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OEmAA XAPAKTEPI1CTHKA PAEOThl 

AKTvaJibHOCTh TeMhl µ,nccepTaI.UIH: 
C03,UaHHe omw-1eCKHX KBaHT0BLIX renepaTOp0B (na3epon) 0TKpLIJI0 H0BYJO 

3noxy B pa3BHTHH 0ilTHKll. B rrpouecce TCXHH'ICCK0r0 0CB0emu1_ KorepeHTHoro 
omHIJecKoro H3JiytJCHIDr pHJJ:0M c pa,uno3neicrpom1Koii so3nui<ir"a ·011TH1IecKM 
3JICicrp0HHKa. Pa,uHKaJibHLIM nyreM MHKp0MIIHHaTIOpH3a[(Irn .. ·11 HHTerpai..utH 
OilT03.i:Ieicrp0HHhIX yCTpOHCTB H CIICTCM HBJIHeTCH nepexo,n. . OT •0·61.eMHOH 
-rpeXMepttofr 0ITTHKH K IlJlaHapHoii .IlBYMepttoii 0ITTHKe, n KOTOpoii CB~TOBhie TifIKH II 
BCC 0IITH'lCCKHe yc-rpoiicTBa cocpe,u0T0IJeHhI B TOHK0M cnoe C TOJllll.HHOH II0p}l)lKa . -6 ·. 
,llJIHHhI CBeTOBOH B0JIHhl ( }. ::=:< 0 .5 X 10 M ) . 

TinattapHM 0IITIIKa npar<nNeCKH pea11:1nyeTCH ua 0CH0Be Hecym.Hx 
nonepXH0CTHhie B0JIHhl IIJiaHapHLIX 0ilTifllCCKllX B0JIH0B()J.(0B, K0TOphle 
BbIIl0JIHHIOTCJI B BM,n.e T0HK0ro J.(H3JieKTpH'leCK0ro CJIOH, HMe10111e.ro .. Il0Ka3aTeJih 
npenoMJieHIIH 6om,UIHH, 'IeM orropHM )].II3Jieicrptt'leCKM ·Il0.Zl.fl0)l(Ka, 
Il0.Zl.J.(ep)l(HBaIOlll.M 3T0T CJI0H. Y'IaCTKH nnattapHblX B0JIH0B0J.(0B, · HMeIOurne 
C00TBeTCTByIOIIlYJO KOHqm:rypau,H.IO TOJllllHllhi, M0fYT Bhlll0JIHJITh cpyHKI.{HH 
3JieMeHTOB, Y3JI0B, ycrpottCTB 11 IDITerpam,HhIX cxeM. 

TipHHlJ,HilHaJihH0H HBJI}le'fC}l npo6neMa 06l,c.n11ttemrn 0T,UeJibHbIX. IlJiaHapHbIX 
0TITiflleCKHX 3JleMeHT0B H Y3JI0B B e,nHHyro cxeMy H C0BMeCTHM0CTH 3THX 3neM~HTOB 
c .npymMM KaK oIITif'IeCKIIMH; TaK 11 He orrruqecKHMH Y3JiaMH. Ee pernemrn ,KJ;J.YT KaK 
Ha nym C03.Zl.aHHH MHOroCJI0HHLIX CTpYKTYP, o6be.n;HHeHHLIX o6m.eii IlO.lUIQ)KKOH M 
BLIIT0JIHHIOIIlHX CJI0,KHhie 0ilTHIJCCI(He qlyttKlJ,Hll, TaK H Ha IlYTH HCTI0nb30BaHHH 
B0JI0K0HHbIX 0IITH'IeCKHX B0JIH0B0,ll.0B. O.Zl.HHM H3 onpe.n;eJIID0IIlHX. cpaKTopoB 
.ll,aJibHettIIIero pa3BHTHH . HHTerpaJibHOH 0IITHKH HBnHeTCll C0BepUieHCTBOBaHHe 
TeXH0JI0fHH H3fOT0BJICHHH ee 3neMeHT0B, C03JJ.aHHe Ha,[{e,KHbTX MeTOJJ.HK K0HTJ)0JI.ll 
rrapaMCTJ)0B H3fOT0BJieHHbIX 3JieMeHTOB. 

HarrhIJICHHe TOHKHX IIJieH0K - O,ll.Ha 113 HaH6onee BIDICHhIX TeXHonornii 
H3fOT0BnettH}l 0IIT03Jieicrp0HHhIX ycYpOHCTB. Oce.n;aiomee BCII.{eCTB0 
K0H.ll,eHCHpyeTCH Ha Il0.D:JI0X<Ky H3 ra30BOH qla3hl B BaKYYMe. 3qicpeI<TbI 
3Kpam1p0BaHllil M0rYT 6h!Th HCil0J1b30BaHLI .Zl.JlH K0HYp0JI}l rrpocpHJI}l rnnm.ntthl 
HanhIJieHHoro CJI0H. <l>aKTbl HaIIhIJieHID[ IIJieH0K C XOJIM006pa3HblM . rrpocpHJieM 
TOnlll.MHhl 4epe3 3KpaHHpYJOIIlHe MaCKH C K0HH'leCKHM OTBepCTHeM xopomo 
H3BeCTHhI. O.Zl.HaKO tteo6xO.ll,HMOCTb npaBHJIJ.,HOH 3B0JIIO[(HH q>a30Boro qipmrra 
0IITll'IeCK0f0 CHrHana npH npoX0)l(.Zl.CHHH qepe3 T0HKorrneH0'IHhie B0JIH0Be.nym.tte 
K0Mil0HeHTJ.,I rrpe.D:CTitBJIHeT BhIC0I<He Ype6oBaHHH K npocpHJIIO T0JIIIlHIILI 
HaJJhIJiennoii m1eHKH. TaKue CTporne -rpe6oBaHIDr TPY.Zl.H0 o6ecrre'IHTh, rroKa ne 
C03J.(aHa Teopem'iCCKaH M0JJ.eJib 3KJ)aHIIpYeMoro HaIJbIJieHIIH. Pa3pa6oTKa TaKOH 
M0JJ.enn H ee 3KCIIepHMeHTaJihHOH nponepKe MeT0JJ.0M Bbl'fHCJJIITeJILH0r0 
3KCnepHMeHTa H IT0CBHlll.eHa .n11cceprauIDI CeBaCTLHHOBa JI.A. «MaTel\faTH'IeCKaH 
M0.ll,enh 3KJ)aHHpyeMoro HaJlbIJieHIUI: Bbl'IHCJIHTenhHbfH 3KCIIep11MeHT, 

HCilOJ1b3YJOIUHH pe3ynblfEJo1t1n1!gN?C ~~~t®Wffl6(». r - ~. e.;1.,,. 1.!1,~ 1 Hal•~Al 
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B pa6ore peU1aercH npaKIWiecKrui., 3a.D.a<Ja 'H3roToBneHIDI 3Kpaimpy10meii 
MaCKH, qepe3 KOTOPYIO Ha qmKCHpOBaHHOH Haill,UIHTenbHOH yCTaHOBKe MO)KH0 
nonyq1nh 6e3a6eppaUHOHHYfO TOHKonneuo1rnyro nHH3y JlroHe6epra. ,[{JUI peU1eHJU1 
3TOH 3a.zi.aqH B pa60Te pellieHa TeOpeTH'leCKM 3a,naqa pa3pa6oTKH MaTeMaTH'leCKOH 
Mo.nemI JKpaHHpyeMoro HanhmeHIDI. 

llMb pa60Tb1: · 
Uenh pa60Th1 - ,nBynnattoBaH. B TeopeTHTiecKoM nnaue -rpe6osanocb 

pinpa60TI1Tb MaTeM.aTH'leCKYfO Mo.nenb 3cpcpeKTOB 3KpattHpOBaHJUI B npouecce 
BaK)')'MH0rO · HammeHHSI (mmrnx nneHOK), -rpe6oBanOCb TaK)Ke B paMKaX 
pa3pa60TaHH0H . MO.!{CJIH peIIIHTb ( o6paTH)'lO) 3a.!{a'ly CHHTe3a cpOpMbI OTBepCTIIH 
'3KpaHnpyrou£eii ·MaCICH no 3a.D.aHHOMY npocpamo TOJIIUHHbI HaTihIIDieMoro CJIO.ll. B 
npaKTH'leCK0M IIJiaHe -rpe6oBanOCb H3fOTOBHTb MaCKY c Bbl'lHCJieHHOH cpopMOH 

. OTBepCTIIH, nposeCTH . HanbIJIHTeJTI,HbIH . 3KCIIepnMeHT H y6e,nHTbCH, 
(npo,nHarHOCTHIUlPOBaTh) B TO'IlIOM COBna,neHIDI ttammeHHoro CJI0H C 3a.D.aHHbIM 
3apauee ( CHHTe3HpOBaHHbIM) B paMKax H3MepHTeJibHO.ii Mo.n:enH. MareMarnqecKM 
M0.!{eJTb H3Mepemrii . .!{0mICHa fo,ITb e,nRH0H .11,JUI CHHre3a H .!{HarH0CTIIKH 
nmumoueperyIDipHbIX MH0r0CJI0HHblX TOHKonneH0'lHbTX .!{H3IleK-rpH1ICCKHX 
B0JIHOB0.llOB. 

Uen1, TeoperHTieCKM .noCTIIrttyra cpopMynHpOBKOH H Hccne.noBaHHeM 
MaTet.mTHTieCKOH M0,lleJIH 3KpaHHpyeMoro HanbIIlemui; cpOpMynupOBKOH H 
perne1meM HeKoppeKTHbIX 3a.zi.aq B0CCTaH0BileHHH qJJHKIIHH HCT0'lHHKa H CHIITe3a 
3KpaHHpYfOW.eii MacKH; noKa3aHa .ll0CTH)KHM0CTb C 3a.D.aHH0H T0'lH0CTblO 3a,naHH0f0 
npocpHJIH T0JIIQHHbl Hant.meHH0ro CJI0H. . 

' TTpaicrH'lCCKM ueJib .ll0CTHraeTCH MeTO,ll.0M BbI'IHCJIHTenhHOro 3KcnepnMeHTa, 
BKJIIO'lalOIQero B ce6H B Ka'leCTBe 3Tan0B: pa3pa60TKY MO,ll.eJIH 3KpaHHpyeMoro 
uam,mel1IDl .llJIH CHHTe3a MaCKH; pa3pa60TKY M0.!{eJIJI a,nHa6aTIJYieCKOrO 
pacnp0CTpaHeHHH CBeTa B TIIlaBH0HeperyIDipHbIX nnauapHbIX OilTH'leCKHX 
BOJIHOBO.llaX ,llJUI. CHHTe3a H ,nHarHOCTHKH uam,meHHbIX .llH3JieK-rpH1leCKHX nneHoK; 
pemeHHe rrpHMbIX H o6paTHbIX 3a,naq (npoeKTHpoBamrn o6MKTOB H 'IHCJieHH0r0 
npe,n.CKa3aHHH HX cpyHKIIHOHHpoBaHHH) auanH3a H CHIITe3a. 

Hay1JHaH HOBH3Ha: 

TToCTpOeHa MareMaTH'JeCKaH M0,D.eJib o6neMHOro 31-.,"J)aHHpoBaHH.H 
ueB3aH.Mo,n.eHCTBYfOIQHX K0prrycKyIDipHblX II0TOK0B B cnyqae MaCOK H nO.llJIO)KCK 
pa3JIH'IHbIX cpopM (B TOM llHCJie H Il3MeH.!IIOI1UIXCH co speMeHeM). 

TToc-rpoeua MareMamtJeCKM Mo,11.em o6oeMuoro 3KpiurnpoBaHHH JJlIH 
peaJibHbIX rrpoueccoB uarn.meHHH . C B3aH.MO)l:CHCTBYfOIUH..\lH IIOTOKaMH. TTepexo.n. K 
yKa3aHHOH MO,D.enH OT T0'lHOll MOJ:(eJIH ,llJUI. HeB3aH.MO,D.eHCTB)'IOIUUX TI0TOK0B 
0CH0BaH Ha B03MO>KHOCTU OTo6pa>KeHHH q>aKTOpoB B3aUM0.neiiCTBHH BBe.n:emieM 
HOBOro IIOH.HTIIH -,- 3cJ,cpeKTHBHoro pacnpe,n.eJieHHH IIOTOKa. 

Cym.ecrnoBaHHe 3q>q>eKTHBHOro pacrrpe.neneHHH (no KpaiiHeii Mepe, ;:um 
orpaHU'leHH0ro MHO>KeCTBa napaMe-rpOB 3KpaIIHP)'IOIIIHX MacoK H q>HKCHposammro 
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pe)KHMa pa60Tbl uanbillHTeilbH0H ycTaHOBKH) o60CHOBaHO KaK Ha cpopMaJibHO 
MaTeMaTH'JeCKOM, TaK H Ha <pH3H'leCKOM yp0BHe. YKa3aHbl KpUTeplrn ero 
cyruecTB0BaHHH. 

.[{nn Bcex paccMo-rpeum,1x cnyqaeB MaTeMamqecKM M0,n.eJib e.n1moo6pa3Ha -
HHTerpanbH0e ypaBuem1e, HBJUUOIIIeecn onepaTopm1M ypasHeHHeM nepsoro po,n.a 

f dhA(b,c)X(b+c,b) = Y(c). 

