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[IpakTueckoe 3ansitue Ne 1
OcHOBHBIE M0JI02KE€HHS] TEOPUU HEYETKNUX MHOKECTB

B ocHOBe HEUETKOH JIOTHMKH JIGKUT TEOPUS HEUETKUX MHOXe¢TB. Cam
TepMuH "HedeTkoe MHOXkecTBO" (fuzzy set) Obut BriepBbIie BBeAeH B 1963r. Jlotdu
3ane (Lotfi Zadeh).

TCOPI/II-O HCUCTKHUX MHOXCCTB MOXHO pPACCMATpHUBATL KAK PaCIIMPCHUC
KJIaCCUYECKOU TCOPHUH MHOKCCTB.

MHoOXecCTBa SBIISICTCS HCKOTOPBIM q)YHI[aMeHTaJIBHLIM ITIOHATHUCM.

MHOKeCcTBO — MpeaAcTaBjaseT c000il HAOOpP 3JIeMEHTOB, 00JIaJAKIIHNX
HEKOTOPBHIM CBOIICTBOM, O0IMM JIJISI BCEX 3JIEMEHTOB MHOKeCTBA.

HanmomHUM OCHOBHBIC OIpCACIICHNA TCOPUN MHOKCCTB.

Paeencmeo muoicecms.

/IBa MHO:KecTBa PpaBHbI MeKAYy Cc000i, ecjaM OHHM COAep:KaT
OIMHAKOBbIE HA0OPHI 3JIEMEHTOB.

JUIsl MOHATHS paBEHCTBA MHOYKECTB CIIPABEUIMBBI CIEAYIOIINE CBOWCTBA:
B pediekcuBHOCTD A = A
B cummeTpudHOCTh: eciu A=B 1o B=A;
B tpansutuBHOCTE: eciu A=B u B=C, to A=C.

MHoxecTBO B sBiIsieTcs NOAMHOXKECTBOM A, €CIM BCE €ro SJIEMEHTHI

SBJISIFOTCS. OTHOBPEMEHHO U JJIEMEHTAMHU A
B C A.

B Teopunm MHOXKECTB BBOIAT TOHITHE 0a308020 (YHU8EpCcaibH020)
MHOMCECEd.

Ecnn B HekoTOpOM 3amade paccMaTPUBAIOTCS MHOKECTBA, SBIIAIOLIMEC
MOJIMHOXKECTBAMH HEKOTOPOTO (PUKCHUPOBAHHOTO MHOXKECTBA X, TO TaKoe
MHOYKECTBO Ha3bIBa€TCs 0a30BbIM (YHHBEPCAIbHbIM) MHOKECTBOM X.

CylleCTBYIOT pa3iIuyHbIC cnOcoObl 3adanus_mHuoxycecme. K OCHOBHBIM

crocodam 3aaHUAd MHOKCCTB OTHOCATCA, HAIIPUMCEDP: NEPEUYUCIICHUE U OITUCAHUEC.

Ilepeuncienne HCITOJIB3YCTCs, CCJIM MHOKCCTBO UMCCT HeOO0JIBIIIOE YHCIIO

QJICMCHTOB, HWJIX sICHO, 4YTO IIOHMMATh II04 MHOI'OTOYHCM, KOI'Ja MHOXKCCTBO

6eckoneuno: A= {2,4,8----}.



OnucarteJbHbIH CII0c00 3aaHus1 MHOXECTBaA A, COCTOAIICTO U3 DJICMCHTOB
X HCKOTOpPOTO 0a30BOro MHOKECTBA X:

A= {X/ceodcmeo; Xe X }, ,

4
CBOﬁCTBO, orpcacieiromee IPHUHAAICKHOCTb, MOKHO XapaKTCPU30BATb

HCKOTOPBIM IIOKa3aTcCJICM, Ha3bIBAaCMBIM dyHkumen IPUHAAJICKHOCTH

(membership function) - £ 4 (X)

IIoka3zarens MPUHAIIC)KHOCTH MJIA KIACCHYCCKHUX MHOXKCCTB MOKCT

(13

MPUHAMATh TOJIbKO 1ABa 3HaueHus: 0 m | , oTpaxkammMMu CMbICI — “HE
NpUHAIIECKUT U “npuHaniaexur”’, T.e. - H 4 (X) € { 01 1 }

[IpumMepoM YETKOr0 MHOMKECTBA SIBIISIETCS MHOMXECTBO  «BBICOKHI
YeJI0BEK», ONPE/ICICHHOE Ha YMCIOBOM OCH — pOCT YenoBeka — X (puc.1.1).

1,8 X (m

)

Puc.1.1.

