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AnHoTanus

PaccmarpuBarorcst cucreMbl B3auMOIEHCTBYIONINX BEPOATHOCTHBIX
MHTEJUIEKTYAIbHBIX areHTOB. ¥ HUX UMEIOTCH JBA UCTOYHUKA HEOIIPe-
JTEJIEHHOCTH: HEOTPEIeICHHOCTh BPEMEHH TIePeIatn COOOIIEeHnil B Ka-
HaJ/laX CBA3W M HEOIPEJEJIeHHOCTb B PE3Y/IbTATaX BBIIOJIHAEMbIX Jeii-
creuii. [lokazaHo, KAk TaKUM CHCTEMAaM 3a MOJUHOMUAIBHOE BpeMs
MOTYT OBITH COTOCTABJEHBI KOHEUHBbIE mernn MapkoBa. DTO TMO3BOJISA-
€T TEePEHECTU U3BECTHBIE PE3YIbTATHI O BepUUKAINN JTUHAMITIECKUAX
CBOWCTB KOHEYHBIX L[eHefI MapKOBa Ha BEPOATHOCTHBIE MYJIBTHAT'€HT-
HbIE CHCTEMBI.

Probabilistic systems of interacting intelligent agents are consid-
ered. They have two sources of uncertainty: uncertainty of communi-
cation channels and uncertainty of the results of actions. We show how
such systems can be polynomially transformed to finite state Markov
chains. This allows one to transfer known results on verifying tem-
poral properties of the finite state Markov chains to the probabilistic
multi-agent systems of considered type.
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1 Bsenenne

CI/ICTeMbI BSaI/IMO,ZLeIU/ICTByIOHH/IX HHTEJJIEKTYAJIbHBIX al'€HTOB I1PpEACTaBJIAIOT
€000t OTHO W3 CAaMBbIX aKTHBHO PA3BUBAIONINXCS HAIPABIeHHi B 00J1aCTH HC-
KYCCTBEHHOT'O MHTEJIJIEKTa U MPHKJIAIHOTO TPOrPAMMHUPOBAHUS. (CM., HATIPH-
mep, [14, 15, 21, 23]). AreHTBl HCIOJIB3YIOTCS B KAYECTBE ABTOHOMHBIX KOM-
IOHEHT IpPHU MOCTPOEHUN CHCTEM HUCKYCCTBEHHOI'O MHTEJLIeKTa, paboTsl B I1H-
TepHeTe, 00pabOTKe M300parKeHmii, MOJTYUEHHBIX CO CIYTHUKOB, YIIPABICHUN
Ou3HEC MPOTeCcCaMy, JIEKTPOHHOM TOproB/ie u ap. B Takux cucreMax areHThl
MOTyT pa6OTaTb n B3aHMOﬂeI71CTBOBaTb IO Be€CbMa CJIOZKHBIM IIpaBUJIaM, 9ITO
Jtes1aeT MOBeJIeHIe CHCTeMbl BO BPEMEHH OYeHb CJIOXKHBIM. DTO IPUBOIUT K
HEOOXOIMMOCTH Pa3spabOTKu (GOPMATIBHBIX METOMIOB JJsd BepuUKAIIUKA TU-
HAMHIYECKHUX CBOMCTB TAKHUX CHCTEM.

B smmreparype mM3BECTHO HECKOJIBKO IOIXO0B, CBSI3aHHBIX C ONPE/Ie/Ie-
HEUeM Mojeseill areHToB, MyabruareHTHbIX cucrem (MAC) u g3bIKOB crery-
dburanun coiict Takux cucrem. B wactHoctu, B [17, 19] paccmarpusaercs
HoBe/leHHe abCTPAKTHBIX areHTOB 6e3 BHYTpeHHel cTpyKTYyphbI, B |2, 11| aren-
THI CIeNUMUIUAPYIOTCS HOPMYIaMHA HEKOTOPHIX TEMIOPATIbHBIX JIOTHK. py-
rO¥ MOIYJISIPHBIA ITOIX0/T K ONMCAHUIO areHTOB OCHOBaH Ha Mojesn "Believe-
Desire-Intention", npegnoxennoit B [14] (cm. Takxke [3, 4, 20]). B mammux
pebIAyIX paborax |7, 8] Mbl paccMaTpUBagN CJAOKHOCTH BepHMUKAIMN
JIMHAMAYECKH3 CBOMCTB CHCTEM areHTOB, IIOCTPOEHHBIX HA OCHOBE apXHTeK-
typsl IMPACT, BBemennoii B [16].

Bo Bcex aTux paborax upeiojiaraercs, 4To areHTbl JIEHCTBYIOT, UMes
MOJTHYIO U TOYHYI0 HH(MOPMAIHMIO O CBOEM COCTOSHUU U OKPYZKAIOIEM MHDe,
a mepeaada nHMOPMAIUN OT OJHOTO AreHTa JIPYTOMY MPOUCXOIUT 03 BCIKUX
IOTePh U 3aHUMAET HEKOTOpoe (PUKCHpPOBaHHOE BpeMsd. [Ipum aToM pasimya-
I0TCS JeTePMUHAPOBAHHBIE U HEIeTePMIHIPOBAHHBIE CHCTEMBI. B mepBhIX Te-
KYIIIee COCTOsIHME OJIHOZHAYHO OlIPE/Ie/IsieT BbIOOP BBIIOJIHIEMbIX JeHCTBUI 1
CJIETYIOTIEe COCTOSTHIE CUCTEMBbI. B HeIeTepPMUHUPOBAHHBIX CUCTEMAX B TEKY-
meM COCTOAHUUN MMeeTCd HECKOJBKO Pa3HbIX JOIIYCTHUMBIX ,Z[efICTBI/IIU/I u, cJje-
JTOBATEIbHO, BO3MOXKHBI HECKOJIBKO PA3JIMYHBIX CJIeIYIONUX COCTOAHMIA. [Ipn
aHaJIM3€e MOBeIeHNs TAKUX CHCTEM PAaCCMaTPHBAIOTCS BCE BO3MOXKHBIE BapH-
aHThl. OHAKO B pEAJbHBIX IMPIIOKEHUSIX areHThl YaCTO MMEIOT HEITOJTHYIO



1 HETOUHYIO WH(MOPMAIUIO O CBOEM COCTOSTHUHU, OKPYZKAIONEM MUPE, BpeMe-
HU Hepejiadn cOOOIIeHuit U 0 pe3yJibTarax BBIIOJHAEMbIX JeficTBUil, U 1npu
9TOM W3BECTHHI JIUIIH PACIPEIeTeHNS BePOITHOCTEH JIJIsT COOTBETCTBYIOITUX
apaMeTpPOB areHTOB U CUCTEMbI. DTO MPUBOJIUT K TOMY, UTO JIJIsd TAHHOTO Te-
KYIIEero COCTOSHUS BO3MOXKHBIE IEPEXO/IBI B OJTHO U3 HECKOTBKUX CJIETYIONTUX
COCTOSTHU# UMEIOT, BOOOIIe TOBOPs, pa3andHbie BeposdTHocTH. [Ipn ananuze
MOBEJIEHUST TAKUX CUCTEM €CTECTBEHHO T'OBOPUTH O BEPOSITHOCTSIX BBINOJIHE-
HUSI JIJIS HAX TeX WU WHBIX CBOWCTB.

