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AHHOTaumAa. B paHHoM crtaTbe npeactaBneH 0630p COBPEMEHHbIX MaTeMaTUYECKMX Moaenen
OBYMEPHBIX KIETOYHbIX aBTOMAaTOB C aKLUEHTOM Ha CTPYKTYPY PELUETOK, TUMbl FPaHUYHbLIX YCINOBUIA, METOAbI
MaTPUYHOrO NpPeAcTaBneHms U NpobnemMbl 06paTMMOCTU. BbINONHEH CPaBHUTENbHBIN aHanNM3 Mmoaenemn oH
Henmana, Mypa, TpeyronbHbIX, NEHTAroHanbHbIX, reKcaroHasnbHbIX, TMOPUAHBLIX, OMHAPHBIX, TPEXCOCTABHbIX
N (p)-COCTaBHbIX KINETOYHbIX aBTOMaToB. PaccMOTpeHO BNMsIHUE HyNEBbIX, NEPUOLANYECKUX, OTPaXKatoLWmX,
agmabaTtvyeckmx W CMELUaHHbIX TpaHWYHBIX YCMOBUA Ha OUMHAMWKY 3BOSIOUWMM, CYLLECTBOBaHWE
koHGurypauun Garden of Eden n kputepmm obpatnmocTtn. MeTogonornveckyto ocHoBy 063opa CoCTaBnsitoT
MeToAbl JIMHEWHON anredpbl, MaTpMYHOro MOAENMPOBaHUSA U aHanu3a martpuy nepexofoB. [NokasaHo, YTo
OBYMEPHbIE KNEeTOYHble aBToMaTtbl ob6nagaltoT BbICOKMM MOTeHuuanom Ans obpaboTkm wmnsobpaxeHuin,
KpunTtorpacum, MOAENMPOBAHUS CIMOXHbBIX CUCTEM U pa3paboTKM UHTENNEKTyanbHbIX CUCTEM MOHUTOPUHIa
BbIYNCIIUTENbHBIX MPOLECCOB, pacnpenenéHHbIX BbIYUCITUTENBHBIX CUCTEM U KOMMBIOTEPHBIX CETEN.

KniouyeBble crnoBa: KneTouHble aBToMaTthbl, ABYMEPHbIE KNETOYHble aBToMaTbl, MaTpuua nepexoaa,
rpaHuyHble ycrosus, obpatumoctb, Garden of Eden, pacnpefeneHHble BbIYUCIUTENBHbIE CUCTEMBI,
MOHUTOPWHI BbIYUCIUTENbHbBIX NMPOLLECCOB, KOMMNBIOTEPHbIE CETH.

Abstract. In this paper presents a review of contemporary mathematical models of two-dimensional
cellular automata, focusing on lattice structures, boundary conditions, matrix-based representations, and
reversibility analysis. A comparative analysis is conducted for von Neumann, Moore, triangular, pentagonal,
hexagonal, hybrid, binary, three-state, and (p)-state cellular automata. Particular attention is paid to the
influence of null, periodic, reflective, adiabatic, and mixed boundary conditions on the evolution dynamics, the
existence of Garden of Eden configurations, and reversibility criteria. The methodological framework of the
review is based on linear algebra, matrix modeling, and transition rule matrix analysis. The results demonstrate
that two-dimensional cellular automata possess significant potential for image processing, cryptography,
complex systems modeling, and the development of intelligent monitoring systems for computational
processes, distributed computing systems, and computer networks.

Keywords: cellular automata, two-dimensional cellular automata, transition matrix, boundary
conditions, reversibility, Garden of Eden, distributed computing systems, computational process monitoring,
computer networks.

Annotatsiya. Ushbu magqgolada ikki o‘lchovli kletkali avtomatlarning zamonaviy matematik modellari
bo‘yicha sharh keltirilgan bo‘lib, unda panjara tuzilmalari, chegaraviy shartlar turlari, matritsaviy tasvirlash
usullari va gaytuvchanlik muammolariga alohida e’tibor garatiigan. Fon Neyman, Mur, uchburchak,
beshburchak, olti burchakli, gibrid, ikkilik, uchlik holatli va (p)-holatli kletkali avtomatlar modellari giyosiy tahlil
gilingan. Nol, davriy, akslantiruvchi, adiabatik va aralash chegaraviy shartlarning evolyutsiya dinamikasi,
Garden of Eden konfiguratsiyalarining mavjudligi hamda gaytuvchanlik mezonlariga ta’siri ko‘rib chigilgan.
Sharhning metodologik asosini chizigli algebra, matritsaviy modellashtirish va o‘tish matritsalarini tahlil gilish
usullari tashkil etadi. Tadgigot natijalari ikki o‘lchovli kletkali avtomatlar tasvirlarni gayta ishlash, kriptografiya,
murakkab tizimlarni modellashtirish hamda hisoblash jarayonlari, tagsimlangan hisoblash tizimlari va
kompyuter tarmoglarini intellektual monitoring qilish tizimlarini ishlab chigishda katta salohiyatga ega ekanligini
ko‘rsatadi.

Kalit so‘zlar: kletkali avtomatlar; ikki o‘lchovli kletkali avtomatlar; o‘tish matritsasi; chegaraviy shartlar;
gaytuvchanlik; Garden of Eden; tagsimlangan hisoblash tizimlari; hisoblash jarayonlarini monitoring qilish;
kompyuter tarmoglari.
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BBepgeHue

KnetouyHble aBTOMaTtbl npencrtaBnsaAT cobon oamH n3 Haubonee nPoOaAYKTUBHBLIX
MaTeMaTU4YeCcKMx noaxo40B K OMUCAHUI AUCKPETHbIX AuMHaAMU4Yeckux cuctem. Ux
dyHOaMeHTanbHasa nges COCToMT B TOM, YTO CIIOXXHOE NMOBeAEeHME BCEN CUCTEMbI MOXET
ObITb NOYYEHO M3 NTOKaNIbHOro B3aMMOLENCTBUSA MPOCThIX 3N1EMEHTOB, PACMNONOXEHHbIX Ha
perynsapHon nnu cneumansHbiM 06pa3omM opraHM3oBaHHOM pelleTke. Kaxaas knetka umeeTt
KOHEYHOE MHOXECTBO COCTOSHWUA, a nepexod OT TeKyLlero COCTOSIHUS K cregylolemy
onpeaensieTcss nokanbHbIM MPaBuUiOM, 3aBUCALLMM OT COCTOSIHUSI CaMOW KNeTKn n ee
OKPECTHOCTU. HecMOoTps Ha BHELLHIOW MPOCTOTY TaKOro OMUCaHusl, KNeToYHble aBTOMaThI
CMOCOOHbI NOpoXAaTb CIOXHbIE MPOCTPAHCTBEHHO-BPEMEHHbBIE CTPYKTYPbl, XaoTU4ecKkue
PEeX1Mbl, CaMOBOCNPOU3BOAALLMECA KOH(PUrypaLumn, BOSHOBbIE MPOLIECCHI, YCTOMYMBbLIE
naTTepPHbI U BbIYUCIIUTENBHO 3Ha4YMMble Npeobpa3oBaHus.

McTopudeckn Teopusa KIeTouHbIX aBTOMaToB cBsidaHa ¢ pabotammn C. Ynama un [Ix.
doH Henmana [1, 35, 49, 50], koTopble paccmaTpuBanu BO3MOXHOCTb MOCTPOEHUSA
ANCKpEeTHOM Moaenv CaMOBOCMpPOn3BoasILLENCS MaLLWUHBbI. B JanbHenwem
MaTtemMaTuUyeckne OCHOBbl KNeTOYHbIX aBTOMAaTOB Monyy4unu passutve B pabotax I
Xeanynpa [35], a 3aTtem B nccnegoBanuax C. Bonbdpama [2, 3, 41, 47], nokaszaBLUmX, 4TO
Aaxe anemMeHTapHble OQHOMEpPHbIE aBTOMaTbl CNOCOOHLI AEMOHCTPUPOBATL HEOXKMAAHHO
CNOXHYI0 ANHAMUKKY. OTO 06CTOATENBCTBO CTano OAHON U3 NPUYMH UHTEHCUBHOMO Pa3BUTUS
TEOPUM KINEeTOYHbIX aBTOMATOB B MaTtemaTtuke, HdopmaTuke, pusmke, buonornm, xmummu,
Kpuntorpadumn, Teopmm n3obpaxxeHmin n MoOAENNPOBaHUM NPUPOAHbLIX NPOLIECCOB.

