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B npubmbkennu @peHesns pa3paboTaHa aHaJIMTHYECKash MOJENb JIA3€PHOTO rayccoBa Iydka CO CITyYailHbIMU
(a3oBbIMU HCKaXKeHUAMH 10J11. B pabGoTe mpuHATO, 4TO CilydaiiHble (ha30Bble HCKaXKEHHs II0JIS paclpeesIeHbI
[0 HOPMaJIbHOMY 3aKOHY, CTAaTHCTHYECKH ONHOPOIHBI M M30TPOINHBL PacmpocTpaHsiomuiics IMy4oK IpefcTaBjieH
CyMMO#i JIBYyX KOMIIOHCHT: AHM(PaKIIOHHO-OrPaHMYCHHOM ¥ YaCTHYHO KOTEPEHTHOH (pacCesiHHOH Ha (ha3oBBIX
HEOTHOPOJHOCTSX ). B CBOIO 04epep 4aCTHYHO KOTepeHTHAsl COCTABJISIIONIAsT IPECTABIICHA CYMMOI CTAaTHCTHYCCKH
HE3aBHUCUMBIX CYOIy4yKOB, KaXIblii M3 KOTOPBIX HMMEET HyJIEBOE CpelHecTaTUCTHueckoe mosie. Pacmpenenenue
CyOITyYKOB IO MOIIHOCTH H3JIyYE€HHs CBS3aHO C paucnepcueil (a3oBblX HCKaxeHui. VccienoBaHue INpocTpaH-
CTBEHHOH CTPYKTYphl CYOIly4KOB BBINOJIHEHO METOJAaMU TEOPHUH IIPOCTPAHCTBEHHbIX MoMeHTOB. Iloydener u
UCCJIEIOBAaHbl AHAMTUYECKUE COOTHOIIEHHs, KOTOPBIE PaBHOMEPHO ANIIPOKCUMHPYIOT (QYHKIMIO paclpenesieHust
CPETHECTATUCTUYECKOrO MOTOKA U3JIy4eHHsl B 3aBUCHMOCTH OT Pa3sMepoB IPUEMHUKA M PACCTOSHUS 0 IJIOCKOCTU
HabmofeHusi 6e3 OrpaHMYCHUH Ha AMIUIMTYAy M MacliTad CiIydailHbIX (pa30OBBIX HCKaXKeHHI mosis. PesysbTaTbl
UCCIIeJOBaHUI MOTYT MCIIOJIb30BaThCs IIPU Pa3pabOTKe U ONTUMU3ALMY JIA3EPHBIX IPUEMO-TIEPEAIOIIMX ONTUYECKUX

CUCTEM, B METOAUKAX U3MEPECHUA IapaMETPOB U KayeCTBa JIA3CPHBIX ITYYKOB.

Kinrouesbie cioBa: .J'Ia3epHLIfI rayccosB ITy4OK, CJIy‘IafIHLIe (ba30BbIe HCKaXXCHUA I10JIs, [IOTOK U3JTy4YCHUs, YaCTUIHO-
KOrepe€HTHasd KOMIIOHEHTa, OCE€Basi UHTEHCUBHOCTD, IMUPHUHA ITy4Ka.
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1. BBepeHune

[IpocTpaHCTBEHHO-3HEPreTHYECKIE XaPAKTEPUCTHKU Jia-
3epPHOr0 IyYyKa CYIIECTBEHHO 3aBUCAT OT (Pa30OBHIX HCKa-
wennid (PU) monst [1]. Ucrounnkun U — HeogHOPOIHO-
CTH aKTHBHOI Cpelbl BHYTPH Jia3epHOro pesoHaropa [2,3],
HETOYHOCTH M3TOTOBJICHHS U IIIEPOXOBATOCTH [4] 3epKast or-
TUYECKOU cucTeMbl (JOPMUPOBaHUS, HEOIHOPOXHOCTU CPENbI
pacmpocTpaHeHusl Jia3epHOro mydka [5] u mp. B cBssu ¢
9TUM TEOPEeTHYEeCKMH M IPAaKTUYECKUil MHTepec NpU pas-
paboTke MpUueMHO-TIepealoIiX JIa3ePHBIX CHCTEM CBfA3aH C
MCCJICIOBAHUSIMU BHYTPUIJIA3EPHBIX Ae(OpMaIiii BBIXOTHOTO
usnydeHus [2,3,6,7], ocobeHHocTeil (ha30BOil CTPYKTYpHI
nosst [6,7], MPOCTPaHCTBEHHO-YHEPIETHIECKON CTPYKTYPHI
pacnpocTpaHsiionierocsi JiasepHoro mydka [6-12]. O63op
OCHOBHBIX aHAJIMTHYECKAX METOIOB MCCIICIOBAHUS JIa3epHO-
OIITHYECKHUX CUCTEM C Y4eTOM AeTepMHUHUPOBAHHBIX abeppa-
[MOHHBIX ¥ AudpakiroHHbx aedopmarmii (PM) maseproro
mydka MpencrasieH B paborax [6,10,11]. Otmermm, dTo
N0 TMPUYMHE HEIOCTATOYHOU H3YYEHHOCTH M CJIOKHOCTH
omnucanus UCToyHukoB O momd yderT MX BIJIMSHHUS 4acTO
BBIITOJIHSIIOT, UCTIONB3Ysl CTaTUCTHYEeCKUe Mofel. [1pu aTom
CTaTHUCTHYECKUI Moxxon K omucaHuio ®U moss mosBosseT
NPOBECTH MHETAIbHBI aHAIN3 OCHOBHBIX XapaKTCPHCTHK
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cOpMHUPOBAHHOT'O U3JTYYCHHS C YIETOM BCEX OCOOCHHOCTEH
MPHEMO-TICPEIAIONINX ONTHYECKUX CHCTEM [7-9).

