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B namnoit pabore mpeyiozKenbl 1Ba KPUTEPUs OIMEHKN PAbOTOCIIOCOOHOCTH METO/1a HeJIMHEel-
HON IPUIUHHOCTHU 10 [ pefiHmKepy, KOTOpbIe MO3BOJISIIOT BhIOpAThH 3HAUEHUA Jlara U JTaJIbHOCTH
IIPOTHO3a, IPU KOTOPBIX JIOCTUTAIOTCS JIyUIINe UYBCTBUTEIBHOCTh U CIEIU(PUIHOCTD; IYBCTBH-
TEJTbHOCTD OIPEIe/ISIeTC TeM, HACKOJIbLKO CJIa0yI0 CBSI3b MOXKET JIeTEeKTUPOBATH METOJ, & ITOJ
CITEMUPUIHOCTHIO TTOHUMAETCST CIIOCOOHOCTD N30eraTh JTOXKHOIIOJIOKUTELHBIX Pe3yIbTaToB. B pe-
3yJabTaTe MPUMEHEHUs TPEIOKEHHBIX KPUTEPHUEB Ha TPUMeEPEe HECKOJBKUX OJJHOHAITPABIEHHO
CBA3AHHDBIX 9TAJOHHBIX CHCTEM OBLIH MOJIYIeHbI TPAKTUIECKIe PEKOMEHIAINH 110 [T0I00PY Hapa-
METPOB MOJIEJIN: Jiara U JIaJbHOCTU ITPOrHO3A.

Kotogesble ciioBa: MONCK CBS3aHHOCTU, TPUIMHHOCTH 110 ['pefiHzKepy, MOJeIUpPOBaHHE 10
BPEMEHHBIM DPsiTaM

1. BBegenue

OupejiesieHre HAJIMYUST U HAIIPABJICHUST CBSA3M MEKJLy MOJCHCTEMAMU CJIOKHBIX CHCTeM (3a-
Jlava TIONCKa CBSI3AHHOCTHI) 0 UX 9KCIEPUMEHTATBHBIM HAO/IIOIACMbIM (3amucsaM X KoJeOannii)
BPEMEHHBIM PsijiaM aKTyaJIbHO BO MHOTHMX 0O0JIACTSIX 3HaHWA. JJIsT peleHust 9Toil 3a/1a4u paspa-
6OTaHO MHOXKECTBO METOIOB, B TOM UHCJIE: BBIUNC/IEHHEe (PYHKINNA KPOCC-KOPPEISIIIUT, KOTepEeHT-
HOCTH, HHIEKCa (pa30BOil CHHXPOHU3AINK, (PYHKINNA B3aUMHON HH(MOPMAINN, & TaKKe IMOIXOIbI,
OCHOBaHHBIE Ha IOCTPOEHUM IIPOIHOCTUYECKUX MOJEJEH, K KOTOPBIM OTHOCUTCS U PacCMaTpUBa-
eMblit MeTos npuauHHOCTH 110 ['peitapkepy [1]. ABrop paszpaboras ero IpUMeHUTETHHO K SKOHO-
MHKE, HO Ceifi4ac OH YCIIENIHO MPUMEHSIeTCsI, HAIPUMEDP, B (DU3MOJIOrUK I BbISABICHUS CBsI3€il
MKy Pa3JIMIHBIMU OTJEJIaMU TOJOBHOIO MO3ra [2—4|, B KJIMMATOJIOTMH — JIisi TIPEICKA3AHUsT
noBejieHnst MyccoHOB |5]. HecMoTpst Ha mpo3padHOCTh Hien MeToja, ero paboToCloCOGHOCTD 3a-
BHUCUT OT JeTaJieil IPOoLeyphbl peaIn3allii.

B mamnnoii pabore MbI IpejjiaraeM HOBBIH ITOAXO0/ K PeAJH3allni MEeTo/Ia, sl CJIydasi, KOrja
BPEMEHHBIE peaiu3allii UMEIOT SIPKO BhIparkKeHHbIe COOCTBEHHBIE XapaKTepHble BPEMEHHbIE Mac-
mrabbl (OJMH WJIM HECKOJIBKO), KOTOPBIM COOTBETCTBYIOT MAKCUMYyMbI B ClIeKTpe dacToT. Korma
CIIEKTD y3KOIOJOCHBIH, €ro XapaKTepHbI MaciuTad yI00HO ONPEIesIsTh 10 ABTOKOPPEIAINOHHON
dyukiuu. Takue cucTeMbl JJOCTATOYHO PACIPOCTPAHEHbI B IIPUPO/IE: HAIPUMED, PATMUIECKOE U3~
MEHEeHHe COJTHETHON aKTuBHOCTH (4ncio msaren Ha CosmHie), KosebaTe bHble M3MEHEHUST TOTEH-
[IMAJI0B TOJIOBHOTO MO3ra (HAIPUMED, IIUK-BOJHOBBIE KOMILJIEKCHI TIPU abCAHCHOM SIUIETICUN UJTH
f-puT™M BO BpeMmsi CHA), CUTHAJBI cepina (OCHOBHOI CepEUHBIl PUTM B KapAnorpaMme), W JIp.
Wnest moaxosa cOCTOUT B TOM, 9TO HAPAMETPBI MOJIE/IN, UMEIOIIHEe CMBICT BpeMeH! (BPEMEHHOi
Jar [, ICIo/Ib3yeMblii DU BJIOXKEHWUN JJIsi PEKOHCTPYKIMH BEKTOPa COCTOsiHUS [6-8|) 1 1ajbHOCTD
[IPOTHO3a T CJIEIYeT CBA3ATh C XapaKTEPHBIM MacCIITabOM HabJIIoMaeMbix Kostebannii. HekoTopnie
HCCJIC/IOBAHNS] B JAHHOM HAIIPABJICHUH yKe NPOBOIIINCE: B pabore |9] mokazaHo, 4TO HemocTa-
TOYHAs] JacTOTA BBIOOPKHU M, KaK CJIEICTBUE, CJMUIIKOM OOJIbIINE 3HAUeHUs T U | BeIyT K CH-
CTEeMaTHYECKUM HEYCTPaHUMBIM OINIMOKAM B OIPEICICHUN HAIIPABJICHUS CBA3AHHOCTHU, B IIEPBYIO
oYepeib — K ITOSIBJIEHUIO JIOYKHOIIOJIOXKUTEIbHBIX BBIBOJIOB O Hajgudnu cBsizu. B padore [10] Gbi-
JIO MOKA3aHO, YTO K IOJOOHBIM OIMMOKAM MOI'YT BECTH M CJIUIIKOM MaJjble 3HAYEHHUS T, U OBLIO
[IPEJJIOYKEHO UCIIOJIH30BaTh 3HAYMEHUE T, paBHOE YeTBEPTH XapaKTEePHOTO IIEPUOIa HAOII0TaeMbIX
KOJIeOaHMIA.

OnHakKo B IIEJIOM BOIIPOC 006 ONTHUMAJIBLHOM BBIOOPE MapaMeTpoB T ¥ | IO CUX IIOp JaJeK OT
peleHus] JazKe JIjIsl OTACIbHBIX Y3KUX KJIACCOB CUTHAJIOB, B TOM YHCJIE€ BCJIEICTBUAE TOTO, YTO UC-
[I0JIb30BaHHbIE PaHee YUCJIeHHbIe KpuTeprun paboToCIIOCOOHOCTH METOIa IPUIHHHOCTH 110 ['peiin-
JIZKepY HOCHJIN CJIMIITIKOM YaCTHBIA XapakTep — yUYUTBIBAJINA TOJILKO OJIUH U3 IapaMeTPOB METO/Ia:
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b0 JTAIbHOCTD IPOrHO3a, Kak B [10], mmbo mar Bbibopku, Kak B [9], b0 BUJ MCIOIB3YEMbIX
annpokcumupytomux Gynknuii, kak B [11]. [Tosromy B ganHOl paboTe IIpeJIOKEHbI U anpobu-
POBaHbI Ha PsIJIe STAJOHHBIX CBA3AHHBIX HEJIUHEHHBIX CUCTEM JBa HOBBIX YMCJICHHBIX KPUTEPHUS,
XapaKTePHU3YOMNX paboTOCIOCOOHOCTh METOA B 3aBUCUMOCTH OT T U [ IIPH PA3JIUIHBIX BEJIUIN-
HaX CHJIBI CBsi3u. Ha ocHOBe IpuUMEHEeHMsI 9TUX KPUTEPUEB ClIeJIaHbl OOIINe BBIBOIBI O HAMJLY YIITIX
1 HAUXYIIIUX 3HAYEHUSIX T U [ J1JIsT MOJeJIell, UCIOIb3yeMbIX B MeTO/e NPUIMHHOCTH 110 |'peiiH-
JIZKEPY JJIsT OIIPEIEIEHIsI CBSI3aHHOCTH CUCTEM I10 CUTHAJIaM, HMEIOITUM BhIPAaXKeHHBII BpeMeHHOI
macmtab (nepuos, kosebanmii). [Tokazana crernenb 3aBUCUMOCTH PABGOTOCIIOCOOHOCTH METOJA OT
YPOBHSI HEJIMHEHHOCTH MCXOIHBIX JAHHBIX, KOTOPBI OIPENe/IsijiCa IO CTAPIIEMY JISIIIyHOBCKOMY
[MOKA3aTEJTIO.