K MHO)ecTBy "BhICOKHX JIt0o/iel" (pOpMaIbHO MOKHO OTHECTH BCEX JIFOJICH,
pocT KoTopbix npesbimaer 1,8M. Eciu 0003HauuTh 4epe3 mepeMeHHyro X '"pocT

yenoBeka', a QyHKIUO 4L, (X) 3aJ1aTh CJEAYIOUIUM 00pa3oM:

1l ecm X218,

'UA(X): 0, e x<1,8. (1.1)

TO MHOXECTBO "BBICOKHMX Jromeil" A MOXET OBITh 3aJaHO C MOMOIIBIO
BBIpaKEHUS

A={x/pu,(x)=LxeX} (1.2)

I[Ipu »TOM MHOXecTBO X — Ha3blBaeTcsi 0a30BbIM MHOXECTBOM X
mHOkecTBa A (X - MHOXKECTBO BCEX BO3MOYKHBIX 3HAYCHUIA X).

JIpyrumMu  cJ10BaMH, MHOXKeCTBO A o00pa3yror Takue ''00beKThI"

("yemenTsI"), I KOTOPBIX YKa3aHHAs Bbllle (YHKIMA ,uA(X): 1.



Hanporus, Te 3HavyeHust X< X, IJdsl KOTOPbIX [, (X)= 0, He MpUHAJJIEKAT

MHOKECTBY A.
Hexomopule konuuecmeennvle XapaKmepucmuKku MHOMCECHE.
MHO0xeCcTBO MOKeT ObITh KOHEYHbIM M 0€CKOHEYHbIM.

OCHOBHOM  XapaKTEpPUCTUKOM KOHEYHOIO MHOXKECTBA SIBJISIETCS  €rO
MOIIIHOCTb, T.€ YHCJO €ro 3JEMEHTOB. MOIIHOCTh MHOXECTBAa 00O3HA4aeTcs

card{A} - kapannanbHOE UHCIO.

beckoHEUHOE MHOKECTBO MOMKET OBITh CUYETHBIM M HECUETHBIM.
MHOXECTBO SBIISICTCSA CUCTHBIM, €CJIM C€ro MOXHO IIPUBCCTH BO B3dWUMHO
OAHO3HAYHOC COOTBCTCTBUC C HATYpPaJIbHBIM PAA0M YHCCII. B IIPOTUBHOM CJIy4dac —
HCCUYCTHOC.

Onpez[e.ﬂeHne Hau00JIbIIEro ¥ HAMMEHbIIIEero 3JIeMeHTa MHOKEeCTBA.

HHH KOHCYHBIX MHOXKCCTB 3aJa4a HaXOXICHHA HaWOOJIBIIIETO |
HAUMCHBIICTO 3JICMCHTA TPUBHUAJIbHA.

Jlns OeCKOHEUHBIX MHOXKECTB, 3aJaHHBIX OIMMCAHMEM BBOISAT NOHSATHE
BepPXHeHd M HUKHEH rPaHUIlbI.

Honyctum D - MHOXECTBO BeUIECTBEHHbIX uMceln. Bepxuel rpanuuei D
sBisieTces uncio ds takoe, uro mis aroooro d € D umeer mecro d< ds. Bepxuss

IpaHuIla MHOXECTBa 0003HAYAETCS SUD{D} (cynmpemym). AHaJIOTHYHBIM 00pa3oM

BBOJMTCS ONPE/ENICHUE U [UIs HUKHEH rpanuisl MHoxkecTsa: INf {D}(HH(l)eHyM).

OcHOBHBIE onepanvm HaJl MHORKECTBaAMMU.

HaumenoBanue | O6o3Hauenne | Onucanue

Obenmenne | 4 B {X;xe 4 wm xeB)}
ITepeceuenue ANB {X; XeAd u Xe B}
PasnocTs A-B {X;xed u x¢B}
JlonosHeHNe Y Y —UJ-X

JlekapToBO X xY {(X, y);XE X,er}
POU3BEACHNE




OrHomeHus Rc X xY {(X, y)/ CBOMCTBO; X € X,y €Y }

MHOJKCCTB

JlekapToOBLIM NPOM3BEIeHNEM MHOXECTB X U Y Ha3bIBalOT MHOXKECTBO,
COCTOSIIIEE M3 YIOPSAOYECHHBIX IAp, MEPBasi KOMIIOHEHTA KOTOPBIX MPUHAJICKUAT
MHOXECTBY X, a BTOpasi — MHOXECTBY Y. Takue ynopsiio4YeHHbIEC Mapbl JIEMEHTOB

Ha3bIBAIOT KOPTEKAMMU.

Takum 06p2130M, QJICMCHTAMH ACKAPTOBA IMPOU3BCACHUSA IBYX MHOKCCTB X
U Y SBIISIIOTCS ABYXOJICMCHTHBIC KOPTCKH BHUIA (X,Y)I

X xY = {(x,y);xeX,yeY}
OueBuaHO, yTo card {X xY}:card{X}-card {Y}

C(X,y1) C(X1,y2) - (x,y3)
X1 o ) : C}

X (X2,y1) (X2,y2) (X2,y3)
—

(x3,y1) (X3,y2) (X3,y3)
X3 —Q Q Qﬁ
y1 y2 ys
Y
Puc.1.2.