B M0.lleJIH HeH3BeCTHbIMH HBJI.!IIOTCJI qJJHKUHH MaCKH A(*.*) H cpyttKUHH UCT0'JHHKa 

X(*,*), B CBJI3H C 'leM HMelOTCH ,11.Be o6paTHbie 3a,naqH: 

- 3a,naqa CHHTe3a napaMe-rpOB MaCKH (OCHOBHM); 

- 3a.zi.aqa onpe.u.eneuHH cpymanm HCT0tJHHKa (scnoMorareJibHaH 3a.zi.aqa). 
IT01<a3atto, TITO Bee npe,n.meCTByromHe Mo.ueJIH 3KpattnpyeMoro HaTibIIleHHH 
JIBJIHIOTC.ll tJaCTHblMH CJIY'JMMH Hameif MO.!{eJm. 

fIOKa3aHa ,n0CTH)KHM0CTb C 3a,nammii T01IHOCTI,JO IlpOH3B0JlhHOH npaBOH 
qacm np.11 npOH3BOJibHOH qiyuKmrn: HCTO'lHHKa. I.e. Il0Ka3aHO, 1ITO Ha 
npOH3BOJibH0H yCTaHOBKe HailhilleHHH cyruecTByeT TaK0H pe)I(HM pa60Tbl H TaKM 
3KpaHHpy!OIUaH MacKa, KOT0pb1e peaJIU3YfOT 3a.D.aHHbIH npoqJHJib HaTibIJieHHOro CJIOH 
CK0Jih yro.n.no TO'IHO. 

O6e 3a,na'IH HBJUUOTC.ll HeKoppeKTHblMH 3a.D.a'laMH C He'T0tJHbIMH ,n.aHHbIMU. 
Pa3pa6oTattbl MeTO,ZJ;bI H anropHTMbI . HX yCT0H'lHBOro pellleHHJI. Bttaqane no 
pe3yJibTaTaM npe.n:BapUTeJibHbIX ua-rypHh!X 3KCrrepHMeHT0B pernaeTCJI 
BCil0MOraTeJibHM 3a.zi.aqa_ 3areM no pe3yJibTaTaM ee perneHIDJ pernaeTCH OCH0BHcUI 
3a.naqa CHHTe3a 3KpaJIBPYIOIIIeii MaCKH. 

IlpaKTH'IecKaH uemtOCTh pa60ThI 3aKJII01laeTC.ll B cne,n.yIOII{eM. 
Peanil30BaH Bbl'lHCJIUTeilbHbIH 3KcnepIIMeHT CHHTe3a 3KpaHHpy10me.ii MaCKH 

no 3a.Il.aIIHOMY npocpHJIIO uanbilleHHoro CilOH, HCnOJib3)'IOIIIHH ,11.aHHbie H3MepeHJIH 
rrpoMe>KJTO'lHhlX (BCIIOMorinem.HbIX) HaIIhlJIH'.feJibHbIX 3KcnepHMeHTOB. 

C IlOM0IIIblO npe,n.meCTBYIOIUHX M0,nene.ii 3KpattHpyeMoro HanbIJieHHH no 
3a.D.aHHOMY npoq>HJIIO 'CJIO.H 61,rria CHHTe3Hposaua o6oeMHM .nByxcerneIITHaH 
(cerMeHTbI KOHH'le°CKHe) MacKa. c· ee IlOMOIIJ.I,JO 61,m rrpoBe)leH HarypHI,IH 
HaTiblJUfTenbHhlH 3KcnepnMeHT. DbIJI H3MepeH rrpoqJHJTb HaTibIJTCHH0ro CJIOH H 6I,mo 
3aqJHKCHpOBaHO paCXO>K,ZJ;eHHe C 3a.D.aHHbIM npoq>HJieM. 

ITo npocpmno Hammettuoro cnon h, H H3Becmoii cpopMe 3KpaHHpyromeii 

MaCKU M, B paMKax pa3pa60TaHHOH MO,D.enH 61,ma BOCCTatt0BJieHa cpyHKUHJI. 

HCTOY.HHKa x, . 3areM no 3a.D.aHH0MY ho H Haii.neHIIOH xi 6bUia CHHTe3HpOBatta 

cpopMa ornepCTHJI 3KpaHHpyiomeii MaCKH M
2
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DbIJI npoBe.n;eH HaTibIJIHTeilbHbIH 3KCrrepHMeHT Ii;'"" . DblJIO TIOKa3aHo, 1IT0 

H3MepeHH.H, np0B0.llHMbie no npHMeH.!IBUIHMCH ·B TO BpeMH MeTO,ll.aM, OKa3aJIHCb 
ne.n:oCTaTO'IHbIMH (no KOJIH'leCTBY H KatJ:eCTBy HHcpOpMaIIHH) .llJIH cpaBHeHIDI C 
npe,D.CKa3aHHHMH 'IHCJieHllbIX 3KCilepHMeHTOB fil."'". 

HaMH pa3pa60TaH 6onee COBeplllt!HHhiii Me'TO.l{ H3Mepemrn BOJIHOBO.llHb!X 
CBOHCTB HallbIJleHHOro CJI0.ll ~ - Me'T0,ll. nyqesoro 30H.lllfpOBaHIDI., -

o6ecrre'lHBaIOIUJIH 3Kcnepm,teHTaJibHble .naHHbie Tµe6yeMoro Ka'leCTBa JI B ny)I(HOM 
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KOJIH'IeCTBe. CMOHTllPOBaHHblH H3MepHTeJlbHO-BhlqHcmrreJibHbIH KOMITJieKC no 
cpororpaQHUIM .rryqeii, CJieJzyH pa3pa60TilHHOMy HaMH anropHTMy, aBTOMaTWieCKH 

cnme:mpyeT cpopMy 3Kpattnpy10m.eii MacKH M,. <l>pe3epoBKa MaCKH iJ,· n 

ttanbmeHHe qepe3 ttee ~ npoBo,llJITcH BHe aBroManm1poBaHHoro npouecca. 

·· lliMepemn,1ii npocpnm, ~(h;) n BbttJHCJieHHblii Ha KOMmIOTepe (B paMKax 

MO.l{enn:) n;•,. OTJIHtJaIOTCH .l{pyr OT .npyra MeHbIUe, tJeM Ha norpemttOCTb ti.P(A2h
2

) 

MaTeMaTHqeCKoii o6pa6oTKH ( cornactto 1,mTeMaTHtJecKoii Mo.l{eJIH H3MepeHHH) 

,11;aHHbIX H3MepeHHH. TotJHOCTh 06pa6aTb1BaeMLIX ,l{aHHbIX 3a,l{aeTCSI TOtJHOCTbIO 

cpyHKUHOHttpOBamm HanbIJieHHOH TOHKOIIJleHO'iHOH JIHH3bl JiroHe6epra B 
cneKTpattanmarope B ·HK-.mmna30He. ToqHOCTb qiyHKUHoHHpoBamrn: 6r,ma 

. o6ecnetJeHa (no pe3yJibTilTaM BbltJHCJIHTeJibHOro 3KCITepHMeHTa) C H36LITKOM. 
,l],onOJIHHTeJibHblH MeTO.l{ H3MepeHHH BOJIHOBO)UJI,IX CBOHCTB HaITbUieHHOfO 

CJIOSI · JiJ - o6pa60TKa 1 HIITepqieporpaMMI>I;. KOTOpyro · o6pa3yeT OTpruKeHHblH OT ,m3yx 
· a.mm6aTHtJecKHx MO.I{ (rmruiiiotteperyJIHµHoii TOHKoii .l{H3JieKTptt'ieCKOii rmeHKH) 
· MOHoxpoManr<recmii caeT: 06a· 3TH MeTo:na ..:.. JlHHaMH'ieCKHe; xapaKrepH3yroT 
npOXO)I(,ll.eHHe CBeTa B HanI>meHHOH TOHKOH rmettKe. Tipe,l{IIIeCTByIOIUHe MeTO,l{bl 

(npOqJIIDOMeTpHH, mrrepcpepOMeTpHH, IIpOqJHJIOHHTepcpepoMeTpmI) ~ CTaTHtJeCKHe, 
xapaKTepH3yIOT reoMeTplf<leCKtte n: omnqecKHe (rrorrepeqm1e) rrapaMeTpLI caMoii 
nnettKH. 

Anpo6atjliSI pa60TL1: 
OcHOBHbie pe3yJibTaTbl, H3JIOiKeHHbie B JlHCCepnuum, }lOKJla,l{I,IBaJIHCb Ha 

ttay'itthIX ceMHHapax Kacpe.l{pb1 TeopeTn'ieCKoii cpn3HKH PYL(H, Hayqnoro OT}lena 

Bb11mcnmeJibHoii <pH3HKH JIBT A OIUIM, . Ka¢e,11;pr,1 KH6epHeTHKH • MM3M, Ha 
Bcecmo3HhlX KompepettuHHx "HLitJHCJIHTeJII>HM !pIDHKa H MaTeMaTIItJecKoe 

Monenn:poBaHHe" (r.BonrorpM, 1988 n 1989rr.), tta Me)I(,ll.yttapo,llHbIX 
KOHq>epeHUHHX "MaTeMaTHtJeCKHe MeTO,ll;bl peUieHHSI qlH3Hqecmx 3a,l{atJ"(r.,[(y6Ha, 

1993r.), "Jla3epr,1 B HaYKe, Texmme, Me.l{HUHtte" (r.CY3.l{anb, 1994-1996rr. · n 

r.TiyUIKHHCKHe ropbl, 1977r.), "MaTeMaTHtJeCKOe MO}leJIHpOBaHHe H BbltJHCJieHHH B 

<pll3HKe" (r.,[(y6Ha, 1996r.) n "AKTyaJibHbie npo6neMbI BbltJHCJIIITeJibHOH cpmHKH" 
(r.,l],y6tta, 1998r.). 

Tiy6JIHKagnn: 
OcttOBH.bie pe3yJILTilThI }lHCCeµTauHH ony6JIHKOBaHbI B 35 pa6orax. 

CTpyKTypa u 061.eM pa60TL1: 
,l],ttccevraunH _cocrowr ITT BBe.l{emm, T})ex rnaa n 3aKJIIOqeHHH, co,11;epiKITT 45 

pttcyHKOB, 1 Ta6.imuy' C.ITHC()K unrupoBauuoii JIHTeparypbI H3 310 .Ha.HMeHOBaHHH H 
H3JIOiKeua na 258 CT})aHHUax MWHOnttcttoro TeKCTa 
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KPATKOE CO~P)KAfIBE PA60Tbl 

Bo BBe.nettMM onttcam1 ocHOBHbie npo6neMhI npouecca Hanhmemui, ero 

Cym.HOCTb H OCHOBHbie xapaKrepHCTHKH. 

CYIUHOCTh rrpouecca HaITbIJieHHH 3JieMeHTa rrnaHapHOH OIITHKH Bce1.m T})eMH 

HaID,IJIITTeJTbHhIMH MeTO,ll;aMH 3aKJIIOtJaeTCH B CJieJzyIDil(eM. 

I1MeeTCH HeKOTOpbIH. (TOtJetJHblH HJTH IIpOTXiKeHHbIH) HCTO'iHHK qaCTIHI 

HaIIbIJIHeMOfO Bem.ecTBa. HcrrycKaeMbie HCTO'iHHKOM qaCTHULI, }lBHrMCb B 

npOCT})aHCTBe MC)I(,ll.y HCTOtJHHKOM H IiO,ll;JIO)Kl(Oli, npOXO)lJIT qepe3 _o-rnepcrne 

3KpaHttpyrom.eii MaCKH H oce,l{aIOT Ha IlO,ll;JIO)Kl(e, o6pa3yH imemcy C npoq>HJieM 
TOTIIUHHbI, CYIUeCTBetrno. 3aBHCRU!HM OT . COBOKYITffOCTH pa3JIWIHbIX q>aKTOpOB. 

OcttOBHbIMH H3 HHX 5IBJIHJOTc,i:: · · 

a. CYMMapHOe BpeMJI HaIIbIJiemrn:; 

b. CBOHCTBa HCTOtJHHKa, KOTOpbie MOryT 6btTh onpeneneHbl, ttanpttMep KaK 
cpeJJ.HJISI IlJTOTHOCTb tJHCJia qacruu, ttcnycKaeMblX HCTO'IHHKOM C pa3JIWIHbIX 

TO'iCK ero IlOBepxHOCTH B 38,UaHHOM HHTepBane CKOpOCTeH .B e,l{HHHIIY 

BpeMettn; 

C. CBOHCTBa qJH3JllleCK00 cpe,ll;hl; naxO,ll;Sllll.CHCSI Me)I(,ll.y HCTOtJHHKOM H 

IlO,ll;JIO,KKOH. 0,n:HHM H3 HaH6onee cym.eCTBeHHblX q>aKTopoB, BJIHfilOlll.HX _Ha 

pe3ynbTilTbl HailbIJieHHH, SIBJIHeTCH B'3aHMOJ].eHCTBHe tJ:aCTHll Bem.eCTBa, 
HCnyCKaCMbIX HCTOtJHHKOM C tJaCTHUaMH cpe,11;1,1. YtJeT BJIHIDIHH cpe}lbI 

BeCbMa CJIO)KeH tt T})e6yeT paccMarpeHHH CTOXaCTWieCKH~ rrpouecCOB, 

my'iettne KOTOpblX HCIIOJlb3yeT pa3J1Hq.lmro pona .BepORTHOCTHble 

xapaKTepHCTHKH (BepoHTHOCTb CTOJTKHOBeHHH tJaCTHU HailhlIDieMoro 

BemeCTBa c qacrnrtaMH cpe,11;b1, Bepmrrnocn mMeHeHHH .l{HllaMIItiecKHX 
nepeMeHHhlX IIOTOKa tJaCTHu HaIIbIJUieMoro BemecTBa·' B peSyJihrare 

CTOJIKHOBCHHH H T.JJ:.), KOTOpLie B CBOIO oqepe,ll;b 38.BHCHT OT cpe}lhl (covra 

qaCTHU, HX ITJIOTHOCTH, TeMnepaTYPbI H T.n.); 

d. CBOHCTBa MaCKH. Tipe)I(,ll.e Bcero 3TO reoMeTpH'ieCKM KOHcpttrypauHH Macrrn, 
paCCMaT})HBaeMoii B KatJecTBe 3KpaHa, TTOJIHOCTbIO . Hnll 'iaCTHtJ:HO 

3aremnom.ero neKOTOpbie TO'iKH TTOJJ.J!O)KKH OT IlOTOKa '!aCTHU 

HailblJIJieMOfO Bem.eCTBa. 3To TaKiKe H nornom.aTeJibIIM CIIOC06HOCTb 
MaTepttana MaCKH no OTHOllieHHIO K ITOTOK)' qacruu. Cnoco6HOCTb MaCKH 

OT})ruKaTh IlOilallaIOIUHe Ha ee IlOBepXHOCTb tJ:aCTHIJ,hl TTOTOKa H 
paCIIbTJIHTLCH caMOH IlO}l ,11;e0CTBHeM 3TOfO IlOTOKa TaKiKe . CYIUeCTBeHIIO 

BJIHHCT Ha KOJIWieCTBCHHhie xapaKTepHCTHKH pe3yJibTaTOB 
paccMaT})nBaeMoro npouecca HanhJJieHHH. 