B opurunasbHoii pabore [1| mcnosb3oBasnch JIMHEHHBIC aBTOPErPECCHOHHBIE MOJEIH, HO
B HACTOsIIEe BPeMsl B KaueCTBe AIllPOKCHMUPYIOMMX (PYHKINNA YACTO HCIOJIL3YIOT CTEleHHBIE
nosimHOMBI [11], a Takke pajmasnbhble Gaszuchble dyHKImn [12]. B nansoM ncciemoBannn pac-
CMATPUBAJIICH TOJHKO MOIEH C IOJUHOMUAIBHON HEJIMHEHHOCTHIO ODINEro BHIa; TAaKUe MOIEIH
JIOCTATOYHO YHUBEPCAJLHBI U B TO YK€ BpeMsl HanboJiee 4acTO UCIOIb3YeMbl Ha IMPAKTUKE BCJIE]I-
cTBHe cBoeil mpocrorhl. [Ipu sToM Gpasmch HeCOJIbIINE 3HAUEHUS PA3MEPHOCTH MOIEIH M I10-
psLIKa TIOJIMHOMA, 9TO ODYCJIOBJIEHO B IIEPBYIO OUYEepeih YKEeJIAHUEM CJIe/IaTh PE3yJIbTaThbl pabOThI
[IOJIE3HBIMU C IMIPAKTUIECKON TOUKH 3PEeHUsI, KOrga 00beM JaHHBIX CHIBHO OIPAHUYIEH BCJICJICTBIE
crernudUuKN SKCIEPIMEHTa, HECTAIIMOHAPHOCTH WM KeJIaHUsl TIOJIy YUTh [IPHEeM/IEMOe BpEMEHHOe
paspellierre pu IMOCTPOSHUN MOJIe/Iell BO BDEMEHHOM OKHE, KaK 3TO JIeJIa/I0Ch, HAIIPUMED, B pa-
6ore [13]. Takue Mozesu cojep:kar He 09eHb MHOIO KO3(hMUINEHTOB, KOTOPbIE MOYKHO HAJIEXKHO
OIICHUTDH 10 Psiy HEOOILIION IINHDL.

2. ITpuamaHOCTH 110 I'peitHaKepy

Hamomuum cyThb npejjioxkennoro I'peitnjzkepoM merosa. IlycTh uMeroTcsa samnmcu Koseba-
Huit gaByx cuereMm — ps {z, MY, or cucrembt X w pan {y,}Y_; or cucremwr Y, rie n (n =
=1,2,...,N) — auckpernoe spems, N — jmma pajos. Ha ocnose anammsa peammsanuit {x, }Y_;
u {y, }N_,, KoTopble B 06IIeM CITydae colepyKaT I My MBI, TpeGyeTcs Olpe/e/INTh, BIHAeT CHCTeMa,
Y na cucremy X win wer. Ha nepsom mare ¢TpouTest MHIMBULyATbHAST MOJIEb (JIMHAMUYECKAST

crucTeMa):
/

Tpyr = f(xn)mn—l) < s Tp—(Ds—1)i» Cs)v (21)
rie X, — NpeICKa3anHoe 3HAYCHHE B MOMEHT BPEMEHH 7 U MOXKET OTJIMIATHC OT U3MEPEHHO-
ro 3HAYCHUS Ty, [ — anmpoKcuMupyromas QyHKIMs (ecan OHa HeJWHEHHA, METO/ HA3BIBACTCS
HeJIMHEHON npuanHHOCTRIO 110 ['peiinkepy), | — Jjar Mogenn (KOJIUIECTBO IATOB JINCKPET-
HOTO BPEMEHHU MEeKJIy TOYKAMH Psija, oopasyomumu [)g-MepHBIi BEKTOP COCTOSHUN MOIEIN
Xp (T, Tyt - - - s T ( DS—1)1)7 T — JAJbHOCTH MPOTHO3a (PACCTOsIHUE BO BPEMEHH MEXKJLy IIPe/l-
CKa3bIBAeMOIl TOUKO{l u Hambosee OIM3KON TOUKOI BeKTOpa cocrosHust), Ds — pa3MepHOCTbH
WHJIUBULyAJIBHOM Mojien (YUC/I0O TOYeK BPEMEHHOTO Dsijia, COCTABJISIONIMX BEKTOP COCTOSIHUS,
KOTODBIl PEKOHCTPYHUPYeTCsi METOJIOM BPEMEHHBIX 3aJiepikeK |7, 8]), ¢® — HenmsBecTHbII BEKTOD
K03 DUIMHUEHTOB, KOTOPHIN OI0NpAETCs METOOM HAUMEHBIITNX KBaJIPaTOB TaK, ITOOBI MUHUMU-
3MPOBATh CPEAHEKBAJIPATHIHYIO OMMOKY ammporcnmarmn (2.1):

e = % Z (2], — xn)2 : (2.2)

n=1+(Ds—1)l+1
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Cﬂe,ﬂyIOHLI/IM nraroMm CTPOUTCdA COBMECTHasd MOIEJIb, B KOTOpOfI KpoMe JJaHHbIX W3 DsdJda

{2, }_, ncnomszyercss D, amenos u3 pajga {yn b

x'/r;-i-q— = g(mn) Tn—ls -+ s Tn—(Ds—1)l> Yns Yn—15 - - s Yn—(Dy—1)1> Cj)) (23)

riae T ecTh NpeICKa3aHHOe MOJEbI0 3Hadenue, ¢/ — KOIDMUIMEHTH COBMECTHONW MOJIEIH.
MunnmusupoBannas CpeJHeKBaIpATUYIHAs OINMUOKA ITPOrHO3a COBMECTHON MOJIEJN, aHAJOIHY-
HO (2.2), mMmeeT B

N

2 % 3 (2 — z)”. (2.4)

n=7+(max(Ds,Dq)—1)l+1

IIpu 532' < E% roBopaT, uTo Y nefictByer Ha X (CHCTEMBI CBSI3aHBI).
B kauecTBe Mepbl CBA3AHHOCTH, KaK MPABUJIO, UCIOJb3YETCs MOKA3ATENb YAYUUECHUS NPO-
2no03a:

PI=1- (2.5)

™ | )
NN | <.

Ecin PI = 0 (yuer curaasa Y He omor B npejickazanuu X ), TO CYATAIOT, YTO Y He BO3JIEHCTByeT
na X. Ecmn ke PI — 1 (yder curnana Y CyIIeCTBEHHO YJIydINIUJ Hpejckasanne X ), CIUTAIOT,
uro Y BozzeiictByer Ha X.

[TpakTuKa MOKA3bIBAET, UTO BHIOOD ITAPAMETPOB ONUCAHHO Hpomeayphl (Jara [, JajbHOCTH
poruosa 7, pasmeprocreit Dy u Dy, Buja HenHeRHBIX DYHKIWHA f 1 ¢) CyIIeCTBEHHBIM 00pa3oM
omnpezesgeT padboTocnocobHoCTh MeToa. Hampumep, ncrnoab3oBanmne CaIUIKOM MAJIbIX UK CIIUII-
KOM OOJIBIUX 3HAYEHUN T MOXKET NPUBOIUTH K OOJIBIIOMY YHUCIY ONIUOOK — TOJIOKUTEIHHBIX
BBIBOJIOB O HAJIMYUH CBSI3H, KOIJla OHa B JeiicrBurenbrocT orcyrcrsyer |9, 10|. Ipenebpexe-
HIle HeJTMHEHOCTHIO IPU MOJIETMPOBAHNN TaCTO MPUBOAUT K TOMY, UTO PEATBHO CYIECTBYIOIINE
cBsi3u He jierekrupytores |11, 14]|. PaGorocnocobrocT MeToa MOXKHO 106UTHCsI, paspabaTbiBast
CHEIUAIN3UPOBAHHDBIE TEXHOJIOTUN €0 PEAJIU3AINY JIJIsi BEIOPAHHOIO JIOCTATOYHO Y3KOr0 KJIacca
CUCTEM, UCXOJIS U3 JIONOJHUTEIBHBIX COO0PaXKEeHU, HAITPUMED, allpUOPHON nHMOPMAITUU O CBO-
CTBaX HUCCJIEJLyeMON CHUCTEMBbI, WX 0a3upysCh Ha Pe3yJbTaraX aHAJIUTUYIECKOTO U YUCJIEHHOTO
aHajm3a 6a30BbIX (TAJOHHBIX JIJIsl 9TOr0O Kjacca) Mojeseil. Kak yke ylIoMUHAIOCH, MBI JIe/1aeM
9TO JJIsl CUCTEM, B JABUKEHUU KOTOPBLIX IIPUCYTCTBYIOT XapaKTEPHbIE BPEMEHHBIC PEAJIM3aIlUu.

