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OcHOBHBIE pe3yJIbTaThl UCCIEN0BAaHUI B MAaTEMaTUYECKON TEOPUH NMPOTEKAHUS (IIEPKO-
JSILMK) 32 TIOCJIEAHNE MOJIBEKa ObUIN MOTyUYEeHBI JUISl TAK Ha3bIBAEMOT0 TEPMOJMHAMUYECKOTO
npeaenbHoro nepexona (st x — ). B To e BpeMs NpUMEHEHHE MOJENEH peleTOYHON
HNEPKOJISILMY B NMPUKIJIAAHBIX HUCCIIEAOBAaHUAX B OCHOBHOM 0a3MpyeTCsl Ha pelleTKax OrpaHu-
YEeHHOTro pa3Mepa (1 x < ). [TocTtpoeHue annpokcuManuii CTaTUCTUYECKN YCTONYMBBIX Xa-
PAKTEPUCTUK MEPKOJISALMOHHBIX KJIACTEPOB HA TAKMX PELIETKaX OOBIYHO OCHOBAHO HA Pa3iiny-
HBIX CUTMOUAHBIX pyHKImaAx [1, 2]. Tak npu anmpoKCUMaIi OTHOCUTENbHBIX YaCTOT CTATH-
BAIOIMX KJIACTEPOB MO BBIOOpKE {wi(p;)} Ha pemeTkax KOHEYHOTO pa3Mepa XOPOIIHE pe-
3yABTATHI IACT MPUMEHEHHE CUMMETPHYHBIX CUTMOMTHBIX (DYHKITMA:

1

Wi = Pi—bo
1 + eXp(— T)

+e, mm i=1,2,...,n, (D)

1€ p; — CTAaTUCTHUECKAsl OLIEHKA TOCTH)KUMOCTH (OTHOCUTENbHAS JOJIs) Y3JI0B MEPKOJISILIMOH -
HOM pemeTku; by, by — CABUTOBOM M MacIITaOHBIN MMapaMeTphl, IEPBbIN U3 KOTOPHIX CBSI3aH C
MOPOTOM TIEPKOJISIIIAH, a BTOPOH — ¢ pasMepoM perreTkd. HeTpyiHo mpoBepuTh, 94T0 QyHKITUS
(1) orpannyena uHTEpBaIOM OoCcH opauHar oT 0 10 1, Bo3pacTaeT Ha BCei YUCIIOBOW OCH, CHUM-
METPUYHA OTHOCHUTENBHO TOYKU reperuda c¢ koopamHatamu (bo; 0,5) m mmeer nBe ropu-
30HTAJIbHBIE ACUMIITOTHI:
lim w(p)=0+ u lim w(p)=1-—. ()
p——o° p—roe

OCHOBHBIE TPYTHOCTH MPHU CTATHCTHUYECKOW OIIEHKe rapamMeTpoB (yHkuii Buaa (1)
COCTOSIT B TOM, YTO B CHUJIy MPEACITHHBIX CBOMCTB (2) Al BHIOOPOK OTPaHUYEHHOTO 0OBhemMa
MH(GOPMAIIMOHHON 3HAYMMOCTBIO 00JIaaeT JIMIIL HEKOTOpask CHMMETpPHYHAas OTrpaHUYeHHAas
OKpecTHOCTh Touku meperuda loos(p.) = (bo = €(b1)), LEHTP KOTOPOU OMPEIENSICTCS CIIBUTO-
BBIM MapameTpoM by mozenu (1), a ee paguyc €(bi) KOppeaupyeT ¢ MaCIITAaOHBIM IMapaMeTPOM
by monemnm (1).