Y)Ke OIIHCatttte TOJlbKO OCHOBHLIX q>aKTopoB, BJIHSIIOIUHX Ha pe3yJihTaThI 
npouecca uammeHHJI, TTOKa3bIBaeT CJIO)KHOCTb (pH3H'ieCKHX JIBJieHHH ll _oqeBHAHble 
TPYJJ.HOCTH, B03HHKalOil(He npH IlOIIbITKe HX COBMeCTHOfO MaTeMaTH'ieCKOfO 

OIIHCaHHSI. 3aMeTHM TaKiKe, 'ITO B o6meM cnyqae ,l{ruKe CaMblM cna6b!M 

rrpe}liloJioiKeHHHM tte y,11;ae-rcS1 .l{aTb 6onee ttnn Mettee ynoBJieTBOpHTemnoe 
reopenrqecKoe o6octtoBatttte. TaKoe o6ocHOBaHHe . B mo6oM cnyqae 6y}leT 
co,11;epiKaTh 3JieMeHThl neo6xonHMoCTH, HO He JJ:OCTaTO'!HOCTH. KpoMe Toro, Bcer,11;a 
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OCTaH)'TCJI HeBhIJICHeHHbIMH BOnpOChl TOqHOCTH BhJilOJIHemrn KIDKJ.(Oro 
npe.D.Il0JIO)I(eHIDJ B OTJ.(eJihH0CTH H Bceii COBOK)'JIHOCTH B QeJI0M, 'ITO B K0HeqHOM 
ITT0re npnBe,ner I< cymeCTBettttoii ( CJMMapttoii) OUIH61<e B npe.n:c1<a:mHIDIX . 

B nepsoii rnaBe ,zmccepTaQmr npe.n:naraercJI onncairne aceii coaoKynttoCTH 
cpmnqecmx xapaKTepHCTHI< YCTaH0BKH Han1,menllJI C IlOMOinhIO e,zmttoii cpyHI<QHH 
mecm tte3aBHCHMhIX nepeMeHHhl:x, cpopMaJThHO HMeromeii CMLICJI pacnpe.D.eJieHIDI 
IlOTOKa qaCTHI{ no I<00p.n;HHaTaM, CK0p0CT.IIM H BpeMeHH H Ha3hIBaeMOH B 
.n:an.1,tteiirneM 3<pcpeicrnBHhlM pacnpeneneHHeM. 

C uem,10 peamnauHH yi<a3airnoii n.n:en B pa60Te npe.n:naraeTC» .n:n» nonyqeHHH 
.MareMaTHqecI<oii Mo.n:enn qaCTiftIHo 3KpattnpyeMoro aaKyYMHoro Hammemrn 
: npoaeCTH nocne.n:oBaTeJTI,HO BepOHTHOCTHOe OilHCaHHe .QBH)I(eHliJI qaCTHQ. liaCTIIQI,I 
.QBH)T(YTCJI BHyrpH 061,eMa z OTBepCTHH 3I<patta, orpattnqeHHOr0 flOBepXH0CTJ,IO n, 
coCTo»meii H3 qaCTeii: 

- nl - IlOBepXHOCTh BXOJ.(OB MaCKH 
- , ll o - nosepxH OCTh TTO.D:JIO">KKH . 

- II M - 6oKoaiuI. nosepXHocr1,' oTBepciHH MaCKH, B03M0)KHO npo.n:oJiiKeHHa» 
.no nosepXHoCTH no.n:no)I(I<JI. 

Ecnn 6hl qacnru:a .QBHranac1, pasHoMeptto H np.11Mommeirno . Me,KJzy TOql(Oii 
i; E II1 H TO'll<Oii fa E II0 c ropH30HTaJThHOH c1<opoCTLIO ii tt · aeprHKllJihHOH 
CKOpOCTbIO u , TO Bhlll0JIHJIJI0Cb 6bl CO0THOIIIettne 

(i;-7a)u+v(z1 -z0) = 0, 
r.n:e z,.zo - BbTCOThl TO'lCK r,,r,,. 

(1) 

Tiepexo,AHM BCpORTHOCTb W(i;,fo, v,u) TaK0ro ,QBH)T(eHHH nponopl{H0Ha'lhHa 
8 -cpyttI<QHH OT BLipa)T(emrn (1). EcJIH pacnpe.n:eneHHe qacnru: Ha Bxo.n:e MacKH pasHo 
p,(i;,v,u), TO 1IHCJIO 11aCTHQ N(fo), nona,naioIQHx B T01II<y r B eJ(HHHQY BpeMeHH 
0Ka3bIBaeTCJI paBHhlM 

- I f fo 2 - 'i -fa N(r0 )- 2 di; du-u •p1(1j,--u,u). 
(z1 -zo) n _., Z1 -zo 

J ' . ' 
Ilycn. M(z) :- MHO)I(eCTBO TOlJ:eK 3KpaHHpYIOmeii MaCKH M, pacnOJI0)T(eHHbIX 

Ha BhICOTe z . qaCTHQa, BhilleTeBilla» H3 T0ql(H i; E n, , 6y,ner HaxOJ(ITTI,CJI Ha BhICOTe 
z B TOqKe 

r=r+r,-r.z 
z Z1-Zo. 

IIonoMy nepexo,nua» BepowrttoCTL W(r;,fo;M) nona.n:amrn · JI<a3attHoit 
11aCTHQI,1 B TQqKy r,, E ll0 pasua 

0 (- -)-{O, ecimr, EM(z)rrp1rneKOTOpOMZE[z,,z0 ] M lj,ro -
I, B rrpOTIIBH0M CJI}"lae 

Cne.n:oaaTeJihHO, 'lllcno 11acrnu Nr (fa) npu61,rnaioIQHx 3a speMJI T B nmcy 
i;, E I10 pasuo mrrerpany 

Nr(r,,)= T 2 fdu-u 2 fdi;·11i(i;, r,-fo u,u)0M(i;,r,,) (z1 -z0 ) _., n, z, -z0 
(2) 
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<I>yHI<QHH npo3pa1IHOCTH MaCI<H 0M(r,,i;,) HMeeT qiopMaJihHLTH BRA 
npomae.n;eHH» xaprucrepucTHqeCKHX cpyttKUHH MHO)I(eCTB M(z) == II, \M(z) 

0M(r,,i;,)= Il Jr,,+ i;-r,, z;M(z))== nz(r,;M(z)) 
ZEfzo,Z1~l Z1 -Zo 

EcJIH BHHMaTeJII,HO paCCMOTJ)eTb C0OTHOllleHHe (2), TO CTaHOBHTCH JICHO, qTQ 
pe3yJihTaT N 7 (ro) 3aBHCHT tte OT p,, a OT HHTerpam,HOH BeJill'lHHhl (filY!lli!!HH 
HCTQtJ:HtlKa) 

0 

X(h,c)°:: f du-112 
• Pi(b(z, -z0), cu, u), 

- r,o h- r., -r.n;e c = --, == ---c. z, -z0 z, -z0 

Ecnu BBeCTH B paCCMOTJ)ettue ffi)'HI<UHIO MaCKH 

- ""'lr (- -) A(h,c)==Tf dt nz zh+(z1 -z0 )c;M(z,t,), 
_ 0 ZE[Zo,zJl 

not 1 . 
TO cpyHI<UIDI cno» Y(c)==-N7 ((z

1
-z0 )c) BbipaiKaeTCJI qepe3 cpyHKQHH A H X T 

q>OpMyJTOH 

Y(c)== f db A(h,c)•X(ii+c,h) 

BBtt.n;y CJI0)KH0CTH cpw.mqecKHx RBJieHHH ux COBMeCTHhIH y•ieT H 
TeopeTttqecKoe OilHCaHHe He peantt30BaHO. B p}IJ(e pa6oT .n;pyrnx aBTOp0B 6hIJIH 
npe.D:JIO)KeHbl TeopeTH'feCKHe npe.n:CI<a3aHllil pe3yJihTaT0B uammeHHH H 
Teoperu11ecI<He pacqeTbl qiopMbI MaCI<H, Heo6XOJ.(HMOH .D:JIH HailbIJieHlliI CJT0R 
3a,naHHOH KOHCjmrypaUHH (B qaCTHOCTH, BOJIHOBOJ.(HOH JTHH3bl J1Kme6epra). O.n;HaKO 
3TH pe3yn1,TaTbI cnpaBe.D.JIHBhl npH orpaHnqeHH»X, KOTOphre He Bh!Il0JIIDUOTC.)l B 
peaJihHhTX yCTaHOBKax HaIIhmeHIDI. 

HcnomwlJBaHHe rroHHTIDI 3cpcpeKTHBHoro pacnpe.n:eneHH» TT03BOJUieT rronyqHTh 
o6II.(YJ0 cpopMyny H pa3pa6oTaTh e.n;HHyIO MeTO.D;HKY pacIJeT0B J.(JI» npoQeCCOB 
Ham,IJieHHR C mo6bIM HCT01IHHI<OM npn: npOH3B0JlbH0H cpopMe MaCKH (B 10M 'IHCJie H 
H3Memuomeiic.» BO BpeMemi). Tipn 3TOM oKa3hIBaeTcH, qro 3cpcpeI<THBHOe 
pacnpe,neJieHHe, HJIH ero HHTerpaJibHhie xapaKTepHCTHKH, M0ryr 6blTh 
BOCCTaH0BJieHbI no pe3JJihTaTa.1\f HailhlJIHTeJihHhIX 3KcnepHMeHTOB. 

PacCMOTpeHHe rrp.llMOJIHHeiiHoro H paBHOMepHOro J.(BHiKeHlliI qacmQ 
HrHOpHp0BaJJ.O JII06hle B3aIIM0J(eHCTBllil. Yqecn, peaJThHhie B3aIIMOJ(eiicTBlliI He 
y.n;aJIOCh HHKOMY li3 Haurnx npe.n:meCTBeHHHI<OB. Yqecn, HX Henocpe,ncTBeHH0 He 
y.lla.TJOCh H HaM. B3aMeH Mbl B0CTIOJIJ,301laJIHCJ, onocpe.uoBattHhlM }"IeT0M BCex 
B3aHMO,lleiiCTBHH C TTOMOIQI,IO npHeMa, xoporno H3BeCTHoro B CTaTHCT8"eCKOH 
4)H3HKe. 

Cyr1, 3Toro npneMa 3aKJIIOqaercJI B cne.n:YIQmeM. 1-faMeHeHHe noreHQnana 
.n:ecpopMttpyeT Mexattn11ec1<oe ,n:BH)I(eHne Ka)I(J.(OH H3 nepBoHa'laJibHO CTaTHcmqecKH 
pacnpe.n:eneHHhIX qacTHQ. 3To npHBo,n:HT K H3Metteumo KOHeqttoro pacnpe.n:enettHR 
qacnm. 
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floTemu:rn.11 u. C IlOMOlUblO nepexo.zmoii Bep0HTH0CTH W(i;,r,,; Uo) uepeB0,D;HT 

ttatJaJihH0e pacupe.n.eneHHe tJaCTHu p,(r,) B K0He'IHoe pacnpe.n.eneHHe p.(r,,), T.e. 

po(i;,) == f dri W(i;,i;,,u0 ) p,(i;) 

BoJMymeHHhIH noTemum,'I u == 110 + t.u c noMouu,10 B03MYlUennoii uepexo;woi-I 

Bep0$1TH0CTll W(i;,r,,;uo+Au) nepeBO.IJ.HT, •Ha'laJihH0e pacupe.n.eneHHe p,(i;) B 

B03MYlUeHH0e (HOBoe) K0He'lHOe pacnpe.n.eneHHe p(r,,), T.e. 

p(r,,) == f <Iri W(i;,r,,;u) p,(r,) 

OKaJblBaeTCJI .n.ecpopMautt.ll uepeXOJ{H0H Bepo.ITTH0CTH 
W(,;,f,,;uo)HW(i;,r,,;uo+Au) 0JJHCblBaeTCJI C II0M0UU,10 ouepaum-1 YMHO)Kemrn Ha 

JIK06n:au <pyHKUHOHaJThHOH JaMeHhI (MeXaHHtJeCKHX) uepeMeHHhIX 

W(i;,r,,;u) == J[Au](i;,r,,)•W(i;,r,,;u0 ) 

TaK'ITO 

p(r0 ) == f dri W(i;,r,,;u0)-J[t.u](i;,ro)· p,(i;) 

flocne.u,Hee COOTHOIIIeHHe Il03B0JIJleT C<pOpM)'JIHpOBaTh YTBep)K.ll,eHHe O TOM, 
'ITO uepB0Ha'laJibHOe pacnpe.u,eneHHe M0)KHQ !pOpManbHO 3aMeHHTh meKTHBHhlM 

pacnpeJienenm:M 
not 

p~(r,) = p,(f,)·J[Au](fi,i;,) 

3aBHCJill{HM !pyttKl{HOHaJibHO OT. acei-I 3B0Jll0l{HH B3aHMO.U,eHCTBYIOil{HX tJaCTttQ, 

coxpaHHH npn: 3TOM nepeX0JUIYIO BepOJITH0CTb W(r,,,;,; uo), Bb11.mcneHHyIO .n.JIH 

tteB3aHMo.n.ettcTByiomnx qacnu:,;. 

