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1. CJIOXXHbIE CUCTEMbI

OKoJIo yeTBepTH BeKa Hasaj B OOMXOJ Obl1 BBefileH CTpaHHBIH
TepMHH «00abuiLe (Ut CR0%HCHbI) cucmembly. BeTpeueHHsId Mo-
Hayasy BecbMa HEOJOODHTENBHO M CKENTHYeCKH, OH MocTe-
MeHHO MPIKU/ICT M AaXke BOLIe] B YyyeGHblE NMPOTPaMMBI BY-
30B, XOTs M IOHBIHE CYIIECTBYeT HU3BeCTHHIH pa3HOGOH B ero
TpaKTOBKe. MOXHO MNpeinoJIoXuTb, YTO TEPMHH «CJIOXHbIE
CHCTeMbl» OblJ BbI3BaH M3BECTHOH PacTepSIHHOCTBIO HCCJ/IENOBa-
Teslel Mepejl BO3HHMKIINMH JAEHCTBHTEIBHO CJIOXKHBIMH 3aja-
YaMH M COjepXasJ OIHOBPEMEHHO alpHOPHOEe OlpaBJaHue
BO3MOXKHOH HeyJaul HCCaefoBaHus. BmecTe ¢ TeM KaHHBIA
TEPMHH KakK OYATO CrellHa/lbHO BbI3bIBaeT aHAJNOTHIO € Mapa-
JIOKCOM O Kyue 3epHa, NOAYEPKHBAass TE€M CaMbIM H3BECTHYIO
HeOMNpeJieJIeHHOCTb 06/1aCTH HCC/1eJOBAHUS.

B npennaraemofi uurtaTesio Opolliope AaeTCsl MONBITKA
OOBSICHHTD CMBICJI MOHSITHSI «CJIOXKHasi CHCTEMa», PacKpbITh
ero copepxanue. OCHOBHOe BHHMaHHe YAeJsercs (opMmyJH-
poBKe 3ajiay TEOPHHU CJIOKHBIX CHCTeM, HX NPHK/IaZHON HHTEp-
npeTanuy, H3J0XKEHHIO psilia NMOAXOAO0B K peIeHHIO JaHHBIX
3aja4, a TakXke pacCMaTpHBaeTcsi MaTeMaTHUYeCKHH ammnapar,
AaloWUH BO3MOXKHOCTb H3y4aThb CBOHCTBA CJIOXKHBIX CHCTEM.

Pasymeercss, 06beM GpOLLIOPHl He MO3BOJsSIET OCTaHOBUTHCS
Ha BCEBO3MOXKHBIX aCMeKTaX TEOPHUH CJOXKHBIX CHCTEM — aBTOP
BbiOpas JUlIb T€ U3 HHUX, KOTOpble JeXaT B cdepe ero HH-
Tepecos.

Tepmun «cucrema» mosiBH/ICS B Hay4yHOH JuTepaTrype AaB-
HO M sIBJISIeTCS (PAaKTHYECKH TaKHM Ke HeompelesieHHbIM, Kak
«MHOKECTBO» HJIH «COBOKYNHOCTb». HauGosee mmpoko AaH-
Hbif TEPMHMH I€pBOHAYaJbHO HCMOJB30Ba/JACA B MEXaHHKe,
rae o6o3Hayaj MaTepHa/lbHYIO CHCTeMYy, T.e. COBOKYIHOCTb
MarepHaJbHbIX TOYEK, MOAYMHEHHBIX, BOOOLlE TOBOpS, He-
KOTOpbIM CBsI3siM. OCHOBHOH HHTEpeC AJsi MOJOGHBIX CHCTEM
NpefCTaB/]AIT 3aJa4d JIMHAMHMKH, BBISB/IAOLLHE HpH‘{HHHO-1
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CJEACTBEHHLIH MeXaHM3M MX ABMXKenusi. CTaHOBJeHMe IMHa-
MHKH KaK HayKH CBsi3aHO C TaKHMH HMeHaMH, Kak Ianune#,
To#irenc, Hopiorton. ennio HpioToHa Mbl 06513aHBI HE TOJBKO
TOUHOH (OpPMYJHPOBKOH OCHOBHHIX 3aKOHOB MeXaHHKH, HO
H TNoCTpoeHHeM JuddepeHIHaNIbHOTO HCYHC/IeHHsl, Ha KOTO-
poM 6a3upyloTcs ajeKkBaTHBle MaTeMaTHYeCKHe MOKENH Mexa-
HuueckuX cucrem. [IpuueM Modenu, Hcnoab3ywouiue pudde-
peHIaNbHble YpaBHEHHS, OKa3aJHChb HACTOJNBKO yHauHBIMH,
uyto OBlIM 3aTeM HCHOJNbB30BaHbI HJs ONMHCAHUS CaMBEIX PasHO-
06pa3HbIX (U3MUECKHX SIBJEHHH — 3JIEKTPUYECKHX, 3JIEKTPO-
MarHUTHBIX, THAPABJHYECKHX U T. A. B mocnenHue aecstuJe-
THS OHH NPHUMEHSJIMCh AaXe AJs onucaHHsi 60eBBIX onepauui
111], rsao6albHBIX NpPOLECCOB, MPOHCXOAsAUMX B Mupe [38],
U JpYTUX, B KOTOPHIX OJHA M3 TJIaBHBIX poJledl MpPUHALIEXKHUT
JKHBOH NpHpoJie BOOOLIE H YEJOBEKY B YAaCTHOCTH.

CucTeMbl, H3y4yaeMble KJacCHYeCKOH MeXaHHKOH, HHKTO
He Has3bIBaJl CJOXKHBIMH, XOTSl CTaHOBJIEHHe MEXaHHKH HacyH-
ThIBaeT He ORHO CToseTHe. 3aKOHH AHHAMHKH (MJH MO COBpe-
MEHHOH T'pPOMO3AKOH TEPMHHOJIOTHH — 3aKOHBI (PYHKIHOHH-
POBaHUs MeXaHHYECKUX CHCTeM) OBbIJIH MOJYYEeHbI AJUTE]bHBIM
HHAYKTHBHBIM nyTeM. BhiaBHraemble THMOTe3bl MPOBEPSIIUCH
Ha MHOT'OMHCJIEHHBIX OnbITaX. MHbple M3 3THX ONBITOB CTasu
KJaaccuyecknMu. ITpoBepsisiuch TakKe 1 MHOTOMMCJ/IGHHBIE CJIe-
CTBHS BbIABUTaeMbIX r'umore3. Bce 310 6bLIO peajM30BaHO BO
MHOTOM 6J1arofiapsi CyllecTByMolleil B MeXaHHKe (fa H B 60Jb-
IIYHCTBe JAPYTHX pasfesnoB (HM3HUKH) BO3MOXHOCTH CTaBUThb
«4HUCTBIE OMBITHIY, T. €. YCTPaHSITb MHOTOYHCJEHHBIE MeLlaio-
1mye GakTopbl — CBOJUTH TPEHHE K MHHUMYMY, CTaBUTDb OINBITHI
B BaKyyMe, MPOBOAHTb JOCTATOYHO TOYHbIE H3MEPEHHS H T. K.
Kpome Toro, yc/i0BHs OMBITOB MOIJIM GHITH BOCIPOH3BEJEHbI
¢ BecbMa GOJIbLIOH TOYHOCTBIO B IPYTOe BpeMsi H IPYrOM MecTe.
Muavue rosopsi, AHTENbHOCTb 3SKCIEpHMEHTa (T€ HECKOJbKO
BEKOB, B TeueHHe KOTOPBIX MPOM3BOAMJIHMCH OMbITHI) Obl1a Ha-
CTOJILKO MaJIoH, YTO 3a 3TO BpeMs BHEIIHHE YCJOBHd, BJHSIO-
HiYe Ha pe3yJ/bTaT OMNBITOB, €CJIM H H3MEHW/HCh, TO BeCbMa
HeCyI1leCTBEHHO.

Cutyauus «noemopsemocmu onbimos» CyllecTsoBaja Jo-
CTaTOYHO JO0Jr0, Ja CYIIECTBYeT M ceilyac, Korja peub HIET
O fABJIEHHSX, HE NOJBJIACTHHIX YenoBeKy. HoBas 3pa Hayasach
C MOMEHTa, KOrja YyueHble 3aXOTeJH HCCJAeNA0BaTh MPOLECCHI
H fIBJIEHHs, MHAMHKAa KOTOPHIX BO MHOI'OM 3aBHCHMT OT 4eJo-
BeKa, MPHHHMaeMbiX UM pellleHHH M KOTOpble CaMH BJIHSIIOT Ha
XHU3Hb YesloBeyeCKOro obuecTBa. Takue Mpouecchl M sIBJIEHHUS
ONUCBLIBAIOTCSA, KaK NMPaBHJO, GONIBIINM YHC/IOM TapaMeTpPoB —
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Puc. 1. Moacucremnl 1-ro ypoBHs.
1.1. — cucrema janbHero o6HapyXeHHMst U ynpaenaenus; 1.2. — cuc-
TeMa MHOTOKAaHaJbHOH CBfA3W ¢ camoJeTrom; 1.3. — cucrema cnenoit
nocagky; 1.4.— cucrema AHCHIeTYEPU3ALHH; 1.5.— 6oproBas cucrema
camoJera
Moacucremsl 2-ro yposHus.
2.1.1.— panuosoKanMOHHBIH nepegaTumnk; 2.1.2.— pagHoNOKaLHOHHbI
npuemHuK; 2.2.1.— nepepatuuk; 2.2.2.— npueMHHK; 2.2.3.— Bbiuu-
CIHTeNbHOE YCTPO#CTBO; 2.3.1. — BBIUHCIHTENbHOE YCTPOHCTBO; 2.3.2.—
pagHOJIOKALHOHHBIH mnepexatuuk; 2.3.3.— pajHOJOKAUHOHHBIH mpu-
e€MHHUK
lMoacucremnt 3-ro ypoBHS.
3.2.3.1.— ycrpoiictBo 06paGoTKH HHPOpPMALHUH, MOJYYeHHOH C moa-
CHCTeMB! JaJbHero oGHapyxeHus; 3.2.3.2.— yCTpOMCTBO «BeAEHHUS»
camosietoB; 3.2.3.3.— ammapaTtypa BbIZauH HHpOpMaUHH

OO/IbIIMM B TOM CMBICJE, YTO COOTBETCTBYIOLLHE YypaBHEHHS
1 COOTHOWIEHHS, KaK TIpaBHJ/O, aHA/JIHTHYECKH pa3pelleHbl
6biTb He MoryT. M 310 — OfiHa, HO He I/aBHas NMpUYHHA MO-
sIBJIEHHs] TepMHHa «CJoXHasl cucTema». [lpexamonaranock, 4to
«IIPOKJISITHE pasMepHOCTH» OyfeT XOTs Obl OTYAaCTH CHATO C
passutuem DBM. Oxasasoch, OfHako, 4To 310 He Tak. Ilo-
sisjienne OBM 1 ux GblcTpoe pasBHTHe MNOKa3aflH, YTO IS
CJIOXKHBIX CHCTEM CTapble MOJAEJH M METOIBl He TOAATCs, U BOT
3TO-TO CTHMYJHPOBAJNO pPAa3BHTHE TEOPUH CJOXKHBIX CHCTeM.
OCHOBHOH NMPHUYHHOH «OCEYKH» TPAaAMIHOHHBIX METOJOB HCCJe-
IOBaHUsl Oblla YHMKaJbHOCTb H3ydaeMblX CHCTeM, NpPHBOAL-
as K CHTyallMH, KOTAa AJIUTENbHOCTb SKCIEPHMEHTOB C HHMH
CpaBHHMa CO CPOKOM XH3HH camofi cucreMbl. Ilpnuuem oTHioab
He MHCK/II0YAaeTCsl CHTYyallist HEBO3MOXHOCTH 3SKCIEPHMEHTH-
poBaHHsl (HanmpuMep, C MpOeKTHpyeMo# cHCFeMoi). OTMeTHM
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TakXe IMPAKTHYECKYI0 HEBO3MOXHOCTH TNPOBENEHHS «UHCTHIX
CIBITOBY CO CJIOXHBIMH CHCTEMaMH — HX NPHXOAUTCS H3y4aTh
BO BCeM MHOroo0pasud meHcTByomHuX ¢akTopoB. MmenHo
5Ta OCEUKa W MpHBeJa K POXKAEHUIO TEPMHHA «CJIOXKHAsl CHCTe-
ma». IlosicHuM ckasaHHOe ABYMsi HpHMEpaMH, YMNpOLIEHHO
OMHCBHIBAIOIIUMH peaslbHble CHCTEMBI.

CucreMa ynpaB/JeHHs ABHXEHHEM Ca-
moaetoB [l10]. PaccMoTpum cucremy, uembio KOTOpO#H
SIBJISIETCSl PeryJIMpoBaHHe MOTOKa CaMOJIETOB B paHoHe Kpyn-
HOTO a3pojpoMa, YympaBieHHe nocaakoil (puc. 1). Takas
CHCTeMa COCTOMT M3 psifia MOACHCTEM: NaJIbHEro oGHapyXeHHd
1 ynpaBJeHHsl; MHOTOKaHa/bHOH CBsI3H C GOpPTOM camoJeTa;
cnenod nocaiku; ancneryepusaunu. ITockosbky 3ta cHcTema
B3auMo/leficTByeT (0OMeHHBaeTcs HHopmauueH) ¢ G0PTOBBIMH
CHCTEeMaMH KOHTPOJIMPYEMBIX CaMOJIETOB, TO NMOCJAEIHHE TaKKe
€CTECTBEHHO BKJIIOYHTb B COCTaB BCeil CHCTEMBI.

OmnuuieM Kpatko pabory Beeft cucTeMbl. CamoJieThl, nomna-
JaloliHe B 30HY BUAUMOCTH» IMOJACHCTEMBI JajibHero oGHapy-
JKEHHSl H yNpaBJeHHs, GUKCHPYIOTCSl paJuoJIOKaTopaMH, H Co-
GTBETCTBYIOIHE CHTHaJMBl 06pabaThIBAIOTCST BBIYHC/HTENbHBIM
yCTPOHCTBOM C LieJIbIO OTCEBA CaMOJIeTOB, CJAEAYIOLHUX B ApYyrue
zaponopThl. Ecau camosieT cjefyer B JaHHBIH a3pomopt, TO
yrpaBJleHHe MM GepeT Ha cebs NMOACHCTEMAa MHOIOKaHaJbHOMH
CBSI3H, COCTOsIlasi U3 MpHeMolepelalollero YCTpoHCTBa, OG-
MEHHBaollerocss MHGopMaLHeHd ¢ CaMOJeTOM H YNOMSIHYTHIM
Bblllie BHIYUCJHUTENBHBIM YcTpoiicTBoM. [locsiennee nocpencTeom
CrielHa/bHOM anmapaTypsl Bblaud MepefaeT HHGOpMaLMIO
B MNOACHCTEMY JAHCIETYepH3allMH, B KOTOPOH ONpefeJsieTcs
NOPAJIOK MOCaJIKH caMoJeTa, BBIAJSETCS NOCaJouHasi MoJioca
1 KaHaJ/, OTBeYaloWiil 3a CJIenylo MOCaAKy H B3JET CaMOJIETOB.

ViMeHHO B moOACHCTeMe AuCNeTYepH3allMH pellaeTcs, KOrAa
yIpaBJeHHe CaMOJIETOM CJefyeT mnepefaTb OT MOJCHCTEMB
JafibHell CBSI3H MOACHCTEMe CJIEMoH MOCaJKH M B3JeTa, B KOTO-
poil H 6yJeT NMpPOU3BOAUTLCA JdasbHelIass o6paboTKa HH(pOpMa-
unn. Ilogcucrema Ancneruepusanuy COCTOHT U3 LEHTPAJbHOTO
DHIYHCJHTEIEHOTO YCTPOHCTBA H COOTBETCTBYIOIIHX yCTPONCTB
BBONa-BbIBOa M oToOpaXenus uHbopmauuH. Iloxcucrema
NOCaJKH U B3JleTa B COOTBETCTBHM CO CBOUM HA3HaueHHEM CO-
CTOMT M3 paJHOJIOKALMOHHBIX MPHEMHBIX M TNepeJaloliuX
YCTPOHCTB U YCTPOHCTB mnepepaGOTKH HHQPOpPMaUHH.

Bce nepeuncsieHHble TOACHCTEMbI M COCTaBJSIIONME HX
yCTpoicTBa paboTalOT COBMECTHO, H HMEHHO COBMECTHas CoO-
rjacoBaHHas paGoTa ofecrieudBaeT HOpMasibHyl0 paboTy CH-
CTEeMBbl B IIEJIOM.
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Hanuune Gosplioro uyucsia YCTPOHCTB M CBsI3eH MeXIy
HMMH TIPUBORHT K HEBO3MOXKHOCTH HCC/IEIOBAHUST TaKOH CHCTe-
Mbl TPaJMIHOHHBIMH METOJAMH, XOTSl XapaKTEPHCTHKH HEKOTO-
PbIX ee 3/JIeMEHTOB BIIOJIHE MOTYT GBITb H3ydeHBbl JaXe aHa/H-
tuyeckd. OJHAaKO Takoe H3y4eHHe «H30JHPOBAHHBIX»  3Jle-
MeHTOB  He  JaeT HMH(opMauuH o0 pa6oTOCNOCOGHOCTH
cucTeMbl B LiesioM. JInmp aHaau3 paGoThl  MOACHCTEM
C y4YeTOM WX B3aUMOJEHCTBHSI CHOCOGEH JaTh OTBETHl Ha BO-
NPOCHl 0 paGOTOCIOCOGHOCTH BCeH cHcTeMbl. BMecTe ¢ TeM sicHO,
YTO 3KCINEpHMEHTHl C MOJOGHOHM CHCTeMOH C Lesblo Onpejede-
HHSI 33KOHOB ee (DYHKLHOHHPOBaHHsI HEBO3MOXHEI, BO BCSIKOM
cJlyyae B JOCTAaTOYHO TOJHOM 0GbeMe, HOO 3TO CBsi3aHO He TOJIb-
KO ¢ 6OJbIIUMH MaTepHaJbHbIMH H3JAEpXKKaMH, HO U C 6es-
onacHocTbio JiofieH. Ho paxe u B sKcnepHMeHTaxX OrpaHuyeH-:
HOro o6beMa HCC/Ie0BaTe/1b AO/IKEH CYUTAThCA C peaslbHBIMU
yCJOBHSIMH, B KOTOpbIX paGoTaeT cucrema. B camoMm jeie,
NOCTAHOBKA «YHCTBIX» 3KCHNEePHMEHTOB (OTBeYalollHX, HamnpH-
Mep, peryJspHOMY MNOCTYNJEHHIO CaMOJIETOB HJH OTCYTCTBHIO
NIOMeX B KaHaJaxX CBSI3H M T 1.) He TOJNBKO (H)U3HYECKH HEBO3-
MOKHa, HO H OblJla 6bl NPHHIHMNHAABHO HeNpaBUJIbHOH C Me-
TOJ0JIOTHYECKOH TOUKH 3DEHHs, TaK KaK «IONpPaBKH» Ha peasib-
Hble YCJIOBHSI B JlaHHOM CJydae He SIBJSIOTCS, BOoGLie roBops,
HH B KAKOM CMBICJI€ MaJIBIMH. DTH H IpyrHe 0cO6eHHOCTH QYHK-
IIHOHUPOBAHHUS CJOXKHBIX CHCTeM OYAYT HaMH AaJjee OOCYX-
Jatbcsl 6oJjlee MOAPOGHO.

[TpousBogcTBeHHO-OpraHH3aLHOHHASNA
cHcTeMa CTpoHTeabcTBa nNaAoTuHb [3IC.
[22]. Hannas cucreMma cayXut (puc. 2) AJs obecrieyeHus
M YMpaBJieHHs IPOLEeCcCOM CTPOHTENbCTBA IJIOTHH H COCTOHUT
M3 CJIeyIomHX XO03fHCTB (NOACHCTEM): Kapbepbl, GETOHHbBIE
3aBOJibl,. TPAHCMOPTHAs JIMHHS, YKJAJOYHBIH KOMIJIEKC MJIO-
THHBL. MBI He BKJ/IOYaeM B COCTaB CHCTEMbl BecbMa BaXKHBIE
OpraHu3alMH M MpPOU3BOACTBA, CBfA3aHHBIE C MOCTaBKaMH
H YCTaHOBKOH MeTa/lJIOKOHCTPYKLHH, 0oOOpymOBaHHS H T. I,
IJ1s1 TOro, YToObl YNMPOCTHTb H3JIOXKeHHe. BmecTe ¢ Tem oTme-
THM, YTO MMEHHO «OeToHHBle paGoThl» NpH cTpoHTesabcTBe ['3C
ABJIAIOTCA HauboJiee TPYJOEMKHMH H TPOAOJNKHTeNbHBIMH.

Cucrema B 1esioM pa6oTaeT cieayromum o6pasom. J1oGHTHIH
B Kapbepax KaMeHb NepepabaThiBaeTcsi B leOeHb U OTBO3HTCS
Ha OeTOHHBIE 3aBOABI [/ NPHroToBJeHHs GeToHa. [l/1s pas-
JIMYHBIX PaboT CyIIECTBYIOT pa3/iMyHble MapkH 6eToHa, U KaX-
Abii U3 GETOHHBIX 3aBOJOB HMEET BO3MOXHOCTb TOTO-
BUTb J/MoOyl0o M3 Mapok. Dosee Toro, kaxpaas CeKuus,
U3 KOTOPBIX COCTOAT 3TH 3aBOAbl, TaKMXe MOXKeT FOTOBHTBb
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Puc. 2. NMoncucremn 1-ro ypoBHs.

1.1.— kapbephl; 1.2— GeroHHble 3aBOAb; 1.3.— TpaHCNOPTHAs JHHHA
«6eTOHHbIE 3aBOJbI — NJOTHHAY; 1.4.— YKJaNOYHBIA KOMIJEKC NJOTHHH
MoacucremMnl 2-ro ypoBHS.

2.2.1.— 1-#i Gerouuwnii 3aBox; 2.2.2.— 2-i Gerouuwit sasop; 2.3.1.—
2.3.K.— «xapakTepHble» yuacTKH joporH; 2.4.1.—2.4.3.— pa3rpy-
304yHble YCTPOHCTBA

mo6ylo H3 Mapok O6eToHa (MapKH OTJ/IHYAIOTCSl NPOLEHTHBHIM
coftep’KaHHeM LileMeHTa M J00aBOK), ONHAKO 1Jis NepecTPOHKH
NpPOU3BOACTBA C OJHOH MapKH Ha APYTYIO y XOJUT JAONOHHTE/b-
Hoe BpeMsi. DeTOH rOTOBHTCS KaXIOH W3 CEKUHH MOpLHAMH,
KOTOpHIe 3arpyaioTcsi B G6ETOHOBO3bI M IO Tpacce OTBO3STCA
Ha MeCTO CTpOHTe/lbCTBAa. Pasrpyska Npou3BOAHMTCs, BooOLIle
TOBOpSl, B Pa3JMYHBIX MECTaX, Pa3JHYHBIMH MEXaHH3MaMH H
10 pasHBIM INpaBHJaM, 3aBUCALIMM, KPOMe BCEro Ipouero,
OT 3Tana CTPOMTEJbCTBA (C POCTOM IJIOTHHBI H3MEHSIOTCA
COCTaB pa3rpy30UYHBIX MEeXaHH3MOB, IpaBuJa MNOABE3xa K
HHM H T. 1.). PasrpyxeHHbie GeTOHOBO3bI efyT OGpaTHO Ha
GeToHHBIE 3aBOABI H T. 1.

UTo6bl JaTh NpeicTaBJeHHe O Pa3MEpPHOCTAX pelllaeMbIX
3ajay, CKa’keM, YTO Ha CTpOMTe/]bCTBe OObiYHO paboTa T He-
CKOJMbKO GeTOHHbIX 3aBOfOB (1—3), NpPOU3BOASIMX OKOJIO
10 mapok GeroHa, aBTOXO3SIHCTBO HACUHTHLIBAET HECKOJBKO
coTéH aBTomMoGuseH, pa6oTaloT [0 JeCsiTKa Ppasrpy30YHBIX
MeXaHH3MOB, NPOTHAKEHHOCTb aBTOTPACChl COCTABJSET OT €AH-
HHI J0 HECKOJBKHX IeCATKOB KHJOMETPOB INpH JOCTaTOUHO
6oJIbLIOK ee 3arpy3Ke «IOCTOPOHHHM» TPAHCIOPTOM, CO3Aalo-
LIMM TOMEXH IepeBo3Ke GeTOHa.

Cosnanne nofo6HOM cHCTeMbl TpeOGyeT PEleHHs CJIeAYIOUHX
BOMNPOCOB:

a) BeIGOp TpacChl NOJBO3a OeTOHa K MJIOTHHE. (IpH 3TOM
BO3MOXHEI C/IyYyaH HCIOJb30BAHHS OGLIErOCyAapCTBEHHBIX JO-
por, Npoksiajka HOBBHIX, NPOKJajika Creuua bHbIX NOLbe3HBIX
NyTed W TOHHeNe#r W T. 1.);

6) BbIGOp KOJMYECTBEHHOTO H KayeCTBEHHOIO COCTaBa aBTo-
napka;
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B) BbI6Op THNOB GETOHHBIX 3aBOAOB, PEXKHMOB HX pabOTH,
MeCT pa3MellieHNs;

r) BE6Op cOCTaBa pasrpy30YHBIX MEXaHH3MOB, DPEXHMOB
ux paboTH H T. I.

$IcHO, YTO H B 3TOM CJyuae HaTYpHbIE SKCIEPUMEHTHl BO3-
MOXHB! JIMIIb B BeCbMa OTpaHHYeHHOM obbeMe. B cuay xe
YVHHKaJbHOCTH KaXXJIOH CTPOHKH pe3y/bTaTbl 3KCIEPHMEHTOB,
noJlyyeHHBIe B OHUX YCJAOBHAAX, OyyT MaJONOJIe3HBIMH B ApY-
rux. C/lexoBaTe/IbHO, U 3/ieCh NPOSIBJASIOTCS T€ e 0COGEHHOCTH
CJIOXHBIX CHCTEM, O KOTOPHIX LIlJla pedb BHILLe.

[IpuBenenHble NpUMepbl HAIOT HEKOTOpOE IpeACTaBJeHHEe
O XapaKTepe H THMaX CJOXHBIX CUCTEM, XOTs JAaJeKO Le MC-
YEepNbplBAlOT HMX pa3Hoo6pasusi. B HanbHedmieM wMbl 6ylem
obpaliaTbcst K AaHHBIM IpHMepaM AJs WJJIIOCTpalUUH HEKOTo-
pBIX OOLIUX MOJNOXKEeHHH.

[NonbiTaeMcst BBISIBUTH OGILHE YEPTH, NMPUCYIIHE PACCMOT-
PEHHBIM CHCTEMaM, C TeM YTOOH! ONpelesuTb MOHSATHE CJIOXHOH
CHCTEMbI H OYEPTHTb TeM CAMBIM KJIacC H3y4yaeMbIX OGBEKTOB.

Jlaxke npu NoOBepXHOCTHOM OMHCAaHHH NMPHMEPOB HaM NpH-

HIJIOCh BBECTH TOHSITHE NOACHCTEMBI KaK HEKOTOPOH J10CTaTOYHO
aBTOHOMHOM YacTH BceH cHCTeMbl. PacusleHeHHe CJIOXKHOH
CHCTeMBbI Ha MOACHCTEMbl, KaK NMpaBWJO, 00JalaeT 3HAUUTEJIb-
HBIM TPOM3BOJIOM H 3aBHCHT KaK OT NPHHATHIX TeXHHYEeCKHX
pelueHu#, ueseil co3faHHUsI CHCTEMBI, TAK U OT B3IVISIJOB HC-
cJejloBaTe/ls Ha CHCTeMy. DTO B NEpPBYIO ouepeab OObSICHSCTCS
Pa3sHOPOJHOCTBIO 3/1EMEHTOB, COCTABJSIOIUX CJOXKHYIO CH-
creMy. Tak, B NepBOM NpHMepe BBHIYHCIHTENLHOE YCTPOHCTBO,
ob6pabaTbiBarolilee CHTHAJBI W3 MOACHCTEMBI AaJbHEro oGHapy-
JKeHHs, Mbl «IIpMIHKCAJU» K 3TOH MOACHCTEME, HO MOTJM Obl
BHIJIJINTE M B OTAEJbHYIO MOACHCTeMy. DoJjee Toro, Kampuas
U3 NEePeYHC/IEHHBIX MOJCHCTEM COCTOMT U3 psaja Gojee «MENTKHX»
NOACHCTEM U T. A. Bo BTOpPOM mpumepe «TpaHCHOpPTHasi» MOJA-
cucreMa, otobpaxkaiolilas ABUXEHHe aBTOMOOWJEH Mo Tpacce
OT OETOHHBIX 3aBOJIOB K MECTY CTPOUTEJbCTBA, MOXET GbITb,
‘B CBOI0 ouepellb, pacujieHeHa Ha GoJiee MeJKHe MOACHCTEMBI,
oto6paxarolline, JONMYCTHM, ABHXKeHHe aBTOMOOGH/EH 1O OT-
‘Jle/IbHBIM “y4acTKaM Tpacchl. B mepBoM npuMepe TakiXe Bce
U3 TEpeyHCJeHHbIX MOACHCTEM MOTYT OBHITh pacuJieHeHHl ellle
Ha 6ojiee MeJIKHe MOACHCTEMBI B COOTBETCTBHH C COCTAaBJISIIO-
IHMH HX YCTPOHCTBaMH.

