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B crarbe paHO omnmcaHwe JIUCKPETHBIX MOJIeJieil HEApPOHHBIX ceTeil co cBsa3simu Tuna small world
C BEPOSATHOCTBIO [T€PEHAIIPABIJIEHUsI CBsA3€i BHYTPH ceTu p, uaMensiiorieiics ot 0 1o 1. IIpu 3uavenuu p = 0 nosyanm
MOJIETIb PETYJISpPHON HEHPOHHON ceTh. PerysspHoit HEpOHHON CETHIO BBICTYMAET KOJIbIEBas HEHPOHHAST CETh,
B KOTOPO# KarK/IbIif HEHPOH B3aMMOIEUCTBYET C HECKOJIBKIMU COCEIsIMU 110 KOJIbITy. [Ipu 3Hadennn p = 1 nomydnm
MOJIEJIb, HEHPOHBI KOTOPOW CilydalHBIM OOpa3oM COEJMHEHbI C JPYIUMHU HefipoHamu ceru 6e3 obGpa3oBaHUs
M30JIMPOBAHHBIX HEAPOHOB. PaccMaTpuBaeMble HEHPOHHBIE CETU UMEIOT NTUPOKOE IPUMEHEHHE IIPU MOJIETUPOBAHUYT
pa3auvHble HEHPOHHBIX CTPYKTYP B JKHUBBIX OpraHW3MaxX, HaIpUMep, THUIOKAMI MO3Ta MJIEKOMUTAOIINX.
B pa6ore npoBejieHO uccieoBaHue JMHAMAKA U3MEHEHUsl 06J1acTeil yCTONYNBOCTH PACCMATPUBAEMBIX HEHPOHHBIX
cereil B cjlydae W3MEHEHUsl BEPOSTHOCTH IIE€PEHAIPABJICHUsI CB#A3ell, K0d(duimenTa KiacTepusanuu U JJIAHBI
KpaTJafIero myTu B cpeaHeM rpada HeWpoHHON cern. B Xome YMCIEHHBIX 9KCIEPUMEHTOB OBLIM ITOCTPOEHBI
06JIaCTH YCTOWYMBOCTH HCCJIELyeMbIX MOJIeJIeil HEMPOHHBIX CeTell JJIsi Pa3JIMYHBIX IIapaMeTPOB CEeTU U CHEJIaH
BBIBOJ] 06 yBeJMYEHUM OOJIACTU YCTOWYMBOCTU IIPU OJIHOBPEMEHHOM YMEHBIIEHUH JJIMHBI KpaTdailliero IyTu
B cpeHeM U KO3 PUIIMEHTa KIacTepu3alyu rpada ceTu.

Karouesvie carosa: duckpemmvie modeau Bammea—Cmpozaya, small world, ycmotivusocmo.
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BBenenue

NckyccrBennast HEpOHHAsSI CETh — 3TO MaTeMaTHYIecKasl MOJe/b, IOCTPOEHHAas Ha OCHOBE
opraHu3auu ¥ (QYHKIIMOHUPOBAHUS CETell HEPBHBIX KJIETOK >KHUBBIX OPraHW3MOB. B j1aHHOI
crarbe OyIeT paccMOTpeHa MOJe/Ib HEeHpOHHON ceTn [1], B KOTOPOII BBEJIEHA BEPOSITHOCTH
[epeHaIpaB/IeHUs] CBsI3eil MeXK Iy HeiffpoHamMu BHyTpu ceTu p. B ciydae p = 0 MOfieib SIBJISIETCS
PEryJISIpHOl, B ciiyuae p = 1 HelpOHHAs CeTh IPEJICTABIISIET COOOM MOJTHOCTHIO CJIyUaiHbIi Tpad
6e3 mzosmmpoBaHHbIX BepinH. CBsisn Tuna small world MoryT OBITH HpEICTABICHBI MOJECISIMUI
Heliponnbix cereit Barrca—Crporama npu ycioBum OJU3KUX K HYJIIO 3HAYEHUN HapaMerpa p.
Hekoropbie cTpyKTYpbl BHYTPH KUBBIX OPTAHU3MOB MOYKHO MPEJICTABUTH B BUJE HEHPOHHBIX

