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OBlv\fl XAPAltTEPamttA PAOOTll 

AKTYMbHOCTb TeMY 

Uenb!R PHA ~HamecKmc HBJieHmi Ha pa3HWIHYX o6nacTeR HaYKH 
Tpe6yeT ODHCaHHH C noMOmbD KHH8TWlecKmc ypaBHeHmi, TO 8CTb ypaB
H8HHR AHH O,IIHOqacTHtlHOR ~lllrn pacnp8A8JI8HHH. KJiaccmecKHe raay 
H nnaaMa HBJIHIOTCH HSH6onee Tpa~OHHOR o6JiaCTbD npm.teH8HHH 
HemmeRmoc KHH8TWl8CKmc ypaBHeHmi BoJibU(aHa, BnacoBa, JlaH.nay H 
AP· B nocne,[IHH8 ro,IIY KHH8TWl8CKH8 ypaBHeHHH npHM8HHIOTCH Tane BO 
MHOrmc H8Tpa~OHHHX o6xaCTHX - acTpO~H3HK8, XHMHH, ()HOJIOrHH. 

B HacToamee BpeMH pa3BHBaDTCH paanmm,ye DO,llXO,IU,t K pemeHmo 
aaAaq, Tpe6YDmmc ODHCaHHH Ha KHH8TWl8CKOM ypoBH8. 8TO M8TO,llY no
HCKa npH6Jimt8HHhtX aHaJIHTWl8CKmc pemeHHR, pa3JIWlHY8 M8TO,llY MOHT8-
KapJIOBCKOrO MOA8JIHpoBaHHH HCCJI8AY8MD1X npo~eccoB H qHCJI8HHY8 M8T0-
,1IY pemeHHH Henocp8ACTB8HHO KHH8TWl8CKHX ypaBH8Hmi. 

06mmt DO,llXOA K pemeHmo 3aAaq TSKOro THna 8AHH. ,&eno B TOM, 
qTo BY6op MaTeMaTHtl8CKOR MOA8nH H MeTOAa pemeHHH (qHCJI8HHOrO WIK 
aHaJIHTWl8CKOro) COOTB8TCTBYDmHX KHH8TWl8CKmc ypaBH8Hml AOJD!HI,T 
()l,JTb T8CHO CBH3aHY C xapaKT8poM nocTaHOBKH peMbHOR 3aAaqH. 
C npaKTWl8CKOR TQqKH 3P8Hlffl 3TO 03HaqaeT, qTo MaTeMaTWleCKHe aa
AaqH, B03HHKaD111H8 H3 ~H3Wl8CKOR npo6JI8MY C Heonp8A8n8HHOR no
CTaHOBKOR, Tp86Y!OT JIHlllb npH6nmt8HHhtX pemeHmi. Il03TOMY npH npm.te
H8HHH KHH8TWl8CKHX ypaBH8Hml (oco6eHHO K H8Tp8.,llHQP[OHH!,!M o6nac
THM) Ha nepe,IIHHR MaH BhtlCOAHT npo6JieMa nocTpoeHHH MaTeMaTWl8CKOR 
MOA8nH H BY6op M8TOAa pemeHHH. 

B AffCC8pTallJrn np8ACTaBJieHY 3aAaqH H3 Tpex paanWlH&llC o6JiaCTeR 
HayKH, a HM8HHO H3 AHHaMHKH paap83t8HHhtX raaoB, HMMYHOJIOI'lffl H 
acTpo~H3HKH. 

3aAaQH AHHaMHKH paapegemmx raaoB (3~qH, ODHCHBaeMl:le ypaB
H8HH8M BonbU,aHa) HCCJI8AOB8JIHCb. B pa60T8 QHCJI8HHO. 3aAaqa O npo
CTPaHCTB8HHO O,[IHOpo,IIHOR peJiaKC~H qffCJI8HHO pemaJiaCb C noMombD 
mHpoKo HcnoJib3YeMoro NeTOAa BepAa; 3~qa o CTPYKType ~H'l'a 
YAapHoR BOJIHbl HCCJI8AOBaJiaCb C noMombD P8I'YJlflPHOI'O qHCJI8HHOI'O Me
TOAQ. UeJibD npoBeAeHHH 3THX pacqeTOB 6wio nonyqeHHe MaKC'l!'.M8JlbHO 
TOqHlilX peayJibTaTOB, B03MOllQU,tX: npH HCDOJib30BaHiffl COO'I'B8TCTBYDmHX 
qHCJI8HHhtX N8TOAOB H cpaBH8HH8 3THX peayJibTaTOB C cymecTBYl)lll'HMH 
aH8JIHTWl8CKm.lH pemeHHHMH. 

):tna HMMYHOJIOI'1~~:?~,::~aAaq~,·,06;~.ffl-il'fallJrn 6aKTepHR B AffC
cepT~H nocTpoeHa a~~;.~.:r.ecKall:;~~~1~ THOBHl,lM B KOTOpoA HB-

' G!•!~JlV,.)U.;h;\ - -
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nHeTCH KHHeTW.eCKOe ypaBHeHH8 Koaryn~H CMOJIYXOBCKOI'O. BhlrIHCaHO 
aHa.nwrw.ecKoe pemeHH8 O,llHOI'O H3 BapHaHTOB MO,llenH. 

3a;naqa H3 o6nacTH acTpo~H3HKH - sa,11aqa o nepeHoce He~pHHo 
B n,11pe KonnanCHpyl)!!leH 3B83,IU,I Hccne,110Banac& c noMom&n Knaccw.ec
Koro MeTo,11a qerIMeHa-SHCKOI'a. no~eHN OCHOBHbTe xapaKTepHCTHKH 
HeRTpHHHOI'O l!Mnyn&ca OT 3Be3,IU,I KaK pemeHH8 3a,11aqH B ,ll~3HOHHOM 
npH6nHllt8HHH. 

