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YHactp 1.
Oo6miue mpodjieMbl Teopuu
MHTEJIJIEKTYaJIbHBIX CHICTEM






ITpumeHeHne MeTOI0B NCKYCCTBEHHOT'O
WHTEeJJIEKTA JJd IIJIAaHUPOBAHUS
IIepPCOHAJILHOM cTpaTeruu o0ydeHus:

Bekrarres P.A L

AHHOTan M

B crarbe mocraBieHa 3ajada IJIAHHPOBAHUS ITEPCOHAIBHOI CTpa-
Ternn OOyYEHUsI W TPUBEJEHBI PE3YIbTATHI IPUMEHEHUs PA3JIMIHBIX
MTO/IXOJIOB K €€ PEIIEeHUI0 Ha IPUMepPe Kypca 00y<IeHus IpOrpaMMupO-
BaHUIO.

KiroueBbie ciioBa: KOMIBIOTEPHAS OOyYaOIIasi CUCTEMA, TPl
CKa3aHUEe 3JIEMEHTOB II0CJIeNOBATEJLHOCTH, HEUPOHHAs CeThb, PEKyp-
PEeHTHad HelpOHHASA CeTh, KOMIIAKTHOE NePEBO IIPEACKa3aHUt

1. BBegenue

Awnanus gannbix B obpasosannu (Educational Data Mining, EDM) cranosut-
cs1 3(bHeKTUBHBIM NHCTPYMEHTOM B PyKaxX MccjeaoBaTeseil, KOTOPbIH O3B0~
JISIeT COBEPIIEHCTBOBATD IPOIECC 00yUeHNsI KaK CO CTOPOHBI CTYJIEHTA, Tak
U CO CTOPOHBI Ipernojasaresisi. Permast MUPOKWA CHEKTP 3a/ad, COBPEMEH-
Hble AJTOPUTMBI AHAJIN3a JIAHHBIX IIO3BOJIST CIVIAJUTH BO3MOXKHBIE Da3jid-
YHsl B IIOATOTOBKE CTY/IEHTOB, & TAKKE [OBBICUTDH €€ CPEeJIHUN yPOBEHb, |TO,
HECOMHEHHO, I0JIe3HO It yHuBepcuTeToB. HoBast yHuUBepcuTeTcKast 06pa3o-
BaTesbHAs MOJENb |1| craBuT 3ajady MOCTPOEHUsST TAKOW MH(MOPMAIMOHHO-
06pa30BaTEeNIbHOI CPeJIbl, KOTOPasi CMOYKET CJIYKHUThb IUIAT(OPMOIl Jyist Ipu-
MEeHEHHs! [IPEeJIOXKEHHBIX METO/I0B aHaIN3a JTAHHBIX, CIIOCOOCTBYs Oosree adh-
(beKTMBHOMY HCIIOJIB30BAHUIO PECYPCOB YHUBEPCHUTETA, CTYEHTA U IIPEIo/ia-
Baress. [Toaxos ¢ UCIOIb30BAHNEM BBIYUCAUTE/LHBIX T€XHOJIOTHH YCIIEITHO

! Bexmawes Pycaan Ansaposuy — acnmpant Kad. MaTeMaTHUeCKOi TeOpHH
MHTEJIEKTYAJIBHBIX cucTeM MeX.-MaT. d-Ta MI'Y, e-mail: ruslanbektashev@gmail.com.

Bektashev Ruslan Anvarovich — graduate student, Lomonosov Moscow State
University, Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of
Intellectual Systems.



IPUMEHSIETCs] BO MHOIMX OM3HEC-MOJIENAX (DEKOMEHIATEe/IbHBIX CHCTeMAaX, T0-
JIOCOBBIX IIOMOIIHHUKaX H T. H.), IIO9TOMY, JdazKe y4dUTbIBasd CHeHI/ICbI/ILIHOCTb
00pa30BaTEIbHON MOJIEC/IN, U 3/I€Ch MOYXKHO PACCUUTHIBATH HA aHAJOTMIHBIE
PE3yJILTATHL.

B yuuBepcuTeTax mporpaMMbl KYPCOB OOBIMHO Pa3Jie/ieHbl Ha TEMbI, U3~
JlaraeMble BO BpeMsI JieKIuii. Kaxkjast Tema 3aKperisieTcss peleHneM Habo-
pa 3a7a4 Ha ceMuHapax. s mMpoBepKW permreHuit ITUX 3a7a9 MPETogaBa-
TeJIN MOTYT HCIOJIb30BATH ABTOMATHIECKYIO CUCTEMY B KOTOPYIO CTYIEHTHI
OyayT oTupasiATh cBou penieHus. CucreMa MOKET BECTH yYeT PA3JIMIHBIX
JIAHHBIX B Iporiecce obyuenust (HAIpUMep, BpeMsl PelleHus 3a1a9u, KOJIude-
CTBO HeyJJauHbIX MOINBITOK, Ka4ecTBO perieHust u T.11.). CobpaHHbIe JTaHHbIe
MO2KHO HCIIOJIb30BATD JIJIsl BBISIBJIEHUsI TPUMEHSIEMBIX TA0JIOHOB, TUITMIHBIX
omnbOK U COOTBETCTBYIOIIEH KOPPEKTUPOBKH IjiaHa oOydeHusi. OgHAKO, HE
BCs1 cobpaHHasi MH(MOPMAIIHs Cpa3y TOTOBa K 06paboTKe — BBUJIY TOTO, YTO
pemeHueM 3a/iavun ABJIAETCA TEKCT Ha HEKOTOPOM fA3BbIKe, OIleHKa KadeCTBa
peIeHnst TPeICTaBIsgeT OO0l OTIENbHYIO HEIPOCTYIO 3ajady. Takue CcBOi-
CTBa pellleHnd, KaK: YHUKa/JIbHOCTh, KPaTKOCTb, COOTBETCTBHE OI'DaAaHUYICHUAM
1 JIp. OOBIYHO BBISIBJISIIOTCS TIPENOIaBATEIeM BPYYHYIO, HO 9TOT MPOTIECC MO-
2KeT ObITh YacTUIHO aBTOMATU3UPOBaH. [[1g 3T0ro Heobxoaumo hopMasibHOE
oTpeJie/IeHne TOHITHST OUEHKA CE0UCMEG PeweHUs, TIOCTe Iero CTaHeT BO3-
MOXKHBIM ITOCTPOEHUE COOTBETCTBYIOIIUX AJTOPUTMOB.

2. IlocranoBka 3aga4n

2.1. OcHoOBHbBIE TTOHSATUS
MHozkecTBO Beex 3a1ad HEKOTOPOTO pasesa obosHaunMm P.

Or[pe,quIeHI/Ie 1. Koneunas nocaedosamesvbrocmo cao6 6 HEKOTMOPOM KO-
HEYHOM a/@aeume CUMBON06 ABAACTINCA PEWEHUEM 3adaqu.

MmuozkecTBO BCcex pemnteHmii HeKOTOPOil 3aja4n p € P oboznaunm A,

Onpepenenne 2. Muoowceemeo S = {s | 0 < s < 100, s € R} 6ydem
HA3VBATND WKAAOT OUEHUBAHUA.

BBejieM 1mostHBII TOPSAIOK HA MHOYKECTBE PENIeHNHl OTHOCHTEIHHO HEKO-
TOPOTO CBOHCTBA f:

Omnpegenenne 3. Va,b € A, sepro odno us ymeeporcderuii:

o a<yb, ecau b 6 boavweli cmenenu obaadaem ceoticmeom f, uem a



® a>yb, unaue

Onpenenenne 4. Moromonroe omobpasicenue F': A, — S aeraemca ouyen-
xol ceoticmea peweHus.

Breibpannass mIKajga OLEHUBAHUsS MOXKET OOeCIeYUTh HHBEKTHBHOCTH
OIEHKN CBOICTBA PEIEeHNs, XOTs 9TO, BOOOIIEe ToBops, Heobszarenbio. Js
HEKOTOPBIX CBOJICTB PEIeHNsI NMEET CMbICII BBECTHU YIIPOIIEHHYIO IIKAJLY Olle-
anBanus. K nmpumepy, cBoiicTBO perernst ObITH BEPHBIM (T. €. PENIaTh HOCTaB-
JICHHYTO 3a/1a1y) MOXKET IIPHHUMATD JiBa 3HaUeHus: «1a» (1) mim «mer» (0).

Onpenenenune 5. [lycmo M C Zy. Monomownoe omobpasrcenue I: S — M
HA308EM UHMEPNPEMAUUET OUEHKY CEOTUCMBA PEUWEHUA.

st BeIMmMCIe s 3HaYeHnsT F' Ha paKTHKe HEOOXOIUMO ITOCTPOUTH COOT-
BETCTBYIOIUH aaropuT™M, KOTOPBI MPUHUMAET Ha BXOJ, PEIIeHUE, a Ha BbIXO-
Jie BBIJAET OIEHKY CBO¥icTBa pernenns. OIHAKO, ONPEIe/IEHHAST PAHEee IITKaJIa
OIIEHUBAHNS HEIIPEPBIBHA, TIO9TOMY CJIEIyeT JIUCKPETU3UPOBATH 00pa3 OIeH-
KU CBOWCTBa peEIIeHUA:

Onpenenenne 6. Omobpasicenue F' = F o I nazosem duckpemmoti ouenkot
ceo0UCmsea peweHUus.

2.2. HOCTpOQHI/Ie AUCKPETHOI'O IMPpOCTpaHCTBa IIPU3HAKOB

Jlioboe orobpaxkenuwe F KoaupyeT HEKOTOPOE CBONCTBO [ pellleHusI 3aadu
p € P. BOoAbIIMHCTBO TaKUX CBOWCTB OECCMBIC/IEHHBI MU BHIPOXKIeHBI. O)1-
HAaKO, HEKOTOPBIMH U3 9THX CBONCTB PYKOBOJICTBYIOTCS IIPEIIOJABATEN DU
OIeHUBaHMN pemenud a € Ay, Bpyunyio. K npumvepy: permenne mpoxonuT 7 u3
10 TecToB, IOATNOTOBJIEHHBIX IIPEIOIaBaTe/IeM JJIsl JTaHHON 3aa4n; NMEETCsI
80-IIporeHTHAS CXOXKECTH C PENEHUSIMHU JIAHHON 3a/1a9M y JPYTOTO CTY/AEHTA.

Onpepenenne 7. Muoowcecmso F = {f1, fo,..., fn} ceoticme pewerus no-
pooicdaem npocmparcmeo NPusHaKos

Ta251XSQX"‘XSn:SnCRn

pewenus a 3adavu p. Komnonewma t; mouku t = (t1,ta,...,t,) xapaxmepu-
3yem cmenend obaadarus ceolicmeom f; pewenus a.

[TpocTpaHCTBO MPU3HAKOB MOXKHO JIUCKPETU3NPOBATD, €Cii BMecTo F mc-
nosib3oBarh F' ¢ unrepnperanueit S = {0,1,...,100}.



Onpenenenue 8. [Ipocmparcmeo npudHarxos pPeweHus a, NOPOHCIeHHOE
ceoticmeamu F, nasosem ouckpemmvim npocmpaHcmeom npusHaxos u 0bo-
snavum T,

,HJIH IIOCTPOCHUA H€O6XO,HI/IMOI‘O HaM JUCKPETHOI'O IIPOCTPAaHCTBa IIPpU3Ha-
KOB cJjieayeT OoIpeacjinTb MHOXKECTBa OCMbBICJIEHHBIX CBOWICTB pemennda Kaxk-
,ZLOIU/I 3a/la9 U3 HEKOTOPOI'O pa3zejia, KOTOpble MOXKHO SCI)(beKTI/IBHO OICHUTD.

Onpenenenne 9. Ob6sedunenue ceolicms peuweHus 6Cex 3a0ay U3 pasdesa
NOPoOAHCOAEM YHUBEPCANLHOE NPOCTNPAHCINGO NPUHAKOE 0AA paddenq, 0003Ha-
yum e2o0 ITp .

OCHOBHYIO CJIO2KHOCTBL 3JI€Ch IIpeACTaBJ/IgAeT aBTOMaTHUYECKasd OIEHKa
HEKOTOPOTo CBOIiCTBA.

Bama4ga 1. [locmpoumsv aszopumm Vi ouenusarowuti 3adarnoe ce0ticmeo
f co croorcrocmoro we bonee O(l), 2de | - Koauwecmso cumeonos 6 peulenuu.

[Ipu BBIYMC/IEHUN OIEHKN HEKOTOPBIX CBOWCTB PEINIEHUs, OIMUCHIBAEMBIX
PErYJISIPHBIMU BBIPAXKEHUSIMUA, MOXKHO TOCTPOUTH KOHEUHBI aBTOMAT, pac-
[MO3HAIONIHUH CJIOBA JIOIIyCKaeMble STHUMHU BbIpakeHustMu. [Ipumepom Takoro
CBOMCTBa MOXKET CJIyXKUTh <«HAJMYNE WM OTCYTCTBHE HEKOTOPOTO MHOYKE-
cTBa CJIOB». [yt CBOWCTBA <«KOMIIUJIUPYETCS» AJTOPUTMOM SIBJISETCS IPO-
necc KoMnuysAun [9], KOTopeiii He MOXKET ObITh pean30BaH KJIACCUIECKUM
KOHETHBIM aBTOMATOM. CyIIeCTBYIOT TakyKe CBOWCTBA, 3a/1a1a OIMEHKH KOTO-
PBIX aJrOPUTMHUYECKH HEpa3peninuMa, HAIPUMED - «KOPPEKTHO PEIIaeT I0-
crasieHnyto 3aga4dy» [10]. st pemenuii, UMeOIUX B TEKCTOB IIPOrPAMM
HA HEKOTOPOM S$I3bIKE IIPOTPAMMUPOBaHUS, OI00HBIE CBONCTBa paccMaTpu-
BAIOTCsI B HAIIpaBJieHnn Bepudukaiyu nporpamm [11]. B vamewm ciaygae dbop-
MaJIbHOE JIOKA3aTEIbCTBO KOPPEKTHOCTHU IIPOIPAMMBI He 005138 TeIbHO, JOCTa~
TOYHO JINIIH JIOKA3aTE/ILCTBA KOPPEKTHOCTU Ha HEKOTOPOM HETPUBUAILHOM
Ha0Ope BXOJHBIX JIAHHBIX - OIPAHUYEHHOI'O TECTUPOBAHUS YEPHOTO HATITUKA.

2.3. IlnnanmpoBaHMe MEePCOHAJIBHOI CTpaTerum ooydYeHusd

Duement t € T,, OTpaskarouil COBOKYITHbIE CBOMCTBA pEIeHrs], 0003HATAET
CTeNeHb OCBOEHUS HABBLIKOB, TPEHUPYEMBIX WJIM TECTUPYEMBIX 3ajadamMu P.
IlociienoBaTe ILHOCTE

Ty = (to,t1, ..., tx), ti € Tp, i =0,k
OTpazKaeT IIPOo1ecC O6yquI/IH B BU/I€ PEIYJIbTATOB PEIICHU A k II0CJIeJ0BATCIIb-

HBIX 3a/ia4 U3 pa3jeria.
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Crenenb 0OCBOEHMSI CTYIEHTOM HABBIKOB MJIM TE€M B JIAHHBI MOMEHT Bpe-
MEHHM MOXKHO TaKKe IIPEJICTABUTh B BUJE TOYKA B KOHETYHOMEPHOM JIUCKPET-
HOM ITPOCTPAHCTBE S x Sy X% 8y, o~ S™, rae KaxKIoit ocn COOTBETCTBYET
OJMH HaBBLIK Wax TeMa. IlociaeroBaTeIbHOCTD

Lq:(l07l17---;lq), liegm’ Z:m

TaKad, 9TO
li < li+17 Z:07q— 1

SIBJIIeTCsI KPUBOil 00ydeHus |4] u omuchiBaer mporecc obydeHus CTYJIEHTa
BO BpPEMEHU C 1-TO /10 ¢-TO TaKTOB m3mepenus. J[jist JaHHOrO THUIA KPUBBIX
pa3paboTaH aJrOPUTM MOUCKA OJIMKAUIIEro cocesa 4], KoTopblil MOXKHO HC-
[OJTH30BaTh JIJIsI TIJIAHUPOBAHMS ITEPCOHAIBHON cTparernn obydenust. O Ha-
KO, YCJIOBHE MOHOTOHHOCTH B IPEICTABJIEHUN JAHHBIX UMEET CYIIECTBEHHBIN
HEJIOCTATOK — B TAKOM CJIydae He YUYUTBIBAETCH CKJIOHHOCTH CTYIEHTa K 3a-
OBIBAHUIO YACTU WHMOPMAINN IPHU JJIUTETLHOM 00ydeHnn 0e3 3aKpeIlIeHH.

AsropuTM moucka GJIMXKaMIIero cocelia 3aKJI04aeTcd B pa3dbreHun Ipo-
crpaHcTBa S™ Ha TaKHe CEKTOpA, UTO IPH MONAJIAHUE O0beKTa-3aIpoca B
OIIMH U3 CEKTOPOB, IIOUCK CBOIUTCS K Iepebopy OO0BEKTOB BHYTPH JAHHOIO
cekTopa. PaKTUIECKN 3a1aeTCA TaKOe 0TOOpaKeHNe TOUEK

h: §™ 5 {1,....k),

Y9TO B COOTBETCTBHUU C XapaKTEPUCTUKaMU TOYCK CyMMapHasd XapaKTepUCTUuKa
CeKTopa OJMHAKOBA [T BCeX ceKTopoB. Kaxkmoit Touke s mpocTpancTsa S™
cTaBUTCs B cooTBercTBHE Tpoiika (v,7,k), rae: v = |[|s|y, r = |[s — ||y,
k=argmin{|ls — (v,...,0)|s,...,[ls = (0,...,v)[xs}.

Homep cexTopa, KOTOPOMY HPHHA/JIE’KUT TouKa s € S™ 110 3aJaHHOl
TPOIKE BBIYUCIAETC 1O (HbOPMYyJIe

h(s) := m(100m + 1) - l(v,r) +m - g(r) + k,

rae
v T, r<l

, g(r) =

l(o,r) = | 2
(v,7) g(r)+1 r—1, r>1

B cayuae, ecim cekrop ¢ HOMepoM h(s) He COmepKUT OO'bEKTOB, HAXOJAT-

csl COCeJIHIe CEeKTOpa, B KOTOPBIX IOUCK Ipojosikaercs. CocejiHue cekTopa
OIIPEJIEJISIIOTCA KaK 00be/IMHEHNEe TPEX MHOXKECTB:

{h(s1) | 81 = (U(v,7),9(r),7), O <i<m, @ # kY,

11



(l(v,r) —1,g9(r), k), I(v,r)>0 )
(U(v,7) + 1,g(r), k), (v, ) + 1(g(r) +1) < 100m

(l(v,r),g(r) - 17k>7 g(?“) >0
(l(v,r),g(r)+ 1,k), r<100m

{h(Sg) | So —

{h(s3) | 53— 2
JlokazareabLcTBO KOPPEKTHOCTH aJI'OPUTMa M OIEHKA €r0 CJIOKHOCTH TIPUBe-
JeHbl B [4].

3ameTuM, YTO IEPEXOJ OT IOCJIEI0BATENLHOCTH Tuna 1 K IOC/IeI0Ba-
TebHOCTH Tula L, 63 yeJIoBHsl MOHOTOHHOCTH 3JIEMEHTOB TIOCJIE/IHEH, TIPOCT.
B camomMm jziesie, J0CcTaATOYHO TTOKOMIIOHEHTHO Nepebuparh sjgeMeHTbl T 1 3a-
HOJTHATH KOMIIOHEHTBI 3JIEMEHTOB L, OCTaB/isiss HAMOOJIBIYIO U3 KOMIIOHEHT
IpeIbIIYINero sjieMenTa L u Tekyrero sjaementa 1.

CdopmynupyeM 3a1a4y IIAHAPOBAHNAS CTPATErUU OOYUEHUSA UCIOJIb3ys
KpuUBYIO 0Oydenusi. KasKplil CTYJIEHT HAXOJAUTCS B HEKOTOPOM HAYaJIbHOM
cocrosinuu ly, koropomy coorsercrByer kpusasi Ly = (lp). Lesb obyuenus
— Yepe3 ¢ TaKTOB M3MEPEHUsI OKA3AThCS B COCTOSTHUN lpq, = (100, ..., 100),
TO €CTh OCBOMTH BCE HABBIKU U TEMbI HEKOTOPOIo pasjena. Kpusast, cooTer-
CTBYIOIIAs] YCHENTHOMY 00y IeHUIO:

Ly=(lo, .-, lmaz)
N———
q+1

[Inanupoanue crpareruun 00yJeHNUsT 3aK/IFOUAETCS B MpEICKa3anuu d OyILy-
IIIX COCTOSIHUN CTYIEHTa JjIsi HEKOTOPOH HadaabHOUW KpuBOil L;, 9T00BI Ha-
3HAYATH €My 33Ja9H, TPEHUPYIONIINE COOTBETCTBYIOIINE HABBIKU, U 3aKPEIl-
JIATH OCBOEHHBIE TE€MBI.

Sadurcupyem 1eaeByio MYHKIUIO JIJI ONTHMHU3AINN - 110 Pe3yJIbTaTam
pellieHns IJIAHUPYEMOl 3a/1a9 CTYJIEHT JOJKEH HauboJiee J1ajieKo IPO/IBU-
HYTBCSH K [EJN lpyqe. BBEJEM 1158 38,1890 CIe/IyIoIIue napaMeTphl:

® C - CJIOZKHOCTDb
® 7" - CTCIIEHb OCBOCHHSA TEM, H606XO,HI/IM8,H JJIdl peIeHnu A

® @ - MaKCHMaJIbHas CTEIIeHb OCBOEHUSI TEM, BO3HUKAIONMIAS B PE3YIbTATE
perenust

Kaxmoit 3aaue p € P mocTaBuM B COOTBETCTBHE TPOUKY (¢, T, a)

e: P> Nx S™x §™ = pe¢,
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Orpesiesium oTOOpakeHue:
@: 8™ x P¢ — S™

1
plhe@) ==+ =Dl-a
BaMeTnM, 9TO MAKCUMYM BBIOpaHHON (PYHKIIUK CYIeCTBYeT IPH JIFOO0M HOP-
MUpOBaHUE 0Opasa.

3agaua 2. Ilocmpoums maxoe npodoadicenue L;yg 3adannoti nocaedosa-
meavrocmu L;, wmo:

li7 )
¢(li,e(p)) — max

2de 06pa3 0mobPastceHUs HOPMUPOBAH HEKOMOPOT, MEMPUKOT.

Bei6op MeTpukn omnpegenger crnocod BBIOOpa ONTUMAJBHOHR 3amgauun. B
clIydae, HAIIpUMep, MAHXITTEHCKO MeTpuK || ||, onTuMasbHOl 3a1a4eit 8-
JIIETCA Ta, KOTOPad 3aKPEILISeT MHOI'O PA3JIMYHBLIX €Ile HE OCBOCHHBIX TEM.

CTOUT OTMETUTD, YTO IPEIIIOJIOKEHNE O TOM, YTO CTYJEHT PEIIUT Ha3Ha-
YEHHYIO 33J1a9y - BEPOSATHOCTHOE, a 3HAYHUT IOC/ICAYIONINE IIPEIIOI0KCHI
JIOJIZKHBI, BOOOIIE TOBOPSI, ONMPAThCS HA YCJIOBHYIO BEPOSTHOCTH IPEIIIIe-
CTBYIOIINX COOBITHIA.

3. lIpmMmeHeHME METOI0B MCKYCCTBEHHOIO MHTEJIJIEK-
Ta JJIs IJIAHUPOBAaHUs MEPCOHAJILHON CTpaTeruu
oby4deHUns

3.1. IlocTpoeHue AUCKPETHOrO IMPOCTPAHCTBA ITPU3HAKOB

B paMKax maHHOroO Kypca paspaboTaHO IPOCTPAHCTBO MPU3HAKOB ¢ OOLIUMUI
U TeMaTU4YeCKUMU HaBbIKAMU.
Ob11re HABLIKU:

Cesoticmeo Hrmepnpemavus
Komnunupyercst {0,1}
[TporecTupoBano {0,...,100}
YHUKAJILHO {0,...,100}
Crano BoBpeMst {0,...,100}
CooTBeTCTBYET OrpaHUYEHUSIM {0,1}
OdopMIeHO B €IMHOM CTHIIE {0,1}
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OreHka NPU3HAKOB YHHUKAJbHOCTH, COOTBETCTBHSI OIPDAHUYEHHAM U
OOPMIIEHHST B €UHOM CTHJIE IIPEICTABISIIOT CODOI OTIeabHbIE HETPUBHUAIb-
Hble 3aJla9u.

TeMaTndeckue HABBIKU:

Ceoticmeo Hrnmepnpemayus
Burosble onepanun {0,1}
CopTupoBKH {0,1}
Anrebpa storuku {0,1}
k-3HauHas joruka {0,1}
CTpyKTYpbI U KJIACCHI {0,1}

O1eHKa TEMATUYECKUX CBOMCTB B HEKOTOPBIX CJIy4asX Tak:Ke IpeIcTaB-
JiieT coboit HempoCTyIo 3a1a9y. JIj1s1 HEKOTOPBIX CBOMCTB OBLIN CO3AHBI MO-
JIyJI1 aBTOMaTHYECKOI'O UX OOHAPYZKEHUS B PEIICHMSIX.

3.2. IlnaanpoBaHUe MEePCOHAJBHOI CTpaTernu Oo0ydYeHUs

B zajauax mpoiosizKe s MOCIeI0BATEIbHOCTEH XOPOIIo cebst 3apEeKOMEHT0-
BaJI PEKyppeHTHbIe Heliponnble cetn, a uMerno: LSTM (Long-Short Term
Memory) [5], CW-RNN (Clockwork Recurrent Neural Network) [6], GRU
(Gated Recurrent Unit) [7] u ap. anuble ceTu GbLIN UCIOIB30BAHBI B 9KC-
MEPUMEHTaX C UCKYCCTBEHHBIMU JIAHHBIMU MTPOIECCOB 00y UeHUsT 4 TPYII CTY-
nentoB 110 50 gesiopek Ha Kypce «lIpakTtukym Ha DBM>» Tamkentckoro ¢pu-
guasta MI'Y mm. M. B. Jlomonocosa.

Kaxkmomy cTyienTy ObLTH HA3HAYEHB! 3 CIyIaiHBIX 38,/ 1a91 PA3HON CITOK-
HOCTH, OCTaJIbHBIE 33/Ia91 Ha3HAYAJMCh Ha OCHOBAHWUU TIPUHATIEXKHOCTH CTY-
JIEHTa K OJTHOMY W3 BBIJEJIEHHBIX KJIACCOB:

® OTJIMYHUKHU - PpENIaroT 3aJ1a91 JIIO0OOM CJIOKHOCTHU
® XOPOHIUCTHI - B CJIO2KHBIX 3a/lad9aX WUHOI/[a UCIIBITBIBAIOT TPYIHOCTUA

® TPOEYHUKU - 3ATPYAHAIOTCS PEITUTH 33241 JIF00O0H CJI02KHOCTH B HEKO-
TOPBIX pa3jesiax

® JIBOEYHUKU - C TPYJAOM DEIIAIOT CaMbI€ IIPOCTbBIE 3a/1a91

B mporiecce mmuTarumn od6ydeHns: HEKOTOPBIE CTYAEHTHI MTEPEXOAUIN U3 OI-
HOTO KJIacca B JIPYTOil B pPe3yJbTaTe YCKOPEHHOI'O POCTa T'€HEPUPYEMBIX pe-
3yJbTATOB HAYUHAsI C HEKOTOPOro MOMeHTa. JIjisi Takoro KJjacca CTY/IEeHTOB
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Puc. 1. Hyeitka LSTM

HEOOXOAUMO YUUTHIBATH Ja6HUE PE3yabTaThl U He IIOBBIIIATH CJIOKHOCTb Ha-
3HAYAEMbBIX 33J1aY CJIMIITKOM OBICTPO, /laBasi UM BO3MOXKHOCTH 3aKPEIUTh pe-
3yJIbTaT.

Ncnop3ys MOCTPOEHHYIO B UTOTe UCTOPUIO OOy UICHUS IPUMEHUM HEIPOH-
Hble CeTH /I IIpeJICKa3aHus yclleXa B pPellleHUU Ha3HaYeHHBIX 3ajlad Hauyu-
Has ¢ 4-oif. OmycTuM BEpOSITHOCTHYIO IIPUPOJY IPOIEcca IJIAHUPOBAHUS U
Oy/eM IpeJIoaraTh, YTO KaKJ[0e HOBOE IIPEJIIOJIOKEHNE TPOU3IBOIUTCS Ha,
OCHOBaHUU YK€ IPOU30MIEuX coObITuii. [ KaxKa0ro Meroja u3Mepum
TOYHOCTH IIPEJICKA3AHUS, KaK OTHOIIEHUE BEPHBIX IpEJCKA3aHUuNl K 0bIeMy
UX KOJIMYECTBY.

OyuxnnonanpHo sueiika LSTM 3amaercs ciaemyomuMn ypaBHEHUSIMIA:

ht = O¢ * th(ét)

¢t = fr-c—1+i -G
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Puc. 2. Apxurektypa CW-RNN: HellpOHBI CKPBITOTO CJIOSI pas3jeseHbl Ha k
rpyti. Hefiponnt ¢-0if rpymibl HOAKIIOYEHDI JAPYT K JAPYTY U UMEIOT HEPUO/T
T;. I'pynna ¢ noakimodena K rpymue j, ecam 1 < Tj.

rie

¢ = th(We - [hy—1, 2¢] + be)
ft =Wy - [hi—1,2¢] + by)
ir = o (Wi - [he—1,x¢] + b;)

o = o(Ws - [he—1,2¢] + bo)

Vpapuenust stdeiikn GRU mpuHuMaioT cjeayionumii B

ht:(l—Zt)'ht_l—f—Zt‘iLt

rie
Zt = G(Wz : [ht—hiﬁt])
Tt = G(Wr : [htflal‘t])
ilt = th(W . [Tt . ht—l, l‘t])

Pesynbrar npumeHenust HEHPOHHBIX ceTell mpe/icTaBieH B Tabsmie 1.

ILJ'IH KOHEIHOMEPHOI'O JUCKPETHOI'O IIPOCTPAHCTBa IIPU3HAKOB MOXKHO
NIPUMEHUTDH aJITOPUTM NIPEACKa3aHNudA CJICAYIOMIEro JIEMEHTa B IIOCJIEI0-
BaTeJIbHOCTU, OCHOBaHHBIII Ha MOOeJIn KOMNaKImHoe 06p660 npedc%‘aa’aHuﬁ
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Elga®,

Puc. 3. {ueitka GRU

’ Hediporunaa cemw | Uckycemeennoe darmovie ‘ Peanvrvie danmoie ‘

LSTM 84.12 56.87
CW-RNN 85.77 54.90
GRU 89.43 58.01

Tabsmna 1. TounocTs npenckazanus, %
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(Compact Prediction Tree, CPT, [8]). CPT cocrout u3 Tpex cTpyKTyp JaH-
HbIX: depesa npedekasanut (PT), obpamnozo undexca (11), maccusa yrasa-
meanet; (LT).

PT. Ilycroe nepeBo mpejicKa3aHUii COCTOUT U3 OJIHOIO y3Ja - KOpHs. B
nporecce 00y9eHust MOJIENN JePEBO 3AIOTHACTCA 110 CJISAYIOMEMY aJrOPHT-
My: JJIsl OYepeIHOIl HOC/Ie0BATe/ILHOCTA IPOBEPUThL HAJUYHE €€ IIEPBOrO
3JIeMEHTa CpeJii IOTOMKOB KOPHSI; €CJIM TAKOBOIl II0TOMOK MMeeTCsl, TO Iepeii-
TU K HOUCKY CJIEIYIOMIEro 3JIeMeHTa, [OCIe10BATeIbHOCTH B IIOTOMKE; MHAYe,
BCTaBUTDHL OCTaBIIIHECd 3IJICMEHTBI IIOCJICJOBATECJILHOCTH BETBLIO, HaYMHasd C
HOCJIEIHErO y3JIa, JIJIs KOTOPOrO HAILINCH COBIAJICHNS UM KOPHSI, €CJIH COB-
maJIeHuit He OBLIO BOOOIIIE.

I1. O6paTHbIil UHIEKC SIBJISIETCS JBYMEPHOM JBOMYHON MaTpPHIEH, CTPO-
K KOTOPOil COOTBETCTBYIOT YHUKAJIBLHBIM 3JIEMEHTAM II0C/IeI0BATEILHOCTEI,
cogepzkamuxca B PT. Ecin ajleMeHT X coJep:KUTCsl B I10C/Ie0BATeIbHOCTI
Y, TO B COOTBETCTBYIOMIEH sideiike marpunst 11, , Haxomurces 1, unade - 0.

LT. MaccuB ykazaTeseil CONEPKUT yKa3aTeJu Ha MOCIeIHUE 3JIEMEHThI
nociegosarenbaocreii B PT qocTynHbIe 0 HOMEpaM MOCIeI0BATEILHOCTE.

Agroputrm: 3anosaerne CPT

nano: CPT, kpuBasi o0yuenust L
TeKyIuil y3esn <— kopeub PT
mukial € L
€CJIM MHOXKECTBO IIOTOMKOB TEKYIIETO y3/a # & U COIEepPKUT [
TEKYIIUH y3€eJs <— MMOTOMOK, PABHBI [
WHaYe
1006aBUTH | B MHOYKECTBO ITOTOMKOB TEKYIIETO y3J1a
TEKYIIUN y3€eJl <— HOBBIIl ITOTOMOK, PaBHBI [
KOHeET] ecJid
KOHEII, ITUKJIa
obuoButs II u LT

Hutst 3aannoit nocsenoBaresnsnoctn X = (21, X2, ..., Ty) TPOIECC TPE-
CKa3aHUs CJIEMIYIOIIETO IJIEMEHTA 3aKJIIOUaeTCs B CJIEYIONIEM: JIJIT HEKOTO-
poro m, 1 < m < n, BeIOEpEM BCe IOCJIEIOBATEILHOCTH, COIEPIKAIIIE I10-
CJIEJTHIE 1M DJIEMEHTOB {Tp_m+1, Tn—m+2, - - -, Tn} C X B I060M HOpsijIKe 1
B J000ii nosunuu. Takue cxoxkue ¢ X I10CJIEI0BATEILHOCTH, 0O03HAYUM UX
Y, HaxomsiTcss OMTOBBIM I€peMHOXKeHHEM BcexX cTpok II, coorBeTcTBYyOIIIMX
BBIODAHHBIM 3JIeMeHTaM. [l Kaxkmoit mocaenoBareabHOCTH Y € Y BBIIE-
JIMM IIO/IIOCJIEI0OBATEILHOCTh, HAUMHAIOILYIOCS C 9JIEMEHTA, CJIEAYIOIIEro 3a
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Puc. 4. Ilpumep crpykrypsr CPT

’ Modeaw ‘ Hexycemesennovie darmovie ‘ Peanrvrvie darmoie ‘
| CPT | 94.36 |

85.55 |
Tabsmna 2. TounocTs npejcKazanus, %

IIOCJICJHUM 9JIEMCHTOM CXOZKHM C X. Ka}K,ILOMy JIEMEHTY Y TaKUX IIOAIIOCIe-
,ZLOBaTeJH)HOCTeIU/I IIOCTaBHUM B COOTBETCTBHEC /[Ba YMHCJIa:

® S - YHCJIO BXO}K,ZLGHI/II‘/JI dJIEMEHTa Y B IIOCJIEJIOBATEJIbHOCTAX Y

e c = 2 rae r - 4ucjo rocienoparenbHocTeit B PT, comepkamux y
(T.e. cymma crpoku Marpuibl 11, coorBercTByOIIeii s71eMeHTyY Y )

SJIQMEHTI)I, COOTBETCTBYIOIIIME MHUHHUMAJBHOMY S - KaHIWUIATBI. HckomMbIM
QJIEMEHTOM <IBJIACTCA KaHJInJaT ¢ HauMEHBLIIINM C.

Pesynvrar npumenerus CPT ¢ ucnosb3oBanmeM NpUBEIECHHOTO BbIIIE
[IPOCTPAHCTBA MPU3HAKOB IIPEJICTABJICH B TabJmie 2.

4. 3akJo4deHune

Ornucanfblie BBIIIIE METOJBI AHAJIN3A JAHHBIX TPUMEHSIOTCS B CHCTEME IO/l
nepKKu npernonaBanng Kypca «IIpaktukym ma 9BM» B Tamkentckom ¢u-
suasie MIY um. M. B. JlomonocoBa. Kypc craBut mepen cryreHTaMu I1ejb
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HOJIy9uTh HaBbIKU paspaborku Ha sizbike C/C++4 camMomoCcTaTOYHbIX IPO-
IPAMMHBIX [TPO/LYKTOB, PEIIAOININX IOCTABJIEHHBIE MIPEIoIaBaTeIeM 3a,a4n.
[TocpencTBOM JieKImii, CEMUHAPOB U IIPAKTUIECKUX 3aHATUN MaTepPHAJ Kyp-
ca JOJIKeH OBITh IMOCTEIIEHHO YCBOEH CTYJIEeHTAMH. DTOT KypC OOIMUPHBIA 1
MOKPBIBAET 4 Toma 00y IeHusT:

1 cemecTp 2 cemecTp
1 rox [IpocTeie amropuTMbI Juckpernas MaTeMaTHKa
2 rox OmnepalioOHHbIE CUCTEMBI Ocuoser OOIT

3ron | Juckpernas onrumuzanus | ucjaeHmblie METOIBI, YacTh 1
4 ron, | YucnaeHuble METOBI, YaCThb 2 -

Kax it pazmesn conepkuT HabOp MPAKTUIECKUX 33/1a9 PA3HON CJI0KHOCTH
U TEMATUKH, & TPAKTHIECKUM 3aHSITUSAM IIPEIIIECTBYIOT COOTBETCTBYIOIINE
siekninn wiin Kypebl. CoryiacHoO Tj1aHy OOydYeHWs, CTYIAEHT JOJIKEH PelnThb
HEKOTOPOE CJIy4YaiiHoe IMOAMHOYKECTBO 3a/1a4 U3 Pas/iesia JIJis Iepexo/ia K cje-
nyroreMmy. B mpoTuBHOM cilydae IpernojaBaTeb MOXKET HA3HAYUTH CTYIEH-
TY JIOHNOJIHUTEJIbHbIE 33J[aHMs, OOBIYHO 3aKJIIOYAIOIINECS B PEIIEHIN HOBOI'O
MIOIMHO2KECTBa 3aJa4d. B mocTpoeHnn 3TOro MmoaMHOXKECTBA ITPETOIaBaTe N
OTUPAIOTCS HA PEKOMEHIAINN IPEJICTABICHHBIX B CTATHE METOIOB.

N3 mpoBesieHHBIX SKCIEpUMEHTOB cjeayer, uro npumenenne CPT st
peIlieHns 3a/a49u JIAHNPOBAHUS TIEPCOHAJIBHON cTparernn o0ydueHus BbIIa-
€T HEIJIOXOl Pe3yJIbTaT, KOTJa IOJX0/ C UCIO/IL30BAHNEM HEUPOHHBIX CETei
yKa3bIBaeT Ha HEOOXOAMMOCTh YTOUHEHUsI IIPOCTPAHCTBA IIPU3HAKOB UJIN KO-
PEKTUPOBKU apXUTEKTYPhI IPUMEHSIEMbIX HePOHHBIX ceTeil. B aToMm Hampas-
JieHnu OyJIyT NPOBOJIUTHCS JlAIbHEHIIIE NCCIIeI0BAHUS.
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Using AI approach to plan personal learning strategy
Bektashev R.A.

Abstract

In this article the problem of planning personal learning strategy
is set and results of applying various approaches to its solution are
presented.

Keywords: computer education system, sequence elements pre-
diction, neural network, recurrent neural network, compact prediction
tree
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Texnosornsg ANCTUAAANINN 3HAHIIA 1
00ydJeHUs HEPOHHBLIX CeTeil Ha IIpuMepe
3a4a49i OMHAPHOI KJaccuduKanmmn

Buprokosa B.A.!

C uCHO/Ib30BAHUEM TEXHOJIOIMKM OOyYeHUsI HEHPOHHBIX CeTeil, Jiu-
CTUJLIANAN 3HAHUN, OBLIM MOJIyYeHBbI MOJIEJIN, Pelarolnue 3a1ady ou-
HapHON KJIACCUMDUKAIIAN C TPOU3BOIUTEIBHOCTHIO, TPEBBIIIAOIIEH TPO-
U3BOAUTEIBHOCTD CETU-YIUTENS IIPUMEPHO B 5 pa3 MpPU HECYNECTBEH-
HoM miaJienu KadecTBa. CBeprodnast HeiiponHas cerb ResNet-18 Obuia
ofydeHa AByMsl cocobamMy MO JAHHON TEXHOJIOrHM (¢ HOMOIIBIO IIpe-
nobyuennoit cetu ResNet-50) u kiaccuueckum MerogoM. Beeneno 1o-
HSITHE CTEleHN HEYBEPEHHOCTH MOJEJN HA MHOXKECTBE OOBEKTOB KakK
BEJIMYMHBI OTKJIOHEHUA IIPeJCKa3aHuil HEMPOHHOII CeTH OT IpUHUMAae-
MBIX 33 OTBeT 3Ha4ueHHuil. BblIn Takke IPOBEIEHBI IKCIEPUMEHTHI 110
PEKYyPCUBHOMY IPUMEHEHUIO TEXHOJIOTUN JUCTUJIISIINN SHAHUII.

KuaroueBble ciioBa: JUCTUISINS 3HAHNN, OnHapHas KJaccudu-
KaIlWsl, OCTATOYHAs] HEIDOHHASI CeTh, CBEPTOYHAsSI HEHPOHHASI CETh, CTe-
[IeHb HEYBEPEHHOCTU MOJIEJI Ha, MHOXKECTBE OOBEKTOB, PEKYPCHUBHOE
obydeHnne HEHPOHHBIX CETEl.

1. BBenenne

B nacrosiiiee BpeMst 6J1aro/1apst MOSIBJIEHIIO TEXHOJIOIUU CBEPTOYHBIX Hefl-
POHHBIX CeTel 1 BHICOKOTIPOU3BOIUTEIHHBIX CPEICTB OYPHO PA3BUBACTCS HAa-
MpaBJ/IeHNne TOCTPOEHUST MCKYCCTBEHHBIX CHUCTEM I PaCIiO3HABAHUS BU3Y-
asbHbIX 00pa3os [1],[2],]3],[4]. IIpu sroM Tpy10eMKIM SIBJISETCS HPOLECC MO/
FOTOBKH 00OydJaromeil 6a3bl, KaK IPABUIIO, TPEOyIomeil O0IBIITOr0 KOJTHIECTBA
BPYYHYIO PA3MEUYCHHDBIX N300ParKeHUil, UTO CUJIBHO YBEIUIHBAET CTOUMOCTH

! Buprokosa Beponuka Andpeeena — CTYIeHT Kad. BLICIIEH MATEMATHKY WHCTUTYTA, KH-
6epueruku PTY MUPSA, e-mail: biryukovaveronika@mail.ru.

Biryukova Veronika Andreevna — student, MIREA - Russian Technological University,
Institute of Cybernetics, Chair of Higher Mathematics.
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paspaboTok. Takrke BO3ZHHKAET HEOOXOIUMOCTH PA3MEIEHUs Ha IOPTATUB-
HBIX YCTPOWCTBaX HEOOJIBINNX HEHPOHHBIX CeTel, CIIOCOOHBIX BBIIABATDL J10-
CTaTOYHO TOYHBIE pe3ysbrarhl [5]. [losromy jist pemenust psizia 3a71a9 MOXKET
6bITb HNCIIOJIB30BaHa TEXHOJIOTUA o6yquH5{ OTHOCHUTEJILHO ITPOCTBIX ceTell Ha
6aze nzobparkeHuit 6e3 pydHON pa3MeTKH, HO C MCIOJH30BAHUEM IIPEIBAPU-
TeJIbHO 00y UIeHHOi 60Jiee MOIITHOM Mojtestu. st 3Toro pazpaborana METOINKA
0byueHns HePOHHBIX ceTeit — aucTmisnust 3uanmii (Knowledge Distillation)
[6],]7]: mycrs mMeercst MomtHast Momesb (nam ancaM6iIb Mojiesielt), KoTopast
obydeHa yIaBInBaTh CJI0KHBIE Mpu3Haky (features) m BbIIABATH TOCTATOTHO
TOYHBIE TIPeJICKa3aHus. TaKkyo HeMPOHHYIO CETh HA3BIBAIOT CETHIO-YIUTETIEM.
C eé momoripio 0byuaercs: Gostee IpocTast MOJEJb (CeThb-CTYJIEHT), KOTOPYIO
MOXKHO ODOYUYHTBH TaK, U4TO OHA OYJET JAaBaTh PE3Y/IbTATHI, COMOCTABUMBIE C
pe3yjabTaTaMu CETU-YIUTEIIA.

Henbio mannoit paboThl sABAIETCS UCCACIOBAHUE TPUMEHEHUS TEXHOJIO-
run Knowledge Distillation B pamkax 3amaun 6mHapHON Kiraccudukamuu. B
9T0ii pabore cBeprouHasi HeiiponHasi cerh ResNet-18 («ocrarounasi» Heii-
porHasi ceTb [8]) Gblaa obydena 110 Tpem creHapusm. Cerb, 00yUeHHYIO 110
[IEPBOMY CIIEHAPUIO, TO €CTh OHA ODyvaiach Ha 0Oa3e JAHHBIX C PYyYHOI pa3-
METKOI, B JlajibHeiiemM OyieM Ha3bIBaTh KJIACCUIECKUM CTYAeHTOM. BTopoii
U TPETHl CIEHAPUY IIPEJIITOIATAI0T 00yIEHUE 110 METKAM, KOTOPBIE SBJISIIOT-
cs TPEJCKA3aHUSIMU CEeTH, HOJIyUeHHOl n3 npenodbydennoit cetu ResNet-50
[8], mpuuem B pasHbIX CIIEHAPUSAX STH METKH HCHOJIb30BAJUCH B PA3JINIHBIX
dopmax mpejcrasienusi. Jlajee aru Mojen OyJeM Ha3bIBATh SOft-CTyHeHT 1
hard-crygenr. ResNet-50 6puta B3sita u3 HeiipocereBoit bubsmoreku Keras.
[Tonyuennbie pe3yabTaThl ObLIN U3YUYEHBI, a TaKKe OBLIN MPOBEJIEHBI IKCIIE-
PUMEHTBI ¢ PEKYDPCUBHBIM [IPUMEHEHUEM HUCCJIE/LYEeMON TEXHOJIOIMH. JKCIIe-
PUMEHTHI TPOBOIUJINCH Ha Oa3e m3obparkeHuit korek u cobak Kaggle «Dogs
vs. Cats» [9].

2. OCHOBHBIE ITOHATHUS

Mammnuoe obydenue (amrsi. machine learning, ML) — kiacc MeTosos
HCKYCCTBEHHOI'O MHTEJIJIEKTA, I1€JIbI0 KOTOPBIX SIBJISIETCSI CO3JIAHME MaTeMa-
THYECKUX MOJIEJIel, CIOCOOHBIX BBIIOIHATH KOHKPETHBIE 3a/[adl 0€3 UCIIOJIb-
30BaHUsI SIBHBIX WHCTPYKIIUii, a OCHOBBIBASICH HA BBISIBJIEHHBIX B IIPOIECCE
00y YeHNsT SMINPUICCKIX 3aKOHOMEPHOCTSIX B JAHHBIX, HA KOTOPBIX OHA 00Y-
JaJIach.
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UckyccrBennast HeiiponHas ceThb (HelipoHHAsT CeTh) WU HefipoceTeBas MO-
JleJIb — 3TO MaTeMaTHdecKas MOJIe/b, HOCTPOCHHAs 110 NPUHIUILY OpraHu3a-
mn 1 PyHKIMOHUPOBAHNS GHOJIOTUIECKNX HEPOHHBIX ceTell — ceTeil Heps-
HBIX KJIETOK 2KMBOT'O OpraHu3Ma.. y MOJeJIN JaHHOI'O TUIlla €CTh TpeHI/IpyeMbIe
napaMeTpbl, KOTOPbIE MEHSAIOTCS BO BPeMsl IIPOIELyPbl OOyYeHnsl, U TUIep-
napaMeTphbl, IlapaMeTpbl MOJIe/Id, TPeOyIoNe PyIHON HACTPOIKU 1 3a/1aBa-
eMble J10 mporecca obydenns. TpeHupyeMble TapaMeTphl, Jaaee NMEHyeMbIe
napaMerpamu, — 5T0 Beca u cMmenieHust (weights and biases) [10]. 'umep-
napaMeTrpamMy siBJISIOTCS, HAIIPUMED, apXUTEKTypa CeTH (CTPOeHHe MOJIEJN ),
dynkuus norepnb, ontuMuzarop. O6IIue HOHATUS, CBA3aHHbIE ¢ HEPOHHBIMU
ceTsiMH, MOXKHO mocMoTpeTh B pabore [10]. B sTom nccsenoBannu paccmar-
PHMBAIOTCS CBEPTOYHBIC HEHPOHHDBIE CETH CIENUAILHOTO BUJA, HA3BIBACMBIE
«OCTATOYHBIMU» HelpoHHbIME ceTsimu, ResNet [8]. DTu ceru ucnosnbsyior
JIOTOJTHUTE/ILHBIE COCIMHEHUT MEKIY CJIOSMHU JII HUBEJIUPOBaHUS 3pdeK-
Ta «3aTyxamolero rpajauentay |[11]. C momoInpbio HEHPOHHBIX ceTeil MOXKHO
penaTh pa3JndHble 33a41 MAITMHHOTO OOYUYeHUs, HAIIPUMED, 3aJ1a1y KJ1ac-
cupuKaImm.

[Tocranoska 3amgaun kiaaccudukaimn. lamna obyvaromas 6a3a — MHOXKe-
cTBO 00beKTOB (m300pazkenwuii, ayauodaitios u r.u.). Kaxmomy snementy
9TOrO MHOXKECTBA COOTBETCTBYET HEKOTODBIH KJacC (BO3MOXKHBI BAPHAHTBI

3aj1a4u, i€ OJIUH O0BEKT COIOCTABJISIETCsI HECKOJIBKUM Kiaccam). Tpebyer-
¢, 9TOOBI MOJIEJIb TIOCJIE TIpotiecca o0yvueHus: Ha ITOH Ha3e MOrjIa IPABUIHHO
[PEJICKA3BIBATD IPUHAIE?KHOCTH 00 bEKTOB, KOTOPBIE HE UCIIOJIb30BAJINCH BO
BpeMAa O6yLIeHI/ISI7 K OIHOMY U3 3a/[aHHbIX KJIaCCOB.

Ecnu pabora BejieTcst ¢ n13006paskeHUsIME, TO 9Ta 331898 Oy1eT OTHOCUTHCS
K objtactu KoMibioreproro 3pernst «Computer Vision» [12]|. Komubioreproe
3peHne — 9TO TEOPUsl U COOTBETCTBYIONIAS PEATU3AINA NHTE/JIEKTYAIHHBIX
cucreM [13], croCOOGHBIX U3BJIEKATH MOJIE3HYIO MHGMOPMAIMIO U3 u300pazKe-
HU.

