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IIpw oneHMBaHUY CHITBI LIENH, CO3/]aBaeMOM PHIOOIL, 0 aMIUIMTYAaM 3XO-CHUTHAJIOB, PETUCTPUPYEMBIX 3XO0-
JIOTOM, B TIOCJIEJHEE BPEMSI YCIIEIIHO IPUMEHSIIOTCSI METOIbI OOpallleHNUs pellIeHNs] TaK Ha3bIBAEMOT'O ““Ofi-
HOJIy4€BOI'O MHTErpaJbHOrO YpaBHEHHUsS . DTOT MOAXOJ TpeOyeT MpefBapUTENbHOrO 3HAHUS (DYHKIMU
IJIOTHOCTH BeposaTHOCTH (PI1B) XapakTepucTUKU HANPaBIEHHOCTH, TaK KaK OHa IPENCTABISAET COOOH /-
PO YKa3aHHOTO MHTETPajIbHOro ypaBHeHHsL. OGBIYHO 3Ta (PYHKIMS BHIUUCISIETCS] HA OCHOBE IPEATIONIOKe-
HUSI O PABHOMEPHOM NIPOCTPAHCTBEHHOM paclipefieJIeHUU PbIObI B KOCSIKE.

OpHako MOXKHO IIOKa3aTh, 4YTO 3TO MPEATOI0KEHNE He Beerfja onpasiano. HanpuMmep, Korjna nioTHOCTh
PBIOBI BEJINKA, BO3MOXKHO (POPMIPOBaHUE MHOTOKPATHBIX 3X0-CUTHAJIOB OT OTAEIBHON PbIObI IPH IOCTIEA0-
BaTeJbHBIX MOCHUIKAX 30HMPYIOINX CUTHAJIOB, YTO MPUBOANUT K HAOJIONEHUIO TaK Ha3bIBAEMBIX 9XO-Clle-
OB pbI6. MeTopbl, 0OBIYHO UCTIONIb3YEeMbIE I OfICUETa YHCIIa PbIO B KOCSIKE, OCHOBAaHbI JINOO HA CTATUC-
THKE HETIOCPENCTBEHHO OTCUNTHIBAEMbBIX 3XO-CUTHAJIOB OT PbIO, TNOO Ha CTATHCTHKE 3XO-CIIENOB PbIO (PBHIO-
HBIX CJIE[IOB). YBeJIW4YeHNE KOHIEHTPAIUK PBIObI B KOCSKE HE EUHCTBEHHAs! NMPUYMHA (POPMHUPOBAHUS
MHOTOKPATHBIX 3XO0, MPUBOASIIUX K MOSIBJICHUIO PHIOHBIX CJIEOB IPU IOCIEAOBATEIbHBIX 30HAUPYIOIIIX
curHasax. Kak jerko BuyieTh u3 reOMeTpHH SIBJIEHUS, JasKe OTHOCUTENbHO HI3Kasi KOHIEHTPALHs pbIObI MO-
SKET JlaBaTh MHOTOKPATHOE 3XO M 3X0-CIEAbI PbIO, ECIIM OTHOCUTENBHASI CKOPOCTH CyIHA (MJTH PBIOBI) OCTa-
TOYHO MaJIa M yIIIoBasl IINPHHA XapaKTEPUCTHKH HAIPaBICHHOCTH (06 beM BEIGOPKHM) TOCTATOYHO BEJIUKA.
B HEKOTOPBIX CUTYaIUSIX IPEATIONIOXKEHIE O PABHOMEPHOM paclpefielIeHNH phIObI B KOCSIKE /JaeT XOPOIIe
Pe3yNbTaThl TOIBKO IpU OOJIBIIOM Yuciie BbIOOPOK. IIpiHuMasi BO BHUMAHUE 3TO OOCTOSITEIBCTBO, MOXK-
HO MOBBICUTH TOUYHOCTD PEIIEHHs], €CIIN YUECTh CTATUCTHKY PbIOHBIX ciefoB B pacueTe PIIB xapakrepuc-
THUKH HaIPaBJIEHHOCTH.

B crarbe nccneyroTest iBe MOJIENH CTATUCTUKY PHIOHBIX CIIEIOB: OfHA C ABMXKYIIUMCS CYTHOM U HETIO[[BILK-
HOT pbIOOII M ipyTrasi ¢ HEMOABUKHBIM CYJHOM 1 ABIKYILElcs ppIooii. O6a nmogxofa MOIeTUPYIOTCS YICIICH-
HO ¥ IPOBEPSIFOTCS HA 3KCIEPUMEHTAIBLHBIX JAHHBIX, HOJYYEHHBIX C TOMOIIBIO /IBYXJIYUYE€BOI0 3X0JI0Ta.
CpaBHeHHE [IBYX IIOAXONIOB, T.€. JIJIs1 ONUHOYHBIX ¥ MHOT'OKPATHBIX 9XO0, TPOBEJICHO C UCIOJIb30BaHUEM Me-
TOJa Pa3JI0KEHNs 10 OCOOBIM TOYKAM B OKHE W METOJ[a MAKCUMU3AINN OXKIIAHUS U CTIIa>KUBaHUS TSI pe-
IIeHUs1 0OpaTHOM 3aa4y OLEHKH CUJIBI IEJH, co3aaBaeMoit ppi6oit. O6a MeToa peann3oBaHbl Kak B ab-
COJIIOTHOM — JINHENHOM, TaK 1 B JlorapuMruieckoM MaciTabax (oleHKa XapaKTepHOH IIIMHBI 0GpaTHOTO
paccesiHUs 1 OLIEHKa CHJIBI 1IeJIH, COOTBETCTBEHHO).

