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VJIK 004.82

Moaeau cMCTEeMHOM JMHAMHUKHA HA OCHOBE
HEYETKUX PeJISANMUOHHBIX KOTHUTUBHBIX KApT

®enynos A. C., bopucos B. B.

ITocmanoeka 3adauu: Heyemkue KOZHUMUBHbIE KAPMbl NPEOHAHAHEHbl Oa hopmanuzayuu,
amanuza u MoOenupo8anusi npoodrem, crabocmpyKmypuposaHHvix cucmem u npoyeccos. Heuemxue
penayuoHHble Kapmbl Npe0oCmAsisAiom pAcuUpeHHble BO3MOMCHOCMU Ol peuleHus dSMmux npoorem 6
yenosusx Heonpedenennocmu. Ocobbwill unmepec npeocmasisen UCNoab308aHue JIMUX Kapm 08 aHAIu3a u
MOOenUpOBarUs CUCIEMHOU OUHAMUKU, YMO 6 YCIOBUAX He4emKo20 3A0aHUs Napamempos U Mexamusma
pacnpocmpanenus IUAHUN npUeoOUm K HeoOX00UMOCmu peuteHus npooaem yeenuieHus HeonpeoeieHHOCmu
U 8bIX00A HeUeMmKUX 3HAYeHUll KOHYenmos 3a ouanazonsl 6a3oevix muoxcecms. Ilenvro padbomel sensemcs
paspabomka u uccreooéanue Mooenel CUCMEMHOU OUHAMUKU HA OCHOBE HEeYemKUX pelAyUOHHbIX
KOCHUMUBHBIX Kapm, 00ecnevusaouux coxpamenue noaHOCMbio HeuemKo20 npedcmasieHus pe3yibmamos
Ha 6cex 9manax MoOeiupo8aHus Npu HeOONYWeHUU NOCMOAHHO20 603DACMAHUSA HeONnpedeleHHOCIU U
8bIX00A HeYemKUX 3HAYeHull KOHYenmos 3a OUuand3oHvl 6a308uix MHodcecms. Hcnonv3yemvie memoowl.
Memoobl Meopull Hewemkux MHONCECMS, HeYemKUX OMHOUEeHUU, HeYemKUX GblYUCIeHUll U HeuemKo2o
KOSHUMUBHO20 MoOoenuposanus. Hoeusna: npeonodicenHvie MOOenu CUCEMHOU OUHAMUKU HA OCHOBe
HeuemKUux pelAYyUOHHbIX KOSHUMUBHLIX KAPM XAPAKMepusyiomcs 91eMeHmamu HO8U3HbL 3d  Cuem
UCNONIL306AHUSL YCIMOUNUBLIX K 803DACMAHUI0 HEONpeOdeNeHHOCIU ONnepayuil Hao HeyemKuMy Yuciamu u
OMHOWEHUAMY, YMO NO360JAem obecneuums. NOJIHOCMbIO HeYyemKoe npeocmasienue 3Ha4eHuti KOHYenmog
Ha 6cex IManax MoOeaUpoBaHusi OUHAMUKI, NPUHAONEHCHOCb Pe3VIbIMUPYIOWUX 3HAYEHULl U NPUPAUEHUlL
KOHYENmog K cemeucmey HeuemKux yucei, Hegbix00 HedemKUX 3HAYEeHUll KOHYENnmos 3d UX HOCUMeIU;
ecmecmeeHtbll XapaKkmep azpecuposanus Hedemxux 3HadeHull konyenmog. Pesynvmam: ucnonvszosanue
npeonazaemvix Mooeneti NO360AUm NOGbICUMb OOCHIOBEPHOCHb U KAYECMBO AHANU3A U MOOeIUPOBAHUS.
npobiem, crabocmpyKmypupo8aHHuIX CUCIeEM U NPOYeccos 8 ycaosusax neonpeoerennocmu. Ilpakmuyeckas
3HAUUMOCHmb: npeocmasientvie MOOeu CUCMEMHOU OUHAMUKU HA OCHO8e HeYemKUX pDelsiyuOHHbIX
KOCHUMUBHBIX Kapm npeoiazaemcs UCNOIb308amb 6 Kaiecmee MameMamuieckozo obecnedeHusr Ol
PaspabomKu NPOSPAMMHBIX CPEOCE AHAU3A U MOOEIUPOBAHUs NPoOIeM, CIAOOCMPYKMYPUPOBAHHbIX
cucmem u npoyeccos.

Knwouesvie cnoea: neuemkas peisiyuoHHas KOCHUMUBHASA KAPMA, HeYemKue 4YUcid U OMHOUIEHUs,
MOOeNb CUCMEMHOU OUHAMUKU, CIAOOCTMPYKIMYPUPOBAHHbIE CUCTEMbL U NPOYECCHI.

AKTYyaJIbHOCTDH

HeueTkne korHUTHBHBIE MOJIENN (KapThl) IPEIHA3HAYCHBI 1JIs1 POpMaTU3aAINH
npobieMm, CcinabOCTPYKTYPUPOBAHHBIX CHUCTEM U mpolieccoB. OHU  MIUPOKO
WCTIONB3YIOTCSA JUIsl aHaM3a W MOJICJIMPOBAHUS OPraHU3AIMOHHO-TEXHUYECKUX,
COITMAJIbHO-D)KOHOMUYECKUX U JAeMOTpaUUYecKuX MPOILECCOB, HUHTEIUICKTYaIbHOM
MOJJICP)KKU  TPUHATUS ~ PEIIEHWH, B HWHBECTUIIMOHHOM MW  HWHHOBAIMOHHOMN
NEATeIbHOCTH, B MYJbTUAreHTHBIX TEXHOJOTHUSAX, B TEXHOJOTHUSIX BHUPTYaJIbHBIX
MHUPOB M MYJbTHMEIUHHBIX Ipriioxenui [1-3].