OnHaKo aHAJIMTHYCCKUE HCCIICOBAaHHS ITYYKOB CO CITy-
qaitaeiMt Ul orpaHnumBaioTcs, Kak mpaswio [8,9], mpe-
IeJIbHBIM CJTy4aeM MaJlbIX [0 aMIuIaTyne usmepenus PU.
Llens HacTosmeidl paboTsl — pa3paboTKa aHATIUTHYECKON
MOJIeJT W AHAINTHICCKHAE HCCIJICIOBAHUS CPEIHECTATHCTH-
YeCKOH NMPOCTPaHCTBEHHO-3HEPIeTHUYECKOH CTPYKTYpPHl pac-
MIPOCTPAHSIOIIETOCs JIA3ePHOT0 ITy4yKa Oe3 OrpaHUYeHU Ha
aMIUTUTYRy M MacmTald u3MeHeHHs ciaydaiiHbix PU moms.
[Ipr mocTpoeHUN MOIEIN HCIOJIBb30BAJIOCh MPEICTaBICHAES
JIa3epHOTO IIyuyKa B BHAE CYMMBI MABYX CTaTHCTHYECKH
HE3aBUCHUMBIX KOMIIOHEHT — IH(PaKIIOHHO-OI PaHUYCHHOM
U YaCTHYHO KOTCPEHTHOi (paccesHHOH Ha (ha30BBIX HEOH-
HOPOTHOCTSIX) COCTABJISIONIMX C HYJICBBIM CPETHECTaTH-
CTHYECKAM 3Ha4YeHHeM. B IudpakmmoHHOM NpHOIKEHHN
C NPUMEHEHUEM METONOB TEOPHU NPOCTPAHCTBEHHBIX MO-
mentoB [11,12] (s pacmpeneneHdsi HHTEHCUBHOCTH Pac-
MPOCTPAHSIONIEr0Cs] J1a3ePHOT0 H3JTydYCHHMs) HOJYYCHBI U
MCCJICMIOBAHBl AHAJIMTHYCCKHE COOTHONICHHS, KOTOPHIC PaB-
HOMEPHO aIllPOKCUMUPYIOT QYHKIHMIO paclpeneieHus cper-
HECTaTUCTUYECKOTO MOTOKA HM3JIYYCHHSI B 3aBHCHMOCTH OT
pa3sMepoB IIPUEMHHKA U PAcCTOSIHUSA O IUIOCKOCTH HaOJIo-
ICHHUSL.
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2. WcxopHble cooTHOLLEHUSA

Pacnpenenenus nonst Uy(p), HHTCHCHBHOCTH H3JTyYCHHUS
lo(p) u moroka mommoctn Wy(p) miIst rayccoBa Iydka B
orcyrcTBan P mpencraBuM B CIIEAYIOMIEM BHIIE:

Uo(p) = \/geXp(—sz),

lo(p) = <%> exp(—4p?),

Wo(p) = 1 — exp(—4p?). (1)
3mecb BEKTOp p =r/a, r — PaaUyCc-BEKTOP TOYKH B
IUIOCKOCTHU BBIXOIHOH alepTypel, & — panuyc myuka. [lanee
XapaKTepUCTHKU PACIPOCTPAHSIOIErocs MyvKa paccMaTpu-
BAIOTCS B LWJIMHAPHUYECKOH cucTeMe KoopauHaT. Och Z
9TOIl CHCTEMBI COBIIAACT C ONTHUYECKOU OChIO, a BEKTOP
p = (X, y) — pamuabHbIil BEKTOD, p = |p|.

C ydyerom ®U mons, cocpenoTOYEHHHIX B IUIOCKOCTH
BBIXOIHOH aIrlepTyphl ONTUYECKON CUCTEMBI, AP0 UHTErpaia
pacnpoctpaHeHusi B npuOmmwkennn ®peHensi [1] mmeer
CTIEYIOIUHA BUI:

H(py,p) = (=iNz)

X exp {iﬂ [(%) +Nz(p; — p)z—pr?} } exp(ig(p1))-

(2)
3nech N; = a%/(Az) u N¢ = a?/(Af) — uncna @penens,
A — [UIMHA BOJIHBI M3JIyYEHHMs, Z — PACCTOSIHUE /IO ILIOC-
koctu Habmonennsi, f — ¢QokycHoe paccrosiaue; @(p;) —
¢yukims OU nosst. B BeipakeHnn (2) BEKTOp 0 HAXOIUTCS
B IUVIOCKOCTH BBIXOJTHOU aIllepTypBl, BEKTOP 0 — B IUIOCKOCTH
HaOJTIofIeHNS.

Oyuxims pasoBbix McKaxeHuit mos @(p) = 2al(p)/A,
L(p) — coOTBEeTCTBYyIOLIasi FeOMeTpUYeCcKasi BOJIHOBAs I10-
BepxHOCTH [1]. CTaTHCTHYCCKHE XapaKTePUCTUKU (YHKIUK
@(p) mpUMeM B CIIETyIOIEM BHJIE! CPETHECTATUCTHYECKOE
3HaueHre OU pasHo Hymo, @(p) = 0; cumBoI (...) 31€Ch U
payiee 0003HAYaECT OIEPALIMIO CTATHCTHYECKOTO YCPEIHEHHS,
mucnepeust 02 = @%(p) onHOpoaHa; Ko3(dUIMEHT Koppets-
M u3oTporeH u pased K(p) = exp(—p?/c?), Benuunna
¢ = C,/a — HopMupoOBaHHHI panuyc Koppessawmu, C, —
pamuyc xoppessiuu. IIpu 3ToM QYHKIMS KOPPEJISALHUK MOJIst

L(py, py) = explip(p,) — @(p2)]}

= exp{—c?[l — K(p, — p,)]}, (3)

Tae 0|, — TOYKHA B IUIOCKOCTH BEIXOTHOM anepTypsl Z = 0.

HaiiteM (yHKIMIO pacrpene/ieHus: HHTeHCHBHOCTH | (p)
B myiockocTH Z. C 3TOi 11e/blo B BEIPQKEHUE IS CpelHe-
CTaTHCTHYECKON HMHTEHCHBHOCTH [l| moacTaBuM (yHKIHIO
koppessitnt (3) B ¢opme psina Teisiopa mo BemMdMHE
2K (p). C yuerom (1) u (3) wist | (p) HeCII0KHO TIOMYYHTD

- e o2n n
) = exp(—o%) 3 T o)

n=0

i

n
h=,/1+ =, (4)
CZ

- (<))

— pacrpesieJIeHie UHTEHCUBHOCTH B TUIOCKOCTH Z B OTCYT-
crBun OU;

07 =S, (nzNz> s, = \/1 + {%(Nz - Nf)r’ (6)

Pz — pamguyc mydka B orcyrctBue PU; ¢, =cs; —
3(QheKTUBHEI pagnyc KOPpelIALMU B IUIOCKOCTU Z; BEJIH-
YuHa C, MUHUMajbHa B (okyce, Ct = C. CooTHOLIEHHs
(3)—(5) mpenmosaraiot, 4TO IOJIHAS MOIIHOCTb [AyCCOBA
IIy4Ka paBHAa €JUHUIIE U HE 3aBUCUT OT PACCTOSAHUA Z 1O
IUIOCKOCTH HAOJIIOACHHUS.