OnauM u3 crocoboB 0OyUeHUs MOjiesiell U, B YACTHOCTU HEHPOHHBIX Ce-
Teif, siBJIsieTcst MeTo «0bydeHusi ¢ yanresaeM» [10]. st obydenus: Mosesn
UCIIOJIB3YIOTCSH MHOXKECTBO OObEKTOB M MHOXKECTBO MeTOK. OOy1aronumM MHO-
2KECTBOM Ha3bIBACTCA COBOKYIIHOCTD I1ap <<O6'])€KT, MeETKa», ME>KJ1y COCTaBJIA-
IONUMU KOTOPBIX CYIIECTBYET HEKOTOPast 3aBUCUMOCTD. Ha ocHOBe sTux JMan-
HbIX Tpe6yeTC5{ BOCCTAHOBUTDL 3TY 3aBUCHUMOCTDH, TO €CTb ITIOCTPOUTH MO/IEJ/Ib,
CITOCOOHYIO 11 JIIOOOTO BO3MOXKHOTO KOPPEKTHOTO BXOIHOTO H300ParKeHUs
BBIJIATH JIOCTATOYHO TOYHBINA OTBeT (Ipejickazanune). Baxkno, 4Tobbl 00y vae-
Masi MOJIeJIb OblIa CIocoOHa K 0DOOIIEHUIO, TO €CTh K aJeKBATHOMY OTKJIAKY
HA JIAHHbBIE, BBIXOSINNE 38 IIPEJIeIbl 00y IaioIero MHOKecTBa. Eem ke Mo-
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JleJIb HAy9W/Iach JIOCTATOYHO TOYHO OTBEYATh HA OOBEKTHI MHOXKECTBA, HA
KOTOPOM OHa 00ydJaJjiach, a Ha HOBBIE M300paKeHUs — HET, TO Takoh 3ddekT
Ha3bIBaETCs «mepeobyderunem» momesu [10].

Jlst obyueHnst Mosesn 06yJaroriee MHOXKECTBO JEJUTCsI HA TPEHUPOBOY-
HOE, TPOBEPOTHOE U TECTOBOE MHOYKECTBA. B X016 00y IeHsT HeHPOHHON ceTn
00BEKTHI U3 TPEHUPOBOYHOIO MHOYKECTBA, TIOCTYIAIOT Ha BXOJ, MOJIEH, a Ha
BBIXO/I€ II0JIy9ar0TCdA COOTBETCTBYIONINE 3HAYECHUA, KOTOPbIE CDaABHUBAIOTCA C
MEeTKaMU, BLICTYIAIOIINME B KAUECTBE «IIPABUILHLIX» OTBETOB, IOCPEICTBOM
Yero BLIYUCJIACTCS BEJIUINHA OINTUOKN HEHPOHHOW CeTH C IMOMOIIBLIO 3apaHee
BbIOpanHoil hynknun noreps (Loss function). Ilocse sroro ocymecrsisiercs
nporiecc 06paTHOro pacupocrpanenus ommbku |10], Graromapst yemy mosryda-
0T 3HAYEHUs JJI KOPPEKTUPOBKH MAPAMETPOB ceTh. Kak MMEHHO KOppeK-
TUPYIOTCST ITapaMeTpPhl, 3aBUCUAT OT BaXKHOI'O MEXAHU3Ma — OINTUMU3ATOPA.
[Tocste KOPPEKTUPOBKU TAPAMETPOB TPOIEAypa 00ydeHnsl TOBTOPSIETCS, TO-
Ka He BBITIOJTHUTCS 3a/[aHHBIH KPUTEPUi OCTAHOBKU.

Kak mpaBumiio, obyueHne MPOXOIUT IO «3IIOXaMy». DIOXOH Ha3BIBAETCSI
9aCcTh 00YYaIOIIEero MpoIecca, BO BpeMsi KOTOPOTO UCIOJIL3YEeTCs BCE TPEHU-
poBOUYHOE MHOXKeCTBO. [lo nToram 3moxu 0OBIYHO OIEHUBAIOT KavueCcTBO pabo-
TBI ceTu Ha npoBepouHoM MHOxkecTBe [14]. TTocse sroro HaumHaercss HOBast
910Xa, U TPEHUPOBOYHOE MHOXKECTBO M300pakeHUil cHOBa 0OpabaTbiBaeTCst
Mozenabio. Kak mpaBmio, B TedeHne OIHOM S110XU TPEHUPOBOIHBIE OOBHEKTHI
[IOJAIOTCA HE 110 OJHOMY U He BCe cpa3y, a mnopuuamu. To ecTh Ha BXOJ CETH
[OCTYIIAeT Kakas-To BeiGopKa (mini-batch) u3 TpeHUPOBOYHOrO MHOXKECTBA,
OHA IEJIMKOM ITPOXOJIUT YePE3 CETh, U TOJBKO MIOCJIE STOT0 HAYUHAETCS IPOIIe-
JIypa KOPPEKTUPOBKH ITapamMeTpoB. Pazmep BuIOOPKHU OIpeie/isieTcs 3apaHee,
TaKuM 0Opa30M 3TO IHIIepIapaMeTp CETH.

OOBIYHO [IjTsT YJIyUIIeHUsT PE3YJIbTATOB O0yUeHUsI, IePe]] TeM KaK MOCTY-
[IUTH HA BXOJ, MOJIEJIN, HM300PAXKEHUs MPOXOIST MIPOIEAYPY MpesoopaboTKu,
HAIIPUMED: 3HAUYEHUs MMHUKCEJIeil HOPMUPYIOTCs, WM KAPTUHKU TPUBOJIATCS
K COOTBETCTBYIOIIEMY PAa3pEIeHUI0. DTU IIpeodbpa30BaHusl MPUMEHSIIOTCT K
KayKJIoMy m3obpaxkenmio. Takyke wacTo B mporiecce OOydeHUsT MOJIETN UC-
MMOJIB3YETCHA ayrMEHTAIlUnA JaHHBIX — NCKYCCTBEHHOE YBE/JIMICHUE 06yanOU_[eFO
MHOKECTBA 3a CIET MPeobPa3OBAHUsS UMEIONINXCS M300paskKeHnit, TP KOTO-
POM TOJTy YeHHOE M300parKeHne IPOJI0JIKAET IPUHAIEXKATH KJIACCY UCXO/HO-
ro obbekra [15]. B 9T0M ciiydae npu KaxKJ0M BbI30BE U300parKeHUe MeHsIeT-
cs1 CITy9JaifHBIM 00pa30M B paMKax 3aJlaHHBIX IIpeobpa3oBaHuit. AyrmeHTarms
JTAHHDBIX TIO3BOJISIET MUHIMHU3UPOBATH BO3MOYKHOCTH TIEPEOOYIeHUST U CIIOCO0-
cTByeT 00yJeHUIO HEHPOHHOI ceTu 0000ImaTh 00pa3hl.
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3a pe3ysibTarT 00y4YeHHs MPUHUMAETCs HEHPOHHAsI CETh C TEMH 3HAYEHU-
SIMH ITapaMeTpPOB, IPHU KOTOPBIX MOJEJIb [T0OKa3a/ia HauIydllnee KadecTBO pa-
6OTHI Ha IIPOBEPOYHOM MHOXKECTBE.

ITocte mporecca 0Oy deHusI OIEHUBAETCsT KA9ECTBO pabOThI CETU Ha, TECTO-
BOM MHOXKECTBE, TO €CTh Ha TeX M300pasKeHMsIX, KOTOpPhIe MO He oOpabda-
ThIBaJIa B Iporecce obydenns. TeM caMbIM OIpPeIesIsieTCsl NTOroBasi OIEHKa
PE3YIBTATUBHOCTH MOJICJIN.

st 3agaan OmHapHON KiaccuduKaluy B JaHHON paboTe HCIIOIb3yeT-
cst Gunapuasi Kpocc-surponust (Binary Cross-Entropy) [16]. Dra dynkuus
BBIBOJIUTCSI C ITOMOIIBIO METOJa MAaKCUMAJBHOTO MpaBonopobust. Popmyita
JTAHHOTO BBIPAXKEHUS JJIS OJTHOTO OOBHEKTA!

CE(p,y) = —(y - log(p) + (1 — y) - log(1 — p)), (1)

rae y u p — METKa U IIpeJCKa3aHue CETU Ha 3TOM 00BbEKTE COOTBETCTBEHHO.

JLj1st BBIOOPKH U3 7 OO BEKTOB:
1 n
LOSS(ﬁ, :U) = n210E(p’L’yl)7 (2)
i

rIe p — BEKTOp IpeJcKa3aHuil HefpOHHOI ceT Ha N 00bEKTaX ¢ KOMIIOHEH-
TamMu p; (IpeJcCKa3aHne MOJEIN Ha i-OM M300parkKeHUM); § — BEKTOP METOK
TUX N OOBEKTOB ¢ KOMIIOHEHTAMU ¥; (MeTKa i-0ro u300pazKeHust).

B JlaHHOM HCC/IeJJOBAHUN B KQ4eCTBE ONTUMU3ATOPA HPUMEHSIETCS ajro-
pur™m Adam (adaptive moment estimation) [17], coueratonuit B cebe ciremyro-
1pe JiBe ujen. Bo-epBhIxX, UJICI0 U3 YUCJICHHBIX METO/I0B O HAKOIIJICHNH I'Da-
JIIEHTA, «€CJIH HEKOTOPOE BPEMsl JIBUIAThCsI B OIPE/IEJEHHOM HaIlpABJICHUN,
TO CJIeLyeT TyJa JBHIaThCs HEKOTOPOE BpeMs U B OyymieM». Bo-BTOpBIX,
uJero Gosee caaboro OGHOBJIEHHs [TAPAMETPOB KAK PEAKIMU Ha TUIINYHBIE
IPU3HAKU JJIsl KAKOrO-HUOY/Ib U3 3a/IaHHBIX KJIACCOB, BBISIBJIEHHBIE HA O0b-
ekTe 13 0OpabaTbIBAeMOil BHIOOPKHU.

[TapameTpnl ceTn KOPPEKTUPYIOTCS HA KaXKI0# t-0if BEIOOPKE, HOMEp 9TOM
BBIOOPKH MEHSIETCS B CJIEAYIOMMX IPeIesax:

te{l,...,P-S}, (3)
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rje P — KOJm4IecTBo 310X, S — KOJUYIECTBO BBIDOPOK, 00pabaThIBAEMBIX CETHIO
3a OJHY SIOXY.

DTOT ONTUMHU3ATOP KUCIIOJIb3YeT HOHATHS IKCIOHEHIINAIBHO B3BEIIEHHOI'O
CKOJIB3SIIIETO CPEIHEr0 /I IPaneHTa (DyHKIINY ITI0TePh Ha t-0if BEIOOPKE My;:

my = Bimy—1 + (1 — B1)ge , (4)

rje ¢g; — rpajuenT (DyHKIUU I0Teph, (31 — TUIeplIapaMeTp CeTH, OOBITHO I10-
sgaraercs 1 = 0.9;

U OIEHKU CPEJIHEN HEeIeHTPUPOBAHHON JIUCIIEpCUU Ha -0 BBIOOPKE Uy

v = Bove—1 + (1 — B2)g7 (5)

rje ¢g¢ — rpajiieHT (DYyHKIUU I0TePh, B9 — TUIepIapaMeTp CeTH, OOBITHO I10-
sgaraercs B2 = 0.999.

Kaxk mpasuio, HAIIpsIMyI0 OIEHKY JIMCIIEPCUU U CKOJIB3sIIIee CpeJlHee He
UCTIOJIB3YIOT. VX MCKYCCTBEHHO YBEJIMYUBAIOT HA IEPBBIX BhiOOpKax. Obiime
dOPMYIIBI I pACCMATPUBAEMbBIX BEJIMUNH CJIeTyOIIHe:

o ecom 0 < t < kg
fﬁt = 1_5i ’ ) (6)
my , ecamu t > ky

R o ecmm 0 < t < ko
Uy = 1_'85, ) (7)
vy , ecom t > ko

rae k1 u ko gacro nosararorca 10 u 1000 coorBeTCTBEHHO.

CkopocThb 0byueHusi — 9TO mapamMeTp oOydueHus HEHPOHHBIX ceTell, 1M03-
BOJISIONIWHI yIIPABJIATH BEJIUYMHON KOPPEKIUU BECOB HA KaKJIOH BBIOODKE.

B anropurme Adam sToT mapamMeTp MEHsSIETCS 0 CJIeyolei dpopmyJe:

o - 7“_65 (8)

m = )
1—pt

rae 1o — Ha4aJIbHOE 3HAYECHUE CKOPOCTU O6y‘{eHI/IH.
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B 6ubsmoreke Keras peajm3oBaH MeXaHU3M JOMOJHUTEIBHOTO U3MEHE-
HUSI CKOPOCTH OOYUICHMST B 9TOM ONTHUMHU3ATOPE C TIOMOIIHIO 387]ABAEMOTO 10
obyuenunst mapamerpa d:

1 VB o)

TEMT T (t-1)  1-f

PopmMmysia OOHOBJIEHHS ITapaMeTpa CeTH Ha t-0if BbIOOpKe O:

0, =0, 1 — (10)

Mt —~
= My,
VU + €
rje 0;_1 — 3HaUeHNe 9TOro napamMerpa mocie obnosaenust Ha (t— 1)-oit BEIGOD-
Ke, € — CIVIaKUBAIOIIUil napamerp (TUepapaMeTp CeTu), KOTOPBIN B JIAHHOI
paboTe mosaraercst paBHEIM € = 1077, DTOT runeprapaMeTp HeOOXOINM, ITO-
ObI m36exkaThL fAeaenus Ha 0.

Jliist omeHKN KadecTBa pabOThI HEHPOHHON CETH HUCIOJIb3YeTCsI OIEHKA
TOYHOCTH (accuracy), KOTOpYI MaKCUMHU3UPYIOT B mporecce obydenns. st
3aJa491 OMHAPHON KJIacCuUKAINE Ha OJHOM OOLEKTE 9Ta OINEHKA BBIYUCIIsI-
eTcs TI0 cJieytoreit hopmyie:

1, eciiu (p>th nuy>th) mm (p<thuy < th)

acc(p,y) = ) (11)
0, ecu (p>th uy<th) wm (p<th uy> th)

rje th — MOporogoe 3HaveHue, KOTOpoe B JaHHoil pabore pasno 0.5; MeTKa
00beKTa Y W NPeJICKa3aHue MOJEIN Ha 3TOM OOBEKTe p ABJSIOTCS JeHCTBH-
TeJIbHBIME YucaaMu u3 orpeska [0, 1].

Jlst BBIGOPKH U3 N 00BHEKTOB (OIEHUBACTCS CJIEIYIOMNM 00Pa30M ):

I
ace(p,§) = — Y _ace(pi, i) (12)
=1

rIe p — BEKTOP IpeJcKa3aHuil HefpOHHOM ceTH Ha N 00beKTaX, ¢ KOMIOHEH-
TaMu p; (IIpeJicKa3aHne MOJEIN Ha i-OM M300parkKeHNH); § — BEKTOP METOK
9THUX N OOBEKTOB, C KOMIIOHEHTAMU ¥; (MeTKa i-0ro u300pazkeHus) .
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3. Obyuenune HeiPpOHHBIX ceTeii

Baza manHbIX, ncnogb30BaHHAS JjIs 329U OMHAPHON KJraccuUKaInu,
npeicrasisier coboit 25 000 mzobpazkenuit Korek u cobax (12 500 jist Kaxk-
noro kiacca) ¢ caitta Kaggle [9]. Bo Bcex skcnepumenTtax mosaraercs, |To,
€CJIN CeThb BhIJAeT 3HaUeHue cTporo bosbiie 0.5, To OHa KJIacCUDUIIUPYET STOT
00BbEKT Kak «M300pazkeHnne ¢ cobakoit». B mpoTmBHOM ciiydae, ecjii BBIXOJI-
HOe 3Ha4YeHWe MOJIeJI MeHbIe Wi paBHO (0.5, TO HEHpOHHAS CETh IpPEICKa-
3bIBAET IPUHAJIEXKHOCTD JIAHHOTO N300paKeHus K KJIacCy «nu300pakKeHue ¢
KOIITKO». BCé MHOXKeCTBO M300parkeHnit ObLIO MMOJIeJIEHO Ha TPEHUPOBOYHOE
(70%), nmposepounoe (15%) u Tecrosoe (15%) muoxkecrsa. Takum obpasom,
KOJITIECTBO TPEHUPOBOUYHBIX 00beKTOB cocTaBuyio 17500 uzobpazkenwuii. [1po-
Bepounbix — 3750. TecroBrix — 3750. Ilpu pabore co BcemMn MomeasiMu U300-
paxkeHusi 3arpyxkajuck B popmare «RGB» B Bujie 4eThIpexMepHOIro MaccuBa
(pa3smep BBIOOPKH X BBICOTa X IIMPHHA X KOJMYECTBO I[BETOBBIX KAHAJIOB).
[Tockombky ucnosbzoBadicst popmar «RGB», To KOTM4ecTBO 1[BETOBBIX KaHA-
JIOB PaBHSJIOCH TpeM. B Kakoi#l sdeiike 9TOro MaccuBa yKa3bIBajOCh 3HA-
YeHUEe OJIHOTO U3 IBETOBBIX KAHAJIOB COOTBETCTBYIOIIEIO HHUKCEJsi n300pa-
JKeHNsI, paBHOE IiesioMy 4ucity u3 jauanasona [0,255]. s kaxkgoit Mosesn
HCII0JIB30BaJIACh OJIMHAKOBas 1pe100padoTKa, JTAHHBIX:

1) Ucxomnoe n3o6parkenne mpeodpa3oBhIBAJIOCH K pa3pertennio 224 x 224
[IMKCeJIel ¢ IOMOIIbIO0 MHTEPIOJIAIMOHHOIO0 MeTo 1a OImzKaiiiero coce-

J1a.

2) IlpousBojuiach HOPMUPOBKA 3HAYEHUH MACCUBA, TO €CTh KaXKJIblil ero
9JIeMeHT ObLI 1OfleJIeH Ha 255, mocje BeeX Mpeobpas3oBaHuil mpe1oopa-
OOTKM M ayrMeHTaIUu.

[pu obyaenmn hard- u soft-cTymenToB B Ka¥wecTBE METOK §-0r0 N300pazKe-
HUS ¥; BBICTYIIMJIN 3HAYEHUsI, COOPMUPOBAHHBIE 110 3HAYEHUIO MIPEICKABAHUS
ceTu-yunuTesist Ha 9ToM oobekTe p;. g hard-crymenra:

1, ecu p; > 0.5
Yi = ‘ ) (13)
0, ecim p; < 0.5

a qis soft-crymenTas:
Yi = Ppi (14)
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Bce mojiesn oreHMBAINCH HA TECTOBOM MHOYKECTBE C PYYHONU pa3MeTKOM
C TIOMOIIBIO JIByX I€HEPATOPOB M300ParKeHWil: OJUH T'eHepaTop IoaBasl Ha
BXOJI HEMPOHHOI ceTH KapTUHKU, KOTOPBIE IPOILIN TOJBLKO IIPOIELYPY IIpe-
106paboTKHU, a APYroil reHepaTop i OIEHKN KAadecTBa PAbOTHI HEHPOHHOI
ceTu M3MEHSJI KAPTUHKHU, KaK U [E€HePATOPBI, UCIIOJIb30BABINAECS 1IPpU 00Y-
YEeHUM ITON MOJEsHU, TO €CTh C MPUMEHEeHUEeM ITpeoOpa30BaHMil jis ayTrMeH-
rTaruu Janabix. s cereil, KoTopble oOy4Yasuch He Ha Oa3e ¢ PydHOH pas3-
METKOH, ITPOBOJINIACh TAaKIKe OIEHKa Ha TECTOBOM MHOYKECTBE C Pa3METKOM
CeTU-YUHUTENS — KaK ¢ ayrMeHTaruel, Tak u 6e3 Hee.

[erepaTopsl, ncmob30BaBIIIE TOMIMO TPEI0OPAOOTKH TPEOdpa30BaHUs
JIJIsT AyTMEHTAINY JIAHHDBIX, MEHSIJIA UCXO/IHbIC N300parkKeHus CJIydaitubiM 00-
pPa30M, ITO3TOMY OI€EHUBAHUE ITPOBOJINIOCH HECKOJIBKO pa3. B rabiunax ¢ pe-
3y/IBTATAMU IIPEICTABICHBI HAWIYYIIINE 3HAUECHUS MjId (PYHKIUU TOTEPH CO-
riacHo bopmyiie (2) U JyIsi OIEHKHM KadeCTBa pabOThl CETH B COOTBETCTBUU C

dbopmyioit (12).

3.1. ObydyeHne ceTu-y4uTeJIst

B posin ceru-yuuresisi BoicTyasa neiiponnas cetb ResNet-50, mpeobpa-
30BaHHAs B COOTBETCTBUU C IIOCTaBJIEHHON 3a/a4eil: NCI0JIb30BaIach TOJIbKO
YacTbh CeTH, OTBeYalolas 3a BblJleJIeHUe IPU3HAKOB Ha n3obpaxkenuu. K neit
6b11 1o6asien cioit Dropout [10] ¢ jgoseit «3abbiBanusi» pasHoii 0.5 u 1oJi-
HOCBsI3HBLH ci1oit [10] ¢ opauM HeliponoM. K BbIXO/y 9TOrO €105l IPUMEHUIIH
curmoniabHy 0 yuknuio akrupanuu [10]. Cxema ceru-yuurens nzobpazke-
Ha Ha pucyHKe l:

B kauecTBe onTmMmI3aTOpa CETH HCIIOJIB30Bascs MeTon, Adam co ckopo-
crpio obyuenns 1078 u smadenmem mapamerpa d m3 cdopmyssl (9) paBHBIM
0.01. ITapamerpet 81 u (B2 uz dopmyn (4)—(9) paBHSIIUCH COOTBETCTBEHHO
0.9 m 0.999. Oyukius norepb — OWHApPHAsT Kpocc-sHTporws. Jjis1 orenkn
KavuecTBa pabOThl HEHPOHHON CETH BBIMHC/IS/IACH TOYHOCTb MOJIEU B COOT-
sercrBun ¢ dopmydoii (12). Ilpu obydyenun roit HefipOHHON ceTu Jyist ayr-
MEHTAINH JTAHHLIX UCIOJIH30BAIACH CHMMETPUS OTHOCUTETHHO BEPTUKAILHOM
oCH, POXOAATIEH Tepe3 menTp n3obpaxkenns. ObyUeHne MO TPOXOIIO
B TedeHne 25 310X ¢ BBIOOPKO# pa3mepa 32. unamuka 3HavdeHuit pyHKIINN
[IOTE€Ph U TOYHOCTHU IPEJCTABICHA HA PUCYHKE 2:

PesynbraThl 00yueHus ceTu-yJIuTe/ist:
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Layer (type) Output Shape
input_3 (InputLayer)  (lone, 226, 226, 3)
resnet50 (Model) (None, 2048)
dropout_3 (Dropout) (None, 2048)

dense_3 (Dense) (None, 1)
activation_3 (Activation) (None, 1)

Puc. 1. Cxema ceru-yunrens, mosydentoit n3 ResNet-50

Oynxuus | Oynkuums
TounocTn
MHokecTBO oTephb
0.99983
TpeHnpOBOYHOE MHOXKECTBO (JIydlliee 0.00079
3HaYEHHE B IIporecce o0y IeHns)
0.97526
[TpoBepounoe MHOXKecTBO — (JIydinee 0.09638
3HAUEHHE B IIPoIecce 00yIeHNs! )
TecToBOEe MHOXKECTBO Bes ayrmenranun | 0.10340 0.97333
C pYy4HOI pa3MeTKON
by P C ayrmenraruei 0.10310 0.97547
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3HaueHust hyHKLMU NOTepb CETU-yunNTENs 100
Ha TPEHMPOBOYHOM MHOXeECTBE

03 3HayeHust hyHKLMU NOTepb CeTU-yunTens
Ha NPOBEPOYHOM MHOXECTBE 0s8

030

096

To4HOCTb

092

3Ha4veHuns pyHKLuUM notepb

TOYHOCTb CETU-y4UTENS
Ha TPEHNPOBO4YHOM MHOXECTBE

088 To4HOCTb CETU-yunTENS

005

Ha NPOBEPOYHOM MHOXXeCTBE

20 25

10 15 10 15
Homep snoxu Homep 3noxu

Puc. 2. Iuravmuka 3Havennit GyHKINM TOTEPh U TOYHOCTU CETU-YIUTEIS

3.2. ObyvyeHue CTyIeHTOB

Mogens ResNet-18 6bura peanmsoBana B Oubsmoreke Keras ¢ apxurek-
Typoii u3 paborsr [8]. ITocse ciosi Average Pooling [10] ero Bbixon (Maccus
1x1x512) 6p11 ipeobpasoBan K BeKTOPY pasmeproctu 512. K Hemy 6611 mpu-
COEJIMHEH TIOJTHOCBS3HBIN CJIOW ¢ ofHuUM HeiipoHOM. K BBIXOIY 3TOro cjios
MPUMEHSJIACH CUTMOUIATbHAST (DYHKITAST aKTHBATIHN.

JlamHasg Momesib ObLaa OO0ydeHa TPUXKIBI: KJIACCHIECKUM CIIOCOOOM, M
JiBa pasa mpu 00ydYeHHM MeTKU (POPMUPOBAJKUCH IO MPEJICKAZAHUSM CETHU-
yuauressi. B mepsom cirydae ucnosb3oBasack dopmyna (13), a Bo Bropom —
dopmyna (14). Bo Bcex Tpex mpore/ypax UCIOJb30BAIUCH OJIMHAKOBbBIE I'Hi-
neprnapaMeTpbl U ayrMmenTtarus jgannbix. Mojenn obydasnuch B Teuenue 100
510X ¢ BBIOOPKO#T pasmepa 32. B posin onruMusaTopa BBICTYIAJ aJITOPUTM
Adam co ckopocreio 06yuenust 0.0001 u HyIeBbIM 3HaUEHHEM ITapaMerpa d
u3 dhopmyisl (9). [lapamerper 51 u B2 u3 dopmyi (4)—(9) nosaramucs coor-
BercTrBeHHo 0.9 u 0.999. @yuknus nmorepb — OuHApHAST KPOoCcc-9HTpOoInsd. s
OIIEHKM KadeCTBa PabOThl HEHPOHHONH CETH BBIYUC/ISIIACH TOUYHOCTH MOJE/IH B
coorercrBun ¢ opmysoit (12).

[Ipumensutach ayrmeHTalnus JAHHBIX 2 BUJIOB: CUMMETPHUS OTHOCUTEJb-
HO BEPTUKAJIBLHON OCH, TPOXO/IsAIIeil Yepe3 IeHTP n300pazkKeHusl, U C/IBUTU B
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TOPU30HTAJIBHOM M BEPTUKAJIHLHOM HaIpaBJeHuAX. [[J1s1 CABUTOB yCTaHABJIH-
BaJIaCh MaKCHUMaJbHAas JT0Ji OT OOIeil IITUPUHBI WK BBICOTHI M300PaXKEHNUsT,
Ha KOTOPYIO MOTJI& CIBUTATHCS KAPTUHKA B COOTBETCTBYIOIIEM HAITPABIEHUN.
B mportecce obyuenust BeIUYMUHBI CIBUTOB JIJIs KaK/IOI'0 BXOJHOTO n300parke-
HUsl BEIOUPAJIUCH CJIy4aitHo. B skcrepuMenTax ncmosib3oBatoch 3uaderue 0.4.
HOHBI/IBHII/IGCH opu caBurax <«IIyCTOTbI» 3allOJIHAJJINCH C IIOMOIIBIO MHTEPIIO-
JIAIIMOHHOT'O MeTO/1a OJIMKANIIEro cocea.

3.2.1. Kunaccuvueckuii cCTyaeHT

IIpu obyueHnH KJIACCUYECKOI'O CTYIEHTa B KAIEeCTBE METOK HCIIOJIb30Ba-
Jimck 3uadenus 0 wiu 1, mosiyueHHble IPU PYyYHON pa3MeTKe 0a3bl JAHHBIX.
[Ipomnecc namenenus: 3HadeHn (PyHKIMH TOTEPHh M TOTHOCTU BO BpeMsi 00y-
YeHMs MOJEIN MOXKHO yBHETH Ha PUCYHKE 3:

3Ha4yeHuns hyHKLWUK noTepb
=== KJlTaCCM4EeCKOro CTyAeHTa Ha
TPEHNPOBOYHOM MHOXECTBE
3Ha4YeHns GyHKLMN noTepb
—— KJaCCUYEeCKOro CTyfleHTa Ha
MPOBEPO4YHOM MHOXKECTBE

200

TOYHOCTb

3HavYeHus PyHKLUMM noTepb

TOYHOCTb KNaCCUYECKoro CTyleHTa
Ha TPEHMPOBOYHOM MHOXKECTBE

TOYHOCTb KNaCCUYeCKoro CTyieHTa
Ha NPOoBEPOYHOM MHOXXECTBE

025

80 100

40 60 40 60
Homep anoxu Homep snoxu

Puc. 3. Jlunamuka 3nadeHuit GyHKIUU TOTEPh U TOYHOCTU KJIACCUIECKOTO
CTyIEeHTa
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PeSyJIbTaTbI O6y‘{eHI/IH KJIaCCUYIECKOT'O CTy/leHTa:

Dysriust | Oynkrus
TounocTb
MHmuozkecTBO oTepb
0.98048
TpenupoBouHOe MHOXKECTBO (JIydinee 0.05183
3HAUEHHE B IIpoliecce 00yIeHust )
0.95105
ITpoBepouHOe MHOXKECTBO  (JIydiiiee 0.14111
3HAYCHUE B Iporiecce o0y IeHst)
TecToBOE MHOXKECTBO Be3 ayrmenTarmun | 0.14394 0.96160
C PY4YHOI pa3MeTKON
by P C ayrmenrtanueit 0.30252 0.94987

3.2.2. Hard-cryneHTt

[Ipu obydyennn JAHHBIM CIIOCOOOM B KadeCTBE METOK WCIIOJIB30BAJNCH
[peJICKa3aHus CeTH-YIUTelsl, pacipe/iejeHable Ha orpeske [0,1], mpeobpa-
3oBaHHbIe B cooTBercTBuU ¢ dopmyroii (13). Crarucruka obydenus hard-
CTYJIEHTa, MPEJICTABJIEHA HA PUCYHKe 4:

3Ha4vyeHns pyHKLUUN NMoTepb

3HayveHusa yHKLMU noTepb
—-=- hard-cTyaeHTa Ha
TPEHUPOBOYHOM MHOXECTBE

3HayveHusa yHKLUU noTepb
— hard-cTygeHTa Ha 030
NPOBEPOYHOM MHOXECTBe

To4YHOCTb

070

~ve
~——
7
~e

ToyHocTb ha

ToyHocTb ha

Ha TP€HMPOBOYHOM MHOXECTBE

Ha NpoBEePO4YHOM MHOXKECTBE

——A =~
—————

rd-cTyaeHTa

rd-cTyaeHTa

40 60
Homep 3nox

80 100

"

Puc. 4. /lunamuka 3nadenuit pyHkimu norepb u Tounoctu hard-crynenrta
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Pesynbrarer o6yuenus hard-crymenra:

Dyuriust | Oynkrus
TounocTb
MHmuozkecTBO oTepb
0.97762
TpenupoBouHOe MHOXKECTBO (JIydinee 0.20442
3HAUEHHE B IIpoIecce 00ydeHst )
0.95293
ITpoBepouHOe MHOXKECTBO  (JIydiee 0.28316
3HAUCHUE B Iporiecce o0y dIeHwst)
TecToBOE MHOXKECTBO Be3 ayrmenTarmun | 0.13251 0.95440
C PY4YHOI pa3MeTKON
by P C ayrMenrariueit 0.36285 0.94560
0.95493
Tecrosoe MHOXKECTBO C | Bes ayrmenramuun | 0.12143
[IPEJICKA3BAHUSAME  CETH-
quTead B KadecTBe i 0.94667
y C ayrmenrtanueit 0.35090

METOK

3.2.3. Soft-cryagent

B mporecce obydenusi 3TOro CTyJeHTa B POJIM METOK BBICTYHAJM HEIO-
CPEJICTBEHHO TIPEJICKA3aHUs CETU-yInTessd. TakuM obpa3oM, mpu oOyueHun
MOJIeJIb AlllIPOKcuMupoBasia He 3Hadenus {0,1}, a neficrBuresbHbIE IHCIIA
u3 orpeska [0,1]. JIunamuka oOydeHus 3TOi MOJIe/IN TIOKAa3aHa Ha PUCYHKE H:

PesynabraTter o6yuenust soft-crynenta:
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3HayeHuns yHKLUM noTepb
-=- soft-cTyneHTa Ha
TPEHUPOBOYHOM MHOXECTBE 095
3HayeHus yHKLUU noTepb
—— soft-cTyneHTa Ha
0s NPOBEPOYHOM MHOXeCTBe

090

TOYHOCTb

e

070

3Ha4YeHnsa hyHKLUKM NnoTepb

1
1
I
I
I
I

1

-
~
=

das

T
——

To4HoCTb soft-cTygeHTa
Ha TPEHUPOBOYHOM MHOXXECTBE

To4HoCTb soft-cTyaeHTa
Ha NPOBEPOYHOM MHOXECTBE

Homep 3noxu

60

40
Homep 3noxu

80 100

Puc. 5. Junamuka 3uHadeHnit GpyHKIUKA TOTEPH U TOYHOCTH Soft-cTymeHTa

METOK

Oynxuus | Qynkuus
TounocThb
MmuoxkecTBO HHoTepb
0.98546
TpeHnpoBOYHOE MHOXKECTBO (JIydiliee 0.03890
3HaYEHHE B IIpolecce 00y IeHns)
0.94917
[TpoBepounoe MHOXKeCTBO — (JIydimee 0.14147
3HAYEHUE B IIPOIECce 00y IeHNs! )
TecToBOoe MHO2KECTBO Bes ayrmenranun | 0.12629 0.96320
C PYy4HOI pa3MeTKON
by P C ayrmenraruei 0.14906 0.95040
0.96053
Tecrosoe MmHOXKECTBO ¢ | Bes ayrmenranmn | 0.13455
NIPEICKA3aHUSIMU  CETHU-
95120
YUUTEILA B Ka"9eCTBE | (O gyvpmenTanmeit 0.15217 0
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4. UcciaenoBanme o0y9YeHHBIX HENPOHHBIX ceTeit

4.1. ITpousBOoANTEIHLHOCTDH

Cperee BpeMsi pabOThI HEHPOHHBIX CETEl OTEHMBAJIOCH HA TECTOBOM MHO-
KecTBe, cocrosiieM u3 3750 mzobparkennii. CpeHuit pasmep U300parKeHUsT
coctasuia 0.152 meramukcess.

OrneHKa TPOU3BOIMTEILHOCTH [TPOBOIMIIACH HA YyCTpoiicTBe 6e3 rpadude-
ckoro yckopuresisi ¢ nporeccopom Intel Core i7-7500U, TakToBO#l dacToTO!
2.7 1T, 2 sppamu u 16 I'B onepaTupnoit mamsitu. Ha 3ToM yeTpoiicTBe ObLIH
[IOJIYY€HbI CJIE/LYIONTNE Pe3yJIbTaThI:

e Cpeanee BpeMsi 0O0pabOTKKM OIHOIO U300parKeHusl HEAPOHHOI CeThIO
ResNet-18 — 0.07168 cekyHmpI.

e Cpejiiee BpeMsi 00pabOTKHU OJIHOIO U300PaKEHUS HEWPOHHOW CEeThIO
ResNet-50 — 0.35452 cekyHbI.

e Oo1ree BpeMst 06pabOTKHU TECTOBOTO MHOXKECTBA N300parKeHmit HePOH-
noit cerbio ResNet-18 — 268.80433 cexym.

e O01ee BpeMst 06pabOTKU TECTOBOTO MHOXKECTBA M300parKeHNl HelipOH-
noit cetbio ResNet-50 — 1329.45384 cexywna.

Taxum obpasom, cerb ResNet-18 B cpemnem BoimosHsier 00pabOTKy 011-
HOTO mM300paxkeHusi Ha 0.28284 cexkynupt ObicTpee monesm ResNet-50. A wHa
BCEM TECTOBOM MHOXKECTBe INpeuMyIiecTBO cocTaBigeT 1060.64951 cekyn.
[Monygaercs, aro cerb ResNet-18 B cpegaem paboraer mpakTUYecKu B 5 pas3
oBICTpEE.

4.2. CrarucTuka pacripeaesjieHuil npeJjicKa3aHuii

PaccMoTpuM cTaTuCTHKY NpE/ICKA3AHUI BCEX UETHIPpEX O0yUEHHBIX Heii-
POHHBIX CceTell Ha TPEHUPOBOTHOM, ITPOBEPOTHOM U TECTOBOM MHOXKECTBAX.
Cravajia TIOCTPOUM PpacIpeie/IeHie OTHOCUTEbHBIX YACTOT IIPEICKA3aHuil
MoJIeJIell, 3HaueHnsl KOTOPbIX HpuHaiexkar orpe3ky [0,1] ¢ marom h = 0.05.

1. TecroBoe muoxkecTBO. B Hem 3750 uzobpaxkenuii, 1o 1875 nzobparkenmuii
KOIIIEK U cODak. 3HAUeHWMsST OTHOCUTEJIBbHBIX YACTOT IMPEICKA3aHUI KarXK 0
CeTU TPUBEJIEHBI B CJIEYIONUX TaOJIUIAX.
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Yuuresn:

npomexxyrok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.48027 0.00427 0.0048 0.00293 0.0008
npomexyTok || [0.25,0.3) | 0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | |0.45, 0.5)
qacTOTa 0.00053 0.00187 0.00133 0.00133 0.0008
npomescyTox || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00107 0.00053 0.0008 0.00107 0.00107
npomexxyrok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
q9acTOTa 0.00187 0.00213 0.0032 0.00347 0.48587
Knaccudaeckuit cTyenr:
npomexxyrok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.4512 0.00987 0.00853 0.00347 0.00267
npomexxyTok || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
q9acTOTa 0.00347 0.00267 0.004 0.00187 0.00267
npomexxyTtok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00293 0.00187 0.00293 0.0032 0.00133
npomexyTox || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
qacTOTa 0.00213 0.00347 0.0032 0.00773 0.4808
Hard-cryment:
upomexxyrok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.44587 0.01467 0.0072 0.00507 0.00667
npomexxyTok || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
qacTOTa 0.00373 0.00533 0.00533 0.00427 0.00373
npomexyrok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
JacToTa 0.00293 0.00453 0.0024 0.00533 0.004
npomesxyTok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95.1]
q9acTOTa 0.00373 0.00347 0.01013 0.01307 0.44853
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Soft-cTyment:

npomexxyrtok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.476 0.00827 0.00293 0.00347 0.00267
npomexytok || 0.25,0.3) | 0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
qacToTa 0.00267 0.00293 0.00293 0.0032 0.0008
npomexxyrok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
q9acTOTa 0.00267 0.00187 0.0024 0.0008 0.0024
npomexyTok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
qacToTa 0.0048 0.00373 0.0048 0.00933 0. 46133

I'paduueckoe npejacrapiaeHne 3TOM CTATUCTUKH MOYKHO BUJIETH HA PUCYH-
Ke 6:

0.5 1
] Knaccnuecknii cryent

0.050.1 0.1502 0.25

3035 0.4 0.45 0.5 0.5 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

0.48 Bl Vuuren
1 Hard-ctyment
047 . I Soft-cryzent
0.46 -
0.45 4
044
0.02 4
0.01
M o Mm$mmﬁﬂm%

(=]

Puc. 6. Pacnpenenenne OTHOCUTEIBHBIX YaCTOT IPEICKA3aHUI 00y IeHHBIX
HEPOHHBIX CeTell Ha TECTOBOM MHOXKECTBE

3aMeTHO, UTO y BCEX PACCMATPUBAEMBIX CeTell B IPEJICKA3AHUAX SIBHO
peobJia1aloT 3HavdeHnst ovueHb Oymm3kue K 0 min 1, a Ha OCTaJbHBIX ITPOMe-
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JKyTKaxX 3HAUYEeHHsT BO MHOrO pa3 Menbllie u He mpesblmaiorT (0.015. Moxmo
CKa3aTh, YTO BCE CETH C OOJIBINON CTEIeHbIO yBEPEHHOCTH, TO €CTh O4YeHb
6m3ko (B JaHHOM corydae ¢ norpertnocTbio 0.05) k 0 win 1, npeickasbiBa-
0T «KOIIKY» WU «cobaky». CaMoe yBepeHHOe IMOBEJIeHUE JIEMOHCTPUPYET,
YUTO BIIOJIHE OXKHUIAEMO, CETh-YUNTEeNb. MexXK Iy CTyIeHTaMU Heb3sI BHIIBUTD
HauboJIee HEYBEPEHHYIO CeTh — Ha BHYTPEHHUX MOJIyUHTEPBAIAX HANOOIbIINE
3HaYeHNs] MMEIOT Pa3Hble CTYIAEHTHI.

2. ITpoepotnoe muO2kKecTBO. B Hem Takke 1o 1875 nzobparkeHuii Kaxk10-
ro kJiacca. PacrpejiesieHnst OTHOCUTEbHBIX YaCTOT MPEICKA3AHUN JIJIA BCEX
MoJesIell N3I0ZKEHbI B TabJIMIaX HUZKE.

Yuurens:
upomexxyrok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.4808 0.00347 0.00373 0.00107 0.00133
npomexxyrtok || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
q9acTOTa 0.00107 0.00187 0.00053 0.0008 0.0024
npomesyTok | [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00133 0.00133 0.0008 0.00133 0.00293
npomexxyTtok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
q9acTOTa 0.00267 0.0032 0.00293 0.00373 0.48267

Knaccuuecknit cryment:

npomescyTox || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.45387 0.0104 0.00693 0.00427 0.00507
npomexxyTok || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
qacTOTa 0.00213 0.0016 0.00373 0.00133 0.00187
npomexyTok | [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00213 0.00267 0.0016 0.00213 0.00133
nposezkyTok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
q9acTOTa 0.00267 0.004 0.0048 0.00773 0.47973
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Hard-cryment:

npomexkyTok || [0,0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
JacToTa 0.44907 0.01493 0.00933 0.00427 0.00693
npomexyTok || [0.25,0.3) | 0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | |0.45, 0.5)
qacTOTa 0.0048 0.00373 0.004 0.00373 0.0032
npomescyTox || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacToTa 0.0024 0.00373 0.00427 0.0048 0.00267
npomexxyrok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
q9acTOTa 0.00693 0.00587 0.0072 0.01787 0.44027

Soft-cTynent:

mpomexxytok || [0,0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.4752 0.00747 0.00373 0.00453 0.00267
npomexxyTok || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
q9acTOTa 0.0024 0.00187 0.00293 0.00187 0.00213
npomexxyTok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00187 0.0024 0.00293 0.00213 0.0016
nposezyTox || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
TacTOTa 0.00533 0.00453 0.00693 0.012 0.45547

O61as KapTUHA O0CTAJIaCh IPUMEPHO TaKoOii »Ke: KaK U Ha TECTOBOM MHO-
2KEeCTBE BCE CeTH C OYeHb OOJIBINON CTEIEHbIO YBEPEHHOCTH IPEICKA3BIBAIOT
WK <«KOIIKY», WK «CODaKy». A Ha BHYTPEHHUX IMPOMEXKYTKAX OTHOCUTE/Ib-
HbIE YaCTOTHI MpeicKa3anuii He mpesbimaoT 3Haderus 0.015. CryneHThI cTa-
JII HEMHOT'O yBepeHHee — 0oJIblllee KOJIMYECTBO IPEICKA3aHUil CTaJIO IOoIa-
JaTh B IPOMEXyTKHU Gosiee Gm3Kue K Kpasim orpeska [0, 1].
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PezynbraTh! 118 TPOBEPOTHOrO MHOXKECTBA M300PaKEHDbI HA PUCYHKE 7:
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Puc. 7. Pacnpenenenne OTHOCUTEIBHBIX YaCTOT IIPeACKa3aHmil 00y IeHHBIX
HEUPOHHBIX CeTell Ha IIPOBEPOYHOM MHOXKECTBE

3. Tpenmporounoe muoxkectBo. B mem 17500 uzobpazkenuit, mo 8750 u306-
PaXKeHUl «KOIeK» n «cobaky». OTHOCUTEbHBIE YACTOTHI IIPEJICKA3AHIIT 00y-
YEHHBIX MOJIeJIell IpeJICTaB/IeHbl B TAOJIUIAX JTaJIee.

YVaureib:
npomexxyrtok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
q9acTOTa 0.49966 0.00011 0.00006 0.00006 0.0
npomexyTok || [0.25,0.3) | 0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
qacToTa 0.0 0.00006 0.0 0.0 0.0
npomexyTok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
q9acTOTa 0.0 0.00006 0.00011 0.00006 0.0
npomexyTok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
qacToTa 0.00011 0.00011 0.00023 0.00046 0.49891
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Knaccnuecknii CTYJCHT:

npomexkyrok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
JacToTa 0.47222 0.00869 0.00451 0.00337 0.00217
npomexyTok || [0.25,0.3) | 0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
4acToTa 0.00149 0.0016 0.00114 0.00131 0.00137
npomeskyTok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00137 0.00126 0.00097 0.00189 0.002
npomexyTok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
9acTOTa 0.002 0.002 0.00291 0.00571 0.48200
Hard-crynent:
npomexyTok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
qacTOTa 0.46382 0.01274 0.00594 0.00451 0.00406
npomescyTox || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
qacTOTa 0.00371 0.00371 0.00229 0.00268 0.00257
npomexxyrok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
q9acTOTa 0.00229 0.00251 0.00263 0.00291 0.00337
npomescyTok || [0.75, 0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95,1]
qacTOTa 0.00331 0.00451 0.00691 0.01297 0.45257
Soft-cTynent:
upomexxyrok || [0, 0.05) | [0.05,0.1) | [0.1,0.15) | [0.15,0.2) | [0.2,0.25)
JacToTa 0.49189 0.00406 0.00149 0.00114 0.0008
npomexxyTok || [0.25,0.3) | [0.3, 0.35) | [0.35,0.4) | [0.4,0.45) | [0.45, 0.5)
q9acTOTa 0.0008 0.00103 0.00086 0.00051 0.0004
npomexyTok || [0.5,0.55) | [0.55,0.6) | [0.6,0.65) | [0.65,0.7) | [0.7,0.75)
qacTOTa 0.00109 0.00126 0.0008 0.0008 0.00131
nposesxytok || [0.75,0.8) | [0.8,0.85) | [0.85,0.9) | [0.9,0.95) | [0.95.1]
q9acTOTa 0.00171 0.00251 0.0036 0.00589 0.47806

44




P€3yﬂbTaTbI JJIgd TPEHUPOBOYTHOI'O MHOXKECTBa I/I306pa}KeHbI Ha PHUCYHKE
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Puc. 8. Pacupenenernne 0THOCUTEIbLHBIX YaCTOT IIPEACKa3aHMi 00yIeHHBIX
HEUPOHHBIX CETE HA TPEHUPOBOYHOM MHOXKECTBE

[TockonbKy ceTn 00y4YaIuCh Ha STOM MHOXKECTBE, TO U IIPEJICKA3AHUS 10~
JIydaroTcst HanboJiee yBepeHHbIMU. Y Kaxk10ii cetu 60sbine 91% orseToB oka-
sbiBatoTCs Ha npomexkyrkax [0,0.05) u [0.95, 1]. V cereii-cTyneHTOB TakkKe
B KpailHhe MPOMEXKYTKU IMONAIAET IIPeJICKa3aHuil OoJIbllle, YeM Ha TECTO-
BOM WJIM MPOBEPOTHOM MHOXKECTBaX. BuiHo paccioeHme rpadukoB — Ham-
6oJiee YBEpEHHBIM $IBJISIETCsl yUUTE/b, HAUMEHEee YBepeHHO BejeT cebsi hard-
ctymeatT. [IpoMerkyTotdHOe TMOT0XKEHNEe 3aHUMAIOT KJIACCHIECKUN CTYIAEHT U
soft-crynent. Tounee, npu npesgckaszanusx menee 0.5 soft-cryent Be3ge nme-
€T MEHDINNE 3HAYCHUS, IeM KJIACCUIECKUH CTYICHT, HO YeM OJIMKe K €TMHI-
e, TeM MeHee YBEPEHHBIM OH CTAHOBHUTCS. BO3MOXKHO, 3TO CBS3aHO C TEM,
4TO soft-cTymeHT obOy4asics Mo OTBeTaM CEeTU-YIUTes. BhLIO BLIIBICHO, 9TO
CeTh-yIHUTEJIb omubaeTcs 60JIbIne Ha n300parkeHusx ¢ cobakamu. Beumay 3To-
ro, MOXKHO CKa3aTh, 9TO 9Ta MOJEJb OoJiee HE yBEPEeHA B UX OTHOIIEHUU, 9TO
€CTECTBEHHO OTPAYKAETCS B IIPEJICKA3AHUAX, BLICTYIIUBIINX B KAYECTBE METOK
pu obyderun soft-crymenra. Tem caMbIM CETBb-yUUTEbH MOXKET MEPEIABATH
CBOIO HEYBEPEHHOCTDH CTYJICHTY.
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4.3. CreneHb HEyBEPEHHOCTH HA MHOYKECTBE

st 3amaan GuHAPHON KIaccupUKaInT BBEIEM ITOHITHE «CTEIeHb HeyBe-
PEHHOCTH MOJIEJIN Ha MHOXKECTBE», BBIYHCIsIEMasl [0 cjeylomeil ¢hopMmyie:

n

1
unc = n Z(Pi - yi)2 )

=1

(15)

rjie 1 — MOIIHOCTbL MHOXKECTBa, Ha KOTOPOM BBIYHMC/IAECTCA CTEIICHbL HeyBe-
PEHHOCTH, Y; — 3HAYEHNE, MPUHUMAEMOE 33 OTBET MOJEIU Ha 3TOM O0bEeK-
Te, p; — IPEJICKA3AHNE MOJIEJIN HA $-OM M300pa’KEHUU 3TOro MHOXKeCTBa. B
paccMaTpUBaeMOil 3ajatue 3a OTBET MOJIEJIM Ha i-OM OOBbEKTe MPUHUMAETCS
IpeJicKa3aHue ceTu, peobpasoBaHHoe B coorBeTcTBur ¢ hopmyoit (13), To
ectb y; € {0,1}Vi=1,n.

B crenyromeit Tabsiniie NpuBeIeHBI CTEIICHh HEYBEPEHHOCTH U TOYHOCTH
JJIsL KaXKJI0 U3 pacCMaTrpUuBaeMbIX HEHPOHHBIX CceTeil Ha TPEHUPOBOYHOM,
[IPOBEPOYHOM ¥ TECTOBOM MHOXKeCTBax (C pyd4HON pa3merkoii). B kaxoii
KJIETKe TabJIUIbI BBINIE JUAroHa/J i yKa3aHa TOYHOCTH MOJIEIU HA COOTBET-
CTBYIOITIEM CTOJIOIY MHOXKeCTBe. A HUKe JUArOHAJN — CTEMEeHb HEYBEPEHHO-
crTH, ocunTanHas 1o dopmyie (15).

Muoxectso || Tperuposounoe | IIposepowmoe TecToBoe
Cernb MHOKECTBO MHOKECTBO MHOKECTBO
0.99983 0.97526 0.97333
Vaurenn
0.00006 0.00252 0.00197
Kiaccuueckuit 0.98048 0.95105 0.96160
CTYJEHT 0.00262 0.00402 0.00467
0.97762 0.95293 0.95440
Hard-crynenT
0.005 0.00674 0.00713
0.98546 0.94917 0.96320
Soft-crynenT
0.00163 0.00421 0.00403

4.4. PekypcuBHoe npuMeHenue TexHosorunn Knowledge Distil-

lation

Boit 1BaxK BT TPOBEIEH IKCIIEPUMEHT 0 PEKYPCUBHOMY OOYYEHUIO ceTel
ResNet-18 mo rexnosiornn Knowledge Distillation. B kakjgom ucnbiranun
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HA HOBOM IIIare B KAYECTBE METOK BBICTYIIAJU Ipejicka3anns cetu ResNet-
18, moIy1eHHON Ha MPeNbIIyINeM Inare. DTH PeICKA3aHUs IPEIBAPUTEBHO
npeobpazosbiBanch 1o (opmyiaam (13) u (14), Ha mepBOM mIare MCHOJIB30-
BaJINCh Tpejickazanus hard-crymenta u soft-cTymeHTa B 1epBOM M BTOPOM
9KCIIEPUMEHTAX COOTBETCTBeHHO. [Ipu o0ydyeHUn Becex Mojesteil Jjisd 9uCTOThI
9KCIIEPUMEHTA UCIIOJIb30BAJINCH Te YKe TUIleplapaMeTpbl 00yYeHUsl, KaK U IPU
obOyuennn cereit-cTyenToB. Takum 06pa3oM, ObLIT UCIIOIB30BAH OIMTUMHU3ATOD
Adam co ckopoctbio 0bydenns 0.0001 u HyIeBbIM 3HAUEHIEM TTapaMeTpa d u3
dopmyuet (9). apamerpsr f1 u S u3 dopmy (4)—(9) pasusucs 0.9 u 0.999
€OOTBEeTCTBEHHO. JIJIsT OIleHKU KavdecTBa pabOThl MOJIEJIel BRITUC/ISIaCh TOY-
HOCTB ceTu B cooTBercTBUM ¢ hopmyinoii (12). OyHKIiwms noTeph — GuHApHAasT
kpocc-saTpornust. Kaxkgass mosesib o0ydasiack 100 amox ¢ BEIDOPKOIT pa3mepa
32. Ilpu pekypcuBHOM OOyUYEHUH ITPUMEHSJIACh ayTMEHTAIUsI JaHHBIX, KaK 1
pu 00yYeHUn CeTeil-CTyIeHTOR.

