B AaJbHEHIIIEM TaHHBIN
QITOPUTM MOXET OBbITh pACHIMPEH Ha JPyrHe S3bIKH IMPOrPAMMHPOBAHHS IyTEM
U3ydeHHs UX crenupUKalui, a TakKe KOPPEKTHOTO OIMpEACICHHs TaKuX MOHSATHI,
KaK M00Y/b, 2pynna v OJioK.

Hampumep, mis s3pika nporpammupoBanus C# J1aHHBIE TIOHATHS MOTYT OBITH
OIIpeIEIIEeHBI CIIEAYIOIIM 00pa3oM:
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Moayns — BCSKHM KOMIWIMPYEMBIA MOIYJIb, KOTOPBIH SBISETCA ONMHCAHUEM
¢byHkuuM B HHTEepdeiice (Wu onucaHueM ¢ MoaupuKaTopoM abstract B abCTpakTHOM
KJIacce) WK JKe SIBIISIETCS HETIOCPEICTBEHHOM peanu3aieil - TeNoM - (DYHKIHH.

I'pynma — xmace, oobeMiromuil QyHKIHOHANBHBIE MOAyiH. llpu ycmoBuu, 4to
OJIMH KJIAcC TMpeACTaBisieT co0oi oauH (ailym mporpaMMbl — UCXOIS U3 TpeOOBaHMI
Coding Conventions u xopolero ToHa MporpaMMHPOBAHUSL.

bnok — coObcTBeHHBIN OJI0K MOAYNSA — UCXOAHBIH TEKCT JaHHOTO MOIYIS; SIBHBIMU
O50KaMu SIBJISIFOTCS ONMHKCaHUA U Tena (GyHKUui 6e3 BXOJ0B; ONMCAHMS U TEJla BXOJOB
byHKUUA.

4. AIrOpUTM MeTO/1a OLIEHKH C NPMBJIeYeHHeM BHELIHEro IKcnepTa

JaHHBI  adrOpUTM TO3BOJIAET MHCIIOJIB30BAaTh YHHUBEPCAIBHYIO CTpaTErHIO
MoJIcYeTa MPOTPaMMHBIX CHMBOJIOB M OCHOBHBIX METPUK KadecTBa MPOTrpaMMHOTO
o0OecriedyeHUs! W SBISIETCS. OCHOBHBIM — alITOPUTMOM, IIOJIOKEHHBIM B OCHOBY
pa3pabOTaHHOIO MPOrpaMMHOTO TNPOAYKTa, pedb O KOTOpOM OyneT HuATH B
CIIEAYIOIIEM pa3fielie JaHHOU CTaThH.

Ilocme Toro, kak ompeneneHsl ¢ailnbl, KOTOphIE OyayT oOpadaThIBaThCH,
IporpaMMa YuTaeT MEePBbIM MO CIUCKY (haill M MPOXOAUT €ro OT Hayaja OO KOHLA C
LENbI0 OTCESATh U3 PACCMOTPEHHS] CTPOKH YHUCTBIX KOMMEHTApHEB U ITyCTbIE CTPOKH.
Bua xoMMeHTapHeB 3aBHCUT OT BBIOPAHHOTO SI3bIKA MPOrPaMMUPOBAHHS, HA KOTOPOM
CO3JaHbl aHAIU3UPYEMBbI mporpaMmbl. /[ BO3MOXHOCTH AAIbHEWUILIEro aHalu3a
daiina cocTaBiseTCs CIUCOK cOoOepicamenbHblx CmpoK, KOTOpble COAepxkaT KOoJ H,
BO3MOJKHO, Takke KoMMeHTapuH. CIUTHbIE MAacCHUBBI CTPOK YHCTBIX KOMMEHTapHEB
NOJCUUTHIBAIOTCA  (3TO, 1O  OMNpPENCJICHHI0, MPOTrpaMMHBIC CHMBOJBI  THIA
«KOMMEHTapuii»). ATbTEpHATUBON SBISETCA NEpeNCchIBaHNe (aiiyia ¢ yIaleHneM u3
HEro BCEX HE COJEp)KaTeNbHbIX CTPOK. B TakoM ciydae MMeeT CMBICH YAATuTh
BOOOIlE BCE KOMMEHTApHH, CTPOKOBBIE M CHMBOJIbHBIC JIMTEpajibl (pazymeeTcs,
MOJCYUTHIBAS UX YHUCIIO IS MOCIEAYIOUIEro y4éTa B pe3ynbTaTax aHaIn3a).

B pesynbrare mepBoro mpoxoja HMCXOJHOTO Kojaa moiydaeM uucio L Beex
COJepKATENbHBIX CTPOK M CIMCOK JWAla30HOB (T.e. MacCHBOB) COAEPIKATEIBHBIX
CTPOK B (aiinie (KOTOpbIE Pa3AeisIFOTCS MyCTHIMU CTPOKAMH W/MIIM CTPOKAMH YHCTBIX
KOMMEHTapHUER).

[Tnanupyercst BeIOOpKA cofepkaTenbHBIX CTpoK. E€ o6bem N mpu mambix L
coBmagaer ¢ 3TuM uucioMm. llpu «Hamnbosee pacrpocTpaHEHHBIX» 3HaUeHHAX L, T.e.
npumepHo oT 100 1o 500, 06bEM BEIOOPKH HODKEH OBITH oKoJo 10, a ¢ poctom L oH,
€CTeCTBEHHO pacTéT, HO «MelieHHO» (orapudmudeckn). Homepa BeIOMpaeMbIx
CTPOK B mpenenax oT 1 qo L onpenemnstoTest ¢ MOMOIIbIO TaTYMKa CIydaiHbIX YHCEIL.
ITocne aToro (haiin Bo BTOPOH pa3 MPOXOAUTCS OT Havaia K KOHLL.

B oxHO mporpammbl A aHaiNu3a YEJIOBEKOM-OIEPATOPOM  IOCIIEOBATEIHHO
BBIBOJISTCSI BCE COJIEpIKATENbHbIE CTPOKH (paiiiia U3 HaMEUEHHOW BBIOOPKH, KOTOpPAsd,
Kak y)xe ObUIO OIMCaHO paHee, NMPOU3BOIWIACH M3 COAEP)KATEIbHBIX CTPOK (aiina
CilydailHbIM 00pa3oM, YTO IO3BOJIIET B JajJbHEWIIEM aHAJIM3UPOBATH IMAPaMETPhI
JTAHHOW BBIOOPKH 1 TOBOPUTH YK€ O 3aKOHOMEPHOCTSX B F€HEPAIbHOI COBOKYITHOCTH.
Omneparop BBOAWT yKas3aTelM HA KOHIBI BCEX NPOIPAMMHBIX CHMBOJIOB (MM HX
CBSI3HBIE YaCTH) KOTOPBIE OH PACIO3HAET B KaXKJIOW CTPOKE B BEPCHUHU NPOIPaMMBL,



24 Cepist (MaT.mogentoBaHHs. IHhopMaLliiHi TexHonorii. ABTOMAaTIU30BaHi cUCTEMM ynpaBRiHHs), BUM. 3 3

HanuCcaHHO!M Ha Ada, WM jke BBOJUT KOJHYECTBO MPOrPAMMHBIX CHMBOJIOB, KOTOPHIE
BCTPETUIINCH B BBIAHHON CTPOKE — a TAKIKE KOJIUYESCTBO OMEPAHIOB.

Hamnpumep, mycts BeiBoguTcst ctpoka: abraCodabrasic (

(Bmecte ¢ opueHTHpamu Uil OOJICTYECHHsI OIpPE/IeICHHS HOMEPOB CHMBOJIOB
YEJIOBEKOM):

abraCodabrasic (
123456789012345678
OrmepaTop, BEpPOSITHO, OTBETUT HA ITO BBOJJOM CTPOKH:

4 -12 1618

I7Ie3HAaK MHHYC O3HA4aeT, 4TO KOHEL NPHHAIJIC)KUT CHUMBOIY-ONEpaHIy, a HeE
omeparopy (Tak, HanmpuMmep, Oyner, ecinu abra u SIC — KIFOYEBBIC CIOBA JaHHOTO
dopmansHOTO s13bIKa, 8 Codabra — uneHTHduUKaTOp, BEIOPAHHBIN IPOTPAMMHUCTOM);

3HaK (, BO3MOYKHO, SIBIISIETCSl YaCThIO MPOTPAMMHOTO CHMBOJIA-OMIEPaTOpa «Iapa
CKOOOKY;

mpoOenbHbIe CUMBOIBI TIPH MOCIEAYIOel 00paboTke MPOrpaMMHBIX CHMBOJIOB
MOTYT OBITh aBTOMAaTH4YECKH OTOPOIICHBI, TAK YTO B HAIIEM IPUMEPE BMECTO MO3UIHN
4 MOHO C TEM K€ YCIIEXOM YKa3aTh 5.

Kaxxmoe Takoe cooOmeHne omepatopa IMO3BOJSET HApaCTUTh  CUETUHK
NPOTrPaMMHBIX CHMBOJIOB M CUETUHK OMEPaTOpPOB (SBHO MOINEPKHUBATH CUETUUK IS
orepaHzioB He oOs3arenbHo). [Ipu 3TOM, ecnu omeparop cUMTaeT, 4TO Ha CTPOKE
IpE/CTaBIeHa TOJIBKO YacTh MPOTPAMMHOTO CHMBOJA, HAIPUMEpP, TOJBKO OIHA W3
napel CKOOOK, OH MOXKET 3TO YTOUHHTh. B Hamem mpumepe Hapsly C yKazaHHEM
npocTo HoMepa 18 KOHIIEBOTO CHUMBOJA MPUCYTCTBYIOIIEH Ha CTPOKE 4YacTu
IPOrPaMMHOTO CUMBOJIA «T1apa CKOOOK» MOKHO BBECTH KOMOMHAIIHIO:

18*1/2
rIe B KayecTBE YHCIUTENsT W 3HAMEHarelns MOryT (QUrypHpoBaTh TOJBKO
OJIMHOYHBIE JeCATHYHBIC 4YHCTa, oOmpeaenseMble onHoWd uudpoi. (Jannas
BO3MOJKHOCTH B IIEPBBIX BEPCHSAX aBTOMAaTHYECKOTO aHAITU3aTOPa MOXKET OITyCKATHCS).

[To oxoHYaHWW BTOPOTrO MPOXOJA YMCIO MPOTPAMMHBIX CHMBOJIOB («IJIMHA») B
JTaHHOM HCcXOoAHOM TekcTe Hekoro moxynis CIIC — cxemwr npoecpammmoii cucmemot,
OLICHMBAETCS 10 (OpPMyJie B 3aBUCHMOCTH OT TOTO, IPUHUMAIOTCS JIX BO BHUMaHHE
kommeHrtapun: Lengthy = (P/N)L, Length = (P/N)L + C, rne P — cymmaphoe
YHCIIO POTPaMMHBIX CHMBOJIOB JIJAHHOW BBIOOPKH CTpOoK (paiina; N — 00bEM BBIOOPKH
(4MCcII0 MPOaHATM3NUPOBAHHBIX CTPOK); L — ymceno coxepkarenbHbIX CTpok; C —
YHCJIO CIUTHBIX MAaCCHUBOB CTPOK KOMMEHTapHEB.

KomMeHTapum ciiegyer  y4uTBIBaTh, NPUYEM  HM30JIMPOBAHHBIE  MAaCCHBBI
KOMMEHTApHEB CIIEAyeT CUUTATh Pa3HbIMH BOIUIOMICHUSMH OJHOTO W TOTO K€
IPOrPaMMHOTO CUMBOJIA.

AHAJIOTUYHO OlIEHHBaeTcs O0Ilee YHCIO ONepaTopoB B JaHHOM TEKCTe
(KOMMEHTapHUU K YMCITy ONEpaTopoB HE OTHOCSTCS, HO CUYMTATHCS OMEpPaHIaMU TOXE
MOT'YT JIMIIb YCIIOBHO: JK€JIaTeNbHO, YTOOBI NPH aBTOMAaTHYECKOM aHAJIN3€ CBOMCTBO
«OBITh KOMMEHTapHeM» NpPOBEPSIIOCh, M CYETYMK KOMMEHTApUEB HapaIlHBaiICs
BMECTO «CUETUMKA» ONIEPAHJIOB).

Janee BBIMONHSETCS OIEHKA CIIOBAapsl — YWCIA Pa3IHMYHBIX HCIOJIB30BAaHHBIX
NPOrPpaMMHBIX CHMBOJIOB. JTO MOXKHO CJejaTh, HO, KOHEYHO, TOJIBKO BeChbMa
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NpUOIMKEHHO, UCXO/S M3 THUIOTE3bl BHIMOIHEHHS «YPaBHEHHS [UIMHBI IPOTPAMMBD)
Xoncrena: Length” = nylog,n, + nylog,n,, Tae n; — ciosaps onepatopos (i = 1)
i orrepasaos (i = 2).

3nauenue Length” ciydaifHeiM 06pa3oM Konebiaercst BOKpYT Lengthy.

Jlns TmosrydeHusl YKCIOBOM OIICHKU CIIOBapy OIEPaTOPOB M OMNEPAHIIOB CIEIyeT
CBsI3aTh, HANIPHMED, 110 THIIOTE3¢ BBIMOJHEHHUS YpaBHEHHMS JJIMHBI IpOrpaMmbl. EcTh
CMBICIT TaKXKe OTrpyOHTh COOTHOIICHHE M CBECTH HAXOXKJCHUE PEUICHUS K PEIICHUIO
YpaBHEHHS CIICAYIONIETO BHIA, KOTOPOE MOMKHO HCIOJNB30BaTh B IIO/ICUCTAX,
NPOBOJIUMBIX  HEMOCPEACTBEHHO B  MPOTPaMMHOM  MPOIYKTE, PpeaIH3yHOLIeM
CTpaTEeTHIO nojcyera c HPUBJICUCHHEM BHEIITHETO IKCIIepTa:
Lengthy = Vocabluary * log,(Vocabluary).

5. Peanu3auusi MeToaa OLEHKH IOACYETA XOJICTEIOBCKHX NPHMHUTHBOB C
NpuBJIeYeHHeM BHELIHEro 3KcrepTa

Hns Toro, uTo061 00paboTKka (haiioB, comepiKaluX HCXOTHBIE aHATH3UPYEMBIE
KOJIbI TIPOrpaMM, MPOXOAWiIa B yIoOHOM Ui SKCIepTa pexxume, OblIo paspaboraHo
IporpaMMHOe oOecledyeHHe, AaBTOMAaTH3MPYIOIIee MOJACYET TAaKUX IapaMeTpoB
IPOrpaMMBbl, KaK IJIMHA IPOrpaMMBbl, CIOBapb, a TaKKe KOJIMYECTBO ONEPATOpOB U
OTIepaH/I0B.

IIpu 3amycke peanusyrolleil NaHHBIA METOJ NPOTrpaMMBl, IOJIb30BATENI0 HYKHO
OTIPENICJIUTHCA C S3BIKOM IPOTrPaMMHUPOBAHUSL, KOTOPBIM HCHOIB30BANCS IJIS1 CO3aHNUs
BBIOpaHHOTO )i aHaM3a (aitna. [{ist pazdopa Takux (aiioB MPUBIEKAETCS IKCIEPT,
o0aarImii COOTBETCTBYIOIIMM YPOBHEM 3HAaHWH B BBIOPAaHHOM SI3BIKE, TaK Kak
NOJY4YEeHHBIH pe3ynpTaT Iyl Bcero (aiina OyneT 3aBUCETb OT KOMIICTEHTHOCTH
9KCIEPTa U €r0 YMEHUH MPABUIBHO OIPEEIATh JIEKCEMBI IPOrPaMMbl — OIIEPATOPhI U
OTIepaH/Ibl.

Kaxxaprii s3Ik TpOTPaMMHPOBAHUS CONEPKUT B ce0e OTIMYMTENBHBIA HaOop
OIEepaToOpOB M ONEPAHAOB, KOTOPbIE, 10 CYyTH, U COCTABIISIIOT YHUKAJIBHBIA CIOBaphb
A3bIKa, a, CIEJ0BaTeNIbHO, U HAMCAaHHOW Ha HeM mporpammbl. [loaTomy Tak BaHO
MIPUBJIEKATh K MOJICUETY U aHAJIM3y OCHOBHBIX METPHUK KOMIIETEHTHBIX 3KCIIEPTOB.

Ilepen 3amyckoM mporpamMMbl OJUH HJIM K€ HECKOJBKO (hailyioB, KOTOpble OymyT
MIPOAHAIM3UPOBAHBI, JTOJDKHBI HAaXOAMTHCA B OIHOW JMPEKTOPUH C HUCTOIHIEMBIM
¢aiinoM mporpamMmbl, 4TO JOCTUTAETCS MyTeM NepeMeleHus (aijoB B KOPHEBOU
kaTajor npoekta — ExpertCounting.

IIporpaMma Obljia peann3oBaHa Ha JIBYX sI3bIKaxX MporpaMMupoBanus — Ada u Java.
Jnst Toro, 94To6s!I MporpamMma mojIcHeTa X0JICTEJOBCKIX MPUMHUTHBOB C MPUMEHEHUEM
CTpaTeTMH C MPUBJICYCHWEM BHEIIHEr0 JKCIepTa MOrja ObITh BKJIIOUYEHA B YXKe
CYLIECTBYIOLIMA M paHee CO3QaHHBIA IPOTPaMMHBIA MNPOAYKT MAJs MOZAcCYeTa
MPOrPaMMHBIX CHMBOJIOB M METPUK IO APYTUM alropuTMaM, JaHHas IMporpaMma
Oblla HamMcaHa Ha s3bIKe MporpamMmmupoBanus Ada. OHaKO, OCHOBHBIM HEJIOCTaTKOM
s3bIka Ada siBIIsieTCsl OrpaHMYEHHAs! IEPEHOCUMOCTD HAIMCAHHBIX HA HEM MPOrpamm,
CIIEZIOBAaTENIbHO, OBUIO MPHUHATO pelieHHe (M YCHEIIHO pPEeaJrn30BaHO) CO3JaTh
NpOrpaMMHBIA  MPOMYKT Ha s3blke Java — KpoccraTrOpMEHHOM  SI3BbIKE
IPOrpaMMHUPOBAHUS, KPOCCIIATOPMEHHOCTh KOTOPOTO JIOCTUTAeTcs 3a CYeT
HAJIMYUS UPIMYANbHOU MawuHbl Java — IporpaMMbl, KOTOpast SIBIISIETCS MPOCIOHKON
MEK/Ty OTIepallMOHHON CUCTeMOit U Java-riporpammoii [7].
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ITocne 3amycka mporpaMMbl TIOJB30BaTeeM, BBI3BIBacTCs omeparus readFile
monyist Counting, KOTOpeI mpocMaTpuBaeT ¢aiil U HU3MEHAET MEepEeMEHHBIC
KOJINYECTBA 3HAYUMBIX CTPOKM M CTPOK KOMMEHTApHEB Ha COOTBETCTBYIOLIHE
3HA4YEHUS UL yKa3aHHOTO (aiiia.

[anee nmpousBoauTCs reHEpauus CIy4aiiHbIX HOMEPOB CTPOK M3 YHCJa 3HAYUMBIX
CTpOK (haiina, ajst yero ucnonb3ytotes onepanuu getFileStrings, getRandomNumbers
IUIs TeHEpaluy ¥ COPTUPOBKU MacCUBa CIy4aiHbBIX HOMEPOB 3HAUHMBIX CTPOK (aiina.
Pasmep atoro maccuBa ompeaeisercsi B 3aBUCHUMOCTH OT YHCIIAa 3HAYUMBIX CTPOK
JlaHHOTO (haiina.

Omneparop mony4aeT Ha JKpaH KaxXIyld H3 CTPOK (MO HOMepam, KOTOpBIC
COIEpKAaThCsl B OINHCAaHHOM Bblme MaccuBe). OH JOKEH YKa3aThb KOJIUYECTBO
pacmo3HaBaeMbIX MM I[POrPaMMHBIX CHMBOJIOB H  omepaHnoB. Onepanus
getResultsForRandomString ncnonp3yeTcs Ans moacyeTa MporpaMMHBIX CUMBOJIOB U
3aMHCH COOTBETCTBYIOMIEH MH()OPMANUK O KaKAOW BBITAHHOW OTepaTopy Ha aHaIH3
CTPOKE B O0BEKT-KOJUICKITHIO.

[Tocne Toro, kak omeparopoM ObTM 00pabOTaHbl BcE 3HAYUMBIE CTPOKH,
BBI3BIBaeTCA orepanus countMetrics, a 3atem getProgramVocabluary mist momydeHust
uHpopMaIu 00 obmeM Ymcie CTpoK (aiiya, 4rcie CTPOK KOMMEHTApHEB, YHCIE
3HAYMMBIX CTPOK (haiia, a TakKe YMCIle OMEepaTOPOB W ONEPaHAO0B Ha CTPOKY KOJa,
MOJICUET KOJIMYECTBA OMNEPAaTOPOB M ONEPaHIOB Ul BCEX 3HAYMMBIX CTPOK (aiina,
MOJTyYeHHS MOIITHOCTH aj(aBUTa aHATH3UPYEMOTO (aiia.

PeszynbraTomM paboTel mporpaMMbl SBJSIETCS BbIAaya HHGOpMANUU O JJIUHE
NPOTPaMMBI, CIIOBAape MPOrPaMMBbl, & TAKKE O KOJIWYECTBE ONEPaTOPOB M ONEPaHIIOB
Ha 9KpaH IKCIEPTY.

[Iporpamma BeImaeT Ha 00pabOTKy OKCIEPTYy BECh CHHCOK  (hailiios,
COJepKAIIMXCs B YKa3aHHOM paHee Karajore, B MOPSIKE X OYepe]d pa3MelIeHHs B
KaTaJore.

6. BbluumcauTeabHBbIH JKCHEPUMEHT: CpaBHEHHE 3HAYEeHHH, MOJYYEeHHBIX
ABYMSI criocodamMu

[ mpoBenieHns aHan3a KOPPEKTHOCTH paboThl pa3pabOTaHHOIO MPOrPAMMHOTO
NPOIYKTa, a TAKKE Ul OLIEHKU 3(PPEKTUBHOCTH CTPATErHU MOJCUETA XOJICTEAOBCKUX
METPHK C MPHUBIIEUYECHIEM BHEITHETO YKCTIEPTa, OBLIO MPUHSATO PElIeHue 1o oopadoTke
50 mporpaMMHBIX MOJyJieH, HarMcaHHBIX Ha s3bike MathCAD.

B pab6ore Boposunckoro A. [8] 6bi1 BBeieH (HOPMABHBIN A3BIK TAKUX TPOrPAMM
Ha  Oaze XML, ompenmenennelii  mpoekumed  s3pika XMCD-gaiinos.
Bocmons30BaBIIMCh MHCTPYMEHTOM Ui OOpabOTKH Takux (paiiiioB, HamMCaAaHHBIM
BopoBuHckuM A., OBIIIM MOTY4YEHBI TOUHBIE 3HAUYEHHS JJIMHBI U CIIOBAPS IPOIPAMMBI
JUTSL KaXKJI0T0 (haiiyia BEIOOPKH.

B kauectBe BBIOOpPKM ObUTM B3aTHI (haiinel w3 [9], manusie MatchCAD-daiinb
HalmMcaHbl JKCIEPTOM B  obmactu  mporpammupoBanus miusi  MatchCAD,
CIIEZIOBAaTENIbHO, MOTYT OBITH B3ATHl B KadecTBE MPOrPaMMHBIX MOAYJEH ¢
ONTUMAJILHBIM TOJIXO/IOM K WX HANHCAaHWIO, 2, 3HAYUT, MOTYT OBITh OTHECEHBI K
3peJIbIM IPOTPaMMHBIM MOAYJISIM — KOJ KOTOPBIX MOXET CIYXUThb NPUMEPOM
ONTUMAJILHOTO PEIICHNS IOCTABJICHHBIX 3a/1a4.
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B Tabm. 1 - cpaBHHMTENBHOH TaONMIIE pE3Y/IbTATOB CPAaBHHUBACMBIX TOYHBIX
3HAUYCHUU U WX OLICHOK MPHUBEACHBI MONYYCHHBIC PE3yNbTaThl. N — TOUHOE 3HAYCHUE
BEIUYUHBI JUIMHBI TIPOTPAMMHOI0 MOAYJS; N — TOUHOE 3HAYCHUE BEIMYUHBI CIIOBApPS

nporpaMMHoro wMopayns. CrhenmoBarenbHo, M — 3HaYeHHE BEJIMYHHBI JUTHHBI
MPOTPaMMHOTO MOJIYJIS, TOMYYCHHBIE TYTEM B3aMMOJICHCTBHUS C BHEITHUM SKCIIEPTOM
HOCPE/ICTBOM ~ pa3pabOTaHHOTO MPOrPaMMHOIO OOCCIeUeHHs; M — 3HA4YCHHE

BCJIMYUHBI CJIOBApA MPOTrpaMMHOI0 MOAYJIA, ITOJIYYEHHOI'O TEM XKE CITOCOOOM.

Tabn.1. Cpagnenue pe3ynbmamos memooa ¢ npumMeHenuem cmpamezuu nooc4ema ¢
npusiiedeHuemM GHeune20 IKCHepPMa U MOYHbIX 3HAYEHUI NOOCUUMbIBAEMbIX GENUYUH

Ne ghaiina N M N/M n m n/m
1 863 998.20 0.86 96 124.78 0.77
23 738 614.09 1.20 68 76.76 0.89
50 3207 2575.00 1.25 146 | 257.50 0.57
Cpennee 1.15 0.82
Koaddumnment NuaM 0.94 nHa m 0.65
KOppeIsun

Ilocnme 00paOOTKHM TMONYYEHHBIX PE3YyIbTATOB IS BHIOOpKH (aiiyioB OBLIO
HOJy4eHO 3HAYEHHE CPEIHEr0 OTKIOHEHHWE CTPATeTHH C MPUBIICYCHHEM BHEIIHETO
JKCIIepTa OT TOYHOTO pe3yibrara, KoTopoe cocraBiser 6%. Ilpum stom crout
OTMETHTBh, YTO BpeMsl, 3aTpauceHHOE SKCHEepTOM Ha aHaim3 Oonee 50 QaitnoB ¢
NPUMEHEHHEM Pa3pabOTaHHOTO IMPOTPaMMHOIO  OOECHEYCHUS IMPHEMIIEMO W
COCTaBIISIET, B Cpe/IHEM, He OoJbiie 1| MUHYTHI Ha (hailir; paspaboTaHHOE MPOrpaMMHOE
o0ecrieueHne MO3BOJISICT aHAIM3UPOBATh TAKUM CIIOCOOOM TMPOTPaMMHBIC MOJIYJIH,
HaIlMCaHHbIE Ha JIIOOOM S3bIKE TIPOTPAMMHPOBAHUS, KOTOPBIH 3HAKOM JKCIIEpPTY.
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WuTerpanbHble ypaBHEHHs B 3a/1a4ue 00 u3rude
TpaHCBEPCATbHO-M30TPOITHON TIIACTUHBI C Pa3pe30oM

W. I1. bokos, E. A. CtpenbHUKOBa
HUnemumym npobaem mawunocmpoenus um. A.H. Iloocopnoco HAHY, Ykpauna

PaccmarpuBaeTcss OeckoHeuHass TpaHCBEPCATbHO-U30TPOITHAS IIACTHHA C Pa3pe3oM,
KOTOpasi HaXOAUTCS B PABHOBECHH IOJ JEHCTBUEM NPUIIOKEHHBIX Ha OECKOHEUHOCTH
YCUIIUH, a TaKKe COCPEJOTOUEHHBIX CHJI M M3TMOAIOIINX MOMEHTOB, ACHCTBYIONIUX B
okpecTHOCcTH paspeza. C ucnone3oBaHMEM (GYHIAMEHTAIbHBIX pPEMICHHH It
TpaHCBEPCATEHO-M30TPOIHBIX IUIACTHH MOJTYyYeHBl HHTETPAIbHEIE MIPEICTABICHUS IS
M3TUOAIONIMX MOMEHTOB. VCHONB30BaH UHCIICHHBIH METOJ PEIICHHS MHTETrpalTbHBIX
ypaBHEHUH. BbIUncIeHBl 3HaUueHMs Harpy30K BONW3M pa3pes3a, KOTOpHIE MO3BOJIT
HCCIIe/IOBAaTh XapaKTep MOBEICHUS XPYIKHUX TeJl C KOHIEHTPaTopaMy HalpsDKeHUH B
3aBHCHMOCTH OT YNPYTHUX MOCTOSIHHBIX MaTE€PUAIOB U JEHCTBYIOMINX CHIL

Knrouegwvie cnosa: mMpaHceepcalbHO-U30Mmpontsvle NJIACMUHbl, UHMe2pAaAlbHble YpPABHEeHUs,
(ﬁyubameumaﬂbybtepememm, KOHYeHmpamopbwl HanpﬂOICEHMIZ, M32M6010M4u6 MOMeHmbL.