1. BBEJEHUWE

KocseHHbIE METOBI OLICHKU CHJIBI LENH, CO3/]aBa-
eMOHl pbIOOIA, IO JAaHHBIM OfHOJIYYEBBIX 3XOJIOTOB OT-
HOCATCS K KAaTerOpuM OOpaTHBIX 3ajiad, B KOTOPBIX
¢yukuus miotHoctu BeposaTHocTu (PIIB) cusnbl nenu
OIICHMBAETCS] Ha OCHOBE 9X0O-CUTHAJIOB OT pbIO. B cuiy
OCOOCHHOCTEH XapaKTEPUCTUK CYLUECTBYIOIIMX TUJI-
poaKkycTHYecKnx cucteM pekoHcTpykius PIIB cumbl
Lend, co3fjaBaeMoil pbIOO¥, OCHOBBIBAE€TCS Ha He-
MOJIHBIX NaHHBIX [1, 2]. Takue 3agauu IBASAIOTCS PU-
MEpPOM CTAaTUCTUYECKMX JIMHENHBIX OOpaTHBIX 3ajad,
KOTOPBIE HEOOIPeeNIeHbl U MOTYT PEIIATHCS JHUIIIb
C TIOMOIIBIO MPSIMBIX ¥ OOPaTHBIX METOJOB Ha OCHO-
BE peryJiapu3aluy Uiu UTEpPaUH C UCIOIb30BaHUEM
MOIOJIHUTEILHO HajlaraeMbIX yclioBuil. B Gonbius-
CTBE CJIy4YaeB JJaHHbIEC HAOIIO[ICHAN OTPaHUYEHbI HEe-
KOTOPBIM JUHAMUYECKHM JUala30HOM aMITUTY/bI

9X0-CUTHAJIA, ONIPENIeNIsieMbIM YPOBHEM OOKOBBIX Jie-
necTkoB. Takoil MOAXo/ MO3BONSIET U30€XKaTh TPY/-
HOCTEH, CBSI3aHHBIX C HEOHO3HAYHOCTHIO (DYHKIA
XapaKTepUCTUKHN HampaBieHHOCTH [2]. OgHako ajist
pacyeTa 3Toi (PyHKINH HEOOXOIUMO CAIeNaTh OO -
HUTENILHOE MPENNOI0XKEeHNE OTHOCUTENHHO MPOCT-
PaHCTBEHHOTO pacIpefiesieHns pbIo B 00 beMe Xapak-
TEPUCTUKU HANIPaBJICHHOCTH.

CraTHcTHKa TaK Ha3bIBa€MbIX PBIOHBIX CIIEOB,
(popMEpyeMBbIX MHOTOKPATHBIMH X0 OT OffHOH U TOM
K€ PBIOBI B pe3yJbTaTe MNOCIEOBATENbHBIX MOCHI-
a0k axosora u PIIB xapakTepucTuky HampasieH-
HOCTH KaXKyTCsl Ha IEPBBIA B3] aOCOJIOTHO HE
CBS3aHHBIMH MexKay coOoil. [TepBas ucnonp3yercs B
aHaNM3e OLICHOK nojcyera pol0 [1], a BTOpas urpaer
pelIarolyl0 poiib B KOCBEHHON OLIEHKE CUJIbI LENn
pbIOBI [2]. OnHaKO OKa3bIBaeTCs, UTO 3TU MPOOIEMBI
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Puc. 1. TeoMeTpust 1BYX MOJIeJIei ISl YHCIIa 9XO-CUTHAJIOB [IPU aHAJN3¢ PHIGHBIX CIIE/IOB.

TECHO CBsi3aHbl, eciau paccmatpusaTth PIIB xapakTe-
PHUCTHKY HAIPABJIEHHOCTH C Y4ETOM MHOIOKPATHBIX
9X0 OT OTHAEJBbHBIX PbIO.

IIupoko mcnonb3yeMoe MPEeAnoaoXKeHue O pas-
HOMEPHOM NPOCTPAHCTBEHHOM paclipefieIeHuH pbio
B TOJIIIIE BOAIBI BEAET K CHHYCOMAATBLHOMY pacnpene-
JICEHUIO YTIIOBBIX TOJIOKEHHI PBIO. DTO MPEAnoso-
2KEHUE ClIpaBEJIMBO TOJIBKO AJIs ClTyvdasi OMUHOYHbBIX
WM HEMHOTOKPATHBIX 9X0-CUTHAJIOB, TPHHAMAEMBIX
OT OflHOI PBIOBI IIPH HOCJEOBATENbHBIX NOCHIIKAX
oT sxojnoTa. OfHaKO Ha NpaKTUKe Ipu cOope JaH-
HBIX AKYCTHMYECKOH CBEMKHM MHOTOKpATHbIE WM
KOppeIUupOBaHHbIE 3X0-CUTHAIbI MOT'YT IPUHUMATh-
Csl OT OJTHUX M T€X K€ OTAEIbHBIX PbIO, 06Gpa3yIOIINX
PBIOHBIE ClENbI.

B pganHO# cTaThe MPOBOAMTCS aHANIU3 ABYX MOfe-
Jell pbIGHBIX CIIEJOB U BHIBOAATCS (DYHKIMH INIOTHO-
CTH BEpPOSTHOCTH [JI YKCIAa MHOTOKPATHBIX 3XO-
CHTHAJIOB B PBIOHBIX ClIelaX U JJIsl YTIIOBBIX MOJOXKe-
Huil pb10bl. Beruncnserca $IIB xapakTepucTuku Ha-
MIPaBIIEHHOCTU HAa OCHOBE TE€X XK€ NMPEANOJIOKEHUI,
YTO HMCHOJB30BATHCH JJIsl CTATHCTUKH PHIOHBIX Clie-
poB. Hakonen, ®IIB xapakTepuCTUKU HaIpaBJIECH-
HOCTH UCHOJIB3YeTCs KaK SAAPO “OJHOIYYEBOIO HHTE-
IrPAIBHOTO YPaBHEHHS MJIS MONYUYCHHS OLEHKH CH-
Tbl  Uenu, opMupyeMoll pbIOOH, TO AaHHBIM
aKyCTHY€CKOT'O 30HUPOBaHUSI.