B pa6ore [10] 6b11a mpe/rozkena MoJieh BEPOSITHOCTHBIX areHTOB, B KOTO-
POl OCHOBHO# MPUYMHOM HeolpeaeIeHHOCTH ObLIa HeTOYHOCTh 3HAHUH areH-
Ta O CBOEM COCTOSHUU W OKpy:KatomeM Mupe. MoryT ObITh Takke W JIpy-
rue ucTodYHuKN HeonpeaeaennocTu nopegeruns MAC. B sroii pabore mbl pac-
CMATPUBaeM J[Ba M3 HUX: HEOIPEE/TEHHOCTh BPEMEHH Mepeadn COODIeHn
MEK/Iy areHTaM¥ B KAHAJIAX CBSI3W W HEONPEJIEIEHHOCTh B PE3y/JIbTaTax BbI-
MOJIHSEMBIX areHTaMu JeficTBUil. A UMEHHO, MBI IIPE/IIOJIATAeM, YTO IIPOJIOJI-
JKATEJIbHOCTD JIOCTABKH COODOIIEHMH IO KaHaJIaM MOXKeT OBITh CaydaitHoif,
1 HEKOTOPbIE COOOIIEHUSI MOI'YT TepsThCs 1pu nepegade. Kpome toro, meii-
CTBHSI areHTOB MOTYT UMETh aJIbTePHATHBbI, BEIOOP KOTOPBIX JJIsI BHIIOJIHE-
HUSI TPOM3BOINTCS ¢ HEKOTOPBIMHU BeposaTHOCTAME. OTHAKO MBI TIPe/IInoiara-
eM, 9TO caM BBIOOD JeiicTBUil 71 BBINOJHEHNs SBJIAETCS JTeTePMUHUPOBAH-
HBIM, T.e. paccmarpuBaemblie MAC He gBAAIOTCS HeIeTEPMUHUPOBAHHBIMU
(concurrent) B cmbicze M.Bapau [18].

OCHOBHO# pe3ysibTaT CTATBU COCTOUT B TOM, JO0As TaKas BEPOSATHOCT-
Hast MAC moxker ObITh 3 HeKTHBHO Tpeobpa3oBaHa B HEKOTOPYIO KOHEUHYIO
MapKOBCKYIO HEMb ¢ MOJUHOMUATBHO BBIYUCIUMBIME (OTHOCHTEJBHO pa3Me-
pa MAC) BepoaTHOCTAME TlepexonoB.! IMeeTcss HEKOTOPOe HHCJIO CTaTel,
MOCBSATIEHHBIX UCCIETOBAHUIO CJIOXKHOCTU BepUMDUKAINN KOHEYHBIX MapKoB-
ckux teneii. Hamme npeobpaszosanne MAC B Mapkosckue memnu mo3BoJisier
MPUMEHUTH PE3YIbTATHI TUX CTaTeil K OMEHKe CJ0KHOCTH BEPU(DUKAIIH TI0-
Begennd MAC ¢ BepOATHOCTHBIMYU KaHAJIAMEU U JICHCTBHAMH.

YnoMmsgHeM HEKOTOpble U3 3TUX crareil. VccienoBanne CI0KHOCTH BepH-
dUKaM KOHEYHBIX MapPKOBCKUX Tleleil ObLIO HAYATO B BBIMIEYTOMSIHYTOMN
pabore Bapjau. Ero pesysibrarbl 1o cjioxkuHoctu Bepuduranuum GopmyJsr npo-
HO3HUIHOHAIbHOIT toruku juneiinoro spemenu (PLTL) ma Mapkosckux remsix
W TpoIeccax NPUHATHS pereHuii Oblan yiaydrniensl B [6]. Anagorudaubie pe-

I Hekoropble BApHaHTbL ITOI0 yTBEPKIEHUs ObLIN 63 JI0KA3aTeIbCTB COOPMYJIUPOBa-
HBI HAMH B paborax [9, 22].



3yJIbTATHI s Bepudpukanuu HopMyaT BEepPOITHOCTHBIX JOTUK BETBSIIIETOCS
spemenn (PCTL and PCTL*) 6b1m mostygenst B |12, 13].

CraTbs opraan3oBaHa caeayonumM obpasom. Pa3men 2 conep:KuT cuHTaK-
CHYEeCKOe OIIpeiesieHre Halmero BapuanTa BeposTHocTHBIX MAC. B pazaere 3
ONHUCHIBAETCS onepanronnas ceManTuka 3Tux MAC. Pasnen 4 comepkur aJ-
TOPUTM BBIYHCICHNS BEPOITHOCTEH IepeXxo10B IS nerneit MapkoBa, cooTBeT-
creytonux 3ruMm MAC. B pasznese 5 NpuBoasiTCs pe3yabraThl IO CA0KHOCTH
Bepudukanun BepoaTHOCTHBIX MAC, moaydeHHbIX NPUMEHEHHEM Pe3yIbTa-
ToB u3 |6, 12].

2 Beposgraoctasie MAC

B 3ToM pasjie/ie Mbl OHIIEM PACCMATPHBAEMYO MOJIEJTh BEPOSITHOCTHOM MYJTh-
THATEHTHOI cucTeMbl. Hatu onpejiesieHusi B OCHOBHOM (€ HEKOTOPBIMHE YIIPO-
eHusiMu) careyior [16].

Myavmuazenmuas cucmema (MAC) A = {A4,...,A,} cocTouT n3 KoHed-
Horo muokecTBa {A1,...,A,, } B3auMOAEHCTBYIOMNX HHTEIIEKTYATbHBIX areH-
ToB A;. Y HHTEeIeKTYaJbHOIO areHTa A umMeercs eHympeHnan 6a3a 0aHHHLL
(B) 14, comepzkarias KOHETHOE MHOXKECTBO OA3UCHBIX ATOMOB (T.€. BhIpazKe-
HUil BUIA P(Cq,. .., Cg), TO€ P-MIPETUKATHBIH CUMBOJ, C1,. .., Ci- KOHCTAHTHI,
IPUYEM MHOXKECTBO MCIOJIB3YEMBIX JAHHONH CHCTEMO# KOHCTAHT OTpaHmde-
HO), 1 mo4ToBbIl amuk MsgBox 4. Tekymue conepkumbie Buyrpenneir BJ1 u
MOYTOBOTO SIIIIAKA areHTa A COCTAB/SIIOT €ro TeKYIee JOKAIbHOE COCTOSTHIE
IMy =< ]A,MSgBOl’A >.

ArenTsl u3 A obmarmTcsa MexXIy coboil MoCpeacTBOM Mepeaatdn CoobIe-
muii Buia msg(Sender, Receiver, Msg), rae Sender u Receiver — nmena ares-
TOB (HCTOYHUKA U ajapecara), a Msg - (mepegaBaemblit) Ga3uCHBII aTOM.

Jlnsg kaxkmoit napor areatoB A, B u3 A nmeercsa kanan cssazu C'Hyp, B
KOTOPBIH TOMaIat0T COOOIIeHs, MOChLIaeMbie arenToMm A arenty B. 3arem u3
9TOro KaHaJia OHH IOMAIAI0T B MOYTOBBIH KUK M sgBoxg. Bpems npebbiBa-
HUS KazKJI0r0 COOOIIeHHs “B IyTH MBI OYIeM PacCMaTPUBATD KaK CJIYyIalHYIO
BEJIMUYMHY, 38/1aBAEMYI0 KOHEYHBIM JUCKPETHBIM PACIPE/IEJEHUEM BEPOSITHO-
creit. Hepes pap(t) 0603HaUUM BEPOATHOCTH TOrO, 4T0 B nosyqur coobiie-
He, IOCJTaHHOE eMy areHTOM A, poBHO depe3 t > 1 maros (TaKTOB) MOCJIE ero
orcbik (t0 Gymer 0603HAYATE MUHHMAIBHOE YUCI0 Takoe, 9T0 pap(t) = 0
a1 Beex t > t0.