PosrsimaeTbcs HecKiHUEHHA TPAaHCBEPCAIbHO-I30TPOITHA IUIACTHHA 3 PO3PI3oM, sKa
3HAXOJUThCS B PIBHOBA31 MiJ €0 3YCHIIb, O MPHUKIAICHI IO TPaHHMIh [UIACTHHH Ha
HECKIHYCHHOCTI Ta 30CEPEKCHUX CHJI 1 3THHAIBHUX MOMEHTIB, IO JiFOTh B OKOJI
po3pidy. 3 BHKOpPHCTaHHSIM (yHIaMEHTAIBHUX PO3B’S3KIB U TPaHCBEPCAIBHO-
130TPOIHKUX IUIACTHH OTPHUMAHO IHTETPalbHI 300paKeHHS 3THHAIBHUX MOMEHTIB.
Buxopucrano dYncenbHHH METOA PO3B’S3aHHS IHTErpajbHUX piBHAHB. OOuncieHi
3HAYCHHS HABaHTaXEHb IMOONH3Y PO3pi3y, sSKi JO3BOJATH NOCITIHKYBATH XapakTep
MOBEMIHKM KPUXKHX TiJl 3 KOHLEHTPATOPAaMU HANPY>KEHb y 3aJIEKHOCTI BiI NPYXKHUAX
CTaJMX MaTepiaiiB i JIFOUUX CHIL.

Knwouosi  cnosa:  mpanceepcanbHo-i30MponHi  NAACMUHU, inmezpanvHi  piGHAHMHS,

@ynoamenmanvi pivienHs, KOHYeHmpamopu HanpylCceHs, 32UHATLHI MOMEHMU.

An infinite transversely isotropic plate with a slit being in equilibrium under forces
applied to the plate boundaries in infinity as well as concentrated forces and bending
moments applied near the split is under consideration. By using the fundamental
solutions for the transversely isotropic plate, the integral representations for bending
moments were obtained. The numerical method for solving integral equations has been
applied. The load values near the split have been calculated. That will allow us to
analyze the behavior of brittle solids according to the elastic constants of materials and
effective forces.

Key words: transversely isotropic plates, integral equations, fundamental solutions, stress
concentrators, bending moments.

Beenenne

IIpoexTupoBaHue, CcO3AaHWE M OIKCIUTyaTalusl »3JIEMEHTOB KOHCTPYKLHH B
COBPEMEHHBIX YCIOBHAX TpeOyIOT pa3paboTKH JOCTOBEPHBIX METOJOB OLIEHKH UX
paborocmnocoOHocTH. M3BECTHO, YTO B CTPYKTYpE PEANbHOIO KOHCTPYKIIHOHHOTO
MaTepHaja UMEIoTcs (MM BOSHUKAIOT B IIpoLiecce ero 1ehopMUpPOBaHUs) Pa3IMIHOTO
pona MuKponedekTl. OTH AedeKThl SBISIOTCS KOHLUEHTPATOpaMH HaIPSKEHUH.
PazBute pgedexkToB TOJ JCWCTBHEM BHENIHEW HArpy3KH MOMET MpPUBECTH K
YAaCTUYHOMY WIH IIOJIHOMY Pa3pyLIECHHUIO KOHCTPYKIUH.

Ilpu ucciaenoBaHuM MPENENBHOIO PAaBHOBECHS TEJI, COAEpKAIIMX Ae(EKThl THIa
TpeuH, TpeOyeTcsl ONpeNeNuTh KPUTHUECKOE 3HAUCHHWE BHEIIHEW Harpy3ku, MpH

© bokos W. ., CtpenbHukosa E. A., 2017
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JOCTHKEHHH KOTOPOH TpelmnHAa HAaYMHAET paclpocTpaHsAThCsA. B asmemeHTax
KOHCTPYKIIMM, pa0oTalonMX TPy  OMPENSICHHBIX BHEIIHUX Harpyskax u
OTIPEICIICHHBIX PEXKUMAX UX U3MECHEHUS, HATMYME YCTOMYMBBIX TPEIIUH HE OMACHO.

Bormpoc mpoieHust BpeMeH: SKCIDTyaTalllH 3JIeMEHTOB ¢ AeeKTaMH TaKoro poja
SIBJISICTCSI BAKHOH MPOOIIEMOM, KaK ¢ TEOPETHUCCKOM, TaK M C MPAKTHICCKON TOUKH
3pEHUS.

OnHOoMt W3 BaKHEHIINX COCTABIAIOIMIMX MEXaHUKH pa3pymIeHUs YIPYTHX Tel
SBIISIETCSl MaTeMaTH4IecKasl TEOpHs TPEIIMH. JTa TeOpHusl XOpoIIo pazpaboTaHa, U ee
OCHOBBI ¥ 3Tallbl PA3BUTHUS U3JIOKEHBI B CIEAYIONIMX MOHOTpadusx u ob3opax: [1, 2].
®uU3NYEeCKUM acleKTaM BO3HUKHOBCHHSI W PACHpPOCTPaHEHUS TPEIIWH IOCBSIICHA
pabora [3].

Y4uuteiBas aKTyalbHOCTh MPOOJEMBl YCTOWYMBOCTH IUIACTHH C Jaedekramu,
AHAIUTUYCCKUM M SKCIICPHUMCHTAIBHBIM €€ KCCICIOBAaHUAIM BHUMAHHE YACISIOCH
HEOIHOKpPAaTHO [4 - 6].

OgarM #W3 METOIOB WCCIENOBaHMS KOHIIEHTPAMK HANPSOHKEHHS B Telax C
TPEIMHAMH SIBJSICTCS METOJl MHTCETPAIbHBIX YpPaBHEHHWH, OCHOBAHHBIM Ha TEOpHUHU
MOTEHIHAA. Hcnonp3oBanme  3TOr0O  MeTOAa  MpEAToNaraeT  HaJudue
(GhyHIaMEHTATBHBIX PEIICHUH ISl paccMaTpUBaeMON 3a1a4u.

Pa3zpabotke MmeTo0B mOCTpoeHUs (yHIAMEHTANBHBIX pPEUICHUH (pelIeHui,
COOTBETCTBYIOIIUX COCPEIOTOUCHHBIM BO3JICHCTBUSIM) YPaBHCHHH TEOPHUU YIPYTHUX
TOHKHX TUIACTHH W 0O0O0JI0YEeK TOCBSIIEHO OOJBIIOE KOJMUYECTBO ITyOIHKAIH.
[locTaHOBKM 3a7ay, METOIbI WX PCIICHUS M Psi KOHKPETHBIX pPE3YJIbTATOB
coJiepkaTcs B MOHOTrpadusiXx M HaydHbIX cTaThsix B. M. JlapeBckoro [7] u Apyrux.
OyHIaMeHTaJ bHBIE  PEHICHWs  YpaBHEHWH  CTATHUKU  JUIA  HM30TPONMHBIX U
TPaHCBEPCAIbHO-U30TPONHBIX TUIACTHH, WCIONB3ySd YTOYHEHHYIO TEOpHI0, ObLIN
noayuens! B crathsax U. I1. Bokosa, E. A. Ctpensuukosoii [8, 9].

W3 nmnpoBemeHHOro aHanmmM3a CleAyeT, YTO HMEIoNIMecs (yHIaMEeHTAIbHbIC
pelIeHusl, TOCTPOCHHBIE 10 YTOYHEHHOHW TEOPHH, OTHOCITCA K OECKOHEYHBIM
W30TPOMHBIM M TPAHCBEPCAILHO-U30TPOITHBIM IIJIACTHHAM.

1. ITocTanoBKa 3aga4un

PaccmatpuBaetcst 6eckoHeuHast TpaHCBEPCAIbHO-M30TPOITHAS TUTACTHHA TOJIIMHON
2h co CKBO3HOW MpsAMONHMHEHHOW TpemuHoi mmuaHo# 2| . TlnmacTiHa HaxOAWTCS B
PaBHOBECHUU TOJ ACUCTBUEM YCWIMH, MPUIOKEHHBIX K T'paHUUAM IUIACTUHBI U Ha
OECKOHEYHOCTH, COCPENOTOYCHHBIX CHII PO 4 momentor M (i) B TOYKax C
KOOpJAUHATAMU (X inYi ) (i =1,...,N) JIEKapTOBOi cucTeMbl KoopauHar OXyZ , Hayajo
KOTOPOM HAXOJUTCS B TEOMETPHUUECKOM IIEHTPE TPEUIUHBI, II0CKOCTh XOY coBmamaet
C CepeANHHOM MIOCKOCTHIO TIACTHHEI, a ochb OX HampasjeHa BIOJb TPEIIHHBI.

CocpenoTOUYEeHHbBIE CHIIBI PO nonararorcs NEPHNEHAUKYIIPHBIMU K OCHOBaM
MJIACTUHBI, @ BEKTOp MOMeHTa M ©) HMEET JIBE cocTaBsromue - M )((i) u M 9).

['paHuyHBIE YCIOBUS TPELIUHBI UMEIOT BUI:

M -M; =0, M} —M; =0, (4 <1) (11)
M::M;:pl(x)’ M;ZM;sz(X)i (|X|<|)
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IZIe 3HaKaMHM «1+» U «-» 37leCb U B OCTAJIbHBIX CiIydasiX 00O3Ha4yeHbl I'PaHUYHbIE
3HaueHus GyHkuuu npu Yy — 0. s onpeneneHus p; (X) (i =1,2), MIPEATOIOKUM,
4TO B TOUKE ¢ kKoopauHatamu (0; 1) mpuiokeH cocpe0TOUeHHBI MOMEHT €AMHUYHON
uHTeHCUBHOCTH. [ TpenmH ¢ | =1, mpuBenem 3HaueHNS STHX (QYHKITHHA

1+v, Vx> +1 1-vx?-1

X)= In + , 1.2

P (x) 2 2 4 x*+1 (1.2)
1+v, yUx?+1 1-vx®-1
pz(x): In - 2 ’
2 2 4 x°+1

rae v - koaddumment [Tyaccona; C =Iny =0,5772.. - koHcTanTa Ditnepa.

Puc. 1 @ynxyus p1(x) Puc. 2 @ynxyus p,(x)

Ha puc. 1 u 2 npeacrasnens! rpaduku ¢ynkuuii (1.2), npencrapmnsromue codoit
BBIPKEHUS TSI N3rNOAIOIINX CHIJI Ha KOHTYPE TPEIIHHEI.

2. BbIBOJ MHTErpasibHBIX YPaBHEHU
PaccMoTpuM paHee TOJMyYeHHbIC BBIPOKCHHS Ul M3rHOaromux MOMeHTOB [9].

TMonoxum m;, =m, =0

2 2 2 2

1. YA XT+Y 1. X° =y
MX :Eq3(1+V)InT+Zq3(1—V)m, (21)
1 . X2 +y: 1, y2 —x2
My=§q3(1+V)InT+Zq3(1—V)m.

21.]'[5[ IMOCTPOCHUA HWHTETPaJIbHOI'O MpEeACTaBJICHUA MPEAII0JIOXKHUM, qTo
COCPEAOTOUCHHAA CHUIa HeﬁCTByeT Ha OTPEC3KE [— |, I] .B Ka)KZ[Oﬁ TOYKE 3TOr0 OTPE3Ka

BEJTMYMHBI (; ABIAIOTCA (DYHKIHAMH Wx(f) u Wy(é:) (fe[—l;l]) s M, M,

COOTBECTCTBCHHO. I[aHHBIe (l)yHKLII/II/I HaM HCU3BCCTHEI.
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3anuieM MHTETpajbHbIC MPECTaBICHUs Wi usrubaommux Momextos M, , M,
npu X=X—-¢&, y=y—-n (x=£&, y=n - ocobas Touka). Yuutsiasi, uro 77 =0, Tak
KaK TpelIrHa PacIoioXeHa BIoJb ock OX, MoTydumM

2 2
M, =LY fu i O E Y g v gy (0P oV e gy

" 2 | 2 4 -l (X 5) +y
C1+4v | =& +y? 1oy -9
My—T_IWy(é)In : LT 7 jwyg(x Py
Paccmotpum Beipaxkenust (2.2) mpu Y — 0
[ |
M, = ()in L e gfag + 227 [, (6)c, 23
- -l
14V y 1-v
'Vly—T_IWy(§)|n§|X—§|d§—T_Wy(f)df-

B 3agagax Teopum TpemmH TpeOyercs, 4TOOBI OBLTO BBITOJIHEHO COOTHOIICHUE

Iw(f)i§ =0 - ycnoBue omHO3HAYHOCTH cMmerneHuid. [lepenumieM Beipaxenus (2.3),
2
YUYHUTBIBAs 9TO YCIOBHUE

1+v |

M, ==~ wa(g)ln%|x—§|d§, (2.4)
2
1 |
My:%v Wy(f)lng|x—§|d§.

3anuiieM (2.4) yauTbiBas, 4to In Z|X - §| =In g + In|x - §| . omyanm

|
MX=1;V ()|n7|x gdé = 1+—"ln%jv\/x(g)d;w (2.5)

- -l
|

+1+TV w, (£)In|x - &ldé,
-

14V | 4 1+v 14V |
My === [w, @)In % x—gldg === j (ERe + == [wy ()nfx - gldg .

YuuteiBass yCIIOBHE OJHO3HAYHOCTH CMEINEHUH, 3alulieM WHTerpajIbHbIe
ypasuenus it M, M

|
M, =] W, (E)Infx - &lde = 2 p, (x), (2.6)

1+v

M y = Iwy(§)|n|x_§|d§=% pZ(X)'
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AHaJIUTHYECKOTO pPEUIeHHs M TONYYEeHHBIX YPAaBHEHHWH C JAHHBIMH TPaBBIMHU
YaCcTSAMHU HE CYIIECTBYET, IOATOMY HEOOXOUMO UCTIOIh30BATh YUCICHHBINA METOI.

3. MeToja YHCJIEHHOr0 peleHust
[pomuddepennpyem  ypaBHenuss (2.6) mo mepemennoi X. [lomyuum
CHHTYJISIpHBIC YpaBHEHHS C siipaMu Trna Komu

'_IWX(§) _ 2 '

M, —J‘Irfdf—m p. (%), (3.1)
'_IWy(f) _ 2 !

My =g =y Pl

Paccmotpum Beipaxenust (3.1) npu | =1. Cnenaem 3aMeHy HEU3BECTHBIX (DyHKIIUIA

W, (& Wyo(£)
w,(g) - sl ) LWy (€)== (32)
vi-¢ vl-¢
Jns cBeICHUS] CHCTEMBI MHTETPAIBHBIX YPAaBHEHHH K CHCTEME aureOpanvecKux
ypaBHEHHH BOCTONb3yeMcss MHorowieHamMu UYeOwimeBa | w Il poma [10]
KBajipatypHoii popmynoii Kopreituyka-Crapka [11]

sin(narccost)

T,(t)=cos(narccost), U,,(t)= “sin(arcoost) (3.3)
C Wyo (Xk ) 1 _ _ .
Z; n M_Xw—pdﬁ, u=xy), (i=12). (3.4)

3armmmem cucreMy anreOpandecKnx ypaBHeHWH w3 N-1 ypaBHeHWit ¢ N —
HEW3BECTHBIMU. By cucremsl cneayomuii AV = p, rae

ves) pltsns)
Ay =Nk
rae h., -t X, =COS7T(L_), Xy, =08 (k=1,...,n),
(X, — XomnN 2n n

(m =1...,n —1), N - creneHs MHOro4wieHa YeOrwIiena.
JlomonHseM MOTYIeHHYIO CUCTEMY YCIOBUSIMHU OJTHO3HAYHOCTH CMEIIEHUIN

i on(é:) i Wy (5)
—X07d4e=0, ——=d&=0. 3.6
= 3 IT_gz 3 (3.6)

YucneHHOe pelieHNe WHTErPANbHBIX YpaBHEHHH OBUIO HaHJIEHO € TIOMOUIBIO
npemioxkerHoro Merona npu V=0,28. Ha puc. 3 m 4 mpencraBieHbl TpapuKu
pELIEHUH 3TUX YpaBHEHUI.
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T
gg | =

Puc. 3 @ynxyus Wy(X) Puc. 4 Qynxyus Wy(X)

IIpoBepka anropurma ObUla MPOU3BEIEHA AN MPaBOM 4YacTu P, (X)z P, (X)z X.
YucneHHoe U aHATTMTUYECKOE PELICHNUS IPUBEACHbI B Ta0MI. 1

Tabnuya 1. [launvie nposepku ancopumma

UucneHHoe penieHre | AHaJIUTHYECKOE pelIeHne
0,9876883209 0,9876883410
0,8910065122 0,8910065278
0,7071067781 0,7071067907
0,4539905066 0,4539905165
0,1564344845 0,1564344889

-0,1564344357 -0,1564344359
-0,4539904641 -0,4539904687
-0,7071067485 -0,7071067528
-0,8910065069 -0,8910065035
-0,9876884475 -0,9876883326

KOppEeKTHOCTh HCIIONb30BAHHOTO METOJa TOATBEPXAACTCA TOUHOCThIO 1077,
MOJYYEeHHOH JIJIsl YMCIICHHOT'O PEIICHUsI TPUBEJICHHOTO B Tao0I. 1.

3akiroueHue

PaccmoTrpena OeckoHewyHas TpaHCBEpPCATbHO-U30TPOIMHAS IUIACTHHA C Pa3pe3oM,
KOTOpasi HaxXOAWTCS B PAaBHOBECHH TIOJ] ACWCTBHEM YCHIIMH, TPHUIOKEHHBIX K
TpaHUIAM TUTACTUHBI U Ha OECKOHEYHOCTH, COCPEIOTOYEHHBIX CHJI M W3THOAIOIINX
MOMCHTOB. HOJ’Iy‘IeHBI I/IHTeraJIBHBIe Hpe):[CTaBHeHI/IH JUISL I/I3FI/163IOHII/IX MOMCHTOB.
BbruncieHsl 3HaueHHsS Harpy30K BOJIM3M pa3pe3a, KOTOPBIC MO3BOJISAT HCCIICIOBAThH
XapakTep TMOBEIEHUS XPYNKUX TeI W YCIOBHUS WX pa3pylIeHHs] B 3aBUCHMOCTH OT
YIPYTUX MMOCTOSHHBIX PA3IMYHBIX MAaTEPHAIIOB U JEHCTBYIOMINX CHII.
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VJIK 519.6

MeTon excTpanosiii Ha OCHOBI MOAM(IKOBAHMX
PO3/LIEHUX PI3HULIb

A. S bom0a, A. I1. Crox, 1O. B. Typ6an, M. 1O. Typoan

Hayionanvnuii ynisepcumem 6001020 2ocnodapcmea ma
npupoodoxkopucmysants, Ykpaina

VY cTarTi NpONMOHYEThCA METOJ EKCTPANoJALii YacOBHX PAiB, IO IPYHTYETbCS Ha
OCHOBI aHaNi3y pO3AUICHUX pi3HUIb. lIpomoHyeTbes mponenypa Moaudikamii
BIAMOBIAHUX PI3HHUIb Ta 3HAXOKEHHA TaKOTO iX MOPSAAKY, OIS SIKOTO BJA€ETHCS
3HAliTH B MEBHOMY pPO3YMiHHI HailKpamle NpOrHO3He 3HadeHHsA. Toxai 3Ha4YeHHS
BUXITHOT (YHKIII y TOYIl , LI0 3HAXOOUTHCS 33 MEXKAMH 1HTEPHOJALIHHOTO
IHTepBaJly, 3HAXOMUTHCS HA OCHOBI 3HAWJEHOTO MPOTHO3HOTO 3HAYECHHS IS
PO3IITIEHNX Pi3HUIB 32 JOIIOMOTOIO CIIEMiaNbHOI 00UNCIFOBANIBHOT TPOLETYPH.
Knrouoei cnosa: excmpanonsyis, npoeno3s, po3oineni pisnuyi, inmepnonayis, 4acosi paou

B cratpe mpemaraercs MeTOR SKCTPAIOIISIIMU BPEMEHHBIX PSIOB, OCHOBAHHOW Ha
OCHOBE aHaJIM3a pas3/ielieHHbIX pasHocted. [Ipemiaraercs mporeaypa MoxU(UKAIAN
COOTBETCTBYIOIIMX PA3sHOCTEH M HAXOXKJECHUS TAKOTO MX IOPSJAKA, ST KOTOPOTO
ylaercs HaWTH B OIPEAEIICHHOM CMBICIE IydIle INPOTHO3HOE 3HaueHue. Torma
3HAQUEHWE HCXOAHOW (YHKIMHM B TOYKE, pACIOJIOKEHHOW 3a TIpelernamMu
MHTEPIOSIIIMOHHOTO HHTEPBaNa, HaXOAWUTCS HAa OCHOBE HAIJIEHHOTO INPOTHO3HOTO
3HAUSHNUS JUIS Pa3JIeeHHBIX Pa3HOCTEH C IIOMOIIBIO CIIELHAIBHOH BBIYHCIUTEIILHOM
HPOLETYPHI.

Knioueevie cnosa: IKCmMpanoiAayus, npocHo3s, pa3()€ﬂeHHble pasHocmu, UHMEPNoIAYUAL,

epeMmenHble psaobl

The paper proposes a method of time series extrapolation, based on the analysis of
divided differences. The procedure of modifying corresponding differences and
finding such their order, for which a better predicted value (in a certain sense) can be
found, is proposed. Then the value of the original function at the point, located outside
the interpolation interval, can be found on the base of the predicted value for the
divided differences by using a special computational procedure.

Keywords: extrapolation, forecast, divided differences, interpolation, time series.

1. Beryn

OdeBuIHO, 1O MPOTHO3 (iI3MYHUX, EKOHOMIYHUX, €KOJIOTIYHMX YW COI[iaIbHUX
nporieciB [1] Mae BU3HavanbHe 3HAYCHHS MU iX BHBYCHHI. Ha cboroHi po3pobieHo
HU3KY SIKICHUX Ta KUIbKICHHX MiJXOJIB JI0 MPOTHO3YBaHHsS. SIKIIO SIKICHI METOAH
HOCSITH CyO'€KTHBHHIA XapakTep i OyIyIOThCS Ha OCHOBI [yMOK i CY/’K€Hb €KCIIEPTiB,
TO KUTBKICHI METOIW TPYHTYIOThCS Ha TOOYIOBI  MPOTHO3Y SK (YHKII Bif
nonepeaHix qanux [2].

Haiibinbin  mommpeHMMH  Ha  ChOTOJHI  METOJlaMH  KOPOTKOCTPOKOBOTO
NPOTHO3YBaHHS YacOBHX psiB € MeToau ecrpanoismii. Cepen BiIOMHX METOIIB
eKCTpamnoyslii MOXHa BHUAUIMTA METOAM, M0 TPYHTYIOTBCS Ha  OCHOBI
IHTEPIOJISIIHHAX MHOTOWICHIB (HalJacTille BUKOPHUCTOBYETHCS 1HTEPIOJSIIIAHIIA
mHorowien H’rorona apyroro Buiay) [5],[10], ysarampHeHHMX IHTEPHONISIIHHUX
MHOTOWICHIB IO Pi3HHX cucTeMax (QyHKmii YeOuieBa (MHOTOWIEHH, €KCIIOHEHTH,
TPUTOHOMETPHYHI (QyHKIII Ta iH.) [3], MeTomu, 1110 TPYHTIOTHCS HA OCHOBI aHAI3y
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Tpeuay[6], MeTomm ekcTpamoiAIii Ha OCHOBI CIUIaiHIB (KyOiunmMx, B-cruraiimis,
kpuBux bes’e) [4],[9], meToau, 1110 TPYHTYIOTHCSI HA OCHOBI CTATUCTUYHUX ITiXO/IB.

3ayBaKUMO, 110 TPU BUBUCHHI YaCOBHUX DPsIIiB 32 YMOB MalluX 00’€MiB aHHX Ta
noOymoBi TPOrHO3iB BUHHMKae Hu3ka mnpoOiem [8]. Tak, Hampukmam, 3a yMOB
BiJICYyTHOCTI JIOJATKOBOi iH(oOpMAIi YacTo HEMOXIIMBO 3pOOWUTH BHCHOBOK IIPO
JETePMiHOBAaHICTh YHM HEJETCPMIHOBAHICTh MPOILECY, LI0 CYTTEBO BIUIUBAE Ha
nmoOymoBy #oro mMojeni. Y BHIaIKy JeTePMiHOBAaHOCTI OYEBHIHO, IO s OyIb-sSKOT
CYKYIHOCTI TOYOK (tq,x1), (t2,%3), ..., (tn, Xy) IiCHye Oe3iiu KpUBHX, sIKi Yepe3 HUX
NPOXOJATH UM SIKOCH X HAaOIMKAIOTh, 1 TOMY CKJIQAHO CTBEP/KYBATH, IO SKACH OJHA
KpHBa (MOZEJb) € caMe THM 3aKOHOM, SIKHIl BHYEPITHO OMHUCYE SBUILE Ta J03BOJIUTH
e()eKTHBHO CIPOTHO3YBAaTH HOTO MOBEHIHKY y MaiiOyTHhOMy. ['imoTe3a mpo 3akoH,
SKOMY BiZIlIOBiIalOTh TOYKOBI CIIOCTEPEXKEHHS, € €(PEKTHBHOIO, SKIIO BOHA J03BOJISIE
MPOTHO3YBAaTH BiANOBIAHUI Mpolec 3 MPUHHITHOIO TOYHICTIO MOYWHAIOYHU 3 JIESKOTO
KpPOKY CHOCTEpexeHb. Ta Ha mpakTuIl 3HATH e(eKTUBHY TINOTE3y BIAETHCA AAEKO
HE 3aBXKIH.

OcHoBHa ifes maHOi CTaTTi mojsArae B po3polui e(eKTUBHOI METOJUKH
3HAXO/DKEHHS TPOTHO3HOTO 3HAadeHHS (YHKIII HAa OCHOBI TOYKOBHX JaHUX 0e€3
MPSIMOTO BUKOPHUCTaHHS OYyJb-SKWX KOHKPETHHX KJIACiB €KCTPANONSMIHHAX (PyKITiH.
[lpu upomy mpu mMOOYIOBI MPOTHO3Y BHUKOPUCTOBYETHCS MaKCHMallbHAa KiJbKIiCTh
iH(opMallii, sika 30cepeliKeHa Y pO3AIJICHUX PI3HULSAX CIEialbHOTO BUY.

2. Inest Ta MATPYHTS aBTOPCHKOTO TOCiI3KEHHS

Hexaii maemo nesxi smauenns Oyukuii f,, f,,..., f, Bushnaueni B TOUKax

n

X;s Xy ,- -+, X, Binnosigso. HeobximHo ouinuTu 3HadenHs miei x ¢Qymkmii f ., mo

BU3HAYeHE B Jedkid Toumi X=X, >X, . Takum uuHOM, Maemo 3amady

n+1
ekcrpanosmii GyHkiii, mo 3amaHa TabauuHo. JJis po3B’s3aHHS TaKOi 3agadi Ha
NPaKTUIl BUKOPHCTOBYIOTH, SIK IPaBHJIO, IHTEPHONsALiiHI MHOrowienn H’rorona
JpPYroro BHIY 32 YMOBH, KOJM TOYKAa X 3HAXOMUTHCS HEAJEKO BiJ KIHIEBOI TOYKH
IHTEepBally BU3HAYSHHsI (DYHKIIIi.

Sk Bigomo [9], inTeprossiuiiini MHOrowIeHH H FoTOHA mepiioro Ta Apyroro
BUJLY, BIATIOBITHO, 3aITUCYIOThCS Y BUTJISIL:

Pl'\I (X) = fo + F(xp, % Nx=Xg )+ F(Xg, %1, Xp X = Xp X = X1 ) +...
4 F (s X oo Xpg X=X X=X ). (X =Xy 4),
PZ'\I ()= fr + F(Xpg, X0 X=X )+ F(Xn_2, Xngs X XX = Xpog KX = Xp ) + ...
+ f(xn_N,...,xn)(x—xn_N+1)...(x—xn)’
fi-f

fAXi,.... % )= F(Xj,...,X
Ac f(Xi,Xj)ZH, i # j,f(Xi,Xj,...,Xk,X|)= ( ) )I(l)—Xi( ! k)

Hexai
-1 -1
A AT

Afp=2 T Z2 T
' Xivj =% @)

AV f = f;.
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Ouepuzno, mo A fi = f(xi dXigds o Xig )

Toni mHOTOWIeH H'FoTOHA IPYroro BUY 3allUIICThCS Y BUTIISII:

Pyt (X) =y + A fg (X=X )+ A Fy_p (X = Xpg X = Xp )+ ..