cereit Tuna small world [2, 3].
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Ncnosp3oBanme Mopeneil OTIAEIOB TOJOBHOTO MO3Ta C MCIOIbL30BaHMEM HEHPOHHBIX ceTei
tuna small world maxomuT cBoe npumenenue B Heiipoxupypruu |4]. B crarbe [2| cuna BozneiicTsus
HefipoHa Ha cocella U CUJIa 0OPATHOIO BO3JEHCTBUSA JIIOOBIX JIBYX HEHPOHOB B CETU OJINHAKOBAS.
B cBa3u ¢ 9TMM aHaJM3 yCTOWYMBOCTH CETH OCHOBAH TOJIbKO Ha aHajm3e rpada cBsseit
B cetu. [lo/06HbBII aHa/n3 He jaeT OTBET 00 yCTOWYMBOCTU CETEN ¢ HECUMMETPUYIHBIMU CHUJIAMU
BOBIEHCTBUS HEMPOHOB MeXKTy coboit B cetu. B crarne [3] HPOBEJICHO MCCJIEIOBAHNE TTOBECHUA
HEHPOHHON CeTU CO CIyJaHBIMU CUJIAMU B3anMO/IeICTBHSI, nMeromuMu ['ayccoBo pacipeeieHue.
Ocobo ormerum oTCyTCTBHE 3ama3jibiBanus B paborax |2, 3|. Ha ceropusiimamii eHb IpoBOAUTCS
0O0JIBbITIOE KOJIMYECTBO KCCJICIOBAHUN, CBI3AHHBIX C YCTOMYMBOCTHIO OT/EJIOB T'OJIOBHOTO MO3ra
B IIeJIOM U ero wacreit |5, 6].

FI/IIIOK&MH MO3ra MJICKOIIUTAOMIUX HUI'DaeT BaKHYIO POJIb B KOHCOJIMJaIlWUN I/IHCbOpMaLLI/II/I
U3 KPaTKOBPEMEHHOI ITaMsATH B JIOJITOBPEMEHHYIO NaMdATb, U B IPOCTPAHCTBEHHON IaMsTH,
YTO MO3BOJISIET OCYIIECTBJISITh OPUEHTAIINIO B IIpocTpaHcTBe. CTpeMjieHne MO3ra K yCTONIHBOMY
[IOJIOXKEHUIO B XOJI€ CBOEil paboThl sIBJISETCsl HEOOXOUMBIM TpeboBaHMeM (DyHKITMOHUPOBAHUS
Mo3ra. TakuM 00pa3soM BO3HHUKAET HEOOXOIMMOCTb KOPPEKTUPOBAHUS IMApPaMETPOB HEHPOHHOIM
CeTHU JJId CTPEMJICHHS BCEH CeTH K yCTOWYNBOMY IIOJIO?KEHUIO.

JlamHasg paboTa mpeciaeayeT IeJIbl0 IIOCTpoeHme objacTeifl ycToHInBOCTH  OOJIBITIX
HEPOHHBIX CeTel, MOJCJIMPYIOIINX CTPYKTYPY CBA3€dl HEHPOHOB TI'MIIOKAMIIA YeJIOBEYECKOI'O
mosra |[7|, u wu3ydeHHe JMHAMUKM WU3MEHEHHUs STHX O0JIacTell NpPU M3MEHEHHH YHCJIOBBIX
XapaKTEePUCTUK rpada HEHPOHHON CeTH. DTY MOJENb MOXKHO OTHECTH K MOJE/ISIM HEHPOHHBIX
cereit, mocTpoenubix no tuity small world. PaccmaTrpuBaemast mosesib HeiffpoHHON ceTn o0Jagaer
HECUMMETPpHUYIHBIMU CUJIaMHA BOSILGI'?'ICTBI/IH HeﬁpOHOB B CeTu: CuJia BOS,ZLGI'?'ICTBI/IH OJJTHOT'O HeﬁpOHa
Ha JIPYTOil paBHA a, a cujia OOPATHOIO BO3/EHCTBUS paBHA b.

NMurepuperanueit 3naka ko3bUIMeHToB ¢ u b B ucciemayeMoil MOme/ M HEWPOHHON ceTu
MOXKET CJIy?KATh BO30YXKIAIONINI I TOPMO3SIIUN CUrHAJ UYIUi 110 Helipony. B ucciempyemoit
MOJIEJIN OKA3aJI0Ch, YTO IPHU OJMHAKOBOM YHUCJE HEHPOHOB U OOIEM YHCJEe CBs3eifl B ceTu
ko3 urimenT KiacTepulalud U JJINHA KpaTdaffliero Iyt B cpelHeM rpada OKa3bIBAIOT
BJIMsIHAE Ha 00JIACTH YCTONYMBOCTU ceTH. B Xoje YnCIeHHBIX SKCIIEPUMEHTOB OBLIO BBISBJIEHO
YIIy4IlleHNe YCTONYNBOCTU HEHPOHHOM CeTH IIPU IIepeHalIPABACHUN CBA3el HePOHHON CeTH TaKUM
00pa3oM, 9TOOBI TOJIyYEHHBIH I'pad UM MEHBIIYIO JUIMHY KPaTJYaflliero IyTH B CPEJIHEM U
MEHBINH KOIPPUITHEHT KJIaCTEPU3AIINN.