CtpykTypa 3TUX MOJENIeH TPEJICTABISIETCS B BUJIE HEYETKHX OPUEHTHUPOBAHHBIX
rpadoB, BepIIMHBI (KOHIICTITHI) KOTOPBIX SIBISIFOTCS CUCTEMHBIE (PAKTOPHI (T1apaMeTphl,
MIEPEMEHHBIE), @ JYyTd — OTHOIICHUS BIUSHUS (HIPUYUHHO-CJIE/ICTBEHHBIE OTHOIICHMS)
Mexxy HUMU. CyIIeCTBYIOT pa3iMyHbIe CIIOCOOBI HEUETKOTO OMUCAHUS KOHIIENTOB M
OTHOIICHHI BIIMSHUSA, YTO IPUBOJUT K Pa3HbIM TUIIAM HEYETKUX KOTHUTUBHBIX KapT [4-

7].
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B pab6ore [8] mpeanokeH THUN HEUYETKUX PENALMOHHBIX KOTHUTUBHBIX KaprT,
IIPEAOCTABIAIOIIMM  PACIUIMPEHHBIE BO3MOXHOCTH [0 pPEaIu3alyu I10JHOCTBIO
HEYETKOro MOJAXO0Ja NpU aHAIM3€ M MOIEJIHMPOBAHUU €Ia00 CTPYKTYPHUPOBAHHBIX
cucteM u npodseM. [Ipu 3ToM 0coObIil HHTEpEC MPENCTABISAET UCIIOJIB30BAHNUE ITUX
KapT I aHaji3a U MOJIEIUPOBAHUSA CUCTEMHOW IUHAMHMKH, 4YTO B YCIOBHUAX
HEYETKOI'0 3a1aHus I1apaMEeTPOB U MEXAHU3MA PACIIPOCTPAHECHUS BJIMSAHUN [IPUBOJAUT
K HEOOXOJUMOCTU pELIEHUs MpoOJeM YBEIUYEHHS HEONpPEAEIEHHOCTH U BBIXOJa
HEYETKHUX 3HAaYECHUIH KOHUENTOB 3a JUana3oHbl 0a30BbIX MHOKECTB.

B crarbe pemarrcs axkTyalbHble 3a7adyd  OOOCHOBaHUS MOJEIH H
MOJIEITUPOBAHUS CHUCTEMHOM JMHAMHUKM HAa OCHOBE HEYETKUX PEIALMOHHBIX Kapr,
HaIlpaBJIEHHbIE HA PEIICHUE YKa3aHHBIX TPOOIIEM.

IlocranoBka 3agauu
JIJisi TIOCTaHOBKHU 3aJla4d PAacCMOTPUM (POPMATU30BAHHOE ONMHMCAHUE HEUETKOM
persiinonHo# korauTuBHOM KapThl (HPKK).
[Tycts 3nauenus konuentoB K., i=1 ..., N mpencraBieHsl COOTBETCTBYIOIMMU

~

HCYCTKNMH MHOXXCCTBAMHU Ki , K&KIO0C U3 KOTOPBIX 3aaHO Ha CBOCM YHHBCPCAJIbBHOM

MHOXECTBE X, B BHJIE COBOKYITHOCTH ymopsytodeHHsiX map K, ={(ue (%) %)}, toe

~

CTeneHb [, (X;) — CTCNeHb NPUHAIICKHOCTH, X, K HEYETKOMY MHOXecTBY K|,
Hy (x):X; —[0,1].
Otromenus BusHua Mexay konumentamu K, u K, i=1..,N, j=1.,N,

~

33JJal0TCS HEYETKUMHU OWHAPHBIMUA OTHONICHUSAMHU R:.

j MEXIy COOTBETCTBYIOLIMMU

STHM KOHIIEIITAM HEYETKUMH MHOXecTBamu K, KJ— : Iiij (%, %) —>10,1], x eX;,

X;eX;. To ectp, R; craBUT B COOTBETCTBHE KaXIOM I1ape 3JICMEHTOB

(X, X;) € X; x X cTeneHb NPUHAIEKHOCTH Hg, (%, %) €[0,1].

COBOKYITHOCTh € OTHOIICHUM BIMSHUS MexXAay Bcemu koHuenrtamu HPKK
3a/1aeTCsl MaTPHIICH HeueTkuX OnHapHbIX oTHomeHui (MHBO):

Ry Re - Ry
|\7|: RZl R22 RZN

Ry Ry, - Rw

[Iprdem, Kax10€ HEUYETKOE OTHOLIEHUE Rij n3 MHBO paccmarpuBaeTcs Kak

HCYCTKOC 0T06pa>1<eHHe HCYCTKOI'O MHOXXCCTBaA Ki (3Ha‘-IeHI/I$I KOHILCIITa-UCTOYHHUKA

K;) Ha HeueTkoe MHOXKeCTBO K (Ha 3HaUeHME KOHLENTA-IPUEMHUKA BiustHus K )

[9].

ITpu paccmorpennn HPKK B Buae Mozenu cucteMHON TMHAMHUKHA B HEW MOTYT
OBITb BBIJICIICHBI, BO-TIEPBBIX, KOHIICNITHI, HA KOTOPBHIE TMOJAETCS BHEIIHEE
BO3JEHUCTBUE, BO-BTOPBIX, KOHIIEITHI, COCTOSIHUE KOTOPBIX OLICHUBAETCS B MPOLIECCE
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MOJICIIUPOBAHUSL MOJICNIH, B-TPETbUX, BHYTPEHHHE KOHIENTHL. B ob0mem ciydae
BHEIIIHUE BO3JIEUCTBUS U MOTYT IPUMEHAThCA KO BceM KoHlentam HPKK.