+ANE (X = Xn_naa)e (X = Xp).

Ha npakTuili 3HaYCHHS BiJIOBITHUX MHOTOWICHIB OOYUCITIOIOTH 3 BUKOPUCTAHHAM

Ta0NUIi po3iieHuX pi3HUIlh (quB. Tab.1).
[pumycTimo, o AJIsl ISSIKOTO psifka k TaOJIIi BUKOHYETHCS PIBHICTb:

A frka= A fx )

k-1 k-1
A fn—k+2 - A fn—k+l
X— xn—k+l

Ak fn—k = Ak fn—k+l =

Toni 3 BpaxyBanusaMm (1) maemo:

Tabnuysa 1 Cxema 00paxyHKy po30iieHux pisHuys

fn+1 Xni1
Af,
A%f fo X,
3
AN P Alfn—l
4 2
A fn—3 A fn—2 fn—l Xn1
Af A,
4 2
AN P A3 frp %oz
5 3 1
A fn—5 A fn—4 A fn—3
5 3 1
A fy A1, A fq
4 2
A"y AT, fa x5
AT, AT,
A 1, f, X,
1
A fy
fox

3Bijgcu
k-1 k k-1
A fn—k-¢—2 =A fn—k+1 (X — Xnk+1 ) +A fn—k+l’

k-2 k-1 k-2
A fn—k+3 =A fn—k+2 (X — Xik+2 )+ A fn—k+2 =
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k k-1 k-2
= (A fn—k+1 (X - Xn—k+1)+ A fn—k+l XX - Xn—k+2 ) +A fn—k+2 =
k k-1 k-2
=A fn—k+l (X — Xy kn )(X Xy ka2 )"‘ A fn—k+l (X ~ Xy k2 )"‘ A fn—k+2 )
k-3 k-2 k-3
A fn—k+4 = fn—k+3 (X - Xn—k+3 )+ A fn—k+3 =

= Ak fn—k+1 (X — Xy )(X — Xy ka2 )(X - Xn—k+3)+ Ak_l fn—k+1 (X — Xy ka2 )(X - Xn—k+3)+

k-3
+A ka3,

k
fn+1 =A fn—k+l (X ~ Xnoks1 )(X ~ Xnok+2 ) . '(X — X, )+
k-1
F AT (X=X ) (X=X )+
3Biacu 3a yMOBH (2)
k
fn+1 =A fn—k (X - Xn—k+lXX — Xy ka2 ) . '(X =X, )+

k-1
F AT (X=X ) (X=X )+

TakuMm 4MHOM, IIPU BUKOHAHHI YMOBH (2) MpOTHO3HE 3HA4YEeHHS (QYHKIIT f,,q B
Jeskiil Todnmi X = X,,, BU3HAYa€ThCsA SK 3HaYeHHs MHorowieHa H’roTona npyroro
Buty (opMyna iHTeproroBaHHs Ha3ax) cTenens K.

OueBHIHO, 1110 yMOBa (2) € TOCUTHh TPYOUM MPUIYIIECHHSAM CTOCTOBHO MOBEAIHKU
¢GyHKII1, 3aMaH0i K-THM PSIAKOM TaOJWI PO3MIICHWX pi3HHIE. TOMy TpPOTHO3 Ha
OCHOBI iHTepHONAMiiHOI popmynn H’roToHa MaTHMe 3HAYHY MOXUOKY €KCTPAITOIISIIi.
OcHOBHa ifesl METOJy, IO MPOTOHYETHCS, TMOJISTae y TOOYAOBI BIOCKOHAIEHOL
TIpOLElypH 3HAXOKeHHs 3HadeHHs AKf,_, ., Ha OCHOBi k-TOro psjaka TaGIHI
(BimMiHHOI Bix cIiBBimHOMEHHS (2)) a TaKOX BH3HAYEHHI TaKOro mapameTpa K, It
SAKOTO IIOXMOKa BIAMOBITHOI ampoKCHMAIi [ TEeCTOBUX (QyHKHid Oyma ©
MiHIMaJIBHOIO.

4. CyThb Ta OOTPYHTYBAHHSI METOLY

Bu3znauumo cepequHHM  BiAIOBIIHUX  BiJPI3KiB XiC = (Xi + X; +1)/ 2. Bseaemo

MOHATTS MOU(IKOBAHUX CKIHUEHHHUX PI3HUIb HACTYITHUM YHHOM:

P Ak (R ey
Xig =X
1 _ALf
AZfi :M’izl’n_z’
Xivg — X
2 2
Asfi =M,i =1n-3
Xi+2_Xi+l

B 3araJibHOMy BUIIAIKYy MAa€MO CHiBBiILHOH_ICHHHZ
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g Ailg
LN gy
i, T
Aj f _ |+[2j+1 H{Z}l (3)
i i~ _AlLg
A Cfi+l CA fl y j = 2k1
Xi+i B Xi+i—l
2
j=Ln-1i=1n-j.
X° 5, J =2k, xfjl,j=2k,
. i i+ i i+
Hﬁm{ﬁ_’x_j,j:2k+Lh_'x j,J_2k+l
2 2
|+[ }l |+[ }
Toni
AJ f _ Ajil fi+l _Ajil fi (4)

r -1
OueBuHO, 1O pi3HUII (2) Kpallle anpOKCUMYIOTh MOXiHI (QYHKIII Ta BiAPI3HAIOTHCS
BiJl KJIACHYHHX, SIKi PO3TISNAIOTHECA TPU MOOYAOBI IHTEPHOMAIINHIX MHOTOWICHIB
H’rorona.

3ayBaxXnMoO, 110 Y BUMAAKY 3HAXOKEHHS HACTYITHOTO 3HAYEHHS IS OYyIb-SKOTO

.. . k
pany K Tabmuui ckiHueHHHX pizauns A fnfk .1, JIETKO MOKHa 30yayBaTH IPOTHO3HE

3HaueHHs (QyHKOIi y ToumiX,, (AuB. puc.l) 3a HACTYIHOK OOYHCIIOBATIBHOIO

MPOLIEAYPOIO:
j-1 _ A1 i i i P11
A fn—j+2 - A fn—j+l +A fn—jJrl(rn—jJrl - In—j+1)l J - k71 (5)
IpoinTepromoeMo 3HadeHHs (yHKINi y mpoMikmuX Toukax Xi,i=1,n-1 ,
BU3HAYMBINY 3HAYEHHS (PYHKIIIT fic,i =1 n—1rta 3HaiineMo BimMOBiAHI CKiHYEHHI
pi3HUII:

AlLfe _plge
. i+l i ,j=2k+1,
X

oo=xC
il ) il
Aj fic _ I+|:E:|+l IJ{E}

AlTLge _pl-dge
i+1 i , J =2k,
9
|+§+ HE (6)

X

j=Ln-2i=1n—j.
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X i =2k, X i,j=2k,
] i : .. i+% J
- £l J :
BsiBum Benmanan ;0 = X j=2k+1 |I xC oo j=2k+1
i{i}l i+[i}
2 2
3 (6) oTpuMyeMo:
j-l¢c j-1¢cC
pr:AJ Hﬂ‘Ain_
! pi_[i
[ i

PosrinsineMo CHiBBiI{HOIHeHHH BUAY:

fn — fnc—l _ fnc—l — fn—lJ

c c
ZZ fo — {Xn —Xpa o Xea X
n-2 — (X —X )
n n-1

2

Efﬁ‘_[ (r.—c,Xr,=1,) (c; =1 Xr =1,)

(Ai—Z fn—i+2 _ Ai‘z fnc—i+1) (Ai_z fnc_i+1 - Ai_z fn—i+l)J2

mel=2,n-1,
X i 1|_2k1 XC|,|:2k, X i1i=2k|
A c -1 "z L=
POXE L i=2k+1 T ) x i =2k )X =2k +]
”‘H "‘H "‘H‘l
x“, ,i=2k,
Il = 2
' X i=2k+1

Hexaii Mae Micne piBHICTb:
Afe =AfE ™

OueBuAHO, 110 IPH BUKOHAHHICIIIBBIAHOIIECHHS (7) MOXKHA 30y1yBaTH MPOLEAYPY
3HAXOJDKEHHs HEBiZIOMOTO 3HAaYeHHs QYHKIIi y Touni X; aHanoriuny 1o (4).
BinmoBinHi CIIiBBIAHOLIEHHS MAKOTh BUTIIAL |

NS = A AT EE (R -0 ) ®)

j-id

3HaiiieMo HEoOXifHI Ta JOCTaTHI YMOBHU JUIsi BHKOHAaHHs cIiBBigHOIIeHHS (7).

Hexait Bukonyetbcst (7).
Maewmo:



42 Cepist ¢MaT. mogientoBaHHs. [H(hopmaLjifHi TexHonorii. ABTOMaTU30BaHi CUCTEMM YNPaBIiHHsY, BUM. 33

ALES

i+l

~ANTES

=2k +1,

c C

REAE

Ajfl f-C _ Ajfl fiC

i+1

N =

1 =2k,
X . =X

i+l i)
2 2

Ai—l fnc_i+1 _ Ai—l fnc_i

C

X o =xE
i i
n—i+ — [+1 n—l+ —
[2] [2}
i-l¢cC i-l¢cC
A g A i

n—i+—
2

AfC

n—i —

i =2k,
X

it 41
2

=2k +1,

AL g

c

n—i+l

i-l¢cC
- 1:nfi

h —

Tabnuys 2 Cxema 0OpaxyHKy MOOUpIiKo8AHUX CKIHUEHHUX PIZHUYD

21,

Afe, Af,

A, N, AfY,
Afe. Af,, NfP, A
Nf AT AN, NES
Af NS AP,

ANf, NS

A* T,

OTxe, ymoBa (7) 3alMILIETHCS Y BUTIIALIL:

fe
fn
fia
fng
f,

fn—2

fo
fy
fo
f,
fo
fl

c
Xn
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A2 Fucivo ~ A2 fris 3 A2 Fies ~ A iy
I = Cj ci 1 Ny AT
i — Ii i Ii
abo
A? f i — A fin _ A~ fin— A Fin 2=A"f° i1 AT f i’ ©)

I, —C c, —|.
Hexaii | = 2K. Toni
Ai—z f c _ Ai—z f c Ai—2 .I: c _ Ai—2 .I: [

i-lgc n—i+2 n—i+l n—i+2 n—i+l
A fn—i+1 ~ .c c ¢ c ’
X* ria], =X ria X i =X i
n—i{—}Z n—i{—}-l n——+1 n-—
2 2 2 2
i-2¢g¢C i-2¢¢C i-2¢¢C i-2¢¢C
Ai—lf c _ A fn—i+1 B A fn—i _ A fn—i+1 B A fn—i
e —X° XS =X '
. [i—l} . [i—l} i i
n—i+ — [+1 n—i+ — n—— n——-1
2 2 2 2

CriBBinHOmEHHS (9) 3aMUIIETHCA y BUTIIAII:

i-2 i-2¢¢C i-2¢¢C i-2
2 (A fn—i+2 B A fn—i+l) _ (A n—i+l A fn—i+l) —
I, —C c, —|.
i-2¢C i-2¢C i—-2¢C i-2¢C
ZAfE _ARfC A i A _ AR i — AT
n—i+1 n—i C c c c '
X i —X i X P X i
n—+1 n—— n—— n-—1
2 2 2 2

PosrisiHeMo mpaBy 4acTUHY OCTaHHBOI PIBHOCTI. MaeMo MOCIiA0BHICTh OYSBUIHUX

CIIIBBIIHOILIEHD:
i-2¢C i-2¢cC i-2¢C i-2¢C
A fn—i-i—Z —A fn—i-i—l _ A fn—i+1 AT _
c c c c
X TX X0 =X
n—+1 n— n— n—-1
2 2 2 2
i-2¢C i-2 i-2 i-2¢cC
_ A fn—i+2 -A fn—i+2 +A 1:n—i+2 —A fn—i+l _
x© - x°© i
n—+1 n—
2 2
i-2¢C i—-2 i—2 i-2¢C
_ A fn—i+1 —A 1En—i+1 +A fn—i+l -A f”l—' _
x© - x© |
n— n——1
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Xe o -x
=2 ¢c _AI=2 n—+1  n—+
_ A fn—i+2 A fn—i+2 2 2 i
XC =X x¢ . =xt
n—+1 n——+1 n—+1 n—
2 2
2 2 X X 2 2 X
i— _ i— c . n—+1 n— i— C . _ i— n— n——
A i A Tl T AT AT L 2
x o =X X6 =x XC =X x¢ . —x©
n——+1 n—— n—5+1 n—— n—E n—E n—— n——1
x . —x¢ x¢ . —x
i—2 _ i-2¢c n— n—-—-1 i-2¢c _ -2 n—+1 n—+1
_ A fn—i-i—l AT _ A fn—i+2 A 1En—i+2 2 _
X =X x¢ . —x° x© —X x¢ . —x° .
i i i i i
n—— n——-1 n—— n——-1 n—+1  n—+l n-——+1  n—
2 2 2
c c
=X =X
i-2 _AlI=2¢cC -1 -ty i-2 _AlI=2¢cC -1 -1
_ A fn—i+2 B fn—i+l 2 n A fn—i+2 A fn—i+l 2 2
x . o=x x© X X X< x¢ . —x©
n—5+1 n—E n——+1 n—E n——+1 n—E n——+1 n—E
[ -x¢ [ ¢ i X
i—2 _AlI=2¢c N——+1 N——+1 i-2¢C i—2 n— N—
+A fn—i+2 A fn—i+l 2 _A fn—i+1 A fn—i+1 2 2 i
X —x¢ x¢ . —x° x¢ . —x x¢ . —x°
i i i i i i
n——+1 n—E n——+1 n—E n—E n—E ) n—E—l
x¢ . —x x¢ . —x
i-2 _Al—2fc . p— n—— i-2 _Ai—2¢c n—— n——
+A fn i+l A 2 2 _A fn i+l A 2 2 _
X . —xc x¢ . —x© x . —x¢ x¢ . —x©
i i i i
n—— n-——-1 n—— n—-1 n—— n——-1 n—— n—-1
2 2 2 2
—X¢
i-2 i-2 f£c¢ 1 L
_ A fn i+1 A fn—l " " ! —
c C Cc
X =X, X¢, =X,
n—— n——-1 n—— n——-1
2 2 2
XS . =X .
i-2 g ¢ i-2 i-2 i-2 ¢ ¢ _ !
AT AT, AT, AT | et +
X =X X —X¢ X, —x°
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i-2 i-2 gc i-2¢¢ i-2 i-2 i-2 ¢ ¢
+ A fn—i+2 - A fn—i+l _ A fn7i+l - A fn—i+l _ A fn—i+1 - A fn—i x
X =Xy XS =X X ;=X
n——+1 n—— n—— n—— n—— n-—-1
2 2 2 2 2 2
C
Xn_i Xn,l Ai—2 f _ Ai—2 f c
% 2 2 n—i+1 n—i —
XC , _XC , X : c
n—— n——-1 n—— n-—-1
2 2
i—2 i-2¢c i-2¢cC -2
_ A fn—i+2 -A 1:n—i+ﬁl. _ A 1:n—i+l -A fn—i+1
X —x€ i x€ PX
n—+1 n— n— n——
2 2 2 2
3Biacu
XS =X .
i-2 £ ¢ i-2 i-2 i-2 £ ¢ I s
A L, - AT, AT, AT |t et N
X“ . =X X ; =X, X, =X
n——+1 n——+1 n—+1 n—— n—+1 n——
2 2 2 2 2 2
i-2 i-2 ¢ ¢ i-2 ¢ i-2 i-2 i-2 ¢ ¢
+ A fn7i+2 - A fn7i+l _ A fn—i+l _A fn7i+l _ A fn7i+l - A fn—i %
X ; =X, X“ =X X =X,
n——+1 n—— n— n—— n—— n—-1
2 2 2 2
c
X —
n— Xn_L Al—z f _ Al—z f C . Al—z f C _ Al—z f
“ 2 2 n—i+l n—i n—i+l n-itl |
x© I—xC : X —xC X< -x
n—— n—-1 n—— n——1 n—— n—
2 2 2 2 2
i-2¢cC i-2 -2 i-2¢c i-2¢c -2
I A fn—i+l —A fn—i-i—l -9 A fn—i-&-Z —A fn—i-i—l _ A 1En—i+1 —A fn—i+l
XC =Xy X po=xE X=Xy |
n— n— n—+1 n— n— n—
2 2 2 2 2 2
XS =X .
i-2 £ ¢ i-2 i-2 i-2 £ ¢ _ !
A fn7i+2 -A fn7i+2 _ A fn7i+2 -A fn7i+l "t "t +
X“ . =X X . =X, Xt =x°,

n——+1 i n—+1 n— n—+1 n——
2 2 2 2 2
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—X¢
i-2¢¢C i-2 i-2 i-2 £c¢ _L L
A fn—i+1 B A fnfi+l _ A fn—i+l B A fn i " ) ! —
X“ =X X =X X“ =X,
n—— n—— n—— n—-1 n— n—-1
2 2
i-2 i-2 ¢ i-2 £ ¢ i-2
— A fn—i+2 — A fn—i+l _ A fn—i+l B A fn—i+l
X =X X=X
n——+1 n— n— n——
2 2 2

OTtpuManu JiHiiiHY KOMOIHAIIit0, KA JIOBOJUTH, 1[0 TOYKH X° i A fnc_i ,
n_t
2

igc NFE: . . .
X i Ao b X i A'f .., | nexars Ha onHii psMii 3a yMOB:
2
c c C c
XC =X, XC =X X =X, X, —=X
n—+1 n—?-l n—— n—E n—E n——-1 n—+1 n—E
c c T yc c abo c c T yc c
X —X X =X X =X i X
n——+1 n—— n—— n—-1 n—— n——-1 n——+1 n——
2 2 2 2 2 2 2 2

TakuM YMHOM, OTpUMAaNX HEOOXiaHy yMOBY ais BUKoHaHHS (7). Jlerko mokaszaru, 1o
OTpUMaHa yMOBa € 1 JOCTaTHBbOI, PO3TVISIHYBIIM HAaBEJCHE BWILE JOBEIACHHS Y
3BOPOTHBEOMY MOPSAKY. AHANIOT4HO po3rasaaemo Bunagok | = 2K +1.
B 3aranpHOMY BUINIAAKY MOKEMO C(HOPMYJIFOBATH TBEPKCHHS:
Teepoorcenna 1. JIns BukoHaHHsSyMOBH (7) HEOOXiOHO 1 JOCTaTHHO, MIOO

TOYKH (Ci A fr ), (|i A fis ), (I’i A fr +1) JIEKaIM Ha OJHIM ITpsMii.

OueBuAHO, L0 OCTaHHA YMOBa BHKOHYBAaTHMETHCS (3 TOYHICTIO, SKa

BIJITIOBi/Ia€ TOYHOCTI HAOJIMKCHHS JAPYroi MOXiMHOI CKIHYCHHUMH PI3HUIIMH BUIY

(6)), sxmo Ha iHTepBami [Ii,ri] KpWBa, IO MPOXOAWTH Yepe3 BiAMOBIAHI TOYKH,

ABIATHME cOOO0I0 KyOiUHHMI MHOTOUJICH.

Hexaif npu nesskoMy 3HaueHHI [ BUKOHYETHCS YMOBA:

(;I ’ fnC—i+1 - fn—i+1 _ (AI ’ fr\C—i+1 -A fncfi)

Ci — Ii Ci — ”i .

(10)

Iloxaskemo, IO TOYKH (Ci A2 f:—i+1) (li A2 fn—i+1) (Ili A2 o ) JeKaTh Ha

onHil npsmii. JliticHo, 3 ymoBu (10) maemo:

(Ci _|| Ai—ZfC _Ai—2 fnc_i)

i—2 i-2 n—i+1
A fn—i+1 =A fnc—i+1 a ci — Il =
! 1
i-2 i-2 i-2
AT e 1)+ (G —Ii)(A' fo g —A f,f,i)

Ci —||i
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A i 1)+ (e 1A 0D AP0 (- 1) (o )N

Cj _“i Cj —”i Cj —”i

ccilli =) Mi(ci 1)
Tom = e oy

IIpu BukonanHi (10) Mae mictie piBHICTB:

i—2 i—2 i-2 i-2
(AI froivs — A froist _ (AI frsist — AT ):O
Ci — Ii Ci — ||| .
OcTanHii pe3yabTaT BUIUIMBAE 3 HACTYITHOTO CITiBBiTHOIIICHHS:
(AFZ fnc—i+1 - AFZ fn—iJrl) _ (AFZ fn—i+l - AFZ fnc—i )
Ci - Ii Ci - ”I
_ (AFZ fnc—i+1 - AFZ fnc—i ) _ (AFZ fn—i+l - AFZ fnc—i ) _
c, —Il. c, —Il.
_ (Ai_z fnc—i+1 - Ai_z fn—i+1 + Ai_z fn—i+1 B Ai_z fnc—i ) _
c, —II,
(Ai_z fn—i+1 B Ai_z fnc—i ) _
c, -1l
— (Ai_z fnc—i+1 _Ai_z fn—i+l) Ci B Ii + (Ai_z fn—i+1 B Ai_z fnc—i) Ii B ”I .
c, — |, c, —Il, I, -1l c, —Il,
_ (Ai_2 fn—i+1 B Ai_z fnC—i ) —
T
— (AF2 fnc—i+l _AH fn—i+1) G — Ii + (AFZ fn—i+l B AFZ fnc—i) Ii —C; —
c -1 c. — . T c -1l
i—2 i—2 i—2 i—2
(AI fai — A fn—i+1)_ (AI Fooian — A ) ci —li
Ci _Ii Ii —"i Ci —“i .

3ayBaKUMO, [0 Y BHNAAKY KONMM (YHKIiS Ma€ TOUYKY, J€ 3MIHIOETbCS 11
BUITYKJIICTB, TO ii HalKpamie ampoKCHMMyBaTH MHOTOWICHOM 3 CTENeHi caMe Ha
IHTEpBaJIi, 110 MICTUTh IF0 TOYKY . J[iliCHO, B TOYI[i 3MiHU BHITYKJIOCTI Jpyra MoXigHa
€ 0 st 000X QyHKIiH, 3HaYeHHs X CHiBMaAaloTh. KO MPOBECTH KyOiuHY KPHBY
uepe3 ToukH, abciucu skux ll;, l;, ¢;, v; ipu BukoHauHi ymoBu (9) (B Toumi [; - 3MiHa
BUITYKJIOCTi) TO, OYE€BH/IHO, IO 11 BIAXHMIIEHHS BiJl peallbHOTO 3Ha4eHHs (YHKIII Oyze
MiHIMaJIbHUM Y TIOPIBHIHHI 3 KyOi4HOIO IHTEPIOALIIEI0 HA THIIUX iHTepBaiax. AJKe
B IIbOMY BHUIQ/IKy MiHIMAJIFHUM € BiIXWJICHHS APYTUX MOXIAHUX a, OTKE, i KPUBU3HU
BUXiTHOT (pyHKIIT Ta KyOiuyHOI iHTEpPIOINALiil, MO 3a0€3MeUYNTh MiHIMYM BiJIXVJICHHS
camMHX 3HaveHb (DYHKIH TMpH iX CHiBNaAaHHI y By3nax iHTeproisiii. Takum 4uHOM,
JIOBUIbHY (DYHKIIFO HaMKpalle iHTepPIIOIOBAaTH KyOIYHMM MHOTOYICHOM B 00JacTi,
Ky MOXKHA i1eHTH(IKyBaTH, 30KpeMa, 3a JormoMoror ymosu (10).
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Otxe, MOJKEMO 3aIIPOIIOHYBATH HACTYITHUH aJITOPUTM €KCTPATIOJIALIIi:
1. Byayerscs Tabnuus cKiH4eHHHUX pi3HULB BUAy (1).

2. TlpoBomuTbes iHTEpHOIALIsS QYHKIII B CEpeAHIX TOUKaX , TAOIHILIS
CKIHYCHHHX Pi3HUIIH JOITOBHIOETHCS CepeaHIMU 3HaUCHHIMU (6).

3. 3HaxonAThCs Taki 3HAYEHHS |, IUIS AKHUX

|(Ai—2 fo A2 fn—i+l) (Ai—z ¢ _ A2 fe. )|

n—i+l n—i+l

i” =argmin,
c, —|. c, —Il,

4. OG6paxosyernes snauenna A f° ..

5. 3naxomuTbcs MpOTHO3HE 3HaYeHHS QYHKUIT 32 popmynamu :

A=A A fn°_].(fn"_j —f{j) (11)

n—j+1 n
j=i"l

3 YncenbHi pe3yabTaTH

PosrnsHeMo npukiagu 3acTOCyBaHb OIIMCAHOrO Bulle Merony. Hexail maemo
GbyHKIIiF0 f(X)z x5
(dhyuKIii HaBegpeHo HA Prc.2, dhparmenT Tabnmii po3niieHux pizHUNG (6) - Ha Pruc.1. Y
NepuIoMy pSAKY TaONMuIll - 3HA4YCHHS apryMEHTy, Nalli — 3HaueHHA QYHKLIi Ta

sin(x), BU3HaueHy B Toukax 1, 1.5, 2, 2.5, 3,...,11. I'padik

BiZnoBiaHI cKkiHmyeHHi pisauii. OnTUManbHe 3HA4YEHHS | , U SKOTO BMKOHYEThCS

ymoBa (8) — e 3HauenHs | =9, i —2=7- 3HaueHHs iHACKCA BiAMOBIIHOI
CKIHUCHHOI Pi3HMIII , SKiH BiAnoBigae 9-tuit psaaok tadmuii. [Ipu oMy
i-2¢cC i-2¢cC i-2¢cC i-2
(A fn—i+1 A ):610713879 (A fn—i+1 —A fn—i+1)
Ci-—||i , Ci-—|i

=611583256.

BinnoBigHe 3HAYEHHS CKIHYEHHOI pi3HI/I]_[iZi* fnc_i*= -703068,269. Ilpu mnpomy 3

BUKOpHCTaHHSAM Tponieaypu (10) oTpumanu mporHo3He 3Ha4eHHS (PyHKIT B TOYII
11.5, sxe pieae -2017907,745, Ttoune 3Hadyenns -2024974,077. Takum 4YHHOM,
BigHocHa moxubOka ctanoButh 0,00350181.

wl
7 75 8 85 9 95 10 10,5 1

77293,81635 166943,8435 2593543 301149,0278 219016,7 -55242,97922 -544021,1109 -1178876,453 -1771543,65_
150719,7327 182060,5119 1342052 -A0337,6683 -356392 -763037,7708 -1123633474  -1227522,539 -839031,292

91730,28601 -16514,5484  -222398 -490597,191 -722700 -767241,4668 -464484,7686 284602,1818

-131480,362  -314128,466  -474083 -500301,922 -276644  258215,3339 | 1051843,649

317475309 -342602,281  -186173 197438,3672 7585173 = 1328487524

-143322,651  131301,8524  540040,6 944690,7125 = 1131050

377570,6711  683363,2992 8133883  591008,509

610713,879  435818,189 = 523544

-64772,1786

Puc.1 @paecmenm mabnuyi poszoinenux piznuys
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500000,0 © o =]
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0,0 2,0 4,0 6,0 8,0 0,0 12,0

-500000,0
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-1000000,0

-1500000,0 \
. .. 6 .
Puc.2 I'pagix ¢ynxyii x~ sinlx
1000000

6.0 6.5
-130364 162241
357539 903302
883834 11496538
677993 3346.8
-712065  -1992796
2159721 -246268.8
-1230197 726494
2569482  500590.4
4762622 348664.6
-210403

£00000 /‘
600000
400000

200000 ./

—

J OBnacTe NocTpoEHKA

0 E— A .
[a]in} 2,0 w 6,0 8,0
-200000
-400000
Puc 3 I'pagpix N f¢
uc 3 I'pagix A fn__*

7.0 1.5 8.0 8.5 9.0 9.5 10,0 10,5
772938 1669438 2593543 301149.0 2190167 -552430 -544021,1 @ -11839775
1507187 1820605 1342052 -40337.7 -356352.0 -7630378 -11287345
917303 -16514,5 -2223982 -4905972 -722700,1 = -7723425
-1314804 -3141285 -4740826 -5003019 -2817453
-3174753  -3426023 -1861735 1923373
-1433227 1313019
377570.7 6782622
605612.8

Puc.4 Opaecmenm mabnuyi pozoinenux piznuys

PosrnsHeMo 1110 3k camy (yHKIIiFO Ta 3HaHaAEeMO i mporHo3He 3HayeHHs B Toumi 10.5.
®parMeHTt TabuuLi PO3AUICHUX Pi3HULD HaBeAeHUH Ha puc.4. OnTUManbHI 3HAYSHHS

i*=7, A

f C
n-1

. =5349396. Ilporno3ne 3HauyeHHs piBHe -1183977,5, BigmoBigne

TouHe 3HaueHHs -1178876,5, BigHocHa moxuOka ctaHoBUTH 0,0043. AHai3 BiITHOCHUX
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HOXMOOK TIOKa3ye, IO 3ampOIIOHOBAHMH METOA [a€ CYTTEBO Kpalli pe3yiabTaTd
eKCTpanoJsLii y HOPiBHAHHI 3 aHATOroM MHOrowieHa H’10ToHa Halkpamioro cTeneHsl.
3ayBaXMMO, [0 ONTHMajbHAa 3aMiHAa CKIHYCHHOI pIi3HHII MOJU(IKOBAHOO
BiIOYBa€ThCS TOMI, KON CKiHYEHHI PI3HWII MEHIIOr0 Ha 2 TMOPAIKY BeAyTh cebe
HANPUKIHIN 1HTEpBATy X BH3HAYEHHs aHAJIOTIYHO, SIK HA pHUC. 6. — YOTHUPU OCTaHHI
TOYKH MOTPAIUISIOTH B 00IACTh 3MiHU BHITYKJIOCTI (DYHKIIIT.