Ocepas untencusHocTb | (0) 1 uncio Mtpens [1] St s
c(OpMHUPOBAHHOTO B IJIOCKOCTH Z ITy4Ka PaBHbI

rae

_ 4
I( ):St<ﬁ>, S = F(L;1+c%-0?), (7)
e 1Fi(...) — BBIPOX/IEHHAs THIIEpreoMeTprYecKas (yHK-
uus [13]. Tpu 02 < 1 Bemmunna S ~ exp[—o2/(1 + ¢2)].

U3 popmysibl (4) momyyaeM BBIpaKEHHE ISl CPETHECTa-
THCTHYECKOTO TMOTOKA W3JIydeHHs depe3 KpPyIIylo IpueM-
HYIO TUTOWIAJKY pajuyca p:

W(p) = exp(—0c?) > _(a"/n)W(p/mn). (8)
n=0

3neck W(p) = 1 — exp[—(4p/pz)?] — NOTOK M3JTydeHUs B
orcyrereue ®U nonst. Mpu 62 << 1 eymunna

)]

Coorrowennst (4), (8), npeacraBisonme CpeaHECTaTH-
CTHYECKUE PacpeesicHrs] HHTCHCHBHOCTH U TIOTOK M3JTyde-
HUsI B BUIC (YHKIMOHAIBHEIX PSIOB, SIBJIAIOTCH HCXOTXHBIMA
TS TaJIbHEHIIEro aHaJIn3a.

W(p) ~W(p) —a? [W(p)

3. TMMpocTpaHCTBEHHblE MOMEHTbI U
IUIMPUHA NyYKa

PaccMoTprM XapaKTepHCTHKU T'ayCCOBBIX ITYyYKOB CO CITy-
yaitHeiMA PU 107151, UCTIONB3ysT METOIBl TCOPUH IPOCTPAH-
CTBEHHBIX MOMEHTOB [11,12] w1 GyHKIWME pacipeneseHus
HMHTEHCHBHOCTU B IIONIEPEYHOM CEUYEHMH IIyuKa. JTa Teo-
pHsl TO3BOJIACT ONpENESUTh OCHOBHBIE NPOCTPAHCTBEHHO-
DHEPreTUYECKUE XaPAKTEPUCTHKH PacIPOCTPAHSIOMIETrOCs
JIA3E€PHOTO IyYKa: €ro IHMPHHY W IOJIOKCHUE IEePETSKKH,
YI'OJI SHEPreTUIECKOH PacXOIUMOCTH.

Beenem B uccienoBaHue OTHOCUTEIIBHBIA IPOCTPAHCTBEH-
HBII MOMEHT HOpsAaKa N:

_Jlp) y")dp
- Sle y"d2p’

n=24,... 9)
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Jlist MOMEHTOB My u My ¢ yderoM (4), (5) nosydaem
anreOpanyecKue BEIPAKCHHUS

0.2
n’}Z:l—i_?,

z

0.2
m=m+ —. (10)
CZ

PaccmarpuBas (10) kak cucTeMy ypaBHEHHH, ISl pacyeta
XapakTepucTHK ciaydyaitHeix O moss Haxomum

—1)%/(my — mg),
¢ = (1/52)y/(ms — 1)/ (my — 1¥).

Taxum 06pa3oM, HCNOIb30BaHUE IPOCTPAHCTBEHHOTO MO-
MEHTa 4YeTBEPTOro MOpsAKa COBMECTHO CO CTaHAAPTHBIM
MOMEHTOM BTOPOrO MOpska (IOKasaTesb KadectBa M?2)
HO3BOJISICT, B YACTHOCTH, IO PE3yJIbTaTaM SKCIECPUMEHTa
HaliTH [UCHEPCHIO U Paguyc KOppensluu cirydaiHex ®U
THOJIAL.

Coorromennst (9), (11) pmanmee HccemOBaHBI U yd4Te-
HEl TP PEUICHUH 3aavll aHAIUTHICCKON aIpOKCHMAIlN
¢byuxmpoHanbHbIX psnoB (4), (8) mis dyHkumii cpenHe-
CTATHCTHYCCKUX PACIIPEHEICHNI WHTCHCUBHOCTU M IIOTOKA
U3JTy4CHHS.

0'2:(mz

3.1. LWupuHa nyuka B ctaTUCTUYECKOW Moaenu

B Teopuu NPOCTPAHCTBEHHBIX MOMEHTOB OCHOBHBIMH
XapaKTEePUCTHKAMHU ITy4YKa SBJISIOTCI ero quamerp 24z (um-
pHHA) B IUTOCKOCTH Z W PACCTOSIHUE Z = Zpp OO IUTOCKOCTH
nepetsokkd. B 3aBucumoctu ot U BenmmunHa Az mpomnop-
IMoHabHa Ko duimenTty pacrpoctpanenns M2 (M2 —
THoKa3aresib KadecTsa). [Ipu 9TOM paanyc Iyvka paBeH

A, = M2a,, a; = p,a, (11)
rae a; — paauyc nydka B orcyrctsue ®U. B miiockoctu z
B IIpefiesiax 00J1acTi paguycoM Az pacrpocTpaHsercs Oosiee
~ 90% ot nosHO# MouHocTH my4ka, W(A;/a) > 0.9.

B pamkax craructudeckoro roxxona ¢ yuerom (5), (9) n
(11) oTHOCHTESTBHBIN paguyC MyYKa paBeH

A (ﬂ;) w EMNe ] 2)

3nech Ne; = Nz /M2, Net = N¢ /M3 — sddextusHbie unc-

na ®penens, M? = /1 + 02 /c2. Takum 06pasom, B Teopuu
MPOCTPAHCTBEHHBIX MOMEHTOB CPEIHECTATHCTUYECKUN ITy-
4OK co ciydaiineivMu PUY 5KBUBaICHTEH MTYYKY B OTCYTCTBHE
®U npu ymenbinenHoM B M3 wuciie ®peners.

