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ABSTRACT. We study a generalisation of the model of the classical
synchronised multiple access system with a single transmission channel
controlled by a randomised transmission protocol (ALOHA) and additio-
nally equipped with an energy harvesting mechanism as well as self-
discharge mechanism and suppose that message batteries may receive an
unlimited amount of energy.
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1. BBEJEHUE

HUcnonb3oBanue suepreruydeckoii noanurku (energy harvesting) mossosiser ycr-
POCTBAM HENPEPHIBHO MOJIYYATHh IHEPIUI0 M3 PA3JINIHBIX MCTOYHUKOB OKPY2KA0-
el Cpejipl, TAKUX KAk, HAIPUMED, CBET, TEILI0, BUOPAIMSA U MHOXKECTBO JIPYIHX.
HecMoTps Ha TO, 9TO KOJIMYECTBO IHEPTUW, TOIYyIAEMOE TAaKUM 00pa3oM, CpaBHM-
TETHHO HEBEJIWKO, TAHHAS TEXHOJOTHS HAXOIUT IMUPOKOE TIPUMEHEHNE, HATTPUMED,
cpeu ycrpoiicTs ¢ HuskuM norpebienuem suepruu (Low-Power Systems). CuaGke-
HHUE YCTPOHCTB MEXaHW3MOM HEPreTHYECKON MOIIATKHU MO3BOJSET MCIOMb30BATH
X B TEX MECTaX, TJe KJIACCUIeCKHe MCTOYHUKH SHEPIMM HENOCTYIHbI. B cuty To-
o, 4TO 3aps/l barapeil HelPePbIBHO BOCIIOJIHAETCS, IPO/IOJI2KUTEIbHOCTD " 2Ku3Hu"

A. REzZLER, M. CHEBUNIN, STABILITY AND INSTABILITY OF A RANDOM MULTIPLE ACCESS
SYSTEM WITH AN ENERGY HARVESTING AND SELF-DISCHARGE MECHANISM.

© 2023 Peanep A.B., Yesvaun M.T.

Pabora nmepBoro aBTopa BBHIIOJIHEHA MpU (PUHAHCOBON mOaep:kKe Poccuiickoro HayvHoOro (hoH-
na, rpaT Ne22-19-00305 "IIpocTpaHCTBEHHO-BpEMEHHBIE CTOXACTHYECKHE MOJIEJN DEeCIIpPOBOIHBIX
cerelt ¢ bosmbmnuM TrcaIoM aboHeHTOB'.

Hocmynuaa 5 noabpa 2022 2., onybaukxosana ?? cenmabpsa 2023 2.

735



736 A.B. PE3JIEP, M.T. YEBYHUH

HCIONIB3YEMBIX YCTPOHCTB MOXKeT ObiTh mpojjeHa. Hampumep, B pabore [1] mpwu-
BeJIEH [IPUMED yCTPONCTBA, UCIOJIb3YIOIEro Mukposiekrpomexanndeckue (MEMS)
CUCTeMbI JIJisi U3BJIEYEHHs SHEPIUH U3 BUOPAIUI OKPYKAIOMIEH Cpeipl.

MexaHu3M 3HEPTeTUUECKOW MOAMUTKU TAaK3Ke NUMEET TMHPOKOE TPUMEHEHHUE Cpe-
N CHCTEM MHOYKECTBEHHOTO JOoCTyma. HampuMep, CeHCOpHBIE CETH, OCHAIEHHBIE
epe3apsKAIOIMMUCH OaTapesMu, KOTOpbie "moamuThiBaloTca" sHEeprueit u3 OKpy-
JKaoIeil cpejibl, MOryT CYIIECTBEHHO NPOJIUTH CPOK ee cayxkbbr (cMm. [2]). dpy-
roii mpuMep KUCIIOJIb30BAHU JAHHOIO MexXaHu3Ma OblLil IpeyioxKen B pabore [3], rae
ABTOPbI PACCMOTPEIU MHOIOIIOJIb30BATEIbCKYIO CHCTEMY € 0A30BON CTaHIMeld, uc-
nosb3yoreii rexnonoruio «OFDM» (orthogonal frequency division multiplexing)
1 OECTIPOBOIHON KAHAJ [JIsS TIepeIadn WHMOPMAINY 1 SHEPTHHN MOJb30BATEIISIM.

O/1HO# M3 OCHOBHBIX 33,124, BOBHUKAIOIIUX TPH UCCIEI0BAHUU CUCTEM CJIyIailHO-
IO MHOYKECTBEHHOIO JIOCTYIA, OCHAINEHHBIX MEXAHW3MOM JHEPTeTHYIECKOH MO/ ITUT-
KU, SIBJISIETCS 33298 HAXOXKJEHUsI MPOILYCKHBIX crocobnocred cucrem. Hanpuwmep,
B craThe [4] paccMaTpuBaIach CHCTEMA C OTPAHWIEHHBIM KOJIMYECTBOM TOJIh30BATE-
JIeil, JeIeHTpaIn30BaHHBIM MEXaHU3MOM SHEPreTHYECKON MOMMUTKU U MTPOTOKOJIOM
nepenaqn ganabx Truna ALOHA. B crarbe Obuta HaliieHa TPOMYCKHAS CIIOCOOHOCTD
JAHHOI CHCTEMBI, 8 TaKKe ObLT MPOJEMOHCTPUPOBAH (P PEKT ee yMEHbIIEHUs IPU
OrPAHUYEHUH BMECTHMOCTH Y MEXaHW3Ma Jijisi XPAHEHUs] YHEPIrUu, KOTOPbIM CHAb-
2KEH KazK/IbIH 10/ Tb30BaTENb CUCTEMBI. V3ydenuio 3aeprodd ek TuBHOCTH IIPOTOKO-
JIOB pa3pelnennsi KOHMIINKTOB MocBsIeHa pabora [5].

Kak u3BecTHO, TPAAUIMOHHBIE (B 4ACTHOCTH, HE UCIIOB3YIOIINE MEXAHU3M SHEP-
FEeTHYECKO MOJINUTKN) CUCTEMbI MHOXKECTBEHHOTO JocTyma (cM. Hampuwmep [6], [7])
¢ GECKOHEYHBIM YHCJIOM TOJIb30BATENIEH B M3BECTHOM CMBIC/IE HECTAOUIbHBI HU [IPU
KAKUX 3HAYEHUHAX ylpaB/seMblx napamerpos (cu. [8]) u meracrabuiibHbl IPU Ma-
JIBIX 3HAYEHWSIX BXOIHOTO MOTOKA M BEPOSITHOCTH Tepenadn coobmiennit (cm. [9]).
OmHako, Kak ObLIO HOKa3aHO B padorax [10] u [11], orpanutenns Ha MOCTYILICHHE
SHEPTUHU W BXOHOI MOTOK B CHCTEMY € OECKOHEIHBIM YHCJIOM MOIB30BATEIEH MOXKET
CTabWITU3UPOBATH €€, He MO3BOJIsAs COOOIIEHUIM B HAKOMUTEE HEOTPAHUYIEHHO PAC-
tu. B crarpe [10] Obuia HaiizeHa IPOIYCKHAA CHOCOGHOCTH MOJEIH KJIACCHYECKON
CHHXPOHU3MPOBAHHOM CHCTEMBI CJIyYaiiHOTO MHOYKECTBEHHOTO JOCTYTIA C OJHUM Tie-
PeIAIoIUM TIpUOOPOM, yIpasiisieMoii mporokosiom nepenayun Tuna ALOHA u cua6-
JKEHHOM EHTPAIN30BAHHBIM MEXaHU3MOM dHepreTudeckoi noanuTku. OgHaKo, Kak
OTMEeYaroT ABTOPbI, TaKasi MOJEJb JAjleKa OT IPaKTUKH. TeM He MeHee, pacCMOTPEH-
Has B pabore [11] Momesnb Jyisi I€UEHTPAIN30BAHHOIO MEXAHU3MA YHEPreTHYECKON
[O/IIUTKY, B KOTOPOH KAaXK /Il IOJIb30BATE/b CUCTEMbL CHAOXKEH MHJIMBH/LY AJIbHbBIM
MEXaHU3MOM JIJIsi XPAHEHUs SHEPTUN, UMEET TTPAKTUIECKUE aHAJIOTH. B yrmoMsHyToit
pabore Tpu OmpeneeHn KOHKPETHOrO BuAa (DYHKIMM WHTEHCUBHOCTHU MOI3aPSI-
KH COOOITEHNH HA KaXKIOM Iare, 0OPaTHO MPOMOPITHOHATHHON 00IIeMy KOJTHIECTBY
MPUCYTCTBYIOIINX B CHCTEME COODIIeHn#, ObL1a HaligeHa MPOMYyCKHAA CIIOCOOHOCTD
CUCTEMBbIL.

B crarne [12] U3y9aIoch 0000IIeHre TpeabIAyIneil Mogeu. [1aBHoe OTInYne co-
CTOSIJIO B TOM, YTO COOOINEHWUSI MOTYT MPUHUMATH 0OJIee OIHON €IUHUIIBI SHEPIUH.
OpHoit w3 npuyYnH W3ydueHus O0OOIIEHHON MOmenu sABJsCS dPEEKT, MPOoIeMOH-
CTPUPOBAHHBIN B pabore [4], BOSHUKAIOIIMIA DU yBEJIMYEHUH eMKOCTH HAKOIUTEJs
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SHEPTWH Y TMOJb30BATENeH W, KaK CJIEICTBUE, TPUBOMANINN K yBEIUIEHUIO 00jIa-
ctu crabuwibHocTu cucreMbl. OIHAKO PE3yJIbTaThl, MOy YeHHbIE B cTaThe [12], moka-
3BIBAIOT, YTO MAKCHMAJIbHAs MPOIYCKHAs CIIOCOOHOCTH CHCTEMbI HE MEHSIETCs [PU
3a/IaHHON WHTEHCUBHOCTHU TIOI3APSI K.