B caenyromux tabjaunax fjst KaykJI0ro SKCIIEPUMEHTa ITPUBEIEHBI TOYHO-
CTU U 3HAYEHUsI CTEIleHN HEYBEPEHHOCTH HA BCEX PACCMATPUBAEMBIX MHOYKE-
CTBaX JIJIsl CeTell, TOJIyIeHHBIX B XOJI€ 9TUX HCIbITaHuN. B Kaxnoit kierke
TabJINIBI BBIIIE JIMArOHAJIN YKa3aHa TOYHOCTH, a HUXKE — CTelleHb HeyBepEeH-
HOCTHU MOJIEJITM Ha COOTBETCTBYIOIIEM MHOXKECTBE.

PesynbraThl pekypcuBHOro 06ydeHus ¢ moMoIbio hard-crymerTa:

MuozkecTso || Tpenuposounoe | IIposepounoe TecToBoe
Cerp MHOKECTBO MHOXKECTBO MHOKECTBO
0.97762 0.95293 0.95440
Hard-crynenT
0.005 0.00674 0.00713
0.98225 0.94621 0.95760
ResNet-18 Nel
0.00391 0.0069 0.006
0.97463 0.94567 0.94880
ResNet-18 Ne2
0.00379 0.00569 0.00515
0.98025 0.94809 0.94773
ResNet-18 Ne3
0.00292 0.0062 0.00668
0.98117 0.94567 0.94293
ResNet-18 Ne4
0.0021 0.00556 0.00575
0.96336 0.94621 0.93600
ResNet-18 Neb
0.00616 0.00866 0.00895
0.97281 0.94594 0.93520
ResNet-18 Ne6
0.00352 0.00572 0.00561
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PesynbraThl peKypcuBHOTO 00yU€eHUs ¢ TOMOIIBIO soft-cTymenTa:

Mmoxectso Tpenuposounoe | IIposepounoe TecToBoe
Cetb MHOYKECTBO MHOYKECTBO MHOXKECTBO
0.98546 0.94917 0.96320
Soft-cryaenT
0.00163 0.00421 0.00403
0.98397 0.95535 0.96320
ResNet-18 Nel
0.00268 0.00529 0.00454
0.98363 0.95697 0.95733
ResNet-18 Ne2
0.00636 0.00934 0.00935
0.97933 0.95966 0.95093
ResNet-18 Ne3
0.00937 0.01236 0.01272
0.97670 0.95858 0.95307
ResNet-18 Ne4
0.01249 0.01547 0.01576
0.97384 0.95320 0.94507
ResNet-18 Nej
0.01433 0.01795 0.01856
0.97258 0.95643 0.94587
ResNet-18 NeG
0.01940 0.02302 0.02268

B oboux skcriepuMenTax HAOJIIOJAETCsT OTHOCUTEIBHOE CHUXKEHHE TOYHO-
CTU B IIPOIECCe PEKYPCUBHOIO OOYYEHUsl, HO U B TOM, U B JPYyIOM CJIyUasx
uebosbmoe — Menee 3%. OQHAKO B OTHONICHMM CTEIEHH HEYBEPEHHOCTH B
9TUX IKCIIEPUMEHTAX IIOJIyYE€HbI PA3JIMIHbIC PE3YyJ/IbTATDhI. B IIepBOM CJIy4dae
3HAYEHUE CTEIeHN HEYBEPEHHOCTU Ha KaXKJIOM MHOXKECTBE IIPAKTUYECKU He
MEHseTCd Ha Bcex Imarax — orimume oT hard-crynenrta me 6osiee 0.003. Bo
BTOPOM 3KCIIEPUMEHTE, HAa000POT, HAOIIOMAETCsI IBHBIA POCT 3HAYEHUI 3TOM
BEJIMYMHLI Ha KazKJIO0M MHOXKeCTBe. HpI/I 9TOM TOYHOCTH Ha Te€CTOBOM MHO-
JKeCTBe y ceTH, OOyUYeHHOI B XOIe 3KCIEPUMEHTa ¢ Soft-cTyZeHTOM, Bceria
OoJIbIIIe, UeM Y MOJIEJIN, TOJIyIeHHONH Ha, aHAJOIMIHOM IImare B ombITe ¢ hard-
CTYIEHTOM.

Kpome Toro, 111 peKypcuBHO 00y YeHHBIX ceTel ObLIN U3y YeHbl PaCIpee-
JIEHUA OTHOCUTEJIBHBIX YaCTOT Hpe,HCKa3aHI/II71 Ha T€CTOBOM MHOXKECTBE. ﬂﬂﬂ
[IEPBOI'0 3KCIEPUMEHTA, IIOCKOJIbKY 3HAUEHHSI CTEIIEHN HEYBEPEHHOCTHU HE YBe-
JITYUBAJINCH U OCTABAJIUCh OUYEHb MAJILIMU, TO W PACIIPEJIE/IEHNUs] TIPeICcKa3a-
HU OCTAINCh IPUMEPHO TAKUMHU Ke, KaK u st hard-crymgerra. Hanporus, B
X0JIe IKCIIEPUMEHTa, C SOft-CcTymeHTOM ¢ KaxKbIM HOBBIM IIIAroM BCE OOJIbIIee
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KOJIMYECTBO MPEJICKA3aHNI TI0TIa/1a/I10 BO BHYTPEHHUE MTOJTYUHTEPBAJIBI 38 CHET
YMEHbIIIEHUsI 3HAYEHUN B KPAlHUX NIPOMEXKYTKax. B OoJiblleil cTereHn sta
3aKOHOMEPHOCTH IIPOsiBUIIACH Ha orpeske [0.5, 1], To ecTh Ha HpoMexKyTKax,
[OTIa/IAHNE B KOTOPbIE UHTEPIIPETUPYETCS KaK IMPUHAJJIEXKHOCTH 00beKTa K
KJIaccy «m300parkeHue ¢ cobakKoily. DTy JUHAMHUKY MOXKHO YBHJIETh HA PH-

cyHke 9:
g‘jg: [ Soft-ctyaeHt
' Bl ResNet-18 N1
0.431 1 ResNet-18 N2
0.40-] [ ResNet-18 N93
0.38- [ ResNet-18 N4
0.364 Bl ResNet-18 N95
[ 1 ResNet-18 N%
0.334

.|| .|I| 0 [ T I | ,.|| p
0.050.1 0.150.2 0.250.3 0.350.4 0.450.50.550.6 0.65 0.7 0.75 0.8 0.850.9 0.95 1
Puc. 9. Pacnpenenenne oTHOCUTETbHBIX YACTOT IPEJCKA3aHUN HA TECTOBOM
MHOXKECTBE PEKYPCUBHO OOYUEHHBIX C ITOMOIIBIO Soft-cTyaeHTa HEHPOHHBIX
cereit

Taxum 06pa3oM, TOMUMO OOITET0 YBeJTUYeHUs 3HAYEHUsI CTEIIEHU HeyBe-
PEHHOCTH Y PEKYPCHUBHO OOYIEHHBIX C ITOMOIIBIO soft-cTymenTa cereit, HabJro-
JlaeTcsl HacJIeIOBaHUE XapaKTepa pacipeiesieHns: 9TOH HeyBepeHHOCTH. 1eM
CAMBIM, MOJIYYIAeT TOATBEPKICHUE TPEIIOIOKEHNE O BO3MOXKHOCTH HACTIE-
JIOBAHUS HEYBEPEHHOCTH 00yYIaeMOil CeThIO OT CBOEHl CeTH-yIUTE/Isl.

5. BbiBoabI

B xome mammoit paboThl MOATBEPKIEHA BOZMOXKHOCTD OOYUEHHUsI 110 TeX-
unosioruun Knowledge Distillation vecioxkabix mogmesieit ResNet-18, criocobubix
BBIJIABATH PE3YJIbTATHI, COIIOCTABUMbIE C AHAJOTUYHBIMU U3MEPEHUSMU JIJIs
CeTH-YUUTENs, MoyueHnoit u3 ueitpounoii cetu ResNet-50, misa 3amadn 6u-
HapHoil kyaccudukanuu. [Ipn 3TOM HCHIOIb30BaHUE CETHU-CTYICHTA ITO3BO-
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JIIET YBEJUYIUTH TPOU3BOIUTEHHOCTD BBIYUCJIEHUI IO CPABHEHUIO C CEThIO-
yauTeseM IpaKTHIeCKn B H pa3.

Bce Tpu ceru-cTynenTa Hal0T MPUMEPHO OJUMHAKOBBIE PE3YJIbTATHI, MPU-
YeM, 10 CPABHEHUIO C KJACCUYECKUM CTYJIEHTOM, soft-cTymenT mokazas jyd-
NN pe3yJIbTaT Ha TECTOBOM MHOXKECTBE C PyYHON pa3MeTKON, Kak C IIpuMe-
HEHMEM ayTMEHTAIlnN JaHHbIX, TaK 1 0e3 Heé. Hard-cTymeHT, B CBOIO odepesn,
IPOJIEMOHCTPUPOBAJI PE3YIbTATHl HEHAMHOIO XY2Ke KJIACCUIECKOTO CTY/ICHTA,
HO COOTBETCTBYIOIIE 3HAYEHUS TIaPAMETPOB ObLIN IOy YeHbl IIPAKTHIECKN
B JiBa pasa ObicTpee: mocye 86 310X — y KJAACCHIECKOTo U 1ocje 47 3mox — y
hard-crymnenta.

Broiu uzydenn pacipeie/ieHus OTHOCUTEIbHBIX 9acTOT IIPE/ICKA3aHMII Ha,
PA3JIMIHBIX MHOYKECTBAX JIJIsi KaXKJ0i 00yIeHHOI HepOHHOM ceTu. 3amMmedeHa
3aKOHOMEPHOCTDb MEXKJIy XapaKTepoM OIMUOOK CeTU-yIuTeisi U soft-cryaenra,
MIPOSIBUBITIAsCS B IepPEeHOCe HEYBEPEHHOCTH CETHU-YUHUTENsd B IPE/ICKA3aHUN
IPUHAJJIC2KHOCTU N300paXKeHUs K KJIACCYy «n300pazkeHue ¢ cobaKoii» Ha aHa-
JIOTMYIHOE [I0Be/IeHne, BhIsABIeHHOE Y soft-cTymenTa. ¥ hard-crymenrta sro Biu-
sHNE He CTOJIb 3aMETHO, TOCKOJIBbKY JIeTaJId ITOJ00HOT0 PO/ia HUBEJIUPYIOTCS B
dopme pejicTaBIeHns IPEJICKA3AHNI CeTH-yIUTEIs], BHICTYIIABIINX B Kade-
CTBE METOK B IIpOIecce 0OYUEHUs ITOI MOJIEN, B OTJINYHNe OT Soft-crynenTa,
KOTODBII B Ipoliecce OO0y4YeHUsi alllPOKCUMUPOBAJ HEIOCPEJICTBEHHO IIPeJi-
CKa3aHUsl CeTU-yunTessd. Takas Ke TEHIEHINs BbIABJIEHA TPU PEKYPCUBHOM
obyueHnn Mojesieit o TaHHON TEXHOJIOTUM.

B mportecce uzytuenusi pacupeiesieHuii OTHOCUTE/IBLHBIX 9aCcTOT IPEICKa-
3aHuil OBLIO BBEJIEHO MOHSTHE CTEIEHU HEYBEPEHHOCTU MOJIEIN Ha MHOXKE-
CTB€ KaK BEJIMYMHBI OTKJIOHCHUSI IIPEJICKA3aHUN HEHPOHHOI ceTH OT 3Have-
HUM, IPUHIMAEMBIX 38 OTBET MOJIEJIM Ha PACCMATPUBAEMOM MHOXKECTBE. DTy
BEJIUYINHY MOXKHO PaCCMATPUBATH KAK MHTYUTUBHO MOHATHYIO MEPY CIIOCO0-
HocTr Mojesm K 0000mennio. Ha Bcex 0Oyd9eHHBIX CETsIX 3HAYEHHE CTEIIeHU
HEYBEPEHHOCTHU OYeHb HEOOJIbINOE, YTO MOYXKET O3HAYATh, YTO CIIOCOOHOCTDH K
00001ennio y mMozesieit, ooydeHubix mo texunosornn Knowledge Distillation,
COXPaHSIETCS.

Taxxke pekypcuBHO Obuin 00yueHbl Monean ResNet-18 mo rexnosorun
Knowledge Distillation, ¢ obeumu dbopmamu mnpenacTaBiIeHnus MPeICKA3AHMIA
ceru-yuurens. [lomobuas mporieaypa B 000ux ciydasx moka3aJjia BIOJHE CTa-
OUJIbHBIE PE3YJILTATHI: OOYUYEHHBIE B XOJE KAXKJOIO0 IKCIEPUMEHTA MOJIEJIN
JIeJTal0T JOCTATOYHO TOYHBIE TPEeICKa3aHUs Ha BCeX MHOYKECTBAX, BBICTYIAS
HapaBHE C CeTIMU-CTyAeHTamMu. boJiee TOro ObLIN MMOJyIe€Hbl HEHPOHHDIE Ce-
TH, KOTOPbIE HE YCTYIIAIOT Ha TECTOBOM MHOXKECTBE MOJIEJSAM, OOYUYEHHBIM C
MIOMOIIILIO DOJIee CJI0XKHON HEHPOHHON ceTn.
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,HaJIbHefIHIHe HccJIeJ0BaHnA 6yﬂyT HallpaBJIEHbI Ha U3y4Y€Hrne BO3MO2KHO-
CTHU IMTPUMECHEHU A ILaHHOfI TEXHOJIOTUN IJid APYTUX 3a/ia4.

ApTop BeIpaxkaet 6siarojapaocTsb goreHTy kadeapol MaTUC mexanuko-
MaTeMaTuideckoro gakyiabrera MI'Y, k.¢d.-m.H. HacoBckux AnaTonmio Ajek-
CAHIPOBUYY U JIONEHTY KadeIphl BhICIIEH MaTeMaTHKN HHCTUTYTa KubepHe-
tuku PTY MUPSA, k.1.1. [lapdenony [lenncy BacuibeBudy 3a mocTaHoBKY
3a/1a9U U [OMOIIb B UCCJICOBAHUN.
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The technology of knowledge distillation for training neural
networks on example of binary classification
Biryukova V.A.

Using the technology of training neural networks, the knowledge
distillation, models were obtained that solve the binary classification
problem with the productivity that is about five times higher than
the performance of the teacher network with an insignificant drop in
quality. The convolutional neural network ResNet-18 was trained in two
ways by this technology (using the pre-trained network ResNet-50) and
by the classical method. The concept of the degree of uncertainty of
the model on objects’ set is introduced as the quantity of the deviation
of the neural network predictions from the values accepted for the
answer. The experiments on the recursive application of the knowledge
distillation technology were also conducted.

Keywords: knowledge distillation, binary classification, residual
neural network, convolutional neural network, degree of uncertainty
of the model on objects’ set, recursive training of neural networks.
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YacTp 2.
CreruaJjibHbBIE BOIIPOCHI TEOPUN
MHTEJLJIEKTYaJIbHBIX CUCTEM






HeobxoanMmbie 1 JocTaTOYHBbIE YCJIOBUS
CyIIIeCTBOBaHNS M300pakKeHuns C 3aJaHHbIM
KOJIOM

Anekcees J1.B.!

Beomurcst kogupytorias QyHKIMS, WHBADUAHTHAS OTHOCHUTEIHHO
adPUHHBIX 0TOOpaXKeHUil U UCCaeayoTcs ee cBoricTBa. Haitmensr Heob-
XOJIUMBIE U JIOCTATOYHBIE YCJIOBHUS TOTO, UTO JIAHHBIN HAOOD UHCeT sB-
JISIETCsT KOJIOM HEBBIPOXKJIEHHOTO N300ParKeHUSI.

KuroueBbie ciioBa: koji m300parkeHusi, KOAUPOBaHUE U300pake-
uuii, adruHHaS SKBUBAJIEHTHOCTD.

BBeaenne

B 3aj1auax pacrnosHaBaHusi YaCTO BOSHUKAET HEOOXOIUMOCTD MPEJICTAB/ICHIs
TOYEYHOI0 M300payKeHusl B BUJIe KAaKoro-To Koja. OjHum u3 HauboJjiee 4acTo
UCIIOJIb3YEMBIX SIBJISIETCSI KOODIMHATHASI 3aIMCh, KOIJIa KOJIOM U300parKeHmst
SIBJISTIOTCST KOOPJMHATHI €ro Touek. HecMoTpst Ha olpejeieHHble JOCTONH-
CTBa, 3Ta KOJUPOBKA HE SABJISETCS WHBAPUAHTHON OTHOCUTEILHO T'€OMETPH-
YeCKUX IpeoOpasoBaHmil, TAKUX, KAK CJBUI, MOBOPOT, pacTsykenue. Kpome
TOTO, OHA TIOJIPa3yMeBaeT NMPUBSI3KY K HEKOTOPOil (hbUKCHpOBaHHOI crucTeme
KoopuHAT. B TO Ke BpeMsl IpPeICTaB/IsieTcsi OCMBICJIEHHBIM PACCMATPUBATh
n300parkeHus, MOJyUYeHHbIe B pe3y/JbTaTe TaKuX NpeobpasoBaHuil 3KBHBa-
JIEHTHBIMU.

B pa6orax B.H. Kosmnosa [4]-|5] npemioxkena komupyromas dyHKIums,
MHBAPUAHTHAS OTHOCUTEILHO adpDUHHBIX TpeodbpasoBanuii. BbL1o mokazaHo,
YTO COBNAJIEHKE KOJIOB JBYX MJIOCKUX M300ParKeHUN SIBJISETCA HEOOXOMMBIM

L Anexcees JTmumputi Baadumuposus, — KaHIAIAT (PU3.-MAT. HAyK, C.H.C. 1aGOPATOPUH
IIpobaem Teopernmueckoit kubepHeTnkn Mex.-MaT. d-ta MI'Y, e-mail: dvalex@rambler.ru

Alekseev Dmitriy Vladimirovich — Candidate of Physical and Matematical Sciences,
senior staff scientist, Lomonosov Moscow State University, Faculty of Mechanics and
Mathematics, Problems of Theorecical Cybernetics Lab.
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U JIOCTATOYHBIM yCJIOBHEM MX ad@UHHON 3KBUBaJEHTHOCTH. B naHHO pa-
6ore BBOIUTCS MOIU(UIIMPOBaHHAS KOIUPYIONas (PYHKIUS U UCCIEIYIOTCS
ee cBoiicTBa. B wacTHOCTH, HaieHBI HEOOXOMUMBIE U JTOCTATOIHBIE YCJIOBHS
TOr0, YTO HEKOTOPbI HAOOP UUCe/T SABJISIETCS KOIOM JIBYMEPHOrO M300pake-
HUS.

Panee B pabote [2| ObLIN MOy YeHbI HEOOXOAUMBIE U JIOCTATOUHBIE YCIIO-
BHSI TOTO, YTO CYIIECTBYET TPeXMepPHOe n300pazkeHne, 00J1a ao1ee JaHHbIMK
IIOCKUMUY ITPOEKITUSIMU.

B pabore [5| Gbuia npejyioxkena Koaupyiomast OyHKIMsI p, HHBAPUAHT-
Hasg K apOUHHBIM TPeodPa3OBAHUSM ILIOCKOCTHU: ;i = Sbagan) .
p 1% * Pijklmp = S(Aajamayp)’ pat
S o3HavaeT WIOMAJIh TPEYroJbHUKA. Takum obpazom, HAOOPY U3 N TOUYEK
CTABUTCA B COOTBETCTBUM KO, cocTosamuil w3 (C2)? uucen. OueBuHO, 3TOT
KO/ siBJIsteTcs n30bITouHbIM. Jlannas paboTa uccieyeT BOIPOC, KAKOBa, CTe-
neHb ero m3bbrrounoctu. s momudunmpoBanHoit Koaupyoiieit dyHKInmn
[PUBOJSATCS $IBHBbIE YCJIOBHS TOIO, 9TO MHOXKECTBO UUCEJ SBJISIETCS KOJIOM
uzobpazkenus. JIjisi opuruHaJIbHON (PYHKIINN KOIUPOBAHUST TAKXKE TTPUBO/ISIT-
sl COOTBETCTBYIOIIHE YCJIOBUS (B HESIBHOM BHJIE).

B nannoit pabore paccmarpuBaeTcss MOAUMPUIMPOBAHHAST KOJIUPYIOIIAS

byBRIMAA 755k 1mp = ;?,I((AASM, rae S’ — opueHTHpOBaHHAHA ILJIOMIAb, T.C.
1amap)

ILJIOTIAb CO 3HAKOM, 3aBUCSIIIUM OT HAIIPAaBJIeHUsT 00X0/1a BEPIITUH TPEYTOJIb-

HUKA.

st MomudpuImpoBaHHON KOAUPYIOIeil (PYHKIIUU TPUBOJITCH SIBHBIC
YCJIOBHS TOTO, YTO MHOYXKECTBO UUCEJ SBJISIETCS KOJIOM m300parkenusi. s
OPUTMHAJIBHON (DYHKIMHM KOIUPOBAHUSI TAaKXKe MPUBOJSITCS COOTBETCTBYIO-
e ycsioBusi (B HESIBHOM BHJIE).

JlagbHeiinias CTpyKTypa CTaThbU yCTPOEHA CJiemyomuMm obpasomM: B pas-
ziejie 1 BBOJIATCST OCHOBHBIE TIOHATHS 1 0003HadYeHus1. B paszjese 2 uzyvatorcs
CBOICTBa MATPHUIIBI KOjia n300pazkerust. B pasmese 3 mpuBoauTCsS OCHOBHOMN
pe3yabTaT — HeOOXO/IMMbIE U JIOCTATOYHBIE YCJIOBHS TOrO, YTO HAOOP dmcesI
SIBJISIETCsT KOJOM HEBBIPOXKIEHHOTO m300paxkeHusi. B pasmese 4 dopmysupy-
IOTCsl BBIBOJIBI U ILIAHBI Ha OyJIyIiiee.

1. OcHoBHBIE 0003HaAYECHUA

BeejieM NOHSITHE OPMEHTHPOBAHHOMN Muomau Tpeyrosibauka S'(Aabe) =
S(Aabc) B ciydae nosoKuTENBHOrO HampasiaeHus oboxona n S’(Aabc) =
—S(Aabe) B cityaae orpuriaresbHOTO. [10/I0KUTEIBHBIM CIUTACTCS TAKOE Ha-
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npasjeHueM 06xoa, IPU KOTOPOM TPEYIrOJILHUK PACIIONIOXKEH CJIeBa, T.€. Ha-
ITpaBJIEHUE ITPOTUB YaCOBOI CTPEJIKH.

[Iycth Ha IJIOCKOCTH PACIIONIOXKEHBI TOYKU @1, ...,dn. DYJAEM HA3BIBATH
muokecTBO A = {ay, ..., a,} n3obpaxkenuem. V306pazkenne Ha3bIBACTCS 6bi-
POXHCOEHHbIM B CIIydae eCJIM BCE TOUYKH JIeXKAT Ha OJHOW IPSIMONl U Heebi-
pootcdennbimM B IPOTUBHOM ciiydae. SadUKCHpyeM HEKOTOPYIO (€BKJIMJIOBY)
cucreMy KoopjauHaT, GyjieM 0003HaYaTh KOODAMHATHI TOYKH a; Kak X (a;)
u Y(a;). B mambreiimem mist yaobersa Oymem 0003HAYATH OT/EIbHbBIE HH-
JIEKCHI CTPOYHBIMU JIATUHCKUME OYKBAMH, & MYJIbTUUHIEKCHI, T.€. BEKTO-
pa, COCTOsIIIe U3 TPeX WHIEKCOB, OymeM 0003HAYaTh CTPOYHBIMU I'pede-
CKUMU OYKBaMU «, 3,7, .... KOMIIOHEHTBI MyJIbTUUHIEKCA By/1eM 0603HAYATH
a = [a(1),a(2),a(3)], a TPEyTOMLHUK! ¢ COOTBETCTBYIOMIMI HOMEPAMHI Bep-
umH Oyjiem obosHataTh Ay = Ady(1)0a(2)0a(3)- BBeJeM oTHONIeHHE 3KBU-
BaJIECHTHOCTU Ha MYJIbTUMH/IEKCAX — HE 6yﬂeM pasim9aTb MYJIbTUUHJIEKCDHI,
€CJIM OJUH U3 HUX MOXKHO IIOJIYyYUTDb IUKJIMIECKON IIepeCcTaHOBKO APyroro.
Bostee dopmasibHO BBejleM OTHOIIEHHE o« ~ o TOrJa U TOJBLKO TOIJIA, KO-
a(l) a(2) a@3)
o'(1) o/(2) o/(3)
MYJIbTHHHIEKCOM COIPS?KEHHBIM K (¢ X 0003HAYATH (¢ TAKON MYJIbTHUHHIEKC,
a(l) «(2) o3)
a(l) a(2) a(3)

CMBICJI 9TOI'0 TaKOI — TPpEeYTOoJIbHUKH, COOTBETCTBYIOINE SKBUBaJICHTHBIM WH-

IJla TIEPECTAHOBKA < > € S3 — derHasl. byaem Ha3BaTh

9TO IIEPECTAaHOBKA < ) € S3 — neuernas. CoueprkaTeIbHbII

JIeKCaM MMEIOT OJIMHAKOBYI0 OPHEHTUPOBAHHYIO IO, & TPEYTOJbHUKH,
COOTBETCTBYIOIIHUE CONPSYKEHHBIM MYJbTUMHICKCAM UMEIOT ILJIOIIAIN, OTJIH-
JaroIMecst 3HaKOM. B jajibHeiieM 1mo cJioBoM "MysibTuuHIeKC " Oy ner moji-
pasyMeBaThCsl COOTBETCTBYIONINI KJIACC SKBUBAJEHTHOCTH.

Bcero cymectsyer C3 pasImdHbIX TPEYTOJIBHUKOB C BEPIIMHAMH B TOY-
KX @1, ..., 0p, €CJU He YUUTBHIBATHL opuentamuio 1 N = 2 - C3 — ¢ yderom
OpMEHTAIIH.

BaHymMmepyeM Bce MyJIbTHUHIEKCHI (T.e. COOTBETCTBYIOIIUE TPEYTOIbHU-
KN): A1, ..., &N, oyctb A = {a1, ..., N } — MHOXKECTBO BCEX MYJILTHHHJIEKCOB,

obozuaunMm E : a; — ¢ COOTBETCTBYIONIYIO (DYHKIINIO HYMEPAITHIH.
S’ (Nasajay)

S"(Aajamayp) ”
YLOJIBHUK Ay, a, BeIpoxieH, T.e. S'(Aajama,) = 0, To ucnonssyem dhop-
MAaJIBHBI CUMBOJ Tk lmp = OO. DyJeM HasbIBaTh 3TO MHOMKECTBO KOJOM
n300pazkenusi {aj, ..., a, }. [ogobuast kojupyomas byHKIUs ObLIa IPeIo-

keHa B [1].

PaccMoTpuM MHOXKECTBO OTHOIMEHUI: Tk tmp = Ecinn Tpe-

! 910 o6ozHaueHme GyeM HCIOIB30BATH TAKXKe ¥ B CIyUae, KOLIA TPEYTOJbHUK BbI-
POXKJEH, T.e. BCe TOYKHU JIeKaT Ha ONHOI IIPAMOH.
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Omnpenenenne 1. Paccmorpum marpuiy R = (1) pasmepa N x N B

KOTOPO#l Ha IlepecedeHnt {—CTPOKU U j—T0 CTOJIOIA PACIIOJIOXKEH dJIEMEHT

S'(A
Tij = Taga; = S’E Agg' Takum obpaszoM, 3JIeMEHTHI KOJ/Ia N300ParKeHns Pacio-

JIO’KEHBI B BUJIE KBaAPATHOW TaOJIHUIILI, B KOTOPOH CTPOKU U CTOJIOIBI 3aHY-
MepOBaHbI MyJIbTUUHJIEKCaMU (TpeyrojbHuKaMu). Bygem HasbBaTh R mam-
pueti K00a U300PadHCeHU.

3amedanue 1. B nanbHeiimeM OyeT MCIOIbL30BATHCA TaKyKe 0003HAYEHUE
Tap = RE(a)E(8), T-€. CTPOKH M CTOJONBI MATPUIBI KOJA MOTYT OBITH 3aHy-
MEPOBAHbBI MYJILTHIHICKCAMY.

IIpumep 1. PaccmoTpuMm Tpamenmo aqasagdy, OCHOBAHUST KOTOPOH ajas 1
agas orHOCATC Kak 1 : 2 (cm. puc. 1). 3anymepyeM MyJIbTUHHJIEKCHI KAk

a a2

a4 ag

Puc. 1. K npumepy 1.

B Tabsmme 1. 3amerwm, 9TO mOCTeAHHE 4 MYJIBTUUHIEKCA SIBJISTIOTCS CO-
NPsIZKEHHBIMI K MEPBBIM YeThIPEM, TaK YTO JOCTATOYHO IOCTPOUTH TOJIBKO
YaCTh MATPHUITLI KOJA M300paKeHUsI, COOTBETCTBYIOIILYIO MEPBLIM 4 CTpOKaM

11 1/2 1/2
1 1 1/2 1/2
u cronabuam. Ona Oyzer uMmerb Bum Ry = 9 9 { { . A nosnnas
2 2 1 1
Ry —Ry
MaTpuIa Koga OyneT uMerh BuI R = .
—Ry Ry

2. CBoiicTBa MaTpuIibl KOJia N300parKeHus

1) Taq = 1 wnm oo, npu 066X @ € A (pedaeKCuBHOCTD ).

2) Ilpu mobeix o, f € A, Takux, 910 7o ¢ {0,00} BBIIOIHSIETCS T84 =

-1
( 5 ) (aHTHCUMMETPUYHOCTD?).

TO{

o8



3)

"

Q;
1,2,3
1,2,4
1,3,4
2,3,4
1,3,2
1,4,2
1,4,3
2,4,3

0 J O Tk W N |

Tabmuna 1. Tabaura MyJIbTHHHIEKCOB

[Ipu mobsix a, 3,7 € A, Takux, 4to 148,78y € 10,00}, BhIIOIHSETCA
Tay = TaB - '3y (TPAH3UTUBHOCTD).

Ilycrs 3a7aHbl IEPECTAHOBKHU 7,0 € S3 N MyJBTHHHJEKCH «, f € A.
[Tycrs myabruungekcol o = mw(a) u 3 = o() nosydeHsr npumene-
HUEM IIEPECTAHOBOK T U 0 K MYJIBTUUHJEKCAM (v U [3, COOTBETCTBEHHO,
re. o = [a(w(1)),a(m(2)), a(n(3))] n 5" = [B(a(1)), B(c(2)), B(a(3))].
Torma mbo 7q/g = (=1)" - (=1)7 - 1o, OO 745 = 00 = T¢/p (corma-
COBAaHHOCTh C MEPECTAHOBKAMM UHEKCOB).

ycrb id1,i2,43,i4 € {1,...,N}, a1 = [i2,13,14], a2 = [i3,4,11],
a3 = [ig, 01,72 u aq = [i1,12,13]. Torma ayst nupoussosbHoro 5 € A
BBIIIOJIHEHO PABEHCTBO® T, 5 + Tagf = Tagf + Tays (AAIATHBHOCTSD).

CaoiicrBa 1-3 oueBuabl. CBOICTBO 4 cieayeT u3 U3MEeHEHUs] OPUEHTHPOBAH-
HOI1 TIJIONIA N TIpU ITIepecTaHoBKax BepinH. CBONCTBO 5 ciiejlyer u3 mojciera

IUTOIIA/M Y€THIPEXYTOTIBHUKA G, Uiy Qg (i, (CM. PUC. 2) IBYMSI PA3/IMIHBIME
criocobamu. JleficTBUTENBHO,

S,(ailaizai3ai4) = S/(Aamaisau) + S/(Aamailab) =

= S’(Aai3ai4ail) + S’(Aailaigaig).

Paznesus o6e gactu na S'(Ag), noimydaeM TpebyeMoe PaBeHCTBO.

Boznukaer BoIpoc: SBJISIIOTCS JIU 9TU YCJIOBUS JIOCTATOYHBIMU JJISI TO-
ro, 9ToObl MaTpuIla ObLIA MATPUIEH KOJa HEKOTOPOro m3odpazkenust! Huke
Oy/eT IpUBEJeH KOHTPIPUMED, TTOKA3BIBAIONIHil, 9TO 9TO HE TaK.

2Eciu reg = 0, TO T3q = 00. O6paTHOE, BOODIIE TOBOPSI, HEBEPHO.
3B ciyuae Hy/JIeBOro 3HAMEHATENsI PABEHCTBO PACCMATPHUBAEM Kak (POPMAJIbHOE 0O -+
00 = 00 + 0.
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Puc. 2. AjyinTuBHOCTD ILIOIAIEH

CHauama JOKazKeM BCIIOMOTI'aTeJIbHYIO JIEMMY:

Jlemma 1. ITyemwv mpeyzorvrux Ag — nesvipostcoernmill, 0603HAMUM Po =
rag, o € A. Ilycmv na naockocmu sadana eskaudosa cucmema Koopou-
nam. Tozda cyuecmeyem addunmnoe npeobpasosarue F, nepesodauiee mowku
ai,i = 1,..,n 6 ¢; = F(a;), makoe, wmo woopdunamv. X (c;) = p; 3(3),8(1);
Y(ci) = pip).pe2)-

Zloxazameavcmeo. He orpannauBast 0OOIIHOCTU PACCy K IEHU MOYKHO CUU-
tarth, uyro 3 = [1,2, 3]. Iloctpoum addunuoe npeobpazosanue A, nepeBo/is-
mee a; — ¢1(0,0), az — c2(1,0) u a3 — ¢3(0,1) (Takoe npeobpaszoBanue
cytiecTByer u euHCcTBeHHO). O603HaunM (24, Y;) — KoopauHatel ¢; = A(a;).
Torpa S’ (Acieacs) = %, S (Aesere) = %xz u S'(Acieac) = %yz . CirennoBa-

_ S'(Aczere) - S(Aczerc) 6
TEBHO, 3,1 = G Acrepes) = L1 ¥ P3,Li = S Acrcpcq) — Yi» 1TO U TPEGOBATIOCE
JI0KA3aTh.

Cnencreue 1. Ecau mpeyzoavnur Ag — 1eevipooicdenivid u p; g(1),5(2) =
Pj.B(1),8(2) = Pk,B(1),3(2); TO MOYKU ;)\ Aj, Ak AEAHCATN HA 00HOT NPAMOT.

Zloxazameavcmeo. 1o nemme 1, cymecrByer adduaHOE TpeodbpasoBaHue,
IIEPEBOJISIIEE A, Aj, A B TOUKH Cj, Cj, Cf; C OMMHAKOBBIMU OpAuHATAME Y (¢;) =
Y(cj) = Y(ck), a, cieoBaTe/IbHO, JIezKalIlie Ha OJHON IPSIMOIL.

CaencrBue 2. Jlas mozo, umobv. dea Hesbipostcdennvir usobparcernus A u
B 6viau adunno—areusansenmmvt, Heobxodumo u do0CmamowHo, 4mobv, Mam-
PUYBL UT K0D06 cOBNAJas (NPU HeKOMOPOT, HYMEPAUUL).

Sameuanue 2. D10 CJIEJCTBHE SBJISETCS aHAIOrOM TeopeMbl 1 u3 [4] (s
Jpyroii Kojupyoreil GpyHkimn).
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Hoxazamesvcmeo. HeobxouMOCTb BBITEKAET U3 COXPAHEHUS] OTHOIIECHU
OPUEHTUPOBAHHBIX ILIomaaeill npu aduHHbIX mpeobpaszopanusd. lokaxkem
JIOCTATOYHOCTh. B HEBBIPOXKJICHHOM M300pakKeHuu Bcerja HaljIeTcs HeBbI-
poxennslit TpeyronbHuk Ag(A) = Aa;ajay. 113 coBnagenus KouoB ciieyer,
9T0 cooTBeTCTBYIOmMuil Tpeyronbuuk Ag(B) = Ab;bjb, — TOXke HEBBLIPOXK-
nennbiii. Torpa mo jiemme 1 MOXKHO TTOCTPOUTH adPUHHBIE TTPeoOpa30BaHMS
Fi:A—CuFs: B — C, rge touku nzodpazkeruss C' IMEIOT KOOPIAMHATHI
X(ci) = pipm),80) Y(ci) = pipa)pe) Crenosarensro, A u B abdunno-
SKBUBAJIEHTHBI, YTO 1 TPEOOBAJIOCH JIOKA3ATh.

[Tokarkem Ha mpumepe, UTO CBOWCTBa 1-5 He SIBISIOTCS JTOCTATOYHBIMU
JUUIsl CYTIIECTBOBaHUS M300parkeHusi, 0018 IaI0NIEro JAHHON MaTpuIleil Koja.

IIpumep 2. PaccMOTpUM HIpaBUILHBINA NATUYTOALHUK C BEPIIUHAME @1,...,
as. OBo3HAYMM TOUKH IepecedeHusl quaroHaseii by,..., by (cm. puc. 3). Pac-
HOJIOXKUM TOYKH 11,2, M3 BHYTPH TPEYTOJLHUKOB Aajasby, Aasasbs n
Aagb1bs, coorBercrBenno. ITomecTrM B 9TH TOYKM e€JIMHUYHBIE MAcChl. Jljist
TpeyroibHIKa Aa;a;a), PACCMOTPEM CYMMAPHYIO MAcCy TOYEK, PACIOJIOXKEH-
HBIX BHYTpH Hero. Byjem Ha3blBaTh 3Ty Maccy, B3STYIO CO 3HAKOM +/—
B 3aBHCHMOCTH OT HAIPaBJICHUS 00XOJa, IMCEBIO-ILIOMAIbI0 TPEYrOIbHIKA
Aajajap 1 obosHadars S*(Aa;ajar). O4eBUIHO, IS IICEBIO-IUIONIAH BbI-
IOJIHSIETCST 3aKOH aIUuTHBHOCTH. Pacemorpum marpuny R = (rqg), rag =
S*(Aq)/S*(Ap). cBoiicTBO 4 BBITEKAET U3 ONpPEJIeJeHNs] ICEBIO-ILIOMAIH, &
CBOMCTBO b — U3 ee aJIUTUBHOCTH.

[IpeamosoxkumM, 4To MaTpuna R sBjseTcs MaTpuieil Koja HEKOTOPOIro
u300pazkenust al, ..., as. 3aMeTum, 4To

T123,123 = T124,123 = T125,123 = 1,

TOr/IA, 110 CJIJCTBUIO 1, TOUKU @, aly U af PaclosIoXkKeHbl HA OJHON HPSIMOI.
[TosTomy momags Tpeyroabauka Aajayas TOIKHA ObITH paBHa HYIIO, CJle-
JIOBATEIBHO, 1345123 = 0. Ho 7345 123 = 1 # 0. IIpoTusopeune.

3ameuanune 3. MoxHO Oo0Jee CTPOrO ONPEAeINTh IOHSITHE IICEBIIO-
wiIommaau. Jjist 9Toro HaJo pa3sMecTHTb PUC. 3 Ha KOMILIEKCHON ILJIOCKOCTH

U MHTEPIPETUPOBATh TOUYKM Kak djeMeHThl C. PaccMorpum mepoMopdHyio
— 1 1 1
dbyukmuo f(z) = —mr T 75m; T 7=my TOrAa B KauecTBe OLPEJIe/ICHIs

IIceBa0o-IIonia Il TpeyroJbHUKa MOXKHO B34ATb MHTETPaJI 11O €0 KOHTYPY:

S*(Aajajar) = % j{l{ f(2)dz.

Aajajay
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ase

a4

Puc. 3. K npumepy 2.

3. OcHoBHBIE pPe3yJabTAThI

Urak, ycnoBuii 1-5 HeIOCTATOYHO JIJIst CYIIECTBOBAHNS U300PaKEHUsI C YKar-
3aHHBIM KOJIOM. TeopeMma, NpuBeieHHAsS HUXKE, OTBEYAET HA BOIIPOC — KaKHe
JIOTIOJTHUTEIbHbBIE YCJIOBUS HAJIO HAJIOYXKUTD JIJIS CYIIIECTBOBAHUS TAKOTO N300~
pasKeHUs.

Teopema 1. Ilycmos mampuuya R ydosaemsopaem ycaoguam 1-5. IHycmo
cywecmeyrom o, € A, daa komopox rog # oo Tozda das mozo, wmo-
o, R 6viaa mampuyeld K00a Hexomopozo HesbipoHCOEHH020 U300PaNHCEHUA,
HEOOTOIUMO U dOCMAMOwHO, WMobsr NPu Modux 1,] = 1,...,n 6LNOANAAOCD
PaAgeHCMBO

PA(1),i = PiB(3),801) * PiA(1),82) ~ Pi,B(3),801) * PiB(1),8(2); (1)
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2de po =Tq .

oxaszamenvcmeo.

Heobxodumocms. He orparmauBast 0OITHOCTH PacCyKIeHui OyaeM cuu-
taTh, uro [ = [1, 2, 3]. PaccmoTpuM oTobpazkeHne u3 [0Ka3aTeIbCTBA JIEMMBI
1. Toukn as, s = 1,2, 3 nepeiiyr B Touku ¢ koopaunaramu ci(0,0), c2(1,0) u
¢3(0,1), coorBercrBenno, S’ (Acicacs) = % Touku a;, a; nepeiinyr B ¢; u ¢,
¢ xkoopmuHatamu X (¢;) = piz1, Y(¢i) = pin2, X(¢j) = pjsa, Y(¢j) = pji2.
Torga mromans TpeyroiabHuKa Ac ¢;¢j MOKHO HafiTH 110 H3BECTHOI (bopiyIre
U3 aHAJIUTUYECKOH IeOMETPUML:

1 X(¢) Y(a) 1
S(Acicicy) = §d€t <X(Cj) Y(c;) = §(Pi,3,1 “PjL2 — P31 PiL2)-

Honenus obe uactu na S'(Acicacs) = %, nosydaem pasencrso(l).

Jlocmamounocmo. Ilycrs pasenctso (1) Beimosaeno. ITocrpoum muOXKe-
crBo Touek {a; : ¢ =1,..., N} ¢ koopmunaramu X (a;) = pi31, Y (a;) = pi12.
[TocTpoum mMaTpuily koja 3Toro msobparkenusi R* = (r;ﬁ) U TIOKaYkeM, 9TO
OHa COBIAJAET ¢ NaHHOU Marpuueit R. Bynem obosnauars p,, = 1y, 5. I[IycTs
a = [i, J, k], paccmorpum niepecedenne P = {i, j, k} N{1, 2, 3}. Conepxkaresn-
HO P — 3T0 MHOXKECTBO OOIIUX WHIAEKCOB Vv v 1 3. Bo3aMoxKHBI citydyan

)
a;(pi12; pi31)
az(0;1)
a1(0;0)  ax(1;0) v

Puc. 4. Ciyuait |P| = 2.

e Cuyuaii |P| = 3. 9o o3Hauaer, 4To o = [j, 1, k| — HeKoTopasi mepecra-
HOBKa mHiexcos 1, 2,3, re. mbo o = 3, mbo o = B. Torma S'(Ag) = &
u S'(Ag) = —%. Caenosarenbho, pg =1 = pg n pg =1=pp.
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o Cuyuaii |[P| =2wu 1 € P (cum. puc. 4). ColeprKaTesbHO 9T0 03HAYAET,
9TO TPEyroJbHuKN A, 1 A, UMenT JBe OOIIne BepIINHbI, OJHA U3
KOTODBIX PaCIojIOzkeHa B Hadaje KoopiauHaT. OJNH 13 MHJEKCOB He
UpUHAJIEXKUT MHOXKeCTBY {1,2,3}, He orpannvmBasi obIHOCTH OyIeM
CYUTATD, 9TO 3T0 i. Ecm ocrasmmecs naaexcsr — 1 u 2, To* o = v mym
a =%, e v =1[1,2,i. IIpn o = v umeem

, , 1 1
S’ (Afy) =8 (Aaialag) = §Y(al) = ipi,LQ.
Paznemus wa S'(Ap) = 1/2, nomyuum pX = p,. Ecm xe a = 7, To
Po = Py = —p5 = —py = p5.

Cuayuaii, korma P = {1,3} nokasbiBaercsi aHAJIOTHYHO.

e Cuyuait P = {2,3} (cm. puc. 4). CojeprkaTesbHO 9TO 03HAYAET, UTO
TpeyronbHukn A, U A\, IMEOT aBe ObIMe BEPIMUHBI — (1 U 9.
O/MH W3 WHIEKCOB He NpuHajyieXuT MHOXKecTBY {2,3}, He orpanu-
ynBasi OGIIHOCTH Oy/IeM CUYMTaTh, 9TO 3T0 4. Torjma o = § mwim o = 9,
rie 6 = [i,3,2]. Eciim oo = 0, To mo cBoiicrBy 5 (ajmruBHOCT])

Pa = Pi32 = Pi31 T Pi12~ P23 = Pi31 1T Pi1,2 — P1,23 = Pi32 = Pa-

Tperbe paBeHCTBO 37eCh CledyeT W3 JJOKa3aHHBIX paHee PaBEHCTB
* _ * _ _ 3 * % *
Pi12 = Pil2 U Pi31 = Pi31. Ecm a = 4, To p;, = Ps = —P5 =
—ps = Ps-

e Cuyuaii P = {1} (cm. puc. 5). CojeprkaTesbHO 9TO O3HAYAET, YTO TPE-
yroneaukn A, 1 Ag UMEIOT eJIMHCTBEHHYIO OOIILYIO BEPIINHY, PACIIO-
JIOKEHHYIO B HadaJjie Koopauuar. He orpanuunBas oOmHocT paccy k-
JICHUI, 9TO OCTABIIHECH JIBE TOYKHU 3TO a; U a;. Paccmorpum Aaja;aj,
€ro OPUEHTUPOBAHHASA TIJIOIIAH PABHA

1 X a; Y a; 1
S'(Aaraaj) = §~det (Xéaj)) Yga];) = 5'(pi,3,1'Pj,l,Z_pj,&l‘pi,l,Z)-

!
Paznenus va S’ (Aajazaz) = 1/2, noayaum pim = Pi31 Pi12— Pi3,1"
P12 = P1,i,j, D€ HOCTIe/IHee PABEHCTBO BbITeKaeT u3 (1).

e O0mwmit ciryvait — TpOU3BOJIbHBIE 1, §, k. Bocmosibayemest Tem, 910 Kak
p Tax u p* obnasaoT coiicTeoM ajmurusHoctu. Torma pf k= Pl i+
2J A’

4HaHOMHI/IM, 9TO PaBEHCTBO MYJIBTUMH/ICKCOB IIOHHMaETCdA C TOYHOCTBIO JJO IUKJINYIE-
CKOt IIepeCTaHOBKHN UX KOMIIOHEHT.
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a;j(pj,2; pj3,1)

as (0; 1) <
ai(pi,1,2§ Pi,3,1)

a1(0;0)  ax(1;0) o

Puc. 5. Ciyuait P = {1}.

pT,j,k — pii,k’ 4TO, KaK [I0Ka3aHO B IPEAbLIYIIEM Cllydae PaBHO p1;j +
P1jk — Plik = Pijk, 9TO 1 TPeOOBAIOCH JIOKA3ATD.

Bosspamasicb K KoJjam, He yauTbBaloImum oprenranuio ([4])

Omnpenenenne 2. Habop uncen s, € {£1}, o, f € A Oynem Ha3bIBATDH
paccmano6rotli 3nakos. PaccTaHOBKY 3HAKOB Oy/leM HA3BaTh COIVIACOBAHHOM,
ec/Iu Jyist JII0ObIX v, 3,7 € A BBIIIOJIHEHBI DABEHCTBA

1) 5ag - S8y = Say;

2) Sr(a)o(s) = (—1)7 (—1)7 - 845, ™, 0 € Ss.

3ameuanmue 4. st coryiacOBAHHON PACCTAHOBKU 3HAKOB, OYEBUIHO BBIIIOJI-
HAIOTCS PABEHCTBA Sqq = 1 M S8 = Sgq 1IPH JIOOBIX «, 3 € A.

Caencrsue 3. Habop wucea TZB ABNACNCA KOJOM HEGBLPOAHCIEHH020 U306-
pastcerus moz0da u Moavko moada, k0200 CYULLCMBYEM CO2AGCOBAHHAA PAC-
CNMAN06KA 3HAKOE Sq, 5, MAKAA, MO OAATof = Saf " Th 5 BUINOANENDL YCAOBUA
1-5u (1).

4. 3akJjro4yeHue

Ilosydennble pe3yabTaThl MOTHOCTBIO OMUCHLIBAIOT MHOYKECTBO BO3MOYKHBIX
KO/IOB HEBBIPOXKJICHHBIX M300pakenuii. B najipHeiiem miaHupyeTcs mocTpo-
€HUe aHAJIOTUIHBIX YCJIOBUH JJIst APYTUX KOIUPYIOMNUX (DYyHKIINI, HAIPUMED,
COXPAHSAIONINX TPOEKTUBHYIO 9KBUBAJIEHTHOCTb.
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Necessary and sufficient conditions for the existence of an image

with a given code
Alekseev D.V.

The article introduces an image encoding function which is
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are found for a given set of numbers to be a code of nonsingulari image.
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O camoopraHu3syIomieiicsa cucreMe
cBeTO(pOpoB, 00ECIIEeUNBAIONIIX
OecriepeboiiHoe JBU>KeHIEe TPaHCIIOPTa

Mypasses A.K.!

B pabore paccmarpuBaeTcs KOOepaTUBHAs UTPA O JOCTABKE TPAHC-
IopTa Ha MPIMOYTOJLHOM perieTke. BBOJsTCS TMOHATHS 3aTopa U
CTOJIKHOBEHUSI aBTOMOOWJIEl Ha Heil, a Tak YKe aBTOMATOB KaK areH-
TOB B CBETO(OPAX PEIIETKH, PEryJIUPYIONINX IBUKEHIE.

ITokazano cyrecTBOBaHUE CTPYKTYPHI ABTOMATOB C JIOKAJIBHON 00-
JIACTBIO BUJIMMOCTH, IIPHUBOJLAIIENl K CAMOOPTaHU3AINN CHCTEMBI CBe-
TOOPOB, 00ECIIEYNBAIOIINX CKOJIb YTOMHO [JINTEJIHHYIO KOPPEKTHYIO
JIOCTaBKY aBTOMOOMJIEil €3 3aTOPOB U CTOJIKHOBEHUH /IS JIFOOOT0 KO-
JITYECTBA BBIXOJOB PEIIETKH.

Karouesvie caosa: KoomepaTuBHAsI WIPa, TOCTABKA, OPTaHI3AIUS
JBUKEHUs TPAHCIIOPTa, areHT, OJHOPOIHAsA CTPYKTYpa, aBTOMAaT.

1. BBegenue

PaccmarpuBaerca cieyromasl KoonepaTuBHast urpa. Jlama mpsMoyrobHast
cerka ¢ m cronbuamu u n crpokamu (Puc. 1). Hazoem ee pewemroti niau
NOAEM.