B clOXHBIX cHCTEMaX OAHY W3 OCHOBHBIX Y€pPT COCTABJSIET
B3aHMOJIEHCTBHE BbleJEeHHBIX MOACHCTEM. DTO B3auMOAEHCTBUE
BO3HHKaeT H3-3a BHECEHHOTO HCCJeJoBaTeJeM JejieHus1 Bced
CHCTEMBI Ha NoAchcTeMel. Kak- yXe orMeuasoch, Takoe AeJe-
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HHe 06/1afiaeT onpefieJleHHBIM MPoU3BoJioM. UTo6bl 06eCneunTh
npy 3ToM (PYHKLHOHUDOBAaHHE BCEH CHCTEMBl KaK  €JHHOro
11€/10r0, MPUXOAMTCH TeM HJH HHBbIM CIIOCOGOM YYHTHIBATH pe-
3yJIbTaT BO3AEHCTBHSI ONHOH MOACHCTeMBl Ha ApYryio. OGBLIUHO
TaKoe B3aHMOJAEHCTBHE CBOJMTCSH K OGMEHY CHIHAJaMH MEXILY
NOJCHCTEMAaMH, OCYILECTBJSEMOMY MO KaHajlaM CBsi3H, Hpo-
JIOXXEHHBIM OT OJHOK MoACHCTeMBI K Apyroil. Elue pas noxuepk-
HeM, YTO 3TH KaHasbl CBSI3H MOTYT KaK OTBeYaTh peasibHbIM
KaHajlaM, CYIIeCTBYIOWIHM B CHCTeMe, TaK M MNOpOXKAAThCs
NPHHATBHIM JieJIeHHeM CHCTeMBl Ha moAcucreMul. Kpome Toro,
B3aMMOJICACTBHE OCYLIECTB/ISITCS] MEXKAY BHEIIHell cpefoi
H BbIIENEHHBIMH 3JeMEHTaMH CHCTEMBbl. YUeT ero aHaJoruyeH
y4eTy B3auMOJEHCTBHS MEXIY MOJACHCTEMAMH.

Takum o6pasom, caoxHas cucmema npedcmasanemcs 8
sude MHO20YPOBHEBOLL KOHCMPYKUUU U3 63aUMOOeLiCmeyouyux
MexOy cobol u c eHewnret cpedoii sremenmos [9, 101, rae
K 3JieMeHTaM 1-ro ypoBHS OTHOCHATCS MOACHCTEMBl, Ha KOTO-
pble MepBOHAYa/IbHO pa30OHTa HCXOJHAsl CHCTEMA, K dJeMeHTaM
2-r0 ypOBHA — INOACHCTEMbI, NOJydatloliuecss M3 pasCHeHHs
NoACHCTeM 1-ro ypoBHSI, HT. A. A0 TeX MOp, MOKa NOJyYHBLIHe-
Csl DJIEMEHTHI He NMPH3HAIOTCS «NPOCTBIMHY JJIs HCC/IEJOBAHHUSA.

Puc. 1 1 2, 0 KOTOPBIX Mbl ye TOBOPHJIH, AAlOT BapHAHTbI
BO3MOXKHBIX MHOT'OYDOBHEBBIX IpeICTABJEHHH ABYX paccMoT-
PEHHBIX BhIllle cHCTeM. TaK, B CHCTeMe yNpaBJ/IeHHs ABHKEeHHEM
CaMoOJIETOB HUMeloTCs TPH YpoBHsA. OOMeH CHTHa/laMM OCyILIeCT-
BJISE€TCS B COOTBETCTBMH C INOKa3aHHbBIMH Ha PHCYHKe CTpeJ-
KaMH M OTBeyaeT MNpHBeJCHHOMY Bbillle ONMHCAHHUIO B3aHMOJEH-
CTBUSl MOACHCTeM. [TyHKTHDHBIMH CTpeJKaMH NOKa3aHbl HaH-
Gosiee 3HauMPe/IbHbE BO3JleHCTBUA BHELIHEH Cpejbl.

[1pon3BoACTBEHHO-OpraHH3aLlHOHHAs CHCTeMa CTPOMTEJIb-
ctBa maotHHB ['DC mnpeicTaBieHa B BHIE [JBYXYPOBHEBOH
KOHCTPYKLUHH H3 B3aUMOJAEHCTBYIOIMX 3JeMeHTOB. Ecau Ka-
Ha/lpl CBfI3H, NMOKa3aHHBle Ha pHc. 1, B OCHOBHOM OTBeyaJu
pealbHBIM KaHaJlaM CBs3H, TO B JAHHOH CHCTeM€ CTpeJKH
OTBeYaloT He JeHCTBHTEJbHBIM KaHalaM CBSI3H (KOTODBIX HeT
B pea/IbHOCTH), a CJyKaT y4yeTy B3auMOJEHCTBHS, CyLIeCTBYIO-
ero MeXAy BbleJeHHBIMH MOAcHCTeMaMH. Pu3nuecKH OOMeH
CHTHaJlaMH OTBeYaeT B JAaHHOM CJydae MOCTYIUIEHHIO JIHOO

© YXony €AMHHLBI aBTOTpaHCnopTa C paccuannBaeMoﬁ MoJACH-

crembl. I1pn 3ToM camu mojacucTeMmbl BbIAeneHBl HCXOAS U3 pe-
a/bHO CYLIECTBYIOIUX ocoGeHHOCTeH. [ MPOCTOTH H306pa-
JKeHHs IPUHSATO, YTO paboTaloT JBa GETOHHBIX 3aBOJA, CyLIeCT-
BYIOT TPH MECTa YKJaAKH GeTOHa C COOTBETCTBYIOLIMMH MeXxa-
HU3MaMH. BsanmopeificTBHe ¢ BHeIHeH cpenod B JaHHOM
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clryuae MOXKeT CBOAHTBCA K OTKa3y (c6osiM) B paGoTe 3aBOjoB
H YKJaJIOYHBIX MEXaHH3MOB, H3MEHEHHI0 NOPOXHBIX YE/GBHi
(METEOpPONOrHYECKHX M U3-3a JBUKEHHsI (IIOCTOPOHHET0» TPAHC-
nopTay.

BosBpamasicb K Bonpocy 06 yCJOBHOCTH JeJIEHHsI CHCTEMBI
Ha TOACHCTEMbI, OTMETHM, YTO HmOACHCTeMbl 2.2.1, 2.2.2,
2.4.1—-2.4.3 npencraBisioT coGoil He TONBKO GETOHHBIE 3a-
BOALI H PasTpPy3OyHble YCTPOHCTBA COOTBETCTBEHHO, HO (hak-
THYECKH BKJIIOYAIOT B €6 M aBTOMALIMHBI — KaK OXHJaloline
3aTpy3KH (COOTBETCTBEHHO pasrpys3KH), TaK M 3arpyxaembie
(pasrpykaemble) B HacTOSLIMA MOMEHT. AHaJIOTMYHO, MNOA-
cucteMsl 2.3.1—2.3.K BK/I0YaloT B CBOe OMHCaHHE HE TOJILKO -
napameTphbl COOTBETCTBYIOIIUX YYaCTKOB JOPOTH, HO H Xapak-
TEPHCTHKHM JBHXKYIIErocs IO HHM TPaHCIOpTA.

[puBenenHoe BhILE mNpeACTABJIEHHE CJOMHOH ¢HCTeMH
B BHJle MHOTOYPOBHEeBOH KOHCTPYKLHH U3 B3aHMOAEHCTBYIOIHX
9JIEMEHTOB HMEET CBOEH LEJNbl0 H3YYHTb CJOXKHYIO CHCTEMY
«no yactsam». Kakune ke 310 uacru?

ITpexne Beero 3TO MOACHCTEMBI Pas/HUHBLIX YPOBHEH, Ha
KOTOpHle pas3buBaeTCs HcXoiaHas cucTeMma. Ilockosnbky mnon-
CHCTEMB! «BEpXHHX» YpOBHeH caMH 3a4acTylO SIBJASIOTCS CJIOXK-
HBIMH 1 pa3sOHBalOTCS Jajiee, TO HA CaMOM JieJle H3YUEHHIO MOJ-
JIEXKAT CaMble «MeJKHe», HeleJUMble MOACHCTEMBI, KOTOpbIE
YCJIOBHMCSI HasbIBaTb dnemennmamu. CaMOCTOSATEILHOH YacTbio
SIBJIIETCSl TaK HasblBa€Masi CXema CONPAXCeHUs 3SJEeMEeHTOB,
T. €. CXeMa, peajusyiollas ajpecaldi0 CHTHAJOB, OTpaXKaro-
IMX B3aUMOJAEHCTBHE dJeMeHTOB. IlofuepKHEM, YTO CHCTEMBI,
He HasblBaéMble CJOXKHBIMM, H3y4yaloTCsl KakK elHHOe leJoe,
Ge3 ykasaHHOH CTpyKTypu3auuu. B 3ToM, no-BHaHMOMY,
C/IENYET HCKATh OCHOBHOE OMAUHUE MEXKAY KTPOCTHIMH» H «CJIOXK-
HBIMH» CHCTE€MaMH: OHO, 3TO OT/IHYHE, TOPOXKIAETCS He TOJb-
KO U He CTOJIbKO CaMHMHM HCCJeJyeMbIMH CHCTEMaMH KaK TaKo-
BbIMH, @ B OCHOBHOM 3ajJlaiaMH, KOTOpble CTOST mepej HccJe-
JIOBaTeNsIMHU.

PaccmoTpum Gosee mOAPOGHO COCTAaBHBIE YacTH CJIOMKHBIX
CHCTEM C TeM, YTOOBI MpelcTaBUTh cebe 33ajauu, BO3HHKAlOLIHE
NPH UX HCCJIENOBaHHH. :

OGpatumcsi cHauasia K SneMeHTaMm. Kaxipii  sjeMeHT
NpelcTaBasieT COO0OH Ouramu4ecKyto cucmemy 6 WUPOKOM
cmocre 19, 10], T.e. (a) cuctemy, QyHKIMOHMPYIOILYIO BO
BpeMeHH, (6) M3MEHSIOILYI0 C TEUeHHEM BpPEMEHH CBOe COCTOsi-
HHE TOJ HeHCTBHEM BHYTPEHHHX M BHELUHHX MPUYHH, (B) BOC-
NPHHUMAIOLYI0 BXOJAHBIE M BBHIJAIOLLYI0 BBIXOAHBIE CHIHAJIbI
B npouecce B3aMMOACHCTBUSI ¢ APYTHMH 3JIEMEHTAMH CHCTEMBL.
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Ilepeuncnennple cBOHCTBA, fBJAIOUIHECS OOUIMMH JJisi pas«
JIMYHBIX 3JIEMEHTOB, He PACKPHIBAIOT, OJHAKO, BAXKHBIX YaCTHBIX
OCOGEHHOCTeH, MPUCYLINX HM. '

PaccmorpuM BHOBb HallM npuMmepel. B cucTeme ymnpasie-
HHs JBHXKEeHHEM CaMOJIETOB MOKHO BBIJENHTb HECKOJBKO pas-
HOPOJHBIX THIIOB 3JIEMEHTOB — JAUCKPETHbIE (BBIYUCIHUTE/b-
Hble YCTPONCTBA), AUCKDPETHO-HeNpephlBHbIE (paXHOJOKallHOH-
Hble YCTPOHCTBA), HempephlBHBIE (MepefaTunKH U NPHEMHHKH;
ciefsilliie CHCTeMbl, BXOAfIIHE B COCTaB CHCTeM yCTPOHCTB
ynpaBjeHus H BefleHHsa camoJsieToB). K 3toMy HeoGxoaumo
N06aBUTb, YTO BCe YCTpOHCTBa paboTaloT He TOJBKO B yCJO-
BHSIX CJy4YaHHBIX [IOMEX, HO M B YCJIOBHAX CIYyYalHEIX NMOTOKOB
€aMoJ1eTOB.

B cucreme crpoutesnbcTBa miaoTHHEl I'DC TakkKe MOXKHO
BBLIEJHTb Pa3HOPOJHBIE 3/1eMEHTH — OeTOHHble 3aBOABI, pas-
TPY304YHBIE YCTpOHCTBa, yYacTKH HOporu. Buausinue cayuai-
HBIX ()aKTOPOB 3[eCb TOXe BecbMa CyLIEeCTBEHHO (OTKa3bl Me-
XaHH3MOB, CJydyaiHble MOTOKH TpaHCHOOpPTa, CJyd4alHble Bpe-
MeHa BBINOJNHEHHS pa3JuyHbIX omnepauuil). Bce ckasannoe
NPUBOAHUT K BBIBOAY O TOM, YTO /sl OMHCAHHS 3JIEMEHTOB CJIOXK-
HBIX CHCTeM HeOGXOAHMMO HUMeTb HaGop ¢OopMaslbHEIX MaTeMma-
THYECKHX CXeM, YAOBJIETBOPSIOLIMX, C OJHOH CTOPOHBI, Tpe-
6oBaHusaAM (a)—(B) (T. e. ABJAIOMUXCA AHHAMHYECKHMH CHCTe-
MaMH B LIHPOKOM CMBIC/IE), a C JPYrod — y4YHTBIBAIOWIMX pas-
JINYHBIE YacTHblE OCOGEHHOCTH (YHKUHOHHPOBAHHS CHCTEM
(xapakTep nepepaGoTKH HHGOPMALHH, €€ BOCHPHATHS M Bbl-
Jlaud, HaJduypHe MOoMexX H T. H.).

Takum o6pasom, ofHO#H H3 BaKHBIX 3a[iad TEOPHH CJIOXKHBIX
CHCTEM fIBJISIETCSl MOMCK MaTeMaTHYeCKHX CXeM, HOCTaTb4HO
aJleKBaTHO OTPAXkKaLIUX CHelUH(PUKY pabOThl JIEMEHTOB C/I0XK-
HBIX CHCTeM. B TO Ke BpeMs JaHHble MaTeMaTHYECKHE CXeMbl
JOMKHBl [ONMYyCKaTh HCC/AEIOBAHHE AaHAJMTHUYECKHMH JIHGO
MAUIMHHBIMH METOIaMH.

Hanee 6yneT paccCMOTpeH psifi TAKHX CX€M, HalleqIHX ILUH-
pOKOe MpHMeHEHMe B TeOPHH CJOXKHBIX cHcTeM. OcHOBHOE
BHMMaHMe Mbl DM 3TOM YHEJMM MeTOJaM HMX HCCIeZOBaHHH'
H COlepaTe/bHOH MHTepIpeTalini aHaJH3HDYeMbIX CBOWCTB.

Kak HeomHOKpaTHO mnOAYEPKHBAIOCh, OCHOBHYIO 4YepTy
B (DYHKIIMOHHPOBAHHU CJIOKHBIX CHCTEM COCTaBJ/ISIET B3auMO-
neACTBHe 3JIEMEHTOB, MPeACTaB/IsgeMOe HaAMH B BHAE MEXAHU3IMA
obmera cuenasamy. JlaHHBI MeXaHHM3M BKJlo4aeT B cebs
[9, 10] mpoueccsl (opMUpOBAaHHS BBIXOAHBIX CHMTHAJOB H
pearMpoBaHusi Ha BXOJHbIE CHTHA/bI Pa3/HYHBIMHU dJIEMEH TaMH,
ajpecaldd CHCHAJOB U MX NMPOXOXKIEHHs M0 KaHajlaM CBSI3H.
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VYuer npoueccoB ¢popMHPOBaHHsI BBIXOAHBIX M pearHpoOBaHHs
Ha TOCTYIJIeHHe BXOIHBIX CHTHAJOB OTHOCHTCH K mNpobJeme
NIOCTPOEHHSI 5/1€MEHTOB KaK AHHAMHYECKHX CHCTeM B LIHPOKOM
cMeicae (cM. cBofictBo (B)). [lasee ynoGHO cuuTath, YTO BO
BpeMsi MpPOXOXJEHHs IO KaHaly CBSI3H CHTHaJ He MOABep-
raeTcsi pas/MYHOIO POJa HCKaXKEeHHsIM, a caM Mpouecc nepe-
Iayd TPOMCXOAMT MrHoBeHHo. Takne KaHa/bl (Ha30BEM HX
udearoroimu [9, 10]), ecrecTBeHHO, BO3HHMKAIOT NMpPH pacuJe-
HEeHHH CHCTeMBl B CJ/lyyae, KOTJa peajibHasi CHCTeMa He cofep-
JKHUT Ha caMOM Jejle HHKaKUX KaHaJoB CBSI3H, a MOCJeJHUE
BBOJASTCS TOJBKO AJIsi yueTa CYIIECTBYIOILETO B3aHMOLEHCTBHA
3/]€EMEHTOB CHCTEMBI (CM. TIpUMEp CHCTEMBI CTPOMTE/bCTBA
naotunbl ['3C, puc. 2). B cayuae XKe, ec/iM B peajibHO# CuCTe-
Me IpPHCYTCTBYIOT peaJibHble KaHaJlbl CBA3H (CM. CHCTeMY
ynpaBJ/eHHsl ABHXKEHHEM camoJjeToB, puc. 1), sBAsIOMKECH,
€CTECTBEHHO, HeMJeaslbHbIMH, MNpeACTaBadercss YAOOHBIM ¢op-
MaJli30BaTh MX KaK OTJeJbHblE 3/1€MEHTHl CHCTEMBI (peasnayio-
e 3a/lepXKH U HCKaXKEHUsl CHT'HAJOB), COeJHHEHHEIe C ApY-
UMM 3JIeMEHTaMH yXe HJeaJbHbIMH KaHajaMH cBsi3u. Cieno-
BaTeJIbHO, [J/1s H3y4YeHHsl Mpolecca B3aUMOAEHCTBHS HaM OCTa-
JIOCh PacCMOTPeThb CXeMy CONpSIKEHHs, peaqusyIollylo ajpeca-
IIHI0 CHUTHAJOB B CHCTEMe 1O HJeaNbHbIM KaHajlaM CBSI3H.
Ilpu 3ajaHuM CXeMbl CONMpSI2KEHHsI 3JEMEHTHl NpPeACTaBJsI0TCA
B BHJle MHOTONOJIOCHHKOB, HMEIOIIUX OIpeJe/JeHHOe YHCJIO
6X00HbLX N 8bLXOOHLIX KOHMAKMO8 — KOJHYECTBA STHX KOH-
TaKTOB pa3/jMyHble AJs pas3JHYHbIX 3JeMeHTOB. Ilepenyme-
pyeM Bce BXOAHble KOHTAKThl 31EMEHTOB, BXOASIIHX B CHCTEMY,
H aHAJOTHYHBIM O0pa3oM MepeHyMepyeM BcCe BLIXOAHbIE KOH-
TakThl. Torja safaHne cXeMbl CONpSIKEHHS O3HAYaeT MOMPO-
CTy comocTaBJieHHe KaxKpoH mape (f, j) (roe i — «CKBO3HO»
HOMep BXOJHOTO KOHTaKTa, & j — CKBO3HOH» HOMep BHIXOf-
HOTO KOHTaKTa) ¢akTa HaJMuYHsl WJIM OTCYTCTBHS WJeasJbHOTOo
KaHaJa cBsi3H. JIerko BHJeTh, YTO JaHHas KOHCTPYKUHSI YYH-
ThIBa€T H B3aNMOJEHCTBHEe CHCTEMbI C BHEIIHeH CpefloH —
JIOCTaTOYHO JIHIIb BHELIHIO Cpely IpeicTaBUTb (UKTHB-
HBIM 3JIEMEHTOM, HMEIOLIHM OIpefieJleHHOe YHCJO BXOAHBIX
1 BBIXOAHBIX KOHTAKTOB.

Kakue e 3ajaud BO3HHKAIOT B CBS3H CO cxeMofi comps-
Kenus? [lpexze Bcero 3TO 3ajlaudl (MPYKmMYypHO20 AHAAUSG
CJIOXKHBIX CHCTEM, BBISIBJSIOIIHE pa3/iMuHble OTHOILEHHS MeX-
Ay saemeHTamu cuctembl [9, 10]. Mimenno uHTepec mpeacras-
JIfieT, HalpHmep, BOMpPOC O CYIeCTBOBAHHH LENOYKH KaHaJoB
CBSA3H, COENMHSIOLIMX pa3/nyHbie sjeMeHTH. Bosee rayGokoe
UCCIelOBaHHe NpeAnoJaraeT ydeT HallpaB/ieHHs nepelaud
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CHTHAJIOB, a TakXe WX BuAa. [lox BUIOM NMOHHMAETCs] HEKOTO-
past cofepare/bHas MHTEPNpeTAlHs Ha3HAYeHHS mepeja-
BaeMbIX CHrHa/oB. Hanpumep, HeKoTOpble CHIHasbBl OTBEYAIOT
MaTepHaJbHBIM MOTOKaM B CHCTeMe, JApyrHe — WHGOPMAILHOH-
HBIM, TPETbH CJyXKaT UeJsM ynpas/enus u T. A. Takoe neJe-
HHE CHT'HAaJIOB OGBIYHO MNpOsIBJsIETCS B (aKTe HX BO3HHKHOBE-
HHsI Ha ONpeJleJIEHHBIX BBIXOJAHBIX KJeMMax, 4TO M JaeT BO3-
MOXKHOCTh MCNOJB30BaTh AJST H3YYeHHs YKas3aHHBIX 3ajad
CTPYKTYpHBIe MeTOIBI, NO3B@JIOUHe HAHTH TaK Ha3biBa€Mble
munuiLble cmpyKkmyprole Kongueypayuu (UenH, UHKJbI, KOH-
TYpHl H T. Il.), HTpalOLlHe BaXKHYIO pPOJb B ONpejesleHHH BO3-
MOXKHOCTEH CHCTeMbl MO mepeiaye M nepepaGOTKe CHTHAJIOB.
[lpy 3TOM BBIABJASIOTCS €lle M TaKHe CBOHCTBAa CTPYKTYp,
KaK CBsI3HOCTb, HEPapXMYHOCTb H Jp.

Oco6yto posib MrpaiooT (opMasibHble CTPYKTYpHBIE Npeos-
pa3oBaHHsl, KOTJa HCXOJHas CTPYKTypa CHCTeMbl MNpeo6pa-
ayercss B Apyryo. Hanpumep, HekoTopasi MOACHCTEMAa MOXKET
pacunieHsiTbCSl Ha psj 6osiee MeJKHX NOACHCTEM HJIM, Hampo-
THB, PSAA 9/EMEHTOB OOBeNHHsIeTCs B OJHY mojcucTeMy. Takue
npeo6pa3oBaHisl HMrpaloT BaXKHYIO POJb Ha 3Tale CHHTE3a,
KorJla pellaeTcss BONPOC O BO3MOXKHOCTH CO3JaHHS CHCTEMBI,
obsafalolieii 3alaHHbIMU CBOHCTBAMH, HMesi HEKOTOPBIH CTaH-
JIapTHBHIH HaGop 3/1eMeHTOB. BmecTe ¢ TeM NPHUXOAMTCS KOH-
CTaTHPOBaTb, YTO METOAbl CTPYKTYPHOTO aHaJH3a CJIOXKHBIX
CHCTEM B HacTosiiiee BpeMsi pa3paboTaHbl C/abee, HeXesH
MeTOAbl aHa/JH3a AWHAMHKHM OTJAEJbHBIX 3jeMeHTOB. OTlenb-
Hble pe3y/bTarThl, a TaKXe JaJbHEHIINe CCBUIKH 4YHTaTesb
MoxeT Haiitu B [8—10].

Hrak, ocHOBHOI 3aflayeil TEOPHH CJOXKHBIX CHCTEM CJEAyer
CYMTaTh pa3paGoOTKy MeTOJOB, MO3BOJISIOLIMX Ha OCHOBE H3yue-
HUsL OCOOEHHOCTeHl (PYHKUHOHUPOBAHHUS, MOJYUYEHH XapaKTe-
PHUCTHK OTHEJbHBIX 3JIEMEHTOB H aHa/lH3a MeXaHH3Ma B3aHMO-
JDeHCTBHS MeXAY 3JIEMEHTaMM IOJyyaTb XapaKTePUCTHKH CH-
cTeMBl B 1eoM. EfuHCTBeHHBIH MeToj, CyIUeCTBYIOUHH Ha
CEerOJHSIUHHA JieHb W TIO3BOJISIIOIIMA HaXONUTh XapaKTepH-
CTHKH CHCTEMBI B LI€JIOM, SIBJISIETCS] MALIMHHOE MOJEJNHPOBaHHUE.
Ero oco6eHHOCTH Mbl BKpaTLe pacCMOTPHM B KOHLE OpOIIOphI
(npexgnonaraercsi, yTo GoJiee MOAPOOHO BONPOCAM MOJENHPOBA-
HHs GyJleT nocBsillieHa OTAesbHas ny6aukauus). OfHaKO METOR
MOJEJHPOBAHUS MOMET YCHEIIHO MPHMEeHAThCA JIHlIb TPH TOM
YCJIOBHH, YTO €T0 peasiu3alldsi B IOJHOH ME€pe YUHTHIBAET 0CO-
GEHHOCTH MOJe/NHpYeMBIX OOBEKTOB, T. €. MOJe/JIHpOBaHHe
JIOJKHO OBbITh «Le/eHanpaB/leHHbIM» (B CMBIC/IE COTJIaCOBaHHA

14



MOJle/IbHBIX SKCINEPUMEHTOB CO CBOHCTBaMH MOJEJHPYeMOH CH-
CTEMBI).

Hmes 3T0 B BuAy, MBI flajlee pacCMOTPHM psiji MaTeMaTHye-
CKHX CXeM, SBJ/SIOLIMXCA MOJEJNsAMH 3JIEMEHTOB CJOXHBIX
cucrem. Hasa 3THX cxemM GYAYT pacCMOTpPEHHI pasjHuHble OG-
IiHe CBOMCTBA, y4yeT KOTOPBIX MO3BOJSIET B KOHEYHOM HTOre
OpPraHH30BaTh YINOMSHYTbIE LeJeHaNpaB/eHHble MOJE/bHbE
skcnepuMenTel. TloaTOMy Jajee Takue JOCTaTOYHO TPaJHIHOH-
Hble BOMPOCH, KaK MeTOJAb! HaXOXJEeHHs BEepOSITHOCTHO-Bpe-
MEHHBIX XapaKTePHCTHK CHCTeM, HX ONTHMH3alus H T. 0.,
pelleHHe KOTOPHIX TPOBOAMTCS YXke nocae (GOPMHPOBAHHA
MoJie/lH, paccMaTpuBailoTcsi Gersto. CpoicTBa e, H3yyaeMmble
6osiee nofpo6HO, MOTYT OBITb HMCIOJb30BAaHbBI UMEHHO B npo-
yecce COCTaBJIeHHSI MOZEJH.

2. MATEMATHYECKUE MOJAENN DJIEMEHTOB
CNTOXHbIX CUCTEM

Pa3sHopomHOCTP Ha3HaueHHs] 3JIEMEHTOB CJIOXKHHIX CHCTEM,
Ha/nune GOJBIIOTO KOJIMYecTBa AEHCTBYIOMMX HA HUX (haKTo-
poB, (YHKIHOHHDPOBaHHEe B CJy4YaHHBIX YCJOBHSIX H T. A.
NPHBOJASIT K pa3Hoo6pa3yio MaTeMaTHYeCKUX MOJeJeH, MmpuMe-
HsEMBIX /151 ONHCaHHUA 3JEMEHTOB CJOXHBIX chcreM. C ogHOMN
CTOPOHBI, 3TH MOJIEJNH OTpaXKalT OGBEKTHBHBIE 3aKOHOMEp-
HOCTH ¢(yHKuHOHUpOBaHHa cHcTeM. Ho ¢ apyro#t — Bua wuc-
noJb3yeMOH Mojlesin OmpefessieTcst 3aflayaMd HCCJIeIOBaHUA.
Tak, ywacTOK JOpOrM MOMXKET OMHUCHIBATLCSA JOCTATOYHO CJION-
HBIM CTOXaCTHYeCKHM MpOLECCOM MPH HCCIEJOBAHHH €ro mpo-
NYCKHOH CNOCOGHOCTH M KPHTHYECKHX PEXKHMOB JABUKEHHS;
€CJIH K€ 3TOT YYacCTOK SIBJISIETCS 3JIEMEHTOM CJIOXKHOH CHCTeMbI
(cM. puc. 2), To HHOTJA ero AOCTATOYHO NPEACTaBHUTH B BHIE
NPOCTOH 3aJ€pPKKH BpeMeHH.

YacTo 37€MeHTbl CJOXKHBIX CHCTEM KJAaCCHPUUHPYIOT NO
cofiepKaTeqbHOMY NMPHHUHUMY. Tak, MOXHO BBIICIHTb CJAeLyIO-
I{He KJIacChl:

a) cHCTeMbl aBTOMATHYECKOTO YyNpaBJleHHs, CJelsiiue CH-
CTEMBI;

6) KOHeuyHble aBTOMATHI, peJieHHO-KOHTAaKTHhIE CXeMBbl;

B) BEpPOSITHOCTHBIE aBTOMAThl;

I) CHCTEMbl MacCOBOTO OGC/YXHBaHHUSA;

A) cucTeMbl Mepefaud M o6paGOTKH umpopmaunw

€) pe3epBHPOBaHHLIE CHCTEMBI;



JK) CHCTEMBl YIpaBJ/ICHUSI 3aracaMy;

H) MPOH3BOACTBEHHbIE CHCTEMBbI (HEMpephIBHbIE H AHUCKpET-
HblE);

K) TPaHCIOPTHBIE CHCTeMBI.

Pa3ymeercss, nono6HBIN nepeueHb 3aBelOMO He SIBJISETCA
noJIHBIM; GoJiee TOTO, COZilepXKaHHe ero MOCTOSTHHO W3MeHseTCs
C U3MEHEHHeM TeXHHKH, TeXHOJIOTHH, pacCllHpeHHeM KJjacca
HCCJIefyeMBIX OGBEKTOB H T. [.