IfraK <pOpMyna 

Nr(r,)== T 
2 

fiii;f du·u 2 0u(i;,i;.)•p~(r,, r;-r,, u,u) 
~-;)~ - ~-; 

npenCTaBJTJieT co6oii Mo,D.eJih 3KpattnpyeMoro nanhrnemrn tJaCTHIJ;, 
B3aHMO,D.eHCTBYIOil{HX Me)K)ly co6oii H C Il0BepXHOCTblO MaCl<H. flpn 3T0M, 0,l(H~KO, 
P,q,,p, yqacTByIOIQee B MO,l(entt He COBila)laeT C HCTIIHHhIM pacnpe)leJieHHeM tJaCTHl{ 

noioKa Ha BXO)le MaCKH (npn ycnoBim, 'ITO nocne.n.nee H3MepHMO). 

,lJ;aHHaH cpopMyna .n.onycKae-r o6o6mentte na cnyqaii necTal{H0HapHoro uornKa 
(HMnyJihCHhlH pe)KlLl\1 pa60ThI HCTO'IHHKa), IIO,!lBll)KHbIX MaCKH n' Il0,ll;JIO)KKH: 

N(f)== I dt I drH I du~pH(rs, rH -r u,u,t.) n ; +~(rH -r);M(z,t+!..) 
T O 2 -- { ) 

o n
8 

-~ H H ,e(O,HJ H u 

Ecnn )l0II0JIHHTeJlbH0 HellJI0CKH..l\1H JIBIDTIOTCJI IlOBepXHOCTH BXO)la MaCKH H 
Il0,U,.ll0)KKll, TO 

T O 112 f -F 
. N(r) == I dt I diH f du-2 .J .eM • P11(Fa, _ H _ u,u,t.) 

0 n
8 

_,. H z('i1 )-z(r) 

3.n.ecb HCJJ0Jih30BaHbI o603HatJeHHJI 

8 

.f(r11 ,r)= , 1-2 _ , 
__ not 11 , l (o'-r,1>!)) 

(z(~/ )- z(r)) z(r)- z(rH) 

0M -=n: 0~; M(/J,tp)), 
poo 

z(F11 )-z(Fµ) 
f p == /1 - ----'-, 

u 

a BeKTop Fp lIBJIJleTCJI pemeHHeM ypaBHeHHJI 

(rµ -111 )(z(r,,)- z(rp)) == (r - ;H )(z(rp )- z(FH )) . 

Bee Tpll <pOpMyJibl CB0)lJITCJI K TOH )Ke MaTeMaTHtJeCKOH M0,l(eJIH, K0T0paJI 
6hlna ccpopMynnpoBana B paJJJ;ene tteBJaH.M:0JJ;eifoTBYIOil{HX KopnycKyJIJipttbIX 
II0T0KOB. flpH 3TOM 

A(b,c)==-Jd1fl0 b+ ~1 
_ c;M(/J,t), 

- notJr , (- z(i'.)-z(b) ) 

'f o P=o z(rp) - z(b) 

- not } T O u2 C, oh - cu 
Xbc=-dtdu 1-2 x h ut 

(-az) ) 
(,) r[ J.. (z(r,1)-z(b))' z(r11hz(h) PH( 'z(rH)-z(b)' '), 

Y(b) :;' N(h). 
T 

l1 CHOBa BhIIIOnHJieTCJI COOTHOIIIeHHe 

Y(b)= f ac A(b,c)X(b +c,c) 

,lJ;JIJI aHaJIH3a OCHOBHOH !pOpMynhI npor:,;ecca HammeHIDI Ha IDI0CKYIO 
IlO,l(JIO)KKY H npoBepKH ee cnpane.n.nnBOCTH paccMOTJ)HM ee tJaCTHbie CJlV'laH, 
CBJI3aHHhie C CHMMeTpHeH npouecca. 

O;lHoponttoCTb CJPYK'IYPM HanhmeHHoro cnoJI. 

Ecm1 B cpe.n.neM na o.zmy tJaCTHIJ;y B cnoe TOJill(HHhI h IIpHXO.n.HTCJI 
0,l(HHaKOBb!H o6'heM V, TO B CTOJI6HI<e C 0CHOBarmeM di H 061,eMOM h(f)di 
HaxOJJ;HTCJI N(r)•v•di HanhlJieHHbIX 'laCrnQ. Cne,l(OBaTeJihHO, OCH0BHyJO <popMyny 
M0)l(H0 3aMeHHTb Ha 

- v· T J Jo 2 - - - r, -r,, h(r0 ) = 2 dri_ du•u 0u(r.,,r0 )· P,1,,>('i_,--u,u) 
~-;) ~ - ~-; 

AKcnanhHa51 CHMMeTpHJI 

3To cnyqaii P,q,,p = p(rn, V, .'!..), mrJJ;a 
V 
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h(- V·T I "'I 2 3 - - )0 (- -) r)=-2 . di,, dl-·8 cos y(ru,i1Pu(r8 ,8,-cosy • u ru,r , 
H n, o 

r)].e yron r0'8 ,r)e[o,!:.] H 
2 

(- ;,\ u H 
cosy ru,r' =-v= [(fu -f)' +H']'". 

Cffi"!aii cHMMe:ipmi: npemuecTBeHHHKoB: 

a) B pa60Tax Yao et all. EcJIH noJIO)KHTh p,, =Pi(Y)P,(!!...), TO 113 npe.llhmymeii: 
V 

q>opMyIThI CJie)].yeT cpopMyJia 3THX aBTOpOB 

h(f) = fdi. H<l>(y(fu ,r)) 0 (f f) 
H[(fu-cr)2+H']3l2 M H> > 

--«> 

3,nec1, <I>(r(r,, ,f)) = v-T• p,(-y(r,1 ,f)) f d~ s2 p1 (s), a 0u(ru,i') 3ailaer renecm,1u 

yron. 

b) B pa6oTe Hatakoshi et all. <l>(r) = comt - p># H30TJ)OilHO no CKOp0CTHM. MacKa 

JIHCTOBruI, T.e. 0M(fu,r)= x(r,,,r). TTp11 3TOM rrpe,nhl,nym,M cpopMyna 

npuo6peraer BH.U 

h(r) = <1J I dill - _ 1; 2-,312 • 
-'H [(rH -r) +HJ 

HTIU<, 1'.faCTHMe cnyqan Hamett cpopMym,1 COBIIa)laIOT C pe3yJibTaTaMH 
npe,nmecTBeHHHKOB. 

3aMe'IaHHe. I1 OHH rrpe,nnonara..1H H 'IaCTHMe cnyqaH ( COOTBeTCTBeHHbie) 
nonyqa.1HCh B npe,nnOJIO)KCHHH no<rm noJIHoro OTCYTCTBllil B3aHMO)lCHCTBllil 
HaDl,IJIHCMhIX qacTHU Me)K)ly co6ott H c .npyrHMH o6bCKTaMH yCTaHOBKll HanhIJICHIDI, 
T.e, ·•·• 

P~ "'Pucm; 

Bo BTOpOH qacTH nepBOll rnaBhl ilOKa3aHO, 'ITO B npouecce BaKyyMH0ro 
HanhIJICHlUI TOHKHX nneHOK BCll.{CCTBa qepe3 o6oeMHYfO 3KpaHHpyiomyio MaCKY npn 
pa3JHf1'.fHbIX pe)KllMax HanhIJICHIUI BhlilOnHHCTCH HHTCrpaJihHOC ypaBHCUHe 

v· T s" 2 f - r, -fo - - ----
2 du-u di., p,(r,,--. -u,u)0M(r,,r0 )=h(r0 ) 

(z, -z0 ) __,, . n, z1 -z0 

CBH3blBIDOll.{ee npoq>HJih BhlCOThI HallhIJICHHOro CJI0JI h C q>yuKIIHeii rrp03pa'IHOCTH 
MaCKH 0M H 3<p<pCKTHBHhlM pacrrpe)].eJieUHCM. 

3cpcpeKTHBHOe pacrrpe.zi;eneHne BKJII01IaeT B ce6H BCIO HHq>OPMauHIO 0 
)lBIDKCHHH 1'.faC'rHU IIOTOKa OT BXO)la MaCKH )lO TIOJl)IO,KKH, OTJIH'laeTCH OT peaJibHOro 
pacnpe,neneHHJI qac-ruu nOToKa Ha BbICOTC z, BXO)].a MaCKH M , uo )lonycKaer (B 

paMKax MO)lCJIH) 'iHCJICHHOe BOCCTaHOBJICHHe no pe3yJihTaTaM uamIJIHTeJihHI,JX 
3KCnepnMeHTOB. 
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TaK iKC UOKa3aH0, 'ITO B TepM~rnax HHTerpanhHhIX xapaKTepHCTHK npOI.(ecca; a 
HMCHHO: cpyHKUHH yCTaHOBKH 

r.ne - r,, c=--, 
z1 -z

0 

0 

X(b,c) ": f du-u 2 
• PJ(b(z1 -z0 ), cu, u), 

- f. ,h 
b =--1 --c H 't'YIIKUHH MaCKH: 

z1 -z0 

- ""'lT (- -) A(b,c) = T f dt nx zb +(z1 -z.)c; M(z,t,) , 
0 zE-£zo.z1J 

a TaKiKe q>yttK[(HH CJIOH 
not 1 , 

Y(c)=-;;Nr((z1 -z0 )c) 

Bh!IlOJIH>IeTc»: mrrerpanhHoe ypastte1rne 1-ro po,na 

J db A(b,c)·X(b+c,b)= Y(c) 

- MaTeMaTH'leCKM MO,nem, 3KpaHHpyeMoro HanbIJieHHJI. 

(3) 

8 paMKax nonyqeHHOH Mo,n:eJIH MOiKH0 npe,!1.CKa3aTh pe3yJibTilThl 
H3IlbillHTeJihHOro 3KCIICpHMCHTa: eCJIH H3BeCTHhl A(b,c) H X(b,c) MO)KHO BbI'IHCJIHTh 

Y(c) - TaK Ha3bIBaeMM np>I.MM 3a.D;a'la. 

C ,!l.pyrOH CTOpOHhl, MO)lem, ,nonycKaCT MaTeMaTHl'.feCKllH CHHTe3 
3KPairn:pyiomett MacKH: ecJJH H3BCCTHbI cpyttKiuui Y(c) ()KenaeMoro npoqmm1) H 

q>YHKUIDI X(b,c) (peanHJyeMoro pe)KHMa HammeHIDI) MO)KHO OThICK3Th pemeHHe 

X(b,c) HHTerpaJibHoro ypaBHCHHJI 

J db A(h,c) · X(b +c,b) = Y(c) 

- OCHOBHruI o6paTua,'l 3a.zi;a11a. 

O,nHaKO B o60HX CJIY'ia>IX HCn0Jlh30BaHa cpynK[(HH yc-raHOBKH X(b,c), KOTOpa>I 

He MO)KeT 6hITb H3Mepena ttenocpe,n:CTBeHHO, HO JIHIIIb BOCCTilHOBJieHa no 
pe3yJihTaTaM HanbIJIHTeJibHbIX 3KcnepHMeHT0B peweHHeM BCilOMoraTeJihHhIX 
o6paTHbIX 3a.zi;aq. 

f db Aib,c)·X(h+c,h)= Y/c) 

Hcrron1,3yK 3To pewettue X(c,b) npn pemeHHH ocHoBHOH o6parnoii 3a)].a'IH, 

MOiKHO pernHTh 3a)laqy npoe1crupoBauHH 3KpaHnpyromeii MaCKH, He06XO)lHMOH )lJHI 
HanhmeHHH CJIOH c. 3a)].aHHbIM npoq>HJieM TOJIIIl,HHhI na nanbIJIHTeJihHOH yCTaHOBKC 
pa6oTaromeii B q>HKCHPOBaHHOM pe)KllMe. 

,[(Jrn ycrrenrnoro pemeHHJI OCHOBHOH 3a,zi;a1IH H BCTIOMOntTeJlhHhJX 3a)la'l 
tteo6XO)].HMO HCCJie,uoBaTh CBOHC'fBa }'Ka3aHHblX 3a)].a'l MaTeMaTH'leCKOH MO)leJJH H 
B03MO,KHOCTH ccpopMyJIHpOBaHHOH MO)leJIH - ycJIOBIDI pa3penrn:MOCTH 3aJ:{a'l. 

cf>yHKUllil CJI0H Y(c) nponopa;HOHaJibHa npoqmJIIO TOJIIUHHbl Hailb!JleHHOro 

CJ10H h. Otta OTJIHlJHa . OT HyJIJI Ha orpaHH1IeHHOM yqacTKe IIOBepXHOCTH, T.e. 

cymeCTBYeT TaKOH KOMUaKT Ql C rr, 'ITO sup y C Q, npH mo6hIX pe)KHMaX pa60ThI 
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Haill,IJIHTeJibHOll yc-raH0BKH H mo6oii . 3Kpa1-rnpy10meii MaCKe. Cne.n.oBaTeJibHO 
<pYHKnHIO Y(c) M0)KHQ C'IHTaTb 3JieMeHTOM rn.m,6eproBa np0C1l)aHCTBa L2(Q1) 

... 
YeL2 (Q1)=U 

<l>}'.HKUlliI VCTaH0BKH X(c,b) ofol3a.Ha CB0HM npoHCX0)K,lleffiieM 
pacnpe.n.eneHHIO qa~, Il03T0MY X(c,h) MQ)KJ{() CtnrraTh HenpepbIBH0H q>yttKUHeii, 
3a,naHHOH Ha ,neKapT0B0M npOH3Be.n.emm K0MnaKTHblX MH0)KeCTB 02 H QI: 
XE C(Q2 X QI). KoMnaKTHOCTb Q, o6c~anacb· BI,Ime, K0MilaKTH0CTI, Q2 cne,n.yeT H3 
orpaHmeHHOCTH pa3MepoB HCT0'iHHKa. 

not 

X eC(Q2 xQ1) = F 

<l>yHKlllHI MacKH A(b,c) onpe.n.enetta Ha KOMnaKTe 01 x02 , HenpepbrnHa H 
npHHHMaeT 3Ha<remrn OT Hy.JUI .no e)J.HHHUbl, cne.n.oBaTeJibHO AeB, cC(Ql xQ2), r.n.e 

""' B" - orpaHH<JeHHhitt map B C(Q1 x Q2 ) = v •. C .n.pyroii cropott1,1 

JfjA(b,c)l2 dbdc:; ff dbdh = µ(Q1 x 02) 

Q,Q, 

-cne,noBaTem,tto A e BL c l"l(Q1 xQ2 ), r.n.e BL - orpattuqeHHbIH map B L,(Q1 xQ2)=VL. 