Pebpa pemietkn — dopozu, IO KOTOPBIM OYIyT ABUTATHCS ABTOMOOHJIN.
Kazxoe pebpo BMelaeT JIMIIb OAUH aBTOMOOHIIb.

Ha siepoit rpanurie mosist — n+1 6xod, Kyaa 6y1yT 3ae3:KaTh AaBTOMOOHUJIN.
IIpucBoum nMm HOMepa ot 0 70 1 C MOPSIAKOM HYMEpPalllnh CHU3Y BBEPX.

Urpa npoucxoauT quckpeTHo. B KaKablit TaKT BpeMeH! CJIy9ailHO BbIOU-
paercst U BXOJIOB 6€3 MOBTOPeHUit (13 PABHOMEDHOT'O PACIIPEJIeJIeHIs Ha BCEX

! Mypaswves Apmem Koncmanmunosuy — sxcmepr emapramenta Anamusa JaHHbIX T
Mogenuposanus, "Bank BTB"(ITAO), e-mail: muravev.a.k@yandex.ru

Muravev Artem Konstantinovich — expert, Department of Data Analysis and
Modelling, VTB Bank
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BXOJIaX), ¥ B HUX 32€3KaeT 10 1 aBToMOOWIIO. 3a OJIUH TAKT BPEMEHU aBTO-
MOGHJIb TIepeMeInaeTcs ¢ pebpa, Ha KOTOPOM HaXOIUTCs, Ha KAKOE-TO JIPYToe,
UMeIOIIee C MePBbIM OOIIYIO BEpIIUHY.

ITepe Hawasiom urpsl Beibupaercst u < (n+ 1) y3/10B Ha npaBoii rpaHuie
HOJIst, M OOBABJIAIOTCH 6bL00AMU. ABTOMOGHIIL, IPUE3KAIOMIMI B BBIXOIHO
y3eJI, HCYEe3aeT, U CIUTACTCS JIOCTABJICHHDBIM.

m

Puc. 1

B kaxksioM y3iie 10Jisi YCTAHOBUM €8emoghop, PEryJIupyIONuil JBU2KEHNE
aBToMObmIeil 1epe3 3ToT y3es. [1o KaxK ol u3 ropu30HTAIBHBIX JOPOT JIBHU-
JKEeHME OPraHu30BAaHO MCKJIIOYUTEIHLHO OT BXOJIOB K BBIXOJAM (CJIeBa HAIpa-
BO), a 110 BEPTHKAJIbHBIM — J160 BBEpX, Jinb0 BHU3. COOTBETCTBEHHO, CBETO-
dop B KaxKJIplil TAKT BPEMEHU BBLIOMPAET OJIHO U3 BXOJANINX B HETO HAIIPAB-
JieHui (CBEpXy, CHU3Y WJIM CJIEBa), IEPEKJII0YaeT CBO CUIHA B KAKOE-TO Bbl-
XOJTHOE HallpaBJieHne (BBEpX, BHU3 WM BIIPABO), M MPOIyCKAET aBTOMOOUIIH
TyIA.

[Ipu sTom morrycTum, aTo cBerodopaM Ha i-if CHU3Y TOPU3OHTAIBHOI 110-
JIoCce Ha TEePEKJII0oUYeHne HeOOXOIMMO n+r2 Bpemenn. Takoe JIONyIEHNE O3B0~
JINT pa3periarb KOHMJINKTHI, CBA3aHHbIE C [TOPsIKOM ITEPEKJIIOYEHNs] CBETO-
GdOpPOB, U TEM CAMBIM TIOJIyIYUTH JABHHOOOPA3HYIO CMEHY JIOTUKHU IIPOITYCKa, B
KOTOPO# HUXKHIE CBeTO(MOPHI OYIIYT «BEAYIIUME», & T€, UTO CBEPXY OT HUX —
«BesoMbIMuy . [Ipu aTOM KaxKpiil cBeToOp BCe Ke Oy/IeT MepeKIIoIaThCs
3a OuH TakT Urpbl. [1o06HbIH HOIXO ncoab30Baics B [1, c. 152] s pas-
PEeIeHNsT CIIOPHBIX CUTYAIMI [IPU apaJuIeJIbHOM 00X0/1e MHMDOPMAITMOHHOTO
rpada HECKOJIBKUMU BBITUCTUTESISIMU B MOJIEJIH TapaJjlielbHbIX AJITOPUTMOB
[TOWCKA.

Ecnu na BBIOpaHHOM BBIXOJTHOM HAIpPAB/JEHUM HA OJM3KaiiiiieM K CBe-
TOohopy pedpe yKe CTOUT aBTOMOOMJIb, U €ro He IIPOIYCKAET CJIELyIONINii
cBeTOOp, TO U TEKYIIHii cBeTODOp HE MOXKET MPOIYCTUTH aBTOMOOWIL B
BBIODAHHOM HAIIPABJIEHUU, U aBTOMOOWJIbL CTOUT HA HEM B OXKHUJAHUU IPO-
IIyCKA.
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Cmoakrosenuem Ha30BeM CUTYAINIO, KOTJa J[Ba cBeTOMOpa, HAXO/ISIIIe-
csI Ha OJTHOM U TOM 2Ke pebpe PeleTK!, BhIIYCTUIN AaBTOMOOUIN Ha 3TO pebpo
C IIPOTHBOMNOJIOXKHBIX cTopoH (Puc. 2).

3adeporckoti aBTOMOOMIIA HA CBETOMDOPE HA30BEM CUTYAITHIO, KOTJIa Ha CBe-
TOMOP ¢ HECKOIBLKUX CTOPOH OHOBPEMEHHO MTPUEXATN aBTOMOOWIN, W OH WX
HAIPABJISET B OJIHY U Ty YK€ CTOPOHY, B CJIEJCTBHE Y€ro OJIUH U3 aBTOMOOH-
Jlefl Tpoe3yKaeT Ha TEKYIEeM TaKTe BPEMEHU, 3aCTaBJIsAsl IPYToil B TeUeHUe
9TOr0 TakTa CTosATh Ha Mecre u kKjarb (Puc. 3). Ilpu srom Gyzem cunrars,
ITO 3aJIeP’KeK He BO3HUKAET, €CJU ABTOMOOWIN OJHOBPEMEHHO TPUE3KAIOT
Ha cBeTOGOD, 1 CBETOMOP UX HAIPABIIAET 110 PA3HBIM BBIXOIHBIM HAIIPABJIE-
ausim (Puc. 4, 5). Anasiorom sToMy B peasibHOI »KU3HU OyJ/leT OpraHu3aliust
JIBUZKEHVS HA HEPETYINPYEMBIX TEPEKPECTKAX, TUIe TIPH TPOe3/1e OTHOBPEMEH-
HO JIBYX aBTOMOOWJIENl M3 PA3HBIX BbE3JIOB B Pa3HbIE BBIE3IbI OHU OJHOBDE-
MEHHO BBIE3’KAIOT Ha TMEPEKPECTOK, OfHa W3 HUX MPOIYCKaeT JPYTryio, u obe
3aBEPINAIOT MAHEBD MPAKTUIECKH OJHOBPEMEHHO.

)
L1

Puc. 2 Puc. 3 Puc. 4 Puc. 5

3amopom Ha30BEM CUTYALMIO, KOIZA BXOLHON cBETOMOP, Ha KOTOPLIA Ha
JMAHHOM TaKTe 3ae32KaeT aBTOMOOMJIb, HE MOXKET IIPOIYCTUTH €ro B BhIOpaH-
HOE UM HAIIPaBJIEHUU U3-3a 3aJIePKKH aBTOMOOWIIST HA HEM.

Ileav uepv, — OpPraHU30BaTh JTOCTABKY aBTOMOOMIIEH Ha BBIXOIALI TAKHM
obpazoM, YTOOBI TIpH JIO0O0I JIMTEILHOCTH UTPHI HE CO3aBaJIOCh 3aTOPOB
u cToJIKHOBeHui. IIpu sToM Hrpokamu cuuTaeM CBETOMOPDI, PErYIUPYIOIINIe
[poe3/1 aBTOMOOUJIEH Yepe3 COOTBETCTBYIONINE BEPIIUHBI, & 1M — JJINHY I10-
JIT — CUYATAeM IIapaMeTPOM WUIPbl, KOTOPLIA BBIOMpaeM M3HAYAILHO B 3aBU-
CUMOCTH OT N, U.

ApTOp BBIpazkaeT GJiarogapHocThb mpodeccopy . D. 'acaHoBy 3a mocra-
HOBKY 33JIa9H U [IOMOIIb B pabore.

2. IlocranoBKa 3aga4nu

Bymem canrars, uTo B cBeTOOpax HAXOAITCI A8MOMAMbL, AMEIOINE KOHEed-
HOE YHCJIO COCTOSIHUM, KaXKJI0€ U3 KOTOPBIX OIPEessieT KaKoe-Tubo moBese-
HUE II0 TPOIYCKY aBToMOOMIell depe3 Hero. Karkiplii aBTOMAT MPUHUMAET
Ha BXOJ| CUTYAIUIO 110 BbE3YKAIONINM Ha HErO M BBIE3KAIONIUM C HETO aBTO-
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MOOMJIsIM, a TaK K€ COCTOSTHUSI U AHAJOTUYHBIE TTOKA3aTen CO CBeTOMDOPOB
B HEKOTOPOI €ro OKPECTHOCTH.
Orpeiesium munavi c6emo@opos Ha, 1oJIe:

(1-4) He yrsosbie cBeTOMOPBI, HAXOJISIIMECS] HA COOTBETCTBYOIIEH IpaHuIle
OJIA: BEPXHEN, HUKHEN, JTeBOU MJIN ITPABOM;

(5-8) ¥YroBble cBeTOdOPHI (110 OHOMY THITYy Ha KaXKIBI yToJI);

(9) Bmyrpennue cBeTodOpH! - He HOMABIIUE B IPE/IBIIYIIAE TUIIHL.

N norpebyem, aTobBI ccTEMa aBTOMATOB B ¢BeTOd0pax ObLIa 0010podHot
BHYTPH KaXKJIOI'O U3 THUIIOB.

Tpebyercst onpese/uTb CTPYKTYPy aBTOMATOB (& UMEHHO - CTPYKTYDY
aBromMaTa Jisl KayKJI0ro U3 TUIOB) TaKUM 0OPa3oM, 4TOObI B IIPOIECCE UTPI
ONMCAHHAsT CHCTEMa CBETO(OPOB CaMOOPTaHM30BaIach Ha obecredeHne J1o-
CTABKU aBTOMOOMJIEH CO CJIyUAHBIX BXOJOB HA OIPEJIEJI€HHbIE BBIXOJbI, HE
M3BECTHBIE 0 HadYaJja UTPBI, 663 3aTOPOB U CTOJKHOBEHHIA.

3. Onmcanue penieHusd

3.1. Urpa ¢ omHUM BBIXOIOM

n

Puc. 6

Pacemorpum BapuanT urpsl, korga u = 1 (Puc. 6). To ectb, Ha Kaxk0M
TaKTe BPEMEHU B KAKON-TO OJMH CJIy9aiiHblii BXOH (BBIOpAHHBII M3 paBHO-
MEpPHOI'0 PacCIpeIe/IieHUs Ha BCEX BXOJaX) 3ae3:KaeT aBTOMOOWIIb, a 3aJada
areHToB Ha CBeTOdOpax - JOCTABUTH UX BCE HA BLIXOJ, CJyYailHO BBIOpAH-
HBII JI0O HaYaJla UrPbl, 1 He U3BECTHBII M3HAYAJbHO, HE CO37aBad IIPU 3TOM
3aTOPOB U HE CTAJKHUBAs aBTOMOOU/IN JIPYT C APYTOM.

Ounpenesienne 1. Crarndnasi CTpaTerust UTPhLL - MO cmpamezus (Cmpyk-
Mypa a8momamos 6 ceemodopax), npu Komopot 6 npoyecce 0oy eHus Karc-
ouil us ceemodopos nepexodum 6 00Ho edUHCMEEHHOE PUHAABHOE COCMOA-
HUE, 8 KOMOPOM U 0CMAEMCA 6 JasbHETULEM.
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Onpenenenune 2. /lunaMudHass CTpaTerusi UTPHL - 9MO CMPAMe2Us, HE A6-
AAOWAACA CAMUYHOU.

Teopema 1. Jlaa m > 1 u mobox n cyuecmsyem CmamuyvHas Cmpame-
2UA ULPHL BCET ULPOKOSB, NPUBOJAUGA K CKOAb Y200H0 daumenrvrol docmaske
a8momobunets co caYwatinur 60008 Ha onpedeseHMvlll 6uixod cemu 6e3 3a-
mopos U CMOAKHOBEHU.

Hoxaszameavemeso. Paccmorpum KoHbUryparuo cBeTodopoB, U300pakeH-
uyio Ha Puc. 7. Ilorpebyem Ha KaxX10M u3 ¢BeTOMOPOB Ha IIPABOI T'DAHUIIE
[OJIT YCTAHOBUTH HPUOPUTET HPHU MPOE3JE JJIsi aBTOMOOMIIEH, TOIbE3KAI0-
X 110 TOPU30HTAJBHBIM JIOPOTaM, HEXKEJIM TEM, UTO YKe eJyT 10 IPaBoi
rpanute. [lomyuaennyio konduryparmo oyremM 0603Ha9aTh Kak Ky .

m

Puc. 7: K,

OdeBUIHO, YTO Takasl KOH(Urypalust 00eCIeYnBaeT JOCTaBKY Ha BBIXOJL
B yIuIy permerku 0e3 croiakHoBeHmit. [lokaxkem, 910 OHa Tak»ke obecrieamBa-
eT OTCYTCTBHE 3aTOpOB. JljIst 9TOro moc/ieloBaTeIbHO JTOKAXKEM HECKOJIBKO
OpeNJIOKECHUN.

IIpennoxkenune 1. Kongueypayusa K11 obecnevusaem docmasky asmomo-
buneti 8 npasuilli nusichutl yeoa na nose 1 X 1 6e3 3amopos.

Jlokasamenvemeso. st ynobersa BBegeM obosHavenusi ceetodopos (S;) u
aopor (a!) Ha nose, Kak nokasano Ha Puc. 8.

1
az Sy
2
aip
1
al 51
Puc. 8
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YauThiBasi, 4TO Ha S| MIPUOPUTET HPU IIPOE3JE UMEIOT aBTOMOOUIIN, TIOb-
e37KaIoNTIe CO CTOPOHBI JIOPOTH al, TO Ha 3ToM cBeTodope 3a/1eprKKa MOKET
BOBHHUKHYTH TOJIBKO CO CTOPOHBI JOpOrHu ai2. Torma ma Bxoge 1 TyT 3aro-
POB OBITH HE MOXKET, TIO9TOMY JIJI 3aTOPa IIPU BBIOPAHHON KOHQUIYypaIuu
HeOOXOIMa 3a1epyKKa Ha cBeTodope S CO CTOPOHBI a5.

Ou4eBuHO, YTO U3-3a BBHIMIEYIIOMSIHYTOTO ITPUOPHUTETa Ha cBeTodope Si
ABTOMOOWIIb, 3aeXaBINii Ha TakTe ¢ Ha Bxo 1 (Ha pebpo al), obasarennmo
ITOKUHET 3T0 pebpo Ha TakTe t + 1.

Tereps paccMoTpuM Cjiydaii, KOTJa Ha TakTe t aBTOMOOUJIb 3aeXajl BO
Bxo/ 2 (Ha pebpo a). IomydaeTcs, 9TO B MOMEHT t B MePBbIil BXOJ ABTOMO-
6uh He 3ae3rKast, U Ha pebpe ai Ha TaxTe t IyCTO, MOTOMY KaK Jazke ecji
TyJa W 3ae3Kajl aBTOMOOWJIb pPaHee, OH y»Ke Ipoexasl B CUJIy ero MpUOpH-
Tera Ha cBerodope S1. M3-3a sroro Ha Takre t 4+ 1 aBTOMOOMIIB, BO3MOXKHO
ObIBIIMit Ha pebdpe a1 2, IMpoexas Ha BBEIXOM, U B JIO0OM ciydae pebpo ai 2
0CBOBOXKTAETCA, U Ty/Ia TPOe3yKaeT aBTOMOOUIIL ¢ pebpa as.

Tem cambiM, TOJTydIaeM, YTO aBTOMOOU/Ib, 3aeXaBIINil Ha TaKkTe ¢ Ha BXOJT
2 (Ha pebpo ai), Touno nokuHeT 310 pebpo Ha Taxre t + 1.

Nroro nosyuaem, 4o st Kaxk10ro u3 ceerodopos S;, ¢ = 1,2, cupasei-
JIMBO yTBEPXKJEHME, YTO Ha S; He BOZHUKHET 3aJEPXKEK CO CTOPOHLI a%. To
€CTb, He BOBHHKHET 3aTOPOB Ha Bxodax 1, 2.

O]

IIpennoxkenne 2. Kongueypayus K, 1 obecnevusaem docmasry asmomo-
buneti 8 npasuill nusichutl yeoa na nose n X 1 6e3 3amopos.

Jlokazamenvcmeso. Beenem obosnadenust, anajgorunaubie npeasaymum (Puc. 9).

1
an Sy
n
1 Un—1,n
1 Ap_1
n—= | ) Sn—1
1
: CL% 1 5'2
2
ai,2
1
al S
Puc. 9

By,ueM JOKa3bIBaThb IIPEAIIOJIOZKEHUE I/IH,HYKU,I/IEIU/I 110 n.
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e basza:n =1 — oueBugno; n = 2 — no I[lpexn. 1.

o ndyxmuensili nepexod: Ilycrb yTBep:KaeHNe BBIIOIHEHO it 7 — 1.
JokaxkeMm ero mjs n.

JlobaBiienne JIOMOJTHUTEILHOIO BXO/Ia HE BIUSET Ha CHUTYAIlUIO Ha Ped-
pax a%,i =1...n—1, Tak KaK y aBTOMOOMJIE/l HA ITUX JOpPOrax Ha
ceerodopax S;,i = 1...n — 1, upuopurer. Ilpu srom s n — 1 1o
[IPEJITOIOKEHUIO UHIYKIUU Ha S; He MOXKET OBITh 3aJI€PKEK CO CTO-
POHBI JIOpOT ail. ITosromy u jyist n Ha cBerodopax S;,¢ = 1...n — 1,
CO CTOPOHBI IOPOT al-l 3aJIepKEeK OBITh HE MOYKET, COOTBETCTBEHHO, He
MOXKeT OBITh 3aTOPOB Ha Bxomax 1...m — 1.

HOKa}KeM, 49TO Ha Sn TaK»Ke He MOXKET ObLITb 3aJI€P2KKN CO CTOPOHBI
1

JIOPOTH G,
[IycTh Ha TakTe t aBTOMOGHIL 3aexas Bo BXoj n (Ha pebpo al). Torma
9TO B MOMEHT { HU B KAKOI U3 BXOJIOB 1 . ..n—1 aBroM0obmIn He 3ae32Ka-
Jii, 1 Ha pebpax a%,i =1...n—1, 5a TakTe t MyCTO, IIOTOMY KaK JIaxKe
€CJIU TyJIa U 3ae32KajIli aBTOMODWIIM paHee, OHU YK€ MPOEXaJd B CHJIY
OTCYTCTBHSI 3aJiepKeK Ha cBeTodopax S;, ¢ = 1...n — 1, co cTOpoHbI
JTopor azl,z' =1...n — 1. U3-3a sroro na takre t + 1 mMemoIka aBTOMO-
6uJieit, BO3MOXKHO OBIBIMX Ha pedpax a;i+1,% = 1...n — 1, npoezxKaeT
BIlepe]l K BBIXOJY, U B JIIOOOM ciay4ae pebpo a,—1,, OCBOOOXKIaeTCs, 1
Ty/la TIPOE3YKAeT aBTOMOGIIL ¢ pebpa a,.

Tem cambiM, TOJydaeM, 9TO aBTOMOOWJIb, 3aeXaBIIUil Ha TakTe ¢ Ha
Bx07 n (HA pebpo al
€CThb, 3aJiepKeK Ha cBeTodope S, He BO3ZHUKHET, COOTBETCTBEHHO, HE
BO3HUKHET U 3aTOPOB Ha BXOJIE 7.

), TOYHO TIOKHHET 3T0 pebpo Ha Takre ¢ + 1. To

IIpennoxxenne 3. Kongueypayus Ky, obecnevusaem docmasky asmomo-
buneti 8 Npaswvili HUNCHUL Y204 HA Noae N X M 6e3 36Mmopos.

Jlokazameavcmeo. CHOBa BBOJMM cooTBeTCTBYOIIME 0603Hauenus (Puc. 10).
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n - - -
m m 1 Gp—1,n
ap_1 Sn—l Ap—1 1
n_l | | T X Snfl
I I
| 1
: agn :S;n : a% |Sl
2 --- 2
a1,2
1 -

a/l Sl al S

Puc. 10

JlokaxkeM TIpejijioyKeHne UHIyKIUei 1mo m.
e basza: m =1 — no Ilpem. 2.

o IIndyxmusenoiti nepexod: Ilycrs Boimonneno ajst m — 1. Jokaxkem i
m.

st m — 1 10 TIPeaIIoIoKEeHNI0 NHIYKIIUU HEe BO3ZHUKHET 3aTOPOB Ha
cserodopax S*,1 = 1...n, ModTOMY Jyid M Ha TeX YK€ CaMBIX CBe-
Todopax He BOSHHKHET 33JIeP:KEK CO CTOPOHBI Jopor a;',i = 1...n.
[TosTomy 3aTOpOB Ha BXojax 1...n Tak ke He BO3HUKHET.

O

Taxum o6pazom, mosryunsn, 9To Konduryparusa K, ,, obecreunsaeT Tpe-
OyeMmyto JIocTaBKy Ha 1mosie 1 X m. OJHaKO, JIUIIh B IPaBblil HUXKHUANE YTOJI.

IIycrs Teneps BbIXOJ Ha [-if ropm3oHTa bHOI mopore, [ > 0. B Takom
cilydae pacCMOTPHM MojlepHu3aluio Koundurypamun K, ,,, n3006pazkenmyio
Ha Puc. 11:

n

Puc. 11

B TakoMm cirydae Tak »Ke BBIIOJIHEHBI BCE HEOOXOAMMBIE YCIOBHUSI.
3aMeTuM HaKOHEIl, YTO 31ech m > 1. ]
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[TokazkeM Terepb, 9YTO MOXKHO OPraHM30BaTh O0yYeHHE AreHTOB (CBETO-
bopoB) mokazaHHOII cTpaTernu B HPOIECCe UIPHI C 3apaHee HeM3BECTHBIMU
rmapamMeTpaMmu.

Teopema 2. Cywecmsyem aszopumm obyyerus ceemoghopos (mo ecmv KoH-
Pueypayus a8MOMAMOE) € AOKAALHBM NOAEM SudUMOCTIU paduyca 1, npu-
B00AWUL % 0OP2aHU3AUUY MPedyemot JoCMasKu.

Hoxazamenavemeo. OnpesiesiuM COCTOSTHUST aBTOMATOB I Pa3HBIX THUIIOB
cBeTO(HOPOB:

1. Ceerodopsl Ha Tropu3oHTAIBLHOl Tpanuie noss (tun HE):

o L, Ll

2. Buyrpennue cserodopst (tunt CORE):

(1)

(2)

3/1ech Tak ¥Ke OIPEJIE/INM, 9TO Ha KaXKJIOM U3 CBETO(OPOB IIPUOPUTET
[IpU TIPOE3/Ie UMEET aBTOMOOUIIb, IPUOINKAIOIIUICS CIIEBA.

3. Ceerodopbl Ha BepTHKaJIbHON rpanuiie co Bxogamu (tun VEIN):

o b T

4. Crerodopbl Ha BepTHKaILHOI Tpanuie ¢ Boixogamu (tun VEOUT):

o 2O

31ech Tak e ONpeeanM, 9TO MPUOPHUTET TIPU Mpoe3ie OyJIeT UMeTh
aBTOMOOUJIb, ITPUOJIMKAIONINICS CIeBa.

Ceerodopbl Ha yIrylaX CHU3y U CBEpXy OyJyT HOBTOPSTHL BTOPOM maT-
TepH ToBe/ieHus (1), 1 ero ke B 3¢pKAJBLHOM (OTHOCHTEIBHO TOPH30H-
TaJIM) BUJIE COOTBETCTBEHHO.
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OmnnineM Ternepb CTPYKTYPY aBTOMATOB B CBETO(OpPAX.

s ceerodopos tunioB HE, VEIN, VEOUT cocrosinue BCETO OJHO,
H3HAYATIBHO €r0 U (DUKCHPYEM.

Omnmem asromar s tuna CORE (Puc. 12). Iletn na cocrostansx
ByieM oIlycKaTh, OJpa3yMeBasi, YTO BCe BXO/Ibl, HE OIIMCAHHBIE B TPUITEPAX,
IIEPEBOJIAT COCTOSIHIE B Ce0sT Ke.

ai
start - CORE1 o}

Puc. 12

OnumreM yKa3aHHBIA Ha CXeMe TPUITED IePeXOla 1.

W @

(1) — CORE1, (2) — VEOUT =
ap : (1) : CORE1 — CORE2

3.2. Urpa c aByMs BBIXO/IaMU

n

Puc. 13

Teneps paccmorpuMm BapuanT urpel, Korma u = 2 (Puc. 13). To ects,
Ha KaxKJIOM TaKT€ BPEMEHM B JIBa CJyYalHBIX BXOJIA (Bb16paHHbIX 6e3 1o-
BTOpEHUIl U3 PaBHOMEPHOI'O DACIPEJEICHIsT HAa BCEX BXOJAaX) 3ae3:KaeT 110
aBTOMOOUJIIO, & 33/1ava areHToOB Ha cBeTO(OPax - JIOCTABUTH UX BCE B JIBA BbI-
X018, CJy4YallHO BbIOpAHHBIE JI0 HAYAJA UI'PHI, U HE U3BECTHBIE U3HAYAJIBHO,
HE CO3/[aBast IIPU STOM 3aTOPOB U HE CTAJIKMBAsI aBTOMOOMIIA JAPYT C APYTOM.
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Teopema 3. Jlasam > n+1 u a0bbix n cywecmsayem JUHAGMUYHAS CMPAME-
2UA ULPBL BCET ULPOKOS, NPUBOJAUGA K CKOAL Y200HO daumenrvHol docmaske
a8MoMOOUNET C DBYT CAYHATHBIT 8L0006 Ha 068G ONPEJEAEHHIT BbIT00a cemu
6e3 3amopos U CMOAKHOBEHU.

Jloxasamenvcmeo. OunineM KOHGUIYPAIIO, FAPAHTHPYIONLYIO CKOIb yTOJ-
HO JIINTEJIbHBII [TOTOK JIOCTABKH ABTOMOOIIIEl U3 JABYX C/IydailHbIX (Ha KaxK-
JIOM XOJIy) BXOJIOB JIO JIBYX CJIydaifHBIX (BBIODAHHBIX OJMH pa3 JI0 Hadaja
UI'PBI) BBIXOJI0B 6e3 3aT0poB U crosikHoBeHuit (Puc. 14).

1.1 1.2 2

Puc. 14

HazoBeM BepTUKAJIbHBIE TIOJIOCHI OIS CJAOSIMU.
JlocTaBky paszzesiuM Ha J[Ba STAIIA:

1. mocraBka 1o cjaogMm ¢ 1 110 n;

2. IIOCTaBKa C M-T'O CJIOS HA BBIXOJbI.

Pasznesium sran 1 10m0MHATENIBHO Ha 2 TOJITAIIA!
Oramr 1.1: OpranusyeMm epeBUXKEHIE aBTOMODOMIIEH CKBO3b cjou l...n ma-
paLIeTbHO, YTOOBI ABTOMOOWIN, 3a€XaBINNe B OJHO BPEMsl, Ha KaXKJIOM U3
TaKTOB BpeMeHHU C 1 110 1 HAXOIUJIUCH HA OJTHOM CJIO€, U B OJTHOM IOJIOXKEHUN
(Ha BEepPTHKAJIBHON JOPOXKKE, WM Ha MOpH30HTaIbHOM). [Ipu sT0M NBUraem
UX «JIECEHKOW», CMeIasi K HUXKHEH TPaHUIE MoJIs.

OueBnHO, 9TO HUKHUH ABTOMOOUTH IOCTUTHET HUKHEH TPAHUIIBI PAHb-
me. Kak TOIbKO 9TO MPOUCXOMUT - HATUHAECTCS
Otan 1.2: HIKHAN aBTOMOOWIbL HAUNHAET <«OXKUJIATH> BEPXHETO y HUKHEN
IPAHUIIBI, COXPAHssl IPH 9TOM CKOPOCTb JBUZKEHHUsI CKBO3b CJIoU (M 04epei-
HOCTB 1IPOe3/ia JIOPOT: TO FOPU30HTAJIbHASI, TO BepTUKaJbHast ). [IBuraercs: on
B 9TO0 BpeMs 110 cirefytomnieil Tpaekropun (Puc. 15):

JL

Puc. 15
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Tak IpouCXOAUT 10 TeX IOP, IIOKA BEPXHUI aBTOMOOUIIb, IBUTASICH B 9TO
BpeMsI 110 BCe TOM YKe «JIeCEeHKe» , He IPUOJIN3UTCS K HUYKHEMY Ha PACCTOSIHUE
B 2, ymbo 1 sveiiky (eciu (j —4)-1eTHO, TO OHU COMU3STCH HA PACCTOSHEE B 2
STIelKH, & JaJibllle COIIKATD Heslb3sl, TaK KaK OHU CTOJIKHYTCsI Ha CBeTodope
MeK Iy HUMUE; ecyn (j — i)-HedeTHo (Kak Ha Puc. 13), To oHm cOmmsarcs Ha
paccrosiaue B 1 siveiiky). Kak TosbKo 970 IponsoIuio - BepxHuii aBroMobuIib
HA'MHAET JBUTATLCH MApaJIeJbHO HUKHEMY (IIOBTOPssSl €0 TPAeKTOPHIO),
IIOKa& OHU BMeCTe He JOCTUTHYT N-I'0 CJIOH.

Ha n-it cioit aBTOMOOMIN BBIE3KAIOT MAPAJIIIEJIBHO APYT APYLY IO T'OPH-
30HTaJIBHBIM JIOPOTaM, PACIOJIOXKEHHBIM OKOJIO HUKHeHl I'DAHUIIBI [TOJIS, TaK
YTO:

e Hixuuit aBTOMOOMIB BBIE3KAET JTUOO 1O HUXKHEH TpaHUdIHON Jopore,
mbo O cocemHelt K Heif,

® BEpPXHMIT aBTOMOOW/Ib BBIE3XKAET 110 JIOPOre, HapaJsijielbHON TOi, ¢ KO-
TOpOil BbIE€3KAET HIKHUI, W OTCTOSINEH OT Hee BBepx Ha 1 Jjmmbo 2
AYCHKU.

Oran 2: IlepemeraeM aBTOMOOHIN 10 TOPU30HTAJBHBIM JOpPOraM IPSMO 0
MIPEITOCTIETHETO BEPTUKAIBHOTO PsIia CBETOMOPOB, Ha HEM Pa3BOANM HUX B
IIPOTUBOIIOJIOXKHBIE BEPTUKAJIbHBIE HATIPABJIEHUS, JIOBOJS JIO0 ITPOTUBOTIOJIOXK-
HBIX TPAHUI II0JIsI, U JOCTaBJIsIs epe3 YIJIbI PEIIeTKN MO JlajbHell rpaHulle
JIO HYKHBIX BBIXOJIOB.

[Tosrygaem, 9T0 IpM TAKOM PacKJIajie BCEIa aBTOMOOW/Ib, 3aeXaBIINi B
BEPXHUI BXOJ, €JeT Ha BEPXHUN BBIXOJ, & TOT, YTO 3aeXajl B HUXKHUNA BXO/I -
OTIIPABJISIETCS] B HUKHUI BBIXO. TeM caMbIM, IOTOM aBTOMOOMJIEH Ha BEpX-
HIe BXOJIbI PaBEH IOTOKY aBTOMOOMIEl Ha BEPXHUI BBIXOJ, U aHAJOIUIHO C
HIDKHIMHA BXOIAMU M BBIXOJIOM.

[IpuBemeMm mpuMepbl ONMMCAHHONM BBINIE cTpaTeruud Iasd n = 4,m = 5,
BBIXOJIOB C MHJEKCaMu 1 1 2, U BCeBO3MOXKHbIMU mapamu BxooB (Puc. 16):
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3
1
0
3
2 2
0 0
0

Puc. 16

[Tokaxkem Temepb, YTO JaHHAsd CTPATErUsl BepHA.

OueBuHO, 9TO aBTOMOOMJIN C PA3HBIX BXOJOB IIPU TAKOH CTpaTeruu He
BCTpeTATCs Jpyr ¢ gapyrom. Ilostomy jocrarodHo jgoKazaTb, 4To He OyJeT
00pa30BBIBATHCS 3aTOPOB U CTOJTKHOBEHU U3-3a aBTOMOOMJIEH, 3a€XaBIITNX B
pas3Hble TAaKTbl BPEMEHU.

Ha Drare 1 - aBroMobu/in JBUAKYTCsI € TIOCTOSTHHON CKOPOCTHIO TI0 CJIOSM,
[IO3TOMY:

1. aBroMOOMJIM, BbEXaBIINE JPYT 3a JAPYroM c pa3Hureil B 1 takT, Oy-
JIyT exaTh 110 PA3HbIM HAIPABJIEHUsIM (OJHU - BEPTUKAJIBHO, JIPyTHUE -
POPU30HTAJIBHO), TO9TOMY 3aTOPOB M CTOJIKHOBEHUIT He BOSHUKHET;

2. aBTOMOOWJIN, BbeXaBIlle C pa3Hulleil B > 2 TakTa, OYJAyT eXaTb Ha
Pa3HbIX CJIOSAX, MMO3TOMY BCTPETUTHCSI OHHM HE MOTYT, CJIE/I0OBATEJIHLHO,
3aTOPOB U CTOJIKHOBEHUI TakK K€ He BO3HUKHET.

Ha Drame 2 - gocraBka K KaxKJI0My M3 BBIXOJOB IPEBPAIIAETCS B aHAJIOD
JOCTAaBKU C OJHUM BBIXOJIOM, OIMCAHHON BhIMe. TaM I Hee W MTOKA3aHa
KOPPEKTHOCTb.
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OcraJioch oka3aTh OrpaHUdeHust Ha JIJIMHY 10JId m. JIjist mepBoro 3Taria,
OYeBUJIHO, HeoOXoauMa JUIMHA My = n (TaK Kak B XyJIIeM CjIydae, KOIJa
BEPXHMIT aBTOMOOUIb €JEeT C MOCIETHETO BXOA, JJIs CIIBUTA €r0 Ha HUXKHIOIO
OKOJIO-I'DAHUYHYIO JIOPOr'Y HeO0OXOIAMMO POBHO N cJioeB). st BToporo srama -
CIIPABEJIMBO OIpAHUYIEHNE, ITOKA3AHHOE BBIIIE JJIsT UI'PHI C OJHUM BBIXOIIOM,
TO ecTb Mo > 1. B mrore nmonmyaaem

m=mi+mg>n-+1.
L]

[TokazkeM Terepb, IYTO MOXKHO OPraHM30BATH ODyYEHME AreHTOB (CBETO-
dbopoB) nokazaHHOl cTpaTernu B NPOLECCe UIPHI C 3apaHee HEU3BECTHBIMU
rmapamMeTpaMu.

Teopema 4. Cywecmsyem aszopumm obyserus ceemoghopos (mo ecmv KoH-
Pueypayus a8MOMAMOE) € AOKAALHBM NOAEM BUIUMOCTIU paduyca 2, Npu-
B00AWUL K OP2aHU3AUUY MPedyemot JoCMasKu.

oxazameavemeo. OnpeneninM COCTOSTHAST aBTOMATOB IS PA3HBIX THUIIOB
cBeTO(OPOB:

1. Ceerodopsl Ha Tropu3oHTaIBHOI Tpanuie noss (tun HE):

o ] ],

Cserodopsl rpanuiisl Ha 1 Irare.

@ ., ],

CseToophl rpaHUIibl Ha 3Tale 2.

2. Buyrpennne cserodopst (tunt CORE):

HE NN
(1
HEREEREE

HagambHnoe cocrosiive BHyTpeHHEro cBeTodopa C JOTUKON «COImKe-
HUS».
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(2) , mHade (1)

(3) , unate (1)

Baech (2) / (3) obosnadator noseienne cBerodopa, KOTOPbIl MOBTOPSI-
er 3a cBeTohopoM HuKe Hero Ha 1 / 2 sueiiku, eciu Ha 9TOT cBeTOhOD
ABTOMOOHJIb TIPHEXaJl OJHOBPEMEHHO H HapaJIJIeJIbHO TOMY, ITO IIpHe-
XaJl Ha TEeKyIIui.

(4)

()

(4) / (5) - 9o cocrostHust cBeTOMOPOB Ha IPEIIIOC/Ie Hell BepTHKATLHOI
IPaHHUIIE.

U RN
©
HEREEREE

(6) - cocrosinne BHyTpeHHero cserodopa Ha 3raie 2, rjie aBroMOOHIII
eJlyT TapasulesIbHO IPYT JPYTY.

. Ceerodopsl Ha BepTHKaILHOI Tpanuie co Bxogamu (tun VEIN):

o b oL

. Ceerodopsl Ha BepTHKaILHOI Tpanuie ¢ Boxogamu (tun VEOUT):

LR SR
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Ob6a, coCTOSIHNSI SKBUBAJIEHTHLI C TOYKHI 3peHuA Halei cTpaTerun 1a0-
CTaBKMU.

CseTodopsl Ha yIyiax CHH3Y U CBEPXy Oy/yT HOBTOPSTH BTOPOIl HaT-
TepH noBeienus (1) nam (2) cooTBEeTCTBEHHO.

OmurieM Temeph CTPYKTYPY aBTOMATOB B CBETOOPAX.

st ceerodopos tumna V EIN cocTosiHre BCEro OJHO, MMOCEMY TYT HEUEro
00yvaTh, M3HAYAJILHO (PUKCUPYEM €rO0.

s ceerodpopos tuna V EOUT paccTaBuM M3HAYAJIBHO CJIyUaitHO OO0
(1), 6o (2), KpoMe YIIOBBIX, IPO KOTOPBIE OMICAHO BBIIIE.

Omunmem aromars! jist tunioB HE (Puc. 17) u CORE (Puc. 18). Iletn
HA COCTOSTHUSX OyJIeM OMYCKATD, MOPa3yMeBasi, 9TO BCE BXOJbI, HE OTMCAH-
HbIe B TPUTTEPAX, MEPEBOJIAT COCTOSTHUE B CebsI JKe.

{a1,a2,a3} {a4, a5}
start = HE1 HE?2 HE1

{bg,b10}
{b11)b12}

Puc. 17

{bs, 07}

{bs}

Puc. 18
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HFE1 3nech - cocrosiHie aBTOMaTa, B KOTOPOM IOBEICHHE areHTa COBIIA-
naetT ¢ nopenerneM H 1, HO cOCTOSTHIE OT/IMYAETCST OT M3HAUAIBHOTO.

OmnmuieM yKa3aHHBIE Ha CXeMaX TPUTTEPhI IepexogoB. TojcThle JTUHUN
OyayT 0003HAYATH YIACTKHU JIOPOT, HA KOTOPBIX B PACCMATPUBAEMbBI MOMEHT
BpPEMEHHU CTOSIT aBTOMOOWIIN.

1. {a1}

Bra

(1) - CORE1,(2) — HE1 =
a1 :(2): HE1 — HE2

2. {CLQ}

(1) — CORE1, (2) — HE1 =
az: (2): HE1 — HE2

3. {b1}

(1) - CORE1,(2) — HE2 =
by :(1): CORE1 — COREG

4. {b2}

(1) —CORE1L,(2) — CORE6 =
by : (1) : CORE1 — COREG6

5. {bs}

e
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(1) - COREG6,(2) — CORE1 =
b3 :(2) : CORE1 — COREG6

- {as}

T DHE

(1) —HE2,(2) — HE1 =
as: (2): HE1 — HE2

. {a47 b47 b5}

—~
—_
~—

—

I\

b
4‘

—
¢
~

(1) - CORES6,(2) — COREG6,(3) — HE2 =

by: (1) : CORE6 — CORE3

bs:(2) : CORE6 — CORE2

as: (3): HE2 - HEY

31ech pacemaTpuBaeTcs cirydaii, Korjaa Ha HUZKHUI CBeTOMOD aBTOMO-
OwIb Ipuexas, a HU HA OJMH U3 BEPXHHUX B PaJuyce 2 He MPUEXATIO
HUYEro.

- {as}

NON

(1) - HE2,(2) — HEl =
as:(1): HE2 - HE1

. {bg, b7}

M@

(1) — COREG, (2) — CORE2 =
bg: (1) : CORE6 — CORE?2;
(1) — CORESG, (2) — CORE3 =
by : (1) : COREG — CORE3

84



10. {bs}

(1) = COREL, (2) — VEOUT =
bs : (1) : CORE1 — COREA

11. {bg,b11}
(1)
)
(1) — CORFE4, na (2) Tax ke 3a€3KaeT aBTOMOOH/Ib =
by : (1) : CORE4 — CORES5;

(2) = CORES, na (1) Tak ke 3ae3KaeT aBTOMOOH/Ib =
bi1:(2) : CORE5 — CORE4

12. {blo, b12}

(1)

(2)

(1) = CORFE4, na (2) Tak ke 3ae3KaeT aBTOMOOHIb =
bio : (1) : CORE4 — CORES
(2) = CORES, na (1) Tak ke 3ae3Kaer aBTOMOOHIb =
bia : (2) : CORE5 — COREA

B wurore, mociie mepBoro mpoesjia maphbl, e OJIMH U3 aBTOMOOUJEH uiIeT
U3 CaMOro JAJbHEro (JIeBOro BEPXHEr0) BXOJA, MOJIYIHM, UTO y BCe CBETOdhO-
pbl Tuita H E Ha HIKHE 'paHuIle 10 N-TO IPOoe3/a HaXOAITCsI B COCTOSTHUAX
HE1/HEY, a Bce nocie - B cocrosiunu H E2. Buyrpennne cBetodopsl 110
N-TO CJIOs1, yAAJIEHHBbIE OT HHUKHEW rpaHuibl Ha 1, OyIayT BCe B COCTOSIHUM
CORE?2, a te, aro ynajnensl Ha 2 stueiiku - B cocrostann CORE3. OcrajbHble
BHyTpeHHMe c¢BeTo(MOophl ocTanyTcsa B cocrosgaun CORE1. B cuny onpenene-
HUsI MPABUJI TIPOE3JIa JJIsl BBIMIEYTIOMSIHYTBIX COCTOSIHUI, ITOJIydInM 00y JeH-

HBII epBBIA 3Tall.

Bce BuyTpennune cBeTodOph! MOCIE N-TO TPOE3/Ia U JIO IPEIIOCIETHETO
6yayT B cocrosinuu COREG, a Te, 94T0 Ha NPEJIIIOCIIEIHEM CJIOe, Oy/IyT aJall-
THPOBATHCsI 1O TAPhl ABTOMODUJIEH, IPUE3KAIOIIUE ¢ IIEPBOr0 dTara. 1em
CaMbIM, U B CUJIy ONpPEJeJIeHUs MPABUJ IIPOE3Ja JJIsd COCTOSIHUMN, OJIyIUM
00y dJeHHbIT BTOPOil Tal. O
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3.3. Urpa c npou3BOJbHBIM YHCJIOM BBIXOJ0B

Haxkomnerr, paccMoTpuM BapuaHT UTPBI, KOTraa u > 2.

Teopema 5. Jlaam >n—u+1 u 4066x 1 uu cyuecmeyem OUHAMUYHA
CMpame2us uzpvl 6Cex ULPOKO8, NPUBOOAULAA K CKOAL Y200HO OAUMENDLHOU
docmaske a86momobusetl ¢ U CAYUGUHBLT 8T0008 HG U ONPEIENCHHBLT GbLT00E
cemu 6e3 3a6mopos U CMOAKHOGENHUL.

Jloxazamenvcmeo. OBOGIIUM CTpATErHio, pa3paboTaHHYIO JJIs IBYX BXOJIOB,
Ha obmmit cay4ait. [Ipumepsr: Puc. 19 (n = 6,m = 10, u = 3), Puc. 20
(n=8m=11,u=4).

Oran 1 Arar 2
Puc. 19
Aram 1 (1.1) drair 2
Puc. 20
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Ha mepBom srane Oyjem BecTu aBTOMOOW/Ib ¢ HUYKHEI'O BXOJA TaK 2Ke,
KakK U B IIPOLLIBIA pa3, IpUXKaB K HUXKHEH IpaHulle, HO He 10 M-I'0 CJIod, a
a0 n — u + 2-ro.

Bropoit causy BeseMm Tak ke, KaK BEJIU BEPXHUI B CAydae JIBYX BXOIOB,
- «IIPIKUMaeM» K HIDKHeMY Ha 2, 0o 1 sueiiky, U BeJleM HapaJijiebHo.

N tak majee, KaXXIbIifl CJIEIYIOMNI 110 MOPSIIKY ¢ HU3Y aBTOMOOUJIL Be-
JIEM, «IPUKHAMast» K HPeJbyineMy Ha 2, mubo 1 ddeiiky.

JlJ1st KOppEeKTHOro cOJIMKEHMsI B TAKOM CJIydae HaM IoHajoburcs (n —
u + 2) cyost. JaHHYI0 TpaHWIly yCTaHABINBAEM KakK HEOOXOINMOE KOJIHIe-
CTBO CJIOEB JIJIsT «IIPU2KATHUA» BCEX aBTOMOOWJIEN APYT K APYTYy CHU3Y TOJIS
(B CUTyaIlud, KOT/a CAMBIH JaJbHUIl aBTOMOOW/Ib 3ae32KaeT B M-l BXOI, a
PACCTOSTHUST MEXKIy KaXKJ0# 1apoil coceHUX aBTOMOOHUJIEH MOC/Ie «IIPUXKa-
THsl» paBHO 1, JajbHUIA aBTOMOOUIL HYKHO Oyjer jocraButh Ha (u — 1)-10
FOPU3OHTAJIBHYIO JIOPOTY, JIJIsI 9€ero Hy»KHO (n — u + 1) BepTUKaJIbHBII C/IBUT,
u 1 cjioif ocraBssieM Ha Bble3] Ha TOPU3OHTAJIBHYIO JIOPOTY B KOHIIE).

Umeem mq1 > n —u + 2.

Jastee, Ha mepBOil yacTu Jrama 2, KAK W B IPOILILIA pa3, OTIPaBIsSeM
ABTOMOOMJIN IPSIMO B CTOPOHY BBIXOZIOB, HAPAJJICTIBHO APYT JAPYTY, 10 (m —
2u + 3) cotost (cM. HEZKe).

[IycTs HOMEpA BBIXOJOB B MOPSIIKE BO3ZPACTAHUL: J1...Jy-

Ha Drane 2:

1. OTmpasisieM TepBbIf CHU3Y aBTOMOOW/Ib B HUXKHUN BBIXOM, CTPOTO IO
HUZKHEH I'paHUIl;

2. Bce ocranbHble BhexaBIliue aBTOMOOUIIN TTEPEBOJINM Ha, BEPTUKAJILHBIE
nmapaJiieJibHble JIOPOTH C HAaIpaBJeHUEM BBEpPX, COXPAHssT «OUepejl-
HOCTB», TO €CThb (U — )-if CHIU3y aBTOMOOWIIb IIOEJIET T10 i-if BEPTHKAIb-
HOIT topore Drana 2 BBEpX;

3. BareMm pa3zBOpadynBaeM JOPOTH Yepe3 FOPU30HTAJIbHBIE IIPOE3/Ibl BHU3,
obecrieunBasl IIPpU 3TOM COJIUKEHNE TPACKTOPUN KaKJIOH IMapbl COCEI-
HUAX aBTOMODOWIIEN JI0 pacCTOssHUSA 1 MeXK/ly HUMU;

4. 3areMm BejeM u — i-if aBTOMOOHJIb JIO i-TO CBEPXY BXO/a, U IO T'OPHU-
30HTAJIbLHBIM IIPOE31aM BBIBOJIUM Ha BBIXOI. 10 €CTb, ¢ OJIMKaiireir K
KOHITYy IIOJIsT BEPTHKAJbLHOW TOPOrM aBTOMOOW/IL HAIIPAaBJ/ISIEM Ha I0-
CJI€JHUI BBIXOJ[, CO BTOPO# C KOHIIA - Ha IIPEAIIOCIEIHUA, U T.I.

st Takoit cxeMbl Ha BTOPOM 3Talle HeOOXOIMMOE KOJUIECTBO CJIOEB:

mg > 2(u—1)—1=2u—3.
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y‘II/ITbIBaH, q4TO Ha 9TaH 1 IO-IIpe2KHEMY HeO6XO,ILI/IMO KOJINYECTBO CJIOEB
my>n—u+2,

[TOJTy9a€M UTOTOBYIO OIEHKY Ha JJINHY II0JIsI, HEOOXOINMYIO IS PEAJTH3AIIAN
OIICAHHON CXEMBI:

m=mi+me>n—u+2+2u—3=n+u-—1.

[Ipu Takoit cTpaTermm Tak »Ke IOJydYaeM BBIIOJHEHUE BCEX HEOOXOIUMBIX
YCJIOBHUI U pa3jieJIeHne TOTOKOB € Pa3HbIX BXOJ0B Ha PA3HBIE BBIXOJIHI. O

IToxkazkem Telnepb BOSMOXKHOCTb O6y‘IeHI/IH B JaHHOM CJIy4ae.

Teopema 6. Jlaam >=n+u— 1 cywecmsyem arzopumm 06ywenus cee-
mogopos (mo ecmov KoHPUYPaUUA a8MOMAMO8) € AOKAALHHIM NOAEM UOU-
mocmu, paduyca 2, npusodawutd K opzanusayul mpedyemots docmasKuy.

Hoxazameavemeso. Vcnob30BaTh MOAX0J, B TOYHOCTU AHAJOTUYHBIN CJIy-
YJal C 2 BbIXOJlaMM B KOHTEKCTE O6y‘{eHI/I5I TYT HE IOJIYyIUTCHA, TaK KaK OH
OCHOBaH Ha mepexonax {aj,as}, TJe OOHADYIKUBAECTCS, ¢ KAKOIO MOMEHTA
MOZKHO IIyCKATh aBTOMOOMJIM HANPSMYIO 4epe3 cJiou (TO eCTh Ijie 3aKaHJu-
BaeTCsl «COJIMMKEHNE» aBTOMOOUIIEH y HUYKHEH TPAHUIb). DT0 OOHAPYKEHUE
MPOUCXOUT TIPU TAPAJIIETLHOM <«JOCTATOYHO OJIM3KOM» MPOE3JE JIBYX aB-
TOMODMIIEN 110 HUXKHEH T'PAaHUIe U PSIOM C Heil, 9TO B Caydae IBYX BXOJOB
[IO3BOJISIET OIPEJIEIUTh TTOPOT CJI0EB «cONmKeHus». B ciaydae xe u > 2 BXO-
JIOB TaKOM MOPOT JOJI2KeH OBITh YCTAHOBJIEH B MOMEHT, KOI/Ia HA OTHOM CJIOe
[POE3KAI0T MaPaAJJIEJIbHO U aBTOMOOWJIEH, TPUYEM KaxKjias [apa COCEIHUX
HAXOJIUTCS «JIOCTATOYHO OJIN3KO» JAPYT K JApyTry. B obIeM cirydae Takyio cu-
TYAIUIO HE TIOJIyYaeTCsl OTJIOBUTH IIPU PAJIUYCe BUIUMOCTH cBeTodopa < n.