CraTbsi nMeeT cJIe/IyIoNy o CTPpyKTypy. Pazesn 1 mocB4IeH onucanuio NCCaeyeMoil MOJIe T
Heiiponnoii ceru. B pasnesie 2 BBomuMTCH ypaBHEHHE W METOJ, UCCJIEJIOBAHUS yCTOWYUBOCTH
ucceyeMoil HepoHHOI ceTu. BBomgaTcsa ompesesieHns YHCIOBBIX XapaKTepPUCTHK rpada
HeltporHOI cetu. JlaHo ommcanme MPOBEIEHHBIX UNCIEHHBIX SKCIEPUMEHTOB TUATHOCTUPOBAHUS
YCTONYIMBOCTU MOJIE/INA, IIOCTPOEHHBIX O0JIACTEN YCTOWYMBOCTU, OCHOBAHHBIX Ha aJIrOPUTMAaX
U METO/aX, PAHee MOJIyIeHHBIX aBTOPOM, U (DOPMYJIUPYIOTCS BBIBOIBI O JUHAMUKE YCTONINBOCTH
CeTH TIPU MU3MEHEHUM UHCJOBBIX XapaKTepUCTUK TIpada HelpoHHoit cetu. B 3akjIoveHnn

pe3toMupyeTcs IpoBeJicHHas paboTa U 0003HAYAIOTCA HAIPABJICHUS OYIyIIUX UCCICIOBAHMI.

1. IlocTrpoenue mojesu

BosbimmacrBo  6mosiorndecknx — HEHpPOHOB HMMEIOT  CXOXKee CTpOeHHne U CBOHCTBa
C JIBUTATeJIbHBIMM HEHPOHAMHU CIHHHOrO Mo3ra Miekomnuraommx |8, 9|. BamaszabiBamme
B ypaBHEHHE HEHpPOHHOHI ceTw BBeIEHO OJarojaps HAJUIUIO PA3HUIEI B CKOPOCTH IIEPeIadn

HEPBHBIX UMITYJIbCOB B 3aBUCUMOCTHU OT THUIIa IIPOBOAANIINX BOJIOKOH.

2018, T. 7, Ne 2 23



JAnHamMuka n3MeHeHus obJsacTeil yCTONYNBOCTH JUCKPETHBIX MOJeJell HeipOHHBIX ceTeH...

Wccnenyemast MoJieIb IUCKPETHA U BKJIIOYAET B ceOsl 3al1a3AbIBaHie B PEAKIINA HA COCEIHIX
HEPOHOB B ceTu. Mojiesib UMeeT CreluaabHyI0 MaTPUILy, KOTopas IpeIHa3HAUeHA JIjId OTTUCAHUSA
cucTeMbl cBsi3ell BHyTpH ceTu. B pabore [10] mokazano, Kak hbOPMUPYIOTCS CBA3M B MOJIEI.

JomycTuM, d9TO KakIOMy HEHpPOHY CeTH, COCTOAINeH u3 7 HefPpOHOB, ITOCTABJIEH
B coorBercTBHEe HOMep 1,2,...,m. BHyTpeHHee cocTosiHme HelpoHa B CETH C HOMEDPOM j
(1 < j < n) B JAUCKpeTHBIi MOMeHT BpeMenu s (s = 1,2,...) omHUCBIBaeTCs €ro

BBIXO/IHBIM CHUT'HAJIOM x}. CocrosHme Beeil HEHPOHHON CeTH B MOMEHT BPEMEHU S MOXKHO

1 n
O 4

OpEeJICTaBUThL B BUJE BEKTOpa Tg = (a: )T. Ecan B HeltpoHHOIl ceTw KasKIbIil HEHpOH
OKa2KeTCd U30JIMPOBaAHHBIM, TO JIMHAMUKY U3MEHEHUA COCTOAHUA HeﬁpOHHOfI CeTU MO2KHO OIlncCaThb
ypaBHeHUEM Ts = axs—p (—1 < o < 1), r € Z4. DT0 NO3BOJISIET raPaHTUPOBATH YCTONINBOCTD
HYJIEBOTO CTAITMOHAPHOI'O COCTOSIHUS CETHU IIPU YCJIOBUU OTCYTCTBHUS CBA3€Hl MEXKY JIIOOBIMU
HEpOHAMHU CETHU.