3. Meroauka uccjaenoBaHuss padOTOCIIOCOOHOCTH METOIa

PaboTocmocobHOCTL METOMOB JAETEKTHPOBAHUS CBSI3AHHOCTH JIBYX CHCTEM IPUHITO XapaK-
TEPU30BATh UX TYBCTBUTE/IHHOCTHIO U CHEIU(PUIHOCTHIO. 1yBCTBUTEILHOCTD OIPE/IE/ISIETCST TEM,
HACKOJIBKO CJIa0YI0 CBSI3b MOXKET JIETEKTUPOBATH MeTojl. Pasyimdnbie hakTopbl (OrpaHUYEHHOCTD
HabJTIO/TAeMBIX BPEMEHHBIX PSAJIO0B, IIIYMbI H3MEPEHUH, NCIOIb30BAHNE CJIUIIKOM ITPOCTBIX Oa3nc-
HBIX (DYHKIHIT, HEJIOCTATOUHASI TOYHOCTD PACCUETOB U T.II.) HE MO3BOJIAIOT JeTeKTUPOBATH CBSI3b
IIPU CKOJIb YTOJHO MAJIBIX ee ypoBHsX. 1lom crenmdrnaHoCThIO MOHNMAaeTCsT CIIOCOOHOCTH METOIA
n30eraThb JJOXKHOIOJIOKUATETBHBIX PE3YAbTATOB. XOpoIasi CIIeluUIHOCTb O3HAYAET OTHOCUTE b=
HO MaJioe UHCJIO JIOXKHBIX CBsi3eil (HAfiIeHHBIX TaM, IJle WX HA CAMOM JieJIe HET), a IIOXas —
6OJIbIIOe WX YUCJI0. B TUIUYHOM cilydae MeToj HpuduHHOCTH 10 ['peitrmkepy (puc. 1) maer
HeHyJieBble 3HaveHuss Pl B 06e CTOPOHBI JlayKe JIJIs OJJHOHAIIPABJIEHHO CBS3aHHBIX cucreM [15].
Takoro poga ommOKA 9acTo OOYC/IOBJAEHBI KOHEUHOCTHIO 00beMa SKCIEPUMEHTABHBIX JAHHBIX
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WM HeyJadHbIM BBLIOOPOM HapameTpoB MeToja. IlosTomy npu pacuere PI 9acTo HpOBOISAT Te-
CTHPOBAHUE 3HAYUMOCTU IOy 9eHHBIX 3HAYCHUIT — BEPOATHOCTH TOTO, YTO HEHYJIEBbIC 3HAYCHIS
HoKaszaTe/isl y/IydIleHns IIPOrHo3a II0JIyYeHbl He CJIydaiiHo. 3HAYMMOCTh MOYKHO OIICHMBATh pas-
JIMYHBIMHA CIIOCOOAMU, HAIIPUMED, UCXOJIsl U3 COOOParKeHHIl O TEOPETUIECKIX CBOMCTBAX OCTATKOB
MoJiestH |9] min Ha OCHOBE TeHEpaIly pas3JndHbIX cypporaros [10, 13, 15].
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Puc. 1. 3aBucumocTsb nmokazaresist yiaydinenns: nporaoda PI or koaddunmenTta c¢Bs3u k, KOraa TOJIBKO O/JI-
Ha (B030yzK/alolasl) cucreMa JeficTByer Ha BTOpyIo (BejoMyio): (a) Tunudnelii Buj 3apucumoctu P or k,
rie kgrye — MUHUMAJIBHOE 3HAYEHKE, IIPU KOTOPOM CBSI3b 3HAYUMO OOHADYYKUBACTCA METOOM B 32BEI0MO
BEPHOM HAIPABJICHUN, 8 Kfalse — MUHUMAJILHOE 3HAYCHHE K, [IPU KOTOPOM CBA3b 3HAYMMO O0HADY KUBACTCS
B HeBepHOM Haupasjiennu (cepag Junus); (b) npomunocrpuposan kpurepuii (3.1) ouenku ahdexrusHO-
CTH MeTO/[a HeJIMHEeHOM npuunHHOCcTH 110 ' peittzkepy; (¢) nporuocTpupoBad Kpurepuii (3.2), roukamu
OTMEYeHbI 3HAUEHMsI, IPU KOTOPBIX 0 = 1.

B pabore [10] 6bw1 npeioxKen moaxos Jyist oneHKn 3bGEKTUBHOCTH MeTo/ia IPUIMHHOCTH
o ['peitHzKepy Ha CHCTeMax CBSI3aHHBIX YPaBHEHUI, COCTOSIIINI B ONPEIEJIeHI KPUTUIECKOTO
3HadeHns K03 UIMenTa CBA3aHHOCTH k, P KOTOPOM 3HadeHue PJI CTAHOBUTCS 3HAYHMBIM.
O60o3HAUIM KaK k = kirye MEHIMAJIBHOE 3HAUCHHE, IPH KOTOPOM CBSI3b 3HAYUMO OOHADYYKIBA-
eTCsI METOJIOM B 3aBEOMO BEPHOM HAIIPABICHHH, & k = Kfjse — MHUHIMAJIbLHOE 3HAYEHHE, IIPU
KOTOPOM CB$I3b 3HAUNMO OOHAPYXKUBAECTCS B 3aBEIOMO JIOKHOM HampasieHnn. 1locKoIbKy 3aBu-
cumocthb PI(k) 06bHO HOCUT U3pe3aHHbIil Xapakrep (cM. puc. la) Be/ieJCTBIE HAJTMYUS [Ty MOB,
Pa3IMIHBIX HAYAJIBHBIX YCIOBHUIT M KOHETHOCTH JIUHBI Psiia (HepaBHOMEPHDIH 00X07 aTTPaKTO-
pa), 9acTo HeOOXOMMO YCPEJIHEHUE 1O Peasn3alusiM.

Opuako Jiisi 3asiBJICHHON HAMU IEJIU — HCCJIe0BAHUS 3aBUCUMOCTU PE3YJIBTATOB OT Iia-
pameTpoB [ u T — mnosydenabie Kpusble PI(k) HyKIAOTCS B JOMOJHUTEIHHON 00paboTKe, I10-
CKOJIBKY (DAKTHUIECKH [IPUXOIUTCS paccMarpuBarh 3asucumoctb PI(k, [, 7). Takyto 3aBucumocts
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HEBO3MOXKHO IIPEJICTABUTH HA IpaduKe B HHTYUTUBHO MOHATHON (hopme. [Tosromy HeobGxommmo
pa3paboTaTh JONOMHATEIbHDbIE, HHTerPaIbHble KpuTepun. [Ipn mpakTnieckoM HpUMEHEHNH Me-
TOJIa BEJIMYMHA CHUJIBI CBSI3M HEM3BECTHA, a 3HAUUT, B IEJISX MCCIEOBAHNUS CJIEYeT PACCMOTPETh
MAKCHMAJIBHO IIUPOKNiT Juana3oH Besmind k. Hipkuss rpannia Takoro [uanasona COOTBETCTBY-
eT OTCYTCTBHIO CBs3u k = 0, BepXHsisl — CHHXPOHU3AIMN BELYIIeil U BEJJOMON CHCTEM, HOCKOJIBKY
B CJIyae CHHXPOHHOTO IIOBEIEHNST BBISIBUTDH HAIIPABJICHIE CBSI3H YK€ HEBO3ZMOXKHO U3-38 TOTO, ITO
3HAYEHNS JIBYX M3MEPEHHBIX BPEMEHHBIX DSJIOB COOTHOCATCS B3AMMHO OJHO3HAYHO, a CJIeJ0Ba-
TesIbHO, NH(OPMAIIUS O HAIPABJICHNN CBSI3H 1OTepsiHa. [{JIst OleHKN BepXHEil IPaHUIbl 3HAYCHUSI
koabdunuenta cBsa3u k = kpyax 110 METOIUKe, TpeJJIoKeHHOl B pabore [16], onenuBascs Ko-
sddunnent GaszoBoil cuHXpoHH3AINE. JTO 0O0OCHOBAHO TEM, YTO B CHCTEMAaX C XapaKTePHBIM
BBIPA’KEHHDLIM BPEMEHHBIM MacITaboM (ha3oBas CHHXPOHHU3AINS, KaK IPABIIO, MOXKET OBITH XO-
POIIIO JIMAPHOCTHPOBAHA ¥ IIPH STOM IIPEJIIIECTBYET JIPYIUM BHJIAM CHHXpoHm3amn [17].

IIpakTrKa TOKA3BIBAET, UTO IPHU BHIOOPE ITAPAMETPOB MOEN IPUXOIUTCA COOIOIATE OLTH-
MaJIbHBI GaaHC MEKJLy BBICOKOIl 1yBCTBUTEJIBLHOCTBIO U BBICOKOIO CIEIU(DUTHOCTHIO, TOCKOIb-
Ky YJIydIeHre OJHOTO M3 STHX CBOHCTB MOJENH, KaK IIPABIJIO, BEJET K YXY/AIIEHHIO JPYTrOro.
J1st BBIGOpa OnTHMAaJsIbHBIX 3HAYCHUIl | ¥ T OBbLIM BBEJIEHBI J[BA YHUCJCHHBIX KPUTEPHs, B HEKO-
TOPOM CMBICTIe 110700HbIX Kpureprio [sapra [18], mosBossiiomeMy HARTH KOMIIPOMUCC MEZKLY
(1) TOYHOCTBIO OIHMCAHMST PsIJIa MOJICJIBIO 1 (2) Pa3MepPOM MOEIN U HAJICKHOCTBIO OICHKH KO-
dUIMEeHTos.

