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YK 007.629.735
A. AJIb-AMMOPH, X.A. AJIb-AMMOPH, A.E. KIIOYAH, AM. AJIb-AXMA/]

HanuonanbsHbIi TpaHCIIOPTHBIN YHUBEPCUTET

BEPOATHOCTHASA MOJIEJIb KOHTPOJISA IAPAMETPOB
OYHKIIMOHUPOBAHUA HHPOPMALMOHHO-YITPABJAIOIINX CUCTEM
BO3YHIIHBIX CYJ10B

B cmamve Ookazano, umo sggexmusnocms U Kauecmeo aA8MOMAMUYECKO20
VIPaGNenus npoyeccos Noiéma CyujeCmeeHHO 3asuUcum om O00CMO8ePHOCU UHGDOpMAYUL,
NOCMYnaemou Ha 6X00 YNpAGIAeMblX SblYUCIUMENbHLIX CUCTEM, Om pPa3luidHo20 pooa
usmepumenei (mMak HA3vbIBAEMbIX OAMYUKOS UHDOpMAYUL), Komopvle KOHMPOIUPYIOM
cocmosiHue U X00 8bINOJIHEHUS Npoyecca noaéma.

Ilpeonacaemcs memoouxa OYEeHOK NOBbIEHUS MOYHOCMU U O0OCMOBEPHOCMU
ungopmayuu npu UHGOPMAYUOHHOM pe3epPeUPOBAHUEM C YYEMOM BIUAHUA QUIUYECKUX
HeO0OCMamKo8 peaibHblX UCMOYHUKO8 UHDOpMaAyuu HA Ka4yecmeo (OYHKYUOHUPOBAHUS
UHDOPMAYUOHHO-YIPABAAIOWUX CUCTEM 8030VULHBIX CYOO8.

Paspabomana eeposmnocmuas mooenv oyeHka 61UAHUSL U3UYECKUX HeOoCmAamKos
UCMOYHUKO8 uHGopmayuu Ha Kavecmeo Gyukyuonuposanus HYC BC u cnocobwv
VMeHbUEeHU MAKUX 6IUAHUL HA De30NACHOCb, pe2YNIAPHOCIb U d¢hheKmusHoCms noiémos.

Kniouesvie cnosa: eepoamnocmuas mooenn, d¢hghexmusHocms, 00CMOBEPHOCHb
uHgopmayuu, UCMOYHUKU UHPOPpMAYyUL.

A. AJIb-AMMOPI, X.A. AJIb-AMMOPI, A.€. KIIOYAH, A.M. AJIb-AXMA/]

HarmionansHu# TpaHCTIOPTHUH YHIBEPCUTET

MMOBIPHICHA MOJEJIb KOHTPOJIIO TAPAMETPIB
OYHKINIOHYBAHHSA IHOOPMAININHO-YIIPABJIAIOYUX CUCTEM
HOBITPAHUX CYJAEH

YV cmammi 0ogedeno, wo epexmusHicmv i AKiCMb aBMOMAMUYHO20 KepyB8aAHHS
npoyecie noibomy iCMOMHO 3aNeH UMb 8i0 00CMOGIpHOCMI IHopmayii, AKa HAOX00UmMs HA
6Xi0 KepOBAHUX OOUUCTIOBANLHUX CUCHEM, 6I0 DI3HO20 pOOY CUCmeM BUMIDIOBAHHA (MAaK
36AHUX 0AMYUKIB IH(hopmayii), AKI KOHMPOIOIOMb CIMAH [ XI0 BUKOHAHHS NPOYecy NOIbOmy.

Ilpononyemovcsa memoouxa OYIHOK NIOBUWEHHS MOYHOCMI | 00CMOBIPHOCH
inpopmayii npu inghopmayitinomy pe3ep8y8aHHiM 3 YPaxyS8aHHAM 6NaUGY PI3UUHUX HEeOOIKI8
peanvrux ddxicepen iHgopmayii Ha AKicmb (YHKYIOHYBAHHS IHPOPMAYILIHO-KEPYIOYUX CUCTEM
nogimpsaunux cyoet.Po3pobneno imosipnicna mooenv oyinka enaugy QisuyHux 6ao oicepein
inpopmayii na axicme @yukyionysanns IKC BC i cnocobu 3meHuieHHs mMaKkux niusie Ha
besnexy, pe2yisApHicmy i ehekmusHicms NOJbOMIS.

Knrwouosi cnosa: imosipuicna moodens, eghekmugHicms, 00cmosgipHicms iHpopmayii,
Oocepena iHghopmayii.

A. AL-AMMOURI, H.A. AL-AMMORI, A.E. KLOCHAN, A.M. AL-AKHMAD

National Transport University

PROBABILITY MODEL FOR CONTROL PARAMETERS IN THE
AIRCRAFT'S INFORMATION AND CONTROL SYSTEMS

Improving flight safety and operational efficiency of aircraft is largely determined by
the quality of operation onboard information management systems. At the same time, special
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attention should be paid to the assessment of the redundancy level of alarm systems and the
control of malfunctions, as well as failures of vital functional systems: operation modes of
aircraft engines, flight, autonomous warning systems of dangerous modes (aircraft engine
fires, icing of control system elements, proximity to the ground, etc.). In such flight situations,
the further development of faults must be localized in a timely manner, since these situations
are associated with the survivability of aircraft. Recognition of such situations is possible on
the basis of the disclosure of the mechanisms, axiomatic representations and realizations. For
this purpose, a theoretical framework has been developed for estimating the probability of
occurrence the events (true event, "false” alarm, non-detection), for adjusting information
sources by changing the trigger threshold ED, so that at given n a given system OBTAIN
providing an equal degree of reduction of false alarm probability p, and non-detection p,

that is ensure equality p,= p,.

When applying the proposed method, it is possible to significantly reduce the negative
effects of the physical deficiencies of individual information sources on the quality of
operation of information and control systems of aircratft.

The article proved that the efficiency and quality of automatic control of flight
processes essentially depends on the reliability of information received at the input of
controlled computing systems, on various meters (so-called information sensors) that monitor
the status and progress of the flight process.

A methodology for assessing the accuracy and reliability of information with
information redundancy is proposed, taking into account the influence of physical deficiencies
of real information sources on the quality of operation of aircraft information and control
systems (ICS).

A probabilistic model has been developed to assess the impact of physical deficiencies
of information sources on the quality of ICS of the aircraft and ways to reduce such effects on
safety, regularity and efficiency of flights.

Keywords: probabilistic model, efficiency, accuracy of information, information
sources.

ITocTanoBKa Mpo0.1eMbI

N3BecTHO, 4TO 3PPeKTUBHOCT U KauecTBO (yHKIMOHHpoBaHus UYC cymiecTBeHHO
3aBUCUT OT JOCTOBEpPHOCTH HH(OpMalMM, MOCTyHaeMod Ha BXOJA  YIPaBISEMBIX
BBIYMCIIUTENIbHBIX CUCTEM, OT PA3JIMUYHOIO POJIa U3MEPUTENEH (TaK Ha3bIBAEMbIX, HCTOUHUKOB
nH(pOpMaIun), KOTOPbIE KOHTPOIUPYIOT COCTOSIHUE U mapaMeTpsl pyHkmuonupoBanus MY C
BOo3aymIHbIX cynoB (BC).

Peanbubie ucrounuku wuHbopmarmu (M) oOnagaroT KOHEYHOM TOYHOCTHIO
MpeICTaBICHHs] KOHTpoIupyeMoil umMu nHpopmanuu. [Ipu 3TOM TOYHOCTh M IOCTOBEPHOCTH
nH(OpPMALIUK OMPENENSIOTCS KaK KOHCTPYKTUBHBIMH OCOOCHHOCTSIMHU, TaK U TEXHUYECKON
HanéxHocThi0 MU M, Kak mpaBuito, He yJAOBJIETBOPSIOT WUIIM HEMOJHOCTBIO YIOBJIETBOPSIOT
TpeOOBaHUSM HOPMATUBHO-TEXHUYECKOW JOKYMEHTAllUM Ha TOYHOCTh M JOCTOBEPHOCTH
nH(OpMaIINY, TTOJJaBAEMOM Ha BXOJIbI BEIYUCIUTENbHBIX cucTeM LY C.

[ToaTomMy mosiBUiIach HEOOXOJUMOCTh PEIICHUS BOIPOCAa O TOYHOM MPECTaBICHUU
nH(OPMALIUY U PACKPBITh MEXaHU3MbI BOSHUKHOBEHHSI OTMOOK KOHTPOJIUPYEMBIX SIBICHHUH B
NYC BC. Takum o00pa3oM MOXHO IOBBICUTH BEPOSTHOCTH MPABUIBHOTO OOHAPYKCHHS
OMMACHBIX MOJETHBIX CHUTYaIlMW, KaK TOXKap JBUTATENs, OMACHOTO COJIMKEHUS C 3eMIIEH,
o0Jie/IcHEHUS PJIEMEHTOB CUCTEMBI YIIPaBJIeHHUs caMmosiéTamu HoBoro nokojeHus (CHIT).
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AHaJIU3 NOC/JIeHUX UCCIeI0BAHUI U MyOJauKauii

[Tpu mepexoxe ot camonéroB craporo mokoieHus k CHII ocobenHo BaxHO Tpu
pemenun mpobaembl 6e3omacHocTr monétoB (BII) m uenoeweckoro dakropa (YD)
paccmatpuBaTh mepexoabl B MYC kak mepexoabl OT aHAJIOrOBOM K HU(POBOM U
MHUKpOTIporieccopHoil TexHuke. OcoOeHHyI0 ClI0XKHOCTh BHecnu HoBble MYC Takue, Kak
KNCC — xommekcHas mHpopmannonHas cucrema curHanuzanun, KMHO — xommiexcHas
MHAWKAIMOHHasA cuctemMa oOctaHoBkHM, KIIM — koMmiekcHble NMUIOTa)XHbIE WHIUKATOPBI,
KIIPTC — koMIUIeKCHBIE MYJbTHl PAJIUOTEXHUYECKUX cpelacTB Hu, B neiaoM, KCIIHO -
KOMIUIEKC  CTaHJApTHOTO  MUJOTAKHO-HABUTAIIMOHHOTO  obOopymoBanus [1-4]. 3to
noTpeboBano0 KauyeCTBEHHOW JOpabOTKM MHOTOKAHANBHBIX CHCTEM PETUCTpallud U
YIIpaBJICHUS [TAPAMETPOB MOJIETA.

Jns oGecnieuenuss Haa&KHOCTH U 3(G(HEKTUBHOCTH MPOLECCOB MONETa HEOOXOIMMO
MIPEJICTaBUTh SKUIMAXy A0cToBepHYI0 MHpopMmaiuio ¢ UYC. [loatomy u3yueHue mpoosiembl
obecnieuenus spdexTuBHOCTH (yHKUMOHMpoBaHUS WNYC sBnseTcss MHOTOCTOPOHHEH U
aKTyaJIbHOM 3a/1auel, TpeOyIomeii HOBBIX IPUHIIUIIOB UCCIICIOBAHMS.

H3BecTHO, YTO KaKk TOYHOCTh, TaK M JOCTOBEPHOCTh KOHTPOJIUPYEMOH HMH(MOpMaLuu
MOKHO CYIICCTBCHHO TMOBBICUTH MYTEM €€ CTaTHCTHYCCKOW 0OpabOTKH, €CJIM IM0JaBaTh Ha
BBIUHUCIUTENBHBIC YIIPABIAEMbIE CHCTEMbl HHPOPMAIIMIO OJHOBPEMEHHO OT Heckonbkux WU
[5-7], moakIrOYaeMBIX TapaienbHO. Takoil cmoco0d BBoxa WHGOpPMAIMKA HA3BIBAIOT
napajyuiebHbIM HH(QOPMAIIMOHHBIM pPE3epBUPOBAHUEM, KOTOPBIM, B MPUHIHUIE, MO3BOJSET
CYLIECTBEHHO TMOBBICUTh TOYHOCTh W JOCTOBEPHOCTh KOHTPOJIMPYEMOH uH(pOpMaluu,
MOCTYMaeMOU OT HEKaYECTBEHHBIX M TeXHUYECKH HeHanexubix MU [8-10].

Ieap ucciaenoBaHus

Llenpto paboThl SIBISIETCS CHUXKEHHE BIUSHUS (u3nueckux HemocratkoB MU Ha
kadectBo MUYC BC u paszpaboTka MaTreMaTHueCKOW MOJENTH ISl OIEHKHU BIHUSHUS 3THUX
HEJOCTAaTKOB U CIIOCOOBI MX YMEHBIICHUS JJISl MOBBIIIECHUS O€30MaCHOCTH, PEryISIPHOCTH U
3¢ PEeKTUBHOCTD MONETOB.

Jns AoCTHKeHHS TOCTaBICHHOW IIeNM HEoOXOAWMO pa3paboTaTh BEPOSATHOCTHYIO
MoJienb MexaHuzMa ¢opmupoBanuss ommOku B UYC u pacKpbiTh OCHOBHBIE MPUYHUHBI
MOSIBJICHHUS 30H HeompeAenéHHOCTeH cpabaThiBaHUsl NAaTYMKOB, MPUBOISIIMX K OMACHBIM
nosietuM curyanusm (OI1C).

N3107xeHNe 0CHOBHOIO0 MaTepHaJsia McCel0BaHUA

Ha puc. 1 wuzobpaxena oOmacte pnedictBus WU, onpenensemas miIomaasio

npsamoyroibHuka OABC. ®ymakmms Y(I) — 370 Qusnueckoe MpOSBICHUE Mapamerpa

KOHTPOJIUPYEMOT0 Tpoliecca B 3aBUCHUMOCTH OT BpemeHu. Jlunms AB ompenenser To
3HayeHue Gynkuun Y(t), mpu xoropom MU HanéxHO cpabaThiBaeT € BEpPOATHOCTHIO

Ply®]=1[5, 6].
) B wuneansnom Bapuante obmacte ABDE
Y B ompenenser TO 3HavyeHue Qynkmuu Y(1), mnpu

A KN

/ \\ KOTOPOM HACTyIaeT SBJICHHEC KOHTPOJIHUPYEMOTO
L cooeprtusi, a obmacte EDCO, cooTBeTcTBEHHO,
o/

ompezaenser ero orcyrcreue. Ilpu a3tom mopor
LA IR

cpabareiBanus MU onpenensiercs muaneit ED .
/ j’) L TR CymectByer 3oHa LPNM , omnpenensronias
1/ N
O

E
#iI
M BEPOSTHOCTh JIOKHBIX cpabareiBanuii MW wmmm xe
HEOOHApY’>KEHHbIE UM KOHTPOJIMPYEMOIO SIBJICHUS,
KOTOpPOE MOKET UMETh MECTO. BenmnurnHa 3TOi 30HBI

HeomnpeaenéHHOCTH olleHnBaeTcs pakropamu Au B .

P
F
D
1
N
.
C

Puc. 1. 3oHa HeonpeaeIeHHOCTH
cpadaTeiBaHus peansHoro MU
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®daktop A ompenensieTcs THCTEPE3UCHBIM CBOMCTBOM cpabareiBanus MU [8], T.e.
peanbHbIii W cpabotaer Torna, korna ¢yHKIusS npu3Haka Y(t) mpesbicut mopor Ip (a He
nopor ED, kak 3T0 mmerno O6s1 Mecto miusa uaeansHoro MU). U, naobopor, peansubiii NN
BBIIACT CUTHAJ OO0 OTCYTCTBHHM KOHTPOJUPYEMOTO SIBIE€HUS Torja, korga Qynkuus Y(t)
MOHU3UTCS O YPOBHS, MEHBIIErO 4eM JUHUS MN . B otinuuue ot peanbHoro MM, naeansHbii
BBIIACT CHTHAI O TOM, 4YTO KOHTPOJIUPYEMOro siBIeHUS HeT, korga GyHkius Y(t)

YMEHBIIUTCS A0 YpPOBHS, MEHBIIEro, YEM YPOBEHb, omperenseMblii nuHued ED. Takum
obOpaszoM, peanbHblii MW cpabareiBaeT ¢ omnpenenéHHOW cTeneHblo "3aTsKKu'". MOXHO
Mmokasarth, 4To 30Ha EIpD cooTBercTByeT BeposiTHOCTH HecpabaThiBanus MU mpw Hamwmann

KOHTPOJIMPYEMOTO SIBJICHUS. BeposTHOCTh onpeaenseTcss COOTHOUICHUEM:

rae K, — uucno cinydaeB u3MeHeHuid ¢yHkumu Y(t), He mpeBbImarImuX mopor lp, mpu
HaJIM4uH COOBITHS; N, — OOlIee YUCIIO cllyyaeB IpeBbinieHus Gpynkuueil y(t) mopora MN.

3ona MEDn, B cBo0 ouepenp, ONpesenseT BEPOATHOCTh Ny JI0KHOTO cpabaThIBAHUS
MU npu 0TCYTCTBUM KOHTPOIUPYEMOTO SIBJICHUS U paBHA

r7Ie m, — YUCIIO CilydaeB u3MeHeHui GyHkuuu Y(t), He BRIXOAAIIUX U3 30HBI Ipnm.
3oHa |ABp cOOTBETCTBYeT BEpOATHOCTH @y [pPaBHIBHOTO OOHAPYKEHUS
KOHTPOJIUPYEMOI'O ABIECHUA U paBHA
Na— Ma

da="—" >
Na

npu4éM, BEIMYMHA Ny — My — HPEICTABISAET YUCIO CllydaeB HpeBbllieHUs QyHkuuei Yy(t)
muaun |p. Takum oOpa3om, ¢akrop A y4HMTBIBaET TOT BapHaHT, Kornma ¢yHkous Y(t)

nerepmuHupoBaa, a MM umeer sABHO BBIPAKEHHYIO THCTEPE3UCHYHO XapaKTEPUCTUKY
cpabaTbIBaHUs U OTIIyCKaHUSI.

®akTop B npeanonaraer, yro ¢pynkuusa Y(t) ciaydaitnas, a U — naeanbHbIl, T.€. HET
SBHO  BBIPQXEHHOTO  XapakTepa THCTEPE3UCHOro  cpaldaThlBaHUSA U OTIYCKAaHMS.
CpabatbiBanue u ormyckanue B MM mpoucxonut Ha ypoBHe ED. B atom ciydae 3ona ELPD
COOTBETCTBYET BEPOSTHOCTH |y JOKHOH TpEBOrH, T.€. YYMTBIBAET T€ CIIydad, KOIJa
KOHTPOJIUPYEMOTO sIBICHUsI HeT, a GpyHkius Y(1) cmydaiitHo mpeBbimaeT mopor ED, HO He
npesbiaet Juauio LP . DTo onpenensercs BeposSTHOCTHIO

Mb — Kb
bp=—7"",
Np
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rie np — obmee uymcio ciaydaeB mnpesblieHus auHUM MN; kp — ducimo cioydaes
pacnpeneneHus ciaydaiHo ¢yHkuun Y(t) B 3ome MEDN; mp - uwncno cioydaes
pacnpenenenus cinydaiiHon Gyuakmuu Y(t) B 3ose ELPD.

BepostHocts dp = Ky, / Np YYUTBIBAET CIy4au pacupesesieHus caydaiiHol (pyHKIUH B
3one MEDN, korma koHTpoiaupyeMoe SIBICHHE €CTh, a ciydaiiHas ¢Gyskmus Y(t) He
npessimaer mopora ED. Bepostaocts ap =(Np—mMp)/Np ~ YUuTHIBAaeT Bce Ciydan
IIPaBUIIBHOTO PACIO3HABAHUS KOHTPOJIMPYEMOTO SIBJIEHHM, Korja ciydaiiHas ¢yHkuus Y(t)
HaxoauTcs B 30He LABP . Ilpu Hammunu ¢daxropa B cumkenne BepostHocteit hyu d), He

3aBUCHT OT KadectBa MU, a 3aBucHUT oT mX KojmuecTBa N. Uem Gompire unciao N MU, tem
BblIIE OYAET BEPOATHOCTD NIPABUIILHOTO OOHAPYKEHHs U TEM MEHBILE BEPOATHOCTH Dy + dy, -

MoxHO TmOKa3aTh, 4YTO 00a (akTopa B3aUMHO HAKIAJbIBAIOTCS M OKa3bIBAIOT
COBMECTHOE BJIUSIHUE HA BEPOSITHOCTU bp U dp, KOTOPBIE MOXKHO ONPEIECIIUTD U3 BBIPAXKEHUI

b:ba"'bb_babo
d :da+db—dadb

Ecou npeanonoxutsb, uro MM MMEOT BBICOKHME KAaY€CTBEHHBIE XAPAKTEPUCTUKU U
CXeéMa COEIMHEHHUS TaKOBa, YTO MHAEKC MaxopuTaHocTH Q =1, TO MOXHO CUMUTaTh, YTO
b~b,, d=~d,.

Bynem cuwntars, uro MW mnpexacraBiser coOOH CHUMMETPUYHBIN KaHal Iepenadu
uHbOpMallUU, T.€. BEPOSTHOCTb IPABWIBHOTO OOHApYy)KEHUS HAJIWYMA M OTCYTCTBHUSA
KOHTPOJIMPYEMOro siBI€HUs paBHa a. Ha puc.l 3Tu 00e BEepOATHOCTH COOTBETCTBYIOT
wiomansm puryp ABPL u OMNC, 1.e. BEpOSTHOCTh 8 MOXKHO OIPEACTUTH F€OMETPUIECKU

[11]:
a=S(ABPL)/S(MABN) = S(OMNC)/S(OLPC)

BepositHoctu b 1 d onpenenstorcs oTHOIICHUEM TLIOMIa i Guryp:
b=S(LPDE)/S(MABN) d =S(MEDN)/S(MABN),

rne S(ABPL), S(MABN), S(OMNC), S(OLPC), S(LPDE), S(MABN), S(MEDN),
S(MABN ) — miomaan COOTBETCTBYIOUIMX MPSIMOYTOJILHUKOB, H300paXEHHBIX Ha pHC. 1.

Takumu xe TCOMCTPUICCKUMHU COOTHOUMICHUAMU MOIKHO NPCACTABUTH U BEPOATHOCTHU
IPaBUIILHOTO OOHApYKEHMsI P, HEOOHAPYKEHHUs [, M JIOKHOU TPEBOTH [, CHCTEMBI U3 N
. BeposiTHOCTB JI0XKHOH TpeBoru cuctembl u3 N VI P; 1 BEpOSTHOCTH HEOOHAPYKEHHS

p2 YMCHBIIAKTCA, a BEPOATHOCTDb pl YBCINYHUBACTCA. COOTBGTCTBGHHO, Ha puc. 1 IJiomanb

¢uryper MLPN ymenbmaercs, a momanb ¢urypel LABP yBenmumBaercs. Bmecte ¢ tewm,
BEPOATHOCTb JIO)KHOM TPEBOTM YBEJIMYUBAETCS 3a CYET YMEHBIIEHUS BEPOSTHOCTU
HeoOHapyxeHuss p,. Ha puc.l aTo coorBercTByeT TOMy, uTo miomans ¢urypsl MEDN
YMEHBIIAETCS IPU OJJHOBPEMEHHOM yYMEHbIIIEHUH o011eit riomann ¢urypst MLPN .

Jns Toro, 4roObl BEPOATHOCTH P, U P, OBUIM BCErAa PaBHEL, T.€. YMEHBIUAIKHCh B

BHOM CTCIICHH JTIMYCHUEM YHCIT MOYH rpyOJIsTh BHPOBAHHBI
aBHOM CTEIICHU C yBEJIHMUYCHUE cia N, MOKHO "3arpyo " pe3e oBa e 1N,
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MOAHSB TIopor cpabateiBanusi ED Ha Gomnee Bbicokuii ypoBeHb s kaxaoro UU. Tlpu stom
rmopor cpadatsiBanus 711 komOuHUpoBaHHOTO MU, cocTosimiero u3 cucremsl N MU, nomxen
paznenuth mwiomanp ¢urypsl MLPN Ha nBe paBHOBenWKHE YacTH W MPOXOIUTH MO JIMHUU
ED. Yporenp mogpéma mopora cpabareiBanus misi kaxmoro MU ompemenum ¢ yaérom
CIICAYIOIIMX COOOPAKEHUH.

[IpupaBHsieM BEPOSITHOCTH P, U P, , 00pa3oBaB ypaBHeHne (N = 2)
b’-2bd =d*

Beeném HoByio mepemennyio X =0/d wu pemmm ypasmenme x> +2X—-1=0.

T10/I0KUTENIBHBIM PELICHAEM ITOTO YPaBHEHHS OyAeT X, =+/2 —1

[Ipu n =3 mogoOHBIM CIOCOOOM COCTaBUM KyOMUECKOE ypaBHEHHUE
X +2x2+3x —1=0.

[TonoXNTETBHBIM PELIEHUEM €T0 OYIET X3 = % -1

[Ipu N =4 mogoOGHBIM CIOCOOOM COCTAaBUM YpaBHEHHE

x'+ax’+ex>+4x —1=0.

[TonoXuTenbHBIM peIIeHueM ero OyAeT x, = i/a -1.
Taxum oOpa3om, aJist 1000T0 N MOXKHO BBIBECTH PEKYPPEHTHOE COOTHOIIEHUE

xn=¥2 -1=Db/d (1)
T.€. MOJKHO YTBEPKJaTh, 4TO JyIs JIToboro uucia M n cymecTByeT 3aBUCUMOCTh
b=(x2-1)

IpH KOTOPOM BEPOATHOCTU P, U P, OyAyT yMEHBIIATHCS B PABHOM CTENEHU C YBEIMYECHHEM
n.

B cootBercTBUHM ¢ BhIpakeHHEM (1) HEOOXOAMMO MOBHIIIATH TOPOT CpadaThIBAaHUS IS
kaxjaoro MM B 3aBMCHMOCTH OT N 11 TOrO, 9YTOOBI BEPOATHOCTH P, U [P, ObUIM paBHEI 1715
JaHHOTO yHucia N.

[Tockonbky b+d =1—a, To MOXHO 3amucarb (R/E —1)d+d =1-a, oTkyna MOXHO

onpenemuts: d =(1-a)/¥2 u b=01-a)&2-1)/42

BeIpaxenue nokassiBaeT, Kak Hajo orperynuposars M myrem m3MeHeHus mopora
cpabatpiBanus ED, 9ToObI mpu 3ajaHHOM N MOJTYYUTH CHCTEMY, OOECTICUHNBAOIIYIO PABHYIO
CTENEHb CHUKEHUS BEPOATHOCTEH P, U P, T.€. 00ECHEYUTh PABEHCTBO P, = P, .

BoIBOaBI

W3 mpoBeIEHHOr0 UCCIEN0BAHUS MOKHO CIIENATh CICIYIOIIUHI BBIBOA:

- uapopmarus ot peampHoro MU Bcerma moctymaer ¢ omnpeAeiEHHON CTeneHbIo
JOCTOBEPHOCTH, KOTOPYIO MOXHO OXapaKTEPU30BATh TPEMsS BEPOATHOCTHBIMU COCTOSHUSAMU
@ — BEpOSATHOCTh MPAaBHIBHOTO OOHApYXEHHs; D — BEpPOATHOCTH JIOKHOW TPEBOTH;
d — BEepOsITHOCTh HEOOHAPYKCHHBIE COOBITHS;
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- mpu yBenudennn uncia N MU MoxHO co3math 3G (HEKTHBHYIO CHCTEMY KOHTPOJIIS

CUTyanu B (YHKIIMOHATLHOM CMBICIIC C TTOMOIIBIO MIPOCTHIX MO KOHCTPYKIIMH, TEXHUUECKH
HaJEXKHBIX U Hepoporocrosmux M.

10.

11.

12.
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B.B. BAHIH, I".A. BIPHEHKO, O.M. 'YMEH,
B.IL. IOPUVYK, IL.M. ABJIOHCBKHNH

HamionanpHUI TeXHIYHUHN YHIBEpCUTET Y KpaiHu
"KuiBcbkuit mosyitexHigHuit iHcTUTYT iMeHi Iropst Cikopcebkoro”

CYYACHUM CTAH I HEPCHEKTHUBHU OJAJIBIIOIO PO3BUTKY
HAYKOBOI IIKOJIV ITPUKJIAJTHOI TEOMETPII
HAIIIOHAJIBHOI'O TEXHIYHOI'O YHIBEPCUTETY YKPATHU
"KUIBCBKUM NOJITEXHIYHUM IHCTUTYT IMEHI ITOPSI CIKOPCBKOI'O"

Buxonano awnaniz cyuacnoco cmamy, OCHOBHUX HANPAMKIE 00CNIONHCEHb, OMPUMAHUX
3000YMKI8 ma nepcneKmus nooaibulo2o po36UMK)Y HAYKOBOI WKOIU NPUKIAOHOI ceomempii
Hayionanvnozco mexuiunozo ynieepcumemy Ykpainu "Kuiecokuti nonimexniunuii incmumym
imeni lzopa Cikopcvkoeo". Ak 2onosny akxmyanvHy memy 6usHaueno nompeody hopmysauHs.
IHMe2poB8anoi KOMHIEKCHOI MemoOoN02il 2e0MempuUyHO20 MOOeN08AHHA  PIZHOMAHIMHUX
mexHiuHux 06’exmis, npoyecig ix euecomoenienHs ma excnayamayii. Okpecneno pso
KOHKPEeMmHUX 3a0a4 w000 NpaKxmuyHoi peanizayii NOCMaegieHux 3a80aHb.

Knouosi  cnosa:  ceomempuune  MOOeN08AHHA,  IHMESPOBAHA  KOMMJIEKCHA
Memooonozis, CMPYKMypHO-napamempuyire @opmoymeopenHs, CKAAOHI
bacamonapamempuyHri OUHAMIYHI cucmemu, MmexHiuHi 00 ekmu.

B.B. BAHVH, I''A. BUPYEHKO, E.H. 'YMEH,
B.IL. FOPUVYK, IL.H. IBJIOHCKUU

HanunonanbHplil TEXHUYECKUNA YHUBEPCUTET Y KPAUHBI
"KueBcknit monntexHuaecknuii HHCTUTYT uMeHn Urops Cukopckoro"

COBPEMEHHOE COCTOSIHUE U NEPCIHEKTUBBI JAJIBHEMIIETO
PA3BUTHUS HAYYHOM IIKOJIbI TPUKJIATHOM TEOMETPUHA
HAIIMOHAJIBHOI'O TEXHUYECKOI'O YHUBEPCUTETA YKPAUHBI
"KUEBCKHUU NOJUTEXHUYECKUN NHCTUTYT
UMEHU UT'OPSI CUKOPCKOI'O"

Buvinonnen ananuz coepemennozo cocmosmus, OCHOBHbIX HANPAGIEHUU UCCLe008AHUI,
NONYYEeHHbIX OOCMUNCEHULl U NepCnekmug OdlbHelue20 pa3eumus HAyuYHoOU UWKOJIb
npukiaoHou ceomempuu Hayuonanonoz2o mexnuueckoeo ynugepcumema Yxkpaunwt ' Kueeckuti
noaumexnuyeckutl uncmumym umenu Meops Cuxopckoeo". B kauecmee 2nasHoll akmyanibHou
yenu onpedeneHa  NOMPEOHOCMb  (QOPMUPOBAHUAL — UHMESPUPOBAHHOU — KOMNIAEKCHOU
MemoOoNo2uU  2e0MempU4ecKo20 MOOeIUPOBAHUS  DA3TUYHLIX MEeXHUYeCKUX O00BbeKmos,
npoyeccog ux uzeomosneHus u sxcnayamayuy. Ouepyen pso KOHKPEMHbIX 3a0ay No
NPAKMUYecKol peanuzayuy NOCMasileHHblX 3a0ay.

Knrouesvie crnosa: ceomempuueckoe mooenuposanue, UHMeZpUpOBAHHASI KOMNIEKCHASA
Memooono2us, CMPYKMYPHO-NaApamempuiecKoe dopmoobpazosanue, CIIOJHCHbLE
MHO2ONnapamempuyecKue OUHamMu4ecKue CUCmembl, mexHuieckue 00beKmaol.
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V.V. VANIN, G.A. VIRCHENKO, O.M. GUMEN,
V.P. YURCHUK, P.M. YABLONSKYI

National Technical University of Ukraine
"Igor Sikorsky Kyiv Polytechnic Institute"

CURRENT STATE AND PERSPECTIVES FOR FURTHER DEVELOPMENT
OF SCIENTIFIC SCHOOL OF APPLIED GEOMETRY OF
NATIONAL TECHNICAL UNIVERSITY OF UKRAINE
"IGOR SIKORSKY KYIV POLYTECHNIC INSTITUTE"

The analysis of the current state, the main directions of researches, the obtained
achievements and prospects for further development of the applied geometry school of the
National Technical University of Ukraine "lgor Sikorsky Kyiv Polytechnic Institute” is
carried out. The necessity of forming a integrated complex methodology of geometric
modeling of various technical objects, processes of their manufacture and exploitation as the
main actual purpose is determined. A number of concrete problems concerning the practical
realization of the set tasks are outlined.

The development of modern technique is characterized by the widespread use of
computer-aided design systems. These systems increase the quality of technical objects;
reduce the cost of their manufacturing and operation. Geometric models of technical objects
are the basis of computer-aided design. Therefore, the problem of further increasing the
efficiency of CAD/CAM/CAE (Computer Aided Design/ Computer Aided Engineering/
Computer Aided Manufacturing) by improving the processes of computer geometric modeling
is quite relevant.

Achievements of the scientific school of applied geometry of Igor Sikorsky Kyiv
Polytechnic Institute are known in the field of multidimensional geometry for the reproduction
of complex objects and processes, structural and parametric geometric modeling of machine
building products, research on the processing of machines and processes of agricultural
production, etc. The scientific research on the generalization and integration of these
approaches is now quite promising. This will make it possible to obtain more universal
geometric models of various technical objects and processes on the basis of certain
theoretical concepts, proposed methods and techniques. As a result, improve the
mathematical, software, informational and methodological support of modern
CAD/CAMICAE for successful reproduction of various complex multi-parameter dynamic
systems.

Keywords: geometrical modeling, integrated complex methodology, structural-
parametric shaping, complex multi-parametric dynamic systems, technical objects.

IlocTanoBka nmpodJjemu

Po3pobnenHHs cydacHOT TEXHIKHA XapaKTePU3YETHCS MIMPOKUM BUKOPUCTAHHSIM CHCTEM
aBromaTtu3oBaHoro npoektyBanHs (CAIIP), sxi 703BOMSIIOTh HE TUTBKH MIiABUIIYBATH SIKICTh
CTBOPIOBAHOI NPOAYKIII, ajge 1 3MEHUIYyBaTH MNpH LbOMY BHUTpAaTH Ta TEepMiHM Ha ii
OTpaIfoBaHHsA. Y 0araTbOX BUIAJKaX OCHOBY aBTOMAaTH30BAaHOTO MPOCKTYBAHHS CTAHOBIISATH
reOMETPUYHI MOJIeNli pO3pOOIIOBAaHUX 3pa3KiB TeXHIKH. ToMmy mpobiemMa MOJaIbIIOrO
migBuieHHs eextuBHOCTI CAIIP 3a paxyHOK yIOCKOHAJICGHHS IPOIIECIB KOMIT IOTEPHOTO
TE€OMETPUYHOTO MOJICIIFOBAHHS € JOBOJI aKTyaTbHOIO.

o 3m00yTkiB HaykoBoi mikonu npukiamaHoi reometpii KIII im. Irops Cikopcekoro
BITHOCSTHCSI HANPSMKH POOIT y Tany3i Oacamosumipnoi eeomempii IS BIATBOPEHHS
CKJIATHUX  O0’€KTIB 1 TPOLECIB, CMPYKMYPHO-NAPAMEMPUYHOLO — 2eOMEMPUUHO2O0
MoOent08an s TPOIYKIliT MAIIMHOOYyBaHHS, TOCTIIKEHHS IOJI0 ONpayio8aHHs MAWUH ma
npoyecieé CilbCbKO2OCNOOApCbKo2o 6upodbHuymea Ta iH. HHWHI TEpCIEKTMBHUMH MOXKHA
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BB@)XAaTH HAYKOBI PO3BIJIKM CTOCOBHO y3araJIbHEHHS Ta IHTErpaiii 3a3HadeHuX miaxomiB. Lle
J03BOJIUTh Ha 0a3i MEBHUX TEOPETUYHUX IOJIOKEHBb, 3alMPOIMIOHOBAHUX METOIB, CIIOCO0IB,
MPUHOMIB Ta METOJMK OTpPHUMATH OUIBII YHIBEpCalbHI T€OMETPUYHI MOJEI Pi3HOMaHITHUX
TEeXHIYHUX O00’€KTiB 1 mporeciB. Sk HaCHiOK, MOKPALIUTH MaTeMaTU4yHe, MpPOrpaMHe,
iH(dopmarriiine Ta MeroaudHe 3abe3nedeHHs1 cydyacHux CAIIP mis ycminmmHOTO BiATBOPEHHS
PI3HOMaHITHHUX CKJIAAHUX OaraTrornapaMeTpUYHUX TUHAMIYHUX CHCTEM.

AHaJIi3 OCTAHHIX T0CTiIKeHb | myOaikanii

[MutanHa BUKOpPHCTAaHHS 3aco0iB 0OaraTOBUMIpHOI TE€OMETpii i MOJETIOBaHHA
TEXHIYHUX 00’ €KTIB BUKJIAJCHO, 30KpeMa, B MyOumikaIisx [ 1-2], cTpyKTypHO-TTapaMeTpUIHOTO
(GhOpPMOYTBOPEHHS — y CTAaTTIX [3—5], T€OMETpUYHOrO MOJIENIOBAHHS MAIWH Ta TPOIECIB
CTbCHKOTOCTIONIAPCHKOTO BUpPOOHMIITBA — y mparix [6—8]. [lpukmagom aeskoi crpoou
iHTerpanii Ta y3araJbHeHHS PO3IJIIHYTUX HAYKOBHX HANpPSAMKIB JOCIIIKEHb MOKE CIIyTyBaTh
pobora [9], AKy MNPHUCBIYEHO TMOEAHAHHIO TEBHUX 3a7ad CTPYKTYPHO-TIapaMETPUUHOTO
(GbOpMOYTBOpPEHHST Ta 0OaraTOBUMIpHOT TeoMeTpil uis 3a0e3Me4YeHHs PallioOHAIBHOTO
aBTOMATU30BAHOTO MPOCKTYBAaHHS TEXHIYHMX 00’€kTiB. OHAK HABEACHI MPHU IIbOMY HAaYKOBI
pe3yiabTaTH MalTh OKpEeMUU (parMEHTApHUN XapakTep 1 MOTPeOYIOTh CBOTO IMOJATBIIOTO
OIpAaIOBAHHS.

Meta pocJainkeHHs

l'onoBHUM 3aBHaHHAM JaHOI MyOumikamii € popMyBaHHS HepeiKy 3aaad, sKi oTpiOHO
pO3B’sI3aTH B TEOPETHUUHOMY Ta MPAKTUYHOMY IUJIaH1 Ui y3araJbHEHHS HampalboBaHUX
niaxo/iB HaykoBoi mkoiu npukiagHoi reometpii KIII im. Irops Cikopcrkoro. Lle 103BoauTh
CTBOPHUTH BIAMOBIIHY IHTETPOBAaHY KOMILJIEKCHY METOOJIOTII0 TEOMETPUYHOTO MOJICITIOBAHHS,
sgKa 3a0€3MeYnTh MiJBUIICHHS EQEKTHUBHOCTI PO3POOJICHHS PI3HOMAHITHUX TEXHIYHHUX
00’€KTIB y BUIJISAI CKIAAHUX OaraTormapaMeTpUYHUX JWHAMIYHUX CHUCTEM Yy CEpEeIOBHIII
CAIIP.

BukJiiajeHHs1 0CHOBHOI0 MaTepiajy J0CaiIKeHHSA

BaxmBuM eranoM y MOJENIOBaHHI OaraTonmapaMeTpUYHUX TEXHIYHHX CHCTEM €
3aJIy9eHHS 3aC001B MPOEKTUBHOI T€OMETPiil AK y3araJlbHEHHS 0araTOBUMIPHOTO €BKJI1JJOBOTO
MPOCTOPY 1 BUKOPUCTAHHS T€OMETPUYHUX MOJENEH 13 MPaKTUYHOK peai3alliero 3aco0amu
HayKoBOi Komm'toTepHoi rpadiku. [logaHHs Momeneil i3 BpaxyBaHHSM B3a€EMO3B’S3KY
3HaYHOTO YHWCJIAa 3MIHHUX T[apaMeTpiB CKIAJHUX JWHAMIYHUX CHCTeM moTpelye
BJIOCKOHAJICHHSI TpaiqHOrO IHCTpYMEHTapir0 0araTOBUMIpHOI MPHUKJIAAHOI T€OMeTpii 1moa0
JOCIIIKEHHS TIOBEIHKHM OaraTornapaMeTpuYHUX 00’ €KTIB 1 MPOLECIB.

Jnst imrocTparlii OCHOBHUX 3alpONOHOBAHHMX IEPCIIEKTUBHUX HAIPSMKIB HayKOBHUX
JOCIHI)KEHb BUKOPUCTAEMO TaKWW CKIATHUNA TEXHIYHMH 00’€KT sk jitak (puc. 1), mesxi
aCTeKTH IHTETPOBAHOTO aBTOMATU30BAaHOTO MPOEKTYBAHHS SKOT'O PO3TJISHYTO Y CTATTi [4].

[Ipy 1bOMY WIMPOKO 3aCTOCOBYETHCS CTPYKTYPHO-TIApAMETPUYHUN MiAXiN, SKUAN
TIOJISITA€ B MO OMPAIbOBYBAHOTO 00’ €KTa Ha YACTUHU, HAITPUKJIIA,

JI = (K,®,0,11,J1) = (1,)°, (1)

ne K=(LUK, TIK, JIK): K — nearporuan kpuna, [1IK ta JIK— mpaBa Ta niBa kouconi; ®=(HO,
MO, XD): HO, M®, XD — HOCOBa, MifieneBa Ta XBocToBa yactuHu (rozensiky; O=(1"0, BO):
I'O ta BO — ropusonranbHe Ta BeptukainbHe omnepenHs; LI=(OII): Ol — o0tiuyHuK mIaci;
J=(I1T", JIT"): IIT" Ta JIT'" — mpaBa Ta J1iBa TOH/I0JIA JIBUTYHIB.

Jlam KOXHMI HaBeICHW KOMITOHEHT OMHCYEThCS TEBHUMU MmapaMmerpamu. Ha puc. 2,
30KpeMa, IMoKa3aHo MapaMeTpuyHe BapianTHe (JOpMOYTBOPEHHS moBepxHi kpuia K, ne by Ta
b, — KopeHeBa Ta KiHIIeBa XOp/ia KpuJja, y Ta L — #ioro Kyt cTpiionoaiOHOCTI Ta po3max.
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Puc. 1. Teoperuuna nosepxus Jjiraka JI:
a —3arajibHUN BUJ; 0 — CTPYKTYpHa cxeMa; ¢ — rpadg BapiaHTiB:
K — xpuno; @ — ¢prozensx; O — onepenns; Il — maci; /[ — nBurynn

bﬁ

0

Y=

L/2

Puc. 2. BapiantHe (popMmoyTBOpeHHs nmoBepxHi kpuia K:
a — reoMeTpPUYHI NapaMeTpH KpWJa y IiaHi; 6 — NPUKJIaA N00y10BAHUX OBEPXOHb

Y nyOmikamii  [5] momaHo gesKi TMHTaHHA JAWHAMIYHOTO  KOMIT FOTEPHOTO
GOpPMOYTBOpEHHSI TAaKMX BY3IiB KOHCTPYKIi KpHula fK JIOHXEPOHH. IX CKIajaHHSA
3MIMCHIOETBCS 32 JIOMOMOTOI TEXHOJOTIYHUX Omepaiidi CBEep/UIiHHSA Ta KICMaHHS,
HaBEJEHUX Ha pHuc. 3.

3k; CT I1C,
/_l

- T1C» -TIC»

[1C>

Puc. 3. Knenanns nosiciB IIC; i IIC; no ctinku CT nox:kepoHa kpuiaa:
a — 3arajJibHUii BUJ; 6 — M0YATOK i 3aBepIIeHHS CBepAJIiHHA 0TBOPY;
6 — M0YATOK i 3aBepIIeHHs KJIeNaHHs 3aK/IenKH 3K;
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3a OKpecIeHHM IMMAXO0A0M MOXYTh OyTH OIpalbOBaHI W 1HIN TEXHIYHI 00’ €KTH,
HaNpuKiIaa, y raay3i BUpPOOHHUIITBA MOBEPXOHb POOOYMX OpPraHiB CLIHCHKOTOCHOJAPCHKUX
MallliH 1 MpoIeciB, HaTOra3oBoi Ta XIMIYHOI MPOMHCIIOBOCTI, METalIyprii, OyIIBHHUIITBA
TOLIIO.

B acnekTti po3poOiieHHs I1HTETpOBaHOT KOMILJIEKCHOI METOOJIOTI T€OMETPUYHOTO
MOJICTIIOBAHHSI TEXHIYHMX OO0’€KTIB, MPOIECIB X BUTOTOBJICHHS Ta E€KCIUTyaTallii 3 METOI0
ycminHoi 11 peanizariii B cepenouini cydacHux CAIIP BaxiuBuUMU € HACTYITHI 3a/1a4i:

— y3araJlbHEHHsS BHKOPHCTOBYBAaHMX METOJIB, CIIOCOOIB, MPHUIOMIB Ta aJITrOPUTMIB
(hOpPMOYTBOPEHHST U1 MOJICTIOBAaHHS PI3SHOMAHITHUX 3a CBOEI0 MPHPOAOID TEXHIYHUX
00’ekTiB (30Kpema, JiTakiB, aBTOMOOLTIIB, BEpPCTaTiB, CUIbCHKOTOCIIOAAPCHKUX MAIIIWH,
MpUIamiB i T. 11.);

— pO3poOJICHHSI TEOPETUYHHMX OCHOB IHTETPOBAHOI KOMIUIEKCHOI — METOJOJIOTIT
reOMETPUYHOTO MOJICITIOBAHHS, 110 BKJIIOYA€ MEBHI MPUHLUIM, MOJOXKEHHS, MaTeMaTHUYHUN
armapar, MeTOIMKH, IPAaKTU4HI PEeKOMEHIaIi1 TOIIO;

— crBopenHs 111 CAIIP nHanexxHoro iHGopMaIiitHOro Ta MPorpaMHOTO 3a0€3MeYeHHS,
SIK1 XapaKTEPHU3YIOThCS MOMIJIMBICTIO JIETKOTO JOTIOBHEHHS PI3HUMH aHATITUYHUMHU OMUCAMU
MOJIeTThbOBAaHHUX 00’ €KTIB 1 MPOIIECiB;

— IIPOBEJICHHS €KCIIEPUMEHTIB JIJIsl IEPEBIPKH HAIMpPaIlbOBaHOI METO/I0JIOT1;

— BIPOBAKCHHS OICPKAHNX HAYKOBHX PE3YyJIbTATIB y MPAKTHUKY.

[Ipy 1mpOMYy T TEPMIHOM «KOMIUIEKCHA METOJMOJIOTIS» MAEThCAd Ha yBasi
MaKCHUMaJlbHe BpaxyBaHHS BHUMOI 0araTbOX XapaKTepUCTUK (KOHCTPYKLIi, MII[HOCTI,
TEXHOJIOT1I BUTOTOBJICHHS, €KCIUTyaTarii, eKOHOMIKH, €KOJIOTii 1 T. J.) Ha TEBHOMY eTarll
JKUTTEBOTO IMKIY TEXHIYHOTO 00’ekTa, TOOTO #Oro mMpoeKTyBaHHS, BHUPOOHMIITBA,
eKcIUTyaTarlii, a mja «IHTerpoBaHa» — 3a0e3neueHHs €(EeKTHUBHOTO IMOEIHAHHS 3a3HAYEHUX
eTaIliB 13 METOI0 ONTHUMI3allli BCIX MapaMeTpiB BUPOOHUYOTO KTy JAHOTO 00’ €KTa Ta BCIX iX
MO>KJIUBUX THITIB BUKOPUCTAHHS.

VY KOHCTpYyIOBaHHI IOBEPXOHb POOOYMX OpPraHiB IPYHTOOOPOOHUX MAIUH Ta 3HAPSIb
y pobortax, sSKi MpOBOAWIMCH Ha Kadeapi, parioHaIbHUM € BHUXiJ Ha TBHUHTOBY JIHIIO
3MIHHOT'O KpOKY [6—8], sika Oysa OCHOBOIO MOJICITIOBaHHS I'BUHTOBUX POOOUMX OpraHiB.

Sxmo B mpoctopi (X, Y, Z) B3atu Touky (Xo, Yo, Zo) (puc. 4), To ii TpaekTopis mpu
MO/ICJIFOBAHHI TPAEKTOPIl TOUKH HAa OBEPXHI TBUHTOBOTO KOMaya BU3HAUYUTHCS PIBHAHHIMHU Y
MOJIAPHUX KOOpAUHATaX (0, ®,Z) HACTyIHUM YMHOM:

(0:V+VO;
z2=Zy+ f(v)
ne:
Xo= g cos Vo, Yo=rg sin Vo.

PosrisiHeMO TpaekTOpito TOUKH, sKa JIGKUTh Ha oci Ox 1 Ha BinctaHi Xo = a BiX
BepTUKaIBHOI oci Oz. JI7s 1i€l TBUHTOBOI JIiHIT 3MIHHOTO KPOKY, 1110 Bigmosigae f(v), Oymemo
MaTH MPOHIEHY JOBKUHY HACTYITHUMH PiBHSIHHSAMU:

X=acosV,
y=asinV;
z =1(v);

a00 y BIAMOBIAHUX MOJIIPHUX KOOPJMHATAX:
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p=a, o=v, z1=1F(). (2)

[{uniaapudHy MOBEPXHIO 13 paalyCcoM @, Ha SKid JIGKUTh TBUHTOBA JiHisA (2), HA3BEMO
OCHOBHOIO 1 Oyzemo no3navaru uepes D.

zh7Z . ‘ﬂ’ir Jns moOynoBuU 1aHOi JTiHIT y TpocTopi
crodatky Ha TwionHi xOz HEO0OXiITHO
Hakpecmutu Tpadik z = f(v), B sskomy x = av,
PO3MITUTH CMYTH TIPSIMUMH, TapajiellbHUMH
Oz, mWUpUHOIO 2am 1 yTBOPUTH 3 TNepHIOi
cmyru ocHoBHuM mwiiHap D. Ilpu upomy
iHmi cmyru noseprath Ha D 330BHI abo
BcepeauHi, 1 Toai rpadik f(v) macte Ha TakoMy
Y WIIHAPI TBUHTOBY JIHIIO.
I3 miteparypHMX JKepen  Biomi
OKpeMi XapaKTepHi BUIAIKH TaKOi JiHii:

X
Puc. 4. [Io6ynoBa rBHHTOBOI J1iHii 3MiHHOT0 KPOKY

1) mpu f(v) = pv — 3BHuaiiHa TBUHTOBA JIiHIS;
2) npu f(v) =h sin v — Bunagox Mansnreiima i1 JlapOy;
3) mpu f(v) =h sinnv, (n#1) — Bunagok Kayruoro.

3Biacu 6aunMo, 10 BUKOPUCTAHHS TBUHTOBOI JIiHIT 3MIHHOTO KPOKY, SIKa € OCHOBOIO
MO/JICJIIOBAHHSI TIOBEPXOHb POOOYHMX OpPraHiB CUIBCHKOTOCIIONAPCHKUX MAIIMH Ta 3Hapsib,
JI03BOJISIE KOHCTPYKTOPAM 3HA4YHO DPO3LIMPUTH BUKOPUCTAHHS CUCTEM aBTOMAaTH30BaHOTO
npoektyBaHHsl (CAIIP) Ta BupimyBaTH pi3HI 3a NpU3HAueHHSAM 3aBaaHHs. Lle mo3Bosie
OKPECJINTH MEPCIEKTUBY BUKOHAHHS MMOJAJIBIINX 3aB/JaHb Ta IPOEKTIB HAYKOBIIIB KaeIpH.

BucnoBxku

CyyacHu#l cTaH, OTpUMaHl BaroMi pe3yjabTaTH 3 OCHOBHUX HAIPSIMKIB OaraTopiqyHUX
JOCHIUKeHb  HAayKOBOI INKOJM MNPHUKIagHOI reomerpii HarioHanbHOro  TEXHIYHOTO
yHiBepcuTeTy Ykpainu "KuiBchbkuil momiTexHiYHHE 1HCTUTYT iMeHi Irops Cikopchkoro"
CBiAYaTh MPO MEPCHEKTUBHICTS 11 MOAAJBIIOTO PO3BUTKY.

CrpyKTypHO-IapaMeTpHUUHE T€OMETPUYHE MOJENIOBaHHSA y IOEJHAHHI 3 3aco0aMu
0araToBUMIpHOI MPUKIIQAHOT reoMeTpii MoXe OyTH 3acTOCOBaHE SK MaTeMaTHYHUI amapar
IUIE  KOMIT IOTEpHOrO (POPMOYTBOPEHHS CKJIaJHUX OaraTomapaMeTpUYHUX JAMHAMIYHUX
cucreM. @opmMyBaHHS  IHTETPOBaHOI  KOMIUJICKCHOI ~ METOAOJIOTii  T'€OMETPHYHOIO
MOJICJIIOBAHHS JI03BOJIUTh Ha 0a3l MEBHUX TEOPETHUYHHUX II0JIOKEHb, 3alPOIOHOBAHUX
METOIB, CHOCO0IB, MPUHOMIB Ta METOAWK OTPUMATH OUIBII YHIBEpCadbHI T'C€OMETPUYHI
MOJIeTIi pi3HOMAaHITHUX TEXHIYHUX 00’ €KTIB 1 MPOIIECIB.
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VIIK 517.987

Yu.P. VIRCHENKO, L.P. DANILOVA
Belgorod State University

DIAGRAMMATIC APPROACH TO GAS-LIQUID PHASE TRANSITION IN
STATISTICAL THEORY

In frameworks of equilibrium statistical mechanics it is proposed the analytic
algorithm of sequential approximations construction when the pressure is calculated in the
lattice gas model. The pressure is assumed as the function that depends on the temperature
and the particle density. The algorithm is built on the basis of the virial expansion. The
obtained thermodynamic function describes the gas-liquid phase transition such that the
density depending on pressure has the jump if the temperature value is less than the critical
one. The algorithm permits to calculate system phase diagrams together with the critical
point. The formula of the pressure obtained at zero approximation corresponds to well-known
average field approximation.

Keywords: lattice gas, interaction potential, partition function, fugacity, chemical
potential, virial expansion, phase transition.

10.I1. BUPUEHKO, JL.IT. JAHUJIOBA

Benroponckuii rocynapcTBEHHBIN YHUBEPCUTET

_ IMATPAMMHBII IOJIXOJ
B CTATUCTUYECKO# TEOPUM ®A30BOI'O MEPEXO/IA I'A3-)KUJIKOCTD

B pamkax gopmanuzma pasHO8eCHOU CMAMUCMUYECKOU MeXAHUKU Npeoaazaemcs
AHATUMUYECKUTl al2OPUMM NOCMPOEHUS NOCTe008AMENbHBIX NPUOTUNCEHUL OJisl 8bIYUCTEHUS
0aBleHUss 8 MOOenU peulemodHo2o 2a3d Kak QYHKYuu om NIOMHOCMU YUCIA YACMuy U
memnepamypbl. Aneopumm cmpoumcsi Ha OCHOBe U3BECMHO20 8 CIAMUCMUYECKOU MeXAHUKe
8UpUANBbHO20 paznodcenus. Ilomyyaemas Ha OCHO8e HNPUMEHEHUs MAKo20 Al2OPUMMA
mepmMooOuHamuyeckas QYyHKyus onucvléaem @hazosvilli nepexoo 2az-HcuoKocms mak, umo
NIOMHOCMb KAK (YHKYUs Om OAaGleHUss UCHbIMbléaem CKA4oK NpU memnepamype Huice
KpUmMuyeckou. Aneopumm no3eousiem euluucisims azosvie OUASPAMMbL CUCHEMbL 6Mecme C
Kpumuueckou moykou. Ilonyyaemas 6 myneeom npubaudxceHuu gopmynra 0aa O0asieHus
coomeemcmayem U36eCmHOMY NPUOTUNCEHUIO CPEOHE20 NOJIAL.

Kniouesvie cnosa: pewiemounsiii 2az, nomeHyuan 3aumoo0eticmsuss, Cmamucmuideckasl
CymMMa, aKMU8HOCMb, XUMUYECKUI NOMEHYUAT, BUPUATIbHOE pA3NodceHue, (ha306bill nepexod

IO.I1. BIPHEHKO, JL.II. JAHUJIOBA

Benropoacekuii aepxaBHUN YHIBEpCUTET

_ JNMATPAMHUI IIAXIZ
Y CTATUCTUYHIN TEOPIi ®A30BOT'0O NEPEXO/Y T'A3-PIIMHA

B pamkxax opmanizmy pieHosadxicHOI cmamucmuuHoi MexXawiku NpOonOHYEMbCSL
aHanimuyHull aneopumm nooy0o6u nociio08HUX HAOIUNCEHb OJIsL OOUUCTEHHsL MUCKY 8 MOOell
Peuimrko8o2o 2azy AK YHKYIl 6i0 winbHOCMI Yucia 4acmunox i memnepamypu. Aneopumm
0y0yeEmMbCst HA OCHOBI BI00MO20 8 CIMAMUCIMUYHIU MeXAHIYI BIPIATbHO20 PO3BUHEHHS MUCKY 3d
cmenenamu  winbHocmi wacmunox p. Ompumana HA OCHO8I 3ACMOCY8AHHA MAKO20
aneopummy mepmoOuHaAMiYHa yHKYis onucye ¢hazosuii nepexio eas-piouna max, wo y Hei €
Kpumuyna mouka npu 3MiHI memnepamypu. Ilpu yvomy npu memnepamypi Hudicue 3a
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KPUMUYHY, 8 3ANeHCHOCMI WIIbHOCMI 8I0 MUCKY, € CMPUOOK. 3anponoHo8aHull aieopumm
0036071A€ 0OYUCTIOBAMU 3A OONOMO2010 PO3KIAOAHHSA 34 CREeYIANbHUM MATUM NAPAMEMPOM V
daszosi (P, T)—i(p, T) — diaepamu cucmemu pazom 3 Kpumuuroo mouxoro. 3 @izuunoi mouku
30py yell napamemp OOPIBHIOE BIOHOWEHHIO paodiyca 83aemolii 00 paodiyca Kopensyil.
Mamemamuyno, napamemp 6600UMbCA 6 MOOENb PeulimKko8o20 2a3y 3a O00NOMO20I0
NPUNUCYBAHHA KOJICHIU Oiacpami Matiepa 6e3 eepuwiuH 34leHY8aHHS a2y, NPONOPYILIHO20
nioxoosauwjoeo cmeneus napamempa V. /i nooyoosu po36UHEHHs 3a CMeneHsAMU V ICHYE
nompeba 6 anpiopuiu iHgopmayii Npo 3HAYEHHS XIMIYHO20 NOMEHYIAny, Npu SAKOMY
8i00ysaemuvcs ¢hasosuil nepexio. Bono Oopieuioe cepeouitl eenuyuni 83aemooii npooHOI
yacmuHku 3 ycier inwor cucmemor. Llei ¢paxm parniwe ecmarnosnenuii Jli i Aneom 0
cucmem 3 nomeHyianamu msxicinus. Bin € nacniokom meopemu npo po3mauly8aHHs HY1ie
CMamucmuyHoi cymu 3a napamempom akmusHocmi z. YV Oamiti pobomi noxazamo, wo ye
Ccnpageonuso 0is 0y0b-1K020 NOMEHYIATY, WO NIOCYMOBYEMbCSL.

Ompumana 6 HYILOBOMY HAOIUICEHHI 3a napamempom Vv gopmyna Ons MUCKy
8I0N0BIOAE HAONUNCEHHIO CAMOY3200CeH020 NOJs. 3HatideHa ¢opmyra O MUCKYy 8
HACMYNHOMY HAOIUdICEHHI, 5Ke Nponopyitne nepuiomy cmenento Vv. Ha ii ocHosi
OMPUMYIOMbCSL NONPABKU 00 KPUMUYHOI MeMnepamypu, 8elIuduHy cmpuobKra wirtbHocmi i 00
dopm kpusux ¢azosux (P, T)— i (p, T) — oiaecpam. Ilpu yvomy, npupooHo, GUABIAEMbCS
3a060poHa Ha iCHY8aHHA (ha306020 nepexody 8 0OHOBUMIPHOI cucmeMi.

Knrwuosi cnosa: pewimkosuii 2a3z, nomenyian 63aemoolii, CMaAmMucCmuiHa cyma,
AKMUBHICMb, XIMIYHUL NOMeHYIal, 8ipiaibHe PO36UHEHH s, (ha308Ull nepexio.

Problem Statement
Statistical theory of gas-liquid phase transition has the large history, but now we have
no a mathematically rigorous method in frames of statistical mechanics for calculation of
some thermodynamic characteristics of the transition even for such simple systems of
statistical physics as gases consisting of one-atom spherically symmetric molecules. In this
communication we point out the way of formulated problem solving. Namely, we propose the
algorithm for the phase (P,T)-diagram evaluation using the so-called lattice approximation

on the basis of the statistical mechanics formalism. This diagram represents the first order
phase transition line which has the critical point. Besides, it permits to calculate the particle
density p as a function on the pressure P such that the function has the jump.

Analysis of Recent Researches and Publications

Let we study thermodynamic system characteristics as functions on intensive
thermodynamic parameters. From mathematical point of view, phase transitions are
manifested in analytical expressions of these functions in the form of some essential
singularities. But, at first sight, there is not such a situation in frames of statistical mechanics
formalism. Beginning form the famous L. Onsager work [1], it is clear that such singularities
appear as a result of so-called thermodynamic limit which represents the necessary stage of
calculation. Works of Lie and Yang [2, 3] have pointed out the concrete mathematical
mechanism according to which such singularities appear when we describe the gas-liquid
phase transition. Moreover, they have shown that we cannot consider thermodynamic
functions characterizing different thermodynamic phases as functions connected with each
other by an analytical continuation procedure. In connection with this fact, there is a prejudice
that it is impossible to study the gas-liquid phase transition by means of so-called virial
expansion, i.e. by series on p powers. But, from other side, one may think that coefficients of

the expansion named irreducible integrals are the full collection of system characteristics at
the thermodynamic limit.
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Description of Main Material of Research
1. The lattice approximation. We propose the solution of the problem which is set in
the introduction having based on the lattice approximation. We use such an approximation
because it permits to simplify essentially the solution of sufficiently routine problem which is
concerned of molecule volume exclusion. Such a procedure is necessary in order to take into
account of molecules rough repulsion at short distances. Let molecules may occupy only the

discrete point collection A ={xeR’:x=a(ne, +n,e, +ne,)} in the cube Q(A) with the
edge aL, a is the lattice constant, e;, j=1,2,3 makes up a fixed orthogonal basis in R*such

that L’ is the number of possible points of molecule space locations |Q(A)|=(aL)’is the

system volume. Let us consider the lattice system of statistical mechanics (see, for example,
[4]) with the Hamiltonian

Hipl=-u 3, p)+ 2. Ux=-y)p(Xx)p(y), M

xeQ(A) (X.y1eQ(A)

where w1 is the chemical potential, U(z) is the central symmetric interaction potential. To
account the rough molecules repulsion, we put U(0)=o . Here, p(X)is an arbitrary

dichotomous function defined on lattice sites A. So, it has the values 0, 1. The interaction
potential U:A — R is supposed as the summable one,

Il =2 V@ (2)

0#zeA

On the basis of the Hamiltonian (1), the Gibbs probability distribution P[p(X)] is introduced
on the space {p(X) € {0,1}:x € QQ(A)} of elementary events. According to this,

P[p(x)]=Z"exp(-H[p]/T)

is the probability of the random realization p(X), where T is the statistical temperature (the
Boltzmann constant is equal 1),

Z="> exp(-H[pl/T)

P00}
is the partition function. The pressure of lattice gas is defined by the formula

P=TInZ/|Q(A)|. 3)

We assign the definite collection X, ={X:;p(X)=1} to each function p(X) with

n= Z p(X). Components of the collection are mismatched and they are defined with an
XeQ(A)

accuracy to component permutations. Then, the partition function has the form

2= 53 VX,

n0 NI x cama)
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where V, (X,) = exp(— Z U(X;—x,)/ T) are Boltzmann’s functions. These functions equal
{ikiel,

to zero when any pair of X -collection components are coincide, z=¢""is the fugacity

parameter. So-called group expansions of the pressure and the particle density on z -powers
are fulfilled [4]

P/T :iz”bn, p:iz”“(nﬂ)bnﬂ.

n=1 n=0

They are differed from group expansions connected with continuous systems such that
integrals on particle locations are changed on summations on their discrete locations in sites
of the cube lattice A, i.e.

b= > ¥ [T Wex-x) )

" X €A™' GeG, {jk}eG

Here, the internal summation is done on all connected graphs G with N marked
vertexes (Mayer’s graphs). In formulas (4) each group coefficient b, (T) has the
thermodynamic limit. This fact is connected with summability of the Urcell function
W(z)=e"®T _1 is summable. It is due to the summability of the potential.

Let the function P(p,T) denotes the pressure defined by Eq.(3). It is represented by
series on density powers,

0

P(p.T)T=p|1-p LS 2 5 M| 5)
dp4in+1

where coefficients £,(T), n€ N are named the irreducible integrals. They are defined by the
formula

ﬂn(T):_ Z z H W(Xj_xk)’ neN.

1
Nl oA GeF,., (ikico

This formula is analogous to that corresponds a continuous space molecule
distribution, but integrations over all space molecule positions are changed by summations.
The internal summation is done on all connected graphs without contact vertexes (see, for
example, [5]). By the same way, it is fulfilled the analogous formula for the fugacity [6]:

z= pexp(—i ﬁ’np”).

2. The algorithm of sequential approximations. Construction of sequential
approximations is based on the use of the expansion (5). It is necessary to determine them for
all collection of coefficients S, (T), NeN. Approximations are built by the introducing a

supplement "small" parameter v into irreducible integrals. From physical view-point, the
parameter v corresponds to the ratio ry/r, where r,is the correlation radius and r,is the

interaction one. Since the rough repulsion of particles is not small, we define new Urcell
function:
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W(2)=W(z,1,)-6,,

with the aim of approximations building. The particle volume is excluded in it. Let us
consider that the function V\7(Z, r,) is small at 7y * < 1. Then irreducible integrals 3, (T) are
represented in the form:

1 ,
pa(M)=— > (-D®B,(G,G), (6)
N!cer, c'co
2661 = 3 (T 3., TT W -x.1).
XneA"  {j.k}eG’ {j.k}eG\G’

The internal summation in Eq.(6) is done on all subgraphs of the graph G . The
particle volume exclusion in coefficients S, (T) corresponds to summations using Kroneker’s

symbols. Due to the introducing of the function V\7(Z, r,), two kinds of edges appear in the
graph G . Namely, the symbols 5xj,xk correspond dotted edges ———, and the functions

V\7(Xj —X, ) correspond continuous edges . The graph G’ is made up of dotted edges. It

represents by some subgraphs G,G,,G,,..., G'=G, UG, UG, U...being not connected with

each other in general case. Then, despite to fact that summations by Kronecker’s symbols is
simply fulfilled, in a result of summations on X,, we obtain a complicated graph with

multiple edges and contact vertexes. We name it as the derived graph. Thus, the summation
on all derived graphs connected with all graphs G with N vertexes should be done effectively

in order to calculate irreducible integrals S, (T). So, it takes place
Theorem 1. For each pair (G,G") , GeF G'cG , there is the map

n+l

N:Z(G,G") > N, such that the following formula is fair for irreducible integrals

A= T T Y [T W9 -x.n)

* GeF,, G'cG X(2(G,G\1HeA* S {jkic2(G,G)
where X(G,G")is the set of derived graph vertexes.

For each derived graph with the pair (G,G'), we calculate the asymptotic of its
contribution to corresponding irreducible integral B (T) when r, — o, in order to determine
the dependence on v of irreducible integrals A (T),

(=T )7K(G7G’) AN '
(D [T UM, -x)dX (5(G,G)\ 1)),

(r3 )m(G,G') )
0 (R3)\Z(G»G')H {j.k}cZ(G,G")

£ (G,G,ry) ~

where k(G,G’) = z N({],k})is the edge number of derived graph with the account of

{ikjc2(6,6)
their multiplicity, m(G,G") = £(G,G") | -1-x(G,G") is the characteristic indicator of derived
graph.
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On the basis of this result, we prescribe the multiplier v ¢ to each term S (G,G’).
So, irreducible integrals are some functions on Vv,

ﬂn(V’T):# 2, 2 CDEVTEOB (GG, B(vT)=4,

* GeF,,, G'cG
Nk
ﬂn(GoG’): Z H WN(U })(Xj_Xk)'
X (2(G.G)\{k })eA*CCI! {j kicZ(G,G")

Thus, we have defined the immersion of lattice gas model into more wide class of
models which is parametrized by the analytic v -dependence. It permits to study quantitatively
the lattice gas system by means of asymptotic expansions on V. Herewith, the original
system is obtained at v =1.

3. The location of phase transition. We propose two important statements which are
necessary for construction of v -expansions. They connected with the determination of phase
transition point location. At first, it is necessary to define the relationship between z and p at

this point. It is done on the basis of the equation:
p=2Mexp(3 5,(T)p"). (7)
n=1

The partition function Z ig a polynomial on the fugacity z According to the Lie-
Yang theorem, all zeroes of are located on the circle with the radius A~ (T) if the interaction
potential have no positive values. Here,

2AM)=exp[->Ux)/T]

XeA

Zeroes fill out densely the circle arc after the passage to the thermodynamic limit
when the polynomial power tends to infinity. The arc does not intersect the real axe. The
phase transition is occur in the system when this arc occupies the circle completely. Naturally,

the point with real value is excluded. Consequently, the value z(T) is equal to A7'(T) at
T <T, when the phase transition occur. We have proved a generalization of the Lie-Yang

conjecture for the case when the potential U is not attractive completely. At such a case, one
cannot assert that zeroes are located on a circle. But, we have proved that they make up the set

that may adjoin to real axe only in the point A7'(T).
Theorem 2. Let p(z,T)=TInZ/|Q|. Then this function satisfies functional equation

p(z.T)=p([2*(M)z]",T) +Tlnz-0U 0.2
ateach T >0.
Consequence. The solution p(z) of Eq.(7) satisfies functional equation

p(@)+p([AM)z]") =1.

At that it is allowed that o(z) may be discontinuous function.
From this functional equation one may find
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Theorem 3. If there are not some critical points in the temperature interval (T_,T.)
which are differed from T_, then the jump of the function p(z) may occur only at the value
z=A"'(T).

Following statements are proved on the basis of the symmetry between completed and
empty sites.

Theorem 4. The value p=1/2 belongs always to the interval [p_(T), o, (T)]of the
density p(z) jump at any temperature T <T_if there is only one phase transition in the

system.
Consequence 1. The critical value p, of the density is equal 1/2.

Consequence 2. The value p(T) of the pressure corresponding to the jump is
determined by the formula

p(T)=P(1/2,T). ®)

4. Zero approximation. To calculate the pressure in the system at zero approximation

P@(p,T)=)_ B,.(0)p"" according to above described procedure, it is necessary to find all
n=0

pairs (G,G’) which define derived graphs with the characteristic indicator m(G,G")=0. It is
proved that such pairs are(G,) where G is the graph with unique continuous edge and all
pairs with n>2 which haveG'=G, G e F,
not complicated to prove the combinatorial formula being valid for graphs with dotted edges:

neN,, ie. all their edges in G are dotted. It is

+1°

> (=D ==(n-1n! nx1

GeF,,;

Taking into account the contribution into the coefficient f,(T) connected with the

unique graph with continuous edge and summing all contributions of graphs with dotted
edges, we obtain

TIPO(p,T)= —ln(l—p)—%zz (e—U(x)/T _1). 9)

XeA

This expression corresponds to the self-consistent field approximation. In particular, at
such an approximation, the pressure has the following form for the model with the nearest-
neighbors interaction (the Ising model)

U(z)=-U,,at|z|=a;0,at|z|#a,
U, >0, a>0 is a lattice constant,
TP (p,T)==In(1-p)-3p* (™" -1)

The expression (9) has the bifurcation point (p,,T.) when the temperature T is varied.

Two equalities 0P /9p =0, 0’P /0p* =0 are fulfilled simultaneously at this point.
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From these equations, we find that p, =1/2 and, moreover, we find the equation determining
the temperature T_. It has the form

> (exp(-U(x)/T)-1)=4. (10)

XeA

It is valid the following assertion.
Theorem 5. If the interaction potential U has negative values at some points of the
lattice A, so there is unique critical point T, >0 that is the solution of Eq.(10).

Uy /T

In particular, the equation (10) takes the form 4 =6(e™" —1) for the above-mentioned

-1
Ising model. It has the explicit solution T, =U, [ln(S / 3)} .
At zero approximation the phase (P,T)-diagram is found on the basis of Eq.(8):

p(M)=T ln2—éT2(eU(x)/T -1).

XeA
Such a function p(T) possesses the following properties.
Theorem 6. The function p(T) is concave and it monotonically increases at the

segment [T,,T.] where T, is defined by the condition p(T.)=0. The pointT, is the unique
solution of the equation:

8ln2=> (e -1).

XeA

Particularly, for the Ising model, we obtain:
p(T)=T 2 —%T (e -1).

At last, extreme points p, (T) of the density jump that takes place at the pressure value
p(T), are determined by extreme solutions of the equation:

p(T) =P (p.(T).T),

that is equivalent to the equation:

—ln(l—p+(T))—%(pf(T)—%)Z(e‘U(XW ~1)=In2.

XeA

The function p_(T) monotonically increases on temperature and the function p, (T)
monotonically decreases.

Asymptotic of the jump value has been calculated explicitly at small temperature
deviations A =T, —T > 0 from the critical point:
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p+(T)—p(T)=a£,a>0-

c

Thus, the critical exponent of the order parameter, i.e. the critical exponent of the jump
value is equal to 1/2. It is in agreement with the Landau thermodynamic theory of second
order phase transitions.

5. Correlation approximation. Such a term corresponds to first order approximation
on the parameterv :

d 0 pn
P(l)/Tz— 2 1) ,T , Q] ,T — (1)’ 11
p —dpQ (p )) Q" (p,T) n§=2(n+l) el (11)

since in this case the pair correlation function does not vanish. To calculate the coefficients”

=L Y (C)¥5,6.6),

NG, 6'eem©.6)1

B,(G,G") = > [T WM x,-x,),

X (2(G,GO\{1)eAFCCI (jKicZ(G,G")

it is necessary to describe the class of pairs (G,G’), G € F,,, which generate the derived

+1°
graph with the characteristic indicator m(G,G")=1. It is proved that such graphs are
represented in the ring form. Such rings are made up of continuous edges and their “effective
vertexes” are represented by some arbitrary graphs of dotted edges which have no any contact
vertexes. It is necessary to find the description of all such graphs. In a result of solution of this
combinatorial problem, by summation of contributions 5, (G,G") of graphs with fixed vertex

number N> 2, one may find the coefficients:

ﬂrgl) _ nzﬂ s-1 (_I)S—m(n +1)(S—1\(n—m)! z lm[(e—lj(x‘—xm)/T _1)’ (12)

o mo 2(n+1-s)! k m )(S_m)! X eA™ t=l

The series (11) with coefficients (12) is summated explicitly. Taking into account
the expression P”(p,T) in a result, the formula of the pressure is obtained with the

accuracy of the first order:

LP(pT)=-In01-p) -2 3 0T 1) (3¢ 97) -

XeA
a’ d

2
167[3'0 dp

p [In(1=p(1- p)[W (k) ])dk,W (k) = 3 (VT —1)e i
A XeA

Here, we use the sum of triple Fourier series of the Urcell function. The formula
represents the periodic function on the space R’of wave vectors k . The function period is
the so-called Brillouin zone A =[—x /a, 7 /a]’ of inverted lattice corresponding to the simple
cubic lattice A = {X = a(ne, +n,e, +n,e,); n; =0,1, 2,3,...}.

On the basis of the obtained expression it has been calculated the correction of first
order for the critical temperature,
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a1V i 1] -1 Ueom _1)2 a_3 VV(k)(4VV(k)—3)
5T = 2[;U(x)exp( Jx)/T,)] [XEZA:(e 1) +— { (i) dk], (13)

where T =T, in the integrated expression and, therefore, T =T, in the Urcell function W ie.
W(0)=4.
Then, the convergence of the integral should be understood according to the main

sense.
Strictly, it has been calculated the correction ¢ p(T) of the phase transition point p(T)

T5pT)=T'PU(1/2,T) =%Z(e-u<x>” ~1)*-G,(1/2),
XeA
3

G,(1/2) = [In(1-W(k)/4)dk.

16772

A

At last, corrections of jump extreme points are found with the same accuracy:

1 p(M{A=-p.(T)

Sp,(T)= _
P = (=p. M. (T W,
a’ (1_10i(T))2V\_/(k)_ dk +(1-2 _U)/T _1)?
xhﬁ{l—pﬂ)(l—pﬂ))vv(k) . pim)x;(e yl
Conclusions

Firstly, we note that one may calculate the pressure P(p,T) by the analogous way
with any accuracy on v-powers. It may be done by evaluation of functions
PX(p,T)=-p*(dQ"Y /dp), with coefficients 5 being proportional to v*, k =2,3,.... The
phase transition of first order is manifested by first two approximations. Secondly, we point
out that the expression under the integral defining P (p,T) exists only in the case when the
following conditions are fulfilled

p(l—pW™ <1, W™ =max,_ {W(K)}.

Thus, the function P(p,T) has the natural domain
p< pEm) = %(1—(1—4/W(m))1/2), o> pim) E%(1+(1—4/W(m))1/2),

at the approximation pointed out. By other words, the inverse function that represents the
dependence of p on P has the jump by the natural way at this approximation.

Besides, we note that 0T = oo, if the formula (12) of the correction 0T . is applied
formally for the one-dimensional case. Thus, the self-consistent field approximation
(averaged field approximation) is not correct. This fact is very important since the application
of this approximation caused doubt in statistical physics due to the fact that it predicts the
phase transition for one-dimensional systems, but it is known the statement that phase
transitions are absent in one-dimensional systems with summated interaction potential [4].
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YK 519.85
O.M. TAHUIIH, BM. KOMSK

HauioHaneHMii YHIBEPCUTET LIUBIJIBHOTO 3aXUCTy YKpaiHu

3AIAYI YITAKOBKH TA PO3KPOIO B PO3B'SAI3AHHI ITPUKJIATHUX 3ATAY

Oouiero 3 npobiem Ha cbo20OHI € Opeanizayis Keposanoi esaxyayii noodetl 3 0yOisensb
3a HeOOXIOHUUL HacC, WO PO3PAXOBYEMbCS, BUX00AYU 3 IX 00'eMHO-NIaHY8ANbHUX piwenb. [1i0
uac MoO0enio8antsa pyxy nooel, AKi anpoKcumMylomscs HAbOpoM elincie, 8UHUKAE 3a0ada ix
WIIbHO20 PO3MIWEHH 3 pPI3HOIO JOKAIbHOK WINbHICMIO, AKA BUHUKAE 6 36'd3KY 3
VPAxXy8aHHAM DI3HUX MIHIMAIbHO OONYCMUMUX 6iocmawneu Mmixc enincamu. Jlompumanus
maxux siocmarell BUKIUKAHE YPAXYBAHHAM HUZKU OOMeHCeHb, ceped AKUX MONCHA SUOLTUMU
PyX odell i3 pi3HOI0 WEUOKICMIO, YPAXYBAHHAM iX MAHe8PEeHOCH, KOMGBOPMHOCMI Mowo.

B pobomi 3anpononosana mamemamuuna mooenv 3a0ayi Onmumizayii po3miujeHHs
enincie 8 uacmumi 0ONIKY HOPM [ MEXHONIO2IUHUX 0OMedceHb HA Napamempu po3MiujeHHs
00'ekmis, wo 003601UN0 NpedCmMasuUmMu  3a0ayy MOOENOBAHHA pPYXy Jaiooetl, AKi
ANnpOKCUMYIOMbCA eNINCAMU, Y 8UNA0L 3a0adi 2e0MEeMPUUHO20 NPOEKMYBAHHS.

Pospobneno memoo mamemamuunoco MoOeno8anHs nepemiujeHHs  enincie 8
00HO038'A3Hill 001aCMi 34 KpUMepieM MAKCUMYMY CYKYNHO20 iX nepeMiujeHHs 3 YPaxy8anHaM
PI3HUX, NO 3A0AHUM MEXHOLOIYHUM OOMENCEHHAMU, MIHIMATLHO OONYCMUMUX 8i0cmaHel
MIJIC HUMUY, WO O0360AUN0 POSWUPUMU KIAC PO38'A3Y6AHUX AKMYANbHUX NPAKMUYHUX
3a60amb.

Kniouosi cnosa: posmiwenns, ceomempuune npoekmysanhs, Mamemamuina mMooeib,
HeNIHIUHA onmumizayis, iHOUBi0YaIbHO-NOMOYHULL PYX.

A.H. JAHWJIMH, B.M. KOMK

HaumonaneHbIil yHUBEPCUTET TPaXKIAHCKOW 3aIIUTHI Y KPAUHbI

3AJAYHM YITAKOBKH U PACKPOS B PEHIEHUU ITPUKJIA/THBIX 3ATAY

Oonoii uz npobaem ce200Hs A6IAEMC OPLAHUZAYUSA YIPABTIAEMOU I8AKyaAyUU JH00ell
U3 30aHuUll 3a He0OX0OUMOe 8peMsl, PACCHUMbIBAEMOe, UCX005 U3 UX 00bEMHO-NIAHUPOBOUHBIX
pewenull. Bo epems moodenuposanus 08udiceHus n100€l, Komopwvle annpoKCUMUPYIOMCs
HaboOpoOM JIIUNCO8, BO3HUKAEM 3a0ayd UX NIOMHO20 PAMEWEHUs C PA3HOU JIOKATbHOU
NIIOMHOCMbIO, KOMOPAsL BO3HUKAEN 8 CA3U C YUemoM PA3IUUHbIX MUHUMATLHO OONYCIMUMbIX
paccmosnutl mexncoy Humu. CoOnrooeHue makux paccmosHull 6bl36aHO YY4emom psod
O02paHudenull, cpeou KOmopbvlxX MONCHO GblOEIUMb O8UdICEHUE NH00el C PA3HOU CKOPOCMbIO,
VUemom ux Mane8peHHOCmu, KOM@BOpMHOCmuY u m.o.

B pabome mpeonodcena mamemamuueckas ~MoOenb  3A0aAyU  ONMUMUIAYUU
pasmewjenus JLIUNCO8 6 UACMU YYyemd HOPM U MEXHONOSUYeCKUX O2PAHUYeHUll Ha
napamempbl pameujenus 06vbeKmos, 4mo no380aUN0 NPeoCmasums 3a0ayy MOOeIUPoSanUs
08uUdiICeHUsL  H00ell, KOMopvle  ANNPOKCUMUPYIOMCS — ONIUNCAMU, 6  8ude  3a0ayu
2e0MempuieckKko20 npoeKmupOBaHUsL.

Paspaboman memood mamemamuyeckoeo MoOenupo8aHusi nepemeujeHus: dIUNCo8 8
O0OHOCBA3HOU 001ACMU NO KPUMEPUIO MAKCUMYMA COBOKYNHO20 UX NepeMeujeHuUsl ¢ y4emom
PA3IUYHbIX, NO 3A0AHHLIM MEXHOLO2UYECKUM O2PAHUYEHUSMU, MUHUMATLHO OONYCIMUMbBIX
PACCMOAHULL MeHCOY HUMU, YMO NO3B0AUNO PACUWUPUMb KIACC peulaemvblx aKmyaibHblX
NPAKMU4ecKux 3a0au.

Kniouesvie crosa: pazmewenue, ceomempuueckoe npoekmuposanue, Mamemamuyeckas
MoOeb, HeTUHEUHAs. ONMUMU3AYUS, UHOUBUOYATbHO-NOMOYHOE O8UNMCEHUE.
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AN. DANILIN, V.M. KOMYAK

National University of Civil Defense of Ukraine

PROBLEMS OF CUTTING AND PACKING IN SOLUTION OF APPLIED TASKS

One of the problems today is the organization of the controlled evacuation of people
from buildings for the required time, calculated on the basis of their space-planning
decisions. During the simulation of the movement of people who are approximated by a set of
ellipses, the problem arises of their dense placement with different local density, which arises
in connection with taking into account the various minimum allowable distances between
them. Observance of such distances is caused by taking into account a number of restrictions,
among which we can distinguish the movement of people at different speeds, taking into
account their maneuverability, comfort, etc.

The problems of optimum ellipse packing belong to the class of NP-hard problems.
The issues of development of efficient algorithms based on application of local optimization
methods, construction of adequate mathematical models based on the analytical description
of the ellipse interrelations taking into account their continuous translations and rotations are
of vital importance.

A generalized model of optimal placement of unoriented ellipses according to a given
quality criterion and taking into account different, according to given technological
limitations, minimum allowable distances between them, has been built and its features
studied.

The proposed mathematical model of the problem of optimizing the placement of
ellipses in terms of taking into account norms and technological constraints on the
parameters of placing objects, which allowed the problem of modeling the movement of
people approximated by ellipses to be presented as a geometric design problem.

A method for mathematical modeling of the movement of ellipses in a simply-
connected area was developed according to the criterion of the maximum of their aggregate
movement, taking into account different, according to given technological limitations,
minimum allowable distances between them, which made it possible to expand the class of
actual practical problems.

Developed algorithmic and software, carried out a computer simulation of the optimal
placement of ellipses in rectangular areas for a given quality criterion. This made it possible
to solve a wide range of practical problems, which in their statements can be reduced to
problems of optimal placement of ellipses, taking into account the minimum allowable
distances between them and their continuous broadcasts and rotations.

Keywords: placement, geometric design, mathematical model, nonlinear optimization,
individual-and-flow movement.

ITocTanoBka npodaemMu

3amaui ymakoBku Ta poskporo (Cutting & Packing), 30kpema 3amaui onTUManbHOL
YIIaKOBKM EJIINCIB, $KI Ha3MBAIOTbCA TAKOX 3aJayaMH ONTHMAJbHOTO pO3MIIICHHS, €
MPEAMETOM JOCHIDKEHHS OOYMCIIOBANIBHOI TeoMeTpii, a MeToaM iX po3B’sI3aHHSI —
HaNpsSMKOM Teopii AoCHipKeHHs onepariit. Lleit knac 3a1au Mae MMPOKHIA CIEKTP HAYKOBUX 1
MPAaKTUYHUX 3aCTOCYBaHb y MOPOIIKOBINA MeTanyprii, TipHUY0100yBHIN MTPOMHCIIOBOCTI JIJIs
MOJICJIIOBAHHS PyXy CHUIIYYMX PEUOBHH, aHaJi31 CTPYKTYp PIIMH Ta CKJIA, 3a/1a4ax JIOTICTUKH
IUIT MOJICNIOBAaHHS ONTHUMAJIbHUX YIAKOBOK BAaHTAXIB, IO MAaiOTh (OPMY EITINTHIHOTO
HWIIHApA, B 3aJadax eBakyauii gromed 3 OyaiBenb NpH MOAETIOBAHHI 1HAMBITYaIbHO-
MOTOYHOTO PYXY JIIOJICH, 10 alPOKCUMYIOTBCS EIINICaMu.
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3 TOYKM 30pYy METOJIB MOJETIOBAHHS, BHILIEHABEACHI KJIAacH MPUKIAJHUX 3ajad
HaJIeKaTh O KJIACy 3aJlad F€OMETPUYHOTo NpoeKkTyBaHHS [1] 31 crerudiuHo0 CHCTEMOIO
oOMeKeHb, fIKa MOB’s3aHa 3 X TeOMETPUYHUMHU BIIACTUBOCTSMHU.

HesBakaroun Ha HasBHICTh PI3HOMAaHITHHX MOJENEH 1 METOJIIB pO3B’S3aHHA 3ajad
r€OMETPUYHOTO0 TPOEKTYBaHHsS, BOHM, fAK 1 paHillle, € aKTyaJbHUMH B THUX Taly3sX,
dbopMaizailis SKUX HEIOCTaTHS JUIS 3aCTOCYBaHHS HAsSBHUX MOJENEed Ta METOJIB, sKi
MOB’s13aH1 3 HEOOXIAHICTIO BpaxyBaHHS OCOOJIMBOCTEH mpeameTrHoi oOmacti. Lle, y cBoro
4epry, IPU3BOIAMUTH 10 HEOOXiTHOCTI (pOpPMYITIOBaHHS MOCTAHOBOK HOBHX 3aj[ad Ta pO3pOOKH
HOBHUX METO/IIB X T€OMETPUYHOT'O MOJIETIOBAHHS.

OpHiero 3 Mpo6sieM Ha ChOTOJIHI € OpraHi3allisi KepoBaHOI eBaKyallii el 3 OyaiBens
3a HEOOXIHUM dYac, IO PO3PaXOBYETHCS, BUXOASYH 3 iX 00'€MHO-TUIAHYBaJbHUX PIIICHb.
HeoOXigHiCTh  pO3paxyHKYy MapaMeTpiB JIIOJCBKUX IOTOKIB BHKJIMKala OCOOJIUBY
3aIliKaBJICHICTh 10 TeoiH(OpPMAIliHHUX CHUCTEM: CHMYJISTOPIB HATOBIY, SIKi J1alOTh
MOJKJIUBICTh BUMIPIOBaHHSI, ONITUMI3allii Ta Bi3yai3allii MoTOKIB JrOjel npu ix eBakyairii. Ha
CHOTOJHI BIJICYTHI MOJIEJIi 1HIUB1AyaTbHO-TIOTOYHOTO PYXY JIFOJICH, sIKI aJICKBaTHI peabHOMY
MOTOKY. IHTEepec 10 MOJelni MOTHUBYEThCS HEOOXIAHICTIO yBaru A0 pyxXy JoAed 3
00OMEXEHUMH MOOUTBHUMH MOKJIMBOCTSIMH B TOTOIll 3MIIIAHOTO CKJIAAy B JOCHTH IIMPOKIH
HOMEHKJIATYpl TPOMaJICBKUX Oy/iBeb Pi3HUX KIaciB (yHKIIOHAIBHOI MOKEXKHOT HeOE3MEeKH.
[Tix vac MoaemOBaHHI PyXy JIOJEH, SIKI alPOKCUMYIOThCS HAOOpOM EJIIICIB, ICHYE 3a7a4a ix
IIUIBHOTO PO3MIMICHHS 3 PI3HOK JIOKAJIhHOK IIUIBHICTIO, SIKa BHUHUKAE B 3B'SI3KY 3
ypaxyBaHHSIM PI3HUX MIHIMQJIBHO JIOMYCTUMHX BiJICTaHEH MK efircaMu. JJoTpuMaHHs TaKux
BiJICTaHEH BUKJIHMKAaHE ypaxyBaHHSM HU3KH OOMEXEHb, Ce€pell SKMX MOKHA BUIUIUTH PyX
JOJIeH 13 PI3HOIO MIBUKICTIO, YPaXyBaHHIM X MAaHEBPEHOCT1, KOM(POPTHOCTI TOIIIO.

AHaJIi3 OCTaHHIX JOC/TIIZKeHb Ta mMyOstikamnii

AHayi3 HasBHUX MOJIENICH Ta METOJIB, SIKI PO3POOJICHI PI3HUMH HAYKOBUMH IIKOJIAMHU
VYKkpaiHu, a Tako)X MOJeNel Ta METOMIB ONTHMI3alliifHOr0 IeOMETPUYHOTrO MPOEKTYBAHHS, IO
CTBOpEHI SIK BITYUM3HSIHUMHU, TaK 1 IHO3EMHUMH BUCHUMH, TTOKa3aB, 10 B KJ1acl 3a71a4 pO3MIIICHHS
EJIICIB 3aCTOCOBYIOTh €BPUCTHYHI MeTOAM ab0 ampoKCHMAIlI0 edirnciB HabopoM 0a3zoBHX
00’€kTiB, a00 PO3IIIANAIOTh MUTAHHS YIAKOBKH ENINCIB 3 ypaxyBaHHSIM iX HEMEpepBHUX
TpaHCIALINA 1 00epTaHb JJisi HEBENUKOro uucia o0'ekTiB (mo 120), mo poOHUTH CKIaTHUM
PO3B’sI3aHHS HU3KU aKTyaJlbHUX MPAKTUYHUX 3334, TAKUX SK MOJICIIOBAHHS 1HIMBIIyaJbHO-
MOTOYHOTO PYyXY JIIOJCH, MOJICIIOBAHHS CTPYKTYPH CHUIY4IHX MarepianiB Tomo. Lle mo3Bomse
3pOOUTH BUCHOBOK ITPO HEOOXIMHICTH MPOBE/ICHHS HAYKOBHX JOCIIKEHb CTOCOBHO 301IBIIICHHS
BUMIPHOCTI 33[a4 ONTHUMAILHOTO PO3MIIICHHS 3a3HAYEHOTO KJIacy OO0’€KTIB Yy BiIIOBITHUX
00JIacTsX, OCKUTBKHU JIaH1 33/1a4i € aKTyaIbHUMH 1 MAIOTh ITPAKTUYHY 3HAYYIITICTb.

Merta gocaikeHHs
CTBOpUTH MaTEMaTUYHY MOJIEITb Ta METO]T 1HINBITyaTbHO-IIOTOYHOTO PYXY JIFOJCH.
BukJiiazieHHsI 0CHOBHOI'O MaTepiary J0CTiIzKeHHS

CdopmynroeMo — y3aralpHEHY TIIOCTAHOBKY 33jadyi  ONTUMAIBHOTO  PO3MIIICHHS

HEOPIEHTOBAHMUX EJIICIB y OJHO3B sA3HINA oOsacTi. Hexaii 3agana ob6mactes (2 1 HaOIp eminciB

Ei,ie{l2,..,N}=1Iy. Mix enmincamu E; ta E; Moxyrs Oyru 3amaHi oOMexeHHs Ha
MiHIMaJIbHO JOMYCTHMi BiAcTaHi I, a Mix emincom E; Tta rpanumero oGmacti Q -

0OMEKEHHs Ha MIHIMAJIbHO JIOIycTHMI BifcTaHi [.