OueBuHO, M0 y BUNAAKY HEPIBHOMIPHOI CITKH OTpUMaTH BUKOHAHHSA yMoBH (10)
BIACTHCS TAJIEKO HE 3aBXKIH. AJie TYyT IPUHIIUIIOBUM € TOH (aKT, mo y o0iacTi 3MiHH
BUIYKJIOCTI (D)YHKIIIO IOUIJBHO aMpPOKCHMYBATH KyOIYHHM MHOTOWIEHOM, MPUYOMY
BiJMOBiAHA 00JacTh 3HAXOAWTHCA HAINPHKIHLI IHTEpBAIy BHU3HaYeHHs (yHKIII,
3a/1aHO] CKIHYEHHUMH DPi3HHIIMH BiIIOBiTHOTO TIOPAAKY. B TakoMmy BHITagKy Kpox 3
QITOPUTMY MOXKHA 3MIHWTH, HAlPHUKIIAJ, TaK: 3HAXOAMUTHbCS 3HAUCHHS [* Take, IUIs
akoro Touka (ll; +1;)/2 miHiManbHO BiAXWISETHCS BiA TOYKM 3MIHHM BHIYKJIOCTI
¢GyHKIII, M0 BU3HAYAETHCS CKIHUCHHUMH PI3HHUISIMH TOPSIAKY i— 2 (BixmoBimHy
(YHKIII0 32 CKIHUEHHUMH Di3HUISIMA MOXXHA BH3HAYWTH, HANPUKIAMA, SIK KyOiqHHIA
cruiaiin.). 3ayBaKMMO, IO 00JacTe 3MIHM BHUIIYKJIOCTI HAaNpHKIHII iHTEpBalIy
BU3HAYCHHS BIJMOBIIHUX PI3HUIb BUHHUKAE TOMI, KOJM (YHKINS, [0 3aJlaHa
CKIHUYCHHUMH DI3HUISIME Ha OJWHUINI0 MEHIIOTO IOPSIKY, Ma€ Ha BiAMOBITHOMY
IHTepBaJli JIOKAILHUHA eKcTpeMyM. Skmo Takoi cuTyamii B TaOmUIl CKiHYEHHHX
PI3HHUIIL HEMAE, TO OTPUMAEMO TOUHICTh €KCTPAMOJIALIi , IO CIIBIAIA€ 3 TOUHICTIO
eCTpaIoJIAllii Ha OCHOBI MHOTOWIeHiB H’roToHa Apyroro Buay. 3ayBaKUMO TaKOXK,
IO KPOK CITKH Ma€ OyTH TakuM, o0 Xxoda O YOTHPH TOYKU MOTPAIUISUIA Y 001acTh,
Jie (PYHKIIiSI Ma€ JIOKAIbHUN €KCTPEMyM a00 3MiHIOE CBOKO BUITYKJIICTb.

Tabnuys 3 Ilopisuanua mounocmi ekCmpanoaayii 0s pizHux memoois
MeTton Moau(IKOBAaHUX PI3HUIIb OO0epHeHa iHTepoIIiiHa
¢dopmyna H’rotona

.E [Iporunoszue BigHocHa [Iporunoszue BignocHa
GE 3HAYEHHS moxuOKa 3HAYEHHS MmoxuOKa

@)

9 -852308,1 0,2770 -827646,1 0,2979
8 -1056370,1 0,1039 -812423,4 0,3108
7 -1289000,1 0,0934 -845657,5 0,2827
6 -1484668,7 0,2593 -866348,2 0,2651
5 -1587615,1 0,3467 -874351,3 0,2583
4 -1562487,8 0,3254 -861504,3 0,2692
3 -1402534,1 0,1897 -823699,5 0,3013
2 -1134334,9 0,0378 -772984,9 0,3443
1 -818280,9 0,3059 -818280,9 0,3059

4, BUCHOBKH

TakuMm 4rHOM, B POOOTI 3aIPONIOHOBAHO HOBUM METOJI €KCTPAIOJISIIIT JaHHUX, SIKHIT
BUKOPHUCTOBYE BIIACTHBICTh HAWKPANIOTro KyOi4HOTo HaOImKeHHs (DyHKIIIN, 110 3aj1aHi
psAAKaMH TaONWIlI CKIHUYEHWX PIi3HUIP B OOJIACTAX 3MIiHM BHITYKJIOCTi. YucenbHi
pe3yJbTaTH MOKa3yITh CYTTEBI MEPEBary 3alporiOHOBAHOTO METOAY y MOPIBHSIHHI 3
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BIIOMUMH IMIXOJaMH JO eKCTpamojAllii, M0 TPYHTYIOTBCS, 30KpemMa, Ha
BUKOpHUCTaHHI MHOTOUNIeHIB H 10TOHA npyroro Buay. Metos € 0co011Bo eheKTUBHUM
y BUMAJKaX, KOJIX BUXiAHA (QYHKIIA, SKa 3ajaHa TOYKOBUMHU JaHUMHU 4 (QYHKIUII, 110
BHU3HAYAIOTHCS PO3IUICHUMH PI3HHUISIMU JOBUTFHOTO MOPAIKY, MAIOTh OOJIACTI 3MiHU
BUITYKJIOCTi. 30Kpema, IUIsi HaBeICHOTO TECTOBOTO MPHUKIAAY METOJ] MAa€ BiIHOCHY
NnoxuOKy, fKa B JICCITKH Pa3iB MEHIIA, 30KpeMa, 3 MOXUOKaMH METO/IB eKCTPanoIsIii
Ha OCHOBi MHoTowIeHIB H'foToHa. 3amporonoBaHa METOIMKA Ma€ 3arajlbHUN XapakTep
Ta MOXKe OyTH BUKOPHCTaHA ISl €KCTPAIIOJISII] YaCOBUX PSAIB Y MOBUTHPHHUX TaTy3sX
JOCHTIDKeHb, 30KpeMa, MpH TOOYAOBI KOPOTKOCTPOKOBHX TPOTHO3IB  PsiiB
E€KOHOMIYHOI JIWHaMiKH. Imes merony Moke OyTH MOIIMpeHa i Ha MPOCTOPOBHI
BHUIIA0K, KOJH HEOOXiTHO eKCTPAIIOIOBATH BiAMIOBIAHI MOBEpXHi. B TakomMy BHmagky
HEoOXiAHO OyayBaTH “mipaminn” CKiHYCHHUX Pi3HHULb.
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Investigation of the influence of the relaxation parameter on the
viscous fluid flow over circular cylinder modeling process with the
lattice Boltzmann method

G. Bulanchuk, A. Ostapenko
Pryazovsky State Technical University, Ukraine

In this work we investigate the influence of the relaxation parameter for the lattice
Boltzmann method on the flow modeling process for the viscous fluid. The relaxation
parameter influence on the other method parameters, the simulation time and the
numerical solution stability has been considered by example of the fluid flow around
circular cylinder modeling in a plane channel. Modeling has been performed at
moderate Reynolds numbers. The flow pattern, the drag coefficient of the cylinder and
the calculation time for the different Reynolds numbers have been shown. The results
have been compared with the known experimental data and the other numerical
solutions.

Key words: relaxation parameter, lattice, Boltzmann equation, numerical solution

B po6oTi mocmimKyeTbes BIUIMB MapaMeTpa pelakcalii MEeToay TpaTKOBUX DPiBHSHBb
Bonbimana Ha mpomec MonenmtoBaHHA Tedii B'SI3K0i pimmHH. JOCHIIKEHO BIUIUB
nmapameTpa peJakcaiii Ha iHII mapaMeTpy METOJY, Yac MOJICIIOBAHHS 1 CTIHKICTh
YHCENBHOTO PO3B’3Ky Ha INPUKJIAJI MOJETIOBAHHS OOTIKaHHS KOJIOBOTO IMJIHZIpa
Teuielo B'I3KOI DPIJUHM B IUIOCKOMY KaHauli. MOJENIOBaHHS IPOBOJWIOCE 3a
MOMIpHUMH 4HciIaMu PeitHombaca. JlocmimpkyeTbes xapakTep Tedil, KoedillieHT
JI000BOTO CYNMPOTHUBY IMJIHApA Ta Yac MOJEIIOBAaHHS 3a Pi3HHX 4nciax PeiHonbxaca.
OTpumMaHi pe3ylbTaTé MOPIBHIOIOTHCS 13 BIJOMUMHU €KCIIEPUMEHTAIbHUMH JaHUMHU Ta
IHIIUMH YACETFHUMH PilICHHSIMH.

Knrouosi cnosa: napamemp p@flaKClllﬂi; pemimKa, pigHﬂHH}l EO,'IbL{,VlLIH(Z, yucenvbHull po3e "A30K

B paboTe wuccnenyercs BIMSHUE IapaMerpa peJlakCallid METOJa PEIICTOYHBIX
ypaBHeHU#l bosibliMaHa Ha mIpolecc MOJEIUPOBAHUS TEUEHHS BA3KOW >KUIKOCTU.
PaccMoTpeHo BIHMsHHME MapaMeTpa pelakcaliy Ha JApyrhe mapaMeTpbl MeTo/1a, BpeMs
MOJICIIMPOBAHUS U YCTOIYMBOCTh YUCIEHHOTO PELICHHs Ha IpHMepe MOACIUPOBAHHUS
o0TeKaHusI KPYroBOro HWJIMHAPA B IUIOCKOM KaHaie. MopenupoBaHue IPOBOANIOCH
IPU YMEpeHHBIX ynciax PeliHonmbaca. Mccnenyercs xapakrep TedeHus, KodpduuneHt
J000BOTO CONMPOTHBJICHUS LMJIMHAPA M BPeMs MOJCIMPOBAHHS IPH PasIMYHBIX
yucnax PeliHonbaca. IlomydeHHble pe3yNnbTaThl CPAaBHUBAKOTCS C M3BECTHBIMHU
9KCHEPUMEHTATIbHBIMH JAHHBIMH U APYTMMH YHCIICHHBIMH PELICHUSIMH.

Knroueewvie cnoea: napamemp pejaakcayuu, peuiemkd, ypaeHeHue EOJlbqu/taHﬂ, uucienHnoe
peuienue.

1. Introduction

Lattice Boltzmann method (LBM) is one of the new promising approaches in the
computational fluid dynamics (CFD) based on the kinetic theory of gases [1].
Although there are many traditional widely used methods in the CFD, such as the
finite element method [2], the diffusion velocity method [3], the spectral method [4]
and others. LBM is rapidly growing in popularity due to lots of opportunities and
advantages. In recently published works LBM has already been used for the modeling
of multicomponent flows [5], multiphase flows [6], flows with free boundaries [7],
flows with heat transfer [8], flows with moving boundaries [9], drag and Iift
coefficient calculations [10-12]. There are such advantages of the method as easy

© Bulanchuk G., Ostapenko A., 2017
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programming, the simplicity in setting the complex boundary conditions and wide
opportunities in the parallel computing on CPU or GPU, in particular, the usage of the
CUDA technology that gives the significant increase in speed of computation [13].

But in spite of these advantages, it should be noted that there is the disadvantage —
the conditionally stability [14-16] that complicates the flow modeling at high
Reynolds numbers [15, 17-20].

The relaxation parameter is one of the parameters that influences the method’s
stability. It is usually assumed that z=1 [11-15, 17-20] which is the most safe value for
the modeling, as it does not cause the instability.

The aim of this work is to investigate the relaxation parameter influence on the
simulation time, the accuracy of numerical results and to define the limits at which the
solutions remain stable.

2. The Lattice Boltzmann Method: D2Q9 — BGK model
For modeling the fluid dynamics with the lattice Boltzmann method, the pseudo-

particles described by the discrete particle densities distribution function f, [15] are
used. Each value of the function f, describes the probability of a particle movement

in one of the k directions. Let us note, that according to the kinetic theory of gases the
particle density distribution function defines the probability density of finding a
particle around a point in a six-dimensional phase space (coordinates and velocities)
[22].

Let us divide the computational domain into square cells with the sides d. Each cell
will contain nine values of the particle density distribution function. Thus, the particles
can move to one of the eight possible directions or remain at rest (figure 1). Such
model is called a two-dimensional nine-vectors model of the lattice Boltzmann
method (D2Q9) [14].

L -
eb- e3 €s
i ¥
- -
[ ?4 es

Fig.1. Possible directions of the particle movement according to D2Q9 model

Firstly, we should specify the kinematic viscosity of the fluid and the number of
cells per unit length N that will determine the cell’s size d. After that the time step can
be calculated according to the equation [14]:
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where 7 — nondimensional relaxation parameter [14,15]. Based on (1) and condition
At >0 we can get the limit: 7>0.5. Usually it is set as z=1 [11-15, 17-20]. But in this
work we will use the relaxation parameter value from the range 0.5< 7 <1.

Let us define such modeling parameters as the lattice speed ¢ and the lattice speed
of sound c, according to the expression [14]:

oL, 1d @

S =—=C=—Fp=—
NERRNER.:

The discrete system of kinetic equations which describes the dynamics of the
pseudo-particles is following [14]:

fi(r+ed,t+at)= 1, (rt)+Q, k=08 (3)

where Q, — collision operator [14] (approximation of the collision integral from the
integral Boltzmann equation);

r= (x,y) — vector of coordinates;

t —time.

Let us use the model of the collision integral in the form of BGK (Bhatnagar-
Gross-Krook) approximation [14], which is a linear relaxation to the local Maxwell
equilibrium [4,14,15]:

o i (o) (rt) "

T

For modeling isothermal fluid flows under the LBM we are using the expansion of
the Maxwell equilibrium distribution function by the powers of the velocity vector

[23]:
fl (F,t) =wkp(F,t) 1+ (CEk ,:fr,t)) +%(Cek t:jrit)) —%u(z;t) (5)

S S S

where w, — weights;
p — density;

u — velocity vector.

The weights for the D2Q9 model are: w, = g;w14 =—W, g = % [15].

1
9
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The conversion from the particle densities distribution function to the real fluid

parameters such as density p , velocity U and pressure p can be done according to
the equations [15]:

p(F)=2 (7t a(f,t):ﬁgm(at); p(F.t)=c2p(rt) ©

To calculate the drag coefficient of the bodies in the flow let us use the following
equation [10]:
IR
pY;S
where F, —x — component of the total force, acting on the body in the fluid;
U,, —inlet velocity (fig. 2);
S — area of the body.

C, = (7)

=
> Q
Uin O
=
=

Fig. 2. The scheme of the problem of the flow around a circular cylinder

To calculate the total force acting on a body in the flow, use the formula [10]:

EzZii-céa[fk(ib,t)+ fE(;(b +EEAX,I)} (8)

Q k=0

where Q — boundary layer of the body (fig. 2)
Xo — boundary cell of the body (x» =(x,y)eQ);

i —indicator; i=1, if the cell Xo + €k iS a body cell and i=0 if it is the fluid cell;
ex — opposite to e« direction of the particle movement (fig. 1)

As in this work in contrast to [10-12] the lattice speed (c#1) but is defined by the
equation (2) and the relaxation parameter is varying within the range 0.5<7<1 we
should add the additional multipliers to the equation (8). Thus, the expression for the
calculation of the total force acting on a body in the flow will be:

— 1 8. . - -
szzr_lggrcek[fk (Xb,t)+ fE(Xb +ekAx,t)} 9)

As mentioned above, the LBM disadvantage is its conditional stability [14-16].

The stability of the solution is affected by:
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e ¢, — the lattice speed of sound; as shown in [14], the method remains stable

when C <«f1—U,iax, where U .. is the maximum speed value in the

computational domain;

e 7 — the relaxation parameter; to avoid the negative influence of the relaxation
parameter it is usually set as z =1 [15];

e ¢ —the lattice speed; as it is shown in [14,24,25], the method remains stable
when M <<1, where M is the lattice Mach number, which can be calculated
by the equation:

U

M = —mex (10)
C

3. Numerical results

Let us consider a rectangular domain which size is 3x1 m (fig. 3). The domain is
filled with a liquid with a kinematic viscosity v. The no-slip boundary conditions are
set on the upper and lower boundaries of the domain. The fluid enters through the left
boundary with the velocity U;;=0.1 m/s. The outlet of the liquid is set on the right

boundary using the constant pressure condition: P, =const. There is a circular

out
cylinder with the radius R=0.0625 m in the channel. The cylinder’s center has
coordinates (0.6; 0.5), taking into account the location of the coordinate axes, as

shown in fig. 3. So the blockage ratio is B:ﬂ=;=8. This value is not a
D 2-0.0625
random choice, but the most common in modeling such flows [11,12].
0 p 3
ol 0:6 X
i i i no-slip BC s
> i s
% "'{,;1;1" R=0.0625 outlet
> >
1l 2 no-slip BC >
YV

Fig. 3. The flow around the circular cylinder in a plane channel problem

The modeling has been performed using the original program written in C ++ in
MS Visual Community 2015 development tool on a computer with quad-core Intel
Core i3 processor, 4GB RAM, 2 GHz frequency and using OpenMP technology for
CPU parallel computing.

The series of calculations have been carried out with different relaxation
parameters and Reynolds numbers. The dimension of the grid has been adjusted so
that the lattice Mach number has been M = 0.15. As shown in [25], this value allows
us to get the results with high accuracy within the optimum simulation time.

The results of the calculation at Reynolds number Re=40, namely: the number of
cells per unit length N, which is required to achieve the value M=0.15, the drag
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coefficient C,, the relative error of simulation ¢ and the simulation time T, is

presented in tab.1. In order to compare obtained results, the flow simulation with the
same parameters by the finite element method (FEM) in the Comsol Multiphysics
package has been performed. The results have been compared with the experimental
data presented in [26] as well. The calculations have been carried out with the
relaxation parameters t = 1.0, 0.75, 0.6, 0.55, 0.535 till point-in-time T = 100 s. The
flow pattern is shown in fig. 4. As you can see, the flow is laminar and vorticity
behind the cylinder does not occur.

Fig. 4. The lines of equal velocities in the flow around circular cylinder at the Reynolds
number Re = 40, received with LBM

Table 1. The results of the simulation of the flow around a circular cylinder at Re = 40 with the
various relaxation parameters of LBM

N C, e, % T,
LBM, =1,0 500 1,4678 0,8 14 h 42 min
LBM, 1=0,75 300 1,3827 6,6 4 h 36 min
LBM, t=0,6 110 1,2946 12,5 16 min
LBM, t=0,55 70 1,3642 7,8 3 min
FEM, Comsol 100 1,55 4,7 21 min
Experiment, [26] - 1,48 - -

It can be seen from Tab.1, that the relaxation parameter decrease can reduce the
number of cells per unit and thus substantially reduce simulation time.

Similar calculations have been made for Reynolds numbers Re = 60, 100. The
results are showed in tables 2 and 3 respectively. The formation of the vortex street
behind the cylinder (figure 5) is typical for these Reynolds numbers (unlike Re = 40)
and the frequency of the vortices increases with the increase in Reynolds number.

Fig. 5. The lines of equal velocities in the flow around circular cylinder at the
Reynolds number Re = 100, received with LBM
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Table 2. The results of the simulation of the flow around a circular cylinder at Re = 60 with the
various relaxation parameters of LBM

N C, e, % T,
LBM, t=1,0 600 1,3325 4,1 19 h 3 min
LBM, t=0,75 400 1,3116 5,6 7h 21 min
LBM, t=0,6 200 1,3663 1,7 1h 21 min
LBM, t=0,55 100 1,1405 17,9 12 min
FEM, Comsol 100 1,34 3,6 22 min
Modeling, [11] - 1,39 - -

It can be seen from tables 1 and 2, that modeling flows with the lattice Boltzmann
method with the parameter t = 1 consumes significant time. Moreover, if we increase
Reynolds number, simulation time significantly increases. Reducing the relaxation
parameter significantly reduces simulation time. The obvious advantage of this
approach, however, is offset by a possible instability of the solution and the increased
possibility of a computing error. As we can see it is extremely problematic to calculate
flows at Reynolds numbers Re> 60 with the value t = 1 because of large simulation
time. The next series of calculations for Re = 100, 200, 300, 400 have been made with
1 <1 (table 3-6.).

Table 3. The results of the simulation of the flow around a circular cylinder at Re = 100 with
various relaxation parameters of LBM

N C, €,% [26] T,
LBM, 1=0,75 500 1,1865 4,3 14 h 42 min
LBM, 1=0,6 300 1,1929 3,8 9 h 39 min
LBM, 1=0,55 200 1,1922 3,8 2 h 15 min
LBM, 1=0,535 100 1,1833 4,6 23 min
FEM, Comsol 100 1,2875 3,8 19 min
Modeling, [26] - 1,24 - -
Modeling, [27] - 1,33 - -

It can be seen from table 3, reducing the relaxation parameter for the Re = 100 is
fully justified and provides the solution with a relative error £<5% for small simulation
time.

Table 4. The results of the simulation of the flow around a circular cylinder at Re = 200 with
various relaxation parameters of LBM

N C, e, % Ts
LBM, 1=0,55 300 1,1836 1,0 4 h 56 min
LBM, 1=0,535 225 1,1229 4,2 2 h 32 min
FEM, Comsol 100 1,1825 1,0 20 min
Modeling, [27] - 1,172 - -

Tab. 3-4 shows that the closer the relaxation parameter to its limit (t = 0.5), the
more significant the influence of its change on the calculations. In this case, even a
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little deviation of the relaxation parameter entails a significant change in the
calculations.

The results obtained with LBM at Re = 300, 400 are shown in tab. 5 and 6,
respectively.

Table 5. The results of the simulation of the flow around a circular cylinder at Re = 300 with
various relaxation parameters of LBM

N C, e, %FEM | Ts
LBM, t=0,535 300 1,1296 0,5 4 h 58 min
FEM, Comsol 100 1,135 - 22 min

It is obvious, that modeling the flow at Reynolds numbers Re>300 with the lattice
Boltzmann method should be done with the 0.5 <t<0.535. With > 0.535 simulation
time will increase significantly which makes modeling not suitable for a practical
application.

Table 6. The results of the simulation of the flow around a circular cylinder at Re = 400 with
various relaxation parameters of LBM

N Cd e, % FEM Ts
LBM, 1=0,535 400 1,1774 54 10 h 58 min
FEM, Comsol 100 1,1175 - 19 min

Further reducing the relaxation parameter, i.e. 1<0.535, results in the instability of
the solution, therefore it is still impossible to do simulation with this parameter at high
Reynolds numbers.

4. Conclusion

The studies show that reducing the relaxation parameter can reduce the number of
cells per unit length of the computational domain and thus significantly reduce
simulation time. But it is necessary to control the stability of the solution.

The calculations show that decreasing the relaxation parameter value allows to
obtain the solutions with a relative error £<5% for small simulation time. The closer
the relaxation parameter to its limit (t=0.5) the more considerable the influence of its
changes on the calculations. In this case, even a small deviation of the relaxation
parameter entails significant changes in the calculations.

The research conducted shows that the flow simulation at Reynolds numbers
Re>300 with the lattice Boltzmann method should be carried out using the relaxation
parameter within the range 0.5<1<0.535.

It should be noted that in the similar works, concerning modeling the fluid flow
around bodies in a plane channel with the lattice Boltzmann method, the solutions for
Re>150 have not been received [11,12, 15, 17, 19]. In this work, we have obtained the
stable solutions for Reynolds numbers up to Re=400. In the future we plan to obtain
stable solutions at high Reynolds numbers.
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dopwmainizariis Mmozeneit [HTepHeT-IOpTaNiB 3HaHb

JI. C. I'no6a, H. B. [lepmanceka, P. JI. HoBorpyzacska
Hayionanvuuii mexuiunuii ynigepcumem Yxpainu « Kuigcokuti nonimexniyHutl incmumympy,
Vkpaina
VY craTTi pO3IISHYTO 3aCTOCYBaHHS CHCTEMHOTO Iiaxoxy xo moOymosu IHTepHer-
nopTaiiB 3HaHb. Ha 6a3i cucTeMHOro miaxoxy 3alpornoHOBAaHO MOZEN, HeOOXiaH1 At
MPOEKTYBaHHs [HTepHET-MOPTAIiB 3HaHb, IpOBeneHa (opMatizauis GYHKIIOHAIBHOT,
CTpyKTypHOi Ta iHdopmaniiHOi Mozenelt moptamy. OnmcaHO pe3yabTaTH
BUKODHCTaHHS CHUCTEMHOTO IIJXOXY Ui TPOCKTYBaHHS IHTepHeT-noprany

Hanionamsaoro Antapkriynoro Haykosoro Llentpy.
Knrouosi cnosa: Inmepnem-nopman 3Hamb, cucmemHe NPOEKNMYSAHHS, CUCMEMHUL NIOXiO,

@opmanizayis, mooei.

B crathe paccMOTpEHO HCIONIB30BaHHE CHCTEMHOTO IIOAXOJa IS HOCTPOCHUS
Wutepuer-nopranos 3Hanmii. Ha 6a3e cucTeMHOro mojaxona MpeayioXeHbl MOJEIH,
HEOOXOOWMBI AT IPOEKTHPOBaHUA VIHTEpHET-MOPTANOB 3HAHWH, MPOBEICHA
(dhopmanmzanus (YHKIMOHATBHOH, CTPYKTYpHOH W HWH(QOPMAIMOHHOW Monenei
noprama. OmucaHbl pe3ynbTaThl HCIOJB30BAHMS CHCTEMHOTO IOAXOJa IIpU
npoekTrpoBaHun VHTepHeT-noprana HanmonaneHoro AHTapkrmueckoro Haydnoro
IlenTpa.

Kniouesvie cnoesa: HHmepHem-nopmaﬂ BHAHUL, CUCMEMHOe npoexkmupoeanue, cucmemHbll
n00x00, opmanuzayus, Mooeu.

The article deals with the usage of the system approach to designing knowledge
Internet-portals. The models required for designing knowledge Internet-portals have
been proposed on the base of the system approach. Formalization for functional,
structural and information models is suggested. The results of the system approach
usage for designing the Internet-portal of National Antarctic Scientific Center are
described.

Key words: knowledge Internet-portal, system engineering, systems approach, formalization,
models.

