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BBe,n;eHHe 

AKTyaJihHOCTb TeMhl 

CorJiaCHO o6menpllHSITOH TepMHH0JI0rHH, npl!Mb!Mll :ia,11aqaMH -!pll3HKH H33b!B3IOTCSI 
TaKlle :ia,11aqH, B KOT0phlX onpe,n;eJISIIOTCSI CJI~,11CTBHSI no H3BCCTHhlM np=HaM, o6paT.
HbIMH )Ke sa,n;aqaMH SIBJISIIOTCSI TaKHe 3a,n;aqn, B KOT0phlX BOCCTaHaBJIHB3lOTCSI npuqnHbI 
no Ha6Jiro,n;aeMhlM CJie,n;c-i:BnSIM, Kor,n;a "no ,n;aHHblM Ha6Jiro,n;eHHii: HJIH onhlToB nm~
c11 3HaqeHUSI napaMeTp0B, BX0,!l;SIID;UX B npHHSITble 3'lK0H0MepHOCTH, HJill ,n;a)Ke caMH 
3aK:OllOMepuocmu". 1 EcJIH B,!l;YM3ThCSI B 31'0 onpe,n;eJieHHe, TO pa3Jillqne Me:iK,n;y o60-
iiMn TnnaMH :ia,11aq, no cym;ecTBy coBna,n;aeT c pa3JinqneM ·Me)K,n;y TeopeTHqecxoii: n · 
3KcnepHMCHTaJibHOH !pll3HKOH, lI C 3TOH T0qxu 3peHHSI npaKTHqeCKII JII06asi :ia~aqa 
3KCnepHMeHT3JihHOH q>ll3UKH SIBJISieTCll o6paTHOH. 

· B caMOM ,n;eJie,' ,n;a)Ke npsiMoe H3MepeHue· KaKoii:-mi6o cpH3uqecxo:il: BeJillqHHhl He ,n;aeT 
lICK0MhIH pe3yJihT3T Henocpe,n;CTBeHlIO KaK no npHqHHe Bcer,n;a HMeIOID;HXCSI ITIYMOB HJl]f 

onm6oK n3MepeHnsi, TaK n no npnqnHe KOHeqHoii: pa3pemarom;e:il: cnoco6HocTn · BCSIKoro 
H3MepnTeJJhH0ro npn6opa. llcKJIIOqeHHe IDYM0B, a npaB!fJihHee 6hIJio 6hl cKa3aTh, 
yMeHhIDeHHe lfX BJIHSIH!fSI, H K0ppeK!l;IISI fill K0Heqaoe pa3pemeHHe npu6opa HJIH, 
KaK HHor,n;a ronopsiT, pe,11yxu;Hsi K n,11eaJihH0MY hpu6opy u eCTh TH_nnqrihre npnMephr 
o6paTHhlX :ia,11aq_ . -

H3 cKa3aHHoro sicHo, ~o o6e yxa3aHHble :ia~aqu B33HMOCBSI3aHbl, n cpaKTHqecKn 
lfMeHH0 IDYMhI onpe,11eJISIIOT BeJIUqHHY B03MO)KHOrO ynemtqeHll.lI pa3pemeHHSI (lfJIII CBep
xpa3peIUeHns1) H3MepuTeJibHOI'O npu6opa. B. OTCYTCTBlle myMOB pa3pemenue B03M0)KH0 ~ 
ynennqiJBaTb HeorpaHnqeHHO. HecMOTpS! Ha _TO, ~o YK33aHHall Toqxa 3peHHS1 H3BeCTHa 
B <f>n3nKe ~e 60Jiee 40 JieT co npeMeHu pa60T - r.C.ropeJinKa H H.JI.BepHIDTeilHa 
[2] H [3], npaKTHqecK!fe aJII'OplITMbI B0CCTaH0BJieHUSI 6b!JIH .BeChMa HeconepmeHHhl, ~o 
npenSITCTB0B3JIO lfX' IIIllpOKOMy HCilOJih30B3IIHIO B 3KCIIepuMeHTaJII,HblX HCCJie,110~3HHSIX. 

' ~-
PaccMaTpnnaeMhie o6paTHhle :ia,11aqn .npaKTnqecKu H3 ncex pa3,11eJI0B sKcnepnMeH-

TaJihHOH !pH31lKH, BKJJroqasi cro,11a TaK)Ke acTp0HOMlllO ll reocpH31lKY, a TaK:iKe Me,11HU:UH' 
CKYIO H TeXHnqecKyro ,11HaI'HOCTlfKY, MaTeMaTnqecKn MOI'yT 6h!Tb CBe,11eHhI K pemeHUIO 
lfHTerpaJihHhIX ypaBHeHHH nepnoro po,11a Blf,113 

Af(y) = F(z), 

r,11e A o6o3HaqaeT HHTerpaJibHhlii: onepaTOp (B03MO)KHO JI HeJIHHe:il:Hhlu) 

b 

Af (y) = f K[z, y, f(y)]dy, 

" 

(1) 

(2) 

onpe,11eJisieMblii: KOHKpeTHOH :ia,11aqeii:, f(y) - UCKOMaSI cpyHKU:Hll a F(z) ecTb II3MepsieMall 
Ha OnhITe 33BllC!fMOCTb. · QeJihlO llBJllleTCSI orrpe,11eJieHHe HeH3BeCTHOH ·cpyllKU:UH f(y) no 
H3MepsieMoi1 F(z). · · 

1KaB1>1'lKaMH OTMe'!eHa =aTa H3 ]IOKJ13J13 B.A.AM6apeyMllHa [1] .Ha Me>KJzyHapo)IHOM CHMIT03eyMe no 

cl>YH11aMeHTaJihllhlM npooJieMaM reOpeTil'l~KOH H MaTeM3TH'!ecKOH cjJH3HKH B ,lcy6He B 1979 r. 

I~ ,';~.._ .. 111,- . ; .. .l.,i ., . ..,._,;;;~I 
.
~UQ~A~~~~~~n ~a.~u,jv. 

, . rm~JtSi-J! ucr Je~~:umO 
11 ,z,isnt.101"_~f}A , 



" 
O)'.IHaKO, yxe B nepnoM II3)'.laHirn: MOHOrpaqmII KypaHTa II r~b6epTa [4] 6b!J!O 

OTMC'leHo no OTHomemno K HHTerpaJibHhIM ypaBHeHIISIM nepnoro po.11a nII.11a 

f(s) =/ K(s, t),p(t)dt, 
ti: 

(3) 

'ITO: -" ••• 3aTpy)'.IHeHIISI WIS! Teopnn lIHTerpaJibHbIX -ypanHeHIIll nepnoro- po.11a Jie)KaT n 

TOM OOCTOS!TeJibCTBe, 'ITO npII HenpephIBH0M Sl)'.lpe K(s, t) r.moroo6pa3IIe ncex KycollHO: 

HeITpephIBHhIX qiy~IIii: ,p(s) ITpeo6pa30Bhlnaei-csr_ n tiaCTh TOro )Ke MHoroo6pa3mr; TaK 

KaK nee IT0JiytiaIO~IIeCSI TaKHM o6pa30M qiyHKqlIH f(s) BO BCSIK0M CJiytiae HeITpepbIBHbL 

ECJIH SIJIP0 K(s, t) )'.IIIqiqiepeHqIIpyeMo,' io BCsrKasr KycotIH0:-HeITpephlnHasr qiyHKqIIsr, .11a)Ke 

BCS!KaSI TOJibKO- lIHTerpIIpyeMaSI qiyH~USI ,p(s), npeo6pa3yeTCSI B )'.lllq>q>epeHqnpyeMylO. 

CraJIO 6bITb, HHTerpaJibHOC ypanHe1me - HC M0)KeT - IIMeTh ):I.IISI BC5IK0H HCITpCpbIBHOl'i: 

qiyn~nn f(s) HenpepbIBHoe_pemeHIIe ,p(s). Jlnmh ITOCTOJihKY, IT0CK0JihKY SIJIP0 yKJio

HSICTCSI OT ITpaBHJibH0ro ITOBC)'.leHIISI, M0)KH0 Q)Kll)'.laTh. pa3pemUMOCTlI ypaBHCIIHSI (2) .11m1 

6oJiee o6~HX KJiaccon qiyHKqnii:." • 
~ . . ' . . 

- <I>yH)'.laMeHTaJlbHaSI ITPII'lllHa TPY/'.IHOCTeii:, B03HUKaIO~HX npu ITPlIMeHeHIIII IIHTerpaJib--

, HbIX ypanHeHnii: ITepnoro po.11a· K o6pa60TKe )'.laHHbIX qJII3IIlJCCKlIX .3KCITepnMeHTOB 3a

KJIIO'laeTCSI B _ TOM, 'ITO peruemi:sr .3TUX -ypanHeHIIii: HeyCTOH'lllBbI K MaJihIM lI3MeHeHll5IM 

BX0)'.IHbIX )'.laHHhIX, H TaKHM o6pa30M OKa3hIBaeTCSI HapymeHHbIM He06XO)'.IIIMOe ycJiom1e 

K0ppeKTHOCTif i::ro ,A)'.laMapy: perueHHC )'.I0Jl)KH0 HeITpepbIBHO 3aBHCeTb, OT HalJaJibHbIX 

)'.laHHbIX; -=n B Kal!ecTne·Hal!aJihHbIX- )'.laHHbIX )'.IOITYCKaIOTCSl'ITPOH3BOJibHhie HerrpepbIB-
Hbie qiynKqIIn. - - - · 

_ 3Ta HeycrOH'lHBOCTb B CB0IO 0lJCpe)'.lb OO'bSICHSleTCSI ;eM; · -qTO B 6ecKOHelJHOMep

II0M ITpOCTpaHCTBe BIT0JIHe HeITpepbIBHhle 0ITCpaT0pbI, He M0ryT HMeTh -HeITpepbIBHbIX 

. o6paTHbIX. -K KJiaccy BIT0JIHe HeITpepbIBHbIX 0ITepaTOp0B OTHOCHTCSI 0ITepaTOp (3) -IIPH, 

HaITpHMep,- HenpepbIBH0M no o6eHM nepeMeHHbIM- Sl)'.lpe' K(s,t). O)'.IHaKo, KaK 6wro 

- ITOKa3llHO 13 1943 r. A.H.TIIXOHOBbIM [5] npn: orpaHU'leHHH o6JiaCTH.B03M0)KHblX peme

r , HUH KOMITaKTHbIM MH0)KeCTB0M M _ H3 B3aHMHOH 0):IH03Hal!HOCTH OTo6pa)KeHIISI CJIC)'.lyeT 

HenpepbIBHOCTh o6paTHoro onepaTOpa. _ 

--

Ha OCH0BaHIIH _.3TOH_ TeopeMbI BnOCJIC)'.ICTBIIH 6bIJIH cqiop'MyJinponaHhI YCJI0BHSI K0p

peKTH0CTH o6paTHbIX 3a)'.lal! ITO TuXOHOBY, B KOT0pbIX, B OTJIH'lHe, OT yCJIOBIIii:',A.ilaMapa, 

' • He - .110Ka3hlnaeTcSI c~ecrnonaHne perueHUsr o6paTHoii: sa.11a_lln - · -

Ax=y, x E X,y _E Y, , 

a rwcmyllupyemcsi ~eCTB0BaHIIe HeK0T0poro MH0)KeCTna Mc- X B np0CTpaHCTBe ncex, 

- B03M0)KHbIX perueHUii:. _ X, TaKoro, 'ITO _, pemeHne eilu1tcniCJeww Ha .3T0M · MHO)Kecine, 

T.e. Ha MH0)KeCTBe N = A(M) onpe.11eJieH o6paTHhIH, onepaTOp A-1, n peruemie 

-YCTOH'IHBO _B o6JiaCTH N, T'.e. _ o6paTHbIH onepaTop A-1 1tenpepblCJell B,CO0TBCTCTByro~eii: 

'MeTpHKe, onpe.11eJieHH0ii n o6JiaCTH N. ECJIII M ·- K0MITaKTH0e MHO)KeCTBO, TO ycnonne 

KoppeKTHOCTlI ITO TuxoHC:my cne.11yeT us ero TeopeMhI 1943 r. · , -
' ' - ' - ' .• . . ,'!' 

YlleT HeKoppeKTHOCTH o6paTHbIX sa.11a1I, o6ycnonJieHHoii: nx · ITpnHqIInnaJihHOii He~ 

yCTOH11HBOCTbIO K - napmiqnn BX0,!1HbIX .3KCITCplIMCHTaJibHbIX ,ziaHHbIX, CTaH0BlIT_CSI _ e~e 

60Jiee na)KHbIM, eCJIH lIMeTh n -BH,!IY' 'ITO 3KCnepnMeHTaJihHhie .i\aHHbie - ncer.11a -nMe

IOT B CB0eM COCTaBe myMonyro K0MIT0HeHTY - pa3JllI'lH0r0 ITp0HCX0)K)'.leHHSI. - IllyMbl 

MOryT ori:pe):leJIS!TbCSI caM0H qJII3H'leCKOH -npnpo,zioii: If3MCpSieMoi'o -ClirHaJia, KaK Hanpu~ 

Mep, pa,zinoaKTHBH0ro pacITa,11a, 0ITHChlnaro~erocsr ITyaccoHoncKnM pacITpe,zieJieHlieM, -UJin 

. ·cIImaJia 0ITpe,11eJIS1eMorp ,zipyrnMn ·KBaHTOBhlMII 3qiq>eKTaMH,. a M0rYT 6bITh ITpocro cny- · 

l!aHHbIMH OIIIII6KaMH H3MepeHHSI, 60JibIIICH • l!aCTbIO ( HO )'.laJieKO He BCer,zia) HMeIO~lIMH 
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raycc0BCK0e pacITpe,11eJierme, O6a Bll,!1a -IIIYM0B SIBJISIIOTCSI He3aBlIClIMhIMil, HO HllK0r,zia 

He M0ryT 6hITb ycTpaHeHhl o6a IlOJIHOCTbIO: -

B o6paTHhIX sa.11a1Iax, paccMaTpIInaeMhlx B ,zinccepTaqnn, HaJinl!He CJIYtiaii:HocTn no 

BX0,!1Hb!X MHHbIX SIBJISieTCSI c~ecrneHHbIM. ,lvlsr IT0JIH0TbI cne,ziyeT yrr0MSIHYTb O ,zipy

roM nme o6paTHblX sa,ziall - 3a,!1allaX cnHTe3a, B K0T0pbIX 3a,!1aBaCMhIC qJynKqlIH He 

co,11ep,1rnT CJiylJaHHOil: K0MIT0HCHThI, lI ,!1JISI pemCHlISI KOT0pbIX M0ryT ycITeIIIH0 rrpnMe

HS!TbCSI xoporuo pa3BHTble MCT0)'.lbl MilHllMlI3aqnn. 3a,zialIH CHHTesa He paccMaTplIBaIOTCSI 

n ,11IIcceprnqnn. 

MHoroo6pa3ne lI B3)KH0CTb npaKTII'leCKIIX ITpnMeHeHIIH o6yCJIOBIIJIO IT0SIBJICHife MHO

rQ'!HCJieHHblX o6sopon II MOHorpaq>IIH no o6paTHbIM sa,ziallaM [6--22], BKJIIO'laSI T3K)KC 

o6sop anTOpa [12]. O)'.IH3KO, HeCMOTpSI Ha TaKoe OOHJIIle JllITepaTOpbI no ,!13HHO

MY ITpe,11MeTy, 6e3yCJIOBHO CBII,!1eTeJibCTBYIO~eMy o6 aKTyaJihHOCTH TeMbI, npo6.ireMa 

a,zieKnaTH0ro YtieTa KaK CT3TlICTH'leCKOH lIH!pOpMaqlIH 0 BX0,!1HbIX MHHbIX, TaK ll CITe

qIIq>lIKII HeKoppeKTHOH sa,zialln, T.e. K0HKpCTH0ro BII)'.la lIHTerpaJibH0ro 0ITepaT0pa (1), 
n aITpnopHoil: HHq>OpMaqIIn o pemeHnn, IT0CT0SIHH0 CTOHT ITepe,11 3KCITepnMCHTaT0paMII, 

pa60TaIO~lIMII Ha ITpe,11eJie B03MO)KH0CTCH HCil0Jlb3YCMbIX lI3MepHTeJibHblX rrpII6opon 

II )KeJiaIO~UMII II3BJiellh MaKCIIMYM lIH!pOpMaqIIn Il3 ITOJIYtICHHbIX 3KCITepnMeHTaJlhHblX 

)'.laHHbIX. 

U:eJib pa60TbI 
U:eJibIO ,!1IICCepTaqnOHHOH pa60Tbl SIBJISIJIOCh, BO-nepBbIX, paspa60TKa H0BblX aJirO

plITM0B peineHIISI o6paTHbIX 3a,!1al! 3KCITepIIMeHTaJibHOH qJlI3lIKII Ha OCH0Be MeTo,zia 

. MaKCIIMYMa ITpan,110ITo.1106mr c ITOJIHhIM · YlleT0M KaK craTIICTillJecKoil: HHq>0pMaqIIII o6 

3KCITepnMeHTaJihHblX ,ziaHHhIX, aHaJIHTillICCKIIX CBOHCTB lIHTCrpaJlbHbIX 0ITepaT0p0B K0H

KpeTHblX o6paTHblX 3a,!1a'l, TaK H .z10CTYITHOH lIH!pOpMaqIIII 0 pemeHIIII. 