JIrobasi cucrema, UCIOIB3YIONAst MEXAHU3M YHEPTeTUIECKON TOATUTKY, TIOMUMO
"cOopmuka" sHepruu, cHabKeHa, AKKYMYJIITOPOM, KOTOPBI UMEET CBOWCTBO CaAMO-
Pa3psIKU, TO €CTh MOTEPU IHEPTUU B MEPHOJ MPOCTOA. ByIeT JIOTHIHBIM YYUThI-
BaTh JIAHHOE CBOWCTBO B MOJEJISIX, COOTBETCTBYIOIIUX OMUCHLIBAEMBIM cucTteMam. B
JIAHHOM pabore Mbl 00001AeM DE3yJIbTaTbl, 1OJyYeHHble B crarbe [12], na ciyyvaii,
yuuTeBatonuii apdert camopa3psaku. [1aBHOe OT/Indne OT MPEIbIAYIIUX PE3YiIb-
TATOB COCTOWUT B M3MeHeHnn (bYHKIMYA HHTEHCUBHOCTHY MOI3APSIKH JJIs COXPAHEHUST
MPOITYCKHON CITOCOOHOCTH CUCTEMBI.

Pa6ora cocrour u3 5 maparpados u IIpunoxenus. Bo sBropom naparpade omnu-
CBIBAETCS MATEMATUIECKAst MOJIEIb U (DOPMYJIUPYETCsi OCHOBHON PE3yJIbTar, B TPe-
TheM naparpade MpOBOAUTCS T0KA3ATETHCTBO CTAOUIHLHOCTH W HECTAOMIHHOCTH IJTst
YACTHOTO CJIydas OMMCAHHON MOJEJN, KOTJa KaxKaas b6aTapes UMeeT TOJHKO OJIHY
sS9eiiky JJisi XpaneHnus suepruu. B yerBeprom maparpade mpoBOANTCS T0KA3ATEIb-
CTBO OCHOBHO#1 Teopembl. B msitrom maparpade paccMaTpuBaercs Ciaydail, Koraa
KaxK/asd Oarapesi MMeeT [IPOU3BOJIBHOE OIPAHMYEHHOE KOJMYIECTBO si9eeK JJIs Xpa-
menus sueprun. B Ilpunoxkennn npuBogarca (pOPMYIUPOBKH yTBEPXKICHUN, HC-
MOJTF3YEMBIX TIPH JTOKA3ATEIHCTBE TEOPEM.

2. ONUCAHUE MOJEJIN 1 OCHOBHLIE PE3YJ/IbTATLI

MbI paccMaTpuBaeM CHCTEMY CJIyYaifHOr0 MHOXKECTBEHHOIO JocTyna (masee cu-
cmemy / modeab) ¢ ORHUM HepeJalomuM MpubOpOM, KOTOpas HPUHUMAET U, MPH
VCIIEITHOH Tepeaate, OTIpaBiseT coobienus. Bpemsa croruposano. Ilycts &, —
cyqaiiHas BEJTMYUHA, OINPEEIIOmAs KOJTMIeCTBO COOOMIEHNI, TIOCTYIUBIINX B Ha-
KOITMTEJIb CUCTEMbBI B TEYEHUU UHTEPBaa Bpemenu [n—1,n) (nanee n-wd spementot
caom), 1 {&, }n>0 0Opa3yeT ceMeHCcTBO HE3ABUCHMBIX OJUHAKOBO PACIPE/IEICHHBIX
(H.0.p.) HEOTPUIATEIHHBIX IEJOUUCIEHHBIX CJIYYANHbIX BEJIUYUH C KOHEUHBIM Ma-
TEMATHYIECKHM OXKHJaHueM A. MbI mpeamonaraeM, 9TO 3a OQMH BPEMEHHOH CJIOT
CHCTEMY MOKET NMOKHHYTb TOJBKO 1 COOOINEHME, TO €CTh B KaxKJOM BPEMEHHOM
CJI0Te BO3MOXKHbBI 3 PA3JIMYHbIE CUTYAIIUU:

e Ha nepezaromuit upubop He nocrynano coobenuit (nycmot caom).

e Ha nepematommuit npubOp mMOCTYINUIO OFHO COOOIEHNE W K KOHITY BPEMEH-
HOTO CJIOTA MOKUHYJIO cucreMy (ycnex).

e Ha mepemaromuii mpubop mocTynuio 2 u 6ojee COODIEHNH 1 K KOHILY Bpe-
MEHHOT'O CJIOTa, OHU BEPHYJIUCH B HAKONUTENb CUCTEMBI (KoH@BAuKmM).

ITycrs p € (0,1) up € [0, 1] — dbukcupoBaHHbIE TapaMeTPhI cucTeMbl. MbI penoa-
raeM, 9To KarxKJI0e COOOIeHne CHaOKeHO baTapeeil ¢ HEOrPAHUIEHHBIM KOTHIECTBOM
s9eeK JJIs XpPaHeHUs SHEPTUU, MPUOBbIBAET B HAKOIUTEIb CHCTEMBI C PA3PIKEHHON
Oarapeeil, a TaKKe IMEET MEXaHU3M dHepreTudeckoi noanutku. Ilpu srom 6arapes
moBep:keHa 3hderTy camopa3psaaku. ILogHbI UK pabOThI CHCTEMBI B KAYKIOM
BPEMEHHOM CJIOTe Pa3bUT Ha CJIEYIOIINe 5 TOC/Ie/I0BATEIbHBIX HHTEPBAJIOB:

(i) Kaxnoe coobliuenue, nMeIoniee B Ha9a1€ BPEMEHHOTO CJI0Ta 6aTapeio, 3apsi-
KeHHyI0 Ha ¢ > () g9eeK, He3aBUCUMO OT OCTAJbHBIX ITaPAMETPOB CHCTEMBI
HOCTYTIaeT Ha TepeJafoluil mpubop ¢ BePOATHOCTLIO p; := 1 — p' uim ocTa-
€TCs B HAKOIUTEJIE C BEPOATHOCTBIO 1 — ;.
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(#3) Kaxkmoe 3apszKeHHOE COODIEHWE, OCTABINEECS B HAKOIUTENE, HE3ABUCHMO
OT OCTAJIbHBIX IAPAMETPOB CUCTEMBI TEPsieT OJHY €JIUHUILY JHEPTHU C Be-
POATHOCTBIO P.

(i11) Homble coobIIeHMsT TTOCTYTAIOT B HAKOMUTENb C PA3PSIKEHHOH Garapeeii.

(iv) Kaxoe cooOIenue u3 HaKOIUTEIst, KOTOPOE HE TIOTEPAIO 3apsii B HHTEP-
Base (i1), MOJIy9aeT eqUHUILY 3apsia ¢ BeposTHOCTHIO i € [0, 1], KoTopas
3aBUCHT OT ODIETr0 KOJNYIECTBA COODIIEHI, HAXOAAIINXCS B CUCTEME K Ha-
Yasy BPEMEHHOIO CJIOTA.

(v) Eciiu B unrepsasie (i) upousoines KOHQUIMKT, TO COOOLIEHMs, HOCTYIIUB-
e Ha, Mepeaaonuii mprubop, BO3BPAINIAIOTCA B HAKOMUTEIh, TEPSIS OXHY
€IMHUITY 3apga.

Cnyugait p = 0 MbI He pacCCMaTPUBAEM, TaK KAK OH 9KBUBAJIEHTEH CTAHIAPTHOMY [1€H-
rpanmu3oBanHoMy iporokorry ALOHA, a npu p = 1 coobrienus He MOryT IOKHHY Th
cucremy. 3aMeruM, 4TO Bropas CUCTeMa, paccMoTpeHHas B pabore [12], coBuasaer
¢ mauHo# cucremoit ipu p = 0, TO ecTh Mpu OTCYTCTBUU 3D HEKTA CAMOPA3PSIKA.

IIycrh £, — KOJUYECTBO HOBLIX COOOINEHU, KOTOPHIE MPUOLLIN B HAKOMUTE]H
CHCTEMBI B TE€YEHUU N-I'O BPEMEHHOIO CJIOTa B UHTEpBaJ€ (i), & ¢, — KOJUIECTBO
coobIenuil, IPUCYTCTBYIOIUX B cucreMe K Hadasixy (n + 1)-ro BpeMeHHOro cjora.
O603naunm depes v,(:’ ) kommectso coobienuit, umeromux ¢ > 0 e MHUALL IHEPTUHA K
uauamy (n + 1)-ro Bpemennoro ciora. Q4eBUIHO, 9TO

oo
vaf) = ¢y, IL.H.
i=0

Ompenenum ceMefiCTBO HE3aBHCHMBIX DABHOMEPHO PACIPEIEIEHHBIX B €JHHITHOM
Ky6e [0, 1] cayuaiinbx Bemaun {US,)j}n,iZO,jzla HE3aBUCUMBIX OT BXOJHOI'O IIOTO-
Ka, TO eCTb {&, }n>0. 3aMETHM, ITO JAHHOE CEMEHCTBO CIIyIafHBIX BEIHTIHH MOXK-
HO pa30UTb HA TPU HE3ABHCHUMBIX CEMEHCTBA HE3ABHCHMBIX CJIyIAfHBIX BEJIHYHH,

UMEIOIIAX PABHOMEPHOE PACIpeIe/IeHIe HA eMHUIHOM OTPE3KE, {Uffg}, {(77%} u
r7(@)
{Un,j} TaK, ITO
@ _ (7@ 770 770)
U= (Un,ijn,j’ n,j) :

ITycre 1(A) — naamkaropraas dbynknus coobrtus A, a p: Z, — [0, 1] — mexoTopas
u3MepuMasi HeoTpulareabuas QyHkus. B 3aBUCHMOCTH OT KOJIWYECTBA, COOOIIE-
HUH, CKaykeM, K Hadaly (n+ 1)-ro BpeMEeHHOro CJIoTa ¢y, 3Ha4YeHue [1(g,) PABHO Be-

POATHOCTH TO3aPAIKHE KazK0ro CoobIeHus B uTepBadie (iv) B redenun (n+1)-ro
BpemMeHHOro ciaora. Onpenennm gepes

MY2% = [uo] x [4,0] x [%,3] woel0,1];xe{ ,~, ),

COOTBETCTBYIONIYIO0 00/1acTh B equnudanHoM Kybe [0, 1]% u ciyuaiinbie BeuuuHb!

