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YK 517.97:539.37

BBIYINCJINTEJIBHBIA AJTOPUTM M KOMIIBIOTEPHASI CUCTEMA
AJISI AHAJIN3A PEOJIOTUYIECKHUX CXEM

B. A. 3unuenko!, O.B. Cagorckaa', B. M. CagoBckui’

[Ipenraraercs BEIMIUCANTETBHBIN AT OPUTM IS pacieTa JuarpamMM HarpyKeHns u 1e(pOPMUPOBAHUA
MAaTepUaJoB Ha OCHOBE PEONOTMIECKNK CXEM TIPOM3BOJBLHOTO YPOBHA CIOXKHOCTHU. B ciayvdae mpocThIxX
CXeM, COCTABJEHHBIX M3 YOPYTUX W BA3KAX JIEMEHTOB, ONPEIESIONINe CUCTEMBl JHHENHBIX OOBIKHO-
BEHHBIX MU (epeHnNaIbHBIX YPaBHEHIH PEIIAOTCA ¢ MOMOIIBIO0 HEABHOTO MeToa. [Ipu Hadnmyann B
cXeMe HeJMHENHBIX DIEMEHTOB — IMACTHYECKUX APHUPOB I XKECTKUX KOHTAKTOB — ITPUMEHSIIOTCSA
nepeSOpHBIE MPONEAYPHl TUCJACHHOI'O PElleHNA BapUAIlMOHHBIX HEPABEHCTB C MPOCTHIMU OT'pDaHUYe-
HEUAMHA. AJITOPUTM peain3oBaH B BH/e KOMIOBIOTEPHON CHCTEMBI, HMEOIIEN yI0OHBIN MpadudecKui
uHTepdelc Mg BBOAA U BHIBOAa WHGOpMaIn. B KadecTBe mpuMepa TPUBOAATCH PEe3yIbTATH Pac-
qeTa JuarpamM MOA3Yy<ecTH U peJakcalluil g PeoJOrnYecKUX CXeM, BKAIOYAIONINX 3JIeMEHTHl BCeX
BO3MOXKHBIX THUIIOB.

1. Beegenme. [ledpopMupoBanHoe cOCTOAHNE GOMBITNHCTBA MPUPOAHBIX W UCKYCCTBEHHBLIX MAaTEpHAloB
naKe P YMEPEHHOM yPOBHE BHENIHUX HAMPSKEHUH HE MOXKET ObITH C yIOBIETBOPUTENILHON TOYHOCTHIO OIM-
CaHO B paMKax (PyHIaMEeHTAIBHBIX MOIeTel MEXAHUKH CILIONIHBIX CPell — TEOPHUH YIPYTOCTH, MIACTUIHOCTH 1
TUAPOANHAMUKHE BA3KON KUAKOCTH. B mpotecce gedopMainum mIposBAAeTCA MeTbIH KOMILTEKC CBOUCTB, KOTOPHIT
MOXKHO AHAJIU3UPOBATH ¢ MOMOIIBIO PEOJOrHYecKoro MeTona [1], mpejaaraiomero HarIAAHBIN CII0CO6 MOCTPO-
eHUsl aJeKBATHBIX MaTeMaTHIeCKHX MOeNed Ha OCHOBE KOHCTDYHPOBAHUA PEOJOTHUYIECKHX cXeM. 1OYHOCTH
OTMCAHUs B paMKaX 3THX MOJEeNeN 3aBUCAT OT KOJAMIeCTBA DIEMEHTOB B CXeMe U OT crnocoba MX KOMIIOHOBKH.
BazoBbiMu djeMeHTaMU ABAAIOTCA yUpyTas OPYXKUHA, BAZKUH meMIiipep U MIACTHYECKUH apHup, ob6o3Hava-
folnne QyHTaMeHTalbHbIE CBORCTBA. [l yd4eTa pasHONMPOYHOCTH TeOMAaTEPHAIOB (CBHIIYYNX Cpel, TPYHTOB,
TOPHBIX TOPOJ), MO-Pa3sHOMY COMPOTHBIAIONMINKCA PACTAKEHUIO H CKATHIO, TPHMEHAETCA Y€ TBEPTHIN Ga30BbIH
DIEMEHT — KeCTKUH KOHTAKT [2]. DTOT sleMeHT OMUCHIBAET COCTOAHNE UAeAJbHO ChIMYYell CPebl ¢ KeCTKUMU
gactunamu. [Ipm cxkatum Takas cpega He medpopmupyetcs. Jedopmanna npyu paBHOM HYJIIO HAITPSKEHNN MOKET
OBITH MTPOM3BOMBHON TOIOKUTENLHON BEMNYNHON. PacTaruBaroiine HAMPAKEHUSA HEJOTYCTHMHI.

[laga MaTepnagoB, peoJoTuIecKe CXeMbI KOTOPBHIX COMEPKAT JOCTATOTHO HOBIIIOE TUCAO 6a30BBIX DIeMeH-
TOB, IOCTPOEHNE U MCCJe[OBAHIE OMPENEMAIONINK COOTHOIIEHNN CTAHOBUTCA BeChbMa TPy goeMKuM. B HacTosmen
paboTe TpeaiaraeTcs BAPUAHT PeIleHHs 3TOU MPOOJIeMBI ¢ TTPUBJIEYIEHNEM YHUBEPCAIBHBIX BBIYUCINTEIBHBIX
AJITOPUTMOB, PEANN30BAHHBIX B BH € KOMIBIOTEPHON CHCTEMEI C 3JIeMEHTAMHI BU3YAJIbHOTO TPOEKTHPOBAHIISA.