OnHa U3 OCHOBHBIX MPOOJIEM HEYETKUX MOJIETeH AUHAMUKU 3aKJII0YaeTCs B
TOM, YTO B MPOIECCE HEYETKUX MUTEPAIIMOHHBIX BBIYMCICHUNA MUMEETCS TEHACHIIMS K
YBEJIMUECHUIO HEONPEIeTICHHOCTH PE3yJIbTaTOB, YTO 3aTPYyJHSAET, a MHOTAA U JeiaeT
HEBO3MOXHBIM MX HHTeprpeTaluio. ComyTcTByomas mpodjaemMa — BbIXOJ HEUETKUX
3HAUYEHUI KOHIICTITOB 3a MPEJebl 33JIaHHOTO Jruana3oHa 0a30BbIX MHOKECTB.

B pabGore [8] mpemnoxkena wmomens amHamuku HPKK, ocHoBannas Ha
MPOMEXKYTOUHON (TodTamHor) nedazzudukanuu  (MPUBEACHUU K  YETKOCTH)
3HaueHWi KoHuenToB. OpHako nedaz3uduKanus, T[MO3BOJSAIONIAS «CBEPHYTHY
HEOTPEACIEHHOCTh B OJHOTOYEYHOE HEYETKOE MHOXKECTBO, MPHUBOIUT K TMOTEpPE
nH(pOpMaLIUH.

[ToaToMy MOCTaHOBKA 3a/1a4M 3aKII0YaeTcs pa3paboTKe Mojenei TMHAMHUKY Ha
OCHOBE HEUYETKUX PEJISIIUMOHHBIX KOTHUTUBHBIX KapT, 00€CIEUNBAIONIUX COXPAHECHUE
MOJIHOCTBHIO HEUETKOTO MPEJICTABIICHUS PE3yIbTaTOB HA BCEX dTallax MOJACIMPOBAHUS
CUCTEMHON JUHAMUKH TPU YCIOBUSX HEAOMYIICHHUS TOCTOSIHHOTO BO3paCTaHUs
HEONPEJEICHHOCTY U BBIXOJA HEYETKUX 3HAYCHHM KOHIICTITOB 3a JHarna3oHbl
0a30BbIX MHOXECTB.

Moaenu cucTeMHOM ITMHAMHUKHA HA OCHOBE KOTHUTUBHBIX KAPT

Mopgens  OTUHAMUKA ~ KOTHUTUBHOM  KapThl  OMNpEAEsieT  MEXaHU3M
pacrpocTpaHEHUs BIMSHUNW MEXIy €€ KOHIIENTaMH BO BpeMEHU. B mpakTuke
KOTHUTUBHOTO MOJICIUPOBAHUS OOBIYHO HCHOJIB3YIOT CHUHXPOHHBIE MOJCIH
JTUHAMUKA B JHUCKPETHOM BpPEMEHHU, MPEJCTAaBICHHOM B Oe3pa3MepHOM IIKase
3HaueHUuM. OOBIYHO HCIOJIB3YIOTCS TPOCTHIE MOJIEIM HMHEPIHMOHHOCTH Tepeaadu
BIIUSHUSL MEXIY KOHIETITAMH, aHAJIOTUYHBIC TPAHCIIOPTHBIM 3aJIepKKaM. 3ajiepiKKa
pACIPOCTPAHEHUS BIUSAHUS TPUHUMAETCSI OJUHAKOBOM ISl BCEM KOTHUTUBHOM KapThl
U ONpENeNIeTCS MHTEPBAIOM BPEMEHU MEXKIY ABYMS MOMEHTaMHU AUCKPETHOTO
BpeMeHU. [Ipu HenocpeICTBEHHOM BJIMSIHUM KOHIIENTOB JPYT Ha Apyra 3a OJIUH TaKT
CUCTEMHOTO BpPEMEHH TMPOMCXOAWT Tepeaadya 3TOro BIUSHUA MO0 Jyre rpada
KOTHUTUBHOM KapThl — OT KOHIENTA-UCTOYHUKA K KOHIENTY-IPUEMHUKY — U
arperupoBaHUE OTIEIbHBIX BIWUSAHUN OT KOHLENTOB-UCTOYHUKOB Ha KOHIIETE-
PUEMHHKE.

OCHOBHBIE  PAa3HOBUJIHOCTU JUHAMUYECKUX  MOJEJECH, MpeasioKEHHbIS
®. Pobeprcom B [10], nisi KOTHUTHUBHBIX KapT MOTYT OBITh HHTEPIPETUPOBAHBI
TaKuM 00pa3oM:

K(t+2)= 3w, K (D),

AK (t+1) :zn:vxxij AK. (1),

i=1

AK(t+D) = > w, K, (1),

i=1
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rje W; — BEC BIMSHHS KOHIIETTA I-TO Ha j-i KOHIIEIIT, W; e[-1,1]; n — umcno
KOHIIETITOB, HETIOCPEJCTBEHHO BIIMSIONINX HAa KOHIENT j-if KoHuent; K. Ou AK, (1) —
3HAYCHHE M TPUPAILICHHE 3HAYCHHUS I-T0 KOHICNTa B MOMEHT BpeMEHH t; Kj(t +Du

AK;(t+1) — 3HaveHne W MPHUPANIECHHE 3HAYCHHUS |-TO KOHLENTA B MOMEHT BPEMEHH

(t+1).
JUist 3TUX Mojened IWHAMHUKH CYIIECTBYET MpoOiiemMa BbIXOJA 3HAYCHHI
KOHIIENITOB 32 TPaHUIIbl 0a30BOr0 MHOXKECTBA. DTa MpolIeMa peniaeTcs no-pasHomy.
Hanpumep, B padote [4] st 3TOr0 HMCHOJIb3yeTcs HeauHelHas (yHkiwms f,
OrpaHMYHUBAIONIAs pe3yibTat B Auanasone [0, 1] wm [-1, 1]:

K (t+1)=f Zn:wij K. (t) |.