BY (k:, nee E) CIEAYIONAM 00Pa30M:
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IlycTs

p=1 ZB”( A 44) =1,

TO €CTh [ — MHNKATOD COOBITHSA, COCTOSAIIErO B TOM, ITO B (n+1)-om BpemMeHHOM
CJTOTEe MPOM3OIILTA YCIeITHas mepeaada coodienns. Takum 06pa3oM, Mbl MOy IAM
CJIEYIOILYIO PEKYPCHUIO.

dn+1 = 4n — I;L +&n,s

)) +B<0>< O 4, ) u(qn)>

1
n < i1 P op(an
(2) (,(2) 1pl (2) (,(2) 11 n
+B ( vnngo>+Bn < H%oo) (l—Ip),
(M)
() (@) (, (%) 11 1 (i=1) ( (i—1) 1 p(gn)
Unt1 = Bn (v"’nmﬁu(qn)>+3" ( 11 1115 0 )
(i41) [ (i41) 1 p1 (i+1) [ (i+1) ypigr 11 n
+Bn (”" ’Hp1,+180)+3n (”n PG oo)'(lflp)»
rie vﬁb Z vn . B cuty rpomosakoctu mogenu (M), MBI Ja UM HHTEPIIPETa-

(@)

LUIO €e CIaraeMbIX. PaccMoTpuM pekypceuio ijid 3j1eMeHTOB v, 41 Ipu 1 > 2. IlepBoe
CJIaraeMoe
B ( QR TREN )

pi p w(gn)

PABHO KOJMMUYECTBY COOOWIEHWI, KOTOPBIE HE TEPEIABAINCH HA TEePeArOnInii Ipu-
6op, He pa3psAXKaJIUCh M HE 3apsi?KaJucb B TedeHuu (n + 1)-ro BpeMEHHOrO CJIOTa
COOTBETCTBEHHO B uHTepBaiax (i), (#) u (). Cueayromee ciaaraemoe
(i=1) [,,(i—1) 1 1 p(gn)
Bn Un sz 1p 0
PABHO KOJIMYECTBY COOOIIEHUH, 3apAKEHHBIX HA ¢ — 1 A4UeiiKy, KOTOpbIE Oy YU
euHUIY 3apsaa B uaTepsase (iv) B Teuenun (n + 1)-ro Bpemennoro ciora. s
. 1

ciydasi ¢ = 1, B BbIpasKeHUH JIJIs vﬁb le, COOTBETCTBYIOIIEE CJIAraeMoOe UMEET CJIE/Ly-
TOIIUIT BUT,

BO ( © ¢, I} u(qn)) 7

TO €CTh JUHUILY 3aps/Ia MOTJIO MOJYyYHTh KarK/I0e HOBOE W pa3psizKeHHOe cooOIIe-
ane. Tperbe ciaraemoe

Bl+D) (,U(iﬂ) le 67(1))
n n ) i1

PaBHO KOJIMYECTBY COOOIIEHMIT, 3aPs2KEHHbIX HA  + 1 d4eliky, KOTOpbIe IOTePsiin
3aps B CIEACTBAM CaMOpa3psaaku B uarepsase (44). Ilocmennee craraemoe

B (a1 §3) - (- 1)

PABHO KOJIMYECTBY COODIIEHU, 3apsi’KEHHBIX Ha ¢ + 1 sddeliky, KOTOpbIe ObLIN TIe-
peJlaHbl Ha Iepefaronmii npubop B uHTEpBaJe (i) U NOTEpPSIU €IUHUILY 3apaia B
unrepsase (v). [Ipu sroM cooObIEHUsI OCTAIOTCS B CHUCTEME TOJBKO B CIydae UX
KOHMIUKTA.
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3 X — (1 () _
aMeTHM, YTO CTOXaCTUUeCKad MOCIeJ0BATeIbHOCTb X, = | Gn, Uy, Un ... | OIPK
HUMaeT 3HaUeHUd B IIOJIBbCKOM IPOCTPAHCTBE

X=Qz= (q,v(l),v@)...) €ZT : iﬂ(i) <qy, (1)
i=1

n obpasyer 1erib Mapkosa. Beromy manee nam yao6HO OyaeT OTOXKAECTBIATH MOIE-
JIM ¥ COOTBETCTBYIOIINE UM CTOXACTUYECKUE TOCIEIOBATENIHLHOCTH, & TaK¥Ke Iaru
IEMW W BPEMEHHBIE CJOTHI PA0OTHI CUCTEMBbI. ByleM TOBOPHUTH, YTO CHUCTEMA Pa-
OoTaeT CTaOMIIBHO, €CJIM COOTBETCTBYIOIIas eif menh MapKoBa CXOAUTCS K CBOEMY
CTAIMOHAPHOMY PACIPEIEIEHUIO B METPUKE TIOJTHONH BAPUAIIUH, CTAPTYS U3 JTI0OOTO
Ha4YaJIbHOTO cocTosiHusd T € X.

IMocrpoennas momens (M) upeanosaraer Hajudue y KaxKJOIO I10JIb30BATEJIsd
MEXaHW3Ma [JJIsi XPAHEHUsS HEOIPAHUYEHHOTO KOJUYECTBA s9YeeK sueprun. B cyiie-
CTBYIOIIMX CHCTEMAX C Iepejadeil SHEPIUH MO pajJnoKaHaay (cM., Hampumep, [3])
SHeprus, nepegaBaeMas 0a30BOM CTaHIMEH, HAKAILIUBAETCS y KAXKIOro abOHEHTA B
CBOEM WHJIMBU/IYAJILHOM UCTOYHUKE U JIAJIee UCIOIb3YeTCs s nepenadn napopma-
. OHAKO, KaXK/Iblil MH/IUBU/Ly aJIbHBIH HCTOYHUK UMEET TOJBKO OJIHY S9eiKYy /It
xpanenus sueprun. Takum obpasom, momensb (M) orpaxkaer paboTy GeCIpPOBOIHBIX
CUCTEeM, CHAOXKEHHBIX MEXaHU3MOM JHEPreTHYECKON MOAIMUTKU M CAMOPA3PSAIKHU, C
TEeM OTJUYUEM OT CYIIECTBYIOIIUX, 9TO B HEHl JOMOJHUTEIHHO MPE/INOJAraeTCs Ha-
JInYre MEXaHU3Ma JIJIsi XPAHEHWs HEOTPAHUYEHHOTIO KOJUYECTBA s9YeeK IHEPTUU y
noJsib3oBaresieit ceru. B nmaparpade 5 Mbl HOKAXKeM, 9TO PACCMATPUBAEMAsi HAMU
MOJIEJIh SIBJIsSIETCS 0D00IIeHneM Momesielf, COOTBETCTRYIONINX YIOMSHYTBIM OeCrpo-
BOJIHBIM CHCTEMAM.

Cdopmyaupyem OCHOBHOI pe3ysbTaT JAHHON pabdoThI. 3ameTuM, 9T0 0e3 orpa-
HudeHus obmrHocTH A < 1. B mporuBHOM ciydae obiee KOIMYECTBO COOOITEHMI
B CUCTeMEe HeorpaHuvyeHHO pacrer (cucrema HecTabUIIbHA) B CUJly TOIO, YTO 33
OJIUH BPEMEHHOHN CJIOT MOXKeT OblTh IepesaHo Jiuiib 1 coobmenue. CienoBaresnb-
Ho P(§3 = 0) > 0. Takum o6Gpasom, nernb Mapkosa (M) 3a OIWH TIAr ¢ TOIOXKY-
TEJIbHOM BEPOSITHOCTHIO HE MEHSIET COCTOSIHUE, TO €CTh SIBJISETCS alepUOIUIeCKOi.
Tlokazkem, 9TO BCe COCTOSHUS TGN SIBASIOTC coobimatomumMucsa. Paccmorpum nBa
npoussombaex cocrogung = = (¢,vM),..) € X u 7 = (g, oW, ...) € X. Tlycrs mems
HAXOJAUTCA B cocrosgauu . IIpeamosmoxkum, 4ro g > q. ZcHo, 4o Hy2KHO He boJiee
JIBYX BPEMEHHBIX CJIOTOB, YTOOBI TTPOU3BOIHLHOE COODIIEHNE C MTOJIOXKUTEILHON BEpo-
STHOCTBIO MOTJIO TIOKWHYTL CUCTeMY. JIefCTBUTEILHO, B TIEPBOM BPEMEHHOM CJIOTE
JIAHHOE COODIIEHHE C TIOJIOKUTEIbHON BEPOATHOCTHIO IOJIYYUT €IUHUILY 3apsiia (B
unrepsasie (iv)) U BO BTOPOM BPEMEHHOM CJIOTE COOOIIEHKE € TIOJIOKUTEIIbHON BEPO-
ATHOCTBIO MOKHHeT cucreMy (B nurepsaiax (i) u (v)). CiremnoBaresbHO ¢ HOIOKU-
TeNLHOW BEPOSTHOCTHIO ¢ — § COODIIEHNH TIOKMHET chcTeMy 3a 2(q — §) BPEeMeHHBIX
croros. IIpeanonoxkum, uto ¢ < ¢. B cuny Toro, uro P(§; = s) > 0 1151 HEKOTOPOTO
s > 1, 3HAUAT € MOJIOKUTETBHON BEPOATHOCTBIO B CHCTEMY MOCTYNHT IO KpaitHeit
Mmepe ¢ — g coobuienuii 3a [(¢ — ¢q)/s] Bpemennbix caoros. CienoBaresbHO Yepe3
[(§—q)/s]| BpeMeHHBIX CIIOTOB B cHCTEME OyneT HE MeHee § COOOIIeHnil. Y InThiBas
PACCyKJIEHHS BBIIIE, MOXKHO 3aKJTIOUYUTh, 9TO 10CTaTo4HO [(§—¢q)/s]+2(s—1) Bpe-
MEHHBIX CJIOTOB, YTOOKI O0IIEe KOJIMUECTBO COOOILIEHWH B CHCTEME CTaJI0 PABHBIM (.
IIpu 3TOM C TOJOKUTENHHON BEPOATHOCTHIO 3a JII000€ 33JaHHOE KOJUYECTBO BpE-
MEHHBIX CJIOTOB 00IIee KOJIMYECTBO COOOINEHUil B CUCTeMe He M3MEHUTCH (B CIIel-
crBuM KOH(DIIUMKTOB/11ycThiX cj10T0B). TakKe Kaxkoe coobIIeHre MOXKET I10J1yYUTh
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WM TOTEPATHh EIUHUIYY 3apsja B KaxKIOM BpPEMEHHOM cjiore (B uHTepBasax (i),
() u (v)) ¢ MOTOKUTENBHON BEPOSATHOCTHIO. SHAYUT C MOJOKHUTEIHLHON BEPOSTHO-
CTBIO 33 HEKOTOPOE KOJIMYECTBO BPEMEHHbLIX CJI0TOB 00Iiee KOJIMYecTBO CooOIeHuit
B CHCTeMe He M3MEHUTCSA, a TaKyKe JJIst JTI000ro ¢ > 1 KOIW9ecTBO COoOOmenuii, 3a-
PSTPKEHHBIX HA | saeek, Oymer pasro U(Y) . Takum 06pa3oM, MOKHO YTBEPIKIATH, UTO
BCE COCTOSTHHS IIE€MH ABJISIOTCA coobmatommmucs. CremoBaTesbHo, 17 Onpenese-
HUSI IIPOIYCKHOM CIIOCOBHOCTH CHCTEMbI, JIOCTATOYHO MOKa3aTh, 4To Ienb Mapkosa
(M) mONMOXKHUTENBHO BO3BPATHA B HEKOTOPOE OTPAHUYEHHOE MHOXKECTBO, €My H MO-
CBsIIEeHa O0JIbIIast YaCTh JAHHOW pabOTHI.