2. OmpegensAomme COOTHOMIEHUA. AHAIN3 PEOJOrMYeCKNX CBOUCTB MaTEPHUAJIOB MPH OJHOOCHOM le-
G opMUPOBAHNN CBA3aH C ABYMS KJIACCHIECKUME 3aJadaMi. B mepBol m3 HUX M3BECTHA MPOrpaMMa Har Py KeHI
(3aBUCHMOCTE HANIPSJKEHUA 0 OT BPEMEHH 1), a MCKOMOH ABIAETCA 3aBUCHMOCTE OT BpeMeHH fedopmanni €(t).
Bo BTOpO#, HA060POT, M3BECTHA MpOrpamMMa AeOPMUPOBAHISA, a 3aBUCHMOCTE HAMPSKEHUSA OT BPEMEHN MO/~
JEKUT ompeeiennto. Pemenne mepBo 3a1a49u B cyvdae MOCTOAHHOTO PACTATHBAONIETO WM CKUMAIIENO Ha-
MPAKEHNSA TTO3BOMSAET MOCTPONTH [UATPAMMBI MOM3YHeCTH MaTepuada. Bropas zajgada B caydae MOCTOSHHON
nedopMalni TaeT KPUBHIE DEJaKCAINN HAPAXKEHUN.

Ecan uccrenyemas cxeMa MaTeprala coJepKIT HeTNHENHBIE 3IeMeHTH (ITaCTHYeCKIe TAPHIPHI WM KeCT-
K€ KOHTaKTHI), TO €CTECTBEHHBIM 06Da3soM BO3HHKAET BONPOC O KOPPEKTHOCTH PEOMOTHIECKOH Mogean. Mo-
[elb CINTAETCA KOPPEKTHOMN, €CJU B HEW OTHOZHAYMHO Pa3PelNMbl I YCTONYUBLL 00€e 3a1avn — nepBasd i BTOpasd.
K HeKOppeKTHBIM OTHOCHTCH, HAIPUMED, MOJEND U IeAIbHON MIIACTHIHOCTH, PEOJOTHIecKasd CXeMa KOTOPOH CO-
CTOUT M3 OMHOT'O DJIEMEHTA — TAACTUYIeCKOT o apuupa. [Ipn 3a1anHoM HaTpAXKEHNH, PABHOM MpeNeNy TeKyte-
ctu, gedpopMalinsg B paMKax STOH MOJENN He MOXKeT OLITEH HallleHa e HHCTBEHHBIM o6pazom. Bropon npumep —
MO/eNb WAeaJbHO CHITYYeld Cpefnbl ¢ abCOMOTHO TBEPABIMI YaCTUIIAME, PEOJOTTIeCKON CXeMOW KOTOPOH CaIy-
KUT JKECTKUH KOHTAKT. B 5ToMm ciayvae gedopmarius ompefeiseTcss HeOHO3HAYHO Ipu ¢ = ( 1, KpoMe TOro,
HanpsxXeHne HeoTHO3HAYHO TpH € = (.
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Cpenn MHOXKeCTBa KOPPEKTHHIX MOJeJel B JadbHENeM Oy 1eM PacCMaTPIUBATE TOABKO MOENN, TO3BOJSIO-
IIIe OHOZHAYHO ONPEeNeNNTh HANPAKEHNA U AepOPMAIIT BCEX BJIEMEHTOB PeoJorudeckon cxeMbl. Cdopmy.in-
pOBaTh B OOIIEM CJAyYae YCAOBIHS, TP BHIIOTHEHNH KOTOPHIX MOIEE 00/1a 1aeT TAKIM CBONCTBOM, TIO-BHINMOMY,
HE yIaeTCs, TIOSTOMY MaHHBIH BOMPOC OYAeM CBA3HIBATH C KOPPEKTHOCTHIO MPUMEHSIEMOTO BBIMUCIUTEABHOTO
aJT OpUTMA.

[IpumMep KOpPPEKTHON PEONOTHIECKON CXEMBI I3 Y€THIPEX GA30BBIX IEMEHTOB o
Pa3JuYHOrO THA TpuBeleH Ha puc. 1. Cyas mo 3Toll cxeme, B COCTOSHHUN PacTsi-
JKeHUs KeCTKNH KOHTAKT He OKa3biBaeT HUKAKOTO BIMSHUSA, MO3TOMY IOBEJEHUE
MaTepuaja OMICHIBAETCS MOAENBIO BA3KOYIPYTOou cpeabl MakcBeata, a B cOCTOS-
HUU CXKaTHA, KOT'1a KOHTAKT CMBIKacTCA, MaTepuaJ BeleT cebd Kak ynpyras BAs-
komractudeckas cpega HIBegosa—Bunrama [1]. Tloanyio cucremy ypaBHEHUL 1ist
pellleHns paccMaTpUBaeMBIX 3ajad PN pacTATHBAIONMK HampsaxeHnax (o > 0) | ——|
06pasyioT ypaBHEHUA

€ v

c=0"=c ¢ v

, e=e+¢e¥, o°=FEe, o' =pe°

3neck Eun— monyab KOura u xoadduumenT BA3KOCTH, TOYKA HAJ CHMBOJIOM, KaK
OOBIYHO, O3HAYAET MPOM3BOHYIO 11O BPEMEHU, BEPXHUE WHIEKCH yCTAHABANBAIOT Puc. 1
COOTBETCTBHE MEXK Y UCIIOJB3YEMBIMHU BCJANYINHAMHI 1 >JAeMEeHTaMM CXEMBI. OTCIOrl[a

CAeNYeT, ITO

t
) c o [ t—11
E=—=+4+—, oc=s()=cgexp|—— E | exp| — —— ) de(ty), 1
i O =avexn(— 1)+ [exn(- 1) () 1)
0
rae T = n/E — BpeMms pejakcaliu, op — HadadbHoe Hampskenue. Takum o6pazoM, B obenx 3ajgadax Bce

Hem3BeCTHBIE (DYHKINN OKAa3bIBAIOTCA ONpPeNeJcHHBIMU.