BTopoii: qCJlbro S1BJIS1J10Ch co3,11aHIIe nporpaMM ,!1JISI 3BM, peaJIII3yIO~IIX pa3pa6o

TaHHble aJir0pHTMhI, lI nporpaMMHblX K0MIIJieKC0B, IT03B0JISIIO~IIX llX IICIT0Jlb30BaTb 

,!1JISI pa3JIIIlIHblX 3a,!1all _BOCCTaH0BJieHUSI cnrHaJI0B, B03HIIKaIO~IIX B '3KCITepIIMeHTaJihHOii: 

ITpaKTIIKe. 

ll HaK0HCq, TpeTheii: 3a,!1alleH SIBJISIJIOCb IICCJIC)'.I0BaHIIe npe)'.leJI0B YJIYtIIIIeHHSI paspe

illCHIISI ITpn oopa60TKe 3KCITepIIMeHTaJihHb!X )'.laHHblX B HeITapaMeTpIIlleCK0M CJIYtiae C 

lICITOJib30BaHIIeM H0BbIX aJiropIITM0B BOCCTaH0BJieHIISI cnrHaJI0B. 

OcHOBHhle HarrpaBJieHng nccJie~oBaHHH 
B )'.IHCCepTaqnII 3Tll B0ITpOCbI pemeHbI ,!1JISI o6paTHbIX 3a,!1a'l O T0Ke 3MHCCIIII B MlI

Kp_OTp0He, 0 )'.lllaIBOCTIIKe qHJilIH,!1pUlleCKIIX IIJia3MCHHbIX pa3p5I,!10B, 0 BOCCTaH0BJieHillI 

ITPOCTpaHcTBeHH0ro pacnpe,zieJICHIISI BCilbIXHBaIO~IIX 3Be3,!1 B map0BbIX ·3ne3,r(HbIX CK0IT

JICHII5IX, 06 OITTHMaJihHOH q>HJibTpaqmr, o noccTaHOBJICHIIII · 3HepreTn'lecioro _ CITeKTpa 

YJibTpaMSirKoro peHTreH0BCK0ro II3JIY'leHU5I ITO II3MepeHIIIO ero IT0rJI0~CHlISI B ra3e, 

00 3KCIT0Heil:qIIaJihH0M aHaJIII3e, II O ITpe,zieJie cnepxpa3pemeHll5I npn BOCCTaHoBJieHIIII 

CIIrHaJion. 

Ba)KHbIM ITpaKTII'leCKIIM acITeKT0M ,!1IICCCpTaqIIOHHOH pa60ThI ID!JISieTCSI He T0JlbK0 

ITpone,11eHIIe TeopeTII'lecKoro paccMoTpeHIISI, HO II .11one.11eHIIe ero ,110 pa60TaroiqIIX ITa

KeTon ITporpaMM ,!1Jl5I 3BM, ,zieJiaIO~lIX o61qe,110CTyrrHhIMII BCe IT0JiylICHHbIC pe3yJihTaTbl. 

3 



Hay-crna.SI HOBH3.Ha II rrpaKTH"CJecK~SI u;eHHOCTb pa6oTbI 

Opnr:imaJibHhle pe3yJibTan.r, npe)I.CTaBJieHHble B wiccepTau;uu, onyfumKoBaHhl B pa6ornx 

[23-40] H M0ryr 6hITh 6hITh .. KpaTK0 cqmpMyJI!IpOBaHbl CJie)l.yJOiqHM o6pa30M: 

. ~ 
IlpeMOXeH H. Hcc.ire)I.OBaH H0Bhlii: cnoco6 annp0KCIIMau;HII 3KCnepHMeHTaJibHb!X 

)l.amrnx 0pT0roHaJibHhIMII nOJIIIH0MaMII,_ OCH0BaHHhIH Ha. BblqIICJieHIIII oqepe)I.HblX 

K03<pqmu;HeHTOB <l>ypbe TOJihKO OCTaTKa pa3JI0XeHllil (MeTO)I.- "CH5ITIISI IDKypoK C 

JIYKOBHIJ;bl"), HMeJOmHii MeHbIDIIH poCT Bl,Iq!I_CJIIITeJibHOH norpemHOCTH C p0CT0M 

CTeneHH · nOJIHH0Ma no cpaBHeH!IJO c KJiaCCIIqecKIIM cncico6oM, OCH0BaHHbIM Ha 

Bl,IqHCJieHHH K03<pqm:u;HeHTOB <l>ypbe pa3JlaraeMoii <l>YHKIJ;IIH. 

- IlpeMOXeH H HCCJie)I.0BaH MeT0)I. pemeHllil HHTerpaJibH0ro ypaBHeHIISI l.II.neMIIJibXa, 

OCH0BaHHhlii: Ha pa3JI0:lKeHIIH IICKOMOH q>yHKIJ;IIII H BX0)I.HhIX )l.aHHhIX no n0JIIIHO

MaM. C HCnOJib30BaHIIeM 3T0ro MeT0)l.a H3MepeHbl 3MIICCII0HHble xapaKTep!ICTllKII 

6op!I'A-JiaHTaHosoro (LaB6 ) KaT0)l.a B nOJisix )I.0 500 kV/cM H TeMTiepaTypax AO 
_1720°0 B yCK0PSIIOiu;eM pe30HaTOpe MIIKP0Tp0Ha. 

IlpeMOXeH -H HCCJie)I.0BaH MeTO)I. pemeHHSI• HHTerpaJibH0rO ypaBHeHIISI A6eJISI, • 

OCHOBaHHhlii: Ha pa3JI0:lKeHHH -IICKOMOii q>yHKIJ;HH no noJIHH0MaM. 3TOT MeT0)I. 

Henocpe)I.CTBeHH0 np!IMeHIIM B reoMeTpo-onTIIqecKHX 3a)l.aqax lpH31IKH nJia3Mbl C 

. IJ;IIJIIIHAPMeCKOii CIIMMeTpHeii KaK 6e3 yqeTa peq,paKIJ;HII, . TaK H C ee yqeT0M, II 

KaK COCTaBHaSI qacTh noJIHoii wiarnOCTHqecKOH 3a)l.aqu np!I yqeTe W{q>paKIJ;IIII H 
norJiomeHHSI wiarnocrHqecKoro nyqKa B nJia3Me. 

- IlpeMOXeH H _HCCJie)I.0BaH MeT0)I. 0pT0r0HaJibHbIX pa3JI0)KeHIIH MSI onpe)l.eJieHIISI 

IlpOCTpaHCTBeHHoii IlJIOTHOCTH 3Be3)1. B map0BhIX 3Be3)1.HhIX CK0TIJieH!ISIX B CJiyqae, 

KOr)l.a CK0TIJieH!Ie pa3pemaeTCSI Ha . OT)l.eJibHble 3Be3)1.bl· H Tpe6yeTCSI npe)l.sap!ITeJI~ 

HOe onpe)l.eJieHHe noBepXHOCTHOH IlJIOTHOCTH. OH OCHOBaH Ha pa3pa60TaHHOM 

aBTOpOM MeTOA°e quCJieHH0ro · pemeHHSI HHTerpaJibHOro ypaBHeHHSI A6eJISI H MeTO)l.e 

OpToroHaJibHhIX pa3JIO:lKeHHii H.H.1IeHIJ;OBa )I.JISI ou;eHKII IlJIOTHOCTH BepoSITHOCTII 

CJiyqaiiHoii BeJIIIquHhl no ee na6JIJO)l.eHHSIM. MeTO)I. )l.aeT TaKxe ou;eHKY . no- · 

rpemHOCTII BOCCTaHoBJieHHoii npocTpaHCTBeHH0ii TIJIOTHOCTH. YKa3aHHhIM MeTo)l.·011 

onpe)l.eJieHa npoi:TpaHCTBeHHaSI IlJIOTHOCTb BCnhIXHBalOIIJ;HX 3Be3;t; B IlJieSl)l.aX. H 

noKa3aHo, trro •. nepB0HaqaJ!bHoe ee onpe)l.eJieHIIe acTpOH0MaMH H3 · BwpaKaHcKoii 
OQCepBaTOp!IH 6hIJIO HesepHhIM. . 

IloKa3aHO, :_ ~o 0ilTHMaJibHaSI lpllJibTpau;HSI HeCJiyqaiiHhIX )l.aHHhIX OT' CJiyqaii.Hoii 

IDYMOBOH COCTaBJISIIOiu;eii oc~eCTBJISieTCSI npHMeHeHIIeM H3BeCTHoro. BHHepOBCKOro 

lpllJibTpa K cneKTpy. <l>ypbe no.imoro CHrnaJia BMeCTe C IIIyMOBOii K0MilOHeHToii 

TaKXe, KaK H. H npH OilTHMaJlbH0M'. 06HapyxeHIIH CTaIJ;HOHapHOrO CHrHaJia B npn

CyTCTBHH crau;HoirnpHoro CJiyqaiiHoro myMa c H3BeCTHhIMII _ cneKTpaMII cnrnaJia 

_H ·myMa. IlpeMoxeH aJir0pHTM peaJIH3aIJ;HH KBa3H0nTHMaJibHOro BHHepOBCKOro , 

q>IDibTpa, ncnOJih3YJOmero ou;eHKII cneKTpa. cnrnaJia H myMa B Tex o6JiaCTSIX npo

crpaHCTBa <l>yphe, r)l.e OHII xopomo onpe)l.eJieHhl, H 3KCTpan0JISIIJ;HJO· STHX ou;eHoK . 

B o6JiaCTh, me 0Hn onpe)l.eJieHbl TIJioxo. Ilpn 3KCTpanOJisiu;HH cneKTpaJihHhIX ou;e-. · · 

• HOK CHrnana ncnC>Jlb3YeTCSI HMewmaSICSI anpnopnasi HHq>opMau;HSI o CHrnaJie. B 

60JlbmoM quCJie cneKTPOCKormqecKHX )l.aHHhIX OKa3hIBaeTcsi )I.OCTaToqnhIM npocrnSI 

npSIMOJI:imeiiHaSI 3KCTpanOJISIIJ;HSI cneKTpa cnrn_aJia 
1 
(B -JiorapHq>MIIqecrn e)I.HHHu;ax). -

AJiropiri-M PeaJIH30BaH B B!I'Ae nporpaMMhl )I.JISI _3BM,. KOT0paSI HamJia mnp0K0e . 

HCnOJib30BaHIIe KaK B HayqnhIX HCCJie)I.0BaHIISIX, TaK H MSI cneu;HaJibHI>lX npHMe
Heirnii. 
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IIpeMO)l(eHa H peaJIH30BaHa MHOr0)l.b!poqHaSI KaMepa-o6cKypa MSI Ha6JIJO)l.eHIISI' 

CJia6bIX HCToqHHKOB B OOJiaCTll BaKyyMHOro Y.11.bTpaq>l!OJieTa 11 MSirKoro peiITreHa. 

C: IIOMOIIJ;b!O 3TOH KaMepbl npoBe)l.eHbl Ha6JIJO)l.eHl!SI l!CToqn11KOB B YKa:3aHHblX 

o_6JiaCTSIX cneKTpa, B03Hl!Kal0Iu;HX B IIMnyJibCHbIX AYfOBb!X pa3pSI)l.aX BbIC0K0ro 

)l.aBJieHllSI. 

Co6paHbl 11 KPIITllqec-Kl! npoaHaJill31IpOBaHbl l!Me10m11ecsr 3KCnep11MeHTaJibHble )l.aH

Hbie no q>OTOilOYJI0iu;eHHIO peHTreHOBCKOrO ll3JlyqeHl!SI B MOJieKyJisrpHOM BOAOP0)l.e 

B )I.IIana30He 17-400 3B 11 noJiyqeHa npocTasr armp0KCl!MaIJ;llSI 3Tl!X )l.aHHblX. 

IloKa3aHO, qT0 )l.aHHble no BOJI.OPOJI.Y B ll3BeCTHhIX Ta6JI11u;ax XeHKe CO)l.ep)l(aT 

Cl!CTeMaTIItJeCKYIO om116Ky BeJill'III_Hoii OKO-~O -30%. 

- IlpeMO)l(eH 11 nO)l.p06Ho l!CCJie)I.0BaH HOBh!H cnoco6 o6pa60TKll )l.aHHbIX B 3KCne

p11MeHTaX no BOCCTaH0BJieHl!IO cneKTpa YJlbTpaMSirKoro peHTreH0BCKOro H3JlytJeHllSI 

no ll3MepeHl!IO ero nomomeHllSI B ra3e Ha OCH0Be MeTO)l.a MaKCllMYMa npaB)l.0-

nO)I.06Hsr. MeT0)I. cnoco6eH ycnemH0 BOCCTaHaBJI11BaTh KaK )l.l!CKpeTHble, TaK. II . 

HenpepbIBHble cneKTpbI 11 l!X KOM6nHaIJ;l!IO 6e3 anpnopHoii HHq>OpMaIJ;llll O Bll)l.e 

cneKTpa. ,UJISI tJl!CTO )l.l!CKpeTHb!X cneKTp0B 11 npu l!CnOJib30BaH!Ill 3TOii l!HCpop

Mau;!Ill sHepreTnqecKoe pa3pemeHHe MeT0)l.a J1.0CT11raeT npe)l.eJios, CJie)l.yJOmnx: II3 

HepaseHCTBa Pao-KpaMepa. C l!CnOJib30BaHlleM YKa3aHHoro MeT0)l.a C03)1.aH ra-

30Bblll )l.eTeKTop noJIHOfO nOI'JIOIIJ;eHllSI MSI YJibTpaMSirKOro peHTreHa (YMP) Ha 

OCHOBe MHOronpOBOJIOtJHOii nponopu;110HaJibHOii KaMepbI, COtJeTaJOiu;eii 100% 31p
q>eKTIIBHOCTb perucTpau;1111 C peK0p)I.HblM 3HepreTl!tJeCKl!M pa3pemeHneM ~ 6% . B . 

yKa3aHHOM )l.llana30He. 3TllM )l.eTeKT0poM snepBble H3MepeH cneKTP YMP n3 · 

KaTO)I.H0ro nSITHa BaKyyMHOii JI.YYll. 

IloKa3aHo, tJTO cymecTsyeT a6cOJIJOTHbiii npe)l.eJI yJiytJmeH11sr pa3pemeHIISI npn 

BOCCTaHOBJieHllll Cl!rHaJI0B no cpaBHeHlllO C KJiacc11qecKHM psJieeBCKl!M IIJill )l.lllp

paKIJ;ll0HHblM npe)l.eJIOM. MaKCHMaJibHOe 3HaqeH1i:e )I.OCTH)l(l!MOro csepxpa3pemeHJfSI 

onpe)l.eJISieTCSI myMOM H MOXeT 6b!Tb BbitJllCJieH0 no TeopeMe IlleHHOHa O MaKCl!

MaJibHOii CK0pOCTll nepe)l.atJII l!HlpOpMaIJ;llll qepe3 KaHaJI CBSI3ll C myM0M. B nena

paMeTpHtJeCK0M CJiyqae CBepxpa3pemenHe 3aBl!CHT JIOrap!IlpMl!qeCKll OT BeJilltJIIHbl 

OTHomeHllSI c11rnaJI/myM. PacCMOTpeHa CBSI3b CBepxpa3pemeHIISI C C0OTH0IDeH!feM 

neonpe)l.eJieunocTeii. 

- C03)1.aH KOMTIJieKC nporpaMM MSI BOCCTaH0BJieHllSI H3 3KCnep11MeHTaJibllblX )l.aHHblX 

neOTp11u;aTeJibHblX c11rnaJI0B, llCKa)l(eHHblX ll3MepHTeJibHb!M npn6opoM B npncyT

CTBllll myMa. IllyM B OT)l.eJibllbIX TOtJKax ue3aBl!Cl!M 11 M0)l(eT l!MeTb_ rayccoBCK0e. 