J11st pasHBIX COOBIIEHME COOTBETCTBYIONINE CIYYaiiHble BEJTUIHHBI OYIeM



CUMTATb He3aBHCUMBIME. MbI Gymem mpefmosarats, 4to » o, pagp(t) < 1.
Torma pasuocrs 1 - Y 2, pap(t) oupeusessier BEPOSITHOCTL TOrO, 94TO 000~
IMeHre HUKOT/Ia He JOCTUTHET ajpecara, T.e. OygeT yTepssHO B KaHaje. Ha-
npumep, pag(l) = 1 o3HAUaeT, 9T0 KaxkK0e COOBINEHNe, TOCTAHHOE ATeHTOM
A arenty B, 6yzer moiydeHo ajgpecaToM Ha CJIeAYVIOIEM Iare mocje ero Io-
ceLIKHu. Korma 9To BepHO 115 BCeX HCIOIb3YeMbIX B CHCTEME PACIpeIeTeHui
BEPOLATHOCTEH, Mbl IpUX0OAUM K cuuxpouubiM MAC, KoTopbie paccMarpruBa-
quck B paborax |7, 8|. Ecau pap(1)=0.5, pap(2)=0.4 u pap(t)=0 upu t >2,
TO TOJIOBWHA Bcex coobimennit A arenty B Oyaer mosydena Ha CJIeayonem
mare mocje uX OTChUIKH, ete 4/10 GyayT HAXOMUThCS B MyTH 2 TakTa, U B
cpeIHeM JecsaTasl 9acTh TAKUX COOOMEHUN OyaeT yTepsiHa.

Tekytee cocrosinne kanana C'H g Oyjer BKIIOYATH BCe COOOIIEHUS, 110~
cnaHHble areHToM A arerty B, xoTopwie eme He gonuim 10 B, ¢ ykasaHumem
BpPEMeHHU WX HaXOKJIeHust B KaHase. Mbl Oyaem 0603HaYATh TEKYIIEe COCTOsI-
HUe KaHaJIa TakK xKe Kak u caM Kanas, T.e. CHap = {(Msg,t)| coobwenue Msg
om azenma A azenmy b narodumes 6 kanane t maxmog}. Mel GyaeMm Takzxe
uctojb3oBarh cokpamenusd CH;; u p;; i CH 45 1 Daiaj, COOTBETCTBEHHO.

C kaxapim areHToM A csa3ana ero 0aza ACT, napamempusosarnoix

deticmeud. Kaxmoe w3 stux ngeficreuii umeer ums Buga a(Xi,...,X,,) #
MHOZKECTBO aJIbTePHATHB
a' =< ADD!(X,,...,X,,),DEL:\(X,,...,X,,),SEND}( Xy, ..., X\,) >, ...,
a* =< ADDK(X,, ..., X,,), DELF (X, ..., X,,), SENDF( X, ..., X,,) >.
Ha sTux anbrepHaTuBax Ompe e/ IeH0 HEKOTOPOE BEPOSTHOCTHOE PACIIPE/IeIe-
nue p,(j). Muoxkecrsa ADDY (X;,...,X,,) u DELI (Xy,...,X,,) — ciucku aro-
MOB BIJIa P(t1,. .. ,tx), [e p — k-MecTHBI mpeuKaT U3 CUIHATYPbI BHY TPEH-
neit BJI, tq,...,t; — 160 KOHCTAHTHI, TUOO MapaMeTpsl Xi,. . . ,X,,. DTH MHO-
JKECTBA ONPEJIEIAIOT U3MeHeHus BHyTpenueit B/l (mobaBieHus u yuaaeHus
dbakroB) 1pu BbIIOIHEHUN JanHOf atbTrepHarusbl. SEND! (X,.. ., X,,) onpe-
JeJISIeT aHAJIOTUYIHO CITHCOK coobimennii Buna msg(A B, p(tq,...,tx)), ornpas-
JITeMBIX JApyrum arearaM. Ilycrs cq,...,c,, — KoHCcTaHTB. O0OO3HAYINM dYepe3
ADDJ (cy,. .. ;) MHOKECTBO (DAKTOB, MOJYIAEMBIX HOACTAHOBKOM C1,. . . ,Cypy
BMeCTO X1, .., X, B aromsl w3 ADD? (X;,...,X,,). AHATOrHYHO ONpeaensior-
ca DELY (cy,...,¢p) u SEND? (cy,...,c,,). Basucubie atombr Buja a(cy,. . .,
Cl) Ha30BeM Oa3MCHBIMI MMEHAMHK AeHCTBHIA (I/IJH/I MPOCTO DA3UCHBIMU JIeHi-
CTBHSIMA).

KonkpeTHbiii BBIOOp JeiicTBUi /11 BBIIOJHEHNS] B 3aBUCUMOCTH OT TEKY-
IIEr0 JIOKAJTBHOI'O COCTOSIHHSI areHTa omnpeaesgercd mapoit < LP 4 , Sely >.
Buech LP 4 - soeuueckas npoepamma areHTa, OUPEIE/ISIONIas COBMECTHO



¢ daKkTaMU U3 TEKYIIEro JOKAJIHLHOTO COCTOSHUS areHTa HEKOTOPOe MHOXKE-
crBo Perm (= Permg;) momycTuMbIX Jijisi BBIIOJHEHUSI B JTAHHBIT MOMEHT
0a3MCHBIX WMEH JIeHCTBUil, a8 MOJMHOMHAJIBHO BbIYUCIUMAA DYHKIHA Sely
BoiegerT u3 Perm mekoropoe Gasuchoe jeiictBue a(cy,...c¢,), aIbTePHATH-
BBl KOTOPOTO JOJIZKHBI BBIMOTHATHCS B TEKYIIUHA MOMEHT € COOTBETCTBYIO-
UMY BEPOSITHOCTSAMHE (OJIMH U3 eCTeCTBEHHBIX BADHAHTOB (DYHKIMU BHIOOpA
CBSI3aH C OIIPe/IeJIeHHeM HEKOTOPOTO OTHOIIEHHS IIPHOPUTETA HA JeHCTBHSIX ).
Bboinoinenue Takoii aJabTepHaTUBb (CKasKeM, al) COCTOMT B CJIejlylomieM:
1) caenyroriee cocrosiune BHyTpenueil BJI arenra A mosydaercst u3 Teky-
IEro COCTOAHUA yaadeHueM aeMentos u3 DEL! (cy,...,¢,,) 1 qobaBaennem
saemenToB u3 ADD? (cq,...,¢), 2) aa kaxkaoro areara B # A B kanan
CHap aobasasitorcst mapel Buga (Ms, 0) i Beex 9K3eMILISIPOB cOOOIIeHUT
Ms, s koropeix msg(A, B, Ms) € SEND/ (cy,...,cpn)-

B kadectBe nporpammbr LP 4 MBI paccMaTpuBaeM JIOTHYECKYIO POrpaM-
MY C OpeJJIOKEeHUSIMHU BUJIA

H:—Ly, .. L,
€O caemytonuMu cBoiictBamu: H —arom gefictBus, T.e. umeet Bug a(ly, . .., ty),
rje a — M4 Jaeiicrsud, t, . . ., t,, — JM00 KOHCTAHTHI, JIA00 IIepEeMeHHbIe; JTHTe-

panbl L; — mu6o aurepasbl geiicTBus, aub0 (IKCTEHCHOHABHBIE) JINTEPATTHI
¢ IpeJuKaTaMi U3 CUTHATYpbl BHyTpeHHe# BJ/I, mubo gurepanb coobmennii
Buza msg(Sender, A, Msg) mwiu not msg(Sender, A, Msg), 160 HEKOTOpBIE
BBIYUCJIUMbIE B IMTOJIMHOMHAJIbHOE BpeMd BCTPOCHHBIC IIPpEeANKATDI. HporpaM—
Ma areHTa Ha3bIBAeTCs 0a3ucHOl, eCJii OHA He COMep:KuT nepeMeHHbIX. Cu-
cTreMa sIBIgeTcs 6a3ucHol, ecii OA3UCHBIME SBJIAIOTCS MPOIPAMMBI BCEX ee
areHToB.

