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XII MexnynapogHas HaydHasi KOH(DEpEeHIIng
«aTe/eKkTya/ibHble CUCTEMbI 1 KOMIIbIOTEPHbBIE
HayKI»

B Mockse ¢ 29 nozbps mo 3 mexabps 2021 roga B pamMkax mpOBEIAEHUS
loma maykm m texnonoruit Poccuiickoit @enepanum mpoxommiaa XII Mex-
IyHAPOTHAs HayuHas KoHpepeHius «HTeTTeKTya bHbIE CHCTEMbBI U KOM-
MHIOTEpHBIE HAYKW», TPUYPOYEHHASd K 8H-JETUI0 CO JIHS POXKJIEHUS 3aBe-
IYIOIEro Kadeapoil MaTeMaTHiecKoil TeOPUU WHTEIEKTYAJIBHBIX CHCTEM
MexXaHmKO-MaTeMaTmaeckoro gakyasrera MI'Y npodeccopa Bamepua Bopu-
conda Kynpssresa.

OcuoBHbie HatpasJienus paborbl koHdepeHN:

. MaTeMaTI/IKa " KOMIIBIOTEPHBIEC HAYKH]

. NaTennexkryanbHblll aHau3 OOJIBIINX JTAHHBIX;

. ObpaboTKa eCTECTBEHHOTO sI3bIKA;

. UckyccTBennble HeHPOHHDBIE CETH W MAITMHHLIN HUHTEJIIEKT;

. NaresiexktyasibHoe yipapjieaue, podOThl 1 OMOMEXATPOHHBIE CUCTEMbI;

. Hetipomopdublit MCKyCCTBEHHBIN WHTEJIEKT U KOTHUTUBHDBIE CHCTEMBI;

. He0BEKO-OPUEHTUPOBAHHBIN MCKYCCTBEHHBIM WHTE/JIEKT W HEHpPOWHTEp-
eficHbIe TEXHOJJIOTUN;

8. IIpencrapienne 3Hannit 1 aBTOMATH3ANNA PACCYKIEHUI.

~ O O i W N~

Ha orkpreitun xondepeninu Beictynuan pekrop MIY umenun M.B. Jlomo-
HOCOBa, akageMuk Bukrop AvToHOBMY CaJOBHUUMI, TEKAH MEXAQHUKO-Ma-
TeMaTudeckoro dakynbreta MIY, wien-koppecrmongent Annpett Uropesna
[MTadapesuy, aekan paxyabTETa BHIYUCIUTEIHHON MATEMATAKN U KubEpHEe-
mukr MI'Y, akagemur Urops Anaromsesnd COKOJIOB, THPEKTOP UHCTATYTA
MMEPCIIeKTUBHBIX uccaemoBannit mosra MI'Y, akamemuk KoncranTtua Boraan-
MHpOBHY AHOXHH, aupekTop mo mudposmsanun I'K «Pocatom» Exkarepuna
Bopucosua CosniieBa, a B 3aKJIIOUEHUN TTPO3BY A0 OTBETHOE CJ0BO Tpodec-
copa Banepusa Bopucosuua Kynpsisriesa.

Koudepenmnus npoxoania B pamMkax peanaunsaruu [[porpammer paszsutua Mex-
JUCIUTIIMHAPHON HayYHO-06pa3oBaTeIbHON MTKOJIbI MOCKOBCKOTO YHUBEPCH-
Teta «MO3T, KOTHUTUBHBIE CUCTEMBI, NCKYCCTBEHHBLIN WHTE/IEKT» W OBLIA
COCPeJOTOYECHA Ha OCBEIICHNN MEXKIUCIUIIINHAPHOIO XapaKTepa ACCIeN0Ba-
Hu B 06/IaCTH NCKYCCTBEHHOTO MHTE/LIEKTA. B Hell npuHain ygacTue COTpyI-



auky 29 mogpasnenennit MI'Y, B ToM unciie: MEXaHUKO-MATEMATHIECKOTO (ha-
KyJIbTETa, WHCTUTYTA MEePCIEKTUBHBIX HccaenoBanuit mosra MIY, dakyiib-
tera BMK, 6uosormdeckoro ¢daxyabrera, ¢pusndeckoro ¢akyabreTa, da-
KyJIbTEeTa KOCMUYECKUX HCCIeT0BaHuU, dpumosornueckoro dakyabrera, da-
KYJIbTETa TICHXOJOTUH, 3KOHOMUYIECKOro (akyabrera, (hakyabrera QyHIa-
MEHTAIHHON (PUBNKO-XUMUIECKON WHYKEHEPUU, IOPUITIECKOT0 (haKyIbTeTa,
BBICITIEH TITKOJIBI YIIPABJIEHUST U HHHOBAIIWNI, HAY THO-UCCJIEI0BATEIBCKOTO BhI-
uucauresnpHoro meaTpa MY, CYHI, dummanos MI'Y & Tamkenre u Baky.
Kpowme Toro, B koudepeHIun NpuHAJIN ydacTue mnpejcrapureaun 94 poccuii-
CKUX 1 D 3apy0EKHBIX HAYIHO-00PA30BATEILHBIX W UCCIEIOBATETHCKUX [TEH-
TPOB U oprauuzaiuii. Beero B pabore KoH(MEPEHITHH TPUHSIN YIACTHE OKOJIO
400 uesioBek, OBLIO CAETAHO 23 TIEHAPHBIX W 135 CEKITMOHHBIX JTOKJIAIOB.

JlauHbiil HOMED 2KYPHAJIA COJEPAKUT MEPBYIO0 YaCTh MATEPUAJIOB KOHMEpEH-

. BTopyo 9acTh MaTeprasioB MIAHUPYETCS OMyDJIUKOBATEH B CJIEIYIOMIEM
HOMepe YKypHaJa.
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YHactp 1.
I1nenapHble JOKJ1aJbI



Metoabl ocpeaHeHUs B 3aJiadax
KJIacTepu3aluy OOJIbOINX JAHHbIX

P.P. Aitnarymnos!
C.T. I'naBamnknit?
A.B. Muxajes®

V KJIACTEPHOIO aHAJIM3a OYeHb IMUPOKHUI CIIEKTD MIPUMEHEHUs], ero
METO/IbI UCTIOJIB3YIOTCS B MEJUIMHE, XUMUH, APXEOJOTHH, MAPKETHHTE,
TeOJIOTUH U JAPYTHUX JUCHuIInHaX. Kilacrepusalims cOCTOUT B 00beTH-
HEHUU B TPYIIIBI CXOKUX OOBEKTOB, M 3Ta 3aJ1a49a SIBJISIETCSI OJHON W3
dyHIaAMEHTAIBHBIX B 00JIACTH WHTEJIJIEKTYaJIbHOTO AHAJIN3a JTaHHBIX.
O6braHO O, KJIACTEpU3aIueil MOHNMaeTCs pa3dueHne 3aIaHHON0 MHO-
JKeCTBA TOYEK HEKOTOPOTO METPUYECKOTO IIPOCTPAHCTBA HA TIOJIMHOYKE-
CTBa TAKUM 00OPa30M, IYTOOBI OJU3KNE TOYKHU IOMAJNA B OJHY T'PYIIILY, &
JlaJibHEE — B pa3Hble. B janHON pabore mperaraeTcs MeToJ JTOKaIb-
HOT'O OCPEIHEHWUSI JIJIsI BEIYUC/IEHUS LJIOTHOCTH PACIIPEeIeIeHHs TaHHbBIX
KaK TOYEK B METPUYECKOM IPOCTPAHCTBe. Bribupasi majee cpe3bl MHO-
2KECTBA TOYEK IO OIPE/IEJEHHOMY YPOBHIO ILIOTHOCTH, MBI IIOJIYYIAeM
pasbuenne Ha KiacTepbl. [IpeyioKeHHbI MeTO, TIPE/IJIAraeT YCTONIH-
Boe pa3bueHre Ha KJIACTEPBI U CBODOJICH OT PsiJia HEJIOCTATKOB, IIPUCY-
IIUX U3BECTHBIM METOIaM KJIACTEPU3aIliH.

KiroueBnble ciioBa: KJIaCTep, aJllOPUTM, IIJIOTHOCTb, METO/] OCPEI-
HEHMI.
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1. IlocranoBka 3agavn

CoruacHo [1], kacTepusaryst — 3T0 IPOLECC AHATUTUIECKOTO PACCMOTPEHUS
3aJIaHHONO MHOKECTBA TOYEK U JajbHedIneil IpyIIupoOBKUA TOYEK B KJIACTE-
PBI COIJIACHO HEKOTOpO# MerTpuke. IIpu 3Tom mpemmosaraercsi, 9T0 TOUKU,
[TOIIAJAOIIMe B ONMH KJIACTED, JOJKHBI ObITh PACIOJIOXKEHBI HEIAIEKO APYT
OT JIpyTa, a MONaJIarIe B padHble KjlacTephl — jaJieko. Ilomaac ucciemnopa-
TeJIN MO KJIacTepu3aliueit Habopa TOUYeK MOHIMAIOT pas3breHne 3Toro Habopa
(COBOKYITHOCTH) Ha TIOJIMHOYKECTBA TAKUM 06pa30M, 4ToObl "Oim3Kkue" Toukn
[omaJid B OJHY Ipymiy, a "maapHue" — B pasHble. Heci0XKHO TTOHATH, UTO B
OyKBaJIbHOM IIOHUMAHHUK TaKoe TpeboBaHUEe IPOTUBOPEIUBO.

IIpumep. B koudurypamun ToUek, NpuBeIeHHON Ha puc. 1, eCTeCTBEeH-
HO pa3JejuTh MHOXKECTBO TOYEK Ha 2 KJIacTepa, IIPOBes pa3ldeuTeIbHYIo
TPaHUILy OKOJIO TOuKH D.

¢ * .Q.....a....a....Q.Q.Q.Q......

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]
[ ] [ ]
Puc.1

ApryMeHTHPOBaHHOM IIPEJICTABIISIETCS TPYIIIUPOBKA TOYEK COTJIACHO ILIOTHO-
CTH WX pacipeaeaenns. Korma acTpoHOMBI HAOIIOMAIOT JTAJIbHIE TaJaKTHKN
B TEJIECKOII, OHM He BUJISIT OT/EJbHBIE 3BE3/Ibl, U OTHOCSIT UX K PA3JIUIHBIM
raJJak THKaM COTJIACHO PACIPEJIEIEHIIO sIPKOCTH (TLIIOTHOCTH ).

Marmmanoe oOyveHue, MAIMHHOE PACIO3HABAHUE OOPA30B TOJIIKHBI,
TIPEXK i€ BCETO, OTIEPUPOBATH KATECTBEHHBIMI XapPAKTEPUCTHKAME. B3anMHbIe
paccTosiHust, BOODIIE TOBOPSI, HE SIBJIAIOTCH TaKOBbIMU. Harmpumep, paccros-
une Mex Iy Toukamu C' n A Ha puc. 1 60OJbIe PACCTOSHIS MEXKTY TOUKAMA
C u (', onnaxo 6osee ecrectsenno nomectuth C' u A B ogun KJjacTep, a
rouky C' — B apyroit. IIpu mpoBepke TeKcTa Ha IIardaT KadeCTBEeHHLIMU
XapaKTEPUCTUKAMHY SIBJISTFOTCS HE TOJIBKO UCIIOJIB3yeMble HADOPHI CJIOB, HO U
CMBICJT TEKCTa, KOTOPBI MOYKET MepPeaBaThCs YIIOTPEOJIEHIEM COBEPIIEHHO
MHOTO MHOYKECTBa TEPMUHOB. B TOMOIOr MM KavueCTBEHHBIME XapaKTePUCTIHKA-
MU SIBJISIFOTCSI TPYIIIIBI TOMOTOIIHI, TOMOJIOTAN U T.JT., KOTOPhIE HE MEHSIIOTCSI
P TOMOTETHUSAX. B TeoMeTpun KadeCTBEHHBIMU XapaKTEPUCTUKAMU STBJIsI-
FOTCsT TAKUE XapPAKTEPUCTUKU, KOTOPBIE HE MEHSIFOTCsI IPU TOMOTETHUSIX, MaJIO
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M3MEHSIONUX B3aUMHBIE PACCTOSIHUS JIjist OJIM3KUX TOUYEK. TaKnuMU XapakTe-
PUCTUKAMU, B YaCTHOCTH, SIBJISIIOTCS peajbHasd Pa3MEPHOCTH PACIIPE/IeIEHNS
HAa0Opa TOYEK U paclpejie/ieHue IIOTHOCTH Habopa Toduek. B KadecTBe mnpu-
Mepa paccMOTpUM Habop To4yek Ha KpuBoii Beponese:

zi = (Ti1, %02, Tig) € RY a5 = ¢i(wi1), dj(t) =1t €[0,1].

JIiobbie m > d TOYeK dTOil KPUBOIl HE MOT'YT OBITH BJIOXKEHBI B €BKJIUJIOBO
IIPOCTPAHCTBO Pa3MEPHOCTU MeHbIe d ¢ COXPAHEHMEM B3aUMHBIX PaCCTOs-
unit. [Tycts nabop Todex ynopsyouen: z;1 < xj1 < i < j. CymecrsyeT ro-
MOTETHUSI, 0TOOPAXKAIOINIAS TOUKHU &; HA MPIMYIO: 1‘1,1‘1‘2;';11 p(zj,2j41). Hpn
9TOM COXPAHSIIOTCSI TOJIBKO PACCTOSTHIS MeXKTy coceHuMU Toukamu. OTHaKO
€CJIU JIBe TOYKU ObLIN OJIM3KU, TO OTHOCUTETbHOE U3MEHEHUE PACCTOSTHUN

T(xh x])

-1l <e, plx;,x5) <4, 1
e ol ;) (1)

masto. [Tosromy pacrpejenenne n Todek Ha KpuBoi Bepomese J0KHO cun-
TaTbCsl HEe d-MEPHBIM PACIIPEIEIICHIEM, & PACIIPeieIeHneM, OJIU3KIM K OJ[HO-
MEPHOMY.

['eomeTprecKue CBOHCTBA, IIOYTH HE MEHSIOMINECST IPH TOMOTETUSAX THIIA
(1), ssBstioTCs (MOJIKHBI CIUTATHCST) KadeCTBeHHbIMU. OCHOBHBIM TPEOOBAHH-
eM IIpu pa30HeHnN COBOKYITHOCTU TOY€EK Ha KJIACTEPDI JI0ZKHO ObITH CBOICTBO
Ka9IeCTBEHHOCTH, T.€., JIBA PACIPEIEICHNS] TOYEK, COEANHIMbIE TOMOTETHIMU
tuna (1), Z0/KHBI Pa3bUBATHCS Ha KJIACTEPDI ITOYTH OJUHAKOBO.

Jasee MbI HOCTPOUM AJITOPUTM KIIACTE€PU3AINU, 6A3UPYsICh HA IPHUHIIN-
IaX IVIOTHOCTHO CBSI3M MEXK/y Pa3jIMYHBIMU COBOKYIHOCTSIMH To4dek. Or-
METHM, 4TO IUIOTHOCTH B METPUYECKOM IIPOCTPAHCTBE SIBJISETCS OCHOBHOI
Ka4eCTBECHHOU XapaKTEPUCTUKOI.

2. Mertona ocpeagHeHusd

Mero/ ocpeiHeHUSI UCIOIB3YeTCs B PEIIEHUN 3aad IMIMPOKOro Kpyra obJia-
CTeil eCTeCTBO3HAHNS, CBA3AHHBIX C U3y Y€HHEM CBONCTB HEOTHOPOJIHBIX CPEJ.
[TousiTre HeJIMHEHHOTO OCpe/fHEHNsT (HA3BIBAEMOIO Ceiffuac «OCpeTHEHUEM 110
Kosmoroposy» ) 6b110 BBesieno A.H. Koamoropoesiv B [2]. asee sror metos
ObLT Pa3BUT B TPYAAX €ro IOCJe0BaTe el B IMPOKOM CHEKTPEe IPHJIOYKEHUT
B MeXaHHUKe, KBAHTOBOII MexaHWKe, SKOHOMUKe u jap. (cM. |3, 4]).

Beenennoe A.H. KosMOropossIM ocpe/iHeHIE OTHOCUTCSI K IVIOOATBHOMY
THILy, TUIIA HAXOXKJIEHHUs IIEHTPa MACC, OLIPEJIEJISIONIEMY CPe/lHee 3HAUYeHUe
JIJIs COBOKYTIHOCTH ToueK. OHaKo ry1obaabHOe OCpeIHEHNe MOJIHOCTBIO CTH-
paeT nHGOPMAIIHIO O JJOKAJIBHOM XapaKTepe pacipeesienus Touek. Ilosromy
MBI Jlajiee OyjieM HCHOJIb30BaTh JIOKAJIbHOE OCPeJIHeHHe, 0bJIaiarolee CBOi-
CTBOM Ka4€CTBEHHOCTH.
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[TnorHOCTH pacupesieseHnst B TOUKE T OLPEIEISAeTCs JIOKAJIBHBIM OCPEI-
HeHueM cJiejtyomuM obpasoM. IlycTsb Touka x; BKIIIOUYEHA B AP € [MHIYHOTO
ofbeMa ¢ IIEHTPOM B TOUKe T ¢ BeposaTHOCThIo P(x, ;). Torma cpenuee kosm-
9ecTBO (MaTeMaTHIECKOe OKHJIAHNE) TOUEK, BXOJSINIUX B 9TOT 00'beM, PABHO
> P(z,z;). Ecin fy P(z,y)dy = 1, To mosiyueHHoe cpejiHee W €CTh ILJIOT-
HOCTB (CpejiHee KOJIMUeCTBO TOUEK B IlIape eJINHUTHOrO 06beMa ¢ IEHTPOM B
Touke ). st onpeesrennst obsracTeil CryIeHnst II0OTHOCTH TPeOyeTCst IMeH-
HO TaKoe JIOKaJIbHOe ocpeaenue. IIpu srom, ecam Toukn xj, x; OJIHU3KH, T.e.,
p(xi,x;) < J, TO UX BKJIAJ B OCPEJIHEHHbIE BEJIIIHHBI

f(z) = ZP(-T»xi)f(xi)'

P(z,x;)—P(z,x;)
P(z,xz;)
Yacro JjIsi OlpejiesIeHns] JIOKAJIbHBIX 3HAYEHUI IIapaMeTPOB UCIIOJIb3YIOT

ocpenuenue P(z,z;) = P(x,x;) (cM. [5]), Korma TOUKE U3 pauyca ocpeiHe-

HUst GepyTCsl ¢ OJIMHAKOBBIM BecoM. Takoe OCpejiHeHHUe IIPUBOJIUT K Pa3JInd-

HBIM 3aTpyiHeHusiM. Masioe IieBesieHne TOYeK OKOJIO TPAHUIIBI OCPETHEHMUS

MOZKET 3aMEeTHO BJIMSATH Ha Pe3ysibraT paboThl M3BECTHBIX AJTOPUTMOB, Ga-

BUPYIOMIUXCS Ha IUIOTHOCTH pacupeseiennst Todek (Hampumep, DBSCAN).

B urore Takme aaropuTMbl MOTYT Kak JIOKHO Pa3be/MHSTh KJacTep, Tak W

II0YTU OAMHAKOB: <e€.

JIOZKHO CJINBATH B OJIMH HECKOJIBKO PA3JIUYIHBIX KJIACTEPOB.
Mpzr ncniosrb3yeM ocpejinenune 'ayccoBoro tura

p(:v,xi)
Pt

YUUTBIBAsI, YTO OHO MHBAPUAHTHO OTHOCHTEIBHO IIOBOPOTOB (0TOOparKeHMil,
He MEHSIOIINX B3aMMHBbIE PACCTOSIHUSI) U CyMMAapHasi BePOSITHOCTb BXOXKJIe-
HHUS TOYKH X; B IPOCTPAHCTBO paBHA 1:

/ exp(—m((z — z5).( — z))dV = 1,

1 HE 3aBUCUT OT Pa3MEPHOCTU ITPOCTPaHCTBA.

P(x,z;) = exp(—n(

Pamuyc ocpemquenust ajist N Touek B d—MepPHOM IIPOCTPAHCTBE CJIEyeT Bbl-
OupaTh TakK, YTOOBI, ¢ OJHOM CTOPOHBI, CPEJIHEE KOJUIECTBO TOUEK 1 B OJJTHOM
Tape TaKkoro pajmyca 6110 Hamuoro Gosbire, uem (In N)¢ (3aech d — pears-
Has Pa3MEpHOCTb, ONpejesseMasl HUXkKe), a, ¢ JIPYroil CTOPOHBI, — HAMHOI'O
MeHbIe, 4eM N¢. DTO CBOWCTBO BBIMOJIHSIETCS I IaCTO BCTPedaroIeiics

dyHKIUN:
n=L(N)=exp(VInNlInlnN).

Metoi ocpejiHEHUS 3aK/II0YAETCS B OCPEJHEHUM MHOXKECTBA TOYEK C
dyHKIMEN TIJIOTHOCTH PaCIPEIe/IeHU

Z(S(m — ;).

15



Bribupast majee cpe3bl MHOXKECTBA TOYEK 110 OIPEIETEHHOMY YPOBHIO ILIOT-
HOCTH, MBI [TOJIyYUM pa30ueHne Ha KJIaCTePhl. ITOT METOJ] CBODOIEH OT TaKUX
HEJIOCTATKOB, KaK 3aBUCUMOCTH OT HyMepaluyd TO4YeK, U KaK CYIIEeCTBEHHOE
NU3MEHEHUuEe pa361/1eH1/151 Ha KJIaCTepbl IIPpU MaJIOM M3MEHEHUU ITO3UITUUN JTaxKe
OIHOI TOYKMU.

3. Pa3zMmepHoOCTh HmpocCcTpaHCTBa, OCpe/IHEHUE U IIJIOT-
HOCTb

PasmepHOCTD TPOCTPAHCTBA SABJISETCS JIOKAJBHON TOMOJIOITIECKON XapaKTe-
puctukoit. g Hammx 1eseit yodHee MCIOIb30BaATh PA3MEPHOCTD, aHAJIO-
TUYHYIO pa3MepPHOCTH 0 Xaycaopdy, KOTopast OIPEIe/IsieTCss KaK CTeneHb d
pocta semmanabl O (™) MUHIMATLHOTO KOJIMYECTBa MAPOB PAIAYCa €, Heob-
XOJIUMOTO JIjIsI TIOKPBITUST HAIIIETO MHOXKECTBa TOYeK, 1ipu € — 0. Tak Kak y
HAC KOHEYHOE YHCJIO TOYEK 7, TO IIPU JIFOOOM & HEOOXOIMMOE KOJIMIECTBO I~
POB HE IPEBOCXOIUT n. TeM He MeHee, HY>KHYIO PA3MEPHOCTb MOXKHO OIIPee-
JINTh Uepe3 TAHTEeHC yTJIa HaKJIOHA B JIMHEHHON aIllIpPOKCUMAIINK Jorapudma
OT KOJIMYECTBA TOYEK B 3aBUCHMOCTH OT (LW yBeJIMdYeHuu) Jjorapudma pa-
nuyca. st aroro ynopsyounm n(n — 1)/2 HeHyIeBbIX PACCTOSTHUN MeKLy 1
TOYKAMHU 10 BO3PACTAHUIO:

1 Sr2 < S Tpno1))/2- (2)

Ha paccrostanu ne 6osiee 7; OT HEKOTOPOIl TOUKHI B CPeIHEM HAXOIUTCS 27/n
Touek, 6e3 yuera camoii Touku. Ilycrs y; = log(2i/n), x; = log(r;). Haxonuwm
HAMTydIIee TpuOIKenne (ammpokcuManmio) y; = dr; + ¢ wm x; = %5,
Ha 3navenue d He BimsieT HU OCHOBaHUE l0g, HU MOCTOSTHHBIN KOdhduImenT
log(2/n) (yxomur B ompejesienne BeJUUUHbL ¢). [ yMeHbIIeHUsT BIUsSTHUS
GOJIBINIX PACCTOAHUI (BOSMOXKHBIX MEXK/Ty PA3HBIMU MAJILIMI KJIACTEPaMU) B
BBIYUCJIEHUN KOPPEJJIAIINN OCTaBUM TOJIBKO OIIPEJIC/JIEHHYIO 9aCTb 1M 3HaYEHU
(1 < m < n) - rompko Tex, e 7; < s(R) ~ R,(s = 2R), 1 < i <
m. Berauciisist HamIydIyo JIMHEHHYIO alllPOKCUMAIIMIO, TIOJIYYUM PeabHYIO
pasmepHocThb d 1 Ko dunuent nponopuuonaabaoctu exp(c). Pazmeprocrs
IIPOCTPAHCTBA d BbIpazkaeTcs (HopMyJIOit:

. >i(logi)? — 7 (3 logii)®
> log(ri) logi — (3, log i) (3, log(ri))

3aech m — JUIMHA CyMMUDPOBaHUs (B CyMMe y9acTBYIOT TOJIBKO IIE€pBble M
wrenoB u3 {r;}). Paguyc cymmmpoBanus § JHoJzKeH ObITh OOJIbINE PaJiny-
ca ocpejHenus R, HO He 6OJIbINe BEJMYMHBI, TP KOTOPOil BecoM f(5) =
exp(—4m) << 1, (s = 2R) moxno npenebpedb. OrpaHIInBasich pacCMOTpPe-

HUEeM TOJIBKO TOY€K, OTCTOAIINX Ha PaCCTOAHHUHN MeHee S, r'Zie cpeJHee KOJIN-

(3)
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aectBo Touek n = 2 ~ exp(v/In N) ne mano (6oubie (In N)?), M1 1o6usa-
eMCsl yMEeHBIIIeHUsI KOJIMIeCTBa Olepaluii, IPAaKTUIeCKH He Tepsisi CTATUCTH-
YECKOH 3HAUNMOCTH, B BBIYMCJICHUSX JIOKAJBHOl IJIOTHOCTH

)= Y Pl B (1

i,r(z,z;)<s

[Tpu 3TOM JIOKAJIbHBIE Pa3MepHOCTH (3) U JIOKAJIbHBIE PaJUyChl OCpeJHe-
HHSl, COOTBETCTBYIONTIE KOJMIECTBY 55 TOUEK B Iape, MOTYT Das/ImIaTb-
csl JIst PA3HBIX KJIaCTEpOB. BhIOMpasi BHAUAJE Majoe 3HAYEHUE S U yBEJIH-
YuBasl 3TO 3HAYEHHE IPHUMEPHO B 2 pas3a B CJEAYIOIEdl uTepainun 10 Tex
1Op, 1MoKa He Oy7IeT BHIIIOJHEHO YCJIOBHE OIEHKH CPETHEr0 KOJUIECTBA TOYEK
n ~ exp(VIn N), nosydaem, 9To KOJTMIECTBO Onepanuii Kak B yIOPSJIOU€HUI
(2), Tak W P BBIYUCIEHUH IJIOTHOCTH MOYXKHO yMeHBIHUTE 10 O(N1T€).

Jasiee HaM Hy?KHO TOJIbKO OCYIIECTBUTH CPABHEHUE IJIOTHOCTH B PA3HBIX
TOYKAX KAK OTHONICHNE BBIYUCICHHDBIX CYyMM.
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Averaging Methods in Big Data Clustering Problems
Aidagulov R.R., Glavatsky S.T., Mikhalev A.V.

Cluster analysis has a very wide range of applications; its methods
are used in medicine, chemistry, archeology, marketing, geology and
other disciplines. Clustering consists of grouping similar objects
together, and this task is one of the fundamental tasks in the field of
data mining. Usually, clustering is understood as a partition of a given
set of points of a certain metric space into subsets in such a way that
close points fall into one group, and distant points fall into different
ones. In this paper, we offer a local averaging method for calculating
the distribution density of data as points in a metric space. Choosing
further sections of the set of points at a certain level of density, we get a
partition into clusters. The proposed method offers a stable partitioning
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(1]
2]
13l

5]

into clusters and is free from a number of disadvantages inherent in
known clustering methods.

Keywords: cluster, algorithm, density, averaging method.
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O nmayuHoii mkoJse Bajnepus BopucoBuua
KynpsBoesa

C.B. Anemmmunt, 9.9. Tacanos?, B. H. Kozos?

B nmamnoit pabore paccka3bIiBaeTcs O HAYUIHOI MIKOJE mpodeccopa
Banepus Bopucosuyua KynpsisiieBa u co3ganmoit uMm kadeape MaTeMma-
THUYECKOI TEOPUHN WHTEJJIEKTYAbHBIX CUCTEM.

KuroueBbie ciioBa: Teopusi aBTOMATOB, TEOPUS WHTEJLUIEKTYAJb-
HBIX CHACTEM, PACIIO3HABaHHEe 00Pa30B.

4 wronsg 2021 1. ucHoJHWIOCH 85 JIeT JOKTOPY (PUBUKO-MATEMATUICCKIX
HayK, Ipodeccopy, 3aBemayionemMy Kadeapoil MareMaTHuIecKoi TeOpuu WH-
TeJUIEKTYaJIbHBIX CUCTEM MEXaHUKO-MaTeMmaTudeckoro daxyiabrera MIY nwm.
M. B. Jlomonocosa Basiepuio Bopucosuay KympsiBiieBy, co3maresio KpymHOi
HAYYHOU IIKOJIbI B O0JIACTH JTUCKPETHOW MaTeMaTHKU, KUOEPHETUKU W WH-
dopMaTUKH.

B nmamexkue 50-e romwl mo oxkonuanuu cpemueit mkosnl B. B. Kynpsisies
noctynui B MOCKOBCKII TOCY/IaPCTBEHHBIN YHUBEPCUTET, CTPOUTETHCTBO HO-
BOI'0 KOMILICKCA 3aHuil KOTOpOro Ha BopoObeBbIX ropax TOrha TOJLKO UTO
OBLIO 3aBepIeHo. DTO OBbLIO YJIUBUTEIbHOE JJI HAYKH BpeMsi. Y UeHbIe, B
IepByIO ouepe/ib (PU3UKU U MATEMATUKHU, ObLIN TOJHATHI Ha MHEJIECTAT 00-
[IECTBEHHOI'O BHUMAHWS, BOCIIPUHUMAJINCH COBPEMEHHBIMHI MAraMu, BOJIIIE0-
nukamu. B 1iesiom 06pas HayKu — OrpOMHOI, BEJIMYECTBEHHON — IIPEJICTAET,
MOYKHO CUNTATh, B 00/mKe 3manuss MI'Y.

Bastepusi Bopucosnda yBJIeKJIO HOBOe HAIlpaB/IeHHE B HaykKe — KHOepHe-
THKA, U MaTeMaTUIeCKUe 3aJIa91, C HEIO CBsI3aHHBIE. DTa, HAYKA [IPEJICTABJIS-
Jlach Kak JIafolas KJIF04 K IOHUMAaHUIO IIPOIECCOB YIIPABJIEHUS B COBEPIIIEH-
HO PA3HOPOIHBIX 00JIACTSAX, TAKUX, KAK TEXHUYECKHE YCTPOICTBA, aJrOPUT-
MBI pabOTBHI MO3Ta, IPOIECCHI YIIPaBIeHUs B o0IecTse, u T.1. Kubepueruka
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3aBOPaKUBAJIA, C OJHOI CTOPOHBI, CBOEH BCEOOIIHOCTHIO (CPABHUMOI ¢ -
nocodueii), ¢ Apyroii — onopoii Ha TOUHBIE METOJIBI, HA JOKA3ATEJIbHOCTL B
CBOUX IIOCTPOCHULAX.

Hayunsre unrepecer C.B. {o6monckoro u O.B. Jlynanosa, yuwureseit
B.B. KyapsiBiea, B TO BpeMs OBbLIN COCPEIOTOYEHBI HA CO3IaHUU OCHOB
KHOEPHETUKHU: ee IOHATUIN, Pa3/esioB, 3aJa4aX, CBA3sIX C JPYTMMHU HayKa-
M. OIHUM U3 TaKUX HAIPaBJIEHUN KUOEPHETHKU, aKTHUBHO paspabaTbiBae-
meix C. B. db6morckumM, craan ¢dpyHKIEOHAIbHBIE CHCTEMBI, TO €CTh aJaredpbl
JUCKPETHBIX (DYHKIINI C ONEPAIUSIMU CyePIIO3uIun u ux obobienusvmu. B
9TOM HAIIpaBJeHUN Hadaj BecTu mcciaenoBannsg u B. B. Kymapasues. Omxaum
U3 BaXKHBIX PE3YJILTATOB 9TOr0 MEPUOA CTAJIO IepepadbOTaHHOE U3JI0XKEHUE
3HaMeHnTo# TeopeMbl [locTa 006 ommcannm Bcex MOAAITeOp IBY3HATHON JIO-
ruku, u3ganaoe B 1966 1. B Buje monorpacdun C.B. dAbmouckoro, I'. I1. ap-
puiosa u B.B. Kynpseiiesa «®yukiun aarebpbl jgoruku u KJaccel IlocTas
[1]. Oxrospemenno B.B. Kyuapsisiies nadan usydarsh npeobpasoBaTesid UH-
dopmarnum, 00IaTA0NNEe B OT/INIHE OT AUCKPETHBIX (MDYHKIUN «IaMATHIOY,
TO €CTh OOBLEKTHI, PEAKIsI KOTOPBIX Ha BXOJHbBIE BO3IEHCTBUS IIPOUCXOIUT
¢ BpeMeHHO# 3ajiepkKoii. Ceiiyac 9Tu 00bEKTHI SIBJIAIOTCH 6A30BLIMU B JIUC-
KPEeTHON MareMaTuke, KHOepHEeTHKe U MH(pOpPMaTHKe M HA3BIBAIOTCS KOHEU-
HBIMU aBTOMATAMU, WA JJIsI KPATKOCTH — ABTOMATaMU. DTO OUYEHb 0DIlee
[IOHSITHE, I OHO MOKET PAaCCMaTPUBATHCA KaK MOJIENb JIjIsI JIIOObIX peabHbIX
sIBJIGHHI, B KOTOPBIX IPUCYTCTBYIOT BXOJHO-BBIXOHBIE cooTBeTCTBUs. OOy-
JasCh Ha MeXaHMKo-MaremarmieckoM dakyabrere MI'Y (B acnmpantype),
B.B. KynpsiBries peru mpobjieMy HOJHOTHI Jijisi aBTOMATOB, HA3bIBAEMbIX
GYHKIUAME C 3aJIepPKKaMU, C ONePAINIMA CHHXPOHHOM CYIIEPIIO3UIIAN, ITO
SIBUJIOCH TEPBLIM U3 BAaXKHBIX PE3YJILTATOB IO IPOOJIEMATUKE TMOJHOTHI JIJIs
aBTOMATOB U MTOKA3AJI0 CYIIIECTBEHHOE OTJIMINE aBTOMATOB C ITAMSITBIO OT CJIy-
Jasi aBTOMaTOB 0e3 mamsitu. VIM ke ObLIT M3ydeH oOIuil cIydail KOHEYHBIX
aBTOMATOB C ONEPAIUIME CYIEPIIO3UINNA U OOPATHON CBSA3M, JJIT KOTOPOTO
OBbLIO YCTAHOBJIEHO HaJIM4YMe KOHTHHYYMa IPEIIOIHBIX KJIAaCCOB KaK KpHTe-
PUAJILHOM CUCTEMBI JIJTsT IIPOBEPKHU IIOJTHOTHI 1T aBTOMATOB, ITO JAJI0 IPeI-
CTaBJIEHHE O CJIOXKHOCTH W HeI(PMEKTUBHOCTH PEIIeHus 3aJ1a49d O IOJHOTE
JIJIST aBTOMATOB KaK CPEeJICTBAMU aJireOpbhl, TaK W CPeICTBaAMU JIOTUKU. DTH
Pe3yIbTAaThl COCTABUJIN COepXKaHne KauauaaTckoit nuccepramun B. B. Kyn-
psiBIlEBa, BBITOJTHEHHOI o1 pykoBojcTBoM O. B. JlymanoBa u 3amurnesHoi

B IIIM AH CCCP B 1963.

IIocite aCIIUPAHTY PEI MeXaHUKO-MaTeMaTUIeCKOTO dakysbreTa
B.B. Kynpsasies Obu1 octaBien Ha kKadeape MaTeMaTHIeCKONW JIOTUKU
B JIOJIZKHOCTH ACCHCTEHTA, 3aTEM CTaJI JOIEHTOM, W, B MOCJEeIYIONINe TOIbI,
podeccopoM MeXaHUKO-MaTeMaTUIeckKoro ¢akyiabrera. B 9T romsl oH
AKTUBHO 3aHUMAETCsl y4IeOHOH, HAydHOW W OPTraHM3aIMOHHONW paboToit, u,
9YTO OYeHb Ba2zKHO, OTKpPbIBaeT Hay‘IHO-I/ICC.He,HOBaTeJIbCKI/HU/I ceMHuHap II0
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TEeOprun aBTOMAaTOB, KOTOprfI CTaJl HaYYIHO-OPpTraHU3allMOHHbBIM HTEHTPOM
9TOI'0 HOBOI'O Hay4YHOI'O HaIIpaBJICHU. Co BpeMEHEM BOKPYI' 9TOr'0O sJ/ipa
BO3HUKJIa KpPYIIHad Hay4YHasd IMIKOJIa, OPpraHu3aTOpPOM MW PYKOBOAUTEJIEM
KOTOpOfI OH «BJIFAETCA C TeX IIOP U IIOHbIHE.

OTa paboTa HAIJIa CBOE COIPSKEHHE C CO3MaHHEM Ha (akyJIbTeTe B
1986 r. nmo muunmaruBe B. A. CamoBamyero OTaena MPUKJIAIHBIX HCCIEI0-
BaHUIl 110 MaTeMaTWKe W MeXaHUKe, KOTopblii u Bosryiasmwi B. A. CamnoBHu-
quit. OTaen cocTosn u3 Tpéx JabopaTopuii, U €ro TeMATUKA OIpeeIsiach
npobysiemamu Kocmoca. B.B. KyapsiBies cran pykKoBojauTesaeM OTPaC/IeBOil
saboparopun Ne 1, Koropasi HadgaJia paboTaTh HaJl CO3JAHUEM HHTEJLIEKTY-
AJIbHBIX CHUCTEM IIPOMBIINIJIEHHOI'O Ha3HaA4Y€HHs B HMHTEpPecax O60pOHbI " Ha-
poJiHOTO X03s#icTBa cTpaHbl. HaKOIJIEHHBINH OMBIT UCCJIeT0BAHUN IO TEOPUU
aBTOMATOB CTaJl €CTECTBEHHBIM 0A3MCOM JJIsI CO3MAHUSA UHTEJJIECKTYATbHBIX
CHCTEM B IPUJIOKEHNAX. B j1ab0paTopuio BMECTe C UCCAeI0BATE/ISIME ITPHIILIA
paboTarh TaJaHTINBAs MOJIOJIEXKb. KOCTSIK KOJLIEKTUBA COCTABUJIN YICHUKU
B.B. Kyapssresa. Temarunka paboT MOCTOSIHHO PAaCIIUPSIACH, HOSIBUINCD
HOBBIE 3aKa3bl MPOMBIIIIEHHOCTH. HeobXomMo ObLIO PACIITUPATE KAK TeMa-
TUKY WCC/IeIOBAHUI, TaK W yBeJIUMIUBaTL mTar Jraboparopuu. Kpome toro,
OCTPO BO3HHUK BOIIPOC IOJATNOTOBKM KaJPOB BBICIIEH KBAJU(PUKAIANA II0 TEO-
pUn MHTEJJIEKTYyaJIbHBIX CUCTEM. OT‘{&CTI/I TaKad IIOJATOTOBKa IIPUCYTCTBOBA-
Jla Ha Kadeapax MaTeMaTHIecKoil kubepHeTrnku daxyiabrera BMuK u ka-
denape IUCKpeTHON MaTeMATUKU MEXaHUKO-MaTEeMaTUIeCKOro (haKkyabTeTa ,
Ho uMeHHo or4yacTtu. Hy»Kua Obli1a criennaan3upoBantas Kadeapa. Bech sTor
KOMILJIEKC TTpobJieM TpUBeJI K CO3MaHui0 B Jekabpe 1991 r. Ha MexaHUKO-
MaTemaTudeckoM (akyibrere MI'Y HOBOIT Kadenpbr Maremarndeckoil Teo-
pun unTesuiekTyasbabix cucrem (MaTUC). Basemyromum kadeapoit Ma-
THUC cra npodeccop B. B. KyapsiBiies, octaBasich Ipu 3TOM PYKOBOIUTEIEM
sraboparopun Ne 1, koropasi Oblia IpeoOpazoBana B JIaOOPATOPUIO TPODJIEM
TeopeTuveckoit kubepueruku. [lepexor 0T aBTOMATOB K MHTEJLIEKTYAJIbHBIM
cucreMaM ObLII, MOXKHO CIUTATD, IIOJATOTOBJIEH TPOOJIEMATUKON THOHEPOB KH-
OepHeTHKH ellle pu eé cranoBiennu. B nocenyiomem Ha dakyiabrere BMK
BO3HUKJIa Kadeapa «MareMaTndeckKux METOIOB ITPOTHO3UPOBAHUSY, PYKO-
Bomumasi FO. . 2KypaBjieBbIM U ¢ TeMaTHKOW, B HEMAJIOI Mepe CBSI3aHHOMN
¢ pacmosHaBaHmeM o0pa30B . A cpaBHUTETBHO HegaBHO Kadenpa MaTUC
pUpocsia HOBOI Jaboparopueii, 3aBesyer Koropoii . B. Bokos, creruasiu-
3UPYIOMUICSA Ha JIOTHIECKUX UCINCICHUSIX.

OnHUM U3 TVIABHBIX BOIIPOCOB, IOCTABJCHHBIX KJIACCUKAMHU KHUOEPHETH-
KI TIPU €€ BO3HUKHOBEHHUU, OBLJ BOIPOC O TOM, KaK (PYHKITHMOHUPYET HAII
MO3T, caMasi COBEPIIEHHAs] MHTEJUIEKTYAJbHAsl CUCTEMA, CO3JIaHHAs MPUPO-
noii. B.B. Kynpssies, Oyaydaun MaTeMaTUKOM U II0 CKJIAJy CBOETO MBbIIILIE-
HUsl U 110 00PA30BAHUIO, IIPOBOJIMII UCCJIEI0OBAHUS HA YPOBHE MATEMaTUIeCKON
CTPOTOCTU U TOYHOCTHU B PACCYKIEHUIX. ABTOMAT SIBJIsIETCS OOBEKTOM, KOTO-
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pBIit peasiu3yer TpUaly «BOCIPUHUMAI—IyMAI—ICHCTBYIO» U U€pe3 BJIUs-
HUE Ha CpeJly UTePaTUBHO [TOBTOPSIET ITY TPHUAJLY, OIPEIEIsis CBOe TIOBeIeHe
B cpejie. Ho jrarke Takas mpocrasi ¢ COIepKaTeIbHON TOUYKNA 3PEHUS MOJIEIhb
oTpeboBajia JJisl UCCJIeIOBAHUSI MHOTUX JIeT KBaJU(PUIIMPOBAHHOIO TPYIA
pas3HbBIX Tpynn ucciaemoBaTeseir. I Tombko k cepemmue 80-x romoB XX Be-
Ka IMOABUJINCH CyHI€CTBE€HHbIC MaTeMaTHYIeCKUEe pe3yJ/IbTaTbl, U3JIO2KEHHbIC B
monorpadun B. B. Kynpssuesa u ero yuenukos C. B. Asternuna u A. C. Iloz-
kosisuHa «BBejienne B Teopuio aBToMaToBy |2| (comepxKarieil B OCHOBHOM pe-
gynbrarel Hayanoit mkossl B. B. Kyapsasnesa). C.B. Asemun nsBecren ne
TOJIBKO B TEOPUU ABTOMATOB, HO U YCIIEIIEH B pacio3HaBannn o6pa3os. B reo-
pun aBroMaToB paboraer u yueruk C. B. Anermuaa — C. B. Ponun. Uccneno-
BaHUs HA Kadepe PACIPOCTPAHUINCH B TIOCIEIYIOIIEM 1 Ha, TAKHE CUCTEMBbI,
KOTOPLbIE 6O.HIDH_I€ COOTBETCTBYIOT CJIOBY «MHTEJIJIEKTYaJIbHbIE» B ININPOKOM U
obmmenpunsaToM mounnManun. [logreep:kaerue sromy — Tpyasl A. C. Tlogkon-
3MHA, KOTOPBII pa3BUJI TEOPUIO KOMIIBIOTEPHBIX pelnareseil 3a1ad. Becbma
CYTIECTBEHHBIE PE3YIBTATHI TI0 TEOPUN aBTOMATOB OBLIN ToTydeHbl B. A. By-
€BU4YeM.

B pmomonmenwe k 3TuM pe3ynbraraMm, yke B 2000-e Tomml, mpm yda-
cruu B. B. KynpssiieBa kak KOHCY/IbTaHTA BBIIIOJHEHO BayKHOE UCC/ICIOBAHNIE
J1. H. Babuna, nameaimero KOHCTPYKTUBHYIO TDAHUILY OTIACJCHUsT CeMeHCTB
06a3uCOB aBTOMATOB € PA3PEIIUMOil MPOHJIEMOI TTOJTHOTHI OT HEPa3PEIINMbIX
ceMeicTB.

HemaBHuM cyiecTBeHHBIM BKJIAJOM B TEOPHUIO ABTOMATOB CTaJIa, JIOKTOP-
ckast aucceprarus A. A. HacoBcKuX M0 TeOpUN JTMHEHHBIX aBTOMATOB.

Paccmorpenne pyHKIMOHAIBHBIX CUCTEM aBTOMATOB OBIJIO PACIIPOCTPa-
meno B. B. KynapsBiieBbiM Ha KJI€TOYHBIE ABTOMATHI, JIJIs KOTOPBIX BMECTE C
yuaenukamu A. C. [Togkomsuasiv, A. A. BoJOTOBBIM 1 IpDYTUMU OH M3y YA UX
[IOBEJIEHUE ¥ MOJIEIUPYIOININE BOZMOYKHOCTH JIJIsI IAPAJLIEJILHBIX BBIMUCJIEHUN
[3]. IToBeenne aBromaros B abupunTax — Temarnka H. FO. Boakosa.

B pacriosnaBanuu o6pasos B. B. KynpsieiieB pa3sus HOBoe HalpaBjieHne
— TEOPHI0 TECTOBOTO PACIO3HABAHWS. IJTH PE3YJIBTATHI CONEPKATCI B MO-
vorpadun B.B. Kynpsisuesa, A. E. AagpeeBa, 9.9. l'acanosa «Teopust Te-
croBoro pacrnosuaBanusi» [4]. CBoil HHTEpeCHBIH BKJIa B TEOPUIO TECTOBOIO
pacmnosuaBanus caesiaa M. B. Hocos. B ucciemosanusax U. JI. Masypenko as-
TOMATHBIN TTOJIXOJT, UCIIOJIB30BaH JjIs PACIIO3HABAHUS PEYH.

Jlpyrum HalpaB/IeHHEM B TEOPUU PACIO3HABAHUS 00Pa30B, pa3BUTHE KO-
toporo Kypupyet B. B. KynpsiBuies, siBusioch paciiozHaBaHue 3pUTEIbHBIX 00-
pa30B, B KOTOPOM akKTUBHO pabotaer ero yuenuk B. H. Koszyos. 910 Hanpas-
JIEHVe BO3HMKJIO M3 KOHTAKTOB C Kadeapoil pu3moioruu BhICIIE HEPBHOM
JIeSITeJIBHOCTH OMOJIOTHIECKOTO (haKyJIbTeTa, U3 ITUX YKe€ KOHTAKTOB IIPOUC-
xogauT MoHorpadus B.B. Kynpseiesa nu B. H. Kosnoa «Bpemenne B mare-
MaTHYeCKyo Guosoruios [5].
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PaznoobpazHbie 110 HAIIPABICHHOCTH PAOOTHI, BKJIIOYAIOIINE PACIIO3HABA-
Hre 00pa30B U MaTEMATHIECKOE MOJCIUPOBAHUE B OMOJIOTUU, IIPEICTABIISIET
na kadeape JI. B. Anekcees. FO.I. HYeproBa mocrpomia MareMaTHIECKyIO
MOJIEIb JIETOYHOI cucTeMbl 4esioBeka. JI. Mundmaem mpesjioxkena MOIEb
BOCCTAHOBJIEHUS JIBYMEPHOTO M300paKeHMs 110 €r0 OJHOMEPHBIM IIPOEKITU-
M B YCJOBHUSAX <«3alrymjenusy . Heitponubie cetu — 00/1aCTh UHTEPECOB
B. C. IlonoBaukoBa.

CosmectHo ¢ 9.9. T'acanoseim B.B. KympsiBressim mocrpoena teopus
XpaHEeHUs U MMOUCKa NHMOPMAITIHU, 0000IIAONIAas U3BECTHBIE TIO/IX0/IbI U 1103~
BOJIUBINIAS C €IUHBIX [MO3UIUI PACCMOTPETh U PENIUTbL 0A30BbIe MPOOJIEMBI
s 6a3 nanubix. [locTpoennast Teopus HAKPLIBAET BCE YaCTHBIE HAXOIKU IS
KOHKPETHBIX 043 JIAHHBIX U JAeT aJrOPUTMbI U HOBbIE TEXHOJIOI'MH CHHTE3a
6a3 JaHHBIX HOBOT'O THUIIA, KOTOPbIE 3P (EeKTUBHEE UBBECTHBIX. DTU PE3YJIbTa-
THI U3JIOXKEHBI B MOHOrpadun .. ['acanoBa u B. b. KynpsiBuepa «Teopus
XpaHeHus u noucka nndopmanumy» [6]. Pazsurue gannoit Teopun mpojiosizK-
qu yaenukn 9. 9. 'acarnosa — FO. C. lllytkun u B. B. Ocokumn.

Nutepecuble uccienoBanus B 00JIaCTH HEYETKOW MATEMAaTUKH U €€ IIPH-
sioxkennit mposesieHbl A. 1. PeikoBbiM.

Cymecreenen Briai B. B. KyipsiBiepa B T€OpUIO CJI0XKHOCTH YIIPABJISIO-
MIIUX CUCTEM. 371eCh B TIEPBYIO OUYepe b HAJIO OTMETHTD BBITAIONTHECST PE3YITb-
TaTbl yueHuka Basepus Bopucosuua A.E. Aujapeesa. naTepecHbie pe3yiib-
TaThl 110 cHHTE3Y ITocKux cxeM rosyyumit [\ B. Kasaues.

B.B. Kynpsieues Bmecre co cBoumu yueHukamu A.C. CrporajoBbiM,
IT. A. AnuceitaukoM u ApyruMu pa3paboTa HOBBIE aJalTUBHBIE MOJIETN KOM-
MBIOTEPHBIX O00YYAIOMIMX CUCTEM, UMATHPYIONINX B3AMMO/IEHCTBUAE YIUTE/ IS,
yUueHuKa u o0ydJarorieil 6a3bl JJaHHBIX, YTO MPUBEJIO K IOCTPOCHUIO KOHKPET-
HBIX TAKUX CHCTEM II0 SI3bIKaM, HH(POPMATHUKE, HCKYCCTBY U JIp. DTU Pe3y/ib-
TaThl omyb/mKoBaHbl B Bujie MoHorpaduu K. Bamuka, B.B. Kyapsisresa,
A. C. Crporasosa «IIpoekr IDEA» [7].

Temaruka, cBsi3aHHas ¢ KpunTorpadueil, 3puMo npeacTaBieHa Ha Kade-
pe uaTepecubiMu paboramu B. A. Hocosa, A. B. T'anarenko, A. E. [lankparbe-
Ba. TeMaTuKa MOMEXO3aIUINIEHHBIX KOJOB - 00JIACTb yCIEITHON e TeTbHOCTH
IT. A. TTarTeneeBa. B Teopun komuposanust aktusHO paboraer [1. C. eprad.

JlBy3HaUHbIE 1 MHOT'O3HAYHbIE (DYHKITUU JIOTUKU — BakKHas 00JIACTb UC-
cJIe/I0BaHuUil, U B Hell cyllecTBeHHbIe pe3ysbTaThl Oblin nosryydens . H. 2Ky-
koM. A. A. pMaToB mpoBesT 3HAYNTEIbHBIE UCCIETOBAHNUSI TI0 OTIEHKE YNCTIa
MIOPOTOBBIX (DYHKIINH 2-3HAYHON U K-3HATHON JIOTUKH. B 00671aCTH TOPOTrOBBIX
dyukmmit nexkar nayuansie natepeckl A. I1. Cokonosa. [locTostHen B cBsI39X €
Kadeapoit cuenmasuct B jioruke 1. 1. CoipkuH.

B nauane 70-x romos B. B. Kynpssues 6bu1 npurarmien B I'JIP B yausep-
curer Pocroka Kak rocTb-npodeccop s Pa3BUTUs HOBOTO HAIIPABJIEHUS
— kubepHeTuku. B 3T0 BpeMsi M ObLjaa CO3/aHA TaM OIHA W3 3HAUUMBIX
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rpynn B 06J1acTu KUOEPHETUKH. Y YACTHUKHU ITOM TPYIIIBI IO PYKOBOJCTBOM
B. B. KyuapsiiieBa co BpeMeHeM MOAIOTOBIIN U 3AIMTUTHIN 6 JOKTOPCKUX JTHC-
cepranuii 1o KubepHeTuke. [lo3ke OHM CTaj U U3BECTHBIMU CIIEIUAJIUCTAMU
7 3aHSIJIM BBICOKME TO3UIUN B YHUBEPCUTETAX W HAYUIHBIX IeHTpax lepma-
nnn. Cpenn nux [. Jlay, B. Tamnbxaiim, FO. laccoB u ap. Ectb yuenukn
B.B. Kyapsieniea 8 Bearpun — 4. lemerposu4, B 6biBIIeit FOrociaBun —
I Kummbapna, P. Iluenanopuw n L. Yuraymawnd, n — #bine B Amornn —
I. Ilorocsau u B. Jlamxwna.

Bosiee 10 ner mazan B.B. Kyapasuer cran pykoBomuTeseM Puimasia
MTI'V B TamkenTe. Y 1eOHBIH IPOIECC TaM B 9aCTH MaTeMATUKU 0OecIieanBa-
et kadeapa MaTUC. Heine @unnaaom pykosogut A. C. CTporajos, y9eHnK
Banepus Bopucosuua.

Henb3s He oTMeTUTD, 9TO BeCbMa CYIIECTBEHHYIO POJIb B YXKU3HU KadeIphbl
U B IIE€JIOM HAay9HOH IIKOJIbI Urpaer xKypHaj «/HreiuiekTyaibHble CHCTEMBI.
Teopusa u npunoxenuss, ocnoanubiii B. B. KynpsasueBbim.

B niesiom kadeipa Beeria npuiepKuBaiach Tpex MPUHIUIAAIBHBIX TOJI-
X0J10B B cBoeit pabore. [lepBoe: BHHMaHMe K HAayIHON paboTe, Kadeapa JT0IK-
Ha «IIPOJYIIMPOBaTh» KaueCTBEHHBII HAyIHbBIH MaTepuaJs. Bropoe: obpa3oBa-
TeJIbHBII acIeKT, IPUYeM He TOJBKO B IIE€JIOM B OTHOIIEHUU CTY/IEHTOB, HO U
B YaCTU BHUMAHUS U IOJINOTOBKH IMOTEHIINAJIBHBIX KaJIPOB JJIsi pabOTHl Ha
kadepe. Tperbe: BHUMaHUE K NPUKJIAJHBIM HCCJIEJI0BAHUSM (KOHTPAKTHI,
JIOTOBOpA), JAIOMUAM BO3MOXKHOCTH HE TOJBKO PE3YJIBTATHI TECOPETHICCKUX
UCCTIEJIOBAHUN «BHEJPUTH» B YKU3Hb, HO W, YTO CYIIECTBEHHO, MO/IEPKAThH
MaTepUaIbHO UYIeHOB Kadeapbl, YTO, yYUTbIBasd, Hanpumep, namm 90-e ro-
JIbI, UMEJIO KapAWHaJbHOE 3HadeHue. Tak COTPYJIHUIECTBO C aMEPUKAHCKOIM
dupwmoit LSI Logic npurecso 6ostee 300 nmarenros. Heiae kadenapa 3aMeTHO
corpyaaudaer ¢ kommnauneir Huawel nz KHP, ¢ HekoropbiMu oredecTBeHHBI-
MU OpTraHU3AIISIMHE.

ITonumast, 9T0 MOJIOIEXKY HYKHBI HE TOJIBKO TOYHBIE HAYJIHBIE OPUEHTH-
pbl, HO U HpaBCTBeHHBbIE Touku orcdera, B.B. Kyupssues B 1992 r. opra-
HU30BaJl HA MEXaHUKO-MaTeMaTUIeCKOM (DaKy/JbTeTe HeOOLIUHbBIN ceMUHAp,
aHaJIoTa KOTOPOMY, TO-BUJAUMOMY, W He ObLI0. IT0 «OTKPBLITLIN ceMuHAD
10 HAYKe U KYJbType». B OO/IbINON ayIuTOPUN MEXaHMKO-MAaTEMaTHIECKOTrO
dakyapTeTa cOOMPAOTCA 10 cTa U DOJiee YeJI0BEK, ITOOBI B aKaJIeMUIECKOM
aTMocdepe BBICIYIIATh JIOKJIAJbl U IPUHATH y9acThe B 0OMEHe MHEHUSIMU
10 IITUPOKOMY CIIEKTPY BOIIPOCOB HAYKHU, KYJIbTYPbI U OOIIECTBEHHON »KU3HU.
Breicokuii aBropuTeT PyKOBOJIUTEJSI CEMUHAPA, MEXAHUKO-MATEMATUIECKOTO
dakynaprera u B 1eaom MI'Y obecrieumBaeT BO3MOXKHOCTDL IPUTJIAIIATL B
KavecTBe JIOKJIATIMKOB MU3BECTHBIX JiesdTesiell KyJbTypbl U HayKd. BoJbIoi
popeccuoHaIBHBIN HHTEPEC BBI3BAJIM JTOKJIaIbl akajeMukoB A. A. JloryHo-
Ba, A.A. Camapckoro, FO.JI. Epmosa, O.T. Boromosiosa, B.JI. Makapo-
Ba, H. H. Mouceesa, A. 0. Unuuackoro, b. A. Pribakosa, A. . Uyuanuna,
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B.B.KvipsBnes

C.B.Anemnan l A E.Anapees B.HKoitos  A.C.IMoIKoJI3HE l
—— JLH.Babun (PD,CIIIA) 4+ | ——————» 353 Tacancs
—» H ®.4nucurios W E HMBaHoB [—* C_A BoroMonos* |—» P M J[:xaBanos*

— b.B.Ienko M.A Kubkano * A B KIH0YHHKOB (Azepoafimxan, PD)
—» B _Jlamxua A A JIeTVHOBCKHIH —» 1 B Jlams’ — 11 B 3aiien
(I'pysna.Snosns) H.J1.MasypeHKO —» A.3.HackIpos —» A.E KnpHacos
—» A B Maxapos 1B ITapxoMeHKO —» M. amp Haed * BB Kyapssues
— B.B.Makapos A A TleTromKo (Cupms) [ I IO.Kyapssues
—Pm H.Xas0ys* (Hopaanna) —» M.A IToakomnsHEa —» Hryen Knm Arp*
— M.B.Hocos A B XomogeHKo —» A A Pooun (BrpeTHam)
— B.B.IlepesciaBckuii JLMumang (Yexng) 4—| —» ILA TlaHTenees
— C.5.Poamn A Buxnaanes (PP, CIIA)€— —»A.A Kyarbaesa (Ka3) | A B Paounua* (PP Kanana)
—» A A TacoBCKHX T.Hrambepasies* 4— | —» A A.Jlebenes = L Ymaymaaa* (Cpd)
A A Kynpun 4—| (V3bexmcran, CIITA) —» A @ Memuk-AgaMas —» Abayn Cartap (Hpak) «—
M.H.JJamepa¢—| A AKuoxamo*«4— L ATLPbukop* 4 T .H. Apxabaepa* (KHPrasad) <—|
B.C TToI0BEHKOB MH Hazapua3 -« HIO TemuH <4—|
— P.Illvenanosms (Upe, CIIA) JL.B.KpymnHcKHE T B.Karauep 4—|
H.C KyuepeHKO «—
—* H & Anexcnaznuc (T'py3esiPd) — Joy XKy Li3smm (Kurait) I' A MafiteibacBa 44—
—» LA AqncefiqHk —» A B.lym0B A A MacTHXHHA 4—
— B_Anrenosa (Borrapms) — E.B.J) E M Ilepnep «—
—» JLApyTronaH (Apmenus PP) —» THKyx A.M.Boromoaos A T1TIHEOBapOB %—|
—» I B bokoB —» JLB KaeaHos A A TlIeTHeR #—|
—* A_A BoloToB —E:M,M}mm}m* (Cp6) » C.HM.KapTames B.B OCOKHH 4|
—» K.Barmep (©PI) A Illafie6* (Crpug) —» I.Kuanbapaa (Cpo) E A CHerosa 4—
* K.Bebep (©PI) —» KB Komana E E TutoBa «—|
—» H.IO Boakos JI E_ATeKcaHIpoB —» 3.EKoporesa T.1.VBapoBa <
—» A B lamateHK0 A B Tlo1gxoB [ B.0.KpacaBuHKoB A A Tllakapos* (Kaprasms, PD) 4—|
— B H I pyHckas P A.M.boroMoa08 —» H.B KyuepeHKo O C ITIYTKHH <—
—» H.C.IpyHCKHI —» I.JIay ($PT)

(Bee YKpanHa) | P.JIyxasosa (Boarapus,CIIIA)

— Hanr 3yii Pyan B Herypuma* —» H.® Hebuznos ([py3na, I pemns) B.Taxbxaiiv (TPT) <—

(BreTHaM) —» I'.P.JlorocsH (ApMeHHs, AnomHms) B.Xapnay (©PI) +—|

—» HO.JlaccoB (PPI) —» B.I.Ckobeles ::r‘ A M.BoroMoa0B K.H.UnMmes (Borrapns) «—|
—» 5. deMeTpoBnd (BeHrpua) * AA.CLITHEK T.A benaesa FO.I YepHopa 4|
—» [LC Heprag —» AJTLCoxonos JIro FO= (Kuraii) H.AYmkopa <—|
— A.H.JIMHTpHEB C.B.A610HCKHIT | [ B.Cromatormd (UpH) B B.Ilcuoma ﬁ.LL[ropM (DPT) «—|
| O.A JTomoToBa —» A.C.Crporanos E.B.Tamodees O.A.Ileponna (YipanHa)«—

.B.Anekceen

AA Wpmatop — K Kosraamd (UpH)
AM. OHOB

B A Hocos — B IO.J[épmH. A B Iloaakos + 10 yIeHHKOB KAHIHIATOB HAaVK H 3 — JOKTOpa HAYK
A E.Tlankpatses — JI.E. Anexcarnpos
IO H Yepemupix| — 13 yueHHKOB KAaHIHIATOB HAYK

TIpumewannd. CoTpynanxH kadenpel MaTHC n naboparopus ITTK BELIeNeHB! NOTIepPKHBAHHEM.
JloKTopa HAYK — SKHPHEIM IIPHPTOM.
KaHIHIaTH HayK — OOBMMHBIM IPHGBTOM.
He KaHAHIATHE HAYK — KYPCHBOM
Pyxosoactso B.5 Kyapsasiesa ¢ copykoBoIHTeIeM OOMeTeHo *.
CopyxoBoacTso 3.3 [acaHOBa IOMEUeHo 2.
CTpemkH BeAyT 0T YIHTeNd K YICHHKY.
Ecin cTpaHa He yKa3aHa, To — PoccHa
Coxpamenns: Ka3 — Kasaxcran, P® — Poccrs, Cpb — Cepbng, CIIIA — Coenuaernsle 11ITater AMepakH, $PI — TepManud,
UpH — YepHOrOpHA.

Puc. 1. I'pad mayunoit mkoasr B. B. Kyapsasuesa.
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C.II. KypmromoBa u Jip., BBICTyHABIIUX 110 (DYHIAMEHTAJIBHBIM TPOOIEMaM
HayKWU U TEXHUKU, CBI3aHHBIMU C T€OPHUel 3J/eMeHTapHbIX YaCTUIl, SHePTreTu-
KU, YIIPABJIEHUs, SKOHOMUKHI, OPTaHU3AIIH ODIEeCTBA, MEIUITUHBL U T.11. OHU
OCTaBUJIA HEU3IVIaJUuMOe BIledaT/IeHue y CiylaTresieil.

Apkumu Obuin BeicTyiienus nucaresneii B. . Pacnyruna, B. 1. Benosa,
B. C. Pososa, B.B. Kapnosa, B. B. Koxunosa, FO.II. Bnacosa, A. . Ka-
sunnesBa, pexuccepos H. H. I'y6enko, FO.M. Cosomuna, C.C. Topopyxu-
na, H.II. Bypnsiera, akrpucer 2K. A. Bosorosoii, 6asepunbr E. C. Makcu-
MOBOit, pykoBoguTesis «Kpemsesckoro baseray A.bB. Ilerposa, XymoxKHu-
ka U. C. I'masyHoBa, ckyabinropa B. M. KibikoBa, mpejcraBuTesieii 1y XOBEH-
crBa Murponoautos Kupnuia (Hbine narpuapxa) u [Turupuma, maxmarucra
M. M. BorBunnuka u Jp., KOTOpbIE PACCKA3BIBAIM O CBOEH AESATEbHOCTU U
O COCTOSTHUU TIPEJICTABJISIEMO UMU 00JIACTH.

BosbImoit maTEpec BBIZBAIN TAKXKe BLICTYILICHUS OOIECTBEHHBIX JIesiTe-
geit A. A. Bunosbera, B. H. Kapa-Mypsbr, A. H. Kpyrosa, H. C. Jleonosa,
H.T. Nsamosa u jap.

B Baustepun Bopucosude KyjpsiBiieBe yHUKAIbHO COYETAIOTCS KPYIHBII
YVU€HBIH, BEJIMKOJIEIHBII OPTaHu3aTop U aJIMIHUCTPATOD, TpeOOBATEILHBIN U
BCErJ1a 'OTOBBIA IOMOYb HAYYHBIA PYKOBOJUTEIIb, YyTKANA U BHUMATEIbHbBII
K OKpyzKaromuM desoBek. [lo oTmesbHOCTH 9TH KadecTBa — HE PEIKOCTD,
BMECTE€ — OYEHb U OYCHb HEYACTOEC ABJICHUC.

3a CBOIO HAYYHYIO, MPEOIaBaTeIbCKYI0 U OPraHU3aI[MOHHYIO JEsSITe b=
voctb B. B. KynpsiBrieB ormeden 3ac/y2KeHHBIM [IPU3HAHUEM CO CTOPOHBI Ha~
YUIHOTO U MPEeNoiaBaTebcKoro coobinectsa. OH SIBJISIETCSI 3aC/TyKEHHBIM JIe-
saresieM Hayku Poccuiickoit demepariuu, 3aciykeHubiM mpodeccopom MI'Y,
IIOYETHBIM JOKTOpPOM DBesrpajickoro yHuBepcuTeTa, NCHCTBUTE/IHHBIM jIe-
mom PAEH u MATH, wienoMm psiia APYrux HaydHBIX OPraHU3aldil Kak B
Poccun, Tak u 3a pybexkom. On aBrop cebiine 200 HayIHBIX cTaTei, 12 MOHO-
rpadwuii u y1eOHNKOB, cBbIIre 60 ero yIeHNKOB 3aIUTUIN KaHIu aTcKue u 26
— nokropckue paborbl. Cpenu HUX OoJiee B IATH 3apPYOEKHBIX yYICHIKOB
n3 CIIA, Kanazaer, l'epmanun, Bearpuun, Cepoun.

Ucropusi MocKOBCKOro yHUBEpPCUTETA JJINTCH CO BPEMEH UMIIEPATPUILBI
Emmzaserst, nouepu [lerpa Besukoro, umenno ona nosmrmcasia yka3 06 obpa-
3oBaHuU 1epBoro B Poccun yHuBepcurera. B 910l ncTopuu MHOTrO CJIaBHBIX
crpanut. Ho B mepByio odepens 310 ucropud Jojeit MoCKOBCKOTO yHUBED-
cureTa, ucrtopus ux cpepinenuii. Vmsa Bamepus Bopucosuua Kympsisiesa,
UMeHa YYeHBIX CO3MAHHON ero TpyJaM{ HAyIHOH MIKOJIbI HECOMHEHHO O-
CTOMHBIM 00PA30M BILIETAIOTCSI B UCTOPHUIO HAIllel ajibMa MaTep.

Ha pucyunke 1 npusenen rpad mayunoit mkoan B. B. Kyapssuesa.
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C. B. d6nouckuit, I". T1. Taspuios, B. B. Kynpssies, Qynkuyuu aszebpu ao2uxy
u xaacev, [locma, N3n-Bo «Hayka», Mocksa, 1966, 90 c.

B.B. Kynpssues, C.B. Anémmn, A. C. [lonkossun, Beedenue 8 meoputo agmo-
Mmamos, 2-e nznanne, zmareascrso MockoBckoro yausepcutera, Mocksa, 2019,
436 c.

B.B. Kyapseues, A. C. Iloakomsun, A. A. Bosoros, Ochosvl meopuu 0dnopod-
nox cmpyxmyp, I3n-so «Haykas, Mocksa, 1990, 296 c.

B.B. Kynpssues, A. E. Auapees, 9.9. lacanos, Teopus mecmosozo pacnodna-
sanus, Uzn-so DUBMATJINT, Mocksa, 2007, 320 c.

B .B. Kyapsisues, B. H. Koznos, Bsederue 6 mamemamuueckyro 6uonozuro, 3m-
Bo «MAKC mpecc», Mocksa, 2017, 76 c.

9.9. l'acanos, B .B. Kyapssues, Teopus rpanernus u noucka ungopmavuu, N3m-
Bo ®UBSMATJINT, Mocksa, 2002, 288 c.

K. Bamuk, B.B. Kyupseues, A.C. CrporaJjos, IIpoexkm "IDEA". Bsederue 6
HOB0E MOKOAEHUE MPopammHozo obecnevenus muna ICBI das nepedavwu 3Ha-
HUT U HABVIKOS ¢ MOMOWbI akcnepmmol cucmemnt, Link&Link Software GmbH,
Dortmund, Germany, 1994, 40 c.

About the scientific school of Valery Borisovich Kudryavtsev
Aleshin S.V., Gasanov E.E., Kozlov V.N.

This paper tells about the scientific school of Professor Valery
Borisovich Kudryavtsev and the department of the mathematical
theory of intelligent systems created by him.

Keywords: Automata theory, theory of intelligent systems, pattern
recognition.
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CJ102kHOCTD 33/1a41 YJIOBJIETBOPEHUS
OrpaHUYEHUSAM 1 €€ Bapuaimii

J1.H. Kyx!

Mpmuorue 3amadn, Takne Kak packpacka rpada Win pereHne CUCTeM
JINHEHHBIX YPAaBHEHU, MOTYT ObITh IPECTABIIEHBI KAaK 33/1a9H YIOBJIE-
TBOPEHNS OIPAHUYEHUSAM IS KAKOT'O-TO f3bIKa JIOIIyCTUMBIX OIDaHU-
qennit. [Ipm 3TOM HEKOTOpBIE M3 ITUX 33Jad PENIAIOTCS 3a IOJUHO-
MHuaJbHOEe BpeMs, a HeKoTopble siBisitorcsd NP-tomabivu. B 2017 ro-
JIy CJIOKHOCTB 33JIa9M YIOBJIETBOPEHUS OTPAHUYICHUSM ObLIA OIMUCAHA
JI7IsT JTI000TO sI3BIKA OTPAHUYIEHU, HO OCTATOCH MHOTO BapHAIldil 3TOM
3a/1a4M, [IJIsi KOTOPBIX CJIOXKHOCTH IIO-TIPE’KHEMY Hen3BecTHA. Hampu-
Mep, MOXKHO pa3pelinTh KpoMe KBAHTOPA CYIIeCTBOBAHUS HCIIOIb30-
BaTh KBAHTOP BCEOOIIHOCTU WJIM ITOTPEOOBATH, YTOOBI HANEHHOE Pe-
mmeHne OBIJIO0 CIOPBEKTUBHBIM WM COAJTAHCUPOBAHHBIM. TaKyKe MOXKHO
oTpeboOBaTh, YTOOBI BXOIHBIE JTaHHBIE YIOBIETBODPSIN KAKOMY-TO Ha-
mepeJi 33/IaAHHOMY YCJIOBUIO, KAK €CJI HaM HaJI0 MOKpacuTh rpad B 100
IIBETOB, €CJIM M3BECTHO, YTO €0 MOXKHO IIOKPacuTh B 3 1BeTa. B pabo-
Te MBI 0OCYIUM KaK OOBIYHYIO 33J1a4y Y/IOBJIETBOPEHUS OrPAHUTEHUSIM,
TaK U CJOYKHOCTH 9THX W HEKOTOPBIX JIPYIMX Bapualuii u o00OIeHni
sroii 3amaan. KiroueBrbie ciaoBa: 3amada y/I0BI€TBOPEHUS OrPAHITIe-

HUAM, BbIMUC/IATEJIbHAA CJIO2KHOCTh, KBAHTOPpHAaA 3aJa'a YA0BJIETBOPE-
HUA OrPAaHUICHUAM.

1. Baﬂ;aqa YAOBJIETBOPEHNA OI'PaHUYCHUAM

3ajaya ylIoBjaeTBOpeHns orpanudenusM, o anri. Constraint Satisfaction
Problem (CSP), aro maccoBast mpobiema, rje Ha BXOJ ogaéTcst Habop orpa-
HUYEHNH U HY>KHO IPOBEPUTH MOXKHO JIA IE€PEMEHHLIM COIIOCTABUTL 3HATCHUS
TakK, YTOOBI BCE OIPAHUYIEHNs] BBITOJIHAINCE. B obmem ciydae (Ha KOHETHOM
MHOXKeCTBe) 3aja4a siBjisercss NP-110/1HOil, HO ec/iu OrpaHuYUTh MHOXKECTBO
JIOIIYCTUMBIX OTPAHUIEHUN, HAIIPUMED, THHEHHBIMI YPABHEHUSIMH, TO 381818
peraercsi 3a nosimHoMuabHoe Bpemsi. Yepes CSP () mbr obo3naummM 3a1a4dy
yﬂOBHeTBOpeHI/IH OrpaHnYeHns CO MHOZKeCTBOM ,Z[OHyCTI/H\,H)IX OI‘paHI/ILIeHI/Iﬁ
I', xoropyio MozKHO cdhopMyIupoBaTh Tak. Ha Bxon momaércs ¢popmysia BU-
ga Ri(...) A+ A Rg(...), e kaxjoe R; — npeaukar u3 MHOXKecTBa I,
a 3a (...) CKpbIBaeTCs IPOU3BOJIbHBI HAOOD MEPEMEHHbIX; HAJIO0 IIPOBEPUTD
BeinosiHIMa Jin popmyia. Emé B 1993 [12] B pabore Penepa n Bapau 6buia

LKy Jmumput Huxonaesuy — c.H.c. Kad. MaTeMaTHIECKOH TeOPHN WHTEJIEKTYA b
HBIX cucTeM Mex.-maT. p-ta MI'Y, e-mail: zhuk@intsys.msu.ru.

Zhuk Dmitriy Nikolaevich — Senior Researcher, Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems.
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BBICKA3aHa TUIIOTE3a, YTO JJIsi JIFOOOTO SI3bIKA JIOMYCTUMbBIX OI'DAHUYEHUN 3a-
Jada inbo penraeTcs 3a HOJIMHOMHUAIBLHOE BpeMs, Jinbo saBjsercs NP-mosHoii,
U JIOJITO€ BpPEMsi UMEHHO 3Ta IpoJieMa Obljia OCHOBHOW B 3Toi obsactu. B
2017 romy sTa rumoresa ObLIa JOKa3aHa He3aBUCUMO AHupeeM BysraToBbiM
u Hvurpuem 2Kykom, mpu 3ToM KJIACCUMUKAINS S3bIKOB OIPAHUYEHUN 110
CJIOZKHOCTHU OKAa3aJIaCh COBCEM IIPOCTOH M MOXKET OBITh CHOPMYJIMPOBAHA B
TepMUHAX DYHKIUI, COXPAHAIOMNX IPEJUKAT.

Oyukimio [ OyaeM Ha3bIBaTH CJ1aboN QYHKIHEH TOYTH-€IMHOTJIACHST, €C-
JI OHA YJIOBJIETBOPSIET CJIEIYIONIUM TOXKIECTBAM

fly,z,....z) = f(z,y,z,...,2) = = f(x,z,...,2,9).

B kadecrBe npuMepa ciaboil (pyHKIMU €JIMHOINIACHS MOMKHO PacCMOTPETh
00y KOHCTaHTY, =V Yy,  +y + 2z, xy V yz V 2z, min(z,y) u T.1.

Teopema 1. [6, 7, 16, 15] IIycmo I' — koneunoe muosicecmso npedukamos
ra Koneurnom mroocecmee A. Tozda CSP(I') pewaemcsa sa noauromuansroe
8peEMA, ECAU HATIEMCA CAGOGA PYHKUUA NOUYMU eUHORAACUA, KOTMOPAS CO-
xpansem xaorcood npedukam ud I'; CSP(T) asasemcsa NP-noanot 6 ocmans-
HOLT CAYYAAL.

2. JlonoJsiHUTEABbHOE IJIODAJIbHOE OrpaHMYeHUe

Opmoit ux Bapuanueil OObIMHOI 381891 YIOBJIETBOPEHUST OIPAHIYEHHUIM MO-
KeT ObITh J1o0aBjeHue TJI00aJBLHOTO orpanndeHus. Hampumep, Mbl MOXKeM
HoTpeboBaTh, YTOOBI PEIleHne ObIIO CIOPBHEKTHUBHBIM (COIEPIKAIO KarK/Iblil
ssteMenT MuOKecTBa A)[1] miu coamancupoBaHHbIM (KaK /Il 9JIeMEHT BCTpe-
qaJsicst ObI OJIMHAKOBOE KOJMYIECTBO pa3) [11].

Kaxkosa cioxknocts CSP(z 4 y # 2) ma muoxecrse {0, 1,2}, eciin Tpeby-
eTcsl HaflTH CIOPBEKTUBHOE pereHue’

Kaxosa cioxknocts CSP(z < y) ma {0,1}, ecin Tpebyercss HaiiTu cOa-
JIAHCUPOBAHHOE PellleHue?

Herpynao HaiiTi TpuBHAJbHOE pellleHne r; = Lo = -+ = &, = 0 14
KazKJI0il U3 HUX, HO KaK IIPOBEPUTH, YTO €CTh CIOPbEKTHUBHOE MJIH COAJIAHCH-
POBAHHOE pelleHe. YAUBATEILHO, HO KayKIasl U3 9TUX JBYX 3814 sABJISETCS
NP-rpyanoit [1, 11], To ecrb jon0OIHUTENBHOE OrpAHUYEHHE JleIaeT TPUBU-
aJIbHYI0 3a/1a1dy CJI0xKHOIL. [Ipu 9TOM C/I02KHOCTB 9TUX 3a/a4 B OOIIEM CIIydae
oCTaeTcst OTKPBITOI mpobiiemoit [17].

Kakosa cinoxxuocts CSP(I') i1t mpon3BoIbHOTO st3bIKa orpaHmdenuii I,
€CcJIu HaM HYXKHO HAWTH CIOPBEKTUBHOE penteHue?

Kaxkosa cinoxxuocts CSP(I') 1t mpons3BobHOTO st3bIKa orpaxmdenuii I
€CJIu HaM HYXKHO HalTu cOaJIaHCUPOBAHHOE perieHue?
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Pacemorpum npyroit npumep wa muoxkectse {0, 1}. Mbi 3HaeM, 9TO cucre-
Ma, JIMHEHHBIX ypaBHEHUI B 10Jie Zo PelIaeTcs 3a MOJUHOMUAILHOE BPEMs.
A gro ecm MBI JT06ABUM TIODATBHOE OIpaHUYEHUE, UTO CyMMa BCEX Iepe-
MeHHBIX paBHa k. OKa3bIBAETCsI, ITO B 3TOM CJIydae 3ajada craHopuTcs NP-
rpyauoit [11]. Ho, manpumep, C/I0KHOCTB CJieyromieit 3a/1adqu JI0 CUX 0P
HeusBecTHa [4].

KakoBa cj10:)KHOCTB peleHust CUCTEMBI JINHERHBIX YPABHEHU 110 MOJTYJIIO
28 {0,1} ¢ ofHAM JIOTIOJIHUTEJILHBIM YPABHEHHEM 110 MO/IYJIIO 247

3. KBanTopHas 3ajavda YJA0BJIETBOPEHUs OTpaHUYe-
HUSM

OO6bruHas 3ajia4a yIOBJIETBOPEHUS OIPDAHUYEHUSIM MOXKET ObITH CPOPMYJIn-
POBHa KaK IIPOBEPKa NCTUHHOCTU YTBEPXKJICHUA, /e 110 BCEM IMEPEMEHHBIM
JI06ABIEHBI KBAHTOPBI CYIIECTBOBAHUSA. KM paspermmTsh UCmoab30BaTh 10~
IMOJTHUTEJILHO KBAHTOP BCEOOIITHOCTH, TO MOJIYIUTCS KBAHTOPHAST 3a71a9a YI0-
BJIeTBOpeHusi orpanndenusiv (o anri. Quantified CSP) [3, 9, 10, 14]. s
IPOM3BOJILHOTO MHOXKecTBa npeaukaros I' uepes QCSP(T') obosnauum 3a1a-
9y, B KOTOPOI Ha BXOJ| MOCTYIIAET YTBEPXKICHUE BUIA

Vri3yr .. Ve, Jy, Ri(c..) A ARs(...),

rie Bce npeaukaTol R; u3 I'; Hamo npoBepuTh BEpHO Jin yTBepxKaeHue. M3-
BECTHBI CJieyomnue (hakThl:

e Ecsiu I' cocront u3 simHeitHbIX ypaBHeHuil B moJie, To 3ajgada QCSP(T)
pelaeTcst 3a MOJIMHOMHAIBHOE BpeMst [3].

e Eciu I' cocrour u3z Beex npeaukaros, To 3anada QCSP(T') sisiercst
PSpace-niosmoit [3].

e CymecrBytor si3biku I', 1ist koropbix 3anada QCSP(I) ssisiercs NP-
nosHoit, coNP-niostoit, DP-miosmroit, n ©F -mosmoir [18].

e Jlmst mroboro I' HA TpexsmeMeHTHOM MHOXKECTBE, COMIePrKAIleM BCe Ipe-
JquKaThl Buga = a, 3agada QCSP(T) smbo perraercst 3a moJmHOMU-
ajbHoe BpeMs, jubo apisercsa NP-mosmoit, mmbo coNP-momoit, 6o
PSpace-nosmoit [18].

Taxum 06pa3oM oCTaéTcs 0OUeHb MHOI'O OTKPBITHIX BOIIPOCOB:

Kaxkne kiaccel cioxuOCTH MOrYT ObITh Bbipakenbl kak QCSP(I) s
Kakoro-to I'?

Kaxkosa cioxknocrs 3agaan QCSP(I') st npoussosibHoro I' Ha Tpexaiie-
MEHTHOM MHOYKeCTBe?

s kakux I 3anaua QCSP(T) perraercst 3a moJMmHOMUATBLHOE BpeMsi?
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4. 3ajava yJI0BJIETBOPEHUsI OTPAHUYEHUSIM C oOelra-
HUAMU

EcrecTBennbiM 000011IeHTE 381891 YIOBJIETBOPEHUST OIPAHUYICHUIM SBJISIET-
csl 33/1a9a y/IOBJIETBOPEHNsT OPAHNIEHHIM ¢ oberanusmu (1o anra. Promise
CSP) |5, 8]. Buech ecTb J1Be Bepcuu KaxKJOro IIpe/KaTa — CHIbHAsI U CJla-
bast — m HaM Jaércs oberaHme, 4TO JIMOO CHIbHASI BEPCHUsT BBIMTOJIHSIETCSI,
Jbo nazke ciabasi He BLIIOJIHsIETCs. B KadecTBe IprUMeEpa PACCMOTPHUM SA3BIK
OI'PAHUYCHUN Ha MHOXKECTBE {0, 1} COCTOLAIII U3 OAHOI Iapbl IIPEAUKATOB
(1IN3,NAE), rie cuibnslii npegukar 1IN3 = {(1,0,0),(0,1,0),(0,0,1)} u
cnaberit mpemuxkar NAE = {0,113\ {(0,0,0),(1,1,1)}. B sTom caydae Ha
BXOJI ITOJAeTCs JABe (POPMYJIbI, KOTOPBIE OTINYIAIOTCA TOJIbKO 3amenoit 1IN3
va NAE. Hampumep 310 MoryT 661Th (hOpMYJIbI

1IN3(x1, x2, x2)A1IN3(x3, 1, £4) A 1IN3(21, 24, 2),
NAE(z1, z2, x2) ANAE(x3, x1, 24) A NAE(21, 24, x2).

[Tpu sToM HaM 0beraroT, 9To 00 06e (POPMYJIBI BBIIOJIHUMEL, JTU00 00e hop-
MYJIbl HEBBIIIOJIHUMbBI; HaM Ha/10 IIPOBEPUTH BBLIITOJIHUMBI JIX OHH. yﬂHBHTe.Hb-
HO, HO HecMOTps Ha To, 4T0 3amatu CSP(1IN3) u CSP(NAE) asisorcs NP-
MTOJIHBIMH, JAHHAS 33J1a49a Y/IOBJIECTBOPEHUSI OUPAHUYEHUAM C ODEIAHUSIMU
peraeTcst 3a MOJUHOMUATBHOE BpeMst. TeM e MeHee, Jayke Ha TBYXIJIEMEHT-
HOM MHOXKECTBE U OJIM3KO HET ONUCAHUS CJIOKHOCTH 33JIa9HU YI0OBJIETBOPEHUSI
OIr'paHUYICHHAM C O6emaHHHMH JJId IIPOU3BOJIBHOT'O fA3bIKaA OI‘paHH‘IeHHﬁ.

KakoBa c10)KHOCTB 3812491 yJIOBJIETBOPEHUS] OTPAHUYICHUSIM C ODEIAaHM-
SIMHI JIJIsl IPOU3BOJILHOTO si3bIKa OrpaHuyenuii Ha MHoxkecrse {0, 1}7

[Toxkastyit camoit Oy ASIpHON 3aa1dell YI0B/IeTBOPEHNsT OTPAHUIEHUAM C
obermanusiMu siBjisieTcst 3aja4a o (k, [)-packpacke rpada. Ouna dopmynupyer-
csa tak. dan rpad, n HaM gaHO oberanne, ITo Jnb0 ero MOXKHO MOKPACUTH B
k uperoB, b0 HeJb3s Jaxke B [ 11BeToB. Ha to 0TBETUTH Ha BOIIPOC MOXKHO JTU
€ro MoKpacuTh B k 1BeTOB. pyrum BapranTOM 9TOM 338491 SIBJIAETCA 3310~
49a 0 ToKpacke rpada B [ 1BETOB, €CJIN U3BECTHO, 9TO €r0 MOYKHO ITIOKPACUTH B
k IIBETOB. B/vﬂ‘I/IBI/ITe.HI)HO7 HO U3 3/I€Ch Yy HaC CHIIJIOIMIHbIE OTKPbITHIE BOIIPOCHI,
XOTsl BCE U yBEpeHbI, 4TO Jyisi Jo0bix 2 < k < [ 3amada o (k,l)-packpacke
rpada gasisercss NP-mmoamHoil.

Coscem HesaBHO ObLIO TOKa3aHo (8], uro 3ajava siBisiercss NP-rpyiHoit
st | = 2k — 1w k > 3, HO HaupuUMep OTKPBITHIMH OCTAIOTCS CJIELYIOIIIe
BOIIPOCHL.

Kakona cioxxuocrs (3, 6)-packpacku rpada?

Kakoga cyioxxuocts (3, 100000000)-packpacku rpada?
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5. /lpyrue Bapualiuu 3aJa4u yJIOBJIETBOPEHUS Orpa-
HUYE€HUAM

Kpome paccMOTpeHHBIX BBIIIE BapUAIIAN CYIIECTBYET MHOTO JApyrux. Hampu-
Mep, MbI MOYKEM MTOTPEOOBATD, UTOOBI KazK 1asl IepeMenHast B (hopMyJie BCTpe-
JaJIach POBHO JIBa Pa3a, TOT/IA MbI IIOJyYUM TaK Ha3bIBAEMYIO PEOEPHYIO 3a-
Jlady  yJoBieTBoperust orpanudenusM (o anri. Edge CSP), rak kak oHa
SKBUBAJIEHTHAsI TOMY, 4TO IEpPEeMEHHbIE y HAC HaxXojATcsa B pebpax rpada,
a orpannvenusi B BepmuHax [13]. MoxkHO paccMarpuBarh JaHHBIE 3a/a4K
Ha GECKOHEYHOM MHOXKeCTBe [2|, rue yke BOSHHKaeT BOIPOC Kak 3a/aBaThb
S3BIK OIPAHUYEHUH, & JIJIsT HEKOTOPBIX ST3bIKOB MOXKHO TIOJIYIUTD JIaXKe aJiro-
PUTMHUYECKY HEPA3PEITIMYIO 38ady. DTOT CIUCOK MOYKHO MTPOJTOJKATH €118
JIOJITO, 9TO HAéT HaM OOJIBIIOE KOJMIECTBO OUEHBb JIFODOOIMBITHBIX OTKPBITHIX
BOIIPOCOB.
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Complexity of the Constraint Satisfaction Problem and its
variations

Zhuk D.N.

Many combinatorial problems, such as graph coloring and solving
of linear equations, can be expressed as the constraint satisfaction
problem for some constraint language. Some of these problems are
solvable in polynomial time, while others are NP-complete. In 2017 the
complexity of the constraint satisfaction problem was described for any
constraint language on a finite set, but there are many other variants
of this problem whose complexity is still not known. For instance, we
could allow to use both universal and existential quantifiers, or require
the solution to be surjective or balanced. Another variant is to require
the input to satisfy an additional condition. As an example we could
consider the problem of coloring a graph in 100 colors if we know that
the graph is colorable in 3 colors. In the paper we discuss the usual
constraint satisfaction as well as the complexity of these and other
variants of the constraint satisfaction problem.
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NnuTepdeiicbl MO3r-nCcKycCTBEHHBII
VHTEJIJIEKT: OCHOBAHUA U IMEPCHEKTUBBI

A. d. Kanjan!

Mosr 4esroBeKa OYEBUIHBIM OOPA30M SIBJISETCS <«POMIOBBIM» O0b-
€KTOM JIJISI OIIPEJIEJIEHUS] WNCKYCCTBEHHBIX <UHTE/JIEKTYAJILHBIX CH-
creMy». OJHAKO MeXaHU3MBI COOCTBEHHO WHTEJIIEKTYAJIbHON JeSTeN b
HOCTU MO3Ta J0 CHX IIOP OCTalOTCsI HE PACKPBITBIME B CBOEl camoil
CYIIHOCTHO# YacTu. B 3HAUNTEIBHON Mepe 9TO CBI3aHO C TEM, TaKXKe
OYEBUIHBIM ODCTOSITEILCTBOM, UTO €CTECTBEHHBIN MHTEJJIEKT B ITHAPO-
KOM CMBICJIe 0DJIaZIaeT CBOMCTBOM CYyObEKTHBHOTO IIPEJCTABJICHUS Pe-
aJIbHOCTH, OIIEPAINOHAJIbHAS aPXUTEKTOHUKA KOTOPOT'O, ero (popMaThl
U IIOJIHOTa OIIMCaHUd HaM HEU3BECTHDI. B 9TOI CBSI3U U C y4eToM OTCyT-
CTBUsI «ODIIell TEOPUU MO3Ta» CTAHOBUTCS IIPOOJIEMATHIHBIM CO3/IAHUE
ITOCTPOEHHBIX HA AHAJIOTUSIX C MO3TOM HEUPOMOP(MHBIX CACTEM HMCKYC-
CTBEHHOI'O WHTEJUIEKTA. Y POBEHb TAKOWU <«HEHPOMOP(MHOCTH» BCEIETIO
OyIeT OIpPenesIAThCA TPAHUIAME HAIEro MOHUMAHUSA TOrO, Kak pabo-
TaeT MO3T YeJIOBEKA.

Mexay Tem, CBOMCTBO HEHPOMOPGHOCTH CUCTEM HCKYCCTBEHHOTO
MHTEJJIEKTa MOYXKET OBITH JIOCTUTHYTO HE CTOJIBKO 33 CUeT IIOCTPOEHUS
10/IOOHO# MO3T'Y CTPYKTYPHO-(DPYHKIIMOHAJBHON apXUTEKTOHUKH ITHX
cucreM (CeTU UCKYCCTBEHHBIX HEHPOHOB, aJIrOPUTMBI IIyGOKOro ofyde-
HUs U T. JI.), CKOJIbKO IIOCPEJCTBOM UX 00y 4eHus JIBYCTOPOHHEH KOMMY-
HUKAIAKA C €CTECTBEHHBIM HMHTEJIJIEKTOM. MBI mosraraeMpl, 9T0 KaHAJIBI
nH(MOPMAIMOHHOTO B3aUMOEHCTBUS MO3r-HCKYCCTBEHHBIN HHTEJJIEKT
JIJIST 3aILyCKa [IPOIECCOB 00yUeHUsT «OOIEHNIO» MOTYT ObITH IIOCTPOEHBI
Ha OCHOBE TEXHOJIOTWIl HEMHBA3UBHBIX MHTEP(EHCOB MO3T-KOMIIBIOTED
(IMK) HOBOro mokosieHusi. KIItoueBbIM 3BEHOM 9THX TE€XHOJIOTHIL, cTa-
HyT KOHTYPBI OOPATHON CBsA3HU, B PAMKAX KOTOPBIX MOJIYJIA UCKYCCTBEH-
HOT'O WHTEJIJIEKTa, MOJIKJI0YeHHbe K anaan3y III, OyayT depes ecre-
CTBEHHbIE CEHCOPHBbIE KaHAJIbI JEMOHCTPUPOBATH YEJIOBEKY CBOU T'HIIO-
Te3bl OTHOCUTEJILHO [TPUHAJIJIEXKHOCTH CIIeNu(PUIECKUX MaTTepHoB DI
TeM WJIUM WHBIM MBICJIEHHBIM aKTaM YeJIOBeKa. B MHTepaKTUBHOM IIPO-
IIeCCe ITU TUIOTE3BI OYIYT YTOUHITHCH 0 TOJTHOM CXOIUMOCTH, (DOPMIU-
pyd TakuM 0OPa30M B MAMSTHA MO3Ta U€JIOBEKA U MAIIMHBI TPAEKTOPUN
B3aUMO/IECTBHS 70 IPUEMJIEMOT'O YPOBHS «B3aUMOIIOHUMAaHUs». B 110-
KJIajge 6yIyT pacCMOTPEHBI HEHPO(MU3MOJIOrNIECKUE U HEHPOTEXHOJIO-
TUYeCKe OCHOBAHMS K CO3/IaHUI0 MHTEPMENCOB «MO3r-UCKYyCCTBEHHBIN
MHTEJLIEKT>.

L Kanaan Anexcandp STrkosresurn — 1.6.1., 1podeccop, 3aBe Ly ol 1abopaTopueil Heii-
podusnosiornu U HeHPOKOMITLIOTEPHBIX UHTEpPdEiicoB Onosornyueckoro akymabrera MI'YV
um. M.B.J/Iomonocosa, e-mail: akaplan@mail.ru.

Kaplan Alexander Yakovlevich — Doctor of Science, Head of the Laboratory of
Neurophysiology and Neurocomputer Interfaces, Lomonosov Moscow State University,
Faculty of Biology.
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KiroueBble cjioBa: MO3r YejIOBEKa, 3IJIEKTPOIHIE(DATOIPAMMA,
nHTEPGEACHl MO3r-KOMITBIOTED WCKYCCTBEHHBIN WHTE/IEKT, HEeHpo-
MOpP@HDBIE CHCTEMBI.

1. BBenenne

[Ipobitema B3anMoIefiCTBUS U€JIOBEKA ¢ U300PETEHHBIMU UM YK€ CAMUM Ma-
IINHAMY BO3HUKJIA, HABEPHOE, €Ie CO BPEMEH CTPOUTEIbCTBA BEJIMKHUX IIH-
pamus. B mepByto odepejib OHA COCTOsIJIa B TOM, UTO JIa’K€ B CAMOM pa3-
BUTOM BHJIE 3TU MAIIUHBI HE SBJISIINCH IPOJIOJIZKEHHEM Tejla W ITOTOMY He
MOTJIN YIIPABJIATHCA HAIIPSIMYIO OT MO3ra, He MOIVIU B [OJIHON Mepe COOTBET-
CTBOBaTh TOHKOW JIMHAMUKE W HAIIPABJEHHOCTU MEHTAJIbHBIX IJIaHOB. axke
OypHOe pa3BUTHE aBTOMATHKHU, KHOEPHETUKU U poOOTOTEXHUKN B 20-M Beke,
B KaKOI-TO Mepe 3aIlOJIHUBIIUX 330D MEXKJIy MBICJEHHBIMU DPEIeHUsIMUA U
UCIIOJTHUTEJIbHBIMUA arperaraMu, He CMOIJIO CHSTH C HOBECTKH JIHS poOJie-
My <«UeJIOBEK-MaIlNHA» U Jlazke HA0DOPOT, MPEIbIBUIO 0COObIe TpeOOBaHMS
YEeJIOBEKY-0IIePpATOPY MAIUH, B YACTHOCTU, 110 IICUXO(PUINOTOTUIECKIM €0
napamerpaM. OHAKO BJIACTH M MOTYIIECTBO MAIIHH CO BCEH OYEBHIHOCTHIO
HPOSABUJIUCH B YCJIOBUSAX TOTAJIbHON MHMOPMATU3AINHT U ITU(DPOBUBAINN KU3-
HU yejoBeka B 21-M Beke. Anodeo30M 9T0# B3PBIBHON TpaHCchOpMAIUH TTPH-
POJTHOM Cpesibl YeI0BeKa B KHOMTOYHO-BUPTYAIbHBIN MUD SIBUJIOCH TIOBCEMECT-
HOE U BCE YCKOPSIOIIEeCs PACIIPOCTPAHEHNE BBICOKO ITPOU3BOIUTEIBHBIX dJIe-
MEHTOB HCKyccTBeHHOrO nHTesuiekra (MUI1).

IIycTn eme He cO3/aH CUIIBHBIN UCKYCCTBEHHBII MHTEJIJIEKT, U €I1e HEem3-
BECTHO OYIET I 9TO BO3MOXKHBIM KOTIa-TH00, HO y2Ke BO BCEX ACIEKTaX CBO-
eil TPaIUITUOHHON JIesATEIHbHOCTH Y€JOBEKY ITPUXOIUTCS B3aUMOJICHCTBOBATD
C BBICOKO ITPOU3BOJIMTEIbHBIMU HH(MOPMAIIMOHHO-AHATUTUIECKUMU CUCTEMA-
MH, BCTPOEHHBIMU HE TOJILKO B CTHPAJIbHBbIE MAINMUHBI U CAMOJIETBI, HO U B
CaMU TEXHOJIOTUU PACUETa U MPOCKTUPOBAHUS MAIIUH, B IIPOIECCHI YIIPABIe-
HUsI SKOHOMUYECKUMU PECYyPCaMU U COIUAJIBHBIMU [IPOIECCAME, HAKOHEIl, B
OPraHu3aIUI0 BUPTYATHLHOIO MUAPA, OIIOCPE/IYIOIIEro PEATbHOCTh YePe3 Macc-
Mejina, Yepe3 BCEBO3MOXKHbBIE ITOMCKOBUKU, UHTEPHET-MAra3uHbl U B CKOPOM
Oy/yieM — depe3 aBaTapbl U uHTepHeT-Bemeil. OHAKO «DTO HE eCTh CO3/1a-
HIEe HOBOTO YeJIOBEKA, 9TO €CThb MCTPEOICHNE YeI0BEKa, NCIE3HOBEHNE TeJI0-
BeKa, 3aMEHa €ro WHBbIM CYIIeCTBOM, C UHBIM, HE Y€JIOBEYECKUM yIKe CYIIe-
crBoBanueM» |1]. Dru crpoku namcans dusocodom H.A. Bepisesbim nmourn
BEeK Ha3aJl, HO, K&K BUJHO, OHU UMEJIU ITPOPOUYECKUN CMBICT U B 9TOM «HHOM
CYTIECTBE» SIBHO MPOIVIAIBIBAET ceiiiac mpu3pak VCKyCcCTBEHHOTO HWHTEIIIEK-
Ta, eCJIU JaTh eMy CBODOIY BBIOOpa M JeHCTBUIA.

Corarmasch B IPUHIIAIE ¢ TPOOIEMON «IETOBEK-MAITUHAY B TPAKTOB-
ke H.A.BeppsieBa, B ciydae ¢ HCKYCCTBEHHBIM MHTEIEKTOM TIPUXOIUTCS BCE
7K€ CMUPUTBCS ¢ CAMOIN HEOOXOIUMOCTBIO €r0 MOSIBJICHUS B TEXHOJOTUIECKON
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9BOJIIONINN YejioBeKa. Pa3 BcTynuB B Mup nudpPOBBIX OTHOIIEHUH, YeI0BEK
yrKe He CMOXKET I03BOJIUTH cebe 0OXOIUThCsT Oe3 MOMOITN MH(MPOPMAIHOHHO-
AHAJIMTUIECKUX YCTPONCTB M TEXHOJIOIUil, HE IIPOCTO MOBBIMAIONIIX 3P deK-
THUBHOCTB €ro pabOThl, HO U OIPEJIEJISTIONINX CaMO CYIIECTBOBAHUE TeJIOBEKA
B 9TOM JWBHOM BO BCEX OTHOIIEHUAX IU(MPOBOM MUPE.

B sToit cBsizn Bce GoJiblllee pacpoCTpaHEHHe B Cpeje He TOJBKO I'yMa-
HATAPUEB, HO M €CTECTBOUCIILITATENIEH, MOJIydaeT Hesl CO3IaHUsl IOIKOH-
TPOJIBHOT'O Y€JIOBEKY MCKYCCTBEHHOI'O MHTEJJIEKTA, HA30BEM €0 «IeJIOBEKO-
OPUEHTUPOBAHHBIM» HMCKYCCTBEHHBIM HHTE/IJIEKTOM, ODJIAIAIONEero WH WHU-
IMATUBOM U CBOOOOM AKTHUBHOCTEN TOJBKO B IIpejesax, 3aJaBaeMbIX CO0-
CTBEHHO MOTPEOHOCTSIME 4YejioBeKa. B dacTHOM citydae Mmogo0HbIe OIlepaIiuo-
HaJIbHBIE OTHOIIEHUs MeXK 1y 1ejoekoM u N morsm 661 ycTaHaBINBATHCS
HEMOCPEICTBEHHO HA «JIUHAWY MEXKJIy HUME, HAIIPUMED, IIOCPEICTBOM TEXHO-
soruit uarepdeiicos mosr-komubiorep (MMK). Bagaua coznanust addexrus-
HOTO KaHaJja JIBYCTOPOHHEH CBA3K MEXKJY MO3TOM U€/IOBEKA U IJEMEHTAMU
NN (ncKycCTBEHHBIMU HEHPOHHBIME CETsIMH, K IPUMEDY) ¢ BO3MOXKHOCTHIO
GOPMUPOBAHNST MO3I-MAIUHHOTO SI3bIKA BBIIBUTAETCS Cefvuac Ha IepeIHUil
Kpail HMIUPOKOro MOJIs MYJIbBTHIMCIUIUIMHAPHBIX HUCCJIEIOBAHUI U pa3pabo-
TOK B 00J1aCTH «dejioBeko-opueHTupoBannoroy NN. B nepsyio ouepennb, 310
B3aMMOCBSA3aHHbBIE 381491 OT ITOMCKa HEHPOMU3NOIOTrTIeCKUX MapKEPOB BH-
TaJbHBIX M MEHTAJbHBIX 3allPOCOB OpPraHU3Ma 0 CO3JaHUsS TPOTPAMMHO-
AJTOPUTMUIECKUX PEIICHNN WX BBISBJICHUsI, MOJIEJIUPOBAHUA U KJIACCU(U-
kamuu. [lo cyTu nesa, UMEHHO 9TH MapKepbl CTAHOBATCSI TEM TPU3HAKOBBIM
IIPOCTPAHCTBOM, B KOTOPOM MOT'YT OBITH C(DOPMUPOBAHDI 9JIEMEHTHI CUMBOJIb-
HOTO B3ammMojeiicTBust Mexay mo3rom u M. PaccMoTpum ocHOBHBIE KOHTY-
pBI HccaenoBaHmit 1 paszpadboTok B obmactu MMK.

2. Texnosiorum wWHTEPEPENCOB «MO3Tr-KOMITBIOTEP» :
danTazum n peaaun

[TepBbie ycrennbie TOMBITKA BbIAEIEHUsT YCTONIUBBIX KOMAHIHBIX CUTHAJIOB
B 9JIEKTPUIECKON aKTUBHOCTH MO3ra 4esioBeka (D) ObLin mpogeMOHCTpH-
posassl eme B 60-70-x romax mpormwioro seka. OmqHAKO HACTOAIIUN OyM mc-
cJIeIOBaHUil U pa3pabOTOK B 9TOil objacTu Hadascd B 21-Beke. B mociienmee
BpeMsl KaXXJIblil T0Jl HA Ty TeMy IIyOJIMKyeTcs 2-3 ThIC TOJIBKO y3KO CIle-
[MAJIN3IPOBAHHBIX HAy4IHBIX cTareii. OcoOeHHO MEepPCIIEKTUBHBIMU C TOYKH
3peHus IJIAaHOB Moc/eayomnero mupokoro sueapenns MK mpencrasisor-
cs paboThl C HEMHBA3WMBHOI permcrpanueil bmomerpudeckoit nadopMmaum,
COTIPSI?KEHHOI ¢ paboOTOil MO3Ta, B IIEPBYIO 0Uepelh, ¢ perucrparmeit 9. B
CUJIy CBOEI MPHUPOJIBI STOT MOKA3aTE b AKTUBHOCTHA MO3Ta ITPAKTHIECKH 0e3
WHEPIIUHU OTpazkaeT padboTy OOJIBIINX KOOIepaliuii HEPBHBIX KJIETOK, NTABHBIM
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06pa3oM IIOBEPXHOCTHOI'O CJIOSI MO3TOBOM TKaHH, TOJIIUHON 3-5 MM, U KO-
PBI 6OJIBH_H/IX HOJIyLHapI/Iﬁ T'OJIOBHOTI'O MO3ra. EC.HI/I HE CYUTaTb MO32KE€YO0K, TO
KOpa I'OJIOBHOTO MO3ra, HECMOTPs Ha CBoe nepudepuiiHoe MoJIoKeHne B 00-
meM obbemMe Mo3ra, comep:kuT 0koJ10 90% HEPBHBIX KJIETOK BCEIO MO3Ta, 9TO
mouTn 20 MIIINAp/IOB HEHPOHOB, W SABJISIETCSI OCHOBHOH CIIEHOMN, Ha KOTOPOA
Pa3bIl'PbIBaeTCA I1O/JaBJIAIOIITECE 60.HBLHI/IHCTBO MEHTaAJIbHBIX CO6I)ITI/II>‘I HalIei
[ICUXUKA. DTUM OOCTOATETHCTBOM U, KOHEUHO, IPAKTHIHOCTHIO CAMOI'O METO-
1a DI, 06bsicHsIeTCsT TOT (DAKT, 9TO IMOAABJISIONIEE OOJIBITUHCTBO YCIEITHBIX
pa3paboToK B objacTu TexHosoruit uarepdeiico mosr-kommbiorep (MIMK)
CIeJIaHO Ha OCHOBE aHAJIN3a 3JIEKTPUUIECKON aKTHUBHOCTH I'OJIOBHOI'O MO3ra,
perucTpupyeMoii HeoCPeACTBEHHO C KOYKHOM TTOBEPXHOCTHU T'OJIOBBI.

K macrosiniemy BpeMeHU MOXKHO BBIJIEJIUTD TPU TUIA TEXHOJOTUN HAJIEHK-
HO paborarorux UMK Ha ocHoBe perucrpariun 991 Ilepsbrit Tun HeliponH-
TepdeiicoB OCHOBAH Ha BhIIeeHNN B DD clleKTpaibHbIX IIPU3HAKOB, COIPSI-
JKEHHBIX ¢ (DOKYCUPOBAHUEM 3PUTEIHHONO BHUMAHUS UEJIOBEKA HA IKPAHHBIX
00beKTax, PUTMUYECKHU TOJ[CBEYNBAEMbIX KaXK/IbIil Ha CBOEl 4acToTe, OObIY-
o B npegienax or 5 o 30 I'nm. Takum obpazom, jreTeKTHpOBaHUE BHUMAHUS
omeparopa K KOHKPETHOMY OOBEKTYy Ha 3KpaHe CTAHOBUTCS PABHOIEHHBIM
KJINKY Ha JIAHHYIO WKOHKY. VcciieoBanust mMoKa3asid, UTO, HAIPUMEp, JIJIst
cirydas u3 4 06bEKTOB Ha 3KpaHe MOHUTOPa MOYKHO 106uThest 95% mpaBuib-
HBIX CpabaThIBAHUI aJIrOpUTMa OOHApY2KeHus (POKYCa BHUMAHUS OllepaTropa
¢ ObIcTpoielicTBHEM B TIpejlesiax CEKyHIHOrO juarasoHa. llpw yBennmdenun
qUCJIa 9KPAHHBIX 00HEKTOB /10 9 Takoil HeliponHTepdeiic MPoI0JIKaeT «JI0ra-
JIBIBATHCST» O BHUMAHIE OIIEPATOPA Ha YPOBHE 3HAUUTEIHHO BBIIIE CJIyJaiiHO-
r'o, HO YHCJIO OMIUOOK EPBOTO U BTOPOT'O PO/ IPU STOM MOYKET YBETUIUTHCH
JIO PAKTUYIECKU HEIPUEMJIEMOTO ypoBHsI. VIMEHHO STOT THUI HeHpomHTEp-
delicHbIX KOHTYPOB YaCTO UCIOJIL3YETCH JJIs «MBICJIEHHOI0» YIIPABJIEHUS,
TPeOyIOIIero Bcero 4-5 KOMaH/ I, HAIIPUMED, JJIs YIIPABJICHUs] WHBAJIUIHBIMI
KOJISICKAMM, MOJIYJISIMU YMHBIX JJOMOB W T.]I.

Bropoit Tun meitponnTepdeiicoB TakyKe OCHOBAH HA BbLISIBJIEHUU BHUMA-
HUS Ye/I0BeKa K MUTAIONUM 00beKTaM Ha 9KPaHe MOHUTOPA, HO B OTJIMIHNE OT
mepBoro B DI BeIAB/IsIETCA He «HaBEIeHHAs O0bEKTOM YaCTOTa», & aHaJIU-
3upyloTcs camu peakimn DI Ha MOACBETKY KaxKIoro m3 oobekToB. Heii-
PODUBUOIOITIECKON OCHOBOM 3TOTO METOMHA SIBJISIETCSI XOPOIINO M3BECTHBIM
deHOMEH TOsIBJIEHUsT B 3puTe/ibHON peakimu I B obsractu 300 mc mocste
HavaJja MOJACBETKHN BBIPAYKEHHOIO MO3UTUBHOTO KOMMIOHEHTa — BoHbBI 11300,
€CJI ONEPATOP OXKUJACT MOJCBETKNA KOHKPETHOIO 00bekTa. B Takom cirydae
IKPaHHbIX O6’])€KTOB MOZKET 6bITb y2Ke HECKOJIBKO JIECATKOB, TaK KaK pEIIeHN-
€M CTaTUCTUIECKON 3a/[a4N sIBJIAETCS [TOUCK OJHOW PEeaKI[uu, OTInIakoIeiics
OT BCEX OCTAJIbHBIX 110 XapaKTepPHOMY IIPU3HAKY. TakuM o0pa3oM, B KOHTYPE
HeiiponaTepdeficoB BTOPOro THIA ¢ OOJBIIUMA HADOPAMH SKPAHHBIX 00b-
€KTOB MOXKHO Pa3BepPHYTb, B YACTHOCTH, IPOIEAYPY «MBICEHHOTO» Habopa
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TekcToB. B aBTOpCKOit Texnonornu «HeitpoYarsy, K mpumepy, B KOHType HH-
Tepdeiica paboTaOT HECKOJIBKO MATPUI] SKPAHHBIX 00bEKTOB, 0003HATEHHBIX
CUMBOJIAMHE JJIsI HAOOpa TEKCTOB U IMUKTOTPAMMAMHE JIJIsl BBITIOJTHEHHSI HEOO-
XOJIIMOTO TI0JIB30BaTE/I0 HAb0Pa «MBICJEHHBIX> KOMAHJI OT 3BOHKA JIPYTY 0
YIPABJICHUST SJIEKTPOHHO MOYTOi U coruaabHoil cerbio |2|. [TpakTuka sToit
HPOLELYPhI HOKa3aJla, 9TO JJjid rapaHTUPOBAHHOI'O yraIbIBAHUS 3a/y MAHHONI
oIepaTopoM KOMAaH IbI, HAIpUMEp, Ha ypOBHE Bhime 95%, HeoOX0IuMO, 9TOOLI
KaXKJIplil SKPaHHBIN 00beKT ObLT mojcBedeH MuHuMyM 9-10 pa3. D1o npuso-
JIAT K CYIIeCTBEHHBIM BpEMEHHBIM 3aTpaTtaM, 10 8-10 ¢ Ha cumBos. OaHAKO,
ec/ii pedb HJAET O IOMOIIM B 3aMEIeHUN KOMMYHHMKAIIUNA JIjI HAIUEHTOB C
TSKEJIBIMU HAPYIIEHUSIMUA DY U JBUKEHUi, TO TexHosiorus «Heitpoaar»
OKa3bIBaeTCs BIIOJIHE IpuemseMoii. B pamkax aToro Tumia meiipomrTepdeii-
COB TIpHUIyMaHbl U OoJiee OBICTPBIE TEXHUKHU, HO 2 CEKYHJ Ha CHMBOJI, HO
OHHU OTJINYAIOTCS YCKOPEHHBIMU U PaCHpeeeHHBIMU 110 9KPaHy MTOJACBETKA-
MU CHUMBOJIOB, YTO OKa3bIBa€TCd CJIMIIKOM HArPy30YHbLIM JJId 3PpUTEIBHOTO
BOCIIPHUSITHSA.

Haxkownerr, Tpernit TUII HEMHBA3UBHBIX MHTEPQENHCOB HHTEPECEH TEM, UTO
JI71s1 OOHAPY2KEHUsT MBICJIEHHOM KOMAH/IbI OH He TpedyeT (poKycupoBaHms BHU-
MaHHs TI0JIb30BATE/IS HA BHEMNIHUX O0BEKTaX, HA0DOPOT, eMy HY>KHO ¢do-
KyCHpPOBaTbCsl Ha KOHKPETHOM MBICJIEHHOM obpa3ze, ¢ TeM, 4To0bl B DI
Hatesics crenuuIHbIil 3ToMy 00pa3y mnarrepH u3Mmenenuit. OJHAKO MHO-
TOYNC/IEHHBIE TTOMBITKA OOHAPYYKEHUsI YCTONIUBBIX maTTepHoB DI B OT-
BeT Ha MBICJIEHHOE IIPEJICTABJICHUE PA3IMIHBIX 00PA30B, C/IEJaHHbIE BO MHO-
rux J1abopaTopusix MUPa C IPUMEHEHUEM CaMbIX COBPEMEHHBIX AJITOPUTMOB,
BKJIIOYasi UCKYCCTBEHHBIE HEHPOCETH, HE JIAJIH TOJOXKUTEIHHBIX PE3yJIHTaTOB.
Kpocc-Banmunanmonnoe tecTupoBanue OOYUYEHHBIX aJTOPUTMOB JIJIsT MTOH00-
HBIX HelpoumHTepdeiicoB JaBaJjio OIEHKH, IU00 KpaiiHe HU3KUe, JTuO0 BOoOIIe
Ha YPOBHE CJIy9aliHOTO BbIOOpa. U Jiuiib B ciiydae TeJecHBIX 00pa3oB, TAKWUX,
KaK BOOOpayKeHWe JBUZKEHUil MpaBoii/IeBOi PyKH, HOT, JIMIEBOH MUMHKH —
Bcero 1o 5-6 06pa30B, ymaBajaoch 3aUKCUPOBATH CHENUMUIECCKHE ITUM 00-
pasam martepbl DI Ilpu 3T70M HAIE?KHOCTH PACIO3HABAHUS COOTBETCTBY-
omux narTepHoB DI ocTaTouHO BBICOKA, HO OCTABJISIET 2KEJIATD JIy9IIero:
[P MAKCUMAJIBHO OJIATOIPUSITHOM BBIOOpE «IIpaBasi-jieBasi pykay 91" mar-
TEPHBI 9TOI'0 MEHTAJILHOTO JefICTBUS B pa3HbIX JIAOOPATOPHUSIX PACIIO3ZHAIOTCS
¢ BeposiTHOCTBIO Beero 0,65-0,8, peako - 0,85. Takum obpazoM, Ipu Beex Ipe-
UMyIecTBax WHTep@EicOB Ha OCHOBE MBICJEHHOTO BOOOpaykKeHWs, T.e. 0e3
OTIOpBI HA BHEITHHE OOBEKTHI, MAHCHI C IMOMOIIBI0 MAITHHHBIX AJITOPUTMOB
araym3a DI’ oTramarh gaxke CaMblil yIOOHBIN IjIsI 9TOTO TeJeCHbINH obpas
u3 Habopa Bcero B 5-6 BO3MOXKHBIX BAPUAHTOB OOBIYHO HE JOCTHUTAET JIarKe
65-70 ma 100 TOIBITOK.

Bosppamasich K ucxomHoit 3amade co3aanust 3PPEeKTUBHOIO KaHAIa JIBY-
CTOPOHHEN CBsI3M MEXK Iy MO3IOM dejioBeKa u djeMmeHTamMu U BozHUKaeT BoO-
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IIPOC O BO3MOX>KHOCTHU PEAJIM30BATH TAKON KAHAJ ¢ MTOMOIIBIO pa3pabOTaHHBIX
K HACTOSIIEMY BPEMEHU TEXHOJOruii muTepdeiicoB Mo3r-komibiorep. Pac-
CMOTPHUM 3TH BO3MOKHOCTH HUZKE.

3. TexnoJsiorum uarepdeiicoB «Moar-NI»: noka ere
danTazun

Bo Bcex Tunax coBpeMeHHBIX HeliponHTepdeiicoB siemerTs! I yKe ncmosib-
3yIOTCs, HO B KadecTBe OJIOKA aJrOPUTMOB I CO3JaHUs KJIACCU(DUKATOPOB
U JUIsl pacrio3HaBaHus narTtepHoB DI, crenuduaHbXx MEHTAJILHBIM AKTaM.
[Ipu sToM npusHAKOBOE MPOCTPAHCTBO DI Jiyist moj1adm Ha, TEPBBIA CJIOM
Heiipocereii, Kak MpaBuiio, GOpMUPYeET UCCIIEIOBATEND UCXOS U3 CBOMX 3Ha~
Huiit u npemnosiokeHuit o pabore mozra. K mpumepy, nambosiee JaCTHBIM
METOJIOM CBEPTKHU MepBUYHON 3ammcn DI’ BLIOHPAIOT ee pas3jioKeHHe Ha
OTPAHUYIEHHOE YUCJIO CIIEKTPAJIBHBIX T0JIOC, UJIM Ha, KOMIIOHEHTHI BHI3BAHHBIX
cTumysiaMu peakiuit. Best jjoruka paboTsl mogo0HOTO pojia HeliponnTepdeii-
COB CTPOUTCS HA Paclio3HaBaHUU B DI HaMepeHUsi desioBeKa K JEHCTBUIO U
TPAHCJISIIIUN €TI0 B KOMaH/Iy JjIs BHEIITHEr0 UCIIOJHUTEILHOrO ycTpoiicTBa. B
KoHTypax Takux UMK mrs U orBojuTCs JTUITb TEXHUIECKAS POJIb: 10 OlIpe-
JleJIEHHOMY HabOpy IPU3HAKOB HAYUUTHCS Pa3/IndaTh 31u30bl DI, conpsi-
JKEHHBbIE C 33JIAHHBIM HCCJIe/0BaTe/IeM KOHKPETHBIM HAOOPOM MEHTAJbHBIX
JEUCTBUHI UCIBITYEeMOTO.

Mexxk 1y T€M COBEpIIIEHHO HOBBIM U BCe 0oJiee aKTyaJbHBIM B ITOCCIHUE
roasl cranoputcd npuMenenune MU B kontypax UMK me mis mocrpoenus
kJtaccupukaTropa nmarrepHoB I 110 U3BECTHBIM B HayKe IIPU3HAKAM TOI0
rokazareJisi paboThl MO3ra, & B Ka4ecTBe aKTHUBHOIO MOJYJIs, HAIEJEHHOI'O
Ha ONTUMU3AINIO U COBEPIIEHCTBOBAHUE CAMOTO MH(MOPMAIIMOHHOTO 0OMEHA
MEKJIY MO3TOM W KOMIIBIOTEPOM. 3/IeCh MMEeTCsI TI0 KpaifHelt Mepe JiBe BO3-
MOXKHOCTH, KOTOPBIE MOT'YT OBITH IIPOBEPEHBI SKCIIEPUMEHTAJIBHBIM [Ty TEM.

IIepBas BO3MOXKHOCTH, 3TO ONTUMU3AIUS TOPOXKIeHUs TTocpeacTBoM MU
HOBOT'O ITPU3HAKOBOTO IIPOCTPAHCTBA Jiid DI, aeKBaTHOrO HE CTOJBKO CyM-
Me UMEIOIIUXCS Ha JIAHHBI MOMEHT HeMpO(PU3NOIOrHICCKIX 3HAHUN, CKOJIb-
KO 3amade 3(pHEeKTUBHOINO MAIIMHHOIO «IOHUMAHWS» 3aJaHUil Mo3ra, ¢dop-
MYJIUPYEMBIX y2Ke He JIJIsT IIYJIOB COOCTBEHHBIX MOTOHEHPOHOB, & JIJIsi BHEIITHIX
IIPOIECCOPHBIX YCTPOMCTBX C MEIbI0 UCIOJHEHUS 33/[yMAHHOTO II0JIb30BATE-
sieM peiictBust B Koutype VIMK, mHanpumep, B 3ajade mepeMerieHus Kypco-
pa Ha 3KpaHe KoMIbioTepa. Toabko Ha 3ToMm myTu VU HyXKHO HampaBuUTb
Ha IOMCK HOBBIX MPU3HAKOBBIX mpocTpancTs MU ¢ omopoit Ha cobCTBEHHYIO
OIEHOYHYIO (DYHKIINIO CTEICHU NPUOJIMKEHUS K BBIIOJHEHUIO 3aJIaHUSI OT
Mo3ra. 3J1eCh MOXKHO 0XKMJIATh, 9YTO MO3T, Peajn3ys yIpaBIeHIeCKyIO 3a/ia-
1y 4denoBeka B kouType UMK, a Tak:ke B cumly CBOMX HPUPOIHBIX ILIACTH-
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YECKUX CBOICTB, MOXKET TOWTH «HaBCcTpeay» VI B co3maHun onTuMasibHOTO
MPU3HAKOBOTO MpOoCcTpaHcTBa DI, onTUMU3UPyst STOT CUTHAJ O] ODIILYIO
3a/1a49y.

Bropasi Bo3aMOXXHOCTB, 3TO co3nanne B pamkax VMK HOBOro kontypa
obpaTHOll cBA3Hu, KOTOpas Oymer mHpopMupoBaTh omeparopa UMK o cre-
nenu npubsmkennn VN k pacnosznaBanuio 1mo 99" TecTupyemMoro MmeHTab-
HOTO JIeWCTBUs, HAIIPUMED, MBICJICHHOTO IPEJICTABICHUS JIBUKEHUS yKa3a-
TeJLHOIO MaJiblla mpaBoil pyku. IIpegsapuressno N MmoxkeT 66ITH 00y4eH,
K I[PUMEpY, PACIIO3HABAHUI 10 DI’ MBICJIEHHOTO TPEICTABIEHUS JIBUYKE-
Hus IpaBoit pyku. B HOBOIT 3amade U mpeacronT yxke 6€3 3KCIIMITATHOTO
TPEHWHTa C yYUTEJEeM PACIO3HATH 110 DI, KaKoil maJjer pyKu npecTaBis-
eT B yMe HCHbITyeMblil. VIcrosnb3ysi reHepaTuBHO-COCTsI3aTe bHbIE ceTn [3],
NN moxker Ha ocHOBe aHaym3a DI Ha dOHE MEHTAJIBHOIO aKTa OIepaTo-
pa 931" cuHTE3MpOBATHL CBOW THUIOTE3BI B BUJE BU3YaJbHBIX M300pasKeHUi
Ha 9KpaHe MOHUTOPA, UCIOJIb3ysl UX B KadecTBe OOpaTHOI CBst3u. Peakiuio
MO3ra Ha 00PATHYIO CBSI3b IO IKAJIE «TOPII0-X0JI0HO» TOT ke VU 6ymer
JIETEKTUPOBATD y2Ke 110 UTOraM IPEJIBAPUTEIHHOINO0 ODYUeHUs] PACIIO3HABA~
HUS 9TUX YHUBEPCAJIBHBIX COCTOAHUN Mozra. Takum oOpa3om opraHu3yeTcs
[UKJIBI UTEPAIHl, KOTOPBIE B IIPOCTOM CJIydae, KaK B IPUBEJICHHOM IIPUMEPE,
MOT'YT BBIPOJUTCS B MOCJIEIOBATEIbHYIO JEMOHCTPAIINIO HA SKPAHE KAXKIIOr0
raJjblia PyKu, ¥ B caMOOOyIeHUHN, KAKOMY IaJIbIly Kako# narrepu 991 coor-
BeTcTByeT. Ho narke B 9TOM cirydae BazkeH OYyJeT He JOCTUTHYTHIN PEe3y/IbTaT,
a onelT UM B mociemoBaTe IbHOM TMPUOJIMKEHNT K OTTaIKe, KAKOH MEHTAIb-
HBIIl KT TPAHCJIUPYETCs B JaHHbII MoMeHT B DI OueBuHbIM 00pa3zoM B
Takom VUMK ¢ xoutrypom obparHoit cBa3u or U penepryap MeHTaIbHBIX
AKTOB MOYKHO PACHIUPSTH, TEM caMbIM He 1pocTo oboramas onbiT U, HO B
paMKax TOro »Ke caMooOydeHmsl yBeJaumduBasi oboOmarortuii morenman MU
Jyist anaanza 991 ¢ 1esIbio0 pacno3HaBaHus MEHTAJIBHBIX AKTOB IIPU PA3HBIX
YCJIOBUSIX.