OcttOBHaJI cpopMyna 3KprumpyeMoro HaTThmeHIDI 

Y(c)= f dbA(h,c)-X(b+c'.b) 

,l(onycKaeT BCTIOMora-renI>IIYIO 3a,naqy 

f db A0 (h,c)• X(b +c,b) = Y,.(c) 

H 0CH0BHYIO o6paTHyro 3a_naqy 

f db A(b,c) -X,(h+c,b) = Y,(c) 

B K0T0pbIX HCTT0JII,3)'K)TCH cpymaum cne.n.yromHX KJiaCC0B 

YeC(Q1)cL,(Q1): YeU 
XeC(Q2 xQ1) : XeF 

A EB1.2 cC(Q, xQ2)cL,(Q1 xQ2): AeY 

(4) 

\5) 

MareMaTH<recKoH M0.11.eJibIO Bcn0Moraren1,Hoii o6parttoii 3a,naqn 
(BOCCTaHOBJieHlrn cpymaum HCTO'IHHKa) HB.JUieTCH oneparopttoe HHTefPaJII,HOe 
ypaBHemrn nepBoro po,n.a A : F HU: X ➔ Y A0 X = Y,. ; oneparop (H,n.po HHTerpam,Horo . 
oneparopa) H npaBM qacTb KOToporo Ja.Qam,1 c IIorperrrnoCTbIO 
(oA,Yr): {A..(b,c), Y,.(c)}. 

MaTeMaTWieCKaJI M0,D.eJib 0CHOBHOH 3a)J.a'IH ( CHHTe3a <pyHKIJJIH np03paqHQCTH 
MacKn) - onepaTopttoe HHTerpaJibHoe ypaBHeHHe nepBoro po,n.a 
X: V ➔ U: AH Y: X, A= Y,., oneparop (H,n.po HHTerpan1,ttoro oneparopa) H npaBrui. 
<raCTb K0Toporo 3a)J.a.!:Il>I C norpernH0CTbIO (&x,X): {X,(b +c,b), Y,(c)}. 

12 

AHanorH<JHO T0MY, KaK ,D.0Ka3bIBaeTC5.l BilOJIHe nenpepbIBHOCTb HHTerparrbHOfO 
oneparopa ypaBHeHlliI <l>pe,n.rOJibMa nepBoro po.na C KBa,npaTH'iH0- HHTerpHpyeMI,IM 
5.1,D.p0M, WlMH ,D.0KaJaHo 

IJpeJUTO)KeHHe 1 . .llirrerpanbHhlH oneparop A c KBa.QpaTHLIH0 HHTerpapyeMhIM 
5.1,D.pOM B ypaBHeHHH (5) Bil0JIHe HenpepI,IBeH. 

AHanorHLIHO ,llOKa3aHO 

IJpeJlJio)KeHne 2. HHrerpanMibifi oneparop X c HenpephlBHhlM 5.1,D.p0M X(c,b) 
a ypaBHeHHH (4) BilOJTHe HerrpepbIBeH. 

Cnpaae,n.mrno TaIOKe 

IJpeJlJIO)I,eHHe 3. O6nacTb JHa<reHHH oneparopa X BCIO.ny nnorna B 
npOC1l)aHCTBe u npH JII06oii cpyttKnHH HCTO<JHHKa X(c,b), HHf,lle He 06pama10meiic5.1 
B ttyJib. 

3aMe<ratt1-1e. IJocne.nttee npe,lLIT0)KeHne 03Ha'laeT, LITO a paMKax 
MaTeMaTHl{eCKOH M0,Ue.1111 (3) npH mo6oM pe)KHMe pa60Thl HaITI,lJIHTeJihHOH 
YCTaHOBKH M0)KH0 CHHTe3nppBaTb Macey ,llJI5.l nonyqeHHH ttanhmeHHOf0 CJI05.l, CKOJib 
yro.llHo 6JIH3Koro K ttanepe,n. Ja.11.aHH0My. 

JlHtteiittoe Httrerpanhttoe ypaBttemre 

f db A&(b,c)-X(b + c;b) = Y,.(c), c E Q, 

HBJilleTC5.l onepaTOpHI,IM ypaBHeHHeM 1-ro po,n:a co Bil0JJHe uenpepbIBHbIM 
onepaTopoM A5 , Ja,naHHhTM c norpelllH0CThlO o > o, H npaaoii <racn,10 Y,., 3a,llaHHoii c 

norpelllHOCThIO y > 0 . Y KJJ0HeHHe npaB0H qacTH on:eHHBaeTCJI B MeTpHI<e 
np0C1l)aHcTBa lj =YE I..,(Q1) 

[ ]

1/2 

P.(Y,,Y.,)= !{Y,(c)-Yo(c)}2dc 

Y KJJOHettne pemettHH ouemrnaen:JI B Me1l)HKe npoc1l)am,-rna F = C(Q1 x Q2) : 

p,(Xa,Xo) = maxlXa(c,b)-Xo(c,b)I 
ceQ, 
beQ2 

C yqeTOM Toro, 'ITO Mhl co6npaeMCJI C1l)0HTh peryJIHpH3Hp)'K)II{HH oneparnp ,1Lfl5.l 
ypaBHeHHJI (4) C II0M0II{I,IO BapHauH0HHOro npHHUHna OT6opa HaM II01l)e6yerc5.l 
K0MIIaK"rHOe BJI0)KeHHe co6oJieBCKOfO npoC1l)aHCTBa w;(Q, x Qi) c F. 

_nm1 noro paccM01l)IUd CTa6IDIH3Hp)'K)llUfii ipyHKUHOHaJI OJX] BH,n:a 

{ 

3 ( cf+k X )
2

} 
Qi[X] = JL, dbdc ~;~/;k(b,c) ob' ac• 
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r.ne g"' - HenpepbIBHbie ¢YHKUHH na Q, xQ2 , He o6palW{lOUUfeCJI B eym, 
0J].H0BpeMeHH0. 

O603naq11M qepe3 ~={Xe FIX E w;} no.zmpoc-rpancTBo B F, B KoTopoM 

DIX] rnmyimpyeT MeTpHKY Po, npoc-rpaHCTBa w;1[Q1 E Q2], MIDKop11pyromyro 

MeTpHKY Pc, cornacno TeopeMe Co6oJieBa, KoH,[ij)ameBa 0 K0MilaKTH0M BJimKeHHH 

w:(G)cC(G) npH dimG <l• p. 

YI<JioHeHHe onepaTopa 6yJJ.eM oueHHBaTh B MeTpHKe 

(A A)= pJ-4.X,AX) < 0 Pu ., ~~P. (O{X])"2 -
O(XJ~0 

(TaK qTo Pu(A6X,AX) :-;; 02 DIX] Ha :meMeHTaX XE~ J].JIJl K0TOpbIX DIX] ;e o ). 

TeopeMa. ,lvur mofioro Y, EU H mofioro a> 0 cymeCTByeT 3JieMeHT Xa E ~, 

Ha KOTOp0M cpyttKUHOHaJI 

Ma[X]= p~(A.X,Y,)+a'2:i[X] (6) 

.nocrnraer cBoen: TO'lHOH nmrmeii rprurn Ha ~. 

ITpH 3TOM 3JieMeHT X"' He HBJIJleTCJI e,nHHCTBeHHbIM, Il0Ka He Bh16pana 
3aBHCHM0CTh a(o,r), 06ecne1nrnruomM cxoMMocTb noc-rpoenHoro 

perynJipH3tt3yromero oneparopa R[Y
7
,A6 ,a]. B KaqecTBe o,unoro ITT cnoco6oB 

npe,llJI0)KeH o6o6meHHbIH npHHUHIT HeBITTKH. A HMeHH0, napaMerp pcryJIJipH3aUHH 
a onpe,neJIJieTCJI H3 ycnoBHJI 

p~(A0 Xu,Y,) = {r + o(O[X,,])112 }2, 

r,ue Xa - 3JieMeHT, MHHHMH3HpyIOIJ.UiH q>yHKlJ,HOHaJI M,, (6) . 

3aJ).aqy MHHHMH3aUHH qJyttI<IWOHaJia Ma[X] M0)KH0 pewaTb IlpJIMblMH 

MeT0J].aMH (HanpHMep MeT0J]. HaHCKOpeiimero cnycKa, MeTO,ll HhlOTOHa 
(MO)lHqJHUHpOBaHHhiii), MeTOJ]. ;:i:eqiopMHpyeMoro MHororpaHHHKa. C JJ.pyroii 
CT0p0Hbl, M0)KH0 pemaTb ypaBHeHHe 3iinepa, cnoco6CTByIOII.(ee cpyHKU.l10HaJIY 

"r "r A5 A5X +aLX = A6 Y,, 

r}].e oneparop i nonyqaercJI m 0 3[X] nyreM HHTerpHp0BattHJI no qaCTHM 

1 [/ a" ( ff•" X ) 
ix= L L_<-1Y ac; ob' g;k &/oh" 

j.-=0l1k=1 

3a:\1eqaHHe. . BcnoMorarenhHM 3aJJ.aqa pernaerc5I no pe3yJihTaTaM 
HaTTbIJJHTeJihHhIX 3KCnepnMeHT0B, KOT0phie o6JiaJ].aJOT I.J.l1JIIIH,npH1-IeCKOH 
CHMMeTpHeii. 3a cqer noro ypaBHeHHe (4) pe.zzyu.upyercJI K 0,llH0MCpH0MY 
ypaBneHHIO cJ>pe,nron1,Ma 1-ro po,na, pemaTb K0Topoe BCe..)'MeJOT xopomo. 
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) 
) 

) 
) 

,[(HCKpCTil3al{mo M0)KH0 np0H3B0,nHTb J].JIJl ¢YHKUI10HaJia Mu[X], TT0TOM J].JIJl 

Hero BhlilHChIBaTh CHCTeMy ypaBHeHnii 3iinepa. 
MO)KHO J].HCKpeTH3Hp0BaTb ypaBHeHHe 3iiJiepa ,llJill q>yHKUHOHaJia Mu , B 

pe3yJihTaTe TO)Ke Cl1CTeMa JIHHeHHbIX a..TJre6pawiecKHX ypaBHeHHH. 
Mb1 npo,nenann o6a BapnaHTa H B HaweM cnyqae (o,llHOMepnoM) nyqrne 

nonyqanoci, nepBhlM cnoco6oM - MeT0JJ.0M XoneUKoro (TPeyrom,m1n: KBa,npaTHhIH 
K0peHI, H3 CHMMeTpHqHOH TT0JI0)KHTeJII,H0 onpe,lleJieHHOH MaTµIU.{bI). 

PaccMoTµeH ycron:qHBhiii MeT0)l peweHHJI octtoBHoii o6paTHOii 3a.ll,a1m. 
JlJrneiinoe Imrerpam,ttoe ypaBHeH11e 

f db X,(b+c,b)AM(b,c) = Y,(c) 

lrBJIJleTCll onepaTOpHbIM ypaBHeHHeM 1-ro po.ll,a co BIT0JIHe HenpepbIBHbIM 

oneparnpoM X,. 
Mo)KHO TeM HJIH HHhlM peryJIHpll30BaHHhIM MeTO.ll,0M C Il0M0IUhlO 

ycTOH'IBBoro anropHTMa Il0CTp0HTb nocne.n;oBaTeJihH0CTb np116JIH)KeHHhIX peweHHH 
A,;',(b,c), CX0,l{jfll(HXCJI K ToquoMy A;;(b,c). O,llHaKo 3T0 He 6yJJ.eT OT'lCTJIHB0H 

HH<pOpMau11eii 0 KOHq>HrypaUHH_ OTBepcrnii B TµeXMepHO.H 3KpaHupy10men: MaCKe. 
.[(eiiCTBHTeJihH0 Mbl HMeeM OT66pameUHe: MHOroJIHCTOBOH nosepXH0CTH OTBepCTHH, 
BhITTYKJIOH B CTopoHy nyCT0T (eii COOTB~TByeT MH0f03Ha'lHaJI <pyttKUHJI R;(z,<p)) B 

q>ynKUHIO npo3paqH0CTH MaCKH 0.,AFi,fo). ITo3TOMY peweHmI A:, cne.zzyer 

0TbICKHBaTb B KJiacce TaKHX cpyHKUHH np03pa~1ii.0CTH, a Bepnee Toro (naJJ.e)l<Hee), 
uerrocpe,nCTBeHH0 B0CCTaHaBJmBaTh napaMeTphl <PYHKUHH R"(z, <p), omICblBa.J.Oll.UfX 

J 

npoeKTHpyeMhie (cmrre3up0Bann1,1e) MaCKH M •. 

3aMe'laI-JHe. ,lvill Cny<Iall l.{l1JIHH.ll,pfflleCK0H CHMMeTpHH ( _Q_ = o) om6pameHHe 
8<p 

R(z) H A[R](T,p) BblllHCbIBaeTCJI B attaJil1TH'WCK0M BH)le. 3To II03B0JIJleT aKKypamo 

rrpoBecTtt reoperw1ecKHii attaJIH3 npo6neMbI. Pe3ynhTaTb1 noro ananma 6y,nyT 
)l0JI0)KeHhl B cne,nyromeM JJ.0I<Jia)le. 

3aJ].aqa OTbICKaHH5I CHCTeMbI (R,(z,<p), z E [O,H]) Ha3h!BaeTC5I 3aJ].a-qeii CHHTe3a. 