B paHHUX nccnegoBaHMsxX OCHOBHOE BHUMaHWE yaenanocb OAHOMEPHbLIM KNeTOYHbIM
aBToMaram [2, 3, 45]. OHn yaobHbl Ang aHanUTUYECKOro ONUCaHnsa, UMET OTHOCUTESbHO
NPOCTYIO CTPYKTYPY OKPECTHOCTM W NO3BONSAKT opmanuM3oBaTbh LUMPOKMK  Kracce
ANCKPETHbIX npoueccoB. OgHaKo MHOrME pearbHblE U BbIYUCIIUTENBbHbIE NPOLIECCHI UMEIOT
NPOCTPAHCTBEHHO pacnpeneneHHyo npupoay u He MoryT 6bITb agekBaTHO NpeacTaBrieHbl
ogHOMeEpHOW cxemon. 1o 3Ton npuymHe 0cobyk 3HAYMMOCTb MNpuobpenn OBYMEPHbIE
KNneToyHble aBTOMaTbl, B KOTOPbIX KIMEeTKM pacnonaraloTca Ha MNIOCKOCTU W
B3aMMOLENCTBYIOT C cOCedMM B pamKax onpeaeneHHon reomeTpmn. IMeHHO OBYMEpHble
MOZJeNM No3BOMSAT ONUCLIBaTb pacnpoCTpaHEHNEe CUrHanNoB, BOSH, AeeKToB, Harpys3ok,
n3obpaxxeHnn, ceTeBbIX COCTOAHMIA U NPOLECCOB NapannenbHON 3BOMUUN B UCKPETHON
cpeae.

Hanbonee pacnpocTpaHeHHbIMWU OBYMEPHbLIMM MOLENSAMUN SABNAKOTCS KIETOYHbIE
aBTOMaThbl C OKPECTHOCTbIO (poH HenmaHa n Mypa [1, 9, 35]. B knaccuyeckon mogenun goH
HenmaHa cCcoOCTOSIHME KNeTKu onpefenseTca C  y4eToM YeTblpex OpTOroHarbHO
pacrnonoXeHHbIX cocefen, Torda kak mogenb Mypa wcnonb3yet 6ornee LUMPOKYHO
OKPECTHOCTb, BKITHOYAOLLYIO AMaroHarnbHbIe 3NEMEHTbI. JTU cxeMbl cTanu 6a3oBbiMK ANs
MHOMOYUCIIEHHbIX MoaudmKaumn, ogHako AanbHenwee pasBuUTUE TeOopUM nokasano, YTo
KBagpaTHas pelleTka He Bcerga siBngeTcs 4oCTaTOYHOW AN ONUCAHUS CROXHbBIX CTPYKTYP.
Mo3aTOMy B COBpPEMEHHbLIX  WUCCNEOOBaHUSIX  pacCMaTpuMBalOTCs  TPEYrosfibHble,
rekcaroHarbHble, MeHTaroHarnbHble U ApYyrMe pelleToyHble CTPYKTYpPbl, paclunpsiolimne
BO3MOXHOCTM MOAESNIMPOBAHMS W MO3BOMSAIOLWME MOfyYaTb HOBbIE KracChbl FOKarnbHbIX
B3aMMOOENCTBUMN.

Ocoboe MecTo B pas3BnTUN ABYMEPHbIX KINETOYHbIX aBTOMATOB 3aHUMAalOT MOAEeNn Hag
KOHeYHbIMK nonamm [11, 17, 18, 23, 26], B 4acTHOCTU Hag GMHapHbLIM NONeM, TPOUYHbIM
nonem u nonem Zp. Takme mogenun no3eBondalT NCNOMb30BaTh annapaT fIMHenHon anrebpsbl
Anst CTpororo aHanusa AuHamuku asTomaTta. Ecnu npaBuno nepexoga siBnaeTcs
NMHENHBIM, TO 3BOSTIIOLNA BCEN KOHUIYpaLUM MOXET ObiTb NpeacTaBneHa Yepes maTpuuy
nepexoga. OToO AaeT BO3MOXHOCTb UCCeaoBaTb CBOMCTBA aBTOMaTa C NOMOLLbIO paHra,
onpeaenuTensl, CnekTparnbHbIX XapakTepUCTUK, CTPYKTYpbl OMOKOBbLIX MaTpuy W
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anrebpaunyeckunx ycrnosun obpatumocTtu. [1aHHbIM noaxon 0COO6EHHO BaXXeH A1 KOHEYHbIX
ABYMEPHbIX KNEeTOYHbIX aBTOMAaTOB, MOCKOJIbKY MO3BONSET 3aMEHUTb HenocpenCcTBEHHOe
mMoaenupoBaHme  6GONbLIOrO  4Yucna uTepauunm  aHanUMTUYECKMM  UCCreLOoBaHUeM
COOTBETCTBYHLLEro IMHENHOro oneparopa.

OpaHow n3 ueHTpanbHbiX NpobnemM Teopmm KNeTOYHbIX aBTOMATOB ABNsieTcs npobnema
obpatumocTtu [9, 20, 25, 31, 32]. KneTouHbIn aBTOMAT Ha3biBaeTcst obpaTUMbIM, €Cnv Ans
KaXXOon  Tekywlenh KOHurypaumm cywecTByeT eOWHCTBEHHas npejlecTByollas
KOH(urypauma. B TepmuHax oToOpakeHunm 37O o03HayaeT OWMEKTUBHOCTb rrobanbHom
dyHKUMKN nepexoga. Ansa KOHEYHbIX IMHENHbIX KNETOYHbIX aBTOMaTOB 06PaTUMOCTb TECHO
CBSi3aHa C HEBbLIPOXAEHHOCTLIO MaTpuubl Nepexoaa, ee paHrom v onpegenutenem. Npu
3TOM Ana ABYMEPHbIX U 6onee BbICOKOPa3MeEpPHbIX KNEeTOYHbIX aBTOMAToOB obLwan 3agada
06paTUMOCTN ABMSETCH CyLEeCTBEHHO Bonee CnoXHoW, YeM A O4HOMEpPHbIX Moernen.
OTO AenaeT BaXHbIMW MCCreAoBaHUSA crneumasnbHbIX KnaccoB aBTOMAaToB, ANA KOTOPbIX
BO3MOXHO MOfyYeHne sIBHbIX KpUuTepmeB 06paTMMOCTM U anropuTMOB NPOBEPKM.

C npobnemon o6paTtMMoCT TeCHO cBA3aHbl KOHUrypauun Garden of Eden [19, 31,
34]. lNog TakMMu KOHUrypaumamMm nNOHMMAKTCHA COCTOSAHUSA KNEeTOYHOro asToMarTa,
KOoTopble He uMmelT npoobpasa, TO eCTb He MOryT ObiTb MOfyyYeHbl M3 Kakon-nmbo
npeabiayLlen KoHgurypaumm npyn 4encTBnmn 3agaHHoro npasuna nepexoga. Hanmume takmx
KOH(pUrypaumn ykasbiBaeT Ha HeobpaTUMOCTb aBTOMaTa U UMEET BaXHOe 3HavyeHue He
TONbKO ONS TEOPUU OUCKPETHbIX AMHAMUYECKMX CUCTEM, HO U ONA NpakTUYeckux 3ajad,
BKMNtoYaa Kpuntorpaduio, AMarHoCTUKy, BOCCTaHOBMNEHME AAHHbIX U aHanmM3 AOCTMXUMOCTH
COCTOSHUWA. B BblMMCAMTENBHBLIX CUCTEMax aHanoroM Takux cuTyauumi MoryT ObITb
HEeJOCTWXMMbIE UM aHOMarlbHble COCTOSIHUS MH(PPACTPYKTYpPbl, KOTOPblE HEBO3MOXHO
OOBACHUTL LUITATHOW 3BOMOLMEN NPOLIECCOB N KOTOPbIE TPEBYIOT OTAENBbHOM ANArHOCTUKMW.

He mMeHee 3Ha4YMMbIM hakTOpPOM SBISIETCA BbIOOP rPaHUYHbIX YCNOBUN. B KOHEYHbIX
ABYMEPHbIX KIETOYHbIX aBTOMatax noBeAeHue BHYTPEHHUX KMNETOK M KMNEeTOK Ha rpaHuue
pasnuyaeTcd, MOCKOSIbKY rpPaHWYHbIe KIEeTKM WUMEKT HEMOSHYK OKPecTHOCTb. [OnA
ycTpaHeHna wunu opmanmsaumm 3Toro adppekta MCNONb3yrTCA pasfinyHble TUMbl
rPaHUYHbIX YCMOBWUW: HyneBble, Nepuoguyeckme, oTpaxarwlwme, agnabatuyeckme W
cmewwaHHble [8, 15, 17, 18, 20]. HyneBble ycnosus npegnonaratoT OUKCaAUNIO BHELLHUX
COCTOSIHUM, NEPUOANYECKNE YCINOBUA NpeBpaLLatoT peLlleTKy B TOMOMOrm4Yeckn 3aMKHYTYHO
MOBEPXHOCTb, OTpaXawlume YCroBUS MOLENUPYIOT 3epKanbHOe npoJosiKeHue, a
CMeLUaHHble YCMOoBUA MO3BOSIAOT KOMOMHMPOBATb pasHble TUMbl FPaHuL Ha pasHbIX
CTOpOHax pelleTkn. Kaxabi TUM rpaHuubl M3MEHSET CTPYKTYpYy MaTpuubl nepexoda w,
crnepoBaTternbHO, BNUAET Ha 06paTUMOCTb, paHr U AMHaMUKY 3BOSIOLUN.