1. Tlepsblii KpUTepHil yIUTHIBAET, HACKOJBLKO B CPEIHEM JJIs BCEX PACCMOTPEHHBIX 3HAYCHUN
k paznugatorcs Beamanabl PI B 3aBeoMo BepHYIO (Pliye) 1 B 3aBe10MO JTOXKHYIO (Plgyse)
cTopoHbl (cM. puc. 1b), u onpezensiercs Gopmytoi

Sl - <P-[true(k7) - PIfalse(k)> (31)

&
Benuunna mepBoro Kpurepust BU3YaJIbHO OINPEIEIAETCA CPeIHell IMTUPUHON 3aIlITPpUXOBAH-
HOit obsiacTu Ha pucyHke 1b. TTockosbky cornacho (2.5) PI ectb HOpMUPOBAHHAS BEJIMIMHA
n m3Mmensiercss ot 0 go 1, BemmanHa S7 MOYKET U3MEHSIThCsT Ha oTpeske or —1 mo 1. Ecim as
Beex 3uadennii k Pliye = 1 (CBA3M B BEPHYIO CTOPOHY OIPEAETIAIOTCS UICATbHO IPU JII000i
cuie ¢Bsi3n), a Plgyse = 0 (CBsi3U B JIOXKHYIO CTOPOHY BCErJa OTCYTCTBYIOT), TO COIVIACHO
(3.1) S1 = 1. Ecin okasbiBaercs, 90 (Plipye), = (Plgalse);, (y/Iydllenue mporuosa B Bep-
HYIO U JIOXKHYIO CTOPOHBI B CpEJIHEM OJIUHAKOBO, TO €CTh METOJI HE CIIOCOOEH OIIpPEe/IeTUTh
Hanpasienne casn), S; = 0. Eciam ke Plgyge = 1 1 Plipye = 0 (B JI0XKHYIO CTOPOHY CBSA3H
HAXOJISITCSI BCEIVIa, a B UCTUHHYIO — HUKorja), S; = —1.

2. Bropoit kpurepnit (cM. puc. 1¢) yIUTBIBAET 3HAYUMOCTH IIOJYyYEHHBIX 3HadeHuit PI, HO
He YUUTBIBAET MX abCOJIIOTHBIE BEeJIMIMHBL: BBoJUTCA Besmuanna 0(k); 0(k) = 1, eciu cBsi3b
B BEPHYIO CTOPOHY OIIpe/IeJIeHa KaK 3HAUnMasi, & CBsI3b B HEBEPHYIO — KaK He3HAUNMasi, HHa-
qe §(k) = 0. Hasee snauenust 0(k) ycpeasiroTcs o BceM k, UTOrOBasi BEJIMIUHA So JIEKUT
B auanazore or 0 (Her Takux k, IPU KOTOPBIX CBSA3HM B BEPHYIO CTOPOHY OIPEJIEJISIIOTCS KAk
3HAYMMble, & B HEBEPHYIO — KaK He3HauuMmble) 10 1 (Jj1s BceX k CBSI3U B BEPHYIO CTOPOHY
OIPEJIEJISTIOTCST KaK 3HAYMMbIE, & B HEBEPHYI0 — Kak He3HaunMble). Takum obpasoM,

— L
Sy = 7 > 6(k),
S(k) — {LPItrue > PIsign A Plgage < PIsigm
O)Pltrue < PIsign V Plase 2 PIsign)

(3.2)
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rje Zj — YUCJIO PACCMOTPEHHBIX 3HadeHuit kosddunuenta cpasu, Plgg, — 310 95 Y%-Hblit
YPOBEHb 3HAYUMOCTH, MOJIYUIEHHBIN IIPU HCIHOJB30BAHUE CYPPOTaTHBIX BPEMEHHDBIX PsJIOB,
[IOJIyYEHHBIX OT TEX YK€ CHUCTEM, YTO M MCCJIELyeMble Ha CBA3aHHOCTL PAJbI, IIPH TEX YKe
sHaUeHUsX KoabduuenTos, Ho 6e3 cBsa3u (anamornano [15]).

Kpurepun (3.1) u (3.2) momosusior apyr apyra. Ecam kpurepuit S jgocTuraer 3HavdeHus,
6 IM3KOT0 K 1, MOKHO YTBEPXKAATDH, ITO METOJ, paboTaeT XOPOIIO IPHU JTaHHbIX TapaMeTpax, a ec-
g 6m30oK K 0 wam oTpuiiaTeseH — MeTon padoraeT 1ioxo. [Ipm 3ToM mpoBepKY 3HAYUMOCTH
MOXKHO HE€ MPOBOANTH. Ecim ke Kpurepuii S| NPUHEMAET HEKOTOPDIE MPOMEXKYTOTHBIE MEXKILY
0 u 1 3HAYeHMS, TO TECTUPOBaAHWE HA 3HAYMMOCTH CYIIECTBEHHO, M PAbOTOCIOCOOHOCTH METOIA
OTIPEIESIETCS IO KPUTEPHUIo S9, COT/IACHO TeMy BBIOOD mapaMeTpoB [ u 7 TeM 60jiee ONTHMAaJIeH,
qeM OoJiblte Sg.

4. YuceHHBII 3KCOEPUMEHT

4.1. BpigBjeHNE 3aBUCUMOCTHU 3HAYEHUI IIPEACTABJIEHHBIX KpUTEPUEB OT [
U T IPU Pa3/IMYHbIX 3HAUYEHUAX CTAPLIEro JIAILYHOBCKOI'O IOKa3aTeJisd

[TpumeneHne peJIOKEeHHbIX B pasjese 3 kpurepues (3.1) u (3.2) mpowumocTpupyem Ha
CBSI3AHHBIX OJIHOHAIIPABJICHHON CBA3BIO BHIA Kk - Yo (3HaueHmst Koddduimenta cBasu k ObLIn
orpanmdenst 0.5) cucremax Pécciepa [19]:

T1 = —T9 — T3,
To = 1 + a1x2 + kyo,

&g =by — (1 — x1)w3, (4.1)

Y1 = —Y2 — Y3,
Y2 = Y1 + azyo,
U3 = by — (c2 — y1)y3-

3xech n gagee:

® TIapaMeTpPhbl ITAJTOHHBIX OCIULIATOPOB OBLIN BBIOPAHBI TAKUM 0OPA30M, ITOOLI IOJIYIUTh
XaOTUIECKUE PEKUMBI JIJIsT KazKJI0U MOJICUCTEMBI KaK IIPU OTCYTCTBUU, TaK U MPU HAJUTIUN
CBSI3W,

e ypaBHEHHUs] HHTErpUpoBaInch MerogoM Pyure—Kyrrer 4-ro nmopsiaka, ¢ marom At = 0.01;
® OTCeKaJcs repexoanoil mporecc pmuHoo B 1000 eguauir 6e3pa3MepHoOro BPpeMeHN;

® B YNCJIEHHOM KCIIEPUMEHTE UCIOJIb30BAIUCH PsAIbl ymHOI0 20 480 3HaveHwmii.

B kadecTBe HAOJIIOMAEMBIX HCIIOJIb30BAUCH BPEMEHHBIE PSIIbl KOOPJIUHATHI Lo KaXKI0H M3 IOJ-
CHCTEM.

Ucnons3oBano 4 Habopa mnapamerpos! mis cucrembl Péccsiepa, Ipyu KOTOPBIX CTapIIHe JIsi-
IIYHOBCKUE TI0Ka3aTe/ I BeJoMOol cucteMbl mpuHuMasn 3uadenus 0.6, 0.8, 0.1 u 0.12 npu nyieBoM

1a1 = 0146, bl = 03, c1 = 10, as = 0.167 bg = 0.2, Cy = 16; ayp = 0.1767 b1 = 0.197 Cc1 = 11, as = 0172,
bg = 0.2, Cy = 10; a; = 0.2, b1 = 03, c1 = 10, a2 = 0.2, bg = 0.15, Cy = 7.5; a; = 0205, bl = 005,
C1 = 20, ag = 020, bg = 005, Co = 11.
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snadernu Kosddunpenta csasu k. Cucrembl Pécciiepa pu BHIOpAHHBIX IIapaMeTrpax UMeT 6o-
Jiee TIIN MEHee Pa3MBIThIH (B 3aBHCHMOCTH OT BEJUYHUHBI CTAPIIETO JISIIyHOBCKOTO MOKA3aTE s )
nuk B crekrpe Ha dacrore ~ 0.18 (cMm. puc. 2a—d), 10 KOTOPOMY CJIOKHO OBLIO OIPEIETUTD
xXapakTepHblil mepuon 1" BegoMoil cucrembl. OQHAKO €10 MOXKHO BBIYHCIUTH 110 aBTOKOPPEJISIII-
oHHOM (yHKIuu (cM. puc. 2e—h) Kak MoJoXkKeHne MepBOro JIOKAJIbHOIO MAKCUMyMa; JJisi CUCTEM
¢ /Ay =0.06, Ay =0.08 ® A} = 0.10 on pasen npubausuTessbao 620 orcaeram (6.2 eaumu Ge3pas-
MEpHOTo BpeMmeHn), it cucreMbl ¢ Ay = 0.12 — 655 orcueram. Bugno, urto ¢ yBemmdaennem Ag
CTEIIEHDb PEryJasgpHOCTU KOJebaHull B IEJOM yMEHDLIIIAeTCsI, YTO COOTBETCTBYET 60jiee OBLICTPOMY
CIIAQIAHUIO KOPPEJIANNY 38 XapaKTePHBIN TepUo.