Tlepeitmem K paccMOTPEHWIO OCHOBHOI TEOpEeMbI, JOKA3aTeIhCTBO KOTOPOH OCHO-
BAHO Ha yTBEPKIeHUsX, chopmynnpoBaHubix B [Tpnioxkenun (cm. paborst [11], [14]
u [13]). Beroay pasee Mbl 6yemM UCHOIB30BATH CJELyOIIHe 0003HAYECHUSI:

Po() =P([Xo=2), Ea()=E(|Xo=2),

— @ .+ 1-p(1-p)
llz]l;, = ll=|l :q—i—ZU(Z), P =T,
i=1

Teopema 1. Ecau p(q) umeem caedyrouwuti 6ud

min(cp*/q, 1), q€N

wq) = 1, (=0’

20e ¢ > 0, mo cucmema (M) cmabuavna npu 6xodHol unmencueHocmu A < ce™©

U Hecmabusvha npu A > ce”°.

Samerum, 4T0 Hpu ¢ = 1 MbI OJIyYUM MAKCUMAJIBHO JOIyCTUMYIO OOJIACTD CTa-
GIIBHOCTH CHCTEMBI, TO eCTh A < e 1.

3. Cy4YAll EJUHUYHON BMECTUMOCTH
B pa6ore [11] GBITIO TOKA3AHO, YTO €CJIH JJIsT HEKOTOPOIl KOHCTAHTEL ¢ > ()

min(c¢/q,1), ¢€N

w(q) = )

(2)
; q=0

TO AByMepHas 1enb MapKoBa, ONUCHIBAIOINIAS CUCTEMY, B KOTOPOIi y KaXKI0r0 Co00-
IEHNS aKKyMYJISITOP HE MoBepkeH 3DPEKTy caMopaspsiIKu U UMEET TOJIHKO OIHY
A9efiKy /I XPAHEHUsI SHePIuu, CTaDWIbHA TIPU BXOAHON MHTEHCUBHOCTH \ < ce” ©
u HecrabuibHa mpu A > ce” ©. B rekymmx obo3navenusx mganHas mnenb Mapkosa
MOXKET OBITH 3AMUCAHA, B CIEIYIOIMIEM BUJIE

dn+1 = 4n — 1 (Bn (7)7(11)71_-[1())1 (1)(1)) =1 +€n,

(1) (W) (1) i1t @ (. (0) 11 (M)
Upi1 = Bn (v” ’le 0 O) + Bn (Un +&, 115 u(gn))
Ecmu B monenu (M) nonoxkurh vg) = 0 gmaa Beex 1 > 2, n > 0, TO MOIyIUM
CITEAYIONTYIO MOJIEb
Gn+1 = ¢n — 1 B7(zl) ('U'gzl)a p01 (1J (1)) = ]-) + &n,
(M)

Uy(ll-s)q _ By(}) (%(11)711 11 1) +B§LO) (%(lo) +§n7H(1) (1) ﬂ(gn))

p1 PO

Mb1 6yzem uCnosib30BaTh 3aKCh 2 (%), YTOOBI yKa3aTh, YTO CUMBOJI 2 OTHOCUTCS
K Momenn * € { M4 M}, ecm u3 KoHTeKcTa 3TO He ACHO. IIPeImOTOMkKIM, 9TO
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nemm Mapkosa (M) w (M) cTapTyioT W3 OJHOTO HAYaJBHOTO COCTOSHHSA, TO

1 1
ectb qo(My) = qo(MP') u v(() )(Ml) = v(() )(Mfld). MozkHO 3aMeTUTh, YTO B KOHIIE
EPBOr0 BPEMEHHOTO CJIOTA BBIIOIHAIOTCS CJIEAYIONAE COOTHOIIEHUS

o) < oD (MY, gy (My) = g (M) e, (3)

Tak Kak B Mogenu (Mp) npucytcTByeT 3hHeKT CAMOPa3PsIIKH.

B pa6ote [11] amsa goxazarenncTsa crabmmbnoctu merm (M) ucmommsyercs
0600menubIit kpurepuit @ocrepa (cu. Ipusoxkenus, yreepxaenue 2). Ilycrs npo6-
nast Gynkmns L(z) = g + v a bynkims gr,k(T) — crynenuaras, takas 4To

1, v >R,
k, v < R.

1
Suadenne R > 0 BEIOMPAIOT TakK, YTOOBI, TTPHU vé )S Ru MTPOM3BOJILHOM 3HAYEHUH

Qo, CHOC TIeTii OBLJI OTPHIIATESIEH 3a OWH mmar. 3Hadenne k € Z BbIONPAIOT TaKUM,
YTOOBL, IPH JOCTATOYHO OOJIBIIIOM ¢q > ¢, CHOC 1€l ObLI OTPUIIATEIEH 38, k IIaroB.
Taxkum o6pasom, BHyTpu KommakTHOro MHOXKectBa {x | L(z) < ¢+ R} cHOC memn
OTPAHMYEH, & BHE — OTPUIATEIEH.

Jis jokasaresbersa necrabuipnoctu nenu (M) B pabore [11] uctonbsyercs
cxozxkuii Meros (cum. Ilpusoxkenust, yreep:xkaenue 3) ¢ mpobuoit dbyukumeii JIamnynosa

(4)

gr.k(x) =

L(z) = ¢ wm crynenuaroii dyHKIueit gﬁ,g(x). Suauenne R > 0 BuIOMpPAIOT Tak,
9TOOBI, TPU vél) >Ru IPOM3BOJILHOM 3HAYEHUH ), CHOC eI OBbL ITOJI0KUTEJIEH 34
OJIWH TT1ar. SHaYeHne ke Z_, BHIOMPAIOT TAKNM, 9TOOBI, TIPH v(()l) <Ru JOCTATOYHO
GOJIBIIOM (o > , CHOC IIeIu OBLI IOJOKHUTEICH 32 k waros. Takum obpazom, BHE
vmoxecrsa {z | L(z) < ¢} cuoc memn (MP'4) momoxuresnen.

B nokasarenbcTse creayiomei BCIOMOraTe bHON TeOpeMbl MBI Oy/IeM HCIOIb30-

BaTh KOHCTAaHTHI R u R u3 paccyxkeHuil BbIIIe.
Teopema 2. Ecau p(q) umeem caedyrowuti 6ud

min(ep*/q,1), ¢ €N

w(q) = )

b
; q=0
2de ¢ > 0, mo cucmema (My) cmabuavna npu 6x0dHol unmencuenocmu A < ce™©

U Hecmabusbha npu A > ce”©.

Jokasameavcmeo. Hadunem ¢ mokasaresnbcrsa crabuiabrocTy nenn (Mi). Beibepem
upobuyio dyukuuio L(z) = ¢ + v u bynxmmio gg i (r), Koropas onpejenena B
(4). I3 coorHomenwit (3) nomyunm

E . L(X;(M;)) < E,L(X1 (M) nns seex z € X.

Crnenosaresbuo, cuoc nenu (M) 3a onun mar 6yIeT OTPUIATEILHBIM B 00JIACTH, T1€
1

orpunaresen croc nemu (M), o ects mpu v\ (M) > R. Takum obpasom, s

JIOKA3aTeIbCTBA, CTA0MILHOCTH JTOCTATOYHO HAWTH TOaXomdamee 3uaveane k € Z

Takoe, 9T0 cHOC Temn (M7) CTAHOBAUTCA OTPHIATENBHBIM 3a K IMATOB, CTAPTYS W3
HAYAJTBHOTO COCTOSIHUS X, TIPH KOTOPOM vél)(Ml) < R. TIpoBesem paccyxkeHue B
HECKOJILKO 3TAIIOB:
a) IMokaxkem, 94TO MOC/IEI0BATEIHLHOCTD {v,(ll)}nzo MasKOPHUPYETCH TIEMbI0, AMe-
IOIel OrpaHUYEHHbBIA CHOC.
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6) IMokaxkem, 4TO HOC/IENOBATENHHOCTD {U,(LI)},LZO, [PU JOCTATOYHO BOJIBIIOM
3HAYEHUHN (o, OJM3KA K HEKOTOPOil BCIOMOTATEIbHON eI, CXOAIeiica B
MeTPUKE [IOJIHON Bapualuu K CJIy4ailHOil Beiu4uHe, uMeroLeil pacupeaesie-
une [lyaccona.