AHanus nybnukauum no OBYMEPHbIM KNEeTOYHbIM aBTOMaTaM MoKasblBaeT, YTO B
nocrnegHue rodbl COOPMUPOBANOCbL HECKOSNbKO  B3aMMOCBS3aHHbIX  HarnpaBneHun
uccnegosaHun. NNepBoe HanpaBfeHWEe CBSA3aHO C MOCTPOEHMEM MaTpuy, npasun and
pasrvyHbIX peLleTok U OKpecTHocTen. BTopoe HanpaBneHne noceBsLWeHO UccrnenoBaHuio
obpatmmMocT n HeobpaTUMOCTU JMHEMHbBIX KIETOYHbIX aBTOMATOB HaA KOHEYHbIMU
nonamu. TpeTbe HanpaBneHne ndyyaeT crneumarnbHble rpaHuYHbIe YCNOBUSA N UX BNUAHUE
Ha CTPYKTypy 9Bonouun. YeTBepToe HamnpaBfeHWe OpPUEHTUPOBAHO Ha MpuUKNagHble
3agaun: obpaboTky m3obpaxkeHun, punbTpauuio Wyma, BbleNeHne rpaHnl, reHepauunio
nceegocrnyvyanHblXx  nocregoBaTenibHOCTEN,  KpunTorpadmyeckne  npeobpasoBaHus,
mMoaenupoBaHue OGuonornyeckux wn - dusndeckmx npoueccoB. OAHAKO CBA3b  3TUX
pes3ynbTatoB C COBPEMEHHBLIMW BbIYMCNUTENBHLIMU CUCTEMAMMU, pacnpeaesieHHbIMN
CeTAMU U MHTeNNeKTyanbHbIM MOHUTOPUHIOM MOKa pacKpbiTa HE4OCTaTOYHO MOSHO.

[aHHaa ob30pHasa cTaTbsa HanpaBneHa Ha yCTpaHeHWe yka3aHHOro paspbiBa. B Hen
ABYMEpPHbIE KNeTOYHble aBTOMAaTbl pacCMaTpMBAlOTCH HE TOSbKO KaK CaMOCTOSATElbHbIN
MaTeMaTuyecknn obbekT, HO M KaK noTeHuManbHas MoAenb aHanu3a BblYUCIIUTENbHbIX
npoueccoB. B pacnpegeneHHoM BbIMUCIIUTENBHOW CUCTEME Kaxabl y3en, cepsep,
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npoLeccopHoe AP0, KOHTENHED, BUPTYanbHas MallMHa UM ceTeBOW CErMEHT MOXET BbITb
npeacTaBneH Kak KrneTka, HaxoasLascs B onpeaeneHHoOM CoCToAHUN. JlokanbHble NpaBuna
OoTpaxawT B3aUMOAENCTBME Yy3na C COCEAHUMM WM JIOTMYECKU  CBA3AHHLIMU
KOMnoHeHTamu, a rnobanbHas AnMHamMuMKa BCEW CUCTEMbl OMUCLIBAET pacnpocTpaHeHue
Harpysku, OTKa30B, MeperpysoK, 3aJepXeK, CeTeBblX aHoManuvin U ynpasnsoLmX
BO3eNCTBUA. Takon Noaxon OTKpbIBaeT NepcnekTuBbl MOCTPOEHUS KNeTOYHO-aBTOMAaTHbIX
anropMTMOB MOHUTOPUHIa, AMAarHOCTUKN U MPOrHO3MPOBAHUS.

BaxHbIM NpenMmyLLecTBOM KNeToYHO-aBTOMATHOMO Noaxoaa SIBfSieTCA eCTECTBEHHas
napannenbHoCcTb. [lockonbky BCe KNeTku OOHOBMAKTCSA MO JloKalnbHbIM NpaBunam,
BblYMCNEHNS MOryT ObITb 3(P(PEKTMBHO peanu3oBaHbl HA MHOrFOSIAEPHbIX Mpoueccopax,
rpagouyeckux yckoputensx, FPGA-nnatcgopmax u pacnpefeneHHbiX Knacrtepax. 370
0COBEHHO aKTyanbHO Af1I1 COBPEMEHHbIX CUCTEM MOHUTOPMHIA, KOTOpble AOSMKHbI
obpabaTtbiBaTb DONbLUME MOTOKN TENEMETPUYECKMX AAHHbLIX B pearibHOM BpeMeHu. Kpome
TOro, KNeTovHble aBTomMaTbl 06nafatoT BbICOKON MHTEPNPETUPYEMOCTBIO NO CPABHEHMIO CO
MHOIMMU MOAENAMM MaLLIMHHOIO 06y4YeHns: nokasnbHble NpaBuia MoryT ObiTb SIBHO 3aJaHbl,
npoaHanmM3anpoBaHbl W COMOCTaBneHbl C (U3NYECKUM WU FIOTMYECKMM  CMbICIIOM
nccrnegyemoro npouecca.

Llenb HacToswen obG30pHOM cTaTbM COCTOMT B CUCTEMATM3aUMM MaTeMaTU4eCKUX
Moaernen ABYMEPHbIX KNEeTOYHbIX aBTOMATOB, CPABHUTESNIbHOM aHasnm3e X CTPYKTYPHbIX U
anropuTMMUYECKMX CBOWCTB, a Takke B OonpeaeneHun nepcrnektuB Ux NpUMEHEHUA Ans
MOHUTOPUHIra BblYUCIIUTENBHbBIX CUCTEM M KOMMNbIOTEPHbIX ceTen. [Ans 4oCTKeHNA AaHHON
Lenn paccmMaTpMBalOTCA OCHOBHbLIE KIacCbl PELUETOK, TUMbl OKPECTHOCTEN, rPaHUYHbIE
YyCrnoBusl, MeTOObl MOCTPOEHUS MaTpul nepexoda, Kputepum obpaTMMOCTW, anropuTMbl
aHanmnsza Garden of Eden u noTeHumanbHble HaNpaBneHUs MHTErpauumn KneTo4vyHO-
aBTOMaTHbIX MOAerien B MHTeNNeKTyanbHble CUCTEMbI MOHUTOPUHTA.

Hay4Hasa 3HaummocTb 0630pa 3akno4vaeTcs B TOM, YTO pas3nuyHble pesyrnbTaTtbl Mo
ABYMEPHbIM KIIETOYHbIM aBTOMaTaM 06beaUHAIOTCS B eAMHYH KOHLENTYyasbHY CXeMy: OT
reoMeTpum peLeTkM W noKanbHOro npaBuna nepexoga kK  anrebpanyeckomy
npeacTaBneHuto, aHanmdy  obpaTtMMoCcTM M MNPUKIagHOW  WHTepnpeTauuM B
BbIYMCNUTENBHOM MHAPACTPyKType. Takon noaxoa MO3BOMSAET He TOoNbko 0606WuTb
cyuwlecTBylLMe pesynbTaTbl, HO U OMNpefenuTb HOBble UCCredoBaTeNnbCckue 3agaun,
CBA3a@HHbIE C TMOCTPOEHMEM  KINETOYHO-aBTOMATHbLIX MOAENen pacnpeaeneHHbIX
BblY4MCNEHUN, OOHapyXeHMeM aHoManuu, npOorHo3MpoBaHMEM OTKa30B, CO34aHMEM
UM POBLIX ABONHUKOB KOMMBIOTEPHBLIX CETEN U pa3paboTKoM CaMOBOCCTaHABNNBAKOLLNXCS
BbIYUCITUTENbHbBIX CUCTEM.

dBonouUa MaTeMaTUYeCKuxX moaenen ABYMeEpPHbIX KNeTOYHbIX aBTOMaTOB.