Vzaeanvnena 3adaua posmiwenns enincie. Posmictutu Habip emincie E;, 1ely B
obmacti ) 3 ypaxyBaHHSIM OOMEXKEHb Ha YMOBU HENEPETHHAHHS 1 YMOBH DPO3MIIICHHS 3
JOTPUMAHHIM 33/IaHUX MiHIMAJIBHUX JTOMYCTUMHUX BiJICTAHEH, a TAKOXK 3 ypaXyBaHHSIM Py
TEXHOJIOTTYHUX 0OMEXEHb TaK, 00 KPUTEPIil AKOCTI HAOyBaB €KCTPEMAILHOTO 3HAUCHHSI.
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Sk edekTUBHUN 3aci0 MATEMAaTHYHOT'O MOJICIIOBAHHS BITHOCHH HETIEPETUHAHHS TIapH
EJIICIB 3 ypaXyBaHHAM JOMYCTHMHUX BiJICTAHEH MPOMOHYETHCS BUKOPUCTOBYBATH (YHKIIIIO 3
kiacy phi-gynkiii [2].

MareMaTiuHa MOJIETb 3a/1a4i MOJISATA€ B HACTYITHOMY.

HeoOxiaHo 3HANTH

F(u')= extr F(u), (1)
W, ={UueR":7;20,7,20;T=0;i< jely}, ne )

U=(Xg,Ye 08 Xe,» YE, Ok, »es Xey » Yeu O, ) » N=3N,
Yij 2O:(DEiEj(XE.ayE.aeE.aXEJayEpHEJ)_rij >0, ©)
720:0% (Xg, Ve, 0)—F20,i< jely— )

phi-dynkiii, mo onucyoTs yMoBM HenepeTHHaHHs eninciB E;(Ug ), E;j(Ug,) Ta eminca
Ei(Ug) i06’ekta Q =R*\E;;

T20:Ti(Xg, Ye,6) =0, € |y — TexHOTOTIUHI OOMEXEHHS . (%)

3amadi ONTUMAJIBLHOTO PO3MIIICHHSI EIIIMCIB, 0 TOMYCKalOTh HEMEepepBHI 00epTaHHS
Ta TpaHcyAuii, Hanexartsb 10 knacy NP-cknannux. Lupokuii ciekTp HayKOBHUX 1 MPAKTUYHUX
3aCTOCYBaHb, JICSIKI 3 SKUX BUKJIAICHI BHUIIE, TOTPEOye pO3pOoOKH €(PEKTUBHUX AITOPHUTMIB,
1110 3aCHOBaHI Ha 3aCTOCYBAaHHI METOJIIB JIOKAJILHOT ONTUMIi3allil BEJIMKOTO YUCIIa einciB. Sk
e(eKTUBHUN 3aci0 TEOMETPUYHOTO MOJICITIOBAHHS BITHOCHH HETIEPETHHAHHS Mapu EIIICIB 3
ypaxyBaHHSM JIOMYCTUMHUX BiJCTaHEH NPOMOHYEThCSI HOBa (yHKIiST 3 Kiacy kBasi-phi-
dyHkuiii [3]. B poboti [4-5] mobymoBana HoBa kBasi-phi-pymkuis @', sxa Bomoxie
BJIACTUBICTIO MaJIoi TPYIOMICTKICTI.

Crin 3a3Ha4MTH, 0 OCHOBHA BJIACTHUBICTH (YHKIIIT @'"" nomsirae B TOMY, 1110 BOHA
npuiiMae BiJA’€MHI 3HAYEHHS, KOJM EIINCH NEPeTHHAIOTHCS, JOPIBHIOE HYIIO, KOJHU
JTOTHKAIOTHCS, 1 MPUMMAE TOAaTHI 3HAYCHHS, KOJIH €JIIIICH HE TePETUHAIOTHCS.

PosrisiHyTO 3amady MOJIENIOBAaHHS pPyXy IMOTOKIB JIOJEH, $IKI almpOKCHUMYIOThCS
HabopoM eminciB. 3ajada 3BOAMTHCS A0 PO3MIIIEHHS EJIICIB 13 PI3HOI IMIUIBHICTIO, SKa
BUHUKAE y 3B'SI3KY 3 YpaxyBaHHIM PI3HUX MIHIMAJIbHO JOMYCTUMHUX BiJCTaHEH MIX JIIOJbMH
(emimcamu). JloTpumaHHS MiHIMAJIBHO JOMYCTUMHUX BiJICTAaHEH BHUKIWMKAHO YpaXyBaHHSIM
HU3KM OOMEXEHb, Cepel SKUX MOXKHA BUAUTUTH pPyX JIOAEH 3 pIi3HOI0 IMIBUAKICTIO,
ypaxyBaHHM iX MaHEBPEHOCTi, KOM(POPTHOCTI TomIo. Y poOOTI MPOMOHYETHCS €hEeKTUBHUM
Croci0 MOJENIOBaHHS, SKUl 3aCHOBAaHO Ha 3aCTOCYBAaHHI METOJIB JIOKAIbHOI OMTHUMi3allil
PO3MIIIIEHHS] BEJIMKOTO YHCJIAa EJIINCIB 3 YpaXyBaHHSAM PI3HHX MIHIMQJIBHO JIOMYyCTHMHX
BiJICTaHEH MK HUIMHU Ta 3 BUKOPUCTAaHHAM HOBOI KBa3i-phi-pyHKii.

[Inax pyxy nimutbes Ha obOmacti (), MpoHYMepoBaHi, BigmomigHo, 1,2,..,M i
oOmMexeHi po3aimbHuKamMu A, A, ..., Ay (puc.l).

KoxxHa o0macTe XapakTepH3yeThCSl OJHAKOBUM 3aKOHOM (OPMYBAaHHS OCHOBHOTO
HampsMKY pyxy. PosrimsgHyro o6nacti 3 mOpsAMoONiHiiHMM pyxoM. Y nwux oOnacTsax
MEepEeMILeHHS 3 TOYKH, SIKa aHANI3y€eThCs, HABOAUTHCA y BUTTIII BEKTOPA, IO 3'€AHYE NaHY
TOUYKY 3 TOYKOIO Ha BIAMOBIIHOMY PO3AUIBHUKY (3 ypaxyBaHHSAM Koe(illieHTa rOMOTETii).
[Mpunycrumo, mo Ha K-iii iTepauii (i3 3aJaHUM YacoBUM iHTepBaioM At, Hanpukiaz, 1 c) B
obmacti eBakyamii Qn 3Haxomuthcs Ny Jromeld 13 mapaMeTpaMH  PO3MIIICHHS

Ug, = (Xe,» Yeo»e,),1=1,2, ..., Ny, 1e (XEH, yEki) — KOOPJAMHATH PO3MIIIEHHS TOYaTKy
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JIOKAJIbHOI CHCTEMH KOOpAMHAT (IIOTOYHA TOYKa), a fg, — KyT MOBOPOTY i-To eminca E; 3
po3mipamu miBoceit (&;,bh;), sKuit € Momeuo I-Tol JTIOAUHU. 3a3HAYMMO, 110 BEJIUKA IBBICH
eJtinca NeprneHAnKyYIIpHa 10 HapSIMKY pyXy, a KyT OBOpoTy &g, enirnca E; BU3HauaeTbcs
MK MEPIEeHAUKYISIPOM J0 BEITUKOI MIBOCI i BEKTOPOM OCHOBHOTO HAmlpsMKY pyxy. OO'exTy
E; npurnucani TakoX XapaKTEPUCTUKH IMBUIKOCTI Vi; (Y METpax 3a CeKyH/y) i MAaHEBPEHOCTI
my , My <1l (y meTpax).

Al A2 A3

A6

A5 — 9

Puc. 1. HapaHus nuisixy pyxy

[ToGynoBaHO MaTeMaTHYHY MOJCHb Mig3afgadi Ha K-ifi itepaltii y BHIUIAAI MOMIYKY
MaKCUMyMYy CyKymHoro pyxy Ny jrozel, 1o 3HaXoAsThesl B 00J1aCTi eBaKyarlii, ToOTo

Nk -
F(u")= max F(u), F(u)=AtY Ati|V(ug,),
uew,cR"

i=1
u= (Atla Zla XEkl ) yEk1 30Ek1 7At25 223 XEkz s yEkz 79Ek2 9"'3AtNk s ZNk s XENk s yENk aaENk )9

n=5N, 3 ypaxyBaHHSM OOMEXEHb Ha YMOBH HENEPETHHAHHS W YMOBH DPO3MIIICHHS 3
JTOTPUMAHHSIM 33JJaHUX MIHIMAIbHUX JOMYCTUMUX BifactaHed (3)—(4), mo BUKIMKaHI
KOM(OPTHICTIO, 32 JOMOMOTOI0 HOBUX KBa3i-phi-QyHKIIis 1 oOMexeHb (5) Ha BIAHOCHUI yac
At; pyxy i-oi moauHM Ta Ha KYT X TIOBOPOTY, 1110 BUKJIMKAaHI MAaHEBPEHICTIO PyXY:

J0<AL <],
i '{—mki <z <myg,iely,

JlocikeHo BIaCTUBOCTI MOJIEIII Ta 3aIPOIIOHOBAHO CIIOCOOW PO3B'S3aHHS 3a/1adi: SK
3aJaui HeNMiHIHHOTO MPOrpaMyBaHHS.

O6nacte momyctumux po3e’sskiB Wk 32 cmocoGom mobymoBu MoXe OyTH
MpelCTaBiIeHa y BUIISIAL o0'emHaHHs 77 (7) — JHesKe BEIUKE YUCIO, SKE 3aJIeKUTh BiJl
KIUTBKOCTI Ta BUAY 00'€KTIB) mimo0nacTeit BUaY:

W, = LUJWks ) (6)

s=1

ne Wy onmucyeThest CHCTEMOIO HEPIBHOCTEH 13 MTagKuMH (PyHKIISIMHE.
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[TomanHs 00nacTi MOMYCTUMHUX PO3B’S3KIB Yy BUIIILAL 00'€mHaHHS migoOmactein (6)
JI03BOJISIE 3BECTH MOIIYK JIOKAJBHOTO E€KCTpeMyMy 3ahayl 10 PO3B’s3aHHS MOCIHiJOBHOCTI
3aJ1a4 HeJIHIHHOTO MPOrpaMyBaHHs 3a JOIMMOMOTOK0 HACTYITHOTO aJITOPUTMY:

Kpox 1. OTpumaemo 1mo4aTKOBY TOUKY 3aj1adi:

I .
u = (Atla 217 XEk1 ’ YEM 9 gEkl 7At29 Z2a XEkz 9 yEkz aeEkz )~"7AtNk ’ ZNk) XENk 9 yENk 79EN|< )7 I = O .
. Lo
Kpox 2. T'enepyemo 3a KoOpIMHATaMu Mo4yaTkoBOi TOYkM U mimobmacte W, 3 (6), sika
MICTHUTB ITF0 TOUKY. SIKIIO BCi 001aCTi B3KE TOCIIIKEH1, MPOIIeC PO3B’I3aHHS 3aKIHUYCHO.
| -~ . .
Kpox 3. TlounHarouu pyx 3 TOYKH U , 3HaXOAMMO JIOKAIbHUH MaKCHUMYM IIbOBOI (PyHKIiT
. 1+1
F(u) na obnacti W . [To3HauaeMo oTprMaHy TOUKY JIOKQIBHOTO €KCTpeMyMy U .

Kpox 4. Tlpuitmaemo | :=1+1 1 mepexoaumMo 10 Kpoky 2.

ExcniepruMeHTaNIbHO OIliHEHA TPYAOMICTKICTh 3aIIPOIIOHOBAHOTO anroputmy. Ha puc. 2
MOKa3aHa 3aJIeKHICTh Yacy eBakyallii BiJl KUIBKOCTI 00’€KTIB, IO MEPEMIIyIOTbCs, MpPU
PO3B’s3aHHI 3a/1a4i, K 3a/1a4l HeJHIMHOTO MPOTpaMyBaHHS.

[Momryk TIOKaIBEHOTO EKCTPEMyMa, SIK 3aadi HeNHIHHOTO POrpaMyBaHHS

2000

Py

o 1500 /
x
& 1000
e /

500

/
O —_l'-i T T T T T T 1
50 100 150 200 250 300 350 400

Kinbkicts 00'exTiB

Puc. 2. 3anexHicTh yacy eBakyauii Big KibkocTi 00’ €KkTiB

3MiiiCHEHO KOMII'FOTEpHE MOJCIIOBAHHs PyXy Jtojaed Ha mpukiaaai "Mogem pyxy
JMIOJCHKUX TIOTOKIB 3 PO3TIKAHHSIM IX TOJOBHMX YacTHH'" 3 HaBUYAIBHOTrO MociOHuKa [6].
[Ipomec eBakyarrii mpeAcTaBiIeHUN Ha TPhOX parMeHTax Ha puc. 3.

ABTOpH TIOCIOHUKA OTPUMAIH Yac eBakyallii 93 ¢, a mpu BUKOPHUCTAHHI PO3TIITHYTOT'O
miaxoay Maemo 98 ¢, abcoyroTHA TOXKWOKa CTaHOBUTH 5 ¢, a BigHOCHA — 0.05 (5 %)

3MiHCHEHO TaKOXX MOPIBHSAHHS ICHYIOUMX Mojenedl 3a IXHIMH (QYHKIIOHAJIbHUMHU
MOXUJIMBOCTSIMH. Y TaOiy. 1 3BefeH] HaWOUIBIN 3HAYYIN, HA TYMKY 0aratbox IOCIIiTHHUKIB,
KpuTepii /Ui BUOOPY MaTeMaTHYHOI MOJENI cepesl Takux: cmpolneHoi aHamtuyHoi (CA),
imitamiitHo-cToxactuuHoi (IC), inmuBigyansHo-noto4Hoi (II1), moasoBoi moxeni SigMA.DC.

T =

o - sl —

i
£
[
[
!
|
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o

Puc. 3. Komn’orepHe Mo1eII0BaHHS iHAMBITYyaJbHO-MOTOYHOIO PyXy

Tabmms 1
[opiBHsUIbHMI aHATI3 MoJenei
Mogemi
. II1, mo
Kpurepii CA I IC SigMA. npo’nlg)lHy-
DC
€THCS

[lepedhopmyBaHHA TOTOKY (PO3TiKaHHH, B B n n .
VIIUTEHCHHS )
31UTTS OTOKIB + + + + +
HeonnouacHicTh 31UATTA — — + + +
PozunenyBanus +/— +— + + +
YTBOpeHHS 1 PO3TIKaHHS CKYITYCHb +/— +/— + + +
OOk  HEOTHOPITHOCTI  JOJCHKOTO
MOTOKY (BapiaOenpHICTh (PI3MYHOTO Ta — + — + +
€MOIII{HOTO CTaHy)
Pyx mo nminsHkax  "HeoOMexkeHOi" 3 3 3 N 4
MIUPUHU
O6mik 0(;06HHBOCT§I71 BUOOPY JTHOJbMH 3 3 3 N 4
MapIIpyTiB eBaKyartii
O6mik 1HMBITyaTbHUX CIIeHapiiB
eBakyarii  (BUKOHaHHA  IHCTPYKIIiH, — — — + +
3aJaBaHHs pOJIei)
OO0k TPOTUTEUIH 1 TEPECIYHUX MTOTOKIB — — — + +
OO6I1iK YMOB BHJIMMOCTI — — — + +
OO6mik ckinagHOi iHPPACTPYKTYpH OYAiBII — — — — +
OO6mik  BIAMIHHOCTI B METPUYHHUX 3 3 3 3 4
XapaKTePUCTUKAX 1H/IUBIJIB
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BucHoBknu
TakuM YHHOM, OCHOBHOIO BIIMIHHOIO PHCOI0 € T€, IO 3alpolOHOBaHa B POOOTI
MOJICNIb  IHAWBIAYaJIbHO-TIOTOYHOTO PYyXYy, B SKIH aHAITHYHO OINUCYIOTHCS YMOBH
HETIepEeTUHAHHS EJIIINCIB Ta YMOB PO3MILIEHHS B 00JacTi, JO3BOJISIE MOJICTIOBATH PyX Pi3HOTO
KOHTUHTEGHTY €BaKyHOBaHUX, KIIbKICTh sKUX Hamuye no 400 iHmuBigiB, 1 B OyaumHKax
CKJIaIHOT KOHpiTypaIii.
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YK 539.3
K.I'. AEI'TAPBOB, B.I. THITBKO, O.0. CTPEJIbBHIKOBA
IacTuTyT npobaem mammHOOyayBanHs iM. A.M. [linropnoro HAH Ykpainu
A.M. TOHKOHOXEHKO
JIT Kb "ITiBnenne" im. M.K. Snrens

PO3PAXYHKOBI MOJEJI JJ51 AHAJII3Y MEXAHIYHUX BJJACTUBOCTEHN
TPUBUMIPHUX HAHOKOMIIO3UTIB HA OCHOBI METO/JIB CKIHYEHUX TA
I'PAHUYHUX EJIEMEHTIB

s OocniddceHus JIOKANbHUX — Oe@OopMayitiHux ma MIYHICHUX — 61ACMUBOCmell
HAHOKOMNO3UMIB 3 NOOOUHOKUMU HAHOBKIIOUEHHAMU aADO HEOOHOPIOHOCMAMU 30IlCHEH]
2panuyHO-eleMenmHue ma CKiHYeHHO-eleMeHmHe QOPMYNI08AHHS MPUSUMIDHUX CIATMUYHUX
3a0ay meopii npyxcuocmi. Memoo CKiHUeHHUX eleMeHmi8 3aCMOCO8AHO O BUSHAYEHHS.
HAanpys#ceHo-0eqpOpmMo8aH020 CMAHY PISHUX Ppenpe3eHmamueHux 00'€MHUX elemMeHnmia
MPUBUMIDHUX — HAHOKOMno3umis. Busueno eniue gopmu i 6iOHOCHUX  po3mipis
HeoOHOpIOHOCmel Ma MAmpuyb penpe3eHmamusHoco o00'emy Ha egekmueni Mooyni
npYHCHOCMI HaHoKomnozumis. Po3zenadaiomvca mampuyi y 8ueiisaoi 2eKCa2oHANbHOI npusmu
ma YuniHopa CKIHYEHHUX po3MIpie ma HeoOHOpiOHocmi AK cgepu abo yurinopu i3
3axkpyenenumu Kpasmu. Ilpu euxopucmauui memooy 2paHudHux enemMeHmis 30iUCHeHO
36€0€HHs 0BOBUMIDHUX CUHSYIAPHUX DIGHAHbL Meopii NpYysHCHOCMI 00 OOHOBUMIDHUX OJis
8UNAOKY, KOIU 001acmb iHme2pysamnHs € nogepxwelo obepmanus. llpu yvomy cmamuuni
3a0a4i U3HAYEHHS NPYIHCHUX XAPAKMEPUCTNUK HAHOKOMNO3UMIE 36005IMbCsL 00 PO38 SA3AHHA
cucmem OOHOBUMIDHUX CUHSYTIAAPHUX [HMeSpalbHUX pieHAHb. Lle 0036011€ po3pobumu nuue
00HY npoyedypy 015 8UIHAYEHHS NPYICHUX XAPAKMEPUCMUK, AKY MOMCHA SUKOPUCMOBY8AMU
0I5 ONUCY NPYIUCHUX NepeMiujeHb ma 3YCUlb AK Y Mampuyi, max i Yy HAHOBKIIOYEHHI.
Pospaxynku Oosenu, wo 011 OyinKu epekmuenoco MoOYIs NPYHCHOCMI KOMHOZUMHO20
Hanomamepiany O0OCMAMHbO pPO32NA0AMU MAMPUYIO 3 NOOOUHOKUM BKIIOUEHHSIM, OCKLIbKU
MYTbMUMAMPUYHI  MOOeNl He OeMOHCHMPYIOMb pe3yibmamis, GIOMIHHUX 6I0 GURAOKY
NOOOUHOKO20 8KNIIOYEHHSL.

Kniouosi cnosa: nanosknouenns, mampuys, penpe3eHmamusHuil 06 €EMHULL eneMeHm,
Memoou CKIHYeHHUX ma 2PAHUYHUX eleMeHmis.

K.I'. AEI'TAPEB, B.1. THUTBKO, E.A. CTPEJIbBHUKOBA
HuctutyT npobitem mammaOcTpoeHus uM. A.H. TTogropaoro HAH Ykpaunbt

AM. TOHKOHO>XEHKO
T'TI Kb "IOxnoe" um. M K. Surens

PACUETHBIE MOJIEJIM JJISI AHAJIM3A MEXAHUYECKHUX CBOMCTB
TPEXMEPHBIX HAHOKOMIIO3UTOB HA OCHOBE METOJJOB KOHEYHBIX 1
I'PAHUYHbBIX D2JIEMEHTOB

Hna  uccneooganusi  OKANbHBIX  0eQOPMAYUOHHBIX U  NPOUYHOCHHBIX — CEOUCME
HAHOKOMNO3UMO8 C OOUHOYHbIMU HAHOBKIIOYEHHAMU UIU HEOOHOPOOHOCMAMU NpUBEOeHbl
2PAHUYHO-I]IeMEHMHble U KOHEUHO-I/leMeHmHble (hOPMYIUPOBKU MPEXMEPHBIX CMAMUYECKUX
3a0ay meopuu ynpycocmu. MemoO KOHeUHbIX INeMeHMO8 NpUMeHeH Ol UCCIeO008aAHUsL
HANPANCEHHO-0ehOPMUPOBAHHO20 COCMOAHUA PA3IUYHLIX DEeNnpe3eHMAMUBHbIX 00bEeMHbBIX
I/IEMEHMO8 MPEXMEPHBIX HAHOKOMNO3umos. M3yueno enusnue opmvl U OMHOCUMENbHBIX
Pazmepos HeoOOHOPOOHOCMeEU U MAampuy penpe3eHmamueHoco obvema Ha 3¢pgexmusnvle
MOOYIU Yynpyeocmu HaHOKOMNo3umos. Paccmampusaiomes mampuysl 8 8uoe 2eKca2oHanbHoul
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NpUBMbL U YUTUHOPA KOHEYHBIX pasmepos. Heoonopoonocmu npedcmasnsiomes cghepamu unu
YUTUHOPAMU C 3aKpY2leHHbIMU Kpasmu. TIpu ucnonb3o6anuu memooa epaHuyHulxX 21eMeHmo8
08YMEPHbIE CUHSYNIAPHbLE YPABHEHUS MeOPUU YPY2OCmU C8e0eHbl K 0OHOMEPHbIM OJisl CLYYas,
Ko20a 0061acCmb UHMESPUPOBAHUA ABNAEMCA No8epxXHOoCcmblo  epawjenus. Ilpu smom
cmamuyeckue 3a0auu onpeoeneHuss Ynpyeux Xapakmepucmux HAHOKOMNO3UMO8 C800OUMCS K
PpeweHuIo cucmem OOHOMEPHBIX CUHSYNAPHLIX UHMESPANbHbIX YPAGHEHUU. Dmo nos3eonsiem
paspabomams  MOALKO O0O0HY Npoyedypy Ol OnpedeleHuss YNpyeux Xapakxmepucmuk,
KOMOPYIO MOJCHO UCHONb306AMb Ol ONUCAHUS YAPY2UX NepemMewjeHuti U YCuiull Kaxk 8
mampuye, max u 6 HaHoGKIOYeHuu. Pacuemovr dokazanu, umo 011 oyenku 3¢hgexmusrnoco
MO0V KOMNO3UMHO20 HAHOMAMEPUAna OO0CMAmMoO4YHO pACCMOMpems — Mampuyy ¢
OOUHOUHBIM BKIOYEHUEM, NOCKOILKY NPUMEHEHUE MYTbMUMAMPUYHBIX MOOeell He NPUBOOUm
K CYWecmeeHHOMY USMEHEHUIO Pe3VIbMamoa.

Kniouesvie cnosa: HaHOBKIIOUEHUs, Mampuyd, penpe3eHmamueuvlll.  00beMHbILL
J1eMenm, Memoobl KOHEYHbBIX U SPAHUYHBIX JIeMEHMO8

K.G. DEGTYAREYV, V.I. GNITKO, E.A. STRELNIKOVA
A.N. Podgorny Institute for Mechanical Engineering Problems of the Ukrainian Academy of Sciences

A.M. TONKONOZHENKO
M.K. Yangel Yuzhnoye State Design Office

COMPUTATIONAL MODELS FOR THE ANALYSIS OF MECHANICAL
PROPERTIES OF THREE-DIMENSIONAL NANOCOMPOSITES BASED ON THE
METHODS OF FINITE AND BOUNDARY ELEMENTS

To study the local deformation and strength properties of nanocomposites with single
inclusions or inhomogeneities, the boundary-element and finite-element formulations of three-
dimensional static problems of elasticity theory are performed. The finite element method is
used to determine the stress-strain state of various representative volume elements of 3D
nanocomposites. The main objective is to study the influence of forms and relative sizes of
inhomogeneities and matrices for representative volumes on the elasticity effective modulus of
nanocomposites. The matrixes in the form of a hexagonal prism and a finite-size cylinder are
considered. Inhomogeneities are considered as spheres or cylinders with rounded edges.
Using the method of boundary elements, the reduction of two-dimensional singular equations
of the elasticity theory to one-dimensional ones has been made when the integration domain
is a surface of rotation. The completeness of the system of boundary integral equations is
achieved by considering the given differential connection between the displacement
components and traction jump on the nanosized surface separated the materials. For the
nanoinclusion zero-elastic characteristics, the system of key integral and differential
equations is obtained on the nanohole surface in the three-dimensional elastic matrix for a
static load. Finite-elemental formulation is made taking into account the conditions of full
contact on nanoscale material separation surfaces. Then the static problems of determining
the elastic characteristics of nanocomposites are reduced to solving systems of one-
dimensional singular integral equations. This allows us to develop only one procedure for
determining the elastic characteristics that can be used to describe the elastic displacements
and tractions in the matrix as well as in the inclusion. The calculations have proved that for
estimation the effective module of elasticity of the nanocomposite it is sufficient to consider
the matrix with single inclusion, since bulky, multi-matrix models do not show results that are
different from the case of single inclusion.

Keywords: nanoinclusions, matrix, representative volume element, bound and finite
element methods
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ITocTanoBKka mpodJieMu

[Ipy>XHI HAaHOKOMIIO3UTH BIHOCATHCS JO CYY4aCHHX TEXHOJOTIYHUX MaTepialiB, sKi
IIUPOKO BHUKOPUCTOBYIOTHCSI Ha TPAKTUIN YISl BIAMOBINAIBHUX TOKPUTTIB 1HXXEHEPHUX
CIOpPYJ Ta CUCTEM. 3aBJASKU 1X BHECKY BiIOyBA€ThbCS 3HAYHE 3MIITHEHHS BiJIMOBIJAIEHUX
00'eKTIB 31 30epeKeHHSAM iX JerKocTi. Tomy po3poOka HOBHUX METO[IB ISl €(PEKTUBHOTO
BUBUCHHSI BJIACTUBOCTEH HAHOKOMITO3UTIB HAJ3BHUYAaWHO akTyaibHa. Ll 3amaya mocuth
CKJIaJHA, TOMY BHHHKae MoTpeda B HeXall HaOMMKCHUX, ajle 3pYYHHX Ui aHaTi3y
AQHAIITUYHUX Ta YHUCIOBHX PO3B’s3KaX. B mbOMy MOCHIPKEHHI PO3TISIAETHCS MATPHIISL
penpe3eHTaTUBHOTO 00’€My 3 BKIIOYCHHSMHU Pi3HOI KOHGIryparii s BHUBYCHHS BIUIUBY
dbopmH 1 BITHOCHHX PO3MipiB HEOAHOPITHOCTEH Ta MaTPUIb PENPE3CHTaTUBHOIO 00'eMy Ha
e(eKTUBHI MOYJIi TIPYKHOCTI HAHOKOMIIO3UTIB. BUKOPHUCTOBYIOTHCSI METO/IM CKIHUCHHHX Ta
IPaHUYHUX EJIIEMEHTIB.

AHaJIi3 OCTAHHIX TOCTiIKEeHb Ta MyOJiKaui

B ocranHi poku 3’ABWIMCH MyOJikamii 1100 HAHOKOMIIO3WTIB, B SKHUX HAaBEJICHI
YCKJIaJHEH1 MOJICII SIK PENPE3eHTaTUBHUX 00’ €MIB, TaK 1 TPaHUYHUX YMOB Ha iHTepdeticax. B
[1-2] BBOAATH BENMUMHY IIOBEPXHEBOI'O HAINPYXKEHHS K BAXKIMBOI XapaKTEPUCTUKU
HAaHOCTPYKTYPOBAaHMX MartepiajiiB 1 HAHOKOMIIO3UTIB. 3amlporOHOBAaHO MiAXOIH, SKi
BUKOPHUCTAHO JJIS1 OIIHKA €(PEKTUBHUX MOJYJIIB MPY>KHOCTI HAHOKOMITO3HTY 3 1HTEpderncom
I'eprina-Mepmoka, y paMKax MOJENI PiJIKO-3allOBHEHOro cepenoBuiia [3] Ta pi3Hi camo-
y3ropkyBaibHi cxemu [3—4]. CHuibHOIO OCOOJIMBICTIO IUX MYOJIKaIlii € BUKOPUCTAHHS
MoJieli "MOOJMHOKOT HEOXHOPIAHOCTI", TOMY 11 pe3yJIbTaTh MOTPEOYIOTh OOTPYHTYBAHHS Ta
3’sICYBaHHS MEX 3aCTOCOBHOCTI. Takok OyB po3poOaeHui MiaxXig MyIbTHIIONHHUX PO3BUHEHB
[5-6] ans oTpUMaHHSA TMOBHOTO PO3B’S3KY 3a3/4ayi TEOpil MPYKHOCTI JUISI B3a€MOJIIIOUMX
cepuuHUX HEOJHOPIAHOCTEH 3 iHTEepdeiicom ['epTina-Mepaoka sk MiKpoMeXaHiqHOT MoJeni
HaHOKOMITO3HTY. Lle miaxin mae aHaTiTHIHUN PO3B’SA30K 1 € ePEKTUBHUM 1HCTPYMEHTOM JIJISt
BUBUEHHS MOMIOHUX mpoOieM. EQexkTuBHI MOy 3a pi3HUMH MiAXOAaMH J0 OCEPEIHEHHS
oOuucieni B poborax [7—8]. IIpoTe moTeHITia UX METO/IB 3aJUIIABCS HEPOSKPUTUM IIIOJI0
OLIHKA TPUBUMIPHHUX HPYKHUX CTPYKTYp 3 HAHOPO3MIPHHUMH HEOJIHOPIAHOCTSMH 3arajbHOi
TOMOJIOTIT Ta BIACTUBOCTAMH iHTepdericiB. lle MoxHA MOSCHUTH HEOOXITHICTIO 1CTOTHOI
Mojudikalii 3raJaHux METOJIB, OCOOJMBO Yy BHIIAJKaX TPUBUMIPHUX HAHOCTPYKTYp 3
OJIMHUYHUMM Ta MHOKMHHHMH HAHOYACTKAMHM HEKaHOHIYHOI IreoMeTpii Ta HEeKIaCUYHUMH
KOHTAaKTHUMHU ymoBamH. Mopaudikaiiii MeTOMiB CKIHUEHHUX Ta TPAHUYHUX CJIEMEHTIB IS
BUBYCHHS MEXAHIYHHUX BJIACTUBOCTEH HAHOKOMITO3HTIB 1 MPHUCBSUYEHA 1151 pOOOTAa.

Meta nocJixKeHHs

Metoro AO0CHIKEHHSI € CTBOPEHHS METOMUKHU i €(EKTHUBHOI OIIHKU TPYXKHUX
BIIACTHBOCTEH MATPUYHMX HAHOKOMITO3UTIB 3 TOOJAMHOKUMHU BKIIOUEHHSIMHU 1 MEPIOJUIHO
CTPYKTYPOBaHUX KOMITO3UTHUX MeTamMaTepialiB TPUBUMIPHOT KOH(Irypailii 3 BAKOPHUCTAHHSIM
CY4aCHUX METO/[IB TPAHUYHUX 1 CKIHYCHHUX €JIEMEHTIB.

BukJiageHHs1 0CHOBHOI0 MaTepiajy J0CaiIKeHHSA
AKciaJIbHO-CHMETPHYHi 3a1a4i Teopii Npy>KHOCTI AJIs1 i30TPONHOroO Tina 3
HEOHOPIIHICTIO

PosrnsiHeMo mpyxHMI CKIHYEHHUH LWIIHAP 3 HeoaHopigHicTio. Ilpumyctumo, mo
HEOAHOPITHICTh Mae (GopmMy IWIIHApPA 3 3aKPYTIICHUMH TOPIsIMU (puc. 1). 30BHIIIHS Mexa
TUJIa Ta HOTO 00’€M TO3HAYAIOTHCS BIAMOBIMHO S 1 (). 30BHINIHA MOBEPXHS BKJIIOYCHHS Ta
fioro o6macTh MO3HAYAIOTHCA K Sipe Ta (2. [loBepxHs S =0Q)| € rPaHUYHOIO TTOBEPXHEIO, 110
BKJIFOYAE TPAHUIIO HEOTHOPIMHOCTI Sine; TOMY S= SinU Si, e S| € TpaHUYHOIO TTOBEPXHEIO
uuniaapy (puc. 1). Ilpumyctumo, 10 TUIO CTaTHYHO HABAHTAXKYETHCS Y3IO0BXK MEXI S
IPaHUYHUMHE 3yCHJUIIMHE T 1 ycepenuHi o0nacti 06’ emuumu cuiiamu f. Leit npyxHuil numiaap
3 HEOJHOPIMHICTIO MOXKHA pO3MVISIAATH SIK PEMpPE3CHTATUBHUM 00’ €MHHH €IIEMEHT st
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BHUBUYEHHS MEXaHIUYHUX BJIACTUBOCTEN KOMITO3UTIB Ta HAHOKOMITO3UTIB. Y MOAAIBIIOMY HEXal
Q) — obnactp MaTpwili, a {2, — 00JIaCTh, sIKa 3alHATA HEOJHOPIAHICTIO.
TpuBuMipHI PIBHSHHA 130TPOMHOI Teopii MPYKHOCTI MOKa3ylOTh, IO IHUBEPIreHIIis
TEH30pa HAIPY>KEHb JIOPIBHIOE HYIIO, TOOTO
V-o=f; 6=2G[v/(1-2v)tr(e)l +e] 2e=Vu+(Vu), tr(e)=¢,, (1)

e U — BEKTOp MepeMillleHb, € — TEH30p HECKIHUeHHO Manux Jedopmaniil, ¢ — TEH30p
HanpykeHb, f — 00’emua cuna, v — koeoirient [lyaccona, G = 0.5E / (1+v) — moaynb 3cyBy,
E — monyns IOHra, €;— nepiuii inBapianT TeH30py AedopMartiii.

Rl
)
S inf 781
. il RZ Hz H 1
. Ql
5 Y

Puc. 1. llpy:xamit quingap 3i BKIKWYEHHSM, ii0ro ecki3 Ta mig-odaacri

Hexait Py, P Ta Q € ToukaMu KOJIOKAIliii: TOYKOK HA 30BHINIHIA TOBEpXHI S i
BcepeanHi o00racTi, BiAMOBIAHO. 3B'SI30K MK BHYTPIUIHIMH 3YCWUIAMH Tila Ta HOro
3MIIICHHSAMA MOXK€ OyTH BHUpPaXEHUW TPAaHUYHHM IHTETPATbHUM PIBHSHHSM (TOTOXHICThH
CoMinbsiHN) y TAKOMY BHUIJISIIL

Cu=[[U(P,R, t(P)ds —[[ T(P, R, Ju(P)ds + [[[U(P,Q)fdC2,
c o O
ne C — mocTiliHa MaTpulld, sKa 3aJeKATh BiJ TOJIOKEHHS TOYKHM P Ha IOBEpXHI O,
U(P,Po) = {Ujj}, T(P,Po) = {Tij} — dynnamentansuuii po3s’s30k KenbBina:

!
U,(P,P)=—[3-av),
(P F) 16n(1—v)Gr[( VB i)

Tij(P,PO):m{[(l 2v)5; +3rr]a (1- 2v(rn (.n,)}.

Tyr r=(r)", £=x(P)-x(R). r=ar/ox(P)=r/r.
BBoaumo MaTpuuHi oniepaTopu:

61,62 I T P, P P)dcsl, 61,62 J. U P, P dcl, P eo,.

[IpuiimMaroun 10 yBaru, 1o
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A(oy,0,)u=Cu+[[T(P,R,)u(P)ds, ,
oy
OTPUMA€EMO OCHOBHE 1HTETpaJIbHE CIiBBITHOIICHHS Y BUTIISAAL

A(c,0)u=B(o,0)t.

3 Meror aganTamii pPO3PAXyHKOBHX TPAaHUYHO-CIEMEHTHUX MOACNeH  auis
MMOOIMHOKOTO HAHOBKJIFOUECHHS IO MOJAIBIIOT0 YHCIOBOTO aHAII3y y MPOCTOPOBINA 00JacTi
3alpOIOHOBAHO CXEMHU peryjsipu3aimii OTPUMAaHUX TPaHUYHUX IHTETPATLHUX PIBHSAHL 3
CUHTYJISIPHOCTSIMH PI3HOTO TIOPSAIKY Y sIpax BiJl BXODKCHHS (PyHIaMEHTaIbHUX PO3B’S3KIB
BIJIMOBIAHUX CTAaTMYHUX 3a/lad KOHTHHYAJIbHOI MEXaHIKH. 3JIMCHEHO SBHE aJUTHUBHE
BHUJIUICHHS CHHTYJIIPHOCTEHN y PIBHSHHSIX TPaHUYHO-EJIEMEHTHOT Moiei [9].

JIBOBUMIpHI CHHTYJISIpHI PIBHSIHHS TE€OPii MPYKHOCTI 3BEJACHO 10 OJHOBUMIPHHUX IS
BUMAJIKY, KOJM 00NacTh iHTerpyBaHHs € moBepxHeto oOepranHs [10-11]. Toxi crarmuni
3ajadi BH3HAUCHHS TPY)KHUX XapaKTEPHCTUK HAHOKOMIIO3HTIB 3BOMATHCS 10 PO3B’SI3aHHS
CHCTEM OJHOBUMIPHUX CHUHTYJSPHUX IHTErpajJbHUX PiBHAHB. Lle mo3Bonse po3podbutu nuiie
OJTHY TPOLEAYPY AJISi BU3HAYCHHS TPYKXHUX XapaKTEPUCTHK, Ky MOXXHa BUKOPHUCTOBYBATH
IS OTIUCY TPYKHUX MEPEMIIIEHb Ta 3yCHIIb SIK Y MaTpHIli, TaK 1 y HAHOBKJIIOUEHH.

Ha mnepmomy erami po3misigaeMoO BHITAJOK PO3TIATYBaHHS B3JIOBXK ONHIET 3
KOOpIWHATHUX oOcel. B Toukax waTpuili Ta BKIIOYEHHS OTPUMYEMO JIBI CHUCTEMU
CUHTYJSIPHUX 1HTErPaJbHUX PIBHSIHL BIAMOBIAHO. 3 KOXHOI 3 IIMX CHCTEM 3HAXOIUMO
3yCWJUIA Ha TOBEPXHI po3aiuly sk (yHKUIi BiANOBIIHMX mnepemimieHb. Lle mae 3mory Ha
HaHOPIBHEBIM MOBEPXHI PO3JLTYy BUKOPHUCTOBYBATH SIK YMOBHU 1/€aJIbHOTO KOHTAaKTy, TakK 1
HEKJIaCHYHI KOHTAaKTHI yMOBH [ epriHa-Mepoka.

3 MeTor moOyHOBH CTIMKMX YHCIOBUX aJTOPUTMIB PO3B’S3aHHS OJHOBUMIPHUX
CUCTeM CHUHTYJSIPHHX IHTErPATbHUX PIBHSHb BUKOHAHO aHAJ3 CHHTYISPHOCTEH B sapax
OTPUMAHHMX IHTETPAIBHUX OMNEPATOPIiB OCECUMETPUYHOI 3amadi Teopii mpyxkHocti [12].
JloBeeHO, IO CHHTYJAPHI sAapa MICTATh JBa THIH OCOOJMBOCTEH: JOTapuMIvuHy
ocobnmuBicTh Ta ocoOmuBicTh Tuny Komr. J[oBeqeHO Tako, IO BCi KOMIIOHEHTH SACp
OTPUMAHMX IHTETPAIBHUX ONEPATOPIiB MOKHA 3BECTH IO JIBOX THIIB: spa TapMOHIYHUX
MOTEHI[iaJliB MPOCTOr0 MIapy Ta sijApa TapMOHIYHHMX MOTEHLIaNiB mmojaBidHoro mapy. Lli
IHTerpalibHI ONepaTopHu IS MOBEPXHI 00EpTaHHS 3BEACHO 10 OOYMCIICHHS 1HTErpajiB, IO
MICTATh €NINTUYHI iHTerpanu mnepmoro Tta apyroro poxy [l10-11]. 3ayBaxumo, mo y
3alpOMOHOBAHY CXEMY IMOTPIOHO 3aidydaTd JIUIIE TPaHWYHI 3HAYEHHS 3YCHIIb 31 CTOPOHHU
MaTpUIli 1 HAHOBKIIOUEHHS HA MikKQa3HId MOBEpXHI pO3Niny, sKi € O0e3mocepenHiMu
PO3paXyHKOBHMH (YHKIISIMU B TPAHUYHO-IHTETPATBHUX (HOPMYITIOBaHHSIX.

[Mpuknamom s Bamigamii METOAY CIYr'ye NOBTUU LMIIHAP, SKUH 3aKpIIUICHUA Ha
omHoMy Topui (z=0) Ta migmaHW pO3TATYIOUOMY HaBaHTaXeHHIO F Ha iHmomy (z = L).
Bignomenns paniyca mwiiaapa R mo #oro goxuHu L ckmanmano 1/10, Mogyns mpyKHOCTI
oGupascss piBamm E=2,11-10° MPa. 3agaua mae amamitmusmii poss’sok. CiTka, mo
BUKOPHUCTOBYETHCSI TIPH YUCIIOBOMY MOJICNIOBaHHI, Mae 120 TrpaHMYHHUX EIEMEHTIB Y3JI0BX
MWTIHAPUIHOT YacTUHU Ta 60 eeMEeHTIB B3/I0BXK BEPXHBOTO Ta HIKHBOTO PajiyciB MIIIHIPA.
[Toganpmie 3rymeHHs CITKH HE TNPUBOAWIO JO CYTTEBOI 3MIHM pe3yibTaTiB. 3amada
PO3B’sA3aHa 3 BUKOPUCTAHHSIM T'PAaHUYHHX €JIIEMEHTIB 13 CTaJIOI0 allpOKCUMAIIIE€I0 TYCTUHH Ta 3
3aCTOCYBaHHSIM  6-TOYKOBUX KBaaparyp laycca mis OOYHCIEHHS IHTErpalliB  3a
HECUHTYJIIPHUMU €IIEMEHTaMHU.

B Tabn. 1 Hmxve HamaHi HOpMaJIi30BaHi epeMilIeHHS W= wnER?/ FL, saxi oO0umcieHi
B Toukax /R = 0.05, 0.25, 0.5, 0.75, 0.99 npu z=L.
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Jani po3riisiHyTO 3a/7ady Mpo HaNpyKeHO-AehOPMOBAHHUI CTaH MPYKHOTO IFIIIHIpA
(MaTpuIli) 3 HEOAHOPIAHICTIO (BKIIOYEHHSIM). PO3TISHYTO MIIIIHID, 3aKPIIJICHUA HA OJHOMY
topii (z=0.0), HaBaHTa)XKeHWU pPIBHOMIpHO Ha Topui (z=5.0), Ta mae BKIOYEHHS Yy (popmi
LWTIHAPA 3 3aKPYTIeHUMHU TopIsiMu (puc.1).

BimHomeHHs MOBXKWH IIWIIHAPY Ta BKIIOYEHHS mnpuiHATO piBHUM H;/H;=5, a
BimHOmeHHs ix pamiyciB € Ri/R,=2, momym mupyxsocti obpano E;=2,11-10° MPa,
E2=2,11-107 MPa, xoedimientu Ilyaccona € vi =v,= 0.3, ToOTO BBa)XkaJIOCh, IO MOIYJh
MPY>KHOCTI BKJIFOUCHHST Ha TIOPSIOK OUIBINHMI B TIOPIBHSIHHI 3 MOYJIEM MPY>KHOCTI MaTPHILL.
JIOCIiPKEHO BIUIMB  HEOAHOPITHOCTI Ha HANpPYXEHO-IeOPMOBAaHUM CTaH IMIIIHApA.
3aCTOCOBAaHO METOJI TPaHUYHHX cyrepeneMeHTiB [12—13], npu doMy pe3ynbTyroda cucTema
TMHIMHUX anreOpaidyHUX pIBHAHb MICTUTH JIMIIE HEBIJOMI MEpEMIlleHHS Ha IOBEPXHI
iHTepdericy Siy (puc. 1).

Ta0mums 1
Merox Toukwu, r/R
0.05 0.25 05 0.75 0.99
MTE 1.006 1.0003 1.00001 1.0004 1.02
A;a;g;g;ge 1.0 1.0 1.0 1.0 1.0

[Tpu umcnosiii cumyssaiii Bukopuctadi Nj OJHOBUMIPpHUX TpaHUYHUX €JIEMEHTIB Ha
noBepxusax 2 (1=1,2,3): N; =150, N, =30, N3;=240. Iloganbiine 301IbIICHHS KIIBKOCTI
€JIEMEHTIB HE TIPUBEJIO JI0 CYTTEBOI 3MIHU PE3yJIbTATIB.

Puc. 2 nemoHCTpye po3mofin mepemillieHb B MPY)KHOMY HHMJIIHAPI 3 BKIIOYCHHSIM
B3/I0BXX IMOBEPXHIi 1HTEPPEHCY.

175 - -

0.75 AR

¥

05 1 15 2 25 3 35 4

Puc. 2. [lepeminenns: Ha moBepxHi iHTepPeiicy

VY mopiBHSHHI 3 MWJIIHIPOM, IO HE MICTHTh BKIIIOYCHHS, TEPEMIIICHHS MaloTh
CYTTEBO HEOJHOPIIHUIA XapakTep.

HociixxeHHs1 penpe3eHTATUBHUX 00’ €MIB MeTOIOM CKiHUEHHUX eJIEMEHTIB

MeTon CKIHYCHHHUX €JIEMEHTIB 3aCTOCOBAHO /I BH3HAYCHHS HAMPYKEHO-
neOpMOBAHOTO CTaHy PI3HUX PENPE3CHTATHBHUX O0'€MHHMX €JIIEMEHTIB TPUBHUMIPHHUX
HAaHOKOMIO3UTIB. BuBueHo BIumB (opMH 1 BIZHOCHHX pO3MIpIB HEOJAHOPITHOCTEH Ta
MaTpHIlh PENPEe3eHTATUBHOTO 00'eMy Ha €()EKTUBHUM MOAYJb MPYKHOCTI HAHOKOMITO3HTIB.
Posrmsimatotbess MaTpuili y BUTISAI TEKCaroHaIbHOI MPHU3MHU Ta IMIIHApPA CKIHYCHHHX
po3MipiB. HeoHOPIMHOCTI PO3MIISIIAOTRCS y BUTIISLAL cdep ado MUIIHAPIB 13 3aKpyrICHUMHA
KpasiMu.

BukopucToBytoun MeTOJ] CKIHUCHHHX €JIEMEHTIB, PO3IISIIAEMO Taki (OpMH MaTpPHUIIh
JUISl penpe3eHTAaTUBHUX 00'€MHMX eJeMEHTIB: HuiIiHap (puc 1), rekcaroHanpHa rpusma (puc.
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3a)) ta mynpruMmatpuns (puc. 3.0)). bymo 3amydeHO KiIacMuHI YMOBH KOHTAKTy. YMOBH
KpIIUIEHHSI peajli3oBaHi y BUIJIIAI JKOPCTKOTO 3alIeMJICHHS OJHOTO 3 IIECTUKYTHHKIB.
HapanTakenns F monaeTbcs Ha Opyruil MIECTUKYTHUK SIK CHJIA PO3TATYBAaHHS. SIK MaTpuid,
TakK 1 00JIaCTh BKJIIOUEHHS MOJIUISIOTHCSA Ha TeTPaeAPUYHI CKIHUEHH] eIEMEHTH.

a) 0)

Puc. 3. CxeMu pi3HHX penpe3eHTATHBHUX 00'€MHHUX €JIeMEHTIB

Po3pob6iieHO0 METONMKY JOCIHIKEHHS HaAMpyXXKeHO ne(pOopMOBAaHOTO CTaHy pI3HUX
penpe3eHTaTUBHUX 00 €MHHUX €NEMEHTIB TPUBHMIPDHHX HAHOKOMIIO3UTIB. Marepian
HEOJHOPITHOCTI MaB MOJYJIb TPYKHOCTI, IO 3HAYHO IEPEBUINYBAB MOIYJIb IPYXKHOCTI
matpuii. Jlocmi[UkeHO BHIAQJOK, KOJH pENpe3eHTaTUBHUM 00’eM Mae JeKiibka
HEOAHOpITHOCTEH oaHaKoBOI (opmu. OTpuMaHi pPe3yJbTaTH TOPIBHSHO 3 JaHUMHU IS
MOOJIMHOKOTO BKJIIOUEHHsS. Pe3ynbTatu po3paxyHKy JAEMOHCTPYIOTh 3MiHY Hampy>KeHO
ne(pOpPMOBAHOTO CTaHy Ta OCEPEIHEHUX BIIACTHBOCTEH HAHOKOMIIO3UTY MJISi PI3HHUX
pENpe3eHTaTUBHUX 00’ €EMHUX €IIEMEHTIB.

OCHOBHHMMHM CHIBBIIHOIICHHSIMH € AudepeHItiaabHl piBHIHHAS (1) 3 yMOBaMU KOHTaKTy
Ha TIOBEpXHI iHTepdeiicy Ta yMoBaMH KpirieHHs. SIK MaTpuils, Tak i 001acTh BKIIFOUEHHS
MOAUTSIIOTECS Ha TETpAaeApUYHI CKIHUEHHI €JeMEHTH. B SKOoCTI HaONMKEHOTOo pO3B’s3KY
3a7a4i pPO3IVIIHEMO KYyCKOBO-JIIHIHY BeKTOp-GyHKIiIO U,(X,Y,Z), fKka HeNepepBHa B

TPUBHUMIPHIM 00JacTi, 10 PO3TISNAETHCA, 1 JIiHIHA HAa KOXKHOMY Terpaeapi. Ha MHoXuHI
TeTpaeApiB 1 QYHKIIIS BUSHAYCHA TAKMM YHHOM:

n
u?(xayaz)zzujiﬂ(xayaz)a j:192737
i=1
Je Uj; — HEB1IOMI BY3JIOB1 3Ha4eHHs, @;(X,Y,Z) — dyHKii hopmu.

Po3pobneHo 11Bi  CKIHUEHHO-EJIEMEHTHI MOJENli  penpe3eHTaTHMBHUX 00’ €MHHUX
enemeHTiB. L{i Mozeni Ta BIAMOBIIHI CXeMHU JUCKpeTH3allii 300pakeHi Ha puc. 4a) Ta 40).
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0)

Puc. 4. CkiHueHHO-eJIeMeHTHi MoieJTi Pi3HUX penpe3eHTATUBHUX 00'€MHUX eJIeMEHTIB

KinpkicTh enemMeHTIiB y Bepcii MOOJAMHOKOTO BKJIIOUEHHS B PENpe3eHTATUBHUN
00'eMHUIl eneMeHT cTaHOBUTH 115 Tucsy, a KijgbkicTh By3miB — 200 tucsu. KinbkicTb
€JIEMEHTIB y BapiaHTi B3a€MOJIIOYMX BKIIOYEHb B PEMPE3CHTATUBHHUNA O0'€MHUN €IEeMEHT
ctaHoBuTh 700 THCSY, a YuCI0 BY31iB — 950 THCSY.

YMOBHU 3aKpituIeHHs! OyJid peani3oBaHi y BUIVIAI KOPCTKOTO 3aKpIMJICHHS MO IUIOLII
OJHOrO 3 mIecTUrpaHHMKiB. HaBaHTakeHHs JonaBanacs A0 JAPYroro HIECTUTPAHHUKY Y
BUTJISAI OOUHMYHOI CWJIM, L0 po3TArye. Po3paxyHok OyB NpoBeIeHUIl B CTaTUYHOMY
dbopmymoBaHHI, JI¢ 4Yac HaBaHTAXEHHS HE BIUIMBAaB Ha pe3yibrar. Kpurepiem OIIHKH
MIITHOCTI KOHCTPYKIIil BUCTYIIa€ MOAYJNb MPY>KHOCTI

F-l
E=—ro,
Al-s
ne | — noxkwuna KOHCTPYKTUBHOI'O €JIEMCHTY, Al — ocpoBa nedopmartis, S — o, 1e

MMPpUKIIaaaIoCh HABAHTAXKCHHS.

Bynmn oOpani Taki reoMeTpu4Hi XapaKTEPUCTHKH PEMPE3eHTATHBHOIO 00’eMy Ta
MEXaHIYHI BJIACTUBOCTI MaTpuilb. Po3Mipu matpuii: Bucota — 400 Hm, mupuHa rpani — 100
HM. ba3oBuii po3mip BKIItOUEHHS: BUCOTa — 253HM, niametp miBchep — 53uM, 00'eMHa YacTKa
BKJIIOYECHHS B MaTpHIli ckianana 5%.

BractuBocTi MatepiajiB MaTpuIli € TAKUMH:

Crans: Moayns FOnra — 210I'TIa, xoedirient ITyaccona — 0,28.

Mins: Moayns FOnra — 110ITla, koedimient ITyaccona — 0,34.

Amominiii: Moayns FOnra — 711'Tla, xoedimient [Tyaccona — 0,33.

BrnactuBocTi Marepiany BKIIOYEHHS OOWMpanWCh TakKUM YHHOM: Moayiab HOHra
nopisaioBas 1180 I'Tla, xoedinient [lyaccona — 0,25.

Otpumano ocboBi nedopmariii KOHCTPYKITIT 71T KOXKHOTO 3 MaTepiaiiB MaTpHIl, 1 Ha
Iii OCHOBI oOumcieHi e(eKTHBHI MOAYNI TPYXKHOCTI. Y 3BSI3KY 3 HEpIBHOMIpHHM
po3mozaiioM ocboBOi nedopmarttii, oOupanoch i MakCMMajdbHE 3HAYEHHS Y BIAMOBIIHOMY
nepepizi, 3 4Yoro BHUILIMBAE, 110 €()EKTUBHUN MOIYNb MPYXKHOCTI Oyae HE yCepeaHEHHM, a
MIHIMaJIbHO MOXJIMBUM. YCEpPEAHEHUN MOAYINb MPYXKHOCTI SK, MPABWJIO, Ma€ 3HAYEHHS Ha
2—4% Buie.

Ha puc. 5-7 nHaBenmeHi po3moainmu ocboBOi Aedopmariii UIst BCIX PO3MIISIHYTHUX
pernpe3eHTaTUBHUX 00’emiB. Ha puc. 8 HaBemeHo po3moail ockoBOi aedopmarii ais
MYJIbTIMATPHUYHOTO PEIIPE3CHTATUBHOIO 00’ €MY.
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6,.37e-11 Max
5,6623e-11

4 9545e-11

4 2467e-11
3,5389%-11
2,8311e-11
2,1233e-11
1,4156e-11
T.0778e-12

0 Min

Puc. 5. CraneBa marpuus

MakcumansHa nedopmaris ckinana 6,37e—11. EdexTtuBHMIA MOmyiab NpyKHOCTI
nopiBHioe 241,5 I'ma, mo Ha 15% Bue moxyns npyxHocti ctanu 210 I'Tla.

1,1365e-10 Max
1,0102e-10
8,8393:-1

7, 5766e-11
6,3138:-1
5,0517e-1
3,7883:-1
2,5255:-1
1,2628:-1

0 Min

Puc. 6. Migna marpuus

MakcumansHa nedopmarist ckmana 1,136e—10. EdexTuBHHII MOAynh MPYXKHOCTI
nopiBHtoe135,6 I'na, mo Ha 23% Bumie Mmoayins npyxxkHocti meni 110 I'Tla.

1,6968e-10 Max
1,5083e-10
1,31587e-10
1,1312e-10
04266e-11
7,5413e-11
5,656e-11
3,7706e-11
1,8853e-11

0 Min

Puc. 7. AmominieBa MaTpuLs

MakcumansHa nedopmarist ckmana 1,697e—10. EdexkTuBHHI MOAyIh MPYXKHOCTI
nopiHtoe 90,6 I'Tla, o Ha 27,6% Buiie Moayis npyskHocti amtominito 71 I'Tla.
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1.8228e-11 Max
1.6202e-11

1,417 7e-11
1,2152e-11
1.0127e-1

8101 2e-12
6,075%-12
40506e-12
2,0253e-12

0 Min

Puc. 8. CransHa MyJbTHMATPULS

MaxkcumansHa aedopmaris cknana 1,823e—11. EdexkTuBHuil MOIynb MpYKHOCTI
nopiBHioe 241,5 I'na, mo Ha 15% Bumie Mmoayns npysknHocti ctanu 210 T'Tla.

Ha puc. 9 HaBeneHo 3aieXHICTh €PEKTUBHOIO MOJYJIO BiJl YaCTKH HaHOPO3MIpHOTO
BKJIFOUCHHS JJIS CTAJICBOi MAaTPHUIL.

3 po3paxyHKIB BHUIUTUBAE, 110 OJHOPITHI MaTepialyd 3HAYHO MPOTPAIOTh B MIIHOCTI
HAaHOKOMIIO3UTHUM. 3a pe3yJbTaTaMH pPO3PaxXyHKIB PI3HHULSA CKJana, K MiHIMyM, Big 15%
JUTSE MOJIETTH 13 CTAJIEBOIO MaTpHIICIO 110 27,6% aJis anroMiHi€BOT

350 |E,TTla 207 321
287
300 267

250 210
200
150
100

50
%

0% 5% 10% 15% 20% 25%

Puc. 9. 3anesxkHicTh MOTYJIsI MPYKHOCTI VIS cTajIeBOi MATPHLI Bil YaCTKH HAHOPO3MipPHOT 0
BKJIIOYEHHS

BucHoBku

Jns  jgochiakeHHs  BIACTUBOCTEH  KOMIIO3UTHOTO — HaHOMaTepialy JOCTaTHbO
pO3TISAIATH MATPUII0 3 TMOOJUHOKHM BKIIOUEHHSM, aJKe, TPOMI3JKi, MYJIbTHMATPUYHI
MOJIeJi He IEMOHCTPYIOTh Pe3y/IbTaTiB, SIK1 BIAMIHHI BiJ BUNAAKY MTOOJIMHOKOTO BKITFOUYCHHSI.
OTpumaHi JaHi TakoX JEMOHCTPYIOTh, IO HaWOumbm edekTuBHAa o00'eMHa YacTKa
HAaHOPO3MIPHOTO BKJIIOUEHHS B PENPE3EHTATUBHOMY 00’€Mi MaTepiany ckianae 6inmu3pko 5%,
MoJiajblie i 3poCcTaHHsI JEMOHCTpYE MeHIne 3MinHeHHs. CIif 3a3HauuTH, 10 MaKCHUMabHI
oCchOB1 jAedopmariii BUHHMKAIM Ha KyTaxX IIIECTUKYTHOI TNPU3MH, 1, caMe€ BOHHM KiJIbKa
3aHIDKYBAJIM DPeaTbHUN €(PEeKTUBHUN MOIYyih MPYKHOCTI KOHCTpyKmii. OTxe, moOymoBa
MaTpullb, 3 PIBHOBIIJAJICHUMH BiJi HAHOBKJIIOUCHHS €JIEMEHTaMH, HAIPUKIIAJ, TPyOUacTHX,
3aTHA BiJYYTHO MOJIMIIMTH MILHICTh HaHOKOMNO3MTIB. Hanmami Oyxe pospoGieHo miaxif,
3acHoBaHUN Ha cymicHomy BukopuctanHi MI'E ta MKE, saxuii 103BoauTh €()EKTUBHO
aHaNli3yBaTH pEnpe3cHTaTUBHI O0O0'€MHI €JIeMEHTH 3 TpyOdacTUMU 1 OOOJIOHKOBUMH
BKJIIOYEHHSIMH Ta BIJIKPHE HOBI MOXJIMBOCTI IS OIIHKH MIITHICHUX XapaKTEPHUCTHK
TPUBUMIPHHUX MPYKHUX CTPYKTYpP 3 HAHOPO3MIPHHUMH HEOJHOPITHOCTSIMH 3araibHOi (OpMH.
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YK 62-50
I.0. AUMOBA, B.C. IJUMOB

XepCOHCHKHI HAIlIOHAJIBHUI TEXHIYHUN YHIBEPCHUTET
I'EHEPYBAHHS BUITAJIKOBUX ITPOLECIB IMHAMIYHUMUA CUCTEMAMUA

bazamo cucmemu npedcmagnaiomscs 3a 00noMo2010 OupepenyiarbHo2o pieHAHHS, WO
38's13y€ 6XIOHUL CUCHAN 3 6UXIOHUM. IMnyrbcHa xapakmepucmuka h(t, u) € npocmo po3s 30Kk,
KOMU 6XIOHUM CUSHATIOM CILYHCUMb IMNYIbC 8 MOMEHM 4acy u. Y O0awit cmammi po3enssymi
Memoou peanizayii cucmemu, Wo onUCYeEMbCs OUpepeHyiatbHUM PIGHAHHAM N-020 NOPAOKY 3
nocmitiHumu  koeghiyicumamu. bByov-ske HecuneynsapHe JiHIlIHe NepemeopeHHs BeKmopa
cmamny eede 00 HO8020 yasieHHsA cmaHry. OmpumaHo oucnepciline piBHAHHA, WO He MICIMUMb
NPULIHAMO20 CUSHATLY | € MAMPUYHUM DieHAHHAM Pikkami.

Knwouosi cnosa: mampuys cmawmy, mampuys YRpasiiHHA, 2eHepayisi nosi0oMIeHb,
Kosapiayitina QyHKyis, IMRYIbCHA XAPAKMePUCTUKA, OLIU WyM, OUCNePCIliHA MaAMPUYs..

A.O. IBIMOBA, B.C. IbIMOB

XepCcOHCKUH HAlMOHAJIBHBIN TEXHUUECKUI YHUBEPCUTET

TEHEPUPOBAHUE CJTYYAHHBIX MIPOIIECCOB JUHAMHUYECKUMHA
CUCTEMAMHA

MHnoeue cucmemvl npedcmasisaiomcs NOCPeoCmeom OupghepeHyualbHo20 ypasHeHus,
CBA3bIBAIOU|E20 8XOOHOU CUSHANL C 8bLIXOOHBIM. HmnynvcHas xapakmepucmuka h(t, u) ecmo
npoOCmo peuteHue, Ko20ad BXOOHbIM CUSHALOM CLYICUM UMNYIbC 8 MOMEHM eépemeHu u. B
OaHHOU  cmamve  pPacCMOmMpenvl — Memoobl — peanu3ayuu  CUCmeMbl,  ONUCbIBAeMOU
ougpepenyuanbhvim  ypasneHuem n-020 NOPAOKA C HOCMOSAHHLIMU KOIPduyuenmamu.
Jioboe mecuneynapuoe auneliHoe npeodOpazoeanue 6eKmopa COCMOSAHUS 8edem K HOBOMY
npeocmaenenuto  cocmosinus.  IlonyueHo OucnepcuoHmoe YpasHeHue, He  COOepiHCUm
NPUHAMO20 CUSHALA U ABTAEHC MAMPUYHBIM YpasHeHuem Pukkamu.

Kniouesvie cnosa: mampuya cocmosnus, Mampuya YnpaeieHus, 2eHepayus
coodwenutl, KOBAPUAYUOHHASI (DYHKYUS, UMNYIbCHASL XAPAKMEPUCMUKA, Oenvlii uwyM,
OucnepcuoHHas mampuyd.

G.0. DYMOVA, V.S. DYMOV

Kherson National Technical University

GENERATION OF RANDOM PROCESSES BY DYNAMIC SYSTEMS

The article is devoted to the analysis of the behavior of dynamic systems of various
nature. Many dynamic systems are represented by one or several differential equations
connecting the input signal with the output one. The impulse response h (t, u) is a simple
solution when the input signal is the input pulse at time u. All processes in the system are
generated by passing white noise through a linear system with time-varying parameters. The
article discusses the three main ideas of the description of systems using differential
equations. The methods for implementing the system described by an n-th order differential
equation with constant coefficients are given. Any non-singular linear transformation of the
state vector leads to a new representation of the state of a linear dynamical system. Systems
with time-varying parameters and multichannel systems with many inputs and outputs are
considered. Using the example of a system that generates two output messages, it was found
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that the excitation function is a vector function. For the problem of modeling a message, it is
assumed that the exciting function is white noise with a matrix covariance function, and the
initial conditions can be random variables. The next step was to consider the solution of the
equation of state of the system and the properties of the transition state matrix for the case of
a system with constant parameters. By performing some transformations, a dispersion
equation is obtained that does not contain the received signal, so it can be solved before
receiving information of any nature and used to determine the transfer coefficients of a linear
dynamic system. In the general case, it is impossible to explicitly obtain an exact analytical
solution, but the equation is obtained in a form convenient for integration on a computer. The
dispersion equation is the Riccati matrix equation, which is used to identify and predict the
state of a dynamic system, namely, to determine the basic matrices of the equations of state
and observation.

Keywords: state matrix, control matrix, message generation, covariance function,
impulse characteristic, white noise, dispersion matrix.

ITocTanoBka npodaemu

JIiHiliHI CHCTEMH XapaKTEePHU3YIOTHCS 3a TOMIOMOIO0 IMITYJIbCHOT Xapakrepuctuku h(t,
u) abo mpocto h(7) y Bunanky 3 mocTiiiHUMH B 4aci nmapamerpamu. BiMiHHOIO 0COOIHMBICTIO
TAKOTO OMHCY € Te, M0 BXIAHWW CHUTHAJI BBAXKAETHCS BINIOMHUM Ha iHTepBaii -0 < t < oo,
ImmynibcHa XapakTepuctrka h(t, U) sBIS€THCS TPOCTO pillicHHSIM AU(EPEHIIIHHOTO PIBHSHHS,
KOJIM BXiTHUM CHTHAJIOM CITY’KUTb IMITYJIbC B MOMEHT 4acy U.

AHaJIi3 OCTAHHIX JOCTiIKeHb | myOaikanii

IcHye Tpu pilieHHS AJIs OMKUCY CUCTEM 3a JOMOMOT0I0 TU(epeHITIHIX PIBHSIHb.

[Tepmie pimeHHs MOB's3aHE 3 MOYATKOBUMH YMOBAMH 1 3MIHHUMU CTaHY MPH PO3IIISIII
nuHaMmidHuX cucteM [2, 6]. CTaH cHUCTEMH BHU3HAYA€ThCA SK MiHIMalbHA KIJTBKICTh
iH(opmarrii mo/10 BIUIMBIB MOMEPEIHIX CUTHAIIB Ha BXOJ1 CUCTeMH, HEOOXI1THE JIJIsi TIOBHOTO
onucy BUXimHOro curHaimy npu t > 0. 3MiHHI BEJMYMHHU, IO MICTATH II0 iH(pOpMaIliio, €
3MIHHHMH CTaHy. SIKIO 3ajqaHi CTaH CHCTEMH B MOMEHT 4Yacy {p Ta BXIOHWI CHUTHall Ha
iHTepBaii Big ty 10 t), TO MOXHA 3HAWTH SIK BUXITHUA CUTHAJ, TaK 1 CTAaH CUCTEMH B MOMEHT
yacy 1.

Hpyre pimeHHs 3BOAUThCS 10 peamsaiii (abo MomemtoBaHHs) IuU(EpEHIIHHOTO
PIBHSIHHS 32 JOIIOMOTOIO aHAJIOrOBOTO 0GUKCTIOBaYa. MOro MOKHa PECTABUTH SK CHCTEMY,
IO CKJIAJAEThCsl 3 1HTErPaTopiB, JIAHIIOTIB 31 3MIHHMMU B Yaci Koe]illieHTaMH Tmepezaul,
CyMaTOpiB 1 HeNmiHIHMX O€31HEpUiHHUX MNPHUCTPOiB, O0'€IHAHUX TaKUM YHHOM, II100
BIITBOPUTH HEOOXiJHE CIIBBIIHOLIEHHS MIX BXIIHMMH 1 BUXIIHUM curHanamu. [louaTkoBa
ymoBa )(tp) BUCTymae TyT SK 3MIIIEHHS Ha BUXOJIl IHTErparopa. 3MilleHa BUXiJHA HArpyra
1HTerpaTropa € 3MIHHOIO cTaHy cuctemu [1, 2,4, 5, 9].

Tpere pilieHHs BIIHOCUTHCS J0 MUTAHHS TeHepallii BUMaIKoBOTo mporiecy. ko u(t)
€ BHUIMMAIKOBUM TiporiecoM abo Y(tp) € BumagkoBa BenmuuMHa (200 BOHU 0OWABA €
BUMAJAKOBUMU), TO Y(t) € TaKOK BUMAAKOBUHN MPOLIEC.

Merta pocJainkeHHs

Jns BU3HAueHHS KOE(Ii€HTIB cucTeMH AU(BEpEeHIINHUX pPIBHSAHB, IO OINHUCYIOTh
TUHAMIYHY CHCTEMY, HEOOXIJIHO OTPUMATH TaKe PIBHSIHHS, K€ HE 3aJICKUTH BiJl BXITHOTO
CUTHaA.

BukJiiageHHs1 0CHOBHOI'0 MaTepiajy J0CaiIKeHH S

Posrnsinemo cucremy, sika ONUCYeThes AU(PEPEHLIHHUM PiIBHSIHHIM BUY:

YOO+ P YT @)+ Po(t)y(t) =bou(t),

e y(n)(t) — n-a moxigHa Bix y(1);
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pi(t) — omeparop nudepeHiiroBaHHS;
u(t) — curHai Ha BXOJIi CHCTEMHU;
by — BaroBwmii koedirieHT.

JUist BU3HaYeHHs pO3B’SI3KYy PIBHSHHS N-0T0 MOPSAKY HEOOXiTHO 3HATH 3Ha4eHHs J(1),
ey y(”'l)(t) B MOMEHT yacy to. [lepmmm KpokoMm TpW 3HaAXOJpKEHHI peamizamii B dopmi
aHAJIOTOBOTO OOYMCITIOBA4Ya € MOJETIOBAHHS YIICHIB JIBOI YAacTHMHHU I[bOTO PIBHSHHS.
Hactynuuii Kpok mojsirae B TakOMy B3aEMHOMY 3'€JHAHHI ITMX BEJIWYHMH, 100 BKa3aHe
piBHSHHS 3amoBosbHsIOCH. JludepeHuiaabHe pIBHAHHSA BH3HAYa€ BXiJHA Hampyra Ha
cymartopi. BBogmmMo TmOYaTKOBI yYMOBH, 3a/lal04i BH3HAYCHI 3MIIIEHHS Ha BHUXOJaX
iHTerpaTopa. 3MiHHI CTaHy € 3MillleH1 HAapyTru Ha BUXO/II iIHTerpaTopa.

[Ipocrimie npairoBaTé 3 BEKTOPHUM JU(PEPEHITIATBHIM PIBHSIHHSIM MEPIIOTO MOPSIIKY,
HIXK 31 CKaJIIpHUM U EepeHIliaIbHUM PiBHSHHAM N-TO.

Hexain

X ()= y(t),
X (1) = Y(1) = X, (1),

X, () = YD) = %1 (),

n n
(0 =YV ) == proy I ® +bg == prixie (1) +bou(t),
k=1 k=1

[Mo3naunBmm cucremy X;(f) uepe3 MaTpUIIO-CTOBIEIb, TOMIYaEMO, IO CKAJIIPHOMY
PIBHSHHIO N-OT0 TOPSIKY €KBIBaJECHTHE HACTyMHE N-MipHE BEKTOPHE PIBHSHHS TEPIIOTO
nopsaaky [2, 9, 10]:

%:xm = AX(t) +Bu(t), (1

ne A — MaTpHIs CTaHy CHCTEMH;
B — marpuus ynpasininHs (BXO1y).

Bekrop x(t) € BekTopoM cTany ais AaHO1 JNiHIKHOI cucTemH, a (1) — piBHSIHHAM CTaHy
cucteMu. Byap-sike HECHHTYISIpHE JIiHIMHE TIepeTBOpeHHs BekTopa X(1) mae 1HIIMIA BEKTOP
crany. Buxinna nanpyra y(t) nos's3ana 3 BEKTOpoM cTaHy piBHsAHHsM [7, 11, 12, 13]:

y(t) =Cx(t), (2)
ne C — MaTpullsg BUMIpPIOBaHHS.

PiBusnnst (2) BuxigHe piBHsSHHA cuctemu. PiBHsaas — (1) 1 (2) — mOBHICTIO
BHU3HAYAIOTh CUCTEMY.

Jnst cucteM 31 3MIHHMMH B 4aci TMapaMeTpaMH B SIKOCTI OCHOBHOTO YSIBJICHHS
PO3IIISIHEMO BEKTOPHI piBHAHHA [3, 9]:

dx(t)
dt

= A(t)x(t) + B(t)u(t), 3)

y(®) =COx(), 4
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ne X(t) — BekTop cTany;
A(t) Ta B(t) — 3minHI MaTpuili qudepeHIliiHOTO PIBHIHHS;
u(t) — curHai Ha BXOJi CUCTEMH, MPOLIEC TUITY O1JIOT0 LIyMYy;
C(t) — MmaTpuIs BUMIpIOBaHHS.

PiBusinHs (3) — piBHSHHS CTaHy CUCTEMH, a (4) — BUXIJIHE PIBHSIHHS CUCTEMH.
BukopucToByIOUH B SIKOCTI BX1JHOTO BILTUBY OUTHI ITyM

E[u®u(n)]=ao(t-1),

MOKHa MOJEJIOBAaTH €Ki HecTalioHapHI BUIAIKOBI mporecu. HecramionapHuii mporiec
MOXeE 3'IBHTHCS HaBITh TOMAI, Koiau Mmatpuii A ta B mocriiini, a Xo(t) — merepmiHoBaHa
BenuuuHa [2, 7].

PosrnsmeMo cucremy, sika reHepye nBa BuxigHuX moBimomuieHHs Yi(t) Ta Y,(1) (puc.

1.
I'enepatop I'enepatop I'enepatop
M) CHTHAJIIB OJHIET y—l(t)> % CHTHAJIIB OJHIET y—Z(t)> &b BEKTOPHUX :%
hopmu hopmu CUTHAIIIB

“Xl(t) “Xz(t) “ x(t)

Puc. 1. T'enepanisi 1BOX MOBiIOMJIEHB.

CraH nepioi CHCTEeMH OIUCYEThCS PIBHSIHHIMMU:
X1 (1) = Ap(Ox; (1) + By (Duy (1),
y1 () =Cr(Ox1 (1),
ne x;(t) — N-mipHUIT BEKTOp CTaHy.
[IpencraBieHHs APYroi CUCTEMH, aHAIOTIYHO J0 TMEPIIOoi, Ta Ma€ BUTIISI
Xp (1) = Az (DX, (1) + B, (DU, (1),
y2 () =Ca (X, (1),
ne X, (t) — M-MipHHIA BEKTOp CTaHy.

€MHa BEKTOpHA CHCTEMa PIBHAHB 3 JBOMIPHHUM BEKTOPOM CTaHy € OUIBII 3pyYHUM
CIOCOOOM OTHCY ITUX JIBOX CUCTEM:

[ x®
= [Xz(t)} ’

A®) :[Alm 0 }

0 Ax®
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B(t) {

_ju®
o= Lz(t)}

Bit)y 0
0 Byt

c) =[Cl(t) 0 }

0 Cy)

t
Y :{)ﬁ( )} .

y2()
Pesynbryroui audepeHuianbHi piBHIHHSA MalOTh BUTIIS!
X(t) = A1) +B(Hu(t), ()
y(t) =C(Ox(1). (6)
30ymKyroda (QyHKIIISI € BEKTOPHOIO.
Jlnst MozieNfoBaHHsI TIPOIIECY MPHUITYCTUMO, IO 30y/Kyroda QyHKIiS — OLTUi mym 3
MaTpPUYHOIO KoBapiamiifHoro gyHkiiero [12]:
Eu(u(z)]=Qds(t-17),
ne Q — BiI’eMHO BU3HAUEHA MATPUIIS.

Bbnok-cxema nporecy MoeIOBaHHs Oy/ie BUTJIATH HACTYIIHUM YHHOM (puc. 2):

u(t B(t + X(t) C(t y(t)
é (® > + 1/s — (® =
nxp m xn

Nt .

o . IHTETpaTOp . .
MaTpHUYHUN TiJICUITIOBAY 13 MaTpHUYHUM MMiCUITIOBAY 13
3MIHHHUM B 4aci IIOCHIEHHIM 3MIHHHUM B 4aci IIOCHIEHHIM

X(t)
nxn

MaTPUYHUM M1ICUTIOBAY 13
3MIHHUM B 4acl IIOCUJIEHHSIM

Puc. 2. Cxema renepauii npouecy Y (t).

[Ipn BUMaAKOBHX MOYATKOBMX YMOBaX HEOOXITHO 3aJaTH KOBapialiiHy (QYHKINIO i
cepeqHe 3HaueHHs E[X(t;)] B mOYaTKOBHI MOMEHT uacy npu to [2, 13]:

Ky (to>to) = E[X(tg) X (to)]- (7)
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[ToB's3aH1 TIpoIIeCH MOKHA MOJIETIOBATH IMIJISXOM 3aMiHM JlIarOHAJIBHUX MAaTPHUIlb B
(5), (6) 1 (7) MaTpuIIMU 3aTaILHOTO BUTIISY.
ko piBHSHHSA (5) — OHOPIAHE PIBHIHHS 3 MOCTIHHUMHU KOe]illi€HTaMH, TOII:

X(t) = AX(t),
3 MOYaTKOBOO YMOBOIO X(1p). Axmro X(t) Ta A — ckansipu, TO pO3B’ 30K Ma€ BUTJIISL;
x(t) =e Aty (t,) .
J171s1 BEKTOPHOT'O BUIAJIKYy MOKHA TTOKA3aTH, 10
x(t) = A 0)x(t),
e eAt BU3HAYA€THCA HGCKiH‘-IeHHI/IM pAaoOM:

2,2
eA(t)=I+At+A t

+o

ne | — oqunnyna mMaTpuiis.

DYHKIIIO ™) mosnaunmo yepes D(t-t)) = D(7). Dynkiis D(t-t)) sBuseThCS

MEePEXiTHOI0 MATPHUIICIO CTAHY CUCTEMH, SKa BHU3HAYAETHCS SIK (QYHKIIS IBOX 3MIHHUX D(t,
to), 10 3a10BOINBHSIE TU(EPEHITIATBHOMY PIBHSHHIO

D(t,1p) = A @ (L,ty) (®)
3 MOYaTKOBOIO yMOBO1O D(1y, to) = 1.

Po3B’s130Kk B Oyb-sIKWi MOMEHT 4acy Ma€ BUTJIS:
X(t,to):(l)(t,to)X(to) . 9)

JIJist HEOTHOPIAHOTO BUITAKY 3arallbHUN PO3B’SI30K MICTUTh OAHOPIIHUN 1 YaCTHHHHIMA
PO3B’SI3KU BUTJISIAY:

t
X(t) =@ (t.t)) X(tg) + [ @ (t.7) B(r)u(r)d7 . (10)

ty

JliHifiHI cucTeMH 3 MapaMmeTpamH, M0 3MIHIOIOTBCS B 4Yaci, XapaKTepU3YIOThCSA 3a
JOMOMOT 00 iMIynibcHOT xapaktepuctuku N(t, 7) 3a ymMoBH, 110 BXijHa BeJIWYHHA BiJOMa Ha
iHTepBaii Big —oo 110 t [3]. Takum urHOM,

t
y(t) = [h(t,0)u(r)dz. (11)

—00

DOI 10.32782/2618-0340-2018-2-55-64
60



HPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

VY OupIIOCTi BUNAJAKIB BIUIMB IOYaTKOBOI YMOBHU X(—o0) B (10) He mposiBIsS€THCH,
oTXxe, npuitMaeMo i piBHOIO HyI0. Toai oTpruMaemMo

t
y(t) =C(t) [@(t,7)B(r)u(r)dz. (12)
[Topisatoroum (11) ta (12), maemo

CHd(t,7)B(r), t>7,

0, MpH iHIUX t.

h(t,f)z{

Marpumi C(t), ®(t, 7) Ta B(7) 3anexarp Big ySABICHHS CHUCTEMH, aje MaTpUYHA
IMITyJTbCHA XapaKTEPUCTUKA € €IHHOIO.

BcraHoBUMO CTaTHCTUYHI BJIACTUBOCTI BeKTOpHUX mporieciB X(t) Ta y(t), komu u(t) €
BHOIPKOBOIO (PYHKITI€I0O BEKTOPHOTO BUIIAIKOBOTO MPOIIECY TUITY OLIOTO IITyMYy:

E[u®u’ (1)]=Qs(t-7).

B3aemHa xopensuis Mixk BekTopoM cTany X(t) cucremu, mo 30ymIKyeThCs OLTHM
mrymoM U(t) 3 HyJIbOBUM CEPEIHIM, 1 BX1THOIO BEJIMUYHUHOIO U( 7), 110 TOPIBHIOE

Ky (t,7)=E[xu' ()]. (13)

s po3puBHA (DYHKITiSE MA€E BUTIIS

0, T>1,

Koto={ JBOQ o=t . (14)
O(t,7)B(7)Q, ty<r<t.

[TinctaBumo (9) y BuzHauenss (13), Toai oTpumMaemo
t
Ky (t,7)=Eq | ®(t,t5)X(ty) + IQ(t,a) B(a)u(a)da Ju' (1) ,
to
IIe o — Jac 3aIli3HIOBAHHA.

Baecemo wMaremaTudHe OYIKyBaHHS IIiJI 3HAK IHTErpajga 1 MPUITYCTUMO, IO
movaTkoBUi cTaH X(1y) He 3anekuTh Big U(7) mpu 7> ty, Tomi

t t
Ky (t7) = [®(t,a)B(a) E[u(e)u’ (r)]da = [®(t.2)B(@)Q5(a-1)da.

to to
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[Tpu 7>t et Bupa3 nopiBHIOE HyII0. Ko 7= 1, a nenpTa-QyHKIIs CAMETPUYHA, TaK
SK € MEXKEI KoBapiamiiHoi (yHKII, TO HEOOXIAHO B3STH TUIBKM TOJOBUHY IUIONI OiJist
MPaBoi rPAaHUYHOT TOUKH IHTEpBaTYy. TaKUM YHHOM,

Ky (1) = ‘D(t DBOQ.

BuxopucTtoBytoun pe3ynbTaT, IKHid BUIUTHBAE 3 (8), OTpUMAEMO BHpa3, pO3TalIOBAHUN
y Apyromy psaky dopmyiu (14).
Skmo 7<1, MaTUMEeMO

Kxu(t,r)zéq)(t,r)B(r)Q, T <t, (15)

0 BiAnoBigae tperboMy psanaky dopmynu (14). Oxpemuii Bunanok (15) mae micie, KO
MOKJIaCTU 7 —> {

limt Kywt7)=B(1)Q .

3BiaCH B3aEMOKoOpesiiiHa QyHKIlis BuxigHoro Bektopa Y(t) ta u(7):
Ky (t,7) = CHK,, (t,7) .
[Toznaunmo
A ) =K, (L),
OTtxe,
A= EIXOXT ()], (16)

Hudepenniroroun o6uaBi yacTuHu piBHIHHSA (16), oTprMaemo:

dA,(t) | dx(t) T dx" (t)
<Ol 0.7 o 250 an

[TincraBnsroun (5) B mepmuii wieH (17), orpuMaemMo:
[dx(t) T(t)} E{[Aamx®) + Boum]xT o}, (18)

BuxopucroBytoun BnactusicTh (15) no apyroro uneny (18), orpumaemo

[dx(t) T(t)} ADALD+5BOQET .
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Tonmi pumcmepciitHa Matpuil Bektopa crtany X(f) cucremu (5) 3a70BOJIBHSE
nudepeHiiagIbHOMY PIBHSIHHIO

Ay®) = ADAL D)+ Ay (AT ) +BOQB (1) (19)

3 IOYaTKOBOIO YMOBOIO

Ax(ty) = E[x(t)X" (to)].

BucHoBknu

Hucnepciiine piBHsAHHS (19) HEe MICTUTh NPUHHATOrO CUTHATY, TOMY HOro MOXKHa
pO3B’s3yBaTH 10 TpUioMy Oyab-skoi iH(OpMaIlii Ta BUKOPUCTOBYBATH JIJIsi 3HAXOJKEHHS
KoedirieHTiB nepenadi. /lucnepciiine piBHSHHS € MaTpUYHUM pPIiBHSHHAM Pikkarti, sike 3a
JIOTIOMOT'OF0 METOJa MiJICTAHOBKK B po0OOTI [8] 3BOAUTHCS 10 JHIHHOTO AUEpEHIIaTbHOTO
PIBHSHHS, PO3B’SI30K SIKOTO TPaHC(HOPMYETHCS B 3BOPOTHOMY HAIpsiMi B PO3B 30K PiBHSHHS
Pikkari, o € BIOCKOHAJICHHSM METOAY BH3HAUCHHS OCHOBHUX MATPHUIb JHHAMIYHOI
CHCTEMH 3 BUKOPUCTAHHIM PiBHSAHHS PikkaTi.
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YK 519.713:681.52 .
M.b. EAMHOBNY, 1.B. BAUPAK, C.JI. KAPITEHKO

XepCOHCHKHI HAIlIOHAJIBHUI TEXHIYHUN YHIBEPCHUTET

3ACTOCYBAHHSA CTAHJAPTY IEC 61499 ITPU TPOEKTYBAHHI
PO3IMOJIIJIEHOI CHCTEMU YIIPABJIIHHS JITHIEIO BUPOBHULITBA
JAEPEBUHHO-CTPYXXKOBUX IIJIUT

Y cmammi posensinymi numanus npoekmy8anHs po3nooiieHux cucmem YnpaeiiHHs i3
s3acmocysannuam cmanoapmy |EC 61499. [lpogedeno nopisuanvuuii ananiz cnocodie
npoeKmy8anHs cucmem ynpaeiinHa i3 3acmocyeanuim cmanoapmie |EC 61131 ma IEC
61499. Ilpoananizoeana cmpyxkmypa cmanoapmy |EC 61499, cmpyxmypa ¢ynxyionanonux
b110Ki6 ma po3nodin pecypcis. IIposedeno ananiz mexuonociunoi cxemu supoonuymea J{CII.,
Ha ocnosi nposedenozo ananizy 3anponoHosano cmpykmypy YAPAGIIHHA i3 3aCMOCY8AHHAM
¢ynxyionanvrux onoxie cmanoapmy |[EC 61499. Pospobreno epagh ynpasninHs 6uKOHaAHHAM
010Ky kepysanns npecom gpopmyeanns J{CII.

Knrwouosi cnosa: |EC 61499, posnodinena cucmema ynpaeninHs, QyHKYiOHANbHUL
010K, NPOSPAMOBAHULL TOTYHULL KOHMPOJLED, 0EPEBUHHO-CMPYHCKOBA NAUMA.

M.B. EVMHOBNY, 1.B. BAMPAK, C.J1. KAPTIEHKO

XepCcoHCKHI HAITMOHAIbHBIA TEXHUYECKUN YHUBEPCUTET

INPUMEHEHHUE CTAHJIAPTA IEC 61499 ITPU IIPOEKTUPOBAHUN
PACHIPEJEJIEHHOMU CUCTEMBI YIIPABJIEHUS JIMHUEU ITPOU3BOJCTBA
JAPEBECHO-CTPYKEYHBIX IIJIUT

B cmamve paccmompenvi 60npochi npoeKmMuposanus pacnpeoeieHHblX Cucmem
ynpasnenus ¢ npumeneruem cmanoapma IEC 61499. [lposeden cpasnumenvhvili aHaius
Ccnoco608 NpoeKmupo8arus cucmem ynpasienus ¢ npumerenuem cmanoapmos IEC 61131 u
IEC 61499. Ilpoananusuposannas cmpykmypa cmanoapma IEC 61499, cmpyxmypa
@yHKYUOHANbHBIX OI0K08 U pacnpedeneHue pecypcos. IIposeden ananuz mexHor02udecKou
cxemwl npouzeoocmea JICIl. Ha ocnose nposedennozo ananuza npeonodceHa CmpyKkmypa
Vnpasnenus ¢ npumeneHuem QyukyuonanvHolx onoxos cmanoapma IEC 61499. Paspaboman
epag ynpasnenus ucnoanenuem 6ioxka ynpaenenus npeccom gopmuposanus JJCIIL

Knrouesvie crosa: IEC 61499, ¢yukyuonanvHulli 610K, pacnpeoeieHHas cucmema
VIPAGIeHusl, NPO2PaAMMUPOBAHHDIU JI02UHEeCKULL KOHMPOJLIEp, OPe8eCHO-CMPYHCeUHAs NAUmMA.

M.B. YEDYNOVYCH, I.V. BAIRAK, S.L. KARPENKO

Kherson National Technical University

APPLICATION OF IEC 61499 STANDARD FOR THE DESIGN OF A DISTRIBUTED
CONTROL SYSTEM FOR MANUFACTURING PARTICLEBOARDS

The appearance of the first distributed control systems is associated with the
widespread use of digital automation in the control system. The IEC 61499 architecture was
conceived in anticipation of the demand for distributed automation. It incorporates several
solutions facing distributed automation challenges. It can be said that IEC 61499 proposes a
system level design language for distributed measurement and control systems, thus bridging
the gap between the popular PLC programming languages and distributed systems.
According to the IEC 61499 model, a distributed system consists of computer devices
equipped with interfaces to the environment, such as communication networks or physical
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machinery and processes. The universal design artefact of the IEC 61499 architecture is
function block (FB). Function blocks can be used for describing decentralized control logic,
but also for describing properties of devices, such as their interfaces. To combine several
function blocks into an application, they are connected by event and data connection arcs.
Thus, the complete functionality of distributed control system can be represented in terms of
function blocks and connections between them.

The analysis of the technological scheme of production of particleboard was
conducted. Particleboard or chipboard is manufactured by mixing wood particles or flakes
together with a resin and forming the mixture into a sheet. The particles are then dried, and
any oversized or undersized particles are screened out.

Resin is then sprayed as a fine mist onto the particles. After the particles pass through
a mist of resin sufficient to coat all surfaces, they are layered into a continuous carpet. The
formed sheets are compressed under pressures between 2 and 3 megapascals (290 and
440 psi) and temperatures between 140 and 220 °C (284 and 428 °F) to set and harden the
glue. The entire process is controlled to ensure the correct size, density and consistency of the
board.

On the basis of the conducted analysis, a management structure with the use of
functional blocks of IEC 61499 standard has been proposed. Execution Control Chart (ECC)
of the press control unit for the formation of particleboard has been developed.

Keywords: IEC 61499, distributed control system, function block, programmable logic
controller, particleboard.

IlocTanoBka nmpodJjemu

[MosBa mepmmx posnoginenux cucrem ympapninHsa (PCY) mop’s3ana i3 OIMPOKUM
3actocyBaHHsIM 1udppoBux 3aco0iB aBTomatuku B ACYTII. EOM nenrpanizoBanunx ACY i
ACVYTII noBuHHI Oynu OOpOONSTH CUTHATM B TUCSY, @ TO 1 JECATKIB THUCAY TOYOK
BBOJIY/BUBOJly, IO TOTpeOyBajO0 3HAYHUX OOUYMCIIOBAIBHMX TIOTY)KHOCTEH, a TaKOX
OaraTokizoMeTpoBHuX JiHIH 3B’s3Ky. Tomy y 70-x pokax XX cromirrtss Oyna CTBOpeHa
KoHIenmiss posnosaiaeHoi cucremu ympasiinHa (Distributed Control System, DCS), sxa
nepeabavanga MOMAIT TEXHOJOTIYHOTO TPOIECYy Ha OKpeMi IiIISHKA (CerMEHTH) TiA
YIOPaBIIHHSAM JIOKATbHUX CTAHIINA. JlaTYMKK 1 BUKOHABYI MPUCTPOi MOTJIM ITAKITIOYATHCS 0
CTaHIIi SK 0 aHAJIOTOBHUM, TaK 1 10 HU(POBUM JIiHIAM 3B’513Ky. B Oynb-sikoMy pasi 1ie 3Ha4HO
CKOpPOUYBaJIO 3arajibHy JIOBXKMHY KOMYHIKAIlii, WiJBUIIYBAIO HAMIMHICTh 3B’SI3KYy 1
3HIKYBAJIO BHUMOTH 70 OOYMCITIOBAJIBHOI MOTYKHOCTI KOHTpojepa. CraHIil yHpaBiiHHA
MIIKITIOYAIACS 10 MEpeXl MIANPUEMCTBA, IO J1aBaJI0 MOXKJIMUBICTH IEHTPATI30BaHO
KOHTPOJIIOBATH BUPOOHHIITBO.

