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PEIITEHNE KNHETUNYECKOI'O YPABHEHUNS ITEPEHOCA N3JIYVUEHN 1
METOA0M YCPEJHEHHbBIX KOCMHYCOB

A. C. Eroposa, H. I'. Kapibixauos
(Usanosckwuii I'Y, POAI-BHUNT®)

[Ipegnmaraerca MeTon pelleHNS KWHETUYECKOTO YpaBHEHHS IMEPEHOCA U3JIyIeHUd, OCHO-
BAHHBIM HA YCPEIHEHWH MCXOMHOTO YPABHEHHUS IO YIJIOBO mepeMeHHOM. Jlyda momy<ueHHBIX
yPaBHEHUI MOCTPOEHBI PA3HOCTHBIE CXeMbI Ha OCHOBe HedaBHBIX |'VD-mogxomos. Ilpumenu-
MOCTbB IPEIJIaraeMoro MeTO/a MCCJIEI0BAJIACH HA PEIICHUH PAIa METOAUIECKHAX 3a1a4.

Karouesvie caosa: nepenoc uznydenns, 1 VD-monxon, OMfHOMOMEHTHbIE YPABHEHUS Iepe-
HOCA, C YCPEOHEHHBIMU KOCHHYCAMH.

BBenenue

B pabore paccmarpuBaeTcda oguH HOAXOM I PACIeTa MEPEHOCA U3IyUIeHNs, OCHOBAHHBIN HA yCpeHe-
HUY KAHETHYECKOTO yPABHEHUA II0 yIJIOBOI mEPEMEHHOM.

Hacro ucnonb3yemsblii kBaszuauddy3uonusiil noxxox [1, 2] obnamaer pamgom HegocraTkoB. OCHOBHOI U3
HUX: COOTBETCTBYIOIIAs CUCTEMA, YPABHEHUHN SABJISIETCS CUCTEMON IUIepOOJnIeCKOro THIIA, U COTJIACHO TEO-
peme lomyHOBa Jjis HEE HEIb3s MOCTPOUTH JUHEHHYI0 MOHOTOHHYIO CXEMY BTOPOTO MOPSIKA TOYHOCTH.
Jia mpeomosieHns TaHHOrO HEJOCTATKA HPUMEHSIOTCH ubo KombuHHpoBaHHBIE cxeMbl [3], mubo TVD-
nogxoxe! (Total Variation Diminishing) [4]. B mociensem ciygae ypaBrenune kBasuauddysun 3anucsBa-
erca B uHBapuanTtax [5]. [locTpoeHne nHBApMAHTOB Ha PA3HOCTHOM YDOBHE IIPEICTABIIAET ONPE/EIEHHBIE
TPYAHOCTH [akKe B OJHOMEPHOM CJydae, He FOBOpd YK€ O ABYMEPHOM W TpexMepHOM. llpmmensembrit
aBTOPAMU MOAXOJ CYIIECTBEHHO IMPOIIEe METOJd WHBAPUAHTOB JJjid KBasumuddysunu u jierko obobiraercsa
Ha MHOTOMEPHBI# ciaydaii.

B omimane or kBasupuddysuonHoro nogxona [1, 2|, rae uCnoab3yoOTCH JBYXMOMEHTHbIE YDABHEHUS C
3aMBbIKaHHEM 4depe3 KodpdumueHT KBasuaudPy3un, TOCTPOEHO OJHOMOMEHTHOE yPaBHEHHE C 3aMbIKAHM-
€M Yepe3 YCPEJHEHHBI KOCHHYC HAIPABJIEHHUs IM0JIeTa (DOTOHOB. YCPEIHEHHbIE KOCHHYCHI PACCUUTHIBA-
IOTCA [0 AHAJOruU C KodddurnmenToM KBa3uAu(y3un UCXOd U3 PEHIEHHT KUHETHIECKOrO yPaBHEHU
IO IPOCTHIM PA3HOCTHBIM CXEMaM IIEPBOTO MOpsAKa TOYHOCTH. PaHee JAHHBIA MOAXON HCIOIH30BAJICH
JJIsE TIOCTPOEHUsT KOMOMHUPOBAHHON PA3HOCTHON CXEMBI JJIl PELIeHUs yPABHEHUs IEPEHOCA M3JIydeHUs B
JBYMEpPHOM ciydae [3].

Jluisl IOJIy9eHHBIX OJHOMOMEHTHBIX yPAaBHEHUIl CTPOMTCS PA3HOCTHAs CXeMa, OCHOBAHHAS HA HESBHBIX
TVD-monxomax [4]. Beumm nccmemoBamsr orpammanrenn tuma minmod um Yakpasarm—Omepa [6]. B
ornmame ot paborsl [4] orpanuanTenn Gpanuch Kak ¢ n-ro BpeMenHoro mara (nuseiinag TVD-cxema), Tak
u ¢ (n+1)-ro (remuueitnas TVD-cxema). g menmueitnoii TVD-cxembr moyuennas CucTeMa HEJTMHEHHBIX
aJrebpandecKux ypaBHEHHi pemranack MeronoMm HeroroHa.
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ITocranoBka 3amaum

g mpoCcTOTHL pACCMOTPUM IEPEHOC U3IYUEHUS B IIOCKOM OZHOMEPHOM CJIyUae B HEITOABUZKHOMN cpefie.
B sTom ciydae kuHeTHIECKOE ypaBHEHNE UMEET CJIEAYIOIWI BUL:

1
101 oI Ks N
8t+u%+(%a+ﬁs)1—7/1(u)du—Q, (1)

-1

r7ie ¢ — CKOPOCTb CBera; t — BpeMd; | — MHTEHCHMBHOCTh W3JIyYEHHH; [ — KOCHHYC yIJya moJiera poTo-
Ha OTHOCHTEJIBHO OCH T; Kq — KO3(D(UIUEHT MOrJIOMIEHNA W3IYyIeHHUd; Ks — KOIMDPUIUEHT pacCesHus
u3aydeHud; () — M30TPOIHBIA NCTOYHUK U3JIYICHUS.

Ypapuenune (1) [gomonHseTcd TpPAHWYHBIMA ¥ HAYAJIbHBIME  YCIOBHAME CJIEYIOIIETO BHIA!
I(Ziept, 0 >0) = fieft (p,t) ma nepoit rpammne; I (Tright, b <0) = frignt (4,t) Ha mpaBoit Tpammie;
I(z,p,t=0)=¢(z,un). 3necs fleft (1, 1), fright (1, t), ¢ (z, p) — 3amannbe byRKIA.

Ecnu ypasuenue (1) mpouHTerpupoBaTh MO yIVIOBOIl IEPEMEHHON C BECOM, DABHBIM €WHUIIE, TO €ro
MOXKHO 3alUCATh B CJEAYIONIEM BUIE:

ou 9 {u)cU
—_— —_— a pr— 2 . 2
ot + e + ck U Q (2)
31ech BBEJEHBI 0003HAYEHUS 1
L [ nldu
21
UZE/Idu; (p)=—F]",
-1 [ Idp
1

rae U — mJIOTHOCTD SHEPrUW W3JIy9eHus; (/i) — CPeIHWH KOCHHYC HAIPABJIEHUS TOJIETa (DOTOHOB.

YpaBHeHne (2) IONONHAETCS IPAHAYHBIMU M HAYAJBHBIME YCJIOBHAME CIEAYIOmEro BuAa: Ulepr =
1

= = [ fieft (1, t)dp na neBoit rpanuue, ecan (p) > 0, B IPOTUBHOM CilyYae TPAHUIHOE yCIOBUE HE CTABUTC;
€o

Uright = p [ fright (&, t)dp Ba mpasoit rpanruue, ecan (u) < 0, B IPOTHBHOM CIIydae TPAHHIHOE YCIOBHE

1
He crasurcs; U (t = -
c

1
[ o (@, 1, to)du (fleft (11, 1), fright (1, 1), ¢ (, p, to) — 3amannsre cbyHKmm)-
-1

PasHocTHag almnpoKcuManumuda ypaBHeHI/Iﬁ C yCpeJHEHHBbIMU KOCUHYCaMHnu

Oupenmenum mWIOTHOCTH HEpruu u3iayderus U B NEHTpax u Ha rpaHax adeek (puc. 1). B sTom ciaywae
HesiBHAs PA3HOCTHAsS CXEMa /I ypaBHeHus (2) mpumer Bug

+1 cr +1
U. U U Un+1/2 i1je n ((parn) UZY =
3n i+172 N-172

H(_l_.lq(_k_'_)(_l —<Hi>Uin+1)+CT’faU+1/2 27Qiy1/2- (3)
U U, U Una Ui Uy

B ypasrenun (3) mnzekc ¢ mensgerca or 1 zmo

N — 1. Tpu nomoxurersuom (yi;) 3uauenue Ul

Puc. 1. Pasnocrupiii mabmon (N — wucio rpaneit omnpezenseTca TPaHUIHBIM ycjIoBueM. llpu oTpuia-

I€eK) TembHOM (py) 3HATeHHme Up' !
FPAHUYHBIM YCJIIOBUEM.

B coorsercrBuu ¢ TVD-meromosorueit ypapaenne (3) Z0MOJHAETCS COOTHOMEHUSIMA CBSA3U CJIELYFOIIETO

BHUIA:

TaK2Ke OIIpeImeadeTrcd
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— mng (p) >0

1 11 +1 +1
urit = Ui"+1/2 +0,5¢;11/2 (Uﬁ1/2 - Uin—1/2) ’

L(AU;i_1/2,AUi172) L (Uipry2 = Uiz1)o, Uigs2 — Uita o)
. — = == L ]_, 0 3 4
Pir/2 AU; 1)z Uit1/2 = Ui—1)2 (10is12) (4

0. _ AUii1)2 _ Uirs2 = Uitayz.
/2 AU;_1j2 Uipa2 = Uisqyo’

— mnga (p) <0
U.TH“I _ n+l 0 5¢ Un+l _rrn+l
i i+1/2 WPi-1/2 \¥i13/2 i+1/2 )
i1 = L (AUjy1/2, AU; 1 )2) _ L (Uits/2 = Uit1/2,Uis172 — Ui_1)2) — L (L0 1), (5)
=1 AUiy12 Uits/2 — Uit1)2 vim12l