OnHaKo, €CIu UCKJIIOYATh U3 CTPATErdd 9acTh DTala 2, Tie aBTOMOOUIN
eJIyT MapajuIieJIbHO JIPYT JIPYTY, TO MOXKHO HE OTJIABJIUBATDH CJIOH, C KOTOPOTO
HAYUHAETCs OTIPABKA aBTOMOOUIIEH 110 IPsIMOii TIoc/Ie «COIMKEeHnsI« (TO €CTh
KoHer Dtama 1), a BMeCcTo 3T0ro 3aduKcupoBarh 2u — 3 CJI0s1 JJist drana 2,
a BCe, 9TO /IO HUX - OT/JaTh IIO/ IIOBEIAeHUE <<C6JII/I}KeHI/IH>> (TO €CTh IIO BCEM
ciosiMm 1 srara aBToMoOuIH Oy/IyT JBUTATHCS «3MENKO», KaK JBUTAJIUCDH [IPU
«COMKEHUN», IPOCTO TIOCTE COMMKEHNUS UX TPACTOPUHU OYIYT MapasebHbl
TPAETOPUU JIBUKEHUsI HI2KHETO aBTOMOOWIIS, OIIMCAHHON BBIIIIE B AJITOPUTME
nocraBru st u = 2). Ipumep: Puc. 21 (n = 6,m = 10,u = 3).

88



Orarm 1 Drar 2

Puc. 21

Hemocrarok maHHON cTpaTernu B TOM, 9TO CPEIHsIsT CKOPOCTD JIBUKEHUST
II0 CJIOAM MEHBIIEe, YeM B IPEJbLIYIIeil cTpaTeruu, B CUJLy OTCYTCTBUA TOIO,
9TO CJIOM, IT0 KOTOPBIM PAHBIITE MBI IIPOIYCKAJJIH aBTOMOOUIIN IPSIMO, TEIePh
MOSYUHSIIOTCS JIOTHKE «COJIMMKEHUsI», [OITOMY IPU UCIOJIL30BAHUN HBLIHEIII-
Hell cTpaTeruu aBTOMOOMIM OYIyT MOCTABIATHCS MeIJIEHHEE.

OsiHaKO, KEPTBYsi CKOPOCTBIO JIOCTABKH, MBI [OJIydaeM CTPATErHIO, JJIsi
KOTOPOI BOBMOXKHO obydenne. Kak pa3 ero m ocrajoch OIucaTh.

HauneMm ¢ ommcanms cOCTOSIHMII M CTPYKTYPbI aBTOMATOB JJIsl Pa3HbLIX
THUIIOB CBETO(MOPOB:

1. Ceerodopsl Ha ropu3oHTAIBHOI Tpanuie noss (tun HE):

o ] L

910 cocrostaue st H E-cBerodopos Ha Drame 1.

i€ {1{%& 3} | | |

D10 rpymia cocTosiuuii cBeTodopoB BTOPOro srara (IoCI0iHO).

2. Buyrpennne cserodopsr (tunt CORE):

W
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3/1ech UMEeTCsT B BHJLY, 9TO €CJIU Ha CBeTO(Op Mpre3KaeT aBTOMOOUIIb,
7 Ha COCeTHUil K HEMy CHU3y cBeToTOMOp, IubO Ha cocemHuii depe3 1
sTIefiKy, B TO Ke BpeMsl [apajijieJIbHO IPUE3XKaeT aBTOMOOWIIb, U €0
HalpasJigeT Jub0 BIPaBO, MO0 BHU3, TO U TEKYyIuil ¢cBeTOdOp MOCTY-
IaeT Tak »Ke, HaIlpaBJjisis BIPABO MJIM BHU3 COOTBETCTBEHHO. BO Bcex
OCTAJILHBIX CIYYasx €ero cpabaThIBAIOT MPABUJIA, OMMCAHHBIE HA HUK-
HUX PHUCYHKAX.

910 cocrostane CORE-cBerodopos Ha Irare 1.

(m;),
ie{l,..2u—3}

i

Dro rpynna cocrostuuii cBeTodopoB BTOPOro sraila ([OCI0iHO).
IlepBoe mpaBuIO 0O3HAYAET, YTO €CJAU CBETOMDODP HAXOIUTCSA DSIJIOM C
HIDKHEH TpaHuile, TO aBTOMOOUJIN CJIEBa OH HAIPAB/ISIET HA T'DAHUILY.
Ecnn Ha cBerodop npuexan aBTOMOOWIb, U NApPAJUIEILHO €My IIpUe-
XaJl aBTOMODOUIb Ha COCEIHU CBEPXY C¢BETOMOD, OO OTCTOSIIIH Ha 2
sTIefKM HABEPX, TO TEKYIINi CBeTO(OP HATPABJISET MAITHHKY TPSIMO.
Bo Bcex ocTasbHBL CIyvUasx OH MOJIB3YETCs TPABUIAME, N300ParKEHHbI-
MI HA HUXKHUX PUCYHKAX.

ze{l,...u—l}‘ ‘ ‘ ‘ ‘ ‘

Nmeem rpyniy COCTOHHHﬁ, OIIMCBbIBAaIOMMUX OAHO M TO 2KE€ IIOBCJACHUE,
1 UCIIOJIb3YIOIMUXCA JIJId pa3H0171 JJIMHBI TOPU3O0HTAJIbHBIX IIPOE3J0B K
BbIXOZaM IIOCJIE Pa3BOPOTa Ha BEPTHUKAJIN.

(), N
ie{l,.u—2} | || |
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JlanHas Tpynna COCTOSHUN, OMUCLIBAIONINX OHO W TO 2Ke IOBeIeHUs,
Hy2KHa JJIsl OPraHu3allii II0BOPOTOB IapaJljIeJIbHBIX TPACeKTOPUIl J1BU-
JKEHUsI aBTOMOOUJIeHl ¢ TOPU30HTAJBHOTO HA BEPTUKAJIBLHOE HAIPaBJIe-
HUE BHU3, TO €CTb IlepeJ] IIPOe3J0M K BBbIXOJaM.

e [
ie{l,..u—2} ‘ ‘ ‘ ‘ ‘ ‘

JlaHHas TPyIIIa COCTOSHUM, OMUCHIBAIOMIMX OIHO U TO YK€ IIOBEIeHUsI,
HY2KHa JJIsl OPraHu3aliuy II0BOPOTOB lIapaJljIe/IbHBIX TPACKTOPUN IBU-
JKEeHUsT aBTOMOOIJIEN ¢ BEPTUKAJILHOI'O HAIIPABJIEHUsI HA NOPU30HTAIb-
HOe, BJIEBO, BO BPEMsI Pa3BOPOTa C MOMAPHBIM «COJIMXKEHUEM» Ha, pac-
crostaue 1.

Yrsoeble cBerodops! npu rpanuie ¢ Beixogamu (tun ANG):

w1

Hauasbnoe cocrosiHne JJIdd HU2KHEr'o yIJlia.

@ 1 [

Haganpnoe cocrosiiue JJIsd BEPXHEro yriia.

(f1) ﬂ EL

COCTOHHI/IG, Korjga HU2KHU yroJ gBJjideTcd BbIXOIO0M.

G T

COCTOEIHI/IE, Kora BerHI/Iﬁ YTOJI AABJIAE€TCA BBIXOIOM.
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4. Crerodopbl Ha BepTHKAILHOI rpanuile ¢ Boixogamu (tun VOUT):

1o

N3nagarbHOE COCTOSTHIE pacCMaTpPUBAEMBIX CBETOMOPOB.

1

Cocrostanst ¢BeTOGOPOB MOJI, HUXKHUM BXOJIOM.

P
i€{0,..u}

['pynmna cocrostauit 15t 0003HAYMEHUST PASIUMIHBIX BBIXOIOB.

NEONS S IR

['pymma cocrosinmit ¢ moBeJeHUEM, AHAJOTUIHBIM [I€PBOMY, 0003HAYA~
IOII€ HEBBIXOJHBIE CBETO(OPHI, ¢ UHIEKCOM, COOTBETCTBYIOIIUM OJIH-
JKafiieMy CHU3Y BBIXOJTHOMY CBeTOdODYy.

5. Cerodopbl Ha BepTHKaJIbHON rpanuiie co Bxogamu (tun VEIN):

Hor

Crpykrypa aBromaToM (jist Becex TuoB Kpome V EIN | y KOTOPBIX BCETo
OJIHO COCTOSIHUE):

{ang:}
start - ANG1
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ang
start H@C} tanga} ANGf,

{vouty, i € {1..u}} | {vouty, i e {1..u}}

hi,i € {1,..2u —3
start H@ { { 1 HEm;
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{corey,,i e {1,..u—2}}

{core;,i € {1,..2u — 3}}
start - CORE1 COREm;

corep,i€1,..u—2
t t 3 {core,;,i € {1,..u—2}}

Ha pucynkax rpynnsl cocTosiHuii 00beIMHSAEM B OHO, OCTaBJIsis JIUIIHL 00IIee
o6ozuauenue (Hanp. VOUT f;), onqHako moapasymMeBaeM, 9TO K KayKJIOMY U3
COCTOSIHUII I'PYIIIBI HJIET 110 PEOPY.

HpI/ICTYHI/IlVI K OIIMCaHHUIO IIEPEXOI0B:
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. {hel}

(1) (2)
(1) — HE1,(2) — ANG =
h61 : (1) :HFE1 — HEm1
. {he@}
(1) (2)

e o

(1) — HEL,(2) — HEmy,i € {1,..2u— 2} =
heit1:(1): HE1 — HEm 4+

. {ang:}

L (1)

(1) = ANG1, (1) - 0ObsIBIIEH BBIXOIOM =
angy : (1) : ANG1 - ANGf,

. {angs}

D (1)

(1) = ANG2,(1) - 0ObsIBIIEH BBIXOJIOM =
angs : (1) : ANG2 — ANGf,

. {voutp}
()

(1) = VOUT1, (1) - 0bbsiBIIEH BBIXOJIOM =
vouty : (1) : VOUT1 — VOUT f

. {vouty}

(1)
L (2)
(1)-vouTi, (2) — ANG1 wm VOUT2 =

vouty : (1) : VOUT1 — VOUT?2
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. {vouty, }

[' (1)

(2)

(1) = VOoUTfy,(2) —VOUT2 umu ANG1 =

vouty, : (1) : VOUT fo — VOUT f,

- {vouty}

[' (1)
(2)

(1) -vouTi,(2) = VOUT f; wm VOUT f],i € {1, ..u} =
vouty : (1) : VOUT1 — VOUTf]

. {vouty, }

[' (1)
 (2)
(1) — VOUT fo, (2) — VOUTf; wmu VOUTfL i € {1, ..u — 1} =

vouty,. , : (1) : VOUT fo — VOUT fi11

. {core;}

(1) (2)

(1) = CORFE1,(2) = VOUT wm ANG =

corey : (1) : CORE1 — COREm;

(1) = CORE1,(2) — COREm;,i € {1,..2u — 4} =
coreir1: (1) : CORE1 — COREmM;4+1

. {corey, }
(1) (2)

(1) — COREm1, (2) — VOUTfii € {2, .u—1} =
coreg, . (1): COREm; — COREf,_;
(1) — COREmy, (2) — OOREfZ,Z € {2, U — 1} =
corey, , : (1) : COREm;, - CORE f;_1
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11. {core,,}

i

(1) =COREmy,(2) — ANG =
corep, : (1) : COREm; — CORE™
(1) — COREmy, (2) — CORErs,i € {1,..u— 3} =
corer,, : (1) : COREmy, — COREr;1
12. {core;, ,}

(1) (2)

(1) — COREmk, (2) — CORETry_9 =
corey, ,:(1): COREmy, — COREIl,_2

13. {core;, }

@

(1) — COREmy, (2) — COREL;,i € {2, ..u— 2} =
corey, , : (1) : COREmy, — COREl;_4

B wurore uepes max{2u — 2,n} maros urpsl BTOpoit cjoii Gyer obydeH,
a IepBblil - 00y4YeH U3HAYAILHO.
Teopema JiokazaHa. O

Chnucok jmreparyphbl

[1] 9.93. Tacanos, B.B. Kyapsisies, Teopus Tpanenus u noucka ur@opmayuy,
OU3MATJINT, M., 2002.

On the self-organizing system of the traffic lights that ensure
uninterrupted traffic
Muravev A.K.

The present paper considers the cooperative game about the
transport delivery on the rectangular grid. The concepts of congestion
and cars collision on it, as well as the automata as the agents in
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the traffic lights of the grid regulating movement of transport, are
introduced.

It’s proved that there exists a structure of the automata with local
area of visibility leading to the self-organization of the system of traffic
lights ensuring an arbitrarily long, correct transport delivery without
any congestions and cars collisions for any number of grid’s outputs.

Keywords: cooperative game, delivery, traffic organization, agent,
homogeneous structure, automaton.
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MuHnMu3anusa 4ncjaa COCTOSIHNIT HEYETKOTO
aBTOMAaTa C IIOMOIIbIO MHTEPBAJbHBIX
dopMaJIbLHBIX IIOHITHIIA

[Tankparbesa B.B.!

B macrosmeit craThbe paccMaTpPUBAETCs CBA3bL MEXKJIY 3aJIadeil Mu-
HAMW3aIUU 9UCJIa COCTOSTHAN HEIETKOTO aBTOMATA U IIPOOJIEMOIl Tomc-
K& MHTEPBAJbHBIX (DOPMAJIBHBIX MOHATANR C MAKCHUMAJIBbHBIM 00bEMOM.

Meron KiacTepu3alnuy, OCHOBAHHBIM Ha IIOMCKE WHTEPBAJIBHBIX
(dOpMaJIbHBIX HOHSITHIA, TO3BOJISIET O0bEINHATEL COCTOSTHUS HEYETKOIO
aBTOMaTa B IIOJIMHOXKECTBA CO CXOJIHBIMH CTPOKAMHU JOCTOBEPHOCTE
repexosia B Apyrue coctosinusi. 1Ipu 9ToM Mepa 6 1M30CTH CTPOK OIIpe-
JIeJIsieTcs 3apaHee 3aJaHHbIM apaMeTpoM o. B pabore mokazano, 4To
JI71s1 OIIPEIeJIEHHOTO BU/1a HEUETKUX MATPHI] IIePeX0/1a, HaunHasl ¢ HEKO-
TOPOT'O MOMEHTA ITOBEJIEHNE UCXOHOI'O HEYETKOIO aBTOMAaTa, KaK 1 I10-
BeJIeHre MUHIMU3UPOBAHHOIO aBTOMAaTa, crabuimsupyercs. Kpome To-
ro, JJ0OKa3aHO, YTO NP MUHUMHU3AIUN aBTOMaTa JOCTOBEPHOCTH CJIOBA,
pPAaCIIO3HABAEMOTO HEYETKNM aBTOMATOM, HE YMEHBIIAETCH. DTOT (DAKT
II03BOJISIET CPABHUTH HEUYETKUII S3BIK, PACIIO3HABAEMBII MCXO/THBIM aB-
TOMAaTOM, U SA3BIK, PACIO3HaBaE€Mblii MUHUMU3SUPOBAHHDIM.

KuarodeBble ciioBa: HEYETKHE aBTOMAThbl, MHTEPBaJbHBIE (DOp-
MaJIbHbIE TIOHATHUS, HEUETKUE ST3HIKH.

1. BBenenue

Haunnass co BTOpO#l MOJOBUHBI IPOIIJIOTO CTOJIETUsSI aKTUBHO HCCJIEIYIOT-
Csl pa3IUIHbIE MaTeMaTHIeCKIe MOJEN, B KOTOPBIX HEKOTOPhIE MapaMeTphl
ompeieIeHbl HeOTHO3HATHO I He OIpeeseHbl BoBce. [IpekpacHbiM HHCTPY-
MEHTOM JIJIT PaDOThI C TAKUMHU MOJIEJIAMU ABJIAeTCs co37aHHast B 1965 romay

! MTanxpamvesa Bepa Buxmoposha — acmupaHT Kad. MaTeMATHYECKOH TEOPUH MHTEJ-
JIEKTYaJIbHBIX cucTeM MeX.-MaT. ¢-ta MI'Y, e-mail: vera.pankratieva@gmail.com.

Pankratieva Vera Viktorovna — graduate student, Lomonosov Moscow State University,
Faculty of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual
Systems.
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Teopusi HeYETKUX MHOXKecTB [1]. Heuérkue MeTopl NpUMEHSIIOTCST B pa3/In-
HBIX HPUKJIIHBIX pasje/iaX MaTeMaTHUKH, B TOM YHUCIE B Teopuu rpados,
Teopuu (POPMAJIbHBIX IOHATHII, a TaKyKe B TEOPUM aBTOMATOB U B APYIUX
00J1aCTHX.

Koncrpyxkims HeUETKIX aBTOMATOB BIePBBIe osiBUIachk B 1969 romy B pa-
6ore 2] u siBisieTcst 0600IIEHIEM TIOHSITHST JIeTePMUHIPOBAHHOIO aBTOMATa, B
KOTOPOM (DYHKITHS MIEPEXOOB B JPYroe COCTOSTHUE HE SIBJISETCS OJHO3HAYTHO
OIIPEJIEJIEHHOI, & IIpe/ICTaBIIsIeT cOBOl HEKOTOPYIO OIEHKY (CTelleHb HEUETKO-
CTH) M3 YaCTHIHO-YIIOPSIIOYEeHHOTO MHOYKECTBa. Halie Bcero B KaueCcTBe 9TOro
MHOXKECTBa MCHOJIb3yeTcst oTpe3ok [0,1], B arom cirydae dyHKims nepexosa
npeJicTaBiasgeT coboit HEIETKYI0 MATPUILY, JIEMEHTAMHU KOTOPOl SIBJISIOTCS
YHCIIa U3 OTpe3Ka. Y00Hee BCEro MCIOIb30BATh HE BECh YHCJIOBOM OTPE3OK,
a 3HAYEHUS U3 HErO C HEKOTOPBIM 3aJIAHHBIM IIOCTOSIHHBIM IIIAroM, HAIIPUMED,
mar jgiauaoi 0.2 mopoXK/1aeT MmecTh 9uCcI0BbIX 3Hadennit: 0, 0.2, 0.4, 0.6, 0.8, 1.
JLnst pa3InYIHbIX CUMBOJIOB BXOJIa ABTOMATA TAKUe HEYETKIE MATPUIILI, BOOO-
Ile TOBOPsI, PA3JIMYHBI. B KadecTBe onepaluii yMHOXKEHUS U CIIOKEHUT HETET-
KAX MaTPHUI] UCIOJIB3YIOTCS CTAHIAPTHAS ONEparsd Mmin-max yMHOXKEHUS
U omeparus B3dTHS MaKCUMyMa COOTBeTCTBeHHO. Ecyim BxomHOoit asndaBut
IIPEJICTaBIISIET COOO OJIMH CUMBOJI, TO €0 IIOBTOPEHHE OTBEYAET BO3BE/IEHUIO
B CTEIEHb HEUYETKOW MaTPUIILI IIEPEXOI0B.

3agacTyio HeYETKUE MATPUIIBI UMEIOT OY€Hb DOJIBIINE Pa3MepPhl, YTO BbI-
3bIBAET HEYI0OCTBO IIpU PAbOTE C HUMHU, & TAKXKE IIPU UHTEPIIPETAIUN PE3YJTh-
TaToB paboThl Mozeu. OJHUM U3 peneHuil 5Toi MPoOJIEMBbI SIBJISIETCST MIUHY-
MUBAIST IUCJIa COCTOSTHUIM HEIETKOTO aBTOMAaTa. DTa MpobjieMa MOKET ObITh
pelieHa 3a CYET OObEeIUHEHUST B OJHO COCTOSIHHE HECKOJBKHUX <IIOXOXKHIX»
COCTOSHUI HEYETKOrOo aBTOMaTa. B HEYETKOI MaTpHUIle IIEPEXO0B pa3Mepa
N X N COCTOSTHUIO C HOMEPOM § COOTBETCTBYET CTPOKa CTEleHEeil HEIETKOCTH,
€ KOTOPBIMU 4-€ COCTOSTHHE TIEPEXOIUT BO BCE OCTAJILHBIE COCTOSTHUST ABTOMATA.
Takum obpaszoMm, ecin j1Ba UK O0Jlee COCTOSTHUIT aBTOMAaTa UMEIOT OJIMHAKOBBIE
WA CXOXKHMe CTPOKM CTeleHell HeYETKOCTH B MATPHIE, TO TAKHe COCTOSHUS
MOXKHO OOBEIMHUTHL B OHO COCTOSIHUE, TaK KaK OHU BeIyT cebs mpu pyHK-
[MOHMPOBAHUU ABTOMATA [TOXOKUM obpazoM. [lannas 3aa4a MOJTHOCTHIO CO-
OTBETCTBYET 3ajade HaXOXKJIEHNsI HHTEPBAJIbHBIX (DOPMAJILHBIX HOHATHIA.

Ananu3 GopMaIbHBIX MOHATHH — MaTeMaTUIecKasi TeOPHsl, OCHOBBI KO-
Topoit 6butn 3as1oxkeHbl B. Nantepom u P. Buiute B dynmamenTaninuoit padbo-
re [3]. Anasuz dbopMabHBIX HOHITHH YCIENIHO IPUMEHSIETCSI B PA3JINIHBIX
cucreMax kJjacrepusaiuu. [Ipu 3T0M YacTO BO3HUKAET HEOOXOJIUMOCTH pa-
60TBI ¢ DOJIBIIIMM MACCUBOM JIAHHBIX, KOTOPBII IPEJCTABIAET COOOM UnC/I0-
Boit KoHTeKCT (Taduuiy). CyriecTByer HeCKOIBKO 0600IeHnit anam3a hop-
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MaJIbHBIX [TOHATUN UMEHHO JIJIsi 9YUCJIOBBIX U HEUYETKUX KOHTEKCTOB. OMHO 13
000011eHmit — y30pHBIE CTPYKTYpHI, BBeneuubie C. Kysuenoseim u B. ['anTe-
poM [4], 4acTHBIM CJIy9YaeM KOTOPBIX SIBJISIIOTCsI (hOPMAJIbHBIE IOHSITHS C OIe-
panueil MHTEpBAJIBHOIO Iepecedenust (ciusiaus). MurepBasibible dhopmasib-
HbIE TIOHATHS YI00HO UCIIOJIB30BaTh IIPU PaboTe ¢ HEYETKUMHU KOHTEKCTaAMU
JUTST PENIeHus 3aJ1a9 KJIACTEPU3AINHI, TO €CTh Pa30UeHUsi MHOXKECTBA CTPOK
Ha TPYIIIBI, OIIpeiesisieMble TTOXOKIUMU PaCITPe I IEHNsIMI YUCIOBbIX TaHHBIX.

[Tpobiiema 110MCKa MHTEPBAJIBHOTO (POPMAJIBLHOIO HOHSATHSA, COIEPIKAIIETO
HanboJIbIee KomaecTBo crpok, NP-Tpysna [5], oxHako Ha npakTuke Jjisi €ro
HAXOXK/JICHUST MOXKET YCIIEITHO IPUMEHSIThCs TPUOJINKEHHBIN ajropur™ [6].

Martpurtia 1epexo/ioB HEIETKOTO aBTOMATa MOXKET UHTEPIPETHPOBATLCS
KaK HeYETKUIl KOHTEKCT, IIPU 3TOM 3a/1a4a YMEHbIIIEeHU YUCJIa COCTOAHUI aB-
TOMaTa COOTBETCTBYET 3a/laue KaacTepusanun. B pesynbprare KiiacTepusannm
I1oJIy4aeTcs HOBBI HEYETKUN aBTOMAT, COCTOAHUA KOTOPOI'0 COOTBETCTBYIOT
HallICHHBIM KJIaCTEpaM.

MHOXKeCTBO BCeX HHTEPBAJIBHBIX (DOPMAIBHBIX IIOHATHIT (HalIeHHBIX
KJIACTEPOB) 00pa3yeT IOJIHYI0 PEMIETKY, 9TO COIVIACYETCS C PE3yJIbTaTaMI
paborsl [7].

OpnHolt U3 HpaKTUYeCKN BaXKHBIX 339 B TEOPHU HEYETKHX aBTOMATOB
SABJISIETCS paclio3HaBaHue s3bIkoB. HeduéTkuit aBroMar MOXKHO paccMaTpu-
BaTb KaK YCTPOICTBO, PACIO3HAIOMIEE SI3BIK HAJ, BXOJHBIM aI(aBUTOM, LIPH
9TOM KazK/IOMY CJIOBY CTaBHUTCdA B COOTBETCTBHUE CTEIIEHL €I'0 IIPUHAIICZKHO-
CTH SI3BIKY.

Hacro paboTa ¢ JaHHBIME TPeOyeT IPUMEHEHNUsT TAKIX MOJIe/Ieil, KOTOpble
OBl [O3BOJISIIN BBIIEJIUTD HOIMHOMKECTBO CJIOB B sI3bIKe, 0OJIaJAIONINX BBICO-
KOif (He HIKe 3apaHee 3aJaHHOIO UHCJA) CTEIEHBIO JOCTOBepHOCTH. B TO
JKe BpeMsl CTelleHb JOCTOBEPHOCTH PACIO3HABAEMOIO aBTOMATOM CJIOBA MO-
JKeT U3MEHUTHCS DU MUHUMU3AIAN YUC/Ia COCTOSIHUN HCXOIHOIO aBTOMATA.
[TosToMy ecTecTBEHHBIM OOPA30M BO3HUKAET 3aja4a O CPABHEHUH SI3bIKOB,
PACIO3HABACMBIX JI0 U HOCJIE MIHIMHA3AINIL.

2. OcHOBHBIE IIOHATHUS U oripeaeJieHunAd

C jeTaJbHBIM BBEJICHHEM B TEOPUIO PEHIETOK W TEOPUIO TOPSIKOB MOMKHO
O3HAKOMUTBCS B pabore [8], a OCHOBHBIE OIpe/Ie/IeHNs], OTHOCSIIUECS] K TE€O-
pun popMaIbHBIX HOHITHH, cojepxKarcs B pabore [3].
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Onpenenenune 1. Bunapuoe orHorienne R Ha MHOXKecTBe M Ha3bIBaeTCs
OMHOWEHUEM YACTNUYHO20 NOPAJKE (AT TIPOCTO YACTNUYHbLM NOPAIKOM), €C-
JII OHO YJOBJIETBOPSIET CJIELYIONINM YCJIOBUSAM JJIS BCEX SJIEMEHTOB:

1) peduekcusrnocTs: TR;

2) aHTUCUMMETPUIHOCTE: ecyin xRy u x # y, To He BbIONHSAETCH Y RI;

3) rpausutusHOCTH: TRy u yRz = xRz.

st R MBI 9acTo mcnombsyem cumBosl < (a1t R~ cuvBon >) 1 mmmmenm
x <y,ecmx <yuxF#y. Kak oObraHO, MBI duTaeM & < Yy KaK «IT MEHbIIIe

W PpaBHO Y». dacmuuno ynopadouennoe muoocecmeo — 3t1o napa (M, <),
rime M — MHOXKeCTBO, a < — OTHOIIIEHHEe JaCTUIHOTO Topsijika Ha M.

Oupenesnienne 2. Beprhas (HustCHAA) NOAYPEWEMKG — 9TO YACTHIHO YIIO-
psiziouernoe MHOKecTBO (M, <) Takoe, 4TO Jjisl JIOObIX 9JIEMEHTOB X,y € M
CYIIECTBYET €/IMHCTBEHHAsI TOUHAST BEPXHsIs (HUXKHSISA) TPAHb.

Onpenenenune 3. [loaypewémounotl onepayueti Ha MHOXKecTBe M Ha3bIBa-
ercst Takast oreparust [1: M x M — M, aro njs Hekoroporo e € M u J00bIX
x,1Y, z € M BBIIOJHEHBI CJIEAYIOIINE CBOMCTBA:

e r Mz =2 (NIEMIOTEHTHOCTD);

e My =ylz (KOMMyTATHBHOCTD);

(xMy)Nz=2M(yMNz) (acconuaruBHOCTB);
e cllx=ce.

Ounpenesienne 4. Pewémxkot HA3BIBAETCS YHIOPsIOUeHHOEe MHOXKeCTBO (L, <),
KOTOPOE SIBJISIETCsI OJJTHOBPEMEHHO BepXHell M HUKHEl MOy pPelneTKOM.

Onpegnenenne 5. I[lycrs (P, <p) u (Q,<Q) — YaCTHYIHO yHOPsJOYEHHbIE
MHOXKecTBa. Coomsemcmeuem [aiya MeXKLy ITUMU MHOXKECTBAMU HA3bIBA-
eTcs mapa orobpaxkenuit ¢: P — Q u ¢: @ — P (Kax/0e u3 KOTOPBIX $IB-
ssiercst onepamopom Iaaya) Takux, 4To Jyisi JOOLIX p1,p2 € P u q1,q2 € Q
BBITIOJTHEHBI CJIEIYIONINE CBONCTBA:

e p1 <pp2 = ¢(p1)>¢g ¢(p2) (AHTUA30TOHHOCTH);
e 1 <0 @ = Y(q1)>p Y(q2) (AHTHH30TOHHOCTB);

e p<pY(p(p)) ngq<q ¢((q) (usoronnocrs).
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Oupepnesienne 6. /Ipoiinoe npumenenue oneparopa asya, a umenno ¥ (p(-))
u @(1p(-)) sBmsiercs onepamopom samwvikanus. Onepamop 3amvikanus (-)
na M — orobpazkenue, orHocsmee samvikanue X C M KaskI0My HOIMHO-
kKectBY X C M 1 y/iOBJIETBOPSIOIIEE CIIEYIOINIUM YCIOBUSM:

e X <Y = X <Y (MOHOTOHHOCTB);

e X < X (9KCTEHCHBHOCTB);

e X = X (MieMIOTEeHTHOCTD).

Cdopmysupyem olpejie/ieHre y30pHOil CTPYKTYPBI TakK, Kak OHO JAHO
B pabore [4].

Onpepenenne 7. Ysopuas cmpykmypa — 3ro tpoiika (G, (D,M),d), tiae
G — MHOXKeCTBO 00beKTOB, (D, M) — MmoJHasl MOJIyPEIETKa BCeBO3MOXKHbBIX
omucanuii, a 6: G — D — yHKIUsI, KOTOpasi COMOCTABJISIET KaXKJIOMY 00b-
eKTy U3 MHOKecTBa (G ero onmcanue u3 D.

CoorsercrBue lasya Mex/y IOAMHOYKECTBAMHU MHOYKECTBA OOBHEKTOB U
OIMCAHUSAMU JJIst y30pHOii cTpyKTypbl (G, (D, M), ) oupeeisiercs: cieiyto-
M 00pa30M:

AP = |_| i(9), rre ACG,
geA

d?:={9eG|dCd(g)}, rme deD.

Onpepenenne 8. Ysopnoe nonsmue ysopnot cmpyxmypu (G, (D,M),d) —
510 napa (A, d), B koropoit A C G — MOJAMHOXKECTBO MHOXKECTBA OOBEKTOB,
d € D — oaHO u3 onucanunii u3 nosypemérku, rakas, uro A9 = d u d° = A;

A HazBIBaeTCsI Y30PHbIM 005EMOM TIOHATHS, & d — €0 Y30PHBIM COOEPHCAHUEM.

YacTHBIM CIy9IaeM y30pPHOTO MOHITHUS ABJISIETCS HHTEPBaIbHOE (DOPMaIb-
HOe moHsATHE. B KadecrBe D GepyTcsi CTPOKH YHUCJIOBOTO KOHTEKCTa, W PaC-
CMaTPHUBAIOTCS KaK KOPTEXKU MHTEPBAJIOB HYJIEBOW JuHbI. VHTEpBaJbHOE
dbopmasbroe nousitue — 310 napa (A, d), rae A — IOIMHOXKECTBO MHOXKe-
cTBa 00HEKTOB, a d — KOPTEXK MHTEPBAJIOB, IPAHUIIBI KOTOPBIX OIPEIEISIIOTCS
HAMMEHBIITUM U HAHOOJBIITUM 3HAYEHUSIMUA COOTBETCTBYIONIENH KOMIIOHEHTHI
B OIMCAHUSX BCEX OOBEKTOB U3 A.

NurepBasibubie GopMasibHble TOHATHA YI0OHO HMPUMEHSTH Hpu pabore
C YUCJIOBLIMUA KOHTEKCTaMU, KOTJIa HEOOXOIUMO Pa3/IesIsTh BCe JAHHbIE Ha KJla-
CTEPBI, COJIEPKAIIIE O0BEKTHI C MOXOKUMHU <«PACIPEIEJIEHUSIMUIS TUCTOBBIX
JAHHBIX B CTPOKE.
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Eciin BBecTH napamerp o Jjisi NMIUPUHBI MHTEPBAJILHOIO TOHSITHUS (pa3HU-
Il MKy HANMEHBIIIUM U HAUOOJIBIIINM 3HAYEHUSIMU KaK [0/l KOMIIOHEHTHI ),
TO KJIACTEPOM MOKHO Oy/1eT Ha3BaTh MHTEPBAJILHOE ITOHSITHE C HANOOJIBIITAM
00bEMOM, Takoe, UTO IUPUHA MO KarKI0W KOMIIOHEHTE He IIPEBOCXOINT O .

Hasnee npuBesém ornpe/iesieHus, OTHOCSIIUECS] K TEOPUH HEYETKUX aBTO-
MAaTOB, KOTOpPBIE MOXKHO HaiiTi B paborax [1], [2] u [9].

Onpegesienne 9. Ilycrs S — Ipou3BoJIbHOE HEILYCTOE MHOYKECTBO 3JIEMEH-
T0B, |S| = k. Heuémxum nodmmoosrcecmseom mrodicecmea S Ha3bIBAETCS CO-

BOKYIHOCTH (1(S) = (u(s1), u(s2), ..., u(sk)), e u(s;) € [0,1], 1 <i < k.

To ecTb /7151 KAXKJI0TO 3JIEMEHTa MHOYKECTBA S YKA3bIBAETCs CTElEHb HEUET-
KOCTU WJIM JIOCTOBEPHOCTH, C KOTOPOU 3TOT JIEMEHT IPUHAJJIEIKAT MHOYKE-
ctBy S. Ha mpakTuke B KadecTBe CTEMCHEH HEUETKOCTH YI00HO NCITOIH30BATh
He TPOU3BOJIbHBIE TOUKHN orpe3ka [0, 1|, a Touku, 1mo/IyUeHHbIe P JeJICHUH
OTpe3Ka Ha paBHBbIE YacTH, HallpuMep, Npu Jejgerunn Ha 10 xoauwecmeo o
cmeneneti newémxrocmu oymer 11: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,
a IpH JieJIeHnU Ha b 3HaveHne « paBHO 6. OYeBUIHO, YTO MHOXKECTBO HEUET-
KUX IOJMHOYKECTB MHOXKECTBa, S 00pa3yeT MOJIHYIO PEIIeTKY.

Onpenenenne 10. Hewémxan mampuya — 9TO INCIOBasS MATPUIIA, DJIEMEH-
TBI KOTOPOIi puHa yieskar orpesky [0,1].

Onpenenenne 11. Heuémxum sasvikom L 6 aagasume A HasbiBaeTcst
[IPOM3BOJIBHOE HEUETKOE IIOJMHOXKECTBO MHOXKECTBa BCeX CJIOB A* B 3TOM
aadaBuTe

L: A* - [0,1].
Omnpegenenne 12. Heuémxuti xKoneunvltl UHUUUAALHOIL asmomam —
s10 vyerBépra F = (A,Q,p, Pr), tne A = {aj,a2,...,a,} — KOHEYHBIII
BxozHoit andasur, Q = {q1,92,...,qr} — KOHEUYHOE MHOXKECTBO COCTOSIHUIA,

v:QxAxQ —[0,1] — byukuus nepexosoB, P — BEKTOP-CTPOKa HAYAIb-
HOT'O COCTOsIHUS (HEYETKOE IIOJMHOXKECTBO ().

Bammch ¢ 1 Q X A X Q — [0, 1] uareprperupyercst caeayomumM o6pa3om:
HEYETKUIT aBTOMAT, HAXOAIINUICSI B COCTOSIHUU (1, IPU JEUCTBUU BXOJHOTO
CUMBOJIA @ TEPEXOUT B COCTOSIHUE @2 C HEKOTOPOI CTENeHbI HEYETKOCTU
u3 orpeska [0, 1]. D1y crenens HeuérkocTn ymob6HO 0003HAYATL KAK BEJIH-
YUHY fig(q1, q2). PYHKIUS ¢ TOPOXKIAET sl KAyKJIOTO BXOJHOIO CUMBOJIA G
neuérkyto mMarpuiy T'(a) pasmepa k x k, T'(a) = [pq(gi, qj)], tme 1 < i < k,
1<j<k acA

104



Onpenenenne 13. Asmorommvili asmomam — 5TO aBTOMAT, BXOJHOI aJl-
aBuT KOTOPOrO COCTOUT M3 OJHOIO cUMBOJIA, TO ecTb A = {a}.

st onpenesieHuss HEYETKOTO sI3bIKa, PACIO3HABAEMOI'O aBTOMATOM F|
HEOOXOTUMO yKa3aTh, KAKUM 00Pa30M BBIYHUC/ISIETCS CTEIEHb JIOCTOBEPHOCTHU
pacro3HaBaeMoro CJoOBa.

IIycTs w — cinoso u3 A* myumasl n. CJI0BO W MOXKHO 3alllCaTh KaK IIOCTIe-
JIOBATEILHOCTh BXOJAHBIX CUMBOJIOB WiWs . . . Wy, U3 ajdasura A. [Ipn nomade
Ha BXOJ[ OJIHOTO U3 CUMBOJIOB W; HEUETKHUIT aBTOMAT MEPEXOIUT U3 COCTOSTHUST
¢j B COCTOSIHHE (4] C HEKOTODOIl CTENEHbIO JOCTOBEPHOCTH [y, (5, ¢j+1) U3
orpeska [0,1]. Torma j-si «TpaeKTOpHUsI» MHOMKECTBa «TpaeKTOpHit» () aBro-
MaTa F' 1pu MpOYTEHUN CJIOBA W BBITVISIIUT CJIELYIOMINM 00pa30oM:

Qjo 7 Q5 AR ? Qjp_q ? Qi s

rje ¢j, — HadaJbHOE COCTOSHHE, & ¢4, — COCTOAHHE aBTOMaTa, B KOTOPOEe
OH IIOIIa/Ia€eT I10CJIe TPOYTEHNS CJI0OBA W IIPU IIPOXOXKIEHUN 110 j-i «TPaeKTO-
puny». [Ipu sTOM TOC/IEIOBATEIBHOCTh U3MEHEHUN CTEIIeHEeH TOCTOBEPHOCTH
1epexojia B CJIeJIyIoNee COCTOSTHUE BBIIVISJIUT KaK CJIEJYIONias IelodKa:

:U*(qj )_>NW1(qj07 qi1)_>uw2(qj17 qj2)_>‘ . '_>/"Lwn71(an727 an71)_>uwn(an71a an)a

rze f1(qj,) — JOCTOBEPHOCTH HAYAJIBHOIO COCTOSIHNUS j-if «TpaeKkTopum». s

Jj-#i «TpaeKTOpHI» MOXKHO BBecTH obosHadenne M/ (w)=_ min i, (g, ¢j,),
0<l<n—1

OIIpeJgeJidroInee MUHUMaJIbHOE 3HaYCHNEe JOCTOBEPHOCTH COCTOSIHIT HEUETKO-
o aBTOMAaTa IIpU IIPOYTEHUUN CJIOBa W.

Onpenenenue 14. Cmenensv 0docmosepHOCTIU PACTOZHABLEMO20 ABTNOMG-
mom F' ¢ nomowwro mrootcecmea Pr caosa w omnpeesisieTcs 1o (popMmyJie:

L(F)(w) = m?X(min(M(qJ'o)y p(q.), M7 (w))),

rge |w| = n, qj, — HaYaJIbHOE COCTOSHUE I j-U «TPaeKTopuu», [1(qj,) —
JIOCTOBEPHOCTH HAYAJIBHOIO COCTOSIHUSL, ¢j, — COCTOSIHHE, B KOTOPOM OKa-
2KETCsl HEUYETKUI aBTOMAT IIPU IPOXOXKJICHUU II0 j-f «TPAEKTOPUM» IIOCJIE
HPOYTeHHsT CI0Ba W, fi(gj,) — COOTBETCTBYIOIIMH COCTONHUIO ¢j, IJIEMEHT
HeIETKOro noaMuokectBa Pr=p(Q) muoxkecTBa cocrostuuii Q. Samernm,
9TO HAYAJIBHOE COCTOsTHNE Pr IpeicrapisgeT coboil He48TKYIO BEKTOP-CTPOKY,
a MHOYKeCTBO Pp MOXKHO MHTEPIPETHPOBATh KaK HEUYETKHI BEKTOP-CTOJIOE,
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Jpyrumu cioBaMu, Cpejiu BCeX IEernovYeK M3MEHEHUil COCTOSIHUil M J10-
CTOBEPHOCTEl HAXOJUTCs TaKasl «TPAEKTOPHUsI», YTO MUHHMMAJbHAs CTEleHb
HEYETKOCTH (JIOCTOBEPHOCTH ) TIEPEXOJIA U3 OJIHOIO COCTOSIHUSL B JPYToe MaK-
cUMaJIbHA CPeJI BCeX BO3MOXKHBIX «Tpaekropuii». Ouesnno, uro L(F)(w)
[IPUHUMAET €JUHCTBEHHHOE 3HAYEHMe, IIPH 3TOM <«TPAEKTODUil» U3 MHOXKe-
crBa Q, peanusytomux L(F)(w), MoxKeT ObITH MHOTO.

Takum obpazom, HedéTKuit aproMar F' ¢ HOMOIIBI0 MHOYKeCTBA (PUHABLHBIX
cocrosiHuit Pp onpe/ie/isieT cTeleHb JOCTOBEPHOCTH KazKIoro cjosa u3 A*.

Omnpegenenne 15. MHOKeCTBO paclio3HABAEMBbIX AaBTOMATOM F' ¢ TTOMOIITBIO
MHOKeCTBa P CJIOB ¢ COOTBETCTBYIOIINMHI UM CTEIIEHAMUI JOCTOBEPHOCTH Ha~
3BIBAETCS HEUEMKUM A3BIKOM, PACNOZHABAEMBIM asmomamom F ¢ nomouswvio
mnooicecmea Pp, n obosnavaercs L(F).

Unora rpebyercs HaiiTu 1OAMHOXKeCTBO ¢JI0B U3 L(F'), y KOTOPBIX CTe-
MeHb TPUHAIEZKHOCTH HE MEHBITIe KAKOTO-TO Hamepél 3aJaHHOTO THCaa [3.
Takoe MOJMHOKECTBO HEUETKOIO s3bIKa 0bo3Hadaercss LA (F).

3. MI/IHI/IMI/IBH.L{I/ISI YHICJIa COCTOHUI HEUYETKOI'O aBTOMATA

PaccmorpuM aBTOHOMHEBI HeIETK I MHUNHATLHBIT aBroMar F'=(A, Q, ¢, P),
rie A = {a}, Q@ = {q1,9,...,qx} — KOHEUHOE MHOMKECTBO COCTOSIHHUII,
©: QxAxXQ — [0,1] — bdyHKkuus nepexogoB, KOTOPasi olpe/ieseHa HedETKO
marpuneii nepexoyga T'(A) pasmepa k X k, P; — HadajbHOE pacipe/ie/ieHue
cocrosiHuit (11071 CJIOBOM “pactpe/iesieHre”’ Mbl HOIpa3yMeBaeM KOPTeXK J10-
CTOBEPHOCTEN 3JIEMEHTOB HEUYETKOI'O IIOAMHOXKECTBA, IIPU 3TOM, B OTJIAULE
OT TEOPETUKO-BEPOATHOCTHOI'O 3HAYCHUA ITOrO TE€pMUHaA, CyMMa JOCTOBEP-
HOCTEl 9JIEMEHTOB HEYETKOIO TOJMHOXKECTBA HE 00s13aTeIbHO paBHa 1).

Ha mepecevenun ¢-it cTpoKU u j-ro CTOJIONA HEYETKONW MATPHUIIBI IIepe-
X0Ja yKaszaHa CTeleHb JIOCTOBEPHOCTH, ¢ KOTOPOI COCTOSAHUE ¢; IIePEXOLUT
B cocrogHue ¢;. To ecTb a/1eMeHThl i-if CTPOKH IPEJICTaBIIAIOT cobolt cTere-
HU JIOCTOBEPHOCTH, C KOTOPLIMU COCTOSIHHE (; IIEPEXOIUT BO BCE COCTOSHUS
{¢1,92,..,qr} upu nocrymieHnn Ha BXOJ cuMBOJIa a. Ecin B HEUETKON MaT-
PUIIE €CTh CTPOKH C TAKKMM K€ WU B JOCTATOYHON Mepe ITOXOKUM PacIpeme-
JIEHUEM CTeIleHel JOCTOBEPHOCTH, TO MOYKHO BCE TAKHMe CTPOKU OObEIUHUTH B
OJIUH KJIACTEP, TO €CTh B OJHO HOBOE COCTOSIHHE ¢, JIJIst HOBOI'O HETETKOIO aB-
tomara F' = (A, Q’, ¢, P}). Mepa 1oxozkecTu ABYX CTPOK 1M U T OIIPEIe/IAeT-
CsI BLIOPAHHBIM ITAPaMEeTPOM O CTPOKHU ITOXOXKH, €CJTH JJIsT JII0DOTO CTOJI0A j,
1 < j <k, Bemonnsiercs HepaBeHCTBO |(ta(qm, ¢5)) — (ta(gn, qj))| < 0.
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Marpuily HeYETKOIO Iepexo/ia MOXKHO HHTEPIPETUPOBATL KaK HEUIETKUM
KOHTEKCT, COCTOSIHUsI KOTOPOro {qi,qa,...,qk} COOTBETCTBYIOT MHOXKECTBY
06bekTOB G y30pHOI CTPYKTYPHI [4], a cTpoku pacnpejiesieHnit, COOTBETCTBY-
FOIIIIE COCTOSIHUSIM — OIHUCAaHUsIMUA [ Jijist y30pHOU cTpyKTypbl. Onucanne
COCTOSTHUSA ¢; TIPEICTABJISET COOON KOPTEXK IJIUHBI kK WHTEPBAJIOB HYJIEBOI
AJIAHBL: {(Ma(q% QI))a (/J'a(q% QQ))7 SRR (Ma(% QZ))7 ceey (Ma(%‘, Qk))} Sro coot-
BeTCTBHE olpeeseT GyHKImio § : G — D, KoTopasi COIIOCTABJISIET KaXKIOMY
06bekTy U3 MHOXKecTBa (G ero omnucanue us D.

OnucanueM Jjist MOJMHOXKECTBA 00BEKTOB J SBJISETCS KOPTEXK JIUHDLL K
UHTEPBAJIOB BUJIA {%1}1 ta(qi, @), max ta(qi,q1)}, tne i — HOMepa O6BEKTOB

(cocrosiamit), Bxogsmux B nojMuoxectso J, 1 <[ < k. Coorercrsue lanya
MEKJLy IIOJIMHOXKECTBAMU MHOXKECTBA OOBEKTOB (COCTOSIHUIT) U MHOXKECTBOM
onucanuii (Koprexkeii HHTEpPBAJIOB) Jist y30pHOIT cTpykTypel (G, (D, M), 4)
OIPEJIEIIIETCA CIIELYIOIMUM 00Pa30M:

JU = |_| 4(g), roe J C G,
geJ
d:={9eG|dCd(g)}, rtmedeD.

Y30pHBIM [IOHSATHEM Y30PHON CTPYKTYPHI (B HAIIIEM YACTHOM CJIy4Yae WH-
TepBaJIbHBIM (DOPMAJIbHBIM TIOHSITHEM) HasbiBaeTcst napa (J,d) rakas, 4ro
J9 =dud” = J. 1 GopMynbl MOKHO HHTEPIPETHPOBATD B CJIELYIOIIEM
CMBICJIE: TIOJIMHOXKECTBY MHOXKECTBA 00BHEKTOB J (OHO HA3BIBACTCS Y30PHBIM
06béMOM) cooTBeTcTBYeT onucanue d (y30pHOe CojiepzKaHue), IPUIeM MOJI-
MHOXKECTBO J COCTOUT M3 MaKCHUMAJBLHOI'O YHUC/Ia O0BLEKTOB, Pa3esIsiioninX
9TO OIHUCAHUE, W ITO ONUCAHUE HEIb3d YTOUYHUTD.

Takum 06pa30M, MOUCK MOXOXKUX COCTOSTHUN HEUETKOTO aBTOMATa CBO-
JINTCsI K TOWCKY WHTEPBAJbHBIX (DOPMAJBHBIX MOHSTUNH C MAKCHMAJbHBIM
V30PHBIM 00BEMOM M C TAKUM Y30PHBIM COJEPKaHUEM, YTO JJIMHA UHTEP-
BaJla B KaXKJIOH KOMIIOHEHTE COJIEP?KAHUs He MPEBLIIAaeT 3Hadenus o. B ka-
YeCTBE IEPBOro KJAcTepa BhIOUPAETCs MHTEPBaIbHOE (POPMAJIBHOE TOHSITHE,
JIJIsT KOTOPOT'O BBIIIOJTHEHBI 3TU YCJIOBUS; MIOCJE BBIOOPA 0OBEKTHI Y1 ISIOTCS
U3 HEIETKOTO KOHTEKCTa U IIPOIeIypa IMOUCKA WHTEPBAJILHOTO (DOPMAILHO-
ro MOHSATHUS C MAKCHMAJILHBIM Y30PHBIM 00BHEMOM M Y30PHBIM COJIEPYKAHUEM
IMTUPUHBI He 60JIee 0 MOBTOPSIETCs JJIsi MEHBIIIEr0 HEUYETKOTO KOHTEKCTA.

[Tocie Bcex BOBMOXKHBIX HUTEPAIUil 9TOM MPOIEIyPbl MUCXOIHBIN HEUIET-
KWl KOHTEKCT OyIeT MPeaCcTaBIsaTh cob0il 00beInHenrne HellePeceKarommXCs
KJIACTEPOB, SIBJISIONUXCS WHTEPBAJbHBIME (hOpMaJIbHBIMEU OHATHUSMEU. Ha
sI3bIKE HEYETKUX aBTOMATOB 3TO O3HAYAET, IYTO MHOXKECTBO COCTOsiHUT () Oy-
JIeT TOJIeJIEHO Ha HEeIlepPEeCeKAIOINecs MOAMHOXKECTBA, COCTOSHUN HEUETKOrO
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aBTOMaTa:

Q:UQH leQ]:®7 ’L,]E{l,,k’},l#]

B KaxK/J0M TaKOM IIOJIMHOMKECTBE (J; COJIEPXKATCS COCTOSIHUS C IIOXOXKHMHE
PACIIPe/IeJIeHNSIMA CTEIIeHel JIOCTOBEPHOCTH 1, TAKUM 00pPAa30M, KazK10€e I10/I-
MHOKECTBO (); CTAHET COCTOSHHEM ¢, Il HOBOTO HEYETKOIO aBTOMATA
F' = (A,Q, ¢, P}). Buadenus HoBOW Heuérkoil Marpunpl nepexoma 17(A)
ONPEJIE/ISAIOTCST TaK, YTO HA II€PECEeYeHHN CTPOKHU ¢ U CTOJIONA j HAXOIUTCS
MaKCUMAJIbHAS CTENeHb JIOCTOBEPHOCTH:

1a(q, q5) = e ta(Gms Gn),

a 3HAUCHUs] HOBOTO BEKTOPA HAYAJIBHOIO COCTOSHUS P OLpeIesIsoTcs cooT-
wommenueM £i(q)) = max p(gm)-
Im€Q;

m 7

B kitaccuyeckoit Teoprn anasinza popMasIbHBIX HOHATH CYIIECTBYET MHOZKe-
CTBO AJICOPUTMOB JIJIsl TIOUCKA 3aMKHYTBIX 00bEKTOB, & TAKKe JJIsi II0CTPOe-
HUsl penéToK (popMasbHBIX MOHsSATH. CaMble pacipoCcTpaHEHHBIE AJITOPUTMbI
1 ux 0cobeHHOCTH onucanbl B crarbe |11]. st moucka 3aMKHYTBIX 00BEKTOB
B MHOT'O3HAYHDLIX M HEUYETKUX KOHTEKCTaX, & TAKXKE B Y30PHBIX CTPYKTYpPax,
CYIIECTBYET MHOXKECTBO MOJUMUKAIIN 3TUX U3BECTHBIX AJTOPUTMOB.