Viadnas peaju3alus XoTs Obl JIBYX HPEJJIOKEHHBIX BO3MOXKHOCTEN MO-
JKeT MPUBECTHU CO3JIAHUIO0 KOMILIEKCOB «Mosr-NI», criocobHbIX aBTOMATH3N-
poBaHHBIM 06pa3zoM HOPMUPOBATL MO3T-MAITUHHBIN A3bIK, 0 Kpaiineir Mepe,
B 'PaHUIAX KAKOTO-TO IyJIa MEHTAJIBHBIX aKTUBHOCTEeH. HackosibKo pasBuBa-
eMbIM ¢ ToMmoIbio Texuosioruu «Mosr-Ul» moxker okazaTbCst 9TOT MO3T-
MaIlIMHHBINA sI3bIK M KaK Jajeko oH 3aBejer MU wa myrtn npubimkenus K
CBOUM HEHPOMOPGHBIM IPOTOTHUIIAM MMOKAXKYT MYJIBTUIUCIUAILINHAPHBIE HC-
CJICIOBAHUSA B 3TOI 00J1aCTH.
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Brain-artificial intelligence interfaces: foundations and
perspectives
Kaplan A.Y.

The human brain is obviously a “generic“ object for determining,
including artificial “intelligent systems®. However, the mechanisms of
the actual intellectual activity of the brain still remain undiscovered
in their most essential part. To a large extent, this is due to the
also obvious fact that natural intelligence in a broad sense has the
property of a subjective representation of reality, the operational
architectonics of which, its formats and completeness of description
are unknown to us. In this regard, and taking into account the absence
of a “general theory of the brain®, it becomes problematic to create
neuromorphic artificial intelligence systems based on analogies. The
level of such “neuromorphism“ will be entirely determined by the
boundaries of our understanding of how the human brain works.
Meanwhile, the neuromorphic property of artificial intelligence systems
can be achieved not so much by building brain-like structural and
functional architectonics of these systems (artificial neuron networks,
deep learning algorithms, etc. D.), how much through their training
of two-way communication with natural intelligence. We believe that
the channels of brain-artificial intelligence information interaction for
launching the learning processes of “communication” can be built on the
basis of technologies of non-invasive brain-computer interfaces (BCI) of
a new generation. The key link of these technologies will be feedback
loops, within which artificial intelligence modules connected to EEG
analysis will demonstrate to a person through natural sensory channels
their hypotheses regarding the belonging of specific EEG patterns
to certain mental acts of a person. In the interactive process, these
hypotheses will be refined to full convergence, thus forming interaction
trajectories in the memory of the human and machine brains to an
acceptable level of “mutual understanding”. The report will discuss
in detail the neurophysiological and neurotechnological grounds for
creating “brain-artificial intelligence” interfaces.

Keywords: human brain, electroencephalogram, brain-computer
interfaces artificial intelligence, neuromorphic systems.
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O06 anrebpamdeckoii Teopunm aBTOMATOB

. B. Koxyxos!, A. B. Muxaes?

B pabore KpaTKO H3JI0KEHbI OCHOBHBIE HJIEH AJIredpantiecKoil Teo-
pUHI ABTOMATOB U €€ CBA3b C ajredpandecKoil Teopueii moyrpymi. AB-
TOMAT PACCMATPHUBAETCS KAK IIOJUTOH HAJ[ TOJIYTPYIIIOi. Y Ka3aHbl OC-
HOBHBIE HalIPaBJICHUs Pa3BUTHUs TEOPUH IIOJIUTOHOB.

KuroueBbple cjioBa: aBTOMAT, MOJIYTPYINA, ITOJUTOH HAJL IMOJY-
TPYIION, aredpandecKas TeOpus aBTOMATOB.

B kiaccuueckoit Treopuu asmomam Muau onpejessiercss Kak MATEpKa
V = (A,Q,B,p,v) rue @ — MHOXKecTBO cocrosiHuii, A u B — BXojHOW U
BBIXOIHOW ajiaButhl, @ : Q@ X A — Q, ¥ : Q Xx A - B — dyHkius 1me-
pexoyioB U (YHKIUS BBIXOJOB COOTBETCTBEHHO. C IIOMOIIBIO PaCITUPEHUs
MHOXKecTBa, coctosgnuii jo Q' = @ X B u 3amennl QpyHKIMN @ QyHKIME
0 Q' xA—=Q, ¢((¢g,b),a) = (p(q,a),%(q,a)) MBI IPUXOIUM K a6MOMA-
my Mypa V' = (Q', A, ¢') (aBromary 6e3 Bbixoga). IIpu 3ToM, KaK HETPYHO
BUIeTh, apToMar V' BocnpoussoauT 6e3 nckaskenuii pabory apromara V. Ap-
TomaT V' MOXKET pacCMaTpUBATBCS KAK YHAPHAA A.A2e0pa, B HEll JIJIS KayK I0T0
a € A orobpaxenust ¢ — ¢'(¢', a) saBasiorest yaapabivu onepanusimu. OTo6-
paxenne ¢’ : Q' x A — Q' 09eBUIHBIM 00PAa30M MOKET OBITH IPOIOIXKEHO J10
orobpazkenus  : Q' x A* — @', rne A* — momyrpymnmna Beex cIoB ¢ GyKBaMu
u3 A. Takum 0O6pasoM Mbl MPUXOJIUM K KOHIICHIHH O0eUCMEUA NOAY2PYNIbL
HA MHONCECTNGE.

Ionuzorom nad noayepynnot (cum. [1]) HaspiBaeTCst MHOXKeCTBO X Ha KO-
TOPOM JIefiCTBYeT HOJIyrpyIia S T.e. onpeeieHo oroopaxkenne X X S — X,
(x,s) — xs Takoe, uro x(st) = (zs)t npu Beex x € X, s,t € S. Eciu 1o-
gyrpytmma S umeer equnuiy 1 w x - 1 = x s Becex € X, To mojuron X
HA3BIBAETCS YHUTAPHBIM.

B Taxkoit o6111eit popme aBTOMAT pacCMaTpPUBAETCs B aJIredpaniecKoil Teo-
pun aBroMaroB. OCHOBBI 9TON TEOPUM U3JIATAJUCh B psijie cTarTeil, yIeOHbIX
nocobuii u MoHorpaduil, n3 KOTOpHIX yroMsiHeM paborsl |2, 3, 4|. ITousTue
[IOJIATOHA BEChbMa IMIMPOKO, HMOJUTOHBI MOYKHO BCTPETHTH BO MHOTUX DPas3Jie-
Jlax MaTeMaTuku. [IpuseéM HeKoTopblie ipuMephl. 1. Jliobas nmogyrpymnma S

Koowcyros  Hezopv  Bopucosuw —  m..-mm., mpodeccop, HIY  MUST,
MexaHuko-matemarndecknit  dakynprer MIY, Mock. Hentp ®IIM MIY, e-mail:
kozhuhov_i b@mail.ru.

Kozhukhov Igor Borisovich — Doctor of Science, professor, NRU MIET, Lomonosov
Moscow State University, Faculty of Mechanics and Mathematics.

2Muzanes  Asnexcandp  Bacuavesuw ——  m.p.-M.H., Tpodeccop,  MEXAHIKO-
maremarudeckuit  dakymapbrer  MIY, Mock. Ilearp @IIM  MIY, e-mail:
anastaciy27@gmail.com.

Mikhalev Alexander Vasilyevich — Doctor of Science, professor, Lomonosov Moscow
State University, Faculty of Mechanics and Mathematics.

45



SIBJISIETCST TIOJIUTOHOM HaJl coboit. 2. Jlobast anmrebpa A sBJIsteTcsT TIOIUTOHOM
Hay1 moJyrpynmnoit EndA supomopdusmor 3Toit anrebpol. 3. Ecim mMHOXKe-
ctBo X HAJEJIEHO KAKOW-IMOO MAaTeMaTHYeCKO# CTPYKTYpoil, To X MOXKHO
paccMaTpuBaTh Kak MOJauroH Haj mnosyrpynmoit EndX Bcex orobpakennii
X — X, coxpaHAOMUX 3Ty CTPYKTYPY (/IS TOIMOJOIMIECKUX TPOCTPAHCTB
9TO HEIpPepbIBHbIE 0TOOPAXKEHUsI, JJIsl YACTUIHO YIOPSIOIEHHBIX MHOYKECTB
— u30TOHHBIe OTOOpakeHwWst U T.1.). 4. Ilpaserit mogyns M Haz accorma-
TUBHBIM KOJIBIIOM R SIBJISIETCsI TIOJINTOHOM H&JI MYJIBTUILIMKATUBHON MOJTY-
rpynmoit (R, -) sToro Kosmbna. To ke 1Jist HOIyMOJLY/Ist HaJL TTOTyKOIBIOM. 5.
Yuap X, T.e. anrebpa c ojHoll yHapHOU omnepanueir f : X — X, aBisgercs
ITOJTUTOHOM Ha,J1, GECKOHETHOM ITUKJINIECKON MTOIyrpyImoi S = {a, a2, a3, },
JIOCTATOYHO TOJIOKUTH xa = f(a) jisa x € X.

[ToHsiTre TOJUTOHA TOXKJIECTBEHHO MOHSITUIO IIPEICTABJIEHUs] OJTyTIPYII-
bl Ipeobpas3oBanusiMu MHOXKecTBa. JleiicrBuresbao, o6o3unaanm uepes T'(X)
MHOKEeCTBO Bcex orobpaxkenuit o : X — X, © — xa ¢ yMHOXKEHUEM, OIpe-
JenénubiM npasmioM z(af) = (xa)f g x € X. Ilyers X — nosmron nag
nosyrpytmmoit S. st kaxkgoro sjieMenTa a € S 0003HAUNM Yepe3 @, 0T0D-
paxenue @, : X — X,xp, = xa. Herpynno nposeputb, 410 0TOOparkenue
®: S — T(X),a — @, gaBiasiercss roMOMOPhU3MOM TIOJyTPYIII U Ha3bIBa-
eTCsT NPEICasACHUEM NOAY2PYNNLL S NPeodpasosaHuAMU MHOMCECTNEG X .
fcHo, uTO BEpHO UM OOpATHOE: €C/U 3aJaHO IIPEJICTAB/IEHNE TOJIYyTIPYIIbl S
Ipeobpas3soBaHUIMI MHOXKeCcTBa X, To X OyIeT MOJMIOHOM Has, S.

Teopusi OJIMIrOHOB HAJ, TOJYTIPYIIIIAMU PA3BUBAJIACEH O] DOJIBIITUM BJIV-
sSIHIEM TEeOPHUH MOJYJIeH HaJl KOJbIIaMU, MHOTHE OIpee/eHUs] U (DOPMYJIHU-
POBKHU YTBEPKICHUI TEOPUU MTOJTUTOHOB B3STHI U3 TEOPUHU KOJIEIl M MOJLYJIEH,
OJTHAKO, JIOKA3aTE/IHCTBA MOTYT CyIIECTBEHHO pasjmdaTbcs. Hampumep, xo-
POIIIO U3BECTHBIE KOHCTPYKIIUU UHBHEKTUBHON 0D0JIOUKN U IPOEKTUBHOI'O Ha~
KPBITHsT MOJLyJIst Ilepenocutcst Ha mosmronsl (em. [1, §II1.1, I11.17]). Kak u B
caydae MOJLyJiel, HbEeKTUBHAsT 000JI0YKA CYIIECTBYET Y BCAKOIO IOJIUTOHA,
a IIPOEKTUBHOE HAKPBITHE HE Y BCIKOTO. VlcciieIoBaHmst B TEOPUU TIOJIUTOHOB
OCYIIECTBJISJINCH B CJEYIONINX HAIPABJIECHUSIX:

1) cTpyKTypHasi TeopHsl [OJUTOHOB;

2) TOMOJIOTHYECKasi TeOPUs TIOJUTOHOB U TIOJIYIPYIIIL;
3) IOJIMTOHBI CIIEIUATBHOIO BUJIA;

4) JMHelHbIe [IpeJICTaBIIeHNs] IOy TPYIIIL;

5) IOJIUTOHBI C JOTOJHUTEILHON CTPYKTYPOI;

6) JIormUecKue acrieKThl TEOPUHU [OJUIOHOB;

7) 06OOIIEHUST TIOJIUTOHOB.
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CrpykTypHasi TEOpUsi BKJ/IIOUYAET ONUCAHUE IMOJMTIOHOB HAJI TEMHU WJIU
UHBIME KJIACCAMH TOJYTPYII, UX TOIOIUTOHOB, KOHTDYIHIINN, BBISICHEHUE
CTPOEHUS TOJIMTOHOB, YJIOBJICTBOPSIONINX OIPEJIEIEHHBIM yCJIOBUSIM U T.JI.
B paGore [5| ObumM OmMCaHBl MOJMIOHBI HaJl BIOJIHE IIPOCTON IOJIYIPYII-
noit M(G,I,A,P) u mosmronsl ¢ HyJaéM HaJ BrojHe (0-IPOCTON MOTyTrpyTI-
noit MY(G, I, A, P) (3/1ech MBI TIOJIb3yeMCsl MATPUIHBIM TIPE/ICTABICHUEM Ta-
kux nosmyrpymnn — cM. [6, Chapter 6]). Omucanue HOJUIOHOB HaJ| BIIOJHE
(0-)1IIpOCTBIMU TIOJIYTPYIIIIAME TIO3BOJIUJIO PEIIUTh Psiji BOIPOCOB JIJIs TAKUX
OJIUTOHOB. B yacTHOCTH, OBLIN ONMCAHBI UHHEKTUBHBIE U ITPOEKTUBHBIE I10-
JINTOHBI HAJT STUMHU MOJYTPYIIIAME.

Fomostornyeckast Teopusi paccMaTpuBaeT kKareropuio Act-S Bcex mosn-
TOHOB HaJ TOJyrpynmoit S. Eé wacTo HA3BIBAIOT TOMOJIOTHYECKOH Teopueit
MOHOHJIOB, TaK KaK B OOJIBIIMHCTBE PAbOT Ha 9Ty TeMY TpPeOyeTcs: HaJIudue
€JIMHUIIBI Y MOJIYTPYIIIEI, & MOJIUTOHBI HaJ HEfl MPEeJIIoIaraloTCs YHUTAPHBI-
mu. ToMostoruaeckum Borrpocam mocBsiiena 66JibIast 4actb Monorpaduu [1].
B sr10it Teopun ocyrecTBIsieTcsl KIACCHMUKAIMA MOHOHUJIOB IO CBOHCTBAM
KATerOpuu IOJUTOHOB HAJl HUM.

BazkHuyto posib B 00111€eit aJirebpe UrpatoT KOHIPYSHIMN. 3HAHNE KOHI'PYH-
nuit aareOpbl O3HAYACT 3HAHUE BCEX TOMOMOPMHBIX 00PAa30B TOH ayredpHhi.
Konrpysunun moJuroHoB BOZHUKAIOT B TEOPUH ABTOMATOB B CBSI3U C Pac-
MMO3HABAEMOCTBIO SI3bIKA, aBTOMATOM. A MMEHHO, MyCTh A — KOHEYHOe MHO-
xkectBo (asdasur), A* — momyrpynmna cios, L C A*~ aspik. OrTHomieHue
Or = {(z,y)|Vz,22z € L <> yz € L} na3pIBaeTcst CUNMAKCUNECKOT, KOH2DYIH-
yuet. OHO sBJIIETCsT KOHIpYy3HIMeE nojurona A* (wim, 4To SKBUBaJIEHTHO,
npaBoii KoHrpysHnueii moaurona A*). Xoporro n3BecTHO, 9TO A3BIK L pac-
[TO3HABAEM HEKOTOPBIM KOHEYHLIM aBTOMATOM B TOM H TOJBKO TOM CJIyUae,
ecin O, KOHETHOTO WHEKCA. Bojee TOro, 9T0 He €IMHCTBEHHOE UCIOIH30Ba~
HU€ CUHTAKCUIEeCKOU KOHTPYIHIIUU B KJiaccupukarun (pOPMaIbHBIX sI3bIKOB.

[Touronbl ¢ TeMu WM UHBIMHU YCJIOBHSIMEU Ha KOHTDYSHIIUU H3YUAUCH
B psjie pabor. B pabore [7| ycioBusi aucTpubyTHBHOCTH M MOJLYJISIDHOCTH
PEIETKN KOHTPYIHIUI TPOU3BOJIBHOIO IMOJIUTOHA CBEICH K AHAJIOTHIHOMY
BOTIPOCY JIJIsT CBSI3HOTO TToJinroHa. JucTpubyTuBHBIE U MOTYJISIPHBIE TTOJTATO-
HBI HAJ| [PSIMOYTOJIBHON CBA3KOH Oblin omucanbl B pabore [8]. MurepecHo
3aMETUTBH, ITO PENIETKA KOHI'PYIHITHI MOy BCErIa MOJY/ISIPHA, TOTJA KaK
MOJLYJIIPHOCTD PENIETKH KOHIPYSHIIUN [OJUTOHA SIBJISETCH PEJIKUM sIBJICHU-
eM.

AHayornYHO TEOpUU KOJIEIl W MOjyJel, B TeOpUM TOJUTOHOB U3YUaroT-
C TIOJTUTOHBI C TEMH WM WHBIMM YCJIOBUSIMU KOHEIHOCTH — APTHHOBBI, HE-
TePOBbI, KOHEYHO MOPOXKJICHHBIE, JIOKAJILHO KOHEYHbIE, PE3UIyaTbHO KOHEU-
HbIe, X0ThOBEI 1 T.11. [Ipn 3TOM, CKazkeM, apTHHOBOCTb MOYKHO ITOHUMATD T0-
pa3HOMYy: KaK OTCyTCTBUE DECKOHEUYHBIX YOBIBAIOIIMX IOCJIEI0BATE/HLHOCTEN
ITOJIIIOJINTOHOB M KAK AHAJOTMYHOE YCJIOBHE Ha KOHTPyd HINH. HéTepoBbiM
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M apTUHOBBIM MOJIYIPYIIIAM, T.€. MOJYTPYIIIaM, SBISIONUMCS HETEPOBBIMU
WJIM aPTUHOBBIMHE [IOJIMTOHAME HaJT co00ii, nocssinieHa pabora 9] (npasia, B
9T0if paboTe TOJIUIOHbI JIeBble, & HE HPaBble), Oojiee CBEKUE PE3YJILTATHI O
HETEPOBBIX HOJIyrpymmax cM. B [10].

Anrebpa A HasbiBaeTcst zongosol (koxondosot), eciu 060N €€ CIOPbeK-
TUBHBIH (COOTB., UHbHEKTHBHBIN) SHIOMOPMU3M SIBIISIETCS] ABTOMOPGMU3MOM.
Anrebpa A kanmoposa (kokarmoposa), eciu st jio6oit airedbpbl B Haindme
HHBEKTUBHBIX (COOTB., CIOPBEKTHBHBIX) romoMopdbusmos A — B u B — A
BiieuéT m3omopduzm A = B. OueBuaHO,

HETEPOBOCTb = XOI(OBOCTbL = KOKAHTOPOBOCTD

apTUHOBOCTH = KOXOH(l)OBOCTb = KaHTOPOBOCTbD.

B pabore [11] 6bu10 J0Ka3aHO, YTO KOHEYHO HOPOXKJIEHHBIE MTOJIUTOHBI
HaJ[ KOMMYTATHBHBIME TIOJIyrpynnamu (win, 6osiee OOIIO: KOMMYTATHBHBIE
HOJINTOHBI) SIBJISTIOTCsE XotpoBbIME. B padore [12] 6buin onucans! XorgoBbl
1 KoxoImdoBbl yHUTAPHBIE IIOJMIOHBI HaJj IpyIioil, a B pabore [13] 6bL10
JIOKA3aHO, YTO BCE YHUTAPHDIE TOJUTOHBI HAJ IPYIIION SIBJIAIOTCH KAHTOPO-
BBIMH.

ITommpsimo HepazjgoKuMbIe ajredpbl, T.e. AJreOPhI, HEPA3JIOKUMbBIE B
HETPUBUAJILHOE IOJIIIPSIMOE [IPOU3BEJIEHUE, BCETJIa IIPUBJIEKAJN BHUMAHUE
CHernuaincToB OJrarogapst 3aMedare/ibHOI TeopeMe Bupkroda o Tom, 9To Besi-
Kas HeTpUBHaJbHAs ajrebpa n30MOpQHA MOAIPIMOMY ITPOU3BEIEHUIO IO
[IPSIMO HEPa3JIOYKUMBIX aJirebp. YcaoBue Ha ajredpy “ObITh MOMIIPSIMO Hepa3-
JIOXKUMOM” sIBJISIETCSI YCJIOBHEM Ha PEMIETKY KOHIPYIHIMU, a WMEHHO, pe-
MIETKA KOHTPYSHITUI COJEPXKUT HANMEHBIINI HeTPUBUAIbHBII d1eMeHT. [Tos-
MPSIMO HePa3JI0yKUMBIE ITOJIUIOHBI HaJ[ IPOM3BOJIBHBIMU MTOJIYTPYIIIIAMEA ObI-
JI OXapaKTepu30BaHbl B pabore [14]. B psiie paboT onuchBaInch HOAIPSIMO
HEpa3JI0KUMble TIOJIMIOHBI HaJl MOJIYTPYIIIAMU TOTO UJIM WHOTO KJjacca (Ha-
npuMep, HaJI TPYIIIaMN).

O06obIIeHneM MOIYISIPHOCTH W JUCTPUOYTUBHOCTH AajreOphl SIBJISIETCS
TpeboBaHme, IYTOOBI PENIETKA KOHIDYIHIUN YIOBJIETBOPsIA KAKOMY-HUOYIH
HETPUBUAJIBHOMY PEIIETOTHOMY TOXKJIeCTBY. Tak Kak BCsIKasl KOHEUHAs pe-
METKA YIOBJETBOPSIET HETPUBUAJBHOMY TOXKJECTBY, TO BBIIICHA3BAHHOE
YCJIOBHUE SIBJISIETCsI yCJIOBUEM KoHeqHOCTH. B pabore [15]| jokasaHo, 4To HaJy
KOHEYHO MOJIyTPYIIIOH PEeIéTka KOHI'PYIHIINIA oJroHa X yIOBJIETBOPSET
HETPUBUAJIBHOMY TOXKJIECTBY B TOM U TOJBKO TOM ciydae, eciim X KOHe-
4deH. V3 MOJIMTOHOB CHENMAJIbHOIO BUJIA OTMETHM JIMArOHAJLHBIN ITOJIUTOH,
T.e. MHOXKECTBO S X S Ha KOTOPOM IIOJIyIpyIia S HefACTByeT CjepyIolnuM
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obpaszom: (a,b)s = (as,bs). DTUM MOTUrOHAM MOCBANIEH psii paboT OTete-
CTBEHHBIX U 3aPYOEXKHBIX aBTOPOB, B OCHOBHOM IOCBSIIIEHHBIX YCJIOBUAM, IIPU
KOTOPBIX JIAHHBIH ITOJIUTOH OY/IeT UKIMIECKUM UJIM KOHEYHO TOPOXKIEHHBIM.

B Teopnn 9acTUYHBIX IOJUTOHOB OJINH U3 IIEHTPAJIbHBIX BOIIPOCOB — BO3-
MOYKHO JIN TIPOJOIPKEHNE FaCTHIHOHN omeparuu 10 moHoi? OKa3biBaeTcs,
YTO 9TO BO3MOXKHO HE BCErJa, OJHAKO, €CTh IMOJIYTPYIIIbI, HaJ KOTOPBIMU
BCAKUI YaCTUYHBINA MOJIMIOH IIPOJOJIZKAETCH — HAIIPUMED, BIIOJIHE IIPOCTHIE
HOJIYTPYTIb (& 3HAYAT, U TPYIIIIbI).

Coenunenne HECKOJIBLKAX aBTOMATOB B OJMH WM PA3JIOXKEHHE aBTOMATA
Ha psiji boJiee MPOCTHIX COOTBETCTBYET aJIreOpandecKnM KOHCTPYKIUSM I1Ps-
MOT0 U IIOJIIIPSIMOTO IIPOU3BEIEHNUS, KOIPOU3Beenus, ciuierenus. Crierenus
CBHII'PAJIN BaXXHYIO POJIb B TEOPUU I'PYII JJIs OMUCAHUS HEKOTOPBIX IPYIIIO-
BBIX paciiupeHuii. B Teopuu MOJyIpyII W MOJUTOHOB HAJ HOJIyTIPYIIIaMU
UX 3HadYeHHe Takke BecbMa Besnko (cMm. [16]). Hekoropsle 3agadm reopun
aBTOMATOB, TPEOYIOT IIJIsI CBOEIO pa3peIleHus MPUBJICICHNE BECbMa TOHKUX
asrebpandeckux MerooB. B crarbe C.B. Anémuna [17] obcykuatorcs gaH-
HbIE BOIIPOCHL.

B zaksmoueHmne ymnoMsiHeM HeJaBHO OIyOJIMKOBAHHBIN aBTOpaMu 0030D
TeOpUH ITIOJUIOHOB HaJl moJyrpynmaMu [18], B KOTOPOM OCBEIeHbI pe3yJib-
TaThl, [OJIYIYEHHBIEC B 9TOI TEOPUM B MOCJEIHUE JECITUIETHS, OTHOCAIIUECS
B OCHOBHOM K CTPYKTYPHO}l T€OPUU IIOJIUTOHOB U 3aTPATrUBAIONINN HEKOTOPbIE
JIPyTHE acHeKTHhI.

Pabora Bbimosinena npu dpunancopoit mojnepxkke Munoopuayku PO B
paMKax peasim3aluy nporpaMMbl MOCKOBCKOro 1ieHTpa (pyHIaMeHTaIbHON 1
MIPUKJIATHON MaTeMaTuku 1o coryariernto Ne075-15-2019-1621.
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YacTp 2.
MaremMaTunka 1 KOMIIbIOTEPHbIE HAYKN



ITpakTinyeckue OIeHKU CJI0KHOCTH
peEryjidpHbIX BbIpa kKeHUin

1. E. Anexkcangpos!
A.B. Kpacuenkosa?®

OTa paboTa OMHUCHIBAET CEPHUIO IKCIEPUMEHTOB HAJT KOHETHBIMU aB-
TOMAaTaMU U BLIABJIAET KJIACCHI IIOTEHIIUAIBHO IIPOCTBIX U IHOTEHITUAIb-
HO CJIOYKHBIX PETYJISPHBIX BbIPAXKEHU, BEIYIUX K SKCIIOHEHITNAIHHO-
My B3PBIBY B YHCJIE€ COCTOSIHUIA.

KirouyeBble cjioBa: KOHEYHBIE aBTOMaTbI, peryJjsdpHble BbIpazKe-
HUA, 3KCHOHeHL[I/Ia.HI)HbII7I B3PbIB, BBIYUCJIUTEJIbHBIC SKCIIEPUMEHTBI

1. BBegenue

[Tpobsiema BbIABIEHNST BTOPXKEHHUIN SIBJISIETCS aKTyaJbHOM TPOOIeMONl KOM-
[BIOTEPHOH 0GE30IMACHOCTH: € KayKJbIM T'OJOM YHCIO0 Pa3HOOOPA3HBIX aTaK
TosbKo pacrer [1]. OgHUM U3 caMbIX PaCIPOCTPAHEHHBIX IOJXOJIOB B Bb-
SIBJIEHUN BTOPKEHUN SIBJIAETCA CHUTHATYPHBINA IOJIXOJ, B paMKaX KOTOPOIO
IKCIIEpTHBIEC 3HaHUA O CyH_(eCTByIOH_H/IX aTaKaX " yH3BI/IMOCTHX (bOpl\laJH/ISy—
IOTCSI B TEPMHUHAX PErYJIsIPHBIX BBIPAKEHUI; MIPOBEPKA, COOTBETCTBUSI TEKY-
Iero CoOCTodHusd CHUCTEMbI O,ZLHOI'?'I N3 N3BECTHBIX CI/IFHa.Typ OC}’H.[GCTB.HHGTCH
C MOMOIIBIO PA3JINIHBIX MOJAUMUKAIN KOHEIHbIX aBToMaToB [2]. B ciayuae
HCIIOJTb30BaHUsI KOHEUHBIX JleTepMUHUPOBaHHBIX aBroMaTos ([IKA) Bpemen-
Hasl CJIOKHOCTDH pPaclO3HaBaHUs JIMHEHHA 110 JJIMHEe BXOIHOI'O CJIOBA, OJHAKO
YHCJIO COCTOSIHUN MOXKET KCIIOHEHIINAJIbHO 3aBUCETDL OT JJIMHDbI BHIABJIACMbBIX
Pery/IsIpHBIX BBIparKeHUil; mepexo] K HeIeTePMUHUPOBAHHBIM KOHEUHBIM aB-
romaram (HKA) caHuzkaer Harpy3ky Ha HaMsTb JI0 JMHEHHON, OJIHAKO YXY/I-
aeT BPEMEHHYIO CJIOXKHOCTh. VI3BeCTeH psifi KOHCTPYKIIWIA, TTO3BOJISTIOIIMX
B HEKOTODBIX CJIy4asiX CHU3UTH [IPOCTPAHCTBEHHYIO cjI0kHOCTH JIKA (M.,
HanpuMmep, 0030p [2]), ojHAKO Takue KOHCTPYKIUH 3aBEJIOMO XODOIIU JIJIst
HEKOTOPBIX KJIACCOB PEryJIAPHBLIX BbIpakKeHHUil, a yTBep:KIeHHsI O pabore B

L Anexcandpos Imumputi Eszenvesus — K.b.-M.H., JONEHT Kad. BLIYUCIATEILHON Ma-
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cilydae TPOM3BOJIBHBIX BBIPAXKEHUI OTCYTCTBYIOT. Tak»Ke MMEIOTCsT MCCIIe 10-
BaHMsI O BbIJIEJIEHUN KJIACCOB PErYJISIPHBIX BbIpazkeHuii, addekTuBHO pacto-
snaBaeMbix HKA (cMm., manpumep, [3]).

B ciyuae anmaparTHOil peaJusaniu CUTHATYPHONH KOMIIOHEHTBHI CHCTEMbI
BBISIBJICHHSI BTOPXKEHUIT [IPEJICTABIIACTCS PAa3yMHBIM OCHOBBIBaThCs Ha JIKA,
TaK KaK CucreMa KPUTHYHA K CKOpOCTH paborsl. Pasymuoil crparerneii mc-
CJICJIOBAHUS TIPE/ICTABIISIETCS BBIICJICHIE TIPAKTHYECKN HHTEPECHBIX KJIACCOB
peryJsipHbIX BbIpazkeHuil, npuBojsinmx K JIKA ¢ 6osbimm 9uciom coctosi-
Huil (HAIpEMED, C HOMOIIBIO AHAJM3a U3BECTHBIX 0a3 CHIHATYD, TAKUX KAk
6asa cucremsl snort [4]), u pemteHue mpodIEeMbl 11 HAHJEHHBIX KJIACCOB.

2. Cucrema AJId aHaAJIN3a aBTOMATHOI CJIO?KHOCTH

s npoBejieHNs BBIYUCINTEIBHBIX SKCIEPUMEHTOB OBbLJ UCIOJIB30BAH IIPO-
IPAMMHBIN KOMILJIEKC, TO3BOJISIONINI CTPOUTh HEJIeTePMUHUPOBAHHBIE U JE-
TEePMUHUPOBAHHbIE KOHEYHbIE aBTOMATBHI IIPUBEJIEHHOIO BUJA JJIs PACIIO-
3HABAHUS KAK OJIMHOYHBIX PErYJISPHBIX BBIPDAXKEHUN, 3a/IAHHBIX B HOTAIUU
PCRE, Tak u ux obbegunennii. HeobxouMble olpeiesieHuss MOXKHO HaiTH,
Hanpumep, B pabore [5], onucanune dhopmara PCRE — B [6].

L1t BBIBO/IA HA 9KPAH YHUCJIA COCTOSHUN TeTePMUHUPOBAHHBIX KOHETHBIX
aBTOMATOB IIPUBEJIEHHOTO BUJIA, KAXKIbII 13 KOTOPBIX PACIIO3HAET 10 OJIHO-
My u3 PCRE-coBMecTUMBIX perysisipHbIX BbIpaXKeHUil, 3allCaHHbIX B (aiie,
UCIIOJIB3YETCs CJIEJLYIONAasi KOMAH/IA:

./re2fa --input-type=regexp-file -v -m expressions_example
rJe expressions_example — 1yTh K (ailily ¢ BHIPaXKEHUSIMU.

C nenbio aHaIM3a MHOYKECTBA PETYIIAPHBIX BbIPaKeHUN Ha IPEJIMET IKC-
IIOHEHIIMAJILHOI'O B3PbIBa YMCJIa COCTOAHUI UCIIOIb3yeTCs CJIeJIyIoNias KOMaH-
J1a, MM03BOJIsiIoNmas Haiitu 1ucio cocrogunit JIKA, pacrosnaorero oobean-
HEHHUE PEeryJIsipHBIX BbIPAKCHUMN:

./re2fa --input-type=regexp-file -v -m -j expressions_example
rjie expressions_example — yTh K dailly ¢ BbIparXKeHUsIMH, KOTOpPbIe HE00-
XOAUMO OOBEIUHUTD.

[IpuBeenmble HUXKE IKCIEPUMEHTHI MOTYT OBITH BOCIPOU3BEICHDI, HC-
II0JIB3YsI KOJ U TECTOBBIE IIPUMEPBI, PACIIOJIOYKEHHBII 110 CCBITIKE
https://github.com/d06alexandrov /re2fa.

3. BroraucianrejbHbIe IKCIIEpUMEHTbI

IIpoBeneM ceprio BEIMUCIUTENLHBIX SKCIIepuMeHTOB. [lepBast cepust sxcrepn-
MEHTOB HallpaBJieHa Ha HUCCJeJI0OBaHle IIPUMEPOB PEry/IsipHbIX BbIParKeHUI,
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KOTOpPBIE, NUMesl HEBBICOKYIO CJIOZKHOCTBb COCTABHBIX 4YacTeil, Jal0T HEBBICO-
KYIO CJIOKHOCTh MTOTOBBIX BbIpakeHuii. Bropasi cepusi 9KCIEepUMEHTOB MO-
JeaupyeT NPsMO ITPOTUBONOJIOXKHYIO CUTYAIIAIO: BBIPAXKEHUS C HEBBICOKON
aBTOMATHOM CJIOXKHOCTBIO COCTABHBIX YaCTell MPU OO0bEeIMHEHNHN TAI0T Pe3-
KW CJOKHOCTHON CKAYOK.

3.1. Pabora c mpocThIMHI KJIacCCaMU PEryJisPHBIX BbIPa>kKeHUIl

B xavecTBe IpUMepOB PETYIIAPHBIX BHIPAXKEHNH, MMEIONINX HU3KYIO aBTOMAT-
HYIO CJIO}KHOCTb U HEBBICOKYIO BPEMEHHYIO CJIOYKHOCTbH, PACCMOTPHUM CJIETY-

ToIe 11a0JI0HBI peryiadpHbIX BbIPpaKCHUN U3 pa6OTBI [3]:
Ne 1 2 3 4 5 6
Tun | (aclbc)+ | (at+|b+lc+t)+ | (alablbec)+ | (atbtc+)+ | (a+b+)+| (b+c+)+ | (abc)+]| (be)+
Ot BbIPpaKe€HU OIICHUBAIOTCS KaK UMEIOIe JIMHENHYIO WJIN Cy6KBa,ILpa—
TUYHYIO BPEMEHHYIO CJIO2KHOCTH DacCIiO3HaBaHUsA C TOUKHU 3PEHUA HKA [3]

SadurcupyeM 3HAYUEHUsI MTApaMeTPoB a, b, ¢, MOJCTaBUB BMECTO HUX BbI-
pakeHust u3 6a3bI Snort:

a
b
c

/text3Gtrack*?textBox*7 (xy) \s*\x3D* (\x22\x27\s) *\x2d\d/
/textBox*? (xy) \s*\x3D (\x22\x27\s) +\d{5}/
/endobjhttp\x3A\x2F\x2F*?\x2EloadXML/

C0KHOCTD JAaHHBIX PEryJIsSpHBLIX Bbipaxkenuii B repmunax KA cocras-
aser 25, 18 u 21 cocrostHuii.

B pesyabrare SKCHEpUMEHTOB IOIYYHIN CAEIYIONINE CI0KHOCTHBIE pe-
sysbrarsl (B repmunax JJKA):

Homep mabsona | 1 | 2 | 3 | 4 | 5 | 6

CJIOZKHOCTD 60 | 59 | 61 | 62 | 78 | 38
[Tosryuennble sKCIIepUMEHTAIbHBIE PE3Y/ILTATEI TO3BOJIAIOT COOPMYIIIPO-
BaTh TUIOTE3Y O TOM, YTO WICHTUMUIMPOBAHHbBIE B 3] KIacchl, siBIsIIOIECs]
“npocreivu’ ¢ Toukn 3penns HKA, npocrsl u ¢ Toukn 3penns JIKA.

3.2. Ilomck “ci10KHBIX” KJIACCOB PETYJIAPHBIX BBIPAKEHUIA

Paccmorpum criemyroruit HaOOp pery/asipHbIX BbIpaXKeHU n3 6a3bl CHCTEMBI
snort, MO3BOJISIIONINN BBISIBJISITL BPEIOHOCHBIE BozjeicTBusa Ha pdf-daiiib
(06dyckanust, DoS-araku u 1pyrue) u HEKOTOPbIe HHBIE aTaKu:

/<script.=*7 (&#\d+\x3b) {30}/si

/Collab\x2EaddStateModel\s*\x28\s*\x7B. *cName\s*\x3A\s*\x22 (\x22|\x5Cx00) /si
/JBIG2Decode . *?stream(\x0d\x0a|\x0a|\x0d) /si

/Type\s*\x2FAction. *?Launch.*?\x28\s*\x2f\w/si

/<\x21ENTITY [~>]+SYSTEM[~>]+http\x3A\x2F\x2F . *?\x2EloadXML/si
/obj\x3c\x3c.*?\x2fBaseFont\x2f [~\x80-\xff\x2f] * [\x80-\x£ff] . *7endobj/s
/textEncoding=\x22.*&#x07D\x3b&#x07A\x3b/i
/doctype\s+svg\s+.*?\x28\s*7/pipe’ ["\x29] *7 [\x60\x3b\x7c\x23] /is
/~Rar\x21\x1A\x07\x00.*\x2E (cmd | bat | com|exe|scr|pif)/si

/~static\s+(\w+\s+) ?char\s*\x2A\s*\w+\s*\x5B\x5D\s*\x3D\s*\x7B. *\x22 [~\x22] {200} /si
/text3Gtrack.*x?textBox.*7 [xy] \s*\x3D* [\x22\x27\s]*\x2d\d/si
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/textBox.*7 [xy]\s*\x3D[\x22\x27\s]+\d{5}/si
/\x3C\x21ENTITY\s+.*\s+[\x22\x27] \x5D\x3E. *\x3Cd. * [\x22\x27] \x3E/s

Ecin Mbr OysieM paccMaTpuBaTh 3TU BhIPAXKEHUS 10 OT/IEIBHOCTU, TO aB-
TOMATHI JIjII HUX UMEIOT HeDOJIbIoe KOJIMIecTBO cocTostauit: 128, 34, 19, 21,
32, 32, 27, 21, 22, 228, 24, 16, 18 coorBercTBerHo. IIpn mocaemoBaTeIbHOM
ux obbeauHeHnn Mbl mosyumm: 317 — 697 — 2229 — 9549 — 41081 —
91249 — 237585 — 503400 cocrostamii (3aTem MpoIEece ObLI OCTAHOBJIEH CH-
CTEMOIl M3-3a MCYEePIaHUs] TAMSITH ), YTO O3BOJISIET KIaCCUMDUINPOBATE JTaH-
HYIO CUTYAIUIO KAK SKCIIOHEHITNAIbHBIN B3PBIB.

4. 3akJro4deHune

Unmeromuiicst y Hac mporpaMMHBIH KOMILJIEKC TI03BOJISIET OTJIEIAT IIPOCTHIE (B
ABTOMATHOM IJIaHE) PEery/IsipHbIe BBIPAYKEHUsI OT CJOXKHBIX. Harm jpaibHei-
mye IUIAHBL TAKOBBL: J0OABUTH B IPOrPAMMY U3BECTHBLIE METOIbI IOHIKCHIS
caoxHOoCcTH (CM. [2]), paciuputs nopuepkky PCRE-#oTaiun u nocraparbces
BBIAABATH HOBBIE KJIACCHI CJIOXKHBIX PEryJIsAPHBLIX BHIPAXKCHUIA.
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Practical estimates of the complexity of regular expressions
D.E. Alexandrov, A.V. Krasnenkova

This paper describes a series of experiments on finite automata and
identifies classes of potentially simple and potentially complex regular
expressions leading to an exponential explosion in the number of states.

Keywords: finite automata, regular expressions, exponential
explosion, computational experiments
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O06 ypaBHEeHUSAX BUPYCHOI AMHAMUKN

COVID-19
J1.B. Anexcees!

PaccmoTpena mpocteitmas cucreMa ypaBHEHWI BUPYCHOM JTWHAME-
ku ([1]). omywero aHATMTHYECKOE PEIIEHNE CHCTEMBI. TakKe TOJTy-
4eHbl (POPMYJIbI IMKOBOM BHUPYCHOH HArpy3KU M BPEMEHA JTOCTHKEHUS
MaKCUMAaJILHOTO M OE30ITacHOr0 3HAYMEHUN BUPYCHON HATPY3KH.

KuroueBbie cioBa: mguddepennuanabubie ypasaenns, Jlorka-
Bossreppa, COVID-19.

1. BBeaenue

B nmanmoit pabore paccMaTpuBaeTCs MpOCTelias CUCTeMa YPaBHEHUN BUPYC-
HoM quHaMuKu. [lomydeno anauTHYeckoe perenne cucTeMbl. TakKe TmosTy-
“eHbI (DOPMYJIbI BPEMEHU JOCTUYKEHUSI ¥ BeJTMIHHBI MAKCHMAJIBHON BUPYCHOM
HATPY3KH.

ApTop BBIpaxkaer Osarogapuoctsb c.H.c. A.B. T'ajgarernko u C.A. Hepcu-
CSIHY 3a TIOCTAHOBKY 3aJ[a9¥ U TMOMOIIE B pabore.

UccnenoBanne  BBIMOJHEHO MPH  HOJJEPXKKe MeXIuCIunInHapHOI
HayIHO-00pa3oBaTeIbHOM MKOJI6I MOCKOBCKOTO yHUBEpCcuTeTa « MOo3r, KOrHu-
TUBHBIE CUCTEMbI, UCKYCCTBEHHBI WHTEJIEKT»

2. OcHOBHbBIE MOHATHUS U (POPMYJIUPOBKA pPe3yJIbTaTa

BBejieM 0CHOBHBIE OIIPEIC/ICHUS.

[Iycre F(t) — moJist He 3aparKeHHBIX KJIETOK 110 OTHONIEHHIO K HAYaJlb-
HOMY MOMEHTY BpemeHu t = tg, Takum obpazom F(0) = 1. ITycrs V(t) —
KOJIMYECTBO BUPUOHOB (BUpYCHasi HArpy3Ka) B MOMeHT BpeMenu t. B pabore
[1] mpuBomUTCS CoteyIomAast MO/ BUPYCHON JTMHAMUKY

daF
dt T BEV (1)
&Y =AFV -V

L Anexcees Jmumpuii Bradumuposuy — CTADIIMI HaydHBIA COTPYIHHK Kad. Ma-

TEMATUYIECKOH TeOpUM WHTEJUIEKTYaJbHBIX cucTeM MeX.-maT. ¢-ta MIY, e-mail:
alekseev@intsys.msu.ru.

Alekseev Dmitriy Vladimirovich — Senior researcher, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of
Intellectual Systems.
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3nech S obozHAUaeT KOIDDUIIMEHT CKOPOCTH PACIPOCTPaHEHUsT NH(EK-
U, 7y — CKOPOCTH PEININKAIINYI BUPYCa B 3aPAa’KEHHOI KJIETKH, § — CKOPOCTh
rube N 3aParKeHHBIX KJIETOK.

3aMeTnM, UTO CHCTEeMa SIBJISETCS PeJIyIUpPOBAHHON BEPCHel CHUCTEMBI
Jlotkn-BosbTeppa, T.K. B IEPBOM YPaBHEHUN OTCYTCTBYeT WieH ¢ a-F'. Beaen-
CTBHE 5TOI'0 PEeIeHUs He sIBJISTFOTCST IEPUOTUICCKITMU.

100: ; ; 10° ; :

woo} > 104

t(aHw)

Puc. 1. Tunuaabiil BUI peleHnst CHCTEMBI

TunuaHbIil BU pelleHns] CUCTEMbI IOKa3aH Ha puc. 1. OdeBUIHO, YTO
F' MoHOTOHHO yOBIBaeT, IMOCKOJIBKY IIPaBas IacThb [IEPBOTO YPABHEHUST MEHD-
nie HyJst. V' MOHOTOHHO BodpacraeT Ha (to; tmax, JOCTHIAET MAKCHMAJBHOIO
3HAYEHUST Vinax MPU T = tmax, U YOBIBAET HPHU t > tyax. DTO ClIEYET U3 YObI-
Bauus I u Toro, 4ro 3Haxk % coBnaaer co suakoMm vF — §. Heobxomumo
OTMETHUTD, UITO HA IPAKTUKE BCETJIa BBIIIOJHEHO HEPABEHCTBO Y > 6.

L1t 9TOI MO/ TIOTyYeHbl CIeIYIONINe Pe3yIbTaThl:

Jlemma 1. B 10600 momenm spemenu t pewenue cucmemoi (1) ydosaemeo-
DAEM COOMHOULEHUIO

V) -V = glnF(t) + 50— P)
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dokazaresbCcTBO
Paccmorpum nunamudeckuiit muBapuanT cucreMbl Jlorka-Bosabrepa SV —
0In F + ~F = const. Haiinem koncranty u3 ycjosuit V(0) = Vp, noayunm
F0) =1 = C = Vp + ~ Ioacrasisiss KOHCTAHTy IOJIyYUM yTBEPXKJICHUE
JIEMMBI. O

Teopema 1. Cucmema (1) obradaem caedyrouyum nepevim UHMEZPaAAOM

/dt +/ dVB = const, (2)
6-V. (1 + Wy, (—ef(V—VO)—Hn %—%))
2de semev Pynruyuy Jlambepma evbupaemes k = —1 dasa ywacmros, 20e V

sospacmaem u k = 0 das ywacmros yoweanua V.

JlokazaTesbCcTBO
Crenas 3ameny f =1In F,v = InV | noxyaum

fro=—pe"
v =~el —4.
[Iponuddepeniupyem Bropoe ypasHenue n nojcrasumM f' u3 nepsoro: v’/ =

—Be¥(v'+4). Cnenaem 3ameny p(v) = v, rormav” = p'-p: p'p = —Be? (140 /p)

Paznensem nepeMennble 1 TPOMHTErPUPYEM: f T +§ = —p f e’dv + C Paz-

gemam na §: —(p/6+1)+In(p/d+1) = 5e¥+Cs. llorennunpyem 1 JJIOMHOKIM

Ha -1: —(p/d 4+ 1) - e~ W/0+D) = _eB/0e¢"+C2 316 pripazkenne mpEHAIIEKIT
[—1/e,0), mocKoIbKY JeBasi YacTh HPUHUMAaeT 3HadeHus Ha [—1/e;+00), a
mpaBasi 9acThb - orpunareabia. [Ipumennm dyuxmnuio Jlambepra

—(p/d+1) =W, (_eﬁ/6e”+02)

W —dyukuus umeer e Bersu Ha [—1/e; 0), 3aMeTnM, 9T0 JieBast 4aCTh MEHb-
nre -1 Ipu NOJIOKUTENBHBIX P U 6oJbIne -1 — 1pu oTpunare bHbIX. Boibupa-
em W_1 ma yuactke, rme V Bospacrtaer, u Wy — rie yobiBaeT. Beipasum n
nojcrasum p = (In V)"

Vv’ v
— =4 (_1 - W <_6B/6e +CQ)) (3)
174
Haxomum koncranty Co wu3 ycuosus p(0) = v — 4 noJy-
v Cp = —y/d + Invy/d — B/6 - Vy Ilogcrasum B (3): VV =
§(—1- W(—eﬂ/ée”_“’/‘s*ln7/5_5/5"/0)) VrupocTuMm u pazjieinM IepeMeH-
HbIE! 5\/(_1_W(_7/§ZB/5(V*V0)*7/5)) = dt Nurerpupys obe dacTu, MOJIyIUM
nepsblil nHTErpast (2). O
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Caencreue 1. Obosnavum q = § —In ¥, Makcumarvras eesununa supyc-
ot Ha2pYy3ky pasHa Vimax = Vo + % (¢ — 1) u docmueaemea 3a epems

In

>

—_

tmax =
/ z—ez+q+ﬁ/5 Vo

0

=9

CraenctBue 2. Besonachas seauvuna supycnot nazpysku Vi docmueaemca

30 8PEMA
Zp,

th =1t +1/ dz
h — Ulmax 5 Z—ez—|—q—|—ﬁ/(5-vb’

2(96 Zh e ln ‘WO(_eﬁ/(s(Vh_VO)_q”

Chnucok Jjimreparyphbl
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“Detection of significant antiviral drug effects on COVID-19 with reasonable
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About COVID-19 viral dynamics equations
Alekseev D.V.

The simplest system of viral dynamics equations ( cite covid)
was studied. An analytical solution to the system was derived. Also,
formulas for peak viral load and times for reaching the maximum and
safe values of viral load were derived. Keywords: differential equations,

Lotka-Volterra, COVID-19
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O 3aMKHYTBIX KJlaccaxX B PyHKINOHAJIbHOM
cucCTeMe palliOHAJIbHBIX (PYHKINI C
paloHaAJIbHBIMI KO3 dpunmenramMmn

H. ®. Anexcnamuc!

esnbio HacTosAIIEH PAOOTHI SABJSAETCA M3y4YeHNE 3aMKHYTBIX KJIac-
cOB B (DYyHKIIMOHAJBHON CHCTEME PAIMOHAJbHBIX (PYHKIUH C parmo-
HaJIbHBIMU KO3(DPUIMEHTAMEI, KOTOPbIE UT'PAIOT KJIFOUYEBYIO POJIb IIPU
pereHnn mpodJIeMbI TTOJTHOTHI.

KuroueBbie ciioBa: GpyHKIIMOHAIBHAS CHCTEMA, IIPOHJIEMa TTOJTHO-
ThI, 3AMKHYThIE KJIACCHI, pAIMOHAJIbHAS (DYHKIIHST

DTOT JOKJIa] MOKHO CIUTATH IIPOJIOJIKEHUEM MOUX JIOKJIAJIOB, IIPEICTaB-
Jgennbix Ha XIX Mexnynaponaoi Koudepenuu «Ajredpa, Teopusl TUcell,
JIICKPEeTHast reoMeTpus ... » [1] u na MexkmynapoHoii koundepernuu «Masib-
[IEBCKIE 9TeHus > |2].

[Ipu usnokeHUn mMaTepuasia Mbl UCIOJIb3YEM CTaHJIAPTHYIO TEPMUIHOJIO-
ruto Teopur (byHKIFOHAIBHBIX CHCTEeM U3 KHUT (3] u [4].

Beejiem HECKOJIBKO CTaHJIAPTHBIX 0003HAYEHUIA:

N — MHOXkKeCTBa BCeX HATyPaJbHBIX dncest (BK/odast 0),

() — MHOYKECTBA BCEX PAIMOHATBHBIX YUCEJ,

€y — MOIIHOCTH CUETHOI'O MHOXKECTBA,

€ — MOIIHOCTh KOHTUHYYM.

Jlist ynobersa n3soxKenns nosaraem, uro 00 = 1.

OcHoBHOI1 1po6JIeMoii Teopun (DYHKINOHATIBHBIX cucTeM (.c.) sBisieTcs
NPOOAEME NOAHOMDBL, COCNOAUAA 68 ONUCAHUU BCET NOOMMHOdCECME A MHO-
orcecmea gyrnkuuts F, komopuie asasmomes noanvimu 6 P.c. F = (F,O).

Kaxk u3BecTHO, n3ydenue mpobJieMbl ITOJTHOTHI OCYIIECTBIISIIOCH Iy TeM HC-
CJIeTOBAHUsT KOHKPETHDLIX (DYHKITMOHAJBHBIX CUCTEM: (DYHKIMOHATLHAS CH-
crema OysieBbIx yHKIWi [4], k-3Haunble Joruku [3|, GyHKIMOHAIBHbIE CH-
crembl aBroMaTHbIX dyHkmit [5], [6]. B atux ¢.c. pemenune npobieMsl 110J1-
HOTBI OBIJIO CBEJIEHO K OIMMCAHKIO BCEX MPEIIIOJHBIX KJIACCOB (MAKCUMAJIbHBIX
nozanare6p). Meros perenus: npobIeMbl OJTHOTBL B TEPMUHAX [PEJIIOIHBIX
KJIACCOB CTAJI TIOCJIE 3TOTO OJJHUM U3 OCHOBHBIX.

OnpenenuM GYyHKIMOHAIBHYIO CHCTEMY PAIIMOHAJIBHBIX (DYHKIINNA C pa-
IUOHAJILHBIMEU KO3 UIMeHTaMU.

b Anexcuaduc Huxoe Quaunnosuy — noreHT, HalmoHa/IbHbII UCCIIeI0BaTeILCKUN YHH-
Bepcurer “MIDU”, e-mail: aleksiadis@yandex.ru.

Aleksiadis Nikos Philippovich — associate professor, National Research University
HMPEIH
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DOyHKIIASA BUJIA

o g(xla s >$n)
f@r, ) = h(z1,...,20)]
rie g(x1,...,xn) 1 h(z1,...,2T,) Z 0 — IOJUHOMBI C PAIMOHAIBHBIMEI KO3(]-

dunpeHTaMI, HA3LIBAETCI PAUUOHAALHOU GYHKUUET ¢ PAUUOHANDHBLMU KO-
afpuyuernmamu.

Pammonasibible yHKIUN € palioOHAJbHBIME KO3 duinmentamu Oyaem
Ha3bIBAThL Takxke rq—@yrnxyuimu. Obosnauum vepes Frgy MHOXKECTBO BCex
PaIMOHAIBHBIX (PYHKIUN C pAIMOHAJIBHBIMA KO (DUITMEHTAM.

OyHKITMOHAIBHAS CUCTEMAa PAITMOHAJIBHBIX (DYHKIUI ¢ PAIMOHAJBHBIMEI
kodbduiuentamun Frg — s10 mapa Frg = (Frg,O), rue Frg — MHOXKe-
CTBO BCEX PAIMOHAJBHBIX (DYHKIUH C paIrMOHATIBHBIMA KoM PUIMEHTAMH, a
O — MHOXKeCTBO onepaluu cyneprosumyi. Oneparun CyIepIro3uiini BKIOIa-
0T B ce0si: Nepecmanosky nepemenHbiL; NePeumMerosanus nepementos (6e3
0MOAHCOECMBACHUA); OMOHCIECTNBAEHUA NEPEMERHVLT; 66edeHue HurmueHo
nepemennoti; yoasenue GurmusHoti nepemennoti; nodcmanosky o0not gymk-
yuu 8 dpyeyro.

Cnemyer OTMETHTH, UTO ITO ONpeeseHne (DYyHKIMOHATHLHON CHCTEMBI
Fro = (Frg,O) KOppekTHOe, Tak Kak jobast cyneprosurust QyHKIHA 13
Frg sBngerca onars dynknueit n3 Frg.

Crenyromue JiBe TEOPEMBI JIAIOT UCUEPIIBIBAIOIINI OTBET O CTPYKType U
9rciIe KOHEYHBIX 3aMKHYTBIX Ki1accoB B d.c. Fprg.

Teopema 1. B ¢.c. Frg cywecmsyrom moavko caedyrouue xorewnnie 3a-
MEHYMBIE KAQCCL:

i) C, 20e C' - npouseosvroe KoHeUHOE NOOMHOHCECTNBO MHodcecmEa ()

i) I ={z}, I = {x; —x};

iii) CUIL, {£er, -+, £eg ULy, 20e +cq, -+, e, € Q, a C, 11 u Iy onpe-
deastomes coomeememeerto 6 nPedvldyuUL NYHKMAL.

Teopema 2. B ¢ynxyuonarvroti cucmeme F rg
1) YUCAO BCET KONEUHBIT 3AMKEHYMOIT KAGCCO8 PAGHO Cpj;
i1) wUCA0 6CET BECKONEUYHBT 3AMKNYMBLT KAACCOE PABHO C;
i11) MUCAO BCET 3AMKHYMVT KAUCCOE PABHO C.

A ciemytonue 1Be TeopeMbl 0 6aznucax 3aMKHYTBIX KaaccoB B ¢.c. Frq.

Teopema 3. B ¢ynxyuonanrvroti cucmeme Frg
i) cywecmeyem 3amMEHYMbLl KAGCC, UMENULUT KOHeUHbl 6a3uc;
i) cywecmeyem 3amkHyMOI Kaacc, umerowutl beckorewnuil 6asuc;
i11) cywecmeyem 3amkrymul Kaace, ne umernwul 6a3uca.

Yro0bI yOeINTHCA B 9TOM, JIOCTATOYHO TPUBECTU TPUMEPBI COOTBETCTBY-
FONTUX 3aMKHYTBIX KJIACCOB.
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IIpumep 1. Basucom zamxrymozo xaacca A = {2zx,4x,8x,...,2"x, ...} as-
agemes kowewnas cucmema B = {2x}.

IIpumep 2. Basucom samrxnymozo xaacca A = {x,2z,3x,...,mz,...} a6-
aaemes beckonewnas cucmema B = {x,2x,3x, 5z, ...,px, ...}, 2de p — a0boe
npPoOCMoe Yucno.

Ipumep 3. Samxnymoiti kaace A = [T], 2de T = {1,23, 2323, 232323, ...}

ne umeem basuca.

Teopema 4. B ¢ynxyuonanrvroti cucmeme Frg
i) MUCAO BAMENHYMBIT KAACCO8, UMEIOWUT KOHewHbil 0a3UC, PasHO Cp;
i1) YUCAO BAMKHYMBLET KAGCCOS, UMEIOUUT beckonewnvil 6a3uc, pasHo C;
100) MUCAO BCET BAMKHYMMBIT KAGCCO8, He UMENUUT 6a3uca, Pa8HO C.

11, nakoHerl, pacCMOTPUM HEKOTOPbIE KOHKPETHBIE KOHEUHBIE 3aMKHYThIC
kyaccsl B d.c. Fpg, KOTOpble HIPAIOT KIIIOYEBYIO POJIb HPHU PEILIEHUH LIPO-
6JIeMBI TIOJTHOTBI, TAK KAK OHU SABJISIFOTCS IIPEJIITOJHBIMA KJIACCAMHE.

[Iycts A — pOM3BOJIBHOE TTOAMHOXKECTBO MHOXKecTBa (). O603HAINM de-
pes U(A) muoxecrBo Bcex Takux dbynkuuit f(z1,xs2,...,2,) 13 Frg, 4ro
flei,e2, i) € A, eciu ¢, ¢, ...;cy, € A. B s1oM caayuae f(xy, 2, ..., 2y)
HasbIBaeTCst Pynryuet, corpanarowet muoocecmeo A, a U(A) — kaaccom,
COTPAHAIOUUM MHOICECME0 A.

Ha wunTepecyronmii Hac BOIPOC — SBJSETCS JIM HPEIINOTHBIM KJIACCOM
KJIACC Beex 7'g-(PYHKIMI, COXPAHAIOMMUX KOHEYHOE MHOXKECTBO KOHCTAHT, OT-
BET JIACT CJICYIONIAs TEOPEMA.

Teopema 5. Fcau A — npou3sosvroe KoOHeUHOe NOOMHONCECTNGO MHOHCE-
cmea Q, mo xaacc U(A) asasemes npednosnvim kaaccom 6 d.c. Fro.

Aemop ewvipasicaem  2ayboryto 6Gaazodaprocms  3a6€dyrowemy Kageo-
poti Mamemamuveckolh Meoput UHMEANLEKMYAAOHBLE CUCTNEM METGHUKO-
mamemamuyeckozo paxyavmema MI'Y um. M.B. Jlomonocosa, npogeccopy
B. b. Kydpasuesy 3a nocmoarHyo nodoepHcky npu 8uinosHeHUY 0aHHOT pa-
bomoL.

Crucok aureparypbl
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4]
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Kympsasrnes B. B., @ynxyuonaavrve cucmemo,, I3ng—so MI'Y, Mocksa, 1982,
157 c.

dA6monckuit C. B., Besedenue 6 duckpemnyro mamemamuxy, 3a-Bo Hayka,
Mocksa, 1986, 384 c.

Baoun /1. H., “O 3amade mosHOTHI jy1st aBToMaToB”, VIHTe IeKTyaIbHbIE CUCTe-
wmbl. Teopus n npumoxkenus. T. 23, Bomm. 4, 2020, 82-83.
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Closed classes in the functional system of rational functions with

[1]

2]

13l
14]
5]
(6]

rational coefficients
Hukoc ®uimmnnosu4 AJjiekcuaauc

We study closed classes of the functional system of rational
functions with rational coeflicients that play the key role in deciding
completeness.

Keywords: functional system, completeness, closed -classes,
rational function
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I'paagynpoBanHble KBa3udpoOEHITYCOBBI
KOJIbIIa W MOJYJIN

. H. Bama6a' A B. Muxajép?

B pabore paccmoTpeHbl TpagynpoOBaHHBIE KBa3u(ppPOOEHUYCOBBI
KOJIBIIA U MOJIYJIM, YCTAHOBJIEHBI CBSI3U MEXK]Iy DPa3JIMIHBIME OIIpe/ie-
JIEHUSIMU, TIOJIyYEH PsiJl SKBUBAJIEHTHBIX XapaKTePUCTHUK.

KuroueBbie ciioBa: rpajgynpoBaHHbIE KOJIbIA U MOJIYJIN, KBA3U(-
POOEHMYCOBBI KOJbIIA, KBa3M(PPOOEHIYCOBBI MOy, (PPOOECHUYCOBBI
aareopwI

1. BBegenue

DpobeHNyCOBBI aIredPhI SIBISIIOTCS OJJHUM M3 BasKHBIX KJIACCOB aarebp, nsy-
YaEeMbIX B TEOPHUH ITPEJCTABJICHIH KOHEIHOMEPHBIX aJarebp. Briepsbie oam 1mo-
suytuck B pabore @.I.Opobennyca erne B Havasie XX Beka. KBazudpobenu-
YCOBBI KOJIBIIA ABJISAIOTCS X €CTECTBEHHBIM 0bobmienuneM. Kirace kBasudpo-
OGEHMYCOBBIX KOJIEIT BKIIOYAET B cebsl BCE ApTUHOBBI MOJTYIIPOCTHIE KOJIBIIA, &
TaKKe BCE IPYIINOBbIe ajreOpbl KOHEUHBIX TPy (He 00si3aTe/IbHO 0Ly IIPO-
CTBIE).

B pa6orax Hakasimbr [1, 2| dbpobennycoBbie u KBasudpobeHHyCOBbIE
KOJIbIIa W ajreOphl OBLIN 0XapaKTepPUM30BAHLI B TEPMUHAX AHHYJISITOPOB, a
Azymas [3] ¢ moMOIIbI0 aHHYIISITOPHBIX YCJIOBHIA Onpe/ie/inil KBa3udpobeHn-
YCOBBI MOJTYJIH.

B nociegname gecatuieTust MHTEpeC K KBazsupobeHNYCOBBIM KOJIbIAM 1
MO/TYJISTM BO3PacTaeT B CBA3U C WX MCKJIIOUUTETLHON POJIHIO B PA3BUTHH TEO-
pHHI JIMHEHHBIX KOJIOB U PeKypeHT [4].

[pagynpoBasubiM GpobEeHNYCOBBIM ajaredbpaM MOCBAIIEeHbl paboTe [5, 6,
7], a B [8] JjaHO HECKOJIBKO SKBUBAJIEHTHBIX XapaKTEPUCTUK I'Pa/Ly HPOBAHHBIX
KBa3nppOOEHMYCOBBIX KOJIBIIA.

B pabote paccMoTpeHbI rpaJIydipOBaHHbIE KBA3U(MPOOEHNYCOBBI KOJIbIIA, 1
MO/TYJTH, YCTAHOBJIEHBI CBSI3U MEXKTY PA3TUIHBIME OMPEIeTeHUSIMHE, TTOJTY I9€H
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Pabora Beimosinena npu ¢gunancoBoil noggep:kke ['parta MockoBckoro
neHTpa QyHIaMeHTaIbHON u npukiagHoin Marematuku MIY «Crpykryp-
Hast TeOpUs U KOMOMHATOPHO-JIOTUYIECKUE METOJIBI B TEOPUH AJIreOpanIecKuX
CUCTEM»

2. OcHOBHBIE IOHATUS U PE3YJIbTATHI

Bce paccmarpuBaeMble KOTBIIA aCCONMATABHBIE C €MHUIICH, MOIY/IN YHATAP-
HBI, I'PAJIyUPOBAHBI MYJIBTUILIUKATUBHON rpymnoit G. I'pajiyupoBaHHble aHa-
JIOTH CTAHJIAPTHBIX OMpeeeHuit 6ymeM 0603HATATh MTPUCTAaBKO gr-. Takum
06paszoM, TpalyupOBAHHOE KOJIBIIO HA3BIBAETCSI gr-apmunossim (CripaBa), ec-
JIN OHO YIOBJIETBOPSIET YCJIOBUIO OOPBIBA YOBIBAIOIIEH METIOYKHU TPABBIX TPa-
JIYUPOBAHHBIX UJICAJIOB.

I'pagyupoBamtoe KOMbIO R HA3BIBAETCS (r-K8a3uppoberuycosvim W
g7-QF-K%04v1,0M, €CTTH OHO Er-apTUHOBO CJIEBA U CIIPAaBa U gr-CaMOUHbBEKTUBHO
cupaBa (cieBa).u gr-ggpoberuycosvim, eciu OHO gr-KBasudpobeHnyCcOBO U
S9"(R) = R/JI"(R), toe S9"(R) — rpaayupoBamublii Mokoib, a J9"(R) —
rpajiyupoBaHubIiit pagukast /kekobcona kosbia R.

Hns momvmoxecrBa S C R depes [r(S) u rr(S) obosnatdmM coorseT-
CTBEHHO JIEBBIIl U MIPABBIil aHHYJISITOPBI MHOXKECTBa S, T.€.

Ir(S)={reR|rS=0}, rr(s)={a€A|Sa=0}.

EC.HI/I MHOZKeCTBO S BMeCTe C KazK/IbIM CBOUM 3JIEMEHTOM COJAEP2KUT U BCE €ro
OZIHOPO/IHbIe KOMIIOHEHTBI, TO {(,S) u r(S) SBISIOTCS COOTBETCTBEHHO JIEBBIM
U TIPaBBbIM I'PaJyMPOBaHHBIMU HjeajaMu KoJibia R.

st mroboro rpaayupoBaHHOro R-moaysns M MOKHO ONpPEIeINTh TPaLy-
upoBaHHOE KOJIbIO H10MOpdu3MoB S = ENDR(M) u jyasbHblii rpajyupo-
BauHbIl Moayins M* = HOMg(M, R).

Teopema 1. Jlas epadyuposantozo xoavua R caedyrowue ycaosusn sxeu-
BANEHMHDL:

1. R — gr-QF-xoavu0;

2. R — gr-apmunoso xoavyo u 0af 4100020 Ae68020 2padyuposaniozo ude-
ana L u mobozo npasoeo epadyuposannozo udeasra K xoavuya R evinosreriv
caedyrouwgue annyasmoproie yeaosus: Ig(rr(L)) = L, rr(lr(K)) = K;

3. epadyuposanmvie MoOyAu, YasvHble K Gr-HENPUBOOUMDIM NPAGDIM
R-modyaam u % gr-nenpugodumuim Aesvim R-modyasm, maxoce A8AMOMCA
Gr-HENPUBOOUMbBLMU.

Kaxmoe rpajiynpoBannoe kKBa3udpOOEHUYCOBO KOJIBIIO SBJISETCH gr-
KBa3udpobennycobiM. B TO 2Ke Bpems gr-kBasudppoOEHIUYCOBO KOJIBIIO MO-
KeT He ObITh KBas3udpoberunycoBbiM. IIpuMepom sBiIseTCS TPYIIIOBO# KOJIb-
110 6€CKOHEYHOI I'PYIIIBI ¢ €CTECTBEHHON I'PaJIyUPOBKOI.
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I'pagynpoBanHblii 6nMOnysb r()s HAZBIBACTCA (T-KEa3UPPOOEHUYCOCHIM
win gr-QF-6umodysem, eciin jyist JITOOONO MAKCUMAJTBHOTO JIEBOTO I'PALyUPO-
BanHoro uneaia I Cp R ero upasstii annyisarop rg(l) ={¢€ Q | I¢g=0} B
() WM HyJ b WIA Er-HEMPUBOIUMBINA S-MOIYIb U JJIsI JIIOOOIO0 MaKCHMAaJIb-
HOrO IIPAaBOr0 TI'palyupoBaHHOrO macama J C Sg ero JEeBLIH aHHYyIATOD
lo(J)={¢€ Q| qJ =0} BQ niu Hy/Ib WK gr-HEIPHBOAUMBIIl S-MOJIY/Ib.

I'pagynpoBanHblii MOmysnb g HaA30BEM (r-K6a3udpobenuycosbim Mo-
dyaem wi  gr-QF-modysem, ecau Jjisi JIOOOI0 HATYPAJbHOIO N W JIEO-
60ro KOHEYHO IMOPOZKJEHHOIO TI'PalyupPOBAHHOrO noaMotynst U Mosyis
Q= Q(g1)DQg2)D--.-DQgn), 31ech 91,92, -, 9n € G, Q(gi) — cpur
monyist @, dakrop Momyas /U Konmopoxkgaercs MozysieMm ()  KaHOHUIe-
CKOe 0TOOparKeHue HOMR(Q, Q) — HOMpg(U, Q) — cropbeKTUBHO.

Teopema 2. /las mourozo epadyuposannozo 6umodysn rQs Had Korey-
HOLMU 2PAdYUPOBAHHHIMU KOADUAMY IKGUBAACHMMHBL CACOYIOUUE YCAOBUA:

1. Qg — gr-QF-6umodyav;

2. rQs — xoneurwvli gr-QF-6umodyas;

3. rRQ — gr-QF-modysv u S = ENDR(Q);

4. 0ns 210601 2padyuposannvir noomodysett M Cr Q u N C Qg cnpa-
sedausv, pasencmea N = rg(lr(N)), M =lg(rs(M)).

Teopema 3. /Jlaa gr-apmurosa koavuae R oxeusasenmmv, caedyrousue
YCAOBUA:

1. R — gr-QF-xoavuyo;

2. RRR — gr-QF-6umodyne.

[Tycrs k — none u A P e Ay — rpagyuposannas k-aarebpa. Jlesomy mo-
JIy0 4 A Kak BEKTOPHOMY IIPOCTPAHCTBY HaJl HOJIEM k MOYKHO COIOCTABUTD
JlyajbHOe BeKTOpHOe npocrpancTBo A* = Homy (A, k), siBiistioreecst ipaBbiM
A-momyiiem, ecsn mosioxkuTh (pa)(x) = @(ax) ast Beex p € A*) a,x € A.

Ecin anrebpa A koHeuHoMepHa, TO A* sIBJIsteTCs IPaBBbIM I'PAJLyUPOBAH-
HBbIM A-MOJIyJIeM €O CIeyIoNieil rpaynpoBKoit

Ay ={fe A" | f(An) =0 = Beex h # g '} (g € Q).

Koneunomepnas rpagyupoBannas k-aiarebpa A HasbiBaercs gr-¢gpobe-
HuYcosol, eciu JieBble rpajyupoBanuble A-monyau 4 A u (A4)* usomopdHbl
u gr-xeasugpoberuycosot, ecaum mouyaun AA u (Ay)* uMeroT onHU U Te XKe
PA3IMIHLIC HEPA3IOKAMBIC KOMIOHCHTEI.

Teopema 4. Koneunomepras 2padyuposannas aszebpa A asssemcs gr-
Ppoberuycosoti 6 MOM U MOABKO MOM CAYUGE, CAU Koavuo A — gr-¢hpobe-
HUYCOBO.

Koneunomepras epadyuposarnasn aszebpa A saeasemcsa gr-xeasugdpobe-
HUYCOBOT, 8 MOM U MONODKO MOM CAYHAE, ECAU 0L KAHCAO20 NEB020 2Padyu-
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posarrozo udeana I u xasicdozo npagozo 2padyuposarnozo udeasra J anzebpoy
A cnpasedausv pasercmea la(ra(l)) =1, ra(la(J)) =J.
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ABTOMATHBIN MOAXO0/ AJd OIITUMMN3AIINNI
paboThLI cucTEeMBbI 00yUeHsT HEMPOHHBIX
cerei

B. A. Bupoxosa!

B nmammoit pabore mpejcraBiieHa aBTOMATHAA MOIE]b OOYIEHUS
HEIPOHHBIX ceTell, peallm30BaHHAST C TOMOIIBIO sI3bIKA TPOIPAMMUPOBa-
HUsI BBICOKOI'O YpOBHsI python u anpobupoBanHas Ha 3aja4ye GUHAPHON
kJtaccupukanuu. Tak»Ke BHyTPU PACCMATPUBAEMON CHCTEMbBI PEAJTA30-
BaHa MPOIEypa aBTOMATH3ANMNA 00YUeHUs HEHPOHHBIX ceTell ¢ MOMO-
IHIO BBIOOPA CTpaTernu 06y YeHUsI ¢ TOYKU 3PEHUST «JTyIITUX TPAKTHK .

KiroueBbie cJi0Ba: MCKYCCTBEHHBbIE HEHPOHHBIE CETH, KOHETHBIN
aBTOMAT, ODECKOHEYHBIN aBTOMAT, CHUCTeMa Jiist PabOThl ¢ HEHPOHHBI-
MM CeTsIMU, aBTOMAaTU3allusi O0yJYeHMs] HEHPOHHBIX CeTel, ONTUMU3A-
IIMsi BBIOOPA TUIIEPIIAPAMETPOB C HCIIOJIB30BAHUEM «JTyUIIINX TPAKTUK Y,
KOMITBIOTEPHOE 3peHNne, OMHAPHAS KJIACCH(DUKAIIIS.

B nocsiesitee BpeMst HEHPOHHBIE CETH HOJTY INJIA BEChbMa IINPOKOE PACIIPO-
CTpaHeHHe, MOCKOJIbKY JaHHBIE MOJIEIN MOI'YT PEIIaTh COBEPIIEHHO Pa3Hble
331891 ¥ [I09TOMY HAXOJISAT HIPUMEHEHHE BO MHOTUX O0JIACTSIX, TAKNX KaK Ha-
YUHBIE UCCIIeJOBaHNs (MOJeInpoBatie OHOIOrNIeCKNX HeHPOHHBIX cereii)[1],
bunaHCOBBI CeKTOp (IPOrHO3MPOBAHME KOTHPOBOK HA OCHOBE CTATHCTHE-
CKHX JIAHHBIX U HOBOCTHBIX coobenwit)|2|, meaurmmna (pacrno3naBanue aHo-
MaJInii 10 CHEMKAaM MAIIeHToB) [3|, mpoekTHpoBaHne OECIMIOTHBIX aBTOMO-
Gueit [4] u ..

UckycerBennble Heitponnble cetu (anri. artificial neural network, ANN)
[5] — 910 MaTeMaTHUIECKHE MO/IE/IH ¥ UX IIPOrPAMMHBIE U AlllIAPATHBIE PeasIi-
sannu. Kak MaTemMarnaeckas MOJIe/Ib, HEHPOHHAS CETh 3aBUCAT OT OTPOMHOI'O
KOJIMYIECTBA [1apPAMETPOB, IIPOLECC HACTPAHBAHUS KOTOPBIX IIPHHSATO HA3BI-
BaTh 00ydeHneM HeipoHHOI cern. I[loMrmo mapaMerpoB, 3HAUEHNST KOTOPBIX
HAXOJSATCSL BO BpeMsl 00yUeHHsI, HEfipDOHHAsI CETh U caM IPOIECC 00y IeHHUs
UMEIOT PsJl [apaMeTpoB, TPeOyIoMuX PydHOW HACTPOMKHU, T. H. THUIIEpIapa-
MmerpoB. Kak HabOp rumeprnapaMeTpoB, Tak U HX 3HAYEHUS MMEIOT MHOIO-
YHCJIEHHBIE BapUAIlNN JlayKe B PaMKax PeINleHus OYeHb y3KOTo KpyTra 3ajiad,
[I09TOMY BBIOOD ONTHMAJILHOI cTpaTernu o0ydeHHusi HEeHPOHHOI ceTn, KOTO-
pas ObI mocsae o0yueHHsd yJI0BJIETBOPsIa IOCTaBICHHBIM B 3ajlade Tpeboba-

! Bupiokosa Beponuka Andpeesna — crymenr kadempbl MaTeMaTHUeCKOH Teo-
PUM MHTEJIEKTYaJbHBIX CHUCTEM MeXaHUKO-MaTeMmaTudeckoro dakxyiabrera MIY, e-mail:
biryukovaveronika@mail.ru.

Biryukova Veronika Andreevna — student, Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems.
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HUSIM, OCTAETCsI IIPOIECCOM BECbMa TPYJIHBIM U TPEOYIONUM B CYIIECTBEHHON
CTEIeHN WHINBUIYAJbHOTO IMOIXOIA.

BButy BbIII€ONCAHHBIX IPUYHH CUCTEMBI, TTO3BOJISIIOIIIE aBTOMATU3UPO-
BaTh IPOIIECC IOI00pa T'UIlepIIapaMeTpPoOB CeTH, U, TeM OoJiee, JAloNIue BO3-
MOXKHOCTb HCIIOJIB30BaTh TAKON MOIHBI MHCTPYMEHT JIJI PEIIeHUs 3a/1a4
U3 APYTruX HAYIHBIX cdep, BecbMa aKTyaJbHbI 1 BocTpeboBanbl. K perenuio
JIAHHOI TPOOJIEMBI CYIIECTBYIOT PA3JIMYHBIE TOJXOJbI, KAK YHUCTO TEXHUUE-
ckue (IporpaMMHbBIE), TaK U 0oJiee KOHIENTYATbHO-CONEPKATETHLHBIE METO-
JIBL.

Hamnpumep, 6ubnmoreku s3bika mporpamMmupoBanus python sklearn u
keras mmeroT cBom MOy JIJI ABTOMATH3AIUU [1000pa TUIEPIAPAMETPOB
HeiiporHoit cetn. O KavecTBe MOJIyUeHHBIX PE3yJIbTaTOB U O BO3MOXKHOCTSIX
YILYUIIIEHUS [POIecca 00y4deHnsi HEHPOHHBIX ceTell y»Ke MOXKeT CYJIUTh IKC-
Iepr.

Komnrnenryasibao-cojiepkaTeibHbIE TTOAXO0/Ibl K aBTOMATH3AIUN 00y IeHns
HEUPOHHBIX CeTell CYNMIeCTBYIOT, OTHAKO OOJIBITUHCTBO UX HUX UMEIOT Orpa-
HUYEHUs] HA THUIl UCHOJIL3YeMO#l apxuTeKTypbl. Jlanmnyio npobjemy peaor,
HAIIPUMED, C IIOMOIIBIO AJTOPUTMOB «KaCKaJHON Koppessuny [6] u «paib-
HOBH/IHOTO MBIILIEHUs» 7] M UX BapUaIlWii.

Kpome Toro, mockoibKy obydeHne HEHPOHHOI CETH MOYXKHO pacCMaTpH-
BaTh KaK HEKOTOPYIO ONTUMHU3AIMOHHYIO 338/1a1y, TO JIJIs PEIeHUs BOIIpoca 00
aBTOMAaTU3AIUN 00y YeHNsT HEHPOHHBIX CeTEl MOYXKHO HUCIIOJIb30BATH CUCTEMBI,
U3yvaloliue MOJIEJIMPOBAHNE JIOTUYECKUX IIPOIECCOB, TAKHE KAK «aBTOMATH-
Jyeckuil pemaresib MmareMarndeckux 3ajgad» A.C. [ogkonsuna [8].

[Tpeamaraemasi B 1anHoil paboTe WHTE/IEKTyadbHas cucreMa [9] u eé pe-
aJn3alys MO3BOJIAIOT aBTOMATU3UPOBATEL OOyUeHUMe HEHPOHHBIX ceTeil i
peleHns Pa3aIndHbIX 3a/1a4, TAKXKE B PAMKaX 9TOW CUCTEMBI BO3MOXKHO HUC-
ITOJIHEHUE BCIOMOTATEJLHBIX (DYHKIMI, TaKUX Kak paboTa ¢ MMEIONIUMUCS
bazaMy JIAHHBIX, OOYYEHHBIMUA paHee MOJESIMU M HAKOIJIEHHBIM B JIAHHON
cucTeMe OIBITOM O0yYeHUsl HeWpOHHBIX cereil. [lpu cozmanum maHHON cu-
CTEMbI UCIIOJIb3YeTCdA aBTOMATHBINA II0JIXO0J [10]. PaccmarpuBaemast cucrema
[IPEJICTABJIIET COOON B3anmMOJIeificTBIE JIBYX aDCTPAKTHBIX aBToMAaToB. OuH
aBTOMAaT OTBE€Ya€T 3a ylIpaBJICHUE CHUCTEMOI — «ynpaannome/i» aBTOMAT (ﬂa—
aee YA), npyroii— «ucnosustonuii> apromar (manee MA), koropslii permaer
IIOCTaBJIEHHbIC IIE€pE] HUM YIPaBJ/IAIOIIUM aBTOMAaTOM IIOA3a/a9N.

[Tonb30BaTE b 38126 T HEKOTOPBIN HAYAJIBHBIN HAOOP ITAPAMETPOB — IIPEJI-
JlaraeMasi CUCTeMe 3a/1a49a U €€ XapaKTePUCTUKH, — U TeM CAMBIM 33JaBas Ha-
JaJIbHBIE COCTOSTHUS 000X aBTOMAaTOB. PaccmarpuBatoTcs 3ajadu u3 obJia-
CTH KOMIIBIOTE€PHOI'O 3pEHUsA — 3aJa91 MAIIITHHOI'O o6yquH5{, rae O6’beKTaMI/I
BoIcTyTaoT n3obpaxkenus |11]. B mpormecce paborer cucrembr YA maer VA
yKa3aHUsl, KAKyIO JJOKAJbHYIO 33Ja4y CJIeIYeT BBIIOJHUTL, U B 3aBUCUMOCTH
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oT pe3sysbrara (BbBIIOJHEHA [O/3a/a9a UM HET) MEePEXOJUT B COOTBETCTBY-
folree cocTostHue. Ecim moa3agada He BBIIOJIHEHA, HO CHCTEMa MMeeT Bapi-
AHTBI PeIIeHusI 9TOi MPOoOJIeMbI, HAIIPUMED IPEJIOKEHNE U3MEHUTD YCJIOBHS
ITOCTABJIEHHON IT€peJl CUCTEMON 3aj1adu, Torjga YA MepexonuT B COCTOSHUS,
CO BTOPOI KOMIIOHEHTOH «userdecisiony, rie MPOUCXOIUT B3AMMOIEHCTBHE C
noJb3oBaTesieM (¢ BHeHHel cpejioii), nHaYe cucTeMa 3aKaHIUBAET CBOIO Pa-
bory.

YpaB/sonyi aBTOMaT — 9T0 KOHEYHBII aBToMaT 6e3 BXoja U BbIXOJa ¢
HECKOJIbKUME HAYaJIbHBIMUA U 3aK/IIOUATEIbHBIMU cocTognusaMu. Cocrosinue
9TOr0 aBTOMATA 3aJAETCSA JBYMsI KOMIIOHEHTAMHU KaK MPSAMOE MTPOM3BEICHIE
nByX KoHeuHbIX ajibasuros (T, N):

T = {'training’, 'testing’, 'database’, 'history'} = {to, ti1,ta2, t3} —
THI peraeMoit cucreMoil 3aja4du (00ydeHre, TeCTHPOBAHUE HEHPOHHOI ce-
TH, pabora ¢ bazaMu M300parkKeHni, paboTa C COXPAHEHHON B 3TOH CHCTEME
«ucTopueily obydeHust HEHPOHHBIX ceTeit COOTBeTCTBeHHO).

N = {'check’) database’, 'userdecision’, "train’, 'test’, 'data’, 'history’,
'done’} = {qo, ..., qr} — Ha3BaHUe JIOKAJILHO PEIIAEeMON MO/I3a/Ia M.

MuoxkecTBO HauaIbHBIX cocrosiauii — {(t, ‘check’),t € T}.

MuozkecTBo 3aKk/ounTeNbHbIX cocrosiauii — {(t, 'done’),t € T}.

Oyuknus nepexonos Q(q,t) = Q(¥(q,t), ¢, t), tme (g, t) € {0,1}
— BbIxog, WA, KOTOpBI MHTEPHPETUPYETCS KaK BHIOJHEHA JIM JIOKAJIbHASs
3aJada UJIN HET.

Ha pucynke 1 npejcrabiena o6obIeHHAST THATPAMMA, TEPEXOIOB YA.

check x t

data X t,|t,
database X i,

test X £ userdecision X t

history X t5

Puc. 1. O60061meHHast qrarpaMma Iepexo/I0B yIIpaB/IsiioIero apromara, t € T
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KowmmonenTa cocrosanst YA, orBedaromiast OJIOKY peIeHUsT JTOKAJIbHOM
I10/13a,/1a4U:

e 'check’ — moboe HauaIbHOE COCTOAHUE UMEeT 9TO 3HaYeHHEe BTOPOil KOM-
[TIOHEHTHI, B JAHHOM OJIOKE IIPOUCXOIUT IIPOBEPKa PYHKIMOHIPOBAHMIS
VA, npu t € {"training’, 'testing'} A npoBosuT monck B cBOei BHYT-
penneil 6ase Mojeneil 10 COOTBETCTBYIOIIEMY 3aIlPOCY;

e 'data’ — Takoe 3HaueHHe KOMIIOHEHTBI MOXKEM IOJIYYUThL IIpU t €
{"training’, 'testing’}, B aToM 610Ke MIA dopmupyer MHOKeCTBa JIsi
oOyuenus: u\Wjin TeCTUPOBAHUS HEHPOHHOI ceTH;

e 'userdecision’ — cucrema B3aUMOJIEIICTBYET C HOJIB30BATEIEM;

e 'train’ — B 3TOM GJI0KE NPOUCXOMUT OOyUeHHEe HEHpOHHON cetn (t =

"training’);
e 'test’ — nmpoBomuTcs TecTupoBanue Hefiponnoit ceru (t = 'testing’);
e 'database’ — 6510k paborsl ¢ Gazamu uzobpaxkenuii (t = 'database’);

e 'history’ — 610k paboTHI ¢ COXpaHEHHOIT B CHCTeMe UCTOpUeil 00y JeHust
Heiiponnbix cereii (t = 'history’);

e 'done’ — zakmounTenbHoe cocrosHue YA, B HEro momnajgaeM Kak IIpu
ycClenrHoM BBITIOJTHEHUN OCTaBJICHHOI 3alavu, TaK 1 IIPU HEBO3MOZK-
HOCTH €€ PelleHunsl.

UcnostHstiomuii aBTOMAaT — 970 HECKOHEUHBIH ABTOMAT, TTPE/ICTABJIAIONTIIH
cobO# YacThb CUCTEMBI, KOTOpPas HEMOCPEJACTBEHHO 3aHUMAETCS PEIICHUEM
moj3aad, mocrynaommx or YA. Haganbaoe cocrosinue VA 3aaercs mo xa-
PAKTEpUCTUKAM 3aJ1a49u, IIOCTYIIAOMUM 13 BHemmHel cpeabl. Cocrosaue A
s (s € S) 3aaercs Kak npsiMoe TPOU3BE/ICHNE HECKOJIBbKUX KOHEUHBIX U Hec-
KOHEUYHBIX aJipaBuToB S. 3ak/ounTresbHoe cocrostaue A — omHO, B HeEro
moraiaeM, ecJid TIOCTaBIeHHAs 3a/1a4a OblTa peleHa WiIn PEIuTh 3189y He
PEJICTABIISIETCS BOBMOYKHBIM (YA Mepexo/iuT B 0JIHO U3 CBOUX 3aK/IFOUUTE b
HBIX COCTOSTHUIA).

B posin BxozgHoro 3uauenusi A seictynaer cocrosinne YA (q, t) (y UA
KOHEUHbIl BXOJIHOi ajihaBUT), KOTOPOEe YKa3blBAeT KAKyIO I0J3a/ady Tpe-
Oyercs penmuTh. CucTeMa BBIMOJIHAET COOTBETCTBYIONINE JEHCTBUSI, BBIIAET
pesyJbTHpYIolee 3HaYeHre DYHKIUN BBIXOJ0B (g, t) = zﬁ(q, t,si)=r, 1€
{0, 1}, koropoe unrepnperupyercst YA Kak «pelleHa» Uil «He PEelleHay JIaH-
Has nof3anada, a A mepexonur B HOoBoe cocrosiaue s; (¢(q,t,s;) = sj, s €

S).

Ha pucynke 2 npencrasieHa o600IIeHHasT CXeMa, CHCTEMBI JIJI paboThI €
HEHPOHHBIMU CETAMMU.
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Puc. 2. Cxema cucremsr Jijisi paboOThl ¢ HEHPOHHBIME CETSIMU

st moboro Tuila 3a1a49u B HadaIbHBLIA MoMmeHT Bpemenu B A nepena-
eTcs CrenuaJbHbIi mapaMerp ¢ POPMaJM30BAHHBIM OIMMCAHUEM 3a1a4H.

Ilpu (t = 'database') B HavaabHBI MOMeHT Bpemenn UMA mosyda-
eT ommcaHue 3alpoca K 0aze m3obpaxkenmit. [1omoOHBIM 3amIpocoM MOXKET
OBITH «IIPOBEPUTH KOJIMYIECTBO JATACETOB M300paxKkenuit B obieit 6aze» miu
«TIPEBIBATH CITUCOK M300paskeHmii, Ha KOTOPBIX €CTh OOBEKTHI OMpeIe/TeH-
HbIX KaTeFOpHﬁ» n T. II.

IIpu (t = 'history’) UA nonydaer u3 BHeNIHE(l cpebl COIEPIKATEb-
Hy10 HHQPOPMAIIUIO O 3aJade, CBI3aHHON ¢ HAKOILUICHHO B cHCTeMe HCTopueil
obyuennst mogeneii. Hampumep, 3ama4a MOXKET COCTOATH B IIPOCMOTPE CTa-
TUCTUKH 1O HEHPOHHBIM CETSIM, KOTOPbIe 00Y4YaJIUCh KJIACCU(PUIUPOBATL 2
KJIACCa — «KOIKM» U «CODAKIM».

IIpu (t = 'testing’) 3amada cOCTOUT B TECTUPOBAHWU IIPEIbsIBICHHOL
MO/JTIETH HA O0BEKTAX OMPEJICTICHHON KATETOPHH.

[Ipu (t = "training’) onucanue 3a1a4u — 9TO KATErOPUST 331491 KOMIIHIO-
repHoro 3penus ('classification’, "detection’, "segmentation’), cincok kiaccos
00BEKTOB, KOTOpbIE Oy/IyT Pacro3HaBaThCst HeiiponHoil ceTwio (‘cat’, ’dog’ n
T. JI.) U 1€JIb, HAIPUMED, PACIO3HABATH ¢ TOYHOCTHIO 0.9 0OBEKTHI U3 COOT-
BETCTBYIOIIEro crucka. Yzke B cocrosau ('check’, training’) (nanee kommo-
uenta 'training’ onymena) A nposoaur mouck B 6a3e 06y4eHHBIX HEHPOH-
HBIX CeTeil Ha IMpeaMeT HAJUYIHus yKe 00y<IeHHON MOJIe/n, COOTBETCTBYIOIIEH
peIbsiBiisieMbIM TpeboBauusiM. Eciin Takasi ceTh HalijieHa, TO OHA TIPEIbsB-
JISIETCST TIOTTE30BATENIO C TPE/IJIOKEHNEM 3aKOHINTh pabOTy CHCTEMBI, B CITy-
Jae OTKas3a CHCTeMa IIepPexouT B cocrosuue 'data’, rie 10 crmcky Karero-
puit n306paKeHnit CO3MAI0TC 3 MHOYKECTBA JIJTsT OOYUIEHUST U TIOCTIETYIOIIEro
TECTUPOBAHUST MOJIEJIA. 3aTeM HAUYNHAETCS TPOTIECC OOy IeHNsT HeHPOHHO ce-
TH, B KOTOPOM CHUCTEMa CAMOCTOSITEJILHO OMPENEsIseT, KaK OyIeT MPOXOIUTh

75



mporiecc o0y4YeHusI HEHPOHHON CeTH, KakK HEeOOXOINMO M3MEHUTD THIepIapa-
MeTpbI IIpu 00ydeHnn cetu u T. j1. OOydeHme MPOIOIKAETCS, TOKa He OyIeT
JIOCTUTHYTa Tpebyemasl 1e/b, WIH He OyIyT UCYeplaHbl BCe BO3MOXKHOCTH
CUCTEMBI.

ApTomarmsarus 00ydeHUsT HEPOHHBIX CeTell MPOUCXOIUT 38 CUET MeXa-
HU3Ma C UCIOJB30BAHUEM <«JIYUININX TPAKTUK». B cucTeMe XpaHUTCS CTaTHU-
cTuKa OOydueHust HEHPOHHBIX CeTell, UMEeHyeMas <«UCTOpHeil», ¢ OnucaHueM
HPOIEeAyPbl 00yUYeHnsl HEUPOHHOW CeTH — KaKas Oblia KaTeropus 3a/adqdu,
KaKue TuleprapaMeTphbl UCIOIb30BaJINUChL NIPU O0YUYEHUN, Ha KaKuxX n300pa-
JKEHUAX ceThb 00ydasiach, IJie XPAHUTCH ITa CeTb, KAKUE PE3yJIbTaTbl ObLIN
JIOCTUTHYTBHI [IPU ODOYUEHUU, KAKNe OOBEKTHI PACIO3HAIOTCS CEThIO W T. JI.
[Tepsobre mpumeps! O6bLH 3anucanbl KcepToM. [loctemyromue 3anucu — 310
y2Ke pe3yJbTaThl paboThl CaMOil CUCTEMBI.

W3 310l mcropun BBIOMPAIOTCS MPAKTUKH, COOTBETCTBYIOIIHE TEKYIIEH
3ajlade, 3aTeM OJTHA 3AINChH OIPEJIe/IIeTCs B Ka9ecTBe MMePBOHAYAIBHON cTpa-
terun o0ydenus. [locse dero npoBojuTcst 00ydeHue 1Mo 3Toi crpareruu. 3a-
TeM, ecjin TPebyeTcsi CKOPPEKTUPOBATD IPOIEIYyPY OOyUEHUsI, MPOUCKOIUT
U3MEHEHHUE IMapaMeTpoB OOyUEHUS U IIPOIECC OOYUEHUs IPOIOJIZKAETCS.

IIpu meobxomuMocT mocje paboThbl B paMKax OJHOU CTpaTeruud BbIOU-
paeTcst apyrasi cTpaTerust U mnporeaypa obydeHust mpoBoguTcsa erré pas. [lo
pe3yJibTaTaM pelleHns 3a/[a9 CTaTUCTHYeCKas 0a3a MOMOTHIEeTCs HOBOM MH-
dopmarimeit 0 TPOBEJIEHHOM SKCIIEPUMEHTE, U y2Ke 3Ta WHMOPMAIUs MOXKET
OBITH UCIIOJb30BAaHA IIPHU PeIeHnn JIpyrux 3aa4d. CrenoBaresibHO, PacCMaT-
puBaeMasi CUCTEMA SIBJISIETCSI CAMOODY IarOIIeiics.

Taxum obpa3oM, TpeICTABICHHAS CUCTEMA, PEIIaeT KPYT 3aJ1ad, CBI3aH-
HBIX ¢ OOydeHmeM HeHpOHHBIX cereil. CaMma cucTeMa MOYKeT OBITbh PaCCMOT-
PeHa C TOYKH 3PEHHA TEOPpHUHN aBTOMATOB KaK KOMIIO3UIUA JIBYX aBTOMaTOB
— YIPaBJAIONET0 W ucHosHsonero. [locraBaennas mepen cucreMoit 3aa-
ya pa3bUBaeTCs Ha MO3a/IaH, KOTOPBIE II0C/IEI0OBATEILHO OTAIOTCS YIIPAB-
JISTIOTIMM aBTOMATOM HUCIOJTHSIIONIEMY JIJIsT UX TIOCTEIYIONIEro PeIlenusi, U B
3aBUCUMOCTH OT PE3yJIbTaTa 3TOrO IIPOIECCa OMPEIEISIETCS CIIELYIONAs O
3a,1atA.

B cucreme ucnosb3yercs MexaHU3M JJIsi ABTOMATH3AINE O0yJIeHUs Heli-
POHHBIX CeTell — UCIOJIb30BaHNEe PU OOYIEHNH «JIyYIINX IPAKTUK», HAKOII-
JICHHBIX B COOTBETCTBYIOIIEH 0a3e cucreMmbl. [lo pesyiabraTam IIpoBeI€HHOTO
9KCIIEPUMEHTa B CHCTEME COXPaHsieTCs MHPOPMAINA O IMOJIy9IEeHHOM OIIbITE,
KOTODBIN 1I03/1Hee OYIeT €10 MCIOJIB30BATbCI IPU PEIEHUN CXOKUX 3aad.
JlpyruMu cJIoBaMM, caMa CHCTEMa, ABJISIETCS CaMOODYIatoNeicss MO/IE/IbIO.

ITomumo obydenusi cucrema MpeIIOJAraeT BBITOJHEHHE BCIOMOIATE b=
HBIX (DYHKINN, BOSHUKAIONINX IIPU PA00TE ¢ HEHPOHHBIMU CETIMU, TAKUX KAK
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TECTUPOBAHNE y2Ke 00yUYeHHBbIX MoJeseil, paboTa ¢ 6a3aMi TaHHBIX U AHAJIN3
HAKOIIJIEHHOI'O CHCTEMOII OIIBITA.

[IpoBoam/INCh SKCHEPUMEHTHI 110 ODYYEHUIO HEHPOHHBIX ceTeil BHYyTpH
JAHHOI CUCTEeMbI. BbLIl 00yYeHbI MOJIEIN, CIIOCOOHBIE PEIaTh 3a/1a4dy Ounap-
Holt Kytaccudukaimu ¢ ToaHocThio 60siee 90%. Tlo pesysnbraram 3TUX KCIIE-
PUMEHTOB CHCTEeMa HaYaJla HaKallJInBaTb OIILIT IIO O6y‘—IeHI/IIO HeﬁpOCGTeBbIX
MOJIeJIeli, KOTOPBIN B JaJIbHENIIeM UCIIOJIb30BAJICA JJId PEelleHud APYIUuX 3a-
Ja.

PaspabarbiBaemasi cucremMa IMpernoaraeT B3auMOIeICTBUE C TOJIb30Ba-
TeJeM, 1 MOYKET PACCMaTPUBATHC KaK PEKOMEHIaTeIbHasl CUCTEMa, sl CIIe-
[IMAJINCTOB B 00/IACTH MCKYCCTBEHHBIX HEHPOHHBIX ceTeil, TaK U KaK UHCTPY-
MEHT JIJIs1 OOy4YeHNns HEPOHHBIX ceTeil ¢ BOBMOXKHOCTBIO ITOC/IEIYIONIEr0 HC-
[TOJIb30BAaHUs 9TUX MCKYCCTBEHHBIX HEUPOHHBIX CeTefl B JApYyrux 00/IacTdX,
9TO Jies1aeT pas3paboTKy MOJ0OHBIX CHCTEM BeChbMa aKTyaJIbHOH M BocTpebo-
BaHHOI 3a/ia4eil.

WccnenoBanne BBINOJHEHO MPHU  MOAJAEPXKKe MexK TUCIUIIMHAPHOR
HAyYHO-00pa30BaTeIbHOM MTKOJIbI MocKoBCKOro yHUBEpCcuTeTa «MO3r, KOTHH-
TUBHBIE CUCTEMBI, NCKYCCTBEHHBIN MHTEJLIIEKT>
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IlocTpoenmne my4dKa rumnepiriocKocTeii 1mo
onpeae;IeHHOMY MHOXKECTBY HPOCTBIX IIyTeil
rpada u ero cBoiicTBa

A. . Bosoraukos!

C moMOIIBI0 XapaKTepUCTUIECKON0 MHOTOYJIEHA, [Ty YKa THIIEPILIOC-
KOCT€l MOXKHO TIOCYUTATH KOJUIECTBO PETUOHOB Ty YKa. DTO ITO3BOJISIET
WCITOJIF30BATH IIYYKH TUIEPIIOCKOCTEH B PEIMTEHNHN CJI0KHBIX KOMOUHA~
TOPHBIX 33J1a4.

B pabore m3ydaercss MmMydoK THUIEPIJIOCKOCTEH, TTOCTPOEHHBIN IIO
ITOJIMHOXKECTBY MHOYKECTBa BCEX MPOCTHIX mmyTeil rpada. [lomydyennnie
Pe3yJIbTaThl CBSI3BIBAIOT ITOT IMYUYOK C 3aJa9eil O HAXOXKJIEHUU IIapo-
codeTaHus ¢ HAMOOJIBIIMM BeCOM B rpade, a TakKe IMO3BOJILAIOT HANTH
XapaKTEPUCTUIECKUN MHOTOUJIEH TOCTPOEHHOTO Iy IKa JIJIsi HEKOTOPBIX
rpadoB.

KurouyeBbie cJjioBa: MyvyoK THIMEPILIOCKOCTEH, TpadudecKuii my-
90K, 33/1a9a O MAKCUMAJIHLHOM ITapPOCOIETAHUH.

1. BBeaenue

B pabore [1] 6bu1 mostyuen pesysibrar, MO3BOJSAIONINI HANTH KOJMYECTBO pe-
THOHOB IIyYKa THIEPILIOCKOCTEN ¢ IIOMOIIBIO €r0 XapaKTePUCTHIECKOIO MHO-
roujieHa. DTOT Pe3yJibTaT MO3BOJISET UCIOJIB30BATH Iy YKH TUIEPILJIOCKOCTEN
B KoMOunaropuke. Hampumep, ¢ ux uCIoabp30BaHuEM OBLIO MOACYUTAHO KO-
JIMYECTBO OPOTOBBIX (byHKIHI |2].

B pa6ote [3| mo mHOXKecTBY Beex pebep rpada OblI IOCTPOEH MyUOK, Ha-
3BaHHBIN rpaduIecKnM, U ObLIN JOKA3aHbI €10 CBoiicTBa. B yacTHOCTH, OBLIO
JIOKA3aHO, UTO XapaKTEePUCTUICCKUI MHOTOUJIEH TPAGUIECKOrO IIyIKa PABeH
XPOMATHYECKOMY MHOTOUJIEHY Irpada, a KOJNIEeCTBO PErMOHOB rpaduyieckoro
IIyYKa PABHO KOJUUIECTBY AlMKJIMIECKUX OPHUEHTaInii B rpade.

B nmammnoit pabore CTpOUTCH IIyYOK II0 TOJMHOXKECTBY MHOXKECTBA BCEX
npocThixX myTeit rpada. [lokazana cBsi3b mydka ¢ 3ajadeil 0 MaKCUMAJIbHOM
[APOCOYETAHNN U M3yYeHa BO3MOYKHOCTH HAJUYIUsI OJMHAKOBBIX IIYIKOB Y
Hen30MOPGHBIX IPadoB. TakKe MOJIyUeHbl 3HAUCHUS XaPAKTEPUCTUIECCKOTO
MHOTOUJIEHA Iy 9Ka JIJIT HEKOTOPBIX I'PadoB.

[Ipu nostydyeHun pe3yabTaTOB UCIOJIb30BAINCH OIPEIEIEHUs] U TEOPEMBI
0 IyYKax IUIePIIOCKOCTel, B3siThie u3 [4].

! Borommnuros Anexceti Heopesun — acnmpaHT Kad. MATeMATHUECKOil TEODHH HHTEJ-
JIEKTYaJIbHBIX cucTeM Mex.-MaT. ¢dp-ta MI'Y, e-mail: bolotnikov-94@mail.ru.

Bolotnikov Aleksey Igorevich — graduate student, Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems.
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2. OcHoBHbBIE TIOHATHUS U PeE3yJ/JIbTaThbl

Hyyox 2unepnaockocmeti - KOHETHOE MHOXKECTBO TUIIEPIIJIOCKOCTENH B HEKOTO-
POM BEKTOPHOM IPOCTPAHCTBE. Peeuon mydka - CBsI3HAS KOMIIOHEHTa, JOITOJI-
HEeHMS K O0'beIMHEHUIO I'UIIEPILIOCKOCTEN mydKa. Pane mydKa - pa3sMepHOCTb
JITHETHOTO MPOCTPAHCTBA, HATSIHYTOI'O HA BEKTOPa HOPMAJIel K TUIIEPILIOC-
KOCTSIM 1Ty 9Ka.

st MpOM3BOJILHOrO IIyYKa I'HIEPIIOCKOCTER A ciIeayiomuM o0pasoM
OLIPEJIEISIeTCsl YaCTUYHO yIIopsijoueHHoe MHOKecTBO L(A): smementsr L(A) -
BCEBO3MOXKHBIE HEITYCThIE ITEPECeUEHN TUIEPILIOCKOCTEH My IKa, YACTUIHbBIIM
MOPSIZIOK < TaKoB: £ <y & T D .

Dynxyus MEbuyca JaCTUIHO YIOPSITIOUYEHHOrNO MHOXKecTBa P omnpeersi-
eTCs TaK:

1) w(x,z) =1Ve e P

2) ,U,(.'Ij‘,y) = _Zm§z<y /j,(.T,Z) Vo < yE P

Oynxmus Mébuyca or ommoro smementa pu(z) = p(0,z), roe 0 -
HAMMEHBIIN{i 3JIEMEHT YaCTHIHO YIODSIIOYEHHOIO MHOYKECTBA, T.€. SJIEMEHT,
MEHBIITHI JII060T0 JPYToro JIeMEHTa YACTUIHO YIIOPSIOYE€HHOIO MHOYKECTBA.

Xapaxmepucmuueckul mnozousen Mydka A ONpPeNesieTcs ey ommei
dopmyIoii:

xalt)= > pla)tdm)

z€L(A)

[Mycrs G(V,E), |E|=n - rpad 6e3 nerenb u Kparubix pebep. Pacemor-
puM B mpocTpaHcTBe R" cllefyroliume TUnepIioCKOCTH: i JII000M mocie-
JloBarebHOCTH pebep (e, €2, €3, ..., €, ), 00pa3yoleil pocToil He3aMKHY ThIi
IIyTh WJIU IIPOCTOH IUKJ YeTHOI JUInHBI B rpade G, OepeM IrUIepIiioCKOCTh
r1 — a2 + x3 — ...xy, = 0. Bece Takue runepiiockoctu 00pa3yoT HEKOTOPBI
my4ok. JlanHblil my4ok Gymer pasee obosnadarses PA(G).

st myuka PA(G) mosiyuensl cie/yromme pes3yJibTaThb:

YrBepxkaeune 1. Ilycrs G(V,E), |E|=n - rpad 6e3 meresnb u Kpar-
HBIX pebep. Beibepem mpousBosbablii pernon nyuka PA(G) u BbibepeM JBa
BEKTOpa U3 3TOro peruoHa. s KarXkJ0ro BEKTOpa PACCMOTPUM 3aJady O
MaKCHMaJbHOM IapocoueTanuu B rpade G ¢ 5TUM BEKTOPOM B KQUECTBE BEK-
TOpa BecoB Ha pebpax. Y TBEPKIAETCsI, UTO ITU JIBE 3aaU1 UMEIOT OJHO U TO
JKe pellleHne, T.e. JJisi 000UX BEKTOPOB OJIHO U TO K€ IapOoCOvYeTaHue OyIeT
UMEeTh HAMOOJIbINNN BeC.

YrBepxkaenue 2. [lycrs G, Gy -rpadbt 6e3 1neresb, KpaTHBIX pedep u
usosiupoBanubix BepuH, u PA(G1) = PA(G2) Torna G; u Go uzomopd-
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HBI, 32 UCK/IIOUEHUEM CJIy4ast, KOT/ia OfUH u3 rpad OB COIEPKUT KOMIIOHEHTY
cBA3HOCTH, n3oMopdHyio K3, a Jpyroii - KOMIOHEHTY, ndoMopdmuyio Ki 3.

YrBepxkaenue 3. llycts G - rpad 6e3 neresib, KparHbix pedbep U u30-
JpoBaHHBIX BepiuH, G1,Ga, ..., G - ero KOMIIOHEHTBI CBSI3HOCTH.

Torna xpaa)(t) = XPAGL) * XPA(G:) * -+ " XPA(Gy)

YrBepxkaenue 4. [lycts G - nepego.

Torma xpa(e(t) = (t = 1)(t —2)...(t —n)

YrBepxkaenue 5. [lycts G, Go -rpadnl 6e3 neresib 1 KpaTHBIX pebdep,
npuyeM cymecrByior noarpadel H1 C Gi1,1T7 C Gi,Hy C Go,To C Gy
Takue, 4To:

1) Gi=HUT,,Gy=HyUTy

2) HHNTy = {u}, HyNTy = {v}, tie u - Bepmuna B G, V - BEpIIUHA B
Go

3) cymecrByer uzomopdusm usz Hy B Hy, nepeBojsiiuii u B v

4) Ty u Ty - 1epeBbsi C OIMHAKOBBIM HEHYJIEBBIM KOJIMYIECTBOM pebep

Torma Xpa(a,) = XPA(Gs)

YrBepxkaenue 6.11ycrs G - rpad u3 yreepxKaenus 5, B koropom Hj =
Ks.

Torma

xpaGy) = (=1 =3)(t =4)...(t = (n = 2))(t = (n = 1)) (t = (n = 1))t = n),

rie n - KojudecrBo pebep B rpade G

YrBepxkaenue 7 [lycts G - rpad, cocTosinmii u3 0J{HOIO IPOCTOTO UK~
Jla,n - Kojan4ecTBo pebep B G.

Torma

1) xpa(g) = (t —1)(t — n)"" ! ecm n- wernoe,

2) Xpa) = (t=1)(t=3)(t=5)...(t—(2k—1))...(t—(2n—-3))(t—(n—1)),ecm

11- He49eTHOoeE.
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Construction of a hyperplane arrangement with a specific set of
simple paths in a graph and its properties.
Bolotnikov A.IL

There exists a way to calculate the amount of regions of a
hyperplane arrangement using its characteristic polynomial. This
allows using hyperplane arrangements in solutions of combinatorial
problems.

This paper considers a hyperplane arrangement constructed with
a subset of a set of all simple paths in a graph. Results in this paper
connect this arrangement to the maximum matching problem and allow
to calculate its characteristic polynomial for specific cases of the initial
graph.

Keywords: hyperplane arrangement, graphical arrangement,
maximum mathcing problem.
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Ilouck 6amxKaiitero coceja Ha IJIOCKOCTH C
IIOMOIILIO KJIETOYHOTO aBTOMATAa C
JJoKaTopamu

JI. 1. Bacuibes?

B ,ZLaHHOI‘/JI CTaThe OIUCHIBAETCA KJIEeTOUYHBIIT aBTOMAaT C JIOKaTOpaMH,
peramomuil 3a/jady MoucKa OJIMKaRIIero coceia. 3aada 3aKI0IaeTCs
B TOM, 9TOOBI U3 KOHEYHOI'O MHOYKECTBA TOYEK BBIJIEJIUTH OJHY, CAMYIO
O/IM3KYIO0 K 3apaHee OIPEIEJEeHHON “IeHTpabHOi’ Touke. B omyimane
OT KJIACCHYECKOM MOJIEJIN KJIETOYHOTO aBTOMAaTa, B PACCMATPUBAEMOM
MOJIEJTH JIOIYCKAaeTCsl MIHOBEHHAsI Tiepelada CUTHAJIOB depe3 3pup Ha
Ipou3BOJIbHOE paccrosinne. [Tokazano, 9To Takas BO3MOXKHOCTH [TO3BO-
JISIET PEINTD 33/1a9y 38 KOHCTAHTHOE BPEMsl, 9YTO B KOPHE OTJINYAETCS
OT OJHOMEPHOTO CJIydasi, TJIe IOy 9eHa JIOrapudMUIecKas M0 NCKOMO-
My PACCTOSTHUIO HUKHSIST OIEHKA CJIOXKHOCTH.

KurouyeBbie cjioBa: KJIETOYHBIE ABTOMATHI C JIOKATOPAME, OIHO-
POJIHBIE CTPYKTYPBI, TOUCK OJIMKAMIITe TOIKH.

Kaemourvim agmomamom ¢ soxamopamu wa 7" Ha3bIBAETCs BOCBMEPKA
o= (2" E,,V,Ey,+,L,,v), tae Z™ — MHOXKeCTBO IEJOYNCICHHbIX BEK-
TopoB pasmepuoctu n, E, = {0,1,....,n — 1}, V = (aq,...,ap_1), o €
v, B, = {0,1,...,q — 1}, + — KOMMyTaTuBHasl IIOJyTPYIIIOBasl Olepa-
nust, 3aganHad Ha F,, L = (v1,...,v,) — yunopsuodeHHblii Habop Imo-
MApPHO Pa3jUYHBbIX TeJIECHBIX yIJIoB B R™ ¢ BepHInHOW B Hadaje KOODJIH-
HAT, ¢ — (QYHKIUS, 3aBUCSINAS OT IEPEMEHHBIX L0, L1,y ...y Lho1s 21, -« s Zm;
0: Ehx EJ" — En, ¢(0,...,0) =0, ¢ — dbyHKnus, 3aBUCAIIAA OT IEPEMeH-
HBIX L0y L1ye ey TholsZly-- -y 2m, W : E;L‘ X Eg* — E4. DIeMeHTbl MHOKECTBa
Z" Ha3BIBAIOTCS AYEUKAMU KJIETOTHOI'O aBTOMATa 0 3JEeMEHTbl MHOXKECTBA
FE,, Ha3bpIBAIOTCH COCMOAHUAMY AvelKy KJIETOYHOIO aBTOMaTa o; Habop V
Ha3BIBAETCS WAOAOHOM COCEICTNGA KIETOIHOI'O ABTOMATA 0 3JIEMEHTHI MHO-
»KecTBa, By, HasbIBaIOTCA cuzHaaamu sewanus; Habop L HaspiBaeTca wab-
AOH AOKAMOPOE KJIETOYHOIO aBTOMATA 0; (DYHKIIUS ¢ HA3BIBACTCH A0KAAL-
HOU pyHxyuelt nepexodos aproMara o; (DyHKIUS ) Ha3blBaeTcs Gynruyuet
GEWAHUA ABTOMATA O; MEPEMEHHBbIE T, T],...,Th_1 HPUHAMAIOT 3HAYCHUS
u3 E,, nepeMenuble 21, ..., 2, IpUHIMaOT 3Hadenus u3 F,;. Cocrosmue 0
HHTEPIIPETUPYETCst KaK cocmoanue nokos, a ycaosue ¢(0,...,0) = 0 — kax
YCJIOBHE COXPAHEHUSI COCTOSIHUSI TTOKOSI.

! Bacuaves Jenuc Heopesun — M.H.c. Kad. MATEMATHYECKOH TEOPUM WHTEJLIEKTYATb-
HBIX cucTeM Mex.-MaT. ¢-ta MI'Y, e-mail: denis.vasilev.igor@gmail.com.

Vasilev Denis Igorevich —Junior Researcher, Lomonosov Moscow State University,
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Systems.
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Hanuoe onpesnesnenue 66110 BBeneHo [acanoBbiM D.9. [1] u ycoseprien-
creoBano Kasauesbim I'.B. [2].

Cdopmynupyem 3asady mouncka Osmrkalimero coceqa. Ilycts Ha mpo-
cTpaHcTBe Z" 3a7aHO HA4YaJbHOE COCTOsHUE | KJETOYHOIO aBTOMATa, YIIO-
BJICTBOPSIIOIIEE CIIEYIOMUM Kpurepusim: a) JI1o6oii saeiike TPUCBOEHO OJTHO
u3 Tpex cocrosiauii {qs; qcy, * +; b) Ecrb b oHa sueiika, KoTopoii IprucBo-
€HO COCTOSIHEE ((,; ¢) ECTb b KOHETHOEe I HEIyCTOe MHOYKECTBO SIU€eK,
KOTOPBIM IIPUCBOEHO COCTOsTHME 5. PeriennemM 3ajiadqu moucka OJinKaimero
cocejia, COOTBETCTBYIOIIEH HATATLHOMY COCTOSTHUAIO | HA30BEM COCTOSTHUE aB-
TOMATA, YJIOBJIETBODSIOINIEE CJICIYIONMM KpurepusiM: a) fdeiike, KoTopoit B
I 6BIIO IPUCBOEHO COCTOSTHUE ¢y, IPUCBOCHO COCTOsIHNE g ;b)) Brmkaiireit
K s9efike B COCTOSIHUU goF sideiike m3 TexX, KOTOPbIM B I OBLIO IPUCBOEHO
COCTOSTHME (g, IPUCBOEHO COCTOsTHUE ¢gp. EC/IM TaKuX siaeeK HECKOJBKO, TO
OJTHOII (ITPOM3BOJILHOI) M3 HUX [IPUCBAUBAECTCS COCTOSIHUE ¢S F, & OCTATBLHBIM
- %; ¢) OcraJsibHble STYEHKN HAXOATCSI B COCTOSIHUM *.

OrpeiesiuM, 9TO KJIETOYHBI aBTOMAT C JIOKATOPAMU 0 DPEIIAeT 3aJady
MTOUCKa OJIMKAMIIEero coceia, ecji ero HadajJbHOe COCTOSIHUE YJIOBJIETBOPSI-
€T YCJIOBUSIM, OMUCAHHBIM BBIMIE, U €r0 (DUHATBLHOE COCTOSTHUE CYIECTBYET
U COOTBETCTBYET PEIIEHUIO 3aJIa9l IMOUCKa, OJIMKANIIEro cocea Jjisi ero Ha-
JaJbHOTO cocTosiams. [Ipm 9TOM Takoit aBTOMAT, TIepeliisi B COCTOSTHHE, CO-
OTBETCTBYIOIIEE PEIIEeHNIO KAKOW-JTN00 331891 [MOUCKa OJIMKaMIero cocena
JIOJI?KEH B HEM OCTABATHCSA BO BCEX JATBHEHINNX TAKTAX.

B crarbe (3| mist ojHOMEpHOrO citydasi Oblia JJOKa3aHa TEOPEMA:

Teopema 1. Cywecmsyem xiemounoili agmomam o ¢ 25 cOCMOAHUAMY U C
MOUWHOCTDIO andasuma sewarus 12, Komopoili pewaem 3a0a4y Noucka 6au-
arcatiue2o coceda 3a epemsa, He npesocrodawee logy s+7, 2de s — paccmoanue
oM UEHMPANOLHOT AYETUKY C HANAABHBIM COCTNOAHUEM (C, 00 €€ baudcatiuezo
coceda ¢ HAUANDHBIM COCTNOAHUEM (S -

B penaknuio xypuaja Becrauk MI'Y Obuia orripaBiieHa crarbsi ¢ aHa-
JIOTUYHOI HMKHEI OIeHKOIi:

Teopema 2. /Jlaa 2106020 KA€MOUH020 GEMOMAMA C AOKAMOPAMU T C MOUL-
Hnocmwio asgasuma sewarus M u 4106020 0buLe20 NoAodHCEHUA 3000M4U NOUC-
Ka bausicatiwezo coceda I evinoaneno T7 > logy (£), ede s - paccmosnue om
AYEUKY 68 COCMOAHUY ¢C, 00 baudcatiwel A4elKy 6 COCMOAHUY ¢S 6 3adave
I, aT7 - xoauuecmeo maxmos, 3a xKomopoe asmomam o pewaem 3adaxy I.

Takum obpazoM, IJjIsi OJHOMEPHOI'O CIydasl 3aa9y IIONCKa OJrKaifero
coceJia MOJIYYeH TOPSJIOK CJIOXKHOCTH 33JIAYU.

Oxka3zaJioch, 9TO JjIsi pa3MEPHOCTH 7 > 2 aHAJIOTUYIHbIE OIIEHKU HEBEPHBI,
IIOCKOJIbKY JIJIsI TaKUX 33/1a4 Y/IAJ0Ch IIOCTPOUTH aBTOMAT C JIOKATOPaMU,
permaronuii X 3a KOHCTaHTHOe BpeMsi. [[puBejieM mpuMep TaKOro aBTOMAaTa
I caaydas n = 2:
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Teopema 3. Cywecmsyem xaemounwviti agmomam o ¢ 15 cocmoanuamu u ¢
MOWHOCMBI0 aspasuma seusanusa 40, Komopul pewaem 08YMePHYIO 3a0a4y
noucka baustcatiuezo coceda 3a epems, e npesocrodauwee 13.

PaccMoTpuM KJI€TOYHBIH aBTOMAT C JIOKATOPAMU 0 C HAOOPOM JIOKATO-
POB, COCTOATIEM W3 JIOKATOPOB 3 Puc. 1 m ogHOrO pasBepHYTOrO JIOKATO-
pa, KOTOPBI CYUTHIBAET CYMMY CUTHAJIOB BCEX SYEEK KJIETOYHOrO MPOCTPaH-
cra. Onpeennm andaBuT BeMaHus KaK HEKOTOpoe moMuoxkecTso {0; 1120
1 TOJIyTPYIIOBYIO OMEPAIINIO0 TOKOMIIOHEHTHOTO MaKCUMyMa Ha Hem. Jjist
ynobcTBa Oyziem 0003HAYATH CUTHAJIBI TUCEK OJHUM KJIM HECKOJIbKUMU TUC-
JIaM¥ - HOMEpAMU HEHYJIEBBIX TO3WINUN B 9(PUPHOM CHUTHAJTE. TaK CHTHAJ
(0,1,0,1,0,...,0,0,0) 6yaem 3anuchiBaTh KaK mapy CUrHAJIOB 2 u 4.

R4 R2

D3 D2

V R3
Puc. 1. Pacnono:kenne n Ha3BaHUST JIOKATOPOB

3aJa UM Ha KJIETOYHOM IIPOCTPAHCTBE CUCTEMY KOOPIUHAT C IEHTPOM B
IeHTpaJIbHOM suelike. [leHTpasibHas styeiika B IMOCTPOEHHOM aBTOMATE IIO-
CTOSTHHO OTIIpaBJisteT B 3cup curnas 1. dueiiku, moryIuBIinii TAKONH CUTHAJ
¢ JoKaTopa R3 MOMYyT, 9TO HAXOJIATCS HA BEPXHENH KOOPIUHATHON ITOJIYOCH.
AHajorugHbIM 00pa30M KaxKk asl TIeiika MOXKeT HIeHTH(OUIINPOBATE CBOE Ha-
XOXKJIEHWE Ha OCTAJbHBIX TPEX KOOPJMHATHBIX MOJIyocsxX. fAdeiiku, HaxoJIs-
muecs Ha MOJIyOCsX MTOCTOSHHO OTIIPABJISIOT B 3(pUp CUTHAJ ¢ HOMEPOM CBOEii
nosyocu (BepxHsist — 2, npaBas — 3, HIzKHsAst — 4 u jieBasg — 5). [To srum cur-
HaJlaM KazKjad ssueiika MOXKeT pacllo3HaTbhb, B KAKONH KOOPJAWHATHOU YeTBep-
TN OHa HaxoauTcsa. Hampumep, mosyauB curHaja 2 ¢ jokaTopa R4 w curaas
3 ¢ Jyiokaropa R3, MOXKHO OIHO3HAYHO ONPEIEIUTDH, YTO PaCcCMaTpUBAEMAas
sT9eiiKa HaXOIUTCA B IMepPBOil KoopauwHaTHO# YeTBepTr. U nes GyHKIMoHUpO-
BaHUsI TIOCTPOEHHOT'O aBTOMAaTa COCTOUT B TOM, YTOOBI CIIPOEIIUPOBATDH BIOIb
MaHX3TTEHCKOI OKPY?KHOCTH BCE TOYKHU U3 3a/1a49U Ha OJHY IIOJyOCh, HANTH
OIMZKAMIIYIO K IEHTPY IPOEKINIO, a 3aTeM BOCCTaHOBUTL eé mpoobpa3. Ha-
IIpUMep, TOYKa U3 IIEePBOM YeTBEPTU MOXKET IIOCJATh CIEIUaJIbHBIA CUTHAJ,
CYUTBIBAEMBII TOJILKO TPaBOi M0JIyockio. Todyka u3 MpaBoil MOJIyoCH, IOJIy-
9MB TAKOH CUTHAJ C JIoKaTopa D4 moiiMeT, 9TO sIBJIsIeTCsI MPOeKIueii OaHoi
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u3 rouek 3agaun (Puc. 2 ciesa). IToBropus Takyto urepanuio 4 pasa, MOXKHO
CIIPOEIMPOBATH BCe TOUKM Ha BEPXHIOO 1oiyoch (Puc. 2 cpasa).

Puc. 2. CieBa mpumep IpoerupoBaHUsl OIHOW TOUKM Ha mojyock. Crpasa
XOJ1, IPOETINPOBAHUS 3aJIaul Ha BEPXHIOIO MOJIYOChH.

YTo0bI HallTu OJMXKANIIEro coceia Ha BepXHEH IMOJIyoCcH, KaXKIOMY KaH-
JUIATY JTOCTATOYHO IMOCTATh B 3(pUP CleNUaJbHBI CUTHAJ, W MOJYyIUB Ta-
KOii curras ¢ jiokaropa R3 camoycrpaHuThes (T.e. epeiiTu B COCTOSIHUE 110
ymosraanuio). [Tocse Toro, Kak GimzKaiiinas MpoeKIus HailjieHa, JT0CTATOIHO
0OpaTHBIM XOJ0M OIUCAHHOIO aJlOPUTMa BOCCTAHOBUTH €€ Impoobpas.
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The closest neighbour problem on a plane solution using the
cellular automata with locators model
Vasilev D.I.

This paper describes a cellular automaton with locators which
solves the closest neighbor search problem. The problem itself is about
finding the closest point from a given finite set to the so-called central
cell. Unlike the classic cellular automaton model, cellular automata
with locators allow fast signal transmission to any distance. It is proven
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that such a possibility allows us to solve the problem in a constant
time which is fundamentally different from the one dimensional case:
the lower complexity estimate for this case is proven to be logarithmic.