B) IoxGepem k Tak, 4robbI IPU 1OCTATOYHO GOJILIIIOM 3HAYEHUHU (g, CHOC LENU
CTAJl OTPUIATEIBHBIM 3a k [IAroB.

a) IIyctsp {Y,}n>0 — HOCTENOBATENBHOCTD H.O.p. CIyYaiiHBIX BEJHTIHH, TE€MEHTHI
KOTODOH HE 3aBHCAT OT &, M MMEIOT CJEIYyIOIIee PACIPEICICHIE

P(Yy > y) = swpP(BY (.15 5 () > ). (%)
qaz

Vcnonb3ys nepasencrso MapKoBa, MOXKHO 3aKJIIOYUThL, 4TO Ajd y > 0 u g Jjio-
6oro o > 0, npaBast 4acTh paBeHCTBA (5) HE NPEBOCXOAUT
60431(‘170/‘1) c\ 4
SUpE ———— = sup(l + (e* — 1)7> e Y =Cle ™,
q>c e q>c q
2\ 4
rae C] KOHEYHA, TaK Kak (1 + (e* — 1)5) — exp(c(e® — 1)) < oo, mpu ¢ — 0.
Takum o6pa3om, pacrpenenenne Y3 — coberBennoe, To ecth P(Y, < o0) = 1 mys
Bcex n > 0 u, 6ojiee TOro, MMeeT KOHEYIHBIN SKCIOHEHIMAJIbHbBINH MOMEHT.
Tenepb paccCMOTPUM BCIIOMOraTeIbHYIO HOCIE0BATEILHOCTD

280 = Y0 4 6, W = BO (WO, L) + 20, =) (6)

N3 croiicrs (IV) u (V) yreepxaenns 1 (em. ITpusoxkenus)

E (vl |0f") <B (WD |wiV) < of + 0O, ()

rae

EY1+ &) __Evi+A
l-p(1-p) 1-p(l-p)

oM —

6) PaccMoTpuM BCIIOMOraTeIbHYIO MOCIEI0BATEIHHOCTD

‘7n+1 = B’I(LI) (‘7an . 1) + M, (8)

p1 PO

rze {Ny }n>0 — CeMEHCTBO H.0.p. CirydaiiHbIX BesqnduH ¢ pacupenenenuem Ilyaccona
¢ napamerpom cp*. Ucnonb3ys (III) u (VI) nyuakrsr yreepxkaenus 1 (cm. Ilpunoxe-
HUsl), MOKEM 3aKJIIOYUTh, YTO IIOCJIE[0BATEIbHOCTD Vi, CXOIUTCS K PACIIPE/IEICHIIO
ITyaccona ¢ uapamerpom cp*/(1—p(1—p)) = ¢/(1—p) B MeTPUKE 110JIHO} BAPUALIUK.
Torma, MO ONMpPEIEIeHNI0, MBI MOXKEeM BLIOpaTh | > 0 Tak, 9To 1js Beex n > [

sup |P, (B,(Ll) (f/n,l'[%1 (1)(1)) = 1) —ce ¢ <4/2, (9)
Vo<R

rae 0 > 0 rakast, 410 A+ 6 < ce” ¢, OueBuaHO, 4TO JId JFO0r0 3HadeHust k MOXKHO
BBIOpPaTh KOHCTAHTY C' TaK, 4TO BEPOSTHOCTH COOBITHS

A (k,C) = {W,(ll) < C pnascex 0 <n < k:}
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He Menblie, yeM 1 — §/2. Ilo usBecrnoii Teopeme Ilyaccona Mbl MOXKeM BbIOpATH
¢ TaK, 9TO A JIO00r0 (PUKCHPOBAHHOTO N, IPHA (n > (¢, PACCTOSHUAE MEIKLY

By(ll) (q (1 + &, 10 L “(q”)) u pacupenenennem [lyaccona ¢ mapamerpom cp* me

. 1
OPEBOCXOIUT §/2 B METPHUKE IOJIHON BapHalud PABHOMEPHO 10 vﬁl) € (0,1,...,0).
Bonee Toro, Mbl MOKEM CIHTATDH, YTO

P, ({B,(}) (qn o gt Mg”) = i, V€ {1, ., k}} N As(k, C)) >1-4/2.
CiieoBaTeLHO

P, ({vg) =V, ¥ne {l,...k}} N A (k, c>) >1-5/2. (10)

B) Bribepem k > [ Tak, uro
—e=kAN+COW — (k= 1)(ce™® = 6)
= k(A — (ce ©—=0)) +1(ce ¢ —0) +CY <0. (11)

Bamerum, yro, B custy (9) u (10), upu Beex n € {l,1 + 1,...,k}, cupaBeniuBo uepa-
BEHCTBO

sup ‘]P’m (B,(ll) (vfll),ﬂ%l (1)(1]) = 1) —ce” | <. (12)

oM <R

Hakoner, uz (11) u (12), nonyaum
E (L(Xk) L(z)) = Eo(qx — o) + Eo(vx — vo)

<A (B<1> oM 1 (1)})) - 1) +om
1= l+1
k
<EA= D (e =08)+CY =kA—(k—1I)(ce = 6)+CM < —¢

i=l+1

Hust nokazaresbcrsa necrabusbuoctu nemu (M), Mbl OyueM UCHOIB30BATH yT-
Bepzkienue 3, chopmynuposannoe B Ilpusioxkenuu. Ilycrs ny — nHexkoropast mnocie-
JIOBATEILHOCTh HATYPAJIbHBIX YHCE TaKas, 9TO My — 00, TPU k — 00, a TaKkKe
[ng1 — ni| < C < oo qst aoboro k > 0. B cuity HepaBeHCTBa

Gn > qn, — C m.H. aust Beex n, <n <ngy 1 k>0, (13)

MOKHO YTBEPAKATb, YTO, €CIH (y, — 00, IPU k — 00, TO g, — 0O, IPU N — 0.
Taxnm o6pasom, nonoxnm L(z) = q u g(z) = 9%.7(¥), T1€ KoHCTAaHTDI k, R 6GyayT
3a/IaHbl JaJjee noaxoadmmmM o6pazom. CieqoBaTesibHO, IPU 33JaHHBIX B yCJIOBUU
yTBEPZKJEHUs 3 OIPAHUYEHHAX, JIOCTATOYHO [I0KA3aTh, YTO0 MAPKOBCKAasl LElb UMEeT
TTOJIOZKUTEJILHBIA CHOC

E. (A5 1(Agew) = M)) 2 &, (14)
rae Agey = L, (X)) — L(z) u ceMeficTBO CIlyHaiiHbIX BeTYHH

(Ag(x))Z = (min(0, Afﬁ(ﬂf)))z (15)
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paBHOMEpHO uHTerpupyemo. Torma u3s yciosuit (13), (14), (15) u u3 yrBepKaeHus
3, Gyzmer ciie10BaTh

P.(L(X,) — co) = 1.
B cuny nepasencrsa (13), MOXKHO yTBEP2KAATb, YTO, IPU BbIOPAHHBIX DYHKIMAX L

u g, Bepuo 0 > Ag(w) > —k n.u. u, Takum ofpasom, ycjosue (15) BobimosreHo. B
cuity Toro, uro E&; = A < 1, ycaosue (14) sxBuBajIeHTHO

Em(AE(ﬂﬁ)) 2 5/’ (16)

s Hekoroporo £ > 0. CremoBaTebHO, s JIOKA3ATEILCTBA HECTAOUIHHOCTH,
HY?KHO TI0Ka3aTh, YTO BBINOJIHAETCA HEpaBeHCTBO (16).

HajbHeiline pacCyKaeHus MPOBEIEM aHAJOMMYHO JI0KA3aTEIbCTBY HECTAOUIb-
nocru niermn (M), B cuny (3) u paccy»iennti, NPOBeIEHHBIX /I CIydas HECTa-
ounbrOCTH TIerm (MP'Y), MOXKHO yTBepKIaTh, 9TO

R(M) = R(M{™)
Taxum obpazom, mpu vél) >R

Em(Ql - QO) > 0.