AU;_1/9 _Uinyz = Uiy
AUt Uipszsp — Uigra

0 _1/2 =

Hna ypasuenwnii (4), (5) ungekc i menserca or 2 g0 N — 2. Ilpu ¢ = 1 wnu ¢ = N — 1 koapdunuent ¢
IoJiara€TCd paBHBIM HYJIIO, T. €. B IPDUTPDAHUYIHBIX TOYKaX UCIIOJB3YETCA CXEMa IEPBOIr'O IIOPAJKAa TOYHOCTH.
Ecmn dbynknusa ¢ () wssectra, To cucrema ypasueruii (3)—(5) aBmsierca cucremoii JuHEHHBIX aJ-

o n+1 n+1 o o
re6pandecKux ypaBHEHUI OTHOCUTENBHO HEM3BECTHBIX U, /20 U,y . Hucmo ypasrennit pasao 2N — 1.
[leperymMepanys HEU3BECTHBIX IPOU3BOAUTCSA B CJIEAYIONIEM MOPSIKE:

1 2 3 2t — 1 2t 2N -3 2N —2 2N —1
Ula U3/27 U27 B Uiv Ui+1/27 ey UN—la UN71/27 Un.
B coorBercTBUE ¢ IPUHATON HyMepalueil MaTpUIA CUCTEMBI JUHEHHBIX ypaHenuil (3)—(5) byzer umeTs

ceMuauaroHaJIbHbIN BUJ.
Ecnu B xauecTBe orpannunrens B34Th min mod, To dyurnusa ¢ (6) npumer Buz [4]

1+ Sign 91 .
Pit1/2 = 2( +1/2) min (1, ‘01'4-1/2‘) .

Ecinu B KauecTBe orpanmunTens B34Th orpannunTets Jakpasaru—Ouepa [6], To byrknua ¢ () npumer
BUJ,
(1 — é) minmod (1, ﬁ9i+1/2) + (1 + 6) minmod (B, 9i+1/2)
Giy1/2 = 2 ;

rae minmod (a, b) = 0,5 (sign (a) + sign (b)) min (|al , |b]); B, § — napamerps orpannunTens JakpaBaTu—
Omrepa. PexomennoBauuble 3Hadenuns napamerpos: 3 = 3; § = 1/3.

Tak kak QpyHKIUs 6 uMeeT APOOHO-JIMHEHHBINH XapaKTep, TO MOXKHO OXKUIATh, YTO OHA CJIaD0 MEHAETCH
3a mwar 7. Takum obpazom, pyHKIUIO-OrpannauTens ¢ (6) MOXKHO B34Th ¢ n-ro mara [4].

Qopmansao TVD-cxema gaBisgerca menuneitnoit. Kcam 6pars GyHKIHUO ¢ ¢ n-ro 1ara, To He Tpebyer-
C4 JOLOJIHUTEIbHBIX nrepanuili no HenuHeliHoctu. [losromy B pasprelimem ganayio TVD-cxemy Oyzem
HAa3bIBATH JWHEWHO.

Opnmako mpejcrasisger uaTEpec, Korna dbyHkmua ¢ (6) 6eperca He ¢ n-ro mara, Kak OmucaHo B [4], a ¢
(n+1)-ro mara. B srom cayuae coornomenuns (4), (5) OyayT umers nenuaeitnbii xapakrep. Jlaa pemenns
CHCTeM HeJIMHEeHHBIX ypaBHeHuil npumenseM meron Heiorona. @yuknuu ¢ (0) (puc. 2) He mMeroT Hempe-
PBIBHBIX IIEPBBIX MPOU3BOAHBIX 1O §. Vcnonb3oBanme JaHHBIX (DYHKIUH IIPU OPraHU3aIui HbIOTOHOBCKOT'O
WTEPAMMOHHOTO MPOITecca He 1erecoodpas3no. Jljs Toro, 4robbl MOXKHO OBLIO KOPPEKTHO UCIOJIb30BATH ITU
dyHRIMY, BX HEOOXOAUMO ANMPOKCHMHUPOBATH HEKAMHU BBHIPAKEHUIMHI, KOTOPble NMeJH Obl HEPEPHIBHBIE
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2,5
1,0

il 2,0

0,6 - 1,5

0,4 - 1,0 -

0,2 4 0,5 1

0,0 T T T f 9 0,0 T T T 0

0 1 2 3 4 0 1 2 3 4
a 7]

Puc. 2. T'paduku dynkuuit ¢ (0): a — orpanuanress min mod; 6 — orpanmuurens Yakpasaru—Ouiepa

mepBble MPOM3BOJHbIE. B KadecTBe TAKWX BBIPAXKEHUI WCIOJIH30BATIUCH MOJAHOMBI TPETHETO MOPHAIKA B
Toukax BOMU3M m310MOB (byHKIHi ¢ (f), KOTOpPBIE OOECTIEYNBAIN HETPEPBIBHOCTH (DYHKIWHA M WX MEPBBIX
npou3BogHbIX. Jla kaxkmoit Toukm m3noma Gyrknmu ¢ (6) pasmMep OKPEeCTHOCTH, B KOTOPOH CTPOMJICH
Takoii mosuHOM, coctaBisai 10 % or 3Hadenus aprymenta . B 9ToM ciydae OTHOCHTEIbHOE OTKJIOHEHUE
CryIasKeHHBIX (PYHKIUH OT TOYHBIX (PyHKIUH B HOPMe L] COCTaBILET IOIU MPOIEHTA.