IloMm.tO aKTYMbHOCTH paspa60TKH MeTO,lIOM qHcneHHOI'O H aHMH
TIN8CKOI'O HCcne,llOBaHHH sa.naq, OilHCNBaeMNX KHH8TW.eCKHMH ypaBHe
HHHMH, a TaKllte cpaBHeHHH aiM>eKTHBHOCTH H Qenecoo6pasHocTH pas
nw.HNX MeTO,llOB, pa6oTa aKTYM&Ha H c TOqKH speHHR npHKna,llHOI'O 
sHaqeHHR 11ccne,11YeMb!X sa;naq. 

Paapa60TKa KMHeTmecKHX Mo,11enett npoQecca arrnnTMHaQMH OT
Kp:i,maeT B03MOlltHOCTH Mo,11enHpoBaHHR HMMYHHOH CHCT8Mbt opraHHsMa, 
a T8Kl!t8 COBepneHCTBOBaHHR nyTeH HanpaBJieHHOI'O B03,ll8HCTBHR Ha Hee. 

3a,11aqa o nepeHoce HeRTpmio B BemecTae R,llPa KonnancHpynmett 
aaes,IU,I - nmn& He6on&maa qacT& sa,11aqH o rpaawraQHOHHOM Konnance, 
O,llHOH H3 OCHOBHb!X 3a,11aq coapeMeHHOH acTpo~H3m<H. HaKOHeQ, sa,11aqa 
0 CTaQHOHapHOH y,11apHOH BOnHe B 6on&D;MaHOBCKOM rase - 3TO Knac
C!NeCKaR npo6neMa ,llmia.MHKH paspel!teHHoro rasa, CBHSaHHaR c o6me
naaecTHl,lMH npaKTINeCKl!MM npHJIOl!teHHS!MH 3TOH o6nacTH M8XaHHKH. 

lJe.nb pa60TbT 

I) Paspa60TKa qHcneHHb!X MeTO,lIOB pacqeTa TeqeHmt 6on&D;MaHOB~KOI'O 
rasa, B qacTHOCTH - nocTpoeHH8 pa3HOCTHOH CXeMbt ,llnR ,llBYMepHOI'O 
ypaBH8HHR Bon&D;MaHa C Cetl8HHeM pacceRHHR cneQMMbHOI'O BH,lla H 
npOB8,ll8HHe cepHH pacqeTOB aa,11aq11 0 CTpyKType ~poHTa y,11apHOH BOJl
HN C HCnOJlb30BaHH8M 3TOH cxeMbT; 
2) nocTpoeHHe KMH8TIN8CKOR MO,ll8JlH npoQecca arpeI'aQHH B ,llByxKOM
noHeHTHOH CHCTeMe, cpaBH8HHe aHMHTIN8CKOI'O pemeHHR O,Jll{OI'O H3 
aapHaHTOB MO,llenH C pesynbTSTaMH SKcnepm.teHTa no SI'I'JllOTHHaQHH 
6aKTepHR aHTHTenaMH; 
3) BHBO,ll ~SHOHHOI'O npH6nl!llteHHR ,llnR HenHf!eHHOI'O ypaBHeHHR 
nepeHoca HeRTpHHo B R,11pe xonnancHpYJOOleR aBea,m,r, nonyqeHHe ocHoB
HHX xapaKTepHCTHK H8HTPHHHOI'O HMnyn&ca OT 3B83,lll:l B ,ll~SHOHHOM 

npHCinmteHHH. 

HayqHaR HOBH3HS 

I) IlocTpoeH nonHOCT&D perynspHNR qHcneHHbTR MeTo,11 pacqeTa ~BYMep

Horo ypaBHeHHH Bon&nuaHa C ceqeHHeM cneIIHaJibHOI'O BH.ll8. 

5 

O'(Ll,9):0-(t.t)•'f2:~(e-}) t-S(9.1)}. C HcnonbaoawrneM. sToro qHCJieHHoro 
M8TO,lla npoB8,II8Hbt pacqeTN sa;naqH O no:EJ11He U aa;naqu O CTa~OHSPffO~ 
y,11apHOH BOnHe, nonyqeHHoe qHcneHHoe pemeHHe cpaBHHBMOCb C npH~ 
6nv.;,ceHm,JM pemeHH8M MoTT-CMHTa, npH 3TOM HaH6onbmHe OTnJtqHR 
(,.., 50 % no TonmHHe aonHN) nonyqemi! npH ..M. ~· oo • 
2) Ilpe;nnol!teHa KMHeTmecKaR MO,!len& npoQecca arperaQHM B ;nayx
KOMP.OHeHTHoR CHCTeMe nonHBMeHTHbTX qacTHQ. O,llmi H3 •BapHaHTOB M0-
,11enH fi03BOnHeT Bb!tIHCaTb aHMHTINeCKOC pemeHHe, KOTOpoe·,lleMOHCT
pHpyeT xopomee KaqecTBeHHoe cosna;neHv.e c peaynbTaTaMH sKcnepm.«eH
Ta no arrJIIOTHHaQHH 6aKT.ep'l-lH. 
3) B peayn&TaTe Hccne,noBaHHH HenHHeffHoro ypaBHeHv.R nepeHcca 
H8HTpHHO B R,llpe KOnnancHpynmett 3B83,llbT nonyqOHO p'91l18HHe sa,naqH B 
,lIHiMlY3HOHHOM npH6nHJKeHHH H BNBC,llCHbT npoCTNe 8HMHTMtleCKH8 38BH
CHMOCTH ,ll.lIR 3KCnepHMeHTMbHO Ha6JI10,lla8MbTX BMINIDi: noTOK3. Bl,!JI8-

Tanmmc qacTHQ H HX xaprutTepttott sHeprHH. 