[IpoekTyBaHHSA PpO3MOMIICHUX CHUCTEM YOPABIiHHA MOXKe OyTH peani30BaHO 3
BukopuctanuaMm ctangaptiB [EC 61131 a6o IEC 61499. Ilepmmii 3 HUX NpU3HAYEHO VIS
nporpamyBanHsa [1JIK, mpoekTyBanHs BenmeTbes "3HH3Y MOTOpPH'", KOJU TOTOBI KOMITOHEHTH
cucreMu 00’enHyeThcsi B eauHe wninme. Ilpm TakoMy miAXoAai BakKO BpaxyBaTH YcCi
O0COOJIMBOCTI BEJIMKUX CHCTEM, IHKOJIM BUTPATH, HEOOXiAHI JJIi MPOCKTYBaHHS CHCTEMH,
MOXYTh HaBiTh MEpEeBHILYBaTH BHUTpaTu Ha obOnaaHanHsA. Cranpaptr IEC 61499 nosBomse
MMPOCKTYBATH PO3IMOAUICHY CUCTEMY SK €IUHY CTPYKTYPY 3 IMOJAIBIIOK PO3OMBKOIO i Ha
okpemi kKommnoHeHTH. CucteMHUH miAxif, sikuil nmpomonye crangapt IEC 61499 nospomse
3HAYHO CKOPOTUTH BHUTpPATH HA MPOEKTYBAHHA Ta MIJBULIUTH SIKICTh CaMOIO IPOEKTY.
[Hupoxomy BrpoBamkeHHio crannapry IEC 61499 mnepemikomxkae HENOCTaTHSA KUIBKICTb
¢daxiBmiB 3 IEC 61499 Tta Benmuue3Ha KUIBKICTh 3acO0IB aBTOMATH3allii 3 MiATPUMKOIO
crangapty IEC 61131. Takox icHyI0Th NIeBHI npoOiemu i3 criiikicTio anroputMi IEC 61499

[1].
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AHAaJII3 OCTAHHIX J0CTiIAKeHb i myOaikaii

MiXHapoJHE MPOMHUCIOBE CIIBTOBAPHCTBO BU3HAIO HEOOXiIAHICTH PO3POOKH HOBUX
CTaHAAPTIB JUIsl TPOTPaMOBaHUX JIOTIYHUX KOHTPOJEpiB. Sk pe3ynbTaT Oynu po3podiseni IEC
61131 ta IEC 61499, sxi pa3oM 3 HOBUMH TEXHOJOTISIMH MarOTh BEJIWYE3HHMH BIUIMB Ha
MPOEKTYBaHHS 1 BIPOBAKEHHSI IPOMHCIIOBUX CUCTEM YIPABIIIHHS.

Ili nBa cTaHmapTH TICHO TOB'S3aHI 1 CTBOPIOIOTH OCHOBY JJISi PO3BUTKY CHCTEMHU
VOpaBIiHHSA, a TaKOX I PO3BUTKY TMPOTPECUBHUX TEXHOJIOTIH B HAWMOIMIKIOMY
MailOyTHbOMY.

Cranmapt IEC 61131 Ga3yeTbcs Ha m00Ope MepeBipeHUX METOAuKax [2], sKi B JaHUN
yac BUKOPUCTOBYIOTBbCS B pi3HUX ¢opmax 1 B 0ararb0X KOHTPOJIBHUX NpOAyKTax. Bin
BCeOIYHO BH3HAUYAE BECh MPOIIEC PO3POOKU MPOTPaMHOTO 3a0e3MeUeHHs sl MPOTPaMOBaHUX
JIOT1YHUX KOHTPOJIEPIB 1 CUCTEM YIPABIiHH, BKIIIOYAIOYM MOBU IIPOTpaMyBaHHsI, peati3alliio,
3B'130K 1 TEXHIUYHY JIOKYMEHTAIIIIO.

Cranpapt IEC61499 Bu3Hauae po3mojiieHy MOJENb K PO30MBKY pI3HHUX YacTHUH
MTPOMHMCIIOBOTO TPOIIECY aBTOMATH3aIlll ¥ CKJIaJHOI CUCTEMH YIPaBIiHHA HAa (PYHKI[IOHATBHI
O70KH. 3aCTOCYHOK PO3MOAUISETHCS HUIAXOM PO3MIIIEHHS EK3eMIUIAPIB (yHKIIOHATBHUX
OJIOKIB Ha PI3HHX pecypcax B OAHOMY a0o0 OuIbIIEe MPUCTPOSIX. 3aCTOCYHOK 3 OaraTrbma
GyHKLIIOHATPHUMHM ~ OJIOKaMU  BiTOOpaXkaeTbcsi SK OJMH EJIEMEHT Xoda eK3eMIUIIpU
(G YHKIIOHATEHUX OJIOKIB PO3MOIIISIOTHCS TI0 pecypcax 1 001aHaHHIO.

KirogoBoro ocobnuBicTio ¢pyHKIioHaIbHUX O70KiB IEC61499 € ynpaBniHHA HUMH 32
JIOTIOMOT'OF0 30BHIIIHIX TOMAIHM, a HE TIIBKH 3a JOMOMOTOI0 BXITHUX JIaHUX, K Yy CTaHIAPTI
IEC 61131 [3-4].

OyukmionansHuil 010k (OB) B IEC61499 ne nmporpamua QyHKIiOHATbHA OJMHULIA,
sKa € HaWMEHIIIUM €JIEMEHTOM Y po3MoiIeH i cuctemi kepyBanHs. OcoommBicTio @b B IEC
61499 € MOXIUBICTH YHPaBIiHHSA TMOMIIMH 1 BEJIUKUH CTYIiHb Yy3arajJbHEHHS
(GhyHKIIOHATEHUX OJIOKIB [4].

OyHKIIOHATBFHUN ONOK CKIaJaeThess 3 ABOX dvacTuH (puc. 1). BepxHs yacTtuHa
(yHKIIOHATBHOTO OJIOKY 3amucye Mojii B alropuTMax, Hajaae iHGOpMAIilo MPO CTaH MiX
BBEJICHHSM, BUXOJIOM Ta TIOSIBAMH BUKOHAHHS anroputMmy. HikHs yacTrHa QyHKIIOHAIEHOTO
0JIOKY MICTHTh aITOPUTMH Ta BHYTPIIIHI JaHi, K1 MPUXOBaHI BcepeAnHi (PyHKIIIOHAIBHOTO
OIIOKY.

Bxizgni momii Buxigsi momil
] In’ s OImoKy
ITotoxn mopii ITotoxn mozmii
Ko 0JIb
= | i | =
— Tan énoxy L

= Sl
— — —
T| [ Bovmpimmi i | [

Bxigai gasi Buximni mami

PecypcHi 3pidHOCTI

(nnaHyBaHHA, 3B’ A30K, 3aIHC JAHHX)

Puc. 1. Moaens ¢pyHKIiOHAIBHOTO GJIOKY.

Jns Bu3zHaueHHs Oa3oBoro ¢yHKIioHambHOTO Onoky IEC61499 Ttpeba 3amatm
HACTYITHI €JIEMEHTH: BXiIHI ¥ BUXiAHI 3MiHHI, BXIIHI ¥ BHUXIigHI MOAil, aNrOpuT™M OJIOKY,
niarpamy ympasiinHa BukoHaHHsM (ECC — Execution Control Chart). Cemantnuno ECC
€KBiBaJICHTHA CKiHYEHHOMY aBTOoMarty Mypa. Jliarpama ynpaBiiiHHS BUKOHAHHSM - II€ OITHC
peakiiii Ha 30BHILIHI BIUIMBH, y SIKOMY 33Ja€ThCs, IO caMme MOTPIOHO 3pOOMTH, SIKILIO
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BimOynacs KOHKpeTHa mofisa. Bximai moxii 1HIIMIIOIOTE 1 YHOPaBIsAOTh BUKOHAHHSIM
¢ynkuionansHoro 6moky IEC61499. Kpim 30BHimHIX (BXiIHMX) MOJiH BKa3yeTbcs ( mpu
HEOOXITHOCT1), sIKi oAl OyAyTh TeHepyBaTHCS TpPH 3aKiHYCHHI BUKOHAHHS (YHKITIH-
oOpobmioBauiB. Haiibimpm 3pydyHOI0 MOBOIO JJIsi CTBOPEHHS JiarpaM  yIpaBlliHHS
BukoHaHHsM € SFC. Jlns omucy airoputMmy NEpeTBOPEHHS BXIIHHMX JaHUX Y BUXITHI
(anroputmy 0510Ky) BUKOpUCTOBYIOThCSI MOBHU cTanmapty IEC61131-3 (FBD. SFC, LD, ST,
IL) 1 T1 % T panux, mo B I[EC61131-3.
[Iponec Bukonauus ¢ynkiionansHoro 6soky IEC61499 onucyerbes B Takuii crocio:

—  Imimiamizamis ¥ BUKJIMK €K3eMIUIsIpa JUIsl TIEPEeBIPKU BX1THOT TO/IIT;

— IlepeBipka Ha MOsBY MOIT;

— BukonanHs anroputMy (QyHKIIIOHATHHOTO OJIOKY;

— T'eneparis BuxigHO Moii.

Meta pocJainkeHHs

Hocnigut mepeBaru 3actocyBaHHs craHgapty IEC 61499 nns mporpamyBaHHS
pPO3MOAUICHNX  CHUCTEM  YyNpaBIiHHSI  TEXHOJIOTIYHMMH  mporecamMd. Ha  ocHOBI
crangapty IEC 61499 po3poOutu po3noiieHy cHCTeMy YIpPaBIiHHS JiHI€0 3 BUPOOHHUIITBA
NepeBUHHO-CTPYXK0BOT TtuTH (JCIT) .

BukiaaeHHs 0CHOBHOIO MaTepiaJry J0CTiI:KeHHS

[Tpu MonemoBaHHI PO3MOIIJICHOT CUCTEMH YIIPaBIIHHS 13 BUKOPUCTAHHSAM CTaHIAPTY
IEC 61499 HeoOXigHO BUAUIMTH KOMIIOHEHTH CHCTEMH Ta OCHOBHI 3B’SI3KM MK HHMH.
Posrnsnemo Texnomoriro BupoOHuirea JICI1 Ta BHOKpeMUMO OCHOBHI €Taru BUPOOHHUIITBA.

B nanmii yac nepeBOCTPYKKOBI IUIMTH — HalmomyssipHimmi wmarepian. [ onoBHI
nepeBaru JICII — Hu3pka BapTicTh 1 mpoctoTa 00podku. JICIT pobisTh 3 mpecoBaHOi BETUKOI
JEPEBHOT CTPYXKH 3 JOJIaBaHHSAM TEPMOPEAKTHUBHOI CHHTETUYHOI CMOJU B SKOCTI
CMOJIYYHOTO PEUOBHHH.

[TosHotiHHOIO cupoBuHOtO Mis JICII € Oyap-sika MasiolliHHA JI€pEeBUHA, SIK XBOWHUX,
TaKk 1 JMCTSHUX TMOpiA. BUKOpPUCTaHHS KpYTaoi NEePeBUHU CKOPOUYETHCS 3a PAXyHOK
BUKOPHCTAHHS TaKHX MaTepialliB, SK TpiCKa, THpca 1 BTOpHUHHA JepeBuHA. Yacto B
BupoObHuuTBo JICII ¥HayTe BCi BHAM CHUPOBHHHM OJHOYACHO, a00 B 3MilIaHUX BHUIAX.
TexHoMOT1YHUHN TTPOIIeC MPEACTaBICHO OJIO0K-CXeMOor0 Ha puc. 2 [5].

7 Hoonapwlionus )
Hadpmnents Hporipfanus ma Lttt
OCMOAEHHS
) fpocipbatng
Hpecibonnsg Hidnpectybonnsg ngﬂgfﬁgﬁﬁ ma
KOHOUHIOHY BOHHA

) o ) Odpiska B
Odpisansisn lporxuu iy oMoy ma
kpail ckaag naktbanas

Puc.2. Texnosoriunanii npouec Bupodunursa JCII.

Ha erarmi miaroToBKyu CHpOBUHU KYCKOBI BIAXOU TOIPIOHIOIOTHCS B TPICKY, @ 3 TPICKH
1 BEJIMKUX CTPYKOK BHUTOTOBJISIIOTHCS CTPYKKH HEOOXIAHMX po3MipiB: TOBHIMHOIO Bix 0,2 1o
0,5 mm, moBxkuHOIO 5—40 MM, mupuHo 10 10 Mm Kpyria nepeBuHa OYUIIy€eTHCS BiJl KOPH,
pbKeThCS Ha MipHI BiApI3KM, SK TPaBWIO, JOBXKHHOWO 1 M, 1 Ticns 3amMO4YyBaHHS
PO3IIEIUTIOETHCS B3J0BXK BOJOKOH Ha JpiOHI (PparMeHTH 3 HACTYMHUM TOJPIOHEHHSM 0
MOTPiOHOT KOHTUITII.
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[lnuTa Mae TpuUmapoBy CTPYKTYpy. 3OBHINIHI IIapU BHUTOTOBJISIIOTHCA 3 JAPIOHUX
CTPYXOK, a CeplLeBUHA — 3 OUIbII BeNUKUX. TOMy Maca CTpYKKH PO3ILISAETHCS 1 Ta YaCTUHA,
0 TPHU3HAYAETHCS IS 30BHINIHIX IIapiB, JOAATKOBO MOApiOHIOEThCs. Ilicis cymriHHS
BiIOyBa€eThCs  COPTYBaHHSA. 3a  JIOMIOMOTOI0  IPOCIIOBaHHS  HEBIAMOBIAHI  (hpakii
BIJIOKPEMJTIOIOTBCS 1 TIEPEPO3MOIISIOTECS, a 3aHAJATO BEJMKAa CTPYXKKAa TOBEPTAETHCS Ha
MOAPiIOHEHHS.

[TigroToBneHa CTpy»XKa 3MIIIYETHCS 3 CHHTETUYHOIO CMOJIOI0, SIKA BXOJUTH J0 CKIIaAy
JICII B sikocTi cnoiy4Hoi pedoBuHH. Llg omepariisi mpoBOAUTHCS B CHeUiaibHIM MalluHi, jae
CMOJIa PO3MWIIETBCA Ha JpiOHI Kpami 1 ocigae Ha TIOBEPXHI JEPEBHUX YaCTOK,
"migBimeHux" B MOTOLI MOBiTps. Takuii MexaHi3M J03BOJISE TOKPUTH KIICEM BCIO MIOBEPXHIO
CTPY’KKH 1 HE JOMYCTHUTH IepeBUTpatu cMmoiu. CTpyXkKa HaIXOIUTh Yy J03aTop, SKHUI
BUKJIA/Ia€ 11 Ha CTPIYKOBHM TpaHcmopTep abo migmoH, GopMmyroun map 3aJaHoi TOBIIMHHU.
[TocmimoBHO BKIAMAOTHCS TPH IIAPH, 3TiHO 3 TpUiapoBoro cTpykryporo JICII.

Otpumanuii "KunuM" MOAUISETHCA 3a TOBXUHOIO HA MAaKETH CTAaHJAPTHOTO PO3MIpY,
Ta MOJAETHCS B BIOpOMpeEC M1 ONEPeIHbOT0 yIIIbHEHHS. [Ticis monepeIHboro npecyBaHHs
BUXOJATh OpHMKeTH, 3[JaTHI BHUTPHUMATH TMEpeMillleHHs B OCHOBHUH Timpomnpec. Ilepen
npecyBaHHsIM OpukeTH HarpiBaioTbest 10 75°C 3 momomororo HBY-BumpomintoBanus. B
mpeci Ha HEX BrumBae Temmeparypa 150-180°C i Tuck 20-35 kr/em”. Tlin mielo THCKY
Martepiall yuiiIbHIOETHCS, @ HarpiBaHHS BUKJIMKA€E TBEPAIHHS CIIOIYYHOI PEUOBHHH.

[Ticns 3aBepmienHst npecyBaHHsS roToBi Juctd JICII 0XOJOMKYIOTBCS TMOTOKaMHU
MOBITPSI, TMOTIM YKJIAJAIOTHCSA B CTOIM 1 3aJIMIIAIOTh Ha KijbKa 1i0. 3a el yac B maTepiaii
MOCTYIIOBO BUPIBHIOETHCS Temmeparypa. Jlo TOBHOI TOTOBHOCTI Marepian MpPOXOIUTh
nuTipyBaHHS TOBEPXOHb 1 PO3Kpid Ha apkymi 3amaHoro ¢opmaty. Ilicns 1mporo BoHH
MapKyIOThCSl Ta YIMAaKOBYIOTHCS JUIsl BiANpaBKH criokuBauesi. [Ipu BUTOTOBIIEHHI MeOIEBOi
a00 OONMUITIOBAIBHOT IUTUTH Y TEXHOJIOTTUYHUH JIAHIIIOKOK JTOJTAETHCS €Tall JIaMiHyBaHHS.

[Ticnst ornsiy KOMIIOHEHTIB CUCTEMH HEOOXITHO BUAUIMTH OCHOBHI TMapaMeTpH, IO
BIUTUBAIOTH Ha BUPOOHUITBO. [l MpuUKIaAy Bi3bMEMO eTam mpecyBaHHsS. Ha mpomy erami
OCHOBHUMHU MapaMeTpamu €: TemrepaTypa IpecyBaHHs, TUCK Ipecy Ta 4ac mpecyBaHHs. Lli
napameTpu 0e3rnocepeHbOo BIUTMBAIOTh HA PE3yabTaT MPEeCyBaHHS.

[To6luarMU TapaMeTpaMu, SKI BIUIMBAIOTh Ha TIPOIEC MPECyBaHHS HEMPSIMUM
nusixoMm, €: ToBmmHA cTpyxkku (Thickness), mo BU3Ha4YaeTbcs Ha eTami MOAPIOHEHHS,
CHIBBIAHOIICHHS IIapiB ApiOHOT Ta kpymHOI cTpyxku (FractionProp) ta BomoricTh CTpyXKu
miciIg OCMOJICHHSI Ta KOHAMLIOHYBaHHs (Wetness), 1110 BU3HAYAIOThCS Ha eTani (popMyBaHHS
KHJIUMa.

[MonibHy cucTeMy yNpaBlIiHHS MOXHA MPEICTABUTH Yy BUIJAI (DYHKIIIOHAIBHUX
onokiB crangapty IEC 61499 3 Buainennsm ocHoBHuX OJiokiB: "IlpociroBanns" (Grinding),
"®opmyBanns kunuma" (CarpetFormation), "IIpecyBanus" (HotPress). lanumu B Takiit
CHUCTEMI € BHWIIETIEpEepaxoBaHi MapaMeTpu, SKi po3MilieHl BHU3Y (YHKIIIOHAJILHOTO OJI0Ka.
[Toxmismu x B Takiii cuctemi € "3miHa pexxumy noapioHenHs" (ChangeMode) ta "3mina
npomnopiiii mmapiB" (PropChange), siki 103BOJSIOTH YOPABIATH PE3YyIbTaTOM 0€3 3MIHU
OCHOBHMX MapaMeTpiB. BoHH MaioTh OOMEXEeHMi Miarna3oH peryiaioBaHHS 3a JOTOMOIOIO
JOTIOMDKHHX TTapaMeTpiB, sIKI MOXKYTh OyTH 3MiHEHI.

BcranoBuBIM JIOTiYHI 3B S3KM MK JaHUMH Ta TMOMISIMH, OTPUMAEMO 3pa3oK
MPUKIIATHOT MOJEN PO3MOAUICHOT CHCTEMH YOPABIIHHS I JOUISHKH TPECyBaHHS, IO
300paxkeHa Ha puc. 3. Ha cxemi A mpoCTOTH MOKa3aHO TiMBKU Ti MOMII 1 JaHi, SKi MarOTh
Oes3rocepeHe BiMHOIIEHHS A0 (YHKIIIOHYBaHHsS mpecy. Ha OCHOBI TEXHOJOTIYHOI CXEMH
po3po0iieHo GJI0K-cXeMy anroputmy podotu 6soka "lIpecyBanHs", sIKy moka3aHo Ha puc. 4.
SAx BUAHO 31 CXeMH, YIpaBIiHHS BiIOYBAa€ThCS BIATOBIAHO 10 3HAYEHb TOBIIMHU KHUJIMMA,
HOro reoMeTpuyHUX pPO3MIpiB, BOJOIOCTI Ta TeMIeparypu mpeca. Ha ocHOBI mux aaHuX
3aJIa€ThCS 3yCUIUISL Ta TeMIlepaTypa MpecyBaHHS.
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Puc. 4 I'pa¢ ynpapJiiHHA BUKOHAHHAM 0JI0KY ynpaBJinHs npecom HotPress.

Ha puc. 4 mpencrasneno rpad abo apiarpamy ynpasiinHs BukoHanusm (ECC —
Execution Control Chart) 6moky ympaBninas npecom HotPress. 3a nqomomororo ECC rpada
OIUCYETHCS poOOTa Mpeca — 3HAUSHHSI THCKY, TEMIIEpaTypy Ta 4acy BUTPUMKH ITiJI THCKOM Y
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3QJIEKHOCTI BiJ cTaHy Kwimma (ToBiuHa Ta Bojoricth). Cranmapt IEC 61499 nozBomsie
OINMCYBAaTH aJITOPUTM BUKOHAHHS Ha MoBax cTanaapty IEC 61131-3.

CyyacHl 1HCTpYMEHTaldbHI 3aco0u, Hampukian, Visio2Switch, MetaAuto Ta iHmmi,
J03BOJISIIOTH IO Tpady MepexofiB, KUl MOOYyAOBaHUI B MEBHIM HOTamlii i 300pakeHuit 3a
JOTIOMOT'OX0 BIAITIOBITHOTO PEAAaKTOpa, HAMpHUKIaa Visio, aBTOMaTHYHO peali3yBaTh HOro y
BUTIISAL 130MOp(¢HOI mporpamu MoBoio C.

Jns mporpaMmyBaHHS KOHTPOJIEPIB 13 BHKOPHUCTAHHSIM (YHKIIOHAJIBLHUX OJIOKIB
crangapty IEC 61499 3actocoByloTh Taki iHCTpyMeHTalbHI cepenoBuia, sk [saGRAF, 4diac
Ta iHmi [6—7 ]. I'enepatop po3noainy [saGRAF aBromaTdHO cTBOpIOE BC1 HEOOXIHI 3B'SI3KU
MDK (YHKIIOHAJTbHUMH OJIOKaMH 3 BpaxyBaHHSIM OCOOJMBOCTEH OOpaHOi MPOMHCIIOBOI
Mmepexi. i 3B'I3ku 0OMiHIOIOTBCS 1HPOPMALIIEIO TPO30PO MO0 KOMYHIKaIiitHOMY iHTEpdeiicy.
3acoou IsaGRAF omikyloTbcsi BciMa acmekTamMu pO3IMOALTY 3acCTOCYHKY. 30Kpema, ¥y
KOMYHIKalliiHUi iHTepdelic 1 B alrOpuTM BHUKOHAHHS JOAAIOTHCS 3aTPUMKH, SIKI TMOBUHHI
Opatucs B pO3paxyHKH IiJ] 9ac MPOCKTYBAHHS PO3IMOAICHOTO 3aCTOCYHKA.

BucHoBknu

3actocyBanns crannapty IEC 61499 nns mporpamyBaHHS PO3MOIIJICHUX CHCTEM
yhnpaBiiHHA 3a0e3nedye CHUCTEeMHHH Miaxix y po3poOii mporpamMHOro 3abe3neueHHs
aBTOMATU30BAaHUX CHCTEM YMpaBiiHHSA TexHosoriunumu mpouecamu (ACYTII). ¥V crarri
posrsinyTo ¢gparmeHT FBD mnporpamu ynpaBniHHS JiHIT 3 BUPOOHUITBA JE€pEBUHHO-
ctpyxkoBoi it ([CII) Ha ocHoBi OmnokiB cranmapty IEC 61499. 3actocyBaHHs 1uX
OJI0KIB J103BOJISIE BPaXOBYBATH CTaH MPOIYKTY HA yCIX AUISHKAX JiHIT 3 METOIO ONITUMAJIEHOTO
YIPaBIIHHS TOJIOBHUM MIPUCTPOEM JiHIT - TIPECOM.
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VJIK 681.51(075.8)
I1.B. KAIITAJIBSH, C.A. POXKKOB

XepcoHcKas rocy/IapCTBEHHAs MOPCKas aKaIeMUsI
T.N. TEPHOBAA

XepCOHCKUI HAIMOHAJIbHBIM TEXHUUECKUH YHUBEPCUTET

JEKOMITIO3UIUA B 3AJAYE TUHAMHUYECKOTI'O IO3UITUMOHUPOBAHMU A

Hanas paboma nocesawena peweHuro 3a0a4u 0eKOMNOUYUU CUCEMbL YRPABLeHUs.
cmabunuzayuel KOOPOUHAM MOPCKO20 CYOHA.

B cmamve paccmompen 80npoc nocmpoeHust Mamemamu4eckol Mooeau cyOHd, Kak
OUHAMUYECKO20 00beKma 6 noje B03MYWArWux Ccul, HOIYYeHd 0000weHHas Mooelb
obvekma u e2o Oexomnozuyus. CoeépemenHble MEXHOIO2UU U 3A0ayU MOPEnia8anusl
8bIOBUHYIU 3A0aYy NO3UYUOHUPOBAHUSL cy008. Pacuwupenue obvema pabomul na wenvge,
obcyHCcUBaHUe NIAM@opm u onepamuervie pabomvl mpedyem moyHo20 NOUYUOHUPOBAHUSL
npu  3HAYUMENbHOM GOJHeHuU. Bo3nuxaem 6ce 0Oonabuie NPULONCEHUU OUHAMULECKO2O
noszuyuonuposanus ([I1), noseniaomcs Ho8vle KAACChl CYO08 05l IMUX NPUTLONHCEHUN, A Caml
cucmemvl I cmanosamces Oonee maccogulmu u Oewiesbimu. Takum obOpazom, akmyanvHa
paspabomka mMemooo8 u Cpeocme NOSbluleHUsT MOYHOCMU NO3UYUOHUPOBaHUs. B pabome
NOKA3aHO, YMO OAHHAS 3a0a4a OMHOCUMCS K 3A0a4am ¢ pACHPeOeleHHbIMU Napamempamu, a
MoO0enb  cyoHa umeem 6mopoi nopsadox. Ilocmaenena 3adaua ananiuza mMemooos
Pe2yIUpo8aHus UCHONb3YeMbIX O OUHAMUYECKO20 NOZUYUOHUPOBAHUSL.

He cmompsi na 3HauumenvHbvle ycunus paspabomuuxos u Oo1buioe KOIUYecmeo
Peanu308aHHbIX NPOEKMO8, O0OCMUYL ONUMENbHO20 YOEPHCAHUs CYOHA NpU GOJNHEHUU 6
3a0anHoll nozuyuu He yoaemcs. Ilpuuunotl 3moco seisemcsi He MOJIbKO HeOOCMmAamoK
IHEP2OBOOPYHCEHHOCTU UCNOAb3YEMbIX CY008. Mnocouucnenuvie ucciedosanus 6 obracmu
Pazeumusi CucmeMm pe2yiuposanus noKa He 0arom odxicudaemozo pesyavmamad. Mcxoos u3
CLONCUBULETICS] CUMYAYUU, 8 CIANbe NPEeONPUHAMA NONBIMKA AHAIU3A MEMOO08 NOCMPOEHUs
cucmem pe2yiuposanuus u paspabomKu aieopumma mod4Ho2o NO3UYUOHUPOBAHUSL CYOHA NpU
OHepeuu BONHeHUs,  He Npesvlulaloujeli IHepPeo8OOPYICeHHOCmU obvekma (cyoHa). B
pe3yibmame NpoeeOeHHO20 UCCIe008aHUS ObLIU COeNanbl Cledyruue 8vl800vl. 1) 3adaua
OUHAMUYECKO20 NOZUYUOHUPOBAHUS ABIAEMCA 3a0ayell ¢ pacnpedeieHHbIMU NAPAMempamu,
2) onucanue cyoHa, Kak o0veKkma pe2yiuposanus, npeocmasisem cooou ouggpepernyuanvbroe
VpasHeHue 6 HACMHBIX NPOUIBOOHBIX 6MOPO20 NOpAOKA, 3) O0eKoMno3uyus 3a0adu
pecyuposanus KOOPOUHaAm Nideaoue2o cpeocmea Hno3eo.sem 6bloelums OmOeNbHYIO
noocucmemy OUHAMUYECKO20 NOZUYUOHUPOBAHUA, 4) yuumvléas, 4mo UCHONb306AHUE
COBPDEMEHHbIX Memo008 pe2yIupo8aHusi He NO360Jsem CO030amb CUCMeEMbl CHOCOOHble
OIUMENbHO COXPAHAMb He0OX00UMYI0 MOYHOCMb NO3UYUOHUPOBAHUS, Mpebdyemcs aHalu3
UCNOTb3YEMbIX MEMOO08 PecyIUPOBAHUSL.

Kniouesvie cnosa: OuHamu4eckoe NO3UYUOHUPOBAHUE, 0eKOMNO3UYUs,
9Hepeoobecneyenue CyoHda.

I1.B. KAIITAJIbAH, C.0. POXXKOB
XepcoHChKa JAepiKaBHA MOPChKA aKaIeMist
T.I. TEPHOBA

XepCOHCHKHI HAIllOHAJILHUHM TEXHIYHUH YHIBEPCHUTET

JEKOMITIO3UIIA B 3AJJAYT JIUHAMIYHOTI'O ITIO3UIIIOHYBAHHA

Hana poboma npuceauena 6upiuieHHIo 3a0ayi O0eKOMNO3UYii cucmemu yYnpaeninHs
cmabinizayiero KOOpOUHaAm MoOpCcbKo2o CyOHd.
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Y cmammi pozensmymo numanus nobyooeu mamemamuynoi mooeni CYOHA, 5K
OUHAMIYHO20 00'ckma 6 noi cul, wo 30yproioms, OMPUMAHO Y3d2albHeHy MoOelb 00'ckma i
tioco Oexomnosuyito. CyuacuHi mexHono2ii i 3aui MOPENnIa8amHs GUCYHYIU 3a0ayy
nozuyionyeanus cyoeH. Poswupenns oocsaey pobomu na wenv@i, 06¢cy208y8anHs niam@opm
i onepamueni pobomu 6UMazaroms MOYHO20 NO3UYIOHYEAHHA NPU 3HAYHOMY XGUNIOBAHHI.
Bunukae ece 6inbue 0ooamkie ounamiunozo nozuyionysanns ([I1), 3'aeraiomscsa Ho8I K1acu
cyois 0ns yux dooamkie, a cami cucmemu J[I1 cmaromo Oinvw macosumu i oewesumu. Taxum
YUHOM, AKMYAlbHA pO3pOOKa Memodis i 3acobié niosuweHHs MOYHOCMI NO3uyitoganus. B
pobomi noxazamo, wo 0aHa 3a0ava 6IOHOCUMbCL 00 3a0ay 3 pO3NOOLIEHUMU NAPAMEeMmPami,
a mooenv cyoHa mae opyeutl nopsaook. Ilocmasneno 3a60ants ananizy Memoois pe2yno8aHHs
BUKOPUCMOBYBAHUX OJ151 OUHAMIYHO20 NO3UYIOHYBAHHS.

He oOusnsuuce ma 3nauni 3ycunis po3poOHUKI6 1 6elUKY KiIbKiCMb pedani3o8aHux
npoeKmis, 00csAemu Mpueanlo2c0 YMpUMAHH CYOHA NPU XGUNIOBAHHI 8 3a0aHill nosuyii He
soacmucs. Ilpuuunoro ybo2o € He uule OPaK eHepeoo30POEHOCMI BUKOPUCMOBYBAHUX CYOIB.
Yucnenni Oocniodcenus 6 obaacmi po36UMKY CUCHmeM pe2YIo8anHs NOKU He O0aromb
ouiKyganozo pesynvmamy. Buxoosuu 3 cumyayii, wo cxkranacs, ¢ cmammi 3po01eHo cnpooy
amanizy memooié nob6yo0o8u cucmem pe2yio8aHHs I pO3POOKU aN2OpUMMY MOYHO20
NO3UYIOHYBAHHA CYOHA NPU eHepeii XBUNI08AHHS, WO He NepesUuyye eHepeoo30pPOEHOCmi
ob'ekma (cyouna). B pe3zyromami npoeedenoco 00ChiONCeHHs Oyau 3pobOieHi HACMYNnHi
sucHosku: 1) 3adaua OuHaMiuHO20 NO3UYIOHY6AHHA € 3a0auer0 3 pPO3N0OLNeHUMU
napamempamu, 2) onuc cyoHa, 5K 00'€ekma pe2ynosanus, A61i€ coOo Oupepenyianvhe
PDIBHAHHS 8 NPUBAMHUX NOXIOHUX OpY2020 NOpsaoKy, 3) O0eKomMnozuyis 3a0adi pe2yniro8aHHs
KOOpOUHAm N1asaioyo20 3acody 0038018€ BUOLIUMU OKpeMy RIOCUcmemy OUHAMIYHO20
NO3UYIOHY8aHHA, 4) 3 02150y HA Me, WO BUKOPUCIAHHA CYUACHUX MemOOi8 pe2ylio8aHHs He
00360151€  CMEOpUMU  cucmemu  30amui 00820  30epicamu  HeOOXIOH)Y  MOUHICMb
NO3UYIOHYBAHHSA, NOMPIOEH AHANI3 BUKOPUCIOBY8AHUX MEMOOI8 Pe2yII08AHH.

Knwouosi cnosa: ounamiume no3uyiony8awHs, O0eKOMNO3UYis, eHep2o3abe3neueHHs
CyOHa.

P.V. KASHTALYAN, S.A. ROZHKOV
Kherson State Maritime Academy

T.I. TERNOVAYA

Kherson National Technical University

DECOMPOSITION IN THE PROBLEM OF DYNAMIC POSITIONING

This paper is devoted to solving the problem of decomposition of the control system
for stabilization of the coordinates of a marine vessel.

The article discusses the issue of building a mathematical model of a ship as a
dynamic object in the field of perturbing forces, and a generalized model of the object and its
decomposition are obtained. Modern technologies and tasks of navigation put forward the
task of positioning ships. Expansion of work on the shelf, maintenance of platforms and
operational work requires precise positioning with considerable excitement. More and more
dynamic positioning (DP) applications are emerging, new classes of vessels for these
applications are emerging, and DP systems themselves are becoming more widespread and
cheaper. Thus, the development of methods and means of improving the accuracy of
positioning is relevant. The paper shows that this task is related to tasks with distributed
parameters, and the ship model is of the second order. The task is to analyze the regulation
methods used for dynamic positioning.
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In spite of the significant efforts of the developers and the large number of completed
projects, it is not possible to achieve a long vessel retention during a wave in a given position.
The reason for this is not only the lack of power supply of the ships used. Numerous studies in
the development of regulatory systems do not yet provide the expected result. Based on the
current situation, the article attempts to analyze the methods for constructing regulatory
systems and develop an algorithm for accurately positioning a vessel at a wave energy not
exceeding the electrical capacity of the object (vessel). As a result of the study, the following
conclusions were made: 1) the problem of dynamic positioning is a task with distributed
parameters; 2) the description of the vessel as an object of regulation is a second-order
partial differential equation; 3) decomposition of the task of controlling the coordinates of the
floating means allows you to select a separate dynamic positioning subsystem; 4) given that
the use of modern methods of regulation does not allow creating systems capable of
maintaining the necessary positioning accuracy for a long time, analysis of the methods of
regulation used is required.

Keywords: dynamic positioning, decomposition, power supply of the vessel.

ITocTanoBKa npoodJieMbl

CoBpeMEeHHBIE TEXHOJOTHMM W  33/Jadd  MOpPEIUIABAHWS  BBUIBHHYJIH  3aJady
MMO3UIIMOHUPOBaHUs CynoB. Pacmmpenue oOwbema paboThl Ha 1mienbde, oOCTyKUBaHUE
w1aTGopM U OTepaTUBHBIC paOdOTHI TPeOyeT TOYHOTO MO3UITMOHUPOBAHUS TIPU 3HAYUTEITHHOM
BOJTHEHUHU. Bo3HMKaeT Bce OOJbIe MPHIOKEHUH TUHaAMUYecKoro no3uimonupoBanus (/I1),
MOSIBJISIFOTCST HOBBIE KJIACCHI CY/IOB JUISL OTHX NPUJIOKEHUH, a camu cuctemsbl JII1 craHoBsITCS
0oJiee MacCOBBIMU U JIeNIeBBIMU. TakuM o0pa3oM, akTyajabHa pa3padoTKa METOI0B M CPEJICTB
MOBBIIIECHUS TOYHOCTHU TIO3UIIMOHUPOBAHUSI.

OpHako, He CMOTPS HA 3HAUUTETIbHBIE YCUIIUS Pa3pabOTUNKOB U OOJIBIIOE KOJIUYECTBO
pEAIM30BaHHBIX TPOEKTOB, AOCTUYh JJIMTEIBHOTO YACpXKaHUS CyJHA TPU BOJHEHUH B
3aJaHHOM mno3unuu He ynaercs [6, 8, 11, 13]. IlpuuumHON 3TOro SBJISETCS HE TOJBKO
HEJ0CTAaTOK YHEPrOBOOPYKEHHOCTH HCIIOJIb3yEeMbIX CYI0B. MHOTOUMCIICHHBIE UCCIIeIOBAHUS
B 00JIaCTH pa3BUTHS CUCTEM PETYIMPOBaHUS MOKa HE Al0T 0>KUIaeMoro pesynbTara. Mcxoas
U3 CIOXKUBIICHCS CUTYallMH, B CTaThe MPEINPUHSTA MOMBITKA aHAIM3a METOJIOB TOCTPOCHUS
CUCTEM PEryJIMpPOBaHHS U Pa3pabOTKU aJrOpUTMa TOYHOTO MO3UIIMOHUPOBAHUS CYAHA MPHU
SHEPTUU BOJIHEHUS, HE TIPEBBIIIAIOIICH YHEPrOBOOPYKEHHOCTH 00BEKTa (CyIHA).

AHaJM3 NOCJIeTHUX UCCIAEAOBAHNN U MyOJTUKAUI

CoBpeMeHHBIE TEXHOJOTUU JOOBIUM TMOJE3HBIX HCKOMAEMBIX Ha MOPCKOM Imenbde,
3a/1aud  CTPOMTENIbCTBA W TPOBEACHHUS aBapUUHBIX paboT TpeOyroT obecnedeHus
HETIOJBMIKHOCTH CyaHa B reorpaduueckux koopamHatax [1, 2]. CoOGcTBeHHO, mpobiema
OmpeAeNieHUus] KOOPAWHAT  PEmIaeTcs JOCTAaTOYHO IIMPOKUM  CHEKTPOM  METOJIOB.
ABTOMaTHYECKHE CHUCTEMBI YIpaBICHUS TUApOIUIaTGOopMaMH TO3BOJSAIOT OOECIEeUUuTh
OTpesieNiecHue OTKJIOHEHUH B TpeJeNiax HECKOIbKUX CAHTHUMETPOB, CITYTHUKOBBIC CHCTEMBI
o0ecneunBaOT JUana3oH 0 AecSITKa CaHTUMETPOB, ONTHYECKHE CHUCTEMbI OO0ECIEUHUBAIOT
TOYHOCTh B Tpeleiax JECATKOB METPOB U PAJHMOHABUTAIIMOHHBIC CHCTEMBI O0ECIICUYMBAIOT
MpeABapPUTEIIbHYIO MPUBI3KY 00bekTa [3]. OmHAKO CYIIECTBYET BTOpas CTOpPOHA MEIaIH —
ylepXaThb CYJHO B JIaHHOW TOYKE C 3aJlaHHOU TOYHOCTH [4, 5]. DTa 3amaya noapa3zymeBaeT
peryJiMpoBaHue B MPOCTPAHCTBE KOOPAWHAT [6], U TpU 3TOM BO3HUKAET Ps BOIPOCOB O
MMOCTPOCHUHM MaTeMaTH4ecKol Mojaenu oOwekra ympaBiueHus (cyana) [7, 8]. T'oBops o
MaTEMaTHYECKUX MOJIESIX, OINHUCHIBAIOIIMX JUHAMUKY CYyJIHA, BBIICIHM MPEXKIE BCETO
(dyHIaMEHTaIbHBIE HCCIENIOBAaHUS, B KOTOPBIX pPACCMAaTPHBAIOT CYOHO KaK OOBEKT C
pacrnpeieIeHHbIMU TTapaMeTpami [9].
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eab uccaenoBanusi
Janast paboTa TOCBSIEHA PEMICHUIO 33aJa4d JEKOMIO3UIIMH CHCTEMBI
yIpaBieHUs CTa0MIN3aUeil KOOpAUHAT MOPCKOTO CY/HA.
H3n0xeHNe 0CHOBHOT0 MATEPHAJIa HCCIIEIOBAHNS
PaccMoTpuM OKpecTHOCTH CyAHA MOJ BO3JCHCTBUEM BHEIIHHUX BO3MYILICHHI:
BOJIHEHHUS, TEUEHUI U BETPOBBIX MOTOKOB. OIUIIEM Cpely B BUAE TPEX BEKTOPHBIX
nmoneit: F1(X) — BekropHoe moisie Bo3aymHON cpeabl, F2(X) — BekTOopHOE TIONIE
BOJIHOBOTO c10s1, F3(X) — BeKTOpHOE 1M0JIe TeUEeHUH, TJIe BEKTOpP X UMEET KOOPAMHATHI
X, Y, z. B aTOM ciiydae, onpenensisi BEKTOPHBIE MOJISI, KaK TOJISl CUJIbI B KaXKJOM TOUKE
MIPOCTPAHCTBA, MOKHO OMPEACIUTH BEKTOP BO3MYILEHHUS KaK

if 2w 2222, > F=F(X)
if 2,2227, > F=F(X) (1)
if 2,222, >F=F(X)

YuuteiBas TOT (pakT, 4TO TpaHW MEIy CJOSIMH CPEIbl JTOBOJBHO YCIOBHBI,
BO3MOXHO PAa3JelIUTh BO3ACHUCTBUSA, €CIA NPEANOJIONKUTh PABEHCTBO BEKTOPOB
Kax11oro ciosi. COOCTBEHHO, TaKMM 00pa30M MOXKHO pa3JIeIuTh BETPOBOE U BOJTHOBOE
BO3JECHCTBUS W BO3JCHCTBHE TEUCHHS. B TakoMm cilyyae KaKIblid CJIOM CBA3aH C
BO3JEHCTBUEM HA KOPMYC CY/HA.

PaccmoTpuM 3aMKHYTBIM HHJIMHIIP C KOHTYpOM L B BEKTOpPHOM IPOCTpPaHCTBE

F(X) (puc. 1).

Puc. 1. Ilose Bo3MyuieHui

Tak xak B mpeaenax obmactu L B mosne HeT nctounnkoB u divF(x)=0, To moTox
BekTopa F(x) uepe3 koHTyp L nomxkeH ObITh paBeH HYJIIO:

@:gF(X)aSZO. (2)

[Ipeanonoxum, 4TO MOJIe BO3MYIIICHUH B3aMMOJICHCTBYET C TPaHMIICH 00JacTH
L. Eciu Bo3aelicTBME BO3MYILEHHUS MPUBOIUT K CMELICHHIO TPAHUI[ OOJACTH, TO
YCIIOBHE COXPAaHEHHUs 00JaCTh CBOAUTCS K OTCYTCTBUIO BO3MYIIICHHI Ha TpaHUIIE:

@ = {JF(x)s=0—> F(x),. =0. 3)

St
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Taxkum o0pazoM, B KaKJ0W TOUKE X, MpUHAJIeKamel L 1o/mkHa neicTBoBaTh CUIa,
KOMIICHCUPYIOILAs [10JI€ BO3MYILICHUIA:

F(X)xeL_U(X)XELZO' (4)

B mpeanonoxxkennu (1) mpm  ycnmoBum  (2) w  (3) TpeOoBaHWE HAIMUUA
KOMIIEHCUpYIOLIETo Iosie Bo3MylleHud F, mons ynpasnenus U BwlpakeHue (4) sBisercs
IIPOCTBIM PELENTOM JUHAMUYECKOTO MMO3UIIMOHUPOBAHUS.

Ha puc. 2 u puc. 3 noka3aHel BO3AECHCTBHS BO3MYLIAIOIIMX IOJIEW Ha CYAHO U
B3aMMOJCHCTBUE BO3MYIICHHS W YIPABICHUSA IIOCIE COBMEIIEHHA NoOBepxHocTH L ¢
MIOBEPXHOCTBIO CY/IHA.

F F

Puc. 2. Bo3aelicTBue BO3MYIIAIOIIUX MoJIeii HA Puc. 3. B3aumoaeiicTBue Bo3MyIlleHUsI M YIIPABJIEeHUsI
CYAHO

OuyeBUHO, YTO BO BHYTPEHHEW 00JIaCTH, OTpaHWYCHHOW IOBEPXHOCThIO L,
BO3MYILAIOIIME IO HE JeHCTBYIOT. Clle0BAaTEIbHO, B I0JIE BO3MYILUEHUS IOBEPXHOCTH
CyIHa OTpaHMYMBAIOT 00JACTh, I/I€ BHEIIHEE IoJie OTCYTCTBYeT. [Ipu 3TOM Ipeanosnoxum,
41O 3Ta 001acTh HE eOPMHUPYETCs, a MOoJIe YIPaBICHUs POPMHUPYETCS 32 CUET HECKOIbKUX
MCTOYHUKOB, CO3/IAI0IIUX COJICHOMAAJIbHBIE MOJIS B JIAKYHE U Ha ee TpaHule (puc. 3).

OpHako MBI HWMEEeM JeJ0 C JAWHAMHYECKUM OOBEKTOM, HAXOJSAIIMMCS TIOJ
BO3JICHCTBUEM MO BO3MYIIaOMUX cuil. Onucarh JMHAMHUKY 00BEKTa JOCTATOYHO CIIOXKHO,
HO B JAaHHOM CJIy4a€ BO3MOXKHO BOCIIOJb30BaTbCs MPUHUUIIOM ['eiMrosnbua, KOTOPBINA
YTBEPKAAET, UTO JIF0O0€ BEKTOPHOE MOJIE MOKHO IMPEICTaBUTh CYMMOW MOTEHUUATbHOIO U
COJICHOMIAIBHOTO moJiel. Takum 00pa3oM, IBUKEHHUE CUCTEMBI COJIEPIKUT allepPUOANIECKYIO
U KonebarenpHylo cocrapisomue. Onupasch Ha NpuHIUN ['aMHIIBTOHA MOKHO YTBEPKAATh,
yro auddepeHIanbHble  YpaBHEHHS, OINUCHIBAIOIIME JIBIDKEHHE JOJDKHBI  HUMETh
MHUHUMAJIbHBIA OPAIOK [ 14].

Taxum o6pazom, nose F(X) cBs3aHHOEe ¢ 00BEKTOM OMpEAETsIeTCs CyMOR ABYX TOJCH,
noteHaabHoro O(X) u conenonnanbHoro W(X), mpu TOM BBIOJTHSAIOTCS YCIOBHS:

F(X)=®(x)+¥(x);
rotd( x)=0; Q)
grad?(x)=0.

JIst moTeHIManbHOM COCTaBIIAIONIEH MO cripaBeyinBo [10]:

j‘.;[:}divlrdv = g Fds. ©)

Jliis 00BbeKTa ¢ HEM3MEHHOW TeOMETPHE, B KaKI0M TOYKE B TpaHUIaX 00BEKTa, yciaoBue (6)
BBITIOJTHSIETCS] CHJIHHO U KaK CJICICTBUE PAaBHBI MOABIHTETPAIBHBIC BRIPAKCHHUS:
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divFdv = Fds. (7

CoBMECTHB HaIpaBJISIOMIMNA BEKTOP IIOMIAJIKH ¢ BEKTOpHOW nuHHEH, u3 (7)
MOJTy4aeM:

. OX
divF — |ds = Fds.
( p ) (8)

CnenoBaTenbHO, JIE NOTEHIMAIbHOW KOMIOHEHTHI B (5) JIOJKHO
BBITIOJTHATHCS ypaBHEHUE:

dive X _F, (9)
ot

C apyroii CTOPOHBI, 11 COJICHOUTAIBHON KOMIIOHEHTHI BBITIOIHSAETCS YCIOBUE
[10]:

jSFdI :ﬁrotFas. (10)

Su

Jns Hemedopmupyemoro Tena mnpu coBMmerieHun Bekropa dl ¢ BekTopHO#M
muauer monst u3 (10), momydaem:

Fdl = rotFos. (11)

Wnu, 3a cyer cBs3M HampaBieHUS HOPMajdd M BEKTOPHOW JIMHUU, MOKEM
3anucath (11) B Buze:

Fdl = (rotFdx )dl. (12)

Wnu, yuuteiBasg, 4YTO INPOMU3BEACHHE pPOTOpa IO HA BEKTOP CMELICHUs
OnpenensieT MOMEHT UHEPLIMM, MOXKEM 3alMCaTh:

2
mgt—;( = (rotFdx) = —-mVx. (13)

Jiis coneHonnanbHOM KOMIOHEHTHI oIt u3 (12, 13) BBIMONHSACTCS yCIOBHE:

0°X
W+VX:O’ (14)

rae marpuna Vo COCTOUT M3 JIETEPMHMHAHTOB, OMPENENAIONINX HW3MEHEHHE MOMEHTa IpHU
CMeIICHUU Ha OX.
Tak kaKk ITOJKEH BBITIOJHATHCS MpuHIMN ['eirroHca, COBMECTHM 00a YCJIOBHS:
(9) u (14), — B oz1HO:
2
IX | dive X vx=F . (15)
ot’ ot

[Ipu yuere Bozmymaromux cui u3 (15) nomyyaem:
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0*X . _0OX
—+divF —+Vx=F +0Q. 16
pre p Q (16)

[Tomydyennoe  ypaBHeHue  (16)  omuchiBaeT  JBW)KCHHE  JTMHAMHYECKOTO,
HenehopMupyeMoro oobvekTa B mosie Bo3Mmylnaroumx cuid. CoOCTBEHHO, 3TO ypaBHEHHE
MOKa3bIBAET, YTO CYAHO HE TOJBKO CMEIIAETCSl B CUCTEME KOOPAMHAT, HO U COBEPLIAET
Kosie0aTenbHbIe JBMKEHUS! OTHOCUTEIBHO 3TUX KOOPAMHATHBIX OCEH.

ITpr 3TOM BO3MOXKHO CTaBUTh 3aJadyy CTaOMJIM3alUM OOBEKTa MPH MOMOIIU IOJIS
ynpasiaeHuil U(x). CyliecTBEHHO TO, YTO B JAHHOM Cily4ae JUHEapu3alus JaeT HE CUCTEMY
Komm nepBoro nopsiaka, a CHCTeMY BTOPOTO IOPSIIKA:

d’x
dt’

D(:I—)t(+Ax+Bu=Qq. (17)

Bropoii nopsigok muddepennuansuoro ypapaenus (17) sBisiercss MUHUMATbHO BO3MOXHBIM
JUISL OJTHOBPEMEHHOTO OMNMHUCAaHUs KOJIeOAaTeTbHOTO W TOCTYMAaTeNbHOTO JBM)KCHHH, YTO
COOTBETCTBYET CTPYKType 3amaud. l[Ipu 5TOM Bcerma MOXHO pa3OuTh JBIIKCHHS Ha
CMEILICHHS 1 BPAIllEHUs OTHOCUTENIBHO Oceil KoopAauHaT [11], 4To MPUBOAUT K JTEKOMITO3HUIIUU
(pazmeneHuio) 3a1a4M Ha CTAOMIIM3AINIO KyPCOBOTO yIila U KPEHOB CY/IHA.

PaznenuB BEKTOp COCTOSHUS HA TTOABEKTOPHI, TTOJTYIHM:

N .3 P 2 U - R
x_y’ y_z’ z_X’ O_yo' (18)

Torz[a JIMHCApPU30BaHHAA MOACIIb MOXKECT OBITE pasaciicHa Ha IMMOoACUCTCMBIL:

d?x dx

dt2X =D, tx +A X, +B,u, =Q,q,;
dzxy dx,

dt? = Dy dt +Ayxy + Byuy :quy; (19)
d?x dx

dtzz =D, tZ+AzXz+Bzuz=quz;

d?x dx

dt20 = Do d_t0+ ono + Bouo :Qoqo .

[lepeie  Tpu  moxacuctembl  (19)  cTaOMIM3HPYIOTCS  JAOCTaTOYHO  TOYHO
COOTBETCTBYIOIIMMHU PETYIATOpPaMH Kypca, KujeBol u OoproBoil kauku [11, 12]. Bomee

CIIO’KHBIM OKa3aJoch OOECTEUHTh TOYHOE MO3HIMOHMPOBAHME MO KOOpAMHATaM Ko, Yo,
HecmoTpst Ha gocTaToyHo O0NbIIOE KOJIWYECTBO PAadOT MO JAaHHOW Mpobieme, peaan3oBaTh
crcTeMy, 00eCTIeUNBAIONIYI0 TOYHOE ITO3UITHOHUPOBAHKE TPHU CYNICCTBEHHBIX BO3MYIICHUSX,
He ynaercs [13].

3amaua gaHHOW paboOTHI OMNpeneeHa Kak pelleHHue MpoOIeMbl TUHAMUYECKOTO
MO3UIIMOHUPOBAHHSI, IO3TOMY CYMTAEM BIUSHUE KAaYKU CyJHA YCTPAHCHHBIMHU.

Ommbka, CBs3aHHAsI C ONMHCAHHEM OOBEKTa CUCTEMOW MEPBOTO IMOPSIKA, YXYIIIAeT
pe3yNbTaThl, OJHAKO B COBPEMEHHYIO CHCTEMY YIOpPABICHUS BXOJHUT alTOPHUTM
UJIeHTU(DHUKAIIAN 1 OIHMOKA IMOPSIKA CHCTEMBI MOYKET ObITh CHHUKEHA.
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Taxum o0pa3om, CTaBUTCS 3a/1a4a ONPEICICHUS IPUINHBI 3aTPYAHECHUHN B pean3aliuu
COBPEMEHHBIX AJITOPUTMOB PEryJMPOBAHUSA B 3a/Jau€ JUHAMUYECKOTO IMO3ULMUOHUPOBAHUS
CyJHa.

BriBoabI

3agavya TUHAMUYECKOTO MO3UIIMOHUPOBAHUS SBJISETCA 3a7adyeil ¢ pacrpeeeHHbIMU
rapaMeTpamu.

Onucanne CcyaHa, Kak  OOBEKTa  PETyJIMpPOBaHMs, TPEIACTaBIsACT  COOOM
g depeHIaTbHOEe YPaBHEHHE B YACTHBIX MTPOU3BOIHBIX BTOPOTO MOPSIIKA.

JlekomMno3uIms 3a/1a4yu peryJaIupoBaHus KOOPJIUHAT IJIaBAIOIIETO CPEICTBA MO3BOJISET
BBIJICTIUTH OTJEIBHYIO MOJACUCTEMY JUHAMUYECKOTO MO3ULIMOHUPOBAHUS.

VYuutsiBasi, 4TO UCIOIB30BAaHUE COBPEMEHHBIX METO/IOB PETYJIUPOBAHUS HE MO3BOJISIET
CO3/aTh  CHUCTEMBl  CIOCOOHBIE JUTUTEIBHO COXPAaHATH  HEOOXOOUMYH  TOYHOCTH
MMO3UIIMOHUPOBAHUS, TPEOYETCS aHAIM3 UCIIOIB3YEMBIX METOOB PEryJIUPOBAHUSI.
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LlenTpanbsHOyKpaTHCHKUI HALlIOHAILHUN TEXHIYHUI yHIBEPCUTET

OBIPYHTYBAHHSI BTOPUHHOI'O IEPETBOPIOBAYA CUCTEMHU
KOHTPOJIIO EHEPITOE®EKTHUBHOCTI KYJIbOBOI'O ITIOJAPIGHEHHSA PY /1N
OIITUMIBALICIO, AHAJII30OM, MOJAEJTIOBAHHAM

Hana nybonikayia npuceauena o0IpyHmMy8aHHI0 6MOPUHHO20 NEPEMBOPIO8aAya CUCmemu
KOHMPOI0 eHepeoedheKmusHoCmi pyuHy8anHs pyou Oe3nocepedHbo 8 0apabawi Kyib08020
mauna. Ilepsunnum nepemeoprosauem mym € NPYHCHA NIACMUHA, A NPOSUH i1 YEeHMPANTbHOL
Yacmunu 8 HACNIOOK DYUHYBAHHS PYOU Npu y0apax Kylb uepe3 NnepeoamoyHull eiemeHm —
BUXIOHOIO BeIUHUHOIO, IKA MOdice (ikcysamucs abo 3a nepemiwjeHHaM, abo 3a dedhopmayicro.
Icnye wupoxe kono 3acobie oOna eumiproeanua makux napamempis. Tomy memodom
onmumizayii Ha nepuiomy emani OOCHIONCEHHS BIOKUOAUCS 3Aco0U, AKI 00 €KMUBHO He
npudamui onsa peanizayii yux QyHkyiu. 3 3aiuwKy Kiibka 3aco6ié 010 BULYYEHO WLIAXOM
ananizy. Jani 00cnioxrcy8anuco MAacHImMoOIHOVKYIUHUL | MeH30MempPUdHUIl nepemeopiosayl.
Ananizom 006edeno, WO MeH30MempUYHULL Nepemeopiosay Modce BUKOHY8amu @QYHKYII
sUMIpto8anHs  cueHany. MaeHimoiHOYKYitiHuLL nepemeoposay  O0CHIONHCYBABCS MeEMOOOM
mooemosanns. Tloxkazano, wo 6in, 3ab6e3neyenuti nepemeoprosavem Xoana, moodxce Qikcysamu
maxi nepemiyeHHs MOYHO i 3a AIHIUHOI 3anexcHicmio. MaeHimoinOyKyitiHull nepemeoprosay 3
06MOMKOI0 MOdHCEe 0a8amu 000amKo8y IHPOPMayito npo WEUOKICMb nepemiujeHHs: NPYIHCHOT
naacmunu npu yoapi kyai. Obuoea nepemeoprosaui nompeoyoms YCMAaHOSKU NPOMINCHO20
nepedamounozo enemenma. MaenimoiHOYKyitiHutl — 0151 3a6e3neyeHHs NnepemilyenHs PyXomMo2o
eleMeHma 3 MacHimHOM IK020 Mamepiany 6 NiOWUHI, NapaienbHill HeMacHImHil NPoKIaoyi, a
MmeH30MempuyHUllL — 0/ 3a0e3nedents 0e)OpMyBanHs He@elUKol OamKu 3 060Ma iIOeHMUYHUMU
nepemeoprosadamu 0Jis KOMREHCAyii GNaugy memnepamypu i niO8UUWEHH YymMaAUGOCHI.

Kniouosi  cnosa:  noopibnenns  pyou,  eHnepeoegekmugHicmvb,  8MOPUHHULL
nepemeoprogay, 0OIPYHMY8aAHHS.

A.H. MAIIYT, B.A. KOHJIPATEIL]

LlenTpanbHOyKpanHCKUI HAITMOHAIBHBI TEXHUYECKUM YHUBEPCUTET

OBOCHOBAHUME BTOPUYHOI'O ITIPEOBPA3OBATEJIA CUCTEMbI
KOHTPOJISAA QHEPT'O®PEKTUBHOCTHU ITAPOBOI'O UBMEJIBYEHMUS PY 1bl
ONTUMM3ALIMEN, AHAJIN30M, MOJAEJIUPOBAHUEM

Hannaa nybnuxayus noceéaweHa 000CHOBAHUIO BMOPUYHO20 Npeobpaszoeames
cucmemvl KOHMPOTISL SHEP2OIPHEKMUBHOCINU pa3PYULEHUsL PYObl HENOCPEOCEEHHO 8 bapabane
waposoul menvruysl. Ilepsuunviv npeodpaszoeamenem 30eco ecmv ynpyaas naacmuna, d npocuo
ee  YEHMPAIbHOU wacmu 6cledcmsue paspyuwienus pyovl Hpu  yoapax wapos uepes
nepeoamounblll 21eMeHm - 6bIXOOHOU BEIUYUHOU, KOMOPAs MOXdCem @QUKCUPOBAMbCa Ul
nepemeweruem, unu oegopmayuei. Cywecmeyem wupoxkuil Kpye cpeocme Onsi UsMepeHus
makux napamempos. Ilodmomy memooom onmumusayuu Ha Nepeom mane Uccieo008anus
omopacvlBaIUCy Cpeocmed, Komopvle O00beKMUBHO He NPUeOOHbl O peanu3ayuu dmux
Gyukyu. M3 ocmamka Heckoibko cpeocmeé Oblio U3bAmMo nymem amanuza. Jlanee
UCCIe008aNUCy MACHUMOUHOYKYUOHHBIN U MeH30MempudecKull npeoopazoseamenu. Anaiuzom
00KA3aHO, 4YMO MEH30MEeMmpUYecKull npeoopaz0eamenb MoXdcem 6blNOIHAMb  QYHKYUU
uzmepenusi cueHand. MacHumouHOYKYUOHHbLIL Npeoopazoeament UCCIeO08AICH MEMOOOM
mooenupoganus. Ilokazano, umo oH, cHabdceHHblll npeodpazoeamenem Xoana, Modxicem
Qukcuposamv ~ maxkue — nepemewjeHuss  MOYHO U MO JUHEUHOU  3A6UCUMOCHIU.
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MaenumouroykyuorHwlil npeobpazosamens ¢ 0OMOMKOU MOdHcem 0A8amsb OONOJHUMETbHYIO
UHpoOpmMayuo o CKOpoCmu nepemewjenus Ynpyeou niacmuHvl npu yoape wapa. Oba
npeobpazoeamensi mpeodylom YCMAHOBKU NPOMENCYMOUHO20 NepedamoyHoe0 dNeMeHmd.
MazcHumounoyKyuonnvlii. — 01 obecneueHuss nepemewjeHus NOOBUINCHO2O DIeMEeHma C
MACHUMOMAZKO20 MaAmepuanid 6 NJIOCKOCMU, NApailebHOU HeMAZHUMHOU Npokiaoke, a
men3omempuyeckuli. — O obecneueHus Oe@opmuposanus HeOOIbWOU OarKu ¢ 08yMs
UOeHMUYHbLIMU npeobpazosamenamu OJis KOMIEHCayuu GIUAHUS MeMnepamypsl U NOGbIUEeHUs
YY8CMBUMENLHOCTIL.

Kniouegvie cnosa: usmenvuenue pyovl, dHep20IphexmusHocmy,  6MOPUUHDLLL
npeobpazosameib, 000CHOBAHUE.

AN.MATSUI, V.A. KONDRATETS

Central Ukrainian National Technical University

RATIONALE OF SECONDARY CONVERTER SYSTEMS OF CONTROL OF
ENERGY EFFICIENCY BALL GRINDING OF ORE BY OPTIMIZATION,
ANALYSIS, AND MODELING

This publication is devoted to the justification of the secondary converter of the system
for monitoring the energy efficiency of ore destruction directly in the drum of a ball mill. The
primary transducer here is an elastic plate, and the deflection of its central part due to the
destruction of the ore at the impacts of the balls through the transfer element is the output
value, which can be fixed either by displacement or deformation. The secondary converters of
the system for monitoring the energy efficiency of ore destruction in a ball mill drum are
subject to increased requirements, mainly for high accuracy in detecting small displacements
and vibration resistance. There is a wide range of measurements of such parameters.
Therefore, the method of optimization at the first stage of research discarded funds that are
objectively unsuitable for the implementation of these functions. Among those that are
supposed to be suitable, the method of analysis excluded from the list the means that cannot
be realized as a result of specific reasons. Promising devices turned out to be new for this
purpose magnetic induction and strain gauges. An analysis has shown that a strain gauge
transducer can perform signal conversion functions. Magnetic induction transducer was
studied by modeling. It is shown that he, equipped with a Hall transducer, can fix such
movements precisely and linearly. Magnetic induction transducer with a winding can provide
additional information about the speed of movement of the elastic plate when the ball strikes.
It has been established that both types of transducers are suitable as secondary transducers
for moving the central part of the elastic plate. Both transducers require the installation of an
intermediate transfer element connected to the central part of the elastic plate. Magnetic
induction - to ensure the movement of the moving element with a magnetic material in a plane
parallel to the non-magnetic strip, and strain gauge - to ensure the deformation of a small
beam with two identical transducers to compensate for the effect of temperature and increase
sensitivity. The prospect of further research is the development of secondary converters of
magnetic induction and strain gauges types.

Keywords: grinding ore, energy efficiency, secondary converter, rationale.

ITocTanoBka npodaeMu
[TinBumena coOiBapTICTh BITYU3HIHOTO 3aJlI30PYIHOTO KOHIIEHTpATy CTaBUTh B
HEpiBHI YMOBHU HAI[IOHAIBHUX BUPOOHHUKIB JAHOTO MPOAYKTY 1 BUPOOIB 3 HHOTO HA CBITOBOMY
puHKY. TOoMy yIOCKOHAJEHHS CHEPrOBUTPATHUX 1 MAaTepialOBUTPATHUX TEXHOJIOTIYHMX
MPOIIECiB, SKMUMHU € TMOAPIOHEHHS BHXIAHOI PyIW, OCOONMBO B MEPIIUX CTadiiX, € IyXe
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BaXKIUBUM. OCOOJIMBO BY3BKMM MICIIEM € KOHTPOJb €HEProe(eKTUBHOCTI MOIPIOHEHHS
BUXIHOI pyaud B KyJbOBHUX MIIMHAX, OCKITBKM ii 3MEHIICHHS MPUBOIUTH [0 3HAYHUX
MePEBUTPAT €IEKTPOCHEPTii, 0 HETaTUBHO BIJIMBAE€ HAa COOIBAPTICTh KIHIEBOI MPOIYKITii
pynos0arauyBanbHUX (haOpUK — KOHIIEHTpaTy. ABTOMATUYHHMHA KOHTPOJIb 1 MiATPUMAaHHS
ONTUMAJILHOTO 3HAUYEHHS €HEeProeeKTUBHOCTI PyHHYBAaHHS 3a113HOI PyAU J103BOJISITH 3HAYHO
3HU3UTU HENPOJYKTUBHI TEPEeBUTPATH EJICKTPUUYHOI eHeprii 1 3MEHIIUTH CcoOiBapTiCTh
3aJ1130py/THOTO KOHIICHTPATY.
AHaJI3 OCTAHHIX JOCTITAKEHD | myOaikamii

CepenHio MOTYXKHICTh €JIEKTPOJABUTYHA KYJIHOBOTO MJIMHA TEPIIOI CTaail 1 HOTO MIyM
BUKOPUCTOBYIOTH B SIKOCT1 KPUTEPil0 aBTOMATUYHOI ONTUMI3allil B EKCTPEMATbHUX CUCTEMaX,
K1 TATPUMYIOTh POOOYY TOUYKY Ha CTAaTHYHIN XapaKTEPUCTHIll CEpeaHbOI MOTYXHOCTI abo
IHTEHCUBHICTh CHUTHAJIy B (YHKIIi 3alOBHEHHS PYAOI0 MOOIM3y excTpemymy. Kepyrounm
BIUIUBOM € TMIOTIK BHUXIAHOI pyAW B KyJbOBUUW MIIMH. B TpOMHCIOBOCTI Taki CHCTEMH
IIMPOKOTO 3aCTOCYBaHHS HE 3HAHILIM, TOMY IO MaKCHUMyM INPOJYKTHBHOCTI 32 TOTOBHM
KJIaCOM HE BIAMOBIZa€ poOOUil ToUIll B 00MacTi eKCcTpemMyMmy. B 3B’s3Ky 3 mum mpoosiemy
aBTOMATHYHOI ONTHUMI3allii pyAONiArOTOBKU PO3B’SI3YyIOTh IIISIXOM KOMIIEHCAIlil 30ypIolounx
BIUIMBIB BHIXIIHOTO J>KMBJICHHS (110 TpoOJeMaTHYHO) a00 TOIIYKOM 1 OOIPYHTYBaHHSIM
napameTpiB, SKi MIJJAIOTBCS aBTOMAaTUYHOMY KOHTPOJO 1 fAKi  Oe3moceperHbo
XapaKTEePU3YIOTh CHEpreTHYHy e(EeKTHBHICTh MPOIeCYy PyWHYBaHHS Marepiany B Oapabadi
KynpoBoro mumHa [1]. Takuil migxin Oe3nocepeTHHOr0 BUMIPIOBaHHS 00’€MYy 3pYyHHOBAHOI
pyau (eHeproeeKTUBHOCTI pyHHYBaHHS) 3alpOIIOHOBAHO aBTOpaMH JaHoi myOsmikamii [2].
EneproedexTuBHICTh pylHYBaHHS PyIW BH3HAUYAETHCA JAedOpMalli€lo MPYKHOI IUIACTUHH B
mporieci B3aeMOJli MPYKHOTO eJeMeHTa, pyau 1 mamarodoi kyiai [3]. ToOto, BuUXigHUM
CUTHAJIOM TIEPBUHHOTO MEPETBOPIOBAYa € BeNMYMHA jAedopmariii LEeHTpaJbHOI YaCTHHU
MPY>KHOI TUIACTUHHU — 11 MIEpEMIIIEHHS B MOMEHT ynapy. OOTpyHTyBaHHSAM THITY 1 pO3pOOKOI0
BTOPUHHOTO IEPETBOPIOBAaYA B TAKUX BUMIPIOBAaHHIX HIXTO HE 3aiiMaBcs.

Meta pocJainkeHHs

Metoro nochipKeHHsI € OOTpYHTYBaHHS THUIy BTOPMHHOIO IE€peTBOpIOBaya i HoOro
OCHOBHHMX MapaMeTpiB IIISAXOM ONTHMI3allii, aHali3y 1 MaTeMaTHUYHOTO MOJCITIOBAHHS
MPOLIECIB Y TEXHIYHHUX 3aC00aX JAHOTO MPU3HAYCHHS.

BuxkJ/iageHHs1 0CHOBHOIr0 MaTepiaay

[Ipu BuMipIOBaHHI €HEpreTU4HOI €PEeKTUBHOCTI pyHHYBaHHS pyau Oe3MOCEpeaHbO B
OapabaHi KyJIbOBOTO MJIMHA BHKOPHCTOBYETHCA yJap KyJl MO CHPUHUMAIOYOMY CTEPIKHIO
yepe3 MaTepiall, 0 Ha HbOMY 3HAaXOAMUTHCS. B eneMeHTapHi MexaHill yaap MpyKHUX Tl
paxyloTh MHUTTEBOIO TOJI€I0. Y MIMCHOCTI Iled Tporec TpuBae NMEBHUM dYac. TpUBAiCTh
CHiBYZapsiHHS JeTalield y OUTbIIOCTI KIHEMAaTHYHHUX Tap CKJIala€ ACCATUTUCAYHI 1 HaBITh
CTOTHCAYHI YacTKku cekyHau [4]. CniBynapsHHs IeTaieil XxapaKTepu3yeThesl He JIUIIE MajIoko
TPUBAIICTIO, BEIMKHUMH CHUJIAaMH B3a€MOJii, aje 1 3aHaATO BEIUKUMHU IepernajaMu Hampyr.
Teopito cmiBymapsiHHsS npyXHux Ti1 po3poouB B kiHmi XVIII cromitts I'. T'epu. Bona
J03BOJIsIE BU3BHAYUTH (OPMY 1 TPUBAJIICTh IMITYJIBCY CIIBYJIApSHHSA AeTayiei. BinmoBigHo 1
Teopii iMmynabc Mae Qopmy HamiBxBwiIi KocunHycoinu [4]. Kopucryrounce dopmynamu
nepeTBopeHHss Dyp’e, MONKIMBO OTPUMATH YACTOTHUH CIIEKTP TAKOTo iMIyJbcy. Teopist
I'epuia posriisinae yaap npyXHUX Tifl 0e3 pO3MIIICHHS IHIMUX CKIAJOBHX MK HUMHU, TOMY Y
JTAHOMY BHMAJIKY ii 0e31mocepeIHb0 BUKOPUCTATH HE MOKIIUBO.

VYaap npyXHUX TiJT HOPOIKYE MPYXKHY XBHIO. OCHOBHOIO (hOPMOIO MPYXNKHOI XBHII
paxyioTh amepiogumunuii immyasc [5]. Moro rojoBHHMH mapaMeTpaMd € aMILTTYZa,
TPUBAJIICTh, YACTOTHUH CIIEKTP.

TpuBamicTe IMIYyJIbCy BH3HAYAETHCS TMPOTSHKHICTIO CHIBYIApSHHS JETaeH, sKa
HacamIiepesl 3aJ1eXuTh Bl iX MacH, reoMeTpii MoBepXxoHb, Matepiany [4]. Y naHoMmy BHIAIKY
Maca, TeOMETPisl TOBEPXOHb, MaTepiajl €JIEMEHTIB, 1110 B3aEMOJIIOTh Mi’kK COOOI0, HE 3MIHIOFOTHCH.
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Ile € mepemymMoOBOIO HE3MIHHOCTI TPUBAIOCTI CIIBYAAPSIHHS Kyl 1 CTEPIKHS, 110 BUKOHYE POJTh
NIEPBUHHOTO neperBoproBaya. OHaK Ha 11ei mporiec Oy/ie BIUIMBATU PY/Ia, 110 3HAXOIUTHCS MIXkK
€JIEMEHTaMH, SIKI CTHUKAlOThCS, a caMme 11 KUIBKICTb, KPYMHICTh, MIIHICTh. TOMy Tmporiec
CHIBYIAPSIHHS KYJi 1 CTEp)KHS y JaHOMY BHIAJAKy Oyle 3HAauHO YCKJIaiHioBaTucs. B HboMy
MOKHA BUOKPEMHUTH TPUBAIICTh PYHHYBaHHS PYIH 1 TPUBAIICTH O€3MOCEPEIHBO yaapy Ky 1o
Topiio crepxkHs. Came 1ieid mporiec TyT Oyze Bu3HayadbHUM. BiH Gopmye XapakTep BIUIMBY Ha
CTEpP)KEHbB 1 aMILTITY1y TIEPEMIIIICHHS IIEHTPAILHOT YaCTUHH MPYKHOI TUTACTUHHU.

®opma iMOyIbCY TMPYKHOI XBWJII BHU3HAYAETHCS AaKyCTUYHHMHU BJIACTUBOCTSIMHU
JoKepenla BUINPOMIHIOBaHHA Ta cepepoBuma [5]. JDxkepemo mpy)HOT XBHJII MOKIUBO
pO3TIsAIaTH SK aHANOr reHeparopa cximdactoro misHHS [5]. Take cxiguacte misHHSA Oyne
MpHUKJIaeHe 70 TOPLS CTEPKHSA 1 BUKIMYE MEPEMIIIEHHS MPYXHOI MJIACTUHU NEPBUHHOTO
nepeTBopioBava. [Ipu MOCATHEHHI KIHIIEBOI'O TOJIOKEHHS 32 PaXyHOK HAKOMUYEHOI eHeprii
MPOTHYTOI MPY>KHOI MJIACTUHU 3 BpaXyBaHHSIM TOTO, 1[0 Ha CTEPKEHb CUia 3 OOKY KyJli BiKe
HE Jii€, 3IMCHUTHCS TepexXigTHUM MpoleC MOBEPHEHHS MEXaHIYHOI CHCTEeMM Y TOMNEpeaHii
cTaH. BpaxoByrouu, mo mpsaMUN Xia MiJ yIapoMm Kyl 4epe3 IMIMAaTKHA TBEPAOro Marepiainy
MOJKE€ MAaTH JIeIIO BUKPUBJICHY (OpMY, OLIbII JOMIIBHO (IKCYBaTH 3BOPOTHHN XiJl MPYXKHOT
IJIACTUHU 31 CTaHy Je(OopMOBaHOTO 3MIIIEHHS y BUXiIHE TojokeHHs. [Ipu mpomy cximyacTe
HistHHS Oy/e BU3HAYATHCS BEIMYMHOIO JIedopMallii IUIACTUHH, BIAMOBIAHO OCEpeIHEHOMY
aMIUTITyTHOMY 3HAQYE€HHIO BXIJIHOTO BIUIMBY, IO MIT MaTH JENI0 BUKPHUBICHY (opMmy.
XapakTep 3BOPOTHOTO MEPEMILICHHS 3aBXAu Oy/ie HE3MIHHMM 1 BU3HAYaTHUCS MEXaHIYHUMHU
BJIACTUBOCTSMH CHCTEMH Ta BEIMYMHOIO jAedopmariii MPYKHOI IUIACTUHH. 3aJeKHICTh
3pyHHOBAHOTO 00’€My pyIM Ha TOPII CTEPXKHS BiA aMIUTITYJH BiIXHJICHHS LEHTPAIbHOL
YaCTUHU MPYXKHOT TUTACTUHHM € MTPAKTUYHO JIiHIMHOWO [3].

BuximHuM CHrHasioM TEPBUHHOTO IIEPETBOPIOBAYa CHUCTEMH KOHTPONIO EHEPreTHYHOI
e(eKTUBHOCTI pyHHYBaHHS pyad B OapabaHl KyJhOBOTO MIIMHA € TIEPEMIIICHHS I[IEHTPATHHOT
YaCTUHU TIPYXKHOI IUTaCTMHH. TOMYy BTOPMHHHMM TEpPETBOPIOBAY MOBHHEH BIIHOCHUTHUCH JIO
MIPUCTPOIB, IO BUMIPIOIOTH MaJTi TIEpEMIITICHHS a00 aedopMallito Ipy>KHUX €JIeMEHTIB. Sk mokasye
aHai3, po3po0IeHNI BEJMKUI apceHasl TaKUX MPUCTPOIB. 3a MPUHLIMIIOM i Ta MPU3HAYEHHM iX
MOJIMBO TIOJATH Yy BUIVISAI pUC. 1, 70 SIKOro BKIIIOYEHI BiloMi 3acoOu. MarHiToiHIyKITIHUNA
MIepPETBOPIOBAY TPAUIIIHHO BUKOPUCTOBYETHCS ISl IHIIMX MPU3HAYEHb, OJTHAK aHaJIi3 OKa3aB, 110
HOro MOXJIMBO 3aCTOCYBATH /sl BUMIPIOBAaHHS HEBEJTMKHUX TIEPEMIILICHb.

BropuHHI nepeTBOpHOBAYl MCPEMILLCHHS LCHTPAIbHOT YACTHHH NPYIKHOT NIACTHHH

Iepersoprosayi nepemileHus Tepersoprosaui aehopmanii
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Puc. 1. Knacugikauisi BTOpUHHHX NepPeTBOPIOBAYIB MepeMillleHHs HEHTPAIBLHOI YACTHHH MPY>KHOI IVIACTHHM 32
MPUHLHUIIOM Jii i NPU3HAYeHHSM.
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3 TaKkoro MIMPOKOTO TMEPETKy TPHUCTPOIB CyBOpWH BifOIp HAHOUIBII e€()EeKTHBHOTO
MO>KJIMBO 3IHCHUTH 3a JOMOMOTOI ONTHUMI3aIiiHOro miaxoay. Crnodyarky JOIUTBHO 3 puc. 1
BUJTYYUTH TIPUCTPOI, SIKI TOUHO HE MOXKYTh OyTH peai30BaHUMH B JaHUX BUMiproBaHHsX. JlJis
IIbOTO CJiJl OOTPYHTYBATH KPUTEPiil ONTUMAIBHOCTI U 3AIMCHEHHS MPOLEAYpPH BUITYYEHHS
MEBHUX TMPHUCTPOiB. BigoMo, 1Mo KpuTepiii ONTUMAIBLHOCTI CKIAAA0Th 32 (PI3UYHUM 3MICTOM
3amavi. BUMipioBaHHS BUKOHYIOTHCSI Ha 00epTOBOMY 00’€KTi — GapabaHi KyJIbOBOTO MIIMHA.
Tomy, sk MOKa3aB aHaji3, B SKOCTI JDKEpesa eJISKTPUYHOI €Heprii IS >KUBIICHHS CHUCTEMHU
HAOUTBII JIOLIJIBHO BHUKOPUCTOBYBAaTH AaKyMYJISITOp, SKHUH TEPIOJAMYHO 3aMIHIOIOTH Ha
3apspkeHnid. TyT CKJIagHO BUKOPHCTOBYBAaTH 3MIHHUH CTPYM, MPAKTUYHO HE MOXKIIMBO
TpUMATH JUKEpesa CTUCHYTOTO MOBITPS Ta BUKOPUCTOBYBAaTH HEHAMAINHI Ta JJOCTaTHHO CKJIAIHI
TeXHI4HI 3aco0u. TakoX HEAOMYCTUMO BUKOPHUCTOBYBATH MPUCTPOI 3 BEIMKUMHU TabapUTaMHU.
3a IpUHIMIIOM Jii IEpBUHHOTO MEPETBOPIOBaYa BTOPHHHI IIEPETBOPIOBaYi IIOBUHHI CIIPUIIMATH
MaJti iepeMiIeHHs], IOPIBHSHO MaJli, ajie He 3aHaATo Maii 3ycusuts. Ha BumiproBaHOMY 00’ €KTi
Ma€ MICIle BIUIMB CHJIBHUX 30yprorounx (akTopiB, ocoONMBO BiOpariil i Temmneparypu, ska
MOJKe 3MiHIOBaTucs B oCHOBHOMY Bif +5°C mo +50°C. Kpurepiem onTuMaibHOCTI TYT MOXKE
OyTu BHpa3

Jo=ditdyt 40t dst 40 =30 (1)
i=l
Jie YaCTKOBUM KpHUTEpisM Ji MPHUCBOIOETHCS ONWHUIL Y BHUIAJIKy NPUCYTHOCTI B MPUCTPOL
neBHOi ocobmuBocti. TyT Ji — HU3bKAa HafiiHICTh; J; — HEOOXITHICTb Y BUKOPUCTAHHI
3MIHHOTO CTPYMY JKHBJICHHSI 00 CTUCHEHOTO MOBITPS; J3 — CKJIAIHICTh; J4 — CUJIbHUIN BIUTHB
30ypHHX (akTopiB; J5 — Benuki rabaputu; J¢ — BUMIPIOBAHHS BEIMKHX IMEpPEMIlIeHb; J7 —
BIIXWJICHHSI POOOYMX 3YCHJIb BiJl TOMIPHOTO CEPEIHBOTO 3HAUCHHS.

J5ist po3B’sI3aHHS JaHOI 3324l ONTUMI3allii MOKIIMBO 3aCTOCYBATH METOJ THHAMIYHOTO
nporpamyBaHHs [6]. BiH € edekTHBHUM 3acO000M PO3B’S3aHHS 3a/1a4 ONTHUMI3AI] TUCKPETHUX
OararocTagifHUX TPOIECIB, I SKUX 3arajJbHUA KPUTEPId ONTUMAILHOCTI OIMHCYETHCS
QJIUTUBHOIO (PYHKIIIEIO KPUTEPIiB ONTUMAIBHOCTI OKpeMux cTaii [7]. TyT BHOKpEMITFOEMO CiM
CTaJil ONTUMI3ALil pO3yMIIOUH il CTAAI€I0 HASIBHICTh Y KOXKHOMY BHUMIPIOBAJIbHOMY IPUCTPOT
onHi€ei 3 HaBeneHUX y (1) o3Hak. 3amauy onrTuMizamii JaHUX OaraTOCTaIifHUX TPOIECIB Y
KO’KHOMY TPHCTPOT MOXJIMBO CPOPMYIIOBATHU K 337ady MOLIYKY ONTUMAIBHOI CTpaTerii, 1uis
SIKOT KpUTEP1 ONTUMAIIBHOCTI J 3 MPpUHMae MaKCUMAJIbHE 3HAUEHHS.

MeTtoa AMHAMIYHOTO MPOrpaMyBaHHS (PaKTHYHO SIBJIIE COOOI0 aJTOPUTM BU3HAYCHHS
ONTUMAJIBHOI CTpaTerii KepyBaHHS Ha YCIX CTafisfax mporecy [8]. 3aKoH KepyBaHHS HAa KOXKHIN
cTaii 3BMYaifHO 3HAXO/AThH MUISIXOM PO3B’SI3aHHS YACTMHHUX 3a7a4 ONTUMIi3allii OCIiIOBHO
JUTSL yCIX CTaJlid MpOIECy 3a JOTIOMOTOI0 IHIIUX METOMIB JAOCHIKEHHS. Y JaHOMY BUMAIKY
3IACHIOETBCS aHAIII3 JIITEPAaTypHHUX JDKEPEN, J€ BKa3yeThCsl PO HAsBHICTb B KOHKPETHOMY
BUMIPIOBAJILHOMY 3ac001 TUX YM IHIIMX O3HAaK. Y JaHOMY BHIMAJKY, SK 1 B iX OUIBIIOCTI,
KIHLIEBUH pO3B’SI30K OTPUMYIOTH B 4YHCENbHIA (opmi. PesynbraTé po3B’s3Ky 3BHYANHO
3BOJATH B TaOmwii. Pe3ynbraTh BUKOHAHOTO aHaJi3y BTOPUHHHX HPHUCTPOIB MPHUBEIACHI B
tabn.1. 3 ganux Ttabm.l crhigye, MO HHU3BKY HAAIHHICTE MalOTh IOTEHLIOMETPHYHI
MEePETBOPIOBAYl SIK KOHTAKTHI Ta TMiAAaHi Jii BOJIOTH, arpecMBHOi aTMocdepu 1 Ty,
MTHEBMAaTUYHI B HACTIJIOK Jii BOJIOTH 1 MHITYy, II’€30€JEKTPHUYHI B yMOBaX BHUCOKOi BOJIOTH Ta
BiOpartiid. [1’sTh 3ac00iB MOTPeOYIOTh 3MIHHOI HANIPYTH KUBJEHHS a00 CTHUCHEHOTO TMOBITPSI.
Tpu BUMIipIOBaJIbHI CUCTEMH BiJIPI3HAIOTHCS BEIMKOIO CKIAIHICTIO, Ha 11 MpUCTPOiB CHIIBHO
BIUIMBAIOTh 30ypHi (dakTopu. JIeB’sITh MPHUCTPOIB BIAPI3HAIOTHCSA BEIUKUMHU TrabapuTamu, a
IIiCTh  MpHU3HA4YeHI A7  BUMIPIOBaHHA  BEIUKUX  IepeMilieHb. [1’e30kepamiuHi
(m’e30TpanchopmMaTopHi) MpU3HAYCHI JJI HEBEIUKUX 3yCUJIb, & MATHITONIPYKHI HABMAKH IS
BEIMKHUX 3ycuib. Haii0inble 3HaueHHS KPHUTEPiI0 ONTHUMAIBHOCTI CKiIajdo 4 — 1e BiciM
BUMIPIOBAJILHUX 3ac00iB. Jlemo MeHIne 3Ha4eHHS KPUTEPIl0 ONTUMAIBHOCTI 3 OTpUMAaU
II’€30€JIGKTPUYHI  MIEPETBOPIOBAYi, a CIOPIAHEHI 3 HHUMH I1'€30TpaHc(hOpMaTOpHI
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nepeTBoproBayui MaroTh Jg = 4. [lpuctpoi 3 TakuMm 3HAYCHHSIM PE3yJIbTYIOUOTO KPHUTEPIrO
ONTUMAJILHOCTI HE MOXJIMBO 3aCTOCYBAaTH Ui KOHTPOJIO EHEPreTHYHOI e(eKTUBHOCTI
noApiOHeHHsT pyau B OapabaHax KyJabOBUX MIMHIB. JIJIg TMOAANBIIOTO PO3TISLLY CIif
3aJMIIUTH €MHICHI, MarHITOIHAYKIIHHI 11’ €30€JIeKTPUYHI TIEpEeTBOPIOBaYl i TEH30METpH 3 Jp
=1 Ta TeH30MeTpHuHI mepeTBoproBadi 3 Jp = 0, sSKi MalOTh HAWKpalIMil TMOKa3HUK Y
MOPIBHSAHHI LUX MIPUCTPOIB.

Tabmums 1
3Ha4YeHHS YaCTKOBHX 1 Pe3yJIbTYIOUMX KPUTEPIiB ONTUMAIBHOCTI PH BUIYYEHHI IPUCTPOIB 3

MTOBHOTO TIEPEITIKY, K1 HE MIIXOIATh JIJIsl BUPIIIICHHS JaHOT 3a/1a4i

Bropunni YacTKOB1 KpUTEPii ONTUMAIBHOCTI Pesynbryrounit
MepeTBOPIOBaYi KpHUTEpiit
’ b J1 J2 J3 Ja Js Jo J7 OHTIfMaJIII:)HOCTi
[HaykTOCHHM — 1 1 — 1 1 — 4
[HnyKTUBHI - 1 - 1 1 1 — 4
n(epeHIianbHO-
flpa?;cz)opli/[aTopHi - ! - ! ! ! - 4
€MHICHI - - - 1 - - - 1
[MoTenmiomerpuuHi 1 — — 1 1 — 4
MarsiToiHAyKITIHH1 - - - — 1 — — 1
Hudposi — — 1 1 1 1 - 4
JlazepHi — - 1 1 1 1 — 4
[THeBMaTHyHI 1 1 — 1 1 - - 4
TenzomeTpuuHi — — — — — — — —
Tenzomerpu - - - 1 - - - 1
IT’e30enexkTpuyHi
(m’e3oTpancdop- 1 —/1 — 1 - - 1 3/4
MaTOpHi)
IT’e30Kepamiuni — — - 1 - - - 1
MarniTonpyxHi - 1 — 1 1 — 1 4

AHami3 BTOPUHHHX II€PETBOPIOBAUiB, SKi BHOKPEMJICHI U MOJAJBIIOrO PO3IILNY,
MOKa3ye, 110 IX MOJJIMBO ITOJIAaTH Y BUTIIAL PUC. 2, 3 IKOTO BUJIHO, IO BOHHM IPEICTaBIIEHI

BTopuHHI nepeTBOprOBaYi, WO iIMOBIPHO MIAXOAATE AN
BUMIPIOBAHHS MEPEMIIIEHHS LEHTPANBHOT YACTHHHU MPYKHOT MIACTHHHU

AKTHBHI NEPETBOPHOBAYI IacusHi nepeTsoproBaui
Maruiro- MT'e30Kxepamiuni €MHICHI Tensomerpuuni Teunzomerpu
IHAY KLIHH]

Puc. 2. Knacudikauisi BTOpMHHHUX NepPeTBOPHOBAYIB, sIKi IMOBIPHO MixXoasTh /151 BUMipIOBaHHS
nepeMilleHHsI HEHTPAIBLHOT YACTHHHU NPYKHOT NJIACTHHM.

JBOMa TpylnamMH — aKTUBHUMH 1 NMAacCMBHUMHU. AKTHUBHI a00 Te€HEpaTOpHI MEpeTBOpPIOBaYl y
JTAHOMY BWIAJKy € OUIbII MPUAATHUMH, OCKUTBKM Ha 00epTOBMX 00’€kTax THMy OapabaHa
KyJIbOBOTO MJIMHA iCHYE ne(iuuT eHeprii >kuBjieHHs. Pe3ynpraTy BUMIpIOBaHHS €HEPreTUYHOL
e(EeKTUBHOCTI MOAPIOHEHHS pyaH 3 00EPTOBOI YACTMHMU 00’ €KTa BUMIPIOBAHHS 3a JOMOMOTOIO
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pamiokanany [9] mepemaroThesi Ha Hepyxomy. OCKUTbKM KaHal Tiepenadi iHdopmarii 3
00epTOBOi YaCTHHU 00’ €KTa Ha HEPYXOMY 00OB’SI3KOBO Ma€ TIEBHY MOXHOKY, 1S 3a0e31eUeHHs
3aJ1aHO1 TOYHOCTI KEpYBaHHS HEOOX1THO 11 KOMIIEHCYBATH HA IHITUX JUISTHKAX BUMIPIOBAIEHOTO
naHiora. [{poro MOXJIHMBO JOCATTH MPAaKTUYHO JIMIIE 32 PAaXyHOK IiJBUIIEHHS TOYHOCTI
BTOPUHHHUX TepeTBopioBadiB. OTke, oOpaHWii BTOPUHHUN TEPETBOPIOBAY IO MOXKIJIUBOCTI
MOBUHEH 3a0e3ledyyBaTh HaAHOUIbII BHCOKY TOYHICTH BHMIPIOBAHHS TNepeMilieHHs. Tomy
MPUCTPOT, BIAMIYCHI Ha pHC. 2, HEOOX1THO TpoaHali3yBaTH OUIBII TOKJITHIIIE.

IT’e30KepamiyHi IEpEeTBOPIOBAYl MalOTh BUCOKY UYTJIMBICTH 1 HE MOTPEOYIOThH JpKEperna
YKUBJICHHSI, OJTHAK HAMpyTa, SIKa BUHUKAE TIPU 3MiHI TeMIIepaTypH, Y psijii BUMAIKIB MOXKE CTaTH
mxepenoM 3HauHuX moxubok [10]. Kpim Toro, HeoOXiAHICTh KpIMJIeHHS 1X 10 Aetani (6axaHo
TBHUHTAMH) HE JIO3BOJISIE iX BUKOPUCTATH JJISl TAKUX BHMipPIOBAHb.

Huni HaiOuIbIl  BiANpanbOBaHUMHM € TEH30METPHYHI mepeTrBopioBadi. JlaTdmk
HaKJICIOIOTh Ha TIOBEPXHIO JOCTIDKYBAaHOI JETalli Il BUMIPIOBAHHS JIIOYOTO 3YCHILIAL
[TeperBoproBadi  XapaKTEPU3YIOTHCS BHMIPIOBAJIbHOIO 0a3010, 10 3BUYAHHO JIOPIBHIOE
5...20 mm, ix omip ctanoBuTh 30...500 Om. [liss mepeTBOprOBaYiB IPYHTYETHCS Ha SIBUII
TeH30e(eKTy — 3MiHI AaKTUBHOTO ONOpPY IPOBOAHUKIB TpH MeXaHiuHii aedopmarii.
[TpumarHicTs MaTepiany Ui JATYUKIB XapaKTEpU3ye KOSPIIIEHT TEH30TYTIIHBOCTI

k=&/R=1+2,u+w, (2)
Al Al
ne R — akTuBHMIA omip mpoBigHuKa; | — qoBkuHA mpoBigHMKA; 1 — Koedirient Ilyaccona; p —

MUTOMUM eJIEKTPUYHHIA OIip MPOBIJHUKA.