Pagmyc myuka MHUHUMajgeH B IUIOCKOCTH IIEPETSKKU
z = zp. U3 (12) naxomum

a f

T @Ne 22 T T 2N

(13)

min A, =
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Puc. 1. llupuna nyuka A;/a (rpadpukn 3,5 u 6) w mmpuHa
YJaCTHYHO KOTePeHTHOM cocTaBistiomeil As;/a (rpaduxu 1,2 u 4)
B 3asucumocty ot z/f npu Nt = 6, 62 = 0.5. I'paduxu I n 3 —
npu € = 0.25; rpaduku 2 u 5 — npu ¢ = 0.35; 4 u 6 mpu ¢ = 0.5.
I'padux 7 — g nudpakMOHHO-OrPaHUYEHHOIO ITyYKa.

U3 cootHomenmii (13) n obumx mpencTaBieHuii O CBOA-
CTBaXx JIa3epHbIX My4ukoB ¢ PI nosist MOHATHO, YTO C POCTOM
OU myyxa mepeTsKa mepeMelnaeTcss OJmke K MI0CKOCTH
BBIXOIHOM arepTyphl, a JHAMETP MEPeTsHKKI U PacCTOSHHAC
MEXIy (OKYCOM H MEPETSHKKOH,

f_zp= f/ [1+ (7Ner /2)?]

Bo3pacTaloT ¢ poctoM o2/c?. Ha paccrosmuu z = 2z
[MIMPUHA MyYKa PaBHA INMMPHHE MCXOJHOTO Mydka (ompeje-
JIEHHOTO B TUIOCKOCTH BBIXOIHOI amepTyphl).

3neck orMeTHM cienyomee. B Boipaxkenue (12) s dax-
Topa Kadectsa M? Bxomut Bemuuna o2 /c?. [lo gusnuecko-
MY CMBIC]Ty OHA ITPOIOPIOHAIBHA CPEIHECTATUCTHYCCKOMY
KBaj(paTy yIJIOBBIX HAKJIOHOB BOJIHOBOro hpoHTa [14]:

7216 = Teradp )P /4 = 0* [~AK(p) /00 ).
[J€ YIVIOBBIE CKOOKH (...) O3HAYAIOT YCPEIHEHHE IO
IUION[¥  BBIXOIHOH amepTypbl. [lpu 3TOM BeJMYHMHA
o?/c* ~ (my — m}) 06paTHO MPONMOPIMOHATBHA CPEIHECTA-
THCTHYECKOMY KBaJPATy Pajiiyca KPHBHU3HBI MOJISI B IJIOCKO-
CTH BBIXOIHO# amepTypsl. COOTBETCTBEHHO HCIOJIb30BAHHC
B MPEICTaBJICHHO! MOIETM HPOCTPAHCTBEHHOIO MOMEHTa
my GoJiee MOCIIENOBATENIBHO YINTHIBAET HE TOJIBKO HIMPHUHY
[y4Ka, HO ¥ BO3MOJKHBIE OTKJIOHEHHS PAHyca €ro KPUBU3-
HBl OT HOMHHAJIBHOTO 3HAYEHUS.

3.2. CpepHecTtaTMCTUHYECKMNII MYYOK KaK cymma
KOrepeHTHOro n 4YacTMYHO KOrepeHTHOro
ny4koBs

C yderom ®U mnose B IUIOCKOCTU BHIXOIHOH amnepTyphl
IPECTaBUM B BUJE CyMMBbI

Uo(p) exp(i@(p)) = Uo(p) exp(—c?/2) + Us(p),
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Us(p) = Uo(p)[exp(ip(p)) — exp(—c2/2)].

3neck Us(p) — ciydaiiHoe mosie ¢ HYJICBBIM CpEIHECTATH-
CTHYCCKMM 3HadeHHeM. Takum 00pa3soM, CpeIHeCTaTHCTHU-
YecKoe paclpeneieHHe MHTEHCUBHOCTH B IUIOCKOCTH Z C
y4eToM (4) ONUCHIBACTCS CIICAYIOUMM COOTHOIIECHUEM:

1(p) = exp(=o?)l (p) + [1 — exp(—0?)]Is(p).  (14)

B Beipakenuu (14) ¢ynxuus | (p) — pacnpenenenue (5) B
orcyrctBue U,

o0

o™ (p/m)
=3 el T -

n=1

— pacrpefieJieHAe WHTCHCHBHOCTH B JaCTHYHO KOTEPEHT-
HOU cocTaBisifoniei mydka. [1pu stom B (14) comHOKHTEH
exp(—o0?) u [1 — exp(—0?)] — MOIHOCTH KOrepeHTHOl
PacCesiHHON COCTABJISIONINX.

MoOIIHOCTD YaCTHYHO KOTEPEHTHOH COCTaBJIAIONmEH pac-
TET C POCTOM [WCIICPCHM W pPaBHA MOINHOCTH KOTe-
peHTHOil KommoHeHTH Tpu o2~ 0.7. Korma o2 > 0.7,
HPOCTPaHCTBEHHO-3HEPreTHYeCcKas CTPYKTypa ITydka Hadu-
HaeT ONpEJESIATbCSA PACCESHHOM COCTaBJIAIOIIEH MyYKa.

Ucxons u3 (14), (15) pus M2-pakropa Haxomum

M2 = \Jexp(—02) + [1 — exp(—02)ME,,

TIpK 3TOM BeuuuHa M2, ompeiensieT MMPUHY paccessHHON
KOMITOHEHTHI ITy4Ka,

M4 — 1

M2 = 1 I ——
sz 1z exp(—o?)

(16)
Takum 06p8.30M, B T€OpUU MIPOCTPAHCTBEHHBIX MOMEHTOB
nIMpruHa paCCCﬂHHOﬁ KOMIIOHEHTBI IIyYKa pPaCCUYHUTbIBACTCA

no ¢opmysne (13) ¢ yserom momcranosku Ne; = Nz /M2,

M2 = /14 (02/c2)/[1 - exp(—0?)]