1. Cuctremuuii miaxia 10 npoekryBanHs IHTepHeT-MOpPTAJIIB 3HAHD

IarepHeT-IOpTan € BeO-OPIEHTOBAHUM CKJIaJHUM KOMIUIEKCOM TPHKJIAJHOTO
nporpaMHoro 3a0e3ledeHHs, SIKUH omepye OgHMM alo AEKIIbKOMa JDKepelamu
iHopmaitii, oOpobasie i Ta moxae iHdopMaIlilo 3aJaHOi HPEAMETHOI 00JIacTi y
3pydyHoMy s kopuctyBada Burisgi [1]. Ilopram 3HaHR € cremiani3oBaHOIO
iH(QOPMAIIHHOIO CUCTEMOIO, 1110 JTO3BOJISIE 3AIMCHIOBATH TIPECTaBIICHHS, 30epiranus,
CHUCTEMAaTH3allil0 Ta CTPYKTYPHU3allil0 3HaHb 3aJaHOi MPEIMETHOI 00JIaCTi, a TaKOXK
3aCTOCOBYBATH JI0 HUX €(EKTHBHI METOJIH TOIIYKY [2].

VY cepenoBulli MOpPTamy 3HaHb 30epiraeTbcsi BEJIHKAa KiNBKICTh IHTEPaKTHUBHUX
InrepHeT-cepBiciB. [lopTan 3HaHB XapaKTEPU3YEThCS CKIATHOIO CTPYKTYPOIO Ta
BEJIMKOIO KIUTBKICTIO sIK iHQopManiitHux, Tak i QyHKIioHambHHX eneMeHTiB. Came
TOMY MOPTaJl 3HaHb € CKJIAJHOI0 CUCTEMOIO Ta [yl HOro NPOEKTYBaHHS 3aCTOCOBYIOTh
METO/Y CHCTEMHOTO ITPOEKTYBaHHSI.

Mertomomnorisi CHCTEMHOTO TPOCKTYBaHHS JIO3BOJISIE CTBOPIOBATH METAOIHCH
(cTpykTypy, (pyHKIIi, iHpOpMaIIiiiHI TOTOKK Ta iH.) MOPTaNy 3 HEOOXiMHWUM piBHEM
JieTalizaii Takux aTpuOyTiB:

© I'noba N1. C., OepmaHceka H. B., Hosorpyacska P. J1., 2017
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—  00’€KTy MPOEKTYBAHHS;

— Mozeni 00’ exTy (hopManizoBaHe IPEACTaBICHHS 00’ €KTY);

—  Tpollecy IpOoeKTyBaHHS (METOAH, 3aCO0H, IHCTPYMEHTH);

— pe3yiapTaTH IBOTO Tpolecy (TeXHIYHa JOKYMEHTAIis, mo 3abe3rnedye
OpraHi3aIiio Ta 34iHCHEHHS BCiX €TaITiB).

MeTomoNIOTiYHOI0 OCHOBOIO CHCTEMHOTO IMPOEKTYBAaHHA € CHUCTEMHHUH Miaxig —
HaNpsIMOK METOZOJIOTIT aHaJli3y, CHHTE3y 1 TOCTiIKEHHS, OCHOBOIO SIKOTO € PO3TJISLI
CKIIQIHOTO O0’€KTY AK I[UTICHOI MHOXXMHH €JIEMEHTIB y CYKYHMHOCTI BiJHOIIEHb Ta
3B’S3KIB Mi’K HUMU.

OpHUM 3 OCHOBHHMM MPUHOMIB BUKOHAHHSI CUCTEMHOTO MiAXOAY € IEKOMITO3HIIis
MIPOIIeCY OTPUMAHHS PIIIEHHS Ha ITOCIIIIOBHI JIOTIYHO TIOB’A3aHi €Talu, Ha KOXKHOMY 3
SKUX BUKOPHCTOBYIOTHCS PI3HOMaHITHI (popMaIbHi METOAH, MOJIENi, IHCTpYMEHTAIBHI
cucremu [3].

BukopucTanHs CHCTEMHOTO MiAXOAY MiJ Yac MPOEKTyBaHHs [HTepHeT-mopTatiB
3HaHb JIO3BOJISIE CTPYKTYPYBaTH Ta CUCTEMAaTH3yBaTH 1H(QOPMAIIi0, IO 30CepeKeHa
y CepelioBHILI IMOpTaly, & TAaKOXX CTBOPUTH MPOLECH, SKI OMUCYIOTh B3a€EMOMIIO
notokiB Takoi iHQopmanii. [Ipu BUKOpUCTAHHI CHCTEMHOTO MiAXOLY B IMpoleci
MPOEKTYyBaHHS HEOOXiTHO pO3pOOUTH (PYHKIIOHANBHY, CTPYKTYPHY Ta iHpOpMaIiiHy
MOJIEN MopTaty.

CTpyKTypHa MOJENb ONHCYE KOMIIOHEHTH, 3 SIKHX CKJIAAAa€ThCcs CTBOPIOBaHA
CKJIa/IHA CHCTEMa, 3B’SI3KM MIXK IIMMH KOMITOHEHTaMH Ta TPHHIMIT 1X B3aeMomil. s
moOyIOBU CTPYKTYPHOI MOJIENIi MOKHA 3aCTOCOBYBAaTH JIEPEBOIIONIOHY CTPYKTYPY 5K
Ccroci0 mpeACTaBICHHS iepapXidHOl CTPYKTYpH y rpadiuHomy Burisiai [4].

®dyHKIIOHAIBHA MOJIENb JO3BOJISIE ONMUCATH TMOBHOTY (yHKIIH cuctemu. Jlis
moOynoBH  (PYHKIIOHAIBHOI MOJeNli BHUKOPHCTOBYEThCS CTaHAApT Integration
Definition for Function Modeling (IDEFO) [5].

Indopmaniitna momens onmcye iHQopMaliifHi aceKTH CHCTEMH, sKa
MOJIETIOETECA. YCi 00’ €KTH i€l MOMIENl MOXYTh OyTH TpEACTaBIeH] 3a JOMOMOTO0
KpeCJIeHb, CXeM, TaONuWIb, AiarpaM, TeKCTiB. s mpeacraBieHHA iH(POpMamiiHOT
Mojeni 3actocoByeThest nmiarpama Data Flow Diagram (DFD) 3a Hotamiero [efina-
Capcona [6].

2. ®opmaJizoBaHuii onmuc Mojaeeii InTepHeT-moprTaiB 3HaHbL

3a nmomomororo (opmanizoBaHOTO ONMUCY Mojened [HTepHeT-mopTany 3HaHb B
po0OTi 3amporoHOBaHO YHiGikoBaHI (popMallbHI CTPYKTYPH UTS TPEACTABICHHS yCiX
eIeMeHTIB Takux wMmojened. Takuili ¢opmanizoBaHWil omuc MoXe Hamaiai OyTH
BUKOPHCTAHUH JIJISl ONTHMI3AIlii 3B’ I3KiB Ta 3aJICKHOCTEH MIXK eJIEeMEHTaMH [TOPTaITy.

s onucy IHTepHET-IOpTaNly 3HaHH BUKOPUCTAHO (DYHKLIOHATIBHY, CTPYKTYPHY Ta
inpopmauiiiny Mozneni, Cucrema Mozened mnoprainy Moxe OYTH MpelncTaBiieHa

(hopmaizMoM:
Su (P):{MIDEFWMI’MDFD}’ 1
me M pero — byHKUIIOHATBEHA MOZEB;
M, — ctpykTypHa MOzenb;

M 5ep — iHdOpManiitHa Mozeb.
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2.1 ®opmasnizoBanuii onuc GpyHkuioHansHoi mogeni InTepHeT-noprajny 3HaHb
3anaemMo (yHKI[IOHATBHY MOJICNIb TAKUM (OPMalTi3MOM:

M pero = (B,D",D*,CW, L), 2
ne B= {bi N =l,_n, ne Z} — MHOHHA OJIOKIB, KOKHHH 3 SIKUX BIAINOBIIAc IEBHIH
GyHKIIIT;

D" = {d ii" = H, ne Z} — MHO>KMHA BXiJIHUX JaHUX;

DO = {d iOUt, = ]71, ne”Z } — MHOKMHA BUXIJHUX JAHUX;
C= {Ci ) = 1,_n, ne Z} — MHOXXHHA EJICMCHTIB KePYBaHHS;
W =iw,i= 1,_n ,Ne Z} — MHOKMHA MEXaHi3MiB 3iICHEHHS;

L, — MHOX¥HA PiBHIB JEKOMIO3HLI].
PiBenr amexkommosuiii QyHKIIOHATBHOI MOJENi BHU3HA4Ya€ HyMepalilo OJIOKiB
dhyHKIiH:
m —
B, =|Jb;.i=0nnezZmeZ 3)
j=L
3a cranmaprom IDEF0 mymepamis O10KiB Mae po3NOYMHATHCA 3 «A», TOMy Mae
MicCIie BiJIIIOBIAHICTb:
by ~ Ay, (4)
1e p - nopsakoBHit Homep 6ioky Ha pieai L, —1mmt L, >1.
Jns mpencTaBieHHs BiAMOBITHOCTI €IEMEHTY MOZEi Horo QopmanizoBaHOMY
MO3HAYEHHIO Ta IMO3Ha4YeHHIo 3a cTaggapToM IDEF0 Bukopucraemo Tabm. 1.

Tabn.1. Bionogionicme enemenmis @yyHKYioHanbHOI MoOeni ix popmanizosanum
no3HaueHHAM ma nosnavennsm 3a cmanoapmom |IDEFO

dopmanizoBaHe no3HadyeHHs | EnemeHt CTpyKTypHUit
€JIeMEHTY ¢dyHKIIOHANBHOT | (QYHKIIOHATBHOT | €JIEeMEHT CTaHAAPTY
Mozenl MoJenl IDEFO
b biok DyHKIIOHATBHAN
610K

dii” BxinHi nani Bxif ———>
do Buxinui nani — > Bumxin
C. KepyBanus

: KepyBanus
W . i

i Mexanizm Mexanizm T




BicHuk XapkiBcbkoro HawioHanbHoro yHiepcuteTy iMeHi B. H. Kapasina, 2017 65

2.2 dopmanizoBaHMii onuC CTPYKTYPHOI Mojeli IHTepHeT-nopTaly 3HAHb

CTpykTypHa MOJEIh BHU3HAYAETHCA 33 JIOMIOMOTOK I€papXiYHMX PIBHIB Ta
CTPYKTYPHHUX CJIICMCHTIB.

KinbkicTh iepapxiuHuX piBHIB CTpYKTypHOi Mozeni mo3Haudaetbes H. Po3paxyHox
HOMEpY PiBHS MIOYMHAETHCS 3 KOPEHEBOTO By3ua, s sikoro H=1.

Koxen crpykrypunii enement (CE) mae mosnauenns Vi, ne i Bianosinae

iepapxidHOoMy piBHi, Ha sikoMmy 3HaxoauThes CE, a | — Homepy CE Ha 11soMy piBHi.
300pa3uMoO  BIANOBIAHICT,  €JIEMEHTIB  MOJCHI  iX  IMO3HAYCHHSAM UL
(hopMaTi30BaHOTO OMUCY Ta IMO3HAYEHHSAM Ha JepeBi iepapxiii (Tabdm.2).

Tabn.2. Bionogionicme enemenmie cmpykmypHoi Mooeni ix nO3HAYeHHAM

dopmanizoBaHe Enement CrpykTypHUit
MO3HAYEHHS CJIEMEHTY | CTPYKTYpHOI MOJIeNli | €lIeMEeHT iepapXidHoi
CTPYKTYpPHOI MOzei CHUCTEMH
Vi Byson (CE) Hasga By3na
H KinbkicTs . .
. . o BiacytHiit
iepapxiuHuX piBHIB

2.3 ®opmamnizoBanuii onuc inpopmaniiinoi mogesi InTepHer-noprasy 3HaHb
Indopmariitna mMoxens 300paxkyerbest 3a gomomoroio miarpamu DFD, tomy ii
(hopMati3oBaHUN BUTJIS BU3HAYAEThCS CKagoBumMu DFD:

Mom =(E*,S,R,P,T), ()
ne E°' = {ei" “i=1lnneZ } — MHOKMHA 30BHIIIIHIX CYTHOCTEIA;
S= {Si Jd=1lnneZ } — MHOKHHA CUCTEM 1 MiJICUCTEM;

R= {I’i Jd=1lnne Z} — MHOXKHMHA HAKOIIMYYBaYiB JaHUX;

P= {pi d=1lnne Z} — MHOKMHA IIPOLIECIB;

T= {ti Jd=1lnne Z} — MHOXHHA [TOTOKIB JJaHUX.

[okaxeMo BIAMOBIAHICTD €JIEMEHTIB MOJIEI iX IMO3HAYCHHM (Ta0J1.3).

Tabn.3. Bionosionicme eiemenmis ingpopmayitinoi mooeni ix popmanizosanum
NO3HAYEHHAM ma no3uavenuam 3a cmanoapmom DFD

®opmanizoBane | Emement CTpyKTypHUI €1eMEHT CTaHIapTy
MO3HAYEHHS iHpOpMaIiHHOT DFD
€JIEMEHTY Mozeni
iHpopMaIiiHoT
Mozeni
gout 30BHIIIHS . ) -
i . IM’s1 30BHIIIHBOT
CYTHICTh .
CYTHOCTI
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Si (" Tlone Homepy mincucremun )
[Toxne imeHi migcucTeMu
Cucrema abo
MACHCTEMA TTose iMeHi MPOEKTYBaILHUKA
\_ M ACUCTEMHT )
f [one iMeHi HakonM4yBaya
HaxonuuyBau \
\ [Mone HOMepa HaKOMMYyBaya
P 4 ITone HOMepy mporecy )
[Tone imeHi mporiecy
Ilporec — ——
IMone imeni ¢izmunoi peamnizamii
\_ npouecy )
t, IoTik IToTik maHux :

HaBenenwuii ¢dopmanizoBanuii onuc BBOAWTH (OpManbHEe MO3HAYEHHS Ui BCiX
€JIEMEHTIB MPUBEACHUX MOJIENEH, M0 IO3BOJIAE 3aMaTH  YHi(iKoBaHI KOHTEKCTHO-
He3aJeXKHI CTPYKTypH A ixX mpeacrasineHHs. [logana y TabmuIsaxX BiAMIOBIAHICTD MiX
(dopmarizoBaHUM ONKMCOM €JIEMEHTIB MOJEJed Ta TO3HAYEHHSIM iX CTPYKTYpHHUX
€JIEMEHTIB J03BOJISIE TTOJIETTITUTH MPOIEC aBTOMATH3AIli1 ITOOYIOBU CaMHX MOJIeNEH.

3. IMpoexktyBannsi mnoptajny HamioHaaIbHOr0 aHTAPKTHYHOIO0 HAYKOBOIO
HEHTPY

B poboti mpoBeneHo TpoekTyBaHHS mopTaidy HamioHambHOTO AHTApKTHUIHOTO
HaykoBoro Llentpy (HAHLI) i3 3acTocyBaHHSM CHCTEMHOTO IMiAXOQy Ta
3aIpONOHOBAHOT cHcTeMH Mozenei noprany [7]. Cucrema mozeneit nopramry HAHIL
BKIItoUae:  (YHKI[IOHANBHY, CTPYKTYpHY Ta iHQopMmamiiny wMomem. Jis
MIPEICTaBJICHHS KOXHOI MOZEN MoOyI0BaHi JiarpaMu 3 BHKOPUCTAHHSAM BiAITOBITHAX
HoTariii. Ha 6a3i 3anpornoHoBaHuX MOeJel IpoBecHa CTPYKTypu3allis iHopMmartii,
onucaHo (PyHKIIOHABHI MOXKIIMBOCTI MOPTATy, a TAKOXK, BU3HAYEHO OOCATH IMOTOKIB
nanux Ta Bianosiaui Workflow mix gac fioro dyHkItioHyBaHHS.

Opranizanis noprany HAHI[ nepenbauae 3abesrnedeHHs 300py, 00poOKw,
nepeaavi Ta npeACTaBICHHS JaHUX Pe3yJIbTaTiB aHTAPKTHYHHUX JTOCTIKEHb, JIJISl 4OT'0
HEOOXiIHO:

- CTBOpUTH €auHE iH(GOpMAIliifHE CepelOBHIIE JAaHUX AaHTAPKTHYHUX
JOCHIDKEeHb YKpaiHy,

- peamizyBaru 30epiraHHs He JIAIIE NaHUX, e ¥ 3HaHb, SKi 3100yTi B pe3yibTari
JOCITiDKEHb B AHTapKTH]IL;

- HAJATH JOCTYyH J0 iH(opMallii JoCTiTHUKaM, SKi Iepe0yBalOTh B €KCIIEIMIIIT;

- BJOCKOHAJIMTH MEXaHI3M CHCTeMaTH3allil Ta kiacudikaiii indpopmarii;

- CHCTeMaTH3yBaTH JOCIIDKSHHS Ul opraHizamii eeKTHBHOrO MOIIYKY JaHUX
PI3HUX KaTeropii Ta mpeJAMETHHX obJacTeii;
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- oprani3yBaTu e()eKTHBHHH IOLIyK HE JIMIIE 3a KJIIOYOBUMH CIIOBaMH, aje il y
3HAOMUX KOPHCTYyBady TepMiHax mpeamMeTHoi obnacri [8,9].

Posrnsnemo ommuc iHopmManiiiHoi Mojeni mopTany 3HaHb i3 3aCTOCYBaHHIM
miarpamu DFD (Puc. 1) ma mpuknaai onmcy iHGOpMAaIiiiHEX 3B’SI3KiB Ha MOpTAai
HAHII, motokiB manux Ta mepebiry iHdopmarii, mo BimOyBaeThCs B IpOIECi
¢dyHkuionyBanus noprany [10].

HayxoBi 3HaHHS, AaHi Ta
pe3yabTaTH IOCIHiIKEHb,
HOPMAaTHBHO-IIPaBOBI aKTH,
mabJIOHU JIOCIIIHKEHD,
TepCcoOHATbHUHN KaOiHeT

3anuTu KopucTyBada—

3aMUTaHl JaH]l |-

KopucrtyBau
2
KopuctyBau
IlepernsnyTtu
A A
Pesynprar 3anuty
HayxosBi 3HaHHS,
: PesynbTaT 3anuty
JlaHi Ta pe3yabTaTH 3
HOCHIIKEHD,
ocobwucTa iH(popmaris 3aroBHUTH
JIOCIiTHUKA

BnecenHs HOBOT iHpopMmarii

A

D1 ba3za naHux HayKOBUX 3HAaHb, JaHUX Ta
pe3yabTaTiB NOCIiKEHb

"
» D2 CIHCKOBI CTPYKPTYpH

Puc. 1 Inghopmayiiina mooeno nopmany HAHL]

®dopmanizoBaHUA OMUC JTAHOT MOJIEII.

KoprcTyBadi mopraity npeactapieHi sk MaoxuHHa E°

out 1 -y .
€, - l-um kopucryBau,

eOUI k o
k - K-HH KOpHUCTYyBady.

Jus nopramy HAHLL MHOHHA 30BHIIIHIX CyTHOCTEH MpEACTaBICHA SIK:

out out out . . . . . .
E® = {(—3‘1 e €y keZ }, e iHIeKce K BimoBiiae KilbKOCTi KOPUCTYBaYiB.
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Jlo ckmamy MHOKWHY HAKOITUIYyBadiB JTAaHUX BXOIATE.
I, - 6a3a JaHMX HAYKOBMX 3HaHb, JAHUX Ta PE3yJbTATIB JOCIIKEHB;
I, - CIMCKOBI CTPYKTYpH (CXOBHMINA NaHMX, l€papXiuHi CTPyKTypu (aiiiis
JTAaHUX).
Takum uwmuom, g mopramy HAHIL[ MHOXHMHa HakomW4yyBadiB JaHUX
MIpEICTaBIICHA SIK:

R={r.r,}.

MHOXHWHa MPOIIECIB BKIIFOYAE TaKi CJIEMEHTH:

p, - «lllykaTu 3anuTaHi J1aHi»;

p, - «llepernsanyru»,

P, - «3amoBHUTHY.

His moprary HAHII MHOX1HA 30BHIIIHIX CYTHOCTEH IpeACTaBIeHa SK:
P={p. Py Ps}.

MHOKHHa TOTOKIB IaHKUX MPEJICTaBIICHA eIEMCHTaMH:

t, - noTik «3anMTH KOpHUCTyBada», MHIO MHJAE BiJ 30BHINIHBOI CYTHOCTI
«Kopuctysau» o npouecy «lllykatu 3anurani naHi»,

t, - norik «3anMTH KOpHMCTyBaya», IO MHAe BiJ 30BHINIHBOI CYTHOCTI
«Kopucrysau» o npouecy «IlepernssayTu;

t, - motik «HaykoBi 3HaHHS, JaHI Ta pe3ylbTaTH OOCHIIKEHb, OCOOHCTa
iH(opMaITis AOCTITHUKAY, KU MPSAMYE Bifl 30BHIMHBOI cyTHOCTI «KopuctyBau» 1o
npoiiecy «3anoBHUTHY;

t, - norik «PesympraT 3amuTy», WO 3’€qHye HakonumuyBau «baza maHMX
HAYKOBHX 3HaHb, JAHUX Ta PE3YJIbTaTiB JOCIiIKeHb» 3 npouecoM «lllykatu 3amuTani
JaHi»;

t; - morik «PesympTar 3amuMTy», moO 3’€nHye HakomudyBay «basa maHux
HAYKOBHX 3HaHb, JaHUX Ta PE3yJbTATIB AOCIIIKEHbY 3 pouecoM «llepernsanyTy;

ts - motik «Pe3ymbrar 3anuTYy», IO 3’€AHY€E HaKONU4uyBad «CIUCKOBI CTPYKTYPH»
3 mpouecoM «lllykatu 3anuTaHi 1aHi»;

t, - morik «Pe3ynbTar 3anuTy», MO 3’€AHYE HaKONMMuyBad « CIIUCKOBI CTPYKTYpH»
3 npouecoMm «llepernsnyTny;

t; - motik «BHeceHHs HOBOi iH(opMamii», SKHil CTBOpIOE 3B'I30K MHpOIECY
«3amoBHUTHY 3 HaKONIMYyBaueM «ba3a naHNX HAYKOBHX 3HaHb, JAaHUX Ta PE3yJbTATIB
JIOCITiJDKEHBY,

t, - motik «BHeceHHs HOBOI iH(oOpMaIii», SKHH CTBOPIOE 3B'A30K MHPOIECY
«3amoBHUTHY 3 HaKoNUYyBadyeM «CITUCKOBI CTPYKTYpHY;

t,, - morik «HaykoBi 3HaHHS, JaHi Ta pe3ylbTaTU NOCIHiKEHb, HOPMATHBHO-

MPaBOBI aKTH, MIAOJOHW JOCITIKEHb, TIEPCOHANBHAN KaOiHET», M0 MOETHYE MPOIIEC
«ykatu 3anuTaHi 1aHi» 3 30BHIIIHBOIO CYTHICTIO «KopucTyBawy.
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t,, - morik «HaykoBi 3HaHHS, JaHi Ta pe3yabTaTH JOCIIUKEHb, HOPMATHBHO-

MPaBOBI aKTH, MIAOJOHU JOCITIKEHb, TIEPCOHANTBHUN KaOiHET», IO MOETHYE MPOIEC
«[lepernsHyTH» 3 30BHIIIHBOIO CYTHICTIO «KopucTyBawy.

Takum gmHOM, Mt moptamy HAHIl MHOXWHa TOTOKIB JaHWX Ma€ HACTYIMHUIH
BUTJIST:

T = {tl'tZ’tB’t4't5't6’t7't8’t9't10’tll}'

Posrnsaemo onmc (GyHKITIOHATFHOI MOIeNi mopTany 3HaHb 3a cranaaptoMm IDEFO
Ha NPUKIIAI onKucy (QYHKIIOHATBHUX MoxmBocTel noprary HAHILL [10].

Posrnsaemo ¢yHkmioHansHy Moaens noprary HAHLL micis nepmroi aexoMIto3uttii
ronoBHOI ¢yHKii (Puc. 2).

. Hosunu Ta nmomii
HayxkoBi 3HanHs - .
5 L Jlani Ta pe3ysbraTi

A 1
AIUTH KO]\:)[\I/ICTYBa‘Ia HOHIyK “ /E ) JIOCITI/DKEHD

>

| B .
Al R HopmaTtuBHO-TIpaBoBi

JOKYMEHTH
Ilepernsan —
A2
HaykoBi 3HaHHS
T .

=~ V1Y [11a610HM IOKYMEHTIB

3armoBHEeHHS e
. S — [NepconanpHuii KabiHeT

Jlaui Ta pe3ynbTaTu A3—Y > T

JIOCIIIKEHD 7—’

Ocobucra iHpOopMaIIis
JOCIIiTHAKA

Puc. 2 @yuxyionanvna modenv nopmany HAHI] nicas nepwioi dekomnosuyii 20106101 QyHKyil

®dopmalizoBaHUH OIMUC TaHOT MOJIENI.
OcCkibKH  po3risAacThcs (YHKI[IOHATbHA MOJAENh TOpTAy TICHsA IepiIoi

mexommno3uii ronoeHol yukuii, ro L, = 1.
MHuoxkuHa (YHKIIOHATBHMX MOKIIMBOCTEN IOpTaly IPEICTAaBIE€HA K MHOXKHHA
B, ne:
b, - momryx;
b, - mepermsn;
b, - sanoBHeHH.

Takum uuHoOM, juis noptany HAHI] MHOXMHA TOCTYNHUX (YHKIIIH TpeacTaBlicHa
SIK:

B={b,b,,b,}.

MHOHHA BXIJHUX JaHUX BKIIOYAE TaKl €JIEMEHTHU:
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d," - 1-nii 3anuT KopucTyBaya;

in o .
d, - K-uif 3anmr kopucTyBaya;

in . .
k41 - HAYKOB1 3HAHHS;

d,., - maui Ta pe3ysIbTAaTH TOCIIIKEHB;
in . . .
ks3 - OcobOmcTa iH(opMalis JOCIIiTHHKA.
Hns noprany HAHLL MHOHHA BXiTHUX JaHHUX MIPEJCTABICHA SIK:
D" = { Dendig ke } ne ingexc K BiAmoBimae KimbKoCTi 3amuTiB

KOPHUCTYBaua.
MHOXWHa BUXITHUX JaHUX IIPEICTABIICHA €IIEMCHTAMI:

out :
d;" - maykosi sHanms;
d out
5" - HOBMHHM Ta MOJi;
t . .
d;"" - naui Ta pe3ynbTaTH DOCIIKEHD;
t .
d," - HopMaTHBHO-TIPaBOBi IOKYMEHTH;
d out 6 .
5 - 11a0JIOHHU TOKYMCHTIB,

dg" - nepconanbuuii kabiner.
Takum unHoM, it noprany HAHIL[ MHOXMHa BUXiTHHX NaHUX Ma€ HACTYIHHUHA
BUTTIL
Dout — {d out jout qout qjout 4out dout}.
1 Y2 s U3 Uy U5, Us
Tak sk, MHO)KMHA €JIeMEHTIB KepyBaHHS T4 MHOKHHA MEXaHI3MIB 3/IiiICHEHHS HE
TIpeJICTaBIICH] Ha JaHii Mojedi, To:
C=g
W =2.
Posrisiremo ¢yHkuionansHy Mogens noprany HAHLL ans gekommosumii ¢yHkmii
3aroBHeHHs (Puc. 3).

HaykoBi 3HaHHS

[[Tab10HKM TOKYMEHTIB

= 3aroBHEHHS Ia0I0HIB o
pe3yJbTaTaMu JOCHTIIKEHb —
= A3l
JaHi Ta pe3ynbTaTtu
JOCTIIKCHD
TTepcoHanbHMii KaOiHET
3anoBHEHHS NIEPCOHATIBHOTO -
. _— =
kabinery =
//7 A32

Oco6wucra iHpopmarris
JIOCTITHUKA

Puc. 3 Dynxyionanvna modenv nopmany HAHL] ons dexomnosuyii pyuxyii 3anoenenns
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OCKUTbKH  pO3TIIANAETHCA  (PYHKITIOHAIIGHA MONETh IOPTay ICIASA  IepInoi
JICKOMTIIO3HIIIi TOJIOBHOI PyHKIIIT, TO Li =2.

MHox1HA (YHKITIOHATBHUX MOXJIMBOCTEH TMOpPTalTy MPEJCTaBJICHA SK MHOXXWHA
B,, zme:

b31 - 3aIIOBHEHHS MTA0JIOHIB Pe3yIbTaTaMu JOCIIKCHb;

b,, - 3aMOBHEHHS IEPCOHANBHOTO KaliHeTy.