Koaddunumenr o Oymem HazpBaTh KOIDOUIMEHTOM AeMI(PUPOBAHUS CODCTBEHHBIX
KoJIeOaHUIl HEHpOHOB B CeTH, YHCJIO T — 3ala3JblBAHHEM B peakIud HeldpoHa Ha CBOit
cOOCTBEHHBIN curHaJ. BBemem obo3HadeHHme MaTpuilbl B = (&j)zj:l 3aI1a3IbIBAIOTITNX
B3anMMOJIeCTBII HEIPOHOB Ha coceeil. 31ech 3HaYeHNe 51‘3‘ 3TO CUJIa BO3/ENCTBUSA j-TO HeilpoHa
Ha ¢-#1. ['pad wmccmemyemoit HepOHHONW CETH COCTOMT W3 BePIIMH C HOMepamu 1,2,...,m #
MHO2KeCTBO F/ cocTaB/IeHHOe U3 HAIIPABJIEHHBIX JyT, TaK 4T0 (i,7) € E eciu u ToJIbKO ecan [ #
0. MbI cynTaeM paBHBIMHU HYJIIO BCE AUArOHaJbHBIE 3J€MEHTHI MATPUILI B, UTO rapaHTupyer

OTCYTCTBHE II€TeJIb B MIPEJICTABICHHOM I'pade.

IIpumep 1. IlpuBenem mpumep MAaTPHUILI 3aIa3/IBIBAIOIINX B3aMMOAEHCTBUNl B s cerw,
cocrosiieil n3 6 HeHPOHOB, HyJIEBOI BEPOSITHOCTH TI€PEHAIPABJICHUs CBs3eil (peryJisipHoii cern),

Ka2K/IbIil HEIPOH KOTOPOU COEAUHEH C JABYMdA COCECAAMU 110 YaCOBOI CTPEJKE U C IABYMH - IIPOTUB.

ST O e Q@ O
STOQ Q@ O
S @ oo
QL OO
QL OO R
ST O R R

[TostoxkmM, 9T0 JIIOOBIE /IBa HEHPOHA B3AMMO/IEHCTBYIOT MEXK Ty COOOIi ¢ 3ama3IpIBaHueM Ha, 1M
TaKTOB § > m > 1. CUJIbl B3aUMOIEHCTBISI MEXK 1y HEipOHaAMU CeTH, peakiinsl HeiipoHa Ha caMoro
cebst 1 3aIa3/IbIBAHNs B PEAKIINN HEHPOHOB B CeTH OV/IyT OIPEIEe/IsiTh HaYaJIbHOE COCTOSTHIE BCeit
cetu. B pesysbraTe mojayumin peKyppeHTHOE ypaBHEHUE TUHAMUKU HCCIEIyeMOl HeHpOHHOi
cern (cm. [11, 12]).

Ts = Qs +Brs_m, s=12,... (1)
2. WUccaenoBaHue ycTOWYMBOCTU HEUPOHHOI ceTu

YpaBHeHUE JUHAMHUKHA HEHPOHHON CeTH UpejcTaBjiser coboil JIMHEHHOe MaTPUIHOE
pasHocTHOe ypasHenue (1), Koropoe 3aBUCHT OT JUCKpeTHOro BpeMenu s. Jlannoe ypaBHeHue
HA30BEM YCTOMYMBBIM IpuU JIOOOM B3HAYEHUU S, ecjn JIoD0oe ero perleHus OrPaHUYeHO,
U ACUMITOTUYECKH YCTONYIUBBIM, €CJIH JIIODOE ero perieHue CTPEeMUTCS K HYJIIO [IpU § — OO.