MuHNMYMBl ~ IOUPUHBL Iy4ka I AAQPaKIMOHHO-
OTPaHWYCHHON W  KBAa3MKOTCPEHTHOH  COCTaBJISIONIAX
TOOCTHTAIOTCS Ha Pa3IMYAIOIINXCS PACCTOSTHAAX Zdp U Zgh:

f
= TR
Zes f (17)

T 1+ 2M2 J(aNp)E

CooTBeTCTBEHHO My4YOoK co ciydaiiHeiMu PU moxer pac-
CMaTpHUBaTbCS KaK CyMMa KOTEPEHTHOH M YacTHYHO KOre-
PEHTHOI COCTaBJIAIOINX C PA3TUYAONIMMUCH pagiycaMu
KPUBHU3HBI BOJIHOBOTO (hpoOHTA.

Ha puc. 1 npencrapyieHsl TUOWYHBIE Pe3y/IbTaThl pacuyeTa
IMUPUHBI ITyYKa A;/a W MUPUHBI PaCCESTHHOW KOMITOHEHTHI
nyuka Asz/a B 3aBUCHMOCTH OT Z/ f.

25 30

mpAy

Puc. 2. Tlorok wsmydenust W(p) B (oKyce ONTHIECKOH CH-
CTeMBl B JIByXKOMIIOHEHTHOM mnpuOmmkeHnn. I[pajpmx [ —
s muppaKIMOHHO-OrPaHUYEHHOT0 IyuKa; 2 — mpu o = 0.2,
c=03 3 — 0°=0.7 ¢=03 4 — 0°=0.7, c=0.1;
5 —0'=2¢=056 — 0’=2¢=03 7 — o’ =4,
¢ = 0.1. CrutomHas JIMHASA — NPHOIDKEHHBIN pacdeT, ITPUXOoBas,
HaXOAIIAsCA PAIOM CO CIUIOIIHOM, — TOYHBI pacyer.

ITonoxeHust MePETsHKEK ISt 1 paKkIOHHO-
OrpaHUYEHHOI KOMIIOHEHTBI Zgp, PACCESIHHON KOMITOHEHTHI
Zgp W TyYKa B LIEJIOM Zp VYAOBJIETBOPSIIOT HEPABEHCTBY
Zsp < Zp < Zgp < f. C pocrom ®PU 1wtoCcKOCTH Zp U Zgp
MPUOJIKAIOTCS K TUIOCKOCTH BBIXOHOM arepTyphl.

[IpencraBieHHbI pe3y/bTaT daeT BO3MOXKHOCTb OoJjice
ICTAIPHOTO Y4YeTa Xoja JIydedl B JIa3epHBIX IPHEMO-
MEepeaoNMX ONTUYECKUX CUCTEMaX M BHIIOJHUTH OoJjiee
TOYHYIO ONTHMH3AIMIO €€ KOHCTPYKTHBHEIX [TapaMETPOB.

4. AHanuUTU4YeckKue CooTHOLUEeHUs ansd

dyHkumin | (p), W(p) n pesynbrarhbl
BbIYUCIUTESNIbHOIO 3KCNepnuMeHTa

[Mosmyynm mprOIIMKEeHHBIE aHAJTTHIECKUE COOTHOIICHNS,
KOTOpBIC aNMPOKCHMHUPYIOT (GYHKIHOHAIBHBE psimbl (4),
(8) mus cpemHeCTAaTUCTHYECKUX WHTCHCHBHOCTH W IIOTOKA
U3JTydeHHsl TIPH 3a/IaHHbIX AUCHIEPCHH G2 U pajuyce Koppe-
ssinin ¢ U nostst (Wi Ipy M3BECTHBIX MPOCTPAHCTBEHHBIX

MOMEHTax My u My).

4.1. [ByXKOMMOHEHTHas Mopesnb Nny4ka

B IBYXKOMIIOHEHTHO MOE/IN YaCTUYHO KOT'€PEeHTHAs Co-
CTaBJIAIOIIAs [IyYKa allpPOKCUMHUPYETCS I'ayCCOBBIM ITyYKOM,
HIMPUHA KOTOPOT'o OOJIblIe MUPUHBI AU(PPAKLIIMOHHO OrPaHH-
4eHHON KOMITOHEHTHL. C y4eToM pe3ysibTaToB pabots [15] u
BbIpakeHns1 (16) [UIs1 OTHOCHTEINIBHOM [IMPUHBI PACCESTHHOM
KOMIIOHEHTBHI IIyYKa MMeeM

I(p) ~ DI (p) + I;ZDI (Z)
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0 0.5 1.0 1.5
zIf

Puc. 3. 3aBucumoctp umcia Itpenst S OT OTHOCHTENIBHOTO
paccrosiaust z/f DpM HECKOJIBKHX 3HAYCHMAX NUCIEPCHH O~ U
pammyca koppemsamuu C, Nf = 6. I'paduxu /—6 cooTBeTCTBYIOT
(62, ¢) = (0.4, 2), (14,0.7), (2,03), (5,0.3), (5, 0.15), (6, 0.03).

Puc. 4. 3asucumocts oceoit marercusHoctd | (0) oT BesmauHbl
z/t nns mydka ¢ unciom ®penens Ne = 6 npu o2 = 5. I'padu-
Ku [—7 COOTBETCTBYIOT pagmycaM Koppessiimu € = 0.7, 0.5, 0.3,
0.2, 0.15, 0.1, 0.03.

W(p) ~ DW(p) + (1 - D)W (E) . u=Mg,  (18)

rie D = exp(—0c?). O Tounoctu anmpokcumaruu (18) mo-
TOKa M3JTydeHus (8) maeT mpeacTaBiieHue puc. 2.

OTHOcHTeNIbHAsA MOTPENIHOCTh aHAJIMTUYECKOTO pacydeTa
notoka wuanydenus W(p) mocturaer 20%, aGcosmoTHast
norpemHocTs MeHbiie 0.07—0.1.

B o0cyxmaemoil cTaTHCTHYECKO MOIENN J1a3epHOTO ITyd-
Ka aMIUIMTyfa Iojis, (opmmpyeMoro B 3alaHHOW TOYKE
MIPOCTPAHCTBA, PaBHA CyMME PETYJISIPHOIN COCTaBJIAOMmEH 1
CJIy4aiiHOM, CPEIHECTaTUCTUYECKOE 3HAYCHUE KOTOPOH paB-
HO Hymo. Ecim aMumTyna uIyKTyanuid ciIyqaifHOro IoJjist
IOCTaTOYHO BEJNKA, TO B IYYKe MOTYT (hopMHpoOBaThCS
KayCTHYeCKHe O0pa3oBaHMS C SKCTPEMAIbHO OONBIION U
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Puc. 5. 3aBucumocts oT BesmmumHbl Z/f mOTOKA M3NMydeHHs Ha
npuemMHuke pamuyca p = 1/N¢ nna mydka ¢ uuciiom PpeHesns
Nt = 6. I'papukn 2—8 cOOTBETCTBYIOT pajlycaM KOPPEISIHn
c=0.8, 05, 0.3, 0.2, 0.14, 0.08, 0.03 mpu o2 =3. I'padux 1 —
1U1s1 TU(PaKIIMOHHO-OTPAaHUYCHHOTO MyYKa.