Takum gnHOM, U optany HAHL] MO WMHA HOCTYTHUX (YHKIIH TIpecTaBlieHa

SIK:
Bs = {bslibsz}'
MHOWHa BXIJHUX JAHUX BKIIFOYAE TaKl EJIEMEHTH:
d," - maykoBi 3HaHHs;
d)" - naui Ta pe3ynbTaTH TOCIIKEH;
in . . .
d;" - ocobucra inpopmaris KocIiHHKA.
Jns moprary HAHIL MHOXMHA BXITHUX JaHUX MPEICTABICHA SK:
in __ in in in
D" ={d",di",di}.
MHoXVHa BUXITHUX JaHUX MIPEICTABICHA €IIEMEHTAMH:

d out 6 ..
1 - 1Ia0JIOHH JOKYMCHTIB,

d out o .
, - TepCOHaNbHHIl KabiHeT.

Takum gumnom, mns mopranry HAHI[ MHOXWHA BUXITHHX NaHUX Ma€ HACTYITHUIH
BUTJTISIL
Dout — {dlout1d§ut}.
Tak sk, MHO)KMHA €JIEMEHTIB KepyBaHHS Ta MHOXKHHA MEXaHI3MIB 3/IiiiCHEHHS He
npeZcTaBiIeH] Ha IaHiil MoJei, TO:
C=g;
W =2.
3acTocyBaHHS CUCTEMHOrO MiAXOJy N0 mpoekTyBaHHs moptany HAHI[ wanano
MOJKJIMBICTh IMiIBUIIUTH €(DEKTHBHICTH OIHCY JOCIHIPKEHb MPOBEICHUX HAYKOBIIMHU
craHmii  AkazeMik  BepHajachkuid. CucremMHe  TPOEKTYBaHHS  JIO3BOJIHIIO
cUcTeMaTH3yBaTd Ta KiacuQikyBaTh iHQOpMaIiio Mpo NpoBelcHI B AHTapKTHI
JOCHI/DKEHHSI HAYKOBIISIMH, 110 MPALIOIOTh Y PI3HUX Traily3sx 3HaHb. BukopucTaHHsS
MHOXXMHH MOJENeld CTBOpPEHMX Ha 0a3i CHCTEMHOro MHiAXOAYy HaJajlo MOXIIHUBICTbH
aBTOMATH3yBaTl TIPOLIECH PO3POOKH, MIATPHUMKHA (YHKI[IOHYBaHHS Ta PO3BUTKY
NopTajly 3HaHb, a TaKOX IPEICTAaBUTH €JNEeMEHTH IHMX MoJened 3 3acobaMu
MPOEKTyBaHHS iH(QOPMAIIHHUX CUCTEM.

4. BUCHOBKH

Y poOoTi oOmMcaHO BUKOPUCTAHHS CHUCTEMHOIO MiAXOLy JAO TPOEKTYBaHHS
cKIagHux iHpopmaniiHux cucrteMm. l[lokazaHo, mo IHTepHeT-IOpTaIM 3HAHb €
CKJIaTHOI0 CHCTEMOIO i JJIsl X MPOEKTYBaHHS JOIUILHO 3aCTOCOBYBATH CHCTEMHHI
miaxizn.
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IIpoBeneHo anani3 BUAIB MOMAENCH, SKI BUKOPHUCTOBYIOTBHCS TPH IPOCKTYyBaHHI
[aTepHeT-mopTaiB 3HaHb, CIOCOOM Ta HOTALIl AJIS 1X MpeICTaBICHHS.

3amponoHoBaHU# (GopMmalizoBaHU OmKC y3aralbHeHOI Mozeni [HTepHeT mopTany
3HaHb. [IpoBemeHo Qopmarmizamito eneMeHTiB iHpopMaIiiHoil, (yHKIIOHATBHOI Ta
CTPYKTYpPHOi MOJeJeH, M0 JO03BONMIIO 33a7aTH yHI(IKOBaHI KOHTEKCTHO-HE3aJIekKH1
CTPYKTYPH JUIA iX MPEICTABICHHS.
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A model of X-Ray emitter emission characteristics measuring

M. O. Malakhova, S. M. Reva, M. G. Styervoyedov
V.N. Karazin Kharkiv National University, Ukraine

A model for measuring of the X-ray emitter individual emission characteristics for
computerized X-ray control system has been created. The strategy of empirical data
generation for calculating the coefficients of the transformation function of the typical
emission characteristics to individual ones in order to improve the accuracy of the
results has been defined. An accuracy estimation of the results has been performed.
Key-words: X-ray emitter, emission characteristics, model of measurement, estimation of
measurement Uncertainty.

CTBOpeHO MoOJenb BHUMIPIOBAaHHS IHIMBIAyalnbHHX eMICIHHHX XapaKTepHCTHK
PEHTI€HIBCHKOTO BHUIPOMIHIOBaYa Il KOMII IOTEPH30BAHOI CHCTEMH YIPaBIiHHSI
PEHTTEHIBCHKOIO YCTaHOBKOK. BusHaueHa crparerist popMyBaHHS eMIIPUYHUX JAHUX
Uil po3paxyHKy Koe(ilieHTiB (YHKIII MEepeTBOpEeHHS THUIOBUX eMiCIHHHX
XapaKTepUCTHK Ha IHAWBIIyalbHI 3 METOI IIJIBHIICHHS TOYHOCTI OTPHUMAaHHX
pe3ynbratis. [IpoBeneHa oIiHKa TOYHOCTI OTPUMAHHX Pe3yJIbTaTiB.

Knwouosi cnosa: penmeeHiBCoKUull BUNPOMIHIO8AY,  eMICIIHI  Xapakmepucmuky, Mooeilb

BUMIPIOBAHHSA, OYIHKA HEBUIHAUEHOCMI BUMIDIOBAHHA.

Co3nana Mopenb M3MEPEHHS WHIMBHAYAIBHBIX 3MHCCHOHHBIX XapaKTEpPHCTHK
PEHTICHOBCKOTO H3JIy4aTensi Ul KOMIBIOTEPH3MPOBAHHOH CHCTEMbI yHPaBICHUS
PEHTICHOBCKOH ycTaHOBKOH. OmpenenieHa cTparterust GOpMHUPOBAHUS SMITHPUYECKUX
NAHHBIX UI1  pacdeTa Kod(pUIMEeHTOB GYHKINMH OpeoOpa3oBaHUS TUIOBBIX
SMHUCCHOHHBIX XapaKTEePUCTUK Ha MHAMBUIYyaJbHBIC C IEIbIO MOBBILIEHUS TOYHOCTH
HOy4YEeHHBIX Pe3yabTaToB. [IpoBeeHa OlleHKa TOYHOCTH MOJTyYESHHBIX PEe3yJIbTaTOB.

Key words: peHmzeHoecxuﬁ usjyyameib, IMUCCUOHHbIE XAPAKMEPUCMUKU, Mooenb usmepeHus,
OYyeHKa Heonpedeﬂemtocmu usmepeHus.

1. Introduction

Nowadays the medicine all over the world has no alternative to an X-ray diagnostic
research [1]. According to experts, more than 80% of diagnoses which require serious
medical intervention are established by using X-rays, the results of X-ray and X-ray
tomography. However, an X-ray tube is a source of artificial electromagnetic ionizing
radiation that makes an application of X-ray diagnostic methods potentially dangerous
for the health of patients and attendants [2], [3].

The research and analysis of available literary sources [4], [5] allows making a
suggestion that the problem of reducing the ionizing radiation dosage [6] received by
the patient and medical staff during X-ray diagnostics is relevant. The reduction of the
ionizing radiation dosage is possible by optimization of the operating modes of the X-
ray tube during a diagnostic research as well as timely detection of the deviation of the
technical parameters from nominal values and their operational elimination [7].

In modern computerized X-ray management systems a required value of the anode
current is achieved by pre-setting of the cathode heating current to a given level. This
is due to impossibility to provide the stabilization of the current at initial stages of
exposure by means of feedback systems due to high inertia of the cathode's thermal
state.

© Malakhova M. O., Reva S. M., Styervoyedov M. G., 2017
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Availability of individual design features such as state of vacuum inside the device,
the cathode surface quality and other factors, including changing the emission
characteristics of the cathode during the X-ray tube usage, require preliminary and
periodic calibration of computerized X-ray management systems in order to ensure the
accuracy of the anode current setting. In [8] the method of adapting of typical
emission characteristics of X-ray emitter to experimental data by deformation of the
coordinate plane has been proposed. The purpose of this article is to design the
measurement model for the reliability assessment of individual characteristics which
have been obtained by using this method as well as accuracy increasing of
investigation results by choosing the strategy of empirical data formation used for
determination of the transformation function coefficients during conversion of typical
emission characteristics to individual ones.

2. Main part

The method of individualization of X-Ray emitter typical emission characteristics
is to transform them taking into account the empirical data which have been obtained
during the series of test exposures. In other words computerized X-ray control system
uses the corresponding function for a preliminary calculation of the cathode heating
current, which must be set up before the start of exposure to provide the required
anode current. This function presents the dependence of the heating current on the
value of the required anode current at a given value of the anode voltage and can be
written as follows:

Yu = (X, zu(X), Ao ... As), ueU, (D)

where y, — the cathode heating current (ignition code) which must be set to provide

the given anode current x with the value of the anode voltage u which corresponds to
the emission characteristics of a particular instance of the X-ray emitter;

X — the value of the anode current;

u — the value of the anode voltage;

Z, (X) — the dependence of the cathode heating current y on the anode current X at
the measured anode voltage u according to the typical emission characteristics of the
X-ray emitter;

U — a set of anode voltage values that can be set by computerized X-ray control
system;

Ao ... As — coefficients of the mathematical transformation of the X-ray emitter
typical emission characteristics to the individual ones.

The mathematical transformation of the X-ray emitter typical emission
characteristics which is used to obtain the output value estimation is following:

Yo = (A + ArX + A9)zy(X) + A’ + AX + As. 2)

The model function describes the measurement procedure and the evaluation
method simultaneously. It shows how the output values y, are derived from the input
values X;.

To estimate the coefficients of the mathematical transformation from the typical
emission characteristics of an X-ray emitter to individual ones, the data series from n
previous control exposures are used. They are represented as the set of empirical
points B:

B = {(X« Y« u), k=1..n}, 3
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where yy — the real value of the cathode heating current obtained empirically by the
operator for the anode current X, at the value of the anode voltage u.

Estimates of the parameters of the desired dependence are determined by the
method of least squares, since the sum of the squares of deviations of the experimental
values from the calculated ones must be minimal.

Z[Yk—f(xk,z(xk),AO,..As)]z :ZSkz =Q=min "

where AO...AS — estimates of the values of the mathematical transformation

coefficients of the X-ray emitter typical emission characteristics to the individual
characteristics;

ok — deviation of the experimental values of a specific instance emission
characteristics of the X-ray emitter from the calculated emission characteristics which
are obtained by using the method of individualization of the X-ray emitter typical
emission characteristics by means of mathematical transformation (2) on the basis of
empirical data;

Q — sum of the squares of the experimental values deviations from the calculated
ones.

Thus, the task is to determine the values of the coefficients when the condition (4)
will be fulfilled. Therefore we should write the expression for the deviations at each
experimental point:

(onl2 +A]x] +A2)Z(X1)+A3X12 +A4x] +A5 -y, =9;;

(onzz +A1X2 +A2)Z(Xz)+A3X22 +A4X2 +A5 -y, =9,; (5)

(onnz +A1Xn +A2)Z(xn)+A3xn2 +A4x]1 +A5 -y, =90,.

According to the least squares method, the best values of the coefficients will be
those for which the sum of the squares of deviations is minimal, so in our case it is
necessary to find the minimum of the function of the following form:

n n 2

Q= Zskz = Z((onkz +A X, +A))z(X,) +A3Xk2 +A X A - Yk) .(6)

k=1 k=1

A typical functional dependence of the cathode heating current z on the current of
the anode x at the value of the anode voltage u is presented as a table and the
intermediate values are obtained by means of interpolation. The absence of an analytic
expression as well as the additional error and uncertainty that appear during the
determination of the second-order polynomial coefficients by which it is possible to
approximate the emission characteristics of X-ray tube, leads to the fact that the
desired function (2) is considered by the authors as a function that depends on two
variables (x and z). In this case the analytical solution of the problem (6) is
complicated, and the quality of the transformation results of the typical emission
characteristics depends on the preparation strategy and the choice of empirical data for
the calculation.
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Let’s assume that to determine the coefficients of the transformation function (2),
we use a subset B; of six points of the set of empirical data B. In this case, the
calculation of the coefficients of the transforming function of the X-ray emitter typical
emission characteristics to individual ones for a specific instance of an X-ray emitter
is the solution of the system of six equations, provided as Xo# X; # X # X3 # X4 # Xs:

N 2 N N N 2 N N .
Vi =AX, 2, +A Xz, +A,z, + A X,T +AX, HAS;

A, A A A, e .~
Y, =AX,72, +AX,Z2, +A,z, + A X,” + A X, +As;

()

Ve =Ax >z, +Axz + A,z +Ax 2 +Ax, +A,.
The analytic expression of the only solution of this system of algebraic equations
with six unknowns could be compactly written by the Cramer's rule:

A =D

A — determinant of initial matrix;

A; — determinant of the matrix obtained from the original matrix by replacing the i-
th column.

The quality of the obtained individual characteristics could be evaluated by means
of expression (6) on the whole set of empirical points B.

Apart from the task of minimizing the Q function during the strategy determination
of the empirical data generation, we have considered the necessity of creating a special
technological mode of the power supply device as well as high costs of the technical
staff’s work time and the problem of the radiation influence on the service personnel.
Numerous experiments have shown that the best results are obtained when four points
are chosen uniformly in one of the curves as a calculation point, for example, in the
upper curve of the family (emission characteristic with minimum value of the anode
voltage Umin). This allows the most accurate determination of the curvature of the
desired individual emission characteristics. To determine the coefficients of scaling of
the original emission characteristics the last two points should be maximally spread to
the edges of the lower curve (emission characteristic with the maximum value of the
anode voltage umey). Since the experimental point located on the right edge of the
lower curve often cannot be obtained due to exceeding the maximum power permitted,
it can be replaced by a point on another family curve. Therefore, as the last calculated
point, the point with the maximum anode current value x. on the curve for which the
exposure power will not exceed the maximum permissible is chosen.

Thus let's define:

A A#0, i=0.5, (8)

Umin = VYU €U, U> Ui,
Umax - = VU €U, U>Upax,
Umig - = VU €U, (l U max — U mid | < | Umax — U D A (U mid X¢ < 0,9 Pmax)a (9)
X =V (XY, Unid), X <X¢, Pmax— const .

Where unig is the emission characteristic with the highest value of the anode voltage, for
which the exposure power with the maximum current value of the anode x. will not exceed the
maximum permissible power Pyax.

In this case, we form the set B (3) as follows:

B ={(Xi, Vi, Umin) |1 =1...n, n>4}u
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{(Xi, Vi Umax) | 1= 1.k, k>1}o | (20)
{(i, ¥i, Umig) [1=1...p, p=1}.
Let’s choose a subset B to calculate the transformation coefficients:
Bic B, By ={(Xs, Y1, Umin) : V(X, ¥, Umin) € B, X>X}0
{(X2, Y2, Umin) 1 V(X, Y, Umin) € B, X <Xz}
XX
3
X, — X,
{(X, Y2 U ) V(X y,u) € Blx—(x, + 3
{(XS, ySa u max) : V(X, yi u max) € B, X > XS}U
{(Xe, Y6, Umia) : V(X, Y, Umia) € B, X <Xe}. (11)
Let the Q function for the solution of system (7) for subset B, (11) be equal to some value
Q1. To reduce the contribution of a random measurement error that occurs during obtaining
empirical data in the course of test exposures, it is necessary to carry out some iterative
variation of a subset of the points selected to calculate the conversion factors of the typical
emission characteristics for the purpose of individualization. The minimum of the investigated
values of Q is denoted by Qnn. In the first stage, it takes the value Q; with a corresponding
subset of empirical points, denoted as By:
Qmianly BozBl- (12)
We change the point, which corresponds to the minimal value of the anode current on the
curve to the next one, and denote a new subset of the points for the calculation as B,.
B, = (Bo U {(X¢, V1", Umin) }A{(X1, Y1, Umin)} (13)
(X1, Y1’ Umin) € B,V (X, Y, Umin), X1 <X'<X, X{'# Xa.
Then we calculate the alternative conversion coefficients as well as the values of all squares
of deviations obtained empirically from the estimated values and choose the best result:
Q2 < Qmin = Qmin = Q2, By =B;. (14)
At the second stage, we evaluate a new subset of points for the calculation of Bs. We
change the point on the curve uy, in which the value of the anode current is maximal to the
one that is located in front of it, and again choose the best result:
Bs = (Bo U {(X2', ¥2', U min) }A{(X2, Y2, U min)},
(X2, ¥2', Umin) € B,V (X, Y, Umin), X2 >Xo'> X, X' # X4, (15)
Q3 < Qmin = Qmin = Q3, Bo=Bs.
The third, fourth, fifth and sixth stages (iterations) consider the points that are left and right
of the points (Xs, Y3, Umin) and (Xa, Y4, Umin), that is:
Bs = (Bo U {(X3, ¥3', Umin) JA{(X3, Y3, Umin)},
(X3, Y3, Umin) € B, V (X, ¥, Umin), (Xs'<X3) A ((X>X3) v (X < X3)) A (Xs' # Xy),
Q4 < Qmin = Qmin = Q41 BO = B4-
Bs = (Bo U {(X3", ¥3', U min) JA{(X3, Y3, Umin)},
(X3, Y3', Umin) € B, V (X, Y, Umin), (X3' < X3) A ((X3' < X) Vv (X < X3)) A (X3 # Xa),
Q5 < Qmin = Qmin = QS: B0 = BS-
B = (Bo U {(X4', Ya', U min) FA{(Xa, Ya, U min)},
(X4, Ya', Umin) € B, ¥V (X, Y, Umin), (Xa' < Xa) A ((X>Xg) v (X < X4)) A (Xa' # X3),
Q6 < Qmin = Qmin = Qs, Bo = Be.
B7 = (Bo W {(X4', Y4, Umin) }JA{(Xs, Y4, Umin)},
(X4, Ya', Umin) € B, ¥V (X, Y, Umin), (Xa <X4) A ((Xs' < X) vV (X < Xg)) A (Xa' # X2),
Q7 < Qmin = Qmin = Q7y BO = B7-

X, —
3
X, = X

3

X
(X2, Y2, Upin) TV (X, Y, Uy ) € BIX = (X, + )[> 106 = (%, + Dy

)[> 106 = (%, +

BRS
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The last two iterations consider the points which are to the right of the points (Xs, Ys, Umax)
and (X, Ye, Umig), that is:
Bg = (Bo U {(Xs, ¥5', Umax) }A{(Xs, Y5, Umax)},
(X5', Y5', u max) € B,V (X, yv u max)v Xs < XS‘ <X,
Qs < Qmin = Qmin = Qs, Bo=Bs.
Bs = (Bo U {(Xs" V&' U mia) MA{(Xe, V6, U mia) },
(X6', Y6', Umid) € B,V (X, Y, Umig), X <Xg' <X,
Q9 < Qmin = Qmin = Q9y B0 = B9-
The value Q, which is found in this way, will be considered as a minimal subset of
Bo and the corresponding estimates of the AO...AS coefficients will be considered as

the best.

The standard DSTU ISO / IEC 17025: 2006 indicates the need to estimate the
uncertainty of measurement during calibration [9].

The model approach to uncertainty estimation of measurements involves the model
equation usage (1), where the function of model f describes simultaneously the
measurement procedure and the evaluation method. It shows how the output values of
y, are derived from the input values x, z,(x) and the coefficients A,..As.

In this case, there are many sources of uncertainty in the measurement, such as the
subjective systematic error of the operator when taking measurements, approximation
and simplification used while determining exposure parameters through a table
representation of emission data in a computerized X-ray management system,
inaccurate values of reference tables, imperfection of the measured value
determination implementation, etc. In addition, some sources of uncertainty correlate
with each other. Therefore, estimating measurement uncertainty is not just a
mathematical problem, but requires a detailed investigation of the nature of both
measured value and measurement process.

The situation is also complicated by the fact that multiple measurements are
excluded. Therefore, there is an a priori estimation of uncertainty based on the
information obtained from the test measurements carried out previously and the
passport data of the X-ray source. The scattering of measurement results is
characterized by an estimated standard deviation and is called the standard uncertainty
type B. The estimation of type B standard uncertainty is as reliable as the one of type
A, in a situation where a type A estimation can only be based on a small number of
statistically independent observations [10]. To determine the standard uncertainty of
type B A, a standard estimated deviation is used. It is obtained as a positive square root
of the variance, which is calculated on the basis of the fund of relatively reliable
information, such as data of the previous measurements and data of the typical
emission characteristics of the passport of the X-ray source.

A= \/6 = \/ZSkz = \/Z:((onk2 +A1Xk +A2)Z(Xk)+A3Xk2 +A4Xk +A5 —yk)2
k=1

k=1

This estimation makes it possible to assess the uncertainty of the proposed
measurement procedure and the quality of the results obtained.
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The estimation of a standard uncertainty A is used instead of the function Q, the
search of the smallest value of which is laid in the strategy of finding the best solution
during the variation of the points used for calculation.

3. Conclusions

The measurement model of individual emission characteristics of an X-ray emitter
for computerized X-ray control system based on mathematical transformations of
typical emission characteristics given in the X-ray tube passport by using experimental
data of control exposures series has been suggested in this article. This model allows
estimating the accuracy of the results obtained in the concept of the uncertainty theory
that fully corresponds to Ukraine’s transition to the calibration procedures of
measuring instruments in accordance with the international requirements [11], [12]. In
addition, the obtained measurement uncertainty estimation has been used as a
minimized function during a formation of a strategy for selecting a subset of empirical
points for calculation. The strategy allows increasing an accuracy of the received
individual emission characteristics by eliminating points with a large random
measurement error. The evaluation of the results has been performed. The described
model has been used as a basis for the software that allows the calibration of a
computerized system of an X-ray emitter. The software application has been tested
and the comprehensive operational test has been performed in the Laboratory of
intelligent electronic systems (IEC) at the Department of Electronics and Control
Systems of V. N. Karazin Kharkiv National University. The program has been tested
with the X-ray tubes of the following types: 20-50BD22- 6-10BD8- 150 and 125
produced by the scientific and production enterprise "Svetlana" (St. Petersburg) as
well as some models of X-ray tubes produced by "Siemens". Testing has been carried
out by using high-frequency power supplies IEC-F7 and IEC-R8 developed in the
laboratory. As a result of the performed calibrations the individual emission
characteristics have been obtained. Therefore at the beginning of the exposure (before
the system of automatic stabilization of the current is turned on) the deviation of the
X-ray tube anode current from the set value does not exceed 1.5% within the entire
working range. By estimating absolute and relative errors, the quality of the results is
significantly better than the results of calibrations obtained by using the previous
versions of the program. The accuracy of the calibration meets the requirements of the
existing standards completely and provides for the possibility of widespread
application of the developed algorithm for adjusting X-ray power supplies of IEC
series. The program is included in the SMaster service package for maintenance of X-
ray power devices developed by the IEC Laboratory.
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Minimaximax approach for finding optimal decisions’ subset
regarding changes of the loss function

V. V. Romanuke
Khmelnitskiy National University, Ukraine

A generalization of the decision (loss or utility) function is suggested. An ordinary
decision function is defined on a Cartesian product of a decisions’ set and a set of
states, but the generalized decision function has the third variable called a metastate.
Metastates are generated due to uncertain evaluation of ordinary situations, or
influence of the time course. For minimizing losses under poor or unreliable statistics,
the rule of minimaximax is fully described. For correctly transferring from
minimaximax to Bayesian criterions, the rules of minimizing expected losses for the
generalized loss function are formalized. All the suggested criterions are re-formalized
for the case of the utility function.

Key words: decision, minimax, metastate, loss function, minimaximax.

IIpononyerscs y3arampHeHHA (yHKIIl pimeHb (BTpaT a00 KOPHCHOCTi). 3BHUaifHa
(yHKIIS pilleHb BU3HAYA€THCS Ha JEKapTOBOMY MAOOYTKY MHOXHHH pIlICHb Ta
MHO)KAHH CTaHIB, TOII SIK y3araJbHeHa (PYHKILis pillIeHb Ma€ TPETIO 3MiHHY, KOTpa
Ha3MBAa€TbCSI METACTaHOM. MeTacTaHH TOpPOKYIOTHCS BHACITIZOK HEBU3HAYECHOTO
OLIIHIOBaHHS 3BMYalHUX CUTYallii ab0 BIUIMBY IUIMHY 4acy. [l MiHiMi3amii BTpat 3a
ciabkoi ab0 HeHaJIHHOT CTATUCTUKH IPYHTOBHO OITMCYETHCS IIPABIIIO MiHIMAKCUMAKCY.
JInst KOpeKTHOTO Tepexoay BiJl MiHIMakCHMakcy 110 OalleCOBHX KpHUTEpilB IpaBuiia
MiHiMi3amii O4iKyBaHUX BTpaT HOPMai3yIOThCs Ui y3arajabHeHol (yHKIii BTpar. Yci
3aMpOIIOHOBAHI KpUTEPii mepeopMatizoBYIOThCS IS BUMAAKY (QYHKIIIT KOPUCHOCTI.
Knrwouosi cnoga: pivienns, minimaxc, memacman, QyHKyia émpam, MiHiMAKCUMAKC.
IIpennaraercs 06o0menne GyHKIMN perieHui (MOoTeps WK moje3HocTu). OObraHas
(GyHKOMS peImeHuH ompenenseTcs Ha JEKapTOBOM IPOM3BEICHUH MHOXKECTBA
peLIeHH ¥ MHOXKECTBA COCTOSIHIH, TOT1a Kak 0000mEHHas QyHKINS pelIeHIH IMeeT
TPETHIO NIEPEMEHHYIO, Ha3bIBAEMYI0 METACOCTOSIHHEM. MeTacoCTOsIHUS TIOPOXKIAFOTCS
BCIIC/ICTBHC HEOIPEICIIEHHOTO OLCHUBAHUS OOBIYHBIX CHTYallMd WM BIWSHUSL
TeueHUs] BpeMeHHW. JIIsi MUHHUMH3AIMM TOTeph INpH ClIaboi Wi HeHaa&KHOU
CTaTHCTUKE OCHOBATENbHO  OIMCBHIBACTCS TPABMIO MUHHMMakcumakca.  Jlms
KOPPEKTHOTO Mepexoja OT MHUHHMAaKCHMakca K OaifleCOBBIM KPUTEpHSM IpaBHia
MUHAMH3AIAN OXHIAEMBIX TOTEPh (POPMANU3UPYIOTCS s 0000mMEHHOW (QyHKIUH
notepsb. Bee npeanoskeHHble KpUTepHH NepedopMaTH3HPYIOTCS UIs CiTydast QyHKINT
TIOJIE3HOCTH.

Knroueswie cnosa: peuwernue, MUHUMAKC, Memdacocmosinue, d)ymcuuﬂ nomepsb, MUHUMAKCUMAKC.

Inconstancy of the loss function

The loss function is an important mathematical object relating to a wide variety of
technical, economical, and social processes [1, 2]. An antipode to the loss function is
the utility function which is of much rarer application [1, 3]. However, this function
may severely change, especially if a process is studied for a longer period and requires
more reliable optimality of decisions. Another issue is poor statistics, not allowing to
evaluate each pair of a decision and a state with a point value [4, 5]. A simple example
is a risk matrix whose elements take on a few possible values due to expert
judgments/estimations. Therefore, finding an optimal decisions’ subset should regard
changes of the loss function.

© Romanuke V. V., 2017



82 Cepisi ¥Mart. mogentoBaHHs. IHpopmaLiiHi TexHonorii. ABTOMaTU30BaHi CUCTEMM yipaBiHHsH, BN, 33

Approaches to minimizing losses under poor or unreliable statistics

A great number of approaches and heuristics exists for finding an optimal
decisions’ subset by a known loss/utility function [1, 6]. When statistics is poor or
unreliable, losses are minimaxed for ensuring minimal damage under worst possibly
conditions [7]. Then the criterion of Wald or the criterion of Savage is applied [1, 6,
7]. In the article [8], for ensuring industrial and manufacturing labor safety, a meta-
minimax approach has been represented regarding the change of the risk matrix. The
change has been explained due to the impossibility of the point evaluation of the risk
matrix and therefore this matrix has been represented as a finite set of matrices,
implying the risk matrix change through that set. Each version of the risk matrix has
been tied to a state which is called a metastate. Thus the finite change of the risk
matrix has been substituted with the three-dimensional risk matrix. The article [8]
suggests the finite minimaximax along with another three cases of minimizing the
risk. These cases admit availability of statistics:

1) probabilistic measures relating to ordinary states are available;

2) a probabilistic measure over metastates is available;

3) both are available.