ITockoubky ypasuenus (4), (5) B ciaydae, korma ¢ (0) Geperca ¢ (n+ 1)-ro mara, sBIA0TCA HeJIMHEHHDI-
MW, TO [JIg JAJbHEHIero nCIoJb30BaAHNA X HEOOXOMNMO JUHEapU30BaTh. JInHeapum3ausa npou3BOIUTCI
IyTeM Pa3JI0KEHUs BCEX HEJIMHEHHBIX WIEHOB B paj Teiiopa B OKPECTHOCTAX HAYAJIHLHOIO HPUO/INKEHUT
C TOYHOCTBIO JI0 EPBOrO MOPSAIKA. B 9TOM ciiyvae JnHeapu30BaHHOE ypaBHeHHe (3) mpuUMeT Ciiexyrormit
BUT:

n CT
AU + Ubirye = Ulerye + ((Mz‘+1> AUZH = (i) AUz’SH) +

i+1/2 i h
cT
+ I (<:U/Z+l> AUSI»I - </LZ> AUZS) + CTKq (A i:i}z + Uzil/2) = 27—Qi+1/2' (6)
Jlureapuzosauuble coorHomenus cs3u (4), (5) npumyr Buz:
— s (p) >0
AUSTE +3-1+05 ¢—(1+9)@ AUSTL 40,5 ¢—9@ AUSHL —
i+1 ) EY] i+1/2 ) EY] i—1/2
99 \ 11541 s s S s
- Ovs%A i+3/2 = Ui+1/2 + 075¢ (Ui+1/2 - Ui—1/2) - Ui-i—l; (7)
— g (p) <0
AUST 4+ -1+405 ¢—(1+9)% AU 40,5 ¢—9@ AUSHL
i ’ 90 i+1/2 ’ o0 i+3/2
9¢
o 0’5%AU1'SI}2 = Uii1/2 +0,5¢ (Uis+3/2 - Uii1/2) - Uz's- (8)

Baecs AUSH! = US*!l — US| rme S — HOMep HbIOTOHOBCKOH mTepamum. PopmanbHO mpH 3amuch (op-
myn (6)—(8) B pax Teiimopa pasnoxkeHbI HE TOJLKO HEJMHEHHBIE WIEHBI, HO W JuHEiHbIE. Marpuna
CHCTEeMBI JINHEAPU30BAHHBIX ypaBHeHuil (6)—(8) Takke mMeer ceMuamaroHa i bHBIA Buj. JlaHHyr0 Momwm-
dukamuo TVD-cxembl B majbHelieMm OymeM Ha3bIBATH HEJIUHEHHOIA.

Urepamuu mo HEJMHEHHOCTH MPOBOAATCA 0 cXoAuMOCTH. CXOAMMOCTH TPOBEPSIETC O CJIEAYIOMEMY
KPHUTEPUIO:

|AUSH | < e (|UP*! +9]). (9)

Kpurepnii (9) npoBepsieTcs BO BCEX TOYKAX MO IIPOCTPAHCTBY. B MPAKTHYECKUX PACIETaX UCIOIH30BAJUCH
sauenns ¢ = 107°, n = 1073,
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IIpumMepsl YHCIIEHHBIX PACYETOB. 334aYu O PACIIPOCTPAHEHUU U3JIYyUEHHUS B BaKyyMe

C

[IEJIBIO IPOBEPKY MPUMEHAMOCTH MPEIJIaraéMbIX METOIOB OBbLIN MPOU3BEIEHBI CEPUU PACUETOB 3T

C U3BECTHBIMU AHAJIUTHIECCKUMHU PEHICHUAMHU B IIECTU IIOCTAHOBKAX, CBOAUMBIX K YHUCII€EHHOMY PEIIEHUIO:

1)

KAHETUIEeCKOTO yPaBHEHUS IO CXEMe MEPBOr0 MOPAIKa IO IPOCTPAHCTBY W BPEMEHU;
ypaBHeHnd KBa3umuddy3uu 1Mo CxemMe BTOPOTO MOPAIKa 0 MPOCTPAHCTBY W MIEPBOTO MOPSIKA IO
BpEMEHU;

ypaBHEHUH C yCpemHeHHbIMHU KocmHycamu 1o cxeme TVD c orpammumrenem min mod, jgunefinbIi
caydJaii;

ypaBHEHHd C yCpeaHEHHbIMHU KocumHycamu mo cxeme T'VD c orpanmumresnem min mod, mHenuueiHbIi
caydJaii;

ypaBHEHHS C ycpeaHeHHbIMH KocuHycamu mo cxeme TVD c¢ orpammumrenem Yakpasaru—Ormiepa,
JIMHEHHBIA Cirydai;

ypaBHEHHS C ycpeaHeHHbIMHU KocuHycamu mo cxeme TVD c¢ orpammumrenem Yakpasaru—Ormiepa,
HeJIMHeHHBIN cirydail.