Yrob6bl 3aBepIIUTh JOKA3ATEJNLCTBO HecTabuibHocTu tenu (M), 10cTarodHo Bbi-
OpaTh HEKOTOPBII MOMEHT BPEMEHU %, KOTJIa CHOC IIETH CTAHOBUTCS MOJIOKUTEIb-
uHbiM. JIj1s 3TOr0 cHadYaja 3aMeTUM, YTO U3 PACCYKIACHUIT, MPOBEICHHBIX MPH JOKa-
3aTeJIbCTBE CTabUIBLHOCTHU Lenu cipasenauBo coorHomenue (12). Takum obpaszom,
CYNIECTBYET HEKOTOPBIA MOMEHT BPEMEHH [, KOI/Ia BCIOMOraTebHAsS MENb JOCTa-
TOYHO OJM3Ka K CBOEMY CTAIMOHAPHOMY pacIpeae/eHnio. Boioepem 3HadueHne k
TaK, YTO BBIIOJIHSIETCS CIEYIOIEee HEPABEHCTBO

e =kA—1— (k—1)(ce® + )
= k(A —(ce ©+8)) +1(ce = 38) —1>0, (17)
rie 0 Takas, 4To

0<d<A—ce "

Taxum 06pasoM, Upu o > ¢+ k u v(()l) < R, nonyunm
~ _ _ *
o (10 - T 2By 3 o) (40 45) 1)
i=l+1

k
>EA—1— Y (ce®+9)

i=l+1
—kA—1—(k—1)(ce ™ +06) > ¢,

rae € onpezenena B (17). O

4. CJIYYAI HEOTPAHUYEHHOW BMECTUMOCTH

s 10Ka3aTeNIbCTBA TEOpEeMbl 1 MbI OyIeM HCIOIb30BATH PE3YIbTATHI M PaC-
cyxuenus u3 paborst [12], rae mbl paccmarpusaiu mozenb (M) 6e3 adbdexra ca-
MOpPa3pAIKI, TO €CTh MOJE/b, B KoTopoit p = 0. O6oznauum ee gepes (M), Mbr



746 A.B. PE3JIEP, M.I' YEBYHUH

JIOKa3aJin, 9TO ee 00JIaCTh CTAOMILHOCTU U HECTAOMJILHOCTH COBIIAIAI0T C COOTBET-
crBytommamMu obactamu mogenu (M), Jlna nokazarenbeTBa CTaGHIBHOCTH HC-
T0JIb30BAJTACh MPOOHAsT (PYHKITHST

L(z) =q+ Y p "/*. (18)
i=1

Mbr1 ucniosibzoBasu yreepxkaenue 2 (O6obuiennbiii kpurepuii Pocrepa) ¢ dyHkuuei
g(z) caenyrorero Buaa

1, L(x)—¢> R

9@ =k L) —g<R

Suauenune R onpejiesisieTcss B MPOIecce JT0Ka3aTeIbCTBA TaK, YTO CHOC IENu, CTap-
TYIOIIEHA U3 MHOXKECTBA

{reX|L(x) —q> R},

OTpHIATEJIEH 3 ONWH Iar. JHaYeHne k OMpeaesIsieT KOJUIEeCTBO IIaroB HeOOXOIu-
MBIX, 4TOOBI, IIPKA JOCTATOYHO OOJIBIIOM 3HAYEHUH (g > ¢, B JOIIOJHEHUU K yIIOMSI-
HYTOMY MHOXKECTBY, CHOC eIl CTAHOBUJICSI OTPHUIATEIbHBIM. B mTOre, Mbl HMeeM
MHOYKECTBO

{zr € X| L(z) < ¢+ R},

BHYTPH KOTOPOI'O CHOC IEMH OrPAHWYEH, a BHEe — oTpumareaeH. ms mokasareib-
crBa HectabmnsHoCTH nenn (M Old) MBI UCTIO/IB30BAIM yTBepKaenue 3 (cm. Ipuso-
kenust) ¢ pynkuuedi JIamnyHosa

L(z) = q (19)
¥ CTyMeHdaToi pyHKIneit
(@) 1, z€H,
T) =<~ _
g k zed,

rne H={x € X | Pm(lg = 1) < ce”“}. MHoxkectBo H TakoBo, 4TO CHOC IEIH,

CTapTYIOINIeil U3 HEro, MOJOKUTEIEH 33 OJUH Iar. SHAYEHUE k BBIOMPAIOT TaK, 4TO-
6b1, npu © € H u 10cTaro4no GOIBIIOM ¢y > {, CHOC LeIH GbLI IOJIOXKHTETCH 33
k maros. Takum o6pasom, sre muoxectsa {z € X | L(z) < §} cuoc nemm (M)
[OJIO’KUTETIEH.

Tanee nojaraem, 4to nenb (M9) crapryer us MHOXKECTBa

Hu{zeX|L(z)—q<R}.

B srom ciryuae ofriee KOJIMYECTBO U3HAYANBHO 3apsKEHHBIX COOOIICHWI OrpaHu-
YEHO, TaK KaK JM0OO OrpaHWYeH M3HAYATBHBIA CyMMApPHBIA 3apsl B CHCTEME, JTH00
OrpaHUYEHA BEPOATHOCTH KOH(MJIUTKA B IEPBOM BPEMEHHOM CJIOTE.

OcranbHbIE PACCYKIEeHUSA ObLIA NOCBANIEHBI CBEJEHUIO PACCMATPUBAEMON HEmn
(M°') k ee qymeproMy dacTHOMY cayudato (M), Bo-epsbix, Mbl IOKa3a/I1, 9TO
CHOC COOOITIeHMI, 3apsIyKEHHBIX OOJIee YeM Ha, OTHY S9eHKy, MOXKET OBbITh CKOJIb YTO/I-
HO 6im3kuM K 0 TryTeM BBIOOpA JOCTATOYHO GOJIBLIIOTO 3HAYEHUS (o. BO-BTOPBIX, MBI
OIPEJETAIN HEKOTOPBIH MOMEHT BPEMEHH, IIOCTIe KOTOPOro, IIPH JOCTATOYHO GOJThb-

LIOM 3HAYEHUHU (o, YIOMSAHYTbIE Lenu "BemyT cebs oauHaKoBo" C BEpOATHOCTBIO,
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JIOCTaTO4HO OJIM3KOI K 1, B T€YeHre HEKOTOPOro KOJIMYecTBa maros. Takum obpa-
30M, TP JOCTATOYHO GOBIIOM 3HAYEHHH (o, 38 HEKOTOPOE KOJTMYECTEO MAroB, CHOC
nermm (M) onpenenserca caocom nerm (M),

IIpoesem anamornunbie paccyxkaenns ais teneit (M) n (M;). OcHoBHOE OTITH-
ane cucremst (M) or cucrembr (M) saxmovaercs B Haauuun B TepBoit addexta
camopaspsiziku. CJie10BaTeIbHO, €CJIM CUCTEMbI CTApTYIOT U3 OJHOTO HAYAIHHOrO
COCTOsIHUS, TO CyMMAapHbIi 3aps/l Bcex coobinenuil B cucreme (M) B KOHIE E€PBOro
BPEMEHHOI'O CJIOTA MaXKOPUPYETCs CyMMAPHBIM 3aPsIOM BCEX COOOINEHHH B CUCTEME
(M°'?) B KOHIe HEPBOrO BpeMeHHOro ciota. B onpemenenuu dbyunkmuu L(z) coob-
IIeHNs1, nMerolye Gombimit 3apsy, nMeror 6onbimuii Bec. Iloaromy bynkuus L(x)
MOHOTOHHA 0 CYMMapHOMY 3apsy Bcex coobuienuii B cucreme. Takum oOpa3oM,
cuoc e (M) 3a omuH mar Mazkopupyetcs caocom mern (M), o ectn

E, [L(X) (M) - L@)] < B, [L(X (M) - L))

Caenosaresnbio, Mbl Mozkem nosoxutb R(M) = R(M'?). Takum obpasom, seiomy
Jnajee OyIeM CIUTaTh, 9TO

L(Xo) —qo < R.

Bosee Toro, Tak Kak 00Iee KOJIMIECTBO COODIIEHUI B CHCTEME B KOHIIE MEPBOTO
BPEMEHHOT'O CJIOTA HE 3aBUCUT OT HAJIWYUs B cucreme 3 derTa caMopas3psaaku, TO

B, [L0X (M) - L@)| = B, [L(X (M) - L)) .

CinenioBarenbio, Mbl MozkeM nostoxkuts H(M) = H (M), Bamerum, uto naiinercs
TaKoe 3HadeHne R, 9TO CHPaBEeIINBO CIIEAYIOIIee BKIIOYEHNE

{zex| || >R} CH.

TaK Kak OpHU OOJIBIIOM KOJUYECTBE 3aPSKEHHBIX COOOINEHHH BHICOKA BEPOSITHOCTD
koudmKTa. Beioay namree Oymem caurarh, ITO

Xo=r€HU{zeX | L(z) —q¢< R}.

Mepeiinem x cBepenuto nenu (M) k (M;). okaxkem, aro

a) CHOC COOOIIEHMA, 3apsizKEHHBIX 60jIee YeM Ha OJHY A4YelKy, CTPEMUTCs K
HYJIIO C POCTOM 3HAYEHUS (),

6) upu pocrarodHo 6OJIbIIOM 3HAYEeHUU Go, Mogesu (M) u (M;) coBuasaT ¢
BEPOSITHOCTHIO, CKOJIb YTOMHO 61m3Kof K 1.

a) 3amernm, uro 1 — I' < 1. CrenopaTensuo
' A PION | R = = 11 p(an
oy < B (0T ) + BE7Y (o700, 50

+BED (L B B (D, I ). (20)

pi+1 00
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Paccmorpum cHOC memm 3a n maros. Bocmosb3yemcst HepaBeHCTBOM (20) 1 BHECEM
MaTeMaTHIeCKoe OXKH/IAHNe II0J] 3HAK CYMMBI, Tak Kak - € X u ||v,|| < ¢, < 0o m.H.,

oo
Zp_z/Q(vff) _v(()z)) Zp—z/g ( i _U(()z) %(12)1)}
=2
oo
—1 i -~ 1
@ {Zp /2(1) (1=5)(1 = ulgn-1))0S" s + 9"~ 1 = P)algn-1)vl
=2
+pz+1ﬁv(l+1) T (1—pth (z+1)) ZP—Z/Z (Z)} —E, {Zp—zﬂ (%(31 _ U(()t))
=2
_ Zp—i/z(l _ pi)vflill + Zp*i/Z(l _ pi+1) Sﬁ)
i=2 i=2
_ ipz/% @) L+ sz/%lA (z+1)

+3 7 1 = Py lgn) Zp”z — Pl (- n}
1=2

3amerum, 94T0

oo
D AR +ZP Y1 p Y <o,
=2

_ ipzm/\ (2 L+ sz/2+1/\ (z+1) <o.