Passutune ABYMEPHbIX KNEeTOYHbIX aBTOMaToB npencraesnseT cobon
nocrnegoBaTernbHbIA Nepexoq OT KNacCUYeCcKnx KBagpaTHbIX CTPYKTYP K BGoree CnoXHbiM
MOAENsSM,  OPUEHTUPOBAHHBIM  HA  MOBLIWEHWE  TOYHOCTM  MaTEMATUYECKOrO
MOJENMPOBaHUSA OUCKPETHbIX npoueccoB. AHanu3 BbINOMIHEH Ha OCHOBE cepuu
nccnegoBaHnin aBTopa, NOCBSALWEHHbLIX Pa3fIMYHbIM TUMAM PELUETOK, MPaHUYHbIX YCOBUIA K
anrebpanyecknx MeTo4oB UCCNefoBaHNA ABYMEPHbIX KNETOYHbIX aBTOMaToB. B otnnuve
oT 6onbWMHCTBa cyllecTBylOWMX 0630poB, paccMaTpuBarWMUX OTAEMbHbIE MOAENU
He3aBMCUMO, HacTosilwas pabota o6beamHAET UX B €QUHYHO 3BOSTIOLMOHHYIO CXEMY.

[MepBbIM 3TanoM pasBuUTUS SABNSAIOTCA OBYMEPHbIE KIETOYHble aBTOMaTbl Ha
KBagpaTHOM peLlweéTke C OoKpecTHocTaMM ¢oH HenmaHa u Mypa. 3T mogenu
cthopmmpoBann MaTeMaTUYeCKyld OCHOBY [JanbHEeuWux uccrnegoBaHun OGnarogaps
NPOCTOTE JoOKalbHbIX MNpaBuSl, BO3MOXHOCTU MOCTPOEHUS MaTpuy nepexoaoB wu
nccnegoBaHuio obpatumoctn. [Ona Hux Obinu  paspaboTaHbl MeToabl MOCTPOEHUS
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NMHENHBIX MaTPUL, NPaBUI U NoKasaHa CBA3b MeXAy JIoKanbHbIMU (OYHKUMAMM nepexona u
rnodanbHOW MHAMUKON CUCTEMBI.

Cnegytowmm aTanom crasio uccrieoBaHne MHOro COCTOSIHUAX KIETOYHbIX aBTOMaTOB
Hag nonamun Z2, Z3 v Zp. YBenuyeHue 4ucria COCTOSHUA MO3BOSIUMO CYLLECTBEHHO
pacwMpUTb MPOCTPAHCTBO OOMNYCTUMbIX NpaBwuIl Nepexoga, NOBbICUTb BblpasUTEsibHbIE
BO3MOXHOCTU MoZenen U UCnonb3oBaTb UX A1 MOLAENMPOBAHUS CITOXHbIX OUCKPETHbIX
npoueccoB, 06paboTkn N306pakeHnin n reHeparmm CTPYKTYPUPOBaHHbIX NATTEPHOB.

Ocoboe MecTO 3aHMMalOT TpeyrosibHble KMeToYHble aBToMaTtbl (oH HenmaHa.
Mcnonb3oBaHne TpeyronbHOWM pelléTkm obecneymBaeT MHYKO TOMOSOMMI0 B3aMMOOEeNCTBUSA
cocefHUX anemeHToB, Gnarogaps 4Yemy yaaéTtcs uccnefoBaTb HOBblE Krnaccbl mMaTpuy,
nepexonoB M copmynuMpoBaTb KpuTepum obpaTtMMocTn Onsi MOAENen C HyneBbIMU W
nepnoanveckMMn rpaHnYHbLIMKU ycnosuamMu. MNpoBeaéHHbIE UccnefoBaHNA nokasanu, YTo
N3MEHEHNEe reoMeTpun peLLETKM CYLLLECTBEHHO BNUSET Ha CNeKTparbHble CBOMCTBA MaTpul,
npaBun 1 XxapakTep pacnpocTpaHeHns UHpopmauuu.

[anbHenwum pasBuTUEM CTanu neHTaroHanbHble Mogenn. Mx ocobeHHOCTLHo
aBnsetca Gonee cnoxHaa rnokanbHag CTPyKTypa B3avMOOENCTBUN, MO3BONSALLAN
aHanu3anpoBaTb 3afayun cyulectBoBaHua KoHdurypauun Garden of Eden, uccneposatb
paHrM MaTpuy, nepexodoB M paspabaTtbiBaTb anropuTMbl NPOBEPKM 0BpaTUMOCTW.
[MonyyeHHble pe3ynbTaThl pacWMpPAOT 0651acTb NPUMEHEHNSA KIETOYHbLIX aBTOMAaTOB Mpu
nccnegoBaHMM ANCKPETHBIX AUHAMUYECKUX CUCTEM.

OTgenbHbIM - HanpaeneHneM  SABASKTCA  rMOpuAHblIE  OBYMEPHbIE  KMNEeTOYHble
aBTOMaTbl, B KOTOPbIX pa3nn4yHble NoKasbHble Npasuna KOMOMHMPYOTCA B Npeaenax o4HON
BbluMCNUTENBHOM  Mogenn. Takon nogxod Mo3BonseT MNOBbICUTbL  adanTUBHOCTb
anropuTMoB, ChOpMMPOBaTb HOBbIE TUMbI IBOMOLNN KOHUrypaunun n obecneuntb 6onee
rmbkoe onmcaHue CroXHbIX npoueccoB. MccnegoBaHna rMOpuaHbIX MoAenen nokasanm
NepcrnekTMBHOCTb MX UCMNOSb30BaHUSA npu 0bpaboTke n3obpaxxeHnn, CUHTE3E CTPYKTYpP M
aHannse MHOroMepHbIX AaHHbIX.

Cnepgyowmm 3TanomM pasBUTUSA CTano MCCrefoBaHUe pasfiMyHbIiX TUMOB rPaHUYHbIX
YCMOBUN: HYNEBbIX, MEPUOUYECKMX, OTpaxawwmx, agmabaTtnyeckmx n CMeLUaHHbIX.
VIMEHHO n3MeHeHMe rpaHnYHbIX YCOBUIN OKa3biBaeT CyLLEeCTBEHHOE BMsIHME HAa CBONCTBA
00paTMMOCTN, YCTONYMBOCTb 3BOSIOLMUA W BbIYUCIIUTENBHYIO CIOXHOCTb Mogernen. B
paboTax aBTOpa NokasaHo, YTO BbIOOP rPaHMYHbBIX YCIOBUI SABNAETCA HE MEHEE BaXKHbIM
dakTopoMm, YeMm BbIGOP caMon pPELLETKM UMK NOKanNbHOMo npasuna nepexoaa.

COBOKYMNHOCTb PacCMOTPEHHbIX MUCCnegoBaHMM NO3BONAeT chOpMUPOBaTL e4UHYH
Knaccudpukaumio OBYMEPHbIX KNEeTOYHbIX aBTOMATOB MO FEeOMETPUM PELUETKU, Yucny
COCTOSIHMM, TUMY TPaHUYHbLIX YCOBUM M MUCNOSNb3yemMoMy anrebpanyeckomy annaparty.
Takaa cucrtematmsauus Co3ga€T OCHOBY NS AarbHEeWWero pasBuTus MaTeMaTudecKux
MoAernen, OPUEHTUPOBAHHBLIX Ha MPUMEHEHMEe B pacnpefenéHHbIX BblYUCIIUTENbHbIX
cucTteMax, KOMMbIOTEPHbIX CETAX U UHTENSIeKTyarlbHOM MOHUTOPUHIE BbIYUCIUTENbHbIX
npoLeccos.

Tabnwuua 1
CpaBHUTenbHas XxapakTepucTuka OCHOBHbIX Moaenen
.. CocTosiHn OcHoBHOM
Mogenb PeweéTka paHnubI MpumeHeHune
f pesynbTaTr
MaTtpuubl ObpaboTka
Moore KBagpaTtHasa | 2 Null vty P -
nepexogoB | M3o6paxeHun
von Periodic/N | Obpatnmoc | NapannenbHble
KeBagpatHas | 2,3,p
Neumann ull Tb BbIYMNCIIEHUA
. .. | HoBble
. Null/Periodi
Triangular | TpeyronebHas | p c MaTpuubl MogenupoBaHue
npasusn
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Pentagon | MNatnyronsH D NUIl GOE n [InarHocTuka

al as paHru

Hybrid KBagpatHasa | 3 Periodic rbpuaHbie I/I|:|TenneKTyaan
npasuna bl aHanun3

MeToabl nccneaoBaHUA ABYMEPHbIX KNEeTOYHbIX aBTOMaTOB U CPaBHUTESNbHbIN
aHanus.

OOHUM M3 OCHOBHbIX HarnpaBfeHUn MUCCreoBaHUN SBMASIETCA MOCTPOEHUe maTpuly
npaBun nepexoga, ONUCbIBAKOLWMX rrobanbHy0 3BOMIOUMIO ABYMEPHOrO KNETOYHOro
aBToMarta. B BbIMNOMHEHHbIX MCCNEeOBaHUAX MOKa3aHO, YTO MCMNONb30BaHME annapaTta
NMHenHon anrebpbl NO3BONSAET MPeacTaBUTb JOKasnbHble NpaBuna B BUAE MaTPUYHbIX
onepaTtopoB U aHanuManMpoBaTb AMHAMWKY CUCTEMbI C UCMOSIb30BAHMEM METOLOB TEOPUU
Matpuy. Takon noaxod CyLeCTBEHHO ynpowaeT wuccregoBaHne obpaTumMocTy,
BblYMCINEHME ONpeaenuTenen, paHroB U CNEKTparbHbIX XapakTePUCTUK MaTpu1L nepexoaa.