Ona ue HBJilleTCH KoppeKTH0 noCTaBJieHHoii: 

a) M0)KeT He cymeCTB0BaTh cpopMbI OTBepCTHll _MaCKH R(z,<p), peanmy10meii 

3aJ].aHII1,IH npoqJl1Jih TOJIII.(HHhI HaIIhlJieHHoro cnoJI (a JIHWb nptt6JIH)KeHHO) 

6) B03M0)KH0 cymeCTByIOT pa3Hble MaCKH, rrpHB0MIUHe K 3a)laHH0MY CJI0IO. 

TTpenCTaBJIJICT Hnrepec paccM0TµeTh 3aJJ.aqy cHHre3a B I<Jiacce 
MH0roJIHCT0BbIX MaC0K - .ll,HCKpeTHhlH attanor Bblllienp1rne,[(eHH0H 3aJ].aqH CHHTe3a . 

JlHCTbl C 0TBepCTHJIMH: Z1 ~ Z2 ~ Z; ~ ZN > 0 _ 

Kpyr0BhIMH o:.,; R;1 :.,; R; k = 1 HJIH K0JihUeBblMH o:,;; R,1 :-;; R;2 :-;; R; k = 2. 

HcKOMyIO q>OpMy MaCKH 6y;:i:eM 0ITJ-!ChIBaTh n -MepHhIM ( n = (K + l}N) 
BeKT0p0M 
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w =(z1, ••• ,zu;R,., ... ,RNl;Ruc,···,RNK) 

Ypaseemi:e (5) KIDK)],OMy w CTIIBHT B COOTBeTCTBHe Y(w): 

f db A[w](b,c)X(b +c,b) = Y(w;c). 

Peam,HI,1e Komtmrypamrn OTBepc-ntii B N -JIHCTOBOH MacKe COOTBeTCTByroT 

BeKTOpaM w ITT 3a'1KHyTOro orpaelI'ieHHoro MHmKeCTBa B R" 

D. ={wEOl" :z, 2 .. ,2.Zu 20; 05R
1
, 5R

12 
5 ... 5R

1
, 5R}. 

YKJToHeHHe Y(w;c) OT 3anaHHoro Y(c) oueeHBaeM B MeTpHKe 

( )

l/2 

A,(Y(w),Y)= J.{Y(w,c)-Y(c)}2dc 

O603HatJHM t:u = min Pu(Y(w),Y), TaK 'ITO 
- weD,. 

t:1 2 t:2 2 ••• 2 t:N 2.,.; lim t:N = t:w - rrpe,uem.HO .ll0CTif)KHM8JI TOtJHOCTb. 
N-➔o:o 

OcHOBHaH 3a.naqa: rrpH6JIH3HTb Y(w,c) K 3a,llaHHOMY y B MeTpHKe P. C 

Hanepe.Q 3a,llalmoii TOtJHOCTbIO: Pu(Y(w),Y)5e (HMeeT CMbICJI IIpH e>eo) rrpH 

,ll.OilOJIHHTeJibHblX (TeXHOJIOrH'!eCKHX) orpaHWieHlli!X, <popMHpYJOmHX 

c-ra6HJIH3HpyromHii: · <pYHKUHOHaJI Of w] 

z, 2 ZJ+I +oz; Rjl $ Rj2 -0 R,. 

oz - paCCTOHHHe Me)K.Qy JIHC'raMH, o R - TOJIIJlHHa Kom.ua 

Q"[w]= Pu(Y(w),Y)2 +aQfw] ➔ min. 
wED,. 

<l>yeKUHOHaJI MHHHMH3HpyeTCH MeTO.QOM bOKCa (npoeKTHpOBaHHe ,Ha 

IIO,llMHO)KeCTBO orpaHWieHHii) HJIH MeTO]lOM ne<popMHpyeMoro MHororpaHHHKa ( C 

ytJeTOM nnpa<peoii cpyHKUHH Qf w]). 

PemeHHe cymeCTBYeT B CHJI)' KOMIIaKTHOCTH MHO)KeCTBa TO'l.eK IlOHCKa. 

<l>yHKUHOHaJI Q"[w] MO)KeT o6na.u:an. 60JiblllllM KOJllJLiec-:r;soM JIOKaJibHblX 

MHHHMYMOB. Ilo:noMy HMeeM JIOKaJibHbie MHHHMYMbl co cnyqai-rHbIMll HatJaJlbP.bIMH 
TOtJKaMH, 3aTeM cpaBHHBaeM rmnyqeHmre pe3yJihTilTbl. 

Bo BTopoii: mane JI)UI rrpoeKTHposamrn (cHHTe3a) H .U:HarnoCTHKH (auaJIH3a) 

TOHKOIIJieH0tJHbIX OIITH'IeCKHX BOJIHOBO,llOB (IUiaBHOHeperym,pHbIX IUiaHapHbIX) 

onttcaH npouecc pacnpocrpaHeHlli! B HHX 3JieKrpoMarnHrnoro m.rryqeHlli! (noIDI) B 

CBeTOBOM .QHaIIa30He qac-rOT. TeopHH H 3KCnepHMerrraJibHbIM IIO}lTBep)K.QeHIDIM 

TeOpeTHtJeCKHX BhIKJia,llOK B reopHH .QH3JieKrpHtJeCKHX nnaHapm1x BOJIHOBO}lOB 
IIOCB»-meea 06UIHpHaH JIHTepaTYPa. 
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ToHKOilJleHO'!HaH (IUiattapHaH) BOJIHOB0.QHruf JIHH3a (TBJI) npe,ll.CTaBmleT 

co6oii: .QH3JieKrpH'!eCKHH tJeTbipexcnoiiHHK, H3 KOToporo ,ll.Ba HH)KHHX CJIOJI: 

IIO.llJI0)KKH C Il0Ka3areneM npenoMJieHlli! n, H OCHOBHOro B0JIHOBO,ll;HOfO CJIOH C 

IlOKa3areneM npenoMJieHIDI nf - peryJl}lpHbI; IlO,lJ.JIO)KKa 6ecKoHetJHOH TOJIIUHHbT, a 

CJIOH KOHetJHOH TOJIIUHHI,l d. )];Ba BepXHHX CJIO.ll: .QOilOJIHHTeJibHblH BOJIHOBOL{Hb!H C 

IlOKa3aTeJieM n, H IlOKpOBHbIH C IlOKa3aTe..'leM nc - IlJiaBHOHeperyn.llpHbI. IlpWieM, 

TOJIIUHHa B0JIHOBO.QHOro CJI0}l h(r) .OTJIH'!Ha or HYJI}l JIHlllb B orpaHHtJeHHOH o6naCTH 

(Kpyre pa.QHyca R) IlJIOCKOCTH pa3,lleJia .o;Byx BOJIHOBO.QHbIX cnoes,. a BHe 3TOH 

o6naCTH h(F)"' o. Tomuttna IlOKpOBHoro cnoH 6ecKOHetJHa, ee emrarn.sr rpaHHUa 

IlOBT0pJieT BepXHIOIO rpam1uy ,LJ;Oil0JIHHTem.eoro B0JIHOB0,romro CJIOH 

nonepxttocTb, onttcbrnaeMyro ypaaHeHHeM x = h(r). 

1Ien.1pexcnoiiHHK TaKoro BH,[(a Ha3hIBaeTCH TBJI Pai1ttxapm-Jlrotte6epra, ecm1 

napanneJibHbIH IlytJ0K JiytieH, Ila,llaIOllUIX C O.QHOH CTOp0HbT Ha JIJUl3Y, 

qJOKJCHpyIOTCJI B TOtJKY na .n:pyroiI CTOp0He. Jlyq, OCTIUOIT(HHC}l neHCKpHBJieHHbIM, 

H,[(eT B,ll;OJib rnaBHOH OCH JIHH3bl. KaK y 6eCKOHetJHO TOHK0H IlJI0CKOH JIHH3hl JiytJH, 

BbIXOL{HIUHe H3 L{BORHOro !pOKJCa C 0.QHOH c-ropOHbI JIHH3bl, Bee CXO,ll}ITCJI B ,llBOHHOM 

q)OKJCe C .u:pyroii CTOpOHbl JIH_H3bl. AHanorHtJHO, Bee nyrrn Bb!XOL{HIJlHe H3 .QBOHHOro 

q>OKJCa TOHKOIUieHOtJHOH BOJIHOBO.llHOH JIHH3bl CXO,ll}ITCH B J(BOHHOM cpoKyce C 

.n:pyrou c-ropOHhl. O6e 3TH TO'IKH Jie)KaT Ha KOHQax ,ll;HaMe-rpa OKpy,KH0CTH ,ll;BOHHOro 

cpoKyca, eCJIH JIHH3a o6na.u:aeT KpyrOBOH CHMMeTpHeii. 

TonKOITJieH04.Hbie JIHH3hl, HMeIOT CBOHM npOT0THIT0M TPeXMepe1,1e 

0ilTH'l.ecKHe YCTP0HCTBa (cpe.o;1,1) C HeO.QHOpO.QHbIM (ccpepH'leCKH CHMMeTplI'iHbIM) 

pacnpe.QenettHeM .llH3JieKrpmecKOH npomm:aeMoCTH e(r) (H Ko3cpcpmurem-a 

npenm,mettml n(r) ),HCKpHBJI}lIQIJlHM .ilytJH H B0JIHOBhle cppOHThl. 3a.zi:aqa 

MaTeMaTH'ieCKOro npoeKTHp0BaHIUI (cHHTe3a B paMKax reoMeTpH4.eCKOH OITTHKH) 

o6o6meHHoii JIHH3bl Jlroee6epra 61,ma 0K0HtJaTeJihHO penrena B BHL{e He.lIBnoro 

perneHHH HHTerpO.U:HcpcpepetttiHa.'lbHOro ypanneHlli! 

n = exp{w(p,s)} 

( ) = _!_f1 
arcsin( x Is) dx 

a> p,s 2 2 112 
1& P (x - p) 

p(r)=n(r)•r, Osrsl, n:?.l, Osp51._ 

(7a) 

(7b) 

1IHH3bl Jlrotte6epra HCilOJlb30BaJIHCb B KatJeCTBe ttanpaBJieHHbIX aHTenn B 

C8q )lHaITa30He, B OilTH4.eCKOM ,UHaITa30He IlOJiytJHTb (BemeCT.BeHHO) 

pacrrpe.n:eneHHe n(r) BH.U:a (7) He ynaBaJI0Ch. Ho nocne B03HHKHOBeHH.sr 

0IIT03JieKrp0HHKH - HaytJHO-TeXHH4.eCKoro HanpaBJieHlli!, HCil(?Jlh3YIOIJ.(ero 

pacnpocrpaHeHHe CBeT0BblX CHfHaJIOB B ,ll;H3JieK'IpHtJeCKHX ITJieHKax H B0JI0I<Hax 

pa3MepoB nop.ll.o;Ka .llJIHHbI CBeTOBOH BOJIHbl ( A. ,., 0,6 MKM Jla3epttoro 

MOHOXpOMaTHtJeCK0ro H3JiytJeHH.lI), CTaJIO B03MO)KHblM H3fOTaBJIHBaTb 

He0.QHOpO.QHOCTH B0JIHOBe.nymero CJIOH (H3MeHeHHeM ero TOJIIUHHbl), 3aCTaBJimOIUHe 

TOHKHe Jia3epttbie IlyqKH pacrrp0CTPaHHTbCH B HHX no TPaeKTOpHHM (.o;sJMepHblM B 

nnaeapHoM c.rryqae), xapaKrepHbIM .lJ.JI» 0606mettn1,1x JIHH3 Jlroee6epra. 

Pattee 3aKpbIThle H OTKpbIThie ITJiannoiieperyAApHbie B0JIHOBO/J.hI 

paccMaTPHBaJIHCh MeTOJlOM nonepe'lllblx ce'!eHHii. B paccMOTPeHHhIX cnyqrurx 
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y,!l,aBaJIOCh IlOClJ)OJITI, Ta.KYJO KpHBOJIHHeHH)'IO (JIOKaJihHO OJYTOfOHaJihHYIO) CHCTeMy 
KOOp,!l,HHaT, lfI'O IlOTOK :meprml B BOJIHOBO,!l,e H CeMeii:CTBO nyqeii: (BOJIHOBhlX 
qipoHTOB) pacnpoClJ)arunomeroca 3JieK1J)OMarnHTHoro tt3JlyqeHHH 
3BOJIIOUHOHHPOB3JIH B,!l,OJII, O)lHOH H3 KOOp,!l,HHaT Oz' . MI.1 paccMalJ)HBaeM cnyqatt ( C 
q>oeycupOBKOH nyqeii H BOnHOBbIX <l>POHTOB ), KOr)la TaKOH npHeM HeB03MO)KeH H 
npHXO)llITCH MO,!l,Hq>m-1:npoBaTh cymeCTBYIOIUHe npHeMhl, Me'I'O)lhl, nO,!l,XO)ll,I. ,. 