2. IOCTAHOBKA 3AJAYU

PaccmaTpuBaroTcs iBe MOJieNIn CTaTUCTUKHU PHIO-
HOTO CJIefia, TEOMeTpHsI KOTOPBIX MMOKa3aHa Ha puc. 1:

1) Mopenpb ¢ ABMKYIIUMCS CyOJHOM U HENOJBILK-
HOW pbIOOW

2) MOJENb C ABWXKYLIUICS PbIOOA U HEMOJBUXK-
HBIM CY/THOM.

B nepBoit Mopienu paBHOMEpHOE IBIKEHHUE CyHa
TP HEMOJIBIKHOM PhIOE MpejoaraeTcs TaKUM Kak
Ha puc. la. Bropas Mmofiens npefnoaraeT ABUKEeHNE

pBIOBI IO IIPOU3BOJIBHOM TPAaeKTOPUH B Ipefeiiax
HONEPEYHOTO CEYEHNs XapaKTEPUCTUKN HAllpaBJIEH-
HOCTHU IIpeoOpa3oBaTedisl, Kak II0Ka3aHo Ha puc. 16.

ITpennonoxum, 4TO pacnpeieseHue e pEMEHHON
Z mpefcTaBIstoniel codoii riyouHy, Ha KOTOPOH mo-
SIBAIIETCS PbIOAa B KOHMYECKOHN 00JacTu, onpepensie-
Mot yriiom HaGmofeHus 0,,,,, paBHOMEpHOE, T.€.

1
PA2) = —, (1)
Zmax
TNI€ Z,,x — MAKCUMaJbHas T1yOuHa. B cuny nuHeinHon
CBSI3U ME3KAY IN1yOMHOM M pafiiyCoOM KPyroBOro cpe3a
Z=1190,,x pacmpeaeieHue cayJaitHON NepeMEeHHOI

I TaK>X€ paBHOMEpPHOE, T.€.

p(r) = =, ®)

rmax

€ [ ax = Zinax/ {00 max MAKCHMMAJIBHO BO3MOXKHBII pa-

ANyC KPyrOBOT'O NONEPEYHOT0 CEUEHHUS XapaKTepHUC-
THKYU HaIIPaBJIEHHOCTH.

3. MOJEJIb C IBMXXYIIUMCS CYTHOM
N HEITOJIBM2>KHOW PbLIEOM

B nepBoit Moenu Bce ciaefbl peIObI IPEACTaBIs-
IOT COOOHl mapalijesbHble JIMHWU, NEPECEeKarolne
KasKIbIl KPYroBoii cpe3 KoHyca HabmtofeHus. Takum
00pa3oM TOJIOXKEHUs] pbl0, COOTBETCTBYIOLIUE MO-
CIIeOBATEIbHBIM 30HUPYIOLUM CUTHAJIAM, J{OJIK-
HbI OBITH NMPEACTaBIECHbl SKBUAUCTAHTHBIMUA TOYKa-
MU Ha IapajiieNbHbIX Xopaax. HemsBecTHas craTuc-
Tuka uymcna pbld N; MoxeT OBITH IHOJyuYeHA U3
reOMEeTPUIECKOT0 YpaBHEHUS

2
Ny = 5 5 -py 3)

rae Ad uHTepBaa BHIGOPKU MEXTY MOCIENOBATENb-
HbIMH Toukamu. CnyuvaiiHasi mepeMeHHas I mpef-
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IBrxKylieecs cyqHo, HEOABUXKHAs pbi0a — py(IN)

=1 esn™ND
pn(N) = NE7 arcsmaD
0.15r-
E{N} = %T a=20
0.10-
0.05r-
| | |
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N

Puc. 2. TeopeTnueckast pyHKIHS MIIOTHOCTH BEPOSITHOC-
T (PI1B) uncna N 3X0-cHrHAJIOB B PHIOHBIX CIIefiax JIs
MOJIEJIH C ABILKYIIMMCS CYTHOM U HETIOJIBUXKHOMN pbIOOIL.

2I—éenonBI/I}KHoe CY[IHO, IBIKYLIasics pbioa — py(INV)

2 [N
pn(N) = T[aarth 1—az
0.15

a

E(N =2

a=20

0.10

0.05

| | |
0 5 10 15 20
N

Puc. 3. TeopeTnueckas yHKIMS IIIOTHOCTH BEPOSTHOC-
n (PIIB) yncna N 3X0-cUrHANOB B PHIOHBIX CIEax A
MOJIEJI! C HETIOABYXHBIM CyHOM U [IBIKYIIEHCSl ppIGO.

CTaBJsIeT cOOOI panyCc OKPYKHOCTH, a cilydyaiHas
nepeMeHHasl P; PacCTOSHUE MEXAY LEHTPOM 3TOM
OKPY>KHOCTH U CIIeIOM pbIObI. B 3T0# MOopenu npen-
[OJIaraeTcs, YTO MPH HOSIBICHUU PbIObI BHYTPH OK-
PY>KHOCTH pacCTOSIHHE OT LEHTpPA [0 ciiefia pbIObI Xa-
paKTepHU3yeTCsl paBHOW BEPOSITHOCTHIO, T.€. pacipe-
JieJIEHNE P; paBHOMEPHO B HHTepBaje paccrosHui (0,
I. DTO MO3BONSIET HAM paccMaTpPUBATh CIy4YalHYIO
nepeMeHHYIO P; Kak IpOu3BefieHUE ABYX CIIyYalHbIX