Keywords: cellular automaton with locators, homogeneous
structures, the closest neighbour search.
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Bourancienne dynkmnuii besoro c
HCII0JIb30BAHNEM TEXHUKMN MOJYJISAPHBIX

dbyHKImit
A. M. Baryszos!

B pabore omncan aaropurm Beraucienus gyukimit bejgoro s 3a-
JIAHHOTO JIETCKOT'O0 PUCYHKA C MCIOJIH30BAHUEM TEXHUKN MOJYJISIPHBIX
dbyuknnmii. [Ipusenena dyukimsa Begoro ¢ rpynmoit momoapomuu Moy,
BBIUKCJIEHHAS C MCIIOJIb30BAHUEM ITOTO METOIA.

KuroueBble ciioBa: jerckue pucyHku, GyHKIUN bBemoro, mMomy-
JIsipHble (DYHKIUN

B pabore paccmarpuBaercst 3aj1ada BeIauc/ieHust pyHKInU Bejoro mo 3a-
JTAHHOMY JIETCKOMY PHCYHKY. Jlemckut pucynok — IByKPAIICHHDII (CBsI3HBII)
rpacd ', BjIoXKeHHBI B KOMIAKTHYIO OPUEHTUPOBAHHYIO MIOBEPXHOCTH X Ta-
KM ob6pazoM, uro mponosiHenue '\ X romeomopdHO HecBsi3HOMY 00beuHe-
HUIO OTKPBITBIX JuCKOB. Ilycts X — KOMIAKTHAsi pUMaHOBA MOBEPXHOCTD.
Oynwyueti Benoeo masbiaercs Hakpwitie (3 : X — PL(C) mepassernién-
noe Bue 0, 1, co. Torma mpoobpas 1[0, 1] — nerckuit pucynox ma X . Bepno
u obparHoe — i JiIoOOTO JIeTCKOro pucynka I cyriectByer mapa besoro
(X, B) Takas, aro 3710, 1] msomopden D. Bosee Toro, B xauectse X MOXK-
HO BBIOPATH KOMILIEKCHYIO aJrebpamtdecKyio KpUBYIO Olpe/eaeHHyo Hajl Q
(em. [1]).

Nrak, njis KaXk 1010 AeTCKOro pUCyHKa CyIecTByeT napa besoro, omaako
HAXOZKJIEHIIE ee SIBHOT'O BHJIA — HeTPHUBHAJbHAS 3aa4a. B cayuae X = P! (®)]
HECJIOXKHO HAIIMCATh CUCTEMY aJIreOparmvdecKux ypaBHEHUN Ha KO3 UImeH-
el yHKImu Besnoro. CraHmapTHBIN METOI peIIeHHsI CHCTEM aJredpamde-
CcKUX ypaBHeHuit — Mmeron 6asuca ['pébuepa. K coxkasenuto, ¢ yBejinaeHueM
KOJINIECTBA IEPEMEHHBIX €0 CJIOXKHOCTH OBICTPO PACTET, U OH IIPAKTHUIECKU
He IIPUMEHUM JJIsi JIETCKUX PUCYHKOB ¢ boJjiee uem 12 pédbpamu. [Tosromy paz-
pabaThIBAIOTCS APYTHe METObI BhIUuCIeHus pyHKIuil Besoro, moapobHbrii
0030p 9TUX METOJIOB JaH B [2].

OGiiasi cxema BbIYucIeHUiA. Penim cucremy ypaBHeHUiT TpuOIMzKeH-
HO, & 3aTeM IIOJIy 9MM TOYHOE PEIIeHNE B alrebpandecKux 4ucIax ¢ HOMOIIBIO
LLL-anropurma (cm. [3]). Ilpubsmxennoe perenne ¢ J0CTATOYHOH TOYHO-
CTHIO MOXKHO HaHTH C MOMOIIBIO MeTosia HploToHa, HO TpebyeTcs HavdasbHAast

! Bamyzos Asexcandp Makcumosuy — acimupaHT Kad. TeOPETHIECKOH HHMOPMATHKA
mex.-maT. d-ta MI'Y, e-mail: amvatuzov@yandex.ru.

Vatuzov Alexander Maximovich — graduate student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, department of theoretical computer
science.
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TOYKA, JJIsi KOTOPOI METOJT OY/IET CXOUThCS K PEIIEHUIO, COOTBETCTBYIOIIEMY
3aJJAaHHOMY JIETCKOMY PUCYHKY.

Cy1iiecTByIOT pa3Hble TEXHUKHU TOJyUYEHHUS TAKOI'0 HAYAJILHOIO HPUOJIH-
JKeHus. B HACTOAINIT MOMEHT PEKOPIIOM TAKUX BBIMUCICHUN ABJISIETCH BbI-
qnciienne ¢yukiuit besoro ¢ rpynmnavmu mononpomun Jo u Cos creneneit 100
u 276 coorsercrento (cM. [4], [5]). B arux paborax HCHOIB3yeTCs HOIXOL C
BBIYHCJIEHUEM MOJYJIsIpHO DyHKIU. Tem He MeHnee, ST BBIYUCIEHUS — CBO-
€ro pojia MCKYCCTBO, CBA3AHHOE C PEIIEHHEM Pa3HBIX BOIPOCOB, BJIUSIOIINX
Ha CXOJIMMOCTH METO/IA.

Pucyuku, nepecraHoBku u moayJisipHas rpymma. OmQuH u3 Croco-
0oB 3ajaThb JAeTCcKuii pucyHok D ¢ n pebpamMu — BBINKACATH TEPECTAHOBKU
pebep, KOTOpbIe COOTBETCTBYIOT ITUKJIUIECKUM MOPsiJIKAM IIPU 00X0Je BOKPYT
JepHBIX U OeJIbIX BepImuH: a,b € S,. ['pynma nopoxpaemMas UMHU Ha3bIBAET-
cst epynnot epawsenutl pebep pucyHka, obosnadaercs ER(D) n mzomopdna
rpyIilie MOHOAPOMUH COOTBETCTBYIONIEH dpyukiuu Beoro.

Byzem roBoputh, 9T0 pHCYHOK NPUHAICKUT (2, 3)-THITY, ecju Bee Gesbie
BEPIUHBI UMEIOT CTENeHb | Wn 2, a Bce YEPHBIE BEPIIUHBI — CTEIIEHb 1 WJIn
3. Jloboii neTckuil pucyHOK MOYXKeT OBITH IPHUBEJEH K 3TOMY BUJY C IIOMO-
IIBIO JTOTIOJIHUTEILHON TPUAHTYJISIIUN I'PaHeil pUCYHKA, OJHAKO 3Ta OllePaIls
YBEJINYUBAET KOJNIECTBO PEOEP B 6 pa3, 4TO yCJIOKHSAET BHIYUCIIEHUS.

st nerckoro pucyHka (2, 3)-Tuiia HopoxKIaroliye ero rpyIiibl BparieHnit
pébep obmamator ceoiictBoM a® = b = 1. TakuM 06pa30M, MOXKHO CUHTATD,
9TO Ha pedpax 3TOro PUCYHKA JEHCTBYET MOJYJIsIpHAs I'DYIIIa

PSLy(Z) = (a,b | a® = b* = 1).
Beibepem crabunusarop nekoroporo pebpa I' C PSLy(Z). Torma xpusas

/T
MOXKeT OBbITh IOJIydueHa KaK (pakTop BepxHeit nmosymiaockoctu: t: H — X.
OyumamMenTaaIbHas 00JI1aCTh IPYIIIBI ' COCTONT U3 HECKOJIBKUX KON DyHIa-
MeHTaIbHO# obactu rpymibl PSLa(Z). I'pymnna I' nonmapho oroxaectsiisier
JIyTU-CTOPOHBI (DYHIaMEHTAJILHONI 00JI1aCTH, 3a/1aBast CKJIEHKY, KOTOpas JaeT
pucynok D. Ecm X = PY(C), to oroGpaxenue ¢t — dynxunus na H. Hama
[IeJIb — HAYIUThCS BBIUYUC/ISITH MPUOJINKEHHbIE 3HAUEHHUST 9TON (DyHKIUH.

Touka +i0c0 COOTBETCTBYET IEHTPY OJHON U3 I'paHeil JIETCKOTrO PHUCYH-
Ka, IyCTh 9Ta I'paHb UMeeT crereHb m. Torma rpymma [N comepKuT saeMeHT
z — z 4+ m, a nockoIbKy (yHKIus t(z) MHBAPDHAHTHA OTHOCUTEJILHO I, TO
MOXKHO ee 3ammcarh B Buge t(z) = f(q), tne ¢ = exp(2miz/m). Ilpu srom
dyuknus f orobparkaeT OKpecTHOCTH TOUYKH ¢ = () B OKPECTHOCTH COOTBET-
crytorero nojioca § B3auMHooHO3HAaUHO. OTHOpMUpPYeM yHKINO Bejoro
[ Tak, 9ToObI TOT MOJIOC HAXOAUICA B ToUKe 00. Torma dyukuus f(q) 6yaer
UMETh TIOJIIOC TIEPBOTO TOpsiaKa B Touke ¢ = 0 u pazjoxkenue B psij Jlopana
OyJieT uMeeT BUJL

fl@) =co1g7 o+ g+ ead® + ... (1)
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Jtst mpub/INKEHHBIX BBIYUCICHUI ocTaBUM TOJBKO N ciaaraembix B (1).
CocraBuM cuCcTeMy AuHelHvT YpaBHEHUN Ha Ko3(durnmenTs! ¢;. Ocraiock
ele JBe CTeleHrn CBODOJIBI HOPMHUPOBKM (DYHKIHWHU (3, 9TO JaeT JIBa ypaB-
uHenusi. OcrajibHble ypPaBHEHUs TOJIyvIaeM, BeiOupasi N — 2 mapbl TOUeK Ha
rpanure QyHIaMeHTa bHONi obsacT: ecan g € I' u g(z1) = 29, TO JOIKHO
ObITh BBIIOJIHEHO t(21) = t(22).

B Beruncaennsx N = 200 65110 JOCTATOTHO, UTOOBI CTAOMIBLHO HAXOIUTD
npubsmkénnbe (¢ rounoctbio 0.01) koaddunuenrsr f(q). Moxcrasiss ko-
OpJIMHATEI BEPIUH MOJYIsApHO durypsl B (1), mosydaem mpubINKEHHBIE
KOODJMHATHI BEPIINH JIETCKOI'O PHUCYHKA, 9TO JAeT NPHUOJIMKEHHbIE 3HA4e-
Hust K03 duimenTos GyHKIME Besoro, KOTopble HCIOJIb3yeM KaK CTapTO-
BYIO TOUKY Merona Hpiorona.

Pesynbrarsl Beraucaenuii. B padore [6] kiaccuduimposasbl B3BeleH-
HBIE JiepeBbst D Takue, 9To rpymma Bpamenuii pebep ER(D) npuMuTuBHA U
orsmyHa or rpymnn A, u S,. IIpuMeHsist onMcaHHYIO TEXHUKY BBITHCJIEHUI,
Y/IAJI0Ch BBIYUCIUTH DyHKIMN Bestoro /7ist Bcex B3BeIIEHHBIX jiepeBbes (2, 3)-
TUIA CO CIEIUAJIbHBIMY IPUMUATUBHBIMU I'DYIIIAMU.

Hrke mpuBeieH pe3ysibTaT BEIYUCIEHUI 17181 PUCYHKA Ha pUC. 1, KOTOPHIi
He $BJISIETCS B3BEIIEHHLIM JIePeBOM. BbIUUC/IeHUS TTPOBOJIUINCH B CHUCTEME

SageMath.

Puc. 1. Macmopr (212 3916 | 2113), ER = May,.

PP 3
= =22 4
b cz3 cz3 +
1—=7
c= —2%.30. 731 - w)*(1 — 2w)(1 + 2w)"* w=—F5—

Py =25 +19(1 — w)(1 — 2w)2° + w(1 — 2w)(67 + 284w)2* +
+2-3(1 —w)(1 — 2w)(23 — 2w)(11 + 12w)2> +
+7(5 - 2w) (3 — 4w)2® — 7(1 — w)(5 — 2w)*(7 + bw)z —

_ 7OJ30
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Py = 2% 4331 —w)(1 — 2w)2° + 3w(1 — 2w)(49 + 212w)z* —

Q2

—2-3%(1 —w)(1 — 2w)(1 — 4w)(137 — 70w)z> —
—3.5-7(3 — 4w)(5 — 2w)z? — 3% - T3(1 — w) (5 — 2w)*(7 + 6w)z —

_ 73,30

=21242.3.7(1 —w)(1 - 2w)2't —

—3-7(1 —w)(1 = 2w) (1 4 2w)(3 — 4w) (3 + 4w)z'" +

+ 2% Tw(1 — 2w) (1 + 2w)(3 — 8w)(83 — 60w)z” +

+ 32 72w (1 4 2w)(7 + 18w) (25 — 86w)z® +

+22.32.5. 77 11(1 — w) (2w + 9)(53 — 18w) 2" —

—2-3%2.72(1 — w) (1 + 2w) (51 + 4w) (1239 — 880w)2° +

42332 7%(1 — 2w) (1 4 2w)%(317 — 414w)2° —

— 3% 7%(1 — 2w)(1 + 2w)(9 — 2w)(21 — 10w) (1171 + 2546w)2* —
—2-7%(1 — w)(1 — 2w)(1 + 2w) (41 — 22w) (421 — 586w) (671 + 318w)z> +
+3-7(1 — w)(1 4 2w) (5 — 2w)(7 — 2w) (1793 + 6742w)z> —

—22.3. 73w (5 — 2w)(7 + 6w)z —

_ 73,60

Calculating Belyi functions using modular functions approach

[1]
2]
3]
4]
5]
[6]

Vatuzov A. M.

An algorithm for calculating the Belyi functions via modular
functions is described. A Belyi function with the monodromy group
Ms, calculated using this method is presented.

Keywords: dessins d’enfants, Belyi functions, modular functions
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O MoJeMpoBaHUM TOPrOBBIX CTPATEruii JJid
BaJIIOTHBIX Iap C MCII0JIb30BaHUEM TJTyOOKIX
HENPOHHBIN CeTEN U MEeTOAa CKOJIb3HAIIErO
pa3jieJieHus cMecen

Bunses A.J1.!, Topmennn A.K.2

B pabore onmchiBaeTcst NCIOIBL30BAHUE TIIYOOKUX HEUPOHHBIX CETEMH
COBMECTHO C METOJOM CKOJIb34INEro pa3AejIeHAd cMecell IS ITOCTpoe-
HUsI MOJIeJIefl aHajM3a BaJIIOTHOTO PBIHKA M BBIOOPA TOPIOBBIX CTPa-
Teruii. PaccMoTpenbl apXuTeKTypa HEHPOHHON CEeTH U CITIOCOOBI CTATHU-
CTUYECKOI'0 PaCHIMPeHUs IIPU3HAKOBOIO IIPOCTPAHCTBA, & TaKxKe IIpH-
BEJIEHBI PE3YJIbTAThl MOJEJIBHBIX TOPT'OB, JEMOHCTPUPYIOIINAE ITPENMY-
IIECTBa MPEJJIO?KEHHOr0 IIOAX0IA.

KuroueBbie cioBa: riybokme Heiiponubie ceru, LSTM-cern,
CKOJIB3SIIIEe pasjesieHue cMeceil, BaJTIOTHBIE Taphl.

1. BBenenune

Toprosuie cTpaTerun UrpaioT O0JILIIYIO POJIb B MUPe (DUHAHCOBOT'O Tpeii-
JIMHTA, B TOM YHCJIE PeaTn3yeMble B aBTOMATHYECKUX cucTeMax (poborax). B
JIAHHON paboTe pacCMATPUBAETCS COBMECTHOE UCIIOIH30BaAHNE HEHPOHHBIX Ce-
Tell 1 METO/Ia OIEHUBAHUS [TAPAMETPOB CMEIAHHBIX BEPOATHOCTHBIX MOJIeJIen
B CKOJIB3SIIIEM PEXKHUME JIJIsI IOCTPOEHUSI TOPTOBLIX CTPATEruil Ha BAJIIOTHOM
DBIHKE.

OcHoBHas 33/1a71a — TOCTPOUTH TOPTOBBIN AJTOPUTM, KOTOPBIH, MOy dast
HA BXOJI BPEMEHHOI DsJi, BbIIABAI OBl JIJIs KaXKJOM0 MOMEHTa BPeMeHHu t
curnai y,(t) € {—1,0,1}, rage «—1» o3HaUaeT HEOOXOAUMOCTH MIPOJIABATH
akTuB, «0» — ynep:xkuBarh, «ly — nokynarb. CUrHAJIBI IPEICKA3BIBAIOT, Oy-
JIeT JIN CTOMMOCTD aKTUBA 9epe3 33 TaHHBIN TPOMEKYTOK BPEMEHU BBIIIE MM
HIU2KE TEKYIIEH CTOMMOCTH.

!Bunsies Anron JIsBoBuy — crymenT Kadenpsl Maremarndeckoi CTaTHCTHKE HhaKyITh-
Teta Beranciurenbuoit Maremarukun u Kubepueruku MI'Y umenu M.B. Jlomonocosa, e-
mail: avilyaev720@gmail.com

Vilyaev Anton Lvovich — BSc student, Lomonosov Moscow State University, Faculty
of Computational Mathematics and Cybernetics.

Topmennn Annpeit KoncrantunoBuda — 1.¢p.-M.H., JIOLEHT, PyKOBOIUTEb oTena Pe-
JepaJIbHOrO UCCJIe[oBaTesbekoro renTpa «udopmaruka n ynpasienne» Poccniickoit aka-
neMun Hayk, e-mail:agorshenin@frccsc.ru

Gorshenin Andrey Konstantinovich — Doctor of Science, Associate Professor, Head of
Department, Federal Research Center «Computer Science and Controls of the Russian
Academy of Sciences
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2. IloaroroBka JlanHbIX. HelipoceTeBas apXuTeKTypa

B kavecTBe UCXOHBIX JAHHBIX PACCMATPUBAETCsI BpeMeHHOM psij X (t), mpeji-
CTABJISIIONTHI [IEHBI 3aKPBITHs BAJIIOTHOI Mapbl eBpo/OpuTaHcKuil GyHT Ha
npotrsizkeaun 10 jier (yacosble jJanubie). OOydaronias BEIOOPKa CTPOUTCS IO
METO/Y CKOJIB34IIEro OKHA, KaK10€ OKHO 3aXBaThIBACT BPEMEHHON IIPOMEZKY-
ToK (t —w+ 1,¢], ne t — oupeieJIeHHBI MOMEHT BDEMEHH, W — Pa3Mep OKHA.
st KaXK/10ro OKHa HaXOJATCs: &) IIeHA OTKPBITUs Po(t) HA MOMEHT 1epBOit
CIICJIKH B OKHE, KOTOPOE 3aKaHUYNBAETCst B MOMEHT BpeMeHu t; 6) HauBbICIIAsT
neHa pp(t) - aKTHBA 3a OKHO; B) HaMMeHbINasl IieHa p;(t) aKTHBa 338 OKHO; T')
[IeHa 3aKPBITUST P (1) HA MOMEHT TOC/IEeIHEN KN B OKHE.

2.1. PacmupeHune nmpu3HaAKOBOT'O ITPOCTPAHCTBA

B kauecTBe JONOMHUTENBLHBIX 3JIEMEHTOB IPHU OOYYEHHH pPacCMATPUBAIOTCS
Pa3HOCTH CAMMX yKa3aHHBIX B Hadajle pasfela BeJIMYHH, a4 TaKxKe UX JIOra-
pudmos. Kpome Toro, jj1s1 IOBbIIIEHAE KaYeCTBa IPOTHO3UPOBAHUS IIPeJJIO-
JKEHO JIOIIOJIHATEJILHO HMCIOJIL30BATh B KAYECTBE IIPU3HAKOB CTATHCTHYECKHE
XapaKTePUCTUKH psifa. JJis 3Toro Ha KazKJOM OKHE CTPOMTCS AIIPOKCHMHE-
pyIoIIas CMEIIaHHas MOLEIb C IMOMOIIBIO METOAA CKOJIB3AIIEro pas3IeIcHusd
cmeceit (CPC) [1]. DTo no3Bossier yunTsiBaTh B HefipoceTeBoii Mojiesn u3nme-
HEeHMe MapaMeTpPOB PACIpeIeIeHAs Ha KayKI0M U3 OKOH.

A uMeHHO, IJIS KasKJOro OKHAa C IOMOIIBI EM-ajropuTMa HaxomsaTCs
OIEHKH IIapaMeTPOB cMecH Buaa f, () = Zfil pip(x, Wi, 0;), TOE Wi, O —
MaTeMaTHdecKHe OXKUIAHUS, CpedHeKBaJApaTUudecKue OTKJIOHeHUs B (pyHK-
I[U [JIOTHOCTH HOPMAJIBHOTO pacupejeserus ¢(+), a p; — Beca. s paciiu-
PEHHUST IPU3HAKOBOI'O IPOCTPAHCTBA MCIOJb3YIOTCS JIOKAJILHBIE KOMIIOHEH-
ThI CBA3HOCTH [2|, hopMupyoIine JOMOJHUTEIbHYO MHOTOMEPHYIO MATPUILY
HETPUBHAAJIBHBIX IPU3HAKOB Ha OCHOBE MATEMATHIECKOI MOIEIN JAHHBLIX, HE
UCIIONIb3Ysl KAKUe-JTH00 JIOMOJTHUTEIbHBIC HAOJIIOICHHS.

2.2. ApxurekTypa HelipoHHOIi ceTu

B kauecTBe apXUTEKTYPBHI JIjIs TOPIOBOI'O &JITOPUTMa UCIIOJIB3YETC s aHCAMOJTh
u3 aByx pexyppenTHbix cereit LSTM [3]. Ilepsas u3 Hux pemaer 3a1a4dy 6u-
HapHO# Kjaccudukanuu u Beigaer curuana y,(t) € {0,1}: cneayer jm Top-
T'OBaTb B MOMEHT BpPEMEHU t mau HeT. BaTelVI 9TOT CHUT'HaJI UCIIOJIL3YETCA KaK
Bxox, BTopoit Mogenn LSTM, Koropasi pemraer UCXOAHYIO 3329y TPOUTHOM
KJIaccuuKaIu 1 Bbiaer curual Yy, (t) € {—1,0,1} o meiicTBun ¢ akTHBOM.
Takast KoHUrypays I03B0JIIeT PasdUTD 38481y TPOUIHON KiiacCuMUKAIIN
Ha JBe 3a1a4n 0ojiee MpocToit OMHAPHON KiaccupuKaImu — BTOpasi MOJIeb
HE IBITAeTCs YIABIUBATH MOMEHTBI, B KOTOPBIX HEOOXOAUMO OE31eiiCTBOBATD,
a OIIMpaeTCsd Ha I'OTOBbIE PE3YJIbTaTbl.
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3. PesynbTarbi

Jlyist cpaBHEHHS PE3y/bTaTOB MEXKIy MOJEJIIMHU IIPOBOJUIACH CHUMYJISIIUS
TOProB Ha TecTOBON 4acTu BbIOOpkU. Ha puc. 1 mokazaHbl JiydIue MOJIy-
YEHHbIEC PE3YJ/IbTAThI /IJId CJIyYdasd UCIIOJIb30BaHU A PACIIUPEHNA ITIPU3HAKOBOT'O
IIPOCTPaHCTBa U Oe3 Hero.

Hcnoassyss CPC-meron (\/\_m/

J

/J He ucnons3ys CPC-meron
140000 e
/j—fv—f
Vad \J |
N —

- A,\/\Mf\/-\/\lu T

100000 S

3 2000 4000 6000 8000 10600
Bpemsa

KannTan

Puc. 1. CpaBHI/ITeJIbeIe pe3y/IbTaTbl MOJAECJINPOBaHUA TOPT'OB

Hawnyammit pesyabrar 6e3 ucrnonb3oBanus CPC-meroma — 141400 y.e.
npu zHavasbHOM Kanutase 100000 y.e., npu ucnonbzoBannun CPC-mertona —
189100 y.e. HerpuBuaJibHOE paciiupenue mpu3HAKOBOI'O IIPOCTPAHCTBA, 1103~
BOJIMJIO YBEJIMYUTH JOXOHOCTD aJIrOpUTMa, OoJiee, 4eM B JiBa pa3a. B cpeanem
HA BCEX CHUMYJISIIUSIX MPUPOCT Karmraia cocrasisier 95,1% (122400 nporus
143700 y.e.), xorst ncnoaszoBaune CPC-merToza Tpebyer 6ostee akKypaTHO
HACTPOWKHM TUIEPIapaMeTPOB, TAK KaK 3HAYUTEIbHO YBEJIUIUBAECTCS KOJIU-
YEeCTBO IIPU3HAKOB B HEMPOCETEBOU MOJIECIN.

Hccenedosanue svinoanerno npu noddeporcke Meorcducuunaunaproti HaywHo-
obpasosamensvroti wkoav, Mockosckozo ynusepcumema «Mose, Koenumus-
HbLE CUCTNEMDL, UCKYCCMBEHHBLT UHMENAEKM .
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On modeling trading strategies for currency pairs using deep
neural networks and method of moving separation of mixtures

(1]

2]

13l

Vilyaev A.L., Gorshenin A.K.

The paper describes the use of deep neural networks and the
method of moving separation of mixtures to construct models for
analyzing the foreign exchange market and choosing trading strategies.
The architecture of a neural network and methods of statistical
extension of the feature space are considered. The results of a trading
model demonstrating the advantages of the proposed approach are
presented.

Keywords: deep neural networks, LSTM, moving separation of
mixtures, currency pairs.
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BerHI/Ie O eHKN HepeKJIIO‘IaTeJIbHOﬁ
MOIOIHOCTH IIJIOCKHX CX€EM, peaJin3ylolanx
ABTOHOMHbBIEC aBTOMAaTHbIE d)yHKI_[I/II/I

A. C. Boporauxkos!

B pabote mosydena BepxHsIS OIEHKA ITEPEKIIOYUATETHHON MOIIHO-
CTU PeaJIU3aluU IIEPUOSUICCKON I10CIeI0BATEIbHOCT aBTOHOMHON aB-
ToMmaTHOU cxemoii. [IpuBoauTcst cxema, pean3yronias TPOU3BOIbHYIO
HaIlepé 3aJaHHYIO MTOCJIEI0BATETHOCTD JIJIUHBI 2" JIJIS HATYpPaJbHbIX

. n/2
N C IIepeKJIIoYaTeJIbHON MOIITHOCTBHIO HE boutee 2 .

n
KuroueBble ciioBa: IMJIOCKHE CXEMBI, MEePeKI0YaTe/IbHas MOII-
HOCTb, BepxHUe oneHku, ¢pyukius [[lerHona.

BriepBbie moHsATHE CXEMBI U3 KJIETOYHBIX JIEMEHTOB, JAJee Tak YKe Ha-
3bIBAEMOil TLI0CKO# cxeMmoii, Obu10 BBeseHO B pabore Kpasmnosa C.C. [1]. B
paborax [2, 3] I'. B. Kasaues mokaszasi, 9410 MOPSJIOK TOTEHIMAIA U TIEPEKJTIO-
YaTeJbHON MOITHOCTH IIJIOCKOH CXeMBbl, peanusylomei 0ynesy dyHKIUIO OT 1
IIepEMEHHBIX, cocTaBiser 2™/2,

BBojumoe orpejiesienne HECKOJIBKO PacCIIUpsieT OIpeJeieHue Na0CKoT
cxremu, BBeJEGHHOE B pabore [2]. Oupenenenus cemu u3d KACMOYHOIT IAEMEH-
mose, epagda KOPPEeKMHOT CEMU U3 KAEMOYHHLE IAEMEHMO8, L0006 (6biT00086),
Y3406, NOJCTEMD, TaK ¥Ke MPUCYTCTBYIOT B yKa3aHHON pabore.

Kaemounvim anemernmonm OyjieM Ha3bIBATh aBTOMAT ¢ He HoJiee YeM JIBY-
Msl COCTOSTHUSIME, Y KOTOPOTO B CyMMe He OoJjiee 4eThIPDEX BXOJIOB U BBIXOJIOB,
OpUIEM KazKJIOMY €ro BXOJy U KarKJIOMY BBIXOJLY COIIOCTaBJIEHA HEKOTODast
MeTKa 13 MHOxKecTBa {l,r,t,b}, Ipuuém MeTKU He TIOBTOPSIIOTCSL.

Knerounslit semenT OyjemM n300paxkaTh B BUJE €JIUHUYHOIO KBaJpaTa
Ha IIJIOCKOCTH.

Merku, IpucBoeHHbIE BXOJaM (BBIXOaM) aBToMaTa Oy/1eM Ha3blBaTh BXO-
JaMu (BBIXOJIAMHI) SJIEMEHTA.

OnuchIBATH 3JIEMEHT C OZHUM COCTOSIHHEM Oy/IeM ypPaBHEHUSIMU, KOTOPBIE
3aJIAI0T ero OlepaTop, 3aMeHsis BCe IePeMEHHbIE B HUX Ha CONOCTABJICHHbIE
uM metku (1,7t wim b). Torma B JIeBoil YacTu KaxKJOro ypaBHEHHs Oyjer
CTOSATH BBIXOJIHASI METKA, & B IIPABYIO OY/yT BXOJUTH TOJIBKO BXOJHbIE METKH.
Ha pucynke 1 nmpuBesieHBI IPUMEPHI KJIETOUYHBIX 9JIEMEHTOB.

Bceromy jajiee 3Ha490K := OyjieT 0003HaYaTh <110 OIPEIEJCHUIO PABHO».

! Bopommuros Anexceti Cepeeesun — acnupasT Kad. MaTeMATHIECKOH T€OPUH HHTEJ-
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o , 4t ;
forr  Hmp s dpe
b b b tb
t=b,I=(bz=a)&r r=(t&) | (~i&b) b= (r&a) | (~&t) t= b, | = r&b

Puc. 1. Ilpumepn JoruvecKux 3/1€MEHTOB.

Jastee Bessie wucmosibsyercss 6Gaszuc B, cocrosimuii U3 BCEX 3JIEMEHTOB
C OIHUM COCTOSHHMEM U MHOXKECTBA 9JIEMEHTOB C JBYMSI COCTOSIHUSIMU

{(EaEv E7 ¢7w1)7 (E’E7E27¢7¢2)7 (E7 E,E37¢;¢3)}7 rue E= {071}7

Pi(t) = q(t), va(t) = (q(t),q(t)), ¥s(t) = (q(t),q(t),q(t)),

rie a(t) — BXOAHOI curHAJ B MOMEHT BpeMeHH t, ¢(t) — cocTosinue aBTOMAaTA,
B MOMEHT BpeMeHH t. ByjieM Ha3bIBATH TAKUE JIEMEHTHI 3A40EPAHCKAMU.

Haocxoti asmomammoti cremoti Ha Muoskectse M C 72 nan 6asucom £ C
£ OyneM Ha3bIBaTh KOPPEKTHYIO CETh M3 KJIETOUHBIX 3JIEMEHTOB, B Tpade
KOTOPOIl BCE OPHEHTHPOBAHHBIE IIUKJ/IBI COJAEPIKAT XOTsI ObI OJHY 3a€PIKKY.
MuoxkectBo M Oymem Ha3bIBaTh HOCumMenem cxembl K.

Kaxmoit mmockoit cxeme K MOYXKHO COIOCTaBUTL CTPYKTYPHBINH aBTOMAT
Circ(K) cremyiomum o6pa3oM:

1) xaxoii GpyHKIMN fs,i, KOTOPYIO peam3yer i-if BLIXOJI 3JIEMEHTa S KJle-
TOYHON CXEMBI, COIOCTAaBUM (DYHKITMOHATIBHBIN 3JIEMEHT €4, Peaansy-
j{0)1107071 fs,i; €C/IU 1-M W j-1 BBIXO/BI SABJISIOTCS BBIXOMAMU OJHON M TOU
e byHKIuH, To UM OyIeT COOTBETCTBOBATEL OJINH U TOT K€ (DYHKIIHO-
HaJIbHBIA 3JIEMEHT;

2) eciu i-if BBIXOJ| $1 HMOJKJIIOUEH K j-My BXOJY S2, TO COEIMHUM BBIXOI
3JIEMEHTa, €5, ; C j-MH BXOJAaMU 3JIEMEHTOB €, i JJId BeeX K, J/1s KOTo-
PBIX f,, k 3ABUCHT OT j-IO apryMeHTa,;

3) yJAaauM U3 CXeMbl BCe TOXK/IeCTBEHHbIe (DYHKIUHU, [IOJICOE/IMHIB UX BXOJ[
KO BCEM HMX BBIXOJIAM;

4) AHaAJIOTUYIHO IIOCTyIIaeM C 3aJIeP2KKaMM.

CorocraBiieHre KOPPEKTHO, TaK KakK IIPABUJIA COITOCTABICHNS BKJIAIHLIBAIOTCS
B [IPABIJIA HHJLyKTUBHOIO TIOCTPOEHUsI CTPYKTYPHBIX aBTroMaToB [4]. IIpasu-
JIO obpaTHO#l cBsaA3u, TpebyIoliee 3aBUCAMOCTDL CO CIABUIOM OT 3aMbIKAEMOI
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MePEMEHHOI, TaK Ke BBITIOJHEHO B CUJTY HAJUYHUS 3aJIEPKKU B KayKIOM OPH-
CHTUPOBAHHOM ITHUKJIC. HOCKOHbe TOJIBKO OPUEHTUPOBaHHBIE TUKJIBI MOT'YT
MOPOKIATH OOPATHYIO CBS3b, BCE BEPHO.

Bynem ropoputsk, uro cxema K peanusyer aBromar A, eciu cxema u3
aBroMaTHLIX dy1eMeHToB Circ(K) peamusyer Ay .

Hastee paccMaTpuBaeM TOJIBKO IJIOCKHE ABTOMATHBIE CXeMbl 0€3 BXOJIOB C
€TMHCTBEHHBIM BBIXOJIOM — aBTOHOMHBIE ABTOMATHBIE CXEMBI.

PaccmorpuM mrockyio aBroMaTHyO cxemy K, peau3yronlyio MepUOJIu-
qecKyIo mocyenoBarebHocTh mtuHbl [ € N. [locaemoBarebHOCTD, peatn3ye-
Myto cxemoit K obosHaunM a. st kaxkmoiir Takoit cxembl K 3adukcupyem
HEKOTOPYIO HyMeparuio e€ y3jioB. Ha i-M y3Jie peajmnsyercss HEKOTOpasi aB-
ToMaTHast PYHKIAS g;.

Cocrosinuem cxembl K Ha Takre ¢ Ha30BéM BeKTOp Sk (t) =
(91(2), -, gn (1))

Bemuunny cx (t) 1= |sk (1)@ sk (t+1)| nazosém sampamoti snepeuu na ne-
pexatouenue cremu, ¢ TakTa t Ha t+1. JITnHA BEeKTOpa TOHNMAETCST KAK CyMMa
LIEJIBIX YHCEII €10 KOMIOHEHT: a = (ay,- -+ ,an) € {0,1}",|a] = > a;.

Cxema K ¢ynryuonupyem yukAuvecky ¢ IePUOIOM [, ecjiu MmocJe10Ba-
TEJBLHOCTDb Ha €€ BBIXOJE MMEET MePHOL .

Iepexnrouamenvroti mousrocmsvio cxeMbl K, QyHKIIMOHUPYIONMIEH KN~

l
1
"Jecku ¢ mepuosoM [, nazosém W(K) = 7 E e (t).
t=0
Iepexarouamentroli MOUHOCMIO TTIOCIIEIOBATEIBHOCTH (v HA30BEM BEJIH-
qnny W(a) = min W(K).
ag=a

Oyuknueit [Tlennona 11t epeKJIIOYaTEILHON MOIITHOCTHU TIOC/IEI0BATE b=

nocreit n3 Kracca {0, 1} mazosém W (l) = n{lax}l W(a).
aeq{0,1

Teopema 1. /Jlra npoussonvhozo k € [ + %logQ n, 5 —logyn] NN sepro

n/2
5027, ecau k=7 + %logQ n,
n/2
w(2") < 12%, ecou k€ (4 + %logQ n, 5 —logyn), npun — oo

/2
3627:1 , ecau k=735 —logyn,

NPUYEM CYWLECTNEYEM. PEAAUAUUSA NAOCKOT AGBMOMAMHOT CTeMDL, MPedYyIo-
waa He bonee n + k +logy k 3adeporcex.

B pabote mpuBomgTCst CXEMBI, YIOBIETBOPSIONINE TaKUM ycaoBusM. [Ipu
IIOCTPOEHUU CXEM aKTHUBHO IIPUMEHSJINCH UJIEU, BOSHUKABIIINE paHee B pabo-
rax I. B. Kanauésa [2].

ABTOp BBIpaXKaeT OGiaromapHoOCTb J.¢b.-M.H. mpodeccopy . . Tacano-
BY 3a Hay4HOE PYKOBOJCTBO U IOMOIIb B paboTe, a TakxkKe K.p.-M.H., M.H.C.
I B. Kasauésy u A. A. EdumoBy 3a 1eHHBIE 3aMEUaHUS U IPEIJI0KEHNS
10 TEKCTY PaboThI.
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Upper bounds of plane circuits implemented autonomous
automaton functions switchable power
Vorotnikov A. S.

Switchable power of flat automatic schema without inputs
implementation by periodical sequence is recieved in this work. A
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length 2™ for positive integer n with switchable power no more than
on/2
==
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IlopoxxeHne nmpaBUJIBHBIX CEMECTB
dbyHKIMIit
3

A.B. Tl'anarenxo!, B. A. Hocos?, A. E. ITankparbes?,
B. M. Craposepos?

B pabore mokazano, 9TO 3ajiada MPOBEPKHU IIPABUIBHOCTH CEMETi-
crBa (DYHKIMIT NPU KOMIIAKTHOM 33J[aHUU BXOja siBjsercs coNP-
ITOJTHOI, a TakKe MPEeJJIOKEHBI TTPOIELyPhI JIJIsl TOPOXKICHIST MHOYXKE-
CTBa BCEX IPABUJIBHBIX CEMEICTB 3aJJaHHOI'O MOPSIJIKA U PABHOMEPHOI'O
pacipeie/ieHusi Ha, 3TOM MHOXKECTBE.

KuroueBble ciioBa: mpaBuibHbIe cemeiicTBa dyuknii, renun Map-
KOBa

1. BBenenune

3ajiada OPOXKIEHUST CEMEICTB KBA3UTPYIIIL, 00JIAIAIOIINX 38 JaHHBIME CBOIi-
CTBaMU, aKTyaJlbHa JJIs KpunTorpaduieckux npuaoxkennit. B kpunrocucre-
Mée C OTKPBITBIM KJIIOYOM U3 paboTsl |1] jyist rernepanun kiroueii TpebyoTCst
JIBa CeMeiCcTBa MHOMOMEPHBIX KBaJIPATUIHBIX KBASUTPYIII ITOPSIKA 32, KarK-
JI0e U3 KOTOPBIX JOJZKHO UMeTh MomuocTh He Hizke 229, B. A. Hocos mpes-
JIOXKWJT TIOPOKJIATh OOJIBIIME CeMEeHCTBa KBA3UIPYIIT OOJIBIIONO MOPSIIKA C
HOMOIILIO MTPABUJIbHBIX cemeiicTB dyukiwmii [2]. B pabore [3| aBropsr pac-
CMOTPEJIU METOJBI JJIsl SIBHOTO MOPOXKIEHUST OOJIBIUX CeMefCTB MHOTOMEp-
HBIX KBaJI[PATUYIHBIX KBA3UI'PYIIII C 38/IAHHBIM 3HAYEHUEM KBAJIPATUIHOCTHU C
IIOMOII[LIO TIPABUILHBIX ceMeiicTB OysieBbix pyukiuii. s mepenoca pesyiib-
TaTOB HA JIOTUKHU OOJIbIIENl 3HAYHOCTH BO3HUKIIA 33/1a9a TOUCKA TPABUJIHLHBIX
cemeiicTB crienuabHOTO Bujia. st OysieBa ciiydasi U3BECTHBI yTBEPXKICHUST
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0 TPYJHOCTHU 3ajadu pacio3HaBaHus npasuiabHocTu (coNP-nosHoTa B ciy-
Jae 3ajaHust GYHKIMI cxemMamu [4]) 1 0 cKOpocTH pocTa Yucsa IpaBUIbHBIX
cemeiicTs: ecm T'(n) — YUCI0 TPABUIBHBIX ceMeHCcTB OysIeBbIX (DYHKIHiT 1M0-
psijika 1, TO, KaK [OKa3aHo B [5], cymiecTByer mosokuresibHas KOHCTaHTa A,
takast uto 2" < T(n). DT yTBEPKICHA YIAT0CH IIEPEHECTH Ha, CIIydail
k-3uagnoit joruku npu k > 3. Mbl Takke mpejjaraeM ajropuTM st 10-
CTPOEHUsI BCeX MPABUIbHBIX ceMefcTB (DyHKIUi k-3HAYHON JIOTUKH TIOPSII-
Ka M IPH YCJOBHUHU, YTO MOJIYUEHBI BCE TIPABUIbHBIE CeMeHCTBa mopsijika 1 — 1
(n3 mepaBencTBa Ha T'(n) ciejyer, 4TO AJIrOPUTM JIOIYCKAET IIPAKTHIECKOe
npuMenerne npu Hebosbmnx 3uadeHusx n), u MCMC-npoueaypy s mo-
POKJICHUST PABHOMEDPHOI'O PACIIPEIC/ICHIs] HA MHOXKECTBE BCEX IPABUJILHBIX
CeMENCTB 3aJJaHHOrO TOPsijiKa B JIOIMKe 3HadHocTH k > 3 (ciyuaii k = 2
paccMoTrpeH B paborax [6]).

2. OcHoBHbBIE IOHATHUS U Pe3yJ/JabTaThbl

[Mycrs B = {0,1,...,k — 1}, P’ — MHOXKecTBO BCex (DyHKIMIt k-3HATMHOM
JIOTUKU OT 7 II€PEMEHHbIX.

Ounpenenienne 1. Cemeticmeo (fi,...,fn), 2de n € N, f1,..., f, € P,
HA3bIBAEMNCA NPABUALHBIM, €cAt Oas amobux a, € B, a = (aq,...,an),
B=B1,...,0n), a# B, natidemecs undekc i, 1 < i < n, makot wmo oy # B,

no fi(a) = fi(B).

Ou4eBUIHBIM TPUMEPOM IMPABUJIBHOIO CeMeCTBa, siBJIIeTCs HAOOP KOH-
CTAHTHBIX (DYHKITHH.

3aMeTnM, 9YTO IPABUJIbHbBIE CeMefiCTBa OYJIeBbIX (DYHKITHI TOPSIIKA 12 MO-
IyT OBITH €CTECTBEHHBIM 0OPA30M UHBHEKTUBHO BJIOXKEHBI B MHOXKECTBO IIpa-
BUJIBHBIX CEMEHCTB k-3HAYHON JIOTMKHU TOTO Ke rnopsijika. jist sToro mocra-
TOYHO paccMoTperb byHKIM0 1: Ei — Fi, takyo uro p(z) = 0 ecau u
Tosibko eci ¢ = 0, u orobpasurh GyneBo cemeiicrBo (fi,..., fn) B cemeii-
cTtBO (g1, ..., gn) OYHKIMI k-3HATHON JIOTUKH, OLIPEIEISAEMbIX COOTHOIIEHU-
M gi(xla cee 7xn) = fi(u(ml)v s ,,u(:cn)).

W3 npuBeieHHO KOHCTPYKIMY BBITEKAIOT CJIEYIOIINE YTBEPIKICHUS.

Teopema 1. 3adaua nposepru, saeasemcs asu cemeticmso Gynruus k-
3HAUHOUT N02UKU, 3A0GHHOE CTEMOT 68 KOHEYHOM HYHKUUOHANGHO NOAHOM OG-
auce, npasusvbtovim, coNP-nosna.

Teopema 2. [Iycmv Ti(n) — wucao npasuavhux cemeticms @gynxuyut k-
anaunoti aozuxu nopadxa n, Toeda Tj(n) > T(n) > nA2".

[ycrs F' = (f1,..., fn) — npaBuiabHOe cemeiicTBO GyHKIUIT k-3HATHOI
goruku, 1 < ¢ < n, o — IMOCIEI0BaTEIbHOCTL 3jeMeHToB FEj. Pac-
cMoTpuM npeobpazosanue Switch(F, 4, o), Bosepamaommee cemeiicrso F/ =

101



(fi,---s fim1, f], fiz1s - -+, fn), vOe f! onpenensiercst ciaemyrommm obpasom. Ilo
cemeiictam F)j, nosydeHHbIM u3 F' dukcanueit x; = j u orOpachlBaHueM
ioii pyHKIMU, CTpOUM I'pad ¢ MHO2KECTBOM BEPIINUH E]?*l € TIOMOIIIBIO TIPO-
1e/lypbl, olmcaHHOil B pabore [7]. 3areM BblJeiisieM KOMIOHEHTHI CBSI3HOCTH
rpada B HEKOTOPOM Mopsiike (Hampumep, Jekcukorpaduaeckom ). Kommonen-
Te CBSI3HOCTH HOMED 1M CTABHUM B COOTBETCTBHE MYI0 KOMIIOHEHTY HAabOpa (.
[Mycts (a1, ...,a4i—1,i4+1,-..,0ay) — BEPIINHA U3 KOMIIOHEHTHI CBSI3HOCTHU HO-
mMep m, a € Ey. Honaraem f!(a1,...,a,-1,0,Qit1, ..., 0p) = Q.
Paccmorpum ciemyrortyto mporeypy. BceBo3MOKHBIME CIIOCOOAME BbI-
oupaem Habop (Go,...,Gk_1) NPABUILHBIX ceMelcTB mopsiaka n. Oupee-

asieM yHKIMu fi,. .., f ¢ moMornpo coorHoreHus fi(T1, ..., Ty, Tni1) =
k—1 . .

V (I%H(j) Agl(z,... ,xn)>, rae g] — dyuknus HOMep ¢ cemeiicta Gj.
Jj=0

[Tonaraem fy,+1 = 0 u BbimaeM Ha Beixoz Switch((f1,. .., fa+1),n+ 1, ) s
BCEBO3MOXKHBIX (V.

Teopema 3. Onucanmnas npouedypa nopoosicdaem 6ce NPaguAbHbLE CEMET-
cmea nopadka n+ 1 6 k-anaunotl sozuxke.

s reHepary paBHOMEPHOTO PACIIpeJieieHIsT Ha MHOXKECTBE IIPaBUIIb-
HBIX CEMEMCTB 3aJIAHHOTO MOPSJIKA MOYXKHO BOCIIOJIB30BaThCsI Tenbio Mapko-
Ba, MMOPOXKIEHHYIO cjegayomuM MerogoM. CTapTyeM ¢ MpaBUJIBHOIO CeMeli-
cTBa, Bce DYHKIMI KOTOPOro eCcTh ToxkKiecTBeHHbIH 0. Ha kaxxmom mmare ciy-
JaifHO PABHOBEPOSITHO BBIOMPAEM ¢ U (v U IIpUMeEHsIeM IpeobpasoBanue Switch
K TEKYyIIeMYy CEMEHCTBY.

Teopema 4. Mnoocecmeo cocmoanuti ykazannot yenu Mapxosa cosnadaem
€ MHOIHCECTNBOM BCET NPABUALHHL CEMETCME 3a0arH020 NoPpAdKa k-3HauHow
aozuky. Ipu wucae umepayut, cmpemawemca K 6eCKOHEYHOCMU, UMEETCA
CLOOUMOCTNG K PAGHOMEDHOMY PACTPEICAEHUIO HA MHONCECTNEE COCTOANUL.

SKCHOHGHHI/I&JIBH&H II0 N CJIOZKHOCTD Hpeo6pa3013aHHﬂ ABJIAEeTCA OZKUJIa-
eMoil — IPOBEPKa IIPaBUJIbBHOCTU ABJISACTCHA CJIOXKHOM 3&,[[8,‘16‘171.
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9P PEeKTUNBHOCTH IPOBEPKHU CYIECTBOBAHUSA
N-IIOAKBAa3UTPYIIII

A.B. l'anarenko!, A.E. Ilankparnes?, B. M. Craposepos®

B pabore onucan aaropuTM MpoBEPKU HAJIUYUS N-IMOJKBA3UTPYIII,
[IpUBeJIeHa OIlEHKA BPEMEHHOI U MPOCTPAHCTBEHHON CJIOYKHOCTH M HC-
CJIeJIOBaHA MpaKTUIecKast 3OEKTUBHOCTD 9TOIO AJITOPUTMA.

KurouyeBbie ciioBa: n-KBa3UIPYIIIBI, N-II0IKBA3UIPYIIIIHI

1. BBegenue

B nocnemnaue ronpl BO3HUK MHTEPEC K UCIOTH30BAHUI0 HEKOMMYTATUBHBIX U
HEACCOIMATUBHBIX AJINeOPaAnIECKUX CTPYKTYP JJIsl [IOCTPOEHUsT KPUIITOAJITO-
purmoB [1]. OHUM ¥M3 APKUX NPUMEPOB HEKOMMYTATHBHBIX M HEACCOIHA-
TUBHBIX CTPYKTYD SIBJISTFOTCSI KOHEUHBbIE KBA3UTI'PYIIIhI, HA OCHOBE KOTODPBIX
ITOCTPOEHO 3HAYNTEHbHOE KOJUIECTBO MIUGPOB, XIMI-PYHKINH, aJITOPUTMOB
9JIEKTPOHHOM TIOIUCH U JPYTUX KPUITOrPADUIECKUX IIPUMUTHBOB (CM., Ha-
upumep, 0630pel |2, 3]). Ilpusiekaror uaTEpEC U CTPYKTYPbI H0JI€€ BBICOKOI
ApPHOCTU — M-KBas3urpymisl npu n > 3. Iybsmkyorcst paboThl 0 KpUATITOrpa-
uueckn BaxKHBIX cBOWCTBax n-kpasurpyun [4, 5, 6], upemiaratorcs peasu-
3a1mu aJropuT™MoB (cM., Hanpumep, [7]).

OnauM W3 KpUNTOrpaUUIECKH BayKHBIX CBOWCTB N-KBA3UTPYIIIT sIB-
Jsiercst “OejiHas” CTPYKTypa N-TMOJKBA3UIPYIIl (HOJAMHOXKECTB, COXpaHsie-
MBIX N-KBa3UIPYIIOBOil omeparueii). B renoMm Hajm4me HETpUBHAJBHBIX
N-TIOJAKBA3UTPYIIIT HEXKeJIATEeJIbHO, TaK KaK MOXKET IPUBECTH K BBIPOXKIE-
HUIO OIepalliid CO BCEr0 YHUBEPCYMa Ha YHUBEPCYM 7N-TIOIKBA3UTPYIIIIb;
B psdjie CIIyY9aeB N-TMOAKBA3UTPYIILI IOpAaKa 1, T.e. “HEMOJBUYKHBIE TOU-
KW, CIUTAIOTCH JOMYCTUMbIME. TakuM 00pa3oM, IpruoOPETAIOT AKTyaJbHOCTD
3aga9n 3(PPEKTUBHON MPOBEPKHU HAJUUNS ITPOU3BOJBHBIX COOCTBEHHBIX 71-
MTOJIKBA3UTPYII ¥ COOCTBEHHBIX N-KBAa3UTPYII MOPsijika He HIKe 2. B pabo-
Te [6] ObLIN [IPeIOXKEHbI ATOPUTMBI JIJIsl PEIIIEHNs] 3TUX 3a/1a9 U IIPUBEJIeHA

L Tanamenxo Anexceti Baadumuposus, — crapiyii HaydHbIH coTpynank Kad. MaTUC
Mex.-MaT. ¢-ta MI'Y, e-mail: agalat@msu.ru.

Galatenko Alexei Vladimirovich — senior researcher, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, MaTIS chair

2 Mawxpamves Anwmon Eezenvesuw — nonent xkadp. MaTHC mex.-mar. ¢gp-ta MY, e-
mail: apankrat@intsys.msu.ru.

Pankratiev Anton Evgenievich — associate professor, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, MaTIS chair

3 Cmaposepos Baadumup Muzatirosus — nomenT Kad. BBIY. MaT. MeX.-MaT. ¢-Ta MI'Y,
e-mail: staroverovvl@imscs.msu.ru.
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OIICHKA BPEMEHHOIi cjioyKHOCTH. MBI yTo4YHsieM pe3yibrarhl [6], mobaBuB K
HUM OIIeHKN ITPOCTPAHCTBEHHON CIOKHOCTH U MPAKTUIECKOH 3PPEKTUBHO-
CTH.

JlanbHeliiee n3I0KeHNE NMeEET CJIEIYIONYIo CTPYKTYpy. B pasnene 2 na-
IOTCSI HEOOXOIUMBIE OIpejiesieHns u (POPMYJIUPYETCsi OCHOBHOU pe3ysbTaT. B
pazzesie 3 OMMChIBAETCS TPOTPaMMHAasT peanu3allis aJrOPUTMa U IPUBOIATCS
pe3yabTaThl TecTupoBaHus. Pasnen 4 sBiisieTcs 3aKII0UEHUEM.

2. OcHoBHbBIE TIOHATHUS U pPeE3yJ/JabTaThbl

Ounpegnesienne 1. Koneunot n-ksazuzpynnot nasvsaemcs napa (Q, f), 2de
Q={q,...,q} — xoneunoe muoocecmso, a f: Q" — Q maxosa, wmo npu
nPoU3BOALHOU Purcayul A000T N — 1 NEPEMEHHDIT PESYALMAN ABAAEMNCA
buexyueti, mo ecmv nepecmaroskoli wa muoscecmee Q. Ilpu amom onepa-
yus f nasvieaemcs n-x6a3u2pynnosot.

B nanbHedimem Bce CTPYKTYPBI Oy/IyT KOHEYHBIMHU, I03TOMY JIJIsI KPATKO-
CTU CJIOBO “KOHEYHBIN OYJIET OIlyCKaThCs.

Onpepesienne 2. ITycms Q' C Q, 1 < |Q'] < |Q|. Ecau f(Q) =
Q', mo 2060pum, wmo n-xeasuzpynna (Q, f) codeporcum cobemeernyro n-
nodksasuzpynny (Q', '), 2de f' — oepanunenue onepavuu f na (Q")". Ecau
donoarumenvro evinosneno ycaosue |Q'| > 1, mo nodksasuepynna nazwea-
emcs HempPUEUANLHOT.

B jasbHeiimeM I KPATKOCTH MBI OyJIeM  OTOXKIECTBJIATH 1
noaksazurpymy (Q’, f) ¢ muoxecrsom Q.

Ounpenenienne 3. [Tyemv M, |M| < oo — nexomopoe mmoorcecmeo, t €
N, My,..., My — nodmnoorcecmea M. Mroowcecmeo My C M naswvisaemcs
cucmemoti mpedcmasumenets oas My, ..., My, ecau das ecex i om 1 do t

natidemcs saemenm m; € My, maxoti wmo m; € M;.

Daement m; € My, Takoit uro m; € M;, Ha3BIBAETCsT TPEICTABUTEIEM
MHOXKecTBa M;. 3aMeTuM, 4TO MPEICTABUTENN IS PA3JIMIHBIX 4 MOTYT COB-
[1aJ1aTh.

IIycrb n-KBasurpynmbl 3aJaHbl TabJIHIHO. B 3TOM CiIydae BBIYUCIIEHUE
3HaveHns f Ha 3aIaHHOM HAOOpe SIBJISIETCSI dJIeMeHTapHOol oreparueii. Ciry-
qail QyHKIMOHAJIBLHOIO 33 IaHUs N-KBA3UTPYIII SIBJIAETCA IIPEIMETOM OyIIy-
MAX UCCJIETOBAHUIA.

ABTOpaMI/I npejjiaraeTcs aJITOPUTM IIPOBEPKHU HaJIn4uunud n-
ITOJAKBA3UTPYIIT TOPsAKa > d Ha OCHOBE WCIOJL30BAHUS CUCTEM IIPE-
cTaBUTeEJEl YaCTUYIHBIX 3aMbIKAHUI BCEX d—aﬂeMeHTHbIX IIOAMHOZKEeCTB Q
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Teopema 1. IIpedrooicennviti ar2opumm KOpPEKMHO ONPEIEAAEM HAAUYUE

n-nodxsasuzpynn nopadkae > d. B cayuae d = 1 epemennas caoxcHocms co-

2int1

n_rnrl _n_
cmasasem O | k1 logn+l k |, a npocmpancmeenHnas CA0HCHOCTL eCcmb

O (k™) npu durcuposarnrom n u k — 0o. B caywae d = 2 epemennan caooic-
n2+2n+4

_n_
Hocmov cocmasasem O <k nt2  logn+2 k:>, a NPOCMPAHCMBEHHAA CAOAHC-

nocms ecmv O (k™) npu dukcuposarnom n > 3 u O <k5/2 logl/3 k) npu
n=2uk— oo.

3aMeTuM, 9To TadIuIa Ka/1u n-KBasurpyImnoBoii onepamnyun COCTOUT u3 k™
3JIEMEHTOB.

3. Ormenka nmpakTuieckoii a¢pdekTuBHOCTN

AjtropuT™ OBLT IPOrPAMMHO peaju30BaH U IPOTECTUPOBAH JJIsI CIydasi 1 = 3
Ha paboueil crannuu ¢ 8-sjepHbiM mporeccopom i7-3770 CPU @3.40GHz u
32 rurabaitramu namsaTu. OKasajaocb, 9T0o B ciydae d = 1 ajJropur™ mpak-
THYECKH MI'HOBEHHO 00padaThiBAeT 3-KBA3UI'PYIIILY JIIOOOT0 TOPSJIKA, [TOMe-
IIAIOIIYIOCS B OIIEPATUBHYIO aMsATh. B ciaydae d = 2 BpeMs yBEJIUINBACTCS,
HO BCE ellle He IPEBOCXOAUT MUHYTHI. MaKcuMa/bHbIe BpeMeHa 00pabOTKY B
CEKYH/JIaX MPUBEJIEHBI B CJIEAYIONMEN TabIuIle.

d | 1QI =256 | [Q =512 | [Q] = 1024 | |Q] = 2048
1 0 0 3 5
2 1 1 6 42

4. 3akJjro4yeHue

B pabore ornucan ajropuT™M MpOBEPKU HAJUYUS N-TIOAKBA3UTPYIII, IPUBEIE-
Ha, OT[eHKa BPEMEHHOU U ITPOCTPAHCTBEHHON CJIOYKHOCTHU U UCCJIEJIOBAHA ITPaK-
THYeckas 3POEKTUBHOCTH 3TOr0 AJrOPUTMa. B jlajbHeiIeM mIaHupyeTcs
UCCJIEIOBATh CIydail (PYHKIIMOHAJIHLHOTO 3a/IAHNUS OTICPAIIHH.
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Peannzanmga 6a3 JaHHBIX THUIA
“kiarog-3HadeHne’ KJIEeTOUYHBLIMHI aBTOMaTaMM
C JIOKaTopaMu

9.93. Tacanos!, A. A. IIponaxkun?

B pammoit pabore mokaszaHO, 4TO 06a3bl JAHHBIX THIIA “KJIHOY-
3Ha‘{eHI/Ie” MOTyT 6I)ITI) peam30BaHbl KJIETOIYHBIMA aBTOMaTaMU C JIOKa-
TOpaM# TaKUM 00Pa30M, UTO BPEMs BBITIOJHEHNS OCHOBHBIX OTIEPAIHii,
TaKWX KakK ITOUCK, BCTABKA, yaajeHne, He OyIeT 3aBUCETh OT pa3Mepa
6&3])1 JaHHBIX 1 6yﬂeT PaBHO CyMI\/IapHOﬁ JJIMHE KJII0Ya WU 3Ha4YCeHUA.

Kurouebie cioBa: Kierounsre aBToMaTsl ¢ JioOKaTopaMu, Gas3bl
JIAHHBIX, KJIIOY-3HAYEHNE.

Baza mammbx “Kirod-sHadenne’ — 3TO IOMyJsipHas cefidac mapajaurma
XpaHeHUs JAHHBIX, TaKKe Ha3blBaeMas coBapeM. Takyio 6a3y JaHHBIX MOXK-
HO IIPE/ICTABJISATH B BUJEe MHOXKecTBa map crpok (k,v), rie mepsas cTpoka k
HA3bIBAETCSI KJIIOUOM U CJTYKUT UAEHTH(MOUKATOPOM Taphl, & BTOpast CTPOKa v
HA3BIBACTCS 3HAYCHTEM. UMpoka — 9TO TOCIIEIOBATEILHOCTH CUMBOJIOB HEKO-
Toporo andasuTa A, OKAHIUBAIONIASICS CIIEIUATBHBIM CUMBOJIOM (), Ha3bIBa-
E€MBIM CUMBOAOM OKOHYAHUA CMPOKYU, TpUIeM cHMBOJ 0 He TPUHAJIEIKUT
andapury A.

Baza manHBIX “K/II0U-3HAUEHNE IOJJIEPXKUBAET CJIEIYIOIINE OIEPaIIn:

1) scmasra napv (k,v) — B 6a3e NAHHBIX MOSBJISETCS 3AIKCH C KJIIOYOM
k m 3HaMEHNEM v; €CJIN 3AINCDh C KJII0UOM K y2Ke uMestach B 6a3e JTaHHbIX, TO
3HAYEHNE 3aMEHSIeTCS HA U,

2) ydasenue 3anucu ¢ Karouom k — u3 6a3bl JAHHBIX YIAJISIETCS 3alUChH
(k,v); ecim 3anucu ¢ kmodoM k B 6a3e JAHHBIX HeT, TO 6a3a JAHHBIX HE
U3MEHSETCS;

3) nouck asemenma no Kawwy k — B 6ase NAHHBIX HAXOIUTCS 3allUChH
(k,v), n 3HAYEHUE ¥ BO3BPAIACTCS B KAYECTBE OTBETA; €CJIU 3AIICH C KITI0IOM
k B Oase JJAHHBIX HET, TO OTBETOM CJIY?KUT IIyCTOE MHOXKECTBO.

[TonsTe KjI€TOYHOIO aBTOMATA C JIOKATOPAMH OBLIO BBeJeHO .. [a-
caHoBbIM B pabore 1] u yrouneno I'.B. Kanadeseim B pabore [2]|. Toumnoe
oTIpeJieIeHre MOYKHO HAMTH B YIOMSIHYTBIX PabOTax, 37eCh XKe MBI TIPUBEIEM

! Tacarnos Bavap Savdaposun — mpodeccop Kad. MaTEMATHUECKOH TEOPHE WHTEJLIEK-
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2 [Tponasicun. Apmem Anexceesur — cTyaenT Kad. MaTeMATHIECKOH TEOPHN MHTEILIEK-
TyaJIbHBIX cucTeM Mex.-MatT. do-ta MI'Y, e-mail: artem.propazhin@mail.ru.
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HedOpMaIbHOE OIpPEIe/IeHIe OIIHOMEPHOTO KJIETOYHOI'O aBTOMATa, C OJHUM
MIOJTHBIM JIOKATOPOM, KOTOPBIH U Oy/IeT UCIOJIL30BAThCI B JAHHONI pabdoTe.

O fHOMEPHBII KJIETOYHBII aBTOMAT IIPEJICTABSET CODONH MHOXKECTBO OJIN-
HaKOBBIX JIEMEHTAPHBIX ABTOMATOB, PACIIOJIOKEHHBIX B IEJIOUUCIEHHBIX Y3~
JIaX BEIeCTBEHHOW IpPsSAMOil, 1 Ha3bIBAEMbIX KJieTkamu. [loBemenne KjaeTod-
HOT'O aBTOMATAa 33/1aeTCs PYHKIIMEN [TePEX0/IOB, & UMEHHO COCTOSHUE KJIETKU
B CJEIYIONNNA MOMEHT OJHO3HAYHO OIPENesseTCsd COOCTBEHHBIM COCTOSHU-
€M B TEKYIIUil MOMEHT U COCTOSHHsAME ero cocefieit. latee OyiaemM cauTaTh,
YTO y KarkKJIOH KJIETKH POBHO JIBa COCela: OJIMKAMIING C/ieBa U OJIMKAMRIINiL
cpaBa. OIHO M3 COCTOSTHUIT KJIETKN HA3BIBAETCST COCTOSTHUEM TIOKOsT, M €C-
JIN KJIETKA M €e COCEJU HAXOJSITCS B COCTOSTHUM IIOKOsi, TO U B CJIEIYIONIUi
MOMEHT KJIETKA OCTaHETCsl B COCTOSHHUHU IOKOsl. B KJIETOYHOM aBTOMAaTe C
OJIHUM TIOJTHBIM JIOKATOPOM KpoMme ayihaBUTA COCTOSTHUN UMeeTCs aiaBUT
BEIAHUA C 33J[AHHON Ha HEM KOMMYTATHUBHO MOJIyIDyHIIOBOil onepanueit. B
JIaHHOI paboTe B KAYecTBe TAKO oneparuu OyJIeT UCI0JIb30BATbCs OIIEPAITHST
MakCUMyM. B KJIETOYHOM aBTOMAaTe C OIHUM IIOJIHBIM JIOKATOPOM KaXKIas
KJIETKA KaK/IbIi MOMEHT HOChLIAeT B 3(UP HEKOTOPBIN CUTHAJ U3 ajidaBUTa
BeIaHus, ONpeJiesisieMblil (DyHKIMEH BelaHus. 3HadeHne (PyHKIUU Bela-
HUs KJIETKU OIIPEJIEISeTCs] COOCTBEHHBIM COCTOSHUEM KJIETKH, COCTOSTHUSIMU
ee cocelieit U CyMMapHBIM CUTHAJIOM, TOJIy4YeHHBIM u3 3dupa. CyMmapHbIil
curtaJ 3cdupa bopMUpyETCs CyMMUPOBAHUEM C HOMOIIBIO MOJIYTDYIIIOBOR
olepalui CUTHAJIOB BEIAHUS BCEX KJETOK 3a MCKJIIOUEHUEM CUTHAJIA JIaH-
HOI KJIeTKH. B KJIeTOYHOM aBTOMATE C OJHUM IIOJIHBIM JIOKATOPOM 3HAYEHUE
QYHKIINU [T€PEXOJIOB KJIETKH TAKKe OIPEJIEIIeTcss COOCTBEHHBIM COCTOSITHUEM
KJIETKU, COCTOSTHUSIMU ee cocesleil M CyMMapHBIM CUTHAJIOM, ITOJTyI€HHBIM 13
adupa.

Besiem ertie ofiHy CyIIHOCTD — NoAb308amens 6a3bl JaHHBIX. Byjiem can-
TaTh, YTO IOJIH30BATE/Ib OA3bl JAHHBIX UMEET BO3MOXKHOCTH IIOCHLIATh B 3up
CUTHAJIBI U3 aJI(PaBUTa BEIAHUS U MOJIyIaTh U3 3pupa CUTHAJIBI U3 aadaBu-
Ta BelllaHus. By/ieM CIUTaTh, YTO KJIETOUYHbBII aBTOMAT C JIOKATOPAMU BMECTE
C TOJIb30BATEJIEM pean3yioT 6a3y MAaHHBIX THUIA “KI0Y-3HaYeHUE", eC/In ajl-
¢aBUT BemaHus MIpPEJICTABISIET CODOIl MHOXKECTBO, COCTOSINEE M3 Map BHUJA
(“xomanya’, AU {0}), rae “koMana‘— NpuHEMAET OJHO U3 3HAYCHUIt: “mo-
uck®, “scraBka’, “yuanenue’, “orser®, “Her oTBera’, “HeT KOMAaHIBLI' (376CH
“HeT KOMaHJIbI" SIBJISIETCS] MUHUMAJLHBIM 2JIEMEHTOM ), U TOBEJIeHIE KJIeTOU-
HOT'O aBTOMATa 3aJIaeTCs CJSAYIOMUM 00pa3oMm.

1) TlosbzoBaresb mojaer B >hup KOMaHIy “MOMCK‘ W MEPBbIi CHMBOJI
KJII0Ya Kk, a 3aTeM IOCIeI0BATE/ILHO BCE OCTAJILHBIE CUMBOJIbI KJII04a, BKJIIO-
qast cumBoJ 0. Ecyin B 6a3e aHHBIX HET 3allUCU ¢ KJIOYOM k, TO Ha CJIeJy-
oMUl TakT Iocjie momadu cuMBoja () KJIeTOYHBIN aBTOMAaT BbIIAeT B 3dup
KoMmaH Iy “Her orBera’. Ecam B 6aze maHHbIX ecThb 3anuch (k,v), TO HA CIeIy-
oMUl TakT 1ocjie momadu cuMBoja () KJIeTOYHBIM aBTOMAT BbIIAeT B 3dup
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napy (“oreer®, a), rje a € A — TEPBBIl JEMEHT 3HAYEHUs] U, U B IIOCJIe-
JIYIOIIHEe TaKThl KJIETOYHBI aBTOMAT ITOC/IEIOBATEILHO BhIIaeT B 3up Bce
OCTaJIbHBbIE CUMBOJIbI 3HAYEHUsI U BILUIOTDH JI0 CUMBOJIA () BKITIOUUTEJHHO.

2) Ionw3oBaresb nogaer B 3bUp KOMaH/y “BCTABKA M MEPBBI CHMBOJI
KJIFOUa K, a TIOTOM TIOCJIEOBATE/IFHO BCe OCTAIBHBIE CHMBOJIBI KJIFOUA, BKJIIO-
vas 0, U [ocJie 3TOro TaKUM Ke CIIOCOOOM IEePEJIAI0TCS CUMBOJIBI 3HAYEHUS .
B pesynbraTe B 6a3e JaHHBLIX, peann3yeMoil KJIETOUHBIM aBTOMATOM, IOsiB-
astercst mapa (k,v), T.e. €CIM B MOCJIEYIONIEM OaTh HA BXOJ KJIETOTHOMY
aBTOMATY KOMAaH/Iy ‘“MOMCK U KJII0Y k, TO KJIE€TOYHBII aBTOMAT BEpPHET 3Ha-
YeHue U B OTBET.

3) Ilomb3oBaress mogaeT KOMaHIy “yaajeHue’ U IMePBBI CHMBOJ KJIIOYA
k, a IIOTOM TOCJIETIOBATEILHO BCE OCTAIbHBIE CUMBOJIBI KJTI04a, BKJIo4Yas 0. B
pesyJibrare u3 6a3bl JJAHHBIX, PEAJTN3YEMON KJIETOUYHBIM aBTOMATOM, HCYE3AET
3alMCh C KJIFOYOM k, T.e. IIPHU MOCJIeAYIONEM TOUCKE 0 KUy Kk KJIeTOYHBIN
aBTOMAT BepHET “HeT oTBeTa’.

Teopema 1. Cywecmsyem KAeMOUHIT GBMOMAM, C AOKGMOPAMY U NOAL3O-
samenem, Komopwuitl peasusyem 6a3y 0aHHBT Muna “Kaou-3Hauenue’, u ol
KOMOP020 BPEMA BHINOAHEHUSA ONEPAUUT NOUCK, 6CMAGKA, YdaseHue He bydem
NPESHIUAMD CYMMAPHYIO OAUHY KAOUG U 3HAHEHUA.

[IpuBenem uero M0Ka3aTEIHLCTBA JAHHON TEOPEMBL.

Bymem ucnosmb30BaTh OMHOMEPHBIH KJIETOYHBIA aBTOMAT C OJHUM IIOJI-
HBIM JIOKATOPOM, MPUYEM 3JIeMEHTAPHBIE aABTOMATHI, JIEXKAIUE B OTPUIA-
TeJIbHOU O0JIACTH YUCJIOBOM IIPSIMOIl MCIIO/IB30BaThCA He OyayT. Bpire yxke
ObL1 onucan ajadaBuT Bemanus. AldpaBUT COCTOSHUNA COCTOUT U3 TPOEK BU-
na (“komanma’, “run staeitku’, AU{0, x}), rie “koMaHa“ npuHUMAaeT OJHO U3
3HadeHunit: “mouck”, “BcraBka’, “‘ymasmenne”, “‘orBer’; “TUIN AUYEHKH MPUHUMA-
€T OJIHO U3 3HAYeHUil: “KoMaHup, ‘“TeKyInas gdeiika TUua KJI04", “TeKyInas
sgeiika Tuia 3Hadenne’, “HeobpabaTbiBaeMast sTIeiKa’, “TPUeMHUK [JIsT 3aIlH-
cu’; % — crenuajbHbIil cuMBosi. CUMBOJIOM “OPUEMHUK it 3armcu’ Oyjer
[IOMEYATHCS JIEMEHTAPHBIN aBTOMAT, HAYMHAS C KOTOPOI'o OyJ/IeT OCYIIeCTB-
JISITh CJIEIYIONast 3aluch B 0a3y MAHHBIX. B HavaJbHBIH MOMEHT 9THM CHM-
BOJIOM Oymer mometeH aBToMaT ¢ HoMepoM (. 3ammcn 6a3bl JAHHBIX OyIyT
[IPEJICTABJISATE COOOM MMaphbl CTPOK KJIIOY-3HAYEHUE, IIPUYEM HEPBbI CUMBOJI
KaXK oM 3amucu OyaeT OTMEYeH COCTOsTHUEM ‘‘KOMAaHIup™.

OmnumreM GyHKIMOHUPOBaHUWE JAHHOIO aBromara. Korga HadnHAeTCs
BCTaBKa, BCE KOMAH/IUPHI MOy YatoT u3 aupa curuas B Buje (“BeraBra’, ki),
rre k1 — mepBbiit cuMBogt kitoda. Fen k) coBnajaer co 3HadeHuEM, XPAaHsI-
IIUMCS B COCTOSTHUU KJIETKUA KOMAH/IMPa, TO B COCTOSHUU CJIEIYIONIEN CclipaBa
KJIETKU KOMAaHJa MEHsIEeTCs Ha “BCTABKA', a TUI sUeUKN HA “TeKyIas sdyeiika
Tuna ko4, Ha caemgyromuit TakT cjieyionias cipaBa OT KOMAaHIUpa KJieT-
Ka, TAKKe MOJIYIUB CUTHAJ U3 3PUpa, MPOBePsAeT COBIAICHUE C XPAHATIIMCS
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cuMBoJioM. [Ipu coBmageHNN TPOUCXOIUT aHAJOTHIHBINA IPEIbIIYIIEMY IPO-
IIECC 38 TeM HUCKJIIOYEHHEM, UTO B KOHIIE TAKTA THUI STON KJIETKU U3MEHUTCS
Ha “HeobpabarbiBacMast ddeiika”. IIporecc TpoUCXoaIuT MOC/IEI0BATEILHO 0
cumBoJia 0 BkaounTeabHo. [Iporece mpoBepkn KJI04a HAYMHAETCS OIHOBPE-
MEHHO CO BCEX KOMaHIUPOB. Kc/in B KAaKOH-TO MOMEHT CJIy YUJIOCH HECOBITAIE-
HHe, TO TUII CJeyIoNeil KJIeTKN MeHsieTCsi Ha “HeoOpabaTbiBaeMasi staeika’.
Ecmu momn mo cumBosta 0, TO 9TO 03HAYAET, 9TO MBI HAIILIM 3AIUCH C NUCKO-
MBIM KJIFOUOM, U 3Ty 3aIUCh HAJIO UCKJIFOUUTD U3 6a3bl JaHHbIX. VICKIIIO9eHnsT
3 6a3bl JAHHBIX JOCTUTAeTCst TeM, 970 () B COCTOSTHUHU TEKYIEeil KIeTKU Me-
HETCH Ha CUMBOJI *. B pe3ysbTare IpHU MOCIEIYIOMNUX TOUCKAX COBIIAIEHUS
He Oyer.

OIHOBpPEMEHHO C IIOMCKOM KJIi049a, HAYMHAasI C KJIETKH, [IOMEYEHHOI COCTO-
AHUEeM “IPUEMHUK [T 3aIliCh’, IPOUCXOIUT IOC/IeI0BaTe/IbHAS 3AIUCH I1a-
pbl “KiroU-3HavdeHne” B 6a3y JJaHHBIX. B MOMEHT IIpUxo/1a KOMaH/IbI “BCTABKA'
KJIeTKA, HAXOMSIIASICS B COCTOSTHUN “TMPUEMHUK JIJIsT 3aIIMCH", CTAHOBUTCS KO-
MaHIMPOM M COXPAHSIET B CBOEM COCTOSHWH IEPBBI CUMBOJI Kirtoda k1. I1pn
9TOM B CJIAYIOIIUH MOMEHT KJIETKA, HAXOJAIIASICS MpaBee JTaHHON KIeTKU
MeHsIeT KOMaHJy Ha “BCTaBKa' M THUI sT9efKM HA “HPUEMHUK JIJIsi 3AITHCH .
Hasee KJIeTKH, UMEOIe KOMaHIy “BCTaBKa“ U TUIl sTIefiKN “IPUEMHUK JIJTsT
3anucu’ COXPaHSIIOT B CBOEM COCTOSHHUHU IOCTYTIAIONIEe U3 3PUpPa CHMBOJIBI
KJto4a 1 3HadeHus. [Ipu srom cocrosinue (“BeTaBKa, “IPUEMHUK JIJIsl 3alll-
cu®) HepexoAuT K ceiytoleii cupasa Kierke. VICKiIOUeHneM sIBJISIeTCsT MO-
MEHT mpuxoia cuMBoJia 0 [j1s1 3HadeHns. B 5T0T MOMEHT CJIeIyIoas CIpaBa
KJIETKA [IePeXOJUT B cocTosiHue (“IOonCK", “PpUeMHUK sl 3aimucu’).

ViaJieHre TPOUCXOIUT aHAJOTMIHO BeTaBKe. TOJIBKO BO BpeMs yIaJIeHuUsT
HE HAYMHAETCS IIPOIECC 3aIUCU B KOHEI 0a3bl JaHHBIX.

Bo Bpemsi moucka cuuThIBAHHE KJII0Ya IMPOUCXOANT TaK K€, KaK W IIPH
BcraBke. Ho moiiast mo cumBosta 0, 3aMeHa JTAHHOTO CHMBOJIA Ha * HE IIPOUC-
xonanT. Kierka, ciemyrorias ciipaBa OT KJIeTKHU ¢ cuMBoJioM (), MeHsieT KoMaH-
Ay Ha “IOUCK M TN sd4YelKu Ha “TeKyiias oOpabaTbiBarolias sdefika TUia
sHavenne”. KirleTkn, HaXomsImecss B 9TOM COCTOSIHUH, OTIPABJSIOT B 3MUp
curnaz (“orer®, a), rie a € A — XpaHUMBI cuMBOJI. TeKyIast KJeTka mocse
OTIIPABKHU CHTHAJIa MEHsIeT THII Ha “HeobpabaTbiBaeMast stueiika’. CUrHajbl ¢
CUMBOJIAME 3HAYEHMS II0CJIEIOBATEILHO OTIIPABJISIOTCS B 9(UP I0 CUTHAJIA
¢ cuMBOJIOM () BKJTIOYUTETHHO.
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Implementation of key-value databases by cellular automata with
locators
E.E.Gasanov, A.A.Propazhin

In this paper, it is shown that key-value databases can be
implemented by cellular automata with locators in such a way that
the execution time of basic operations, such as search, insert, delete,
will not depend on the size of the database and will be equal to the
total length of the key and value.

Keywords: Cellular automata with locators, key-value databases.
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OneHkn BpeMeHH YCTAHOBJIEHISI AaBTOMAaTOM
cBolicTB rpada OLITH JepPeBOM I
IICeBJI0IEPEBOM

A.A. JTemumosal

B mammoit pabore paccMaTpuUBAaIOTCsT ABTOMATHI, OCYIIECTBIISIONIIE
00XO/T CBSI3HBIX IUIOCKUX IIPOCTHIX HEOPHEHTHUPOBAHHBIX I'PadOB C Iie-
JIBIO yCTaHOBJIEHHS UX cBOUCTB. [IpuBoauTCs ajaropurm, ¢ UCIOIb30BA-
HHEM KOTOPOI'O aBTOMAT C JIByMsI KPaCKaMHU MOXKET YCTAHOBUTD, SBJIS-
ercst i rpad, 06X0/ KOTOPOro OH COBEPIINAET, JEPEBOM MJIN IICEBJI0/IEe-
PEBOM, U OIPEIEeJIAIOTCS OLEHKM I 4YHCia IIaroB, KOTOPOe JOJIZKeH
COBEPHINTH aBTOMAT.

KiroueBbie cioBa: ABromMarsl, rpadbl, JePeBbsl, TICEBI0IEPEBbS.

UccnenoBanust aBTOMATOB, OCYIIECTBIISIONINX 00X0, JaDUPUHTOB, OEpyT
ucrok u3 paborsl [lennona [1]. TloapobHbIil aHAIN3 TAHHOTO HAIPABJICHMSI
TeOpUH aBTOMATOB IPEJICTaB/IeH B pabore [2].

B pab6ore [3| npejicraBien 0630p M3BECTHBIX PE3YJILTATOB B 00JIACTU aB-
TOMATOB, OCYIIECTBJISIONNX 00X0, rpadoB.

OcHoBHBIM OTJIHYHEM B (DYHKIIMOHUPOBAHUKM aBTOMATOB B JIAOMPUHTAX
u Ha rpadax gBJIAETCd TO, YTO IPHU 00X0oje JaOUPUHTA aBTOMAT O0JIaIaeT
KOMIIACOM, KOTOPBIN MO3BOJISIET TOJIYYATh HEKOTOPYIO JIOMOJHUTETbHYIO HH-
dbopmarmo [4].

B pa6orax [5], [6] 6611 pacemoTpen 06xoj1 aBTOMATAME ¢ KPACKAMU [PSIMO-
YTOJIBHBIX JTAOMPUHTOB, & B paboTe |7| — CBSI3HBIX IIPOCTHIX OPUEHTHPOBAHHBIX
rpadoB ¢ OrpaHMYeHHEM Ha CTEleHb BEPIINH.

B pabore [8] 66110 uCC/IeI0BAHO IPUMEHEHIE ABTOMATOB CO CTHPAEMBIMU
KpacKaMu JIJIs OlPeJIeIEHIs CBONCTB CBA3HBIX IIJIOCKUX [TPOCTHIX HEOPUEHTH-
poBaHHBIX T'padoB. B gacTHOCTH, OBLIO JOKA3AHO, YTO JIBYX KPACOK XBATHUT
JIJISI TOTO, 9TOOBI YCTAHOBUTD, sIBJISIETCS Jid rpad, 00X0/I KOTOPOro OCYIIeCTB-
JIsIeT aBTOMAT, JIEPEBOM WJIH MICEBJIOIEPEBOM, U OBLI IIPEJCTABICH AJITOPUTM,
B COOTBETCTBHUU C KOTOPBIM JIOJIKEH JIeiCTBOBATh aBTOMAT. B maHHO# paboTe
[peJICTABJICHA YIIYUIIEHHAs] BEPCHUs 3TOTO AJITOPUTMa, TPEOYIOIast BBIIIOIHE-
HUSI MEHBIIIErO YuCjIa JEUCTBU, U HAJEHbl OIEHKU JjIsd YUCJIa I1aroB, KO-
TOpPOE ABTOMAT JIOJI?)KEH OCYIIECTBUTD JIJIsi YCTAHOBJIEHUS] PACCMATPUBAEMBIX
cBoiicTB rpada.
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ABTOD BBIpakaeT 6/1aroapHOCTD mpodeccopy .. acanoBy 3a mocTa-
HOBKY 3a/IaYu.

Ob6ozuaunm dyepes G KJIACC BCEX CBSI3HBIX IJIOCKUX ITPOCTBIX HEOPHUEH-
TUPOBaHHBIX rpadoB ¢ k pébpamu. Bymem cunrarh, 9T0 10 Hadasa 0O6XOIA
rpada Bce ero pébpa UMEIT CepbIi IBET.

Icesdodepesom sTBIISIETCST CBSI3HBIN HEOPUEHTUPOBAHHBINM Tpad, coepKa-
muit He 6ostee omuoro 1uksa. Ha Pucynke 1 npeacrasien obmmit By mces-
JIOJIepeBa C OJIHAM TUKJIOM.

Puc. 1. O61muit Bu, 11ceBA0IEPEBa, COIEPIKAIIETO UK

ITycTs A, — KJ1acc aBTOMATOB, OIPEAEISIONINX, AB/sgeTcda Ju rpad aepe-
BoM, a 2, — KJIacC aBTOMATOB, ONPEAC/ISIONINX, ABIACTCA JU Tpad IICeBIo-
JIEPEBOM.

IIycts A — aBromar, IpuHaJIesKaIIumii omgHoMy u3 Kiaaccos A, u 2A,.
T(A, G) — Bpewmsi, HeoOxoauMOe aBroMary A Jiist OlIpe/ieJIeHus CBOJCTB Ipa-
da G u3 kiacca Gg.

BBeném ciremyronue BeJIMIuHbL:

T(AK) = s T(4,0), 1)

Teopema 1. 2k < T)(k) < 3k — 1.

ABToMmar ocyiecTBiseT 00xol Ipada 0 IIPaBUILy JEBOH PYKHU U BCErIa
[TEPEKPAITNBALT U3HAYAJIBHO cepble PEOpa B UEPHBIHA 1BeT. ABTOMAT yCTAaHO-
BUT, 9TO I'pad ABJSIETCs IEPEBOM, KOIJa II0 BTOPOMY pa3y 3aiiéT B IePBbIii
sict. Hanbosbiiee 1uc/io maros aBroMaT J0J2KEH Oy/IeT OCYIIEeCTBUTH B TOM
caydae, e rpad sSBJISIeTCs HEbIo, a 00X0I HaUaJICs U3 IPeAIIocaeHell Bep-
[IMHBI IEIU B HallpaBJICHUH 0oJiee JJIMHHOIO OTpe3Ka, menu. HuKHsist oleHka
claedyerT U3 TOro, YTO aBTOMAT He MOXKET 3aBepIINTh 00XOH, JepeBa 10 TeX
[I0p, IOKa, He IMPOHJIET IO KaxKIOMY pebpy IBarKIbl.

Teopema 2. 2k < Ty(k) < 5k — 3.
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ABTOMAT IO YMOJIYAHUIO OCYIIECTB/IIeT 00X0 ] rpada 10 IpaBUily JIEBOH
PYKH, OHAKO B OIPEJICIEHHBIE MOMEHTHI MOXKET BLIOMPATDL HE JIeBbIe pEOpa.
Ha Bx01 aBTOMaTa IIOCTYIAET HEMOJIHAs MHEMOPMAIUS O TEKyIleld BepIluHe
U HEKOTOPBLIX pébpax, MHIUACHTHBIX eit. Ha BbIxoze aBTOoMaTr coobimaert, 1o
KakoMy pedpy cjeayer MATH B CJIEAYIONMil MOMEHT BPEMEHH M HY>KHO JIX
KpacuTb €ero B HeKOTOprI';I IIBET.

Hasee OymeM mpeamnoaararhk, 9To B rpade ecTh OIUH IUKJI, JJINHA KOTO-
poro paBHa 1.

Iycrs Gij = (Vij, Eij), (i = 1,n,j = 1,2) — noguepesbs rpada G,
Nij = |E; | — xommaectBo pe6ép B G j. G;; BKimodaer B cebs v;. Ecin
obxoy G j HauMHAETCs U3 v;, TO aBTOMAT 000HAET o/ IepeBo 3a 2N, ; maros.

n
Cuegyer ormeruts, aro y (N1 + Ni2) =k —n.
i=1

B pabore [8] mocsie o6HapyKeHUsI [[UKJIa aBTOMAT OCYIIECTBIISIT IIOBTOD-
HBII 00X0/I LMKJIA C HEIbI0 YCTAHOBJIEHHS HAJIUYUS UJIA OTCYTCTBUS JIEBBIX U
npaBbiX BeTBjeHni. OTHAKO OT MOBTOPHOTO 00X0/a MOXKHO OTKA3aThCSI, €CJIN
aBTOMAT K MOMEHTY OOHapy»KeHHusl IHUKJa OymeT obyazarh uadopMalmeii o
TOM, TIPOXOJIAJI JIU OH JO 9TOTO MO YEPHBIM PEOpaM, IMOKPAIIeHHBIM paHee, —
9TO CBUIETEIbCTBOBAJIO ObI O HAJIUYNN JIEBBIX BETBJIEHUI, 38 MCKJIIOUEHUEM,
BO3MOXKHO, (41 1, HO M €0 TOXKe MOXKHO OTCJIenTh. Ecim jieBble BeTBiIeHNA
He ObLTM OOHAPYIKEHBI, HO O MOMEHTa ODHAPYKEHUS ITUKJIa aBTOMAaT IOCe-
IAJI BEPINUHBI, CTEIIeHb KOTOPBIX ObLia OoJibiie 2, To B rpade ecTh IpaBbie
BeTBJIEHUSI.

B pesynbprare paccMOTpeHUs] BO3MOXKHBIX BAPUAHTOB OBLIO YCTAHOBJIEHO,
9TO HamboJIblllee BpeMs OyIeT 3aTpadeHo B CIydae, €ClId ¢ TOUKH 3PEHUS
aBTOoMaTa B Fpa(be €CTb TOJIbKO IIpaBbl€ BETBJICHUA, ITIOCKOJIBKY B TaKOM cu-
Tyalyy aBTOMAT OCYILIECTBUT 271 IIAroB, IIOCJIEe Yero HAaYHET 00XOI 3aHOBO,
HO TakK, LITO6bI CyIIEeCTBYIONIEe BETBJIECHUA CTAJIN JIEBBIMU. B Xyamem ciryvdae
JJIsT 3aBepIileHns paboThbl aBTOMATY IIOCJe 3TOro morpebyercs emeé 2k + n
mara. C yuérom Toro, uro n < k — 1, Ta(k) = 2n + 2k + n < 5k — 3.
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Estimates of the time for the automaton to establish the
properties of a graph to be a tree and a pseudo-tree
Demidova A.A.

In this paper, we consider automata that traverse connected plane
simple undirected graphs in order to establish their properties. An
algorithm is presented, using which an automaton with two colors can
determine whether the graph it traverses is a tree or a pseudotree,
and upper bounds are determined for the number of steps that the
automaton must make.

Keywords: Automata, graphs, trees, pseudotrees.
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O1eHKN MONTHOCTH OOBEMHBIX CXEM JIJIsI
KJIacCa YaCTUYIHBLIX OyJIeBBIX OIIePATOPOB

A.A. Edumos’

B mammHO#tl paboTe paccMaTpHUBAIOTCA OOBEMHBIE CXEMBI, SIB-
JIAIOIIMECsT YKJIAJIKON cxeM (DyHKIMOHAJIbLHBIX 3JIEMEHTOB B IIPO-
crpancTBe. Bol1 pacecMoTpen Kitace 0ObEMHBIX CXEM, Peajnu3yIio-
X YaCTUYIHBIE OYJIEBBI olepaTopbl. JIJIs1 3TOTr0 Kjacca moJIydeHa
HIKHSIST OIEHKA TIOTEHIINAJIa — MePbI MOIITHOCTH, PABHON KOJIHIe-
CTBY 9JIEMEHTOB CXEMbI, BBIJIAIOMINX €INHAILY Ha JAHHOM BXOIHOM
nabope. [omyuen nopsnok dpyuxiuu [lennona morenmuasta st
KJIACCA BCIOAY OIPee/IeHHbIX OIepaTOpPOB JIA OOBEMHBIX CXEM
0e3 OrpaHUIEeHN U CXeM C OJINBKUMU BBIXOJAMH.

Kurouesbie ciioBa: cxeMbl u3 HyHKIIMOHATBHBIX 3JIEMEHTOB,
00BEMHBIE CXEMBI, MOIITHOCTDL CXEMBbI, TOTEHITAAJ.

B sToit pabore MbI Oyjiem paccmarpuBaTh Takyio Mojeab CPD, kak 00b-
émmublie cxeMbl. 006EmHot cxemoti K mim cremots u3 Kyoudeckur snemeHmos
Oy/eM Ha3bIBAThL TaKyio yKIaaky CDPD B TPEXMEPHYIO METOUNCTEHHYIO Pe-
méTKy 73, 9Tobbl B Kask10€ pe6po PEIIéTKE IoTIa 1a10 He 60/1ee 0JHOro pebpa
CP3. TakuMm 06pa3oM B KarKJI0i BEPIIIHE PEIMIETKH peansyercs OyJes orre-
paTop, y KOTOpOro B cymme He 6oJjiee 6 BXOJIOB U BBIXOJIOB. ByjieM rOBOpPUT®S,
qro cxeMa K peasusyem Oynes omeparop F', ecim coorBercTBytomas CDD
peasmzyer F'. Uepes Impl(F') 0603HAUNM MHOKECTBO BCEX OOBEMHBIX CXEM,
peanuzyiomux omneparop F.

Vanamu o6béMHOI cxembl K Gy/ieM Ha3bIBaTL pébpa peméTku Z3, B Ko-
Topble yiaoxkeHbl 1poBoga CPID. OTmernm, 4TO B pe3yJibraTe TAKOH yKIaIKN
Bepiabl COD (B BepIIMHAX KOTOPBIX PEAJIM3YIOTCSI TOJBKO OyJIieBbl (hyHK-
1) CKJIEMBAIOTCS B BEPITMHBI PenéTkn Z° (B BepIIMHAX KOTOPOil peajnsy-
10TCsi OyJieBbl onepaTopsl). [Ipu 9T0M KaxKIoMy y3/y § 00bEMHOI cxeMbl K
coorBeTcTByeT Takas Bepmmaa w CDD, aT0 ncxomsinee pedpo u3 w yI0KeHO
B s. st kaxkmoit cxeMbl K 3adUKCHpyeM HEKOTOPYIO HyMepalluio e y3JI0B.
DysKIWO, peajn3yeMyio B i-M y3ie, 0003HaINM depe3 g; (Ha BXOJaX CXeMBbI
CUUTAEM, UTO PEATU3YIOTCH TOXKIECTBEHHbIE (DYHKITHN).

Iomenyuanrom cxembl K na exodnom nabope x € {0,1}" nazosém Besn-
auHy U (x) = Zle gi(x), rye £ — auciio yzmos B cxeme K. Takum o6paszom,

! Efumos Anexceti Andpeesur — BBITyCKHUK Kad. MATEMATHIECKONH TEOPUN MHTEILIEK-
TyaJbHBIX cucTeM Mex.-MaT. d-ta MI'Y, e-mail: efimovqwerty@yandex.ru.

Efimov Alexey Andreevich — graduate student, Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems.
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MTOTEHITUAJ CXeMbI Ha HabOpe — KOJIMYIECTBO y3JI0B CXEMbI, 3HAYCHHUE B KOTO-
pbix paBuo 1 Ha sTOM Habope.
Maxcumarvroim nomenyuasom cxeMbl K HA30BEM BETUIUHY

U(K):= max ug(x).
(%) ve{on (@)
IMycrs f:{0,1}" — {0,1}™ — 6yses oneparop. Torxa
U(f):= min U(K).
(f) omn (K)
Cpednum nomenyuasom cxembl K ¢ n BXOJAME Ha MHOYKECTBE BXOJIHBIX
nHabopos D C {0, 1}" Ha30BEM BeaMUYHHY

Up(K) = |11)| 3 u(a).

zeD

IIycrs f: D — {0,1}™ — wacruunslii 6yies oneparop. Toria

U(f) = min Up(K).
(f) dun p(K)
MHuozkectBo 6ysesbix oneparopos f : {0,1}" — {0, 1}"™ obozuauum Pe(n, m).
Beegém dyuknuio IIlenHona jyisi cpeiHero 1 MakCUMaIbHOIO MOTEHIINAJIA:

U(n,m) = feggl%):m) U(f), U(n,m):= fegzl?r)zfm) U(f)

B nannoit paboTte mosiyueHa HUXKHSIST OIEHKA MMOTEHIHAIA JJIsT KJIacca Ja-
CTUIHBIX OyJIEBBIX OIIEpaTOpPOB, CHOPMYINPOBAHHAS B CJIEIYIONIEH TeopeMe.
Teopema 1. Cywecmsyem xorcmanmu C1 > 0, Co > 0 makxue, wmo ecau
D C {0,1}", mo doasn onepamopos f : D — {0,1}™, das xomopwix 6vino-
HEHO HEPABEHCMBO

m /1D
min’ (m, log, | D)’

Uif)>cC

ne menvwe a(n, m,|DI), npuwém
an,m,d) -1 npu d— oo, nlogyn = o(d), logym < Cad.

Jpyrumu cjioBaMu, B T€OpPEME YTBEPXKIAETCs, YTO eCid 00JIacTh OIpeelie-

nusg D comepKuT CymecTBeHHO 6ojbine nlogn HAOOPOB W YHMC/IO BBIXOIIOB

m He OJIM3KO K YHCJY BCEBO3MOYKHBIX YACTUYHBIX (DYyHKIN Ha D, TO IO-

TeHIMaJ 110uTH Beex oreparopos f : D — {0,1}™ 1o nopsiiky He MeHbIe
m<3/|D]

min®/3(m,log, |D|)’
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Panee B pabore [3] Obuta mosryueHa BepXHssl OIEHKA MOTEHIHAJA ISt
KJIACCA BCIOJIY OIPEJICJCHHBIX OEPaTOPOB.
Teopema 2. (3| IIycmv dan 6yaes onepamop f : {0,1}" — {0,1}™. Toeda
cywecmeyem obsemnan crema Wy co 8xodamu 1,2, . .., Ty HG M 66L000T
Komopot peaausyemca onepamop f, npuwém

. n/3
UWy)=0 m2

min%/3(m,n)

B kauecrse ciencrBusa u3 Teopembl 1 u TeopeMbl 2 MOXKHO ITOJIYyYUTH
nopsiok dyuknun [IlerHOHA 771sT BCIOLY OIIPeIeIeHHBIX OIIePaTOPOB.
Caencrsue 1.
m2n/3

min%/3(m, n)

U(n,m) =< U(n,m) =

npu n — 00, logym = o(2").

Takxke paccMmoTpum Oojiee y3KUil KjaacC OOBEMHBIX CXEM, TJie BBIXO/IbI
PAacCIIOIOXKEHBI OJIN3KO.

Hepesom 6vixodos cxembl K Ha30BEM MUHUMAJIBHOE OCTOBHOE JIEPEBO TI0JI-
Horo rpada ¢ BepHIMHAMHU B BBIXOJHBIX dJIeMEHTax cxeMbl K, mpudueM pac-
CTOSTHUE MEXKJIy SJIEMEHTAME — PACCTOSHHUE MEXKIY MX [EHTPAMU B MAHXIT-
renckoit merpuke. Beegém muoxkecrso Ty, := {K : T(K) < h}, cocrosimee u3
TaKuX OOBEMHBIX CXeM, Y KOTOPBIX JIJINHA JePEeBa BBIXOJOB HE MPEBOCXOIUT
h. O6oznauum T’ — MHOXKECTBO OOBLEMHBIX CXeM, Y KOTOPBIX JIJIMHA JIePeBa
BBIXOJIOB HE MIPEBOCXOJUT YUCJA BBIXOJO0B. Kcum P — HEKOTOPBIl KJiace 00b-

éMHBIX cxeM, f — OysieB oneparop, To nosoxum Up(f) := el nrf;l)il?f)mP U(K).

Teopema 3. Ecau D C {0,1}",d = |D|, mo cywecmeyem makaa kKoncman-
ma C, maxas, 4mo HEPABEHCMEO

CM, ecau V/md > h

Ur, (f) > /
Th(f)— C«Tr;\/\;?7 ecal mﬁh

BUNOANEHO O NOwMU 6cex wacmuynsir onepamopos [ D — {0,1}™ npu
h €N, n — oo,nlogyn = o(d), m = 2°).

Teopema 4. I[Tycmv dan 6yaes onepamop f: {0,1}" — {0,1}™, m < n?.2".
Toz0a cywecmeyem 0066EMHAA CTEMA Wf (¢ munumarvhotl daunoli depesa
6020006) €O 6T00AMU X1,T2, ..., Ty HA M BHT00AT KOMOPOU PEAAUSYEMCA
onepamop f, npuuém

m4/3 . on/3

min(m,n)

U(Wf):O :O(max(l,%>~m).
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Caencrsue 2. Jusa nowmu ecex f € Py(n,m), m < 22 npun — oo
6EPHO PABEHCTNGO:

Ur (f) < max <1, %) - v/m2n,
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Power estimates of volumetric circuits for a class of partial
Boolean operators
Efimov A.A.

In this paper, volumetric circuits are researched. They are the
embedding of Boolean circuts of logic gates in space. A class of
volumetric circuits implementing partial Boolean operators was
explored. Define the potential — a measure of power equal to the
number of circuit elements issuing a one on a given input. For
this class of volumetric circuits, a lower estimate of the potential
is obtained. The order of the Shannon function of the potential
for a class Boolean operators for volumetric circuits without
constraints and Boolean circuits with near outputs is obtained.

Keywords: Boolean circuits consisting of logic gates,
volumetric circuits, power of Boolean circuits, potential.
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O r1yboKmnX rayccoBCKNX MO/IEJISIX B
3a/la9aX MAaIIMHHOTO O0yYdeHusI

A.P. U6parnmosa', A. K. T'oprrernn?

Pabora mocesiiieHa ncciieI0BaHUIO TUIYDOKUX HEHPOCETEBBIX apXu-
TEKTYyp C peaju3aliieil cMeceil HOpMavIbHBIX pacCIpele/IeHUl B CKPbI-
TBIX CJIOAX JIJIsI PENIeHus 3a/a4d Kjacrepu3anuu u perpeccuu. [Ipose-
JIEHO CPaBHEHHUE TAKUX MOJIEJIEN ¢ PA3JIMIHBIMUA HADOPAMU TUIIEPIIAPa-
MEeTPOB OTHOCHTEJIBHO KJIACCHYECKUX METONOB: k-cpelHux, JuHeitHON
perpeccuu, CMeIIaHHbIX rayccoBckux mogesneit GMM u apyrux.

KioueBble ciioBa: 1vyOOKHe HEHPOHHBIE CETU, CMECH HOPMAaJIb-
HBIX pacupenesennit, EM-anropurm.

1. BBenenne

Mogenmu ryrybokoro oOyveHust B MOC/IEIHEE BPpeMsl CTAHOBSITCsI Bee boJiee 1o-
IyJSIPHBIMU B 3ajladaX MalluHHOro obydenusi. B crarbe [1| st pernenust
3aJ1a9K KJIaCTepU3alii ObLI IPEIJIOXKEH MeTO Ha OCHOBE IJIYDOKOM IayCcCoB-
ckoit Mogenun DGMM, obobimaroieil Kiiaccuieckue KOHEUYHbIE HOPMaJIbHBIE
CMeIIaHHbIE paCIIpele/IeHnsl Ha HECKOJIBKO CJI0EB HEAPOHHOI ceTH.

KinoueBbiM siBJIsieTcs apejacTraB/JIeHue k-KOMIIOHEHTHOII cMecHu JJId HEKO-

k
TOPOrO P-MEpHOro ciydaiiHoro Bekropa y f(y;0) = . pjgo(p) (y; v, Xj), e
j=1
O = (D1y--e s Phoy ls - vy ooy 21y -+ -5 2k )y Pls---5Pk > 0 — Beca KOMIIOHEHT,
Takue 4ro ) iy pj = 1, pj,X; — MaTeMaTHUeCKOe OKHJaHUE U KOBapHa-
[UOHHAS MaTPHUIA j-Oif KOMIIOHEHTHI CMECH B BHJIE CMecH (DaKTOPHBIX aHa-
nuzaropos [2]: y = pj + Ajz +u ¢ BeposiTHOCTBIO pj, § = 1,k, rae z
— JlaTeHTHas p-MepHas nepemensas, u ~ N(0,¥;) — BexTOp CirydaitHOf
ommbku, A; — KBajgpaTHast MaTpuna (HaKTOPHBIX HAIPY30K Pa3MEPHOCTH D,
W, — jmaroHajbHas MaTPUIA, TaKad 49TO Xij = AJ-AJT + ;.
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st orleHMBaHWS HEU3BECTHBIX IMApPAMETPOB MoOje/m npumensiercs EKM-
aJIropuT™ [3| U IIMPOKO €ro WCIOJIB3YIOMAsiCsl CTOXacTHIecKas MO u(uKa-
s [4, 5).

B nanmoit pabore mpoBeIeHO CpaBHEHUE pPaCCMaTPUBAEMOl MO u ¢
KJIACCUYIECKUMU METOJAMHU KJIACTEPHU3AIUN 0€3 YIUUTeJIs U C yINTEJEM, BKJIIO-
Yast aJrOpUTMbI K-CpeTHUX, IKCTPEMAIHLHOIO T'PAIUEHTHOrO OYCTUHTA, OIIOP-
Hble BEKTOpA U CJIydYaiiHble Jieca, Ha OCHOBE TECTUPOBAaHUS Ha HAOOpax OT-
KpbIThIX fgaHHbIX perosuTopusi UCI Machine Learning.

PaccmoTpenbl BO3MOXKHbBIE MOJIXOAbI K [TOCTPOEHUIO AHAJIOra I0I00HOTO
MEeTOJa JJIsi PEIEHUsI PEIPECCUOHHBIX 3aJ1aM.

2. ApxuTeKTypa HElpPOHHOIl ceTn

['mybokast rayccoBcKast cMech U3 h CJI0€B CJIy9aifHOrO BEKTOPa Y MMEET BU/I:
S1

(1) y= ng) + Ag)z(l) +uM ¢ Beposrnocteio pY, 51 =1, Ky,
(2) 2 = ng) + Ag)z(z) + u? ¢ BEPOSATHOCTDLIO p(g), s =1, ko,

(h) 201 = ngg) + Ag};)z(h) +u™ ¢ BeposiTHOCTBIO pgz), sp =1, kp,

e 21 .. 2(M) — ckpbiTBIe MEepeMeHHbIe Ha CIIOSIX, HMEIOIIe PA3MEPHOCTH
(h) (1) (h)

Tl Th, upn 2 ~ N(0,1p), nsy ..., 1sy BEKTOPBI CPETHUX JIJIUHBI P,

Ag), e ,Ag};) — MaTPUILI (DAKTOPHBIX HAIPY30K PA3MEDPHOCTH I'py_1 X T}y, TIPU

ro =p, u) ~ N(0, (l)) l=1,...,h — BEKTOpHI CIyIaHHBIX ONTHOOK.

Torma pyHKIUS IJIOTHOCTH PACIPEICICHU Y UMEET BUJI:

kp,
Fylo) = Z ph .. Z pé?s@“”( + Z (H Alm ) nsl ,
s1=1 sp=1
hoo/l-1 -1 T
o3 (T ) o0 (TTa) )
=2 \m=1 m=1

Hampumep, npu h = 2 nosryunm:

f(ylo) = Z o8 Z PP () + ADRE) W) + ADTRADT).

s1=1 so=1

3. PesynbTarbi

Kauecrso paborsr Meroga DGMM mj1st pelreHnst 3a1a49u KJIacTepU3aIlin Ipo-
JIEMOHCTPHUPOBAHO Ha pUCyHKe 1 Ha mpuMepe 50 TeCTOBBIX BHIOOPOK pEo3u-
ropust UCL. Ucnonwszosana merpuka Adjusted Rand Index (ARI), 3aBucsitmast
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TOJIBKO OT pa3bueHusi BBIOOPKM Ha KJacTepbl. BUIHO, 9TO JTaHHBIN METOI
UMEET TOYHOCTH, 70 70% NPEBBINIAIONLYI0 PE3YJIBTATHI JJIsi AJITOPUTMOB W3
anasiornanoro kiacca (k-cpeaaux u GMM), u Bcero na 9% B cpejHem XyxKe
110 CPABHEHUIO C CUTyallneil 00ydeHUs C yIUTEIEM.

R

SVM

XGB

K-Means

GMM
DGMM(random)
DGMM(grid)
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Average ARI Median ARI

Puc. 1. Cpasaerne DGMM c japyrumu ajaropurMaMn

Tak>ke MOKa3aHO HA OCHOBE AHAJN3a Psifia TECTOBBIX BBIOOPOK, UTO JIJIsT
PErpecCHOHHBIX 3aJad HUCIOJIb30BaHUE IMOIO0HBIX MOJIEJIel MO3BOJISIET JI0-
6uthest TounocTH, comoctaumoit ¢ GMM B Tepmmnax merpukn RMSE n
[IPEB30HTH TIOKa3aTe I s JnHeiinoi perpeccun na 22%. Passutue perpec-
cuonnoro Bapuanta DGMM mpejcrabiisier HalpaB/ieHne JAJIbHEHIINX UCCe-
JIOBaHUIA.

Hcenedosanue svinoanerno npu noddepotcke Meorcducuuniunaproti HayuHo
obpaszosamenvrotll wroav, Mockosckozo ynusepcumema «Mose, koeHumue-
HOIE CUCTNEMDL, UCKYCCMEEHHBIT UHMEALEKM>.
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[1]
2]

13

4]

5]

On Deep Gaussian Mixture Models in Machine Learning
Problems
Ibragimova A.R., Gorshenin A.K.

The work is concentrated on the study of deep neural network
architectures with implementation of mixtures of normal distributions
in hidden layers for solving clustering and regression problems. The
model with different sets of hyperparameters was compared to classical
methods: k-means, linear regression, Gaussian mixture models (GMM),
etc.

Keywords: deep neural networks, mixtures of normal distributions,
EM algorithm.
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O pa3zmerkax rpadoB abejieBbIX aBTOMATOB

P. A. Umenko!

ABTOp uccieayeT BOIPOC KOJIMYECTBa BO3MOXKHBIX PA3METOK pe-
6ep CHJILHO-CBSI3HOTO OPUEHTHPOBAHHOTO rpada, 9To0bl 00pa3oBaHHAS
nurarpamma Mypa cooTBeTCTBOBajIa HEKOTOPOMY abeJIeBOMY aBTOMATY.
JlokazaHo, 9TO B cirydae ajdaBuTa U3 JIBYX JEMEHTOB TaKas Pa3MeTKa
eJIMHCTBEHHA (KpOMe KpPAHero cjiydasi) U MPUBEIEH AJrOPUTM TAKOIO
BoccTaHoBJIeHUs. B ciaydae andasura u3 OOJBIIEr0 YUCIA SJIEMEHTOB
MTOKA3aHO, YTO MAKCUMAJIBHOE KOJIMIECTBO PA3METOK SKCIIOHEHIHATHLHO
3aBHUCUT OT KOJUIECTBA BEPIIUH.

KuroueBble ciioBa: abesieBbie aBTOMATHI, narpamma Mypa, rpad
[IePexoI0B, pa3MeTKa rpada aBroMaTa, CTpyKTypa rpada aBromara.

1. BBegenue

AGeJieBbI ABTOMATHI SIBJISIIOTCST OJHUM M3 OCHOBOIIOJIATAONINX KJIACCOB aBTO-
MAaTOB, U3yYaBIIUXCsl B TOM 4ucie B paborax |1, 2, 3, 4]. Ecau mbl corpem
orMeTKH Ha Juarpamme Mypa aBromara (mpeanosiozkumM, uH(OPMaIus mo-
TepsiHa), TO IIOJIyYUM OPUEHTHPOBaHHbBIA rpad. B panuoi pabore npusoaut-
¢t KPUTEPHUI TOrO, 4TO OPUEHTUPOBAHHBIN Ipad MOXKeT OBITH JI0O0IPE/IeJIeH
(pasmeuen) jo rpada HekoToporo abeseBa aproMara (BOCCTAHOBJICHWE HH-
dbopmanun), B TakoMm cirydae rpad Ha3BIBAETCS GOEAEGVIM, 8 DA3METKa —
a-pazmemxoti. PaccMaTpuBaeTcst BOIIPOC KOJMIECTBA a-PA3METOK B 3aBUCH-
MOCTH OT CTPYKTYpPbI I'pada U MOKa3aHO, 9TO B ODIIEM CJIydae MaKCHUMAaJlb-
HOE KOJIMYECTBO a-pa3METOK KCIIOHEHIUAIBLHO 3aBUCUT OT KOJIMIECTBA BEP-
IIUH, OJTHAKO CYIIECTBYET IIMPOKUl KJIAcC abesieBbIX IpadOB C €/INHCTBEHHON
a-pasmeTkoit. OTIebHO PACCMATPUBAIOTCS aBTOMATHI C JIByMsI BXOJHBIMU
cuMBoOJIaME, 006JIaJIA0IIe PSIJIOM MHTEPECHBIX CBONCTB, Hampumep B [5| Gbl-
JIO TIOKA3aHO, YTO OHU BMecTe ¢ OysieBbIMEU (DYHKIUSAMEU 00PA3yIOT HOJHYIO
CHUCTEMy OTHOCHUTEJBLHO cyleprno3unuu. B manHoit pabore mokasaHo, YTO B
caydae JIByX BXOJHBIX CHMBOJIOB CYIIECTBYET AJITOPUTM pasMeTKu rpada o
abesieBoro apromara 3a BpeMsi O(n), rje n - 4ucsio sepimuH rpada.

ApTop BBIpakaer OjaromapHocTh mpodeccopy J.H. Babuny sa mocra-
HOBKY 3aJ[aUd W IIOMOIIb B paboTe.
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2. OcHoBHBIEe TIOHATUSA U (HPOPMYJIUPOBKA pe3yJabTa-
TOB

[Iycts V = (A,Q,¢) — xoHeunslii aBToMaT 6e3 BbIxonoB. ABromar V Ha-
3BIBAETCS GOEACEBIM, €CTTH JIS JIOOBIX CUMBOJIOB <, 3 € A u cOCTOSTHUs
q € Q Bomodaasiercst (g, aff) = p(q, far). I'pagom asmomama V = (A, Q, @)
HA3BIBAETCsI pa3MeUYeHHbBIN opueHTHpoBanublil rpad G = (Q, W, f), Bepru-
HBI KOTOPOI'O COOTBETCTBYIOT COCTOSIHHSIM aBTOMAaTa, IIPU 3TOM e = (q,p) €
W, fle) = a & ¢(qg,a) = p,tne f: W — A a € A. OpuenrupoBan-
uelit rpad G = (Q, W) Ha3BIBAETCS ABMOMAMHBLM, €CTTH CYIIECTBYET TaKasi
dbyukuus f: W — A, aro pasmeuennsiii rpad (Q, W, f) asasercs rpadbom
HEKOTOPOTO aBTOMATa, B TAKOM Cjydae (pyHKIMSA [ HA3BIBAETCS Pa3MemKol
aproMaTHOro rpacda G B andasure A, a KOJIMIECTBO CUMBOJIOB B ajiaBure
(ucxo/sIast CTelleHb BEPIIMH) HA3bIBACTCs cmenenvio epaga G. ABromaTHbIi
rpad G = (Q, W), y kotoporo cymecryer pasmerka f, aro G = (Q, W, f)
— rpad HeKoTOporo abesesoro aromara Vi = (A,Q, ), Ha3bIBaETCA albe-
A€GbLM 2pagiom, a pasmerka [ — a-pasmemxot. danee maorma Mbr Gymem
HOJpa3yMeBaTh 110 Pa3MeTKoll f cooTBeTcTBylonmil it aBromar V.

I'pad G ¢ pasmerkoit f packiaagpiBaeTcss B CyMMY HOArpadOB
G = UnenGsla), e Grla) = (@ W(a), f(a)), tie W(a) = {e e
Wif(e) = a} u f(a) = fIW(a) (cyxenne dyukunu f Ha muoxkecrso W(a)).
Kak u B ciy4ae IpyHIIOBBIX aBTOMATOB, KOTOpble M3ydasuch B [6], Gymem
pasjinyaTh pa3MeTKd ¢ TOYHOCTBIO JI0 3aMeHbl OYKB U/UJIM KPATHBIX pebep:
pasmerku fi1 u fo rpacda G B aiipaBuTe A HA3BIBAIOTCS PA3AUNHBIMU, €CITH
muoxkecTBo {Gy (a)|la € A} # {Gy,(a)|la € A}. Ecin nonaTHO, 0 KaKoif
pasmerke f uaeT peds, nHOrAa MbI Oyaem mucarb G (o) Bmecto Gr(a).

I'pacd HasbIBaELTCS CUNADHO-CEAZHBLM, ECITH CYTIIECTBYET OPUEHTUPOBAHHBIH
MyTh U3 JI060M BEPUINHBLI B JIOOYIO APYryi0. ABTOMAT HA3BIBAETCS CUADHO-
CBA3HBIM, €CJTH er0 Tpad CHUIbHO-CBA3HBIN. B majbHeiieM B craTbe Mbl 0y-
JIEM PacCMaTPUBATDL TOJBKO CUIHLHO-CBA3HBIE IPAdBI B ABTOMATHI.

Oupenemum rpad G(n,m) = (V, W) kak:

e V=ViU---UVg, e k=n/mu |V;| =m aus moboro i € {1,...,k}

e W={(v,u)lpeViuueVy,tneid =i+1,ecui < kui =1, ecsiu
i=k}

HecnoxHo nokasars, uto rpad G(n, m) sBisiercst abesieBbIM U 0JJHO3HAY-
HO OIIpeJIe/IeHHBIM ¢ TOYHOCTDLIO JI0 M30MOpdHU3Ma.
Hanee cchopMyaupyeM OCHOBHBIE Pe3y/IbTaThl JAHHON pabOThL:

Teopema 1. Abeneswiii zpa G(n,m) umeem ne menee (m!))™ ™1 paziuy-
HOUT G-PA3MEMOK.
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Teopema 2. Ilycmv G — cuavho-ceaznot abeaeswiti epadp G ¢ n eepwu-
namu cmenenu 2, ne pasroli G(n,2), mozda G umeem eduncmeeHnyro a-
DABMEMEKY.

Teopema 3. IIycmos G — cuavho-c6a3Hwill asmomamusitl epad cmeneny 2,
moada Cyu,ecmsyem as2opumm, Komopoili Harodum a-padmemsy Ul onpe-
deasiem, wmo maxotl pasmemxu e cyuecmeyem, 3a epems O(n).
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On the labelings of abelian automata graphs
Ishchenko R.A.

The author investigates the number of possible labelings of the
edges of a strongly connected directed graph so that the resulting Moore
diagram corresponds to some abelian automaton. It is proved that in
the case of an alphabet of two elements, such a labeling is unique
(except for the extreme case), and the algorithm for such a labeling
is given. In the case of an alphabet with a larger number of elements
the exponential dependence of the maximum number of labelings on
the number of vertices is proved.

Keywords: abelian automata, automation diagramm, transition
graph, labelings of automation graph, structure of automation graph.
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O temnax POCTa CTPYKTYP C KOHEIHBbIM
YNnCJIOM CyIIeCTBEHHDbIX OFpaHI/I‘{eHI/Iﬁ

C. A. Komkos!

Jlng konedHOro MHOXKecTBa A ¢ 3aJJaHHBIM Ha HEM MHOXKECTBOM
oneparuit M omnpeenena GpyHKIUsI, Ha3bIBaeMas TeMIoM pocTa. [lops-
JIOK pocTa 3Toi (DYHKINN XapaKTePU3yeT CUJIY U UCIUCTUMOCTH MHO-
»kecTBa omneparnuil. [lokazaHo, 9To eciim Cpejiu MHOXKECTBA BCEX IIpe-
JIMKATOB, COXPaHsieMbIX BceMu (DyHKIusMu u3 M, BCTpedaercs: JIUIIb
KOHEYHOE YHCJIO BaYKHBIX CYIIECTBEHHBIX IIPEIUKATOB, TO TEMII POCTA
napsl (A, M) umeer siorapudMuIecKuil OPsIIOK.

KurouyeBbie cjioBa: TeMIl pocTa, KOHEYHBIE MHOYKECTBA, SI3bIK
OTpaHUYEHUIT, JIOTapU(MPMAIECKUN TEMIT POCTA.

1. BBegenue

Pacemorpum nekaproBy crenenb 1 € N KOHEUHOrO MHOXKECTBa A ¢ 3aJaHHBIM
Ha HEM MHOXKecTBOM orteparuit M. Diaements A HasbiBatoT Habopamu. [1pu-
MeHsIsT ortepanuu u3 M K y¥Ke MMeonuMcst HabopaM MOKOOPINHATHO, MOYKHO
[IOJIy YaTh HOBbIE HAOOPHI:

—
%
=
IS}
=
B
—
<

(I% a
R , feM.
flag,...ak)
Takzke MOXKHO IOJy9aTh HOBBIE HAOOPHI ¢ IMOMOMILIO Y7KE IIOJYyYEeHHBIX Ha-
0OpOB.
Temnom pocma maper (A, M) nasesaror dyskmuio dig ay(n), n € N.
Jnst kaxxoro n pynxmus diq pr)(n) paBHA MEHEMATBHOMY 9HCTy HAOGOPOB,
U3 KOTOPBIX MOYKHO MTEPATHBHO MOJIYIUTb BCE A, MpuMeHsIs onepanud u3

3=

1
a, a

M unokoopmuHaTHO. TakuMm 00pa3oM, MOPSIOK TEMIIa POCTa XapaKTePU3yeT
CIJIY W UCYUCIUMOCTD 33JJaHHOT'O MHOXKECTBA OIEPAITHii.

IMpumep 1. Ilycrs A = {0,1}, M = {—}. Torma d( 4 (n) = on—1,
IMpumep 2. ITycte A ={0,1,2}, M = {+mod 3} Toraa diaar)(n) = n.

Temn pocra — He TPOCTO KoMdecTBeHHas1 XapakTepuctuka. PSPACE-
[IOJTHAS 33/1a9a MOXKeT ObITh cBesiena Kk NP-1oJiHoi 3a1ate B 3aBUCUMOCTH OT

! Komxos Cmenan Anexceesus — acnupanT Kad. MaTeMATHUECKOil TEOPHE MHTEJLIEK-
TyaJbHBIX cucTeM Mex.-MaT. d-ta MI'Y, e-mail: stepan.komkov@intsys.msu.ru.

Komkov Stepan Alekseevich — graduate student, Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems.
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TEMITa POCTa HEKOTOPOH €é BHYTPEHHEH CTPYKTYPBI. DTa 3aBUCAMOCTD OBLIA

nokazata Xbpio6u Yenowm [1] Ha OCHOBe OJIKBAHTOPHOI 331491 yJIOBJIETBOPE-

nust orpanmndenuii (QCSP) u 3anaun yaosiaersopenus: orpanndenuii (CSP).
Bagaaa QCSP sak/rouaercst B IpOBEPKe BBIIOJHUMOCTHA (POPMYJIbI

Vay ... Ve 3xmgr ... 32, (Rl(mi%, e ’xiil) Ao A Ry(ze, . ,l‘ifp)) . (1)
3aecy R;, 1 < i < p — 9T0 UpeanuKaThl, 3aJaHHble Ha HEKOTOPOM KOHETHOM
muaOKecTBe A. UspectHo, uro QCSP smisiercs PSPACE-toiHoit 3amadeii.

CSP sBasiercss uactabiM ciydaem QCSP, rie B nposepsiemoit (opmysie
OTCYTCTBYIOT KBaHTOPBLI BceobiHocTu. Mssecrno, yro CSP sapisercs NP-
IIOJIHOM 3aJadeli.

Homycrum, 9To cpeau npeaukaros ¢popmysibl (1) MOryT BeTpedaThesi He
JIIOOBIE TIPEINKATHI, 8 TOJbKO IMPEINKAThI N3 HEKOTOPOT'O IMOIMHOYKECTBA BCEX
upepukaros. C momomnipio coorsercTBus [asya [2, 3| aromy HmoaMHOXKECTBY
MIPETMKATOB MOYKHO COIIOCTABUTHL 3aMKHYTOE MHOXKECTBO omeparmit M Ha
muoxkectBe A. B [1| nokasano, uro ecam temun pocra napst (A, M) orpa-
HUYeH CBEPXy MOJUHOMOM, TO B 3ToM ciaydae QCSP zanada cBogurcsa k CSP
3ajiade 3a MOJIMHOMUAJIBLHOE BPEMSI.

JlaHHBI pe3y/bTaT MOKA3BbIBAET BayKHOCTh M aKTYaJbHOCTH W3YIEHU
TEMIIOB POCTa ITPOU3BOJILHBIX KOHEUHBIX 3aMKHYTBIX MHOYKECTB C 33 JaHHBIMU
Ha HUX OMEPAIUSIMUA.

B macrosimieit paboTe M3ydarTcsl TEMIIBI POCTa TAKUX KOHEUHBIX CTPYK-
TYp, 9TO UX MHOXKECTBO OIepaIldii COXPAHSET JIUIIb KOHEYHOE UNC/IO BarkK-
HBIX CYIIECTBEHHBIX peankaTos. B repmunrax QCPS 310 o3Ha"aeT, 1T0 S13bIK
OI'PAHUYEHUN COMEPKUT JIUIIb KOHEUHO THUCIO BAYKHBIX CYIIECTBEHHBIX IIpe-
JIMKATOB, 94TO SIBJISIETCS] MHTEPECHBIM KPATHUM CJIYIAEM.

2. OcHoBHBIE TIOHATHUS U (POPMYyINPOBKA Pe3yJIbTaTa

B naJsbneiiimem 6e3 yTepu oOImHOCTH OyiaeM Iojararb, 9uro A = FEp =
{0,1,...,k—1}.

Bameuanue. dg, ry(n) = [loggnl, k > 2.

Orobpazkenne p : B} — {0,1} naseiBaior npeduxamom aprocmu n.
ToBopsiT, uto omeparus f corpanaem npeduram p apHOCTH M, €CJIU JITIs
T .
MOOBIX TaKuX HAGOPOB a',...,a™ € E}, garo @' € p, 1 < i < m, BBIIOIHA-

T "
ercs (f(a%, cena™), o fal a?)) € p. Knaccwr pynkmmit MoryT ObITh
OIIMCAHBI YePe3 MPEIUKATHI, KOTOPbIe OHU COXPAHSIOT [4].

IIycts R — MHOXKeCcTBO IpennKaToB, a M — MHOXKecTBO omeparmit. e-

pe3 Pol(R) 0603Ha4ai0T MHOXKECTBO BCEX OIIEPAIUil, COXPAHSIIONMX KazKIbIit
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npeaukar u3 R. Yepes Inv(M) 0603HAUAIOT MHOXKECTBO BCEX MPEIUKATOB,
KOTOPBIE COXPAHSIIOTCSI BCeMU oneparmsamu u3 M.

[Tycrs Ha muOMXKecTBe {1,...,M} 3aJaHO OTHOIIEHHE SKBUBAJEHTHOCTH.
[Ipeaukar p HasbiBaroT duazonaavio, ecau play,...,a,) = 1 Torma u TOJb-
KO TOIJa, KOIja a; = aj s Beex map 4,7 € {1,...,n} u3 oxHoro kiacca

SKBUBAJEHTHOCTH. JIjist ya06CTBa MHOMKECTBO JMaroHaJieil JONOIHAIOT IIy-
CTBIM ITPEINKATOM. Tel\/l CaMbIM, p — JAuaroHaJib Torja 1 TOJIbKO TOr'/la, KOT'J1a
Pol({p}) = Pi.

IIpeduxamom pasercmea HA3LIBAIOT TAKYIO TUATOHAJDL P— APHOCTH 2, 9TO
p=(z,y) =1 x=y.