Onepanus aekaproBa (TPsIMOTO) TPOM3BEACHHS CHpaBeIIMBA W IS
OOJIBIIIETO YHCJIAa MHOYXKECTB.

Crenenb MHOKeCTBa N MHOXECTBa X MPEICTaBIsAeT COOOM N-KpaTHOE
MPOU3BEICHNE JAHHOT'O MHOKECTBA CaMOT0 Ha ceOs:

X"=1]X.
(m)

P




OTHOlIeHHEeM Mexay N MHoxecTBaMHM X1,Xz...Xp HAa3bIBACTCA

IMOAMHOKCCTBO IIPAMOTO IIPOU3BCACHUA X1 x Xo X...xX, , AJIA KOTOpPOTOo
BBIITOJIHACTCA 3a1aHHOC CBOMCTBO.

HawuGosee yacTo paccMaTpUBarOT OMHAPHBIE OTHOIIECHHS, HAIPUMED:
Rc X xY = {(X, Y)/ ceoticmeo; x e X,y Y }

QOyHKIMA SBIAETCA YAaCTHBIM CIy4aeM OTHOLIEHUS. Rc X xY =
(X, y)/Ix=y;xeX,yeY }

ITOCKOJIBKY OTHOIIEHHUE SIBJIIETCA MHOKECTBOM, TO €r0 MOYKHO 3a1aTh C
NOMOIIbIO  (YHKUMHM  NPUHAICKHOCTH  KaXIOTO  KOpTEXa  JeKapToBa

npoussenenus Mg (X, Y) 3TOMY OTHOLIEHHIO (CBOMCTBY):

R={(xy), (X, Y} xe X,y eV}

[Ipumep oTHOIIEHHMS TSl HEMTPEPBIBHOM 00JaCTH onpeaeneHus (Kpyr):

X, Y € R;c =const;

1, X +y°<c%

HR (x,y)=
0, unauye.

OTHOIIEHUS UTPAIOT BAKHYIO POJIb IIPU OMHCAHUM 3HAHUU.

Hanpumep, nycts nmeercss MHOKECTBO CTPaH U MHOXKECTBO FOPOOB:
A= {Poccm, Op aH1Ws, BenapyCL}.
B = {M ockBa, T'yima,MuHck, Tokuo , Tlap I/DK}

C IMOMOIIBIO IMMOHATHUA OTHOIICHHA ABYX MHOXXCCTB, MOKHO OIIPCACINTL Ha

muoxkectee X X Y ortHomeHue «cTonmIia rocyaapcrsay (puc.l.3).



Poccus @ @ @ 0) \O}

X
dpaHums—0) (0) o) o) /J}

Benapthr@ ) 1 0 @}

MoéKBa Tyné MMHCK Tokuno I'Iaphm
Y

Puc.1.3.

IlonsiTie pa3duenuss MHoOxecTBa. JlomycTnM, Ha  HEKOTOPOM
yHUBEpCcaIbHOM MHOecTBe U 3aaHbl HEKOTOphIE MHOXKECTBa A, SBISIOMIUECS
noamHoxkectBamu  U. IlogmuoxkectBa A; 00pasyroT pazduenne U, ecnu
BBITIOJIHSIFOTCS [IBA YCIIOBUSA:

1. AimAJ :@,i?'—' J

IloHsiTHE HEUETKOI0 MHOKECTBA

Takum o00pa3oMmM, B KJIAaCCHYECKOM TEOPUUM MHOMKECTB, CBOICTBa
MIPUHAJIEKHOCTH JIEMEHTOB MHOKECTBY MOTYT IIPUHUMATH TOJIBKO JBA 3HAYEHUS:
HOJIb WJIW €AMHULA.

Bepnemcss k mpuMepy O MHOXKECTBE «BBICOKMM YEJIOBEK». PaHee Mbl
nocraBwiv rpanuny - 180cm. OueBHIIHO, UTO B 3TOM CIIy4ae JBY3HA4yHasl JIOTHMKA

(Tuma "ma" - "Her"), onpenensieMast GyHKIMEN NPUHAATICKHOCTH AL, (X): X —{0,1},
HE YYHUTHIBACT BO3MOXXHOTO pa3dpoca MHEHHWH Pa3WYHBIX JIFOJEH OTHOCHUTEIHLHO

TPaHUI] UCCIEAYEMOTO MHOXKECTBA A, BIUSHHUS YUCTO OMOJIOTUYECKUX (DAKTOPOB,
HAIIMOHAJIBHBIX OCOOEHHOCTEN U T. II.