Kak 0p110 mokazano B padote [3], MOIIHOCTh MEPKOJISIIIMOHHBIX KJIACTEPOB B TEPMO-
JUHAMHYECKOM mpenene (Mpu X — o0) IS CBEPXKPUTHUECKHUX JOJNCH JOCTHKUMBIX Y3IIOB
(ipu p > p.) onpenenseTcs Kak:

0 ;
lim P.(p) =< P <P

~1
Pe=Fy (po), 3)
X—yoo Fo(p), p > pe, c0

IJ€ p. — NOPOT NEPKOJIALNHU, allPUOPHO ONPEAETISAEMBIN JUIsl TaHHOW PEIIETKH po-KBAaHTHIIEM
WHTErpalibHON (GYyHKIMEH pacnpeneneHus Fy(p) ciydailHOW BeIWYWHBI S, B3BEIIMBAIOIICH
y37bl MEPKOSUOHHON pewmeTku; po = 0,592746 — ypoBeHb KBaHTWIIS Ul KBaJpaTHOW pe-
meTku ¢ (1, 0)-okpecTHOCTHIO.
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Torna u1s anmpoKCUMAalMK OLIEHOK MOIIHOCTHU NMEPKOJISIIMOHHBIX KJIACTEPOB HA Orpa-
HUYEHHBIX pemeTkax {P.{(p:)} MOXHO BOCIIOJIB30BAaThCS MPOU3BEACHUEM HWHTETPAIbHOMN
byHkuueit pacnpeneneHus Fo(p) B3BEUIMBAIONIEH NEPKOISALMOHHYIO PEIIETKY CITyyailHOM Be-
JUYUHBIL S 1 HEKOTOpo# nepexonHoit pynkuuu F(p) = Fi(p)Fa(p), TO ecTh:

P = Fy(pi)Fi(pi)F>(pi) +ei, 4)

rae F(p) — B o01eM ciryyae acUMMETpUYHAs CUTMOUHAs QYHKIIMSI, IPEICTaBICHHE KOTOPOH,
oOcyx/aBiieecs B Hamux padorax [4, 5], OyaeT CyleCTBEHHO BIMITh Ha KAY€CTBO AlIPOKCH-
Manuu mojenu Buna (4). Panee B padote [4] ObUTO MOKa3aHO, YTO ISl KBAAPATHBIX TIEPKOJISI-
IIMOHHBIX PEIIETOK Majoro pazmepa (mpu x < 65 y310B ¢ (1, 0)-0KpecTHOCTBIO) yAOBIETBOPH-
TEJIbHOE KAaueCTBO aIlllIPOKCUMAIUN MOXKET ObITh JOCTUTHYTO C IMOMOIIBIO IPOCTON JIOTMCTHU-
YECKOM anMnpOKCUMALIUN:

Fi(p) B(p) =1, (%)

1
o p=boy’

1+exp(—552)
HO C YBEJIMUYCHHEM pa3Mepa MEepKOSLHOHHON PEeIIeTKH X Ka4eCTBO alpPOKCUMAIMH ISl MO-
neneit suaa (4), (5) ObICcTpo mamaeT u3-3a pocTa aCHMMETpUHU nepexoaHor Gpyukmuu F(p). B
paborte [5] ms pemeHus 3Toi npoOIeMBbl IpeAIaraeTcst IOCTPOSHUE OUIOTMCTUYECKON acCHM-

METPUIHOM CUTMOMJIHON (DYHKIIMH BUA:
1 2

- 1 p=hboy’ Blp) = 1 p—bs
+exp(—557) +exp(—552)

KOTOpasi B CHJIy pazfiuuusi MacIITaOHBIX MMapamMeTpoB b; U b MO3BOJISET JIETKO MOACIUPOBATh
CYILIECTBEHHYIO aCUMMETpPHIO F(p), 4TO MOBHIIMIAET 00Iee KayeCTBO aNMpPOKCUMALIUUA MOJIE-
newt Buna (4), (6) kak Juist KBaJIpaTHBIX, TaK M JJI1 KyOW4eCcKuX pemeTok. BmecTte ¢ TeM Bos-
HE SICHO, YTO 3TO HE €JMHCTBEHHBIN BapUaHT ISl TIOCTPOCHHUS] ACHMMETPUYHBIX CUTMOMTHBIX
bynkuuii F(p). Hanpumep, ananmm3 ¢opmyisl (6) mokaspiBaeT, 4To F>(p) AOMyCKaeT ympoIie-
HUE ITyTeM 3aMEHBI JIOTUCTHYECKOW (DYHKITMU HA aHAJIOT HHTETPabHOU (DYHKIIUU MTOKA3aTeNb-
HOTO pacIpesielieHHs], IOClie Yero aCUMMETPUUYHYIO (B 0OIIeM ciydyae) MepexoaHyo (QyHK-
U0 F(p) MOXKHO 3amucarh B 0oJiee mpocToi Gopme:

—b
B 1—exp(—pb32)

a 1—|—exp(—p;lb°)'

F(p (7

Cratuctuyeckue AaHHbIE JUISl OLICHOK MOIIHOCTH MEPKOJILUOHHBIX (CTSTHMBAOLIUX)
kiactepoB {P.(pi)} Oynem dpopmuposats 1o Beioopke oobemom N = 500 peanuzanuii. Cratu-
CTHKA IPEJICTaBIsIeT CO00M yCpeHEHHbIE B/I0JIb BEpXHEH IpaHUIlbl KBAAPATHON PEIIEeTKU OT-
HOCHUTEIFHBIC YaCTOTHI Y3JIOB B KJIACTepax CO CTAPTOBBIM MOAMHOKECTBOM BJIOJIb HUKHEH
rpaHulbl 3TOM perieTku. CTIruBaronue KiIacTepbl CTPOSTCS Ha OeTa-B3BELICHHBIX KBaJpaT-
HBIX pelieTkax pasmepoM x = 65 y310B ¢ (1, 0)-0oKpecTHOCThIO ISl OKAa3aTeNbHO pacupese-
JICHHBIX 3HAYEHHUH JONIEH TOCTHKUMBIX Y3JIOB p; = p. = Ap;, tne Ap; = 0, 375 3745 3713,

Ha puc. 1 nmoka3ansl KOppessIIUOHHBIE N0 BEIOOPOK OLEHOK MOLTHOCTH {Py(p))} U
nepexoaubiXx (GyHkmuil {Fi(p;)} NN CTATMBAIOIMIMX KJIACTEPOB HA KBAAPATHBIX peEIIeTKaXx,
B3BEIIICHHBIX OeTa-pacrpeeleHHpIMU cliydyaiiHpiMu BenuunHamu: S ~ B(1, 2); S, ~ B(1, 1);
S3 ~ B(2, 1), uaTerpaipubie GYHKIUN paclpeaesieHus] KOTOPBIX MOKa3aHbl HA PHC. 1a BBITYK-
JBIMU BBEPX, BHU3 U MPSMBIMH IITPUXOBBIMH JIMHUSMU, COSAMHSIOIIUMU TOUYKH C KOOPAHUHA-
tamu (0, 0) u (1, 1). Topu3oHTATBPHBIMY IITPUXOBBIMU JIMHUSMH TTOKA3aHBI XapaKTEPHbBIC 3HA-
YeHUs! MOILHOCTEHN cTaruBaromux kiaactepon: P, = 0; 0,592746; 1, BepTUKaIbHBIMU LITPUXO-
BbIMHM JIMHUSIMH — XapaKTEepHbIC 3HAUYCHHUS JOJIed MOCTHKHUMBIX y3ioB: p = 0; 0,361835;
0,592746; 0,769900; 1. [Ipu 3TOM HETpHUBUATbHBIE 3HAUYEHUS JOJIEH JOCTHIKUMBIX Y3JIOB CO-



OTBETCTBYIOT allPUOPHBIM OlLleHKaM (3) Uil HOPOrOB MEPKOISLUU P JUIS KBaPATHBIX pe-
meTok ¢ (1, 0)-oKpecTHOCTHIO, B3BELICHHBIX CIyYailHBIMU BEIUUYUHAMH Sipj.

[IpuMeHeHre BepTUKAIbHBIX U TOPU3OHTAIBHBIX JIMHUN Ha puc. 16 B menom aHaio-
THYHO WX NMPUMEHEHHIO Ha puc. la. HeTpymHO BUIETh, 4TO BETHYUHBI MAaCIITAOHBIX ITapaMeT -
poB b, u b; nns pynkuuit Fi(p) u F>(p) paznudaroTcs MOYTH HA TOPSAIOK, YTO TO3BOJISET MO-
nenu (7) anekBaTHO YYUTHIBATh CYIIECTBEHHYIO aCUMMETPUIO MepexoaHoil pyHkuuu F(p).
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Puc. 1. Annpoxkcumanuu Buaa (4), (7) I MOIIHOCTEH CTATUBAIOIINX KIAacTepoB {Pu(p:)} 1
nepexoaHbix GyHkuui {F(p;)} Ha OeTa-B3BEIICHHBIX KBAIPATHBIX PEIICTKAX ISl Pa3IMYHbBIX
Sipp IO CETKE J0JIEN TOCTHKUMBIX y3JI0B p; = p. + Ap;, tie Ap; = 0,37+, 374, [ 3713