[IpeKaThl MOI'YT BBIBOJUTLCS U3 JIPYTUX IIPEUKATOB aHAJIOTUYHO OTle-
panusaM Cyneprosunun HaJl pyHKIUAMI. [0BOPST, 4TO IIPeIUKaT P 6bi600UM-
CA U3 MHOIICECMBA NPEOUKAMOE {Pa }ac A, €CJIM OH MIPEJICTABUM B BUJIE

p(z1,...,zp) =3y ... 3y (pil(zl,l, e Zlm) AN e AP (261, - .,zs,ns)),

rae zij € {%1,...,Tn, Y15, U} 1 pi; € {pataca U {p=}. Ilpu stom
Pol({p}) O Pol({pa}taca)-

[TpeuKaT HA3LIBAIOT CYW,ECTMEEHHDIM, €CJIN OH HEe BHIBOJUTCH 0e3 KBaH-
TOPOB CYyIIECTBOBAHUSI U3 MHOYKECTBA BCEX MPEIUKATOB MEHbINEH apHOCTH.

Yepes R 0603HAMAIOT MHOMKECTBO BCEX CYIIECTBEHHBIX ITPEIUKATOR.
Bameuanue. dg, r)(n) = dip, MR (n).

[Ipequkar p HA3BIBAIOT 6adtcHuIM, ecar p(a,...,a) = 1 ns moboro a €
E}, v 1pu 5TOM IpPeINKAT p He SIBJISIeTCsl JHaroHasbio, To ectb Pol({p}) # Pj.

Tepmun BazKHOIO IIpeJKaTa BlepBble ObLI BBEJIEH B |5 [uIst jJoKa3aTesb-
CTBA CJIEJYIOIIETO YTBEPIK ICHUS:

Teopema. d(g, ar)(n) —log,n = O(1) npun — oo mozda u moavko moezda,
Koeda e waildémesa eadicnozo npeduxama p € Inv(M). IIpuwém, ecau ne
HaWA0CH 8adtchozo npedukama p € Inv(M), mo ‘d(ElmM) (n) — logy, n‘ <k+1
0as A106020 M.

Hepes Rimp 0003HAUAIOT MHOYKECTBO BCEX BasKHBIX IIPEINKATOB.
B Hacrosiieit paboTe Moy IeHbl CIeAYONIne Pe3yIbTaThl:

Teopema 1. IIycmo ‘Inv(M) N EﬂRImp’ < o0. Toeda d(g, apy(n) < logn,
n — oo.

Cnencrue 1. ITycmo ‘[TL’U(M) ﬂﬁ‘ < 00. Toeda d(g, rry(n) < logn, n —
0.
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On growth rate of structures with a finite number of essential
constraints
Komkov S.A.

Growth rate is a function defined for an arbitrary finite set A with
a set of operations M defined on it. Its order characterizes the strength
of given operations. We show that if there is only a finite number of
important essential predicates among all predicates that are preserved
by each function from M then the growth rate order of the (A, M) pair
is logarithmic.
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YcKopeHne BLIYMCJIEHNS TeCTOBOM (PyHKIINN
MIpU OlleHKe KadecTBa pemniaiomieii pyHKIum

NAGTA

H.II. Kouerosa! A.B. ®poJos?

1J1st HEeaIAIITUBHOI'O I'PYIIIIOBOIO TECTUPOBAHUS IIPEIJIOXKEH CIIOCOD
YCKOPEHHUsI BBIUMCJIEHUsI TeCTOBOM (DYHKIMHU IIPHU OIEHKEe KAJeCTBa I10-
POTOBOTO PEIIAOIIEro MPABUJIA IMPUHATHS PEIIeHUs] O MO3UTUBHOCTH
MHOKECTBa 00Pa3I0B. YCKOPEHUE JTOCTUTAETCS UCIIOJIH30BAHUEM HAPsi-
Iy € AyaJbHBIMU OJTOKAMHM KOMOWHATOPHOMN OJIOK CXeMBbI ee OJIOKOB, CO-
OTBETCTBYIOIINX JIEMEHTAM aHAJIM3UPYyEMOr0 MHOYKECTBA.

1. BBenenne

Wnes rpynmnosoro TectupoBanusi nHunnamsuposana eie B 1943 1. P. [Topd-
MaHOM 1| B cBsI3M 3aJ1a4eil MaCCOBOIO TeCTUPOBAHUSI XapaKTepHOro 3aboJie-
BaHUs 110 aHAJIN3Y KPOBH. Lle/IbI0 rpyIIIOBOro TeCTUPOBAHUS SABJISETCS BbIsIB-
JIEHUE T.H. IOBUTUBHOT'O MHO2KECTBa PEAKUX ITO3UTUBHBIX O6paBLLOB u3 3alaH-
HOTO MHOXKECTBa 0DPa3IoB IO Pe3yJbTaTaM TECTHPOBAHUS OIIPEJIEIEHHBIM
00pa30oM COCTaBJISIEMbIX I'PYII 00pPA3IOB HA MPEIMET HAJUIUS WUJIA OTCYT-
CBUS TMO3UTHBHOTO 0Opasia B rpymme. OHa MOSyYInIa PA3BUTHE B TPUIIOKE-
HUSAX KOMOMHATODPHUKHU [2], B 4aCTHOCTH, € MCIIOJIb30BAHHEM KOMOUHATOPHBIX
OJIOK-CXeM JIJIsi TIPEJICTaBJICHUSI U aHAJIN3a HCIOJIb3yEeMbIX TI'PYII 00Pa3IoB
[3]. B [4] usyuatorcst anropuTmbl HeaJAITHBHOIO IPYIIIOBOIO TECTUPOBAHMSI
B YCJIOBUAX IMTYMOB, COIIPOBOXK/IAIOIINX U3MEPEHNA IIPU I'PYIIIIOBOM TECTUPO-
Banuu. B Hacrosieit pabore paccMaTpuBaeTCs UJeasbHas CXeMa IPYIIIIOBOrO
recrupoBanus (6e3 HlyMOB) U pelaercd 3aJa4a YCKOPEHUs BBIYMCJICHUA Te-
CTOBO¥ (DYHKIMU IIPU OIEHKE KAa4eCTBA ITOPOrOBON (DYHKIINU HPUHSATHSA WA
OTKJIOHEHUM PeIeHUsI O MO3UTUBHOCTU AHAJU3UPYEMOI'O0 MHOYXKECTBa 00pa3-
II0B. YCKOpEHHE JIOCTUTAETCSI UCIIOIb30BaHIeM OJIOKOB KOMOMHATOPHOM OJIOK-
CXeMBbI BMECTO ee JIyajbHbIX OJIOKOB. PaccMaTpuBaioTcss KOMOMHATOPHBIE JIH-
HelfHble U KBaJ[PATUYHBIE TPAHCBEPCAJIbHbBIE OJIOK-CXeMBbI [5].
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2. OcHoBHBIE TIOHATHUS U (POPMYyINPOBKA Pe3yJIbTaTa

IIycte X ectb MHOXKECTBO m 00pasioB u A ecTb MHOXKECTBO €0 IOIMHO-
xkectB -TectoB. [Tapa (X, A) naseiBaercst (m, n)-NAGTA (non adaptive group
algoritm) [3]. O6oznaunm U, U C X MHOXKECTBO HO3UTUBHBLIX 0OPA3IOB.
PesynbraToM IpynIoBOro TECTUPOBAHMSA SABJSETCA T.H. MECMOGAA HYHKUUA
Ry(A): A — {0,1} ¢ obracTbio eMHIYHBIX 3HAYEHUIT (Mecmosvim mHookce-
CcmeoMm)

RY ={A:AnU £0}. (1)

ITo (1) my»kHO BBLIEaUTH IOAMHOKeCTBO U nosnTuBHBIX 06pasnos. Ilo (1) n
X MOYKHO BBIUUCJHUTH MHOXKECTBO

U*:X\UAQRE})A‘ (2)

Eciu |U*| = |U|, To 1o pesyibrary TeCTUPOBAHUSI [TO3UTUBHOE MHOXKe-
cTBO ompeensiercst onnosHauHo: U = U™, u eciu U # U™, To R(Ul) #* R((le
Ho B peabHBIX yCIOBUSX MOMHOCTH |U| MO3UTUBHOIO MHOXKECTBA 3apaHee
HeN3BeCTHA, HO MOXKHO Ipeanosiokuth, uro |U| < s, rae s < m - 3ajaH-
Hoe 1estoe aucio. Torna (X, A) nassBaercs (X, A) - NAGTA ¢ noporowm s,
eciu Ry # Ry Besakwmii pas, korga U,V C X |U| < s,|V| < s,uU #V
[3]. Takum 06pazoM, IPAKTUIECKH HCHOJIBL3YeTCsl [MOPOrOBOE IPABUJIO TIPH-
HSATUSI PEIIEHNs] O TIO3UTUBHOCTHU MOJTYYEHHOTO 110 PE3YJIBTATY TECTUPOBAHMSI
muOokecTBa U™, onpenensiemoe npenukarom |U*| < s. /s onenkn KadecTsa
9TOro Nnpasuja npuMeHuTebHO K KoHkperHoit (X, A) - NAGTA ¢ noporowm s
IPEJTaraeTcst NCIOIbL30BATh SKCIIEPTHDIE PEIIEHH Il KazKJI0T0 MHOKECTBA,
U, |U| < s, oupenensiembre npeaukarom |U*| = |U|. Torga moxxHO Xapakre-
PHU30BaTh PENIeHHs] MOPOrOBOTO TPABMJIA MO KazKJIOMY TaKOMY MHOYKECTBY:
tp, ecu |U*| < s u |U*| = |U|; fp, econ |U*| < s u |U| < |U*|; fn, ecin
|U*| > s u |U*| = |Ul; tn, ecmu |U*| > s u |U| < |U*|;

[Tpu 5TOM KavecTBO MOPOroBOil (BYHKIUK OIPEIEUTCS 10 KOJIUIECTBAM
Nip, N fps Nfn, N TAKAX XaPAKTEPHCTHUK, HOJIYYEHHBIX 110 BCEM MHOKECTBAM
U, |U| < s u 1151 KasKJI0r0 U3 HUX OPUJETCSI BBIYUCIATH TECTOBOE MHOYKECTBO
RY.

BaMeHa MHIMBHLyaJIbHOIO TECTHPOBAHUSA IPYIIIOBBIM TECTUPOBAHUEM II6-
necoobpas3Ha ToIbKO npu BoinosHenun Hepasencrsa: |A| < | X|. Takue kom-
OUHATOPHBIE CXEMbI MOXKHO BCTPETUTH B Kiacce cucreM Tpoek Illteiitnepa
U KOMOUHATOPHBIX TPAHCBEPCAJIbHBIX JIU3AHHOB.

Jluneitnasi TpancBepcasbHas KoMGuHaTopHas Osok-cxema 1'D(2,k,n)
cTpouTcst Ha MHOXKecTBe Y U3 kn sjemeHToB, nmeer n? 61okos B(a),a € X,
(muO)keCcTBO B, |B| = |X|) mo k snementoB um kn JgyanbHBIX OJIOKOB IO N
ssemenToB (MHoxkecTBO A, | Al = |Y]) [5].
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KBaparnunas TpaHcBepcaiibHast KoMOuHaTopHast 6sok-cxema T'D(3, k, n)
cTponTCst Ha MHOYKecTBe Y U3 kn sjemenTos, nmeer n’ 61okos B(a),a € X,
(muozkectso B, |B| = |X|) 1m0 k smementos u kn jyaabHBIX 6J0KOB 1O N2
snemenTos (MuOkecTBO A, |A| = |Y]) [5].

Ecin B kauecTBe MHOXKeCTBa A HPUHSATH MHOKECTBO JIyaslbHBIX OJIOKOB,
TO JIJIsI BBIYUCJIEHHsI TECTOBOIO MHOXKecTBa (1) B ciiydae JimHeiHO TpaHcBep-
caJIbHOI 6JI0K-cxeMbl ToTpebyercst BeinoaHuThb |U|knlogy n onepanuii B moJie
GF(n) u BBoe GoJibllle B ClIydae KBa[PATUIHON. DTO COOTBETCTBYET CIIOCODY
BBIYUCJIEHHsT TECTOBOIO MHOKECTBA HEIIOCPE/ICTBEHHO 110 €0 OLPEJIEJICHHIO C
HCIOJIb30BAHUEM MHOZXKECTBA JyaJlbHBIX OJIOKOB.

AJtbTepHATHBHBIM SABJISIETCS BBIYUCICHAE TECTOBOIO MHOYKECTBA C IIOCTPO-
enneM 610K0B. MHOkecTBO (1) nmostyuaercst oobequnenuem |U| 6iokoB B(a):

RY = UserB(a). (3)

Bceero npu Beramcsrennu no (3) sarpaumBaercs He 6Gosnee |U|(t(k — 1) +
klogakn) = |U|(k(log2kn + t) — t) oneparmii.

Berauciennsvu o (3) u jgasee 1o (2) ¢ ucnosb3oBanneM OJI0KOB H JIy-
aJIbHBIX OJIOKOB TpaHCBepcalbHbIX Ju3aiinoB TD(t,k,n) skcrepuMenTaIbHO
HOJTBEPK/ICHBI JJaHHbIe 00 UX NpUMEHeHNH, npusejeHHble B Tabsuue 1.

Tabsmma 1.

Huzaiin | kn (Yuc- | b (uumc- | r (aucso | Iopor| ngp%| nm%| npy%

JIO  TpyI- | Jio 3JIEMeH- | S

ITOBBIX obpa3- TOB B

TECTOB) 10B) rpymie)
TD(3,3,4)| 12 64 16 1 1 |0 o
TD(2,2,8) 16 64 8 1 1 |0 o
TD(2,3,8) 24 64 8 2 1 [0 |0
TD(3,4,8)| 32 512 64 2 73 127 |0

Ecim s ysemuunTs Ha 1, To Bee uncia 6yayT ngy = 0, ng, = 1, mpu s = 1
st TD(3,4,8) suadennst ngy = 1, ngy, = 0.

[Tpumennressio Kk TD(3,4,8) BBIYUCIUTENBHBIM SKCIEPUMEHTOM OJI-
TBEP2KJIEHO, 9TO IIOCTPOEHHOE 10 TECTOBOMY MHOYKECTBY MHOXKECTBO U3 § = 2
3JIEMEHTOB SIBJISIETCSI MHOYKECTBOM IIOJIOYKUTEILHBIX 00pa3IoB. TakuMn oka-
3BIBAIOTCH 73 MPOLUEHTOB MHOXKECTB: Ny = 93777, nyy, = 33649. Ilo TecToBbIM
MHOKECTBAM, ITOCTPOEHHLIM I10 JIIOOOMY U3 OCTAJbHBIX MO3UTUBHBIX MHO-
2K€CTB MOIITHOCTH S, IOy Ial0TCsI MHOYKECTBA, COIeprKalliue KPpoMe 3JIEMEHTOB
HMCXOJHOTO TO3UTUBHOIO MHOXKECTBa, eIlle W Apyrue sjeMeHThl. /lobasieHne
TAKAX DJIEMEHTOB K HCXOJHOMY MHOXKECTBY HE M3MEHSIET TECTOBOE MHOXKE-
CTBO.

135



Cricok auTepaTypbl

(1]
2]
13l
4]

[5]

R. Dorfman, “The detection of defective members of large populations”, Annals
of Mathematical Statistics, 14 (1943), 436-411.
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Speeding up the computing of the test function when assessing

1
2]
Bl
4]

5]

the quality of the NAGTA threshold function
Kochetova N.P., Frolov A.B.

For non-adaptive group testing, a method is proposed to accelerate
the computing of the test function when assessing the quality of the
threshold decision rule for making a decision on the positivity of a set
of samples. Acceleration is achieved by using, along with dual blocks, a
combinatorial block diagram of its blocks corresponding to the elements
of the analyzed set.
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Z[eTCKI/Ie PUCYHKHN N UX IIPUJIO2ZKECHM A

E. M. Kpeiinec!

O06cyXK1aeTcst COOTBETCTBUE MEXKLY JETCKUMU pUCYHKaMu [ poreH-
JINKa U TapaMu Bejioro Ha TpuBOIUMBIX KpuBbIX. Ocoboe BHUMaHUE
OyeT yIeJIeHO IIPUJIOXKEHUSIM.

KuirouyeBbie cjioBa: JIeTCKHUE PUCYHKH, BJIOYKEHHbBIE I'Paddbl, [1aphl
Bejioro.

Hemcxkum pucynkom HasbiBaeTcs rpad I, BIIOXKEHHBIT B KOMIAKTHYO
IIAIKYI0 OPUEHTHPOBAHHYIO MOBEPXHOCTHL M 6e3 rpaHunbl TakuM 00pa3oM,
9TO TEOPETUKO-MHOXKecTBeHHOoe jjonosHenne M \ I' romeomopdHO HECBsi3HO-
My OObeIMHEHNIO OTKPBITHIX JUCKOB. DTO IOHSITHE OBLJIO BIEPBBIE BBEJIEHO
Anexcanyipom I'porensmkom B [8], orTy/a ke NpUILIO Ha3BaHUE “IETCKUil
pucyHok”. Broxaossennsiit reopemoii I'. Besoro [4] I'poreniuk nosoxmni Ha-
YaJI0 CHCTEMATHIECKOMY M3yUYEHHUIO TaKuxX I'padoB U UX CBsA3eil ¢ ajarebpan-
YEeCKUMU KPUBBIME X, HA KOTOPBIX CYIIIECTBYET HEIIOCTOSIHHAST MEPOMOP(HAsT
byukuus 3 : x — CP! ¢ me Gosee geM TpeMsi KPUTHIECKIMI 3HAUEHHSIMIL.
31ech 1Mo/, KPUTHIECKUM 3HAYEHUEM MOHMMAETCsI TaKasl TOYKa MHOroobpa-
sus CP!, Koropasi mMeeT MeHbIe mpoo6pa3oB OTHOCHTENIBHO jeiicTBus 3,
qeM obmast Touka. OyHkimu ¢ He Oojiee UeM TpeMsi KPUTUIECKUMU 3Hade-
HUSIMU Ha3BIBAIOTCS Pynkyusmu bBesozo, a mapbl anrrebpandeckas KpUBas 1
dbyukuust Besioro Ha neit — napamu Beaozo. B pabore [14] Boesojckum u
[MTabaTrom ycTaHoB/IeHA SKBUBAJEHTHOCTD HOIXOSIINM 00Pa30M BBEIEHHBIX
KaTeropuil JeTCKUX PUCYHKOB U nap bejoro. BoisBiieHHbIE CBSI3U 00HEKTOB
CTOJIb PA3JIMIHON IPUPOIBI IPUBOISIT K OOHAPYKEHNUIO HOBBIX U HETPUBHUAJIb-
HBIX B3aUMOCBSI3€il MEXKJy Pa3/IMIHBIMU CTPYKTYPAMU B TEOPUU KATETOPU,
ajrebpe, ajiredOpanmvaecKoit reoMeTpun, KOMIIJIEKCHOM aHAJII3€e, TEOPETUIECKO
dbusuke n nndopmaruke, cm. padorer |1, 2, 6, 7, 9, 10, 12, 13, 14, 15, 16]
U TpUBEJIEHHBIE B HUX CCBUIKU. B IociieiHee BpeMsi OOHAPYKUJIUCH J1arKe
HETPUBHAJIbHbBIE [TPUJIOXKEHUsI B T€HETHKE |3, 5|, MOCKOJIBKY OKa3aJI0Ch, ITO
pexombunarus kyckos JIHK npu ynBoennu monenupyercs JIeTCKUMUA PUCYH-
KaMU CIIEIUAJIHHOTO BUA U OINUCHIBAETCH B UX TEPMHUHAX.

OcHoBHas TIe/Tb HACTOSIIIETO MCCIETOBAHNUST — BBECTH JETCKUE PUCYHKN
u mapbl Besioro Ha MPUBOIUMBIX KPUBBIX U U3YyUUTh CBSI3U MEXKIY HUMH. B
KadecTBe JonycmuMovll JITeTCKUX PUCYHKOB OyJeM pacCMaTpUBaTh 00beu-
HEHUE HECKOJbKUX JIETCKUX PUCYHKOB, KOTOPOE JTHOO SBJISIETCS HECBS3HBIM,

! Kpetinec Eaena Muzatinosia — K..-M.H., CT.H.C. Kad. TeOpeTHIeCKo# HHMDOPMATHKI
mex.-mar. d-ta MI'Y, e-mail: elena.kreines@math.msu.ru.

Kreines Elena Mikhailovna — senior scientific researcher, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of Theoretical Informatics.
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JInOO HECKOJIBKO PUCYHKOB MMEIOT OOIIYIO BEPIINHY WJIA [EHTDP IPAaHU, ITPHU-
€M JIOIOJTHEHUE TIOBEPXHOCTH 10 TPpada MOKET SABJIATHCSI 00beIMHEHNEM KaK
OTKPBITBIX JINCKOB, TaK U HADOPOB OTKPBITBIX JUCKOB, ¥ KOTOPBIX BCE JINCKU
B KaXKJ0M HabOpe UMEIOT €IMHCTBEHHYIO 0O0IIyI0 TOUKY. Jonycmumoie Tapbl
Bestoro npescrasistior coboit mapsl Besioro Ha MOJIHBIX KPUBLIX, BO3MOXKHO,
0COOBIX /M TIPUBOAUMBIX. [Ipu 9TOM BCe 3HAYEHUs] B OCOOBIX TOUYKAX IO
OIIpEEIEHUIO OTHOCATCA K KPUTUYECKUM 3HAYCHUSIM.

JomycTuMble JeTCKUe PUCYHKHU U Taphbl Beloro BO3HUKAIOT €CTECTBEHHBIM
00pa3oM IIPH PEIeHN CUCTEM yPaBHEHU, OIIPeIeJIAIoONINX mapbl Besoro, cM.
[1, 2, 9]. Tak:ke oHu BaxKHBI jJist Tpuaoxkenuii. [lenbo JoKIaIa SBIISIETCST
aKKypaTHOE OIIpeJieIeHNe JIOMYCTUMBIX JIETCKUX PUCYHKOB W M3yYEHUE CO-
OTBETCTBHUS, BOSHUKAIONIETNO MEK Iy HUMU U JOIMYCTUMBIMU napamu besoro,
AHAJIOTUIHOT'O KJIACCUYIECKOMY CJIydalo. TakxKe Mbl 0OCYIUM IIPEUMYIIECTBA
HCIOJ/Ib30BaHU JIOIYCTUMBIX JIETCKUX PHUCYHKOB B IIPUJIOZKEHUSIX.

Joknam ocHOBaH Ha CepUM COBMECTHBIX pe3yiabraroB ¢ H.A. AmGypr n
I''B. [TabaTom.
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I/ICCJIG,HOBaHI/Ie IIOI'PaAaHNYIHBIX CJIYy4da€EB
peain3dalumi KJ€eTOYHbIM aBTOMAaTOM
ABYHaIIPaBJICHHOI'O ABU2KEHUNA Ha JIy4de

E.B. Kysnenosa!

B pabore paccmarpuBaercs peasm3anusd KJIETOYHBIM aBTOMATOM
Pa3JIMYHBIX 3aKOHOB JIBUKEHUS TOYKN Ha OeCKOHEeIHOM SKpane. Haiie-
HBI AJITOPUTMBI [TOCTPOEHUS M300paYKEeHMIl JIst TPEX KJIACCOB 3aKOHOB
nBmkenns. [lokazano, 910 71 MOIEIMPOBAHUS ITHX 3aKOHOB JIBUXKE-
HUsl TOYKH HA JIyde MUHUMAJIHLHOE YHCJIO COCTOSHII KJIETOYHOIO aBTO-
MaTa paBHO 4.

KimoueBble cJI0Ba: KJETOYHBIN aBTOMAT, YHUCIO COCTOAHUI, Gec-
KOHEYHBIN 9KpaH, JABYHaAIIpaBJCHHOC JABUXKEHHNE, KOHCTPYUPOBaHUE
M300pasKeHumit.

[Tycrs S — HEeKOTOpOE MHOXKECTBO CJI0B B asidasure { f, s,b}, B npedukce
JIIO60ﬁ JJINHBI KOTOPBIX KOJINYECTBO CUMBOJIOB b HE IIpeBbIIIaeT KOJIMYIeCTBa
cUMBOJIOB f. DJieMeHThl MHOYXKeCcTBa S Oy/ieM HA3bIBATD 3aKOHAMU OBUIICEHUA.
CumBos f mogpasymMeBaeT IBUXKEHUE Ha OJHY KJIETKY BIIPABO, S — OCTATHCS
Ha Mecre, b— Ha OJIHy KJIETKY BJIEBO.

dxparom OyIeM HaA3BIBATH CJICIYIONLYI0 KOHCTPYKIIHIO.

[Tycts nmeeTcs GeckoHeYHAS B IPABYIO CTOPOHY II0/I0CA IITUPUHON B OJIHY
KJIETKY. B KaxXJ[y10 KJIeTKY MOJJIOCHI TIOMECTHM 110 OJTHOMY dK3EMILISAPY OJIHO-
'O 1 TOI'O K€ KOHEYHOI'O aBTOMaTa. K BXO/laM 3TOr'o aBTOMaTa IIPUCOCIUHUM
BBIXOJIbI ABTOMATOB, CTOSAIUX B JBYX COCEJIHUX C HUM KJIETKAX, Y aBTOMATa
UMEeEeTCsl TPU BXOZA: Ae6bili, NPacbiti U COCTOSTHUE aBTOMATA B MPEbLIY NN
MOMEHT BpeMeHHU. BBIX0/0M aBTOMaTa B 3aJIAHHBII MOMEHT BPEMEHU siBJIs-
eTCsl ero COCTOSIHHE B TOT MOMEHT BpeMmeHu. [ljisi aBTOMaTa, CTOSIIEro B
caMoii JIEBO# KJIeTKe IIOJIOCHI JIEBBIM BXOJ HE OIpejesicH. Bymnem Ha3bBATDH
€ro YnpasAAwWUM 6L000M U TIOJIABATH HA HETO YNPABAAIOWUE CULHANDL.

3HaUYeHNsT COCTOSTHWI KJIETOYHOI'O ABTOMATa, IPU KOTOPBIX CUYUTAETCS,
YTO KJIETKA, HAXOJAIIASICS B JIAHHOM COCTOSHWM, BUauMa (d4épHasi) Oymaem
HA3BIBATH MEMKGMU.

Bynem rosoputh, 9T0 Ha 9Kpare peasusyemca dsusicerue no 3axony A €
S, ecyin BBITIOJTHSIOTCS CJICYIOIIAE YCTOBUSI:

! Kysueyosa Examepuna Bukxmopoena — MIaIIHil HAY9HbIH COTPYIHUK Kad. MaTeMa-
TUYECKON TEOPUH MHTEJJIEKTYaJbHBIX cucTeM Mex.-MaT. p-ta MY umenu M. B. Jlomono-
coBa, e-mail: kuz.net.sova@mail.ru.
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1) B HEKOTOPBII MOMEHT BPEMEHHU B CAMOIl JIeBOIl KJIETKE SKpaHa TOsIBJIsI-
eTcst MeTKa (J[0 9TOro Ha SKpaHe HEeT METOK);

2) W3MeHeHHe IO3UIMKM METKH Ha SKpaHe B - MOMEHT OT HaJaJa JIBU-
JKCHHsI COOTBETCTBYET i-if GyKBe B CJIOBE WM CBEPXCIOBe A, a HMEHHO,
ecim A(i) = s, To B (i + 1)-it MOMEHT MeTKa OCTaeTcsi B TOI 7Ke KIIeTKe,
rae Obita B Tekymnuit Moment, ecin A(i) = f, To B (i + 1)-it MomenT
MeTKa CJIBUHETCS Ha OJIHY sTueiiky BupaBo, ecan A(i) = b, To B (i +1)-i
MOMEHT METKa C/IBHHETCS Ha OJ[HY KJIETKY BJIEBO;

3) B Ka)K,H,beI MOMEHT BPEMEHU I10CJ/I€ HadaJla ABU?KEHHA Ha dKpaHE €CTb
POBHO OJHa MeETKa.

OkpaH OylleM Ha3bIBATDL YHUBEPCAALHBIM JJIsi MHOXKECTBA 3aKOHOB JIBU-
KeHnus S, ecyim s JI00O0TO 3aKOHa JBUKEHUsT U3 S CYIIECTBYeT TaKasl I10-
CJIEJIOBATE/IbHOCTD YIIPABJISIONINX CUIHAJIOB, YTO Ha SKpaHe (POPMUPYETCs
Takoe M300parkeHne, ITO MEeTKa JIBUKETCs 110 3aKOHY .S.

B HagaJybHBIE MOMEHT BCe 3jI€eMEHTapHbIE aBTOMATHI KPaHa HAXOISITCs
B COCTOAHUU HOJIb. Sa.TeM HadnHaceM II10JJaBaThb Ha praBJIHIOH_[I/Iﬁ BXOJI CHUT-
HaJibl. B Kakoii-To MOMEHT B caMoOil JIEBOIl KJIeTKe SKpaHa IOABUTCSI METKA.

Tlon mostB/IeHMEM TOUKM Ha dKpaHe Oy/ieM M0JIpa3yMeBaTh MEPEKITI0UCHNEe
KJIETKH aBTOMAaTa, COOTBETCTBYIOIIE caMoil JIEBOIl KJIETKEe 9KpaHa, B COCTO-
sIHAE, COOTBETCTBYIOIIEE COCTOSAHUIO METKH.

3aKOHBI JBUKEHUs U3 .S, 00J/1a1a101e TeM CBOMCTBOM, UTO IIEPeJ] CUM-
BOJIOM f B HUX BCErJa CTOUT CHMBOJI S, TO €CTh JBHKEHHE BIIEPE BO3MOXKHO
CO CKOPOCTBIO, He GoJIbIIeil, ueM 1/2, MOXKHO pean30BaTh KI€TOIHBIM aBTO-
MAaTOM C IISITHIO COCTOSIHUSIMM, IIPUYEM OIEHKa Ha KOJUYECTBO COCTOSHUI He
VIIy dIraeMa.

Panee Turoroit E. E. 6611 moJ1yYeH aHAJIOIMIHBIN PE3YJIbTAT JIJIsd 3aKOHOB
IBUKEHNS Oe3 TBUKEHMST HA3AI.

Teopema 1 (Turosa [1]). Hycmv F = ((sf)V ()™ — wmmnosicecmeo 3sa-
KOHO8 J8UCENUS, COCMOAWUT U3 dremenmos muoocecmea {sf,s}. Cywe-
CEYEM YHUBEPCANLHVLT IKPAH ONA MHONHCECTEA 34K0H06 dsudicenus F, ume-
WUt 4 COCMOARUA KAEMOYHO20 ABMOMAMA. YHUBEPCAALHO20 FKpaHa ¢ 3
cocmoanuamu oaa F ne cywecmeyem.

Teopema 2 (mokazana B pabore [2]) 110 cyTu sBJISETCS PACIIUPEHUEM De-
syabTaTta THUTOBOIL.

Teopema 2. I[Tycmv S = ((sf) V (5) V (b)) — wmnootcecmeo saxonos deu-
HCEHUA, COCTNOAUWUT U3 Inemenmos muoocecmea {sf,s,b} maxuzx, wmo e
npegurce S 0607 drunv KOAUMECTNGO CUMBOA0E b He npesviuaem Kou-
weemsa cumeonos f. Cywecmseyem ynugepcarvrvili IKPaH OAA MHONCECMEA,
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3ax0n06 dsusicenusn S', umenwuli 5 cocmoAHUl KAEMOYHO20 A6TMOMAMA.
Yuueepcanvnozo axpara c 4 cocmosnuamu oas ST e cywecmeyem.

C onnoii croponsl B pabore [1] mokazano, 4To TPEX COCTOSIHUIT KJIETOUHO-
ro aBTOMaTa He XBATHUT JlaKe JIJIST PeaU3aIui KJIaCCOB 3aKOHOB JIBUXKEHUS,
B KOTOPBIX HeT ABMxKeHusI Ha3ad. C Ipyroil CTOPOHBI ¢ MATHIO COCTOSTHUSIMU
MOXKHO peasnzoBarh S'. Ocraéres BOIPOC, KAKHe 3aKOHBI MOYKHO PEasIn30-
BaTh 9KPaHAMU C YeThIPbMsI coCTostHUsIME. OKa3bIBAETCsI, YTO MOYKHO PEAJIH-
30BaTh 3aKOHBI JIBUKEHUS C MEHBIITUMU CKOPOCTSIMU JIBUXKEHUS BIEPEN WA
Ha3aJ — IOJMHOXKecTBa S1.

Teopema 3 (3aKOHBI ABUXKEHUSI CO CKOPOCTBIO ABUXKEHUsI BHEPE
1/4 u ckopocTbio ABmKenus Hazazn 1/2). Hycmwv S — mmosicecmeo
3aKOHO8 0BUINCEHUA, COCTNOAUUT U3 INEMEHMO6 MHOHcecnea {ssfs, s, sb}
maxux, wmo 6 npedurce S% 11060t OAuNBL KOAUUECMBO CUME0A06 b He npe-
sviaem Koauvecmaea cumeoros f. Cyuecmeyem ynusepcasvHulll SKpar 0af
MHOIHCECEA 3aK0106 Jeudicenus S2, UMEWUti 4 COCMOANUA KACMOUH020
a6moMama. Ynueepcasvhozo skpana ¢ 8 cocmosmnuamu 0aa S* ne cyuecmey-
em.

Teopema 4 (3aKOHBI ABUXKEHUSI CO CKOPOCTBHIO IBUXKEHUsI BHEPEL
1/4 u ckopocTbio ABmKenus Hazaz 1). ycmwv S° — mmosicecmeo saxo-
HO6 J8UNCENUS, COCTNOAUUT U3 INEMEHMOE MHoxHcecmea {sfss,s,b} u na-
MUHAIOUUTCA C IACMENMA S MAKUT, WMo 6 npedurce S° 11060t druns. Kou-
YeCcmeo cumeonos b 1ne npesvuuaem xosunecmaea cumeoros f. Cywecmseyem
YHUBEPCANDHOLT IKPAH OAS MHONCECTNEA 3aKO0H06 deudicenus S°, umerouyut
4 COCTOAHUA KACMOUH020 GEMOMAMA. YHUBEPCAADHO20 IKPAHA C 3 COCMOA-
nuamu das S° e cywecmeyem.

Teopema 5 (3aKOHBI ABUXKEHHSI CO CKOPOCTBHIO [IBUXKEHUsI BHEPEL
1/3, ckopocThbIO ABUXKEHUsT HA3aJ 1 U YETHBIM KOJIUYIECTBOM OCTa-
HOBOK). ITycmab S* — wmnooicecmeo 3axonos deudicerus, coCMOAUUT U3 e-
Menmoe mmosicecmea {ssf,ss,b} maxux, wmo 6 npedurce S* moboti dau-
HOL KOAUMECTNBO CUMBOA068 b He npesviuaem Kosudwecmsa cumeoros f. Cy-
WeCmByem YHueepCarvHvili IKPar OAL MHOICECMEE 3aKk0106 deudicenus S4,
UMENWUL 4 COCTNOAHUA KAEMOYHO20 ABMOMAMA. YHUBEPCANALHO20 IKPANA C
3 cocmosanuamu das S* ne cywecmeyem.

T'unoresa. I[Tycms S° — miooicecmeo 3ax01M06 J6UIICEHUSA, COCMOAUUT U3
anemenmos mnosicecmea {ssf, s, b} maxux, wmo e npedurce S° ar0b6oti dau-
MOl KOAUYECTNBO CuMB0408 b He npesviwaem koauvecmsea cumeoros f. He
CYWECMBYEM YHUBEPCAADHO20 IKPAHA C 4 COCMOAHUAMU KAEMOYHO20 AEMO-
MAMa 05 MHONCECEA 3a%K0M06 deudicerus S°.
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Ecsu 6b1 yiaiocs 10ka3aTh 3Ty THIOTE3Y, TO ObLT ObI TIOJIHOCTBIO 3aKPBIT
BOIIPOC O TOM, KaKHe€ 3aKOHBI JBHU>KEHN:A MOXKHO pPeaJin30BaTb dKpaHaMU C
YETBIPbMsT COCTOSTHUSIMH.

ABTOp BBIpaXkaeT 0JIar0IapHOCTh HAYIHOMY PYKOBOJMTENIO, . (.-M. H.,
npodeccopy .. ['acaHoBy 3a MOCTAHOBKY 3a/Ia91 U HAYIHOE PYKOBO/ICTBO.

Cruicok auTepaTypbl

[1] Turosa E.E., “KoncrpyupoBanue IBUKYyIUXCs U306PaXKEHUI KJIETOUHBIMUA aB-
romaramu”’, Humeanrexmyaavroe cucmemo, 18:1 (2014), 153-180.

[2] Kysuenosa E.B., “Hucio cocrosnuil yHUBEPCAJILHOIO aBTOMATa GECKOHEIHOIO
IKpaHa, peaan3yIonero IByHapaBJIeHHOe IBUKeHne Ha jayde”’, Hnmennexmy-
anvrole cucmemol, 25:1 (2021), 127-148.

Investigation of edge cases of a cellular automaton
implementation of bidirectional motion on a ray
Kuznetsova E.V.

The paper considers the implementation of various motion laws of
a point on an infinite screen by a cellular automaton. Algorithms for
constructing images for three classes of motion laws are found. It is
shown that for modeling these motion laws of a point on a ray, the
minimum number of a cellular automaton states is 4.

Keywords: cellular automaton, number of states, infinite screen,
bidirectional motion, image construction.
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Kpunrepnii 6e3omacHoro oobeanmHeHIs
cucreM c Mojiesibio take-grant

B. A. Kyszosuxunal

B pabore paccmaTrpuBaercs 3ajada 6€30MaCHOT0 00HEIMHEHUST CH-
creM ¢ Mozeibio take-grant ¢ Toukm 3peHust J06aBIEHUsT HOBBIX J10-
CTYIOB U COOTBeTCTBUs CyObekTOoB. OO0beuHEeHne cUcTeM 0E301acHO,
€CJIM MHOXKECTBO JOCTYIIOB BHYTPU KaXKJOW U3 CUCTEM HE U3MEHUJIOCh.
Tlonryaensr kpuTepun 6€30IIACHOTO OO BEINHEHUS TS KAZKIOT0 U3 CIIO-
co00B 00'bEIMHEHUS.

KuroueBblie ciioBa: dhopMasibHbIE MOJAETN OE30ITaCHOCTH, MOJED
take-grant, 6e3omacHoe 06beIMHEHTE.

1. BBegenue

B ciiyuae cimsinusi HECKOJTBKUX KOMITAHUH WU CO3J@HUS CIAYKO “eqMHOrO
OKHA” aKTyaJIbHOW CTAHOBHUTCS 3ajata 0e30IacHOr0 O0LEINHEHUS CHCTEM.
O0ObeuHeHne CUCTEM sIBJIETCsT HE30IIACHBIM, €CJIU B pe3yJibraTe o0be inHe-
HUA MHO2KECTBO BO3MO2KHBIX JTOCTYIIOB BHYTPHU Ka}K,Z[Oﬁ CUCTEMBI OCTaJIOCH
HEN3MEHHDIM.

Sataga 6e301acHOro 00beuHeHnsT POPMAaJILHBIX MOJIeJIell 6e30I1acHOCTH
paccmarpuBasiach B paborax Urkeca A.A. ([1]) u Hlamuenko K.A. ([2]). Boi-
JIN TIOJIyU€Hbl KPUTEPUU OE301TaCHOr0 O0'bE/IMHEHUsI B HEKOTOPBIX YACTHBIX
CyUasax, a TaAKXKe YCTAHOBJIEHA SKBUBAJEHTHOCTE Psifia (pOPMAaIbHBIX MOJE-
JIeH.

Ha mamHBIII MOMEHT M3BECTHO JOBOJIBHO OOIBIIOE KOJTUIECTBO (POPMATIH-
HBIX MOJiejieil 6e30IaCHOCTH, CPEIN KOTOPBIX TaKue KJIACCUIECKHe MOJIEJIN,
Kak Mogesb take-grant ([3] ), monens Besuia — Jlanamymna ([3]), u coBpemen-
Hble MoJiesH, Hanpumep, moaens CBAC ([4]).

B nmamnoit pabore paccMarpuBaeTcs 3ajada OObEIUHEHUsI CUCTEM C II0-
JuTHKO# take-grant ¢ aByx cropon. Bo-mepBbIX, ¢ TOYKHU 3peHUsI TOCTYIIOB
(3a/1a10TCST HOBBIE JIOCTYIIBI MEKJLy CUCTeMaMHu ). BO-BTOPBIX, ¢ TOYKM 3PEHMUsI
cooTBeTCTBUSI CyObLeKTOB. llomydenbl kpurepun 06e30MacHOTO 00beINHEHUS
cHCTeM ¢ Mojiesbio take-grant Jjist KayK0ro u3 crocoboB 00be IMHEHMUS.

2. OcHoBHBIE IOHATHUSA U PeE3yJ/JabTaThbl

ITpuBesem onmcanne Mozenn take-grant, B3sitoe u3 paborst ([3]).

'Kysosuruna Becma  Andpeesna —  yumrenp, Hosas — mkoma, — e-mail:
pletnyova_va@mail.ru.
Kuzovikhina Vesta Andreevna — teacher, New School.
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CocTostHue CHCTeMbI OIUCHIBAETCs rpadoM J10CTYIOB. MHOKECTBO JOCTY-
noB R = {r,w,c,t,g} Ha YTeHue, 3aIUCH, UCIOJIHEHNE 1 [APA BbIJEJEHHBIX
qocrynos take (f) u grant (g). Ha muO)kecTBe 00bekTOB O(T) Kak Ha Bep-
muHax onpejesier opuentuposanublii rpad G- (V, E), rne V = O(1), a E —
MHOYKECTBO pebep, MOMEYEHHBIX JOCTYIaMK. ByjieM CauTaTh, 9TO MHOYKECTBO
cyobektoB S(7) = O(7). Ilpeobpazosanue rpadoB JI0CTYIIOB IPOBOJATCS DU
IIOMOIIM JYeThIpex KoMmaH: take, grant, create u remove.

Cucremy OyjieM cunTaTh 6€301aCHO, €CJIM HEBO3MOXKHO MOJIYYNTDH 3aIpe-
MIEHHDII JTOCTYII ¢ MOMOIIBIO MOC/IEIOBATETBHOCTH PA3PENIEHHBIX KOMAHI.
CaoiicTBo Ge3omacHoCTH MOfen take—grant pasperumo.

Onpenenenue. B zpage docmynos G sepuwunve P u S Haswvearomes tg-
CBAZHBIMU, ecau cywecmeyem nymo 6 G, coedunsowut P u S, besomuocu-
MeALHO OpueHmayuy dye, o makxot, wmo Kadtcdoe pebpo IMo20 NYMu umeem
memxry t uau g.

Teopema (Kpurepuit 6e3onacnocru cucremst, [3|). Iycmo 6 cucmeme sce
obsexmol aeaaromes cybsexmamu. Tozda cybsexm P moocem noaywums do-
cmyn « % cybsexmy X mozda u moavko mozda, K020a BuIMOAHAIOMCA YCAO-
BUA:

1) Cywecmeyem cybsexm S maxot, wmo 6 mekywem epage G ecmv pebpo
(S, a, X).

2) S tg-ceasen ¢ P.

Takum obpazoM, MHOXKeCTBO BepinnH V' pasbuBaeTcst B 00beInHEHNE KOM-
[IOHEHT tg-CBA3HOCTH.

2.1. O6beauHeHne c NOMOIIbIO JJobOaBJiIeHUsA pebdbep

[Iycrs G = (V1, E1), G2 = (Va, E2) — /1Be CHCTEMBI, peajn3yolue MoJielb
take-grant, V3 NV, = (. Cucrema G = (V, E) nasbiBaercst oobenunennem G
u Gy, eciu V=V, UVy, E = E1 U EyU E3, npudem Bce pebpa u3 E3 nmeror
Buz (v, 0"), toe v’ € Vi, 0" € Vo mim v’ € Vo, 0" € V).

B kagecTBe mocrynos gajee OyieM pacCMaTpUBATh JOCTYIIBI HE M3 MHO-
x)ecrBa {t, g}. Ecau BepumHa a KOMIOHEHTBI tg—CBsA3HOCTH A UMeer 10CTyIn
a K BepmuHe b, To ymobag BepmuHa a' € A mMeeT JOCTyI o K BepiiuHe b.
O603HAYNM MHOYKECTBO TaKUX JOCTYIOB (A, v, b). MHOXKeCTBO BCex 10CTynoB
KOMIIOHEHTBI A obozHauuM R 4.

IIpenmnosnoxkum, uro B rpade G ecThb JiBe KOMIIOHEHTHI tg—cBsisHOCTH A 1
B ¢ omuHakoBbIMU HabOpaMmu JI0CTYIIOB, TO ecTb R4 = Rp. Torma eciau co-
€JINHUATH KOMIIOHEHTHI A u B tg—pebpamu, TO MHOYKECTBO BCEX BO3MOXKHBIX
JoctynoB B rpade G He namennrtcs. bes orpanudenust o0IMTHOCTH, Oy/IeM CUH-
TaTb, 9YTO BCe tg*KOMHOHeHTbI O,HHOﬁ CUCTEeMbI UMEIOT IIOIIapHO Pa3J/JIMYHbIC
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MHOKECTBA BO3MOYKHBIX JOCTYIOB (MHAYE, tg—KOMIIOHEHTHI C OJMHAKOBBIMHU
JocrynaMu OyleM cauTarb onHoil tg-kommonentoit). Yepes R/, obosnatmm
MHOYKECTBO HOBBIX JIOCTYTIOB, TTPOBEJICHHBIX N3 KOMIIOHEHTH A.

Teopema 1. Ob6sedunenue G1 u Gy be3onacto mozda u moavko moeada, K02da
BHINOAHEHBL CACOYIOULUE YCAOBUS:

1) waorcdas tg—komnonenma epaga Gi coedunena tg—pebpamu ¢ He 6oaee
wem 00mol tg—komnonenmot epaga Go u naobopom;

2) ecau A — tg-womnonenma 2paga G1 coedunena tg-pebpamu ¢ B — tg—
komnonenmot epaga G, mo Ry C Rp u Ry C Ry.

2.2. O6beanHeHNE Yepe3 COOTBETCTBHUE CyObEKTOB

Pacemorpum obbenuaenne aByx cucreM (G u (Go ¢ MOMOIIBIO 0TOOparKeHU i
my 2 Sp — 252, my Sy — 251 e S; — MHOXKeCTBO CyGBHEKTOB IEpBOil
cucreMbl (31, a So — MHOXKECTBO CyOBKTOB BTOpOIi cucrembl Gs.

B rakoii mocranoske paccMmarpuBa 3agady oobenunenus A.A. VTkec B
csoeit pabore ([1]).

Bymem cuamrarh, 9TO CyOBEKT S1 € S7 OTOXKIECTBJIEH C CYOBLEKTOM Sg €
S9, €CJIM BBIIOJHEHBI CJIEIYIONIHE YCIAOBUSL:

1) Vs; € Sy Takoro, 4ro ectb J0CTyI (S84, @, S2), €CTh JOCTYI (S84, @, S1)
2) Vsj € Sy Takoro, 4ro ectb HOCTYI (S2,a, S;), €cTb goctyn (s1,a, s;).

CO,H,ep}KaTeJIbHO 9TO O3Ha4YaeT, 9TO II0JIb30BaTeJIb S§1 BXOJIUT BO BTOPYIO
CUCTEMY 11O UMEHEM IIOJIb30BaTEJIA S9.

Teopema 2. Obsedunernue G1 u Gy bedonacto moz0a u moavko moezda, Ko020a
cybsexm cucmemvr G1 omootcdecmenen ¢ cybsexmamu cucmemv, Go u3 me
bosee uem 00HOT KOMNOHEHMDBL tg-C8AZHOCTIU U HAOOOPOM.

3. 3akJjroyeHune

B pabore paccmorpena 3ajatda o0beIUHEHNsT CUCTEM C MOJebio take-grant.
[Tonydennr kpuTepun 6€301MACHOTO OOBEJIMHEHUSI CUCTEM OTHOCUTEIHHO J0-
CTYIIOB U OTO2KAECTBJICHU A Cy6’beKTOB.

[Ipsimoro jtocTyma MexkK1y CyObeKTAMH MOXKET U He OBbITb, HO IIPU TOM
nHMOPMAITHST MOXKET MepeIaBaThCsl ¢ MTOMOIIBI0 HHMOPMAIIMOHHOTO ITOTOKA.
[Ipocreiinue naGOPMAITMOHHDBIE TOTOKM BO3HUKAIOT 0T 00bekTa O K CyOb-
eKkTy S, ecu cyObeKT S OCyIIecTBIISIET JIOCTYI Ha 4YTeHne K obobekty O, u
ot cyobekTa S K 00bekTy O, eciu cyObeKT S OCYIIECTBISEeT JOCTYII HA 3a-
muchk K 00bekTy O. Bojee cioxkHble HHGOPMAITMOHHBIE TOTOKH BO3HUKAIOT
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IpUu TPAaHSUTHUBHOM 3aMbIKaHUN HEIIOYCK JOCTYIIOB. I/IHTepeCHO IIOCMOTDPETD

Ha

3a/1a49y O0'be/INHEHUs] CUCTEM ¢ Mojiesbio take-grant, paccmarpuBas wH-

(bOpMaHI/IOHHI)Ie IIOTOKHU BMECTO JOCTYIIOB.

ABTOp OJ1aromapUT HAyIHOrO pyKoBOIuTENsT K.d.-M.H. [ajarenko A.B.

3a [MOCTAHOBKY 3a/Ia9¥ U MOMOIIb B pabore.

Cruicok auTepaTypbl

1

2]

13l

4]

(1]
2]
13l

4]

Urrec A. A., “O0begunenue Mojeseil JIOTHIECKOr0 pa3rpaHUveHust JIOCTY-
I1a, J7TsT CJTIOXKHOOPTaHN30BAHHBIX PACIPEICTICHHBIX NH(MOPMAITHOHHBIX CUCTEM
IIpobaemvr ungopmamuru, 2010, Ne1, 85 — 94.

[MTamuenko K.A., “CoBpeMeHHBIE METOJIBI TPOBEPKHU CBOMCTB HE30MACHOCTH B
MOJIEJISIX JIOTMYECKOr0 pasrpaHudenust pocryna’, [Ipobaemv ungpopmamuru,
2009, Ne3, 10 — 19.

I'pymo A.A., Tumonuna E.E., Teopemuueckue ochosb, sawumoe ur@opmayuu,
Axremen, Mocksa, 1996.

Afonin S., Bonushkina A., “Validation of Safety-Like Properties for Entity-
Based Access Control Policies”, Advances in Soft and Hard Computing, 2019,
259 — 271.

Criterion of secure union of systems with take-grant models
Kuzovikhina V.A.

In this work we consider the problem of secure union of systems
with take-grant models from the point of view of adding new accesses
and corresponding of subjects. Union of systems is considered secure
if the set of accesses did not change for each individual system. We
obtain the criteria of secure union for each union type.

Keywords: formal secutity models, take-grant model, secure union.
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AJaroputM MIHUMHA3AIIMM CJIOXKHOCTH
armapaTHON peaJjn3anuu
cOaIaHCHPOBAHHBLIX S-0JIOKOB

E. A. Kypranos!

B nokitagzie paccMaTpuBaeTcs aBTOPCKUI aJIrOPUTM, TTO3BOJISIIONTHIT
[TOJIyYUTH ANMAPATHYIO PEATU3AIUI0 TPOU3BOIBLHON CUCTEMBI U3 1M, Oy-
JIeBBbIX (DYHKIWIT OT N IIEPEMEHHBIX U €r0 IMPUMEHEHne K COATAHCHPO-
BaHHBIM S-OtokaM. [locsie 3TOro B mIaHE CJIOKHOCTH CPABHUBAIOTCS
alrmapaTHble pean3aiuy S-0JI0KOB, MOJIydYeHHbIe IIPU ITOMOIIU HOBOT'O
aJICOPUTMa U JIPYTUX U3BECTHBIX METO/IOB.

KurouyeBbie cioBa: S-0J10K, anmaparHasi peaju3aliusi, OITHMIT3a-
[IHsi CJIOXKHOCTH CXEM, TIOTOKOBBIE MUMPHI, OJI0UHBIE MHMPHI.

1. BBegenue

S-0J10K — 9TO HeJmHEeiHOe TTpeobpa30BaHue, IPUHUMAOIIEE HA BXOJ 1. OUT U
Bo3Bparmalomiee m 6mr. Takoe mpeobpazoBaHMe MPOIINE BCETO MPEICTABISTE
Kak TabJIMILy IIOJCTAaHOBOK pasMepoM 1 X m. Yalre Bcero B Kpunrorpacpun
UCIOJIb3YIOT TOJIbKO COAaHCHPOBAHHBIE S-0JI0KHU (9TO 3HAYUT, YTO OTOOpa-
JKeHne, 3ajJilaBaeMoe S-OJIOKOM, sIBJISIETCsl OMEKIINEe, T.e. YNCJIO BXOJIHBIX OH-
TOB PABHO YHCJIY BBIXOJHDLIX OUTOB).

B macrositiem JoKJ1aie paccMaTpUBAeTCs alliapaTHas peajn3amnus cOa-
JIAHCUPOBAHHBIX S-0/10K0B. OJIUH U3 ONPEIesISIONIX IapaMeTpOB IPOU3BO-
JUTEJIbHOCTH TAKAX PeaTn3aluil — CJIOKHOCTb CXEMBI, T.€. 00IIee YnCJIO dJ1e-
MEHTOB CXeMbI. PaccMmarpuBaercst 6a3uc u3 KOHbIOHKINH, TU3bIOHKIMYA 1 OT-
pulanusi (MCHOPUPYETCs TPU BBIUYUCJICHUN CJIOKHOCTH ).

2. Aaroput™M MUHUMU3AIIUT CJAOXKHOCTUA CUCTEMBI OY-
JIeBbIX PYyHKIINI

Pacemorpum  cucremy w3 m OysieBbIX (QyHKIUH OT 7N NEepEeMEHHbIX
filzy, .o )y ooy fn(x1, .o 2y). Kaskioit u3 srux dbyHknumii MOxKHO 1O-
CTaBUTb B COOTBETCTBHE €€ BEKTOP 3HAYEHUN Pi,...,Pm JIHHBL 2", e

! Kypeanos Eszenuti Anexcandposus — BemyImii pa3spaboOTUNK IPOTPAMMHOIO obecte-
qenus, PTAY HUU «Bocxony, e-mail: kuev@yandex.ru.

Kurganov Evgenii Alexandrovich — senior software developer, Scientific and Research
Institute Voskhod.
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pi; € {0,1},4 = 1,...,m;j = 1,...,2" Ilpudem p;; = 1 Torma u TONIL-

KO TOIJIa, KOTJa B TaOJMIEe NCTUHHOCTH (DYHKIUHU f; HA j-M MecTe CTOuT 1.

Bynem paccMarpuBaTh TOJIBKO CHCTEMBI M3 MONAPHO PA3JIUIHBIX BEKTOPOB.
BBenem obozHaueHne: st KaXKI0r0 BEKTOpa p;, ¢ = 1,...,m

No(pi) = wtg(pi) — 1, ecmm wtg(p;) > 1,
vipi 0, ecin wtp(p;) < 1,

rae wty (v) 03HAYaeT KOJUIECTBO KOOPIMHAT, PABHBIX euHUIEe (T.H. Bec XoM-
MUHTA), JJIsT BEKTOPa V.

s mapel BeKTOPOB p;, pj, 4, J = 1,...,m, i # j onpeesnM BeKTop p;&p;
caegyromum obpasom: (pi&p;)r = pi, &pj, -

OcHOBHAsI Uzesl AJIrOPUTMA COCTOUT B CJICAYIOIIEM:

1) Pa36urb mCXOIHOE MHOMKECTBO BEKTOPOB Ha mapsl (i, p;)t, t
1,...,n/2, tak, aro Ny(v; = (pi&p;)¢) MakCHUMAaJIBHO.

2) Huns xaxkmoit mapst (p;i&pj); (rae | — HOMep Imara aaropurma)

e /lo6aBuTh B WM3HAYAALHO IIyCTOE MHOMKECTBO P9 BEKTOPBI
D&y, &y,

e [lo6aBuTh B n3HAYAILHO IIyCTOE MHOXKECTBO ) 3 BEKTOD vy,
3) Iosropurs maru 1-2 myist MEOXKecTBa P 9 110 Tex mop, moka Ny (v) > 0,
4) Tosroputs maru 1-2 ayis MHO2KecTBa P} 3 110 Tex 1op, moka Ny (vy) > 0.

OnucaHHBIA IIPOIECC JIEIKO IIPEICTaBATL B Buje OuHapHoro gepesa. OHO
CTPOUTCH MO CJICAYIONAM IITPABAJIAM:

1

Kopenb mepeBa — mCX0ogHOE MHOXKECTBO BEKTOPOB P1, - - - , Pims

2) JleBBlit MOTOMOK TAHHOTO y3J1a — MHOXKeCTBO P 9,
3) IIpaBslil MOTOMOK [JAHHOTO y3J1a — MHOXKeCTBO D3 |

4) Vsen He UMeeT IMOTOMKOB, €CJIM COJIEPXKUT TOJBKO OJNH BEKTODP WU

Ny(vy) =0Vt=1,...,n/2.

Jlaee mjisi cmHTE3a JIOTUYIECKOUW CXEMBI CTPOUTCS JAeIrudparop, Iocie
9ero Jjisi KOPHs JiepeBa BbI3bIBAETCsl PEKYPCHBHAsI IPOIELypPa, OIMUCAHHA
B aaropurMme 2.1. Boee mompobHOe ommcaHme aaropuTMa MOXKHO HAlTH B
crarbe |1].

Teopema 1. O6osnavum H = min{2m — 1,2""1}. Tozda dannwii anrzo-
pumam umeem caovrcnocme O (m? 2H =1,
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Algorithm 2.1 Cunre3 cxeMbl 10 OUHAPHOMY JEPEBY

1: procedure SYNTHESIZE(node)

2 s kaxkaoro BekTopa p;, i =1,...,n

3 if left =0 u right = 0 then > JlaHHbIi y3es — JmucT
4 CunresupoBars jorudeckyo cxemy LC; mjs p;
5: else
6
7
8

SYNTHESIZE(right)

SYNTHESIZE(le ft)

: Cunresuposars cxemy LC; = LCepi; V LC:ight
9: end if
10: end procedure

i/2

Teopema 2. Czema, noayuwennas 6 pesyavmame pabomot aseopumma 2.1,
NPUMEHEHHO020 K PE3YADLMATNY GA20PUMMA NOCMPOEHUA OUHAPHO20 depesa,
pearudyem sce m mpedyemur GyYHKuu.

Caencrsue 1. /Jlas a06020 dukrcuposarmnozo n = 2 dasa Kasicdozo S-640%a
nxXn oum 6urapHvie JepPesba, NOAYYAEMDLE 6 PE3YALIaAMe Pabomovt aN20PUM-
MG NOCMPOEHUA OUHAPHO20 JEPESE, U3OMODPHDL.

Caencrsue 2. /Jlas kasicdozo S-6a0ka n X n 6um ar2o0pumm nocmpoeHus
bunaprozo depesa pabomaem co caosicrocmuto O(n? 2372).

3. lIpakTuveckme pe3yIibTaThl

Jlyist cpaBHEHHSI Pe3y/IbTaTroB OblLila HallMCaHa IporpaMma Ha si3bike C-+.
Ha Bxoj moziaeTcst cama 11ojicTaHOBKa (3anucanias B Qaiiin) u MeTos, KoTo-
pPBIM HaJI0 CreHEepHpPOBaTh cxemy. Ha BbIXoze moJiydaercss gailyi co cxemoii
ua s3bike Verilog. IlommepkuBaroTcs CJIeAyIoOIIue IMeCTb METOIOB CUHTE3A:
HAWBHBIHN, yaydineHHbI HaupHbIM, [[lennona, JlynanoBa, Ha OCHOBE MUHH-
masibHO# JTH® u aropekuit. [Togpobuee o merogax cm. B |1, 2|.

S-6/10K Tudp Paszmep
S1 udp Kysueank 8 X 8 bur
So [udp AES 8 X 8 bur
Ss Mudp ZUC (nepssrit S-6J10K) 8 X 8 6ut
S Mudp KASUMI (uepssiit S-6J10k) | 7 X 7 6ur
S7 [MTudp KASUMI (Bropoii S-6;10K) | 9 X 9 6ur

Jlist Toro, 9To6BI MOHATH, HACKOJILKO 3((EKTUBEH MPUBEICHHBII BBIIIE
MeTOJI, OBLIM CreHEePUPOBAHBI CXEMbI JIJIsi HEKOTOPBLIX S-OJIOKOB, UCIOJIb3Y-
fonmxcsd B Kpunrorpadbudeckux ajgropurmax (cM. tabuauiy Bbiie). Takxke
JlaHHble S-6710KM ObLIM cuHTe3upoBaHbl Ha nporpamme Logic Friday (LF) [3].
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Tabsmia 1. CiioXKHOCTD peaau3amnui S-07I0KOB

S-6s0k | Haus.(yn.) | Illennon | Jlynanos | m/IH® | LF | ABT.
S1 1319(1068) 680 677 973 823 | 838
So 1319(1068) 680 677 973 780 | 838
Ss 1319(1068) 680 677 960 800 | 838
Se 604(512) 372 353 463 461 | 416
S 2878(2371) 1359 1340 1846 - 1750

B monosiHenune K pesysbraraM cTarbu [1| B JI0KJIaJe CKOpPEKTHPOBaHA
OIIEHKA CJIO?KHOCTHU aJITOPUTMa MOCTPOEHUS JepeBa U MOKa3aHO, YTO aBTOP-
CKUH METOJ, ABJISIETCA Pa3BATHEM HJEH yIy4IICHHOTO HAUBHOIO.

Crmicok aurepaTypbl

[1] Kypranos E.A., “O6 annapaTroii peanmsanuu c6ajaHCUPOBAHHBIX S-60K0B”,
Ipoepammmasn unocenepus, 12:1 (2020), 8-20.

[2] dA6aonckuit C.B., Beedenue 6 duckpemnyro mamemamury, «Hayka», Mocksa,
1986, 384 pp.

[3] Logic Friday, IIporpamma B cern MHTepHeT [dsekTpoHHBI pecypc|, Pexxum mo-
cryna: https://download.cnet.com/developer /logic-friday/i-10268041

An algorithm for minimizing the complexity of hardware
implementation of balanced S-blocks
Kurganov E.A.

The paper considers the author’s algorithm, which allows obtain
a hardware implementation of an arbitrary system of m Boolean
functions from n variables and its application to balanced S-blocks.
This is followed by a comparison of hardware implementations of S-
blocks obtained in terms of complexity.

Keywords: S-box, hardware implementation, circuit complexity
optimization, stream ciphers, block ciphers.
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O IIpoBeEPAIIINX TeCTaX OTHOCUTEJIbBHO
JIOKAJIbHBIX II€peCTaHOBOK BXOJ0B CXEM

M. A. Jlomynos!

B pabotre ycranopjien nopsiiok pocra ¢gyukiuu [IleHHOHA IJIHHBI
IPOBEPSIIOIIETO TECTAa OTHOCUTEHHO NCTOYHUKA HEUCITPABHOCTEI, KOTO-
PBIit MOYKET IIPOU3BOIBHBIM 00PA30M MEHATH MECTAMU JIOObIE K TTOMPS/T
UJIYIIHX BXOJOB CXEMBI.

KiroueBbie cioBa: mpoBepsioNniuii Tect, TecThl Ha Bxojgax CPI,
dbyukmus [Hlennona, mepecTaHOBKH.

1. BBenenne

B nannoit pabore uccienyercs nosenenne dpyuknuu IleHHoHa JIUHBI TPO-
BEPSIONIETO TECTa JJIs HEMCIPABHOCTEH, TTPOUCXOIANTNX HA BXOMAX CXEM, a
UMEHHO OYyIeT pacCMaTPUBATBCS UCTOYHUK, KOTOPBI MOYXKET IIPOU3BOIbHBIM
00pa3oM MEHSTH MeCTaMU IOAPs MUIYIIAE BXOJbI CXEMbl B paMKax (HUK-
CHpOBaHHBIX I'panull. B pabore [1]| ObLI0 10Ka3aHO, YTO HUMKHEH OIEHKOI
ang dyukiun [llenHoHa AJIUHBI TPOBEPSIIOIIETO TECTAa OTHOCUTE/IBHO €IIU-
HUYHBIX TPAHCIIO3UIINI [T€PEMEHHBIX B Oy/IeBOi (DYHKIIUN SBJISETCS BEJTHIHU-
Ha 0, 25n logy n(1 4+ o(1)). B pabore [2| 1okazano, 4To BepxHeil OIEHKOMN st
nanuoit dyuknnn [Hlennona sipnsercss Besmaunna nlogs n(l 4+ o(1)). Takum
obpaszoM, OBLIO yCcTaHOBJIEHO, YTO jaHHas GyHkKius [llermHona Benaér cebs
kak O(nlogn).

2. OcHOBHBIE OHATHUS U (POPMYJIUPOBKA PE3yJIbTAaTa

PaccmaTpuBaroTcs mpoBepsIoIue TeCThI sl BXOAOB CXeM U3 QPYHKIIMOHAIb-
HbIx aemenToB (CDD) ¢ ogunm BuixogoM. MuoxkecTBO HaGopos 1 Gysesa
Kyba HasbiBaeTcs nposgepstowum mecmom g CPD ¥ 0THOCUTETHLHO HUC-
TOYHMKa HencipaBHocTell U, eciu Jirobasi HEUCIPABHAST CXeMa, OJTY IeHHAsT
[OJI IefiCTBUEM 3TOr0 MCTOUYHMKA U3 UCXOIHON CXEMBbI, MOXKET OLITh (PYHKIIM-
OHQAJIBHO OTJIMYNMa XOT 6I)I Ha OJHOM Ha6ope N3 9TOrro MHOXKeCTBa OT UC-
xomHol cxeMbl. MuOzKkecTBO T’ ¢ MEHUMAJIBHBIM IUCI0M HAOOPOB HA3LIBAETCS
MUHUMANDHDIM Tecmom st X orHocuTeabuo U. Jlaunoti mecma dan 6yae-
6ot pyrxyuu f OymeM Ha3bIBATh HAMMEHBIINI 110 MOITHOCTH MUHAMAJILHBINA

L Tonynoe Muzaua Asexcarndposut — cTyneHT Kad. MATEMATHIECKOH KNGepHETHKN (-
ta BMK MI'V, e-mail: miklop07@gmail.com.

Lopunov Mikhail Alexandrovich — student, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Chair of Mathematical
Cybernetics.
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tect cpequ Beex CPI, peanusytonux f. Qynxyuets [lennona daurv, npose-
parowez0 mecma HazbiBaeTca Gynxmusa (€€ (n), papras MakCUMyMy JUTHH
[IPOBEPSAIONINX TECTOB JjIsI OyJIeBbIX PYHKIUI 110 BCeM OyJIEBBIM (DYHKITUASIM
OT 7 TIEPEMEHHBIX.

B nmamnoit pabore paccMarpuBaeTcsi UICTOYHUK HemcrpaBHocTeil Uy, Ko-
TOPBIT MOKET IPOU3BOJBHBIM 00PA30M MEHSITh MECTaMU JIFOObIe Kk IOIPSIT
UJIYIIAX BXOI0B cxeMbl. O003HAYINM depe3 l,‘ietm(n) dyuxmuio [lennona mmm-
HBI IIPOBEPSIOIIET0 TECTa OTHOCUTEIBHO MCTOYHUKA HeucipaBHocTeit Uy. B
pe3ysbTaTe JOKA3aHbl BEPXHSIS U HUYKHsIS OIMEHKH JJIs l,‘fet“t(n), YCTAHABJIU-
BAOIIUE TTOPSIIOK POCTA.

Teopema 1. IIycmv k, n — namypasvhoie wucaa, 2 < k <n, n — 0o, k=
k(n). Tozda umeem mecmo nepasencmea %nlogz k< lgffsd(n) < 6nlogs k.

HdokazareabcTBO. Beprnas ouenka. PaccMOTPUM IIPOM3BOJILHYIO Gy-
neBy dyukiuio (BO) f(z1,...,2,) € Pa(n). CHavana J0KazkeM OIEHKY
i 2 < k < |2]. Pacemorpny |4 ] + [%E | na6opos nepemennbix BO
J oBuna (Tikgt, .- Tipgor), tae @ € {0,1,..., [ 5¢] + ”Tzkj — 1}. O6o3Ha-~
YMM MHOKECTBO BCEeX TaKuX Habopos udepes M. Eciu n me xparno k, jo-
6asnm B M mabop & = (Ty,...,wn),t = (lo] + |%2))k + 1. Tdanee,
pPaccMOTPHUM NPOM3BOJBHBI HaGop ' € M u MHOXKeCTBO S,/ BCEBO3MOK-
HBIX [I€PECTAHOBOK II€PEMEHHBIX (I1,...,&y), KOTOPbIE MOIYT MEHSTH Me-
craMy TOJIBKO IHepemenHble x'. Beném muoxkecrBo Wy, Becex BD, moy-
qapmuxcss 3 [ myTéM MepecTaHOBOK W3 S,/ BXOJHBIX IepeMeHHbIX. Ode-
BUJIHO, YTO MHOYKECTBO I[IEPECTAHOBOK S,/ MHIynupyer Ha EY rpymmy 6u-
eKIUil OTHOCHTEIHHO KOMIO3UIUU. VICIo/b3yeM pe3yJbTaT, IOJIyYeHHbIH B
pabote [2|. Torma f moxkHO ommmanTh oT moboit BO nz Wy, ucmomssys
[logy |S]] = [loga((2k)!)] < 2klogy(2k) < 4k log, k nabopos. Buwo, uro

n n—=k 2n+k 3n
M < |2 1<
| |—ka+{2kJ+ ok S ok

ITosTomy, arober oTmmauTs f ot aoboit B n3 obbeaunenns Wy, o Beem
x' uz M, ucnionszyem ue 6osiee | M |4k log k < 6nlogy k mabopos. O6oznauum
MHO>KECTBO TuX HabopoB depes 1.

Jasnee, paccMoTpuM nponssosbhyio B f,, KoTopas noiydaerca us f
110/, ﬂeI/ICTBI/IeM NCTOYHUKAQ HeI/ICHpa.BHOCTeI/I Uk u OoTJIn4aeTcd OT f XOTd 6I)I
na ofom nabope. 13 nocrpoenus T' BujtHo, 410 33 € T raxoit, aro f (ﬁ) #+
fo(B). Cnenosaremnio, T smasiercs TectoM st f.

IIpu |§] < k < n raxxKe Bocmosb3yeMcs pesynpraToM [2| mrs k = n.
O‘-IeBI/I‘,Z[HO7 9TO C IIOMOIIIBIO TaKOI'O TeCTa T TaK>K€ MO>KHO OTJINYUTH .HIO6bIe
HemcnpasHocTH, casannble ¢ Uy mpn | 5] < k < n. Torga

IT| < [nlogyn] < nlogy(2n) < nlogy(4k + 2) < 6nlog, k.
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Taxum o6pasom, mokazano, ato 2 (n) < 6n log, k.

Huotcnasn ouyenka. Bocrosb3yemcest njieeii, mpejjioykenHoii B pabore [1].
Bynem crpouts dysknuio ajst k + logy k < n. Ecu k + logy k > n, To i1
TaKHUX I1apaMeTpoB k 1 n OyJeM CTpOuTh (PyHKIMIO KaK /i napaMerpos k' u
N COOTBETCTBEHHO, TJie k' — Takoe HanbGoIbIee BO3MOKHOE TEI0E TUC/I0, UTO
2 <k u k' +logy k' < n. Torma ocranercss HEPACCMOTPEHHBIM CJiydail k =
n = 2, HO B 9TOM CJIydae MOJOXKUM pe3yabTaToM moctpoenus B f(z1,z2) =
(0,0,1,0) ¢ Tecrom juHbI 1.

IToctponm xapakrepuctudeckoe MHOKecTBo Ny BD f. Ilycts m — ocra-
ToK or genenus n Ha k. Taxke onpenenum [mcyao ¢ pasHOe M, €CIU
m > |logy k| — 1 u paBHoe k + m unade. [Tocrpoum muoxkectBa K; C Ef
st Beex ¢ u3 I = {1, 2,...,|logs k| } OnumreM HAOOPHI W, U3 KOTOPBIX Oy-
JIET COCTOATH MHOXKECTBO K;. Y Bcex HaGOPOB (W KOOPJUHATHI C HOMEDAMH,
bosbiumu . — ¢ + 1, OyayT paBubl eguHUIE. 11010KUM KOOPAUHATEI ¢ HO-
mepamu n — 0’ +1,n— 8 +2,...,n — ¢+ 1 pasasivmu Hymo. Cpeay IepBBIX
n — & OylIeT POBHO OJIHA €JIMHMIA, OCTAJbHbIC KOOPIUHATHI HOJIOXKUM pPaB-
HBIMHU HYJIO. DTa eIUHUIA MOXKET CTOSITH Ha JIIOOBIX TOBUIUASIX C HOMEPAMU
1+a2t,24 a2, ...,2"71 +a2', riae a MoKeT GBITE JTIOOBIM TIEJIBIM HEOTPHUIIA-
TEJILHBIM YUCJIOM, HE MTPEBOCXO/ISIIINM 3HAUCHIE L”;‘S/J — 1. Takum obpaszom,
K cocrouT n3 BCeBOBMOKHBIX HAOOPOB W € Y| ONMMCAHHBIX BBIIIE, U TOJIHKO
u3 Hux. Torza nonoxkum Ny Kak obobenunenne scex K; mo seem ¢ us 1. ITycrs
T = Ny.

[Mokaxkem, aro T sBasercst TectoMm Jst f. PaccMOTpuM mpOM3BOIBHYIO
IEPECTAHOBKY ( NEPEMEHHBIX T1, . .., Ty TaKyio, uT0 fe = f(((z1,...,2n)) #
f. Torna Ny # Ny, no [Ng¢| = |Ny.|. Suammr, 36 € Ny =T : f(6) # fc(5).

Temepnb mokaykem MUHUMATLHOCTL 1. 3aduKcupyeM MpOU3BOILHBIN Ha-
6op AeN ¢. Iycrb ¢ — ancsio eaunur cpeu nocaeannx ¢’ koopauuar. o mo-
CTPOEHHIO B A Ha ePBBIX 1 — ' MOBUIHSAX POBHO OHA eunuia. OGO3HAUMM
depes ¢ nosunuio ¢ exununoit. Obosnaunm yepes (x : £y — B3 Tpancnosn-

IUIO 37IeMeHTOB A Ha nos3umusax ¢ u ¢+ 2°. Ouesuano, uro f u fe; omIIIIMBL
na ssyx nabopax: A u (z(A). Bamernm, uto {A, (x (A)}N{A’, thA,(A’)} =
@ nna moboro A" € Ny : A" # A. Torza f MOXKHO OTAHIATH OT f¢, TOMBKO
ma A n (5(A), mo A yxe ects B T

Onennm guny 1. CHagasia npoBeném onenky giasgn =2"4+r— 1,7 € N,
Bamernm, uro logy n = logy (2" + 7 — 1) = 7 + log, (1 + %) < r+1. Torma
r—1 > logy n—2. Beero muoxects K; posro |log, k|. Kaxxoe u3 Hux nveer
MomHocTs, pasayio 21 Torga [T| = 2" !{logy k| > 2|log, k.

Teneps nycrs 2" +1r —1 < n < 2"t 4 r € N. Iocseuee o nomepy u3
K; 6yner mvers Kak MuaEMyM 271 ma6opos. Takske 3ameTuM, 4To logy n <
logy (27! +7) < r + 2. Torma nomywaem, uto r — 1 > logyn — 3. OTcrona
cienyer, uro |T| > 2" !{logy k| > %|logy k.
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Ipuk#2uk#3
n n n k_n n
7| > §L10g2 k] = g(lOng* 1) = §10g2§ > glogQ\/E: T610g2 k.
[Tpu k = 2 u upu k = 3 mojoxxum

T >

|3
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On checking tests with respect to local permutations of circuit
inputs
Lopunov M. A.

The paper establishes the order of growth of the Shannon function
of the length of the checking test relative to the source of faults, which
can arbitrarily swap any k of consecutive inputs of the circuit.
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Yaydnienne BepxHeil olleHKn (pyHKITN
IMlennona AJMHBI € TMHUIHBIX
JANArHOCTUYECKNX TECTOB OTHOCUTEJIBHO
MHBEPCHBIX HEMCIIPABHOCTEN

n. T. JTrobua!

JokazaHOo, 9TO B TPOU3BOJBLHOM IIOJHOM Oasmuce Jir0Oyio OyseBy
GYHKIMIO MOXKHO DEAINM30BATH HEM3OBITOUHON CXeMOil u3 (PyHKIIHO-
HAJIBHBIX JIEMEHTOB, JIOITYCKAIOIIEH JTUATHOCTHIECKUI TeCT JJINHBI He
6oJsiee 3 MIPU MHBEPCHBIX HEUCIPABHOCTSX HA BBIXOJIAX JIEMEHTOB.

KuroueBbie ciioBa: cxema n3 (pyHKITMOHATIBHBIX JIEMEHTOB, €711~
HUYHBIN IUArHOCTUYEeCKU TeCT, NHBEPCHAs HEMCIIPABHOCTD HA BBIXOJIE
astemenTa, dyukims [1lennona, gerkorecTupyemMast cxema.

1. BBe,ZLeHI/Ie 1N OCHOBHBIEC PE3YyJIbTaThbl

[Iycrs f(z™) — OyneBa dynkius, HOpMaIbHO 3aBHUCHIIAs OT IEPEMEHHBIX
T1,L9, ..., Tn. O — cxeMa u3 PYHKINOHAJIBHBIX 9JIEMEHTOB B HEKOTOPOM Oa-
suce B, peamuzyiomas f. O™’ — HCTOYHMK MHBEPCHBIX HEHCIIPABHOCTEH Ha
BBIXO/IaX (DYHKIMOHATBHBIX 3JIEMEHTOB, JefcTBytomuit Ha S, T.e. Ha BBIXO-
Jie 106010 (PYyHKITMOHAILHOTO 9JIEMEHTa CXEMbI BMECTO PEaJIN3yeMoii Ha ero
BBIXO/Ie (DYHKITHH OT €r0 BXOJOB MOYKET PeaM30BLIBATHCS OTPHUIAHUE ITOMN
dyukun. ByieM ncmnob30BaTh 0603HAYEHUST U OMIPEIE/IEHUS B COOTBETCTBUN
co crarbeii [1].

0630p orenok dyuknuit [llernona JIUHB TECTa OTHOCUTEIHLHO WHBEPC-
HBIX HEHCIIPABHOCTEH Ha BbIXoaxX 3jeMeHTOB B CPD MOKHO yBUIETH B pabo-
Te "O k-IMarHoCTUYeCKUX TeCTaX OTHOCUTETHHO MHBEPCHBIX HEUCITPABHOCTEH
3Jj1eMeHTOB" .

B nmanHoit myGuukarym OyieT NpUBEICH METOJ| YJIydilleHns OneHKu |1]:
LE9™(Oinv n) < 3.
Teopema 1. IIpu ecaxom n € N das CPI 6 basuce B = {x & y, T} umeem

diagn

mecmo nepasencmeo Lg " (O, n) < 3.

Jloxasameavcmeo. U3 crarobu [2| kak ciepcrsue nmaparpada 3 (1o npuHmuity
npoiicreerHocTn K 6asumy B’ = {xVy, T}) caenyer, uro mobyo GyHKImo f
MOXKHO peasin30BaTh B 6asuce B cxeMoit, myist kotopoit matop o1 = (1,...,1)
ABJIAETCA €IUHUYIHBIM IIPOBEPAIOIINM TECTOM.

LTo6us Havsa Tennaduesuw — MeHemxkep B oTaene 6uocrarucrukn 8 PAREXEL, e-
mail: lubi4ig@gmail.com
Liubich Ilia Gennadievich — associate manager, biostatistics at PAREXEL
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A 370 3HAYMT, YTO /15T STOrO Ga3MCa BHIIOJHSAIOTCA YCIOBHA JEMMBI 1 U3
[3], u B 9TOM Gazuce 00y DYHKIMIO [ MOXKHO peajin30BaTh CXeMOIA, JIOIyC-
KAIOMIYIO €IMHNIHBII JIUArHOCTUIECKUI TECT JIMHBLL 3. 3aMEeTHM, 9TO 3TOT
HabOp COCTOUT M3 Habopa o1, Habopa (y, HA KOTOPOM (DYHKHUsI MPUHUMAET
snavenue () u Habopa (1, Ha KOTOpoM (DYHKHUs NpUHUMaeT 3Hadenue 1 (eciu
dyHKIUS yCTPOeHa TaK, YTO IPUHUMAET IIOCTOSHHOE 3HAUEHUE Ha, BeeX HAOO-
pax Kpome, ObITb MOYKET, 01, TO TUATHOCTUYECKHUIT TeCT OyIeT UMETh JIJITHY
2).

BamMeTuM, 9TO BCe BOBMOXKHBIE (DYHKIIMU HEMCIPABHOCTH, KOTOPBIE MOTYT
IOJIYIUTBCA UMEIOT BU/L

(brf ® bof @ Ir)(@"), (1)

B KOoTOpoM by, by € 0,1 u T" € {0,051}, vae I (™) Gynem obozuadars OyJie-
By (DyHKIMIO, IpUHUMAIOILYI0 3HadeHne 1 Ha HaGopax M3 MHOXKecTBa 1) U
sHadenue () HA OCTAJILHBIX HabOpax.

O

Teopema 2. Ilpu scaxvom n € N das CDI 6 npoussoavrom basuce, codep-
otcauwem Pyrryuto T & Yy, umeem Mecmo HEPABEHCMBEo L%lagn(Olan, n) < 4.

Joxazameavemeo. JambHedinme mocTpoeHust Oy/eM CBSI3BIBATH € BO3MOXK-
HBIMU pacHIupeHusaMu 3amanuoro 6aszuca B. Pacmupenuem 6a3zuca B Oy-
JIeM CUMTaTh Beakuit 6aszuc B, mobas dyHKIMS KOTOPOro Jmbo COBIIAIAeT
¢ Kakoi-uuOyib pyuknueit uz B, mub0 MOxkKeT ObITh IOJIyIeHa IIyTeM OTOXK-
JIECTBJIEHUSI TIEPEMEHHBIX KaKOW-HUOY b hyHKImN n3 B. Kax oMy smemenTy
u3 B’, KoToporo ner B B, MOXHO II0CTaBUTh B COOTBETCTBHE 3KBUBAJIEHTHYIO
cxemy Haji B (cksenBasi B B HekoTopble Bxosbl). OTcrofa cieyer, 4ro jiis
JIOKa3aTeIhbCTBA TEOPEMBI JIOCTATOYHO JIOKA3aTh €€ JIIsd TPOMU3BOJILHOTO Pac-
mupenust basuca B.

ITycts B’ makcuMajibHOE pacinupeHue MCXOAHoro 6Gasuca. Eciu B HeMm
€CTh OTPHUIAHNE, CTPOUM cXeMy Kak B Teopeme 1. Jlasee Oyaem camrarsb, 91O
B PACIIUPEHUN HET JIEMEHTa OTPUIIAHUSI.

Basuc B B cuity cBoeit OJTHOTHI COMIEPKUT (DYHKIUIO, He COXPAHSIONIYIO
0 u dyuxnuio, He coxpaugontyo 1. Tak Kak B pacIIupeHun HET OTPUIIAHUS,
10 ecThb 06e KoncranTsl 0 i 1. O6oznaunm depes E! s/eMeHTDI, peausyonie
KOHCTaHTBHBI.

[Tycts E* — snement uz B’ peanusyiomuit HeMOHOTOHHYIO Oy/1eBy (byHK-
nuio. Cpe BXOJOB 3JIEMEHTa BBLIIEIUM IJIABHBINA BXOJL ¢ — TaKO BXOJ, JIJIs
KOTOpOTro cymecTByior 2 Hatopa (B1,,...,0i—1,, Bit1s---,n), OTIHMIHBIE
TOJIBKO 3HaAYCHNEM Ha 9TOM BXO/€, Ha KOTOPOM IIPpU II0/aY€ Ha TJIaBHBI BXO,
TTepeMeHHol , Ha BbIXoje 6ymeT peannzoBaHa GyHKIWA T. 13 Bcex BO3MOK-
HBIX TAKUX I1ap, BEIOUPEM Ty, B KOTOPOW KOJTUYIECTBO HYyJIell Cpeii MHOXKECTBA
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{B1,---sBi-1, Bit+1, - - -, Bn} MurEMaIbHO. HazoBeMm Takue BXOJIbI HYJICBBIMH,
a OCTaJIbHbIC — C€JIVMHNYHbIMM. I/I3 TaKOI'O IIOCTPOEHUsA CJIEYyEeT, IYTO IIPpU I10-
Jlade Ha JIIOOON HYJIEBOI BXOJI KOHCTAHTHI 1, Ha BBIXOJIE OyJ/IeT pean30BaHa
dbyHKIUA, OTIUYIHAS OT T — KOHCTaHTHI 0, 1, min ToxkaecTBeHHAsS DyHKIIAS
x.

Bosbmem cxemy, mocTpoennyio B TeopeMe 1, u 3aMEHUM BCE 3JI€MEHTHI
OTpUIIAHUS Ha YKA3aHHBIN BBIIIE 3jieMeHT ¥, Ha HyjeBble BXOIbI KOTOPOI'O
OJIAHb! BBIXOJ, dsieMenTa £V a na eaunmanble — Bbixos saementa El. Ecam
[IpU 9TOM TOCIETHUN IJTEeMEHT Takoil cxeMbl He E* | mobaBuM B KOHeIl JiBa
O/PSAT Uy IuX deMenta ¥, BbIxos moyryaeHHol cXeMbl [TO/IaINM Ha JIEBbIi
BXO/l KOH'bIOHKTOPA, Ha MPAaBbIil BXOJ KOTOPOTO IOJAETCS €Ile OJUH BBIXO/L
sinemenTa Fl.

[Ipu mpaBubHOIT paboTe cxeMbl peanusyercs: Gyukius f. [Ipu mogomke
JII00OT0 dJIeMEHTa KOH'bIOHKIUY Win ¥, nmonydusiiuecs: yHKIAsS HEUCITPAB-
Hoctu Oyer umers Bu (1). Ocranoch paccMoTpeTh, 4To OYJIET P MOJOMKE
snementos E° u B

Ecimu ciomaercs saement E', To na mpaBblii BXOJ TIOC/IEIHEr0 SIeMEHTa,
cxeMbl TIpueT 3Haderne () U Ha BBIXOJE TOTO JIEMEHTa TOXKe OyJeT peaJiu-
30BaHa KOoHCTaHTa (.

Ecin ciiomaercs siement EY, To Bee aemenTsl E* ciioMaiorcst B GyHKIIH
0, 1 miu ToxKIeCTBEHHBbIE (DYHKIIUH.

Ecmn E* cimomarorcss B koucTanTbl 0 mym 1, TO Tak Kak Ha JIEBBI BXOJT
[ocJIe/IHell KOH'bIOHKIIMY II0/IaeTCsI BBIXOL 3jieMeHTa £, To 1 Ha BbIXOJe Beeil
cxeMbl OyJieT KoHcTanTa 0 i KoHcTaHTta 1.

Ecmu E* ciomarorcs B TOXKIeCTBEHHDbIE (DYHKIINKM, TO B CX€ME HCUE3HYT
BCE OTPUIIAHUS U, TAK KaK (PYHKIUsI CYIECTBEHHO 3aBUCUT OT BCEX MEPEMEH-
HBIX, Ha BBIXOJe Oyner peajm3oBana QyHKIWS T1 & . .. & .

HoﬂyquHbIe beHKLH/II/I HEUCIIPaBHOCTHU HE YBE/IMIUBAaIOT MHOX>KECTBa BO3-
MO2KHBIX HEUCIIPABHOCTEH, TIOJIyYeHHBIX B Teopeme 1, a 3HauuT 3 HabOPOB 110
MPEXKHEMY XBATaeT, YTOObI TUATHOCTUPOBATD JIFOOYIO HEUCIIPABHOCTD. O

B cuny npuHInma gBOMCTBEHHOCTH, TaAKKe BEPHDBI Y TBEPI?KCHIST:

Teopema 3. Ilpu scaxom n € N daa CDPI 6 basuce B = {z V y,T} umeem

di i
mecmo nepasencmeo L™ (O, n) < 3.

Teopema 4. Ilpu scaxvom n € N das CDPI 6 npoussoavrom basuce, codep-
AHCAWEM PYHKUUIO TV Y, UMEEM MECTO HEPABEHCTIEO L%lagn(Olan, n) < 3.

di ;
Hanee, nokasarenscrso yreepxkaenns Lp*" (0", n) < 3 mosropsier

paccyKienus u3 1] 3amenoit BepxHeil oreHKn JymHbI TecTa ¢ 4 Ha 3.
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Improvement of the upper bound for the Shannon function of the
length of single diagnostic tests for circuits in case of inverse
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It is proved that, in any complete basis, any Boolean function can
be realized by an irredundant circuit that admits a diagnostic test of
length no more than 3 in case of inverse faults at the outputs of gates.
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O k-mmarHocTmdyeckKmux TecTaX OTHOCHUTEJIbLHO
MHBEPCHBLIX HENCIIPaBHOCTEN 3JIEMEHTOB

. T. Jliooma!, JI. C. Pomanos 2

Hoxkazano, uro j00yi0 OysieBy (YHKINIO MOXKHO Deaan30BaTh k-
HEU30BITOYHON cxeMoll u3 (DYHKIMOHAJIBHBIX 3JIEMEHTOB B HEKOTO-
POM KOHETHOM ITOJTHOM Da3uce, JHOIyCKAIONei k- TnarHoCTHIeCKuil TeCT
JUIMHBI He OoJiee 2 IIPU WHBEPCHBIX HEHCIIPABHOCTSIX Ha BBIXOJAX 3JIe-
MEHTOB.

KiroueBnle cjoBa: cxema u3 (byHKL[I/IOHaJ'IBHI)IX 3JIEMEHTOB, TECT,
MHBEPCHasd HEUCIIPAaBHOCTDb Ha BbIXO/E dJIEMEHTa, d)yHKI_[I/Iﬁ IITennona.

YK 519.718.7

Pabora BeImosinena npu ¢puHaHCOBON moaepkke Munuoopuayku PO B
paMkax peajusanuu mporpamMmMmbl MOCKOBCKOTO IieHTpa PyHIAMEHTAJIbHON 1
MIPUKJITHON MaTeMaTuKH 110 corarennto Ne075-15-2019-1621, a Takxke 1mpo-
ekTa «MaremaTuueckue MoJe/n TJI00aTFHOTO HH(MOPMAIMOHHO-9HEPIeTHIeC-
Koro 6aJjianca Ha OCHOBE IMKJIOB YIIPABJIEHUs! IPUPOIHO-AHTPOIOTeHHBIMU

cucreMaMu (Ha IPUMepE CHCTEMbI “3arpsi3HEHHE CPeJbl — 3/0POBbE HaceJe-
uust”)» (ko FSZZ-2020-0002).

1. BBejieHue 1 OCHOBHbIE Pe3yJIbTAaThI

[ycts S — cxema u3 (QyHKIIMOHAJBHBIX 3JIEMEHTOB B HEKOTOPOM Oasmce
B, peaymsyiomasi mpon3BoJbHYyIo 6yneBy dynkmmio f(z"), dopmanbao 3a-
BUCAIIYIO OT IIEPEMEHHBIX X1, T9,...,Ty. IlycTh Ha cxeMmy S JIeiicTByeT uC-
TOYHMK HencrpapHocTeil O | BBI3BIBAIONINI HHBEPCHBIE HEHCIIPABHOCTH HA
BBIXO/IaX (PYHKIIMOHAJILHBIX JIEMEHTOB, T.€. Ha BBIXOJE JII000ro pyHKIIIO-
HAJIHOIO 3JIEMEHTa CXEMbI BMECTO PEaJIM3yeMoil Ha €ro BBIXOJEe (PYHKIIUN
OT €ro BXOJI0OB MOXKET PeaM30BLIBAThHCA OTpUIlaHME 3Toi (yHKInn. Bymem
HCIIOJIb30BATh 0003HAUEHNUS] U OIPe/Ie/IeHNs] B COOTBETCTBUM CO craTheil [1].
Ecim Ha cxemy geficTByeT HCTOYHUK HEUCIIPABHOCTEN, BBISHIBAIOIIUI HHBEPC-
HYIO HEHCIPABHOCTH HA BbIXOJe He Oojiee ueM k DYHKIIMOHAILHBIX JIEMEH-
TOB, HasoseM ero O, OGosnadnm 4epes W (S) MHOXKeCTBO Beex HoOmap-
HO HEPaBHBIX (DYHKIIWI, KaXKJash U3 KOTOPBIX MOXKET ObITb peajin30BaHa
€XeMoii S TOCJe TIOJIOMKHU 3JIEMEHTOB, BBI3BAHHON BO3JEHCTBUEM HA CXEMY
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mail: lubi4ig@gmail.com
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coBa, e-mail: romanov@cs.msu.ru

Romanov Dmitrii Sergeevich — associate professor of CMC Faculty, Lomonosov MSU

161



HCTOYHUKOM HEHUCITPaBHOCTEN O}:“’. Cxema S HaspiBaeTCs k-HEU30BITOTHON
TOrJ]a M TOJBKO TOrJa, Korja Jyist joboit dyukuuun g(z") € W(S) cupa-
BejyuBo coorromenue f(z") # g(z"™). Hazosém mposepsitonuii (guarao-
cTudeckuii) Tect k-mpoBepstornuM (k-MArHOCTHYECKHUM ), €CJIH B CXeMe MO-
ryT ObITH HEMCHPABHBI He Oosiee k ajemeHToB. AHasjornguo [1| ompemens-
torest bynxiuu Hlennona jamuubl k-iposepsiomero Tecta LIt (OMY n) u
k-mmarnoctmaeckoro tecra L4990 n). Tlyers By = {w&y,z V y, 1},
By = {z&y,z ® y,1}, B = {z&y&z,z ® y,1}, B* = {zdy, 1} U
U {z122...z;}. lIpusenem 0630p onenok dyukuuii [[lennona qymubl Tecta
i>2

OTHOCUTE/ILHO MHBEPCHBIX HEHMCIIPABHOCTEH Ha BHIXOAAX djeMeHToB B CDD
(omenku cupasemusel npu Bcex n € N). C.B. Kosanenko [2| mokazamo,
9TO LdBelteCt(O’i"”,n) =1, chfg”(Oim,n) <n+1, L‘gfg"(Om”,n) < o2
H. 1. PegprunbiM [3] a1 IpOM3BOIBHOIO HOIHOIO KOHETHOTO 6asuca B ycra-
nosseno: L&tect(Oinv p) < 3. 1. C. Pomanossmv (B [7] — B coaBTopcTse B
E. 0. PoMaHOBO#) I0KA3aHO: CYIIECTBYET KOHEUHBI MOMHbIH Gasuc B, B Ko-
Topom L& (O, n) < 4 [4], L™ (O, n) = 1[5], L™ (0", n) = 2 6],
B |7] mokazano, uro Jyist sr060ii GyseBoit GyHKIUM CymecTByeT Hen3ObITOu-
Has cxeMa B 6asuce B{°, gomyckaromas IOJIHbL JHarHOCTHIECKHI TeCT JJIn-
upr 1 orrocurensno O, K. A. TlonkosbiM [8] mokaszamo, uTo jyis 060t
OyJ1eBoit (DYHKIMK CyIIecTByeT Hem3ObITouHas cxema B Gasuce B', momycka-
IOIMIAA TIOJTHBIH JAMArHOCTHHYECKHil TecT Bl 2 oTHocHTeabHo O, B [9)
K. A. TTonKoB yCTaHOBHJI, 9TO LdBflagn(I O™ n) < 3. B npeapytymeit pabote
aBTOpoB [1| 6BLIO JI0KA3AHO, YTO B IIPOM3BOJILHOM IIOJHOM basuce B mmeer
MECTO HEPaBEHCTBO LdBfagn(O’i"”, n) < 4.

Beibepem mipousBoJibHBIN OJHBIT Oasuc B u uucio k € N. Oupegennm
basuc By = BU{o(Y1,- - Yk+a), ¥ (Y1,-- - Y3k+3)}, T0€ Q(Y1, - -+ s Ykta) =
Y1 ®((Y1VyaV. . VYrra) (G VIV VUera) V(Y2 ©y3)), © (Y1, -+, Yskes) =
Y1 (Y23 V ooV Uskg3) © H(y, ..., yoks2), & H(z1,. .., zo141) — Dynkmusa
rOJIOCOBAHUS, T.€. JU3bIOHKIMA BCEX MOHOTOHHBIX KOHBIOHKIMI panra k -+ 1
or 2k + 1 mepemenusix. 3amernm, 910 ¢(x1,a,a,x1,...,21) = T1, & €CJIA HA
JIE000E KOJIMYECTBO BXOJIOB 3JIEMEHTA (p C YETBEPTOrO 10 MOCJEIHUIl 01aTh
Z1 M/WIKM eciM Ha BTOPOW M TPETUil BXOJ MOJAThb Pa3Hble 3HAYEHUsI, TO HA
BbIxOJIe Oyzer 1. Auasoruuno ¢¥(x1,a,...,a,21,...,r1) = a (a nogaercs Ha
BXOJIbI €O BTOPOTO 110 2k 4 2), 1 eciiu Ha J11060€e KOJIMIECTBO BXOJIOB JIeMEeHTa
1 ¢ 2k + 3 1o mocaeaHMi IOAATH 1, TO Ha BBIXOIE OyIeT a P 1.

Teopema 1. Ilpu ecaxux k,n € N daa CPI 6 6asuce B), umeem mecmo

diagn inv
HEePABEHCMBE0 LB],c (Op",n) < 2.

Loxazameavcmeo. Eciu f — ToxaecTBeHHas (PYHKIIUSI, TO OHA MOXKET OBITh
peasim3oBana 0e3 JEMEHTOB U JIMArHOCTUIEeCKU TecT OyaeT nMmeTsb fyuay 0.
[Mycrs f(x1,...,%,) — HE TOXKAeCTBeHHAs (dyHKIMsI. Peamusyem dbyHKnuwo f
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[IPOU3BOJILHOM cxeMoii B 6asuce B 2k+1 pa3: Xy, ..., Yop+1. Ilycrs B Kak 101
Takoil cxeme [ 31eMeHTOB. [IpoHyMepyeM Bce 3JIEMEHTHI KaXKJI0i CXeMBI O~
HAKOBO 110 HeyOBIBAaHMIO TIyOUHBI N OOO3HAMUM 4Uepe3 0; ; i-blil 3JIeMeHT j-0if
cxeMmbl. [Toctpoum 2kl cioes ¢ k+1 stemenTamu ¢ B KaxkaoMm cioe. B mepBom
CJ10€ KazKJIOMY JIEMEHTY Ha BCE BXOJIbI, HAYMHA ¢ 4-T0, moJa uM T1. B cioe
J + 2k(i — 1) ma 1-it BXOJ KaxKJ0r0 3JIEeMEHTa ( NOJaJuM T1, Ha 2-i u 3-i
BXOJIbI — BBIXOJIBI JIEMEHTOB 03 ; U 0 11, i = 1,1, j = 1,2k. Ha ocranbubie
k + 1 BXOMOB KaxKJIOro 3JIeMEeHTa (p HE TIePBOTO CJIOsT MO/ UM BBIXOJIbI BCEX
3JIEMEHTOB IIPEIBIIYINEro cjosi. JlobaBuM BBIXOTHOM JIEMEHT 1), Ha IEePBbIil
BXO/T KOTOPOTI'O MOJaH X1, HA BXOIBI CO BTOPOro 1O 2k + 2 — BBIXOJBI CXE€M
Y1,y 2okt1, & HA BXOHBI ¢ 2k 4 3 110 3k + 3 — BBIXOJIBI BCEX IJIEMEHTOB
rocsieiHero cJiosi. [Ipu oTcyTeTBUM HEUCIIPABHOCTEN HA BBIXOJIE dJIEMEHTA 1
nocTpoenHHas cxema Sy peanusyeT GyHKImio f. BeisacanM, xakue dyHKIII
MOI'YyT PeaJIn30BbIBATLCS IIPU He OoJiee deM k MHBEPCHBIX HEMCIIPABHOCTSIX Ha
BBIXOZIaX 371eMeHToB Sy. OueBniHO, 9T0 X0Ta Ob1 K+ 1 13 cxem X1, ..., Yopy1
He OyIyT comepKaTh IMOJOMOK M peajn3yioT Ha Bbeixode dyukmnuio f. Ilycts
CJIOMAJIOCh KAKOE-TO KOJIMYECTBO Ky 9JIEMEHTOB 05 j, ..., 0, 1P MUHU-
MasibHO Bo3MokHOM 4 (1 < ki < k). Torma cymiecTByioT [1Ba sj1eMEHTA 0j .,
Oim+1 (BBIGEpEM M MHHHMAJILHO BO3MOXKHBIM) C PA3HLIMU 3HAYCHUSIME HA
BBIXOJIaX Ha JII000M BXOJHOM Habope, Tak 4TO B caoe m+2k(i—1) na Bee ae-
MEHTBI (p Ha 2-if U 3-i1 BXOIBI OYJIyT MMOJAHBI pa3Hble 3HAUEHUs] U HA, BBIXOJIE
KaXKJIOro 3JIEMEHTa, JIOJI?KHA Pean30BbIBATHCS (PYHKINS T1. 3aMETHM, UTO
[IPpU MOJIOMKE 3JIEMEHTA (0, HA BXOJBI KOTOPOTO OBLIN MOIaHBI HEUCIIPABHBIE
3HAYCHUS (3%1 Ha, JTI000H M3 BXO/IOB, HAUNWHAS C Y€TBEPTOIO, WK PA3IUIHBIE
3HAYCHUsT Ha BTOPOIl U TpeTuil BXoJ), Ha BbIxoje Oy/er (OyHKIUs T1, HO Tak
KaK HEUCIIPABHOCTEH MOXKeT ObITh He 00JIbIlle YeM k, BCe 3JIEMEHTHI ( OJIHOTO
CJI0Si HE MOT'YyT CJIOMATbCsi OJITHOBPEMEHHO, U y XOTs OBl OJHOIO JIEMEHTa (p
U3 9TOTO CJIOs Ha BBIXOJIE OYIeT peayin3oBaHa PYHKIUS X1, & 9TO — CUT'HAJI 00
obHapy:keHnn HencrpapHocTH. VHdopmarus 06 obHapyKeHnn HeUCIpaBHO-
ctu OysierT HaJIeXKHO TepeiaBaThCsl, HAUMHAST ¢ HEKOTOPOT'O CJIOSI SJIEMEHTOB
(p, OT cjos K cjoto. Ilpn moomke Jiro60T0 D71€MEHTa, KpoMe 1), Ha BXO 3J1e-
MEHTa 1) Ha BXOJIbI CO BTOpOro 1o 2k + 2 mpuser ve menee k + 1 3nadenust f,
a Ha BXoapl ¢ 2k + 3 mo 3k + 3 KaK MUHUMYM OJIUH T1, U Ha BhIXoZe Sy Oymaer
peanmsosana dynknus f @ x1. B ciydae momoMku saemenTa 1) Ha BbIXoze Sy
Gyzer peasmzoBana byHKIWMsS f B £1 WIH f, €CIIH 9TO € IMHCTBEHHAST TI0JIOM-
Ka BO Bceil cxeme. MToro, Bcero, kpome f, ecThb Tpu BO3MOXKHBIE (DYHKIIAH
HencupasHocTi: f ® x1, f ® x1, f. Jloboe MHOXKecTBO U3 2 HAGOPOB, OUH
u3 Koropbix umeer 0, a Bropoii 1 B CcBOeil 1e€pBOil KOMIIOHEHTE, SIBJISETCS
k-nmuarHocTudecKuM TecToM. Teopema JToKa3aHa. O
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On k-diagnostic tests for circuits in case of inverse faults of
functional elements
Liubich Ilia Gennadievich, Romanov Dmitrii Sergeevich

It is proved that any Boolean function can be realized by a
k-irredundant Boolean circuit over an special finite complete basis
such that the circuit admits a multiple fault k-diagnostic test set of
cardinality at most 2 under inverse faults at outputs of gates.
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gate, Shannon function.
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Metona conocTtaBjeHnsS KOMIIOHEHTOB JABYX
00bEKTOB Ha OCHOBe O0y4dYeHUdA METPUKHN U
YHIBEPCAJIHHOTI'O ONMNCAHMUS IIPeaIMeTHOI
obJjiacTu

A. 1. Maiicypaze!

B zamatax M npuxomntcs paboTaTh HE TOIBKO C MPU3HAKOBBI-
MM, HO ¥ METPUYECKUMU OIUCAHUSIMU OOBEKTOB. DTO TPedyeT METO/IO0B
ITOCTPOEHUsI, IPeoOpPa30BaHsl, KOPPEKIIUU ¥ UCIIOJIB30BaHUS METPUIe-
ckux omnucanuii. B pabore mpoBOAWTCS CHCTEMATU3AIUST TAKOTO KOM-
ILUTEKCA 3a1a4.

PaccmarpuBaercst HOBBIN IIOJIXOJ] K 3aj@ade COIOCTABJIEHUS] KOM-
ITIOHEHTOB OOBEKTOB. BoO-IIEPBBIX, MBI HUCIOJb3€EM <«YHUBEPCAJIbHBIN
rpad» i OOOralleHnsl WHIMBUIYAJbHON 3ajadun uH(MOpPMAIMEH O
IpeIMEeTHON 006IaCTU. DTO CBOJUT 3aJIady COMOCTABJIEHUST KOMIOHEH-
TOB K 3ajiade COIOCTaBJIeHUsT I'padoB. BO-BTOPBIX, MBI IpejiaraeM
OBICTPBII METOJ[ COITOCTaBJIEHUsI 'Pad)OB Ha, OCHOBE O0YUYEHUs] METPUKH.
DKCIIEPUMEHTBI [TOKA3BIBAIOT BHICOKOE KA4eCTBO PE3YJIBTATOB 110 CPaB-
HEHUIO ¢ TPAUIMOHHBIMU METO/IAMHU.

KurodeBble cjioBa: MeTpPUUIECKOE OMUCAHUE OOHEKTOB, ITPEICTAB-
JIEHWe Ha OCHOBE KOMIIOHEHTOB, COIIOCTaBJIEHWE KOMIIOHEHTOB, COIIO-
craBjieHue rpados, rpadoBasi CBepTOYHASI CETh, 00y YeHNE PACCTOSTHMUSI.

1. BBegenue

B paborax no mammaHoMy o6ydenuto (MO) Bemyiyo posib UIDArOT WH/H-
BU/LyaJIbHbIE ONMHMCAHUS OOBEKTOB. B TO 2Ke BpeMsi eCTb MOJIE/N U IOJIXO/IbI,
KOTOpPBIE paboTaloT ¢ ITapamMu 00beKTOB. B 1aHHOM JI0KJ1a/1e OCHOBHOE BHUMA~
HUE YIeJISIeTCsl PACCTOSHUIO MEXK/Ty Mapoil 00bEKTOB, KOTOPOE MBI IIOHUMAEM
KaK YUCJIOBYIO XapaKTEePUCTHUKY STOM IMapbl ¢ TOH mHTepIperalueil, 970 00b-
eKT 70 caMOro cebsl MMeeT HyJIeBOe PACCTOSHUE, BCE OCTAJIbLHBIE PACCTOSIHUS
HEOTPUIATEIbHBI, 9eM OOJIbIIe PACCTOSIHIE, TEM MEHbIIEe OOIMNX CBOHCTB MBI
oXuIaeM Mex Iy obbekTamu. PopmasibHbIe TPeOOBaHNA K PYHKIIMH PACCTO-
SHUS MOTYT Pa3indaThbCsd OT MPUJIOXKEHNsT K MPUIOKeHuo. B Maremaruke
pacIpocTpaHeH TePMUH METPHKa, COOTBETCTBEHHO, MOJIEJM U METOJIbI, MC-
MTOJIL3YIOIIIE PACCTOSHUSI, YACTO HA3BIBAIOT METPUIECKUMIU.

! Madicypadze Apwun Heepuesurn — noneHT Kad. MATEMATHIECKHX METOOB IPOIHO3M-
poBanust p-ta BMK MI'V um. M.B.J/Tomonocosa, e-mail: maysuradze@cs.msu.ru.

Maysuradze Archil Iverievich — Associate Professor, Lomonosov Moscow State
University, Faculty of Computational Mathematics and Cybernetics, Chair of
Mathematical Methods of Forecasting.
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B MO mHOrme merpuyeckne METOIbI YK€ CTaJM KJIACCHIECKUME, HaIllpU-
Mep MeTOJ OJIMKAMIIIX coce/ielt, HO OHM U3YYAIOTCsS TOJILKO JJIsi CUTYyallnii
¢ ojiHOM MeTpukoil. [Ipu sTom B 3anadax N Bcé garre Jiist OJITHUX U TeX Ke
00bEKTOB OJHOBPEMEHHO HCIOJb3YIOTCS pa3Hble CIIOCOObI M3MEPEHUS CXOJI-
crBa. Korma Ha obbekTax 3aJaHO HECKOJbKO paccTosHuit, B mpaktuke MO
TOBOPAT, YTO 3a/[aHO METPUYIECKOE OIUCAHUEC.

Jlist TpaauIMOHHBIX MPU3HAKOBLIX OMNUCAHUN OOBHEKTOB DBOJIIOIMOHHO
CJIOKMJINCH KJIAcChl 3aja4 («mHCTpYyMeHTRI» ). Ilo amasornm, B Harmeil Ha-
yUHOI rpytie uaeT paboTa HaJ[ PA3BUTHEM UHCTPYMEHTOB JIJIsi METPUIECKIX
onucanuii. Pa3BuBaiorcss Kak camMu MeTObl paciiosHasanus [1], rak u mpu-
eMbl HOJIyYeHUs] U peobpasoBanusi MeTpudeckoil uudopmarmu |2, 3|. Tlpu
9TOM peasin3allisl OIUPAETCsl HA ClelUalbHble pejcrasienus [4]. B mokia-
Jie OyIyT CHCTEeMATH3UPOBAHbI MHCTPYMEHTHI TIOCTPOEHUS, IPe0OpPa30BaHUS,
KOPPEKINN, aHAJIN3a METPUIECKIX ONUCAHUM.

Pabora BbinosineHa npu dpunancopoii nojepxkke PODU (npoexr Ne 20-
01-00664-a) u rocorokernoit Tembr HUP Ne 5.1.21 MI'Y umenn M. B. Jlo-
MOHOCOBA.

2. O6yquI/Ie METpUuKMN MOJId COIIoCTaBJICHMUA KOMIIO-
HEHTOB

Kak #HOBBIll pesysnbTaT Oy/eT mpojeMOHCTPUPOBAHO 3(PHEKTUBHOE peleHue
3a/1a4U COIOCTOBJIEHHsI KOMIIOHEHTOB Ha OCHOBe obOyuenust merpuku [5]. B
coBpeMeHHBIX 3a1a49ax VIV BOSHUKAIOT CUTYaIuH, KOT/Ia 00BbEKTHI PACIIO3HA-
BaHMSI BOCIPUHUMAIOTCS KaK MHOXKECTBO KOMITOHEHTOB. IIpu sToM Ha 10 Haii-
TU COOTBETCTBUS MEXKJLy KOMIIOHEHTAMU Pa3HBbIX 00bekToB (part matching).
st oby4garorero Habopa map 00bEKTOB yKa3aHO OMHAPHOE OTHOIIEHHE Ha
X KOMIIOHEHTaX. BO3MOXKHBI COOTBETCTBUS «OJMH KO MHOTMM» HJIA < MHOT'HE
KO MHOTTM».

Ecin nomomHuTeIbHO MEXK Ty KOMIIOHEHTAMH OJHOI0 OObEKTa €CTh CBA3H,
TO €CTECTBEHHBIM (DOPMAJU3MOM CTAHOBSITCS rpadbl. 3ajada MOUCKA COOT-
BETCTBUSI MEXK/ly BEPIIMHAMHU I'pPadOB HA3bIBAETCS 3aJ1a9eil COITOCTABJIEHUST
rpados (graph matching). B MO rakyto 3aja4dy He CTaBsIT KAk TOUYHYIO 3a-
Jady o6 nzomopdusmMe, a paccMaTpuBarOT pasjindHble BapuaHThl [6]. Tpa-
JIMITMOHHBIE METOJbI COMTOCTABJIEHUs 'PA(OB UMEIOT BBICOKYIO BBIUNCIUTE b
HYIO CJIOYKHOCTDL, UTO BBIHYKJAeT pa3pabaTbiBaTh OLICTpPbIE MPUOJ/ICKEHHBIC
pOIeAypPhl. J0To/HUTEILHO HAJIO IIPUCIIOCOOUTD TAKHE MIPOTIEJLY PhI O] Pac-
IIPOCTPAHEHHBIE CEIOJIHST TEXHOJIOTHH PabOThI ¢ TpadaMu BBIYUCICHUI.

B pabore cienaHo JiBa OCHOBHBIX IIPEJII0XKEHMUS:
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1. yHuBepcasbHbIl rpad KOMIOHEHTOB KaK HOBBIH CITIOCOD MIPEJICTABICHUS
uHOPMAIMH O IPEIMETHOI 06/1aCTH, YTO MPEBPAIIAET 33J1a9y COIIOCTaBJIe-
HUsI KOMIIOHEHTOB B 33JIa9y COIIOCTaBJIEHUs TPadQOB;

2. HOBas MOJIEJIb COIOCTaBJICHUs I'PacdOB, OCHOBaHHASI Ha OOYYCHUU MET-
PUKM Ha BepImnHax rpadoB, crocob ee oOyIeHus.

Mogeinnb comocraBienust rpadoB 00BHEKTOB UMEET CJIEYIONIYIO CXEMY:

1. moJstyyeHune EPBUYHOIO MIPEJICTABIEHIS KOMIIOHEHTOB 0€3 UCII0JIb30Ba-
Hus nadopMalun o rpade;

2. MOJiyueHre BTOPUYHOIO IPEJICTABJICHUs KOMIOHEHTOB Ha, OCHOBE WH-
dopmanuu o rpade;

3. BBIYUCJIEHUE CXOJICTBA BTOPUIHBIX IIPEICTABICHUN.

Harra cxema corocraBiisieT BEPIIMHBI UCKJIIOYATEIHHO Ha OCHOBE CXOJI-
CTBa BTOPUYHLIX NpercTaBiennii. Mbl BoobIe m3beraeM KBaJIpaTUYIHON 3a-
JIa9l O HA3HAYEHUSIX, YTO ITO3BOJIET JIOCTUYb BBIYUCJIUTENHHON 3ddhekTun-
HOCTH.

DKCIIEpUMEHTAIBHO IIPOAEMOHCTPUPOBAHO, UTO TaKasl MOJIE/b JTaéT JIyd-
e pe3yJabTaThl, YeM TPAIUIIUOHHBIE MOJE/IH COIIOCTaBJIeHUs ITpad OB, 1 00-
JaJlaeT BbICOKOH YCTOMYMBOCTBIO K BAPUATUBHOCTHU B JIAHHBIX.
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A Method for Part Matching of Two Objects Based on Metric
Learning and Universal Domain Description
Maysuradze A.lL
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4]

[5]

[6]

In AI applications, one has to work not only with features, but
also metric descriptions of objects. This requires the development of a
special set of methods for constructing, converting, correcting and using
metric descriptions. We provide a systematization of the methods.

In particular, a new approach to the problem of part matching is
considered. First, we propose to use the ’universal graph’ as a way
to enrich an individual matching problem with general information
about the domain. This reduces the part matching problem to the
graph matching problem. Second, we propose a fast graph matching
method based on metric learning. At the same time, we generally avoid
the quadratic assignment problem, which allows us to achieve high
computational efficiency. Experiments demonstrate good performance
compared to conventional methods.

Keywords: metric descriptions of objects, composite objects, part
matching, graph matching, graph convolutional networks, distance
metric learning.
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IIporpammHas peaan3alusi aJJropuTMOB
padoThl C IPUMUTUBHLIMU 3JI€eMEeHTaMU B
CBOOO/THBIX HEaCCOMMATUBHBLIX ajiredpax

M. B. Maiicypasze!

PeanuzoBanbr agropuT™Mbl pabOThl C IPUMUTHBHBIMY 3JIEMEHTAMEI
B CBODOJIHBIX HEACCOIMATHUBHBIX ajredpax B CHCTEME KOMIIbIOTEDHOM
anredopsl SageMath. B psize ciiyyaeB 1mojcuuTaHo KOJIMYECTBO IIPUMME-
TUBHBIX 3JIEMEHTOB B CBODOJIHBIX HEACCOIMATHBHBIX ajredpax HaJl KO-
HEYHBIMU TIOJISIMU.

KurodeBbie cjioBa: cBOOOHAS HEACCOIMATHUBHAA ajredpa, MpH-
MUTHBHBIN 2JIEMEHT, KOMIIbIOTEpHAsT ajirebpa.

1. HpI/IMI/ITI/IBHbIe 9JIEMEHTDbI B CBO60,HHI)IX Heacconom-
TUBHDBIX aﬂre6pax

B cBoeit pabore st paccMaTpuBai CBOOOIHBIE HEACCOITMATUBHBIE AJITeOPHI HaT
KOHEUHBIMHU IOJIAMU. Takue ajaredpbl OTHOCSITCA K IIPAepOBy MHOIO00PA3UIO
arebp. Uro ozuadaer, 1o Jjiobas mojaaredbpa Takux ajaredp siBISETCs CBO-
6ozmoit [6].

[MogmuokecTBO M HEHYIEBBIX 9JIEMEHTOB CBOOOIHOMN airedbpbr A mipae-
poBa MHOFOO6pa.3I/I$I Ha3bIBaeTCdA HpI/IMI/ITI/IBHOf/i CUCTEMO QJIEMEHTOB, €CJIN
CyILECTBYeT MHOXKECTBO CBOOOIHBLIX 0Opasylomux ajaredpnl A, couepxKaiiee
IIOAMHOZKECTBO M Ca,lVH/I 3JIEMEHTHI TaKOU CUCTEMBI Ha3bIBAIOTCSI IIPUMUTHUB-
HBIMU 9JIEMEHTAMHU.

Kpurepuii IpuMUTUBHOCTI CUCTEMBL M OTAEJIBHOIO 3JIeMeHTa CPOPMYJIH-
posan B [2|, [3, 12.5.1 Primitive elements in free non-associative algebras|
B BuZe TeopeMbl: Cucmema ai,as,...,ar 9AEMEHMOE C80000HOT HeaccouU-
amueroti aszebpvr A npumumuseHa mozda U Moavko mozda, Koz2da Mmam-
puya (0(ai),...,0(ar)) obpamuma caresa nad U(A). B wacmmuocmu, asne-
Mmenm a € A Asasemes NPpUMUMUSHbIM Mo20a U MoAbKo mozda, %0206
Ima,...,m, € U(A) maxue, wmo y ;- mia% =1.

Baecy F — none, X = {x1,x2,...,T,} — MHOXKECTBO CBOOOJIHBIX 0Opa-
sytomux, Wy = I'(X) — cBOGOAHBIN I'PYIIION]] HEACCOIUATUBHBIX MOHOMOB
6e3 equHuuHOTO 3jeMenTa ¢ ajndasurom X. A = F(X) — smneiiHoe 1po-
crpaHcTBO Haj 1osieM F' ¢ 6asucom, cocrosimuMm u3 1 u snementos ['(X) ¢

! Maticypadse Muzaun Bradumuposus — acIupaHT Kad. BHICIIEH ajreGphl MeX.-MarT.
d-ra MI'Y.

Maisuradze Mikhail Vladimirovich — graduate student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of Higher Algebra.
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npasmioM ymuokenust: (aa)-(8b) = (af)(a-b), Vo, € F,a,b € T'(X). U(A)
— cBObO/IHAs accoMaTHBHAsT ajrebpa ¢ MHOXKeCTBOM Sy = {ry, Ly|w € Wp}
CBODOIHBIX 0OPA3YIONIKX.

Huddepennuposanue onpegensiercss, kKak D(ab) = D(a)ry + D(b)l4, a
YaCTHBIE TPOM3BOHDIE %Z_ — kak aement u3 U(A) — koadbdunuentos npu
D(x;) B 1pou3BOIHOIL 31eMeHTa U3 A.

2. AaropuT™M NpoBEPKHM NPUMUTHUBHOCTH 3JIEMEHTA

Texuuka cBobogHOro A depeHInaIbHOr0 NCINCIEHNAS O3BOJISET Pealn30-
BaTb aJITOPUTM OIIpeaeJICHNs IIPUMUTUBHOCTHU dJIEMEHTa, BaKﬂIOanOHLHﬁCH B
[IOCJIEIOBATE/IbHOM PEIYKIME YaCTHBIX ITPOM3BOIHBIX 3JIEMEHTa, JI0 IIOJIyve-
HUsI HEHYJIEBOI'O DJIEMEHTA IT0JISI.

1. audpepeHnmpoBaTh JIEMEHT U HAWTH BCE YaCTHBIE IIPOU3BOIHEIE;

2. 0603HAYMB YACTHbIE IPOM3BOJIHBIE U; U BbIucas MEHOXKecTBO M = {u;},
1 0D03HAYMB CTapIIUe YIEHBI U; KaK u? [IPOM3BECTHU II0CIEI0BATE/IbHBIE Pe-
JIYKIIAW JI0 TTOJIydeHust uy = a € F, a # 0 ymmbo 10 MOMEHTa, KOT1a JaIbHeii-
e pelyKIny HEBO3MOXKHDIL:

2.1. ecyim cTapiuii 4jaeH ug = awu?, e a € F, w — acconuaTuBHBIN
MoHoM u3 U(A), To cunraem ug 1= ur — awuy;

2.2. mHade — majbHEHIe peIyKIInn HeBO3MOXKHBI, 9JIEMEHT He sBJISIeTCS
[IPUMUATHBHBIM.

3. AJII‘OpI/ITM IIOCKa 1 no,ucqéTa IIPUMUTUBHBIX 3JJIe-
MEeHTOB Ba,Z[aHHOﬁ JAJINHDBI

JlJ1st BBISIBJIEHUS BCEX HMPUMHUTUBHBIX 9JIEMEHTOB OIPEIETEHHON JJTHHBI OBLIT
pa3paboTaH aJropUTM:

1. 3ammcaTh /IeMeHT ODIIEero BUAA HEOOXOMMMOM IINHBI C HEU3BECTHBIMM
KO3 purmenTaMu;

2. muddepeHImpoBaTh JIEMEHT U HAUTH BCE €r0 YaCTHBIE TPOU3BOIHBIE;

3. BeinmcaThb Bee nosyuusiuecs B U(A) MOHOMBI;

4. cocraButb v7eMenThl B U(A) comeprKaliye Bce BBIUCAHHBIE MOHOMBI C
HEU3BECTHBIMU KOI(PDUITMEHTAMY;

5. COCTAaBUTH ypPaBHEHNE, YMHOXKHUB 9TH JIEMEHTHI Ha HallIeHHbIE YaCTHBIE
IIPOU3BOJIHLIE U TTPUPABHAB 1;

6. ToJIydeHHOE ypaBHEHHME MMEET PeIlleHHe TOTIa U TOJBLKO TOIIa, KOIa
Bce KoaddunuenTs! npu Mmoromax U (A) kpome 1 paBabl 0, a CBOGOIHBIN UiieH
paBeH 1, 9To MPUBOJUT HAC K CUCTEME JIMTHEHHBIX ajaredpandecKnx ypaBHEHMIH
B F' OTHOCHUTE/ILHO HEM3BECTHBIX, BBEJIEHHBIX HA Iare 4;
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7. 1JIsI COBMECTHOCTH II0JIYY€HHOI CUCTEMBI Y PaBHEHUN IPUMEHUM KPHUTE-
puii coBmecTHOCTH cucTeMbl — Teopemy Kponekepa-Kamemm: Cucmema au-
HEUHBLT aA2e0PAUNECKUT YPAGHEHUT COBMECMHA M020a U MOAbKO Mmo2da, KO-
20a pare e€ mampuyv, paser paray e€ pacuuperHHott MampuLL.

8. croaberr CBOOOIHBIX YJIEHOB IIOJIYIEHHOW CHCTEMBI ypaBHEHHIT CO-
JEPKUT eIUHCTBEHHBIN HEHYJIEBOU 3JIEMEHT, TOIa IOJIydaeM HeoOXOIMMbIE
YCJIOBHST COBMECTHOCTH CHCTEMBI:

8.1. Bce MaKCHMAaJIbHBIE MUHOPBI MaTPUIGI CUCTEMBI, KPOME CTPOKH, CO-
JepzKalieil HeHy/IeBOi CBODOIHBIN YJIeH, JOJIXKHbBI ObITH PaBHbBI HYJIIO;

8.2. JIOJZKEH CYIIECTBOBATH MUHOP, COJEPKAITUN CTPOKY C HEHYJIEBBIM
CBOOOIHBIM YJIEHOM, OTJIMYIHBIA OT HyJIsl, HOPsAKA OOJIBIIETO, YeM BCE OCTAb-
Hble MUHODBI.

Han KoHEeUHBIMU [TOJISIME, AJITOPUTM TaK>Ke TO3BOJISIET IPOM3BECTH OIIeH-
Ky OOIero KOJUYeCTBa NPUMUTHBHBIX 3jeMeHTOB. C IIOMOIIBIO 3TOro aj-
roputrMma 6bLHa IpousBeleHa OIICHKa KOJIMYeCTBa IMPUMUTHUBHBIX 3JIEMEHTOB
[IPOMU3BOJILHOM JJIMHBI B CBOOOIHBIX HEACCOIMATUBHBIX ajarebpax ¢ IByMs 00-
pasyoIUMI HaJl KOHeYHbIM T10jieM. Ormernm, uro B pabore [5| mojcuanrano
9HCJI0 IPUMUATUBHBIX 3JIEMEHTOB JJINHGBI 1, 2 1 3 B CBOOOIHBIX HEACCOIIMATIB-
HBIX aJiredpax ¢ AByMs 0Opa3yIoNIUMK HaJlT KOHEYHBIM TIOJIEM.