Kpome Toro, ecim y wuyemoBeka poct 179 cm, ero HaBepHoe Oosee
1enecoo0pa3Ho OXapaKTEpU30BaTh Kak "BBICOKWM YelIOBEK'", HEXenW "HHU3KUN'.
[TosToMy Oosiee e€CTEeCTBEHHBIM SIBIISIETCSl 3a/laHre (DYHKIUU MPUHAMICKHOCTU B



BUJIE HEKOTOPOW HENPEpPBhIBHON 3aBUCUMOCTH (IIyHKTUpHas KpuBas Ha puc.3.l),
onpeeNsIonIel TIaBHbIN Iepexo] U3 OJTHOTO KpaitHero coctosiHus («"'0"») B apyroe
("1") (tT.e. OT MOJHOW HENPUHAIJIEKHOCTH DIEMEHTOB pPacCMAaTPUBAEMOMY
MHO>KECTBY /10 OJIHOM NMPUHALJIEKHOCTH EMY).

Takum oOpazom, (yHKIMS TPUHAIICKHOCTH B JAHHOM ClIydyae MPUHUMAET
HENpEPBIBHBIE 3HAYECHUS U CTaBUT B COOTBETCTBHUE KAXKIOMY JIEMEHTY X € X YHCIIO
M (X) n3 uHrepBana [0;1], XxapakTtepusyromee cTeneHb IPHHANAICKHOCTH

3JICMEHTA X MHOXCCTBY A.

MHOXecTBO «BbICOKWE moan»

1,6 1,8

'

Puc.1.3. I'padpuaeckoe mpeacTaBieHre MHOKECTBA ""BHICOKUX JIHOJICH'

3a1aHHOE TaKUM 00pa30M MHOXKECTBO Tap:
A={ x/u,(x);xeX} (1.3)
HA3bIBACTCS HEYETKUM (MU Pa3MBITHIM) MHOKECTBOM.
OyHKIUSA TPUHATISKHOCTH AL, (X) NPUHUMACT 3HAYCHUS B MHTEpBae
[0,1], iput 5TOM MOKHO BBIICIHMTD TPH CITydasi:

1) 1y, (X)=1 O3HAYAET TOJIHYK NPHUHAJICKHOCTh 3JIEMEHTA X K HEYETKOMY

MHOXeCTBY A, T.e. X € A ;

2) My (X)=O 03HAYAeT OTCYTCTBUE MPUHAUICKHOCTH BJIEMEHTA X K HEUYETKOMY
MHOXecTBY A, T.e. X & A ;

3) O<u, (X)<1 O3HAYaeT YaCTUUHYIO MPUHAJIEKHOCTb 3JIEMEHTa X K HEUYETKOMY
MHOX€ECTBY A.

OC00eHHOCTBIO HCYCTKUX MHOKECTB ABJIACTCS BO3MOXHOCTbD
NPpUHAAJIC)KKHOCTH OJHOI'0 M TOIo KCE 3JICMCHTA OJHOBPCMCHHO K Pa3JIMYHBIM
MHOXCCTBaM C pa3/IMYHbIMUA CTCIICHAMM ITPHUHAIJICKHOCTH.



CnocoobI 3aJaHUA HCUYCTKHUX MHOXKECTB

° Ecan HedeTkoe MHOXKECTBO A COCTOUT M3 KOHEUYHOTO 4YHCJIa
9JICMCHTOB, TO MOJI1 3aIllMCH TaKOIro AUCKPCTHOI'O MHOXKCCTBA MCIIOJIB3YCTCA

BBIPAKCHHC
A=, () 1%+ 0, () X+t 1, () X
nm A= ZIUA (X)) /% (1.4)
i1

rac 4uciia /u/_\(xi) - CTCHCHU IMPUHAJIC)KHOCTHU DJIEMEHTOB X; MHOXECTBY A.

3ametnm, u9to 3Hak "mmoc" B (1.4) o00o3HAYaeT 00beIMHEHHWE, a HE
apudmernueckoe cymmupoBanue. OObIYHOE (YETKOE) JUCKPETHOE MHOXKECTBO MpHU

Takou (hopMe 3aIMCH MOYKHO MPEJCTAaBUTh B BUJIE
A=1/x +1/%, +...+1/ X, (1.5)
n
wm A=>1/x,
=)
. Bo3moxkeH W TaOIWYHBIIA CIIOCOO 3aJaHus HEYETKOrO MHOXKECTBA A.
Hampumep, Tabnuia

(%) |01 0,3 0,5 0,8 1,0

X; 13 16 18 20 22

0003Ha4aeT, 4To HOCUTENb A COCTOMT U3 5 snemeHToB: X =14, X, =16,
X, =18, X, =20, X, =22, creneHn NpUHAJIEKHOCTH KOTOPHIX MHOXECTBY A PaBHEBI

cootBercTBenHo: 0,1; 0,3; 0,5; 0,8 u 1,0.