Ay =0.06 A =0.08 A; =0.10 A1 =0.12
1. L . T T . e . e
0.5/ -1\ A+ 0508 -\ A 0.5 -\ 0.5H A5
S 00H A S 00 A S 00N o 00H
—05 A T o AL Y g T sl e T oYY .
—1.0 —1.0 —1.0 —1.0

[ [ L1 L1
0 5 ltO 15 20 0 5 1t0 15 20 0 5 1t0 15 20 0 5 ltO 15 20

(b) (©) (d)

1.0 T 77 1771 107777
0.8F-i-qi--4--- o 0.8 -t-fi--i----- B
0.6+ Fhli 0.6 B
= 0.4 e = 0.4+ B
0.2 -+ o 0.2 = WP A= B
| | | |
0.0 0.2 0.4 00 O 2f 0.4
(2 (h)
1.0—T—TT1 1.0—T—T7T1
0.8F-:--:--: - 0.8t imi-ue- E
> 0.6 > 0.6+ -
= 04 Tt 2 04 j
0.2 T 0.2 i RN
| | | | | | | |
0.00.0 0.2 04 O.OO.O 0.2 04
/ k k
() (k) @

Puc. 2. Asrokoppenganuonnbie dbyuximu (a) u cuekrpbl Mormuoctu (b) Bemomoit cucrembr Pécciiepa pu
PAa3IMYHBLIX MMapaMeTpax U BeJIMUMHAX CTAPIIEro JIAMYHOBCKOTO moKasaTeast Aj.

Basucumoctu 3uadenuii (3.1), (3.2) or | npu pasjMUHBIX 3HAUYEHUSIX T U A TpPEICTABIEHBI
Ha PHCYHKe 3, OTKyJa BUAHO, 9To 1ipu [ = T'/2 nabofaercs 9eTKuil MUHIMYM Tpaduka yHK-
Uy 1A OOJIBIMMHCTBA 3HAYEHW 7. AHaJOrm4Hblil MuanMyM Habmomgaerca upu [ = T, XoTd oH
Mmenee BbipaxkeH. CornacHo Kpurepuio (3.1), Hamrydrime pe3ysibTaTbl METOJ HeJUHEHHON mpu-
YUHHOCTU 110 ['pefiH/IKepy MEeMOHCTPUPYET HpU 3HAYCHUSX [, JEXKAIMUX B nHTepBaigax ot 1'/4
1m0 T'/2 w or T'/2 no 3T /4 upu Beex 7. o kpureputo (3.2), yu4uTHIBAOINIEMY 3HAYUMOCTD, Ta-
KHUE 3HAYCHUA | TAKIKEe ABJISAIOTCA YIATHBIMA, HO JIy9IINE PE3YJILTATHI JOCTUTAIOTCA IIPU MAJIOM
(HO He eauHUYIHOM) | U T, GJIM3KOM K IIOJIOBUHE XapaKTEPHOrO mnepuoja. Te yKe BBIBOJbI MOXK-
HO CZIeIaTh, PACCMOTpeB AByMepHbie 3apucumoctu S1(7,1) u So(7,1), mocTpoeHHbIe s Crydast
Ay = 0.1 (puc. 4). IIpu sToM 3aMeTHO, YTO 062 KPUTEPHUs YKA3bIBAIOT HA OYEHb HU3KYIO -
bekTHBHOCTD MeTO/a IPU JAJBLHOCTH TPOrHo3a T = 1, ocobenno npu [ < T'/4, aro cormacyercs
¢ BBIBOJIaMH, TIoJrydeHHbIMI B pabore [10]. Huskast paborocriocobHOCTb MeTo/Ia Py BeinanHax [,
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KkpaTHbIX T'/2, cKOpee BCero MoKeT 00bsICHIThCsI OOJIBIION KOppesisiiieii KOMIIOHEHT BEKTOPa, CO-
CTOSIHUSI, BCJIEACTBIE Yero OHM HECYT HEI0CTATOYHO HMHMOPMAIUNA O PACCMAaTPUBAEMOM CHIHAJIE.
DTa rurorTesa MOATBEPXKIACTCA TEM, YTO JIjIsi HAOOPOB apaMeTpPOB, COOTBETCTBYIONINX ObICTpee
CIIATAIONIEH 3a HEePHOJ] KOJIeOaHN aBTOKOPPEIAIMOHHOI QyHKImN, 3Hadenns [, kpaTabie 1'/2,
OKAa3BIBAIOTCSI HE CTOJIb IJIOXUMU, KaK 1 B CIydae 60jiee MeIJIeHHOTO CIAJIaHUsT AaBTOKOPPEJISTINN.

I'pacukn, npejicTaBieHHble Ha PHCYHKE 3, HO3BOJIAIOT CAEIATh BBIBOJ O TOM, UTO JIJIS BCEX
3HaveHnil T HanboJiee CUIILHO 3aBUCHMOCTH Kpurepues (3.1) u (3.2) or 3Hauenust | BbIpazKkeHa 1pu
MAJIbIX 3HAYEHMSIX CTAPIIEro JIAMYHOBCKOTO IIOKA3aTeJNsl, TO €CTh €M MeHbIIe CTapIInii JIsIry-
HOBCKHII TTOKa3aTelIb, TeM BakHee Jiist 93 GeKTUBHON PaboThl METO/[a HEJIMHEHHON IIPHYUHHOCTI
o 'peitakepy NMpaBUIbHBIN BHIOOD BeJIMIUH [ 1 7.

— A1 =0.06 -- A1 =0.08 — A7 =0.10 --A; =0.12

T =14 T =28
03 T T T T 03 T T T T

0.2
S1 0.1
0.0

1 1
0'00.00 0.50 1.00

UT

0.00 0.50 1.00
1/T

Puc. 3. Basucumocrn sesmaunubl kpurepues (3.1) u (3.2) or sara mMozenn (H3MepsieTcs B XapaKTEPHBIX
LepHOoJIax) [P PA3JIMYHBIX JAJLHOCTAX IIPOIHO3a Jisl IBYX OJHOHAIPABJIEHHO CBA3aHHBIX cucTeM Péc-
ciepa (4.1), mocTpoeHHbIe IPU UCIOJIL30BAHUKM Mogesieli ¢ pasmepuocramu Dy = 2 u D, = 1 u upn
anmpokcumanun GyHKIUi f u g moguHOMaMu OOIIEero Bua.

Ciiestyer orMeTuTh, 9T0 3aBucuMoctb So(l) nmpu A; = 0.06 He coBceM MOXOXKa HA AHAJIOTUY-
HbI€ 3aBUCUMOCTH IPH JIPYTUX 3HAYEHUSX A U JI€KUT CYIIECTBEHHO HUKE JIJIs Psijia 3HadeHuit [.
[Monpobubit ananus 3asucumocreit PI(k) mjist 9T0ro ciydasi MOKa3bIBaeT, 4TO 9TO MOMKET ObITh
00YCJIOBJIEHO BBICOKOI CTEMEHBIO CHHXPOHU3AINU BEJIOMON U BefyIei mojcucreM (Koaddurm-
eHT (Ha30Boii cuHXHpOHM3anuKU nopsigaka 0.7 st GOJIBIIMHCTBA 3HAYEHUiT k), BCJIEICTBUE 9ero
UCIOJIb3yeMble JIJIsl OIIpeJIesIeHIsI 3HAYNMOCTH CYpPPOraThl, IOCTPOEHHbIE Ha OCHOBE HECBSI3aHHBIX
CHUCTEM, HE ITI03BOJIAIOT OIIPEJICUTh HAIPABJICHUE CBA3U: CBA3b B 00€ CTOPOHBI JICTEKTUPYETCs KaK
3HaINMasi (TO €CTh METOJ IPUIMHHOCTH 110 ['peiinpKepy He MPOXOIUT TECT Ha CIEIUPUIHOCTD ),
xotrd Benm4uuHa Pl B BEepHYIO CTOPOHY 0OJIbINIE, YEM B HEBEPHYIO.

Amnanornynble IpeJ/ICTABIEHHBIM Ha PUCYHKE 3 Pe3yJabTaThl ObLIN HMOJIYYeHBI IPH JIPYTUX
COYETAHMAX Pa3MEPHOCTH WH/IUBH/IyaJbHON Mojiem Dg W CTENeHW TOJNHOMA U, B YaCTHOCTH,
upu Dy =3, v =3 u Dy = 2, v = 2 u upu 6osiee JetaabHOM mepebope 3HadeHuil 7 (¢ marom
10 orcueros, uro coorsercrByer npumepro 0.0167).
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(a) (b)

0 02 04 06 08 _ .
lag/T ' lag/T

Puc. 4. 3apucumocrn Besmunsbl kpurepues (3.1) u (3.2) or 3HaveHHi JajsbHOCTH MPOTHO3A T W Jara |
(u3MepsIIOTCs B XapaKTePHBIX [IEPUOJIAx) JJIs JIBYX OJHOHAIIPABJIEHHO CBsI3aHHBIX cucreM Péccsepa (4.1),
HOCTPOEHHBIE IIPH HCIIOIb30BAHUN MOJeeil ¢ pasMepnoctamu Dy = 2 u Dy = 1.