Kosdbdunuentsr kpazunauddy3un u ycpeaHeHHbIe KOCHHYCH PACCIUTHIBAIACH HA OCHOBE DELICHUS KUHE-
THYecKoro ypasHeHus (1) mo cxeme mepBoro mopsiixa.
Beumn paccmorpens: 3agadmn:

1)
2)
3)

0 TepeHoce MPAMOYTOJILHOrO Npoduad B BaKyyMe JJisd IJIOCKON reoMeTpuu;
O PacCHpOCTPaHEHWN W30TPOIHOIO M3JIydYeHUd OT I'DAHUI] CHCTEMBI B BAKyyMEe;
0 pacCupOCTPaHEHUU W3OTPOIHOIO U3JIydIEHUs B BaKyyMe OT 3a[aHHOTO HAYAJIBHOrO MPOdUJIL.

,HBe nmocinegHue 3aJa9il UMEIOT aHAJUTUICCKHUE DEIICHUAD. Pe3y.]'IBTaTBI pacdeToB IIPEACTAaBJICHBI HUZKE.

3amaua 1. Ilepenoc npsMoyrojbHOro npoduiis B BaKyyMe JJid IIJIOCKO# reomerpum. Pac-
CMOTpHUM 3aJ7ady O PACIPOCTDAHEHWHN W3JIy9UeHWs B HEMOIVIONAIONIel U HepacceumBarouel cpexe (kg =
= ks = 0), ckopocTh cBeTa mosIokuM pasHOil ¢ = 1. B cucreme pasmepom L = 200 B HA9aJbHBIR MOMEHT
BpPeMeHN MHTEHCHBHOCTh W3JydeHWd paBHA HyJI0. B obiactu, orpanmdeHHO# KoopauHatamu x = 50 u

r =

70, 3aJaHa €AUHNYIHAd WHTECHCUBHOCTD U3JIy9Y€HUAd TOJIBKO IJId [ = ]_, AJIA OCTAJIBHBIX YIVIOB MHTEH-

CHUBHOCTD U3JIy4eHus paBHa Hyat0. OTMeTwMm, 4To JJjisd JaHHON 3amadn KodduiuenT kpasuguddysun u
CpenHU KOCHHYC paBHBI enuHuie. /laHHad 3a7ada nMeeT aHAJIUTHIECKOE PEIIeHue.

Bagaua pacCIMTHIBAIACH C IOCTOAHHBIM wmcioM Kypanra k = cr/h = 0,5 ¢ pa3HbIME LIaraMu IO
OPOCTPAHCTBY. Pe3ysbraThl pacaeToB B MOCTAHOBKAaX 1—6 (CM. BbIIIE) mpeacTaBieHbl HA PuC. 3.

U U
1,0 - 1,0 - —

0,5 | 0,5
|I 1
1 l‘..
iy \1
" 5
0,0 —— 2 0,0 1 ” NN
I‘ : T T T X ’ X
0 50 100 150 0 20 40 60 80 100 120 140
a 0
Puc. 3. 3agmaga 1. IIpodunm mrorrocTn sHepruu usiydenus Ha rpy6oit (a) m mompobuo# (6) cerkax mo mpo-
CTPaHCTBY, { = 50: ——— — aHAJUTHYECKOE pellleHne; — — — — IMOCTAHOBKA 1; --:+ — MOCTAaHOBKA 2j; — + —+ —
IIOCTAaHOBKA 3; — + +— — IIOCTAHOBKA 4; s=ssss — IIOCTAHOBKA H; -« -++ -+ — IIOCTAHOBKA 6
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L,

1 , Ha puc. 4 mpeacraBieHa CKOPOCTH CXOIH-
18 MOCTH WCIIOJIb3YEMBIX METOJOB PEIIeHUs WC-
167 xomHOro ypasHeHus (N — 9IHCIIO TOYEK CeTKn
14+ [0 IIPOCTPAHCTBY ).

124 Kak Bugao u3 puc. 3, xBazuguddy3unon-
101 HBI TOAXOJ, aeT HEMOHOTOHHOE pelIeHHe.
Ha moapobubix ceTkax CxeMbl BTOPOTO MOPS-

81 Ka [al0T MPUMEPHO OAMHAKOBBIA PE3yJIbTaT.
61 Haumyquree npubnukenne K TOYHOMY pelire-
4 ___lun HHIO, OCOOEHHO HA IPyOBIX CEeTKaX, HMEET Me-
0,01 TOJI yCPEeIHEHHBIX KOCHHYCOB II0 HEJIUHEHHON

TVD-cxeme c orpanuumresreMm YaxpaBaTum—
Omepa (mocranoska 6).
OrmeTnM, 9TO B pacdeTax UUCIO HBIOTO-

Puc. 4. 3agaga 1. CxomumocTh B HOpME L7 MO BpeMeHHOM
MEePEMEHHOW TpHW mOCTOdHHOM umcie Kypanra: — — — —

IIOCTAHOBKA 1; - - -+ + — IOCTAHOBKA 2; — - —+ — IIOCTAaHOBKA 3; .
HOBCKHX HTEpanuil He MpeBhImao 3-4.