[IpoBigHUMK TMOBMHEH MaTH MIHIMAJIbHUM TEMIEpaTypHHHA KOC(ILIEHT EIEeKTPHYHOTO
OIOpY ¢, BEIUKUN TMHUTOMHUKA OIip, A00pY MEXaHIYHy MIIHICTh 1 BiITBOPIOBAHICTh
XapaKTepUCTHK.  3BMYalHO  3aCTOCOBYIOTh  KOHCTaHTaH: K~2;  p~0,48 OM-MM*/M.
3aTi30XpOMaTIOMIHIEBHI CIUIaB Ma€ HaWKpallli ycepeaHeHi xapakrepuctuku: K=2,85; p=1,45
OM-MM/M; a=13-10°, 1/°C, a HaiiGinbmmit KoedillieHT TeH30IYTIMBOCTI y IIATHHOPAIO — 5,8.
3acTOCOBYIOTh TaKOX TIEPETBOPIOBAYl 3 PEHIITKOI 13 TOHKOI (DOJIBIH, BIPECOBAHOI Y
IUIACTMACOBY IUTIBKY. SIKIIO MeTaj pelNiTKM 3aMiHUTH HaIiBIIPOBITHUKOBUM Marepiajiom,
MaTEMeMO TeH3oMmeTp. HaifGubioro nommupeHas: Habpaiu KpeMHIEBI TEH30METPH, SKi MalOTh
Bemuky uyrausicth (k<100...150) i neBenuki radaputu (2...7x0,2x0,15 mm). Ix nemomikamu €
HEJTIHIAHICTh XapaKTEePUCTHKH, BEJIMKAa TEPMOUYTIHMBICTh Ta iH.. Lle He m03BoIsie TEH30METpHU
BUKOPUCTATH B SIKOCTI BTOPMHHUX HEPETBOPIOBAYIB MPH KOHTPOJI €HEPreTU4HOI eEeKTHBHOCTI
nosipiOHEHHsI pyAu B OapabaHi KyJIb0BOTO MITMHA.

€MHICHI  mepeTBOpIoBaui B~ OCHOBHOMY  peai3yloThb  3QJIeXKHICTh s
IUIOCKOMApaJIeNIbHOTO KOH/IEHCATOpa

C=65/5, 3)

ne C — eMHICTh KOHJIEHCATOPA; € — JIIeNeKTPHUYHA IIPOHUKHICTh CEPEeIOBUINA MK 0OKIIaAKaMH
(HampwKyIaa MOBITPs); S — MJIOMIA; 0 — BIICTAaHb MK OOKJIaIKaMH.

Ha Bennki MOKIMBOCTI €MHICHUX TIEPETBOPIOBAYiB BKazaHo B po0oTi [11]. OnHovyacHO
B Iii jxe poOOTI Ta IHIMMX JITEPaTypHUX JDKEpeNax MiAKPECTIOEThCS, M0 €MHICHI
MePETBOPIOBaYl HE OTPUMAJIM IMUPOKOTO PO3MOBCIOKEHHS. Benmnka pi3sHOMaHITHICTH GopMm
Ta KOHCTPYKIIM CHpUIIMAIOUUX €JNEMEHTIB He JO3BOJIMIM 3pPOOHMTH  y3arajbHIOIOUHX
BHCHOBKIB B IIUIOMY 3a JaHUM HaOpsMOM JOCHIDKeHb. JIJisi MpakTHYHHX TOTped
BUKOPHUCTOBYIOTH B OCHOBHOMY €MHICHI IIepeTBOpIOBayi, MMOOyIOBaHI Ha MPUHIIMII
MOBITPSIHOTO MTPOMIXKKY, IO 3MIHIOEThCA, K KOHJAeHcaTopHI Mikpodonu [10]. 3 3amexHoCTi

DOI 10.32782/261-0340-2018-2-81-95
87



IPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

(3) BmAHO, MmO CcTaTWUYHA XapaKTEPUCTHUKA TaKWUX IIEPETBOPIOBAadiB Oy/e HENHINHOIO.
CTBOpEHHS €MHICHUX NEPETBOPIOBAYIB CIMPAIOCH HA TEOPIIO Ta MPAKTUKY, SKI PO3BUBAIHCS
psAIOM aBTOpIB B pi3HUX KpaiHax. Po3poOka B CIIA cepiliHMX €MHICHHX NEPETBOPIOBAYIB
NEepeMillleHHs] CTaja iX BEpIIMHOIO, OCKIJIbKM BOHU €(QEKTHBHO BUKOPUCTOBYIOTHCS B
MMPOMHUCIIOBOCTI 3aBISKH CIOCO0Yy iX BHUroToBieHHS. I{um Oyna nmoBeneHa epEeKTHBHICTH 1
Mpale3JaTHICTh €MHICHHX II€PETBOPIOBAUIB, ajie TEOPETUYHI MPOOJIEMH 3aJHILMINACA HE
po3B’s3anuMu. B po6oti [11] BkaszyeTbcst Ha HEOOXITHICTD MMOOJIAHHS TEPETIOH, IO CTOSATH
Ha NUIAXYy €(QEeKTUBHOIO BHUKOPHUCTaHHA €MHICHMX TMEpeTBOpIoBaviB. 3okpema, B [12]
PO3BHHYTO PsJ ACTIEKTIB TEOpii EMHICHUX MEPETBOPIOBAUIB, IO JA€ MOXKIJIUBICTh YCYHEHHS
JEeSKUX 1X HEJOJiKiB. BBEICHHS OXOPOHHOTO KiJbIS B IUIOCKO-TIApANENBHUN KOHACHCATOP
TaKOXX CIIpHUs€ TMIABUIIEHHIO TOYHOCTI BHUMIproBaHHs mepemimieHHs [10]. Bukopucranus
BHCOKOCTA01Ti30BaHUX JDKEpET BUCOKOYACTOTHHX KOJMBAHb TAKOX JO3BOJISIE III€ HA OIHY
CTYITiHb MIJBUIIATHA TOYHICTh EMHICHUX TEPETBOPIOBAYiB. B TOM ke yac 1ie He JIKBiJIOBaHi
HE/IONIKH, BKa3aHi B poOoTi [11], cTOCOBHO TOrO, 110 MOBEPXHIO IUIACTHH IMEPETBOPIOBAYA
MPAaKTUYHO HE MOXJIMBO OYMCTUTH MiJa Yac poboTu. TomMy Ha HBOTO IIOTH TeMIEpaTypa,
BOJIOTA, NMWJI, TIapa Pi3HUX PEYOBMH Ta iHIII (hakTopu. BkazaHi HETOTIKM Ta OCOOIMBOCTI HE
MOXJIMBO YCYHYTH B KOPOTKHI TE€PMiH, 110 HE J03BOJISIE €(DEKTUBHOTO BUKOPUCTATH €EMHICHI
MIEPEeTBOPIOBAYl MPHU KOHTPOJI €HEPreTU4HOi ePEeKTHUBHOCTI pyHHYBaHHS pyau B OapabaHi
KYJIbOBOTO MIIMHA.

MarHiToiHaYKLiHI epeTBOPIOBaYl TPAJUIIIHHO BUKOPHCTOBYBAIHMCA B IHIIMX LILIAX,
OJTHAK aHaji3 TM0Ka3aB, IO IX MOXIMBO 3aCTOCYBaTH 1 TPH BUMIPIOBaHHI HEBEIMKUX
nepeminienb. OUH 3 BapiaHTIB TaKOro MepeTBOproBava nojgaHo Ha puc.3. IToctiiiauit marxit 1
(puc.3) 3 JOMOMOTrOI0 TMONIOCHMX HAKOHEYHHWKIB 2 CTBOPIOE MArHITHUH TOTIK @, SKUi
MPOHUKAE Yepe3 HEMAarHiTHY CTPYMOIIPOBIAHY NPOKIAAKY 3 TOBIIMHOIO d Y TOBITPSHHIA
npoctip 4. Hepyxomuii KOHTPOJILOBaHUH 00’ €M S5, 3alHATAN MarHiTHUM IIOJIEM, CTBOPIOETHCS
3aBJISIKU TTOBITPSHOMY 3a30py 7 TOBXHHOIO |. @parMeHT mpyKHOI IJIaCTHHH 6, HAOIVKAIOUHCh
JI0 TIOJIFOCHUX HAaKOHEYHHKIB 2 B pe3yibTari ii medopmaiiii, 3MiHIOE MarHiTHy MPOHHUKHICTh
KOHTPOJIbOBAHOTO 00’€My 5 1, SIK HACIIJOK, BEIMYMHY MArHiTHOTO MOTOKY @) B MarHiTHIH
CHCTEMI, IKHI1 MOYIJIMBO MIEPETBOPIOBATH Y BEIUYUHY, 3pYUHY I OJATBIIIOI0 BUKOPUCTAHHS.

(Z)M

1
Puc. 3. MarnitoinaykuiliiHuii neperBoproBay 3 ¢pparMeHTOM NPY:KHOI IVIACTUHH, 1[0 HADJIUIKAETHCS 10
NMOJTIOCHUX HAKOHEYHMKIB:

1 — nmocTiliHUi MarHiT; 2 — NOJIOCHUHA HAKOHEYHUK; 3 — HEMArHITHA i eJIEKTPOoi30/11010Ya MPOKJIAIKA}
4 — noBiTPsAAHUI NPOCTip; 5 — HePYXOMMii KOHTPOJILOBAHMIA 00°€M y IKOMY 3MiHIOETHCS MarHiTHA
NMPOHUKHICTH; 6 — )parMeHT NPYKHOI JIACTUHM; 7 — MOBITPSIHU 3a30p.
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MarnitHuii moTik @, ik BUAHO 3 pUC. 3, Ma€ 1IB1 CKJIaa0B1. HanpykeHicTh MarHiTHOTO
MOJISl B TAKUX MAarHiTHUX CHUCTeMax Ouis 3a30py HepiBHOMipHa. MakcuMaibHe i 3HaYCHHS
CIIOCTEPIraeThCs OE3MOCEPEHhO B 3a30pl. 3 BIIJAJCHHSIM B3J0BXK HOPMaJl Bl KpaWKu
3a30py B1A0YBa€THCS 3MEHILIECHHS HAIIPY>KEHOCTI MarHiTHOT'O TOJIS 32 CYMOIO JIBOX €KCTIOHEHT
[13]. BcranoBneHo, 1m0 TpW HEBEIMKUX 3HAYEHHAX X HAMPYKEHICTh MarHiTHOTO TIOJIS
OMHCYETHCS TMEPIIOI0  CKJIAMOBOI. HampyKeHICTh MAarHiTHOroO TOJIE B OCHOBHOMY
PO3MOBCIOKYEThCS Ha TMHOMHY 20 MM 1 Ha IUMX BIJICTAaHAX Ma€ MPAKTUYHO HE3MIHHE
3HAUeHHS SK y MO3J0BXKHBOMY, TaKk 1 B TONEpedyHoOMYy HampsimMax. B mexax 0...3 mm
HaIPY>KEHICTh JIIHIHHO 3MIHIOETHCS BIiJl BIIJAJICHHS X BiJ KpAaWKH TOBITPSHOTO MPOMIKKY.
BukoHaBmy po3aiibHy HEMArHiTHY IPOKJIAAKY TOBIIMHOIO 1 MM a0o A€o MeHIe, B MeKax
MePEMIIIEHHS 10 3 MM OYIKYEThCS JIIHIHHA 3aJIEKHICTh HAMPY)KEHOCTI MarHiTHOTO TOJIS Bif
nepeMilIeHHs.

3HaiiIeMO 3aJIeKHICTh MarHiTHOTO TOTOKY BIJ TEPEMIIICHHS X ILEHTPY MPYKHOI
IUTACTUHU. B MariTHi cucTeMi nepeTBoproBaya MarHiTHHH MOTIK B cTalli @¢ JOPIBHIOE
MarHiTHOMY TIOTOKY Yy TOBITpstHOMY NpoMiXKy @ [14]. Po3rmsHemMo MarHiTHHM TOTIK Y
MOBITPSHOMY MNPOMDKKY Maroud Ha yBa3i, [0 MarHiTHa Hampyra B ctaii Uwmc Takox
JOPIBHIOE MAar”iTHINA Hanpy3i y nosiTpstHoMy mipoMikky Uwyy [14]. Ha miacrasi 3akony Owma
IJIsL MAaTHITHOTO JTaHIiora MoxkHa 3anucatd Uy=®@Ry a6o Uy=Hlgy, ne @ — MarHiTHUIA MOTIK;
Rm — MarHiTHHi omip AUITHKM JaHIiora; |y — MOBXKMHA IUITHKM MarxiTHOro Jyianmora. I[Ipu
[[OMY BIAMOBITHO HANIPY>KEHICTh MarHiTHOTO IOJISI, MAarHITHUH OMip 1 MarHiTHAa MPOBIIHICTh
TUJISTHKY JIAHITIOTA JOPIBHIOIOTH:

H=b -2 ;=L g, =t S, (4)

= = 9 M = M
Hofte  HofdeS HoftsS Ru Iy

1e B — Mar"iTHa iHOYKIIs; (o — MAarHiTHA IPOHUKHICTh BaKyyMY; [y — MarHiTHa IPOHUKHICTb
Marepiany JaHIIora; S — MyI0IIa MONePeYHOro Mepepi3y MarHiTONpoOBOIY.

[ToMHOXXHMO 1 MTOIIMMO TIpaBy YacCTHHY NEPIIOTO BUpa3y B (4) Ha JOBKHUHY JAUISTHKA
MarHiTHOrO JIaHLIOra 1, 3HAWIIOBIIM OOCpHEHY BeNMWYMHY FH, BHU3HAUUMO 3HAYCHHSA
MAarHiTHOTO MOTOKY y HOBITPSHOMY ITPOMIXKKY:

® = HI,Gy = HI, 2043 . (5)
9
Y wMarsiTHI# cHCTeMi MAarHiTOIHIYKI[IHHOTO TIEPETBOPIOBaYa 4Yepe3 IMOBITPSIHUMA
MIPOMDKOK OJHOYACHO TMPOXOJUTh YOTHPHU MATHITHUX TOTOKH, SIK L€ BHUJHO 3 pHC.3.
3aCTOCOBYIOUM 3arajbHy 3aJeXKHICTh (5) 1 3HAXOASYM BIAMOBIAHI MapaMeTpd MarHiTHOTO
JJaHIIora, AJisi KOXXHOI'O 3 HUX MOZKJIMBO BU3HAYUTHU aHaJIITHYHI 3HAYCHHH.
MarHiTHH MOTIK Y MOBITPSHOMY IPOMIXKKY MIX ITOJTFOCHUMH HAKOHEYHHUKAMH JIOPIBHIOE

ab
@H:Hnl%:Hnﬂoﬂnabﬁ (6)

7€ @ — MIMPUHA KPAHKK MMOJIOCHUX HAaKOHEYHUKIB; b — IIMpuHa MOJIOCHUX HAaKOHEYHUKIB, 110
BIJIMOB1/1a€ PO3MIPy MOCTIHHOTO MarHiTy; (7 — MarHiTHAa TPOHUKHICTD MOBITPSI.

MarsiTHH MOTIK Y HEMArHITHIA TPOKJIA/IIII:

Hm+Hp, | _,Uo/lnM&)
1

b
) | Lol D _ H ncpﬂoﬂnM&) ’ (7)
1

Dy =
I

= Hﬂcp : Il
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ne Hpy, Hpp, Hep — BIINOBIIHO HANPYXKEHICTh MAarHITHOT'O MOJIS HA JIIBOMY, IPaBOMY KiHIII Ta
nocepeInHI HeMarHiTHOT MPOKJIAIKH; 7 — MAarHITHA IPOHUKHICTh MaTepiay MpoKiaaky; |
— pO3Mip MariTHOTO TOJS B3J0BXK IMOBITPSHOTO MPOMDKKY 1032 MAarHiTHOI CHCTEMOIO, IO
cknanae Habmmkeno 10...12 mwm.

MarsiTHu# OTIK Y 3MIHHOMY MarHiTHOMY TTPOMIXKY:

Dy :ﬂoﬂnb[(Hn—kH Xmin)x _szxz} (8)

ne Ky — xoedilieHT HaxWiTy MpsiMoi, IO MPOXOAUTh Yepe3 TOUKy H; B IeKapTOBil CHCTEMI
KOOPJIMHAT.
MarsiTHHI TIOTIK, 10 MPOXOAUTH Yepe3 MPYKHY IIACTUHY:

d)CV = ﬂOﬂrb{|:H17 - I(H [Xmin +;XmaxJ:|Xmax _(HI'I - I(H Xmin )X +k7H X 2} ? (9)
ne Xmax — BIATOBIAa€ HAHOIBIIOMY BiIIajIeHHIO X MPYKHOI TUTACTUHY TIPU BXOJDKCHHI B HEl
MAarHiTHOTO MOJIsl HA HOPMAaTUBHY TTTHOUHY AX.

Sk BUIHO 3 OTpPUMaHUX 3aJIEKHOCTEH, MEpII JBAa MArHiTHI MOTOKA € HE3MIHHUMH,
TOMYy B MAarHITOIHAYKIIIHHOMY TIEPETBOpPIOBaYl I1X MOXJIMBO HE BpaxoByBaTH. Toji
Pe3yabTYIOUHI MarHiTHUH MOTIK BU3HAYUTHCS 3aIEKHICTIO:

Do =Dpy + Dy » (10)

JIe BCl TIOTOKHM € 3MIHHMMH 1 HEJHIMHO 3aJieKaTh Bij MEPEMIIIEHHS EHTPAIbHOI YaCTUHU
MIPY>KHOI IIJIaCTUHM.

PosrasiHeMo 3aKOHOMIPHICTD 3MIHHM OKPEMHUX 1 pe3yJbTYIOUOTO MarHiTHOTO TIOTOKY B
MAarHiTOIHAYKIIMHOMY NEpeTBOPIOBaYi NPHU NEepeMillleHHI HEHTPaJbHOI YaCTUHU MPYKHOI
IJIACTUHU 3a HACTYNMHUX YMOB: X=0...2 MMm; ,u0=47t-10'7 I'a/™M; 17=1,00000038; b=0,025 wm;
Xmin=0,001 m; H7=250000 a/m; kKy=9- 107 a/Mz; 1c=31,847133; Xna»=0,002 M. I'padixu 3minu
MarHiTHUX MOTOKIB, OTPUMaH1 B MPOIECI KOMIT FOTEPHOTO MOJICIIOBAHHS 3 BHKOPHCTAHHIM
piBHsHB (8) 1 (9), mpuBeaeni Ha puc.4. 3 puc.4 BUAHO, 1[0 MATHITHUH MOTIK Y 3MIHHOMY
MOBITPSIHOMY MPOMIXKKY HE3HAYHHK MOPIBHIHO 3 MAarHiTHUM MOTOKOM Y TMPYXHIN TIJIACTHHI.
OOuBa MarHiTHUX MOTOKH MAIOTh EKCTPEMYM.

13 \
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Puc.4. 3ane:xxHicTh MarHiTHHUX MOTOKIB MArHITOIHAYKLIIHOI0 NepeTBOPIOBaYa BiJl nepeMillleHHs
LHEHTPAJbLHOI YACTHHH NPYKHOI NJIACTHHH
1- d)HV: 2- d)CV1 3- ¢P =@w+¢cv
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Pe3ynbryrounii MarHiTHUHA TOTIK TaKOX Ma€ €KCTPEMyM B KIHII [ialma30Hy 3MiHH
nepemimenHs. CyTTeBa HENMHIHHICTE 3MIHM  PE3yJIbTYIOUOTO MAarHITHOTO IOTOKY
Mar”iTOIHAYKI[IHHOTO TIEPETBOpIOBaYa HE JIO3BOJIIE HOTO BUKOPUCTATH JJISI KOHTPOJIO
eHepreTu4Hoi e(heKTUBHOCTI MOApPiIOHEHHsT pynu B OapabaHi KylbOBOro MiMHa. BiH TOYHO
Moxe (hikcyBaTu Juiie HeBenuki (mo 0,25 MM) mepeMilieHHs, M0 He 3aJ0BOJBHSE MPOIIEC,
CTBOPIOBaHM NEPBUHHUM MEPETBOPIOBAYEM.

3Bakaroud Ha Iie, [OIJIBHO PO3MSIHYTH M€ OJHE KOHCTPYKTHBHE pIlICHHS
MarHiTOIHAYKIIITHOTO TiepeTBoproBava (puc.S.). BoHo 0a3zyeThcst HA TOMy, IO HA TIEBHOMY
BiJIaJieHl BiJl KpaWKH TMOJIOCHUX HAKOHCYHUKIB Yy IUIOIIMHI, TMapajelbHIA HETHINHIN
MPOKJIaIIi, HANpPyXEHICTh MAarHiTHOTO MOJIi € HEe3MIHHOI B MeXaX +5...6 MM BiJHOCHO
[EHTPAIbHOI YaCTHHU TOBITPSHOTO MpoMiKKY. [Ipu mepemimieHHi pyxomoro eineMeHrta |
BITHOCHO TIOBITPSIHOTO MNPOMDKKY MAarHiTHOI CHUCTEMH 2 4YacTHHA MAarHiTHOTO TOTOKY B
JTAHOMY TIEpepi3i MPOXOAUTh Yepe3 MArHiTHOM SKHUW MaTepiall, a YaCTUHA — Yepe3 MOBITPSI.
[TepemimieHHst pyxoMoro eneMeHTa | Ha BenM4uHy X 3MIHIO€ MAarHITHUN OMip JaHOI TIISTHKA
Mar”iTOnpoBOJy, IO NPHBOAWTH JO 3MIiHM POOOYOro MArHIiTHOTO MOTOKY. Bin Oyae
¢byHK1i€0 nepemimeHHs X 1 MBUIKOCTI IEepeMiIeHHs] pyXOMOro eleMeHTa 1.

PosrnssHemMo BHMNAZOK BHXOAY pPYXOMOTO €leMeHTa | 3 MarHiTOIHIYKIIHHOTO
NepeTBOPIOBAYA, MOYMHAIOYM BiJl OCHOBOI JIiHII MOBITpsHOrO 3a30py (puc.5). dizuuHO 1€
BIJINMOB1/1a€ MIOBEPHEHHIO MPYKHO1 IJIACTUHU Y BUXITHUMA CTaH Micis yaapy Kyii. [Ipu Buxoi
PYXOMOIrO €JeMEHTa 3 MAarHiTHOTO NOJs NepeTBOpioBada OyJe 3MIHIOBATHUCS MarHiTHa
NPOHHKHICTh JAHOTO Tepepisy. li MOXKINBO MOJATH 4Yepe3 MArHiTHI MPOHHKHOCTI OKPEMHX
TOUISTHOK JIAHIIIOTAa Ta CEpeIHE 3HAYeHHs MAarHiTHOI MPOHWMKHOCTI 1iei aurstaku [15]. Ipu
IbOMY, HEXTYIOUH PO3CIIOBaHHSIM MarHiTHOTO TIOTOKY, Oy/ie CIIpaBeJIMBOIO PIBHICTH

HcNVe + 1N = ptiemVem = tem (Vc +Vp ) D (1 1)

1€ [y — CePENHE 3HAYCHHST MarHiTHOT MPOHUKHOCTI HA JIISHITI MarHiTHOTO JIAHITIOTA;
Ve, Vi, Vem — BIAMOBITHO 00’ €MU MarHiTHOM SIKOTO MaTepialy, MOBITPs Ta BChOTO JIAHITIOTA.

D> £

/\\/‘

Puc. 5. MarniToinaykuiiiHuii mnepeTBOpIoBaY 3 eJ1eMeHTOM, 110 PYXA€THCH MapajieJibHO HeMATHITHIH
MPOKJIAILI:
1 — pyxomuii eJleMeHT 3 MArHITHOM SIKOT0 MaTepiay, NPHEAHAHUN /10 HEHTPATbHOI YACTUHH MPYKHOT
IUIACTHHM; 2 — MArHiTHA CHCTeMa NepeTBOPIoBaYa.

Skmo pyxoMud  €IeMEHT TEepeMIllyeTbCs Bil OCI  Mar”HiTOIHAYKIIIHOTO
nepeTBopIoBaya Ha rnepudepito, To 06’ €M MOBITPSHOI JUISHKA MarHiTHOTO JIAaHITIOTa Oye:
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Vy =V + Vo = Scbe %+5cbcx , (12)

ne Vy; — He3MiHHuN 00’ €M TOBITPSHOI TIISTHKYA Mar"iTHOTO JaHIora; Vyy — 3MiHHAN 00’ eM
MOBITPSIHOT AUTSTHKY TOTO K JIAHIIIOTA.

3MiHHUN 00’ €M JIaHITIOTa 3 MarHiTHOM SIKOTO MaTepiajy CKiianae
|
VCV :Eg—xjécbc’ (13)

ne bc — mupuHa pyxoMoro ejgeMeHTa (OJCHIUX HAKOHEYHHUKIB).
3 iHmoro 00Ky, 00’e€M IIJITHKY MarHiTHOTO JIAHIIIOTa, 10 PO3TIIAAA€THCS, JOPIBHIOE
Vem :§cbc|n- (14)

3 BpaxyBaHHAM [lo{;=[la, AOCOJIOTHMX MArHITHUX TIPOHUKHOCTEH IIJISHOK 1
BU3HAYCHUX 00’ €MIB JUIsI MATHITHOTO JIAHIIIOT'a MO>KJIMBO 3aIIHCATH

HacmVem = tarVam + tanV v + MacVe - (1 5)

[TinctaBuBmm B (15) BU3HayeHi 00’eéMu BCl€i AUISTHKA MarHiTHOTO JIAHIIOra Ta il
YacTUH 1 3p0OMBIIN NEPETBOPEHHS, BUZHAYNMO

e = st + )=t = ) (16)

1y

3 (16) BuAHO, 10 MarHiTHA MPOHUKHICTH BCI€T TUISTHKA MarHITHOTO JIAHITIOTa JTiHIIHO
3QJICKUTD BiJI MEpEMIIIEHHS X PyXOMOTO €JIEMEHTA.

Bignmosigao (5), (16) 1 3HaUeHHSAM TapaMeTpiB BU3HAYMMO 3MIHHUN MarHiTHUHN MOTIK
MarHiTOIHIYKIIIHHOTO MTEPETBOPIOBAaYA 3 OKPEMUM PYXOMHUM €JIEMEHTOM

@-= Hm(scbc[(ﬂa";m_(ﬂac —ﬂan)x} (17)

Iy
ne Hj;; — HanmpyKeHicTh MarHiTHOTO TIOJISL B AUISHIII MAarHITHOTO JIAHIIIOTA, 110
PO3TIIATAETHCS.

3 3anexxHocTi (17) BUAHO, 10 MarHiTHAN MOTIK MarHiTOIHIYKITIMHOTO IMMEpEeTBOPIOBaya
JHIAHO 3MIHIOETHCS MIPU MEPEMILICHHI PYyXOMOTO elIeMeHTa (LIEHTPaIbHOT YaCTUHU MPYKHOI
MJIACTUHU ). BUMIpATH 11e# MOTIK, TOYHIIIE HOT0 YacTUHY, MOKIIMBO TTEPETBOPIOBaYEM XOJIa.
BpaxoByroun 3B’s130K TapaMeTpiB y nepeTrBoproBayi XoJa i Te, 10 MarHitTHuil notik @=B-S,
ne B — 1HAYKIIS MarHiTHOrO TOJIA, S — IUIONIA, 4Yepe3 sIKy MPOXOAUTh MArHITHWMA TOTIK,
eJIEKTPOpYILiHA CHJla HAa BUXO/I BUMIPIOBAJILHOTO JIAHITIOTa Oyie

E, =Ry, D, (18)
dy Sy
ne Ry — crama Xosmra; dy — TOBIIMHA IJIACTHHKHK MEpPEeTBOpIoBada Xoiia; Iy — CTPyM, IO
MIPOXO/UTH Yepe3 MepeTBOPIOBAY.

OTxe, 3a piBHEM €.p.C. X0Jula MOXKIIMBO POOUTH CYI)KEHHS PO MPOTHH IEHTPAIBHOI
YaCTUHU TPYXKHOI IUIAaCTUHU TIpu  yAapi Kyiai. KoHTpoiap mepeMilieHHsS MOXKIUBO
3IACHIOBAaTH JOCTaTHbO TOYHO. /[ 1poro meperBoproBay Xosia HEOOXITHO PO3MICTHTH Y
HACKpIi3HIN IIIIMHI, 3p00JIeHIN y MOTIOCHOMY HAKOHEYHHKY.
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EnextpopymiiifHa cuiia Mar”iTOIHAYKIIIHHOTO TepeTBOproBava 3 BpaxyBaHHIM (17)
Oyze MaTu 3HaYCHHS

do och dX
Em =—W——=WH —— (ﬂac—,uan)a' (19)

Sx Bumno 3 (19), Ey mpomnopiiiiiHa mepmiiid MOXigHINA BiJ NepeMilleHHs, TOOTO
HIBUAKOCTI MEPEMIIIEHHS PYXOMOI'O €JIE€MEHTa, 10 MOKJIMBO BHUKOPUCTATH SIK JOMOMIKHY
iHpopMaliio.

OTxe, MarHiTOIHAYKIIHHAA TIEPETBOPIOBAY € OJHUM 3 HAWKpaIIuxX MPHUCTPOIB IJIS
KOHTPOJIIO TEPEMIIICHHsI LEHTPAIbHOI YaCTUHH NpYKHOi miuacTuHu. OJHaK J0CTaTHBO
epeKTUBHUM € 1 TEH30METPUYHUN TPOBITHUKOBHM mepeTrBoproBad. OcoOnMBO #HOro
XapaKTEePUCTHKH MOKPAIIYIOThCS SIKIIO TAKOXX 3aCTOCYBAaTH MPOMIKHUNA PYXOMHUH €JIEMEHT,
3B’SI3aHMA 3 IEHTPAJIBHOI YAaCTUHOK TMPYXKHOI IUTACTHHH, SKUH aePopMye T0MaTKOBUH
eIEMEHT — 3aKpilUIeHy HEepyXoMO 3 OJHOTO KiHLA HeBenuky Oanky. Ilpu wnpomy
TEH30TIEPETBOPIOBAY KPIMMUTHCS HE Ha TMPYXKHIM TUTACTHHI, a Ha Oaii, J¢ BCTaHOBIIOIOTH
TaKW{ K€ KOMIICHCAIIMHUN TEH30IEepeTBOPIOBAY, SKUH BMHKAIOTh Y CYCiIHE 3 poOOYUM
me4ye BHUMIpPIOBAIBHOTO MocTa. [lpm 1poMy oOuaBa TmepeTBOprOoBadi € poOOYMMH 1
MiAAI0TECS Pi3HIM 3a 3HAKOM, aje OJHAKOBIH 3a BeJWYMHOIO Aedopmauii. TyT 4yTiauBiCTh
30UIBIIYETHCS Y JIBA Pa3d 1 KOMIICHCYETHCS BIUIUB TEMIIEPATYPH.

BucHoBknu

Jlo BTOPMHHOIO MEPEeTBOPIOBaYa CHUCTEMH KOHTPOJIIO EHEPreTH4HOi e(eKTUBHOCTI
pyiiHyBaHHS pyau y OapabaHi KyJIbOBOTO MIMHA BUCYBAIOTHCS MIBUILICHHI BUMOTH B OCHOBHOMY
CTOCOBHO BHCOKOI TOYHOCTI BH3HAYEHHS HEBEIMKUX IEPEMIIICHh Ta BIOPOCTIMKOCTI.
Po3pobiennii mupoKuii nepesnik Takux MpUcTpoiB. MeToaoM onTuMi3aii BiTKUHYTI Ti 3 HUX, SIKi
HE MOXJIMBO 3actocyBaru. Cepes THX, IO IMOBIPHO MiIXOAATH METOIOM aHANI3y BWIYYEHI 3
mepeniky 3acobu, SKi HE MOXJIMBO peayi3yBaTd B HACHIOK KOHKPETHHX IPHYHH.
[lepcrieKTHBHUME TIPUCTPOSIMUA BUSIBUJIMICSI HOBI TSI TAHOTO NIPU3HAYEHHS MarHiTOIHTYKITIHHI Ta
TpaauidHi  TeH3omerpuuHi. [lpupaTHiCTh Ui TakuX BHUMIPIOBaHb  TEH30METPUYHHX
MEPETBOPIOBAYIB JAOCIIDKYBAIACS METOJIOM aHATi3y, a MarHITOIHAYKIIHHUX — MOJICITFOBAHHSIM.
BcraHoBieHo, 110 B SIKOCTI BTOPMHHHUX IE€PETBOPIOBAUIB MEPEMILICHHS IEHTPAIbHOI YaCTUHH
MPY’KHOI TUTACTUHM MIAXOASTH OOU/Ba THIK MEPETBOPIOBaUiB. SIK y BUMAAKy TEH30METPUYHUX,
TaK 1 MarHITOIHAYKIIHHUX MEPETBOPIOBAaYiB HEOOX1THO BUKOPUCTOBYBATH MIPOMIXKHUI €IEMEHT,
3B’S13aHUN 3 IEHTPAJIHHOIO YACTHHOIO TMPYKHOI IJIACTUHHU. Y BHIMAIKY TE3HOIEPETBOPIOBAUIB
NPOMDKHHUIA elleMeHT JedopMye 3aTHCHEHY 3 OJHOIO KIHIA HEBEIMKY OalKy, Ha SKii
pO3TalioBaHi JBa TEPETBOPIOBAYl 3 1ICHTHYHUMH XapaKTEPUCTUKAMH, SIKI OJHAKOBO
1eOpMYIOTECSL 3 PI3HUM 3HAKOM. Y MAarHITOIHIYKIIIHHUX MPHUCTPOSX MPOMIKHHUMA €IeMEeHT
MOBMHEH 3a0e3MevyBaTH TEPEMIIIEHHSI PYyXOMOTO €JIEMEHTa 3 MarHiTHOM SIKOTO Marepialy B
IUTONIMHI, TapaJieNIbHii HEMarHiTHIM 1 eNeKTpOoi30JIoroUii mpokiamii neperBoproBaya. Llei
MIPUCTPINA KpiM (PIKCYBaHHS BEJIMYMHU TIEPEMIIICHHS MOKE BHIABATH JOAATKOBY iH(OpMAIliIO
PO IIBUJIKICTb MEPEMIIIICHHS [IEHTPAIbHOI YACTUHU MPY>KHOI ITACTHHH.

[lepcniekTHBOIO MOJANBIIMX JOCTIIKEHh € po3poOKa BTOPHUHHUX IEPETBOPIOBAYIB
NEepeMillleHHs] I[EHTPaJbHOI YAaCTMHU TPYXKHOI IUIACTUHM MAarHiTOIHAYKUIHHOTO —Ta
TEH30METPUYHOTO THUIIB, L0 JO03BOJUTH MPH BHUKOPUCTaHHI iX B CHUCTEMax YIpPaBIIiHHA
3HAYHO 3HU3UTH NEPEBUTPATH €JIEKTPOCHEPTii, KyJb 1 (PyTEpOBKH.
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DEFINING OF ENERGETIC EFFICIENCY OF TRIODE GLOW DISCHARGE
ELECTRON GUNS WITH PLANE ADDITIONAL ELECTRODE

The mathematical model of triode high-voltage glow discharge electrodes’ system with
the plane additional electrode is considered in the article. The proposed model is based on
defining the plasma boundary position on the base of solving cubic equation with taking into
account the real electrodes’ geometry. The formula for recalculation of plasma boundary
position from one-dimensional model to electrodes’ system with conic anode is obtained. The
results of calculation of energetic efficiency for real parameters of electron gun are presented
and analyzed in the article. Calculation results are compared with experimental data.
Obtained accuracy of calculation, in comparing with experimental results, is nearly 10 —
15%.

Keywords: high voltage glow discharge, anode plasma, triode electrodes’ system,
plane electrode, one-dimensional model.

[.B. MEJIbHUK

HauionanbHuii TeXHIYHAH yHIBepCcUTET Y KpaiHu

"KuiBcbkuii mosiTexHiqauil iHcTUTYT iMeHi Iropst Cikopcebkoro"

YHiBepcUTET AeprkaBHOI QicKaabHOI Ciryx0m Ykpainu, HaBuaapHO-HaAYKOBHIA
IHCTUTYT iH(QOPMALIHHIX TEXHOJIOTIH Ta MEHEPKMEHTY, M. Iprinb KniBcbkoi obmacTi

BU3HAYEHHS EHEPTETUYHOI EOEKTUBHOCTI TPIOJHUX EJJEKTPOHHUX
I'APMAT BUCOKOBOJIBTHOTI'O TJIIIOYOI'O PO3PALY I3 IINIOCKUM
JOINOMIXKHUM EJIEKTPOAOM

YV cmami onucyemvca mamemamuyna mooenb mMpIiOOHUX eN1eKMPOOHUX CUCTHEM
BUCOKOBOJILMHO20 MJII0Y020 pO3PsA0Yy 13 NIOCKUM  OONOMIJNCHUM — eleKmpooom. Taxi
eIeKMPOHHI 2apMamu 3HAxX00msb WUPOKe 8NPOBAONCEHHS Y NPOMUCTOBOCMI OJisl GUKOHAHHS
MEeXHON02IUHUX — Onepayiti  36aplo6aHHs, NAAHHA, GiONANIO6AHHA  UPOOI8, HAHECeHHs
KOMRO3UMHUX KEPAMIYHUX NOKpUMmMie ma O NepeniasiledHs MYy2OoniasKux Memauié 3
Memoio iX ouuujeHHs 6i0 WKIOIUBUX OOMIUOK. 3aNponoHO8AHA MAamMeMamuiHd MoOoeib
0a3yemovca HA BU3HAYEHHI NOJIONCEHHA NIA3ZMOB0I MeXci yepe3 ananimuiue po3e A3V6aHHs
KYOIuHO020 pieHAHHA 3 @uKOpUcmanHam gopmyn Kopoano 3 ypaxysanuam peanvroi ceomempii
enekmpoois. 3a0aya HNOWYKY NONONCEHH NIAA3MOB0I Medci 8 eleKmpoOHill cucmemi
BUCOKOBOJILIMHO20 MIII04U020 pO3pA0y SUPIULYEMBCS Yepe3 pPO38 S30K PIGHAHHA banaaucy
3apA0AHCEHUX 4aACMOK Y PO3PAOHOMY npomixcky. Cnouamky 3a0aua 6U3HA4eHHs NOJIOHCEHHS.
NAa3M080i medxci 6i0HOCHO Kamooa 0yna po36’A3aHa 01 aKCUANIbHO-CUMEMPUYHOL cucmemu
i3 JIHIUHOW 2eomempicio eleKmpoois. Y cmammi po3ensiHyma cmpyKmypHa cxema maxoi
eeKMPOOHOI cucmemu ma 6usHauyeHi 0a3zo08i napamempu cgopmo8aHoi MmMamemamudHoi
mooeni. llicna yvoco, maxodic uepe3 aumanimuyHe po36° 3Y8aHHA KYOIUH020 PIGHAHHA 3
gukopucmauuam gopmyn Kopoano, ompumana ¢popmyna Ons nepepaxyHky NONOHCEHHs
NA3M0o80i Mednuci 3 OOHOMIPHOI cucmemu 00 cucmemu i3 KOHYCHUM anodom. Y cmammi
MaKoxic Oompumani Gopmyau Oas paspaxyHky eHepeemuyHoi egekmusHocmi mpioOHOT
eIeKMPOHHOI 2apmamu i3 KOHYCHUM AHOOOM mMa NIAMMuHYamum erekmpooom. Haseoeni ma
NPOAHANI308aH]  pe3yIbmamu  pO3PAXYHKY — eHepeemuyHoi  egekmusHocmi  peanbHoi
eneKmpoHHoi capmamu. Po3paxynkosi pe3yibmamu NOPIGHIOIOMbCA 3 eKCNEPUMEHMATbHUMU
oanumu. Bci excnepumenmu Oynu nposedeni 6 nabopamopii enieKmpoHHO-NPOMEHEBUX
mexHono2iuHux npucmpois Hayionanonoeo mexniunoeo ynieepcumema Yrpainu «Kuiscoxuu
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nonimexuiyHuti incmumym imeni leops Cikopcokocoy. Ompumana mouyHiCmb pO3PAXYHKIS,
NOPIBHAHO i3 eKxcnepumenmanvHumu oanumu, ckaaoae oina 10 — 15%. Ompumani 6 cmammi
HAYKOBI pe3ylbmamu € 8Kpaul YiKagumu ma GadCIusUMu O1s. HAYKOBYIE8 ma IHIHCEHepis, Ki
3aUmMarmsvcs po3pooKoo eleKmpOHHO-NPOMEHEB020 MEXHONI02IUH020 00NA0OHAHHA MA 1020
BNPOBAOIHCEHHAM Y CYYACHE BUPOOHUYMEBO.

Knwouosi cnosa: eucoxosonvmuuii miuitoyuii po3pso, aHOOHA Naa3md, mpiooHa
eneKmpooOHa cucmema, niOCKUll eiekmpoo, 0OHOBUMIPHA MOOEb.

N.B. MEJIbBHUK

HanuonanbHbIi TEXHUYECKUH YHUBEPCUTET Y KPaUHBI
"KueBckuit nonurexuuueckuii MHCTUTYT uMeHu Uropst Cuxopckoro"

A.B. [IOYNHOK

YHHBEPCUTET rOCYAapPCTBEHHON (PUCKAIBHOM CITy>KObI YKpanHbl, Y4eOHO-HayIHBIH
MHCTUTYT MH()OPMALIMOHHBIX TEXHOJIOTHI N MEHeDKMeHTa, T. pnens KueBckoit obmactu

OINPEJEJIEHUE SHEPTETUYECKOM Y®P®EKTUBHOCTHU TPUOIHBIX
IJIEKTPOHHBIX ITYHIEK BBICOKOBOJIBTHOTI'O TJIEOLIEI'O PA3PSJIA C
INJIOCKHUM BCIIOMOTI'ATEJIBHBIM 3JIEKTPOAOM

B cmamove onucwieaemcs mamemamuyeckas MoO0eib MPUOOHBIX INEKMPOOHBIX
cucmem 8blCOKOBOILIMHO2O MACIOWE20 pA3pa0d ¢ NIOCKUM 6CHOMOAMENbHBIM 2NEKMPOOOM.
IIpeonazaemas mooenv ochosana Ha OnpeoeneHul NOJONCEHUs. SPAHUYbL NAA3ZMbl NYMEM
pewenuss Kyouueckoeo ypasHeHusi O peanbHOU 2eomempuu 31ekmpooos. Illonyuena
Gopmyna ons nepecuema NOLONCEHUS NIAZMEHHOU 2PAHUYbL U3 OOHOMEPHOU CUCMEMbL 8
cucmemy ¢ KOHU4eCKUM aHOO0OM. B cmambe npusedeHvl u npoaHaiu3upo8aHvl pe3yibmansl
pacuema dHepeemuieckou 3@@ekmusHoCmuU peanrbHol 1eKmpoHHOU nywku. Pezyromamul
pacuemos CpasHuBarOmMcs ¢ IKCNEPUMEHMANbHbIMU OaHHbMU. [lonyuennas mounocms
pacuema OmHOCUMENbHO IKCNEePUMEHMANbHbIX 0aHHbIX cocmasuna 10 — 15%.

Kniouesvie cnosa: 6blcOKOBONIbMHBINU MACOWULL paA3ps0, AHOOHAs NIA3MA, NIOCKULL
91eKmMpPo0, 0OHOMEPHASL MOOEb.

Analysis of Recent Researches and Publications

High Voltage Glow Discharge (HVGD) electron guns are widely used in industry for
electron beam welding, brazing, deposition of metallic and ceramic coatings, refining of
refractory metals, as well as for annealing of thin-wall items [1-6]. Using for maintaining of
HVGD the cathodes from different metals and different operation gases, including active and
noble ones, in range of operation pressure 0.1 — 10 Pa, is possible [1, 2]. The advantages of this
type of electron guns are follows [1 — 6]:

— choosing of suitable gases and its mixes can be defined mostly by the requirements of
technological process;

— relatively low price both of the electron guns and of evacuation system for
technological installation;

— simplicity of disassembling and repairing of electron guns with changing of spare
details, including the cathodes, which can spoiled after hundreds hours of uninterrupted
operation in the difficult vacuum conditions;

— possibility of control of discharge current both by changing operation pressure [7]
and by lighting additional low voltage discharge [8, 9].

Problem Statement

Especially interesting for advanced industrial application is triode HVGD electron guns with
the third additional electrode, where the fast control of beam current in the time range of tens or
hundreds microsecond is possible [8, 9]. Such fast control is lead to the stable power of HVGD
electron gun during long time of operation, as well as to its advanced possibilities with using pulse
regime of operation [8 — 10, 12]. For example, such physically-complex technological processes, as
deposition of ceramic multicompound coatings [4, 5, 10] or obtaining of chemically-complex alloys
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with mixing in alternative magnetic field [6], are possible to realizing in the pulse regime of
operation of HVGD electron gun in the soft vacuum.
Purpose of the Study

Unfortunately, suitable simplified mathematical models for engineering calculation of
triode HVGD electrodes’ systems still don’t exist today. By this reason elaboration and
manufacturing application of advanced triode HVGD electron guns with fast control of
discharge current in uninterrupted regime and with pulse regime of operation are still
restrained. Therefore describing of simplified mathematical model of the triode glow dis-
charge electron gun electrodes’ system with the plane additional electrode is the subject of
this paper.

Description of Main Material of Research

General structured scheme of considered HVGD triode electrodes’ system.

Really, triode electrodes systems with different geometry are used for fast control and precision
changing of HVGD current [8, 9, 11, 12]. Main of these systems’ are follows:

— system with the ring-like positive electrode, placed in the plasma volume;

— system with the cylindrical negative electrode, placed near the cylindrical anode;

— system with the plane positive additional electrode, placed in the body of electron
gun outside the anode surface, scheme of which presented at Fig. 1.

The electrodes’ system consists on metallic spherical cathode 1, located on the top of
gun construction and disposed on the high-voltage insulator 8, capsule of electron gun 10,
focusing anode diaphragm 3 and the plane additional electrode 4. Formed electron beam 5
penetrated through ionized anode plasma 6 with sharp boundary 7 and focused by the
magnetic lens 11 on the treated item 2. Anode plasma 6 with boundary 7 is usually considered
in HVGD electrodes systems as the source of ions and as additional electrode with fixed
potential [2, 3, 8, 9].

The main advantage of electrode system, presented in Fig. 1, is the most precision
control of discharge current. But, in any case, HVGD system with additional electrode on the
theoretical point of view can be considered as the systems with the hollow anode [8, 9, 11]. The
acceleration voltage noted in the Fig. 1 as —U,¢ and the control voltage as +U..

Equivalent plane one-dimensional HVGD electrodes’ system and its external and
internal parameters. Since numerical solving of complex problem of finding plasma boundary
form and position is very sophisticated and required enormous computer resources, therefore com-
bined theoretic and experimental methodology is usually used for simulation of triode HVGD
electrodes’ systems. On the first step the approximated values of beam current on the base of one-di-
mensional model of HVGD system is calculated. Generally such models are analytical and based on
solving of cubic equations [8, 9]. But since in real electrodes system square of emission surface is
usually different, the value of discharge current has to be recalculated. After that the photographs of
discharge gap have to be analysed with using computer image recognising technique for defining
plasma boundary position relatively to the cathode surface as the sharp curve, on which the bright-
ness of discharge lighting changing from dark to light area [2, §].

Geometrical model of one-dimensional HVGD electrodes system, which is equivalent to
the two-dimensional axially-symmetric system, was presented in the Fig. 1, is presented in Fig.
2.

It is clear form the Fig. 2, that main geometry parameters of considered modelling
one-dimensional system are follows:

1. longitudinal size of the discharge gap I;

2. its’ transversal size dy;

3. longitudinal size of the anode plasma in one-dimensional electrodes’ system dp;

4. distance from the cathode surface to the anode plasma boundary dcp;

5. the transversal size of cathode re.
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Another important internal parameter of the formed mathematical model is the
residual pressure pao, which, under conditions of HVGD lighting, with taking into account the
lighting of additional discharge, laying in the range 0.1 — 10 Pa. Therefore, physical
conditions of main and additional discharge lighting in the HVGD triode electrodes’ system
are complexly defined by the electrodes’ materials, sort of operation gas and its’ pressure, the
accelerated voltage and the voltage on the additional electrode.

| 8
L1 :
>

Fig. 1. Scheme of triode HVGD electron guns’ electrodes' system with the plane additional electrode. 1
— cathode, 2 — treated item, 3 — anode, 4 — additional plane electrode, 5 — electron beam, 6 — anode
plasma, 7 — plasma boundary, 8 — high-voltage insulator, 9 — low-voltage insulator, 10 — guns’ capsule,
11 — magnetic lens for focusing electron beam on the treated item

Fig. 2. Geometry parameters of equivalent one-dimensional HVGD electrodes system with the plain
cathode and anode [8, 9]. 1 - cathode, 2 — HVGD anode, 3 — plane electrode for lighting of additional discharge,
4 —low-voltage insulator, 5 — high-voltage insulator, 6 — anode plasma,

7 — electron beam, 8 —low-voltage control power source, 9 — treated item, 10 — high-voltage power source

But in conditions of HVGD lighting the interaction of charged particles flows ones with
another and with the electrodes’ surfaces are also greatly influence to the discharge parameters.

Among these processes and corresponded internal discharge parameters mostly important are
follows [2, 3, 8,9, 12].
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1. Emission of electrons from the cathode surface under the action of its bombarding
by ions. This process is characterized by the generalized factor of secondary ion-electron
emission Y, for using operation gas and cathode material.

2. Physical processes, connected with gas ionization by the fast beam electrons and by
the slow electrons, reflected from the surface of HVGD anode. These processes are
characterized by the corresponded cross-sections of gas ionizing by the fast electrons Qj; and
by the slow Qjs.

3. Process of ions recharging on the atoms of residual gas. This process for
corresponded ion energy E; and the pressure of residual gas py is characterized by the cross-
section of recharging Qjo.

4. Process of ambipolar diffusion of ions in the anode plasma, by which the ions
moving from plasma to the cathode of additional discharge. This process is characterized by
the length of free moving of electrons A, and ions A; for corresponded pressure of residual gas
Pao-

5. Process of secondary ion-electron emission from the cathode of additional discharge
under the action of slow ions which moving from the plasma. This process is characterized by the
factor of secondary ion-electron emission for using operation gas and HVGD anode material y,.

6. The important parameters of anode plasma, by which defined the energetic and
geometry parameters of forming electron beam, are the temperature of electrons Te and its’
mobility pe. By these parameters defined the volume, occupied by the anode plasma, and,
correspondently, the longitudinal size of plasma dp.

Considered HVGD parameters are used in proposed mathematical model, which will
be considered in the next section of the article.

Mathematical model of considered HVGD electrodes’ system.

The generalized methodology for theoretical estimations of anode plasma parameters
and defining approximate value of longitudinal size of the anode plasma d, is based on
solving the equation of balance of charged particles [3, 8, 9]:

Lo + 2o+ Zgig = Ze (1
where z; — efficiency of gas ionizing by the fast beam electrons, zs — efficiency of gas ionizing
by the slow electrons, z4is — efficiency of appearance of ions in additional discharge, zqif —
efficiency of living the ions from plasma by process of diffusion.

Equation (1) in the physical conditions of HVGD lighting transforming to cubic
equation relatively parameter dp, which analytical solving with using Cordano formulas given
following result [8, 9, 12]:

—g _a kTe +eU a
R1 = AU&CI(Aancl +1)' ———4 ; Rz = fninu Ike; Rs = R1R2 paOerO:
V 2mm,
R, =3(KT, +eU,)-N, -, kTe+—eUdeXp U :
2nm KT,
¢ +U,

e
(o
R, = e, (KT, +eUd)-(ij (l+ Vk“]; )
a0 e
2 3
o _RR+RR, R ¢ 20
R, R, 3 27

DOI 10.32782/2618-0340-2018-2-96-104
100



HPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

C
VZBI—%—M;y=U+V, dpzy—g,

where n;and 1 — the coefficients of ions reflection from the HVGD anode by the current
and by the energy correspondently, ke — coefficient of elongation of ions trajectories, f —
transparent coefficient for HVGD anode, Qg — cross-section of ions dissipation on the ions’
of residual gas, U; — potential of gas ionizing, Ny — Loshmidt constant, T, — the temperature
of electrons in anode plasma, pg, — mobility of electrons in anode plasma, A;, a;, o; — semi-
empirical coefficients, ¢, d — the coefficients of solving cubic equation, D, — discriminant of
this equation, p, g, U, vV and y — additional variables.

For electrodes’ system with conic anode, presented at Fig. 1, the plasma longitudinal size
dpc can be recalculated with using value of dy, obtained from equations (2), with using following
relations [1]:

pc

3\/3R§dpllf RS \/9R;d;,|j 3ERE 2RI,

_ _ _ , 3
2hisw®  27hP°s’w® | 4his’w®  729h°s°w®  9hstw? ©)

RY RY h?
s=1+| 2| — 1+ 2|, w=3- f .,
h, h, h; +R;

where R, — radius of anode basis, hy — highness of anode, |5 — generatrix line of conic anode
surface.

With known longitudinal size of the anode plasma dy, defined by equations (2, 3),
concentration of ions defined by following formulas [8, 9, 12]:

C, = AUZ 1+ AU -1+ (1= £ (1-d, PaQupo ),

"I, elkT, +eU
C2 _ T M|0 - (1+’deon)_3NOO{.i She VYY) , (4)
(dn paO) 7\‘ 27Cme
C, :(kTe+eUp)exp _I(TL C,,n :%'
o -i-Up 3

Without taking into account the losses of electrons’ current at the anode, the equation
for HVGD current can be written as [8, 9]:

2
e s g (5] 2

and for current of additional discharge [8, 9]:

Ic:enisc(l—l—’Yc) anuc ’ (6)

i
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where concentration of ions in anode plasma n; obtained from equation system (4).

With known values of the currents of main and additional discharges, defined by the
equations (5, 6), the energetic efficiency of triode electron source for electrodes’ system,
presented at Fig. 1, calculated as follows [8, 9, 12]:

24k, (1+2K.y1,) — n
=1-——2 002k, =1p, Qi =—9d 7
Mo 2k, (1+7k,) e =PaQu 15 NeYele @
Uacld

Simulation results, have been obtained with using equations (2 — 7), will be presented
and analyzed in the next part of the article.
Obtained simulation results and its’ discussion
Calculations with using equations (2 — 7) have been provided for such HVGD
parameters: |=100mm, d, =100 mm, rc=700mm, U, =18V, y=4.6, 3 =0.343, Qu =
2

5310°m> 1 =07, 1u=095, & =1.452, =099, A =3810%, a=2.5-10'"2  b=25.4 \rfn
S -S

results of simulation for different acceleration voltage, operation pressure and voltage of
additional discharge, as well as corresponded experimental results, are presented at Fig. 3.

It is clear from obtained simulation results presented at Fig. 3 that energetic efficiency of
triode glow discharge electron gun with plane additional electrode is increasing with growing
acceleration voltage, control voltage and operation pressure. This fact can be easy explained by
higher level of gas ionization, which leads to grates increasing of HVGD current
correspondently to current of additional discharge [8, 9]. In any case, lighting of additional
discharge lead to increasing of ions’ concentration in anode plasma, and in such conditions
HVGD current increased by the power low with power index m >1 [3, 8, 9]. The same
dependence given experimental results have been obtained and plotted in the Fig. 3 by the circle
points. Experimental points at Fig. 3, a, corresponded to curves 3 and 6, and points at Fig. 3, b —
to curves 5 and 6. One can see from dependences, plotted at Fig. 3, that disagreement between
theoretical and experimental results is not grater, than 10 — 15%.

.The

r]ty %

U301 kV

5 10 15 20 25
a) b)

Fig. 3. Dependences of energetic efficiency of HVGD electrodes’ system on acceleration voltage, voltage of
additional discharge (a) and operation pressure (b):
a)p,=05Pa;1-U,=240V,2-U.=210V,3-U. =180V,
4-U.=150V, 5-U.=120V,6-U.=90 V;

b) U, =150 B; 1 -p,y=0,2 Pa,2 — p,,=0,4 Pa,3 - p,,=0,5 Pa,
4-p,=06Pa,5—p,y=08Pa,6-p,=1Pa
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Conclusions

The mathematical model, proposed in the article, allows defining on the first step of
engineering design the energetic efficiency of elaborated triode glow discharge electron gun
with the plane additional electrode. Provided analyze also shown that for the system with plane
electrode energetic efficiency n; is on few percents grater, than for the system with the negative
ring-like electrode [8, 9]. In any case, the energetic efficiency of such guns is very high and for
acceleration voltage 25 kV approve to 90%. Therefore such guns can be successfully used in
modern electronics and instrument making industry for deposition of chemically-complex thin
films and for refining of refractory metals, alloys and ceramics [4—6].
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YIAK 515.2+519.5
J1.0. HILIMH, O.C. CUJIOPEHKO
HauionanbHuii TeXHIYHUN YHIBEPCUTET
"X apKiBCHKHI MOTITeXHIUHIH iHCTHTYT"

MATEMATHUYHA MOJEJIb ITPOI'HO3YBAHHA
PO3BUTKY 3AJIEXKHOCTI CYCIIIVIBCTBA BII ICUXOAKTUBHUX
PEYOBHUH

IIpoananizosano OUHAMIKy pO36UMKY 3ANEHCHOCMU BI0 NCUXOAKMUBHUX DEUOBUH 34
ocmanui poku 8 cycninbcmei. Posensinymo 6a306i peepecusHi mooeni OI0N02TUHUX CUCTEM.
Obrpynmosano 6ubip mooeni MIDCHONYIAAYIUHUX 83AEMOOIL, SIK OCHOBU OJisl MOOENO8AHHS.
enidemii 3anedxdcHocmi 8i0 NCUXOAKMUBHUX peyosun. I[Ipoeedeno oyinky npedcmasienoi
MoOeii. 3anponoHo8aHo Memoou YCYHeHHsi HeOdoniKie mooeni. Po3pobneno ancopumm i
npoepama ona nakema MatLab. Ompumani pesyriomamu npeocmaeieni y uensioi epagixis i
@yukyii Kpusux Opyzo02o nopsaoky. byna nposedena excmpanonayisi GuXiOHUX OAQHUX.
Busnaueno nanpsamox nooanvuux 0ocniodicerw.

Kniouosi  cnosa:  ncuxoakmueni — peuouHu,  mamemamuyHe — MOOENOBAHHS,
HAPKO3ANeHCHUCTb, pecpecilina MoOelb, modenb Jlomku-Boremeppa.

J.0. HUIIbIH, O.C. CUJJOPEHKO

HanuonansHblil TEXHUYECKUH YHUBEPCUTET
"XapbKOBCKUI MONUTEXHUYECKUN YHUBEpCUTET"

MATEMATHYECKAS MO/JEJIb ITPOI'HO3UPOBAHUA PAZBUTUSA
3ABUCUMOCTHU OBHIECTBA OT IICUXOAKTHUBHbBIX BEIIIECTB

Ilpoananuzupoeana OuHAMUKA pA3GUMUSL  3A6UCUMOCIIEN. OM  NCUXOAKMUBHBIX
sewecme 3a nocieonue 200bl. Paccmompenvi  6azosvie  pecpeccUoHHble  MOOenu
ouonocuyeckux cucmem. QOOCHOBAH 8bIO0P MOOEIU MEHCNONYAAYUOHHBIX 83AUMOOEUCNEUL,
KAaK OCHOBbl OJisl MOOEIUPOBAHUS INUOEMUU 3ABUCUMOCU OM NCUXOAKIMUBHBIX GeUjeCms.
Ilposedena oyenka npedcmasnennou moodenu. Ilpednodcenvt Mmemoosvl ycmpaHeHus
Heoocmamkos mooenu. Paspaboman ancopumm u npoecpamma Oasn naxkema MatLab.
Ilonyuennvle pezynbmamsl npedcmasienvl 6 sude epaguko8 u @GYHKYUti Kpugblx 6mopozo
nopsaoka. bvina nposedena sxcmpanonayus ucxoOnvix Oanuvix. OnpeodeneHo HanpasieHue
OanbHeUuux Ucci1e008anul.

Kniouegvie  cnosa: ncuxoakxmueHvie — gewjecmeda, MamemMamuyeckas — MOOeib,
HAapKO3a8UCUMOCTb, Pe2PeCCUOHHASL MOOelb, MoOelb Jlomku-Bonvmeppa.

D. NITSYN, O. SYDORENKO

National Technical University
"Kharkiv Polytechnic Institute"

MATHEMATICAL MODEL FORECASTING DEVELOPMENT OF DEPENDENCE
IN SOCIETY FROM PSYCHOACTIVE SUBSTANCES

In order to achieve a slowdown in the rate of dependence on psychoactive substances
(PSS), scientific development of effective territorial prophylaxis programs should be carried
out on the basis of the combined efforts of interested state, scientific, medical, law
enforcement, pedagogical, sports institutions, and community groups. The dynamics of
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dependence on psychoactive substances development in the society in recent years has been
analyzed. analysis of existing methods of mathematical and geometric modeling of biological
systems for the description of epidemic processes associated with the spread of dependence
on drugs and other PSSs in predicting the dynamics of morbidity in drug addiction and
alcoholism in Ukraine as a whole and in its individual regions. When analyzing methods, it is
necessary to take into account the specificity of the perception of modeling results by medical
personnel, which requires an expanded and adequate visualization of the results of
simulation. Thus, the dynamics of the development of populations dependent on PSS varies
with time depending on the set of social and medical factors. The choice of a mathematical
model was carried out on the basis of the initial analysis of the system. In accordance with the
object and goals, mathematical models in biology can be divided into two large classes. The
incompleteness of data and a significant number of external factors of the biological system
under study does not allow the use of simulation models. In this regard, basic regressive
models are subject to study. One of the fundamental assumptions underlying all growth
models is the proportionality of the population growth rate of its population. For complex
biological systems, reproduction occurs under a more complicated law, but in the simplest
model one can assume that the rate of reproduction of a population is proportional to its size.
The basic regression models of biological systems are considered. The choice of the model of
interpopulation interactions as the basis for modeling an epidemic of dependence on
psychoactive substances is substantiated. The evaluation of the presented model is carried
out. The methods of elimination of model shortcomings are proposed. An algorithm and
program for the MatLab package are developed. The obtained results are presented in the
form of graphs and fuccits of curves of the second order. Extrapolation of output data was
carried out. The direction of further research is determined.

Keywords: psychoactive substances, mathematic model, drug addiction, regression
model, model Lotka-Volterra.

IlocTanoBka npodJjemu

B Vxpaini mopiuno peectpyerbest moran 40000 HOBMX BUMNAAKIB 3aXBOPIOBAHHS Ha
ankoroiisMm. He3Bakarouu Ha Te, IO CIIOCTEPITaeThCs SBHA MepeBara XBOPUX Ha ajKOTroJIi3M,
HapKOMaHisi 3a TEMIIaMU 3pPOCTaHHS 3aXBOPIOBAHOCTi, TMOIIMPEHOCTI, MEAWYHHX Ta
COIIAIbHUX HACTIJKIB BUXOJWTh Ha TMepiie Miciue. HapkoTHKM CTaroTh Bce OLIBIN
JOCTYITHUMH, AaCOPTUMEHT IX PpO3IIMPIOETHCSA, a CIOXKHWBAa4 MOJIOJIE, CMEPTHICTh Bij
nepeo3yBaHHsl HAPKOTHKIB 30UIbIIyeThCs. Bukinkae 3aHENOKOEHHS cTaH (i3MYHOTO 1
MOpAJILHOTO 3JI0POB' TPOMAISIH KpaiHH, HECTaOUIBHICTH cycmiiabcTBa. J[ng Toro 1mod
JIOMOTTHUCSI YIOBUIBHEHHSI TEMIIIB TOIIMPEHHS 3QJIEKHOCTI BiJl TICUXOAKTUBHUX PEUYOBUH
(ITAP), HeoOXigHO 31IHCHIOBATH HAYKOBY PO3pOOKY €(EKTUBHUX TEPUTOPIAIBHUX MPOTpam
npodiJaKTUKK Ha OCHOBI 00'€MHAHHS 3yCWJIb 3aIllKaBJICHHX JEP)KaBHUX, HAYKOBUX,
MEIWYHHUX, [PABOOXOPOHHUX, IMEJAaroridyHuX, CIIOPTUBHUX YCTaHOB, T'POMAJCHKUX
dbopmyBanb. Bigomo, mo Oynab-sKa MOJITHKA, CHOPSAMOBaHA HAa MPOTHIIIO IMOJATHIIOMY
MOIIMPEHHIO CcTaHy 3ayiexkHOCTi Bif [TAP, Moxe OyTH yCIHIIIHOIO TUIBKM Y TOMY BHIAJKY,
SKII0O BOHA TIPYHTYETbCS Ha HAMIMHUX €IMiIeMIOJOTIYHUX JOCTIDKCHHSIX, HAyKOBO
OOIpYHTOBaHMX  METOJAX MPOTHO3YBaHHS Ta OLIHKH  pe3ylbTaTiB  IPOBEIECHUX
npodigakTHYHUX 3axofiB. KpiM Toro, cydacHuii HAyKOBO OOTPYHTOBaHUHN MiAXiT MO
MPOTHO3YBAaHHS PO3BUTKY EMiJIEMIYHUX TMPOIECiB Tependadac CTBOPEHHS aJeKBaTHHX
MaTEeMaTUYHUX MOJIeJel Ha OCHOBI BHUBYEHHS JOCTAaTHHOTO MAacHBY JaHUX IMPO JUHAMIKY
3a3HaYCHMUX MPOLECIB Y MHUHYJIOMY, a TaKoX (PaKkTopiB, II0 BIUIUBAIOTH HAa HHUX. Po3pobOka
aJIeKBaTHUX MaTeMaTUYHUX MOJeNeld 3a BKa3aHUMHU EMiJIEMIYHUM IpolecaM, MOrIHOUTh
3HaHHS MPO MEXaHI3MHU MOIUpPeHHs 3ajexHocTi B [TAP i cTBOpuTh HAyKOBY OCHOBY ISt
(dhopmyBaHHS €hEKTHUBHOI JEPKABHOI MOJIITHKH, IIOAO0 CIIOKMBAHHS HAPKOTHKIB, AJIKOTOJIIO 1
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TIOTIOHY, & TaKOK CTBOPUTH YMOBH ISl CTBOPEHHSI €()EKTUBHUX METOJIB KOHTPOIIO SKOCTI
npo(dITAaKTUIHUX 3aXO/IiB.
AHAaJi3 ocTaHHIX J0CTiTKeHb 1 myOJaikaniii

OCHOBYIOUMCH Ha aHali3l CydyacHOI JTepaTypH Ta CTaTUCTHYHUX JAHUX IpO
emiiemionoriuny curyamniio 3anexHocTi Big IIAP B Vkpaini Oyna mocraBieHa 3ajaua
CTBOPEHHSI aJCKBATHOI MOJIEJI TOIIMPEHHSI ajKO- Ta HAPKO3AJIEKHOCTI Yy CYCHUIBCTBI.
Cratuctuuni JaHi Oynu OTpUMaHi 31 3BITY MPO HAYKOBO-IOCHIAHY poboTy "Po3poOieHHs
MaTeMaTHYHUX METOJIB MOJIEIIOBAHHS €MiJEMIYHUX IMPOLECIB, MOB’I3aHUX 13 MOUIMPEHHIM
3QJIEKHOCTI BiJl HAPKOTHKIB Ta I1HIIUX TNCUXOAaKTHBHUX peudoBuH", mmudp temun HAMH
C3.2d.14 (xkepiBauk HJIP: 3aB. BigaisioM KJIiHIYHOI Ta COLIaJbHOI HAPKOJOTii, TOKTOP
Mennyaux Hayk O. MiHKO; BIJNOBiJaJbHUA  BUKOHABEIb: IPOBIIHUNA  HAYKOBHUH
CITIBpOOITHUK, KaHAWAAT MeIUnYHUX Hayk JI. Mapko3oBa).

Merta gocaixkeHHsI

Memow cmammi € aHai3 ICHYIOUMX METOIB MaTeMAaTHYHOTO Ta T€OMETPUYHOTO
MOJICTIIOBaHHSI OIOJIOTIYHUX CHUCTEM JJisi ONHUCY CMiJeMIYHUX TMPOIECiB, TOB'I3aHUX 3
MOIIMPEHHSIM 3aJICKHOCTI BiJl HApKoTWKIB 1 iHmMX [IAP mpu nporHo3yBaHHI IWHaMIKK
3aXBOPIOBAHOCTI Ha HAPKOMaHIi 1 aJKOTrodi3MOM sIK B YKpaiHi B LIJIOMY, TaK 1 OKpeMHX il
perionax. [Ipu aHaii3i MeTOiB HEOOX1THO BPaxoByBaTH CHEIU(DIKY CIPUHUHATTS PE3yIbTaTiB
MOJICJIIOBAHHSl MEIMYHUMM TpalliBHUKaMH, IO BHMarae po3IIUpPEeHoi 1 aJeKBaTHOI
Bi3yautizallii pe3yinbTaTiB MOJACITIOBAHHS.

BuxknaneHHs1 0CHOBHOI0 MaTepiay J0CTiIxKeHHS

Po3BuTok momyrsiii XBopux, abo po3BUTOK emifemii 3anexxHocti Bif ITAP, moxHa
pO3MIISIIATH SIK OKPEMUM BHUMAIOK PO3BUTKY Oynb-sKO1 momyssiii. 3 ogHOro 00Ky, KOXKEH
3anexxHuil Big [IAP XBopuil mpoOTSAromM CBOrO JKUTTS PEKPYTYE IMEBHY KUIBKICTh HOBHX
CTIIOYKMBAYiB aJKOTONI0 a00 HAPKOTHKIB (€KBIBaJCHT PO3MHOXKEHHS), 3 1HIIOTO — ICHYIOTh
00CTaBUHH, AKI OOMEXKYIOTh 3POCTaHHS UYMCEIBHOCTI TaKOi MOMyJsiiii. TakumMu € 3yCcHuiuis
JepKaBH, CHPSMOBaHI Ha TNPOPINIAKTUKY CTaHIB 3&JIEKHOCTI, JIKYBaHHS XBOPHUX
HAPKOJIOTIYHOTO MPOQ IO Ta HOT0 SIKICTh, 3arubdenh XBOPUX, 00pOTHOA 3 HE3AKOHHUM 00iroM
HapKOTHUKIB 1 MPOJIAYKOM aJKOTOJII0 HEMOBHOJITHIM, IHIII aJMIHICTPaTHBHI Ta €KOHOMIYHI
(baxTopH, 110 BIACTHBI TAaHOMY COLIIYMY 1 CyIPOBOKYIOTh IPOLIEC MOIMIKUPEHHS eIiieMil.
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Puc. 1. lunamika eminemii 3aj1e;kH0CTi Bi ajKoroJro.
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Puc. 2 Tunamika B3aemopii monyasiuiii ajko- i HapKo3aJesKHUX.

Ha HaBemenmx rpadikax [OaHUX CTATUCTUKH HAOYHO TIOKA3aHO HEOIHOPITHUHN
pO3BHUTOK momyismiii 3anexxaux Bin [IAP. SIBHO BHIHO, 10 KOJMBAJIBHHH MPOIEC Ma€
MakcumMyM y 1999 poui qns puc.1 1y 2008 pori anst puc.2. MiHIMyM KOJIMBaJIBHOTO HPOLIECY
st puc. ] npunamae Ha 1992 Ta 2010 poku. [IpudoMy, KiTbKICTh XBOPUX B I1I POKH 3HAYHO
PIZHUTKCS, IO BKA3y€ HA 3MiHY XapaKkTepy KOJMBaHb 10 1 Micis TOYKA MakcuMymy. Ha puc.2
CIIOCTEPITaeThCsl OAMH 3arayibHuil MiHIMyM y 1993 porui. MiHiMyM KOTUBaJIbHOT KPUBOT MiCIIs
TOYKHA MaKCUMYMY JUJIs pUcC.2 HE BU3HAYEHUH, aje 3a xapaktepoMm KpuBux 3 1994 mo 2008 pik
132008 o 2013 pix MO’KHA MPUITYCTUTHU BIIMIHHICTh KOJIMBAIHHUX MPOIICCIB.

TakuM 4YMHOM, JMHAMIKa PO3BUTKY MOMyJslid 3aynexHux Bix IIAP 3miHIO€ThCS 3
4acoM Y 3aJIeXKHOCTI BiJ O€3/1141 COLaIbHUX 1 METUIYHUX YNHHUKIB.

Bubip maremaTu4yHOi Momesni 3iHMCHIOBABCS Ha IMiJICTaBl MPOBEJACHOTO MEPBUHHOTO
aHayizy cucTteMu. Y BIJMOBIAHOCTI 3 00'€KTOM 1 MMM, MaTeMaTH4HI Moeli B Oionorii
MO>KHA IIOIIJIATH Ha JBa BEJIUKI KJIACH.

[lepmmit — perpecuBHI MOHENl BKIIOYAIOTH EMITIPUYHO BCTAHOBJICHI 3aJICKHOCTI
(popmynu, mudepeHIianbHl Ta PI3HHUIEB] PIBHSIHHS, CTAaTUCTUYHI 3aKOHH TOMIO), IO HE
MPETEHAYIOTh Ha PO3KPUTTS MEXaHIi3My JocHipKyBaHoro mpomecy. Koedimientn B
perpeciiHuX MOJENSIX 3a3BUYail BHU3HAYAIOTHCSA 3a JOTIOMOTOI0 TPOIEAyp iaeHTU(IKaIi
nmapaMmeTpiB  MoOJeNeid 3a eKCIepUMEHTAIbHUMHU JaHuMu. llpu 1poMy, Haigacrimie
MIHIMI3YETBCS CyMa KBaJIpaTiB BIAXWJICHb TEOPETUYHOI KPUBOI BiJl EKCTICPUMEHTAIBHOI JIJIst
BCIX TOYOK BHMIPIOBaHb, TOOTO KOEQIIEHTH MOJENl MiAOUPAIOTHCA TaKUM YHUHOM, 00
MiHiMi3yBaTH (YHKIIiO:

F=YwX - % a...a,)] ()

i=1

TYT | — HOMEp CHOCTEPEKEHHs B BEKTOPI JaHUX; X, —eKCIIEPMMEHTAJbHI 3HAYEHHs 3MiHHUX;
X{ — TEOPETHYHi 3HAYEHHS 3MiHHHX; @;,,,..., &, —TIAPaAMETPH, IO HiUIAraloTh OLIHI; W, —
Bara i-oro crioctepeskeHHs; N — 4HCII0 CIIOCTePEIKEHb.
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Jpyruii kjac — iMiTaIiifHi MOAENI KOHKPETHUX CKIAIHUX JKHUBUX CHCTEM, SIK MPABUIIO,
MaKCUMaJbHO BpaxoBYIOTh HasBHY iH(popmalito mpo oO0'ekr. ImiTariiini  momeni
3aCTOCOBYIOTBCSL JJIi OMHCY OO'€KTIB pPi3HOro piBHSA opraxizamii >kuBoi Mmarepii — Bix
O0loMaKpOMOJIEKYT A0 Mojeseil OioreorneHo3iB. B ocTaHHbOMY BHMAAKy MOJENI TOBHHHI
BKJIIOYATH OJIOKH, IO OMHUCYIOTh SK JKWBi, Tak 1 "ckicHi" kommoHeHTH. OO4YHCIIeHa Ha
KOMI'IOTepl KapThHA ">KUTTA" CUCTEMH J03BOJISIE MPOCTSKUTH, K 3aKOHH MPOSBISIOTHCS Y
(¢ yHKIIIOHYBaHHI 010J0T1YHUX 00'€KTIB.

HemoBHoTa manux i 3Ha4HA KUTHKICTh 30BHIMIHIX (PaKkTOpiB 610J0TIYHOT CUCTEMH, 11O
JOCTIKYEThCS, HE JO3BOJSIOTH BHKOPHUCTOBYBATH IMITaIliiHI MOJENi. 3Bakalouu Ha IIe,
BHBYCHHIO ITIJISTAIOTh 0a30B1 PErpecUBHI MOJIENI.

Bci 6ionoriuni cucteMu pi3HOTO PiBHS OpraHizailii, IOYMHAIOYX Bil 010MaKpOMOJIEKYJT
70 TOMYJSiHN, € TepPMOJIMHAMIYHO HEPIBHOBAXHUMH, BIAKPUTHUMHM UIS MOTOKIB iH(opMaIii,
pedoBuHU 1 eHeprii. ToMmy HEMHINHICT — HEBII'€MHA BJIACTHBICTh 0a30BUX CHCTEM
MareMaTuyHoi Oiosorii. He3Baxkaroun Ha BeTMUYE3HY PI3HOMAHITHICT JKUBUX CUCTEM, MOXKHA
BUJIUIUTH JCSIKI HAWBOXJIMBINI MPUTaMaHHI 1M  SKICHI BJIACTUBOCTI:  3POCTaHHS,
caMOOOMEIKEHHS 3pOCTaHHS, 3/IaTHICTh J0 TMEpeMHUKaHHs (ICHyBaHHS B JBOX a00 NEKIIBKOX
CTAIllOHApHUX  PEXKHMMax),  aBTOKOJWBAJIbHI  peXuMu  (OIOpUTMH),  MPOCTOPOBY
HEOJTHOPIIHICTh, KBa31CTOXACTIYHOCTh. Bcel i BIACTUBOCTI MOXKHA MPOJIEMOHCTPYBAaTH Ha
MOPIBHSHO MPOCTUX HETIHIWHUX JUHAMIYHUX MOJENAX, SKI 1 BUCTYMAIOTh B poii 0a30BUX
MoOJeJIEH MaTeMaTUYHOI 010J10r1].

Onne 3 (QyHAaMEHTATBPHUX TMPHUIIYIIEHb, IO JIGKHTh B OCHOBI BCIX Mojenen
O10JIOTIYHUX CHCTEM PO3MHOXEHHS BiJOYBa€ThCA IO OLIBIN CKIAAHOMY 3aKOHY, ajieé B
HalmpocTilmi MojeNni MOXHa MPUIYCTUTH, IO IMIBUAKICTH PO3MHOMKEHHS TOMYJIALIi
npomopitiiiHa ii uncenpHOoCTI. Lle# nporec onucye popmyna ManbsTyca, sika JiHiIHA BITHOCHO
3MIHHO{ X, III0 XapaKTepU3ye YHCEIbHICTh (KOHLEHTPAIII0) OCOOUH y MOy

9 =RX. )
dt

Tyr R B 3aranpHOMYy BUNAIKy MOKe OyTH (DYHKIIIEIO SK caMOi YHCEIBHOCTI, TaK 1
yacy, abo OyTH 3aJeKHOIO BiJl IHIIMX 30BHIIIHIX 1 BHYTPIIHIX (akTopiB. SAKio xoedimieHT
nporopiiHocTi R=r=const (ax me mnpumyckaB MajbTyc), YHUCEIBHICTh 3pOCTaTHME
HEOOMEKEHO IO €KCIIOHEHT:

X=XX"X =X; t=0. (3)

Jlnst GLIbIIOCTI MOMMALiN ICHYIOTh 0OMEXYBaIbHI (PaKTOPH, TOMY 3 THX YH 1HIIUX
NPUYMH 3pOCTaHHS MOIMYJSINii MPUNUHAETHCS. ba3oBoro Momemtio, sika onmucye oOMeKeHHH
3pocTaHHs, € MojeTb DepxronbeTa:

dx X
E = FX(I —E] . (4)

Tyr mapamerp K 3Berbcst "eMHiCTh HONyJAMil" 1 BUPaXAeThCS B OIMHULAX
grcenpbHOCTI (200 KoHIeHTpallii). BiH He Mae Oyap-sSKoro mpoctoro ¢izmuHOro adbo
010JIOTIYHOTO CEHCY 1 HOCHUTh CHCTEMHHMH XapakTep, TOOTO BH3HAYAETHCS IIIJIOI0 HHU3KOIO
pi3HUX (haKTOPIB, SIKI HEMOKJIMBO BPaxXyBaTH B MOJEII.
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Puc. 3 Cucrema 3 00MeKeHUM 3POCTAHHSM
a) — 3a/1eKHICTh MBUAKOCTI MIPUPOCTY Bil YHCEJIbHOCTI;
0) —3aJIesKHiCTH YHCeJIbHOCTI Bif yacy

Opnniero 3 TpUYMH OOMEXKEHHsI 3pPOCTaHHS MOXKE OYyTH HEIONIK >KUBHJIHHOTO
cepenoBuINa (TIMITYBaHHS 1O cyOcTpaTy Ha MOBI Mikpobiosorii). Mikpobionoru naBHO
MIIMITHIIA, 110 B YMOBaX OOMEKEHHS M0 CyOCTpaTy MBHAKICTH POCTY 3pOCTA€E MPOIOPIliiHE
0 KOHIIEHTparii cyOcTpaTy, a SKIIO0 CyOCTpaTy BIOCTallb, TO BUXOAWUTHHA TOCTIHHY
BEIIMYMHY, SIKA BU3HAYAETHCSI TEHETUYHMMH MOXIMBOCTSIMHU TOmylsmii. BBaxkaeTscs
JOBEACHUM, IO CEpe]a JIOJEH TUIbKM YacTHHA CXWJIbHA JIO 3aJIeKHOCTI BIJ HAPKOTHKIB 1
QIKOTOMI0. 3 eMieMIOJIOTIYHOI TOYKH 30py BOHHM € CYOCTPAaTOM PO3BUTKY 3aJICKHOCTI Bij
ITAP. IlpoTaroM AESKOr0 Yacy YHCENBHICTh MOMYJSLii 3pOCTae €KCHOHEHIIaTbHO, MOKH
IIBUJIKICTh 3POCTaHHS HE IMOYMHAE OOMEXyBaTHCS OyIab-sKUMH 1HIUMU (aktopamu. Lle
O3Hayae, M0 3aJICKHICTh IMBUIKOCTI pocty R y dopmyni (2) Big cyOcTpary mMoxke OyTH
OIHMCaHa y BUTJISI]IL:

S
R(S):ﬁ. (5)

TyT Ks —KOHCTaHTa, piBHa KOHIIEHTpaLii cyOCTpaTy, IpU AKii MBUAKICTH POCTY TOPIBHIOE
MOJIOBMHI MaKCUMANTBHOI, £/, —MaKCHUMaJlbHa MIBUJKICTH POCTY.

3MIHIOBAaTH 3pOCTaHHS TOMYJALIi MOXYTh HE TIIbKM (PAKTOpPH 30BHINIHBOTO
cepeloBHINa, a i BIUIMB 1HIIOI momynsuii. [IpuiHATO BHUILISATH TPU OCHOBHUX THUIHU
MDKIIONYJIAMHHUX BigHocuH: "+ +", "—" Ta "+-". [Ipn npoMmy 3HaKOM "TJIHOC" TTO3HAYAETHCS
MO3UTUBHUHM, CHPHUATIUBUA BIUIMB OnHI€] momymsiuii Ha iHOIY, a 3HaKoM "MiHyc"
HECTIPUATIUBUNA. BiAMOBIIHI THIIM MIKTIOMYJISAIIHHAX B3aEMUH OTPUMAJIH HAaliMEHYBaHHS:

"++" — mpoTokoomnepariisi, MyTyaiizm abo cumM0103;

"—" — B3aeMHE KOHKYPEHTHE IO/IaBJICHHS a00 KOHKYPEHIIis 3a 3arajlbHUN pecypc;

"+ —" — BiIHOCHHU THUITY XM)KaK-)KepPTBa a00 MMapa3uT-rocroiap.

Kpim TOro, mpuiHSITO BHAUIATH JBa THMH BITHOCHH, NPH SIKUX OJHA TOIYJISIIis,
poOJIsTuM MO3UTHBHUN a00 HEraTWBHUM BIUIMB Ha iHINY, camMa HE BiauyBae 3 ii OOKy HISKOTo
BIUTUBY (BimHOCHHU THTTY "+ 0").

3naku "+" 1 "-" B Uill cUMBOUIIL, KPIM 3arajJbHONPUNHHATOrO MEeTaOPUIHOTO CEHCY,
MaloTh KOHKPETHHA MaTeMAaTHUYHUHN CceHC. SKIo AWMHaMiKa TBOX B3a€MOMIFOYMX IOMYJSIIN
OTHCYETHCSA CUCTEMOIO TU(EPEHITIAIbHUX PiBHIHB:

x=xt(x;y) y=yg(xy) (6)
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ne moxiaui df/dy i dg/dx MaroTh MOCTIHHUI 3HAK MTPH BCIiX 3HAYEHHSIX 3MIHHUX, TO ITOETHAHHS
3HAKIB WX TMOXIJHUX BU3HAYAE€ XapaKTep MUKIOMYJISAIIWHUX BITHOCHH BIAMOBIIHO 10
3arajbHONPHUIHATOI Kiacudikarii.3 1i€i TOUkH 30py BiIHOWIEHHS THITY «+ 0» € BUKIIOYHOIO,
BHPOKCHOIO CUTYAITIEIO.

VY 3aragpHOMY BHIJISAI B3aEMOJISI MDK TOMYJSIISIMA  OMHUCYETHCSI  CHUCTEMOIO
nuQepeHiaTbHUX PiBHSAHb!

%: alNl +a.12N1N2 +a11N12;
N ?
2 = a2N2 +a21N1N2 +a22N225

ae, Ny, N, —IIykaHi 3Hau€HHs 4MClIa NOMYJALIN, a &, &;, I, ] =1,2 — mapaMeTpu CUCTEMH,
JesIK1 3 IKMX MOXYTbh MpUAMaTH 3Ha4eHH (.

3a mapameTpamMH MOKHA CYAMTH PO MDKIOMYJISAIIHI B3a€MOIIi:

1) a; jN;N; — BianmoBinae MiKIOMYIALIAHINA KOHKYPEHIIII.

Takum 4UHOM:

- AKmo ;<0 — Mae Miclle KOHKYPEHIIis;
- aKkmo ;> 0 — cumbios;
— SKIIO @, 1 &,, MAIOTh MPOTHJICKHI 3HAKH — MA€ MICIIe MOJICNIb XHUKAK-KEPTBA,;

2) a;N{ — MmOKasHHK BHYTPIIIHBOBHIOBOI KOHKypeHIii. JlaHHil OZAHOK Ma€ CEHC
TUTbKH TipH a;;<0;

3) a;N; — BiamoBigae MOKa3HUKY BITLHOTO PO3MHOKEHHS TOIMYJIALIT (CHIa MOMYJIAIii):

—  sKmo, @ >0 — MomyJsIIis CXUIbHA JI0 POCTY;
- #AKmo, & <0 — BUMUpaHHSI.

[Tpu pi3HKUX 3HaYEHHSIX KOe(ilieHTiB OyayTh BUXOAUTH Pi3HI rpadiku QyHKIIT, SKUMU
MOJKHA THTEPIIOJIIOBATH €KCIIEPUMEHTANbHI JaHi. TakoX IiKaBO Te, 0 OLIHIOIYH OTPUMAaHi
Koe(irieHTH, MOKHA 3pOOUTH BUCHOBOK ITPO B3AEMOJIIFO TTOTYJISIIIN.

[Ticns omiHKM 3amadi MOJENIOBaHHS OYB 3pOOJIEHHWI BUCHOBOK IPO BIJCYTHICTH
BHYTPILUIHBOBHI0BOT KOHKYpeHIIii. Takum yuHOM, puiiMaeThcs 8; =0 1 OTpUMYy€EMO:

%: N, +a,N;Ny;
o ®)
2 =3.2N2+6121N1N2.

JlaHa cuctema piBHAHB NPHU KoeQillieHTax a;, 1 @, NPOTUJICKHUX 3HAKIB € MOJEIUIIO
Jlotku-BonbsTeppa (xmkak—xkepTBa). B OoCHOBY Momeni TMOKJIAIEHO Taki ijeanri3oBaHi
YSIBIIGHHSI TIPO XapaKTep BHYTPIIIHBOBHIOBHX 1 MIKBUJOBHUX BIJTHOCHH B CHUCTEMi XMXKaK—
KepTBa:
1) mimg yac BiICYTHOCTI XMKaKa TOITYJIAIIS KepTBa PO3ZMHOXKYETHCS BIAMOBITHO 10
MPUHIHITY ManbTyca — eKCIIOHEHITIaIbHO;

2) momyJIAIis XMKaKa i yac BiICYTHOCTI )KEPTBU €KCTIOHCHITIAIbHO BUMHUPAE;

3) cymapHa KUTBKICTh JKE€PTB, SIKI CIIOKUBAETHCS HACEJIICHHSIM XFDKaKa B OJMHHIIIO
qacy, JIHIHHO 3aJie)KHUTh 1 B IIUTBHOCTI MOIMYJISIIII KEPTBH, 1 BiA IIUTLHOCTI
MOMYJIAIIT XMKaKa,;
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4) crokuTa XHKAKOM OloMaca KEPTBH 3 MOCTIMHUM KOE(IIIEHTOM MepepoOIIeThCs
B 0ioMacy XMKaka;
5) Oynpb-sKi 10AaTKOBI (PaKTOPH, 110 BILTUBAIOTH HA AWHAMIKY TOIMYJISIIIH, BiICYTHI.
UucenpHICTh XepTB OyAe 30UIBIIYBATHCS THM TOBUIBHIIIE, YUM OUIbIIE 1CHYE
XWKaKiB, a YHCENIbHICTh XWKaKiB — TUM IIBHUIIC, YAM OUIBII YHUCENbHI XKEPTBU. Takum
YMHOM, KOE(II[IEHTH MPUPOCTY BiAMOBITHO JOPIBHIOIOTh:

(51 —7/1N2)' o (_ & —7’2N1),

ne N; 1 N, — yHcenbHICTh MOMYJIAMIN KEPTBU 1 XMKaKa; & — MBUAKICTb PO3ZMHOKEHHS
KEPTBH B BIJICYTHOCTI XIJKaKa; &, — MPUPOJHA CMEPTHICTh XMXKaKa, J; 1 ¥, — Koe]imieHTH,
BiJIMOBIAHI MOTPEOH B 1K1 JJIsl KOKHOTO 3 IBOX BHJIIB.

3pobiieHi TPUITYIICHHS NPU3BOAATH J0 CHUCTeMH IU(EpeHIaTbHUX PIBHSIHD IS
OIMCY YHUCEIBHOCTI MOMYJISALIN B MOAET XHUKAK—KEePTBa:

dN,

—= Nl(gl +71N2) ;
dl\(ljzt )
dt :_Nz(gz +]/2N1).

PosrnsiHyra MoJenb MUKIOMYNSALIAHOI B3a€EMOAIl € JOCTaTHbO THYYKOIO JUIS
MOJIETIFOBAHHS CKJIQJHUX €I1JeMIOJIOrIYHHUX MPOLEeCiB. AZIEKBATHO MiAi0paHi KOeDILIEHTH & |

B1I0OPaKAIOTh B3a€MOJIII0 MK PO3TIITHYTHMH MOMYJISAIISIMU: 3aJI€KHI — 3/T0POBI, AJIKOTOJIIKH
— "HapkomaHu. [Ipu mpaBuIBLHOMY EMIIPUYHOMY BHU3HAYCHHI KOEQIIIEHTIB MOXHA 3pOOUTH
BUCHOBKHM TIPO XapakTep MDKIOMYJSALIMHUX BiTHOCHH, TOOTO arpecHMBHOCTI KOXHOI 13
B3aEMOJIIFOYMX TOMYJISIiH okpeMo. OTpumaHa iHpopMaIlis € OCHOBOIO /I KOPOTKOYACHOTO 1
poJIOHroBaHoro nporxHody. Koedimientu @ HecyTb B co0i iH(popMaIiio mpo CTiHKIiCTh
JOCITIDKYBAHUX TOMYJISIINA IO 30BHINTHBOTO CEPENIOBUINA. Y CHUCTEMI, IO MOJICIIOETHCS, 11€
BijIoOpakae pi3Hi colianbHi, FOPUINYHI, 11€0NOTI4HI, (PIHAHCOBI Ta 1HII YHHHHUKH.

Bapro nmomatm, mo 06a3oBa MOAENb MDKIOMYJAIMIAHUX B3aEMOMIN MOXe OyTH
MoaudiKoBaHA TiJ BIACTUBOCTI Ti€i YW IHIIOT CHUCTEMH. TakUM YHHOM, IS MOJETh €
BapiaHTOM BUOOPY 7151 BUPIIICHHS 331241 MO/ICTIOBAaHHS MTOIIMPEHOCT] 3ai1exHOCTI Bix I[TAP.

BucHoBknu

PosrnsiHyTO 3a1a9y MOACTIOBaHHS PO3BUTKY €ITiIeMii 3aI€KHOCTI Bl ICHXOAKTHUBHUX
PEUOBHH 1 MIPOBEAICHO MEPBUHHUI aHaJi3 cUcTeMH. PO3IIITHYTO OCHOBHI perpecuBHi MoJjemi
po3BUTKY momyssmii. [TokazaHo, mo 06a3oBa MoOAENb MIKIOMYJISAIIMHOI B3a€EMOJIi MOXeE
JSATTH B OCHOBY BHpILIEHHS TOCTaBJleHOI 3agavi. HampsMkoMm moaanmpImIMX AOCTIIKEHb €
Momudikamis oOpaHoi wmozeni 1 po3poOKa METOAY BU3HAYEHHA  KOEQIIi€HTIB
nudepeHIiaTbHUX PIBHSIHD.
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VK 515.2:519.6
10.1. HIKOJIA€HKO, B.I'. JLTbBOBCHKUIA

®dizuko-TexHiuauH ninedt npu XHTY ta THY
C.B. MOICEEHKO

XepCOHCHKHI HAIllOHAJIbHUI TEXHIYHUH YHIBEPCHUTET

PO3B’A30K 3AJAYI ATPIXJVIE JIsA PIBHAHHSA JIAIIVIACA B IIOJIAPHUX
KOOPAUHATAX METOAOM MOHTE-KAPJIO

B pobomi nobyoosana mooenv 6unadkosux OIYKawb Y HOJAPHUX KOOPOUHAMAX OJisl
obracmet, SAKi MICMAmMb KOOPOUHAMHUL NONIOC. 3a O00NOMO2010 OAHOI MOOeni MONCHA
po3e’azyeamu 3a0ayy /Jipixae 0ns pisHanus Jlanaaca y kpysi ma 6 6y0b-aKux 001acmsx, wo €
uacmuHolo Kpyea. J[nsi 0OUUCHEHHS anpIOPHUX Nepexionux UMOGIPHOCMel 3ACmOCO8aHa
imepayitina npoyedypa, 00 Mo2o JHC HAABHICMb NOAIOCY 8 001acmi He 30inbuye ii NoXuoKy
Ilobyoysana 00HOKpOKOBA MOOenb unaokosux Onykaws oas kpyea. Ilokazano, wo 074
obnacmi y ¢hopmi Kpyea 0OHOKPOKO8A MOOelb 8UNAOKOBUX ONYKAHb  3a0e3neuyec Oinvbuly
MOYHICMb PO3PAXYHKIE, NOPIBHAHO 3 DA2AMOKPOKOBOIO.