4.2. BpigBJeHUE 3aBUCHUMOCTHU 3HAYEHUI IIPEACTABJIEHHBIX KpUTEPUEB OT [
U T AJId PA3JIMYHBIX TAJOHHBIX CUCTEM

OOIIHOCTD CIEIAaHHBIX BBIBOIOB IIOATBEPXKIAET YUCJICHHBI SKCIEPUMEHT C OJHOHAIIPABJICH-
HO CBsI3aHHBIMU ypPaBHEHUsIMU JIBYyX reHeparopoB Kusimko —I[Tukosckoro—Pabunosuaa [20].

21 = 0.1521 + 9 — 0.9323 + kyq,

Tg = —x1,

0.2¢3 = x1 — f(x3),

y1 = 0.23y; + y2 — 0.755ys, (4.2)
Y2 = —y1,

0.293 = y1 — f(y3),
f(p) = 8.592p — 22p* + 14.408p>.

XapaKTepHBblIii epnost BeIoMoil cucreMbl paseH mpumepro 611 Toukam (6.11 equnur Ge3pasmep-
HOTO BpeMeHHM). 3HaveHusi Kodddunuenrta csssu Obutu orparudennr 0.038. Crapumii Jistiy HOB-
CKHUIl TIOKa3aTesb s BEJIOMOIi IOICUCTEMBI B OTCYTCTBUE CBsi3u cocrasisier A; = 0.059, gro
MEHBIIIEe, YeM JJIsi cucTeMbl Pécciiepa.

N3 pucynka 5 Bujino, 9To panee copMyJInpPOBAHHbBIE BBIBOJIBI TTOATBEPKIAIOTCHA. BO-TIePBbIX,
3aMeTHBI YeTKHe MUHIMYMBI 3asucumocreii S (1) ms [, 6iuskux xk 1/2 u 1. Bo-Bropsix, s | <
T /4 paboToCOCOOHOCTh MeTO/a IpU T = 1 CYNIECTBEHHO HUYKE, YeM IPU JPYTUX 3HAYCHUIX T.
B-tperpux, kpusbie S1(l), mocrpoentbie 1yst T # 1, epeceKaloTcst IPUMEPHO B OJIHON TOYKE IIPH
sHavenusx [, nemuoro 6Gosee T'/4. Buauenuss kpurepus (3.1) masibl B cpaBHeHHU ¢ 1, M03TOMY
BayKHBIM TaKKe SIBJISIETCS AHAJIN3 PE3YJIbTaTOB Kpurepus (3.2), yUIUTHIBAIOIIEIO 3HAYNMOCTD.
Kpusbie na rpaduke So(l) umeror Menee BbpazkeHHble MUHUMYMbI pu | = T'/2 u | = T, uem
B CJIydae MPEeJIbIIYIIell CUCTEMBI, IIPU 9TOM 3aMETHO, YTO METO/J[ B IIeJIOM HEIIOXO padoTaeT s
JI00ObIX [ U T.

AHAOTUIHBIE PE3YILTATHI OBLIN TOJIYYEHBI ¢ UCTIOJIB30BAHUEM MOJEIN C Pa3sMEPHOCTDHIO
Dy = 3 u nomuaoMoM crerieHn v = 2. [lojryueHHbie Pe3yIbTaThl IOITBEPKIAI0T CIAeJTaHHbII paHee
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Puc. 5. 3aBucumoctu Besmunsbl kpurepres (3.1) u (3.2) or snara Mojgesnn (M3MepsieTcss B XapaKTepHbBIX
[EpUOJIAax) IIPU PA3IUYHBIX JAJLHOCTIX IPOTHO32 JIJIg OJHOHAIIPABICHHO CBI3aHHBIX yPABHEHUI reHepa-
ropos Kusaniko — ITukosckoro — Pabunosuya (4.2), 10CTpOEHHBIE IPU UCIIOJIBL30BAHUN MOJE/ICH ¢ pasMep-
Hocramu Dy = 2 u D, = 1 u upn anupoxkcumarmu dbysximilt [ u g nosunomamu obmiero suja (a) u (b)
COOTBETCTBEHHO, (C) — CHEKTDP MOITHOCTH BeJOMOM cucTeMbl, (d) — aBTOKOppessinnonHast hyHKIHsT JJIsT
BEJIOMOI CUCTEMBI, (e) — 3aBUCUMOCTH KO3 durmenra (Ha3z0oBoil CHHXPOHU3AIMN BeIyIIeil U BeJOMOI
cucreM YV, or KoabdbununenTa cpasn k.

BBIBOJ[, ITO IIPH HAJMIHE OJHOIO BBIPAXKEHHOI'O XapaKTEepHOro MaciuTaba 3HadeHus [, OJu3Kue
K T/2 u T, He ciie/lyeT UCIOIB30BATh [IPU OIIPEJIEJIEHUN CBSI3aHHOCTH METOJIOM [IPUIUHHOCTH 110
I"peitnmxepy.

[TepeiiieM K pacCMOTPEHUIO CHCTEM, 00JIATAIONTIX OOJIBIINM yPOBHEM HEJIMHEHHOCTH (CTap-
il JISyHOBCKUiT TIOKa3aTe/ b KOTOPBIX HaxoauTcst B juanasone or 0.1 10 0.2). Oguum u3 npu-
MEpPOB TaKHUX CHCTEM SIBJISIIOTCSI CBsI3aHHBIE JIMHEHHON OIHOHAIIPABIEHHON CBSI3bIO YpPABHEHUSI
reseparopoB Anwuienko — Acraxosa [21]:

21 = 1.106x1 + 9 — 2173 + ky1,

jj? = —T1,

i3 = —0.68x3 + 0(z1)z?,
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1 = L1111y +y2 — y1y3,
Y2 = =1,
U3 = —0.7y3 + 0(y1)y?,

0, mpmx <=0,
0(x) = (4.3)
1, wpmzx > 1.

Suavenusi koaddurmerta cps3u O6bun orparudenbl (.15, Craprimit JsSmyHOBCKUI TTOKA3aTeh
BegoMoil noycucrembl Ap = 0.136.

Ha pucynke 6¢,d mpejcraBiieHbl CIIEKTP MOIIHOCTH W aBTOKOPPEJSIMOHHAsT (DYHKIIUST Be-
JIOMOI TIOJICUCTEMDBI, U3 rpaduka KOTOPOW MOXKHO BUJIETH, YTO OHA MMEET OJIMH XapaKTePHBIi
macTab Kosiebanuii, paBHblil ipumepHo 683 orcueram (6.83 equHUIBI GE3pA3MEPHOrO BPEMEHN ),
HECMOTDs Ha J[Ba IUKa B ClleKTpe MoimHocTu. [Ipu srom aBrokoppessdiuonnas OYHKINA ABHO
acUMMeTpUYHa, B oryinane oT (yHKIwuil cucrem Pécciepa u ypaBrenuii reneparopa Kusiko —
[Tukosckoro — Pabunosuda, KOTOpble BU3YAJILHO MAJIO OTJIUYAINCH OT 3aTYXAIOEH CHHYCOUIbI
(cm. puc. 2a—d u puc. 5d).

PesysbraTel npumenennst obonx KpuTepueB IpejcTaBieHbl Ha rpadukax (puc. 6a—b). Ha
rpaduke 3aBucuMocTu S (1) MOKHO BUJIETDH JIBa MUHUMYMA AHAJIOTUIHO TOMY, UTO HAOJIIOIAIOChH
JIJIsT paHee PACCMOTPEHHBIX CHCTEM, OJJHAKO PACIIOIOKEHbI He Ha Besanuniax | = 1T/2ul =T, ana
MEHBINNX 3HAYCHUSX, [TOJIOKEHNEe MUHUMYMOB Pa3/IMIHO [JIsT PA3JIUIHBIX 7. TakyKe MUHIMYMBI
MeHee BBIPAXKEHBI. DTO, CKOPEE BCErO, SIBIISACTCS CJCICTBIEM HAJIMYNS BTOPOTO MHKa (B CIIEKTPE
Ha GoJIbIIell YacTOTe), COOTBETCTBYIOMIEIO MEHBIIEMY MIEPUOJY. DTHU Ke BBIBOJBI IIOTBEPK I~
I0TCS 3aBUCHMOCTBIO Sa(l), HO It Hee MEHIMYMBI PACIIOJIOXKEHB! O/IM3KO K 3HadeHusM [ = 1'/2
u | = T, oupeaeeHubIM 10 aBTOKOPPEIANHONHON pyHKIuu. Jlydmme pe3ynabraTbl paboThl Me-
TOJla MPUYMHHOCTH 10 ['peifHKepy mnosyuatorcst B quanazone 1/4 < | < T/3, aro B 1nenom
coryiacyercs ¢ pesyJsibTaTaMu, 1mojydenubiMu B pasjeste 4.1. IIpu srom 3nadenue gajgbHOCTH IPO-
rHo3a 7 = | BHOBb OKa3bIBaeTCst MeHee 3(DMEKTUBHO TP MAJBIX [, UeM OOJIbINe 3HAUCHUS.