,ll;AA pery.ID1.pHoro nnattapHoro TOHKOilJleHO'IHoro· MHorocnottttoro 
( ClJ)arnqmunpoaaHHoro no ocH Ox), ,1J.H:meK1J)ll'IecKoro BOJIHOBO,!l,a peruemrn 
ypaBHeHHii MaKcBeJIJia (,!l,AA KOMilJleKCHhIX aMnnHTYJl) 

rot ii=~ aE. 
C 81 ' 

rot E=-!!.. aii 
C Of 

(8a) 

(8b) 

OilHCLIBalOmHe CTilUHOHapHhIH IlOTOK MOHOXpOMaTH'IeCKOro H3Jlyqemm B,!l,OJih OCH 
Oz, HMelOT CTPYKTYPY 6erymHx (B.U.OJlh OCH Oz, HO CTOH'IHX B,!l,OnL OCH Ox) BOJIH 

E(x,y,z,t) = E(x)exp(i{l)t-ip z} (9a) 

H(x,y,z,t) = H(x)exp{i{l)t-iftz} (9b) 
~ BeKTop-q>YHI<UHH E(x),H(x) B CHJIY ypaimeHHii MaKcBeJIJia cnpaae,!l,JlIIBhI 

COOTHOUieHirn: 

z2 d(cdE) 
e dx z 2 ; + X

2 
E, = O 

X
2 d ( µ dH) µ dx %2 dxz + ;lH, =,0 

H =-i{l)& dE y ~~'· 
x2 dx' 

EY =-icoµ dH,. 
%2 dx ' 

Er=- ;p dE, 
%2 -;;;; 

H =-;p dH X 2_z_. 
X dx' 

(10a) 

(10b) 

(lOc),(lOd) 

(10e),(10t) 

r.ue ft= +J k; &µ- z2 
- np0,1l,OJihHOe BOJIHOBOe 'IHCJIO, x- nonepe'IHOe BOJIHOBOe 

'IHCJIO, ttyMepy10mee qacTHhie peruemm (9a), (9b) ypaaHem1ii (8a), (8b). Peruemu1 
ypaBHeHHii (10a), (IOb) B aonHoBO.U.HOM cnoe HMelOT an.o, 

E:(x) = A1 cos<z:x+IJI:), n:(x) = B1 cos(z; x+IJI;) 

E; (x) = A1 cos(zJx+IJl7), H; (x) = B1 cos<z; x+ lfl7) 
B IlOKJ)OBHOH H IlO,ZlJIO,Kerrn1,1x o6nacrnx -

3.o,ech 

E;(x) =A.,exp{-r:(x-x:)}, H;(x)= BC exp{-r!1 (x-x:n 

E;(x) = A, exp{r:(x-X:)}. n;(x)= B, exp{r: (x-x:)} 

x: = k;n; - p2, J = e,J 

r: = p2 -k;n;, J=s,c. 
3Ha'IeHJUI lfl1 u = i,f) H Z1 u = s,c) cornacOBI,IBarQTCH ycJIOBlliIMH COBMeCTHOCTII 

CHCTeMI,I mrneiiHhIX anre6paw1eCKHX ypanHemdi rorn K03qlq>HI..V,leHTOB 
A/B1), J = s,J,i,c, nonyqaromeiica H3 rpaHIJIIHLIX ycnosllii 
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E,I, = E,!2' ii ,l = ii,12 
,1l,AA TaHreHUHaJILHblX (ropH30HTaJII,HLIX E,,Ey,H,,Hy B HaIDeM cnyqae, CM. (loc), 

(IOd)) noneii. 3TO YCJIOBHe COBMeCTHOCTH (paJpelllliMOCTH) a Teopi:m BOJIHOBO,!l,OB 
HOCIIT Ha3Bam1e ,!l,HCnepcHOHHOro ypaBHeHIDI ( ero attanor B KBaHTOBOH MexaHHKC 
Ha3hIBaeTCJI ycnOBHeM KBaHTOBaHHH Eopa-30MMepqiem,.u.a) H HMeer BH)I. 

(n2 XrJ {n2 

ZrJ . d-z1 +arctg -+- +arct -t- =m,r J.mll .L::,(x) (Ila) 
nf r. n, r, 

H 

d·z1 +arctg(;:)+arctg(;~)=m,r A-~ H,(x) (llb) 

Co6CTBeHHbie BOJIHOB0,1],HI,Ie MO,Zlhl (<l>YHKUHH E,(x),H,(x)- KBa,!l,paTIJllHO 

llHTerpnpyeMLI, 'ITO B q>H3HKe 03Ha'!aer - . 3Heprm1 IlOTOKa JIOKaJill30BaHa B 
BOJIHOBO,UHLTX CJIOJ!X) COOTBeTCTBYJOT BemecTBeHHbIM 3HaqeHHJIM Zt,Zt- HX 

KOHerrnoe qncno, OHH COOTBeTCTBYJOT KOPIDIM p;,p: ypaBHeHHH (l la), (I lb). 
TTpn pacnpoclJ)aHeHHH B,!l,OJIJ, MHOroCJioiiHoro IlJlaHapHOl'O (B IUIOCKOCTH 

yOz) TOHKOIUieHO'lHOro ,!l,H3JieK1J)HqecKoro BOnHOBO,n:a B HanpaBneHHH OCH Oz 
CTaUHOHapHoro IlOTOKa MOHOXpOMaTH'IeCKOro 3JieK1J)OMarHHTHOro ll3nytienmr (B 
CBeTOBOM ,!l,Halla30He 'IaCToT) BeKTop-q>YHKUHH (KOMIUieKCHLie) nanp»)!(eHHOCTeii: 
HMelOTBH)l 

E(x,y,z,t) = E(x)ex~{i{l)t-ift"z} 

H(x,y,z,t) =ii(x)exp{imt-iP" z} 
ECJIH TOJill.lHHa BTOporo BOJIHOBO,!l,HOro (Han1,meHHOro) CJIOH Me,ZlJ]eHHO H3MeHJreTCJI (~~I« I), TO cne.nyer O,KH,1l,aTh, 'ITO H3MeHH10meec» npH npoxo)K,!l,eHHH qepe3 

nnaaH0HeperyAApHb1ii yqacTOK 3JieK1J)OMarHIITHoe none coxpaHHer CBOIO CTPYKTYPY 
B nonepe'!HOM (B,!l,Onh OCH Ox) HanpasneHHH, T.e. coxpaHJreT 'IHCJIO OCIIHJIIDIUHH B 
nonepe'!HOM ce1IeHHtt: 

E(x,y,z,t) = E(x;y,z)exp(iwt-i<pE (y,z)} 

H(x,y,z,t) = H(x;y,z)exp{i{l)t-i<pH (y,z)} 
Ka,K,!l,M co6cTBeHHM M0,1l,a (qaCTHOe peIIIeHne . ypaBHeHHll MaKCBeJina C 

KBa.upamrmo HHTerpHpyeMhlMH seKTOp-tpyHKUHHMH · E(x),ll(x)) peryAApttoro 

BOJIHOB0,1l,a HBJIHeTCH cyMMOH ABYX 6pHJIJII03HOBCKHX BOJIH . ' 

u(x,y,z,t) = u;(x,y,z,t)°+u;(x,y,z,t) = Ae'"''[exp{--:izx-iPz}+exp{izx-iPz}J 
Co6cTBeHHM M0,1l,a pery~HOH qaCTH BOJIHOBO,n:a rrpH IIOIIa,!l,amrn: B HeperyAApHhIH 
yqacTOK B03MymaeTCJI. Bo3MymeHHOe none .6y)leM ,OIIHCbIBaTL B BH)l.e cyMMbI 
ny'IeBbIX noneii B HyneBOM npH6nmKeHHH aCHMITrOTH'IeCKOro pa3nO,KeHirn 

ii(x,y,z,t) = e;."[u' (x,y,z) +u-(x,y,z)] 

Y Ka)K,1l,OrO H3 3THX nyqeBbIX noneii u±(x;y,z) ll3MeHeHHe B BeJYTHKaJihHOM 

HanpaBJieHHH HeCOH3MepHMO no npoClJ)aHCTBeHHOH '!aCTOTe C H3MeHeHHeM B 
ropH30HT3JlhHOM HanpaBJICHHH. A HMeHHO, IIPH JlBYKPaTHOM OlJ)a,KeHHH nyqa Ha6er 
q>a3hl KpaTeH 2,r, BepTHKllJlhHhie xapaKTCpHCTHKH ,!l,Ba,K,1],hI H3MeIDUOTCJI 
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cymecTBeHHO, a ropH30HTaJlbHhie xapmcrepttCTHKH 0CTIUOTCH npaKTHl!eCKH 
HeH3MeHHhIMH: HaJitttrn:e 6hICTpbIX (Ox) H Me)UleHHblX (yOz) nepeMeHHhlX. 

M»a6aTWiecKrur Mo,na 3a,naeTC,i nptt6Jitt:lKe1meM ttyneBoro nopH.nKa B 
pa3JI0:lKeHttH ny4enoro n0JIH no MaJI0MY napaMe-rpy 

ah 2 ah 2 { l
l/2 

e = yl:1,~ ( ay) +(aJ J 

B C:lKaThIX K00p.n»HaTaX ,; = & y; 1] = & z ( HJIH paCTIDiyTbIX K00p.l{HHaTax y = i' z = !l) 
& & 

u±(x,y,z,t) = u; (x,,;,T/,l)+eut(x,,;,1],I) + ... 
,;=&y;17=&z 

A;(x,y,z)exp{ia>t-ik0S
1 (x,y,z)} = (~(x,,;,17)+e'4i•(x,,;,T/)+ ... )x 

x exp{ia>t -iko[s; (x,,;,17)+&Sl± (x,,;,17)+ ... ]} = 

-(A• A± ) ;a,r-,x,s,' ( 1 s: J 
- ''o +& I + ... e l + & s; + ... 

3,necb 

u!(x,y,z,t) = e'mt-it04foi ~(x,y,z) 

±( )- ,.,i-;k,_sf[A±( ) ,1±( )St'(x,y,z)] u, x,y,z,t - e 1 x,y,z + "'O x,y,z + ) 
S;;(x,y,z 

B o6nacT,ix 

I, = {(x,y,z): --oo < x::; d; -oo < y,z < oo}, 

11 = {(x,y,z) :-d:,:; x:,:; O; -oo <y,z <oo}, 

I,== {(x,y,z): 0::; x::; h(y,z); - oo <y,z < ex,}, 
le ={(x,y,z):h(y,z)::;x<oo; -oo<y,z<oo} 

Bblll0JIHHIOTC'1 C0OTH0Wettn,i )UIH ropH30HTaJibH0r0 /J H BePTHKaJibH0ro Z 
B0JJH0BblX 'IHCeJJ 

a,2 
[/JE.H (y, z)J

2 +Lr:·" (y,z)]2 = 2 &i ;; kinJ; j = s,J,l,c; 
C 

CTO}l'IHe BOJIHhI H,(;;y,z)=B(x)cos(z;x+lfl!) H A:(x;y,z)==A(x)cos(z!x+lfl!), 
3a,nruomne co6cTBeHHhie IIJianttottepery;rnpHhie (a.nna6aTH4eCKtte) M0J{hI, 

CYilleCTB)'lC)T npn 'HeKOTOpbIX MCKpeTHbIX Ha6op<1x /J!(y,z) n P:(y,z) KOpHeii 
.nncnepcH0HHblX ypaBHeHHH. 

r.ne 

ftH J{HCilepCH0HHhle ypaBHeHlliI B CBOIO oqepe.zu, M0)KH0 pa3JJ0lKRTb IIO 

MaJIOMy rrapaMe-rpy. HyneBble 'IJieHh_I:.noro Pa3JI0)KeHJUI a.nna6aTHl!eCKRe 

HHBapttaHTbl 

l,,,(n,,n1 ,n,,nc,d,h(y,z),o<p/ ay,o<p!Bz) = m,r, 

( a~ J +( a~·" J = (ft8
Ji (y,z)f 

IlpHHHMaIOT BHJ{ 
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{n
2 

z ~ . (n2 
z \ ]} (n2 

z 1 . · arctg -f-' t arctg -+_L)+x1d +arctg -1"_.L)+z,h,.,.n,r wrn E,(x) 
n, x, n, r, nl Ye 

arctg{X, ,/larctix')+x,d]}+arctg( Z 1 )+z,h=n1t it,'Ill H,(x) 
%1 \Y, \.Ye 

B 3TOM npH6JJtt)KeHHH (a.nna6aTH4eCKOM) 
Y.Z 

i<po(x,y,z) = i k0S0(x,y,z) = iz(y,z)x+i f /J(y',z')df +ik0S0 (0,y0,z0 ) 

Yo,Zo 

r.ue de= ✓d/ + dz 2 
- 3JieMeHT )UIHHbl nyqeH 3a.l{aHHhIX ypanHeHIDIMH (B IlJIOCK0CTH 

yOz) 

d ( dy) 8/J 
de f}(y,z) dt = oy 

d ( dz) ap 
de f}(y,z) df. = oz 

If HBJI'110mHXCH npoeKUHHMH Ha IIJI0CK0CTb yOz nyqeii, 3a,naBaeMhIX ypanHeHIDIMH 

!!__(.Jid(x,y,z)')=(.£. _£_ .£.)'✓s 
ds ds ~'ay'Bz 

(r,lle _ds2 =dx2 +dy2 +dz2
) H 3aKoHaMH OTpa)Kettmr OT rpaHHQ pa3,n:ena 

M3JieKTPITTec1rnx cnoeB. • 
JlY4H, COOTBeTCTB)'IOmRe a.nna6aTHlICCKHM MOJ{aM, JJe)KaT Ha noBepXHOCTHX 

E,(x;y,z) = canst HJIH H,(x;y,z) =canst, C0Bna,nmonmx c T04HOCTbIO ,no & c 

IlJI0CKOCT'1Mlf, napaJIJieJJhHhlMH IlJI0CK0CTR yOz. Cne,noBaTeJibHO, Kp)"¾eHHe,nyqeii, a 

3Ha4HT H Kp)"¾eHHe BeKTOP·<PYHKIIHH E(x;y,z),H(x;y,z) npn 3B0JIIOIUfll BJ{0Jih HHX, 

C T0qH0CThIO .no & paBH0 H)'JIIO. Orc10.na CJJC,ll)'eT, qTQ Ka)K)J;ruf H3 K0Mil0HCHT 

3JieKTP0MarHRTH0ro Il0JIH, a B IJ:aCTHOCTll E,(x;y,z) H H,(x;y,z), 3BOJIIOIUIOHHPYIOT 

BJ{0JII, .rryqeii ITO 3aKOHaM CKaJ151'J)HhlX JIY4eBblX noneii. 8 HTOre 0K0HqaTeJibHbie 

BblproKeHHR ,l{JJ}l npo,nOJibHhlX KOMilOHeHT a,n11a6aTH1IeCKHX MO]{ rrpRHHMaIOT BH,11, 

A(x }'. z )( d-/JE )uz ,.,,_,'( JJ'<Jf.z'ldl 
F, = o, o, o. ---'--- E,(x;y,z)e "·" 

' ,.jpE(y,z) d+h(y,z) 

H = ( o,Yo, o) /1 H (x·y z)e ,.,., 
D X z ( d- H )112 fo,H '{ p1'(y',,")dl 

' ✓f1"(y,z) d+h(y,z) ' ' ' 

B u,e-rheii mane .IV1JI pemeHIDI npaKTH4eCKOii 3a,na1IH CHHTe3a 3Kpatt11py10meii 

MaCKH, C IIOM0mhTO KOTopoi1 MO)KHO RailhIJIHTh 6e3a6eppaIUIOHH)'JO TJIJI, HaMH fain 
peanH30BaH BhI'IHCJIHTeJihHhIH 3KcnepttMeHT. B xo.ne ero peanmaQHB MhI 
BOCilOJJh30BaJIHCh xopomo H3BeC'J'HhIMH .pe3)'JihTilTilMH o cnoco6ax 11 npo6neMax 
RCII0JJb30BaHllil lJHCJieHHhIX MeTOJ{OB. O.IUIHM H3 3Tail0B Bhl4HCJIHTeJJhH0ro 

3KCnepHMeHTa 6blJI pea.rrH30BaII MeTOJ{ JJ)"¾eBoro 30IIMP0BaHIUI, pa3pa60TilliHbIX B H 
'¾aCTIPrH0 peWCHJihIH B pa6orax [14,15]. Tpa.n»QHOHHbie MeTO,IJ.l,l R3MepeHHH 
npoqmrui: TOJJIUHHhI HailhlJieHHOH rmeHKH, TpaCCHp0BKa nyqeii B He0.IUIOPO.llHhTX 
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OilTH'lCCKHX cpe.n:ax H peIIIeHHe o6paTHOH 3a;:i;aqH BOCCTilHOBJiemrn pacrrpe.n.eneHH.ll 
K03cpqm:IUieJITa 3aMC)J)JCHIDI no 'I'paCKTOpIDIM nyqeii BOIIIJIH COCTaBHOH qaCTblO B 
perneHHe 3a.n.aqH CHHTe3a 3Kpattnpyromeii MacKH (cM. TaK)Ke [10,12]). 