NEpEMEHHBIX: P, = I U, rae nepeMenHas U npejacras-

JIeHa HOPMAaJM30BaHHLIM PaBHOMEPHBIM pacmpefe-
nenueM. [lofcTaBisst 9TO COOTHOIIEHNE B ypaBHE-
Hue (3), MbI IOJIYYUM

N, = —rJl1-u". @)

Tenepb, npeacraBus unciao N caefoB pbIObI KaK MPo-
U3BEJICHUE IBYX CIAYYalHbIX IepeMeHHbIX X = 21 /Ad n

y = (1-u?!2, Mbl MOXeM paccunTaTh (PYHKIUIO pac-
MIpefiesIeHNs] BEPOSITHOCTH U3 MHTErPATbHOTO ypaB-
HEeHUS Py2) = J'px (X)py(z/x)/xdx, kotopoe faet PIIB

nas N B Bune

Ad d
ad_y_do )

1
le(N) = J’ T 1_y2y.

AdN,
2r

max

DTa BeInYnHa MOXKET ObITh OI€HCHA KakK

_ Ad . AdN[
Pn,(N) = or D arcsing 7 (6)

Boipaskenune Ad/(2r,,,,) B ypaBHeHUH (6) MOKET pac-
CMaTpUBATBHCA KakK MMapaMeTp CUCTEMbI U3BMEPEHUS U
paccuuThIBaThHCA MO (OpMYJTIe ISl CPEHEro 3Have-
HUS Cy4ailHOM NEPEMEHHOM:

Ad T
2r 8
(DYHKIII/ISI IUIOTHOCTU BEPOSATHOCTH 4YHUC/IA 3I3XO-

CUTHAJIOB B PBIOHBIX CIE/Iax JJIsl 9TOI MOJIEIH MOKa-
3aHa Ha puc. 2.

E{N} = )

4. MOJIEJIb C OBMKYUIENCS PHIBO
1 HENOJABMXHBIM CYTHOM

Bo BTOpO#i Mojeau nmpepmonaraeTcs, YTo pbioa
nepecekaeT MPOU3BOJILHOE KPYroBOE MONEPEYHOE
ceueHne BBLIOPAHHOTO KOHUYECKOro O0bheMa TOf
PaBHOBEPOSITHBIM yrioM O. Mcxops u3 reomeTpuye-
CKUX COOOpaKeHUHl 4mcia0 PLIOHBIX CIEIOB MOXKET
OBITH BBIPaXKEHO KaK

N, = Zrsing, ®)

rJie cay4JaiHas nepeMeHHas A SIBISICTCS YIJIOM mepe-
ceuyeHusi. HeusBecTHoe pacnpefiesieHue 4mciia 3X0-
CUTHAJOB OT PbIObI B puiOHOM cieae N, moxkert
OBITH TaKKe MOJIYYeHO M3 YpaBHEHUS, OMpPeJeIIsIo-
mero ®IIB npowusBefeHns ABYX CIy4YalHBIX Iepe-
MeHHBIX X =21 /Ad u y = sind. [Tonaras pacnpenene-
HUE yriia 0 paBHOMEPHBIM MbI MTOJy4aeM
1

Ad 2 1 du

Ad,\IZZrW,,Xn 1—y2 y

2r

pu,(N) = ©)

max

YTO NPUBOAUT K BBIPAKEHUIO

Ad _0Ad 7
ath I BN 0

P, (N) =
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Puc. 4. 'eomeTpus crnefgoB ppIObl ¢ MHOTOKPATHBIM 3XO.

CpenmHee 3HauyeHHWe ciydaiHOW mepemMeHHON N,,
umetroiein I1B (10), umeeT Buj
Ad 1

E{Ng} = 20 o T

(1D

DyHKIUS TUIOTHOCTH BEPOSITHOCTH YHCIIAa 3XO-
CHUTHAJIOB B PBIOHOM clIefie B 9TO! MOJIEJIN TOKa3aHa
Ha puc. 3.

5. CTATUCTUKA YTJIOBBIX ITOJIOXEHUI
PBIBbBI JI4 CIIENOB
C MHOT'OKPATHBIM 32XO

PaccmoTpuM pacnpefesieHue yriioBbIX INOJIOXKeE-
HUI ppIOBI B B Tyde mpeobGpa3oBaTelisi, KOTOpoe He-
o0xogumo g BblunciieHus: ®IIB puarpamMmbl Ha-
npasineHHocTn. CnyvaiiHas nepeMeHHasi 8 MoxeT
OBITH BbIpaXkeHa Kak (cM. puc. 4)

z 1
6 = arccos:R = arccos—z, (12)
: J1+(plz)
rje cllyyaiiHasi IEpeMeHHasl Z INpefCcTaBisieT co00i

rnyOouHy, Ha KOTOPO# HaXOAMUTCSl pblida, a ciaydai-
HbIEe TIEpEMEeHHbIE R 1 P SABISAIOTCS KOOpAWHATAMUA

MOJIOKEHHS PbIObI, CBSI3aHHBIMH COOTHOIIECHHEM
2 2 .
R?=p° + z°. PaccMOTpHUM TakKe CIydYailHyto mepe-

MCHHYIO 1_:, Ha3bIBAEMYIO PACCTOSAHUEM B CJICTIC U SB-
JIAOMYROCA pacCTOSAHUEM OT prGbI JO TOYKHU mIepe-

cedyeHus1 Kpyroporo cpesa. [lonaras, 4ro pri6a mibl-
BET MO XOpfie U “BbIOMpaeTcsi” PaBHOMEPHO MpHU
MOCIIEJOBATEIbHBIX 30HAMPYIOIIUX CHUTHAJax, MbI
MoxeM cuuTaTh ee PI1B paBHOMEpHON B uana3oHe
(0, 2rsin@). Takum o6pa3oM, paccTOsSIHUE B clefe
MOXKET ObITh BIpaXKeHO KakK I = 2rsind U, rie U Tak-
K€ IMEeEeT paBHOMEpHOE pacnpeneneHue. [Ipuanmas
B pacyeT NpaBWJIO KOCHHYCOB /ISl HEIPSIMOYTOJILHO-
ro TpeyronbHUKa (puc. 4) Mbl MOTYYUM
p’ = r’+t*-2rtsina =
- (13)
= 1°(1-(2sing)*(u-u%).