MBI IpealoJaracM, 4To HpeJiozKeHud B IIpOorpaMMax alr¢ HTOB ABJIAIOTCA
6€30NaCHbLMY B TOM CMBICJE, YTO BCE NMEPEMEHHBIE U3 TOJIOBBI IPEJJIOZKE-
nusg H Bxojgar nosumuero B Teio npejoxenus Lq,...,L,. Kpome Toro, M
cauTaem, 9ro nporpamma LP 4 sBagercs crparudunuposannoit [1|. Torma B
KazKJOM JIOKaJIbHOM cocTodnuu state= <l MsgBox, > nporpamma

LPj stqte = LPAU T4 U MsgBox

OTpeIesIIoNast MHOXKECTRBO JICHCTBU, KOTOpbIe B TIPUHIIMIIE MOYKET BBITOJI-

HUTHb areHT B TEKYIIEM COCTOAHMHU, ABJISeTCH CTPATU(PUIITPOBAHHOM.
Xoporo uzsecTHo (cM. [1]), uTo cTpaTUdUIEPOBAHHBIE JJOTHYECKHE MTPO-

rpaMMbl UMEIOT €JIMHCTBEHHYI0 MUHUMAJIBHYIO MOjeab. OD03HAYNM TaKyIO



Mozedb TporpaMMbl LP 4 siqre 1€pe3 My siqre. CTaHmapTHas npomenypa BbI-
YUCJIECHUA HeHO,ZLBI/I}KHOIU/I TOYKH IIO3BOJIACT BBIYUCJIUTD 9Ty MOJEJIb 110 6&31/1(3—
noit passeprke gr(LP 4 gare ) mporpammer LP 4 giqre. OTMeTHM, 9TO pasmep
gr(LP A state) MOZKET OBITH 9KCIOHEHTOH 0T pasMepa LP 4 stqre. Hamomunm Tax-
JKe, 9TO IIPEII0JI0KEHHEe 0 3aMKHYTOCTH 00JIaCTH, KOTOPOE MbI HCIIOJIB3YEM,
[IPeIIoaaraeT BBIYUCIUMOCTD 3a MOJIMHOMHUAIBHOE BPEMS BCEX BCTPOEHHBIX
IpeanKaTOB. HOSTOMy COXpaHdeTCd BbIYUCJIUMOCTD HeHO,ZLBI/I)KHOI'?'I TOYKHU 3a
MOJTNHOMHUATIBHOE BPEMS.

yHOMHHYTOG BBITIIE MHOXKECTBO Perm onpeaeadeTcd TorJa KakK MHOXKe-
cTBO OA3UCHBIX UMEH JIeHCTBUM, COMePKAIINXCSI B MUHHUMAIBHON MOJIe/ I
M4 state- OB03HATUM Yepe3 Sem QyHKIIIO, KoTopas 00 LP 4 g4t cTPOUT 31O
MHOXKeCTBO Perm.

3 CemanTtuka BepodaTHOCTHBIX MAC

CnobanbHoe cocTognue S cucTeMbl A BKJIIOUYAET B ce0d JIOKAJIBHBIE COCTOTHUSI

ee areHTOB U COCTOSHUS BeeX ee (n-n) KaHasos:

S = <Ila' o 7In7 CH1,27 CH2,17~ SR Canl,na CHn,nfl >.

O6o3HaYnM Yepe3 S, MHOZXKECTBO BeeX IiobanbHbIX cocTosuuit MAC A.
Torna odnowazosan cemanmura MAC A 3amaer orHomenune S =4 S’ nepe-
X072 (32 OJIMH IIar) Ha MHOXKECTBE S,4, a BEPOATHOCTH D; ;(t) u p,(j) nnmy-
[UPYIOT BEPOSITHOCTU TaKuX 1epexoos p(S,S’).

[Tepexon S = 4 S’ Haunnaercd ¢ paboTbl KaHaJ0B U (POPMUPOBAHUSA HOBO-
TO COAEPZKUMOTO MOYTOBBIX AITNKOB. CHaHaﬂa Ka)K,ZLbeI KaHaJl YBeJINYNBaeT
Ha 1 CUeTYHK BpeMEHH y BCeX HaXOISIIUXCA B HeM coobimeHwmii. [lapbl Buma
(Msg, t), y KOTOpBIX t>tg, yaansaorces u3 kananta CH; ; Barem s kaxaoi
mapet (Msg, t) € CH,; B mourosbiit smux MsgBox,; arenta A; ¢ Beposit-
HOCTBIO D; ;(t) momemaercs daxrt msg(A;, A; ,Msg). [Mocae sroro xaxaprit
arenT A; € A dopmupyer MHOXKECTBO BCEX JOMYCTUMBIX HA JIAHHOM IITa-
re geiicrBuit Perm; = Sem(LP 4, stare). A 3aTeM, HCHOIB3Ys CBOI omepaTop
BeIOOpa Sely,, onpeenser swnoanaemoe deticmeue a(cy,...cq). Iloarossie
siuky Beex arearoB MAC A 1mocsie 3Toro omnycTomaTes, T.e. HOJLy YeHHbIe
coobienus “3abbiBatoTcs’”. Pazymeercs, 310 He OrpaHUYuBaeT OOITHOCTH, MO-
CKOJIbKY ar'€HT MOXKeT BC€ HY2KHbI€ €My JdaHHbl€ IEepeHeCTH H3 ITOYTOBOI'O
AIIMKA B CBOIO 6a3y JaHHBIX. 3aTeM ¢ BEPOSATHOCTHIO D, (j) BHIOUpaeTCs ajib-
TepHATHBA &’ JeficTug a(cy,. . . c,) u cocrosinns BHyTpenteit B/ I, u coorser-
CTBYIOIINX KAHAJOB 3aMEHSIOTCS B COOTBETCTBUU C ONPEIeTIeHUEM IeiiCTBU



3TOI AJIbTEPHATHUBDI.