[na kBagpaTHbIX, TPEYrofbHbIX U NEeHTaroHanbHbIX PELWETOK pa3paboTaHbl MeTOAbI
opMNPOBAHNA MaTpuL, MNEPEXOAOB C YYETOM pPasfnU4YHbIX TUMNOB OKPECTHOCTEN WU
rPaHNYHbIX YCroBui. [NonydeHHble MaTpuubl obnagatoT 6,104HON CTPYKTYPOM M MO3BOMSIOT
dopmanuaoBaTb Nepexoq cuctembl U3 coctosiHms X(t) B coctosaHmne X(t+1). NpumeHeHne
€OMHOro MaTpudHoro annapaTta obecrneyMBaeT BO3MOXHOCTb CpPaBHEHUS pPasfnYHbIX
Moaenen n paspaboTkn yHMBepCcanbHbIX anropuTMoOB aHanuaa.

Ocoboe BHMMaHWe yaeneHo uccrnegoBaHMo 00paTUMOCTU ABYMEPHbIX KIIETOYHbIX
aBTOMaToB. B gaHHom paboTe nokasaHo, YTO 0BpaTMMOCTb ONpeaAensieTca CBOMCTBaMU
MaTpuubl nepexoga M 3aBUCUT OT TuUMNA PELWETKM, BbIOPAHHOrO MOMs COCTOSHUA W
rPaHuYHbIX ycnosun. [na psga moaenen cdopMynmpoBaHbl KpUtepun obpaTuMocTu m
npeanoXeHbl anropuTMbl NPOBEPKN CYLLIECTBOBAHNSA 0BpaTHOro oTobpakeHus.

HeobpaTumble Mogenu uccneayTcsa NocpeacTBOM aHanmaa KoHdurypauun Garden
of Eden. [Ina neHTaroHanbHbiX MU MOAENEN CO CMELUaHHbIMU TPAHUYHBIMU YCOBUSIMU
paspaboTaHbl anropuTMbl ONPeaeneHns CyLeCTBOBaHUSA HELOCTUXKMMbIX KOHUrypaumm
Ha OCHOBE BbIYUCIIEHUS paHra MaTpuubl nepexoda. JTU  pesynbTaTbl  UMEKOT
dyHOaMEHTanbHOE 3HAa4YEHNE NPU aHann3e yCTOMYMBOCTU U JOCTUXKMMOCTU COCTOAHUN.

CpaBHeHMe BbINONTHEHHbIX UCCeg0BaHUIM NoKa3blBaeT, UTO Nepexoq OT KBagpaTHbIX
K TPeyronbHbiM W MNEHTaroHanbHbIM pPeWeéTKkamMm COMNPOBOXOAETCA  YCIOXHEHUEM
MateMaTuU4yeckoro annapata, O[dHaKo OOHOBPEMEHHO MOBbLIWAET Bblpa3uTesbHble
BO3MOXHOCTM Moaenen. [mbpugHble KneTovHble aBToMaTtbl obragatoT Hambonblien
rmbkocTblo Bnarogapsa KOMOMHMPOBAHUIO FOKanbHbIX MNpaBun, TOrga Kak mMogenn ¢
Pas3nMYHbIMA  TPAHUYHLIMU  YCMOBUSIMW MO3BONSAIOT aganTMpoOBaTb  BbIYUCIUTESbHbIN
npouecc K 0COBEHHOCTSAM KOHKPETHOW NPUKIagHOW 3a4auun.

Tabnuua 2.
CpaBHeHue MeTofoB UccnenoBaHUsA
MeTop OcHoBHas MpenmywectBa | OrpaHnyeHn | Ucnonb3oBaHu
naes A e
MmobanbHoe
MaTpuubl Poct
onucaHune Ctporoctb Bce mogenu
nepexoanos pa3MepHOCTH
aBonwoUmn
Onpepenuten | lNpoBepka Bbicokas TpynoémkocT .
peA pPoBep PYA JInHenHble KA
b 00paTMMOCTH | TOYHOCTb b
YHuBepcanebHocT | bonblune [MeHTaroHasnbHbI
Panr matpuubl | GOE-aHanuna
b BbIYNCIIEHUS e KA
Anroputmsbl Mowunck 3aBMCUMOCTb
[MpakTn4YHOCTb MoHuTOpUHI
obpatumoctn | obpaTHOro OT Mogenu
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oTOoOpaxeHu
s

NMpumMeHeHne ABYMepHbIX KIEeTOYHbIX aBTOMAaTOB B BbIYUCIUTESIbHbIX
cUcTeMax U NnepcneKkTuBbl Pa3BUTUA.

OaHvM 13 Hanbonee pasBUTLIX HanpaBfeHUN NMPUMEHEHUS OBYMEPHbIX KNEeTOYHbIX
aBTOMaTOB sBnsieTca obpaboTka unppoBbIX M306paxkeHun. bnarogaps nokanbHOMY
Xapaktepy npaBun nepexoga KneTouHble aBToMaTbl  3A(PMEKTUBHO  BbINOMHAOT
cerMeHTaumo, (unbTpaumio LWyMOB, BbleSfleHMe KOHTYPOB, pacrno3HaBaHuWe TEeKCTyp U
reHepaumio nsobpaxeHuin. B nccnegoBaHusix aBTopa nokasaHo, 4To UCMNoNb30BaHUE OBYX-
N TEXCOCTOSHMAX MoAernen no3sonsetT opMnpoBaTb YCTONYMBLIE CTPYKTYPbl U MOMnyyaTb
BbICOKYIO CTeneHb napansenMama BblYUCIIEHUN.

JInHenHble N rMBpUAHBIE KNeToYHble aBTOMaTbl 06MagarT XOpOoLMMKM CBOMCTBaAMU
Ans NOCTPOEHUs KpunTtorpadudeckmx npeobpasoBaHunin. ccnegoBaHne o6paTMMOCTMH,
onpegenutenen K“  MaTpuy, nNepexofoB  MO3BOMSET  OUEHMBaTb  BO3MOXHOCTb
BOCCTAHOBMEHUA  UCXOAHbIX [aHHbIX, MPOEKTUPOBaTb CXEeMbl LWNMPPOBaAHMA U
aHanM3npoBaTb YCTOMYMBOCTb KpunTorpauyeckmx anroputmos.

[MepcnekTUBHbIM HarnpaBfieHneM SBNAETCA UCMONb30BaHUE OBYMEPHbIX KIETOYHbIX
aBTOMaTOB B KayecTBe MaTeMaTU4eckon moenu pacnpefenéHHOM BblYUCINTESTbHON
NMHpacTpyKTypbl. Kaxgaa knetka MOXeT WHTepnpeTMpoBaTbCA KaK BbIMUCIUTESNbHbIN
y3es, cepBep, BUpTyanbHas MalUvHa, KOHTEWHep WM ceTeBon anemMeHT. JlokanbHble
npaesuna MoaenupyroT obmMeH MHpopMaumnen mexagy cocegHnumu ysnamu, a rnobanbHas
KOH(pUrypaumsa onncbiBaeT TekyLee COCTOsIHME BCEWN BbIYUCITUTENBHOM CUCTEMBI.

Mcnonb3oBaHWe KNeToYHbIX aBTOMAaTOB MO3BONSIET OPraHu3oBaTb HENpepbIBHbIN
aHanm3 COCTOSIHUSA NPOLECCOPOB, OrnepaTMBHOM NaMATU, CETEBLIX COEAUHEHUI, YCTPOUCTB
XpaHeHUst aHHbIX N APYTMX KOMMOHEHTOB BbIYUCIIUTESNbHOM MHAPACTPYKTYpPbI. I3meHeHne
COCTOSIHMM KIETOK OTpaXkaeT U3MEHEHME Harpysku, nosiBNieHne aHomanui, gerpagauuio
NPOUN3BOAUTENBHOCTM U PacnpoCTpaHeHne OTKa30B.

[anbHenwee pasBuTME paccMaTpuMBaeMblX MOAENen CBA3aHO C UHTerpaumen
KNeToYHbIX aBTOMaToOB C METOAAMU MCKYCCTBEHHOrO MHTEMNSMEKTa, MaLIMHHOMO 0ByYeHus,
UMGPOBLIX OBOWHMKOB, 0ONavHbiXx M NepudepunHbiX BblducneHnn. Ocobbin MHTepec
npeacTaBnseT NOCTPOEHUEe WHTENNEKTyanbHbIX CUCTEM MOHWUTOPUHIa pacnpenenéHHbIX
BbIYMCNUTENBHbLIX CUCTEM, CMOCOBHBLIX MPOrHO3MPOBaTh OTKa3bl, OBHapPYXnBaTb aHOMannn
1N aBTOMATUYECKM NPUHUMATb PELLEHUSA Ha OCHOBE fIOKarbHbIX NPaBuil 3BOSIIOLMUN.