— .+ +— — IMOCTAHOBKA 4; =-+==- — IIOCTAQHOBKQ D; -+ -=+- =
IIOCTaHOBKA 6

3amaua 2. PacmpocTpaHeHMe M30TPOMHOrO MU3JIyY€HUs OT TPAHUI] CUCTEMBI B BaKyyMe.
Paccmorpum 3azady 0 pacnpoCTpaHEHHN W3/IyYeHHs B HEMOIVIONAIONIEH 1 HepacCenBaroleii cpese (kg =
= ks = 0), CKOPOCTH CBETAa MOJIOXKUM paBHOW emmamne. B cucreme pasmepom L = 100 B mHasajbHBIH
MOMEHT BPEMEHU WHTCHCUBHOCTDH U3JIYICHUA PAaBHA HYJIIO. Ha JIEBOM rpaHULEC 3aJaHa HU30TPOIIHAA WH-
TEeHCHBHOCTh M3JIydUeHHUd, paBHAA efuHHNe Iiad 4 > 0, Ha mpaBoil rpaHulle W30TPONHAA WHTEHCHBHOCTH
W3JIydeHud paBHA eguHuIe mid p < 0.

B pacuere ¢ mocranoBkoit 1 ¢ mapamerpom k = 0,5, gucsaom togek mo npocrparctsy N = 101 u guciaom
TOYEK IO yIJIOBO# mepemMenHOM M = 8 ObLIO MOIydYeHO peleHUe, IpeacTaBienHoe Ha puc. 5. Ha pucysn-
Ke BUJHA HEMOHOTOHHOCTBH JaXKe IIJId CXeMbl [EPBOTO mopdnaka. /JlaHHAd HEMOHOTOHHOCTH ODYCIOBJIEHA
HE Ka4eCTBOM PA3HOCTHON CXEMBI, & OCOOEHHOCTHIO Pa3Ma3bIBaHUA (DPOHTA BOJIHBI IPU PA3IAIHBIX TUC-
max KypanTta. 2DT0 xopomro BUAHO u3 puc. 6, rie mpeacTaBiIeHbl NpO(UIN UHTEHCHUBHOCTU U3JIYIEHUT
Ha MOMeHT BpeMeHu t = 50 A9 MOJOXKUTENBHBIX YIIOB. BUAHO, 9TO MHTEHCHBHOCTHU U3JIYyIeHUT MOHO-
TOHHBI, HO UMEIOT PA3JIMYHbIe pa3Ma3biBaHud (poHTA BOJHBL. Tak, mpu u = 1 pporT pazmaszajcd HA
CyIIECTBEHHO OoJjiblee ImcsIo To4dek, 4eM mpu g = 1/7. Ilpu wHTerpmpoBaHWEM JaHHBIX HpOdUIel mo
YIJIOBOM MEPEMEHHOU MOJIyIaeTCd HEMOHOTOHHBIA MPOQUIb IIOTHOCTH YHEPTUH W3JLy IeHUS.

U
1,0 | 1,0 4
0,8
0,5
0,6
0’0 1 T T T : X

0 10 20

Puc. 5. Bagaua 2. IIpodunm mroraocTu sueprum usiaydenud, t = 50; 7 = 0,25 (cupasa — arMeHT mpoduieiir B
y b ) )
yBEJIMYEeHHOM MaciTabe): ——— — aHAJUTHYIECKOE PENIeHNe; — — — — MOCTAHOBKA, 1; - - - - — MOCTaHOBKA, 2; — - —+ —

IIOCTAaHOBKA 3; — + +— — IIOCTAHOBKA 4; *=ssss — IIOCTAHOBKA H; -« -++ -+ — IIOCTAHOBKA 6
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Paccamramnapie mo mpeCTaBIEHHBIM BBIIIE MPO-
bunam npodunm rodppunuenTor KBazuguddy-
3WM W CPEJHUX KOCHHYCOB TAKKE MMEIOT HEMOHO-
TOHHBIN XapakTep (puc. 7). JlaHHasg HEMOHOTOH-

HOCTHb WCYE33eT C YBEJWYEHWEM 9UHCJIA TOYEK II0
yrioBoil mepemenHoit. ¥Yxe mpu M = 32 HeMmo-
HOTOHHOCTb MPAKTUIECKU HE HADJIIOJAeTC.

Bruta mpoBezena cepus pacdeToB € MOCTOSH-
abiM guciaom Kypanrta k = 0,5 ¢ pa3ubiMu maramu
[0 OPOCTPAHCTBY. UTOOBI HE MPOABIANACH HEMO-
HOTOHHOCTD, JAHHAA CEPUA PACIETOB IPOBOAMUIACH
¢ gucaom yrioB M = 64. Pesymprarer pacaeron
IpeJICTaBJIeHBI Ha puc. 8, 9.