Takum 0O6pazom, nepexoy S =4 S’ BBIUUCIAETCS CAEIYIONIM BEPOSITHOCT-
HBIM aJITOPUTMOM:

A-mar ( Bxoa: S; Beixom: S')

(1) FOR EACH A;,A; € A (i#j) DO
2) FOR EACH (Msg,t) € CH;; DO
(4) IF t S to then CHi,j = (CHZ'J‘ U {(MSg, t+1)} )
(5) END:
(5) FOREACH A;, A, € A (i#£j) DO
(6) FOR EACH (Msg, t) € CH; ; DO ¢ BepositrocTbio p; (1)
(8) MsbBox; := MsbBox; U{msg(A;, A, , Msg)}
9) END:
(10) FOR EACH A;e A DO
(11) BEGIN state; := (I;, MsgBoz;);
(12) Perm; := Sem(LPy; state, );
(13) [TycTs smavenne Sely, (Perm;) pasno aj(cy, .. .cg) ;
(14) ITycTn a},. o af - BCe aJbTePHATUBBL /I ;)
(15) Bribepem asbrepnarusy af (1 < r < k) ¢ BeposaTHOCTBIO Py (T);
(16) I = ((I; \DELy,(c1,...c;)) UADD (cy, .- .¢q));
(17) FOR EACH (m # j) DO
(18) CH]/,m = (Cijm U
{(ms,0) | msg(Aj, A, ms) € SENDy (1, ..., ¢q)});
(19) MsgBox; = 0
(20) END:;

(21) RETURN &' |

B cooTBeTcTBrHE € BHIICIPHBEICHHBIM OIIPEICJCHIEM CEMAHTUKH C CACTE-
Mot A MoxkHO cBsizaTh Mapkosekyto nenb MC(A) ¢ MHOXKECTBOM COCTOSI-
HUH Sy U BEPOATHOCTAME TepexooB p(S, S’ ) Mexay HUMHU (aJrOPUTM BbI-
qucstenus p(S, S’ ) onmcan B caeayiomnem paszese). [loBegenne A B Hadasb-
nom riobaabaoM cocrosuuu S° omuchiBaercs jepesom T 4(S°) BozMoKHbBIX
TpaekTopmii 3Toi mermm Mapkosa, naunnatommxcs ¢ SU. Vaanr sToro gepe-
Ba [IOMEYEHDI TJI00AJIbHBIMA COCTOAHUSAMHI CHCTEMBI, IPAYEeM KAazKJIbIH y3el,
Haxomsnmiicst Ha (t-+1)-0M ypoBHe M MOMeYeHHBIH cocTosiHueM S’ | CBsI3aH ¢



Y3JI0M Ha t-OM yPOBHE ¢ METKO S, U3 KOTOPOTO BO3MOXKEH Hepexon S =4 S’
¢ BeposiTHOCTBIO P(S, S’ ) >0.

Bamernm, uro KosmdecTBo cocrosHuii nenn MC(A) B xymmem ciaydae
MOzKeT OBITh SKCIOHEHIINAJIbHBIM OTHOCUTEIbHO pa3mepa A, ecin A - 6a3uc-
Hasl, U JIa’Ke JBaXKIbl SKCIOHEHIHATBHBIM, ecn A - He GasucHas ((B pas-
Mep |A| cuctembr A BXOJAT pa3Mepbl BCEX CHTHATYD, MHOYKECTBA KOHCTAHT,
ONHUCAHMI areHTOB, BKJIIOYAIONUX X 0a3bl JAefiCTBUN U ONMCaHusd ITPOrpaMMm
AreHTOB, M PACIPEENeHNsT BePOATHOCTEIH ).

4 BpluncjieHne BepOsaTHOCTEN Iepexo/10B

()TMGTI/IM7 9TO NCTOYHHUKaAMM HEOIlIpedeJICHHOCTHU B aJI'OPUTME A—]J_IaI‘ ABJIA-
I0TCSL OIIePATOPBl B CTPOKaxX H-9 u 14, KOTOpbIe OIPeIe/IaIoOT, KAK COOOIIEeHHST
[OMAJAI0T B MOYTOBBIE SIIMKH ar€HTOB C YUYETOM BEPOSITHOCTEH BpeMeH UX
HEePEeChIJIKM U KaK BbIOMPAIOTCs aJbrepHaTUBbl Jid jgeiicTsud aj. Mbr npe-
[0JIATAEM, 9TO BCE BEPOSITHOCTHBIE BHIOOPKYU HE3aBUCHMBI.
[Tycrs Ha ovepeaHOM Iare BbIOJHEH nepexon S = S’ w3 cocro-
auua S =< I,...,1,;CHy5,.. CH;,;,...,CH,,_1 > B cocrognue S" =<
Loy CHy o, CHY oo, CHY, L,y >, Crietytoniue yTBep:K/ieHus ob -
ropurMe A-1mar, o3BOJSIOT OIEHNTH BEPOATHOCTE TAKOro mepexoaa. [lepsoe
U3 HUX CBA3aHO C CbOpMI/IpOBaHI/IeM IIOYTOBBIX AIMHUKOB ar¢HTOB M COOTBET-

CTBYIOIIUME U3MEHEHUSIMHU ‘cTapbixX'cOODIIEeHNIT B KaHAIAX.

Jlemma 1 (1) Iocae sasepwenua yukia 6 cmp. 5-9 cocmoanue nowmogo-
20 awura MsgBox; aeenma A; pasno J;; UmeMij{msg(Ai,Aj,m)}, 20e
mroocecmso M;; coobuwenud, noAyweHnur Ha Imom waze azenmom A; om
azenma A;, onpedescro paseHcmeom
M = {m | 3t < t0[((m,t) € CHy;) & ((m,t+1) ¢ CH; )]}

(2) Hycmo Tij(m) = {t | ((m,t —1) € CHy;) & ((m,t) ¢ CH;;)}. Toeda
(a) sepoammocmv nonadanua coobwenua msg(A;, A;,m) 6 MsgBox; pasha
pmij(m) = [Lier,, (m) Pis(t):
(6) seposmuocmob nosyuenus azenmom A; mmoocecmsa coobuenut M;jom
azewma A; paena pm;; = HmeMij pmyi(m);
(6) sepoammocmo nosyuenua azenmom A; mrosicecmaa coobwenut MsgBox;
pasna pm; = Hi# pmy;.

Hoxasameavemeo. (1) Ilycrs HekoTOpoe coobimenue m € M;;. Ilo onpeere-
Huio M;; 910 03Ha4aer, 410 HeKoTopasd mapa (m,t),t < t0, B cocrosuuu S
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Haxoxunack B Kanaae C'H;;, a mocie 3aBeplIeHus IIePexoa NCYe3Ia I3 3TOr0
kaHana: (m,t+ 1) ¢ CH] ;. Enuncrsennas BO3MOXKHOCTD Jijist “Gecc/ieiHo-
ro'"'ncue3snoBenns cooOIeHnst ¢ BpemeneM npebbiBannsa ¢ < t0 u3 KaHama —
9TO OBITH yJaJeHHBIM B CTp. 7 ajropurMma A-mrar. Ho torma B cTp. 8 sT0T0O
asnropur™a coobuenne msg(A;, A;, m) nonano B mourTosslii Amux MsgBox;
arenta A;. O6parno, ecau msg(A;, Aj,m) € MsgBoxj, To 3T0 MOIJIO IIPO-
M30MTH TOJBKO IIPU HEKOTOPOM BBINOJIHEHUN oreparopa B crp. 8. Ho Torna
B mpeblayeii crp. 7 miag vHekoroporo t, 0 < ¢t < t0, mapa (m,t + 1) 6piia
ynagena w3 C'H;;. Jlna sToro ona qomkHa Obia panee onacth B C'H;; B cTp.
4. Ho 970 BO3MOXKHO JHIIb, KOrja napa (m,t) ynansercs uz CH;; B cp. 3.
Torpa u3 onpenenenus M;; caenyer, 9to m € M;;.