4. PeaJ'II/I?)a.I_[I/IfI AJITOPUTMOB

[TpumeHeHre ONMMCAHHBIX AJTOPUTMOB CBA3aHO C BBICOKOW BBIYHUCIATEILHOM
CJIO2KHOCTBIO, 9TO IIPUBO/IUT HaC K HeO6XO,ILI/IMOCTI/I BI)I60pa ITaKeTa KOMIIBIO-
TEpHO# aJiredphI, MO3BOJISIONIETO0 WX peann30BaTh. COBpeMeHHbIE TaKEThI
KOMITBIOTEPHOI ajIredphl pean3yoT MHOXKECTBO IOIMYJISIPDHBIX MaTeMAaTHIe-
CKUX CTPYKTYP, OJHAKO B UX UUCJIO BXOIUT JAJIEKO He BCE HeOOXOTUMOe JIJIsd
UCCJIEIOBAHUN Y3KOCIIEIUATM3UPOBAHHBIX aJIlebpanvdecKnx CTpyKTyp. B xome
aHaAJIN3a IPEJOCTABIIEMbBIX BO3MOXKHOCTEl, Hanbo,1ee yI00HBIM OBLT IPU3HAH
SageMath.

Kirrouepnie npenmytiiecTsa, moB/usiBiine Ha BeIOOP SageMath:

1. mayimaue HYHKIIMOHAJILHOCTA aDCTPAKTHBIX KATETOPHH, IIO3BOJISIONIEH
OIIPE/ICJIATh HOBBIE aJiredpanvdecKue CTPYKTYPhI, Pean3dysi TOJbKO UX KJIFO-
YeBbIe OCOOCHHOCTH;

2. s13bIK IporpaMMmupoBanus Python, camkaomuit 3aTpaThl Ha peaan3a-
LLHIO;

3. rubkasi MOJIe/Tb PACIIUPEHUI;

4. moaepKKa ‘n3 KopoOku~ 6oJiee IIPOCTHIX AJIredOpanieckux CTPYKTYp —
nojiedt, koutert, matpuil, CJIAY u ap.;

5. MOJJEPKKA CTAHJAPTHBIX AJITOPUTMOB JIMHEHHOMN are0phl.
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Hecmorpst Ha Bee mpenmytnectBa SageMath, npuniocs cronkayThes
JOCTATOYHO OOJILIIUM KOJUIECTBOM HEOOXOJUMBIX [IJI PEATU3AINU CTPYK-
TYP.

Heacconmarusubie cTpyKTyphbI:

1. cBOOOTHBIN HEACCOMATUBHBIN T'PYIIIONT;

2. 9JIEMEHT HEACCOIMATHBHOIO IPYIIION] (MOHOM);

3. cBODOIHAST HEACCOIUTHUBHAS aarebpa;

4. 3;1eMeHT CBOOOIHON HEaCCOIMATUBHON aareOphl.

AcconmaTrBHBIE CTPYKTYPBI YHUBEPCAJIBHON 0OEPTHIBAOIIEH aJIreOphl:

1. cBOOOIHBIN acCcONMATUBHBIN OOEPTHIBAIOIINI MOHOW C MHOXKECTBOM
CBODOJIHBIX 00PA3yIOIUX — ONEPATOPOB JIEBOI'O M IIPABOIO YMHOXKEHUs Ha
MOHOMBI CBOOO/THOT'O HEACCOIMATUBHOIO I'PYIIIIONIA

2. ayleMeHT CBOOOIHOTO aCCONUATUBHOIO OOEPTHIBAIONIEI0 MOHOU/IA;

3. cBODOO/IHAS accoluaTuBHAs OOEPTHIBaKOIIas ajaredpa;

4. syieMeHT ¢BODOIHOM accOIMaTUBHON 0OEpTHIBAOIIEH aareOph.

Tosibko TIOC/IE UMILJIEMEHTAITUN BCEX HEOOXOJIMMBIX CTPYKTYD IMOSIBUIACH
BO3MOYKHOCTD IIPUCTYIUTH COOCTBEHHO K PEAJU3AIUU UCIIOIb3YEMbIX B MOUX
UCCTIEIOBAHUSX AJITOPUTMOB. B paMKax OIUCAHHOTO BBIIIE IOIX0/a ObLIN
peau3oBaHbl METOIbI HuddepeHnnaabHol aaredpbr:

1. auddepennupoBanme cBOOOIHBIX HEACCOIMATUBHBIX 3JIEMEHTOB;

2. TeCT UPUMUTUBHOCTU CBOOOHBIX HEACCOIMATUBHBIX SJIEMEHTOB.

5. Ilpumep ucnosib30BaHUA

> from FNAAlgebra import *

> F.<x,y,z> = FNAAlgebra(QQ, 3)

> h = 5/3xyxx+6/7xy* ((y*y)*z) +50/21% (z*x) *x+60/49% (z*x) * ((y*y) *z)
+60/49% (zx ((y*y) *z) *x) +216/343* (z* ((y*y) *z) ) * ((y*y) *z) +6/T*z

52 + %yx + %(zx)a; + gy((yy)z) + %(z((yy)z))gg + %(Za:)((yy)z) +
515 ((y9)2) (vy)2)

> h.derivate()

8 _ 5 60 50 60 50

VN AN B Rl el et

gy = 77(w)> T 3Te + 7lyraly + 2lyrery + 3Rl rly + 3ty ey +
%%lzxrify4—%8lzxrzrygigi%71yy)zlzrzlyj%gig7]yy)zlgqgry%—ggrxlzrzlyggggrzlzrzry
72 = 7 T 3lylyy + 53wy 2)lyy T dolealyy T 537wy (w)z T 197 (wy)2"e +
£ 50 201y alalyy + S9ral:l

1972 (yy)z T 21TaTe t 5437 (yy)lelyy T gTalzlyy

> h.isPrimitive()
True
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6.

3akJII0o4YeHmne

[Tostyuennbie ajrOpuTMbI MTO3BOJISIIOT OIEPATHBHO AHAJIM3UPOBATDL PA3JIMI-

HbBI€ 3JIEMEHTHI BBICOKOH CJIO2KHOCTH U MPOBEPATL TUIOTe3bl. Jla maabHeit-
IIAX UCCTACTOBAHUN IIJIAHUPYETCH PEATU30BATHL METOIBI PAOOTHI C MHOYKECTBA~
MU CBOOOJIHBIX 0OpA3yIOMIUX U UMU ITOPOXKIAEMBIMI MOP(MU3MaMU, & TAKKe

AJITOPUTMbI KOHCTPYKTHUBHOI'O IIOCTPOEHUA CUCTEM IPUMUTUBHBIX 9JIEMEHTOB
C TIOMOIIBI0 ABTOMOP(U3MOB.

Cruicok auTepaTypbl

1

2]
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[4]

[5]
[6]
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MHOroobpasuit”, Pyndamenm. u npuka. mamem., 21:2 (2016), 3-35; J. Math.
Sci., 237:2 (2019), 157-179.

Alexander A. Mikhalev and Ualbai Umirbaev and Jie-Tai Yu, “Automorphic
orbits in free non-associative algebras”, Journal of Algebra, 243 (2001), 198
223.
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Methods: Free Groups, Polynomials, and Free Algebras, CMS Books in
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A. A. Muxanés, A. B. Muxanés, A. A. Yenosckuit, K. [llamnanbep, “IIpuMurus-
HBIE 9JIEMEHTHI CBOOOIHBIX HEACCOIUATUBHBIX ajredbp”’, Qyndamenm. u npuka.
mamem., 13:5 (2007), 171-192; J. Math. Sci., 156:2 (2009), 320-335.

A.A Yenosckuit., IIpumumushvie ssemernmot anr2ebp wpatieposvix MmHo2006pa-
3utl, mUC. ... KaHi. ¢us.-mat. HayK, Mocksa, 2011, 65 c.

A. T. Kyporn, “HeaccomuaruBHbie cBOOOIHBIE aJIreOPBI U CBOOOIHBIE IIPOU3BEIE-
Hust anre6p”, Mamem. c6., 20(62):2 (1947), 239-262.

Software implementation of algorithms for working with primitive

(1]

elements in free non-associative algebras

Maisuradze M.V.

Algorithms for primitive elements are realised (in the system of
computer algebra SageMath). In particular, we have calculated the
number of primitive elements of free non-associative algebras over finite
fields for some cases.

Keywords: free non-associative algebra, primitive element,
computer algebra
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NHTepriondgaiimoHHO yIIOpsio9YeHHbIE
ajJredbpandeckKkne CUCTEMBI

A.B. Muxaznes!, E. E. Illupmosa?

PaccMaTpuBaloTCs 9aCTHYIHO YIOPSI0UCHHBIE ajredpaniecKue Ch-
CTEMBI: JIMHEHHbIe TIPOCTPAHCTBA, HAJ| YACTUIHO YIOPSAIOUYEeHHBIMU Te-
JIAMH, TICEBIOYTIOPSITOYEHHBIE KOJIBIA U aIreOphl HaJl 9aCTHTIHO YIOPS-
JTOYEHHBIMHE TIOJISTM.

Takoe yNoOpsAJ0YeHHE KOJIel, M ajredp aHAJOMMYHO YACTHIHOMY
yTopsiiodennio anrebp JIu, onpesesennomy panee. JacTHUHBIH TODS-
JIOK aJIJIATUBHON I'PYIIIBI KOJIbIa (airebphbl) MHIYIUPYET JAHHBIA MO-
PANOK HA HEACCONUATUBHBIX KOJblax (aarebpax) (kobiax (aarebpax)
JIn, HOPIAHOBBIX KOJIBIIAX, HAITPUMED).

JIOKa3bIBAIOTCA BTOPAs U TPEThs TEOPEMbI O TIOPSJIKOBBIX H30MOD-
usMax MHTEPIOIAINOHHBIX YIOPSJIOIEHHBIX CUCTEM.

KiroueBble cjioBa: 4acTUYHO YIIODsJIOUEHHBIE JIMHENHHBbIE IIPO-
CTPaHCTBA, KOJIbIa U aJIredpbl, NHTEPIIOJSIMOHHAS IPYIIIA, TOPSIIKO-
BbI€ TOMOMOP(U3MBL.

1. BBeaenue

[Iycte R =< R,+,- > — OpOM3BOJBHOE KOJIBIO (HE 0053aTEJIHO aCCOIH-
arusHoe). Ecimm < R, 4, <> gBJsercss 4aCTUYHO yNOPsJOYEHHO IPYIIIOii,
TO KOJIBIO R NPUHATO HAZBIBATL YACTMUYHO YNOPAOOUEHHBIM KOADUOM, CCIIHA
BBINIOJTHAETCS yeaoBue: u3 a < b u 0 < ¢ ciaenyior HepaBeHcTBa ac < be u
ca < cb nnst BCex a, b, c € R.

(1) Eciiu < R, +, <> siBjisieTcsi 9aCTUYHO YIODPSIOYEHHON IPYIIOii, TO
KOJIBIIO R HasbIBaeTCsl 4acmuyuno ncesdoynopadouennovim kosvyom (cm. 1),
ecsin BoinostHsieTcst yeaopue: ecan 0 < a B < R, +,<>, 0 ab < a um ba < a
st oboro b € R.

(2) Jlesoe mmmueiinoe npocrpancrso gV =< V,+,{a] a € F}, <> nax
YACTUIHO YHOPSAJOYEHHBIM TeJIOM F HA3BIBACTCS “4ACTUMHO YNOPAOOUEHHbIM

! Muzanes Anexcandp Bacuavesuyw — 3aBemytomuii kadempoit, mpodeccop, Mockos-
CKmMit rocymapcTBenHblit yauBepcuteT uM. M.B. JlomonocoBa, MeXaHNKO-MaTeMaTHIECKUI
dakyabrer, e-mail: aamikhalev@mail.ru

Mikhalev Aleksander Vasil’evich — M. is the chairmen of the department, professor,
Lomonosov Moscow State University, Faculty of Mechanics and Mathematics

2 [MTupwosa Eaena Eezenvesna — npodeccop Kadenpbl anrebpsr, pomenT, MocKoBekwuit
MeIarOTUIeCKUii TOCYITAPCTBEHHbBIN YHUBEPCUTET, HTHCTUTYT MATEMATUKHN U WH(MOPMATHKH,
e-mail: shirshova.elena@gmail.com

Shirshova Elena Evgen’evna — professor for the chair of algebra, associate professor,
Moscow Pedagogical State University, Institute of Mathematics and Informatics.
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Aunetnvim npocmparcmeom (eMm. [2]), ecim < V, 4+, <> — 9acTUYHO ymopsi-
JOYeHHas TPyIa, yAoBJIeTBopsaomas yciosuio: n3 0 < v ciaeayer 0 < awv
g Beex v € V u o > 0 us rena F.

(3) Amrebpa A =< A,+,{a] a € F},-, <> Haj 4aCTHYHO YIIOPSJIO-
YeHHBIM ToJIeM F Ha3BIBAETCA 4aACTnUYHO Ncesdoynopadouennoti ar2ebpot
(em. [3]), ecim BbImosHsitoTCst yeaous: 1) < A +,{a] a € F}, <> ss-
JITETCST YACTHYHO YMOPSIOYEHHBIM JIMHEHHBIM TTPOCTPAHCTBOM HAJI| HOJIEM
F;2) < A, +,-, <> sBgercst YaCTUYHO [CEBIOYIIOPI0YEHHBIM KOJIBIIOM.

JanHoe ymopsioueHne ajarebp COIJIACYeTCsl ¢ ONPEJIeJIEHUEM YacTHIHO
ymopsiiouenHoit anrebps JIu, npunaiexamnmum B.M. Kombiroy (cMm. [4]).

Peub noiiier o BAMAHUE HHTEPIOJISIIIMOHHON YIIOPSIOY€HHOCTH Ha, CTPYK-
TYPHYIO TEOPHIO TIEPEUUCIEHHBIX aIreOpandecKuX CUCTEM.

2. OcHoBHbIe NOHATHA U (POPMYJIUPOBKA pe3yJibTa-
TOB

[TycTb anrebpandeckasi cucrtema A yJI0BJIETBOPSIET OJHOMY U3 OIIPEIe/ICHU
(1) - (3).

O6oszHaunm cuMBooM AT MHOXKECTBO BCEX MOJIOKHUTENIBLHBIX 3JIEMEHTOB
cucreMbl A.

Orobpazkenne f 9aCTUIHO YIOPSITOUYEHHON cUCTEMBI A B YaCTUYHO yTIO-
PAOYEHHYIO crucTeMy B HasbIBaeTcst 0-20MOMOPPUIMOM (NOPAIKOSHIM 20MO-
MOPPUIMOM), €CITN BBITIOJHSIIOTCS yCIOBHS:

1) f sBisiercs roMOMOPMU3MOM COOTBETCTBYIONIUX AJIre0pandecKux Cu-
cTeM;

2) f(A*) C BY,

[Ipu sToM, f HA3BIBAETCS CMPOLUM O-20MOMOPPHUSMOM, €CJT BBITTOJTHSIET-
sl yCIoBUe

1) f(A%) = BN f(4).

Eciu juisi o-romomopdusma f cymiectByer o-romomopdusM f~1, 1o f
HA3BIBACTCS 0-U3OMOPHUSMOM.

Ormerum, 9To ecau f — 0-20MOMOPHUIM AN2E0PAUNECKUT CUCTIEM, AG-
AAOUUTCA  UBOMOPPUSMOM  IMUL  CUCTNEM, MO OH HE 00A3aH Obimb 0-
USOMOPPUSMOM.

Hampumep, nyets gV =< R2, 4+, {a| a € R} > max R. Paccmorpnm
YaCTUYHO yIOpsjoueHHoe npocrpatctso Vi = gV, rue (a,b) € Vi1, ecim
a=b=0wma>0wub>0, " JACTUIHO YHOPSIIOICHHOE ITPOCTPAHCTBO
Vo =RrV, e (a,b) € Vo, ecima = b= 0um a > 0u b > 0. ToxxjecTBennoe
orobpaxkenue f : Vo — V| sBiisiercss n30MOPGMU3MOM U 0-TOMOMOP(MU3MOM.
C apyroit croponsr, mapa (2,0) € V1, no (2,0)f71 || (0,0) B mpocTpamcTse
Va.
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Teopema 1. Ecau f : A — B — cmpoeauti 0-20MOMOPHUIM “HaACTUNHO YNO-
DAVOUEHHBLT AA2EOPAUTNECKUT CUCTIEM, O CYUWLLCTNEYEM 0-U30OMOPPHUIM
p: A/ker f — f(A), 2de o(r +ker f) = f(r) daa scex r € A.

W neas (mogmpocrpancTBo) I 9acTHYHO YIOPSIOYeHHOI cHcTeMbl A Ha3bI-
BAETCH 6LINYKAbM (Hanpasaernbim), ecian abeesa rpymma < I, 4+, <> saBis-
eTcst BBILYKJIOH (HalpaBiieHHON) noarpynnoii (eum. [4]) rpymmsr < A, 4+, <>.

BaMeTHM, YTO [yIsl HPOU3BOJIBHBIX HYACTUYHO YHIOPSIOYEHHBIX CHCTEM
CIIPABE/IIUBBL HE BCE AHAJIOTH TeopeM 00 n30MOpdHU3Max st COOTBETCTBYIO-
IIUX CHCTEM.

Hanpumep, nycrs A — acconuaruBHast ajarebpa CTPOro BepXHETPEYTOJIb-
HBIX MaTPUIL HaJI IUHEHHO yIOpsI0deHHbIM moseM R.

0 a c
Byzaem obosnavars marpuiy (0 0 b | = (a,b,c).
0 0 O

PaccMoTpuM B 9aCTUYHO IICEBIOYHOPSI0UeHHOM anrebpe B = A HaJ 10-
nem R, rue (a,b,¢) € BT, ecrtu 0 < 0,0 < b, wma =b=0u0 < ¢
BbIHyK.HI)Ie njaeaJibl

I ={(a,0,0)}, J =1{0,b,¢)}, K=1IndJ.

I[Ipu srom, dakropasrebpa I /K naz nosem R ynopsiziouena TpuBraJibHO,
a B/J — juHeitHO nceBIoynopsijioueHHas ajrebpa HaJl mojem R.

YuurbiBas BBINIECKA3aHHOE, MJISI JOKA3aTEeIbCTBA HEKOTOPBIX CJIEICTBUM
u3 TeopeMbl 1 (BTOpoit u Tperbeii TeopeM 06 o-m3oMopdu3Max) HaM IIPH-
IIJIOCh PACCMOTPETh OoJiee Y3KUi KJIACC YACTUIHO YITOPSIIOYEHHBIX CHCTEM.

HanoMHyM, 9T0 YaCTUYHO yIOPsA0UYeHHas Ipyiia G Ha3bIBAETC UHMep-
noasyuonnot epynnot (em. [5]), ecam mist JII0OBIX 3JIEMEHTOB a1, a2, b1, by € G
U3 HEPaBEHCTB a1, a2 < by, by ciemnyer cymecrBoBanue smeMenTa ¢ € (G, i
KOTOPOI'0 BEPHBI HEPaBEHCTBa a1,a2 < ¢ < by, bs. Kitacc MHTEPIIOSIIIMOH-
HBIX IPYII BKJIOYAET KJIACC PEIIeTOYHO YIHOPSAOUYEHHBIX IPYII, COXPAHSS
MHOI'M€ BaKHble€ CBONCTBa 9TUX I'PYIIIL.

Ecnu abeneBa rpynmna < A, +, <> 9aCTUYHO YIIOPSIIOYEHHON cucTeMbl A
ABJISIETCA UHTEPIIOJISIUOHHON I'PYIION, TO A Ha3BIBAETCS UHMEPNOAAUUOH-
HOT ynopadoueHHol cucmemotl.

CupaBe BB CIEIYIONINE YTBEPK ICHUS.

Teopema 2. Ilycmv A — unmepnoasayuonras ynopadovennas cucmema, I
u J — ewnykavie Hanpasaennovie udearvt 6 cucmeme A, I C J. Toeda cyuie-
cmeyem 0-u3oMopPudm UHMEPNOAALUOHHOT Ynopadouennol cucmemv, A/ J
HA UHMEPNOAAUUOHHYIO Yynopadouenryto cucmemy AT/ J/1.

Teopema 3. ITycmo A — unmepnoasyuonnas ynopadowennas cucmema, I u
J — evinykavie nanpasiermvie udeasvt 8 koavue A. Tozda:
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1) cywecmesyem cmpozuti 0-20MOMOPHUSM UHMEPNOAAUUOHHOT YNOPA-
douennot cucmemor I(J) Ha UHMEPNOAAYUOHHYIO YNOPAOOUEHNYIO CUCTIEMY
I+J/JI+J/I) c adpom INJ;

2) unmepnossyuonnas ynopadouennas cucmema I/INJ(J/INJ) o-
uzomopPra urmepnosayuonot ynopadouenrot cucmeme I + J/J(I + J/I).

Cruicok auTepaTypbl

[1] Muxanes A.B., Hlupmosa E.E., “Ilepudnblii pajukaj HAIPABJICHHBIX IICEB-
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Interpolation ordered algebraic systems
Mikhalev A.V., Shirshova E.E.

Partially ordered algebraic systems such as linear spaces over
partially ordered skew fields, pseudo-ordered rings and algebras over
partially ordered fields are considered.

This order of a ring (an algebra) is similar to a partial order of
a Lie algebra, which was introduced by Kopytov. Those orders are
induced onto nonassociative rings (algebras) (Lie rings, Jordan rings,
for example) by partial orders of their additive groups.

Second and third theorems of order isomorphisms for interpolation
ordered systems are proved. Keywords: partially ordered linear spaces,

rings and algebras, interpolation groups, order homomorphisms.
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Penienue 3ala9d1 HaSHaAYCeHNA KOMaH/JINpPa
KJIETOYHbBIMHN aBTOMAaTaMHN

M. ®. Mysaddaposa!l

Sajava HA3HAYEHNsT KOMAH/IMPa COCTOUT B cJejyonieM. B Hadab-
HBIIl MOMEHT BPEeMeHH, KaKJas KJIETKa IBYMEPHOIO KJIETOYHOI'O aBTO-
MaTa MOXKeT OBITh Oesoif mjn J€pHoil. YepHble KJIEeTKA B COBOKYITHO-
CTH COCTABJAIOT CBa3HYIO dburypy. Heobxommmo, arober B huHAIBHONL
KOHMUTYpAIMA POBHO OJIHA YepHAasl KJIETKa MepeIia B CIEIUATbHOe
coCTOsTHUE «KOMaHup». [losyaena BepXHsisl OIEHKA BPDEMEHU PeNleHusT
3a/1a4N.

Kurouesbie cioBa: [liockuil KylerouHbIil aBTOMAT, CBsi3HasT (Hu-
rypa, Ha3HaYeHne KOMaHIupa

Kiterounbie aBTOMaThl BIEPBBIE ITPEJJIOKEHBI OJIHUM M3 OCHOBOIIOJIOXK-
HUKOB COBPEMEHHBIX KOMIIBIOTEPHBLIX TexHojornit JIxkonom ¢or Heitmanom
[1] muist onmcanust MPoIECCOB CAMOBOCIIPOU3BEICHNST B OHOJIOTUE U TEXHUKE.
B HacCToOdImee BpeMd KJIETOIHbIE aBTOMATbI IMINPOKO MCIIOJB3YIOTCA B KOM-
IIBIOTEPHBIX HAYKAX, MATEeMATHKE, (PU3NKe, MUKPOMEXAHUKE U TEOPETUIECKON
OuoJsioruu.

AKTyaIbHOCTH UCC/IETOBAHUN B 00JTACTH KJIETOYHBIX aBTOMATOB TTPOIOJI-
JKaeT pacTu 0 Mepe PacIpoCTpaHeHns MMapaslIeIbHbIX BhIaucaenuit. B man-
HBIIE MOMEHT BEJyTCH aKTUBHBIE HCCJIEIOBAHUSA B O0JIACTH aBTOMATOB M OJI-
HOPOJIHBIX CTPYKTYD [2], [3].

Ha mexanuko-maremarudeckom dakyiasrere MI'Y umenun M. B. Jlomono-
COBA MCCJIEOBAHUEM OJIHOPOJIHBIX CTPYKTYp 3aHuMasiuchk B. B. Kynpssies,
A. C. Tlonkossun, A. A. Bosoros [4].

B ompesiesieHHBIX 3a/a9ax, PENIaeMbiX ¢ IPUMEHEHUEM KJIETOTHBIX aBTO-
MaTOB, B HaYaJbHBII MOMEHT BPEMEHU ITOMUMO HAYaJbHBIX COCTOSHUI BCEX
KJIETOK, TpeOyeTcs 3a/IaTh KJAETKY C OTJIMYAIOIIMMCS COCTOSTHUEM, YTOOBI OITHU-
paThCsi Ha Hee B XOJe pelleHusl 3aaui. DTy KJIETKY Ha30BeM KOMAHIIPOM.
Hesip manHOM pabOTHI 3aKIIOYACTCS B HA3HAYCHUN KOMAHUPA KJIETOUYHBIMU
aBTOMaTaMU CPpe€/ YE€PHbIX KJIETOK, B COBOKYIIHOCTHU IIPEJICTaBJIAIOIIUX CO-
6oit cBs3HYIO (DUTYDPY, & TAKXKE B OIEHKE BPEMEHU Ha3HAYEHUS KOMaHIUPa B
J1I000#1 CBA3HON (bUrype KJIETOUHBIMU aBTOMATAMU.

ABTOp BBIpaXKaeT UCKPEHHIOI OJIATOaPHOCTD HAYIHOMY PYKOBOIUTETIO
..~ M.H., pocdeccopy . D. ['acaHOBY 3a MOCTAHOBKY 3aJ[ai U HAyJIHOE
DPYKOBOJICTBO, BHUMAHNE K Pab0Te U BCECTOPOHHIOIO IOJJEPIKKY.

! Mysagpaposa Mozudun Dappyx xusu — CTyIeHT aKy/IbTeTa IPUK/IATHON MaTEMATH-
ku u undopmaruku puinata MI'Y B r. Tamkente, e-mail: mohidil.muzaffarova@gmail.com

Muzaffarova Mokhidil Farrukh qizi — student, Lomonosov Moscow State University,
Tashkent branch, Faculty of Applied Mathematics and Computer Science
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ByseM ncmosib30BaTh TEPMUHOJIONHMIO 1 OOO3HAYECHNUSI, BBEJICHHBIE B [5).

Jan xnerounsti apromar 0 = (Z2, E,,V, @), rae Z? — MHOXKECTBO JBY-
MEPHBIX BEKTOPOB C IEJIBIMA KOOD/IMHATAMI.

[Ta6mon cocencraa mmeer Bug V = {(—1,0), (0,—1),(1,0),(0,1)}.

Jlastee staeiiku KJIETOYHOTO aBTOMaTa OyJ/ileM HA3bIBATH KJIETKAMHU.

Ormpenesienne 3a/1a<n Ha3HAYEHUST KOMAHIAPA.

B Hava/sbHBII MOMEHT BPEMEHHU KJIETKH aBTOMAaTa MOTYT HAXOIUTHCS B
onHOM u3 JiByX coctosinuii: 0 mim 1, e O - Gestbrit 1BeT, 1 - 9epHBI [BET.
Heobxoaumo, aTobbr B huHAIBHON KOHDUIYpAIUA POBHO OJHA U€pHAS KJIET-
Ka MepeInia B CIeNUaIbHOe COCTOSHIE «KOMaHIIUP».

Teopema 1. Ecau nepumemp npAmMoy20abHUKG, OLEAMbBIEAIOULE20 HAYGAD-
HYI0 CEAZAHHYI0 KOHPULYPALUI0, Paser P, Mo 3a0a4a HA3HAYEHUA KOMAHIUPA
MOdHCEM OBIMb PEWEHE KACMOUHDIM AETNOMEMOM 36 6DEMSA, He NPEBHULGIO-

wee 3p.

Wnes mokazaresbcTBa TEOPEMBI COCTOUT B CJIELYIOIIEM.

st pertenust 3a/1a9u HA3HAYEHUST KOMAHUPa KJIETOUYHBIMUA aBTOMATAMU
[IpeIIaraeTCs aJrOpPUTM, COCTOSIIII U3 ABYX 9TarnoB. Ha mepBoMm srame cBs3-
Hast (purypa 3amoHsgeTcs JI0 MUHUMAJIbHOI'O OXBATBIBAIOIIETO PSIMOYTOJIb-
Huka. CaM KOMaHJIUpP OIPeJe/sieTcsl Ha BTOPOM 3dTalle ajJlOPUTMa BHYTPHU
[TOJIY9€HHOT'O IIPSIMOYTOJIbHUKA.

[Tonygeno, uro jrobast cBsizHast (BUTYpa 3aIOJHAETCS 0 MUHUMAJIBHOT'O
OXBATBIBAIOIIEr0 MPSIMOYTOJbHUKA He OoJiee, YeM 3a n + m — 3 IIaros, Ijie
N, M — CTOPOHBI IPSAMOYTOJbHUKA.

TlockobKY B KJIETOUHBIX aBTOMAaTaX KaXK/asl KJIETKA MOXKET 3HATD TOJIb-
KO CBOE€ COCTOSIHUE M COCTOSIHHE CBOUX COCEJIell, TO JIJI TOTO, YTODBI OHATD,
YTO MUHUMAJIbHBIA OXBATBIBAIONINAN MIPSIMOYTOJIBHUK y2Ke MOCTPOEH U MOXK-
HO IIPHUCTYIATh K HA3HAYEHUIO KOMAHIUPA, 3AITYCKAETCS ‘TIPOBEPSTONINI CUT-
vayr’. “Ilpoeepsitonuit curaasT’, HAUUHAS C JIEBOI BEPXHEN YIJIOBOU KJIETKHU, 110
qacoBO CcTpejike OOXOAUT BHEITHIO rpanuily dgurypol. Korma “mposepsiio-
Uit curuar’ 3aKaHYuBaeT 00XOJ| U MOHUMAET, YTO O0OIIesT MIPSIMOYTOJIbHUK,
CUNTAETCsI, IYTO (PUrypa 3al0JHUIACH 10 MUHUMAJLHOTO HPSIMOYTOJbHUKA,
COJIEP2KAIIEro HAYAJIbHYIO0 KOH(DUTYPAIIHIO.

ITockosbKy “TipoBepsifoIInii CUTHAT MOXKET OBITH 3AITyIEH U3 HECKOJIb-
KHUX KJIETOK, TO JIJIsI HEIPABUJIbHBIX ‘TIPOBEPSIONINX CUTHAJIOB  3AIlyCKAETCS
“zaTUpalonuii CUrHaJl’; KOTOPBIA Oy/ieT 3aTupaTh HEIPABUWILHBIN “IIPOBEps-
formuit curaasr’. OKasajoch, 9TO IPU PABHBIX CKOPOCTSIX “3aTHPAIOIIET0” U
“HPOBEPAIOIIEr0” CUTHAJIOB, MOI'YT BOBHUKATH CJIydan, KOIJIa KJIETOUHBIH aB-
TOMAT HEIIPABUJILHO OIPEJIE/IsIeT MOMEHT ITOCTPOEHUsI OXBATHIBAIOIIETO IPsI-
MoyTroJibHIKa. Ho eciti cKopocTs “3aTUpaloliero Curaasia’ B IBa pa3a 60JIbIne
CKOPOCTH ‘TIPOBEPSIOIIET0 CUTHAJIA”, TOT/Ia aJITOPUTM paboTaeT KOPPEKTHO.
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ITocsie 3amosHenns Ha4YaAJIBLHOMI (bI/IprbI J0 MHUHHMaJIBHOT'O OXBaTbIBalO-

IIIero MPsSIMOYTOJIbHUKA, Ha BTOPOM 3Talle aJrOpUTMa IIPUCTyIIaeM K Ha3Hade-
HUTO KOMaHupa. Haunnaas ¢ jieBoit BepxHeil KJIeTKN MPAMOYTOJIbLHIKA, CJIEBa
HAIIPaBO II0 T'PAHUIE JesaeTcs 00Xom [0 TeX IMOp IOKa He HalIercs KJieT-
Ka, KoTopast Oblja YepHOil B HaYaJbHON KoHduryparuu. Kak ToJbKO Takas
KJIETKa HaiijieHa, 3aKpallliBaeM ee B KPAaCHBIA I[BET. DTa KJIeTKa U OyJIeT
KOMAaH/IUPOM.

Cricok aurepaTypbl
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1
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J:x. ¢on Heitman, “Teopums caMOBOCIpOU3BOAAIIUXCSI aBToMaToB’, Mup,

Mocxsa, 1971.
Turosa E. E., “KoncrpynpoBanue m300parkeHuil KJIETOYHBIMUA aBTOMATAMU
Hrumennexmyanrvroie cucmemat, 2014.

lacanoB 9. ., “Kilerounble aBToMaThl ¢ JloKaTopamu’, HHmearexmyasvhoie
cucmemot. Teopusa u npusoscerus., 2020.

Kynpssnes B. B., ITogkossun A. C., Boioros A. A., “OcHOBBI TeoOpuu OTHOPOJI-
ooix crpykryp”’, Hayxa, 1990.

Kynpsieies B. B., Tacanos 3. 9., Ilogkossun A.C., “Teopust mHTELIIEKTyaIb-
wvbIx cucreMm: B 4 ku. Kuaura gerBeprast.”, Teopus asmomamos., Hzdamensvcrue

pewenus, Mockea, 2018, ISBN: 978-5-4493-5160-9.

Solving the problem of appointing a commander by cellular
automata
Muzaffarova M.F.

The task of appointing a commander is as follows. At the initial
moment of time, each cell of a two-dimensional cellular automata can
be white or black. The black cells together make up a connected figure.
It is necessary that in the final configuration, exactly one black cell
passes into the special “commander” state. An upper bound is obtained
for the time required to solve the problem.

Keywords: Plane cellular automata, connected figure, appointment
of a commander
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006 acuMOTOTMYECKNX XOPOIINX ceMeiicTBax
KJjaccudyecknx 1 kBaHToBbix LDPC kooB

[Tanrenees I1. A.!, Kanaues I'. B.2

B pabote moka3bIBaeTCsl CyIECTBOBAHIE aCUMIITOTHIECKH XOPOIITe-
IO CeMeliCTBa KBAHTOBBIX HU3KOIJIOTHOCTHBIX KOJIOB, UTO JTIOKA3LIBAET
gqLDPC rumnore3sy. Tak»ke HOKa3aHO CYIIECTBOBAHHME ACUMIITOTHIECKU
XOPOIIIEro CeMefCTBa JIOKAJIbHO TECTUPYEMbBIX KOJIOB C KOHCTAHTHBIMU
rmapaMeTrpaMi JIOKAJbHOCTA M KOPPEKTHOCTHU, U9TO TAKIKe SIBJISIETCSI 110~
JIOZKATEILHBIM PEIIeHNEeM W3BECTHON T'HIOTE3bl B OOJIACTH KJIACCHIe-
CKUX JIOKAJIbHO TECTUPYEMBIX KOJIOB.

KiroyeBble cJIOBa: JIOKAJIBHO TECTUPYEMbI KOIbI, KBAHTOBBIE
LDPC kojbl, acCUMITOTUYECKH XOPOIINE KOJIbI.

1. BBegenue

O6oznaunmmM yepes F, konednoe nose u3 ¢ saeMeHToB. Kaaccuueckum Auneti-

noum [, k,d)g xKodom nad Fy HaspIBaloT poU3BOJIbHOE k-MEPHOE BEKTOPHOE
n .

npocrpanctso C C Fy rakoe, uto d = min e\ [0y [c|, Tae |¢| — eec Xemmun-

— n

ea BexTOpa ¢ = (c1,...,cn) € Fy,

1 < i < n. Iapamerpsr n, k 1 d Ha3BIBAIOTCST COOTBETCTBEHHO OJAUHHOT,

T.€. 9UCJIO €TI0 HEHYJIEBBIX KOMIIOHEHT C;,

PABMEPHOCTNDIO U MUHUMANGHbLM paccmosnuem Kojaa C.

OO6BIYHO JTUHEHRHDBIH KOJI, 38]aeTCd KaK MHOYKECTBO PEIIeHUI OJHOPOIHOM
cucrempl ypapuennit C(H) := {c € Fy | He = 0}, a coorsercrsyiontas
marpunia H € IFZX" Ha3BIBAETCSI €ro Npogepounoti mampuuel. beckonedHoe
cemeiictso {C¥)};en Kmaccuueckux ymueitnbix konos Haj F, nHasbisaercs ce-
MEHCTBOM HU3KONA0mHocmuwox k0dos wim cemeiicreom LDPC' x0dos (aHri.
Low-Density Parity-Check code) [1], eciiu cymecrByer 3a1atomiee ux cemeii-
CTBO IIPOBEPOYHLIX MATPHII, {H(i)}ieN, re. CW = C(H®), Takoe, uro uncio
HEeHyJeBbIX s1emMentor B H; € Fyi*™ pacrer xak ©(n;) mpu i — oo. Ya-
cTO TocseHee TpeboBaHue 3aMeHsieTcss 0oJiee CUJILHBIM TPeOOBAHUEM, 9TO
CYIIECTBYET YHUBEPCAJIbHAsI KOHCTAHTA W TaKas, 9TO BCE CTPOKH M CTOJIOIBI

! Tarwmenees Iasen Anamonvesus, — K.(p.-M.H., H.C. Kad. MATEMATHYECKOH TEOPHHI HH-
TeJUIEKTYaJIbHBIX cucreM Mex.-matr. d-ra MI'Y, e-mail: panpavel@yandex.ru.
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2Kanawes I'ne6 Bavecrasosuy — K.¢.-M.H., M.H.C. Jaboparopnn IpoGaeM TeopeTude-
ckoit kubepaeTuku Mex.-MaT. -ta MI'Y, e-mail: gleb.kalachev@yandex.ru.

Kalachev Gleb Vyacheslavovich — Candidate of Physical and Mathematical Sciences,
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marpur, u3 {H (i)}ieN OrpaHMYEeHbI CBEpXy YHCIOM w. B 3TOM ciiydae ce-
meiicrso LDPC kozos {C (")}ieN Ha3bIBAETCS W-02parudentom. Besme maitee
cemeticrBo LDPC ko/10B moHHMaeTCst HMEHHO B 9TOM 00J1€€ Y3KOM CMBIC/IE.
Knaccuueckuii koi HasbiBaeTcst (W, $)-A0KAABHO MECTUPYEMBIM KOOOM
€CJIn ero MOYKHO 3aJ1aTh IIPOBEPOYHON MaTpureir H € FZX”, Yy KOTOpOI Bec
BCEX CTPOK OIPaHUYeH w, U Jyid JII00oro Bekropa x € [Fy MbI mosrydaem

1
~|Hz| > —d(z,C),
T

s
n
rie d(z,C) := mineec |z — ¢| — paccmosnue or x 1o xkoxa C. [Tapamerpbt w u
S HA3BIBAIOTCSI COOTBETCTBEHHO L0KabHocmbio (anri. locality) u xoppexmmo-
cmuto (arrit. soundness) mpoBepouHoii MaTpursl H. JIokaibHO TecTHpyeMble
KOJIbI TECHO CBSI3aHBI C BEPOATHOCTHO TPOBEPSIEMBIME JOKA3ATEILCTBAMI 1
suamennToit PCP-Teopemoit, 1 uMeroT 60JIbIIoe 3HAMEHUE JIjIsT COBPEMEHHOM
TEOPUH CJIOXKHOCTH BBIMHCIEHHI [3].

Ksanrosbie kojib1 6611u Beeienbl 11. [opoM [4] ¢ mesbio coznanust yeroii-
YUBBIX K OMMOKAM KBAHTOBBIX KOMIBbIOTepoB. OaunM u3 Hambosiee pacripo-
CTPAHEHHBIX KJIACCOB TaKUX KOJIOB sABJsAOTCS Koabl Kanbiepbanka-IIlopa-
Cruna (CSS kompr) [5, 6]. Hamomunm, uro kBanToBeii CSS ko Q ¢ mapa-
merpami [[n, k, d]], onpesensierca mapoit knacenaeckux xogos Cx,Cz C Fy
TaKUX, ITO C%‘ CCx uk=dimCx +dimCyz — n, rue Cé‘ — JIBOIICTBEHHBIH
ko7 K Cz, T.e €ro OPTOTOHAJBHOE JOMOJHEHNE OTHOCUTEIHLHO CTAHIAPTHOTO
CKaJIPHOTO NPOU3BEeHNUs (T, Y) 1= T1Y1+. .. +TnYy B Fy. [lapamerpst n, k u
d, KaK 7 B cJIydae KJIaCCHIeCKUX KOJIOB, HA3BIBAIOTCST COOTBETCTBEHHO OAUH-
HOU, PA3MEPHOCTIDIO U MUHUMAALHLM paccmosnuem KBanToporo CSS koja.
[Tpu sToM MuHMMAaIBHOE paccrosinme d ompeneneHo Kak d := min(dx,dyz),
rie dx u dz paBHBI MUHUMAJIBHOMY BeCy XeMMHUHTra BeKTOpPOB u3 Cx \C%‘
uCy \C)L( COOTBETCTBEHHO. Beckoneunoe cemeilcrBo KBaHTOBBIX CSS K0JI0B,

i) A ,
3a/IaHHBIX [apaMU KJIACCHYECKUX KOJIOB {(Cg(), C(Z))}ieN, Ha3bIBAETCSI CeMelt-

crBoM keanmosvir LDPC kodos eciu {Cg?}ieN u {C(ZZ)}ieN SIBJISIFOTCSL ceMeii-
crBamu Kiaaccuueckux LDPC komos.

Yacro, B 0ocobeHHOCTH KOTJa 1 — 0O, ObIBaET IOJIE3HO TAKXKE pac-
CMATPUBATH BeJUIHUHBL k/n 1 d/n HA3BIBAEMBIE CKOPOCMBIO U OMMHOCUMENb-
HOM MUHUMAABHOLM PACCMOAHUEM KOJA (KJIACCUYIECKOrO MJIM KBAHTOBOTO).
Beckoneunoe ceMeiicTBO KOJIOB (KJIACCHYECKUX WJIM KBAHTOBBIX ) HA3BIBAETCS
ACUMNIMOMUNECKU TOPOULUM €CJIA CYIIECTBYEeT TaKasl KOHCTaHTa € > (0, 94To
CKOPOCTh U OTHOCUTEJIbHOE MUHUMAJIBHOE PACCTOsTHIE JIFOOOT0 KO/ U3 9TOr0
ceMeiicTBa OrpaHMYeHbl CHU3Y BeananHoii €. VsBectHo [1], uro cymecTBytor
KOHCTpyKImu acuMmirrorndecku xopomux LDPC koo, npuuem jaxke ¢ ju-
HEWHOI CJI0’KHOCTBIO JieKoanpoBanus [2|. OmHAKO BOIIPOC O CyIIECTBOBAHUI
ACHMIITOTUIECKH XOPOIIUX CEMENCTB KJIACCUIECKUX JIOKAJTBHO TECTUPYEMBIX
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n kBaHTOBBIX LDPC K0m0B 0cTaBascs OTKPBITBIM JOCTATOIHO JIOJIN0E BPEMS.
B nmacrosiieit paboTe MbI TOKA3bIBAEM CYIIECTBOBAHUE TAHHBIX CEMEHCTB.

Teopema 1. /laa xasrcdozo wucaa R € (0,1/2) u konewnozo noas Fy moorcno
ratmu Koncmanmor S and w makue, wmo cyuecmeyem cemeticmeo (w, s)-
AOKANDHO MECTNUPYEMBIT KAACCUMECKUT AUHEUHBT K006 € NAPAMEMPAMU
[n,k > Rn,d = ©(n)]y npu n — oo.

Teopema 2. Jlaa xaowcdoeo wucaa R € (0,1) u xowewnozo nosn Fy cy-
wecmeyem cemeticmeo keanmosvir LDPC kodos ¢ napamempamu [[n,k >
Rn,d = O(n)]]; npu n — oo.

3amevarue. IlomHas Bepcust JaHHON pabOTHI ¢ joKa3aTenbcTBaMu Teopem 1
u 2 MoxkeT ObITh Haiifena B |7]. OrMernm Takzke, YTO UyThb 0OJIE€ CHIIbHASI
Bepcusi Teopembl 1 s ciaydas mosia Fo Oblita TakkKe HEIaBHO HE3aBUCHMO
nokasasa B [8].
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On asymptotically good families of classical and quantum LDPC
codes
Panteleev P.A., Kalachev G.V.

In this work it is shown that there exists an asymptotically good
family of quantum LDPC codes, which proves the qLDPC conjecture.
We also show that there exists an asymptotically good family of
classical locally testable codes with constant query and soundness
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parameters, which also gives a positive solution of a well-known
conjecture in the field of classical locally testable codes.

Keywords: locally testable codes, quantum LDPC codes,
asymptotically good codes.
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I'eneparust TecTOBBIX MaTpPUIL C 3aJaHHBIM
q1CJIOM O0YCJIOBJIEHHOCTH

I1. B. Ilapdenos!, A. M. Yemkosa?

Jannas paboTa IOCBAINIEHA ONHCAHUIO IIPOCTOrO IBPUCTUYECKOIO
MeTO/ia F'eHepallul BellleCTBEHHBIX TeCTOBBIX MaTPHI] C 38JJaHHBIM YHC-
JIOM 00YCJIOBJIEHHOCTH J1J1s1 OOOCHOBAHHOTO IIPAKTHUIECKOI'0 BEIOOpA Me-
TOZIOB PEIeHNs 3a/1a49 JIMHENHO! aJIredphl.

KirouyeBbie ciioBa: crCcTeMbl JIMHEHHBIX AJIN€OPAnIecKNX ypaBHe-
HUU, YUCJIO OOYCJIOBJIEHHOCTH, CIIEKTP MATPHIIBI, TECTOBbIE MATPHIIHL.

1. BBegenue

ApceHat METOJIOB pellleHrst TUIIOBBIX 3a/1a4 JIUHEHHO aJirebpbhI ¢ 09€Hb 00JIb-
[IMMU U/ FUTH TI7I0X0 OOYCJIOBIEHHBIMI CUCTEMAaMI JINHEHHBIX aJre0panecKinx
YPaBHEHUH JIOCTATOYHO OOIIUPEH U CTABUT BOIPOC OOOCHOBAHHOTO U BBIUUC-
JINTEJILHO SKOHOMHOT'O BBIOOPA METO/Ia B KAXK 0¥ KOHKPETHO! cuTyaruu. [1pu
3TOM ONHMPAIOTCS HE TOJIBKO Ha WHOTIA JOCTYIHBIE TEOPETUIECKNEe PE3YIIbTa-
ThI, HO U CTAPAIOTCs MPUHUMATH BO BHUMAaHNE OCOOEHHOCTH 3aJ1a9 U IIOrPelIl-
HOCTY YUCJICHHON apudMeTUKN. AHAIN3 BIAUSHUS TOCTEHUX UCKITIOUATE b=
HO CJIOXKeH [l]|, 9TO BBIHYK/@eT Ha HPAKTHKE BBISICHATH TOYHOCTH PabOTHI
KOHKPETHBIX pPeaM3aluii METO/OB Ha OIPEJIEIEHHBIX JIEI'KO BBIYUCIISEMbIX
KJaccax TectoBbix Marpuil (Bangepmona, Komm, ciyuaitabix). Oaako, Te-
CTUPOBaHUE HA CTOJIb Y3KOM KPyre MaTPHWIl YACTO HE IIO3BOJISET BBIICHUTH
TOHKOCTH IPUMEHEHUs] METOJIOB B CUJIY OTCYTCTBUS MEXaHU3MOB I'MOKOIO 3a-
JIAHWS CBOMCTB TecTOBOit MaTpuipl. CHHTE3 MATPHUIL C 38AHHBIM CIIEKTPOM
JIOCTATOYHO BBIYUC/IUTEIBHO 3aTPATEH, IIO9TOMY BO3HUKAET MOTPEOHOCTH B
HECJIOXKHBIX, HO THOKUX METOJIaX ITOJIyIeHUsT TeCTOBLIX MaTpull. Hanboibimee
BHUMAHUE B JJAHHOM BOIIPOCE VJEJISeTCs YUCJIy ODOYC/IOBJIEHHOCTH. Tak, Ha-
upumep, Y. Henn u 1. Kunkeii yreep:kgator 2|, uro npu paBHOM 10* wmcie
00yCJIOBJIEHHOCTH MOYKHO TIOTEPSATH HE MeHee Kk JIeCATUIHBIX 1P TOTHOCTH,
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Jlayke He YUIUThbIBas 3PPEKThI UCHOJIB30BaHUS MPUOINKEHHON KOMIIBIOTED-
HOIl apudMeTuKN.

2. DBPUCTUYECKUI METOJ reHepaluy MAaTPHIl C 3a-
JaHHBIM YHCJIOM O0YCJIOBJIEHHOCTH

Paccmorpum mBa Tuma KBaApaTHLIX MATpUIl. 1lepBblil — MIeabHO XOPOIIIO
00yCJIOBJIEHHAST €IUHUYHAS MATPUIIA, BTOPOIl — UIEAJBHO ILJIOXO O0YCIOBJICH-
Hasi MATPUIIA, 3AII0JTHEHHA e uHuIiaMu. Ha comocTaBieHnn nx KOHCTPYKITAN
OCHOBaHa HJesl IPEJIaraeMoro MeTOJa, Ie/IbI0 KOTOPOro SIBJISETCS T'eHepa-
IUsT MATPUIL C 38JJaHHBIM “TPOMEXKYTOUHBIM  moBefeHueM. Jlunaronaab mat-
PHIIBI BCEra 3aIl0JIHSIETCsS eUHAIIaMN, KaK B 000UX pacCMOTPEHHBIX TUIIAX
MaTpHIl ¢ 'peaebHbIMI CBOMICTBAMEU 00yC/IOBJICHHOCTU. Benmuanna sjreMmen-
Ta MaTPUITHI 38JaETCA KaK (DYHKIMS YAAJEHUS ITOTO 3JIEMEHTa BIOIb CTPOKH
OT I'VIABHOW JIMArOHaJIu.

BxomabiMu napameTpaMu MeTOJA NeHepaIuy KBaIPaTHON TeCTOBOW MaT-
PHUIIBI ABJSIOTCA €€ pasMep N 1 BEIIeCTBEHHBIN ITapaMeTp KadeCTBa MaTPUIbI
—N+2<6§ < oo. IIpu § = —N + 2 nonydaercst e IMHUIHAS MATPUIA, & IPH
0 — 00 PACTET CTeNeHb BBIPOKICHUST MATPHUIILI. 37IeCh U Jajee TPeImoIara-
€TCsl, UTO IJIEMEHTBI MATPUIILI HYMEPYIOTCS C HYJI.

CuauaJia, CTpOUTCs TI€pBasi CTPOKA dg(, - - - , 49 N—1 T€HEPUPYEMOI TeCTo-
BOit KBapaTHOil Marpuiel A = {a; j}gj_:lg. 3HavyeHns: €€ JIEMEHTOB BbIYHC-
JIAIOTCS TIO CJIEJTYIONEMY TPABUIIY:

1— L eCJH/I#gl .
aoj:{o N—1+6> N—-1494 ,]:O,...,Nfl.
, nHaue

Ora QYHKIWMS OlpeJieeHa JJIsi HEOTPUIIATEIbHBIX IeJIbIX HHIEKCOB CTOJIOIOB
j < N —1, meorpunaresbia u Beerja mpoxoaut depes Touky (0, 1). Eé obuuit
BIJI IIPU Pa3HBbIX 3HAUEHUsSIX ITapamMerpa d mpejacrasieH Ha Puc. 1.

G/OJJ\
d=00
1‘&55::*‘———.————.____.____._____.
s D ::‘—.-___.
CTelIiellIe e 06
S~ R - - 2
I e M
0 1 2 3 4 4 5

Pucynok 1. I'pacduku 3aBucumMocTteit Ko3hDUIMEHTOB TEpBOl CTPOKKU MaT-
putibl A or uHIEKCa npu pasHbxX 0 it N = 7.
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[Tocsemyromnue cTpokn A moJIyqaroTCs IUKIXIECKOI TIePeCTaHOBKOM dJ1e-
MEHTOB IIePBOH CTPOKH: @jj = ((;—1)modN (j—1)modN- Hanpumep, npn N =
2,3,4 cTpyKTypa TeCTOBBIX MAaTPHI] TAaKOBa!

1 ap1 ao2 aos

1 1 ap1 ao2 1
W1\ a0 1 agr | | 903 ap1 ao2
apr 1 )7 "lao2 a3 1 ao1

ap1 ap2 1
ap1 ap2 ap3 1

3. HccaenoBanue MoJIlydYeHHBIX MaTPUIL

ABTopaM IOKa He YIAJIOCh UCCJIEN0BaTh CBS3b YMCJA ODYCIOBJIEHHOCTH CO
sHagenusiMu 0 1 IN ananurudecku. Ilpencrapiennsie Ha Puc. 2 3kcriepumen-
TaJIbHBIE PE3YJIbTaThI MOJYIEHbl C IOMOIIBIO CTAHIAPTHOIO IIPOrPAMMHOIO
nakera 3] ¥ HaABOJSAT HA MBICJb O HAJIMYUH JOCTATOYHO [IPOCTON 3aBHCHMO-
cru. Ha rpadukax me m300parkeHO 3HAYEHHWE YHC/Ia O0YCJIOBJIECHHOCTH IIPU
d = 00, paBHOE 00.

Marpuia 10 x 10 Marpuia 100 x 100
. T T T T T T
40 ] 400 |- :
& =
2 30 1 | N
£ £ 300
< <
E =
m Q
2 201 1 2 200] —
=S ES
\l=} ©
=} =]
g o 1 g w0f .
£ £
a =
0 | 1 0 |- —
| | | | | | | | | |
—-10 0 10 20 30 —100 0 100 200 300
ITapamerp & TTapametp &
Matpura 500 x 500 Matpura 1000 x 1000
T T T T T T T
2,000 |- 4 4,000 |- -
g g
2 1,500 | g 3,000 .
g g
= 1,000 [~ - 2,000 [~ B
S 3
& \&
o o
2 500 -2 1,000 |- |
£ £
5 o
of - of -
| | | | | | | | | |
—500 0 500 1,000 1,500 —1,000 0 1,000 2,000 3,000
ITapamerp & TTapamerp &

Pucynok 2. I'pacduku 3aBucumocreii unciia 00yCJIOBJIEHHOCTH MATPHUIBI OT
napamMerpa d 1npu pasHeix V.
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[Ipemnyioxken HOBBIN, UYPE3BBIYANHO MPOCTON CIIOCOO CHHTE3a JUATOHAJIb-
HO JIOMUHUPYIONIUX TEIJIUIEBBIX TECTOBBIX MATPHUIL C HEOTPHUIIATEIbHBIMU Be-
MIECTBEHHBIMHU 3JIEMEHTAMHU U 2KEJIAEMbIM 3HAYEHUEM YUCJIA 00YCJIOBJICHHOCTU
HAIPSMY0, & He oA00poM. OH ToUTCsT TaKKe JJIs IIOCTPOEHUST IPSIMOYTOJTb-
HBIX MaTPHUI], COOTBETCTBYIOIINX HEJIOOIPEICJICHHBIM U II€peolpeIeIEHHBIM
cucTeMaM JIMHEHHBIX ajredbpantdeckux ypaBHenunit. Vcxomas n3 mpoBeIEHHBIX
YUCJIEHHBIX SKCIIEPUMEHTOB, MO2KHO C(OPMYIMPOBATH MUIIOTE3Y O JTUHEHHON
CBsI3U mapaMerpa ¢ ¢ 9UCIOM ODYCJIOBJIEHHOCTH, HO OHA MOKa He JTOKa3aHa,
U UMEET CMBICJI B KaXKJIOM KOHKPETHOM CJiydae YOeXKJIAThCs, YTO TO TaK.
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Generation of Test Matrices with Given Condition Numbers
Parfenov D. V., Cheshkova A. M.

A new low-complexity heuristic method for generation of real-
valued test matrices with required condition number is proposed.

It makes practical selection of methods for solving linear algebra
problems easier.

Keywords: systems of linear equations, condition number, matrix
spectrum, test matrices.
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O06 anaropurMusaiym 3HAHMII

A. C. Ionkomsun!

B pabore paccMaTpuBaioTcsl BOIPOCHI KOMITLIOTEPHOIO MOIAEIUPO-
BaHUs IIPOIECCOB PEIIeHNs 33189 U aBTOMATUIECKOIO CO3IAHUS IIPHe-
MOB pemares. V3araercss apXuTeKTypa IIPOIecca IEPexoia OT Teo-
peM K mpruemMaM (aJrOpUTMU3AINN 3HAHWI ), CJIOKUBIIASICS B IIPOIECCE
06pabOTKN MHOTOYNCJIEHHBIX npuMepoB. Co3maHa KOMIBIOTEPHAs CH-
cTeMa, MO3BOJISIONIAs PEIaTh 3aJa4i U3 Pa3IUYHBIX Pa3/Ie/ioB MaTe-
MAaTUKN U CIIOCODHASI MOMIOJIHSITh CBOIO 623y IPUEMOB.

KiroueBnlie ciioBa: KOMHBIOTeprIﬁ peniaresb 3aaa4, JIOrn4eCKasd
cucrema, I/ICKyCCTBeHHbIﬁ NHTEJLJICKT.

B xoMubroTepHOI ceTn XpaHSITCs OrPOMHBIE 3alachl 3HAHUM, HAKOILIEH-
HBIX 4ejioBedecTBOM. Kazayiock Obl, OTCIO/IA PYKOIl 1TOIATh JI0 UCKYCCTBEHHO-
'O MHTEeJIJIeKTa, CHOCO6HOFO OPUMCECHATDL 9TU 3HaHUA JIJIsd PEeIIeHU A pa3H006—
PA3HBIX 3aJ[a4d W MOMOJHATH uX 3anacbl. OJIHAKO, BpeMs HJIET, a IPOrpaM-
MBI IIO-IIPE2KHEMY IMUIIYTCA MIPOTPaMMUCTaMU, HAYKU PA3BUBAIOTCA yY€HbI-
MU, TEXHUUIECKHE MPOEKTHI CO3/IAI0TCs WH2KEeHepaMu. Bceiieck sHTy3uasma,
BBI3BAHHOI'O yCIIeXaMM HMCKYCCTBEHHBIX HelfpoceTeil B pacro3HaBaHUU oOpa-
30B, 9TO# KapTuubl He u3MeHusJ. Cozjlaercss Takoe BIEYATIIEHUE, UTO IEH-
TpaJIbHOI TTPOOJIEMONl UCKYCCTBEHHOI'O MHTEJIEKTa, SIBJISIETCSI, BCE-TAKW, HE
mpobJieMa pacio3HaBaHUsI 00pa30B, a IpobJyemMa AJrOPUTMU3AINN SHAHMIA.
Hy>xHO HAyYNTb KOMIIBIOTED CAMOCTOSITEJILHO CO3/IaBATH M0 XPAHSIIAMCS B
HEM 3HAHUAM aJITOPUTMBI/TIPUEMbI PENIEHNs] 38144, U JINIIb TOT/1a BOSHUKHET
HUCKYCCTBEHHBIN MHTEJIJIEKT, O-HACTOSIIEMY TTOHUMAIONIUI 9TH 3HAHUS.

C ToukM 3peHus MaTeMaTHKHU, IPodjieMa aJropuTMU3AINA 3HAHUN CBO-
JIUTCS K BOIIPOCY: KaK M3 TEOPEM U3BJICUb [IPUEMBbI pettieHust 3a1a4d? s uzy-
YEHUsI [TPOoIecca IpeodPa30BaHNsI TEOPEM B IPUEMBI U OBLIA CO3/IaHa KOMITBIO-
TepHas CHCTeMa, OIUCAHUIO KOTOPOii mocBsIeHa MoHorpadus "Kommborep-
HOe MOJIEJINPOBaHKe JIOrHuecKux mporeccos”. D1y monorpaduio [1], a Tak-
JKe MporpaMMy caMoil CHCTeMbl MOXKHO Haiitu Ha cafite kadeapsr MaTUC
wWww.intsys.msu.ru.

[Ipexie Bcero, MpUILIOCH HAKOIMTDH JOCTATOYHO OOJIBIIOE KOJIUIECTBO
yke "aJropuTMU3NpOBaHHBIX! 3HAHWIT W IOHSTH, KAK OHU JIOJI)KHBI OBITH
OPraHu30BaHbl B KOMIBIOTEPHOW CHCTEME JIjIs TOro, YTOObI oHa Morua 3¢-
dexTuBHO perarh 3aadu. [IpopabaTbiBajnch IPUMEPBI 13 MHOXKECTBa, pa3-
JIMIHBIX TpeIMeTHBIX objtacreil. Ilporece pernrerust pasbuBajcst Ha 3JIeMeH-
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TapHbIe IMard, U JJIS KajXXJO0ro W3 HUX IPEJIarajoch OObsCHEHUE B BUJE
HEOOJIBITION TporpaMMbl — "TIpueMa KOTOPBI B aHAJOIUYIHON CUTYAIIUNA BbI-
MTOJTHSJT aHAJIOTUYHbBIE JlelicTBus. s mprueMa ompeessiioch TO KJIOYEeBOe
TIOHSITHE, TOSIBJCHIE KOTOPOI'O B TEKYIIIEM KOHTEKCTE JOJIXKHO OBLIO WHUITU-
MPOBATDH MOIBITKY MPUMEHEHUs IIpHeMa. 3a KaXK/IbIM ITOHSATHEM 3aKPEILis-
JIach BETBb IIPOI'PAMMBI pelaTesd, K KOTOPOl OTHOCUIINCH COOTBETCTBYIONINE
[pueMbl, U Da3a MPUEMOB OKA3aJIaCh OPraHU30BaHa KaK SHITUKJIIONE s TIPH-
eMoB. Perrnienne 3a1a4m mporcxoauiio B MPOIecce CKAHNPOBAHUS €€ OIMMCAHUS
u obpallenusi JIisi TEKYIIEro MOHATHS K COOTBETCTBYIOIIEH BETBU JJAHHON SH-
nukjaonenuu. Takum oOpa3oM, CUCTEMa TIOJIYUHUIa YTO-TO BPOJE BHYTPEHHETO
" moruueckoro 3perus" u Morjia IPUHUMATH PellleHre 00 OUepeIHOM JeHCTBAN
C YYeTOM BCell TeKyllell KapTUHBI.

Tak Kak KazKJIplif IpueM JAeficTBOBA aBTOHOMHO U HE3aBUCUMO OT JIDYTUX
IPUEMOB, a 00Iee KOJMIECTBO MPUEMOB HA TEKYIIUH MOMEHT JIOCTUTJIO OO-
siee uem 50000, Bo3HUKJIA ITPOOJIEMA OPTaHU3AIUN PA3YMHOIO UX B3aNMO/IEi-
CTBUsI, KOTOPOE 3aKJIAIBIBAJIOCH B PEIIaiolire MPaBujia IPUEMOB B IIPOIECCe
obyuenust Ha npumepax. Bcero 6vu10 paccmorpeno 6osiee 13000 3ama1 u3
Pa3JINIHBIX MPEIMETHBIX 00JIaCTel: MUCKPETHAS MaTEeMATHKa, ajaredpa MHO-
JKECTB, JIEMEHTapHasi ajrebpa, sjeMeHTapHast T€OMETPUsl, AHAJIUTHICCKAs
reoMeTpus, JUHeHas ajredpa, MaTeMaTUIeCKuil aHaans, TuddepeHnaIb-
Hble ypaBHEHNs, NHTEIPAJIbHbIE yPABHEHNUSA, KOMILIEKCHBI AHAJN3, TEOPU
BEpOSITHOCTE(, o0Ias ajaredbpa, sjaeMeHTapHasi (pU3UKa, dJeMeHTapHAasT XU-
MU, PACIIO3HABAHNE PYKOIUCHBIX OYKB, TEKCTOBBIH aHa/m3, maxmarsl. Cu-
creMa 0TOOpaXkaeT IPOIECC peleHus 3aja9u "o maraM'" 1 oKasajach CIo-
coOHa perraTb MHOTHE 33391 YPOBHSA KOHKYPCHBIX 9K3aMEHOB 10 MaTeMaTH-
ke. Hampumep, moImarosblii oKas perieHus 3a/1ad Mo 3JeMeHTapHoi aired-
pe, KOTOPBIit B TIOCeiHee BpeMs AeMoHcTpupyeT mporpamma C.Bonbdpama,
JaHHasl CHCTeMa yMeja JejaTh erme 25 jeT Hazan. Hemmoxo crpaisercs
OHA CO CTAHJIAPTHBIMU 33/aYMaMU 110 JIEMEHTAPHOW MeOMETPHUH, & TaK¥Ke 3a-
JladaMi U3 JPYTHUX [MEPEIUCIEHHBIX BBIIIE PA3/IeoB. TakuM o0pazom, MOYKHO
CUNTATh, ITO MOHUMAHUE TOI'O, KAK BBITVISIAT AJrOPUTMU3UPOBAHHBIC 3HA-
HUsi, OBLIO /IO HEKOTOPOI CTEIEeHU JOCTUTHYTO.

Yro6bl yIPOCTUTH CO3J@HUE MPUEMOB, OB CO3JIAH CIEIUATbHBINA A3BIK
uporpammuposatust JIOC (JToruveckuit Onucarens Curyanuii), MakcuMasIb-
HO TPUOIMKEHHBIN K JIOTHYECKOMY sI3BIKY. [JIaBHON ero 3ajadeit 6bL1a hop-
MyJIUPOBKa CJIOKHBIX YCJIOBUI Ha IEIECO0DPA3HOCTD IPUMEHEHHUS IIPUEMa B
TEKYIIEM KOHTEKCTE. B 9THX YCIOBUSIX pa3pernasioch MCIOJIb30BATH KBaH-
TOPBI U ONUCATENU, IPUIEM OIEPATOPHI A3BIKA PAOOTAJIN B PEXKUME IEpe-
YUCJIEHUs 3HAUEHNH BBIXOAHBIX IIePEMEHHBIX, IO3BOJIUBIIEM 00XOIUThCS 0e3
orepaTopos mukKJa. Xorsd a3bik JIOC u okazaics 6 1M30K K M3BECTHOMY SA3bI-
Ky Jiorudeckoro nporpammuposanust [IPOJIOT, B otyimane ot [TPOJIOTa on
OpPUEHTUPOBAH He Ha (HOPMYJHUPOBKY TEOPEMbI MPEIMETHON 00JiacTu, a Ha
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GOpPMYyJIUPOBKY YCJIOBHUIl ylpaBjieHus 3Toi Teopemoit. st perrareseii 3To
0Ka3aJI0Ch 00Jiee BaXKHBIM, TaK KaK YACTO 3AIUCH yIIPABJIAIONIEH KOMIIOHEH-
TBI IpUEMa ObLIIa BO MHOT'O Pa3 CJIOYKHEE 3AIMCH TEOPETUIECKON KOMIIOHEHTHI.
JIOC cyImecTBEHHO YCKOPUJI MPOIECC ITPOIPAMMUPOBAHUST W YIIPOCTUJI TTe-
HEe TporpaMM. [JjIsT BBITOJIHEHUST €r0 TPOTPaMM CO3JaH MHTEPIPETATOP, U
BCsi paboTa CUCTEMBbI, BKJIIOYas nHrepdeiicel, mpoucxoaur depes JIOC.

JlaJibIlie HAYAJICST MPOTIECC MMOCTEIIEHHOTO JBUXKEHUsI BCISTh — OT AJITO-
PUTMHU3HPOBAHHBIX B BUJE TMPUEMOB 3HAHUIl K mX mcToIHmMKaM. lIpakTuka
oOydeHUsT periaresiss MOKasajga, 9T0 OOBIYHO IIPHEM OCHOBAH Ha KAKOH-TO
eauHCTBeHHOI TeopeMe. B nporpamme JIOCa dparMeHTsl 9TOi TeopeMbl U
YIIPABJICHUS TEOPEMOHI TIepEMEITAHbBI JIOCTATOYHO Xa0TUIHBIM 0Opaszom. Kcre-
CTBEHHBIM IIEPBBIM IIArOM Ha IIYyTH K HCTOKAM IIPOIPAMM CTaJl MEPEXO K
pa3NeJIbHON 3alicu TeopeMbl U yipasieHus. s Takoro pasjeseHus ObLI
co3JlaH si3bIK Jiorudeckoro mporpammupoBanus ['EHOJIOL, B koTopom mnpu-
€M 33/1aeTCd TeOpPeMO, COIIPOBOXK/IEHHON HEKOTOPON aJJIropuTMU3UPYIONIEH
pasmerkoii ("reHorunom" npuema), HOHATHON KOMIMJIATOPY. DTOT $I3bIK, B
orauyue ot JIOCa, He ABIsETCA HEITOCPEICTBEHHO UCITOTHAeMbIM. Kommuiis-
Top npeobpazyer omucanue rnpuema Ha 'EHOJIOI'e B mporpammy JIOCa.

Yr006B! cHOPMYIIPOBATE YCJIOBUSI TIEJIECO00PA3HOCTH IPUMEHEHUST TE0Pe-
MBI B TekymeMm KouTekcre, [EHOJIOI" ncnonb3yer mosHOMACIITAOHBIH JTO-
ruveckuil s3biK. TakuM 06pasoM, onmcaHue IprueMa UMEeT IBa JIOTHIECKUX
YPOBHS — YPOBEHb IIPEJIMETHON 00JIACTH, HA KOTOPOM 3a/Iae€TCsl TeopeMa, U
YPOBEHBb CTPYKTYD JAHHBIX, Ha KOTOPOM 3aJIaeTCsl yIIpaBjieHne Teopemoit. B
9TOM 3akJiodaeTcs npuHiunrajbioe omane 'EHOJIOa or apyrux sizbi-
KOB Jjiormueckoro nporpammupoBanus. Coznanne 'EHOJIOa npoucxomgusio
[IOCTETIEHHO, 110 Mepe IMPOopaboTKU 3ajad U3 Pa3jIudHbIX pasjiesioB. Oakru-
YECKH, OH IPEJCTABJIAET COO0N OIPOMHYIO KOJIIEKINIO CIIOCOOOB AJITOPUTMHU-
zamuu TeopeMm. [ EHOJIOI' HACTOMBKO yIPOCTHII U YCKOPHUJI CO3JAHUE IIPU-
€MOB, YTO TO3BOJINJI B CPABHUTEJHLHO KOPOTKHE CPOKM HAKOIUTH MX 3alac,
JIOCTATOYHBII, HAIIPUMED, JIJIs PEIeHns 3a/1a4 110 IIaHnuMerpun. [Ipopabor-
Ka MEePEevINCIEHHBIX BBIIIE Pa3eaoB, B KOTOPBIX ObL1o co3mano 6osee 50000
npueMoB pematesist, 6puta ocyriecrsieHa Ha ['EHOJIOTe. Tlepsoie mects
tomoB MoHorpadun [1, 2, 3, 4, 5, 6] "Kombioreproe Mmozesnposanue Jio-
TUYECKUX IMPOIECCOB" MOCBSIIEHBI U3JI0KEHUIO TUX TPUEMOB U OIMUCAHUIO
obIrielt Oprauu3arun KOMIIBIOTEPHON JIOTUIECKON CUCTEMBI.

Oamaxo, TEHOJIOI okazaJjcs muiiib MTPOMEYKYTOUHBIM IIYHKTOM Ha Iy TH
OT TIPUEMOB K TIOPOJIUBIIIIM MX TeopeMaM. AJINOpUTMU3UPYIOMAs Pa3MeTKa
TeopeMbl OblLjIa HAIE/IeHa, JIUIIL HA TO, YTOOBI MOJAPOOHO OObICHUTH KOMIIU-
JIATOPY, Kak 1o Teopeme coznasarh JIOC-tiporpammy npuema. B Heit Huuero
HE TOBOPUJIOCH O TEJISIX IPUMEHEHHUsI ITpreMa. IToObl aBTOMATU3UPOBATE CO-
3/IaHMe TAaKUX Pa3METOK, Oblia HpeanpuHsTa Kiaccudukaius npuemon ['E-
HOJIOT'a mo mneneBomy mnpusHaky. CoryiacHo 3TOW Kjaccupukanum, Iese-
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Basl yCTAHOBKA, MMPUEMa OMUCHIBAJIACH TUIIOM TIpHeMa U HEOOBIINM HAabOPOM
COIIPOBOK/IAIONINX €ro JaHHbIX. Hampumep, HampaBaeHuEM TOXKIECTBEHHOM
6O IKBUBAJICHTHON 3aMEHBI, BBIJEJIEHUEM KAKUX-TO TIEPEMEHHBIX, TOATEP-
MOB, 1 T.II. TaKa,H nesieBasl YyCTaHOBKa, IIOJIyYHBINad Ha3BaHUE CHeL[I/I(bI/IKa—
MU TIpUeMa, OKa3ajach (DAKTUYECKHU aJbTEePHATHBHBIM CIIOCOOOM 3aTaHMsT
npuemMa. $I3bIK 3aJIaHUSI TPUEMOB C IIOMOIIBIO COIIPOBOXKIAKOIIUX TEOPEMY
crnenudukanyii ObLI Ha3zBaH JOIMYECKUM acceMbyiepoM. AHAJIOIUsl ¢ OObIY-
HBIM acceMOJIEPOM, XOTsI U BEChbMa OTJAJIEHHAS], 3aKJII0UAETCST B TOM, YTO THUII
pueMa yIoJ00 IsIeTCS KOy OMEPAITNH, & JIOTIOTHEHNsT K HEMY — OIEPAHIAM.

Yucso Tunos npuemon npubdsmkaercs K 1500. Haubosiee gacto Berpeda-
1orcst opsiiika 300 u3 nux. s nepexosia oT 3aiaHus npueMa Ha JJIOTHIeCKOM
acceMbuiepe K 3agaanio ero Ha [EHOJIOIe 6611 cosman kommmtsitop. O Ha-
KO, 3TOT TIPOTECC KOMITUJTSIITAYN TTOTPeOOBaJ TPUBJIEYh IPUHITUITHAILHO HOBBIH
9JIEMEHT — JIOBOJIKY CO3/IaBAEMOr0 IpUeMa Ha 3a/a9aX C IeJIbI0 ONTUMU3a-
IIHU €r0 TIAPaMeTpOB U 6eCKOHMIMKTHOTO "BikuBieHns" B 6a3y MPUEMOB.

Jlormaeckmit accembiiep, XOTs M OKA3aJCSI S3BIKOM MOTPAHUTHOTO CJIOST
MEKJIY TeOpEMaMU U TMPOrPaMMaMU, MPUMBIKAET K 3TOMY CJIOIO CO CTOPOHBI
nporpaMm. B mepByio odepeib, m3-3a TOr0, 9TO TEOPEMBI IIPHEMOB OKA3aJI0Ch
11e51ec000pa3HO, B MEJSIX YIPOIIEHUS KOMITUISINEN, HECKOIBKO " nedopMupo-
BaTh" 110 OTHOIIEHUIO K OOBITHBIM TeOpeMaM, 0TOpachiBast H30OBITOUHBIE TTPO-
BEPKU U T06ABJIsAT HEKOTOPBIE JIEMEHTHI TEXHIIECKOTO Xapakrepa. Bee-rakn,
TEOPEMbI IIPUEMOB IIPEJICTABSIOT CODOI JINIIB (PPArMeHT S3bIKa, ITPOTPAMMU-
poBanust. UTobbl mepeiiTu depes "morpaHUYHBIA cIoi" MexKay nmpueMaMu 1
TeopeMaMu U JaJjiee MPOJI0J/KUTh PabOTy CO CTOPOHBI OA3bI TeopeM, HYKHO
OBLIO TIPEXKIe BCETO CO3/IaTh 3Ty CaMyIo 0a3y TeopeM.

BarmoJsiHeHne 6a3bl TEOPEM HEIOCPEJICTBEHHO U3 yUeOHUKOB ITPUBEIO Obl
K CYIIECTBEHHOMY Da3pbIBy MEXKJIy HUMH U TeopemMaMmu npuemos. Teope-
MbI IIPHUEMOB OOBITHO COEPKATN MHOXKECTBO 0OODIIAOIINX IapaMeTPOB WIN
[IPEJICTABJISIIN CODOI Kakne-To KoMOnHaIMK TeopeM "u3 yueOHUKOB OPUEHTH-
pOBaHHbBIE Ha PEIIeHHE 33/1a4 U B y4eOHMKaX 0ObIYHO oTcyTcTBYIOImE. UTo-
OBl IIPOCTEINTH MUCTOYHUKM MPUEMOB, HYXKHO OBLIO M30eXKaTh YKa3aHHOIO
paspsiBa. [losTomy rmepBoHauaBHO Oa3a TeOpeM 3aloJIHSIACh TEOPEMaMU,
MIPEICTABIISIIONINMI CODON AKKypATHDBIE ¢ TOUYKU 3PEHUsT JIOTUKHU TepebopMy-
JIMpOBKU TeopeM mpueMoB. OHa mpejcrasiisiia coboit kak 6b1 "mpoekmuo"
6a3pl mpueMoB. B OO/IbIIUHCTBE CIydaeB TeopeMma u3 0asbl TeOPEM IOMPOCTY
COBIIQJIAJIA C TEOPEMO ITPUEMA.

Crenyromum BOpOCOM OBLIO: KAK 10 TEOPEME CO3/IaBATD CIIeIUMDUKAIIT
npuemMoB? Vmerorasicst 6a3a TeopeM, IPUBsS3aHHAast K 0a3e MPUEMOB U K yIKe
TOTOBBIM UX CHEIU(DUKAIMAM, TO3BOJIMIA TIPOBECTU OMPEJIETEHHYIO KIACCH-
duKanuio TeopeM U BBIPAOOTATH HEKOTOPBIN CIIMCOK CTAHIAPTHBIX Xapak-
TEPUCTUK TEOPEM, MOCKA3BIBAIONINX BO3MOXKHBIE THUIIHI TPUEMOB JJIsT HIEX.
BO.HBH_H/IHCTBO ITUX XapaKTEePUCTUK JIETKO BbBIYUCJ/IAJIUCH HEIIOCPEACTBEHHO
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10 TeopeMe, U JJjIsi COIMPOBOXKIEHNA MMU TEOPEMBI ObLIa, CO3/IaHa CIEeIHaIb-
Hasl POIe/Iypa, Ha3BaHHAs XapakTepusaTopoM. CosziaHue JIPyTrux XapaKkTe-
PUCTHUK TPebOBAJIO MOHUMAaHUs ITPEAbICTOPUN BOSHUKHOBEHNA TeopeMbl. OHu
JOJIZKHDBI 6bI.)'H/I MOLABJIATBHCA JIUMIIB B IIPOIECCE BBIBO/Ia TE€OPEM. TaK nJIn NHa-
e, B 6a3e TeopeM KaxK/[as TeopeMa COIMPOBOXK/IAIaCh CIIMCKOM CBOUX Xapak-
TepucTuk. Crerudukanui TpPUeMOB CO3/aBAJINCH TPOIEY PO, IPOCMATPH-
BaIOIIECl XapaKTePUCTUKU TEeOpeMbl U IIpeylararolneil Jjid TeKyIleil xXapak-
TEPUCTUKHU CIIMCOK BO3MOXKHBIX CIENM(MUKAIMI. DTa IPoIesypa MOy IujIa
Ha3BaHNe CIemuPUKATOPA.

CobBCTBEHHO TOBOPS, YK€ C 9TOTO MOMEHTA, TOSBUIACH BO3MOYKHOCTD aB-
TOMATHYIECKOrO CO3/IAHMS IPUEMOB TI0 TeOpeMe: CHaYaIa XapaKTepu3aTop Co-
[IPOBOKIAET TEOPEMY CIIMCKOM XapaKTEPHUCTHUK, 3aTeM CIENU(DPUKATOD IPeI-
JlaraeT Mo KayKJ0# M3 HUX BO3MOYKHBIE CIEIUMPUKAIINN, TAIee KOMIHIATOD
cueruukanmii mpeodbpasyer ux B omucanus npuemos 'EHOJIOa, u, Hako-
uern, komnuwistop 'EHOJIOTa noixyaaer JIOC-nporpaMMbl IpueMOB.

OpmHako, TaKre MPUEMbI, CO3JaHHbIe Oe3 ydeTa TOro, KaKhe IIPUEMbl y7Ke
UMEIOTCsI B perraresie, 0OBITHO OKA3bIBAIOTCS OECIIOJIE3HBIME UJIU JIAXKe BPEJI-
HeiMHU. JInbo oHU AyOJMPYIOT TO, YTO HAEJIAJIOCH JAPYTUMHU IIpUEMaMu, JOO
OeCILIOIHbBIE TONBITKNA UX IPUMEHEHUsI CUJILHO 3aMeJJISIIOT paboTy, 100 OHM
BOODIIE HAIIPABJISIOT XOJ PEIIEHUs IO OMUO0OIHOMY pPycCay. UToObI mpeomo-
JIETH 9TO sIBJIEHHE, IOHAJO00MJINChH €ellle JIBa dTama 00paboTKH IIpHeMa.

IIpexxge Bcero, mpeIpUHUMAETCS IONBITKA CO3JATh JIJIsSI IIPUEMa ITPO-
CTYIO TECTOBYIO 3314y, KOTOpasl PeIajach Obl JAHHBIM IPUEMOM, HO HE Pe-
maJjiacb B €ro orcyrcrBue. Tak Kak THI IpHUEMa U3BECTEH U U3BECTHA, €ro
11eJIeBasi OPUEHTAINSI, IOCTATOTHO, YTOOBI 3a/1a9a ObLIa JIIITh OTHOXOTO0BKOM,
IIPOBEPSIONIE, YTO pelrarTe/b CIIOCOOEH CAeIaTh Iar B HAIPABICHUN HY K-
ol nesnm. JlaHHbIH 9Tan obecrednBaeT HACTOIBLKO XOPOIIYIO (DUILTPAIUIO,
9TO ee MPOXOJAT TOJBKO T€ MPUEMbI, KOTOPbIE JeUCTBUTETHHO PACIIAPSIOT
BOBMOXKHOCTHU pernaresisi. PakTUIecKn, TECTOBBIN MPUMED CJAYXKUT Kak Obl
JI0KA3aTeIbCTBOM HEOOXOIMMOCTHU IIPUEMA.

OHako, Jaxke HeoOXOMUMBIH JJIsi OJHOM 3a,1a491 IPUEeM OLIBAET CIIOCOOEH
"mosioMaTh" X0 pelleHusl APYruX 3aa4 00yJalolero MaTepuaJia, CoOXpaHsi-
eMOro B 3aJauHuke pemaresis. [losaToMmy, mocae IpuMepKH Ha TECTOBBIX 3a-
Jadax, IpeIlIpUHIMAETCS IIPOKPYTKA PellaTesis IO OMHOMY HJIU HECKOJIbLKIM
pasjenaM 3aIa9HuKa, JIJI BLISBJICHUS TeX 3aJa4, PelleHne KOTOPBIX CUJILHO
3aMeIJINIOCh WJIM Ha KOTOPBIE CTaJl BOSHUKAThL 0TKa3. Ha 3Tux 3amadax mpe-
MPUHUMAETCS JOBOJIKA, IIPUEMA: BAPbUPYETCsS yPOBEHL CPAbDAThIBAHUS IIPHUE-
Ma, IPeANPUHIMAETCS Iepexoll K MOATUILY IpHeMa, obecliednBalomeMy boJiee
BI)ICOKyIO CTelleHb MOTUBHUPOBAHHOCTH Cpa6aTbIBaHI/Iﬂ7 n T.II. HpI/I JOBOJIKE
YUIUTBIBAETCS, UTO IIPHUEM II0-IPEXKHEMY JOJI?KEH PellaTh CBOI TECTOBYIO 3a-

Jagy.
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JIumme mocyte MpUMEPKY M JOBOJIKA aBTOMATHYECKH CO3JIAHHBIE TPUEMBI
PErucTpUpPYIOTCsT B HAKOMHTE e pe3yJbraroB. Tak Kak CHCTeMa HaXOIUTCS
JIUITH Ha, CTA NN OOyJeHUsT, OKOHIATETHLHBIH 0TOOp MPUEMOB U3 HAKOTIUTE ST
U NEepEeHeCeHNe UX B OCHOBHYIO 6a3y IPHEMOB IOKA BBIMOJHSIETCH BPYYHYIO.
O6BITHO OTKJTOHSIETCS JIUIITH MEHbBINAs UX JaCTh, IPUYEM MPUINHON CITYKUT
KpaifHe MaJIOBEpPOSITHOE BO3SHUKHOBEHHE CUTYAIMM, Ha KOTOPYIO PaCcCUUTAH
TIpUEM.

Ho BepHemcs K paCCMOTPEHUIO TEOPEM — JI0 TOTO MOMEHTA, KaK JIJTsT HUX
reHepUPOBAJIUCH crierupukarm. Kak yyke rOBOPUIOCH, T€ TEOPEMBI, TI0 KO-
TOPBIM CO3JIAIOTCA IIPUEMBI, PEJIKO COBIAJaloT ¢ "GaszucHbiMu" TeopeMaMu
3 yuebHnkoB. OOBIYHO OHM TIPEJCTABIISIOT cO6O0l PE3yIbTaT ONMpeIeIeHHON
rnmepepaboTK OA3UCHBIX TEOpeM, HeOoOXOIWMOM IJisT pelneHus: 3ajaad. Takas
mepepaboTKa MOXKET 3aKTI0YaThCS B TOM, UTO TEOpEeMa CHADYXKAETCS MHOMKe-
CTBOM OBGOOIAIONINX TAPAMETPOB, OPUEHTUPOBAHHBIX Ha IPUMEHEHUE €€ B
"HessBHBIX" cHTyalusX, MO0 B KOMOMHUPOBAHUU HECKOJBLKHUX TEOPEM JIJIsi
BBIBOJA CTaHIaPTHON "3aroToBKH" I 9aCTO BCTpEYAIOIIeics B 3a1a9ax CHU-
Tyaruu, u T.100. [losToMy, /1JTst 3aBepITieHnsT PACCMOTPEHNUST TTUKJIA, AJITOPUTMI-
3ali TEOPEM, OCTAJI0Ch ODECIEUUTh YKA3aHHBIN [TePEeX0] 0T OA3UCHBIX TEO-
peM K TeopeMaM, MO0 KOTOPBIM OyIyT CO3MaBATHCS MPUEMBI. JTOT TEPEXOT
OyJ/IeM HA3BIBATH MTPOrPAMMUPYIONIUM JIOTUIECKUM BBIBOJIOM.

UsBnevennnie n3 6a3bl IPUEMOB PEINTATENsT TEOPEMbBI OKA3AIUCH TTPEBOC-
XOJIHBIM OOyJaloUM MATEPUAJIOM JJI CO3JaHMUs IPUEMOB IPOrPaMMUPY-
o1mero BeiBofa. OHU OBLIN paclpe/ie/IeHbl 0 CHeNUaIbHBIM MTOIPA3/IeIaM
orJiaBjieHusi 6a3bl TEOpeM — CBOEro Poja 3ajadaM Ha MPOrPAMMUPYOIIUT
BBIBOJI. B mepBoM myHKTE TIOApaziesia pacloaraainch OgHa W HECKOJIbKO
0a3UCHBIX TEOPEM, B OCTAJIBHBIX ITyYHKTAX PA3MEIAJINCh T€ TeOPEMbI — HUC-
TOYHUKN TPUEMOB, KOTOPBIE JIOJI?KHBI OBLITH MOy IATHCS TPOrPAMMUPY FOTITHM
BBIBOJIOM M3 DA3MCHBIX TEOPEM. DTHU MOJIPA3IEIbI IOy IUIN HA3BAHUE sTIeeK
JIOTHYIECKOTO BBIBOJIA.

Pasymeercsi, joka3are/ibCTBa TEOPEM HM3JIOXKEHBI B yIeOHUKAX M XOPOIIIO
n3BecTHBI. He coctaBisier 0coboro TpyJa M J0Ka3aTeIbLCTBO UX CJIEICTBHIA,
HCIOJB3YEMbIX JIJIs CO3JIaHUsl NpueMoB. Ho yMeHMe JI0Ka3bIBATh TEOPEMbI
HUYEro He JTaeT, eCJIM CaMU TeOPEeMBI ere oTcyTcTByIoT. [loaTomy mpopabor-
Ka MPOrPAMMUPYIOIIEro JIOTMIEeCKOr0 BBIBOJIA O3HAYAJA HU MHOTO HU MaJjio
aHaJIN3 IPOIECCOB "OTKPLITUA" TeopeM, HAauYMHAA XOTS Obl C UX I[POCTHIX
CJIEJICTBUIA.

Yro0bl 00bACHATh, KAK Ta WJIK UHAS TeOpeMa siiefiKu Morja Obl OBITH
OTKPBITA NPU aHaIu3€e OA3UCHBIX TEOPEM, MPUXOAUIOCH HAXOIUTDH IENOYKY
JIOCTATOYHO €CTECTBEHHBIX MEPEXO0B, OBITH MOYKET C MPUBJICIEHUEM JIOTION-
HUTEJILHBIX TEOPEM, KOTOPBIE TOXKE 3aHOCUIUCH B ODIIYIO 6a3y TeopeM — JJis
JajbHelnero obbsacHenust ux "mpoucxoxkaenus". st ycranasiieHust Toro,
KaKUe TIePEXO/IbI ABJIAIOTCS €CTECTBEHHBIMY, UCIIOJIb30BAJIUCH XaPaKTEPUCTH-
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ku TeopeM. OHU TO3BOJIMJIN TIPUMATH IIEPEXOAM B IIEIMIOYKE BBIBO/IA BIIOJIHE
OTIPeJIeJIEHHYIO TIEJIEBYI0 HAIPaBJIeHHOCTh. Kaxk il mepexor oopMIIsiicst
B BHUJEe HEOOJBITION TPOrpaMMBbl, aHAJIU3UPYIONIEH TeopeMy B KOHTEKCTE 3a-
JIAHHOI ee XapaKTepuCcTuKH. Takue IporpaMMbl, HA3BAHHBIE TPUEMaMU IIPO-
TPAMMUPYIOIIEro JOTMIEeCKOTO BBIBOA, AaKKYMYJIHPOBATINCH B CBOCOOPA3ZHOM
"teopemuom" peraresie cucrembl. Ha Tekymumit MOMEHT OH HACIUTHIBAET 60-
see 1500 mpuemoB.

[IpueM mporpaMMUpYIOMIErO BBIBOJA — CYIIECTBEHHO 0OoJjiee pa3BHUTBIM
00bEeKT, YeM OOBITHOe IMPABUJIO BBIBOJA B MaTeMaTudecKoil joruke. Bo-
[IEPBBIX, OH JOJI?KEH CaMOCTOSITEILHO HAXOAUTH B 0a3e TeopeM IOIOJTHUTE b
HblE€ TEOPEMBbI, KOTOPbIE B COYETAHUM C TEKYyIleil aHAJM3UPyeMOl TeopeMoil
OyyT JaBaThb IOJIE3HBIE CJIEJACTBHUSI. 371eCh HCIOJb3YIOTCS KaK OrJIaBJIEHHE
0a3bl TEOpeM, TaK U CIIeIuaJIbHbIE TTPOIETyPbl OBICTPOTO TTONCKa TEOpPEM 3a-
JIAHHOTO TUIA. BO-BTOPBIX, IpreM IMPOrpaMMHUPYIOIIEro BBIBOIA MOXKET 0bpa-
MATHCS K PEIIaTes] o JJis Pa3/IMYHbIX BCIOMOTaTeIbHBIX 3aJla4, MO/ICKa3aH-
HBIX €r0 IeJIEBOH yCTaHOBOKOI. B pesyibrare cpabaTbiBaHUE OIHOTO TAKOTO
npueMa 4acTO OKA3bIBAE€TCA PABHOCHUJIBHBIM JIJIMHHON IeNOYKEe TPUMEHEHUNR
OOBITHBIX MTPABUJI BBIBOJIA, IPUYIEM yCTPONCTBO €€ HelpeIcKa3yeMo n3-3a MO/I-
KJIIOUEHUsT MOIIHOIO allapara Bceil 0asbl MPUEMOB peraresisd. B-Tperbux,
npueM JJOJIZKEH HCIIOJIB30BaThb OIIPpEJCJICHHBIC 3BPUCTUYECCKHE IIpaBUJIa JIJIgd
GJIOKIPOBKHU BBIBOJIA MAJIONOJIE3HBIX (HAIIPUMED, YPE3MEPHO IPOMO3JIKIX )
TeopeM. B wacTHOCTH, NI 9TOTO UCHOJB3YeTCs OJIOKUPOBKA OIPEICTICHHBIX
COYETAaHWI TOC/IeIOBATEILHO TPUMEHSIEMbBIX MIPUEMOB BbIBOja. IIpu obyde-
HUU TaKasd 6.HOKI/IpOBKa IIO3BOJINJI& yCTOfI‘—IHBO O6€CH€‘II/IBaTb ncdepiianue
BO3MOXKHOCTE JlaJIbHEHIero BbIBOAa B d4eilKe U BbLIAYy OKOHYATEJIBHOI'O
pe3y/ibTaTa 3a npuemiieMoe BpeMs. B 0coObIX cayvasx pe3yJbTaTbl BBIBOJIA
BBIHOCHUJIUCH B HOBBIE ST9eiiKu, U IVIyOnHa BBHIBOJA TAKUM 00PA30M yBEJIMINBa-
Jlack. B-ueTBepTHIX, IPUEM BBIBO/A JIOJIZKEH COITPOBOXKIATH TEOPEMY XapaK-
TepuctTukaMu. OOBITHO JJIsI TONO UCIIOJIb3YETCsT 0OIIast IPOIELyPa XapaKTe-
pu3aTOpa, HO MHOIIA IIPUEM CaM YKA3bIBAET XapaKTePUCTUKU, O0bsICHSIIOIIIE
I1eJIb, pajyl KOTOPO#l OH ee IIOJLy4nII.

I'panb MesKIy MPOrpaMMUPYIONIAM JIOTHIECKUM BBIBOJIOM U HCCJIEI0BA-
TEJILCKUM BBIBOJIOM SIBJISIETCSI BecbMa, ycaoBHOM. [Ipu mpopaborke 6a3bl Teo-
PEM 0Ka3aJI0Ch, ITO MOJIyYeHrne MHOTHX "Kitaccuaeckux" TeopeM MOXKeT OBITh
00'BbSICHEHO IIPUEMAMHU JIOTTIECKOI'O BBIBOJA TOIO YK€ YPOBHS CJIOXKHOCTH, UTO
u s ux "rexumyeckux" ciencrsuii. HecoxkHble npueMbl, 00bsICHSIONINE,
KaK OJHa TeopeMa MoIjia Obl ObIThH BLIBEIEHA U3 APYTHUX, OLLIH CO3IAHDI,
Hanmpumep, st opMyJT KOpHEH KBaJIPATHLIX U KyOMYIeCKUX ypPaBHEHUI B
3JIeMeHTapHOi ajredpe, TeopeMmbl Iludaropa um TeopeM CHHYCOB U KOCHUHY-
COB B IIAHUMETDPUU, CBOICTB OIpeie/uTeNell B JUHEHHON ajaredpe, OCHOB-
HBIX (DOPMYJI BEIYHC/IEHHS IIEPBOOOPAZHELIX B MATEMaTHIECKOM aHAJII3€e U T. 1.
DaKTUIECKH, TEOPEMBI ITPOPADATHIBAIOTCS MTOUYTH IIOAPsI, O€3 pasie/ieHus Ha
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Oa3ucHbIe U BTOPUYHBIE. Bce 3TO BBIBEJIO TPOIlecC 0DyUeHUs perareseil Ha
Ka4ecTBEHHO OoJiee BBICOKMIT ypoBeHb. Eciin panbIie aHAJIM3UPOBAINCH 3313~
91 U3 38/IA9HUKOB U HY2KHO OBLJIO MPEJIOZKUTD ITPUEMbI, KOTOPBIE JIOBOJIUJIN
aHaJIOTMYHBIC 38Ja491 O OTBETA, TO TEIEPb aHAJIN3NPYIOTCA TEOPEMBI U IIPE/I-
MPUHUMAIOTCST TOMBITKA CO3/IATh MPUEMBI st "OTKPBITHSA" HOBBIX TEOPEM.
[Tpu sToM pasperaeTcs UCIOJIbL30BATHL BECh paHee HAKOIJIEHHDLIH CHUCTEMOI
TIOTCHITAAJ PEIICHNA 33/1a4.

Cozian IpOTOTUII IeHEPATOPa TPUEMOB, PYHKIMOHUPYIOIMINNA 110 CJIEIy-
rotrieit cxeme. Beibupaercs sgueiika JIOrniecKoro BbIBOJIA, U B Hell 3aITyCKaeTCs
mporiece BeIBOIA TeopeM. OOBIYHO BO3HUKAIOT JECSITKU TeopeM. B mporecce
BBIBOJIA KaK/1ast TeopeMa CHabXKaeTcst Xxapakrepucrukamu. [1o stum xapakre-
PHCTHKAM T€HEPUPYIOTCH CHEIUMDUKAINN TPHEMOB (OOBITHO — TOXKE BILIOTH
JI0 JiecsiTKa crenuduKaImii Ha Kax Iy teopemy). Kommmasrop crenudu-
Kanuii mpeobpasyer Te u3 cruenuduKaIuii, i KOTOPLIX TOKA HE CO3AHbI
npuembl, B ontucanus npuemos Ha 'EHOJIOTe. [l Tekymiero Takoro mpu-
ema (moka He orkommnumpoanHoro Ha JIOC) co3maercst TeCTOBBIN HpuMep.
[IpoBepsieTcsi, 9T0 3TOT IPUMED HE PEIIAETCS CUCTEMOIl, TOCIE Yero HOBBII
[preM KOMITUJTUPYETCsI, W MPOBEPSIETCs, UTO TElepb TECTOBBIN MPUMED pe-
maercs. [l oToOpaHHbIX TAKUM 00PA30M HOBBIX IIPUEMOB IPEIIIPUHUMAET-
csl PaCUUCTKA — YIAJSIOTCH MPUEMbI, TECTOBBIE 33J]a9l KOTOPBIX PEIIaloTCs
JIDYTUMU HOBBIME IIpueMamu. B pe3ysibrare ocTaercs JIMIIL MaJjas 9acTb
M3HAYAJBHO CO3J@HHBIX HpUeMOB. [ljisi HUX NpeApUHUMAETCS 3aBepIaro-
mast AByXdTalHas JOBOJKA — CHAYAJA IMPOUCXOIUT IIPOTOHKA [0 TOMY pas-
JIeJIy 3aJJaTHUKA CUCTEMBI, JIjIs KOTOPOT'O CO3/IaBaJUCh ITPUEMbI, 3aTEM — IO
BceMy 3aaadHuKy. Ilociie Kaxk 1ot mporonku orbuparorcs "ucroprupimecs"”
3a/1a9M, U JIJIsi BOCCTAHOBJICHUS UX HOPMAJIbHOI'O PEIIeHUs] TPUEMbI KOPPEK-
Tupyiorcda. B mporiecce MOBOJIKM HMPUEMBI COPTUPYIOTCS HA IPUTOIHBIE JIJIs
IepeHecenns B periaresb u Henpurojnbie. [locienune maor nabOpMAaIuo
JJIsT pa3BUTHUsI reHepaTopa npueMoB. OKOHYATEIFHOE TIePEeHEeCeHNE TTPUeMa B
OCHOBHYIO 623y IPUEMOB II0Ka ITPOUCXOJIUT BPYIHYIO.

VKa3aHHBIH TPOTOTUIT OBLI IPOTECTUPOBAH Ha PA3JIMIHBIX pas3esiax Oa-
3Bl TEOPEM U TO3BOJIMI co3/1aTh Oosiee 2000 HOBBIX MPUEMOB, aHAJOTUIHBIX
pamee CO3/IlaHHBIM BPYYHYIO U He TOJBKO UM HE YCTYIHAIOIIUX, HO HHOIJIA, Jla-
JKe TIPEBOCXOJISIINX, TAK KaK IIPU PYIHOM CHHTE3€ MHOTHE TPedyoIue yueTa
ocobble ciyyan yIyCKaJIUCh U3 BU/LY.

B ﬂeﬁCTBHTeHbHOCTH He BCeE IIpHEeMbI perraTesjisd OCHOBAHBI Ha TeopeMaX.
HexoTopbie n3 HUX OCHOBaHBI HA TEX WU MHBIX OOIUX OCOOEHHOCTSX KOH-
KPETHOTO pa3zfesa, cPpOPMYIUPOBAHHBIX B BHUJIE TaK HA3BIBAEMBIX ITPOTOKO-
JIOB 6a3bI TEOPEM. DTHU ITPOTOKOJIBI yTOUHSIOT CIIOCOOBI aJITOPUTMUIAIIAN TEO-
peM pazjesia; B YaCTHOCTHU, TOPOXKIAIOT IIPUEMbI, OOPAITAIOIINECcs] [IJIsl BbI-
BOJ[a CJIEJICTBUI MM Ipeodpa30BaHuil K BCIIOMOTATEIbHBIM 3ajadaM 6e30T-
HOCUTE/JILHO K KaKHM-JIUO0 KOHKpPETHBIM TeopeMaM. Cucrema, CO3IaIOIIAs
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[IPOTOKOJILI IIPU OOIIEM PACCMOTPEHUU pasiesa 0a3bl TEOPEM, Ha3BaHa, AJIro-
puTMI3aTOPOM. TeXHUIECKN aJIrOPUTMUIATOP SIBJISIETCS YaCTHIO TPOIIELYPhI
BBIBOJA TEOPEM.

Hakomer, yriomsinem 06 erre 0JHOM KJIacce MPUEMOB — OOIIETOTTICCKUX
IpueMax, 3alporpaMMUpOBaHHBIX HenocpenacTeenHo Ha JIOCe. Ilepeson ux
na 'EHOJIOI Bpsiy sin niesiecoobpasen, tak kak 'EHOJIOTL, o cyTu mena,
SIBJISIETCS [IEPEXOIHUKOM MEXKIY JIOPHIECKUM SI3BIKOM IIPEIMETHOM obsacTu
1 A3BIKOM JIJIg OIIMCaHUsA CTPYKTYD JaHHBIX, a B YKa3aHHbIX IIpHeMaX A3bIKOM
IIpeIMEeTHON 00/1acT KaK pa3 ! SBJIAETCA sA3bIK CTPYKTYP JaHHbix — JIOC.
OTUX IPUEMOB HEMHOI'O, OHI UMEIOT YHUBEPCAILHLIN XapaKTep, U aBTOMAaTHU-
3aIisl UX CO3JaHUs MIOKA He akTyasbHa. [lo-BuauMoMy, 3Ty aBTOMATH3AIIUIO
MOXKHO CBECTH K PelIeHuIo 3a1a4, GOPMYJIAPYEMBIX B TEPMUHAX IPEIUKATOB
u onepanmii JIOCa.

Ha pucynke 1 npuseiiena guarpaMma, Ha KOTOPOM IIPEICTaBICHbl OCHOB-
HbIE 9Tallbl U OCHOBHBIE " eficTByromume ura" U3J103KEHHOI0 IPOIECca aJiro-
PUTMU3ALULA TEOPEM.

Ceapmoit [7] u BoceMoit [8] Toma monorpadun "Kommboreproe mosie-
JINPOBaHUE JIOTHIECKUX IIPOLECCOB IOCBAIIEHBI OIIMCAHUIO TeX OJIOKOB JIMa-
rpaMMBbI, KOTOpPbIe 00ECIIEINBAIOT AaBTOMATUIECKOE CO3MaHNe TPUEeMOB. JleBsi-
TBIA TOM, B KOTOPOM OYAYT IPEACTABICHLI aJrOPUTMBI IPOIPAMMUPYIOLIErO
JIOTUYIECKOI'O BbIBO/a, 3aBEPIINUT JaHHOE OIIMCaHUe.

ABTOp BBIpakaer HUCKpeHHIOI OnaromapHocts B.B.Kynpsisuesy, mom-
IepKKa KOTOPOT'O CHesaIa BO3MOXKHBIM IIPOBEICHHE JAHHOTO UCCIICIOBAHMS.

Cricok auTreparypbl

[1] Tloakomzun A. C., Komnviomepnoe moleauposanue A02UMECKUT NPOUECCOS.
Tom 1. Apxumexmypa u azviku pewamens 3aday, Pusmariaur, Mocksa, 2008,
1024 c.

[2] Hoakomsun A. C., Komnviomepnoe Mo0eauposaHue A02UNECKUT NPOUECCOS.
Tom 2. Onwm 06yueHUus KOMNLIOMEPHO20 PEUGMENA 304004 AOLUMECKUE NPU-
eMbl, GN2EOPA MHOIHCECTNE, KOMOUHATMOPUKAE U dAeMERMAPHAs aszebpa, Hem. B

BIUHUTU PAH 09.11.2015, Ne 184-B2015, Mocksa, 2015, 1153 c.

[3] Hoakomsun A. C., Komnvtomepnoe Mo0eauposaHue A02UNECKUT NPOUECCOS.
Tom 3. Onvim o0byueHUs KOMMBIOMEPHO20 DEWAMENA 3A40GY4: MAMEMAMUYE-
cruth anaaud, Juddeperyuarvrvle YpasHeHUus U IACMEHMAPHAL 2E0MEMPUS,

Hen. 8 BUHUTU PAH 09.11.2015, Ne 185-B2015, Mocksa, 2015, 1320 c.

[4] Toakomsun A. C., Komnvromepnoe Mmo0eauposaHue A02UMECKUT NPOUECCOS.
Tom 4. Onvim 06y4eHUs KOMNBIOMEPHOL0 PEWAMEAA 34004%: GHAAUMUYECKAA
260MEMPUSA, AUHETHAA AN2E0PA, MEOPUS BEPOAMHOCTNET, KOMNAEKCHIT AHAAUS
u dpyaue pasdeav, Jen. 8 BUHUTU PAH 27.02.2017, Ne 18-B2017, Mocksa,
2017, 969 c.

[5] Hoakomsun A. C., Komnvtomepnoe Mmo0eauposarue A02UMECKUT NPOUECCOS.
Tom 5. Onvim 06yuerus KOMNLIOMEPHO20 PEUATNEAS 30004 DNEMEHMAPHBIE

201



Teopema

b

A

Anroputmmu3aTop

A

MNporpammupyIowmni
NOrMYECKHIA BbIBOA

XapakTepusaTtop

*| baszaTeopem |4

) 4

v

Co3paHue
cneundmKaumin
npuemos

| 4

Nprem Ha noruyeckom

accembnepe

|

Komnunatop cneuunduraumin

L 3

MNpuem va FTEHONOTe

<

Komnunarop TEHONOMa

| 4

MNporpamma npuema Ha /10Ce

=

Co3paHue TecToBoro NnpUMepa u
oTceyeHne u3bbITOUHbIX
npruemoe

[fosoaka npuema no
- 333a4HUKY

» Npuem

Puc. 1. Ilporiecc anropuTMu3aium TEOPEM.

202



(1]
12|

4]

Pusura u xumus, waxrmamot, e, 8 BUHUTU PAH 12.08.2019, Ne 66-B2019,
Mocksa, 2019, 939 c.

Monkomzuu A. C., Komnwvromephnoe MmoIEAUPOBAHUE AOLUMECKUL NPOUECCOS.
Tom 6. Onvim 06yuerus Komnvromeprozo pewamens 3aday: Ionumanue ecme-
cmeenn020 A3vkka u anarud pucynkos, en. 8 BUHUTU PAH 12.08.2019, Ne
67-B2019, Mocksa, 2019, 758 c.

Monkomsua A. C., Komnvromepnoe MmoIEAUPOBAHUE AOLUMECKUL NPOUECCOS.
Tom 7. Aemomamuueckoe co30aHUE NPUCMOE NO2UNECKOT CUCTEMbL: KAQCCU-
Purayus NPUEMOS PEULAMENT; N02UNECKUT ACCEMONAED; KOMNUAAMOD CReyudu-
Kayull; cosdarue mecmosur npumepos u dosodxa npuemos, len. 8 BUHUTU
PAH 06.12.2021, Ne 65-B2021, Mocksa, 2021, 740 c.

onkomsua A. C., Komnwviromephnoe mo0EAUPOBAHUE AOLUMECKUL NPOUECCOS.
Tom 8. Asmomamuneckoe co30aHUE NPUEMOE A02UMECKOT CUCTEMDL: 6a30 Meo-

pem; Tapaxmepudayus meopem; coddanue cneyudurayul npuemos, lem. B BU-
HUTU PAH 06.12.2021, Ne 66-B2021, Mocksa, 2021, 516 c.

About algorithmization of knowledge
Podkolzin A.S.

This paper discusses the issues of computer modeling of problem
solving processes and automatic creation of solver techniques. The
architecture of the process of transitionfrom theorems to techniques
(algorithmization of knowledge), which has developed in the process of
processing numerous examples, is described. A computer system has
been created that allows solving problems from various branches of
mathematics and is able to update its database of techniques.

Keywords: computer problem solver, logical system, artificial
intelligence.
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Knaccudukaius peryagpHbIX rpadoB
TPEXTOYEIHBIX MHO>KECTB

B. B. IIpombicios!

Perynsapubim rpadoM Kosblia MaTpHUIL HAJ[ IIOJEM HA3BIBAETCS
rpad, MHOXKEeCTBOM BEPIINH KOTOPOI'O SIBJISIOTCS HEBBIPOXK IEHHBIE MaT-
puiibl, a pebpa COeIUHSIIOT B TOYHOCTH T€ BEPIIUHBI, CyMMa KOTOPBIX
ABJIACTCA BBIPOXKICHHON MaTpuiei.

B 2009 rony na 22-oit Bpuranckoit kondepeHnuy 10 KOMOMHATOPH-
Ke 0bLI ¢cpOPMYINPOBAH BOIIPOC O KOHEYHOCTH XPOMATHIECKOTO UUCTIA
9T0ro rpada. ITOT BOIPOC OCTAETCS OTKPBITHIM JIJIsSI TOJIeil XapakTe-
puctuxu 0.

Jlist mcesteIoBaHMsT STOTO BOIPOCa B cTaThe 4] Gb110 BBEIEHO OMpe-
JleJIeHre PeryssipHoro rpada MHOXKeCTBa, 0600IIaioIee MOHITHE PEery-
JISIpHOTO rpada KoJiblla MATPHUIl. MexXKy 3TUMU MOHATUSIMU IIPUCYT-
CTByeT TecHasl CBsi3b. Hampumep, B ciiydae, eCjii XpOMaTUIeCKOe THIC-
JIO PEryJpHOro rpada OKpyKHOCTH HA €BKJIUIOBON ILIOCKOCTH DECKO-
HEYHO, TO TAKOBBIM OYIET N XPOMATUIECKOE IHCJIO PETYIISPHOro rpada
KOJIbI]a MATPHI HOPSIKA BBIIIIE JIBYX.

B sroit pabore ucciaenoBaHa CTpyKTypa PEryaspHbIX rpadOB MHO-
2KECTB M3 TPEX IJIEMEHTOB, a caMu rpadbl KIacCu@UIUpPOBAHBI ¢ TOY-
HOCTBIO JIO U30MOpU3MA.

KurogyeBbie cioBa: peryiisipHblil rpad KOJIbla MaTPUIL, KJIACCHU-
dukanyst rpadoB ¢ TOYHOCTHIO 0 U30MOPQPU3MA.

1. BBenenune nm HeoOXoaUMbIE OIIpeIe/IeHUS

[Tycts F — mekoropoe nosie, M, (F) — Koybllo MaTpuil pasMepa n X n Haj
noneM F, GL,(F) — MHOKeCTBO HEBBIPOXKICHHBIX MATPHIIL.

Ounpenesienne 1. Peeyaaprowm epagom woavuya My (F) nasweaemen epag
' (F) ¢ mroorcecmeom sepwur G Ly (F) makot, wmo pasauwnsie mampuib
A, B € My(F) coedunenv pebpom, ecau u moavko ecau det(A + B) = 0.

B 2009 rony maremaruramu C. Axbapu, M. JIxxamaanun u C. Ceen Pak-
xapu OBLIO JIOKA3aHO, YTO eC/IM XapaKTepucTuKa moJis F He paBHa 2, TO K-
KOBO€ YHCJIO peryssipuoro rpada xkonedso (cum. [1]). B csasu ¢ stum, ToT *)Ke
KOJUIEKTHUB aBTOPOB IOCTaBHI Boipoc (cMm. |2, 3amada 525, crp. 1082-1083))
0 TOM, SIBJISI€TCSI JI KOHEUHBIM XpomaTudaeckoe qncso rpada [y (F). B 2015

! Tpomwicaos Banewmun Basepvesuy — acnupant kad. BbICIIEH aareGpbl MeX.-Mar. ¢b-
ta MI'Y, e-mail: valentin.promyslov@gmail.com.

Promyslov Valentin Valeryevich — graduate student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of Higher Algebra.
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roxy V. Tomon J1a1 oTpunareIbHBIN OTBET Ha IIOCTaBJIEHHBIH Borpoc (cM. |3,
Teopema 2.4|) 10Ka3aB, Y4TO IPU HATYPAJIBHOM 1 > 2 U IIPOCTOM D = 3 BbI-
nosueno X (T (Fp)) = oo, rue F, — anrebpanueckoe sambikanue mosst Fy uz p
ssteMeHTOB. OIHAKO BOIIPOC OCTAETCS OTKPBITHIM JIJIsI TI0JIEH XapaK TePUCTHKI
0, B wactaoctH, 1 Q,R u C.

st mecsieioBanmst 3T0ro Bolpoca B craThe [4] 6b110 BBeJeHO 060011eHe
HOHSATHS PETy/ISPHOro rpada Jist TPOM3BOIBHOIO IOAMHOXKECTBA BEKTOPHO-
ro mpocTtpancTsa F”.

Omnpegneaenne 2. [lycmv n — namypasvhoe vucro, A C F*. Peeyaaproim
epagpom mmoorcecmea A nasweaemes epag I 4(F™) ¢ mmoorcecmseom sepuiun
F™ \ A maxoti, wmo dee npoussoavhvie pazsuunvie mouwku r,y € F"\ A
COEQUHEHDBL PEBPOM, ECAU U MONKO eCAU ITW e A.

Mex iy peryasgpHbiME rpadamMu KOJIbIla MATPUIL U PEryIapHbIMU Ipada-
MM MHOXKECTB CYyIIECTBYeT TecHas CBsi3b. Halpumep, B ciiydae, ecjin XpoMa-
THYIECKOE UNCJIO PErYJISIPHOTO Tpada OKPYKHOCTH Ha €BKJIMJIOBOM IIOCKOCTH
OECKOHEYHO, TO TAKOBBIM Oy/IeT U XPOMaTHIECKOE UNCJIO PEryJIAPHOrO Irpada
KOJIBI]a MATPUIL TOPSIIKA BBIIIE IBYX. DTOT PE3YJIbTAT U HEKOTOPHIE CBOHCTBA
peryJisipHoro rpada MHOXKeCTBa OIHMCAHbI B cTaThe [4].

B s7oit pabote mbI 3aliMenmcs Kiaccudukayeil peryaspHbix rpadoB Ko-
HEYHOTO MHOXKeCTBa TO4eK. [l 9TOro BBejeM ciieyrolee olpeiesieHue:

Onpenenenune 3. [lycmv F — noae xapaxmepucmuxu 0, n,m — namy-
pasvnvie wucaa. 0bosnavum wepes I (ay, as, ..., am) epad T A(F") ¢ mmo-
orcecmeom A = {ay,az,...,am}.

2. Perynspubie rpadbl TPEXTOUYEYHBIX MHOXKECTB HAa
OpPAMOI

B sroit cexrum Mb1 Kinaccudumupyem rpado [ (a, b, ¢) ¢ ToaHOCTBIO /10 H30-
mopduszma. Besne aumxke mbl ostaraem, aro nosie F umeer xapaxkrepuctuky 0.

Jlemma 1. ITycmov a,b,c € F pasauuno.. Toeda T (a,b,c) ~ T1(0,1, f) daa
nexomopozo f € IF.

B nosne F myneBoit xapaKTepUCTUKU BCETIA MOXKHO BBIIEIUTD MIOIKOIBIIO
HEJIBIX YUCEJI, KOTOPOEe MbI OTOXKJIECTBUM C Z, W TOJIIOJIE PAIMOHAILHBIX
qUCesI, KOTOPOE MbI OTOXKJIECTBUM ¢ Q.

Jdemma 2. ITpu f1, fo € F\ Q 2pagee T1(0,1, f1) u TH(0, 1, f2) usomopgriot.

JlokazaTeabCTBO 3TOM JIEMMBI OIMpaeTcs Ha CyllecTBOoBaHMe Oasuca [a-
mestst mojist B aag Q.
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YuuTbiBas HaJIUYHE TOPSIKA Ha MHOYKECTBE PAIMOHAJIBHBIX UHUCEN, MBI
MoykeM cumTaTh, 4urto mpn ¢ € Q rpad I''(0,1,q) msomopden rpady
I''(0,1,q') s nexoroporo ¢’ € Q, ¢ > 1.

Jlemma 3. Ipagor T1(0,1,q) ne acaaromes usomop@roLmu npu pasiusHbis
q€Q, ¢g>1.

JlemMbr 1, 2 1 3 BBIITe TI03BOJIAIOT KiaaccudunuposaTh rpacdst I'(a, b, c)
C TOYHOCTBIO JIO0 M30MOpPQPU3MA.

Teopema 1. ITycmw a,b,c € F pasauunv. Toeda epag T (a, b, c) usomoppen
00HOMY U3 CAEdYWUT 2pados:

1) TY0,1, f) daa nexomopozo f € F\Q, npuuem 6ce epagve maxozo muna
UBOMOPPHDL;

2) T (a,b,c) ~ TY(0,1,q) daa nexomopoeo q € Q, q > 1, npuuem npu
PABAUMHBLE § 6CE 2padvl MaAK020 MUNG NONAPHO HEU30MOPPHDL.

3. Perynaspubie rpadbl TPEXTOYEUYHBIX MHOXKECTB
B [F"

B aT0it cexmum Mbl mepemectrM (hOKyC Ha CIydail MPOM3BOJILHON pasmep-
Hoctu, T.e. rpad I'"(a,b,c), tae a,b,c € F". Okazanoch, 4r0 BCE KOMIIO-
HEHTBI CBI3HOCTH 3TOrO rpada, 3a NCKIIOUEHNEM COIEPKAINX KJINKY U Bep-
HIMHBL cTenenu jBa, nzoMopdubl rpady Kasm (eMm., nampumep, [5]) rpymibt
S = {a,b,c|a? = b2 = 2 = (abc)? = e) cummerpuit a, b, ¢ MIOCKOCTH OTHO-
CHUTEJILHO TOUEK @, b, ¢. TlockosbKy moJie xapakrepuctuku 0 6eCKOHETHO, 3TOT
daxT mo3BOJIMI cBeCTH OOIMuil caydail K peryaspHoMy rpady Ha MPsSMOIi:

Teopema 2. Ilycmov a,b,c € F™ pasauuno.. Tozda epag T'™(a, b, c) usomop-
dpen epagpy T1(a’, ¥, ) daa nexomopwz ', b, ¢ € F.

Tem caMbIM MBI TIOJTy4aeM, 9TO Kiaccudukaius rpadoB B 00IIeM CIydae
TOYHO TaKagf, KaK 1 B OJJHOMEPDHOM.

ApTop BbIpaxkaer riy6okyio dsiarogapuocts A.B. Muxanésy u A.M. Mak-
caeBy 3a MHTepeC K 3ajiade ¥ IOMOIb B pabore.
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Bynuna E., Muxanes A., [Tunyc A, Juemenmapras u 6audkasn x nel so2uye-

CKUE IKBUBANEHTMHOCTIU KAACCUMECKUT U YHUBEDCAALHIT an2ebp, VI3 1aTenbecTBo
MITHMO, Mocksa, 2015

Classification of regular graphs of three-point sets
Promyslov V.V.

A regular graph of the ring of matrices over a field is a graph on
the set of invertible matrices. Two matrices are connected with an edge
if and only if their sum is singular.

One of the questions in this field is whether the chromatic number
of this graph is finite or not. This question was first formulated in 2009
at the 22nd British Conference on Combinatorics. It remains open for
the fields of the characteristic 0.

To investigate this issue in the article [4] was introduced a definition
of a regular graph of a set. The regular graph of a set generalizes
the concept of the regular graph of the matrix ring. There is a close
connection between these concepts. For example, if the chromatic
number of a regular graph of a circle on the Euclidean plane is infinite,
then so will be the chromatic number of a regular graph of the matrix
ring of order higher than two.

In this paper, we investigate the structure of regular graphs of sets
of three elements and classify the graphs up to isomorphism.

Keywords: regular graph of the matrix ring, classification of graphs
up to isomorphism.
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OO0 ycJioBusX MOJITHOTHI JIMHEITHBIX
aBTOMATOB HaJ PAIlMOHAJIbHBIMU YHCJIAMHU C
nobaBKaMM

J1. B. Pomzxkun'

[Ipreacrasiens ycaoBusi K-m0JHOTHI U A-TIOJIHOTBI ABTOMATHBIX
cucreM ¢ 7M00AaBKaMU B KJIACCE aBTOMATOB, (DYHKITMOHUPYIONIUX HA/T
110JIEM PAIlMOHAJIbHBIX YHUCEJI.

KuroueBble cjioBa: KOHEYHBbIE aBTOMATDI, JIMHEHHbIE aBTOMATHI,
palnuoHaibHble uncia, K-nogHora, A-mogHoTa.

1. BBegenue

O/1HOI 13 KJIACCHYECKUX 38189 TEOPUN aBTOMATOB SIBJISAETCS 3a/1a9a IPOBEP-
KI [IOJIHOTBI KOHEYHBIX aBTOMATHBLIX CHCTEM IO (DUKCHPOBAHHOMY HaOODY
omepanuii — Kak IIPaBIJIO, B KadeCTBE ONepaliil pacCMaTPUBAIOTCS Olepa-
nuu cyneprosuiun (X) u komnosunun (K)[1]. B cuty Toro, 4ro 3amada mpo-
BEPKI [OJIHOTBI Ha MHOKECTBE KOHEUHBIX aBTOMATOB OKa3bIBAETCSI AJITOPHT-
MUYECKH Hepa3peInnMoii|l|, BOSHUK/IN pasIudHbIe HOAXOAbI K JasbHeiirre-
My HCCIIEJIOBAHMIO 3a/1adu. P iccie1oBanuii OblT HAPABIIEH Ha M3y YeHHe
aJIbTEPHATHBHBIX OLlEPAINil 3aMBIKAHNsI|2| U Ha BOIPOCHL HOJIHOTHI ABTOMAT-
HBIX CHCTeM C 1o0aBKaMmm[3|, B TO BpeMsi KaK JIPyroe HaIPABJICHHE HCCIIe-
JIOBAHUIL IIOCBAIIEHO PACCMOTPEHUIO HPOOIEMbI IPOBEPKU IIOJTHOTHI B HEKO-
TOPBIX IIOJKJIACCAX KOHEYHBIX aBTOMATOB. B dacTHOCTH mOAPOOHO H3ydeHA
3a/lada MOJIHOTHI B KJIACCE JIMHEHHBIX aBTOMATOB, (DYHKIMOHUPYIONIIUX HaJl
IIPOU3BOJILHBIMI KOHEYHBIME 1OJIsAMH|4, 5|, mpudeM it BCSIKOrO KOHETHOIO
I0JIs IPeJICTABIeHa KPUTepHAIbHasl CHCTeMa JJIsi IPOBEPKH A-IIOJHOTHI I
K-nomnotrsl. Bosee Toro, B Kj1acce JUHEHHBIX aBTOMATOB 331891 [IPOBEPKH
A-1iostHOTEI ¥ [{-1IOJTHOTEI KOHEYHBIX CHCTEM OKAa3BIBAIOTCS allOPHTMUIIECKH
Pa3pEIIIMBIMH.

Hacrosimast pabora KacaeTcst MCCIIeI0BaHHs BOIPOCOB HOIHOTHI IO OIe-
panusaM KOMIIO3HIMK U A-3aMBbIKaHust JHHEHHBIX aBTOMATOB, (OyHKI[HOHH-
PYIOIAX HaJ IIOJIEM palnoHalbHbIX unces|6]. Panee aBTopoM mcciieoBaHbI
BOIIPOCBL HOJIHOTBI B KJIACCE JINHEHHBIX aBTOMATOB, (DYKHIMOHUPYIONIUX HaJl

L Pororcun JImumputi Baadumuposuy — BLIIYCKHAK ACIUPAHTYPLI Kad. MaTeMaTHde-
CKOI TEOpHM MHTEJIIEKTYAJIbHBIX cucTeM Mex.-maT. d-ta MI'Y, npenonasarens MaTeMaTu-
ku B OAHO "Hosasg mxkona e-mail: d.v.ronzhin@gmail.com.

Ronzhin Dmitry Vladimirovich — graduated from Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems, math teacher at non-profit organization "New School".
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KOJIBIIOM JIBOMYIHO-PAIMOHAIBHBIX dncesi|7, 8|, rje B TepMUHAX [TPEIIOTHBIX
KJIACCOB IOJIyYI€Hbl YCJIOBUS IOJTHOTHI JIjIsi aBTOMATHBIX CUCTEM C JT00aBKa-
Mu. B kiacce aBroMaroB, (byHKIIMOHMPYIONUX HAaJ IOJEM PallMOHAJIbLHBIX
qrces MOKa3aH psJl YTBEPXKICHIH, KACAIOMMXCs 38/ 1a491 TTOJIHOTHI, B YaCTHO-
CTU JOKAa3aHO OTCYTCTBUE KOHEYHBIX K -TIOJIHBIX CHCTEM, & TaKXKe HaJmdue
HETPUBHAJBHBIX OECKOHEUHBIX Y -TIOJTHBIX CHCTEM.

2. IlocranoBka 3ama4n

[Tone pamuonampubx unces obosnaunm uepes Q.VI, k € N 6ynem paccmar-
puBaTh Konednbie apromarhi|l] ¢ BxommubM asdasurom Q! BHIXOAHBIM aJl-
dasurom Q n andasurom cocrosiamii QF, byHKIMM mEpPexo0B U BBIXOIOB
siBsistoTcst JinHeliHbIMu[4, 5|. [lanHOe MHOXKecTBO Oy/leM Ha3blBaTh MHOXKe-
CTBOM JIMHEHHBIX ABTOMATOM HaJI TIOJIEM PAIMOHAIBHBIX YUCEesT, 1 0003HATNM
L@)6].

Jns onucanust GbyHKIMOHUPOBAHUS JMHEHHBIX ABTOMATOB yIO00HO WC-
[TOJIb30BATh almnapar (pOpMajbHBIX CTEIeHHBIX PsiyioB. OperesnM MHOXKe-
cTBO (POPMAJIBLHBIX CTEIIEHHBIX Psa0B Hau Q:

Q@) ={a=>"a;-&|a €Q}

CTeHeHHbIM pagaM CTaBATCA B COOTBETCTBHE CBEPXCJIOBa Ha BXO/[aX 1 BbI-
xojie aBromMaToB. CjioykeHue 1 yMHOXKeHue v1eMenToB u3 Q°°(§) onpemesercs
€CTeCTBEHHBIM 00Pa30M.

Kosbio muorouienos uas Q 6yaem oboznauars Q[¢], a mjist 0603Ha e s
toro, ¥ro MuHorowiensl P(§), Q(§) € Q[£] B3anmuO POCTHI Oy1EM HCIIOIB30-
Barb 3ammck ged (P (€),Q (§)) = 1.