* Ha npaxTuke, ecinu He4eTKOE MHOXKECTBO A COCTOUT M3 OECKOHEYHOTO
qyciaa TOYEK, HalpUMep, MpeACTaBIsieT coO0ll HEKOTOpbI HHTEpBal (a, B) Ha
YHCITOBOM OCH X, TO (BYHKIHS MPHHAIEKHOCTH (X ) 0OBIYHO 3a1aeTCs rpaduuecky

WM B BUJIE AaHAIUTUYECKOU 3aBUCUMOCTH.
Ecimu X — 310 mpocTpaHcTBO ¢ OECKOHEYHBIM KOJIMYECTBOM DJIEMEHTOB, TO

HCYCTKOC MHOXKECTBO A (- X CHUMBOJHNYCCKHU 3alIUChIBACTCsA B BUC



/UA(X )
A=£de. (1.6)

Paccmorpum criepyrommii npumep. Jlomyctum ISt M3MEPEHUsT CKOPOCTH
BpalllcHUs Bajla HArpy>KEHHOro DSJIEKTPONPHUBOJA MCHOJIB3YEeTCS  BBIXOJHOE
HaNpsDKEHHE TaXoreHepaTopa IIOCTOSIHHOTO ToKa. 3BecTHO 3HaueHue 3TOro
HanpsbkeHuss X =5B. Kpome TOro, M3BeCTHO, YTO OIIMOKAa TaKOTO H3MEpPEHUs
cocrapimsier +1 B. Torma mepexom or yeTkoro 3HaueHus X=5 (puc.l.5.a) k
HEYETKOMY MHOXECTBY ''X NPHOJM3UTETbHO PABHO 5'" MOXET OCYIIECTBISTHCS
paznu4HbIM 00pa3oM (puc.l.5, (6 u B)).

L BN b L)

B)

Puc.1.5. Iloctpoenue GpyHKINH NPUHAIIEKHOCTH.
QyHKIMS TPUHAJIEKHOCTH ,u(x), IIPUBEACHHAs HA PUC.3.2,B, ONMCHIBACTCS

BBIPAKCHUCM

1= |X—5|, ecnu X >4 unu X < 6,
#,(x)=
0, ecnu X <4 unu X > 6.

HeverkocTh 1 APyrue BUabl HEONMPECACTCHHOCTH

YennoBeK MOCTOSHHO CTAJIKMBAETCS C ABYMSI BUJAMU HEOMPENECIEHHOCTH —
¢dusndeckas u IuHrBUCTHYECKas (puc.l.6).

HeonpeneneHHocTb
dusnyeckas JInHrBucTmn4yeckas
HeTouyHOCTb HeonpegeneHHocTtb | | HeonpeneneHHocTb
3Ha4YeHus croB cMmbicna gpas
Y
CnyyaiiHocTb Y Y y
HeueTkocTb MHorosHa4yHocTb CroB

Puc.1.6




dusnyeckas HEONPEAEICHHOCTh (HETOYHOCTh) H3y4aeTcsi B TEOPUU
u3Mepenuil. HeomnpeneneHHOCTh cMbicia ¢pa3 U 3HAYEHUS CJIOB  H3ydaeTcs
Teopueit popMaIbHBIX TPAMMATHK.

duznueckas HEOMNPEeNEICHHOCTh Tpolecca (BEIUYUHBI) MOXKET OBITh
oOycCIJIoBlIeHa KaK CIIy9ailHBIM XapakTEepPOM €ro MpoTeKaHus (M3MEHEHHS), TaK W
HEUYETKOCTHIO €r0 ONMHUCAHUSI.

[ToHsATHST BEPOATHOCTH M HEYETKOCTH HMEIOT HEKOTOPHIE OOIIUE YEpTHI,
HaIllpUMEpP BEPOSATHOCTb, TAKXKE HM3MeHseTcs B auanazoHe or 0 mo 1, oaHako
IPUMEHEHUE TEOPUHM BEPOSATHOCTH TPeOyeT BBINOJHEHUS psia YCIOBUHM, TaKUX
KaK:

B 10BTOPSAEMOCTH COOBITHH;
B HEe3aBHCHMOCTDL COOBITHIA;

B oOmmHoCT, HAOMIOOAEMBIX COOBITMH JUII BCEX SBJICHUU
mo00HOr0 poja.

OcHoBHBIE THUIIBI (PYHKIUI IPUHAAJIEKHOCTH

[Ipu pemeHun 3amad  TPOEKTUPOBAHUSA CHCTEM C  HEYETKUMHU
perynaropaMu, Uis MpeAcTaBleHUs (YHKIUN TPUHAUICKHOCTH, KaK MPaBUIIO,
UCTIONB3YIOT CTaHAApTHBIE (QOpMBI (PYHKIHMA NpUHAIIEKHOCTH. PaccMoTpum
HanOoJIee YacTo UCIOJIb3yeMble (POPMBI 1 3a1aHusl (DYHKIMI MPUHAJICKHOCTH.