Hcnons3ys nopcTaHoBKy Z =190, , KoTOpas yaa-

JII€T 3aBUCUMOCTB OT Z U3 ypaBHEHHA (5) U 3aBHUCH-

MOCTb OT I U3 ypaBHeHHs (6), MbI TOJyYaeM ypaBHe-
HHE JIJIs1 YTIIOBOTO MOJIOXKEeHus O:

1
2 (2sina)’(u—u?)

Bripaxkenne (7) mokasbIBaeT, YTO paclpefieieHue
YIJIOBOTO TOJIOXKEHUS @ 3aBUCHT TONBKO OT paclpe-
JeJIEHNs yIIIa IIepecedeHns O, B TO BpeMs KakK CIy-
YaiiHas MepeMeHHasi U IpeJCTaBlIsIeT paBHOMEPHOE
pacnpepenenue, yto gaet $PIIB nepemeHHoR U — u's

Buge P, (%) = (1/4 - X)~'2. Pacnpenenenue mepe-

0 = arccos (14)

MEHHO O 3aBHCHUT OT YIJIOBBIX COOTHOIIEHUHT MEXY
NBUKEHUEM PBIOBI U CyIHA [2] 1 MOXKET MEHSITHCS OT
CHHYCOUTATLHOTO 3aKOHA, KOTJIa MCIOIb3YeTCS MO-
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Mopens 1 — pg(©)

Mopens 2 — pag(©)

35r -
O O

30} pg = —L kO SNO | po = ——0O -2 @D% sSn®©

tan’@,, 1anOyHeos’e tan’0y0  tan’©nv02c0s’®
25 L
20— OM= 60 I~ OM= 60
15+ L
10f L
S5k L

1 1 1 1 |

0 2 4 2 4 6

|
6
©°

Puc. 5. TeopeTrueckoe pacipejie/ieHue YIIOBbIX HONOXEHUI IS IBYX aHAIM3UPYEMbIX MOAETIEIL.

[ieNIb C HENMOABUKHON pbIOOIi, O pAaBHOMEPHOTO pac-
npefeeHus, KOrjga UCIONb3yeTCsl MOAENb C HEIo-
ABIKHBIM cymHOM. O6e paccMaTpuBaeMblie MOJCITH
AXOT pacrpefesieHne NepeMeHHol 4sin’d B Bujie

P, .. (X)=(4X—X*)""2/Tt g Mogenu ¢ cuRyconaah-

4sin"a
HBIM 3aKOHOM 1 ] (X) = (4 —X)"'2/4 nnsa monenn ¢

4sm a
paBHOMEpPHBIM pacnpepesienueM. Mcnons3ys ¢op-
mynabl g PIIB npousBeneHus ciayvyaiHbIX mepe-
MEHHBIX U IPOBOJIs IPe0Opa30BaHus cOrlacHo op-
Myite (7), Mbl IOJTy4aeM JJid IEPBOI ¥ BTOPO Mofie-
JIell COOTBETCTBEHHO:

1 kO tgo Dsme

Pe1(6) = (15)
o tg° 0, Etge Heos’e'
1 1 sin@
Pe2(0) = — =, (16)
9" Oma [, [ 190 [FCOS®
L9 6,a]
rae K(k) = Iz(l — k?sin’$)~'2d¢ npepcrasasieT coboit

MOJIHBIA SJUTUNITHYE CKAI HUHTErpaJa nepBoro pojaa.

O6a pacnpepenenus noka3aHsl Ha puc. 5. Cneny-
€T OTMETHUTH, YTO, KaK U CIIEOBAJIO OXKHUATh, NIMe-
eTcst GOJIbIIIee YMCIIO 3XO-CUTHAJIOB, TOIYIaeMbIX OT
OONMBIIKX YIIIOB. ITO MPUBOJUT K YBEJIMIESHUIO B pac-
NpeesIeHNH IO CPABHEHUIO C CHHYCOMIalIbHBIM pac-
NpefelieHneM, W3BECTHBIM JUJIsl Cllydass HEMHOTO-
KpaTHBIX X0 OT OJfHOH OT/EINBbHON PHIOHI.

6. OCHOBHA4 ®IIB
INATPAMMDBI HATTPABJIEHHOCTU

Jnst BeiBoga PIIB guarpaMMbl HallpaBIEHHOCTH
MBI CHa4ajla pacCMOTPHUM UI€AJIbHBINA KPYIJIbIA IOp-
LIHEBOH peoOpa3oBaTesb B OECKOHEYHOM 9KPaHE C

(yHkIMei b ruarpaMmbl HanpPaBIEHHOCTH B OJJHOM
HalpaBJIeHUN

b() = —ZJ;(X), (17)

rje X ompefeneHo kak X = kasin0, K — BosiHOBOe unc-
70, @ — pagmyc npeoGpaszoBartens u J, — (pyHKIUSA
Bbeccens nepsoro popa nopsaka N. Jlorapudgpmudec-
KUA BWJ AWArpaMMbl HampaBIeHHOCTH B JBYX Ha-
npaBJeHNsIX B Jenuberax mojydaeTcst IPOCThIM Ipe-

o6pasosannem B(0) = 10logb (8)*> = 20 logh (6).