Vpapuenne

det(AN™] — aA™ "] — B) =0 (2)
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CTEleHn M X m sBJsteTcss xapakrepucrudeckuM st (1). B (2) I — exaunwmunas marpura
pasmMepa n X n. Ypasaenue (1) HA30BEM aCHMITOTHYECKH YCTONYUBBIM TOTJIA W TOJIBKO TOL/JIA,
KOTJIa BCE KOPHHU €r0 XapaKTEPUCTUIECKOTO YPABHEHHUs JIEXKAT CTPOTO BHYTPHU EIUHITHOTO
KpyTa KOMILIEKCHON MIockocTu. MeTos KOHYCOB YCTONYMBOCTH W aJTOPUTMBI ONPEICTEHUsT
ycroitunBocty ypasHenust (1) npejcrasiens! B paborax [13, 14].

BaxabpiM  BOMPOCOM  SIBJISTETCS  3aBUCUMOCTDL  YCTONYIMBOCTH — WCCACIYEMON  MOJIETN
or mapamerpoB ucciegyemoii mogesn p (0 < p < 1), mauHBl Kpardaiiliero myTH B CpejHeM
u KoaddunuenTa kaacrepusanuu. MeToms KOHYCOB YCTOWIHBOCTH JIEXKUT B OCHOBE ITPOBEICHHBIX
YUCJICEHHBIX JKCIIEPUMEHTOB /JIJIsI IIOUMCKa TI'PAaHUIIbI O6JIaCTI/I yCTOI'?‘ILH/IBOCTI/I B IIPOCTpaHCTBE
mapaMeTpoB a, b.

ITocTtpoenne objacTeit ycTOHYMBOCTH HEHPOHHOW ceTH B BHJAE B3aMKHYTOW JIMHUKT
B IPOCTPAHCTBE IMapaMeTpoB a,b HOTpedyeT ONpeJeuTb MAaCCHB TOYEK, KOTOPBIE JIEYKAT
HA TPAHUIE MeXK/y HeyCTONUMBBIM U yCTOWYIMBBIM COCTOsiHUsIME ceTu. B pabore [11] mokaszamo,
9TO 00JIACTH YCTONYMBOCTU PETYJISIDHOW CETH $BJISETCS 3aMKHYTO#. AJITOPUTM IOCTPOEHUS

obsacreii HeiipoHHbIX ceTeil Tuma small world npusenen B [10].

2.1. YwucnoBbie xapakTepucTukKu rpada HelipoHHOII ceTn

Jlmnna KpaTdaiinero myTH B cpeaHeM L m3MepsieT PacCTOsSHue MeXKTy AByMsd ya3jgamu. L
OIIPEEISIeTCsT 9rC/IOM pedbep B KpaTdaifllieM IIyTH MeXK/Iy JAByMs BepIInHAMA. ITOOBI TOCINTATH
JIUHY KpaTdafliero myTH B CpPeJHEM BO BCefl CeTH, HY»KHO IPOCYMMHUPOBATH KpaTdauiiue
JJIUHBL TyTell MeXK/1y BCEMU [TapaMU BEPIINH, & IOJYICHHYIO CYMMY Pa3IenuTh Ha IIPOU3BEICHNE
n(n — 1), rage n — 4ucao BepuH B ceru. J[iMHA KpaTdaiilliero myTn B CPEJHEM BBIYUC/ISETCS
1o opmyJie:

L 1 d 3
a1, 2, ®
1,JENLIFE]
rjie n — YHCI0 HePOHOB B ceTH, d;; — paccTosgHue OT y3Ja 4 JO y37a j.

Kosddpummenr kaacrepusarmumu C ompejesisieT, HACKOJBKO OJIM3KH COCEIU BEPIITUHBI
K COCTOSHHIO KJIMKHU, T.€. IIOJMHOXKECTBO BepInH TIpada, SBIAONMXCI COCEIAMHI TaHHOM
BEPIUHBI, TAKOBO, YTO KaXKJble IBE BEPIIUHbI B HeM coeauHeHbl pedbpom. Koaddurment
KJIACTEPU3AIUU OIPEIe/SIeTC CACIYIOMUM 00pa30M: IMPEAMNOJOKUM UTO BEpPIIUHA U UMEeT

. ko (ko—1
ky, coceneit. Torma umcimo pebep MexkJIy HUMU MEHBINE WJIH PaBHO ((27)),

pPaBEHCTBO
JOCTUIaeTCsl, KOra BCE COCEIU BEPIIUHBI ¥ COEIMHEHBI MeXK Ay coboii. ObozHaunm Kax C\, IUCIO0
pebep, KOTOPbIE PEAJIbHO CYIIECTBYIOT U3 BO3MOXKHBLIX MEXKJY COCEIAMH, T.e. KO3hpuiment
KJIACTEPHU3AIMY JIJIsI BEPIIUHLI PABEH OTHOIICHUIO YUCJIA PeasIbHO CYIIECTBYIOIMMX pebep MexK Iy
ee COCeIsIMM K YMCJIy BCEX BO3MOXKHBIX pebep MKy HUMH M BBIYHC/ISIETCs 10 (popMyJie

o 2C, (4)

(kv(kv - 1))

Torma obmuit Ko3pdUIMEHT KIACTEPUIAINU ONPEICINM KaK CpeIHee MeX Iy KoddduineHTamm

KJlaCcTepu3alun BCEX BEPHINH.