Knrwouosi cnosa: memoo Monme-Kapno, eunaokosi 6aykaHHs, 0OHOKPOKOBA MOOeb,
imepayiiina npoyedypa, 3adaya /ipixne ois pieusanus Jlaniaca, noisapHi KOOpoOuHamu.

F0.M. HUKOJIAEHKO, B.T". \JIbBOBCHKHIA

Ouzuko-rexunueckuit nuneit npu XHTY u JHY

C.B. MOUCEEHKO

XepCOHCKI/Iﬁ HallMOHAJIbHBIN TEXHUYCCKUI YHUBCPCUTCT

PEIIEHUE 3ATAYA JUPUXJIE JJISA YPABHEHUS JIAIIVIACA B ITIOJIAPHUX
KOOPAUHATAX METOAOM MOHTE-KAPJIO

B pabome nocmpoena moodenv cayuatinvlx O1yHcOaHUL 8 NOJAPHBIX KOOPOUHAMAX OJls
obnacmeti, cooepxcawux koopourHamuwviti nomoc. C nomowpio OAHHOU MOOeIU MON’CHO
pewamsv 3a0auy [lupuxne Ons ypasnenus Jlannaca 6 Kpyee u 6 J00blx 001ACMAX,
ABIAIOWUMUCA YACMbIO Kpyed. [[isl 8bl4UCTIeHUs anpUOPHLIX NepPexoOHbIX BepOAmMHOCmel
NpUMeHeHa UMepayUoHHAas npoyeodypa, npudem Haiuyue noanca 6 00aACmu He Y8eaudueaen
ee nocpeuwtnocms. . Ilocmpoena 00HOWA208a51 MOOeNb CAYYAUHBIX ONYHCOAHUU O Kpyed.
Iloxazano, yumo 013 obracmu 6 ghopme Kpyea 0OHOUA208A5 MOOETb CAYHUAUHBIX OYIHCOAHULL
obecneyugaem bosee 8bICOKYI0 MOYHOCHb BbIYUCTEHUL, NO CPABHEHUIO C MHO2OUA2O0BOII.

Knrwouesvie cnosa: memoo Mowme-Kapno, cayuaiinvie Onysicoanus, 00HOUIA208AS
MoOdenb, umepayuonnas npoyeoypa, 3adaua upuxine ons ypasnenus Jlannaca, noaaphvie
KOOPOUHAMbL.

Yu.l. NIKOLAYENKO, V.G. ILVOVSKY
Physics and Technical Lyceum at KhNTU and DNU
S.V. MOISEENKO

Kherson National Technical University

THE SOLUTION PROBLEM OF DIRIHLE FOR EQUATION OF LAPLACE IN
POLAR COORDINATES BY METHOD MONTE CARLO

In this work, a model of random walks in polar coordinates for regions containing a
coordinate pole is constructed. With this model, we can solve the problem Dirihle for
equation of Laplace by method Monte-Carlo in a circle and in all areas that are part of the
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circle. Transient probabilities, as a rule, are found by the method of statistical tests, but in
this work implemented the iteration procedure for calculating the a prioritransition
probabilities. We also note that the probabilities of transition to the boundary nodes,
symmetric with respect to the axis from which the particle started, exactly coincide, which is
practically not observed in the application of the statistical test method. Problem Dirihle for
equation of Laplace for the on circle can be solved by using integral formula of Poisson. In
this paper, a one-dimensional model of random walks in a circle is constructed on the basis of
the Poisson integral formula. For a circle, a formula is derived for calculating the probability
of transition from any node inside the circle to the node at the boundary of the circular
region. Comparative testing of transition probabilities, calculated using two different models,
was carried out. The results showed that for a circle, the one-time model of random walks
always provides greater accuracy than multi-stage, provided that the distance between the
nodes at the edge of the circle is twice less than that of the circle. The test results showed that
the pole presense does not increase the error of the calculations. As a result, this multi-stage
model can be used for any areas that contain a coordinate pole, can to build a iterative
procedure for a more complex area, having the experience of constructing it for a circle and
a semicircle. To calculate the transition probabilities, we must apply the formulas obtained.
However, do not forget that the one-way model of random walks runs only in the circle.
Keywords: method of Monte Carlo, random walks, one-step model, iteration

procedure, problem Dirihle for equation of Laplace, polar coordinates.

IlocTanoBka npodiaemu

Benmuka KiTbKICTh TPUKIATHUX 3a4ad MPUBOIUTH JIO HEOOXIAHOCTI PO3B’SI3aHHS
KpailloBUX 3ajad Jjs piBHAHb MaTeMaTudHol ¢izuku. [lpu mociimkeHHI cTallioHapHUX
mporeciB pi3HOI (Gi3udHOT MPUPOAU (TEIUIONPOBIAHICT, AUQY3isd) 3a3BHUYall MPUBOIATH 110
3a/1a4 eTINTUIHOTO THITY.

Haii0inpm mommpeHuM piBHSHHSAM I[OTO THIY € piBHAHHA Jlammaca. Byap ski
O0YHCIIEHHS, [0 BUKOHYIOTHCS TPU HAOJIMIKEHOMY PO3B’si3aHHI OUTBIIOCTI 33724, HE MOXKYTh
iIrHOpyBaTH TOHM (HakT, IO CiTKa MojeNi MoOymoBaHa B TEBHIM cucTemi KoopauHat. [[o
HAHOUTBII MOMIMPEHUX CUCTEM KOOPJMHAT BIHOCSTHCS JEKapTOBa, MOJSPHA Ta JOBUIbHA
(opToroHanpHa 1 HEOPTOrOHANIBbHA). SIKIIO 00MacTh Mae ¢GopMy Kojia abo CEKTOpa, TO MPH
3aCTOCYBaHHI [JIEKapTOBOi CHUCTEMH BUHUKAIOTH MpoOiemMu 3 omucoM (YHKII Ha Mexi
obmacti. Tomy jutst Takux 00JacTEl MPUPOTHO 3aCTOCOBYBATH TMOJISIPHY CHCTEMY KOOPJIMHAT,
B SIKi pO3paxyHKOBI BY3JIH CIIBIAJAIOTh 3 TPAHUYHUMHU BY3JIaMH.

B psagi pobGiT [4-9] Bke 3acTocoByBamacs MOJspHA CHUCTEMA KOOPIAWHAT IS
po3B’s3anHs 3ana4i Jipixie ais piBHsHHA Jlanmaca merogom Monte-Kapio. Ane npu oMy
po3risanacs TUIbKH 00JacTh Y BUIJISIII KUTBLIEBOTO ceKTopa. ToMy 3aiuinaerbest mpodiema
PO3B’s3aHHS 11i€1 3a/1a41 ISl 001aCTeH, B IKUX MICTUTHCS KOOPAMHATHHUM TTOJTIOC.

AHAaJi3 0CTaHHIX JOCTiTKeHb 1 myOaikanii
B monsipaux koopauHaTax 3amada Jlipixiue aist piBHsHHS Jlarutaca mae Burisig [1]:

U 10U 1 U
2 b

. + .
o’ r o r’ 9¢’ (1)
U |F= f(r’¢)’

ne f(r,p) — 3amana ¢pynkuis Ha Mexi odnacri I
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Puc. 1. Koopaunartna citka

[Ipu umcenbHOMY pO3B’A3Ky 3amaui MetogoM Monre-Kapno o6macts (puc. 1)
MMOKPHBAIOTh KOOPAMHATHOIO CITKOIO, a 3HAUCHHs IIykaHoi (YHKIII y BHYTPIIIHIX BY3JIax
CITKH pO3paxoByIOTh 3a opmysoro (2)[2]:

U(rs0,)= 2P ist)- F5)- o

ne (rs,pr) — KOOpIWHATH BY3JIiB Ha MeEXi oOjacti, a P(io,jo;s,t) — WMOBIpHICTD ISl
BHIIAIKOBO OJIYKAr040i YaCTHHKH TEPEUTH 3 BHYTPIIIHBOTO By3Ja 3 KOOPJAWHATAMH (rio’(pio)

y BY30JI Ha MEXi 00J1acTi 3 KoopauHataMu (I's,pt).

Mopenbs BUIMAIKOBUX OJyKaHb JJIsi PO3pPaXxyHKy TMEpexiTHUX HWMOBIPHOCTEH B
MOJIIPHUX KOOpAMHATAX BXKE po3risiganack B podorax [3], [4], ale BOHA HE MPHUCTOCOBaHA
JUIsl o0nacTei, sKi MICTATh KOOpAMHATHHHN mojtoc. Y poboti [5] Oyma 3amporoHoBaHa
JIBOKPOKOBA MOJIEJIb BUTIAIKOBUX OJyKaHb, ajie TUTbKU JJIs 4-BY3JIOBOTO KiJIBLIEBOTO CEKTOPA.

Meta pocJainkeHHs

VY naniif poOOTI cTaBUTHCSA 3a/adya BIJPEryIIOBaTH MOJENb BUIAJAKOBUX OJyKaHb Y
MOJISIPHUX KOOPJIMHATAX TakK, 00 11 MOkHA OyJI0 3aCTOCOBYBATH IJisi 00JacTel, sIKi MICTSTh
KOOPAMHATHUN MOJIIOC, a TAKOK MOOYyBaTH OJHOKPOKOBY MOJIECTb BUMAIKOBUX OJIyKaHb JUIS
obmacTi y popmi koa.

BuxkiaaneHHs1 0CHOBHOI0 MaTepiaty J0CTiIxKeHH

[Tepeximni imoBipHOCTI B  dopmymi (2), sAK MNpaBWwIoO, 3HAXOIATH METOJAOM
CTaTUCTHMYHUX BUIPOOYBaHb, ane B poOoTax [8—9] 3ampomoHoBaHa iTepariiiHa mpoueaypa
oOuncieHHss mnepexinHux HMmoBipHOcTe. CyTh JHaHOi MpoLeAypu MOJSIrae B TOMY, MIO
PO3IIISIIAETHCS HE TPAEKTOPIsE BUTIAIKOBO OJTyKarOU0i YaCTHHKH, & HMOBIPHICTH MepeOyBaHHS
YaCTUHKHU B KO)KHOMY BY3J11 00J1aCTi Ha KO>)KHOMY Kpotli. Jlo movyarky O1ykaHHs HMOBIpHICTb
nepeOyBaHHsI YaCTUHKH B TOYIIl CTApTY JOPIBHIOE OJUHUII, & B YCIX 1HIIUX BY3JIaX JOPIBHIOE
Hya0. Ha KoXHOMY Kpoli y BCiX BHYTpIIIHIX By3Jlax 00JacTi WMOBIpHICTh MepeOyBaHHS
YaCTUHKH PO3PAXOBYETHCS 3a (popMysioro moBHOI WMOBipHOCTI. [Ipy moTparuistHHI B By3071 Ha
MEXI1 YaCTUHKA OJIyKaHHS MPHUITUHSE, a HMOBIPHOCTI NIepeOyBaHHsI YaCTUHKU B LIMX BY3J1ax Ha
KOXXHOMY KpoIll HakomuuyioThbcs. [lpoueaypa MOBTOpIO€TbCS A0 THUX Mip, JOKH cyMma
iiMoOBipHOCTEH nepeOyBaHHs YaCTHHKH B BY3JIaX Ha Mexi oOnacti Oynae Biapi3HsaTHCS Bix 1 Ha
BEJIMYMHY, HE OLIbIIE 3aJaHOi TOXUOKH, TIPH 1IbOMY HAKOIMHWYEHI WMOBIPHOCTI B By3jax Ha
MEXI SIKpa3 JOPiBHIOIOTh HMOBIPHOCTSIM MEPEXOY B Il BY3JIH.

B sikocTi mpukiIagy MokKakeMo sIK pealli3yeTbes iTepalliifHa mporeaypa Ha 00J1acTi, 1o
Mae hopMmy kona (puc.2), B IKOMY KOOPIUHATHUH MOJIIOC CYMIIIEHUH 3 IIGHTPOM KOJIa.
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(R, @)

(Lm)

a) 0) B)
Puc. 2. Po3paxynkoBa 00/1acTh:
a) aJd itepauiiiHol npoueaypu; 0) 1J1s1 OAHOKPOKOBHUX 0JIyKaHb; B) IJIsl TECTOBOI0
NpUKJIATY
3a IOmoOMOroro iTepariiHoi MPOoIeaypH 3HAWIEMO ampiopHI MepexiaHi WMOBIPHOCTI

P(i,j;s,t) MOTPAIUIIHHST YaCTHHKM Yy TpaHuuHi By3nu (S ,U). Bymemo pospaxoByBaTu

HMOBIpHICTh nepeOyBaHHsI 4acTHHKU y BYy3:i (i, ) Ha (K+1)-oMy Kpolli, sIKHii HE HaJCKHUTh
MeXi 00J1acTi, HE € CYCIHIM 3 MeXel a0o MOJIOCOM 1 He € TMOJIOCOM IOJIIPHOI CHCTEMH
KoopauHaTt. g WMOBIpHICTH BiAnoBiaHA 10 (HOPMYIH MOBHOI WMOBIPHOCTI, Ma€ HACTYITHHMA

BUTJISIA;

PEY (i, 1) =R (r+h)-PY G +1, )+ P (r—h)-PY (-1, j)+P(r)-PY (i, j-1)+

3
+P,(£)-PY (i, j+1), ®)
P () ra’(2r, —h) P() re’(2r+h) . .
c )=~ i) 7 5 o\ HNMOBIPHOCTI1 IICPEXO, B CYC1IHIHU BY30J B
A 1\ 4(ri2a2+h2) 3 4(ri2a2+h2) p p I[y y a y

panianbHOMY HampsiMi B OiK MOJIOCY 1 B MOJIOCY BiJIIOBITHO;

URLIDE h

ey +h2) — HWMOBIPHICTb IIEPEXOAY B CYCIIHI BY3JIM B a3UMYTaJIbHOMY
i

HampsiMi,
0. — KPOK B a3MMyTaJIbHOMY Hampsmi, h — B pagiaabHOMY HampsaMi.

Jlnst By3nma CycimHBOTO 3 Mexero ooOmacti B ¢gopmymi (3) HEOOXiTHO TOKJIACTH
P (r,) =0, ockinbkn Ha Mexi 06macTi OIyKaHHS IPUITHHSIOTCA.

Jyis o0umcieHHsT WMOBIPHOCTI BUXOJY YAaCTUHKH 3 TIOJIOCY CHUCTEMH KOOpIMHAT
3aCTOCYEMO TEOPEMY PO CepeIHE 3HAUEHHS rapMOHIYHOI QyHKIIIT [6], BIATOBIAHO 10 SIKOI:

U(Mo)=iIU(h,¢)d¢, )
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ne My — criiBmaaae 3 MOJIIOCOM 1 € IeHTpoM Kpyra paaiycom h. Skmro y dopmyii 3aMiHuTH
1HTErpaj IHTErpaIbHOI0 CYMOIO, TO OTPUMAEMO:

A 1

UMy = DU (hg) "= 3U(h.o).
. J | (5)
ne Ap=«a :T.

[oni6aum umHOM Qopmyna (5) obrpyHTOBYeThCs B poboti [7]. Lla dopmymna mae
1 ) . .
Burisig Gopmynu (2), 1e — TOPIBHIOE MMOBIPHOCTI BUXOAY 3 LIEHTPAJIBHOTO BY3Jia B Oyib
n

KWW 13 cycigHix By3mdiB. [Ipu N=4 oTpumana ¢opmysa NmepeTBOPIOETHCS B BimomMy (hopmyiry
yCepeMHeHH s rapMOHiuHOi dyHKIi 10 "mpsiMoMy xpecTy", moxu6Ka sikoi mopisrioe O(h%).
[Tpu 30impmieHHi N TOYHICTH GopmynH 301IbITyeThes. OTxe, naHa (Gopmysia HE MOTIpIIye
OXHOKY MPOIETypH, TOMY 10 ToXnOKa koediientis popmymu (3) Mae mopsizok O(h?).

VIMoBipHicTh TepeOyBaHHS YaCTHHKH y BY3IaX, SIKi € CYCIZHIMH 3 MOJIOCOM Ma€
BUTJISI;

PEI(L, ) = RN P2, )+ () PO, j=1)+ Py(h)- PO, j+1)+~ PY(0),
n
(©)

ne P%(0) — iimMoBipHicTh TIepeOyBaHHs YACTHHKHU B IIEHTPATbLHOMY By3i Ha K-oMy
KpOTIIi.

s momrocy dopmyity (3) Tpeba 3aMiHUTH HACTYITHOIO (hOpMYIIOI0:

PU (0)=P (h)- 2P (L J). (7
j=1
Jis By3na (S ,t) Ha Mexi obmacTi:

P (5,t) = P (s,t) + Py (r,,)-PY (s Lt). (8)

Jnst BunpoOyBaHHS MPOLEAYPU BUKOPUCTAEMO KpYT 3 paaiycoM R=1, citky 3 S = 25,
n =96, a 3a CTapTOBY IO3UIIiII0 YAaCTUHKMA BI3bMEMO TOYKY 3 IOJSPHHUMH KOOPIWHATAMHU
(1/2;0).

BiamiTimo, 1110 TIMOBIPHOCTI MEPEX0y Y TpaHUYHI BY3JIM, CAHMETPUYHI BITHOCHO OCI,
3 SIKO1 CTapTyBajla YaCTHHKA, TOYHO CIIBHANAIOTh, 10 MPAKTUYHO HE CIOCTEPIraeThecs MpH
3aCTOCYBaHHI METOJAY CTaTHCTUYHHUX BHIPOOYBaHb. TakoX 3a JONMOMOTOI MpPOIEIypH 3a
JOCUTHh HEBETMKUH Yac MOXKHA pO3paxyBaTH MMOBIPHOCTI MOTPAIUISIHHS B yC1 BY3JIM Ha MEXi
obnacTi 3 Oyab-IKOK TOYHICTIO (TOXMOKAa<d), MO B METOAI CTAaTHCTHYHHUX BUIPOOYBAaHb
MPAKTUYHO He JocshkHE. Po3B’s30k 3amaui (1) cmim odikyBaTh 3 TOYHICTIO [0 O(h%,
BHACJIIOK CITKOBUX ITOXHNOOK.

3amauy /[ipixne s piBHsHHS Jlammaca y kpyroBiit obGsacti (puc.20) MoxkHA
PO3B’s3aTH 3a IOMIOMOT00 iHTerpanbHoi hopmynu [lyaccona (1) [1]:

17 R? —r?
U(r,0) = — U(p)do,
(r.6) Zﬂ-([RZ—Zchos(H—(p)+r2 (g ©)
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R2_r2

J1ie BUpa3

R*—2Rrcos(0—¢)+r’

Mae Ha3By sa1po [lyaccona.

Tabmurs 1

MIMOBipHOCTI MOTpAIUISHHS B OKPEMi BY3JIM Ha MeXi Kpyra paziyca 1 gepes K itepartiii mpu

ctapri 3 Toukw (1/2;0)

7 KinbKicTs iTepaniii
k=6000 | k =12000 | k=18000 k =24000 k= 60000
0 0.03474 | 0.035127 | 0.0351724 | 0.03517777 0.035178482
/8 0.02467 0.0251043 | 0.02510960 0.025110311
0.025059

/2 0.00526 | 0.005640 | 0.0056858 | 0.00569111 0.005691827

T 0.00266 | 0.003045 | 0.0030907 | 0.00309602 0.003096732
Sm/4 0.00314 | 0.003523 | 0.0035681 | 0.00357341 0.003574119
3n/2 0.00526 | 0.005640 | 0.0056858 | 0.00569111 0.0056918267
157/8 0.02467 | 0.025059 | 0.0251043 | 0.02510960 0.025110311

5=1-YP(s,1)
st 0.042 0.0049 0.00058 0.000068 0.0000000002
Yac (c) 2.13 4.30 6.34 8.42 21.12

Habmmwkeno 3amiauMo iHTerpan Ilyaccona (9) #oro iHTerpajgbHOIO CyMOIO, B SIKii

27,
-

A

1271'

27 3 R?—2Rrcos(0— ) +1’

R —r

3BIJICH OTPUMAEMO:

3a3HaunMo,

n

(NIEDY

i=1

o JaHa

R2

U(p)de ~
(9o J-ZI:R2—2chos(t9—¢)j)+r2

—r

n

RZ_rZ

2

U
n-(R*—2Rrcos(0-g,)+r?)

HECKIHUEHHO OJIM3BbKHUX JI0 TpaHulli, T00TO. I €[0; R).

(R#’j)-

Agp

U (Rv §0j P

27

(10)

IHTEeTpaJibHa CyMa HE 3aCTOCOBYETHhCS IS BiACTaHEH

®opwmymna (8) mae Buris Gopmynu (2), B skiit nepexiani imosiprocti P(r,0;R,¢;)

PO3paxoBYIOTHCA 3a (POPMYIIOLO:

P(r,0;R, ;) =

RZ_r.Z

n-(R*=2Rrcos(@—g,)+r’)

11)

Y Tabn. 2 HaBeAEHO pe3yNbTaTH 3HAXOJUKCHHS MEpeXiHUX WMOBIpHOCTEH 3a
nornomoror dopmynu (11) Ta itepamiitnoi nporeaypu. s po3paxyHKIB BUKOPHCTOBYEMO
CiTKy 3 S = 25, N = 96 i3 cTapTOBOIO MO3UIIIE€I0 YACTUHKU B Toulli 3 koopauHatamu (1/2, 0)

(puc. 2 B).
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Mu 6Gaunmo, 10 3HAYCHHS HMOBIPHOCTEH, PO3PaxOBaHMX JABOMA METOJAMHU JIEIIO0
BIJIPI3HAIOTHCA, IPU YOMY HaiOiIbIi po30ikKHOCTI crioctepiratoThest st Touku (1,0), sika €
HaWOIMKIOI0 IO TOUKH cTapTy. [lepeBipuMo, sIKUif 3 IIUX CIIOCOO1B TOUHIMIUH.

IIpoBenemo TectyBanHs (Tabia. 3) OTpUMaAHHMX pE3yJbTaTiB 3a JIOTIOMOIOIO

rapmoniunoi gpyukuii f(r,@): f(r,)=r’cos2p+2.

Tabmurs 2
[Tepeximni iMOBIpHOCTI, po3paxoBaHi 3a ¢popmynoro (11) (B uncenbHUKY) 1 32 TOTTOMOTOIO
iTepalliitHoi mpoueaypu (B 3HAMEHHUKY), IPU cTapTi 3 Touku (I, 0) B By3au Ha rpanuii (1,p)

2

o 1 1.0) (L) (1) (.12)
(18, 0) 0.0133929 | 0.0130680 | 0.0122238 | 0.0100966
’ 0.0133963 | 0.0130699 | 0.0122233 | 0.0100956
14,0 0.0173611 | 0.0162609 | 0.0137748 | 0.0091912
’ 0.0173729 | 0.0162638 | 0.0137705 | 0.0091904
172, 0) 0.0312500 | 0.0239559 | 0.0143905 | 0.0062500
’ 0.0313466 | 0.0239241 | 0.0143762 | 0.0062509
Taomums 3

HaGnwxeni 3HaueHHs %1 (r,0) %2 (r,0) oynkuii f (r,0), pospaxosani 3a popmyoro (10) Ta

3a IOMOMOTOFO 1TepaIiiiHol MPOIeypy BIAMOBITHO, Ta X BIAHOCHI MOXHUOKH

r f(r,0) f (r,0) & f,(r,0) &
1/24 2.001736111 | 2.001736111 0 % 2.001743914 | 0.00039%
1/4 2.062500000 | 2.062500000 | 2.2- 10714 % | 2.062623717 0.0060%
12 2.250000000 | 2.250000000 | 3.9-1014% | 2.250247427 0.011%
5/8 2.390625000 | 2.390625000 | 1.3-10713 % | 2.390887123 0.011%
3/4 2.562500000 | 2.562500000 | 2.5-1071%% | 2.562731016 0.0090%
7/8 2.765625000 | 2.765641447 | 0.00059 % | 2.765770939 0.0053%

VY Tabn. 3 6auuMo, IO TOYHICTH PE3yNbTATIB MPHU 3aCTOCYBAHHI OJHOMAPIIPYTHOI
MO/IeJTi BUTIAJIKOBUX OJTyKaHbh Habarato BUINA, HIXK MTPU 3aCTOCYBaHHI OaraTOMapIipyTHOI IpH
r <7/8 . Ilpore 6ins Mexi Kpyra TouHicTh cymu (11) HabaraTo 3MeHIIy€eThCS.

VY xoai eKcrepuMEHTY MU MOPIBHIOBATUMEMO BiJICTaHb Mik By3iaamu 1=2z(R-h)/n i
BiZicTaHb 10 Mexi (y Hamomy Bunanky d=1/24). 3'sacyemo, npu sikomy ix BimHomeHHi o=I/d
3a0e3mevyeThcss He0OXiTHa HaM TOYHICTb.

Pesynbratn oOuncneHHs HaBeAeH1 B Ta0. 4.

Jlns TOpIBHSHHSA HAragaemMo, IO TOYHE 3HA4YeHHS GYHKIII B JaHIA  TOYII
£(0,23/24)=2,9184027778. Ilpu n = 96, BinHOCHAa MOXMOKa MpPU 3aCTOCYBaHHI iTepamiiHOi
npouenypu ctanoBuTh 0.0019%.

TouHicTh OOuMcCleHHS 3HaYeHHS (QyHKIIIT 3a OJHOMAPHIPYTHOIO  MOJEILIIO
3pIBHIOETHCS 3 TOUHICTIO PO3PAXYHKIB 32 IOMOMOTOIO IT€paIliiHOl MPOIeAYPH, KOJIU BiJCTaHb
MiX By3JaMH Ha MEXI B JIBa pa3d MEHIIIa, H)K BiJICTaHb 10 Mexi, a ipu | = d/4 TouHicTh 0J1HO
MapUIPYTHOI CXEMH CTa€ Ha MOPSIKU BHIIE.
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Tabmuus 4

HaGmmxkeni snauenns dynxuii f, (r,0)B Touni 3 koopauHaramu

(23/24;0),po3paxoBaHi 3a qonomoror cymu (10) mpu pi3HUX KUTBKOCTSX BY3JIIB N

n 96 144 192 288 576
- (23
f, (ﬂ’ Oj 3.021 2.932 2.920101 2.9184313 | 2.9184027779
w 1.571 1.047 0.785 0.524 0.262
&g 3.5% 0.451% 0.058% 0.00098 % 4.6-107°%
Bucnosxu

B poOoti ymockoHareHa mpoueaypa poO3paxyHKy anpiopHHX WMOBIpHOCTEH, IO
T03BOJIsIE PO3B’s13aTH 3amavy Jlipixie s 00acTel, Mo MICTITh MOJIOC 32 JOCUTh KOPOTKUH
yac Ta 3 JIOCTaTHBO BHUCOKOIO TouHicTio. s obmacti y ¢opmi Kpyra 3amporioHOBaHA
OJTHOKPOKOBA MOJICTTb BUIIAJKOBUX OJYKaHb, sSKa JIO3BOJISIE PO3B’sA3yBaTH 3amady (1) 3HAYHO
TOYHIIIIE, SIKIIO JOCTI/)KyBaHAa TOYKA HAXOIUTHCS BiJl MEXKI Kpyra Ha BiJCTaHI MpHHAWMHI
BJIB141 OLIIBIIIN HIXK BIJICTAaHb MIXK BY3JIaMH.

BinMiTUMO TakoX, 110 TOYHICTh PO3PAXYHKIB 3a JOMOMOTOI0 ITEPAliifHOI MpoIenypr
3QIAIIAETHCS BUCOKOIO 1 JUISI TOYOK, SIKi 3HAXOMATHCS HA BIJICTaHI OAHOTO KPOKY YHMCIIOBOI
CITKH BiJI MEXi Kpyra.
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YAK 514.18
C.®. ITMJINITAKA, B.M. HECBIIOMIH, B.M. BABKA
HauionaneHuii yHiBepcuTeT 610pecypciB i NPUPOIOKOPUCTYBaHHS YKpaiHH
M.B. KJIEH/III

Bepexancokuii arporexaiuanii incTuTyT HYBIll Yipainu

PYX YACTHHKH 11O CTAIIOHAPHIN I'BUHTOBIM IIOBEPXHI 13 3A/IAHOIO
KPUBOIO OCBOBOI'O IIEPEPI3Y

Poszenanymo pyx yacmunxu no 26unmogiii nogepxti nio dieto cunu érachoi eazu. Kpusa
0Cb0B8020 nepepizy 26UHMOB0I NogepxHi 3a0ana napamempuyHumu pisHanHamu. CKiadeHo
PIBHAHHA PYX)Y YACMUHKU NICAA tlo2o cmabinizayii, moomo 0 6UNnAaoKy, KOauU 4acMmuHKd
pyxaemucs i3 cmanoio weuokicmro. PieHanHs ckiadeni 8 Npoexyisx Ha Opmu pyxomoz2o
mpuepannuxa /lapoy. Posenanymo oxpemuil 6unadox, KOIU OCbO8UM Nepepi3oM NOBEPXHI €
npama iHis, moomo 26UHMOBOI0 NOBEPXHEI0 € KOCUlL 2eNiK0i0. B ybomy 6unaoxy poss sa3Kom
€ ananimuynuli 8upas. /[nsa 0eskux Kpueux ocb08020 nepepizy No8epXHi po3s sA3aHHs PIBHAHb
nompebye 3acmocy8anHs YUCEIbHUX Memooie. Posenanymo npuxnaou, no6yo0o6ano nosepxmi
i3 HAHeCeHUMU HA HUX MPAEKMOPIAMU PYXY YACMUHKU.

Knrwouoei cnosa: eeunmoea noeepxws, pyx UACMUHKU, CUIA 6a2U, MPAEKMOPIs,
weuoKicmo, mpuepannux Jap6y, pieHAHHS PYX).

C.®. [IMJINITAKA, B.H. HECBU/IOMIH, B.H. BABKA
HaronaneHelii yHuBEpCHTET GHOPECYPCOB M IIPHPOONIONE30BAHUS Y KPAHHBI
H.b. KIIEHIUHN

bepexanckuit arporexuuueckuid unctutyT HYbull Ykpaunst

JBUKEHUE YACTHUIIBI IO CTAIIMOHAPHOM BUHTOBOM NOBEPXHOCTH
C 3AJTAHHOM KPUBOM OCEBOI'O CEYEHU S

Paccmompeno osusicenue uacmuysbt no 8uHmoBol NOEPXHOCMU NOO Oelcmeuem CUibl
cobcmeennoco eeca. Kpueas ocesoeo ceueHuss BUHMOBOU NOBEPXHOCMU  3A0AHA
napamempuyeckumu ypasHenuamu. CocmasieHvl ypasHeHus 08UNCEHUS YaCmUYbl nocie e20
cmabunuzayuu, mo ecmo O0Jisl CIY4As, Ko20d YaCMuya 08UNCEMcs ¢ NOCMOAHHOU CKOPOCMBIO.
Ypasnenua cocmaenenvi 6 npoexyusx Ha opmvl NOOSUNHCHO20 mpexepaHHuxa Jlapoy.
Paccmompen omoenvuwiii ciyuaii, ko20a ocegbim cedenuem noGepxXHOCmu AGNAEMCs NPAMAsL
JIUHUS, MO eCmb GUHMOBOU NOBEPXHOCMbIO ABNAEMCA KOCOU 2enuxkoud. B amom cayuae
peuieHue umeem auarumuyeckoe evipadxcenue. Hexomopwvie Kpuevie ocesoco ceueHus
nosepxuocmu mpebylom NpUMEHeHUs YUCIeHHbIX Memo0o8 OJisl peuleHus VPaeHeHUl.
Paccmompenvl npumepui, nocmpoenvl nogepxHocmu ¢ HAHECeHHbIMU HA HUX MPAeKMOPUAMU
O0BUMICEHUSL HACTUYBL.

Knwouesvie cnosa: eunmoeas nogepxHocmov, OGUIICEHUe UACMUYbl, Cula eecd,
Mpaekmopus, cKopocmn, mpexeparHuux /lapoy, ypasHeHus 08UHNCEHUSL.

S.F. PYLYPAKA, V.M. NESVIDOMIN, V.M. BABKA
National University of Life and Environmental Sciences of Ukraine

M.B. KLENDIY
IS NULES of Ukraine "Berezhany Agrotechnical Institute"

PARTICLE MOTION ON A STATIONARY SCREW SURFACE WITH A SET
AXIAL CURVE

The movement of a particle along a helical surface under the action of its own weight is
considered. The axial section curve of the helical surface is given by parametric equations.
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The equations of motion of the particle after its stabilization are compiled, that is, for the case
when the particle moves at a constant speed. The equations are compiled in projections onto
the orths of the Darboux rolling trihedron. One of them is directed tangentially to the
trajectory of the particle, the second is normal to the surface, and the third is perpendicular
to the first two. The first and third orths form a tangent plane to the surface. The particle is at
the top of the trihedron. When it moves together with a trihedron at a constant speed, all
forces acting on the particle are balanced. The curvature of the trajectory, which creates
centrifugal force, and the surface roughness are taken into account. By eliminating the system
is reduced to one equation with one unknown, allowing you to find the distance from helix
points to its axis. After that you can find the speed of the particle.

A separate case is considered when the axial section of the surface is a straight line,
that is, the helical surface is an oblique helicoid. In this case, the equation is simplified and
the solution has an analytical expression. Some curves of the axial section of the surface
require the use of numerical methods for solving equations. The examples are considered, the
surfaces with trajectories of the particle motion are plotted are built.

The influence of the structural parameters of the surface on the nature of the particle
motion is investigated. The pitch of the helical surface is essential. The movement of particles
of technological material with different friction coefficient was studied. The trajectories of
their motion are constructed, allowing to visually assess the distribution of particles with
different coefficients of friction over the surface during movement.

Keywords: screw surface, particle motion, weight force, trajectory, speed, Darboux
trihedron, equations of motion.

ITocTanoBka npodaemu
Icaye GaraTto mpHUCTpPOiB, y SIKMX pOOOYMH TMPOIEC TMOB'SI3aHUN 13 KOHTAKTYyBaHHSIM
TEXHOJIOTIYHOTO MaTtepialy i3 moBepxHsAMH poOouux opraHiB. B mporeci Takoi B3aemomii
Marepiaia MeBHUM YHHOM PyXa€TbCs MO MOBEpXHi. Takuil pyx Moxke OyTH BUMYIICHHUM ITiJT
€10 30BHINIHIX YHHHUKIB, a TAKOK MOXe OyTH CIPUYMHEHUH CHUJIOI0 BJIACHOI Bark €JIeMEHTY
Matepiany. B TakoMy Bumaaky MNpHKJIAJEHOI CHJIOIO € TaKOX CHjia TepTs, CIpHYUHEHA
IIOPCTKICTIO MOBEPXHi. AHATITUYHHUHA OMKC €IEMEHTY MaTepiay 1o MOBEpXHi € HaJ3BUYalHO
CKJIaJIHUM, TOMY JUIsl HEBEJIMKUX pO3MIPIB TaKOrO eJIEeMEHTa MPHUIHATO BBa)kaTh HOTO
MaTepiaibHOIO YaCTUHKOIO. | HaBiTh B TAKOMY BUIAJIKY aHATITUYHHUNA OMHUC PyXy YACTUHKHU IO
MOBEPXHI 3BOJUTHCSA 1O PO3B’SA3yBaHHS HENMIHINHUX IU(EpEHIIAIBHUX DPIBHAHb JIPYroro
nopsiAKy. SIKmo poOOYOI0 MOBEpPXHEI0 € IBUHTOBA, TO PyX YAaCTUHKU IO HIM 3 YacoMm
CTaOLTI3yEThCS 1 KIHEMAaTHYHI XapaKTEPUCTUKN CTAIOTh CTAIMMU. B TakomMy BHUITaIKy 3aMiCTh
nudepeHIiaTbHUX PIBHSAHB TOTPIOHO PO3B’sA3yBaTH 3BUUAliHI, aJie IIe HE O3HaJae, 10 3a/J1a4a
MEPETBOPIOETHCS Ha eleMEHTapHy. B wmarepianmi cTaTTi me MMOKa3aHO Ha KOHKPETHHX
MpHUKIaaX.
AHaJTi3 OCTaHHIX JOCTiTKeHb | myOaikanii
B MuHYnoMy TBHHTOBI MOBEpPXHI BHUKOPHUCTOBYBAJMCS IJSi PO3IIJICHHS OKPEMHUX
¢bpakuiii 3epHOBUX cyMimied. Lle CHpUYMHMIO TOUIYK AHANITUYHOTO OIHUCY MPOLECY
MepEMIIIEHHS YaCTUHOK 10 TBUHTOBHX MOBEPXHIX. AHaI3 poOIT B I[bOMY HAMpsiMi 3p00JICHO
B MoHorpadii [1]. Tam 3a3HaueHO, 1110 eTEeMEHTAPHUNA PO3B’A30K JaHOI 337a4i B 3aCTOCYBaHHI
0 TIPOCKTYBaHHS CIIpadbHUX cemapaTopiB po3pobouB mnpod. JIb. JleBerncon. Pyx
MaTepiaibHOi YAaCTUHKM 10 KOCOMY (HEpO3TOpPTHOMY) TENIKOily MJOCHTh IPYHTOBHO
posrsiHyTo B mpansx npod. M., AxumoBa. M.I. CHCO€B pO3risSHYB pyX YacTUHKH TIO
po3roptHoMy 1 KocoMy remikoimax [2]. Lli 3amaui po3B’s3aHi B IWIIHAPUYHIA CHUCTEMI
KOOpAWHAT. Benukuii BKJIaJl B PO3BUTOK IILOTO HAIIPSIMKY JOCTIIKeHb BHIC akaj. 3aika [1.M.
[3]. Bin mowaB 3acTOCOBYBaTH MpPOTpaMHi MPOAYKTH JJS YHCEIBHOTO PO3B’SA3yBaHHS
nudepeHIiabHUX PiBHSAHB. JlOCHIDKEHHS pyXy YacTHHOK [0 TBHHTOBUX JIHIHYATHX
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MOBEPXHAX PO3MIAHYTO B mpansax [4, 5]. Pyx TeXHOJIOTIYHOro Marepiajqy MO TBUHTOBHX
MOBEPXHAX MA€ MiClle B TBUHTOBHUX CITyCKaX 1 CHIpaJbHUX CemapaTopax A 30aradeHHs pya.
TeopeTnuHi OCHOBH ITUX MPOIIECIB BUCBITICHO B mparsx [6—8].
Meta pocJainkeHHs

CknacTy piBHSHHS pyXY YaCTHHKH 110 TBUHTOBIM MOBEPXHI MiJ II€I0 CUIIM BIACHOI Baru

B MMPOCKIIISIX Ha OPTU pyxoMoro TpurpanHuka lapOy micns crabimizarii pyxy.
BuxkianeHHs1 0CHOBHOI0 MaTepiay J0CTiIKeHH

Posrnsnemo postamryBanHs TpurpaHHukiB @pene i1 JlapOy B 3araJibHOMY BHITQJIKy.
CymnpoBigauii TpurpaHHuk @peHe HaNpsMHOI IPOCTOPOBOI KPUBOI B KOXKHIHN 11 TOUI 3aiimae
BHU3HAUEHE TIOJIOKEHHS, fKE BHU3HAYAETHhCS 11 AUQEpeHLIaIbHUMH XapaKTEepPUCTUKAMH.
OnuHUYHUN OPT 7 € JOTUYHUM J0 KPUBOi, OPT TOJOBHOI HOpMaji n CHPSMOBAaHHHA 10
[EHTpa KPUBUHM, OpT OiHOpMali b MEPIEHAUKYIApHHUHA IBOM morepenHiM. CympoBigHHiA
TpurpanHuk JapOy moske OyTv moOymoBaHHI B TOUIll KPHUBOi Ha MOBEPXHI, MPUIOMY HOTO
opT T 30iraerbcs 13 opToM r TpurpaHHuka ®@pene. OpT N cCOpsSMOBaHHUI MO HOpMaI 10
MOBEPXHi, OTXKE TPETid OPT P JIEKHUTHh B JOTHYHIN O MOBEPXHI IUIOMMHI. B crinbHIN ams
000X TPUTPAHHMKIB HOPMaJbHIM IUIOMIMHI MK OpTaMH n 1 N icHye KyT & Ha puc. l,a
JOTWYHA 10 TIOBEPXHI TUIOIIMHA 4 JJI1 HA0OYHOCTI MOKa3aHa TPUKYTHUKOM 3 BEpIIMHAMHU Ha
ocsix npekaptoBoi cuctemu OXYZ. KpuBa nexXuTh Ha MOBEPXHI 1 € TPAEKTOPIEIO PYXY CHIIBHOT
BEpIIMHUA TPUTPAHHUKIB, y SKii 3HaxoauTbcs vacTuHka. Cama moBepxHs Ha puc. l,a He
MOKa3aHa, OCKIJIBKHA PyX IO Hill B OKOJII TOYKHA Ha TPAEKTOPii MOKHA PO3TIIANATH K PyX IO
JOTHUYHIHN IUIOMIMHI.

Puc. 1. Cynposinni Tpurpannnku ®@pene ta Jlap0y KpuBOi — TPa€eKTOPil pyXy YaCTHHKH N0 MOBEPXHi:
a) 3arajJbHMIl BUNAI0OK PO3TALIYBAHHA TPUIPAHHUKIB B KOHKPeTHiil To4Li TpaeKkTOpii;
0) po3K/JIaJaHHs BilLEHTPOBOI CHJIM HA OPTH TpUrpaHHuka /{ap0Oy y cniiibHiil HOpMaJbHIN MIOHIMHI
000X TpUTPaHHUKIB

PosrnsiHemo piroui Ha TOUKy cuid. BinmeHTpoBa cuia, sika BUHHKA€E BHACIIIOK PYXy
TOYKM IO KPHUBOJIIHIMHIN TpaeKTOpii, 3aBXKIM HaIpaBjcHa B3J0BX TOJIOBHOI HOpMall n B
NPOTHJICKHY CTOPOHY BiA LEHTpa KpuBMHU. OCKUIBKM OPT n 3HAaXOAMTHCS B HOPMAaJIbHIH
TJIOMIMHI L2, TO 1 BIAIIEHTPOBA CHIIa mV2k, JIe M — Maca YaCTHHKH, V — MBHAKICTH 11 pyxy i K
— KpUBUHA TPAEKTOPii B AaHIN TOUI TeX Oyze MiATH B JaHIM MIOMUHI MepHIEHIUKYIIPHO 10
TpaekTopii pyxy. Ha puc. 1,6 HopManpHa miomuHa TpaekTopii £2 mokazana 06e3 CHOTBOPEHHSI,
TOOTO HampsM TOTJSAAY Ha Hel BUOpaHWM Tak, IO OPTH 7 =T MPOCKIIIIOTHCS B TOUKY, a
JNOTUYHA IUIOIIMHA 4 - B TpsMY JiHito. [lepeTuH ABOX MEepHEeHIUKYIAPHUX TUIOUMH 2 1 4
Jla€ MpsIMY JIIHIIO, B3JOBXK SIKO1 HANpaBICHUH OpPT P MEPHEHIUKYISAPHO A0 N 1 7. Llg x
JiHIs Oyae TOTHUYHOI 10 KPUBOI (| — JiHIT mepepidy MoBepXHI HOPMATHHOKO TIOMIUHOK 2.
Tpu B3aeMHO NEPNEHAUKYJISAPHUX BEKTOPH ¢NP YTBOPIOIOTb JPYIMH CYyNpPOBITHHIM
TPUTPAHHHUK TPA€EKTOPii — TpurpanHuk JapOy. Mix optaMu N 1 n Ta b 1 P TIOMapHO
ICHye KyT & SIKMH TpU Pycl YACTUHKH 3MIHIOETHCSA 1 3aJ€KHUTh BIJ 11 TOJIOKEHHS Ha
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TpaekTopii, TOOTO B 3araJbHOMY BHUIIAJIKy € 3MIHHUM. /[l Hamoro BUNAAKY IiCIs
crabimizamii pyxy, KOJM TPUTPaHHUKU OyayTh pyXaTHCS 1O TBHUHTOBIM JiHii, BiH Oyxe
ctanmuMm. [Ipu pyci 4acTHHKHU IO TMOBEPXHI TiUIBKU cuja Barm mg (g=9,81 M/Cz) Mae 3MIHHUH
HanpsM B HAaTYpaJbHIM CHCTEMI KOOpAUHAT, PEIlTa ) CHJI CTPOTO OPIEHTOBaHA B3JJOBXK OCEH
CYMPOBITHUX TPUTPAHHHUKIB.

[Ticns crabimizanii pyxy mBHIKICTh V 9aCTUHKH OyJie CTAJNOO 1 BC1 MPUKIIAACHI 10 Hel
cui OyIyTh BPIBHOBaXKEHI. 3aMUIIIEMO PIBHOBATY JiIOUMX CHJI B MPOCKIIIi HA OPTH PyXOMOTO
tpurpanauka J[apoy. Ha opT T crpoekIitoeThes cuia Bar MQ i B MPOTHIICKHY CTOPOHY CHIIA
teprs fR, me f — xoedimient Tepts, R — peakiist moBepxHi. BekTop il BiALEHTPOBOI CHIIH
3HAXOAMTHCS Y HOPMAalIbHIM IJIOUIMHI, TOMY Ha OpPT T HE INPOEKLIIOEThCS. BpaxoByroun
BUIIECKA3aHe, 3aIHIIEMO:

mg cosy — fR=0, (1)

7ie i — KYT MIDK OPTOM T 1 BEKTOpOM cuiu Baru Mg (puc. 1,a).

Peaxuiss moBepxHi R HampaBieHa B3AOBXK HOpMalli 10 MOBEPXHI N 1 € CyMOIO JIBOX
CKJIQIOBUX: CHJIM Baru B MpPOEKIii Ha opT N Mg-cos@ ( puc. 1,a) i BiIUEHTPOBOI CUIU B
npoekuii Ha opT N MV2k-cose. CknazoBa KpuBHHH K-COS& B MPOEKIii Ha OPT N HOCHTb
Ha3By HopMaibHOI kpuBUHH: K,=K-cose Otxke ckmamoBy BiALEHTPOBOI CHJIM MOXKHA
3amucaTH 4Yepe3 HOPMaJIbHY KPUBUHY Yy BHTJISIL mv2k,, (puc. 1,6).- Kyt 6 € xkyrom Mmix
BEPTUKAJIHLHUM HAPSMOM il CUJIM BarM 1 OPTOM N, KYT £ € KyTOM MiX OpTaMU TPUTPAHHUKIB
N 1 n. OTxe, piBHOBara Cui B MIPOEKIIii HA OPT N 3aMHUILETHCA:

R=mgcosd+mV°K,. 2)

Tenep 3anuiieMo piBHOBary CHJ B Mpoekiii Ha opT P . IIpoekiiist BiAleHTpoBO1 CHIIN

Ha OpT P 3alMIIETHCS: mV2k-sine. 3Baaroun Ha Te, IO n00yToK K-Sing HOCHTH Ha3BY

reoge3nyHoi kpuBuHU K,, To6TO K.=K-Sing, MokHa 3amucaTv BHpa3 MPOCKIli BiAIIEHTPOBOI

CWJIH Ha OPT P : mv2k, (puc. 1,6). CxknagoBa cuim Baru Mg-cos@, 1€ @ - KyT MK BEKTOPOM

CHUJIM BarM 1 OpPTOM P, BPIBHOB@XYE CKJIAZOBY BIAIEHTPOBOi cuiu. OTke, pPIBHAHHSA
PIBHOBAru CUJj B TIPOEKIIIi HA OPT P 3aIUIIETHCA:

mV *k, =mg cos . 3)

[TinctaBumo (2) B (1) 1 cKOpoTUMO OTpUMaHE PiBHSHHS Ha Macy M. PiBHsHHS (3) Tex
CKOpOTHUMO Ha Macy M. ITicis mpboro 3anuIeMo CUCTEMY ABOX PiBHSHb:

gcosy — f(gcos@+V 3k, )=0; )
V 2k, =gcosg.

Cucremy (4) MOKHaA 3BECTH JIO OJHOTO PiBHSHHS BUKJIIOYCHHSIM 13 Hel MBUAKICTE V.
I3 (3) 3Haxogumo:

V? :kicosgo. ®)

2

[licna mincranoBku Bupasdy (5) y mepiie piBHSHHS CHUCTEMH OTPHUMA€EMO
CITiBBIAHOIIIEHHS HOPMAJIBHOI 1 reoe3udnol KkpuBuuu K, /K,. 3Baskaroun Ha Te, 110 K, /K, =ctge,
a TaKOJK ITICJISE CKOPOUYCHHS Ha CTaIy (, OTPUMAEMO:

cosy — f (cosd +ctge cosp)=0. (6)
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Posrnsaemo mpukiamu. JIiHIIO OCBOBOTO TEpepidy TBUHTOBOI IOBEPXHI 3a1aMo
napaMEeTPUYHUMHU PIBHSAHHAMU B IUIOCKIM CHCTEMi KOOpAWHAT MapaMeTpUYHUMH PiBHSIHHAMHU
y byHKIII1 He3aaeXHOT 3MIHHOI U:

p=pU); h=h(u). (7)

Kpuga (7) mosxke Oyt 3Mirena Big oci Ha ctany d (puc. 2,a). Hanpukian, skio 3a
KpPHBY B3SITH JIYyry Koja paiiyca I, ske 3MimeHe Ha ctany d, To piBHsHHS (7) HaOyBalOTh
BUTIIALY:

p=rsinu+d; h=rcosu. (8)

Jlnst yTBOpEHHSI TBHHTOBOI MOBEPXHI AYry Koja (8) moTpiOHO piBHOMIPHO oOepTaTu
HaBkoJo oci Oh 1 ogHOYacHO pyxaTH B3MOBXK Hei, TOOTO HaaTH Wil KPHUBIH T'BUHTOBOT'O
nepemimieHHs. Takui  crmoci0 yTBOpPEHHS TIOBEPXHI OIUCYEThCS  MapaMETPUIHUMU
PIBHSAHHSIMU:

X =pcosa; Y = psina; Z=h+ba, 9

7ie 0. — Ipyra He3aJie)kHa 3MiHHA TIOBEPXHi (KYT IOBOPOTY KPUBOI Iepepizy NOBEPXHi HABKOJIO
BEPTUKAIBHOI 0Ci), b — TBUHTOBHUI MapaMeTp — cTajia BETHIHHA.

['BunTOBa TOBEpXHS (9) 3 KPUBOIO OCHLOBOTO Tiepepi3y (8) 300paxeHa Ha puc. 2,0.
40+

h 30+

20

1045

R g

-104
-20

a0
Puc. 2. Cxema yTBOpeHHS MOBEPXHi 32 32/1aHOI0 KPHBOIO 0CHLOBOIO Iepepisy:
a) po3TalIyBaHHS KPUBOI B IIOCKIil cucTeMi KOOPAMHAT;
0) MoBepxHs, yTBOPEHA TBHHTOBUM PYXOM 3a/1aHOI KPUBOI

[[Io6 posmucatu piBHSIHHS (6), MOTPIOHO 3HATH BHPA3W BCiX KYTiB, IO O HHOTO
BXO/JISITh, OTXKE MOTPIOHO 3HATU HAIIPSIM BEKTOPIB, 1110 YTBOPIOIOTH 111 KYTH.

[Ipoekmii BekTOopa HOpMai N A0 MOBepxHi (9) 3HAXOAMMO, K BEKTOPHHUI JOOYTOK
JIBOX BEKTOPIB, MOTUYHHUX 1O KOOPAMHATHHX JiHIN. [IpoekiisiMi 1uX BEKTOPIB € YaCTHHHI
MOX1IHI EPUIOT0 MOPSIKY MoBepxHi (9):

X, = plcosa; Y, =plsina; Z,=h; (10)
X, =—psing; Y, =pcosa; Z, =h.

a

HwxHiM 1HZIEKCOM IO3HAu€Ha 3MiHHA, MO SKii BigOyBaeTbcsl audepeHIritoBaHHS.
3Hax0MMO BeKTOpHHN 100yTOK BekTopiB (10):
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X Y Z bp, sinv— ph/ cosv;
N=|X, Y, Z,|={-bp!cosa-ph sina; (11)
Xo Yo Xl lppi

[Micns mpuBenennss Bekropa HopMmani N (11) mo omawmHMYHOrO ¥OrO MPOEKIii
3aIMIITYThCS:

N - bp! sina — ph! cosa L bp, cosa + ph; sina : PP . (12)
o (o2 +h2)+b2pl? R e e P o

CroinpHUI OpT IJIs1 JBOX TPHUTPAHHUKIB 7=T CHPSAMOBAaHMM TIO JOTHYHINA [0
TpaekTopii pyxy 4acTuHU. OCKIIBKM TPAEKTOPI€I0 PyXy € TBHUHTOBA JiHIifA, TO MPOEKIIii
JOTHYHOI MU 3HaiAeMO qudepeHITiFOBaHHAM PiBHIHB (9) 110 3MIHHIM o TIpH p=CONSt:

X'=—psina; y'=pcosa; Z'=b. (13)

B piBasHHAX (13) moxigHl MO3HA4YEHI MajJuMU JITEPaMH, OCKUIBKH TIPH p=CONSt piBHIHHS
OIKCYIOTh HE MOBEPXHIO, a JiHII0 Ha Hill. PiBHAHHSA (9) MOXXYTh OMHMCYBAaTH K MOBEPXHIO, TAK
1 miHito Ha HiKk. 100 po3pi3HATH PiBHIHHS MOBEPXHI BiJ PIBHSIHB JIiHII, B IEPIIOMY BHIAIAKY
OyzeMo 3acTOCOBYBAaTH BEJNHKI JIiTepu, B Apyromy — Maumi. IlpusiBmm Bektop (13) no
OJTMHUYHOTO, 3aIHIIEMO HOTO MPOEKIIii:

= psina pcosa

b
T =, — ——
/p2+b2 lp2+b2 /p2+b2

Tperiit opr P Tpurpannuka [lapOy meprneHIUKyIIpHUN IO BEKTOpPIB N 1 T, TOOTO #oro
MOXHa 3HAWTH 13 BEKTOPHOTO JOOYTKY BKazaHMX BeKTOpiB. Ockiibku BekTopu N (12) 1 T
(14) € omMHUYHUMHU, TO TIPY PO3KPUTTI BUBHAYHUKA TSK OTPUMAEMO OJMHHYHHUHA BEKTOP:

(14)

bph) sina + p| (p2 + bz)cosa )
\/,02 +b2\/,02(,0l32 +h[,2)+bzpl:2 ’

5t 1 Tl2l_ bphljcosa—p;(p“rbz)sina . (15)
N, Nyy N, \//’2+b2\/ii(ﬂz&2+hf)+b2péz
uP

o2 +02 (o) +h7)+ 0% p2

Cain matu Ha yBasi, 110 HANpsIM BEKTOpa P, OTPUMAHOTO B Pe3y/IbTaTi BEKTOPHOTO JH0OYTKY
(15), Mmoxe MIHSATHCSA HA MPOTUJICKHHH, SKIIO MOMIHATH MICISIMU JIPYTHH 1 TPETIH PAIKA Y
BU3HAYHUKY. J[ns Toro, mo0 oTpumaHa cuctema TpurpanHuka JlapOy Oynma mpaBoio, B
JpyroMy psiAKYy BUBHaYHHMKA MalOTh OyTH MPOEKIIii BEKTOpa T, a B TPETHOMY — BEKTOpPa N .

Ham me moTpiGHi mpoekiii 0OMMHUYHOTO BEKTOpa n TOJIOBHOI HOpMalli TPAEeKTOPii,
106 MOXKHA GYNO 3HAWTH KyT & MiXK HEM i HOPMAIUIIO N JO TOBEpXHi. Moro 3HaxonaTs 3a
BIJOMUMH (POpMyJIaMH yepe3 MepIi 1 Apyri NOXiAHI HAmpsAMHOI KPUBOI (JIJIs HAIIOTO BUIAIKY
— IBUHTOBOI JIiHIT). MU Bi3bMEMO TOTOBUU pe3yabTar i3 mpaii [9], B AKiii BOHH HaBEIEHI JJIs
TBUHTOBOI JTIHIT:
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n= {~cosa; —sina; 0} (16)

OcranHiit BeKTOp — HanpsM Aii cuiu Baru M. [To3Haunmo Horo yiTeporo j 1 3amuuieMo Horo
MPOEKIIii 13 BpaxyBaHHIM TOTO, 1110 BiH CIPSIMOBaHUN BHU3:

=10 0; ~1} (17)

Kytu mix napamu BeKTOpiB L 1 M OyznemMo 3HaxXoIuTH 3a Biomoro popmyinoro. OcKiIbKU BCi
BEKTOPH B HAC OJIMHUYHI, BOHA 3aIHIICThCS:

cos(L, M)=L,M, + LM, +L,M,. (18)
3actocyBaBmm Gopmyiy (18), 3HaX0IUMO KOCHUHYCH TTOTPIOHUX KYTIB.

Jns BekropiB T (14)1 7§ (17):
b

—_ 19)

cosy =—

s BekropiB N (12)1 7§ (17):
cosd =— PPy . (20)
VP P+ )+b )
Js BekropiB P (15)1 G (17):
r 2
cosp =— h.p ) 21)
VP b2 p2 (o + 02 )+ b7 p)?
s BektopiB N (12) 1 n (16):

_ Ay (22)
I ey

[MincraBumo otpumani kytH (19), (20), (21) i (22) B piBHSHHS (6) 1 MCIsA COPOIICHD
OTPUMAEMO:

b/ p* +b> = fpyfp* (o) +h?)+b? o2 (23)

3 piBHsHHS (23) MOXXHa 3HAWTU BiJICTaHb p BiJ OCi TBHHTOBOI MOBEPXHI TO TOYOK
IBUHTOBOI JiHII — TpaekTopii pyXy 4YacTUHKH. /[l 3HAXOKEHHS IMIBUAKOCTI PyXy
ckopucTtaemocst ¢popmynor (5), 10 K01 BXOIUTh BHpa3 TeOAC3UYHOT KPUBHHH TPAEKTOPIi.
Bona BusHauaeThces i3 100yTKy K.=K-sine. KpuBuna k reuaTOBO1 NiHiT Biqoma. BoHa € cranoro
1 BU3HAYAETHCH 13 HOPMYIIH:

k=P 24)
p +b

Cunyc kyra ¢ 3Haxomaumo i3 Bupazy (22). Ilicias mimcraHoBKM IuxX AaHux y (5)

OTPUMAEMO:
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[[{o6 po3B’si3atu piBHSAHHA (23) 1 3HAWTH MBHAKICTH (25), HE0OXiaHO 3amaTH HOpMY
niHii ockoBOro mepepizy nosepxHi. Hexail Hero Oyne ayra koma (8) Ha Bixcrani d Bimg oci
obOepTanHs. 3HAXOUMO MMOXiHI PIBHSHB (8):

Ol =Trcosu; h! =-rsinu.. (26)

[Ticns migcranoBku (8) 1(26) B (23) 1 (25) onepxkumo:

bcosu\/(rsinu +d)’ +b? = f(rsinu +d)\/(rsinu+d)2 +b*cos’u. (27)
V? =g(rsinu+d)tgu. (28)

PiBastHHS (27) TOTpiOHO PO3B’sI3aTH BiTHOCHO HEBIIOMOTO KyTa U. B aHamiTHaHOMY
BUTJISIZII 1IBOTO 3pOOWTH HE BIAETHCS, TOMY IMOTPIOHO 3aCTOCOBYBAaTH YHCEIbHI METOIIH.
Bi3bMeMO MOBepXHIO i3 3aJaHUMH KOHCTPYKTUBHMMU napamerpamu: r=0,25, d=0,5, b=0,2.
UwucenpHe po3B’s3aHHA PiBHAHHSA (27) ma€ HACTyMHI 3HAYeHHS KyTa U JUIsl pI3HUX 3HAYCHD
koedirienta tepts f: u=0,4443 npu f=0,3; u=0,8359 npu =0,2; u=1,5708 mpu f=0. ITo mipi
3MEHIIICHHS CHJIM TEPTS YaCTHHKA MiJHIMAEThCSA BiA JTHA jXKoyioba Bropy. [lpu BiacyTHOCTI
TEPTS BOHA IOBEPTAETHCA MO Ay3i Koja Ha 90°, T06TO 110 BEPXHBOI TOYKH MIBKOJA.
BignosigHo pocre mBuakicts pyxy: V=1,68 m/c pu =0,3; V=2,73 m/c npu f=0,2; V=00
npu f=0. Ilpu BigCYTHOCTI TepTs YaCTHUHKA PO3TaHIETHCS A0 HECKIHUYCHHOCTI, ajie e 3a
YMOBH, 1110 HE ICHYE OIOPY MOBITPSI.

Ha puc. 3,a moOynoBaHO TBHHTOBY IOBEPXHIO 32 3aJlaHUMH KOHCTPYKTHBHHUMH
rapamMeTpamMu 1 HAHECEHO Ha Hel TPAaeKTOPil pyXy YaCTHHKH 3 PI3HUMH KOe(illiEHTaMU TEPTSI.

0.5

-0.54

Puc. 3. TpaekTopii pyXy 4acCTHHKH 10 TBUHTOBUX NMOBEPXHAX:
a) 110 MOBePXHi, yTBOPeHili TBHHTOBUM PYXOM JIyI'H K0JIa;
0) Mo NoBepXxHi, yTBOpeHiii rTBUHTOBUM PYXOM HPSIMOI JIiHil

PosrnsHeMo HaWmpoOCTIMUK BUIAIOK, KOJH JIIHIEID OCHROBOTO TEpepidy € Mpsma,
MpOBeJIeHa MiJ KyTOM [ 10 TOPU30HTAIBHOI MJIOMIMHU. [ BUHTOBA MOBEPXHS € JIHINYATOIO 1
HOCUTh Ha3BYy Kocoro remikoima. I[lapamerpuuHi piBHSHHSA JIHIT OCBOBOTO IEpepi3y
3aIUIITYThCS:
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p =ucos f; h=using . (29)

ITincraBumo piBHsAHHSA (29) 11X NOXiAHI p! =cos B, h! =sin By (23) 1 micas cIpOILEHb
OTPUMAEMO:

by/u’cos® B+Db* = fucos fu’ +b>. (30)

Po3B’smxemo piBHsHHS (30) BigHOCHO mapamerpa U, SKHii HOCUThH (PI3UYHHUE 3MICT 1 €
JIOBKMHOTO TIPSIMOJIIHIMHOT TBIPHOT IMTOBEPXHI BiJ] OC1 10 TOYKHW HA TBUHTOBIM JIIHI{:

b L AR ey 31
u_ﬁf\/l f+\/coszﬁ+(l f)z ( )

I3 (31) BumHO, 1O BiACTaHb U 3pOCTa€ MPOMOPIIOHATHLHO TBUHTOBOMY Mapamerpy b
noBepxHi. [lpu mimcranoBii B (25) mepmioro Bpazy (29) i MOXigHUX OTPUMAEMO BHPaA3
IIBUIKOCTI:

V =,/—gusin S. (32)

st renmikoina i3 KyTOM HaxXWiy MPSMOJIHIMHMX TBIPHUX ﬂ=-450 (pu ﬂ=45o oyne

OJlHA 1 Ta X MOBEPXHA, OJHAK MPH BiJI'€MHOMY 3HA4E€HHI KyTa HE BUHUKHE HEIOPEYHOCTEH Y

dopmymi (32) ) i rBUHTOBOMY TlapamMeTpi b= oTprMaeMo HACTYITHI 3HAYCHHS BiACTaHi U JIs

pi3Hux 3HauyeHb koediuienta teprs f: u=0,4443 npu f=0,3; u=0,8359 mpu f=0,2; u=oc mpu

f=0. 3a BifICyTHOCTI CHJI TE€PTs 1 ONOPY MOBITPsI YaCTHHKA BIJIASIETHCS BiJl OCI Tellikoiga Ha

HECKIHYCHHY BIJICTaHb. 31 3MEHIIEHHAM KOoe(DiIieHTa TEPTSI POCTE MIBUAKICTh PYXYy YaCTUHKHU

: V=18 mlc npu =0,3;  V=2,2 mlc npu f=0,2. [loBepxHIO Temikoina i TpaekTopii pyxy

YaCTUHKH Ha HiH MMOKa3aHo Ha puc. 3,0.
BucHoBku

[Ipu pyci yacCTUHKH 11O TBUHTOBIHM MOBEPXHi i1 KIHEMATHYHI TapaMeTpH CTaOUTI3YIOThCSA

i cTaloTh cTamMMU. IX MOHA 3HANTH, CKIIABIIM PiBHSAHHS PIBHOBATM JiF0YMX HA YACTHHKY CHII

B TIPOCKIIISIX HAa OPTH pyxoMoro TpurpanHuka [lapOy. Tpu oTpumaHuxX piBHSHHS MOKHA

3BECTH JI0 OJTHOTO, 13 SIKOrO MO)KHA 3HAWTH BiJCTaHb BiJl OCI TBUHTOBOI OBEPXHI JO TOYOK

TPAEKTOPIi PyXy YACTHHKH, SKa TEXK € cTayoro. [l po3B’s3aHHSA PIBHSHHSA TMOTPIOHO

3aCTOCOBYBATH YMCENbHI MeTOIU. TUTbKM B OKpEeMHUX BUMAJKaX (HAIPUKIIAA, KOJIU Mepepizom

MOBEPXHI € MpsiMa JIiHisA), ICHYE aHATITUYHANA PO3B’A30K. 3a BIJICYTHOCTI CHJI TEPTS 1 OMOPY
MOBITPS IBUAKICTh PYXY YACTHHKH MPSIMY€E B HECKIHUEHHICTb.
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VJIK 532.516
JL.A. PEJTUAL]

WuctutyT TpancnopTHbIX cucTeM U TexHosoruit HAH Ykpaunst
C.B. MOUCEEHKO

XepCOoHCKHI HAIMOHAIbHBIA TEXHUYECKUN YHUBEPCUTET

MATEMATHYECKOE MOJEJIUPOBAHHUE JO3BYKOBOI'O
TYPBYJIEHTHOI'O OBTEKAHUSA KOJIEBJIIOIETIOCS ITPO®UJISA NACA 0015

Ilpeocmasnenvt pesynomamol pacuemos ocyurnupyrowezo npoguis NACA 0015 ona
mpex pexiCuMo8 medenus: clabvlli Ompulé NOMOKA, COOMBEMCMEVIOWULl CPeOHeM) Y2y
amaxu 4°; pazeumsiti ompwie — 11° (Ookpumuueckoe obmexanue npo@uis); MaccueHviil
ompuie — 15° (zaxpumuuecxoe obmekanue npogpuns). [[ns uucienHHo2co MoOeaUpoBanus
obmeKanus  oCyuIIupylowje2o NnpoQuis  NPUMEHAIOMcs  ocpeOHeHHbvle no  Petinonvocy
HecmayuoHapuvie ypasHenuss Hasve-Cmoxca mecoicumaemou HcuoKocmu, 3aMKHYmMvle
00HONAPAMempuieckol Mooenblo mypoyieHmHou ea3kocmu. Paspabomannviii  HeseHblll
KOHEeUHO-00beMHbIll  YUCTEHHbIU aneopumm Oasupyemcsi Ha Memooe UCKYCCMBEeHHOU
corcumaemocmu MoOUGUYUPOBaHHblll 0Jisl paciema HeCMmayuoHapHvlx 3a0ay. Ananusupyromcs
noJNyYeHHble NOJISl 3A6UXPEHHOCMU, MEHOBEHHble JIUHUU MOKA, 2UucmepesucHvie Kpuevle
HeCmayuoOHApHBIX A3POOUHAMUYECKUX HASPY30K NPOQuis OJisl mpex XapaKmepHuIX Peicumos
oomekaHus. PaspabomaHuas — Memoouka NO360J5em  80CNPOU3BOOUMb  CIPYKMYDY
HeCmayuoHapHo20 OMpPbI6HO20 O0OMeKanus ocyurnupyioujezo npoguns. Paziuuua 6
A3POOUHAMUYECKUX XAPAKMEPUCMUKAX CMAYUOHAPHO20 U OCYULIUPYIOue2o npoguiel npu
OOHUX U MeX Jce Yenax amakiu XOpOUlo CO2NACYIOMCA € IKCNEPUMEHMANbHLIMU OAHHbIMU.
Cpasnenue  pesynbmamos  pacuemog  obmekauus — Kolebnwowezocs — npoguis ¢
IKCHEPUMEHMATIbHBIMU OAHHBIMU U U3BECMHBIMU PACUYeMaMy Opy2ux asmopos NOKA3AI0
npeumywecmeo mooeau mypoyrenmuocmu SALSA no cpasnenuio ¢ opyeumu mecmupyemuvimu
MoO0enamu, 0COOeHHO NpuU HATUYUU MACCUBHO20 OMPbIBA NOMOKA.

Kniouesvie cnosa: xonebnowuiicsa aspoounamudeckuil npoguns, ypasuenus Hasve-
Cmoxkca, moodenb mypoyi1eHmHocmu, Ompblé NOMOKA.

J1.O. PEJTUULID
[HcTuTyT TpaHCIOpTHHX cucTeM i TexHoioridi HAH Ykpainu
C.B. MOICEE€HKO

XepCOHChKHI HaIlIOHAILHAN TEXHITHUH YHIBEPCHTET

MATEMATHUYHE MOJAEJIIOBAHHA JO3BYKOBOI'O TYPBYJIEHTHOI'O
OBTIKAHHA ITPO®IJIIO NACA 0015, IO KOJIMBAETbHCS

Ilpeocmasneno pesynomamu pospaxyuxie npoginto NACA 0015, wo ronusacmocs,
0J151 MPbOX pexcumie meyii: crabKuil 8i0pu NOMoKy, wo 8i0nosioae cepedOHboMy Kymy amaxu
4°; possunenuil siopus — 11° (doxpumuune obmixanns npoino);, macuenuii iopus — 15°
(3axpumuune obmikauHsa npoghinto). [na uucenbHo2o MoOent08anHs 0omikanHsa npogino, uo
KOJIUBAEMBCS, 3ACMOCO8YIOMbCsl ocepeoneHi 3a PelinonbOcom HecmayioHapui pieHAHHSA
Hag'e-Cmokca  necmucausoi  piounu,  3amMKHYmMi  OOHONAPAMEMPUYHOI — MOOEILIIO
mypoynenmuoi 8'saskocmi. Po3pobnenuil nesagnuil CKiHueHO-00'€MHUL YUCENbHUL ANeOpUmMM
basyemvca Ha MemoOoi WMYYHOI CMUCTUBOCMI, WO MOOUPDIKOBAHUU 0N  PO3PAXYHKY
HeCmayioHapHux 3a0ay. AHanizylomvcsi OmMpuMaHi Noas 3A6UXPEHHOCMU, MUMMESL JiHIl
meuii, cicmepe3ucHi Kpusi HecmayioHaApHUX aepoOUHAMIYHUX HABAHMANCEHb Npo@inio 0
MPbOX XAPAKMEPHUX pexcumie oomixanus. Pozpobrena memoouxa 0oseonse iomeoprosamu
CMPYKMYpPY — HeCmayioHapHo20 GIOpUBHO20 O0OMIKAHHA NpoQhinto, Wo  KOIUBAEMBCAL.
Biominnocmi 6 aepoounamivnux xapaxmepucmukax cmayioHapno2o npoghinio i npoghinio, wo
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KOMUBAEMBCSA, NPU  OOHUX [ MUX Jice Kymax amaku 0obpe  Y32000CYIOmuCs 3
excnepumenmanoHumu oanumu. Ilopisnanua pesyibmamie po3paxyHKie 0omikanHs npoghino,
WO KOAUBAEMBCS 3 eKCNEPUMEHMATbHUMU OAHUMU T 8I00MUMU PO3PAXYHKAMU THULUX A8MODPI6
nokasano nepesazy mooeui mypoyirenmuocmi SALSA 6 nopieuanui 3 iHuwumMu mMooensimu, uo
Mecmy8anuct 0coOIUBO NPU HASIBHOCMI MACUBHO2O 8I0PUBY NOMOKY.

Knrwouosi cnosa: aepoounamiunuti npoghine, wo roausaemocs, piensanus Hag'e-
Cmokca, mooenvb mypoyieHmHocmi, 8i0pus nomokxy.

D.O. REDCHYTS

Institute of Transport Systems and Technologies of Ukrainian National Academy of Science

S.V. MOISEENKO

Kherson National Technical University

NUMERICAL SIMULATION OF SUBSONIC TURBULENT FLOW
OF OSCILLATING NACA 0015 AIRFOIL

The results of calculations of the oscillating NACA 0015 airfoil for three flow regimes
are presented: a weak flow separation corresponding to an average angle of attack of 4°;
developed separation — 11° (subcritical flow around the airfoil); massive separation — 15°
(supercritical flow around the airfoil). The authors have developed a specialized CFD
package in which a compromise between the required computational resources and the
quality of the results. On the one hand, provide a complete approach of computational fluid
dynamics based on the Navier-Stokes equations, including several differential turbulence
models, as well as multi-block approach for the flows in multiply connected domains.
Designed CFD package allows us to solve the problem of dynamics and aerodynamics,
including electrodynamics processes, electrochemistry, multiphase fluids, combustion
processes and plasma kinetics. For the numerical simulation of the flow around an oscillating
airfoil, Reynolds-averaged unsteady Navier-Stokes equations of an incompressible fluid
closed by a one-parameter turbulent viscosity model are used. The developed implicit finite-
volume numerical algorithm is based on the method of artificial compressibility modified for
the calculation of unsteady tasks. Visualization of turbulent flow around oscillating NACA
0015 airfoil is obtained. The obtained fields of vorticity, instantaneous streamlines, and
hysteresis curves of unsteady aerodynamic loads of the airfoil are analyzed for three
characteristic flow regimes. The stages of generation, development and stalling of vortices
are described in the flow around oscillating NACA 0015 airfoil. The developed technique
makes it possible to reproduce the structure of an unsteady separated flow around an
oscillating airfoil. The differences in the aerodynamic characteristics of the stationary and
oscillating airfoils at the same angles of attack are in good agreement with the experimental
data. Comparison of the computational results of a flow around an oscillating airfoil with
experimental data and known calculations by other authors showed the advantage of the
SALSA turbulence model compared to other tested models, especially in the presence of
massive flow separation.

Keywords: oscillating aerodynamic airfoil, Navier-Stokes equations, turbulence
model, flow separation.

ITocTanoBka npodaemMbl
VBenuuenne Ko3(pQuuMEHTa HCHOJIb30BAHUS DSHEPrUM BETpa BeTpoarperaramu
CBA3aHO C YJIYUYHICHUCM a3pPOAMHAMUYCCKUX XAPAKTCPUCTUK BGTpOTypGI/IHBI N TCXHUYCCKUX
[apaMeTpoB  3JIEKTPOMEXAHHUYECKOro 00OpyAoBaHMs. VI3BeCTHblE METONMKH pacueTa
a’pOJMHAMUYECKUX  XapaKTEPUCTHK  BETPOTYpOMH  OCHOBaHbl HAa  SMIIUPHYECKHX
COOTHOILEHUSX, UMITYJIbCHON TEOPUHU M CTAL[MOHAPHBIX a9POAMHAMHUYECKUX XapaKTEePUCTHKAX

DOI'10.32782/2618-0340-2018-2-133-145
134



HPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

npoduneit [1]. JlampHelee COBEPIIEHCTBOBAaHUE a’POAMHAMUYECKUX XapaKTEPUCTHK
BETPOArperaToB CBSA3aHO C HUCIOJIb30BAHUEM METOAMK, 0a3UpPYIOIIUXCS HAa HECTAlMOHAPHBIX
ypaBHeHusx Hapwbe-CTokca W ypaBHEHWM BpamieHus BeTpoTypOuHBI [2]. Ilpm HH3KHX
KodpduuueHTax OBICTPOXOAHOCTH, a TakXe IMpPH 3allycke W OCTAaHOBKE pPOTOPOB
BEPTUKAIbHO-OCEBBIX BETPOArperaToB Ha MX JIOMACTAX MPOMCXOAUT AMHAMUYECKUN CPBIB
MOTOKA. SIBJIeHHE NUHAMUYECKOTO CpbIBa MOTOKA HAOIIOZAETCS MpHU BHPAXKax CaMOJIETOB,
IBUKEHMM Ha3aj JoMacTel poTopa BEpTOJIETOB, Ha pabodMx Kojecax aBHAIlMOHHBIX
JBUTATEJICH, YTO MPUBOIUT K BUOpAIUSAM, LIyMYy, PE3KOMY H3MEHEHUIO adpPOJUHAMHYCCKHX
XapaKTepUCTHK HECYIINX MOBEPXHOCTEH, pa3BUTHIO (priaTTepa.
AHaJIU3 NOCJeHUX UCCIAeTOBAHNN U MYy0TuKAIMT

[TepBbie pabGoTHl 1O 3TOM (DyHAAMEHTAIHHOW MPOOJIEME MEXaHWKH >KHIKOCTH ObUIH
MOCBSIICHBl HCCIEAOBAHUIO Konebanwii mnpoduis ¢ ymepeHHOW amrumutyaoid. O630p
JuTepaTypel MOXHO HaliTH B pabotax McCroskey [3, 4], Carr [5], Telionis [6]. B
OOJIBIIMHCTBE CIy4aeB HKCIEPUMEHTHI MPOBOIMWINCH B AuanazoHe uucen Maxa ot 0.01 mo
0.3, 4TO COOTBETCTBYET HECKHUMAEMOMY pPEXKHUMY TEUEHHS, Ha KPBUIbAX C MHPOoPUIsIMHU
NACA 0012 u NACA 0015.

Pe3ynbTaThl YMCIEHHOTO MOJEIUPOBAHUS TUHAMUYECKOTO CPbIBA MOTOKA MPUBEIECHBI
B paboTtax [5-14]. MccnenoBanuio JaMUHAPHOTO PEXHMa O0TEKaHHUs MOCBSIIEHBI paboTHI [8§,
9]. Anst pacyera ocumwymupytomero npoduis B padore [9] npumensuiich ypaBHeHus: Hapbe-
Crokca Hec)KMMaeMOW KMIKOCTH ¢ ucnoib3oBaHueMm anropurma SIMPLE. Ocpennensble
ypaBHeHus HaBbe-CTokca ckMMaeMoro rasa uid pacueTa OCIIIIUPYIOUIEro NpoQuiis
ucrnonp3oBaauch B paborax [10-13]. B pabore [15] paccmarpuBanoce NATh Mojenei
TypOyneHTHocTH: anreOpanyeckas bonnBunHa-JIomakca [16], Renormalization Group Theory
(RNG), ocHoBanHas Ha anreOpamdeckoit monenu [17], momysmmupudeckas J[>KOHCOHa-
Kunra [18, 19], opnomapamerpuueckue bomnnsuna-bapca (BB) [20] u Cnanapra-
Annmapaca (SA) [21]. YioBneTBOpUTENbHBIE Pe3yabTaThl C UCIIOIb30BAHUEM ITHX MOJEICH
TypOYICHTHOCTH OBUTH MOTYYEHBI JIUIIH JJISI MAJIBIX YTII0B KOJeOaHuil mpoduIis.

IMeas uccnenoBanusi

Ilenpto Hacrosieil pabOTHI SBIAETCS HCCIEAOBAaHUE OCOOCHHOCTEH OOTCKaHUS U
a’pOJMHAMUYECKUX XapaKTEPUCTHK OCIHHUIMPYIOUIETO NpOQMIIs Ha OCHOBE OCPETHEHHBIX
ypaBHeHnuii HaBpe-CTokca, BBIOOp TpHEMIIEMOM MOAEIH TYpOYJEHTHOCTH I pacuera
OTPBIBHBIX TEUCHH B IIMPOKOM JIHAIa30HE YIIIOB aTakKu M XapaKTepa JABMKEHUs TPOoduIIs.

H3105keHNe 0CHOBHOI0 MaTepHAaJIa HCCIe0BAHUSA

ITocTanoBka 3axay4yM. Marematnueckoe MOJIEJIMPOBAaHUE ZIO3BYKOBOTO
TypOyJIeHTHOrO OOTEeKaHWs KojeOtomerocss MpoguiIsi MPOBEACHO C HCIOJIb30BaHUEM
HeCTallMOHAPHBIX OCPeIHEHHBIX 1Mo Pelinonbacy ypaBHenuit HaBpe-Ctokca (URANS).

Jlia 3amblkaHusl ocpeqHEHHBIX ypaBHeHMI HaBbe-CTokca HecKMMaeMOW KUAKOCTH
(1) W CITOJTH30BAJIUCH OJTHOTIapaMETPUIECKHUE MOJIeTH TypOYJICHTHOCTH. U3
OJHOTIApaMETPUUYECKUX Mojeneld TypOyJeHTHOCTH HauOojiee pacIpOoCTpaHEHHOH sBIseTCS
mozaenb Cnanapra-Amimapaca (SA) [21], koropas pa3paborana s 3a7a4 BHEIIHETO
00TeKaHUs MPU MaJIbIX YTJIaX aTakd ¢ HeOOJBIIMMU OTPBHIBHBIMHU 30HaMu. JInHeiHas Monenhb
Cnanapra-AinMapaca, aganTadpoBaHHas K TEH30py ckopocteit nedopmaruii (SALSA) [23],
CX0Xa ¢ OpUTrMHajIbHOU Mojenbio SA. OHa OCHOBaHa Ha NPUHLIUIIE BUXPEBOM BSI3KOCTH IS
CJ1a00CKUMAEMBIX TEUEHUH C MPEeHEeOPEeKNMO MajIbIMU (DIYKTyalusiMu I10THOCTU. OCHOBHOE
ormmune SALSA ot crangapTHOM Moaenu TypOyieHTHocTH SA  3akimiouaercs B
UCIIOJIb30BaHUU TEH30pa CKOopocTeil nedopmMainuii BMECTO TEH30pa CKOPOCTEH poranuu, a
Takke MO (UKAINH YICHOB TeHEPAINH, TUCCUITAIINY U JECTPYKIIHH.

B kxauecTBe HayalbHBIX YCIIOBUH 33a/1aBaIMCh TApaMETPhl HEBO3MYIIIEHHOT'O ITOTOKA BO
Bceil pacueTHoi oOnactu. Ha BHemIHel rpaHulle NPUMEHSINCh HEOTPAKAIOUINE IPAaHUYHBIC
yCIIOBUS, AJI pacyeTa KOTOPBIX HCIOJIb30BAJICS METOJ XapakTepucTuk. Ha moBepxHocTH
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TBEPJIOTO TeJla CTAaBWJIOCh YycloBHME Npwimmanus. B momenu TypOynentHocTH SALSA
3Ha4YeHue pabodyeil mepeMeHHON Ha Tejie 3a/1aBajoCh PAaBHBIM HYJIIO, HA BBIXOJHOW IpaHUIle
cTaBWIOCh ycioBue Helimana.

CFD naxert u ero Bepupuxamnus. /[Jiss 4ucI€HHOTO pelIeHUs MOCTaBICHHOMN 3aauu
WCIIONB30BAJICS  pa3pabOTaHHBIA  CHENMUAIU3UPOBAHHBIA  TAKET  BBIYMCIUTEIbHON
aspoauHaMuku (CFD naker) Ha ocHoBe ypaBHeHul HaBpe-CTokca, BKIHOYash HECKOJBKO
mudpepeHIMaIbHBIX ~ MOJeNel  TypOyJIeHTHOCTH, JUIsi pacueTa CTallMOHApHBIX U
HECTAIIMOHAPHBIX JJAMUHAPHBIX U TYpOYJICHTHBIX TEUCHUH.

CucreMa WCXOJIHBIX YypaBHEHHMi, 3alKChIBajlacCh OTHOCUTEIBHO MPOU3BOJILHON
KpUBOJIMHEWHOM cucTeMbl KoopauHaT. CorylacoBaHuE TMOJE€H JaBIEHUS M CKOPOCTHU
OCYILIECTBIISUIOCH C MOMOIIBI0O METOa UCKYCCTBEHHON CXKMMAeMOCTH, MOJIU(ULIMPOBAHHOTO
JUIS pacueTa HecTallMOHapHbIX 3a1ad [22]. MHTerpupoBaHue cUCTEMBl UCXOAHBIX YPAaBHEHUN
OCYILECTBIISUIOCH YHUCJIEHHO C HCIOJIb30BAHHEM METO/a KOHTPOJbHOro oObema. Jlis
KOHBEKTHBHBIX TIOTOKOB MCIOJIb30Balach IPOTUBOIIOTOYHAs amnmpokcumaius Rogers-
Kwak [24], ocHoBanHass Ha cxeme Roe Tperbero mopsaka TOYHOCTH. B Momensax
TypOyJIEHTHOCTH /ISl alMPOKCUMAIINN KOHBEKTHBHBIX ClIaraeMbIX MpUMEHsIach cxema TVD
¢ orpannunteneM NoTokoB ISNAS Tperbero mnopsiaka. [Ipom3BogHble B BA3KHX YJI€HAX
alIpOKCUMUPOBAIIUCH IIEHTPAIbHO-PA3HOCTHOM CXEMOW BTOPOTO HOpsSAKa. AJTOpUTM
perieHus ypaBHEHH Oa3upyeTcss Ha TPEXCIOWHOW HESBHOW CXEME C TMOAMTEPAMSIMHU TI0
NICEBIOBPEMEHH BTOPOTO MOPSJIKAa TOYHOCTH MO Qu3nueckomy BpeMeHH. [lomyueHHas
0JI0OYHO-MAaTpUYHAs CHCTEMa JIMHEHHBIX anreOpanyecKuX ypaBHEHUH pellagach METOJIOM
muHuMu3anuu 0606menHoi HeBssku GMRES ¢ ILU(k) npenoOycnaBnuBanuem.

TectupoBanue pazpadoranHoro CFD makera BBITIOJHEHO Ha CICAYIOIMMX 3aadyax:
TeYeHHWEe B KaBepHe, 3amavya brasnyca, oOTeKkaHHE CTAlMOHAPHOTO M BPALIAIONIETOCS
uuMHApa U npoduis kpbuia. HekoTopble pe3ynbTaThl pelieHus: 3TUX 3a/1ay MPUBEICHBI B
paborax [2, 25-27].

PesyabTarbel m oOcyxaenue. Huxke mnpeacTaBieHbl pe3ysbTaTbl PacyeToB,
npoBefeHHble  uia  ocumumdpytomiero  npodunst  NACA 0015, mnpuMeHUTEnbHO K
AKCIICPUMEHTAIBHBIM JaHHBIM, TPEICTAaBICHHBIM B paboTte [28] mpu uucie PeitHonbca,

OIpeIeIeHHOM TI0 XOpjie MPOMHIIA K CKOPOCTH HEBO3MYIIEHHOTO MoToka, Re =1.95x10° mns
TpeX peXUMOB TeUeHUs: a) caalbblil OTPHIB MOTOKA, COOTBETCTBYIOIIMM CpEeTHEMY YIIIy aTaku

a,=4"; 0) pa3BUTBIi OTPBHIB (IOKpUTHUECKOE OOTEKaHHE Npo(uiIsL), COOTBETCTBYIOLIEE
a,=11"; B) MacCUBHBIi OTpBIB (3aKPUTUYECKOE OOTEKaHHWE MPO(UIL), COOTBETCTBYIOLIEE
a, =15". MrHOBEHHBII yroji aTaky Kpblla ONPEAEISIETCS 10 3aKOHY a(t) =a,+a, sin(a)t).

AMIUTMTYla  KoJeOaHMii OTHOCHTENBHO CpEJHEro yrjia cocTaBisma o, =142, a
Oe3pa3mepHnas yacrota K = wc/2V, =0.1. Ock BpamieHus npouiis HAXOAUIach Ha YETBEPTH

XOpJbl OT HOCOBOW 4acTu Mpomiis. DKCIEPUMEHTAIbHbBIE TaHHBIE YCPETHSUIUCH (ABaaIaTh
IUKJIOB KosieOaHmii). Pe3ynbTarhl MpuBeIEHBI UISI TPEThETO NUKIA KoyieOaHuid. Pacuersr
BBINIOJIHEHBI Ha CYLIECTBEHHO HepaBHOMepHOW O-cerke, coctosimei u3z 600x400 y3nos.
CeTrka cTpouiach METOJIOM MHOTMX MOBEpXHOCTEH [29]. BHemHss rpaHuna pacyeTHOH
obnacTi Haxoaujach Ha paccrostHuu 20 xopa oT meHTpa Kosebanus npoduis. CrymieHue
y3JI0B TMPOBOJWJIOCH B HANpPaBIEHWU HOPMAIM K IOBEPXHOCTH, a TaKXe K HOCOBOH H
XBOCTOBOH 4acTsiM npoduist. s ajeKBaTHOTO pa3pelieHus] MPUCTEHOYHBIX 3(()EKTOB B IMO-
TPaHUYHOM cJlo€ HaxoAuiaoch mopsaka 250 Todek. be3pa3MepHbI IIar Mo BpPEMEHH,
pacCuUMTaHHBI IO JUIMHE XOpAbl M CKOPOCTHM HEBO3MYIIEHHOI'O IIOTOKA, COCTaBIISIET
At =0.005 . Ha oquH moiaHbIi UK Koliebanus HeobxoaumMo 6620 maros.
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a) Cnyuai cnrabo2o ompwiea nomoka

OcHOBHOE TedeHue OE30TPHIBHOE, OTPHIB HAOIOIAE€TCS TOIBKO B HEOOIBIIONW 00J1acTH
BOJIM3K 3amHedl KpoMku. CpaBHEHHE a’dpOAMHAMUYECKHUX KO3(PHUIMEHTOB, MOIYUYCHHBIX C
MTOMOIIBIO PA3JIMYHBIX MOJENCH TypOyJIEHTHOCTH, C IKCIIEPUMEHTAIbHBIMU JTaHHBIMHU [28]
npuBeAeHb Ha puc. 1. Pe3ynbTaThl, OTydeHHBIE C MOMOIMIBIO MOJENEH TypOyJIEeHTHOCTH
SA() wu SALSA (==), yIOBIETBOPHUTEIBHO COBIQJAIOT MEXIy CcoO0OH U ¢
AKCIIEPUMEHTATBHBIMUA JTaHHBIMHE (O) [28] mo k03 dummeHty mnoabeMHON cuibl (puc. 1 a).
[Tpu nBuxeHun npoduias BHU3 HEKOTOpas 3aiepKKa B BOCCTAHOBJIEHUU MOTPAHUYHOTO CIIOS
B XBOCTOBOW oOnacTu mpoduisi MmojlydeHa MpU HCMonb3oBaHuu Mmonenan SA. HeOGonbiiue
OTJIYHS B PACIPEICIICHUN JABJICHUS IO IMOBEPXHOCTH, IPAKTHYECKH B XBOCTOBOH 00JIacTH,
OPUBOIAT K  3HAYUTENbHBIM  OTIMYUSM B KO3(pQUIMEHTaX CHJIBI  JI0OOBOTO
conpotuBnenus (puc. 1 6) u kpyrsamero Mmomenta (puc. 1 B) mist monenu SA. Pesynbrarhl,
MOJly4eHHbIE C TIOMOIIBIO STOM MOJENH, XYK€ COrJacyercs C JKCIEPUMEHTATbHBIMU
JTAHHBIMU U pe3yJibTataMu 1o moaenu SALSA.

0) Cnyuail pazeumozo ompwiéa (0OKpumuueckoe oomexanue npopuis)

OcHOBHOE T€UEHHE CTAllMOHAPHOE, OTPHIBHAS 30HA HE MPEBHIIIAET MOJOBUHBI IITMHBI
npodwiisd, HAOMIOAIOTCS OTAENbHbIC KOJICOaHUS B CIlielie W B YacTH OTPHIBHOW 30HBI. Ha
HABETPEHHON 4YacTu mpodumns TedueHue Oe3oTpriBHOE. KonebGanus mpoduias MHIYIUPYIOT
HECTAIMOHAPHBI  OTPBIB  TypOYJICHTHOTO TMOTPAaHUYHOTO CJOS HAa  IOABETPEHHOU
MOBEPXHOCTH XBOCTOBOM yacTH mpoduiis, mogooHbIe BUXpeBoil nopoxke Kapmana B ciene 3a
mwtHIpoM. [Ipu nBmKeHUN Mpoduis BBEPX TOYKA OTPHIBA JIBHIKETCS BBEPX IO MOTOKY B
HAMpPaBIICHUU TEpeIHed KPOMKH Tpoduis, yBelIW4yuBas 30HY OTpbiBa. [lomojkeHue TOYKHU
OTPBIBA COOTBETCTBYET NMPUOIUZUTEIBHO MOJIOBUHE JITTMHBI XOPIbI.