Factually, the three-dimensional risk matrix is equivalent to a finite series of
decision making problems (or a multiple state decision making problem). In the article
[9], an algorithm of reducing a finite series of decision making problems to a single
problem has been suggested. But, without statistics, it works only if there is a
nonempty intersection of the optimal decisions’ subsets for the metastates.

Goal of the article and the tasks to be accomplished

In view of the fact that neither the article [8] nor the article [9] contain full
description of minimaximax, the goal is to fully describe the minimaximax criterion
for the loss function with metastates (changes). For transferring from minimaximax to
criterions of minimizing expected losses, application of probabilistic measures will be
described. For reaching the goal, the following tasks are to be accomplished:

1. To formalize changes of the loss function.

2. To formalize the rule of minimaximax for finding an optimal decisions’ subset
regarding the changes. For appropriate formalization, both finite and infinite cases will
be considered for the sets of decisions, states, metastates.

3. To formalize the rules of minimizing expected losses for the loss function with
metastates. Application of probabilistic measures will be described for the three cases:

3.1. Probabilistic measures over ordinary states are available, and a probabilistic
measure over metastates is unavailable.

3.2. Probabilistic measures over ordinary states are unavailable, and a probabilistic
measure over metastates is available.

3.3. Probabilistic measures of both types are available.

4. To re-formalize all the suggested criterions for the case of the utility function.

Formalization of the loss function’s changes
Let X be a set of decisions, and S be a set of states. If X is finite then

X={x}" by N=|X| and NeN\{1}. Similarly, Sz{sj}?:l by Q=[S| and
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QeN\{l} for a finite set S. Denote the set of metastates by M . Each element of
this set implies existence of its own loss function. When a metastate shifts to other

one, the loss function changes. If M is finite then M ={mk}kK=1 by K=[M| and
K eN\{1}.
Let a real value r(x, S, m) be a loss (risk) in the situation

{x,s,m} by xeX,seS, meM. (1)

Therefore, r(x, s, m) is a (generalized) loss function defined on the set X xSxM.
Definition 1. The loss function r(x, S, m) is called finite if the set X xSxM is

finite. The finite loss function r(x, S, m) is called the generalized loss matrix.
Factually, the generalized loss matrix is a stack of K ordinary N xQ matrices. Let

i =1 (X, s;, M) in the situation {x,s;, m}. Then R, =(r,) _is an ordinary

NxQ

loss matrix at the k -th metastate, and the generalized loss matrix is a set {Rk}szl.

Formally, finite changes of a decision matrix can be substituted with a loss N xQx K
matrix.

Definition 2. The loss function r(x, s, m) is called countable if the set X xSxM
is countable.

Definition 3. The loss function r(x, S, m) is called infinite if the set X xSxM is
infinite.

It is easy to see that if just one of the sets X, S, M is infinite then the loss
function is infinite. A countably infinite loss function cannot be represented as a stack
of matrices. Properties of infinite countability among sets X, S, M do not
necessarily coincide.

Definition 4. The loss function r(x, S, m) is called continuous if the set

X xSxM is continuous.
To be continuous, each of the sets X, S, M must be continuous. The loss
function becomes discontinuous if just one of the sets X, S, M has a discontinuity.

Rule of minimaximax

When any probabilistic measures are unavailable or uncertain, the classical
minimax approach [1, 6, 7] guarantees the optimal loss, although the most pessimistic.
The pessimism concerns all the noncontrollable states, i. e. metastates as well. Then,

the optimal decisions’ subset X~ < X for the loss function r(x, S, m) is found by the
minimaximax rule as

X*=argrlli{1{maxmaxr(x, s, m)}cx. 2

seS meM

Obviously, if X is infinite, X~ can have infinitely many optimal decisions. Whether
each set of decisions, states, metastates is finite or infinite, statement (2) for
minimaximax remains correct. For the generalized loss matrix, minimaximax by (2) is
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re-written simpler [8]:
” } cX. 3

Minimaximax by (2) or (3) is an effective rule when conditions, under which one
has to make a decision, occur rarely or just a few times [1, 4, 5, 8, 9]. Although losses
are maximized twice, severity of the minimaximax is not bigger than that of the
classical minimax approach. This is explained with that, for both rules, pessimism is
directed against noncontrollability.

Minimizing expected losses for the generalized loss function
Suppose that, for a finite loss function, probabilistic measures relating to ordinary
states are available. Availability here relates to reliability of point-valued probabilistic

estimations. Let P, =(pijk)N 0 be the stochastic matrix whose value p;, is the

probability of the j-th state at the k -th metastate when the i -th decision is selected.
It is obvious that

Q
Zpijkzl Vi=L N and Vk=1K. 4

=

Then the finite subset [8]

X" =ar xnl]=lnN{k1KZp”k 'Jk}cx )

contains decisions which minimize the maximally expected losses with respect to
ordinary states.

Generally, let p(x, S, m) be a probabilistic measure over ordinary states for each
decision xe X and each metastate me M . The non-negative function p(x, S, m) is
defined on the set S with a Lebesgue measure pi5(s), S0

J.p(x,s, m)dus(s)=1 VxeX and VmeM. (6)
Then the maximally expected losses with respect to ordinary states are minimized:

X _argmln{max p(x, s, m)r(x,s, m)dps(s)}c X. ©)

xeX meM
S
The integration over the finite set S in (7) is substituted with the summation:

Q
X —argmln{max p(x, sJ,m) (x, sj,m)}cx, (8)

xeX meM
j=1
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where p(x, S;» m) is the probability of the j-th state at metastate me M when the

decision x e X is selected, and
Q
Zp(x,sj,m):l VxeX and VmeM . (9)
j=1

The optimal decisions’ subset by (7), or its equivalents (5) and (8), is effective
when conditions under which one has to make a decision occur frequently [1, 8, 9].
Application of the formula (8) is more likely, because finite point estimation is far
more reliable than infinite one [4, 8].

An easier case is when probabilistic measures over ordinary states are unavailable,
but a probabilistic measure over metastates is available. Suppose that, for a finite loss

function, probabilities {Wk}kK:1 are known, where w, is the probability of the k -th
metastate and

Z‘Nk -1 (10)

Then the finite subset [8]
K
X" =arg min{maxZwkrijk}c X (11)

contains decisions which minimize the maximally expected losses with respect to
metastates. Minimax by (11) reminds the classic minimax applied to a decision matrix
(of losses, regrets, or risks).

Generally, let W(m) be a probabilistic measure over metastates. The nonnegative
function w(m) is defined on the set M with a Lebesgue measure p,, (m), so

jw(m)dpM (m)=1. (12)

M

Then the maximally expected losses with respect to metastates are minimized:

xeX seS

X" =arg min{max w(m)r(x, s, m)du,, (m)}c X. (13)

M

The integration over the finite set M in (13) is substituted with the summation:

xeX seS

K
X*:argmin{maxZWkr(x, S, mk)}cx. (14)
k=1

Abstracting from the values under maxima, (13) and (14) both coincide with the
classic minimax.
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The optimal decisions’ subset by (13), or its equivalents (11) and (14), is effective
when the loss function changes (over metastates) frequently [1, 2, 6, 8, 9]. Although

evaluation of probabilities {Wk} or the probabilistic measure w(m) is a non-trivial
separate problem, availability of them is much more likely than that of probabilistic
measures in matrices {Pk}::l or functions p(x, S, m) for each decision and each

metastate. That is why minimax by (11), (14), or (13) is much more practical than
minimax by (5), (8), (7), respectively (the formulas are listed in order of increasing
complexity).

The case when all the probabilistic measures are available is more theoretical rather
than practical one. In the simplest case, which is the finite one,

- xnl]=1 N {Zwkz Piji ik } cX. (15)

Another three cases of the finite/infinite probabilistic measures produce the following
formulas:

_argmln{jw x, S, m) ( ' Sjs m)dp,\,, } (16)

“=arg mm{Zwa. X, s, m)r(x,s, mk)dps(s)}c X, (17)

X" =arg rxnelxn {J.W(m)_‘. p(X, s, m)r(x, s, m)dps (s)du,, (m)}c X. (18)
S

For infinite measures, the optimal decisions’ subset by (18) is very impracticable. The

subset by either (16) or (17) keeps theory also, unless the measures are defined on

countable sets. The case (15) is plausible, though.

The utility function case

Decision making practices utility functions much less than loss or risk functions.
Nevertheless, a lot of branches of economic operate on profitability, benefit, gain,
revenue, etc.

For the case of the utility function u(x, S, m), the rule of minimaximax becomes
the rule of maximinimin. In this way, formulas (2) and (3) are:

X —argmax{mln minu(x, s, m)}cX, (19)

xeX seS meM

X" =arg max{_ in mi uijk}cx, (20)



BicHuk XapkiBcbkoro HawioHanbHoro yHiepcuteTy iMeHi B. H. Kapasina, 2017 87

where U, =(uy, )NXQ is an ordinary utility matrix at the k -th metastate.

Maximization of the expected utility is fulfilled by formulas which are symmetrical
to formulas (5), (7), (8), (11), (13) — (18), respectively:

X"= xnl]:l N {kmllrrl Z P i } =X, (21)

X" =arg nxng{manJ. p(X, s, mu(x, s, m)dps (s)}c X, (22)
Q

X" =argmax r;lw]z X, sl,m x, sJ,m) X, (23)

K

X =arg Xirj?al?({jzl!r(]);wkuijk}c X, (24)

X" =arg Tealxx{rilsnj (m)u(x, s, m)dp,, (m)}c X, (25)
M

X _argnxweaxx{mmZWk X, s, m) }cx (26)

K Q
X" =arg max_ {Zwkz pijkuijk}c X, (27)
Kot k=1 j=1

Q
X —argrygx{jw Zp X, S,,m X, J,m)dHM } (28)
1

]:

X —argmax{ ijp (x, s, m )u(x, s, m )dug (s )}cx (29)

xeX
k=1 S

X" =arg r@x{jw(m)". p(X, s, mu(x, s, m)dpg (s)dpy, (m)}c X. (30)

Conditions of effectiveness for subsets (19) — (30) are similar to those for subsets (2),

@), (%), (7)., (8), (11), (13) —(18).



88 Cepis ¥Mart. mogentoBaHHs. IHpopmaLiiHi TexHonorii. ABTOMaTU30BaHi CUCTEMM yipaBiHHsH, BIM. 33

Arrangement of the ordinary loss functions into the generalized loss function

Metastates are generated due to that situations {x, s} are usually evaluated with
intervals. When the intervals are sampled, a finite set of metastates is produced.
Another reason that causes metastates’ generation is the time course. Thus, in practice,
point estimation or evaluation of the loss function is impossible. Then, the generalized
loss function is represented as the set M of the ordinary loss functions. It implies the
loss function changes through this set [2, 9]. Arranging its elements is a pretty hard
problem, which is explicitly solved in [8] for the generalized loss matrix only.

If R, isinitially given, then the following K —2 matrices satisfy the condition [8]:

R, earg_min_py (Rey Ry) for k=2, K-1 (31)

by the distance p,.. (A, B) in the space of real-valued NxQ matrices A and B,

Matrix R, remains itself after matrices {Rk}:: are already arranged (by their
indices). The condition (31) ensures “resemblance” between neighboring indexed
matrices R, and R,,, by k=1, K-1. Such resemblance (by indexed metastates) can

be made by arranging matrices {Pk}:f=l in the same way, when P, is initially given [8].

Then, however, “resemblance” between neighboring indexed matrices P, and P, , is
not necessarily accompanied with “resemblance” between neighboring indexed
matrices R, and R,,;, k=1 K-1.

k+1?
Conclusion
The suggested and fully described minimaximax approach in (2), (3), or
maximinimin in (19), (20), allows to take into account changes of the decision (loss or
utility) functions. It is necessary because even the best-assurance minimax/maximin

criterion turns out to be inconsistent for uncertain evaluations of a situations {x, s} )
Meta-situation (1) expresses that uncertainty. Besides, it regards the course of time. If
a situations {x, s} are evaluated by different experts without consensus, this also

results in meta-situations.

It is important that the set of metastates (changes) is not just finite, but can be
countable, infinite, or continuous/discontinuous. Furthermore, the optimality by (5),
(M), (8), (11), (13) —(18), and (21) — (30) is presented for correctly transferring from
minimaximax to criterions of improving expectations (Bayesian criterions). But
arranging the ordinary decision functions for the set of metastates is an open question
concerning both minimaximax and criterions with expectations. Selection of an initial
loss function and an initial bunch of probabilistic measures on the set X xS, similar
to R, and P,, is discussible as well.
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HccnenoBanre BOTHOBBIX MPOLECCOB MTPH yIape MATKOTO Tena O
AKECTKYIO IIPErpajly Ha OCHOBE METOJIA CITIa)KEHHBIX YaCTHUII

C. Il. CeTnuuHbIHA
Hayuonanvnwviii aspoxocmuueckuii ynusepcumem um. H. E. JKykoeckoco « XAy, Yxpauna

B crarbe paccmarpuBaeTCs UHCIEHHOE MOJETHPOBAHIE 3a1ad1 0 (GPOHTAIBHOM yhape
MSTKOTO Tesla Maccod 1 KI, cOymapsoIerocs ¢ >KECTKOW INperpajoil Ha CKOPOCTH
100 M/c, ¢ HCIIONB30BAaHMEM METOZla CIIAKEHHBIX 4YacTHLl. PaccyMTaHbl MO
pacrpesielieHHs] AaBICHUS, IUNIOTHOCTH M CKOPOCTH B MSTKOM TeNe Ul Pa3iIMdIHBIX
MOMEHTOB BpeMeHH. Iloms wmcciaemyeMbIX (U3MUECKHX BEIHYMH  SIBISTFOTCS
HEeCTallMOHAPHBIMH 10 BPEMEHH M 00JIalafoT IPOCTPAHCTBEHHON HEOIXHOPOTHOCTHIO.
AHann3 TONYYeHHBIX PEe3yIbTaToB IT03BOJLSIET CAENAaTh BHIBOJ O BOJHOBOHM IpUpoOze
9TUX MOJIEH.

Knrouesvle cinosa: memoo canadceHHvlx yacmuy, y()ap, MACKoe mejlo, YUucilenHnoe Moda/mpoeanue.
B crari posmismaeTbes 4YncenbHE MOAENIOBAHHA 3afadi mpo (poHTambHUR yhap
M'SIKOTO TiJIa Macoo 1 KT, IpH 3iTKHEHH1 HOTO 3 YKOPCTKOIO MEPEIIKOI0K0 Ha IIBUIKOCTI
100 M / c, 3 BUKOPUCTaHHSIM METONy 3IIAUKCHHX YaCTHHOK. Po3paxoBaHi MmO
PO3IOALTYy THCKY, TYCTHHH 1 IIBUAKOCTI B M'SIKOMY TUIi UIA Pi3HUX MOMEHTIB Yacy.
Tlonst ¢i3MYHKMX BENWYUH SKi JOCTI/PKYIOTHCS € HECTAllIOHAPHUMH 3a YacoM i MalTh
MPOCTOPOBY HEOAHOPIIHICTb. AHAaJi3 OTPHMaHUX pE3YIbTaTiB J03BOJISIE 3pOOUTH
BHCHOBOK IIPO XBHJIbOBY IIPHPOJLY IIUX ITOJIB.

Kniouosi cnosa: memoo 321a024CeHux YaCMUHOK, yoap, M ke miio, YuceibHe MOOeO8AHHS.

The paper presents the numerical analysis of normal impact of 1 kg soft body
impacting a rigid target at a speed of 100 m/s by using smoothed particle
hydrodynamics method. The fields of pressure, density and velocity distributions in
the soft body for different time have been calculated. The fields of the physical
parameters being analyzed are transient and have spatial inhomogeneity. Analysis of
the obtained results allows us to make a conclusion about the wave nature of these
fields.

Key words: smooth particle hydrodynamics, impact, soft body, numerical simulation.

3agada McciaeqoBaHNs yOapHBIX MPOLECCOB B Ae(hOPMHUPYEMBIX CIUIOIIHBIX Cpenax
SBJIAETCS.  aKTyallbHOM IPUKJIAJAHOM  3ajadyell MEXaHWKHM  CIUIOIIHBIX  CPEN.
TpaguuMOHHO  pelieHre  JaHHOW  3afa4dl  MOJy4yaloT  JBYMS  METOJaMHU:
OKCHEPUMEHTAIIBHBIM W PacdYeTHBIM C IPUBJICYEHHEM CpPEACTB  YHCIECHHOTO
MozenrpoBaHus. UnciIeHHOe MOJICIIMPOBAHUE SIBISIETCSl YMOOHBIM U 3G (HEKTHBHBIM
CPEACTBOM /ISl pelIeHUs ToJ00HOT0 Kiiacca 3a1ad. OJHUM U3 MOTHBOB, TIOOY/IUBIINM
K HCIIOJIb30BAHMIO CPEICTB YHCIEHHOTO MOIEIUPOBAHNS UI PEICHUS TaHHOW 3a1a4u
ABWICA TOT (haKT, YTO PpE3YyNbTaThl SKCHEPUMEHTAIBHBIX HCCICIOBAaHUN C
NPUMEHEHUEM HMHTATOPOB TOKAa3bIBAIOT CUIIBHBIA pa30poc AaHHBIX U OTCYTCTBHE
MOBTOPSEMOCTH JJAHHBIX MIPU OJMHAKOBBIX YCIOBHUSX.

B naHHO# cTaThe paccMaTpUBaEcTCs 3aJa4a O COyJapeHUH Tella NTHLBI C KECTKON
nperpazol. Mcronb3yss MeTOibl YMCIEHHOIO MOJCJIMPOBAHUSA, HUCCIELYHOTCS
MIPOIIECCHI, COMPOBOXKAAIONINE YyAap MTHUIBI O KeCTKyio mperpany. Crarbs sBseTCS
NPOJOJKEHHEM paboThl IO pa3paboTKe W BepU(PUKALMKM YHCICHHONH MOJEIH MATKOTO
tesna. OCHOBHBIE pe3ynbTaThl omucanbl B pabore [1]. MoaenupoBaHue ynapHBIX

© CeetnunyHbin C. 1., 2017
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MPOIIECCOB CBSI3aHO C CO3/[aHWEM WM BBHIOOPOM aJIEKBATHBIX MAaTeMaTHYECKHUX
MOJICJIC  pa3MYHOW  CTENEHW  CIIOKHOCTH, ONHKCHIBAIOIIMX  JBIDKCHHUE U
nedopMuUpOBaHUEe MATKOTO Teida. B paboTrax MO YHCICHHOMY MOJCIMPOBAHUIO
COyHapeHus MSTKOTO Tella C JKeCTKOM wiu  nedopMupyeMoil  mperpamoit
WCTIOJB30BAIUCh KAaK CETOYHBIE METOABl C TMPUMEHEHHEM CTAaI[MOHAPHBIX W
aJIaNTUBHBIX JIAaTPAH)KEBBIX CETOK, COBMEIICHHBIN Jlarpamwk OHiepoBBI MOIX0M
(meton ALE), Ttak u Geccetounsie [2, 3]. Cpeau OecceTOYHBIX METOIOB HambOoJjee
Pa3BUTBIM SIBIIIETCS METOA criakeHHbIX dactull (Meron SPH). UncienHoe perieHue
3a1auu 00 yhaape MATKOTO Telia IO KECTKOW MpEerpaje ¢ MCIOJIb30BAHUEM CETOYHBIX
METOJIOB CONPSIKEHO C PAIOM TEXHUYECKUX M TCOPETUUYCCKUX TPYIHOCTEH, HalTpUMep
HEOOXOAMMOCTH IEPUOTUIESCKOTO TIEPECTPOSHHS PACIETHOM CeTKH U Ap. B wacTHOCTH
B pabore [l] moka3aHO, 4YTO NPUMECHEHHWE METOJa KOHCYHBIX OJJIEMCHTOB HE
oOecrieunBaeT NPHUEMJIEMONH TOYHOCTH PEIICHUS Jake TMpPU MajoM Iare
quckpernzanui. Kpome Toro 1aHHOMy METOy CBOMCTBEHHBI ITATONOTHH, CBI3aHHBIE C
BBIPOXKICHHEM W CHJIBHBIM MCKQXCHHEM PAcueTHON CETKH B 30HE, TAEe MMEET MEeCTO
Oosbive KoHeuHbIe AedopmMaiuu. B To Bpems Kak pacdeTHas MOJACTh MSTKOTO Tela,
MMOCTPOCHHAS Ha OCHOBe MeTona SPH, nuiieHa BhIlie mepednciIeHHbIX HETOCTATKOB U
spisieTcss Oonee A(PGEKTUBHOW B BBIYHCIUTEIHFHOM IUIAHE, MOCKOJBKY ITO3BOJISET
JOCTHYb Tpe6yeM0171 TOYHOCTU PCHICHUA NpPU CYHIECTBECHHO MCHBIICM KOJIMYCCTBE
YaCTHUI[ B MOJICIIH.

1. ITocTanoBKa 3agaun

PaccmoTpeHo uMCIeHHOE pelleHHe 3ajjadyd O COYIapeHWH NTHIBI Maccod M,
IBWKyIeiics mox ynioM 90° (dbpoHTaJbHBIM yaap) K TOBEPXHOCTH aOCOIIOTHO
JKECTKOW Mperpaabl co ckopocThio V. Ha puc. 1 mokazaHna pacueTHas cxema 3a1adu.
B pabote [4] noka3zaHo, mpu ckopocTsx V=100 M/c moBeleHUE MTHUIBI MIPH yAape
OMNKCHIBAIOT C MO3ULMHA THIPOIMHAMUKH, MOAEIMPYS €€ B BHIE LMIMHIPUYECKOTO
cTosI0a KMOKOCTH, 00JaJarolero HU3Koi mpouHocTsio. Ilperpamy momenupyem kKak
TOJICTOCTEHHYIO TUINTY UMJIMHIPHYECKOHM (QOPMBI C COOTHOIIECHHEM JHaMeTpa K
TojuHe paBHbIM 10. Monenb MSITKOro Teja MPeACTaBIseT COOOM IMIMHIPHYCCKUN
o0beM C cooTHOmICHHeM UIMHBI K auameTpy (A=L/D) paBubiM 1Bym. Pa3smepsi
MOJIEJIM MSITKOTO Tejla 3ajaHHoW maccel (mmmHa L u guamerp D) ompenenenst u3
YCIIOBUSI pa3MeIleHUs] 3aJaHHOW MacChl, WMEIOIEH CpeaHEeCTaTUCTHUECKYIO
IUIOTHOCTh, BHYTPU LMJIMHApPUYECKOro oovema. IloBenenne MArkoro Tena mpu yuape
omuchkiBaeTcs cneayroummMu Qyaknusmu: p(X, t) — miotHocth, V(X, t) — BekTop
ckopoctH, 6(X, t) — TeH30p HanpspkeHHH U U(X, t) — yaeibHas BHYTPEHHSS SHEPTHSL.
JanHple (QyHKOMM BXOAAT B KaueCTBE HE3aBUCHMBIX I1apaMETPOB B OCHOBHBIC
YPaBHEHUS! MEXaHUKH CIUIOLIHBIX Cpell: YpaBHEHHE HEPa3pPBIBHOCTH, YpaBHEHHE
W3MEHEHUS KOJIWYecTBAa JBIDKCHHS W YpaBHEHHE  COXpPaHEHHUS  DHEPTHUH.
Maremaruueckasi 3amvch 3THX ypaBHEHUH, a Takke T'PaHUYHbIe, KOHTAKTHBIE H
HayaJgbpHbIE YCIOBUs omucaHbl B pabote [1]. [loBenenue msrkoro Tena mpu ynape
OIUCaHO ypaBHeHueM coctosiaus P=p(p) [5]:

p=Co+Ciun+ Czpz + C3u3, e pu=p/pg—1 — KodbPuUIMEHT KOHIECHCALUH;
Cp=0, C = pocg , Co=(2k-1)C;, C3=(k—1)(3k—1)C;— mapamerpsl ypaBHEHUS
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cocrosiHus; K = 2 — aKcrepuMeHTaj bHas KOHCTAHTa; Co = =1482,9 mM/c — CKOpOCTH
3ByKa B BOJIC.
Hwke npuBeIeHbI YHCIOBBIC 3HAYCHHUS TAPAMETPOB MOJICITH.

Vo

0 B

— X Dia |

Puc. 1 — Pacuemnas cxema 3a0ayu

Macca ntumel M=1 kr, ckopocTs coymapermus V=100 wm/c. I'eomerpuueckue
napaMeTpsl AUl JKecTkoi mperpansl: Dia=438 mwm, t=43,8 MM; aisi MATKOro Tena:
D=87,6 MM, L=175 mMm. O®usnko-mMexaHHYECKHE CBOHCTBA >KECTKOH Mperpajbl:
p=4450 kr/M°, E=100 I'Tla, v=0,3; Markoro tena: £~950 kr/M°, E=1 Tlla, 1=0,3.
ITapametpsr ypaBHeHHsI cocTosiHHS MsTKoro tema: C;=2089 Mlla, C,=6267,1 Mlla,
C5=10445,2 MIIa, P, =-1x10™?ITa, TEROD=10, CEROD=0,001.

PewieHue TpexmMepHON HETMHEHHOM AMHAMUYECKON 3a1a4l O COYAApEHUU MATKOTO
TeJa ¢ )KECTKOM mperpanoi momydeHo mpu momoru cuctemsl LS-DYNA, B xotopoit
peann3oBaHa SIBHAas CXeMa HHTETPUPOBAHHUS IO BpeMeHH [5].

PacuetHas ceTka ams MOJENH )KECTKOM mperpanbl coctouT u3 418 yznos u 192 3-D
8—y3MOBBIX TeKcadIpalbHBIX BJIEMEHTOB TBEpIOro JaeOpMHPYEeMOro Tela ¢
OJTHOTOYCYHOM CXEMOW MHTErprpoBaHus [S]. Monenb MATKOTO Tella OnrcaHa HabopoM
u3 9213 SPH snemMeHTOB ¢ paBHOMEPHBIM IIArOM MEXIY JUCKPETHBIMH YaCTHIIAML.

KonTakTHOE B3aMMOIEHCTBUE MSTKOTO Te€la C MPEerpajod OMUCAHO MOJIEIbIO
Automatic Node-to-Surface ¢ mnpumenenwmem wmeroma mTpadoB IS pacueTa
KOHTAaKTHBIX ycuiui [5].

Bpewmst npoTekanus npoiecca NPUHATO PaBHBIM 1,5 MC U ONpeAessioch Kak Bpems
HEOOXOMMMOE ISl  TIOJIHOW  OCaJKd UWIMHAPHYECKOTO O00beMa C  y4eToM
kod(dunmenra 3anaca passoro 0,9, T.e cormacHo cootHomenuto: T =0,9L/ V. na

WHTETPUPOBAaHUS TI0 BpPEMEHM BhIOpaHa cxema mepBoro rmopsiaka [5]. ILlar
. h;
MHTETPUPOBAaHMS oIpeneneH cieayrommm obpaszom: ot =Cep Minj(——), roe
Ci Vi
CcrL — xoncranTa Kypanra-®puapekca-JleBu, h; — mmvHa crimaxuBaHus, Ha KOTOPOH
OIIPENEIISIOTCS CBOWCTBA YaCTHIIbI, ¢; — CKOPOCTh 3BYKA, Vi — CKOPOCTbH YaCTHLIBL.