IIpm cxmMalommx HANPAKEHWAX BO3MOXKHBI pa3janvHble BapuaHTHl. Ecam cikaTwe MpoM3BOIUTCA TOCTE
TIpeIBapUTETHHOTO PACTAKEHNA CPEILl W, CIeoBATENbHO, € > (), TO BIIOTH 10 MOMEHTA CMBIKAHNA KOHTAKTa
mpotiecc onuchiBaeTcsa ypapHeHuaMu (1). Ecan ke £ = 0, To cnpaBeinBbl ypaBHEHNA

c=c"=c"+0° o°=0f, e=c"+e¥ &' =&

B caywsae 0 > 0 > —o; (0, — mpegen TeKy+decTH) MIACTHYIECKHI NIAPHUD OJIOKHPYeT Ae(OpMAaINIo BAZKOTO
sJeMeHTa, BA3ZKOe HalpsKeHUe ¢! OKasbIBaeTcA paBHLIM HYy.I10. B 5ToOM cocTosnun cpefa gedopMupyeTcs B
cooTBeTcTBUU C 3akoHOM lyka o — F¢. Hakomen, B caydae ¢ < —0; BEINIOIHAETCA PaBeHCTBO of — —o,
HODTOMY

=475 ) —a. (2)

E 1

Bce uckomble hbyHKIUE TakKe HaXOAATCA OJHO3HAYHO.

Ecau nporpamMma HarpysKeHus uiu AedOpPMHUPOBAHUA COAEPKUT depeAylolnecs YYacTKU pacTaKeHUd 1
CKATHUSA, TO PEIIeHUs 3a4ad MOTYT OBITH NOCTPOEHBI ¢ TIoMOIbIo ypaBHernuil (1) u (2) B 3amKkHyTOU dopme, HO
UMeIoT JOCTATOYHO CAOKHEIN Buj. UTo6LI faTh MaTeMaTHIeCKH CTPOrYIO MOCTAHOBKY 3a/ad B o6IIeM caydae
(1JIA TPOM3BOIBHBIX IPOT'PAMM ), JOTIOMHAM YPaBHEHUA YHUBEPCATLHBIMEI OTIPEIeAIONIUMHI COOTHOIIEHIAME [
IIACTUYECKOrO HIApHUPa U XKeCTKOro KOHTakTa. Takie COOTHOLIEHUA 3AMUCHLIBAIOTCA B BHJe BapUAI[HOHHLIX
HepaBeHCTB

(0—0P)eP €0, |o|<Los, |68 <5, 0°(E—e9)<0, €20, & >0,

coJlep:KaliX TPON3BOALHEBIE NOIYCTHMbIE BapHaIil HAIPAXKEeHNA o 1 depopManun £. Kpome Toro, chopmy.an-
pyeM HadaibHEIE YCIOBHA VA BA3KOTO I IACTHYECKOT'0 DJIEMEHTOB, IJIA KOTOPLIX OIIpeIe/AI0MIIe COOTHOICHI
apagioresa uddepennnaababiMi: £V (0) = P (0) = 0.

3. BEMUCIATEILHLIE aJIrOPHTM. B ofIeM ciydae peoormdeckad cXeMa I3 N DJACMEHTOB pasbuBa-
eTCA 110 PacloJOKeHHIo COeNUHUTEIbHLIX Y3/I0B Ha m ypoBHen. Kaxanii yposens xapaxTepuayeTcsa gedop-

Mamnuen €;, ¢ = 1,...,m. DIeMEHTH HYMEPYIOTCA B CTPOT'O ONPENETEHHOM MOPAAKe: CHadaaa YIPYTHe, 3aTeM
BABKHE, fajee JKeCTKNe KOHTAKTHI W, HAKOHEI, IMIACTHYeCKNe aPHUPhl. KaXI0My M3 HHX COOTBETCTBYET Ha-
npaxenue o5, j = 1,...,n. llycts U — BekTop pasmepuocTu N = m + n + 1, KOMIOHeHTaMHi KOTOPOI'O

ABJAAIOTCA DTU M ~+ N BeJUYUH U ellle OdHa BE&JANYHNHA — HMCKOMO€ 3HaYI€HNE TOJHOI ,Z[e(l)opMauMH NIl pe3yib-
THPYIOIIET 0 HAIIPAXKEHNA, B 3aBUCIMOCTH OT THIIA 3adavd. Peonornveckas cxema O6HICFO Bu1a MpUBOAUT K
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CUCTeMe, BKJIIOYaIIen B ceGsa anarebpamtdecKkie ypaBHEHNSA — YCJAOBUS PABHOBECHUS W ONPEIE/SIONINE ypaBHe-
HUA A YIPYTUX 5JIEeMEHTOB:

aijUj:fi(t), i:l,...,Nl, (3)

-

j=1
0OBIKHOBEHHLIEe AuddepeHnalbHble YpaBHEHAA, XapaKTepU3yIOoIIne BA3KIE JIeMEHTHL:

N
ZGUU]:UZ’ l:Nl'i'laaN?a (4)
j=1

a TaKzKe BapHWallUOHHBIE HEPpaBECHCTBa AJA KECTKHUX KOHTAKTOB
N
(Vi—Vi)Ui <0, Vi=) aylU; 20, V;i>0, i=Na+1,...,Ns, (5)

n AJd IMIaCTUICCKUX NTapHUPOB

N
(ﬁi—Ui)ZaijUjgo, |U:| < U7, |[72|<Uz*’ t=Ns+1,... N, (6)
j=1
N
pU HAYAABLHBIX YCAOBHAX Z a;; U;(0)=0,i=Ni1+1,..., Ny, Ngs+1,...,N. Bxogamme B cuctemy (3)—(6)
j=1

KO2(DPUIIEHTH ¢;; MOTYT GLITH PaBHBIMHI HyTiOo, 1 NN 3HAYEHNAM MOAYJeH yIPYTOCTH M Ko3(pGdHUIHEHTOB
BA3KOCTH.