6HHOMl!aJibHOe IIJIH nyaCCOHOBCK0e pacnpe)l.eJieHHSI. IlporpaMMbl K0MnJieKca npe)l.

ua3uaqeHbl MSI K0ppeKIJ;llll Ha annapaTHYIO <PYHKIJ;l!IO np0113B0JlbHOfO Bll)l.a. 3a

BHCSIIIJ;YIO T0JibKO OT pa3HOCTll apryMeHT0B (3Ta 3a)l.aqa BeCbMa- pacnpocTpaueua 

B cneKTPOCKOilllll JIJ06oro po)l.a), MSI pa3JI0)l(eHml 3a)l.anuoii 3KCnep11MeHTaJibH0ii 

<PYHKIJ;llll Ha 3KCil0HeHTbl C HenpepbIBHblM cneKTp0M )l.eKpeMeHT0B (:rra 3U)I.U'Ia 

l!MeeT MHorotJHCJie11ub1e np11Me11eu11sr, uanp11Mep, a SI)l.epuoii q>II3l!Ke I-IJII-I pnTH

·Ke npH HCCJie)I.OBaHl!I-I speMeHHOii CTPYKTypbI npou;eccoB q>Jiyopecu;enu;1m), 11 )I.JIii 

soccranoBJien1-1sr cneKTpa yJibTpaMsrrKoro peuTrenoacKoro 113Jiyqennsr·ii:3 1-13Mepeuttii 

ero nomomenHsr B ra3e. IlporpaMMbI ocuosanhI ua MeTo)l.e MaKCIIMyMa _npaB)l.o

no)l.061-1sr, np1-1 1-1cnoJih30Bau1-11-1 KOToporo yJiyqmenne pa3peme1msr c11ruaJI0B B pe-

3YJibTaTe o6pa60TKll )J.OCTl-!raeT TeopeTHtJeCK0fO npe)l.eJia, CJie)l.yJOmero 1-13 TeopeMbl 

Illeunoua B Teop1111 HHq>opMau;1-1tt. 
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Anpo6a:u;m1 pa6oThI 

.[(Hccep-raqm1 CO.l{epxmT peJyJihTaThl 18 opHrnHaJibHhIX pa6oT (23] - [40], ony6miKO-
. BaHHhIX B PoccnH n Ja py6excoM B nepHO,!{ c 1972 no 1993 rD,!{bl. Pa6oTbl ,!{OIOia]lbl

BaJIJICb Ha ceMHHapax B II<l>TI HMeHH TI.JI.KanHUhl PAH, <l>IIAH nM.Il.H.Jie6e.11eBa, 
MrY HM.M.B.JloMOHOC~Ba, 'IIA3 IIM.II-.B.KypqaTOBa, MII<l>II, JIBTA OIISIII,,,_ IITITIII 
PAH, ·lIHCTHTYTa MaTeMaTHKH Cn6npcKoro OT.l{eJieHHll PAH B HoBOCH6HpcKe, IISl<l> 
IIM.r.H.Ey.l{Kepa _CO PAH, fEOXII HM.B.II.BepHa,!{cKoro PAH, y q}l.-Kopp. · PAH ripoq>. 
C.M.PhIToBa (PHAH nM.A.JI.MnHua) B PoccHH, a TaKxce B craTncni:qecKoii Jia6opaTo
pnn KeM6pH.l{)ICCKOro YHHBepcnTeTa, AlirJIHll y npoq>. .[(.KeH,!{aJIJia, B .[(apc6epniiCKOH 
Jia6opaTOpHn B AHrnnn, B UEPHe, IIIBeiiuapHll y npoq>. .[(xc.lllapnaKa, B Photon Fac
tory, KEK, Tsukuba, Japan, a TaKxce Ha Mexc.l{yHapO.l{HOii IDKOJie no BhlqnCJIHTe.'lbHOH 
<pHJHKe B qeXOCJIOBaKHH B 1979 ro,!{y, Ha Mexc,!{yHapo.l{HOH KOHcpepeHUHH no rrpH6opaM 
,!{JISI CHHXpOTpOHHOro HJJiyqeHHll SRI-82 B raM6ypre, fepMaHHll, Ha BcecOJOJHOH KOH· 
<pepeHqHH no _TOMorpacpHH B HoBOCH6HpCKe B 1984 r., Ha Mexc.l{yHapo,llHOM COBem:aHHl1 
no MeTO.l{Y MaKCHMYMa 3HTpOnHH MAXENT Workshop, Cambridge, · UK, 1988 n Ha 
Me)K,llyHapo.r.1HOH KOHcpepeHUHH no o6paTHbIM Ja,llaqaM B OcaKe,- SlnoHl~ll B 1990 r. 

OcHOBHhle peJyJibTaThl noJiyqeHbl B IIHCTHTYTe !pHJHqecKHX npo6JieM HMeHH TI.JI.Ka
nHqbl PAH qacT~Ho B coaBTopcTBe c JI.A.BaiiHmTeiiHOM, E.Pantos, B . .[(.IlecKOBbIM, 
B.IlSeJib<praTOM H E.P.Ilo.110JillKOM. 

CTpyi.Typa H o6'heM ):(HCCepTaIJ;HH 

.[(Hccep-raUHll COCTOHT HJ 9 rJiaB. OHa HJJIO)KeHa Ha 232 CTp., co.11ep)KHT 61 pHCYH0K, 
11 TaUIIHU, TeKCThI 12 nporpaMM ,!{JISI 3BM Ha 35 crp. H cnHCOK JIHTepaTypbl HJ 273 
HaHMeHoBaHHii. 

Co):(ep)KaHHe ):(HC~epTaIJ;HH 

I'JiaBa I. BBe):(eHHe 

B 3TOH rJiaBe, rJiaBHbIM o6paJOM, B MeT0,ll0JI0rnqecKHX UeJillX H3.!JO)KeHbI OCH0BHbie 
MaTeMaTHqecKne <paKThI HJ TeopHH onepaTopHbIX ypaBHeHnii rrepnoro po.l{a. B <pyHKUII
OHaJibHhIX rrpocTpaHCTBax, 001,l(CHllIOID:He <pyH;.\aMeHTaJibHYIO rrpnqHHY HeKoppeKTH0CTl1 
o6paTHbDC Ja,!{aq, CBO,!{llID:llXCll K pemeHHIO HHTerpa~bHbIX ypaBHeHHH rrepBoro po,!{a C 
BIIMHe HerrpepbIBHhIMJI onepa1:opaMH, K KaK0BblM OTH0CllTCll BCe HHTerpaJibHhie ypaB
HeHHll, paCCMaTpHnaeMhle B ,!{HCCepTaUHH. Ilpeo,!{OJieHHe 3TOH HeKoppeKTHOCTH OCH0Bhl
BaeTCll HacHCnOJibJ0BaHHH TeopeMbI A.H.THXOHOBa 1943 r. 0 HenpepbIBHOCTH B3aHMH0 
0,!{HOJHaqHoro OT06pa)KeHHll. Ha KOMnaKTHhIX MHO)KeCTBaX. Bi,16op KOMIIaKTHOrO MHO
)KeCTBa, HaJhIBaeMoro MHO)KeCTBOM KoppeKTHOCTH rro THXOHOBY, . .l{OJI)KeH npoHJBO.l{HTCll 
Ha OCHOBaHHH mo6oii ,!{OCTJIIHOH HHcpopMaUHH O pemeHHH, HanpHMep, ll3 !pHJHqecKHX 
coo6pa)KeHHii o rrpHpo.l{e pememlll, HJIH .l{OCTyrrHoii: arrpnopHoii HH<pOpMaqHH o xa
paKTepncrnKax pemeHH51 (TaKHX KaK, HarrpHMep, rJia,!{KOCTb, HeOTpnuaTeJibHOCTb, HJIH 
MOHOTOHHOCTb, HJIH He~o HHOe), a He Ha OCHOBaHHH caMoro ypaBHeHHll o6paT·Hoii 
aa.11aqn, 
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KpaTK0 orrncaHa cxeMa rrp1IMeHeHHll MeTo.r.1a MaKcnMyMa rrpaB.l{OIIO.l{OOHll (MMTI) 
,!{Jlll pemeHHll o6paTHhIX Ja,!{aq Ha KOMIIaKTHhIX_ MHO:lR:eCTBaX, arrrrpOKCIIMHPYeMbIX ,!{Jlll 
OOJibIDHHCTBa Ja,!{aq, paCCMaTPHBaeMbIX B ,!{HCCepTaqHH, K0HeqnoMepHhIMH MHO)KeCTBa-

MH. 

I'JiaBa 2. 3a):(a~a O TOKe 3MHCCHH H opTOI'OHaJihHble TIOJIH

HOMbI 

3a,!{aqa CBOJIIITCll K pemeHJIIO HHTerpaJibHOro ypaBHeHHll IIIJieMHJibXa 

1</2 ,,,/2 ' 
1 • 1 

J(E) = 
2

ir / J(Ecosrp)drp =:; f I(Esinrp)drp. (1) 
-'fr/2 0 

B KOTOpOM I(E) HCKOMall cpyHKUHll, a J(E) 3KCnepHMeHTaJibHble ,!{aHHble. ToqHoe 

pemeHHe ypaBHeHHll ( 1) B BJl.r.le 

-rr/2 

I(E) = 2J(0) + 2E f J'(Esinrp)drp. (2) 
0 

MaJIO npHrO,!{HO ,!{Jlll npaKTIIqeCKHX B=CJieHHH, T.K.' B 3TOII <pOPMYJie npHCYTCTByeT 
IlJIOXO o6yCJIOBJieHHall orrepaUHll ~CJieHHOrD ,!{H<p<pepeHUHPOBaHHll tpYHKUllll J(E), ll3-
BeCTHOII HJ 3KCnepHMeHTa TMbKO C KOHeqnoii TOqHOCTbIO, ll npnBO,llSIIIl;eii n03TOMY K 

6oJibIDOMY pocTy omH60K pemeHHll. 

OcHOBOH ,!{Jlll npe,!{JlaraeMoro HaMll HOB0rO cnoco6a ~CJieHH0r0 pemeHHll HHTe
rpaJibHOro ypaBHeHHll ( 1) llBJilleTCll CJie,!{yIOm:nii <paKT. <l>YHKqllll Em npn m = 1, 2, ... 
llBJlllIOTCll co6crBeHHbIMll cpyHKUllllMH JIHHefrnoro HHTerpaJibH0rO orrepaTopa B rrpaBOH 
qacTH ypaBHeHHll (1). B caM0M ,!{eJie, rryCTb 

T0r.l{a 

I(E) =Em, 

'fr/2 

J(E) = ~ f Emsinmrpdrp = AmEm, 
0 

r.r.1e co6cTneHHhle ~CJia Am, paBHhle 

1 " 12 1 r (!!!:t!) 
Am = - f sinmrpdrp = 2 

ir
0 

2r(1¥-+1)' 

MOrYT 6h1Tb JarrHcaHhl n BJl.r.le peKyppeHTHbIX <pOPMYJI 

Ao= 1/2, A1 = 1/ir, Am= Am-2(1 - 1/m), m = f,3 .... 

HeTpy,!{HO rrpoBepHTb, ~o qiynKUHH Em fillJillIOTCll co6cTBeHHhIMH cpYffKUIIllMH H ,!{Jlll 
rrpeo6paaoBannsi OT J K I cornacno ypanneHHIO (2). 

3nanHe co6cTBennhIX ¢YHKUHii HHTerpaJibHhIX rrpeo6paaonaHHii (1) H (2) noJBOJISieT 
nocTpOHTb rrpOCTOH (_~OpllTM ~CJieHHoro pemenHll ypaBHeHHSI (1). 3a,!{aqa CBOJIUTCll 
K rrMyqenlIIO arrrrp0KCJIMaUHH qJYHKqllll J II0JIHH0M0M KOHeqnoft creneHn 

M 

J(E) ~ L,ikEk = PM(E). 
~ 
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HecMorpSI fill TO, 'ITO 31'0 ecTb KJiaCCHlieCIQISI 3a,!la1Ia lJllCJieHH0rO aHaJIH3a, 6epym;asr 

HatJaJI0 em;e c pa6or II.JI.1Je6bIIIIeBa o6. IDITeprr0JIIIP0BaHIIIl II0 crroco6y • HailMeHbIIIIIX 

KBa,11paToB' II rro,11po6HO Il3JI0:lKeHHaSI BO MH0rHX C0BpeMeHHbIX pa6oTaX II PYKOBO,!ICTBax,· . 

rrpII ee IICIIOJib30BaHHH ,!IJISI pemeHIISI rrpaKTIItJeCKHX _sa,11atJ 0Ka3aJIOCb, 'ITO cym;ecrnyeT. 

He OTMetJeHHaSI paHee B03M0:lKHOCTb 3HatJHTeJibHO YJIYtJIIIIlTb BbIXO,!IHyio ·To1iHOCTb no ' 

cpaBHeHmo C IIOJIYtJaeMOH Ha OCH0BaHilII CTaH,11apTHbIX peK0MeH,!laIIHH )'Ka3aHHb!X BbIIIIe 

pa6or. · 

CaatJaJia MbI ,11eii:CTByeM CTaH,!lapTH0: ,!IJISI Haxox,11eHilSI pa3JI0:iKeHilSI SKCrrepIIMeH

TaJibHOH q>yHKIIIlII y(x,) rro OObllJHbIM II0JIHH0MaM HaX0,!IIIM pasJI0:lKeHne 3I'0H 'PYHKIIIIII 

II0 IIOJIIIH0MaM 1Je6bIIIIeBa {cpk(x,)}, k=0,1,2, ••• ,N-l, 0pT0rDHaJibHb!M Ha sa,!laHH0H 

,!IHCKpeTHOH COB0KYJIHOCTH BX0,!IHhIX T0tJeK {x,}, i = 1,2, ... ,N, IIOCJie ·tJero JIIIHeHHb!M 

rrpeo6pa30BaHneM K0S!plpilIIIleHTOB paSJioxeHIISI II0 II0JIIlH0MaM 1Je6hIIIIeBa HaX0,!IIIM 

pasJioxeHHe rro OOhllJHbIM II0JIHH0MaM. O,11Haio rrpn ·rrOJiytJeHnn Kax,11oro oqepe,11Horo 

M + 1-ro KOS!pq>IlIIIIeHTa paSJio:iKeHilSI II0 opT0roHaJibHbIM IIOJIIlH0MaM MbI He II0Jib3yeMCSI 

CTaH,11apTHOH q>opMyJioii: 

CM+I =(Y,'f'M+I) 

(3,11ecb II ,!IMee B lpO})MyJiaX (5) II (6) Kpymble CK06KII 03HatJaIOT CKaJISlpH0e 

Be,!le~me), a BMeCTO 3I'0ro CHatJaJia HaX0,!IIIM OCTaT0K arrrrp0KCIIMaIIIIII 

M 

RM(x)=y(x)- 2:Ck'Pk(x) · 
k-0 

II TOJibK0 saTeM CJie,11y10m;nft KOSlplpIIIIIIeHT pa3JI0:lKeHIISI 

CM~I = (RM,'PM+J). 

(3) 

IIp0II3- · 

(4) 

(5), 

(cM. [25]) .. AnrrpOKCIIMaIIIISI IIp0,!IOJI:iKaeTCSI BIIJIOTb ,!10 TaKOH CTeneHH M, rrpII Koropoii 

BIIepBble BbIIIOJIHSieTCSI yCJI0BIIe 

(RM,RM):; (liy,liy). (6) 

Ilo npe,!IJioxeHIIID Ho6e.neBcKoro naypeaTa npoipeccopa A.Knyra . ns Jia6opaTOJ?HII 

• MOJieKyJISlpHOH 6IIOJIOrIIII KeM6pH,!1:lKCKOrO YHHBepcIITeTa AlirJIHII COB0KYJIHOCTb lpOPMYJI 

( 4) II ( 5) M0:lKeT 6bITb Ha3BaHa IIP0IIeCC0M "CHSITIISI IIIKypoK C JIYKOBIIIIbI". 

B_ · ,!IHCCepTaIIIIII c II0M0IIl;blO tJHCJieHHbIX SKCrrepnMeHT0B II aHaJIHTIItJeCKll IIOKa3aHO, 

'ITO rrpn reHepaIIHH rrOCJie,!I0BaTeJibHbIX II0JIIIH0M0B 'c IIOMOID_blO TpextJJieHH0ro peKyp

peHTH0ro C0OTH0IIIeHIISI o6a BapIIaHTa BbltJHCJieHIIH. KaK KJiaCCH'leCKIIH, TaK II HOBbllf, 

SIBJISIIOTCSI HeycTOHlJIIBbIMII - rrorpeIIIHOCTb B o6onx BapnaHTax pacTe'.( SKCIIOHeHIIIIaJib

H0 C YBeJIIIlJeHIIeM CTerreHII IIOJIIIH0M0B, 0,!IHaK0 KOSlplpIIIIHeHT pocTa rrorpeIIIH0CTII 

pa3HbIH: . rrpHMepH0 0.85 ,11ecSITIIlJH0ro II0pSI,!IKa Ha CTerreHb B H0B0M cirnco6e II 1.1 B 

KJiaccntJeCK0M. IlpeBOCXO,!ICTBO H0B0ro crroco6a HeCOMHemio. ,, 

3a,11atJa o TO.Ke SMIICCIIII B MIIKP0TP0He 6bIJia pemeHa aBT0p0M B 1972 r. (23], 'ITO 

II03B0JIIIJI0. C 60JibIIIIIM II0HHMaHHeM IIO,!I0HTII K 0IIeHKe npe,!leJibHbIX TOKOB ii MHKp0TpO

He, CBSI3aHHbIX C B3aIIMO,!leHCTBHeM rrytJKa C YCK0pSilOIIl;IIM pesoHaTop0M. <I>aKTIItJeCKH. 