2.2. Pe3yabTaTbl YMCJIEHHBIX YKCIIEPUMEHTOB

Uit reHepanuu MaTpPUIL 3a1a3/IbIBAIOIINX B3aUMOJIEHCTBUN U pacdeTa JJIUHBI KpaTdaiIiero
nyta B cpeaneM L u kodddummenta kiaacrepusanun C UCHOIB30BAJICA MTPOTrPAMMHBII

MPOAYKT, MPEeIHA3HAYEHHDBIH [JIs ITOCTPOEHUs W BBIYMC/IEHHUS CBOHCTB rpadoB Tuma small
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world [15]. lauublii mporpaMMHBIH IPOJYKT OCHOBaH HAa AJTOPUTME MOCTPOEHUSI HEHPOHHBIX
cereii co cBsa3ssmu small world [1]. JanHbIil TpOrpaMMHBIA MPOLYKT MO3BOJISIET 10 3aJIAHHBIM
YUCJy HEUPOHOB B CETH N, YHUCIYy OJKaimx cocelieil U BEPOSATHOCTH IIepEHAIPABJICHUS
CBA3El P reHepUPOBATH MATPHUIIBI CMEXKHOCTU, WHIUJIEHTHOCTH U MATPHUILY 3ala3/IbIBAIONIIX
B3aUMOJIEHCTBUI It JIIODOIO YWC/a HEHPOHHOB B CETH M IPOU3BOJIUTH PACUYET UUCJIOBBIX
xapakTepucTuk rpada Heliponnoii ceru. Ha ocHoBanum mosydeHHBIX rpadoB HEHPOHHBIX
cereil I PA3/IMIHLIX 3HAYEHUN IapaMeTpa p ObLIM 3alMCAHBl MaTPUILI 3aIa3ILIBAIOIIIX
B3aUMO/JICUCTBUI, B COOTBETCTBAU C PACCMaTPUBACMON MOJEJIbI0 HEHPOHHO! CeTU, pacCUUTAHbBI
koaddurmenTsl Kjaacrepusanuun C' W IJIMHBI KpaTdaifiiero myTu B cpeaHeM L Jiist KaxKIoi
oIy YeHHO# MaTpunbl B.

Ajropurmbl  mocTpoenusi  objiacreit  ycroiiumBoctu ypasHeHusi (1) ObLin  peasm3oBaHBI
B wmaremarmdeckom makere MATLAB. Ilpu nocrpoenun objacreit  yCTOWYUBOCTH
[IPE/ITOIATAIOCh, UTO OOJIACTU SIBJISIFOTCST 3aMKHYTBIMH U 00JIACTb, HapaMeTpPbl KOTOPOit
obecreunBalT yCTONInBOCTL 00st3aTebHo  cojepkuT Touky (0,0) [11]. Beum nposemenbt
YUCJICHHBIE SKCIEPUMEHTHI € TIEJIBIO OIIPE/Ie/ICHNs IMHAMUKI U3MEHEHU 001acTell yCTONInBOCTH
UCCJIeyeMOil HEPOHHOI ceTH B Ciydae n3MeHeHusi Kod(pdUIUeHTa KJIACTEPU3AIAA U JITHHBI
KpaTJYaillllero ImyTu B cpejHeM U 3adUKCHPOBAHHBIMHU IapamMerpaMu cetu: Koddduiment
JieMIpUPOBAHUS (v M 3AIla3/bIBAHUA B PADOTE CETU M, T U YUCJIO0 N HEHPOHOB B CETH.