Hampumep, peosmormdeckas cxema Ha puc. | mMeeT Tpu ypoeHA (m = 3, n = 4), IpaHWIE KOTOPHX
IPOXOJAT Yepes y3abl coenuenni (puc. 2). JedopMaliun s1eMeHTOB HaxoAaTcd o hopMyaaM €° = g1, ef = gq,
gV = g9+ 3, €° = £3. DIEMEHTH HYMePYIOTCA B CAeAyIOleM TODAAKe: YIPYruil (e), BA3KWH (v), XKeCTKHI

KOHTAaKT (¢), mracTudecknii mapuup (p). Jas stoin cxembt Ny =5, Ny =6, N3 = 7, N = 8. B neppoii un3 3anaq
BEKTOD HEM3BECTHHIX (DYHKIHH mMpecTaBiageTca B Bujge U = (g,€1,9,€3,01, 02,03, 04), BO BTOPOH — BMECTO
noJHoN gecpopmanun ¢ = £°+&Y B 5TOM BeKTOpe MOBTOPHO YIacTBYET Hanpsaxkenne o = o°. N3 koadgpumenTon
yPaBHEHUIl H HEPABEHCTB MOXKHO COCTABUTH NPAMOYTO/JbHbIe MaTpulel A ~ a;; u F' ~ f;.

Jlast mepBon 3agadu: Jlast BTOpOU 3amadn:

-1 111 000 0 0 111 000 O

0 000 100 O 0 -1 000 100 O (1)

0 000-110 1 o (1) 0 000-110 1 0
A= 0 000 001-1 j 0 A= 0 000 001-1 j 0

0-£00 100 0|’ 0 0-£00 100 0} 0

0 0nn 000 O 0 0 0nn 000 O 0

0 001 000 O 0 001 000 O

0 010 000 O 0 010 000 O

OdeBH,THO, 9TO ¢ HOMOIIBIO cHCTeMBE (3) — (6) MOXKHO ONHCATH PEOTOTHYECKY O CXEMY TOGOT0 YPOBHA CTOXK-
HOCTH. ATITPOKCHMAINA BXOANMX B DTY CHCTEMY MPON3BOJIHBIX TPUBOINT K YDABHEHUAM W HEPABEHCTBAM

N N
Doa Uit =gty ey (UFY - UF) = AU (7)
j=1 j=1
o~ N o~
(Vi =VEY Ut o, VA =D e Ut 2 0, Vi, (8)
j:l
N o~
—URY Sy (UET - UF) <0, URTY < Ur, (T < U (9)

j=1
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3/ech i KPATKOCTH ONYIIEHBl TPAHUIBI M3MEHEHNA WHIEKCA ¢, KOTOPhIe YKa3aHbl B COOTBETCTBYIOMMX (POP-
myaax (3)—(6).

Tepebupas pasaudHble cAydan peaqu3alluil OrPAHUYEHUN, HETPYIHO MOKAa3aTh [3], 4TO BapHAlHOHHOE He-
paBeHCTBO (8) SKBHBAJIEHTHO albTepHATHBE: ANGO Vf"’l = 0 m, omHOBpEMEHHO, Uf"'l < 0, mbo Vik‘l'1 >0mn
Uf"'l = 0. AHaJOTM9HO, BAapHAIOHHOE HEPABEHCTBO (9) NPHBOAUTCA K BHIGOPY OJHOT'O H3 TPEX BapHAHTOB:

N
) |UFT <ur, D e (UFT = UR) =0,
j=1

=

i) UMt =uy,

K3

aij (UFT = UF) >0,
1

.
1

] =

Urtt = Uz,

iif) ; a;; (UFT = UF) 0.

1

.
1

B mepBoM n3 HEX HaIIpAXKeHHe [IacTHIeCKOT 0 MapHIPa HIKE MPeNelbHOr0 YPOBHA, II03TOMY CKOPOCTh ILTaCTH-
Yeckoll JehopMallny paBHa Hy/ 0. Bo BTOpoM HallpsAXKeHHe COBIaNaeT ¢ MpeleJoM TeKyIeCTH IPH PacTAKCHAN,
ClIeIOBATEIbHO, CKOPOCTh AepOopMAliil HeOTpHIATEIbHa. B TpeTheM BapHaHTe HalpAXKeHNe JOCTHTAET Mpe-
nea TeKy9ecTH MpH CKaTHH, MOTOMY CKOPOCTh AedopMallli MeHbIIe Ju60 paBHa Hydfo. TakuM obpaszoM,
cucteMy (7)—(9) MOXKHO PEMINTE YHCACHHO ¢ MOMOIIBIO alropuTMa HepeGopa cpein KOHETHOIO YHCIa BOZMOXK-
HEIX BapuaHToB. Ha KaxJoM Iare Takoro airopiTMa pelllacTcd JUHEHAA CHCTeMa, KOTOpasd BKIIACT B ceba
ypaBHeHns (7) U ypaBHEHHA, OTBeYAONIe BapHANOHHBIM HepaseHcTBaM (8), (9). Tlepexoq k cieayromeMy mary
IPORCXO AT, TOABKO €CIH IOMYIeHHOE PellleHIe He yAOBIeTBOPAeT HEKOTOPOMY ONPaHHIEHIIO — HEpaBEHCTBY .
B 5ToM ciydae cOOTBETCTBYIONECE YpaBHEHIE 3aMeHACTCA aJbTepHATHBHBIM. Ecin e Bee OrpaHNIeHAA BhINOJ-
HAIOTCA, TO Ipollece Tepefopa 3aKaHIHBACTCA IIEPEX0oJoM Ha CIeAYIONHIN BpeMeHHON CIOM.

Jlist yCKOpeHNs cdeTa MOXKHO HCKIIOYHTE MHOTOKpATHOE peliieHne cucreMel (7). [las sToro ms ypabHe-
it (7) u Bxogsumx B (8) ypasmenmit aaa VT onpegemsiores Bee KommonenTh BekTopa U KpoMe HATIDAKe-
HEI MIACTHICCKUX IMapHUPOB. IlocieHIe HaNpAKeHHA CINTAIOTCA NPOU3BOJALHLIME BeamdnHaMu. Jedopma-
IUH KeCTKHX KOHTAKTOB TaKXKe OCTaloTCA HeollpefeldeHHLIMA. Bolee TOYHO, cTponTcA 6a3Wc IPOCTPAHCTBA
PeIIeHN CHCTEMBI JINHEHHEIX aareGpandecknx ypasHerui (7), (8). PasMepHOCTb 5TOM0 TPOCTPaHCTBA [NOMKHA
6LITH paBHa IHCAY YpaBHEHHN — TaKoe TpeOGoBaHme ABIACTCA OJHAM U3 YCIOBHI KOPPEKTHOCTH PEOJOr HIECKOI
cxeMbl. Ha IIpakTHKe 5TO yCIOBHE JEI'KO IIPOBEPASTCA — €CIH PAHT MaTPHIILL, COCTABICHHON 13 KO3 (hHITEHTOB
CHCTeMEI, MeHbIe N3, TO paccMaTpHBaeMad CXeMa, HelIPHIOJHA.