Jlns muana3ona 3HadeHuii kouuenTos [0, 1] B kauectBe ¢yukimu f Hanboree
4acTO MCIOJIB3YETCS CUTMOUIaNIbHAS (DYHKITHS:

1
f(X)=————, 1>0.
(x) 1+e

[TonyuyeHne  pe3ylbTUPYIOHMIETO  HEUETKOTO  3HAYEHUs I[pU  ATOM
OCYIIECTBJISIETCSl HA OCHOBE MPUHIIMIIA HeYeTKOTOo 00001menus JI. 3ane.

OpnHako BBEJCHHAs TakuM OO0pa3oM B MOJENb HEJIMHEHMHOCTh YCIIOXKHSET
aHaJiu3 CUCTEMHOM JUHAMHKHU U YCTOMYUBOCTb.

B pabGore [5] mnepemady BIUSHUA MEXIYy CMEKHBIMH KOHIICNITAMU
KOTHUTUBHOM KapThl IPEJIaraeTcsi OCyIIECTBIATh HA OCHOBE omepaiuii S- u t-HopM:

K;t+D) = él(wﬂ' TK; (1)),

rae S —S-HopMma; T — t-HOpMma.

CylIeCTBYIOT pa3IMyHbIE MOJICJIM JUHAMUKN HEUETKUX KOTHUTHUBHBIX KapT, B
TOM YHCJIe, IPEJIOKSHHBIC aBTOpaMHu JaHHOW cTaThu. Hampumep, B padotax [1, 8]
IPEIJIOKEHA M HCCIENOBAaHA MOJEIb JUHAMUKHU JUIi HEUYETKOM PEISILUOHHOMN
KOTHUTUBHOM KapTBHI:

~ ~ n ~ ~ ~
R+ =K, 00( (R 0K t-1)+R,) | (1)
K;t+D), K;®), Kit), Ki({t-1) - mneyerkne 3HaueHHs KOHLENTOB B
COOTBETCTBYIOIIE MOMEHTBI BPEMEHH, R; — HEYeTKoe OTHOUICHHE MEKIy
N
KOHIIENITAMH, «®» — OIepalys HEYeTKOW KOMIo3uimu, «®» — omepanus
i=1
arperupoBaHus OTIECIbHBIX HEYETKHX BIHUSHUN, «—» — ONEpalys OPUpPAICHHS
HEYETKMX 3HAYEHHH KOHLENTOB, «®» — omepamds HEYETKOrO0 arperdpoBaHUsI

COBOKYITHBIX BIUSIHUI U PEAbIIYIIETO 3HAUEHUSI BBIXOJHOTO KOHIICTTA.

Bripaxxenune (1) mpeacrarisier coboit MOAENIb NUHAMHUKHU JJIsl OTMHCHIBAEMOM
HPKK nuckperHoit cucteMbl ¢ oOpaTHbIMU CBs3siMA. OOpaTHBIE CBSI3U SIBISIIOTCS
«JIBYXYPOBHEBBIMUY»: BO-TICPBBIX, 3HAYCHHE KOHIIENITAa B MOMEHT BpeMeHu (t+1)
3aBUCUT OT €ro e 3HAa4YeHUs B MOMEHT {, 4TO NPUBOAUT K UTEPAIMOHHBIM
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BBIYUCIICHUSIM MPHU MOJICTUPOBAHUU;, BO-BTOPHIX, MOTYT HMETh MECTO OOpaTHbIE
CBSI3M, CBSI3aHHBIE ¢ pacnipocTpaneHueM BiausgHusa no HPKK.

B nmannoit moxenum nunamukn HPKK B kauectBe omepanuu arperupoBaHUs
UCIIOIb3YeTCS MpOoMEXyTodHas jaedaz3ubuxainus (MpUBEACHUE K YETKOCTH) H
Oomnepaluu CJIOKEHUS WM BBIYMTAHUS HEUETKUX 3HAYEHUH C MOCIEeIYIOIUM
orpaHUuYCHHEM pe3ysbTaTa. B pabore [8] Obu1 peleH Bompoc 00 OTpaHUYCHHOCTH
nuana3zoHna 3HadeHuid koHuentoB HPKK, onHako He pemieHa 3ajaya COXpaHEHUsT UX
HEUYETKOr0 MPEACTABJIECHUS HA BCEX 3TANaX MOJACIUPOBAHUSA CUCTEMHON JUHAMUKH.

Mogaenu cucTeMHOM IMHAMHMKH HA OCHOBE HEYETKUX PesiliUOHHBIX
KOTHUTHBHBIX KapT € MCI0JIb30BAHUEM YCTOMYMBBIX K BO3PACTAHUIO
HeoNnpeAeJJeHHOCTH ONepalMid Hal HEYeTKUMM YMCJIAMU U OTHOLUCHUAMU

[lycTp 3HaueHMs KOHLENTOB M HUX MNpupameHus mnpeacrasiensl B HPKK
HEYETKMMU YUCIIaMU Ha BCEX dTalax MOJAEIUPOBAHHUS.

[IpuMeuanue. HOII HCUYCTKHMM 4YHCIIOM ITOHHMMACTCA HCUYCTKOC MHOXKCCTBO C
BBIHYKHOﬁ (byHKHHeI;'I IMPpUHAIJIC)KHOCTH 1 KOHCYHBIM HOCHUTCJICM.