Kaxapii U3 nepeunc/eHHbIX KJacCOB HMeeT CBOK CrHelH-
¢uKy, nopoxjaeMyio, BO-epBhIX, Ha3HaUeHHeM COOTBETCTBYIO-
IHX CHCTEM, a BO-BTOPBIX, NpPHUMEHsIeMbIMH MaTeMaTH4YeCKUMH
meTolamH Hccaemoeanus [1, 2, 7, 13, 25, 26, 32, 33, 401].
BmecTe ¢ TeM MOXKHO KOHCTaTHpPOBaTb, YTO [AaHHBIE KJacChl
onpellesieHbl BeCbMa HEUYETKO — HalpuMep, He CyIIeCTBYeT
(opMasbHBIX MOHSITHH «CHCTEMa aBTOMATHUECKOTO yIpaB/eHHUs»
HJIH «CHCTEMa MacCoBOro OGCTyXHBaHHUS» U T. A. B ayuniem
cJyyae MOXKHO yKasaTh psJ NPU3HAKOB, OTJIMYAIOLHX CHCTe-
Mbl 3 KaXXJoro kJjacca. OXHaKO 3a4acCTylo TaKylo rpaHb Mex-
Jy KJaccaMH MpPOBECTH TPYLHO HJIM JaXKe HEBO3MOXKHO: HEKO-
TOpHIe M3 CHCTEM C PaBHbIM OCHOBaHHEM MOXHO OTHECTH, Kak,
HampuMep, B KJAcCH CHCTEM MacCCOBOTO OGC/yXKHMBaHHMS, TaK
M pe3epBHPOBAHHBIX CHCTEM HWJIH CHCTEM YINpaBJEHHsl 3ana-
camu. Ilono6Hoe mosioXKeHue BIOJIHE €CTECTBEHHO — OHO JIHlIb
yKasplBaeT Ha TO, 4TO AJIS1 HCCJEJOBAHHsS. PA3/IHYHBIX CHCTEM
3a4YacTyl0 HCMOJB3YIOTCA OJHH M Te XK€ MaTeMaTHYeCKHE MeTo-
abl. Msyyaemble cucTeMbl NMpH 3TOM MOTYT COOTBETCTBOBATh
TOMY WJIH HHOMY KJ/acCy MaTeMaTHYeCKHX 06beKToB. ITosTomy
npejCTaB/sieT 11eJ1eCo06pa3sHbIM BMeCTO KJacCHHKalKH 3Je-
MEHTOB CJ/IOKHBIX CHCTEM IO COOepHQAmEeAbHOMY APUHAKY UC-
O/Ib30BaTh K/ACCHPHKALMIO MAMEMAMU4ECKUX Mermodos, TpH-
MEHSIEMBIX MPH HCCJIENOBAaHHH 3THX 3JeMeHTOB. Cpenn Hc-
NoJb3yeMBIX MaTeMaTHUeCKHX Mojejedl ocofoe MeCTo 3aHH-
MaloT CJefyIolHe:

1) mupdepenunanbuble M pasHOCTHble ypaBHenns [3, 4,
121]; :

2) ofwue AnHamHueckne cuctembl [23];

3) mapkoBckue mpoueccs [15, 24, 371;

4) perenepupyromue npoueccsr (29, 371;

5) KycouHo-1HHefiHple (MuHeHuaThie) mpoueccu- [5, 10,
19, 271;

[anuble Mofie/lM MOXKHO Ha3BaTb MUNOBbIMU Mamemamue-
CKUMU CxeMami, TIOCKOJIBKY OHH IIHPOKO HCMOJb3YIOTCS MpH
HCCJIEIOBAaHUAX CJOMKHBIX cHcTeM. Hasnume paspaGoTaHHBIX
MaTeMaTHYeCKHX MeTOloB (M HX JanbHefillas pa3paboTKa)
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HCC/IeIOBAHUS 3THX CXEM 3HAYUTENBHO MOBBILAET UX LIEHHOCTD
IpH MCIOJB30BAHHH B KauecTBe MOJeJIeH 3/eMeHTOB CJIOMHbIX
cuctem. Bpsig s CTOMT 0COGO OCTaHABJIMBATbCS Ha TOM H3-
BECTHOM 0GCTOSITE/IbCTBE, UTO JI06ast MaTeMaTHYeCKasi MOJe/b
HHKOTrJa He ObiBaeT aGCOJIIOTHO aleKBaTHOM H3yyaeMOMYy Ipo-
1ieccy, HO OTpaxaeT JHIIb OCHOBHHIE €0 YepThl C y4eToM 3a-
Jau, CTOSMMX MNepej HCCJIEeROBATeJNeM.

OubdepennnanbHbele ypaBHeHHHd, IO-
Kany#, HauGosiee HIHPOKO HCIOJb3yeMas Ceduac MaTeMaTHye-
ckas cxeMa. Ee mnonynsipHOCTb OGbsICHsieTCSl, BO-TE€PBLIX,
JOCTAaTOYHO XOpollo pa3paboTaHHOH Teopuell AuddepeHuHaNb-
HBIX YpaBHEHHH, BO-BTOPbIX, MHOTOYHCJIEHHBLIMH YCNeEIIHbIMH
«MpelefieHTaM1y IPHMEHEHHsl 3TOH CXeMbl (O YeM MbI yKe IoBo-
PMJIH BBIlIE) M, B-TPETHHX (HO He B MOCJENHHX), 3HAKOMCTBOM
GOJIbIIMHCTBA HCCJIENOBaTe/Iefl ¢ NaHHOH CXeMOH, MOCKOJBKY
TeOpHsi AuddepeHIHaNbHBIX yPaBHEHHH BXOAHT B YHCJIO 00s-
3aTe/IbHBIX KYPCOB TeXHHUECKHX BY30B.

uddpepennaibiple YpaBHEHHS! HCNOJB3YIOTCA IJs OIMHU-
CaHHs CHCTeM, QYHKIHOHHPYIOUWMX BO BpPEMEHH B YCJ/IOBHSIX,
KOrZla BJHSIHHAMHM pPa3/HYHOrO poja CJyyaHHOCTEH MOXKHO
npeHe6peyb — CHCTEM aBTOMATHYECKOrO yNpaBJjeHHs, MeXaHH-
YeCKHX, F'MAPABIUYECKUX U BOOGLIe (PH3HYECKUX CHCTEM (eC/iH
TOBOPHUTH He TOJbKO 06 OGHIKHOBEHHBIX ypaBHEHHSIX, HO H 00
ypaBHeHUsX B YaCTHBIX MPOU3BOAHBIX). BoJee Toro, ¢ nomoliipio
NuddepeHIIHaIbHBIX YpaBHEHHHA MOXHO OmucaTb M psif CTO-
XacTHYeCKHX CcHcTeM. Hampumep, nepexopHele BepOsSTHOCTH
MapKOBCKOH Liemd C HenpephIBHBIM BpPEMEHEM OIMMCHIBAIOTCSA
nup¢epeHnHalbHbIME ypaBHeHusMH Kosmoroposa (24, 371.

Ecan pacmpurs kiace AuddepeHUHanbHbIX ypaBHEHHH,
BKJ/IIOYHB B Hero, HampuMep, CTOXacTHuYecKHe AHdhepeHIHab-
Hble YpaBHEHHs, TO MOMKHO CYILECTBEHHO pacIlHpHTb KJacs
ONKChIBaeMbIX cucCTeM. Hanpumep, TakuM oGpa3soM MOXKHO
ONHUCEIBATL PabOTy CHCTeM AaBTOMATHYECKOTO YIpaBJeHHS B
YC/IOBHAX CJyYaHHBIX MOMEX.

PasHoCTHbIE ypaBHEHHS ABJSAIOTCA, MO CYIIECTBY, JIHCKpeT-
HBIM aHa/IOroM JH(bGepeHUHaNbHbIX ypPABHEHHH, M MOTOMY
BCE CKa3aHHOE Bblllle OTHOCHTCA H K HHM. '

O6GmHe AHHAMHUYECKHE CHCTEMEBL. Ortpa-
XKasl JIMHAMHKY CHCTeM, CXeMa mnuddepeHLHaIbHBIX ypaBHe-
HHH TE€M HE MeHee He OTPaXKaeT BO3MOXKHOCTH BOCIPHATHS H
BblIayd 3THMH CHCTEMAaMH BXOAHBIX M BBLIXOJAHBIX CHTHAJIOB
COOTBeTCTBeHHO. IlocnenHsist e siBisieTcss OJHON H3 OCHOBHBIX
OCOGEHHOCTEH SJIEMEHTOB CJOMKHBIX CHCTEM (CM. Bbille). mes
B BHAY Y4YeT NaHHOH BO3MOMHOCTH, Da3/HYHLIMH aBTOPAMH
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6blIH NPeNNPHHSTH MOMBITKH 06O6IIeHHst CXeMbl AHdepeH-
IMaJbHBIX M pasHocTHHIX ypaBHeHufi. Iloxanyii, HanGosee
ylauyHoe 060o6ienne Goiio clenano P. Kammanom [23], Bkaio-
yalollee Kak yacTHble cayyan AudipepeHLHasbHblE H pa3HOCT-
Hble YpaBHEHHs, KOHEYHble aBTOMaThl, KJaCCHYeCKHe JUHAMH-
YecKHe CHCTEMBI M T. 1.

O6oGienne KanMana oTpakaer CyllleCTBYIOLLYIO B TeOpHI
CJIOXKHBIX CHCTEM TEHJEHUMIO K H3Yy4YeHHI0 HauboJjiee OOLIUX
Mozeselt. M1 xora aunamuueckas cucremMa KasamaHa Bo Bceii
O6IHOCTH B HacTosilllee BpeMsi He JOMYCKAaeT MOJYYEHHS CO-
JlepxaTesIbHbIX Pe3yJbTaToOB, OHA CJYIKHT XOpolleH MeToa0s0-
THYECKOH OCHOBOH JJ/1s1 HCC/e[OBaHHs Pa3/HYHBIX YaCTHBIX
cyqaeB.

Onnako, HecMOTpsi Ha, KasajoCh Gbl, NpelesbHyIO OOLI-
HOCTb NHHAMHYeCKOH cHcTeMbl KaJMaHa, OHa He YyYHThIBaeT
TaKOH BaXXHOM O0COGEHHOCTH (PYHKUHOHHPOBAHHS 3JIEMEHTOB
CJIOXKHBIX CHCTeM, Kak cayuatinocme. Mbl yXKe oTMe€uaJsH, 4TO
B CJOXKHBIX CHCTeMax CJy4alHOCTb, KaK MNpaBWJo, HIpaeT
posib He «MasloH» MOMEXH, a COCTaBJ/sieT HeOTheMJIeMYIo 4acThb
X GYyHKUHOHHPOBAHHA. ITO OOCTOSATEJIbCTBO MOXKET NPHBO-
JIUTb (M, K COXaJeHHI0o, NMPHUBOAHMT) K TOMY, YTO CHCTeMa,
CIPOEKTHPOBAHHAsE HA OCHOBE «CPeJHHX» XapaKTEPUCTHK WJIH
APYTHX JETepMUHHPOBAHHBIX aNNPOKCHMAaLMH, OKa3biBaeTcs
NPUHLHIHAJIBHO HepaGoToCNOCOGHOH B peasbHBIX YCJIOBHAX.
Tak, xopolio u3BecTHbl MPHMEPH!, KOr4a CHCTEMBI OGC/TYXKHBa-
HHs, pacCYHTaHHble 1O CpeJHHM TIOKasaTeJsM, «3axJjeObiBa-
JIACb» MpH paboTe ¢ peasibHbIMH NOTOKaMM TpeOGOBaHHUH.

Yuer «c/ayvafiHOCTH» NPHUBOAHT K HEOGXONMMOCTH pac-
CMOTpeHHsl. Ipolecca (yHKIHOHHPOBAHHS 3J€MEHTa CJOXKHOH
CHCTeMbl Kak cJaydafiHoro. Ilpu 3ToM TN Hccaepyemoro mpo-
uecca omnpefessieTcsi Kak COJepXKaHHeM aHaJH3HpyeMoH CH-
CTeMbl, TaK M 3ajlauyaMH aHaJH3a.

Mebr paccMoTpuM TpH KJjacca cayuaiinelx npoyeccos, KOTo-
pble Jasee GYAyT HCNOJb30BaHbl B MpHMEpax: MaproscKue,
peeenepupyrowyue U aunelidamoe. DTH KJacChl ABJSIOTCA nepe-
cekaiouriMucsa. Dosee Toro, suHeliyaTele NMPOLECCH SIBJSIIOTCA
MojKJ/JaccoM MapKoBckuX. Ha mnpumepax ykasaHHBIX Npo-
neccoB GyAyT MpPOMJIIOCTPUPOBAHEI HEKOTOphle ofuiue 3aja-
YH, BO3HHKAWOUIME B TEOPHH CJOXKHBIX CHCTEM, H TOKa3aHHI
TOJXOMBl K UX pelieHHto. MBI JlafieKH OT MBICJH O TOM, 4TO TPH
NIEPEYHC/IEHHBIX KJacca NpOLEecCOB HCYEPNBIBAIOT MPHMEHse-
MbI€ CTOXAaCTHYECKHE MOJE/H CJOKHBIX cHcTeM. TeMm He MeHee
LIHPOKOE NpHUMeHEeHHe, a TaK:Ke HOBH3HA NMOJYYEHHBIX pe3yJib+
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TaTOB JAI0T OCHOBAHHSl CYMTATh HX YNAYHBIM WJIIOCTPATHBHBIM
MaTepHaJIoM.

Cnenyer OroBOpHTbCS, YTO CJydyafiHble MpOLECCHl, pac-
cMaTpuBaeMble Jasee, €CTECTBEHHO CYHTaTb OIHOBPEMEHHO
MpolLeccaMH M3MEHEHHS BHYTPEHHEro COCTOSIHHsI, BXONHBIMH
M BBIXOJHBIMH MPOLECCAMH CHCTEM JIHGO JIIOOLIMH U3 3THX MpO-
11ecCOB — Mbl He 6y/JieM OCTaHaBJIMBAThCs Ha BOMpOCE pasjiese-
HHSI M3yYaeMOT0o MPOLiecca Ha COOTBETCTBYIOUIME KOMIOHEHTHI.
Huxe 6Gynyr cuurtaTbCsi M3BECTHHIMH NOHATHAMH «8epoOsiMme
HOCIMb», «YCAOBHAS GEPOSMHOCMbY U «He3asucumocme» [24, 37].
Cocrosinne paccMaTpHBaeMOro mpouecca Gylem 0Go3HayaTh
uepe3 Y,. Ilpexnonoxum, 4to apryment (Bpemsi) { npuHHMaet
3HaueHns u3 MHoXectBa T. Ecan T = [0, o0), T0 npouece
{Y,} Ha3bIBaeTCsl MpPOLIECCOM C HENPEPLIBHbIM BpEMEHEM, A ecC-
m T ={0,1,2, ...} —c Ouckpemnoim epemernem. ViHorna
paccmatpuBaior Takke T = (—oo, o) nau T = {..., —I,
0,1, ...}, HO MBI OTPaHHYHMCS JIMIUb YKa3aHHBIMH BBILIE CJYye
yassMH, CYMTasl TEM CaMblM, 4TO Yy mpouecca (pyHKIHOHHPOBA-
HHS CHCTEMBI €CThb «HayaJio».

OG6o3sHauuM MHOXKeCTBO 3HauyeHHH mnpouecca uepes V,
T.e. Y,€V npu xaxaom ¢{€T. Yacro B KauectBe V pac-
CMaTpHBaeTcsl eBKJAMAOBO npocTpancTBo R”. OnHako Mbl BCTpe-
THMCSl fajee H ¢ GoJee CJOXKHBIMH CJyyasiMH.

3anath cJayyafiHplfl Mpolecc — 3TO 3HAYyuT 8afaTh COBO-
KYNHOCTh cayuaiiHbiX Beauuud {Y,;}; ¢ p. Kaxnas cayuafi-
Has BeJHYMHA Y, MOXKeT GbITb 3aJlaHa CBOUM paclpefeseHHeM
BEpOSITHOCTEH, T. €. COBOKYNHOCTHIO BEpOATHOCTEH BHIA
F, (B) =P (Y,€B), BC V*. Ognako 4ToGH 3ajaTb COBO-
KynHocTh {Y,}; e ¢, HENOCTATOUHO 3afaTh pacnpeneneHns Fy
IJIs KaxXAod u3 BennuuH Y,, ¢ € T. Ilockoabky B obueM CJy-
yae 3TH BEJMYHHBI 3aBUCHMBI, TO HEOOXOAMMO 3a/aTh BCIO COBO-
KYMHOCTb TaK Ha3blBaeMbIX KOHEYHO-MEepPHBIX pacrpejeseHHit,
T. €. A KaXJOro KOHeyHoro HaGopa BeauwuuH &, €T, i =

* Hu 3pech, HH Jalee MBI He GyJeM OCTaHaBJIHBAaTbCA Ha BOINPO-
cax o TOM, uTo moAMHoxectBa BCV, BooGuie roBops, He NPOH3BOJbHbI,
a MNpHHajJIeXaT oOINpeleleHHOMY KJaccy H3MepHMBIX IOJMHOXeCTB,
a TaKke Ha JAPYTHX «TOHKOCTSIX» TEOPHHM BEPOSITHOCTEH H ciaydalHBIX
npouecco. [TogroroBneHHbIH YHTaTeAb clieJlaeT HEO6XOJHMble OTOBOPKH
caMoCTosITeNbHO. YHTATENI0 XKe, He 3HAKOMOMY C aKCHOMATHKOH TeOpHH
BepositHocTedt [30], HeT BO3MOXKHOCTH OGBSCHHTb ee B paMKax HaH-
HO# Gpoitopel. Mbl HaZeeMcsl JIHMIIb, YTO 3TO OOGCTOATENLCTBO He OTpa-
3HTCS Ha NOHMMAaHWH H3JaraeMoro 3jech Matepuasna. OTMEeTHM Takxe,
uTo 3Jechb H jajee P o3Hauaer BeposATHOCTb, a E — cpeAHee 3Ha-
yeHHe,
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=12 .,k k=1,2 .., sanaTb BepoATHOCTH BHAA
P {Y'l EB], ey thEBh},'B" c V, i = 1, ey k -

~-MapkoBcKHe npomeccsh, MpelcTaBJsioLIHe
OAMH H3 BaXXHHIX KJIaCCOB CJIy4aiiHBIX NPOLIECCOB, XapakTepH-
SYIOTCS CJIelylOIMM CBOACTBOM, KOTOpOe MOXKHO ‘Ha3BaTh
OTCYTCTBHEM TIaMAITH: NpPH H3BECTHOM TEKYIUEM COCTOSHHH
npouecca ero «Gyayiiee» He 3aBHCHT OT «IpOILJIOro», T. €. OT
TOFO, KaK TPaeKTOpHs Tpollecca nonaja B TeKyllee COCTOsi-
Hue. PopmajbHO 3TO MOXKHO SamHcaTh TaK.

Ilpu mobeix k=12 ., ,LH<h<.. <t <t
P{Y,€B/Y, =y, ..., Y=y} = P{Y,€B/Y,, =
= Yy} (3MeCb Yy, MMEEeT CMBICJI TEKYILETO COCTOsIHHA, Y — €FO
«6yaylliee» COCTOSIHHE, 8 Yy, ..., Yp—1 — OPOLLIOE» Mpolecca).

‘B cuay srtoro ans 3aaHus MapKOBCKOTO Tpolecca ROCTa-
TOYHO 3ajaTh JHLIb HayaJbHoe pacnpeneierne F, (B) =
= P (Y, € B) u nepexopHy1o ¢pyHKUHIO (NIEPEXOAHYIO BEpPOST-
HOCTb), PaBHYIO BEPOSITHOCTH TOTO, YTO B MOMEHT ! COCTOSIHHE
npolecca NpHHHMaeT 3HaueHHe W3 NOAMHOXKeCTBa B mpocTpan-
CTBAa COCTOSTHMH NpPH YCJOBHH, YTO B MOMEHT T €r0 COCTOsiHHE
61710 y,

P(t,y,t, ) =P (Y, €B/Y,=y), 1<,
rie npu v = { CyuTaercs
l,yeB,
P(ty,t,B)=
(4.4 5) {O,yséB.

Has nepexoaHbiX QYHKLUMH MapKOBCKHX MPOLECCOB Cnpa-
BelnuBo ypaBHeHHe KousmMoroposa — Usnmena

P (t,, Y, ts B) =JP (¢4, Y, ta, dy,) P (t2' y" t3, B),

L<t, <, 2.1
Bblpakarollee, BO-NePBLIX, TOT (aKT, UTO Mepexol TPaeKTOpUH
MapKOBCKOTO Mpouecca 13 TOYKH y B MHOXKeCTBO B 3a mpome-
XKYTOK BpeMeHH [#,, f3] moXKeT paccMaTpHBaThCsl COCTOSILIMM
M3 IBYX 5TanoB — Mepexojia U3 TOYKH Y B «Masloe» MHOKECTBO
dy’ 3a npoMexyToK BpeMeHH [#;,f,] W nepexoma u3 Touku
y' €dy’ B MHOXecTBO B 3a Bpems [?,, {31, H, Bo-BTOpHIX,
Jlarolee KOJIHUECTBEHHOE COOTHOLIEHHE MeX1Y BepOSITHOCTSIMH
9THX NEepeXoJ0B, a HMEHHO BbIpakaiollee MepeXoiHylo (GyHK-
M0 32 NPOMeXYyToK [#;, £5] yepes nepexonnble GyHKUHH 3a
MeHblilne mpoMexyTKH [#y, £,1 n [4,, 5],

Janee mbl 6e3 AOMONHUTENBHBIX OTOBOPOK OyJeM mnpexno-
JaraTb Yy MapKOBCKHX MpOLECCOB CBOHCTBO OJHOPORHOCTH,
T. €. CYHTaTb, 4TO nepexonHass ¢yHkuus P (v, y, ¢, B) 3aBu-
CHT Ha CaMOM JieJle He OT ABYX apryMEHTOB BpeMeHH T M f,
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a Auillb OT MX Pa3HOCTH { — ¥, YTO HArJSAOHO COOTBETCTByeT
MHBAPHAHTHOCTH CBOWCTB MapKOBCKOTO MpOLEecCa NpH CABH-
rax spemeHH. B stom cTy4ae NepexoNHyio $yHKL MO 6yneM
o6osHavats P (y, ¢, B).

Bsiule yxe OblIO CKa3aHO, YTO NepexofHast GyHKUUA (TIIIOC
HayaJbHOe paclpefie/leHHe) MOJIHOCTbIO 3aAaeT MapKOBCKHI
nponecc. OIHAKO TakWM 3aJaHHEM Ha NMPAKTHKE MOJIL3YIOTCS
peako. I'opasgo Gosnee THMHYHOH fABAsieTCs CUTyalus, KOrAa
M3BECTEH BHJ MEpeXONHHIX BEPOATHOCTeHl 3a MaJibie MpOMe-
XyTKH BpeMmeHH P (y, Af, B). B ciyuae ZMCKpeTHOro BpeMeHH
pO/b TaKMX MajblX NPOMEXKYTKOB HrpaioT eIHHHYHBIE HHTEp-
Basel, ¥ B cuny ypasHeHus KosmoropoBa — UsnmeHa 3Ha-
YeHHst mepexofHOH (GYHKUHH MpU BceX ! BOCCTAHABJIHBAIOTCA
Mo 3HaueHHSIM OgHOLIAroBoil nepexonHoit pyukuuu P (y, B) =
= P (y, 1, B). B cayuyae HenpepnlBHOrO BpeMeHH JeJo 006-
CTOHUT CJIOXKHee.

[Tpumep. Ilpouecc poxagenus u rube-
J u. JlaHHBIH mNpouecc IUMPOKO HCHOMb3yeTcss B KayecTBe
CTOXaCTHYeCKHX Mojesefl OOCNyXKHBaHHs,. pe3epBHPOBAHMS,
pasBUMTHSI MONyJAUMA H T. X 061:1qu OH BbleJsieTcsl C Mo-
MOLLLblO CNeAYIOINX AOMyLIeHNH: (0 o); V={0,1,

2, ...}; BEpOSITHOCTb TOTO, YTO 3a «MAaJbli» npomemyrox Bpe-
MeHu Af mpouecc nepeiifet B coctosinue [ + 1, ecnu B Havane
9TOr0 MPOMEXKYTKA ero COCTOsiHHe OblIo i, })aBHa MAL +
+o0(Af), M=0% T1.e. P{Ypr =1+ 1Y
= AAt + o (Af), i= 0;  aHajoru4HoO:

{yt""At = i"—' l/Yt = ’:} - M,At + (0] (At), i> 1,
W=

P {Yae— | > 1Y, =i} = o0 (A)).
Takum o6pasom, 3nech mpolecc 3ajiad He C MOMOIIBIO nepe-
XOIHBIX BEpOSITHOCTeH, a C TNOMOLIbIO NapaMeTpoB A;, W;,
JAIOIHKX 3TH BEPOSITHOCTH JIMIIb MPH ManlblX Af:

. P, At,i+1 .
A;= lim Li'tl;)’l>0’
At + 0
p,= lim PLAAL;‘_‘JL,,'>1.
At - 0

U Bo3nukaer BOMpoc, MOxHO JH, 3Has {A;, B;}, «BOCCTaHO-
BUTb» NEpexoAHYy (YHKIHIO Npolecca pPOXKAEHHS W THOesH

* 3gech o6o3HauyeHHe O (Af) HMeeT CJeAyOWHH cTaHAapTHHA
eMBICT: o(At)/At—rO, ectn A¢—0.
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W TeM CaMbIM OMNpeJeJHTb AaHHBIA MpolLecc H ero XapakTe-
PHCTHKH?

Oka3sbiBaeTcs1, YTO ITO MOXKHO CHeJaTh He BCerfa, a JHILb
B TOM CJly4ae, €CJiH IpoLece peayaapHslil, T. e., rpy6o roeops,
€CJIH €r0 TPAeKTOPHH HE MOTYT 3a KOHEYHOe BpEMs AOCTHYb
«6eCKOHEYHOCTH» (C HEHYJIEBOH BEPOSITHOCTBIO).

Hanpumep, stor mpouecc 6ymeT pery/sipHeM, ecaH Bce
A;, p; orpannueHnl cBepxy. Heo6xonumbim XKe M JOCTaTOYHBIM
YCJIOBHEM DETYJISIPHOCTH SIBJSIETCS

© k
1
3 3o @
E=0 i=0
rae
_ Mg
Po=1, 0; g =1

(B 4aCTHOCTH, NpoOLECC C KOHEYHbIM MHOXECTBOM COCTOSIHMI
peryJsipeH BCErAa).

Takum o6pasomM, NpHBeleHHOe Bblllle 3alaHue MpoLecca
poxaeHuss M ruGesnu, BooGlle TOBOPsI, HE SIBJSIETCS MOJIHBIM.

Oxa3sblBaeTcsi, BMECTO 3allaHHs MapaMeTpoB A;, B; yaoGHee
BOCMOJIb30BaThCS  CJIefyIolmell KOHCTpyKLHel (HecMOTps Ha
TO YTO OHA M KaXKeTcs Ha nepBblil B3r/siA Gosiee TPOMO3JKOH).
3ananum Ha wmHoxectBe V = {0, 1, 2, ...} mNpoH3BOJIBHYIO
CrpaHHYeHHYI0 HeficTBUTeNbHYI0 (yHKIMIO f. IlocraBuM eit
B COOTBETCTBHE APYTYI0 GyHKIMIO, o6o3Hauaemyio Af, TakXe
3ajlaHHylo Ha V, 3HaueHHe KoTOpoH B TOuKe = 0 cienyroliee:

AfO = tim LS P AL -1 |,
i=0

' Af - 0 At

Takoe COOTBETCTBHE HAa3bIBAETCS  UHQDUHUMEIUMANOHOIM
onepamopom, Kotopulii 6yet o6o3Hauathess 6yksoi A. B cuny
YCJIOBHH, HAJIOXeHHBIX Ha IepeXxoAHYIO QyHKIIHIO, IeTKO Ha-
TH, 4TO )

AP =MFG+HD—F@O +p FGE—D—F @],

l=
(rme nonaraercsi po = 0).

OueBugno, yto onepatop A ONHO3HAYHO oOmpenessieTcs
napametpamu {A;, p;}, 1 Hao6opoT. B unciutese ApoGH, onpese-
nsiionielt A, CTOMT cpejiHee MpHpalleHHe CTyYdiHOH QYHKIIHH -
f (Y,) sa Bpems At npu ycaoBuu, uto Y, = i, T. e. 3HaueHue
Af (i) ecTb cpennsini CKOpOCTb M3MeHeHHs BO BpPeMeHH (PyHK-
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uny, f (Y;) B Touke Y, = i. Takum oGpasoM, omeparop A
MOXKHO CYHMTAThb AHAJIOTOM MOJIHOH NPOH3BOAHOH MO BpeMeHH,
D10 yTBepacIeHHe MOAKpenJseTcs cJaexylouest dopmyJoi,
apasioweiics anantoroMm gopmyant Helotona — Jleli6unna us
IuddepeHIHaNBHOTO HCUHC/IEHMUS:

E{f(Y)/Yo=u}=F )+ E [ [AF (V) dwl¥ = gl
0

-(2.3)

Ota popmysia MOXKET CJIyKUTb OCHOBOH [Jisi BeCbMa COAep-

JKaTeJbHBIX Pe3y/bTaTOB OTHOCHTEBLHO MOBEAEHHs Ipolecca

V). |

Mzl He o6CyxnaaeM 81eCh TOUHBIE YCJIOBHs, NPH KOTOPBIX

dopmyna (2.3) nmeer Mecto, B QQUIEM ¢ayd4ae HHQuHHTESH-
ManbHbil onepatop A ompenensierca (opmyJion

AJ@) = lim (E[¥)Yo=y)—[G)]  (24)

M NpUMEHsieTCS] K OrpaHH4YeHHbIM AeHCTBUTEbHBIM HENpepbiB-
HbIM QYyHKIHUAM [ *,

B stom ofwmem ciyuae gopMyna (2.3) Takxke cnpasejuBa.
OHa ocraercsi CripaBel/IHBOH U NPU 3aMeHe BpeMeHH ! Ha cay-
yafiHOe, HaNpHUMep Ha BpeMsi NepBOro JOCTHXKeHHs1 TPaeKTo-
pueit {Y,;} xakoro-1u60 GpUKCHPOBAHHOTO MOAMHOXKECTBa Mpo-
crpancrBa V (cm. [151]). BHOBb, Kak M paHee, Mbl He NPHBOIUM
COOTBETCTBYIOIMX TOYHBIX (POPMYJIHPOBOK.