Bce pesynbraret Ha puc. 1 ObUTH MOMYYEHBI C HCTIONb30BaHueM (QyHKIUH «ssi20( )» u3
naketa “SPSL”, BeimymieHHoro aBropom mia cucrembl R mox nunensueit GNU GPL-3 [6].
Jlis oLIeHKH mapaMeTpoB PErpecCHOHHON MOAEIH HcIojb3oBaiachk (pynkuus “gsl nls()” u3
nakera “gslnls”, Beimymennoro mox juneHsueit GNU GPL-3 mist cucremst R [7]. Tlpumepst
pE3ybTaTOB, OTYUYEHHBIX MIPHU MMOCTPOCHUU anmpokcuMmanuid Buaa (4), (5) u (4), (7) nns moni-
HOCTH CTATHBAIOIIMX KJIACTEPOB IO JOJISIM JOCTHKUMBIX Y3JI0B Ul KBaJPAaTHBIX PEIIETOK C
(1, 0)-okpecTHOCTBIO, B3BEIIEHHBIX Cly4yailHON BennunHoil S> ~ B(1, 1), npuBenexs! B cineny-
IOLIEM JINCTUHTE.

Formula: Pxb ~ pbeta(p,1,1) * F1(p,bO,bl)

Parameters:

Estimate Std. Error t value Pr(>|t|)
b0 0.624557 0.001329 470.10 < 2e-16 **x*
bl 0.022861 0.001213 18.85 1.75e-15 **x%

Signif. codes: 0 “**x’ 0.001 ‘*x’ 0.01 ‘x> 0.05 ¢.” 0.1 ¢« * 1
Residual standard error: 0.02201 on 23 degrees of freedom

Number of iterations to convergence: 14
Achieved convergence tolerance: 2.082e-17

Formula: Pxb ~ pbeta(p,1,1) * F1(p,bO,bl) * F2(p,b2,b3)

Parameters:

Estimate Std. Error t value Pr(>|t]|)
b0 0.6033508 0.0014372 419.80 < 2e-16 **x
bl 0.0172637 0.0004244 40.68 < 2e-16 **x
b2 ©0.5375818 0.0067632 79.U49 < 2e-16 **x
b3 0.0727979 0.0034454 21.13 1.25e-15 **x

Signif. codes: 0 “**x’ 0.001 ‘*x’ 0.01 ‘x> 0.05 ¢.” 0.1 ¢« * 1
Residual standard error: 0.004179 on 21 degrees of freedom

Number of iterations to convergence: 13
Achieved convergence tolerance: 3.003e-15



B OcJIoM, Ka4€CTBO HOCTpO@HHOfI alllpOKCUMAllUU MOXXHO OXapPaKTCPU30BATH KAK XO-

poiree. Ecnu ucnonb30BaTh B KaUeCTBE METPUKU KaueCcTBa OCTATOYHOE CTaH/IAPTHOE OTKJIIO-
Henue (RSE), To misa nepexoanoit pynkuuu F(p) nuzmenenne monenu ¢ (5) Ha (7) npuBOAUT
0osee 4eM K MATHUKPATHOMY POCTY KadecTBa allpoKCUMAIMK g GYHKIMH Py(p) MOIIHOCTH
CTATUBAIOIINX KJIACTEPOB: G.s5/0.7 = 0,0220/0,0042 = 5,24. HeTpynHO 3aMETHTb, YTO AJISI CABU-
TOBBIX TTapaMeTpoB MozelH (7) BBITIOTHSAIOTCS HEPABEHCTBA BUIA bs < po < by.

PaGora BbimonHeHa npu (uHaHCOBOM moanepxkke Poccuiickoro Hayunoro ®onpa

(mpoekt Ne 23-21-00376).
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