O1HaKO BBIYUCIUTEIbHAST CJIOYKHOCTH aJITOPUTMOB JJIsT [IOUCKa (DOpMAaJIb-
HBIX TIOHSITHI MOYXKeT ObITh SKCIIOHEHIIUAJIBHONW OT YUC/ia 00BEKTOB, ITO IO0-
KazaHo B pabore [3]|; Kpome Toro, pesyibraroM paboTsl 5| siBisiercs daxr,
YTO 3aJlava [MOMCKA WHTEPBAJIBLHOIO (hOPMAILHOTO HMOHATHS, COIEPIKAIIErO
MaKCUMaJibHOe KoJjn4decTBO 00bekToB, NP-tpyana. Ilosromy Ha mnpakTuke
JIUTs TIOUCKA, KJIACTEPOB HEYETKOI'O KOHTEKCTA YI0OHO UCIO/IH30BATh KA IHBIN
aJrOPUTM, MPUOJIMKEHHO PEeIAIoNuil JaHHYIO 3a/a4dy 3a JIMHEHHOe 10 KO-
JINYECTBY OOBEKTOB KOHTEKCTA U IOJIMHOMHUAJIBHOE [0 PA3MEPHOCTH BPEMSI.
[TpubukeHHBI aJTOPUTM U OIEHKU BBIYUCIUTEIBHON CJI0XKHOCTH MOIPOO-
HO onmucanbl B pabore [6]. KoppekTHOCTH paboThl ajropurMa Kiacrepusanum
OblL1a IPOTECTUPOBAaHA Ha NAHHBIX [12], 1 pesysnbrar paboThl HPUGINKEHHOTIO
aJIrOPUTMa COBIAJ C PEAJTHHBIMU JTAHHBIMA.

B ciyaae HeuéTkOro aBTOMaTa ¢ IPOU3BOJIBHBIM KOHEYHBIM BXOHBIM AJI-
dasurom A = {ai,a2,...,05-1,05} KaKJIOMY BXOJHOMY CHMBOJIY @; COOT-
BETCTBYeT CBOsi HeuéTKasi Marpura nepexona 1'(a;). Jns Toro, 4Tober nBa
COCTOSIHUS Gy, U @y, HEIETKOI'O aBTOMATA IONAJU B OJUH KJIACTED, HEOOXOTH-
MO, 9TOOBI Pa3HOCTL JIOCTOBEPHOCTEH B M-if U N-fl CTPOKaxX He IPEBLIIIAIa
3HAYEHUS O |la(qm, @) — ta(@n,q5)] < 0, 1 < j < k, u 570 JOJIKHO OBITH
BBIITOJIHEHO JJIsT Kazk10i1 HeuéTkoil Mmarpuis 1'(a;). Kak u B cirygae aBToHOM-
HOT'O aBTOMATA, HEUETKHE MATPHUILI [IEPEXO/IOB MOXKHO PACCMATPUBATHL KakK
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HEeYETKHE KOHTEKCTDI. EC/IM U3 Bcex MaTpull, COCTABUTH €IMHYIO IPSIMOYTOJIb-
Hyto Marpuily pasmepa k x (k *s), (k crpok u k * s cToa6IIOB), TO CTPOKH
JUTHON Kk % § MOXKHO paccMaTpHBaTh KaK ONMCAHUSA Y30PHOH CTPYKTYPBHI,
B KOTOPOii cocrositust {q1,qa, . ..,qk} COOTBETCTBYIOT MHOYKECTBY OO'bEKTOB.
B a70it y30pHOIT CTPYKTYpE MOXKHO HAfTH HHTEpPBaIbHbBIE (DOPMAJIbHbBIE TTOHSI-
THSI C MAKCUMAJILHBIM y30PHBIM O0BbEMOM U IMIUPUHON He OoJiee ¢. Y30PHbIl
00bEM HaliIEHHBIX MHTEPBAIBHBIX (hOPMAIbHBIX TOHATHUIT OYI€T ONPEEIATh
KJIACTEPBI, TO €CTh IPYIIILI COCTOSTHUI € TIOXOXKUMU PACIPEIETICHUAMUI JI0CTO-
BEPHOCTH B CTPOKAX JJIMHON Kk * S, W, CJIEJIOBATENILHO, ¢ OXOXKUMH PacIpe-
JIeJICHUSIME B KasKJI0i HedéTKol Mmarpure nepexonos 1'(a;). Bee cocrosimst
HAIEHHOTO KJ1acTepa OObeUHSIOTCA B OJIHO COCTOSTHHUE, UTO MO3BOJISAET MHU-
HUMU3MPOBATh HEYETKUIT aBTOMAT.

4. HOBeﬂeHI/Ie HEYETKOIro aBTOMAaTa InIpu MMWHUMHN3A-
oM dmcJjia COCTOSTHMIA

HpI/I yl\IeHbH_IeHI/H/I YUCJIia COCTOSIHUN HeqéTKOFO aBTOMaTa BazKHO, LITO6I)I I10-
BEJICHIE MUHUMU3MPOBAHHOIO HEYETKOTO aBTOMATa COOTBETCTBOBAJIO ITOBE-
JICHUIO MCXOJHOTO. PaccMoTpum ciydail, B KOTOPOM Yy HEYETKOW MATPUITHI
[IEPEXOJI0B ABTOHOMHOTO aBTOMATa TJIaBHAA JUATOHAJL COCTOUT TOJBLKO W3
equuui. O4YeBHUIHO, YTO €CJIM TaKas MATPUIIA, JOIYCKACT BO3MOXKHOCTDL KJIa-
CTEPU3aIM, TO Y MATPHUIBI ¢ YMEHBIIEHHBIM YUCIOM COCTOAHUI TJIaBHAs
JIMAroHa/Ib TaKzKe OyIeT coIepxKaTh MaKCAMAJIbHBIC 3HAYCHUS.

Barmmepr X > Y o3Hadaer, 4To Xjj > Y JJIS BCeX map MHIEKCOB (1, ).
Hanmomuum, 4To nog, onepanueil yMHOXKEHUS HEYETKUX MATPHL, IOHIMACTCS
min-max ymHo)«KeHne, a uvmenno X - Y = 7, z;; = max min{, yi;}-

Jlemma 1. Feau y mampuuyv, X wa 24a6H0T 0ua20HAAU PACTIOAOHCEHDL e0U-
Huyvl, mo X Y >Y uY - X >Y daa awboti neuémxoti mampuuwv, Y .

Aowasamenvcmso. Ilycrs Z = X-Y. Ilo onpenenenuo, z;; :ml?x min{z;, ykj}.
IIpu k = i BBIIOIHAETCS PABEHCTBO T4Yi; =min{xy, vi; } =min{1, yi; } =vij,
OTKYJA Zjj = ml?x min{ i, yr; } > min{xi, yi; b = vij.

Hepagsenctso Y - X > Y noxasbiBaeTcs aHAJIOTATHO. O

Jlemma 2. Jlaa 406020 s > 1 umerom mecmo COOMHOWEHUA

X5t > X8, X®> X, (1)
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2de X — meuémras mampuuya ¢ eQunuHol 2nasroti duazonaivto. Ilockorvky
anemermovt Mampuy, X ° npurHadieHncam KOHeUHOMY HAOOPY 3HA%EHUL, COOM-
nowenusn (1) eapanmupyrom, wmo, navunas ¢ nexkomopozo n € N cmenenu
mampuyv, X cmabuausupyromesn: X" = X" = .

N3 sToro yreepxkieHus ¢ y4éToMm TOro ¢akra, 4To IHOC]He KJIaCTepu3a-
MY MATPUIIBI C €JIMHUYHON IVIABHOM JTUArOHAJIBIO MATPUIA C YMEHBITIEHHBIM
YHCJIOM COCTOAHMII TaK2Ke UMeeT eJUHUYHYIO IVIAaBHYIO JIMaroHaJjlb, BbITEKAeT
BaxkKHasl TeopeMa:

Teopema 1. Haunnas ¢ mekoroporo momepa m € N crenenu marpunnl C
C YMEHBIIEHHBIM YHC/IOM COCTOSHHUI Tak:Ke CTabHIN3UPYIOTCHA, TO €CTh BbI-
nosHsieTcst cooTHotmenne C™ = C™T1

DTO 03HAYAET, YTO MOBEJCHIE ABTOHOMHOI'O HEYETKOI'O ABTOMATA C YMEHb-
IIEHHBIM YHMCJIOM COCTOSTHUM COBIAJAET C MOBEIEHUEM MCXOTHOTO aBTOMAaTaA.

Hastee copmyaupyeM TeopeMy, OTHOCSIILYIOCS K IPOU3BOJILHOMY HEYET-
KOMY aBTOMATY:

Teopema 2. Ecin mjist siroboro cumBosia a € A MaTpuiia HEYETKOIO IIEPEXO-
na T'(a) uMeeT eIMHUIHYIO JUATOHAJb, TO s JIIOOOI GeCKOHEUHOM 1oc)Ie-
JIOBATEIBHOCTH P = p1p2. .. pyPm+1 - - - CHMBOJIOB U3 ajicdasuta A Haltméres
qncyio m € N, HaumHas ¢ KOTOPOro IOBeJeHne HEeIETKOTO aBTOMAaTa CTabu-
musupyercs, T.e. Ryt1 = Ry, tie Rip1 = R - T(pit1), i > 1, Ry = T(p1).

Joxasamenavcmeo. Tak Kak st TI0O0TO CUMBOJIA p; € A HEUETKasT MATPHUIA
nepexona T'(p;) umeer equnuuHyto jguaroHanb u Ri11 = R; - T(pj+1), TO
B cuity jiemMbl 1 Bepuo R;1 > R;. Takum ob6paszom, 1oc/ie10BaTeIbHOCTD R;
VBEJIMIUBAETCSI U B CUJIy KOHEUYHOCTU HAOOpa 3HAUEHUN HEUETKON MaTPHUIIbI
Haiimercst Homep m € N, Takoil, 9TO HaUMHAS C 1M BBHITOJHSIETCST PABEHCTBO

Ris1 = Rom. O

5. Pacno3naBaHme HEYETKOro A3bIKA P MUHUMMU3a-
U1 YHUCJIa COCTOAHUI HEYETKOro aBToOMAaTa

Heuérknit aBromar F' = (A, Q, ¢, Pr) ¢ HOMOIILI0 MHOXKECTBA Pr paco3Haér
HeIOTKHUN s3bIK L(F') m Jyist KaxKJI0oro pacrosHaBaeMoro ciosa w € L(F)
onpenenena jgocropepocts L(F)(w) = max(min(u(gj,), 1(gj,), M7 (w))).
Hocrosepuocts L(F')(w) cinosa w B HOBOMJaBTOMaTe F' = (A,Q, ¢, Pp),
IIOJIyY€HHOM [PY MUHUMU3AIUK YHUCJIa COCTOSHUN aBToMaTa F' ¢ mOMOIIbIo
MHTEPBAJIbHBIX (bOPMAJIbHBIX TOHATHIL, cBa3aHa ¢ L(F)w) ciepyronmm o6pasom:
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Teopema 3. Jlocmoseprocms L(F)(w) caosa w € L(F) ne ymenvuwaemes
NPU MUHUMUBAUUYL YUCAG COCTOANUT HeuémKozo asmomama F .

Jlokazamenavcmeo. Paccmorpum npousBosibHOE Herrycroe cioBo w € L(F),
W = WiWwy ...w, U JOCTOBEPHOCTD cjioBa w pasHa L(F)(w).

[Ipu npouyTeHUr aBTOMATOM CJIOBA W = WiW? . . . Wy 00pa3yercs j-s Tpa-
€KTOpHUs, KOTOPAasi OIUCHIBAETCs IEIIOYKON N3MEeHEeHHU JJOCTOBEePHOCTEN U 1ie-
IIOYKOM U3MEHEHUN COCTOSHUA:

Qjo ” Q5 AR ” Qjp_q ? Qs

e ¢j, — HadaJbHOe COCTOSHUE I TPACKTOPUH j, a (j, — COCTOSHIE aBTO-
MaTa, B KOTOPOE OH IOIMAJAeT TOCe MPOITEHHUsSI CJI0Ba W, MPOXO/sl M0 TPa-
ekropun j € ).

Bribepem J1Ba IPOU3BOJIBHBLIX COCEJHUX COCTOSIHMS j, M (j,,, Ha 3TOM
TpaeKTopuu. 10, ITO COCTOSTHUST SIBJSIIOTCS COCETHUMU, O3HAYAET, 9TO TIPU
IIPOYTEHUN CHMBOJIA Wit 1 aBTOMAT F' IEePeXo/UT U3 COCTOSHHSA ¢j; B COCTOM-
HUE (j,,, C JOCTOBEPHOCTDIO fu; 1 (Qj;s Uiy )-

[Tpu kracrepusanum MHOXKeCTBa cocrostuuii aBromara F' = (A, Q, ¢, Pr)
MBI [OJIy4uM HOBbI asromar F' = (A, Q', ¢', P]). Muoxecrso cocrosuii Q
SIBJIIETCs OObeMHEHNEeM HelepeceKarommuxest nojaMuoxkects: Q@ = (J Q.

(2

Kaz/10e u3 noAMHOXKECTB (Q; OlLpeJiesisieT COCTOsIHNE ¢, B HOBOM HEYETKOM
apromare F’.

Kak ykazano B paszeie 3, BEKTOP HAYAJIBLHOI'O COCTOSHUS P} B HOBOM
HEYETKOM aBTOMATEe BLIOMpaeTcss TakK, YTOOBI JIOCTOBEPHOCTH u(q}o) ObLIa
MaKCUMAaJIbHOI Cpeu BCeX JIOCTOBEPHOCTEN COCTOSIHUI, OIMABIIUX B OJUH
KJIACTEP; TAKUM 2Ke 00pa30M BBIONPAIOTCS 3HAYUEHUST HOBOTO ITPUHUMAIOIIErO
MHOKecTBa P, (HEYETKOrO BEKTOP-CTOIIONA).

st cocemnux Ha j-# TPaeKTOPUU COCTOSHUI ¢, 1 41 CYLIECTBYIOT J(Ba
BApUAHTA: WM OHHU IONAJIM TI0C/Ie KJIACTEpU3aluu B OJUH Kjacrep (HOBoe
cocrosinne ¢y aBromMara F'), min B pasHble KIacTepbl (pasHble COCTOSHU (),
u qé) B niepBom cirydae, Kak yka3aHO B pasjiesie 3, B KAUeCTBe JTUATOHAJIb-
HOTO 3JIEMEHTa HOBOH HEUETKOi Marpuibl mnepexonos 1" (w;1) BbIOHpaeTcs
3HaYEHNE

Hewiyq (qu qg\) - qmr,fllfé(QA Hewipq (Qm7 Qn)'

TO €CTh MaKCHUMaJIbHas CPEeJIU BCEX JIOCTOBEPHOCTEN I1epexojia U3 COCTOAHUSA
Gm B Qn, UCXOIHOMN HEIETKON MATPUIBI IePeX0I0B T (wjt1), TJI€ ¢, U ¢y, TONIATH
B ofuH Kiacrep Q) = ¢). OdeBnano, 4ro 1yt gj;, u g, +1 BEpHO HEPaBEHCTBO

Hew;q (jS7 qji+1) < " ma‘é(Q/\ e, 1 (va qﬂ)‘

myqn
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AHAJIOTHYHO, €C/IM COCTOSIHUSA (j;, U (j,,, UONAJM B Pa3HbIE KIACTEDHI ¢,
u qé COOTBETCTBEHHO, JOCTOBEPHOCTH IEPeXoJla U3 COCTOSAHUS (j, B COCTOs-
HUE @j,,, TIPU IPOYTEHUN CUMBOJIA Wjt] PaBHA

Huwipq (jS’ jS+1) < QmGény%}fLGQg Heo;yq (Gm>n),

_ !

rae Q= q, u Q¢ = qe-
CorjiacHO OIPEJIE/IEHNIO, JOCTOBEPHOCTD CJIOBA, W, OIpeJesisieMast Hedér-
KIM aBToMaToM F ¢ MOMOIIBIO IPHHIMAIOIIEr0 MHOXKECTBa P, BLIMHCIISET-

cst o dopmyme: L(F')(w) = m?x(min(y(qéo),u(qén), M'I(w))), rae

MY(w) = | min | po (655, )
Ouesnamo, aro M (w) > M7 (w). Orciofa, ¢ yIéToM HEPABEHCTB 1(q5,) > 1(gso)
n 1u(q},) > p(qz,), Ans j-it TpaexTopum myeen:

min(u(qj,), u(qj, ), M7 (w)) > min(u(gjy), u(gj, ), M7 (w)).

Torma, ncnomb3yst onpeiesieHne JOCTOBEPHOCTH, IOy IaeM NCKOMOe HepaBeH-
CTBO:

L(F")(w) > L(F)(w). O
13 TeopeMbl BBITEKAET yTBEP/KICHIE O pasMepe Mobasbika LA (F):

Vreepxkaenne. Iycrs LP (F') — s13bIK, pacro3HaBaeMblii apromarom F' ¢ 11o-
MOIITBI0 MHOZKECTBA Pp W COMEPZKAIIII CI0OBA C TOCTOBEPHOCTHIO HE MeHee [3,
LP(F') — a3bIK, pacio3HaBaeMblil MEHIMI3UPOBAHHBIM aBTOMATOM F' ¢ IO
MOIIBIO MHOXKECTBa P, 1 coJlep2Kalluii CI0Ba ¢ JOCTOBEPHOCTLIO He MeHee [3.
Torma ays mo6oro [ seprno LA (F) C LA(F).

6. 3akJ/Iro4YeHue

B nacrosimeit pabore paccMaTpuBaeTC CBA3b MEXKLY 3aJatuell MUHUMU3AIIAN
KOJIMIECTBA COCTOSIHWI HEYETKOrO aBTOMAaTa M IIPOOJIEeMOIl ITOHMCKa HHTEp-
BaJIbHBIX (POPMAJILHBIX TOHATUN ¢ MaKCUMAJIbHBIM 00bEMOM. [l ncxomuoro
apromara ' = (A, Q, ¢, Pr) uist KayK 1010 BXOJAHOTO CUMBOJIa 13 ajdasura A
onpejiesieHa Marpuria Heuérkoro nepexoga 1'(A). st KaxKI0ro cocTostHUsT
u3 () cTpoKa B HEYETKOH MaTpHIlEe IOKA3bIBAET pACIpEe/eHNe TOCTOBEp-
HOCTEl, ¢ KOTOPBIME aBTOMAT IIEPEXOUT BO BCE COCTOSIHUST {q1, G2, - - -, Q) }-
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Ecin 06 beIMHATH COCTOSTHUST, IMEIOIIME [TOX0XKKE CTPOKH PacCIpe/Ie/IeHHil, TO
MOXKHO IOJIy9IUTh HOBBIH aBTOMAT F' " ¢ YUC/IOM COCTOSTHHI, MEHBIINM, YeM
YHCJIO COCTOSHUM MCXOJHOTO aBToMaTa. MaTpuily HeYETKOTO ITepexoia MOXK-
HO paccMaTpuBaTh KaK HEUYETKUN KOHTEKCT M IMPUMEHSTh METObl TEOpUU
dopMasIbHBIX TOHATHH. KOHTEKCT mpeacTaBiisieT coOOi y30pHYIO CTPYKTY-
Py, B KOTOPOI 00beKTaM COOTBETCTBYIOT COCTOSTHUSI, & CJIOXKHOMY OITMCAHUIO
00BEKTOB — CTPOKHU PACIpPE/Ie/IEHHsT JTOCTOBEPHOCTEH B HEUETKONW MATPHIIE.
HaxoxkieHre cTpoK KOHTEKCTa C IMOXOXKUMU ONUCAHUSIMHE SIBJISIETCS 3ajiadei
ITOMCKA, MHTEPBAJIBLHBIX (DOPMAJILHBIX MOHATHH ¢ MAKCUMAJIBHBIM 00HEMOM 1
COJIepKaHueM, IMIMPUHA KOTOPOI'O 110 KarKJIO KOMIIOHEHTE OI'paHUYe€Ha 3Ha-
qeHneM ¢. CyIecTBYIOT pa3jndHble aJrOPUTMBI IIONCKA UHTEPBAJbHBIX I10-
HATHU, a 7J1s1 OOJIBIINX Pa3MePHOCTEHl HEYETKOro KOHTEKCTa, MOYKHO HMCIIOJIb-
30BaTh MPUOIMKEHHBIM aJITOPUTM.

XopoIuM KPUTEPHEM TOT'0, UTO IOJyJaeMbIii B pe3yJbTaTe KJacTepu-
3aIliu aBTOMAT HAaCJeIyeT CBOMCTBA MCXOMHOIO aBTOMATa, ABJISETCA CXOXKee
TIOBEJIEHEe WX MAaTPUIl HEUETKOTO Iepexoa MPU BO3BEJEHNUN B IOCJIET0BA-
TeJIbHBbIE CTEIleHN. B cTaThe MOKa3aHO, YTO JJIA CIydasi HEIETKUX MATPHIL C
eIUHUIIAaMU Ha IVIABHOI JMaroHaJ/IM KaK MCXOJIHasl, TaK W KJIAaCTepPU30BaHHAS
MaTPHUIA ABTOHOMHOI'O aBToMaTa 00JIaIal0T CXOXKUM CBONCTBOM: IIOCJIEI0BA~
TEJILHOCTD UX CTeIeHel siBJIseTCss MOHOTOHHO HEeyOBbIBaIOIell 1 CTabuIn3upy-
eTcsl Ha HEKOTOPOM KOHEYHOM Iare. Ecim BxomHoit ajadaBuT coaepKuT boJiee
OHOTO CUMBOJIA U JIJI KaXKJIOT'0 M3 HUX MATPUIIA HEIETKOrO Iepexoa obia-
JaeT TaKUM 2Ke CBOICTBOM Ha JAUArOHAaJIM, TO Pe3yJbTaTl HOCJeI0BATEIbHOIO
YMHOYXKEHUST PA3JIUIHBIX MATPHUI] [I€PEX0/Ia CTaOMIN3UPYETCS HA HEKOTOPOM
KOHEYHOM IIIare; 3TO TaKzKe BEPHO JJIsd MATPHUIL C YMEHbIIEHHBIM YUCJIOM CO-
CTOSTHUIA.

[Tpobiema yMeHBIIEHNST NC/Ia COCTOSHUN HEYETKOTO aBTOMATa MTOPOXK-
JlaeT CJIEYIONIYI0 MHTEPECHYIO 3aa4dy: KaKuM 00pa3oM U3MEHSIeTCs PacIio-
3HaBaeMblii HEUETKUM aBTOMATOM HEe4ETKUii s3blk? B pabore joka3aHo, 4To
JIOCTOBEPHOCTD JIIOOOr0 CJIOBA UCXOJHOIO HEYETKOrO A3bIKa HE YMEHbBIIACTCS
[PU KJIACTEPUBAIUN YUCIIa COCTOSHUN HEYETKOrO aBToMara. JToT PaKT 1103-
BOJIIET 3aMETUTh, YTO HEYETKHUHN A3BIK, Y KOTOPOI'0 KaXKJ0€e CJIOBO 00J1a1aeT
JIOCTOBEPHOCTBIO HE MEHBIIE 3aIaHHOTO IIapaMerpa (3 UCXOIHOIO HEeYETKO-
ro aBTOMAaTa, ABJIAETCH IIOAMHOXKECTBOM A3bIK& C JIOCTOBEPHOCTBIO CJIOB HE
MeHbIIe 3 KJIaCTePU30BAHHOIO HEYETKOIO aBTOMATA.

JlabHelime ncce1oBanns Oy/IyT HalPaBJICHBI HA aHAJIN3 CBOMCTB HEIET-
KX MAaTpPHUI], KOTOPbIE ITO3BOJISIOT OIEHUTh, HACKOJBKO U KAaKHUM O0pa3oM
M3MEHAETCS HEUIETKNUHN SI3BIK ITPU MUHUMU3AIIAN UHUC/IAa COCTOTHUIT HEIETKOTO
aBTOMATa C IIOMOIILIO NHTEPBAJIbHBIX (POPMaIbHBIX ITOHSITHIA.
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Minimization of the Number of States of a Fuzzy Automaton

Using Interval Pattern Concepts
Pankratieva V.V.

Relationship between the problem of minimization of the number of
states of fuzzy automata and the problem of mining of interval pattern
concepts with maximum extent is considered.

The clustering method based on interval pattern concept mining
combines states of a fuzzy automaton into subsets with similar
patterns of confidence of transition into other states, where patterns
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are considered close to each other if the distance between them is
bounded by a predetermined parameter o. It is shown that for a
certain type of fuzzy transition matrices the behavior of the original
fuzzy automaton, as well as the behavior of the minimized one,
eventually stabilizes. Moreover, it is proved that the membership value
of each word recognized by the fuzzy automaton does not decrease
after minimization. This fact allows comparing the fuzzy language
recognized by the original automaton and the language recognized by
the minimized automaton.

Keywords: fuzzy automata, interval pattern concepts, fuzzy
languages.
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Yactp 3.
MaTreMmaTn4ieckue MOJJIeINn






Kierouynble aBTOMATHI C JIOKaTOpaMu

Tacanos D.9.1

B pabote BBOIUTCS HOBBII MaTEMATUIECKHI OOBEKT — KJIETOIHBII
apromar c Jjiokaropamu. OH mosrydaercs g06aBI€HHEM K KJIETOIHOMY
ABTOMATY HOBOI BO3MOXKHOCTH - IOCBHLJIATH CUTHAJBI B “9dup”’ u mosry-
qaTh u3 “aupa’ cyMMApHBIN CUTHAJ BCEX IJEMEHTAPHDBIX aBTOMATOB.
IIpuBeennr puMepsl 3a/1ad, peleHne KOTOPBIX CYNIECTBEHHO YIIPO-
[AETCsI, €CJIN JIJIsl UX PEIIeHUs] UCIIOJIb30BATh KJIETOYHBIE aBTOMATHI C
JIOKATOPAMU BMECTO TPAJUIMOHHBIX KJIETOYHBIX ABTOMATOB.

KurouyeBbie ciioBa: KJI€TOYHBIE ABTOMATHI, OTHOPOIHBIE CTPYKTY-
PBI, 3371214 O CTPEJIKAX, KOHCTPYUPOBAHUE JIBUKYIIIAXCST M300PaKEeHUT,
IIOCTpOeHNe KpaTdaiiiero myTu.

1. BBegenue

K.HeTOLIHbIe aBTOMaThI (ﬂpyFI/Ie Ha3BaHHA: CAMOBOCIIPOU3BOIAIIMNEC aBTOMa-
THI U OJHOPOJHBIE CTPYKTYPHI) SBJISIOTCS JTUCKPETHBIMU MATEMATHICCKUMIU
MOJIEJIAMY TIIHPOKOrO KJIACCA PEAJIbHBIX CHCTEM BMECTE C MPOTEKAIOIIME B
HIX TTPOTIECCAM.

[TonsaTHE KJIETOYHOIO aBTOMATA BO3HUKJIO B PE3Y/ILTATE YCOBEPIIEHCTBO-
Banus mogesn /. don Heitmana |1, 2, 3|, npemioxKeHHO UM /1151 OIUcaHUST
IPOoIeCCOB CaMOBOCIIPOU3BEJACHUA B 6I/IO.HOFI/II/I n TeXHUKe, 1 B OIITMCAaHHOM HU-
ke Bujie ucnosib3osasiocs A. Bepkcowm [4], 9. Mypow [5], B. B. Kyapsieuesbim,
A. C. IMogkossunbiv, A. A. BosorosbiM [6] n 1pyrumu uccieoBaTessMu.

Kierounbrit aBToMaT — 5TO MATEMATHIECKUN OOBEKT € JUCKPETHBIMU
MPOCTPAHCTBOM U BpemeneM. Kaxkiioe mosioxkenue B IpOCTPAHCTBE IIPEJICTAB-
JIEHO OTJIETBLHON KJIETKOH, a KasKJIbIii MOMEHT BPEMEHU — JUCKPETHBIM Bpe-
MEHHBIM IITar'OM WJIN ITOKOJIECHUEM. COCTOHHI/IG Ka}K,ZLOI';I HpOCTpaHCTBeHHOﬁ
KJIETKU OTIPEJIEISIETCsT OYeHb TMPOCTBIMU MPABUIAMEI B3aUMOJIEHCTBIUSA. DTH

L Tacanos Bavap Davdaposus — mpodeccop Kad. MATEMATHIECKOH TEOPHH HHTEJLIEK-
TyaJbHBIX cucteM Mex.-maT. ¢p-ra MI'Y, e-mail: el gasanov@gmail.com.

Gasanov Elyar Eldarovich — professor, Lomonosov Moscow State University, Faculty
of Mechanics and Mathematics, Chair of Mathematical Theory of Intellectual Systems.
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[paBUIa IPEIINCHIBAIOT M3MEHEHUsT COCTOSIHUST KaXKJI0i KJIETKH B CJIEIYIO-
meM TakKTe BpeMeHU B OTBET Ha TeKymee COCTOdAHUE COCeIHUX KJIETOK. HpI/I
9TOM JIjIsI PA3HBIX KJIETOK IpaBUJIa U3MEHEHHsI COCTOSTHUN MOT'YT OBITH pa3-
HBIMU.

Ecan B kadecTBe mpeobpasoBaTesis WHAOPMAIINHM, CTOSIIENO B KJIETKE
[IPOCTPAHCTBA, BHIOPATh KOHEUHBIN aBTOMAT, IPUYEM OIUH TOT Ke IJjIsI BCeX
KJIETOK, TO MbI NPUXOJAUM K TOHSITUIO OTHOPOIHOHN CTPYKTYphl. B Takom
cIydae CoIeprKaTe/IbHO KJIeTOUHBIA aBTOMAT IIPeAcTaBIseT coboil GeCKOHe -
HYI0 aBTOMATHYIO CXEMY, ITOCTPOEHHYIO CJIeytonmm obpasoM. Pacemorpum
k-MepHOe eBKJINIOBO MPOCTPAHCTBO. Pa3obbeM ero Ha rumepKyObl ¢ e uHIY-
HBIM pebpoM, pebpa KOTOPLIX HapaJlIe/IbHBI OCSIM KOOPAMHAT. B Kaskiblii
TUMIEPKy0 MTOMECTUM OJUH W TOT K€ KOHEYHBIH aBToMaT V ¢ m BXOIAMHU U
OIHUM BBLIXOJIOM. Pa3BeTBHM BBLIXOJ, aBTOMAaTa U COCAMHMM C BXOJAMHU €ro
coceliell OIMHAKOBBIM 06pa30M JIJIsT BCeX TUIEpKyDOB B mpocTpaHcTie. Ilomy-
quM OECKOHEUHYIO OIHOPOIHLIM 00pPa3soM YCTPOEHHYIO aBTOMATHYIO CXEMY,
KOTOPas U HAa3bIBAETCA KJIETOYHBIM aBToMaToM. IlocienoBaTeIbHOCTL COCTO-
SHUI OTIENbHBIX aBTOMATOB V, COAEPIKAIIyI0 COCTOSHHUSI BCEX ABTOMAaTOB
cxeMbl, OyZeT 00pa30BBIBATH COCTOSIHEE KJIETOYHOro aBToMara. llocsemoBa-
TeJIbHOCTH COCTOSTHUI KJIETOYHOI'O aBTOMATa, BOSHUKAIOIAS TP CUHXPOHHOM
paboTe BCeX COCTABJISIONINX €r0 KOHEYHBIX ABTOMATOB, HA3BIBACTCH (PYHKITU-
OHMPOBAHUEM KJIETOUYHOI'O aBTOMATA.

Kierounble aBTOMaThl IPEICTABISIOT COOOM AUCKPETHYIO MaTeMaTHde-
CKYIO MOJIeJIb MMUPOKOTO KJIACCA PEAJbHBIX CUCTEM BMECTE C IIPOTEKAKIUMA
B HUX IIPOIECCAMU, TAKUX KaK (PU3NIECKUE CPEJIbl, B KOTOPBIX PEaIU3yI0TCs
TEIJIOBBIE U BOJIHOBBIE SBJICHHS, XUMUYECKHE PACTBOPBI C PEAKIIUSIME B HUX,
OMOIOTUIECKIE TKAHHU, B KOTOPBIX IIPONUCXOINT OOMEH BEIECTB, TEXHUIECKIE
CXeMbI yIIPaBJIEHUSI, [IPOU3BOISIINE IIEPEPAOOTKY MEXAHUIECKUX U IJIEKTPU-
YEeCKUX CHUTI'HaJIOB, BBIMHMC/IUTE/IbHBIE CXeMbl 1 T.II.

ECHI/I 3a1aTh HadaJIbHbI€ COCTOAHNSA aBTOMATOB, TO B CXeMe€ HaYHETCA U3-
MEHEHHE COCTOSHHUII aBTOMATOB, OIPee/sseMoe 3aKOHAMU (DYHKIIHOHUPOBA-
HUS4 aBTOMATOB U CBA3AMU Me)Kﬂy HUMMN. HBHGHI/IG F.HO6a,.HbHOFO N3MEHEHU A
9TUX COCTOSIHUI U SIBJISI€TCS TVIABHBIM OO'bEKTOM U3YUEeHHS] B TEOPHUH KJIETOU-
HBbIX aBTOMATOB.

B nmannoit pabore BBOJUTCsST 000OIEHNE KJIETOTHOI'O aBTOMATa, KOTOPOE
[peJIaraeTcst Ha3BaTh KJIETOYHLIM aBTOMATOM C JIOKATOPaMIU.

OmHuM U3 CEephE3HBIX OTPAHMYEHUN KJIETOUHLIX aBTOMATOB SABJISIETCS
OrPaHMYEHHOCTD ITAa0JIOHA COCEJCTBA, T.€. KaXKIbIIi aBTOMAT MOXKET BUJIETh
HEKOTOPOE YHUCJIO CBOUX COCEIE U TeM CaMbIM CUTI'HAJIBI B KJIETOUHBIX aBTOMa-
TaxX pacIpOCTPAHSIOTCS OTHOCUTEIBHO MeJIeHHO. B nanHoil pabore mpeja-
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raercs J0O6aBUTH KJIETOYHBIM aBTOMATAM BO3MOXKHOCTD IE€PEJaBaATh HEKOTO-
Ppbl€e CUTHAJIBI BCEM dJIEMEHTAapHBIM aBTOMaTaM OJHOBPEMEHHO, YTO ITIO3BOJIUT
[IPEOJIOJIETh CBOMCTBO JIOKAJTBHOCTH.

3/1ecb MOXKHO BCIIOMHUTH MOJIE/Ih HECXKUMAEMOW KUJKOCTH, B KOTOPOI
TOYXKE CHUTHAJIBI MOMEHTAJIBHO PaCIPOCTPAHSIOTCS 10 BceMy obObemy. Iloxo-
JKas KapTUHa HAOJIONAETCS B KBAHTOBOW MEXAHUKE M B KBAHTOBBIX KJIETOY-
HBbIX aBTOMaTaX [7], KOor'Jla USMEHEHUEe COCTOAHMNA OJHOI'O aBTOMaTa BbLI3bIBa-
eT M3MEeHEHNE COCTOAHHSI BCEX “3allyTaHHBIX C HHM aBTOMATOB. B pabore
[8] BBOIUTCS TIOHSATHE HEJIOKATBHBIX KJIETOYHBIX aBTOMATOB. B 3roil pabore
HEJIOKAJILHOCTH COCTOUT B TOM, UTO JIJIS KaXKJIOI'0 JIEMEHTAPHOI'O aBTOMATA,
MHO2KECTBO €r0 COCeJIell BRIONPAeTCsi CJIyYaliHBIM 00pa30M, U TaKUM 00pa30oM
COCEJTHUMU MOT'YT OKa3aThCH JIAJIEKO OTCTOSIINE JIPYT O JAPYTa dJIeMeHTaPHbIE
aBTOMATHI.

B 00ObIvHOM KU3HU YeJIOBEK, KOTJa XOYeT HepeiarTh WHMOPMAIU He
TOJIBKO BUAUMMBIM COCEIAM, OH MO2KET BOCIIOJIB30BAaTHCA TaKMMU IIPpHUEMaMMU,
KakK I07a4a CBETOBBIX CHUTHAJIOB C IIOMOINBIO CUTHAJIBHBIX pakeTHUIl. Hiie
boJiee pacCIPOCTPAHEHHBIM CIIOCOOOM SIBJISIETCSI UCIIO/IBL30BAHUE PAIUO- U Te-
seacupa.

B nannoit pabore Toxke BBOsmTCH noHATHE ddupa. CUnTaeTcs, 4T0 KaxK-
JIBII 37IeMEeHTapHBIN aBTOMAT MOKET IOCJaTh B 9(PUP HEKOTOPHII CUTHAJ U3
KOHEYHOTO ajipaBuTa. JJjeMeHTh! ajipaBura 00pa3yioT KOHEUYHYIO & TUTUB-
HYI0O KOMMYTaTUBHYIO HOJYIPYIIIY, a caM 3up npeacrapiasgeT codoil moreH-
[UAJTHEHO OECKOHEYHBI CyMMAaTOP CUI'HAJIOB 3JIeMEHTAPHBIX aBTOMATOB, IJIE B
Ka4IeCTBE CyMMBI BBICTYIIAET OIPEJIEISIONIAsT OEPAITHS JIAHHO TOJIyTPYIIIIHL.
Ha ciremyrommit TakT KaxKabIil 9JIeMEHTAPHBIN aBTOMAT MOJIydaeT u3 pupa
CyMMAPHBII CUT'HAJ W, YIUTBIBas €ro, M3MEeHsIeT CBoe cocTostHue. B npupome
TAKUM CYMMATOPOM SIBJISIETCsI 9(pUp, KOTOPBII CYMMUPYET BCE PaINOCUT HAJIBI
€CTeCTBEHHBIM 00pa3oM, n (QaKTUIECKH KaXKIbIil U3 PUEMHHUKOB IIOJIy9aeT
Ha BXOJ OJJVH W TOT K€ CUT'HaJl, 1 y>Ke IIOTOM BBLIAECJIAET U3 O6meFO CUTHaJIa
HYXKHYIO €My COCTaBJISIOIILYIO.

Ha sTom mpuHItuiie MOXKHO peaii30BaTh HOBBIN THII HHTEI'PAJbHBIX CXEM,
HCIIOJIb3Ysl B KAYeCTBE CyMMaTOpa HEKOTOPYIO MOMJIOXKKY, Ha KOTOPYIO BCe
3JIeMEHTAPHBIE aBTOMATHI OYAyT cOPaChIBATH HEKOTOPbBIE KOMMYTHDPYIOIINAE
nJjinm 3KCTpeHHbIe CUT'HAJIbBI.

Brenenne adupa m BO3MOXKHOCTHU TOCHLIATh B 3(PUP CUTHAJBI ITO3BOJISI-
€T MIHOBEHHO II€PE/IaBATh CUTHAJIBI Ha JIIOObIE PACCTOAHUS, U TEM CaMbIM
MIO3BOJISIET OJHOMY JIEMEHTAPHOMY aBTOMATY YIIPABJISITH IIOBEJIEHUEM CKOJIb
YTOJTHO JIAJIEKO YJIAJIEHHOT'O OT HEro JIPyroro 3jeMeHTapHoro aBromara. Pac-
CMATPUBAIOTCS KJIETOUHBIE aBTOMATHI C JIOKATOPAMHU, KOTOPBIE MOTYT ITOJIy-
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YaTh CUTHAJBI U3 3pupa ¢ OIpee/IeHHbIX HalpaBjennit. HpiMu cjioBamu, y
KazK/IOT'O 3JIEMEHTAPHOI'O aBTOMATa UMEETCS HECKOJIBKO JIOKATOPOB, HaIIPaB-
JIEHHBIX B Pa3Hble CTOPOHBI, M OH MOXKET C ITOMOIIBIO ITUX JIOKATOPOB ITOJTY-
YaTh CUTHAJIBI C 9TUX HAIIPABJIEHUIN.

B pabore BBOgUTCS bopMaIbHAS MOJIE/b KJIETOUHBIX aBTOMATOB C JIOKA-
TopaMmu. [IpuBomuTCs pelrenre HEKOTOPLIX KJIACCHYECKUX M HOBBIX 3a7aY C
[IOMOIIIHIO CTAHIAPTHLIX KJIETOUHBIX ABTOMATOB, a 3aTE€M IIOKA3bIBACTCS, ITO
9TU K€ 33J[a49U C [IOMOIIBIO KJIETOYHBIX ABTOMATOB C JIOKATOPAMH PEIAI0TCs
3HAYUTE/ILHO JIerde.

2. IlonssTe KJjIeToOYHOro aBTOMAaTa C JIOKaTOpaMunu

BseneMm moHsiTHE KJIETOYHOIO aBTOMATa C JIOKATOPAMHU, OIUPAasiCh Ha OIpee-
JIHHE KJIETOYHOIO aBToMaTa, B3sAToe u3 [9].

Iox meaechoim yeaom B R¥ Gynem nonmmars gactsh mpocrpancrea RF
KOTOpas ABJsIeTcs 0ObeIuHeHneM BCeX JIyuell, BHIXOIAIUX U3 JAHHON TOY-
ki (6epuwiumvt y2aa) U IEPECEKAIONIX HEKOTOPYIO ruieprosepxuocts B R,
[To ompenenennio 6ymeM CIUTATh, YTO BEPIIMHA TEJECHOIO YIJIa He BXOIUT
B TeJIeCHBI yros. B wacrHocTH, B JaHHON pabore MbI Oy/IeM pacCMaTpPUBATD
JBa BBIPOXKJICHHDBIX CJIydas: IIOJHbBINA TeJEeCHBIA yIoJI, COBIIQJIAIONINI C RF 6es3
BEPIIUHBI yIJIa, KOTOPLIA OyaeM 0603HaUaTh Yyepes ), U TeJecHbIe YIJIbl, PaB-
HBbIE OJJHOMY JIy4y, TaKHe TeJIeCHbIe yIJIbl OyaeM 0003HAYaTh Yepe3 BEKTOPaA,
SABJISIIONINECST HAIIPABJISIIOITUMHY JIY 9€iA.

Kaemounvim asmomamom ¢ A0KamMopamy Ha3bIBAETCsT BOCBMEPKA

o= (2", En,V,Eq, +, L, 0, 9),

rie ZF — MHOMKeCTBO k-MEpHBIX BEKTOPOB C IEJIBIMU KOODAMHATAMH, [, =
{0,1,...,n — 1}, V = (a1,...,Qp_1) — YUODsiIOYeHHbI}i HAOOP MOHAPHO
Pa3/IMYHBIX HEHYJIEBBIX BEKTOPOB U3 Zk, E,={0,1,...,9—1}, + — kommy-
TaTHBHAs IIOJyTDYIIOBasl onepalys, 3ajannas Ha Fg, L = (v1,...,vpy) —
YIOPSIIOUeHHbIH HAGOp HOMAPHO PA3IMYHLIX TeJeCHBbIX yriioB B RF ¢ Bep-
IIUHON B Hadajie KOOPAWHAT, ¢ — (OYHKIINA, 3aBUCIIIAT OT IEPEMEHHBIX
Ly Ty ey Thely 215 - - > Zm, @+ B X EJ' = En, ¢(0,...,0) =0, ¥ — bynx-
[IUsT, 3ABUCAIIAS OT MIEPEMEHHBIX Ly L1y« - s Th—1s 21y« - - 5 Zms U Ef: X Bt —
E,. DneMenTsl MHOXKECTBa, 7ZF HaspIBAIOTCS AUEKAMU KIIETOYHOTO aBTOMATA
0'; 9JIEMEHTBI MHOYXKECTBa F),, HA3bIBAIOTCA COCMOAHUAMY AYEUKU KIIE€TOTHOTO
aBTOMAaTa 0; Habop V HasbIBaeTCs WabA0HOM COCEICMEA KIETOYHOIO aBTOMA-
Ta 0} 3JIeMEHThI MHOXKecTBa [, HaspIBaloTCA cuznasamy eeujarus; Habop L
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HA3BIBAETCS WAOA0H AOKAMOPOS KJIETOYHOTO aBTOMAaTa, 0; (DYHKIINS (0 HA3bI-
BaeTCs A0KAALHOU PYyHKUuet neperodos aBTOMATA 0; (DYHKITNS 1) HA3BIBACTCST
Ppyrxyued seularus aBTOMATa 0; MEPEMEHHBIC T(, X1, . .., Th_1 TPUHAMAIOT
3HavYeHns U3 I, , mepeMeHnbIe 21, . . . , 2y, IpuHUMaIoT 3Ha4denus u3 F,. Cocro-
stare () MHTEpIpeTupyeTcs Kak cocmoanue nokos, a ycaosue ¢(0,...,0) =0
— KaK YCJIOBHE COXPAHEHUsI COCTOSIHUSI TIOKOSI.

3echb HaAM HYXKHO OBLIO BBOJUTH YIOPSJIOUYEHUE MIADJIOHA COCEJICTBA
V' u mabion jokatopoB L st TOro, 4TobbI yCTAHOBUTH B3AUMHO OJHO-
3HAYHOE COOTBETCTBHME MEXKJY BEKTOpaMu u3 V U TeJeCHbIMH yTJIAMHU W3
L u nepeMeHHBIMU JIOKAJILHOW (DYHKIIUU TIEPEXOJOB ¢ U (DYHKIMH Bela-
HUSL 1) COOTBETCTBEHHO X0, L1, -+« Lh—1 U Z1, - - - y Zm. ITO COOTBETCTBUE MOXK-
HO cjiejiaTh OoJjiee SIBHBIM, €CJIM WHJIEKCUPOBATH IepeMeHHble (DYHKINA ¢ 1
1) CAaMUMU BEKTOPAMM U TEJIECHBIMHU YIJIAMH, T.€. CUATATb, U9TO JIOKAJbHAS
dyHKIUA TEPEX0JIoB ¢ U (DYHKIUS BEIaHus ) 3aBHCAT OT II€PEMEHHBIX
T0s Tays -y Tap_1r 2wy« -+ > Zups 3]€CHh UHIEKC TIE€PBOII IIEpEeMEHHON eCTh Hy-
sieoit Bekrop 0 = (0,...,0) € ZF. Eciim OroBOPUTHCS TaK HHICKCHPOBATD
epeMeHHbIe JIOKAJIbHON (DYyHKIUU 11epexXoioB U (DYHKIMH BEIAHUsS, TO UX
MOXKHO 3aIlUCBIBATH B JTFOOOM MOPSIIKE, U TOTA MOYKHO BOCIPUHUMATH I1a0-
JIOH COCEJICTBA U I1abJIOH JIOKATOPOB MIPOCTO KaK MHOYKECTBO, & HE YIIOPSI0-
JeHHBbIN HAOOP.

B nanbueiiniem Mbl Tak U Oy/ieM MOCTYIAThH: BOCIPUHUMATE IMIAOJIOH CO-
CeJICTBa KAaK MHOXKECTBO BEKTODOB, a IIA0JIOH JIOKATOPOB KaK MHOXKECTBO
TeJIECHBIX YIJIOB U WHJIEKCUPOBATH MEPEMEHHBIE JIOKAJBHON (DYHKITMH Tepe-
X0J10B U (DYHKIIUK BEIIaHUs BEKTOPAMU U3 I1a0JI0HA COCEICTBA U TEJIECHBIMU
yraMu u3 mabJioHa JIOKATopoB. [Ipu 3ToM MbI 9acTo OyJeM OIyCKaTh B WH-
JIeKCcax BHEITHNE KPYTJIble CKOOKH y BeKTopoB. Hampumep, eciiu k = 2, n = 2,
g=2uV ={(-1,0),(1,0)}, L ={Q,(0,1)}, To npumep sokaibHOi DYHK-
AU TIEPEXOJI0B MOKET BBLINVIANETH TakK: ¢ = x_10&20 V 21,0&20,1-

Ecin o € ZF, v — TestecHBIit yTos ¢ BEpIIMHON B HAaYaJIe KOODPIMHAT, TO
gyepe3 V() 0603HAYNM TEJIECHBIH yIOJI, MOJIYYEHHBINH MapasileIbHbIM Iepe-
HOCOM YIJIa U B TOUKY (.

Ecin o € ZF — gueiixa kierounoro apromara o, To MuOMKecTBO V() =
{a,a+aq, ..., a+ap_1} HABBIBAETCS 0OKPECMHOCTIBIO AYEUKU (v, & MHOXKECTBO
L(a) = {vi(a),...,vm(cuy,)} HA3BIBaETCS A0KAMOPAMU AMETKY L.

Cocmoanuem KACMOwWH020 ABMOMAMA € AOKGMOPAMU O HA30BEM Iapy
(e, f), tme e — npousBobHAs (BYHKIHS, OlIpeIe/eHHas Ha MHOKecTBe ZF,
IPUHIMAIOIIAA 3HaUeHns u3 F,, HazpBaeMas cocmoanuem sgupa, f — 1mpo-
13BOsIbHAs (DYHKIS, OIpe/eIeHHAsT Ha MHOXKecTBe ZF, nmpunmMaromias 3ma-
veHus u3 F, v Ha3bIBaeMasi pacnpedeseruem CoCoAHUL KAEMOUH020 A8Mo-

123



mama ¢ pokamopamu o. Takyro PYHKINIO MOXKHO HHTEPIPETHPOBATL KaK
HEKYI0 MO3aWKy, BOSHUKAIOIIYI0 B k-MEPHOM IIPOCTPAHCTBE B pe3yJibTare
OPUIIACHLIBAHUS KaXKIOH TOYKE C LEJOUMCIEHHLIMUA KOOPJAMHATAMHI HEKOTO-
pOFO COCTOAdHUA U3 MHOZKECTBaA En 41 HeKOTOpOFO CUT'HaJla U3 MHO>KEeCTBa Eq.
MHOKECTBO BCEBOZMOXKHBIX COCTOSIHHI KJIETOYHOIO aBTOMATa ¢ JIOKATOPaMU
0003HaYUM Y.

Ecn a € ZF, (e, f) — cocrosiHEe KJIETOYHOTO aBTOMATA C JIOKATOPAMHU
0, TO 3HaUeHUe e(() HA3BIBAEM CUZHAAOM ANEUKU (, ONPEIEAAEMUM COCTNO-

anuem (e, f), a snadenne f(a) — cocmoanuem Avelku o, oNPedeAACMOM
cocmosmuem (e, f). st kaxgoro ¢ € {1,...,m} sHaveHne
sifa)= Y e (1)
Bev;(a)NZk

HA3LIBAEM 3HAYMEHUEM A0KAMOPa Vi, onpedeasemvim cocmosnuem (e, f).
3/1eCh CyMMUPOBAHKE CUTHAJIOB OCYIIECTBJISIETCsI ¢ TIOMOIIBIO OIPEIEISIONIEt
OIepaIyu + IOJIyrpyIibl L.

Ha muO)KecTBe X omnpenenuM 2406aivhyto GyHkuuro nepexodos ® Kie-
TOYHOrO aBTOoMaTa ¢ Jokaropamu o, nonaras P(e, f) = (¢, f'), tue
(e, f), (e, ) € ¥ m arst moboit sueiikn o € ZF BrImoHAIOTCA TOXK TECTBA

f/(a) = (P(f(a)a f(a + al)v SRR f(a + ah*1)7 31(04), SRR Sm(a))a (2)
e(a) =v(f(a), fla+ar),...,flat+ap1),s1(a),...,sm(a)). (3)

CozepzkaTeibHasg NHTEPIpeTanns orobpakennss P TakoBa, 4TO CHTHAJ
KarXKII0i STIEHKN W COCTOSTHUE KasKIOM sTIefKy “mociie mepexoma’ Ompeaessi-
€TCs [0 COCTOSHUIO YIIOPSAOYEHHON OKPECTHOCTH SYefiKU M [0 3HAYCHUIM
JIOKATOPOB “710 mepexoma”’ ¢ MOMOIIbIO 3aKOHOB Y U (¢ OJUHAKOBO JJIsT BCEX
SUEEK.