3anaBasi BHA WHOUHHTE3UMAJbHOTO ONEpPaTopa, Mbl TeM
CaMbIM 3aflaeéM BH/Jl NepeXOfHbIX (YHKLUUA Ha GeCKOHEYHO Ma-
JIbIX NPOMEXKYTKaX BpeMeHH (OTKyJa H Ha3BaHHe omepaTopa).
OcHOBHO# 3afauel 3aTeM ABJSETCS HAXOMKJAEHHE TeX WJIH HHbIX
XapaKTepHCTHK MapKoBcKoro npouecca {Y;} Ha ocHoBe Ta-
KOTO 3aflaHMusl.

PacCmoTpuM Teneph JMHeHuaThle MPOLEecChl, NpeicTaBJsio-
mue co60H MOAKJIACC MapKOBCKUX TNPOLECCOB M XapaKTepH-
syloldecss psiAOM OTPaHHYeHMH, Ha/laraeMmblX Npexje BCEro
Ha BHMJ BO3MOMKHBIX TpaeKTopuii. [IpeaBaputesqnHO pacCMOTpHUM
npumep.

* Jlasg Toro yToGHl BBECTH NMOHSITHE HENPEPLIBHOCTH, HYXKHO Npel-
noJjarath, HanmpHMep, 4TO V SBJSAETCSl MempuuecKum NpPOCMPAHCMEOM
¢ MeTpHKOi h. B ciayuae mpouecca poxAeHHs W ruGesaH TpeGoBaHHe
HeNnpepbBHOCTH GHIIO ONYIIEHO H3-32 CYETHOCTH MHOXecTBa V: HesBHO
npejnosaranoch, YTo MeTpHKa h B HeM o6Jajasa TeM CBOHCTBOM, YTO
h (¢, )>0, ecnu iz=j, B TaKoii MeTpuKe Ji06as QYHKIHS HenpepHIBHA,

23



Hpumep. Pa6oTaDBM Bpexume «c pas-
AeneHHHM npomeccopom. Ilycte B DBM yepes
“HE3aBMCHMble, MOJUMHSIOLIMEC pacnpefeneHuio F (x) =
= P (0; < x) NpoMeXXyTKH BpeMEHH {9,5) NoCTynaioT TpeGyio-
e pelneHust 3ajlaid, NpHYEM JJIHTeJbHOCTb pelueHHs i-i
safiauu pasHa 1;. IlycTs {n;} TaxkXe mocsefoBaTe/JbLHOCTbL He-
-8aBHCHMLIX OJIMHAKOBO pacnpelle/IeHHHIX €Jay4aiiHhX BeyiHMUH
¢ ¢ynkuued pacnpenenenus G (x) = P (n; << x). dra nam-
TeJIbHOCTh ABJISIETCS «MOTEHLHaJbHOMY, T. €. i- 3ajlaya pelua-
Jace Obl 3a BpeMsl 1); B TOM cJyyae, €clH Obl fpoieccop 'Bce
BpeMmsi «6bL1 3aHAT» TOJMbKO eff. OfHaKO $TO He Bceraa Tak.
IlosToMy yMecTHee npuAaThb BeJNHUHHE 1); «SHEPreTHYECKHED
CMbICJI, CYHTasi ee pabomotl, KOTOPYIO NOJIKEH BhLINOJHHUTh
Apoleccop, yTo6bl pelinTb 3afiauy. PexXuM &c pasiesnieHHbIM
NPOLECCOPOM» COCTOMT B TOM, YTO MpPOLECCOp TPATUT CBOH
BO3MOQIXHOCTH «MOPOBHY». MEXAY BCeMH Ha/MYHBIMHM 3afayaMH.
Peanusyercs e 3To, pasymeercsi, moc/ef0BaTeJbHbIM MPEAO-
CTaBJIEHHEM «OUeHb MaJIbIX» KBAHTOB BpeMEeHH KaXK[oi 3ajaue.
B cooTBercTBHH ¢ 3THM, €C/M B MOMEHT ! HMeJach BCETO
OllHA 3ajaya, KoTopasi Tpe6oBasa paGoOTHL 1;, TO uépe3 BpeMs
At (At <<m,) sra 3anaua Gyner TpeGoBaTh paGoThl 1, —.Al.
Ecau B MoMeHT / 6bi1M n1Be 3afiauu (pa6oThl 1), H 1),), TO 4epe3
Bpems At (At << 2 min (ny, 1,)) 5TH 3anaun GyayT TpeGoBaTh

pa6or ni——;— At,m,— % At coorBercTBeHHO H T. A. Bee 370,

pasyMeeTcsi, MpH YCJOBHH, YTO 32 Bpemst A/ He MOCTYMNHIO
HOBBIX 3ajau.

INoctpoum MmapkoBckuii cayuaiinbiit nmpouecc {Y,}, enucer-
BaloWHi QYHKIHOHUPOBaHUe TakoH cucTeMbl. CocTosiHMe mpo-
necca MOXHO Gb0 Gbl XapaKTepH3oBaTb YHCJOM Vi 3ajad,
OHOBPeMeHHO peluiaeMbix B cucreme. Opuako mpouecc {v,},
BooOuie roeopsi (eciH He mpexnoJiaraTh MOKa3aTeJbHOCThb
¢yuknuit F u G), Gyner HeMapKOBCKHM, a YTOObI «ClienaTb»
€r0 MapKOBCKHM, COCTOSIHHE V; HYXKHO «IONOJIHHTB» KOODIH-
HaTaMH, coflepXallliMH HCYepNBIBAIOILYl0  MH(OpMauuio o
NpENbICTOPHH, HEOGXOXNHUMYIO JIsl 3aflaHust OyAyIero TedeHus
npouecca. OAHH M3 BO3MOXHBIX BapHaHTOB COCTOMT B pac- -
CMOTpEHHH Mpolecca, COCTOSIHHSI KOTOPOrO HMMeoT BHI:

Y= (V, Xq, Xgy eeer Xy41), V=0,1, .0 x;, > 0.

Koopaunatsl Xy, ..., Xy4; OyleM Ha3blBaTb 00noAHumMeNsb-
HblMy W OTMETHM, YTO HX YHCJIO B JAHHOM CJlyyae onpeensercs
ocHo8HOU KoopOuramoti v. CMBIC] mocJyefiHell yiKe ObiJl onpene-
JeH — 5TO YHCJIO OJHOBPEMEHHO peilaemMbiX sajady. B Kaue-

24



CTBe X, BbiGepeM BpeMs, OCTaplieecs JO MOCTYMJIEHHN Ouepen-
HOHA 3allayM, B KauyecTBE Xg, ..., Xy4+q — KOJIHYECTBO paGoTH,
ocTaBLIefiCSs O 3aBEepIIEHHS COOTBETCTBEHHO NeEpBOH, BTO-
poit u T. p. — v-H 3alauu.

TakuM 06pasoM, MHOXKeCTBO V COCTOsHUM mpollecca nMeeT

-]

‘pypo0beaunenns V= (J Fm, rae T — nepsuiit  op-

. me1
TaHT * (m - 1)-MepHOro eBkJHIOBa npocTpaHcTBa. B Hem
MOXHO BBECTH pacCTOSIHHe h, HampuMep, mo dopmy.e

h [(Va Xis ooy xv+i)’ (l"» Yis ---,‘yu+i)] =
o '/’
= [5vu + l§l (%, _yi)z} ’ 1(2-5)

rie mnonaraercs, 4to x; =0 mpu I>v+1, y; =0 npu
j>p+1, a 8, —cumBon Kponekepa, T. e. 8, =1,
ecii v =np, Hd,, =0, ecin v 5= p.

Tpaekropun npouecca {Y;} B COOTBETCTBHH € HaHHHIM
BbIlIE CONEpPMATeJbHLIM ONMHCAHHEM HMEIOT KYCOMHO-AUHELHbL
Buf. Eciu B MoMeHT £t =0 Yy = (v, Xy, ..., Xy41), TO IIPH
0< t <<?t, = min (x;, VX, ..., VXy4;) Y, WH3MeHseTCA Je-
TepMHHHPOBAHHO:

Y,= (v, Xi— 1, Xg— —:—, vy Xypi— fT)

MowmeHT £, siBIsIeTCSI MOMEHTOM CKauka (Tpaektopuu. Ecan

lim x, () =0, To MOMeHT £, sBJsETCSI MOMEHTOM Iio-
t->1,—0
CTYMJIEHHS] B CHCTeMy ouepelHOH Sajlaud H

Yh = ('V+ l, 9, xz_’i.vl_9 --nxv+i_%’ n)1

rZie He3aBHCHMble CayualiHble BeJHUMHBl O W 7 He 3aBHCAT
OT «MpeibICTOPHH» M pacrpefiesieHbl Mo 3akonam F u G coot-
percTBenHo. Ecom  lim x; () =0, 1 <isv+ 1, 70

t->t,—0 . -
MOMEHT £, SIBJISI€TC MOMEHTOM OKOHYaHHsl pemenus (i — 1)-i
3ajaud H

t ot
Y,‘=(v— 1 — i, ty— by ooy X — o,

~

* [lo aHanOTMH ¢ TepBHM KBaIpaHTOM (B cAydYae TMJOCKOETH),
. MepBHM OPTaHTOM MHOTOMEPHOTO MpPOCTPAHCTBA HA3HIBAETCH €rd nea-
MHOXECTBO, B KOTOPOM B€e KOOPIHHATH NOJOXKHTENbHH.
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¢ ._ 4
xi+1—T. veey Xypi— ——),

v

Ianee BHOBb NPOHUCXOAHT JIMHEHHOE IeTePMHUHHPOBaHHOE
H3MeHeHHe COCTOSIHMSI Mpoliecca, onpeAessieTcsi HOBbIH MOMEHT
ckauka f{, u 1. A. CTporo rosops, cieoBajso Gl 3afaTh H3Me-
HEHHsI mpolecca H B MOMEHTHI <OGHYIeHHst» Gosiee ONHOM KOop-
IHHATHl, HO Mbl 3TOTO JesaTh He GyjeM, npeHeGperasi TaKoH
BO3MOXHOCTBIO.

IMpouecc {Y,} aBnsieTcs MapKOBCKHUM (TaK Kak 3HaHHE ero
TEKYIIero COCTOSTHUS N03BOJIsIeT TOYHO OMNpeNeNUTh CeAYIOmUH
MOMEHT CKayka, BeJHYHHa KOTOpOro He 3aBHCHT OT MpeJpbiCTO-
pun {Y,} u T. 1.) mepeMeHHOH pa3MepHOCTH.

JlauHblft mpolecc 3allaH HaAMH KOHCMPYKMUBHO, T. €. GblIH
OMHCaHbl BO3MOMKHBEIE TpaeKTOpHH mpoliecca. OpHaKo, MOJb-
3ysCb 3THM KOHCTPYKTHUBHBIM ONWCAHHMEM, MOXKHO 3amnucarhb
H COOTBeTCTBYIOIHE NEepEeXOAHbIe BepOsSITHOCTH. B cuay «Je-
TEDMHHHDOBAHHOCTH» TPAEKTODHH MeXAy CKaukaMH HMeeM!

t
P{(vrxh --')xv+i)t tv B} =B ('\7, Xy — t! xa_T,

t
...,xv+i—'T), (2.6)
rje MHoxectBo BC V, a
l,y¢€ B,
XB (y) ={ 0 Y B.

Kasanocs Obl, 4TO NOCKOJNBKY B ¢opMyse (2.6) mepexon-
Hasi (yHKuMA 3ajaHa JJs KaXJIOro COCTOSIHHSI NpH BCeX
«0CTaTOYHO MaJblX» ! (Benp Bce x; > 0), TO H3 ypaBHeHHS
Konmoroposa — UsnmeHa 3Ty QyHKUHIO MOXKHO HaHTH M AJs
Bcex f. OnHako 3To He Tak. [leso B TOM, YTO A/ pasHbIX CO-
CTOSTHHH HHTEpBasl BpeMEHM, Ha KOTOpOM OlnpefeseHa (YyHK-
uMsi (2.6), passuueH — yeM GunXKe KOOpAMHATHL Xx; K 0, TeM
MeHblle 3TOT HHTepBad. MIMeHHO 3TO 06CTOATENBCTBO M He
JlaeT BO3MOXHOCTH HaHTH u3 ypaBHeHus Kosmoroposa —
Usnmena nepexonnyio gyHkuuio ansi Bcex ¢. ComepXaresbHo
JaHHBIA MaTeMaTH4eCKUH (aKT TakXe oueBHAEH — (GopMy-
Ja (2.6) He yuuTbIBaeT CKauKoOGpasHbiX MEPEXOfOB Ipolecca.

M3 ckasaHHOrO BbIlIE BBITEK3ET, YTO B NAHHOM CJy4Yae
HHQHHHTe3UMaNbHbIH OmepaTop (BHA KOTOPOrO Mbl NMPHBOXHTH
He OyleMm) He 3ajiaeT mepeXOAHYIO (YHKUHIO, KOTopas GyjeT
NOJIHOCTBIO Ofpejie/leHa JHIIb NOC/]E ydYeTa CKAauyKoB.
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TlpeanonoxuM Temepb, YTo B paccMaTPHBAeMOM IMpuMEpe
3aflaHusl MOCTYNAalOT B COOTBETCTBHMH C NyaCCOHOBCKMM MOTOC-
KoM * (mapametp A). Torma aas «oGecneueHHst» MapKOBCKOTO
CBOHACTBa KOOpAMHATa X, ABJseTCs «1ullHeH». B 3ToM cayuae
uH(UHUTe3UMaNbHBI omepatop npouecca {Y,} BHOBb He
onpefiesisieT OXHO3HAYHO ero nepexofHylo (YHKLUMIO, TaK Kak
He «OTpa)kaeT» CKayKH Ipolecca BCJIEACTBHE «OGHYJIEHHS»
KOOpAHHAT ;.

O6o6Iast naHHBIH TIpHUMEp, ONpPeNeNHM Tenepb AuHel4a-
moiti maprosckuti npoyecc. CocTosiHHe Mpolecca HMeeT BHA
Yy = (v, X1, v, Xvy), THAE OCHOBHAA KoOpOUHAmMA Vv TPHHH-
MaeT 3HayeHHs M3 He 6oJiee yeM CYeTHOTO MHQXKecTsa .#°. Ha-
npumep, " = {0, 1,2, ...}. KoauyectBO JOMOMHHTEJbHBIX
KOOpAHHAT, O6o3Hauaemoe |[v|| (Jlv]] = 0), 3aBucuT, BooGlue
rOBOpSi, OT 3HaYeHHs] KOOPAMHATHl v. MHOXeCTBO JOMYCTHMBIX
3HAYeHHA BEKTOpa (Xy, ..., Xjv))) TPEACTABJIsET COOOH BbI-
MyK/bil MHOTOrpaHHHK (6e3 rpanuus) I'Y) B eBK/IHIOBOM.
npocTpaHCTBe pa3MepHocTH |lv|| (B mpumepe I'™ — nepsbiii
OPTaHT COOTBETCTBYIOLIETO MNPOCTpaHCTBA). TakuM 06pasoM,
V = TI'™. Paccrossune h B 3TOM NpOCTPAHCTBe MOXeT ObITh

N
onpezeneHo no ¢opmyae (2.5). Has kaxnoro v € N 3anaercs
BekTOop vV = (v, ..., vl‘l‘()ll) pasmepHocTH |Iv|| ckopocmeil

usmerenus Oonoarumenvrolx koopounam. Kpome Toro, na V 3a-
AaHa YHKYUSR A uHmeHcuBHoCmell CKA4K08 U 6ePOAMHOCMb nepe-
xo0a P, (y, B) u3 Touku y € V B MHOXecTBO B CC V B pesysib-
TaTe 3Toro ckauka. [luHamuka mpouecca {Y,} onuceiBaercs

cnenyromuM obpasoM. Ecan Yy = (v, xq, ..., Xpw), VIl 7=
7% 0, min x; >0, To 3a Manoe Bpemst A BO3MOXHBI CJe-
i<livll

LyIOLLHE TepeXoibl: a) B COCTOsiHUE (v, x; -+ vMAL, ..., X vy
+ o) Af) ¢ BeposTHOCTBIO 1 — A (v, Xy, ooy M) AL F
-+ o (A?); 6) B MHOXecTBO cocTossHUH B (C V' € BepOSITHOCTBIO
AW, xy, oo, Q) Py v, Xq, oo, X B) At + 0 (Af) (npu
3TOM Mbl He CJielali HeOGXOAMMBIX OTOBODOK OTHOCHTEJILHO,
Hanpumep, HeNpepbiBHOCTH (JYHKUMH A H T. N., OrpaHHYH-

* To ecThb B 5TOM c/yyae QYHKUHs pacnpefeeHHs F HHTepBaJoB
MeXJAy MNOCTYNMaloIHMH 3ajauyaMH HMeeT SKCNOHeHIHa/JbHbIH (MOKasa-

TeJbHbIH) BHA: F (x)=1—e““. Besuudna 1/A uMeer cMblca cpelHedt
JUTHHBL IPOMEXYTKa MeXAy MOCTYNaloWHMH 3ajauamMH. XapaKTepHO#
0COGEHHOCTBIO NTyacCOHOBCKOTO NOTOKA siBJsieTcs TO, YTO (pyHKIHS pace
npejesieHHs] BpeMeHH OXHAAHHA OUYEPeAHOro cOGHTHS (B JaHHOM CJy-
yae 3a7a4H) He 3aBHCHT OT BpPEMeHH, NpOLUe/IET0 C MOMEHTa HacTynJe-
HMSI TOCJIEJIHEr0 COGBITHS,— CBOHCTBO OTCYTCTBHSA ToOCJeAeHCTBHA.
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BasACh JHUIb NMPHOIHKEHHHIM BHAOM NPHBOAHMbBIX COOTHOLUE-
HUI). "

Ecan xke [lv]| =0, o Y, =+v ¢ BeposTHOCTBIO | —
— AW AL+0(Al) 1 P{Y, s €B) = A () P, (v; BIAL +
+ o (AY). v

Hanee, 06o3Haunm uepes y™™) rpanuuy Muoxectpa NV,
3anagum npu y € vV dyukunu P, (y; B), B (C V, onpede-
aswougue  ckauxu. npoyecca {Y,} npu BbIXOJe Ha TpaHHILy.
Hmenno . ecntu Y, = (v, %y, ..o, u) €V 1 x* = (x+
+ oM (t—u), ..., Xy + vy (t—u)) €™ npu Hekoropom
t>u, to nonoxum P (Y, €B) = P, {(v, x*); B}.

[IpuBeneHHbI!t Bhillle MpUMEp MOKa3bIBAa€T, KAKOH BHA MO-
T'yT UMeTb BeposiTHocTH nepexoxa P, u P,. Xota nunefiuarsle
NPOLECCHI ONpPeAeJISTIOTCH - ROCTaTOYHO I'POMO3AKO, TEM He Me-
Hee OHH HaXolsiT IIMPOKOe NpPUMEHEHHe MPH OMHMCAHHHU 3Je-
MEHTOB CJIOKHBIX CHCTeM, MOCKOJbKY TIpeACTaBJsIOT COGOMH
cofeparejbHOe OGOOIIEHHe MHOTHX HCIOJb3YeMblX YaCTHBIX
kouctpyKuuit [10, 27], nonmyckaior mcceoBaHHe aHAJHTHYe-
ckumH Metozamu [5, 10, 19, 27], a TakXe MOryT CJyXHTh
OCHOBOH JJIs1 MOCTPOEHHS] YHHBEPCANbHBHIX UMHTAIIMOHHBIX CH-
crem [8—10, 16, 20,,211.

Cnyuaiinple Tpouecchl W3 eme OAHOrO KJjacca, KOTOphIH
6yleT pacCMOTpEH, HA3bIBAlOTCI pereHepHUp YIOU H -
M M onpenensiorcs HuXe. Ho npexBapuresnsHo paccmorpum
NpHMepBL.

ITpumep. llens MapkoBa. Paccmorpum koneu-
Hylo uenb MapkoBa {Y,;} ¢ MHOoXecTBOM cocrosinuii V =
={0, 1, 2, ..., N} u nuckperuniM Bpemenem T = {0, 1,
2, ...}. IpeanonoxumM, uto (puc. 3) ¥, = 0 (myctp cocrosi-
nHe 0 — go3spamno). OTMETHM HAa OCH BpPEMEHH MOC/EeN0Ba-
Te/bHble MOMEeHTH S;, i > 0, Takue, ut0 Vg, = 0 (ouesuamo,
no npexnoJyiokenuto, S, = 0). I[lockonpky «6ynyliee» TeueHHe
MapKOBCKOH LIeNH 3aBHCHT JIHIIb OT ero «HaCTOSILILEro» CoCTosi-
HHUSI, TO «XBOCTBI» mpouecca {Y,} npu £= S; (T. e. npoueccel
Buga Y{) = Yg,,,) npencrapasoT Cco6o#  6eposmrocmHbie
Konuu APYT APYra B TOM CMbICJ/Ie, UTO HX NepexojHble PyHKIIHH,
a cJejoBaTe/IbHO, H BCEBO3MOXKHbIE -KOHEUHO-MepHLIe pacrpe-
JiejeHus coBnafaror. OTCiofa moJiydaeM, 4TO M AJUTEJbHOCTH
uHTepBaNoB 0; = S; — S;,_; He3aBHCHMMBI H OIHHAKOBO
pacnpeznenensl. [103ToMy MapKOBCKYIO Iiellb MOXHO HHTEpIpe-
THUPOBaTh CJeAyouuM 06pa3oM. 3afafuM COBOKYNHOCTb He3a-
BHCHMBIX OJMHAKOBO pacmpefieneHHblX map (uuknaos) ({Y(0},

0;), comepxarenbHO MpeACTaB/SIOWUX COGOH «KYCKH» HCXOJ-
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So S 52 Sk )

Puc. 3.

Ho#l nenu MapkoBa, paccMaTpHBaeMble JIHIIb A0 MoMeHTa 6,
nepBoro Bo3BpallleHHsi ee B cocTosinue 0, T. e. npu ¢ < 6;.
U Gymem nonarate Y; = Yg’ls‘, ecmn S;<<t<< S
uau, o6osHauas .
N (@) =max {i:S; <t}, 2.7)

MOXKHO 3aNucarhb
Y, = YN 2.8)

=Sy
N(t)
CnenoBaTenbHO, MBI pacCMaTpHBaeM lenb MapkoBa myTeMm

BbIJIEJIEHHSI TaKHX CAY4aliHblX MOMEHTOB BpeMeHH S;, B KO-
TOPBIX, KaK roBOPST, IPOUCXOMHUT pe2exHepayus mpouecca, T. e.
AajipHelillee €ro TeyeHHe SBJSETCS BEPOATHOCTHOH KomnHeH
BCEro mpouecca.

IMMpumep. I[lponmece poxaenuns u rube-
2 ¥, AHajoruuHoe mpejcraB/ieHHe MOXKHO MOJYYHTb /sl pac-
CMOTPEHHOrO BBbIllle MpolLecca POKAEHHs M THbesH, eClH Bbl-
6parb, CKaxkeM, B KauecTBe §; MOMEHTHl MOMajaHMs mpolecca
B HekoTopoe (HKCUpOBaHHOe cocTosiHHe, Hampumep O.

Mpumep. Jlunesivaret npouecc., Ecau Bb-
6patb B JMHHeHYaTOM npoliecce B KayecTBe S; MOMEHTHI MO-
najaHus B Kakoe-1u00 COCTOsiHHE, Takoe, uro |[v|| = 0, TO
npouecc {Y,} Takxke MOXKeT GbITb HHTEPINPETHPOBAH B TePMH-
HaX 1HuKI0B. COOTBETCTBYIOLIME NOCTPOEHHSI MOJHOCThIO TMO-
BTOPAIOT CAeNaHHble 15 uenell Mapkosa. OnHako, Hanpumep,
NpH PacCMOTPEHHH CHCTEMBbI «C pa3fe/eHHBIM IPOLECCOPOM»
(nns 3aKOHa F o6luero Buaa) cocTOSAHH#A v, 151 KOTOPHIX |lv]| =
== (), Boo61e He 6bl10. B 3TOM ciyuae 3a MOMeHTH S; MOXHO
6b10 GHl TMPHHATH MOMEHTHI «BbIXOAA» M3 COCTOsiHHA v = 0
(oT™eTHM, YTO B paccmaTpHBaeMoM mpumepe |v|]l =v + 1 #u,
caenoBarenbio, [[0]] = 1), T.e. TakHe MoMeHTH {, UTO

limv (u) =0, limx, () = 0.
u-s1—( u-¢t—0



Boo6lue MapKOBCKHE IPOIECCH 4acTO MOXKHO paccMaTpH-
BaTh KaK pereHepupyouye, BpIGHpas 32 TOYKH pereHepaiyu
TIOCJ/Ie[IOBaTe/IbHBIE MOMEHTHl BO3BpallleHHsl TNpouecca B He-
KoTopoe (pHKcHpoBaHHOe cocrosinue. OJHAKO AJifl 3TOrO BhIfie-
JIEHHOE COCTOfIHME JOJKHO 0G6GiafaTh. TeM CBOHCTBOM, YTO
BpeMsl BO3BpalllcHHst B HEro OmNpefileleH0 U KOHEYHO.
Hanpumep, cocrosnua Buma (v, Xy,..., X)), Iv[I=1 s
- IMHeHyaroro mpouecca GyAyT, BooGlie roBopsi, HEBO3BPATHbI-
MH, a J1060e COCTOsIHHE Al OPOYHOBCKOrO JBHMKEHHS, XOTS H
BO3BPATHO, HO 06/1aJiaeT TOH OCOOGEHHOCTHbIO, UTO 338 MOMEHTOM
«nomafiaHyusi» B Hero ClelyeT Ieaasi «nayka» aHaJOrMYHBIX
MOMEHTOB, DAacCTOsiHHe MeX1y KOTOphiMH paBHO HyJaw. [lo-
3TOMY /151 GPOYHOBCKOTO JIBUXKEHHSI 32 MOMEHTHI pereHepaliu
cnefoBano Gel BHIOpaTh, HanpyMep, MOMEHTHI NMOMNAajaHUs B CO-
CTOSIHHE @ Tocje NnpeCblBaHHSL ero B COCTOSAHHM b 4 a,

B npuBeseHHBIX 10 CHX MOp NpHMepax pacCMaTPHBAJIHCh
JIMLIb MapKoBcKHe mnpotecchl. OfHAKO HETPYIHO NMOHATH, YTO,
CKaxeM, AJ1S JHHeHYaToro mpoljecca «HeMapKOBCKasi» COCTaB-
asiomas v (f) Takxke 6yaer o61aJaTh TEMH e TOUKAMH perexe-
pauuu, 4to M HcXommiit mpouece {Y,}.

CkasaHHOEe NpPHBOAMT HAac K CJERYIOLEeMY onpedeseruro.
Ilycth 3ajaHa COBOKYNMHOCTb HE3aBMCHMBIX OJAHHAKOBO pac-
npefenennsix nap ({Y(9}, 0,), naspiaembx yurxiamu, nepBbi
9JeMEHT KOTOpOi npejicTaBisier co6oit caydyaliHblil npouece, a
BTOpOH — c/yyaliHyio BenuuuHy. OTMeTHM, 4YTO, BOOOIIE ro-
Bopst (cM. npumeph), 0, u {Y(9} sasucumer. Tlpouecc {Y,},
onpefeseHHbl Qopmysoil (2.8), HazoBeM pezeHepuUpyrOUUM,
a MOMeHTHl S; = 0, -+ ... 4+ 0; — momenmamu peeenepayuu.

Takum o6pasoM, cnoco6 y3Harh, SIBASETCS JH MPOIEeCC
{Y,} perenepupymomuM, COCTOKT B ONpeLeJeHHH BO3MOXKHOCTH
npeacTaBuTh ero B Buje (2.8). OueBuHAHO, YTO TaKoe Mpea-
CTaBJIEHHe (B CJIyyae ero CyIlecTBOBaHHS) MOXKeT ObITh He e/(HH-
cTBeHHbIM. VICKyccTBO HccniefoBaTesisi COCTOMT Kak pas B J0-
Kas3aTeJbCTBE CYLIECTBOBAHUSI NMpPeACTaBJeHHs HCXOAHOTO Mpo-
necca B Buze (2.8) u ero HaxoxIeHHH.

CBO#CTBO «pereHepUpyeMOCTH» NMO3BOJISIET CBECTH M3YyueHHe
CJIOXKHOTO, MOXKeT GbiTh, HeMapKoBcKoro mpouecca {Y;} K nay-
YCHHIO TOC/IE/IOBATeIbHOCTH HE3aBUCHMBIX OJMHAKOBO pacrpe-
HeneHHbix snementoB ({Y{"}, 0,), uTo mosBossieT BOCMOMb30-
EaTbCSl XOPOIIO pa3paGoTaHHBIM annapaToM aHaln3a TaKHX
nocJefoBaTenbHocTell. Bosiee Toro, ycnex uccieoBaHHs 37€Ch
B 3HAUMTEJILHOH Mepe OmpejensieT nocnefnoBaresbHocTh {0;}
HE3aBHCHMBIX OJIMHAKOBO pacnpefieleHHbIX CIYYalHbIX Bejds
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YMH, Ha3blBaeMasi 6A0NCEHHLIM NPOUECCOM B0CCMAHO08AEHUS W
NpeACTaBAAIONAA COGOH KAACCHYECKHH OOBEKT HM3YUeHHs Te-
OPHH BEpPOATHOCTEH.