Anpo6agHR pa60Tbt: OcHOBHbTe pesyn&T8Tbt ,llHCCepTa.I.lHH 'AOKJia,llU
Bamrc& Ha HayqHOM ceMHHape no,11 PYROBO,llCTBOM npo~. M.B.Macneh"HU
KOBa B IBlM MM. M.B.Ken,lll,Jma AH CCCP, Ha ceMHHape na6opaTop1m mi

MYH06Hoxm.tHH B iiHCTHTyTe 6:HOXHMHH P.M. A.H.Baxa AH CCCPs Ha X 
BceCOI03HOR KO~epeHQHH "}J.i\Ha.MHKa pa3pel!t8HHb!X I'830B11 (MocKBa, 
HDHb !009 ro;na). 

Ily6nHK8YHH: OcHOBHble pesyn&TaTN ,llHCCepTaQMH ony6nmtoBaHhT 
B 5 pa6oTax, CDHCOK KOTOpbtX nOMetlleH B KOHQe aBTope~epaTa. 

CTpYKTYpa H oCn,eM ,mtcceprruprn. AJtccep'l'aQMR COCTOWl' H3 BBe
,IIeHHR, Tpex rnaB, saKnnqeHHH H npHJIOl!tCHHH. 06mHR oCn,eM pa60Tli 
COCTaBJiseT !43 CTPSHHQbf, BKJI!Oqag 27 pHCYffKOB {28 CTp.), 2 Ta6nH
Qbt H cn~COK nHTepaTyphl H3 65 HaHMeHOBaHHR. 

CO~ PABJTH 

Bo BBe;iteHHH o6oCHOBaHa aKTYMbHOCTb TeMbT, 'A8H OOOIHH oeisop 
nwrepaTypbT no TeMe ,lIHCC8p'l'8QHH, a TaKl!te KpaTKaR xapaKTepHCTmta 
CO,ll8pllt8.HHR pa6oTbt. 

IlepBaR rnaaa "YpaBHeHHe BoJI&nMaHa. 3;naaqH o peJia!'CSQHR H 
CTpyKType ifu}OHTa y,11apHOR aonHbT" COCTOHT PJ3 IO naparpaipoB. 

B §I BBO,lIHTCR ypaBHeHHe BonbD;MaHa. f2-§3 DOCBmieHbT qv.CJieHHo
MY HCCJie,llOBaHmo npocTpa.HCTBeHHO-O,llHOp0,llHOH penaKCaQPJH rasa nceB
~OMSKCBennOBCKHX MOJieKyn MeTO,llOM Bep,11a. 

YpaBHeHHe Bonbt~B.Ha ,llnR O,llHOqacTJiqHOH ~HH pacnpe,lleJt8HHH 



6 

~('1,ii,l) (r,ne V - BeKTop citopocTH, ~ - BeKTop npocTpB.HCT
BemmR xoop,nmmTll, t - BpeYSI . ) aamtcllBSCTCSI CJIC,IIYl)llll!M olSpaaoM: 

~! -+o~ r r . . 
-at +v iY : .)dw )'Je9tu;c.os~(V:~ ~,t.)5l~~'iz;-l)-~~,,-l)~lv,~ t)1-= T em 

~ J1. . 
3,necb . · l . -~H pacnpe,neJie~ t1acT11q, Ic,;:j. -
mrrerpa.n CTOJIKHOBeHHR Eo.n~aHa, r,ne " w - CKOpOCTH 

➔. ➔ > 
tlaCTl!q )lO CTO.'IKHOBeHHH, '/' 

1 
W' . - CKOpoCTH nOCJie CTOJIKHOBe-

mrn:: 

...,,. . ' (..,. -~. ~. 
'1 1-= 2 v+w+Ur\.) ➔ .1 ➔ ..... -9 , w' -=-

2 
('J+w-un.) 

u ::~-w ._ _ OTHOC:HTeJibHSSI CKOPQCTb CTaJIKHBaJO!IIHXCSI llSCTl!q, 
1t . - 'e,nm-1Ht1HWt B8K'l'Op, CoS9::::- Uh,,~, . . Q - yroJI 

DOBOpoTa .· BCKTopa OTHOC:HTeJibHOR CKOpoCTH llSCTHQ D peayJibTSTe me 

CTOJIRHOBeHn:n; SlU,CD.S9) - l!H,llmtaTpHca pa.ccemrn:.fl, tlHCJieHHo 
paBHM npoHSBe,nemm w.qxpepeHqHSJI:&Horo cetieHH.fl paccemnm Ha U-:\u\. 

3a,naqa O peJiaKC8qHH raaa nCCB,llOM8KCBeJIJIOBCKHX MOJICKYJI 

( S(U,CQS9)-::: CDnst ) pema.nacb MeTo)lOM npm.!oro cTaTHCTH-
qecitoro uo.neJiffPOBamuJ (ue-ro)lOM Bep.na). BWia npoBe,neHa cepHSJ pac
tieToB HS paaHOM llHCJie UO)leJIHpymIHX tlSCTHQ ( Jf ) H peaYJibTaTN 
pactieToB ycpe,llHSJJIHCb no paaHoMy tiHCJIY Hcnmrurnn ( .}\. ) • PeayJib
TaTH pactieTOB cpaBHHBaJIHCb C TOtlHblMH CJI8,llCTBH.flMH ypaBHeliH.R 
EoJib~aHa (MOM8HTaMH _(pymuurn: pacnpe,ueJI8HHSI H "HOpMaJII:,HblMH KOOp
,nmmTru.m" [I) ) . 