Ocy1iecTBUM BBIOOP Omepanuii HaJi HEUETKUMHU YUCIAMHU U OTHOIIEHUSIMHU JIJIst
mozeneit nuHamuku HPKK ¢ yueTrom ciegyronmx ocoOeHHOCTEH:

— COXPaHEHMUE MOJIHOCTHIO HEUETKOTO MPEJICTABICHUS 3HAYCHUN KOHIIENITOB Ha
BCEX ATaIax MOJECIUPOBAHUSA CUCTEMHON JUHAMUKH;

— o0ecrieueHne NpUHAJIEKHOCTU Pe3yJIbTUPYIOIIMX 3HAYEHUN U TPUPALLEHUI
KOHIICTITOB K CEMEUCTBY HEUETKHUX YHCET,;

— obecrieyeHne HeBbIX04a HEYETKUX 3HAUCHU N KOHIIENITOB 3a MX HOCUTEIIH;

— obecrneyeHne eCTECTBEHHOTO XapakTepa arperupoBaHusl.

Ha puc. 1 nokaszan npuMep HEYETKOUN PEISIIMOHHON KOTHUTUBHON KapThI.

R, «t»

el
w
¥

006ﬂ€m€0p€HHO€mb

< 3aKazyuKda, K/

@ Kauecmeo
pabomei, K,

Keaﬂud)ukauwz\ Ros
ucnOﬂHumeﬂety

Puc. 1. [IpuMep CTpyKTypbl HEUETKOM PENISIIIUOHHON KOTHUTUBHOM KapThI

R, «t»

J
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s peanuzanuu mozeneit nunamukun HPKK tpebyetcs, ¢ yueTtoM yka3aHHBIX
BBIIIE OCOOCHHOCTEH, OOOCHOBAThH, BO-IIEPBBIX, OIEPALMIO IEPENAYH BIUSHHA
(HE4eTKOro 3Ha4eHUs1) OT KOHIIENTA-UCTOYHUKA K KOHLENTY-IIPUEMHHKY, BO-BTOPBIX,
OIEPAIMIO arpETUPOBAHUS HEYETKUX 3HAYCHUI KOHIEITOB.

Bomnpocs! nepenaun Biusaus B HPKK paccmoTpum Ha mpuMepe KOHLENTOB
K; m K,. Jns nepemaun BimsHMS oT koHuenta K, Ha konuentr K, no

COOTBETCTBYIOIIECH JIyre HCHOJIb3yeM OIEpalui0 HEUYETKOM KOMIO3UILIMK MEXIY
HEUeTKUM 3HadeHueM K, koHuenTta-uctoyHuka K, (B BHJE HEYETKOro 4ucia) U

He4YeTKoro ortHomeHus R,,. Pesymprar xommosunuu K, =K, eR,, mnpeacrasmser
c000i1 HEYETKOE MHOKECTBO C (PyHKIIMEH TPUHAIC)KHOCTH

Hy, (X,) = X3\€/X3/UK3(X3) N Hg, (X5, %,), X3 € Xy, %, € X, (2)

B ClIydac CCJIIM HCUCTKOC 0T06pa)KCHI/Ie HCYCTKOI'O 4YHCJIa K3, pCain3yemoc

~

HECYCTKMM OTHOIICHHCM R34, SABJIACTCA BBIITYKIIBIM, PE3YJIbTATOM TOM orcpanuu

6yzeT TaKke Heuerkoe unciao K, [11].

[IpuMeuanue. BBIHYKJIOCTI) HCYCTKOI'O OT06pa}KeHI/IH — JOCTAaTO4YHO CHJIBHOC
YCJIIOBHC. ITouck Oonee cradbBIX OFpaHquHHﬁ, HaKJIaAbIBACMBIX Ha HCYCTKHUC
OTHOIICHMA, Tp€6y€T JOITOJIHUTCIIBHBIX HCCHGIIOBaHHﬁ.

PaccmoTpum Teneph BOMPOCH! arperupoBaHUs HEUETKUX 3HAYCHUN KOHIICTITOB.
Hcrnonp30BaHre B KQ4ECTBE ONEPAIMH arpeTUPOBAHMS HEUETKUX BIIMSIHUN OTICpAITHiA
HEYETKOTO CJIOKEHUS/BBIYMTAHUS HAJ HEYCTKUMHU YHCIIAMH BBITJISIANT HauOoJee
ecTecTBeHHBIM. OIHAKO B 3TOM Cllydae HOCHTENb PE3yJbTHPYIOIIETO HEYETKOTO
yuciaa, B OOIIEM ciydyae, HE OrpaHu4YeH. OTO OO0yClIaBIMBAET HEOOXOJAMMOCTh
MIPOCKTUPOBAHMSI CTICITUATBHON OTIEPAIMH arpEeTHPOBAHNS, YAOBIECTBOPSIONIEH ATOMY
TpeOOBAHMUIO.

B pabore [12] mpemsokeHa ornepaiusi arperupoBaHHsl HEUYETKUX YHUCE,
yCTOWYMBasE K  BO3pPAaCTaHUIO  HEOMPENCICHHOCTU. PaccMOTpuM  BOMPOCHI
UCIIOJIb30BAHUSI DTOM OIEpallii arperupoBaHusl HEUETKUX 3HAYEHUW KOHIIENTOB Ha
npuMepe coBMecTHOro Bo3aencTsus konuentoB K, u K, Ha konnenr K, :

K, =K, ®K,,
¢ byHKIIMEH TPUHAIIICKHOCTH

3
Mg, (Xg) =max| g | ————|, t. —Kl VX e X, 3)

rae M, , M, — MoJalbHbIe 3HaUYeHUs HedeTkux uncen K, u K,, coorBeTcTBEHHO.