Tabnuua-3

lNMepcnekTuBHbIE 061ACTM NPUMEHEHUA
O6nacTtb Ha3sHauyeHue Mpenmyuwectea KA | lepcneKTMBHOCTb
O6paboTtka dunbTpauus n | Beicokni BLicoKas
M300paxxeHumn cermeHraumsa napannenusm
KoMnbroTepHble JlokaneHble

MOHUTOPUHT y350B Bbicokas
cetn npasuna
O6na4Hble

KoHTponb pecypcoB | MacwTtabupyemocTtb | Beicokas
BbIYMCNEHUS

MapannenbHble AdhdekTnBHas
HPC/GPU P P Bbicokas

BbIYMCNEHMS AekomMnosnums
MHTennekTyanbHbIn | [1pOrHo3npoBaHue

Camoopranmnsaums | OyeHb BbicOoKas

MOHUTOPWUHI OTKa30B

MepcnekTuBbl pPasBUTUA KIETOYHO-aBTOMAaTHbIX MoAeren WU HanpaBlieHus
JanbHeNWnx nccnegoBaHuUm.
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CoBpeMeHHble uccnegoBaHUs CBUAETENbCTBYIOT O BO3pacTalweM UuHTepece K
00beaVHEHNIO OBYMEPHbIX KINETOYHbIX aBTOMAatoB C MeTodaMuM  UCKYCCTBEHHOro
WHTENnekTa W MawuHHOro obyyeHus. JlokanbHble npaBuna 3BOMOLUUM  MOTYT
MCNONb30BaTbCA COBMECTHO C WHTENMeKTyarnbHbIMW anropytMamu Ans aganTuMBHOIo
N3MEHEeHUs napaMeTpoB Mofenen, aBTOMATUYECKOro OOHapyXeHUss aHoManui U
NMPOrHO3NPOBaAHNA COCTOAHUSA  BbIYUCIIUTESNTIbHOM  UMHMPACTPYKTypbl. Takon noaxon
nosgonsieT opmupoBatb camooby4arouwmecss CUCTEMbl MOHUTOPUHIA, CNoCObHbIe
N3MEHATb CTpaTermio aHanm3a B 3aBMCUMOCTM OT TEKYLLLErO COCTOSHUS CETW.

[MepcnekTMBHbIM HanpaBneHneM SBNAETCS MNOCTpoeHue UUdpPOBbLIX JBONHUKOB
pacnpefenéHHbIX BblMUCIUTENbHBLIX cucTeM. B Takon Mogenu Kaxgasa KheTka
COOTBETCTBYET BbIYUCIUTENBHOMY Y31y, @ COCTOSHWE BCEW KINEeTOYHOW CTPYKTYpbl
oTpa)kaeT TekyLlee COCTOSAHNE MHAPACTPYKTYpbl. ATO NO3BOMSET MOAeNMpoBaThb pa3BuTme
aBapuMHbIX  CUTyauun, aHanuaupoBaTb MOCMEACTBUA  OTKAa3oB UM OLEeHMBaTb
3P PEKTUBHOCTb MEXAHN3MOB BOCCTAHOBIEHUA.

Bbicokass cTeneHb JOKanbHOCTU BbIMUCAEHUA OenaeT [OBYMEPHble KIeTOYHble
aBTOMaTbl €CTeCTBEHHOW MOAenblko ANs peanu3auuMM Ha MHOrosaepHbIX npoleccopax,
rpagouyeckux YCKOpUTENsIX W KracTepHbIX cucteMax. Bo3MOXHOCTb He3aBUCUMMOTO
obHoOBMNEHNA BONbLLOro Yncna Knetok obecneynBaeT maclTabmpyeMocTb anropuTtMoB U
No3BOSIieT UCMNONb30BaThb KIETOYHO-aBTOMAaTHble MOAenu B 3afadyax aHanusa 60onbLlumx
AaHHBIX B pEXMUMe pearnbHOro BpeMeEHN.

HecmoTpa Ha 3HauuTernbHble [OOCTUXKEHUS, OCTalTCA HepeLlEéHHbIMU  BOMPOCHI
nccnenoBaHnss  o6paTUMOCTM  MHOrOCOCTaBHbIX  Mogenen 60onbllon  pasmepHOCTH,
NOCTPOEHNS YHUBEPCAsbHbIX KpPUTEpPUEB YCTOMYMBOCTU, paspaboTkm anroputmoB ONd
CMELUaHHbIX  TPaHUYHbIX  YCNOBUA W WHTErpaumm  KNeTouyHbIX aBTOMaToB C
WHTEeNNeKTyanbHbIMW CUCTEMaMM YrpaBrieHNsa BblHUCIINTENBbHOW MHPPACTPYKTYPOWN.

Tabnuua 4
lMepcneKkTUBHLIE HanNpaBlieHUs1 uccneaoBaHUN
- MpakTnyeckasn
HanpaBneHue Oxunpaembin pesynbTaTt
3HA4YUMOCTb
CamoobyyatoLimecs MHTennekTyanbHbIN
Al + Cellular Automata y t y
Moaenu MOHUTOPWUHI
. . BupTtyanbHas Moaernb
Digital Twin PTY A [MporHosnpoBaHMe 0TKa3oB
NHPACTPYKTYPbI
Bbicokas
GPU/HPC AHanun3 6onbLUNX AAHHbIX
NPOM3BOANTENbHOCTb
Macwtabnpyembie MOHUTOPUHI
Cloud/Edge by PVIHT
anropuTMbl pacnpegenéHHbIX CUCTEM
Explainable Cellular | UHTepnpeTupyemsle Mopoepxka NPUHATUA
Automata Moaenu peLueHnmn

Hay4Hble npob6enbl, pekoMeHAauMu U NpakTUYeckue HanpaBneHUA pa3BUTUS.

HecMoTps Ha 3HauYUTENbHbIN NPOrpecc B TEOPUN ABYMEPHbIX KITETOYHbIX aBTOMATOB,
psg dyHaameHTanbHbIX BOMPOCOB OCTAETCH OTKPbITbIM. K HMM OTHOCATCA paspaboTka
YHUBEpPCanbHOM Teopun 0BpaTMMOCTU ASfiI1 MHOrOCOCTaBHbIX MOAEenen, MOCTPoeHne
eVHbIX KpUTEPUEB aHanNn3a KrneTo4YHbIX aBTOMaToOB C MPOU3BOSIbHON reOMeTpuen peLLeTku,
nuccrnegoBaHne HenvHerHbIX npaBuril  nepexoja W paspaboTka MacwTabupyembix
anropuTMOB Onsi CBEpXOOnbLUMX KIMETOYHbIX CTPYKTYp. BOMbLIMHCTBO CyLLECTBYHOLNX
nccnegoBaHMn NOCBALLEHO OTAENbHBIM TUMAM PELUETOK WS FPaHUYHbBIX YCNOBWUA, Torga
KaK KOMMNSIEKCHbIM MOAXOA K X COBMECTHOMY aHanuay npeacrasneH OrpaHUYeHHo.

PesynbTaTbl BbINMOMIHEHHbIX  MCCrefoBaHUN NO3BOMAKT  PEeKOMeHOoBaTb

ncnosnb3oBaHne OBYMEPHbIX KNEeTOYHbIX aBTOMaToOB npu NPOEeKTUpoBaHNN
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WHTENMEeKTyarnbHbIX CUCTEM MOHUTOPMHIa BbIMUCAUTENBHBLIX npoueccoB. Hawnbonee
NepcrnekTUBHbLIMU SBASKOTCA MOAENW C NEPUOANYECKMMM M CMELUAHHbIMU FPaHUYHBIMW
ycrnoBuamu,  obecneumBalolime  YyCTOMYMBOE  MOAENMpoOBaHWE  pacnpefenéHHbIX
BblYMCNUTENDBHBLIX cpeq. pumMeHeHne maTpul nNepexogoB U KpuTepueB obpaTMMocTm
noBblWwaeT 3M@EKTUBHOCTL AMArHOCTUKM U aHanm3a COCTOSIHUA  BbIYUCINTENbHON
NHAPACTPYKTYpbI.