OrnpeiesinM MHOXKECTBO JIPOOHO-pAIHOHAIBHBIX (DYHKITUI OT IIepeMeHHO
¢ ¢ koapPurmentamu u3 Q caemyomum odbpazom:

R(Q) = {5 | P(©).Q(6) € Ql&). Q(0) = L ged (P(€), Q&) = 1}

Hns  aBromaroB B kiacce L(Q BepHbI ciepyiolmipme JIeMMBbL O
upescrasienn|6]:

Jlemma 1. VV (1, ...,2;) € L(Q), 3Ry, Ry, ..., R; € R(Q), maxue wmo:
V(xi,...,x;) = Ry + 22:1 R;-x;.

Jdemma 2. YV (21, ...,27): (Q®) — Q>, marozo wmo:
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V(x1,...,21) = Ro + 22:1 R;-x;
R; € R(Q),i € [0,]]

sepro, wmo V(xy,...,x;) € L(Q).

Takum 06paszom, juHeiinbie apToMarsl u3 L(Q) peannsytor orobpazkeHusi:
YV e L(Q),A €N, V(zy,...,z;): (Q®) — Q=

Muoxuresnun Ry O6yiaem HazbIBaTh KO3DDUITHEHTAME 0TOOPAXKEHUS, IPH-
geM 4epe3 R[] Gymem obosHauarh Kosbdummenter npu £ GopMaibHBIX
cTeneHHbix psifioB Ry. Byaem rosopurs, uro asromar V(zi,...,x;) € L(Q)
HEIIOCPE/ICTBEHHBIM 00pa30M 3aBUCUT OT Z;, ¢ € [1,[], ecnin R; B npusejeH-
HOM Bu/ie He KpaTeH £. JIMHeHbIi aBTOMAT HA3bIBAETCA CYIMIECTBEHHBIM, €CJINT
OH IpeJICTaB/IAET cOOOM 0TOOparKeHIe C He MeHee YeM JIBYMsI HEIIOCPEICTBEH-
HBIMH BXOJIAMHU.

Cucrema smneitnbix aromaroB M C  L(Q) 6ymer nasbBarbest A-
nosaoit[2], ecom VYV € L(Q) u Vr € N, B K(M) cymecrByer aBromar V',
COBIIQIAIOMINIT ¢ aBTOMATOM V Ha CJIOBaX JJIMHBI T. A - 3aMBbIKAHHEe CUCTEMBI
M 6ynem oboznavars yepes A(M).

3. Pe3yabTarhbl

[Mycrs V (21, x9, ..., x,) — cymecTBeHuslit suneiinbrii asromar 3 L(Q). Crupa-
BEJIJIUBBI CJIEJLYOIIHE YCIOBHsI MOJHOTHL cucreM aBromaTroB B L(Q) ¢ nobas-
KaMMU:

Teopema 1. ITycmv V' M) — gee aunetinoe asmomamo: u3 L(Q) aprocmu e
Goree 1. Tozda K({V (z1,x2,...,z,)} UV'D) = L(Q).

Teopema 2. [Tycmo V1D = {Ry-z,x+ R2|R1[0] = c1, R2[0] = ¢2,Ve1,¢0 €
Q}. Tozda A({V (x1,22,...,x,),& - 2} UV D) = L(Q).

ABTOp BBIpaXkaeT MPU3HATEIBHOCTb CBOEMY HAYyJIHOMY PYKOBOIUTEJIIO,
KaHuuaTy dus.-mar. Hayk, ponerty Kadeapbsl MaTUC YacoBckux Anaro-
Jno AJleKcaHIpOBUYY 3a TIOMOIb B TIOCTAHOBKE U PENIEHIN 3aa4H.
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field of rational numbers with additives
Ronzhin Dmitry Vladimirovich

Conditions for K-completeness and A-completeness for linear
automata systems, functioning over the field of rational numbers are
described.

Keywords: finite state automata, linear automata, rationals, K-
completeness, A-completeness.
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ITouck oTkJIOHEeHUIT OT TUIMNYHBIX
CclIieHapueB MCII0Jb30BaHNs BeO-NPUJIOXKeHI

A.A. Xamaes!, 1. 10. Tepéxuna?, 1. IO. I'amaronos®

B pabote uccaemyercs 3amada MOMCKA OTKJIOHEHUN OT M3BECTHBIX
CIIEHApHMEB TUIUYHOTO HUCIOJIHL30BaHUs BeO-IIpuiIoXKeHuit. Paccmorpe-
Ha MOAudUKAINs CyMecTBYoMEeil (hopMaybHON NMOCTAHOBKH 3aJ/1a4W,
JUTsT KOTOPOH IpeJyIoyKeHa PeKyppeHTHAsT IPOIEe/Lypa MPOBEPKU COOT-
BETCTBUs Tpacchl 1mabiiony. Paspaboran ajroputM oOHApYKEHUsT aHO-
Majuii B Tpacce, 3MEKTUBHBIN OTHOCUTEIBHO [JIMHBI TPACCHI U pa3-
Mepa mabJIoHa.

KiroueBbie cjioBa: MOMCK aHOMAJINI, AIMKJINIECKUN OPUEHTUPO-
BaHHGI rpad, aHAIN3 TOC/IEI0BATEILHOCTEN COOBITHIT

1. BBenenne

[Torck OTK/IOHEHNU! OT TUIMIMYHBIX CIIEHAPUEB UCIIOIb30BAHUST BEO-TTPUIOKEHUST
SIBJISIETCST aKTyaJIbHOM 3ajiadeil MHMOPMAaIMOHHON 6e30IacHOCTH, KOTOpas

MOXKET OBITH PellleHa KaK C IIOMOIIbIO JeTEPMUHUPOBAHHBIX aJITOPUTMOB, TaK

U ¢ TOMOIIBIO AJrOPUTMOB MaIuHHOrO o0y4enus |1, 2, 3, 4, 5|. B mannoit

pabore npejiaraercss MogudUKaIus (pOPMaILHON 3aa4U, MPE/JIOKEHHOI,

Hanpumep, B pabore [6], 1ist apderTuBHOrO 06HAPYIKEHIS aHOMAJIUI B pe-

aJIbHOM BPEMEHH.

CreHapuu MCIIOJIb30BaHNS HEKOTOPOrO BEO-IIPUJIOXKEHNS [10Ib30BATEIEM
[IPEJICTABJISIOT CODOM MHOI'OCTYIIEHYATHIE MIPOIECCHI, KAXKIbI M3 KOTOPBIX
COCTOUT W3 TOCJIEJIOBATEHLHOCTH IOJIL30BATEIbCKUX JIEHCTBUM, CBA3aHHBIX
MeXKTy CcO0O0#l OTHOIEHNEM YACTUIHOIO IMOPSIIKA IO BPEMEHU UX BBIIIOJIHE-
Hust. HekoTopbie IeficTBUS ABIAIOTCA PEPEKBU3ATAMU K BBITIOJTHEHHIO JIPY-
ruxX JeWCTBU, 1 B KOPPEKTHBIX CIICHAPUAX UCIIOJIHL30BAHUST BEO-TIPUIOXKEHUS
PsiJT TTOJTB30BATENbCKUX JIEHCTBUN MOYXKET WMCIHOJHSTHCS JIUIIL B ONpPEIeIeH-
HOM TIOPSIJIKE.

' Xawaes Apmyp Axpamosuw — pupekTop mo paspaborke, SolidWall.io, e-mail:
arthur.khashaev@solidwall.io.

Khashaev Artur Akramovich — director of engineering, SolidWall.io.
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Teryokhina Irina Yurevna — software engineer, SolidWall.io.

3 Iamarornos Jlenuc IOpvesuw — moneHT Kad. nHAOPMALMOHHOHA Ge3omacHOCTH -
ta BMK, MockoBckuit rocyzmapcrsennsiii yuusepcurer uM. M. B. Jlomonocosa, e-mail:
gamajun@seclab.cs.msu.ru.

Gamayunov Denis Yurevich — associate professor, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, IS chair.
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[Tpeanonaraercs, aro mocrpoeHa (00ydeHA) HEKOTOPasi MOJIEJb, I03BO-
JIAOIad MOJYIUTh MHOXKECTBO CHEHApUEB TUIUYIHOTI'O MCIIOJIB3OBaHUA Be6—
npuiozkenusi. Heobxoumo Ha dTalie 3aiuThl BeO-IIPUIIOKEHUsT B PeaIbHOM
BPEMEHU IIPOBEPSTH COOTBETCTBUE HAOJIIOIAEMOIl TI0CJIEIOBATEIbHOCTH T10JIb-
30BaTE/IbCKUX JACHCTBUI BBIABIEHHBIM paHee HabOpaM 3aKOHOMEPHOCTEI.

2. OcHOBHBIE OHATHUS U (POPMYJIUPOBKA Pe3yJIbTAaTa

[TycTh u3BecTeH HAOOP BOSMOXKHBIX Jeticmeuti 3 HEKOTOPOTO KOHETHOTO AJi-
dasura A, KOTOpbIE MOXKET COBEPIIATH I0JIb30BATE/ b IPU B3aNMOIEHCTBIN C
Beb-upuioxkenuneM. [locienoBarenbHocTs geiicruii w € A" OyjieM HA3bIBATD
mpaccoi.

Omnpenenenne 1. [llabronom HA3DIEAEMCA PA3SMETEHHBT KOHEUHT AUUK-
Auneckul opuenmuposantoll epagd 6ez nemeav o = (V, <, g), 2de V. — mmno-
alcecmeo sepwun 2paga, < —  OMHOWEHUE YACTNUNHO20 NOPAOKE MEHCAY
sepwuramu u3 V, g: V. — A — dynxyua pazmemxu sepuiun epaga deti-
CMBUAMU.

OTHoIIeHNEe 9acTUIHOrO MOPsaKa < IMa0JI0Ha (v OTPayKaeT BpEMEHHBIE OT-
HOIIIEHUsT MEXK/Iy ITapaMy BBIIOJHSIEMBIX I0JIb30BaTe/IeM JIedCTBUI — yIOpsI-
JIOYEHHOCTD HapPhbl BEPIIUH O3HAYAET, YTO COOTBETCTBYIOIINE AHCTBUS JTOIK-
HBI OBITH YIIOPSIIOYEHBI U B TPacce.

Heobxomumo mys mabmogaemoil Tpaccel w € A™ HOHATL, CONEPIKUT JIX
JIAHHAsl TPAcCca IOBEJIEHYECKHe aHOMAauu. TUIMYHBbIE CIEHAPUUA UCIIOJIb30-
BaHMS 3aJaHbl HEKOTOPHIM KOHEYHBIM MHOXKECTBOM IIa0JIOHOB.

Ounpegnenenne 2. Tpacca w € A" modeaupyem wabaron 7= (V, < g), w |
T, ecau cywecmeyem dynruus coomeememeus f: V — [1; |w|] maxas, wmo:

1) Vv eV: wpyy = g(v) — Kavicdoti us eepuwun wabaona conocmasceHo
HexKomopoe delicmeue u3 mpaccol;

2)Vu,veV:u<v = f(u) < f(v) — ce0licmeo monomornnocmu.

Bamada, KoTopasi CTaBUTCS B JAHHOM paboTe: MycTh 3ajaH MabJoH T 1
Tpacca w € A", HeoGXOAMMO IPOBEPUTH W = 7.

Pemenne 3ajaun nouncka anomasuii, npeioxkeHnoe B pabore [6], nme-
€T SKCIIOHEHITUATBHYIO BPEMEHHYIO CJIOXKHOCThL. OTandumeM JaHHONW 3aaadn
OT OIIMCAHHON {ABJIAETCH OTCyTCTBUE Tpe6OBaHI/IH NHBEKTUBHOCTU (byHKL[I/II/I
f B omnpenesiennn MosesmmpoBaHus mabdsona Tpaccoit. OTkas or TpeboBaHus
MHDBEKTUBHOCTU (DYHKINA [ MOXKET yBETHINBATH KOJTMIECTBO MabI0HOB, KO-
TOpbIe Oy/IyT MOJIEJINPOBATHCS HEKOTOPOit Tpaccoit. OHako JaHublil hakT He
SABJISIETCSI KPUTUYHBIM JIjIsI PACCMATPUBAEMON ITPEIMETHOM 00/1aCTH, TaK KaK
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[PEJII0JIAraeTCsl, YTO MHOYKECTBO IMAabIOHOB, ONUCHIBAIONIINX TUINIHBIE CIIe-

HapHUM I1I0JIb30BaTeJIsA ABJIACTCA MUHUMAJIbHBIM, ITIOJTHBIM 1 HeI/I36bITOLIHbIM.
O6osnaunm cutr(v) — cyxenne ucxopuoro mabmona m = (V, < g) na

MHOKECTBO BEPIIHH, U3 KOTOPBIX CYIIECTBYET MyTh B Bepumuy v € V.

Teopema 1. ITycmv w € A", x € A, 1 = (V,<,g), v € V. Tozda ommnowe-
nue = donyckaem caedyrowsee undykmuseroe onpedeserue:

wz = cutr(v) <= (w = cutﬂ(v)) Y <g(v) = x) A /\ wz = cuty(u)
ueV:
u<v
Jlokazamenavcmeo. CTPyKTYpHAsT HHIYKIUS [0 T U W AHAJOIMYIHO JIOKA3a-
TEJIbCTBY TEOPEMBI O BBIUUCIUTEIBLHON CJIOXKHOCTH TPOBEPKH BBITIOJIHUMOCTU
LTL-dbopmyssr B KoHEUIHOI Tpacce B pabore 7). O

Ncnonb3yst Teopemy 1, MOXKHO ITPEJIJIOKUATH CJIEIYIONIAN aJrOPUTM ITOUC-
Ka aHOMAaJInii:

e Ilocrpoenue romosornaeckoit coprupoBru 1'(m) = (vq, ..., vy) mabiao-
Ha T.
e Ecin Boruncineno w | cutr(v) mist Bcex v € V' U NPUXOAUT HOBBIi

sanpoc z € A, 1o Beruncienne wx = cut,(v) Juist v € V npoucxonut B
HOPsIIKE TOHOJOIUYecKol copTUpoBKU T’ coryiacHo Teopeme 1.

Hanubiii agropurm uMeer BpeMenHyto ciaoxuoctb O (| <| - |w|).

Takum obpazom, uameHeHne GopMaIbHON TOCTAHOBKN MTO3BOJISIET CBECTH
3aJa4dy IMOMCKa aHOMAJINii B KOHEYHOI Tpacce K 3ajade Boimojanumoctu LTL-
dopMysIbl B KOHEUHOI Tpacce. TeM caMbIM CTAaHOBUTCS BO3MOXKHBIM ITOCTPO-
eHMe aJIT'OPUTMa OOHAPYXKEHHMsS aHOMAaJIUii B TPAcce, KOTOPDIN ABJISIETCS I10-
JITHOMHUAJILHBIM OTHOCUTE/IBLHO JJIUHBI TPACCHI U pa3Mepa I1abjIoHa.
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existing formal problem is considered, for which the recursive method
for checking trace matching to a pattern is proposed. An algorithm
for detecting anomalies in trace is developed, which is effective with
respect to the trace length and the pattern size.
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ITocTpoenue 1,2-mpocThIX KBAa3UTPYIIIL,
N30TONHBIX 33a/JAaHHBIM

C. C. Yamapruaa

B pabore mpuBoanTCS AJTOPUTM TOJTYUEHUS M3OTOMHBIME IIPE0D-
Pa30BaHUAMU IIPOCTON KBA3UI'PYUIIBI U3 HEKOTOPOH 3aJaHHOU KBa3U-
rpynnbl. Tak»Ke JOKa3bIBAETCs, UYTO AJCOPUTM HMeEeT KBaJIPATUIHYIO
CJIOKHOCTb U YTO TIOJyYeHHasl B Pe3yJIbTaTe KBA3UTPYIIIa HE COIep-
JKUAT CODCTBEHHBIX MOAKBA3urpyti. [IpuBenen npumep peaausanun aJji-
ropuTMa Ha a3bike Python.

KiroueBnle cioBa: KBa3urpylila, IIpoCTOTa KBAa3UTI'PDYIIIIbI, ITIOJIK-
BasurpyIiimna, n30TOMHOCTb KBA3UT'PDYIIII, JATAHCKANA KBaJIpaT.

1. BBenenne

Koneunble KBasurpymnibl (MM JATHHCKHE KBaJIPATBI, €CJIU UX PacCMaTpH-
BaThb B TepMuHax Tabsmn Ksin) BBI3BIBAIOT MHTEpEC y Pa3IMYHbIX HUCCIIe-
JoBaresieil B obsiactu Kpunrorpadun u Koaupoanust (cM., Hanpumep, [1]).
s nccnemoBareseil 3a9aCTyI0 BaXKHBI KBA3UTPYIIIBI, KOTOPBIE 00IaAI0T
HEKOTOPBIMU 0COOBIMU cBOiicTBaMu. OJIHUM U3 YKEJIATEJBHBIX CBOWCTB SBJIs-
eTcsl MOJMHOMMAJIbHAsT oJIHOTa 2|, obecneunBatomias NP-nosHoTY 3a/1a41u
IPOBEPKH paspenmmoctu ypasHenuii [3]. 3BecTHO, 4TO HOJMHOMUAIbHAST
[OJTHOTA SKBUBAJIEHTA OJHOBPEMEHHOM mpocrore u Headduuuoctu [4]. Eme
OJIHM BaKHBIM CBONCTBOM SIBJISIETCS OTCYTCTBHE COOCTBEHHBIX IOJIKBA3UI-
Py wix COOCTBEHHBIX TOJKBA3UIPYIIIT MOPSIJIKA HE MEHBIIEro 2, 9T0 OTPa-
keno B pabore [5]. B pabore T. Kenku [6] nokazano, 4ro 106yi0 KOHEUHYIO
KBA3UTPYIILY MOPS/IKA > 2 C MOMOIIBI0 U30TOMUN MOXKHO [EPEBECTU B KBa-
3UTPYIIILY, HE UMEOILYI0 COOCTBEHHBIX IMOAKBASUTPYIII, WU B KBA3UI'PYIIILY,
HE UMEIOIIYI0 COOCTBEHHBIX IMOJKBA3UTPYII MOPSAIKA > 2 U OJHOBPEMEHHO
MIPOCTYIO.

B nanwnbriit pabore uziaraercs KBaJpaTHIHBIA aJrOPUTM IIPeodpasoBa-
HUsI IPOU3BOJIBHON KBA3UTPYIIIIBI TOPSIIKA > 2 B M30TOIMHYI KBa3UTPYIIILY,
HE MMEIOILYI0 CODCTBEHHBIX MOJKBA3UIPYII, CO3JAHHBIN Ha OCHOBE PabOTHI
T. Kenku [6]. Kpome Toro, nmokaseiBaeTcs, YT0 pe3ysbTUPYOIIasi KBA3UIPyII-
a ABJdeTcd IIPOCTO.

ABTOD BBIparkaeT UCKPEHHIOI 0J1aroJapHOCTD K.(.-M.H., ¢.H.Cc. [ayiaTeHko
Anekcero BiaanmupoBrdy 3a TIOCTAHOBKY 3aJa9W U TOJJIEPKKY B pabore.

Y Yanavieuna Ceemaana Cepzeesna — cryment 3 kypca xad. MaTUC mex.-mar. db-Ta
MIY, e-mail: Svetlana.Chaplygina@student.msu.ru.

Chaplygina Svetlana Sergeevna — 3rd year student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of MaTIS.
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2. OcHoBHbBIE TIOHATHUS U PeE3yJ/JIbTaThbl

B nasbHeiiniem Bce cTpyKTYPbI OYAYT MOJArATHCA KOHEIHBIME, TOITOMY JIJIsi

KPATKOCTH CJIOBO “KOHEYHBIN Oy/IeT OIyCKAThCS.

Onpenenenue 1. Keasuzpynnot nopadxa k € N nasweaemea maxoe mMHO-

orcecmso QQ = {qi,...,qx} ¢ bunaprot onepayued -: Q X Q — Q, wmo das

2000z a,b € Q ypasnenua x-a =>b u a-y = b 0dHo03HAUHO Pa3PEWUMDL.
Tabsmrer Kan kBasurpymn siBJISIOTCs JIATHHCKAME KBaJIpaTaMU, U Ha-

0bopoT, JIF000It JIATUHCKAN KB IpAT siBjisieTcs Tadbsureil Kajim KkBa3urpyib.

Oupegnenenne 2. Cobecmesennoti nodkeasuepynnoti keazuepynno (Q,-) na-
aweaemes napa (Q',-), 2de Q' — cobemeennoe nodmmosicecmeo Q, 3aMmKHY-
moe OMHOCUMEALHO -, a onepayua - asasemen cyscenuem - na Q' x Q.

B manpHeiimem 118 KpaTKoCTH OyIeM OTOXKICCTBIATH COOCTBEHHBIE O
KBa3UI'PYIIILI ¢ MHOXKeCTBOM (.

Bes orpannuenunst obmHocTn MOXKHO cantarh, 9to Q@ = {0,...,k — 1}, a
onepanys - ecTb PyHKIUsA k-3HAYHON JIOTUKHU OT JBYX II€PEMEHHBIX.

Oupenenienne 3. Kesasuepynna (Q, ) HA366AEMCA NOAUHOMUAGADHO TOA-
HOt, eca [{} U P,?] = Py, eoe P,S — MHOIHCECMBO BCET KOHCTAHM.

Oupenenienne 4. Kesasuepynna (Q,-) nasweaemcs npocmot (uiu 6 mep-
munaz pabomu [6], 1-npocmoti), ecau onepayus - He coTpaHAem Hu 00HO20
HEMPUBUAALHO20 OMHOULEHUA IKEUBAAEHMHOCTNU.

Oupenenenne 5. Keasuepynna (Q,-) nazweaemea aggunnot, ecau cyuie-
cmeyem abeaesa 2pynna (Q, +), asmomoppusmo, o u § 2moti epynnvi u KoH-
cmanma ¢ € Q, 044 KOMOPHIT 6uinoarerno moscdecmso -y = a(x)+ B(y)+c.

B pa6ore [6] ucrosp30Bannch cieayonmue IOHTHSL.

Oupenenienne 6. Keasuepynna (Q,0) nazweaemea 2-npocmot, eciu OHa
He codepotcum cobCmeeHHbLL NodKEa3UPYNN, U 3-Npocmoti, ecau ona He co-
deporcum cobcmeennvix nodkeaduzpynn nopadka > 2.

Onpepesienne 7. Keasuzpynna (Q,0) nasvisaemesn ae6ol (npasot) aynod,
ecau cywecmseyem maxol asemenm j € Q, wmo das ao0bo2o T € Q) 8vN0A-
HEeHO pasencmeo j-x = x, (xr-j = x, coomeemcmeenno). Ecau cywecmeyem
7 E€Q, makol wmo j-x = T -j = T das 006020 T € ), MO KEA3UPYNNG
HA3V6AEMCA AYNOU.

Onpepenienne 8. Kesasuepynnu Q(-) u Q(o) 6ydem nazveams uzomonmoi-
MU, ECAU CYULECTNEYIOM NEePECNANOEKY 01,09, 03 Ha Q, 048 KOMOPHIL GbINOA-

Heno Vr,y € Q: -y = 03_1(01(33) o aa(y))-
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B repmunax rabsiun Kamu 310 03HAYAET BO3MOXKHOCTH TPEObpa3oBaHus
OJIHOH TabJINIIBI B JIPYTYIO IIEPECTAHOBKOI CTPOK, CTOJIOIOB, & TaKXKe Iepe-
MMEHOBAHUEM SJIEMEHTOB.

Paccmorpum corepyrormuii ajaroputm Jyisi KBasurpyuibl Q(+) mopsiika n.

[lepecTanoBKO# CTPOK U CTOJOIOB JTOObLEMC ITPEOOPA3OBAHUS JTAHHON
kBasurpynsl Q(-) B aymy Q(*). 3aTeM czenaeM MUKIMIECKHIA CBUT CTPOK
1,2,...,n—1—2.3,...,n—1,1, nepsas crpoka (1o ectb crpoka () ocraercs
Ha MecTe. Hakoner, mepecrapum ctoaoimsr 0 n 1.

JlaHHBII aJIrOPUTM SIBJISIETCSL ArOpuTMHU3aIpeil (¢ cy’KeHneM Ha KOHeY-
HBIT cirydail) JoKa3aTeabCTBa yTBEPK IeHuii 13 paboTsel [6]. DiemenTapHBIME
oneparuaMy CIUTAIOTCS YTE€HNE U3 MaMsITH WU 3alUCh B MAMATD SJIEMEHTA
u3 MHOXKecTBa () = Ej, a TakxKe apudMeTndecKue oneparuu Ha Zy,.

OCHOBHBIM PE3YJILTATOM JTAHHON PabOTHI SIBISIIOTCH YTBEPKICHUA:

Teopema 1. Boixodom arzopumma AGASEMCA 2-NPOCMAs K8a3UPYNNG, U30-
monnas 6xodnoti Keasuzpynne. Bpemennas CA0HCHOCTIL AA20PUMMA ECTTVD
O(k?) npu k — oo.

Teopema 2. Kesazuepynna, noAyweHHaA 8 PE3YALMAME GA0PUMMA, ABAA-
emea npocmoti, Mo eCmyv He COTPAHAEM HU 00H020 HEMPUBUAALHO20 OMHO-
WeHUA IKBUBAAEHMHOCTNU.

Tak kak Bce KBa3UrpyIIibl mopsijika 3 adbduHHb, B ciiydae k = 3 Ha BbI-
XOJIe aJITOPUTMa MOTYT BO3HUKATH adDUHHBIE KBA3UTPYIIIIBI, TO €CTh KBa3H-
IPYNIBI, HE SBJISIIONIUECS TOJUHOMHUAIBHO TOJIHBIMH.

AutropuTM OBLIT pEAJIM30BaH Ha, I3bIKe MporpaMMupoBanust Python u mpo-
TeCTUPOBAH Ha HaOOPe KBa3UTPYII PA3JIUIHOrO MOpsifika. Bpemsi pabOThI
[IPOTpaMMBI KBaIPATHIHO 3aBUCEJIO OT TOPSITKA BXOIHBIX KBA3UTPYIIIL.

Kon peammzanym moxkaOo Haiitum Ha github mox orkperroit MIT sumen-
sueii (https://github.com/Rinroli/simple-quasigroups). Tam ke HaxomsTCst
HEOOJTbITIAs JOKYMEHTAINS U ITPUMEPHI.

3. 3akJjroyeHune

B pabote 6bLI TIOCTPOEH KBaJIPATUYIHBIN AJTOPUTM IOIYYEHUs] C HOMOIIHIO
M30TOINU OJHOBPEMEHHO ITPOCTOU W 2-ITPOCTON KBA3UTPYHIIbI U3 HEKOTOPOI
3a/IAHHOI. DTOT AJTOPUTM OBLI IIPOrPAMMHO PEAJM30BaH U IPOTECTUPOBAH
Ha Habope KBa3WUTPYIII PA3JIUIHOrO Nopsaka. [[poBe/ieHHbIe SKCIIEPUMEHTHI
[IOKA3aJId, YTO BpeMsi PabOTHI IPOrPaMMBbI KB IPATHIHO 3aBUCUT OT MOPSiIKA
KBa3UTPYIIL.

B nasbmeiinemM mranupyercst 0000IIUTE pe3yIbTaThl Ha CTPYKTYPBI OoJtee
BBICOKUX Pa3MEpPHOCTEN.
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Kinacchl JInHEeitHBIX aBTOMAaTOB Ha/I,
KOHEYHBIMU II0JIAMU C ONlepalusaMu
CyIIePIIO3UINN

A. A. YacoBckux!

,ZLJIH KJIaCCOB JIMHEMHBIX aBTOMAaTOB HaJ KOHECYHBIMU ITOJIAMN Hai-
JE€HbI BCE IPEAIIOTHBIE KJIACChI IO OIlepaludAM CYIIEPIIO3UIINN.

KurouyeBbie ciioBa: KOHEUHBII aBTOMAT, JIMHEHHBIN aBTOMAT, OIe-
panuy CyIepIO3UIAN, IIOJHOTA, IPEAIIOHBINA KJIacC, KOHEYHOEe II0JIe.

Kaxk n3BecTHo, KoHedHOe T10JIe F, 13 k aj1eMeHTOB cymiecTByeT, ecian k = p™
JIJIsl HEKOTOPOI'O IIPOCTOTO YUCIa P U HaTypasabHoro unciaa m [1]. Mel 6ynem
UCIIOJIL30BATD TIOHSITHE JIMHEHHOrO aBroMaTa HaJ| nojeM Ej w3 kauru 2|, u
paccMaTpuBaThH TOJBKO ABTOMATBI C OJHUM BBIXOJIOM BMECTE C OIEPAIUSIMU
cyneprosuruu [3], Koropblie BKIIOYAIOT IepEMMEHOBAHUE [IEPEMEHHBIX, OTOXK-
JIeCTBJIEHNEe IIEePEeMEHHbBIX 1 HOILCT&HOBKy OJTHOT'O aBTOMaTa Ha BXO/J ,ZprI‘OFO
aBroMara. [Ipu 5TOM aBTOMATHI, OTJINYAIONINECS TOJHKO (PUKTHUBHBIMU BXO-
JaMHi, Mbl Ha3bIBa€M paBHBIMMH, U CIUTaeM, IYTO, IIOCTPOUB KaKOI-TO aBTOMaT,
MBI ITOJIy9YaEeM BCE PaBHBIE €My aBTOMATHI.

JIuneiiuble aBTOMATHI HAJ 1T0JIeM Fj, mojrytuaemM 3aMbIKaHEM MHOYKECTBA,
COCTOSIIIIETO M3 CYMMATOPA, YCUINTEEH U 3aJePKeEK, C UCIOJIH30BAHUEM OIIe-
panuii cynepnosunuu u obparHoii ceszu [4]. Oneparuio o6paTHON CBSI3H B
JaJbHENIeM Mbl He HUCIOJIb3yeM. JImHeWHBbI aBTOMAT HaJ mojeM Fj ¢ n
BXojlamu siBjisiercst byHkiwmeir f (x1,...,%,), I€peMeHHbIe KOTOPOil pUHU-
MAaloT 3HaYeHNsT (DOPMAJILHBIX CTEIEHHBIX PAI0B ¢ Kosddurmentamn n3 Fy,
a 3HaYeHUs BLIYUCJIAIOTCI B COOTBETCTBUM C PABEHCTBOM:

n
f(3317~~-737n):2,ui$i+ﬂ0; (1)
i=1

e p; — popMabHbIE PsiJIbI IIEPEMEHHON &, K03 PUIMEHThI KOTOPBIX 0bpa-
3YIOT [EPHOIMUIECKYTO (C IPeJepHo/IOM) HOCIe0BATEIBLHOCTD 1 MOTYT ObITh
3a/IaHbl OTHOIIEHUSIMU MHOT'OYJIEHOB HaJ| TEM Ke II0JIeM, 3HAMEHATEIN KOTO-
PBIX UMEIOT HEHYJIEBOI CBOOOJIHBIN UJICH.

Kiracc sinneiinbix aBToMaToB HaYL 11oJieM Ej, ¢ onepalusiMu Cyeprio3uiiun
oboznadaem L.Sy. Mbl ucroib3yem 970 0003HaYEHUE U I MHOXKECTBA BCEX
JINHEWHBIX aBTOMATOB HaJl 1ojieM F.

Y YJacoscrur Anamonutdi Anexcandposud, — moneHT Kad. MATEMATHIECKONH TEOPHH HH-
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222



s mpocreix k B kiaccax LSk B [5| 6buin HaiijieHbl Bce MaKCHMAJb-
Hble COOCTBEHHBIE IMOJIKIIACCHI (IIPE/IIOJHbIE KJIACCHI). 3/1eCh COOTBETCTBYO-
mas 3ajiada pelreHa JJjisi KJIACCOB JIMHEHHBIX aBTOMATOB HAaJ[ IOJISIMHU, HE
SABJISTIONIAMUCS ITPOCTHIMU.

MHokecTBO BCeX JIMHEHHBIX aBTOMATOB HaJl i, COXPAHSIONUX JJIEMEHT
a ot Ey, B HAYaIbHBIIH MOMEHT BpeMenu, obosnadaem 1,. MuoxkecTBo Beex
aBToMaToB U3 LS}, 3HadeHnne KOTOPBIX B HAYAJIBHBIII MOMEHT 3aBUCUT He 0O-
Jiee 4eM OT OJIHOI0 BXoja, obozHadaeM V7. ABromarsl f u3 LSy, 1t KOTOPBIX
u3 (1) caenyer > 7", 1;(0) = 1, cocrasusior muoxkecTso Vj.

Kak ormedasiock, Mbl paccmarpuBaeMm ciaydait k = p™ ¢ m > 1. zBecr-
HO [1], ¥T0 B 9TOM Citydae mojie Ej CONEPXKUT MaKCHMAJIbHBIE COOCTBEHHBIE
nognons: By, s = 1,2,...,1. Yepe3 Py 0003HaYNM MHOYKECTBO aBTOMATOB
u3 LSy, Bce k03bdUIMEHTH TP [IEPEMEHHBIX KOTOPLIX B pa3soxkeHun (1)
UMeIOT CBOOOIHBIN HieH u3 Ky .

MuoxkecrBo M7 cocTapisiior aBroMaThl U3 LSy, 3HaYeHne BbIXOJa KOTO-
PBIX B MOMEHT BPEMEHHU, CJIEIY IOl 38 Ha9aJIbHBIM, HE 3aBUCAT OT 3HAYECHUN
BXOJIOB B HadaJbHBINT MOMeHT. Uepe3 My 0603HATNM MHOXKECTBO aBTOMATOB
f, mast Koropbix B passoxkenun (1) s Kaxkaoro kKodduimenTa mnpu me-
PEMEHHOI CTelleHb €ro YUC/IUTEJIs He ITPEBOCXOJIUT CTEICHU 3HAMEHATEJId.
[TponymepyeM Bce HEIIPUBOJMMbBIE NPUBEJEHHbIE MHOTOUYIeHbl u3 Ey[¢] na-
TYpaJbHBIMEA YUCJIAMU: P1, P2, ... Tak, 9ro p; = &. Yepes M; obozHaunM
MHOXKECTBO Bcex aBroMaroB f u3 LSj, 3HaMeHaTen KO3 MUIINEHTOB pU
[epeMeHHbIX B pa3JioxkeHun (1) KOTOpBIX He JeIsaTcs Ha P, 1 = 2,3, . ...

Teopema 1. Mnuoorcecmeo
JSk :{ Ta,Vk,Vl,Ps,Mi | aEEk,S € {1,...,[},’i €Z+}

cocmoum u3 npednoanwvix xaaccos 6 LSk, codepotcum ece maxue KAaCCHL U
asasemcea npusedennot S-kpumepuasvnot cucmemot [3).

Jokasamenvcmeo. s aBromara f ¢ pasnoxkennem (1) momoxum: U(f) =
{pili =1,...,n}. Jusa muoxkecrsa M, M C LSy, uepe3 U(M) obosnaumnm
muozkecTBo UreprrU(f).

Bambikanue muokectBa M, M C LSk, 10 omepalsivM CynepHO3UIIH
oboznataem S(M), a 3aMblkaHIe MHOKeCTBa M OTHONIEHHUI MHOTOYIEHOB
1O OrepanusaM cIoxKenus n ymuoxenns obosnavaem S (M). Yepes El(€)
Mbl 0003HAYAEM MHOYKECTBO BCEX OTHOIIEHWH MHOIOYJIEHOB II€PEMEHHON &
¢ xkoapdurmenramu u3 nois Ey, 3HaAMeHATEIN KOTOPLIX MMEIOT HEHYJIEBOi
CBODOOJIHBIN YJICH.

BaMKHyTOCTh KaxKJ0ro Kiacca u3 JSy JOKa3blBaeTCs HHIYKIUEH 110 ore-
parusiM cyriepriosunuu. 1o, 9TO HU OAuH Kjacc u3 JSp He COomepKurcs B
JIPYTOM, HECJIOYKHO JIOKAa3aTh, IIPEIbIBUB JIJIS KaykK/10ro kiacca O nz JSy
ero MOJIMHOYKECTBO, He COJIepIKallleecs HU B KAKOM JPyrom Kiacce u3s JSk.
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[ycrs M C LS, w ana moboro ©, © € JSk, semonneno: M ¢ ©O.
ITokaxkeM, 9TO BBITOJIHEHO:

S(M) = LS. 2)

Ucnonb3yst 1oKa3aTeabeTBo TeopeMbl 3 u3 [6], HeTpyIHO moKa3aTh, YTO
SW(U(M)) = Ej(&). Orcrona n u3 10Ka3aTeIbCTBA JIEMMBI 2 9Toii 7Ke Pabo-
ThI HOJTY 9aeM:

$1+$2+"'+$p+1€S(M), (3)

¥ st 106010 1, f1 € ) (§), BBIIOIHEHO:
To + pr1 + pxs + - + pay € S(M), (4)

U3 coornomennii (3), (4) u M \ Vi, # 0 cnenyer, aro S(M) conepxut ap-
TOMAT ¢ OAHUM BXOIOM g(x) = p'x+ puf), 11t koroporo sbinosaeno: (/' (0) = 0.
B M exoxutr aBromar h, He coxpasstomuii 1 (0) B HAUAIbHBIA MOMEHT Bpe-
menu. Torga jyist ogaoMectHOrO agromara ¢ (x) = h(g(x),. .., g(x)) umeem:
g'(x) = "z +pg, p'(0)=0, pg(0)# p(0).

3 cymmaropa z1 + x2 + -+ + Tpq1, aBroMaros ¢(z) u ¢'(z), u (upn
IIOAXOJIAIIEM ,u) aBTomaTa xrg + pury + pre + -+ + W, ¢ UCIOJIL30BAHUEM
olepaIuii Cynepruo3uIiy CTPOUTC aBToMar §(x) = [z + fig, JAJIsT KOTOPOrO
BoinosiHenbl pasenctsa: 1(0) = 0, f1o(0) = 0.

[TojcraBisisi BMECTO BCeX NEPEMEHHBIX aBroMara u3 M, He coxpaHs-
fomero 0 B HaYaJdbHBIE MOMEHT BpeMeHH, aBToMar §(x), ImoJydaeM aBTo-
MaT g(x) = fix + fig, JUIst KOTOPOro BHIMOHEHBI cootromtenns: i(0) = 0,
fio(0) # 0. )

O6o3unaunm yepes r uncio deg (fig) + deg (ﬂo). Ncnonb3ys paccykienns
U3 JI0KA3aTesIbCTBA JIeMMbl 3 paboThl |7], MOKHO 1I0Ka3aTh, 4TO, U3 MHOXKe-
CTBa aBTOMATOB

{CL‘() +arxig+ - -+ arfrip+ oo+ a,f”a:m +---+ arfr$r7p|ai € Ek} ,

koropoe Bxoaut B S(M) BBusy (4), n aBromaros §(z), §(x), ncnoassys orre-
paIiy CYNEePIO3UIUY, JJIsi HEKOTOPOH JpoOU fi MOXKHO HOCTPOUTH ABTOMAT
Sp.

Jlasee, 06001IasT TOKA3ATEIBCTBO JIEMMBI 4 U3 TOM YK€ PADOTHI, TOJ/IY IaeM:
0 € S(M). Orciona u u3 (3), (4), g(x) € S(M) nomy=aem (2). Tem cambim
JIOKa3aHa S-KpUTEPHAJILHOCTh MHOXKECTBA 3aMKHYThIX KiaccoB JSy [3].

I[IpemonHoTa KazkI0ro Kjacca MHOXKeCTBa JSy U OTCYTCTBUE IIPEIIOJ-
HBIX KJIACCOB, HE cojiepykanuxcst B JSy JIOKa3bIBAIOTCH € UCIOIb30BAHHEM
U3BECTHBIX OOIIMX paccyKienuii [4]. O
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Linear automata classes over finite fields with superposition
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All precomplete classes are found for classes of linear automata over
finite fields with superposition operations.
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YacTp 3.
VHTeniekTyaabHblil aHaJI3
OOJILIIINX JAHHBIX



3asava pacipeaesieHnus MOJIOYHOTO
IMPOCTPAHCTBA C YYeTOM BapuaHTOB
IMOJIO?KEHUS TOBAapPOB

H. M. Axpuanos! , E. C. Yepraxosckasa?

Mpbr dopmyaupyeM 3a/1ady paclpeie/eHus I0JOYHON0 IPOCTPAH-
CTBA C YI€TOM PA3HBIX BAPUAHTOB PA3MEIIEHUsI TOBAPOB (BO3MOXKHOCTH
GOKOBOI1 OpreHTaIMY, KAIIMHIY 1 Hectunrn ). [Ipeacrasien cnocob Jiu-
Heapu3alluy HeJIMHEHHbIX OrPAHNYEHU, BOSHUKAIOINX B TAKOl I1ocTa-
HoBKe. JlaHHAs MeTOJIMKA MTO3BOJISIET HAUTU ONTHUMAJIBLHOE PEIleHne 3a-
JIad¥, B TOM YHUCJIE U JJIsd DOJIBINX 00beMOB BXOMHBIX JAHHBIX.

Pacmpenenenne mosounoro npocrpanctsa (PIII, shelf space allocation,
SSA) siBiIsieTcst OJIHUM U3 BayKHEHIINX [IPOIECCOB IPUHSTUST PEIIeHNil B PO3-
HITIHO TOProBoii ceTr. KoMIieKCHbIe OIXObI K PACIIPEEIEHHIO TOJI0THO-
IO MPOCTPAHCTBA C OJJHON CTOPOHBI HAIIPABJICHBI Ha KOMIIETEHTHOE HCIIOJIb-
30BaHie TOProBOil IVIONMAIN U MAKCUMU3AIMN IPOJAXK, C JAPYroif — HA IIPH-
BJI€UEHIE BHUMAHUS [OKyIaTe el n yBeJMIeHne KOMMIeCTBa HE3AILTAHIPO-
BaHHBIX ITOKYIOK ([1]). [IpaBribHOE pasMernenne TOBAPOB Ha MOJIKAX BJIHACT
Ha npogaxu ([2]).

®DelicuHru, KANMUHTYA 1 HeCTUHTHU. Delicunzom HASBIBAECTCS BAIUMAS
JUIsT TIOKyTiaTesiell ennHnIa Topapa Ha mojke. 3agada PIIIT dopmynupyercs
Tak: JaH Habop TOBapOB, KOTOPLIE HEOOXOAUMO PAa3MECTUTL Ha OIpEeIesICH-
HOM KOJIMYIECTBE IIOJIOK TOPIOBOIO ODOPYIOBAHUS C IEJIbI0 OJIYUIEHUST MAK-
cuMaJTbHOM TpubbLIH. CTaHJAPTHBIC OTPAHUYIECHUS 3aa4U: JIJTHHA [TOJIKH, KO-
JITIeCTBO (PefiCUHTOB, IeTOUNCIEHHOCTh (PECMHTOB, KOJUYIECTBO MOJIOK JIJIs
PaCIOJIOXKeHUs ToBapa, 3amac Tosapa ([3], [4]).

B nacrosmeit pabore Mbl 106aB/IsieM B MOJETb BO3MOXKHOCTH OGOKOBOM
OpHEHTAIINN HEKOTOPBIX TOBAPOB, & TaKzKe CJeyIOINe OIINN Pa3MeIleHUA:
KANNUH2U — HEKOTOPLIE TOBAPhl Pa3PelIaeTcs KJIACTh CBEPXY B NOPU30HTAJIb-
HOM TIOJIOYKEHUH, HECTMUH2U — HEKOTOPhIE TOBAPHI JIOIIYCKAETCsT BKJIAIBIBATH
B aHAJIOTUIHBIE, CM. pHUC. 1.

! Adpuamnos Huxonat Muzxatinosuy — MIY M. M.B.JIomonocosa,
MEXaHHKO-MaTeMaTu4IecKnii  axkysbTeT, Ccrapmmii HaydHBIE  COTPYJIHUK, e-mail:
nadrianov@gmail.com.

Adrianov Nikolai — Lomonosov Moscow State University, Faculty of Mechanics and
Mathematics, senior researcher.
2 Yepuazoscran Examepuna Cepeeeena — BpoIUIABCKU# YHHUBEPCUTET SKOHOMUKH ¥

bu3Heca, acCUCTeHT, e-mail: kateryna.czerniachowska@ue.wroc.pl.
Czerniachowska Kateryna — Wroclaw University of Economics and Business, assistant.
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MbI ucnosb3yeM KaJibKy aHIVIOsI3bIYHBIX TepMuHOB (facings, cappings,
nestings), MMOCKOJIbKY UMEHHO B TAKOM BHUJI€ OHU [TPOYHO BOILIH B IIPOdeECCcH-
OHAJIBHYIO JIEKCUKY, & UX PYCCKOA3BIYHbIEC aHAJIOI'U OTCYTCTBYIOT.

TTTTTTTA
max I e | = - - -
Cj { _______ ﬂl \\ I"\ _______ !
- ne oy I\ \

Puc. 1. Kannuuru u Hecrunru

DopmynupoBKa 3aga4u. [lycrs S — KOMMIECTBO MOJIOK, U JIJIsT KAXK IO

MOJIKA 3aJIaHbl: IMUPHUHA S5, TJIyOnHa, s¢, BbICOTA szh. OpuenTanuio TosBapa

i i
Oyuem 3ajaBarb upjekcom r: r = 0 — upsmas, r = 1 — Gokosas. Ilycrb
P — Kou4ecTBo TOBapoB, M JUIs KaxKJI0ro TOBapa 3aJlaHbl: i — IIMPHHA B
IIOJIOYKEHUH 7", BBICOTA, p?, BBICOTa HECTUHTA p?, 3amac ToBapa pj», pUObLIb
(Mapzka) p¥, u p] — NpU3HAK BO3MOXKHOCTH OOKOBOI oprenTaun (eciu p =
0, TO OBOpPAYUBATH TOBAP 3AIPEIIEHO).

IIyctn f]mm, f]mM , €T, nIMT — MIHIMATIbHOE KOJIMYeCTBO deiicuHrOB,
MaKCUMAJIbHOE KOJTMIeCTBO (heHCHHTOB, KAIMINHTOB U HECTUHTOB JJIsS TOBAPAa
J COOTBETCTBEHHO. BbIcoTa MOJIKM HAKJIAIBIBACT JIOTIOJHUTEILHOE OIPAHUYIe-
HUE, T03TOMY KOJIMYECTBO KAIIIIMHI-CJIOEB TOBApa j B IMOJIOKEHUH * HA, [TOJIKE

) OI'PaHUYI€HO BEJIMYNHON

maxr __ __: max h h w
e = min (e, (sl = plt) /i)
a KOJIMYEeCTBO HECTUHT'OB TOBapa _7 — BeJMYNHOMN

max

nee = min (ne, (st = pl!) 7))

Ilepemennsre: o € {0,1} — momoxenune ToBapa, Tijr, Yijr, Zijr € L —
KOJINYeCTBO (DeiCUHIOB, KAIIIIMHIOB U HECTUHIOB, & ¥;j — KOJIXYECTBO CTOIOK
KaIITATOB JIJ1sT TOBapa j Ha TOJIKE ¢ B MOJIOYKEHUN T

Sajady ONTHUMU3AIIN Mbl (POPMYJIMPYEM B CJIEAYIONIEM BUIE.

P S 1
Z Z Zp?(wijr + Yijr + Zijr) — max
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opu CJaeAymMuX OrpaHnvICeHNAX:

P 1
(1) Z Zp}”,,xijr <sy’ (mmpuHA TOIKN)
j=1r=0
(2a) ;50 = 0 npu yenosun pjy > sd (ruryGuHa 110JIKN1 )
(20) zij1 = 0 1pu ycuosuu pi > sd
S 1
(3) (@ijr + Yijr + 2ijr) < pj (KOIM1IeCcTBO TOBApa)
=1 r=0
S 1
(4) < Z injr < fi (deiicunrn)
i=1 r=0
(5a) p?gijr < p}l}rfcz’jr (karmuHrn)
(5b) Yijr < iy Yijr
(6) zijr <N T4y (necTuHINM)
7 a; = 0 upu ycaosuu p? = 0 3ampeT MoBOPOTA
J J
(8) a;zijo =0 (opuenTars)
9) (I —aj)zin =0

OrpannveHns: Ha NePeMEHHBIE Yjjy, Zjjr, AHAJOTHYHbIE ycaoBusM (8) u (9),
BBIIUCHIBATH HE TPEOyeTCst, MOCKOJIbKY OHU Oy/IyT cJiejioBaTh u3 ycaosuii (5a),

(5b), (6), (8) u (9).

JInneapusamusi. Bee orpannyienns B Haleil MoJesiu JTHHEHHbIE, KPOME
(8) u (9). Just ux simHEapU3aIyu Mbl UCIIOJIb3yeM TEXHUKY, [IPE/JIOKEHHYIO
J>xopykem laHIUrom.

JIemma 1 (Jauuur, [6]). ITycmo o — 6unapran nepemennasn, T uy — seuse-
CTNEEHHBIE UM YEAOUUCAEHNBIE NEPEMENHbIEe ¢ o2panudenuem |z| < M, 2de
M > 0 — ussecmmnas xoncmanma usu napamemp sadavu. Tozda neaunetinoe
YCAOBUE Y = QLT IKEUBAAECHINHO CACOYIOULUM NUHETIHOIM YCAOGUAM:

r—(1l—-a)M<y<z+(l-a)M
—aM <y <aM
Hoxazameavcmeo. llpsimonuneitnast npoBepka ciydaeB « = 0w a=1. [

CaenctBue 1. [Tycmv o — OuHGpHAA NEPEMENHAA, T — GEULLCTNBEHHAA UAL
YeAowucAenHan nepemennas ¢ oeparutenuem 0 < x < M, 2de M > 0 —
U3BECTVHAA KOHCMAHMA UAY napamemp 3adawu. Tozda neaunetinoe ycaosue
ax = 0 axsusarernmmo aunetinomy yeaosuro r < (1 —a)M.
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CaencrBue 2. Oezpanuuenus (8) u (9) ¢ yuemom (4) mooicro samerumov wa

(8) zijo < (1 —ay) f"*

(9') Tij1 < o [

3akarouenune. Mbl cBe/n 38729y K JIMHEHHOM, 17151 KOTOPOIl CyIIEeCTBY-
10T MoIlHble pertarenu, Kak kommepueckne (CPLEX, Gurobi), Tak u 6Gec-
wrarnere (Coin-Or). Dxcnepuments! nokaspiBaot, uro CPLEX jerko naxo-
JIUT ONTUMAJIBHOE PelleHne 3a/a9u B JTUHEHHON (DOPMYJIUPOBKE U HE MOXKET
CIIPABUTHCA C AHAJOTUIHON HEJIMHEWHOW MOJICJIBIO IIPU TEX K€ MapaMeTpax.

Cxoj1cTBO € 3aja4eil 0 PIOK3aKe MOJCKA3BIBAET, ITO CTOUT MOIPOOOBATH
npumennTs B 3agade PIIII merompr, ycmemno mpuMeHsieMble B 3ajade O
proK3ake, B dacTHOCcTH branch-and-cut, KoTopslii mokasbiBaeT 3hdeKTUB-
HOCTB BBIIIE, YeM METOJIbI, OCHOBAHHBIE Ha JIMHEIHOM IIPOrPAMMUPOBAHUN.
DTO HPEJCTABISETCS ePCIIEKTUBHBIM HAIIPABJICHUEM JTAJbHENIINX UCCIET0-
BaHUM.

Shelf space allocation problem with product position options
Adrianov N., Czerniachowska K.

We formulate the problem of shelf space allocation with various
product position options (side orientation, cappings and nestings). A
method for linearizing nonlinear constraints arising in this model is
presented. This technique allows finding the optimal solution to the
problem, including the large instances of input data.
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IIpumenenne aaropmrma "llosocka" B
3aJiavue OHJIATHOBOT'O MAIIMHHOT'O O0YyYeHud

M. M. JIunkosuda!, JI. B. Muponos?

PaccmoTpena 3amada oHaitHOBOrO OOyUeHUsT MOesei, Tae JaH-
Hble /i 00y9YeHnsI CTAHOBATCS JOCTYIHBIMU HE CPa3y, a HOCTYIAIOT B
[I0CJIEIOBATEIHOM TOpsiaKe. JIJjist pelenns: mocTaBIeHHOM 3a0a49u HC-
nosb3yercs ajaroputm «Ilosiockay, npemioxkennbiii B.A. dkyboBudem.
DddeKTUBHOCTL METO/A [TOKA3aHA B €r0 CPaBHEHUHU CO CTAHIAPTHOM
MOJIEJIBIO, OOYIEHHOH CTOXACTUIECKUM T'DATIUEHTHBIM CITyCKOM.

KiroueBbie cjioBa: OHJIAHOBOE MAITUHHOE O0ydYeHUE, JIMHEHHBIE
mogtenu, asropurm "Tlosocka".

1. BBenenne

B kmaccmdeckoil mocTaHOBKE MAITMHHOTO OOYYEHUS MPEINoaraeTcst HaIu-
qre HabOpa JaHHBIX, JOCTYIIHONO K MOMEHTY oOydenust Mozeseii. B pabore
paccMaTpUBAETCs CIIyUaif, KOT/Ia TAKOTO MPeI3aJaHHOr0 Habopa JAHHBIX HET,
U JIAHHBIE JJIsT O0yYIeHUsl IPUXOIAT IMOCIe0BaTeIbHO. Takast TOCTAaHOBKA 3a-
JlavU HA3bIBAETCs OHJIAHOBBIM MaruHHBIM oOydenueM [1]. Tlorpe6GrocTs B
MO/IEJISIX TAKOTO POJIa BO3HMKAET, HAIIPUMED, IPU paboTe ¢ OOJBIIME JIaH-
HBIMHU KOT/[A BBIYHUCIUTEIHLHO HEOCYIIECTBUMO COBEPINUTEL OOyUIeHNe Ha, BCEM
Habope, U B 00JIACTSIX TJe JaHHBIE MEHSIIOTCSI BO BPEMEHH, B CJIEJICTBUE €T
MOJTIET HeOOXOAMMO TOJT HUX TOACTpanBaThcsa. OmunM m3 Hanbojee TOIy-
JISPHBIX METOJIOB TaKOI'0 OOYUEHUs SABJISETCS CTOXACTUIECKUN T'PaINEeHTHBIN
CITyCK, TJIe B KaXKJIbII MOMEHT BPEMEHU MOJEJIb 00ydaeTcs Ha MaKeTe U3 Ol-
HOTO ceMILa [2].

B nanHoii paboTe IpeIoKeHO UCHOIBb30BaTh anropur™ «Ilosmockas [3].
DTOT AJITOPUTM CBOJUT 3aJIa9y HAXOXKJCHWUSA ONTHMATIBLHBIX MapaMeTPOB K
pelrennio cucTeMbl OECKOHETHBIX HepaBeHCTB. B paboTe Oyer paccMOTpEH
BapHAHT MOCTPOEHUsI OECKOHEYMHON CHCTEMBI HEPABEHCTB, KOTOPAas XOPOIIO
JIOKUTCS B TIAPAIUTMY OHJIATHOBOTO MAIMTUHHOTO 0Oyuenus. [IpumernMocTn

Y Tunkosun Muzaua Mapkosus — crapmmii Hayusbii corpyammk MIIMam PAH,
noueHT kKadeapsl Teoperwdeckoil kubepHeruku wmar.-mex. ¢.-ta CIIGIY, e-mail:
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Mironov Dmitrii — master’s student at Saint Petersburg State University, "Applied
mathematics and informatics" program

231



aJIrOpUTMa OY/IET MOKa3aHA B €0 CPABHEHUU C JIOTHCTUYECKOHN perpeccuei,
00yYIEeHHON CTOXaCTUIECKUM T'PAIIMEHTHBIM CIIYCKOM.

2. Onmucanue ajgroputma «llosmocka»

Paccmorpum Mogzenb, npegioxkennyio B. A. fky6osuuem [3].

[Tycrs nan nabop maunbix {z;, y; = s(x;)}, it =1,...,m,tne x; € X C R"
- BEKTODBI IIPU3HAKOB, s(x) - Hem3BecTHasi hyHKIws u3 X B {1, —1}. 3azana
3aJa49a OMHAPHON KIacCH(PUKAINH, T.e. TPeOyeTcss BOCCTAHOBUTHL (DYHKITUIO S
10 UMEIOMIEMYCsI HabOPY JTAHHBIX.

Hycrs {a;(x)}, j=1,...,N,...— nonusiii 8 L?(X) Habop orpamnaennbix
dyuxkuii. B anropurme «llonmockas crpoutcs kiaaccudukaTop BUa

N
olw) = sign [ D" 0ja;(2) | = sign(sw(z,u), 1)
j=1
rJe U — BEKTOp 0DyYaeMbIX [TapaMeTpoB ¢ jieMeHTamu 61, ..., 0.

CTpost OTTO3HAIONIYIO CHCTEMY UCXOJS M3 YCJAOBUN MUHUMU3AINN (DYHK-
MY KBaIpaTa OMUOKN MPUXOMIAT K CJIEAYIONEMY HEPABEHCTBY:

N
S Mo —al™ <, h=1,2,.,N (2)
k=1

m)_ 1§ m _ Ly

oy, :EZS(DCJ‘)%(%‘)’ Qpp :Ezak(xj)ah(xj)' (3)
i=1 7=t

st npumenennst anropurma «Ilosockay HEOOXOAMMO IUKIHIECKN [IPO-
JIOJKUTH (2) 10 GeckoHeuHOli cucreMbl HepaBeHCTB. OJIMH U3 CIIOCOGOB 9TO-
ro JIOCTHYDb - PACCMOTPETh GECKOHEedHyIo 110 h cucremy, cliesiaB Bce (DYHK-
nuu nuKandeckumu 1mo h. B aTom ciydae, Bech jaraceT HOJ2KEH OBITL J10-
crymen cpasy. OnHako, HAC HHTEPECYET BO3MOKHOCTD IPUMEHEHUST JAHHOTO
AJIrOpUTMa K OHJIAHHOBOMY MAIIMHHOMY OOYYEHHIO, IIO9TOMY BMECTO 3TOI'O
IPeJIAraeTCsl PACCMOTPETD CHCTeMy, OeckoHednyto 1o m. Torna na Kaxoe
Jo6aBJIeHIe ceMILIa JaHHBIX Oy/1yT IpuXouThess N HepaBeHCTB THIa (2).

ObozuanM 5,(lm) = > a%?@,im) — agm), rJle BEPXHUU WHJIEKC M Tenepb

0603HaYaET HOMEP UTEPAIUU U PACCMOTPUM CJISAYIONUN aJropuT™M OOHOBJIE-
HUS BECOB:

" ecin ‘5;:”)‘ <e,

o — (52”0[272) L:Zj:l <a,($)>2] - , eciu lélgm)‘ > k.

m+1 __
0, =

(4)
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TeopeMa. rD;a,HHI)II'?‘I AJITOPUTM ABJIFAETCA KOHETHO-CXOIATIUMCSA

Joxazamenvcmeo. OcuoBHa Ha 00IIeM pedyibrare u3 [3].

3. PesynbTaTbl MO/IeJIMPOBAHUSA

s npoBepku mpuMeHUMOCTH ajroputma «llojiockay K mocraBjeHHON 3a-
Jate CpaBHUM €ro C JIOTUCTUIECKON perpeccueii, 00yueHHO METOIOM CTOXa-
CTUYECKOr0 IpaJIneHTHOro ciycka. CpaBHeHUs OyJeT TPOUCXOIUTH HA HADO-
pe mannbx "HIGGS Data Set"! [4], cocrosmem uz 11000000 cemriios 1o 28
[IPU3HAKOB.

Obeum MozesisiM OYJIyT MOC/IEI0BATEIBHO MPEIbABISITHCS CEMILIBI U3 Ja-
Tacera. Ha kaxx oM cemiie OyieM BBITTOTHSI T TPOTHO3, U 3aIIOMUHATE 00IIee
qrcJIo OmMOOK K JaHHoMy mary. ajee, sTor ceMiul OyeT IpelbsBIsThCs
I7st o0y denust. Takoit moaxo1 cpaBHEHUsT OHJIAMHOBBIX MO/Ie el ObLT IPe/1JIo-
kel B [5]. 'paduku nporeHToB HaKOMUTEIHHBIX OMUGOK Jyisi mepsbix 2000
CEeMILJIOB TIpejicTaBieHbl HIXKe. AyroputM «Ilojiockay ¢ camoro Hadajia Hadu-
HaeT COBEPINATH MEHbIIEe KOJTUIECTBO OmMMrO0K. MTOroBslit mpomeHT ommnboK
nuta ITonmocku» - 38%, a juis perpeccun - 44%. Takum o6paz3oM, IpeIoxKeH-
HBI aJrOPUTM 00JI1a/1aeT MOTEHITHAJIOM, U CTOUT 3aHATHCA €r0 Y/IydIIeHneM
U pacupoCTpaHEeHUEM Ha JAPYTHe 3aJa4u.

HakonuTensHble oWnbKA

10 —— Monocka

. NorucTuyackas perpaccun
08
07

06

05 |
04
03 i

o 250 500 750 1000 1250 1500 1750 2000
Homep wara

MpoUEHT owmbox

4. baarogapHocTH

UccnenoBanne BeIOJIHEHO 3a cyeT rpanTta Poccuiickoro nayanoro ¢dhonma
(mpoexT Ne21-71-00144)

"https://archive.ics.uci.edu/ml/datasets/HIGGS
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Application of "Stripe" algorithm for online machine learning
Lipkovich M., Mironov D.

The present paper considers online learning problem where training
data becomes available in a sequential order. "Stripe" algorithm
proposed by V.A. Yakubovich is used for online learning. Its
applicability for online machine learning is confirmed by comparison
with a traditional model trained using stochastic gradient descent.
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algorithm
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ITocTpoenne onTuMaJIbHBIX 30H
TPAHCIIOPTHOM JOCTU>KMMOCTH HECKOJIBKIIX
00'bEKTOB

A.B. Kanemun!

B pabore paccmarpuBaeTcs 3a/1a4a IIOCTPOEHIS ONTUMAJILHBIX 30H
TPAHCIOPTHON JIOCTUYKUMOCTH JIJIsi HECKOJIbKUX 00bekToB. IIpeiara-
eTCsi HOBBII aJITOPUTM, OCHOBAHHBII Ha 00X071e rpadOB, UCIIOJIb3Y IO
pa3buenne KapThl HA TEKCATOHBI JJIsI YCKOpeHus Bbraucaeruit. Oocyx-
JIATOTCsT 9ACTO MCIOIb3YEeMbIe AJITOPUTMBI PEIeHrsT PACCMATPUBAEMOi
3aJa4n: I OJTHOTO OOBEKTAa — HM30XPOHBI, KOTOPBIE 0000IIAI0TCT Ha
cJlydail HECKOJIBKUX OO'bEKTOB; JIJIsi HECKOJIBKUX O0ObEKTOB — JIHarpaM-
Mbl Boponoro. /lajiee moaxoipl u X MOIUMDUKAIME CPABHUBAIOTCS C
HOBBIM AJITOPUTMOM.

KurouyeBbie ciioBa: MHTE/IEKTYAJbHBIN aHAJN3 OOJIBINUX JIaH-
HBIX, P€OIIPOCTPAHCTBEHHDBIN aHAJMN3, ONTUMAJbHBIE 30HbI TPAHCIIOPT-
HOII JTOCTMXKUMOCTU

1. BBenenne

Bo Bpemst manmemMun 3a1a9a 10 OMITUMU3AINN IIPOIIECCa TOCTABKN KAaK HIKO-
ra akTyajabHa. KaxaoMmy Kade, pecTopaHy, allTeKe 1 Mara3uHy IPUXOIATCS
aJIalITIPOBATBCA K HOBBIM YCJIOBUAM U B3aMMOJEUCTBOBATH C IIOKyIlaTeseM
4yepe3 Kypbepos.

B pabore paccmarpuBaeTcs TpakKTUUecKas 3aJa4da O ITOCTPOEHUU 30H
TPAHCIOPTHON JTOCTUKUMOCTHU CeTH O0OLEKTOB. B HacTosiiee BpeMs JaHHAs
3aJia4da pelraeTcs BO BCEX CIIY:K0aX JOCTABKH, HO €€ PEAJIM3allnsd SIBJIAETCS
KOMMEPYECKON TaWHOM.

O6bIYHO 3a/1a9a penraeTcs sl OJHOI0 00beKTa, U Ha BBIXOJE HOJIYIaeTCs
30HA JOCTABKU — 00JIACTh BOKPYT 00BEKTA, Ky/JIa MOYKHO JIOCTABUTDL 3aKa3.
OnuH U3 crocob0B peIeHnsT 3aKII0YAeTCA B ITOCTPOCHUN HU30XPOHBI TPAHC-
IIOPTHOU JIOCTYITHOCTHU [1, 5], 30HBI JIOCTHKUMOCTH 32 BpeMsi T', KoTopas yIu-
TBIBAET TPAHCIOPTHBIN rpad. [Ipu 9TOM H30XPOHBI B MHOXKECTBEHHOM CJIydae
00Pa3yIoT IepeceKaroInecss 30Hbl, MOTYT BbIJaBaTh HEKOPPEKTHBIN pPe3yiib-
TaT C Pa3HbIM TUIIOM TPAHCIOPTA U ABJIAIOTCA HEOJHO3ZHAYHBLIMU B paMKax
opmupoBanus 308 (OTBEUAIOT HA BOIIPOC, yCIIEeT JIn Kyphep 3a BpeMsl ¢, HO

! Kanedur Apmem Bradumuposus — CTYIEHT MArHCTPATYpPhl Kad. MaTeMaTHIECKOH
craructuku dakyasrera BMK MI'Y um. M.B. Jlomonocosa, e-mail: avkaledin@mail.ru.

Kaledin Artem Vladimirovich — master student, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Department of Mathematical
Statistics.
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He YKa3bIBalOT, 332 CKOJIbKO BDEMEHH OyJIeT J0CTaBJeH 3aka3). Takxke peasu-
3alusd BBIYUCJICHU A N30XPOHBI B MHO2KECTBEHHOM C.quae SIBJISIETCS CJIOXKHOM
sajgadeii. JIpyroii moaxo, pa3souBalonuii KapTy Ha HEIEePeCeKaIOMINecs 30HbI,
— nuarpamva Bopoworo (3], He yuuThIBaeT TPaHCIOPTHBINA rpad U TakkKe
UMeeT PsiJ HEOMHO3HAUHBIX JeHCTBUil B (DOPMUPOBAHUHI 30H.

ABTOp BbIpaxkaeT 6JaroJapHOCTh CBOEMY HAYYHOMY PYKOBOIUTEJIO,
K.Q.-m.H. M.A. Henumesy 3a momois B pabore.

2. Ommcanue noaxoaa n (popMyJINPOBKaA pPe3yJIbTaTa
[Tonxom mpesamnosaraet:

1) BssTne ycedenHoro TpancnopTHoro rpada ropoja.

2) O6xoj BepiuH rpada 1 pacyéT MapHpyTU3aTOPOM BPEMEHH JOCTUKHI-
MOCTH OT 00beKTOB. [IpucBoeHMEe KaxKJI0i BepIInHE WHIUKATOPA 00b-
€KTa C HAaUMEHDBIINM BPEMEHEM.

3) IIpoxox 1o pébpam rpada u npucBoeHne pédbpam UHIUKATOPOB 0ObEK-
TOB.

4) IlepexoJ K reKCaroHaJIbHOl ceTKe [4] MeTOZO0M roJI0COBAHUS IIOHABIINX
B IeKCaroH BepinH u pédbep rpada.

5) O6xo HEpa3MeUIEeHHbBIX TeKCATOHOB 1 IIPUCBOCHIE NHINKATOPOB O 6JIH-
>KafImmum pasMedYeHHBbIM I'eKCaronaM.

OTMeTnM, 9TO KazKIbIi mmar uMeeT psiji JOIMYIIEHN, KOTOPbIE MO3BOJISIOT
CIIEeNIATh IPOLECC 0OCYETA MAapasIeJbHBIM U YCKOPUTH AJrOPUTM JJIs IIepe-
CTPOEHUSI 30H C YUETOM TPAHCIOPTHOMN curyaruu. OTMETHM, 9TO 30HBI HOJI-
JIeP>KUBAIOT JUHAMUYIECKOE IIEPECTPOCHUE U MOT'YT OBITH IIOCTPOEHLI C yIeTOM
Pa3HBIX TUIIOB TPAHCIOPTa KYyPhEPOB /I Pa3HBIX 0OBEKTOB. Takxke ajro-
PUTM IPUMEHUM JJIs BBIOOpA PACIOJIOKEHUS HOBOI'O PECTOPAHA M aHAIH3a
30H «IPUBJIEKATEIILHOCTHY [5].

B 3aBepriennn npuBoIuM UILTIOCTpAIME PabOTHl aJropuTMa — Ha, puc. 1
[peJICTaB/IeH CJIydaii JJo6aBIeHns HOBOIO pecTopata 1 (popMUPOBAHUE HOBBIX
30H; Ha pHUC. 2 NPEJCTABICHO BH3yaJbHOE CpaBHEHHE PabOTHI ONUCAHHOTO
anropuTMa (C) ¢ APYTUME aJTOPUTMAMU — U30XPOHAMU (&) M [OJUTOHAME
Bopouoro (b).
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4

Puc. 1. lobapaenne HOBOTO 0OHLEKTA

Q\m o o

¢) Iperaraembrii aaropurm

Puc. 2. CpaBHeHnne paboThl AJITOPUTMOB
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Establishment of System of Optimal Transport Planning Zones

(1]

2]
3]
4]

5]

for Several Objects
Kaledin A.V.

The work considers the task of establishing of optimal transport
planning zones for several objects. The proposed new algorithm is based
on graph traversal, which uses hexagonal grid generation over a map
to speed up the computations. Commonly used algorithms for solving
the task are also discussed in our work: for one object — isochrones
that generalise in case of objects’ multiplicity; for several objects —
the Voronoi diagram. These approaches and their modifications are
compared with the new algorithm.

Keywords: Big Data mining, geospatial analysis, optimal transport
planning zones
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YHactsb 4.
O0paboTka ecTeCTBEHHOI'O SI3bIKa



KomOunupoBanme MeTOI0B A N3BJI€UEeHUA
TEPMUHOB U3 HAY4YHO-TEXHUYECKOI'0 TEKCTA

E. . Bospmakosa! B. B. Cemak?

B joxiajie paccMaTpuBaeTCs IMOJIX0J K aBTOMATUIECKOMY H3BJIE-
YEHUI0 TEPMHUHOB M3 HAYYIHO-TEXHUIECKOTO TEKCTA, KOMOWHUPY O
M3BECTHBIE METOJbI: JUHIBUCTUIECKUE ITAOIOHBI, CTATUCTUICCKIE Me-
PBI TEPMUHOJIOTUIHOCTH, METOBI I'padoBoro pamkupoBanus. Onuch-
BaIOTCsI KOMOMHUPYEMbIe METOJbI U TAIbl JJIsl U3BJIeUeHHs, 0TOOpa 1
PaHKUPOBaHUsI TEPMUHOB, peaJIM30BaHHbBIE JjIsI OOPabOTKU JIOKYMEH-
TOB Ha PYCCKOM si3biKe. [IpuBOJsiTCS pe3ysibTarhl IKCIEPUMEHTOB 10
MU3BJICYCHUIO TEPMUHOB U3 yIEOHBIX TEKCTOB 10 MAaTEMATHUKE U IPO-
rpamvupoBanuio. Ilomydennbie oneHKu 3HPEKTUBHOCTH M3BJICICHUS
(74% cpemHeit TOUHOCTH) TIOKA3BIBAIOT TEPCIEKTUBHOCTH OMMCAHHOTO
ITOJIXOJIA.

KuroueBble ciioBa: 06pabOTKa TEKCTOB Ha €CTECTBEHHOM SI3BIKE,
aBTOMATUYECKOE HM3BJIeYeHNE TEPMUHOB, JIMHIBUCTUYECKME MIA0JIOHBI,
rpadOBble METOIbI PAHKUPOBAHUS

1. BBenenne

OpHolt n3 337189 ABTOMATHIECKOH 00pabOTKM TEKCTOB HA €CTECTBEHHOM SI3bI-
K€ SBJIIE€TCH TEPMHUHOJIOTMYECKUN aHaJn3 CHEIUAJN3UPOBAHHBIX TEKCTOB,
[IPEJITOJIATAIOIINN U3BJI€UCHUE U3 TEKCTOB TEPMWHOB, BBIPAYKAIOIIUX ITOHS-
THS TPEJIMETHON 00JIacTh. BOJIBIIMHCTBO U3BECTHBIX METOJOB WU3BJIEYEHUS
TEPMHUHOB Pa3pabOTaHO JiJisi AHAJU3a TEKCTOBBIX KOJUIEKIUN, C IEJIBIO0 I0-
CTPOEHUST TEPMUHOJIOTUIECKUX CJIOBApEil, Te3aypycoB, OHTOJIOTUIN TTpeIMeT-
HBIX obJsacteii. OHAKO, KaK IOKA3aHO B HeJaBHEl crarwbe (3|, mpu pabore ¢
OTJECJ/IbHO B3ATBIM TEKCTOM 93TU METO/Ibl, IPEUMYIIECTBEHHO CTATUCTUICCKUE,
OOBIYHO MTOKA3BIBAIOT XY/IIIIe pe3ybrarhl (nopsaka 23-65% cpesneit Touno-
cru u 5-38% F-mepser). Tem ne Menee usBiiedenue TEPMUHOB U3 3aJIQHHOTO
TEKCTOBOTIO JIOKYMEHTa, OCOOEHHO Y3KOCTIEIMATN3NPOBAHHOIO (HAYIHOIl cTa-
ThU, KHUI'H, YIeOHUKA, TEXHUIECKOIO PYKOBOJICTBA M T.JI.), HEOOXOJUMO Ha
[IPAKTUKE [JIsI aBTOMATU3AINNA aHHOTUPOBAHUS U PedePUPOBAHU TEKCTOB,

! Bomwarosa Enena Heopeena — moueHt, K.p-M.H Kad. aJrOPHTMUYECKUX S3BIKOB
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co3llaHusl ryioccapuen (IepedHeil TEPMUHOB € UX ONPEJIEJCHUSIMU) U TIPeJi-
METHBIX yKa3aTeJ’[eI7I (O6paTHbIX NHIEKCOB K OCHOBHBIM TE€pMHWHaM TEKCTa C
yKa3aHueM HOMEPOB UX CTPAHWIL).

B nmamnoit pabore paccMaTpuBaeTcs 3a/ada aBTOMATHYIECKOTO H3BJIede-
HUA OJHOCJ/IOBHBIX M MHOI'OCJIOBHBIX TEPMHHOB M3 OTAEJIBHOI'O PYCCKOA3BIYI-
HOT'O HAYYIHO-TEXHUIECKOTO TeKcTa. s moBblennst 3(pPeKTUBHOCTH ee pe-
[IEHUS [IPEIaraeTcsl IPUMEHUTh KOMOMHAIINYA HECKOJIbKUX U3BECTHLIX METO-
JIOB: JIMHTBUCTUYECKHE MTAa0/IOHBI TEDMUHOB U KOHTEKCTOB UX YIOTPEOJICHUS
B HAyYHBIX TEKCTaX, CTATHCTUYECKNE MEPbI I PaH:KUPOBAHUSA W3BJICYECH-
HBIX TEPMUHOB-KAHINIATOB, UX IEePEPAHKUPOBAHUE Ha OCHOBE rpadoB COB-
MECTHOI BCTpedaeMOCTH CJIOB. PaccMoTpeHHbIe KOMOMHAIINNA METOI0B IKCIIE-
PUMEHTAIBbHO UCCJICIOBAHBI Ha yIeOHO-HAYIHBIX TEKCTaX CPeIHero oobhema,
[OJIyYEHBI OIEHKH X 3(DMEKTUBHOCTU 110 Mepe CpeJIHell TOYHOCTH (average
precision), 06bIMHO UCTIOIB3YEMON JIJIsT 33189 U3BJIEUEHUsI TEPMUHOB.

2. lI3Bievenune u pam>KnupoBaHEe TEPMUHOB

Uccnenyemble B maHHON paboTe KOMOMHAITMN METOIOB BOILIOIIEHBI B TPEX-
9TaIIHOI CTpaTerun BBIABJICHHS 3HAYMMBIX TEPMUHOB TEKCTA.

Ha mepBoMm 3Talle BBINOJIHSIETCSI aHAIN3 UCXOIHOIO TEKCTa U W3BJICUEHUE
CIICKA TePMUHOB-KAH/MJIATOB (CJIOB U CJIOBOCOYETAHMWIA ), YIOBJIETBOPSIIOIINX
JIEKCUKO-CUHTAKCUYECKAM Ia0JI0HaM HecKOJIbKuxX BuaoB. 111abioHbl onuch-
BAIOT IPaMMaTHYeCKHe 06pa3ibl TEPMUHOB (YaCTh PEYM U JIPYIHe rpaMMa-
THYECKHE XapPaKTEPUCTUKN BXOIAININX B HUX CJIOB), a TakxKe (hOopMaIn3yoT
KOHTEKCTBI OIIpe,ILe.HeHI/IfI TEePpMHWHOB U MX CMHOHHMMOB, TUIIMYHBIC JIJIgd Hay4-
HBIX TEKCTOB.

Ha BTOpoM 3Tame npoucxoauT (puiibTpalns U3BJACYECHHBIX KAaH/IUIATOB B
TEPMUHBI C TOMOIIBIO 3apaHee COCTABJIEHHBIX CIIUCKOB CTOI-CJIOB (CJIOB, KO-
TOpPbIE HE MOFyT 6bITb TepMHUHaMU UJIN UX LIaCTbIO)7 a 3aTeM 13 OCTaBIIIETOCA
MHOKECTBa IIPOU3BOIUTCS ITOCIEI0BATEIbHBINI 0TOOP TEPMHUHOB Ha OCHOBE
HeCKOJIbKUX (akTopos [1]:

® JIOCTOBEPHOCTH IabJIOHA, KOTOPBIM ObLIT M3BJICYEH TEPMUH-KAHUIAT
(mabJI0HbI UMEIOT Pa3HYI TOYHOCTH PACIIO3HABAHWS TEPMHUHOB), U B
[IEPBYIO OYEPE/Ib B PE3YIBTUPYIONIEE MHOXKECTBO OTOUPAIOTCS KAHJIH-
JAaThI, BBIJEIEHHbIe HAnb0JIee JOCTOBEPHBIMY 1Ma0JIOHAMU;

® JACTOTEe BCTPEYAEMOCTH TE€PMUHA-KaHINIATa B TEKCTE: COIVIACHO 3aKO-
ny Hunda 3nadnmMble TEpMUHBI JOJKHBI IIPUHAJICKATD IIEHTPAJILHOT
9aCTH PaCIpeIesICHAs KaHINJIATOB 110 9aCTOTE BCTPEIAECMOCTH B TEKCTE
(HE MOrYT OBITh KAK CJIMIIKOM YACTOTHBIME, TAK U CJUITKOM PEKUMHE);
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® JIEKCUYECKOI CXOXKECTH TEPMUHOB OJHON TEMAaTUKU: B PE3YILTUPYIOIIEE
MHOKECTBO JT0OABJIAIOTCH KAHINJIATHI, UMEIoNue O0IIne CJIOBa C yKe
O0TOOPAHHBIMU TEPMUHAME (HAIIPUMED: CTOUMOCTG HYHKUUOHAADHOZ0
pAda u PYHKUUOHAALHOIT PAO).

Ha Tperbem »srame HmpoMCXOMUT DPAHXKUPOBAHHE OTOOPAHHOTO MHOYKE-
CTBA TEPMUHOB- KAHIUJIATOB C IEJbI0 UX YIOPSIOUMBAHUS 110 PEJIEBAHTHO-
cTH mpeaMeTHoi obiactu. PaccMmarpupannch Tpu crocoba paHKUPOBAHUIST
TEPMUHOB-KAHIUIATOB: IITUPOKO KCIIOJIb3yeMasi CTATUCTUYECKas Mepa Tep-
munostornanoctn C-value [2], merox rpadoBoro paH:kupoBaHusi — [EpCOHA~
musupoBannbiii PageRank [4], a takyke ux xombunanusi. Pesynibrarom pe-
ITeHUs 33[a91 ABTOMATUYECKOTO MU3BJICUCHUsI TEPMUHOB CUMTAIOTCS II€PBBIE
90% 2/1eMEHTOB PAHKUPOBAHHOTO CIUCKA, TPAHUIA, OTCEUCHUs JIJIS PAHKU-
POBAHHOIO CIIUCKA MOAOUPAJIACH IKCIEPUMEHTAILHO.

3. Pe3yabTaThbl 3KCIIEpUMEHTOB

[Tposepka 3hHeKTUBHOCTH PeaTn30BaHHON CTpATErny N3BJICTE€HHs TTPOBO/IH-
JIaCh Ha TEKCTaX CEMHU PYCCKOA3BIYHBIX YYeOHO-HAYYHBIX TEKCTOB CPEIHEro
pasmepa (12-55 Teic. coB) mo Temam: dopmasbhbie rpammaTun (PI), mud-
bepennmasnbubie ypasaenus (J1Y), nuckpernast maremaruka (M), uckyc-
creennbiii naresiekT (MN), a3k mporpavmvuposanus Jlucn (£J1), cucrempr
nporpammuposanus (CIT) u maremarnyeckuit anaiusz (MA). Tnsa kaxgoro
06pabOTaHHOTO TEKCTa OBLI ABTOMATUYECKH IIOJIYIeH PAHXKUPOBAHHBIN CIIH-
COK U3BJIEYEHHDBIX TEPMUHOB, UX PEJIEBAHTHOCTH OIEHUBAJIACH IKCIEPTAMH.

B Tabsure 1 mpuBeJeHbI ONEHKU CpenHell TodHocTH (average precision)
U3BJIEYEHUsT JJIs TPeX BapPUAHTOB DPAHXKUPOBAHUS: IIEPCOHAJU3UPOBAHHBIN
PageRank, C-value m wmx xomOumHaiusi. JIydimero xadecrBa Ha YeTHIPEX
rekcrax (OT, IV, AJI, MA) nocruraer kom6unarusi C-value u PageRank, na
TpéX OCTaJIbHBIX TEKCTaX KaYeCTBO HE YCTYyIIaeT WJIN HE3HAYUTEJIbHO <MeHee
1%) ycrymaer cpemneit TounocTH, mosydeHHoil ¢ ucnosb3zoBannem C-value.
Urorosoe pamxkuposanue na ocuose PageRank me maer npenmytects. Takum
00pa3oM, paHKUPOBaHUE TEPMUHOB ¢ UCIIOJIb30BanneM Kombunaruu C-value
u nepconausupoBanHoro PageRank uiau oxnoro C-value MoXKeT HMCIIOJIB30-
BaTbCs ITPAKTUIECKH PABHOIIEHHO.

Hwxnsist crpoka Tabsunpr 1 (cpesHsis oneHKa 110 BeeM 06paboTaHHBIM
TEKCTAaM) MOKA3bIBAET, UTO ONUCAHHBI B paboTe MOJIXO0/] C IPIMEHEHIEM JIJIsi
pamxkupoBanusi Mepbl C-value myim ee kombunaruu ¢ PageRank, mospoJisier
JmocTidb Gosbieit addexruBnocTn (B cpemueM 74% u maxke no 88% s
rekcra 110 ®PI'), yeM oT/ieIbHbIE METO/IBI, NCCIIEIOBAHHBIE B [3].
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Ta6JII/IL[a 1. CpeﬂHHH TOYHOCTDHb U3BJICHEHUA TEPMHUHOB

Tekcr | PageRank | C-value | C-value+PageRank
or 0.80 0.87 0.88
paRY 0.61 0.74 0.75
M 0.57 0.67 0.67
nun 0.43 0.73 0.72
AJl 0.75 0.79 0.80
CII 0.44 0.64 0.63
MA 0.65 0.71 0.72
| Cpegmee | 0.61 | 0.73 0.74
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Combining methods for term extraction from scientific and
technical text
E.I. Bolshakova, V.V. Semak

An approach to automatic extraction of terms from an individual
scientific text is reported, which combines known methods: linguistic
patterns, statistical terminological measures, methods of graph
ranking. The combined methods and stages for extracting, selection and
ranking of terms are described, which are implemented for processing
documents in Russian. The results of experiments on extracting terms
from educational texts in mathematics and programming are presented.
The scores of extraction efficiency (74% of average accuracy) show that
the described approach is promising.

Keywords: natural language processing, automatic term extraction,
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NEREL: Habop maHHBIX Ha PYCCKOM SI3bIKE
C BJIOYKEHHBIMU MMEHOBAHHbIMU
CYHIHOCTAMMI W OTHOIIIEHUSAMMU

1. B. Henucos! 1. C. Poxkxos® H. B. JIykamesuy®

NEREL - pyccknii my6Jin9HO JOCTYIHBII HAOOP JAHHBIX JJIsI Perle-
HUsI 33190 U3BJIEU€HUsS] MMEHOBAHHBIX CYIIHOCTEN W 3a/a9u M3BJIede-
Hust orHommenuit. Jlaracer comepxkut 6ostee 56K pazmedennnix cymrHo-
creit u 60osee 39K ormomenuit. Baxxusiv ormmanem NEREL ot npespi-
JYIIIX TaTACETOB $BJISETCS HAJIMYNE PA3METKU I BJIOYKEHHBIX MMe-
HOBAHHBIX CYIIHOCTEIA.

MeTomp! U3B/I€YEHUsT BJIOXKEHHBIX MMEHOBAHHBIX CYIITHOCTENH OT/IU-
9aioTCA OT METOJIOB U3BJICUEHUS TIJIOCKUX MMEHOBAHHBIX CYIITHOCTEM B
[IepBYIO o4depelsb apxuTekTypoil pemtenus. [lockonsky NEREL mpesmo-
CTaBJISIET AHHOTAIUH JIJIs1 BJIOXKEHHBIX CYITHOCTEH, B paboTe OBLIO IPOo-
BEJIEHO CPAaBHEHHE DPA3JIMYIHBIX IIOJIXOJIOB K PENICHUIO TOH 3ajadu C
[IEPEHOCOM Ha TEKCTBI PYCCKOI'O SI3bIKA.

KurouyeBbie ciioBa: n3BiedeHne MMEHOBAHHBIX CYIITHOCTEMN, N3BJIE-
YeHne BJIOYKEHHBIX NMEHOBAHHBIX CYIIHOCTEH, aTaceT, HabOp JTaHHBIX.

1. BBeagenue

BosbiuncTBo HaOOPOB JIAHHBIX, PA3MEYEHHBIX TMEHOBAHHBIMU CYIITHOCTSIMU,
coJIep2KaT YIPOIIEHHYIO Pa3MeTKy MMEHOBAHHBIX CYIIIHOCTEH, B KOTOPOU He
[IPEJITOJIATAETCSI, 9TO UMEHOBAHHAS CYIITHOCTh MOYKET ObITh BJIOXKEHA B JIPY-
TYIO IMEHOBAHHYIO CyIMIHOCTH. OHAKO TaKoe YIPOIIEeHNe MTPUBOINT K TOTEPe
nHMOpMaIUn.

NEREL — moBblif jaTaceT Ha PYCCKOM SI3bIKE C Pa3MEUEHHBIMU UMEHO-
BaAHHBIME CYIIHOCTSME U oTHOImeHusAMU Mexk 1y HuMu (Named Entities and
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BBIYUCJIUTENIHHON MaTemMaTuku U Kubepaeruku MI'Y, e-mail: denilv@mail.ru.
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YUCUTENbHON MaTeMaTuku u kubepHetuku MI'Y, e-mail: fulstocky@gmail.com.

Rozhkov Igor Sergeevich — student, Lomonosov Moscow State University, Department
of Computational Mathematics and Cybernetics, Chair of Algorithmic Languages.

3 Tyxawesun Hamanva Basenmunoena — BeIyImii HayIHBIH coTpyauuK B JlaBopaTo-
pun aHaan3a HHQPOPMAIMOHHLIX pecypcoB, HayuHo-ucciie10BaTe/IbCKuil BEIMUCINTEIbHBIN
ueaTp MI'Y, e-mail: louk nat@mail.ru.

Lukashevich Natalia Valentinovna — leading researcher in the Laboratory of
Information Resources Analysis, Research Computing Center of Moscow State University.
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RELations). Takzke onna u3 ocobernocreit NEREL cocrout B TOM, 9TO pas-
MeUeHbl BJIOYKeHHble NMEHOBAHHBIE CYIIHOCTH U UX OTHOIIEHHSI.

OTHoIIEHUST MEXKTy CYIIHOCTSIMHU PA3MEYAIOTC B paMKaxX CBSI3HOI'O TEK-
CTa W HE OTPAHMIUBAIOTCA ypoBHeM mpemioxkenus. Ha Puc. 1 m3obpaxken
IpUMeEpP BJIO2KEHHBIX CYITHOCTEl W OTHOIIEHWI MeXKIy HUMHU, KOTOPLIE CBsI-
3aHBI C COCETHUMU IIPEJJIOKEHUSIMU.

—— ATERNATIVE NAVE

WORKPLACE \ LTERNATIVE_NAME:

{ ALTERNATIVE NAME———
s ASX [ WORKPLAGE————

PROFESSION| - ALTERNATIVE_ NAME a$
¥ GANIZES_\'
(CITY} HE# D_IN
pROTESSION)  OweUACE HRTICIPANTI W \@ ORGANZATION

MapMockesl  Cepreii CoBRHWH NOYYACTEOBAN B TOPKECTEEHHOM OTKDBITHI HOBOIA ClieHbI B MOCKOBCKOM ApaMaTiyeckom Tearpe . M. H. EpMonosoit

Puc. 1. Tlpemioxkenne mmeeT BJIOXKEHHbIE HMMEHOBAaHHBIE CyIIHOCTH: Ms3p
Mockebl, Mockebl, M3p; MockoBckuii apam. Teatp Epmososoit, Mockos-
ckuit, EpmosioBa.

2. Ocuosabie xapakTepuctuku NEREL

NEREL comepxxkut 29 THIIOB UMEHOBAHHBIX CyITHOCTEH u 49 THUIIOB OTHO-
meHuit Mexy cymHoctsiMu. Pasmedeno 6osiee 56K cymmocreit u 39K or-
vomrenuit B 6osmee yem 900 moxymenToB Russian Wikinews. MakcumasibHast
ryouna Bioxkennoctu cymuocreit — 6. B Tabmuie 1 ykazambl cpaBHUTE b
Hble XapaKTEePUCTUKU JIATACETOB Ha PyccKoM s3bike i 3amadu NER u RE,
B HEKOTOPBIX JaTacerax IPUCYTCTByeT HHMOpMaIns 006 OTHOIIEHUAX MEXKJLY
CYIIHOCTSIMH.

NE Maxc. Rel
HaraceTr B2 IR (Tuner) riy6una (Tuner)
Gareev [2] ru 44K (2) 1 —
Collection3 [6] ru 26.4K(3) 1 -
FactRuEval [10] ru 12K (3) 2 1K (4)
BSNLP [9] ru 9K (5) 1 -
RuREBUS [11] ru 121K (5) 1 14.6K (8)
RURED [3] ru 22.6K (28) 1 5.3K(34)
NEREL (ours) o 56K (29) 6 39K (49)

Tabsmra 1. Cpasaerne NEREL n npyrux maraceToB Ha PyCCKOM SI3bIKE
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| Biaffine Classifier |

/“—-‘_\‘ layer 5
(" Former UN. ), /UN. Ambassa

FFMNMN_Start FFENN_End layer 4 »

Yambassador Jeane' \[eane Kirkpatri

A =

I
Former UN.™\ 4

layer 3

Ambassador. n d
Py T - VAl
I Y UN. ™ B
layer 2 //A}u:mic'iliﬁwmhnssqdu(\\V:> Jeane_ 2\;91@:;;:&)\}
layer 1 (_Former )—>(_UN. )—>Ambossador——>_Jeane )—>Kirkpatrick—>
inputs: Former U.N. Ambassador Jeane Kirkpatrick ...
labels: =ORG= ROLEROLE FIRST: PERNAME

ROLE:

A Ly A
BERT, fastText & Char embeddings

Puc. 2. Apxurexrypa Biaffine NER Puc. 3. Apxurekrypa Pyramid NER

3. Meto/bl u3BJIeUEeHUS BJIO2KEHHBIX MMEHOBAHHBIX
CyILIHOCTeM

Meto/ibl u3B/IcUCHUS BJIOYKCHHBIX MMEHOBAHHBIX CYIIHOCTEH apXUTEKTYPHO
OTJIMYAIOTCS OT MOJIesIell, HallPpaBJIEHHbIX HA U3BJIeYeHNE NUMEHOBAHHBIX CYIII-
Hocreit 6e3 Biokennoctu. Jjis 3amaun pacno3HaBaHus BJIO2KEHHBIX UMEHO-
BAHHBIX CYIIHOCTEH MbI PACCMOTPEIN HECKOJILKO MOJiesel riryboKoro obyte-
HUsI, KOTOpBIE ceifyac jator state-of-the-art pesynbrarsi: Biaffine NER [§],
Pyramid NER [7], MRC-NER [4].

3.1. Biaffine NER

B momenm Biaffine NER npemmaraercss 3akoaupoBaTh BXOJHONW TEKCT IIy-
TeM O0beIMHEHUsI BEKTOPHBIX IIPEJICTABICHUN ITOJYyIEHHBIX N3 MOJIeJIei
BERT, fastText [5] u cumBosbubIx npeicraBiennii. anee qyHapaBieHHbLi
LSTM-cJtoit ¢popMupyeT KOHTEKCTHOE MIPEICTABIEHNE KAXKJIOI0 TOKEHA. DTH
KOHTEKCTHBIE IIpeJicTasienus nepepaiorcs B FFNN _ Start m FFNN _End
010Ku U (POPMUPYIOT pa3HbIE PEIPE3EHTAINA TOKEHOB KaK HAdYaja M KOH-
1oB uHTepBaJIoB cyrHocreit (hs/he). Ha dunansnom srane Biaffine Classifier
dbopMuUpPyeT TEH30D Ty, pasMepa [ XIxcus hg u he. [ — I1CI0 TOKEHOB BO BXO/I-
HOM TEKCTe, ¢ — YNCJI0 KATErOPUil IMEHOBAHHBIX CyIIHOCTEl + 1 (oTCyTCTBHE
cymuoctr). TeH3op 7y, cojepKuT B cebe OlEHKY BEPOSITHOCTH HAXOXKJICHUST
CYIITHOCTU B KaKJIOM BO3MOXKHOM HHTEpPBAJIE C OTPAHUYIEHHEM, ITO WHIEKC
HAaYaJIa CyIHOCTU § BCErJia MEHbIIIe WHIEKCA KOHIA CYyIIHOCTH ($; < €;).

3.2. Pyramid NER

B momenn Pyramid NER Beixon HeffpoHHOI ceTu Ipu aHaIn3e NMEeHOBAHHBIX
cyIrHocTell (hopMUpyeTcst B BUAE THPAMUILL.

Bxom mMozmesm — 3To TeKcTOBasi MOCIEI0BATEIBHOCTD, cocTodAmmast u3 1’
tokeHoB. Ilocie komupoBanusi npu nomoru Mmogeseit BERT, fastText u
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CHMBOJIBHOI'O KOIUPOBIIUKA IPEJICTABICHN peKypcuBHO mnogatorcs B NER-
JIEKOJIPYIOIIUE CJION, TEeHEPUPYsT NpU 9TOM L MOCJIeI0BATEILHOCTEl TEroB
B I0B2-bopmare (Inside, Outside, Beginning) ¢ mmunnoit 7,7 — 1,...,T —
L+1, rae L - qucyo aekoaupyommx cj1oés. Konupyrorue u JeKOIupyIOne
CJIOU CBSA3AHBI MEXKIy cO0Oi, U pasMep IeKOAUPYIONIEH OC/IeI0BaATETbHOCTH
YMEHBITIAETCS IIyTEM UCIIOJIB30BAHUS CBEPTOYHOI'O CJIOS C SIJIPOM pa3mepa 2.
Taxkum 06pasom, Ha 3Tame MOCTPOEHNST MOJAETIN HEOOXOIMMO IETKO TOHNMATH
MaKCUMaJIbHYIO JUIMHY CYIIHOCTEH, 9T00bI IOCTABUTL COOTBETCTBYIOIIEE YUC-
JIO TEKOIUPYIONINX CJIOEB.

3.3. MRC-NER

B mogean MRC-NER (Machine Reading Comprehension - Marmmunoe Ilo-
numanue [IpounranHoro) 3ajaua u3BjevdeHrsi UMEHOBAHHBIX CYIIHOCTEN CTa-
BUTCS KaK 3aJiada OTBETA Ha BOMPOCHL. 371eCh HEOOXOMMMO OMPEIE/IUTh Tpa-
HUIBI OTBeTa A Ha crennaansupoBaHbblii 3anpoc Q B kourekcre C. Habop
BXOMHBIX JaHHBIX dopmupyercs u3 ¢popmara NEREL, rne xaxkmomy ciioBy
npucsoena Merka B BIO-dopmare (Begin, In, Out). ®opmar npeobpasyercst B
Tpoiiku u3 3anpoca (Question), orsera (Answer) u kourekcra (Context). ITo-
cJie JasbHedieit 06paboTKi 06pa3yeTcs MHOKECTBO TPOEK (qy, Tstart,end, X )-

3ampocbl — 3apaHee OINpeJIeJIEHHOE MHOYKECTBO 3aIIPOCOB K KaXKJIOH Ka-
Teropun cymHocTeil. [[pumepbr 3ampocos:

e PERSON: YesoBek — My»KUWHA, KEHITUHA WK PEOCHOK.

e ORGANIZATION: Opranuzariusi — 5T0 KOMITAHUS WU JAPYyTas TPYIIa
JIOZIE, KOTOpbIe pabOTAIOT BMECTE JJIs ONPEIe/IeHHON 1esn.

Mopnens B cBoeit ocnoBe ucriosibdyer momenb BERT, mostomy Tpoiiku
npusoggarcsa K suny: {{CLS],q1,q2, ..., qm, [SEP|,x1,x9,...,xy}, ¢ — TOKe-
HBI 3aI1poca, &; — TOKEHBl KOHTEKCTa. JTa O0beUHEHHAS CTPOKA IOJAeT-
cs Ha Bx0oJi BERT-06/10Ky, Ha BBIXOJl€ TOJIyYaeTCss MATPHUIA IIPeICTaBJIeHUs
kourexer £ € R™Y e d — pasmeprocrs mocienmero cios BERT, rue
MTOJTy I€HO BEKTOPHOE MPEJCTAB/ICHNE 3AITPOCa.

JL1sT KarKI0ro TOKEHA BBIYUCJISAETCA BEPOATHOCTH TOIO, SIBJISIETCSI JIM OH
HAJAJIOM CYITHOCTA B 3alpoce. AHAJOMUYIHO IIPOCTABJISIETCS BEPOSTHOCTH
KOHIIA CYLIHOCTH JJIsI KaXKJI0ro TokeHa. BosaMoxKHa cuTyalus, KOrja B TEKCTe
HECKOJIBKO CYIITHOCTEM, CYIITHOCTHU BJIOXKEHBI JIPYT B JAPYTa WK IEPECEKAIOTC,
[TO3TOMY HEOOXOIUMO OLPEIEISITh BEPOSTHOCTH TOIO, YTO KOHKPETHAS IMapa
start-index u end-index siBisieTcst HaYaJI0OM U KOHIIOM CYIITHOCTH.
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4. DKCOepuUMeHTHI TI0 M3BJIEYEHUIO BJIOXKEHHBIX MMe-
HOBAHHBIX CYIIHOCTEMN

Haracer NEREL 0b111 pasziesien Ha o0y4Jarolee, BaJUIalliOHHOE U TECTOBOE
MHOKeCTBa — 746/94/93 10KyMEHTOB COOTBETCTBEHHO.

B skcnepumenTax ucnosb3osaiack mozess fastText (fT) [5], obyuennas
Ha TeKCTOBBIX naHHbX Russian Common Crawl!, 1 BERT BekTopHble mpe-
CTaBJIEHUs TEKCTa, 10Ty IeHHble Ha ocHoBe Mojesn RuBERT [1].

Merox P R F1

Biaffine, fT 78.84 71.80 75.13
Biaffine, RuBERT 81.92 71.54 76.38
Pyramid, fT 72.70 63.01 67.51
Pyramid, RuBERT 77.73 70.97 74.19
MRC 85.24 84.32 84.78

Tabmuna 2. PesynpraTs sxkcuepumenToB 1o 3ajade Nested NER

Haracer NEREL no3BosisgeT nmpoBouTh MUpOKuii HAOOP IKCIIEPUMEHTOB
o 3amade Nested NER, T.K. obagaer OOJBIINM KOJHMIECTBOM THIIOB CYII-
HOCTEH 1 MUPOKUM HAOOPOM HOBOCTHBIX TeKCTOB. Ha jJaHHBIN MOMEHT, Hau-
gyumme pe3yabTarsl Ha TecToBoit Yactn NEREL mokasbiBaer momens MRC
NER, omuako sTa MOJe/Ib IJI0X0 MaCIITAOUPYETCs, T.K. K KaXKJIOMy TEKCTY
HeobxoauMo feaaThb N 3ampocos, e [N — 91C/Io TUIIOB CYIIHOCTEH; TI09TOMY
BTODOIi Jtyumuii pe3ysbrar, Mojeb Biaffine NER (RuBert), Toxe neobxou-
MO pacCMaTpPHUBATB, €CJIM PeUYb UJET HEe TOJBKO O KAdeCTBe pelleHusl, HO U
€ro MPOU3BOIUTE/ILHOCTH.

5. BaaromapHocTn

I/ICCJIG,H,OBaHI/Ie BBITIOJIHEHO 3a CYET I'pDaHTa Poccuiickoro Hay4dIHOI'O Cl)OH,ILa
(mpoext Ne 20-11-20166).
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of the International Conference “Dialog” [Komp’iuternaia Lingvistika i
Intellektual’nye Tehnologii: Trudy Mezhdunarodnoj Konferentsii “Dialog’], 2020.

NEREL: A Russian Dataset with Nested Named Entities and
Relations
Denisov 1.V., Rozhkov 1.S., Lukashevich N.V.

NEREL is a Russian publicly available dataset for solving named
entity recognition problem and relation extraction problem. The
dataset contains more than 56K tagged entities and more than 39K
relationships. An important difference between NEREL and previous
datasets is the presence of markup for nested named entities.

The methods of extracting nested named entities differ from
the methods of extracting ”“flat” named entities primarily by the
architecture of the solution. Since NEREL provides annotations for
nested entities, the article compared various approaches to solving this
problem with the transfer to Russian language domain.

Keywords: NER, nested NER, named entity recognition, nested
named entity recognition, dataset.
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Pazpaborka aBTOMaTN3MpPOBaHHOII CHCTEMBI
IIOMOJIHEHNSI TAKCOHOMUM HAa TEKCTaX
KOHKPEeTHOI1 IIpeJIMeTHOI 00JIacTu.

M. M. Tuxomupos'

B pabore paccmaTpmBaeTcss BOIPOC HPUMEHEHHsI pas3spabOTaHHO-
o METO/[a Ha OCHOBE MCIIOJIb30BAaHUs MeTa-BEKTODHBIX IIDEJICTaBIIE-
HUIi CJIOB ISl aBTOMATH3MPOBAHHOIO (C MCHOJIb30BAHHEM AHHOTATO-
POB) PaCIIMpPEHNs] TAKCOHOMHUN HAa KOHKPETHYIO IIPEJMETHYIO 00JIaCTh.
PaccmarpuBaercst 0bs1acTh nHGOPMAIMOHHON 6€3011aCHOCTH, KOTOpast
ncnosnbpayercs A1t oboraniernss Ourosornn EcrecrBennbix Hayk n Tex-
Hostoruii (OEHT).

KuroueBbie ciioBa: Te3aypyc, MOMOJHEHNE TAKCOHOMUHN, METABEK-
TOPHOE IpeJCTaBjenne, nuTepdeiic.

1. BBeaenue

TakcoHoMuu - 3TO MOJIE3HBIN UHCTPYMEHT, KOTOPBIi IPUMEHSIETCH B PA3JIMI-
HBIX 3a/1a9aX 00pabOTKI €CTECTBEHHOTO SI3hIKA. 'TaKCOHOMIH OOBITHO COCTOSIT
13 Habopa CYIIHOCTEH, HA3bIBAEMbIX KOHIICIITAMM WJIM HOHATHUSIMHU, U CBs-
3eit MeXK/ly CYIIHOCTSIME, BBIPAYKAIOIIMMI OTHOIIECHHS KJIACC-TIOJKIIACC (TN
PUIIEPOHUM-THIIOHNM ) MexKy Kourentamu |1, 2, 3|. Tlocrpoenne momobHbIX
PECYyPCOB IPOUCKO/IUT BPYYHYIO U TPEOYeT CyIIeCTBEHHBIX Y€JI0OBEYECKUX 3a-
Tpar.

L1t ypolenust moCTPOEHUsT TAKCOHOMUU ObLIIN ITPEJI/IOYKEHBI PA3INIHbIC
HOAXOIbI [IJIsl U3BJICYEHHSI OTHOIIECHUHA ITUIIEPOHUMUN JJjIsi HOBLIX TEPMUHOB U3
TEKCTOB, UCIIOJIb3YIOIIHUe ab/IOHbI, HH(MOPMAIIIO O CO-BCTPEIAEMOCTH CJIOB,
XapaKTEePUCTUKHU PACIPeIeTIeHNs CJIOB U Jpyrue noaxo/sr [4]. B macrosiee
BpeMH BaKHbIM KOMIIOHEHTOM U3BJICHECHUA OTHOH_IeHI/IfI I‘I/IHepOHI/IMI/II/I N3 TEK-
CTOB SIBJISIIOTCSI BEKTOPHBIE IIPEICTABIECHUs CJIOB, KOTOPbIE MOI'YT CJIYXKUTH
JOIIOJIHATEIbHBIM CBUIETEILCTBOM CEMAHTUYECKOIO CXOACTBA MEXK/Y CJIOBa-
mu [5, 6, 7).

BekTopHble Moze/ CJI0B MOI'YT OBITH O0yYeHbI C UCIOIb30BAHUEM Pa3-
JINYHBIX TEKCTOBBIX KOJUIEKIWI M METOJOB, UTO BEJAET K TOMY, UTO pas-
HbIe BEKTOPHBIE IIPEICTABICHNS 3aXBaThIBAIOT KOHTEKCT IO-pasdHomy. Orcio-
Ja MOZKHO HpeﬂHOJIO)KPITb, qT0 HeKOTOpre KOIVI6I/IHaH‘I/H/I BeKTOpOB7 TaK Ha-
3BIBAEMbBIE METa-BEKTOPHBIE TPEJICTABJICHUS (8], MOTYT yJIyUIIUTh BEKTOPHBIE

! Tuzomupos Muzaua Muzatinosuy — Maammmit nayansrii corpygauk HABIT MTYY, e-
mail: tikhomirov.mm@gmail.com.

Tikhomirov Mikhail Mikhailovich — junior researcher, Lomonosov Moscow State
University, Research Computing Center.

251



MPEJICTABICHUS CJIOB, YTO TO3BOJISIET JIOOUTHCS JIYUIIErO MPEICKA3aHUsT Ce-
MaHTUYI€E€CKOI'O CXOJICTBa MEZK/1y CJIOBaAaMU.

B Hejasueit pabore [9] 6bLIO 1OKa3aHO, YTO KOMOMHAIMM BEKTODHBIX
[IpeICTaBIeHN, OOyJYeHHBIX Ha OOIeill MpeaMeTHOW 00JacTh, pacCInTaH-
HbI€ Ha 60.)'H)H_H/IX TEKCTOBBIX KOJIJICKIINAX N3 CETH I/IHTepHeT7 OKa3bIBaIOT
CYIIECTBEHHOE BJIMSHIE HA KAYECTBO TOMOJHEHWS TAKCOHOMMUI, TaKMX KakK
WordNet [3] # RuWordNet [10].

B nannoit pabore paccMaTpuBaeTCsl BOIPOC IPUMEHEHUs pa3paboTaHHO-
0 METO/Ia Ha OCHOBE MCIOIHL30BAHUS META-BEKTOPHBIX MPEICTABICHUN CIOB
JIJISE aBTOMATH3UPOBAHHOTO (C UCIIOJIB30BAHUEM AHHOTATOPOB) PACIIUPEHUS
TAKCOHOMHM Ha KOHKPETHYIO IpeaMeTHyIo obsacTth. PaccmarpuBaercs o0-
JacTh UHAMOPMAIMOHHON 6E30MACHOCTH, KOTOPasi MCIOIb3YeTCs Jjisd 0bora-
mennst Onronornu Ecrecrsennbix Hayk n Texnosornit (OEHT) [11, 12].

2. Onmcanue moaxoaa

B ocHoBe mojxosa JIEXKUT HCHOJB30BAHUE META-BEKTOPHBIX IIPEJICTABICHUN
CJIOB, KOTOPBIE MTO3BOJIAIOT ITOOUTHCS 6OJiee BBICOKOIO KAaUeCTBa, MPEICKA3a-
HUsI TUTIEPOHMMOB 3 CUYeT KOMOMHUPOBAHWUS B BEKTOPHON MOJIETN KaK MPe]i-
METHO OPHUEHTHPOBAHHBIE BEKTOPHBIE ITPEICTABIEHUSI, TAK U MOJEIN 00y IeH-
Hble Ha 00IIeil MpeaMeTHOR 00IaCTH.

MeTox cocTOUT U3 ABYX OCHOBHLIX KOMIIOHEHTOB: &JIPOPUTM IIOATNOTOBKHI
META-BEKTOPHBIX MPEJACTABJICHUI W aJrOPUTM IPEICKA3aHus TMIIEPOHUMOB
JJIS LIEJIEBBIX CJIOB. MeTa-BeKTOPHLIE IIPEICTABICHUS CTPOLATCI ¢ UCIIOIb30-
BanneM aBTokoauposimkos [13] (AAEME, CAEME) B komGunaruu ¢ Jo-
[TOJIHUTEIbHON (DYHKIMIA [oTeph, mobaBisiomeil nHPOpMaIIo 0 Te3aypyce
[9] (triplet loss). IIpeckasanue runepoHNMOB PeaTM30BaAHO Y€Pe3 aJrOPUTM
MAIIIMHHOIO OOYYeHHUsI, TIe BXOJAHBIE MPHU3HAKH (POPMUPYIOTCS Ha OCHOBa-
HUU METPUK OJIU30CTU MEXKLy CYNTHOCTSIMHU B TE€3ayPyCe U IEJIEBBIM CJIOBOM,
HCIIOJIB3Ysl BEKTOPHYIO MOZeNb. B KadecTBe aJropurMa MAaIIHHHOTO 00yde-
HUSI UCIIOJIB30BAJIACH JIOTUCTUIECKAsT PErPeCcCrsi, KoTopasi 00ydJa/iach Ha 3a-
Jade KJIACCU(PUKAIINN, TO €CTh, IPEICKA3aHNs, SABJISETCs I 0bpabdaThIBae-
MBIl KOHIIENIT THIIEPOHIMOM IIEJIE€BOrO CJI0Ba. Pe3ysbTarbl aBTOMAaTHIeCKON
OITEHKH KadeCcTBa pabOoThI MTOAX0/Ia IpeacTaBieHbl B Tabaume 1.

3. OHI/IcaHI/Ie peaJII/IBOBaHHOﬁ CUCTEMBI
B pamMkax paboTbl ObLIa peaan30BaHa CUCTEMa MIPEeICKA3aHUsT TUIEPOHNMOB

1 Beb-cepBuC /1 paboThI ¢ Helt. Pabora ¢ cucTeMoit TpOUCXOIUT CAeIy IOITIM
06pa3oM:
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Metoz MAP | MRR
concat 0.386 | 0.434
SVD 0.387 | 0.433
CAEME 0.385 | 0.434
CAEME triplet loss 0.408 | 0.456
AAEME 0.414 | 0.463
AAEME triplet loss 0.427 | 0.479

Tabsmra 1. Onenka kadecrsa pacimupenns OEHT-lite

Cnoso: INCIM

A3bIK MPOrPAMMMPOBAHUA

0.98

Mycro v [vneponvmsi MMnommsl

MPOLIEAYPHO-OPUEHTMPOBAHHbIV A3bIK MPOrPAMMWPOBAHUSA

0.895

Nycro ~ TUnepoHyMbITUMOHMMBI

BbICOKOYPOBHEBbIV A13blK POFPAMMWPOBAHUSA

0.856

TyineponvM  Tvneponyms MMMoRMb!

VCKYCCTBEHHbIN A3bIK

0.787

MNycro v TunepoyMbI MO

KOMMbIOTEPHbIN A3bIK

0763

Mycro v [vneponvmsi MMnomymsl

OBBEKTHO-OPMEHTUPOBAHHbIN A3bIK

0.749

Nycro ~ TUnepoHyMbI TUMOHIMI

®OPMA/IbHBIN A3bIK

0.742

Mycro  ~ [vneponymsi MMmoryms!

A3bIK MPOrPAMMUPOBAHUA HU3KOIO YPOBHA

0.736

MNycro ~ TunepokyMbI MoK

CUCTEMHOE NMPOrPAMMHOE OBECMEYEHME

0734

Mycro v [vneponvmbl MMnoRyMel

MPOrPAMMA-TPAHC/NIATOP

0713

Nycro ~ TUnepoHyMbI TUMOHIMI

S m

Puc. 1. Unrepdeiic Beb-cepBuca.

1) AxMuHHCTPATOP CHCTEMBI 3aIlyCKaeT MEeTOJ [PECKA3aHUsl TUIIEPOH-
MOB JIjIsI THTEPECYIOIero nabopa CJioB,

2) Pesysbrar npejckasaHus 3arpyKaeTcst B BeO-CepBHC,

3) AHHOTATOPBI MOJYYAIOT JIOCTYN K CHCTEME, TJe I KaxKJOro CJIoBa

ecTh HAOOp u3 10 mpejicKa3aHuii, KOTOPBIE JTOJKHBI PA3METUTh.

Kaxxnoe mpesickazanme, KOTOpoe 0TOOparKaeTcs IMOJIb30BATENI0, TaKXKe
COJIEPKUT UHCTPYMEHTBI OTOOPAXKEHUS JIOTIOJHUTEIHLHON HHPOPMAIUK O TH-
[IEPOHUMAX U TMIIOHUMAX IIPEICKA3AHHOr0 KOHIENTa. B MaHHbIIH HHCTPYMEHT
TaK>Ke BXOJUT BO3MOYXKHOCTBH JOOABUTH B TEKYIIHUil CIIUCOK OOJee MO/IX0Is-
it KourenT. [loMuMo 91oro BeIBouUTCsT HHGMOPMAIIIS O BECE ITPEJICKA3AHUS,
7 CaM CIIUCOK YTOPSIIOYEH B COOTBETCTBUU € 5TUM BecoM. OT aHHOTATOPOB
TpebyeTcsi: TPOCMOTPETH CIUCOK, MOMOJHUTH €ro IPU HEeOOXOMUMOCTH OJin3-
KUMH KOHIIENITAMUA W Pa3METHUTh, CBA3aH JIU KaXKJbI KOHIIENT C TEJIEBBIM

CJIOBOM HEKOTOPbLIM OTHOIICHHEM.
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YacTpb 5.
HNckyccrBeHHBIE HEIPOHHBIE CETU 1
MAIIIMHHBIN MHTEJIJIEKT



ITpocToii MeTos, yiaydleHns KadecTBa
TPEHUPOBKMN Pa3pPe>KEeHHbBIX MOJIeJIEN C HYJIs

K. B. Besmtonun® A. B. Illokypos? 3

CyiecTByomue aJropuTMbl IPOPEKUBAHNS TTO3BOJISIIOT TOJIYIaTh
pa3peKeHHble HeHPOHHBIE CeTH, OOJIAAIONINE XOPOIIUM KAIeCTBOM.
OjtHako, pu 00yYeHUH ¢ HYJIs Oy 9€HHON Pa3peXKeHHON CTPYKTYPHI,
3a49acCTyIO He MOJIydaeTcd JOCTAYb KaveCTBa, IOJIyYeHHOIO B Pe3yabTa-
Te IPOPEKUBaHUSA (ITO OCOGEHHO 3aMETHO /IS CHJIBHO Pa3PesKEHHBIX
APXUTEKTYD).

B nannoii pabore onmchIBAeTCs METOJ, HNO3BOJISIONIMI YIIydInaTh
KavecTBO IIpW OOyYEHUU C HYJIsI, BOCCTAHAB/INBAs HEKOTOPBIE Beca B
Pa3pezKEHHOI apXUTEKType.

KarodeBble cjI0Ba: HEHPOHHBIE CETH, TPOPEKUBAHNE, PA3PEIKEH-
HBIE apXUTEKTYPhl, ruoresa "jgorepeiiHoro ouera"

1. BBegenue

[TpoperkuBanue HEHPOHHBIX CETE - TPOIECC BhIpe3aHUst (3aHYJICHUsI) BECOB B
nanHoi Hefiponnoii cetu. IlpopexkuBanue, B 3aBUCUMOCTH OT TOYKHU 3PEHUSI,
MOXKET PACCMATPUBATLCS KAK aJTOPUTM ONTUMU3AIMN (yMEHBIICHUST KOJIH-
YecTBa Olepaluii U aMsATH JIjisi XPAHEHUs] 3HAYEHU Tl BECOB), PEry/Ispu3aium
i noucka "apxurekTypbl"HeiiponHoii cetu [4].

Bo muorux asropurmax mpopexkusanust |2] [1] B pesysnbrare paborbl aj-
rOpHUTMA MOJIyIaeTCs He TOJbKO Pa3perkeHHasd apXUTEKTypa, HO U 3HAYCHUS
[apaMeTPOB JIJIs 3TOH apXUTEKTYPhl. DTU TapaMeTpbl UMEIOT KPUTUIECKH
BaykKHOE 3HAYEHHUE, T.K. [P TPEHUPOBKE PAa3PEXKEHHONW apXUTEKTYPbI C Hy-
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Jst (T.e. HAIMHAS ¢ HEKOTOPOH MPOU3BOJILHOM MHUIIMAIU3AINN) 3a9aCTyIO HE
[OJTyYaeTCs JIOCTUTHYTh KAdeCTBa, IOJIYIEHHOTO BO BPEeMs ITPOPEXKUBAHUS.

Ara npobiema yxe ObliIa MCCIe0BaHa B HEKOTOPBIX crarbsx [3] [4] [5],
OJIHAKO JIayKe CyIeCTBOBAHME CAMOM MpoOJeMbI MHOTIA CTABUJIOCH IIOJ BO-
upoc [4]. B aTux e craThax IPOBOJUIOCH UCC/IEI0BAHUE BJIUSIHUS UHUIU-
aJM3alnK Pa3PeKeHHbIX apXUTEKTYD Ha KauecTBO mocsie obyuenus [3] [5],
OJIHAKO M 3J1eCh OBLIM II0JIyY€Hbl IPOTUBOPEYUBBIE PE3YJILTATHI.

2. OcHoBHBIE pe3yJjabTaThbl U1 OIIMCaHME MeTOda

st sxkcnepumenToB 6611 BeiGpan Habop jJanabix CIFAR-10 |7] u meiiponnas
cers tuna VGG [6] ¢ 14.7 MuimmonaMu mapaMeTpoB (371€Ch U jajiee CIuTa-
IOTCST TOJBKO TIAPAMETPHI sIJIEP IBYMEPHBIX CBEPTOK M BECOB MOJTHOCBSIZHOTO
CJI081, T.€. TIapAMeTPhl yUIaCTBYIOIIE B ONEPAIMIX YMHOMXKEHUS ).

Jljis HOJIydeHUsl PA3PerKeHHBIX APXUTEKTYD ObLIM peasm30BaHbl | jBa
AJrOPUTMAa: MArHUTYHOTO [POPEXKUBAHUS 2] M BAPHAIMOHHOTO JIPOIIayTa
[1]. Y3 Bcero mabopa sKCIepUMEHTOB OblLia BhIOpaHA APXUTEKTYPA TIOJIy I€H-
Hasi ¢ TTOMOINBIO BAPWAIMOHHOTO IpOMayTa: B Hell Bcero Jmiib 6.7 Thicad
napameTpoB npu Ton-1 kadectse (top-1 accuracy) B 85% Ha TecToBOil YacTn
CIFAR-10. Bee pajibHeiinme 3KCIEpUMEHTBI IIPOBOJMINCH C 3TON PA3PEXKEH-
HOU apXUTEKTYyPOil.

TpenupoBka pa3pe:KeHHOM apXUTEKTYPHI TOTBEPIIIA €€ HECTTOCOOHOCTD
00y1IaThCst CO CIYyIatHON MHUITHATU3AIIE IO KAMeCTBa, TOIYyIeHHOTO B IIPO-
1ecce MPOPEKUBAHNUST: TIPU TPEHUPOBKE CO CIYIANHON WHUITHATIAIAINN TOTI- |
KavecTBO JOCTUTIO Juib 75%. Takum 06pa3oM, MOXKHO yTBEPKIATh, YTO HA
KAKOM-TO 9Talle B PE3y/IbTaTe MPOPEKUBAHNS MOy IAIOTCS pa3peyKeHHbIE ap-
XUTEKTYPbI, KOTOPBIE JlaXKe ¢ HHUIUAIU3AIUE 13 THIOTe3bl "0 JIoTepeitHOM
6urere'"He MOTYT JOCTHYIL TOTO KATECTBA, KOTOPOE OHU JIOCTHUTIN B PE3YJIb-
TaTe MPOPEKUBAHUSI.

[IpuBouMBIit B JaHHOW CTaThbe METOJ, BOCCTAHABIUBAIOMINN KAIECTBO
o0ydeHUsT ¢ HyJIsI Ha OJHOM HabOpe JIMaHHBIX, MOXKET ITO3BOJIUTH CO3JaBATh
APXUTEKTYPDI, CITOCOOHBIE OOYIATRCS ¢ HYJISI U Ha JPYTUX HAOOPAX JTAHHBIX.
Takum 06pa3oM, METOJ UMEET MTPAKTUIECKYI0 3HAUYNMOCTD IIPH IIOUCKE pas3-
PEKEHHBIX apXUTEKTYDP.

2.1. MeToa BoccTaHOBJIEHUSI KAUeCTBa

[Iycrs L - dyHKIMS TOTEPD, C MOMOIIBIO KOTOPOil TPEHUPYyeTCs HaIla Heii-
poHHas ceTb, Iy - duxkcupoBannas cirydaiiHas WHUIAAIN3AINA, Cf, - KO-
duruent Iy - perynsapusanun, M - MHOKECTBO BRIPDE3AHHBIX U3 MOJIEIN BECOB.

"https://github.com/SleepingThread /torch _scripts
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Torma MeTo BOCCTAHOBJIEHUST KQIECTBa BBITVISIIUT CJIEAYIOMIM oOpas3oM: 2.1.
IIporecc BbIOOpa MHOXKECTBA BECOB Apf:

s(w)

_ 1 (‘ Wimin + Wmagz
1+« 2

1
An (K, Nopaz) = argmax Z s(w) @
A,CMnewa‘Allszaz weER'

+ a(wmax - wmm)) ,Toe a > 0

, T1e Nppgr - MAKCHIMAJbHOE KOJUYIECTBO MTapaMeTpPOB JIjIsi BOCCTAHOBJIEHUS
3a IIar aarOpUTMa, Wmin, Wmae - MAHAMAJIbHOE U MAKCUMAaJIbHOE 3HAYEHUSI
ImapamMerpa w 3a nocjuegnue K 310X, a  peryaupyer BaxKHocTh "mryma ' Beca
OTHOCHUTEIBHO ero "cpennero'3Hadennst B (byKHIUE BaKHOCTH Beca s(w).

Algorithm 2.1 Boccranosjienne KadecTBa TPEHUPOBKA
1: procedure RESTOREQUALITY( L, Py, ¢1,, Mo, K, Npmaz )

2: BoccranoBuTh BCe BhIpe3aHHBIE BECa B MOJIEIN
3: Mnew = Mold
4:

Lrestore =L+ Cly Z w2

wEMp ew

5: WManiuaam3npoBaTh MOJIE/Ib 3HAYECHUSIMEI
6: TpenupoBars Moaeab ¢ GpyHKIHEH TOTEPD: Lyestore
7 while Tekyree kagecTBo MenbIte Tpedbyemoro do
8: Beibpars Ay (K, Npaz) C Mpeq cormacuo 1
9: Mpew = Mpew \ Am > BOCCTAHOBJIEHHE YaCTH IIapaMeTPOB
10: TpenupoBars Mozeb ¢ dyHKIUEEH TOTEPD: Lyestore
11: end while
12: return M., > HOBBIE BhIpe3aHHbIe Beca, My, C Mg

13: end procedure

2.2. Pe3ynbTaThl IPUMEHEHUS METO1a

AsropuT™ TeCcTHpPOBAJICS /U1 HEOOJIBIIOrO KOJNIECTBa UTeparmii (T.e. 2 Boc-
CTAHOBJIEHUSI TAPAMETPOB), co cieaytomumu napamerpamu: K = 10, Nyqp =
3000, ¢, = 0.01. Kaxknas TpeHmpoBKa BHYTPHU ajropuTma mnpoxomuia 100
3I0X C UCIIOJIbL30BaHKeM OInTHMEI3aTopa Adam co CKOpoCThbIo 00yUeHns 2e—3,
yMeHbIatoreiicst no kocunycy (cosine Ir scheduler [8]). Tpenuposka ¢ Hyist
[IPOBOJIMJIACH AHAJIOTHYHO, HO KOJIMYECTBO 310X 0bLI0 yBeaundeHo 1o 200. bu-
Ha.prIfI APOo1ayT B JaHHBIX IKCIIEPUMEHTaX BBIKJIIOYEH, T.K. MOJE/IN KpaﬁHe
MaJIbl 1 He HYKIAIOTCS B JOIOJIHUTE/LHONR Peryispu3aliin.

B pesysibrare paboThl aaropuTMma ObLIM HMOJIydeHbl apxuTeKTypbl (9.7k,
12.7k), koTopsle pu o0yUeHNN W3 WHHUIMAIA3AIAN Py 2 jamm cJIe Ty IoIne
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pe3ysbrarhl (B Tabsmie ykazaHo Toi-1 kadecTBo Ha TectoBoii yactu CIFAR-

10, usHauasbHast apxuUTEKTypa obydanachk 10 75.4%):

a | 9.7k (%) | 12.7k (%)
03| 795 80.9
05| 793 81
1.0 79 81.2
20| 792 81.1

Busto, 94T0o B IpOBEIEHHBIX IKCIIEPUMEHTAX [TapaMEeTP (v HE CHJILHO BJINSI-

eT Ha KOHEYHBIH pe3yJIbTaT, OMHAKO OTJINYNS MOTYT IPOABUTHCS IIPH BBIOOPE
JPYyroro 3Ha4YeHUsl JJIs C, WIA JAPYroil apXUTEKTYyPhl U JAHHbIX.