3. 3BA0AYA U METObl AHANIU3A
CJNIOXHbIX CUCTEM

ITocne Toro Kak Mbl BHISICHHJIR OCHOBHBIE OCO6EHHOCTH (YHKIIHO-
HHPOBAHHS CJIOXKHBIX CHCTEM H NMpPUBEJH HEKOTOphle MaTeMaTH-
YeCKHe MOJE/H 3JIEMEeHTOB TaKUX CHCTeM, PacCMOTPHM 3alauH,
BO3HHKAIOIIHE NPH HCCJACAOBAHUM YKa3aHHBIX MOJeJeii, a Tak-
JKe COOTBeTCTBYIOLME MaTeMaTHuyeckne MeTonbl. OcHOBHOE BHH-
MaHHe, ecTeCTBEeHHO, GYyJeT yJesleHO cofiepKaTeJbHOH HHTEp-
npeTaldy paccMaTpUBaeMbiX 3ajay. ITH 3aJaufl YCJIOBHO MOXK-
HO pa3feauTb Ha ABa THna. K mepBoMy oTHeceM 3ajauH HC-
CJIClOBAHHS KauecmeexHvlx ceolicms u3yuaemblx Mozenedt. Ko
BTOPOMY — 3a/laud HaXOX/JCHHS KOAUHECMBEHHbIX COOmMHOUle-
Hull, XapakTepH3YIOUWHUX MOJE/H.

I'lon xaueCTBEHHBIMH CBOHCTBaMHU 6yeM MOHHUMATh CBOHCTBA,
NI03BOJIAIOLINE CYAUTh O NOBEJeHHH TPAeKTOPHH CHCTEMBI «B I1e-
JoM». Hanpumep, yXOAHUT /M TPaeKTOpUs «B GECKOHEUHOCTHY
32 KOHEYHOe BpeMsl, OTPaHHYeHA JIH ,0HA B KaKOM-JH00 CMBIC-
Jie, BO3BpalllaeTCsl JIM OHa B TO MM HHOE MOAMHOXKECTBO MpO-
CTpPaHCTBA COCTOSIHMA M T. A. [lepeuncsnennrle cBoicTBa OTHO-
CATCS K NMOBEJCHHIO 0moOenbHblx TpaeKTopHil. MoxHO paccMor-
peTh TaKXKe KaueCTBEHHble CBOHCTBA, XapaKTepH3ywllue Io-
BeJleHHe COB0KYnHocmell TPaeKTOpHH. BaxHeHmwM npuMepoM
TaKOro CBOHCTBA SIBJSIETCS HENpPepPhIBHOCTb, HAJHYHE KOTOPOH
TOBOPHT O TOM, YTO NMpPH MaJbiX W3MEHEHHSX NMapaMeETPOB, OIl-
pezesstioliuX paboTy MOJENH, MoKasaTesH, XapaKTepH3YIoLue
NoBeJleHHe CHCTEMBI, TaKKe H3MeHsoTCs Mao. Herpyano yBu-
JIeTh 2HAJIOTHIO MeXAy NepeuyHCJeHHBIMH CBOHCTBAaMH M COOT-
BETCTBYIONIMMH KauyeCTBEHHBIMH CBOHCTBaMH pelleHu#t Aud-
¢depeHIHANBbHBIX ypaBHEHHH. MOXHO C YBEPEHHOCTLIO YTBeEp-
XJaTh, YTO B Cly4yae CJOXKHBIX CHCTEM «BeC» KaYeCTBEHHBIX HC-
C/leloBaHHi BO3PaCTaeT, MOCKOJNbKY pe3yJbTaT HCC/1eJ0BaHuH,
C OJHOH CTOpOHBI, AaeT HH(OpMALHIO, CKax<eM, O MPHHIHMH-
aJIbHOH BO3MOXKHOCTH CO3JaTh CHCTEMY C TpeGyeMbIMHM CBOMi-
CTBaMM (WM O MpeAnoJiaraeMoM XapakTepe ee IOBeJEHHs), a
¢ Apyroil — sra uH(opManus 3avyacTyio ObiBa€T €JHHCTBEHHO
He0oOXOAMMOH HCCJIeJ0BaTeN0 B CHJY HEBO3MOXHOCTH HHTEp-
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ApeTalyy rPOMO3AKHX YHC/IOBBIX AAHHBIX, KOJHYECTBEHHO OMH-
CHIBAIOLHX TOBEJEHHE CHCTEMBI. ,

CxasanHoe OTHIO[b HE O3HAYaeT MNpPU3BBA K on(asy OT KO-
JIMYECTBEHHBIX HCCJIENIOBaHHHA CMOXHBIX cHcTeM. Bonee Toro,.
nepeyuc/IeHHble KayeCTBeHHbIE HCC/IEOBAaHHA MOTYT NMPHUHECTH
peajibHYIO MOJIb3Y JIHIIb B TOM CJydae, €ClIU CONPOBOXKAAMOTCH
KOJIMYECTBEHHBIMH OLIEHKAMH HCCJefyeMbIX CBOHCTB. BaxkHo
MONYEPKHYTb, YTO KOJHYECTBEHHHIE HCCJEJOBAaHHS CTAaHOBATCH
LieJIeHAaNpPaBJeHHbIMH, a CJeloBaTeNbHO, M 3(peKTHBHBIMH
TOJIbKO TIOCJIe BBISIBJEHHS! XapaKTepHbIX OCOGeHHOCTeH moBe-
JeHHsl aHaqu3upyeMoit cucreMbl. IloaToMy KauecTBeHHBIE H
KOJINYeCTBEHHBIE HCC/IOBAHHA NONOJHSAIT APYr Apyra.

PeryasapuocTb. Iloctpoenne mareMatHueckoit Mo-
JleJIH peaNbHOro oObeKTa HeH36eXHO NMPUBOAMT K HealeKBaT-
HOCTH OMNMCAaHHA, MPUYMHOH 4Yero sBJsETCS HEeBO3MOMHOCTb
yuera MHOroo6pass peasbHOTO MHpa B MaTeMaTHYECKHX Mo-
aensx. Kak mpasu/o, npoBepKa aJeKBaTHOCTH TPYyJOeMKa, B
3HAYHTEJILHOH CTemeHH HedopMajbHa M COCTOMT B COMOCTaB-
JIECHHH De3y/IbTaTOB aHA/JH3a MOJeNH C 3KCNepHMEHTa/bHbIMU
JaHHBIMH, CJEACTBHSAMH (H3MYECKUX 3aKOHOB, HMMEIOLIMMMCS
HabmofeHHAMH U T. A. OueBHAHO, YTO KCNOJb30BAHHE OOBEK-
THBHBIX 3aKOHOMepPHOCTeH (YHKIMOHHDOBAHMS MOJENH CHo-
coberByer GoJtee atheKTHBHOMY aHANU3Y aJeKBaTHOCTH. B yacr-
HOCTH, CBOHCTBO PeryJisipHOCTH MOXKET CJYXKHUTb OZHOH H3 ocC-
HOB aHaAuU3Q QdeKeamHoCmuU.

Pacemorpum npouece {Y,} moGoro U3 THNOB, NpHBEIEHHBIX
ebille. BospMeM «GeCKOHEYHO pacIIHpSIOLLYIOCS» CHCTeMY KOH-
IIEHTPHYECKHX MHOTOMEpHBIX IIapoB paauyca n (0603HAYHM HX
B,) c uenTpom B HeKOTOpOI TOUKE Yy, G V. Onpenenum ciayuai-
Hble MOMEHThl BpEMEHH T, MEPBOrO BbIXOLA TPAEKTOPHHU HU3
wapoB B, (puc. 4). HazoBem Benuuuny v = lim v, 8pemenem

n-co

yxoda npoyecca {Y,} 6 beckoreurocme. ITO BpeMst MOXKET ObITh
KaK KOHEYHBbIM, TaK H GeCKOHEeUHBIM.

AHanoruyso, OTMETHNM Ha OCH BPEMEHH MOCJeN0BaTeNbHbIE
ckauku mpouecca {Y,} u o6osnauum ux E,, n=1, 2, ..,
£, <<E,<<.. 3nech Takke, O4EBHAHO, BO3MOXKHBI ABa CJYy-
yast, Korja BeanunHa § = lim §, au6o Kowneuna, nuGo Gec-

n-—oo

Koneyna. Hasosem BequHHy § 8pemerem HaKoneHus cKakos.
IMpouecc {Y,} nasoBeM péeyaspHeim, ecim << 00 u T<< 00
(c BeposiTHocThio 1), B mporuBHOM ciyuae mpoiiecc Ha3oBem
HepezyapHbim. HeperyssipHoe moBefeHHe, Kak MPaBUJIO, He-
603MOJCHO B PeajlbHBIX CHCTeMaX, MOCKOJIBKY YXOJA KOOpAMHAT
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B GECKOHEYHOCTh 34 KOHeY-
HOe BPeMsl WJIH HaJH4He KO-
HeYHOH TOYKH HaKOMJIEeHHS
CKa4KOB CBHAETE/IBCTBYET O
6eCKOHEYHOH HHTEHCHBHOCTH
paéxona KakHMX-H6O pecyp-
cos.'Huaue rosops, «Hepe-
TyJIipHbIe» MOJeJM Hepea-
JH3yeMbl  (QU3HYECKH  H,
clefloBaTe/bHO, He MOTYT
6bITb aJeKBaTHbl HHKAKOMY
peanbHOMY Tmpoleccy: Mpo-
BepKa MOJE/JH Ha peryJssp-
HOCTb [103BOJIHT JINGO OTCEATD Puc. 4.
3aBeJIOMO HeajJeKBaTHbIE MO-

Jenu, 160 ouepTUTh 06JacTb, TAe JaHHasg MOAEJb MOXKET
ObiTh HcroJb30BaHa. Hepery/isipHOCTh MOJEMH ABJSETCS NPH3-
HAaKOM TOro, YTO B Heil, BOBMOXHO, He HalleJ] OTpaMKeHHUs
psAA peanbHbIX (DAKTOPOB, CYIIECTBEHHO BJMSIOMIKUX B pac-
CMaTpHBaeMbIX YCJ/IOBHSIX Ha MOBEICHHE MOJEJH, WJIH AUHAMH-
Ka CHCTeMbl He OTBeuaeT AHHaMHKe Mojenu. B o6oux cinydasx
HEOOXOAMMa KOPPEeKI[Hsl HCXORHOH MOJeJH.

ITonesno ormeTuTh, YTO MOMEHTHl T H E MOTYT KakK COBMa-
Iatb APYT ¢ ApyroM (tak GyZAeT, HampuMep, AJs mpolecca Pox-
JeHHsl W THOeNM BBHMAY KYCOYHO-NOCTOSTHHOTO» BHJA TPaek-
TOpHU#), TaKk M, Boollie roBopsi, OTJIHYATLCS (Hampumep, y
JIMHEHuYaToro npouecca MoxeT ObTE §<C 00 H T = 00).

IlpouamocTpupyem oauH cnocob HaxOxIEHHS YC/IOBHH pe-
TYJAsiPHOCTH Ha NpHMepe Mpolecca PoxIeHHsi U rubenu, BBe-
JeHHoro B N. 2. B xavectse wapos B, BeiGepem B, = {0, 1, ...,
n— 1}, n=1, 2, ... Toraa nocKonbKy 10 MOMEHTa T, BbIXOJa
U3 MHOxecTBa B, y npouecca {Y,} He MOxKeT GbiTb TOUKH i a-
KOMJIeHUs CcKaukoB (T.e. E>1,), To H Boo6me E=7, H,
C/1e/10BaTe/IbHO, JOCTATOYHO HAHTH YCJIOBHS, HPH KOTOPBIX
T = 00 — 3T0 U OYAyT YCNOBHs peryJsipHocTH. I[locKoJNbKy
T = lim 7,, TO A5 JoKa3arenncTBa (akTa, uTo P (T = o0) =

n-—>oo
= 1, 10CTAaTOYHO MNOKa3aTb, YTO mpH JwboMm ¢ P (v, < t)—
—0 npu n— oo.

PaccmorpuM BMecto HcxogHoro mnpouecca {Y,} mpouecc
{Y{m}, koTophIii cOBManaeT ¢ HCXOAHBIM O MOMEHTa T, Bbl-
Xola M3 MHOXeCTBa B,,aHauHHasi C MOMEHTa T, «OCTaHaBJIH-
Baercs» M MNpHHMMaeT 3HaueHue n. lHaue roBopsi, mpouecc
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{Y{m} — 310 npouecc poxieHHst M T'HGenH, y KOTOPOro co-
CTOSIHME 7 CJleIaHO MOTJIOLIAIOWMM (T. €. JJIi HeTO A, = p, =
= (). OueBHIHO, BPeMS T, BbIXOAA H3 B, 1/si 060HX MpoleccoB
OllMHaKoBO. B cuay npuBefieHHBIX B M. 2 GOpPMYJ1 BHA MH(HHH-
TesuMasbHBIX omeparopoB A f () u A" f (i) ans npoueccos
{V;} n {Y{™} coorBetcTBeHHO CcOBmajaer mpu i<<n, a
AW f(n) =0. -

Jns yero moxapo6mioch BBOAMTHL mpouece {Y{M}? B n. 2
Mbl TOBOPHJIH O TOM, YTO HH(HHHTE3HMAJbHBLIH omeparop, Bo-
ofuie roBopsi, He OmpenejsieT MapKOBCKOrO mpouecca (M, B
YacTHOCTH, npouecca poxaenus u rubeau {Y,}). Onmako y
npouecca {Y{"} koneunoe umcno cocrosnuii {0, 1, ..., n},
H B 3TOM CJy4yae, KOHe4HO, Bce B nopsake. Ilycts ans onpe-
JIeJICHHOCTH HauasbHoe ycnosue Y, = 0, u panee Mbl ero 6y-
IeM mojpa3yMeBaTh, BCAKHA pa3 0co60 He oroBapHBasi.

[NonbiTaemcst mopo6pats B dopmyie (2.3) (npumeHeHHOH K
npoueccy {Y(™}) dynxuuio f TaK, uto6bl H3BJI€UL M3 3TOH (HOP-
MYJIbl HeOGXOIUMOE HaM YTBepIKAeHHe OTHOCHTENbHO T,. [pen-

TMOJIOKUM, YTO YHaJoCh BbIOpaTh [, YIOBJETBOPSIOULYIO YC-
JIOBHSAM:

a). llmf(n) = o0, f (k) =0 npu Bcex £ =0, 1,

6) sup Af R} sSA<
(rne A — HH(pHHmesumaanblﬁ oneparop npouecca {Y,
onpenensiempiit gopmysoit  Af(k) =A, [f(k + 1) — | (k)]
+p, [f (B —1)—f(R)])). Toraa A‘”)f (k) <A << oo mpu

Bcex k<< nu A f (n) = 0. V3 dopmy.inl (2.3) nostomy npu
A060M ¢ nmoayyaeM HEpaBeHCTBO

t
EF(Y) =F(0)+E [ AVF (V") du<f () + AL (3.1)

Ho B MomenT ¢ coctosinne Y{™ = n ¢ BepoatnocTbio P (T, <3
<{ n Y™ <n c sepostHocTeio P (t, > £). [losTomy
Ef (Y{")=f (n)P (v, < ?). HUcnonwsys (3.1), moayuaem

P (ta< )< (F0) + A)/f (n), (3-2)

OTKYJa B CHJY YC/JOBUSI a), HaJOMXKEHHOro Ha f, HaXoAuM,
uro P (t,<t)— 0 npu n—> oo, 3T0 U sBAsETCH YCJO-
BHEM perysspHocTH. Becb Bompoc Temepb 3akJjio4aercs
B BO3MOMCHOCTH TIOCTPOeHHMsi (YHKLUHH f, YIOBJETBOpSIO-
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me# ycnaoBusM a) u 6). PaccMorpum  dyHKumio f, Ta-

1
1
kyi0, uto f(0) =0, (k)= X Topy > i
i<k i=o

OueBuHO, OHA YJIOBJIETBOPSIET YCJOBHIO a), €CAM BHINOJ-
HeHo (2.2). HenocpencteHHast mpoBepKa nmo NMPUBEAEHHOM Bbi-
we gopmyne y6exnaer, uto Af (k) = 1 npu Bcex k. Takum
o6pa3oM, ycsoBue €) TakKe BBINOJIHEHO, M, CJeJOBaTe/bHO,
ecan npouece {Y,} ynosnerBopsier ycjosHiO (2.2), TO OH pe-
TyJsipeH.

CyTp npuBeJeHHOro MOCTPOEHUSI 3aKJIOYaeTcs, MO CyIecT-
By, B 3ameHe ucxonHoro mponecca {Y,} apyrum — {f (Y},
KOTODBIil B HEKOTOPBIX OTHOLLIEHHSIX YCTPOEH Npolle HCXOLHOro
(Hanpumep, ero cpepHsisi CKOPOCTb H3MEHEHHs OTpaHHUeHa paB- |
HOMEpPHO IO COCTOSIHUSIM) U [/IT KOTOPOTO MOMEHT T TaKKe siB-
JISIeTCSl MOMEHTOM yXola B GeCKOHeyHOCTh. Takas 3amMeHa LIH-
POKO HCNOMb3yeTcsi NPHU H3YUEHHH KJaCCHUeCKHX AuPgepeH-
IMaJIbHBIX ypaBHEHWH, COCTaBJssI, HaNPHMep, OCHOBY BTOPOroO
Merofia JlamyHoBa ~ aHa/iM3a Da3/MYHBIX KauyeCTBEHHBIX
ceofictB [31]. TTpuMeHHTENBHO K CTOXAaCTHYECKHM Mpoleccam,
B YaCTHOCTH K JIMHeHuyaThIM mpolieccaM, MOCTPOeHHsi, o6obma-
IoLHe NpuBeJeHHbe, cofepKaTcst B KHure [19] *. Ecrectsen-
HO, YTO MpPH 3TOM HEOGXOAHMO JAOMOJHHTENbHO M03a6OTHTHLCA
O TOM, YTOOBl CKaYKH HE HAKam/JHBaJHCh U3-33 BHIXOJA TPaeK-
TOpUH Ha rpaHully MHOXecTB (V) — Kak pa3 3TH CKauyKH «He
YUYMTBIBAIOTCSI»  MHOUHHTE3UMAJbHBIM ONEpPaTopoM JHHeHua-
TOro mporecca.

Ecau paccmaTpuBaeTcsi  pereHepupylomu# npouecc, TO,
OYEeBHJHO, €ro pery/sipHOCTb MOPOXKNAeTCs PeryJsipHOCTbIO
«cocTaBnsOWKX noanpoueccos» {Y4, £ << 6;}. Baxuo oT-

MeTHTb, YTO BbIIlIe aHAJIHU3 PeryJsipHOCTH (aKkTHUECKH OblI CBe-
IeH K OlleHKe pacmpe/ie/leHHs] HEKOTOPOrO 6pemeHu 1epeoeo
Odocmuorcerus (t,). Oka3biBaercs, 4To BOOOIEe MOKOOHBIE OLEH-
KM UrparoT KJ/IOYeBYIO POJib B M3YYEHHH H APYTHX KauecTBEH-
HbIX cBofictB [19].

CBolicTBa, CBSI3aHHBEe CBPeMeHEeM Nep-
BOTO HOCTHMXEeHHMS MHOXecTBa. Paccmorpum
B MHOKeCTBe COCTOsiHHi V HeKoTopoe (HKCHPOBaHHOE MOJAMHO-
xkectBo Q= V. Ilycts Ty — BpeMst NepBOro JOCTHXKEHHsI MHO-
xectBa Q Tpaekropueil npouecca {Y,} (ecau noaMHOXKecTBO Q
T % CooTBeTcTBYIOUHA METOA HCCJAeAOBaHHS TNOMYYHI Ha3BaHHe
memoda npobHoiX yHKYUl, TOCKOJIbKY OAHHM H3 3TAallOB €ro NpHMeHe-

HUSA ABJsgeTcd MOAGOp (YHKLUHH COCTOSHHS aHAJH3MpyeMOro npolecca,
YHOBJIETBOP SIIOLEeH ONpefeJeHHbBIM YCIOBHAM,

35



HeAOCTHXUMO, TO 6yleM nojaraTb Tq = ©0). * Beanunna 714
ABASETCS CJyyaliHOH, mno3ToMy Jajee GyLeT MATH peub O ee
BEPOATHOCTHHIX cBoficTBaX. HauGoablee npuMeneHue cBoii-
CTBa BpEMEHH NEPBOro JOCTHXKEHHSA NOJYYHJH NPH H3yYeHUH
MoJlesiell, OMNHCLIBAEMBIX MapKOBCKMMH npolieccaMH. B stom
cJyuae uesnecoo6pa3Ho pacCMaTpuBaTb YCJOBHOE BpeMs Iep-
BOTO JOCTHXeHHs Tq (y) mpu Y, = y. Jajee Mbl npeanono-
xkum, uyt0 {Y,} — MapkoBckuit mpouecc. B 3aBHcHMOCTH OT
nejel UcCielOBaHHs MHTEPEC MOTYT NMpPEACTaB/SATh PasjHYHbIe
cBoficTBAa BpeMeHH To. Hanpumep, B TeopHH Hal€XKHOCTH OX-
HOH M3 OCHOBHBIX XapaKTepHCTHK sIBJsieTcst QYHKIHs pacnpe-
LesieHUsi BpeMeHH G6e30TKa3HOH pa6oThl cucreMbl. OueBHIHO,
YTO Tq MOXKHO TPAKTOBaTh KaK TaKoe BpeMsi, €CJIH B KauecTse Q
BbI6paTh MOIAMHOMXECTBO «OTKa30BLIX» COCTOSIHHH. B sTOM cay-
yae WHTepeC MpeNCTaB/seT KaK OHeHKAa YKa3aHHOM ¢yHKIMH
pacnpeje/ieHusi, TaK M pa3/HYHBIE ee YHCJIOBble XapaKTepHuc-
THKH (MOMEHTbI, KBaHTHIH H T. A.).

Ecn ropoputh 0 NpHKIAAHOM HHTEpece, TO AJs (PyHKIHH
pacnpepenenyst P (Tq << x) HauGoJsiee BaXKHa OLIEHKa CBEpPXY,
a, CKaxkeMm, Ans cpenHero Etq BpeMeHH 6e30TKa3HOM paGoOThl —
olleHKa CHH3Y. [laHHble OLleHKH SIBJSIOTCS «NeCCHMHCTHYECKH-
MH», T. e. 3aHHKAIOUMMH peaibHble NOKa3aTe/lH HaJAeXKHOCTH
CHCTEMBI.

PaccmoTpum apyrod  npumep — Mofesb, ONHCHIBAEMYIO
uennlo MapkoBa. Kak usBectHo [24, 371, nas Takux mozeneit
OMHOH M3 OCHOBHBIX XapaKTepPHCTHK SIBJsieTCsl BpeMsi BO3Bpa-
EeHHs] B (QMKCHPOBAaHHOE COCTOSIHHE, KOTOpOE TaKXe MOXHO
TPaKTOBaTh, KaK BpeMsl JOCTHXKEHHs, eCid B KauecTBe Q BhbI-
6paTb ONHOTOYeYHOE MHOXECTBO, COCTOsILIEe 3 paccMaTpHBae-
Moro cocTosiiusi. OG03HAauMM TaKoe COCTOsIHHE uepe3 i M MyCTh
T () — cooTBeTCTBYyIOWEe Bpems Bo3Bpaumenus. Toraa, ecau
P (t (i) = 00) > 0, T. e. TpaeKTOpus Mpolecca ¢ NONOKHTEb-
HOM BEepOSITHOCTHIO He BO3BpallaeTcsi B COCTOsSIHHe i, TO STO
COCTOsTHHE Ha3blBaercsi Hesosepamubim. Ecmu P (v (I) << oo) ==
=1, T.e.BpemMss BO3BpalleHHs B COCTOSIHHE i KOHEUHO, TO
STO COCTOSIHHe Ha3blBaeTcs o3gpamHuim. Ecau npu stoM u
CpenHee BpeMmsi Bo3BpalleHusi KoHeuHo (Et (i) << o0), TO co-
CTOSiHHE i Ha3bIBA€TCSl MOJIOXKHTENbHHIM, U B S5TOM cayuyae
MOXKHO TOBOPHUTDb O CMAUUOHAPHOU 6epOAMHOCHY COCTOSIHUA
paBHOH cpenHeii none BPEMEHH, NPOBOAUMON LENbI0 B COCTOR<
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Huu i{. Ecomm k Tomy ke cocrosuue { — Henepuodudeckoe *,
TO CYIHECTBYET npedesvnas sepoamtocms lim P (Y =),
{«o00

Takum o6pa3om, B faHHOM cJyyae CBONCTBa BpeMeHH BO3Bpa-
IEHHS ~— OCHOBa KJacCHHKaLUK cocTosiHMM nend Mapkosa,
M 3pece Goabluuilt HHTEpec MpPeACTaBJSIOT BEPXHHE OLEHKH,
Hampumep, cpefHero BpeMeHd Bo3BpaueHusa E7T (i). Yka3aH-
HOe OGCTOSITe/IbCTBO MMeeT MECTO He TOJIbKO Iis Lemeit Map-
KOBa, HO U A/ APYTHX, 6oJjiee CJOXKHBIX MPOLIECCOB.

Takum o6pazom, pasnuuHble OLEHKH ONHOH M TOH Ke Be-
JIMYHHBI TPHUBOASAT K Ppas/]HYHBIM MaTeMaTHYeCKHM 3ajayaM.,
Lienecoo6pa3Ho MoaYepKHYTh, YTO B MEPEYHCIIEHHBIX TPUMepax
CaMbIM TeCHbIM 06pasoM MNeperviesnacb HeOGXOLMUMOCTb HccJle-
NOBAHHSI KaueCTBEHHBIX CBOHCTB BeJNHYHHBI Tq (HampHMeEp,
KOHEYHOCTH Tgq, €e MOMEHTOB U T. I.) U MOJy4eHHS KOJHYeCT-
BEHHBIX OLIEHOK pacnpefieJieHHst Tg, MOMEHTOB 3TOTO pacrpe-
DeNeHuss U Jp.

OnuH U3 cnoco6oB MOJMyYeHHsl BEPXHHX OLEHOK A (yHK-
UMA pacrpefie/ieHusl BeJHYHH Ty (aKTHUECKH yKe Obla npo-
uamocTpupoBaH Bbie (cM. (3.2) Ha mpumepe mpoliecca poX-
JeHHss M rubenu, rie Heo6xogumo mnojoxute Q = {n, n +
+ 1, ...} un1y =1, [aHHb# cnoco6 HCMOMbL3yeT CBOHCTBA
npoGHOH (GYHKUHMH f, M03BOJISIIOMME AOCTATOYHO MPOCTO MOJY-
4aTh OLEHKH, Hcnoab3ys ¢opmyay (2.3). OxaspiBaeTcst, 4TO
3TOT €noco6 pacrnpocTpaHsieTcst Ha JOCTaTOYHO IIMPOKHH KJace
MapKOBCKHX MpOLeccoB, Hanpumep Jauueiiuarsie [19]. Boaee
TOTrO, OH MO3BOJIsIET N0J1y4aTh HE TONBbKO BepXHHE, HO H B psAlle
cllyyaeB HHXKHHE OLEHKH OQYHKILMH pacnpeieneHus Tq. Ho-
CTOHHCTBOM JAHHOTO MeToja $IBJsIeTCSi TO, YTO OH JaeT BO3-
MOXHOCTb MOJY4aTh OLEHKH 6e3 KaKHX-JHOO «acCHMITOTHYe-
CKHX» TPEINo0KeHHH — O «BBHICOKOH» HaJleXKHOCTH, «MaJsbiX»
foTepsiX, «BLICOKOM» ypOBHe U T. . B To Xe Bpems nosyuae-
Mble OIIeHKHM CYIIeCTBEHHbIM 06pa3oM 3aBHCAT OT BHAA HC-
nosb3yemoit npo6uoii dynkuuu. Takoe mnojoxeHuwe Bener, C
OJHOM CTOPOHBI, K BO3MOXHOCTH YJYYILEHHS] OLEHOK 3a CYeT
BapHallMK NPOGHBIX QYHKLKH, a ¢ APYrof — K HeoGXOAUMOCTH
KJlacCH(DMKAIlHK TPOLECCOB, B COOTBETCTBHH C KOTOPOI MOX-

*. CocTostHHe { Ha3blBaeTCsl nepuodudeckum c Tepdomom d>1,
€C/IH BeJMUMHA T (i) MOXKeT NpHHUMATh JHIUb 3HAYEHUS BHAA d, 2d, 3d,...
H d — MaKcHMaJbHOe YHCJIO, YIOBJIeTBOpsiollee aToMy cBoicTBY. Ha-
npuMep, ecaH T (i) ¢ HeHYJIeBOH BEpOATHOCTbIO MPHHMMAET JHIIb 3Ha-
uennsa 8; 16; 20, To i — MepUHOAHYeCKOe cOCTOsIHHe C MepuHosoMm d=4.
Hnaue rosopsi, d — HaHGO/bIIHA OOWHA JeJHTeNb BO3MOXKHBIX 3Ha-
uegHBE T, (i), : :
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HO 6blI0 ObI MCKaTb NMpoGHbIe GYHKLUH B ONpejeseHHOM BHJE.

Crnoco6 OLleHKH CBEPXY CpeiHero BpemMeHH JocTixenuss Etg
HeoOXOAMMBIH, KaK ObLI0 CKa3aHO, HanpHUMep, MpH aHaju3e
ueneii MapkoBa, mpolle Bcero NOsiCHHTb HMEHHO Ha NpHMepe
onHopoHOH MapKoBcko#t wenu {Y,} ¢ AMCKpEeTHBIM BpemeHeM
(=0, 1,2, ...) u mHoxecTBOM cocrosinmuit V = {0, 1, 2, ... }.

ITycTs Ans onpeesieHHOCTH MHOXKEeCTBO (Q COCTOMT U3 OJHOH
Toukn 0 : Q = {0}. OGo3HauuM yepe3 p;; nepexoiHble Bepo-
ATHOCTH paccMaTpuBaemoi Lenu. Ilpeanosoxum, 4to 3amaHa
HeoTpUuaTe/bHas QyHKUHUS [ Ha MHOXecTBe V, KoTopasi yAOB-
JIeTBOpPSIeT YCJIOBHIO

A= 3 pf-1O<—8<0i%0. (3

Benuunna Af (i) B-¢popmyJsie (3.3) UMeeT CMBIC CcpeJHEro
OIHOINAroBoro npHpaieHuss GYHKIHUH [ NMPH HayaJbHOM CO-
CTOSTHHH Lienu i, a omepatop A (IMCKPeTHbIH aHajor MHQHHH-
Te3HMaJIbHOTO OMepaTopa) Ha3blBaeTCs 1pPOU3B00AUYUM.