(2) B kanase C'H;j MOXKeT OJHOBPEMEHHO HAXOJUTHCS HECKOJIBKO IK3EMILIsI-
POB COOOIIEHNST M, HOCJAHHOTO areHToM A; arenty A; B pasHoe Bpems. [1pu-
YUHOI MosBJIeHnd 3TOro coobmenud B M sgBox; B paccMaTpUBaeMOM I1ePexo-
e ABJIAI0TC Te napsl (m, t), Bxoggamue B C'H,; moc/ie TUKIa B CTp. 2-5, KOTO-
pble ynaisorcs B ¢rp. 7. (OrvernM, aro coobmenne msg(A;, A;, m), KoTopoe
nossiistercst B M sgBox; B crp. 8, me 3asucut or t). Muoxkecrso 1;;(m) comep-
JKUT BpeMena npebbiBanus B kanane C'H,; u3 Bcex Takux map (m, t). Kaxmas
u3 HUX ObLIa HE3aBUCHMO BhIOpaHa B cTP. 6 ¢ BeposaTHOCTBIO P; ;(t). ITosTo-
My BEPOATHOCTB HX COBMECTHOTO BbiGopa pasHa pmi;(m) = [lier, (m) Pis(t)-
[Iyukrer (6) u (B) caenytor u3 yrBepKaeHus (1) u HE3aBUCHMOCTH IIOJTYde-
HUS Pa3HBIX COOOIIEHUI OIHOINO areHTa U COOOIIEeHUI OT pa3sHbIX areHToB.[]

Carerytoniiee yTBepzK/IeHIE HO3BOJISET OIEHUTH BEPOATHOCTD TPEOyeMOro
u3MeHeHus 6a3bl JAHHBIX KayKJI0TO areHTa U MOChLJIKHA UM HOBBIX COODIIEHMIA.

Jlemma 2 Iycmo 6 nepexode S =a S’ daa acenma A; 6 pesyavmame
wazos 6 cmp. 11-13 6viao onpedeneno evnoaraemoe deticmsue a;(cy, .. .cq) ¢
BO3MONCHBMU AADMEPHAMUBAMU ajl, Cen a?. Toz0a

(1) mroorcecmso Alts; arvmepramus, KOmMopvie MO2AU UCTOAL30BAMCA HA
5Mom nepexode, COCMOUM U3 MAKUT A}, OAA KOMOPbIT

(a) I} := ((I; \DEL,(c1,...cg)) UADD;(c1,...cq)) u

(6) daz wasicdozo m # j {ms|(ms,0) € CH},,} = SEND; (c1, ..., ¢cq);

(2) sepoammuocmo pr; mozo, wmo 6ydem 6uibPaNG AALMEPHANUBH, BOLNOANE-
Hue komopoti npueedem K cocmoanuro I azenma Aj u K nomewenuro 6 Kasic-
dwti wanan CHjy,(m # j) mnoocecmsa nosux coobwenuti {ms|(ms,0) €

CH;vm} pGGHa ZTEAltS]' pa] (T)

/lokasamenvemeo nynxra (1) HemocpeJCTBEHHO CiieyeT u3 onpesesienus I
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B cTp. 16 aaropur™a A-miar u C’HJ’»m B cTp. 18 3TOrO0 anaropurMa. 3aMeTnM,
! o
410 B MOMeHT gobasnenus B CH .m HOBBIX coo0IIIeHNTT BCe cTapbie coobIIe-
HUsI B KaHase NMeloT BpeMenHble MeTku ¢ > (. [TosTomMy MHOKeCTBO ap BHIA
! T
(m,0) B CH},, omHo3HawHO ompeseneno mMuoxectsoM SEN Dy (e, ..., ¢q).
Brinonnenue j1r060it a1bTepHATUBL J1eCTBUS aj(cl, .. .cq) u3 MHOKecTBa Alts;,
yI0BIeTBOPsIONTell cBoficTBaM (a) m (6), TPHBOIAT K TeM ¥Ke MHOZKeCTBaM [
u {ms|(ms,0) € CH;, }. Ecmu xe 1/ist HeKOTOPOil a/lbTePHATHED OJHO U3
cBofictB (a) mam (6) He BBIIOJHEHO, TO €€ BBIIOJHEHHE, OYeBUIHO, HE MO-
JKeT npuBecTn K nepexoay S =4 S'. ITockombky Bce anbrepuarnsbl u3 Alts;
HE3aBUCUMBI U TIONAPHO HECOBMECTHBI, TO BEPOSTHOCTD BBIOOPA OHON U3 HUX

B cTp. 15 paBHa pr; = ZreAlts‘,- Paj (). O

DTH JEeMMBI TIO3BOJIAIOT MPEII0KATH CAeAYIONYI0 3DMEKTUBHY O MPOIe-
Jypy Bbranciaennst Bepositoctn p(S, S’) mepexoma S =4 S

Anropurm Prob(S, S )

(1) FOR EACH A;, A; € A (i #j) DO
(2) BEGIN M[ij] := {(m, t) | ((m, t) € CH,;) &
((m,t+1) ¢ CHj;) )}

(3) pmi; = H(m,t)eM[i,j] Pii(t)

(4) END;

(5) FOR EACH A;e A DO

(6) BEGIN MsgBox; = 0;

(7) FOR EACH A, € A (i#j) DO

(8) MsgBox; := MsgBox;U{msg(A;, Aj,m) |3t((m,t) € Mli,j])};
9) pmy = [1,; pmy;

(10) END;

(11) FOR EACH A,c A DO

(12) BEGIN state; := (I;, MsgBox;);

(13) Perm; :— Sem(LP 4, sate; );

(14) IIycrp smagenne Sely; (Perm;) pasno aj(ci,...cq) ;

(15) ITycrnb ajl-, - a? — BCE a/IbT€PHATUBBL JIIS Oj;

(16) FORr=1 TO k DO

(17) BEGIN L, := (I;\ DEL,;(c1,...,¢))UADDy (ca,. .., ¢q);
(18) FOR EACH A,, c A ,m#j DO

(19) MS,[j,m] := {ms|msg(A;, Am,ms) € SEND; (c1,...,¢q)}
(20) END;
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(21) Altsj ={r | (I; = L,) &
Nizj({ms|(ms,0) € CH} .} = MS,[j,m]);
(22) prj =3 {pa;(r) | 7 € Alts;}
(23) END:;
(24) p(S,5") = [14,ea Py Py
(25) RETURN p(S, 5').

Teopema 1 Anzopumm Prob(S,S’) euwwucasem seposmmuocms p(S,S") ne-
pexoda S = A S’ 3a epems, nosunomuasvroe om cymmol pasmepoe MAC A u
Pa3MEPOS UcLodH020 U pesysvmupyrowezo cocmoanut S u S': | A|+]S|+ |57

oxazamenvcmeo. V13 onpejeenns CEMAHTUKH OJIHOIO IIara B aJrOPUTMeE
A-mar caenyer, uTo nepexomn S = S’ OJHO3ZHAYHO OIPENEIsSIeTcs CJIeLyIo-
UMY COOBITUAME: BBIOOPOM COOOIIEHUI, TTOMEIIAEeMBIX B MOYTOBBIE ANTNKH
areHToB B HadaJe mara (crp. 1-9) u BLI60POM OJIHOI U3 aJbTEPHATHB BBIIOJI-
HSEMOTO JIeRCTBHSI JJ1sT KazKa0ro arenTa (cTp. 15). JleficTBuTenHO, ComepK-
Moe gnuka M sgBox; arenra A; 0JHO3HAYHO Ompeje/seT MHOXKECTBA “CTa-
peix"nmap coobmennit Buga (m,t) npu t > 0 B Kanatax ceasu CHJ; (1 # j).
Bribop aiabrepHATUBBI AEHCTBUS OJHOZHATHO ONpEIEIseT CIeYIONnee COCTO-
dHUe Ij’- 6a3pl JaHHBIX areHTa A; W MHOXKeCTBO “HOBBIX'COOOLIEHHUET BHAA
(m,0). Jlemma 1 2(B) onpezessier dbOpMysy Ias BHIYHCIEHHS BEPOSTHOCTH
pm; nojyuenns 3ajannoro smuxa MsgBox;. Borancienusa sTux BeposTHO-
cTell /I BCeX areHTOB OYEBUIHBIM 00pa30M peau30BaHbl B ¢Tp.1-4 u 9 aJ-
ropur™Ma Prob. [IpasuibHocTs BeIuucIenus copep:kumoro MsgBox; B cTp.
6-8 caeqyer u3 nyukra (1) sroit semmbl. Tak kak dbynkuun Sem u Sel pado-
TAIOT AETePMUHUPOBAHHO, TO BBIIOJHAeMoe aeiictBue a;(cy,...c,) B crp. 14
onpeneneno Bepro. [To semme 2 MuoxkecTso Alts; aabTepHATHB, TPUBOAAIINX
K HY?KHOMY De3yJIbTaTy, ollpejieleHHoe B ¢Tp. 21 u BepOATHOCTb pPr; BbIOO-
pa OJHON U3 ITUX AJbTEPHATUB B CTP. 22 BBIYHCISIOTCS IpaBuabHo Torma
13 HE3ABUCUMOCTH JICHCTBUI PA3/IMIHBIX ar€HTOB CJEAYET, YTO BEPOSATHOCTH
p(S,S") nepexoma S = S’ B ¢Tp. 24 TaKkKe BBIYUCIIETCS BEPHO.