DYHKIMS TUIOTHOCTH BEPOSITHOCTH JUATrPAMMBI
HamnpaBieHHocTH Pg(B) mpencrasnsgeT coboit supo B
oOpaTHOM 3ajjaye sl ABYXXOHOBOH cucTembl. OHa
MOKeT OBbITh MOJyYeHa M3 BBIPAKEHHsI B aOCOIIOT-
HBIX IEPEMEHHBIX [),, KOTOPOE MMEET BUJ] MapaMeT-
puueckoit pyukiun pp(b) = (b*(0), py(6)) ¢ yriaom 6 B
poJIH mapameTpa:

O
D[?J ()" Pe(B)tgd [
Pi(b) = (7, ‘SJf(X)Jz(X)E' 4
X

rne pg asnsiercss PIIB cnyuyailHOro yrioBoro ImoJjo-
>KeHns pbIobl. Torna, ncnomnb3ys gorapumMmaeckoe
npeo6pa3oBanue nepeMenHbix B(b) = 20 logh, ®I1B
MOZKET OBITh 3alicaHa Kak

p(B) = Inlo‘lozo %‘_quj (19)

Tunnuneiil MeTop BbluuciaeHuss PIIB yrmosoro
MOJIOKEHUS PhIOBI Py OCHOBAH Ha MPEAIONIOXKEHNN O
PaBHOMEPHOM paclpefieIeHH pbIObI B TOJIIE BOABI
(manee Ha3bIBAEMOM CTATUCTUKON HEMHOTOKPATHO-
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dB
OG\
a
_3dB @
-5}
_10_
—15F
. 9
BG——I 1-(1-27Y)1-_8 [0
(8) = Jlogf1-(1-2")1- =
_20_
93dB=3° y=01
25 ! ! ! ! |
0 2 4 6 8 10
eo
pp(B)
0.05- -
(©) (B)
0.04F -
0.02F -
0.01F -
O | | | | | | | |
~40 -30 -20 -10 O -40 -30 -20 -10 O
B, dB

Puc. 6. (a) [IpubnukeHue XapakKTepUCTHUKU HallpaBJIeHHOCTH. PyHKIMS MIIOTHOCTH BEPOSATHOCTH XapaKTEPUCTUKH HaIpaB-
JIEHHOCTH IJIs ciny4ast (6) HEMHOTOKPAaTHBIX 1 (B) MHOTOKPATHBIX 9XO.

r'0 9X0), KOTOPOE IaeT CUHYCOUJaJIbHOE pacipesese-
HUE YTI0BOTO Nojoxkenus 0 [1]:

De(8) = ———

—————sind
1 — 0SB, '

(20)
rae 0, MaKCUMaJbHBIA YroJl IuarpamMMbl HampaB-
JIEHHOCTH, WCIOJb3yeMON B BbIUMCIEeHHAX. OpgHAKO,
Kak OyfleT MOKa3aHO B CIEAYIOLIEM pasfesie, I Ha-
OOpOB IKCIEPUMEHTANBHBIX JaHHBIX KOITa HECKONb-
KO 3XO0-CUTHAJIOB IPUHUMAIOTCS] OT OHON PBHIOBI pH
HocJegoBaTeNbHbIX IOChIIIKaX, HEOOXOAUMO CAENAaTh
0oJiee TOYHBIE PEATIOTOKEHUS.

7. ©I1B NTUATPAMMBI HAITPABJIEHHOCTHA
IJIA PEAJIBHBIX CUCTEM

ITpusengem metop pacyera PIIB guarpammel Ha-
MIPaBIIEHHOCTH I CUCTEMbI BIOCOHUK, SIBIISIOIIEH-
Csl IBYXJIYYEBBIM 3XO0JIOTOM C OOpabOTKOW CUTHAA.
DTa cucTeMa ICIoIb3yeT AByXayueBoi (6°/15°) uud-
poOBOI 3x0NO0T ¢ padoyeit yacroroit 420 I'y u ¢ puu-
Ho#l mmnyiabca 0.4 mc. PacdyeT pmarpaMMbl Hampas-
JIEHHOCTH NTPOU3BOJUTCS TOJIBKO IS HAIpaBJIEHHO-
ro KaHana B BUJI€ Y3KOro Iy4Ka JIy4e, Tak KaK 9X0-

CUTHANbl U3 3TOr0 KaHajla MOTYT HCHOIb30BaThCS
[J1s1 THBEPTUPOBAHMS CUIIBI IeU phIObIL. [Inarpamma
HaIpaBJIEHHOCTH Obl1a TOJoOpaHa ¢ IOMOIIBIO TIPH-
ONU>KeHUs1, IPEMJIOXKEHHOrO B [1]:

_ o (1- cose)DV
b(8) = %l (=23 e, 2

r7Ie 9KCMOHEeHNINANBHBIN KO3 punueHT Y =—0.1 ObIn
YUCIIEHHO NMOfi00paH sl peaabHON AuarpaMmel. J1o-
rapuMuyecKoe peodpa3oBaHue U BKIKOUEHHE CTa-
TUCTUKM HEMHOIOKPAaTHOLO 3XO, IpeCTaBJICHHON
ypaBHeHueM (20), IpUBOAUT K YPaBHEHUIO

21

IN10 y 1-c0s6,45

yB
20
20 1 _27Y1— 0SBy 107,

ps(B) = (22)

a BKIIIOUEHHUE CTATUCTUKU MHOTOKPATHOTO 3XO, Ipef-
CTaBJICHHOH ypaBHEeHUEM (15), IpUBOAUT K YPABHEHUIO

_1In10 vy
pB(b) - 20 1_2—V
- (23)
xl_COSGSdBKD tgf o 1 102,

170, [96ma-cos’e
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Puc. 7. Pacnipenenenne yncia MHOTOKPaTHBIX 3XO B 3X0-
crefiax mo BbIOOpPKaM, IOJyYEHHOE U3 PealbHbIX U3Me-
peHuit.

rae 0 paccunThiBaeTCs Kak BenmdarHa oOpatHas b(0),
u3 ypasHeHus (20):

0 = arccos(1 — (1 —10°%"®)(1 - cosB445)/(1—27)).