STO 6bIJia · rrepBaSI. oopaTHaSI 3a,!latJa SKCIIepIIMeHTaJibH0H lpII3IIKH, paCCMOTpeHHaSI aB

TOIJOM. Ha. J>IIC.l II0Ka3aHbl BX0,!IHble ,11aHHhle II. BbIX0,!IHble pesyJihTaTbl :ia,11atJil .0 

T0Ke SMHCCHH. . lls pIICYHKa Bil,!IH0, 'ITO BeJIIIlJIIHa rrorpeIIIHOCTII peIIIeHJI.Sl IIpIIMepH0 

paBHa rrorpeIIIH0CTII BX0,!IHbIX ,!laHHbIX, 'ITO )'Ka3hIBaeT Ha xopomy10 o6yCJIOBJieHHOCTb 

paspa6oraHHOro H0B0rO crroco6a peIIIeHHSI IIHTerpaJibH0ro ypaBHeHIISI IIIJieMIIJibXa. 
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HanpJl)KCHHOCTb nona (kV /cM) 

Pnc.l BxoiJ11bce iJa1111b1e (c;1eaa) u ablxoiJ11bce pe3YJ1brnarnb1 (cnpaaa) 3aiJa'lu· o rno,:e 
31,mccuu. ~u</Jpbl 11a zpa</Ju>:ax coornaerncrnay10m pa3Jlll'lll0ll meMnepamype 6opuiJ
J1a11ma1waozo ,:amoiJa: I = J600"C, 2 = 1650"C, 3 = 1680"C, 4 = 1720"C. 

rnaBa 3. 11HTerpaJibHOe ypaimem1e A6em1 H 3Be3,n;Hasi 3a
,n;aqa 

l1HTerpaJibH0e ypaBHeHne A6eJISI 

F(x)=j"' f(y)dy O<y<x =· - - ' o v~ -y 
(7) 

B KoropoM F(x) :ia,11aHHaSI, a /(y) IICK0MaSI q>yHKIIIISI, BrrepBbie 6bIJIO BBe,!leH0 n 

pemeHo H.A6eneM B 1826 r. B CBSI3II c o6o6m;eHIIeM :ia,11aqn MexaHIIKH o rnyToxpoHe, 

H q>aKTiltJeCKII 31'0 6bma rrepBaSI sa,11aqa lpH3IIKII, Herrocpe,!ICTBeHH0 IIPIIB0,IISim;aSI K 

IIHTerpaJibH0MY ypaBHeHIIlO nepBoro po,11a. '.:ho ypaBHeHne UMeeT CTOJib MHoroo6pa3Hble 

rrpnMeHeHirn B paSJIIIlJHbIX OOJiaCTSIX HayKn:; 'ITO HX II0JIH0e rrepetJHCJieHne saHSIJI0 6b1 

3,!leCb CJIHIIIK0M MHoro MeCTa. OTMeTIIM TOJibK0 ,IIBa, paccMaTpIIBaeMb!X.B· ,!IIICCepTaIIIIH: 

B lpII3JIKe 'IIJia3MbI rrpn ,!IIIarH0CTIIKe IIHJIIlH,!IPIItJeCKHX paspSI,!10B B0JIH0BbIMII rryqKaMI! 

(26] II aCTp0H0MHII rrpn orrpe,11eJieHHII . rrpOCTpaHCTBeHHOH IIJIOTHOCTH 3Be3,!I B rnapOBblX. 

3Be3,!IHbIX CK0IIJieHIISIX (27], [28]. 

O6a IDITerpaJib~b!X ypaBHeHHSI: lllJieMIIJibXa (1) II A6e1rn (7) TeCH0 CBSl3aHbl II 

3aMeHOH rrepeMeHHbIX M0ryT 6b!Tb rrpeo6pasoBaHbl 0,!IH0 B ,11pyroe. TOtJHOe perneHHe 

IIHTerpaJibH0ro ypaBHeHHSI A6eJISI 

f(x)=!_.!:._J"' F(y)dy. 
1r dx o ✓(x - y) 

TaKxe He IIpllrD,!IH0 B Herrocpe,11CTBeHH0M BH,lle MSI o6pa6orKII SKCrrepnMeHTaJibHblX 

,11aHHbIX, :ia,11aHHbIX C rrorpernHOCTblO, KaK Il )'Ka3aHH0e BbJI1Ie T0tJHoe perneHne IIHTe

rpaJibH0ro ypaBHeHHSI IIIJieMIIJibXa, 11 q>aKTHtJeCKII ,!10 He,11aBHero BpeMeHH orcyrCTB0BaJJ 
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):IOCTaTOqHo npOCTOH ll scp<l;>eKTllBHb!H MrOpllTM llHCJICHHOro .pemeHJrn ypaBHCHllSI A6e1rn· 
c yqeTOM 3TOii: · norpemHOCTll. ·· 

OnTllMM~Hb!H cnoco6 llHCJICHH0ro pemeHJrn ypaBHCHllSl A6eJisi (T.e. ):lalOIIIllH Hall-· 

MCHblIIYIO IlOTCplO TOqHOCTll no .cpaBHCHlllO C ToqHQCTblO llCXO):(HbIX ):laHHbIX) ):IOJilKCH 

)"lllTbIBaTb KaK CTaTllCTllqecKlle CBOHCTBa <PYHK[lllll F(z), CBSI3aHHbIC C norpemHOCTSl

Mll ll3MepeHllH, TaK ll aHMllTllqecKllC CBOHCTBa npeo6pa30BaHllSl A6eJISI, Bhlpai<:aeMbie . 

cpopMyJioft (7). TaKofi cncx:06 6h!JI npe):IJIOJKCH aaTOpoM a 1973 rot1y [24]. OH oqeHb 

Mll30K K onttcaHHOMY Bhlme cnoco6y pemeHllSI llHTerpaJibHOro ypaBHCHllSI lliJICMlfJlb

xa u OCHOBaH Ha pa·3JloJKeHttll HCKOMOH <PYHK!llflf / (z) no co6cTBCHHbIM <PYHK!lllSIM 

HHTerpMbHOro onepaTopa . 

Af = _1_ ;z f(y)dy . 
2~ 0 J(z -y)' 

, KOT0pb!Mll SIBJISllOTC:Sl CTCilCHHb!C cpyHK.llllll /n(z) = Zn ):IJISI n =0, 1, 2, ..• COOTBCTCTBY!O

ID;llC COOCTBCHHb!C 3HaqeHllSl BbrqllCJISllOTCSI no peKyppeHTHOH cpopMyJie 

Ao=l, An=An-i/(1+1/2n), n=l,2, •••• 

TaKllM o6pa30M, eCJill .f(z) = zn, TO F(z) = 2AnZn~. OTJittque F(z) OT nOCJIC):IHCro 

BhlpalKCHlfSl . M0JKCT - 6bITb o6yCJIOBJICHO T0JlbKO OIIIlf6KaM!f ll3MepeH!fH. 

B ·6oJiblIIllHCTBe <l;>usuqeCKllX npllJIOlKCHlfll ypaBHCHllSI A6eJISI llCK0MaSI <PYHK.lll15J 

/(z) MOlKCT 6hl!b annpoKCllMllpOBaHa c ,z:focTaToqHOH TQqHQCTblO Il0JllfHOMOM K0He•rnoii: 

creneHtt 

- f(z) = f,Jkzk; 0 ~ Z ~ a. (8) 
k-0 

B 3TOM CJiyqae 3KCnepHMCHTaJlbHaSI <PYHK.lll1Sl F(z) HC06X0):111MO npe):ICTaBJISICTCSl B B11):IC 

m 

F(z) = 'f'(z) LAk/kz\ (9) 
k-0 

rt1e 'f'(z) = 2~. 

Pa3JIOJKCHHC (9) HaXO):lllTCSI MCT0AOM cpe):IHCKBa;:1paTuqHOH annpOKCHMa[lHll <PYHK.llll· 
SIMll . 

'Pk(z) = 'f'(z)Pk(z), 

opToroHaJibHb!Mll Ha 3a):laHHOM OTpesKe O ~ z ~ a c BCCOM 

w(z) ~ 1/[oF(z)]2, 

. . . ' 
JAC oF(z). > 0 - cpe):IHCKBa):lpaTnqHaSI norpemHOCTb H3MepeHirn <PYHK.llllll F B TOqKe 

z, a Pk(z) • opT0roHaJibHbIC noJIHHOMbl Ha OTpe3Ke [O,a] C necoaoii: <PYHK[lllCH q(z) = 

w(z)'f'2(z). 

B 3aBHCllMOCTH OT Toro, KaK sa):laHa ·<PYHK[lllSl F(z), CTPOSITCSI pa3Hb!C CHCTCMbI 

nOJIHHOMOB. II pu Henpepb!BH0M Sa):laHJm F ( z) H ui( z) = const 3THMll nOJIHHOMaMH 

SIBJISIIOTCSI KJiaccuqecKHe nOJittHOMbI 5Iim6u Pl0
•
1
>((2z - a)/a). Ilpu sa):la~un F(z) a 

):IHCKpCTHOH CHCTCMe ToqeK Zt, z2, ••• , Zn CTpOllTCSI yKaSaHHaSI Bb!IIIC CHCTCMa nOJill

HOM0B qe6hlme~a, opT0HOpMHpOBaHHh!X Ha YKa3aHHOM MH0)KCCTBe ·ToqeK. CTeneHb 
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m annpOKClfMIIPYlOIIICfO IlOJillHOMa Bb161fpaeTCSI ·MCTO):IOM perpeCCIIOHHOrO aHaJIIISa C 

lfCilQJlb30BaHllCM CTaTllCTllKll 

x
2 

= t { [F(z,) - 'f'(z,) ~ ckPk(z,)] /oF(z,) r 
KOTopasr pacnpe):leJieHa KaK x!-m-t • 

O):IHOBPCMCHHO C BblqllCJICHllCM opT0fOHMbHb!X .nOJlllH0M0B onpe):ICJISIIOTCSI llX K03<P· 

<Pll!lllCHTbl II TCM caMbIM HCKOMOC pa3JIO)KCHllC 

m 

F(z) = 'f'(z) LFkzk_ (10) 
k-() 

IloCJie 3TOrO Mbl BblqllCJISICM 

/k = A/Ak 

If no cpopMyJie (8) HaXO):lllM /(z). Kopll):lop omn6oK BOCCTaH0BJICHHOro pemeHirn, B03· 

HlfKalOIIIIIH ll3·3a CJiyqaii:Hb!X omn6oK B HCXO):(HbIX ):laHHhIX, BblqlfCJISlCTCSI no cpopMyJie 

[ ] 

1/2, 

o/(z) = 2 f_·(DF)afJz"'z/3/(AaAfJ) . 
• a,(3-0 

(11) 

B 3TOM Bb!pa)KC!Illll DF . KOBapua,nttOHHasr MaTpn.na (MaTpu.na omn6oK) K03<l;><l;>u.nneH

TOB Fk, onpe):ICJISICMaSI npu noJiyqeHJm pa3JIO)KCHHSI ( 10). 

3TOT K0PHAOP omn6oK, llJlll HeycTpa1mMa; norpemHOCTb, npn6JIII)KCHHO COOTBCT· 

CTBYCT 95%-HOH AOBCpllTCJibHOH 30HC MSI pemeHllSI / ( z). B npaKTnqecKHX 3a):la qax 

OCHOBHb!M llCTOqHllK0M norpemHOCTll BOCCTaHOBJICHllSl SIBJISICTCSI HaJIHlllle CJiyqa:iiHhIX 

omn6oK B llCX0):(HbIX ):laHHb!X. Il03TOMY O[lCHKa norpemHOCTll ( 11) . Hens6e)KH0 HMCCT 

BepOSITHOCTHblll xapaKTep. 

HcnOJib30BaHHC nOJIHH0MOB KOHeqHOll creneHH, no cyi.necTny, .. CCTb crroco6 peryJISI· 

pnsa.nHil: pemeHHSl llHTerpaJibHOro ypaBHCHHSI A6CJisr, nosBOJISllOIIIIIll orpaHHllHTb pcx:T 

omu6oK. 3TOT cnoco6 OCHOBaH Ha H3BCCTHOH TeopeMe IlnKapa O pa3JIO)KCHHll pemeHIISI 

no B3aHMH0 conpSIXCHHb!M COOCTBCHHb!M cpyHK(lllSIM Sl,l:lpa. 

B 3a):laqe 0 mapOBb!X 3BC3):(Hb!X CK0nJieHllSIX B npe):ln0JI0)KCHHH ccpepHqeCKOll CIIMMC

TPIIll npcx:TpaHCTBCHHasr IIJI0THOCTb 3BC3A I ( r) cnsrsana C ua6JIJO):laCMOll noaepXHOCTHOii: 

IIJIOTHOCTblO - J(R) (KOTOpasr n 3TOM npe):lnOJIOlKCHHll 6y,1eT llMCTb rq>yroayIO CIIMMe

TpHIO) CJICAYIOIIIIIM HHTerpaJlbHbIM ypaBHeHHCM nepaoro po,1a: 

Ro 

J(R.) = 2/ I(r)rdr O < R < D. 
Jr2 - R2' - - 't-0, 

R 

B KOT0p0M Ro CCTb pa,1nyc CK0IIJICHIISI JaKO:ii, ~o npn R > Ro 

I(R) = J(R) = 0. 

3TO ypaaueHHe saMeHOll nepeMeHHhIX CBOAHTCSI K HHTerpaJibHOMY ypaaHeHIIIO A6eJISI 

(7). 

,Ivrsr npHMeHeii.nsr onncaHHoro nhIIIIe cnoco6a pemeHllSI IIHTerpaJihHoro ypaaHeHnsr 

A6eJISI K sa,1aqe 0 3BC3,IHOM .CK0IIJieHllll, KOT0poe paspemaeTCSl Ha OT,leJibHhle 3BC3):lbI, 
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Heo6xo,1111Mo CHaqaJia nOJiyqllTb oneHKY noBepXHOCTHOii: IlJIOTHOCTII no Ha6mo:iemrnM 

KOOP/:IIIHaT, 3Be3):I'. B I'pOMli):IHOM 60JibillllHCTBe pa60T_ /:IJISI 3'roro np11MeHSieTcsr MeTO;i 

rn,cTorpaMM, KOTOpbrii:, KaK 6bIJio noKa3aHo H.B.CMHpHOBbIM eme .B 1950 r. B 0):\HO

MepHOM CJiyqae IIMeeT TO~OCTb nopSI):IKa N-1
/
3

, r,n;e N 000,eM BbI60pK11, _T.e. 'IllC.'10 
3Be3):I, IICnOJib3yeMbIX /:IJISI oneHKII IlJIOTHOCTII. 

Mbr /:IJISI 3'rOii: UeJIH npHMeHsreM MeT0/:1, npe):IJIO)KeHHblii: H.H.tJeHQOBbIM B 1962 ro;iv 

11 COCTO~Hii: B pa3JIO)KeHH11 He113BeCTHOii: IlJIOTHOCTII no HeKOTOpoMy OpToroHaJibHO~~ 

6a311cy. Cpei:111 Bcex MeTO/:IOB oneHKII IlJIOTHOCTII BepOSITIIOCTH CJiyqaii:ii:oii: BeJill'IlfH~I 

3'r0T MeTO):I HMeeT ffilllBbICillyIO B03MO)KHYIO TO~OCTb nopSI):IKa N- 112,, orrpei:1ensreMv10 
CTaTIICTHKOii:. • 

,BbI611pasr. B KaqecTBe 6a3HCHbIX <pyHKUHii: Te, KOTOpbie llCIIOJib3YIOTCSI npu perue

HHH° IIHTerpaJibHOrO ypaBHeHHsr A6ensr OIIHCaHHbIM Bhime crroco6oM, IIOJI_yqaeM IIOBhlH 

MeTO):I BOCCTllHOBJieHHSI npocTpaHCTBeHHOii:. IlJIOTHOCTll 3Be3):I B mapOBbIX CKOIIJieHusrx 

KOTOpbiii: 6bIJI llCIIOJib30BaH aBTOpOM /:IJISI Onpe):leJieHHSI npOCTpaHCTBeHHOii:. IlJIOTIIOCT~ 
BCnbIXHBaromnx 3Besi:1-B Il.n:eSI,11ax (27], (28]. · · 

MeT~/:1 6bIJI npe):IBapnTeJibHO HCnbITaH mi pa60Tocrroco6HocTb c nOMOIIlbIO MO):leJill

poBaHHSI MOHTe-KapJIO II 6bIJio IIOKa3aHo, 'ITO OH MO)KeT npaBHJlbHO BOCCTaHaBJIHBUTb 

rrpocTpaHCTBeHHyro IlJIOTHOCTb mapOBbIX CKOIIJieH11ii: no Ha6JIIO):leHJrnM T_OJlbKO yrJIOBblX• 

KOOP/:IIIHaT 3Be3):I B rrpoeKqun ffil He6ecHyro ccpepy HaqnHaSI C MHHHMaJibHOro 'IHCJia 
3Be3,II ~ 50. 