1. ®ynkums npuHaAIEKHOCTH S-kiacca (puc.l.7) (mpaBasi rpaHuiia)
OTIpEJIEISIETCS KaK

0, ecnu X < a,
2
X—a
2l —— |, ecmu a<x<h,
c—a
s(x,a,b,c)= AT 7)
1-2/ —— |, ecmb<x<c,
c—a
1, eciu X 2> C,

rne b=(a+c)/2. dyHkuus NpuHAIKHOCTH, OTHOCAIIASICS K 3TOMY KIIaccy,
uMeer rpaduueckoe mnpeacrarieHue (puc.l.7), HanmomuHaromee OYKBY «S»,



npudeM ee ¢opma 3aBHCHUT OT Mojdopa mapameTpos a, b,c. B Touke X=b=(a+c)/2
(YHKIUS MPUHAISKHOCTH KJlacca S MpHHUMAaeT 3HadeHue paBHoe 0,5.

Ak

o5 -

\

Puc.1.7.

2. OyHKOMS NpUHAIISKHOCTH T-Kiacca (puc.l.8) ompenensercs depes

byHKIHIO KJacca S, Kak:

s(x,c—b,c—b/2,c) ecmux<c,
1-s(x,c,c+b/2,c+Db) ecmm x >c,

z(x,b,c)= (1.8)

0,5

OyHKIMSA TPUHAIICKHOCTH Kacca 7T MPHHUMAET HYJIEBBIC 3HAYEHUS IS
x>C+b u x<c-b. B roukax X=ctb/2 ee 3HaueHue pasHo 0,5.

3. OyHKIMA NPUHAIIEKHOCTHU Kilacca y

0, ecmu X<a,

]/(X,a,b)= X_a, ecmn a <X <Dh, (2.9)
—a
1, ecmu X =D,




Puc.1.9.
3. @yHKIMs MPUHAATICKHOCTH Kiacca L

1, ecmu X<a,
— =, ecm a<x<bh, (1.10)

0, ecim X =Dh,

L(x;a,b)=

A

Puc.1.10.

3. OyHKIHs MPUHAAIE)KHOCTH Kiiacca t

0, ecmu X<a,

t(x;a,b)= 2:

>
QD

,ecma a <X <Db,

x

(1.11)

,ecmm b<x<c,

(@]
O

0, ecnmu X >,



Puc.1.12.

OcHoBHbBIE CBOMCTBA HEYETKHX MHOKECTB.

PaCCMOTpI/IM BHA4aJIC HCKOTOPLIC OIMPCACIICHMA.

YHuBepcyM — clielMaibHOE YHUBEPCAIBbHOE MHOXKECTBO, Hampumep, X,
COZIEpIKaIeT0 B paMKax paccMaTphBacMol 3amadu (mporecca) BCe BO3MOXKHBIC
35eMeHThl. PopManbHO YJOOHO CUMTaTh, YTO BCE 0€3 HCKIIOYEHMS SJIEMEHTHI
YHHMBEpCyMa, KaK HEUETKOrO0 MHOXXECTBAa, HUMEIOT (YHKIMH MPUHAJJICKHOCTU
YHHMBEPCYMY PaBHbIE €IUHHUIIE.

HocureneM HeueTKOro MHOXECTBa A, Ha3bIBaeTCd OOBIYHOE MHOMXKECTBO
As, KOTOpOE COJEPKUT T€ U TOJIbKO TE€ DJIEMEHThl YHUBEPCYMa, JJII KOTOPBIX
3HA4YCHUS! PYHKIHUHM TPUHAJICKHOCTH COOTBETCTBYIOIIETO HEUETKOTO MHOXKECTBA
OTJIMYHO OT HYJIS. MareMaTu4ecku HOCHUTEIb HEYETKOTO0 MHOXKECTBa
ONPEAEIACTCS CIAEAYIOLINM BbIPAKECHUEM:

A ={ x/u,(x)>0;xe X} (1.12)

Hocwurens o6o3navarot sSUpp A ( support).