Ha puc. 6 nokazano npulGnikeHne pealbHON TH-
arpaMMbl HalpaBJIeHHOCTH MJIS Y3KOTO My4Ka JIydei
(mampaBieHHOro kanana) u ase ®I1B — gng cinyyaen
HEMHOTOKPATHOT'O ¥ MHOTOKPATHOTO 3XO.

8. PE3YJIbTATHI U3MEPEHUU

Jl71 mpoBepKY MPaBUIIBHOCTU IPOBEIEHHOI'O aHa-
JU3a U OIEHKU €ro pe3yJbTaTOB, Mbl HUCIOIL30BAIIN
peanbHbIe JaHHbIE IO 3X0-CUTHAJIaM OT phIO. [laHHBIE
ObLIN NOJTYYEHBI IPH aKyCTUIECKON ChEMKE B palloHe
CKOILIEHUI NTeJIarnyecKuX pbI0 (B OCHOBHOM JIOCOCS U
¢openn) B o3epe Kep o’ Anen, Upaxo (mpemgocrasie-
Hbl [1x.b. Xemxknerom n3 BruocoHuKc HHKOpHOpEii-
ten, Cuatn, u E. [lapkuHcoHOM W3 YHuUBepcHTeTa
Bankysepa, Kanapga). CremMKa mpoBoaniach npH mno-
MOILIH IBYXJIYYEBOT0 HU(PPOBOro 3X0Ja0Ta ¢ paboyeit
yacroroit 420 I'n u pnunoi umnynbea 0.4 mc. Pacema-
TpUBaJUCh OOpadoTaHHbIE 3amucu OT Oojiee 4YeM
6500 OCHIIIOK 30HAMPYIOMIETO CUTHAJA, U3 KOTOPBIX
ObILIY U3BJIeYeHLI I aHanu3a 6onee yeM 10000 sxo-
CHUTHAJIOB OT pbI0. YmcIo pbIb, HOACUNTAaHHOE C TIOMO-
LIbI0 KOMIBIOTEPHBIX aJITOPUTMOB, OBUIO PAaBHO
2009. Pacnpenenenne yncia N MHOTOKPaTHBIX 3XO B
ciefiax pblObI TOKa3aHO HA pucC. 7 B BHJIE THCTOTPaM-
MbI. Pe3ysbTaThl COraacyrTcs ¢ MOAEIbIO 2 pacipe-
[ieNIeHus1, TOKa3aHHOro Ha puc. 5. OfHaKo Tak>Ke BO3-
MOXKHO, YTO OHH COOTBETCTBYIOT MOfieNHu 1 ¢ yueTom
KpaeBoro a¢ekTa mpu nonydennn oreHkn PI1B me-
TOJIOM THUCTOTpaMM (HAKOIUICHWE MPOUCXOUT B WH-
tepBaie or N =0 go N = 1, B TO BpeMsl Kak TOJIBKO
N = 1 nmeeT (pU3NMIECKHUI CMBICIT).

YucneHHble 3KCIEPUMEHTBI, MPOBECHHBIC IS
MaHHBIX CHEMKH, IIOKa3bIBAOT XOPOIIIEe COOTBETCT-
BUE C pacCMaTpPMBAEMbIMU MOJIEISIMA CTaTHCTHUYEC-
KOTO oBefieHns pbI0 Bo BpeMs n3mepennit. Cpennee

1500 (Anroputm POTO) (Anroputm MOC)
1000+ -
S
g
= 500 -
0 /\/\ 1 | I I
-60 -50 -40 -30 -60 -50 -40 -30
1500 =
2 1000} -
-
8
= 500 3
0 1 1
0.01 0.03 0.01 0.03
Ly

Puc. 8. Pe3ynbpraTh! oneHKy cuitbl neiu poiosl (TS) u miuHEI 0
KpaTHBIX 3XO.

OpatHoro paccessHusi (LBS) ¢ noMomipio CTaTHCTUKE HEMHOIO-
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Puc. 9. Pesynbrath! oneHkr cuibl nenu poIosl (TS) n piuabr o6paTHOTO paccesHus (LBS) ¢ moMompio cTaTHCTHKA MHOTO-

KpaTHBIX 3XO.

3HaueHMe pacnpepesenus paBHo 5.3. Crnenyet oTMme-
THTH, YTO Ha MMPAKTHKE BO3MOXKHO, UYTO CIIOKHOE T10-
BeJleHne PbIO MOKET MOJEINPOBATHLCI KOMOWHAIIN-
el Mmojenien 1 1 2 U3-3a OTHOCUTENBHOTO JBIKEHUS
pbIOBI 1 cyaHa. Mopenb 2 ¢ paBHOMEPHBIM pacipefe-
JIEHWeM Yyria IepecedyeHus MpejcTaBiseT Oonee
“cny4aiiHylo” CHTyalilo, 4eM MOfesdb 1 ¢ cuHycou-
TaTLHBIM pacrpefieliCHuEM yrila epeceucHNUs.