HYJIEBOI WMHTEHCHBHOCTBIO m3iydeHus. OmnpenenmM mapa-
MeTpH cirydaiiHbeix PU, mpu KOTOPBIX OKOJI00CEBOE pacipe-
JIeJICHUE WHTEHCUBHOCTU HE COMEPIKUT TOYEK C HYJIEBBIMH
3HaueHnAMH. OTMETHM, 4YTO paccMaTpHBAEMOE YCIJIOBHE
SBJIICTCS TOCTAaTOYHBIM I OTCYTCTBHUSI B ITy4YKe (ha30BBIX
BUHTOBBIX [uCJIOKammii [6,7]. B pamkax paccmarpuBaeMoit
MOJEJIU JIA3€PHOrO Iy4YKa JUCJIOKAIMA OTCYTCTBYIOT, €CJIA
WHTEHCHBHOCTD PETYJIPHOIN COCTaBIIAIOICH IMOJis Oosblire
CPEIHECTaTUCTUYECKON MHTEHCUBHOCTH CJIy4alHOH COCTaB-
sstomeit. C yuetom coortHoweHnsi (14) paccmarpuBaeMoe
YCJIOBHE SKBUBAJIEHTHO HEPaBEHCTBY

exp(—=a?)l(p) > [I —exp(—a?)]is(p). (19

W3 sTOr0 HEepaBeHCTBA CJICAYET, YTO B OKOJIOOCEBOM 00JIa-
CTH, OrPaHHYCHHON Au(paKuHoHHbIM pamuycoM p = 0.7p;
(mpu aTom W(p) ~ 0.86), nuciiokamuy OTCyTCTBYIOT, KOraa

0% < In[1 + w?exp(—2(1 — 1/u?))].

Ecmu mucnepenst 02 < 0.55, nepasenctso (19) Bbimon-
HfIETCS TIPH JIIOOBIX 3HadeHWsX u > 1. B obmem ciydae u
3aBUCHT OT Z. [loaTomMy mpm (pUKCHpPOBaHHBIX MapameTpax
@®U BeimonmHEMOCTh HepaBeHCTBa (19) U Hammdme B mydke
JIOKQJIbHBIX O0JIACTEell ¢ HYJICBOIl WHTEHCHBHOCTBIO 3aBUCST
OT TIOJIOCHUS IUTOCKOCTH HaOmonenusi. [IpencraBiieHHbIC
BBIBOJIBI COIJIACYETCSI C pe3yJibTaTaMu paboThl [7], B KOTOPOi
SKCHEPHMEHTAJIBHO U METOIaMU BBIYHCJIUTEIIbHON MaTeMa-
THUKH HCCJICMOBAINCH YCJIOBHSI BO3HUKHOBCHHMS BHHTOBBIX
IVCIIOKAIMi BOJTHOBOTO (hpOHTA.

4.2. TpexXKOMMOHEHTHas Mopjesb nyyka

I[EUICC YTOYHUM MOZCJIb ITyYKa, pacCMaTpuBasg 4YaCTUIHO
KOICpCHTHYIO COCTAaBJIAIONIYIO IIOJIA KaK CyMMY [IBYX rayc-
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i Ie Mgy — OTHOCHUTENIBHBIC HMPOCTPAHCTBEHHBIC MOMEHTHI
2 U1 KBa3sMKOI'CpPEHTHOU cocTapisiomeil mosd. Ilyrem as-
2r rebpanyeckux npeodpasoBaHuil BeipakeHusi (23) HECIIOKHO
3 HOJTyYUTb
1 4
J 1
a0l iz =MZ 1i(1—M—4>kS’
sz
| 3
3 2 o?/c;
Mg, =/l + ————
5 sz \/ 1 —exp(—02)’
2
1—(1+02)exp(—0?
3 1 1 1 1 ks = \/ ( 0.2 ( ) : (24)
0 0.5 1.0 1.5

zlf

Puc. 6. Paguyc nyuka B 3aBucuMocTH OT Bestmauubl Z/f. I'pa-
¢uxy 1 1 2 COOTBETCTBYIOT IIYYKY CO CJICAYIOIMMHU IapameTpa-
it = 0.25, Ny = 14, ¢ =0.012 npu 6> = 1.5 u 6> =0.5.
I'paduru 3,4 — pw=0.63, Nt =6, 6> =1.5 npu ¢ =0.3 u
¢ =0.5. I'paduk 5 — 11 AUGPaKIMOHHO-OIPAHMYCHHOIO ITydKa
¢ Nt =6 mpu pyw = 0.63. Paguyc mydxa p HOpMHPOBAaH Ha BEJH-
anHy ag = a+/In[1/(1 — py)]/2, KoTopast paBHa pajycCy Mydka B

IUTOCKOCTH BBIXOIHOI anepTypHL.

COBBIX ITYYKOB:

Is(p) = % [,ﬁ%' <£) - ui%| <A%)] ’

- fu(z) w(z)]

Bemmaunst uy, > 1 onpeneisioT pacXomuMOCTh YaCTUYHO
KOTepEeHTHOI cocTaBisiiomieid nois. Haiimem cBA3b Beu-
4iMH () € HapaMerpamu nydka. Mcxomsa w3 ompenene-
Hust (9) IPOCTPAHCTBEHHBIX MOMEHTOB C YYETOM IIPECTaB-
siernst (20) TOTyYaeM COBOKYITHOCTb PaBEHCTB

2 2
Hy + H5
S=D+(1-D <7), 21
( ) 2uiu; =

2 2
mz=D+(1—D)(‘#>,

m4_D+(1—D)<@). (22)

PaccmarpuBast (22) kak crUCTeMy YpaBHEHHH OTHOCHUTEJIBHO
1,2, HAXOIUM

Ms4
= 1£,/— -1,
Hi2 \/msz( Mes )

m,—D
1-D°

Mgy = n=2,4, (23)

Ipu stom umcso Wrpenst ¢ ydeTtom coorHomeHmit (21),
(24) pasuO

1-D
S~D+

=M1 (1 1/ME)K2. (25)

Bemmunna ks = ks(0?) makcumanmena npu o2 = 1.79,
max[ks(c%)] = 0.546.