JKBUBAJEHTHOCTD. /IBa HEUETKUX MHOXKeCTBa A U B sKBHUBaJICHTHBI (3TO

o6o3nauaercst kak A= B rtorma u tonsko TOoraa, Korma st Bcex X € X umeer

mecto Ay (X) =Hg (X) :

BbicoTa HeueTKOro MHOKecTBa A SUP (SUPremum —rpaHb) HaXOIUTCS Kak
TOYHAs BEPXHssl TpaHb (MAKCUMyM) €ro (PYHKIIMH MPUHAIJICKHOCTH:



h(4) =sup, xra(x) . (1.13)

Ecan BbICcOTa HEYETKOrO MHOXECTBAa paBHA 1, TO TaKoe€ MHOKECTBO
Ha3bIBAETCSI HOPMAJIM30BAaHHBIM. B TOM ciydae, Korjga BbICOTA HEYETKOTO
MHOecTBa A MeHbIIe | (Takoe MHOKECTBO Ha3bIBAE€TCS CYOHOPMAJIbHBIM), MOKHO
OCYIIECTBUTh MEPEXO0J K HOPMAIU30BAHHOMY MHOKECTBY IyTEM JEJECHUS €ro

GYHKIMY TPUHAATISKHOCTH U A(X) Ha BBICOTY SUP,_x 4A (X) (wmm h(A)).

Eciu HOCHTEIh HEYETKOrO MHOKECTBA A COCTOUT W3 €IMHCTBEHHOM
TOYKH X, TO TAKO€ MHOKECTBO Ha3bIBaeTCsl OAHOTOYeYHBbIM (Singleton). JlanHoe
OJTHOTOYEYHOE MHOYKECTBO OOBIYHO 3aIIMCHIBAIOT B BUJIC

A=, % (1.14)

rue Hp- CTEIICHb MNPUHAIJIC)KHOCTH X MHOXKCCTBY A.

Ipumep 1.1.

Ecmm X ={1,2,3,3,5} u

A=02,04 07
1 2 4
To supp A={1,2,3}.
Ecmm X={1,2,3,3} u
A-03,08 05
2 3 4
To h(A) =0,8.
IMpumep 1.2.
HeueTtkoe MHOXkeCTBO:
A= 01,05 03
2 4 6

IIOCJIC HOpMAaJIN3allu1 IpUHUMAEM BU/I:



AN: %4_@4_% ,
2 4 6

HeueTkoe MHOXKECTBO A Ha3bIBaeTCs IMYCTBIM U o0o3HayaeTca A =4,

TOTJa M TOJIBKO Toraa, Korma A, (X)=0 mis kaxmoro Xe X . 4

HeueTkoe MHOXKECTBO A COACPKUTCHA B HCUCTKOM MHOXXCCTBC B, qTo
3aIMChIBACTCS Kak A C B, TOorga U TOJIBKO TOrJa, Korjia.

Ha(X) < 15 (X) (1.15)
U1 KaXIoro X € X .

[Tpumep BrItOUEHUS (COIEpKAHUS) HEUETKOTO MHOXKECTBA A B HEUETKOM
MHOecTBe B mttoctpupyercs Ha puc. 1.13.

HEOA

e (x)
LA (X)

x

Puc. 1.13. BrirroueHne HEYETKOTO MHOKECTBA A B HEUETKOE MHOXKECTBO B

B nurepatype BcTpedaeTcsi TakKe IMOHSATHE CTENeHW BKJIKYEHHS
HEYETKUX MHOKeCTB. CTeneHb BKIIIOUEHHSI HEUETKOTO MHOXKECTBa A B HEUYETKOE
MHOkecTBO B Ha puc. 1.13 paBna 1 (momHoe BkitoueHue). Hedetkne MHOXKECTBA,
npeacraBiacHubie Ha puc. 1.14, He ynosmeTBopsioT 3aBucumoctH  (1.15),
cJieI0BaTeIbHO, BKIIIOUEHUE B cMbIcie onpenesienus (1.15) orcyrcTByer.



Puc.1.14. ConeprxaHure HEYETKOIO MHOKECTBA A B HEUETKOM MHOXeCTBE B
B crenieHu |(ACB).

OIIHEIKO HCYCTKOC MHO>KCCTBO A, XOTs OBl U YaCTUYHO, HO COACPKUTCA B
HeueTKOM MHOKecTBe B. CTerneHnb BKIIOUCHUS OLCHUBACTCA I10 3aBUCUMOCTH.

I(Ac B)=min, 15(X), (1.16)

rme T =4 X/(1,(X) >0, £, (X) < 145(X)) ; X € X} - yetkoe MHOKECTBO.

Touka nmepexoaa HEYECTKOro MHOKECTBA A - 5TO 2JIEMEHT X MHO>KECTBA

A, s kotoporo ,(x)=05.

0, — pa3pe30M HEYETKOr0 MHOXKECTBA A, 0003HaUYaeMbIM KakK Aa , Ha3bIBa-

CTCA CIICAYIOIICC YCTKOC MHOMKCCTBO!