2. Pe3ybTaThl YMCJIEHHOIO HCCIe0BAHMS.

Ha puc. 2 moka3aHo u3MEHEHHE IaBJICHHS B TOYKE TOPMOXKEHHS HpH yaape
MSITKOTO TeJjla O JKECTKYIO mperpanay. Pesynbrar mpencrasieH B Oe3pasMepHOM BUIE.
HopmupoBanue BeIWYWH JIABICHUS U BPEMEHHU BBIITOJHEHO CIIEAYIOIUM 00pa3oM:
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HOpMHUpOBaHHOE Bpemsi: To = t/T — OTHONICHHWE TEKyIIEr0 BPEMEHH K BPEMEHH

IMIPOTCKaHHUA ITpoLECCa; HOPMHUPOBAHHOEC IAaBJICHUC!: F_)Sh = Lzh .
poVo /2
HopMHpOBaHHOe 1aBIeHHe Psh
22
20
18
16
14
12
10
8
6
4
2 A AA /J v\" b
0

00 01 02 03 04 05 06 07 08 09 1.0
HopmuposanHnoe Bpems To

Puc. 2. Pacnpedenenue oasnenus 8 mouxe mopmodicerus npu yoape
MSZKO20 mena 0 JHCeCmKYI0 npepaoy

AHanu3upys pe3ynbTaT, IPUBEIeHHBIH Ha pUcC. 2 OTMETUM CIIEAYIOIIee: XapaKkTep
WU3MEHEHUsS JaBJICHUS 10 BPEMEHM MPEIACTAaBIsICT HMITYNbC JAaBleHUs. MoXHO
BBIJICJINTH 1B YYaCTKa Ha KPUBOM, a HMEHHO Y4aCTOK, COOTBETCTBYIOIIHIA aKTUBHOU
(haze ynapa ¥ y4acTOK YCTaHOBHBIIETOCS Te4eHUs. [Jis MepBoOro y4acTka XapakTepHO
pe3Koe HapacTaHHWE JAaBICHMs 3a KOPOTKHH IPOMEKYTOK BpPEMEHH, IOCIE YEro
CleqyeT CIaj JNaBICHHs, CBA3AHHBIM C PACIPOCTPAHEHHWEM BOJHBI pPa3psOKCHUS B
MSTKOM Tene. BTopol ydacTok 0oree JIUTENIbHBIA 110 BPEMEHH U XapaKTePH3YeTCsI
IIOCTOAHCTBOM BCJIMYMHBI AABJICHUA C HE3HAUYUTCIIBbHBIMU OCLHHUJIISAIIUAMU. Bennunna
YCTAaHOBHUBIIETOCS NIAaBICHHSA B [1Ba pa3a BBILIE 3HAYCHMs NABICHHA TOPMOXKEHU,

TIOJIyYEHHOI'0 aHAJTMTHYECKH C ITOMOILBIO BEIPAKEHUS: Py = poVo2 /2.

[lonmy4eHsl U TpoOaHANU3UPOBAHbBI TOJISI PACHPENEICHUs aBJIEHHs, TUIOTHOCTH H
BEPTUKAJILHOW COCTABISIONIEH BEKTOpa CKOPOCTH B MSTKOM TeJl€ JUIS Pa3iIMdHBIX
MOMEHTOB BpeMeHH. Ha puc. 3 u 4 mokazaH xapakTep pacrpeaeneHus Mos JaBlIeHuil
B MPOAOJILHOM U IONEPEYHOM CEUYEHHUSIX MATKOTO Teja sl MPOMEXYTKOB BPEMEHH,
COOTBETCTBYIOIIMX aKTUBHOH asze yaapa.

Ananu3upys 1ojie AaBlI€HUM, OTMETUM CIEyIOlIee: B IPOLECCe B3aUMOJEHCTBUS
MSTKOTO Tejla C Tperpagod (opMupyercs Moje NaBIeHWH C Pa3BUTOW BOJIHOBOH
cTpyktypoil. Ha HauanbHOM 3Tane opMupyeTcs y3Kas 10 BBICOTE M paclpeesicHHas
M0 BCEMY MOINEPEYHOMY CEUCHHUIO O0JNaCTh CXKaTHs, KOTOpas MPUMBIKACT K I'paHHIIC
NsTHa KOHTakTa. JlaBleHne B 3TOW 00NAaCTH MakCHUMajbHO M TMPOAOIDKAET PacTd B
TEUeHHEe NMEepBBIX 14 MKC MOC/Ie KOHTAaKTa MATKOTO Teslda C >KECTKOM Nperpajow, 4ro
COOTBETCTBYET aKTUBHOH (aze ynapa.
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Fringe Levels Fringe Levels Fringe Levels
2.980e+07 1.502e+08 1.333e+08
2.682e+07 :I 1.352e+08 1.200e+08
2.384e+07 _| 1.202e+08 _ 1.066e+08
2.086e+07 _ 1.051e+08 _ 9.330e407_
1.788e+07 _ 9.012e407 _ 7.997e407_
1.490e+07 _ 7.510e+07 _ 6.664e+07 ]
1.192e+07 _ 6.008e+07 _ 5.331e+07 1
8.941e+06 4.506e+07 3.998e007 ]
5.961e+06 3.004e+07 2:aeoe¢o7
2.980e+06 1.502e+07 1.333e+07
+0.000e+00 _| +1.000e-12 _| +1.000e-12 _|
Fringe Levels Fringe Levels Fringe Levels

2.980e+07 1.502e+08 1.333e+08
2.682e407 1.352e+08 :I 1.200e+08
2.384e+07 _| 1.202e+08 _|

20866407 _ 1.051e408 _ ;:Z::::: T
1.788e+07 _ 9.012e+07 _ 7.997e407_
1.490e407 _ 7.510e+07 _ 6.664¢+07
1.192e+07 _ 6.008e+07 _| 53310407 |
8.941e406 4.506e+07 39986407 _
5.961e+06 3.004e+07 2.666e+07
2.980e+06 1.502e+07 1.333e+07
-0.000e+00 _| -1.000e-12_| -1.000e-12

=15 mxc; p=29,8 Mlla =30 mxc; p=150,2 MIla =45 mrc; p=133.3 MIa

Puc. 3. Xapaxmep pacnpedenenus nons 0agienuil 8 MaeKoM meie

Fringe Levels Fringe Levels Fringe Levels
7.422e407 3.679e407 1.794e407
6.680e+07 3.312e407 1.615e+07
5.938e407 _| 2.944e+07 _| 1.436e+07 _|
5.195e407 _ 25766407 _ 1.256e+07 _
4.453e407 _ 2.208e407 _ 1.077e407 _
3.711e407 _ 1.840e+407 _ 8.072e406 _
2.960e+07 _| 1.472e407 _| 7.178e406 _|
2.227e407 1.104e407 5.383e406
1.484e+07 7.359e406 3.589€+06
7.422e406 3.679e406 1.794e+06
+1.000e-12 _| -1.000e-12 _| +1.000e-12 _|
Fringe Levels Fringe Levels

7.422e+07 3.679e+07 Fringe Levels
6.680e+07 ] 1312&07:' 1TMe07
5.938e+07 _| 20446407 _| 1.615e+07 :I
5.195e+07 _ 25766407 1.436e+07 _|
4453407 _ 22086407 | 1.256e407 _
3.711e407 _ 1.840e+07 _ 1.077e+07 _
2.969e+07 _| 1.472e407 | 8.972e+06 _
2.227e407 - - 7.178e+06 _|
1.484e+07 SO 7.350e406 5.383e+06
7.422e+06 3.670e406 3.580e+06
-1.000e-12_| 4.000e42 | 1.794e+06
-1.000e-12 _|
=60 smKc; p=74,2 MITa =75 mKc; p=36,8 MIla =90 mre; p=17,9 MITa

Puc. 4. Xapaxmep pacnpedenenus nons 0agieHuil 8 MaeKOM meie

B ompenenenHblii MOMEHT BPEMEHH BOJIHA JABJIECHUS OTXOAUT OT TPAaHUIIBI MATHA
KOHTaKTa M B3aUMOAEHCTBYET CO CBOOOAHOW MOBEpXHOCTHIO. IIpu 3TOM 00Opasyercs
BOJIHA DPa3psDKEHHS, PACIpPOCTPAHSIOMIASACS OT CBOOONHOW MOBEPXHOCTH K LEHTY.
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CBoOomHass  MOBEPXHOCTh  HauumHaeT naedopmupoBarbes. OOmacTh  CHKaTUS
MPEJCTABISACT COOOW TPHOOBUIHYIO CTPYKTYpY, KOTOpas OTHENSSICh OT TPaHMIIBI
KOHTaKTa, MEPEMEIIACTCs BOJb MATKOTO Telia B HAIMPABICHUU BEPXHETO OCHOBAHMSL.
ITo Mepe moaxoma BOHBI pa3pspKEHUs K EHTPY HAOMIOMASTCs CIIaj JaBJIeHHs U MOCIe
(ha3pl aKTUBHOTO yhapa HACTYIAeT 3Tall YCTAHOBUBIIETOCA TEUCHHUSA, JUII KOTOPOTO
XapaKkTepHa CTaOWIM3aIlus JABJICHUS B MSITKOM TelIe.

Ha puc. 5 nokazan xapaktep U3MEHEHHUsI TIJIOTHOCTH B MATKOM TeJie. B HauanbHbIN
MOMEHT BPEMEHH B 30HE, IPUMBIKAIOIeH K TPaHMIIE MSATHA KOHTaKTa, POpMHUPYETCs
JIOKAJIM30BaHHAsE OO0JaCTh  CXKaTHS, B KOTOPOW IUIOTHOCTh CpPEABl  BHIIIC
MepPBOHAYAIBHOTO 3HadeHus. CleAyeT OTMETUTh, YTO IJIOTHOCTh B OOJIACTH CHKATHS
MEHSIeTCSl He TaK pe3Ko, Kak JaBieHue. l3MeHeHWe IIOTHOCTH B 3TOM oOmacTu
3aBUCHUT OT CTEIIEHU CHKATHUS.

1.013e403 1.006e+03 9.878e+02
1.004e+03 9.908e+02 :I 9.707e+02 :I
9.953e+02 _| 9.753e+02_| 9.536e+02 _|
9.862e+02 _ 9.508e+02 _ 9.364e402 _
9.772e402 _ 9.443e+02 _ 9.193e+02 _
9.681e+02 _ 9.288e+402 9.022e402 _
9.591e+02_| 9133402 || 8.850e402_|

8.679e+02_
8.508e+02
8.336e+02
8.165e+02 _|

9.501e+02
9.410e+02
9.320e+02
9.229e+02 _|

8.978e+02
8.823e+02
8.668e+02
8.513e+02 _|

=30 mKc; =45 mrc; =55 mrc;
Pra=1013 k2/> Pmax=1006 x2/ot’ Prax=988 K/
Pin=923 K2/ot® Prin=851 Ke/st’ Pwin=817 K2/’
9.576e+02 9.552e+02 0.608e+02
ERRECCRALELE 9.340e+02 :I 9.261e+02 :I 9.218e+02 :l
ESEEEEEEPEREREEs  0.103e+02 _| 8.970e+02 _| 8.828e+02 _|
B 5.807¢+02 _ 8.678e402 _ 8.438e402 _
8.631e+02 _ 8.387e402 _ 8.048402_
8.395¢402_ 8.005¢402 _ 7.658e402_
8.150e402_| 7.804e+02_|| 7.269e402 ||
7.923¢+02 | 7.513e+02 6.879e+02
7.687€+02 7.221e402 6.480¢+02
7.450e+02 6.930e+02 6.009€+02
7.214e402 6.639e+02 5.709e+02 |

=90 mKc; =125 mxc; =180 mrc;
Prax=958 /s> Prax=955 Ke/nt3 Prax=961 xe/st®
Pprin=721 K2/m3 Prin=664 k2/mt> Pprin=571 K2/o®

Puc. 5. Xapaxmep usmenenus niomnocmu 6 MacKom meie

Hanee no mepe pa3BuTHs npouecca AeGpOpMUPOBaHUS 00JIACTh CHKATHS, HMEIOLIast
rpuboBUAHYI0 (GopMy, OTHENSIEeTCS OT TPaHMIBl KOHTAKTa W CMEILIAeTcsi BHYTpPb
MsiTkoro Tena. [lpu 3ToM Ha CBOOOJHBIX TMOBEPXHOCTSX (QOpMHUpYETCs 00iacTh
pa3psKeHHs, B KOTOPOIl IJIOTHOCTh CpeAbl HIDKE IMepBOHAaudajibHOTO 3HadeHus. llo
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Mepe paclpoCTPaHCHUsT BOJIHBI Pa3psHKEHUS B MATKOM Tejie (POPMHUPYETCsl pa3BHUTas
00J1aCTh pa3psHKEHMsI, OXBaTHIBAIOIIAS 3HAYNTEIBHBIN 00beM MSTKOTO Tela.

Ha puc. 6 nokazaHo none pacrnpeneneHusi BEpTUKAIFHON COCTaBIISIONIEH BEKTOpa
CKOPOCTH B MSITKOM TeJIe JJIsl Pa3TMYHBIX MOMEHTOB BPEMEHH.

Fringe Levels
2.958e+01

Fringe Levels
5.872e+01

Fringe Levels
2.363e+01

1.663¢+01 :l 1426e401 :I 4285¢401
3.668e+00 _| 1.099e400_| 2.698e401 _|
9.201e+00 _ 1346401 _ 1.110e401 _
2.225e+01 _ -2.582e401 _ -4.768e+400 _
3.521e+01_J -3.819e401 _ -2.064e401 _
48170001 -5.055e+01 _| -3.651e401 _|
S120001 3 6.291€401 -5238e401
-7.408e401 7.527e401 -6.826e+401
-8.704e+01 .8.764e+01 -8.413e401 i
+1.000e+02 _| -1.000e+02 | 1.000e+02 _|
=30 mKc; =45 mKc; =75 MKc;
Vimax=29,6 w/'c Vimax=23,6 w/c Vimax=58,7 w'c
Vomin=-100 w/c Vimin=-100 s/c Vamin=-100 s/c
Fringe Levels Fringe Levels
Fringe Levels 4.109e+01 3.510e+01
5.209e+01 2.700e+01 ] 2161e401
3.769e+01 ] 1.291e+01 _| 8.122e+00 _!
2239e+01 _| 1.181e400 _ -5.360+00 _
7.091e+00 _ “1.527e+01 _ -1.886e+01 _
-8.208e400 _ -2.936e401 _ -3.235401 _
2.351e401 _ 4.345e+01 _| 4.584e401 _|
-3.881e401 _| -5.754e401 -5.933401
<5.410e+01 +7.163e+01 +7.282e+01
-6.940+01 -8.572e401 -8.632e401
-8.470e+01 9.981e+01 | 9.981e+01 _|
+1.000e+02 |
=90 mKc; =125 mxc; ) =150 mKc;
Vimax=52,9 we Vimax=41,9 we Vgmar=30,1.:/c
Vomin=-100 sv/c Vomin=-100 s/c Vonin=-100 s/

Puc. 6. Xapaxmep usmenenusi eepmuxanvroti ckopocmu N7 8 msaekom meie

B pesynbrare coymapeHusi MSTKOTO Tejla C MPErpajgodl MNPOUCXOAUT PE3KOe
TOPMOXKEHHME 4YaCTHIl, NPUMBIKAIOMIMX K TpaHHLE MATHA KOHTakTa. [Ipm 3TOM
OCTaJIbHbIE YaCTHUIIBI MIPOIOJIKAIOT JBUTATHCS 10 MHEPIMH C HEM3MEHHOM HadalbHOM
CKOPOCTBIO.

HccnegoBan xapakTep U3MEHEHHMS BEPTHKAJIBHOM COCTABIAIONIEH BEKTOpa
CKOpPOCTH B XapaKTepHBIX TOYKaxX MSATKOro Tena. [lonmojkeHue XapakTepHBIX TOYEK, B
KOTOPBIX OIPEAEIISIETCS] CKOPOCTh, IOKa3aHo Ha puc. 7.

Ha puc. 8 nokazan xapakrep U3MEHEHHSI CKOPOCTH YaCTHIl B XapaKTEPHBIX TOYKAX
MSTKOTO Tejla B Te4eHHE MOJHOTO BpEMEHHU NpoTeKaHus npouecca. Ha puc. 9 mokaszan
XapakTep HM3MEHEHHMS CKOPOCTH YacTHUI[ MSTKOrO Tejla B TedeHue mepBoix 60
MHUKPOCEKYH/I TIOCTIE COYNapeHHsL.
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Puc. 7. llonoscenue xapaxmepnvix mouex

150 60
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{
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2 2 o 025 @50 075 [ 100 125 150
g 0 5-40 5 /
g o 150 © / 3 |~ B
S S
-80 e -
-100 -100 f‘/‘?/ — s

Bpems t, mc

1-z=0 mm, 2 - z=29,2 mm, 3 - 2= 48,7 mm,
4-7=87,6 Mm, 5 - =175 mm

Bpems t, mc

1-z=0 mm, 2 - z=29,2 mm, 3 - 2= 48,7 mm,
4-7=87,6 Mm, 5 -z=175 mm

X=0 mm X=38,9 mm
Puc. 8. Xapaxmep uzmenenuss ckopocmu 4acmuy 8 XapaKmepuvix
MoUYKaAx MsAcKo2o meia

AHanu3upys MONYYeHHBIE KPHUBBIE MOXKHO OTMETHThH CIIEAYIOIIEe: B TEUCHHUE
nepBeix 10...30 MHKpOCEKyHI MOCI€ COyOapeHHs CKOPOCTb pPaccMaTpUBACMBbIX
YacTUl] MATKOTO TEla MEHSETCS PE3KO, IOCIe 4Yero cjieayeT MepexoJHOH mporecc,
COIIPOBOKIAIOIIMICS CepUeil OCHMIUISAMHA C TMOCIEIYIOIUM IEPEeX0AOM K JTaiy
YCTAHOBHBUIETOCS  JBIDKCHHMS, XapaKTEPU3YIOLIEMYCsl TIOCTOSHCTBOM 3HAu€HHS
CKOPOCTH.

20 60
& 0 N\
© 4 7 ~ 1
2 20 gl A | FNLE ] - § 2 \/ \\ 7
$ SN ¢ o
2
5 20 1 2 5 20
2 o VAN 7R § « L ==
g -60 / V& WLAVE, & w0 [3]/ s |
-80 / / / y \// -80 / > ) 4 5 6 7
48 FL F 2 aw e
Bpems t, Mkc Bpems t, Mkc
1-7=0mm, 2 -7=4,86 um, 3 - 7=14,6 mm, 4 - 7=29,2 um, 1-7=0mm, 2 -74,86 mm, 3 - 7=14,6 mm, 4 - 7=29,2 mm,
5-7=38,9 mm, 6 -7=53,5 um, 7 - 7=63,2 um 5-7=38,9mm, 6-7=53,5 mm, 7 - 7=63,2 um
X=0 mm X=38,9 mm

Puc. 9. Xapaxmep usmenenusi ckopocmu 4acmuy 6 XapakmepHvlX Mo4Kax MsaeKo2o meia
(axmusHas ¢asa yoapa)
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[Mone ckopocTeld  HecTaMoHapHOE IO BpPEeMEHH W TMEPEMEHHO 10
MPOCTPAHCTBEHHBIM KoopauHaraM. Ilo Mepe yhajleHuss 4YacTUIBl OT TOYKH
TOPMOXCHHS aMILTUTYAa KOJIeOaHU BEKTOpa CKOPOCTH yMEHbIIaeTcs. Takke mMeeT
MECTO CIBHT 10 ¢ase.

[Ipoananu3upoBaH XapakTep U3MEHEHHS CKOPOCTH MEPEMEICHHS YaCTHIL (CM. pHC.
10), pacroyioKeHHBIX Ha CBOOOMHOW TIOBEPXHOCTH MSATKOTO Tena (B CEYCHUH
x=38,6 MM, Yy=0), a TakKe U3MCHCHHC paJAWaLHOH CKOPOCTH YaCTHII,
PaCIIOJIOKEHHBIX B IIIOCKOCTH CUMMETPHH MATKOTO Tena B ceueHnu Z=0 (cM. puc. 11).

200 e
180 ~

£ 160 L/

s 4

< 140 7 P

> 120

2 100 /

8 80 / / =

& 60 / ]

S /] .

0 10 20 30 40 50 60

Bpewms t, mkc
1-7=0mm, 2 - 7=14,6 mm, 3 - 7=29,2 Mm
4 -7=38,9 mm, 5 - 7=48,7 mm, 6 - 7=63,2 mm

Puc. 10. Cxopocmv nepemeuyerus c60600HOU NOBEPXHOCHU MASKO20 mMend

200 E——
180 /’ ]

© 160 AN

2 440 /

5 /

S 120

2 100 / A

§ /AT

g 7 S

g 60 7 2

O 40 / > 1
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0 / // /
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Bpems t, MKc

1-X=4,86 mm, 2 - X=14,6 mm, 3 - X=19,4 mm, 4 - X=24,3 mm
5-X=29,2 mm, 6 - X=34,0 mm, 7 - X=38,9 mm

Puc. 11. Usmenenue paduanvhoti cKopocmu 4acmuy Msieko2o meia no paouycy 6 cevenuu =0

AHanu3upys MOJTy4YEeHHBIE KPHUBBIE, OTMETUM CJeAylollee: B MOMEHT KOHTaKTa
MSTKOTO Teja C MPerpajioil YacTHIbI, PACHONIOKEHHbIE Ha CBOOOIHOW TOBEPXHOCTH
MSATKOTO Tejla PasrOHSIOTCA B pPaguaIbHOM HAlpaBiIe€HUH, IMPH O3TOM 3HauEHUE
panuanbHONH CKOPOCTH MEHSETCS PE3KO 3a KOPOTKUU NMPOMEXYTOK BpemeHH. [lanee
CKOPOCTb JIBW)KEHUSI YacCTHIBl B PaJMAILHOM HAlpaBJICHUH OCTAETCS HEU3MEHHOM.
PacdeTHBIM IIyTE€M yCTaHOBIIEHO, YTO CKOPOCTh YCTAaHOBHBIIETOCS JBM)KEHHUS YACTHIL,
pacronoxeHHbIX Ha mnepudepun, B ABa pa3 Oonblie ckopocTH coyaapenus. 1lo mepe
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yAaJleHusT 4YacTHIBI OT TOYKH KOHTakTa B OCEBOM HAINpPaBICHHHM XapakTep
pacripenencHuss CKOPOCTH TEPEMEIEHUS CBOOOIHOW TOBEPXHOCTH CTaHOBUTHCS
TUTaBHBIM. B CBOIO odepens TEHACHIMS M3MCHEHUS paluajlbHONW CKOPOCTH YACTHII B
paanaIbrHOM HAIIpaBJIEHUH MPSIMO MPOTHBOMNONOKHA. [lo Mepe ymaneHus 9acTHIIBI OT
TOYKH TOPMOKEHHS XapaKTep paclpeieleHns CKOPOCTH CTAHOBUTCS OoJiee pe3KuM.

3. BIBOObI

C moMomp0 OECCEeTOYHOTO0 METO/a CITAKEHHBIX YaCTHI[ TOIYYeHO UHCICHHOE
pelieHne 3a7aud O COyIapeHUH MSTKOro Telna Maccoi 1 Kr c JKeCTKOM mperpanoil.
UccnenoBanbl BOJHOBBIE NPOLIECCH], CONPOBOXKAAIOLIME YAAap MITKOIO Tela H
MIOCTPOEHBI MO PacHpeeIeHUs] JaBICHUS, IJIOTHOCTU U CKOPOCTH B MSTKOM TENE
JUISL pa3IUYHbIX MOMEHTOB BpeMeHH. [lons wuccnenyeMbix (U3MYSCKUX BEITUYHMH
SIBJITIOTCS.  HECTAI[MOHAPHBIMM 10 BPEeMEHH U 00JaJal0T POCTPAHCTBEHHON
HEOIHOPOAHOCTBIO. IIpu ymape MSTKoro teia O XECTKYI Mperpagy B MSACKOM Teje
HAOIOMAeTCsl paclpoOCTpaHEHWE W B3aMMONEHCTBHE yHapHBIX BOJNH H  BOJH
paspsbKeHUsl IPYT C JAPYTOM M CO CBOOOJHBIMHU MOBEPXHOCTSMHU. PacyeTHBIM IyTeM
YCTAHOBJICHO, YTO PaJuajbHasi CKOPOCTh YACTUIL] MACKOTO Tela, PacloIOKECHHBIX Ha
cBOOOMHOW TMOBEPXHOCTH B 30HE KOHTAKTa Ha ATAlle YCTAHOBUBIIETOCS TCUCHHS B 2
pasa IpeBbIIIAET CKOPOCTh yaapa.
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IllaHOBHI YNTAYi Ta aBTOPH NbLOr0 30ipHMKAa!

Penakuist BKuBae 3axOfiB 10 NEPETBOPEHHS HAIIOTO MEPIOAMYHOTO BHIAHHS B
HAayYKOBHUH JKypHaJI, IIMPOKO MPEACTABICHNH Y MDKHAPOIHNX HAYKOMETPUYHHX 0azax
JaHHX.

[lepmoro, xo4a maneko HE OCTAaHHBOIO BUMOTOIO 10 JKypHAIy € 3a0e3medeHHs 4-X
MOBHOI[IHHUX 1 CBOEYACHO IMiJrOTOBJICHUX BUIYCKIiB Ha pik. Yekatnmemo Ha Barry
aKTHBHY y4acTh y (popMyBaHHI Ta MOCTIHHIM MIATPUMIN BiANOBIZHOTO MOPTQEIIO
pemakmii. bynp macka, Haacuiaiite Bamn BmacHI cTarTi Ta peKOMEHAAIil 0
omyOikyBaHHs po0OiT Bammx korner Ta yuHis!

BaxnuBy ponp y 37iliCHEHHI HamuX IUIaHIB BifirpaBaTHMe 3pOCTaHHS BIICOTKY
CTaTei, Mo MyOMKYIThCS Y 30ipHUKY aHTIIHCHKOI MOBOrO. Hancunaiite O6e3 BaraHp
Taki poOOTH MO HAmOI pefakiii, SKII0 MaeTe BIIEBHEHICTh HE TUTBKA B SKOCTI
HAyKOBHUX PE3yJbTATiB, ajic W TOTOBI J0 CIHiBPOOITHWIITBA B HANPSMKY JOBEICHHS
TEKCTy IO SKOCTi, BIATOBIAHOI CTaHAapTaM MDXHApPOIHWUX BUAAaHb. 31 CBOro OOKYy
penakuiiina Kojerisi 3a0e3medyBaTHME BiJNOBIOHY SIKICTh peNaryBaHHS BCiX
AHIJTMCPKAX aHOTAlllii Ta cTaTel, HAalMCAHWUX aHIJIMCHKOI0 MOBOIO, BUXOISYH
HPOTATOM HACTYHMHOTO POKY 3 TOrO, IIO BOHHM IOBHHHI CKJIAQJaTH 1O TPETUHH
3arajlbHOTO 00CATY cTaTel, siKi myOmiKyBaTHMYThCSI.

Ha 3aBepmienHs Haramyemo, mo QaxoBi myOrikamii y Hamomy 30ipHUKY TOBHHHI
BIJIMIOBIAaTH MACTIOPTY OJHI€T 3 HACTYNMHUX CIELiaIbHOCTEH (32 HOMEHKIIATYpPOIO, 3a
SIKOFO 3apa3 TOKH IO JI0Th CTIeiaTi30BaHi Paay 3 3aXHUCTy JUCEPTAIliil):

3 i3uUKO-MamemMamuyHux Hayk — CIelliaIbHOCTI:

01.05.02 — MareMaTH4yHe MOJEIIOBAHHS Ta OOYHCIIIOBAIbLHI METOIH,

01.02.05 — mexanika piguHH, Ta3y Ta IUIa3MH,

01.02.04 — mexanika 1e)OpMOBaHOTO TBEPAOTO TiJa,

01.05.03 — maremaTu4He Ta MporpaMHe 3a0e3nedeHHs OOYMCIIOBAIBLHUX MAIIHMH 1
CHUCTEM;

3 MexXHIYHUX HayK - CTeiaJIbHOCTI:

01.05.02 — maTemMaTHYHE MOIETIOBAHHS Ta OOYHCIIOBAILHI METOIH,
01.02.05 — mexanika piguHH, Ta3y Ta IJIa3MH,

05.13.05 — KOMIT'TOTEepHI CUCTEMH Ta KOMIIOHEHTH,

05.13.06 — indopmarriifHi TEXHOIOTI,

05.13.21 — cucremu 3axucty iHdopmariii,

05.13.07 — aBTOMAaTH3AI1is POIIECIB KEPYBAHHS.

ITpocumo 3 PO3yMIHHSAM ITOCTABUTHUCS JIO ACSIKUX YCKJIAJHEHb ITiJrOTOBKH aHOTAI[ii
1o crareid. CripaBa B TOMY, 110 Pi3HI HAYKOMETpHYHI 0231 BUMAraroTh pi3HUX QOpM i
NOKX4MKiB. [louMHAI0uM B)Ke 3 HACTYNHOTO BHUITYCKYy Oyle 3MiHEHO BUMOTH [0
MiATOTOBKH PYKOIUCIB, TOJOBHAM YMHOM Y YACTHHI MiITOTOBKH aHOTAIliH.

3 moBaroro, Pegaknilina KoJeris.