Ananoruyto ¢opmy.te (2.3) AJst AMCKPETHOTO BPEMEHH cnpa-
BeAauBa ¢opmyJia

1—1

EYO)Yo=s)=f0)+E| 3 A0 )ve=s), 64

KOTOpasi B JaHHOM CJly4ae JIeTKO JOKa3blBaeTCsl N0 HHAYKLHH.

Ecnn, Kak ¥ NpH pacCMOTPeHHH CBONCTBA perynsipHOCTH,
BeecTH mpouecc {Y,}, cosnapaomuit ¢ {Y;} 10 momeHra mo-
naaanus B 0 ¥ ocTalouuiicst B coctostHuM O «HaBeyHo» *, TO s
Hero npousBoAsiiuii omeparop (0603HaunM ero A’) umeer

BHJ!
A’ () = AF (i), i 0, A'f (0) = 0. (3.5)
Ho Torma B cusy meorpunartesnshoctd f yciosust (3.3) u
dopmyn (3.4), (3.5) umeem:

0<E(f(Y/)/Yo=y) <f(y) — AE [min (vq, t— 1)/Yo =y},

OTKYJAa NpH {—> 0o MOJyyaeM OLEHKY
E@olYo = p)<T 4)/d, (3.6)
KOTOpasi, MOMHMO BCEro, NOKa3blBaeT M KOHEUHOCTb CPelHEero
BpEMeHH NONajaHHs Lenu B cocTosiHue O.
TakuM 06pasoM, CyliecTBOBaHHe HEOTPHIATeNbHOH (yHK-
unu f, ynosnersopsitowet yc/oBHio (3.3), AOCTaTOYHO (a MOX-

* T.e. mepexopHbe BepOSTHOCTH p:-,- Lenx {Y;} onpejne~
JSIOTCA Tak: p;.j=p;j, i##0, j=0, 1,2,.. p;}o=l; p(',i=0, =L
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HO MOKa3aTb, YTO M Heo6X0AUMO) M/ KOHEYHOCTH CpEeIHEro
BpeMeHH focTHKeHus Touku 0. OTMeTHM, 4To ecau ycnosue (3.3)
JIOMOJIHUTD TaKHM

Af (0) < oo, 3.7)

To OyJeT KOHeUHbIM TaKXe H cpeliHee BPeMs 8036paujeHus ue-
nu B cocrosinue 0.

Ycnosust (3.3) u (3.7) u3BeCTHBI B TeOPUH Lienei MapKOBa
JOCTAaTOYHO AaBHO [42] B KauecTBe KpHTEpHsi SPrOAMYHOCTH.
Onnaxo ucnosp3oBaHue GopMysibl (3.4) MO3BONHJIO HE TOJBKO
YNPOCTHTb J0Ka3aTe/bCTBO, MOJYYHTh KOJHYECTBEHHHIE OLEH-
KH BHJa (3.6), HO M pacmpOCTPaHUTb NMpHBEJEHHbIE 3eCh pe-
3yJIbTaThl, HanpuMep Ha Lenu MapkoBa ¢ NPOM3BOJBLHBLIM MHO-
JKeCTBOM COCTOSTHMH, JMHeHuaThle MapKOBCKHe mporecchl. Kpo-
Me TOro, GblJIM NOJyYeHbl YCJIOBHSI KOHEYHOCTH He TOJbKO Cpefl-
HHX, HO H MOMeHTOB BHAa Etj), ¥ > 0, a TakXe cOOTBETCTBY-

ompe ouneHkH. Monorpagusi  [19] comepxut npumepst npu-
MEeHeHHs! YKa3aHHBIX pe3yJ/bTaToB K aHa/lN3y CTOXaCTHYECKHX
cucreM (pesepBHPOBAHHBIX, MacCOBOTO OGCJYXHBaHHs, Nepe-
Jlau¥ JaHHBIX H Ap.).

Ecau paccMaTpuBarh pereHepupyiomiue MpoLecchl, TO AJIst
HHMX OJIHHM M3 OCHOBHBIX CBOHCTB SIBJIsieTCSI KOHEUHOCTb Cpef-
Hero BpeMeHH IHKJa E0;, N3 KOTOpPOro nmpakTHYeCKH CJeAyeT
CYLIeCTBOBaHUe npefesbHoro (nmpu t— oo) pacopenenexus co-
cTosiHuMsl Y, 3TOro mpolecca — te AONOJHHTebHbIE OT paHHye-
HHUs, KacalolHecss MHTErPHPYeMOCTH HEeKOTOPbIX (yHKIMH,
KOTOpble HeoOXONMMO HajaraThb, Ha NpaKTHKe BCerja BhbIMoJ-
HsloTCsl. BecbMa 4acTo TOYKM pereHepallMy COBMAfalOT C MO-
MEHTaMH NoNaJaHHsi TPAaeKTOPHM mpolecca B Kakoe-jHGO Co-
CTOsIHHE, T. €. 3/leChb TaKXe OCHOBHYIO DOJIb MIpaloT BpeMeHa
IepBOr0 JOCTHXeHHs WJAM HX aHaJOTH.

HenmpepeBHocTh. B ofuwem ciydae pabora ne-
MEHTOB CJIOXHBIX CHCTEM MOXeT ObiTh HHTepNnpeTHPOBaHa Kak
npeobpasosarue F Habopa ucxoOHvix Oarnxeix X B Habop 6bi-
xo0Hbix Oannbix Y, 1. e. Y = F (X). B kauectBe MCXOAHBIX
JaHHbIX X, HanpuMep, AJsi cHcTeM OGCJYXKHBAaHHS MOTYT pac-
CMaTpHUBaThCsl pacnpejie/ieHnsi, 3afalolHe BXOAsLIHE MOTOKH
TpeGOBaHHH, AJNUTENbHOCTH OOC/TYXKHUBaHHS H T. A., MJIs Map-
KOBCKHX TpOLECCOB — NepeXofHble BepOsSITHOCTH, ISl pere-
HepHPYIOLHX NPOLEeCCoB, HalpUMep, — 3aKOHbI, 3aJal0lHe HX
JAMHAMHKY Ha OTHeJbHBIX LMKJIaX. AHAJOTHYHO B KayecTse
BBIXOJHBIX JaHHBIX Y /ISt CHCTeMBI 06c.r1y>KHBaHn;1 BbIGHPAIOTCS
JJIATE/IbHOCTH OXHIAHHMS, J/HHBI ouepefeH, BepOSITHOCTH Mo-
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~TEPH H:T. Rk,, a B oOllleM Clyuae, HanpuMep, BeCb cayualHbIl

npouecc {Y,}, onuchBalOmuii AHHAMUKY CHCTEMbl, MJH pas3-
JIHUHbE- BEPOATHOCTHLIE pacnpelie/ieHHs, XapaKTepHsyloline
ero. 3adaua anaausa 3aKJII0U8€TC B HaXOXKAEHHH XapakTe-
pHeTHK Y -NIPH HM3BECTHHIX HCXOAHBIX JaHHHIX X.

Onuaxko npu peasvroix pacdemax nokasarened paGors pas-
JHYHLIX MOJieJiei Mo M3BeCTHBIM ONpeJe/IsOHM Napamerpam
BO3HHIKAIOT MNpo6JeMbl, TpefyloliHe HONONHHTENbHBIX HCCTe-
JoBaHUHA. DTH npo6ieMbl NOPOXKAAIOTCS CJEAYIOUUMH 06CTOs -
"TeJIbCTBAMH.

1) Micxonnble nanHbie X onpenensiioTcsi B pe3yJibrare CTa-
THCTHUECKOH 06paGOTKH JaHHHIX HaGJIOJeHHH M, CJeloBaTe/b-
HO, MPEJICTaBJSAIOT COGOH JIMIIb CTATHCTHUECKHE OLleHKH HCTHH-
HBIX pacnpefieneHu#t ¥ napametpos. B pesysbrare cyuecTsyer
pacxoXjieHHe MeXJAy HCTHHHBIMH pacnpefie/leHHIMH H TeMH
napaMeTpaMH, Ha OCHOBE KOTOPHIX NMPOBOASITCS HEOOXOJMMBblE
pacuerbl. CnenoBartenbHo, Bmecto oroGpaxenus X— Y uc-
cJleloBaTe/Ib UMeeT Jeno ¢ oto6paxenueM X' — Y/, rre X' —
HCXOAHbIE NaHHbIe, MOJyYEeHHEIE B pe3ysbTare OlleHKH, a Y —
COOTBETCTBYIOIME BBIXOAHbIE AaHHBbIE. 3/eCh «HCKaXKeHHs» B
HCXOIHBIX JaHHBIX MOSIBJSIOTCS B Pe3yJibTaTe nozpeulrocmed
uamepenull u oyeHox.

2) Hcxonuble nanHpie X MNONHOCTBIO 3a[aHbI, OJHAKO MNpH
YHC/IEHHBIX (aHAJMTHYECKHX MJIH MAaUIMHHBIX) pacyerax Wuc-
N0JIb30BaHb! GbITh HEe MOTYT, TaK KaK MOJydaloliyecs BbIYHC-
JIMTe/IbHbIE TPOLEAYPBI A1l HAX0XKIeHHsT Y OKa3bIBAIOTCs CJIMLL-
KOM CJIOXKHBIMH WJIH JaXke HepeasnudyeMbMH. B 3ToMm ciyudae
AJIsl IPOBEJieHHs] pacyeToB OGHIYHO BMecTO X pacCMaTpHBalOT
ApyrHe HCXoiHble AaHHble X', B H3BECTHOM CMBICJIE QnnpoK-
cumupyroujue X. Y1 BroBb BMecTo otobpaxenusi X— Y pac-
cmatpuBaercsi otobGpaxenue X’ — Y. B pannoM ciyvae
«HCKaXeHHMs1» UCXONHBIX NaHHbIX NMpPHUBHECEHH MaTeMaTHKOM B
UEJISIX YnpoueHus aHaausa mooeau. ‘

K 3TOMy e Tuny cHTyalluil OTHOCHTCSI H MOIe/THPOBaHHe Ha
2BM, npu KOTOpOM BO3HHKAIOT H JIOMOJHHTE/NbHbIE MOrpell-
HOCTH, BbI3BaHHbIE KOHEUHOH paspsAHOCTHIO MPEACTaBASAEMbIX B
9BM uucen.

B JeficTBUTENILHOCTH MMEET MecTO COBMECTHOE NpOsiBACHHE
OTMEYEeHHBIX (aKTOPOB.

Boo6lie rosopsi, He/b3si MCKJMIOYHTb W BO3MOXKHOCTb H3-
MeHeHHs1 BHAa orToGpaxeHuss F T1pu uyHMCJIEHHBIX pacyerax.
Hanpumep, B BbUHC/IHTENBHOM OTHOLIEHHH MOXET OKasaTbCA
npolle paccMOTpeHHe KOHEYHO-MHHeHHOH cHcTeMbl OGC/TYyXKHe
BanHs (C «GOJIBIIMM» YHCJIOM TIPHGOPOB) BMECTO GECKOHERHO=
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- aunefino. Takas saMena BieyeT MaMeHeHHe BHJA OToGpame-
Hua F. Tem He MeHee U1l MPOCTOTH B Aa/ibHEMIEM MBI Gy neM
npexnosaratb BHA otoOpaxeHusa F Hen3MeHHBIM.

B npuBefleHHBIX BBIIH@ CHTYaLHAX €CTECTBEHHBIM fIBJIAETCS
BONpOC: ec/iH HcXoAuble AaHHue X ¥ X' oTiHyaloTca «Majo»,
TO ¢CHJIbHO®» JIR OYAYT OTJHYATbCS BHIXOAHLIE faHHbEe Y u Y'?
-Eean «Manpie» OTIHYHA HCXOAHBIX JAHHBIX BJIEKYT €MaJibie» Xe
OTIHYMA B BLIXOMHLIX AaHHBIX, TO €CTECTBEHHO TOBOPHTS O
ceoticmee Henpepoerocmu Mopenn Y = F (X). .

Jas Gosee 4eTKOH NMOCTaHOBKH Npo6JeMbl HaM NOTpeGyioT-
€51 HEKOTOphie YTOYHEHHS H NOACHEeHHs BBENEHHHIX TOHATHH.

DyHiaMeHTaNbHEIM OPH H3yYeHHH (eHOMEHa HenpepLIBHO-
CTH ABJIAETCS 9Tan BHIGOpA HCNONbL3YEeMOTO MUNA@ CXo00uMoemu.
HmenHo npexpe uem u3yyaTh HellpepHIBHOCTb, HEOGXOAMMO:

1) B npoctpanctBe & paccMaTpHBaeMBIX ONpPeleNsiolHX
napaMeTpoB, 3JleMeHTaMH KOTOPOro fABAAIOTCS KaK X, TaK H
X’, BBeCTH NOHATHE cxo0umocmu (06G03HauYeHHe: 3'2.);

2) BbIAENHTL nodmHoxcecmso L* C I, KOTOpOMYy NpHHaAJTe-
XaT onpenensiomue napamerpsl X B X’ M B npefienax Koro-
poro cJefyeT paccMaTpHBaTh HenpephiBHOCTb. Brinenenune Z*
OrpaHHYMBaeT PaMKH HCCJIEOBaHMsl, HaJjaras Ha H3ydyaemble
MOJIe/H JONOJIHUTeNbHbIE orpaHnyeHus. Hanpumep, MoxkHo pac-
CMaTpHBaTh JIHLIb TaKHE OIpejeJsIolHe NapaMeTphl, IpH Ko-
TOPHIX Y H3y4YaeMbIX MoJesiefl CyllecTByeT CTalMOHApHBIA pe-
xuM. MHorna npu unc/IeHHEIX pacyeTax orpaHHYHBAIOTCS JIHILb
GyHKUHAMH pacnpelesieHHs!, HMEIOUHMH APOGHO-pallMOHa/Ib-
Hble npeo6pasoBaHusi Jlamsaca u T. In.;

3) B mpocTpaHcTBe % HM3y4yaeMbIX «BBIXOAHBIX» NaHHLIX, 3Jie-
MeHTaMH KoToporo siBasiiorcs Y U Y/, BBeCTH NOHATHE CXOZH-
MocTH (0603HayeHHe 9’).

ITocne Toro Kak «HoArotoBuTeNbHasi pabora» NpojesaHa,
MOXHO JaThb OINpeJieJieHHe HelpepbiBHOCTH.

Onpeanenenune l. Monenp, onuchiBaemass 0ToGpa-
wennem Y = F.(X), nenpepriBHa B MHOXecTBe Z'*, ecan Ansi
Bcex X € Z*, X’ € Z* BbINOJIHEHO COOTHOILEHHE X’ & X=>

=Y 2 Y.
a

Jlerko BujieTh, YTO CBOHCTBO HENpEpLIBHOCTH B CMbICJE OIl-
peneneHus 1 3aBHCHT OT BHIGPAHHBIX ¢0NYCTHMOIO MHOMeCTB2»
onpefesOIHX NapamMeTpoB '* H THNOB CXOAMMOCTH "y

TlosToMy noHsiTHe HENpepHBHOCTH OTHOCHTCS HE K HM3yyaeMmoi
gucTeMe, a JIHWDb K BHIODAHHLIM acreKTaM ee QyHKIHOHHPOBa-
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HHSI, M HalHYMe WJIH OTCYTCTBHE HelpEepLIBHOCTH OmMpeness-
eTcsl KaK pacCMaTPHBAaeMBIMH THNAMH CXOAHMOCTH, TaK M W3Y-
YaeMBLIMH XapaKTEPHCTHKAMH: OOHQ U Ma %e xapaKmepucmuka
Moocem Gobimb HENPEPLIBHA 8 OOHOM CMbICAE U He Dbimb Henpepbis-
Hotl 8 Opyeom. AHaJIOTHYHO, HenpepoisHocme 00HOU xapaxme-
pucmuku He 8aedem, 6oobuje eosops, Henpepsisnocmu Opyeoll
(maxke B CMBIC/IE OJHOrO H TOrO K€ THIA CXOXHMOCTH).

Tak, onpefeneHHYI0O HeNpepLIBHOCTb MOXHO Ha3BaTh Ka-
vecmaentoti. Ee Hanuuue NO3BOJISET JIHLIb YTBEPKAATb, YT
MaJsible H3MEHEHHS B HCNOJIb3YeMBIX YCJIOBHSIX BJIEKYT 3a coGoH
M Majible H3MeHeHHs yTBep¥KaeHni. XoTs KOHcTaTalusi ¢akTa
HelpepLIBHOCTH M JIOCTaBJIsSIeT HCC/IeNOBATeNI0 U3BECTHYIO yBe-
PeHHOCTb B HCIOJIb30BAHHH MOJENH, HO 3THM, IO CYTH Jena,
BO3MOXKHOCTb TNPHMEHeHHsl CBOHGTBA «KauecTBEHHOH Hempe-
PBIBHOCTH» }CUYepIIbIBaeTCs.

ITosToMy ecTecTBeHHBIM NpeACTaBJIsieTcs CJeAYIOWHi Iuar,
1eJIb KOTOPCTO YCTAaHOBHTDb KOAUMECIMBEHHYIO 308UCUMOCTIL Me K-
Iy MaJbIMH H3MEHEeHHSIMH YCJIOBHH H yTBepXKIeHui. dddekTuB-
Hble OLleHKH ¢KOJIHYECTBEHHOH HelpPEepLIBHOCTH® HE TOJNBKO aB-
TOMATHYECKH COLEpPKAT YTBepKAEHHE O «KauecTBEHHOH He-
[PEePLIBHOCTH?, HO M OTKPBIBAIOT NYTh K PelleHHIo pa3Hoobpas-
HBIX NpPAKTHYECKH BaXKHbIX Npo6JeM, TaKHX, Kak

a) OyeHKa noepewiHocmu, BHOCHMOH B pacueThl NMPH 3aMeHe
- HEM3BECTHLIX BEPOSITHOCTHBIX XapaKTEPHUCTHK HX CTaTHCTHYe-
CKHMH OlleHKaMH, U BCJIEACTBHE 3TOro 0GOCHOBaHHE TAaKHX IIO-
KasaTeslel CTaTHCTHUECKMX Npolleflyp, Kak 00beMbl BHIGOPOK,
JIOBEPHTEJIbHbIE TpaHMIbI, YPOBHH LOBEDHS H T. 1.}

6) 60ibop annpoxcumupyrowell cucmems. TPH YHCIEHHBIX
pacuerax ¢ y4eToM TpeGyeMOH TOYHOCTH MOJyYaeMbIX pe3yJlb-
TaTOB W JOMYCTHMOH CJIOXKHOCTH BHIYHCJIEHHH;

B) OP2QHU3AUUA MQUIUHHBIX 3KCNEPUMEHMO8 TPH MOJeNHU-
pOBaHHH — BHIGOP CNOCcO0OB TeHepalHH ONpelessIoHX CcJay-
YaifHBEIX BeJHYHH, METOJOB COKpAlleHHs] MAlIMHHOTO BPEMEHH C
TIOMOILbIO BBeJIeHHs1, HallpUMep, 3aBHCHMBIX HCNBLITAHUH H T. II.;

T) nposepka adexsamrocmu UCIOAb3YEMOH MaTeMaTHYeCKOH
MOJEJIH H3yyaeMOMY peasibHOMY MpOLEeccy;

1) OYyeHKa  KOpuyuenmos 4yscmeumenbHocmu  moderet
OTHOCHTEJIbHO BapHallWH HX IapaMeTpoB.

Ilpu peweHHn 3ajau «KOJHYECTBEHHOH HeNpPepbIBHOCTHY
BBEJICHHbIE BhIllle CXOLHMOCTH g, U TW Mmerpusylorcsi. FimenHo B

npoctpadcTBax &' H % BBOmATCS METPHKH (paccrosiHus) p (X,
XQ i v (Y, Y’) cooTBercTBeHHO, 3HaYeHHsS KOTOPBHIX (Hecjy-
YaHHBIE) ONpEAeNsIOTCS COBMECTHBIMH BEPOSITHOCTHBIMH pac-
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npeneNeHHsIMHA

CUHTATh, YTO X} sanaloumM napx%(x X’) u (Y, Y). Byzem

—>Y¢.;v (Y, Y)—0.

Torzna onpezleneﬂue 1 MOXKHO «MeTpusoBaTb»:

Onpenenenune 2. Moxenb, onuceiBaeMasi oToGpa-
xKennem Y = F (X) (p, v)-HenpepbiBHa B MHOXecTBe Z*,
ecsin a4 Joboro € > 0 cymectByer yncyio § = 6 (¢) > 0, ra-
Koe, yTo npu Bcex X € £* X’ € £*, nas kotophix p (Y, X') <
<<, BoimonHeno  HepaseHctBO v (Y, Y') =w (F (X),
F (X)) <e. ‘

Haxoxnenue wiau ouenka ¢ynkuud 8 (¢) m npeacrabjsier
co00H KOHEYHyI0 IeJib KOJIHYeCTBEHHOTO &Ha/ln3a HelpephiB-
HocTH. [laHHas olLleHKa, pasymeeTcsl, 3aBHCHT OT METPHK [
H v, B TeDMHHAX KOTODHIX (OPMYJIHPYETCS HeNpephIBHOCT.
l'IoaTomy ONHOH M3 IJIaBHLIX COCTABMSIOUMIMX aHaJH3a Helpe-
PBIBHOCTH SIBJISIETCS] M3yYeHHe CBOMCTB HCNOJIb3yeMBbIX METPHK,
a TaKxe B3aHMOOTHOLLIEHHH MeX1y HHUMH. Tak Kak cpaBHHBae-
MbIMH asieMenTaMu (X U X’ win Y u Y')  aBasiiores, Kak npa-
BHJIO, CJyyaliHble PeJIHYMHBI, TIOCJIENOBATEJNbHOCTH HJIH (QYHK-
IIHH, TO 5TO AOJDKHBI GbITh METPHKH MEXK]Y COOTBETCTBYIOLLHMH
clyyaiHbIMH 37eMeHTaMH. B pamkax naHHOH 6poulopbl yMecT-
HO OTPaHHYHTLCS JIHIIb CCHIJIKOH Ha TO, YTO HanGoJiee NOJHOE H
coJiepaaTeslbHOe H3yueHHe BOINPOCOB, OTHOCSIIHXCH K CBOH-

CTBaM H B3aMMOOTHOILUEHHSIM METPHK B NPOCTPAHCTBAX CJyyaii-
" HBIX 3JIEMEHTOB, MOXHO Haiith B paGote B. M. 3osorape-
Ba [18].

Hanoxum onun nonxon, 103BOJISIIOLIMH T10JIy4aTh OLEHKH
HeNpepLIBHOCTH [/l LIHPOKOTO KJiacca CHCTeM B CJlyyae, Korja
BbIXOMHBIM [I0Ka3aTeJIeM Y sBasercs cayvafineiii npouecc Y =
= {Y,}ier. lNA DOPOCTOTHl OTrpPaHHYHUMCH JIMIIb CJIyYaeMm
JauckperHoro Bpemenu: t = 0,1,2, ... OTHOCHT@/IbHO METPHKH V
NPEAMNoJIOKHM, YTO

v(Y, Y)y=supr (Y, Y), (3.8)
120

rlle 7 — HEKOTOPOe PAcCTOSIHHE MEKIy SJeMEeHTaMH MoC/elo-
BatesibHocTedl Y M Y’. UTo KacaeTcsi METPHKH M, TO BHJ €e
HaM 1I0Ka HeBaXKeH, KaK HEBaXKHa W NpHpoja 3nemeHTOB X
n X' ]

Ecau pacctosinne v umeet Bug (3.8), To onpezenenue 2 Tpe-
6yeT (aKTHUECKH DABHOMEPHOL NO BpemeHl HenpepoleroCmL:

v(Y, V)= sup r (Y, Y)—>0mpn p (X, X)>0. (3.9

HpOPlJlJIlOCTppreM 3TO nplmepom o
IMpemnonioxkum, uyro X = {X;}n»o — noci€nOBaTE D
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HOCTb HE3aBHCHMBIX OAMHAKOBO PACIpeflie/IeHHBIX CAydYailHbiX
BeMnuuH ¢ ¢QyHkuuedl pacupefienenus H (x) = P (X, < x),
—oo0 < ¥ << o0, a nochenoBaredbHocTh Y = {Y,},>, crpo-
HTCA TaK:
Yo = 0, Yn+l = MmaXx (0, Yn + Xn). (3.'10)

Iycts G, (x) = P (Y, < x). Ananornynnie 06o3HaueHUsS
OyAyT Hcnosb3oBaThCs M Aas npouecca Y, TONbKO OHUM GYAYT
oTMeuaThcsl TpuxaMH. OmnpefieNleHHBIH TaKuM o6Gpa3oMm Mpo-
necc Y BO3HHKaeT NPH H3YYEHHH Pa3JIMUHBIX CHCTEM OGCJTYKH-
BaHHs M ynpaBieHHs 3anacamu. Hanpumep, oH onuceiBaer
H3MEHEHHEe BPEMeHM OXHIAHHA B OJHOJHMHEHHOH cHCTeme C
OXHJIaHHeM, JUIMHBI OYepe/H B TaKOH XKe CHCTeMe, eC/H JIHGO
BXOJHOH MOTOK IyacCOHOBCKHH, MO0 BpeMmsi 06C/yKMBaHHs
nokasareqpHo H T. 1. Ilycts L — paccmoanue Jlesu mexny
GyHKUHSMH pacnpefiesieHHsi (paccTosiHne JleBH coiepxkaresb-
HO MOXXHO HHTepIIpETHPOBaTh KaK /JIHHY CTOPOHBI KBaJpaTa
MaKCHMAaJIbHOTO pa3Mepa, KOTOPHIH MOXeT ObITh BIIHCAH MEXAY
KpHBbIMH A (x) H B (x); CTOpPOHBI KBaJpaTa NapaJiesbHbl OCAM
KOOPJAHHAT).

Ecan L— 0, TO roBOpsiT, 4YTO CpaBHHBaeMble PyHKIHH pac-
npefiesieHust caabo cxodamcs Npyr K ApYry.

BriGepem
CouX, X)=L(#H, H), (3.11)
r(Y, Y,)=L (G, G)). 3.12)
Torpa
v(Y, Y)=supL (G, G,).

B ocHoBe aHa/nH3a HeNMpPepHIBHOCTH JICXKHT HJesl BhISIBJCHHSA
y cpaBHHBaeMbIX npoueccoB Y u Y’ «rouek Gumsoctu». Ilog
HUMH [IOHHMAIOTCSl, BOOOLIe TOBOpS, CJydalHble MOMEHTHI Bpe-
MeHH 0,, k = 1,2, ..., objalalouiHe TeM CBOHCTBOM, YTO
r 4
31’1¢p r (Y"k' Y k)—» 0 mpu p (X, X)—0. (3.13)

3]

Puc. 5. mosicHsieT OMHUCBIBaeMyi0 HJEI0.

OTMeTHM pasHHLY Mex1y cooTHoweHHsMH (3.9) u (3.13).
Ecau B (3.9) TpeGyetcs, 4TOOb paBHOMEDHO 1O 6CEM MOMEHMAM
BpemerH Beanuunbl 7 (Y, Y ) crpemuanck x 0 mpu p (X,
X’)— 0, 1o B (3.13) Takas paBHOMepHOCTb Tpebyercs JHIIb
N0 GLIGPAHHBIM CAYHALIHOIM MOMEHMAM BPEMEHH O .

Onpenennm, Hanpumep, aas npoueccoB Y u Y’ Buaa (3.10)
MOMEHTHl 0, TaKue, KOrija OJHOBpeMeHHO Y, = Y =0.

Torna r (Y, Yoh)'= 0 H, cJelOBaTeNbHO, yc.nosuev (3.13)
3aBEAOMO BBITIOJHEHO.
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Ya Yz

Puc. 5.

INpennosoxum Temnepb, YTo cJaydaifiHble MOMEHTH O) pac-
TNIOJIOXKEHB «IOCTATOYHO PeryJysipHO» Ha ocH BpeMeHu. Ilotpe-
6yem, Hanpumep, yTo6bl npu BceX X € T*, X' € L* U Heko-
TopelX p>1 n g<<oo

S‘ip E (0441 —0p) "< g 3.14)

Torna ouenka paccrosiunst v (Y, Y’) Buna (3.8) saBucut ot
TOrO, YCIeloT JIH cpaBHHBaeMble npouecchl Y 1 Y/ «lasieko pa-
30HTHChY 3a NPOMEXYTOK BpemeHH [0,, 04.,), NOCKOZBKY
6J1M30CTb BeJIHYHH Yo H Yoh rapaHTHpyeTcsi MOCTPOSHHEM
MOMEHTOB BpeMeHH o, (cM. (3.13)).

Ecan, nanpumep, npu Bcex n = 0 (ycaosue Henpepvisrocmu
HQ NPOU3BONbHLIX KOHEUHbIX OMPpPE3KAX BPEeMEHU)

’ ’
su‘? v (Yopin Yok+n)—> 0 mpu p (X, X)—>0, (3.15)

to u3 (3.15) (o6oGwaiomero (3.13) B coBokynmHoctd ¢ (3.14)
cleflyeT BBINOJHEHHe cooTHOWeHus (3.9), T. e. paBHOMepHas
N0 BPeMEHH HelpephiBHOCTh. Dosiee Toro, mmest oleHKH BHIA
(3.14) u Ko/MYeCTBEHHBIE OLIEHKH COOTHOWEHHs (3.15), MOXKHO
TNOJIyYHTb OLIEHKH HENpepBLIBHOCTH.