3 ·. 
I(rJ 
nc·3 

·z 

f 

0 2 " 8 r/nc) 
Pnc.2 llpocmpaucmae1ma.J1. n1wmuocmb acnb1xuaa10U{ux 3ae3a a llAeaaax. 

Ha pncyHKe IlOKa3aHa npocTpaHCTBeHHaSI IlJIOTHOCTb. 441 BCilbIXHBaIOm;eii:; 3Be3):lbl B 

II.n:esr,i\ax, a TaK)Ke norpemHOCTb ee BOCCTaHOBJieHHSI. IloJiyqeHH/!SI 'KIJHBaSI C . yqeTOM 
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ee rrorpemHOCTU IlOKa3bIBaeT, ~o B rreHTpe CKOIIJieHHSI Ha6JIIO):laeTCSI MaKCHMYM, a He 

MIIHHMYM IlJIOTHOCTH, KaK nepBOHa'IaJibHO 6hlJIO orrpei:1eneHO 6ropaKaHCKHMU acTpOHO

MaMH. 3Ta 3a):la'Ia ITOMHMO caMOCTOSITeJibHOrO llHTepeca C TOqKn 3peHHSI aCTpOHOMJUI 

,11eMOHCTpnpyeT, 'ITO np11 pemeHHll o6paTHb!X 3a):laq oqeHb Ba)KeH ITOJIHblii: yqeT Bceii: 

CTaTHCTll'IeCKOii: llH<pOpMann11, coi:1ep)Kameii:csr BO BXO):IHbIX ):laHHbIX. 

I'JiaBa 4. OIITHMaJibHaSI Q)HJibTpau,HSI ,n;aHHblX c rnyMa°'.'rn 

IlO'ITII Jiro6oii: TIIIT aHaJill3a 3KCIIep11MeHTa,'lbllbIX ):laHHbIX Tpe6yeT rrpei:1Bap11Te,'!bHOro 

crJia)KUBaHJrn ):laHHbIX. 3TO CBSI3aHO rrpe)K):le Beem C HaJ:m'IlleM OI111160K 113MepeHIISI. 

a IIHOr):la TaK)Ke co CTaTHCTnqecKIIM xapainepoM caMHX ):laHHbIX. 3Ta 3a):la'Ia TaK)Ke 

SlllJISieTCSI KJiaCCH'IeCKOii: 3ai:1aqeii: 'IIICJieHHOro aHaJIH3a, OIIHC8HHaSI BO MHOrnx PYKOB0,'1-

CTBax, 11 nporpaMMbI ,IVISI 3BM, pemaromne 3ry sai:1aqy TeM. Mn HHhIM crroco6oM. 

/:IOCTYIIHbl ,!VIS! llCIIOJib30BaHHSI Ha 6oJibIIIHHCTBe COBpeMeHHbIX 3BM. TeM He MeHee 

OKa3aJIOCb, 'ITO yqeT Bceii: /:IOCTYIIHOii: IIH<pOpMannn O /:13HHbIX, BKJIIO'IaSI · CTaTIICTHKY 

IIIYMOBOii: KOMIIOHeHTbl, II03BMSieT rrpe,IVIO)KllTb HOBblii: 3cpcpeKTHBHbiii: aJiropHTM OITTII

MliJlbHOii: qJIIJibTpann11. PesyJibTaTbl 3TOii: rJI3Bbl OCHOB3Hbl Ha COBMeCTHbIX pa6ornx 

aBTOpa u E.Pantos [29], [30]. IlOCTal!OBKa 3a):laqn COCTOIIT B CJiei:1y10meM. 

IlyCTb MbI HMeeM ll3MepeH,Hble 3Ha'IeHHSI J; cpyHKUHII f(:z:) B /:IHCKpeTHbIX TOqKax 

:Z:1, :z:2, ... , :Z:N C COOTBeTCTBYIOIITHMH OIIIH6KaMH ll3Mepennii: (myMoM) c; 

f; = f(:z:;) + c;, i= 1,2, .. ~,N 

1t paccMOTPIIM c;ryqaii:, .Kori:1a HeT CIICTeMaTnqecKHX omn6oK, T.e. 

e; =O,. 

n omn6Kn usMepeH11ii: B pa3HbIX ToqKax HeKoppennpoBaHbI Me)K/:IY co6oii:, T.e. 

c;c; = u 25;;. 

3):leCb 5;; - ecTb CIIMBM KpoHeKepa ll u 2 - ecTb /:IHCrrepcnsr myMa, 0):IIIH3KOB3SI BO 
BC'ex ToqKax. 

<l>yHKQHSI f(:z:) MO)KeT 6h1Tb pa3JIO)Kena B PSI/:1 ITO HeKOTOpbIM opToroHaJibHblM 6a-
3HCHb!M cpyHKQIISIM {cp0 (:z:)} 

f(:z:) = 2.::Ca'Pa(:z:), a= 1, 2, ... - (12) 
a 

co CJie):lyIOIUIIM COOTHOilleHHeM OpTOroHaJibHOCTII 

('Pa,'P/l) = L'Pa(:z:;)cp/l(:z:;) = ba/l•-

AllaJIHTUqecKaSI <pOpMa 6a3HCHbIX <pyHKQHii: BbI611paeTCSI B COOTBeTCTBHII C <plf3111<011 

paccMaTpnBaeMoii: rrpo6JieMbI. 

Xopomo 11sBeCTHo, ~o MHHHMUJibHasr omn6Ka arrrrpoKcnManm1 

ri:1e 

minR11 , a= 1,2, ... ,M, ... 
{ca} 

2' 

Ri{ = ~ [f(x;) - t Ca,Pa(:z:,)], , M = 1, 2, ... 
, a-1 · 
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IIOJiyqaeTCll ec1m ,Will K03<pqlln~neHTOB pa31I0)KeHllll Ca llCII0J!b3YIOTCll K03cpqmu.neHTbl 
<l>ypbe , - • 

Ca= (f,'Pa) = Lf(x;)cp.,(x;). 
i 

IlocKOJ!bKY ll3 Ha6mo,n;eHllH' HaM ll3BeCTHbl T0JibK0 3HaqeHllll J;, BKJIIOqa10iu.ne CJIY

qaii:Hb!H illYM E:;, TO Ml!HllMll3an;nll (13) He M0)KeT 6h!Tb Bb!Il0JIHeHa B llBH0M 'Bll,n;e. 

BMeCTO 3Toro Mb! M0)KeM ncKaTh Ml!HnMyM cpe,n;Hero 3HaqeHnll min kf1 , r,n;e 

[ 

- M ]2 
kif=~ /(x,)-I:(:.,cpa(x,) 

' o:-1 

ll 

Ca=(/, 'Pa)= L f,'Pa(x,). 

MHHnMyM Bcim=Hbl k"t: coorneTcrnyeT Ml!HllMYMY pa3HOCTn (B cpe,n;HeKBa,n;paTnqH0M 

.. CMbICJie) MeJK,n;y Hell3BeCTHOH cpyHKD;neii: /(:z:)/ l! ee annp0KCllMau.neii:. 
/ ' 

IlocKOJihKY myM e:, CJiyqaii:HblH, 3HaqeHnll BennqnH ca, - j, n k"t: TaK)Ke llBJillIOT

Cll c.iiyqaii:HbIMl!, - ll Il03TOMY, CTporo r0B0pll, CJie,n;yeT - l!CKaTb He MllHllMYM -k1,, HO 

MHHllMyM, cpe,n;Hero 3HaqeHnll k1,. )],Jill ttaX0)K,n;eHnll TaK0ro ·Ml!Hil:MyMa MbI BBo,n;nM 

B (12) ,n;on611HllTeJibHO Hell3BeCTHhie K03cpcpnn;neH_TbI ka, TaK · qyo6bl nMeTh HOBYID 

"OTqJllJlbTpoBaHHy10" cpyHKn;n10 

/1(:z:) = LkaCa'Pa(:z:) 

)],Jill Toro, qyo6bl Haii:Tn Hell3BeCTHbie K03qJqJllD;lleHTbl k~' Heo6xo,n;nMO peIIIllTb CJ1e

,n;yroiu.y10 xop0III0 nOCTaBJieHHyID MaTeMaTnqecKy10 3a,'laqy: Haii:Tn. Ml!HllMYM BeJinqnHbl 

k2 , r,n;e 

k2 
= ~ [/(:z:,) - ~ kaCa'Pa(x,)] 

2 

Ii 

k2 = E[k!D(ca) + c!(l - ka)2
]. 

3,!leCb o6osHa ,reHo 

D(ca) = (Dc)aa-

,Ueii:CTBYll CTUH,!lapTHbIM MeT0,Il;0M, 

ak2 =O, 
8ka 

- Mb! Haxo,n;IIM 3Tll K03qJqJllU.lleHTbl 

r,2 
'u 

ka = c2 + D(ca)" 
a 

(14) 

3Ta Ba)KHall qJOPMYJia -C0OTBeTCTByeT xopoIIIo II3BeCTHOMY qJllJlbTpy BnHepa B Teo

' - pnn onTnMaJibH0ro o6Hapy)KeHIIll crau.noHapHoro CJiyqaii:iioro cnrHa11a B rrpncyYCTBnn 

cran;noHapHoro CJiyqaii:Horo IIIyMa, Kor,1a nsBeCTHbl cneKTpb1 KaK cnrna11a, TaK n IIIY

Ma. B HaIIIeM CJiyqae Mb! llMeeM 0,!IHaKo He CJiyqai'!HbIH CllrHaJI /(:z:,) II T0J!bK0 

14 

. ' 

\; 
l ~\; 

w 
~
( 

t 
\~,) 

JllllIIb CJiyqaii:HblH IIIyM. llHb!Mll CJI0BaMn, Mb! II0Ka3aJill, qyo BHHepOBCKHH qJllJl~TP 

(14) ,n;aeT Ml!HllMYM k2 He TOJibKO ',Will CJiyqanHoro CllrttaJia ll' illYMa, · HO TaK)Ke Ii 

,Will HeCJiyqaii:Horo cnrHa11a, a JlllIIIh CJiyqanHoro IIIyMa. 3TOT qJaKT _ necbMa Ba)KeH 

,Will - o6pa60TKH ,n;aHHblX q)ll3llqecKnx' 3KCnepnMeHT0B, TaK KaK qacro Mb! ll3MeplleM 

npnHn;nnnaJibH0 Hec.iiyqaii:Hyro cpyHKn;n10, HanpnMep, cneKTP nor11oiu.eHHll KaKOro-11n60 

ra3a, He 3aBllCllII].llHj ecTeCTBeHHO, Hll OT BpeMeHn, Hll OT MeCTa ll3MepeHllll. 

MliHllMaJibHOe 3HaqeHne R.2 paBHO 

.- c2 

R
2

min = ~ 1 t c!/ D(ca)' 

n ,Will norpemHOCTn annpoKCHMau.nn cpyttKU.llll /1 ( :z:) Mb! HMeeM Bhlpa)KeHne · 

( ) 

112 

0/1(:z:) = 2u ~k!,p!(x) 

IIOCJ1e,1Hee Bbipa)KeHne npnMepH0 paBH0 norpeIIIHOCTll annpoKCllMaU.llll Hell3Bf!CTHOH 

cpyHKU.llll /(:z:), KOTopy10 Mb! XOTllM yJHaTh. MHo)KHTeJib 2 B 3TOH - cpopMy11e npn611n-

3HTeJibHO 
0

COOTBeTCTBY~T o6=H.o npnHnMaeMOMY 95% ,n;onepllTeJibHOMY HHTepna11y. 

Ba)KHQ OTMeTllTb, qyo Henocpe,n;CTBeHHoe llCIIOJlb30BaHne qJOpMYJibI 
0

qlll11bTpa' Bmiepa 

( i 4) ,Will ' n;eneii: OilTllMaJibHOH qJHJibTpan;nn HeB03M0)KH0, IlOCK0JlbKY ' B 3TY 'cpopMyiiy 

BXO,'lllT Hell3BeCTHb!e HaM aMn11ni:'y,n;hl c,.. Ec.n:n 6hl Mb! 3HaJill 3TH aMITJlllTY/:lbI; 

w.1 Mor11n 6hl Tor,1a CKOHCTpynpoBaTb onTnMaJibHblll qJllJlbTp ,WISI n:x Bbl/:leJieHnsI ns 

IIIyMa, HO -B ,3T0M CJiyqae llX Bbl/:leJillTb B0BCe He tty)KH0, IIOCK0JlbKY Mb! c=aeM nx 
risBeCTHb!Mll! · -

3TOT He,n;ocTaTOK q)OPMYJibI (14) (),'IHOBpeMeHH0 npe,'ICTllBJISieT co6on ee 60JibIII_Oe 

' ,Il;OCT0HHCTB0. llMeHHO B 3T0M MeCTe HaIIIeH npon;e,n;ypb! OIITHMaJ!bHOH
0 

qJll11bTpan;nn 

Mb! MQ)KeM llCilOJ!b30BaTb JI106y10 ll3BeCTHY10 HaM llJlll ,'10 Ollb!Ta, llJlll nOJiyqeHHyID ll3 
Oilb!Ta llHqJOpMaD;llJ? 0 cne:icTpe Hell3BeCTHOf0 CllrHaJia /(:z:): . . , 

Mbr .npe,!IJiaraeM CJie,!lyIDIIIllH a11ropllTM .!IJ!ll llCIIOJlb30BaHHll OnTiMaJibHOH qJIIJlb-

Tpan;nn. BMeCT0 HellBHOll cpopMyJibl (14) .!IJISI qlllJlbTpa BllHepa Mb! 'ncnoJib3yeM 

' npn611n)KeHHy10 llBHYID qJOPMYJIY 

•. c! 
ka = c2 + D(c!)' 

a 

OCHOBaHtty10 Ha ll3BecTHblX ll3 0IIb!Ta aMilJlllTY,!laX ca ,Wlll CIIrHa11a -- 6om.mero, qeM 

myM 
'. c! ~ D(c,.) /I,lI1l a::; ao, 

ll IIpOCTyID IIpllMOJ!llHeHHyID 3KCTpano11sru.n10 

ln(c!) Rl A1a + B1 7'll1l ao::; a::; a1 "' 
' .!IJ!ll .Ton qacTn cneKTpa, r,n;e cnrna11 CJia6ee, qeM IDYM 

c! ~ D(i.) 

II IIOJIHOCTb10 T0HeT B HeM. 
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MM y6e)'.(IIJIHCb, 'ITO TaKOH npOCTOH nO)'.(X0,!1 BnOJIHe )'.(OCTaToqeH AJISI 60JibilliiHCTBa 

cneKTPOCKOimqecKHX )'.(aHHbIX. O)'.(HaKO HMeIOTCSI CJiyqan, HanpnMep, ,!IJISI )'.(aHHbIX EX
AFS 3KcnepHMeHTOB (npe)'.(CTaBJISIIOIIIHX co60H 3aTyXaIOIIIHe CHHyCOH,!lbI), r)'.(e CKOpOCTb 

YMeHbilleHHSI aMITJIHTYA cneKTpa <I>ypbe JIYqme annpOKCHMHpyeTCSI Bbipa)KeHIIeM • 

ln(c!) ~ A2lna + B2. ,,_ 

HcnoJib3onamre ·ToH HJIH HHOH 3KCTpanOJISIIIHH cirrHaJia c TOH o6JiaCTH, r)'.(e OH CHJibHee, 

qeM myM, na TY OOJiaCTb, r)'.(e OH CJia6ee, qeM myM, npHBO,!IHT K IlJlaBHO cna)'.(aIOIIIeii 

q>HJibTPYIOIIIeH <l>YHKIIHH, He Bhl3hIBaIOIIIeH In66coBcKnx OCIIHJIJISIIIHH, KOTOpb1e Bcer,11a 
B03HHKaIOT npn pe3KOM o6pb!Be qJHJibTPYIOIIIeH q>yHKIIHH. 

IlpuBe)'.(eHHblH 3)'.(eCb Bb!BO,!I BHHepOBCKOro qJHJibTpa AJI51 HeCJiyqaHHOro CHrHaJia H 

CJiyqaHHOrO myMa BMec,Te C nOJIHblM TeKCTOM COOTBeTCTBYIOIIIeH_nporpaMMbI .OnTHMaJib

HOH qJIIJibTpaIIHH ,!IJ!Sl 3BM 6blJIH BnepBb!e ony6JIHKOBaHbl aBTOp0M u E.IlaHTOCOM B 

npenpHHTe ,n:apc6epHHCKOH Jia6opaTOpHH B 1982 r. BnocJie)'.(CTBHH npHMepHO TO )Ke 

caMoe, HO 6e3 YKa3aHH51 KOHKpeTHOro aJiropirTMa 3KCTpanOJISIIIHH H 6e3 CCbIJIKH Ha 

pa60Tbl [29] u [30], 6bIJIO ony6JIHKOBaHO (nO-BH)'.(HMOMy, COBepmeHHO He3aBHCHMO) B 

IIOJie3HOH KHHre "Numerical Recipes" (The Art of Scieqtific Computing) by W.H.Press 

et all, · Cambridge University Press, Cambridge, U.K., 1 H3)'.(. 1989, 2 H3)'.(. 1992. 