Manee 3ajada cBOAUTCA K PEIICHNIO BapHAlHOHHBIX HepaBeHCTB (8), (9) OTHOCHTENRHO HANpPSKEHHH B
MIACTHIECKIX MapHAPax U AeopMalHil KeCTKAX KOHTaKTOB ¢ IIOMOIIbI0 OMICAHHOTO BHIIIE IepeGOpHOTO all-
ropuTMa, HO Ha KaK JOM IIare 3TOro aJl OpPHTMa PEIIafoTCA CHCTEMbl ypaBHeHnl pasMepaocTH N — No. Tpe6o-
BaHIe CYIIeCTBOBAHUA U €JUHCTBEHHOCTH pelleHNA BapHalllOHHLIX HEPABEHCTB, a TAKXKe YCIOBHE CXOJUMOCTH
aIropuTMa HaKIaJblBacT NOIOJHNTEIbHBIE OrPAHIICHAA Ha KOPPEKTHOCTD CXEMEL.

B ofmiem cayvae BuiTekatomasn w3 (7), (8) cucrema JMHENHBIX aareCpanmdeckux ypapHeHui Ha (k + 1)-m
mrare Mo BpeMeHH MMeeT BI

Ns N
k+1 k+1 k+1 .
S a Ut = f - N e R =1, Ny
j=1 j=Ns+1
Ns N N
— k41 k k41 :
S a Ut =3 a U — > a UFTY, i=Ni+1,. o,
j=1 j=1 j=Ns+1
Ns N
k+1 __ k+1 k+1 <
S a U = VAT - N U i= Nyt 1, Ns,
j=1 j=Ns+1
rge @y = a;; — Aty ((52']' — cumBoa KpoHekepa). ByjgeM canTaTh, 9T0 ONpefefnTent KBaPaTHON MATPHIH,

COCTaBIEHHON 13 KO3(p(PUIMEHTOB B JIEBOU 9aCTH 3TOU CHCTEMBI, OTANYEH OT HyJs. Takmm 06pa3oMm, 3 CucTeMbl
MOXKHO BBIPa3UTh

N
Ut = 37 b VIt gt =1, Ns (10)
j=Na+1
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31eck b;; — K03 PUIMEHTH, BEYNCAAeMbIe depe3 KO3 PUIMEHTH d;; 1 06PaTHYIO MaTPHILY CICTEME; g?"'l —

BEJAMYUHBI, 3aBUCAIINE OT ff"'l u Uf; ij'l'l = Uf"'l aaa j=Ns+1,...,N.

Tocne mogcranoBku ypabHernit (10) B HepaeHcTBa (8), (9) moaydnM B MATpUIHON (hopMe BapHAIHOHHOE
HEPABEHCTBO € MPOCTHIMH OTDaHNYeHNAME (WHANBHAYATBHEIME A1 KaXJOH KOMIOHEHTHl BEKTODA HEH3BECT-
HBIX)

(V=W(CV=Y)20, V-V VT, VogVgrt, (11)
rge C'm' Y — kBajpaTHasd MaTpPHIa 1 BEKTOD (HyMepanus CTPOK U CTOAGHOB B HUX HadWHaeTcs ¢ Ny + 1, a He
Ns N
¢ 1) m3 xoadduImenToB ¢;; = —b;;, yf"’l = gf"’l mat=Ny+1,... Nsm yf"’l = Zaij g?“ - Zaij Uf,

7j=1 i=1
N3

—Zailblj, ecim  j = No+1,...,Ns,
=1

Cij = Na

—aij—za”bl]’, ecim j=Ns+1,... N,
=1
aaa i = Ns+1,...,N. KommonenTr BexTopa V1, cooTBeTcTBylOmue XKecTKIM
KOHTAaKTaM, pPaBHBl 400, MIA MIACTHUYECKUX HIEeMeHTOB VZ»+ = U}. Bextop V~
COCTABJIEH W3 HYJEH W OTPUUATENBHBIX BednanH —{/ , COOTBETCTBEHHO.

Ecan maTpuiia C' OT0KUTEABHO OMpeedeHa, TO MO0 TeOPEMe CYIIECTBOBAHNA

U €IHHCTBEHHOCTH [3] BapmalmnoHHOe HepaBeHCTBO (11) OJTHOBHAYHO Pa3peEInNMO.
Kak mokazaanm BHIYUCAUTENbHBIE DKCIIEPUMEHTH ¢ PA3JUIHBIMI PEONOT MIeCKUMUI
cXeMaMu, Tpollecc mepebopa TakiKe OKazbIBaeTCA CXOAAMMMcA. B To XKe Bpewm,
I MHPOKOTO KJIACCA CXeM, B YaCTHOCTH [Jd PACCMOTPEHHOW BHIIIE CXEMBI I3
YeTHIPEX PEOJOTMIECKNX DJAEMEHTOB pPasHOTO Tuma, MaTpuia (' HEOTPUIATEALHO
ompejiefieHa, HO TOJOKUTENBHO OTIPEIeeHHON OHA He ABAAETCA. B 5ToM caydae ad-
TOPUTM MHOT'1a BEIXOIUT Ha 6€CKOHEYHO MOBTOpSAOIIecs THKILL. McnpaBuTk BO3- Puc. 2. I'padpuaeckoe
HUKAIOIIYIO CATYalWio MOXKHO 3a cieT fnobaBieHWsA K AUMATOHAJLHBIM DIeMeHTaM H300pakeHHe CXeMbl
MaJIOT'O PEryJAApU3YIONIero mapaMeTpa, ITO COOTBETCTBYET BKIIOYEHUIO B PEOJO-
IUYeCcKYIO CXeMy TapaljlelbHO MIACTUYECKAM IIapHUpaM U JKECTKUM KOHTAKTaM CUCTeMBI YIPYTUX 3IeMeHTOB
MaJiol KeCTKOCTH. |'apaHTHPOBATh CXOAMMOCTH MOCAE0BATENFHOCTH PEMIEHIH TTPH CTPEMJIEHNN TapaMeTpa pe-
IyJIApU3alun K HYJIO Hellb3A, OJMHAKO TOCTATOYHO IPOCTO BHINOJAHUTH allOCTEPUOPHYIO MPOBEPKY CXOMIUMOCTH,
MOHOTOHHO YMEHBIIIAdA B pacvdeTax 3Ha4YeHNe 3TOI'0 apaMeTpa.