1 2

B cratee [13] nokazaHo, 4yTO 3Ta omnepalusi arperupoBaHrs HEYETKUX YHUCEN
NOMHMO YCTOWYMBOCTH K BO3pPACTaHUIO HEONPEICICHHOCTH, TapaHTHUPYeT
OTPAaHUYEHHOCTh HOCHUTEINA pe3ysbTara, a TaKkKe MMEET XapakTep arperupoBaHMUS,

Ka4C€CTBCHHO HOI[O6HBIﬁ OoIIcpanu:AM CJIOKEHUSI/BBIYMTAHUS HEUSTKUX YHCE]L.
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Takum oOpa3oM, ucmoap30BaHue onepanuii (2) u (3) a1 MoJenel TUHAMUKA
HPKK mo3Bonsier peanu3oBaTh CBOMCTBO YCTOMYMBOCTH K  BO3PACTaHUIO
HEONPEAECICHHOCTH, COXPAHSIS MPU 3TOM CBOMCTBO 3aMKHYTOCTH HEYETKUX 3HAUYCHHIA
KOHIIENITOB OTHOCHUTEIBHO CEMENCTBA HEYETKUX YUCET.

IIpuMep MoaeTUPOBAHMS JUHAMUKH HA OCHOBE

HEYEeTKOM PeJIIIMOHHON KOTHUTUBHOU KaAPThI
Ha nokazannoit Ha puc. 1 HPKK umeercs nBa koHTypa ¢ 0OpaTHOM CBSI3bIO:
— BO-TIEPBBIX, C MOJOXKUTEIBHON 0OPAaTHOM CBA3BIO

Ki—— K, —2 o K — K

— BO-BTOPBIX, C OTPULATEIBHON 0OpATHOM CBA3BIO

K, 2= s K,—Fu™ s K, —Re™ K,

B KOHType C MOJOXUTEIBbHON OOpAaTHOW CBSI3bI0 MPU PACIPOCTPAHCHHUH
BIIMSHUS (C MCIIOJIb30BAaHUEM OMMCAHHBIX B MPEABIAYIIEM pasJieie onepauui) A
KQKJI0M M3 Map CMEXHBIX KOHIIENITOB YBEIMYEHHE HEUYETKOIO 3HAYEHHUs KOHUENTa-
MCTOYHHMKA MPUBOJUT K YBEJIMYEHUIO HEUETKOIO 3HAUYECHUS KOHILIENTAa-NpUueMHHKa. M

HaO60pOT, YMCHBIHICHHUC HCYCTKOI'O 3HAYCHHUA KOHOCIITA-UCTOYHHKA BCACT K
YMCHBIHICHUIO HCYCTKOI'O 3HAYCHHA KOHICIITA-IIPUCMHHUKA.

~

Bo BTOpOM k€ KOHType 3a CUeT OTPHUIATENFHOTO OTHOIICHWS BIUSHUS R,
Mexxay koHuentamum K, um K,, yBelIM4eHHE HEYETKOTO 3HAYEHUS KOHIICNTa-

VCTOYHHKA PUBOJAUT K YMEHBIICHUIO HEYETKOTO 3HAUYCHUSI KOHLIENTAa-IPUEMHHKA, U,
Ha00OpOT.

MogenupoBaHue MOKET MPOBOAUTHCS M3 HEKOTOPOM HAyajJbHOW CUTYyallUH,
ompenensieMol HadaJlbHBIMA HEUYETKUMHU 3HAYCHHSIMU KOHIIETITOB O€3 BIMSHMS Ha
MOJENIb U3BHE. DTOT Clly4ail COOTBETCTBYET CAMOPA3BUTHIO HAYAJIBHOW CHUTYAaIIUH.
Ecnmu xe HedeTkne 3HAYEHUS OTHCIbHBIX BXOJHBIX KOHIENTOB MOABEPKECHBI
BHEIIIHUM HU3MEHEHUSM (WJIA 3TH KOHIIENThI COOTHECEHBI C TUMH BO3JACHCTBUSIMU),
TO MOJEIUpPyEMasi CHUCTEMa SBJISETCS YNpaBiasieMou. MOAEIUpOBAHUE MOMKET
3aKOHYUTHCS JIMOO MO JIOCTMIXKEHHUIO 3aJaHHOTO MOMEHTa JUCKPETHOTO BPEMEHH,
100 MO TOCTUKEHUU HEKOTOPOI YCTOMYMBOM MIIM HEYCTOMYMBON CUTYALIMH.

[IpouwmmocTpupyem  obecriedyeHHUe  JCKJIAPUPOBAHHBIX  CBOWCTB  MpHU
peanuzanuu CcUCTeMHOM JauHaMuku Ha ocHoBe HPKK ¢ wucnone3zoBanuem
NPEIJIOKEHHBIX OINEpalMid Uil IIepellaud  BIWSHUS MEXKAY KOHLENTaMu U
arperupoBaHMs HEUETKUX 3HAYCHUN KOHIIEIITOB.

3ajmanuM HEYETKUE OTHOIICHWS BIMAHMA Mexay Konuentamu K; u K; B
AHAJIIMTUYECKOM BHJIEC:

R; =exp(—(x; +a'ijxi)2/02)!
rae @; — TapameTp, ONpPEACNSAIONIN HAKIOH spa HEYETKOTO OTHOIICHUS F~Qij
OTHOCHUTEJILHO OCei 0a30BbIX MHOXKECTB.
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[IpumeM 111 BCEX HEUETKUX OTHOIICHUMN o?=0,001. ITycts a,=-0,7,
a,=06, a,=-04 a,=-05 a,=-06 Ha puc. 2 npencrasieH npumep

oTHoeHus R,,.