§4-§9 DOCB.!i!I18H!,l pery.nSipHOMY tlHC.'18HHOMY MeTo,ny·pactieTa ypaB
Hemrn BoJib~aHa. C DOMOlllbl) 3TOI'O MeTO,lla HCCJI8)10BaJIHCb 38,llatlH 0 
DOpllH8 11 0 ipp0HT8 Y)lapHOff BO.mm. 

B palSoTe DOCTp08H nOJIHOCTbl) peryJISipHIDi tiHCJieHHIDi M8TO)l 
(pa3HOCTH8SI cxe1.1a) ,llJISI )IBY}.tepHOI'O ypaBH8HH.fl BoJibil;!,fa.Ha C HH)IHKST

pn:con pacceSJHHII CD~BJibHOro BH,llS 8 lU,9}=9M· ~ -[6(e-l)+S(v+})1 
B aT011 CJIYtlae ypaBH8HHe EoJI:&~aHa aannmmaeTc.R TSKHM oopaaoM: 

I. A.B.Bo6WieB. TotiHNe n: npH6mmeHHNe MeTo)IN B Teopnu HeJIHHeR
HHX Kmt8TlN8CEHX ypaBHeHmi EoJib~aHa H JlaH)laY - M. , illJM, 
1$7. 

i I 
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l+<t+%' = yiW slit) (tlvi')~~•)-! \~)W\): '.1,.., 

~e. ~'=½tw+~..-ui.L) . ➔, \ , ... -+ ~, 
. • W =- \W+V-Uhu 

i . . 2. . . . (\tlJ.\d>lrl~)4 
8To ypaBHeHHe ,uonycxaeT ecTeCTB8HHYIO 3aDHCb Ha paBHOM8pHOR 
(B npocTp8.HCTBe CKOp0CTell) ceTKe, TO eCTb ,ItJIH Hero npocTO no
CTpOHTb pa3HOCTHYI> cxeMy. TaKa.fl cxeMa JIBJI.fJ0TC.fJ DOJIHOCTbro KOHcep
BaTHBHOR n: He Tpe6yeT HmtaKn:x HCRYCCTB8HHhllC npn:eMOB ,ItJIH BlililOJIHe

HH.R 38KOHOB coxp8H8HHS. 
C DOMOtlll:,B) npe,ItJIOllt0HHOR pa3HOCTHOR CX~MI,J ( §4-§5 TJiaBb! I ) 

HCCJI8,UOBaJIHCb sa.na~H O npocTpaHCTB8HHO-O,llHOp0,llHOR peJiaKcamm 
( § 5) , o qipOHT8 CT8QHOHapHott y,uapHoR _BOJIHb! ( §6-8) H O nop:JIHe 
( §9 ). Han:60JI1:,mee BHl!MaHn:e.6b!Jio y,ueJieHo 3a;nat1e o qipoaTe y;napHott 

BOJIHN, 
IlocTattOBKa sa,uatiH_o cTaQHOHapHott y;napHott BOJIHe B Mo,neJit:,HoM 

raae BNI'JISJ,UHT cJie,IlYIOmHM-o6paaoM: 

\

v,~~ ~SdW9lu) ~ ( W+I•uii)J(w~~~it.H_· (~)f(w}]-= ':f Cfh, 

i 0 t i l !, (V~LO, X➔+o0)=~~rev~1,.v~ . S2(~;,0,x~-cO)=ITT!!1.4p(:-~~r: 1- ~) 
"-11'1 ,, ' 2. 1. 

3,uecb ltt 1 ; 11.,, ; T1 '2. - MOTHOCTb, cpe,llH.R.R cKopocTb 
I "'1,., I 

H T8MnepaTypa I'B.88 nepe.n H aa qlp0HTOM y)lapHon BOJIHN COOTB8T-

CTB6HHO. 
~HCJI8HH08 pemeHHe 3TO~ aa,natiH HCKaJIOCb M8TO,UOM ycTaHOBJI8HHSI 

KaK pemeHn:e CJI8)1Yl>t11eR sa)latiH KomH: 

\

~- '£± 
tot +Vx~~ = 1em. 
~(~ ){~Ot=0)= _!L 4pC lVt¼)

1+\'l:J '.flv XL~·b:o):.!'.!!-.e,y.o[(Vt-Uul.+il 
' , 2rr. t 2.,; ~J, . > 2trT7.. 1[ 2T2. J 

CTa~n:oHapHoe pememie noJIYtiaeTCH B ,peayJI1:,TaTe HTepaQHR (ma-

roB no BpeMeHH) OT HatlaJII:,HOro paapt:ma. ll;r.H DOJIYli0HH$i x9pomo 
YCT8HOBHBID0I'OC8 pemeHH.fl Tpe6yeTCSI Ilp0B8;It8HH8 200-400 HTepaQHR. 
MH CT.IHT88M pemeHn:e YCTaHOBHBIDHMCH, KOI',Ua 3H8118HHSI DOTOKOB Maces,' 
llMilYJibCa H aHeprHH OTJIHtlaIOTCH He C>oJiee, tleM Ha HeCKOJibKO npoQeH-
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TOB OT paBHOBecm,oc 311atiemtii cooTBeTCTBYilllIIDC noTOKOB. PacqeTLT 
npoBO,ItHJIHCb ,wisr BOJIH pasHoR mrreHCHBHOCTH; qHcJio Maxa BOJIHN 
( ,M_:: .~.(Ct,. ; , . C, ~~ CKOpoCTb 3BYKa B rase nepe,n lf)poHTOM y,nap
HOR BOJIHl:l) BapbHpoB8JIOCb OT M. =2 ,no' JIL-= oO. PacqeTLT npoao

,nwincb, wr,11. r~~a: MaKCBerio_acxmc MoJieKYJI ~ lU 19)= go. \•uf(~-})+8(8+{)) 
H ,:i.nsr rasa. -qacT~, ·. B3a~o,neRcTBYIJll!HX xax TBep.ru,re mapN! 