THosederuamu KAemouH020 A8MOMAMa C AOKAMOPAMU O HA3BIBAEM TaKUe
nocsiesioBaresnsaoctu (eg, fo), (e1, f1), (e2, f2), ... ero cocrosiuuii, Jyisi KOTO-
PBIX BBIIOTHSACTCS (€541, fit1) = P(e;, fi) mus Beex ¢ = 0,1,2, ..., npudem
(€4, fi) HA3BIBAETCSI COCMOAHUEM KAETOUHO20 AEMOMAMA C AOKAMOPAMU T 6
momenm i, a (eg, fo) TAKIKe HA3BIBAETCS HAYAALHOIM COCTNOAHUEM KAEMOYU-
H020 AEMOMAMA C AOKAMOPAMU O .

CocrostHre KJIeTOTHOIO aBTOMATa, y KOTOPOI'O JIMIIh KOHEUHOE TUCTIO STUe-
€K HAXOJUTCA B OTJIMYHOM OT () COCTOSIHUU M CUTHAJIBI BCEX STYEEK PaBHbBI HYy-
JII0, Ha30BeM KoHgueypayueti. MHOXKecTBO KOHMUTYpamuii OyaeM 0003HAIATH
yepes Y.
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Ecnu 3aj1aHO0 HEKOTOpPOE COCTOSHUE KJIETOYHOI'O aBTOMAaTa, TO SYEHKH,
HaXOdAIIuecs: B OTJAUIHOM OT () cocTosiHnM, Oy/IeM HA3bIBATEH GKMUGHIMU.

PaccMmoTpuM HECKOJIBKO 3aJ1a49 JJIsi KJIETOUYHBIX aBTOMATOB U ITOKAXKEM,
9TO 3TU 33/IaU’ KJIETOYHBIMUA aBTOMATAMU C JIOKATOPAMU PEMIAIOTCS CYIIle-
CTBEHHO MPOIIIE.

3. Ba,uaqa CAHXPOHU3alIIN CTPEJIKOB

Bajiava CHHXPOHU3AINN CTPEJIKOB BIIepBhle mpejioxkena JIxx. Maiixuiom B
1957 romy u onybsiukoBanHast (¢ pertenuem) B 1968 rogy ®@. Mypowm [10].

B »sroit 3amave paccMaTpuBaeTcst OQHOMEPHBIN KJIETOUHBIA aBTOMAT Ha
Z}. Ila6mon cocemcrsa pasen V = {—1,1}, T.e. Kask1as sdeiika IMeeT IBYX
cocejieil ciieBa u cupasa. MHOXKECTBO COCTOSIHMII MMeeT KaK MUHUMYM TpHU
cocrostamst: 0 — coCTOsTHME TIOKOsi, 1 — COJIJIAT B HAYAJbHOM COCTOSTHUU, 2 —
oronb. VMeercst orpannvienne Ha (pYHKIIUIO [IEPEXOJIOB, UTO COJIJIAT B HAYA Ib-
HOM COCTOSIHUM, UMESI COCEISIMU TAKUX K€ COJIIATOB COCTOSTHUS HE MEHSET,
re. ¢(1,1,1) = 1. Havanbhas kordurypaims upejicrapiser coboii Herpe-
PBIBHBII OTPE30K U3 T S9€€K B COCTOSHHU 1 (COJIATBI), a BCE OCTAJbHBIE
dIefikn HaxXoJsaTcs B cocTostHun 1mokost 0. Hasto, 9700kl B KAKOW-TO MOMEHT
BCE AKTUBHBIE SUEHKU MEPEILIN B COCTOSTHIE 2 OTHOBPEMEHHO (BBICTPEIHIIN ).

CraHmapTHOE pellleHre 9TOi 3aadi OIMUCHIBAET JIBE BOJIHBI COCTOSIHUIA,
PACIIPOCTPAHSIONINECS 10 PSIJIY COJIJIAT, OJIHA U3 KOTODPBIX JIBUKETCS B TPU
paza ObIicTpee apyroii. BeicTpast BoJTHA OTparkaeTcs OT JAJbHEro Kpas psijia
U BCTpeYaeTcs ¢ MeJJIEHHO B 1ieHTpe. [locse 9Toro /1Be BOJIHBI Pa3/IesIaioTcs
HAa YeThIpe, JBUXKYIINECS B pa3Hble CTOPOHBI OT IeHTpa. [Iporecc mposos-
JKaeTcsi, KayK/IbIi pa3 y/iBauBasi 4uCJIO BOJIH, [TOKA JIJIMHA OTPE3KOB Dsijia He
craHer paBHOi 1. B 9TOT MOMEHT BCe COIIATBI CTPEJISIOT. DTO PEIeHne Tpe-
Oyer 3r eIUHUI BPEMEHU I 7 COJIIAT.

Kiterounsbtit aBTOMAaT € JIOKATOpPaMU 0(, KOTOPBII PeIaer 3aady CUHXPO-
HUBAIUHA CTPEJIKOB, UMEET CJIEYIONIIil BU/T

00 = (Z', B3,V = {~1,1}, B2, V, L = {Q}, p,7),

rjge V — JU3BIOHKIMS, B3siTas B KadeCTBE ONPEJIENIONIel omepalu Ha
nostyrpymie curaainos Fo = {0,1}, mabioH JI0KATOPOB COCTOUT U3 OJHO-
0 TOJIHOTO TeecHOTo yria §), OyHKINA BEIaHWs 1) MMPUHAMAET 3Hade-
Hue 1 TOJBKO JjIs caMOro JIEBOrO COJjaTa B HAYAIBLHOM COCTOSIHHUHU, T.€.
Y(xo,x-1,21,2Q) = ToT_1ZQ, JOKATbHASA (DYHKIUS II€PEXOOB MPHHAMACT
3HAUEHUe 2 TOJIBKO, €CJIM sTueiika HaXOuTcsd B cocTosHum 1 u currast adpupa
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paBeH 1, U He MEHsIeT COCTOSIHUSI BO BCEX OCTAJIBHBIX CJIydasiX, T.e.
o(xo, x—1,71,20) = max(2- ((zo = 1)&(zq =1) V (g = 2)),1 - (zg = 1)).

TeMm caMmbIM, 33149y CHHXPOHHU3AIIUNA CTPEJIKOB MOYKHO PEIIUTDb 38 2 TaK-
Ta ¢ IOMOIIBIO TPEX COCTOSIHUI M JIBYX CUIHAJIOB Bemanus. VM dpakruaeckn
9TO pelleHre [IOJHOCTBIO COOTBETCTBYET PEIIEHUIO, IPUHITOMY CpPEIy BOEH-
HBIX: KOMaH P (CaMblil JIeBblil cosaT) KOMaH/yeT “oroHb” U BCs KOMAaHJIA
CTpeJISIeT.

4. O,ZLHOHaHpaBJIeHHOG ABU2KEeHEe TOYKHM Ha JIy4de

3ajiavua OJHOHAIIPABJIECHHOIO JBUXKEHUS TOYKU HA JIy4e, IPEJJIOKEHHAS U
pemerHast B paborax E.E.Turosoit [11], cocTrour B ciemyromem.
MHuOo2KeCcTBO stIeeK MpPeCTaBIIeT COO0M MHOYXKECTBO HATYPaJIbHBIX YUCIIE,
T.€. JIyd HaIIPaBJIeHHBIN BIIpaBo. Kaxkmas sJeiika nMeeT JIBYX cocenell 0THOTO
cJIeBa M OJTHOIO cIIpaBa. JacTh COCTOSTHUN fueeK Ha3bIBAIOTCA METKAMU U CHH-
TAIOTCS Y€PHBIMU, OCTAJIbHBIE COCTOAHUS CIUTAIOTCS OesibiMu. [IpaBuibHbIMU
CYNTAIOTCS KOHMUTYPAIIH, KOTJIa Ha JIy4Ye POBHO O/IHA YepHas sg4eiika, Ha3bl-
BaeMasl TOUKOi. flueiika, cooTBeTcTByIONast ducay 1 (camast jgeBas saeiika)
He UMeeT cocella CIeBa, U IEePEeMEHHYIO, COOTBETCTBYIOILYIO COCTOSHUIO CO-
ceJia CJIeBa ITOH sueiiku, OyaeM BOCIPUHUMATDL KaK yIPABJIAIONINI BXO, Ha
KOTOPBII MOXKEM IO/IaBaTh JIFOObIE yIpaBJistoniue Bo3eiictus. OmucanHoe
MHO2KECTBO S4€€eK C OJHUM YIIPABJIAIONIAM BXO/IOM OyJIeM Ha3bIBATH IKPAHOM.
DopMaIbHO 9KPAHOM HA3BIBAETCH KJIETOYHBIN aBTOMAT

S = (Na ETLaV = {_17 1}’¢’M)’

IJle N — YUCIIO COCTOSHMI SUefiKi KJIeTOYHOTO aBToMaTta, a ¢ : Bs — B, —
JIOKaJIbHas (PYHKIWS 1mepexonoB, M — MHOXkKecTBO MeToK, M C E,, 0 &€ M.
Ecin sg4eiika maxoaurcsa B cocrosanu u3 M, To HepOPMAJIbLHO CIUTAEM, 9TO
OHa OKpaIlleHa B UePHBIN IIBET, MHAYE OHAa OKpalleHa B Oesblif 1iBeT. Ilepemen-
HYIO T_1 JOKaJbHOI (PYHKIIUN IEPEXOI0B STUYEHKU, COOTBETCTBYIOIIEH 9HCITY
1, (camoti ne6otli auelixy) HA30BEM YNPABAAOUUM BLO0OM IKPaHa S.

Barxorom deustcenus Ha30BeM GECKOHEUHYTO MOC/IEI0BATEILHOCTD (CBEPX-
csi0BO) u3 Hyseil u exunuil. Eciun F = fi, fo, f3,... — 3aKOH JIBUXKEHUsI, TO
gepe3 F'(t) obosHaunm t-if sieMenT nocienosaresbHoctu, T.e. F(t) = fi.

Bymem rosoputh, 9T0o Ha okpane S peasudyemcs 0sudceEHUE MOUKU NO
3axony F', eciiu BBIIOJIHSIIOTCS CJIEAYIONINE yCIOBHSI:
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1) B HEKOTOpBIN MOMEHT BpEMEHH B CAMOIl JIeBOii sueiike dKpaHa MOsIB-
JIFeTCs METKa (/[0 9TOro Ha KpaHe HeT METOK), STOT MOMEHT Oyiem
HAa3bIBATH MOMEHMOM HAYAAL JBUNCEHUA UITT HAUGAOM JBUNCEHUA;

2) W3MeHeHUe IO3UIMK METKHU Ha SKpaHe B {-ii MOMEHT OT HavaJla JIBHKE-
HIsI COOTBETCTBYET t-it 6yKBe B cBepxcyoBe F'| a mvenno, ecm F'(t) = 0,
10 B (t+ 1)-if MOMEHT MeTKa OCTaeTCsI B TOM 2Ke stuefike, rie OblIa B Te-
Kyuuit MomenT, ecom F'(t) = 1, To B (t+ 1)-it MOMEHT MeTKa C/IBHHETCSE
Ha OJIHY fA9efKy BIPABO, 10 CPABHEHHIO CO CBOUM TEKYIIUM HOJIOXKEHHU-
eMm;

3) B K&)K,II;EIfI MOMEHT BpEeMEHH IIOCJIC HavdaJia ABHUXKEHNA Ha IKpaHe €CTb
POBHO OJJHa MeETKa.

DkpaH S OylIeM Ha3bIBATH YHUBEPCAALHOIM OASL MHOHCECTNEA 3AKOHOSE
deuotcerus F, ecnu s aoboro F w3 F CyIIEeCTBYET Takasl yIPaBJIsiOIIast
[IOCJIETIOBATEILHOCTD, TO/IaBaeMasi Ha yIPABJISIONMIA BXOJ SKpaHa, UTO Ha
9KpaHe pean3yeTcs: JBUKeHNEe TOYKH Mo 3aKoHy F .

Yepes F* 0603HATUM MHOYKECTBO TAKUX 3aKOHOB JABMKEHUS F', B KOTOPBIX
He BCTpedaeTcst 6ojee 9eM § €IUHUIY TOIPSIJI.

B pa6ore [11] mokasaHbl ciejyromume TeopeMbl

Teopema 1. /Jlas a06020 sxpana S cyuecmeyem makot 3aKon 0BUNCEHUS
F € {0,1}°°, wmo na axpare S He803MONHCHO PEANUI0BATD DGUNHCENUE MOUKI
no saxony F'.

Teopema 2. Cywecmeyem sakxon dsuorcenus F € {0,1}°°, dsuorcenue no
KOMOPOMY HEBOZMOINCHO PEAAUI0BAMD HU HA KAKOM IKpare S.

Teopema 3. Cywecmesyem ynusepcarsvnvil sxpan ¢ 28 + 2 cOCMOAHUAMY
O MHOIICECMBA 3aK0H08 deudtcenus F*.

Bormpoc omnucanusi MHOXKeCTBa BCEX PEAJM3YEMBIX 3aKOHOB JIBUXKEHUS
ocTraercss OTKPbITBIM, X0Tsi B padore I.B.Kanauesa u E.E.Turosoit [12]| cue-
JIAHDI CYIIECTBEHHBIE MMPOJBIKEHUS B 9TOM HAITPABJICHUN.

[IpuBenemM KaeTOUHBIN aBTOMAT C JIOKATOPAMU, KOTOPBIN pernaeT 3a1ady
OJTHOHAIIPABJIEHHOTO JIBUKEHUST TOYKU Ha, JIyde.

PaccmoTpum creyromiuii KJI€TOYHBIH aBTOMAT C JIOKATOPaAMU

o1=(N,Ey,V ={-1,1}, E,,V,L = {Q},p,¢, M = {1}),

rje V — JU3BIOHKINA, B3dTad B KaUeCTBE OlIpe/lesIsIoNieil olnepanuy Ha 110-
ayrpynie curtanios Fo = {0,1}, mabyoH JIOKATOPOB COCTOUT U3 OIHOIO
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[IOJTHOTO TeJIECHOTO yTyia (), MHOXKECTBO METOK COCTOUT U3 OJHOI'O CHMBO-
jga 1, pyHKIUS BelaHus 1P TOXKJIECTBEHHO HyJeBas, JIOKaJbHAasd (DyHKIIHAS
[IEPEXOJIOB IPUHUMAET 3HaUeHUEe 1 TOJBKO B JIBYX CJIyUasX: ecJid sdeiika Ha-
XOMUTCsT B cocTostHUU 1 m curHaj 3dupa papedn 0, man ecam stueiika caeBa
HAXOJUTCS B cocTostHum 1 u curnan sacdupa paseH 1, .e. p(xo, z_1,21,2q) =
ro&zZq V r_1&2q.

Bynem cumrarhb, 4TOo nepeMeHHas ¥_] JIOKAJIbHON (DYHKIUH IEPEXOJI0B
caMoil JIeBOH sTuefiKu sBJIsIeTCs yIIpaBJsionuM BxomgoM. Kpome Toro, Oymem
CYUTATh, 9TO B Ka4eCTBE YIPABJSIONIUX BO3JEHCTBUII MOYXKHO IOCHLIATH B
sdup currajb u3s Fs.

Jlerko BuUjETH, 4TO, 4TOOBI HAYATH JBUXKEHHE, HAJO HA YIIPABJIAIONINN
BXOJI Tos1aTh 1, a Takxke mocyath 1 B acdup. B pesyiabrare Ha sxpaHe B camoit
JIEBOII sTueiike mosiBUTCS MeTKa. Jlasiee, 9T00bI pean30BaTh 3aKOH JIBUXKEHUS
F, nano B MOMeHT t mochuiaTh B 3up 3Hauenue F(t).

Tem cambIM, C ITOMOIIBIO KJIETOYHBIX aBTOMATOB C JIOKATOPAMHU MOXKHO
peasin30BaTh JI000i 3aKOH JIBUXKEHUsI, IPUYEM YHUCJIO COCTOSTHUI 3TOrO aB-
TOMAaTa PABHO 2, U MOIIHOCTHL ayipaBuTa 3pupa paBHa 2.

DaKTUIECKH C IIOMOINLIO CHUT'HAJOB B 3(PUDP MbI JIaeM KOMAaHbI TOYKE,
JBUTATHCS €l WU CTOATD.

5. IlocTpoeHue KpaTdaiiniero myTun

Samaua MOCTPOEHMST KPATIANIIIEro My TH [IJIsT KJIETOIHBIX ABTOMATOB 3BYTHT
caegayomuM obpasoMm. B Haua bHON KOHDUIYypaIMy UMEITCS TOJBKO JBE
S9eKN B aKTUBHOM COCTOSIHUU, KOTOPBIE HA30BEM HAYAJILHBIMU TOTKAMU.
Kpatuaitmuit myTh cauTaeTcs IOCTPOEHHBIM, €CJTU C KAKOI0-TO MOMEHTA KOH-
durypaliys CTaHOBUTCS CTADUIbLHON, U aKTUBHbIE STUefiky 9TON KoHbUTypa-
uu 006pa3yroT KPaTIallinil Iy Th MEXK/y HAYAJIbHBIMA TOUYKAMU.

B pa6ote [13] npuBourcs agamnrarysi TpaUIHOHHOIO PEIlleHnst SToil 3a-
JIaqM K KJIETOYHBIM aBToMaTaM. Takoe pelenue Mpe/ioaraeT HaJndue Tpex
9TaIoOB B PEIICHUN:

1) Pacnpocrpanenue pacimpsironerocst CUrHa a OT O/[HOM U3 HAYAJIbHBIX
Touek. [Ipu pacmupenun kaxkiasi suefika 3alOMUHAECT OTKy/da K Heil
[IPUTIEST CUTHAJ. DTO [TO3BOJIUT B JAJIBHEHIIIEM OCYIIECTBUTH OOPATHBII
XO/I.

2) Korza BosiHa 10cTUTAET BTOPOii HAYAJIBHON TOUKHU OCYIECTBIISETCsT 00-
PATHBIA X0/, TPUBOJIAIINNA K IIEPBOA TOYKE, KOTOPBIA U JIaeT KpaTdaii-
AR IyTh.
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3) OJHOBPEMEHHO 3aIlyCKAeTCsl BOJIHA OUUINEHUs! (IPUBEJEHUS B COCTOSI-
HUE HOKOH) BCeX sd9eeK, KpoMe sg4ueeK ImyTu. IToOBbI 9Ta BOJIHA JIOTHA-
Jla PaCHIUPAIONLYIOCA BOJIHY, PACIIUPSAIONIALACS BOJIHA C IIEPBOIO 3Ta-
Ia JOJI?KHA PACIIUPATHCA C IIOJJOBUHHON CKOPOCTBIO, & BOJIHA TPETHEro
3Talla C ¢JIMHAYHON CKOPOCTHIO.

B pa6ore [13] yTBepKiaercs, 9TO NPEJJIOKEHHBI aBTOPAMU aBTOMAT
umeer 14 cocrosinuii. B 3T0il paboTe He OlEHUBACTCA BpeMs HOCTPOCHH ITy-
THU, HO HE CJIOXKHO IOHSATE, YTO OHO He MeHbIIe, ueM 6n, TJe n — pacCTOsHHIe
no MaHX3TTeHy MerK/1y HadaJIbHBIMU TOYKAMH. 3JeCh 27 TaKTOB HE0OXO-
JIIMO HEePBOMY 3Tally, U 4n TakTob TpeTrbemy. MOKHO HECKOJLKO YCKOPUTD
npolece, MyCTHB PACHIMPSIONLYIOCa BOJIHY U3 000MX HAYaJbHBIX TOUYEK, HO
HOHSTHO, YTO BCE PABHO BpeMsl IIOCTPOEHUS IIyTH OyJeT IPOIOPUUOHAILHO
PACCTOSIHUIO MesK/1y HadasbHBIMU TOUYKAMH.

Tenepb pacCMOTPUM pellleHre 3TOH 3aJa4l KJIETOYHLIMU aBTOMATAMU C
JIOKATOPAMH.

PaccMoTpuM crieytomuii KJIeTOYHbI aBTOMAT C JIOKATOPAMU

02 = (Z27 Ey,V = {(_170)3 (0’ 1)a (17 0)7 (07 _1)}7
Es vV, L = {(*170)’ (Oa 1)7 (170)’ (07 *1)}%0’ ¢)7

rje V — AU3BIOHKIIN, B3dTasl B KAYECTBE OIIPEJIEIIAIONIENl OlePAIy Ha ITOJIy-
rpymume curnanos Fo = {0, 1}, mabion cocencrsa “kpect”, mabJ/IoH JIOKATO-
POB COCTOWT W3 YeTHIPEX JIyUeil, HallpaBJI€HHBIX BJIEBO, BBEPX, BIIPABO U BHU3,
dyHKIINS BelaHUs Y TPUHUMAET 3HAaUYeHue 1, eciiu s9eiika B cOCTOSHUN 1 u
MMeeT MeCTO OJIMH U3 YeThIPeX CJIYUIAEB: eCJIM Bce ee coce i B cocrostauu 0; y
Hee HeT COCeJla CBePXy B COCTOsIHUU 1 U BEPXHUIT JIOKATOP IOJIy9IaeT CUIHAJ
1; y Hee HeT cocejia cjeBa B COCTOSHUM 1 U JIEBBIN JIOKATOP MOJIYYAET CHUT-
HaJI 1; y Hee HET cocesia ClpaBa B COCTOSHUM 1 U MIPABBIN JIOKATOD IOJIyYaeT
curgaJ 1; r.e.

Y(T0,T-1,0, 0,1, 1,0, T0,~1, 2—1,0, 20,1, 21,0, 20,—1) =
= 20(Z-1,0%0,1%1,0%0,—1 V T0,1201 V T—1,02-1,0 V T1,021,0);
JIoOKaabHasg (PyHKIUS MePexoI0B IPUHAMAET 3HadeHue 1, ecau adeiika ObLIa
B COCTOAHUN 17 NJIN ecJIn O,ELHOBpeMeHHO HpI/IH_I.HI/I CHUT'HAJIbI U3 S(bI/Ipa Ha O,ILHy

U3 4YeThIpex I1ap JIOKATOPOB: BEePXHUN 1 IpaBblil, BEpXHUI U JIeBbI, BepXHUI
1 HU2KHUH, JIeBLIl U 1IpaBbIil, T.e.

©(x0, 1,0, 0,1, £1,0, £0,—1, Z—1,05 20,15 Z1,05 20,—1) =
=20V 20,121,0 V 20,12-1,0 V 20,120,—1 V 2-1,0%1,0-
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ITokazkeMm, 9TO IPUBEJIEHHBIN BBINIE KJIETOYHBIN aBTOMAT C JIOKATOpaMHU
peraer 3a4a4y IOCTPOCHUs KPATJYAHIIero My TH.

B Haua/bHBIH (HyJI€BOiT) TAKT Ha IIOCKOCTH TOJIBKO J[BE aKTUBHBIE sTYeii-
KM, KOTOPbIE Ha3bIBacM HaIaJbHBIMU.

P&CCMOTpI/IM pa3/mIHbIe CJIydan PacCIIOJIO2KEHUA HaYaJIbHBIX A9€eK.

Cayuati 1. HagajapHble sT9efiKu pacIoJIOKEHBI HA OJHOW TOPU30HTAJIN.
JleBy1o HadabHYIO sT9eiiky obosHaunM 4depes A, a mpasyio — depe3 B.

Cayuati 1.1. Ecnun HavayibHble sS9€lKU COCEJIHUE, TO 3Ta Iapa sS9eeK U
cocTaB/isieT KparJdaifmmii myTh. OCTaloCh 3aMEeTUTD, UTO CUTHAJIBI B 9¢pUp HE
MOSIBATCH, CJIEJIOBATEILHO, HE IMOSBATCS HOBbIE aKTUBHBIE S9E€HKU, U, SHAUNT,
KOH(UTYpaIns OCTAHETCS CTaOUIBLHOM.

Cayuati 1.2. Ecnu HayayibHble ST9eiKU He COCe/iHMe, TO (DYHKIUS Bela-
HUs KaK/JI0#l 13 HaYaJbHBIX S9YeeK CTaHeT PABHOMU 1, IIOCKOJIbKY y 9TUX S9eeK
et cocepeir. ChemnoBaresibHO, Ha TakTe 1 B 3dup ot siveek A u B noiiger
CUTHAJI, U JIJIsT BCEX sTIeeK MexK 1y siueiikamu A u B jieBble U paBble JIOKATO-
PBI TIOJIyYaT CUTHAJIBL. 3HAYUT, JOKAJIbHBIE (DYHKIUNA [IEPEXO/IOB ITUX SIEEK
npumyT 3uadenue 1. CremoBarenbHO, HA TaKTe 2 Bee gueiiku Mexiay A u B
nepeiiyT B cocrogaue 1. Kparyaiimmii myTh nocrpoeH. [lockoyibKy y Bcex
d9YeeK eCThb cocenu, (PYHKIUST BeIaHusl BCeX siueeK npumer 3HadeHue 0, u
BOBHUKINAsT KOH(MPUTYPAITUST OCTAHETCS CTAOMIBHOIN.

Cayuati 2. HagaibHble sT9efiKI PACIIOIOXKEHBI HA OJJHON BEPTHKAIN. DTOT
cJIydail JIOKa3bIBaeTCsl aHAJIOTMYHO CJIydaro 1.

Cayuati 8. Havanbuble siuefiKu HaXONATCs B OOIIEM IIOJIOXKeHUH. MbIc-
JICHHO IIpOoBeJaeM 4Yepe3 HadaJIbHbIe STIEUKU BepTUKaJIbHbIE U1 T'OPU30HTAJIb-
uple JyimHuK. [lojydaeM BooOpaykaeMblii IPSMOYIOJLHUK CO CTOPOHAMHU IIa-
paJlyiIeJIbHBIMU OCAM KOOpJAWHAT, B ABYX JAraroHaJIbHBIX BepHIMHAX KOTOPOI'o
PACIIOJIOXKEHBI HAYAIBHBIE STUSHKU.

Cayuati 8.1. OpHa HadaIbHas STUelKa PACIIOIOKEHa B JIEBOM BEpXHEM yTI-
JIy IPsIMOYTOJIbHUKA (0603HaUnM ee uepe3 A), a Bropasi — B IIPABOM HUZKHEM
(obozHauuM ee uepes B).

[TockoyibKy v Ha9aJIBHBIX sII€€K HET coceiei, TO DYHKINS BeIaHus STUX
sgueek npuMer sHadenue 1. CiiemoBaTeIbHO, Ha Ha TakTe 1 B 3Up OT sde-
ek A u B noiiner curaaj. fdeiika, paciojoKeHHasl B JIEBOM HUXKHEM yTJIe
npsiMoyrosibHuKa (o6o3naunm ee depe3 C') HOJIYIUT CHIHAJBI OT BEPXHETO
1 IIPaBOTo JIOKATOPOB. IloaToMy ee JokabHast (DYHKIUS TIEPEX0OI0B IIPUMET
snadenne 1. 3HaunT, Ha TakTe 2 gdeiika C cTaHeT aKTUBHOMA.

Cayuati 8.1.1. dueiika C sapastercs cocemneit u qius A, u qius B. Caeno-
BaTEJbHO, KpaTdyaiuil IyTh HOCTPOeH. Y BCEX SAYEEK €CTh COCEIU, CJIEIO-
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BaTeJIbHO, CUTHAJIBI B 3bup OOJIbIlle TOJABATHCS HE Oy/IyT, U KOH(PUTYpaIUs
OCTaHETCs CTaOUILHOI.

Cayuati 3.1.2. fueiika C' He sBisiercs cocenueil ajst A, u sBJjsiercst co-
cenueir s B. Torna dyHkmus Bemanus sdeiiku C' npumer 3HadeHue 1.
CrnemoBarenbHo, HA TaKTe 3 B (U MOWIYT CUTHAILI OT JABYX sideek: A m
C. Buagur, Bce stueiiku mexay A u C' mojydar CUrHAJIBI Ha CBOU BEPXHUE
n HIDKHAE JTOKATOPBL. ClieToBaTeNbHO, UX JIOKAJbHAS (PYHKIHS TEPEeX0I0B
npumer 3uadenue 1. CieoBaresibHO, Ha TakTe 4 Bce siueiikn Mexay A u
C craHyT akTUBHBIMHU. Terepb y BCeX siUeeK eCThb COCEJH, CJIeIOBATEIBHO,
curHaJibl B 3up OOJIbIIE TOJIABATHCS HE OyJIyT, U KOH(MUTypalldsi OCTAHETCs
cTabMILHOM.

Cayuati 3.1.3. fueiika C' aBisiercst cocequeil nast A, u He sIBJIsTeTCs CO-
ceqHelt st B. 9TOT ciydail JoKa3bhIBAETCS aHAJIOIMYHO ciaydaio 3.1.2.

Cayuati 8.1.4. fAqeiika C He siBjsieTcst cocefHeit Hu aust A, Hu s B.
Torpa dyuknus Bemanus saeiiku C' npumer 3nadenue 1. CrenoBaTesibHO,
Ha TakTe 3 B 9dUp MONIYT CUrHAJBI OT Tpex ssueek: A, B u C. 3Hauur, Bce
staetiku Mexk Ty A u C moIydaT CUTHAJBI Ha CBOU BEPXHUE W HUXKHUE JIOKATO-
pBI, a Bce staeiiky Mexkay B u C' mojiydar CUrHaJjbl Ha CBOU JIEBBIE U IIPABbIe
siokaTopel. Crie/IoBaTe/IbHO, JIOKAJIbHASA (PYHKIUS IEPEXOJ0B BCEX ITUX sive-
ek npumer 3Haderune 1. CreoBare/ibHO, HA TakTe 4 BCe sTaelKU MeXIy A n
C u mexjty B u C' cranyT aktuBabiME. KpaTuaiimmii myTh HoCTpoeH. Y Bcex
STIEEK €CTh COCEJU, CJIEOBATE/IbHO, CUTHAJIBI B 3(UpP OOJIbIIE M01aBaThCs HE
OyayT, n KOH(pUTYpaIUsT OCTAHETCsT CTAOUIHHOM.

Cayuati 3.2. Opnna HavabHAs sd9efiKa PACIOJIOXKEHA B JIEBOM HHUKHEM
YIJIy BOODParKaeMOoTro MPsIMOYTOJIbHUKA, & BTOpast — B IIPABOM BEPXHEM. DTOT
caydail JOKa3bIBaeTCs AHAJOTUYIHO ciiydaio 3.1.

Taxum, 06pa3soM MBI TOKA3aJIU, ITO MIPEJJIATAEMBIN KJIETOTHBIN aBTOMAT
¢ JIOKATOPaMHU TO3BOJISET ITOCTPOUTDH Kpardainiuil myTh He 6ojiee yem 3a 4
TakTa. [Ipr 9TOM y HEro TOJIBKO 2 COCTOsIHUSI U 2 CUTHAJIA BEITAHUSI.
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Celluar automata with locators
Gasanov E.E.

This article introduce new type of math object — cellular
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IIpeayraabiBaHme cBepXcJjoOB Ha OTPe3Ke

Mamnrmmuua O.1.1

ABTOMAT TIpEIyTaIbIBAET CHMBOJI BXOJHOT'O CBEPXCJIOBA, €CJIH OH
BBIJIAET 9TOT CUMBOJI Ha BBIXOJE B IPEJbLIYIINIT MOMEHT BPEMEHH.

B pabore BBOIUTCS MOHSATHE CTENEHU MPEIyTa bIBAHUSI HA OTPE3-
Ke. Uccenyercst BOIpOC 0 B3aNMOCBSI3U ITPETyTa bIBAaHUs HA OTPE3Ke U
6eckoneunoctu. [losryyer pe3yabTaThl, MO3BOJISIIONINE CYIUTh O CTEIIEHN
[IpeIyTraJbIBAHNS HA OTPE3Ke II0 CTEIEeHH IPEeIyraJiblBaHus Ha OeCcKo-
HEYHOCTH U O CTEIIEHU IIPeIyTraIbIBaHus Ha OECKOHETHOCTH 10 CTEIIeHH
IpeJiyra/JbIBaHus Ha OTPE3KE.

KuroueBple ciioBa: mpeayrajbIBalONIdi aBTOMAT, aBTOMATHOE
[IpeIyrajblBaHue OOIIEPEryISPHBIX CBEPXCJIOB, CTEIIEHD IIPEyTaIbIBa~
HHUS Ha OTPe3Ke.

1. BBenenue

B sroil craThe paccMaTpuBaeTCs IPe/IBOCXUINEHNE OOIIEPEryISIPHBIX CBEPX-
cobbituii Haz andasurom {0, 1}. Emé Ha 3ape pasBuTusi Teopur aBTOMATOB
OBLIIO BBEJIEHO MOHSITHE IIpeayrajbiBannsd. 11032ke ObLIO OKAa3aHO, UTO WJIe-
AJILHO MPEJIyrabIBAIOTCS TOJIBKO TIOJIHOCTHIO IEPUOMIECKIE CBEPXCIOBa [1].
DTO OTpaHUYIEHNEe MOYKHO ODOUTH MCITONIB3YsT OosIee CI0KHYIO CTPYKTYPY aB-
TOMaTOB [3].

ITonobuyto 3aa4y paccMaTpuBaIu HE TOJBKO C TOYKU 3PEHUS] KOHEYHBIX
aBTOMAaTOB, HO TaKKe C TOUKH 3PEHUs] TEOPUU BEPOSTHOCTENl U MAIIMHHOI'O
obyuenusi [4]. Onnako B Haieil pabore Bee CBEPXCJIOBa MPEILYTraIbIBAIOTCS
KOHETHBIMU aBTOMATAM.

B pabore Macruxunoit A.A. ObLIO BBEJIEHO HMOHSATHE YACTHYHOIO IIPEITY-
ra/[bIBaHIsI CBEPXCJIOB Ha GeckoHeuHocTH [2]. B 9100t cTraThe BBEIEHO MOHSITHE

b Marwuaun Oaez I'puzopvesus, — marucTp Kad. BbICIIeil MaTeMaTuku ¢d-Ta byHIa-
MenTasbHbIX HayK MI'TY um. H.9.Baymana, e-mail: manshilin.o@gmail.com.

Manshilin Oleg Grigorievich— graduate student, Bauman Moscow State University,
Faculty of Fundamental Science, Chair of Higher Math.
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YACTUYIHOIO IIPEJIyTa IbIBAaHUS CBEPXCJIOB HA OTpe3Ke. ABTOMAT BEPHO IIPEy-
raJIbIBAeT HEKOTOPYIO IOJII0 BXOJHBIX CHUMBOJIOB Ha OTPE3Ke JIUHOM [, KO-
TOpasi Ha3bIBAETCsI CTEIEHBIO MPEJYTaIbIBAHNAS HA OTPE3KE U ONPEICIISTeTCs
KaK HMKHHUII HUXKHII I'PaHb OTHOIIIEHUA YTa/JaHHBIX CHUMBOJIOB Ha OTPE3KE
JUTHHOM | K | 10 BceM BO3MOKHBIM OTPe3KaM JJINHOI [ B CBEPXCJIOBE.

Bruta mana orneHka CcTereHu MpeyrajibIBaHUs HA OTPE3Ke [IJisi KOHETHBIX
aBTOMaTOB OHpeﬂeHéHHOFO BUIa. BbIJIa. IIOKa3aHa CBA3b MEZK/Y IIPEJIBOCXN-
IMEHNEM CBEPXCJIOB Ha OTPE3Ke U MPETBOCKUINEHNEM CBEPXCIOB Ha OECKOHEeT-
HOCTU IJIgd KOHEYHBIX aBTOMATOB IIPOU3BOJILHOT'O BUIA.

B sT0i1 cTaThe mpuBeneHbI IPUMEPhI KOHEUHBIX aBTOMATOB, HA KOTOPDLIX
SIBHO BUJIHA CBSI3b MEKJY MPEIBOCXUINEHUEM Ha GECKOHEYHOCTH U TIPEIBOC-
XUIIEHUEeM Ha oTpe3ke. JacTb TeopeM, IMPUBEIEHHLIX B ITOH cTaThe, pac-
MPOCTPAHSIETCS KaK Ha OOIEperyIsipHble CBEPXCIOBa TaK M Ha KOHTEKCTHO-
CBODOOTHDBIE CBEPXCJIOBA.

ApTop BbIpaxkaeT Osarogaproctb A.A. MacTUXWHOI 3a IOCTAHOBKY 3a-
Jladd ¥ TOMOIIbL B pabore.

2. OcHoBHBIEe TIOHATHUA U (POPMYJIUPOBKA Pe3yJIbTa-
TOB.

B pabote ucmonb3yiorcs: HUKePUBEIEHHDIE TTOHITHS:

A

® C,, - CTEIICHDb IIpeAyTaJdblBaHnsd aBTOMAaTa 2l Ha 6€CKOHEYHOCTH.

|a| - mmua cioBa a € A*.

e «(n) - n-blil SJIEMEHT CJI0BA MU CBEPXCJIOBA (¥

pref(a

,n) - upeduKCc caoBa wiam cBepxcioBa a: pref(a,n) =
a(1)a(2).

a(n)
e ¢ -b - KoHkareHaus cjaoB a U b

e @' - IOBTOpEHUs CJIOBA a N Pa3.

|x| - OKpyrJIeHUs1 JefiCTBUTEJLHOIO YHCIa X JI0 IIEJIOYUCIIEHHOIO B
HIM2KHIOIO CTOPOHY.

B pa60Te pacCMaTpuBalOTCAd KOHEIHbIEC NHUIINAJIbHBIE aBTOMATbI:

A = (A7Q>B,80,1/17<J0)v
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rjie A - BxomHoit andasut, () - MHOYKECTBO COCTOSTHUI aBTOMAaTa, B - BBIXO-
HOH ayiaBuT, ¢ - PYHKIUS IEPEXO/I0B, ) - MYHKIU BBIXOIOB.

Ecnu 1a Bxom aBroMary A moJlaéTcst CBEPXCIOBO (v, Ha BLIXOJIE TOJIyIaeT-
CsI CBEPXCJIOBO Y, & COCTOsIHME aBTOMAaTa B MOMEHT BpeMeHuU ¢ 00o3HAYAETCsH
KaK @¢, TO (DYHKITMOHUPOBAHNE ABTOMATa, 38a8TCsI CUCTEMOIL:

y(t) = ¥(alt), q-1)
a = p(a(t), gr—1)

BoixoaHoe cBepxc0Bo apromara 2l IpHU II0jade HA HEIO CBEPXCJIOBA
GyeM obosHauaTh Kak y>. Ha mporsykenne seeit crarbu muoxkectso {0, 1}
paccMaTpUBAETCsl KaK BXOJIHOM U BBIXOJIHOM ajihaBUTHI.

Msl roBopuM, 4T0 aBromMar 2 YaCTHYHO yraJblBacT CBEPXCJIOBO Ha Gec-
KOHEYHOCTH |2], ecym:

lyay — (i +1)] < oo (1)

Crenenb 1pe/iyra/ipiBannsi Ha GECKOHEYHOCTH OIpejiesisieTcs Kak [2]:

> lyé () — ai+1)]
t

0

Coo

() =1 —lim, (2)
By,ueM T'OBOPpHUTDH, 9TO aBTOMAT YaCTHUYIHO IpeayralblBacT CBEPXCJ/IOBO v
B CMBICJIE OTPE3Ka, KOTI'/Jla BBITIOJTHACTCA HEPABECHCTBO!

N4n+tq

Y 1y —a(i+1)] < tilaas Vo €N, (3)
i=N+n

riae N - koHeuyHblil IpeduKe CBEPXCJIOBa, «, t1 - JUIMHA OTPE3Ka, HA KOTOPOM
[IPEIYyTraIbIBAETCS CBEPXCIOBO (r. JTO O3HAYAET, YTO II0 IPOIIECTBUH HEKO-
ro KOHEYHOro mnpedurca Ha JIOO0OM MOACIOBE [JIMHON t1 OymeT yrajgaH IIo
MEHBIIEl Mepe OJUH CUMBOJI.

Beeném crenens mpeayralblBaHUs B CMBICJIE OTPE3Ka KaK:

E:N+n+t1 Q- i

i) —ali+1
A (o) = sup inf{l _ ZuN+n |Ya (7) ( )|
" NeNneN t

} (4)

MuozxecTBO CBEPXCJIOB HAa3bIBACTCA YaCTHUYIHO IIpeayTraJlblBacMbIM Ha Oec-
KOHEYHOCTH, €CJIn CyHIeCTByeT TaKOIl KOHEYHBIN aBTOMaT, Ha KOTOPOM CTe-
IIeHb IIpeayra/JablBaHnsd KazKI0T'0 CBEPXCJIOBa MHO2KECTBa CTPOT'O OoJIbIIIe HYy-
JI<.
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MHuO»XKecTBO CBEpPXCIOB R HA3BIBAETCS YACTUYIHO TPEIyTrabiBacMbIM Ha
OTpEe3Ke JJINHON 11, €CJIM CYIIEeCTBYeT TAKON KOHEYHBIA aBTOMAT, JJIS KOTO-
pOTO CTEeNeHb TPETyTaIbIBAHNS Ha JTIOOOM TPOM3BOJILHOM MOJICTIOBE JITUHOMN
t1 Ha KakJIOM CBEPXCJIOBE MHOXKeCcTBa R cTporo 6oJibIle HyJIs.

ABTomat 2 mpeayraabIBaeT MPOU3BOJIHLHOE MHOMKECTBO CBerCJIOB S C
{0, 1}°° na 6eckoneunoctn co crenenbio 0, ecm aist Yo, a € S, 2 > 0.

Astomat 2 mpeayraabBaeT MPOM3BOILHOE MHOYKECTBO CBEPXCJIOB S C
{0,1}°° ma orpeske jymHOiI t1 co crenenbio 0, ecan jist Vo, o € S, c?i >0

Perynsiproe cobbiTre Ha anpaBuToM A OIpeneseTcs Kak:

e (),{a},a € A - perynsaphbie coObITHSL.

e Ilycts Ry, Ry - perynapusie coobiTus. Torma Ry - Re, R1URy n R} Toxe
ABJIAIOTCA PEeryjasapHbIMA. RT ABJIAETCA MHOZKECTBOM BCEX BO3MOXKHBIX
KOHEYHBIX MTepanuit coobitusa Rj.

ObimeperyJisipaoe cobbITHE HAJ ajipaBUTOM A OlpeesisieTcst Kak:

e Ecimu Ry - perynsipHoe cobbiTue HaJ1 andasurom A, To R - obiepe-
ryJlspHOe cOOBITHE HaJ 3TUM JKe ajdaBuToM. R{° ABIdeTca cBepXuTe-
pamueit cobbrTust R.

e Ecimu Ry - perynsipHoe cobbiTHe Haj anidgaBuToM A, a R - obmepe-
ryjsipaoe codnitTue Haj ajadasuroM A, To Ry - Ry - obumeperyispHoe
cobbITHE HaJ ajiaBuToM A.

e Ecimu Ry, Ry -o01eperysisipHble CBEPXCOOBITHSI HaJ, aJddaBuToM A, TO
R1 U Ry - obrmeperyJisipHoe CBEPXCOOBITHE HAJ ajipaBuToM A.

Koneunsril apromar 2 IprHUMaeT MHOXKECTBO CBEPXCJIOB 127° ¢ IIOMOIIBIO
MHOX)KecTB cocrosiuuit M = {My, ..., M}, eciim aBTOMaT IPOXOIUT BCE CO-
crostHust u3 ogaoro M; € M GecKOHEIHOE YHMC/IO pa3 U IPOXOIAUT OCTABIITHECS
COCTOSIHHSI KOHEYHOE YUCJIO Pas.

B JoboM aBroMare MOXKHO BBIAEJHUTH CHUJILHO CBA3HBIE KOMIIOHEHTBI
Ql,. ,Qk, TO €CTh COBOKYITHOCTH COCTOSTHHIA, JIOCTHZKIMBIX JIPYT H3 JpyTa
Ve, ¢ €Qii=1,...k3aec{0,1}*, ru o¢d,a)=q .

Ha3z0BéM cUIBHO CBSI3HYIO KOMIIOHEHTY 3aMKHYTOH, €cjid U3 Heé He J0-
CTIKUMa, HUKAKas JIpyrasd CUJILHO CBA3HAsT KOMIIOHeHTa. O9eBUIHO, ITO XOTS
OBl OHA 3aMKHYyTasl CUJILHO CBsI3HAS KOMIIOHEHTa, CYIIECTBYET.

TynukoBbIM MHOXKECTBOM OyIeM HA3BIBATD TaKyIO CHJIBHO CBSI3HYIO KOM-

/ 1" / 1"
nonenty @, uro VQ" €29 ,Q" ¢ M.
Bymem obo3HavaTh MHOXKECTBO COCTOSIHUIM, M3 KOTOPBLIX CaMoe OJIM3KOoe
TYIIMKOBOE MHOXKeCTBO 2| mocruraercs 3a [ pébep kak (1)
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Teopema 1. Hmeemcsa xoneunwiti asmomam 0, npurumMaouuts MHONHCECTNEO
ceepxeaos R. Ilycmov y amozo asmomama npucymemeyiom mynukosvie MHo-
2HCECTNBA U MAKCUMAADHAL OAUHG NYMU JO MYNUKOB020 MHOHCECTNEG PABHI
n1. Ilodobromy asmomamsy MoHcHO 3a0aMb SbLLOOHY0 GYHKUUI MaKrum 00-
Pa3om, Umo ezo cmenend npedyzadusanun muodicecmaa R wa ompesxe dau-
notl | 6ydem 6oavwe uAU PaGHa %

Teopema 2. Cmenenv npedy2advi6aHus KOHEUH020 ABMOMAME WG OECKO-
Hewnocmu ecezda boavwe cmeneny Npedy2adveaHus KOHeYH020 A8MOMAMA
Ha ompesKe.

Teopema 3. FEcau y Koneunozo asmomama A cmenens npedy2advi8arus Ha
beckoreuHoCcmUu cmpozo 6oavWe HYAA, MO HAUIEMCA MAKaA IAUHG OMPE3KG
[, umo cmenens npedyzadvisarus asmomama A na ompeske daunot I 6ydem
cmpozo bosvuwe HYAA.

3. BriBoa Teopem

3.1. BeIiBog cTernieHu npeayraJablBaHusi HA OTPE3Ke JId MIPeTy-
raJbIBaoIero aBToMara, IoJly4eHHOro u3 IMpUuHUMAIoIIe-
ro

Teopema 1. Hmeemcsa koneunwili asmomam 6, npuruMarouutl MHOMCECMBEO0
ceeprcnos R. Iycms y amozo asmomama npucymcemsyrom mynurkosue MHo-
2AHCECNBA U MAKCUMAABHAA OAUHA NYMU JO MYNUKOB020 MHOHCECTNEA PAEHA
n1. Ilodobromy asmomamy MoxcHo 3a0amb SLLLOOHYI0 GYHKUUIO MaKUuM 00-
PA3OM, MO €20 CMeNeHs npedyzadveanus MmHoxcecmsea R na ompeske dau-
1ot | 6ydem 6oavwe uAU PAGHA %

Loxazameavcmeo. SagaauM GYHKIUIO BBIXOJa aBroMary  ciaeayionmm ob-
pa3omM:

e 1-bIif mIar:

st Becex cocrosinmii u3 MuoxkecTBa (1) onpeiesnM BbIXo/HbIE (DYHK-
MY CJIEYIOMUM 00pa3oM: ecyu st coctostaust ¢ € Q(1) m Bxomaoro
cumBosia = € {0, 1} cupaseguso uro ¢(g,x) € T, 10 f(q) ==.

e 1-bIi ImIar:

st Beex cocrostuuii uz Muoxkectsa Q(4) onpesesnM BuIXOAHbIE (DYHK-
MU CJIELYIONM 06pa3oM: ecsiu st cocrosiuust ¢ € (i) u BXomHOrO
cumpogia z € {0, 1} cupasemuso uro p(q,z) € Q(i — 1), 10 f(q) ==
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JInst mostydenust CTENeHu IpejyraJblBaHus Ha OTPE3Ke MOCTPOMM HAMXY/I-
IIYTO MOC/IEJ0BATEIBHOCTE CUMBOJIOB JIJIs TIPEAYTaIbIBaHusl. Paju 3Tl 1e/m
HAYHEM CTPOUTH IOC/IE0BATEHLHOCTL U3 cocTosiuust gy € Q(n1). B cocros-
HUU Gy MBI MOKeM JINOO yraJaTh CJIeYIOMUil CHMBOJI U OCTAThCST BO MHOYKe-
crBe cocrostHuit (Q(ny), mboO He yrajaTh U mepeiitu B cocrostaue Q(ny — 1).
Beproe mnpejiyrajibiBaHie rapaHTUPYETCs JIMIIb BO MHOYKECTBE COCTOSIHUIL
Q(1). HdeiicTBuTeabHO, €CIM U3 KaxKI0ro MHOXKecTBa (Q(i) aBromar Oy/er
[epexouTh BO MHOXKeCcTBO (i — 1), To OH mepeiiaéT Bo MHOXKecTBO (Q(1)
3a Ny IIAroB W3 COCTOsIHUS ¢o. Hamxymmmm nepexoqom u3 Muoxkectsa (1)
SIBJISIETCSI Iepexoj] BO MHOXKecTBO (Q(n1). Ilpu nepexoje Bo MHOXKecTBO (Q(n1)
ABTOMAT MOXKET OIMUOUTHCS N1 — 1 pa3 MOoAPs] B HANXY/IIIIEM CJIydae, KOTaa
KaK I[pH Iepexojie BO MHOKeCTBO (Q(1),7 < ni aBTOMAT MOXKET OIIUOUTHCSI
i — 1 pa3 moApsi;; B HAMXY/IIEM CIydae. DTO O3HAYAET, UTO IPHU IIEPEXO-
Je Bo MHOXKecTBO Q(4),7 < np, aBromar OyJer pexke OMMOATHCS YeM IIPH
nepexojie BoO MHOXKeCTBO (1), & 3HAYUT CTEleHb IIpeJlyra/IbIBaHuUs [IPU Ta-
KOM IIOCTPOEHUH He OyJeT ABJIAThLCA MUHUMAJBHOMN. [Ipn mpoxoxjaeHun nq
CHMBOJIOB 00SI3aTEJIbHO YIaIbIBAETCS JIMIh OJMH CUMBOJI U3 HUX. DTO COOT-
BETCTBYET TOMY, YTO IIPU IIPOXOZKJIEHNN | CUMBOJIOB FapaHTHPOBAHHO OyJIeT
yrajaso juiib |1/ng | cumsosioB. Teopema jrokazana. O

Ha Puc. 1 mokasan npumep KOHEIHOTO aBTOMATa, KOTOPBIi IPe/yTra [biBa~
er MHO)KecTBO cBepxcJioB (0(11U10)*0)* co crenenbio 0.5 Ha GECKOHEYHOCTH,
HO C MEHbIIeil CTeIeHbI0 Ha OTPEe3Ke OO0 JJINHBIL.

Paccmorpum citoso (00)°°. Crenenb npe/yrabiBanusi Ha GECKOHEUHOCTH
9TOr0 CBEPXCJIOBA aBTOMATOM, H300parkKEHHbIM Ha puc. 1, paBusiercs: 0.5. Cre-
[IeHb IPEeJyraJblBaHNds TAKOrO CJIOBA Ha OTpe3KaX JJIMHOI KPaTHOIl IByM
Takzke paBHsieTcs 0.5.

Teneps paccmorpum cioo (010000)*° . Crenenb pejyra/bBaHust 3TOIO
CBEPXCJIOBA aBTOMATOM, IIOKa3aHHBIM Ha pHC. 1, pasusercs 0.5 Ha Geckoned-
nocru. Crenens npe/yraJblBaHus JaHHOIO aBTOMAaTa Ha OTPe3Ke JJINHO B
3 cumposa papusiercst 3. CTeleHb NpelyrajiblBaHus JAHHOIO aBTOMATa Ha
OTpesKe JUIMHON B 4 CHMBOJIA DABHSIETCS .