TTOHCK MaCKH H)')KHOH cpopMbI rrpOH3B0.D.HM CJie.D;yroIIJ.HM o6pa30M. 

a) Ha HMeIOmeiiCH B HameM pacnop.ll)KeHHH YCTaH0BKC ttani,rneHIDI rrp0BO.D.HM 
3KcnepHMCHT C HeKOTOpoii MaCKOH Mo rrpoCTeiiIIIeii cpopMbl (Mo- HatJ:aJibHa.ll 

TO'iKa IlOHCKa, 3a.D;aHHa.ll C TO'lHOCTblO a). KoHcpnrypaUIDI HallbIJieHHOrO CJI0H 
BerueCTBa, rro.rrytrnBmeroc.a B pe3yJibTaTC 3KCIIepHMeHTa, H3MCp.llCTC.ll C 
T0'lH0CTblO e : 

H0 =R.(M0 ) 

TionmKHM k = I . 

b) <l>yHKUIDI yCTI1HOBKH Rk, 3a;:i;ruomyro mrneiiHyro 3aBHCHM0CTb Me)K.D;)' Mt-i H 

Hk_,, BbltJ:HCJI.l!CM, peIIIa.ll BapnaIUIOHHYJO 3a;:i;aqy: 
k 

I;jjR,M,_, -H,_,j( +pn,(Rk) ➔ min. 
i=l 

IlpH 3TOM napaMCTIJ peryAApH3aIUIH ft onpe.n:eAACTC.ll no IIpHHllHilY 

o6o6mettttoii HCB.ll3KH p = P(a, e) : 

Rk = Rp(M,_l>Hk-1). 
c) <l>yHKUHIO MaCKH Mt, JIHHCHHO CB.ll3aHHyro Bbl'lHCJICHHOii q>yHKUHCH ycTaHOBKH 

Rk c 3a.D;aHHoii q>y'HKI(Heii H, ttaxoJJ.HM, perna.a BapHaUHOHHYJO 3a;:i;aqy: 

. IIRµ.,...nf +ail2(M.) ➔ min. 
Tipn 3TOM napaMCTIJ peryn.apH3au;HH a onpe.n:eAAeTcH no rrpHHUHIIY 
o6o6rueHHoii HCB.ll3KH a= a(P,e), 

M 1 =Ra(R1 ,H). 
d) Ha .n.attttoii ycrattoBKe rrj)OH3B0.D;HTCH Han1,rnHTeJihHhIH 3KCrrepHMeHT c 

BhI'll:ICJieHHhIM k-bIM npI:16mi,Kei:rn:eM q>yttKUHH MacKH M •: 

·'· J!•=R,(M,). 
e) Ecnl:I nonylfeHHa.ll 3KCnepnMeHra.nbH0 K0HqmrypaUIDI H, coima;:i;aeT C 3a.D;aHHOH 

H C TO'lH0CTblO e, IlOHCK C'IIITaeM 3aBeprneliHbIM. B IIpOTHBH0M cny-qae, 
nonara.a k = k + 1, nepexo.D;HM BH0Bb K nyttKTy b ). 

B 3aKJI___ID_llCHHH npHBO.D;HTC.ll OCHOBHbIC pe3yJihTaTbl .n:nccepral(HH. 

1.TTOCTIJOeHa MaTeMaTHtJ:CCKa.ll MO.D;eJTh 061,er.rnoro '. 3KpaHHpOBaHl:I» 
HeB3aHMO)];CHCTBYJOIIJ.HX KOpnyceyMpHbIX IIOT0KOB B cnyqae MaC0K H II0)J)JO)KeK 
pa3JIH'IHhlX q>OpM B TOM 'IHCJIC H H3MeHfilOU\HXC» CO speMeHeM. IlOCTIJOCHa 
MaTeMaTHtJ:eCKruI M0.D;eJII, o6'bCMHOro 3Kpattl:lp0BaHIUI )];JI.ll peaJibHbIX npoueccoB 
HanbmeHIDI. (noTOKH B3aHMo,n:eiiCTByroIUHx qacmu). Ilepexo.n: K yKa3attnoii Mo;:i:enn 
OT MO.D;eJIH )1)1.ll HCB3aHMO.D;CHCTBYJOIUHX IIOT0KOB OCH0BaH Ha B03M0)KHOCTH 
oro6pa,KeHIDI cpaKTOpOB B3aHMO.D;CHCTBIDI BBe,n:eHHeM H0BOro Il0H.l!TH.ll 
3cpcpeKTHBHoro pacnpe.n:eneHil.ll IlOTOKa 'laCTHI(. IloKa3aHO cyrueCTBOBaHHe 
3cpcpeKTHBHOro pacrrpe;:i:enemrn no Kpaiitteii Mepe, )J)JH orpaHHtieHHOro MH0)KeCTBa 
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napa"'1C'I'p0B 3KpaHI1pYJOIUHX MaCOK H !pl:IKCl:lpOBaHHOro pe)I<HMa pa60Tbl 
Harn.mHTeJibHOii ycTaHOBKH. 

2. ,lvrn BCeX paCCMO'I'peHHbIX cnyqaeB MaTCM3TH'leCKasI MO.ll:CJlb e,!UIHoo6p33Ha 
- 3T0 HHTerparrbHOC ypaBHeHHe, HllJI.lllOIIJ.CCC» orrepaTopHbIM ypaBHCHlICM rrepBOro 
po;:i:a 

f dbA(b,c)X(b + c,h) = Y(c): 

B MO.D:eJIH HeH3BCCTHblMH .llBJI.lllOTC.ll q>yttKUIDI MaCKH A(*,*) H q>yttKIUJH HCTO'lHHKa 

X(*, *)' B CBH3H C 'leM HMCIOTC.ll JI.BC o6paTHbIC 33.D;a'ltt: 

- 3a;:i;aqa onpeJJ,eJieHil..ll q>y'HKI(HH HCTO'lHHKa - BCilOM0raTCJibHa.ll 3a,D;a•m; 
- 33.D;a'la CHHTe3a napaMCTIJOB MaCKH - 0CHOBHM 3a.D;a'la. 
TToKa38HO, 'ITO BCC npe.n:meCTByroIIJ.He MO,ACJIH 3KpaHHpyeMoro HaIIhlJleHIDI ;.q>yrnx 
aBTOpOB ..l!BJifilOTCH 'l8CTHbIMH CJiyqruIMH Harnett MO.D;eJIH. IlOKa3aHa .D;OCTIDKHM0CTb C 
3a.D;aHHOH TO'lHOCThlO rrpOH3BOJII,HOH npaBOH ~acm IIpH rrpOH3BOJJbHOH q>yttKUHH 
HCTOtJ:HHKa. T.e. Il0Ka3aHO, 'ITO Ha HCKOTOpOH yCTaHOBKC HaUI,JJieHH.ll cyruecTByeT 
TaKOH pC,KHM pa60Thl H TaKruI 3KpaHHpyroma.a MaCKa, KOT0pbie pearrH3yIOT 
33.D;aHHbIH npoqmm, Hanr,rneHHOro CJJO.ll CKOJlb yro,ium T0'lHO. 

3. O6e o6paTHble 3a)l.8'lH .l!BJIHIOTC.ll HCKoppeKTHblMH 33.D;a'laMH C HCT0~HblMH 
.r1aHHhIMH. P83pa6oTaHhI Mcroiu,1 H arrropttTMLI HX ycToiitJ:HBoro pemeHIDI •. BHa'lane 
ITO pe3yJibTaTaM npe.n:aapHTCJibHbIX HarypHbIX 3KCnepHMeHT0B pemaCTCSI 
BCil0MOraTCJJbHM 3a.D;atJ:a. 3aTeM no pe3yJihTaTaM ee pemeHH» pemaCTC.ll OCHOBHM 
3a.D;a'la CHHTC3a rrapaMCTIJOB 3KpaHHpyrorueii Ma'CKH. PeaJIH30BaH BbltfHCJJIITCJibHblH 
'.3KCilCpHMeHT CHHTC3a 3KpaHHpyrorueii MaCKH. no 3a.D;aHHOMY hpoq>HJIIO T0JIIUHHhl 
HarrLmenHoro cnoJI, HCIIOJJb3YJOIIJ.HH ,AaHHb1e H3MepeHHH npoMe)KyrotJ:HbIX 
Harn.TJIHTCJihHhIX 3KCilepHMeHTOB. 

4. C IlOMOII(bIO rrpe.n:meCTBYJOIUHX MOJJ,eneii ;.q>yrnx aBTOp0B 3KpaHHpye~mro 
HaIIbillCHIDI no 3a.A8HH0MY npocpHJJIO CJI0.ll 61,ma CHHTe3HpOBaHa 06'heMH8.ll MaCKa C 
OTBepcmeM m ,[(Byx KOHH'lCCKHX cerMCHTOB. C ee IlOMOII(blO 6bm npoBeJJ,CH 
Haryptthlii nanhlJIHTCJJbHbIH 3Kcnepm.teHT. E1,m H3MepeH rrpocpHJJh ttanLmeHHoro 
CJIO.ll H 6bIJIO 38q>HKCHpOB8HO paCX0)K,n:CHHC C 3a.D;aHHbIM Il})Oq>HJieM. 

5. no rrpocpmno nepBoro HallbIJICHHOfO CJI0..ll II H3BeCTHOH cpopMe 
3KpaHHpYJOIUCH MaCKH 6bma B0CCTilH0BJieHa <PYHKUHH HCTOtJ:HHKa. C ee IlOMOIUbIO 
CITTITe3HpOBaHa q>opMa MaCKH )];JI.ll HanbIJieHH.ll TOHKOilJleHO'lHOH JIHH3bl J1IOHe6epra. 
B pe3yJihTaTC H8IlbIJJHTCJlbHOfO 3KCnepHMeHTil 6hlJI nonyqeH BT0poii H8IlbIJieHHLiii 
CJIOH. ObIJIO TTOK33aHO, 'ITO H3MepeHIDI, np0BO.D;HMbie no npHMeH.l!BWHMC.ll B TO 
BpeM.ll MeTO.D;aM, OKa3aJIHCb HC.D;OCTilTO'lHbIMH no KOJIH1ICCTBY H Ka'lCCTBY ,wrn 
cpaBHeHHH C 'lHCJieHHO rrpe.D;CKa3aHHbIM B paMKax MO,n:e.rrn: HaIIbIJICHHbIM CJIOeM. 

6. Pa3pa6dran MeTO.l{ nyqeBoro 30H.D;HpC>B8HH» - MCTO,n: H3MepeHHH 
B0JJHOBO,n:HI,IX . CB0HCTB HanhTJieHHoro CJIO.ll, 06ecne1IHBaIOIUHH 
3KcnepHMCHTaJihHbIMH · .n:aHHblMH Hy:lICHOfO Ka'lCCTBa H B. Hj')KHOM KOJIH'lCCTBe. 
CMoHmpoBaHHbIH H3MepHTCJibHO-BbJqHcmqeJibHbIH KOMruieKC no cpororpacpn»M 
ny4eii:, CJie,ll.)'..ll pa3pa6on~HOMY arrropHTMY, aBTOMaTHtJ:CCKH CHHTe3Hp0BaJI cpopMy 
3KpaHHpyromeii MaCKH. . 

7. <l>pe3epOBKa . MaCKH H HammeHHe qepe3 Hee TIJCTbCro CJT0.ll IIpOB0,UHJIHCb 
BHC aBTOMaTH3HpoBaHHoro npouecca. I13MCpCHHbIH rrpoq>HJIJ, H Bbl'IHCJieHHbIH Ha 
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K0MilblOTepe OTJIJIIHllOTC.ll MCHbllle, '-ICM Ha II0rpemH0CTI, MaTeMaTJIIICCKOH 
o6pa60TKH ,llaHHbIX H3MepeHHH. To-crnOCTb Ql)'HICU,HOHHpoBamrn TOHKOIIJICHO'-IHOH 
JIHH3LI Jhotte6epra 61,ma o6ecne'-Ietta no pe3)'.J1bTaTaM BhI'-IHCJIHTeJILHoro 
3KCnepHMeHTa C H36hlTKOM. 
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