IlporpaMMa onTHMaJibHOH qJHJibTpaIIHH C HCnOJib30BaHHeM 6blCTporo npeo6pa30BaHH51. 

<I>ypbe Ha OCHOBe onucaHHOro aJiropHTMa mnpOKO HCnOJib3yeTC51 KaK' B HaIIICH CTpaHe, 
TaK u sa· py6e)KOM. TeKCT ee npune)'.(eH B rJI.9 )'.(HCCepTaIIHH. 

rJiaBa 5. MHOI'O)];bipoqHaSI KaMepa ,ll;JISI MSII'KOro peHTreHa 

B 3TOH rJiaBe onucaHa KOHCTPYKIIHSI MHOfO)'.(b!pOqHOH KaMepbI-OOCKypbl ,!IJl51 Ha

MIO,!leHH51 peHTreHOBCKoro H3JIYqeHH51 IlJla3MeHHOro pa3p51)'.(a B Onb!Tax aKa,!leMHKa 

rr_JJ.:KanHIIhl, ocyI1IeCTBJiem1y10 no: npe)'.(JIO)KeHHIO aBTOpa, H B.,n:.IleCKOBa_ KaMepa 

coqeTaeT yBemrqeHHYIO CBeTOCHJIY, nponopIIHOHaJibHJIO qucJiy OTBepCTHH, C xopOIIIHM 

pa3pemeHHeM, onpe,!leJISleMb!M )'.(HaMeTpOM OOHOW OTBepcTHSl. BOCCTaHOBJieHHe H306pa

)KeHH51 B · 3TOH KaMepe CBO)'.(HTC51 - K pemeHHIO )'.(ByMepHoro HHTerpaJibHOro ypaBHeHH_SI 

CBepTKH C SJAPOM, onpe,11eJisreMb!M pacnOJIO)KeHHeM OTBepcTIIH. IlOCKOJibKY B ,!laHHOU 

sa,11aqe nOJI~eHHe CBepxpa3pemeHH51 no cpaBHeHHIO C pa3MepoM OTBepCTH51 He SIBJISI

JIOCb Heo6XO,!IHMblM, - TO pai:noJIO)KeHHe OTBCpCTHH BbI6upaJIOCb TaKHM, ,!IJISI KOTOporo 

JICrKO peaJIH3JCTCSl o6paTHblH qJHJibTp, nOJIHOCTbIO BOCCTaHaBJIHBaIOIIIHH HCXO,!IHOe H30-
6pa)KCHHC ~pH 60JibillOM _ OTHOIIICHHH curnaJI/myM. -

IlpHBC)'.(CHbl pe3yJibTaTbl TeCTOBbIX H3MepeHHH CTaIIHOHapHbIX HCTOqHHKOB' H pe3JJib

TaTbI . HaMIO,!ICHH51 YJibTpaq>HOJICTOBOro H peHTrCHOBCKOro H3JlyqeHH51 B HMnyJibCHbIX 
AyrOBbIX pa3pSJAax. 

OnucaHHblC B 3TOH rJiaBe pe3yJibTaTbl noJiyqeHbI aBTOpOM COBMCCTHO C r.<I>.Kapa-
6a)'.(_)KaKOM, A.<I>_KamJIIOKOM, C.B.IlepeBep3eBblM u B • .D:.IIecKOBblM [34]. 

rJiaBa 6. MeTo,n; MaKCHMyMa 
IJ;HOHaJibHbIH cqeTqMK MSirKoro 
:::mepreT_nqecKHM pa3pemeHHeM 

npaB.r(ono,n;o6nSI II nponop
peHTreHa C YJibTpaBbICOKMM 

Pa60Ta,. OnHCb!BaeMa51 B 3TOH rJiaBe, BbIIlOJIHCHHa51 COBMCCTHO C B.,n:.rrecKOBbIM ll 

E.P.Ilo,110JI5IKOM [31], TaK)KC 6bIJia Hanp5IMyIO CB513aHa C llCCJIC)'.(OBaHHSIM no qJH3llKC 

IlJla3Mbl IB30BOTO pa3pSI)'.(a B MOIIIHbIX CBq nOJI51X, npOBO)'.(llBIIIHXC51 II.JI.Kanm:~eH. Y)KC 

B nepnbIX cneKTpaJibHblX II3MCpCHHSIX 6b1Jlo o6Hapy)KCHO MOIIIHOC YJibTpaq>HOJICTOBOC 

16 

f 

f 
t 

H3JiyqeHHe - H3 ,!IJrDBOrO pa3pSJAa, n03)'.(HCC B CneKTpe ~3JlyqCHIISI ' 6blJI OOHapy~eH 

MSlfKHH peHTreH. -.Il:Jisi ero )'.(CTCKTIIpOBaHirn r.,U.BorOMOJIOBbIM H B.,n::IleCKOBb!M paHee 

6bIJI pa3pa6oTaH MHOrDHIITCBOH cqeTqHK peHTrCHOBCKOrO H3JlyqeHIISI, HanOJIHCHHbll°I'_ 

BO,!IOpO)'.(OM. 3TOT cqeTqHK MO)KHO npe,!ICTaBHTb . B BII)'.(C Ha6opa nOCJIC,!IOBaTCJibHO 

. paCUQ/IO)KCHHbIX O)'.(HOHHTCBbIX cqeTqIIKOB ( CCKIIIIH). IlpII npoXO)K)'.(CHIIII II3Jlyqemrn 

qepe3 TaKYIO CIICTCMY _OHO 6y)'.(CT nOrJIOIIIaTbCSI B ra3e, H. Ka)K,!lbIH 3JICMCHTapHbIH 

cqeTqIIK 6y)'.(eT ,H3MCpSITb quCJIO qJOTOHOB, norJIOTHBIIIHXCSI B ero OObCMC. .Il:OCTHfHYT0C . 

pa3pemeHHC cqeTqIIKa 6hIJIO npIIMCpHO paBHO 50 sB B OOJiaCTH 3Hepmn qJOTOHOB 

B6JIH3H 300-sB; 

' 
- 3To pa3pemeHHC npe,11CTaBJISIJIOCb HC)'.(OCTaTOqHbJM ,!IJISI pemeHIISI nocTaBJICHHbIX 'sa-. 

)'.(aq, .D:Jisi YBCJIHqeHHSI pa3pemeHHSI Heo6XO)'.(IIMO 6b1Jlo )'.(BHraTbCSI B ABYX HC3aBHCll.MbIX 

HanpaBJICHllSIX: . noJiyqHTb OOJICC TOqHbIC )'.(aHHblC no qJOTOnorJIOIIICHIIIO peHTrCHOBCKO-

·_ ro II3JlyqeHHSI B MOJICKYJISipHOM BO)'.(Opo,11e II pa3pa60TaTb HOBblH 6oJiee S<p<pCKTIIBHblH 

cnoco6 o6pa60TKH ,11aHHbIX no ll3MepeHHIO norJIOIIICHIISI HCCJIC,!lyCMOro pCHTreHOBCKOro 

H3JlyqeHHSI C HCll3BCCTHbIM cneKTpOM B cqeTql!KC, HanoJIHCHHOM BO/:IOPOAOM: CqeT'Il!K 

COC)'.(HHSIJICSI HanpSIMYIO C ITJia3MeHHOH yCTaHOBKOH II.JI.KanHIIbl 6e3 BCSIKoro_ BaKyyM

noro OKHa_ 

.D:Jisi pemeHllSI nepBOH 113 yKa3aHHblX _sa,11aq 6hIJIII co6paHbl 11· Kp!ITllqec~H npoaHa

JIH3HponaHbl BCC HMCBillHCCSI 3KCnepl!MCHTaJibHblC )'.(aHHbIC no <pOTOnOrJIOIIICHl!IO peHTre

HOBCKoro H3JiyqeHIISI B MOJICKYJISipHOM BO)'.(OpO,!le, a E.P.Ilo,!IOJISIKOM II B.H.AJiaBep)'.(OBbIM 

6bIJill .Bb!IlOJIHCHbl )'.(OnOJIHl!TeJibHblC ll3Mepemrn. Pe3yJibTaTbl aHaJIH3a -ony6.nHKOBaHbl "B 

pa60TaX [32] ll [33], r)'.(e npHBC,!ICHa imnpOKCHMaIIl!SI nclJiyqeHHbIX )'.(aHHhIX, llMCIOIIIa51 

norpellIHOCTb OKOJIO 5% c )'.(OBCpHTCJibHOH BC!)OSITHOCTbIO 95% B )'.(Hana30He' 17-400 sB. , _ 

3a)'.(aqa BOCCTaHOBJICHHSI cneKTpa peHTfCHOBCJs:OrD H3JiyqeHHSI no ll3MepeHHIO norJIO-

IIICHH51 CB0/4HTCSI K pemeHHIO CJICAYIOIIIero llHTerpaJibHOro ypaBHCHHSI nepBoro - po,11a . . 

N(x) = f l(EHl - e-a(E)'1je-a(E)~dE, (15) 
4E 

B KOTOpOM X - 0003HaqaeT myforny CJIOSI 'norJIOIIICHIISI peHTrCHOBCKoro H3JlyqeHl!51 

B ra3e, .N(x) - HHTeHCHBHOCTb ll3JiyqeHl!SI Ha rJiy611He x, I(E) - l!CKOMblll cneKTP 

peHTfCHOBCKOro H3JlyqeHH51 Ha BXO)'.(C CJIOSI norJIOIIICHIISI ra3a TdJIIIIHHOH z, a(E) -

K03qJqJIIIIHCHT norJIOIIICHHSI pCHTfCHOBCKOrO H3JlyqeHIISI KaK q>yHKIIIISI 3HCpmH E, ~ 0 

pa3Mep O)'.(HOH CCKIIHII nponopIIHOHaJibHOro cqeTq11Ka ,!IJISI perHCTpaIIHll ll3JiyqeHHSI, TaK 

'ITO MHO)KHTCJ!b 

w(E) = 1 - exp[-a(E)~] 

npe,icTaBJI51CT c~6oii. S<pqJCKTHBHOCTb pemcTpaIIIIH,' nponop[(HOHaJibHyIO BCpOSITHOCTH 

nOrJIOIIICHHSI peHTrCHOBCKoro qJOTOHa C 3Hepmeii: E B O,IHOH CeKIIHll cqeTqHKa - TOJIIl.lll

HOH l:!... HHTerpIIponaHllC B (15) np0!!3B0,!IHTCSI no ,1111ana30HY 3Heprnii: qJOTOHOB t:iE .. 
r,ie w( E) '?. 0. 

HHTerpaJibHoe ypaBHCHHC . ('15) ecTb ttaCTHblH CJiyqaii: o6mero ypaBHCHHSI ( l) lf3 

BBC)'.(CH!ISI K aBTOpeqiepaTy, r,ie BXO,IHblC ,iaHHbIC - SIBJISIIOTC51 CJiy_qaHHb!Mll, IIOCKOJ!bKY 

B OOJibillHHCTBe CJiyqaeB N(x) nMeeT nyaccoHOBCKoe pacnpeAeJieH11e npu Ka)KAOM x. 
IlOCJie ):IIICKpeTH3aIIHH llHTerpaJibHOro ypanHCHIISI ( 15) nOJiyqaeM CllCTCMy_ JIIIHCU:HblX 

aJife6paHtJCCKIIX. ypaBHCHIIH ,!IJISI onpe,ieJieHHSI HCll3BCCTHbIX Jk = J(Ek), , k = l, 2, ... , m 
II3 BXO,IHbIX ,ia,HHblX N; = N(:i:';), _ i = 1, 2, .:., n 

m 

N;=I:;IkPik, i=l,2, ••• ,n, 
r.-1 

17 
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I: 
I 
If 

{. 

B KOTopoii P;k=SE-[I-e-a(E,).i.J•e-a(E,)z,, a SE=Ek+1-'Ek, k=l,2, ... ,m-1 mar 

JIHCKp,enI33I(HH no :mepr.11.11 q:>OTOHOB. 

• IlowiepKHeM, 'ITO 'I.HCJI0 ypaBHeH.HH n B CHCTeMe (16) MO)KeT 6b!Tb K3K 60JJblile, TaK 

.II MeHhIIIe K0JIH'leCTB3 HeH3BeCTHbIX m. ,lL/Isr CJIY'l3llHhIX BX0)IHhIX )13HHb!X N; = N(x;) 
B nO)l3BJIIDOIIIeM OOJihlIIHHCTBe CJiyqaeB CHCTeMa (16) He .HMeeT pemeHHSI. ~HMeHHO 

CJIY'l3llHOCTb 3H3'leH.Hll N; .II npHB0JIHT K' HeCOBMeCTHOCT.11 C.HCTeMbI (16) B OTJIH'lHe OT 
_ ypaBHeH.HSI ( l) np.11 T0'lHOtt npasoif qacrn. 

,lLJisr npH)l3H.HSI CMhICJia peIIIeHHIO CHCTeMbl ( 16) npHMeM BO BHHM3HHe, 'ITO CJIY

'l3llHhie BeJIH'lHHbl {N;} B C0BOKynHOCT.11 He33BHC.HMbl .II MoryT paCCM3TPHB3ThCSI HMe

lOIIIHM.11 nOJJHH0M.H3JibH0e pacnpe;;eneHHe, npH KOT0pOM BepOSITHOCTb p n0JIY'lHTb 113 
OnbITa TO'lH0 )'K333HHhle Bhllile 3H3'leHHSI paBH3 

-N! n ll· 
P=-n - fJp; • 

IT N;! ;-1 
i-1 

3)1ech BBe;,eiibI CJie)IYJOIIIHe o6oJHa 'leHHsr 

N=tN;, p;=f Pik9k, 
P;~ exp[...:a(Ek)x;] 

Pi1c=-n-= n , 

i-1 k-1 E P;k E exp[-a(Ek)x;] 
j-1 j-1 

m 

9k = I(Ek)/ L I(E;)
;-1 

PemeHHeM CHCTeMbl (16) corJiaCH0 MeT0JIY M3KCIIMYM3 npaB;,ono;,o6Hsr (MIT), H330-

BeM BeKTOp {gk}, npn KOTOpOM BepOSITHOCTb p HJIH logP )IOCTHraJOT M!IKCHM3JibHhIX 

3Ha'leHHtt. Be.nH'l.HHY L = ,JogP 6y)leM H33hIB3Th ;;anee q:>yHKI(Heif npaB;,ono)lo6Hi . 

MaKCHMYM q:>yHKI(HH npaB;;orio)lo6HSI Bcer;;a cyII(eCTBY~, T3K K3K Olla HenpepbIBHa, 
.II Bbipa)KeHHe 

n , n 

L =canst+ 1:N;logp; =const + NLf;logp;, 
i-1 i-1 

r;;e f; = N;f N, orpaHH'leH0 CBepxy, nOCKOJ!hKY 

L f;log p; - L f;log f; = L f;log (p;f f;) :::; 0 
i ,i 

B CHJIY _ uepa~eHCTBa TeopHH HHq:>OpM3I(HH. 

IlOHCK MaKCHMyMa q:>)'HKI(HH npaB;,ono;;o6usr np0H3BOJIHTCSI C nOMOIIIblO HTepaI(H

OHHOll ;1po11eJ1yph1, npe)ICTaBJISIJOIIIeif co6oif MOJ1Hq:>HK3IIHJO HTepa11noHHoif npo11eJ1yphr, 

paHee npe)IJIO)KeHHOll M.3. TapaCKO. - B 3TOM MeTo;,e He ;;enaeTCSI H.HK3KHX npe)lnO

JIO)KeH.Hll O BH,!le B0CCT3H3BJIHBaeMOll q:>yHKI(.11.11 I(E), KpOMe TOro, 'ITO I(E) 2 0. lie 

Tpe6yeTCSI T3K)Ke .HHq:>OpM3I(.Hll 0 H3'l3JibHOM np.116JIH)KeH.11.11, B Ka'leCTBe KOTOporo Mb! 
OOhI'lHO Bh16.11paeM I(E) = const > 0. · 

B SIBHOM BH)le HTepaI(HOHH3SI q:>OpMyJia M0)KeT 6hITb 33nHcaHa B CJie;,yJOII(ett q:>OpMe 

(•+I) = (,) + h (,) ~ . ( f; - 1) 9k 9k 9k LJ P,k m ( ) • 
;-1 Ep;·g•' 

j-1 J J 

( l 7) 
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3;,eCb s =l,2, ... C H0Mep IITepa11.11.11, h . )IJI.HH3 IIIara B rrpocTpaHCTBe llCKOMbIX BeKTOpOB 

{g}. Ilp.11 h = l HTepa11.110Huasr q:>OPMYJia (17) courra)laeT c .HTepa11.110HHoif q:>OPMYJIOtt 

M.3.TapacKo. 