OT,Z[eJIbHO cjieyer OTMEeTUTL, 9ITO Cﬂy‘{aﬁHOG BOCCTaQHOBJICHIE BECOB HE

IIPUBOJIUT K COTIOCTABUMOMY YJIYUIIEHUIO KAUeCTBAa, MMOITOMY aJITOPUTM, KaK
MHUHUMYM, JIydllle CJIy4aiHoro:

9.7k (%)
76.5

12.7k (%)
76.8

5.7k (%)
77.0

random
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Simple method to improve quality of sparse models training from
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scratch
Bellonin K.V., Shokurov A.V.

Existing pruning algorithms can achieve good quality on sparse
neural networks. But the recieved sparse architectures, when training
from scratch, often can’t achive the same quality as pruning (especially
for very sparse networks).

In this work the weights restoring method to improve training from
scratch quality is described.

Keywords: neural networks, pruning, sparse architectures, "the
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O ACTEKTUPOBaHUN TPEIWH B JOPO2KHOM

MMOKPBITUU C MCIIOJIb30BAHUEM HEMPOHHON’
cetu DAUNet

B. C. Ionosrukos!, /1. B. Anexcees?, 1. B. Bunorpasos®

B namnoit pabore perraercs 3aJada CETMEHTAIIMU TPENIUH B J0-
poxxuaom mokpeiTuu. IIpemroxkena cers Unet-11ogo6HO apXUTEKTYPBI C
SHKOJIEPOM, IIPEJCTABISIOMUM 13 cebst npenobyuennblii ResNet18 (6e3
JIBYX KJIACCUDUIUPYIONIUX CJIOEB), U CTAHJAPTHBIM JeKojepoM. 1Toka-
3aHO, YTO JJAHHAsI apXUTEKTYpa B COBOKYITHOCTH C CHUJIBHOW CHCTEMON
ayTMEHTAINA U yJIA9HO BBIOPAHHOI (DYyHKIHEN MOTepb CHOCOOHA IIpe-
B30OITH CYIIECTBYIOIIE DEIIEeHNs IO HMCIIOJIb3yeMbIM B 9TO# obiacTu
MEeTPUKAM OIEHKU KAIECTBA.

KurouyeBbie ciioBa: manuuHoe 00y1enne, HeipOHHbIE CETH, JeTEK-
THUPOBAHUE TPEIIUH

1. BBenenne

3aa9a OMIKCETLHOM CeTMEHTAINY TPEIITH TOPOXKHOTO TIOKPBITHS HA N300-
pazkeHHsIX obpalnasia Ha cebs BHUMAHNe MHOTUX HCCIIe0BaTe e, HallpuMep
[2], [3], [11] u [12]. B nocientee Bpemsi Hanbosiee 3HAUNMBIE PE3YJILTATHI B
9T0# 06J1IaCTH OBLIN JIOCTUTHYTHI C UCIIOJIH30BAHNEM UCKYCCTBEHHBIX HEMPOH-
HBIX ceTeil. B jannoil pabore 1moka3aHO, YTO OTHOCHUTEJIBHO IPOCTasl apXu-
TEKTypa B COBOKYITHOCTU C CHUJIbHON CHCTEMON ayrMEeHTAIUU U YJIa9HO BbI-
OpanHoit (byHKIIMEH MOTEph CIOCODHA MPEB3OUTHU CYIIECTBYIONINE PEIICHUS
10 TOYHOCTU CEIMEHTAIIHH.
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Puc. 1. CpaBuenue pe3ysbTaToB pabOTHI PA3IUIHBIX METOIOB CEIMEHTAIINN.
CiieBa HaIpaBO: MCXOJHBINH CHUMOK, pydHas pasmerka, DAUNet (mpemio-
xennbiit), FPHBN([2]), HED( [3]), RCF ( [11]), FCN([12]).

2. Omnmcanne Imoaxoda 1 IIOJIYYEHHOI'O pe3yJibTaTa

Brina mocrpoena cers Unet-11ogo6H0I apXUTEKTYPhI ¢ SHKOIEPOM, IIPEICTAB-
JSomuM 13 cebst npesodydennyio cetb ResNetl8 [1] (6e3 nByx kmaccudu-
[UPYIOMIUX CJIOEB), U CTAHJIAPTHBIM JIeKoepoM. OBydatonumM MHOKECTBOM
6bL10 BoiOpano CRACKS00 [2], cocrositiee u3 uzobpazkenuii acdasibra u co-
OTBETCTBYIONUX OMHAPHBIX KAPT TPEIUH.

B kavectBe dyHKIUM norepb Ha 1epBoM 3rane Obuia B3sra focal loss [4].
Eé snauenue 3amaéres popmysioit

FLon(Ygt, Ypr) = — Z(Ygt'ZOQ(%r)a(l_Ypr)v+(1_Ygt>'lOg(l_Ypr)(l_a)Y;T)’

riae Yy — Kapra TpenuH, Y), — IpeJCcKasaHue MOJEIN, (v U Y — IapaMeTpHI,
paBHBIE B HammeM ciaydae 0.25 u 2.

Jutst yerpaHeHnsI pa3MbITOCTH TPAHUI] B IPEACKA3AHUSX TPEITUH CeTh ObI-
na j1000yuena ¢ ucnosab3osanueM dice loss [7], dbopmysia KoTopoit st CTHH-
HOI KapThl TpemuH Yy U IPeJCKa3aHHOil KapThl TPEMUH Yy, JaHa HUKe.

- (1+8%) tp+e
(I+82)-tp+ 6% fn+ fpt+e’

rae tp = 35 (Yge - Ypr), fn=22(Ygr- (1 =Yp)), fr = 2((1 = Ygt) - Ypp), 2 B
€ — IapaMeTpbl, paBHbIe B HarleMm ciaydae 1 u le — 5. Boibop umenHo Takmx
dyHKIM 10TEPh OBLT 00YCJIOBIEH creayomuMu coobpakenusivu: focal loss
npuaaéT OOJIbINee 3HAYEHNE TSXKEBIM IJIsT KJIaCcCHpPUKAITIN THKCeIsIM, a dice
loss o cytu comep:xkut B cebe Fl-meTpuky, yBejnmdeHne KOTOPOR ITPUBOIUT
K y?KECTUYEHUIO I'DAHMII,

DL(Ygt, Ypr) =
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O0yuenne BeJIOCh MUHHOATYAMH, KaXKIbIil U3 KOTOPBIX COCTOSITT U3 CJIy-
YaHBIX KPOIOB M300pakeHuil obyuaromero MHoxKecTBa. Jljs jydieir ayr-
MEHTAIUN OHU OBLIN IOJBEPIHYTHI PACTSIKEHHAM, IIOBOPOTAM, OTPaKEHUIM
U I[BETOBBIM MCKAaYKEHHSM.

Onrnmusanust Ha HepBoM sTarie Besach MeTooM Adam [5] ¢ KocuHyCHBIM
yMeHbIIIeHneM cKopocTu obyuenust (6], Ha srare 1000ydeHus: — Yepe3 cToxa-
CTUYECKUI I'PaJueHThli ciryckK. [ljIsi OlleHKM KadecTBa MOy YeHHOTO PEe3y/ib-
tara ucrnosbzoBasuch Merpuku AIU, ODS,; OIS [2], a TakKe npe/jioKeHHbIe
B jmannoit pabore sODS u sOIS. Merpuka AIU sBiisiercss yCpeIHEHHBIM 110
BCEM BO3MOKHBIM IIOPOTaM OTHOIIEHUEM ITepeCedeHus PeACKa3aHHbIX U UC-
TUHHBIX 00JlacTeil TpeluH K uxX oobenuHenno, ODS — MakcnMaJIbHBIM 3Ha-
yeHneM F-mepnl st obbequnenns: Becex msobpazkenuii, OIS — cpeanum 110
BCeM u300parkeHusIM 3HaYeHHEeM MaKCHMaJibHON F-Mepbl, 31ech 1Mo Makcu-
MaJIbHOCTBIO ITOHMMAETCSI MAKCUMAJIBHOCTh 10 TIOPOTy OMHAPU3AIUH.

Tabmauna 1. Cpapaenne MeTonoB cermerTanun Ha Habope CRACKS500

Methods | AIU | ODS | OIS | sODS | sOIS
DAUNet | 0.565 | 0.676 | 0.706 | 0.750 | 0.731
FPHBN[2] | 0.489 | 0.604 | 0.635 | 0.647 | 0.591
HED [3] | 0.481 | 0.575 | 0.625 | N/A | N/A
RCF [11] | 0.403 | 0.490 | 0.58 | N/A | N/A
FCN [12] | 0.379 | 0.513 | 0.577 | N/A | N/A

Tabnuna 2. Cpaaenue metonoB Ha Habope CrackTree200

Methods | AIU | ODS | OIS | sODS | sOIS
DAUNet | 0.128 | 0.781 | 0.805 | 0.234 | 0.276
FPHBN|2| | 0.041 | 0.517 | 0.579 | 0.095 | 0.125
HED |[3] 0.040 | 0.317 | 0.449 | N/A N/A
RCF [11] 0.032 | 0.255 | 0.487 | N/A N/A
FCN [12] 0.008 | 0.334 | 0.333 | N/A N/A

ODS u OIS npeamosarator paciéT TOYHOCTH U TOJIHOTBI JIJISI CKEJIETO-
HUBUPOBAHHBIX TPEIIUH, U 38 HUMM CTOUT AJCOPUTM IIOMCKA OINTHMAJIBLHOIO
napocodeTanusi, noApobHo onucanublii B [13]. sODS u sOIS spistorcst ana-
JIOTUIHBIME METPUKAME JJIs IUKCeJeld TPEIINH, B3SITbIX HAIPIMYIO II0CJIe
OMHApU3AINN, UX BBIYUCIEHNE OOXOIUTCsT 0e3 MOMCKa IapoCcoOYeTaHnil.
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BbL10 1IpoBesieHO ncciie/loBaHne BKJIAI0B COCTABJ/ISIONINX IOy YUBIIIeiiCsT
CHUCTEMBbI B UTOI'OBBII pe3yybTaT, BbIACHUJIOCH, 9TO HaH6OHbmee BJINAHUE B
cmbiciie AIU okasbiBaeT ayrmentanusi. E€ nanumdne urpaer O0JIbIIYIO POJIb,
yeM BbIOOD (DYHKIMH MOTEPDH (/IS CPABHEHUsI PACCMATPUBAJIUCH BAPUAHTHI
6unapHoii KpocconTponnn u Mepa 2Kakkapa), IByX9TaIllHOCTh CXeMBI 00y 1e-
HUS U IpenodydeHHoCThb ucnoab3dyemoit cetu ResNetl8.

B katecrBe TecToBbIx MHOXKeCTB OblH B3gTel CRACKS500 (Ta ero gacrs,
qro He ObliIa 3aeficrBoBana B 00y4enun), CrackTree200 [10], CFD [9], AEL
[2] 1 GAPS384 [8]. ITockonbky 06y4enne Berocs Ha CRACKS500, a ocranbhbie
MHOXKECTBA HMEIOT JPYIHe PACIPeIeIeHIs TOJIIIH, UX N300parKeHus: Oblin
PaCTSIHYTBI WA CXKAThI, OCHOBBIBASICH HA OJHOM M300PAXKEHUM [T KAXKJIOTO
MHOXKECTBA.

Paspaboranusiii metosn cpapausasicst ¢ FPHBN [2], HED [3], RCF [11] u
FCN [12]. Hust mocsietHEX TPEX HCHOJIB30BAINCDH JIAHHDIE, IIPEIOCTABICHHbIE
aBTOpaMM, Cpein KOTOphIX He 66110 3Hadennit SODS u sOIS, mosromy 1mo HuM
CpaBHEHUe He IPOBOAMIOCH. B ocraBmIuxcs cirydasx pa3spabOOTaHHBIN MeTO
HOKAa3aJI JIydIiee KadecTo. Hizke IpuBOANTCsS CpaBHEHHE C CYIIECTBY IOIIMI

merogamu na nabopax CRACKS500 (rab.1) n CrackTree200 (1a6.2).
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strong augmentation system and a well-chosen loss function, is capable
of surpassing state-of-the-art solutions in terms of various quality
metrics. Keywords: machine learning, neural networks, crack detection
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I'pagnenTHasg MacKa: Kak MeXaHU3M
JIATEPAJIBHOTO TOPMOXKEHUS YJIyYIlaeT
paboTy MCKYyCCTBEHHBLIX HEIiPOHHBIX ceTeii

JI. Izant

B nacrosimeit pabore MbI IpejjiaraeM 2paduermiyio Macky, KOTo-
pasi oTdUIBTPOBBIBAET I'PAJIMEHTHI IIIyMa B IIPOIlecce 0OPaTHOIO pac-
mpocTpaneHus. Takoe o0yueHne MO3BOJILET YBEIMINBATE IIJIOTHOCTD M
aMIUIUTY Ly IPEJCTABIEHUS CUTHAJIOB B ceTu. B pabore MbI IIpescTaBs-
JisieM HOBYIO Mepy KadecTBa rpajieHTa. Mbl jeMOHCTpUpYeM aHAJIMTH-
YECKUMH METOJIAMH, KaK JIaTePaIbHOE TOPMOXKEHHE B MCKYCCTBEHHBIX
HEIPOHHBIX CETHAX YJIYUIIAeT KadeCTBO PACIPOCTPAHSAEMBIX I'Da/INEH-
ToB. Hakomerr, mpoBoanM HeCKOIHKO PA3IAIHBIX SKCIEPHMEHNTOB, ITO-
OBl U3YYIUTD, KAK 2padueHmMHtaA MACKQ YIydIIaeT KOJHMIEeCTBEHHYIO H
KavIeCTBEHHYIO [TPOU3BO/INTEILHOCTD CETH.

KiroueBbie ciioBa: jarepajibHOe TOPMOXKEHHE, I'Da/IHeHTHAsT Mac-
Ka, CBEPTOYHble HEIDOHHBIE CETU.

1. BBenenue

Bo Bpems obparHOro pacmpocTpaHeHus OIMTUOKM IPAIUCHTHI T€HEPUPYIOTCS
JIJISE BCEX IIPU3HAKOB, & 3aTEM yYaCTBYIOT B OOHOBJIEHHH COOTBETCTBYIOITUX
BecoB. B pabore [1] mokaszano, 4To He BCe IpaJIMEHThI BAyKHbI J1jisi 00y YeHHUsI.

Harra Moiesb ipujiaeT BeJIMnHy rpaJintenTaM IPU3HAKOB KarXKJ0r0 CBEp-
TOYHOI'O CJI0sI C TIOMOIIBIO onieparopa Jlamiaca Faycca (LoG), KoTopblit numeer
pactpeneienne « MeKCUKAHCKON MIIABI», CXOIHOE ¢ MOIYJ/IAIUEN BHUMAHUS
B OmojiormueckoM Mosre. Bo Bpemsi oO6paTHOrO paCIpPOCTPAHEHUsI ONIUOKU
LoG nonaBiisier 4acTh MeHee BasKHBIX I'DaUEeHTOB.

Y106B1 000CHOBATD UCIIOJIB30BAHUE JIATEPATHEHOTO TOPMOYKEHUST MBI TIPE/JI-
JlaraeM HOBBIN KPUTEpUl IS M3MEePEHUsd Ba’KHOCTU KaXKJOTO MPU3HAKa B
3aBUCUMOCTHU OT I'Da/IMEHTa MaTPHUIIbl [IPU3HAKOB.

1.1. I'paguenTHass MacKa

st cBeprounoro cios [ € R™Y Mbl paBHOMEPHO J€/JIUM MaTPHUILy MPU3HA-
KOB Ha K Helepecekarouxcs MaTpuIl — Habopos npudnaros. Jns KaxKioro

lzan Jloti — acrmpanT Kad. MaTEMATHYECKOH TEOPHH HMHTEJIEKTYAJBHBIX CHCTEM
mex.-mar. d-ra MI'Y, e-mail: kiwee@outlook.com

Jiang Lei — graduate student, Lomonosov Moscow State University, Faculty of
Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual Systems.

268



HabOpa MPU3HAKOB IPAJMEHTHI C OJIHO U TOM K€ KOOPIMHATON COCTABIISIOT-
Csl B BEKTOD, HA3bIBAEMBIHl MUHUKOAOHKOU, & MUHUKOJIOHKY B KOODJMHATAX
(,7) k-ro MHOX)KeCTBa MBI OOO3HAYMM KaK ij(k) Hasee BbIamcssieM HOpMyY
l o
|[M;;(k)|2, 1T0obbI pe/icTaBUTH BEJMUUHY IDa/IMEHTOB B 9TOH MUHUKOJIOHKE.
3aTeM I KaxXKI0ro k Mbl IpuMeHsieM oneparop LoG K MaTpuile, cocrapjeH-
. 1 . .
noit u3 || M;;(k)||2 amst Beex 0 < i < w, 0 < j < v. DTOT HPOIECC BHIIOIHSAETCS
C IIOMOIIBIO CBEPTKU C $IIPOM:
2 . . 2 . . .2 .2 .2 .2
9°Gq (i j) | 9°Go(isj) 1 it 40, 2
2 + ) == 4[1 - 2 ]6 i (1)
01 0j o 20
rie (i,7) —xoopaunarhl siipa cBeprku LoG, a G, (i,j) —9T0 rayccoBcKast
CBEpTKa CO CTAHJIAPTHBIM OTKJIOHeHHEeM o. IlycTh 6fj(l<:) 0603HAYAET Pe3YIIb-
tar cBepTKu LoG Ha COOTBETCTBYIOIIEl YacT. YCTAHOBHUB IIOPOT, PABHBII €,
MBI MOZKEM OIPEICTIUTH epaduenmiyio macky: Mask! (k) = [aj]uxv, TaE:

{0 k)] <
“”‘{1 160 > e @)

LoG(i,j) =

[Tockonbky Macka rpajuenTa M ask‘l(k) COOTBETCTBYET k-My HAOOPY MATPHII
MIPU3HAKOB, (PUIBTPHI, COOTBETCTBYIOIINE 3TOMY HaOOPY, UCIOJBL3YIOT OIHY
u Ty Ke Macky M askzl(k‘). Bo Bpemst obparHOro pacrnpocTpaHeHusT KazKIblii
IPaUEHT IIPOXOIUT Uepe3 rpafuenTHyio MacKy. [Iycrs L obosnadaer dhyHK-

OUIO IIOTEPb, TOr/la I'PAJUEHT BeECa U)in Ha Cl)I/IJH)Tpe MOXKET OBITH 3aIIUCaH

n

KaK:
oL oL Oal oL Oaj
owl 2 Bl owl 2 ddl, ., owl (3)
mn (7’?])7(]’1,7:0 v mmn (ilmj/)?ai/j,;éo Zl‘j/ mn
=0 #0

['panenTsl HECYIECTBEHHBIX IIPU3HAKOB IIPUPAaBHUBAIOTCA K (), 9TO IToMoTa-
er 1pu oOyYeHNH CHUBUTD IIyM B Becax IPU3HAKOB. Kak sKclepuMeHTaIbHO
MTOKA3aHO J1ajIee, 3TO YIYUIIIaeT CIIOCOOHOCTD MOJIEIN K ODODIIEHUIO.

1.2. YyBCTBUTEJIBHOCTH I'PAIMEHTHOTO MOTOKA

Bynem paccMaTpuBaTh rpa/IMEHTHYIO MacKy C aHAJTUTHIECKON TOUKN 3PEHU.
I _ _0L
HyeTs gy = 5o -
L — dyukus norepb, a (z,y) — KOOPJAUHATHI B MATPUIIE IPU3HAKOB 3TOIO
cnos. B mamnnom pasgesie Mbl Oy/eM paccCMaTPUBAThH TOJIHKO CETH, UCIOJIB3Y-

rompe dyHknuo akruBarun ReLU.

0003HAYTAET IPAJTUEHT Beca Ha [-M CBEPTOIHOM CJIOE, TIIe

l

mn KaK

Mg1 OoIpeaeadeM “YYeCmeumeasbHOCMb 2pa6ueHmH020 nomoxa S
MO/YJIb JlallJlaChuaHa I'pa/IUCHTa B JABYMEDHOM IIPOCTPAaHCTBE!:

82 gl 82 gl
mn mn 4
Ox? + Oy? | (4)

l l
Smn = [Agmnl = |
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Ecan mb1 paccMaTpuBacM JlallJlaChuaH g'fnn KaK JUBEPTrEeHINIO BEKTOPHOT'O 110~

l

JisI, TO 3HAYEHUE S, B OIPEJEJICHHON TOYKE MATPUIILI IPU3HAKOB YKa3bIBa-

n
er, 10 KAKOii CTENeHH 9Ta TOUKA ABJISETCS «MCTOYHHKOM» TpajiuenTa gl .
Kaxnmas Touka MOXKeT OBITh KaK IOJIOYXKUTEJIbHBIM, TaK U OTPUIATEIHLHBIM
ncrouHukoM. Touku ¢ 6oJiee BBHICOKOH UyBCTBUTEIHHOCTHIO K IPAJIMEHTHOMY
IIOTOKY 0oJiee BaXKHBI JIJIsT TPATUCHTA gfnn. IIpu obpaTHOM pacnpocTpaHeHIn
JIATIJIACUAH PAJIMEHTa MOYXKHO MEPENNCATh CJIEIYIONIM 00pa30M:

oL Oal; dal; AL

l g [

Blmn = Z A A(aiij) B Z_ : ol o 5)
i,J i, mn

I 9wl I
a; OWpny Oa;;

l
3aech ailéjn > 0 — npousBogHast 0T PYHKINNA aAKTUBAINHI, 3aIaHHAsT Ha BXO-
Je HeHpoHa, KOTOPYIO MOYKHO pacCMaTpPHUBAThL KaK KOHCTAHTY. Tak Kak MBI
paccmaTpuBaeM ceTh ¢ pyukimeit aktuBaruu ReLLU, eé npousBoanas meot-
punarenbaa. Pacemarpusast 3a1annyio Touky (4, j') Ha Marpuie npusHakos,
MBI ODO3HAYUM YyBCTBUTEJILHOCTH I'PAJIMEHTHOIO MOTOKA B DTOH TOUYKE KaK

(@', 57), & €8 mannacnanm Kak Ay jngh,,, TOrIA MBI IMeeM

Smn

l l
o= iy N OL gy = 2 p L
mn 8w£rm 86‘2’;’/ mn\? > 8w£nn aaﬁ,j/

A gy

YyBcTBUTEILHOCTD I'PAJIMEHTHOTO IOTOKA B OIIPEJIEJIEHHON TOUKE HA MATPUIIE
IIPU3HAKOB IIOJIO2KUTEJIbHO KOPPEJUPYET ¢ JaIlJIaCHaHOM I'DaJMeHTa IIpU3Ha-
Ka B 9TOi ToUuke. Tak KaK BhICOKAs IyBCTBUTEILHOCTH IMOTOKA YKA3bIBACT HA
BOJIBIIY 0 3HAYUMOCTb JIJIl IPaJUeHTa, TO 1 MACKMPOBaHUE I'PAIUEHTHOrO I10-
TOKa B TOUKe ¢ DoJiee HU3KMMU 3HadeHUusiMA LoG 3KBUBaJEHTHO OOHYJIEHUIO
3JIEMEHTOB, KOTOPbIE He BaXKHbI JJIsi ODHOBJIEHUS BECA.

2. DKcrepuMeHTHBI

Bouin nmposeieienst sKcepuMenTsI 1o Kiaaccudukarmn na ImageNet (8 Tesla
V100 GPUs) u CIFAR-100 (1 Tesla V100 GPU). IToapo6uast urdopmariust
o runepnapameTpax obydenus:: learning rate 0.1, epoch 120, optimizer SGD.
DKCIEPUMEHTDI IIOKA3aJ/Id, YTO HCIOJIL30BAHUE IPAIMEHTHON MaCKH yJIyd-
maeT TOYHOCTh Kjaccudukanuu. B tabauie 1 mpeacTaBiieHbl Pe3y/IbTaTbl
ResNet na j1Byx HabOOPOB JIAHHBIX.

YT00bI BBICHUTD, Kakue (paKTOPhl HANOOJIee 3HAYUMBI, OBLIN TOCTABJIE-
HBI JIB& 9KCIEPUMEHTa: B IIEPBOM BMECTO JIATEPAJIHLHOIO TOPMOXKEHUST UCIIOJIb-
3yercs La-HOpMA I'PaJIMEHTOB BHYTPU MUHUKOJIOHKHI; BO BTOPOM JIATEPAJIHLHOE
Topmozkerne LoG MCHOIb3yeTcs JJIsh KaKI0i d9eiiKu MaTpuilbl 6e3 Bohlaesie-
Hust MUHUKOJIOHOK. Pesynbrarel Ha CIFAR-100 mpencraBieHbl B Tabauie 2,
e Mbl BuanM, 910 LoG nMeeT peraioniee 3HaUEHNE JJIsT TeHEPAIn IPaIn-
enTHo# Macku. Vcromb30Banne MUHUKOJIOHOK TaKKe YBEJIUIUBAET TOYHOCTD.
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Mogzenb CIFAR-100 (ResNet-18) ImageNet (ResNet-50)
ResNet-18/50 78.2 75.5
ResNet-18/50 ¢ JIT  80.26 76.01

Ta6mmna 1. Tounocts (%) ResNet-18/50 ¢/6e3 yaTepaJbHbIM TOPMOKEHUEM
(JIT) ma CIFAR-100 u ImageNet

Mogens JIT wa munukomonkax bes JIT JIT 6e3 MUHMKOJIOHOK
Accuracy 80.26 75.86 78.97

Ta6smna 2. Tounocts (%) ResNet-18 ¢/6e3 sarepasibaoro ropmozxkenust (JIT)
n munukosionok Ha CIFAR-100

Chnucok jmreparyphbl

[1] Lan Janice, Liu Rosanne, Zhou Hattie, Yosinski Jason, “Lca: Loss change
allocation for neural network training”, Advances in Neural Information
Processing Systems, 32 (2019), 3619-3629.

[2] Kaiming He, Xiangyu Zhang, Shaoqing Ren, Jian Sun, Proceedings of the IEEE
conference on computer vision and pattern recognition, 2016.

Gradient Mask: Lateral Inhibition Mechanism Improves
Performance in Artificial Neural Networks
Jiang Lei

In this paper we propose Gradient Mask, which helps the network
to filtering out noisy or unimportant features while training. We
propose a new criterion for gradient quality which can be used as
a measure during training of various convolutional neural networks
(CNNs). We demonstrate analytically how lateral inhibition in artificial
neural networks improves the quality of propagated gradients. Finally,
we conduct several different experiments to study how Gradient
Mask improves the performance of the network both quantitatively
and qualitatively.

Keywords: lateral inhibition, gradient masking, convolutional
neural networks
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OO0 yny4JimeHnusix HeiipoceTeBoOii
APXUTEKTYPbI JJIsI ITPUOJINXKEHMS
KYCOYHO-JIMHENHBIX (pyHKINii

B.T. Ilumniskos!

Pabora mpencrasisier coboit mpogoKene uccaeoBaHuit B obra-
CTHU OIEHOK apXUTEKTYDP HEHPOHHBIX CETEl, TOCTATOYHBIX JJIsT TPUOJIH-
JKEHUsI OlpeJIeJIeHHBIX KJiaccoB (yHKIui. B pabore paccmarpuBaer-
csl BOIIPOC 00 YJIyUIIIEHWM OIEHKU CBEepXy apXUTEKTyPhl HEPOHHON
CeTH, KOTOPas XOPOIIO MPHUOIUKAET 3aBUCHUMOCTH, OIUCHIBAIOIINECS
KYCOYHO-JIMHEHHBIMU (DY HKITHSIMHU.

KuroueBblie cioBa: cxema n3 pyHKIIMOHAJIBHBIX 3JEMEHTOB, Heil-
POHHBIE CETH, AIPOKCAMAIUs (DYHKIW, KyCOYHO-JIUHENHbIE (DYHK-
uu.

1. BBenenue

C Touku 3peHusi cxeM QYHKIMOHAIBHBIX 3JIeMeHTOB [1]| HefipoHHbIe ceTH Obl-
JI BIIEPBbIe paccMoTpenbl B pabore [2|. Takxke B pabore 2] 6l pacemor-
PEHLI OLIEHKN apXUTEKTYP HEHPOHHLIX CXEM, BOCCTAHABIUBAIONIUX KYCOUHO-
MTOCTOSTHHBIE (PYHKIUU HaJ KjaccudeckuM Oaszmcom MaxKammoka u ITurt-
ca, a TaKXKe BOCCTAHABJIMBAIOIINX KyCOUHO-JIUHeHHble PYHKIMKM Hal Oa3u-

=0
cost B = {e,y 2,3, (41, .y 00), 0(2), F(z, )}, e Fla,y) =30 V7
0, y<0
1 >0
oz) =4 77
0, <0

B nasbHeiiniem B pabore [3] Obun 1OJIyUYeHBl PE3YJIbTATHI, OIEHUBAIO-
e CBEPXY KOJUYECTBO HEHNPOHOB B HEHPOHHBIX CETAX HAJ BUIOU3MEHEH-
HbIM Gasucom By = {c,v-x,> . (21, ....,xn), [ [,(T1, ..., 2n), ¥(x)}, Tae ¥(x)
- HeKOTOpas curmMougHas (yukmnus. B 6a3zuce Be paccmarpuBaiach 3a1ada
AIIIIPOKCUMAINN KYCOUHO-JIMHEAHLIX (PYHKINN, T.K. 381294 BOCCTAHOBJICHUSI,
BOOOIIE TOBOPsI, ObLIa y2Ke HEBO3MOXKHA.

B namnoit paboTe mpeiaraeTcss pe3ysbTaT, Yy dIIafoliuil OleHKYy CBep-
Xy, IpeJCTaBIeHHYI0 B pabore (3] st 6asuca By, a Tak:kKe CyIIECTBEHHOE
YIIyYIIeHHe OLEHKH, KOTOPOe I0JIyYaeTcs IIpu BuIibope B basuce By GpyHKIUU

) 1
(), HeYeTHOIl OTHOCHTEILHO YPOBHS 5.

MITuwnaxos Baadumup Tennadvesus, — acrmpant xad. oBIMX mpobIeM yIpaBIeHHs:
mex.-mar. d-ta MI'Y, e-mail: bolotmaks@yandex.ru.

Shishlyakov Vladimir Gennad’evich — graduate student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of General Problems of Control.
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2. OcHoBHBIE TIOHATHUS U (POPMYyINPOBKA Pe3yJIbTaTa

BBenem ocHoBHBIE TIOHSITHSA, UCIIOJIb3yeMbIE B JIaHHON pabore.

BasncoMm HelipoHHOI ceTw HA3BIBAETCA HEKOTOPOE MHOXKECTBO (PYHKITHO-
HaJIbHBIX 3JIEMEHTOB, I/Ie KaXK bl (PyHKIIMOHAJIBHBIN 3JIEMEHT IIPEICTABIISIET
u3 cebs mapy (S, f(z1,...,2,)), B KoTOpO#t f(21,....,25) : R = R, a S - co-
[IOCTABJIEHHBIN eif rpaduIecKknii 00bEKT ¢ N BXOAHBIMH CTPEJIKAMU U OTHOM
BBIXOJIHOM (KpaTKO — BXOJIBI M BBIXOJ| 00bekTa S). Bxomam obbekTa npuim-
CaHBI CJIEBa, HAIPABO IIEPEMEHHBIE T, ..., T, MYHKIUN f, BHIXOAY HNPHUINCAH
BBIXOM, QYHKIHH f.

Jlajee B Tekcre, Ijisi KpaTKOCTH, Ipadudeckue obO3HaYeHUsI 00bEKTOB
OITyCKAIOTCS.

Oynknuo ¢ : R — [0, 1] 6ymem Ha3bIBaTh CUIMOUIHON, eciu ¢ He yObI-
BaeT Ha R u lim ¢(x) =0, lim ¢(z) =1.

T—>—00 T—>+00

B reopemax 1, 2, cchbopMyIMpOBaHHBIX HUYKE, PACCMATPUBAETCS IIOCTPOE-

HHe HeHPOHHBIX CeTell HaJ CJIeLYIONUM 0a3UCOM:

By ={cv -z, (v1,wn), [ [ (21, 2n), ()} (1)

n

B 6asuce (1) ucnonb3yrores ciieyromye Buibl byHKIIHii:

1) Cymmarop — kiacc dyHknmii Buga » ., (21, ...,Ty) = 1 + ... + Tp
2) Ipomykrop — kiacc dyuxumii Buga [ [, (x1,...,25) =21 - ... - Ty,

3) Koncranra — kitacc yHKIWIA, KaXK/1ast 13 KOTOPBIX BbIaeT HEKOTOPYIO
KOHCTAHTY (Bce 9T (DYHKIUN He MMEIOT CYIIEeCTBEHHBIX TEPEMEHHBIX )

4) Yewmnurenb — QyHKIUS, YMHOXKAIOIIAS IIPUIIEININAN Ha BXOJ[ ADIYMEHT
 Ha (PUKCUPOBAHHYIO KOHCTAHTY 7Y

5) OyHKIUS aKTHBAIUN — IPOU3BOJIbHAST CUIMOMIHAsT DyHKIUs ()

Heitpornom B 6asuce (1) Ha30BeM BCSKYIO CXeMy, BBIYUCJISIIONLYIO OJHY U3

n n
byuxiwmit (> wi-z;+c) wm ([ [ wi-z;+c), tae byukuus ¢(z) nosaraercs
i=1 i=1
paBHOit 7160 ¥ (x), MHbO .

Bce neitponn! nepBoro tuia 0yaeM Ha3bIBaTh HEHPOHAMHU-CYMMATOPAMH,
a HEefipOHBI BTOPOT'0O TUINA — HEHPOHAMU-IIPOIYKTOPAMU.

BBenem monsiTre Ci10st HEHPOHHON CETH.

1) MHOKeCcTBO HEMPOHOB, BCE BXOJbI KOTOPBIX HE IOCOCIUHEHBI K BBIXO-
JaM KaKux-1u00 GpyHKITMOHAIBHBIX 3JIEMEHTOB, HA30BEM HEHPOHAMU IIEPBOIO
CJI10].
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2) Ilycrb ompejiesieHO MHOXKECTBO HEHpOHOB n-ro cios. Torma n + 1-biM
CJI0EM Ha30BEeM BCe HEHPOHBI, JIJis KOTOPBIX BBIIOJIHSIETCS, UTO XOTs ObI OJINH
BXOJI, TIOZICOEJIMHEH K BBIXO/Y HEHPOHA M-TO CJIOs, a BCE OCTABIMHMECS BXOJIbI
10/ICoe/IMHeHbl b0 K BbIXOIaM HeiipoHoB u3 cioes {1,2,...,n}, iubo He
TTO/TCOETMHEHBI HA K KAKUM HEeHpOHAM.

Takmm obpazoM, MOXKHO KOMOMHUPOBATH HE OTIAE/IBLHBIE 3JIEMEHTHI Da3uca
CXEMBI, a IeJIble CXEMBI, peajin3yolue HeipoHbl. [Ipu KoMOuHAIIMN HEHPOHOB
JIPYT C APYTOM, OyIyT TOJIYyIaThCs pa3andHble (DYHKIUN, KOTOPbIE W OyIyT
UCCTIEIOBAThCA B JaHHON pabore. OcobbIil HHTEpEC It TaHHOTO UCCIIeI0Ba~
HUA TIPEACTAaBIAIOT TaK Ha3bIBaeMbIe KYCOqHO—HHHeﬁHbIe beHKL[I/II/I ,Z[a.FIII/IM
UX OIpejiesieHue, Cellysl OnpejeaeHusM us [2].

[Tycrs mpocrpancrBo R™ pasbuBaercsi Ha KJIACChl IKBUBAJTEHTHOCTH
R', ..., R® runepmiockoctsamu Iy, ..., lx. Bynem rosoputs, uro f(T) apmiser-
cst Kycouno-nnetinoit, ecsmn f(T)|pi = bj - T + dj.

Taxzke BBemeM psiji ONpeJeeHnt U 0O03HATEHUH, KOTOPBIE TO3BOJISIOT
00J1er9uTh (POPMYJIMPOBAHUE ATBHEHIITNX TEOPEM.

[IycTs gasbl THIIEPILUIOCKOCTH 1, ..., ), pasbuBarormue npocrpancteo R
na Kjaccol R', ..., R®. Hazosem xiacc RP mmockum, ecim 3l; @ RP C 1;. Bee
KJIACCHI, HE SIBJISIONINECS IJIOCKUMU, HA30BEM OO'bEeMHBIMU.

Taxeke BBeJIeM HECKOJIBKO MMOJIE3HBIX oOo3Hadenuit. Ilycrs Iy, ..., 1, - Tu-
nepruiockoctu. BozbmeMm VE > 0 u paccMOTPUM MHOXKECTBa,

k
Lie ={z e R"||l;(z)| < &},i=1,...,k. Obosnaunm Le = |J L.
i=1

Bysem roeoputh, uro dbyHKus f(x) sB/IsieTCss HEYETHONW OTHOCUTEIHHO
ypoeus y, ecn f(z) —y = —(f(—z) — y).

OCHOBHBIMHU BBIBOJIAMU JIAHHON PabOTHI SBJISIOTCS JIBE T€OPEeMbI, chop-
MYJINPDOBaHHBIC HUZKE.

Teopema 1. Ilycmo Iy, ..., 1l - 2unepnaockocmu, xomopvie pazdbusaom npo-
emparemso R™ wa s kaaccos sxsusanenmmocmu RY, ..., R®, us xomopwox s
KAaCCO8 Asamomes obsemmuvimu, o f(T) — kycouno-sunetnas gyrnkyua, 3a-
dannasn Had OGHHBLMU KAACCAMU IKEUBAAEHMHOCTIIU.

Tozda Ve > 0,V§ > 0,VR > 0 cywecmsyem wetiponnas cemv G(T) nad
6asucom (1) makas, wmo evinoansemcs — sup |G(T) — f(T)] < e. IIpu-

ZEOR(0)\L¢
yem daHHaA HeUPOHHas cemb obaadaem caedyrowets aprumexmypoti:

1. Ha mepsom caoe nompebyemcs we boaee 2k Hetiporos-cymmamopos,
umerowux Pynryuro axkmusayuy @(x) = (x);

2. Ha emopom caoe nompebyemcesa 28" < 28’ netiponos, us xomopwx s”
netiponos umerom gynryuro axmusavuu @(x) = p(x), a ocmanvnve s” ned-
ponos — p(x) = x;

3. Ha mpemvem caoe nompebyemea s' metipornos-npodyxmopoé ¢ mosic-
decmeennoti pynryuet axmueauu;
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4. Ha wemesepmom caoe nompebyemcs 00urn HEUPOH-CYMMAMOP C MOKHC-
decmeennotl pyrruuet aKkmueauu.

Teopema 2. [Iycms 8LINOAHAIOMCA BCE YCAOBUA MeEOpemb. 1 ¢ mem Auwd
yeaosuem, wmo Pynruus P(x) Aeasemes HewemHol OMmHOCUMENLHO YPOSH
%. Tozda koruvecmso HeUPoOHos Ha nepsom caoe 6 netiponnoti cemu G(T) u3
meopemvr 1 mootcno coxpamums ¢ 2k do k, ocmasus ece ocmaswueca caou
be3 uameneru.

ABTop BBIpazkaeT 0J1aroapHOCTD MIIAJIIIEMY HayIHOMY cOTPYAHUKY [lo-
sgosauKkoBy B.C. n morenty YacoBckux A.A. 3a TOCTAHOBKY 3aadH.
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Improvements to neural network architecture for approximating
particle-linear functions
Shishlyakov V.G.

This work continues series of works in neural networks architectures
estimatons approximating some classes of functions. The following
paper considers the problem of improving upper-bound estimation of
neural network closely approximating particle-linear dependences.

Keywords: schema of functional elements, neural networks,
functions approximation, particle-linear functions.
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YacTp 6.
VuTenekTyajabHOe ylIpaBJjieHUE,
POOOTHI 1 DIOMEXAaTPOHHBIE CHCTEMbBI



I'eneTnyeckue ajaropuTMbl B 3a/ia9e CUHTE3a
pacIrpeieJIeHHbIX PeryJsiTOPOB

E.N. Aramacn! A. C. leprenmreiin?

B pabore mpemtaraercst MeTOT TTIOCTPOEHUS PACIIPEIETCHHOTO Pe-
TyJIATOPa CHEIUAIBLHOTO BUIA JIJIsT CTAOMIN3AIINNA CUCTEMBI C 3aITa3/Ibl-
BaHUEM, OCHOBAHHBIM HA WCIIOJIb30BAHUU TE€HETHUYIECKUX AJITOPUTMOB.
IIpoBoauTCs YnCIEHHOE MOIETUPOBAHIE U AHAJIA3 IOy YeHHBIX PE3YITh-
TaTOB.

KurouyeBbie cJjioBa: cucTeMbl ¢ 3ala3bIBAHUEM, CTaOWIN3AIINS,
reHeTUu4YecKrue ajirOPUTMBI.

1. BBenenue

Cucrembl, onucbiBaeMble JTuddepeHIuaIbHBIMI yPABHEHUSIME C 3aI1a3]IbIBa~
HHUEM, 9aCTO BOSHUKAIOT ITPU MOJETUPOBAHUN CUCTEM, B KOTOPBIX BEIIECTBO,
MHMOPMAITUST WK SHEPTUsT (PUSUIECKH IEPEIAIOTCS U3 OJHOTO MECTa B JIPY-
roe, B pe3yJibTaTe 4ero BO3HUKAET 33/IeP2KKa, CBI3aHHAS C BpEMEHEM Ilepe-
naqu. Hanwaue 3ama3apiBannii, 0cOOEHHO JJINTEIbHBIX, 3HAUUTEIBHO yCI0XK-
HSIET MPOIECC aHAJN3a CUCTEMBI M TIOCTPOEHUS JIJIsT HUX PETYIISATOPOB.

Brinensior nBa BaXKHBIX KJIACCA CUCTEM C 3alla3/IbIBAHIeM. B mepBoM ciry-
Yae [PEeIoIaraeTcsi, 9To 3aIa3/blBaHusl COCPEIOTOYEHbI B JUCKPETHOM (4a-
e BCero, KOHEYHOM) MHOXKECTBE TO4YeK. Takue CUCTeMbl HA3bIBAIOT CHUCTE-
MaM# C COCPEIOTOYEHHBIMU 3alla3/bIBaHuAMU. Bojiee obmumit ciaydail mpe-
CTaBJIAIOT COOOI CUCTEMBI C PACIIPeIeICHHBIM 3ala3bIBAHIEM, BeJININHA, 38~
Ma3IbIBAHUS B KOTOPBIX MOXKET OBbITH COCPEI0TOYCHA Ha MHOXKECTBE ITOJIOXK -
TEJIbHOW Mephl.

N3BecTHO, UTO 151 PEIleHUs CTAHAAPTHBLIX 33749 yIPABJICHUS I CU-
CTEM C COCPEIOTOYEHHBIMU 3ala3/IbIBAHUSIMU WHOTJIA MTPUXOIUTCS ITPUBJIE-
KaTb PEryJIsiTOPbI, COIAEPKAIINIT MHTErPAJLHOE CJIAracMoe C PACIIPEICICHHOM

! Amamacy Eezenuti Heanosun — accucTenT Kad. HETMHEAHBIX IMHAMUTECKAX CHCTEM
u uporeccoB yupasieausa d-ra BMK MI'Y, e-mail: eatamas@cs.msu.ru.

Atamas Evgeny Ivanovich — assistant professor, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Chair of Nonlinear Dymanical
Systems and Control Processes.

2 Fepuyerwmetin Anexcanopa Cepzeeena — CTyIeHTKa Kad. HEIMHEHHBIX IUHAMITIECKIX
CHCTeM | TpoIteccoB ypasienus ¢d-ra BMK MI'Y.

Gertsenshteyn Alexandra Sergeevna — student, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Chair of Nonlinear Dymanical
Systems and Control Processes.
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sagepxkkoii [1]. K makum mMerogam OTHOCHTCsI, B YACTHOCTU METOJ, HA3HAYE-
HUsI KOHeYHOro crekrpa mim Finite Spectrum Assignment (FSA). B upo-
CTEHIUX CIydasx M3BECTEH AJTOPUTM TOCTPOEHUSI CTAOUIU3UPYIONIETrO pe-
TYJISTOpA JJISI CHCTEM C 3aMa3JbIBAHUEM C HCIOJIB30BAHUEM ITOTO METOJIA.
Henbio mamHON paboTHI SIBJISIETCS TIOMCK TAPAMETPOB TAKOTO PETYJISITOpa C
UCIIOJTb30BAHUEM MHTEJIEKTYaIbHBIX METOJIOB, UTO IMO3BOJIUT B JaJIbHENHIIEM
MPUMEHUTD Pa3pabOTaAHHBIH TIOXO/T Ha OOJIee CIOXKHDBIE KJIACCHI CHCTEM.

2. IlocranoBKa 3aJa4u U aJTrOPUTM

PaccmarpuBaeTcss Kjacc CKaJSIPHBIX CHCTEM C 3aIla3/IbIBAHUEM, OIIHCHIBAC-
MBIX C HIOMOIIBIO TIEPEIATOUHON DYHKIUN:

Y(s)=G(s)U(s) = @e_LSU(s) (1)

rie a(s) u b(s) — B3aUMHO IPOCTBIE MOJMHOMBI CTEIIEHH M ¥ 1. COOTBET-
crBeHo, m < n — 1, b(s) — MOHNYECKUIl HOJMHOM, HE MMEIOIIIH KPATHBIX
KopHeit, L > 0 — 3ama3gbIBaHue IO BPEMEHM.

r(t) + u(t t
> - a(s )/b(s)e™ y”—»
A
A Perynartop cucrembi
Memory

: 1
: 1
: 1
i :
: 0 n :
| Yy v J' Y i expi-a; tuartrae |
| L4 !
lu(t-L) | u(t+1) u() o !
: I
: 1
: 1
: I
: 1
I

I

Y
k(s)/q(s) “7(}‘7 h(s)/q(s) |egd
I

Puc. 1. Cxema 3amMkHyTOIl cucremsl, rye r(t) — 3a1aromiee Bo3eiicrsue, y(t)
— BBIXOJIHO}T curHasl, u(t) — YHPABIISIONHMI CUIHAL.

Cucrema, 3a1annasi ypasHenueM (1), He coepKur o6paTHOI CBs3M, MO
9TOMY JIJIsl Hee HET BO3MOXKHOCTH H3MEHHUTH CIIEKTP. 3aMKHEM CHCTEMY 00-
paTHON CBS3BIO, COJEPIKAINENl PEryasaTop CHeNUuaabHON (DOPMBI, CXOTHON C
ucrobdyeMbiM B MeTosie FSA peryssitopom. Mbl Oysiem paccMaTpuBaTh pac-
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IIpeJIeJICHHBIN PEryJIsaTop, CoJ/iep2Kalllinil HHTerpaJbHOe claracMoe BHUA:

0 n
/ Z cie NTu(t + 7)dr. (2)

-L5—

B pesysnbrare nepenarounas MyHKIMS 3aMKHYTOW CHCTEMBI IPUMET BU/T

—Ls

B als)a(s)e
W) = G = 7)) — ((s)k(s) — ()72 (5) T a(s)h(=)e B

Baech a(s) — momuHom crenern m < n — 1, b(s) — MoHMYecKuii mosm-

(3)

HOM creneHn 1 6e3 KpaTHbIX KopHeil, a(s) u b(s) — B3aumuO mpoctsie, p(s)
— MOHUYECKUU yCTOUYUBBINA ITOJIUHOM CTEIIEHU 7, COOTBETCTBYIOIIUN 2Kejiae-
MOMY CIIEKTDPY CHCTEMBbI, ¢(S) — MOHHYECKUIT yCTONIMBBII TIOJIMHOM CTEICHH
n — 1, coorBercTByIOMUil crieKTpy Hab/IIOIATEIs B ccTeMe, k(S) — IOJIMHOM
CTeIeHn He BhIme n — 2, h(s) — mosmHOM crenenu He Bbie n — 1.

C nmomormipio p(s) u q(s) 3a1a10TCsl XKeylaeMble CBOMCTBA 3aMKHYTOH Cu-
creMbl, noauHOMBL h(s) u k(s) — mocTymHble I HACTPOWKH MapaMeTphl
perymsaTopa.

3HaMeHaTe b TepeIaTOIHON (DYHKITIH MPEJICTABIISIET CODOI KBA3UTIOHI-
HOM 3ala3/piBatornero Tuna. Vissecrro [3|, uro jyist ypaBHeHUil paccMaTpu-
BAEMOI0 BH/Ia IpaBee J000l BePTUKAILHON MPAMON Ha KOMILJIEKCHON ILIOC-
KOCTHU COJIEPKUTCS He DoJiee, 1eM KOHETHOE TUCJIO KOPHEHt, a, CJIe0BaTEe/IHHO,
He 60J1ee, IeM KOHEIHOe 91CJI0 HeyCTOWIMBLIX KOpHeil. /lannoe cBOCTBO maer
BO3MOXKHOCTL KOPPEKTHO OIPEIETUTD CHEKTPAIbLHYIO abCIICCy, Ha KOTOPO
PACITOJIOZKEH CAMBIN MTPaBBIil KOPEHb PACCMATPUBAEMOTO KBA3UMHOTOUICHA.

st IpOBEpKM yCTOWYIUBOCTH CHCTEMBI JIOCTATOYHO HMCCIEIOBATH KOPHU
KBa3WIIOJIMHOMA, HAXO/ISIIETOCS B 3HAMEHATE e TTepeaaToIHoi dhyukiwmm. O1-
CYyTCTBHE KOPHEH clipaBa OT MHUMOI OCHU I'apaHTUPYeT YCTONYNBOCTH KBA3U-
TTOJIMHOMA, ¥ BCJIEJICTBUE 9TOTO YCTOWIMBOCTD BCEH CUCTEMBI.

st cuATe3a pacupeiesIeHHOTO PEryasTopa ¢ MOMOIIBI0 TeHETHIeCKOTO
AJITOPUTMa HEOOXOINMO OIPEIeTNTDh Te/IeByI0 (hYHKIMIO. B KadecTBe Hee B
JTAHHON 3ajade OyaeT OpaThCs CIIEKTPaJbHAsT abCICcca — 3HAYEHNe MAaKCH-
MaJIbHOW JTEMCTBUTEJIIBHOU YaCTU CPeJM BCEeX KOPHENH KBa3WMHOTOYJIEHA 3a-
[1a3/ILIBAIOINIETO THIIA.

B caydae orcyTcTBUS KOpHEH B MPaBoil MOTYIIOCKOCTH KOI(DMDUITHMEHTHI
JUUIsl HEM3BECTHBIX MOJMHOMOB h(s) m k(s), BXOASIUX B MCKOMBIH pacipe-
JIEJIEHHBINH PETYIATOP CHUCTEMBI, MOXKHO CUNTATH HaleHHbIMU. JI1s momcKa
KOpHEH KBAa3UIIOIMHOMA 3aI1a3/ILIBAIONIETO TUIIA UCIIOIH30BaIaCh OUbINOTE-
Ka [5].

[Tonydennplii aJropuT™M OBLT IMPOTECTUPOBAH Ha PA3JIMIHBIX CHCTEMAX
PacCMATPUBAEMOTO THIA W MPOBEPEH Ha KOPPEKTHOCTH PabOTHI ¢ TIOMOIIHIO
qucsieHHOro MojienpoBanust B cucreme MATLAB/Simulink.
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3. BuiBoabl

YucnaeHHoe MOIE/JMPOBAaHKE IIPEIIOXKEHHOIO aJrOPUTMa II0KA3aJI0 ero -
¢eKTUBHOCTD. B 1mporiecce TeCTUPOBAHNS U MOJEJIMPOBaHUsI ObLJIN BBISIBJIEHBI
o0Ie TeHIEeHIUN 3aBUCUMOCTH CKOPOCTH IIOUCKA PELICHUs OT IapaMeTpPOB
TeHEeTUIeCKOIr'o aJropurMa u BHUIa I/ICXO,ZLHOfI CUCTEMBI. HOI[‘ BpeMeHeM IIOUC-
Ka peIlleHns] B JaHHOM CJIydae ITOHUMAaeTCsl HOMEp HTEPAIlud, Ha KOTOPOM
perreHne OBLTO HaiIeHO.

o Ilpn yBenmuennn pa3Mepa HOMYJSIIUNA BPeMsI TIOUCKa COKPAITAJIOCH.

o ll3Mmenenne KOJIMYECTBA My TaIldil He BCETIa IPUBOIUIO K YMEHBITIEHUIO
Bpemenu roucka. Ho 3a cder yBesmyenus aucyia MyTalnii COXpaHsijioch
pa3HOOOpa3ve B MOIMYJAIUN, YTO HE JABAJIO BO3MOXKHOCTHU ITOIYJIAIIINI
COUTHUCH K €JJMHCTBCHHOMY BEKTODY, HE ABJIAIONIEMYCH PEIICHUECM.

o [Ipu yBesmvueHNN BeJMYNHBI 3ala3/IbIBAHUS WU CTEIEHEH YMCINTeJIs
¥ 3HAMEHATEJISl B CIyvYae CUCTEM C 3alla3/IbIBAHUEM YBEJININBAJIOCH KO-
JINYECTBO UTEPAIUiil, TPeOyeMbIX JIJIst IOUCKA PEICHUS.

e llamenenne criocoba MHUIMAIU3AIUN HAYAJIBHON IOMYJIAINNA, TO €CTh
BBIOOD JMana3oHa 3HAYEHNH, 13 KOTOPOTO NeHEPUPYIOTCS BEKTOPa Ha-
JaJIbHON MOIYJISINY, B KAKOW-TO CTEIIEHH 3aBHCUT OT 3HAYEHUN KO-
GUIMEHTOB UCXOMHOW CHUCTEMBI. YIadHAs NHUITUAIUIAIMS JABAIa J10-
CTaTOYHOE PasHoobOpasue 0cobeil B MOMYJIANMHA /It TaIbHEAIIero momc-
Ka perleHus.
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Genetic Algorithms in Distributed Regulator Syntesis problem
Atamas E.I., Gertsenshteyn A.S.
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(2]
3]

4]
]

The paper proposes a method for constructing a distributed
controller of a special type for the stabilization of a system with a
delay, based on the use of genetic algorithms. Numerical modeling and
analysis of the obtained results are carried out.

Keywords: time-delay systems, stabilization, genetic algorithms.
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Oob6paz3oBaTesIbHBIN IMIPOEKT MO CO3IAHUIO
ITPOTOTHUIIA MOOMJILHBIII poboTa A
pa3aeJabHOro cbopa Mmycopa Ha base
YHuBepcuterckoii rumMHazun MI'Y

O. 1. Tomuapos! 1. B. 3no6un! . C. Mokpoycos!

PaccmaTpuBaercss onbIT yuebHOrO POOOTOTEXHUIECKOTO MPOECKTA
peajim3yemMoro coTpyIHuKaMu (haKyJbTeTa BBIUYACIUTEHHON MaTeMa-
tuku u kubepueruku MIY mmenun M.B. JlomonocoBa ma 06aze Yum-
BepcuTeTckoil rumuaznu (mkosa-uarepaar) MI'Y uvenn M. B. Jlomo-
HocoBa. B paboTe MpUBOAMTCS ONMUCAHUE MPOEKTa W €r0 TEKYIIHNe pe-
3yJbTaThl. IIpecTaBIsiroTCs MPOMEXKYTOYHBIE UTOTH I1€arOrmIeCKOM
JIeSITeJIBHOCTH, PACCMATPUBAIOTCS BOITPOCHI O CJIOYKHOCTH BEJIEHUS IIPO-
€KTOB 10 POOOTOTEXHUKE U UX COOTBETCTBUY YPOBHIO 0Opa30BaHUS yIa-
IIUXCS CTAPIINX KJIACCOB.

KuroueBbie cioBa: Hayuno-uccienoBarenbekuit obpa3oBaTeib-
HBI TTPOEKT, pOOOTOTEXHNKA, 00pa30BaATEIbHAST MOJETD.

1. BBenenne

JlaHHBIN JTOKJIAJI TOCBAIIEH 00PA30BATEILHOMY MPOEKTY IO CO3JIAHUIO IIPO-
TOTHUIIA MOOMJIBLHOrO poboTa Ijisi COOPKH MyCOpa, BBIOJHsIeMOMY Ha 0a3e
Yuusepcurerckoit rumuazun MIY.

B pamMkax JaHHOrO MpOEKTa IIPEJIIoIaraeTcs CO3aTh MIPOTOTUII MOOUIb-
HOTO poboTa, CIIOCOOHOIO cOOUpPATh OTIAEIbHBIE THUIIBI MycOopa. Takas mocra-
HOBKa 3a/1a49M MO3BOJISET 3aTPOHYTH OOJIBIIOl CIIeKTp obJacTeil (KOHCTPYH-
poBaHMe, MaTeMaTUIeCKOe MO/IEJIMPOBAHNE, [IPOTPAMMUPOBAHIE, MAITUHHOE
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O6y‘{eHI/I€), KOTOPBIE fABJIAIOTCA BECbMa CJIOXKHBIMU JIJIsI OCBOEHUA JTazKe CTY-
JeHTaMH! BbICHINX y‘IG6HbIX 3aBe,ZLeHI/II7L

2. OmnmcaHue MPoOeEKTa

[TporoTun MobmIBLHOrO pOOOTa IIPEJCTAB/IAET CODOM MPOCTYIO KOJIECHYIO
ardopMy, OCHAIIIEHHYIO CXBATOM, 3JIAIITUPOBAHHBIM JIJIs 3aXBaTa MyCOPA.
Cucrema yupasienusi pobora ocaopana Ha ROS (Robot Operation System)
[1]. Pobor ocnamen 2D jmaapom ¥ HaBHIAIMOHHOI MOJCUCTEMON, JAaroIeit
€MY BO3SMOXKHOCTH aBTOHOMHO II€epeJBUraTbCdA B IIPOCTPAHCTBE, penlad 3a1a-
YU TIOMCKA MYyCOPa, JIOCTABKU €ro K MecTy cOopa, 00XO0XKIeHUsT TPEISITCTBUIA.
Takzke Ha pobOTE yCTAHOBJICHA KAMEPa, BUICOMOTOK C KOTOPOil UCIIOJIb3yeTCsT
[OJICUCTEMOI PACIIO3HABAHMS M300pasKeHui JJIsi UAeHTUDUKAIMNA MyCOpa.
[Iran peanuzanuu MpoeKTa MPEINOIATAN CJIETYIOIIEe:

1) Vuammecs: snakomsrcs ¢ ROS Ha 6a30BOM ypoBHE, JOCTATOYHOM JIJIst
3anycka cumysisiuu pobora TurtleBot [2].

2) ITo mepe panbreiimero ocsoerust ROS HaunHaercs: mocTeneHHast Bo-
JIOIMOHHAST MOIDUKAIINS STOMH MOJIENN:

e MOjeIb poboTa 3aMeHsIeTCsl Ha COOCTBEHHYIO;

e 00aBJIAIOTCH MPOrPaAMMHbBIE KOMIIOHEHTBI, peajusyomue “6a3o-
BbIe HABBIKW ;

e ocBaMBaeTCss HaBUTralnOHHLIA creK ROS, peanmsyomuii HaBbIKI
JIBUKEHUST;

3) IosyueHHBIE KOMIIOHEHTBI OOBEAMHSIOTCS B OOIIYI0 CUCTEMY, AKTUBH-
PYIOIIEI0 TOT UJIW WHOW HABBIK B 3aBUCUMOCTH OT TEKYIIEN CUTyalluu.
4) Tlocsie TOro, Kax I0JIyYeHbl Y/I0BJIETBOPUTEIIbHBIE PE3YJILTATHI Ha MOJIe-
JIM, HAYUHAETCs MOITAIHBIH 11epexo)1 Ha peajbHoe obopypoBanue. [Ipu
9TOM IIJIAHUPYETCST UCIIOIB30BaTh J00yi0 ROS-coBMecTuMyo MOOUIIB-
HYIO 1J1aT()OPMY U OCHACTUTD €€ CXBATOM COOCTBEHHON KOHCTPYKITUH.

Takoii T1aH MO3BOJISIET COXPAHUTH MHTEPEC YIAIIerocs, IIyTeM OBICTPOTO
nepexojia ot uzydenust ROS kK pabore ¢ cuMyitsinueii u Jaet JOCTATOTHOE Bpe-
MsI HA OCBOEHUE CUCTEMBI, IIO3BOJISISI IIPU 3TOM Pa3/JAe/UTh MOA3a/Iaul MEXK Ty
MIKOJbHUKAMU B 3aBUCAMOCTHU OT MpOduiisi uX 00y IeHUs.

3. OcHOoBHBIE OOpa3oBaTe/ibHbIE PE3YJIbTATHI

3a 1epBbIil 1o/ 00yYeHN TUMHA3UCTBL:

e ocsousum pabory ¢ ROS, mayuminuch cosmaBaTb COOCTBEHHBIE TAKETHI

ITO st ROS;
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e oIpeaesauIn o0muil 06JINK IPOTOTUIIA C yYIeTOM BO3MOXKHOCTEH TeXHU-
9ecKoil 0a3bl TUMHA3UNT;

e pa3paboTajy IPOEKT CUCTEMBL YIIPABJIEHUS], PeaIl30BaJIl €€ OCHOBHbBIE
MO/TYJIH;

® 1IPOBeJIN UCIHBITAHUS cucTeMbl B usndeckoM cumyssitope Gazebo [3];

e BriGpasm pobor TurtleBro [4] B kauecrBe MOGHIBEHO! 1171aTHOPMBI 1151
nepexo/ia Ha peajbHOe 000pyI0BaHHE.

SHAYNTENBHYIO CJIOXKHOCTH ITIPA PEASIU3AIMN [TPOEKTa BBI3BAJIO OTCYT-
CTBUE y THUMHA3UCTOB HABBIKOB MPAKTUYIECKOTO MTpOrpaMMupoBannu. He
cMOoTpst Ha 6a3y B Bujie 3HAKOMCTBa ¢ si3biIkoM C/C++ 1 XOpoIyo ajropur-
MHYECKYIO TOJTOTOBKY (yMeHHe peraTh OJMMITHAHbIC 3a/1ai) BO3HUKJIM
CJIOKHOCTH C OCBOEHHEM COBMECTHON PabOThI (perno3uropuu git), MCrosb3o-
BaHWEM CTOPOHHUX OMOJIMOTEK, B TOM UHCJIE C YMEHUEM YNTATH JOKYMEH-
Tanuo, ¢ opopMIeHHEM COOCTBEHHOTO KOJia B BHUJE MPOrPAMMHOIO MAKETa,
cuabkeHHOTrO cpejcTBamu cbopku (cmake) u okymeHTanueit.

B mporiecce paboThl IPHUIILIOCH MOWTH Ha PsiJi KOMIPOMUCCOB, 9TOOBI 0bec-
MEYUTH PEATM3YEeMOCTDb TTPOEKTA!

e llcnosip3yercst mpoCcTeRnii MOAX0 K PeATU3AINN BEPXHETO YPOBHSI CH-
CTEMbI yIIPaBJICHU: KOHEUHBIN aBTOMAT, HAIIMCAHHBIM Ha C++.

[ ] MHO}KGCTBO Paciio3HaBaceMbIX THIIOB Mycopa OI'PaHUYI€HO aJIIOMHUHUE-
BBIMU OaHKAMU U TOJI-JTATPOBBIMU IIJIACTUKOBBIME OyThLIKaMu. VX pas-
MEpBI M MacCa XOPOIIO COOTBETCTBYIOT BO3MOXKHOCTSIME ILIAT(OPMBI,
HO IIPU 3TOM OHH SIBJISIIOTCSI CJIOYKHBIM OOBEKTOM JJIsI BbIIEJECHUs Ha,
M300parkeHn .

4. JlagbHelIne nJjIaHbl

Ha rekyrmuii MOMEHT OCHOBHO# TEJIBIO MPOEKTa SABJISETCSH OCBOoeHue pabo-
TBI C PeaJbHBIM 000PYIOBAHUEM U COBEPIIEHCTBOBAHUE CUCTEMbI MAITUHHOLO
3penns. [IpennmpuaIMaIOTCSa yCHans MO CIeTyIONINM HAIPABISHUIM:

1) Bamyck HaBuranuoHHoro creka aa pobore TurtleBro.
2) CoBepIlleHCTBOBAHUE AJTOPUTMA, [ATPYIUPOBAHIE MECTHOCTH.

3) O6yuenue wueitponnoit cern YOLOv4-tiny [5| mist merexkrupoBanus
AIIOMUHUEBBLIX OAHOK U IJIACTUKOBBIX OYTBHLIOK.

4) Cosnmanue cxpata.
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5. BeiBoabl

Peanuszamnus momo0HBIX IPOEKTOB TMMHA3UCTAMU BIIOJIHE BO3MOXKHA, HO CJIe-
JIyeT IPEJIIPUHSTD JIONOJHUTEIbHbIE YCUJIUs 10 COKPAIEHHIO MaTepPHAJIa,
TPeOyIoIIero n3yyeHus. BhICOKUil yPOBEHD CJIOKHOCTH IIPOEKTA CBA3AH C Pa3-
HOoOOpaszueM 3aja4d. B asbHelileM nMeeT CMBIC HCIOJIB30BATE OOJIbIIE I'0-
TOBBIX peHleHI/IfI 1 CKOHIICHTPUPOBATLCA Ha pPeaJiu3allui TOJIBKO KJ/IIOYE€BbIX

qgacTeil mpoeKTa.

Crmicok aurepaTryphl
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Goncharov O.I. Zlobin D.V. Mokrousov I.S.

Considered the experience of the educational robotic project
implemented by the staff of Faculty of Computational Mathematics and
Cybernetics of the Lomonosov State University of Moscow on the basis
of the University Gymnasium (boarding school) of MSU. The paper
provides a description of the project and its current state. Presented
the interim results of pedagogical activity. Considered questions about
the complexity of running projects in robotics and their compliance
with the level of education of senior students.

Keywords: research educational project, robotics, educational
model.
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HNcnonp3oBanne pa3pexkeHHOIl CTPYKTYPhI
MmaTpun Zlkodu m I'ecce a1 yckopeHus
qHCJIEHHOTO pellleHnd 3a4a9 ONTUMAaJIbLHOTO
IJIAHUPOBAHMS TPAEKTOPUii

J1.B. 3106un*

B mamHOit pabore paccMaTpUBAIOTCH 3aJIaMd HEJIMHEHHOro Ipo-
IPaMMUPOBAHUsI, B KOTOPBIX IeJIeBOi (DyHKIMOHAT U (DYHKIMH Or'pa-
HAYEHUN 3aJ]aHbI OTHOCUTEIBHO HEOOJIBITUMHU BBIPAYKEHUSME, COIEp-
JKAIUIMU TT€PEMEHHbIE C UHICKCAMU.

3a cuer aHaIM3a 3aBUCUMOCTH BBIPAYKEHUI 331491 OT WHIEKCOB MO-
JKeT OBITh MOJIydYeHa CTPYKTYPa Pa3perKeHHLIX MAaTpuilbl flkobu orpa-
HUYeHW U MaTpuIlpl [ecce arpankuaHa 3aa9qi. DTO HO3BOJISIET BbI-
nucaTh ob0mme (GOPMYJIbI [IJIsi PACYETa UX HEHYJIEBBIX JIEMEHTOB, HC-
TOJTb30BAHNE KOTOPBIX MPUBOJUT K 3(PMEKTUBHOMY TPUMEHEHUIO JTHC-
JIEHHOTO METOJIa, JJIsi PEIleHns] 3a/a9l HeJIMHEHHOIO IPOTPaMMUPOBa-
HUS.

KiroueBbie cj10Ba: MIaHUPOBAHUE TPAEKTOPHil, HEJIMHEIHOE TTPO-
rpaMMUpOBaHue, pa3pekeHHble MarTpullbl Skodbm u Tecce, IpOpt,
SymPy

O uH u3 coco60B MIAHIPOBAHIS TPACKTOPHIT JBUKEHHS IIATAIOIINX PO-
0OTOB — 3TO CBeJICHHE 3aJa49l OIITHUMAJILHOTO YIPaB/ICHUs K TIaIKOI 3a1a4e
nesmHeitHoro nporpammuposanust (HJIIT) Gosbimnoit pasmeprocru [1]. Mar-
puna $Ikobu 1 orpaHmYeHnii U MaTpuiia lecce Ui JarpaHzKHaHa 3TOM
3aJ1a91 ABJIAIOTCS CUJIBLHO Pa3PeKEeHHBIMI.

JIoKaJILHBIE pelIeHus] TAKOTO POojia 3aa9 MOI'YT ObIThL Hail/IeHbl YACICHHO.
OJ1uH 13 paclpoCTpPaHeHHBIX METOJ0B /ISl TOT0 — MeTOoJ| BHyTPEeHHeil TOUuKH
[2]. B mem ucnonbaytores caeyromnue crnenuduanHble s KOHKPETHON 3a1a49u

byuKIHN:
e IejieBOil (PYHKIMOHAJ 3aJ1a91 U €ro I'PaJIUeHT,
e bOYHKINU OrpaHUYeHuil 1 MaTpuia JKo0u Jijis HUX,

e mMaTpuiia 'ecce st marpaH;KnaHa 3aJa9H.

L3n06un Jmumpuii Bacuavesusw — acmupant Kad. HeIMHEHHBIX JMHAMUYECKHX CH-
creM u mporeccoB ympasiaenus ¢d-ta BMK MI'Y wum. M.B. JlomonocoBa, e-mail:
dimz94@mail.ru.

Zlobin Dmitry Vasilevich — graduate student, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Chair of Nonlinear Dynamic
Systems and Control Processes.
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Tax kak marpunbl Akobu u lecce cubHO paspekeHHbIE, TO JOCTATOIHO BbI-
YUCJIEHUSI UX HEHYJIEBBIX 371eMeHTOB. CXOMUMOCTh YUCIEHHOTO METOJIa M CKO-
POCTB IOUCKA PEIICHUs 3aBUCAT OT TOYHOCTU U 3MDMEKTUBHOCTH PeaTu3aIiuu
3TuX (QyHKINH. BBIUTpHINT B CKOPOCTU MOXKHO TOJIYYUTD 38, CUET:

® 6bICTpOFO BbIYUCJICHUA ITPOU3BOJHBIX,

® YMEeHbIIIeHUs KOJUYIECTBa HYJIEeBbIX deMeHTOoB Marpull fkobu u [ecce,
KOTOPBIE SIBHO PACCUUTBIBAIOTCS IIPU BBIYUCIEHUN STUX MaTPHIL.

O6muit moaxo J11sI pacdera JeMeHToB MaTpull fIkobu u ['ecce cocrout B
UCIHOJIb30BAHUU METOJIa aBTOMATHIECKOro (aJropurMudeckoro) muddepen-
rpoBanus |3]. OHAKO OH He O3BOJISIET TIOJTHOCTHIO UCKTIOUNTH BHIUUCICHIE
TeX 3JIEMEHTOB, KOTOPhIE 3aBE/IOMO PABHBI HYJIIO.

Jlpyroit moaxo — 9TO JeTajabHBIN aHaJn3 CTPYKTYPhI MaTpul, Axobu u
Tecce my1st KOHKPETHON 3a/1a9M WJIM KJIacca 3aJ[ad, ITO HO3BOJISIET JTOOUTHCS
BBIUIDBINIA B ckopoctu [4, 5, 6]. B ocHOBHOM ucciiemyercst CTpyKTypa Mar-
putbl fIKobu, aHaIn3 MaTpUIbl lecce HJjsl JIarpaHKUAHa IIPOBOIUTCS PEXKE
B BULY OOJIBIIEN CJIOXKHOCTH.

B manmoit pabore anaausupyercs: crpyKTypa marpuil fAxkobu n ['ecce st
zayad HJITI, BosHUKAOMUX MpH IJIAHKPOBAHUU TPAEKTOPUIl JIBUXKEHUs 18-
raformx poboToB. X 0COBEHHOCTBIO SIBJIAETCA MCIOJIB30BAHUE OTHOCUTEIIb-
HO HEOOJIBIIUX BBIPAXKEHUil, B KOTOPbIE BXOJAT IMEPEMEHHBIE C UHIEKCAMHU.
Nmenno nHIEKCHl 00YCIAaBINBAIOT OOJIBIIYIO0 PA3MEPHOCTD ITUX 3384 U MX
pa3pexKeHHYI0 CTPYKTYpPY. llepeMenHble ¢ WHIEKCAMU MTOSIBJISTFOTCS TIPU JTUC-
KpeTusaruu QyHKIUNH BpeMeHN WCXOAHON 3a/1a9u ONTUMAJBHOTO YIIpPaBJiIe-
HUS.

AHajin3 3aBUCUMOCTH BBIDAXKEHUN 3aJadi OT WHIEKCOB IO3BOJISIET pPas3-
ourh Marpunbl fkobu u I'ecce Ha OJIOKM IPSIMOYTOJIBHONW M JUArOoHAJIbLHOM
OpMBI, cojieprKaliiie TOJbKO HEHYJIEBBIE JIeMEHThI. SHAUEHHST 3TUX JJIEeMEH-
TOB MOI'YT OBITH BBIYMCJIEHBI IO 00IIei 1j1s1 6/10Ka bopMysie, 3aBUCAIIEH OT
HHJIEKCOB.

910 ujes OblLIa peajm30BaHa B IPOrpaMMHOM makere sympy2ipopt. Oun
HaIMCaH Ha si3bike Python ¢ ucmonb3opanneM OMOIMOTEKU s CAMBOJIBHBIX
Borancsiernit SymPy [7]. Tlaker sympy2ipopt nossossier:

e omnucarh 3amaay HJIII mpu momomniu cuMBOIBHBIX BhIpazkeHuii SymPy,

® II0JIyYUTh BBIPAKEHUsI JJIsT 9JIEMEHTOB I'PAIUEHTa, IeJIeBOro (PyHKIINO-
HaJla, METOJIOM CUMBOJIBHOTO I depeHITnPOBAHNSI,

e paz6uTh MaTpuilbl Akobu u 'ecce Ha OJIOKM M3 HEHYIEBBIX IJIEMEHTOB
7 TOJIY9IUTh JJIsi KazKI0ro 06/10Ka obire popMysIbl pacdera 3JeMEHTOB
METOJIOM CUMBOJILHOIO JuddepeHImpoBaHusl,
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e creHepupoBaTh uHTepdeiicabie byHKIMu Ha sizbike C+-+ Jy1d perra-
tesist IpOpt (peanmsanusi MeTosa BHyTpeHHeN Toukm). [eHepupyercst
3 DEKTUBHBIN KOJI OTHOCUTEJIHHO HEOOIBITION JJINHBI, UCIIOJIb3YIONTUI
TOJILKO IIUKJIbI, YCJIOBUSI U MaTeMaTuIecKue (pyHKITIN.

Ncxoaublit Kom makeTa sympy2ipopt JocTymeH B PEIO3UTOPHUH MO aJIPECY

https://github.com/zlobin-d/sympy2ipopt.

Pabora momepxkana nmpoekrom PODU Ne 19-07-01226 A
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Zlobin D.V.

This paper deals with nonlinear programming problems, in which
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Analysis of problem expressions dependence on indices gives
sparsity structure of Jacobian and Hessian of the Lagrangian. This
allows to get general formulas for calculating their non-zero elements
and leads to effective numerical solving the nonlinear programming
problem.
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Hcnosb3oBaHne ajJropurMa MMUTAIINN
OT2KUTa JIJIsi ONTUMU3AIUN [TapaMeTPOB
naeHTuuKaTopa JMHAMAKN I1JIaT(MOpPMbI Ha
ocHOBe auddepeHnnaIbHbIX HeiiPOHHbBIX
ceren

A. M. Myxamenos!

Ha Tounocts nnenrudukannn muddepeHnuaabHbIMI HEHPOHHBIMEI
CeTSIMU 3HAYNTE/IFHOE BJIUSHIE OKA3BIBAIOT IMapaMerphbl (DyHKIHH ak-
tuBanun. [Ipemioxken crocod onTUMU3NPOBATE THU IAPAMETPHI € IIOMO-
IO AJITOPUTMA UMHUTAIIAA OT2KUTA, PEIYIBTATHI OIITUMUSAIINH ITPOJIE-
MOHCTPUPOBAHBI Ha IIPUMEPE 3812491 UACHTU(PUKAIINY JTUHAMUAKH T1JIaT-

dOopMBL.

KuaroueBbie ciioBa: auddepeHimaabable HefpOHHbIE CeTH, TJIO-
GasbHasT OITUMU3AINS, AJTOPUTM UMHUTAIIMA OTKUTA.

OfHUM U3 MOAXOJ0B K aHAJM3Y HEJIMHEHHBIX CHUCTEM C HEOIPEIe/IeHHO-
craMu sIBJIgoTcs quddepennualibible Heiiponnbie cerr. OHU IO3BOJIAIOT all-
[IPOKCUMMPOBATH JIUHAMUKY HEJIMHEHHON YaCTH CHCTEMBI C ITOMOIIBLIO IIPO-
U3BEJEHUN MATPUIl n3 (PYHKIUH AKTUBAIIMH W BECOBLIX KO3 PUITMEHTOB.
[Tpumep nogobHOM cucTeMbl npejicrasie B [2|. B ommume or crarudeckux
HEHPOHHBIX ceTell, BecoBble KO(DDUIMEHTH U3MEHSIOTCA B IIporiecce pabo-
Tol auddepeHnuaJIbHbIX CeTel, IPUIEM IIPABUIa, 3aJal0ue UX JINHAMUKY,
OIIPEIEJISIOT CXOIUMOCTD Beell cuctembl. [Ipn aToM, TOIHOCTL PAbOTHI U CKO-
POCTB CXOAUMOCTH OIPEIEISAIOTCS U BBIOOPOM KOHKPETHBIX (DYHKIINI aKTHBa~
I U UX HapaMeTpoB. Takum oOpa3oM, BOSHUKAET 3a/a4a, [IOUCKa 3HAYEHUI
apaMeTpoB, 00ECIeUNBAIONINX JIYUIIYIO CXOAMMOCTD JJIsT PACCMATPUBAEMBIX
CHUCTEM U apXUTEKTYPBI CETH.

AJIrOpUTMBI UMHUTAIMU OTKUCA, IIO3BOJISIIOT peIllaTh I0J00HbIE 3a/a4u
MHOI'OMEPHOI ONTUMM3aIINN, IPOU3BO/sI CTOXACTUYECKHIl IOWCK II0 IIPO-
CTpaHCTBY ,ZLOHyCTI/IMbIX 3HAUYCHUI. HpI/I 9TOM IIepexol B HOByIO TOqu C
HEKOTOPOH BEPOSITHOCTHIO BO3MOXKEH W IIPHU YXVIAIIEHNN 3HAYECHUS IIEJIEBOI
GyHKIIUU. DTO MO3BOJISET AJTOPUTMY BBIXOJIUTH U3 JIOKAJBHBIX IKCTPEMY-

! Myzamedos Apmyp Marncyposus — acmupanT Kad. GyHIAMEHTAIBHOR W IPHKIAI-
HOIt MaTeMaTuku (-Ta KocMmmdeckmx ucciemoBanuit MI'Y um M.B. Jlomonocosa; mias-
muit HaydHbiil corpyaauk HIIMY "Ceepxspyk"MI'Y umm M.B. Jlomonocosa, e-mail:
a.mukhamedov@vrmsu.ru

Mukhamedov Arthur Mansurovich — graduate student, Lomonosov Moscow State
University, Faculty of Space Research, Chair of Fundamental and Applied Mathematics;
junior researcher, Lomonosov Moscow State University, Center "Supersonic".
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MoB. BeposTHOCTL mepexona B TOUKY C XYAIIUMU TOKA3aTeIIMU PETyIupy-
eTCsl TTapaMeTPOM TeMIIePaATYPbhl, YMEHDIIAIONIUMCSA B IIpoIiecce PabOThI aJ-
roputMa. [Ipu BBICOKHX 3HAUEHUAX TEMIIEPATYPHI ITOBEIEHNE AJITOPUTMA, 10~
XOKe Ha CJIyJYalHBIM MOWCK, a MPU HU3KUX — Ha FPaJUEHThIH ciyck. Takoe
[TOBEJIEHUE MOXKET OBITH IMOJIE3HO IIPU ONTHUMUBAINNA [apaMeTpOB (QPYHKIUN
aKTHUBAIIUN.

B kadecrBe mpumepa paccMoTpeHa 3asada UAeHTUMDUKAIUN JTUHAMIKI
HOJIBUKHOMN 11aT(OPMBI ¢ TpPeMsl CTEHeHsIMU CBOOOJBI (BBICOTA, YIJIbI Kpe-
Ha U TaHraxka). Beicora Gbuia 3aduUKCHpoBaHa TAKUM 00pa30M, 4TOOLI MaK-
CUMU3BUPOBATh 00JIACTD HOCTUXKUMOCTU 110 JIBYM JpPyTuM ocsiM. Bo Bpewmsi
paboTh! W1aT(OPMBI YIJIbI KPEHA U TAHTAXKa, COCTABJIAIONINE BEKTOD YIIPAB-
JieHust 11aTOPMBI, MEHSJINCH TI0 Y3JIaM CETKU C IMOCTOSIHHBIM MIAroM. BbI-
XOJHBbIE 3HAUEHNUs] PACCMaTPUBAEMO CUCTEMBI 3a/1aBaJIICh HO3UINENH U OpU-
eHTaIyell wIaT@OPMbl, KOTOPbIE OBLIM MOJIYUEHBI C IIOMOIIBIO THOPUITHON
[TO3UIMOHHO-UHEPIUAJIBLHON CUCTEeMbBI OTC/IexKnBanus. U nentudukaims mpo-
U3BO/INJIACh CETHIO CJIEAYIOIEro BUIA:

Tit] = Ax; + 0.5(W1i+1 + Wli) * O'(l’l) + 0.5(W2¢+1 + WQi) * (p(l’z)Ul

() = :
T T T exp (e, + 07,)

1
1+ exp(a:C;%,n + brfm,n)
tie d2,, el din, ehn > 0, C7 € RO*6 b7 47 ¢7 € RO (C¥ ¢ RO6X6%6
b?,d%, e? € R6X6 — napamerpsr dbyHKImMil aKTHBAIME, KOTOPBIE HYKHO OII-
TUMU3UPOBATH.

TpaaunuoHHBI aJrOPUTM UMUTAIIUN OTXKUTA IIPeHA3HAYUEH JIJIsI OITH-
MU3AIUH 110 JIMCKPETHOMY IIPOCTPAHCTBY 3Hadenwuii. [losTomy B nannoit pabo-
Te UCHOJIb3YeTcst onucannast B [1] moaudukarnmst /st paboTsl B HEIPEPHIBHBIX
IPOCTPAHCTBaX. BBIOOD CiieMyIoNeil TOUKN IPOUCKOIUT CMENTEHUEM 110 OTHON
KOODJIMHATE ¢ Ha 3HAUEHUE, HE MIPEBLINIAIONIEE JIEMEHT ¢ MMAroBOro BEKTOPA.
[Tocste cMmerenust n TPOBEPKH MOJIYYEHHBIX TOYEK 110 BceM KoopjuHaTtam N
pa3 IPOUCXOIUT U3MEHEHHE IaroBoro BEKTOPa TaK, YTOOBI BHIOPAHHBIE HO-
Bble TOYKHU IIPUHUMAJINCH B IMOJIOBUHE CIydaeB. [locjie n3aMeHeHusl MaroBoro
BekTOpa N7 pa3, MPOUCXOIUT CHUXKEHUE TEMIIEPATYPHI C MOCTOSTHHBIM MHO-
)xuTeneM. KpurepreMm oCTaHOBa CJIYKHUT HEYJIyUIIeHHe 3HAUEHUS IIeJIeBOi
dyuknuu nocie Neps YMEHbIIEHAN TEMIIEPATYPhI. 3aJIaHbl CJIC/LYIONINE 3HA~
qeHust mapamerpos: Np = 2, Ny = 3, Nops = 2. 3HaueHUsisl BCeX POUNX
napameTpoB 66t B3aThl U3 [1]. Ilpu onTuMusanun ucnoabp30BaInch TpU Ie-
JieBble (DYHKITUN:

+d;, — e

m

® L
+dm,n €m,n>

Pmn(T)

EA = Z ZA?mn7

m,n
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Ep = Z ATA;,

Er =Y (tr(dWEdwy,) + tr(dWEdWa,) + ATA,),

i

rie A; = 4; —x; — ommbka unentudukanuu, dW;, = W, — W, 1 € {1,2}, W,
— cpenHee 3HadeHne W, x; — BEKTOP COCTOsIHUsI CHCTeMbI B MOMeHT 7, W,
— MaTpHIa BeCOBBIX K03bduimeHToB auddepeHnuaabHoil HepOHHOI ceTn
B MoMeHT ¢. [lepBble aBe DYyHKIINM 3aBUCAT TOJIBKO OT OITUOKM UIEHTUMDU-
karuu A;, Tperbst (E7) TakyKe 3aBHCUT OT OTKJOHEHHUS MATPHUIIBI BECOB OT
CpeJIHero 3HaYEHUsl, TO €CTh IOMUMO CHUKEHUsI OOIIEi OIMUOKHU, IIPU OIITHMY-
3aIuu C TaKoi 1e1eBOil DYHKINEN TOI?KHBI CHIKATHCST KOJIEOAHNS MATPUIIBI
BECOB.

AsropuT™M OBLI 3allyIeH HE3aBUCHMO JJIsl KaXKJI0# I1esieBoii (pyHKIUU C
OJITMHAKOBBIMHU HAYAJLHBIMU YCIOBUSIME. Bce Tpu 3alycKa 3aBepIuIn CBOIO
paboTy 110 BBIIIOJHEHU TEPMUHAJIBLHOIO YCI0BUsI. Pe3ynbraTsl paboThl Ipe-
CTaBJICHLI B TabsmIe 1.

Henesast dyuknnsa | 3uadenune F4 3uadenne Ep 3nadenue Ej

Havambsnoe yciosue 20.3345 0.3393 0.8144
Ey 16.4802 0.3054 0.7057
Ep 17.1420 0.2802 0.6615
E; 16.9865 0.2817 0.6633

Tabauna 1. PesynbraTbl paboThl aJIrOPUTMa UMUATAIIUN OTYKUTA C PA3THIHBI-
MU TIeJIEBBIMU (DYHKITUSIME

MoxkHO 3aMETUTDb, YTO PE3YJIbTAThl ONTUMU3AIUU 110 PYHKIUAM Fp u
FE; npuBOanT K MOXOXKUM pe3yJibTaTaM II0 ABYM MeTpuKaM, HoO 1Mo E 4 OoJee
BBICOKWIT pe3yJIbTaT MOKa3biBaeT onrumusaius mo Fy. Onruvusanus mo 4
[IpUBeJIa K JIydIleMy pe3yJIbTaTy 10 CBoel (pyHKIWH, 110 ABYM JAPYTHUM II0JIYy-
YEHHBII pe3yJIbTaT XyXKe Pe3yJIbTaTOB ONTUMU3AINAN 110 COOTBETCTBYIOIUM
dyukiuam. Takum o6paszoM, ydeT B 1eeBOil (DYyHKIINM HE TOJIBKO OIIHMOKN
nAeHTH(UKAIIA, HO U JPYTUX KOMIIOHEHTOB, HAIIPUMED JUHAMUKHN BECOBBIX
KO3 (DUITNEHTOB, MMO3BOJISIET TOCTUYL OOJiee BBICOKOM TOTHOCTH II0 OIHIM
MeTpUKaM, HeyXyIIlasd Apyrue. Bimsarue 3THX KOMIIOHEHTOB SIBJISIETCSI IIe-
JbIO JTAJIbHERIIINX UCCJIEIOBAHUIA.

Crucok aureparypbl
[1] Corana A., Marchesi M., Martini C., Ridella S., “Minimizing multimodal

functions of continuous variables with the “simulated annealing” algorithm”,
ACM Transactions on Mathematical Software (TOMS), 13:3 (1987), 262—-280.

292



[2] Poznyak A., Chairez 1., Poznyak T., “A survey on artificial neural networks
application for identification and control in environmental engineering:
Biological and chemical systems with uncertain models”, Annual Reviews in
Control, 48 (2019), 250-272.

Application of simulated annealing algorithm to optimize
parameters of differential neural network-based identifier of
platform dynamics
Mukhamedov A.M.

Parameters of activation functions contribute a lot to the
performance of differential neural network-based identifiers. An
approach to optimize these parameters is proposed and demonstrated
for the problem of identification of platform dynamics.

Keywords: differential neural networks, global optimization,
simulated annealing algorithm.
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IIpuBenenne runepBLIXOAHBIX CHUCTEM K
dopme ¢ OTHOCUTEJTbHBIM MOPSIKOM

B.B. ®omuues! |, A. U. Poroscknii?

PaccmarpuBaercs moHsiTHE OTHOCHTEIBHOTO TOPSIIKA TSI THUIEP-
BBIXOJHBIX CHUCTEM (TO €CTb CHCTEeM, Y KOTOPBIX PA3MEPHOCTH BBIXOJIA
GoJIBIITe YeM Pa3MEPHOCTH BXO/A). Ero yCJIoBus, Kak 1 B CIydae KBaJl-
PATHBIX cucTeM (JJ1s1 KOTOPBIX PA3MEPHOCTH BXOJA U BBIXOJA COBIAJIA~
I0T), SBJISAIOTCS OTPAHUIUTEIBHBIMU, U He SBJISIOTCH WHBAPUAHTHBIMU
110 OTHOIIIEHHUIO K HEBBIPOXKIEHHOI 3aMeHe BBIXO/IOB.

CraBuTcs 3aj1a9a MPUBEJICHNS THIIEPBBIXOHON cUCTeMBI K (hbopMme, B
KOTOPO# YCJIOBHUSI OTHOCUTEIBHOI'O IIOPsIKa BBIIOJIHATCH. i1 aroro,
10 aHAJIOTHM CO CJIy4YaeM KBaJpPaTHBIX CHCTEM, BBOISTCS OOOOIIEeHUsT
OTHOCHTEJILHOTO TOPSIJIKA C MEHee OrpaHuYuTe/bHbIME ycaoBuamu. C
X IIOMOIIBIO YJIAETCA PENIUTh ITOCTABJIECHHYIO 3a/a4Y.

KiroyeBbie cjioBa: OTHOCUTEBbHBIN MOPSIOK, THUIIEPBBIXOIHBIE
CHUCTEMBI.

1. BBenenue
PaCCManI/IBaeTCH JinHeiiHada CTalluOHapHasd T'MII€PBbIXO/[Had CHUCTEMa:
= Az + Bu y=Cx,

rie z(t) € R™ obosnauaer da3oBblii BekTOp cucremsl, u(t) € R™ — ee Bxo, a
y(t) € R — Boixom; A, B, C'— HOCTOSHHBIE MATPUIIBI TIOIXO/SIIAX PAZMEPOB;
t > 0. IlockoybKy crucTeMa OJIHO3ZHAYHO OIPE/IE/IAeTCA CBOUMU MATPUIIAMH,
naee oymem obosnadarh ee {A, B,C}. Ecin ne ckazano mHoe, Jajee Mbl
OyJieM IPeIIoaaraTh, YTo [ > 1m, TO €CTh CUCTEMa, IBJISICTCS 2UNEPEblro0Hot.

BasKHBIM MOHATHEM ISl JUHAMHYECKUX CHCTEM C BXOJOM M BBIXOJIOM SAB-
JIsIeTCs IIOHATHAE OTHOCUTEILHOTO Iopsaaka. OHO HUCHOIL3YeTCs IPH PEHICHIH
MHOI'MX 3a/lad TeOPHUHU yIIpaBJIeHHsl, TAKUX Kak 3aJada Habmonenus [1], 06-
pamienus 2|, crabummsanun [3| n apyrux [4].

Y @omuues Bacuauti Baadumuposuy — mpodeccop Kad. HEIMHEHHBIX JHHAMAYECKIAX
cucreM u tnporeccoB yupasienus ¢d-ra BMK MI'Y, e-mail: fomichev@cs.msu.ru.

Fomichev Vasily Vladimirovich — professor, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Chair of Nonlinear Dynamical
Systems and Control Processes.

2 Pozoscruti Anexcandp Heopesuw — accuCTeHT Kad. HETMHEHHBIX JTHHAMUYECKHAX CH-
creM u nporeccos yupasisenust d-ra BMK MI'Y, e-mail: alexander.rogovskiy@gmail.com.

Rogovskiy Alexander Igorevich — assistant, Lomonosov Moscow State University,
Faculty of Computational Mathematics and Cybernetics, Chair of Nonlinear Dynamical
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OTHOCUTENIBHBIH TOPSIJIOK U3HAYATBHO BBOJUIICS JJISI CKAAAPHBIL CHCTEM
(To ecTh cucTeM, JUIst KOTOPBIX M = | = 1), B 9TOM cjiydae OH MOXKeT ObITh
OIIPeJIeJIeH, HAIIPUMED, KAK MUHUMAJIBHBII ITOPSI0K ITPOU3BOIHON BBIXOJA,
SIBHO 3aBUCSIIEH OT yIIpaBJIeHUs. 3aTeM 3TO OlipejiesieHre ObII0 pacIpocTpar-
HEHO Ha CJIydYail BEKTOPHBIX KBaJIPATHBIX CUCTEM (TO €CTh CHCTEM, JIJIst KOTO-
peix m =1 > 1) |2, 220]. Ogaako, B 9T0M CJIydae yCJIOBHs OTHOCHTEIBHOIO
MOPSAJIKA Y2Ke SABJISAIOTCS OTPAHUIUTEHHBIMU U HE BCETJIA BBITOTHAIOTCH. Bo-
Jiee TOro, JIJIsl JIMTHEWHBIX CUCTEM TH YCJIOBUS HE SIBJISIFOTCSI MHBAPUAHTHBIMU
IO OTHOIIEHUIO K 3aMeHe BBIXOIOB. DTO TO3BOJISIET B HEKOTOPDLIX CIIydastX
JIOOUTHCST 32 CUET 3aMEHBI BBIXOJOB BBIMIOJTHEHUS YCJIOBUS OTHOCUTEIBHOTO
nopsizka [5]. Hakowner, B pabore 6] onpejiesieHre 0THOCHTEIBHOIO MOPsIJIKA
OBLIO PACIIPOCTPAHEHO Ha, CJIydail TUIEePBBIXOIHBIX JUHEHHBIX CHCTEM. YCJIO-
BHSI 3TOIO OIpelesieHnst ele 6oJjiee OrpaHUIUTEIbHBI, OJJHAKO, KaK U paHee,
HE SIBJISIOTCS MHBAPUAHTHBIME 110 OTHOIIIEHUIO K 3aMEHE BBIXOJIOB. B HAcCTOS-
el paboThl MbI PACCMOTPUM 33J1a9y IIPUBEIEHUs] THIIEPBBIXOIHON CUCTEMBI
K hopMe ¢ OTHOCUTEBHBIM TIOPSIKOM, TO €CTh 38/1a9y [MOMCKA TaKON 3aMEHbI
BBIXOJIOB, 4TO Jyisi cucreMbl {A, B, C} ycjioBusl OTHOCHTEILHOIO MOPsi/IKA
(B cmbicste [6]) BbImOsHSIOTCS.

Pabota Boinosinena npu dunancoBoit noaaepkke Poccuiickoro Haywmnoro
Donna (mpoekt 22-21-00288).

2. OcHOBHBIE OHATHUS N (POPMYJINPOBKA PE3yJIbTAaTa

BBe,ﬂeM OCHOBHBIE OIIpeJICJICHU .

Ounpenenenne 1. Bexmop r € N! naswsaemes 6exmopom 0THOCHTEIHHOIO
nopsika 2unepsurodnoti cucmemv, {A, B, C}, ecau evnoansromes caedy-
0ULUE YCAOCUA:

1) C;A" " IB 40, u, ecaur; > 1, mo CGAITIB =0, j=1,r; —1;
2) emporu {C; AT TIBY™ | qunetino nesasucumui;
3) cnpasedausor nepasenemea i < riy1, + = 1,1 — 1.

B [6] nokazano, uro npu Bbinosinenun ycaosuii Otupesesenust 1 cucrema
HPUBOJIUTCH K KAHOHUYECKON hopme — aHajaory HOpMaJsbHOH (DOPMBI Jiiis
KBaJIPATHBIX CUCTEM — YJOOHOI JJIsi pelleHus 3aJad HaOJoIeHsT u obpa-
IIIEHUS.

Harrra 3a1awa — BBISICHUTD, TPU KAKUX YCJIOBUSX JIJIsT TUTIEPBLIXOTHOMN CH-
crembl {A, B, C}, e nmerolneil OTHOCUTEIHHOIO HOPsIJIKA, HalleTcs: Takast
HeBBIpOZK enHas Marpura T € R aro s cucremsr {A, B, TC} ycnoBus
OTHOCHTEJILHOTO TIOPsiJIKa BBIIOJIHAOTCs (yMHOXKeHne MaTpuiibl C' Ha MaTpu-
iy T' cooTBEeTCTBYET 3aMeHe BBIXOOB). II0CKOIBKY yC/IOBUST OTHOCHTEIBHOTO
MOPSIJIKA SIBJISIIOTCSl OTPAHUIUTETHLHBIMU, OCTA0UM UX:
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Omnpenesieane 2. Bexmop r € N' naswsaemcsa 6exkmopom HEIOIHOTO OT-
nocurenbaoro nopsizika (HOII) eunepswirodnoti cucmemw {A, B, C}, ecau
svinoamAemcs nepeoe mpebosarue onpedeserus 1.

Onpeneneane 3. Bexmop r € N naswseaemcs 6exmopom TIABHOTO
HerosiHOro orHocurenbHoro nopsiika (I'HOIL)  eunepswxodnot cucmemu
{4, B, C}, ecau r — sexmop HOII, u s mo6ulT pasauinoll uHoeKcos
i1 # 2 F ... F dp, MAKUT 4MO T4, = ... = Ty, CMPOKU {CijA”j_lB}g?:l
AUHETHO HE3AEUCUMDL.

BBG,ILGM KJjIaCcC CHUCTEM, JJId KOTOPBIX ueﬂecoo6pa3H0 paccMaTpuBaThb 3a-
MEHBI BbBIXOJI0B!:

Ounpepnesienne 4. Cucmema {A, B, C} naswsaemces ciabo MpUBOIUMOIL,
ecau npu 4106010 nesvipootcdennot mampuue T das cucmemw {A, B, TC'}
onpedesen sexmop HOII.

OcHoBHBIE pe3yJIbTaThl PAbOTHI COOPMYIUPOBAHBI HIXKE:

JIemma 1. Jlas m060t caabo npusodumoti cucmemv, {A, B, C} natidemes
maxan neswuposrcdennasn mampuya T € RXE wmo das cucmems {A, B, TC}
onpedeaen sexmop I'HOIIL

Teopema 1. Ilycmv daa cucmemw {A, B, C} onpedenen eexmop
T'HOII. Ilycmw dasee npu 4106010 MAMPUUE NEPECMAHOBOK T Oas cucmemo.
{A, B, TC’} HE BLINOAHANMCA YCAOBUA OMHOCUMEAbHO20 nopadka. Toeda
npu 4106070 nesviposicdennot mampuye T das cucmemos {A, B, TC} max-
oHCe HE BUINOAHAIOMCA YCAOBUS OMHOCUMENLHO20 NOPAIKG.

MpbI nostyauin CaeayIonuil aJrOpuTM PEIeHUs TOCTABJICHHON 3a1a1u:

1) mpusectn cucremy x ¢opme ¢ 'HOII (npu nokasaresnscrse jgemmbl 1
yKa3aH KOHCTPYKTHUBHBIN aJCOPUTM JJIsI IOCTPOCHUS TAKOIO Ipeodbpa-
30BaHMNs );

2) 1IPOBEPUThH, BBIIOJIHSIIOTCS JIM JJisl IPe0OPA30BAHHON CUCTEMBI YCJIOBHSI
onpegiesiernst 1 (BO3MOXKHO, IIOCJIE MIEPECTAHOBKY BBIXOJIOB); €CJIU JIA,
cucTeMa MpHUBe/ieHa K TpeOyeMOMy BHU/LY, €CJIU HET, 33/1a9a HEe UMEeT
perenusi.

Crcok aureparypbl

[1] Trinh H., Fernando T., Functional Observers for Dynamical Systems, Springer,
Berlin, 2012, 220 pp.

[2] Isidiri A., Nonlinear Control Systems, Springer, London, 1995, 549 pp.
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13l

4]

[5]

[6]

Wang L., Isidori A., Su H., “Global Stabilization of a Class of Invertible MIMO
Nonlinear Systems ceepxciios”, IEEE Transactions on Automatic Control, 60:3
(2015), 616631

Isidori A., “The zero dynamics of a nonlinear system: From The Origin To the
latest progresses of a long successful story cBepxciios”, Proceedings of the 30th
Chinese Control Conference, 2011, 18-25

Kraev A.V., Rogovskii A.I., Fomichev V.V., “On a Generalization of Relative
Degree”, Differential Equations, 50:8 (2014), 1122-1127

Fomichev V.V., Kraev A.V., Tevdoradze S.Z., “Synthesizing Asymptotic
Observers for Hyperoutput Systems with Uncertainty upon Transfer Matrix

Degeneracy”, Moscow University Computational Mathematics and Cybernetics,
44:1 (2020), 44-52

Reduction of hyperoutput systems to a form with relative degree

[1]
2]
13l

[4]

[5]
[6]

Fomichev V. V., Rogovskiy A. I.

We consider a notion of relative degree for hyperoutput systems
(i.e. the systems that has more outputs than inputs). Relative degree
conditions are restrictive (the same is true for a square systems —
the systems that have the same number of inputs and outputs),
furthermore, these conditions are not invariant under output change.

We consider a problem of reducing a hyperoutput system to a form
with relative degree. To solve the problem we indroduce generalizations
of relative degree, similar to the square-system’s case. Using these
generalization we solve the problem.

Keywords: relative degree, hyperoutput systems.
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HekxoTopbie moaxoabl K CTadOMIN3aIN
nepeKJaiovYaeMbIX THTEPBAJIbHBIX CHCTEM

A.C. ®ypcos! T0.M. Mocososa 2

Hesbio mccae0Banust sIBJISIETCST Pa3pabOTKa aJTOPUTMOB ITOCTPOE-
HUs TTUGPOBBIX CTAOMIN3ATOPOB IS TEPEKIIOIAEMbIX CUCTEM, (DyHK-
[IMOHUPYOIINX B YCJIOBUSX ITapaMeTPUIeCcKoil HeompeaeiéHHocT. Jjist
peIlleHnsT IOCTABIEHHON 3a/1a9y MIPEe/JIaraeTcs UCIOIb30BATh METOIbI:
TOYHOM JMCKPETU3AINNNA HEIPEPHIBHBIX YIIPABJISIEMbBIX CUCTEM, TEOPUN
CcBepXCTaOUIN3aIK, TEOPUN JTMHEHHBIX MATPUIHBIX HEPABEHCTB U WH-
TEJJIEKTYAJIHHBIX BBIYUCJICHUIA.

KJ'IIO"IGBLIQ CJIOBa: IIepeKJII09aeMbI€ CHCTEMbI, HHTEepBaJIbHad
HEOIIPEIEJIEHHOCTD, CTaOMIn3alus, pobacTHAs YCTONINBOCTD, IHMPO-
BbI€ CUCTEMBbI YIIpaBJICHUA, MHTC/IJIEKTYAJIbHbIC BbI'TUCJICHUA.

1. BBenenne

MHorue mpuKJIaIHbIE 331a9d CBONATCS K YIPaBJIEHUIO CUCTEMAaMU, IEMOH-
CTPUPYIONUME HEKOHTPOJIMPYEMbIe CKaIKOOOpa3Hble M3MEHEHUS CBOEH JTH-
HaMHUKH B JUCKPETHbIE MOMEHTHI BpeMeHHU. Takue cucreMbl Ha3bIBAIOT IIE€pe-
KJIfoTaeMbIiMu. B mpesitaraemoit pabore paccMaTpuBaeTcs IpobaemMa cTabu-
JIM3AIMA TAKUX CHCTEM, IPU 3TOM ellle M (DYHKIMOHUPYIOIMIUX B YCJIOBHUSIX
mapaMeTpuIecKoil Heolpee/JieHHOCTU. B cBa3u ¢ OypHBIM Pa3BUTUEM BbI-
9UCIUTEILHON TEXHUKHU B HOIABJIAIONIEM OOJILIMTUHCTBE COBPEMEHHBIX aBTO-
MaTUIECKUX CHCTEeMaX YIPaBJIEHUS UCIIOJb3YIOTCS B KAYECTBE PEryJIsiTOPOB
MHUKPOKOHTPOJLJIEPEI. B €BSA3M ¢ 5TUM aKTyaJbHON SABJISIETCS 3aa9a pa3pa-
OOTKM KOHCTPYKTHUBHBIX aJTOPUTMOB IIOCTPOEHUsI NMEHHO IU(POBLIX pery-
JIATOPOB JIIsT YIIPABJISIEMBIX CHACTEM. Y YUTBIBasg 3TOT (DAKT, B JAHHON pa-
boTe paccMaTPUBAETCS 3a/1a49a IOCTPOEHHsI MU(PPOBBIX CTAOUIN3ATOPOB JIJIs
nmepekJIoIaeMbix cucteM. [Ipu perrennn yKa3aHHON 33191 BOSHUKAIOT JIBE
ocHoBHBIE TTpobsiembl. [lepBast mpobiieMa CBsI3aHa ¢ IPOIELY POl TUCKPETH3a-
AN HEIIPEPBLIBHON MOJIE/IM, KOTOPas sIBJISIETCS HEODXOANMBIM 3BEHOM PACUETa,

L ®dypcos Andpeti Cepagdumosus — npodeccop Kad. HeTMHEHHBIX JHHAMAUECKAX CHCTEM
¥ TIporieccoB ympasienusi BMK d-ta MI'Y, e-mail: fursov@cs.msu.ru
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JUCKPETHOIO pery/stopa. Bropas ke mpobiema cBsi3aHa ¢ HEOOXOIMMOCTHIO
obecrieanTh pabOTOCIIOCOOHOCTD PErY/ISITOPa B YCAOBUIX JIOCTATOYHO OBICT-
POil CMEHBI PEsKUMOB IEPEKJIIOUaeMbIX crucTeM. Jljist perenns: mocTaBaeHHOR
33191 OBLJIN MCIIOJIb30BAHBI CJIEIYIOIINE METOJbI: METO TOYHON TUCKPETH-
3aliyl HEIPEPBIBHBIX CUCTEM, METOIBI TEOPUHU JUHEHHBIX MATPUYHBLIX Hepa-
BEHCTB, METO/] CBerCTa,6I/LHI/ISaHI/II/I n MeTOJbl MHTEJ/IJIEKTYaJIbHbIX BbIYUCJIC-
HUIA.

2. OcHoBHBIE TIOHATHUS U (POPMYyJINPOBKA PE3YJIbTaTa

PaccmarpuBaercst HellpepbIBHAsSI CKaJIIpHAA IIepPeKJI0daeMas NHTePBaJIbHasT
JIMHeITHasI CUCTEMAa

T = [As]z + [bo]u, y=[cs]z, o€ P C Sy, (1)

rme o : Ry — I ={1,...,m} — Kycouno-nocrosituasi byHKIs (IIePEKIIO-
YaroIuUil CUIHAJ) ¢ KOHEYHBIM YHUCJIOM Pa3pPbIBOB (IIePeKJII0YeHnil) Ha JH060M
KOHEYHOM IIPOMEXKYTKE; Sy — MHOXKECTBO BCEX NEPEKJIOYAIONX CUTHAJIOB
0; P —MHOXeCTBO JOMYCTUMBIX IEPEKII0YAIONNX CUrHaI0B; & € R — Bek-
TOp cocTostHusl, y € R — u3MepsieMblii CKaJsIpHBIN BbIXO, u € R — yupas-
nsonmit Bxox; [Ags] 0 I — {[A1],...,[An]}; [bo] 1= {[b1],-- -, [bm] },
o]+ I — {[c1],-..,[em]}- Bmecw [Ai], [bi], [ci] (i = 1,m) — naTepBaNbHBIE
MATPHIBI COOTBETCTBYOIIUX PA3MEPOB.

Buauenue GyHKIMU 0 B KaXKJIblii MOMEHT BPEMEHH OIIPEJIE/ISeT UHTED-
BastbHbIl akTuBHbI pexkum ([A;], [bi], [¢i]) (i = 1,m) nepexmovaemoit cu-
crembl (1), onmchiBaeMBbIil JTMHEHHON HHTEPBaJIbHOI cucremoit & = [A;]z +
[bi]u, y=[c]a.

Cucremy (1) MOXKHO paccMaTpuBaTh KaK WHTEPBAJLHOE CEMEHCTBO Iie-
PEKJIF0UaeMbIX JIMHEHHBIX cucTeM. [Ipu 3TOM, 10| 9JIEeMEHTOM MHTEPBAJIbHO-
ro cemeiicrBa (1) OyaeM HNOHMMATH IEpeKJIOYaeMyIo cucreMy & = A,z +
bou, Y = C,T, 33J1aBAEMYI0 KOHEYHBIM MHOXKECTBOM DEXRUMOB (¢;, Aj, b;):
&= Ajx +bu, y=cx, taec € lgl, b €bi], Ai € [4;] (i=1,...,m).

Pertennem ypaBrenust cocrosiausi cucreMbl (1) mpu (DUKCHPOBAHHBIX Pe-
xumax (A;, b, c;) (i = 1,m), 3a7aHHOM aJrOpUTMe yUpaBJeHHs U = ug,
HepekJIioIaoNeM curaite o € P u wadambaom yeaosun x(0) = xg Oy-
JIeM Ha3bIBATh BEKTOP-(DYHKIMIO X (t), sSIBIISIONLYIOCS HEIIPEPBIBHBIM KYCOTHO-
muddepeHnIupyeMbIM PeIleHneM JIMHEHHOW HeCcTallMoOHapHON CHUCTeMBI T =
AT + boyu,  x(0) = x0.

Bynem rosoputh, uro nepekiodaemasi JuHeiiHas cucrema (1) ¢ dukcn-
POBaHHBIM yIIPaBJIEHUEM U = ug pobacTHO P-ycmotvusa 6 Hyae, eciau cy-
miecrByer takas K L-dyuxius (7, s), 4T0 Jis JJOOOr0 HAYaIbHOIO YCJIOBHSI
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x(0) = x, nepekmouatommero curiana o € P (P C S) n mua moboit mepe-
KJrouaeMoit cucremsl (A;, by, ¢;) € ([A4], [bi], [ci]) cemeiicrBa (1) coorBercTBy-
foree perenne ypasuenns & = Ay + bypyuo,  #(0) = o, yrosmersopser
coorrorennto ||z(t)|| < v(||z(0)]],t), t>0.

Jaa cucmemos (1) pacemampusaromes caedyrougue 3a0a4u.

1. Hust obbexTa (1) He0OXOIMMO MOCTPOUTH UG POBOIl PETYJISATOD MO BbI-
X0y

o[l + 1)T) = QulIT] + qy[IT], u[IT] = Hv[IT] + hy[IT}, (2)

KOTOPBIH obecrieunBaeT podbacTuyo P-ycmotivwusocms 6 Hy.ae COOTBETCTBYIO-
el 3aMKHYTON HellpepbIBHO-IMCKPETHON IEePEKJII0YaeMOil CUCTEMbI

#(t) = [Ao]z(t) + [bo] iy (HO[T] + hles)(§T)) S(t — 4T),
v[(l+ 1)T) = QuliT] + qlco|x(IT), o(t) € P C Sp,

rae T — mepuoj qucKpeTu3anu HenpepbiBHO cucrembl (1),

)1, telo,T],
S(t)_{o, t¢[0,7T). @

2. lns obbekra (1) ¢ 3amannsiv MuoxkectsoM (P C Sp) u He nabionae-
MBIM II€PEKTIOYAIONIAM CUIHAIOM 0 € P HeoOX0AUMO IIOCTPOUTD IudPOBOi
PEryJISTOp 10 COCTOSHMUIO:

ulT] = —kz[IT), (5)

obecniequBaonii pobacTuyo P-ycmotiuusocms 6 HYyse COOTBETCTBYIONIEH
3aMKHYTOU HENPEPBHIBHO-JIUCKPETHOI CUCTEMBI

(1) = [Ao)2(t) + 6] 3 (~ka(jT)) S(t — §T), o(t) € PC Sp.  (6)
j=0

Ioayuernvie peayavmamaot.

1. Ha ocuose Mmeroja dynkiuii JIsmyHoBa W T€OpUU JIMHEHHBIX MaT-
pUYHBIX HepaBeHCTB [1| cdopMyaMpOBaHO M JIOKA3aHO JOCTATOYHOE YCJIO-
BUE YCTOHYUBOCTH B HyJI€ HEIIPEPBIBHO-JIMCKPETHON CHCTEMBI (3) 3aMKHYTOM
i poBbIM peryisitopoMm (2) [3|. YkazanHoe ycioBue 1aéT BO3MOKHOCTD pas3-
pabaTbhiBaTh YHCJIEHHbIE MPOIEAYPHI MOKCKa 1udpoBoro crabdminszaropa (2)
C HUCIIOJIb30BaHUEM AJITOPUTMOB MHTEJIJICKTYAJIbHBIX BBIYUCJICHU.

2. Ha ocnose meTona cBepxcrabuimsanuu [2| mpeioxkeHo KOHCTPYKTHB-
HOE JIOCTATOYHOE YCJIOBUE CYIIECTBOBAHUSI BEKTOPA apaMeTpOB k 00paTHOM
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ces3nu (5) [4], obecrieunBaroneii yCTORIMBOCT HEITPEPBIBHO-ANCKPETHO CH-
cremsl (6). Jannoe ycaoBue MO3BOJISIET HAXOIUTDH CTAOMIN3HPYIOILYI0 00paT-
HYyIO CBs3b (5) B SIBHOM BHJIE.

Pabota Beimosinena npu punaHCcoBOl nojepxkke Poccuiickoro HayTHOTO

dona (mpoexr Ne 22-21-00162).

Cruicok auTepaTypbl
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4]
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13l
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Some approaches to stabilizing switchable interval systems
Fursov A.S., Mosolova Y.M.

The aim of the research is to develop algorithms for constructing
digital stabilizers for switchable systems operating under parametric
uncertainty. To solve this problem, it is proposed to use the following
methods: exact discretization of continuous controlled systems, the
theory of superstabilization, the theory of linear matrix inequalities
and intelligent computing.

Keywords: switchable systems, interval uncertainty, stabilization,
robust stability, digital control systems, intelligent computing.
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YHactp 7.
HeiipomopdHbIii 1CKYyCCTBEHHBII
NHTEJIJIEKT U KOTHUTUBHBIE CUCTEMbBI



MexaHu3Mbl BHyTPEHHET O IMPOroBapUBaHUS
W BOCIIPULATHUS IIPU PAa3HbIX TUMNAX BHEITHEN
MHUIAAIAN

A. B. Bapranos! A. P. Cyionuesa? A. O. Illesaenxo?

DureKTprdecKas aKTUBHOCTb MO3Ta BBIABJISIACH B 3aJa4aX HA BOC-
[IPUSITUE U IIPOTOBAPUBAHNE OTJCIBHBIX (DOHEM U CJIOTOB PYCCKOT'O A3bI-
Ka IIPHU Pa3NYHBIX YCJIOBUAX MHUIMAIIAN IIPOIECCa ITPOTOBAPUBAHM.
B kauecrBe yc/I0BUil MHUIMAIMK ObLIIO 3PUTEIBHOE IPeIbsaBiienue (Jie-
MOHCTDPHUPOBaJIACh OYKBa), ayJAUaJbHOE IPEeIbsBICHUE, a TaK¥Ke ayli-
aJIbHOE IPEebsIBJICHNE YCIOBHBIX CTUMYJIOB (CJIOB HA HE3HAKOMOM HC-
IBITYEMBIM f3BbIKE, aCCOIMIPOBAHHBIX IIPEJIBAPUTENIHLHO C COOTBETCTBY-
forumu poremamu). Iosrydenst BIT no rpymie u3 25 UCHbITyeMbIX JJ1st
BOCIIPUSITUS ¥ BHYTpPEHHero rnporopapuBanus 7 donem u 10 croros s
KazKJIOro U3 yCJIOBHi MHUImanuu. B pe3ysbrare oKasaHo, 4TO yCcpes-
HEHHBII BBI3BAHHBIN ITOTEHIINAJ HA CHUTHAJI IIPOrOBapuUBaHUs (HDOHEMBI
U CJIOTOB 3aBUCHUT OT CIOCODA MHUIMAIM3AINAN. ITO BAXKHO YINTHIBATD
Ipu pa3paboTKe METOOB JIEKOIMPOBAHNS BHYTPEHHEH PEYH U aBTOMa-
TUYECKUX KJIACCU(PUKATOPOB.

Kurouessie ciaoBa: 931, BII, BHyTpeHHee mporoBapuBaHue, CJIo-

ru, (OHEMBI, CJIOBa, YCJOBHBIE CTUMYJIbI, HECYIIECTBYIOIINE CJIOBA,
SIIIOHCKHUM SI3BIK

3amadya uccaemoBaumusa. Conocrasurh BIl npu BHyTpeHHEM Iporosa-
puUBaHUU WU BOCIIpUATUN CbOHeM " CJIOI'OB B 3aBUCHUMOCTU OT yC.HOBI/Iﬁ MHUIIN-
AL,

Metoa. iekTpodu3noJIOruyecKnii SKCIepUMeHT ¢ perucrpaiueit 19-
kaHasbHOro DI (110 MexkyHapoaHoii cucreme 10-20% Ha v1ekTposHIedha-
norpade dupmsr Heiipo KM) cocrostt u3 3-x cepuit (BusyasbHasi, ayuaib-
Hasl, & TAKXKEe WHUIUAIUS C MCIIOJIb30BAHUEM YCJIOBHBIX CTUMYJIOB). B uc-
CJIeJIOBAHUN TIPUHUMAJNA ydacThe 25 UCIHBITYeMbIX: IIATHAINATD JEBYIIEK U

L Bapmanoe Asexcandp Banenmurosus, — CTapIIuii HAyIHBIH COTPYIHUAK Kad. ICHXO-
dusnonorun d-ra ncuxonorun MI'Y, e-mail: a_v_vartanov@mail.ru

Vartanov Alexander Valentinovich — senior researcher, Lomonosov Moscow State
University, Faculty of Psychology, Chair of Psychophysiology
2 Cyronwesa Aauca Pycaarosna — cryment ¢-ta mcuxogormn MIY, e-mail:

suyuncheva.a.r@gmail.com
Suyuncheva Alisa Ruslanovna — student, Lomonosov Moscow State University, Faculty
of Psychology

3 IHlesuenxo Amndpeii Osnezosuw — acmupanr ¢-ta ncuxoioruun MIY, e-mail:
andreyshevchenkomsu@gmail.com
Shevchenko Andrey Olegovich — post-graduate student, Lomonosov Moscow State

University, Faculty of Psychology
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JecdaTh IoHOIIe# B Bo3pacTe orT 17 mo 28 ser. IlpenBapurenbHO MCHBITYe-
MBIl 3ay4nBaJl aCCOIMAINK SIITOHCKOTO CJIOBA (SMOHCKUM sI3BIKOM HUKTO He
BJIaJIeJ1) ¢ ompejesieHHoi dhonemoit. Heobxommmo Tak»ke MOCTPOUTH 3BYKO-
BOIT 00pa3, HO B YCJOBUAX MHTEPGEPEHITNN CO 3BYKOBBIM 00pa30M YCJIOBHOTO
curHaja. VlcobITyeMbIif TPOroBapmBaeT ¢ 3aKPBITHIMA IJIa3aMU.

B kadecrBe npeabsaBiIsieMbIX CTUMYJIOB OBLIN BHIOPAHBI CeMb (POHEM PYC-
ckoro s3pika: A, B, @, I', M, P, ¥V. U mecsIThb CJIOroB, COCTABJIEHHBIX U3 9TUX
donem: BA, ®A, T'A, MA, PA, BY, PV, MY, ®V, I'V. B reuenne 700 mc uc-
IIBITYEMOMY JIEMOHCTPUPYETCS BU3YAJIbHBIN JinOO 3ByKOBOl crumysi. [locie
MIPeIbABIEHNsT CTUMYJa CaedoBasia may3a — giaureabHoctbio H00 mc. Ilo-
cJie TIay3bl Ha 9KPaHe MOsABJISeTCs (DUKCAIMOHHBIN KPECT W 3BYKOBO# CUT'HAJI,
KOTOPBII fBJIETCS CTAPTOBOM KOMAaH/I0i BHYTPEHHEI'O IIPOIrOBaAPUBAHUA (Ko—
TOpOE JIOJIZKHO 3aBepIIuThCs B Tedenne 1500 mc).

PesyabraTbl. B pesynbrare 6pumm nosydensr BIl ma Bce ctumysnl Bo
BCEX SKCIIEPUMEHTAJIbHBIX CEPHUSIX 110 BCEM HCIIBITYEMbIM. AHAJIU3 IOJTyIEH-
HBIX JIAHHBIX TPOBOJUJICSA C ITOMOIIBIO S3BbIKA CTATUCTUIECKOTO ITPOrPAMMHU-
posanust R (Bepcust 3.6.3) (R Core Team. 2019) B pamMKax MHTErpUPOBAHHOI
cpempt pazpaborku Rstudio. Ilo sToit npuunne pyHKINOHAIBLHBIN JUCIEPCH-
OHHBIl aHA/IN3 MPEKPACHO MOJAXOJUT JIJisl BBI3SBAHHBIX MOTEHIUAJIOB (060
BII siBiistercst KpuBoii) 1 OBLIT aIAIITHPOBAH C IEJIBI0 OOHADY KEHIST 3HATUMBIX
pazyimunit B nakere ERP (Causeur, 2019). Hakonen, mex 1y mporopapusa-
HUSIMHA B 3aBUCUMOCTHU OT IOJI@YU CTUMYJIa TAK»Ke eCTh 3HAYMMOE PA3JIndne
BHe 3aBHCHMOCTH OT Tuna crumyia (p < 0.001), HO m3MeHeHHs [0 KaHa-
JIaM 3HAYUMBbI TOJBKO Jjiisi poHem (p = 0.03). 3yech curyarusi obpaTHast
TOMY, YTO HaDJIIOJAJIOCH 10 STOTO — OTHOCUTEIBHO AayIUAJBHONU MONadH y
BU3yaJIbHOI HAOJIIONMAeTCs CHAYaJa HEraTUBHAs, & IMOTOM ITO3UTUBHAS BOJI-
Ha, HO B CPEJHEM 3HAYUMON SIBJISETCS TOJBKO MO3UTUBHAS BOJHA HA KaHAJE
C3 (Pucynok 1). B ciyvae cpaBHeHusI BceX IIpOroBapuBaHuii ¢ IporoBapu-
BaHUEM Ha YCJIOBHBI CTUMYJI B BHJE SIIOHCKUX CJIOB 3HAYUMbIE PA3JINYUNs
OlISITh HAIILIKCH BO BCEX YeTBHIPEX cirydasx (p < 0.001 myst Bcero ayuasbHO-
ro, p = 0.01 as Busyanbubeix donrem, p = 0.009 1151 Busyas bHBIX CJIOTOB),
HO 3HAYMMOE B3aMMOJEHCTBUE KaHAJIa C 9TAllOM HAILIOCH TOJIBKO JIJIA ayIu-
asnbHbIX csoros (p < 0.001) (Pucynok 2, 3).

Ha ocHoBannm moydeHHBIX PE3YJIbTATOB, COTVIACHO (DYHKITHOHATLHOMY
JIUCIIEPCUOHHOMY aHAJIU3Y, BCEe SKCIIEPUMEHTAJIbHBIE STAIIBl UMEIOT 3HATNMBbIE
pazuyuns, HO IIPU 9TOM IIPOCTPaHcTBeHHoe pacupeneacuue BII suadmmo pas-
JITYAETCS TOJBKO JIJIsi Ay IUAJIBHBIX CTUMYJIOB.

Tak>ke, OBLIO MMPOBEIEHO CPaBHEHUE BCEX BapUAHTOB MHHUITUAJIH3AINAHN C
ITPOTOBAPUBAHUEM Ha, YCJIOBHBIM CTUMYJI B BHUJE SMOHCKHUX CJIOB, 3HAUYMMBbIE
pa3andus ONMsATh HAIJINCH BO BCEX UETBHIPEX CJIyvasixX, HO 3HAUNMOE B3aMMO-
JelicTBAE KaHaJa C TAIOM HAIIJIOCh TOJBKO JJI ayuaJbHBIX CJIOTOB.
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C3, BusyanbHo - AyauansHo

S v
£
C i
mN
m
=0
I o -
[}
[1A]
o

{“:J_

I | | | | I I I
-200 100 O 100 200 300 400 500

Bpema (Mmcek)
PI/IC. 1 PaB.HI/I‘{I/ISI Memay BbBISBaHHBIMU IIOTEHI[MaJIaMU Ha IIPOroBapHuBaHUN

dbonem (BusyasbHast mojiada CTUMYJIa MUHYC ay/HaJjibHasi); PerHOHbI 3HAUN-
MbBIX Pa3/ MYl TOMEeYeHbl TEMHOCUHUM IIBETOM.

C3, ®oHeMbI (ayAuanbHo) - AMOHCKMIA
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Puc. 2. Pasmmuua mexmay
BBI3BAHHBIMU TIOTEHIIAAJIA-
mu  (ayauasnbHble GOHEMBI
MUHYC WHHUIHAIIAS yCJIOB-
HBIM SIIOHCKUM CTHMYJIOM);
PErMOHbBI
JIMIUH TOMEeYeHbl TEMHOCH-

SHaYUMBIX Dpa3-

HHNM IIBETOM.
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C3, Cnoru (ayAuanbHo) - AMOHCKUiA
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quii  TOMeYeHbl TEMHOCHU-

HHUM IIBETOM.



IIpu BocupusaATHH U IPOTOBAPUBAHUU CTUMYJIOB, 5PMEKTHl M0 KaHaJIaM
oTBeieHnsT DI 3aBUCAT OT TOrO, BOCIPUHAMAET UCIBITYEMBIH CTUMYJT WJIN
[IPOroBapuBaeT. 3aBUCUMOCTH OT TOI'O0 BU3YaJLHOW WM ayIuajbHON ObLia
o/iava — He BBIABJIEHO. JKCIEPUMEHT OBLI IOCTPOEH TaK, UTO MOCJIE ITPE b~
sIBJIEHUSI KOMAH/JIbl CTUMYJIA CyIiecTBoBaja nay3a Ha 400 Mc jijist TOro 4Todb!
CPaBHUTDH BOCIIPUSATHE C BHYTPEHHUM IIpOroBapuBaHueM. BHyTpeHHee mporo-
BapUBaHUE W BOCIHPUATHE OBLIO PA3JTHIHBIM B KaXKJION CEPUHU SKCIIEPUMEHTA.