CJIe,HOBaTeJIbHO, BBITIOJTHAETCA HEPABEHCTBO

S =) <2 35 (2, )
=2 =2

Taxkum 06pa3oM, TOTYUUM CJIETYIONLYIO OIEHKY

o'} n—1 ')
S 2 (v o) | B pla) Yoo, (21)
=2 =0 i=1

Bamerum, 4To 3a OJMH BpeMeHHOU cJor, ckaxeM (I + 1)-blif, obuiee KOIUYECTBO
3apsTKEHHBIX COODINEHNH B CpenHeM BhIpacreT He Gosee uem Ha cp* + Au(g). B
HAYAJIBHOM COCTOSTHWM IIenu 0obITee KOJIMYIECTBO 3aPsiKEHHBIX COODIIEHWH He TIpe-

+ > Eavy) i(gn-1).

i=1

Boimaer max (R, R), cienoBareiabHO 3a n MAaros o0inee KOJUYECTBO 3apPArKeHHbBIX
COOOIIEHU He MPEeBLICUT

max(R, R) + (cp* + Mu(go)) + (ep* + Mu(@r)) + oo + (0" + Ma(@n1))-

3a OnWH BPEMEHHON CJIOT W3 CHUCTEMBI MOXKeT yiTu He 00jiee OIHOTO COOOIIEHHS,
MO3TOMY q; > q;—1 — 1 m.H. JIpyruMu CIOBaMu, CIIpaBeIuBa CAEIYIONAs OIEHKA

wlq) <ep*/(go—n+1)nm., mpul <n—1wu g > n.
Taxum 006pa30oM, MpaBasi YacTh HepaBeHcTsa (21) He TPEBOCXOIUT
cp*n(maX(R, E) + n(cp* + Au(go —n+ 1)))
go—n+1 .
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Ciie1oBaTesIbHO, ¢ POCTOM 3HaYeHUs Go (Mpu (PUKCUPOBAHHOM 71) CHOC COODILIECHMIA,
3apsi’)KeHHBIX O0Jiee 4eM Ha OfHY AYeKYy, CTPEMUTCS K HYJIIO.

6) Paccmorpuwm ciemyromye COObITHS
Ap(n) = {mocze (n — 1)-oro mara Bce M3HATATLHO 3APSIKEHHBIE COOOICHNS

MOTEPSIN BECh CBOM 3apsii WM TOKUHYIIH CHCTeMy},
Aa(go, k) = { B (v, 11} 144 ) =0
s BCex 1> 1 m Ogngk}.

3ameTrnM, 9TO, PN HEKOTOPKIX k U ng < k, BHYTpH cobbiTust Ag(ng)NA2(qo, k) mens
(M) Bemer cebst Kak nenb (M7) Ha BpeMEHHOM OTpe3Ke [ng, k], TaK Kak HadaJbHbIe
COODITIeHNsT 0 MOMEHTA BPEMEHU 7 TOTEPSIN BECh CBOM 3apsim W 3a k IIaroB HE
OBLIO 3aPsizKEHO Ha, 6oJ1ee YeM OIHO JleJIeHne Hi 0Horo coobinenus. CiaenoBaTebHo,
C MOMEHTa BPEMEHH My IO MOMEHT BpeMeHH k B cucTemMe He ObLIO COODIIeHWId,
3apsiKEHHBIX GoJjlee UeM Ha ONHO jenenne. TakuMm o6pa3oM, st TOKA3aTENIhCTBA
JIAHHOTO MYHKTa, HEOOXOAUMO MOKA3aTh, UYTO

Pm(Ao(nO) N As(qo, k;)) — 1, npu gg — 00. (22)

. 1
TTokazkem, 9TO 3apsi’KEHHBIE HA, OJHY SUYEHKY COOOIIEHUsI {v,(L )}nzo OTPAHUYEHBI
3PTOANIECKON TTOCIEI0BATETHHOCTHIO

(W + max(R, R)}ns0, W =0V (M),

1
I IOCJIEeI0BATEILHOCTD {WT(L )}nZO oupezeiera B (6). s 910ro qocrarodHo 3a-
METHUTH, 9TO BCJIE/ICTBAE KOH(MDINKTOB U CAMOPA3PsI0K COODIEHMI, 3aPSIKEHHBIX Ha,
2 u Gomee sefikn, obuee KOMMIECTBO COOOMIEHNH, 3ap’KEHHBIX HA OIHY SAUefiKy,
yBeauuuTcs He Oosiee uem Ha max(R, R). Torga sicHO, 9TO BEPOSITHOCTH COOBITHS

A (C k) = {vl) < C nast Beex 0 < n <k}

npu Jsiobom dukcuposanrom k u jgocrarodno Gosbiiom C = C(k) ckonb yromuo
6sim3ka K 1. Boibepem nekoropoe mpoussosibaoe 3uadenue 0 < § < 1 u mapamerpbl
C, k rakue, 4ro

P,(Ai(C k) >1—6/4.
BameTnu, 9TO BEpHA CJEIYIONAS [EMOYKA HEPABEHCTB
P, (Az(qo, k) N A1 (C, k) > P (Az(qo, k) | A1(C, k) (1 —5/4)
>P, ({Bfll)(max(R, R)+C,I1} 1@y — 0 gyus Beex 0 < n < k}) (1-46/4),

I7le MOCJIe/IHEE HePABEHCTBO CIPABEJINBO B CIILY TOTO, 9TO B HATATIBHOM COCTOSTHHM
He Gosiee, yem max (R, R) 3aps:keHHbIX COODIIEHUIT, a TaKKe BEPOATHOCTH 11033~
PSAIKHU OJHOTO COOOIIEHNUs B IIPOU3BOIHHBI MOMEHT BPEMEHU HE 3ABUCHUT OT 3aPAIA
JIAHHOTO CO00tIenust. ZIcHO, 9TO BhIpaxKeHue CBepxy O0JIbIie, Yem

(1 — (g0 — k)) 1—4/4).
Takum obpazom, myTeM BbIOOPa JTOCTATOIHO DOBIIOrO 3HAYEHHUS (g, MOy IAM

P, (As(qo, k) N A1 (C, k) > 1-46/2.

(max(R,§)+C)k(
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Ocrajioch 3aMeTUTh, YTO C POCTOM 7, BEPOATHOCTb CoObITHSA Ag(ng) CTpeMuTcs K
1. HeiicrBuresnbho, B cayudae x € {x € X | L(z) — ¢ < R} yrBepxk/eHue 04eBHHO,
TaK KaK HAYAJIbHBIM CyMMAPHBIH 3apsi/i B CHCTEME OrDAHUYEH. SHAYWT, CYIIECTBY-
eT HeKOTOpOe 33JaHHOe KOJWYECTBO BPEMEHHBIX CJIOTOB N1, HEOOXOTUMBIX, UTOOBT
U3HAYAIHHO 3aPSAKEHHBIE COOOIIEHNUST MOTEPSLIA BECH 3aPs] C BEPOSITHOCTHIO, CKOJIh
yrogauo Osm3koit k 1. B caydae = € H moxHO 3aMEeTUTh, YTO HAYAJIBHBIA 3apal
KazKJ10ro COO6IH€HI/IH, 3a HCKJ/IIOY€HHEeM BO3MOXKHO JIMIIb OJHOI'O, HE IIPEBLINIAET
HekoToporo 3uadenus b = b(p). Takum obpasoM, cyuiecTByeT HEKOTOPOe 3aIaHHOe
KOJTMIECTBO BPEMEHHDBIX CJIOTOB Mg, HEOOXOMUMBIX JJIsi TOTO, 9TOOBI C BEPOSITHOCTHIO,
CKOJIb YIOIHO OIU3KOM K 1, 0f1HO COODIIeHne, N3HAYAIBHO 3apsikenHoe (MHOro) 60-
Jiee 4eM Ha b T9eeK, TOKWHYJIO CUCTEMY T R—1 coobrmenwuit morepsiau 3apsi. [lycts
ng = max(n, ny), TOrIA

P,(Ao(ng)) >1-6/2, tnex € HU{z € X | L(z) — ¢ < R}.
Ciie0BaTe/IbHO BBIIOJIHACTCA CICAYIONIAs HEIOYKa HePABEeHCTB
+(Ao(no) N As(go, k) = P, (Ao(rng) N AL(C, k) N As(qo, k) > 1 —6.

B custy npoussosbHOCTH 3HAaYeHUdA §, (22) BBINOJHEHO.

Takum obpazom, cuoc nenu (M) onpenensiercst caocom nernu (M ). CiaenoBaresb-
HO, obustacTu crabusbHocTH U HecrabusbHocTy tenu (M) coBIasaoT ¢ COOTBETCTBY-
oMy obnactsavu tenu (My).

3AMEYAHUE OB OTPAHMYEHHOII BMECTUMOCTH

IIpencraBasioT WHTEpEC MOAENN, B KOTOPBIX Y KaXKJOTO MTOTB30BATENS MPEIIo-
Jlaraercs Hajum4due 6aTapeiiku JINIIb C OrPAHUIEHHBIM YUCIIOM S9€eK /I XPAHeHUs
suepruu. Ilpu srom mozens (M), B ciaydae naauuusa Garapeiiku ¢ m sgdeiikamu,
OyZeT BBITUISAINTE CJIELYIOIUM 00pa3oM:

dn+1 = qn — Ig +§n7

@) g (,M) g (0) (,,(0) 11 p(gn
Ung1 = Bn’ (vn L1 5 g, ) T B < +&n, 11 M(q))

B (4L 7} )+B<2>2 @ nm“) (1-13)
)t

(Mm)
(2) (2) (2) (1) 1 1 u(qn)
+1=Bn P po pu(qn " Un H
3 3 151 3 3 11 n
+BT(L)(()7Hp380)+B7(1)<()H€?00) ( _Ip)
(m) (m) () (m) 111 (m—=1) (  (m—1) 1 n
Uny1 = Bn <v” ’Hpm;30>+B" ( Hpm 1p“(g )>