4. KomneiorepHasa cucTema. PaccMOTpeHHBIN aJrOpUTM PEATI30BaH B OOIIEM BHIe B cpefle 06 BEKTHOTO
nporpammupoBatus Delphi 5. BxonubiMu mepeMeHHBIME pa3paboTaHHON KOMIBIOTEPHON CHCTEMBI SBISIOTCH
3Ha4deHNA (PEHOMEHOJOT NYEeCKNX MTapaMeTpPOB MJA YIPYTHUX, BABKUX U IIACTUYCCKUX HJIEMEHTOB.
Nccaenyemas cxema CTPOUTCA CPEJACTBAME BU3YATbHOTO MPOEKTUPO-

B Ed
BaHWA C UCHOJAb30BaHNeM Tpadudecknx mpuMuTuBoB. [Ipmmep 3ama- InspectorfForm ES
HUsI KOHKPETHOW CXeMBI U3 YeThIPeX DIIEMEHTOB PAa3/JUIHOTO THIIA TPH- ﬁ—
BefleH Ha puc. 2. Ha BbIXo/le crcTeMa TO3BOJAAET MOMAYIATH IpaduKn MapateTp ;

u3MeHeHUs TepOPMAINI U HATPSKEHNN B DIEMEHTAX CXEMBI B 3aBH-
CHMOCTH OT BpPeMeHH, a TakKe rpaduKu TOJHON TedopMmannu £(1) u

Pe3yJIbTHPYIOMero Hanpskennsa o (t). TecTupoBanme aaropuT™Ma mpo- (¢ Hanpaserie f— -
BO/MIOCH Ha PEIIEHUAX, HalIeHHEIX 1Mo dopmyaam (1), (2), n moka- ~ Nepopmaums s3] ;1;
3A10, HTO BEIMHCANTENLHAR TIONPEUIHOCTE AINOPUTMA COOTBETCTBYET P e
HepBOMY MOPANKY AIIPOKCHMAINN HEABHOM CXEMEL.

Texnomorna paGoTHl ¢ CHCTeMOH TakoBa. UTO6GH 3aaTh HO- [0 10
BYIO PEOJOTHYIECKYIO CXeMY, HeOOX0AUMO BEIGPAThH COOTBETCTBY IOIIHI War rnm_
OYHKT MEHIO HAH Ha)KaTh KHOINKY Ha ITaHeJH HHCTpYMeHTOB. Ilpn
5TOM TIPOM3BOJUTCA 3AIYCK PeJaKTopa CXeM — MpOrpaMMbl, MAaHH- .
MyTIPYIOMEH ¢ COBOKYIMHOCTRLIO CPEJCTB U 06BEKTOB, C IIOMOMIBIO KO- [Pesm acBaEnetia

TOPBIX CO3/IaeTcA Mpom3BoOAbHadA cxeMa. Ha pabodyio obaacTh mocie-
JOBATEIBRHO HAHOCATCA PEOJOTHYecKne 3JIeMEHTHl ¢ OTHOBPEMEHHBIM
3agaHreM mapaMeTpoB. PaGovas obmacTh — 5TO Mode ¢ HAHECEHHON
Ha Hero CeTKOU, KOTopas MpeHa3HAYMEHA /I TOTHOTO MO3UITHOHIPO-
BaHUA dAeMeHTOB. [I14 y1ro6cTBa B TpaBOM BepXHeM YTUIY PACIIONOKeH

Puc. 3. NncnexkTop 06BekTOB
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TaK Ha3bIBAEMBIH MHCIEKTOP OOBEKTOB (pHC. 3), TPEIOCTABAAIOLINT MHOKECTBO 3JI€MEHTOB, KOTOPHE MOTYT
OBITH TTOMeITeHbI B paboten obiaactu. NHcnekTop 06beKTOB UMeeT DA PeJakKTHPYEMBIX HOJeH, CAYKAIINK /I
U3MEHEHU TapaMeTpPOB W DJAEMEHTOB cXeMbl. TakuMm o6pazoM, mapaMeTphl HIeMEeHTOB OCTAIOTCA JOCTYTHBIME
VA PeJaK THPOBAHUA TOCAE BHECEHUA WX B PEOJOTHYECKYIO CXeMY — NOCTATOYHO YKAa3aTh MBIIILIO HYKHbIE
DJEMEHTHI W U3MEHUTH COOTBETCTBYIOIINE 3HAMCHNA B HHCIIEKTOPE 06HEKTOB.

[To Mepe pasmertienns Ha pabodell 06AACTH HIEMEHT MOXKET OBITH PACTAHYT WAU CKAT B COOTBETCTBHU C
TOMOJOTHEN CXEMBI. DJIEMEHT, BKAIOYEHHBIN OMMOOYHO, MOXKET OBITH yIadeH JuO0 MEPEMEIIEH B IPYTYIO 9acTh
paBodell 06JaCTH MOCPEACTBOM BBIGOPaA COOTBETCTBYIOMIETO MMYHKTA KOHTEKCTHOTO MEHIO, OMPENeNeHHOTO I
Kax 0T o djaeMeHTa. [JeflcTBUA HAL dIeMEHTaAMI MOXKHO TakKe TPOU3BOJUTE ¢ TOMOIIBIO “TOPAYNK KAABUII .