PacemoTpum erne ojiHy 9TaIOHHYIO0 CUCTEMY, KOTOpasl, Kak u cucreMa (4.3), 1eMOHCTPUPYET
CJIOYKHYIO CYIIECTBEHHO HEJTMHENHYIO KOJIeDATEbHYIO JUHAMUKY, — YPDABHEHUs aBTOI'€HEPATOPOB
C TOJIyTOpa CTeleHsIMI CBOOOIbI [22]:

&1 = (Fi(zs) — 21)/3 + kys,
o = a1 — X3, (4.4)
T3 = x9 — 0.21z3,
= (Fa(ys) —y1)/3,
Y2 = Y1 — Y3, (4.5)
ys = y2 — 0.22ys,

Fi(2) = 26z exp(—2?),

(4.6)

Fy(z) = 28z exp(—22).

Suauenns: kodddunmenTa ca3u k ObLtr orpanmdernl 0.2. Crapiuit JIsITyHOBCKA TOKA3ATEIEM
cucreMnl Ap = 0.148.

B kadecTBe HAOIIOIAEMBIX HMCIIOJB30BAJNCH KOOPAUMHATHI T1 U Y1, KAK U paHee, HO ypaB-

HEHUsI MHTerpupoBajuch ¢ maroM 0.03, 9To0bI Ha OJMH XapaKTEPHBIA MepUO MPUXOIIIOCH

[IPUMEPHO CTOJIBLKO K€ M3MEPEHHIl, CKOJILKO JIjIsi CHCTEM, PacCMOTPEHHBIX panee. [lo crekTpy
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Puc. 6. Basucumoctu sesmaunnbl kpurepues (3.1) u (3.2) or sara mMozenn (H3MepsieTcs B XapaKTEPHBIX
LepHOJIax) IPU PA3IMYHbIX JAJbHOCTSIX IIPOIHO3a Ul OJHOHAIIPABJIEHHO CB3aHHBIX yDAaBHEHUIl reHepa-
TopoB Anummenko — Acraxosa (4.3), MOCTpOeHHbIE TP UCTIOIB30BAHUT MOJIENIeH ¢ pasMepHOCTsSMHA Dy = 2
u D, = 1 u upnu amnpoxcumarnuu dbynxiuii f u g nojmuaomamu obmmero suga (a) u (b) coorsercrBento,
(¢) — cuekTp MomHOCTH BegoMoit cucrembl, (d) — aBrokoppessnuonnas GOyHKIMs JIJig BEJIOMON CrUCTe-
MBI, (€) — 3aBHCUMOCTL Kodbdurmenta Ga30Boil CHHXPOHU3ANN Beaylell u BexoMmoit cucreM Wy, OT
ko3 durnmenta cBa3u k.

MOIITHOCTH (pHC. 7C) ONEHUTH XapaKTEPHBII BPEMEHHON MACIITad HEBO3MOXKHO, MOCKOJIBKY OH
nMeeT HeCKOJbKO MukoB. OCHOBHOMN PO, OMpeIeaseMblil 3 Tpaduka aBTOKOPPETSIITHOHHOMN
dyukuun, pasen 20.2 exuHUIBI 6E3pa3MEPHOrO BpeMeHH (MM npuMepHO 673 ToYKM Jyisi mepe-
BBIOPAHHOTO Psifia.).

Huskasi aBTOKOppEJIsIUs HEIIOCPEICTBEHHO OTpaykaeTcsi Ha 3apucumoctu S (1), MUHUMYMbI
B KOTOpOil Ha BesmumHax nopsinka 1'/2 n T' BolpazkeHsl ciaabee, 9eM y PACCMOTPEHHBIX paHee
CHCTEM, TIPU 9TOM TOJIbKO 1pu 7 = 140 (HEMHOrO MeHee YeTBEPTH XapaKTEPHOIo MEepuojia) 3Ha-
vennst kpurepust S1(l) crabuabao Boime 0.06 mpu BeeX pacCMOTPEHHBIX 3HAYCHUSX [, B TO BPEMsI
kak kpuBble S1(l) npu 7 = 1 u 7 = 280 KosebaOTCH BO3JIE HyJsisl. B 1eJIoM HU3KHUE 3HAYEHUsI
kpurepus (3.1) 7ar0T MOBOJ yCOMHUTHCSA B PAOOTOCIIOCOOHOCTH METO/IA JJIsl TAHHO CHCTEMbI IIPH
BBIOPAHHBIX PA3MEPHOCTSAX M CTEIEHU AlllIPOKCUMUPYIONIEro MoJimHOMa, HO rpaduk Ss(l) moka-
3BIBAET, ITO C YIETOM IPOBEPKN 3HATMMOCTH MOYKHO JOCTOBEPHO ONPEENTDH HAJININE U HAIlPaB-
JICHHOCTB BozjieiicTBust 6osiee yeMm B 70 % ciiydaes, ec/iu UCIOJIb30BATH yIaqHOe coYeTaHue T u .
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Puc. 7. 3aBucumoctu Besmunnbl kpurepres (3.1) u (3.2) or snara Mojgesnn (M3MepsieTcss B XapaKTepHbBIX
[EpUOJIAax) IIPU PA3IUYHBIX JAJLHOCTIX IPOTHO32 JIJIg OJHOHAIIPABICHHO CBI3aHHBIX yPABHEHUI reHepa-
TOPOB € TOJIyTOPa CTEIEeHAME CBOOOIBI (4.4), IIOCTPOCHHBIE IPU UCIIOJIL30BAHUN MOJIEJIEH ¢ PA3MEPHOCTI-
Mu Dy =2 u D, = 1 u upu annpokcumanuu GyHKIuA [ 1 ¢ HOJMHOMaMU OOIIEro BUJA, INar BbIOOPKU
cocrasiisit 0.03 exuuuIbl 6e3pa3MepHOro BpeMeHnu, HabJogaauch koopauaarsl ¢1 u yp (a) u (b) coorser-
CTBEHHO, (€) — CHEeKTP MOIIHOCTHU BeJOMOili cucrembl, (d) — aBrokoppesnuonnas GhyHKIMs JJIg BeIOMON
cucreMsl, () — 3aBHCHMOCTDL Koddbdurmenta ¢ha3oBoil CHHXpOHU3ANI Beayeil u BegoMoit cucreM Uy,
oT Ko durmenTa cBa3u k.

Kpowme Toro, npn ucnosib3osannn 7 & 1'/4 BepoATHOCTH BEPHBIX BBIBOJOB JOCTUTAET HE MEHEE
60 % st Beex 3Havenuii | B unrepsase ot 1T/12 mo T'/3, uro B ouepeHON pas MOATBEPK AT
pesyabrarbl paboTsl [10]. AHasorndHbIe PE3yJIbTATBl MOYKHO IIOJYYUTb U HPU UCIOJIb30BAHUN
7 =1, HO B OoJjiee y3KOM Juala3oHe 3HaUeHUi [.

5. 3akJiroyeHnue

AXTHUBHOE HCIIOABL30BAHAE METOJ0B OIICHKHN CBA3aHHOCTHU, OCHOBAHHBIX Ha ITOCTPOCHUN IMIIN-
PUYIECKUX IIPOrHOCTUICCKUX MO‘Z[GJIGIU/I, npu o6pa60TKe IKCIIEpUMEHTAJIbHBIX JaHHbIX HaIIPAMYIO
CTaBUT BOIIPOC O HAAECZKHOCTU TAKHUX ITOAXOJO0B U 3aBUCUMOCTU IIOJIyYIa€eMbIX PE3YyJILTaTOB OT IIa-
paMeTpOB 9THUX METO/JI0B. rZLJIH MeTOa TPUYINMHHOCTHU II0 FpeﬁHg:pKepy BaKHBIMU ITapaMeTpaMn
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SABJISIIOTCS JIAT [, UCIIOJIb3YEMBbIi IPU PEKOHCTPYKIINN BEKTOPa COCTOSIHUST METOI0M BPEMEHHBIX 3a-
JIepKeK, 1 JaIbHOCTH IIPOrHO3a T, B 0COOHHOCTH JIJIsI CHIHAJIOB, HMEIOIINX XapaKTepPHbII BpeMeH-
HOIT MaciTab Kojebannit. B manHOT paboTe /st TAKOTO THIIA CUT'HAJOB HA OCHOBE PACCMOTPEHMST
Pa3JIMIHBIX TECTOBBIX NMPUMEPOB (STAJOHHBIX CHCTEM HEJUHEHHON TUHAMUKHA U PaTrohU3NKN )
copMyInpoBaH psij PEKOMEHIaInil 110 BeIOOpY [ 1 T.