Brime mpencraBiieHHBIE COOTHOLIGHHS peIIAlOT 3aja-
4y aHAJINTUYECKOH amIpOKCMMaluy (YHKLIHOHAIBHBIX Ppsi-
noB (4), (8). Tlpu wucnosb3oBanun Gopmyn (24), (25)
it uncia llTpensi abcomoTHas MOTPENIHOCTb pacyueTa
He npesbiraeT 0.01, oTHOCHTENIBHAS TOTPEIIHOCTD MEHBIIIC
3.4%. To ectb abcomoTHast HorpemHocTs Menblre min(0.01;
0.034St). AGcommoTHAsI TOTPEIHOCTD PACYeTa MOTOKA H3JTy-
yenus: Menbiie 0.017, oTHocuTesIbHAsA MOrPEMIHOCTh MEHb-
e 3.7%.

4.3. Pe3yanaTb| BbIYUCJINTENIBHOIO
dKCMNepumMeHTa

OTzesbHbIe Pe3ysIbTaThl PACUETOB CPEIHECTATUCTHYECKIX
HMHTEHCUBHOCTHU ¥ IIOTOKAa MOIIHOCTHU JIs1 ChOKYCHPOBaHHO-
IO JIa3epHOTo IIydKa B 3aBUCHMOCTH OT OTHOCHTEJIbHOTO
paccrosmust z/f u (0%, C) mpencrabnens Ha puc. 3—6.
B BBIYUC/UTEILHOM 3KCHEPUMEHTE JHUCIIEPCUsl G2 BapbH-
poBana B muamasone [0;10]. C yuerom mpaswia 3o [16]
aMIUTUTYAa cIydailHbIX AedopMariyii BOJHOBOIO (poHTa He
npesbiana 1.64.

Pucynok 3 wumoctpupyer 3aBucuMocTb ucia LlTpens
OT PacCTOSIHUSA JI0 IJIOCKOCTH HAOIONCHUS.

Yucno LITpens MOHOTOHHO BO3pAacTaeT IMPH yMEHbIIE-
HUM 6> WM ¢ pocToM C,. Ilpu duKCHpoBaHHBIX G2 U C
BeMMuMHa St B 3aBUCHMOCTU OT Z MUHUMAaJIbHa B (OKyce,
Korma C; = C¢ = C. [lpu ymeHblieHHE Z B 00JacTH 1O
¢okyca C; — oo, mu St mpubmmkaerca k 1. C pocrom z
B obmactn z > f a¢pdexTHBHBI paguyc KOppessuud C
Bo3pacraeT, U uucio lItpesns npubmmkaeTcd K 3HaYCHHUIO,
KOTOpO€e OIIpefesIeHO NpH

Cz = Coo = Cy/1 + (N /2)2.

Ha puc. 4 mpencraBiieHbl pe3ysibTaThl PAacueTOB OCEBOIL
unTeHcuBHoctH | (0).
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Unrencusrocts | (0) = (4/mp2)St Gonee CIOXHO 3aBU-
CHT OT Z, YeM HHTerpajbHas IIMpuHa myuka 2A; (puc. 1)
u umcao IMrpens (puc. 3). Ilpucyrcrsue PU moxer
IPUBOAUTD K MOSBJICHUIO BTOPOTO JIOKAJIBHOTO MaKCHUMY-
Ma B paclpefesieHId HHTEHCHBHOCTH BHOJIb ONTHUYECKOU
ocu. Ilpn stom ¢ pocrom ®PU riaobambHBEII MaKCHMyM
MHTCHCHBHOCTU IyYKa CMEINAEeTC B CTOPOHY BBIXOTHOM
anepTypbl. DKCIEPUMEHTAJIBHO BBILIE OTMEYCHHBIN 3¢ dexT
Habmonasicst B pabore [17).

OlleHUM YCJIOBHS, TIPH KOTOPHIX 3aBucuMocTb | (0) oT z
uMeeT fBa Makcumyma. Mcxoms m3 coortHomenmit (16),
(18) mOHATHO, 4YTO BTOPO MAKCUMyM HMHTEHCHBHOCTH
(1 mepeTshKKa) VIS YACTHYHO KOTEPEHTHOHM KOMIIOHEHTBI
C(hOKYCUPOBAHHOI'O IyYKa JIOJDKHBI HaXOIUTHCS B 00JIACTH,
I7iec BeJIMYMHA Z 3aMETHO MeHble GokycHoro paccrosHus f.
OT0 yCJIOBHE BBINOIHACTCS, KOTAa OTHOCUTEJIbHAS MIAPHU-
Ha [ paccMaTpHBaeMOil KOMIIOHCHTBI IyYKa CpaBHUMA C
anciiom ®penens Nt Tounee u?> — 1 ~ N#, N¢ > 1. Kpome
TOr0, MHTEHCUBHOCTb H3JIyYeHHs YaCTHYHO KOTepPEHTHOU
COCTaBJIAIOIICH JIOJDKHA OBITh CpPaBHAMAa C WHTCHCHBHO-
CTBIO TU(PAKIMOHHO-OrPAaHUICHHO!N COCTaBIISAIONICH, TOATO-
My 62 > In(1 + p?).

Ha puc. 5 npencrasiieHbl OTAENbHBIE Pe3y/bTaTH pacye-
TOB IOTOKAa H3JIyYeHHs Yepe3 IUIOMAAKy (GUKCHPOBaHHOTO
pagmyca p B 3aBUCUMOCTH OT PACCTOSIHHS 1O ILIOCKOCTH
HaOJTIoNIeHNS.

I'pacduxu puc. 5 anasmoruyssl rpadukam puc. 4 11 0CeBOi
MHTCHCHBHOCTH, HO HMEIOT, KaK U CJIC[IOBAIIO OXKHUAATb,
Oostee TIagKMil XapakTep.