. fflU,9)-=.ititr½-wt~{>fe{e,-tJ)] (BCK),llY U =IU\ - MO,llYJib OTHOCH:.. 
TeJibHOR·CKOpOCTH CTaJIKHBaJOlllIDCC.fl qacTHq). PesyJibTaTLT npoae,neHHNX 
pacqeTOB .. o'.Cic~TCH .i3 §8 ~- TaM llt8 npoBO,UHTC.fl cpaBHeHH8 'llHCJieH
HOI'O. peme111ii. C _IlpHCSJimt8ffi.iblM aHMHT~eCKHM paneHHeM MoTT-CMHTa 

(G-==-xlr· .. ··Bo: ·~cex: 'cnyqa.mc qHCJieHHoe pemeHHe nonyqaeTC.fl tSoJiee 
DOJIOrHM;.tte)i·pemetme MOTT~HTa. B cnyqae y,napHoR BOJIHLT tSecxo

~eqHo~ HHT:e~c~il:ocTH ( M.= oo .) pacxoJK,neHHe no mnpHHe BOJIHLT 
r . · :c_o.c~aBJI.fl8'1' nopsr,nxa 50 % ( r={n1-n,) /(%~} ... IAJI, 

:r,ne -(dn/cAx)_ witA.IX. · -. MaxcHManbHLTR rpa,nHeHT B BOJIHe). 
.PacqeTLT sa,naqH O CTPYKTYpe y,napHOR BOJIHLT C DOMOll!bK) pery

JISip:1-.oro ·MeTo,na IIOTpetSOBaJIH tSom,moro o(n;eMa BbNHCJIHTeJibHOii patSoTbl, 
Ta:K xax ·B ~TOM •cmyijae ~eJibD 6wio noJiyqH'ib xax MOlKHO 6oJiee Toqm,re 

' .. . ' . 

pesyJibT8Tbl ll,lIH_npoaepKH CYll!eCTBYIOll!8I'O mHpOKO HCDOJib3Y8MOI'O npH-
tSJimt8HHO_!'O' pemeH~.fl. )l.nSJ DOJiyqetmsr MaKCHMaJibHO TOqHoro pemeHH.fl 
CSWia npoBe,neHa:C8PHH

0

pacqeTOB Ha pasJI~Hl,JX C8TKSX, B TOM ql'lcJie 
,~ oqem, no,npotSHLTX ( . §9) • 

!)raaa·aTopasr "YpaaHeHne CMoJiyxoacxoro. 3a,naqa o xoarynsr
W.OHHOM qiasoBOM nepexo,ne H KY.H€TJN8CKasr MO,IteJib arpera~IDI B ,ItByX
KOMDOH8HTH08 CHCTeMe" COCTOHT HS 5 naparpB.lpOB. 

B §I BBo,nHTcH ypaBHeHne CMoJiyXoBcxoro. 
PacCMOTpl'IM CHCTeMy fi qacTHq C MaCCaMH m1, ... , m,4 , 

cnoco6HHX BCTynaTb B napm.re BSaHMo,neRCTBH.fl. BsaHMo,neRcTBHe 
M8lK,llY qacTHqaMH, llM8DlllHMH MaCCbl h'lt l'I l'YIJ , npv.BO,UHT K 
TOMY, qTo OHH CJIJ!IJaDTCH, TO 8CTb oCSpasyioT qacT~ C MaccoR 
( ty\~ ~ hid ) . BepoSJTHOCTb TaKoro CJIHDaHl'I.fl B 8,ItHH~ Bp8M8Hll xa

paKT8pH3Y8TC.fl H,npoM ~lm· 'll'Ii), np~eM Falm~, m<l):: ,tm~h'I,), 
B npe,neJie ..Jf ~ oO ..,CHCTeMY MOlltHO OilHCaTb 4lYH~en pacnpe-

,IteJI8HH.fl \'\. ( tr, 
1 
°'4:) , BbTpruummeR IlJIOTHOCTb qJ,tCJia qacTHq C 

MaccoR h, B MOMeHT BpeMeHH l 
~n(rn' 1 rri (;IJ 

to-l:. '1 -= i J dm' ~ (tn-rn'> tn') h(m-m')hlm1}-11(tti))dm'~m,mj n lm') 
0 0 

o,m£oo 
1 
t>O 

i 

'I) I ' 
l ·, 

! 
I 
''.( '.! 

-~ 
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B §2 paccM!tTpHB88TC.fl ypaBH8HH8 CMOJiyXOBCKOro C SJ,npoM, npo
no~OHMbHblM npoH3B8,U8HHD Mace CT8JIKHB8.R>UlHXC.fl qacTHq: 

Mm,m')::,Mn m' . ,ll,nsr Taxoro cJIYqaSJ ypaBHeHHH CMoJiyXoBcxoro aHa-
HHTJ-NecKoe pemeHH8 6b!JIO Bbll1HCaHo cpaBHHT0JlbHO He,naBHO. • 
0Ka3miaeTcsr,qTo pemeHH8 3TOro ypaBH0HHsr, HaqHHa.fl C H8KOToporo 

MOM8HTa BpeMeHH t = -1::* ' o6patllaeT B 6eCKOHeqHOCTb ace MOM8H-

TLT 'PYHKQHH' pacnpe,neJieHH.fl' HaqHHa.fl co BTOpoI'O ( n ~ 2. ' 
.M..,(i):~d.t,,imn. h(tr!,i) ) • no BceR BH,UHMOCTH STO pemeHl'!8 npH 
f > t: HeqJHSJ,NHO H ypaBHeHH8 . CMOJiyXOBCKOI'O He ODHCb!BaeT 