OTMeT.11M, 'ITO HTepa11noHHasr. q:,opMyna ( 17) SIBJISieTcsr HeJI.HHefuioif: HCKOMhlll BeKT0P 

{gk} BXOJI.HT He TOJibK0 JIHHettHO B JieBYJO .11 rrpaBYJO 'l3CT.H q:>OPMYJibI (17), HO .11 B 

JHaMeHaTeJih Bblpa)Keu.11sr B cKo6Kax rrpaBott 'l3CTH 3TOtt q:>OPMYJibl. 3Ta uennueihIOCTh 

MeT0J13 M3KCHMYM3 rrpau;;ono)lo6nsr SIBJISieTCSI npHHI(nII.H3JibHOii:, T3K KaK ll.MeHHO OHa 

o6ecne'l.HBaeT nOJiyqeu.11e CBepxpa3peIIIeHnsr no cpaBHeHHJO c JIJ06bJMH JIHHettHhIMlI 

MeTOJ13Mll BOCCT3HOBJieHHSI CllrH3JIOB. 

HTepa11nn np0)10JI)K3JOTCSI noKa BeJIH'lHHa 

x2= t (SN;)2 
i-1 N;, 

r;;e SN;.= N(p; - f;), 60JJhIIIe, ·qeM ypoBeHh x!-i (Pi), r)le Pi - · ypoBeHh 3H3'lllMOCTn 

x2 KpnTepnsi, o6hl'lHO npniI.11MaeMhIH paBHOMY 5%, .11 )IOJJ)KllbJ ocraHaBJIHB3TbCSI, KaK 

TOJihK0 3T3 BeJI.H'l.HH3 YMeHhlIIHTCSI )10 ypOBHSI 

x
2 

::::= x!-1 (P2), 

rile P2 = (80 - 95)%. 

TaK.HM o6pa3oM, ue. cne;;yeT ci-peMHTbCSI ypaBHSITh ueBSI3KY TO'lllee, 'leM 3TO noJiio

JISieT C):leJI3Tb TO'lHOCTb ll3MepeHHH. - 3TO Ba)KHhlii: IIpHHI(Hn IIp.11 pemeHHH o6paTHblX 

33):13'!. 

OI(eHK3 norpemHOCTH BOCCT3HOB.n:eHHOrO crreKTpa H(E) IIpOH3B0):IHTCSI MeTO):IOM. cra

T.HCTH'leCKoro MO):leJI.Hp0B3HHSI nOBTOpeHHeM npol(e)lypbl BOCCT3HOBJieH.HSI 10-20 pa3 )IJISI 

pa3JIH'lHbJX CJIY'l3HHhIX ua6opoB HCXO)IHbJX )13HHbJX 'C O)IHOH H TOH xe ¢YHKI1.11eif 

pacnpe)leneii:.11si. Ha 3TOM saiouqeuo KpaTKoe onncaH.He rrpo11e,11yphl BOCCTaHoBJieiinsi 

MeT0):IOM MIT JIJISI BX0JIHbIX J13HHhIX c 6nHOM.HaJihHhIM rum c · rryaccoHOBCKHM pacnpe

,11eneH.11SIM.11. Mo,11.11q:>.HK3I(HSI HTepaI(HOHHOH q:>OpMyJihl ( 17) ):1./ISI BXO)IHbJX ):13HHbJX C 

rayccoBc~nM pacnpe)leneuneM onncaiia B rn. 7 J1HC~epTa11mi:. 

llTepaI(HOHH3SI q:>OPMYJI3 (17) npe)ICT3BJISieT COOOll p33HOB.H)IHOCTb MeT0):13 nepBoro 

nopSl)IK3 noncKa 3KCTpeMYMa q:>yHKI(llll B MHOroMepHOM rrpocTp3HCTBe, KOr):13 H3 , Ka· 
)K)IOM mare HTepaI(.Hll ncnOJib3yeTCSI TOJ!bK0 0)IH0 HanpaBJieHne rpa,11neHTa q:>yHKI(.HH 

npaB)IOnO):IOOHSI n . onTHMH3npyeTCSI TOJ!bK0 )IJIHH3 mara B):I0Jib 3TOro HanpaBJieHHSI. 

,lL/ISI 'I.HCTO )IHCKpeTHbJX cneKTpOB peHTreHOBCK0ro H3Jiy'leHHSI noncK 3KCTpeMYMa rrpo

.113B0):IHTCSI 60JJee 6bJCTpbIM MeT0):IOM HbIOTOH3 • Paq:>COH3 BTOp0rO nopSl)IK3, H OI((!RK3 

norpeIIIHOCTn BOCCTaHoBJieHHSI )laeTcsr Ha ocHoBaH.Hn HepaBeHCTBa Pao-KpaMepa, ,11aID

IIIero H.H)KHJOJO rpaHHIIY T0'lHOCTn oo;eHoK MMII. 

B, 3TOtt rnaBe rrpnBe)leHhl OOIIIHpHhle MaTepnaJihl no 'lllCJieHHoii: npoBepKe H3JIO

)KeHHoro MeTo,11a pemeHHSI HHTerpaJibHOro ypaBHeHnsi' (15) KaK )IJISI HerrpepbIBHhIX n 

JIHCKpeTHblX' cneKTp0B, TaK n )IJISI nx KOM6HH3I(llll. HTepaI(HOHH3SI q:>OPMYJI3 (17) npn..:. 

ro;,Ha .)IJISI IIp0H3BOJibHbJX cneKTpoB; 0)IH3K0 eCJIH B rrpo11ecce mepa11nii: OK33b1B3eTCSI, 

'ITO pemeHHe npn6Jill)KaeTcsr K JIHCKpeTHOMY cneKTPY, TO 11enecoo6pa3HO )13JibHeii:IIInii: 

noncK npOH3B0)IHTb C IlOM0IIIbIO · rrporpaMMhl )IJISI )IHCKpeTHbIX · cneKTpOB. 
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IlOJiy-<IaeMaSI norpemHOCTb B 3THX CJiy<IaSIX rrpaKTH<IeCKH COBrra,11;aeT C ,11;orrycKaeMOl1 
HepaBeHCTBOM Pao-KpaMepa. 

I{E) 

6 

~ 1

1 • ~i 1 1 ,,. 5 J •• ~ 
I 

It 162 ';i: ♦ 
.3 • 3 10 

2 

1 

100 tSO 200 250 300 35l) J/00 ltSO 500 

E(aB) 

Pnc.3 Penmzenooc,cue cne,cmpbt a onbtmax c · pe11mze11oac,coii mpy6,coii. Ha ape31Cf 
noJCa3aHbl UCXOOHble 3/CcnepuMeHma.JlbHble oa/lltbte. 

Ha 3TOM pHCYHKe rrpHBe):leHbI peHTreHOBCKHe crreKTpbI, IIOJiy<IeHHble B OilbITe C 
peHTreHOBCKOii: Tpy6Koii: npH HanpIDKeHHSIX Ha Tpy6Ke 410, 448 n 470 BOJlbT. · CneKTpbl 
BOCCTaHOBJieHbI onncaHHbIM MeTO/:IOM H3 ):laHHbIX no norJiomeHHIO. Ha pHCYHKe BH/:IHO, 
<ITO BepxHSISI rpaHHIIa crreKTpa 

0

paBHa HanpIDKeHHIO Ha penTreHOBCKOll Tpy6Ke B Ka)K,ll;OM 
H3 Tpex He3aBHCHMbIX . OilbITOB. KpoMe Toro, B KJl)K):IOM H3 OilbITOB BH):IHa 0):IHa H 
Ta )Ke JIIIHHSI yrJiepoi:1a CKa, E = 215 sB. IloJiymnp1ma JIHHHH, paBHasr pa3pemenHIO 
ClleT<IHKa, npHMepno paBHa 15 sB .(S6%). Jlyqmero 3Ha<IeHirn Tpy,ll;HO 6bIJIO 0)KH):laTb, 
TaK KaK i:1anHhle no rrorJiomenmo, orrpei:1eJisr10mHe si;n:po mrrerpMbHoro ypasnenm1 (15), 
H3BeCTHbI TOJlbKO C TOlIHOCTbIO OK0JIO 5%. YKa3aHHOe snepreTH<IeCKoe pa3pemenHe 
/:IJISI ra30BbIX ClleTlIHKOB IIOJIHOro nornomenHSI SIBJISieTCSI peKOP/:IHbIM H B HaCTOSimee 
BpeMSI. 

rJiaBa 7. IlaKeT rrporpaMM BOCCTaHOBJieHIHI CHrHaJIOB 

RECOVERY n ero . rrpnMeHeHH51 

MaTepHaJI i:1annoii: rJiaBbI OCHOBaH Ha COBMeCTIIOii: pa6oTbl aBTOpa /:IHCCepTaIIHH C 
B.HSenb<praTOM u E.P.II0,11;0JISIKOM [38), i:1enonnp0Bannoii: B BHHHTH B, 1991 r.;· a 
TaK)Ke ony6JinKosaimoii: Hll anrnHii:CKOM SI3hlKe B 1993 r. B )KypHaJie Computer Physics 
Communications [39). 

BoccTaHOBJieHHe cnrnaJIOB CBO/:IHTCSI K pemenuro JIHHeii:noro HHTeq>aJibHOro ypaBHe
HHSI nepBoro poi:1a t K(x, y)fo(y)dy =.Fo(x), cS x Sd, (18) 

• 
B KOT0pOM /o(y) HCKOMaSI <PYH~HSI (cnrHaJI), Fo(x) pe3yJibTaT npeo6pa30BaHHSI (HCKa-
)KeHHS!)· cnrnaJia H3MepHTeJibHbIM rrpH6opoM, xapaKTepH3yeMbIM annapaTHOii: <PYHKIIHeii: 
K(x, y) - si;n:poM UHTerpaJibHOro ypaBHeHHSI, npn<IeM pe3yJibTaTOM H3MepeHHSI SIBJIS!eTCSI 
He qiyn~usr F0(x), a CJiy-qaii:HaSI qiyiiK11uS1 F(x), JIHmb cpe):IHee snalleHHe KOTopoii: no 
pa3HbIM peaJIH3aIIHSIM myMa paBHO npaBOii: <IaCTU Fo(x) 3I'Oro HIITerpaJibHOro ypaBHe-
HHS! 

F(x) = Fo(x). (19) 
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3TO YCJIOBHe ipaKTH<IeCKH 03Ha<IaeT OTC)'TCTBHe· CHCTeMaTn<IeCKHX omn6oK npH H3Mepe-. 
HHSIX. KpoMe Toro, npHHHMaeT.CSI, l!TO myM HeKoppeJIHpOBaH B coce):IHHX T0<J:Kax 

oF(x;) · oF(x;) = o-; · o;;, ri:1e oF(x) = F(x) - Fo(x), 

B STOii: rJiaBe paccMaTpnsaeTCSI TOJlbKO CJiy<Iaii: BOCCTaHOBJieHHSI IIOJIO)KHTeJibHbIX 
(TO<IHee HeOTpHIIaTeJibHbIX) _ CHrHaJIOB /o(y) ~ 0. XOTSI 3TOT CJiyqaft He HC<IepIIbIBaeT 
BCex IIOTpe6HOCTeii: npaKTHKH, 0,ll;HaKO OH HMeeT /:IOCTaT0'lHO mnpoKyIO o6JiaCTb npn-. 
MeHHMOCTH. TaK, HanpHMep, see 33):la<IH BOCCTaHOBJieHHSI SHepreni~eCKllX cneKTpOB 
OTHOCSITCSI K 3TOMY KJiaccy. • 

OrrnchlsaeMbiii: s 3roii: rnase KOMIIJieKc nporpaMM RECOVERY npei:1Ha3Ha<IeH JL,'ISI 
BOCCTaHOBJieHHSI H3 SKCrrepnMeHTaJibHbIX i:1aHHbIX HeOTPHIIaTeJibHbIX CHrHaJIOB, HCKa
)KeHHbIX li3Mep1neJibHbIM rrpn6opoM B rrpucyTCTBHH myMa. lllyM B OT):leJibHbIX TO'l
Kax He3aBHCHM H MO)KeT UMeTb rayccOBCKOe, 6nHOMHaJibHOe HJIH rryaCCOHOBCKOe pac
npei:1eJieHHSI. IIporpaMMbI KOMIIJieKca peaJIH3YIOT pemeHne HHTerpaJibnoro ypasnemrn • 
CBepTKU C si;n:poM K(x,y) = K(x - y) /:IJISI- KOppeKIIHH. Ha annapaTHYIO <PYHKIIHIO npo
U3B0JlbHOro BHJJ;a, 3aBHC~YIO TOJlbKO OT pa3HOCTU. apryMeHTOB (3Ta 33):la<Ia BeChMa 
pacnpocTpaHena B cneKTpocKonun JII06oro poi:1a), pemenue UHTerpaJibHOro ypasHeHHSI -
JlanJiaca B i:1eii:cTBHTeJibHOH OQJiaCTH 

/(t) = j g(.X)exp(-.Xt)d.X, 
0 

B KOTOpOM f(t) 3a/:18HHaSI <PYHKIIHSI, a g(.X) UCKOMaSI <PYHKIIHSI /:IJISI pa3JIO)KeHHSI 3a
i:1annoii:. SKcnepnMeHTaJihHOll <PYHKIIHH Ha SKCI10HeHTbI C HerrpepbIBHbIM cneKTpOM ,11;e
KpeMeHTOB (3Ta 3a):la<Ia HMeeT MHOro<IHCJieHHhle npnMeHeHUSI, nanpHMep, B si;n:epi-1011 
qJH3HKe HJIU OilTHKe npn UCCJie):IOBaHHH BpeMeHHOll CTPYKTYPbI npo11ecc0B qmyopec
IIeHIIHH), H pemeHHe HHTerpaJibHOro ypaBHeHHSI (15) (cM.BbIIIIe) /:IJISI. BOCCTaHOBJieHHSI 
CileKTpa )'JlbTpaMS!rKOrO ·peHTreHOBCKOrO H3Jiy<IeHHSI U3 H3MepeHHll ero IlOrJiomeHHSI B 
rase. IIporpaMMbI OCHOBaHbI na MeToi:1e MaKCHMyMa rrpasi:1orroi:1o6irn, npn ucnoJib30Ba
mrn KOTOporo /:IOCTHraeTCSI MaKCUMaJibHOe yJiy<ImeHne paspemeHHSI CHrHaJIOB. 

KoMnJieKc nporpaMM COCTOHT n's na6opa Tpex rnaBHbIX noi:1nporpaMM MLU8,· MLG8 
H 'M LP8, peaJIH3yromux HTepaIIHOHHblll cnoco6 HaXO)K):leHHS! . MaKCHMyMa <PYHKIIUII 
npasi:1onoi:106nS1 /:IJISI neoTpm:~aTeJibHbIX pemeHnii: COOTBeTCTBeHHO /:IJISI CJiy<Iaes rayccos
CKoro pacnpei:1eJieHHSI OIIIH60K BO BXO):IHbIX ,11;aHHbIX C 'nOCTOSIHHOii: BeJIU'lHHOll i:1ucnepcnn 
0-5 BO Bcex SKcnepHMeHTaJlbHbIX TO<IKax, raycCOBCKOro pacrrpe):leJieHHSI /:IJISI CJiy<IaSI, KO
ri:1a B pa3HbIX TO<IKax i:1ncnepcnS1 MO)KeT 6bITb pa3Hoii uf, i = 1,2, ... ,n, .. n MSI 
nyacCOHOBCKOro pacrrpei:1eneHHSI BXO):IHbIX ):laHHbIX. IIoi:1nporpaMMa M LP8 Tpe6yeT. nO:. 
JIO)KHTeJibHOCTH annapaTHOii: <PYHKIIHH, /:IJISI noi:1rrporpaMM M LU8 H M LG8 annaparnasi 
ipyHKIIHSI MO)KeT 6i.rrh 3HaKonepeMeHHOii:. · 

· If3 -·i:1pyrnx CJiy)Ke6nbIX rrporpaMM /:IOCTOii:Ha oco6oro yrroMHHaHHSI noi:1nporpaMMa 
6hlCTporo npeo6pa3oBaHHSI <I>yphe, UCil0Jlb3yeMaSI /:IJISI BbI'lHCJieHHSI IIHKJIH<IeCKHX c11ep
TOK npn pemeHHH HHTerpaJihHoro ypasHenuSI .cBepTKH. 3m noi:1nporpaMMa nanucaHa 
B.HSenb<tJraT~M Ha OCHOBe paspa6oTaHHOro HM paHee HOBOro aJiropHTMa. BII<I>, n OHa 
HMeeT HaHJiy<Imne xapaKTepnCTHKU cpei:1H nsseCTHbIX HaM _rrporpaMM no napaMeTpaM 
naMSITH n 6bICTpoi:1eii:CTBHSI. 
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B pa6ooax [38] H · [39] npHBeAeHhI IIOJIHbie TeKCTbI Ha <I>opTpaHe BCex nporpaMM u 

noAnporpaMM KOMnJieKca RECOVERY, peaJIU3YlOII.\Ue MeTOA CKopeiimero IIOAbeMa rrpu 

IIOHCKe MaKCUMYMa <pyHI<I_\UH npaBAOIIOA06HSI. 3To AaeT B03MO)KH0CTb npHMeHSITb 3Tl1 

nporpaMMi,1 Ha JII06hIX 3BM, HMelOII.\HX q>OpTpaHOBCKliH KOMIIHJISITOp. CJieAyeT ynoMSI

ffYTb eAUHCTBeHHOe orpaHHtJeHtte, COCTOSIII.\ee B TOM, lJTO rpa<putJeCKaSI tJaCTb naKeTa 

pacctJHTaHa Ha ncnOJih30BaHne IBM-couMeCTHMhIX nepcoHaiihHhIX 3BM u KOMnHJIS1Topa 

IBM Fortran/2. 