ﬂ§42(x41 Xz)

Puc. 2. [Ipumep HeueTkoro otHouenus R,, mexny konuentamu K, u K,

Jnsa wumroctpanun auHamudeckoro noseneHnss HPKK pacecmorpum cimywai
HMMITYJIbCHOTO BXOJITHOTO CUTHAJIA, OMHOKPATHO W3MEHSIOLIEr0 3HaYEHNs KOHLEIITOB B
Ha4yaJbHbIA MOMEHT BPEMEHU.

[lycTp B Ha4YaJIbHBIM MOMEHT BPEMEHH 3HAYEHUS KOHIIENTOB PAaBHBI «HYIIO»,
T.€. CTEIICHU NPUHAJICKHOCTHA HEUYETKUX 3HAYCHUU KOHILIEIITOB:

1, ecu X, =0,

My (%)= x e[-11].

0, nHaue,
BxonHbie Bo3meicTBUS 3a1aauM (PyHKIUAMA TPHHAIC)KHOCTH BUA!
My (Xi) = eXp(_(xi - b.)z /02) ,
rae bi — cpenHee 3HaueHue, o — napaMeTp (GYHKIUH TPUHAIICKHOCTH, BIUSIOIIHHA
Ha «CTEMEHb Pa3MBITOCTH» HEUETKOTO YHCIIa.
Ipumem amst Beex GyHkuuil npuHamiexsoctH o) =0,001. ITycTs HeueTkue

3HAYEHHS BXOJHBIX BO3ACHUCTBUU s cooTBeTcTBYrOUX KoHuentoB HPKK nHa
puc. 1, UMeroT clieyomui BUI;

Hy, (%) =exp(—(x —0,8)?/0,002), Hog, (%) = eXp(~(¥; +0, 2)%/0,001),
Haz, (%) =exp(=(x, —0,2)*/0,002), 4, (X,)=exp(—(x, +0,7)*/0,001).

OnpenenyM HEYETKUE 3HAUEHUSI KOHIIENITOB B PE3yJbTaTe MMOTAKTOBOIO
MOJICTTMPOBAHUS HAa OCHOBE MOJIENIM JUuHAMUKH (1) ¢ ucmonbp3oBaHueM orepaiuil (2) u

(3).
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Ha puc. 3 nokaszanbsl HedeTkue 3HadeHus KoHuenrta K, momydeHHble Ha 64

OIIOXaX UMHUTAIIUOHHOT'O MOJCIIMPOBAHU .

l
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Puc. 3. HeueTkne 3HaueHUs KOHIICIITA Kl Ha 64 smoxax MOICIIMPOBAHUA

N3 puc. 3 BUOHO, YTO TPOUCXOIUT CTAOMIM3AIUSA (CXOIUMOCTh) HEUYECTKHX
3HAYEHUHN KOHIIENTa. AHAJOTUYHOE MTOBEICHUE JEMOHCTPUPYIOT APYTUE€ KOHIIETITHI.

PaccmoTrpum Teneps MoaenupoBaHueE ¢ Apyroi GopMoi HEYETKUX OTHOIICHUN
MeXIy KoHIenTamu. IlycTh, HampUMep, HeUeTKOe OTHOmEeHHe R,, mMeeT Bu (CM.

puc. 4): 3
R; = exp(—(x°; + a'ijxi)2 lo°).

Puc. 4. Bun HeueTkoro otHoweHus R,,
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IIpy coxpaHeHMM MpPEKHUX M[APaMETPOB MO pe3yiapraram 64 3mox
MMHTAlMOHHOIO MOJEJIMPOBAaHMUS HEYETKHE 3HaueHus KoHuenra K, mpuMmyT Buj,

MPEJCTaBICHHBIA HA pUC. .

il il
i 41"
i “ MJ‘{-

M (%)

i

Puc. 5. Hedyerkue 3HaueHus koHuenta K, Ha 64 smoxax MoJeNNpOBaHUS

N3 puc. 5 BUJIHO, YTO B OrpaHUYEHHON 001acTH HaOr0MaeTcs KojieOaTeIbHBIN
nporecc, nopeaeane HPKK necrabunbHo.

[TycTh Tenepb HeUeTKOe OTHOIIEHUE R, MMeeT BUJ, OKa3aHHBIH Ha puc. 6.

Puc. 6. Bun HeueTtkoro otHomeHus R,

URL: http://sccs.intelgr.com/archive/2016-01/04-Fedulov.pdf 7 5


http://sccs.intelgr.com/

CucteMbl ynpaBJieHus, CBS3u U 6e3o0nacHOCTH N°1. 2016
Systems of Control, Communication and Security sccs.intelgr.com

IIpy coxpaHeHMM MpPEKHUX M[APaMETPOB MO pe3yiapraram 64 3mox
MMHTAlMOHHOIO MOJEJIMPOBAaHMUS HEYETKHE 3HaueHus KoHuenra K, mpuMmyT Buj,

MIPE/ICTABICHHBIN Ha pHC. /.

Puc. 7. HeueTkne 3HaueHUS KOHIICIITA Kl Ha 64 snoxax MOJICIIMPOBAHUA

U3 pHuc. 7 BHUAHO, 4YTO HCYCTKHC 3HAUYCHHA KOHIICIITA K1 CTPEMATCA K

HACBIILLICHUIO.