CHCT8MY npH t. >4· . BcTaIOT 8CT8CTB8HHbJe Bonpocb!: 
I) noqeMy ypaBH8HH8 nepecTaeT ODHCb!BaTb Cl'ICTeMy CJIHilaR>ll!IDCC.fl qac

THq, HaqIDfaSJ C H8KOTOpoI'O MOM8HT8 BpeMeHH t* ' 2) KaK npo
,UOJDKHTb pemeHHe B o6JiaCTb t > t,.. ? B JIHTepaType Ha cero,n
H.AlllHHR ,neHb. cymeCTBYIOT ,nBa pemeHll.fl aa,naqu ll,llll 

}l;,ISJ TOI'O,qTO()bl DOCMOTP8Tb,qTo peaJibHO npoHCXO,UHT,B CHCTe
Me 60JibfilOI'O' HO KOH8t.lHOI'O qucJia nomipHO CJIHIJB.R)ll!HXC.fl qacTHtl, B 
,ItaHHOR patSoTe npoQecc K08I'YJI.!!'QHH MO,U8JIHPOB8JIC.fl C no~Oll!bR) M8Tona 
MoHTe-KaPJIO. IlpoaeneHO cpaBH0HH8 peSYJibTaTOB MO,U8JIHp0B8.HHSI C 
cymeCTByR)ll!HMHaH8J1HT~8CKHMH pemeHH.llMH {§ 2). 

B §3-§5 paccMaTpuaaeTcsr ~nHeTuqec~aH Mo,neHb arperaQHH 
B ,n~yX~OMilOH8HTHOR CHCTeMe IlOJIHB8.J18HTHb!X qaCTfill. 

~H3J,N8CKa.fl MO,UeJib aana~H B03HHKJia Y 3KCil8pHMeHTaTOpOB -
HMMYHOJIOI'OB B peayJibTaTe H3yq8HH.fl npoQecca aI'I'JIR)TIDi~HH KJI0TOK 
aHTHTGJiaMl'I. ( ArrHIOTHHa.QHeR B HMMYHOJiorHH HasbraaDT npoQecc arpe
r~HH O,nttoro copTa qacTfill 3a cqeT HX "cmuBKH" qacTHqaMH ,npyroro 
copTa). · 

CxeMaTWlHO nocTaHOBKY aa,naqH MOlltHO onucaTb CHe,nyioml-lM o6pa
aoM: B HaqaJibHblit MoMeHT BpeMeHH ( t =0) B CHCTeMe HMeIOTCH·qac
THilbl ,UBYX copTOB: IlOHHBM8HTHLT8 qacTHqbl (Ha30BeM HX KJ18TKBMH) 
1'I ,UByXBM8HTHLTe qacTHql,l (HaaOBeM STOT COpT qacT~ JIHraH,UOM). 
KneTKH no paaMepy aHaqHTeJibHO xpynHee qacTHq HHraH,na. KneTKH 
cnoco6HN coe,ntIBHTbCH B o6paaoBaHHH 6oJibmmc paaMepoB (arperaTN) 
nocpe,ncTBOM t.l8CTHq JIHI'aH~a. B 3TOM CJIYqae JIHI'aH,U urpaeT poJib 
"QeMeHTa" ,Msr KJieTOih B CHCTeMe napanJieJibHO H,llYT ,naa npoQecca: 
CB.fl3HBaHH8 qacTt!Q JIHraH,na C RJieTK8.MH H 11 CJilmaHHe" KJI8TOK Bar
peraTN (§ 3). B pa6oTe sTOT npoqecc onucLTBaeTCH c noMOll!bIO CHC
TeM~ ypaBH8HHR, OCHOBHb!M B KOTopon HBJI.fl0TC.fl ypaBH8HY.e CMOJIYXOB
CKOI'O ,n.,sr R0~8HTP~Hl'I KJI8TOK B C~CTeMe. MaTeMaTmecKaSJ nocTa
HOBKa sa,nat.111 B!,JJJHCaHa B § 3. TaM l!t8 OI'OBapHBaJOTCSJ ,norcymeHJffl npH 



IO 

Hammamm Mo,neim. B § 4 noJiyirnHo aHaJrnTmecr<oe pemeHue_ npe,11Jio
~eHHoA MO,lleJili. Pe:neHue ,naeT 38BliCMMOCTb OT"BpeMeHU KO~eHTp~~li 

arperaTOB u KJieTor< { .N"ll) ) B cucTeMe B saBucUMocTu OT cooT
HomeHu.fl' KOHQeHTp~lili KJI8TOK H ROHQeHTp~lili JiliraH~a B HaqaJibHl,111 
MoMeHT BpeMeHH { e.: J.I,, {O) / JI (o) ) . J:{eJio B TOM, qTo r<ar< np11 
He,nocTaTr<e JIHraH,na B cucTeMe, Tar< u np11 ero us6mr<e, 06pasoBaH11e 
arperaTOB l13 RJI8TOK B CliCTeMe H8B03MOl!tHO, l1 JIWilb B HeKOTOpoA 06-
JiaCTli cooTHomeHR8 £ { E. = .Mi (r)) / N(o) ) BosM01KHa arper~H.fl' B 