Ha Puc. 2 nokasan npumep KOHEYHOI'O aBTOMAaTa, KOTODBIN IIPeyraIbl-
BaeT MHOXKecTBO cBepxcyioB (01*00%1)* co crenensio 0.(3) Ha GeCKOHETHOCTH

1 Ha OTpe3KaxX JJINHOI KPaTHOI TPEM.
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Puc. 1. IIpumep KoHEUHOTO aBTOMATA, ¥ KOTOPOI'O CTEIIEHU TPy Tra/IbIBAHMS
Ha OTpe3Ke U HECKOHEYHOCTU HE COBIAIAIOT.

Puc. 2. [Ipumep KoHEYHOTO aBTOMATA, Y KOTOPOT'O CTEMEHN TPEeyTraIbIBAHNS
Ha OTPe3Ke U OECKOHEYHOCTU COBIAJIAIOT.

3.2. BuIBoa cTeneHu ImpejyrajabIiBaHus Ha OECKOHEYHOCTHU W3
CTEIleHM ITPeyTraJibiBaHus HAa OTPe3Ke

Teopema 2. Cmenend npedyzadvi8arus KOHEUHO20 ABMOMAMNG HA OECKOHE -
Hocmu 6cez2da boavwe cmenent npedy2adveanus KOHEUH020 GEMOMAMA HQ,
ompesxe.

Zoxazamensvcmeo. BoimmineM olpeneieHne CTEIEHN IPELyraIbIBAHNS Ha OT-
peske.

|2

N t . .
0/ N _ : Sonin lyali) —ali+1)]
¢/ (a) = sup inf {1 —
t NeNneN t1

rae N - giauHa KoHedHoro npedukca, t1 € N - ymHa oTpe3Ka, Ha KOTOPOM
IPOU3BOUTCS TPEJIYTaIbIBAHUE.
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Packpoem infinum.

t1
St = Z lya (i) — a(i +1)| <t — t1cj) (a) (5)
1

Broinuiem omnpepesieHne cTeneHn IpeayralblBaHus Ha OECKOHEYHOCTH U
pacKpoeM mpees.

21 lya (i) —ai+1)|
t

2A

coo(a) =1- himtﬁoo

N . . t/t
o YN - ali+ D+ Y S,
Coo(a) =1 _himt%oo n =
Lt —N-1)S S
1 _himt—)oo(ﬂ ) o _ 1 _ Pt
t t

BamenuM Sy, HepaBeHCTBOM (5).

S t1 — 1t (a
A () —L>1—7“():1—1+0f1(a):cf§(a)
i1 t1
cilo = c?l
Teopema moxkazana. ]

BaMeanHe: B JI0Ka3aTeJIbCTBE HE HMCIIOJIb30BaJIOCh HUKAKNUX YHUKaJIb-
HBIX CBOJICTB KOHEYHBIX aBTOMATOB, BCJIEJCTBHE 4ero Teopema 2 paclpo-
CTpaHseTCs KaK Ha KOHEYHbIe aBTOMATBI, TAK U HA IIPOU3BOJIbHBIE JeT€PMU-
HUPOBaHHBIE ABTOMATHI.

Ha Puc. 3 npusesién npuMep KOHEYHOI'O aBTOMATa, KOTOPBIH yraIbIBaeT
KOHTEKCTHO-CBOOOHOE cBepxciioBo (0™1™)% co cremeHbio % KaK Ha Oecko-
HEYHOCTHU, TaK M Ha OTPEe3Ke, JJINHA KOTOPOIO CTPOro OOJIbIIE HJIX PABHA

JBYM.
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Puc. 3. IIpumep KoHewHOrO aBTOMATA, KOTOPBIH MPELYTaIbIBAET KOHTEKCTHO
CBOOOTHBIN sI3BIK KAK HA OECKOHEUHOCTH, TaK W Ha OTPE3KE.

3.3. BbiBoz cTeneHu IpeayraJibiIBaHus HA OTPe3Ke U3 CTEIeHUI
npeayraJablBaHus Ha OECKOHEYHOCTH JIJisi TPOU3BOJIBHOTO
KOHEYHOI'0 aBToMara

Teopema 3. Ecau y xoneurnozo asmomama A cmenend npedyzadvi6arusi Ha
beckoreuHocmu cmpozo 6oavwe HYAA, MO HATUIEMCA MaKas IAUHG OMPE3Ka
[, wmo cmenenv npedyzaduearus asmomama 2 wa ompesxe daurot | 6ydem
cmpozo 6oavwe HYAA.

Zloxazameavcmeo. Tlokaxkem, 910 AT TFOOONO KOHETHOTO aBTOMaTa 2 , KO-
TOPBIN IIPeayTaIblBaeT MHOXKECTBO CBEPXCJIOB [ ¢ HyJIeBOIi CTEIIeHbIO Ha OT-
pe3Ke JI00OM JIJTHHBI, MOYKHO ITOCTPOUTH CBEPXCJIOBO U3 MHOXKeCTBa Ri, 1Jist
KoToporo ¢, = 0. BozbMéM Koneunblii apromara 2, Ipe;yra,bIBAIOIIH MHO-
2KeCTBO cBepxcyioB K. omycTum, 9T0 €ro creleHb MpeLyraJIblBAHUs PABHA
HYJTIO TS JTIOO0H KOHEYHOH JIJIMHBI OTPE3Ka: clQl = 0. Bmecre ¢ mpeayraibi-
BAIOIIMM KOHEYHBIM aBTOMaTOM 2 pacCMOTPUM HPUHUMAIONINNA KOHEYHbII
aBromat ‘B. [logaBast oqHI 1 Te »Ke CUMBOJIBI HA BXOJ[ KOHEYHBIX aBTOMATOB
2 u B, comocTaBUM MeXKJy coboil myTn B aBroMare 2 ¥ IyTH B aBTOMa-
Te B. Bece nukibr aBromata B Oymem OpaTh COOTBETCTBYIOMIMMHU OIHOMY
KOHKPETHOMY CBEPXCJIOBY, IIpUHAJIeXKaIIeMy 1, cTelleHb IpeayralblBaHms
KOTOPOTO paBHA HYJIIO Ha JIF00Oil JIJINHE OTPE3KA.

B nagasnbHblii MoMeHT aBTOMAaT A OyJeT HAXOAUTCA B COCTOSTHUN q%o, a

aBTOMAT ‘B - B COCTOSTHUN qkmi) By,ZLeM II0JaBaTb Ha oba, aBTOMAaTA TaKy1O IIO-
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CJIeJIOBATEJIbHOCTH CUMBOJIOB (v, Ha KOTOPO# KOHeUHbIiT aBromar 2| He 1pe/1y-
raJplBaeT HU euHOro cuMposia. O6osHaunm juimHy « Kak [: |af = [. Takyto
II0CJIEIOBATEIBHOCTD MOYKHO HaiiTn JII06Oi JMHbL 61aroiapst Ipe/oIozxKe-
HUIO, UTO CTENeHb NPeJyTaiblBaHust aBromMara 2 Ha OTpe3Ke JIOOI JInHBI

s A A A A
pasHa Hymo. [Tomyanm mocienoBaresbHOCTH cocTodAHMI ] = Do Ty Ty -+

JUist apToMaTa 2 U MOCIe0BATEIbHOCTD COCTOSTHIH 91% = q,?% q;ﬁ q,?;...q;g bt

aBromara ‘B, rae qp, = p(pref(01,1),a(i)). Paznmuamee g, moryr obosna-

9aTh OJHO M TO Ke cocTosinme. 1logbepém Takyio JUIMHY I10CJIEI0BATEIHHO-
A A

ki1 0y, TAK T

B _ B B 3

03 = G, 4,4y, OyAyT ABIATHCA IMKIamu. Bynem obosnavarh Kak o,

cru « m Takoe uncygo n € N,n < [, 9ro Kak 0%‘ = q,%l q
n

TaKy¥o MOJIITOC/IEI0BATEILHOCTD CJI0BA (v, IIPHU Iojade KOTOPOil Ha aBTOMAaThI
A 1 B OHU MPOXOIST ITUKJIBI 9%1 n 02% COOTBETCTBEHHO. Takoe m M CJIOBO «
BCera BO3MOXKHO I0100paTh BBUJLY TOTO, 9TO CJIOBO (v C HYJIEBOI CTEIEHBIO
IpeIyragblBAHUS MOXKHO HAWTH IPOU3BOJILHON IJIMHBI, BBUILY HYJIEBO CTe-
[IEeHU TIpelyTabIBaHms Ha OTpe3Ke Jr000i qauHbl. LUkt xKe B J1I0O00M KOHEY-
HOM aBTOMATE BCEr/a MOXKHO IOJIyYUTh II0JaB Ha HEro JOCTATOYHO OOJILIIoe
KOJIMYECTBO CUMBOJIOB. B HauXyIieM cjiydae OH II0C/IeI0BATEIbHO IPOMIET
BCE CBOU COCTOSHUS, & 3aTeM HePeiIéT B OJIHO U3 paHee IPOHIeHHBIX COCTO-
sHMi, 9eM obpasyer mukJj. CleayronmM aroM Oy1eM TOBTOPATD IIUKJIbI 0%‘
n 92% . IIpu TakoM mocTpoeHue BO3MOXKHO JBa BAPUAHTA:

e CaepxcioBo pref(a,n)(ay)® TpoXoauT Bee COCTOSTHUS, KOTOPBIMU KO-
HEUYHBIl aBTOMAT MPUHUMAaeT MHOXKECTBO cBepxcyioB Rp. Ilpu nomave
TAKOTO CBEPXCJIOBA Ha IPEJLyTaIbIBAIONINT KOHEIHbIH aBToMaT 2 OH
6GysieT GECKOHEeYHO MPOXOIUTH UK O3, Ha KOTOPOM OH IO TIOCTPO-
€HMIO He TIPEeJIyTaJblBAeT HU OJHOTO CUMBOJA. LIpM 3TOM CBEPXCJIO-
Bo pref(a,n)(ay)™ npunamiexkur MaokecTBy R, Besegcrsue aroro
CTelleHb IIpeJlyraibiBanus cBepxcioB pref(a,n)(wy, )™ Ha 6GeCKOHeUHO-
CTH paBHSIETCSI HYJIIO: cio =0.

e CaepxcioBo pref(a,n)(a,)> He TPOXOAUT BCE COCTOSHUS, KOTOPBIMI
KOHEYHBI apToMaT ‘B npunumaeT MHoxKecTBo Ri. Torma 6ymem cTpo-

)OO
UThb TpedyeMoe CBEPXCIOBO TAKUM 00Pa30M:

pref(a,n)apBanaB...(an)" B,
rjie 3 sIBJISIeTCsl CJIOBOM 110 KOTOPOMY KaK IIPUHUMAIOINIHI Tak 1 [IPEey-

ra ILIBAIONIUI aBTOMATHI HPOXOAAT UK. CJI0Bo 3 oAbupaercsa TaKuM
obpazoM, 4TOOBLI IIPU €ro Iojade aBroMaT B IPOIIET BCe OCTABIINECS
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COCTOSTHUSI, HEOOXO/IMMbIE JIJIsi IPUHSITHS CBEPXCJIOBA, & TAKYKe KOHEU-
HOE KOJIMYECTBO IIPOU3BOIBHBIX MPUHUMAIOINX cOCTOgHu. Takoe ciio-
BO [ Becerjia MOXKHO T0JI00PATh BBUJLY KOHEYHOTO KOJIUMIECTBA COCTOSI-
HUI y IPeayrablBaoIero u MPUHIMANEro aBToMaToB. CBEpXCI0BO
pref(a,n)apBananB...(ap)™B... IO MOCTPOEHUIO TPUHAJICKUT MHO-
xkectBy Rp. Ero crenenp mpemyrajbiBanus Ha OECKOHEUHOCTU PABHsI-
eTcs HyJII0, BCJIEJCTBUE CTPEMJIEHUS 1M K OECKOHETHOCTU U abCOTIOTHON
HEIIpe [y ra IbIBAeMOCTH IUKJIa Oy

Paz M0o2kHO TIOCTPOUTH 110 MEHBINEN MEPE OJHO CBEXCJIOBO M3 MHOXKECTBA CO
CTEIEeHBIO IPEIYyTaIbIBAHNS Ha OCCKOHEYHOCTH, PABHON HYJIIO, TO CTEIEHD
npeJyrajblBanns Ha OECKOHEYHOCTH Yy BCEIO MHOXKECTBA DPABHSIETCS HYJIIO.
Teopema mokazana. O

YrBepxkaeHue 1. Jlis xKonmerxcmHo-c60000HT A3bK08 U3 Npedyeadoi-
8aHUA HA Oeckoneunocmu He caedyem npedy2advbi6aHue Ha Ompesxe.

[Tpueeném mpumep: BosbMéM KOHEUHBII aBTOMAT, BRIAKOIIUN Ha JTIOOOM
BXOJITHOW CHMBOJI KOHCTAHTY HOJIb. Ilompobyem mpemyragaTh MM CBEPXCIOBO
(0™1™)°°. OueBHUIHO, UTO CTEIEHD PELYTAIbLIBAHUS TAKOTO CBEPXCJIOBA 3TUM
aBroMaToM Oymer paBHAThCA 0.5. OxHaKo MoACa0BO 1™ MOXKET UMETH JII0OYIO
KOHEUHYIO JJIUHY 1 60Jiee TOro, OHO IOBTOPsieTCsl B ¢BepxcjioBe. M3-3a moBTo-
PEHUi TOJICIOBa €r0 HEBO3MOYKHO IPOIYCTUTh, BHIOPOCHUB KOHEUHOE YHUCTIO
CHMBOJIOB M3 HadaJia CcBepxcJioBa. Iloydaercst, 9T0 HACKOJIBKO OOJIBIION OT-
PEe30K MBI He OpaJjiu Obl - BCerja MOXKHO HAWTH TaKyIO ITOCJIeI0BATE/HHOCTD
1™, gro eé mnmnHa OyaeT OOJIbINE HEXKEJIU JJINHA OTPe3Ka, Ha KOTOPOM MbI
peIyraIbiBaeM cBepxcjioBo. [10100HbIN OTPE30K MOYKET IOBTOPSIETCS OECKO-
HEYHOE YHCJIO Pa3 B CBEpXC/IoBe. M3 9T0oro cjaeayer, 9To CTEeHb MPeTyTralbl-
BaHUsI Ha OTPE3Ke y TAKOI0 aBTOMATa PABHSIETCsT HYJIO.

WToro Mbl MOJIyYWIN Mapy aBTOMAT - CBEPXCJIOBO, Y KOTOPOH CTeneHb
npeyrajpiBanns Ha OeckoHedHOCTH paBHsieTcss 0.5, a cTereHb Mperyrajibli-
BaHWs Ha OTPE3KE pPaBHsieTCs HyJIi0.. [lanHoe HabII0IeHne JOKA3bIBAET Y TBEP-
KIeHHe.
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Prediction of superword segments
Manshilin O.G.

The automaton predicts the character of the input sequence, if it
outputs this character at the previous time.

The paper introduces the concept of the degree of prediction
on a superword segments. The question of the relationship between
prediction on superword segments and prediction on superwords is
investigated.

We obtained results that allow us to judge the degree of prediction
on superword segments if we know degree of prediction on superword
and vice versa.

Keywords: predicting automaton, prediction of superwords with
automatons, prediction degree on finite subsequency.
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Pa3peHII/IMOCTB 3ada91 OIIpeae/IieHmn:d
Iopdaka JINHEMMHOT'O0 aBTOMATAa

Mypasbes H.B.!

PaccmarpuBaercsa 3a7iatua onpeseeHns OPAIKA JIMHEHHOTO aBTO-
mara. JlokazaH KpuTepuil KOHEYHOCTH TOPSJIKa JIUHEHHOTO aBTOMATA,
MTO3BOJISIONINI penraTh 3aJlady aJrOpUTMUIecKn. Jlana BepXHss OIeH-
Ka Ha MHOPAJ/0K JIMHEHHOTro aBToMaTa.

KuaroueBple ciioBa: KOHEUHBIE aBTOMATHI, JIMHEHHBIE aBTOMATDI,
MIOPAI0K B IIOJIyTPYIIIE.

1. BBenenne

B 2017 roxy Pierre Gillibert mokaszau [1], uro 3amada onpejeseHnst MOpsiIKa
9JIEMEHTa B aBTOMATHON Ipyriie (CpyIiie, TOPOXKJICHHON KOHEUHBIM aBTOMA~
TOM) aJTOPUTMUYECKU Hepaspermmma. [1o3:ke 3TOT pe3yabTarT ObLI yCUJICH
Bartholdi u Murpodanosbiv [2]. B wacrHocTu u3 Hero cieiyer, 9To, HAUU-
Has ¢ HEKOTOPOI'O 7, 3ajada olpeIeeHus HOPsIKa JIeMeHTa Hepa3pelluMa
U B IPyIIle Bcex obparuMbix aBromMatos AS,. Ilpeacrapiser nHTEpec HAX0XK-
JeHne TaKUX KJIaCCOB aBTOMAaTOB, [IJid KOTOPBLIX 3a/iavda pa3peninMa.

O,[LHI/IM U3 BarKHENINNX KJIACCOB KOHEYHBIX aBTOMAaTOB C BbIXOJ0M ABJIA€T-
cd KJIacC JIMHEHHBIX aBTOMATOB. JlaHHoe ceMeiicTBO aBTOMATOB HMeeT OOJIb-
HIoe 3HaUYeHUe KaK C TEOPEeTUYECKOil, TaK U ¢ IPAKTUIECKONH TOYEK 3PeHHS.
Ha ceropusininmii jieHb cyiecTByer GOJIbIIOe KOJMIeCTBO KHUD [3| u crareii
[7, 8], mocBsiteHHBIX 9TOi TeMaTHKe.

Panee Asenuua C.B. nokasas [5], 4ro B rpyIine 0JHOMEPHBIX JIHHEHHBIX
aBTOMATOB HAJI IOJIEM U3 JIBYX 3JIEMEHTOB aBTOMAT UMEET KOHCIHBII MOPSII0K
TOrJa ¥ TOJILKO TOIJIA, KOIJA ero Iepexoibl 6e3yc/oBHbL. B nanHoil pabore

! Mypasves Huxuma Basepvesuy — crymeHT Kad. MATEMATHIECKOH TEOPHN HHTELTEK-
TyaJIbHBIX cucTeM Mex.-MaT. db-ta MI'Y, e-mail: ne-ki-tos@yandex.ru .

Muravev Nikita Valerevich — student, Lomonosov Moscow State University, Faculty
of Mechanics and Mathematics, The Department of Mathematical Theory of Intellectual
Systems.
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9TOT pe3y/IbTaT OyjieT 000DIIEH Ha JIMHEHHBIE ABTOMATHI JIIODOW Pa3MEepHOCTH
HaJ[ IPOU3BOJILHBIM KOHEYHBIM 110J1eM. BoJjiee Toro, 6yaeT BbIBeIeHA BEPXHSIS
OIleHKa Ha IOPSJIOK JIMHEIHOI'O aBTOMAaTa, 3aBUCAIIAd OT €r0 Pa3MepPHOCTU U
T10JI51, HaJT KOTOPBIM OH JINHEEH.

2. bazoBbie onpeaesieHust U yTBEPKICHUS

Omnpepenenne 2.1. AGCTPaKTHBIM MHUIUAJILHBIM KOHEYHBIM aBTOMATOM
(mamee aBromatr) HasbiBaeTcs mmecrepka (X, Q,Q, ¢, 1, qo), vae
3} - KOHEYHOE HEIyCTOe MHOXKECTBO, HA3bIBAEMOE BXOJHBIM ajipaBUTOM,
() - KOHEYHOE HEIlyCTOE MHOYKECTBO, HA3BIBAEMOE MHOYKECTBOM COCTOSTHMUIA,
() - KOHETHOE HEIYCTOE MHOYKECTBO, HA3BIBAEMOE BBIXOTHBIM aI(haBUTOM,
¢ 3 X Q — Q- byHKINA TEPEXOJIOB,
P13 X Q — € - OyHKIMS BBIXOIOB,
qo € Q - HAYAJIbHOE COCTOSIHUE.

Onpenenenue 2.2. 3ameTnM, 9TO Besikuili aBromar U ¢ HAYAJIBHBIM COCTO-
SIHIEM ¢ 3a1aeT orobpaxenue fy, @ X* — (0, oupelejaeHHOe HHIYKTHBHO
U HA3BIBAIOIIEECs aBTOMATHOU (byHKIUEH:

1) fu,, () =&, tne € - mycroe cy0BO

2)ae X = fu,(a)=1v(a,q)

3) apa € X*, a9 € X = fu, (aoa) = ¥(a0,40) [Uyay 40 (@)-

Omnpegenenne 2.3. ABTOMATHI, 33IAI0NTHE OJIMHAKOBBIE ABTOMATHBIE (DYHK-
Y, HA3bIBAIOTCS SKBUBAJIEHTHBIMU.

Onpepenenne 2.4. JIpa cocTosiHUSI AaBTOMATOB (JIByX PA3HBIX UJIM OJHOTO
U TOTO 7K€) HA3BIBAIOTCS SKBUBAJIEHTHBIME, €CJIM WHUIMAIBHBIE aBTOMATBI C
HAYaJIOM B 3THX COCTOSIHUSIX SKBUBAJIECHTHHI.

Onpenenenue 2.5. ABroMarsl, MEKJy MHOXKECTBAME COCTOSTHUI KOTOPBIX
CyIIeCTBYeT OUEKIINs, IIePEeBOIAIIAsl COCTOSHUS B SKBUBAJIEHTHBIE UM, HA3bI-
BaIOTCS M30MOP(HBIMU.

sBecrra coemyromas Teopema [4]:

Teopema 1. Jlas xasicdozo asmomama cywecmeyem eQuHCmEeHH ¢ Moy-
HOCTBI 00 UBOMOPPUBMA IKGUBAAECHMHBIT ABMOMAM € HAUMEHBUWUM 603~
MOAHCHBIM KONUHECTEOM COCTNOAHUT.
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Taxoit aBTOMAT HA3BIBAETCS MUHUMAJILHBIM WU ITPUBEJICHHBIM IS UC-
XOJHOT'O aBTOMAaTa.

B naspHeiiieM MbI 3a9acTyiO Oy/IeM OTOXJIECTBJIATH [MOHSATUST WHUIIH-
axpHOro apromata Ug, u ero asromarnoil Gyskuun fy, , ecau sto e Gyner
BBI3BIBATH Ty TAHUIIE.

[Tpu coBnajeHny BXOIHOTO U BBLIXOIHOTO aji(haBUTOB MHOXKECTBO 00paTu-
MBIX aBTOMATHBIX (DyHKIuUil (06paTHMbBIX aBTOMATOB) 00pa3yer TPYIILY OT-
HOCHUTEJIBHO CYIEPIO3UIINN, KOTOPYIO MBI OyieMm obo3HauaTb AS),, T1e n -
MOTITHOCTD BXOTHOTO-BBIXOHOTO ajiaBuTa.

Eciin orkazarbest oT TpeboBaHUS OOPATUMOCTH, TO MbI HMOJIYIUM ITOJIY-
IPYIILY C eJuHuIeH (MOHOU) aBTOMATHBIX (DYHKIHHA. DTOT MOHOM| 0603HA~
quMm AP, TJie n - MOIIHOCTH BXOIHOT'O-BBIXOTHOTO aJihaBuUTA.

O4eBHUIHO, UTO IIPU PA3HBIX ajipaBUTAX OIHON U TOM YKe MOIHOCTH COOT-
BETCTBYIOIIHE TPYNIbl (MOHOH/IBI) aBTOMATOB W30MOP(MHBI, TaK YTO JAHHOE
obo3HaeHne KOPPEKTHO.

Omnpenesienue 2.6. KanoHum1ecKuMUI YPaBHEHUSIMU aBTOMATA
U=(%0,9Q,¢1,qy) Ha3blBaeTCs CIeyIONas CUCTEMa YPaBHEHHMIA:

e t € NU{0},q(t) € Q,z(t) € Z,y(t) € Q.

fcno, 1ro sra cucrema sanaer GYHKUUIO fy, , & HIMEHHO

fUg, (@(0)z(1)x(2)...) = y(0)y(1)y(2)... Va(t) € X,t € NU{0}.

Omnpegesenue 2.7. A6cTpaxTHBIM MHUIINAJTBHBII aBTOMAT
(3,Q,9,0,1,q0) HazoBeM JIMHEHHBIM HaJ KOHEYHbIM mojeM Fy, (rue
M - MOIIHOCTD I0JIST), €CJIM €r0 MHOXKECTBO COCTOSIHUiT (), BXOIHOI X u
BBIXOJIHOW ) ajihaBUTBI €CTh IOAMHOXKECTBA KOHEYHOMEPHBIX BEKTOPHBIX
[IPOCTPAHCTB HaJl F),, a KAHOHUUIECKHE ypaBHEHUS UMEIOT CJIeIYIONIi BUI;:

q(t+ 1) Aq(t) + Bx(t)
y(t) = Dq(t) + La(t)
q(0) = qo,

riae q(t) € Q,z(t) € X,y(t) € Q; A, B, D, L - nuHeiiHble onepaTopbl MEXK Ly
COOTBETCTBYIOIIMMHY IIPOCTPAHCTBAMMU.
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Bsuy nzomopdusma KOHETHOMEPHBIX JIMHEHHBIX ITPOCTPAHCTB OJUHAKO-
BOI pa3MepPHOCTH HaT OOIIIUM II0JIEM, B IajbHeiIeM OyaeM Beeraa mojiaraTh,
YTO JIMHEHHBIe TPOCTPAHCTBa UMEIOT Byt I T7ie n - pa3MepHOCTb.

Jlemma 1. Ilocae murumudayuu sunetinozo nad Fp, asmomama movl noay-
Yaem a8MOMAM, UIOMOPPHHOITL HEKOMY AUHETHOMY HAO MeEM HCE NOAEM.

Lloxazameavcmeo. IlycTb MBI CKIEMJIN 1B SKBUBAJIEHTHBIX COCTOSIHUS JIU-
HeliHOro apromaTta. Eciu qBa CcOCTOSHUST SKBUBAJEHTHBI, TO OHU PEATUIYIOT
OJIHY U Ty >Ke (DYHKIIMIO, & 3HAYUT UX PA3HOCTDL PEAJIM3YET Ty 2Ke PYHKIUIO,
9YTO U HYJIEBOI BeKTOp (HyseBoe cocrosinue). [lomyaaercs, 1aTo ecam cocTosi-
HUsSI q] ¥ @2 SKBUBAJIEHTHBI, TO U COCTOsIHUS ¢, ¢ + k(g1 — q2) SKBUBaJIEHTHBI
Jutst OOBIX ¢ € Q, k € Fiy,. A 3HAUUT MBI MOXKEM CIIPOEIUPOBATE IIPOCTPaH-
CTBO COCTOSTHUI Ha JI0OY0 MUMEPITIOCKOCTD (TIOIIPOCTPAHCTBO KOPA3MEPHO-
CTH OJIMH), HE IapAJUIEJIbHYIO ¢ — G2, (3TO JinHeiiHOe oToOpaykeHue) u J10-
MHOXKUTB CJIEBa JIMHEHbIE OIepaToOphbl B (PYHKIUU IIEPEXOJI0OB Ha OIepaTop
[IPOEIUPOBaHNUs, TIOJIYIUB aBTOMAT, SKBUBAJEHTHBIN ncxoauoMy. [oBTopsem
JAHHYIO TPOIIELYPY, ITOKa He TMPUJIEM K IpuBegeHHOMY aBroMary. [lomyanim
JINHENHBIA MUHUMAJIbHBIA aBTOMAT, SKBUBAJIEHTHBIA UCXOIHOMY. ]

JlamHast JieMMa IMMOKA3bIBAET, ITO IIPU U3YUCHUN JIMTHEHHBIX aBTOMATOB MbI
MOZKEM OIPDAHUIUTHCS JIUITH MUHUMAJIbHBIMUA (TIPUBEICHHBIMI) ABTOMATAMHE.

Jlajee Bce aBTOMATBHI CUUTAIOTCS TPUBEIECHHBIMU.

3aMeTnM, YTO 0OPATHMOCTh JIMHEHOrO aBTOMAaTa SKBUBAJIEHTHA 00paTH-
MoOCTH oriepaTopa L U3 ero KaHOHMYEeCKUX YPaBHEHUI Ha JIMHEHHON 000JI0uKe

().

Jlemma 2. Cynepnosuyus aunetinoix wad F,, asmomamos ecmv aunetinviil
nad F,, asmomam.

Zoxazamesvemeo. Ilycts umeercs muHelnbrit apromar G ¢ KAHOHUIECKIME
YPaBHEHUSIMHA

q(t+1) = Aq(t) + Bz(t)
y(t) = Dq(t) + La(t)
q(0) = qo
u JmHeiiHbIl aBToMaT G HaJ TeM Ke II0JIeM, deill BBIXOIHOI ajdasuT

COBIIQIAET C BXOAHBIM aJipaBuToM aroMara G U 3aJJaHHbIl KAHOHUYECKUMU
YpaBHEHUSIMU

148



q({t+1)=Aq(t)+ B'z(t)
y(t) = D'q'(t) + L'x(t)
q'(0) = qp-
Torna sicHO, YTO UX CYHEPIIO3UIIAS GoG' 3aJ1aeTcs CIeAYIOIMUMI KaHO-
HUYECKUMU YPaBHECHUAMMNU:

((dt+1)\ [ 4 o)\ [d@) (7 (0
qt+1)) \BD A) \q@) BL/

'(¢
y(t) = (LD’ D) 70 + LL'x(t)
q(t)
¢\ _ (d
q(0) q0
To ectb cymneprio3uiusi eCTb JIMHEHHBIN aBTOMAT. [

Teopema 2. O6pamuuiii a8MOMAM, K AUHETHOMY IKGUBANEHMEH AUHCTHOMY
HAd MeM JHCE NOAEM.

Zoxaszameavemso. Ilyctb nmeercst muHelHBI oOparuMblil aBTomar G ¢ Ka-
HOHUYECKUMY yPABHEHUSIMUI

q(t+1) = Aq(t) + Bz(t)
y(t) = Dq(t) + Lx(t)
q(0) = qo-

JlokazkeMm, 4TO 0OpaTHBIM K HeMmy Oyuer aromar G’ ¢ co ciemyromuMu
KaHOHUYECKUMU yPaBHEHUAMU:

¢(t+1)=(A—-BL'D)¢(t)+ BL 'x(t)
y(t) = —L7'Dg'(t) + L~ a(t)
¢(0) = qo,

rie L~ - obparmbiit omeparop K cyxennto L Ha (3), TPOU3BOIBHO MPO-
JIOJKEHHBIN Ha BCE ITPOCTPAHCTBO.
Paccmorpum ux cynepnosunuio G o G':
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((d(t+1)\ [(A-BL'D 0\ (d() BL7Y
qt+1))  \ =BL'D A) \ q(t) \ppt )o@
D

'<q'(t+ 1)) _ ((A—BLlp)q(t)> (BL1> ®
q(t+1) (A— BL7'D)q(t) BL™!
OO Ly = a(t)
<q’(0)> _ (%)
q(0) 0
To ectb G’ - obparublii K G. O

CaencrBue 2.1. Mnoocecmeo aunetinux nad Fy, asmomamos c cosnada-
OUUMU BTOOHBMU-BBTOOHBLMU asdasumamu X 0bpasyem Mmonoud omHoCU-
MEALHO CYNEPNOZULUL.

O6o3rauumM sror Monous L Ps.

Caencreue 2.2. Mnootcecmso obpamumolr sunelinvx wad F,, asmomamos
¢ Co8NadaIowWUMY BLOOHBLMU-BHLLOOHDIMY aspasumamy X obpasyem epynny
OMHOCUMENLHO CYNEPTOZUUUL.

O6ozuaunm a1y rpymmny LSy.

3. Ompenesenne nopsiaka aBromara B MoHouje L Ps

Bes orpanuvenusi oOIHOCTH Be3je jiajiee CIUTAEM, UTO PA3MEPHOCTHU JIM-
HEMHBIX 000/I109eK ai(haBUTOB U JUHEHHBIX 000J0YEK MHOMKECTB COCTOSTHUI
COBIIQJAIOT C Pa3MEPHOCTSIMH COOTBETCTBYIOIINX BEKTOPHBIX IIPOCTPAHCTB,
[IOJIMHOYKECTBAMY KOTOPBIX OHU SIBJISTEOTCSI.

Onpenenenne 3.1. Ilopsaakom sjiemenTa B moJyrpyine OyaeM Ha3bIBATH
MOIIHOCTD ITOJIIOIYTPYIIIIBI, TIOPOXKIEHHON JTAHHBIM 3JIEMEHTOM.
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Onpenenenne 3.2. C KaxKIbIM JUHEAHBIM aBTOMaTOM (G

q(t+1) = Aq(t) + Bz(t)
y(t) = Dq(t) + Lz(t)
q(0) = qo

CBsDKEM J[Ba (POPMAIbHBIX Psia:

[o@)
Mg(z) = Z DA'Bz* + L,
v=0

Sa(z) = ZDA“qu”.
v=0

Hazosem ux mepemarodnoit pyHKIMEH U CABUTOM COOTBETCTBEHHO.

st ipoussosibroro nosist K obosuaunm Frac(K|[z]) mose 9acTHBIX KOJTb-
I1a MHOI'OYJIEHOB HaJ, K OT IepeMeHHOH Zz.

Cilenyroluye jiBe JIeMMBI SIBJISIIOTCST OOOOIIEHNSIMUA U3BECTHBIX Pe3YJIbTa-
ToB [4]. 151 COKpaIeHns] N3JI02KEHIUsT MBI OIyCTHM UX JIOKA3aTeJIbCTBA.

Jlemma 3. Jlas a06020 aunetinozo asmomama G wad nosem F,, e2o nepeda-
mounasn pynxyus Ma(z) ecmo aunetdnwid onepamop nad nosem Frac(Fy,[z])

Jlemma 4. Conocmasum kancdomy caosy r = Torirars... € X dopmans-

ML pAad
(o]
x(z) = Z xy2",
v=0

A xaotcdomy cro6y y = Yoy1yoys... € 2° - dopmarvruii pad

[e.e]
y(z) = Z Yp2®.
v=0
Tozda das a106020 sunetinozo asmomama G u a0bvx x € Xy € Q%

y=G(2) & y(z) = Ma(2)z(2) + Sa(2).

Jlemma 4 mo3BosIsteT HaAM 11€pedOPMYIUPOBATD 3aJIa9H JIJIst IMHEWHBIX aB-
TOMATOB B TEPMUHAX IT€PEIATOYHBIX (PYHKIUI u capuroB. Hampumep BepHa

Jlemma 5. [Tycmv G ecmo aunetinot Had Fy, asmomam, mozda e2o nopsadox
Koneuwer moada U moavko moeda, koeda Ik, n € N : Mé(z) = Mp(2), k # n.
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Joxasamenavcmeo. Tlo onpeserieHnIo MOpsIIOK aBTOMATa KOHEYEH, KOTJIa KO-
HEYHA TOPOXKIAEHHAs UM IOJIYIPYIa. 10 €cTh B OECKOHEYHON IMOCIeI0Ba-
ressnoct G, G2, G2, ... ecTb ML KOHEYHOE YHC/I0 PA3JIMIHBIX 3/IEMEHTOB,
a suaunt 3k, n € N: GF = G™ k # n. VI3 geMMbl 4 1 3aMeYaHHST O TOM, ITO
JINHEHHbIe 000JI0YKY aJIPaBUTOB COBIIAAIOT C COJAEPKAINIUME UX BEKTOPHbI-
MU [IPOCTPAHCTBAMH, CJIEJIYET, YTO 110 aBTOMATY OJIHO3HAYHO OIPEJIEIIIeTCst
ero nepejarodHast GbyHKIUsI, & 3HAIUT

GF = G" = ME(2) = MA(2).

Temepp 10KaXKeM, UTO M3 CYIIECTBOBAHUA TAKUX pas3andubix k,n € N,
aro ME(2) = M&(z), cienyer xomeunocrh mnopska asromata G. Ecom
ME(z) = M}(z), To Mg'H(Z) = Mg‘”(z) s moboro [ € N. IMomywaercs,
9TO IIOCJIEIOBATEILHOCTD [IepeJaTOYHbIX (DYHKIUI cTeneHeil aBroMara Ie-
pHojMYecKasl ¢ IePUOJOM |n — k|, a 110Cc/Ie10BaTeIbHOCTD CJIBUTOB CTeleHel
aBTOMaTa UMeeT BHL

Sa(2), (Mg(2) + 1)Sg(2), (M&(2) + Ma(2) +1)Sc(2), .

rie I - equnudHast MaTPHIIA.

U3 4ero ciiesryer, 4TO OHA TOXKE [EPUOAMUIECKAs C IEPHOJOM P+ |n— k|, e
p - XapakTepucTuka 1oJs Fy,. Ho eciu nocieoBaTeIbHOCTH TIePeJaTOYHBIX
yHKIU U CABUTOB IIEPUOAMYECKUE, TO 1O JeMMe 4 U 110c/e0BaTe/ILHOCTE
cTelneHeil aBTOMaTa IIePUOIYeCKasl. O

BBG,H‘GM HEKOTOPbIEC ITOHATHA, KOTOPbIEC HaM HOHa,HO6HTCH B ,ZLaJIbHeIU/IIHeM,
1 HalIOMHHM HECKOJIbKO aﬂre6pa1/1quKHx CBOWCTB KOHEYHBIX ITOJIEM.

Omnpenenenne 3.3. PazmepHocTbio JImHETHOTO aBTOMaTa OyIeM HA3LIBATDH
Pa3MEpPHOCTD JIMHEHHOI 000JIOYKM €r0 BXOIHOI0-BLIXOIHOrO ajipaBUTA.

JL1st 11060T0 IPOCTOrO P U JIOOBIX HATYPAJIBHBIX M, N, TAKUX 9TO M|N, B
m
nosie Fyn cofepzKUTCsA pOBHO OHO MOJAIOJE Hopsaaka p™.
W3 sroro ciemyet, 9TO MMEET MECTO CJIEIYIONAs TEMOTKA BKIIIOTEHH

F, C Fp2! C Fp3! C..C Fpn! C ..
N3BecTHO, 9TO KOPHM MHOIOYJIEHA IIOPAJKa N HaJ mojeMm [, jgexkar B
mose Fi,n.
o
I3 sroro crexyer, uro Fpeo = |J F,r siBnsieTca anrebpantiecknM 3aMbl-

k=1
KaHnueM 110Jis [n 11pu 11060M HaTypaIbHOM 7 U IIPOCTOM P.

Tenepb MBI I'OTOBBI /IOKa3aTb OCHOBHYIO Te€OpeEMY.
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Teopema 3. I[lopsdox aunetinozo wad F,, asmomama konewen mozda u
moavko moada, ko20a KoIPHUUUEHMDBL TAPAKMEPUCTIUECKO20 MHOL20UAEH,
€20 nepedamounots GyHKyUL ecmd KOHCManmot u3d noat Fy,.

Jloxazamenvcmeo. Tlo memme 5 mopsnok Jmueiinoro nan Fp, asromara G
KOHEYEH TOTJIa U TOJBKO TOJIA, KOTJa KOHEUYEH IOPSJIOK ero IepeiaTodHoi
dyukmun Mg(z).

[TycTs nmopsiyiok n-MepHoro asroMara (G KoHedeH. Torja KOHEYEH MOpsi-
JIOK ero mnepenaTodHoit pyukiuu. [lo semme 3 nepenarounas QyHKIUI eCTh
JIMHERHBL oneparop Haj noseM Frac(Fp,[z]), a 3HaunT oHa JMHEHHBIH Ole-
parop u HaJ momeM Frac(Fpe|z]). Ilopsimok omeparopa KOHEYEH, a 3HAYUT
KOHEYHBI U TIOPSAJIKU [0 YMHOYKEHUIO ero COOCTBEHHbIX 3HaYeHuil (Beb npu
BO3BEJIEHUN MATPUIIbI B CTEIIEHb COOCTBEHHBIE 3HAYEHUST TOXKE BO3BOJIATCS B
cremnenb). CiienoBaTesbHO COOCTBEHHBIE 3HAYCHMUS, JIEXKAIE B ajredpante-
CKOM 3aMbIKaHuu 110511 Frac(Fpe[z]), umetor koHeunsle opsiku. Ho Torma
onu o HyaHM, MO0 KOPHU U3 €IUHUIBI. A BCe KOPHU U3 €IUHUIBI B I10-
ne Frac(Fp[z]) nexar B Fpeo. DTO MO3BOJISET IIEPENUCATh yPABHEHHE HA
cobCTBEHHbIE 3HAYEHUS

n

Z(a“ﬂzk + .12+ aiyo))\i =0, aij € F,,keNU {O}
=0

B B¢ CUCTEMbI

an,k)\n + ...+ alyk)\ + apx = 0

an,OA” + ...+ (ZL())\ + apo = 0.

ITosyunin cucrtemy juHefiHbIX ypaBHenuit Haj nosem F,. Kak 6buio 3ame-
YeHO paHee, ee peleHus Jiexkar B 1noje Fpn. CienoBaresibHO cOOCTBEHHbBIE
3HaveHUs neperaTodHoil dpyukmuu jexar B mojie F,,». Ho Torma u xoad-
PUIHEHTHI XapaKTEPUCTUIECKOTO MHOTOUIeHa jieXKaT B Fi,n. C npyroii cTo-
POHBI KO3 PUIIMEHTHI XapaKTEPUCTUIECKOI0 MHOIOUIEHA €CTh MPOU3Bee-
HUsI ¥ CYMMBI 3JIeMeHTOB MaTpuilbl Mg(z), TO ecTh OHM IPUHAJJIEIKAT [IOJIIO
Frac(F,,[z]). toro koaddunueHTh XapakTepucTuiecKoro MHOTOUIeHa JIJIst
nepegarounoii yukuuu Meg(z) aexar B Frac(F,[z]) N Fpn = Fy,. Yro u
TpebOBaJIOCH TOKA3ATh.

Ocrajoch J0Ka3aTh TeopeMy B Jpyryio cropory. Ecim kosddurmerTs
XapaKTEPUCTUYECKOIO0 MHOIOYJIEHA MEPEJATOYHON PYHKIINN aBTOMATa €CThb
KOHCTAHTBI U3 MOJIst Fjy,, TO IOPAIOK aBTOMaTa KOHEYEH.
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O6ozuaunm 3t Ko3bdunmentor My, ..., M, 1 1 3anuinemM xapakTepucTu-
YEeCKUN MHOI'OYJICH:

A+ M, N+ M.

IIo Teopeme I'amubToHa-K3/11 XapaKTepUCTUIECKUH MHOTOYIEH aHHYIUPY-
€T CBOIO MaTpPHILy, TO €CTh

Ma(2)" + M,y - Ma(2)" 1 4+ ...+ My = 0.

Jamnmoe paBeHCTBO MOXKHO JTOMHOXKUTH HA Mg (2)°™™ miug moboro s > n u
[OJIy YU Th

Ma(2)* + My - Mg (2)5 1+ ...+ My - Mg(2)*™" = 0.

Takum 06pa30M Mbl BBIPA3UJIU $-I0 CTEleHb (IIpU § > M) IepeaTouHOi
GYHKIINN aBTOMaTa Yepe3 JIMHEHHYI0 KOMOMHAIINIO ¢ KOHCTAHTHBIMEA KO-
durmenTaMu nIpeapAymux n crenereii. CiegoBaTeIbHO BCIKasl CTEIIEHD I1e-
peraTouHoil PYHKINNA eCThb JuHeHHass KOMOMHAIMSA ¢ KOHCTAHTHBIME KO-
dbunmenTaMu EepBLIX N cTEneHeil nepeaaTouHol byHKIME (HAYHMHASL C HYJIe-
Boit). Takux KoMOUHAIMIT KOHEUHOE YHUCIIO0, Be/b UX KOIDMUIMEH T IPUHAI-
JIe?KAT KOHEYHOMY IOJI0 Fi,. A 3HAUUT U MOPSIIOK IepesaTodHol OyHKINN
koHeueH. OTKyj1a ciiejlyeT KOHETHOCTh MTOPSIJIKA BCEr0 aBTOMATA. ]

CaenctBue 3.1. [lopsadox n-meprozo aunetinozo wad F,, asmomama G ne
npesviwaem p(m™ — 1), 2de p - zapaxmepucmura noas Fp,.

Loxasameavcmeo. Tlpu mokazarebcTBe MPeabIAyINeil TeoOpeMbl OBLIO TOKa-
3aHO, YTO CTeleHb liepeaTodHoil dbyskmn Mg (z) ectb nuHeliHas KOMOMHA-
A C KOHCTAHTHBIMU KO3(MDPUIIUEHTAMI IEPBLIX 71 CTEIIeHel IepeaaToIHOM
dbyukimu. Tak kak KO3POUIUEHTH TPUHAIIEKAT MO0 Fl,, BCEr0 TaKUX
koMmbuHanmit m”. OJHAKO 3aMeTHM, 9TO KOMOWHAIINS W3 OJHUX HyJIel BO3-
MOXKHA TOLJIA M TOJILKO TOIJA, KOT/Ia IepeaaTodHas PpyHKIUs HUJIbIOTEHTHA,
U B TAKOM CJIydae ee IMOPSIA0K He IpeBbImaeT 1. Kcan ke oHa He HUJIBLIIO-
TEHTHa, Mbl UMeeM JIMIIL Mm"” — 1 BO3MOXKHBIX KoMOuHaIuii. VToro mopsmok
nepeaTounoil dyHkuu He npesbimaer mar{m’™ —1,n} =m" — 1.

OmHAaKo aBTOMAT OIpeessieTcsl He TOJbLKO CBOel IepemaTovHOil (byHK-
nueii, Ho u capurom. Casur asroMmara G umeeT BUJL

(MEH2) + ... + Mg(z) + I)Sa(z).

Ecmu k,I wauMmenbmme HaTypaJbHbIE YHUCIA, Ui  KOTOPBIX
ME(z) = ML(2), k<1, o mmbo (M5 (z)+ ..+ ME(2)Sc(2) =0 u
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HOPSIJIOK aBTOMaTa COBIIQJ@AET C YHCIOM DAa3JIMYHBIX CTEleHel ero Iepe-
marounoit dywkimm, 6o (M5 (2) + ... + ME(2))Sa(2) # 0 u nopsmox
apromara pase [ — 1+ (p —1)(I — k). Bamernm, 4aro | — 1 ecTb MOpsIOK
nepegarounoii yuximn Mg(z) ul —k <1 — 1. To ecrb nopsijjok aBromMaTa
He mpesbimaer p(m”™ — 1). O

B sakmoderne aBTop BhIpazkaeT 61aroIapHOCTh CBOEMY HAYTHOMY PYKO-
Bogureso Babuny JI.H. 3a mocraHOBKY 3a/ia4u U IeHHbIE YKA3AHUS U 3aMe-
YaHUs 10 XOIy PabOTHI.

Crmncok aurepaTyphbl

[1] P. Gillibert, “An automaton group with undecidable order and Engel
problems”, preprint, available online at arxiv.org/abs/1710.09733, 2017.

[2] L. Bartholdi, I. Mitrofanov, “The word and order problems for self-similar
and automata groups”, preprint, available online at arziv.org/abs/1710.10109,
2017.

[3] Twan A., Jlunetnwe nocaedosameavrocmmuvie mawuns, "Hayka", Mocksa,
1974.

[4] Kyznpssues B.B., Asemun C.B., Ilogkossun A.C., Bgederue 6 meopuio agmo-
mamos, "Hayka", Mocksa, 1985.

[5] Anemun C.B., Aazebpauveckue cucmemv, asmomamos., "MAKC IIpecc",

Mocksa, 2016.
[6] Bunbepr 9.B., Kypc aszebpoi (2-e u3d.), "®@axropuas IIpecc", Mocksa, 2001.

[7] Babun JI.H., “Asromarsl ¢ IuHeHBIME TIEpexogamMu’, HHmeirexmyaivrole cu-
cmemuvi. Teopus u npuaoorcernua, 23:3 (2019), 87-95.

[8] Hacorckux A.A., “O mosHOTE B Kiacce JuHeHHBIX aBroMaTos”, Mamemamu-
yeckue sonpocwv, xubepremuru, 1995, Ne3, 140-166.

Decidability of the order problem for linear automata
Muravev N.V.

We consider the order problem for linear automata. A finite order
criterion for linear automata is presented that provides an algorithm
solving this problem. An upper bound of linear automata orders is
proved.

Keywords: finite automata, linear automata, order in semigroup.
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K cBegeHuro aBTopoB myOJuKanuii B 2Ky pHAaJIe
«HTeNnnekTyasbHble cucTeMbl. Teopusi U NIPUIIOXKEHUSI»

B coorsercrBun ¢ rpeboBanusmMu BAK P® k uzganusiM, BXOISIIUM B Iepe-
Y€Hb BEJIYIIUX PEIEH3UPYEMbIX HAYIHBIX XKYPHAJIOB U U3/IaHUI, B KOTOPHIX MOI'YT
OBITHL OIYOJIMKOBAHBI OCHOBHDBIE HAYYHbIE PE3Y/IbLTATHI JUCCEPTAINN HA COUCKAHIE
YU€EHOI CTEIEeHU JIOKTOPA U KaHJIA/IaTa HAYK, CTATbU B 2KypHaJ «HTeekTyanb-
HbI€ CUCTEMBI. Teopust U MPUI0KEHUsT> IPEIOCTABIISIOTCS aBTOPAMY B CJIEIYIOIIEH
dopme:

1. Crarbu, Habpannbie B nakere INTEX, mpenocTaBisiorces K 3arpyske uepe3 WEB-
dopmy http://intsysjournal.org/generator form .

2. K crarpe npuiararorcs aityibl, cojeprkaliiue Ha3BaAHUE CTATBU HA PYCCKOM U
AHIVINIICKOM $I3bIKaX, AaHHOTAIMIO Ha PYCCKOM ¥ aHIIMACKOM si3blkax (He Gostee 50
CJIOB), CIMCOK KJIIOUEBBIX CJIOB HA PYCCKOM U AHTJIMIACKOM si3blKax (He Gosee 20
csioB), urdopmaius 06 apropax: @.1.0. MOJHOCTHIO, MECTO PABGOTHI, JIOJIKHOCTb,
yUeHasl CTeleHb U/Un 3BaHue (eC/ii UMeeTcsi), KOHTAKTHBIE TestedOHbI (¢ KOJTOM
ropoJia U CTPaHbl), e-mail, MOYTOBBIN ajpec ¢ MHIEKCOM ropojia (JIoMAIIHui 1uim
CITy 2KEOHBIIT ).

3. Cumcok jureparypbl 0hOPMIISIETCS B €IMHOM (bOpMaTe, yCTAHOBJIEHHOM CHUCTE-
Moit Poccuiickoro nHekca Hay9IHOTO ITUTHPOBAHUSI.

4. Ba nybaukamyio crareil B xKypHaJie «VHTemekryaabable cucreMbl. Teopus u
[PUJIOYKEHUST» C AaBTOPOB (B TOM YHUCJIe ACIIUPAHTOB BBICIINX yUeOHbIX 3aBeleHuil)
craTeil, pPEKOMEHIOBAHHBIX K IyO/jukanuu, maara e B3umaercs. OTTUCKE cTaTeit
aBTOpaM He IPEeIOCTAB/IAIOTCs. 2KypHAJI PACIPOCTPAHAETCS IO TOIUCKE, YK3EM-
IJISIPBI 2KYPHAJIA PACCHIIAIOTCS TOJINCINKAM HAJOXKEHHDBIM ILJIATEXKOM. YCJIOBHUS
noanucku mybaukyores B katasiore HTU «Pocneuyarsy, nngekc xypuaja 64559.
5. HocTym K 9JIEKTPOHHO# BEPCHU MOCJIETHErO BBIIIEJIIIEr0 HOMePa, OCYIIEeCTBIIs-
ercst uepes HObB «Poccuiickuii unekc HayaHOro nurupopanusi». Homepa, BbI-
IIeIIe paHee, pa3MernanTcs Ha cajite http://intsysjournal.org, n goctyn K HIM
becrnarubiit. Tam 2Ke OYIyT pa3MeIeHbl aHHOTAIIUN BCeX MyOJIMKYeMbIX CTaTe.
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