X
100

U3 puc. 9 BupHO, 9TO BCE CXEMBI BTOPOTO HO- Pyc. 6. Bamauga 2. I[lpoduim HHTEHCHBHOCTH H3JIyde-

paKa TOIHOCTH JAKOT IIPAMEPHO OJHO I TO K€ P€-  ypg nid HOJOXKUTEIbHBIX YIJIOB, t = 50: —e— — u =
IIIeHne, KOTOPOe NMeeT CJIabyi0 HEMOHOTOHHOCTh.  — 1/7;, —a— — p = 3/7; —A— — u = 5/7; —vV— —
Ha puc. 10 npencraBieHEbl CKOPOCTH CXOJUMOCTH  f4 = 1

D (M)

0,8
0,9 | 0.6
0,8 0,41
0,7 02
0.6 0,0
0,2
0,5 0,4 -
0’4 7 X -0,6 T X
0 20 40 60 80 100 0 50 ] 100
a

Puc. 7. 3agaua 2. [Ipodunn kosdpdbunnenra ksasuguddysun (a) u cpennero kocunuyca (6), t = 50

U U

1,0 | 1,0 -
0,5 - 0,51
0,0 S ‘ : X 090 L= \ |_ l X
0 50 100 0 50 100
a 0

Puc. 8. 3agmaga 2. IIpodunm mrorrocTn sHeprum usiydenus Ha rpy6oit (a) m mompobuo# (6) cerkax mo mpo-
CTpaHCTBY, t = 50:

— AaHAJUTUYECKOe pellleHne; — — — — IIOCTAHOBKA 1; :--- — IOCTAaHOBKA 2; — » —- —
IIOCTAHOBKA 3; — + +— — IIOCTAHOBKA 4; ssrsss — IOCTAHOBKA 5; ++ +++++= — IIOCTAHOBKA 6
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U L,

0,3

0,21

0,1-

0,0

I/N

40 | 60 | ~ 0,005 0,01 0,015 0,02

Puc. 9. 3agagya 2. ®@parmeHT pacupejiesieHus ILIOTHO- Puc. 10. 3agaua 2. Cxomamocts B mopme Ly mo Bpe-

CTH YHEPrud U3JIyYeHHs Ha IOLPOOHOH CeTKe IO IpPO- . .
MEHHO# mepemMeHHOH npu nmocrogaHoM uucie Kypanra:

CTPAHCTBY, { = 50: ——— — aHAJIUTHYECKOE pPEeIIeHNUE;
— — — NOCTAaHOBKA 1; - -+ — MOCTAHOBKA 2; — + —+ —
— — — — IOCTAHOBKA 1; -+ — IOCTAHOBKA 2; — + —+ —
IIOCTAHOBKA 3; — + +— — IIOCTAHOBKA 4; =+=sss — 1OCTA-
MIOCTAHOBKA 3; — + +— — IMOCTAHOBKA 4; =+-=-- — mocTa-
HOBKQ D; + ++=+ -+ — IIOCTAHOBKA 6
HOBKQ D; -+ +- — IIOCTAHOBKA 6

CXOZAMMOCTH IHCJIEHHOTO PElIeHNs K TOYHOMY AHAJUTHIECKOMY penieHuio B Hopme Ly (N — duciio Todek
CEeTKH II0 IPOCTPAHCTBY). VI3 pucyHKa BHIHO, 94TO Ha IpybOil CeTKe MO IPOCTPAHCTBY HAWIIydIIee pe-
[I€HnE MOy IaeTCd 110 METOAY CPeIHuX KOCUHycOB mo juneiHo# TVD-cxeme ¢ orpammduresem min mod.
Ha mozpobuoit ceTke cxeMbl BTOPOTO MOPSAKA TOYHOCTH MPOABISAIOT HEMOHOTOHHBIN XapakTep, 9ITO, IO-
BUUMOMY, IPUBOIUAT K IOTEPE TOYHOCTHU IO CPABHEHUIO CO CXEMO MEePBOro MOPHAIKA.

3agaga 3. PacnpocTrpaHeHme M30TPOITHOrO M3JIyYeHHUd B BaKyyMe OT 3aJaHHOTO HAYAJIb-
Horo npoduasa. Paccmorpum 3a7a1y 0 pacupocTpaHeHNN W3JIyIeHUd B HEIOIIOMAKIIEH 1 HepaccenBa-
tomeii cpene (kg = ks = 0), CKOPOCTH CBeTa MMOJIOKHUM DaBHOI exmuuie. B cucreme pasmepom L = 200
B HAYAJIbHBI MOMEHT BPEMEHH WHTEHCHUBHOCTH H3JIyIE€HUH PABHA HYJII0, KpoMme 00JIacTH, OrpaHUIeHHON
koopauaatamu r = 80 u x = 120. B mannoit obsacTu B HA9AJIbLHBIA MOMEHT BpeMeHU 3aJaHO M30TPOIIHOE
u3jgyvdenue C eﬂI/IHI/I‘-IHOﬁ IIJIOTHOCTBHIO QHEPI'UU U3JIy9C€HUA.