CliCTeMe. 
B § 5 npoBO,llHTC.fl' cpaBH8HHe aHaJIHTlftl8CKHX pesyJibTaTOB C 3KC

nepMMeHTaJibHblMli ,118.HHblMM no aI'I'JIIOTHH~m1 6ar<TepHaJibHb!X RJI8TOK 

8aci,,titls st18itel.s 6HBaJieHTHblMn aaTUTeJiaMH :!9 r; 
MaTeMaTmecr<a.fl' Mo,neJib npe,ncr<asbTBaeT pesr<HA noporoB~TR xapar<Tep 
peaKqHH arrJIIOTl1H~liH B CHCTeMe. 8TO COOTBeTCTBY8T 3KCnepHMeH
T8JibHO Ha6JI10,naeMblM saROHOMepHOCTJiM: BH3YaJibHbT8 MHRpOCKOil!N8CKH8 
Ha6JII0,118Hl1.fl' nor<a3bTB8lOT, qTo He6oJibmoe l13MSH8HHe C, (npHMepHO 
B ,nBa pasa} npHBO,llHT Y. pesROMY (B IOO-IOOO pas} M3M8H8HHIO pas
MepoB arperaTOB B peaKql10HHOA CMSCY.. AI-iaJIHTl{qSCKOe pemeH11e Tamite 

xopomo npe,ncKasbIBaeT rpaH~~ arrJI10THH~1111. 
TaKHM o6pasoM, MOl!tHO cq11TaTb,qTo nOJIYtleHHa.fl' RF!H8TIBISCKaSJ 

M0,118Jlb KatleCTB8HHO onucbTBaeT npo~ecc 8I'I'JIIOTl1H~l111, TO 8CTb OCHOB
HbTe !f,aKTOpbI, BJIHSOO!UH8 Ha arI'JIIOTliH~UIO B peMbHblX Cl1CT8Max YtlT8Hhl 
npaBUJibHO. )J.nSJ DOJ!Ytl9HH.fl' 6oJiee ,neTSJibHOI'O COBna,neHUSJ aH8Jil1Tw:leC
ROro pemeHHSJ C 3KCnepMMeHTaJibHblM B03MOlltHO ,llMbHeRmee yToqHeHue 

M0,118Jili Ha OCHOBe HOBb!X 3RCnepMMeHTaJibHblX ,118HffiJJC. 

TpeTb.fl' rJiaBa "YpaBH9Hl18 nepeHoca HSATpHHO C yqeTOM RBaHTO

BOA CTaTUCTHKl1. PactreT OCHOBHblX xapar<TepUCTliK HeATpHHHOI'O ViM

nyJibC8 OT KOJIJianCHPYIOmeA 3B83,llbl B ,mripliys110HHOM np116JiliD!t8Hlil1" 

COCTOMT l13 4-x naparpa!f,oB. 
B §I onucbIBaeTCSJ ~H3IBl8CRa.fl' MO,lleJib liCCJie,llYeMOI'O npoQecca, 

Bb!IIMCbIBaeTC.fl' M8T8M8Tw:!8CKaSJ nocTaHOBK8 sa,natrM. OcHOBHblM ypaBHe
Hli8M B MaTeMaTIBl8CKOA nocTaHOBKe SJBJISJ8TC.fl' HeJimfettffoe ypaBH8HH8 
nepeHoca HeATpliHO, BblIIMCaHHoe C yqeTOM KBaHTOBOA CT8TliCTmtli. 

TeopeTmecr<aSJ OQeHRa 38KOH8 l13J!Ytl8Hli.fl' HeRTpliHO npM HeATpO
Hli3~lili BemecTBa B r<oJIJiancupYIOseA sBes,ne - o,nHa l13 RJiaccmecr<mc 
sa,naq HeATpMHHOR acTpO!f,l13l1KH. PemeHHIO STOA sa,natrH B pa.MKax pas
JIHtlHb!X ~Hsmecr<mc MO,lleJieA TIOCB.fl'm8HO 6oJibID08 qHCJIO pa6oT. B ,naH
HOA pa6oTe npHB0,1111TC.fl' no,npo6HhlA BbIB0,11 ,lll1~3liOHHOI'O npu6JIIDKSHH.fl' 

paccMaTpHBaeMoA sa,natrM B paMRax o6~HoA npoQe,nypbI qenMeHa-3Hc-

II 
ROI'a { § 2 ). 

Ilo,nqepRffYTO,qTo Bsam.io,neACTBH8 HeRTpHHO C Bbipol!Ql8HHblMU 
3Jl8I<Tp0Ha.MH He ,naeT BRJia,na B K03~li9HT ,11Hq(pY3liH. Ilepexo.n R 
,llli~3liOHHOMY npu6Jimt8HIDO Il03BOJI.fl'8T CB8CTl1 sa,naqy K CliCTeMe ,llByX 
H8JIUHeAHblX ypaBHeHR8 B qacTHUX Ilp0li3BO,llH1,DC, tlMCJieHHoe pemeHMe 
KOTOpbIX YJK8 COBCeM npoCTO (COOTB8TCTBYIOU18SJ M8TO,llliR8 l1 p83YBbTaTbI 
Oill1C8HbI B § 3 }. 0Ka3HBaeTC.fl', O,nHaRo, tlTO sa,naqa ,nonycr<aeT ,llaJib
HeAmue ynpomeHMSJ li M028T 6HTb CB8,lleHa K O,llHOMY HeJIHHeAHOMY y~aB
HeHmo napa60JIUtleCROro TMIIa, V.M810t1I9My B COOTBSTCTBYIOmHX 6espas

M8E.,_Hb!X nepeMeHHL?X BH,11 i 
t?Jvl 1 'd z.2 r;Jv 

10t : Z2~.9{it)~'l: 
Tar<MM o6pasoM, B CJiyqae BbICOKIDC IlJIOTHOCTeR pemettue B8CbM8 

rpoM03,llROA sa,naq:11 MO~eT 6HTb ,llOB8,118HO ,no OtlSHb npoCTbtlC SJBHbTX 
~pMyJI. J)laH~eA npMMeHMMOCTH 3TliX ~pMYJI, Bbip81KaJOmmc CTeneHHoA 
(no BpeMeHu) sar<oH HeRTpUHHoro usJiyqeHM.fl' sBes~r, cJie,nyeT cqwraTb 
3HaqeHH.fl' IlJIOTHOCTM B ~eHTpe 3Bes,IU,l nopSI,IIKa IO 3-I014 r/cM3 , 
3RCTpanoJI,R'Ql'l.fl' Ha C5oJiee Hli3KHe IlJIOTHOCTH MOJKST HOCHTb JIMmb Ka
qecTBeHHbllt xapaKTep. PasyMeeTCSJ, 3TO cnpaBe,llJIHBO TOJibRO B p81!r<ax 
paccMaTpHBaeMoA !f,HsmecKoA Mo,neJiu. 