[Ipu yBenmueHuH yriaa ataku npoQuis OT MHHMMAIBLHOTO 3HAYEHHUsS, BEIMUYMHA
MOJBEMHOM CHJIBI COBMAJAET C COOTBETCTBYIOUIMMH 3HAYEHUSIMH IPU CTATUYECKUX YTJax
aTaku (puc. 2 a). 3aTeM KpuBas MOAbEMHOMN CHIIBI MPOXOJAUT BhIIIE JAaHHBIX (O SKCTIEPUMEHT
[30]) momy4yeHHBIX AJIsl HETOABWKHBIX NMpoduieid. 3To 00yCIOBISCHO TeM, YTO OTPhIBHASI 30HA
Ha TOJBETPEHHON CTOpoHE TMpoQuis HE YCHEBaeT pa3BUThCSI O  Pa3MeEpoB,
COOTBETCTBYIOIIMX CTallMOHApHOMY ciy4aro. [logbemMHas cuiia ¢ yBEJIMYEHHEM YyrIJia aTaku
MPOJOKAET PACTH MOYTH JIMHEHHO 10 MOMEHTa, MoKa Mpo(uiib HE U3MEHUT HAIpaBlICHUE
cBOoero nBvkeHus. Hawamo nBwkeHuss mpoduias BHU3 MPUBOAUT K M3MEHEHUIO pa3MEepOB
BUXPEH, CPHIBAIOUINXCS C BEPXHEH MOBEPXHOCTH MPOQUIIS, MaJCHNUI0 BETUYUHBI MOAbEMHON
CWJIBI HIDKE 3HAYCHUN TPU CTATUYECKOM YyTJie aTaku. J[BMKEHHE IO KPUBBIM HAIPABIICHO IO
4aCcOBOM CTpEJIKE.

Pe3ynbTaThl, MOMyYeHHbIE C TIOMOIIBIO PA3IUYHBIX MOJAETeH TypOyJIeHTHOCTH,
MpUBeIeHbI Ha puc. 2 a. Moaenu TypOynenTHocTH SA (T HacTosimas pabora, O pacuer [31])
nu Wilcox k—o (A pacuer [32]) moOKka3bpIBalOT 3aBBIIICHHbIE 3HaueHUs Koddduumenrta
MOIEEMHOM CHJIBI ¥ TIOJOOHBI MKy co00it (puc. 2a). [Tpu ncnosnb3oBannu moaenu Baldwin-
Barth (A pacuet [31]) HabmiogaeTcsi MEAJICHHBIA TMPOIIECC BOCCTAHOBIICHUS MOTPAHUYHOTO
ClIOsl B Cly4yae OTpbIBA W NPUCOCTUHEHUS NpU ABWKeHHHM mpodwmns BHU3. IIporecc
3aBepuIaeTcs JUIIb HAa HAa4YajJbHOM JTare JBIKEHUS Npouisi BBEPX, YeM U OOBICHIIOTCS
3aHW)KEHHBIE 3HAYEeHUS KOA((HUIIMEHTA TOABEMHON CHIIBI.

['ucrepesucHass kpuBas  KodhuIUeHTa TOABEMHOW  CWIBl Ui MOJENHU
TypOyneHTHOCTH SALSA (== HacTOsilass pabota, e pacuer [31]) yAOBIETBOPUTEIHHO
corjmacyercsi ¢ akcnepuMmeHToM. Monens TypOynenTtHoctn SALSA nyumie mnepemaet
MOJIO)KEHWE TOYKU OTpPbIBA, YTO CKa3blBAe€TCS Ha YJIOBJIETBOPUTEIHLHOM COBIAJICHUU
Kod(UITMEeHTa TOABEMHOM CHITBI, BKIIIOUAsl KOHEII ATala JBIKEHUsS mpois BHU3 (puc.2a).
HeGonpiioe paznuuue Mexay pesyJdbTaTaMH, IOJYYEHHBIMH B HacToslled paboTe s
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JAHHOM MOJIeTH, W TaHHBIMHU pa0oThI [31] 0OBACHSIETCS pa3IMUHBIMU pa3MepaMu pacueTHON
cetku (600x400 y3:10B B HacTosimei padore mpotus 482x72 y310B B padote [31]).

Monpens SALSA IIOKa3EIBaeT YAOBJIETBOPUTEIBHOE COBITaJICHHIE C
SKCHEPUMEHTAIBHBIME  JTAHHBIMH 10  Ko3(duuueHTaMm J000BOTO CONPOTHBICHHUS H
KpYTAIIETO MOMEHTA, B OTJIMYHE OT SA.

TectupoBaHue pazIUUHBIX MoOJENel TypOYJIEHTHOCTHM HE BBIIBHIIO OTPBIBA MOTOKA
BOJIM3UM HOCOBOM dYacTh mNpoduiis B HAYaJbHOM J3Tale JMHAMUYECKOTO0 CphiBa IOTOKA.
OCOOEHHOCTH ATOTO TEUCHHS OTIMYAIOTCS OT HAOIIOAAEMBIX KCIIEPUMEHTAIBHO Ha MIpoduiie
NACA 0012. McCroskey [33] u Chancrasekhara [34] ycTaHOBWIH, YTO TMHAMHUYECKUN CPHIB
BUXpEH HAayMHAeTCs B pailloHe OTphIBA Ha MepeaHei kpomke npoduis. IToT peHomeH Ha
npoduine NACA 0012 oObsICHAETCS HAIMYUEM PA3BUTOTO TYPOYJIECHTHOTO IMOTPAaHUYHOTO
ciost BONMM3M mepeaHed KpoMku mpoduis. OTindyue MeXAy 3TUMH JIBYMsS NPOQMIAMHU
COCTOUT B Pa3IMYHON KpPUBU3HE 3TOM oOmactu. [lorpaHunuHbii cioil B pailoHe mepemaHei
kpomku nipodpuins NACA0012 menee 3aropmorket, yeM y npopunst NACA 0015.
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Puc. 1. 3aBucumMocT K03GPUIHMEHTOB MOIbEeMHOI Puc. 2. 3aBucumocTn k03¢ PpuHEHTOB
CHJIBI (a), 1000BOT0 CONPOTHBICHNA (0) M KPYTHAIIEr0  MOAbEMHOI CHIIbI (a), T000BOr0 CONPOTUBJIECHUS
MOMEHTA OT YIJ1a aTaKH JJIs cJIy4asi ¢Jadoro orpbia (0) U KpYTSALIEr0o MOMEHTA OT yIJ1a aTaKM JJIsl
NMOTOKA. cay4asi pa3BHTOI0 OTPLIBA MOTOKA.

8) Cnyuati maccusHo2co ompwiea (3axpumuieckoe oomexkanue npoghuis)

CTpyKTypa TEYEHHS XapaKTEpHU3yeTcs SIPKO BBIPAKCHHBIMH HECTAI[HOHAPHBIMU
sBreHusIMA. OTpBIB TOTOKA 3apOXkKIaeTcs Ha TMOJIBETPEHHOH CTOpPOHE BOIHM3M HOCHKA
npoduiis, pacrnagasch 3aTeM Ha CUCTEMY BHXPEH C pa3IMYHBIMU CKOPOCTSMHU JBHKEHUS. B
3HAYCHUSX HMHTETPAIBHBIX MApaMETPOB  TPOSBISIOTCS  CYIICCTBEHHBIC  OCHMJUIAILUH,

3aBUCAIME OT CKOpPOCTH cxona Buxpedl. Ilpu @, =15 1OMUHMpyROIMM SBISETCS
KpPYITHOMACIITAOHBIM OTPBIB MOTOKA. OTPBIB MOIPAaHUYHOTO CJIOSI BO3HUKAET B PallOHE 3aHEH
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KPOMKH TIpOouIIsl IpU ABMKEHUHU PO BBEPX U MPOJOIIKAET paCIPOCTPAHATHCSA BBEPX 110
MOTOKY, KOTJAa HAMpaBJICHHE JBIKCHUS TMPOPWIS MEHSETCS Ha IPOTHUBOIOIOKHOE.
Hecrannonapaoe o6TekaHne XxapakTepu3yeTcs: MepuoINYECKUM CPHIBOM OOJIBIINX BUXPEBBIX
CTPYKTYp Ha TOW CTaauu MHKIA, KOrjaa NpoQuiab IBUKETCS BHU3. OTH CTPYKTYPHI
MIEPEHOCATCS HaJl BEpXHEH MOBEPXHOCTHIO MPOGMIIS U MOKUAAIOT MPeAesbl MPOoQHIIs 10 TOTO,
KaKk Tpo(uiIb TMOJHOCTHIO 3aKOHYUT ABM)KCHHE BHU3. MacmTaObl 30HBI BSI3KO-HEBS3KOTO
B3aMMO/ICHCTBUS HACTOJIBKO OOJIBIINE, YTO TOJNIIMHA MOTPAHUYHOTO CJIOSI MOpSIKA JITMHBI
xopael  mpoduis, oco0eHHO, B mpouecce cxoxa  Buxpeid.  Hecramumonapuble
a’pOIMHAMUYECKUE XapaKTEPUCTUKU MPEBOCXOAST CBOM CTAaTHMYECKHE aHAIOTU M 00pa3yioT
OONBLIYI0 THUCTEpE3UCHYI0 KpuBylo. Ilocme poctmxkeHus mnpoduiaeM HauOOJBIIETO
OTKJIOHEHHSI B XOJ€ KOJeOaTeIbHOro IMKJIa CreHEpHUpOBAaHHOE HECTAllMOHAPHOE TI0JIe
TEUCHHSI XapaKTePU3yeTcs HAIWMYUEM MACCHUBHOTO OTphIBA W OONBIIUMH pa3MepaMu
BUXPEBBIX CTPYKTYp. MakcuMmanbHble 3HaueHus Kod3()(PUIMEHTOB MOIBEMHOW CHIIBL,
7000BOTO COMPOTUBIICHUS M KPYTANIETO MOMEHTa MOTYT 3HAYUTENHHO MPEBBIIIATh WX
CTaTUYECKHE aHajoru. Jlaxke He3HaYUTEIbHOE HECTAIMOHAPHOE JBUKEHUE TOBEPXHOCTH TEJa
MOXET TMPUBECTH K KA4eCTBEHHBIM pa3JIMYUsIM B TMOBEACHUU a’pOAMHAMUYECKUX
XapaKTEPUCTHK.

Puc 4. 3aBucumoctu kK0o3(pPuIIIeHTOB
MOABLEMHOIi CUJIBI (a), JI000BOTO
conpoTuBaeHus (0) M KPyTSLIEro MOMEHTa

u K 0T yIjia aTAKM ISl CIy9asi MACCHBHOTO
Puc 3. KonTypbl 3aBHXPEHHOCTH IPH 00TEeKAHUN! OTPbIBA MOTOKA
moaear Baldwin-Barth MoaeJab SA moaeiab SALSA.
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Puc. 5. Jlunnu Toka npu odTekanun kosedaonierocsi mpoguast NACA 0015 nist pa3snu4HbIX yIJ0B aTaKu
U HanpaBJieHUi ABu:KeHus: a — 19°7,6-19°, 8 —17°], r—15°|.

I[J'I}I 9TOr0 pCKuMa TCUHCHUA MOKHO BbIJICINUTD IISATh CTa,Z[HfI.

1. Yron araku nmpoduiist mpeBHIIaeT CTAaTHYECKUN yroy cpbiBa moToka (puc. 4 a (1)).
IToTok u3menser HaIlpaBJICHUC IBUKCHHA B IOT'PAaHUYHOM CJIOC.

2. Hagano cpeiBa motoka (puc.3 a u puc. 4 a(2)). [JanpHelmnee yBeaIudeHUE yria
aTaky MPUBOJIUT K TUHAMUYECKOMY CPBIBY BUXPEH C MepeqHei KpOMKH npoduiis. DTOT yroi

Ha 5 GOJbIIE CTATHYECKOTO YITIa CPhIBA, TAK KAK HECTAIMOHApHBIE d(PMEKTH 3aTATHBAIOT
CpbIB TOTOKa M TEM CaMbIM YBEIWYHMBAIOT JIHHAMUYECKOE 3HaueHHe Koddduuumenra
MOJBEMHOM CUJIBI B CPABHEHUU CO CTATUYECKUM.

3. Buxpu nepeHocsTcs BAOIb XOP/bl MPUOIU3UTENBHO ¢ OAHON YETBEPTHIO CKOPOCTH
HEBO3MYIIIEHHOTO TOTOKa (puc.3 6-r u puc. 4 a(2-3)). DTO NPUBOAUT K YBEITHMUYCHHUIO
MOJITbEeMHOM cuitbl. LIeHTp naBieHus cMeniaeTcss OT HOCHUKa MPOQHIIs K XBOCTOBOW YacCTH.

4. Pe3koe mageHue moabeMHOM cuitbl (puc. 3 1-3 u puc. 4a(3-4)). Ilocne goctmwxkenus
BUXPEM XBOCTOBOW 4acTW MpOQWIIs, TPOUCXOTUT TOJIHBINA (T7I00anbHBI) OTPHIB MOTOKA C
BEpXHEH MOBEPXHOCTH. BUXpb, TOPOKACHHBIN 3aHEH KPOMKOH MpOoduisi, B3aUMOJICHCTBYET
C OCHOBHBIM BuXpeM (puc. 3 n). HampaBnenue Bpamenus ux pasnuunsl. Ilocne Hauvana
IBUKEHUSI TPO(UII BHU3 MUK JIaBJICHUS B palloHe NepeHel KPOMKH MpoQuiis pe3Ko naaeT.

5. [Ipucoenurenue notoka (puc. 3 u, K u puc. 4 a (5)) HaunHaeTcs BOIM3U TepenHei
KPOMKH W CMeUIaeTcs MO HAalpaBICHHUIO K XBOCTOBOM YacTu MpoQuiid, KOrjJa Yroia aTaku
CTaHOBHTCS JOCTATOUYHO MAJIBIM.

['ucrepe3ucHblie HUKIIBI KO3)PUIIMEHTOB MOILEMHON CUJIBI, TOOOBOTO COMPOTHUBIICHUS
U KPYTSAIIET0 MOMEHTA, TOJTY4YEeHHBIE C MMOMOIIBIO PAa3IMYHBIX MoJeneil TypOyJIeHTHOCTH MPH

a, =15, nokasansl Ha puc.4. Mogenp SA naeT 3aBBINICHHBI MUK JABICHUS B HOCOBOM
obnactu podusisa. ITO MPUBOIUT K 3aBHIIIICHHBIM 3HAYCHHSIM MOIBEMHON CHUJIBI (PUC. 4 a) U
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3aHKEHHOMY JI000BOMY compoTuBieHuIo (puc. 4 6). Mogens TypOynentHoctn SALSA
MOKA3bIBAET JIYUIINE Pe3yIbTaThl, 4eM SA B CPAaBHEHUU C IKCIIEPUMEHTOM I10 KOIPPHUITUEHTY
nmogbeMHOM cuibl (puc. 4 a). OmHAaKO B €€ TMOBEACHHHM HAOMIOAAIOTCS OCHWUISAIUU TPH
IBUKEHUH TTPOMUIS BHU3. DTO SBISIETCS CIIEICTBUEM MACCHBHOTO CPhIBA BUXpEH ¢ BepXHei
noBepxHocTd mpoduis (puc. 3 1-3). OTCyTCTBHE TaKMX OCHWUISIMHA B DKCIIEPUMEHTE
OOBSICHSIETCS] OCpPEeTHEHNEM HECTAllMOHAPHON KapTUHBI TCUCHUSI.

B cmywae wMaccuBHOro cppiBa TOTOKa HaOmofaeTcs pe3KUid pocT J1000BOro
corpoTtuBneHus (puc. 4 6) M KpyTsmero MoMmeHTa (puc. 4 B) B KOHIIE ITUKIA JBHKCHUS
npodunss BBepx mo moaenmun SALSA. Mogens TypOynerntHoctn SALSA mokasbiBaeT
VIOBJICTBOPUTEIILHOE  COBMAJEHUE C  OKCIOEPUMEHTOM IO OTHM  HHTETPaIbHBIM
XapaKTePUCTHKAM.

CpaBHeHUE IIMHUN TOKA, MOCTPOCHHBIX MO MTHOBEHHOMY IIOJIIO CKOPOCTEH, st

pasmanbIx nososkernit mpopust 19 T,194,174,154 B Teuenne oxuoro mukia konebanus u

paccuMTaHHBIE C TMOMOIIBI0 Mojene TypOynentHocTH BB, SA, SALSA, npuBencHsl Ha
puc. 5. [Ipu aBmwxeHnH npoduist BBEPX MOJIOKEHHE TOUYKH OTPHIBA MEPEMEIaeTCs OT 3aHeH
KPOMKHM IIpo¢uiisd BBEpX MO NOTOKY. MaKcHManbHbIM pasmep BUXpsl HAOIIOJaeTCs NpU yriie

~17 Ha ydacTke JBMXeHHs Npoduns BHU3. Ero cpblB MPUBOJUT K CMENIECHUIO MOI0KEHHUS
TOYKH OTPbIBA BHU3 I10 MOTOKY.

JluHamuueckue BHUXPEBBIE CTPYKTYpPbI, IIOJyYEHHBIE C IIOMOIIBIO MOJENEH
typOyneaTHoctn BB [20] m SALSA (macrosimas pabota), momoOHBI Mexay coboit. [lpu
UCTOJBb30BaHUU Mofenu TypOyineHTHocTH SALSA wHabmomaercss OOJNbIIOE KOJHUYECTBO
BUXpEW NpHU ABWKEHUU Npoduiisd BHU3. [[1Ha OTPHIBHOM 30HBI MIPH UCIOIB30BAHUU MOJEIN
TypOynenTHoct SA  (HacTtosmiass paboTa) MHMHMMaidbHa, a mo Moxenu BB -
MakcuMaibHa (puc. 5).

BriBoabI

JUis  4YUCIEHHOTO  MOJENMpPOBaHUS  OOTEKaHUS  OCHWUIMPYIOIIEro  MpoQuis
IIPUMEHSIIOTCS. OCPENHEHHbIE 10 PeliHonbacy HecTaloHapHble ypaBHeHuss HaBbe-CTokca
HEC)KUMAEMOH KHUJAKOCTH, 3aMKHYTBIE OJHOTIAPAMETPUUYECKONW MOJACIbI0 TYpOYyJIEeHTHOMN
BSA3KOCTH. Pe3ynbTaThl pacyeToB MOIy4eHBbl HA OCHOBE Pa3pabOTaHHOTO HESIBHOTO KOHEUHO-
O00BEMHOTO0  YHMCIEHHOTO aJropuT™Ma, Oas3upylollerocs Ha METOJe HCKYCCTBEHHOM
C)KUMAeMOCTH. BBINONTHEH aHanM3 TMOJIyYeHHBIX MTHOBEHHBIX JIMHHHA TOKa, KOHTYPOB
WHTCHCUBHOCTEH  3aBHUXPEHHOCTH, KOA()(PHUIIMEHTOB TMOABEMHOM  CHJIBI, JIOOOBOTO
CONPOTHBIICHUS] M KPYTAIIETO MOMEHTOB JUII TPEX XapaKTEPHBIX PEKUMOB OOTEKaHMSL.
Pa3paboranHasi MeTOIMKAa TMO3BOJSIET BOCIPOU3BOJAUTH CTPYKTYpY HECTAllMOHAPHOTO
OTPBIBHOTO OOTEKaHWs OCIHIUIMpYIonero mnpoduisi. Pasnuuus B a’poIuHaAMHUYECKHX
XapaKTePUCTHKAX CTAlMOHAPHOTO U OCIMIIHUPYIOMIETO MPoQIel MpH OAHUX U TEX ke Yriiax
aTakyd XOPOILO COTJIACYIOTCS C SKCIEPUMEHTAIBbHBIMM JaHHbIMU. CpaBHEHUE pe3ysIbTaToOB
pacueToB C OKCIEPUMEHTAJbHBIMU JaHHBIMH M H3BECTHBIMH pacdyeTaMy I0Ka3ajio
MPEUMYIIECTBO MOJIeNU TypOyaeHTHOCTH SALSA 1o cpaBHEHHIO C IPYTHMMHU TECTHPYEMBIMU
MOJIETISIMU.
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YK 621.9.08
C.A. PYCAHOB, A.A. OMEJIbYVK, A.J. PEAOPYVYK

XepCcoHChKHI HAallIOHAJIBHUN TEXHIYHUHN YHIBEPCUTET

MATEMATHUYHI MOJAEJII I ITIPOI'PAMHI ITPOAYKTHU PO3B’A3KY 3A/IAY
KIHEMATHUKHW I AHAJII3Y CTPATETTA OGPOBKHA

Poszenanymo mamemamuuni modeni ma npocpamui npooykmu Oisi 3a0e3nedenHs
AKOCMI ma eKcniyamayii KapKacHux npocmopo8ux KOMHOHOBOK 6a2amoKoOpOUHAMHO20
001a0HAHH MAWUHOOYOI8HOT I CyMidcHUX 2any3ell. Bukopucmano genomenonoziunuil nioxio,
Wo cnupaemovcia Ha 6XIOHI OAHHI CMAMUYHUX NOKA3HUKIE KOMNOHOBKU-NPOMOMUNY 3
nOOANbUWUM TMeOpPemUdHUM BUSHAYEeHHAM obnacmell piuieHb 1 eapiayicio YCix 3MIHHUX Ol
CMBOPEeHHs  IHWUX HOBUX KOMNOHOBOK OONAOHAHHA I3 3A0QHUMU  MEXHONOIYHUMU
eracmusocmsamu. Po3pobneno npoepamue 3abe3neuenus Oiisi po3pAXyHKy obepHeHoi 3adaui
KiHeMamuky ma  HAnpys#ceHo-0eqhopmosanoeo cmauy O MeXAHIZMI8  napaneivbHoi
CMpYKmypu, 5Ke 8 C8010 UYepzy MOoxce BUKOPUCMOBY8AMUC SAK Nocm-npoyecop O
BUBHAYEHHS Npaye30amuocmi 0y0b-aK0i H080I KoMnoHo8Ku sepcmamis. Hasedeno eapianmu
Memo0di8 amanizy KiHeMamuKu [ pO3PAaxyHKy OAHUX, OMPUMAHUX 68 CMBOPEHUX NPOSPAMHUX
cucmemax.

Knrouosi cnosa: sacobu npoexmyesanns, oonraonanns 3 MIIC, scopcmkicms KapkacHux
KOMNOHOB0K, ninitika npocpam.: "Tools Glide", "Tools Response”, "Tools App", npycui
giOmucKanHs, ananiz oegpopmayiu, kopezysanus KII.

C.A. PYCAHOB, A.A. OMEJIbUVK, JI.J1. ®EJIOPUYK

XepCOHCKUI HALIMOHAJIbHBIN TEXHUYECKUH YHUBEPCUTET

MATEMATHUYECKHE MOJEJIM U IPOT'PAMMHBIE ITPOYKTbI PEINEHU S
3AJAY KHHEMATHUKU U AHAJIM3A CTPATEI'NM OBPABOTKH

Paccmompenvr  mamemamuueckue Mmooenu U NPOSPAMMHbIE  NPOOYVKMbL  OJifl
obecneuenusi Kauecmea U OKCHIYAMAYUU KAPKACHBIX NPOCMPAHCMBEHHBIX KOMHNOHOBOK
MHO2OKOOPOUHAMHO20 000PYO08AHUL  MAWUHOCMPOUMENLHOU U  CMENCHbIX Ompaciel.
Ucnonvzosan  enomenonocuueckuti  nooxoo, ONUPAOWUNCT HA  6XOOHble  OaHHble
cmamuyeckux nokasameneu KOMNOHOBKU-NPOMOMUNA C NOCAe0VIOWUM MeopemuiecKum
onpedeieHuem obdacmell peweHull U sapuayuell 8cex NepemeHHviX Ol CO30AHUsL Opyeux
KOMNOHOBOK 000pY008aHUs C 3A0AHHBIMU MEXHOI02UYeCKUMU ceoticmeamu. Pazpabomano
npocpammuoe obecneuenue O pacuema 0OPAmMHOU 3a0aqu KUHEMAMUKU U HANPSHCEHHO-
o0ehopmMuposanno2o cocmoanus 011 MEXaHUusMo8 NApalelbHOU CMPYKMypsl, KOmMopoe, 6
€801 0uepedb, Modicem Oblmb UCNOIBL30BAMBCS KAK NOCM-npoyeccop OJis Onpeoeienus
pabomocnocobrocmu 10601 HOBOU KOMNOHOBKU cmankos. Ilpusedenst sapuarnmvl Memooos
AHAMU3A KUHEMAMUKU U pAacyema OAHHLIX, HNONYYEHHLIX 6 CO30AHHLIX NPOSPAMMHBIX
cucmemax.

Knioueswvie cnosa: cpeocmea npoekmuposanus, oo6opyoosarnue ¢ MIIC, scecmxocmo,
KAPKACHBbIX KOMNOHOBOK, aunetika npoepamm: "Tools Glide", "Tools Response”, "Tools App",
ynpyeue oegpopmayuu, anaius oegopmayuti, koppekmuposxka Y11
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MATHEMATICAL MODELS AND SOFTWARE PRODUCTS FOR SOLVING
THE PROBLEM OF CINEMATICS AND ANALYSIS OF STRATEGIES OF
PROCESSING

There is a variety of design tasks, especially the problems of choosing the optimal
(under external constraints) solutions where it is necessary to analyse a large number of
factors and process a large amount of information. In the engineering industry there are tasks
of finding the optimal layout in the space of possible designs of modular structure equipment.
The development of related auxiliary mathematical tools for solving similar problems for the
layout space of the frame structure equipment with parallel actuators, focused on the
implementation of technological operations for processing materials, is considered.

Today it is difficult to imagine the designing of products and designs without the use of
certain CAD systems. The most crucial role among the variety of CAD / CAM / CAE
programs is played by finite element analysis packages. The range of tasks solved by them
covers almost all areas of engineering calculations: strength, oscillations, stability, dynamics,
acoustics, hydrodynamics, aerodynamics, and the like.

A separate part of the program are geometric modelling systems that allow you to
work with forms in three-dimensional space (changing the shape of a model, adding and
removing parts of it, detailing the shape of a visual model, etc.). Modelling the work of frame
processing equipment is possible, and often necessary, when searching for the optimal layout.

Mathematical models and software products for quality assurance of multi-coordinate
equipment of machine-building and related industries are considered. A phenomenological
approach based on the input data of the static prototype layout indicators with the subsequent
theoretical determination of the decision areas and the variation of all variables for the
creation of other new layouts of the equipment with given technological properties is used.
Software has been developed for calculating the inverse kinematics problem for mechanisms
of parallel structure, which in turn can be used as a post-processor to determine the
performance of any new machine layout. Variants of methods for analyzing kinematics and
calculating data obtained in computer mathematics systems are given.

Key words: design tools, equipment with MPS, rigidity of frame assemblies,
programs: Tools Glide, Tools Response, Tools App, elastic squeezing, deformation analysis,
NC correction.

IlocTtanoBka npoodJemu

IcHye pi3HOMAaHITTS 3a7a4 MPOEKTYBaHHs, OCOOIUBO 3a1a4 BUOOPY ONTHUMAIbHUX (B
yMOBaX 30BHIITHIX 00MEXCHbB) PIllIeHb, JIe TIOTPIOHO 3IMCHIOBATH aHAJI3 BEJIMKOI KUIBKOCTI
dakTopiB Ta 00poOKy Benukoro obcsary iHdopmarii. B mammHoOyAiBHIN ramy3i MOXHa
BUIUTMTH cepel MOAiOHMX 3a7ad — 3ajadi MONIyKYy ONTHMAaJIbHOI KOMIIOHOBKH B TPOCTOpI
MO>KJIMBUX KOHCTPYKIM 0ONagHaHHA MOIYJIbHOI CTPYKTYpH — 3ajadi KOMIOHEeTHKH [1-3].
Jlaiti po3riasaaeThess po3poOKa CymyTHIX JOMOMIKHAX MAaTEMAaTHIHHUX 3aCO0IB JIJIsl BUPIIICHHS
NoMiIOHMX 3ajad Ul MPOCTOPY KOMIIOHOBOK OOJIaJJHAHHS KapKacHOI CTPYKTypu 3
napajeIbHAMA BUKOHABUNMHU JTaHKaMH, OpIEHTOBaHHUX Ha BUKOHAHHS
MaTepianoo0poOIOBAIEHUX TEXHOJOTIYHHUX OTepalliil.

AHaJIi3 OCTAHHIX T0CTiIKeHb Ta mMyOaikanii

CbOroHi CKJIaJHO ySIBUTH MPOEKTYBaHHS BHPOOIB 1 KOHCTPYKIIi 0e3 3aCTOCYBaHHS
tux 4 iHmmx CAIIP [4]. Haif0inpm BiAMOBiZaNBHY pOJIb CEpEll YChOTO PO3MAITTS
CAD/CAM/CAE-nporpam  rpaloTh  MakeTd KiHIEBO-eJIeMEeHTHoro asanizy. Koo
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pO3B'sI3yBaHUX HHUMH 3aBJIaHb OXOIUTIOE Maibke BCl chepu IHXKEHEPHUX pPO3PaxXyHKIB:
MIIHICTh, KOJIMBAHHS, CTIHKICTh, TMHAMIKA, AKyCTHKA, T1POAMHAMIKA, aepOIHHAMIKA TOIIO.

OKpeMoI0 YacTHHOI TIPOTpaM € CHUCTEeMH T€OMETPHYHOTO MOJICIIOBAHHS, SIKi
J03BOJIAIOTH TpalfoBaTu 3 (opMamMu B TPUBHMIPHOMY IMpOCTOpi (3MiHAa Qopmu Mopedi,
JO/IaBaHHS 1 BUAQJCHHS 11 YacTWUHH, JAeTamizaiis (GopMu Bi3yaldbHOI MOJENl Ta iH.).
MonentoBaHHs poOOTH KapKacHOTo 0OpOOIIOBAIBHOIO yCTATKYBaHHS MOKJIMBO, a 4acTo
HEOOX1/IHE TPU MPOBEJICHHI MOIIYKY HOT0 ONTHMaIbHOI KOMIIOHOBKH. B SIKOCTI mpuKIagy Ha
puc. 1 BkazaHa KiHIICBO-€JIEMEHTHA Ta PO3PAXyHKOBA MOJENb HAMPYXEHO-AePOPMOBAHOTO
CTaHy KapKacHOTO 00pOOIIIOBaILHOTO O0JaAHAHHS 3 MTapajeIbHUMH IpuBoiaMu [S5—7].

Agne nmoniOHa Mojienb, o BukoHaHa B 3aransHux CAIIP, moTpeGye 3HauHOTO Yacy Ha
MirOTOBYI TPOIEAYPH, 3HAYHOTO MAITMHHOTO Yacy JJIs pO3paxyHKiB, HE MAa€ MOKJIHMBOCTEH
JUTsL TIPEKOMITOHOBKH (SIKIIIO KOMIIOHYBaJIbHA CX€Ma BH3HAHA 3a Pe3yJIbTaTaMU PO3PaxyHKIiB
HEB/AJIO0), HE MAa€ MOXKJIMBOCTEH ISl TEHEPYBaHHS TPAEKTOPi poOOUYNX PYXiB IHCTpPYMEHTa
Ta BIAMOBIIHOTO 3BOPOTHBOTO 3B’SI3Ky 3 OOPOOJIOBAIBHUM CEPEIOBHILNEM, HE MAae
MOXJIMBOCTEH JUIsl 3aBIaHHS aJCKBAaTHHUX 3yCHJIb B3aemomii (cui pizaHHs) Ta iH. Tomy €
aKTyaJbHUM CTBOPCHHS IIJTLOBHUX IPOrpaMHUX 3aco0iB, B SKUX Oe3mocepenHbo Oymm O
BpaxoBaHi MOTPeON IMIBUAKOI MEPEKOMIIOHOBKH, 3HI)KCHHUU 4ac IS MMATOTOBYHX MPOLEIYP
Ta Yac po3paxyHKIiB.

15 LenTPY BO, it
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30BHilHE OCbOBE HaBaHTameEHHA, H
Puc. 1. Pe3y1sTaTi MOeTI0OBaHHS BiITHCKAHD IEHTPY PYXOMOi IJ1aT(opMu Bix
HABAHTAXKYBAJIHHOI CHJIM: 2 — HA0YHe 300PasKeHHs] MOJeTIOBAHHS;
0 — 3aJIesKHICTB NPYKHUX NepeMillieHb LIeHTPY PyXoMOoi IUIaT(hopMH BiJl 3HAYCHHS
HABAHTAKYBAJIbHOI CUIH (32 1aHuMH [S-7])

Meta gocJixKeHHs

MeToro TOCHIKeHHS € MO0yA0Ba MaTeMaTUYHUX MOJIENICH UIsS TPUKIATHOI OIIHKU
KOPCTKOCTI 00J1aITHaHHS TIPOCTOPOBHX KOMITOHOBOK 13 ME€XaHI3MaMH MapajieabHOi CTPYKTYpH
Ta TOYHOCTI BIATBOPEHHSI TPAa€KTOPil poOOYOro opraHy B yMOBaX CHJIOBOTO HaBaHTaKCHHSI
(cwi pi3aHHS 3araJlbHOTO BHIUISY), IO B CBOKO YEPry JO3BOJHUTH OILIHUTH MOXKIIHUBICTH
BUKOPUCTaHHS TaKOro oOJagHaHHS [ OOpoOKM cKiIagHO-Mpo(ITbHUX JeTaned 3
MOJKJIMBICTIO MIBHIKOI TIEPEKOMIIOHOBKM Moeli. I[IpoBeneHHS TEOPETUYHOTO aHaii3y
TUTMIOBUX CTpaTerii oOpoOKM Ha KapKacHOMY TIJaia-o0iagHaHHI TMOBEPXOHb OOEpTaHHS 3
BU3HAYCHHSM TPYKHUX BIATHCKaHb MAPHIPHO-CTPIKHEBOI CUCTEMH 3 POOOYHNM OPTaHOM.

BukageHHs1 0CHOBHOI'O MaTepiary 10CTiIKeHHs

CydacHi CKJIaiHi CHCTEMH Pi3HOMaHITHOI MPUPOIH MPEACTABISIOTh COO0I0 KOMILIEKC
PI3HUX MiJCHCTEM, II0 BUKOHYIOTH TEBHI TEXHOJOTIYHI (PYHKIi 1 MOB'A3aHI MK CO0O0IO
MpolecaMy 1HTCHCHBHOI JMHAMIYHOI B3a€MOJIii. 3a3HaueHl CHCTEMH YacTO € HEeTHIHHUMH,
0araToBUMIpHUMH 1 6araTo3B'sI3HUMH.

B "Bemmkux" 1 "HagBenukux" cHcTeMax OCOOJIMBO TOCTPO CTOATH MPOOIeMH
OIIEPATUBHOTO TIEPEKOMIIOHYBaHHS, NIBHIKOTO JEKOMIIOHYBaHHS Ha i€papxidHO 3B’s3aHi
eIeMeHTH Tomo. Jlo BETUMKHUX CHUCTeM JOIUIBHO BIHOCHUTH CKJIAJIHI CHCTEMH,
(dbyHIaMEHTaIBHI BIACTHBOCTI SKUX 3MIHIOIOTHCS TIPH MOAAIBIIOMY 30UIBIIEHH] PO3MIPHOCTI
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cuctemu. [Ipu nboMy BiZOYBa€ThCS AKICHA 3MiHA 1X MOBEIIHKH, 110 BUKIHUKAE TPOOIEMHU B
YIOpaBIiHHI TaKUMHM CHCTEMaMH 1 MOXe€ MPU3BECTU 10 MPUIMHEHHA iX (YHKIIOHYBaHHS.
MareMaTiuHa MOJENIb TAaKOi BEIMKOI CHUCTEMH CKJIAJA€TbCs 3 MATEeMAaTUYHUX MOJAeJel
€JIEMEHTIB 1 MaTeMaTHYHUX MOJEJIENH B3aeMonii eJIeMEHTIB. B3aeMomis eJleMEHTIB
PO3IIISIIAETHCS 3BUYAHHO SIK PE3YJIbTaT CYKYIMTHOCTI BIUTMBIB KOXKHOTO €JIEMEHTA Ha 1HIIII.

MareMaTHuHi MOJeNli CHHTE30BaHMX CTPYKTYp, ILIO BXOISATh JO METOAUKH
IH)KEHEPHUX PO3PaxXyHKIB MOBUHHI CKiIagaTucs 3 [8—9]:

— BXIJJHUX JaHMX, IO TMPEACTaBICHI y BUTJIAAI BIAMOBIAHMX YHCIOBHUX MACHBIB, Ta
3a[1al0Th TeOMETPil0 OOJaJHaHHS, MOYATKOBE (BIAJIKOBE) IMOJIOKEHHS JIAHOK (HAMpPsMHUX,
IITaHT, IaTGopMu, MapHipiB, IHCTpyMEHTa), MOTPiOHI TpaekTopii pyxy poOodoi JaHKH Ta
HaNpsIMHOTO BEKTOpa IHCTPYMEHTA;

— PO3paxyHKOBHX 3aJIe)KHOCTEH, IO IMOB’A3YIOTh OPIE€HTALII0 PyXOMOi miardopMu B
JOBITBHANA MOMEHT MAIIMHHOTO Yacy 3a IIOTOYHUM TIOJIOKEHHSM po0oduoi JIaHKH Ta
HANpSIMHAM BEKTOPOM I1HCTPYMEHTa Ta 3 BIAMOBITHUM MOJOKEHHSM B IMONepenHiit Ta/abo
MMOYaTKOBUM MOMEHT 4acy;

— PO3paxXyHKOBHUX 3aJICKHOCTEH, 10 3HAXOIATh HEOOXIimHE IS peanizamii 3agaHuX
TPAEKTOPIH MONOXKEHHS PyXOMUX KapeTOK Ha HaNPSIMHUX.

s peamizamii MaTeMaTHYHOI MOJENI B SIKOCTI BXITHUX JaHUX HEOOXiTHO
chopMyBaTH MacHBH, SIKi 33Jal0Th T€OMETPit0 00JIaHAHHS y BUIJISII KOOPAMHATHUX TPiHOK
BY3JIiB JIAHOK JIJISl TIOYATKOBOTO (BITIKOBOTO) IMOJIOKEHHS Ta 3a/IaTH MACHBH, SIKi ONHUCYIOThH
NOTPIOHY JUIA peanizallii TPaeKTOPil0 Y BUTIIAAI KOOPAMHATHUX TPIHOK AJI KOKHOTO KPOKY 32
MAIIMHHUM YacoM, Ta MAacWBH, SIKi ONMUCYIOTh MOTPiOHI HJsl pearnizamii HampsiMHI BEKTOpH
THCTPYMEHTY y BHUIJISI/II MIPOEKIIiH Ha BiAMOBIAHI KOOPIAUHATHI BiCi.

Jns  po3paxyHKy KiHEMAaTHKH Ui KOXXKHOTO KpPOKY 3a MAallMHHUM YacoM
PO3paxoBYIOTbCS MPOCTOPOBI KYTH IOBOPOTY PYXOMOi IUIaT(GOpPMH, KOOPAUHATU LEHTPY
1aTOpMH Ta KOOPIUHATH YCIX MIApHIPiB TUIATHOPMHU. AHAIOTIYHO JUIsI KOXKHOTO KPOKY 32
MallMHHUM YacOM Ha OCHOBI OTPUMAaHHUX KOOPJMHAT YCIX MHIAPHIPIB PYyXOMOi MmiaaTdopMu
PO3paxoBYIOTBCS KOOPAMHATH PYyXOMHX KapeToK Ha HampsMHuX. KiHematwdni mopemni €
OCHOBOIO JJIs BIATIOBIAHOTO NMPOIPaMHOI0 MOJYJIsl KIHEMaTHKH.

Posrasinemo opieHTaliiro 6a30BUX €JIEMEHTIB (puc. 2).

Z03

/ X (1) Y@
CTp./ Jk
Hon./

Puc. 2. OpienTanisi 6a30BUX ejieMeHTIB (CTPUKHI Ta MOJIIrOHM).

v’ Opienmayis cmpuoichis.
[osnaaumo: 6asuc k -oro crpwxns {€,, }, 6asuc marpopmu (mosiroxa) {e,.p }
BeprukanpHa miONmIMHA, [I0 BKJIIOYAE CTPWXKEHb (HA pHUC. 2 TO3HAUYE€HA ITyHKTHPOM)
3aJ1a€ThCS K (S1 xS, XF —7,)=0 — 110 € PiBHAHHAM TUTONIMHY, KA TIPOXO/UTH Yepe3 7, Ta S,

1 S,, ne S, =n, — HanpsIMHUI BEKTOp CTPUXKHA (BIH € OJHUM 3 €JIEMEHTIB 0azucy {éi b }),

S, =k — BeKTOp BepTHKAJ B INI00AIbHINA CUCTEMI.
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Xy =X
s - 1
S, =n, ” ” Vo= >
275
ne |||| — HOpMa BEKTOpa.
TakuM YMHOM AJIsI BUIIAJKY, IO PO3IIISAA€ThCS (II100aIbHAa KOOPAMHATHA CHCTEMA)
0 X, X,
S,=k=|0|, 1, =|y, |5, =| V, | — KOOpAMHATH IIOYAaTKOBOI'O Ta KIHLEBOIO ILAPHIPIB
1 z, Z,
CTPHKHSL.
AHaJOT{9HUM YMHOM 3HAXO/MMO iHIIi enemMenTH G6asucy {¢,, } 7, Ta f, :
7 _anSZ ra Ly, X1,
b, — ]_(' i ‘Z’ % ﬁ ‘ ’
1, X b, X 1,

v’ Opienmayis niamgpopmu.
[losHaunmo: 7, — BEKTOp OpieHTallii MIaTpopMu/iHCTPYMEHTY (3uuTy€eThes 3 MPN-

¢aiiny, mo 3aaae HeOOXiaHI TpaekTOPil 00poOKH — 1Mo cyTi, mepedopmaroBanuii paiin CAM-
cucreM CLData), 7, — paalyc-BeKTOp TOJOXKEHHs MEpIIOro IIapHipy Ha miaardopmi

(cmiBnazae 3 BIANOBIIHMM BY3JOM CTPHXKHS), 7. — PaAlyC-BEKTOp LIEHTPY IIaT(GOpMH, L0
BU3HAYAETHCA SK 7 =7y — 7 Iy, 7, — PallyC-BEKTOP TPAEKTOPIl IHCTPYMEHTY (3UMTYETHCA 3

MPN-daiiny), /;,, — BWIIT IHCTPYMEHTY.
Taxkum YHOM, TOJATKOBO IO 1 , BU3HAYaeMo:

3B'A30K Mik 6a3MCaMHU 3a/1a€ MATPHILS IEPEXOJLY, TAKA, WO €, , = &€, , a =a -

MaTpuLsl OPTOrOHAJIBHA.

v’ Po36’szanns 06epHenol KineMamuunoi 3a0aui.
s pimmenast oO6epHeHOT 3a/1aui po3po0IeHO JBa aJITOPUTMIYHMUX BapiaHTa: Simple
Matrix Scenario Ta Virtual Potential Scenario.
e Simple Matrix Scenario.
Peanizye mpocTy TpaHCIALIIO 3 TOBOPOTOM Ha KYT ¢ HaBKOJIO OCi V,
NEPIEHAMKY/ISAPHINA [UIOUMHI, WO MICTUTh BEKTOPH 7, — HOpPMall /0 MOBEPXHi AeTani B

NOTOYHIN Touwl (110 3unTyeThest 3 MPN-daiiny) Ta aesKky nonepenHo HopMaib 7,

[ ] Toa +
1, XTgy,

2

Sl

PROST

Sl

"l

COSP =1, 14,
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<

X

ne [Rot] — MaTpHILIsl [IOBOPOTY HABKOJIO OCI V =| v, | HaKYyT @,

AS

cosp+ vxz(l— cosp) v (l-cosp)- vz2 sing v, v (l-cosp)tv, sing
[Rot] =|v,v,(I-cosp)tv sing  cospt Vyz(l—COS Q) v,v.(l-cos@)-v sing |,
v.v (I-cosgp)-v sing v.v (l-cosp)tv, sing  cospt vzz(l— cos Q)

—

T — BeKTOp TpaHCIALII.

Bkaszanwuii BapiaHT HEe BpaxOBY€ OOMEKEHHs, III0 MOXKYTh OyTH HaKJIaJeHI MapHipaMu
B KIHEMaTHYHHX Mapax, TOMy Mependaudae aaeKkBaTHE BpaxyBaHHS HUX OOMEXEHb IIe Ha
cramii ¢opmyBanHss MPN-¢aiimy. 3 iHmoro Ooxy Simple Matrix Scenario € Oibin
MIBUAKOJIIFOUYUM QJITOPUTMOM PO3PaxyHKY OOEpPHEHO1 KiIHEMaTHKU.

e Virtual Potential Scenario [10].

Moske BpaxoByBaTH BKa3aHi OOMEXKEHHS 3a paxyHOK BBEICHHS BIPTyaJIbHOTO
MOTeHLiany V, mo AJd TOJOHOMHHX B’Si3ei MOBMHEH MaTH MiHIMyM (OLbII 3arajibHO —
NpUiMaTH CTalllOHApHE 3HAYEHHS) Yy JO03BOJIEHUX B’SA35IMM TOYKax HPOCTOPY, a IpHU
BiJIXMJICHH1 BiJ] HUX JETHTONOAIOHO 3pOCTATH:

V)=

ne f(7,t) — miBa 4acTMHA PIBHSAHHSA Ul AomycTuMoi moBepxHi f(7,t) =0, d(x) — nenpra-
byHKITIS.

TakuM YMHOM BBOJSYM 3aMiCTh T€OMETPHUYHOTO CHEPICTHYHUHN OINUC B’S31B, BOHU
BKITIOYAIOTHCS 1X Oe3nocepeHpo y GyHKiniro Jlarpanxka, sika Oyie BUSHAYaTUCS SIK

M
=2 454 2) ) U 20

i=1

ne U (x, Vv, Z, t) ABJIsIE COO0I0 CyMapHy MOTEHIIaJIbHY €HEePrito CUCTEMHU B MOJI1 MOTEHIIAIbHUX
CWJ, a KiHIleBa cucTeMa MUu(EpeHIIHHUX PIBHIHB, 10 OMHCYE KIHEMATHKY IPOCTOPOBOTO
MeXaHi3My, OTPUMYEThCS MiACTaHOBKOIO (yHKuii Jlarpamxka y piBHaHHS Jlarpamxka 2-ro
poay, 0 CKJIaJeH] 1Mo BCiM /N CTyNeHsIM BUIBHOCTI:

v Kinyeso-enemenmuuii anauis.

o  Kinyesuil enemenm "abconromno sxcopcmruii nonieon (naamgopma)”.

3MiIIeHHS TOBIILHOT TOYKH MIATHOPMH K aOCOIIOTHO KOPCTKOTO 00’ €KTY B CHCTEMI
KoopauHaT miaTdopmu (puc. 3) 3a paxyHOK jaedopMariii HECy4Mx IITAHT BH3HAYAEMO SIK
JHIHHY CUCTEMY:
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i
W —m pe e i} i} — {r} Py g ip)
w, =n,, -r+ul =n,, |y tul’ =a,x” +b,y" +u’,
0
Ae 7, — HANPSIMKA 3MILICHHS BY3IIB MOJITOHY,d,,, b, — KOCDILEHTH, MO MOTPEOYOTH

BU3HaYeHHs, ul’’

i-Ta TIPOEKIis BEKTOpY 3MIIEHHS LEHTPY IUIaTGOpMH B CHCTEMI
xoopauHaT miathopmu, x'7',y'' — xoopaMHATH MOBiNBHOI TOUKM MIATGOPMH B CHUCTEMi

_KOOp/MHAT MIaTQopmMu.

np %; ’
- {g} P
r
p (
- {g}
0, e

Puc. 3. Cucrema koopauHat niardopmu Puc. 4. Bextopu uenTpy niardopmu Ta mapHipa B
(moJtirona). rjao0ansHOMy 0asuci {g} Ta B 0a3uci n1arpopmu
(nmoJtirona) {p}.

3B's;30k MK Oaszucamm (robanpHUM {g} Ta miarpopmu {p}) 3amae MaTpuus
nepexomay, Taka, Io:

el px el py el pz

sty s lel _p
€ "€ _ﬁli - epr eZpy esz .

e3 px e3 py 63 pz

Koediuienru a,,, b,;, ¢, (=uc;) 3HAXOIATHCS K PO3B'A30K JIHIHHOI CHCTEMH IS

pi?
JOBUIbHO BUOpPAHUX TPHOX MIAPHIPIB, IO HE 3HAXOAATHCS HA OJIHIN MpsMilt (puc. 5):

ip}

{p} — P
a,x,;’+b, vy +c, =u

pil

apl.xl{,g} +bpl.y§,§} +c, =u'? Vi=1.3, (x,y,z)’

pi2 >
{pr} {pr} — 4P}
apixp3 + bpiyp3 + cpi - upiS

{p} ir}

ne x,;', ¥, — KOOPIMHATH BY3IIB MOJIrOHY B CUCTEMI KOOPHMHAT IIAT(HOPMH.

e _"‘-\._\_\_\_.

1\"\"""-, I~
0.5 - ~ 0.4 0.8
ToegEdd 0 O

Puc. 5. Po3paxyHok 3MileHs miaTgopMu BUKOHY€EThCS SIK PO3B'S30K JiHIHOT cucTeMH 1715 10BLJILHO
BUOpaHMX TPHOX MIAPHIPIB, 110 He 3HAXOAATHCS HA OJHII MpAMiii.

= = Ap {p} | = _ el {r} —rel _ = _{p} | 1 ., ip}
Takum wnsom, u,, =d,x ) +b,y ) +c, =u"™ +u”, ne nosnaueno u™ =a, x ) +b,y .

JIst Manux 3MilIeHb iaTGopmMu MaeMo:

DOI 10.32782/2618-0340-2018-2-146-160
152



HPUKJIAJTHI THTAHHA MATEMATHYHOI' O MOAE/TIOBAHHA No2, 2018 p.

i =0 xrv = _;gzy{p} 4 jgzx{p} n E(ny{p} _ ny{p}),

ne 6@ — KyT MOBOPOTY TOJIITOHY SK ITiJIOTO.

Hapani 1u1st po3paxyHKiB B CHCTEM1 KOOPAMHAT MOJIIMOHA {é,-p} BEpXHiil iHIeKC {p} He

nuwmemo. Toni:

a,x, +bpxyp z—ﬁzyp = a,=c, =0, bpx =-0,
a[’yx[’ +b!’)’y[7 =Hzxp = b[’y =pr =0’ apy = 92’ apy = _bpx’
a,x, +bpzyp zﬁxyp —nyp = c, =0, a, =—t9y, bpz =0.

Ockinbku 4 = 4" + 4, Tomi s BY3JIiB MAEMO

upx] = _apyypl +qu’

u,, =a

py + uCy ’

wXpi
upzl = apzxpl + bpzypl + uCz’

upr = _apyypZ + qu’

u,,=a

) + g,

pypo

upz2 = apz‘xp] + bpzypZ + Z’tCz‘)

Ane BU3HAYATHU OJHOYACHO a, b, Ta u., HEMOXKIUBO, TOMy IO MAaTpPHULs TaKOi

pi
CUCTEMU OJIA I[OBiJ'IbHO BI/I6paHI/IX nap BYSHiB CHUHTYJIApHA:

Uy -y, 0 0 il 0 0fa,
U, X, 0 iO 1 Oja,
U | |0 Fp Y 10 0 110,
U, -V, 0 0 11 0 0fu,
| | X0 0 010 1 0)ug
| Up2 | | 0 Xp2 Vpa ;0 0 1__uCz

TOMy pO3B'H3OK IIyKaemo, Bi,Z[HiMaIOIH/I HOCHiHOBHO piBHHHHH AJiL Apyroro By3sJja 3
nepmoro:
upr _upxl
- —=qa, =0_.
_ Py z
ypZ ypl

Skmo y,, =y, , T0 6eperbes 3-iii By3on (abo 4-ui, skuio 1-ui, 2-uil u 3-id — Ha

OJHIH KOOpAMHATI y W T.J.).

Tomi
qu = upxl + ezypl >
Ue, =U,, —szpl,

a, b, 1uc 3HAXOMMMO 3 PO3B'A3KY JUI TPHOX OCTAHHIX PIBHSHb CHCTEMH:

pz?
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a, =-0, = i[(ypz —y,,g)u,,zl —(ypl —y,,s)upzz + (ypl —ypz)u,,zs]a

. ( (e =0 s
bpz = 6): = _Z po _'xp3 pzl ‘xpl _‘xp3 pz2 + 'xpl _'po pz3 1°

Ue, = %[(xpzyzﬂ X3V )upzl - (xplyp3 _xp3yp1)up22 + (xplyﬂ _xpzyl’l)ul’23]’

e A=X,¥,, =X,V =YX +X,,V,5+X,3V, —X,;V,, — BASHAYHUK CHCTEMH (SKLIO 3
1apHipa nepedyBaloTh Ha OJIHIHN JiHii, TO MOTPiOHO BUOMPATH 1HIII IIAPHIPH, IK BKa3yBaJIOCh
BHIIIC).
o FEnemenm "wapnip”.
Koxuwmii mapuip mae 12 weigomux: 3M , 30, 3u u 3¢ — BIANOBITHO MOMEHTH,
3yCHJUISL, IEpeMIIlIeHHs, Ta IOBOPOTH.
Po6ota mapnipa Moxe OyTH onucaHa sik:

ne K, —marpuri noJaTiauBoCTel mapHipa (KpyTHIbHA Ta TPAHCIALINHA).

A A - {J J = {J - J . .
Skmo K, =0, To ¢, = Hp{ Fra AV =u,” (MONATIMBICTH MapHipa HyIbOBA —
3aMOPOXKEHHUM LIAPHIP).
o  Kinyesuii enemenm "xoncons" (puc. 6).

% M.
N—>

QQ)My

QZ/MZ o Qxl ¥My

A
Puc. 6. KoHcobHUili eJ1IeMeHT.
Jlist KoHcoIi Maemo (B CUCTEMI KOOPIWHAT KOHCOJI1, OCHOBHI MMO3HAYEHHS Ti XK, 10 U

JUISL TIAPHIPiB):

0L M,
ux = - + ; ¢y - b y > (Dx
3EJ, 2EJ, 2EJ, EJ, 3EJ, 2EJ, 2EJ, EJ,

y

2 3 2
Qxl‘z _MyL Uy = QyL +MxL2 . — Q,VL _MxL2 .

2

Z

0.L M_.L
Z/tz = ; ¢z - °
EF GJ,
ne E — monyns npyxHocTi (FOHra), J; — craTuuHi MOMEHTH iHepuii nepepidy, F' — miomia
nepepizy, G — MOAYJb 3CyBY.

Taxkum YMHOM, MAa€EMO:
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| 2
Loy 01 0 L
3EJ] ! 2EJ,
o r L2 o
0 0 ! 0 0
" 3EJ. | 2EJ Q.
u, L 0,
0 0 —1' 0 0 0
o\ | EF 0.
¢y L2 x i x L My
L. | 0 01 0 — 0 | M. ]
2EJ, ! EJ,
|
0 0 010 L
| ‘ GJ, |
A0o
, ) _
— :Mrig g 4
(7)) M
. M2 MM
B il I Wit -2 :
ne M, =|-= o TN 0JIOYHA MaTPHIIS, 110 BPaXOBYE MEPEXPECH] BILTUBH.
M=z M
8¢ 142
Taxum ynHOM:
-} A {b} {b}

—{b} A —
—ArQ M 0
=M20 +MyM e Q +M ‘M
Jns nepexony B riao6anbHy cucremy koopaunat (I'CK) maemo (Matpuis nepexony 7 ):

aijuj,g} =M¥? ,ka +M M aJkM fe} (MpoBOAMMO TIi/JCYMOBYBaHHS 32 ITOBTOPIOBAHUMH

gujj

THJIEKCAMM ):
0 (TM%)Q g
i (TMg;)p{g}
_ux_{g} _Qx_
u, Qy
e }3:7 (3 O = U, Pl = Q0.
0 y @, M,
(0} My
9. | | M. ]

o Kinyesuii enemenm "oanxa".

Q=0e +0e, +0.e,

M=Me +Me, +Me.

Puc. 7. baakoBuii eJieMeHT.
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Jlns Ganku MaeMo:

2 2
u :Q“‘L3+MI'VL +@,, L+tu,., @ :QlyL +—M“L+(ﬂ
Yo3Es, 28s, TV ™ UM o 2pJ EJ, Y
o0, M,I 0.’ M,L
u, = + 4 L+u, , = ,
v T3, s, T P T g ey Y
leL MIZL
ulz = +u02’ (plz = +¢Oz’
EF GJ,
D A= A — — = — g
i, =Cu0, +Cl M+, x L +u,, o, =C50,+Co M+,
e
i 7k
PoXL=10,. @y, @o. :;¢OyL_j¢0xL’
0 0 L

L — noBxuHa cTprkHs, iHAeKC "0" BIIHOCUTHCS 10 OYATKOBOTO By3Ja.

Taxum ynHOM

- - - T Au Q
”1_“0_¢0XL=Cn‘g{Aﬂlll J
0o
¢1_¢0=Cifg|:]‘2ll s

{ﬁl_ﬁo_(ﬁoxz}_ C:ruig Ql
@1_(?0 C M1

rig

abo

V' Cneyianizosane npoepammue 3abesneuenns.

Jlst po3paxyHKy 3a HaBeJ€HMMH (OpPMyJIaMU CTBOPEHO CIIELiali30BaHE MpOrpaMHe
3abe3neueHHs Tools Glide [11], sike no3Bossie BukonyBatu popmyBanHs koMmroHoBkH Glide-
oOllalHaHHS Ta PO3paxXyHKH KIHEMAaTUKU 3 MIATPUMKOIO 3BOPOTHOTO 3B’SI3Ky 3 MOZYJIEM
Bigkiuky "Tools Response" mis BpaxyBaHHs poOOTH mIapHipiB pisHUX THIIB. OTpUMaHi AaHi
HajJali mepenaroThess B Moaynib Tools App [12], me BIacTUBOCTI TEXHOJOTIYHOT CHCTEMU
ONMUCYIOTHCS (DYHKIIEI0 JUHAMIYHOT IMOJATIMBOCTI, K4 XapaKTePU3y€e BIATYK TEXHOIOTIYHOI
CHCTEMH Y BUIJISI IEpEMIIIeHb Ha 3a/laHe CUiIoBe 30ypkeHHs. MoJenb AUHaMIKU IporpaMu
"Tools App" moOymoBaHo Ha OCHOBI piBHAHB Jlarpanxa apyroro poxy. st n-CTyneHEBOTO
MeXaHI3My MareMaThyHa Mojenb B JlarpanxkeBii (opMi mepeTBOPIOETbCA O MaTPUUHOL
(bopMH TPOCTOPOBOT KOHCTPYKIIiT 001 THAHHS, IO TIPOCKTYETHCS.

B skocti 6a30B0i KOMIOHOBKM OOpaHO BepcTaT 3 HapaleibHOI KiHEMAaTHKOIO
COBIIK-4 mipaminaneHoi ¢opmu 1o mateHty Ykpainm Ne 86533, mnst sikoi mpoBeneHO
BIJTNIOBIJHE TeHEpyBaHHs 3BOPOTHOI 3ajnaui kiHematuku B Tools Glide 3 oTpumanHAM
BIJIMTOBIAHUX L-KOOpPAMHAT Ta 30H 00poOKw (puc. 8, 0).

MacuB [aHHMX, 110 ONHCY€E TEOMETpPII0 Ta pe3yJbTaTH PILIEHHs 3aJadi 3BOPOTHOI
KiHeMaTHKH Hajxaii Oyno immoproBaHo B Onok Tools Response. Cuna pizanHst 3a1aBajnach
y37I0BK BEKTOpPY MOTUYHOI IJi BCi€l TOBXHMHU OOpPOOKHM (Opi€HTaIlis OCi IHCTpyMeHTa — 3a
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HOpPMaJITI0O JI0 TIOBEPXHI B OIMOPHHX TOYKaxX TpaekTopii). B pesynpraTi Oyno oTrpumaHo
aHiMaIio o0poOOK AJisl BCIiX CIICHApPIiB 3 HAKIaJaHHSIM AePOpPMOBAHOTO Ta Hele(hopMOBaHOTO
CTaHIB, BHUCBITJICHHSM 3YCWUJIb Yy BY3/1aX €JIEMEHTIB Ta MPOPHUCOBKOIO 3aaHO1 Ta ICTUHHOI
TpaekTopii iHCTpyMEHTY (pHc. 9, a-1).

Ha puc. 9 naBenmeno pi3Hi crparerii oOpoOku: "3ur3ar" JTOBUTBHUHK (@), TIO
Mepuzaianam (0), Mo mapanessiM (B), KOHTYpHHUH (T); eTas KOHTypHa (1); 1 — 3arutaHoBaHa
TPAEKTOPIST THCTPYMEHTY; 2 — MPOTHO30BaHA TPAEKTOPis 1HCTPYMEHTY IICIS MOJEITIOBaHHS
MPY>KHUX BiITUCKAHb KAPKACHOTO KOMITOHYBAHHS.

—— — — S
3reHepoBaHa FrT -
Ka IfaCHa oy } Orpumai | |L-xoopauHaTH
_— = E/ KOMHPOHOBKas -~ - TG TpaeKTOpil — == TG | |PyXy KapeTok
MIIC PYXy JaHOK i / (niarpamu
| iHCTpyMeHTY ! | poboTu
£ E |/, | MIPHBOJIIB)
e\ V=
/
A ! : |
— |
a)
P2
——— -
P
21 P2
Py

Pii(Xpits Ypits Zpi1)s Pio(Xpizs Ypizs Zpin)s Pis(Xpiss Ypizs Zpiz)s Pia(Xpias Ypias Zpia) Pi(X pis Y pis Zpi)s (X pis Y pis Zpi)s Fi (X pis Y pis Z pi)
A
e A ~ - N\ 7 N
P[1]= [63.1, -15.13, 72.16), ([65.3, -0.3, 74.71], [56.61, -28.91, 64.70] ), ([56.87, -15.13, 80.78], [70.11, -15.13, 59.65]), MPN[1]= [63.1, -15.13, 72.16], [0.77472, -0.40515, 0.48543], [202.353, 64.498, -71.127],
P[2]= [70.11, -15.13, 59.65], ([76.72, 0, 50.98], [72.57, -28.57, 20.86]), ([70.11, -15.13, 59.65], [74.69, -15.13, 49.25]), MPNJ[2]= [70.11, -15.13, 59.65], [0.75523, -0.64648, 0.10804], [221.118, 43.358, -82.467],

Pi(Xpis Ypis Zpi)

6)

Puc. 8. EnemenTu intepdeiicy Ta po3paxynku L-koopaunat B Tools Glide (a), crpykTypa Bxinnoro MPN-
(aiisy, o onucye TpaekTopilo i pe:xxumMu 00podKH, Ta BUKOPHCTOBYEThCA 1451 imnopty B Tools Glide (0)

1
AT
o /| %
05 Fom X
i )/\ |
e ! 1)
i I'E
Lk s t, L
1 o 11
| . | B AN
1 4 . | i /
- | o 04" & ! -
04 "*--,_‘_ ] i =
ny . “n 0 n -\ L
L < [ 1 02 P |
- ni T o Eale)
nE e > 1 0404
ET R
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Puc. 9. Binkaukn kapkacHoi KOHCTpYKIii Ha po0oyi Ta 30BHIIIHI HaBaHTa:KeHHsA (kKaap a”HimManii Ta
TpaexkTopii incTpymenty Tools Response) npu pi3Hux crparerisix 00pooxku o0sacTi eJIincoixy ajs piHux
TPa€KTOPIii.

BucHoBku

Po3pobneni MaTeMaTn4Hi MOJENi Ui MPUKIAJHOI OIIHKH >KOPCTKOCTI OOJIaHAHHS
IIPOCTOPOBUX KOMIIOHOBOK 13 MeXaHi3MaMH MapajielbHOi CTPYKTypd Ta TOYHOCTI
BIITBOPEHHSI TPAEKTOPii poOOUOro opraHy B yMOBax CHJIOBOTO HAaBaHTaKEHHS J03BOJIIOTH
OLIHUTH MOXJIMBICTh BHKOPHCTOBYBAaHHS Takoro oOJajHaHHS 11 OOpOOKM CKIIaJHO-
npodinbHUX neTaneil. BkasaHa alropHTMIYHA MOCIINOBHICTH OLIHKH JIO3BOJISIE MPOBECTH
KUTBKICHI TOPIBHSJIBHI PO3paxXyHKHU BIIKIUKY PI3HUX MPOCTOPOBUX CTPYKTYP 32 MOJICISAMHU Ta
aropuTMaMHM JTiHiHKK nporpamuuX npoaykrtiB Tools Glide, Tools Response Ta Tools Apps
06e3 oOMexeHb Ha (opMy 30BHIIIHIX HAaBAaHTa)XEHb, IO MOXYTh OyTH 3a/aHi K JOBLIbHI
¢byHKIii yacy Ta BHYTPIIIHIX TApaMETPiB CUCTEMH 3 IMiATPUMKOIO 3BOPOTHBOTO 3B SI3KY.

[IpoBeneHO TeOpeTHUYHUI aHali3 TUIIOBUX CTpaTeriii oOpoOKW Ha riaiin-oOrmaaHaHHI
MOBEPXOHb OOEpTaHHS 3 BU3HA4YeHHsAM y mporpami "Tools Response" mpyHHX BiITHCKaHb
HIAPHIPHO-CTPUIKHEBOT CHUCTeMH 3 poOouuM opraHoM. [lokazaHO MOXJIHMBICTE BHOOpPY
cTpaTeriii 0OpoOKM TIOBEPXOHb APYToro MOPSAKY OOpPOOKH 3a KPUTEPISIMH TOYHOCTI, IO
PO3paxoBYIOTHCS 32 HABEJIEHUMHU (HPOPMYJIaMH.
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VK 519.816
H.K. TUMO®IEBA

MikHapo HHI HAYKOBO-HABYAIBHHUN TIEHTP
iHpopManiiHuX TexHomorik Ta cucteM HAH ta MOH Vkpaiau

TEOPISI KOMBIHATOPHOI OIITUMI3ALII TA 3AJJAYI ITYYHOI'O
IHTEJIEKTY

bazamo 3a0ay wmyunoeo inmenekmy MOOenOIOMbCA 3 BUKOPUCTNAHHAM MeEOpii
KomoOinamopHoi onmumizayii. Ile nos’szano 3 mum, wo nNepesadcHa ixXHs YACMUHA NPU
3HAXOONHCEHHI ONMUMATILHO20 PO38 A3KY nompeOye nepedopy eapianmis. Ilepebipnum oice
3a0ayam eracmuea KombiHamopua npupooda. /s 3a0a4 po3ni3HABAHHA MA Ce2MeHmayii
MOBIIEHHEBO20 CUSHALY, KIIHIYHOI O0iacHOCMUKU HABEOeHO MamemMamuyHi mooeni, sKi
nob6yooeari 6 pamkax meopii kombinamoproi onmumizayii. I[loxaszano, wo 6 3adauwax ybo2o
K1acy KoMOIHamopHi Kou@izypayii Modicyms Oymu K apeymeHmomM yintbosoi yukyii, max i
BXIOHUMU OAHUMU.

Knrwouosi crosa: wmyynuti inmenekm, KoMOIHAmMoOpHa KOHQIcypayis, KoMOIHamopHa
onmumizayis, Yinboea (OYHKYis, PO3NIZHABAHHA MA CUHME3 MOBIEHHEBUX CUSHANIB, KATHIYHA
diaeHocmuKa.

H.K. TUMO®EEBA

MeskyHapoIHBII Hay9HO-Y4EeOHBIH LIEHTP
uHpOpMaMOHHBIX TexHonoruit u cucteM HAH u MOH Ykpaunst

TEOPHUS KOMBUHATOPHOM ONITUMHU3AIIUMA U 3ATAYA
NCKYCCTBEHHOI'O MHTEJIVIEKTA

Mmnocue 3a0auu UCKYCCMBEHHO20 UHMELNEKMA MOOENUPYIOMCS ¢ UCNONb308AHUEM
meopuu KOMOUHAMOPHOU ONMUMU3AYUY. DMO CEA3AHO C MeM, YMO NOOAGAIOUAS UX YACTb
npU HAXOMHCOEHUU ONMUMANLHO20 peuleHus mpebyem nepebopa eapuanmos. Ilepeboprbvim
Jce  3a0a¥am CGOUCMBEHHA KOMOUHAMOPHAs npupoda. [lnsa 3a0ay pacnoswasaumus u
CcecMeHmayuy peuesoco CUSHaIA, KIUHUYECKOU OUAeHOCMUKY NPUBEOeHbl MameMamuiecKue
MoOenu, NOCMpOeHHble 8 PAMKAX meopuu KomounamopHou onmumuzayuu. Ilokasano, umo
3a0auax 3mozo Kiacca KOMOUHAMOpHble KOH@Uypayuu moz2ym Oblmb KAk apeyMeHmoM
yenesou pyHKyuu, max u 6X0OHbIMU OAHHLIMU.

Kniouesvie cnosa: uckyccmeennvlii ummennekm, KOMOUHAMOPHAA KoHpuaypayus,
KOMOUHAMOPHASL ONMuMU3ayus, yeneeas @OYHKYyus, PACNO3HABAHUE U CUHME3 Peyesblx
CUCHANI08, KTUHUYECKAsl OUACHOCIUKA.

N.K. TIMOFEEVA

International Scientific Training Centre
for Information Technologies and Systems

COMBINATORIAL OPTIMIZATION THEORY AND PROBLEM OF ARTIFICIAL
INTELLIGENCE

The problems of artificial intelligence are complex in nature and not always subject to
formalization. But many of the applications of this class are reduced to combinatorial
optimization problems. This is due to the fact that their predominant part in finding an
optimal solution requires the parsing of options. The parsing problems is characteristic of
combinatorial nature. This property can be investigated by simulating the specified problems
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in the framework of the theory of combinatorial optimization. For their modeling it is
necessary to determine the type of these problems (static or dynamic), to determine the
argument of the objective function (combinatorial configuration), to modeling the objective
function. As the system analysis shows, combinatorial configurations in problems of this class
can be both an argument of the objective function and input data. Also, the development of
intelligent systems requires the formalization of human natural intelligence, that is, it is
necessary to describe the processes of natural thinking and answer the question: can it be
simulated. The article gives a classification of natural intelligence, which is developed taking
into account the situation of uncertainty. To this end, certain types of uncertainties that arise
in solving applied problems of artificial intelligence are considered.

The construction of mathematical models of problems of artificial intelligence using
the theory of combinatorial optimization is shown on the example of recognition and
segmentation of speech signals and clinical diagnostics. It is stated that they are divided into
subproblems, which are solved by independent algorithms in the iterative mode. Such a
computational scheme is characteristic of hybrid algorithms. By the argument of the objective
function the problems of speech recognition and clinical diagnosis — similar to each other.

The use of combinatorial optimization theory for modeling the problems of artificial
intelligence allows us to establish their combinatorial nature, to formulate the objective
function explicitly, to identify the characteristic features that determine the similarity of these
problems. The conducted researches allow to reveal the reason of uncertainty of various
kinds that arises in the process of their solution, and to explain the nature of the fuzziness of
the input data.

Keywords: artificial intelligence, combinatorial configuration, combinatorial
optimization, objective function, recognition and synthesis of speech signals, clinical
diagnostics.

ITocTanoBKa npodJieMu

3anaui ITYYHOTO 1HTEIEKTY CKJIA/IHI 32 CBOEIO MPHUPOJIOI0 Ta HE 3aBXKIU IMiIIAI0ThCS
dbopmamizartii. MozenmoBaHHs 3a7a4 pi3HUX KJIAciB K 3 KOMOIHATOPHOI ONTHUMI3allii Tak i
IITYYHOTO IHTEJIEKTY MOJIArae B MoOynoBi Takol MOJENI, SKa aJIeKBaTHO OMHCY€E MOCTaBIICHY
3a/1auy, BUABIISIE XapaKTepHI 1i BJIACTMBOCTI Ta JOMOMAara€ po3poOisaTH Uil iXHBOTO
PO3B’sA3aHHA €(EKTHUBHI METOIM Ta AJITOPUTMHU.

Sk MoKa3yloTh AOCTIHKEHHS MPUKIAIHUAX 33/a4 13 MTYYHOTO 1HTEJIEKTY NepeBakHA
iXHS YaCcTMHA TPU 3HAXOKEHHI ONTHUMAIBHOTO PO3B’S3KYy MOTpedye mepedopy BapiaHTIB.
[TepebipauM ke 3amavaM BJacTMBa KOMOIHATOpHa mpupona. ToMmy 3amadi IbOTO Kiacy
3BOJISITHCS 0 33/1a4 KOMOIHATOPHOI ONTHUMI3aIlii.

AHaJIi3 0CTAHHIX JOCTiIKeHb Ta mMy0JiKanii 3a TeMor0

Jlo ITY4HOTO IHTENEKTY, K MPAaBUJIO, BITHOCSTH 3a/a4i, OB’ A3aH1 3 PO3Ii3HABAHHIM
obpasziB [1], 3BykoBuUX (MOBIEHHEBHX) CHUTHaNIB [2], memunuHoro Tomo [3, 4]. [ns
MOJICITIOBaHHS 3aJa4 IbOTO KJIACYy BUKOPHUCTOBYIOTH CTOXAaCTHYHI, JIOTIKO-JTIHTBIHICTUYHI
METOAM, Mojeni MapkoBa, JiHIMHE IIIOYUCIIOBE MPOTpaMyBaHHs, TEOPIIO PO3Mi3HABAHHS
obpaziB.  IlIBugkmii  MeTox  PO3MOBCIOKEHHS  OOMEXKEHb  JOCHTh  IHTCHCHBHO
BUKOPUCTOBYETHCS TPU PO3B’S3aHHI OroBOpeHHX 3amad [5]. Ane Bimomi MeToau
MOJIETIIOBaHHS HE 3aBXKJM MOSACHIOIOTH MPUPOY LUX 3a/a4, HE JO3BOJIAIOTH CPOPMYITIOBATH
HUTbOBY (YHKIIIO B SIBHOMY BHUIJIAI. B 3amadax IITyYyHOro I1HTENEKTY IMPH HPUHHATTI
ONTUMAIBHOTO PIMICHHS JOCHTHh YacTO BUKOPHCTOBYIOTHCS METOIM, SIKI KJIacH(IKYyIOTh 5K
eBpuctuuHi [6]. Ilix eBpUCTHYHUMH aNrOpUTMaMH, SIK TPABHIO, PO3YMIIOTH CIIOCOOU
MPUAHATTA pillieHb TOAI0OHI IO TOTO, K 1€ pOOUTH JIFOAWHA, Ta MMOOYJO0BaHI Ha IHTYITUBHHUX
MIpKYBaHHSX, [0 CIHPAIOTHCA Ha momnepenHiil mocia. Jlo HUX BIOHOCATH MiAXOIH, SIKi
CKiIamHO (opmamizyBaTH Ta HEMOXJIMBO JOBECTH iXHIO TOYHICTh. BHKOpHCTaHHS
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EBPUCTUYHUX AITOPUTMIB IYXKE TMOIIMPEHE B 3aadyax po3Mi3HaBaHHS pi3HOI mpupoau. s
0araThbOX MPAKTUYHUX MPOOIIEM IIi AITOPUTMH UM HE €MHO MOKIIUBUH IIISAX I OTPUMAHHS
3JI0BUTBHOTO PINICHHS B peajlbHOMY Yaci. [HO/M1 Takuil aaropuT™M MOXe OyTH TOYHHM, TOOTO
BiH 3HAXOJWTh MIMCHO HaWKpalle pIIIeHHs, ajie WOro Ha3WBAIOTh EBPUCTHYHUM 13-32
HEMOXJIMBOCT1 JOBECTH 1XHIO TOYHICTh. L{I MeToau eeKTHBHI 3a MIBUIKOIEIO, alle TOCUTh
4acTo pe3ysbTarT, OAep)KaHuil 3a IXHBOIO JONOMOT010, JaeKUH Bl ONTUMAILHOTO.

Bigomi mMeTtonum MopentoBaHHS HE 3aBXKAHM TOSCHIOIOTH MepelipHy MPUPOIY 3ajad
mrygHoro iHtenekty. [Ipu mopnemoBaHHI 1iTbOBOI (DYHKIII 3a i apryMeHT, SIK MpPaBUIIO,
MpuiMaroTh BXiAHI daHi. JleTanpHui aHami3 3a1a4 I[bOTO KJIACy MOKa3ye, IO apryMEHTOM
1TbOBOT (YHKIIT B HUX € KOMOIHaTOpHI KOH(Iryparii pi3HUX TUMIB. SIK MOKa3ye CHCTEMHHIMA
aHai3, B OTOBOPEHMX 3a7adax KOMOIHATOpHI KOH}Iryparii MOXyTh OyTH SIK apryMEHTOM
iITH0BOI (PYHKIIIT TaK 1 BXiTHUMH JaHUMH. BukopuctanHs Teopii KOMOiHATOPHOI onTUMi3allii
J03BOJISIE BCTAHOBUTH IXHIO KOMOIHATOpPHY MpUpOAY, CHOPMYIIIOBATH LUIBOBY (DYHKIIIO B
SIBHOMY BWTJISII, BUSIBUTH XapaKTepHI 03HAKH, 33 SKUMU BCTAHOBIIIOETHCS MOMIOHICTh 3a7a4
SIK KOMOIHATOPHOI ONTUMI3aIlii TaK 1 MITyYHOTO 1HTEJICKTY.

Meta nocJixKeHHs

Jlnst po3B’si3aHHS MOCTABIICHOI 3a7adi MPOBOIWTHCS aHANI3 MPHUKIAIHOI 3a7advi 13
IITYYHOTO 1HTENEKTY Ta 1i MOJENIOBaHHS 3 BHUKOPUCTaHHAM Teopii KOMOiHATOpHOI
onTuMmizamii. 3 1i€l0 METOI HEOOXITHO BHU3HAYMTH ii BHJ (CTaTUYHA UM JUHAMIYHA),
BU3HAYUTU apryMeHT IIboBOi (yHKIIT (KOMOIHATOpHY KOH(Iirypamiro), 3MOAETIOBATH
niTboBY ¢yHKII. Ha ocHOBI moOym0BaHOI MaTeMaTHYHOI MOJEN BHU3HAYAIOTHCS MIXOIU
JUIsL pO3B’sI3aHHA 1i€l 331a4i, TOOTO BUKOPUCTOBYIOThCS BiJJOMI METOAU a00 po3pOOISIOTHCS
HOBI aJITOPUTMH.

BuxknaieHHs1 0CHOBHOI0 MaTepiay J0CTiIKeHHs
HeBu3Ha4YeHICTh Y IITYYHOMY iHTEJIEKTi

[IpuiiHATTS pilieHb y NPUKIAJHUX 3a7adaX, 30KpeMa 1 B IITYYHOMY IHTEJEKTi,
MPOBOJIUTHCSI B YMOBax HEBU3HAYECHOCTI pi3HOTO Buay. To0TO, po3B’s3aHHS 3amad 3 i
BpaxyBaHHSM € 3arajJbHUM BUIAJIKOM, a MPUUHATTS pilieHb 0e3 i1 BpaXyBaHHS — YaCTKOBHM
BUMAAKOM. SIK 1 B 3a1auax KOMOIHATOPHOT ONTHUMI3aIlii Tak 1 B 3a7a4ax MITYYHOTO 1HTEIEKTY
HEBHM3HAYCHICTh OB’ s13aHa [7]:

I) 3 HEOMHO3HAYHICTIO PE3yJbTATy, OJEPKAHOTO 3a 3MOJIECITHOBAHOIO IILITHOBOIO
¢dyHKier0 a00 BUOpaHOIO MipOI0 MOMIOHOCTI y pa3i HEwiTKOl BXifHOI iHpopmalii, kil He
3aJI0BOJIBHSE METI JOCIIIKEHHS;

I1) 3 BuOOpOoM criocoOy OIIHKM TOYHOCTI POOOTH EBHOTO AJITOPUTMY;

II1) 3 0coOnMMBOIO CTPYKTYpPOIO MHOXHHHM KOMOIHAaTOPHUX KOH(pirypariii, mo €
apryMEHTOM IILThOBOT (PYHKITIT;

IV) 3 HEeMOBHOO BX1THOIO Ta MOTOYHOO iH(POPMAIII€I;

V) 3 HeuiTKO po3po0IeHUMH TTpaBUIaMu 0OPOOKH Ta OIIHKY 1H(OpMaILii;

VI) 3 HEOAHO3HAYHICTIO MNpU BHOOpPI ONTUMAIBHOIO PO3B’A3KY 3a KiJIbKOMA
KpUTEpIIMH B OaraTOKpUTEpialIbHIN ONTUMI3aIlii.

TakuMm 4YHHOM, OJHIEIO 13 33434 IUTYYHOMY IHTENEKTY € BHpIIIEHHS CHUTYyaIil
HeBu3HaueHOCTI. [Ipu po3B’s3aHHI 3HAYHOI YaCTHHHM 3a7ad PI3HUX KJIaciB OCHOBHA yBara
NPUAUISETHCS HEBU3HAYEHOCTI, IO TMOB’si3aHA 3 HEMOBHOI BXIMHOI Ta TIOTOYHOIO
iH(opmarlliero, a TakoXX 3 HEYITKUMH BXITHUMHU JaHUMH. B maHomy pasi BUpIIIECHHS ITi€T
npoOJIeMH MPOBOAATH LUIAXOM aHalli3y MOBEAIHKH CHCTEMH 3a NEBHMI MpOMiXOK yacy. Ha
OCHOBI OTPHMMAHOTO aHaJi3y BCTAHOBIIIOETHCS 3aKOHOMIPHICTh, SKa BPAaXxOBYETHCS TIPHU
NPOTHO3YBaHHI MalOyTHIX pe3yibTaTiB Ha MOTOYHOMY BIIUIIKY uacy. SIKIo BXiaHY
iH(DopMaIliro MOKHA 3a/1aTH YaCOBUMHM IOCIIIIOBHOCTSIMHU 1 JUIsl Hel BU3HAUUTU (paKTaabHy
PO3MIpHICTb, TO BHUKOPUCTOBYIOTH (PpaKTaJIbHUN aHadi3 30KpeMa METOJ HOPMOBAHOTO
po3Mmaxy (meron R/S) [8]. Takoxk ogHUM 13 CIOCOO1B BUPIMICHHS II€T CUTYAIIIT € pO3pOOICHHS
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CaMOHAJIAr0/KYBAJILHUX aJITOPUTMIB T€HEPYBAHHS MMapaMeTpiB, sIKIi HEOOXITHO 3a/1aBaTH SIK
BXIHI JaHl JUIsi PO3B’sS3aHHS YEeproBOi 3adadi 1 sSKi HEMOXJIMBO 3aqaTH Ha IOYATKY
obumncoBasibHOTO mporecy [9]. lle mo3Bossie B mpolieci po3B’s3aHHSA IMEBHOI 3ajadi
aBTOMaTMYHO TEHEpyBaTH JOJAaTKOBY MOTOYHY iH(pOpMAIlI0 3 ypaXyBaHHSIM MPOTHO3Y
MalOyTHIX pe3ybTaTiB.

Kaacudikaniss npupoaHoro iHresexry.

Jnst po3poOsieHHST 1HTENEKTYyaJbHUX CHCTEM HEOOXIJHO BH3HAYUTH, IO TakKe
MPUPOJAHUN IHTENEKT JIOJUHH, TOOTO OMUCATH TPOIECH TPUPOJHOTO MHUCICHHS Ta
BIJIIOBICTH Ha 3alMTAaHHSA: YW MOJKHA Horo 3mojeiaroBaTtu? SIk BigoMo, HiJl IHTEIEKTOM
PO3YMIIOTh 3/1aTHICTD Mi3HABATH HABKOJMILIHIM CBIT Ta BUPIIIYBaTH Pi3HOMaHITHI MPOOIEeMH.
SIK CHHOHIM KOPUCTYEMOCS MOHSTTSIM PO3YM, K€ BHpa)ka€ 3JaTHICTb MUCIMTH: aHallI3yBaTu
i1 poOUTH BUCHOBKH.

B 3anexxHocTi Bii BHAY HEBH3HAYEHOCTI HaBeAeMO KiacH(iKaIlilo MPHUPOIHOTO
iHTeNneKTy. BBaxkatuMemo, 110 3 TOHATTAM 1HTEJEKTY MOB’sA3aHi TakKi oneparii sk o0poOka Ta
orinka iHpopMmailii. Buxoasuu 3 mporo, IHTEJIEKT JIOJIUHA YMOBHO PO3JIUJIMMO Ha Taki piBHI
[10]:

I pisensv. JlronuHa BUKOHYE MpaBWIIa, K1 YITKO ¢HOPMYJIHOBAHO 1 OMUCAHO B KHUTAX
Ta MiIpyYHUKaX abo MepeaaroThes Bl yUuTelNiB Oe3 aHami3zy Ha ixHio TouHicTh. HazBemo ix
npasunamu Hasuyanus. Ha CbromHilHIA JeHB iICHy€e OaraTo mporpam Ta MPUCTPOIB-POOOTIB,
AK1 TIPaIIOIOTh 32 YITKO PO3pOOJICHUMH MpaBHiIaMH. SIKIIO HE BPaxoOBYBaTH €MOLii, IO
XapakTepHi JJIA BHINUX >KHUBUX OPraHi3MiB, TO 1HTEJEKT [-ro piBHS Ha CydyacHOMY piBHI
YaCTKOBO PEai30BaHO.

1l pisenv. B mporieci XUTTEMISILHOCT 1HAUBIIYYM aHai3y€e iHPOpPMAIlil0 HAa TOYHICTh
Ta po3po0bJsie CBOi MpaBMiIa OBEIIHKH 3a PI3HUX YMOB, SIKI IPYHTYIOTbCS Ha MONEPETHHOMY
BracHoMy gocBimi. Ili mpaBunma moxyre Oyt 1 HetouHumu. HasBemo iX mpasuramu
camonaguanus. Iatenext Il piBHS 3aBISKM CaMOHANAro/KyBaJbHUM alTOpPUTMaM YaCTKOBO
MOXHa peajli3yBaTH.

Il pisens. 3AaTHICTH 10 HE3AJEKHOTO BiJ ICHYIOUMX MpaBWIJI aHamli3y, oOpoOku Ta
OIiHKM 1H(pOpPMAIlil Ha TOYHICTh, PO3POOJIEHHS HOBUX TOYHHMX TPABWJI MOBEIIHKA B YMOBaX
HEBU3HAYEHOCTI, fAKI MaKCHUMaJbHO YPaxOBYIOTh MPOTHO3 MaHOYTHIX pe3yJbTaTiB.
[IpuiiHATTS pilIeHHs] B YMOBaxX HEBH3HAYEHOCT] Ha PiBHI IHTYIIT 3a MpaBUIaMH, SKi CKJIaTHO
¢dopmanizyBatu. BBaxkaemo, 1o iHTYilis — TOYHI MpaBUJIa MUCIEHHS, SKI Ha ChOTOJHIIIHIN
neHb HedopManizoBaHI Ta SKI 3aKJIaJ€HO Ha TEHETUYHOMY piBHI. TakuMm 0OCOOJHMBUM
MUCIICHHSIM BOJIOJIi€ OOMekeHa KaTeropis jroaeil. Hazsemo 1i mpaBuia nmpaBuiaMu iHTYILII.

Iatenext III piBHS peanizyBaTHl JOCHTH CKJIQTHO, XO4Ya BBAXKAIOTh, IO 1IEH PIBEHB €
CIIPaBXHIM 1HTEJIEKTOM.

3arajgbpHa MaTeMATHYHA MOCTAHOBKA 3aa4i KOMOiHATOPHOI onTHUMIi3amwii.

ChopmynroeMo 3arajapbHy MaTeMaTHYHY TOCTAaHOBKY 3ajadyl  KOMOIHATOpPHOL
ontumizamii [11]. 3amaui mporo kmacy, SIK HpaBWIIO, 3aJalOThCS OJHIEID a00 KiIbKOMa
MHOKMHaMH, Hampukiag A ta B, eneMeHTH SKMX MaloTh Oyab-aKy mpupony. Hassemo 1i
MHOXHUHM 6Oazoéumu. HasBHI nBa THnu 3amad. B nepwomy Tumi KOXHY 3 IUX MHOXHH
moJamMo y BUTIISIAL Tpada, BEpIIMHAMH SKOTO € ii €JIEMEHTH, a KO)KHOMY pedpy MOCTaBICHO Y
BIAMOBIAHICTD 4uCIO C, € R, sike Ha3uBarOTH Barow pedpa (R — MHOXKHMHA JIIHCHUX 4YUCEN);

le{l,..,n}, te{l,., N}, N — KITBKICTh €JIEMEHTIB MHOXKUHU A, N — KUIBKICTh €JIEMEHTIB
MHOXMHM B . ITokmagemo, mo N =0N. MK eleMeHTaMH LHUX MHOXXHH ICHYIOTH 3B'S3KH,
YUCJIOBE 3HAYEHHS SKUX HAa3BEMO BaraMu. BennuuHu C, Ha3BEMO 6XiOHUMU JaHUMU Ta
3agaMo X MaTpuusMu. B opyeomy Turmi 3aiad Mixk eleMEHTaMu 3a1laHOi MHOXKHHU 3aB’sI3KiB
He icHye, a Baramu € yucia V; € R, j €{l...,n}, sKUM y BIMOBITHICTH TOCTABJICHO AESKI

BJIACTUBOCTI IMX €JIEMEHTIB, UYHCIOBI 3HAYEHHS SIKUX 3a0al0ThCS  CKIHYEHHUMH
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MOCTIIOBHOCTSIMH, IO TaKOXX € BXITHUMH AaHUMH. L[i BeTWYMHU BH3HAYAIOTH 3HAYCHHS
UTbOBOT (PyHKIIIT.

Jns o0ox THUIB 3adad 13 CJIEMEHTIB OAHiei a00 KUIBKOX 13 3aJaHuX MHOMHH,
Harpukinan a € A, |e€{l,...,n}, yrBoproeTrbcs kKoMOiHaTopHa MHOXHHa W — CyKyNHICTBH
KOMOIHATOpHUX KOH(QIrypamiii meBHOro THUMy (TIEPECTAHOBKM, BUOIPKM pI3HUX THIIIB,
po3outTss Tomo). Ha enementax W komOiHatopHOi MHOXMHU W yBOAWMTHCS IITHOBA
dynkuis F(w). HeobxigHo 3Haiith enemenT W wmuoxuHH W, 11 sxoro F(w) HaOyBae
EKCTPEMaJbHOTO 3HAYCHHsS TPHU BHUKOHAHHI 3aJlaHMX OOMEXEHb, TOOTO (YHKITIOHAT
F(w")=glob ?A)l(ﬁtrWF(W), Je extr = {min, max}, W’ — migMHOXWHA, fKa BH3HAYAECTHCS

we c
OOMEKCHHSIMH 3a/1a4i.

3MonentoeMo BXIAHI JaHi 3amadi  KOMOIHATOPHOI ONTHUMI3allii TEepHIoro  THITY
CKIHYCHHUMH IOCHiIOBHOCTMU. I[lomamo enemeHntn h  HajmiaroHaneit CcHMeTpPUYHOT

KOMO1HaTOpHOI MaTpHIli Q(W*) KOMOiHaTOPHOIO byHK1I€I0
BCTCH), W) =B, ( f(D),w),..,B,( f(m,w)), a erementn h Hagmiaronaneii
cumetpuynoi Matputi C — QyHKIiero HatypansHoro aprymerty ¢ ()| = (o(1),..., p(m)),
nin-1)
2
h=1,n—1. Bepxsiii ingexkc k (k e{l..,q}) B W — nopsakosuii Homep W B W, q —

e m= KUTBKICTh eJleMeHTiB h Hammiaronaned wmarpune C  Ta Q(Wk),

KimbkicTs W< y W . Sximo matpuii Q(W*) ta C — mecumerpuuni, To B( f (j), w*)|" Ta
@(j)|" micTaTs yci ixui enementn, a M=n’ (a6o m =n ). yukmis mim F(W*) Habyne
BUTJISIILY

FOw) =3 By (F (W) e (). (1)

Bupa3 (1) mo3Bonse Ha MHOXHMHI NEPECTaHOBOK Ta MiJIMHOXHHI 130MOp(HUX
KOMOIHaTOpHUX KOH(QITYypaIlii 3HaXOIUTH PO3B’SI30K 3a/1a4l B SBHOMY BUTJISIII.
Komo0inaTopHi kongirypamii
Kombinamopnow xoughicypayicio Ha3zBeMo Oyab-sKy CYKYITHICTh €JIEMEHTIB, SKa
YTBOPIOETBCSA 3 ycix abo 3 [AesKuUX €JIeMEHTIB 3ajaHoi MHoxkuHM A={a, ,..,a,} [11].

[To3HaYMMO i1 YHOPSAIKOBAHO MHOXKHHOK WX =(W1k,...,Wzk). Muoxuny A={a, ..., a,}
HazBeMo OasoBoro. Ilim cumBomoM WS e A po3yMmieMo fAK OKpeMi eIleMeHTH, TaK i

. Kk . . . Kk .
niaMHOXKUHU (6510KM), 1" € {l,...,N} — KUIbKICTh eneMeHTiB y W' €W . 3anexxHo Big yMOBU
3ajadyi 1 mMo3HayathuMeMo Oe3 iHAeKCYy abo 3 BEpXHIM 1HJIEKCOM nk. JIBi HETOTOXHI
KoMOiHaTopHi KoHirypauii W* Ta W' HazBeMo i3oMopdHEEME, SKITO N* =1’

B nmpuknmagHumx 3amadax IITYYHOTO IHTENEKTY apryMeHTOM IiIbOBO1  (PyHKITiT
BUCTYNAIOTh Pi3HI THUMHM BHOIPOK. 3 TMOHATTSAM BUOIPKU TOB'SI3YIOTH SIK caMy OIEparliio
BUJIUICHHS IMJIMHOXXHH 3aJIaHOi MHOXXHHH, TaK 1 ii pe3ynbTar: BUOpaHy MiIMHOXHUHY. B
MOIaJIBIIIOMY MAa€EMO Ha yBa3i APyre MOHSTTS.

Hexaii 3agano 6a3oBy MHOXHMHY A={Q, ,...,a,}.3 Hei ogepxumo 7 -BubipKy. Yucno n
Ha3uBalOTh 00'eMoM BHOIpKkH. B 77-BuOipkax B 3aJeXHOCTI BiX YMOBHM 3amaui abo
YpaxoBYEThCS TOPSAIOK pO3TAllyBaHHS B HUX €JIEMEHTIB (ToAl iX Ha3WBalOTh 77-
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NepecTaHOBKaMu abo0 77 -pO3MilIEHHsAMH) a00 He YpaxoBYIOTb. Y I[bOMY BHIIaJKy BOHHU
Ha3MBAIOTHCS 7] -CTIOTyYCHHSAMH.