Bosspamasice k mozenu (3.10), MBI BHIAMM, 4TO YyCJOBHE
(3.14) sgBasieTcss yC/IOBMEM KOHEYHOCTH MOMEHTa MOpsAKa Y
LJis BpeMeHH BosBpallleHns Tpaektopuu npouecca {Y,, Y, }uzo
B Touky (0, 0), WHaue roBopsi, YCJOBHS BBINIOJHEHHs COOTHO-
weHus (3.14) MoryT GuITh HalileHBl METOZIAMH, PACCMOTPEHHBIMH
BHILLIE. ]

MoxxHo nokasatb, YTo HepaBeHCTBO (3.14) BhINOMHEHO, €c/IH
NOAMHOXKeCTBO L™ € & COCTOMT M3 MocJeloBaTe bHOCTeH,
SJIEMEHTH KOTOPHIX YAOBJIETBODPSIIOT COOTHOILEHHSIM:

Xnss—a, E(X})"< ¥ (3.16)
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NPH HEKOTOPBLIX (PUKCHPOBAHHBIX TOJIOMKHTEJbHbIX @ H b, TAe
X+ = max (0, X,).
B nannoii monenu o6cayXHBaHHUS
r (Yopen Y;ﬁn) < np (X, X).. 3.17)

W3 nepaBenctBa (3.17) BhITeKaeT BHINOJHEHHE YCJOBHS
(3.13). B pesysbraTe B MHOMecTBe Z'*, 3aiaBaeMoM HepaBeH-
crBamu (3.16), MOXKHO MOJIYYHTb OLEHKY:

sup L (G, G,)<c [L (H, H)Iv=1rv,
n

Takum 06pa3oM, NpHMEHEHHE H3JIO0KEeHHOro NMOAXona mpes-
riojlaraert:

1) BoisiBNeHHe «ToYek Gausocthy {0,} AN paccMaTpHBae-
MBIX MOJeJIel;

2) pa3pa6oTKy MeToloB MNpOBepKH YycJoBuit Tima (3.14)
(BosBpaTHOCTb npoueccos (Y, Y’) cneuuanbHoro BHAA);

3) pa3paboTKy METOJOB OLIEHKH HellpepHIBHOCTH Ha Ipo-
M3BOJIbHEIX KOHEUHBIX NpOMEXYTKax BpeMeHH, cM. (3.15).

Mertonbl, MpuMeHsieMble Ha NepBBIX ABYX 3Tanax, OTHOCH-
TeJIbHO ¢J1a60 CBsI3aHbl C KOHKPETHBIM BHJOM HCCJIElyeMBIX MO-
Iesiell — OHM B OCHOBHOM OIpEJeJ/IsIIOTCS KJIacCOM aHaJH3H-
pyeMbIX IpoleccoB. B pe3yJibTaTe BBHINOJHEHHS! NAHHBIX 3Ta-
1I0B ONpeJieNseTcss NOAMHOXecTBO <'™*, Ha KOTOPOM BO3MOXHa
HelpepLIBHOCTD.

B To Xe BpeMsi OLEHKH, MoJyuaeMble Ha TPeTbEM 3Tale, B
3HAUHTEJILHOH CTeNeHH ONpeJeNsoTcsi CTPYKTYpoH M ocobeH-
HOCTSIMH Hcclienyemoit mofiesin. Mimenno sTH oueHkH ¢daxTHue-
CKH OIpelesisiioT BHI MeTPHK, B KOTOPBIX HMeeT MeCTO Helpe-
pbiBHOCTE. MccnefioBaHusl HempepblBHOCTH KaK KOHKDPETHBIX
CTOXaCTHYECKHX MOJeJell, TaKk U HX KJAcCOB MOXHO HaHTH B
paborax [6, 17, 191].

OueHkKa CKOpPOCTH CXOAHUMOCTH. Mu yc-
JIOBUJIUCh, YTO JHHAMHKY H3yuaeMOH MoOJesH ONHChIBAEeT CJy-
yaliHeiit nponece {Y;}. OxHako ucesenoBaresist, Kak MpaBHIIO,
HHTEPECYIOT He CaMH peaJli3allvi 5TOro Ipouecca, a HEeKOTOPLIE
ero CTaTHCTHYeCKHe XapaKTepHCTHKH. OIHOH M3 TaKHX BaXK-
HBIX XapaKTEepPHCTHK SIBJIsIeTCsl BEpPOSTHOCTHOE paclpejiesieHne
Q, (S) cocrosinus Y; B MomeHT BpemeHH f, T.e. Q; (S) =
= P{Y,€(S)) .
3Has pacnpeaesieHus Q;, MOXXHO HaHTH MHOTHMe NpPaKTHYECKH
MHTEepeCcHble MoKa3aTesJH PabOThl MOJIEJH.

OnHaKO HaXOXKIEHHe «HECTalMOHAPHBIX» pacnpesieJeHui
Q; npeacTaB/seT cepbe3Hble, a HHOrJa H HENpeoJoJMMble TeX-
HHYeCKHe M MaTeMarHuecKue TpyAHOCTH. OlLleHKa e pacrpe-
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IeJIeHuHi Ha MalllHHHEIX MOJeJsiX TaKXe HaTaJKHBAaeTcs Ha

OTCYTCTBHE 3()HEKTHBHEIX CTAaTHCTHUECKHX MPOLEAYP OlEHKH

HeCTalHOHapHbIX TpoueccoB. Ilostomy Ha npaktvke wacro

OTPAHHYHBAIOTCS OLUEHKOH (MHANLHBIX paclpefiefeHHli Q =

= }1m Q;. Jlannble pacrnpefiesieHHsi MOT'YT HaXONHMTLCS Kak M3
=00

pelleHHsi COOTBETCTBYIOWMX ypaBHeHuH (Hanpumep, AJs Map-
KOBCKHX NPOLECCOB C KOHEUHBIM MHOXEeCTBOM COCTOSIHMH AJisI
HaxoXJeHust pacnpefeeHHii Q, HeO6XOAMMO peliaTh CHC-
TeMy JIHHEHHBIX NuddepennHanbHbIX ypaBHeHHH Kosmoropo-
Ba, a I/l HaXOXJeHus Q — cHcTeMy JIMHEHHBIX a/reGpaHye-
CKHMX ypaBHEHHIt), TaK H XOpPOLIO pa3paBGOTaHHLIMHM CTaTHCTHYe-
CKHMH MeToJlaMH, Hanpumep MetogoM Mourte-Kapso. Oanako
He BCerlla yYMTHIBAaeTCs OrpaHHYEHHOE 3HAUeHHe HalJeHHbIX
TakKuM 06pasoM pacrpefiesieHni. JleJio B TOM, 4TO «CTallHOHap-
HBIA pexxiM» yCTaHaBJIMBAeTCs MpPH BecbMa OGLIMX MpPEANoJo-
XeHusiX (IpH NOCTOSHCTBE I1apaMeTpoB, ONpelessONUX pa-
6oty moznesnn). OXHAKO MOAENb SIBJSIETCS JIMIIb HEKOTOPHIM OT-
paxkeHHeM peasIbHOH cucTeMbl. B nocsenHeill xe napaMeTpel ¢
TeueHHEM BPEMEHH MOT'YT MEHSTbCSI; MOTYT MEHSIThCS M yCJIO-
BHsI, B KOTOPHIX cHCTeMa pa6oraeT. [lostomy B peasibHOH cHc-
TeMe CTallHOHApHBIN peXKHM; CTPOro roeops, orcyrcryer. Cie-
JIOBaTe/IbHO, BO3HHKAeT BOMNPOC O TOM, HaCKOJbKO HafleHHble
CTallHOHapHbIE XapaKTEPHUCTHKH COOTBETCTBYIOT peaJlbHBbIM.

Taxoe coOTBeTCTBHE HMEET MECTO, €CJIH CKOPOCTb CXOXHMO-
CTH K CTallHOHApDHOMY pEXHMY B MOJEJH MHOTO 6OJiblle» CKO-
POCTH HM3MeHeHHs NapaMeTpoB Moje/lHpyeMoro ob6bekra. Ilpu
STOM B peajlbHOH CHCTeMe BO3HHKAeT PEXKHM, KOTOPHIH MOXKHO
Ha3BaTb «KBa3UCTallHOHAPHbLIM» H BepPOSTHOCTHBIE XapakTe-
PHCTHKH KOTOPOTrO B H3BECTHOM CMbIcJ/i€ G/IH3KH K IIOJy4aeMbIM
B pesyJ/ibTaTe MOJEJHPOBAaHHSI CTallHOHapHBIM XapaKTepHCTH-
KaM.

Ecsi e cKOpOCTb CXOXHMOCTH K CTallHOHAPHOMY PeXHMY B
MOJIe/IH COH3MEPHMa CO CKOPOCTbIO H3MEHEHHs llapaMeTpOB MO-
Jied, TO CTallHOHAapHbIe' XapaKTePHCTHKH, MOJy4YaeMbie B pe-
8yJibTaTe MOJEJHPOBaHHS, MOTYT ObITb BeCbMa JaJleKH OT pe-
‘aJIbHBIX.

Takum 06pa3oM, olleHKa CKOPOCTH CXOINMMOCTH K CTallHO-
HapHOMY DEXHMY NO03BOJISIeT CyIHTb O BO3MOMHOCTH MCIOJIb-
80BaHHs CTallHOHADHBLIX XapaKTePHCTHK  (HaXOXKIEHHE HX
OGLIYHO He NpefCTaB/seT Cepbe3HbIX TeXHHYECKHX H MaTeMa-
THYECKHX TpYyAHOCTeH) JJIsi MosyyeHHs noKasatesied paGoTel
peasbHOH CHCTeMBI.
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Heo6Xx0oauMO TAKXXe OTMETHUTb M Te CJydaH, KOI'Zla OLEHKH
CKOPOCTH CXOMMMOCTH MPEACTaB/IAIOT COG0H OCHOBHBHIE IOKa3a-
Tesqu paGoThl MOfie . B KauecTBe MpHMEpPoB MOMKHO IPHBECTH
OLEHKH BPEMEHM ¢paccachbiBaHHA MHKOBBIX CHTyallHil» B MO-
JeNisiX NOPOMKHOTO TpaduKa, CHCTEMAX nepefaud M 06paboTKH
JIAHHBIX, BBIYMC/IHTENbHBIX CHCTEMaX, OLEHKH BpeMeHH JIHKBH-
JalHH HeXeNlaTe/IbHeIX (aBapHMAHBIX) CHTyallMii H MX MOC/AeA-
CTBHA B OpraHU3alHOHHBLIX CHCTEeMax.

Oxa3biBaeTcs, YTO BO MHOTHX CJydyasiX OLEHKY CKOpDOCTH
CXOJIHMOCTH MOKHO CBECTH K OlIeHKe paclpefle/IeHHs1 BPeMEHH
NePBOr0 JIOCTHKEHHs] HJIH €ro MOMEHTHBIX XapaKTEpPHCTHK.
IpounasocTpupyeM OCHOBHYIO MIEI0 MOJNYYeHHs TAKHX OLEHOK
Ha [IpUMepe pereHepUpYIOIUX Npoueccos *.

Hrak, nycts {Y,} — pereHepupylomuit mpouecc u 6,
0,, ... — nocseoBare/ibHble NepHoAbl pereHepauuu.  Ilo-
CTPOHM COOTBETCTBYIOIULYIO 3TOMY IIPOLECCY CMAYUOHAPHYIO
eéepcuro {Y%}, 7. e. Takoit perenepupylomuil npoiuecc, y Ko-
TOpOro pacnpefesenHs Q7 oT BpemMeHH ¢ He 3aBHCAT H COBNALAIOT
¢ Q = limQ,. BaXHo noauyepkHyTb, YTO MOCJeAOBaTENbHbIE

p %

-+ 00

uukJel nponecca {Y9} (kpome, GBITH MOXET, NEPBOro) He TOJIb-
KO HE3aBHCHMBI MEXJIy COOOH H HMEIOT OAMHAKOBble pacrpe-
AeJIeHHs!, HO M pacrpejie/ieHbl OIHHAKOBO C LIMKJaMH Ipouecca
{Y,}. To, uro nepswiil WHKJ B CTaLHOHAPHON BEePCHH OTJIHYA-
eTCsl OT OCTaJbHBbIX, SIBJSETCS CJAEACTBHEM CTallHOHAPHOCTH.

[MockosbKY 0 CHX MOp Mbl HHTEpPECOBA/HChb JIHIIb 4YacT-
HbIMH XapakTepuctHkamu npoueceos {Y,} u {Y?}, 10, BO-
o0uie ropops, He HMEJO CMbIC/a FOBOPHTh, HaNpHMep, O Bepo-
AaTHocTH P (Y, = Y‘;), a TaKoro poja BepOSITHOCTH HaM IO-
Hajo0s1Tca B AanbHeiieM. IToatomy npexxae Bcero nosa6oTum-
Csl O COBMECTHOM 3ajlaHHH HCClefyeMbix mpoueccos. Ilocrtpo-
uM npouecc Z, = {Yy, Y9}, KOMNOHEHTHI KOTOPOTrO ABJAIOTCS
BEpOSITHOCTHBIMM Konusamu npoueccos {Y,} u {Y?} coorser-
CTBeHHO. UTO6kI He 3arpoMoXKaTh M3JI0XKEHHEe, MBI Jaxe 000-
3HaYHM HMX OJMHAKOBO, XOTs, CTPOro roBops, CjeAoBaso Ghl
NpUMEHHTb pa3/jHuHble o6o3HaueHusi. BooGe roeopsi, nap
{Y:, Y%} ¢ ykasaHHBIM CBOHCTBOM MOXeT 6biTh MHOro. IloJb-
3ysICh 5THM, NONbITAEMCS HAHTH TaKylo mapy, AJs KOTOpOil Cy-
LIECTBYET MOMEHT BpPeMEHH &, SBJSIOLIUHACA 06uyum MOMEHLMOM
peeenepayuu cpasy nns oboux npoueccos {Y,}, {Y?}. Torna,

* Jlannast Hies B TOK HJIM HHOK QOpMe HCHO/IB30Badach B PaGoTax
[6, 19, 35, 43] u np, op ’ ’
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rpy6o ropopsi, HauuHasi ¢ Momenta § nponeccnt {V,} u {Y9}
COBMNAJAIOT B BEPOSTHOCTHOM CMBICJIE (2 Ha CaMOM JIejie MOYKHO
ROOHTbCS NaXKe COBMAJEHHS TPaeKTOPHH), B YaCTHOCTH, COB-
najamoT 4 ux pacnpenenenns Q; u Q7. Takum o6pa3oM, MOXKHO

HOJIyYHThb OLEHKY
[Q: (B) — @ B)|< P (E>1), (3.18)
KoTopasi GakTHUeCKH H MNpeJCTaBJsieT co60i OLEHKY CKOPOCTH
CXOJMMOCTH.
Jaist ee npsryyeHusi HEO6XOAHUMO yMeTb CTPOHTh TaKylo mapy
(Y4, Y9), ana xotopoii npaBas yacth (3. 18) 6rl1a Gbl MoMeHbiLe

¥ BO BCSIKOM C/Tyyae cTpeMusack 66l K 0 npu {— oo, [lannas 3a-
Jaya MOXKeT ObITb HeTpuBHaJbHOH. Hanpumep, eciu aiutesn-
HOCTH LHMKJOB 6; HMMEIOT MJOTHOCTb, TO, CKaXKeM, /I He3aBH-
cumbix npoueccos {Yy} u {Y%} moment & e macTymur Hu-

Korja ¢ BeposTHocThio 1. [TosTomMy HOGHTbCs CywecTBOBaHUS
KOHEYHOrO BpeMeHH & MOXHO, JIHLIb BBOJSl AOCTATOYHO CHJIb-
Hylo 3aBucuMoctb mexny {Y,} u {Y9}.

OueHka e BeposaTHOCTH P ( § = f) MOXKeT oCyIIeCTBAATbCS
METOJIaMH, PacCMOTPEHHBIMH BBIILE /1S OLEHOK BpeMEHH mnep-
BOTO JIOCTHXKEeHHs WJIH HX MoMeHTOB. Hanpumep, ecau cymecr-
Byer EEY, y >0, To B cooTHOweHHH (3.18) MOXKHO BOCMOJIB-
30BaThCs HepaBeHCTBOM YeGkilleBa:

P(E> )< EEY/tr. (3.19)

OkasbIBaeTcsi, YTO €CJIH y pereHepUpyIoLero npouecca AJH-
TeJIbHOCTH UMKJOB 06/1aJ]al0T KOHEYHBIM MOMEHTOM MOpsijJKa
1+9, y>0, T.e. EO/*Y << oo, TO (IpH HeCYHECTBEHHbIX
C NpaKTHUYeCKOH TOUKH 3peHHs JOMOJHHTENbHEIX MpeIoJio-
JKeHUsiX, HajaraeMblX Ha paclipefiefieHHss BeJHUMHBI 0; —
THIA HeapU(PMETHYHOCTH H T. I1.) MOXKHO NOCTPOUTH TaKylo napy,
Zy = (Yy, Y9), nna xoropoit EEY << oo H, CJe0BaTeNbHO
crnpaBefiuBE oleHKH (3.18) u (3.19).

3ajgaunm pacuetra PpeXHUHMOB pabGoTH
31eMeHTOB CJOXHBX cuHCTeM. PaccMmorpeH-
HbI€ BbIILle CBOICTBAa KacalHChb B OCHOBHOM KaueCTBEHHOH Kap-
THHBI NOBEAEHHs] M3y4YaeMbIX MOJiesiell, XOTs MHOrO ‘BHHMaHHs
YAEeJSI0Ch U BOMPOCaM MOJYYeHUs] COOTBETCTBYIOUIMX KOJIHYe-
CTBEHHBIX OlleHOK. Kak yke oTmeuasoch, KauecTBeHHble CBOH-
CTBa HCMOJIb3YIOTCS MpeXJe BCEro Ha 3Tare pelleHHsi NPHHIH-
NHaJIbHBIX BONPOCOB O paGoTOCMOCOGHOCTH cHcTeMbl. [lasee,
OJIHAKO, HEOGXOAMMO PACCUHTATh ee KOHKpPETHHIE PEeKHUMBI pa-
Gotol. IIpn 3TOM BO3HHKAIOT cepbe3Hble MaTeMaTHYeCKHe TpYA-
HOCTH: JlaXke eCJIM M yJaeTcsi HalTH, HanpHMep, ypaBHEHHS,
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ONKCHIBAIONINE JAWHAMMKY HJIM CTallHOHApHBIA peXHM TaKHX
CHCTEM, TO PELINTb HX MOXKHO B KpaiHe peKHX cayyasax (6o
BBHJY MX CJIO)KHOTO BHJa, JIHOO BBHAY HX GOJBIIOH pa3mep-
HoCTH). PellleHne yKasaHHBIX ypaBHEHHH NaeT HHQopMmauuio
3HauuTeJbHO GoJslee noApobHYIo, YeM 3TO HEOOXOAHUMO IJisl HC-
cenoBaTens. ATo GaKTHYECKH NPHBOAUT K HEBO3MOXKHOCTH ee
HCIOJIb30BaHUs 6e3 JOHOJNHUTeNbHOH O6paGOTKH, Halpumep
TNIOJIYUEHHs] UHC/JIOBBIX XapaKTepHCTHK AJs1 HalJEeHHBIX 3aKo-
HOB pacnpenesenys. CrlelyeT TakXe HMeTb B BHAY, YTO 3a-
YacTyl0 CHCTeMbl pabOTaloT B TaKHX peXHMaX, KOTOpble MpH-
BOJAAT K JONOJIHUTEJNbHBIM TPYAHOCTSAM — IJIOXO O6YCJIOBJIEH-
HbBIM ypaBHEHHSIM, Ha/H4YHIO MaJblX IapameTpoB H T. X. Tu-
MHUYHBIM B 5TOM OTHOLIEHHH SIBJISETCS MPHMED BbICOKOHAOEHHbIX
cucmem, T. e. CHCTEM, 3JIeMEHTHl KOTOPBIX MOT'YT BEIXOAHTb U3
CTpPOSl U BOCCTaHAaBJIMBAThCS, a COOTHOLIEHHE MEXJAY IapaMeT-
paMH TaKoBO, YTO BLIXOJ M3 CTPOsi BCeH CHCTeMbl NMPOHCXONUT
KpaiiHe penko. IlosTomy, CKaxkeM, BepOSITHOCTb HaXOMIEHHS
CHCTEMBl B OTKa30BOM COCTOSIHMH Gin3ka K 0. 3ajaua Haxox-
IeHUs] 3TOH BepOATHOCTH MOXKET MPHBOAMTL K GOJBLIMM NO-
rpemHocTssM. PacCMOTpHM 3JeMeHTapHEIH IpuMep.

INyctb cucrema onuchkiBaeTcs nenbio MapkoBa ¢ Tpems co-
crossHuaMH — paGounM (0), npenorkasoseiMm (1) W OTKaszo-
BuiM (2). M nmycTh BepoATHOCTH nepexoia paBHBI pg = 1 —
—&}, Po1 =%y, Pro = 1 — &3, P1a = &y, Py = 1 (0CTANBHDIE
BeposiTHocTH paBHHl 0). CranuoHapHble BepOSITHOCTH p; (j =
= 0,1,2) HaxonsiTCa M3 C/efyloleH CHCTeMbl ypaBHEHHH:

2 2
pi= igo PiPij (] =0,1, 2),f§0 pi= 1. (320)

INMockonbKy ypaBHenusi (3.20) JHHeHHO-3aBHCHMBI, TO BBI-
GepeM M3 HHX TpH JiMHeMHO-He3aBucumbix. Hampumep,
Po = po (1 —&1) + py (1 —&y),
P1 = Po€1 T Pa, @3.21)
0P0+P1+Pz=1-
Pewenne naHHOH CHCTeMBbl HMeeT BHA:
— 1—e . — ~1 .
Po= I—e,+ g f e, 0 P1= l—ey4&;+ e85 ?
&8y

Pa= T—e; e +eg,

IlpegcTaBuM Tenepb, YTO BEPOSTHOCTH NEPEXOfia MOJyYaroT-
Cs B pe3yJbraTe 06palOTKH, HallpUMEp, SKCHEpPHMEHTaJbHbIX
JAAHHLIX H, CJIEJIOBAaTEIbHO, 3aJlaHbl C HEKOTOPOH MOrPELIHOCTDIO.
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Ilycts, nanpumep, B (3.21) BepositHoctH 1 — &y, 1 —¢, u
€; 3aJaHbl C OJHOH H TOH K& OTHOCHTEJIbHOM MOrpeiHocTsIo 8,
T. . HCTHHHbBIE BeposiTHOCTH paBHbl (1 — &) + 0,8 (1 — &),
(1 —ey) + 0,8(1 —e,), e, + 00e;,, rne—I<96;, <]I,
i=1,2,3.

Haiinem us ypasHenwuit (3.21), B KOTOpOM HjeasibHBIE BEpPO-
AITHOCTH 3aMEeHEeHbl Ha HCTHHHbIE, BEPOSITHOCTb pP,, HampuUMep,
no npasuny Kpamepa.

INonoxnm ans onpenenenHoctH 6, = 03 = 0. Toraa

_ €8, — 0,0 (1 —¢y)

Pa= —ey+ &+ €8, — 0,8 (1 —¢) (3.22)
W, Hanpumep, npu e, = €, =8 = 0,01 sra BeposTHOCTH (B
3aBHCHMOCTH OT 0;) nexuT B auanasore 00,01 (dopmanbHo
NoJlyyaeMble OTDHIATEbHbIE 3HAUYEHHS MBI He YUHTHIBAEM,
YHCJIOBbIE JIaHHBIE OKPYTJIeHbl). B To e Bpemsi paHee Haiinen-
Has opMyJia Jaer aHauenue p, = 0,0001.

TaxuM o6pa3om, JaKe 3TOT 3JleMeHTapHBIH NMpHMEp MOKa-
3bIBaeT HEOOXOAMMOCTb pa3paboTKH CHelHaJbHBIX BHIYHCIIH-
TeJIbHBIX METOZIOB /ISl pacyera peXKHMOB paGoOThl CJOKHBIX CHC-
TeM. B paccMoTpeHHOM npuMepe (a TakKe BO MHOTHX ADYTHX
aHANOTHYHBIX cuTyanusx [28]) uenecooGpasHo u3yuarth Lenb
MapkoBa He a/jreGpaHueCKMMH MeTOJaMH, a TPAKTys ee Kak-
pereHepHpyIOWHKEA npolecc ¥ BbIOHpast 32 TOUKH pereHepaniu
MOMEHTHI [1peObIBaHHUS LI€MH B <BLICOKOBEPOSITHOM» COCTOSIHHH 0.
Torna 3a mepuoj pereHepanuH BO3MOXKHBLI CIEYIOUIHE Mepe-
xoaml: 0 >-0;0 —>~1-0; 0—>1-2—1 —0; 0>1->2>1->2—1>0
u T. &. OJHaKO «B pacueT» NP MaslbiX €, H €, CJeAyeT NPHHH-
MaTh JIHLIb NepBble 3 U3 Nepeyrc/IeHHbIX TPAEKTOPUH — Apyrue
3HAUUTEJbHO MeHee BeposiTHbl. Hampumep, BeposiTHOCTH ne-
PEUYHCJEHHBIX TPAeKTOpUH pDaBHBI NPH €; = &, = & COOTBeT-
CTBEHHO:

1—e, e (1 —¢g), e¥(l1 —e), e3(1 —e).

ITpu 3TOoM BeposTHOCTb p, GYeT paBHa MOMPOCTY JAOJe€ «Ha-
nGoJiee BEpOSITHLIX» TPAEKTOPHH, NMPOXOASIIHX Yepe3 TOUKy 2,
T. e. €2 + 0 (e). MeronuKa onpejaeseHnsi BEPOITHOCTH KaKoro-
anb0 COGLITHS B 3TOM CJyuae 3aKJIoyaeTcs B NOACYeTe NOJH
«HauboJiee BepOSITHBIX» TPAeKTOPHH, NMPHBOASAILIMX K JaHHOMY
COOLITHIO Ha OJIHOM mepuoje perenepauuu. Ilpu sTom cnocobe
BBLIYHC/IEHH BO3MOXKHbIE MaJlble MNOTPEIUHOCTH OIIpeesIeHHst
BEpOSATHOCTEl Nepexofia He NMpPHUBeAYT K GOJIBIUMM MOrPELIHO-
CTSIM B OINpefiesIeHHH HCKOMBIX BEPOSTHOCTEH.

IlpencraBum ceGe, 4yTO B PacCMOTPEHHOM IIPHUMEpE Hac HH-
TepecyeT He CTallHOHapHasi BEPOSTHOCTb Py, a CJydaiiHoe Bpe-
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Msl T, IEPBOTO JOCTHXXEHHS COCTOSIHHSI 2, BepHee, GyHKUHSA
pacnpelie/leHHs] 3TOTO BpPEMEHH MJIH ee YHCJIOBblE XapaKTepHC-
THKH. UTO MOXHO CKa3aTb OTHOCHTeNBHO T,? Bo-neppwix,
OYEBUJIHO, YTO T,— 00, T. €. P (T, << x)—> 0 nmpu mobom x,
ecnn € = min (g;, €,)— 0. Bo-BTOpBIX, HaX0XKJEHHE TOYHOTO
BHIa pacrpeleieHHs! BeJHUYHHBI T, faXKe B pacCMaTpHBaeMOM
NPOCTOM CJyyae MPHBOAHT K TPOMO3JKHM BBIKJaAKaM H pe-
syJabrataM. [losTomy Bo3HHKaeT BOMNpOC, HeJb3si JIH NOAOGpaTh
Takol Hopmupyrouuii mroxcumeas m (m— 0 npu e— 0), yro-
Obl pacrnpejiesieHHe BeJHYHHBI MT, HUMEJO HEKOTOpBIH npejen
npu e— 07 Ecan, Hanpuwmep, linol P (mty<x) =G (x), 10
e

BMECTO HaXOXICHHSl YNOMSHYTBIX IPOMO3IAKHX HOPMYJ MOMKHO °
NpH KOHEYHBIX € II0Jb30BaThCsl NMPHG/HAKEHHBIM PaBEHCTBOM:
P (1, < x) ~ G (mx). (3.23)
PaccMoTpuM, Kak MOXHO pelMTb NaHHYIO 3afiauy AJis pe-
reHepupyouux npoueccos [36]. Tpexnonoxum anst onpene-
JIHHOCTH, 4TO H3y4aeTcs perenepupytomuit nponece {Y,}
M cJlyualHbIH MOMEHT BPEMEHH T NI€PBOro JOCTHXEHHS MOJMHO-
xkectBa ACV. Ectu A TpakTyercs Kak MHOXeCTBO OTKa3o-
BBIX COCTOSIHMH, TO T — BpeMmsi Ge3oTkasHoil paGothl. [lpen-
NOJIOXHUM, YTO JMHaMHka npouecca {Y,} ompenensercs He-
KoTOpbIM napameTpoM € >0 u 1— oo npu e— 0. 3xech &
BBLICTYyNaeT NPOCTO KaK HHAEKC COOTBETCTBYIOLIErO Mpolliecca,
a He KaK peasibHBIl MaJIbifl TapaMeTp, T. €. IPpH M3MEHEHHH €,
BoOGLIEe rOBOpS, MOT'YT MEHSTBCS 6C€ XapaKTEPUCTHKH Mpolec-
ca {Y;}. Oru xapakTepucTuku Gyiem Jajee oTMeuaTb HHJIEK-
com &. O603HaYUM yepe3 g BEPOSITHOCTb TOrO, YTO Ha LIMKJe
TIPOMCXOJIUT OTKa3 CHCTeMbl, T.e. ¢ = P (t < 0,.) B cuay
TOr0 YTO T—- oo npu e— 0, umeem g (e)— 0 npu e— 0. Ilycte
F (x) — ¢yHKUMs pacnpefieleHHsT HWHTEPBAJOB pereHepaniH:
F (x) = P (6; << x). BpemenHo npeanosioXkuM, 410 (GyHKLHH
F (x) ot & He 3aBHcAT. [TycThb v — HOMEp LHMKJa, Ha KOTOPOM
npou3olle]l OTKa3 CHCTeMbl. Torja Hmeem:
0, +...+0,_ <7t<0,+ ..+ 0, (3.24)
OueBHAHO, BEJIHYHHA V SIBJISETCS c.nyqanﬂon C reoMeTpHue-
CKHM paclpesie/leHHeM:
’ P= k)—(l—q”lq,k—l2,...
(c BepositHOCTBIO (1 — ¢)*—1 BHIXOA mpoLecca B MOXMHOMKeECT-
BO A He MPOUCXOIAMT Ha NepBbIX K — 1 LUMKJaX H C BEPOSATHO-
CTbIO ¢ NMPOHUCXOAHUT Ha k-M IHKJe; NPOH3BEJEHHE B3TO B CH-
Jy HE3aBHCHMOCTH H OINHHAKOBOH pacrpe]e/eHHOCTH LHKJOB).
Cutyauusi 3jiecb Takasi, YTO OYEPENHOH LHKJ «6paKyeTcsi» C
BEPOSITHOCTBIO ¢ M CUHTaeTcsl «He3a6paKoBaHHBIM» C BEpPOAT-
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HocTeio 1| — ¢. Ecin 6Bl «oTGpakoBKa» MpOM3BOAHJIACH He3a-
BHCHMO OT IJIMTeJBHOCTH LHKJa, TO H3 HepaBeHcTBa (3.24)
cJeioBajio Obl, 4YTO
hy 1/g—1) = E0, (Ev — 1) << Ev < E0,Ev = h,/q, (3.25)
rae h, = E0,.