~3}fOHHaSJ M0,11€Jlb Il03BOJISJ8T OTIMCaTb JIMIDb rpy6ble xapaR
TepMCTHKM (mrreHCMBHOCTb, cpe.wnoro aHeprHIO} HenTpHHHoro l13JlyqeHl1.IJ 
npu )lOCTaToqHo BblCOKHX IlJIOTHOCT.!DC, HO, B03MO~O Otta OKruiteTCSJ 
IlOJI93HOA B RaqecTBe opneHTupa 11 npl1 npoBe,neHHF! C5oJiee )lSTaJlbHbIX 
KHH8Tlitl8CR:11X pacqeTOB. 

B saKmoqeHMH cJopMyJI11poBaHbI OCHOBHbie pesyJibT8Tbl ,llHCCepT~l1li. 

I. BbITIOJIHeHa cep11n qHc~eHHbtlC pactreTOB npocTpaHCTBSHHO O,llHO
po,nHOif peJiaRC~~m nceB,noMaRcBeJIJIOBCKOI'O rasa MeTO)lOM Bep,na. 
IlpoBS,llSHO no,npo6Hoe cpaBH8HHe noJI:rtteHHblX qucJieHHHX pesyJibTaTOB 
C TOqHbJMM aHaJIHTmecKMMH CJie,nCTBHJ'lMl1 ypaBHSHHSJ BoJibQMaHa (MOMSH
Ta.Ml1 !pYH}(qM.t pacnpe,neJieHmJ H "HOpMMbHblMH ROOp,lll1HaT8.Ml1"). 

2. IlocTpoeH peryJISipHblff q11cJieHH!:1tt MeT0,11 pacqeTa ,11BYM8PHOI'O 
ypaBHeHM.fl' BoJibI~Matta C ceqeHHeM pacce.RHH.IJ CDGqliMbHOI'O BH,na 

O'lL(,&):O'{U)•t [8(G-{)+8(8-+ "f )] · 
3. C IlOMO~bIO pery~.fl'PHOI'O qHCJISHHOro MeTO,lla HCCJI8,110BaJiaCb 

sa,11aqa O CTPYKType ~p0HT8 y,napHOA BOJIHbI npOH3BOJlbHOA HHT8HC11BHOC
TH B ,llBYMSPHOM 6oJI~8HOBCKOM raae. PesyJibTaTbI p~cqeTOB 6wrn l1C
IlOJlb30~aHb~ ,llJI.R' npoBepKli TOqHOCTH npu6JI'lt'it9HHOI'O aHaJIHTIN9CKOI'O 
pemeHHSJ MoTT-CMHTa. C,neJiaH BbTB0,11,qTo B CJiyqae y,napHoR BOJIHbT 6ec-
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KOHeqHoR HHTSHCHDHOCTH pemeHHB MoTT-CM~Ta He MO.lKBT cquTaTbCfl xo
pomJ.!M npu6JIID!t8HV.SM pemeHHfl aa,naqu O CT~HOHapHOR y,napHoil BOJIHe 
(TaK KaK pe.cxo~eHue 3Toro pemeHHR c qucneHHW pemeHueM no mupu
He BOJIHbT COCTaBJIRBT OKOJIO 50 % ) • 

4. IIpe,ItJIOJKaHa MaTeMaTuqecKaR Mo,nenb npoqecca arper~UH B 
,IlBYXKOMnOHSHTHOl1 CHCTeMe nOJIHBMSHTHb!X qacTHq. IIocTpoeHo aHMM
TuqecKoe pemeHue o~oro H3 BapMaHTOB MO,IleJIH. AHaJIMTll'iSCKMe pe-
3YJibT8Tbl cpaBHHBMHCb C 3KCnepHMeHTMbHb1MH ,IlaHffi>JMH no arrJIIOTH
HaqHH 6aKTepuil aHTHTSJiaMH. TaKoe cpaBHSHMe npo,neMOHCTpup0BaJIO 
xopomee KaqecTBSHHOe COBna,neHHe TeopeTt-NSCKHX H 3KCnepmAeHTMb
HblX :KpHBbTX. 

5. IlpuBe,neH no,npo6mi1ii Bb!Bo,n ,nuqxpyauoHHoro npv.6mt'Kemrn aa
,naqu O nepeHOCe HeRTpHHO B Bb!pO~eHHOM BSUlSCTBe KOJIJianCMPYIOlllSil 
3B83,IU,T Ha 38KJI!OqHTBnbHOil CT8,IlHH ee paaBHTHR. Ilonytl8Hh1 38BHCH
MOCTH OT BpeMSHJ1 OCHOBHbTX xapaKTepHCTHK Hel1TpHHHOro mAnyJibCa OT 
3B83,IU,T, a J.!MSHHO TIOTOKa qucJia HeilTpmiO OT 3B83,IU,T H me cpe~eil 
3Heprm1. BbIDHCaHO TaK.lK8 aBTOMO,nem,Hoe pemeHue B6Jiii3H rpaHHqbl 
3B83,lll>I, KOTOpoe nosDOJiflST aHaJIV.THqecKH non.yqHTb xapaKTepHCTHKH 
Hel1TpHHHOro '.HMilYJibCa OT 3B83,lll>I. 
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