3 

8 

2 

2 

0 

256 384 512 640 768 

Pnc.4 BoccTaHoBJieHHe cHrHana nporpaMM011 Dconv2 l{JIJI annapaTHOII <f>YHKI(IHI c nopeuT

I(eB~~HM npoq>Hneu nrnpHH01'i D = 60, · oT110IiiemteM cnruan/myu 20 AB npu qucne AaHlibIX 

N = 329. 1 - BXO!{Hbie l{aHJibie, 2 - annapaTHaJI <PYHKI(lIJI, 3 - peoy/IbTaT BOCCTaHOB/Ielil!H, 

4 - TO'IlibIH OTBeT. B I(e/IJIX rpaq>H'IeCKOif JICHOCTlI KplIBaJI 1 Cl{BHHyTa no BepTlIKa/III BBepx. 

',aocTHI'lIYTOe 01Ia'Ie1IHe x2
-Kp1ITepIIH paBHO x2,/ N = 0.903 

Bhrme .noKa3aH OAHH npnMep pa6oTbI KOMIIJieKca RECOVERY AJI51 pemeHHSI nHTe

rpaJihHOro ypaBHeHHSI CBepTKII c HCIIOJib30BaHHeM no,11nporpaMMbl M LU8. HanOMHHM, 

tJTo'' npu pemeHHH He HCnOJih3yeTCSI HHKaKaSI anpnopHaSI HHq>OpMal_\HSI 00 HCKOMOH 

!p)'HKI.\HH, KpOMe ee HeOTpHI_\aTeJibHOCTH. . 

r.rraBa 8. IlleHHOHOBCKHH rrpep;eJI CBepxpa3perneHHSI rrpH 
.BOCCTaHOBJieHHH CHrHaJIOB 

B 3I'oii maue noKa3hrnaeTCSI, tJTO cyll.\eCTByeT a6coJIIOTHhm npe,11eJI yJiy11meHHS1 

pa3pemeHH51 npn BOCCTaHOBJieHHH cnrnaJIOB no cpaiiHeHHlO C KJiaCCHtJeCKHM p3JieeBCKH!il 

HJIH ,!IH<ppaKI_\HOHHbIM npe,11eJIOM. MaKCHMaJibHOe 3Ha11em1e ,!IOCTH)KHMOro pa3pemeHHSI 

onpeAeJIS!eTC51 myMOM H MO)KeT 6hITb BbllJHCJieHO no TeopeMI:: llleHHOHa O MaKCHMaJibHOH 

CKOpOCTH nepe,11atJH HHq>OpMal_\HH 11epe3 KaHaJI CBSI3H C myMOM. IIoKa3bIBaeTC51, '!TO B 

HenapaiieTpHtJeCKOM CJiy11ae CBepxpa3pemeHHe 3aBHCHT JIOrapnq>MHtJeCKH OT BeJIHlJHHbl 

OTHOWeHH51 curna.ri/wyM. · 

Bnepsbie pe3yJibTaTbI 3I'OH rJiaBbI 6bIJIH ,!IOJIO)KeHbI Ha Me)K):lyHapo,11HOM COBell.\aHHH 

no MeTo,11y MaKc~lia 3HTpo~rnn B AHmnn B 1988 r. n ony6JIHKOBaHbI B · pa60Tax [35-
37] B 1989-1990 IT. BBH.IIY cpaBHHTeJibHOH HOBH3Hbl n Ba)KHOCTH 3I'Oro pe3yJibTaTa 

22 

__ .:;;,, 

IIpHBe,!leM 3):leCb ero npOCTOH 3BpHCTlllJC!CKHH BbIB0,11, CJie,11y51 pa60Te [36]. 
HOe <popMaJibHOe ,!IOKa3aTeJibCTBO ony6JIHKOBaHO B .[37] ll BocnpOH3Be,11eHO B 
,!IHCCepTal_\HH. 

IIo,11po6-

rn:aBe 8 

0CHOBHOe ypaBHeHHe BOCCTaHOBJieHll51 CHrHllJIOB (18) COBna,11aeT c TaKHM xe ypaBHe

HHeM AJI51 riepe,11atJH CHrHaJIOB ·11epe3 KaHaJI CB513ll C IDYMOM, IIpHtJeM POJib annapaTHOii 

<pyHKI_\HH, xapaKTepn3yeMoii SI.IIPOM K(:i:,y), nrpalOT xapaKTepHCTHKH KaHaJia CB513ll. 

EcJin napaMeTpbI KaHaJia CBSI3H He 3aBHCSIT OT BpeMeHH, TO annapaTHa51 !pYHKI.\ll51 

K(:i:, y) 3aBHCHT TOJibKO OT pa3HOCTH aprYl\feHTOB 

K(:i:,y)=K(:i:-y) . 
u COOTBeTCTBYIQII.\a51 TaKOMY SI.IIPY annapaTHa51 <l>YHKI.\= H3MepHTeJibHOro npn6opa 
51BJISieTC51 npocrpaHCTBeHHO HHBapnaHTHOll. 

,lljrn CJiy11a51, Kor,11a annapaTHa51 <f>YHKI.\ll51 K(:i: - y) HMeeT orpaHlllJeHHyw mnpnHy 

npocTpaHCTBeHHoro crreKTpa <I>ypbe W, cyll.\eCTBOBaHHe npe,11ena pa3pememrn MH3KHX 

CHrHaJioB· fo(y) CJie,!lyeT ll3 H3BeCTHOii TeopeMe K.illeHHOHa 1949 r. 0 rrpe,11eJibHOii 

. CKOpOCTH nepeAatJH HHq>OpMal_\Hll 11epe3 KaHaJI CB513H C ffiYMOM. )]jr51 HllIDHX I_\eJieii 

q>OpMyJia llleHHOHa MO:lKeT 6bITb sanncaHa u CJieAYIQII.\eii q>OpMe 

(B/XJ(611r/cM) = WcM-• logz(l + E,/En)• (20) 

3,11ech o6o3Ha 11eHo 11epe3 X = d - c, B / X ecTb MaKCHMaJihHoe tJHCJIO 6nT HH<popMal.\HH 

Ha e,11HHHI.\Y H3MepeHH51 nepeMeHHOii :i:, pa3JIH'l.HMbIX rrpn ,11aHHbIX yp0BH51X 3Heprnn 
cnrnaJia 

. E. = 1-: Fl(~ )d:i: 
n .myMa 

En=n-u2
, 

n paBHO tJHCJiy TOtJeK H3MepeHll51 3KCnepnMeHTaJibHOll q>YffKI.\HH 

F(:i:) = Fo(:i:) + N(:i:), 

H u 2 ,!IHCnepCH51 IDyMa B OT,!leJibHbIX TOlJKaX. 

EcJin MhI. onpe,11eJIHM IDHPHHY annapaTHOii <l>YHKI.\HH KaK 3KBHBaJieHTeyIO mnpnHy 
ee KBa,11paTa ll3 COOTHOIDeHH51 

A= 1-: K 2(:i:)d:i: , (21) 

npH yCJIOBHH, lJTO K(O) = 1,' ll 0003HatJHM 11epe3 ·5 MHHHMaJibHoe paCCT051HHe, Ha 

KOTopoM MOrYT 6bITb pa3JIHtJHMhI MH3KHe CnrHaJibl fo(Y), TO rco3q>q>HI.\HeHToM cuepx

pa3pemeHHst (Super Resolutiop.) MhI 6y,11eM Ha3hIBaTh OTHomeHHe. 

SR=n/5. (22) 

.ll:OKa3aTeJibCTBO TeopeMbI illeHHOHa, AaHHOe caMHM illeHHOHOM, OCHOBaHO Jill, pa3-

JIOXeHHH npauoii tJaCTH F(:i:) B p51,11 KOTeJihHHKOBa no 6a3HCHhIM q>Yff.KD;H51M c orpa

HHtJeHHhIM cneKTpOM 

sin1r(2W:i:-i) i=l,2,3, ... ,n. 
y;(:i:) = 1r(2W:i: ~ i) ' 
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<I>aKTH'leCKH, o.zi;imKo, B meHHOHOBCKOM ,n;oKa3aTeJibCTBe HlfKaK He liCnOJib3YJOTC5! aHa
JllfTH'leCKHe CBOHCTBa 6a3liCHbIX <pyHKIJ;liH psi,n;a KOTeJibHliKOBa, a Y'llfTbIBaeTCSI TOJibKO, 
'ITO np11 KOHe'lHOM liHTepnaJie Ha6.n.10,n;eH11si 

X=d:-c 
,'· 

lfMeeTCSI Jllfillb KOHe'lHoe 'llfCJIO OTC'leTOB 

n=2WX. 

,11,Jisi annapaTHbIX <pyHKIJ;liH C HeorpaHH'leHHbIM cneKTPOM (KaK, Hanp11Mep, ,n;JIII 
JiopeHTu;eBCKOro HJilf rayccoBCKOrO npO<pliJieii) MO)KHO BMeCTO pa3JIO)KeHlf5! no p11,n;y 
KOTeJibHliKOBa HCnOJib30BaTb pa3JIO)KeHlfe. no JIJ060MY ,n;pyroMy no,n;xO,n;S!IlleMy 6a3ucy. 
3TOT MeTo,n; pemeH11si HHTerpaJihHbIX ypanHeHuii nepnoro po,n;a onucaH, B pa60Te [12], 
r,n;e OH Ha3BaH MeTO,ll;OM OpToroHaJibHbIX pa3JIQ)KeHlfH (MOP), npulleM, KaK noKa3aHO B 
pa60TaX [29) If [30) ,n;JIS! noJiy'leHPlSI MPlHHMaJibHOii cpe,n;HeKBa,n;paTPlllHOH norpeIDHOCTPl 
pemeHHSI Heo6xo,n;11MO liCnOJib30BaTb BO Bcex psi,n;ax cpaBHPlTeJlbHO He60JibIIIOe l!PlCJIO 
m < n 'lJieHOB pa3JIO)KeHlf5!. 

A.H.Ko.'IMciroponhIM YKa3aHo, 'ITO ,n;Jisi cnpaae,n;JIHB~CTlf TeopeMbI llleHHona ipaKTPl· 
'leCKH ,n;ocTaTOl!HO KOHe'lHOMepHOCTli npocTpaHCTBa CHrHaJIOB, 'ITO PlMeeT MeCTO npaK
Tlf'leCKH ,n;JIS! BCex TnnOB 3KCnepuMeHTaJibllbIX ,n;aHHbIX F(:z:), nocKOJibKY <pyHKIJ;USI F(:z:) 
Bcer,n;a H3MepsieTC5! B KOHellHOM 'llfCJie 3KCnepuMeHTaJibHb!X TOl!eK. 

EcTeCTBeHHO, 'ITO <pOPMYJia llleHHOHa ,ll;OJI)KHa 6bITb ll3MeHeHa ,n;JIS! 6a3UCllb!X <pyHK· 
u;nii C HeorpaHlf'leHHbIM cneKTPOM. Ifa coo6pa)KeHlfH pa3MepHOCTli BMeCTO (20) Mb! 
MO)KeM 3ailHCaTb 

D./5= Const x log2(1 + E,/En)-

qnCJieHHoe 3Hal!eHue KOHCTaHTbl, KOTOpoe BOOOIIJ;e roaopsi, MO)KeT 3aBlfCeTh KaK OT 
<popMbI annapaTHOH <pyHKIJ;lflf, TaK If OT <pOpMbl pa3JI!fllaeMbIX curnaJIOB, ne MO)KeT 
6h1Th onpe,n;eneHO TOJibKO H3 aHaJilf3a pa3MepHOCTli. ,[(JISI 3TOii u;enn B pa60Tax [35-37) 
HCilOJib3YJOTC5! ,n;aa cnoco6a: · 

- BblllUCJieHHe IIInp11Hbl A no <pOPMYJie (21) ,n;JIS! pa3JIU'lHbIX annapaTHhIX qi·yHKu;uii 
C orpaHlfl!eHHbIM cneKTpOM H 

- 'llfCJieHHbie 3KCnepnMeHTbI. 

O6a cnoco6a ,n;aJOT np116JI113nTeJihHO o,n;Ho II TO )Ke 3Ha<reHHe Const RJ 1/3 u, 
OKOH'laTeJibHO MbI np11xo,n;11M K <popMyJie ,n;JIS! npep;eJibHOro CBepxpa3peIIIeHU5! 

,. ~ 

1 
SR= 3Jogi(l+ E,/En)-

Han6oJiee Ba)KHbIH BbIBO,ll; 113 3TOH <pOPMYJihI COCTOlfT B TOM, 'ITO B HenapaMeTpnlle
CKOM CJiyllae npe,n;eJihHOe CBepxpa3pemeHne JIOraptt<pMPllleCKH 3aB!fClfT OT OTHOIIIeHHSI 
cnrnaJI/IIIyM. qnCJieHHble sKcnepnMeHThI xopomo no,n;TBep)K,n;aJOT cnpaBe,n;JilfBOCTb 3Toii 
!pOPMYJibI. 
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6,--------,-------~ 

4 

2 

60 130 260 390 520 

2 

0 390 520 

Pnc.5 Boccma11oaJ1e1me iJayx J1u1m1t 11a paccmoS111u:six 6oJ1btue u .Me11bme 11.opow pa3-
peme11u:si 

Ha pnc.5 noKa3aH np11Mep BOCCTaHOBJieHHSI ,n;ayx JIHHlfii, CBepHyrbIX C JIOpeHTIJ;eB
CKOH · annapaTHoii 1pyHKu;11eii c napaMeTpOM D = 60 H HaJilf'llflf. IIIyMa 20 ·,n;B npn 
pacCT05!llnn Me)K,ll;)' JiliHHS1M11: a) 52 = 35 (6oJihme nopora paspemeH11si) H 6) 52 = 28 
(MeHhIIIe nopora paspemeHnsi). 

rJrnBa 9. TeKCTbl rrporpaMM 

B 3TOii maBe npnBO,ll;S!TCS! TeKCThI nporpaMM, onlfcaHHbIX B ,n;ncceprn1;t11n:_ 

- IlporpaMMbl annpOKCHMau;nn 3KCnepnMeHTaJibHb!X ,n;aHHbIX IlOJIIIHOMOM MeTO,ll;OM op
ToroHaJibllbIX pa3JIO)KeHlfii C HOBbIM cnoco6oM HaXO)K,ll;eHliSI K03<p!pHIJ;lfeHTOB . <I>yphe 
("cHS1Tne IIIKypoK c JIYKOBHIJ;hI") CODAl, CODA2 Ha AJirOJie ,n;JIS! 3BM HP-1000 
H CODAF Ha <I>opTpaHe; • 

- IlporpaMMbl ,n;JIS! pememrn HHTerpaJihHoro ypaaHeHnsi IIIJieMHJihxa CAT3 11 CAT6 
Ha AJiroJie ,n;JIS! 3BM HP-1000; 

- IIporpaMMa ,n;JIS! pemeHnsi sa,n;aqn ,n;narnocT11K11 u;HJittH,n;pnqecKoro TIJia3MeHHoro 
paspsi,n;a C. y<reTOM peqipaKIJ;Hli Ha OCHOBe pemeH!fSI PlHTerpaJihHOro ypaBHeHJrn 
A6ensi PHASE Ha AJirOJie ,n;JIS! 3BM HP-1000; 

- IIporpaMMa omnMaJihHOii <pHJibTpau;1111 FILT H OCHOBHasi no,n;nporpaMMa FILTER, 
pea;msyJOIIJ;aSI aJiropHTM on11caHHblii B m.4 Ha <I>opTpaHe; . . . 
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rJiaBHble nporpaMMbl naKeTa RECOVERY: Dconv, Dexpa H Datten wrn pell!emrn 
lfHTerpaJibHOro ypaBHeHHll CBepTKH, lfHTerpaJibHOro ypaBHeHHll JianJiaca B ,'{eii
CTBHTeJibHOH OOJiaCTH If Mll BOCCTaHOBJieHllll cneKTpa peHTreHOBCKOro HJJiyqeHllll 
no H3MepeHHllM ero norJiom;eHitll B ra3e IBM, Fo~tran/2. 

,;. 
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