Kpome Toro, Tak kak

. 01 + K + ev ’ —_—X
(3T0 yTBepXKieHHe — (aKTHUECKH CJIeCTBHe H3BeCTHOH Ipe-
nenbHoit Teopemsl Ilyaccona [371]), To u3 (3.24) — (3.26) no-
Jy4aeM, 4TO
lim P{q ) th‘f’ <x}_—_l—e—". (3.27)
e-0

OnHako B JIEHCTBUTEILHOCTH «OTGPAKOBKA» MOXKET 3aBHCETh
OT JJINTENBHOCTH LHKJAa. B npuBeJeHHOM NpuMepe C Ienbio
MapxkoBa nomnajasie B COCTOSIHHE 2 MOIJIO NPOHCXOJHTD JHILb
Ha LHKJaX, JJIHTEJbHOCTh KOTOpeIX =>4. IlosTomy BhIBOA cO-
otHouenus (3.27) B o6iieM ciyyae HeKoppekTeH. TeM He MeHee
okasbiBaetcst (cM. paGory A. JI. ConosbeBa [36]), uto npe-
JieJIbHOe COoOTHolLeHHe (3.27) coxpaHsieTcs, eC/IH NoTpeGoBaTh,
yto6bl npu €— 0 BeiMONHANOCH gE6%/h%— 0 (BMecTo panee

npennoxeHHoro g— 0). Ecau (B COOTBETCTBHH CO ClielaHHBIM
BbILIIE NPENOJIOKEHHEM) paclpeneneHue F (x) He 3aBHCHT OT
e, TO HOBOe ycCJIoBHe TpebyeT JIMIb CYyLIECTBOBAHHS BTOPOrO
MOMeHTa y BequuuHbl 0. OnHako jnokasanHmbill A. [I. ConoBb-
€BbIM pe3yJIbTaT ropasjio IHpe — OH FOBOPHT O TOM, YTO €CJIH

npu e—0
g (€)EO3 (e)/h? (£)—> 0 (3.28)
(1. e. paccmarpuBaemblie npouecchl {Y,} ¢ H3MeHeHHeM HHJeK-
ca € MOTYT MEHSITbCSI KaK YTOJHO, JIHIIb Gbl OHH OCTaBaJIACh pe-
reHepHpYIOU{HMH U BBINOJIHAJIOCE (3.28); mpH 3TOM J0NYCKaeT-
csl M u3MeHeHHe MHOXKecTBa A), TO BhimoJHEeHO u (3.27).
 BoaBparuMcsi K pacCMOTpeHHOMY BHILLIe Ipumepy end Map-
KOBd ‘M 0603HAYMM, KaK M paHee, & = min (g;, €,), Ty — Bpe-
Mst ‘TiépBoro jJocrtirkeHuss coctosinug 2. IlycTe MOMeHTHI pere-
HepaLUH COBNAJAOT ¢ MOMEHTaMH NpeOhIBaHUs LeNH B COCTOsI-
uur 0. Jlerko mnojacuutath, uto h; = E6;, =1+ O (¢),
EB0? =1+ 0 (e)*, g (e) = e4&,. CreoBaTeNbHO, U3 NpHBeE-

JIEHHBIX pe3yJbTaToB mosyyaercs, yto lim P {e,e,1, < x} =
e~0

* Cumsos O (€) HmeeT craHpapthbiit ~Mbica |0 (8)/e]|<C, rae C —
HEeKOTOpas -[OCTOsSHHASA.
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=1—e* T.e. B3TOM ciayuae B ¢opmyae (3.23) moxHO
HOJIOXKHUTL M = &,€,, G (x) = 1 — e™*,

OpnHako NpH NPAKTHIECKOM HCIOJIb30BaHHUU NPHEIHKEHHBIX
paBeHCTB THNa (3.23) BO3HHKAWOT Cjelyloiiye npobmemsl. Bo-
NepBLIX, HaXOXIEHHe OLEHKH TOUHOCTH 3THX DPaBEHCTB IPH
KOHEUYHBbIX 3HaYeHHsIX €. Bo-BTOPHIX, onpefieieHHe KOHKPETHHIX
olleHOK mnapametpoB (g, h;, E02), BXoAsmux B yc/oBHe Te-
OpeMBI.

Haunem co Bropo#t npo6Gsembl. PelileHue ee B 3HaUHTENLHO#
CTeNeHH JIO/KHO YYHTHIBAaTh XapakTepHhle 0COOEHHOCTH HcCClle-
ayemoli cHcTeMel. Tak, ofHUM M3 3(¢deKTHBHBIX METOLOB OlIEeH-
KH BePOSITHOCTH ¢ sIBJISIeTCs ee NpHGJIHKEeHHe BePOSTHOCTBIO g’
OTKa3a JIMIIb M0 CrelHaJbHbIM TpaekTopusM [28, 361, o6biuHo
HMEIOLIUM MOHOTOHHBIH XapaKTep,— B MNpPUBEJEHHOM BHIILE
npumepe nenn MapkoBa Takoil TpaekTopHeH Oblia 0—-1-—-2,
BEepOSITHOCTL KOTOPOil paBHa €., M B JaHHOM CJydae
TOYHO COBMNajaeT ¢ g (<HEMOHOTOHHOH» TpaeKTopHeill Morsa Gl
6bith 0—1—1—2, HO oHa B npuMmepe uMeeT BeposTHOCTL 0).
Jlis Nofo6HBIX OLEHOK®MOXKeT 3(EeKTHBHO HCIOJb30BAThCS
meton, MonTe-Kapso. Hanpumep, B pa6ore M. H. Kopasen-
Ko [28] paspa6orana MeTOJMKa TaKHX OLEHOK AJIs JiHHeiya-
ThIX mpoueccoB. He MCKIIOueHE M Jpyrue MeTOAbI OLEHKH (.
UTto KacaeTcsi OLIEHOK BeJHYHHBEI 0,, TO O HHX MBI TOBOPHJII
BHILIE,

Pemennto npo6/ieMbl TOYHOCTH NDHOMHXKEHHBIX DPaBEHCTB
MOMOraeT «paBHOMepHasi» GOpPMYJHPOBKA CHOPMYJTHPOBAaHHO-
TO aCHMITOTHYECKOTO pe3ysbTarta. ¥ c/0BHS BHAa (3.28) «mo-
Ka3blBAalOT HaM, KaKHe aHOMaJMH B pacnpeleseHHsIX MOTyT
HapyllaTb CXOAMMOCTb, T. €. [IOKa3blBalOT, KOTAa INpaKTHYe-
CKH HeJIb3s1 M0JIb30BAThCS COOTBETCTBYIOIHMH IPHOJIHMKEH-
HBIMH paBeHcTBamu» [36]. Hapsay ¢ 3tum uncro merososori-
YeCKHM pe3yJsbTaToM B psine caydaeB [19, 36] nnsi pacnpene-
JeHuss P (T << x) MOXHO HaHTH JABYCTODOHHHe HEepaBEHCTBa,
KOTOpble HMEIOT TO NPEHMYLIECTBO Nepeji COOTHOLIEHHeM BHJA
(3.27), uTo OHM SIBHO YKa3bIBalOT TPaHHLbl BO3MOXKHBLIX 3Ha-
YeHHH olleHHBaeMoH QYHKIHH pacrpefe/eHusi, T. €. KaK pa3 H
pelLlialoT 3ajlayy OLEHKH TOYHOCTH aCHMNTOTHYECKHX (GOpMYyJI.

PaccmoTpeHHBbI# MeTOX MOJIyueHHs] aCUMITOTHYECKHX pac-
npejieJieHHH NPHMEHHM B CJyuae, KOTjJa B CHCTeMe YJaercs
BBIICJIMTD pedkue cobbimus, NpejCTaBJsiolIHe OCHOBHOH HH-
Tepec. B 3aToM nuaHe yTBepKieHHs, JieXKallue B OCHOBE HaH-
HOT'O MEeTOJla, B U3BECTHOM CMBICJIE POACTBEHHE! YTBEPIKACHHSIM
npenenbHoll Teopemb! Ilyaccoma u3 Teopuu BeposiTHOCTeH.
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CymecTsyer eue oaHa Gosblllasi 'pynna pesyJbTaToB, pPoji-
CTBEHHAs!, €CJIM YrOJHO, IEHTPa/IbHOH MNpeliesbHOH TeopeMe.
Peub pleT O CXOAHMOCTH CJy4aiHBIX NPOLECCOB (OMHCHIBAIO-
IHX HCCIeayeMble MOJENH H HMEIOUHX CJOXHYIO CTPYKTYpY)
K «IPOCTBIMy IpoueccaM. B KauecTBe TaKHX Npo1ECCOB OGBIUHO
BBICTYNAOT Oughghysuornse [371, a ewe yame — npocreiiiuii
U3 AudQy3HOHHBIX MpolleccoB — BHHepoBcKHi. JInddy3uon-
Hble MPOLEeCCHl — 3TO  OJHOPOJHLIE MAapKOBCKHE IPOLECCH ¢
HeNpepeIBHBIMH TPAeKTOPHAMH (PajH MPOCTOTHI MPEANOJIONKHM,
YTO pacCMaTpUBAIOTCS NPOLECCH Ha NpsIMOii), KOTOpble, TpyGo
roBops, ob1ajaoT clefyouumM ceoictBamu: (1) cpeaxee npu-
pallleHHe mponecca 3a Majoe Bpemst Af ¢ ToyHocTbIO 0 0 (Af)
NpONOPLHOHANBHO BeHunHe Af, mnpuyeM KO3QOHUHEHT Ipo-
MOPLHOHAJNBHOCTH (Ko3ghhuyuenm cHoca) 3aBUCHUT, BOOOIIE To-
BOpsi, OT TOYKH, B KOTOpO# TPaeKTOPHs Mpoliecca HaXOoAuJach
B HayaJsle 3TOro WHTepBasa; (2) AucHepcHsl 3TOro MpUpaeHHUst
TaKXe ¢ TOYHOCTbIO 10 0 (Af) mpomopumonanbHa Af (Ko3g-
(PUIMEHT MPOMOPIHOHAIBHOCTH HA3BIBAETCS KOIDPUYUCHMOM
Oughpysuu). OTCrofa CrefyeT YcAosue HenpepuleHoCmu:

. 2 (Y —Y
P(|Ya—Y,|>e)<Zrat = Y0

— Onpu At - O

u Jobom & > 0.

MoxKHO 0C/1aGHTh NpHBEAEHHBblE YCJIOBHS, NOTpefoBaB CY-
IECTBOBAHHS «yCEUEHHBIX» CPEJHer0 M IHCIEPCHH U JONOJIHHU-
TEJIbHO BHINOJIHEHHS YCJIOBHS HENpepbIBHOCTH.

[ockosbKy cBoiicTBa AH(PY3HOHHBIX MPOLECCOB AOCTATOU-
HO XOpOLIO H3YUEHBl, TO anMpOKCHMalHs UMH HCXOAHBIX IpO-
IIeCCOB MOXKeT INO3BOJHTb 3(h(EeKTHBHO H3ydyaTb IOCJeJHHE.
Takum oGpa3oM, OCHOBHOH npoOJieMOH $IBJIsieTCS BbISICHEHHE
yCJIOBHH, KOrjJla Takasi annpOKCHMalMsl BO3MOXKHa.

PaccMoTpuM CHayasna MOpOCTeHIIMH TNpHMep cJayyalHOro
6ayxkaaHus (K M3yYeHHIO KOTOPOro, BIIPOYEM, MOXHO CBECTH
npouecc (3.10)):

yn+1’ = yn + Xnv n= 0: (328)

rae {X,} — nocnenoBaTe/bHOCTb  HE3aBHCHMBIX OJHHAKOBO
pacrnpejieneHHbIX cJay4adHbiX BenuyHH. OGosHaumm EX, =
=06, 02X, = a> 0. Ilpeanosoxum, yTo BeJquuuHa & masa
(T. e. dopmanbHO GyzeT npeanosaratbesi, yto § — 0). Pacemor-
pum Bmecto mpouecca {Y,} npouecc {Y, }, rne ¥V, =8Y,,
T. €. MONPOCTy U3MeHuM B 8 pa3 MaciuiTaG B NpOCTpaHCTBE CO-
CTOSIHUN HCXOJHOrO 'npouecca.yToma n3 (3.28) caeayer, 4ro
w =Y, + X,

n+1 n nt
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rie X, = 8X,. Crenoarenvho, EX, = 82, o’X, = a62
Tenepb H3MEHHM elle H Macurab Bpememl. Beenem npouecc,
H3MEHSAIOWHNACA B MOMEHTHI, KpaTHEIe 8%

Yo=Y,

n
Torna
Yiatne = Yo T Xa. (3.29).
Taxum o6pasom, rnpouecc {Y} nonyuaercs us {Y,} B pe-
3yJIbTaTe KaK H3MeHeHHs MacliTaba BpeMeHH, TaK H npeo6paso-
BaHHSI IPOCTPAHCTBA COCTOSIHHH.
PaccmoTpuM Tenephb NpOH3BOJIBHBIA NPOMEXYTOK BpEMEHH
At, n nycte .
AY" =Y —Ye
U3 (3.29) caenyer, uTo uyncJO cKauykoB npouecca {Y)} 3a
Bpemsi At He menbite N = [A#/6%] u ne Gopie N + 1. 3pecs
[} — nenas wactb uuciaa At/6%. CuaenosatenbHo,
NEX, < EAY"< (N + 1)EX,,,
T. €.
82 [At/82]1<< EAY” < 82 ([At/62] + 1).
Takum o6pasom,
lim EAY” = At,
6-0
T. e. cpeanee npupauenne npouecca {Y;} sa Bpems Af npo-
MOPLHOHAJIbHO (Haxke paBHO) At npu 6 — 0. AHaJloTHYHO AMcC-
. nepcust BesinuuHbl AY ", paBHasi cymMme AHCrepcuii CyMMHpY-
eMbIX BelHuMH X, oueHmaaeTca TaK:
No®X, < o® (AY")< (N + 1)o’X,,
T. €.
lim 6 (AY"”) = aAl.
8-0

CnenosatenibHo, B npenene npu-6 » 0 npouece {Y}} Bh-
poxzaaercs B aucdysHoHHbl ¢ koddduuneHToM cHoca 1 u Ko-
spduunentoM anddysuu a. '

B ofueM ciyyae foKa3aTeNnbCTBO CXOAHMOCTH nonyqae'rca
He TaKHM [IPSIMBIM BBIBOJOM, a IyTeM HOCTaTOYHO CJIOMKHBIX. KOC-
BEHHBIX OLEHOK. TeM He MeHee H B oflleM CJydae anIpOKCH-
Mauus JIH(pGY3HOHHBIMH IIPOLECCAMH NOJIyYaeTcss myTeM ABOMH-
HOT'O MpeJie/IbHOrO Mepexofia — «[0 MPOCTPAHCTBY» M «I0 Bpe-
MeHn». Becbma oflnie pe3ysbTaThl Ha STOM NYTH MOJYyYeHbI
A. A. BoposkosbiM [6], paceMoTpeBliMM, , B 4aCTHOCTH, H
JuHeflyaTble MpOLECCH, BO3HHKAIOIIHE B TEOPHH MacCOBOTO
06C/Ty X KUBaHHS.
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AHanu3 CHNOXHBHX CHCTEM C MOMOILbIO
MOJeNHDOBaAaHHUS5. Bbie 661 paccMOTpeH psifi 3aiau,
BO3HHKAIOWUX NPH aHaJM3e CIOKHBIX cucteM. Ecau rosopurb
O TNpPaKTHYECKOM NPHMEHEHHH NPHBEJEHHBIX pe3yJbTaToB, TO
CleflyeT NMpPH3HATh, YTO OHM (B pacCMOTpeHHOH HamHu ¢opme)
NPUTOJHLI B JIyYIleM CJyyae JHUIb AJ8 HCCJeJIOBaHHs OTAE/Ib-
HbIX nopcucteM. MckiioueHne cOCTaB/ISIOT CTPYKTYpHBIE Me-
TOABI, HMEIOIlMe fesI0 He ¢ MOACHCTeMaMH, a CO CTPYKTYpo# cHu-
CTEMEI B 1I€JIOM.

BwmecrTe ¢ TeM, KaK oTMeuaJioch B pasjene 1, ocHOBHYIO oco-
6eHHOCTb (PYHKIHOHHPOBAHHSI CJOMKHBIX CHCTEM COCTaBJsieT
B3aHMOJIeHCTBHE COCTABJSIOUIMNX HX TOJACHCTEM MEXIY co6oii
c BHellHe#H cpefoii. B HacTosiee BpeMsi KOMILIEKCHOE HCCJIEHO-
BaHHe CJIOXKHBIX CHCTEM, YUHTHIBalOIEe TaKoe B3aUMOZEHCTBHE,
BO3MOXSHO JIHIIbL C moMollbio DBM, npuuem ocHoBHOH crioco6
ucnoJsib3oBanuss IBM 3akJilouaeTcss He B NPOBENEHHH YHCJ/IEH-
HBIX pacyeToB 10 TOTOBLIM cpopmy.naM (Takux ¢opmyJa n6o He
CyILeCTBYeT, JIHOO OHH Upe3BblYaHHO TPOMO3IKH Haxe s
9BM), a B modesuposaruy GYHKUMOHHPOBAHHSI CJIOMKHOM CH-
creMmbl. ITpo6/ieMbl, BO3HHKAIOIIHE NPH STOM, H METOAB HX pe-
LIeHHs1 3aCJYKUBAIOT OTAeNbHOH myGnukaunu. ITostoMmy 3nech
OHH OYAyT pacCMOTpEHH! JHIUb KpaTko. OCHOBHOE BHHMaHHe
OGYIeT yIenaTbCsi HMEHHO NpobJieMe UccAe008aH IS CIIOKHBIX CH-
" cTeM. Bo3HHKalOIIHe MHOI'OYMCJIEHHBIE H CYILIECTBEHHBIE MpO-
6sieMbl [IpOrpaMMHpOBaHHs (BOIIPOCHI peasiM3allii  Mojesel
Ha OBM, oflieHus ¢ HUMH H T. I.) 3aTpParuBaThCs MpaKTHUe-
CKH He GYAyT — CM. N0 3ToMy moBopy o63op [16].

Uro ke Takoe MOJeJHPOBaHHe M KaKHe 3aJiaud MOTYT pe-
IIaThCs NPH ero NpoBeAeHHH?

YiKe TOBOPHJIOCH, YTO NPH HCCJIENOBAHHH CJIOXKHBIX CHC-
TEM POJIb HAaTyPHOrO 3KCIepUMEHTa KpakHe orpaHnueHa. Y ot
cBoeoGpa3Hol 3aMEHOH HaTYPHOIO KCIEPHMEHTa CTaJO0 Moje-
JupoBanue Ha DBM. TpapuuuonHo noj MopesHpoBaHHEM IO-
HHMMaJICsl TIPOLeCC COCTaBJEHHs MAllMHHOH NporpaMMbl, BOC-
» NPOM3BOAsALLEH (MMHTHpYIOLLEH) AMHAMHKY CHCTEMEI H MOJyYe-
HH€ C MOMOIIBIO 3TOH NMpOrpaMMbl JaHHBIX, AJisi c60pa KOTOPHIX
B MHOM CJlyuae NpHLIOCh Gbl NPOBOAHTH HAaTYPHBIA SKCIlepH-
MeHT. [laHHasi MallMHHasi MporpamMMa OTOGpaXKaeT CHCTEMHbIe
COGLITHSI B MX NMPHYMHHO-CJEACTBEHHBIX oTHOWeHUAX. IlocTpo-
€HHe MOJOGHBIX NPOrpaMM U MX OTJIajiKa — JieJlo Upe3BblYalHO.
TpyJLOeMKoe (Belib CHCTEMBI-TO CJIOXKHBIe!), [I03TOMYy B HacTosl-
lllee BpeMsl BelyTCS HHTEHCHBHBIE paGOThi 110 HX Kap,uuua.nbuomy
006/1eTYeHHIO .
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B nporecce Bce Goslee MHPOKOro NPUMEHEHHs] MOJETHPOBa.
HHUSl BBISIBUJIMCb MHOTOYHCJIEHHble NpPOGJEMBI €ro HCHOJb30-
BaHHsl, KOTOpbie BLI3BaHEI He CIOCOOOM 3alMCH MOJEJH, a ee
cozepxKaHneM. VIMeHHO NOCKO/JBKY BcfiKast MOJleslb HeajieK-
BaTHa peaNbHOH CHCTeMe, TO KapAHHAJbHBLIMU SIBJISIOTCS BO-
MPOCHl O CrmeneHu Q0eKeamHocmu, "moHHocmy Modeau, ee 4ye-
cmeumeabHocmy K BapHalHsM pasiHYHBIX ApaMeTpoB H T. [.
OTBeTbl Ha 3TH BONpPOCH B KOHEYHOM CyeTe ONpeAeJsioT MpH-
TOJHOCTb MOJIEIH W BO3MOXKHOCTb €e MCIOJIb30BAHHSI B Kaue-
CTBE MOJONBLITHOIO OOBEKTA JJIS1 BbIHECEHHs CyXJAeHHH H NpH-
HSITHS pellleHuH o peasbHOM cucTeme. [asee, ecnn Mozenb yxke
CO3laHa, TO BO3HHKAIOT NPOG/IEMBI HCNOJb30BAHUS ee «BHYT-
pEHHHX» CBOHCTB, TaKMX, KaK Ycmoi4ueocms, HadexcHecms,
ynpasasemocmo U T. A. To, 4To JaHHBle Npob/eMbl, BooOle ro-
BOpSl, He PELIAIOTCS € MOMOILBIO NPSIMOA MMHTALLMH, HarJsJHO
NOKA3bIBAaeT IPHUMED BBICOKOHANEKHBEIX CHCTEM: IMPHMeHEHHe
JJis OLeHKH HaJeXHOCTH MMHTalMH BeleT K HepeasH3yeMbIM
3aTpaTaM MalHMHHOTO BpeMeHH. [To3ToMy pellleHHe yKa3aHHBIX
npoGseM MpejriojaraetT INPOBeleHNe YeACHANDABACHHbIX UMU-
MAYUOHHBIX IKCNEPUMEHMOB, HCIOJb3YIOIUX He TOJbKO BO3-
MOKHOCTH DBM 1o MMuTauu#, HO M aHAJIHTHUECKHE Pe3yJib-
TaTbl HCCJEIOBaHHS COOTBETCTBYIOLIHX MaTeMaTHYECKHUX MO-
neneit [8, 16, 28].

Takum oGpasom, ecsiu TpeGOBaTb, YTOOHI.MOZENHPOBAHHE
OBbLIO HAYUHbIM UHCIMPYMEHMOM HUCCJENOBAHHUS, TO B MNOHSTHE
MOJIeJINPOBaHHsl CJlefiyeT BKJMOYAThb He TOJbKO HMMTALHMIO Ha
9BM, Ho TakXe Noc/ieoBaTeIbHOE H3MEHEHHe H aHa/H3 caMoi
MOJIe/IH, NIPOBOAMMblE KaK Ha Haya/bHBIX, TaK H Ha IPOMEXY-
TOYHBIX CTaJMSIX 3KCIEPUMEHTa, H OCYLIECTBJIEHHE LeJeHall-
paBJIeHHBIX HMMMTALHOHHBIX SKCIEPHMEHTOB, 4YTO IpeNOCTaB-
JISIeT MO0JIL30BATE/I0 HCYEPIBIBAIOILYI0 HHPOPMALLHIO O MOJeH-
pyemoii CHCTeMe M INOMOraeT NpHHHMATb pelleHHs1 o6 ee H3-
MEHEeHHX.

ITpoBenenue MonennpoBaHHsl BO BCell MOJIHOTE OCYIIECTB-.
JISIeTCS C MOMOILBIO UMUMAYUOHHOL cucme mbi. VIMuTauHoOHHas
CHCTEMa — 5TO NPOrpaMMHBI# KOMILIEKC, COCTOSIIUUH H3 ABYX
yacret [16, 20, 21]:

1) oGecneunBaiolliel npoBeieHre MAIIMHHOTO SKCIIEPHMEHTA
(nporpamMmHasi peasin3allusi, BBOJ-BBIBOX, TPOLECC CYeTa, AHa-
JIOT U T. I.);

2) obecnieunBarolieli (HOPMHPOBaHHE MOZAEJH, MOCTAHOBKY
MaIUHHHOTO 3KCNepHMEHTa, aHa/lu3 CBOHCTB MOJENH M MpHHSI-
" THE pelleHHs.
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Puc. 6.

IlepByio yacTb NMpOrpaMMHOrO KOMIJIEKCA HA3LIBAIOT 6HYM-
PEHHUM npoepammHbin obecnedeHiiem, a BTOPYIO — GHEWHUM.

Puc. 6 nokaspiBaeT o6LIYI0 CXeMYy HCCJAEJOBaHHsS C [O-
MOLIbIO MMHTALMOHHOH cHcTeMbl. MIMHTaunonHas cucreMa Bbl-
NoJIHsSIeT JBOSIKYIO posib. Bo-nepBhHIX, ee BHYTpeHHee INporpam-
MHOe ofeClleueHHe JaeT BO3MOXKHOCTb «BOCIHPOH3BOIMTBY Ha
9BM Ty uiM HHYI0O MaTeMaTHYECKylO0 CXeMYy, OMHCLIBAIOLLYIO
H3yyaeMylo CHcteMy. Bo-BTophiX, BHellHee nporpamMmHoe cGe-
CrieyeHHe MMHTALHOHHOH CHCTEMBI, IIPOIpaMMHO OTOGpaxKasi»
MaTeMaTHYeCKHe MeTObl HCCJefOoBaHHS  (GOpPMasbHBIX CXeM,
JlaeT BO3MOXKHOCTb NPOBOJMTH LieJIeHaNnpaB/ieHHble HMHTAallHOH-
Hble SKCNEPHMEHTHl H aHaJIu3 CHCTEM.

OnucaHHasi MeTOAMKA. HCCJEAOBAHHS C TOMOIIBIO HMMHTa-
IIMOHHOH CHCTEMBI JIeKHT B OCHOBE arperaTHBHOIO MNOAXOJa
H. Il. BycJenko, cyTh KOTOPOTO 3aK/IOYaeTcsi B NOCTPOEHHH
HMHTaAllHOHHBIX CHCTEM Ha OCHOBe (opMa/lbHBIX MaTeMaTHye-
CKHX KOHCTpYKUHH. ManoXeHue sToro mnopxona He BXOXHT B
3a7layy JaHHOH OpoluIOpbl, H MBI OTCHLIIAEM YHTaTeJsd K HMEIo-
weiics aurepatype [8—10, 20, 211].

* *
*

Hrak, MB BHIMM, YTO TEDMHH «CJIOXKHble CHCTEMBI» He
TOJIBKO TPHKHJICS, HO, 4TO 6oJiee BaXKHO, B HACTOSIILEE BpeMs
Ga3upyeTcsi Ha JOCTaTOYHO HaJEXkKHOM (PYyHIaMEHTe, COCTaB-
JISTIOIMMH  KOTOPOTO SIBJISIIOTCSl PeaibHO CYIIECTBYIOLIHE WIH
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NpOeKTHpyeMble HapOJAHOXO3SHCTBEHHBIE M TeXHHYeCKHe OGb-
€KThl, a TaK¥XKe COBpeMeHHbIe MaTeMaTHYeCKHe MOJIe/IH ¥ METOMLL
Ux wHcciaenoBaHusa. PasHoo6pasue maTemMaTHUeCKMX Mojesedt
NPHBOAHT K HCIOJb30BAHHIO IIHPOKOIO CIEKTPAa METONOB UX
HCCJIeJOBaHHSI, B KOTOPBIH BKJIIOYAlOTCS KaK aHA/JIHTHYECKH@
NOCTPOEHHS, TaK H MaLlIHHHOE MojleHpoBaHHe. PyHAaMeHT 5TOT
NOCTOSTHHO YKpeIlisieTcsi: INOsIBJASIIOTCS HOBhIE MOJIeNIH, HOBEIE
MareMaTHu4eCKHe pe3yJbTaThl, COBEpIIEHCTBYIOTCS METOAbI MO-
JeMMpoBaHusi. DTO JaeT BO3MOXKHOCTb IOCJENIOBATENLHO pac-
LIHPSATh KJacc H3yuaeMblX peajibHbIX 00beKTOB. BMmecTe ¢ TeM,
€CTeCTBEeHHO, paClIHPeHHe KJlacca peleHHbIX 3ajay B elue 60J1b-
1Ll CTEeNeHH paclupsieT Kpyr 3aiau HepellleHHbIX, T05IBJIsIO-
IHXCSl B pe3yJbTaTe NPOBOJHMBIX HCC/leoBaHHH. 3afiaua JaH-
HOH Gpolopel 6yJeT NMOTHOCTBIO BHINOJNHEHa, eCJIH ee IpouTe-
HHe TNOPOJAMT Yy YHTaTe/sl HHTEPeC K HCC/eNOBAHHIO CJIOXKHBIX
CHCTEM, NOCTAaHOBKaM H pelleHHSIM TaKHX HepellleHHBIX 3ahad.
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