PesyabraTe 3aaHusa peoJoTHIeCKON CXeMBI COXPAHAIOTCA B Palld cienuaibHoro gopMaTa, KOTOPBIH (hop-
MupyeTcsa cucTeMon. KpoMe Toro, cucreMa caMOCTOATEIBHO OTCACKUBAET JAIOOLIE H3MEHEHUA B CXEMe; eCJH
TaKOBBIE MMEJICH, TO IPU BEIXO e POPMYINPYETCA AUAJOTOBBIU 3allpOC Ha WX coxpaHenue. [IpeagycMoTpen aab-
TepHATUBHBLIA CMOCcOo6 3aaHid CXeMBbl — 3arpy3Ka W3 yiKe cyllecTByomiero gaiaa. [Ipu zarpyske Ha sKpaHe
oTobpakaeTca UM paiaa W OCYIIeCTBIAAETCA TTPOBepKa ero ¢popMaTa Ha COOTBETCTBHE CHCTEME.

[Mocae Toro kak cxema ompejeteHa, YKa3bIBaeTCH,

KaKyIo U3 ABYX 3aja< Heo6X0 MO PEIIATD: 3aady ollpe- 0, 025
nejqeHus nedOpPMAIUU MO 3aJaHHOMY HANPSKEHWIO WK 1 /{

HANPSXKEHNA 1o 3ajanaon nedopmainu. Bo3MoKHOCTH /
UCTIONb30BaHuA (PYHKIHUN, 3aBUCAIIUX OT BPEMeHH, pe-
AqM30BaHa C TOMOIIBI0 CHHTAKCHYIECKOTO aHAIH3AaTOPa /(
dopmyabHBIX BbIpaxeHuhd. CHHTAKCHYeCKHH aHAJN3a- S
TOP TPEACTABAAET COGON CIEMUATLHYIO TIOTPOrPpaMMYy- 0
DYHKIHIO, SKCIOPTUPYEMYIO U3 THHAMUYECKON GUOINO-

TeKH, BXOAAINIEH B cocTaB mpoekTa. B 5Ty moampo- 6
rpaMMy B KadecTBe MapaMeTpoB MEPefaeTcsi CTPOKa ¢
dopMyJIoT U CTINCOK 3HAYEHUHU TepEMEHHBIX, BXOAAINX B D) \ 4
dopmy.ty, a Ha BBEIXO/e MOMYIAeTCA BHIUUCICHHOE 3HAYE-
uue gyuknun. B GopMyay MOTYT BXOAUTH 3HAKW MaTe- _0.025

MaTHYeCKUX OTMepANNil: CJIOXKEHNe, BEIMUTaHue, YMHOXKe- o 1 2 3
HUe, feJeHne, BO3BeAeHNe B CTEleHb, M3BAedeHe KOPHS,
a TaKXkKe BCe OCHOBHBIE DileMeHTapHble (DYHKITU.

[lajiee TPOU3BOAUTCA 3AMyCK PACIETHBIX MPOTIEAYD, PeATU3yIONINX ONMUCAHHBIN aaropuT™. B sTux mporeay-
pax 6azuc TPOCTPAHCTBA PElleHNE CUCTEMEl ypaBHEHNH (7) cTpouTcd Mo MeTody ['aycca ¢ BEIGOPOM TWIABHOTO
sneMerTa. K pelleHIIO cHcTeM ypaBHEHMI, BO3HUKAOIINX PN PeATN3alii BapHalHoHHOTO HepaBeHcTBa (11),
npuUMeHdaeTcAa TOT Ke MeTos. [locte BRIMOAHEeHNS pACIeTOB CUCTeMa TIPEAOCTABIACT BOZMOKHOCTE BBIBOAA NaH-
HBIX B BHJe TpadUKOB HA SKpaH WIH B BHIXOAHON (Al — TEKCTOBBIN (Dalll ¢ pa3JeluTeNaMI, KOTOPBIT MOXKHO
HCTIOAB30BATH [JIf aHAIN3a B APYTIUX TpaduIecKuX pelaKTopax.

Puc. 4. IuarpamMMbl moa3yydecTn

3 3
1
e

0

b 6
4 1

| = 2

-0, 025 -0,025

> 0 1 2 3 0 K] 10 15

Puc. 5. KpuBbie peraxcanmm Puc. 6. Harpyxenue ¢ o(t) = —0.01 cost

5. PesyabTaTel pactueToB. Ha puc. 4-12 mpeacTaBieHbl pe3yabTaThl PAcIeTOB, TMOJYIEHHBIX C TIO-
MOIIBIO KOMITBIOTEPHON CHCTEMBI, /IS CXEMBI M3 YeTHIPEX PEOJOTHYECKUX 3JeMeHTOB. PellieHme mpuBeieHO B
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Oe3pa3MepHBIX MePEMEHHBIX:

_ i _ o
t=—, o=—,
T F

0, 025 0, 025

AN L AN/
b\

-0, 025 -0, 025

0 5 10 15 0 s 10 15
Puc. 7. Harpyxenue ¢ o(t) = —0.001¢ cost Puc. 8. Harpyxenne c o(t) = —0.001 ¢ cos 2¢
0, 025 0, 025
2
T z
r N \

YN VY T
\V; WVS\V/\N VVVVVVV\]

Y

v/

[

"0.025 5 10 s *9%, 5 10 15
Puc. 9. Harpyxenne ¢ o(t) = —0.001 ¢ cos 3¢ Puc. 10. Harpyxenne ¢ o(t) = —0.001¢ cos bt
0, 025 0, 025
o
LXK\ ’\ N N TAY 1\ 0\
0 0
/74 N\l N\ X/ XJ X/ X/
-0, 025 - 0. 025
%0 5 10 15 5 10 15
Puc. 11. Jedopmuposanne ¢ £(t) = —0.015 cost Puc. 12. Jedopmuposanue ¢ €(t) = —0.015cos 2¢