st HarasgHOCTH 0TOOpaskeHusT Pe3yIbTaToB Obla BeIOpaHa ceTh ¢ mapaMerpamu n = 400,
k=40, m =3,r =2, a = 0,4. 3amerum, uyro napamerpbl C' u L 0Ka3aauch Hepa3pPLIBHO CBA3AHLI
C MMapaMeTpPoOM P, OTBEYAIOIIUM 338 BEPOATHOCTD IIEPEHAIIPAB/ICHNS CBA3€H IPU IIOCTPOCHUHN CETH.
IIpu p = 0 MBI uMeeMm peryisipHasi ceTb, st Hee C' = 0,7308, L = 5,4887. s KaxKja0ro
3HAYEHUsI P C IIOMOIIBIO aJIrOPUTMOB, olmcaHHbix B 10|, 1 nporpammuoro npojaykra [15] 6610
CTE€HEPUPOBAHO JECATH PA3JIMIHBIX MATPHUIL 3aIa3/IbIBAIONINX B3AUMOICHCTBUN B U moIydeHbl
MAaCCHUBbBI TOUYEK JIEZKAIUX Ha TPAHUIAX YCTOWUIMBOCTU UCCJIEIyEeMbIX HEHPOHHBIX ceTell.

I Busyasimsanuu  pe3yJbTaTOB Ha PUCYHKE O0OJIACTH — YCTOMYUBOCTH  SIBJISIIOTCS
YCPEIHEHHBIMHU JIJIs KaXKJOro 3HadeHus p. B pe3yiabrare mocTpoeHust maTrpul, B ObLin
oJIyueHbl ycpejHeHHble 3HaveHuss C u L jyist Kaxkgoro 3Hadenusi p. llpu p = 0,1 umeem
C =0,5436, L = 2,2401, upu p = 0,5 nmeem C' = 0,154, L = 1,92, B ciy4dae caydaifHOl ceTn
p=1wumeem C' =0,0968, L =1,9128.

Ha pucynke npejictaBierbl 06J1aCTH yCTORYUBOCTA CETH C PA3HBIM 3HAYEHHEM I1apaMeTPOB
p, C u L u peryiisipHoit HeipOHHO# ceTH.

JleBast 9acTh pUCYHKA IPeACTaB/sieT co00il 06/1aCcTH yCTONINBOCTH HEMPOHHON CETH IIEJTUKOM.
[IpaBas gacThb pucyHKa IpeaCTaB/sgeT cOOON yBeJIWIeHHbIH (parMeHT objacTeil yCcToianBoCTH
HEHPOHHON CeTH /UId HOHUMAHUSI JIWHAMHUKH W3MeHeHusi rpanut objacteit. Ilpm ab > 0
CPaHUIBI 00JIACTENl YCTONINBOCTH HEMPOHHON CETH M3MEHUJINCh HE3HAUUTEIbHO IPU N3MEHEHUH
napamerpoB p, C' u L. Ilpu ab < 0 ob6jacTs ycTONYMBOCTH HEHPOHHON CETH NPU 3HAYEHWUH
napamerpa p = 0 gBJgeTCd HAUMEHBINEH U3 MPEJCTABICHHBIX HA pucyHke. B ciydae p = 0,1
00J1aCTh yCTOMYNBOCTH HECKOJIBKO 00JibIle, ueM mpu p = 0, HO MeHbIIe 00JACTU yCTONINBOCTH
npu p = 0,5, KoTopasi, B CBOIO O4Uepe/ib, MeHbIle obyiactu ripu p = 1.

YucieHHbIE SKCIIEPUMEHTBI TOKA3BIBAIOT, YTO HAJUYNE CBOOOJBI B IEpeHAIPABJICHUU
CBsi3ell BHyTpH ceTH 0e3 IOJIyUeHUs U30JUPOBAHHBIX HEHPOHOB IMTO3BOJISET PACIIMPUTH 00JIACTD
YCTOWYHUBOCTH CETU B IPOCTPAHCTBE TApaMeTpoB a, b. [losryueHHbIe pe3y/ibTaThl HE IPOTUBOPEYIAT

[OJIyY€HHBIM paHee pe3ysibraTaM JJIs PeryJIspHbIX cereii u cereii Tuma small world 10, 11, 16].
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I'panunpr obsacTeil yCTONYNBOCTH HEHPOHHON CETH IPH Pa3HbIX 3HAYCHUAX IapaMeTpa p
3akJrouyeHue

B pamkax wcciiemyeMoil Momesnm pacCMOTPEHBI HEMPOHHBIE CETHU THUIA CO CBI3IMHU THUIIA
small world. Heitporuble cetu ¢ 60JBINNM 3HaUEHNEM KOI(MMUITHEHTa KIaCTePU3aAI U JITUHBI
KpaTJalInero myTH, COOTBETCTBYIOIINE MEHBIIUM 3HAYUEHUSIM ITapaMeTpa p, B CPEIHEM HMEIOT
MEHBITINE ODJIACTU YCTOWYUBOCTH II0 CPABHEHUSIMU C CETSIMH C MEHBIIUMHU 3HAUECHUSIMU
mapamerpoB C' u L, cooTBeTcTBYIOIIHE OOJIBIIINM 3HAYEHUSIM [IApaAMETPa p.