11t onmpenesieHnst pa3Inymii B pe3yabTarax, Hoiy-
YEHHBIX IPU ABYX BBIIICYIIOMSHYTHIX TIPEAIIOIOKEHN-
X OTHOCHUTEIHLHO MHOTOKPATHOT'O XapaKTepa 9XO0, UC-
MOJIL30BAJINCH [Ba Pa3in4HbIX MeToha. IlepBbiil u3
HUX — 3TO pa3lOoXeHHe MO OCOObIM TOYKaM B OK-
He(POTO) c HeHyneBbIM orpanndenreM. Kak npsimoit
METOJT pacueTa OH MPEJICTABISIET KIaCCHIECKUH TOI-
XOfI K pa3pelieHni0 HEKOPPEKTHO OOYCIOBICHHBIX
UHTErpanoB. Bropoi MeTon 06oiiee CIOXHBIA — MaK-
cumm3anus oxunanus u criaxkupanne (MOC) — ocHO-
BaH Ha UTEPALIMOHHOM alTOPUTME CO CTATUCTHYECKH-
MU OTPaHWUYCHUSIMH W TIPEICTABIISIeTCs O0Jee HaleK-
HbIM METOJOM [JIsl pelleHuss OOpaTHbIX 3ajgay [S].
Pe3ynbraThl, moMydeHHbIE MPU OOBIYHO HCHONB3Ye-
MOM TPEATNONIOXKEHUN O CTATUCTUKE HEMHOTOKPATHO-
ro X0 MOKa3aHbl Ha PUC. §, a pe3yNbTaThl JJIsl CTaTH-
CTHKU MHOTOKPATHOT'O 3XO0 MIOKa3aHbl Ha puc. 9.

9. BAKITIIOYEHUE

Wrak, npoaHanu3nupoBaHbl iBa Pa3INYHBIX MOJ-
XOfla K CTATUCTHKE 3XO-CIEJOB PBIOBI MPH pacyeTe
®IIB puarpammbl HampaBieHHOCTH. Eciau maHHbIE

U3MEPEHUN cofiep>KaT MHOTOKPATHBIE 3XO OT OfHOI
PBIOBI, OOBIYHO MCIOIB3YEMBbIN MOJXOJ] OKa3bIBAET-
csi HeafieKBaTHBIM. [IprcyTcTBIEe MHOTOKPATHBIX 9XO
B CJIEflaX PbIObI MOXET OBITh YCTAHOBJIEHO YHCIECHHO
MpU TOcTefyiomeil o0paboTke MaHHBIX, KOTOpas
yKaxXkeT Ha HeOOXOMMOCTh UCIOJb30BaHMS CTAaTHUC-
THKJA MHOTOKPATHBIX 3XO B PbIOHOM ciefie. Pe3ynb-
TaThbl, NPEACTABICHHbIC B CTAaThE, MO3BOJSIIOT HC-
NOJIB30BAaTh CTATUCTHKY MHOTOKPATHBIX 3XO IS
pacuera ®IIB fruarpaMMbl HAIPaBJIEHHOCTH.

IIpencraBienbl TakKe pe3yIbTaThl UCIIOIb30Ba-
HUS ABYX Pa3HBIX MPEANOJOXKEHWI O CTaTUCTUKE
9X0-CJIEIOB PBHIObI NPH OMPEAEIeHNN CUIbI IEeTN U
IJIMHBI OOPAaTHOTO pacCesiHUus OT CKOIUIEHMS PBIOBI
UCXOMsl U3 MAHHBIX OJHOJYYEBBIX M3MepeHuul. st
ciIydasl KOTJIa JTaHHbIe, TONyYeHHbIE TIPU U3MEPEHH-
sIX, COfiep>KaT MHOTOKpPATHBIE 3XO OT OJHOW PHIOHI,
npepajaraeTcs HCIoAb30BaTh Oonee afeKBaTHBIN
noxixof. IlpucyTcTBHE MHOTOKPATHBIX 3XO-CIEOB
PBIOBI OBLIO IPOBEPEHO UYUCIEHHO IPU IOCIEYIO-
et o6paboTKe MaHHBIX, Jarollell pacmnpeneicHne
YHCIa MHOTOKPATHBIX 9X0O-CUTHAIOB B CIEAaX PhIOKL.
Pe3ynbTaThl MO3BOMSIOT WCHONB30BaTh CTATACTUKY
MHOTOKPATHBIX 3XO JJIsl pacdyeTa guarpaMMmbl Ha-
MpaBlIeHHOCTH [3].

W3 puc. 8 1 9 BugHO, 4TO 002 METOAA peLIeHUs 00-
paTHOH 3amaum pabOTaIOT Jydille, KOTfa CAellaHbl
nopxofdAe npeanonoxenus. Cregyer OTMETHUTD,
YTO KOIVIa SITPO OJTHOJYUYEBOrO MHTETpajia BLIOpAHO
MOJKHBIM 00pa3oM, OOJbIINE OITUOKY B OIICHKAX UC-
4e3ar0T. ITO OCOOCHHO CYIIECTBEHHO IPU BOCCTAHOB-
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JIEHUH JJIMHBI OOpaTHOTO paccestHus, YTO KOoTopasd,
Cy/sl IO YUCIIEHHBIM pacdeTaM, COOTBETCTBYET Ooee
HEKOPPEKTHO 3afilaHHoi cuTyanuu. OLEHKH, Npen-
CTaBJIEHHBIE HA PUC. 8, IpeAnoiarany Hanmane 60Ib-
IIOTO 4YKcla O4YeHb Menkux pbl0. Ilocne mpoBepku ¢
MOMOIIIBIO IBYXJIYYEBBIX JAHHBIX 3TOT BBIBOJ] OKa3all-
csl HEBEpHBIM. B TO ke BpeMs pe3ynbTaThl, TpefiCTaB-
JICHHBIE HA PHC. 9, ICHO yKa3bIBaIOT HA CYIIECTBOBA-
HUE OJTHOM IPyMIibl OONBIIUX PBIO U IPYrod MEHbLIEH
rpynnsl 0onee MENKUX pbIO (C UCIONB30BAaHUEM Me-
Toma POTO). 3ameTuM Takke, uro MeTog MOC mo-
XKeT uype3MepHo criaguts ®IIB u co3pats Bneuarie-
HUE MPUCYTCTBUS TOJIBKO OJHON IPYIIIBI PhIO.
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