st oneHKu BpeMeHu pabOThl alrOpUTMa 3aMeTUM, 9TO KazKJ10€e coo0Ie-
HUEe B KaHAJIAX CBA3U CUCTEMBI paccMaTpuBaeTcs He 6ojiee 0HOTO pa3a B CTP.
2 u 8. Boruncaenus dyunkmuii Sem u Sel B crp. 13 u 14 TpebyioT Bpemenu,
MOJTUHOMHUATIBHO 3aBUCAIIETO OT pa3MepOB UX apryMeHTOB. UHCI0 uTepanmii
mukja0B B cTp. 9-10 m 11-20 paBHO umcay areHToB, a muk/jaa B cTp. 1-4 —
He Oosiee KBajpara 3Toro umcia. JleiictBus ¢ 6azamu jgeficTBuii m Oaszamu
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JIAHHBIX areHTOB B ¢Tp. 17 u 21 TpeOyioT BpeMeHH, TPOIOPIHOHATILHOTO UX
pasmepam. OTcroa cjeyer, 9To BpeMst BbioHeHus aaropurma Prob(S, S’
OIrpaHUYeHO IMOJJUHOMOM OT pa3Mepa €TI0 BXOJHBIX JaHHBIX. |:|

5 Bepudukanusa gnaammndeckux cBoiictB MAC

TpajunuoHHo CBOMCTBA NOBEACHUS JUCKPETHBIX JUHAMHYECKAX CHCTEM 3a-
JAIOTCS ¢ TOMOIIHI0 hOPMYJT HEKOTOPBIX TeMIMOPAJbHBIX JIOTHK (CM., HAPHU-
Mep, [5]). UmeroTcst 1Ba OCHOBHBIX BU/IAa TAKHUX JIOTHK: JIOTHKH JITHEHHOTO Bpe-
MEHHU ¥ JIOTUKH BeTBserocs speMenn. OOBIYHO cOCTOAHHUA Teneil Mapkosa
He HaJeJSI0TC HUKAaKoi BHyTpeHHEH ¢cTpyKTypoil. [losTomy auHamudeckue
CBOIiCTBAa TaKMUX Ilenell MOKHO aJeKBATHO BbIPA3UTb (DOPMY/IaMH IIPOINO3H-
[IMOHAILHBIX BAPUAHTOB TAKUX JIOTHK.

Cocrosinusg paccmarpuaeMbix HaMu MAC uMeroT ¢TpyKTYpy KOHEIHBIX
Mozeseit 1-ro nopsiaka. ITo3ToMy ecTeCcTBEHHO PACIIUPHTD JIOTMKHU, OIIACHIBa-
I0IAe UX JMHAMUYECKHE CBOHCTBA, BKIIOUUB CPEICTBA JOTHK 1-I0 IMOpSIKa
(kak 3710 caenano B |7, 8|). PaccmarpuBaemoe pacimmpenne COCTOHT B TOM,
9TO BMECTO TIPOTO3UIMOHATBLHBIX MEPEMEHHBIX MOTYT ObITH HCIOJbL30BAHDI
OObIYHBIE 3aMKHYThIE (DOPMYJIBI 1-I0 IOPsijiKa B CHIHATYPaX BHYTPEHHUX 6a3
JIAHHBIX aleHTOB U CUIHATYPe coobieHnit. OCHOBHOE MHOXKECTBO MOJIEIH, CO-
OTBETCTBYIOIIEH COCTOAHUIO

S =< Il> e a[na CH1727 ey CHi,ja o 70Hn7n_1 >,

BKJIIOUAET BCE BCTPEYAIONINECS B OIUCAHUN CHCTEMbl KOHCTAHTBHI U IE/Ible
quca. He orpannauBas oOImiHOCTH, Oy/IeM CYUTATh, YTO UMEHA MPEJIMKATOB
B 6a3ax JaHHBIX PA3JUYHBIX AreHTOB He Hepecekalorcd. Ilycrb k-MecTHBIR
IPEIUKAT P OTHOCUTCA K areHTy A; U ¢q, ..., ¢, — HEKOTOpbIe KOHCTaHTHI. To-
riaa dakr p(cy, ..., Cx) UCTUHEH B MOJIE/IM, COOTBETCTBYOMIEH S, ecyiu

p(cr, ..., cx) € I;, u oxken B mporuBHOM ciydae. Curnarypa coobrieHuil co-
JIEPYKUT UMEHA [PeIUKATOB-COOOIIEHNH, HHIEKCUPOBAHHBIE HOMEPAMHE AreH-
TOB CHCTEMbI U BPEMEHAMH 33/I€PXKKI COOONIEHN T B KAHAIAX CBA3H: Lynsg =
{msg_pi;+(X1,..., Xp) |1 <i,j <n, t € N, p— k-MecTHBI{l TpeIUKATHBII
cumBoul }. Basucustit bakr msg_p; j¢(c, ..., ¢;) HCTUHEH HA ITIODAJILHOM CO-
croaunu S, ecnn Kauan C'H; ; cogepxur napy (msg(A;, Aj,p(cr, ..., cx)),t).

Xopo1io U3BECTHO, UTO MPOBEPKA 3aMKHYTHIX (GopMmys 1-r0 mopsiaka Ha
KOHEYHBIX MOJIEJISIX MOKeT ObITh MPOBe/IeHA B MOTHHOMHAIBHON TaMsITh (AT
JIazKe 3a MOJTMHOMHUAIBHOE BpeMs M (DOPMYJI ¢ OrPaHUIeHHOH KBAHTOPHOM
LIy OUHOI ).
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Bagaun BepudpUKAINT IUHAMIIECKHX CBOWCTB I JIOTHK JHHEHAHOrO 1
BETBSIIErOCs: BpeMeHn (DOPMYIUPYIOTCS TO-PA3HOMY:

- Jlunetinoe epemsa: nyist 3amannoii BeposstaoctHoit MAC A, ee HavaIbHO-
ro cocrogang S° u FLTL-bopmynsr F, onuceiaionieil HeKOTOpoe CBOHCTBO
TpaeKTOpHil, HaliTH Mepy (BepoaTHOCTB) pA(S?, F') MHOKeCTBa TpaeKTOpHil
nepesa Tx(S°), yaosnersopsiomux F. Ecin 3Ta BepoaTHOCTH paBHa 1, TO
ckaxkeM, uro napa (A, S°) yaosnersopser F.