PucyHok 6 wyumioCTpUpyeT pe3yJIbTaThl pacueToOB paayca
IydYKa O OpPH 330aHHOM ((pUKCHPOBAHHOM) OTHOCHUTEIILHOM
ypoBHe noToka msiaydenns w = W(p) < 1.

JloxanpHBII MUHIMYM pafguyca Iydka cMellaeTcs B CTO-
POHY M3JIydaloIlell anepTypsl MPH YBEIMYCHUHN TUCIECPCUH
02 u/WIM TIpM YMEHbIICHAN Pajiyca KOPPEJAIHH C.

B saxmoueHnn pasg. 4 OTMETHM, YTO TOJIyYCHHBIE H
UCCJICIOBAaHHbIC AHAJIUTUYECKUE COOTHOLICHWS aIllpPOKCHU-
MUPYIOT (YHKIMIO paclpefeeHNusl CPeaHECTaTUCTUIECKOIO
MOTOKA M3JTy9CHHUS B 3aBUCHMOCTH OT Pa3MepOB IPUEMHHKA
U PacCTOSTHUS JIO0 IUIOCKOCTH HAOIONeHNs 6e3 orpaHuyYeHUi
Ha aMIUIMTYAQy U MacmTab ciyvaiineix U nmona. AbcomoT-
Hasg IOrPEIIHOCTh IHOJyYEHHOI'O aHAJUTHYECKOIO COOTHO-
meHusa He npesbimaeT 0.017, oTHocuTenbHas MOrPEITHOCTD
Menbme 3.7%. JlomonHuTeIbHEIE UCCIICIOBAHUS TTOKa3bIBa-
0T, YTO MpPENCTaBJICHHAs aHAIUTUYECKasi MOIEIb TayccoBa
nyuka co ciaydaitneiMu PU pomyckaer pacummpeHue Ha
BapHaHT, Korga GyHKIuA ciaydaiinsix OU mosns ectb cymma
HECKOJIBKIX CTATHCTHYCCKHA HE3aBUCUMBIX COCTABJISIOIINX.

5. 3akniovyeHue

B npubmmxennmn Ppenenss paspaboTaHa aHaIMTHYC-
CKasi MOJEJIb U BBINOJIHEHBl AHAJIMTHYECKUE HCCJICIOBAHUS
MPOCTPAHCTBEHHO-9HEPTeTHYECKUX XaPaKTEPUCTUK CPEIHE-
CTaTUCTUYECKOTO JIA3EPHOIO rayccoBa Iy4yKa CO CITy4aiHBI-
MH HOpMasIbHO pacnpenesieHHeIME PU mons ¢ rayccoBoit
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¢yHKIMEH Koppessanuy 0e3 OrpaHHyYeHUIl Ha aMIUIUTYQY U
Macmrad PU nosns.

[Tose pacmpocTpaHsIOIErocs jJa3epHOro rayccoBa Iydka
co ciyvaiiaeivu ®U mpencraBieHO CyMMON ABYX KOMIIO-
HEHT: KOTePEHTHO (nuypakinoHHO-OrpaHMIEHHOM) U Ya-
CTUYHO KOT€PEHTHOI (paccesiHHOi Ha (pa3s0BBIX HEOTHOPO-
HOCTSIX ), MTOCJICHSST IMEET HYJIEBOE CPEIHECTATHCTHYECKOE
3HaueHue. [losTydeHsl U McCiIeoBaHbl aHAJTMTUIECKHE COOT-
HOUIECHNS, KOTOpbIE PaBHOMEPHO AalNpPOKCHUMUPYIOT (yHK-
[0 PAaCTIPENEIICHAS CPEIHECTAaTHCTHYECKOTO IOTOKa W3-
JIlydeHHUs] B 3aBUCHMOCTH OT pPasMEpOB NPHEMHHUKA M pac-
CTOSIHMSI 10 IUIOCKOCTH HaOiofieHus 6e3 orpaHMyYeHMil Ha
aMIUIUTYRy ¥ MaciuTab cirydaiinsix @Y noss.

IToxaszano, uro @MU mosst MOTyT NIPUBOAUTD K MOSIBJICHUIO
BTOPOTO MaKCHMyMa B PacIIpPElEICHIN CpPETHECTaTHCTHYIC-
CKOIl MHTEHCHBHOCTH ¥ TOTOKA M3JIyYCHHS BIOJIb OITHYE-
CKOIl OCH M CMELICHHIO IJ100a7IbHOT0 MakcuMmyMa OJimke K
BBIXOTHOH anepType CUCTeMBL. DTU 3PQPEKTs 00yCI0BICHBI
HaJIMYUEM B ITyYKE YAaCTHYHO KOT€PEHTHOH KOMIIOHEHTBHL
OceBasi NTHTEHCUBHOCTDb 3TOH COCTABJIAIOIIEH ITy4YKa MMEeT
MaKCHUMyM, U OH HaxOlUTCAd OJIKE K BBIXOMHOH amepTy-
pe, 4eM MaKCHMyM HMHTEHCHUBHOCTH Il AH(PaKIHOHHO-
orpaHWYeHHOI cocTaBsonmeil. [lomydeHsl aHaIMTHYECKHE
COOTHOUICHHUS /IJIs1 pacdeTa MIMPHUHBI PacpOCTPaHSIOMEr0Cs
IydKa W TOJIOKEHHUS €ro IMEPeTSHKKH B 3aBHCHMOCTH OT
aucnepcnd u paguyca koppensaumu PU noss.

[IpencraBiseT nHTEpEC BOSMOKHOE Pa3BUTHE OMMCAHHOMN
MOJIEJI TayccoBa Iydka Ha Oosiee OOmmii cilydaif, Korma
nedopmanusi BOJTHOBOro (ppoHTa MMEET HECKOJIBKO HMCTOY-
HHUKOB M (yHKIUSA (a30BbIX AedopMaliii oI paBHA CyMMe
HECKOJIBKUX CJIy4aiHO paclpelesIeHHbIX COCTaBJIAIOMINX.

PesynpraTel  mcCemOBaHMA ~ MOTYT — HCIIOJIB30BATBHCS
mpu pa3paboTKe ¥ ONTUMH3ALMK JIa3epPHBIX IPUEMO-
MIEePENAONINX ONTUIECKUX CHCTEM, B METOINKAX U3MEPEHHUS
IapaMeTpPOB U KayecTBa JIa3€PHBIX ITyYKOB.
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