Ha ocHoBe pesynbraToB JaHHON paboThl U Opeablaymux pador [10, 16| moxuO cuenarhb
cnepayomuit BeiBoA. llpu ab > (0 wu3MeHeHHs TONOJIOTMM HEHPOHHONH CETH HE BJIeUEeT
3HAYUTEHLHOTO TpUpocTa obsiactu ycroiampoctu. Ilpm ab < 0 w3MeHeHUE TOMOJIOIHH CETH
¢ 1eabio yMmenblnenus mapamerpos C u L rpada HEHpOHHOI ceTw ¢ COXpaHEHHEeM OCHOBHBIX
cBoiicTB cereit Tuna small world mo3Bosister pacmupuTh 001aCTh YCTORINBOCTH HEHPOHHOM ceTH
B IIPOCTPAHCTBE IapaMeTPOB a, b.

st HeitpoHHBIX ceTeil co cBsssmm Tuma small world mMeeTcss BO3MOXKHOCTEH TEPEBOIA
HEpOHHON CceTUu U3 HEeyCTONYMBOI'O COCTOAHUA B YCTOWUYMBOE C IIOMOIIBIO II€pEHAallpaBJICHULA
cBsizeil ¢ 1esibio yMeHbimeHusi mapamerpoB C u L rpada HEHpOHHOI ceTH ¢ COXpaHeHHeM
OCHOBHBIX TapaMeTpoB HeipoHHON cetn. OcoOeHHO 3TO 3(PPEKTUBHO MPU HAJUIUH PA3HBIX
3HAKOB y CIJI 3aI1a3/(bIBAIOIINX B3auMOAeicTBul a u b.

OTKPBITBIM OCTAETCSI BOIPOC YJIYUIIIEHUs] IACTEHHBIX aJIOPUTMOB ITPOBEPKH YCTONIUBOCTH
Mojesell HepoHHbIX ceTeil. Ha maHHBII MOMEHT aJropuTMbI HE NpEIHA3HAUYCHBI JJIsT PACUETOB
Ha rpadUUYecKnX YKOpHUTEJsX. VI3MeHeHus aJropuTMOB Jjisi BO3MOYKHOCTH HCIOJIB30BaHUS
rpauvIecKuX  yCKOpPUTEJel MO3BOJMJIO Obl 3HAYUTEJBHO YCKOPUTH BPEMsi  POBEPKHU
YCTOMYUBOCTU NUCKPETHBIX MOJEeAe HEeAPOHHBIX CeTel.

JlanHast cTaThsl 3aBepIIaeT UK paboT M0 yCTOWYMBOCTH HEHPOHHBIX CETEll CO CBA3SIMU
small world. lanpHeiiiuM HampaBeHHeM HCCAEIOBAHUN CTAHET MCCJIEIOBAHNE BO3MOYXKHOCTH
[IPUMEHEHUs] METOJ@ KOHYCOB YCTOWYMBOCTH IPH OOYUE€HUN UCKYCCTBEHHBIX HEHPOHHBIX ceTeit

JIJISE yCKOPEHUsI IIPOIecca 00y IeHUsl.
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The article gives the description of the discrete models of neural networks with constraints of the type of
small world with probability redirecting connections within the network p varying from 0 to 1. At the value
p = 0 we obtain a model of a regular neural network. A regular neural network is a ring neural network, in
which each neuron interacts with several neighbors along the ring. At p = 1, we obtain a model, the neurons of
which are randomly connected to other neurons of the network without formation of isolated neurons. The neural
networks are widely used in modeling various neural structures in living organisms, for example, mammalian brain
hypocampus. The paper studies the dynamics of the stability regions of the neural networks in case of changes in
the probability of redirecting links, clustering coefficient and the length of the shortest path in the average for the
graph of neural network. In a series of numerical experiments, the regions of stability of the studied neural network
models for various network parameters were constructed, and the conclusion about increasing the stability region
while reducing the length of the shortest path on average and the clustering coefficient of the network graph was
drawn.
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