Omxe ICHYIOTh Taki THOM BHOIPOK: VYIOPSAAKOBaHI Ta  HEYMOPSIKOBAHI.
HeynopsiakoBaHi 1le — CHOXy4eHHs Oe3 MOBTOPEHb 1 CIIOMYYEHHS 3 MOBTOPEHHSIMH.
YropsakoBaHi 11e — pO3MIIICHHS 3 MMOBTOPEHHIMU 1 PO3MIIIICHHST 0€3 MOBTOPEHb. MHOKHHA
Oy/ab-KOTO THUIY BHOIPOK CKJIAJa€ThCs 3 MIAMHOXKHH i3oMopdHuX BHOipok. Hipkue
MOKa3aHo, IO B 3aavyax pO3Mi3HABaHHS Ta CHHTE3y MOBJIICHHEBUX CHUTHAJIB, KJIIHIYHIN
J1arHOCTHIIl apryMEHTOM LiJIbOBOT (YHKIII € CHOTy4YeHHsI 0e3 MOBTOPEHb Ta PO3MIIICHHS 3
[IOBTOPEHHSIMH.

3aKOHOMIpHICTh 3MiHM 3HAueHb LUTbOBOI (yHKLII B 3amayax KoOMOiHATOpHOI
ONTHUMI3aIl 3aJleKUTh BIJl YHOPAIKYBaHHS KOMOIHAaTOPHUX KOHQIrypalliid (apryMeHTy)
weW . Posrasmemo crpykrypy ixupoi mMuOxuHM W . Iligmuoxuny W, W Hassemo

MiAMHOXHHOIO 130MOp(HUX KOMOIHATOPHUX KOHQIryparii, sKmo ii e1eMeHTH — i30MopdHi
KoMOiHaTOpHI KOoH(pirypamii. Muoxuna W ckiIamaeTbcs 3 MIAMHOXKHMH 130MOp(HUX
komOinatopuux KoHoirypamiin W, . Ha migmuoxuui W, 1inboBa QyHKILsS 3MIHIOETBCS Tak,

SK 1 HA MHOXHHI TNEPECTaHOBOK. MOXHa MTOBECTH, IO HA MHOXHHI TNEPECTAaHOBOK 1 Ha
MIJIMHOXUHI 130MOp(PHUX KOMOIHATOPHHUX KOH(}Irypalid npu BUKOPUCTaHHI IJIHOBOI
¢bynkii (1) curyallis HEBU3HAYCHOCTI 3BOJUTHCA 10 MiHIMymy. Ajne Ha MHOXuHI W, sika
CKJIAIA€ThCA 3 MIAMHOXIH Wn cW , mist meBHOTO iIXHBOTO BIOPSIKYBAaHHS 3aKOHOMIPHICTh

3MiHU 3HaYeHb QyHKUIT (1) oHAKOBA HE3aJEeKHO BiJ BXIIHUX JAHHUX, a PE3yIbTaT PO3B’A3KY
3a/1a4ul — HeOTHO3HAUHUU. To0TO, B IIbOMY pa3i BUHUKAE CUTYyaIllsl HeBU3HAYEHOCTI, OB’ 3aHa
13 CTPYKTYpOIO apryMeHTy LiIboBOi (yHKmii. OCKIIBKM B 3a/Jadyax IITYYHOTO I1HTEIEKTY
MHOXHHA KOMOIHaTOpHUX KOH(irypauiii ynopsakosyerbes migmuoxuamu W, <W , To

3HAXOJKEHHS JUIsl HUX ONTUMAJIBHOIO pO3B’SA3Ky 3a BHpa3zoM (1) mpoBoauThCS B yMOBax
HEBH3HAYEHOCTI, OB’ S3aHOI0 13 CTPYKTYPOIO apTyMEHTY.

[MpuknanHi 3agadi IMTYYHOTO I1HTENEKTY, B SKUX IUIbOBAa (DYHKIIiSI 3aJ€KUTh Bij
KUTBPKOX 3MIHHHUX, 3a I[I€I0 O3HAKOIO PO3AUIAIOTHCS Ha HE3aJeKHI Mmia3angadvi, sKi HaJIeKaTh
pi3HuUM KiacaM. J{s1 IXHBOTO pO3B’sI3aHHS PO3POOISIOTHCS AITOPUTMHU, SIKI MMOEJHYIOTh JBa
Yy OUIBIIIE METOMAIB Ta TPYHTYIOTHCS Ha OpraHizallli MOKPOKOBUX OOYHCIICHb — ITEepaIliiHOTO
Mpolecy, IO TOPOJKY€E TMOCHITOBHICT, PO3B’S3KIB y BIAMOBIZHOCTI 13 BOyIOBaHUMU
nporeaypamu. Skmo BOyaoBaHI MpoOIEAypH — HE3aJeXKHI AITOPUTMH, OPIEHTOBaHI Ha
pO3B’si3aHHA 3a7ad MEBHHUX KJIACiB, TO BOHU HA3MBAIOThCS riOpumHuMu. Po3B’s30k 3amadi
BH3HAYAETHCS HA MHOKMHAX KOMOIHATOPHUX KOH(Irypamiil pi3Hux TUIiB. B mboMy pasi cyTh
riOpUAHOTO aNrOpUTMy TOJSATAE y TOEAHAHHI TaKUX METOMIB JUIS 3HAXOKEHHS
ONTUMAIBHOTO PO3B’S3KYy, SKHH OyB OWM MIMCHHUM JJISI KOXHOI 13 3aJJaHUX KOMOIHATOPHHUX
MHOUH.

B Takux 3amayax ITY4YHOTO 1HTENEKTY SIK PO3Mi3HABaHHSA MOBJICHHEBHX CUTHAJIIB Ta
3a/la4a KIIIHIYHOI JIarHOCTUKU ITh0BAa (DYHKIIIS 3aJI€KHUTHh BiJ KUIBKOX 3MIHHUX, SKHMH €
pi3HI TUTIH KOMOIHATOpHUX KOH(irypamiii. ToMmy 171 CBOro po3B’si3aHHS BOHH MOTPEOYIOTH
po3polsieHHsT TiOpUAHUX anropuTMiB. o TOro » 3a M€ O3HAKOIO BCTAaHOBIIOETHCS
MOIIOHICTE IIUX 3a]ad.

Po3nizHaBaHHSI MOBJIECHHEBUX CUTHAJIIB
3ajaua pos3mi3HaBaHHS MOBJIEHHEBHX CHTHAJIIB TOJIATAE Y 3HAXOJHKEHHI IS BX1IHOTO
CUTHAJTy HalOUIBII MPaBIOMOAIOHOTO €TAJIOHHOTO 3 YCIX MOKIMBUX €TAJIOHHUX CUTHAMIB [2].
Jlst po3B’si3aHHs 1Mi€l 3a1a49i HEOOX1THO TTPOBECTH TOIIYK MEBHOTO €TaJOHY B Oi0mioTer Ta
MOPIBHATH HOTO 13 BXiqHUM curHayioM. [Ipu MozenroBaHHi Iii€l 3a7a4ui apryMEeHTOM I[UIbOBOT
(GyHKIIIT BBaXAIOTh BXITHUN curHaT [2]. MoenroBaHHs 3a7a4i po3Mi3HaABaHHS MOBJICHHEBUX
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CUTHAQJIIB TIOKa3ye, M0 apryMeHT IIb0BOI (YHKIT B Hiil € KOMOiHaTOpHI KOH(iryparii
PI3HUX THIIIB.
PosrnsiHeMo 3amady TMOPIBHSHHS €TAJIOHHOTO Ta BXIJIHOTO CHUTHANIB. YBEAEMO [Bi

6azoBi MHOXHHE A= {4, ,...,a,} Ta B'={b/,.,b.}, ne a . A — 3HaueHHs CUTHAIY Y BiITiKy
s, s=1,n,a b €B' Bignosinae Bimiky erasonHoro curHany, | € {l,...,1}, ie{l,...q}, § —
KUIBKICTh €TJIOHHMX CUTHaNIB. BXiiHI naHi, SKMMH € BarM MK eleMeHTaMu a € A Ta

CsI

b/ € B', 3amamo HecumerpuuHoto Marpuieto C :‘ _, HOMepa CTOBIIIIB K01 301raloThCst
nxn

3 HyMEpall€lo €IeMEHTIB a, € A, a HOMepa pPsIKIB — 3 HyMepali€lo eJIeMEHTIB b eB'.
OCKibKH 3 KOXKHOI 0a30Boi MHOXKHHHM A Ta B' BHOHPAIOTHCS 1O OJHOMY CIEMEHTY B
CTPOrOMY TIOPSIIKY, TO OTpMMaHa KoMOiHaTopHa KOHQIirypamiss € po3MimeHHsS 0e3
nosropeHHs. IlosHaunmo i p“ €M, me M — ixus Bcimaka MHOXuHA. [{1s BU3HAYEHHS

ereMeHTiB 8, € A Ta b € B', mo BuOHMparoThcs 3 0a3oBMX MHOXKHMH Ha K-My BapiaHTi

po3B'sI3Ky 3amadyi, yBememo komoOiHaTopHy (0,1)-maTpwuirio Q(uk):u gsl(uk)H L Skmo

0 (uW)=1, To 3 mHOxuH A Ta B' BuOGpama mapa (a,b), B iHmIOMy pa3i 3HaueHHS

Jy (uW*)=0. Jna 3amucy uinmboBoi (yHKIi B SBHOMY BHIVIAI 3MOJETIOEMO BXiIHi JaHi

GyHKLIAMHA HaTypalbHOTO aprymenrty. Enementn wMatpuni C  momamo  YHCIOBOIO

dyuxmiero ()| , amarpuri Q(u*) — xombinaroproro B( f (), n ), me m=nf.
3amaya TOPIBHSHHS €TAJIOHHOTO Ta BXIJHOTO MOBJICHHEBHX CHUTHAJIIB TIOJISTAaE B

3HAXOJKCHHI TaKoro PO3MIIICHHS 0e3 MMOBTOPEHb TR JUTSt SIKOTO

F(i)=max > o (1B, (F (), 2 > @(J)B; (f (jLu*) — inrerpamha wipa
weM o -1

nofibHocTi, a @(j)=U;(a,,b') — enementapna mipa moAiGHOCTI, AKka BU3HAYAE MOMIOHICTH

MDK €JIEMEHTAMHU €TAJIOHHOTO Ta BX1THOI'O CUTHAJIIB.
PosrnsiHemo 3aga4yy nouryky B 6i61i0Teri eTaToHHOTO CUTHAITY.
B miit migzamaui sk Barm MK €TAJOHHUM Ta BXIJHAM CHUTHaJaMH BHCTYMNAIOTh

BEIMUYMHM iHTErpalbHUX Mip TomiOHocti F(p*’), umcnoBe 3HayeHHs SKMX MHOJAMO
MaTpUIEIO C. Howmepa croBmiiB 1mi€i MaTpuili 30iral0ThCsi 3 HOMEpPaMU €TaTOHHUX CHUTHANIB,
po3MimeHux y 6i6mioreri. Psmok y Hil OuH 1 BIAMOBiIa€ HOMEPY OJWH BXIJTHOTO CHUTHATY
A. OCkKiJbKM TpU TOPIBHSAHHI BXiZHOTO Ta €TAJOHHOTO CUTHANIB i3 MHOXXMH A Ta B
BHOMPAIOTHCS JIBA €JIEMEHTH, TO YTBOpEHa KOMOIHAaTOpHa KOHQITypallis € CroJydeHHs 0e3

TOBTOPEHHSL, SIKe M03HaYMMo K 1 € M, ne M’ — ixus Beinsika MHoxuHa, B = (B;....,B;) —

MHOXHHa €TAJIOHHHUX CUTHAJTIB. YBenemo KOMOIHATOpHY (0,1)-Mmatpwuirto

Q(u“)z” g“(p,t't)Hl . SIxmo ¢, (u")=1, To 3 MmHoxuH A Ta B BuGpama mapa (A, B), B
Xq

inmoMy pasi 3mauenns ¢,(u')=0. Enementn wmarpuimi C  T10AaMo  YHCIOBOIO

: " n-1 : 't : ! " 'ty n-1
dynakuiero ¢ ()|~ ,amarpum Q(u’) —xombinaroproto B ( f (j),pn ).
3amava TOUIYKY €TaJOHHOTO CHUTHANly, SIKMH BIAIOBIJa€ BXIAHOMY, IIOJNATaE Yy
. el
3HAXOJPKEHH] TAKOTO CHOMy4IEHHs O€3 TIOBTOPEHHS [ , IS IKOTO

) =max S ¢ (DB, (F (i), me 0 (D=3 o) B, (F (D).
w'eM 3 j=1

DOI'10.32782/2618-0340-2018-2-161-172
167



HPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIIOBAHHA Ne2, 2018 p.

3agaua cerMeHTAaIlil MOBJIEHHEBOTO CUTHAJY

s po3B's3aHHS 3a1adi CETMEHTAIlli MOBIEHHEBOIO CHTHAIY pO3poOiieHO OaraTto
METOIB Ta QJITOPUTMIB, IO TYPTYIOTHCA Ha KOPENAIIMHUX MMAX0JaX 3 BUKOPHCTAHHSIM
JMHAMIYHOTO IPOrpaMyBaHHs, HanpuKiIan [2]. Ane B 0aratbox miJxoJax BOHA PO3B’A3YEThCS
1 IUIAXOM poO3Mi3HAaBaHHS KoHiryparii BxigHOro curHany. I[IpoBememo cermeHTaIio
MOBJICHHEBOTO CUTHaJTy Ha KBa3imepioguuHi Ta HENepioguyHl [UISHKH, B SKOMY
po3Mi3HaeThesl Moro kKoHdiryparsa. g 3amaya momnsrae y BUAUICHHI HAa 3aIaHOMY BIAPi3KY
BXIJJTHOTO CHUTHAITy MaiKe MepioAUYHUX 1 HENMEPIOANYHUX NITISHOK, a B MaikKe MepioJuIHuX
BHU3HAYAIOTHCS JOBXKMHU IMOTOYHOrO Maibxke mepiony. s dopMyntoBaHHS MaTeMaTH4HOI
MIOCTAHOBKH IIi€1 3a/1a41 BUKOPUCTAEMO TEOPit0 KOMOIHATOPHOT ONTHMI3aIlii.

Bigpizok curHamy, W0 JOCHIIKYETHCA, po3i0’€MO Ha AUISTHKA JOBXKHUHOIO
L € {Lpin> Loin + Ay Ly +2A ., L0} 3 HACTYNHMM BHM3HAYEHHSM MaiKe MepiofMYHOCTi

> Tmax
CyCcimHIX JIumfHOK; L, — MIHIMaJbHO MOXJMBAa JOBXKHMHA Maibke mnepiomy, L. —

'min > —min ‘min
MaKCHMaJIbHO MOXKIIMBA JOBXKUHA MaiiKe Mepioay, 4 — 3HAYCHHS MPHUPOCTY Maike Mepiomy
(BU3HAYAETHCS EKCIEPUMEHTAIBHO). [HTerpasibHa Mipa TOMIOHOCTI, SIKY BHKOPHUCTAHO IS
BU3HAYCHHS MaiKe MEepioANYHOCTI JBOX CYCITHIX AUISHOK, CPOPMYIIOETHCS 3 ypaXyBaHHIM
KUTBKOX KPHUTEPIiB.

Hexait 3agaHo BiIpi30K MOBJICHHEBOTO CUTHANY L , SKWW MOJaMO y BHUTJISAI YUCIOBOT
byakmii  f(j)|", M — KUIBKICTH ii 3HaYeHb. BBaxkaTnMeMo, 110 CyCi/IHI JUISTHKH (YHKIIIT

min(a, —a,_,a_,—a,_,)
max(a, —a,_,3_; —a,_,)

>e, m=|p-d|<e, me tel,...mE )+, lel,...m@h},

f(j)|" ™maibke mepioanYHi, SIKIIO MIipU TOAIOHOCTI p,=

dlzmm(bt —b, b — bt—z)
max(bt —b b - bt—z)
p,, d, — eIeMeHTapHi MipH MOIIOHOCTI, AKi TO3BOJSIOTh BU3HAUATH Maii)Ke MepPioANYHICTD t -1

>¢,

Ta (t+1)-1 QUIAHOK; & — BIJUIIK, AJI SIKOTO 3Ha4eHHs QyHKuii f(a,) Ha AUIAHLI JOBXHUHOIO

~ o . " min( - i:) . .
L maiiGinsme abo “f(at)|—‘f(x*X‘<a , SIKIIO &8 e, X' — BimK, A1 SAKOFO
max(at -, L)
3HadeHHsa QyHKuii f(j) HaiOinbwme; b, — BIATIK, [uId SKOro 3HadeHHs QyHkuii f(b,) Ha mii
. . o * " min(b - E) " ..
e JUISHII HaiiMeHie abo “f(bt)|—‘f(b ]‘<s , SKIIO L — by, ) B T
max(bt -b_,, L)
akoro 3HaueHHa f(b') — HaliMeHme; ¢ ¢e,¢ — KoedillieHTH Mipu MOAIOHOCTI, IO
BH3HAYAIOTHCSI EKCIIEPUMEHTAIIBHO; m(uk) — KIIBKICTh JUISHOK JOBXKHHOIO L, Ha fKi

pozbuBaetbes Gynkmis f ()| Ha k -if iTeparii. B mporieci po3B'si3aHHs 3a1a4i GOPMYETHCS
KoMOiHaTopHa KoHpirypamis p* = (uk,..., “Ek) (apryMeHT 1inboBOi (DYHKIIiT), KA BiTHOCHTHCS
70 po3MilleHHS 03 MOBTOPEHb, B SKill ypaXOBYEThCS MOPSAIOK €JIEMEHTIB, HMPUYOMY
nf <pk L n*efl...m@*)} — kinekicte enementiB y p*. Emement pf e{l,.,m} — Bimmk
CHUTHAJly, II0 BKa3ye Ha KiHEUb o-ro abo Ha moYaTtok (o +1)-ro Maibke mnepiony
cefl...n" -1}.

3amaya cerMeHTanii MOBIEHHEBOTO CHTHAJIy TMOJSTae Yy 3HAXOMKEHHI TaKoro
apryMeHTy WinboBoi (QyHKHii p*, s sxoro 3mozmenboBaHa WinboBa (yHKIiA mocsrae
ONTUMAIBHOTO 3HAYEHHS NPH BUKOHAHHI 3alaHuX yMoB. OIliHKa Ta BUOIP ONTHMAJIBHOTO
BapiaHTy PO3B’A3KY 3aadi 3 yCiX MOMXKIMBUX p* IPOBOIUTHCA 3a LiILOBOK (DYHKIIIEIO, IO
YpaxoBYy€ KiJIbKa KPUTEPIiB.
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3agaya cHHTe3y MOBJICHHEBUX CUTHAJIIB

3amaya CHHTE3y MOBJIICHHEBHX CHUTHAJIB TMOJIATaE Yy iX BIATBOPEHHI 3a 3a/laHUM
TEKCTOM. SIK mpaBwiio, IJis PO3B’s3aHHS ITi€i 3a/1a4l CTBOPIOEThCs 0i0ioTeka (parMeHTiB,
YTBOPEHUX 13 TNPHPOJHUX MOBJICHHEBHX CHUTHaNIB, a00 Taki ()parMeHTH CTBOPIOIOTHCS
mTy4yHo [2]. Lla 3agada po3B’sa3yeTbesi 00'€THAHHAM Maibke TmepiofiiB a0 AUISTHOK CHUTHAIY,
BUOpaHUX 13 610mioTekH, y (oHEMH, 10 BIAMOBIAAIOTH EBHUM 3BYKaM (BiIMOBIIHO OyKBaM
33JIaHOTO TEKCTY) 3 BUKOPHUCTAHHSM IEBHUX MpaBuUil. ApPryMeHT HUIbOBOI (DYHKIIT B I
3aja4di BITHOCUTHCS 10 BHOIPOK (PO3MILICHHS 3 MOBTOPEHHSAMH). MHOXHUHY 0107110T€UHUX
eneMeHTiB ((pparmenTiB) mosHaunmo A={a, ,..,a,}, A€ @; — CJIEMEHT, W0 BIANOBIIAE

Maiike Tepiogy abo NUISHIII MOBJICHHEBOTO CUTHaNy. [logaMo mMTydyHUN CHUTHAN 3aJaHOTO
: k k k k
cinoBa (PeYeHHs) PO3MILICHHSIM 3 MOBTOPCHHAMU - = (W) sy ) s AC Wy = (850 ) —

(onema, a a; € A — | -it 6iOmioreunuii enemenT Gponemu. [IpupoHIUI MOBIIEHHEBHI CHTHAT

. * * *
3aIaHOTO CJI0BA (PEYCHHS) MO3HAYMMO PO3MILICHHSAM 3 MOBTOPCHHAMH W = (W,...,1L,.) , J€
[T :(usl,...,usc‘) — (ponema, a p — i enemeHr.

3ajaua CUHTE3y MOBJICHHEBUX CHUTHAIIIB IMOJISTAE y 3HAXOKEHHI TAKOTO PO3MIIIEHHS 3
* * * v v ~
IIOBTOPEHHSAMU pk :(uf yeees “ir(] ), IS AKOTO OJEp>KaHHM IITYYHUM MOBJIEHHEBUM CHUTHA

BIANOBiZaB  OM  NPUPOAHOMY  HOro  3By4YaHHI0, TOOTO  IiIboBa  (YHKUIs

n q
F( ) =max 337 0 (1)B; (F (hu'). xe o(i)=0,(@;.h5) — interparsna wipa
€ i=1

s=1 j=l1

. . * . . . . . .
noxibHocti, a g;(a;,H)— €NeMeHTapHa Mipa MOAIOHOCTI, sIKa BU3HAYA€ MOMIOHICTH MIK
TyIHIMH (OHEMAMH |1 = (8j;,--»8j;, ), YTBODCHHMH 3 CIICMCHTIB &; € A, Ta IPUPOJHIMU

* * * " . *
pe = (psl,...,usg*) 3aaHOT0  IIPUPOAHOTO  CHUTHAaly, q =min({,,*).  3HaueHHA

B;( f(j),u)=1, axmo donema pf yTBOpeHa 3 eTeMeHTa a;eA, taB( f(j),u)=0 s

IHIIIOMY BHITQJIKY.

I'pamatnyHi mpaBuiia y CMHTE31 MOBJICHHEBHX CHUTHAIIB MOXHA PO3TJISIATH SIK MipH
nmoAioHoCTI. OCKUTBKH BOHU PO3POOJICHI IPYHTOBHO, TO MPH BiJICYTHOCTI YMOBHU BiITBOPCHHS
1H/IMBITyaTbHOCTI TOJIOCY IS 33/1a4a € PO3B’sA3HOI0. JKiHOUMMA, YONMOBIUMHA a00 AUTAYHMI TosI0C
3aJIOKUTh BiJI YaCTOTH OCHOBHOTO TOHY, aMIUTITyJ¥ CHTHally, TOMY IS 3aJada € TaKOX
PO3B’s13HOI0. BiITBOpEHHS 1HIMBIAYaTPHOTO MOBJICHHS 3QJIKUTH BiJl HA0Arato CKJIaIHININX
YUHHUKIB. BiJI MOBJIECHHEBOTO TPAaKTy IHAMBIAYyMYy, Bl HOro €MOIIIMHOTO CTaHy, Bif
0c00IMBOCTI Horo neuxiku Tomo. OCKUIBKHY 11 TapaMeTpH 3MOJIENIOBATH JOCHTDH CKIIAJHO, TO
MOCTaBJICHA 3aJadya HE € PO3B’SI3HOK. ICHYIOYI CHHTE3aTOpH XapaKTEpU3YIOThCS JIOCHTH
BHCOKOIO HATYpPaJbHICTIO 3BYYaHHs, aJié HE BIATBOPIOIOTh OCOOJMBOCTI MOBICHHS
IHIUBINYyMYy. Psiji eKceprMeHTIB, MPOBEICHUX 3a JOTIOMOTOI PO3pPOOJEHOTO KOMILICKCY
porpaM CHHTE3y MOBJICHHEBUX CUTHANIB i3 ()parMeHTiB NMPUPOAHOI MOBH IOKa3aB, IIO
IHIUBIIYQJIBHICT, MOBJICHHS 30€epiraeTbCcsi y Maike TMepioai, IO BIAMOBiZaE mepiomy

ocHoBHOro Tony f,, ta muponax f,, BuAiITEeHMX 3 TPHUPOAHOrO CHUTHANY. AJe, SKIIO
3reHepyBaTH CUTHAJ 13 IPUPOAHUX Mailke MepioAiB Tak, 0 3HAYCHHS iXHIX aMIunTy] A Ta
noxuH D, (B auckperax) — OAHAKOBI AN yciX Mailke MHEpiofiB, TO TOJOC 3BYYHUTh

OJTHOMAHITHO, 3 METAJIEBUM BIATIHKOM 0e3 Oyab-skux emouii. [yis mpupoIHOro 3ByYaHHS 13
30epeXEeHHSIM 1HIMBIAyaJbHOCTI MOBJICHHS Ta €MOIIIMHOCTI HEOOXITHO, KpIM HasBHOCTI
OPUPOJHUX Maibke mepiofiB Ta AM(OHIB, TOYHO BIATBOPUTH XapaKTEpHI MapameTpu
IHIUBIIYyMY: 3HA4YeHHS aMIUTITy[W CHUTHANy, JOBXKHHY Maibke Tmepioay (Ha I0YaTky,
HOCEPEHI, B KiHIl CUTHAIy, ITiJi HAroJIocoM), MiHIMalIbHy KilbKicTh Maiike nepionis K |
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MPU SKUX BIATBOPIOETHCS TeBHaA (GoHeMa Tomo. EkcrepuMeHT mokaszaB, IO HAaBITh MPH
BUKOHAHHI OTOBOPEHUX BUIIE YMOB, 3T€HEPOBAHUI IITYYHUH MOBICHHEBUU CUTHAT HAaOyBae
1HIUB1TyaJIbHOTO 3ByYaHHsI. Otxe, BIITBOPEHHS 1HIMB1TyaTbHOTO MOBJIEHHS

XapakTepu3yeThbes Takumu mapamerpamu: ¥ =< A, D,, K, f, f >.

3amava KJIiHIYHOI TIarHOCTHKH
[ToOynmyemo MaremaTH4Hy MOJENb 3aJadl KIHIYHOI JIarHOCTHKH SIK  3a7ady

xoMmGinaropuoi onrtumizauii [12]. Ilosmaunmo A=1{a,..,d.) MHOKHHY 3aXBOPIOBAHb,
OMHMCaHHS SKUX 3HAaXOAUThCA B Oi0mioremi (MHOXHWHA €TalOHIB), J€ CJIEMEHT
~ ~ * . .

a, €A, se{l,..,n}, BIINOBIZA€ NEBHOMY 3aXBOPIOBAHHIO, $AKOMY IIOCTAaBICHO Y

BifmoBigHicTs xapaktepui oszHaku V" =(Vft),v§t),...,vét,)), 0, — KiIbKicTh o3HaK t-To
t

3axBOpIOBaHHs. BXinHOW0 iH(pOpMalieo B 3a7adi KIIHIYHOT JIarHOCTUKU € MHOXKMHA O3HAK
V =V, V,,..., ;) , mo onucye onune abo Kinbka 3axBopioBank. [losnaunmo ix B ={b,...,b ..},

Hok

ne b, e B — 3axBoproBaHHS, SKe NOTPIOHO BHM3HAYMTH, N — KUIBKICTH MOKJIMBHX
3aXBOPIOBaHb, @ 0, # § a6o ¢, = . O3naku V. €V BxigHoi inopManii MaroTh TOI ke 3MicT,
1o i onucai B etanoni osnaku V' eV, re{l,...q}, le{l,...q.}.

3amava monATaE |y 3HAXOMKEHHI s B 13 MHOXMHOIO o3Hak V  HaWOUIBII
HpaBIONOAIOHOTO OofHOro abo0 KiMTbKOX eTanoHiB i3 MHOXuHH A ={d,..,a,), To0TO 3a

BXIZIHIMH O3HaKaMM BCTaHOBIIIOETBCS OJHE abo Kijbka 3axBopioBaHb D, € B. O3nHaku B wiit

3a/1a4l BIIIrparoTh PoJib KPUTEPIiB, 3a IKUMH OILIHIOETHCS 1i PO3B’SA30K.

S 1 B po3mi3HaBaHHI MOBJICHHEBUX CHTHAJIIB, AJIS1 PO3B’sI3aHHS Ili€l 3a1a4i HEOOX1IHO
MMPOBECTH TONITYK MEBHOTO €TajoHy B 0107i0Tell 1 MOPIBHATH HWOTO 13 BXIIHUMH O3HAKaMHU.
ApryMeHT 1inboBoi (yHKIT B 000X 3amayax € pi3HI TUIIKM BUOIPOK. 3a Ii€I0 O3HAKOIO
BCTAHOBIIIOETHCS TXHS MOAI0HICTE.

BucHoBku

MopentoBanHsa 3adad 13 IITYYHOTO IHTEJIEKTY B paMKax Teopii KOMOIHAaTOpHOI
OINITUMI3AIli] 103BOJIsIE€ BUSBUTH IXHIO KOMOIHATOPHY MPUPOAY, BU3HAYUTH apryMEHT I1JIbOBOI
¢byHKIII, SKUM € KoMOiHaTOpHI KOoH(pirypamii pizHux TwmiB. [li JOCTIKEHHS BUSBISIOTH
NPUYMHY HEBM3HAUEHOCTI PI3HUX BHJIB, SIKa BUHUKAE B IMPOLEC] IXHBOTO PO3B’A3aHHA. Ta
MOSICHUTA TPHUPOAY HEYITKOCTI BXIMHMX gaHuX. [lokazaHo, 1m0 B 3ajadax IhOTO KJIacy
KOMOIHaTOpHI KOH}Iryparii MOXXyTb OyTH SIK apryMEHTOM LUTbOBOI (DYHKIIIT TaK 1 BX1IHUMH
JaHUMU. 3a apryMEHTOM IUJIbOBOi (YHKINI BOHHM PO3IUIAIOTHCA Ha Mia3agadi, s
PO3B’A3aHHA SAKHX HEOOXIAHO po3pobnsTu ridbpuani anmroputMmud. Ha mnpuxmani 3amaui
pO3Mi3HABaHHS MOBJICHHEBUX CHUTHAJIB Ta 3a1adl KIIHIYHOI JIarHOCTUKH OIHUCAHO CHOCi0
BHU3HAUCHHS MIEBHUX O3HAK, 32 SIKWMHU BCTAHOBIOETHCS MOMIOHICTH 33724 3 00UUCITIOBAIIBHOTO
IHTEJIEKTY.
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10.B. YHOBHIOK

HaunoHnanbHbIH yHUBEPCUTET OMOPECYPCOB U MPUPOAOIIONIB30BAHMS Y KPAHHBI
B.T. KPABUYK

KueBckuii HallMOHAJIBHBIN YHUBEPCUTET CTPOUTEIHCTBA U APXUTEKTYPhI

IMPOCTPAHCTBEHHO-BPEMEHHAS BOJIIOIAA HEJIUHEAHBIX
MOBEPXHOCTHbBIX BO3MYIIEHUH YINIOTHAEMOM BETOHHOM CMECH B
BEPTUKAJIbHO BUBPUPYIOINEM HWJINHIPUYECKOM BAKE ITPH EI'O
NIEAJBHOM BO3BYKJIEHUU

Obocnosan MemoO MOOeIUPOBaHUs U AHAIU3A NPOCMPAHCMBEHHO-8DEMEHHOU
960MI0YUU  HENUHEUHBIX NOBEPXHOCMHBIX BO3MYUJEHUL VHIOMHAEMOU OemoHHOU cmecu 8
BEPMUKANILHO 8UOPUPYIOWEM YUTUHOPULECKOM OaKke npu e2o uoedaibHoMm 6030ydicoeHuu. B
PAMKAX NPEONOHNCEHHO2O0 Memooad U NPUHAMbBIX OONYWEHUL NOJYYEHO CMAHOAPMHOe
HeluHeluHoe  960NIYUOHHOE  YPAGHEeHUe 6  YACMHLIX — NPOU3BOOHBIX,  NO360JsIOUee
ocyujecmenams  0emanbhblll  AHAIU3  BOZHUKAIOWUX HETUHEUHbIX 60IHO0OPA308aAHULL 8
paccmampusaemoii  cucmeme. B 6onvuwuncmee cuyuaes smum  YypasHeHuem  s61semcs
HenuHelinoe ypasnenue Illpeduncepa c¢ Ouccunayueti. Ilpogeden 6cecmoponHUll aHAIU3
NONYYEHHBIX AHATUMUYECKUX PeuleHUll YKA3AHHO20 YPAHeHus O Cydaes: a) c80000H020
be3 Odemnghuposarnus OsudiceHuss 6emonHoU cmecu; 0) c80000H020 08udCeHUs OEMOHHOU
cmecu ¢ OemMn@puposanuem,; 8) K8A3UCOIUMOHHO20 OBUNCEHUS OEMOHHOU CMeCU 8 YCI08USAX
KOMReHCcayuu 0emMnupo8anus u Haruyus npuepy3a Ha N08EPXHOCMU YUTUHOPULECKO20 OaKa.
Hatioennvle — ananumuueckue — pewienuss — HeIUHEUHO20 — IBONIOYUOHHO2O — VPABHEHUS
nepuoouyeckoeo muna (M.H. KHOUOANbHblEe BOJIHbL) ONUCLIBAIOMCA  DINUNMUYECKUMU
@yukyuamu HArxobu unu ¢ynxyusmu Betiepuwmpacca. Keazuconrumonmnwie peuwtenus cooepacam
6 3HaMmeHamene MUNUYHYIO  QVHKYUIO OAA  CONUMOHHBIX — (VEOUHEHHBIX) B60IH  —
eunepooIuyecKuti  KOCUHMyc, m.e.  NPONOPYUOHANIbHbL  2UNEPOOIUYECKOMY — CEKAHC).
Ilpumenenue  npuepyza  cneyuaivHou  gopmul  (paduaibHo — pebpucmotl) — npu
suopopopmosanuu uzoenutl u3 OEMOHHOU cMecCu N0360Jsem 6030y0ums KEA3UCOIUMOH HA
NOBEPXHOCIU  YNIOMHAEMOU HCUOKOCMU/CMecU U 4EéMKO Onpedeiums 6ce @uauuecKue
KOHCMAHMbl  (AMnaumyo0y, CKOpOCMb, HAYAIbHYIO ¢ha3zy Koaebauuil), queypupyrouue 6
peweHuu 2801I0YUOHHO20 YPABHEHUS, BO3HUKAIOWUX KBAZUCONUMOHHBIX 80IHO0OPA308AHUIL.
Pesynomamor  0annoeco uccnedoganuss mocym Ovimb 6 OanbHeleM UCNONb308aAHbL OJIs
VMOYHEHUsI U COBEPUICHCMBOBAHUS  CYWYECMBYIOWUX UHHICEHEPHLIX Memo008 pacuéma
9HEP2OCUNIOBbIX XAPAKMEPUCTUK BUOPOMAUUH OISt YNIOMHEHUsL OEMOHHBIX U CIPOUMETIbHBIX
cMmecell Kak HA CMAousx ux NpoeKmupoB8aHuUs/KOHCMPYUPOBAHUs, MaK U 6 pPerCUMAax
PeanbHOU IKCHIAYAMAayuu.

Kniouesvie  cnosa:  npocmpancmeeHHO-6peMeHHAs — 380MOYUsL, — HETUHEUHOCMDb,
NOBEPXHOCMb, BO3MYUeHUe, YNIOMHEHUe, OemOHHAsI CMeCb, BEPMUKANbHAS BUOpayus,
YuruHOpuyeckull 6ax, uoeaibHoe 8030)icoeHue.

10.B. YHOBHIOK
HamionansHUl yHIBEpCHUTET 6i0pecypciB i MPUPOJOKOPUCTYBAaHHS Y KpaiH!
B.T. KPABUYK

KuiBcbkuii HallioHaIbHUHM yHIBEpCcUTET OyJiBHUITBA 1 apXITEKTypH

IMPOCTOPOBO-YACOBA EBOJIIOIIS HEJITHIMHUX ITIOBEPXHEBUX 35YPEHD
YIILUIBHIOBAHOI BETOHHOI CyMIIT 'Y BEPTUKAJIBHO BIBPYIOUOMY
OUJIIHAPUYHOMY BAKY IIPH UOT'O IIEAJIBHOMY 3BY/IKEHHI

Ob6rpynmosanuti memoo MOOen08aHHA MA AHANI3Y NPOCMOPOBO-YACOBOI €BONOYIL
HeNIHIHUX NOBEPXHeBUX 30Y0xceHb OemOHHOI cymiuli, wWo YWiNbHIOEMbCI, V 8ePMUKATILHO
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8IOpYIOUOMY  YUNIHOPUYHOMY 0OaKy npu to2o idedanvHoMy 30yodcenHi. Y  megcax
3anpONOHOBAHO20 MemOoOy U NPUUHAMUX NPUNYUWEHb OMPUMAaHe CMAHOApmHe HeliHiliHe
€B80II0YilIHe PIBHAHHA )Y YACMUHHUX NOXIOHUX, SKe 00360JI5€ 30IUCHIO8AMU OeMAIbHULL AHANI3
BUHUKAIOYUX HETIHIUHUX X8ULe YIMEOPeHb ) 00CIIONCY8aHill cucmemi. Y Oinvuocmi eunaoxis
Yyum pieHAHHAM € HeliHitine pieuauns I[llpedincepa 3 Ooucunayiero. Ilposedenuii ecebiunutl
AHANI3 OMPUMAHUX AHATIMUYHUX PO38 3KI8 BKA3AHO20 DIGHAHHSA OJisl GUNAOKIB: @) BilbHO20
be3 Odemngpyeanns pyxy OemonHoi cymiwi; 6) 6ilbHO2O pyXy OemoHHOI cymiwi 3
0eMn@hysanHam, 8) K8A3ICONMOHHO20 pYXy OemoHHOI cymiwi 6 yMo8ax KomneHcayii
OoemnpyeanHs i HAAGHOCMI NPUBAHMAICEHHS HA NOBEPXHI YUNIHOPUYHO2O Oaka. 3HaitiOeHi
AHAIMUYHI  PO36 SI3KU  HENIHINH020 eBONIOYIUHO20 DIGHAHHA NepioOUdHO020 Muny (m.s.
KHOIOAIbHI  X8UN)  onucyromocs  eninmuuynumu  Qyuxyiasmu  HAxobi uu  @ynkyiamu
Betiepwumpacca. Keaziconimouni po36’a3ku marwoms y C60EMY 3HAMEHHUKY MUNOBY QYHKYIIO
0151 CONIMOHHUX (YOCOONEHUX) X8UMb — 2iNepOOoNiuYHULL KOCUHYC, MOOMO NPONOPYIOHANbHI
einepboniunomy cexaucy. 3acmocy8aHHsA NPUBAHMANCEHHs chneyianvbhoi opmu (padianbHo
pebpucmoi) npu 8ibpoghopmysanni 6upodie 3 bOemoHHOi cymiwi 0038011€ 30Y0xcysamu
K8A3iCONIMOH HA NOBePXHI PIOUHU/CYMIWI, WO YWIILHIOEMbCA, U YIMKO GU3HAYUMU 6CI
@izuuni KOHCmanmu (AmMnaimyoy, WeUOKICMb, NOYAMKO8Y (ha3y KOIUaHy), sKi (icypyroms y
PO38 A3KY  €B0IOYIUHO20  DIBHAHHA,  GUHUKANOYUX  KBA3ICONIMOHHUX  X6UTEYMEOPEHD.
Pesynomamu 0anoeo o0ocniodcenns moxcyms Oymu Yy noOAIbWomy BUKOPUCMAHT OJis
VMOYHEHHS Ui 800CKOHANEHHS ICHYIOUUX THIICEHEPHUX MemoOi8 PO3PAXYHKY eHEeP20CUNOBUX
Xapakxmepucmux 8i0pomawiur O0ns YWinbHeHHs OemoHHUX i 0y0ieeNbHUX cymiutell K Ha
CMAoisx ix NPoeKmy8aHHs/KOHCMPYIO8AHHS, MAK I Y PENCUMAX PealbHOI eKCHIyamayii.

Knrouosi cnosa: npocmoposo-uacosa egonroyis, He NIHIUHICMb, NOBEPXHs, 30YPEeHHS,
VWiNbHeHHs, OemoHHa CyMiul, 6epmuKkaibHa eiopayisn, YuliHOpuuHull 6ax, ideanvHe
30)024CeHHL.

Y.V. CHOVNYUK

National University of Bioresources and Life Sciences of Ukraine
V.T. KRAVCHYUK

Kyiv National University of Construction and Architecture

SPACE-TIME EVOLUTION OF THE NONLINEAR SURFACE DISTRIBUTIONS
OF THE SEALING CONCRETE MIXTURE IN THE VERTICAL VIBRATE
CYLINDRICAL TANK DURING ITS IDEAL EXCITATION

The method of modeling and analysis of space-time evolution of nonlinear surface
perturbations for the sealing concrete mixture at the vertical vibrate cylindrical tank with its
ideal excitation is based. In the limits of proposed method and accepted assumptions, one may
receive the standard nonlinear evolution equation with particular derivatives which gives the
possibility to realize the detail analysis of the generating nonlinear wavelets at the researched
system. For the larger part of cases, this equation is the nonlinear Shredinger’s equation with
dissipation. The all-around sides’ analysis of the obtained analytical solutions of this
equation is made for such cases: a) the free motion of the concrete mixture with the absence
of dissipation; b) the free motion of the concrete mixture with the presence of dissipation; c)
quasisolitary motion of the concrete mixture at the conditions of the compensation of the
damping process and at the presence of the special weight at the surface of cylindrical tank.
The analytical solutions of the nonlinear evolution equation are found in the form of the
periodic type (so called cnoidal waves). They may be determined with a help of Yacobi’s
functions or Veirstrass’s functions. The quasisolitary solutions have at their determination the
typical function for the solitary waves — ch™ or they are proportional to sech. One may use
the weight of the special form (with radial ribs) for sealing of products from the concrete
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mixture. This way gives the possibility to excite quasisoliton on the surface of sealing
liquid/mixture and to determine precisely all physical constants (amplitude, velocity, the
reference phase of oscillations) of quasisoliton wavelets which are usually present in the
solution of evolution equation. The results of this investigation may be used at future for the
improvement and refinement of the present engineering methods of calculation of the energy
and force characteristics of the vibromachines for the sealing of the concrete and
construction mixtures at the stages of their projection/design and at the regimes of real
exploitation, as well.

Keywords: space-time evolution, nonlinearity, surface, perturbation, sealing, concrete
mixture, vertical vibration, cylindrical tank, ideal excitation.

ITocTanoBka npodaemMbl

Jlnia coznanusi BUOPAIIMOHHBIX MAIIMH HEOOXOAMMO JOCTaTOYHO TOYHO OIPENEIHUThH
UX OCHOBHBIE TTApaMETPHI, IPU KOTOPHIX 00ECTIEUNBAETCS HEOOXOTUMBIN MaJIOIHEPrOEMKHUI 1
3G (deKTUBHBIN pEXUM BUOPALIMOHHOTO BO3JACUCTBUS Ha YIJIOTHAEMYIO CPEAy B 3aBUCUMOCTH
OT (PU3HKO-MEXaHMUYECKUX XaPAKTEPHUCTUK CMECH, TEXHOJOTMUYECKUX M JIUHAMHYECKHX
MPOLIECCOB, TMPOTEKAIOMMX MpU (OPMUPOBAHUU CTPYKTYpbl YIJIOTHAEMOH  Cpe.bl,
KOHUrypallMy H3JeNus, BUAA, HANpaBICHUS M 30HBI BHOpalMOHHOTO Bo3naeHcTBHsi. K
OCHOBHBIM IapaMeTpaM BUOPAIIMOHHBIX MAalIMH OTHOCATCS MX Macca, Macca BUOPAIIMOHHOTO
paGouero opraHa M IUIONIAJb €r0 B3aUMOACHCTBUS C YIUIOTHAEMOW Cpeloil, 4JacToTa,
aMIUIUTyZla WIM pa3Max BBIHYXJCHHBIX KoJjeOaHUN BUOpPAIMOHHOIO padoyero oprasa,
COBEpILIAIOIIET0 TapMOHUYECKHE, CyO- WM CyNeprapMOHHYECKHE , a TaKXe, BO3MOXKHO,
BHOPOMMITYJIbCHBIE ~ KOJeOaHWs, YacToTa  COOCTBEHHBIX  CBOOOJHBIX  KoJieOaHUH
BUOPAIIMOHHOW MAIIIMHBI, TEOMETPUUECKUE U KHHEMaTHYECKHE TapamMeTpbl BUOPALMOHHOM
MallMHbl,  CKOPOCTh  IMepeMelleHHus  BHOpAlMOHHOTO  pabouero  opraHa  WIu
MPOJOJDKUTEIBHOCTh BUOPAIIMOHHOTO BO3JEHCTBUS Ha YIUIOTHSAEMYIO Cpedy, 3aluTa
00CITy’KMBAIOIIEr0 IEpCoHajda W OKpY)Kalolled cpeabl OT BpPEJHOTO BIUSHUS IIymMa U
BuOpanuu npu padore. OmnpeneneHue NPUBEACHHBIX MapaMeTpPOB TOHKHO MPOUCXOIHUTH C
yuéToM (U3HKO-MEXaHMUYECKUX CBOMCTB OETOHHON cmecH, €€ KOHCUCTEHIIMM, pa3Mepa U
KOHQUrypalMu U3JeNusi, MECTa, HAalpaBlIeHUS W 30HBI TNPHIOKEHUS BHOPALMOHHOTO
BO3MYyIeHUs (TIyOMHHOE WM TOBEPXHOCTHOE BUOPHpPOBAaHHME, HAPYKHOE BHOpHUpPOBAHUWE
BEPTUKAJIBHO U TOPU3OHTAIBHO HAINPABICHHBIMHU KoJeOaHUAMH, 00BEMHOE BUOPUPOBAHUE U
BHOpHUPOBAaHUE OJIHOYACTOTHBIMH M  TIOJUYACTOTHBIMU  KOJEOAHHSAMH), TpeOyeMbIX
MIPOYHOCTHBIX IOKa3aTejleld TOTOBOIO H3JENUs, KadyecTBa €ro IOBEPXHOCTH, a TaKxke
TpeOyeMbIXx  ToKkazaTene  3(h(EKTUBHOCTH,  DHEPrOEMKOCTH,  MPOAOIKUTEIHHOCTH
BUOPALIMOHHOTO BO3/IEHCTBUS M POUYHOCTH CBEXKEOT(HOPMOBAHHOTO U3EIHUS.

YcTaHOBIIEHUE KAUE€CTBEHHBIX U KOJMYECTBEHHBIX 3aBUCUMOCTEH MEXly Ha3BaHHBIMU
TpeOOBaHUSIMU U OIpeAeIsieMbIMU IapaMeTpaMu BHOPAIMOHHOM MAaIIMHBI BO3MOXKHO Ha
OCHOBE TEOpUU BUOPAIIMOHHOTO YIUIOTHEHHs OETOHHBIX CMEced, KOTopas JOJDKHA OBbITh
chopMynupoBaHa B SICHOW M HENPOTUBOPEUUBOIl (opMme, BbIpakeHa MaTeMaTHYECKUMU
3aBUCUMOCTSIMH U SKCIIEPUMEHTAIBHO MTOITBEPKACHA.

Crnenyer OTMETHTB, YTO TPH OO0OBEMHOM BHOpPOGOPMOBAHMHM OETOHHBIX CMECEH B
cocyaax LWIMHAPUYECKOH (opmbl 0e3 mpurpysa Ha UX CBOOOJHOM MOBEPXHOCTH MOTYT
BO3HUKATh BCEBO3MOKHbBIE MOBEPXHOCTHBIE (B T.4. HEJIUHEIHBbIE) BO3MYILEHHUS, KOTOpPHIE
MOTYT OKa3bIBaTh CYIIECTBEHHOE BIMSHUE Ha KadyecTBO (HOPMYEeMOro TaKUM CIIOCOOOM
m3nenusi. K TakuM BO3MYIIEHHSIM MOXHO OTHECTHM HEIMHEHHbIE IEepUOIUYECKUe
KHOHMJIQJIbHbIE BOJIHBI M (KBa3H-)COJIMTOHHBIC BOJHBI. B CBS3UM ¢ 3TUM HEOOXOAMM aHAIIU3
YCIIOBUH HX BO3HMKHOBEHHS, CYIIECTBOBAaHHUS, YCTOWYMBOCTH M PACIPOCTPAHEHUS TIO
MOBEPXHOCTU Takux cMmecell. KpoMe Toro, cyiiecTBoBaHHE TaKOTO PoJia PEKUMOB JIBUKECHUS
MOBEPXHOCTU JKUAKOCTEH HE sBisieTcs (Kak 3TO JI0Ka3bIBaeTCs B pANE MaTeMaTHUECKUX

DOI'10.32782/2618-0340-2018-2-173-190

175



ITPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

paboT) UCKIIOYUTENBHBIM U PeAKUM (HaKTOPOM. DTHU PEKUMBI PEATH3YIOTCS TOPa3o daIle,
YeM peryisipHble, HapUMep, MEPEXOIHbIE U APYTOro poja ABUKEHUS U BOJIHBI. MUp MHOTHUX
(U3MYECKUX CHUCTEM «CIUIOIIbY MOTPYKEH B PEKUMBI JABMKEHHUS, KOTOPHIE MOAJEPKUBAIOT
KHOMJIAJIbHBIE (MEPUOJUYECKUE) HEIMHEHHbIE BOJIHBI U BOJIHBI TUIA «COJUTOH». BypHoe
UCCIIEIOBaHUE ITUX SIBJICHUM MPOJOJIKACTCS U CETOJHA. JTO OOBSACHSAETCS HE TOJIBKO TEM,
YTO OHU TPOSBISIOTCS B OONBINIMHCTBE (DU3MUECKUX CHUCTEM, a 3HAYHT, 3TO HEOOXOIUMO C
TOYKHU 3PEHHS MPAKTUKH (Hampumep, BUOPOPOpMOBaHHS OCTOHHBIX/CTPOUTEIBHBIX CMECEH),
HO TaKXe€ M TEM, YTO 3TH YAUBHUTEJbHbIe HOBbIE SIBJICHHUSI TMOPOKIANT M TPeOylT
HCKYCHBIX M CBO€OOpa3HbIX MAaTEeMAaTHYECKHX METOA0B PACCMOTPEHHs, KOTOpbIe
CO31aI0TCS HbIHE U, HABepPHOe, OyAyT co31aBaThcs B OmzKaiilmem Oyayuiem.

Camo 1o cebe CyHIECTBOBAaHHME COJMTOHHOTO U KHOWJAIBHOTO MEPHOINYECKOIrO
pELICHH, T.e. TOYHBIX PEUICHUN HETMHEUHBIX TU((EpeHINaTbHbIX YPAaBHEHUNH B YaCTHBIX
MIPOU3BOJIHBIX, SBJSIETCS MOPa3uTENbHBIM (hakToM. Beab Bcs Teopust HENMMHEWHBIX KoJeOaHui
CBsI3aHa, 10 CYTH, C IPUMEHEHHEM aCUMNTOTHYECKHX MeTonoB byOHoBa — I'anépkuua mis
pacnpenenéHHbIX CUCTEM M Ha MUX OCHOBAaHHWM — C UCCIEIOBAHUEM «YKOPOYEHHBIX» CHUCTEM
YPaBHEHUH U UX pEUICHHH. A 3TO NMPUBOJMT K MOJYYEHHIO HEINOJIHOH MHpOpManHu 0
nopegeHuu cucreMbl. C OTKPBITUEM COJUTOHHBIX M KHOWUJAIBHBIX (HETWHEHHBIX
MEPUOINYCCKHX ) BOJIH POIMIICS MHON MyTh aHanu3a (Qu3nueckoil cuctembl. Eciu apriori us
SKCIIEPUMEHTAa HM3BECTHO, YTO B JAHHOW (PU3MYECKOW cHUcTeMe pealu3yeTcsl yeIuHEHHas
BOJMIHA (CTOsuasi wim Oerymasl), TO W3ydyeHUEe e€ NUHAMUKH MOXET 0a3upoBaThCcsi HE Ha
MPUMEHEHUH KJIACCUUECKUX MOHATUH (COOCTBEHHAs MOJa, YaCTOTa, HOpMaJibHbIe KojeOaHus
U T.I.), a HA MOCTPOEHMH HOBOIl MaTeMaTH4eCKOW MoAeaH BCell cHCTeMbl. Takum
o0pa3oM, MAaTeMaTHKY KOPPEKTHPYIOT ¢u3ukoil. Tak HBIHYE TMOCTYMAlOT MHOTHE
UCCIIeIOBATEeNIM B 00JIACTH MEXaHWUKH, THIPOMEXaHUKH, (DU3UKH, XUMUHU, KOTOPhIE CHaJasa
penarT BOIIPOC: B KAKOM KJIACCE CTPYKTYP CIEAYET UCKaTh ONMCAHUE TAHHOTO SIBICHUS?

Kak mnokazano Hmxke, 06a s¢p¢dexra (Bo30OyKIACHHE COTUTOHHBIX W HEIWHEHHBIX
MEePUOJNYECKUX/KHOUAANBHBIX BOJH) MOTYT HMETh MECTO B JMHAMHKE HCCIIEIyeMOTo
00BEKTa — OCECUMMETPUYHBIX TeJ, COJEPKAIINX BS3KYIO JKUAKOCTh. B maHHO# pabote
U3JI0KEHBl Pe3yJbTaThl MOJOOHBIX HCCIENOBaHUM, MPUBOIUTCS TNpUMEP BO30YKICHUS
COJIMTOHHOM M KHOWJAQJIbHOM BOJIH HAa MOBEPXHOCTH BA3KOM >KUAKOCTH, MOJCIIHPYIOIICH
BHOPOYIIJIOTHAEMYIO B ITMJIMHAPUIECKOM Oake MEeTOAO0M 00BbEMHOTO (pOpMOBaHUS OCTOHHYIO
(CTpouTENBHYIO) CMECH.

AHaJM3 NOCJIeTHUX UCCIAeAOBAHNN U MyOJTUKAUI

Bo3smoxHbie ¢opmbl KoNeOaHUIT CBOOOTHOW TMOBEPXHOCTH (BSI3KOM) >KUIKOCTH,
HaXOJIAIICHCS B )KECTKUX KOHTCHHEPAX, MHTEHCHBHO U3ydaJiCs C pa3HbIX Touek 3peHus [1-3].
[TapameTpuuecku B030yXJaeMble yeIWHEHHBIE BOJHBI THUIA «COJUTOH» Ha IMOBEPXHOCTH
BA3KON J>KUJIKOCTH B OCECUMMETPUYHOM cocyae usydeHsl B [4]. Cienyer OTMETUTbH, YTO
aBTOpPBI NOCTIEAHEN pabOThI HE pacCMaTPUBaIN BO3MOXKHOCTH BO30YKIE€HUSI HA TTOBEPXHOCTH
BS3KUX OKHJKOCTEH B COCylax TMOAOOHOW CHMMETPHHM KHOUJAIBHBIX (HEIHMHEWHBIX
nepuoandeckux) BosiH. [lepeBopoT B mOHMMaHUU (U3UKH SIBJICHHUN, KOTOPbI HHUIIMHPOBAIIO
OTKPBITHE COJTUTOHHBIX/KHOUJAIBHBIX BOJHOBBIX PEUICHUH M COOTBETCTBYIOIIUX PEKHUMOB
JBUKEHUSI pacCIpeeIEHHBIX CUCTEM, 3aCTABIISIET IO-HOBOMY B3IJISIHYTh Ha PE3YJIbTATHI paHEE
MPOBEJICHHBIX UCCIIeOBaHMi. OTKPHITHE TAKUX CHEIU(PUICCKIX PEKUMOB IBUKCHUS CHCTEM
M3MEHUJIO CaMy METOJUKY IPOBEJIEHUsI HCCIEAOBaHUN, OOYCIOBHUIIO OTKAa3 OT MPENKHHUX
HECOCTOSITeNIbHBIX MpUHIUIOB. K mocienHum, Hampumep, MOXKHO OTHECTH H3BECTHBIM U
LIIMPOKO IPUMEHSEMBIN B HAYYHBIX MCCIEIOBAHUIX METOJ PEAYKINH, KOTOPBIM 3aKITH0YAETCs
B TOM, YTO O TOBEJACHHUH CIIOXKHON CHUCTEMBI C paclpeleaEHHbIMU NapaMeTpaMH CYJIUIIU IO
cBoiicTBaM e€ (Toxe pactupeneneHubix) nmoacucteM. HoBblil B3riis1 B HayKke 0a3upyeTcsi Ha
MOHUMAHUM TOr'0, YTO JMHAMMKA CJIOKHON HEJTUHENHON CHUCTeMBbI ¢ pacnpeaeJéHHbIMHA
napaMerpaMm B OOJIbllIeH CTeNMeHH OTPAaKaeT CBOMCTBA CBs3eH MOACHCTEM, YeM HX
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co0cTBeHHBbIe cBolicTBa. K mpumepy, eciin coOcTBeHHBIC (POPMBI KOJICOaHUN HETUHEHHON
pactpeenéHHON CUCTEMBI SIBJISIFOTCSI B3aMMOCBSI3aHHBIMA M UMEIOT paBHbIC (WM OIU3KHE)
9acTOThl (KaK 3TO HAOJIOMAeTCs B CiIydae BO3OYKICHHS «COMPsHKEHHBIX» (hopMm [4,5]), To
pETYISpHBIC YCTAHOBUBIIHMECS HEIWHEHHBIE PEXUMBI KONCOAHWH MO KaXJAOH W3 HHUX
BCJICJICTBHE HEIMHEHHOTO B3aMMOJCHCTBUS (T.H. CBOMCTBO HEIIMHEWHOCTH B3aMMOJCUCTBUS
BCEl CHUCTEMBI B IIEJIOM) «II€PECTPAUBAIOTCSI» W MOTYT NEepelTH B 0COObIE HEITMHEWHBIE
nepuoandeckue (BOJIHBI KHOUWJAIBHOTO THUIIA) WM arnepuoanyeckue (BOJIHBI COJUTOHHOTO
TUNIA)  PEKUMBI  JBHOKCHUS/KONEOAHMH  COBOKYNHOM  cucTeMbl  (T.H.  CBOMCTBO
«IEepeCcTPOCUHON» HEIMHEHMHOCTH BCe cucTembl B 11eioM). [lomoOHbI crneruduyueckuit
PEKHUM TBUKEHHUS CHCTEMBI MPU HEIMHEWHBIX KONIeOaHUSAX MO OJHON u3 (GOpM MOKET OBITh
POXKIEH CBSI3pI0O C BHEMIHUM BO30yxkAeHHeM. VIMEHHO Takol CBS3bI0  SIBJISETCSA
B3aMMOJICHCTBUE PA3IMYHBIX KOJEOATENBHBIX CHUCTEM C YCTPOMCTBAMH BO30YKICHUS.
VYka3aHHOe B3aMMOJECICTBHE BCETJa CYIIECTBYET B CHIIY BBIMOJIHEHMSI 3aKOHA COXpaHEHUs
sHepruu. OpHako B ciydae OOJNBIION MOITHOCTH («HEOTpaHWUYCHHOI» [6]) MexaHM3Ma
BO30Y>KICHUS UM HAJIMYUS KOMIIEHCUPYIOUINX YCTPOUCTB OHO MOXET OBITh MPEeHEOPEeKUMO
Mano [4]. Tlpu CpaBHUMOCTH MOIIHOCTH MEXaHW3Ma U MOIIHOCTH, MOTpeOIsieMoi
KoyseOaTenpbHON CHUCTeMOM (T.e. TPH  «OrpaHHYECHHOM BO30OyxmeHum» [6-8]), wux
B3aMMOJICVCTBUE MPUHLUINAIBLHO U3MEHSAET JUHAMHUKY KaK CaMON HEJIMHEWHOW CHUCTEMBI C
pacnpeenéHHbBIMHU TapaMeTpamMu, TaKk ¥ UCTOYHUKA BO30YkeHus. B naHHOM uccienoBanuu
Oyaem paccMaTpuBaTh HMEHHO Takyl cuTyanuto. OCHOBHBIE ypaBHEHUS JBUKCHHS
KHUJKOCTH B HMJIUHAPUYECKOM Oake MpU BO30YXKICHUH €ro KoJieOaHHil 3JeKTpoBUTraTeNIeM
OorpaHUYeHHON MoutHOCTH [6] momydeHsl B [4]. B mocnenneit pabote paccMaTpuBaivch U
pa3iuyYHble 3a/a4dl O BOJHOBBIX (opMax ABMKEHHS CBOOOAHON MOBEPXHOCTH >KUIKOCTH,
coJiepKaleiicss B 0CeCUMMETPUYHBIX Tesax. [Ipu 3ToM BOJIHBI HA MOBEPXHOCTH KUAKOCTH
OIHCHIBAINCH C HCIIOJIb30BAHHEM COOCTBEHHBIX MOJ JBMKEHHS >KMJIKOCTH B Oake, T.e. Ha
OCHOBE MPEBAPUTEIBHOTO PEIICHUS 3a7a4d METOJOM pa3/elieHUs MEPEMEHHBIX (METOJ0M
®dypre). B GonpmmHcTBE ciiydaeB 3agaud B [4] HOCAT HeNMWHEWHBIN xapaktep. [loatomy
BO3HUKAET €CTECTBEHHAs BO3MOXKHOCTH OMHCATh OETYIIyI0 B OKPYXKHOM HAIpaBlICHUU Ha
MOBEPXHOCTU JKUJKOCTH BOJIHY HAa MaTE€MaTHYECKOM SI3bIK€ KHOWUJAIBbHBIX M YEIUHEHHBIX
BOJIH-COJIMTOHOB, TEOPHUS KOTOPBIX TO3BOJSET OOBSCHUTH PsIi HHTEPECHBIX SBICHUHN B
JMHAMHKE BOJH (B YAaCTHOCTH, UX MPOCTPAHCTBEHHO-BPEMEHHYIO HBOJIOLUIO U3 HAYAIBHOTO
BO3MyleHUs). W CcoIUTOH, M KHOMJANbHAas BOJIHA CYIIECTBEHHO OTJIWYAIOTCS OT
FapMOHHYECKUX BOJIH Ha MOBEPXHOCTH KHUAKOCTU. Hampumep, COJUTOH T€OMETPUYECKU
MPENCTaBIsIeT CO00M CUMMETPUYHBIN ropO, BO3BBINICHUE (WM BHAAWHY), W JBMKETCS IO
MOBEPXHOCTH, HE PACIUIBIBASICh U HE B3aMMOJCHCTBYS CO BCTPEUYHBIM COIUTOHOM. Kpome
TOTO, OH MOKET BO3HUKHYTh OT MUMIYJIbCHOTO BO3JCHCTBHUS U DHEPTUIO, NEPEIAaHHYIO EMY,
MEPEHOCUTh 10 TIOBEPXHOCTH KUIKOCTH [4]. Takum oOpa3om, MO CBOUM JAHMHAMHUYECKUM
CBOIcTBaM OH 0oJiee MOXO0K Ha KBa3MYACTHUILy, YEM Ha BOJIHY B KOHTHHYyME. CONMTOH MOXET
CYIIECTBOBATh TOJILKO B HEIMHEHHOW Cpelie W, KaK BOJHA B HEIMHEWHOH cpene, oOmamaeT
0COOBIM CBOWCTBOM: SBJISIETCS TOYHBIM PEHICHHEM HEJIMHEWHOTO YpaBHEHUSI B UYACTHBIX
npou3BOAHBIX. [l03TOMY HAXOXIEHHWE COJUTOHHBIX (M KHOWUJAIBHBIX) BOJH, MEIJIEHHO
IBUKYIIUXCS B OKPY)KHOM HAIlPaBICHUM 110 TMOBEPXHOCTU >KUIKOCTH, HaxoJIsuieiics B
WIMHIPUYECKOM OaKe, ¢ MOMOIIBI0 HOBOTO MAaTEMaTUYECKOTO SI3bIKa, 0 MHEHUIO aBTOPOB
JAHHOTO HCCJIEIOBAHMSI, MO3BOJIUT OOBSICHUTH HEKOTOPHIE 3aKOHOMEPHOCTH HMITYJIBCHOTO
BO30Y>KJICHHS BOJIH B TIOJJOOHBIX HETMHEHHBIX CUCTEMAaX C paclpeneIEHHbIMU MapaMeTpaMHu.
NMenHo mnocnenHue HauOojiee YacTO HCIHOJB3YIOTCA MPU MOAETUPOBAHUU TPOILIECCOB
00bEMHOT0 BUOpOhOpMOBaHUS OETOHHBIX cMecel 6e3 mpurpysa.

DOI'10.32782/2618-0340-2018-2-173-190

177



ITPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

ean ncciaenoBanmsi

Lenp paboThl — cO3aHME TEOPETUYECKUX OCHOB JUI MOJICIMPOBAHUS M aHAIN3a
IIPOCTPAHCTBEHHO-BPEMEHHOW  JBOJIOLMHA HEJIWHEWHBIX TMOBEPXHOCTHBIX BO3MYLIEHUH
YIJIOTHSEMON OETOHHON CMecH B BEPTHUKAJIHHO BUOPUPYIOIIEM LMIMHIPUYECKOM Oake mpu
€ro UJeaTbHOM BO30YKICHUH.

N3107xeHNe 0CHOBHOIO0 MaTEepHAJIA HCCICA0BAHUSA

beronnast cmech mnpezactaBiseT co00il CII0XKHYI0O MHOTOKOMIIOHEHTHYIO CHCTEMY,
COCTOSIIIYI0 W3 3amoiHUTenss (mecka W ImeOHs), BSDKYIIETO ¥ BOJABIL, a TakKkKe
HOBOOOpA30BaHMI, BO3HUKAIOMIMX IIPH BO3JAEHCTBUM BSDKYIIETO C BOJOM W 3E€pHAMU
3aMOJIHUTENSA, M BOBICUYEHHOTO BO3Ayxa. B kEcTkux cmecax o0BEM BO3IyXa JOCTHraeT
20...25%, a B mmactmuyHbIXx cmecax g0 10...15%. BceneacrBue B3amMOICHCTBUS CHII
MOBEPXHOCTHOT'O HATSHKEHUS MEXKAY JKUAKON (hazoit u yactuiamu TBEPIOM (hasbl 3Ta cuctemMa
MPUOOPETAET CBA3HOCTh U MOXKET PacCMaTPUBATHCS Kak eAMHOE GU3UUYECKOE TEO.

[Ton BO3mEHCTBHEM BHEIIHHMX BHOPAIMOHHBIX CHJ B CMECH BO3HHKAET MEPEMEHHOE
HanpsLKEHHO-1e(OPMUPOBAHHOE  COCTOSTHUE, MPOMCXOAUT pa3pylieHHe IepBOHAYATBHBIX
CTPYKTYPHBIX CBsI3€ii W oOCHaONAIOTCA CBSI3U MEXAYy €€ OTACIbHBIMH 3JEMEHTaMH,
OCYILIECTBIISIIOTCS KOHEUHbIE IMEpeMEIEHUs] MHHEPAIbHBIX YacTUIl ¢ oOpa3zoBaHUEM Ooiiee
IIJIOTHOU YIIAKOBKH.

1. IToctanoBka 3ajauu. BBIBOI OCHOBHBIX ypaBHEHHMH. IIyCTh 31eKTpoaBHUTaTENh
COeMHEH 4Yepe3 KPHUBOIIMITHO-IIATYHHBIH MEXaHU3M C JKECTKUM IHIMHIPHUECKUM OaKoM,
YaCTUYHO 3aIlOJIHCHHBIM BSI3KOM JKHAKOCTHIO (OCTOHHOW cMechlo). Bpamienue Bana
9JEKTPOJIBUTATEsl MOXKHO ONMCaTh, 3Has 3aKOH M3MEHEHUs yria BpameHus y(t). Korma

IIaTyH TOBOpayMBaeTcs Ha yronl w(t), Oak MoJiydaeT NepeMelIeHHe B TPOCTPAHCTBE
u(t)=a-cosy(t), rae a— AMMHA IIATyHA. IIepeMelieHre U(t) UMEeT COCTABIIAIOIUE MO0 OCSIM
Ox u Oz abCoMOTHOM CUCTEMBI KOOPAMHAT, PaBHBIE COOTBETCTBEHHO Uy = asinycosy(t) u
u, =acosycosy(t), TAe - NPOCTPAHCTBEHHbIM yroj, KOTOPbI o0Opa3yeT IJIOCKOCTb

mwiatrGopmMel 0aka W TOpPH3OHTaNIbHAs IIOCKOCTh yOz. Ilpu 3TOM cumTaeM, YTO OCh Baja
nsurarens mapawienbHa ocu Oy, T.e. TOPU3OHTAIBHBIC MEepeMelieHusT 0aka UMEIOT TOJIBKO
COCTaBIISIIOLIYIO U,. PaccMaTpuBasi 3J€KTpoIBUTATENb OrPAaHMUEHHON MOIIIHOCTH, T0JIaraeMm,
YTO OH HMEET BHYTPEHHHUH JBIKYIIUH MOMEHT @(y) M MOMEHT CHJI CONPOTHBIICHUS
BpauieHuto Basia H(y)[6,7].

s onmcanus konebaHui CBOOOMIHOM MOBEPXHOCTH OETOHHOUW cMecu B 0ake BBEIEM
WIAHIPUYECKYIO CUCTEMY KoopauHaT Oxré ¢ Ha4alloM B TOYKE MEpPEeceYeHHs] OCH 000JI0UKU

M HEBO3MYIIEHHOW TIOBEPXHOCTH CMECH. 1OrIa ypaBHEHHE CBOOOIHON TOBEPXHOCTH
JKUJIKOCTH X 3aruiieM B Buje [4]:

& =x—E&(r,0,t) =0, (1)

CuntaeM BHayane paccCMOTpeHHs (A7 MPOCTOTHI) OCTOHHYIO CMECh HEBSI3KOM U
HEC)KUMAEeMO# >KHJKOCTBIO C IJIOTHOCTBIO p, 3alOJHSIOMIEH HMIMHAPHYECKYIO O0O0JOUYKY

pamuyca R W momepedHoro cedeHus B mo rayOunsl X =—h. Hampasnenue ocu Oz cumraem
COBIIAJIAIONIUM C HampasieHHeM nossgpHoi ocu r npu @ =0. (IlonoOHas reomeTpus 3amaun
HCIonb3yeTcs B pabore [4]).

Jns onucaHusl OBUKEHUS KUIKOCTH B Oake BBEAEM B PACCMOTPEHHE MOTEHIHAI
CKOpPOCTH XHUAKOCTH ¢(X,r,6,1), s KOTOpOoro rpaHW4Has 3aaada coryiacHo padortam /I

Maiinca [9-11], hbopmynupyercs cieayromum o0pazom:
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V=0 (-h<x<¢& r,GeB),a—(p <OO;8_¢ :0;8_(p =0;
ar r=0 ar r=R 8X x=—h (2)
op o5
—-V&-Vp=— X=¢.
o Vo Veso o puX=¢

3aMeTuM, 4YTO ypaBHEHHE (2) M COOTBETCTBYIOLIME TPAHUYHBIE YCIOBHUS MOXKHO

1 ) o0&
MOJIyYUTh U3 TPeOOBaHUs MOCTOSHCTBA UHTErpana Bl = 5 JII(V(D) dBdx —” ((plxz .—=dB
Q z
M0 OTHOLIEHUIO K BapuanusM oJ¢ (mpunuun [upuxie). 3aecb Q—o00bEM, B KOTOPOM
HaxOJUTCS OCTOHHAS CMECh, a X —TeKyIas (MOMEHTHAs) TOBEPXHOCTh 3TOH CMeCH B 00bEME

Q.

Paccmorpenne BuOpanuii MIMHAPUYECKOTO Oaka C OCTOHHOW CMEChIO B JaHHOU
paboTe TpOBENEHO IJIs HWAEAJTbHOT0 BO30Y:KIeHHS, T.€. OOpaTHBIM BO3JCHCTBUEM
KoJieOaHuN OETOHHOW cMecHm W 0Oaka Ha pabdOTy MOIIHOTO YCTPOMCTBA BO3OYXKICHUS
(BuOparuit) mpeHedperaem.

Jlanee Oynem paccMmaTpuBaTh Cilydaid, korja 0ak MOJBEP’KEH TOJIBKO BEPTUKAJIbHBIM
nepemMenieHusm [4]:

Uy, =a,-cos2at, (3)

r7ie a, —aMIUIUTY/la BEPTUKAIbHBIX MepEeMEICHHH IMINHAPUIECKOT0 0aKa co CMEChIO, a @
anmnpoKCUMHUPYET COOCTBEHHYIO YaCTOTy 00bEMa )KUIKOCTH:

o =(g-k-thkh)"'?, @)
d Jo(ﬂmrJ
' R
npu K=o /R, fg;, paBHOM IE€pBOMY KOPHIO ypaBHEHHUs J, (,um)=d— =0,
r
r=R
g — YyckopeHue cBoOogHoro mangeHus, Jo(F)-¢yHkuus beccens HyneBoro mnopsijaka

JNEHCTBUTENBHOTO apryMeHTa T.

[Tepemenienne cBOOOAHOW MOBEPXHOCTU KHAKOCTH [JII OCECHMMETPUYHOM 3amadu
IIPEJCTaBUM B BHJIE pazioxkeHus Pypbe 1o cOOCTBEHHBIM MoJaM J(4onr/R):

J (ﬁ%nr)
) 0 R 5
Ej:zéjn(t)—: NOn :\]O(ﬂ()n), n:1,2,3,... (5)
n=1 Non

BBeném B paccMoTpeHme Oe3pa3MepHYIO pacCTPOUKY YacTOT:

2 2
_ w— ~ o — o ‘ (6)
&) 2826()12
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31ech  HCIONB30BAH ~ MaJbli  IOJOKUTENBHBIM — HApaMerp &, = w? a9 /19,
M0JIPa3yMEBAIOIINK MaJIOCTh aMIUIUTY/bI BO30YKIEHUS; ¥ — IOCTOSHHBIM KOA(QPHUIMEHT (T.H.

kod(hdurreHT Bo30yxnenus [4]).
AMmuATYyabpl  KoJeOaHui CBOOOIHOM IMOBEPXHOCTH JKUIKOCTH (OETOHHON CMeECH)
&q (1) OTBICKMBAEM B BHJIE:

&y =61n -&-[p(r)cosat +q(r)sinwt]+ a2 -k - thkh -[F, (z) cos2at + By (7)sin2at + Hp (1), (7)

~ thkh
rge a= 2521/ 2 A A =T; 01y —cumBol KpoHnekepa; 7 —MeqieHHoe 6e3pa3MepHoe BpeMms:

T=gt; p(r), q(r), Fy(r), By(r), H,(r)—MenneHHo U3MEHSIOIINECS AMIUTUTYIbI

KOJIEOaHUIA.

3anuchiBas aMIUIMTYAbl &, B BHUJE (7), BBLAEIAEM PE30HAHCHYIO MEPBYIO aMIUIMTYAY

&, KOTOpast  IPONOPLHUOHAJIbHA 521 /2

, OCTaJIBHBIC SABJIAKOTCA BCINYNHaMU
O(&y). (MenieHHoe Bpemst 7 BBEIEHO MJIs OTpPak€HUs TOro (hakra, 4YTO M3MEHEHUS

MEPCMCHHBIX pu ( BBI3BAaHEI HeJIMHEHHBIMU q)aKTOpaMI/I, BCINYHUHA KOTOPBIX

MIPOIOpLHYOHAIbHA 321/ 2 ).
Jlarpanxuan L=T -V, rne T -KuHETHYeCKas, a V —IOTEHLHAIbHAs SHEPrus

paccMaTpuBaeMOl CUCTEMbI, CTPOMM IO mpoueaype, pazsutoil B [4]. [locne ocpenHenus
JarpaHkMaHa 1o  OBICTPOMY BpE€MEHH W =@t U TPUMEHEHHUS [UIS HaXOXKACHUS

Fn(7), Bh(r), Hp(7r)4epe3 pu g BapHalMOHHOrO IpuHUUIA ['aMuiIbTOHA YCPEeIHEHHBIN 110

OBICTPOMY SIBHO BXOJSLIEMY BpPEMEHU W =@t JarpaHxuaH <L> oka3bIBaeTcsl (yHKIuEH
TOJIBKO P(7)U ((7), a UMEHHO:

<L>=4522-g/12p5-{%'(%'q—p':—jj+%'V‘(p2+q2)+%'(p2_q2)+A0'(p2+q2)2} (8)

[Mapametp A, yYUTHIBAIOIINN HETUHEHHBIE AP PEKTHI 3a]]a4u, MOXKET OBITh MOCYUTAH
1o Meroavke Maiisnca [9].

[Ipeanonoxum, YTO NBMXKEHHE IMOBEPXHOCTH BHOpodopMyeMol OETOHHOM CMecH
c1ab0 MOJYJTUPOBAHO B OKPY)KHOM HalpaBJIeHUU 6 (MIPU 3TOM MaciuTad MOIyJSLUU paBeH
O(l/ 521/ Zk)), u norpedyeM, 4ToObl pu ¢ ObUTM (QYHKIMSIMHU MEIJIEHHOTO BPEMEHH U
«pACTSHYTON» OKPYKHOU KOOPIMHATHI:

® =2(g,thkh)"'2 k6. 9)

Hcnonp3yeM Tenepp HOBBIM BapUalMOHHBIA IPUHLHUI W 3alUIIEM JIArPAHKHUAH
CUCTEMBI HECKOJIBKO B UHOU (pOpMe, YUUTHIBAIOIIEH 3aBUCUMOCTH OT OKPY>KHOI KOOpAMHATHI
6. Kak mnoka3zano B paborax [4, 12], xkaHOHMYECKMMM IE€pEeMEHHbIMU MO ['aMHIBTOHY
SIBIITFOTCSI BEIMYMHBI TOTEHIIMATA ¢ Ha MOBEPXHOCTH OETOHHOM cMmecu (kornma X = &£(r,0,t)) u
napaMmeTpbl OBEpXHOCTH Kuakoctu &(r,60,t). IIpu stom minotHocTh GyHkiuu Jlarpanxa B
IIPOCTpaHCTBE I,H,t umeeT BuA [12]:
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'3
F =gl - [ (VpPox—- (i +9)-£% (10)

IloreHnuan CckoOpocTH ¢  JOMyCKaeT IpeacrasieHue B Buue psaga Dypse,
r
Lo

—_ (11)

[Ipumenss npouenypy, NPUBEAEHHYIO B [4], MOKHO MOJIY4YUTh IOJIHOE IPEICTABICHUE
jutst narpamknana (F), yCpeaHEHHOTO MO GBICTPOMY SBHO BXOJSIIEMY BPEMCHH = at, B

ananoruyHoe (5). [Toatomy:

%(d—pq p-d—qj; (p+q) (p—q) (+0|)2
22 (]

rac DO = (AO +— /12 2 J Dl —th(kh)-‘rkhSGCh (kh) D2 =— k0101

(F)=422"02 B v632{)

(12)
cth(kh)

5 (#Ho1
1 y Ho1 Ho1 LR
k =—||dB | (VXp;-VXg)dX, Xg; =sech| —=h |.-ch| —=—(h+X) |- ———=.
0101 25'[@[ _jh( o1-VXo1) 01 =Se€c ( R J [ o (h+ )} Noo

Crnenyer mNOIYEPKHYTb, YTO B <F>napaMeTp D;>0, a Dy>0mpu rayoune
3anonHeHus Oaka ¢ OeronHoW cmechio h>0,2R[10]. IlockonbKy HCXOAHBIE ypaBHEHHUS
3amaun (2) copaBeanuBbl nuiib npu h>0,65R, Oynem cuumTaTh, YTO B paMKax JaHHOM
MaTeMaTH4ecKoi Mosenu ¢pusndeckoi 3anaun Dy >0u Dy > 0.

Hcnonp3ys BapuallMOHHBIM NPUHLMII M paccMaTpuBas P M (KaK KaHOHUYECKHE
IIEPEMEHHBIE, NOCTPOMM  JUIsl  JlarpaH)kKHaHa (F> YpaBHEHU, OIHCHIBAIOLINE

MPOCTPAHCTBEHHO-BPEMEHHYIO ABOJIONUI0 P U ( [4]:

Y N
%z D, -2;—2+[v+}/+ Dy -(p2 +q2)]- p.

®dopmanbHO BBeIEM B ypaBHeHHUs1 cucTeMbl (13) manoe nuHeiHOE neMriupoBaHuUeE,

. 0 o
npucyniee OCTOHHOW CMecd, s Yero 3aMeHHM omepatop — Ha |—+a | (4To
’ or or

SKBUBAJICHTHO YYETYy CHJIBI JeMI(pHUpOBaHUA B OETOHHOW CMecH, KakK JWCCHIIAaTUBHOU
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KHUAKOCTH, BUJA 2&,Amjal)). Janee, ucnonb3yeM HOBYHO KOMIUIEKCHYIO IEpPEMEHHYIO [4]
COorJIacHO opmyIe:

K=p+i-g, iZ=-1. (14)

Torpa sBomtouHMOHHBIE ypaBHeHHUS (13) MO3BOJAT MOMYYUTH OJHO HEIMHEHHOE
muddepeHnraIbHOe ypaBHEHUE B YACTHBIX TPOU3BOIHBIX BUIA!

2
i-(a—K+aKj+ D, -a—K+(v+ DO‘KZD-K+}/K* =0, k¥ = p—iq, (15)
or 002

* .
T.C. k¥ — BCJIIMYMHA, KOMIIJICKCHO COIIPs>KCHHAA K.

3aMeTHUM, 4TO BBIIOJIHSETCS COOTHOIIECHHE [4] 111 JOMMHAHTHOW MOJbI &), @ UMEHHO:
1) .
E +— =262 1-k(0,7)-exp(—iat).
g

Jlanee mpucTynuM K UCCIICIOBAHUIO U PEIICHUIO MTOTYYEeHHOTO ypaBHEeHHS (15).

2. Ananu3 u pemienue ypaBHeHnus (15).

2.1. CBoboaHoe 1 6e3 nemndupoBaHusl IBIKEHHE OETOHHON CMECH.

Ecim a=0m y=0, Ttorma OCTOHHas CMeCh JBHXKETCS CBOOOAHO H 0e3
nemmdupoBanus. B atom ciayuae ypaBHeHue (15) Oyaer mpeactaBisiTh coboi KyOMdeckoe
HenuHeiiHoe ypaBHenue Llpemunrepa (HVYIL) 6e3 muccumaiuu, KOTOpOE IOMYCKaeT MpHU
DyD; >0[13] pemeHust B BHIE COJIMTOHOB. 37ech MbI Haiiném Bce pemenuss HYII Ge3

JUCCHUIIAlIMH BUA.

2
254D, S (v Dyl k=0, (16)
ot 00?

[IpencraBum ¢pyHKIMIO K (7,0) B BUAE:
k(7,0) = ko (7,0)-exp(ivr). (17)

Torma ypaBHenue (16) nna «(r,®)nepedna€r B ypaBHEHHME I ko(7,0), KOTOpoe
npeactasisieT coboit HYII 6e3 quccumnanum B KJIaCCHUYECKOM BHUJIE:

2
i.6/<0 +D2.8 Ky
or 002

OueBugHO, uTo (18) HOMyCcKaeT penieHne B BUJIE MIIOCKOM BOJIHBIL:

+D0‘K02"K0 =0. (18)

Ko = Dby -expfi(d®— A7)}, (19)
rne A=D,-d 2 Dy -boz, by — BelleCTBEHHAs IOCTOSIHHAS, WJIH:

(Ko)o = b() -exp{iDo ‘b02 'T} d=0. (20)
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B ucxomgnwsix mnepemeHHBIX ypaBHeHHE (19) COOTBETCTBYET MOHOXPOMATHUYECKOU
BOJIHE ITIOCTOSIHHOM aMILIUTY/IbI 521/ 2 -by ¢ BOIHOBBIM YHCIIOM K + 521/ 2.d, rae k — BonHOBOI
BEKTOP JIMHENHOM BOJIHBI, U YaCTOTOM:

Q=a(K)+&'"? Vg -d+ey-Dy-by’, 1)
TJIe @ —JacTOTa JMHEHHOI BONHBL, a @(K)—3aKOH JHCIEpCHH B ITMHEHHOM IIPHOIIKEHUH,

da(k .
g= dé ) —TI'pynIoBas CKOpOCTh pacpOCTPaHCHUS JTUHCHHON BOJIHBI.

Taxkum ob6pazom, ypaBHeHHe (21) mpeacraBisieT co00 HETUHEHHOE TUCIIEPCHOHHOE
ypaBHEHHE, BKIIOYAIONIEE 3aBUCHMOCTh YacTOTHl @ OT aMIUIMTYZIbl HEIWHEHHOHW BOJHBI by .

Koadduuuent D, B ypaBuenuu (18) ects:

(22)

[MonoOHbIe pe3ynbTaThl MoiyuyeHsl B pabore [14] mpu aHamu3e MpPOCTPAaHCTBEHHO-
BPEMEHHOM 3BOJIIOLIMM HEJIMHEHHBIX BOJIH B MJCATBLHOW HEC)KUMAEMOM >KHIAKOCTH METOJIOM
MHOTOMACIITA0HBIX PA3TIOKEHUH (METOIOM Pa3NIOKEHHUS TPOU3BOTHBIX ).

Uccnenyem Bompoc 006 ycroitunBoctr pemieHus (20). [Ipeamonoxxum, 4To B cucTeme
BO30Y)KIAIOTCS MaJlble TapMOHHMKH, BOJHOBBIC YHCIIa KOTOPBIX JIeKaT B OOKOBOM IO

OTHOIIICHHUIO K K moJjoce, T.€. kKo UMECT BU:

i = (by + 01 (7) - expiy® + K (7) - exp(-i®))- eXp(iDo by® 'T) (23)

[ToacraBmsisi 3TO BBIpakeHHWE B ypaBHeHHE (18) W mpoW3BOAS JIMHEAPU3AIMIO €r0
OTHOCHUTEIIBHO K()1,K() » HOTYUHM:

i'6g01 +(D0 by* — D, 'Zz)"fm +Dq by Ky =0,
T

(24)

 OoKgy 2 2) * 2
i- a(f__(DObO _D2Z Koo —DobO 'KO]ZO.

* - .
(3nech cumBont ( ) Haj QyHKIMel 03HAYAET KOMIUIEKCHO COMPSKEHHYIO BEIUUUHY).
Pemenue cucteMsl (24) nponopLuoHanbHo exp(A - 7), rie:

D
P:Dzz.ﬁ.[z-D—O.boz—;ﬂ} (25)
2

CanenoBarensHo, npu D, -Dy>0umeer MeCTO NpPOAOJIBHAS HEYCTOMYHMBOCTH I10
OTHOILICHMIO K BO3MYHLICHUSIM C y <./2D(/D, -by, 4ro coBnamaer ¢ xpurepueM Jlartxuiia

[15]. IIpu D,-Dy<0 wuMeeT MeCTO HEUTpajbHas YCTOWYMBOCTh II0 OTHOIIECHUIO K
MOJIYJIALIUH.
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HeycroitunBocTs, Bo3HUKawomass npu D, -Dg >0, MoxeT ObITb CTaOMIM3HpPOBaHA

JTUCIIEPCUOHHBIM  pacIUIbIBAHMEM BOJHOBOTO IaK€Ta, YTO NPUBOJUT K BO3MOXKHOCTHU
CYIIECTBOBaHMS  CTAllMOHAPHBIX  BOJH  orubaromumx. Haiiném  coorBeTcTBYyrOmME
cTauuoHapHble pemeHus ypaBaeHus (18). Takue pemenus B o01ieM ciiydyae UMEIOT BUJ:

Ko =a-exp(ip), (26)
rae a=2a(l), goz%fﬂ/?(fﬂar, {=0-w-7, @ =const, w=const.
2

[ToacraBmsis (26) B (18), momyuuMm mocie pasneieHus JCUCTBUTEIHPHOM M MHHMOMU
YacTeu:

27)
2 2 2 (
0,28 _alz-Y"_|ip,-a* a2 | -0
ol ? 4D, o¢
W3 nepBoro ypaBHeHusI cuctemsl (27) cienyert, 4To:
o _ 2C_ . 7(£)=const+ | Czdg_ : (28)
oc  a«(g) a(¢)
T.€. BTOPOE YpaBHEHHUE CUCTEMBI (27) MOXKHO Tepernucarh CASAYIOIMHUM 00pa3oMm:
24 2 2
aTa_g.L‘ a-"_ +&-§3—C—:O, Cc = const. (29)
ol ? D, 4D, | D, a’
[TepBrrit mHTErpan ypaBHeHus (29) umeer BUA:
oa 2 1 w? 2 Dy 4 c?
—| ——a-—|a"+—a +—=E, (30)
84’ D2 4D2 2D2 52
rae E =const onpeznensercs U3 Ha4albHBIX YCIOBUM.
B cnyuae ¢ =0pemenusmu ypasHeHus (30) sBASOTCA:
npu E <0
a=~Ay-an A i-47-5 (31)
2D2 b b

2
2 W
e an(u;s)— SIHNTHdecKas GyHKIms SIKoOH ¢ MOAyIeM s> =2 — — 5 -[(7 T ];
0 2

npu E>0
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a=A -cn{ﬂo }%/s;s} (32)

N2
D
¢ MOZyIeM S° = — A" By 5 )
2.(A? Dy —@ +w? /4D, )

[Ipn E =0 nony4yum peuieHue B BUAE yeAMHEHHON BOJIHBI (COJIUTOH):

s=1, Ay =y2-l@-w?/4D,) §=Ko-sech{ﬂo~ /ZDTO-E} (33)
2

OTmeTHM, YTO pElIeHUs] TAKOIO TUIIA UMEIOT MECTO TOJIBKO B Cllydae HEyCTONYMBOCTHU
MOHOXpOMaTH4YeCKOM  BoMHBL. B ciaydae  c#0OypaBHeHue (29) moAcTaHOBKOM

— Do _ W2 DO — o
a= | — - -b IIPUBOJUTCA K YPaAaBHCHHUIO BCI/IepH_ITpaCCZI:
6D22 4D2 2D2
_\2
ob .
—— - 4 . b + . b + = O, 34
( 5 (J g 92 (34)

2 \? 2 2 )3 2
1 _ W 2D, -E 24D, 4 _ W 2E| _ w
rae g; = la— + , gy =¢C - a-— -—|a—-———o| T.€.

3D,? 4D, Do D2 27D, 4Dy ] Dy 4D,
= 1 w?
a=_|P(C,01,95 )+— | a—|, 35
(€.o1.02)+ [ 4DJ (35)
rae P(£,91,9,) - Gynxus BeifepmTpacca ¢ MHBapuaHTaMH gy, 5.

2.2. CB0o0O0IHOE ABUXKEHUE OSTOHHON CMECH ¢ AeMII(DUPOBAHUEM.
B aTOM ciyuae pelieHue 3a1aui CBOAUTCS K UCCICIOBAHHUIO YPABHCHHS:

2
i.(a_"+a,(j+[)2_6_K+(V+DO-‘K2D-K=O. (36)
ot 00>

Beném crnenyroriee onpenenenne HCKOMon GyHKIIUU «(7,0):
k(7,0) = Ko (7,0)-exp{(-a+iv)-7}. (37)

Torma nns «(r,®) nonyuuM ypaBHeHue, cosnazarwouee ¢ (18) mist xy(7,0). Takum
00pa3om, U B 3TOM CJIy4ae CIICAYET BHIIOIHITh aHAIN3, HICHTHYHBIN POBEJCHHOMY B I1. 2.1.

2.3. KBa3ucoIMTOHHBIE NBIKEHUS OETOHHONM CMECH B YCIOBHUSX KOMIIEHCALIUU
JeMI(pUpoBaHUs U HATMYKS IPHUIPY3a HAa MOBEPXHOCTH IIJIMHAPUYECKOro Oaka.

PaccMoTpuM nanee cuTyanmio, KOTJa Ha MOBEPXHOCTH NUIMHAPUYIECKOTO Oaka ¢
OCTOHHOW CMECBIO HAaXOJUTCS MPHUTPY3 M BBITIONHICTCS CIEAYyIOIIee YCIOBHE (HAa3BaHHOE B
[4] YCJIIOBUEM KOMIIEHCAIUU neMrpupoBaHus, T.C. B CUTYyallHH, Korga
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JTMCCUTIATUBHBIC/ IEMITIPUPYIONIEe  CBOWCTBA  OCTOHHOM  CMECH  KOMIICHCHUPYIOTCS
BO30YyKJCHIEM H3BHE CTOYHHKOM KoJiebaHuii qauia 6aka mo 3akony (3)):

okt =0 < a® =y (38)

(Cnexyer oOTMETHTBH, 4YTO aBTOPbI [4] OMKMOOYHO NPUHUMAKT 32 YCJIOBHE
KOMIIeHCalun JAeMnupoBaHUs JHIIL COOTHOIIEHHe « =y ). YcioBue (38) sBisercs
€CTECTBEHHBIM C TOYKHM 3PEHHS 3aKOHA COXPAHEHHUsSI SHEPIHMH M JIETKO BBIMOJHUMBIM C
MIOMOIIIBIO BEIOOpA aMIUIMTY bl BUOparuii 0aka a :

2 4, 2
o a w'a
0 o g? =220

- (39)

g&y 92822

Torna ypaBuenue (15) cBeaérest k ypaBHeHuto (16), geTallbHO MCCAEAOBAaHHOMY B II.
2.1.
KBazuconuronHnoe pemenue (15) B 3Tom ciryyae npuMeT Cleayromui Bus [4]:

x(7,0)=C, -%. (40)

3nech
1/2
DO . D() 2 V V'T ~
= Co - (O-NT-0) fr=1|| —-Ci +v |- T+ SNCES -0, — ,
“ (2DJ o o) [[ 2 " ] 2D, ( 2 ’”ﬂ

Cy — mocTOsIHHas aMIUIMTYyJa; V —TMOCTOSIHHAs CKOPOCTh; O, — HadajdbHas KOOpAMHATA,

W — HadyaJbHas (haza, KOTOpPHIE JOJDKHBI ONPENENIATHCS U3 HAYaIbHBIX YCIOBUN 3aauul.