IIpu ananuze pe3yIbTaTOB MIPOrOBAPUBAHUS CJIOTOB BO BCEX TPEX CJIYYasdX
BBIPaXKEHHbBIE pasumdust HabogaoTcs mo kanagam C3 u F3, yseBasg Bucod-
Has 30HA, YTO CBA3aHO C PACIOJIOKEHUEM 30H, KOTOPLIE OTBEYAIOT 32 PEUb,
YTO COOTBETCTBYET y2Ke€ IIPOJAC/IaHHBIM IKCIIEpUMEHTAM I10 K.HaCCI/ICl:)I/IKaHI/II/I n
U3yYeHUU [POIECCOB BHyTpeHHero nporosapusanus (|1, 2]). Dtu pasnmuaus
BbIpazKalOTCsdA B 3aBUCUMOCTU OT TOI'O BUIYaJIbHBIM WJIN ayJANaJJIbHBIM 6bIJ'[
crumyJt. [Ipu paccmorpennu dpoHeM TakzKe OBLIO BBISIBJICHO OTJINYNE B 3aBU-
CuUMOCTHU OT CHOCO6a nogavu CTUMyJia. MeyK,uy IIporoBapuBaHUAMU B 3aBUCH-
MOCTH OT IIOJIa9U CTUMYJIa TaKKe eCThb 3HAUNMOE Pa3/IndIne BHE 3aBUCUMOCTH
or tuna crumyna (p < 0.001), HO U3MeHEHHsI 10 KAHAJAM 3HAYMMBbI TOJBKO
st dorem (p = 0.03). B 1estom, 911 [aHHBIE MOJIEPKUBAIOT M PACIIUPSI-
IOT TPEJBIIYIIIE UCCJIEIOBAHNSA, YKA3bIBAIONINE HA BIUSHUE BU3YAJbHBIX U
ayIMaJIbHBIX CUTHAJIOB Ha 00pPabOTKYy W IIPOTrOBapUBaHUE.

dunancupoBaHue. Pabora BBIOJIHEHa pU (PUHAHCOBON IOIIEPIKKE
Poccuiickoro nayanoro douma, mpoekt Ne 20-18-00067.

Crucok aureparypbl

[1] Mesgarani N., David V., Fritz J. B., Shamma S. A., “Influence of Context
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Schalk G., Knight R. T., Pasley B. N., “Decoding spectrotemporal features of

overtand covert speech from the human cortex”, Frontiers in Neuroengineering,
7 (2014).

Mechanisms of internal pronunciation and perception in different
types of external initiation
Vartanov A.V., Suyuncheva A.R., Shevchevko A.O.

The electrical activity of the brain was detected in tasks on the
perception and pronunciation of individual phonemes and syllables
of the Russian language under various conditions of initiation of
the pronunciation process. The conditions for initiation were visual
presentation (a letter was shown), auditory presentation, and also
auditory presentation of conditioned stimuli (words in an unfamiliar
language to the subject, previously associated with the corresponding
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phonemes). EPs were obtained for a group of 25 subjects for perception
and internal pronunciation of 7 phonemes and 10 syllables for each of
the initiation conditions. As a result, it was shown that the averaged
evoked potential for the signal of pronouncing phonemes and syllables
depends on the initialization method. This is important to consider
when developing methods for decoding internal speech and automatic
classifiers.

Keywords: EEG, EP, internal pronunciation, syllables, phonemes,
words, conditioned stimuli, non-existent words, Japanese
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JnuaamMuKa popMIPOBaHNS KOTHATUBHBIX
KapT B I'MIIIOKaMIIe MbIIIEl B HOBOI
00CTaHOBKE

B. II. Corckos! B. B. ILmocaun® H. A. Tlocuenos® K. B. Anoxun?

Pabora mocssmiena n3ydeHUio AUHAMUKNA (POPMUPOBAHUS KOTHH-
THUBHBIX KapT HOBOIl OOCTAHOBKH B THIIITOKAMIIE OOJPCTBYIOIINX Mbl-
meil B CBOOOJHOM ITOBEJIEHUH. BBIIO UBMEPEHO CpejHee BpeMsi, Tpedy-
orreecst Jiuist (POPMUPOBAHUS CTAOMIBHBIX HEHPOHHBIX PEITPE3EHTAIIAN
IIPOCTPAHCTBA, & TAKXKE OXaPAKTEPU30BAHA [IPOCTPAHCTBEHHAS CEJICK-
TUBHOCTb KOTHUTHUBHBIX KaPT. BBIJIO MCC/I€I0BAHO M3MEHEHNE ITHUX I1a-
PaAMeTpPOB B HOCJEAYIOIINE IHUA IKCIIEPUMEHTa, & TAKXKe OBbLI IIPOBEIEH
MTOTLYJISIITUOHHBIN aHAJN3 HEHPOHHON aKTUBHOCTH C IEJIBI0 BEpUpUKA-
AU TIOJIYIE€HHBIX PE3YJIbTATOB.

KiroueBbie cjioBa: KJIETKH MECTa, TIOJIT MECTa, KOPTHUTHBHBIE KAp-
TBI, TUIIITOKAMIT

[Ipomecc crnernman3anuy HEWPOHOB YKUBBIX OPraHU3MOB OTHOCHTEIHLHO
BHEIITHUX CTUMYJIOB IIPEJICTABIAET CODOM OMUH U3 KJIIOUYEBLIX BOIIPOCOB Hefi-
poduznosiornu. Ba)KHBIM IPUMEPOM TAKON CHEIUAJU3AINN SBJISAIOTCH KO-
IHUTHBHBIE KAPTHI — COBOKYIIHOCTH PEleNTUBHbIX HoJiefi (mosteii Mecra) Kie-
TOK MecTa B rummokamie miekonuraomux [1]. Takume kapTbl MoryT 6bITh
OTHOCHTEJILHO CTabUIIbHBIME B T€UEHHUE JI0JI'OI0 BPEMEHH [2], 0iHaKO KpaTKo-
BpEMeHHas JuHAMUKa (GOPMUPOBAHUS TAKUX KAapPT B IIEPBbIE MOMEHTDI [1OCJIE
IIOMeIIeHNs] YKUBOTHOT'O B HOBYIO Cpey OCTa€TCsl He JO KOHIIa HCCJIe/I0BaH-
HOM.

L Comcxos Baadumup Iasrosun — 1aGopaHT-HCCIIEI0BATEb, VIHCTUTYT IEPCIIEKTHB-
HBIX mccienoBanuii Mmosra MI'Y, e-mail: vsotskov@list.ru

Sotskov Vladimir Pavlovich — research laboratory assistant, Lomonosov Moscow State
University, Institute for Advanced Brain Studies

2 IImocnun Buxmop Baadumuposuw — nabopant-uccaenosarens, HUILL «Kypua-
ToBckuit MuctuTyTy, MHCTHUTYT mNOEpCIeKTUBHBIX wucCaenoBanuit moszra, MIY, e-mail:
witkax@gmail.com

Plusnin Viktor Vladimirovich — research laboratory assistant, National Research Center
«Kurchatov Institute», Lomonosov Moscow State University, Institute for Advanced Brain
Studies

3 Hocnenoe Huxuma Anexcandposuy — WHIKEHEp-HCCIe0BaTe b, VHCTUTYT MepeIeK-
TUBHBIX uccaegoBanmii mo3ra MI'Y, e-mail: nik-pos@yandex.ru

Pospelov Nikita Alexandrovich — research engineer, Lomonosov Moscow State
University, Institute for Advanced Brain Studies

4 Anozumn Konemanmun Baadumuposus — oupeKTop, VIHCTHTYT MEPCIEKTHBHBIX IC-
cnenoBanuit mo3ra MI'Y, e-mail: k.anokhin@gmail.com
Anokhin Konstantin Vladimirovich — director, Lomonosov Moscow State University,
Institute for Advanced Brain Studies

308



Jlist XapakTepu3alny TaKoOH AUHAMUKKM HaMH OblLla IIPOBEIEHa ChEM-
Ka aKTUBHOCTU HEHPOHOB MecCTa, PacIoJioXKeHHBIX B mosie CA1l rummokam-
1a, OOIPCTBYIOIIMX MBIIIIEH, IPH ITOMOIIM MOHTHPYEMBIX Ha T'OJIOBY MUHNA-
TIOPHBIX (DJIYOPECIIEHTHBIX MUKPOCKOIOB (MUHUCKOIIOB) B XOJ€ CBOOOIHOIO
WCCJIEIOBAHNS KUBOTHBIMU HOBO OOCTAHOBKHU B BHUJIE€ KOJIBIIEOTO TPEKa, &
TaKKe B XOJIe JBYX IIOBTOPHBLIX CEeCCUil B TOH »Ke 0OCTaHOBKe 4epe3 24 4 u
48 4.

B xoze skcrnepumMenTa ObLIO 3aperucTpupoBato 819 mpocTpaHCTBEHHO ce-
JIEKTUBHBIX KJIeTOK B 12 »KuBoTHBIX. Ha BTOpOIt IeHb 9KCIIEpUMEHTa Yy 9acTh
KUBOTHBIX (44%) HaOII0/AI0Ch COXpaHEHNEe KOTHUTUBHON KapThl, B TO Bpe-
Msl KaK y Jpyroil 9acTu HabJIF0JaJI0Ch IepecTPOeHne KOTHUTUBHON KapThl,
9TO COIJIACYeTCsl ¢ paHee MOJIyYeHHbIMU JaHHbIMU [4]. Bplio nokazano, 1ro B
YCJIOBUSIX HOBOI OOCTaHOBKU cpeiHee BpeMms, Tpebyemoe Ha (GpopMUpOBaHUE
OTIEJBHBIX IT0JIeil MecTa cocTaBuIo 231 ¢, 9TO B CpeIHEM COOTBETCTBOBAJIO 7
nocernieHusiM 110Jist Mecta. OJiHaKo, cylecrBeHHas Jacthb (26%) noseit mecra
ObL1a chOPMUPOBaHa B CaMBbIil IEPBLIT MOMEHT MX IOCEIEHNsT *JKHBOTHBIM. B
MTOCJIEIYFOIIUX CECCUSIX ChEMKU HAOJIIOJIAJIOCh YCTOWINBOE COKPAIIEHNE CPeJl-
Hero BpemMeHn (hbopMUPOBaHUSA 110JIeil MecTa, BHE 3aBUCHMOCTHU OT IIEPECTPOe-
HUSI WJIM COXPAHEHUsI KOTHUTUBHOM KapPThl Y XKUBOTHBIX B 3TUX CECCHUsI ChEM-
ku. IIpm aTOM TIpoCcTpaHCTBEHHAS CEJIEKTUBHOCTD KOIHUTHUBHBIX KAPT POCJIA
B TeYeHUEe KarKJIOH M3 Ceccuil, OJHaKO €€ HAKOILJIEHUs MEXKJy CECCUSIMHU He
nabJriogasI0ch. Kpome Toro, HaMu ObLT ITPOBEIEH HMOMYJ/ISIIIMOHHDBIN aAHAJIIN3 aK-
TUBHOCTH BCEX 3apErUCTPUPOBAHHBIX HEHPOHOB, HE TOJIHLKO KJIETOK MECTa, U
OBLIIO TIOKA3aHO, UTO JAHHBIE HEHPOHHONW aKTUBHOCTHU IIO3BOJISIIOT BOCCTAHO-
BUTH TPAEKTOPUIO »KUBOTHBIX B KOJbBIIEBOM Tpeke. Takrke OBLIO IMOKA3aHO,
YTO OIMINOKA PEKOHCTPYKIIUU TPACKTOPUU COOTBETCTBYET CPEJIHEl ITPOCTPAH-
CTBEHHOW CEJICKTUBHOCTU KOTHUTUBHON KapTHI.

OTu HaKThl MOTYT CJIY?KUTh OCHOBAHUEM JJIsT TIOUCKA, COOBITUI, 00yCIaB-
JIMBAIOIIUX CIEIAAIU3AINIO KJIETOK MEeCTa, TAKUX KaK OTIE/bHbIE aKThI 110~
BeJIGHUST UJIU OIPEJIEJIEHHBIE COCTOSTHUST AaKTUBHOCTH TIOMYJISIITUN HEHPOHOB.

Wccnenopanme BBIIOJHEHO TIPU  MOAAEPKKe MeK TUCIUIIMHAPHON
HayIHO-00pa30BaTeIbHOM IIKOJIBI MOCKOBCKOTO yHIUBEpCcuTeTa « MOo3r, KOrHu-
TUBHBIE CUCTEMbI, ICKYCCTBEHHBII MHTEJIJIEKT», a TakxKe rpanta PH® Ne 20-

15-00283.
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Dynamics of the formation of cognitive maps in the hippocampus
of mice in a new environment

Sotskov V.P., Plusnin V.V., Pospelov N.A., Anokhin K.V.

This study is devoted to short-term dynamics of establishing of
cognitive maps of a novel environment in the hippocampus of freely
behaving mice. The average time required for stable spatial neuronal
representations to establish was evaluated and spatial selectivity of
these cognitive maps was characterized. It was shown how these
parameters evolved on further days of the experiment and a population
analysis of neuronal activity was performed to verify these results.

Keywords: place cells, place fields, cognitive map, hippocampus
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OcobeHHOCTH IIOCTPOEHUH
b YHKIIMOHAJbHBIX KOHHEKTOMOB IO JTAHHBIM

bMPT

B.JI. Ymaxos! A. A. Ioiina? C.O. Koznos® B. A. Opos?
M.T. Hlapaes®

O YHKIMOHUPOBAHKE T'OJIOBHOTO MO3Ta OCHOBAHO Ha IIapaJLIeIbHON
CHHXPOHHO# pabore GOPMUPYIOMIMX ero HeifipoceTeil, apXUTeKTypa KO-
TOPBIX OIPEJIEJIsieT CBOMCTBA IMPOTEKAIOIMNX KOTHATUBHBIX ITPOIECCOB.
Jtst mocTpoeHust pyHKITNOHAIBHBIX KOHHEKTOMOB TOJJOBHOT'O MO3Ta, e~
JIOBEKA, OOBITHO MCITOJIB3YIOTCS JTAHHBIE HEMHBA3WBHBIX METOJIOB: IJIE€K-
rposunedanorpabun (IOT), marautHol sHIEDaTOrpadbun (MIT) u
dyHKIMOHAIBHOM MarHUTHO-pe3oHaHCHOH Tomorpaduun (GMPT), mo-
JIYIEHHBIX B CTUMYJIBHBIX KOTHUTUBHBIX 33J[a9aX W/ B COCTOSTHUM I10-
Kos1. JI1a KazkIoit KOMOMHAIINY U3 MPUBEACHHBIX KCIIEPUMEHTATIbHBIX
METO/IOB M MCCJIEYEMOT0 KOTHUTHUBHOTO MPOIECCa €CTh PsIJl 0OCOOEHHO-
creil B METOJIaX IIOCTPOEHHs (DyHKIIMOHAIbHBIX KOHHEKTOMOB. OCOObI
unTepec npegcrasisier GMPT ucciieioBanne HeiipoceTeBOro B3amMo-
JIEiCTBUSI B COCTOSIHAU TIOKOsI TOJIOBHOI'O MO3Tra, KakK MOJe/in 6a30BO-
ro ypoBHs pabOTHI IIPOIECCOB CO3HaHUsI. 1Ipu mocpescTBeHHOM Besm-
YUHE [IPOCTPAHCTBEHHOIO paspelnenus (Iopsika 2 MM) U BPEMEHHOI'O
paspemntenus (0,5 ') curnana,MPT apisiercst elMHCTBEHHBIM U3 CO-
BPEMEHHBIX METOIOB OJHOBPEMEHHON perucTparuu Gu3noJ0rnIecKux
CUTHAJIOB OT KOPBI U TVIyOMHHBIX CTPYKTYP T'OJIOBHOIO MO3ra. B maHHON
pabote Ha mpumepe nosydeHHbIXx GMPT nmasHBIX cOCTOSTHUS TTOKOST TO-
JIOBHOT'O MO3Ta MPUBOINTCSI OMMCAHNE XapaKTEPHBIX 0OCOOEHHOCTEH IMo-
crpoennst PyHKIINOHATHLHBIX KOHHEKTOMOB.
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TUBHBIX uccienoBanuii mosra MI'Y, e-mail: tiug@yandex.ru

Ushakov Vadim Leonidovich — leading researcher, Lomonosov Moscow State University,
Institute for Advanced Brain Studies

2 Motida Anexceti Anamonvesus — Hauanbauk ornena, HUI «Kypuaroscknii WncTn-
TYT»

Poyda Alexey Anatolievich — department head, National Research Center «Kurchatov
Institute»

3 Koanos Cmanucaas Oaezosun — acimpant, HAI «Kypuarosckuii MucTuTyTs

Kozlov Stanislav Olegovich — post-graduate student, National Research Center
«Kurchatov Institute»

4 Opaos Bauecaas Andpeesuy — mayunsiii corpymuuk, HUIT «Kypuarosckuit Vncru-
TYyT»

Orlov Vyacheslav Andeevich — researcher, National Research Center «Kurchatov
Institute»

5 IIapaes Maxcum ennadvesuy — HagambHuK oTAena, CKOJIKOBCKH HHCTUTYT HAYKH
U TEeXHOJIOTUH

Sharaev Maxim Gennadievich — department head, Skolkovo Institute of Science and
Technology

311



Kurouesbie cioBa: meitpocetn, GMPT, dbyHKImOHAIBHBII KOH-
HEKTOM, IJIOOAJIBHBIN CUTHAJ, (DYHKIIHOHAIBHO-0THOPO/HBIE DETNOHBI,
CTAIMOHAPHOCTH, ABTOKOPPEJIAIUsi, (PYHKIMOHAJIBHBIN aT/Iac, COCTOs-
HUE TIOKOSI

N3zydenne GyHKIIMOHATBHBIX HEHPOCETEBBIX APXUTEKTYP I'OJJOBHOT'O MO3-
ra, 00ecIeYnBAIONINX BHICOKYIO 3(PPEKTUBHOCTD B MOTPEOJIEHUN SHEPIUU U
006paboTKe MHMOpPMAITNN, TPEICTABISIET BaXHOe HAIIpPaBJIeHHE IJIsi pa3pa-
OOTKM TEXHOJIOTHI MCKYCCTBEHHOrO mMHTEeJIeKTa. Cpean mHMOPMAITMOHHBIX
IIPOIECCOB MO3Ta, HanboJiee NHTEPECHA peasin3alus (pyHKIIUN CO3HATETHHOIO
KOHTPOJIsI, UMEIOIeii O6Aa30BBIil YPOBEHb B COCTOSIHUE MOKOs (resting state)
TOJIOBHOT'O MO3T'a, HA OCHOBE KOTOPOT'O YK€ CTPOSITCST IIPOIECCHI TeJIeHAITPAB-
JIEHHOI'O DeIlleHUsl TeX WM UHbIX KOrHUTUBHBIX 3a1a4 ([1]). CoBpemenubie
HEPOUCCIIEIOBAHNS TIO3BOJIAIOT YTBEPXKIATh, UYTO B KarKIOM KOIHUTHBHOM
mporiecce, TeM 00Jiee TaKUX CJIOYKHBIX, KaK IIPOIECChl COZHAHUS, YIaCTBYET
He OJH, 8 HECKOJILKO IIPOCTPAHCTBEHHO PACIIPEIEIEHHBIX (DyHKIMOHAIbHBIX
PEruoHoOB, OObEIUHEHHBIX B €AUHYIO JUHAMUIHYIO HEHPOCETEBYIO apXUTEK-
Typy. st m3ydeHust Takux cereil HeoOXOIMMO CO3JIaHNe KOMILIEKCA METOIOB
" IIOJAXOJIOB C IIEJIbIO BBISIBJICHUSI:

1) ormenbHbIX (DYHKIMOHAIBHBIX 30H;

2) cBsazeit MexKy QYHKIMOHATHHBIMI 30HAME U OIMPE/ICJICHUST UX KOJTIIe-
CTBEHHOT'O BLIPAYKEHWUSI;

3) IPUYINHHO-CJIEICTBEHHBIX 3aBUCHUMOCTEN MeXKJYy CBA3aHHBIMU 30HAMU.

B nmammoit pabore mpeiozKeHbl HEKOTOPBIE U3 3asBJIEHHBIX MMOIXOI0B, MIPU-
MeHuTesibHO K GMPT qaHHBIM COCTOSIHUS TTOKOsT TOJIOBHOTO MOBTA.

GMPT aBasgercs oguuM W3 MEPCHEKTUBHLIX METOJIOB U3yUeHUsT HEHpo-
ceTeil TOJIOBHOI'O MO3Ta, MTO3BOJIAIONIUM OJITHOBPEMEHHO PETUCTPUPOBATDH PU-
3UOJIOTUYECKUE CUTHAJIBI OT KOPBhI M INIYOMHHBIX CTPYKTYDP T'OJIOBHOT'O MO3-
ra. Vcnosb3oBanue yabTpabbIcTphix nocaenoareasrocreii MPT (multiband
rocjeoBaTe/ibHOCTH paszpaboransl B MRR-1ienTpe nemapramenTa pagmnosio-
run yHuBepcuTera MunHecoTsl, [2]) H03BOJISIET YBEIMIUTD YaCTOTY JIUCKPE-
tusaruu curdajia g0 1-1,5 'y u cooTHOIeHne curuaj — IryMm, HO Tpedbyer
CIIEUAIBHBIX, HECTAHIAPTHBIX PEKHUMOB IpenodpaboTKy JaHHBIX. B pas-
HbIx nporpammubix makerax (FSL, AFNI u SPM) peanusyrorcst pasaundnbie
AJITOPUTMBI PACUYETOB U HONpPaBOK apredakToB. OJHAKO peain30BaHHBIE B
HUAX CTaHJAPTHBIE MPOIELYPbl MOTYT JIaBaTh JIOXKHBIE ONEHKHU DU aHAJIH-
3e yabTpadbbicTphix GMPT mocienoBarenbuocreit. B mamem wucciienoBanuu
([3]) mpeozken cobeTBEeHHBIH aJIrOPUTM PAOOTHI € YIBTPAOBICTPBIMU TOCJIE-
JOBATEILHOCTAMY, BKJIIOUAIONUN B ce0s IMOJABIEHUE KaK BPEMEHHBIX, TaK
U IPOCTPAHCTBEHHBIX apTedaKTOB: KOPPEKIHs apTedaKTOB JIBUNKEHUS aJjl-
TOPUTMOM «OJIMKAMIIIX cocelieli, KOPPEKIUs JIAHHLIX Ha HEOTHOPOIHOCTD
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MarHUTHOIO IT0JIsI B 00JIaCTH CKaHUPOBAHUSA, KOPPEKIMSI BPEMEHHOI'O CMe-
MIEHUsT CUT'HAJIA, CeIMEHTAINsI CTPYKTYP FOJIOBHOTO Mo3ra B ariacHoMm MNI-
IIPOCTPAHCTBE € IOCJIEAYIONIMM IT0JaBAeHIEeM (PU3UOJIOTMIECKOTO IyMa Ha
OCHOBE METO/Ia HE3aBUCHUMbBIX KOMIIOHEHT.

st moctpoenust na ocuoBe GMPT nanHBIX HepapxXudeckoil MOJIEIN B3au-
MOJIEHCTBUST KPYITHOMACIITAOHBIX HeipoceTeil HeoOXo1nMa BepUPUITTPOBAH-
Hag IIPUBA3KaA (byHKL[I/IOHaJIbeIX 30H K aHaTOMUMN. K HaCTOAIIEMY BpeMEHU
CYTIECTBYET PsiJi paboT, TOCBSIIEHHBIX ATIACHOMY PAa3bUeHUIO KOPBI TOJIOBHO-
0 MO3Ta YeJI0OBeKa Ha (DYHKITMOHAIBHO-CTPYKTYPHBIE 30HbI, HAITPUMED, pabo-
ta [4]). CrpykTypa co3gaBaeMbix (DyHKIMOHAIBHBIX ATIACOB IIPE/IIOJIAraeT,
YTO BCE BOKCEJIU, BXOMSINNE B OJIHY (PYHKIIMOHAJIBHYIO 30HY, BBITOJHSIOT CXO-
JKYTO DYHKITAIO ¥ UMEIOT CXOXKYIO TUHAMUKY. DTO MPEJITOTI0KEHNE HCTIOTb3Y-
€TCsl BO MHOTHMX HCCIEIOBAHUAX, B KOTOPBIX JJIsi YMEHBIIEHUsI PA3MEPHOCTH
JAHHBIX, BCE TUHAMUKN BOKCE/IEH, BXOJIIIUX B O/IHY (DYHKIIMOHAJIBHYIO 30HY,
3aMEHSIIOT OJHON, MOTyYeHHON, HampuMep, uxX ycpegaaenneMm. OHaKO, HAIIN
UCCJIeJOBaHUsI TIOKA3AJIM, 9TO B OJHY ATJIACHYIO 30HY 3a4YaCTYIO ITOIAIaf0T
BOKCEJIH, JIMHAMUKHI KOTOPBIX HE JIEMOHCTPHPYET BBICOKON KOppessIuu (Ha-
npumep, 1o [upcony wim Kanyeny). Tak, Bokcesu, (hopMaibHO BXOJIAIINE B
OJIMIH PErnOH COTJIACHO aHATOMHYECKMM ariacaMm (Hampumep, AAL), O pac-
ITOJIOYKEHHBIE Ha ITPOTUBOIOJIOKHBIX T'DPAHUIAX, MOI'YT UMETh KOPPEJISIIIUIO
OIM3KYTIO K HYJIIO U JaXke oTpunareabayto. ObbsicHenne JAHHOTO (haKkTa —
Jinbo pas3bueHne Ha 30HBI HE BIIOJIHE KOPPEKTHO, JINOO KOPPEJISIIUs HE MOXKET
BBICTYTIATD B KAUECTBE METPUKU OJIU30CTH IMHAMUKN BOKCEJIEH, BXOJATINX B
OJIHY 30HY, TuOO MMeeT MecTo 00a MpeIoioKeHusi. TeM He MeHee, ecJii Peru-
OHBbI HE ABJIAIOTCHA Cl:)yHK].H/IOH&J'H)HO—OPZLHOpOILHbIMI/I7 TO HOCTpOeHHbIﬁ Ha HUX
KOHHEKTOM He OyJeT KOPPeKTHBIM. HaMu Tpe/TosKeHbl COBEPITIEHHO HOBBIE
JIB& aJI'OPUTMa pacueTa (DYyHKIMOHAIBHO-0{HOPOIHBIX pernoros (POP) ro-
noBHOTO Mosra ([5]) mist mocrpoennst GyHKIMOHATLHOTO KOHHEKTOMA. OnnH
MeToz, — Meroj| Kiacreproit cermernrarun (MKC) — mossosisier BbLAeMTD
PYHKITMOHATBLHO-0THOPO/THBIE PETUOHBI, CTAOMIbLHBIE BO BPEMEHH, BTOPOH —
meroy dyHkimuonanbHoit cermentanun (M®PC) — 1103BoJIsSIET BBIIEIUTH Pe-
THOHBI BOKCeJIell ¢ BBICOKUM YpOBHeM Koppessmun. [lomyueHuse B HAITIX
uccaenopanusix @OP He coBHamaroT HU ¢ OJHUM U3 paHee MPeJJIOKEHHBIX
PYHKITMOHATBHBIX ATJIACOB U MOTYT BXOJUTEH COCTABHON YaCTHIO B ATIaCHBIE
pasbueHust WM COJIEPXKAThH OT/E/IbHbIE YaCTU ATJIACHBIX pa3dueHuii, Haxo-
nsick Ha ux rpanuie. Kaxaas OOP xapakrepusyercs BpeMeHHOH JHHAMU-
KOIi, TIOJIy9aeMOoil yCcpeJIHEHueM JUHAMUK WJIN BbIJICJIEHIEM OOIIEell JTuHAMU-
K1 METOJO0M HNPUHIUIINAJIBHBIX KOMIIOHEHT (HaH_H/I uccjieJJoBanugd 1moxKa3aJin,
aTo Koppesanust [lTupcora Mexk 1y obImMu TUHAMIKAMY, 0Ty YeHHBIMU JBY-
Mgt sTuMu Merogamu, pasHa 0,99). OxHoil u3 HamboJsiee CIIOPHBIX MPOIELYD
npu anajmde GMPT maHHBIX B COCTOSHHUU IIOKOSI SABJISIETCS VIAJICHHE AB-
TOKOPPEJIAIUN U3 CUIHajia U riobaibHas perpeccusi curnaia (GSR). Via-
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JieHne TJIO0AILHOTO CUTHAJA C OHON CTOPOHBI HOBBINIACT AHATOMUIECKYIO
crenuUIHOCTD MATTEPHOB (DYHKIIMOHAILHON CBA3M 32 CUET y/IAJeHUs apTe-
¢aKkTOB, CBA3aHHBIX C JIBUYKEHHEM, JIbIXAaHUEM, PEKUMOM PabOThl CKaHepa,
¢ JIPYTOil CTOPOHBI, TaKasl MPOIEeAypa U3MeHsIeT pacipejiejieHne peruoHaIb-
HBIX KOPPEJISAIHI CUTHAJIOB B TOJIOBHOM MO3T€ U MOXKET MOJIMMDUITUPOBATD Pe-
aJIbHbII HefipoHHBIN curnaj. B nareit pabore MbI IpejijlaraeM UCIOJIH30BATD
HEMHOT'O MOJUMUIIMPOBAHHBIH aIbTePHATUBHBIN MeTo 1 Aud dy3HOi KitacTep-
Hoit onerku u perpeccun (DICER — (D)(i)iffuse (C)luster (E)stimationand
(R)egression), KOTOPBIl BbLjIeJIsIET CUTHAJIBI, CBA3aHHBIE C GOJIBITMME KJIacTe-
paMu KOrepeHTHBIX Bokcesieit ([6]).9To mosBosmito st Kazk0ro OTIeIbHOTIo
Goabioro kiacrepa (He menee 2000 BoKceseil B KaxXK/JOM KJjacTepe) UTepa-
TUBHO yJIAJISTh U3 BCeX 00PA3YIOIIUX €ro BOKCE e JIOKAIbHBIN 00N TOTHKO
JIJIST HUX CHTHAJI.

B zaade nmocrpoenusi pyHKINOHAIBHBIX KOHHEKTOMOB JOJI?KHA OBITH BbI-
Opana Mepa OIEHKHU CBSI3HOCTU PabOThI HelpoceTei, HEOOXOMUMBIM YCIOBUEM
[IPUMEHEHUs] KOTOPOil B OOJIBIIIMHCTBE CJIYYAEB SIBJISETCS HAJIMYNUE CTAIIAO-
HapHOCTH BpeMeHHbIX psijioB @POP. Hamu ncciteioBanust IOKa3am, ITO JJIst
MPUHATHS TUIOTE3bl O CTAIIMOHAPHOCTHU PsiJIOB HEOOXOIMMO YUUTBHIBATD pe-
3yJIBTaThl HE OJIHOI'O KOHKPETHOI'O METOJ[a €€ pacuera, a IeJIOT0 KOMILIEKCA
mero108 ([7]). Bopoc o BeiGope caMoil MepbI OIEHKHU CBA3HOCTH PabOTHI Hell-
pocereii KpaiiHe BayKeH U, KaK ObLIO y»Ke OTMedeHo B pabore [8], moBepue kK
[IOJIy9aeMbIM Pe3yJIbTaTaM OIPDAHUYEHO, TOCKOJIbKY:

1) HUCITOJIb30BAHUE PA3HBIX MEP OIEHKN HEPOCETEBOI CBA3HOCTHU JAaeT Pa3-
HbIE PE3YJIbTATHI;

2) BBIOOP MAPAMETPOB PACUYETOB MEPHI BJIUSIOT Ha KOHEUHBINH PE3y/IbTar.

B pabore 8| 6b11a paspaborana nporpammuas cucrema MULAN (MULtiple
method ANalysis), peasusyomasi KOMILUIEKCHBIIl I10/{X0J[ [TOCTPOEHUS] Mep
CBSI3HOCTH Ha OCHOBE aHCaMOJIsl, COYETAIONero 42 MeTo/1a aHaIn3a, ompeie-
JIEHUE ONTUMAJIBHBIX [apaMeTPOB HA OCHOBE CUMYJIMPOBAHHBIX JAHHBIX, Me-
JKMETOUIECKOe CPABHEHUE MOy IaeMbIX PE3YJIbTATOB U IIPUMEHEHHUE HEedeT-
KOIi JIOTUKU JIJIsi u3BJjieueHusi rpadoB ¢ HanboJjiee BEPOSITHON cTpyKTypoit.B
Hareil paboTe Mbl PACIIUPUINA IPETaraeMblii KOMILJIEKC MEep OIeHKU CBsI3-
HOCTH, JOOABUB JIBa METO/Ia pacyeTa IPUINHHO-CJIEICTBEHHBIX CBsI3eil B KOH-
HEKTOME — TPAHCMEPHYIO SHTPOIHUIO M METOJ JIMHAMUIECKOTO Kay3aJbHO-
0 MOJICJIMPOBAHUSI, & TAKXKe METOJI, pacdera KO-aKTHBAIIMOHHBIX ATTEPHOB
(CAP). Takum obpasom, dbyHKIMOHAIbHAs CBsA3HOCTH Mexk 1y POP Bepudu-
[IMPOBaHa, e€CIN ee HaJu4Ine IMOKA3aHO MPHU Pas3sHBbIX MeTpruKax. Ha Texymmii
MOMEHT IIPOBEIEHHBbIE YKCIepUMeHTaIbHble nccaemoBanns GMPT mamubIx
COCTOSIHUSA TIOKOsT TPEX UCIBITYeMbIX mokasasn, aro POP, Boiaemennbe Me-
Togom MOC, 1eMOHCTPUPYIOT OOJIBITYI0 YCTONINBOCTD CBsI3€li BO BPEMEHU,
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YeM PEruoHbI, B3AThle HA OCHOBe ariiaca. CpaBHEHHUE JIBYX IIPEIJIOKEHHBIX
HAMH T0JX0/10B K BbIAesernio POP Taxke mokasajo, 9To pe3y/abTraThl, M0-
sgyuaenubie MetrogoM MKC, nator 6osiee cTabUIBHBIE BO BpEMEHU YPOBEHBb
bYHKIIMOHAIBHBIX CBs3eil Mexkay permoHamu. Ha mammom stame oba pas-
paboraHHbIX HaMmu 1osxoja Bbeaerns POP ¢ mocieayommum mocrpoeHneM
bYHKITNOHAIBHBIX KOHHEKTOMOB ITPOXOSAT arrpobaIuio Ha BeIOOpKe u3 25 uc-
IBITYEMBIX U B JIAJBHENIITIM IPEJIIOIATaeTCA €r0 UCIIOIb30BAHNE B CTUMYJIb-
HBIX KOTHUTUBHBIX 33/1ad9ax. KoppeadaimoHHo-KIacTepHble METOIbI BhIIEIe-
Hust PyHKIMOHAILHO-0IHOPOJIHBIX PETHOHOB I'OJIOBHOI'O MO3T'a IIPEJICTABIIEHbBI

Ha github: https://github.com/KozlovStanislav/CCM-FOR

UccnenoBanue Boinoneno mnpu dpuHancosoi nouep:kke PODU B pam-
Kax HaydHOro mpoekta Ne 18-29-23020 mk. Paspaborka I0MOTHUTE/IHHBIX
MIO/IXOJIOB K CO3/IAHUIO COBPEMEHHOI'O aJITOPUTMA IOCTPOCHUST (PYHKITHOHA b~
HBIX KOHHEKTOMOB ObLja BBIIIOJIHEHA IIPHU IOJiep:KKe rpanTa Mexucim-
IJIMHAPHON HAYyYHO-00pa3oBaTebHO K06l MI'Y «Mo3sr, KorHUTUBHBIE CH-
CTeMBI, UCKYCCTBEHHbII nHTEJUIeKT>. JlomomHurenbuas amnpobarus paspabdo-
TAHHBIX METOJIOB ObL/Ia ITPOBEJIEHA HA YIBTPAOLICTPBIX ITOCIEI0BATEIHHOCTIX
GMPT, mosryuenHbIx B paMkax rpanta MuHHCTEPCTBa HAyKHU U BBICIIIETO 00-
pasoBanust PO (rpant Ne 075-015-2020-801).
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The brain functioning is based on the parallel synchronous
work of the neural networks, the architecture of which determines
the properties of the cognitive processes. To construct functional
connectomes of the human brain, data from non-invasive methods
are usually wused: electroencephalography (EEG), magnetic
encephalography (MEG), and functional magnetic resonance imaging
(fIMRI), obtained in stimulus cognitive tasks or at resting state. For
each combination of the above experimental methods and the studied
cognitive process, there are features in the methods of constructing
functional connectomes. Of particular interest is the study of neural
network interaction at resting state, as a basic level of consciousness,
based on the use of data from the fMRI method. With a bad spatial
resolution (about 2 mm) and temporal signal resolution (0.5 Hz),
fMRI is the only modern method for the simultaneous registration of
physiological signals from the cortex and deep structures of the brain.
In this work, using the fMRI data of the brain resting state as an
example, we describe the characteristic features of the construction of
functional connectomes.

Keywords: neural networks, fMRI, functional connectome, global
signal, functionally homogeneous regions, stationarity, autocorrelation,
functional atlas, resting state
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YHactsb 8.
YHeji0BeKO-OpUEeHTUPOBAHHBII
NCKYCCTBEHHBI MHTEJJIEKT W

HelipouHTepdeiicHble TeXHOJIOTUN



HeiipocereBoii ki1accudpukarop III' mroxaeii,
neperecmux n He neperecmmux COVID-19

A. 3y6os !
M. Ucaesa 2

A. Bepnajort?

Bunapusrit k1accudukaTop, OCHOBAHHBIN HA CBEPTOIHON U PEKYP-
PEeHTHOIT HefIpOHHOI ceTH, oKa3aJ TOYHOCTh, paBHYyIo B cpeanem 60%,
¢ MaKCUMaJIbHBIM 3HadeHrneM 78,9% npu kiaccudukarmu ganapx 39T
or jiogeit, neperecmux SARS-CoV-2 (COVID-19) u Jiomeii, koro-
pble He nMesn TepereceHHoro auaraocruposanaoro COVID-19. Iomy-
YEHHBIE JAHHBIE TIOATBEPXKIAI0T TUIOTE3Y O HAJUIUHU ONPEIETEHHBIX
MATTEPHOB 3JIEKTPUYIECKON AKTHBHOCTH MO3Ta Y JIOJEH, MepeHeCITnX

SARS-CoV-2 (COVID-19). Keywords: COVID-19, 93T, ueiiponnsie
cetn, SARS-CoV-2
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MEHTAJbHBIX KOMAaH/][ HAIIPABJICHUS JBUXKCHUS JJIs B3aUMOJIEHCTBUS C Iie-
pudepUHBIMEI YCTPOWCTBAME, MBI CTOJIKHYJIUCH C OCOOEHHOCTSIMU CHTHAJIA
y moJb3oBaresteii, nepenecux SARS-CoV-2 (COVID-19). [list BbisiBiieHust
0CODEHHOCTEH JIEKTPUIECKON aKTHBHOCTH MO3Tra y MepebOJIeBINIX JIFOIeH 1
HaYYHOM MOJIJIEPKKU HEOOXOIMMOCTU BAKIIMHAIIUU MbI ITPOBEJIM UCCJIE/I0Ba~
HIEe, KOCBEHHO IO/ITBEPKIAOIIEE HEBPOJIOTUIECKIE TIOCIECTBUS TIePEHECEH-
Horo SARS-CoV-2 (COVID-19).

Ha rekymuit MOMeHT u3BeCTHO 7 YeJ0BEYECKUX KOPOHABUPYCOB, HEKO-
TOpbIE M3 HUX ACCOIMUPOBAHBI C OCTPBIMHU, B OOJIBIIIMHCTBE, PECIUPATOP-
HBIMU 3200JIeBAHISIMI: OJIMKHEBOCTOUHBIN pecrimpaTopubiii cugpom (MERS-
CoV), SARS-CoV-1, SARS-CoV-2. s HEKOTOPBIX KOPOHOBUPYCOB TaKUX,
kak HCoV-229E, HCoV-OC43, SARS-CoV-1 u SARS-CoV-2 (COVID-19),
IoKa3aHa CBsi3b ¢ HeBpojiormueckumu ocjoxkuerusmu. PHK HCoV-229E u
HcoV-0C43 oupenensiiorcss B MO3roBO# TKaHU HAIUEHTOB C JUATHOCTUPOBAH-
HBIM PACCESTHHBIM CKJIEPO30M B DOJIBINNX KOHIIEHTPAIUSX, Y€M y JTOHOPOB 6e3
nocrasjieHHOro jguartosa [1]. B 2020 romy 6bu1o 10Ka3aHO, YTO HOBPEXKJie-
HUsI HEHPOHOB MOT'YT OBIThH BBI3IBAHBI IIPSIMBIM B3aUMOJIEHCTBUEM C BUPYCOM
SARS-CoV-2 (COVID-19), u KOppegupyroT ¢ CUMITOMAMHI MUEJIATA, SHIE-
dasmTa, MEHUHTUTA, SHIEMATONATHH, HAPYIIIeHN MO3rOBOTO KpoBoobOpaire-
Hus [2].

B nmamem ucciieioBanum Mbl XOT€/IU ObI U3y YUTH OCOOEHHOCTH JIEKTPUTIE-
CKOIf aKTHBHOCTU MO3Ta II0CJIe TIepeHeCeHHON MHMEKINY, BI3BAHHON BHUPY-
com SARS-CoV-2 (COVID-19) 1o gauubiM sekrposunedastorpadun (D9T).
JlaHHBI METOJI MOXKET SIBJISITHCS BCIIOMOTaTEIbHBIM HEMHBA3UBHBIM CKDPH-
HUHTOBBIM METOJIOM JIJIsI OIIEHKH HEBPOJIOTUYIECKUX [TOCJIE/ICTBUI IIepeHeceH-
HOM MHQEKITNH.

Taxum 06pa3oM, IeJIbI0 HAIIETO UCCIIEIOBAHUS SIBJISETCH IIPOBEPKA CJie-
JIYIONIEN THIIOTE3bI: JIAHHBIE 3JIEKTPUIECKON AKTUBHOCTU MO3Ta OT HCIIBITYe-
mbix, nepenectmx SARS-CoV-2 (COVID-19), u jannble OT UCIIBITYEMBIX He
6onesmmx SARS-CoV-2 (COVID-19) obmaialor npusHakaMu, BBISIBIISIEMbI-
MU C TTOMOIIBI0 OMHAPHOTO KJIACCH(PUKATOPA HA OCHOBE KOHBOJIIOIIMOHHON 1
PEKYPPEHTHOII HEPOHHON ceTu.

JlanHast TUIOTE3a KOCBEHHO TOJITBEPXKJIACT HAJUYINE HEBPOJOTUIECCKUX
nocseacrsuii nepenecennoro SARS-CoV-2 (COVID-19).

2. Meroan:

JlaHHBIE JJIsT NCCTIeJ0BaHUSI OBLITH ITOJTY 9eHbl MeTOIOM DI Ha 32 He3resieBbIX
3JIEKTPOAX, CXeMa, MO3UIMOHNPOBAHMS 3J1eKTPoaoB — 10-20. 3anuch JaHHbIX
OCYIIECTBIISIACH ¢ IOMOIIBIO ABYX Moy eit Cyton OpenBCI u cobeTBerHOTO
MomyJst ouudPOBKH M IPeodpa3oBaHus CUrHaIa. JacTora HUCKpEeTH3aIllnn
curnaJa cocrasidaina 250 I'm,.
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DKCIIEPUMEHT TIPEJICTABIIA COOOU CIIEYIOIIEe: UCIBITYEMbIM JEeMOHCTPH-
poBaJINCh CJI0Ba HAa MOHUTOpPE (8 CJIOB Ha PYCCKOM sI3bIKE) B TEUEHUH 3 Ce-
KYH/JI C TIOCJIEJIYIOIIIEl 11ay30ii B BHUJIE Y€PHOTO SKPaHa B 2 CEKYH/IbI; BO BpEMsi
JEMOHCTPAIINN UCHBITYEMbBIX MPOCUINA MPOU3HOCUTL CJIOBA BHYTPEHHUM T'O-
JIOCOM; BO BPEMSI 9KCIIEPUMEHTA y UCIBITYEMbBIX 3aIMCHIBAIUCH JTaHHbIe DI
JJIuTeIbHOCTD SKCIIEPUMEHTa cOocTaBsdgaa 5 — 60 MUHYT, B 3aBUCUMOCTHA OT
WHIUBUYAJIbHOTO COCTOSIHUS U YKEJIAHUS UCIIBITYEMOTO.

Hanuble ObLIM pa3MedeHbl Ha JIAHHBIE OT OOJieBIINX (32 YesloBeKa) U He
GoseBiux ucneiryembix (40 gesnosek). aracer manupyercs ciesarhb my6-
JITYHO AOCTyHHBIM 110 Jutien3uu FreeBSD 3 B Omkaiiniee Bpems. O6paboTka
JAHHBIX OCYIIECTBJISAIACH AHAJOMUYHO ONUCAHHON HAMU PaHEe METOJIUKE CO
CTIEYIOIUMI MOAUMUKAIMAME: JTyOJIUPOBaHNE KAHAJIOB BUCOYHBIX JI0JIell Ha
HAYAJIbHON CTaJUK JJIsl JIOCTUXKEHUsT UCXOIHOl pasmeproctu 40 x 1024 [3].
B pesynbraTte B 06paborannbiit BekTop dopmara 256 x 256 BommM mpu3Ha-
KI YaCTOTHOTO CIIEKTPA, JIaHHBbIe 6e3 00paboTKU, 3HAUCHUS MEIUAH KaHAJIOB
pPevIeBOro IeHTpa, KOMIIOHEHTHI TyIa3Horo Imyma. ObpaboTaHHble JaHHBIE Ha-
JIAHCHPOBAJIU 10 KOJIMYECTBY BEKTOPOB B KJlaccax OOJIEBITUX U He OOJIEBIINX
UHAWBUIOB JI0 TOJIyUYeHHUs PAaBHBIX 3HaUYeHU. BBIOOPKY menunim Ha o0ydaro-
myto (70% or Bcero obbema), Bammaannonnyio (20%) u recrosyio (10%) BbI-
bopku. B kadecTBe Mozenu g buHapHOro Kiaccudukaropa ObLia BeIOpaHa
cBéprouynas pekyppenTHas cerb ResNetl8 ¢ myms ciosmu GRU (pekyp-
penrubtit 610K) [3]. IIpu 06yuennn Momesn HCIOIBL30BAIN AJITOPHTM AJIAM C
mapamerpom obyuenusi 0.001, pasmep barya cocrapis 128 BeKTOpPOB, 00y-
yasim He Oostee 200 310X.

3. Pesynbrarbi

MoandunnpoBaHHBIT OMHAPHBINA KIacCu(MUKATOP Ha OCHOBE KOHBOJIIOIIMOH-
HOIl U peKyppeHTHOIl HEeHpOHHON ceTu, NpeJCTaB/IeHHbI HaMu paHee |3,
IIOKa3aJj1 CPEIHIOI0 TOYHOCTDH KJACCH(UKAIIMU Ha 1epeboJIeBINnX U He Iepe-
6OJIEBIX UCIBITYeMbIX paBHyio 60%, ¢ MakcumasbHbIM 3HadenueM 78.9%.
[Tosryuennbie maHHBIE MOATBEPXKIAIOT TUIIOTE3Yy OO0 OCOOEHHOCTSIX IATTEp-
HOB 9JIEKTPUYIECKON aKTHUBHOCTH MO3Ta, CBONCTBEHHBIX JIIOIASIM, IIEPEHECITHM

SARS-CoV-2 (COVID-19).

4. 3akKJo4deHune

B cBoeit paboTe MBI TOATBEPAUIN BO3MOXKHOCTD HCIIOJIL30BaHUS Heiffpocere-
BOIo a,.HI‘OpI/ITMa ,ZLHH BbBISIBJICHU A OCO6eHHOCTeIU/I SHQKTpI/IquKOﬁ aAaKTHUBHOCTHU

mosra mocste nepeHecenHoro SARS-CoV-2 (COVID-19). Mbr cdhopmyiupo-
BaJin U JOKa3aJIln T'UIIOTE3y, KOCBEHHO IIOATBEPZK/IaI0OIIyI0 HaJIMIHUE€ HEBPO-
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JIOTUIECKUX CHMITTOMOB, BBISIBISIEMBIX MO I, ¥ UCIBITYEMBIX TTEPEHECITIIX
SARS-CoV-2 (COVID-19). MsI nokazain BO3MOKHOCTb UCIIOJIb30BAHMST Me-
TOJIOB MAITTHHOTO 06y YEeHUsT JJIsT BBISIBJICHIS HEBPOJOTHICCKUX TTOCJIEICTBUN
SARS-CoV-2 (COVID-19) u npomeMOHCTPpUPOBAJIN BO3MOXKHOCTU HEMHBA-
3UBHBIX HefiponnTepdeiicoB Ha ocHoBe DI jjig perneHus MojoOHBIX 3a-
nad. B manbHeiinieM MbI IUTAHUPYEM JleTajJbHee PacCMOTPeTh 0COOEHHOCTH
SJIEKTPUIECKON aKTUBHOCTH MO3Ta, JIJIsT BBISIBJIEHUST IACTOTHBIX TTATTEPHOB,
MATTEPHOB ACUMMETPUHU TOJIYIIAPHi MO3Ta, MpobJeM JIaTepaJTbHOTO TOPMO-
JKEHUsI U 3aJIePXKKHU BBI3BAHHOIO IOTEHIMasa y Joiei, nepenecimmx SARS-

CoV-2 (COVID-19).

Neural network classifier for EEG data from people who have
undergone COVID-19 and have not
Zubov A., Isaeva M., Bernadotte A.

A binary classifier based on a convolutional and recurrent neural
network, showed accuracy equal to 60% on average, with a maximum
value of 78.9% when classifying EEG data from people who have
undergone SARS-CoV-2 (COVID-19) and people who did not meet
the SARS criteria. The data obtained support the hypothesis about
the presence of the brain electrical activity patterns in people who
have undergone SARS-CoV-2 (COVID-19).

Keywords: COVID-19, EEG, neural network, SARS-CoV-2
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Kpurepuii kKadecTBa KjacTepu3alnun Ha
OCHOBe O0TOOpa MPU3HAKOB pa3MedYeHHOI
BBIOOPKW C MpUJIOXKeHneM B 00JIacTu
pa3padboTku nHTepdeiicoB MO3r-KOMIOBIOTED

A. Masypun! A. Bepnasorr?

B npukiamabIx 3amadax MaNIMHHONO OOyYeHHs YaCTO BCTPEYAET-
cs mpobsieMa HeoTHOpOmHOCTH BbIOOpKHU. Hampumep, 310 mpuBOIuT K
TPYAHOCTSIM B PEIIeHUH 33/Ia9i PACIO3HABAHUS HATTEPHOB JIEKTPU-
9ecKoil aKTUBHOCTHU MO3Ta IIpu pa3paboTKe HelponnTepdeiica y Toei
Pa3HBIX COIUAJIBHBIX XapaKTePUCTHUK.

B pabore MBI IpemjioXKUIu HOBBI MeTOJ[ OIEHKH pabOThl ajro-
pUTMa KJIACTEPU3AINM, UMEIONNN HU3KNE BBIUYUCIUTE/bHBIE 3aTPaThI
¥ OCHOBAaHHBII HA CIIOCOOHOCTU aJrOPUTMAa PACIO3HATH CKPBITHIE 3aKO0-
HOMEPHOCTH, TO €CTh BBIIEIATH IPYIIIbI, CXOXKWE MO BHEITHEMY IIPH-
3HaKy. Mbl mokazasan obsiacTu IPAKTHIECKOrO MPUMEHEHUs aJrOpPUT-
Ma, B YaCTHOCTH B 3aJa4ax KJIACCHUMPUKAIUN JTAHHBIX JIEKTPUIECKON
aKTUBHOCTU MO3ra IPU IIPOM3HECEHUN 8 CJIOB Y JIIOJeil ¢ Pa3sHBIMU CO-
UATBHBIMU XaPaKTEPUCTUKAMU.

KiroueBbie cyioBa: KiacTepu3aliys, KPUTEPHUl KavuecTBa KJiacTe-
pusaruu, Heliponnrepdeiic.

1. BBegenue

B npukimagHbIX 3a/auax MAIIHHHOTO OOyUeHHUsl paclpocTpaHeHa IIpodJeMa
HEOIHOPOAHOCTH BBHIOOPKHU. OJHUM M3 peIleHnil TaHHOUW MPOOIEeMbI MOXKET

! Masypun Anexcandp Jmumpuesus — cryneRT Kad. MATEMATHYECKOH TEODHH HH-
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OBITH pa3jiesieHre BBIOOPKHM Ha HECKOJIBKO I'PYII, COCTOAINX U3 6ojee of-
HOPOJIHBIX MAaHHBIX. [locsenytoriee obyueHne ¢ UCIIOIb30BAHNEM HEHPOHHBIX
ceTeil Ha KaXKJI0f U3 TPYIII 1O OTAETBHOCTH MOXKET ITOBBICUTH TOYHOCTH Pe-
IIIeHUs TPUKJIAIHBIX 38189, HAIIPUMED, 3a7a4 kaaccudukaruu. [Ipocroe mpu-
MeHEHHEe KJIACCHIECKUX METOJIOB KJIACTEPU3AINU HE BCETJIa BLIJIESET sIBHBIN
IIPU3HAK, 110 KOTOPOMY HOBBIN 9JIEMEHT BBLIOOPKH MOXKET OBbITH OTHECEH K TOI
Wi uHOH rpyte. g permerust 9Toi 381891 MOXKHO, C OTHOW CTOPOHBI, WH-
JYIIUPOBATL pa3dueHne BLIOOPKY Ha MOATPYIIILI, TOCTPOUB KOHETHOE TUCJIO
orobparkeHuii (BHEIIHUX [PU3HAKOB) HA 9JIEMEHTAX BBIOOPKU C JMCKPETHOI
objiacTeio 3Hadenuit. C npyroif CTOPOHBI, MPUMEHsIsI AJTOPUTM KJIACTEPH-
3aIun, MOYXKHO IOJIy9IUTh pa3bueHne Ha KJIACTEPhI IO IPU3HAKY CXOXKECTH
CaMHUX JAHHBIX U CPABHUTL COOTBETCTBHE THUX JIBYX Pa30OMeHuil myTém co-
3/IaHUS METPUKU CXOJCTBA.

st orenkm pabOThl AJITOPUTMOB KJIACTEPUBAIUN CeHIaC MCIOJIb3yeTCs
JIBE KATEropuu KPUTEPUEB KadecTBa KJIACTEPU3AIIMU — BHYTPEHHUE U BHEIII-
nue. BuernmHune KpuTepuu OIEHUBAIOT Pe3y/bTaT PabOTHI aJITOPUTMA IO €ro
CXOJICTBY C U3BECTHBIM (COTJIACHO MeTa-JIaHHBIM BBIOOPKH) pa30OueHueM JIaH-
HBIX Ha KJIACCHI, B TO BpEM$ KaK BHYTPEHHHUE KPUTEPUH — IO TEOMETPUIECKIM
IMPU3HAKaM, TAKUM KaK KOMIIAKTHOCTD MOJIYYUBIIUXCS KJIACTEPOB U MX Pa3-
JEeJTUMOCTb.

B mameit pabore MBI MIpeCTaBsIEM METOJ OIEHKN KAYecTBa KJIACTEPH-
3aIlii, COOTBETCTBYIOMINI 3a/ia4e KJIACTEePU3alNK JTaHHbIX JIEKTPOdHIEeda-
Jiorpaduu COrJIaCHO COIUAJIBHBIM METa-JTaHHBIM U HCIOJIL3YEeMbIH JJIsd I10-
BBIIIEHNsT TOYHOCTHU TOC/IEAYIONIeHl KIacCu(UKAITIN MbICIATETbHBIX KOMAHT,
(cy10B, 3a/2I0UX HANPABJIEHUE JIBUYKEHUsI U Iepe/laBaeMbIX B yCTPOICTBe,
COEJTMHSIIONIEM MO3T U KOMIIBIOTED) B IIPOEKTE IO pa3paboTKe HeHpOomHTep-
detica. [lpecraBieHHBIIT METO, TTO3BOJISIET ONEHUTH CXOJCTBO ITOJIYY€HHBIX
B pe3y/IbTare PabOThI AJITOPUTMa, KJIACTEPU3AINN KJIACCOB ¢ pa3dnennemM, nH-
JIyIUPOBAHHBIM HAJMYUEM y OObEKTOB BBIOOPKY (HA JAHHBIX JIEKTPUYIECKOM
AKTUBHOCTU MO3ra 0T 270 UCIBITYeMbIX) BHEIIHUX IPU3HAKOB — COIMAJbHBIX
MeTa~JIaHHBIX, TAKUX, KAK BO3PACT, mpodeccust u obpazoanue. B 2022 romy
IUIAHUPYETCs OCTYII K KCIOJb30BAHHOMY B HaIleil pabore HADOPY TaHHBIX
3JIEKTPUYIECKON aKTUBHOCTU MO3ra 1o jintien3ueii Free BSD 3.

2. Kpurepnii kadecTBa KJIacTepu3alliy, OCHOBAHHBIIA
Ha BbIJeJIECHUN NpU3HaKa

[IycTb ajaropurMm KjiacTepu3alui 3aBepIInics pasOueHneM 00yJaloleid Bbl-
6opku X Ha MHOX)ecTBO C' KJ1acTepoB, nMmerolnee MOIHOCTL K . Ilycrs Takake
MMeeTCsl MHOXKECTBO A BCeX BHEIIHUX IIPU3HAKOB — OTOOPasKeHU, CTABSIIIIX
B COOTBETCTBHUE 3JIEMEHTY BBIOODKM T YHCJIEHHOE 3HAYeHHE IIPU3HAKA G W3
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obsiactu ero 3uadenuii dom(a). IIpunIumomM, Ha KOTOPOM OCHOBAH Ipeia-
raeMblil KpUTEPU KadecTBa, KJIACTEPUIAINN, ABJISAETCS CJIEIYIOMAs
Knacrepuzanust BbImoTHEHA KQUECTBEHHO <> JIJIsT KAXKJ0T'0 MIPU3HAKa a
U3 MHOXKECTBa HPU3HAKOB A CyIecTByeT KjacTep W3 pa3OueHusi, BCe 3Jie-
MEHTBI KOTOPOI'0 IPUHUMAIOT O/JHO 3Ha4YeHHE IIPU3HaKa @, B TO BpeMd Kak
3HAYEHNE MPU3HAKA @ Y BCEX OCTAJbHBIX 3JEMEHTOB JIPYTUX KJIACTEPOB OT-
sugaercs. PopmanauzyeM 3TOT KPUTEPUN B MaTeMaTHIeCKoil hopMme:

& Halay) = i)

TjECk

1
M(C) = Z —_— max ,
acA |d0m(a)| i€dom(a) €0 1 Z Z ]I{CL(CC ) — Z} +e
1 X[ =lexl I

ceC\ck Ti€Cl

e € — IPOU3BOJIbHOE MaJjioe 1HCJIO, HeO6XO,ILI/IMO€ JJIdd YCTPpaHEHU A 06pame-
HUd 3HaMeEHaTed B HYJIb.

Teopema 1. Buuucaumenvran sampama npedaosicennozo kpumepus M co-
cmasasem O(NKA) onepayuti, 2de N = | X| — pasmep obyuarowetds evibop-

ku, K — wucao xaacmepos 6 pasbuenuu, A = Y |dom(a)|. Ecau sadurcu-
acA
posano K, a makoice MHONCECMBO 6CET SHEUHUT NPUHAKOS U UL 3HAME-

Hutl, mpydoémrocms evvucaenus kpumepus M cocmasum O(N) onepayudi.

Curyarnust, npu kotopoit K He siBjisieTcst (GUKCHPOBAHHON BEJIMIHHOMN, MO-
JKeT BO3BHHUKATh B 3ajiade 10100pa OINTUMAJILHOIO KOJINYeCTBa KiacTepos K.
IIpm sToMm ormmaabHOe K MOXKeET 1Mo pasmepaM ObITH comocTaBumo ¢ N, U
Torjga Kpurepuii M uMeeT KBaJIpaTUIHYIO BHIYUCIUTEIbHYIO CI0KHOCTD.

B Tabmurie Ha puc. 1 mpuBegeHO CpaBHEHHUE 110 CJIOXKHOCTH HamboJIee MC-
[I0JIb3YEMBIX BHEIITHUX KPUTEPUEB KA49eCTBa KJACTEPU3AIUN U IIPEIJI0KEH-
HOro mHAeKca M, a Takke OOBEKTUBU3AIMS CPABHEHUSI aJeKBATHOCTU Pas3-
JIMIHBIX WHIEKCOB KadecTBa KJIACTEPU3AINNA B BUJE MIPEICTABICHUAS PE3yJIb-
TaTOB OHTHMaﬂbHOﬁ, COTJIaCHO KpUTEpHsAM, KJIaCTepU3allun IJisgd BOCbMU CJIOB
PYCCKOTO sI3bIKa, MPEJCTABJICHHBIX JAHHBIMU 3JIEKTPOIHIIE(DATOrPAMMBL (CM.
[TpakTUyeckoe NPUMEHEHHE AJINOPUTMA).

3. IIpakTuvieckoe mpuMeHEHUE AJTOPUTMA

[IpumeHeHme aaropuTMa CyIIECTBEHHO MOBBIIIAET TOTHOCTD PEIIeHN 3aIa9H
KJIaCCUPUKAINN JAHHBIX 3JIEKTPUUECKON aKTHUBHOCTH MO3I'a HEHPOCETEBLIM
CBEPTOYHBIM PEKYPPETHBIM KiiaccudukaropoM|4| Ha BEIOOPKe, cocTosimeii u3
UHJMBUJIOB C PA3HBIMU COIMAIbHBIMU IPU3HAKAME, TAKMMHI KaK I10J1, BO3PAaCT
(mo 25, or 25 1o 35, crapie 35), obpa3oBanue (TyMaHUTAPHOE, TEXHUIECKOE,
npukajnoe). Uugexe M o380/ BbISIBUTH 60Jiee TOHKUE 33KOHOMEPHOCTU
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Puc. 1. B rabnune npejcrasieHsl: CKOppeKTHpoBaHHbIil nnueke Penga [1],
ungexce 2Kakkapa [2], ungekc Poyikca-Msjutosa (3|, u npemiokenuslii B
JaHHoil crarbe mugekc M. B mocieqmeil KoJIOHKe mpeicTaB/IeHO IIPHMEHe-
HUE HHJEKCOB JJIsI BBISIBJICHHs OHTUMAJIBHOIO HHC/IA KJIACTEPOB Ha JIAHHBIX
9JIEKTPUYECKOIl aKTUBHOCTU MO3T'a IIPU IPOU3HECEHHN 8 CJIOB-KOMAH/I.

B JAHHBIX U Pa3eJUTh BLIOOPKY Ha KJIACTEPBI METOIOM k-CPEIHUX, COOTBET-
CTBYIOIIUE KOMOUHAIIUSM MeTa- 1aiHbIX. Tak, BHIGOP ONTUMAJILHOIO COIJIACHO
unziekcy M aucsa kiaacrepos (18 KiacTepoB) Jisi JJAHHBIX J1€KTPOHIEDhA-
JIOPPAMMBI HO3BOJIAET TOYHO BBIJIEINTL 'OMOIEHHbLIE I'DYIIILI UCIBITYeMbIX
OTHOCUTEILHO POJa 3aHATHUIl: IpeJcTaBuTe/eil TeXHUIeCKOro U I'yMaHUTap-
HOTrO 0Opa3oBaHMs. YMEHbIIeHHe KOJTHIeCTBa KIACTEPOB JI0 OITHMAJBLHOTO,
COIJIACHO JIPYTUM HHIEKCAM KadecTBa KJIACTePU3aIluH, He IIPUBOIIIO K BbLIe-
JIEHUIO TTOMOT'€HHBIX prHH I/ICHbITyeMbIX. HOHy‘{eHHoe paS;LeJIeHI/Ie Ha prH—
Il MOYKET CYIIECTBEHHO HOBLICUTH Ka4ecTBO KJIaCCU(UKAIIMU CJIOB IIpU 00Y-
YeHUM HefipoceTeBoro KiaccudukaTopa Ha IpyNIax U3 TOMOTeHHBIX OTHOCH-
TEJBHO COIUATLHBIX XapaKTePUCTUK JAHHbIX.

4. 3akKJo4deHune

[TomBost UTOrM BBIMIECKA3AHHOMY, MBI MIPEJJIOYKIIN HOBBI METOJ OIEHKU
paboThI AJITOPUTMa KJIACTEPU3AIIUN, UMEIOIINIA HU3KNE BHIYUC/IUTE/IbHbIE 38~
TPATHI U OCHOBAHHBIN He Ha OJIN30CTH/OTAATIEHHOCTH OOBEKTOB BBIOODKH, a
Ha CIOCOOHOCTH aJIFOPUTMa PACIO3HATH CKPBITHIE OT HEN0 3aKOHOMEPHOCTH,
TO €CTb BBIJIEJIATH TI'PYIILI, CXOXKHE 10 BHEIIHeMYy [pU3HaKy. Bojee Toro,
MBI MMOKa3aju 00JIaCTH MPAKTUIECKOrO IPUMEHEHHsI aJI'OPUTMa, B IaCTHO-
CTU B 3aJavaX KJIACCU(PUKAIINNA JTaHHBIX JIEKTPUIECKON aKTUBHOCTU MO3Ta
TP ITPOM3HECEHUH 8 CJIOB Y JIIOJIEN C PA3HBIME COUATIbHBIMUI XapaKTEPUCTH-
KaMH.

Clustering quality criterion based on the features extraction of a
tagged sample with an application in the field of brain-computer
interface development
Mazurin A., Bernadotte A.

In applied machine learning, the problem of sample heterogeneity
is often encountered. For example, the sample heterogeneity leads to
serious difficulties in solving the problem of brain electrical activity
patterns recognition when developing a brain-computer interface for
people of different social characteristics.

In this work, we proposed a new criterion of clustering quality based
on the features selection, which has low computing needs and is based
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(1]

2]
13l

4]

not on the proximity / remoteness of the sampled objects, but on the
ability of an algorithm to recognize hidden patterns, that is, to select
groups that are similar in features. We have shown the areas of practical
application of the algorithm, in particular, in the task of brain electrical
activity patterns recognition when pronouncing 8 words by people with
different social characteristics.

Keywords: clustering, criterion of clustering quality, brain-
computer interface.
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YHactp 9.
IIpencraBiaenune 3HaHuil 1
aBTOMAaTU3alUd PacCyKAeHUI



MetapaccykJieHs: JIOTUKO-KOTHUTUBHBII
IIOIXO0/T

1. B. aitnes!

B pabore mpejjaraercs MCIOIB30BaTh CUHTETHIECKUAN TOIXOM K
dopMaIbHOMY MPEICTABICHUIO PACCYXKIACHIUIT B HCKYCCTBEHHOM MHTEJI-
sekre. OCHOBY 9TO TIO/IXO/A COCTABJISIIOT MMOJIOXKEHUST TEOPUH JTBORHOTO
IIPOIIECCA, MTO3BOJIAIONINE PA3JIUIUTH dJIEMEHTapHbIe, ObICTPbIE, UHTY-
UTUBHBIE 0GA30BbIE PACCYXKJICHUS U KOHTPOJIMPYEMbIe, OCO3HABAEMBIE,
MeJIJICHHbIE PACCYKJI€HUs, OCHOBAHHbIE HA pa3MbIIcHusx. Ipyrum
UCTOYHUKOM SIBJISIFOTCSI PA3BUBAEMbIE B JIOTHKE U (DOPMAJIBHON apry-
MEHTAIUU WJIEU MIPE/ICTABIECHUS METapacCyKIeHMiT KakK TpaHcgopMa-
IIUU UCXOJIHBIX PacCy>KJIeHU.

KurouyeBbie ciioBa: 1eI0BEKO-COBMECTUMBIN MCKYCCTBEHHBIN WH-
TEJUIEKT, MeTapacCyKIAeHUsI, TpaHcdopMalus paccy K IeHU.

C rojlaMu mapaiurMa ucC/Ie[0BaHuil NCKYCCTBEHHOTO HHTELIeKTa (1atee
UU) npereprieBaer cyiecTBennble n3menennst. OnHa u3 MOCIEIHIX KOHIIETI-
it npescrasiena B kaure C. Paccesuta 1], onmy6imkosanuoit B 2019 r. Asrop
cunTaeT, 9T0 TIpoekT N 3armes B TynuK, a IpUYUHY 9TOTO BUJIUT B HEBEPHOM
TpakToBKe nHTeIIekTa. COTJIaCHO CTAHIAPTHOMY MTOJIXO/LY, OCHOBBI KOTOPOT'O
ObLn 3ast02kennbl H. Burepom, Malniabl pa3yMHBI B TOI CTEIIEHN, B KOTOPOIi
B KaKOH OT UX JIeWCTBUI MOXKHO OXKUJIATH JOCTHXKEHUS UX IieJieil, npeasapu-
TeJIbHO 3aJI0XKEHHBIX B HUX JIIoabMu. CTaHIapTHOMY IOHUMAHUIO MHTEJIJIEKTA
POTUBOIOCTABIIsIETCs ujtest aesioBeko-copmectrmoro” (human compatible)
WW: MAIIUHDBI IOJIE3HbI B TOU CTEIECHU, B KAKOU OT UX ACHCTBUN MOXKHO OXKU-
JIaTh JOCTHU2KEHUsT HAIUX Tiesieit. Takoil 1moxo 1 mpeiinoaraeT CriocoOHOCTD
AU IIOHUMATh JEUCTBUS JIIOAEH, B TOM CTEIIeHN, B KOTOPOU OHU IIOHATHLI HaM
caMUM, TO €CTh CO 3HAYUTETbHOU MEpPOl HEeOIpeIeIEHHOCTH.

EctecTBenno sBomonus nounmanus VW corpoBoxk1aeTcsd N3MEHEHUSIMU
B TPAKTOBKE DPacCCyXKJIeHWii Kak ojHoi u3 riasubix dyukiuit VUU. Jloru-
YecKre paccyxkieHus, (popMan3yeMble B COOTBETCTBUU C YKECTKUMU KPU-
TEPUSIMHA KJIACCUIECKOH JIOTWKM, YCTYIHIN MeCTO (POPMAJIBHBIM MOJIEISIM
€CTECTBEHHBIX PACCYXKJICHUHN, CYIIECTBEHHBLIMU Y€PTaMU KOTOPBIX SBJISIIOT-
Cs1 HEOTIPEJIETIEHHOCTD, TIPABIONIOI00HOCTDb, MOIUMDHUIIUPYEMOCTh (HEMOHOTOH-
HOCTB) U T.1. HestoBeko-coBmecTumomy NI cooTBeTCTBYET Hiesi METapACCy 2K-
Jennit (eM. mHanpumep, (2], [3], [4]). Merapaccy K jeHnst HOHIMAIOTCS KaK Pac-
CYKJIEHUS O PACCYKICHUSX. DTO B CBOIO OUEPE/Ib IIPEJIIIOJIATAeT PAINOHAb-
HBII BBIOOD BBIYHUCINTEIBHBIN HeficTBUIl M3 ONpeaeIeHHOTO IIpea3a aHHOTO

' Batyes Jmumpui Baadumuposuy — m.d.u., mpodeccop Kad. JOruKn hrrocodcKoro
d-ra MI'Y, e-mail: zaitsev@philos.msu.ru

Zaitsev Dmitry Vladimirovich — D.Sc., Professor, Lomonosov Moscow State University,
Faculty of Philosophy, Deapartment of Logic.
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HabOpa U OLEHKY OKHJIaeMOil OJIE3HOCTU 3TUX JCHCTBUIL, TO €CTh BBIXOJ HA
MeTaypOBeHb, 9TO IIO3BOJILAET OCyH_[eCTB.HHTb TaK Ha3bIBAEMbIit «KOHTPOJIb 3a
obymbiBanuem» (control of deliberation).

Cremyer OTMETHTB, ITO METAPACCYKIEHUs He SIBJISFOTCS TEMOM, 00CY K-
JIaeMOil MCKJIIOYUTEILHO B paMKaX JIOTUKH MJIM KOMIIbIOTepHOil HayKu. B ko-
THUTUBHBIX HayKaX CyYHIeCTBYET JaBHAA TPaAJUIINA UCCJIEJJOBaHUA MeTapac-
CY’KJIeHUI B KOHTEKCTe MeTalo3Hanus (metacognition, [5], [6]). Baxuo, uro B
paMKax 3TOH TPaJIUIUKE METAPACCy K JICHUS AHAJUZUPYIOTCS B TEPMUHAX TEO-
pum aBoitHoro mponecca. He BraBasch B MoapoOHOCTH TON MHTEPIIPETAIIH,
sadUKCUpyeM BarKHYIO JJIsl JaJbHEHIero paccCMOTPEeHHs UIeK0 — MHTEJIICK-
TyaJibHBbIE MPOIEIYPhl, KOTOPbIE MbI TPAIUIINOHHO HA3BIBAEM PACCYKICHU-
AMH, PAcHaJAlOTCa Ha JBa NPUHIUIHAILHO PA3JUYHBIX THIA KOIHUTHBHBLIX
IIPOIECCOB: aBTOMaTHU4YI€CCKUe, 6bICprIe, I/IHTyI/ITI/IBH]:)IQ7 BCTPOEHHBbIC MEXaHU3-
MBI paccykjenuii (cucremal) U ynpasiisiemMble, MeJJIEHHbIE, OCHOBAHHbIE HA
pediiekcun 1 pasMBIIIEHUN MeXaHU3Mbl (cucreMa 2), nojpobHee cM. [7].

ITporpamma MeTapacCyzKIeHH BKIIOYAeT B ceOs MHOXKECTBO PA3IMIHBIX
HaIpaBJIeHUil ucciaenopanuii. B maHHOM cjyvae akIeHT JIeJIaeTcsl Ha pPac-
CMOTPEHUH TMEePCHeKTHB TPAKTOBKH METapacCy’KJIeHMil KaK IPOIecca IIepe-
X0JIa OT OJHUX (MCXOJIHBIX, ATOMAPHBIX) PACCYKIECHUN K JIPYTHM.

OJHMM M3 CHOBaHMII Pa3BUBAEMOIO IOIXOJA CIYXKAT HAIIH COBMECTHBIC
uccJeIoBaHus ¢ coTpyanukamu Kadeapbl Heiipodusnosornu daxkynabrera
ncuxosioruun MI'V [8], HanpaB/ieHHbIe Ha BBISIBJIEHIE KOTHUTHBHBIX KDUTEPU-
€B pa3/JMYeHus] HellOCPEICTBEHHBIX aBTOMATUYECKUX IIePeXOJ0B OT MOCHLIOK
K 3aKJ/IIOUYeHUAM, Ha3bIBa€MbIX B TpaILHHI/IOHHOﬁ JIOTUKE yMO3aK.HIOquI/IHIVIH,
U OIOCPEJOBAHHBLIX PACCYXKICHUI, TOHUMAEMBIX KaK IIPOLEAYPhI HOMIAr0BO-
IN0) O6OCHOBaHI/I5{ HEKOTOPOI'0 BbICKa3bIBaHM. yCHeHIHaH peagn3anud 3TOTro
IIPOEKTa MO3BOJIAT OTKA3aThCs OT KOHBEHIMOHAILHOTO Pa3BEICHUs 3JIeMEH-
TapHbIX yMOSaKJIIOquI/Iﬁ 1 COCTOAIIUX N3 HUX paCCy)KILeHHﬁ, 1 BLLICJIUTD
HEKOTOPOE MHOYKECTBO aTOMAPHBLIX HEIIOCPEJICTBEHHBIX IEPeXOJ0B OT IIOCHI-
JIOK K 3aKJIIOYEHHUSIM KaK KOTHUTUBHBINI 63,31/1(3 qeJIOBEYECKUX paCCy)K,ZLeHI/H';‘I.

Jlpyroit ncToYHNK OOHAPYKUBAETCA B JIOTHKE U (POpPMaIbHONU apryMeH-
ranuu. West Tpancdopmalun pacCy>kKJIeHUi B BUJIE CIIEIUATLHBIX TPABUII,
OINMCBIBAIONIUX JIOIIYCTHMBIE CIIOCOOBI IIEPECTPONKHN BBIBOJA OTHIONL HE HO-
Ba. JlocTaTOYHO BCIIOMHUTL TaKue IIPUHIMIILI KaK CBeJeHHe K abCypiy UIH
paccyzKaeHue OT IPOTUBHOTO:

T, AL
TH-A’

N CTPYKTYPHBIC ITpaBUJIa '€HIIEHOBCKOI'O TUIIa, HAIIPUMED, ocJiabJIeHuEe UJIn
cedeHue:

THA T'FAA AOFY
T,AF A’ T,oFA,Y
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Chenyromuii BaKHBII IIar B IIPEJICTABJIEHUN METapacCyXKJICHUH Kak
TpaucodOpMAIMU PACCYKICHUN JIeIaI0T UIe0J0rn (HPOPMAILHON apryMeH-
Taruu. OcobBEHHO XOPOIIO 3TO 3aMETHO HA IPUMEPE TaK HA3BIBAEMOIO «ald-
CTPAKTHOI'O apr'yMeHaTHBHOIO Kapkacay a-jisi Jlanr (abstract argumentation
framework), masBammoro tak 6saromapsi ocHoBomoJaraiomieit pabore |9
['naBuble naen abCcTpakKTHON apryMEHTAIIUN COCTOAT B TOM, YTOOBI abcTparu-
pOBaThCH OT BHYTPEHHEH CTPYKTYDPBI PACCYXKJIEHUN U PACCMATPUBATHL apry-
MEHTATUBHbBIE PACCYXKJIEHUsI KAK aTOMapHbIe 00bEKThI, Ha, KOTOPBIX 3aJaHO
€J/INHCTBEHHOE OTHOIIIEHNE aTaKH, COOTBETCTBYIOIIEE MPUHIATOMY B HedOp-
MaJIbHOM TEOPUHU apryMeHTAIUU MOHITUI0 KPUTUKK. B pe3yibrare apryMmen-
TaTUBHAsl CTPYKTypa — 9TO Mapa, BKJIOYAIONAs MHOMXKECTBO PaCCyKIEHUM
(arguments) u JBYXMECTHOE OTHOIIEHUE aTaKd. Y TBEPXKIEHHE O TOM, UTO
paccy:keHne A aTakyeTr paccyKiaeHue B 0OBITHO ITPeICTABIISIETCS KaK hop-
Mmynaa suga A — B. IlpumedarenbHo, 9T0 abCTpaAKTHOE OTHOIIEHWME ATAKN
OKa3bIBa€TCHd (byHﬂaMeHTa.HbeIM 1 IMMO3BOJIAET BbIPA3UTH APYTIUe OTHOIICHU A
MEK/Iy PaCCy2KJIEHUsIMU, HAIIPUMED OTHOIIEHUE TOIEPKKIA WU BOCCTAHOB-
JeHusi (OJIHUM PacCyzKJIEHUEM J[PYIoro):

A—B—C

B srom mpumepe paccyxjenue B artakyer paccyxjenne C. Ho camo pac-
cyxkeHne B HaXOmNWTCs MOM aTakoil paccyxkjaenns A, KOTOpOro HUYTO He
aTakyer. 9TO IO3BOJISIET UHTEPIPETUPOBaTh oTHOIeHne Mexk1y A u C' kak
TOJIIEPKKY MM BOCCTAHOBJIEHNE: A KaK Obl HEHTpaIn3yeT HETATHBHOE BJIH-
daue B.

Taxum obpazom B pamkax (GopMaJIbHON apryMeHTaIruun paspaboTan 3¢-
eKTUBHDBINT MEXaHU3M IPEICTABJIEHNS U OIEHKU apryMeHTAI[UH, [IPeIIIoa-
rafonuit (pUKCAINI0 UCXOIHBIX PACCYKJIEHUN KaK HEJIETUMBIX 00bEKTOB.

Ilogpomst mTor, MEepCIeKTUBA COETUHEHMS] OIMUCAHHBIX BBINIE WAl I
mpoekTa VU BuamuTCA B CJIeTyIOMEM.
1. Cunenyst npumepy pa3paboTUYMKOB (DOPMAJIbLHONR apryMeHTAIllUK, s IPeJl-
JIaralo pacCMaTpPUBATDL METAPACCYKIEHUSA KAK CIIOCOOBI JOIMYCTUMBIX TPaHC-
dopMannit ©CXOTHBIX ATOMAPHBIX YMO3aKIIOIEHNIH.
2. Habop aToMapHBIX yMO3aKJIIOUEHNN BBISIBISIETCS HA OCHOBE KOTHUTUBHO-
JIOTUIECKUX MCCJEOBAHUI U TIPEICTABJISET CODOM MHOXKECTBO HWHTYHUTHUBHO
IPUEMJIEMBIX aBTOMATUYIECKN OCYIIECTB/ISIEMbIX IIEPEXOI0B OT MOCHLIOK K 3a-
KJIIOYEHUSIM.

Hccenedosarnue 8unoaHeEHO 6 PAMKAT HAYYHO20 HanpasieHus «Duno-
coPuA  KOZPHUMUBHBIT HAYK U UCKYCCMBEHHO020 UHMEAAEKMG> HAYYHO-
0bpazosamenvroli wroave Mockosckozo 2ocydapcmeentozo yrusepcumema
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umenu, M. B. Jlomorocosa «Mose, KoenumusHoie CUCTEMYBL U UCKYCCMEEH-

HOIU UHNEAAEKLS.

1
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3]
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[5]
[6]
7]

18]

19]

Metareasonings: logical-cognitive approach
Zaitsev D.V.

The paper promotes a synthetic approach to the formal
representation of reasoning in artificial intelligence. The basis of this
approach is the provisions of the dual process theory, which make
it possible to distinguish between elementary, fast, intuitive basic
reasoning and controlled, conscious, slow reasoning based on reflection.
Another source of my approachi are developed in logic and formal
argumentation ideas of the representation of meta-reasoning as a
transformation of the original reasoning.

Keywords: human compatible artificual intellegence, metareasoning,
transformation of reasoning.
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CemanTunka Kpumnke o0beIMHEHHOI JIOTUKNI
3a/1a9 1 BbICKA3bIBAHUIIA

A. A. Ononpuenko!

PaccmarpuBaercs oObeuHEHHAsT JIOTUKA 3a/@9 U BBICKA3LIBAHMIA
QHC, BBenénnas C. A. MesimxoBbiM. /lokazana Teopema O IIOJTHOTE JIaH-
HO# JlorMKU OTHOCUTE hHO Mojesneit Kpumke, mosyuaromuxcst obora-
menneM Mojeseii Kpuike ¢ oTMedeHHBIME MUpaMu Jist €€ IIPOIo-
gurmonaapaoro ¢dparmenra HC. Kpome Toro, mokaszano, 9ro JIOruka
QHC sBiisieTcst KOHCEPBATUBHBIM PACIIUPEHUEM IIPEINKATHOTO BapU-
aHTa WHTYHIMOHNCTCKON smucreMudeckoii sorukn IELT, mpesyioxken-
noii C. A. Aprémosbim u T. IIporomnomnecky.

KirogeBbie ciioBa: HeKJIacCH4ecKue JIOTHKH, MO/IaIbHAS JIOTUKA,
cemanTuka Kpunke

A.H.KosMoropos paccMaTpuBal HHTEPHPETAIMIO HHTYUIMOHUCTCKON
JIOTMKY BbICKa3blBaHuil Kak soruku 3a1a4 [1]. A. H. Kosmoropos kpurude-
CKH HCCJIe/IOBAJI MHTYHUIIMOHUCTCKYIO JIOTHKY U YKa3bIBaJ, 9TO €& OObEKTHI
— 9TO0, 10 CYIIECTBY, 3aJ1a41, & He TEOPETHIECKUEe BbICKas3biBaHus. 1109TOMYy
UHTYUIUOHUCTCKAA JIOTUKA JIOJIZKHA 6bITI) 3aMeHeHa NCYUCJICeHuEeM 3aJ1aq. HO
sambicay A. H. Konmoroposa pa6ota [1] poizkHa Gblia cTaTh IPeoChbLIKOI
K CO3JIAHMIO «€JIMHOTO JIOTHIECKOTO alapaTay, paboTaioniero 0JHOBPEMEHHO
¢ 0O'beKTaMU JIBYX TUIIOB: 33/ja4aMi U BbICKa3blBaHusMu. Takoe ucaucieHne
coziepKaJio 6bl B cebe MHTYUIMOHUCTCKYIO JIOTUKY KaK JIOTHKY DElIeHUs 3a-
Jlad ¥ BMECTe C TeM He 3allpeIasio «IPsA3HbIE TeOPEMBbI CYIeCTBOBAHUS», 6e3
KOTOPBIX MaTeéMaTHKa 1aCTO He MO2KeT O60ﬁTHCb.

C. A.Menuxos B 2], [3] BBéT B paccMoTpeHre 00beAMHEHHYIO JIOTHKY 3a-
nad u BbickasbiBanuit QHC, coepzkaliyio epeMeHHbIe JByX COPTOB — COPTa
BBICKa3bIBaHue 1 copra 3ajgada. Popmyssr moruku QHC crposres us nepe-
MEHHBIX C IOMOIIBIO CTAHIAPTHBIX KJIACCUIECKUX U MHTYHUIMOHUCTCKUX CBsl-
30K U KBaHTOPOB V, A, -, —,V,3 (He MmeHsitonmx coprT dhopmyi), a TakwkKe
MogasibHoCTel | n 7. POpMyJIbl cOPTa BBICKA3bIBAHKE MOAYMHAIOTCH aKCUO-
MaM ¥ IIpaBUJIaM BBIBOJA KJIACCUYECKOH JIOTMKHU MPEIUKATOB, a (DOPMYJIbI
copTa 3aja4a — aKCHOMaM M IIPABUJIAM BbIBOJA MHTYHIMOHUCTCKON JIOMMKH

L Ononpuenro Anacmacus Asexcandposra — acnupanTKa Kad. MaTeMaTHIECKON JIOIH-
KI ¥ TEOPUU AJITOPUTMOB MeX.-MaT. ¢dp-ta MI'Y, e-mail: ansidiana@yandex.ru. Mccnenosa-
HUE BBITIOJIHEHO TIPU MOIEPKKe MexK IUCIUIIMHAPHON Hay YHO-00PA30BATE/ILHON IIIKOJIBI
MockoBckoro yauBepcurera «Mo3r, KOTHUTUBHBIE CUCTEMbI, UCKYCCTBEHHBIN WHTEJJIEKT>

Onoprienko Anastasia Alexandrovna — graduate student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of Mathematical Logic and
Theory of Algorithms. This research has been supported by the Interdisciplinary Scientific
and Educational School of Moscow University «Brain, Cognitive Systems, Artificial
Intelligences»
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npeaukaTos. MogaJbHOCTH MEHSIIOT COPT POPMYJL: eCid p — (hopMyJIa copTa
BBICKa3bIBaHue, TO !p — 3a1a4a «Hallam JoKa3aTeabCcTBO p». B o — dop-
MyJIa COPTa 3a1a4a, TO 7 — BBICKA3bIBAHUE «3aa4a (¢ UMEET PellleHne». DTU
MOJIAJIBHOCTH CBSI3aHBI MEKIy COOOM CJIeIYIONNME aKCUOMAME ¥ IIPABUIAMU
BBIBOJIA |2]:

L p—q) = (Ip =q);

2. Na—= B) = (Pa—=70);

3. 'p;

P
A Q@

?a
5. Mp — p;
6. a —!7aq;
7. =l10.

C.A. MesnuxoB paccMoTpes HecKoIbKo Tunos Mogesteii sorukun QHC (To-
MOJIOTUYIECKHEe MOJICJIN, MOJICJI HA OCHOBE TOHSTHS IMydKa), HO JaxKe JJIst
npornozuimonaabaoro gpparmenta HC 9T0it jjoruku He OBLJIO U3BECTHO ITOJI-
HOIl ceMaHTHKY [3]. ABTOpOM B [4] paccMOTpPEHBI cireLyIonye THIB Mo/ieeil
sgoruku HC: ajirebpamyeckast ceMaHTUKa, Mojean Kpurike ¢ JByMsi He3aBU-
CUMBIMU MHOXKECTBAMHM MUDOB, a TakxKe Mozen Kpuiike ¢ oTMedeHHBIMU
mupamu. Jlokazano, aro jioruka HC mosHa OTHOCHTETBHO KOHEUHBIX MOJIE-
Jel KazKJI0Oro U3 3TUX TUIIOB.

B [5] 6b111 BBeieHbI cieyomue mKaibl Kpuike ¢ 0TMeIeHHBIMEI MUDAMU
U PACCMOTPEHBI B KadecTBe MojeJieil srncreMudeckoii jgoruku 1IEL™T.

Ounpenenenne 1. Tpoiixa (W, <, Aud) nasweaemes wranrot Kpunxe ¢ om-
meverHvmu mupamu, ecau (W, <) — cmandapmmuas modeav Kpunke unmy-
UYUOHUCTRCKOT n02uKy 6vickasveanul (W — menycmoe mmoocecmso, < —
wacmuunvil nopadox), Aud C W — mHootcecmeo OMMEUEHHBIT MUPOS U 6bi-
NOAHEHO caedyroulee c60TCMEo

VaeW 3dbe W(a<bAbe Aud).

OmpemesMM UCTHHHOCTD WHTYUITHOHUCTCKUX MEPEMEHHBIX W WHTYHUITHO-
HUCTCKUX CBA30K KaK B CTAHJAPTHBIX Mojenasax Kpurke, ICTUHHOCTH KJiac-
CUYECKUX TIEPEMEHHBIX — B MUpax MHOXKecTBa Aud, a MCTUHHOCTH KJIACCH-
YECKUX CBS30K €CTEeCTBEHHBIM oOpazoM. HakoHer, orpejie/iuB ONEHKHU JJisi
dopMyII, TOIYyIAEMBIX IPU TOMOIIU MOIAIbHOCTEH,

a=la s a = a (s a € Aud)
aEpevVbe Audlaxb=bFEp) (i a € W),

nosyunmM mogenb Kpunke jgoruku HC. VMeer mecTo ciepyiomias TeopeMas
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Teopema 1. Jloeuxa HC noana omnocumenrvro modenets Kpunke ¢ omme-
YEHHBMU Mupamu. Kpome moz2o, sunoaneno c6oticmao KoHeuHbr modeet.

Onucannble MOJENIM MOXKHO ODOTaTHThL J0 MOJENell IPEIuKaTHOrO Ba-
puanTa jgoruku HC — jgoruku QHC — ciemyromum ob6pasoM: K KarKIOMY
Mupy a € W IpHIuCBIBaeTCS HEKOTOPOE HEIlyCTOe MHOXKECTBO D,, KOTOpoe
MOKHO BOCIIPUHUMATDH KaK COBOKYITHOCTH O0BEKTOB, IIOCTPOEHHBIX K 3TOMY
momenty [6]. ITomobuast Texuuka Oblaa ucrosib3oBana B [7| st mocrpoe-
HUSI CeMAHTUKU MHTYHWIMOHUCTCKOM JIOTMKHM IpeauKaToB. lIpeanosaraercs,
aro ecim a < b, o D, C Dy, kpome toro, eciiu a = A(xy,...,x,), TO
{z1,..., 2y} C Dg, u eciiu A(xq,...,T,) — aTOM cOpTa 3aja4a u a < b, TO
bE A(z1,...,2,) (TO ecTb s ATOMOB COpTa 3a/a4a BBIIIOJHEHA MOHOTOH-
HOCTB). VIHyKTHBHBII 11€peX0/1 B OIPEIeTIeHUN OTHOIIEHHsT ICTHHHOCTH JIJIst
KJIACCUYIECKUX W UHTYUIMOHUCTCKUX KBAHTOPOB CJIELyTOIINiA.

Kitaccuueckue ksauropst (a € Aud):

a =3z p(r) < (Fv € Dy)a = p(v);
a E=Ve p(z) & (Vv € Dy)a = p(v).

Unrynnponucrckue kBanTopst (a € W):

a3z a(x) < Jve D, al alv);
alE=Vr alx) & Vbi=a Yo e Dy b= a(v).

1t TaHHON CeMaHTUKM MOJIyYeHbI CJIEJYIONIIe pe3yabTaTsl [6].

Teopema 2. /las a106000 nenpomusopeyusoti meopuu I' aoeuxu QHC cywe-
cmeyem modeav Kpunxe K u e€ ommenverHbillt Mup T maxue, 4¥mo 6 3mom
mupe darnoti modeau IC ucmunnvt ece opmyanve us I

Teopema 3. Jloeuxa QHC sasasemes KoncepsamuehvLM pacuuperuem npe-
JUKAMH020 BAPUAHMG AO2UKU IEL+, ecau norwumams modasvrocmsv Vo a0-
euxu IELT xax npoussodnyro modarvrocms |7 nozuru QHC.

Teopema 4. /Jlaa unmyuyuonucmexozo dpaemernma ao2uxuy QHC umerom
MECTMO QUIBIONKMUBHOE U IK3UCTNEHUUAALHOE CBOTCMEBO.
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Kripke type semantics for the joint logic of problems and
propositions
Onoprienko A.A.

We consider the joint logic of problems and propositions QHC
suggested by S. A. Melikhov. We prove that this logic is complete with
respect to Kripke models obtained by enrichment of Kripke models with
audit set for a propositional part HC of this logic. We also show that
this logic conservatively extends the predicate version of intuitionistic
epistemic logic IEL™ constructed by S. Artemov and T. Protopopesku.

Keywords: non-classical logics, modal logic, Kripke semantic
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KOMHBIOTeprIe A0Ka3aTeJIbCTBa N1 X
IIOHNMMaHNne 9€¢JI0BEKOM: Cﬂyqaﬁ
YHUBaJIECHTHBIX OCHOBaHUM

A.B. Pomur!

KommbroTrepHoe 70Ka3aTEIBCTBO TEOPEMBL O YETHIPEX KPACKAX, KO-
Topoe ObLIO BHepBbie omybiankoBano Ammenem, Xakenom n Koxom B
1977-M romy, CIpOBONMPOBAJIO MPOMOJIZKAIONLYIOCH II0 CErOHSIITHIIA
JeHb (PUIOCOPCKYIO JUCKYCCUIO 00 SMUCTEMUTECKON ITEHHOCTH KOM-
IBIOTEPHBIX JIOKA3aTeJIbCTB. B Hacrosimeit pabore MblI ITOKa3bIBAEM,
onmpasch Ha 1moxon npeiokenubiit B 2006 romxy Baciaepom, Kak yHu-
BaJIeHTHbIE OcHOBaHUs MareMaTuku (YO) pemaiT HeKOTOpbIe SMUCTe-
MOJIOTHYIECKHE IIPODJIEMbI, KOTOPBIE paHee 00CYKIAJINCh B JIUTEPATYPE
B CBSI3U C KOMIIBIOTEPHBIMH JIOKA3aTEIbCTBAMM, U TEM CAMBIM CIJIAXKH-
BAIOT Pa3/IMdusl MeXKJIy KOMIIBIOTEPHBIMU U TPAIUIIMOHHBIMUA MaTeMa-
THYECKUMHU JIOKA3aTeJbCTBAMU. Mbl MILTFOCTPUPYEM HAINK APTyMEHTHI
prMepoM (HOPMAJIU30BAHHON W KOMITBIOTEPU3UPOBAHHON BEpCHH [10-
Ka3aTeJbCTBa 13 00JIaCTH aaredpandecKoil TOTOTOT U,

KiroueBbie ciioBa: YHUBaJICHTHBIE OCHOBaHHf, KOMIIBIOTE€PDHBIE
JA0Ka3aTeJIbCTBa, IPOCTPAHCTBEHHAA UHTYUITUA

1. BBenenne

Komnbroreproe J0Ka3aTesibcTBO TeopeMbl 0 deThipex Kpackax (T4K) 6buio
BIEpBbIe olyOinKoBaHo Arnmesiem, Xakenom u Koxom B 1977-m rogy [1]. B
1979-m romy Tumomniko omy6IMKOBas MPOBOKAIIMOHHYIO CTAThiO [7], B KOTO-
POil OH apryMeHTHPOBAJI, OIMPAsIiCh Ha IpuMep Aokasareabcrsa T4K aro uc-
[TOJIb30BAHNE KOMIBIOTEPHBIX JOKA3ATEIHCTB KaPIUHAJILHO MEHSET IPUPOJLY
MaTeMATHKU U JeJaeT MaTeMaTUKy IMOI00HOM IKCIePUMEHTAJBHON (hU3UKe.
OTO CTaTbd MOPOAHUIA KUBYIO (PUITOCOPCKYIO IUCKYCCHIO, KOTOPAs MPOI0JI-
J)KaeTcst 1o cerojpusmunit jensb [3,[2],[5]. B nenrtpe sroit muckyccun Haxo-
JIATCSE BOIIPOC 06 SIMCTeMUYECKOil po3padnocTu (surveyability) koMmibrorep-
HBIX JoKa3aTeabcTB. Kak ormedaer TuMOIIKO U BC/IE 32 HUM MHOTHE JIPY-
rue yYaCTHUKH 9TOH JUCKYCCUU, KOMIBIOTEPHBIE TOKA3aTEIbCTBA B OTJININN
OT TPAUINOHHBIX MATEMATUIECKUX JTOKA3ATEIbCTB HE 00JIaIAI0T KAIECTBOM
SMUCTEMUIECKON TTPO3PATHOCTH: UEJIOBEK HE B COCTOSTHUU IIPOCJIEIUTD 38 pa-
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60OTOIl KOMITBIOTEPA TAKUM K€ 00pa30M, KAK OH CIIOCOOEH MPOCJIETUTD 33 Pac-
CYXKJIEHUSIMU JIPYTOr0 IeJI0BEKA, U TIO9TOMY BBIHYK/IEH OIEHUBATDL PE3y/IbTa-
ThI KOMIIBIOTEPHBIX BBIYUCJIEHUI B TOTOBOM BHje. B HacTosiIeit pabore Mbl
ITOKa3bIBaeM, OMUPAasCh Ha MOX0 npetokennbiit B 2006 roxy Baciepom, kak
YHUBAJICHTHBIE OCHOBaHUsI MaTeMaTuku (YO) MO3BOJIAIOT PENuTh IpobeMy
IIPO3PAYHOCTH KOMIIBIOTEPHBIX JOKA3aTEJIbCTB U TEM CAMBIM CIJIAJUThL Pa3-
JIMYUsT MEXKJy KOMITBIOTEDHBIMHU U TPAJUITMOHHBIMUA MATEMATHIECKUMU J10-
KazareabcTBaMU. Mbl MILTIOCTpUPYEM HAIIM apryMEHThl TpuMepoM (opMa-
JIN30BAHHON M KOMIILIOTEPU3UPOBAHHON BEPCUU JOKA3ATEIHLCTBA U3 00JIacTU
anrebpanyeckoii TOMOJIOTUH, KOTOPbIH Mbl 3aUMCTBYeM u3 paboThl [4].

2. JlokaabHast 1 rj00aJIbHAA IIpo3pavYHOCTb MaTeMa-~
THUYIECKUX JOKa3aTeJIbLCTB

I[Ton soxaavHol TPO3PATHOCTHLIO MATEMATHYECKOTO JIOKA3ATEJILCTBA P
Bacsiep nonumaer cBOHCTBO (KauecTBO) 3TOrO J0KA3ATEIbCTBA, KOTOPOE 103
BOJISIET BCSIKOMY Y€JIOBEKY OTCJICXKUBATH KAXKIbIil 9j1eMeHTapHblii mar p [2].
Bacsiep aprymentupyet, 9To JOKaIbHAs MIPO3PATHOCTH caMa 110 cede He e~
€T JaHHOe JI0Ka3aTeIbCTBO IUCTEMUYECKU IIPO3PAYHBIM, IIOCKOJILKY IIOMUMO
JIOKQJILHOH MTPO3PAYHOCTD IS 9TOr0 TPedyeTcs 2400aA5HaA TPO3PATHOCTD.
Mo riro6asbHOI Tpo3padHocThi0 Bacsiep mornMaeT CBORCTBO (KavuecTBo) J10-
Ka3aTeJIbCTBa P, KOTOPOE II03BOJILET YeJIOBEKY IIOHATHL, YTO COBOKYIIHOCTD
BCEX 9JIEMEHTAPHBIX IIIaroB P CJIY?KAT 0O0CHOBAHUEM 3aKJIIOUEHUS P IIPU JIaH-
HBIX HPEJNOChIIKaX. B ucroputieckoit vactu cBoeli cratbu bacsep yka3biBaeT
Ha yCTOWYmBYI0 PUI0COPCKYIO TEHIECHIIMIO UTHOPUPOBATH IIOOAIbLHBIN ac-
IEKT 3MUCTEMUYCCKON IIPO3PAYHOCTU, KOTOPAad, 110 ero MHEHUIO, BOCXOIUT K
dunocodpun Pene Ilexapra.

IIpumensis pasautne MKy JOKAJIbHONW U TyI06AJIbHON MPO3PATHOCTHIO
JOKa3aTeIbCTB Beiel 3a baciepoM K cIydaio KOMIBIOTEPHOTO TOKA3aTeNb-
crBa T4K, MBI mpefiaraem ciemyromiee yTOUHEHUE TPEJIOZKEHHOTO0 UM aHa~
sm3a. KomibiorepHas 9acTb 9TOrO JI0KA3aTeIHCTBA JIOKAJBHO IIPO3PavHa,
IOCKOJIbKY COOTBETCTBYIOIIUNA IIPOIPAMMHBINA KOJI HAIIMCAH 9EJI0BEKOM U MO-
JKeT OBITH MPOBEPEH U MHTEPIPETHPOBAH APYTUM deoBekoM. Comeprrarimecst
B crarbe Ammessi, Xakena u Koxa 1| HedopmasibHbIe apryMeHTbI, KOTOPbIE
O0BSICHSIOT, NOYEMY TOJIOKUTEJILHBIN PE3yJIbTAT KOMIITBIOTEPHON ITPOBEPKU
HY>KHO CUUTATh 3aBepIleHneM JoKasarejibcTBa T4K, obecrieunBator B 60Jb-
et i MeHbIIel CTerneHn TJI00aIbHYI0 TPO3PAIHOCTD JAHHOTO JI0KA3aTE b
crBa. [Ipuwunna Toro, 4To 3TO MOKA3aTEILCTBO TEM HE MeHee He KaXKeTcs
JAO0CTATOIHO IIPO3PpavIHbIM, COCTOUT, Ha Hall B3TJIAL, B TOM, 9YTO B HEM OTCYyT-
CTBYET IIPO3PAYHOCTH IMPOMEKYTOIHOI'O MACIITaba, KOTopas M03BOJINJIa ObI
CB4A3aTb BOCINHO 3dJIEMEHTapHbIC IIIal'v, peaJIM30BaHHbIE C ITOMOIIBIO BBLIIIOJI-
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HAEMOI KOMIILIOTEPHOI IIporpaMMbl, U OOIIUE COODparKEeHUsI, IIPEICTaBICH-
HbI€ OOBIYHBIM 00PA30M C MOMOIIBIO HedOpMaIbHONW WM MoJ1y-popMaIbHOM
MaTeMaTUIeCKON IMPO3HLI.

3. YHUBaJIEHTHbI€e OCHOBAaHUSA M IIPOCTPAHCTBEHHAS
VHTY IS

TFomoronmueckas Teopust Tunos (I'T'T), koropast npejcrasisier coboit Jioru-
qeckuit kapkac YO , 103BoJisteT aymMarh 0 (hOPMAaJIbHBIX BBIBOJAX B TEOPUU
tunioB Mapruna-JIepa (TTMJI) kKak 0 IPOCTPAHCTBEHHBIX TOMOTOMYECKIX
nocrpoenusix [8]. Korga soBogsr 8 TTMJI peasusytorcst B Buje MCIIOJIHU-
MOI'0 TIPOIPAMMHOIO Kojia (Hampumep, Ha s3bike AGDA), Te e camble 1po-
CTPaHCTBEHHbIE NHTYUIIMK OKA3bIBAIOTCH TPUMEHUMBIMU K COOTBETCTBYIOIIIE-
My Kojy. [omMoTonmyeckast HHTEpIIpETAIHS IPOIPAMMHOIO KOJIa UMEET UHTY-
UTHUBHBI XapakTep (Ipu HEOOIBIIOM UHCIe N3MEPEHNUIT), KOTOPBIii MO3BOJIsI-
€T YTOYHSTH (DOPMAJIBHYIO CTPYKTYPY COOTBETCTBYIONIUX JTOKA3ATEIbCTBA,
HEe BHUKAasl IIPU 9TOM B MeJIKHEe TeXHUIecKre jeraju. VIHTeppeTupoBaHHbBIM
TaKUM 0Opa30M IIPOrPaMMHBIN KO/ TPHOOpEeTaeT HOBOE KAIECTBO “Me30CKOIIH-
YeCKOI’ SMUCTEMUYECKO TPO3PATHOCTH, UTPAIOIIEE POJIb CBA3YIOIIETIO 3BeHA
MeK/1y JIOKAJILHON TPO3PAYIHOCTHIO, KOTOPas TO3BOJIAET YEJIOBEKY UHTEPIIPe-
THUPOBATH U IOHUMATh HEOOJIbIITHE (DPATMEHTHI TPOIPAMMHOTO KOJI&, U OOIITUM
[IOHUMAHKEM TOT'O, KaK JIaHHAs IporpaMMa paboTaeT U 3adeM OHA HAIMCAHA,
TO ecTb TyiobasbHOM po3padHocThio. Utak, 'T'T mocpeacrBom YO obecrie-
YUBAET MPEJICTABIIEHIE MATEMATHIECKUX PACCYKJIEHUN, KOTOPOE

® SIBJISIETCSI ITOJIHOCTHIO (DOPMAJILHBIM B TOM CMBIC/IE, 9TO OHO HCIIOJIB3Y-
eT Jjoruveckoe ucuucienue co crporum cunrakcucom (TTMJI win ee
AHAJIOIH );

® JIOIYCKAET KOMIIBIOTEPHYIO PEaM3aIlNI0 W KOMIIBIOTEPHYIO ITPOBEPKY
paccyKJeHuii (¢ MOMOIIBIO TIOMOIITHUKOB JIJIsl JIOKA3ATEIbCTB TAKUX KaK

Coq, AGDA i Arend);

® IO/JICPKUBACT UHTYUTUBHYIO HHTEPIIPETAIIIO (DOPMATU30BAHHBIX PaC-
CYXKJEHUI, KOTOpasi CBA3BIBAET JIOKAJbHbIE M TJIOOAJIBHBIE aCIeKThI
SMUCTEMUYIECKON TPO3PATHOCTUA KOMITBIOTEPHBIX JOKA3aTEIbCTB MOI00-
HO TOMY, KakK 3TO IIPOUCXOJUT B CJIydae TPaJUAIMOHHBIX I'e€OMeTphYe-
CKUX IIOCTPOCHUN ITUPKYJeM U JUHENKOI.
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4. Ilpumep: Burumcaenne QyHIaMEHTAIbHON I'PYTIIBI
OKPY2KHOCTHU

[Tpocroit, HO He TPUBHUAJBLHBIA TPUMEP MaTEMATHUYIECKOTO JTOKA3ATEILCTBA
npescrasiennpiii ¢ momorbio 'TT/YO u peanmnsoBaHHbBIl Ha KOMIBIOTEPE
¢ nomompio AGDA onucan B crarse Jlukarer u Illyasmana [4]. Peas uaer
0 TeopeMe AJIredpanvdecKoil TOIOJOTUN, KOTOpas yTBEPXKIaeT, 9To dyHia-
MenTasbHas rpymma 71(S1) (Tomonornueckoit) oxpyzxuocTu S' uzomopdua
OEeCKOHEYHON MUKIMIECKOi Ipyliie Z, KOTOpas KAHOHMYECKU IIPEJICTABISAET-
¢Sl QJIMTUBHON TPYIIION MEJIbIX YUCe.

IIycrs b 9T0 Mpom3BOsIbHAS TOUKa OKpyKHOCTH S1. DTO0 CyxKaenue (hop-
maJsibHO npegcrasisiercs B TTMJI caemyromeit dhopmyitoii:

b: St

Torma meryin, accoruupoBaHHble ¢ BLRIOpAHHON 0a30ii, OyIyT UMETH IPO-
CTOI BHU]I,

loop:b=51b

Takast UHTYUTUBHAS Te€OMETPUYIECKas WHTEpIpeTanus (HGoOpMyJI paciIpo-
CTpaHSIETCs Ha BCE MOCJEIYIONUE IMard MOCTPOeHus QyHIAMEHTAIbHON
IPYIIIBI ¥ Ha IIOCJEAYIOIee JTOKa3aTeJIbCTBO TEOPEMBI; Ta »Ke MHTepIIpeTa-
IHsT TPUMEHIMA, C HE3HATUTETHLHBIMY MOTUMDUKAIUSAMY K COOTBETCTBYIOIIEMY
nporpammaoMy Koy Ha AGDA. O6bIvHOE cofep:KaTelbHOE JTOKA3ATETHECTBO
JIAHHOM TeopeMbl OKA3bIBAETCSI COMPSIKEHHBIM ¢ (POPMATBHBIM JTOKA3aTETh-
CTBOM TaKHUM TECHBIM o6pa30M, qTO O6bI‘IHOI‘O AIUCTEMUIECKOI'O pPa3pbiBa
MY (POPMATBHBIM U COMEPKATETHHBIM JTOKA3aTETLCTBOM B JAHHOM CJTy-
vyae He BO3HUKaeT. KOMIBIOTEPHBIH KOJ (MM TICEBIO-KOJ[) UIPAET B TAKUX
CAYUIasaX Ty K€ POJIb, ITO W OOBITHBIE I TPAJUIMOHHON MATEMATHIECKON
MPAKTUKU TI0JIyhopMaJibHbIe CUMBOJIHYECKHe obo3HadeHus. Ho Bo3HUKaeT
BaskKHOE ITPEUMYIIECTBO, KOTOPOE COCTOUT B TOM, UTO KOMITBIOTEDHBIN KOJ B
OTJIMYUE OT OOBITHON MaTEMATUIECKONW CUMBOJIMKH JIeJIAT BO3MOXKHON aBTO-
MaTHIECKyIo (popMaIbHyI0 BepUMUKAIIIO MATEMATHICCKUX PACCY 2K IEHUH.

5. 3akJrodyeHune

IToaxon K KOMIBIOTEPHBIM JIOKA3aTEJILCTBAM OCHOBAHHBLIN Ha YO 1103BOJISI-
eT IPEeICTAB/ISATh MaTeMaTHIeCKUe PaCCYyzKIEeHUs TaKUM o0pasoM, UTO OHU
OKa3bIBAKTCSI 6OJIee IIOHATHBIMM JIJIA HO.HI)BOBaTe.Heﬁ7 YeM KOMIIBIOTEPHBIE
JIOKa3aTeIbCTBA B CTUJIE “9ePHOTO SIUKa ', KOTOPBIE He 0DECIIeYnBaIOT JOCTa-
TOYHOI'O IIUCTEMHUYIECCKOT'O JOCTYIIa K BBIYHUCJ/ICHUAM. Ba}KHO nMeTb B BUY,
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YTO yCIIeX KOMIIBIOTEPHOI'O IIPEICTaBIEHUsI 3HAHNIA 1 PACCY K IEHUI C HCIIO/Ib-
soBaHneM YO cerojiHsi KpUTHYECKH 3aBUCHT He TOJIBKO (M, HA HAI B3IV,
Jlazke He CTOJIbKO) OT TEXHUYECKHUX ACIHEKTOB BBIUUC/IUTEHHON PeaTH3aIiin
YO, ckoabKo oT ycrenrHocTr npoekTa YO KaK HOBBIX OCHOBAHUIT MATEMATH-
KU B 1esioM. Kakne dpparMeHThl COBPEMEHHON MaTeMaTUKN JIOIYCKAIOT Y00~
HYI0O MHTYUTHUBHO IIPO3padHyIo repedopMyIMpoBKy Ha s3bike YO, a Kakwue,
BO3MOXKHO, HET, Ha, CEMOIHSIIHUI JIeHb OCTAeTCs OTKPBITBIM HCCIIEA0BATE b
CKHM BOIIPOCOM.
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The computer-assisted proof of Four Colour Map theorem
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epistemic value of computer-assisted mathematical proofs. We show,
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IIpencraBienne 3HaHUSI B AMCKYCCUBHOI
goruke C. YdcbKoBCcKOro

M. HOxeBuu!
B.O. Illanrun?

B craTtbe anamm3upyercs npecTaBIeHne 3HAHUS B MPE/JIOKEHHOM
C. dcbkoBekuM aucKyccuBHOM (JimckypceuBHoOit) soruke Dg, KoTopast
SIBJISIETCSI OJTHOM M3 IEPBBIX TapaHEITPOTUBOPEUMBLIX JIOTUK. [IoKa3bI-
BaeTCs BO3MOXKHOCTH YIIPOIEHNUS €€ aAKCHOMATH3AIMN U 00CYKIaeTCs
perrenne mpobdIeMbl HE3aBUCUMOCTH AKCHOM.

KurouyeBbie ciioBa: qUCKyCCUBHAS JIOTUKA, JIMCKYPCUBHAS JIOTUKA,
[IapaHeIpPOTUBOPEeYNBad JIOTUKA, IIpeCTaB/IcHIe 3HAHUS.

1. BBenenue

Crarbsi TOCBsIIEHA TIPEJICTABICHUIO 3HAHUI B JMCKYCCUBHON (JMCKypCUB-
Hoit) soruke Dg, nperoxkennoii C. flcbkoBckuM B 40-¢ TT. IPOILIOrO BeKa
[6, 7]. HemoBosibHBI 63pbi600nactbiM XapaKTepOM CJIEJIOBAHUsS B KJIaCCHYIe-
CKOIf JtoruKe (1€ U3 IIPOTUBOPEYNST CIIEYeT BCE UTO YIOIHO), OH MPEIOXKUIT
OJTHY U3 IEPBBIX NAPAHENPOMUBOPELUBHIT JIOTUK, TO €CTh JIOTUKY, B KOTOPOIi
OTHOIIIEHNE CJIeOBAHNS HEB3PBHIBOOMACHO. [[0CKOIBKY Ha/Jm4Ine mpoTUBOpE-
qusi — 9T0 0OsI3aTe/IbHBI 3JIeMeHT JII0O0N JucKyccun (rjie OIIMOHEHThI [IPH-
JIEPKUBAIOTCA HECOBMECTHMBIX M B3aMMOUCK/IIOUAOMUX B3IsA0B), C. fcb-
KOBCKMIT HA3BaJl CBOIO JIOTUKY duckyccusnoli wim duckypcushoti. Conepxra-
TeJIbHO OH BBIJIBUHYJI CJIEJYIOIe KpuTepun Takoii joruku |6, c. 38]:

... [Ipobiema JIOTMKY IPOTUBOPEUUBBIX CUCTEM (DOPMYyIUPY-
eTcst 371eCh CJISYIOMMM 0Opa3oM: 3ajada COCTOUT B TOM, UTO-
6bl HAfiTH TaKoe HPOIO3UIMOHAJIbHOE HcuucaeHue, Koropoe: (1)
Oy Ly M NIPUMEHEHHBIM K TPOTUBOPEYUBBIM CUCTEMAaM, HE BCETJIa
OPUBOJUT K TOMY, UTO JIOKA3bIBAETCS BCE YTO YrOiHO, (2) 6bLIO
ObI JIOBOJILHO GOTaTbIM I IPUMEHEHNSI B MPAKTUIECKHX Pac-
cyXKJieHusiX, (3) uMeso 6bl HHTYUTHBHOE OOOCHOBAHMUE.
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He 10BOJIBHBII KJIACCHYECKON ¥ M3BECTHBIMU HEKJIACCHYECKUMU (IIPEKJIe
BCero, TabJIMIHBIMEI TpéxBasieHTHbIME) Jorukamu, C. flcbkoBeKuii ocranas-
JINBAETCsI B KOHIIE KOHIIOB Ha MOJAJILHOI JoruKe S5, ompeesis JUCKYCCUB-
HYIO0 UMILUIMKAIUIO ciaeayoomuM obpazom: A —4 B = CA — B. Bcekope
oH mybumKyeT m3MeHEHHbI BapuanT D2, BBos (IpaByio) IHUCKYCCHBHYIO
KoHbIOHKIMIO: A Ay B := A A ©B, KoTopas 1103BoJisier (B OTJiMYue OT mnep-
Boro BapuanTa Dg) CTaHIAPTHO OIPE/IE/ATh JUCKYCCHBHYIO KBUBAICHITHIO:
A<g B:=(A—4B) N (B —4 A). Bosee Toro, IMEHHO ¢ TaKO# KOHBIOHK-
nueit mo3nTUBHLBIN dparmenT Do coBIamaeT ¢ KaaccuiecKnM. B 3axkaodeHnn
ormeruM, 4ro C. fdchbkoBekuii He nmocrpoms Do B Buie MCIUCTIEHUsI, YTO, 10~
BHIMMOMY, IIPUBEJIO K TOMY, ITO IOCJIEYIOIIast HCTOPHUSI €€ PA3BUTHUsI ITOJTHA
JIpaMATHIECKUMHE TIONBITKAMU €€ aKCHOMaTH3upoBaTh [9).

2. Akcumomaruzamuga Do

Dy szanaéres man ssbikom L B andasure {P,—,V, =g, Ag, <a, (,)}, Tae
P ={p,q,r,8,p1,...} — ITO MHOKECTBO [IPOIOZUIMOHAILHBIX [IEPEMEHHBIX.
MHuozkecTBO Beex L-bopmyit 3a1aéTest cTaHapTHO u obosHadaercst F. A, B,
C u 1.1. upoberaior o L-dopmynam. X 0003HAUAET MHOXKECTBO JHUCKYC-
cuBHBIX dopmyi. A3wik L, MomaabHOI joruku S5 3amaércs B asidaBuTe
{P,—,V,—, A, 0,0, (,)}. MuoxkectBo Bcex Ly,-bopMyI onpeessercst CTaH-
JapTHO u obo3Hauaercs Fy,. B 000MX sI3bIKax S5KBUBAJIEHIUs CTAHJIAPTHO (U
C COOTBETCTBYIONMMU M3MEHEHUSIMNI) 33 1a8TCs depe3 UMILTHKAIMIO 1 KOH'b-
oHKImO. ousTus S5-00me3HautnMoit popMysibl U S5-cjie0BaHUsT TaK¥Ke
crasgapTHsl [1, 5]
Axcnomaruzanust Dg 3amaéres ciaeyrommm obpasom [4]:

1 A—)d (B —)dA>,

2) (A—=q (B =4 C)) =4 ((A—aB) =4 (A—q0C)),
3) ((A—yqB)—=qA) =4 A,
4) (ANg B) =4 A,

(ANg B) =4 B,

)
)
)
)
5)
6) A—4 (B —q (AN B)),
7 A—4(AVB),
8) B—4(AV B),
)

9) (A—=4C) —=q((B—4C)—=q((AVB)—40)),
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10) =—A —4 A,

11) A —4 A,

12) =(AV —A) =, B,

13) =(AV B) =4 ~(BV A),

14) =(AV B) —4 (mA Ng —B),

15) =(=—AV B) =4 ~(AV B),

16) (=(AV B) =4 C) =4 ((mA =4 B) Vv C),

17) =((AVB)VC) =4 -(AV(BV()),

18) =((A =4 B)VC) =4 (AN ~(BV()),

19) 2((ANg B)V C) =4 (A —q~(BVCO)),

20) =(=(AV B)VC) =4 (~(=AVC)V (=(=BV())),

21) =(=(A =4 B)VC) —a (A —=q ~(-BV (),
)

22) = —\(A Nd B) \/C) —d (—|(—|B\/C) Nd A)

E,ILI/IHCTBQHHOG IIpaBUJIO BBIBO/Ia — MOJIYyC IIOHEHC.

A A*)dB
B

Teopema 1. [, Teopema 34] Fp, A m.m.m. =p, A.

(MP)

Joxasamenrvcmeo. Vcnonbsyercs Tor dakrt, to Fp, A m.m.m. Fo_gs A,
rae & — S5— 3T0 ajekBaTHas akcuoMarmsanusa <O-pparMeHTa JIOrUK S5,
npejioxkennas E. Tlepxxanosckum [10]. O

3. IIpobisiema ynpoirieHust akcuomarusanuu Do

B cuny Toro, uro akcmomaruzarmusa Do mosydaeTcs B pe3ysIbTaTe B3anMHBIX
1epeBosioB Mexkay L u L,,, mogasjsioniee OOJBITHHCTBO aKCUOM JIJISI OTPHU-
[AaHUs BLINISIAT rpoMo3ako. Bostee Toro, H. ma Kocrta u JI. [lybukaittuc,
aBTOpHI TepBoil akcnomarusanuu Do B L (ncropudecku mnepsasi akKCHOMATH-
sanusi Da, npejoxkennas E. Koracom, 6biia B Ly, [8]), nocrasmin 3a1a-
4y cozmanus HesasucuMoii akcnomarnsanun Do [4]. [Tosanee I'. Aurenuk,
JI. Hybukaiituc, 9. Hymek u . KoHEp He HOJHOCTBIO PEIIUIH 3Ty IIPO-
6siemy 3amenoit dactu akcuoM 10)-22), TO eCcTh aKCHOM, COZEpZKAIIuX —, Ha
Apyrue HeraruBHbIE aKCHOMbBI M IIOKA3aJId, YTO B UX akcuoMarusauuu Do
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KaxKJlasi HeraTHBHAsI akcuoMa sipjsiercsi nezasucumot |3, Teopema 2|. (ITox-
MHO>KECTBO X MHO>KECTBa BCEX aKCUOM ﬂaHHOﬁ aKCIOMaTUIeCKON Teopun
HA3LIBACTCH ME3A6UCUMDBLM, €CJIN KaKad-HnOyab dopmysra m3 X He MOXKET
6]:>IT]:) BbIBEJICHA C IIOMOIIBIO IIPpaBUJI BBIBOJa M3 aKCHMOM, HE BXOJILAINX B X
[2].) Takum o6pa3om, ocTaércst HEPEIEHHOMN TpobJIeMa He3aBUCHMOCTH AKCH-
oM 1)-9), To ecTh akcuom, He cojepxkaiux —. JlaBHO U3BECTHO, UTO JIAHHBIE
AKCHOMBI B3aUMHO HesasucuMbl [11], onxako cnenuduka Dy cocrout B TOM,
YTO NP HAJIMYUU HETATUBHBLIX AKCHMOM HEKOTOPLIE M3 HUX IIEPECTalOT ObITh
He3aBUCUMBIMU. B 0K/Ia/ie MIaHUPYeTCsT OOCYIUTh CIIOCOOBI PEIeHusT ITOM
npobJIeMBI, & TAKXKe BO3MOYKHOCTD IIOCTPOEHUsT (ABTOMATUYIECKON) IPOIIETy-
pbt oucka Da-BbIBOIA.

Baarogapuoctu B.O. lanrun noguepxkan POOU, rpant 20-011-00698
A.
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4]
5]
[6]

In the paper, one analyzes knowledge representation in
S. Jaskowski’s discussive (discursive) logic D2 which is one of
the pioneering paraconsistent logics. One shows an opportunity to
simplify its axiomatization and suggests some decision of the axioms’
independence problem.
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K cBegenuro aBTopoB myO/MKanuili B >KypHAaJie
«HTenneKryasbHble cucTeMbl. Teopus U MPUJIOXKEHUST »

B coorsercrBun ¢ rpeboBanusmMu BAK P® K uzganusiM, BXOISIIUM B Iepe-
9eHb BEJIYIINX PEIEH3UPYEMbBIX HAYIHBIX YKYPHAJIOB U U3JAHUIN, B KOTOPBIX MOTYT
OBITH OIyOJIMKOBAHBI OCHOBHbBIE HAY'HbIE PE3Y/IbTAThI IUCCEPTAINN HA COUCKAHUE
VUIEHON CTeleHn JOKTOPa M KAHINIaTa HayK, CTAThbU B KypHas «HTerIeKkTya b
HbIe cucTeMbl. Teopusi U MIPUIOXKEHUsT» IPEIOCTABISIOTCS ABTOPAMU B CJIEIY IO
dopme:

1. Crarbu, Habpannsie B nakere INTEX, mpegocTaBisiorces K 3arpyske gepe3 WEB-
dopmy http://intsysjournal.org/generator form .

2. K crarbe npuraraiorcs (aiiiisl, copepKaliue Ha3BaHUE CTATbU HA PYCCKOM U
AHIVINIICKOM $I3BIKAX, AaHHOTAIMIO Ha PYCCKOM ¥ aHIVIMACKOM si3bikax (He Gosiee 50
CJIOB), CIIMCOK KJIFOUEBBIX CJIOB HA PYCCKOM U AHIVIMHACKOM si3blKax (He Gosee 20
csioB), nadopmarnust 06 apropax: @.1.0. nosHOCTBIO, MECTO PAGOTHI, JOJIKHOCTb,
ydeHasl CTelleHb U /Ui 3BaHue (ec/in UMeeTcsi), KOHTaKTHbIe TesteoHbl (¢ KOJIOM
ropoJia M CTPaHbl), e-mail, moYTOBbI aJpec ¢ UHAEKCOM ropoja (JoMalHuil uim
CJTy 2KEeOHDIIT).

3. Crucok urepaTypbl 0OPMIISIETCS B €IMHOM (POpPMATE, YCTAHOBJIEHHOM CUCTE-
Moit Poccuiickoro nHekca Hay9IHOTO ITUTHPOBAHMUSI.

4. 3a mybaukamuio crareil B XKypHaJe «VHTeIeKTyaabHble cucreMbl. Teopust u
[PUJIOYKEHUST» C ABTOPOB (B TOM YHCJIE ACIIMPAHTOB BBICIINX YIeOHBIX 3aBeeHui )
craTel, pPEKOMEHIOBAHHBIX K IyO/juKkanuu, miara He B3umaercs. OTTUCKY cTaTeil
aBTOpaM He IMPEeIOCTAB/IAIOTC. 2KypHAJ PACIPOCTPAHIETCS IO OJIIIUCKE, YK3EM-
IUISAPBI XKYPHAJIA PACCHUIAIOTCS MOJIMUCINKAM HAJIOXKEHHBIM ILJIATEXKOM. YCJIOBUS
nognucku nybsmkyiores B Katajgore HTU «Pocneuarsy, nraekc xypuasa 64559.
5. JlocTyn K 971eKTPOHHON BEPCUU TIOCJIETHETO BBIIIEIIIIEN0 HOMEPA OCYIIECTBIIS-
ercst uepe3 HIB «Poccuiickuit nngekc HaydHoro murupopanusi». Homepa, BbI-
IIeIIIIe paHee, pa3MernanoTcs Ha cafite http: //intsysjournal.org, n goctyn K HIM
GecrutaTHblit. TaM ke OyIyT pa3MeIleHbl AaHHOTAIINY BCEX ITyDJIMKYEeMbIX CTATEH.
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