[lanbHenwee pasBnTUE KNETOYHO-aBTOMaTHbIX METOLOB CBA3AaHO C UX BHELPEHNEM B
LeHTpbl 06paboTkM AaHHbIX, obnayvHble NnaTtopMbl, pacnpenenéHHble BbIYNCNTENbHbIE
KOMMMEKCbI, WHTENmeKTyanbHble TPaHCNOPTHbIE CeTM U  CUCTEeMbl MNPOMbILLFIEHHOMO
MHTepHeTa Bewen. Mcnonb3oBaHMe noKarnbHbIX MNpaBun  aBonwoumMm obecnednBaet
€CTECTBEHHbIN Nnapannenu3aM BblYUCIIEHMI M MO3BONSET co3fgaBaTb MacluTabupyembie
anropuTMbl aHanm3a COCTOAHWUSA CIOXHbIX TEXHUYECKUX CUCTEM.

Tabnuua 5
OCHOBHbIe HanpaBneHus AanbHenWnxX uccnegoBaHnmn
HanpaBneHue HayyHas 3apgayva Oxunpaembin achdekr
- EovHas Teopus | PaclumpeHne matematn4eckoro
MHorococTtosiHunHble KA
obpaTtnumocTu annapara
YHuBepcarnbHble MoBblweHne TOYHOCTU
CmMelwaHHble rpaHuubl
anropuTmbl MOAENVPOBaHMUS
MoHuTOpUHr
[wnarHocTtuka n | MNoBbliweHne
BbIYMCIUTENbHbIX y
NPOrHo3npoBaHue OTKa30yCTOMYMBOCTU
cucrtem
Al + KA ApanTtuBHble npasuna | IHTennekTyasnbHbIN aHanus
o MopgenupoBaHue
LUncpoBble ABOMHUKMN OnTumMmMsaumsa akcnnyaTauum
NHAPACTPYKTYpbI

MpakTnyeckne pekomeHaaLUM No BHEAPEHUIO KIIETOYHO-aBTOMAaTHbIX MoAaenen
B MHTENNEeKTyanbHble CUCTEMbl MOHUTOPUHra.

PesynbTatel uccnegoBaHu  OBYMEPHbIX  KNETOYHbIX aBTOMaTtoB  MO3BONANOT
chopmMmpoBaTh KOHLENTYasNbHY apXUTEKTYPY UHTENNEKTYarlbHON CUCTEMbI MOHUTOPUHTa
BblYMCIIUTENBHbIX NpoueccoB. lNMpeanaraemasa apxuTekTypa BKNOYaeT nogcucteMbl cbopa
OaHHbIX, npeaBapuUTenbHON 0bpaboTku, KIIeTOYHO-aBTOMATHOro aHanmaa,
NMPOrHO3MPOBaHNA COCTOSIHUA, OBHapPY>XeHNA aHOManun n Busyanusaunmn pesynbTaToB.

Kaxablhi  BblMUCIIUTENbBHBIA  y3en UMHTEpPrnpeTUpyeTCca Kak oThenbHas KneTka
AByMepHon pelwéTkn. CocTtosiHne KneTkn onpenensaetca Habopom napameTpoB: 3arpy3Komn
npoueccopa, UCNofb30BaHMEM ONepaTUBHON NaMATU, CETEBOWN aKTUBHOCTbLIO, COCTOSIHUEM
YCTPOWCTB XpaHEeHNA JaHHbIX U noka3aTensiMm oTKa3oyCTONYMBOCTU. JIoKkanbHble npasuna
nepexoga onucbiBatoT 0bMeH MHdopMaunen Mexgy coceaHUMU y3rnamu U MOAENUPYoT
pacrnpocTpaHeHue rneperpys3ok, 0TKa3oB 1 BOCCTAHOBUTENbHbLIX NPOLECCOB.

ANropyt™  OYHKUMOHMPOBAHUA  BKNOYaeT cbop TenemeTpudeckux [OaHHbIX,
npeobpasoBaHne napameTpoB B AUCKPETHbIE COCTOSIHUA KNETOK, NOCTPOeHne rrnobanbHon
KOH(pUrypaumm, BblYUCriEHNE CReaYOLLEro COCTOSAHNA NOCPEACTBOM MaTpuLbl NEPEXOA0B,
aHanuM3 obpaTUMOCTX, BbISIBIIEHME aHOMasibHbIX KOHUrypauum u dgopMupoBaHue
pekomMeHaauumn onepatopy. Vicnonb3oBaHne maTtpul npasun obecneymBaeT BO3MOXHOCTb
adppekTnBHOM peanusaunm anroputma B napasnenbHbIX BbIYUCIIUTENbHbLIX cpeaax.

Mpepnaraembin nogxoa obecrneymBaeT BbICOKYH MacLTabupyeMoCTb, €CTECTBEHHbIN
napannenuaMm BblYMCNEHMI, BO3MOXHOCTb fIOKaribHOro aHanusa 6e3 nomnHoro nepecyéra
Mogenn n adpdPeKTMBHOE MPOrHO3MPOBaHUE Pa3BUTUA HeLUTaTHbIX cuTyauun. bnarogaps
NCNONb30BaHMIO PasfMyHbIX TUNOB PELUETOK U FPaHUYHbBIX YCNOBUA MOLENb MOXeT BbITb
afjanTupoBaHa K BblYMCNNTENBHBIM KnacTepam, obnayHbiM nnatgopmam, cuctemam Edge

Computing n ueHTpam o6paboTkM AaHHbIX.
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Tabnuua 6
CooTBeTCcTBME KOMMOHEHTOB MOHUTOPMHIA U 3NIeMEHTOB KNEeTOYHOro aBTomara
KomnoHeHT dnemeHT

BbIYMCIIUTENTbHOMN KIeTO4YHOro Ha3HauyeHue
CUCTEMbI aBToMara
BbluncnurtenbHbIN y3en KneTtka XpaHeHue TeKyLero COCTOAHUS
Mepepnava nokarnbHown
KaHan cBsizun CoceactBo
MHd OpMaLINK
MpaBuna ynpaBneHus PyHKUMA Nepexoda MN3ameHeHne CoCTOAHUSA
MMobGanbHas -
MaTpuua cocTosaHuM AHanna cuctemsl
KoHdurypaums
Anroputm .
Moacucrtema AMarHOCTUKU Nownck aHomanumn
obpaTnumocTu
Moaynb -
Ay Isontouua KA OueHka 6yayLmx COCTOSAHNI
NPOrHo3MpoBaHus

KoHuenTyanbHas Moaenb WHTENNEeKTyanbHOro MOHUTOPUHIa BbIYMCIIUTENBbHbIX
CUCTEM Ha OCHOBE [ABYMEPHbIX KITIETOYHbLIX aBTOMAaTOB

Ha ocHoBe BbINOMHEHHbIX UCCNedoBaHU npeanaraeTcsl KOHUenTyanbHasi MOAEnNb
WHTEenNneKTyanbHoro MOHUTOPUHra BbIYMCNUTENbHbIX CUCTEM, ncnonbe3aytoLas
MaTtemaTMyeckuid annapat [OBYMEPHbIX KNeTOoYHbIX asTomMaToB. B agaHHoOM mopgenwu
BbluMCNUTENBbHAs WHMpACTPyKTypa nMpeacTaBnseTca B BUAE OUCKPETHOW pPeLUETKM,
3MIEMEHTbI KOTOPOM COOTBETCTBYHOT OTAENbHbIM BbIYMCIIUTENBHBIM Yy3naMm. JlokanbHble
npasuia nepexoga MogenupyroT B3auMOAENCTBUE MeXOy COCeQHUMMW KOMMOHEHTaMu, a
rnobanbHasa KOHUrypaums oTpaxkaeT TekyLlee COCTOsIHNE BCEN CUCTEMBI.

Kaxxpgaa knetka xapaktepudyetcs Habopom napamMeTpoB: 3arpy3kon mnpoleccopa,
NCrNonb30BaHMEM OMepaTUBHOM NaMATU, CETEBOWN 3a4EPXKKOWN, NPOMYCKHON CNOCOBHOCTLIO,
TemnepaTypon obopyaoBaHUs, COCTOAHUEM HAKOMUTENEN N YPOBHEM OTKA30YCTONYUBOCTM.
HenpepbiBHble napameTpbl MNpeobpas3ytoTcd B KOHEYHOE MHOXECTBO [OUCKPETHbLIX
COCTOSIHUW, YTO MO3BOMSIET NPUMEHATb MaTeEMaTUYECKMI annapaT KNeTOYHbIX aBTOMaToB
AnNs aHanusa gUHaMUKU BbIYUCITUTENbHBIX NPOLECCOoB.