- Bemsauwieecs epems: TIABHYIO POJIb B JIOTHKAX BETBSIIIETOCS BPEMeHH
urpator Gopmybl cocTosiHuil (a He TpaekTopwii). Mepa BHIMOJHUMOCTH Ta-
KX (DOPMYJI HE OTParkaeT CTOXACTHYECKUX CBOHCTB MOBEIEHHS CHCTEMBI.
[Tosromy B pabore [12] 6bLIO TPEITOKEHO 3AMEHUTH KBAHTOPBI 10 TPAEK-
TopusM Ha rpanunsl Beposgraocreit. Hampumep, dbopmyna [Gf]s, o3nadaer,
ITO Mepa TPAEKTOPHil, HIYIIINX U3 TEKYIIero COCTOSHNS, HA BCEX COCTOSIHU-
SIX KOTOPBIX BBITTOTHEHA (bopmyaa f, Gosbime dem p. [losyanBimasics jormka
nazsana PCTL.

Temepb MOXKHO CPOPMYIHPOBATHL HEKOTOPBIE U3 MHOIHX PE3YJBTATOB O
caoxkuoctu Bepudukanuu gauanamudeckux csoiicts MAC, koropsie mostyva-
I0TCSI TIEPEHOCOM COOTBETCTBYIOIINX PE3YAbTATOB jid merneit Mapkosa.

Jlunetinoe epems. B arom ciaydae npuverum Teopemy 3.1.2.1 u3 crarhn
|6]. Ona yrBep:kaer, 94T0 CyMIECTBYIOT JBa AArOPUTMa: 1) AIrOpuTM, IpPO-
BepdIolIuii, yaoBaeTBopseT Ju jganHas menb Mapkosa M PLTL-dopmyse
F, Bpemsa paGots kotoporo O(|M|21F1), a mamars MoxeT GBHITL orpammde-
Ha nounHoOMOM OT |F'| mim nmommaoMom ot sorapudma |M|, u 2) aaropur,
BBIYHCJISIONTHH BepoaTHOCTL Py (F') Boimonnenust F' ma M 3a Bpemst 9KCIo-
HeHIma bHOe oT |F'| u momuHOoMuaIbHOE OT M.

J171s1 mpuMeHeHHs 9TO# TeopeMbl JOCTATOYHO HCIOJIB30BATH TeopeMy 1 u
3aMevaHne U3 KOHIA pasjena 3 00 onenke pasmepa MC(A) uepes pasmep
A. Mb1 npuBOIM TOJBKO HEKOTOPBIE U3 MOy Ia€MbIX CJIEICTBHI.

Teopema 2 (1) Cywecmsyem aszopumm, Komopuil Npoeepsem GulnoiHU-
mocmo FLTL-ghopmyan, F' wa cocmosnuu S basuchoti eepoammnocmmots MAC
A 6 namamu, nosuromuanvrot om |A| u |F|.

(2) Cywecmeyem anrzopumm, svmucasrouwsuti eepoammnocms pa(S°, F) das
basucroti seposmuocmnoti MAC A u opmyan, F' 3a epemas, sKcnonenyuano-
Ho sasucauiee om |Al u |F|.

(3) Cywecmeyem anrzopumm, evrucasoujud epoammocms pa(S°, F) das
20607 (nebaszucnoii) sepoammuocmuott MAC' A u dopmyan F' 3a epema, axc-
noHenuuasvbro 3asucauiee om |A| u deasrcdw sxcnonenyuanvroe om |F|.
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Bemsaweeca epema. B pabore [12] mocTpoen aaroputm, KOTOPbIii mpoBe-
psiet BeimoiHuMOCTb PCTL-bopmysist F' ua niern Mapkosa M. Bpewms ero pa-
Gorol onenuBaercs Kak O(| M]3 |F|). Ucnoib3ys 3TOT aAropuTM, TOJTyYaem
CJIJIYIONIUEe yTBepkKAeHusd Jiid npeaukaTnoro pacimupenus FPCTL noruku

PCTL.

Teopema 3 (1) Cywecmsyem aszopumm, Komopul Npoeepsem GulnoiHU-
mocmov FPCTL-gopmyasve F' wa cocmoanuu S basuchot seposmuocmuoti MAC
A 3a epema, sasucawee sxcnonenyuaivto om | Al u auneitno om |F|.

(2) Cywecmeyem anzopumam, nposepsrouyut ewnosnumocms FPCTL- gop-
myave F nwa cocmosnuu S npouseoavnoti (nebasucroti) seposmmuocmuots MAC

A 3a epemas, zaeucauiee 06axncov IKCNOHeHUUaALHO om |A| u aunetino om
|F.

Cnenyer 3ameTutrb, 4to onenku s [MC(A)| oitne GbL1H yKa3aHbl 171
XyJuero ciaydasd. Ha npakTuke BO MHOTHX CJIy4asiX 9TH OIEHKH MOTYT ObITh
CUJIBbHO MOHWZKEHBI. Hampumep, ecam apHOCTH BCeX NCHOJIB3YEMBIX MpeTnKa-
TOB ¥ JIeHCTBUI OTpPaAHUYEHBI, TO YUCJO TJIOOATBHBIX COCTOAHUIT ST TPOU3-
BosIbHO# (He obsa3arenbno GasucHoil) MAC orpaHmveHo HEKOTOPOH IKCIO-
HEHTOI OT mosimaoMa oT pasmepa 31oit MAC. [loaTomy B 9TOM caydae cioBa
“1BOITHOE SKCIIOHEHIMAJIbHOE B TeopeMe 2 MOI'yT ObITh 3aMEHEHbI Ha, ‘“9KCIIO-
HEHIHAJIbHOE C TIOJIMHOMUAJILHBIM IOKa3aTejsem”. KpomMe Toro, npu mocrpoe-
ann MIC(A) muOrHe ritobabHbBIe COCTOSHUS MOTYT OKA3AThCS HEJTOCTHKI-
MBIMH WJIN HEeJIOMYCTUMBIMHU, YTO TaKKe MOXKET HPUBECTH K 3HAYUTEJTbHOMY
CHUKEHWIO BBIYHCJIUTENHHOM CI0KHOCTH MPOOJIeMBI BePUPUKAIIIH.

6 3akJiroueHue

B 310ii craTrbe Mbl IOKa3a/11, KAK BEPOATHOCTHBIE MYIHTHATEHTHBIE CHCTEMbI
MOT'YT OBITH IIPeoOpa3oBaHbl B KoHeUHbIe MapKOBCKue Melu. DTO MO3BOJIUIIO
HMOJIYIHTh HEKOTOPBbIE PEe3YJAbTATHI O CJIOKHOCTH BepU(pPUKAINK THHAMUIIE-
ckux cBoiictB MAC ¢ mOMOIIBIO IPUMEHeHsT COOTBETCTBYIONINX Pe3yIbTaTOB
JuUTst KOHEIHBIX MapKOBCKUX Tiereil, n3BeCTHBIX B JINTEPTYpPe. 3aMeTUM, 9TO
MBI paccMmarpuBasin 371ech TobK0O MAC ¢ merepMHHEPOBAHHBIM BBIOOPOM
neitcteuit. Koneuno, mpecTaBisieTcst HHTEPECHBIM TaKZKe PACCMOTPEHWE CH-
cTeM C HeleTepMUHUPOBAHHBIM BBIOOpOM JeiicTBumii. IloBuaumomy, K sTOMy
CAYYaI0 MOYKHO OYIeT IPUMEHATD Pe3YJIbTAThl O BepUPUKAINY HeJeTePMUHHI-
poBannbix MapkoBckux nemneidi (nporeccos upuusitus pemenuii)us |18, 6, 13].
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