Bagada pacCIMTHIBAJIACh C TOCTOgHHBIM yuciaoMm Kypanta k = 0,5, ¢ pa3HbIM YHCIOM TOYEK IO IIPO-
crpaacTBY: oT N = 101 no N = 801. Yucno Touex mo yrioBoit nepemennoit M = 64.

ITonyuennsie penrenus npencrasiaensl Ha puc. 11. Kak BugHo w3 pucyska, gid kBasuguddy3uoHHOTrO
MeTO[a IPOABIAETC CUIbHAA HEMOHOTOHHOCTH, B TO BpEMd KaK IPHU METOAAX C YCPEAHEHHBIMU KOCHHY-
caMy HMEIOTCA IMOYTH MOHOTOHHBIE PEllleHns U Ha MOAPOOHON CeTKe MOIydaroTCd IPUMEPHO OJNHAKOBBIE
pe3yJIbTaTHhI.

N3 puc. 12 MOXKHO 3aMeTUTh, 9TO CXEMbI BTOPOrO MOPAJKA TOYHOCTH JAIOT HEOOJBUIYI0 HEMOHOTOH-
HOCTb, 9TO, IIO-BHAUMOMY, CKA3bIBAECTCA Ha CKOPOCTU CXOAUMOCTHU YUCJIEHHOI'O PEMEHUA K TOTHOMY. 9TOT
dakT orpaxkeH Ha puc. 13, W3 KOTOPOro BHUIHO, YTO [JId JAHHOW 33aa9¥M HAUXY/IIAA CXOAUMOCTH U3-33
HEMOHOTOHHBIX CBOMCTB MMeeT MeCTO B kBazuauddysuonnoMm mnozxome. llogxompl ¢ ycpeaHEHHBIMHU KO-
CUHyCaMHu IIPOABJIAIOT CJIa,6yIO HEMOHOTOHHOCTB, YTO TaK2K€ CKa3bIBA€TCA Ha TOYHOCTHU PEUICHUIA. CXGMa,
IEPBOTO MOPAAKA AJIA JAHHON 33a7a4Yi ABISETCH HAWIYUIIed.

3akJrouyeHue

'HJIH OOJHOMOMEHTHBIX ypa,BHeHI/Iﬁ C YCPEAHEHHBIMU KOCHHYCAMU IIOCTPOEHBI HEABHBIE PA3HOCTHBIE CXE-
MbI Ha ocHOBe T'VD-momxomoB ¢ ucmosb3oBanmeMm orpanmauTeseil Tuma min mod u Hakpasartu—Oiiepa.
IIpu ToM orpaHumunTEe N, B OTIMIHE OT PACCMOTPEHHBIX PaHEe MOAXO00B, OPaJNCh KaK C N-TO, TAK U C
(n + 1)-ro Bpemennoro mara. Ilo cpaBrernio ¢ kBazuabdy3UNOHHBIM TOIXOAOM PACCMOTPEHHBIE CXEMBI
AMEIOT MPAKTUIeCKd MOHOTOHHBIH XapaKTep.
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U

0,4

0,2

0’0_ T T T IX
0 50 100 150 200

a

U

0,4-

0,3

0,21

0,11

O,O_I T T T IX
0 50 100 150 200

0

Puc. 11. 3agmaua 3. IIpodunm mioTHOCTH HEepruu W3jIydeHus Ha rpy6oii (a) u mompobuOH (6) cerkax mo mpo-

CTpPaHCTBY, t = 50: ——— — aHAJUTHYECKOe pelIleHne; — — — — IIOCTAHOBKA 1lj ---+ — [OCTAaHOBKA 2; — - —+ —

TIOCTAHOBKA 3; — - +— — TOCTAHOBKA 4; r=-+=- — TOCTAHOBKQ D} +++=+ =

U

0,2

0,1-

0,0 X

20 30 40 50

Puc. 12. 3agaga 3. ®parment npodwuiefi MmIOTHO-
CTU SHEPrUU WU3JIyYeHUs Ha IMOAPODHON CeTKe MmO IIPOo-

CTPAHCTBY, t = 50: ——— — aHAJIUTHUYECKOE pPEIIeHNUE;
— — — — IOCTAaHOBKA l; -+ — IIOCTAHOBKA 2; — - —+» —
MMOCTAHOBKA 3; — * +— — IIOCTAHOBKQ, 4; ==-s-- — mocTa-
HOBKQ 9} + + +=+++» — IOCTAHOBKA 6

IOCTAaHOBKA 6

L,

4,51 g

- - ’

3,5— ‘.','-'-//.r

2,51

1,51

0,5-

1I/N

0,005 0,010

Puc. 13. 3amaga 3. CxommmocTh B HOpMe L; 1m0 Bpe-
MEHHOH MepeMeHHOM Nmpu mocrogHHOM 4uciae KypaHnra:

— — — — IOCTAHOBKA 1; : -+ - — IOCTAHOBKA 2; — + —+ —
IIOCTAHOBKA 3; — + +— — IIOCTAHOBKA 4; =+=sss — mOCTA-
HOBKQ D; + ++=+++» — IIOCTAHOBKA 6
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