OBOMOLMSA KNEeTOYHOro aBToMaTa Nno3BosseT NPOrHo3npoBaTb U3MEHEHNE COCTOSAAHNS
BbIYMCNUTENBHOW  UHPACTPYKTYpPbl, BbIABMATb  MNOTEHUMANbHbIE  NEPErpyskn wu
foKanua3oBaTb WCTOYHUKM aHoManuin. Ha ocHoBaHMM pe3ynbTaToB MOAENUPOBaHUS
dopMUPYOTCA pekoMeHZauuMM Mo nepepacrnpeaeneHnio  BblMUCINTENBbHOM Harpysku,
M3MEHEHNIO  MapLipyTMsauum  ceTeBOro  Tpadmka M 3anycky  MexaHuM3MOB
CaMOBOCCTaHOBIEHUA.

Mpepnaraemasa mogenb MOXeT ObiTb peanu3oBaHa Kak MporpamMMHbIA MOLYI b
WHTENNEKTyanbHOW CUCTEMbl MOHUTOPWUHra LEHTPOB 0O6paboTKM AaHHbIX, 06nayHbIX
nnatgopm, KrnacTepHbIX BbIYNCIIUTENbHBLIX KOMMIEKCOB 1 KOPNOPaTUBHbLIX CETEN.

Tabnuua 7
CooTBeTcTBME NapamMeTpPoB MOHUTOPMUHIa COCTOAHMAM KNeTOYHOro aBTomara
Pe3ynbTart
MapameTp CocTtoaHue knetkm | HasHayeHune
aHanusa
KoHTponb
CPU Harpyska P BanaHcupoBka
NPOM3BOANUTENBHOCTU
Mcnonb3oBaHne MNpepynpexpeHne
RAM PEAYNPEXL OnTnmmnsauuns
namsaTn neperpysku
OOHapyxeHue
Network CeTeBoe cocTossHME | AHanmM3 cBA3HOCTU Py o
aHomanun
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MporHos
Storage CoctosiHne guckoB | KOHTpOsib OTKa3oB
aerpagaumm
MHTerpanbHbIN KomnnekcHaga Mogpep>kka
Node health P AAep -
crartyc JnarHocTumka peLleHnn
3aknroyeHue

MpoBeOEéHHbIN 0630p COBPEMEHHbLIX UccrnegoBaHuin B ob6nactm OBYMEpPHbIX
KNeTOoYHbIX aBTOMAaTOB MoKasars, YTO AaHHOe HanpasneHune npeacraBnsieT cobon ogHo mn3
Hanbonee nEepcrnekTUBHbLIX CPEeACTB MaTeMaTU4eCcKoro MOAENMPOBaHUS OUCKPETHbIX
ANHAMUYECKNX CUCTEM. BbINOMHEHHbIM aHanu3 no3sonun obbeanHUTb pesynbTaThl,
NOCBSILLEHHbIE KBaApaTHbIM, TPEYroSfibHbIM, MEHTaroHanbHbIM U TMOPUOHBIM KNETOYHbIM
aBTOMaram, a TaKkke MogernsiMm C pasfnyHbIMU TUNaMU rPaHUYHbIX YCroBui. [TokasaHo, 4To
N3MeHeHNe reoMeTpumn peLleTK, Yncna COCTOAHUI U NpaBun JIoKaribHOro B3aMMo4encTBna
oKasblBaeT CyLLeCTBEHHOEe BMUSIHWE Ha CBOWCTBA rrobasnbHOn gMHaMUKK, 06paTUMOCTU U
BbIYNCITUTENBHOM CNOXHOCTU MOAENEN.

Ocoboe BHMMaHWe yaeneHo pasBuUTUIO anrebpauvyeckoro annapara mccnegoBaHus
KNneTouHblx asTomMaToB. lMcnonb3oBaHve MaTpuy nepexonos, MaTtpul  npasun,
onpegenuTenen U paHroB NO3BoSIMMO chopMUpoBaTL CTPOryd MatemMaTUYeCcKyto OCHOBY
aHanmsa 9BOSOLMM KIETOYHbLIX CTPYKTYP, UccrneaoBaHns obpaTtMMocTM 1 obHapyXeHus
KoHpurypaumn Garden of Eden. EguHbIn maTpuyHbii noaxod obecrneynsaeT BO3MOXHOCTb
dopManbLHOro CpaBHEHUS pasnU4YHbIX Mogenen U pas3paboTku  yHMBepcasrbHbIX
anropMTMOB aHanmsa OUCKPETHbIX CUCTEM.

CpaBHUTENbHbIN aHanu3 nokasar, YTo pasBuUTME ABYMEPHbIX KNETOYHbIX aBTOMATOB
npouMcxoguMno  nocnegoBaTesfibHO:  OT  KacCUMYecKMx  KBagpaTHbIX — Mogenem K
MHOrOCOCTaBHbIX, TPEYroSfibHbIM, MNEHTaroHanbHbIM W TUMOPUAHBIM  CTPYKTypam. 3ITO
CYWEeCTBEHHO paclmpuno obnactb MPUMEHEHUs1 KMeTOYHbIX aBTOMaTOB M CO34arno
npeanocbiNkn Ans Mx ucnonb3oBaHua npu obpaboTke wnsobpaxeHui, kpuntorpadun,
MoOenNnMpoBaHNN M3NYECKMX NPOLIECCOB M aHanm3e 0OoNbLUNX MaCcCUBOB AaHHbIX.

Hanbonee nepcnekTMBHbIM HarnpaBfeHNEM SBMSETCA MNPUMEHEHNE KITETOYHO-
aBTOMaTHbIX MoAenen B UHTENNEKTyarlbHOM MOHUTOPUHIE BbIYUCIIUTENBHbLIX NPOLECCOB,
pacnpefenéHHbIX BbIMUCINTENBbHBIX CUCTEM W KOMMbIOTEPHLIX ceTen. [lpencrasneHue
BblYMCNUTENBHOM  MHAPACTPYKTYpbl B BuAe [OBYMEPHOM peweTkn  no3sondet
paccmaTpmBaTb KaXXObl BbIMUCIUTENbHbBIN y3en KakK OTAENbHYK KIeTKy, COCTOAHWe
KOTOPOW onpeaensieTcss xapakTepucTukamu 3arpys3km npoueccopa, namsaTh, CeTeBowm
aKTMBHOCTM W OpyruMun napameTtpamu. JlokanbHble npaBuna nepexoga obecneymBaroT
MOAENMpPOBaHME pacnpoCTpaHEeHUs neperpys3ok, OTKa3oB W  BOCCTAHOBUTESbHbIX
npoueccoB, a rnobanbHass KoHdUrypaumsi MO3BOMSAET OLEeHMBaTb COCTOSIHME BCEWN
NHPaCTPYKTYPbI.

[MpakTnyeckaa 3HAYMMOCTb PACCMOTPEHHbIX WUCCNeLoBaHUM  3akndaeTca B
BO3MOXXHOCTM MOCTPOEHUS MacLuTabupyembiX UHTENNEKTYarbHbIX CUCTEM MOHUTOPWUHIA,
OPMEHTUPOBAHHBLIX HA OBHapPYyXeHMe aHoManum, NPOrHo3MpoBaHME OTKa30B, ONTUMU3ALMIO
pacnpegeneHns BblYMCNUTENBbHbLIX PECYPCOB U NOALEPXKKY NPUHATUS pelleHuin. brnarogaps
€CTEeCTBEHHOMY napanneniuamy KneToyYHbIX aBTOMATOB TakMe Mogenn MoryTt apdekTnBHO
peanun3oBbIBaTbCA Ha MHOrosgepHbIX npoueccopax, rpaduyeckux yckoputensx,
KnacTepHbIX cucteMax u obnadnbix nnartgopmax.

[MepcnekTuBbl ganbHENLWNX NCCNeLOoBaHW CBA3aHbl C pa3paboTKon yHMBepCcanbHbIX
KputepueB o00paTtMMOCTM ANl MHOrOCOCTaBHbIX MOAENEN, WHTErpauuen KneTo4HbIX
aBTOMAaTOB C TEXHOMNOMMAMWU WCKYCCTBEHHOIO WHTENMEKTa, MalUMHHOrO Oo0y4yeHnsa wu
UMJPOBLIX ABOMHUKOB, a Takke CO3d4aHWeM MHTENNeKTyarnbHbIX NiatopM MOHUTOPUHTa
HOBOro MOKOMEHUS ONA BbICOKONPOU3BOAUTESNbHBIX BbIYUCIIUTENBHBLIX KOMMIIEKCOB U
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pacrnpefenéHHbiX KOMMbIOTEPHbIX ceTel. COBOKYMHOCTb PaCCMOTPEHHbIX pe3yribTaToB
dopMMpyeT Hay4Hyl0 OCHOBY [ANA AanbHeuwero pasButua Mogenen, MeTonLoB WU
anropuTMOB MOHWUTOPUHra BbIYUCIIUTESNBHBIX CUCTEM Ha OCHOBE [ABYMEPHbIX KNEeTOYHbIX
aBTOMaTOB.
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