O6espasMepeHHBI TIpeje]l TEKYIeCTH T (fajee depTa Hag 6e3pasMepHBIME BeJIHIHHAMI BCIOAY OTYCKa-
ercs) paser 0,005. Ha puc. 4 nzobpaxkeHa cepus AMArpaMM HOI3YHYEeCTH, OTBEYAIONINX MOCTOAHHEIM HANPA-
xernam o = £0.015, £0.01 u +0.005 (kpuseie 1,...,6 COOTBETCTBEHHO). DTN AHATPAMMBI IPEJCTABIAIOT
co6ol JMHENHBIE 3aBUCAMOCTH € yTJIOBBIME KO3 (pUIMeHTAMN, 3aBUCAIIMMI OT YPOBHS HANPAKEHUN, U C HY-
JEBLIM HAKJOHOM B CJAyHYae CKUMAIOIIETO HATPSIKEHN, MOAYIb KOTOPOTO He MPEBOCXOIUT TIPefeNa TEKYIeCTH
MIacTHYeCKOT O mapHupa. Ha puc. b mpuBeena cepus KPUBBIX DeJaKCANNN HAMPSXKEHUH PH TOCTOSHHON fTe-
dopmanmm ¢ = +0.015, £0.01 w £0.005.

Ha puc. 6 - 12 mzo6paxensl quarpaMMbl W3MeHeHNsA Te(OPMAIUN OT BPEMEHN A MUKJINIECKOT O HATPY-
JKeHUs C MOCTOSHHOW W JMHEHHO HApPaCTAIOIIEN aMILIUTY oW HampsKeHus. Beiony Ha rpadukax KpuBbie 1 co-
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OTBETCTBYIOT 3aBHCHMOCTH OT BPEMEHH HaNpsAXKeHNs o (1), Kpupkle 2 — moaHON nedopmanun (), Kpupble 3 —
JAeopManny JKECTKOT0 KOHTaKTa £°(1).

AHaanu3 TOKa3BIBAET, YTO TPHU TMOCTOSHHOW AMILIUTYE KECTKWI KOHTAKT HAXONUTCS B 3aMKHYTOM CO-
CTOSHUN TOJBKO B TeveHNe HavalbHOIO WHTEPBAJa BPEMEHH B IpejelaXx MEPBOTO MepHOga HarpyxeHms. B
NaJbHENIIEM cpefla MpucnocabinBaeTCs K MEPUOANTIeCKON HATPY3Ke M HUKOTIa He BBIXOJUT HA PEKUM YILIOT-
HeHus (puc. 6). B caydae pacrymiell aMOanTyAbl WHTEPBAJI 3aMKHYTOI'O COCTOAHNA KOHTAKTa MOBTOPAETCA
nepuoandeckn (puc. 7, 8).

C yBeamdennem dactoThl (puc. 9, 10) xpuBas 2 npubanxkaercs K kpuBoil 1. Tak Kak ToJTHOe coBIaeHNE
STHUX KPUBBIX MMEET MECTO TOJBKO B CAYYae PEOJOTHMHIECKOW CXEMBI M3 €JUHCTBEHHOTO YIIPYTOTO BJAEMEHTA,
TO OTCIOfa CAENYET, YTO BAUSHNE BA3KOCTH, MIACTHYHOCTH W PA3HONPOYHOCTH MO CPABHEHWIO C YIPYTHMHI
CBOIICTBAMU PACCMAaTPUBAEMON CPEBI C YBEANIEHNEM 9acTOTH HATPYIKEHNA CTAHOBUTCA MAJOCYIIECTBEHHBIM.

Ha puc. 11 u 12 npuBefensl Tpadukin, OMNCHIBAIONINE M3MEHEHNE HANPAXKEHUN U AeOpPMAIUil [Iasd TOU
Ke PEONOTHYeCKON CXeMBI ¢ TEMHU ke TTapaMeTpaMi, HO MIPH 3alaHHOH ToMHOH JedopManun £(1), KoTopas u3-
MeHsIeTCA M0 MePHoAndecKoMy 3akoHy. Kak m mpexje, KpuBbie | COOTBETCTBYIOT 3aBHCUMOCTH OT BPEMEHU
HATpAXKeHNdA, a kpubkle 2 — nedopmarmn. Cyasa o rpadukam gedopMalii KeCTKONO KOHTakTa (KpHBHe 3),
npuCIoCOOIEHUsA CPpeAbl K TEPUOUIECKOMY 1epOPMUPOBAHUIO € MOCTOSHHOW AMILINTYIOU HE MPOUCXOJAUT —
Ha KaX[JOM IHUKJe COCTOSHUE YIUIOTHEHUA CPEABI, B KOTOPOM KOHTAKT CMBIKAETCS, CMEHAETCS Pa3PBIXICHHBIM
cocroguneMm. Conocrasienne puc. 11 um 12 moxaspiBaeT, YTO C yBeAUYEHHEM YaCTOTH KPUBHIE HANPAKEHUN
u gedpopManui TpubAMKAKTCI ApYr K Apyry. Takum obpazom, B ciaydae BBICOKOYACTOTHOrO AeOpMIPOBa-
HIS BA3KOIIACTHYECKHE CBOMCTBA OKA3HIBAIOT ciaboe BIAMSAHIE HA HANPIAKEHHOe COCTOsSHNE cpelbl. OCHOBHYIO
POJIb UTPAET YIPYTHN AeMEHT PEONOTHYeCKON CXEMBI, /I KOTOPOTO Ge3pasMepHble 3aBHcHMOcTH o(t) n £(1)
COBIIATAOT.

Pa6ora BeImOaHeHA pn puHaHCOBOH nomgepxkke PPPN (mpoext Ne 04-01-00267), KommuaekcHoll mpo-
rpaMMBbl PyHIaMeHTAIbHBIX Hccaegopanmil [Ipesuauyma PAH Ne 14 “DynrgaMenTalbHbie TpobaeMbl HHpOpMa-
THKH 1 HHPOPMAIMOHHBIX TexHoJorni | PoH A COMENCTBISA OTevMecTBEHHON Hayke N KpacHOSPCKOT 0 KpaeBoro
dorna Hayku (mpoekt Ne 16G040).
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