Hekortopsie ¢usnueckne cpoiictBa pemeHust (40) cBOOATCS K CIAEAYIOIMIMM. ITO
peuieHUe  OTBEYAeT  CTALMOHAPDHOM  BOJIHE C  MOJAYJIMPOBAHHOW  aMIUIMTYHAOH,
pacipoCTpPaHSIOLIENCS B MEAJIEHHOM BPEMEHM 7 C IIOCTOSIHHOW CKOpPOCTBIO V, a MMEHHO
pewenue (40) MOKHO paccMaTpuBaTh KaK FapMOHUYECKHE BOJIHBI exp f, ¢ MOAYIMPOBAHHOU
ammutynoit C/chfy. Pemenne npeacrasisier co00il KBa3UCOMUTOH (YEAMHEHHYIO BOJIHY,
BHYTPH «GaIlOJHEHHYI0» FapMOHMYECKMMH BOJIHAMH, JBUKYLIIUMUCS CO CKOPOCTBIO V, , B TO
BpeMs Kak KOJIOKOJI00Opa3Hasi orudaromias 3TOM BOJHBI — ropO BOJHBI — JBHXKETCS CO
CKOPOCTBIO V).

Ecnu BepHyThCsS K (pU3MUYECKH COAEpIKATEIBHBIM IMEPEMEHHBIM, TOTJAa aMILUIUTYHa
KosieOaHuli CBOOOJHOMN MOBEPXHOCTH OCTOHHOIH cMecH MO AOMHHAHTHOW Moje & umeer (¢

1/2))131/1;[:

.. xS —ia»t)}: a-c,

chp, D. }/2
hi| —0 Chp-(®=-Vr-0
(2D j 0 4 0

TOYHOCTEIO 10 O(&y

-cosy,

A
I
=
[¢)
1
)

1
~ DO 2 \ Vrt ~
= =2.C? +v | r+— | O———O -y |-t |
Fo|(Sct o] e (0= -00-i0 |-

Takum o6pazom, penbed cBOOOTHON MOBEPXHOCTH OSTOHHOW CMECH B TIEPEMEHHBIX t
u @ cornacHo (7) uMeer BU:

(41)

DOI'10.32782/2618-0340-2018-2-173-190
186



HPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

Jo(kr acCyJg(kr
Exg oN( ) _ 1/20 o(kr) -cos £,
01 D, ak?
NOI'Ch — 'Co'ﬂ'(e—eo—vlt
2D, T (42)
vak?
=75 (0ot =6 ~y).
2D, -T2
3n1ech, B (42), uMeeM:
2 ~2 ~212
2D T2 0+ L_M_V w2 kz
Vol 4D, 2 4T , -|-1/2®
Vi , Vo = s Vg =——=Yy;
4732 vak2 ak> (43)
T1/2
wo=—— Vo T =th(kh).

Tem caMbIM KBa3WCONHMTOH TMPEACTaBIsET COOOH JUTMHHOBOJHOBBIC, Oeryime B
OKpY’KHOM HAallpaBJICHUM @ BOJIHBl cosf, MX CKOPOCTh paBHa V,,a JJUHA BOJIHBI

o\
2;7-(2D1T1/ 2)- élakz) . OTH BOJHBI UMEIOT MOAYJIUPOBAHHBIE KBA3WCOJIUTOHOM aMILIUTYIbI

3 (kr) V2o a2
Buma AaC,-—2—".sech [—Oj -Co- =75 (0-vit=6p);. Topb kBasuconuToHa ABMKETCS
01 2D T

C IIOCTOSTHHOW CKOpOCTBIO V| <<V,. ClelyeT OTMETHUTb, YTO CKOPOCTb KBa3HCOJIMTOHA HE
3aBUCHUT OT €ro amIuIuTyasl Cy, B TO BpPEMsI KaKk CKOPOCTb JBUKEHHUS BOJH V, COAEPKUT
COCTABJIAIOLIYIO, 3aBUCALLYI0 OT Cy. OTHOCHUTENBHO HAyaJbHBIX YCIOBHH 3aJaull MOKHO

OTMETUTH cienytoniee. KBa3uconuToHbl, KaKk U COJIUTOHBI, TEM U OTJIMYAIOTCS OT OOBIYHBIX
BOJIH, YTO CIIOCOOHBI HECTH (M HECYT B Cilydae UX BO30YXICHHS) CTYCTKH DSHEPruH,
MepeaHHON CHUCTEeME B HayalbHBIM MOMEHT BpeMeHH. OCOOCHHO yHauHBIM SIBIISICTCS
HUCITIOJIB30BaHUC KBaSI/ICOJII/ITOHOB/COJII/ITOHOB Ipu HUMITYJIbCHBIX BO3,Z[€I>'ICTBHSIX Ha CHCTCMY.
UtoOb1 B BHOpodopMyeMoil OCTOHHOW CMECH 3apOoJUJICsid KBA3WCOJHMTOH, HEOOXOIAUMO B
KaKOM-IH0O0 OJIHOM CEYeHHH 6 =6,co3aaTh IepOopMalUI0 TMOBEPXHOCTH cmecu &(r,6,t),

yro0sl & (0,6,) =U,, M=u2; w=u3. Takue HavanbHBIE YCIOBUS MOXKHO
ot 00
co3gaTh MyTEM TMOTPYXEHUS WIA TOMHATHS Tpurpy3a (¢ paguanbHO pPeOpuCTOit
MOBEPXHOCTHIO KOHTAKTa C JKHUIKOCTHIO) B OETOHHOH CMECH. DTOT HMHCTPYMEHT YacTo
WCIIONB3YEeTCSl TpH  OOBEMHOM/TIOBEPXHOCTHOM  BUOpodopMOBaHWM  OCTOHHBIX (M
aé:l (050) =Uns: aé:l (010) —
ot © 00

V onpenensiercs (Hampumep, MetogoM Deppapu) U3 aareOpandeckoro ypaBHEHHs YETBEPTOU
CTCIICHHU BHU/IA:

CTpOUTENbHBIX) cMmeceil. Ilycte 6, =0u & (0,0)=uy;

Us; TOrma

4 2 on. T1/2)? 5212 212
V__&.VZ.[UIJ —&- & —VV2 ~a)~a k2 +a)V2+u—2-L]/2-V3=0. (44)
4T U3 2D,T

Ammuntyna CyIpu U3BECTHOM V HaXOAWUTCS U3 COOTHOLIECHUS:
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2 127
o[ 4|22 ) (45)
a vak
U, HakoHell, ¢a3a y, — U3 YCIOBUS:
1/2
Wy = %-arccos{f—l} (46)
vak aCo

Takum o0pa3om, Ha cBOOOJHON NMOBEPXHOCTH OCTOHHOH CMecH, coJepsKallelcs B
HWINHAPUYECKOM 0ake, NpPH BePTUKAJbHBLIX ero BUHOpanusax (T.H. 00BEMHOE
BHOPO(OPMOBaHHE) MOKHO € MOMOIIBI0 NMPHUIPY3a clHeUuaIbLHOH GopmMbl (paguaibHO
pedpucToii) BO30yAUTh KBAa3HCOJUTOHHBIN CTyCTOK BOJIH. YCJIOBHEM CYIECTBOBAHMS
TAKOI'0 pPellleHHUs SIBJSAETCS yCJI0BHe KOMIIeHcanuu aemnduposanus (38).

Crnenyer 0co00 OCTaHOBUTHCSI HA BBIINOJIHEHUHU YCJIOBUI MEPUOJUYHOCTH B Cllydae
BO30YKJICHHs KBa3UCOMUTOHA. B MMITyIbCHBIX 33/1a4ax OOBIYHO MCCIIEOBaTeNEH HHTEpEeCyeT
JUHAMHMKa Ha4yaJlbHOTO BO3MYILEHHSA IIEPEMEHHBIX, T.€. «UCTOpUsA» IIpoLecca, a TakkKe
IIPOCTPAHCTBEHHO-BPEMEHHAsl 3BOJIIOIMS HadajabHOro Bo3MyulleHHs. llosTomy 3HaueHuUs
OKpPY’KHOH KOOpJIMHAThl €, paBHbIE, K IpUMepy, 0 UM 27 , HE SBJISIOTCS TOXIECTBEHHBIMU,
Tak Kak 6 =0 COOTBETCTBYET Haudally IIpolecca, a @ =27 —COCTOSHUIO, KOTIa BO3MYIIEHHUE
NpONAET TMONHBIA KPYr MO MOBEPXHOCTU. TakuM 00pa3oM, 4TOOBI MOJYYUTH OINHCAHHE

19 * *
penbeda cBOOOAHONW MOBEPXHOCTH B KaKOM-THOO ceueHuH wuiauHapa 6 (0<6 <27)B
MOMEHT BpEMEHH t,CHavala HEoOXOIUMO IJIsi CKOpPOCTeH ViU V,Halitu 4ucia

v,t o Vot
n = [2#} (rme [ ]0 — CHUMBOJI LIEJION YacTHU YMCIIA, «AHThE OT YHCIA»), U Ny = [L} . 3aTeMm
T
0 0

2z

ypaBHEHHE KOJIEOaHWH CBOOOIHOW MOBEPXHOCTH OETOHHOW CMECH IO JOMHHAHTHOW MOJIE
3aIIUChIBACTCA B BUJIC:

2DT1/2'(9*+”2 '27Z'—V2t—90 —l//o)
1

(47)

D 1/2 3 2
Noych(()j Co- K" (0" ny 22— wt-6y)
2D1 T1/2

Takoe npeacTaBiaeHne KBa3UCOJMTOHHOIO pellieHUs] BO3MOKHO BCJIeACTBHE TOrO,
YTO KBAa3MCOJMTOHBI 00/121aI0T CBOMCTBOM cOXpaHeHUs (GopMbl Jaxe B ciayyae BCTpPeYH
C AHAJOTMYHBIM IO BHAY BO3MYIIEHHEM CBO0OOJHOI MOBepXHOCTH (0CTOHHON cMmecH)
(r.e. Beayr ce0s KaK KBa3H4acTHIbl MJM a0COJIOTHO yIpPyrue MIAPHKH,
BOCCTAHABJIMBAKOIIME BCe CBOM KHHEMATHYeCKHe  XapPaKTePUCTHKH  mocje
CTOJIKHOBEHHS ¢ cede MoA00HbIME KBa3uyacTuiamu) [13].

BriBoabl
1.  OOGocHOBaH METOA MOACIMPOBAHUS U AaHAIHU3A MPOCTPAHCTBEHHO-BPEMEHHOM 3BOIIOIIUU
HEJIMHEHWHBIX TMOBEPXHOCTHBIX BO3MYIICHUN YIUIOTHAEMOW OETOHHOM CMecH B
BEPTHKAIBHO BUOPHUPYIOIIEM LUIMHAPUYECKOM 0Oake TpH €ro  HACaThbHOM
BO30OYKICHHH.
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10.

B pamkax mpeioKeHHOro MeToja M MPUHSATHIX JONYUICHUH MOJIYy4eHO CTaHAapTHOE
HEJIMHEIHOEe HBOJIIOIMOHHOE YpPaBHEHHWE B YAaCTHBIX NPOM3BOJIHBIX, IO3BOJISIOIIEE
OCYIIECTBIISATh JETAIbHBIM aHaJN3 BO3HUKAIOIIUX HEJIMHEHHBIX BOJHOOOpa30BaHUM B
paccMatpuBaeMoil cucrteme. B OONBIIMHCTBE CIy4aeB ATUM YPAaBHEHUEM SIBISICTCS
HenHeitHoe ypaBHeHue [lIpeaunrepa ¢ quccunanuen.

[IpoBeneH BCECTOPOHHUM aHAIN3 MOJYYEHHBIX AHAIUTHYECKUX PELICHUH YKa3aHHOIO
yYpaBHEHUS IS CIIy4aeB: a) cBOOOAHOTO 0Oe3 aemMndupoBaHUS JBHKCHUS OCTOHHOM
cmecu; 0) CBOOOJHOrO JBI)KEHUS OCTOHHOM cmecu ¢ JeMmn@upoBaHUEM; B)
KBAa3UCOJUTOHHOTO  JBMKEHHMsI OETOHHOW CMeCH B  YCJIOBHSX KOMIIEHCALUU
neMnGUPOBaHUS U HATWYHS MPUTPY3a HA TOBEPXHOCTH MUITUHAPUIECKOTO OaKa.
HaiineHHble aHAJIUTUYECKUE PEIICHUS HEIMHEWHOTO 3BOJIIOIMOHHOIO YpaBHEHUS
NEPUOANYECKOr0 THma (T.H. KHOHWJAIbHBIC BOJHBI) OMHCHIBAIOTCS JIUTHIITHUYECKUMHU
byakuusimu SAxkob6u unmu pynkmusmu  BeliepmTpacca. KBa3uconuToHHBIE perieHUs
COJIep>KaT B 3HAMEHATeNe TUMUYHYIO (DYHKIUIO 711 COTMTOHHBIX (YeIUHEHHBIX) BOJIH —
TUNepOOTNYECKII KOCUHYC, T.€. MPOMOPLHUOHAIBHBI TUIIEPOOINYECKOMY CEKAHCY.
[Ipumenenne mnpurpy3a coenuaiabHOH (opmbl (paauaibHO peOpUCTOi) Tpu
BUOPOGOPMOBAHUH H3JENHI M3 OETOHHOW CMECH TO3BOJISIET BO3OYAUTH KBa3UCOIUTOH
Ha MOBEPXHOCTU YIUIOTHAEMOM KMIKOCTH/CMECH M YETKO OMpPENeNUTh Bee (pu3nuecKue
KOHCTaHTHI (aMIUTMTYAY, CKOPOCTh, HauadbHYyIO (ha3y kosiebaHwmii), GUrypupyronme B
pelICHMH  SBOJIIOLMOHHOTO  YPaBHEHHUS,  BO3HHMKAIOIIUX  KBA3UCOJIMTOHHBIX
BOJTHOOOpa30BaHUH.

Pe3ynbpTarel JaHHOTO HCCIENOBAaHUS MOTYT OBITh B JATBHEWIIEM HWCIOIB30BAHBI IS
YTOYHEHHS] U COBEPILIECHCTBOBAHUS CYIIECTBYIOUIMX HH)KEHEPHBIX METOJOB pacuéra
SHEPTrOCUJIOBBIX  XapaKTEPUCTUK BHOPOMAIIMH JUIsl YIUIOTHEHHsS OETOHHBIX U
CTPOUTENIbHBIX CMECel KaK Ha CTaluAX UX MPOEKTUPOBAHMS/KOHCTPYUPOBAHHUS, TaK U B
peXHMax peaTbHOU IKCIUTyaTaIlHH.
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YK 506:510
T.B. IIYJIBKEBUY, I.B. BAKJIAH

HauionanbHuii TeXHIYHAN yHIBEpCUTET Y KpaiHu
"KuiBchkuii oliTeXHiuHUN iHCTUTYT iMeHi [ropst Cikopchkoro"

TTEPAIHMI JTHTBICTUYHMI MIXIJ IO MOJIEJIIOBAHHSI YACOBUX
PSIJIIB

B cmammi posensoaemoca suxopucmanus 2iOpuoH020 NiHEGICMUYHO20 NIOX00Y 00
MOOeN08an s Ma NPOSHO3YE8AHHS HACOBUX PAJIS.

Liopuonuii  ninesicmuynuti nioxio nepeobauae npoyec nod6YO08U NiHBICIMUYHUX
mooenei (JIM) 3 suxopucmanuam npuxosanux Maproecokux mooeneti (IIMM). Oonum 3
Kpokie nooyoosu JIM € 3acmocysanHs IHMep8aibHO20 NiOX00Y O/l PO3OUMMS MHOMNCUH
3HAYEHb YaAco8020 pAO0Y 3 BUKOPUCNAHHAM eNeMEeHMi8 [HMep8albHOi MameMamuKky ma
PIBHOMAHIMHUX po3noodinie umosipHocmetl. byoyemuvcs mopgism nepemeopenHs uucenbHux
00paszieé 00 CUMBONLHO2O BUSTIADY, AKUU MONCHA BUKOPUCTNOBYSBAMU OISl SUPIUIEHHS NEGHUX
3a0auy.

3anpononosani memoou Oarome AKICHI  pe3yibmamu  HA KOPOMKOCMPOKOBOMY
NPOCHO3, WO He BIOPI3HAMbCA 80 NPOSHO3I8 NPOPIILHUMU MEeMOOAMU, NPU BUKOPUCMAHHI
MEHUUX 00UUCTIOBATLHUX PECYPCI8.

Knrouosi crnosa: ninesicmuzayis, nine8icmuduna mMooeib, iHmepeanizayis, iHmepeaibHa
Mamemamuxa, po3nooinu.

T.B. IIYJIBKEBUY, 1.B. BAKJIAH

HanyonanbHbIl TEXHUYECKUH YHUBEPCUTET Y KPaUHBI
"KueBckuit nonutexundeckuii ”HCTUTYT uMenu Uropst Cukopckoro"”

TUBPUIHBINA JUHTBUCTUYECKHA TOAXO0/I K MOJAEJIUPOBAHUIO
BPEMEHHBIX PA/10OB

B cmamve paccmampueaemcsi ucnonvzogarue UOPUOHO20  TUHSBUCTIUYLECKO20
no0X00d K MOOEIUPOBAHUIO U NPOSHO3UPOBAHUIO BDEMEHHBIX PSO0S.

Tubpuonvii  aunesucmuveckuli.  nNOOX00 npednoaazaem npoyecc NOCMpPOeHUs
nunesucmuueckux mooeneti (JIM) ¢ ucnonrvzosanuem ckpvimoix Mapkosckux mooeneti (CMM).
Oonum uz waeos nocmpoenus JIM sensiemcsi npumenenue unmepsaibHo20 Nnooxo0a OJis
pasdOueHuss MHOJICECM8 3HAYEHUL BPEeMEHH020 psidd C UCHOIb308AHUEM DJIeMEeHMO8
UHMEPBANILHOU MAMeMamuKky U pasiudHblx pacnpedenenuii geposmuocmei. Cmpoumcs
Mopuzm npeodOpPaz’08aHus HUCIEHHbIX 00pA308 8 CUMBONbHBIN 6U0, KOMOPbIL MONCHO
UCNONIb308aMb OJI51 peuleHUs ONPeOeleHHbIX 3a0a.

IIpeonoocernvie mMemoovl 0ardm KauyecmeeHHvle pe3ylbmamvl HA KPAmKOCPOYHOM
npocHo3e, KOmopvle He OMIUYAIOMCS OMm NPOSHO308 NPOPUILHBIMU Memooamu, npu
UCTIONIL30BAHUU MEHBULUX BbIYUCTIUMETLHBIX PECYPCO8.

Kniouesvie cnosa: numesucmuzayus, IUHSBUCMUYECKAST MOOelb, UHMEPEATUAYUS,
UHMEPBATIbHASL MAMEMAMUKA, PACHPe)eNeHUs.
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T.V. SHULKEVYCH, [.V. BAKLAN
National Technical University of Ukraine
"Igor Sikorsky Kyiv Polytechnic Institute"

HYBRID LINGUISTIC APPROACH TO MODELING OF TIME RANGES

The article deals with the use of a hybrid linguistic approach to analysis, modeling
and forecasting of time series.

For the implementation of the hybrid linguistic approach mathematical formalisms
were used: interval mathematics, probability theory, structural (syntactic, linguistic)
approach, hidden Markov models (HMM) and formal probability grammars.

The hybrid linguistic approach involves the process of constructing linguistic models
(LMs) using hidden Markov models (HMM). One of the steps in constructing LM is the use of
an interval approach for splitting sets of time series values using elements of interval
mathematics and various probability distributions. The morphism of converting numerical
images to a symbolic form, which can be used to solve certain problems, is under
construction.

The proposed methods provide qualitative results in the short-term forecast, which do
not differ from the forecasts by profile methods when using less computational resources.
During the conduct of numerical experiments, the quality of forecasting of time series of
diverse nature at various parameters was proved. Experimental way to find optimal
parameters of the algorithm. The algorithm was applied to a variety of time series (social,
medical, financial, and economic), calculated static indicators of accuracy of the forecast.
Experiments have shown that the algorithm consistently performs the forecast of values in a
time series of 3-4 steps ahead and forecasts the trend change by 3-5 steps.

The information system with the use of the original mathematical apparatus for
analyzing and predicting nonlinear non-stationary processes is developed. Numerical
experiments on prediction of time series on different types of intervals (probability
distributions).

For intervalization, the Beta probability distribution was used; the quality of the time
series forecast at various alphabet capacities (number of intervals) was investigated.

The tables show the results of the conducted numerical experiments.

To estimate the quality of forecasts, the indicator was used based on the Levenstein
distance.

Keywords: linguisticization, linguistic model, intervalization, interval mathematics,
distributions.

IocTaHoBka mpodJjeMn

JlinrBicTuuHUl (CTPYKTYpHHH, CHHTAKCUYHWN) MiAXia BIIOMUN Iie 3a poboTamu
aMEpUKAHCHKOTO HAyKOBISI KuTaickkoro noxomkeHHs Kinr Cymp @y [1, 2]. Came BiH
BHCJIOBUB MOXJIMBICTb BHKOPHUCTAHHS WMOBIPHICHHUX (POpMaIbHUX TpamMaTHK ISl OIHCY
ckJIagHuX 00paziB. CTOiTh 3ajlaya BUKOPUCTAHHS T1OPUIHOTO JIIHTBICTHYHOTO MIiAXOMY IS
MOJICITFOBaHHS YUCJIOBUX O0pa3iB y BUTIIAJI YaCOBUX PAJIB 3 BUKOPUCTAHHSIM WMOBIPHICHHX
rpamMaTHK Ha OCHOBI MPUXOBAHUX YACOBUX DPSIiB.

AHaJti3 ocTaHHIX J0CaizKeHb i myOJikaniii

EnemenTun miHrBicTHYHOrO miaxonay Oymm BukianaeHi B pooorax Cokonoa O.1O. [3],
Cenxkesnua 10.1. [4], Opoxauna B.B. [5], CynmumoBoii B.B. [6], Oscar Cordén Ta Francisco
Herrera [7], Gui-Wu Wei [8]. I'iOpuanuii JiHrBICTUHYHUHA MiIX11 3aPOIIOHOBAHMNA Y poOOoTax
baxmana 1.B. [9-11].
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Meta pocJainkeHHs
MeTor YMHHOTO JOCTIPKEHHS € eMITIPUYHEe TOBEACHHS MPUIATHOCTI BUKOPUCTAHHS
riOpUIHOTO JIHTBICTUYHOTO MIAXOMY ISl IPOTHO3YBaHHS YaCOBHUX PSIIB.
BukjaageHHs 0CHOBHOIO MaTepiaay J0CTiIKeHHS
JliHrBicCTUYHE MOMCIIOBAHHA — KOMIUJIEKC METOIB, METOJAHMK Ta aJITrOPHUTMIB, 5Kl
BUKOPHUCTOBYIOTh TMPOIIEC MEPETBOPEHHS YMCIOBUX MAcHBIB iH(opMarii 10 JIHTBICTUYHHUX
MTOCJTIZIOBHOCTEH, HA OCHOBI SIKUX BiJTHOBJIIOEThCS (popManbHa TpaMaTrKa.

JlinrBicTUYHA MOJIENTb TUHAMIYHOTO IIPOLIECY CKIATAETHCS 3 HACTYITHUX €JIEMEHTIB
<D, I, L, G>

ne D — cykymHICTh 4acoBUX PSIIB ITWHAMIYHOTO TMPOIECY Ta PSAIB, MOXIAHUX Bif
BXIJHHX TaHUX,

| — cnoci6 Ta mpaBuIIa iHTepBai3zaii,

L — mopdi3m BimoOpaskeHHs IHTEPBAIBHOTO MPECTABICHHS Py Ha TIEBHHUH anasirT,

G — BigHOBJIEHA TPaMaTHKa TMHAMIYHOTO MPOIIECY.

Kpoxu (mig3anadi) moOyaoBU JTIHTBICTUYHOI MOJIETl HA OCHOBI YHCEITHLHOTO YaCOBOTO
PAAY AMHAMIYHOTO MPOIIECY:

) miJ3aga4a OTPUMAaHHS PI3HUIICBUX PSIIB;

) mij3aqada iHTepBaizaiii,

) mig3agaya JiHTBICTH3ALIT;

) miJ3aaa4a BiTHOBICHHS (hOpMaIbHOI IPaMaTHKH.

Ha nepmomy kporii oTpuMyeMo pi3HUII YaCOBOTO PSIY:
Yacosuil pan X = (xi)(i=1...1v);
[epwa pisaunsg X' = {x(i+1) - xi}(i=1...N) = {xi}g=1..n)

Hpyra piznuns X* = {(xi41 — xi)}(i=1...N) = {xzi}(i=1...N)-

Ha puc. 1 ta 2 npencrasneHi OpuriHaabHUN YaCOBH psifl, SKUN B3ATO 3 KHUTH aBTOPIB
Box G.E.P., Jenkins G.M., Reinsel G.C., Ljung G.M. [12, C. 305-306] Ta iHTepHET-KEepeTa
[13], Ta fioro meprma pi3HUIIS.

Jl1st mporHO3yBaHHS BUKOPUCTOBYBAIUCS TaKl PO3TOILIIH:

o PiBHOMIipHWUIA;
° Jlammaca;

. Hopmanbumuii;
° bera;

° Cr’roneHTa.

BukopucroByBanucs andapita pizHUX po3mipHocTeld: 5, 10, 15, 20, 25 cumBomiB.

Hexait X Tta Y — 4YacTKOBO BHOpAIKOBaHI MHOXWHU. KOXHY 3 IIMX MHOXXHUH
BBAKaTUMEMO
yMoBHO TOBHUMH CTpykTypamu S(X),S(Y). Skmo a,beS(X) ta a<b, to muOXHHY
I(a,b)=[a,b]={xe X,a<x<b} Oynemo HazuBaTH iHTepBasoM Ha S(X).

3 ocHOB iHTepBaibHOI apudmerrkn maemo: X € Is(x) € B(X),Y € Is(y) € B(Y),
ne Is(y), Is(x) — MHOXuHHK BCixX iHTepBaiiB. SKio MHOXHMHA X yTBOpPIO€ moe, To B IS( )
MOKHa BBECTH IMPaBUJIA IHTEPBATBHOT apUPMETHKHU:
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Kinbkicts 700 3mina
nacaxHpis KUIBKOCT
(Tne.) 600 nacaKupis
(rue.)
500
400
300
200
100
0 >
SO e RASLCHR S LRy Ps Yac (micsi) 150 ;
Yac (micaui)
Puc. 1. I'padikx opurinajbHOro 4acoBoro psiry Puc. 2. I'padix nepuioi pizHnni

OPHUTiHATBHOI0 YaCOBOIO PSIAY

[a,b] + [c,d] = [a+c,b+d],
[a,b] —[c,d] =[a—c,b—d],

[a,b] X [c,d] = [min(a X c,axd,bXc,bxd),max(aXc,aXd,bxXc,bxd)],
[a,b]:[c,d] = [a,b] X [1/d,1/c],0 & [c,d].

CyMiKHUMH IHTEpBaJIaMHU € IHTEpBaIK BUIALY: [a, b],[c, d]E€X, b=c, a<b, c<d.
Hexait X = {X[% >0, X <Xn} i=1.M, X <X, <...<X,.

Kinbkicts Kinsxicts
TacaKupin racaipie (The )
(THe.) 1
4 X1
700
X
600
Xs
500
X7
400
Xs
30
Xz
200 X1
100 X3
0 » X
YOS RSP ORGP OpPS X EndREREE
LI I "
Yac (Micsip) 5 10 15 20
4 9 13 199721 23
12346782 1l 7 271
Puc. 3. Opurinajbuuii yacoBuii psij Puc. 4. InTepBaJizamis

IMpu piBHO3HAUHIH inTepBaizarii: [0, X;] = [X 1 X 2] = [X 2.X 3] = [X 3.X. 4],
nipu piBHOMipHii inTeppanizamii : P[0, X;] = P[X, X,| = P[X, X3| = P[X5X4].
Ha xpomui ninrBicTu3aii 6ygyemo Mopdizm:

L:X > A,
ne X — MHOKWHA 3HaY€Hb YaCOBHH Psy;
A — andapiT 00paHOi MOTYKHOCTI;
A= {al,..., ay }, ne M — notyxHicTh andasirty;
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X = {Il,..., Iy } — PO30UTTSI MHOYXHUHH 3HAYEHb YaCOBOTO STy HA IHTEPBAJIN;
L(Xj): a; , SIKIIO0 Xj S Ii .

Metoau, SKUMH 3iHCHIOETBCS BIIHOBICHHS TpaMaTUKU 32 JIHTBICTUYHUMH
JIAHLIO’)KKaMU, Ha HACTYITHOMY KpOIll MOXKYTb OyTH HaCTYyITHUMM:
1. TIpocTum nepepaxyBaHHSM i1 JIAHITIOXKKIB;
2. Iapykmiviauii MeTos;
3. Bukopucransas GopManbHUX rpaMaTHK:
a) rpaMaTUKH PO3Ii3HABAHHSI;
0) rpaMaTHKU TOPOIKEHHS;
B) 'PaMaTHKU ME€peyBaHHS;
4. BuxopucranHs MWMOBIpHICHHX TrpaMaTHK Ha ocHoBi [IMM (mpuxoBaHUX
MapKkOBCHKUX MOJIETIEH).

[Ipu TiOpuaHOMY JIHTBICTUYHOMY MIAXOAl OyAyeEMO MATpHUIIO TepeayBaHHSA (B
tepMminax [IMM 11e MaTpuIls nepexomin).

a1 a2 a3 cos aN al ai aN a.i
4 P P2 P - Pin 0
a, Py, Py Py - Pon
a3 p31 p32 p33 oo p3N a:i pJ1 o pjl o pJN a‘i “ee p“
Ay Pow Pw Pwv Pav P

BinHoBieHHS rpaMaTUKd. Marpuils nepeayBaHHs, MOOYJOBaHA Ha OCHOBI 4acOBOTO
psATy KiTBKOCTI TTacaxupiB aBiamepenboTiB B CIIA [13].

A B C D E F G H I

0 0 0 0 0 012 025 0.25 0.38
0 0 0 017 0 042 0.25 0.08 0.08
0 008 008 017 0.17 017 016 017 0
0.15 0.1 005 01 0.24 0.06 005 0.1 0.15
0.05 0.09 0.23 0.18 0.14 0.09 0.14 0.04 0.04
0.04 0.09 0.04 0.13 0.22 0.22 0.09 0.13 0.04
0.19 0.06 0.06 0.06 0.25 0.19 0.13 006 O
0.07 014 0 029 014 014 0 0.07 0.07 0.08
0 009 019 0.18 0.09 0.09 0.09 0.09 0.09 0.09
0 0.5 05 0 0 0 0 0 0 0

OO O OO OO

~~TOTmMmUaaw >

[TobynoBa rpaMaTWKu BiIOYBA€ThCSI HAa OCHOBI MAaTpHIll TEpPeayBaHHS OymayeThCs
HMOBIpHICHA 'paMaTHKa YacoOBOTO PALIY.
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0,13 0,17 0,14 0,04 0,13 0,09
— F — E — A — | G— G I— G
0,25 0,17 0,24 0,04 0,19 0,09
— H C— G D— E F— A G— F I— F
0,25 0,17 0,05 0,09 0,19 0,09
— G — H E— H — B — A I— H
0,38 0,17 0,05 0,09 0,25 0,09
A— | C— D E— | F— G — E I— E
0,08 0,05 0,05 0,13 0,07 0,09
— | D— F E— A F— D — | I— J
0,08 0,05 0,09 0,13 0,07 0,09
B— H D— G — F — H H— J I— |1
0,17 0,05 0,09 0,22 0,07 0,09
B— D D— C E— B — F — A I— B
0,25 0,05 0,14 0,22 0,07 0,18
B— G D— F — G F— E H— H lI— D
0,42 0,1 0,14 0,06 0,14 0,18
— F - H — E — D H— F l— C
0,08 0,1 0,18 0,06 0,14 0,5
C— B D— D E— D G— B — E — B
0,08 0,1 0,23 0,06 0,14 0,5
— C D— B — C — C H— B J-» C
0,17 0,14 0,04 0,06 0,29

C— F — | F— C — H — D

ABTOpamMH cTaTTi po3poOieHo iHdopMaliiHy CHCTEeMy 3  BHUKOPHCTAHHSIM
OpUTIHAJTBFHOTO MAaTEMaTUYHOTO amapary Ui aHajli3y Ta MPOTHO3YBaHHS HETIHIHHUX
HECTalllOHAPHHX MPOLECIB.

Dnint | W womnen 3% | Denn [7 | Faerprapasr Spel B ] | Sep—ra— T Tt s w3 | Do 7 | Popesone Ead o Tuowem T | Tomwea ] eowonopsa| || G ek

emmnenss omes Tares e (b T

bk Jeapa Opspems Mg Came (e i, Expehitpisn Toitl g

« T R | e T T v—" 1 (ORI 1 ! Perr s Biamin A 1 i 3 Pest Ko B ¥
H » I N T Il N TN R
2 " " Do ok o E W ]
1 3 L K 00 T
r: 3 - u ] (] H 1 1000 a | L] i 1 i}
i 1 i1
o E i oL " o0 b R
i - i} ¥ i 1 1, 3 i
g 2 " i ¥ £ o 1
% 1 T o 1 U
g 3 "B o W 1 | T
o - £ o [k boowo &1 T
& 4 0
r - :o ] bW o
e § ! 1
K - [ W "ok N
i It 1 5 ]
i m w0 L S0 e CoR W
E — . n 7 sF 1w eoox R W
kL ! L]
_Z - 3 0 ) H P i 1 10000 a ] i £
H by ol n ¢ b oo e S0
a u M 5
P e CCO BT ] 4 ]
2 ks —Tr P [ T ] W b 10
% m i
' e 5 1 i 1 L 1 ] ] 1 10 | ] ] | 1 14
4 " o b T R L 1t
i = L Eoo0w R (e
¢ I T
H ; - B Lo e
k.l a COF 40 m Lo L
1 — T 1 1000 ] l ] { 1 i)
i i 5
£ L ) 1 1 ) L] il (4 4 ! )
" : )
Puc. 5. ®parmenT nporpamu "[HTepBajizauis Puc. 6. ®parmeHT nporpamu

"Ilo0ynoBa npasu.a"
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Omoet | Mownocts angesurs (5 | Jemta |7 | Pacrpspeness: (Eoual || Mopaern  Nepwog: |4 Tect Ha remoga: 3 Mpaaexasat: napvoss: || Craor | | eoncot e Bucel
Wemepoanesasn Mpanwng  [pofros
Tect Tpornea
B r 1
Fanr Moencrasast ToeraPanr  Tpewalpencr Oumdea 1 i i Mpencrasan 1 2 1 scctanse esvurein 5

=
o | o - - oo
=3

Puc. 7. ®parment nporpamu ""Ilporuos"

Otpumyemo miHrBicTHYHY nociigoBHicTh PDGUTDOA

OO6unciroBaabHI  €KCIIEPUMEHTH IIOAO TPOTHO3YBAaHHS YacOBUX PAIB  OyiH
MPOBE/ICH] Ha PI3HUX THIAX 1HTEpBaji3alii (po3noaizax HMOBIpHOCTEN).

Jnst  iwTepBamizamii  OyB BuKopucTaHuid bera posmoninm #MoBipHOCTEH, Oyi0
JOCIIKEHO SIKICTh MPOTHO3Y YacOBOTO ALY HA PI3HUX MOTYKHOCTAX alndaBiTy (KIIBKOCTAX
1HTEpBaIIB).

B Tabnuusx HaBeJEHO pe3yabTaTH MPOBEICHUX OOYMCIIOBATBHUX €KCIIEPUMEHTIB Ha
JTaHuX 3 Jkepena [13].

JUis OIIIHKM SKOCTI NMPOTHO31B OyB BUKOPUCTAaHMN IMOKAa3HUK HAa OCHOBI BiJCTaHI
JleBenmrelina.

Hexait M ta N — nosxuHu BXiJHUX psIkiB S, Ta S,, Toxi ;s Beix 1 Big 0 o M ta

aus Beix j Big 0 mo N migpaxoByemo D(i, j), Ta moBepraemo D(M,N) xe:

0;i=0,j=0
i;j=0,i>0
J;1=0,j>0

DG, j) = D(i-1,j-1)5,[i]=S,[ ]

D, j—1)+insertcount
min| D(i-1, j)+deletecount |;j>0,i>0,S[i]#S,[]]
D(i—1, j—1) + replacecount

Oyukiris min(a, b, C) moBeprae HaliMeHIHI 3 apryMeHTiB. L{iHy BCTaBKH, BUIaJICHHS
Ta 3aMiHU BBOXKaTUMEMO OJHAKOBOIO Ta PIBHOIO OJAMHHUIILI.

Jamni B TaOMUIIX BUKOPUCTOBYETHCS MIO3HAYECHHS:

0 — e ToyHe TMoMaiaHHs B IHTEPBAJI ITPU TPOTHO3yBaHHI.

3 00YHCIIIOBAaIBLHUX EKCIIEPUMEHTIB, sIKI HaBEIEHO B Tabm. 1—4 moxkeMo 3poOuTH
BHCHOBKH.

B T1abn. 1 HalikpamuM poO3MOAUIOM YacOBOTO Py IMEPEeNbOTy TaCaXUPIB €
piBHOMIpHMIA po3nozin. [Ipu BuKopHCTaHHI OeTa-po3nmoainy 3pOOUTH MPOTHO3 BUSBISIETHCS
HEMOITUBUM.

Jani 3 Tab. 2 MOKa3ylTh J03BOJISIOTH 3pOOUTH OLIBIN TOYHI MPOTHO3U (HA BEIHKUX
PO3MIpHOCTSX alipaBiTy), OCKUTBKH IPOTHO3U POOIISITHCS B METUYHIHN cdepi.
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Ta0mums 1
[TommuIika TECTOBOTO MIPOTHO3Y YaCOBOTO PSY MEPENbOTY MacCaKUpPiB
(3a BigcranHiO JIeBeHIITEHA)

Po3mip IIporuos (kpokis)

Po3noxisnm .
A andasiry 3

5

()

10

RO|=|—=1D

15

PiBHo-
MipHHii

20

—_
[e)

—
[\

25

5

10

15

Jlamiaca

20

25

5

10

HUI

15

20

Hopmaib-

25

5

10

15

Bbera

20

25

5

10

15

20

() [l el § O} Ll [ell o)l fer )l vl e} Fe)l Dol o)l fen )l Feu)l [l fell Dl feo )l fen) Fevll fen )l Fen ) Fanll Ran ) § ol
(=) Ll (el fel L) () e} fer) fel el Ll kel Ll o) [a) L =l Lol el fe) fe) el fev) fal Fan) | V)
=) fel el Fod Ll (=l =) [l (o] el fel [l ) fe) fer) fel L}l L} fe} o} Jer) feull fev ) Ja ) e}

ol Ll E=2 k=1 Ll (=2 k=] k=) el o} Faol Ll I} [} for) o) fe ) Ll Feo )l fen) Ko, W A0, B AV, N Ll Bl K65

=l £ Ll k=0 Ll (==} k=) [l [l e} el Fenl Ll fer ) fan)l fen ) far )l Ll Fen )} Kan)

Cr’'oaeH-Ta

25

Ta0mus 2
[TomuiKa TECTOBOTO MPOTHO3Y YAaCOBOTO Psily BUMIPIOBAHHS PiBHS TIIIOKO3U B KPOBI
(3a BimcranHiO JIeBeHIITEHA)

Po3noxinm Po3mip IIporuo3s (KpokiB)

ajadasity 1 2 3 4 S
1 2 3 4 5 6 7
5 0 0 1 0 1

=]
2 5 S S S N T

R o
&5 20 3 0 2 2 1
25 3 0 3 3 3
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[IponoBxenHs Tadm. 2
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Tabmus 3
[ToMuIika TECTOBOTO MPOTHO3Y YacoBOTo psiny iHW CKaHIMHABCHKOTO PHHKY €JIEKTPOSHEPTii
(3a BigcranHo JleBeHmreiina)

Po3noxism Po3mip IIporno3 (KpokiB)

andasiry 3

5

vy

10

15
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20

MoOBipHuUii
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5

10

(=] fe) foo) [eo) fe) fan) Faw)l fan) [8)]

15

(=] | )l [}l feo)l feo)l [l far) e Ken)

Jlamiaca
[
3

20

—
o0
N
[\

25

5

10

vy

(Sl el el BN Rl o fo o) ol feo) kel fan) fan)l Fan) | \S]

15

HHUH

20

Hopmauib-

AN Y I ) Fll AN Kol far) (V) [V )l Fenl el Kanll Kanll Fan)l Fanll N

o) ol Feoll o o)l fer) o]l )l fen) vl Kanll Bl Kanll Il || \OF Kol | o)

(=) o)l o)l Neol) Fan]
el E=1 B = Ll =)

N | —
[e>) N

25

DOI'10.32782/2618-0340-2018-2-191-202
199



ITPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

[TponosxenHs Tad. 3
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Tabmanis 4
[TomuIika TECTOBOTO MPOTHO3Y YaCOBOTO PSY LIHHU MPUPOTHOTO Ta3y
Ha HbIO-HOpKChKiN ToBapHii O0ip>ki NYMEX (3a BiactanHto JleBeHmTeiina)

Po3noxinm Po3mip IIporuo3s (Kpokis)

angasiry
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B Tabn. 4 3 KOPOTKOCTPOKOBHUM IPOTHO30M OTPUMaHl TapHi pPe3yJbTaTH TIpH
BUKOPHUCTAaHHI BCiX po3noaiumiB. [lpy BHUKOpPHCTaHHI HOPMAJbHOTO 3aKOHY PO3MOJIIY IMpH
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po3mipi andasiTy 15 CUMBOIB BUSIBHIIOCS HEMOXIIMBUM OTPUMATH BipHUI Mporuo3 Ha 1, 2, 3
KpPOKHU.
BucHoBknu

VY crarti J0CHIKEHO BHKOPHCTAaHHS METOJIB JIHTBICTUYHOTO MOJCITFOBAHHS JUIS
3a/1a4l TPOTHO3YBAaHHS YaCOBHUX PSIIB Pi3HOI mMpupoau. Y poOOTI MpUBEACHUN aBTOPCHKUH
QITOPUTM TIPOTHO3YBAaHHS HA OCHOBI JIIHTBICTUYHOTO MOJCIIOBAHHS Ta IMPUXOBAHUX
MapkoBcbkux Mojened. OnMcaHo BUKOPUCTAHUNA MaTEMAaTHUYHUH anapar JJisl KOKHOTO eTaIy
QITOPUTMY, 3aCTOCYBAaHHS NPUXOBAHMX MapKOBCHKHX MoOjenel, 0a30Bi XapaKTePUCTHKU
BUKOPHUCTAHHS anapary GopMaIbHUX IPaMaTHK ISl BiAHOBJICHHS JIIHTBICTHYHOI MOJICITI.

Jlnst mpoBeZieHHsT OOYUCITIOBATIBHUX EKCIIEPUMEHTIB CTBOPEHA MpOrpamMHa peastizaiis
AJITOPUTMY.

[linm wac mpoBeneHHS OOYMCIIOBATHHUX  EKCIICPUMEHTIB  JIOBEACHA  SIKICTh
MPOTHO3YBAaHHS YacOBHX PSAMIB PI3HOMAHITHOI MPUPOAM TPU PI3HUX TapameTpax.
ExcriepuMeHTanTbHUM NIISXOM BHSIBJICHI ONTHMAIbHI TapaMeTpH alTOpPUTMY. AJTOPUTM
3aCTOCOBYETHCS 10 PI3HOMAHITHUX YaCOBHUX PAMIB (COLIATbHUX, MEIUYHUX, (PIHAHCOBUX Ta
eKOHOMIUHHUX), BHpaxyBaHI CTaTUCTHUYHI TOKAa3HUKM TOYHOCTI MpOrHo3y. ExcnepumeHnTtn
MOKa3ajy, 10 allTOPUTM CTal0lJIbHO BUKOHYE MPOTHO3 3HAUYEHDb Psy Ha 3-4 KPOKU BOEpe[ Ta
MIPOTHO3 3MiHHM TPEHIY Ha 3-5 KPOKiB.
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VJIK 004.3(075)
I'.B. BECEJIOBCEKA, O.C. JIEBEJIb

XepCOHCHKHI HAIlIOHAJIBHUI TEXHIYHUN YHIBEPCHUTET

MOJEJII IIPEJIMETHOI I'AJTY31 KOMIT'IOTEPHUX MYJIbTUME JIMHAX
MMPOEKTYBAJIbHUX TEXHOJIOT'TH

Locniooiceno npeomemuy 2any3b KOMN IOMEPHUX MYTbMUMEOIHUX NPOEKMYBATbHUX
iHGhopmayitinux mexHonoz2il, nomeHyian AKUX 3 NOKPAWEHHS NOOAHHA MA CHPULHAMMA
inpopmayii peanizyemvcsi HENOBHO uepe3 HeOOCMAamuio eugyericmov eanysi. Ilompione
npugedents. 8idomocmell npo O0CHIONHCYBAHY 2ANY3b 00 EOUHOI BNOPAOKOBAHOI cucmemu.
O0TpyHMOBAHO AKMYAILHICMb Y3A2ANbHEHUX MoOelell 00CTI0NCYBAHOT NpeOMemHOol 2any3i ma
Memaeanyseli K €OUHOI CKIaOHOI cucmemu, ¢Hopmanizo8anoeo onucy ii cemMaHmuxu.
30iticnenuii cemanmuunull aHaniz i - Gopmanizo8aHuti ONUC O0O0CHIOAHCYBAHOI NPeOMemHOI
eanysi ul ii memaeanyseil Ha 3aca0ax Mooei Muny CeMaHmuiHoi mepedici.

Knwuosi  cnosa:  komn’romepui  mexnonoeii,  MyibmumeOilHi — MeXHOI02Ii,
NPOEKMYB8ANbHI MEXHO02il, NpeOMemHa 2aiy3b, MOOeN08anHs, iHopmayis, iHpopmayitini
MexXHON02Il.

I'.B. BECEJIOBCKAA, O.C. JIEBE/Ib

XepCOHCKUI HAlMOHAJIbHBINA TEXHUYECKUI YHUBEPCUTET

MOJEJIN HPEﬂMETHOﬁ OBJIACTH KOMIIBIOTEPHBIX
MYJUbBTUMEJINUHBIX TPOEKIIMOHHBIX TEXHOJIOT' MU

Hccneoosana  nmpeomemnas — 061acmob — KOMHbIOMEPHBIX — MYIbMUMEOUUHBIX
NPOEKYUOHHBIX UHDOPMAYUOHHBIX MEXHOLO2UU, NOMEHYUAL KOMOPbIX NO  YIYYUEHUIO
npeoocmasienus U 60CNPUAMuUs UHGOpMayUuU peaiu3yemcs HeNnoaHo U3-3a HedoCMAamoyHOl
usyuenHocmu oonacmu. Tpebyemcs npusedenue ceedeHUuill npo ucciedyemyio ooaacms K
eounoll ynopsioouennou cucmeme. (OQOOCHOBAHA AKMYANLHOCMb 0000WEHHbIX MoOdeell
uccnedyemol npeoMemuol ooracmu u memaodnracmel Kax eOUHOU CLONCHOU CUCMEMbL,
gopmanuzosannozo onucanus ee cemanmuxu. Ocyujecmenen cemMaHmMuyecKui auaius u
Gopmanuzosannoe onucanue ucciedyemou npeomMemuol ooaacmu u ee memaooaiacmetl Ha
0CHOBe MOOeNU MUNA CeMAHMU4ecKoU cemu.

Kniouesvie cnosa: romnviomepuvie MeEXHONO2UU, MYIbMUMEOULIHble MEXHOI0SUU,
NPOEKYUOHHbIE  MEXHON02UU, NpeoOMemHas 00aacmb, MoOeauposanue, UHGopmayusl,
uHpopmayuorHble MexXHOI0UU.

G.V. VESELOVSKAYA, O.S. LEBED

Kherson National Technical University

MODELS OF THE SUBJECT FIELD IN COMPUTER MULTIMEDIA PROJECTION
TECHNOLOGIES

The article is devoted to the analysis of features and modeling of the subject field in
computer information technologies, which are based on the principles of using dynamic
multimedia projection methods and tools that are dynamically developing. Modern computer
multimedia projection technologies provide powerful opportunities and benefits to improve
the presentation and perception for information in all areas of human activity, but this
potential is often implemented in practice far from being fully due to the inadequate
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knowledge of the subject field for this technology that actually occurs, despite to a
sufficiently long evolution of their application. First of all, it is necessary to generalize,
systematize and classify information about the subject field of computer multimedia
projection technologies in order to bring them into a unified, well-organized system. The
article deals with separate issues of the mentioned problem, concerning the following
important aspects. The analysis of the subject field in computer multimedia projection
technologies, with an emphasis on the issue of lack in the information completeness and
information availability for target users in relation to the field and its basic meta-sectors,
such as the application and research of computer multimedia projection technologies, is
carried out. On the basis of the research, the relevance and practical significance of
obtaining generalized models for the subject field in computer multimedia projection
technologies and its meta-sectors as the only complex system, detailed analysis and a formal
description of the semantics of a given subject field was substantiated. A semantic analysis
was carried out and a formalized hierarchical comparative description of the subject field in
computer multimedia designing technologies and its meta-sectors was created on the basis of
a model in the semantic network type that combines the components of semantic categories,
subcategories and elements with the semantic relations of the "part-whole".

Keywords: computer technologies, multimedia technologies, projection technologies,
subject field, modeling, information, information technologies.

IlocTanoBka nmpodJemu

Kowmn’rorepusanis Halipi3HOMaHITHIIINX cep MisUTbHOCTI Cy4aCHOTO CYCIIIBCTBA, 10
CTa€ Bce OUIBIN MIMPOKOMACIITAOHOIO, IHTEHCMBHOIO, MAacCOBOIO Ta BHCOKOTEXHOJIOTIYHOIO,
JI03BOJIMJIa BHBECTM Ha SAKICHO Ta KUIPKICHO BHIIUH piBEHb NPAKTHKY 3aCTOCYBaHHS
MPOEKIIIHHUX TEXHOJOTIH, Cepell SKUX BEIUKI MEPCIEKTHBH MOJAIBIIONO IPOTPECUBHOTO
PO3BHUTKY i €(QEKTHBHOIO BIPOBAHKEHHS MAalOTh KOMIT IOTEpHI MYJIbTUMEIIHHI MPOeKLiiH1
TEXHOJIOTI1. 3a pe3yabTaTaMy 3A1HCHEHOTO aBTOPaMH aHai3y BUIHO, II0: HaaKTUBHIIIE Ta
HAWTIPOJYKTHUBHIIIE 3a3HAYCHI TEXHOJIOTII 3aCTOCOBYIOTHCS B Oi3HecCi IS 3MiHCHEHHS
iH(OopMaIiHHO-TIPE3EHTAIIMHOI MISTTBHOCTI; B IIIOMY, TOTYKHUH MOTEHITIAT KOMIT IOTEPHUX
MYJbTUMEAIMHUX TMPOEKIIMHUX TEXHOJOTIH 3alHWIIaeThCs HA TPAKTHIN Maibke He
BHUYEPIAHUM, TPUYMHUA YOTO KPHIOTHCS HE TIIBKM Ta HE CTUIBKM B BapTOCTI MpUIO0aHHS
BiJIMOBIAHOTO 00JIaJHAHHSI, TIEBHIM CKJIAJHOCT1 HOT0 BCTAHOBIIOBAHHS T4 BUKOPUCTAHHS, a, B
MepIry 4epry, B HEIOCTaTHIA BHBYEHOCTI JaHOI MPEAMETHOI Taly3i Ta, BIAMOBIIHO,
HEIOCTaTHIX 1HPOPMALIHHUX MIAIPYHTAX JJIS MPAKTUYHOT pOOOTH 3 HEIO (B peasibHOCTI, JaHi
O0COOIMBOCTI TPHU3BOJATH J0 BUHUKHEHHS TICHXOJIOTTYHHX Oap’€piB 100 BHUKOPHUCTAHHSI
JOCHIUKYBAaHUX TEXHOJOTIH); AaKTyaJlbHUM TIHTaHHSIM € CTBOPCHHS, Y3arajlbHCHHS Ta
cucTeMaTH3alis Moeeil IpeaMeTHOT Tamy3i KOMIT I0OTepHUX MYJIbTUMEIIHHUX MPOEKLIHHIX
TEXHOJIOT1H; 0COOJIMBO BaXKITMBUM 1 MPAKTHYHO I[IHHUM € BHUPIIMICHHS JaHOI MpOOIeMU IJis
rajay3i OcBiTH, J¢ e(pEeKTUBHE NOJaHHS MYJIbTUMEAIMHOTO KOHTEHTY CIIPHs€E Kpalomy
3aCBOEHHIO HaBYaJIbHOI iH(MOpMallii Ta HaOyTTIO BMiHb 1 HaBHUYOK, POOJISYM BHUITYCKHUKIB
3aKJIJiB OCBITM  KOHKYPEHTOCIPOMOXHIIIMMH Ha pHHKY mnpami. CTaTrTio NpPUCBSIYEHO
CTBOPCHHIO 0a30BMX KOHICMIM MOJEIIOBAHHSI TPEIMETHOI Taly3l KOMI'TOTEPHUX
MYJIbTUMEIIHUX MPOEKTYBATbHUX TEXHOJOTIH.

AHaJIi3 OCTAHHIX TOCTiIKeHb | myOaikamnii

Sk mpoTsAroM eBoutoLii PO3BUTKY, TaK 1 OCTAHHIM YacOM, TEMAaTHIll KOMII IOTEPHUX
MYJIbTUMENINHUX MPOEKTYBATLHUX TEXHOJOTINA OYJ10 MPUCBSIYEHO YHCIICHHI JTOCHTIKEHHS Ta
myOutikanii HayKOBLIB 1 MPAKTUKIB, SKi, pa30M 13 TUM, OXOIUTIOIOTh HE BECh CIIEKTP MOTPIOHMX
MTUTaHb.

Tak, y Hu3mi poOiT, aKTHUBHO IOCTI/KYBAlIMCA HACTYIHI aKTyaJbHI NUTAaHHS:
TEOPETHYHI Ta MPAKTUYHI MPOOJEMU 3aCTOCYBaHHS MYJIBTHMEIIMHUX CHUCTEM SK 3ac00iB
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IHTEPaKTHUBHOTO HABYAJIbHO-BUXOBHOTO MpPOLECY; aHall3 BIUIMBY KOMII IOTEPHUX
MYJIbTUMEIIMHUX TEXHOJOTiH Ha (OpMyBaHHS KOMIIOHEHTIB IME€AaroriyHoi AisiIbHOCTI,
IHCTpYMEHTApil0 oOpraHizamii HaBYaHHsS Ha 3acajgax 1H(QOpMaIiiHO-KOMYHIKAIIHHUX
TEXHOJIOTiH; OCOOJMBOCTI MIArOTYBAaHHS MENAroriB J0 BIPOBAPKEHHS MYJIbTHUMEIINHUX
TEXHOJIOT1H, NPUHIMITIB €QEeKTHBHOTO HABYaHHS 3 BHKOPHCTAHHSIM MYJbTUMEIIHHUX
pecypciB 1 COPUATIMBUX YMOB JUIS CTYACHTIB Y MyJbTUMEIIHHOMY OCBITHBOMY CEpPEIOBHII;
METOAM W aNrOpPUTMH BHU3HAYCHHS XapaKTEPUCTHUK 1 JiH, 10 MIIBUIILYIOTh SKICTh MPOIECIB 1
pE3yNbTaTiB  MYJIBTUMEIIHHOTO MPOSKTYBAHHS; METOANKH BUKOPUCTAHHS MYIbTUMEIIHHUX
MPOEKTOPIB Ta IHTEPAKTUBHUX [OLIOK Y HAaBYAIbHOMY TIPOLEC], BIUIUB KOMILIEKCY
KOMIT'FOTEP-TIPOCKTOP-IHTEPAKTUBHA  JIONMIKA Ha SKICHE PO3MIUPEHHS MOXJIMBOCTEH
3aCTOCYBaHHs pI3HUX (OpPM HAOYHOCTI; TEXHIYHI Ta (QYHKIIOHATBHI MOXJIHMBOCTI Ta
napaMeTpu 1HTEPAKTUBHUX JOUIOK, IXHIM MOpiBHANbHMNA aHami3 (aBTopu — XKammak M. 1,
Myt M. L., Xyk FO. O., ementieBchka H. I1., [Tinuyk O. II., Cokomtok O. M., Coxkomnos I1.
K., Bopucos B. Il., Cuauns M. O., Cenuenko II. 1., O3nabixin [[. A., Tapacenko B.D.,
Kypasmnwos JI. 1., [TaBnosa T. FO., boponenko A. B., Kaiicina A. B. Ta inmi) [1-18].

3aranpHUl  OrMIsA  pe3yabTaTiB  CydyaCHHMX HAYKOBHUX JOCHIKeHb Yy  cdepi
KOMIT IOTEPHUX MYJIbTUMENIMHUX MPOEKTYBAIbHUX TEXHOJIOTIN, IEPIIOYEProBO MPU3HAYCHUX
JUISL CYTTEBOTO MIJBUIICHHS SKOCTI CIPUUHATTS iHGOpMaIlii, moKa3ye, 10: HaWBaroMimui
BIJICOTOK 13 HHUX TPHCBSYEHO IICHXOJIOTO-TIEaroTiYyHUM, METOJAMYHHUM Ta OpraHizamiiiHuM
acrmeKTaM MpoOJIeMH, 3HAYHO MEHIINH BIJICOTOK — TEXHIYHUM IUTAaHHSAM, 1 JTOBOJI Maly
4acTKy — 1HGOpMaIiiHOMYy WIiIXO0ay; My)K€ Majlo yBard Ha JaHWUW Yac y 3a3HadyeHId
MpeIMEeTHIN Taiy31 IpUIUISEThCS MUTAHHSAM ii MOJIETIOBAHHS T4 CUCTEMHOMY IMIXOMYy N0 ii
MO/IETIOBaHHS.

Meta nocJixKeHHs

KinmeBorwo MeToro poOOTH € OTpMMaHHSI MPAIIOIYNX 0a3UCHUX MOJENeH MPEeIMETHOI
ramy3i KOMIT IOTEpHUX MYIbTUMEHINHUX MPOCKTYBAILHUX TEXHOJOTIH, B 3B S3KYy 3 YHM, 32
OCHOBY Ui JOCTI/DKCHHS Ta MOJCIIOBaHHS OyJ0 B35ATO METOJOJOTIYHMM —amapar
CEeMaHTHUYHOTO aHaJli3y Ta MaTeMaTHYHUN (OopMaTi3M CEMaHTHYHUX MEPEX.

BukJiageHHs1 0CHOBHOI0 MaTepiajy J0CaiIKeHHSA

Y npaniit crarti, OyJ0 BUKOHAHO aHAaJi3 CEMAaHTHUKU Ta BIAMOBIIHE MOJEITIOBAHHS
MPEAMETHOI Tally31 KOMIT IOTEPHUX MYJbTUMEIIMHUX MPOeKTyBaabHUX TexHoiorii (KMIIT)
1010 BUSIBIICHHS i1 BUSHAYAIBHUX CEMaHTUYHHX CKJIAOBUX — ceMaHTUYHUX Kateropiit (CK,
Semantic Category, SC), cemantnunux migkareropiii (CIIK, Semantic Subcategory, SSC),
cemantnunux enemeHTiB (CE, Semantic Elements, SE). 3a3naueni ckmagoBi Oyio
MPEACTABIICHO B SIKOCTI BEPIIMH CEMAaHTHYHOI Mepexi 00’ekTiB mpenmMeTHoi ramy3i KMIIT.
Posrnsnanacs He Tinbku BiacHe mpeaMmetHa rany3b KMIIT, a it Hepo3puBHO TIOB’s13aHi1 3 HEFO
MeTaranysi, IO CTOCYIOTbCS MUTaHb MPAKTUYHOTO BUKOPUCTAHHS OO0’ €KTIB, MPOIECIB 1
cucteMm ramy3i KMIIT, a Takox 3miiiCHEHHS MOCHIPKEHb 1 BIAMOBIIHOTO MOJICTIOBaHHS B
JaHii ramy3i (caMe OCTaHHBbOMY 3 NEpeNiueHUX NMUTaHb OYJIO BiJBEICHO MEPEBAXHY YACTKY
yBaru B posrisni). CemantuuHuii anamiz npeametrHoi ramy3i KMIIT Oymo 3miiicHeHO 3
ypaxyBaHHIM JOCII/KEHHS: pe3yJbTaTiB €KCIEPTHOTO OIIHIOBaHHA (DaxiBIliB; eKCIEPTHUX
3HaHb, OTPUMAHUX METOJOM BWJIYYCHHS 3HaHb 13 CHEIlai30BaHMX TEKCTIB;, pPE3yJbTaTiB
BUBYCHHA 1H(popMamiiHux morped Ta iHGOpPMaLIMHUX 3aMUTIB LIJIBOBUX KaTEropii
kopuctyBauiB KMIIT. [{ns 30upanus it 00poOku iHdopmarrii BiaiaaeHuX KOpUCTyBadiB, 0yi10
3actocoBaHo Web-TexHoor1ii.

Y Ttabmumi 1 mpexacraBieHo ¢GopMai3oBaHUM 1€papXiUHUKM TIOPIBHEBUU OIHC
cemanTuHoi Mepexi (CM) mpeamerHoi ramy3i KMIIT Ta ii MeTa ramyseil sk CyKymHOCTI
CKJIamoBuX KoOMIOHEHTIB CM (CeMaHTHYHHMX KaTeropid, IiJKaTeropiii, eJIeMeHTIB),
MOB’SI3aHUX BiTHOCHOIO "dacTHHa — wije", B Tabmuunomy Qopmari. Hmwxkde 3a TekcTowm,
omicist Tabmuill 1, HaBeIGHO CEMaHTUKY KOKHOTO 3 TIPEICTABIICHUX Y Hil TO3HAYCHb.
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Tabmans 1
Pisens 1 CM (SL-1): Pisens 2 CM (SL-2): Pisens 3 CM (SL-3):
cemanTuyHi kareropii CM | cemantuuHi nigkareropii CM ceMaHTHuHi enemenTn CM

SL-3: SC-1: SSbC-1.1.1

SL-2: SC-1: SSbC-1.1 SL-3: SC-1: SSbC-1.1.2

SL-3: SC-1: SSbC-1.2.1

SL-3: SC-1: SSbC-1.2.2

SL-2: SC-1: SSbC-1.2 SL-3: SC-1: SSbC-1.2.3

SL-3: SC-1: SSbC-1.2.4

SL-3: SC-1: SSbC-1.3.1

SL-2: SC-1: SSbC-1.3 SL-3: SC-1: SSbC-1.3.2

SL-3: SC-1: SSbC-1.4.1

SL-1: SC-1 SL-3: SC-1: SSbC-1.4.2

SL-2: SC-1: SSbC-1.4 SL-3: SC-1: SSbC-1.4.3

SL-3: SC-1: SSbC-1.4.4

SL-2: SC-1: SSbC-1.5 SL-3: SC-1: SSbC-1.5.1

SL-3: SC-1: SSbC-1.5.2

SL-3: SC-1: SSbC-1.6.1

SL-2: SC-1: SSbC-1.6 SL-3: SC-1: SSbC-1.6.2

SL-3: SC-1: SSbC-1.6.3

SL-3: SC-1: SSbC-1.7.1

SL-2: SC-1: SSbC-1.7 SL-3: SC-1: SSbC-1.7.2

SL-3: SC-2: SSbC-2.1.1

SL-3: SC-2: SSbC-2.1.2

SL-2: SC-2: SSbC-2.1 SL-3: SC-2: SSbC-2.1.3

SL-3: SC-2: SSbC-2.1.4

SL-3: SC-2: SSbC-2.2.1

SL-3: SC-2: SSbC-2.2.2

SL-2: SC-2: SSbC-2.2 SL-3: SC-2: SSbC-2.2.3

SL-3: SC-2: SSbC-2.2.4

SL-3: SC-2: SSbC-2.2.5

SL-3: SC-2: SSbC-2.2.6

SL.2: SC-2: SShC-2.3 SL-3: SC-2: SSbC-2.3.1

SL1: SC.2 SL-3: SC-2: SSbC-2.3.2

SL-3: SC-2: SSbC-2.4.1

SL-2: SC-2: SSbC-2.4 SL-3: SC-2: SSbC-2.4.2

SL-2: SC-2: SSbC-2.5 SL-3: SC-2: SSbC-2.5.1

SL-3: SC-2: SSbC-2.5.2

SL.2: SC.2: SSHC.2.6 SL-3: SC-2: SSbC-2.6.1

SL-3: SC-2: SSbC-2.6.2

SL-3: SC-2: SSbC-2.7.1

SL-3: SC-2: SSbC-2.7.2

SL-2: SC-2: SSbC-2.7 SL-3: SC-2: SSbC-2.7.3

SL-3: SC-2: SSbC-2.7.4

SL-3: SC-2: SSbC-2.7.5

SL-3: SC-2: SSbC-2.7.6
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Buxigaunii cemantnunmii aHamiz mpeametrHoi ramy3i KMIIT Oymno BukoHaHo Ha
3acajax 3BEJCHHs CKJIAJHOI MPEAMETHOI raiys3i 10 psAay NPOCTIMIMX, HaJalli MPOBOIAMBCS
JNETANBHIIIMN Ta YTOYHIOIYMM CEMaHTHYHHHN aHami3 y Tpoleci 1HTerpaili MmoYaTKOBUX
pe3yJbTarTiB.

3a pe3ynbTaTamMu JOCHIDKEHHS CceMaHTHKH mpeaMmerHoi ramy3i KMIIT Ta ii
MeTaranys3ei, BAOKpEMJICHO JIBI CEMaHTH4HI Kareropii, 14 ceMaHTHYHUX migkaTeropiit i 43
CEMaHTUYHUX eJIeMeHTH (iXH1 HaHMEHYBaHHSIMH HaBECHO B JIITepHO-IIMPPOBOMY dopmari).

Cemanrtnyna kareropis SC-1 — "IlonsTiiiHuii anapaT, TeXHOJIOTi4HA 06a3a, IPaKTUYHA Ta
JOCIITHUAILIPKA  JISUTBHICTH Yy TPEAMETHIA Taly3i KOMITIOTEPHUX  MYJIbTUMEIIHHUX
MPOEKTYBAJIbHUX TEXHOJIOTINH" MICTUTh TaKi CEMaHTHYHI MiAKAaTEropii i enemMeHTu:

— cemanTH4Ha migkareropis SSbC-1.1 — "3aranpHa XapakTepUCTUKA MPEIMETHOI rary3i
KMIIT":

— cemantuyHuit eneMeHT SE-1.1.1 — "OCHOBOMOMOXHI MOHATTS, TEPMiHH, BU3HAYCHHS,
MIOJIOKEHHSI, O0’€KTH, B3a€MO3B’SI3KM, KIacH(iKaliiiHi cXeMHu, XapakTepucTHuHa 0Oa3a,
JpKepena iHGopMmarlii, MaTeMaTuYHui (yHAAMEHT, 3aco0U, METOIHU, cPepu MPaKTUIHOTO
3aCTOCYBaHHS, €BOJIOLIS, CyYaCHHM CTaH, MEPCHEKTHUBH Ta TEHICHIII PO3BUTKY MPEAMETHOI
raiy3i KMIIT";

— cemantuyHuii enemednT SE-1.1.2 — "KnrodoBi MOHATTS Tpo I, 3amadi, BUIH,
HaIpsiIMHA, OCOOJIMBOCTI, TIEPEBaru, MPoOJIeMHU, KOMIIOHEHTH, XapaKTEPUCTUKH, 3a0€3MeUCHHS,
TEXHOJIOT1, pe3y/IbTaTH 3IHCHEHHS MPAKTHYHOI Ta JOCTIIHUIBKOI AISIIBHOCTI y peAMETHii
raiy3i KMIIT;

— cemaHTU4Ha migkareropis SSbC-1.2 — "[IpakTHuHa IisUIBHICTH Y IPEAMETHIN ramysi
KMIIT":

— cemanTuuHuil enement SE-1.2.1 — "Ctpykrypa, ckian, iepapxis GyHKUiA MpaKTUYHOT
JiSTEHOCTI B IpeaMeTHil ramys3i KMIIT";

— cemanTnuHuii enemeHT SE-1.2.2 — "Opranizamiitni Gopmu 37iiicCHeHHST TPaKTUYHOT
TiSTEHOCTI B IpeaMeTHil ramy3i KMIIT";

— cemanTHuHuil enemeHT SE-1.2.3 — "XapakTepuCTUKH, 00’€KTH Ta B3a€MO3B’SI3KU
MPaKTUYHOI AISUTBHOCTI B mpeaMeTHin ramy3i KMITT";

— cemantnunuii enement SE 1.2.4 — "Mopgeni, 3aco0u Ta METOAM MPAaKTUYHOI
JiSTTEHOCTI B IpeaMeTHil ramys3i KMIIT";

— cemadtnyHa migkareropis SSbC-1.3 — "3aranpHi TOHATTS TPO AOCHTIIHULBKY
JUSTTBHICTD Y peaMeTHiN ramy3i KMIIT":

— cemantuyauid enemeHT SE-1.3.1 — "3arampHi MOHATTA 1pO BHUIH, (GOPMH,

0COOIMBOCTI, 00’ €KTH, BUKOHABIII JOCIITHUIILKOI TIsITLHOCTI B TIpeaAMeTHiH ramy31 KMIIT";
— cemantuyHuil enmemeHT SE-1.3.2 "3arampHi MOHATTS TPO METOAM Ta 3acobu
JOCTITHALIBKOT isTTBHOCTI B ipeaMeTHil ramy3i KMIIT";

— cemanTuuHa migkareropiss SSbC-1.4 — "TexHomorii IOCTITHUIIBPKOI TISIILHOCTI B
ramy3i KMIIT":
— cemantuyHuii enemeHT SE-1.4.1 — "OcoOauBOCTI TOHATTS MOCTIIKEHHS B Taly3i

KMIIT";

— ceManTnuHui enemMeHT SE-1.4.2 — "IIoHATTS, 0COOIMBOCTI, BIACTHBOCTI, METOIH Ta
3ac00M TEOPETHUYHOTO Ta MPAKTHUYHOTO JAOCIITHULIBKOTO Mi3HaHHs B raimy3i KMIIT";

— cemantnunnii enemeHT SE-1.4.3 — "Meroaum Ta 3acoOu 3iilicHEHHS, OOpOOKH i
iHTepnpeTanii pe3ynbTaTiB NPAMUX 1 HENPSIMUX CIOCTEPEXKEHb Yy NpoIleci BUKOHAHHS
nociikeHs y ramy3i KMIIT";

— cemanTu4Hu# enemeHT SE-1.4.4 — "TexHonorii mocTaHOBKH, POBEIEHHs, 0OpOOKHU i
oopMIIEHHS PE3yIbTaTiB EKCIIEPUMEHTIB Y MPOIECl BUKOHAHHS JOCIITHUIIBKOT TisUTBHOCTI B
ramy3i KMIIT";
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— cemantnyHa miakareropis SSbC-1.5 — "TexHomorii MOCTAaHOBKM Ta BHPIIICHHS
MPOOJIEMHUX 3aBJaHb TOCIITHUIBKOI AisUTbHOCTI B ramy3i KMITT":

— cemanTHuHMM enemMeHT SE-1.5.1 — "[ToHsaTTs Ta Kimacudikariis JOCTITHUIIBKUX ITiJICH,
3agad, npobmem y ramy3i KMIIT; meromu Ta 3aco0u momryky, BHOOpY, MOCTaHOBKH,
pO3pO0KH, BUPIIICHHS TOCTIAHUIIBKUX TTpobsem y ramy3i KMITT";

— cemantuuHuii enemeHT SE-1.5.2 — "OcoOnmBocti, kmacu@ikaiisi, BUMOTH IO
pe3yibTaTiB Ta OOPMIICHHS MIACYMKIB BUPIIIECHHS TOCTITHUIIBKAX MPOOJIEMHUX 3aB/IaHb y
ramy3i KMIIT";

— cemanTtnyHa miakareropis SSbC-1.6 "TexHomorii MpakKTUYHUX JOCTIHKEHBb Y Tally3i
KMIIT":

— cemantuyHuil enemeHT SE-1.6.1 — "Meroau Ta 3aco0M MpPaKTUYHUX JOCIIKEHb Y
ramy3i KMIIT";

— cemantnuHuii eneMeHT SE-1.6.2 — "Ilonsrts, mimi, 3amavi, ¢yHKIII Ta TEXHOIOTIT
3MIHCHEHHS CTIOCTEPEKHUX OCIiHKeHb y ramy3i KMIIT";

— cemadTnuHuil enemeHT SE-1.6.3 — "llomsarrs, knacudikaris, QyHKIi, CKIam0BIi,
METOAM Ta 3aco0M MIATOTYBaHHS Ta IPOBEJCHHS, BUMOTH [0 pE3yJbTaTiB 3A1HCHEHHS
€KCIIEPUMEHTAIILHUX JOCTIKeHb y Tamy3i KMITT";

— cemanTuyHa migkareropis SSbC-1.7 — "TexHomorii TEOPETUYHHUX IOCHIKEHb Y
ramy3i KMIIT":

— cemantnuHuii enement SE-1.7.1 — "Iim, 3agaui, MeToaw, 3acoOM, eTamu W
oprasizariitHi GOpMH TEOPETUIHHUX TOCHIKEHb y ramy3i KMIIT";

— cemantuynuii enemedt SE-1.7.2 — "MaremaTuuHe MOJEIIOBaHHS B TIPOIECi
MIITOTYBAaHHS Ta BAKOHAHHS TEOPETHYHUX JAOCIIHKeHb y rary3i KMITT".

Cemantnyna xateropiss SC-2 — "CemaHTHKa, KOMIIOHEHTH Ta (OpMH MOJAHHS

pe3yabTaTIiB TEOPETUYHOI Ta MPAKTHYHOI MOCTIAHOI misutbHOCTI B ramy3i KMIIT" mictuth
HACTYIHI CEMaHTUYHI MiZKaTeropii i e1eMeHTH:
— cemanTryHa migkareropis SSbC-2.1 — "TexHomorii nociimkens y ramy3i KMIITT":

— cemantuyHuii enemeHt SE-2.1.1 — "Kpwurepii, ymMmoBH, BUMOrM U OOMEXEHHS B
3MIMCHEHH1 AocipkeHb y ramy3i KMIIT";

— ceManTnyHuii enxemeHT SE-2.1.2 — "OcoOaMBOCTI pe3yabTYyIO4Oi MHPOAYKIIT
nociikeHp y rany3i KMIITT";

— cemantuynuii enemeHt SE-2.1.3 — "[liarpyHTs  pi3HOMaHITHOCTI pE3yNbTaTiB

JIOCITITHUATIBKOT AisuThbHOCTI B ramy3i KMIIT";

— cemanTuyHUi enemeHT SE-2.1.4 —"Metoau Ta 3acobu mocmimxkens y ramy3i KMIIT";

— cemanTtnuHa migkareropis SSbC-2.2 — "[lmanyBaHHs, 31iHCHEHHS W 00poOka
pe3yiIbTaTiB EKCIIEPUMEHTIB 1 CITOCTEpEKeHb y Taimy3i KMIIT":

— cemanTnuHui enemeHT SE-2.2.1 — "OcHOBHI 0iali Ta 3agadi TEOPETUUHHX,
EKCIIEPUMEHTAJIbHUX 1 TEOPETUKO-EKCIIEPUMEHTATBHUX JTOCTIKEeHD y ramy3i KMIIT";

— cemaHTHuHui enemeHT SE-2.2.2 — "V3aranbHeHI MOHATTS MPO METOAHM Ta 3aco0u
MJIaHyBaHHS, BUKOHAHHS I 00OpOOKM pe3yibTaTiB 3A1CHEHHS €KCIIEPUMEHTIB 1 CIIOCTEPEIKECHB
y ramy3i KMIIT";

— cemanTuuHui enemMeHT SE-2.2.3 — "V3aragbHEHI MOHATTS NP0 TMONEPEIDKEHHS
ypaxyBaHHS IOXMOOK, JOCATHEHHS JOCTOBIPHOCTI Ta 3aJaHOi TOYHOCTI B IMpoIeci
TJIaHyBaHHS Ta 3/IIMCHEHHS €KCIIEPUMEHTIB 1 criocTepekenb y ramy3i KMITT";

— cemaHTuyHUil enemeHT SE-2.2.4 — "3aranbHi NOUISIXM JOCATHEHHSI MPaBUIBHOI
MaTeMaTUYHO1 0OpOOKH pe3ysbTaTiB €KCIIEPUMEHTIB 1 criocTepekerb y ramy3i KMIIT ";
— cemantuuHmii enemeHT SE-2.2.5 — "OcoOmmBocTi MeTOAiB i 3aco0iB TOMEpPEaHbOT

00pOoOKM JaHWX EKCIIEPUMEHTIB, 3aCTOCYBAaHHS ¥ OIIHIOBAaHHS TOYHOCTI BHUOIPKOBUX
CIIOCTEpPEKEHb Ta OLIHOK, Kiacu(ikamii moxuOOK 1 3amobiraHHs HHUM, y 3aCTOCYBaHHI 10
ramy3i KMIIT";
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— cemanTHuHMM enemeHT SE-2.2.6 — "Mertoau Ta 3aco0u 3acTOCYBaHHS WMOBIPHICHHX 1
CTaTUCTHYHUX 3aKOHIB, T1II0TE3 1 KpUTEPIiB, 31iICHEHHS MEPEBIPOK 3a3HAUCHUX TiroTe3";

— cemantuyHa migkareropis SSbC-2.3 — "Pons, meTomum Ta 3acobuM 3acTOCYBaHHS
armapaTHOTO Ta MporpaMHoro 3ade3nedeHHs B rany3i KMIIT":

— cemanTnunnii enemeHT SE-2.3.1 — "JIpykoBaHi i elIeKTpPOHHI JITEpaTypHIi JKepera,
Internet-pecypcu 3 0OTpyHTYBaHHS aKTyaJIbHOCTI Ta MPAKTHYHOI I[IHHOCTi, METO/IB 1 3ac00iB
3aCTOCYBaHHS alapaTHOTO Ta MPorpaMHoro 3ade3neueHHs B ramy3i KMIIT";

— cemanTnuHuil enemeHT SE-2.3.2 — "CyTb, MOAeni i anropuTMud MeETONIB 1 3ac00iB
3aCTOCYBaHHS allapaTHOTO Ta IporpamMHoro 3adesneueHHs B ramy3i KMIIT ";

— cemanTuyHa miakareropis SSbC-2.4 — "JlocnigHa misuibHICTh y Tamy3i KMITT":

— cemanTuyHui enemeHT SE-2.4.1 — "®akTu4He po3MilleHHs, BIpTyalibHA ajpecarlis i
opranizauis (yHKIIIOHYBaHHS MPOBIHUX OCEPEIKIB JOCTIAHOI AiSIIBHOCTI, OKPEMHUX BUCHUX-
TEOPETHKIB 1 TOCITITHUKIB-TIPAaKTHKIB ramy3i KMIIT";

— ceMaHTU4YHHHA eneMeHT SE-2.4.2 — "HampsiMku mojofiaHHS MEPemKo 1 3A1CHeHHS
MOAANIBIIINX YAOCKOHAJICHD Ha MIISAXY MIABUINCHHS PIBHS JTOCITITHUIIBKOI MiSUTBHOCTI B raimy3i
KMIIT";

— cemanTuyHa migkareropis SSbC-2.5 — "Jlocsraenns B chepi KMIIT":

— ceManTHuHui enemenT SE-2.5.1 — "EBomronis nocaruens y chepi KMIIT";

— ceManTtuuHui enemeHT SE-2.5.2 — "Haiicyuacnimn qocsraerss B chepi KMIIT";

— cemantuyHa migkareropiss SSbC-2.6 — "OuiHOBaHHS pPe3yJabTaTiB JOCHIKEHB 1
BpoBamkeHb KMITT":

— cemanTUYHUH eneMeHT SE-2.6.1 — "OcoGnuBocTi anamnizy teopii ta npaktuku KMIIT
MIPU 3MIHIOBaHHI PiBHIB iXHBOTO PO3BUTKY";

— cemaHTHUHUi eaeMeHT SE-2.6.2 — "BaxiIMBiCTh, METOAU Ta BUMOTH JO SKICHOTO,
KUIBKICHOTO ¥ SIKICHO-KUIBKICHOTO ~ OIlIHIOBaHHS TMPUKIATHUX 1 (QyHIaMEHTaIhHUX
JOCTIKEHb 1 AisUTbHOCTI 3 BrpoBamkenus KMIIT",

— cemadTH4Ha Tigkareropis SSbC-2.7 — "B dakTopiB cepenoBuina i 00’ €KTUBHUX
00CTaBMH Ha 3acTOoCyBaHHs Ta po3BuTok KMIIT":

— cemanTuyHui eneMeHT SE-2.7.5 — "O6’ekTuBHI Ta cy0’€KTUBHI 00CTaBUHHU, YMOBH U
obmesxeHHs Bukopuctanast KMIIT";

— cemanTtuuHui enemeHT SE-2.7.2 — "3axomm, 3aco0u Ta BHUTpAaTH, MOTPIOHI IS
MIOTIEPEHKEHHS Ta MOJI0JIAaHHS MEPEIKOKatounX (akTopiB moxo Bukopuctanass KMIIT";

— cemantuuHuii enemeHT SE-2.7.3 — "Cnenudika mpakTHYHOTO PO3MOBCIOHKCHHS Ta
cdepu akTHUBHOTO BripoBakeHHss KMIIT";

— cemadTHuHMi enemeHT SE-2.7.4 — "HeoOXigHICTh MIUPOKOT BIIOMOCTI W aKTHBHOTO
JIOHECEHHS 70 LUIbOBHUX KaTeropii kopuctyBadiB iHpopmarii B ramy3i KMIIT, po3syminas
HasIBHOCTI BU3HAYAJIIBHUX BiAMIHHOCTEH Mix mmeBuumu KMIIT";

— cemantuyHuii ememeHt SE-2.7.5 — "KmrouoBi moTpeOM Ta BUMOTH IIJILOBUX
KaTeropi KopucTyBayiB i nepcoHidikoBanux kopuctyBauiB KMIIT 3anexxHo Bia 3aBaaHb
Bukopuctanas KMIIT; omintoBanHs BruBy ymoB ekcrutyatarii KMIIT nHa pesynbpratn
IXHBOT'O 3aCTOCYBaHHS'";

— cemantnuHuid enemeHT SE-2.7.6 — "Xapakrepuctuka KMIIT mig kyroMm 30py iXHBOT
OCHOBOTIOJIOKHOCTI; ICHYIOYl HampsMH, KOHIIEMINi, 3aco0M Ta METOIU MOAAJIBIIOTO
BrockoHamoBanHss KMIIT; kpurepiii cHCTEeMHOCTI SIK HaWBaXJIMBIIIMK TAX1A 110
BrockonamoBanas KMIIT, sumoru no eaunoi cuctemu KMIIT; BHecOk OCBITHBOI cdepu, sik
aKTHUBHOTO KaTaji3aTopy, 10 PO3BUTKY NMPAKTHYHHUX HaIpaIfoBaHb y 3actocyBanai KMIIT".

BucHoBkH
Bukonane pgocnmipkeHHS TIPEIMETHOI Taly3l KOMITIOTEPHHX MYJIbTHMEIINHUX
MPOEKTYBAJIbHUX TEXHOJIOTIH, B SKOMY aKIIEHTyBajacs yBara Ha HpoOjeMi HeJOCKOHAJIOCTI
ICHYIOUOTO CTaHy CIpaB IIMOJ0 3a0e3MeUeHOCT] IUIhOBUX KaTeropiil KOPHCTYBayiB
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iHdopmartiero B maHii ramysi ¥ i meraramy3sx. Ha migcraBax mpoBeAeHOTO JOCHTIIKEHHS,
BCTaHOBJICHO AKTYaJIbHICTh 1 MPAKTUYHY 3HAYMMICTh MOOYNOBH Y3arajJbHEHMX MOJEIeH
IPEAMETHO]I Tary3i KOMIT FOTEPHUX MYJIbTUMEIIHHUX MPOEKTYBAIbHUX TEXHOJIOTIN K €IUHOT
CKJIAJHOI CHCTEMHM, a TAaKOX JETAIbHOTO aHajizy Ta (OpMaji30BaHOTO OMKCY CEMAaHTUKU
BKa3aHOI MpeAMETHOI ramy3i. Y paMKax JaHOi CTaTTi, MPOBEACHUA CEMaHTHMYHUU aHaTI3 1
CTBOpeHUH (opMani3oBaHUIl  i€papXiyHUN TOPIBHEBHH ONMUC TpPEeAMETHOi  ramysi
KOMIT FOTEPHHUX MYJIbTUMEIIMHUX MPOSKTYBATBLHUX TEXHOJIOTIH Ta ii MeTaraimy3el Ha 3acajax
MOJIJTi TUITY CEMaHTHYHOI MEPEeXi, [0 TMOEJHYE TaKli KOMIIOHEHTH, SIK CEMaHTUYHI KaTeropii,
MiIKaTEeTopii i eJIEMEHTH 3a JIOTTIOMOTOI0 CEMaHTHYHUX BIIHOCHH "dyacThHA — 11iie".
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- iHidianm Ta npisBuwe aBTOopa (aBTOPIB) BeNVKMMU fliTepamu gpyroto moBoro (Times New Roman, 12 nT.,

BUPIBHIOBAHHS — MO NMpaBoOMy Kpato);
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New Roman, 12 nT., KypcuB);
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- iHigianm Ta npi3Buwe aBTOopa (aBTOPIB) aHMiINCbKOO MOBOK BenukmMmn nitepammn (Times New Roman, 12

NT., BUPIBHIOBAHHS — MO NpaBOMY Kpato);

- MOBHA Ha3Ba opraHi3auii aHrnincoekoto Mmoot (Times New Roman, 10 nT., N0 npaBoMy Kpato);
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MapamMmeTpbl daina:

Pykonucb gomkHa 6bITb mMoaroToBieHa 3a nomouwbio Microsoft Word-2003/2016; dpopMaT CTpaHULbI —
A4, opyeHTaumMA CTpaHULbl — "KHMWXKHasS"; rpaHUuUbl: neBass — 2,5 cM; npaeass — 2,5 cM; BepxHsas — 2,5 cmM;
HUXHAS — 2,5 cM; MHTepBan Mexxay cTtpokamu — 1,0; nHTepBan Mexpay a6sauamm "o", "nocne" — 0 nT.;
OTCTYnbI "crieBa”, "crnpasa” — 0 NT.; OTCTYN NepBOWA CTPOkMU — 1,25 cM.

O6s3aTenbHble 3JIEMEHTbl CTPOKMU:

- nHaekc YAK B BepxHeM neBoM yrnay ctpaHuubl (Times New Roman, 12 nT.);

- MHMUManbl u damunusa aBTopa (aBTOpoOB) 60nbWMMK BykBaMu Ha s3bike ctaTbh (Times New Roman, 12

NnT., BblpaBHMBaHMe — Mo NpaBoOMy Kpato);

- NOJIHOE Ha3BaHMe opraHusaumm, rae pabotaet aBtop (Times New Roman, 10 nT., no npaBoMy kpato);

- nycras cTpoka (Times New Roman, 12 nT.);

- Ha3BaHue cTaTbm 60/bWKMK BykBamu, no ueHTpy (Times New Roman, 12 nT., XXUPHbIN);

- nycras cTpoka (Times New Roman, 12 nT.);

- @aHHOTaLMA Ha A3blke CcTaTbM He MeHble 500 3HakoB (Times New Roman, 12 nT., KypcuB);

- CMUCOK KJII0UYEBbIX CJ/IOB, KOTOPbIA HauyuMHaeTcs co cnos: "KiwueBbie cnosa:" (unu “"Kmroyosi crosa:™)

(Times New Roman, 12 nT., Kypcus);

- nyctuii psgok (Times New Roman, 12 nT1.);

- MHMumanbl u pamunua astTopa (aBTopoB) 6onblwMMKM BykBaMmM Ha BTOpoM si3bike (Times New Roman, 12

NT., BblpaBHMBaHMe — MO NpaBoOMy Kpato);

- NOJIHOE Ha3BaHMe opraHusaumm, rae pabotaet aBTtop (Times New Roman, 10 nT., no npaBoMy Kpato);

- nycras cTpoka (Times New Roman, 12 nT.);

- Ha3BaHMue cTaTbm 60/blWKMK BykBaMK, Mo uUeHTpy (Times New Roman, 12 nT., XXUPHbIN);

- nycras cTpoka (Times New Roman, 12 nT.);

- aHHOTauuAa Ha BTOpoM si3bike (Times New Roman, 12 nT., KypcuB);

- CMUCOK KJIIOUYEBbIX CJI0B, KOTOpbIA HauyuMHaeTcs co cnos: "KiwueBbie cnosa:" (nnu "Karuosi crosa:™)

(Times New Roman, 12 nT., Kypcus);

- nycras cTpoka (Times New Roman, 12 nT.);

- MHMumanbl 1 dpamununsa aBTopa (aBTOPOB) Ha aHIIMIACKOM s13blke 6onbwMMK BykBamMn (Times New Roman,

12 nT., BbIpaBHMBaHWe — Mo NMpaBoOMy Kpato);

- MOJIHOE Ha3BaHMe OopraHu3aLMm Ha aHruliickoM s3bike (Times New Roman, 10 nT., No npaBoMy Kpato);

- nycras cTpoka (Times New Roman, 12 nT.);

- Ha3BaHMe CTaTbM Ha aHIIMNCKOM sa3blke 6onblwnMn  BykBamm, no ueHTpy (Times New Roman,

12 NT., XUpPHBbINK);

- nycras cTpoka (Times New Roman, 12 nT.);

- aHHOTauMs Ha aHIMMUACKOM s3bike (Times New Roman, 12 nT., KypcMB) 06bEMOM He MeHblue, YeM 1800

3HaKOB, BKJto4Yasi kito4eBble cnosa (M.6.4 Mopsaaka dopMmpoBaHus CnuMcKa HayuHbIX CreumManmn3npoBaHHbIX

M3aaHuin YkpauHbl cornacHo lMpukasy MOH YkpauHbl N2 32 ot 15.01.2018 r.);

- CMUCOK K/IOYEBbIX C/IOB Ha aHIIMNCKOM si3blke, KOTOPbIM HauynmHaeTcs co cnoBa: "Keywords: " (Times New

Roman, 12 nT., KypcuB);

- nycras cTpoka (Times New Roman, 12 nT.);

Mpumeyanme. TEKCT AHHOTALIMA HA YKPAMHCKOM M PYCCKOM $3bIKAX OOJIKEH BblTb MAEHTUYHbLIM.

CpenHuint 06beM — 500 neyaTHbIX 3HAKOB, OAHUM ab3aueM. (cM. ObpaseLl ogopmIeHUS CTaTbu).

- nycras cTpoka (Times New Roman, 12 nT.);

- OCHOBHOM TeKcT cTatbMm (Times New Roman, 12 nT.), KOTOpbIi, cornacHo tpe6osaHuii MOH

YKpawuHbl, 06593atesibHO [OJIKEH coaepxaTb Takue Bblfle/IeHHble 3N1EeMEeHTbI: MocTtaHoBKa

npo6sieMbl; AHaNM3 MNoc/iefgHUX UccneaoBaHuM M ny6nukauuii; Llenb uccnepoBaHus; WU3nodkeHue

OCHOBHOIO MaTepmasna uccnenoBaHus; BoiBoabl; CNMCOK MCMONb30BaHHOW NnTepaTtypbl.

® noanucu nog pucyHkamu - Times New Roman, 10 nT., XUPHbIN;

e nns Habopa dopmMyn ncnonb3oBaTb pegakTop dopmyn Microsoft Equation 3.0 unu MathType; dopmMynbl no
LEHTPY; HyMepaums GopMyn — no NpaBoMy Kpato; pasMepbl Mo YMOJAYaHNIO: O6bIYHbIN cCMMBOJ — 12 NT;
60/1bWIOH MHAEKC — 7 NT; MaJIeHbKWi MHAEKC — 5 NT; 60/1bWwoi cumMBo — 18 NT; MasieHbKWUi CUMBOJT
— 12 nr.

® 55 Habopa pparMeHTOB NporpaMMm ncnonb3osaTtb WpUdTLl Courier New (Courier);

® Crncok nutepaTypbl odopmisieTcss cornacHo TpebosaHmin ACTY 8302:2015 "WMHdopMauus n AOKyMeHTaums.
Bubnnorpadgudeckme ccbinkun. Obuwme TpeboBaHus Ta npasBuna coctasneHus™; (http://lib.pu.if.ua/files/dstu-
8302-2015.pdf)

- nycras cTpoka (Times New Roman, 12 nT.);

® BTOPOW CNMCOK NnTepaTtypbl, KOTOPbIA 0opMaseTcs No NpaBmiaM TpaHCAMTEPaLMM Ha aHTTIMNCKUIA 3bIK C
YKPauWHCKOro/pyCccKoro siablka.
Mpennaraem BOCMNO/Ib30BaTbCS TaKMMU pecypcamu:

e  TpaHCAuTepaums C pycckoro sisblika: http://translate.meta.ua/ru/translit/
®  TpaHcAuTepauus C yKpaumHCKoro ssbika: http://ukrlit.org/transliteratsiia

e - ycras cTpoka (Times New Roman, 12 nT.);
- nHpopMmauymna 06 aBTopax (cM. O6pasey ocpopMneHnna cTaTbh).
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