Takum oOpa3zoMm, pe3yabTaTbl MOJACIUPOBAHUS CHUCTEMHOW JIMHAMHUKU Ha
OCHOBE HEYETKHUX PEJBSIMAOHHBIX KapT C UCIOJb30BAHUEM MPEMIOKEHHBIX ONepanun
IUISL IEPEAAYM HEUETKOTO BIIMSHUS 110 HEUETKOW PEJISIIMOHHON KOTHUTUBHOM KapTe U
arperupoBaHUs HEYETKUX 3HAYECHUW KOHIICNITOB MO3BOJIUIIN 00ECTICUUTh:

— MOJIHOCTBI0 HEYETKOE MPEJCTABICHUE 3HAYEHUI KOHIIENTOB Ha BCEX ATaIax

MO/JICTUPOBAHUS CUCTEMHON JUHAMUKH;
— NPUHAJIEKHOCTh PE3YJBTUPYIONIMX 3HAYEHUW U MPUPALICHUN KOHIIENITOB K
CEMEMCTBY HEUETKUX YK CET;

— HEBBIXOJ] HEYETKUX 3HAYEHU KOHILIENITOB 3a UX HOCUTEIIH;

— €CTECTBEHHBIN XapaKTep arperupoBaHUsl HEUETKUX 3HAYCHUN KOHLEIITOB.

[IpenyoxeHHslii HAOOp oOrepanuii MOXKET OBITh HCIOJB30BaH ISl BCEX
ONMCAHHBIX MOJEJIEN AUHAMUKU HAa OCHOBE HEUETKHX PEISLMOHHBIX KOTHUTHUBHBIX
KapT.

BoiBOABI
[IpensioxkeHsl MOAENM CHUCTEMHOW JMHAMMKM HA OCHOBE HEUYETKHX
PENALMOHHBIX KOTHUTHUBHBIX KapT, HMCHOJIB3YIOIIME YCTOMYMBBIE K BO3PACTAHUIO
HEOIPEJICIICHHOCTA OIEpali HaJl HEYETKMMHM YHCIAaMH W OTHOILICHUSMHU. ITO
MO3BOJISIET B TMPOLIECCE MOJCIUPOBAHUS CHUCTEMHOW JWHAMUKW PEUIUTH 3aJayu
nepelaul HEYETKUX BIUMSAHUN MO MOJEIM M arperupoBaHUs HEUYETKUX 3HAUYCHUH
KOHIIENITOB C Y4Y€TOM CJIEAYIOIMMX OCOOEHHOCTEH: COXpPaHEHUE IMOJHOCTHIO
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HEYETKOIO MPEJCTABICHUS 3HAYEHUI KOHLIENITOB HAa BCEX 3Talax MOJEIMPOBaHUS
CUCTEMHOM JMHAaMUKH; 00ecleueHre NMPUHAAIEKHOCTH PE3YJIbTUPYIOIINX 3HAYEHUN
U NPUPALICHUN KOHLENTOB K CEMEHCTBY HEUETKHMX 4Hucel; 00ecledeHre HEBBIXO0a
HEYETKUX 3HAUYECHUU KOHIIETITOB 3a HX HOCHUTEIM; OOECIeYeHHE ECTECTBEHHOI'O
XapakTepa arperupoBaHusl.

Hcnonp30BaHue NpeiaraéMbplXx MOJIEIEH CHCTEMHOW JUHAMHUKU Ha OCHOBE
HEUYETKUX PEJSIIMOHHBIX KOTHUTHBHBIX ITO3BOJIUT TOBBICUTH JOCTOBEPHOCTh U
KAaueCcTBO aHAJIM3a U MOJEIMPOBAaHUA MPOOIIeM, CIadOCTPYKTYPUPOBAHHBIX CUCTEM U
IIPOLIECCOB B YCJIOBHSIX HEOMPENECIEHHOCTH.

[IpeacraBneHHble MOJAEIM B JaJbHEHIIEM Mpejaraercsd HCIOIb30BaTh B
KauyecTBE MaTEeMaTHUECKOro obOecredeHus Asi pa3pabOTKU MPOrpaMMHBIX CPE/ICTB
aHalM3a W MOJEIHpPOBaHUS mpolieM, CcIabOCTPYKTypUPOBAHHBIX CHUCTEM U
IIPOLIECCOB.

Hccneoosanue evinonrneno npu @uuarncosol noodoepicke PODU 6 pamxax
HayuHozo npoekma Ne 15-41-03259-p yeump a.
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Models of System Dynamics Based on Fuzzy Relational Cognitive Maps

A. S. Fedulov, V. V. Borisov

Purpose. Fuzzy cognitive maps are intended for the formalization, analysis and modeling problems,
semi-structured systems and processes. Fuzzy relational cognitive maps provide expanded opportunities for
solving these problems under uncertainty. Of particular interest is the use of these maps for analysis and
modeling of system dynamics. This leads to the need to address the challenges of increasing uncertainty and
intersection of fuzzy values of their basic sets. The purpose of this work is the development and study of
models of system dynamics based on fuzzy relational cognitive maps, which ensure the preservation of fully
fuzzy representation of the results at all stages of modeling, while avoiding the constantly increasing
uncertainty and intersection of fuzzy values of their basic sets. Methods. Methods of theories of fuzzy sets,
fuzzy relations, fuzzy computing and fuzzy cognitive modeling. Novelty. The proposed models of system
dynamics based on fuzzy relational cognitive maps are characterized by elements of novelty through the use
of resistant to the growing uncertainty of operations on fuzzy numbers and relations. All of this provides: first,
a fully fuzzy representation of the values of concepts at all stages of modeling; second, the membership values and
increments of the concepts in the family of fuzzy numbers; third, intersection of fuzzy values of their basic sets; fourth,
the natural aggregation of the fuzzy values of the concepts. Results. The validity of the analysis and the quality
modeling of problems of semi-structured systems and processes under uncertainty will increase when using the
proposed models. Practical relevance. The presented models of system dynamics based on fuzzy relational
cognitive maps will be used to design software for analysis and modeling problems, semi-structured systems and
processes.
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