BamernMm, 9To Teopema 1 BepHA M IS JaHHOW Momenan. [eicTBuTennHo, aHago-
PUYHO PACCYKJICHUSIM B J0Ka3areberse Ais menu (M), BoibepeM npobHbe hyHK-
muu (18), (19) u nmokaxewm, uro nenb (M,,) ceoaurcs K nernu (M). s sroro mo-
CcTaTOYHO "3aIyCTUTh" YIOMSIHYTbIE LENU U3 OJHOIO0 HAYAILHOIO COCTOSHHUS U 3a-
METHUTb, YTO U3 IYHKTA (&) J0KA3aTeJbCTBA OCHOBHO TEOPEMbI, CHOC COODILEHUIA,
3aps2KEHHBIX DoJiee 4eM Ha m sideek, crpemurcs K 0 ¢ pOCTOM 3HAYEHUs! o U U3
nyHKTa (6) BCe COODINEHNS, M3HAYAIBHO 3apsi’KeHHbIEe 6ojiee YeM Ha M sS9IeeK T10-
TEPSIIOT BECh 3aPsij] WK MOKUHYT CHCTEMY C BEPOSTHOCTHIO, CKOJIb YTOIHO OJIU3KOM
K 1, a Tak:Ke, IPH JOCTATOYHO OOJBIIOM 3HAYEHUHU (g, COOOIIEHNSA HEe OyIyT 3apsi-
Karbcs 0oJiee 9eM Ha OJIHY si9eiiKy € BEPOATHOCTBIO, CKOJb YromaHo Oiau3koil K 1.
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Takum 06pa30M, Ha HEKOTOPOM BpeMeHHOM orpe3ske nenb (M) Gyner "Bectu cebs"
kak uenb (M,,) ¢ BEPOATHOCTBIO, CKOJIb yrogHo 6iu3koil K 1, u caoc nenu (M,,)
6yaer onpenensTbed caocom nemu (M),

ABTOpHI BRIpaXkaoT 61arogapHOCTh 3a nocTanoBKy 3agaun C. . @occy, a TakKe
AHOHUMHOMY PEIMEH3CEHTY 3a KOHCTPYKTUBHBIC 3aME€YaHUd U PEKOMEHTAINN.

6. IIPNJIOXKEHUSA

CdopmynupyeM BCIOMOTaTeIbHbIE YTBEPXKIEHUsI, UCIOIb3YeMbIe MPU JOKA3a-
TesibeTBe OCHOBHO# Teopembt. [Ipusenem semmy 1 u3 paborst [11]. Mbl 6yaem pasee
MCTIOTH30BATH CJIEYIONTHEe 0003HATEHMS

k
Dy(k,p) :=k — By(k,1 —p) = > 1(U,; > 1-p),

i=1
rae {U,;|n € Z,i > 1} cemeficTBO HE3aBUCHMBIX DABHOMEDHO DACIPE/IEIEHHBIX
Ha orpeske [0, 1] cayvaiinbix Benuuun. dcuo, uro D, (k,p) umeer GuHOMUATBHOE
pacipeie/iecHue ¢ mapaMerpaMu k u p.

VYrepxaenue 1. Ilycmo {Z,},>0 nocaedosamesbrocms H.0.p. HEOMPUYAMENL-
HOUL YCAONUCAEHHOLT CAYUATHOLT BEAUNUH € KOHEUHBLM MAMEMIMULECKUM OHCU-
darnuem E Zy < oo. Ipednoaooicum, wmo ona e 3a6ucum om cemelicmea H.o.p.
caywatnns eesuswun {Uy, ;| n € Z,i > 1}.

(1) Tan a06020 nawarvhozo snasvernus Wy u das arbozo napamempa p € (0,1),
Nn0CcACI08GMENBHOCTNL

Wn+1 = Wn - Bn<Wn7 1- p) + Zn = Dn(Wnap) + Z’n (23)

ap200unHa.

(II) Tas m < n onpedeaum CAYHATHBLE BEAUNUHDL

Dopon(kyp) = Dy (Dyr (o (D1 (Din (K, p), D) D) (24)

U 3aMEMUM, MO cAYuaiinas eaununa D,,.,(k,p) umeem bunomuasvroe pacnpe-
desenue ¢ napamempamu k u p"~ 1. Tozda cmayuonapras nocaedosamenvrocms
W) | onpedenennan credyrouum obpasom

W(n) = anl + ZD(nfj):(nfl) (anjflyp)a (25)

Jj=1

umeem xoneunoe mamemamureckoe ovcudarue EW™ = EZy/(1 —p) u obpasyem
CMAYUOHAPHOE PeUerUe OAA PEKYPCUBHO20 YPAEHEHUL,

WD = D (W™ p) + Z,. (26)
(III) IMycmv Q — pacnpedeaenue WO, Tozda, drs 4106020 HanaivHoz0 3Havenus
Wo
P(W,, =W™) =P(W, =WO VI >n) > 1 (27)
U, 8 YACMHOCU,

sup |P(W, € A) — Q(A)| < P(W,, # W™) =0, npu n — . (28)

ACZ,
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B wacmuocmu, ecau WO u ZO UMENTTN KOHEYHOLE IKCTIOHEHUUAADHDLE MOMEHTIIBL, TNO
—K.
P(W, #WM) < Kje K, (29)

onra nexomopoir K, Ko >0 u dasa ecex N > 0.
(IV) JTas ao6oz0 n > 0,

W, <Wo+ W™ pnu, (30)
u
EZ
EW, <EWo+ u (31)
(V) ycmo Zn — ar0bas dpyzan nocaedosamesvbHOCTLG HE3ABUCUMDBLEL HEOMPUL G-

MENOHOLL UEAOYUCAEHHBLT CAYHAUHBEL 8esudun, makuxr wmo 0 < Z, < Z, n.H.,
ons ecex n. Paccmompum pexypcuro

Wn+l = Dn(anp) + En (32)
C UEAOUUCAEHHBIM HAMAADHBLM 3HaAveHuem 0 < Wo < Wy. Tozda
Wn < W, n.n., daa ecex n > 0. (33)

(VI) B wacmuocmu, ecau Zg NYacCOHOBCKAA CAYUATHAA BEAUNUHA C NAPAMEMPOM, C,
mo wastcduti W™ umeem nyacconoscroe pacnpedesenue c napamempom c/(1 — p).

Cdopmynupyem BTOpOE BCIIOMOTaTeNbHOE yTBep:KAeHne 3 paboTs! [13]. Iyctsh
X,, — OIHOpOIHAsS MO BpeMeHu Ienb MapkoBa, IPUHUMAONMIAS 3HAYEHUS] B HEKO-
TOopoM mosabckoM npoctparcTBe X. Ilycrs L : X — R, — HekoTOpasa m3Mepumas
dbyuknusa Jlanyrnosa. [Iycts g : X — Nu h : X - R — usmepumbie byHKImm Takue,
EUveR
1) h orpanunvena cuu3sy: ugih(m) > —0o0;

x

K>0 L(z)>K
3) g NOKaIbHO OrpaHnMYeHa cBepxy: sup g(x) < oo myst Bcex N > 0;
L(z)<N

)
2) h acUMOTOTHYECKH mojioxkuTe bHa: sup inf h(z) > 0;
)

4) g acumnrorudecku orpanudena Qgynkuueii h: inf  sup % < 00.
K>0 pa)>x ™

Husa usmepumoro muoxkecrsa B C X onpeneanm 75 = inf{n > 1 : X,, € B}.
Muoxecrso B nasbiBaerca 6038pamuvim, eciu P, (17 < 00) = 1 u noaosicumenvro
603epammvim, eciim sup B .75 < 00. ChopMyanpyeMm yTBepKIeHTE.

zeX
YrBepxaenue 2. (obobwennonti xpumeputi Pocmepa) Ipednosoocum, wmo cy-
wecmeytlom mecmosas Gynkyus («Pynryus Jasnynosas) L(x) > 0, u dynkyuu g
u h, ydosaemeopsrousue ycrosuam 1) — 4) makue, wmo

E(L(Xy(xy)) — L(X0)|Xo = 2) < —h(z). (34)

Tozda cywecmeyem Ny € N maxas, wmo dasn ecex N > Ny u écex x € X umeem

E.,7<ocou sup E,7<o0,2der=7(N)=inf{n>1:L(z) < N}
L(z)<N

CdopmynupyeM TpeThe BCIOMOraTesbHOE yTBep:KaeHne u3 pabors! [14]. Jaxuoe
yTBepXKIeHne 0osiee aKKypaTHO HM3JI0KEHO, a TaKrKe JTOKA3aHO MpHU Oosee OOIMuX
ycsoBusx B pabore [15]. st HpoCTOTHI M3/102KEeHUsT MbI IPUBEJEM TOJIBKO YACTHBIH
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ciaydail qyist OmHOpOHBIX memedt Mapkosa. Ilycts mocmemoBarensHOCTh { X, }n>0
obpasyer menb MapkoBa Takyro, 9TO

Xn+1 = f(Xna an)

€ HaYaJIbHBIM 3Ha4YEHnEeM X = &, T1e {Qy, }n>0 00pasyer mocie oBaTeIbHOCTb He3a
BUCHMBIX PABHOMEPHO Pacupe/ieseHnbix Ha orpeske [0, 1] cayuaitupix Beqwaun, a f
— m3mepumas yukims. ycrs nanee A = L(X;) — L(Xy), rne L — n3amepumast
dbyuxnusa. Onpexenum

7(N)=1inf{n >0 : L(X,) > N}.

Jasiee nojiaraem, uto h(t) — Hekoropas BerecTBeHHas GyHKIUA Takas, uto (h(t)) ™1

uHTErpupyema Ha npomexyrke (1,00).

YrBepxkaenue 3. Ilycmo cywecmeyrom maxue wucaa N > 0, > 0, M >0 u
maxasn Pynkyus h(t), wmo

1) 7(N) < 00 n.H. 045 NPOU3BOABHOZ0 HAYAABHOZO COCTNOAHUNL UETU;

2) Jaa scex x € X maxuz, wmo L(x) > N, swnosnsemes:

E.(A-1(A<M))>¢;

3) Cemeticmeo caywatinoz seaunur {h(—min(0,A)), Xg = x, L(x) > N} pasno-
MEPHO UNTNEZPUPYEMO.
Tozda dan scex x € X

P,(lim L(X,)=o00)=1.

n—r 00
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