JL1s1 peleHust MoCTaB/IEHHON 33 a1 HaMU pa3pabOTaHbl JBa NHTEIPAIbLHBIX KPUTEPHs -
PEKTUBHOCTU METO/Ia NPUIMHHOCTU 110 ['pefiHizKepy, MO3BOJISIONINE Ha STAJOHHBIX IPUMEpax
OIPEJE/ISTh JIYUIe 3HaYeHUs T U [ JJIsI IMIUPOKOIr0 AUAIIA30HA, CHJI CBA3U JIJIsI OJHOHAIIPABICHHO
cBsi3aHHBIX cucreM. OOUH U3 KpUTEpHeB Oas3upyeTcss Ha CpedHeil pasHUIle MEXKIY YJIydlleHn-
eM IIPOrHO3a B 3aBEJIOMO BEPHYIO W 3aBEIOMO JIOYKHYIO CTOPOHY U SIBJISIETCSI HOPMUPOBAHHBIM,
usMeHsisicb or —1 10 1. Bropoil Kpurepuii yIuThbIBaeT Tak»Ke YPOBEHb 3HAYMMOCTH BBIBOIOB O
CBA3aHHOCTU. B maHHOI paboTe 3HAYNMOCTH PACCYUTHIBAIACH C IIOMOINBIO CYPPOraTHLIX BPEMEH-
HBIX PAJIOB, B3ATBIX OT TeX YK€ STAJOHHBIX CHCTEM, HO IPU OTCYTCTBUM ¢BaA3u Ha yposue (.05
(Bo3MOZKeH JTI000# JAPYyTOoil criocob OIEHKN 3HAYUMOCTH). BbIOOD jmama3oHa CUjl CBsI3U, MPH KO-
TOPOM OYIYT MPOBOAUTHLCS UCCIIEIOBAHNS, sIBJISETCS BaykKHBIM: Ha IPAKTHKE YPOBEHDb CB3HU, KAaK
U ee HaJM4YKe, HEe U3BECTHBI M, 3a4aCTyIO, NMEHHO UX TPeOyeTcs HaiTH, IO9TOMY IIPU PacCMOT-
PEHUH 3TAJIOHHBIX CUCTEM MBI MCIIOJIB30BAJIN BECh AUAIIA30H CBS3€i, IIPH KOTOPOM HE HACTYIIAeT
CUHXPOHU3AIMS, IPEISTCTBYIONIAsI OIPEIC/ICHIIO HAIIPABICHUsI CBA3aAHHOCTH.

[Ipu poBemeHNN MCCIEIOBAHNS Mbl OPPAHUIMIINA Tepebop APYIUX MapaMeTpoB MeTOIa IIPH-
YMHHOCTH 110 ['peiiHjpKepy, MHaYe OHO OKa3ajI0Ch Obl CJIMUIIKOM OObEeMHBIM. JIjIsi IOBBIIIEHMSI
HaJEXKHOCTU B Psijie IIPUMEPOB aHaJOTMYHbIE pacdeThbl ObLIM IIPOBEACHBI M JJIsi CUCTEM C 0OJIb-
IIIMH Pa3MEPHOCTSIMU U CTEIEeHsIMU IIOJUHOMA, P 3TOM IOJIYUIEHBI IOJHOCTHIO aHAJIOIHIHBIE
PE3YIbTATHI.

ITo pesysibraTaM IIPOBEIEHHOIO AHAJIM3a IJIs KJIACCA CHCTEM C BBIPAXKEHHBIM BpPEeMeHHBIM
MacHmTaboM KoaebaHnil MOXKHO CIeJaTh CJIEIYIOIINe BhIBOIbI:

1. Boibop 3mHavenus [, paBHOTO WM KPATHOIO IIOJIOBUHE XapaKTEpPHOro Mmaciiraba Kojeba-
HU, SBJISIETCS HEYIATHBIM. DTO 00YCIOBICHO BBICOKOW Koppessiueit (6obInoil JuHeiHoM
3aBUCUMOCTDBIO) MEXKJIy BBIODAHHBIME TAKUM 00PA30M KOMIIOHEHTAMHU BEKTOPA COCTOSHUS,
BCJIEJICTBUE YErO OHHM BMECTE HECYT CJIUIITKOM MaJso (HeJIO0CTATOTHO) nHMOpMAIu 00 n3yda-
€MOM BPEMEHHOM Psijie. DTOT BBIBO/L SIBJISIETCsT HAJIEXKHBIM, TIOCKOJIbKY MTPOJIEMOHCTPUPOBAH
Ha BCEX PACCMOTPEHHBIX ITAJOHHBIX CHCTEMAaX.

2. 3aBUCHMOCTH pabOTOCIOCOOHOCTH METO/a MPUIMHHOCTH 10 ['pefinmkepy oT BbIOOpa 3HA-
YeHuii mapamMeTpoB | U T BbIparkeHa CUJibHee (MUHUMYMbBI B 3aBUCUMOCTH IIPEJIOZKEHHBIX
KpuTepueB OT | u T TuybrKe, a MAKCHMYyMbl BBIIIE) MPU MEHBIINX BEIMIHHAX CTAPIIEro
JIATIYHOBCKOT'O TTOKA3aTesIsd BEIOMOM MOICHCTEMBI. DTOT BBIBOJ CAECJAH HA OCHOBE PACCMOT-
peHusi KaK OJHOM U TOM »Ke CHCTeMbl ¢ Pa3IMYHBIMU JIAIYHOBCKUME TIOKa3aTe saMu (1pu
Pa3HBIX 3HAYCHUSX [APAMETPOB), TaK ¥ [IPH COMIOCTABICHIN PE3YJIBTATOB, MTOJIY ICHHBIX IS
PA3IMYHBIX STAJOHHDBIX CHCTEM.

3. MOxKHO Tpe/JIOKUTH JIBE CTpaTeruu BbIOOpa ONTUMAJBHBIX 3HadeHuil [ u 7. B mepsom
Caydae UCIOIL3YeTCa 3HAYEHNE Jiara, MEHDBIIEE ITOJOBUHBI XapaKTEPHOrO MEPUOAa, HAIPH-
mep T'/4 win T'/3, 10CKOJIBKY J1j1st GOJIBITMHCTBA CUCTEM B 3TOM 00J1aCTH UMeeTCst T100ah-
HBIH MAKCHMyM 3aBHCHMOCTH HPEJJIOKEHHBIX KpuTepues oT Beananbl [ ais 7 < 1T'/3. Bo
BTOPOM CJIydae CJIeJlyeT OPUEHTUPOBATLCs Ha cOUeTaHue GOJIBIION JaJIbHOCTH IPOrHO3a (TI0-
psaka 1'/2) u magsoro sara (manpumep, [ = 1'/10). Kakas crparernst npeamodTureabee —
B 3HAYUTEJHLHON CTEIEHN 3aBUCUT OT CHENU(MUKI PAcCMaTPUBAEMOro 00bEKTa.
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[IpeicraBieHHble pEKOMEH AN UMEIOT OIIPEJIE/IEHHYIO 00JIaCTh IPUMEHEHUsI, CBSI3aHHYO
¢ TeM, HACKOJBKO XOPOIITO PacCMaTpPUBAEeMasi CUCTEMa W HAOIIOIAEMBI OT Hee BPEMEHHON psi
BIIUCBHIBACTCS B BBIOpaHHbIN Kjaacc. Hammydmmm obpa3oM onu padoTaiorT jsd cjaado HeJaumHeil-
HBIX CHCTEM — CUCTEM C STBHO BBIPDAYKEHHDBIM MUKOM B CIIEKTPE, ¥ KOTOPBIX ABTOKOPPEIATIHOHHAS
dbyukuus cnagaer menienso (#e 6osiee, UeM BJIBOE 3a MEPUOJ) U CTAPINUIL JISIIyHOBCKUH TOKa-
zaresib MaJl (ckazkeM, He mpesbimaet 0.1). [TockombKy Bee 9T XapaKTepUCTUKI MOXKHO OIECHUTH
0 HKCTIEPUMEHTATHEHOMY BPEMEHHOMY DSIJTY, TIPEIIOKEHHbIE KPUTEPUN HECTOKHO MMPOBEPUTH HA
npaktuke. Cjeayer OTMEeTUTb, ITO U JIJIsi CUCTEM, HE MOJIHOCTBIO TIOJXOJISAIINX 0/T JTAHHOE OIpe-
nesienne (HAIPUMEp, MPH HAJIWYIUHA HECKOJIBKUX COM3MEPUMBIX IHKOB B CIHEKTPE M HEMHOTO
GOJIBITIETO JIAIYHOBCKOTO MIOKA3ATEIs), BBIBOJbBI B EJIOM OCTAIOTCS CIIPABE/IUBDI.
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Optimal selection of parameters of the forecasting models used for the nonlinear
Granger causality method in application to the signals with a main time scales
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The detection of coupling presence and direction between various systems using their time series
is a common task in many areas of knowledge. One of the approaches used to solve it is nonlinear
Granger causality method. It is based on the construction of forecasting models, so its efficiency
defends on selection of model parameters. Two parameters are important for modeling signals
with a main time scales: lag that is used for state vector reconstruction and prediction length.
In this paper, we propose two criteria for evaluating performance of the method of nonlinear
Granger causality. These criteria allow to select lag and prediction length, that provide the best
sensitivity and specificity. Sensitivity determines the weakest coupling method can detect, and
specificity refers to the ability to avoid false positive results. As a result of the criteria application
to several etalon unidirectionally coupled systems, practical recommendations for the selection
of the model parameters (lag and prediction length) were formulated.
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