A ={x/u,(X)>a;xe X}, (1.17)

OmnpeneneHre o — pa3pe3a HEYETKOr0 MHOKeCTBA A WIIIOCTPUPYET
puc.1.15. Jlerko 3aMeTUTh UCTUHHOCTh UMILTUKAIUU:

a, <oy = A, cA, (1.18)



Puc.1.15. Mnmoctpanus onpeieneHuss o - pa3pe3a HEYETKOrO MHOKECTBA
A

Ipumep 1.3

PaccMOTpHM HEYETKOE MHOKECTBO A C X

_01 03 0,7 08 10
=S4 =4

A DN
2 4 5 8 10

npuyem X={1,...,4}.

B cooTBeTcTBUM C ONpeAeIeHueM KOHKPETHBIE (& — pa3pe3bl
ONPEENSIOTCSA B BUJIE:

Ao =X={1,...,4},
Ao1={2,3,5,8,4},
Av3={3,5,8,4},
Ay 7={5,8,4},

Ay s={8,4},
Aro0={4}.

Heuetkoe MHOXeECTBO A € R sBIIsSIETCSI BBIMYKJIBIM TOT/Ia M TOJBKO TOT/IA,

KOT/Ia JUIs TIPOU3BOJIBHBIX X, X, € R u A € [0,1] BBINOIHSIETCS YCIOBHE:

A + QA= A)X 1= min{, (%)), 1,(X,)} (1.19)



Ha puc. 1.16. npencrapiieH mpuMep HEYETKOTO BBITYKIOTO MHOKECTBA:

(x) A 4
La(x)

X

Puc.1.16. HedeTkoe BBITTYKII0€ MHOYKECTBO.

Onpenesnenue

Heuetkoe mHOXeCTBO A € R sBIISIETCS BOTHYTBIM TOT/Ia U TOJIBKO TOT/IA,
KOI'/Ia MOXKHO 1ogo0parth Takue X, X, € R u A € [0,1] mig koTopeIx Oyaer

BBITIOJIHATBCA YCIIOBHC!

Hal A%+ (A=A ] < min{e, (%), 44, ()} (1.20)

()4
Ha(X)

X
>

Puc. 1.17. HedueTkoe BOrHYTOE€ MHOKECTBO.

PaccmaTtpuBas ompenencHusT HEYETKMX MHOXKECTB W BUIBI  (DYHKITUI
MIPUHAJJIKHOCTH HEOOXOIMMO OTMETUTh, YTO BOMPOC O TOM, KaK BhIOMpaeTcs (Wi
3a71aeTCs) B KOKIOM KOHKPETHOM ciiydae (yHKIMS TPUHAICKHOCTH y(x) Y KaKou

OHa UMCCT CMBICJI, OCTaCTCA B 3HAUYUTEIILHOM CTEIICHU CIIOPHBIM 1 MaJIO U3YHYCHHBIM.

HanGonee pacmpoCTpaHEHHBIM sBIseTCss MHeHme, uto (X) Moxer

paccMmaTpuBaThes Kak "Kod(GUIIMEHT yBEpEeHHOCTH'" SKCIIEpTa B TOM, YTO JEMEHT X
MIPUHAIJIEKUT MHOKECTBY A.



OmnpenesieHue TMHIBUCTHYECKON NepeMeHHOI

JInst IpUHSTUS PELICHUs] YEJIOBEK B IOJABISIOIIEM OOJBIIMHCTBE CIy4acB
OIIEPUPYET HE C YMCIIOBBIMHM 3HAYCHUSMH, a4 C HEKOTOPOW KAYECTBEHHOW OLICHKOM
COOBITHI, HANIpUMEp, JJISI MIPUHATHS PEUICHUST 00 M3MEHEHUH CKOPOCTH JBHKCHUS
aBTOMOOWJIS, OHA MOJKET OBbITh OLICHEHA KaK: «CJIHMIIKOM BBICOKAas», «CPEIHSIS,
«vanas». Temmeparypa B paboyeM TIOMEIIEHHH: <OKApKO- OYE€Hb BBICOKas
TEMIIEPATYPay», «CPETHSD), KHOPMAIbHASD), «HEOObIIA», «HU3KAs» U T.JI.

[IpryeM TNpUHAJIKHOCTh PEATBHBIX 3HAYEHU CKOPOCTH M TEMIIEpaTyphl,
MIPUHAICKAIUX TOW WM MHOM KaueCTBEHHOM OIIEHKE HOCST MOPOH CyObEeKTUBHBIN
XapakTep Y OMPEHEIISIIOTCS 3a4aCTYIO ONBITHBIM ITyTEM.

Ornpenenenne

IlepemenHble, 3HAYEeHHUSIMH KOTOPBIX SIBJSIOTCA CJ0Ba, (pasbl,
NpeUIoKeHHsl, BbIPa)KEHHbIE HA  €CTECTBEHHOM  sI3bIKe, Ha3bIBAIOT
JMHIBHCTHYeCKHMH nepeMennbiMH (linguistic variables).

HpI/I 9TOM CaMH 3HAYCHHUHA NMEPEMECHHDBIX HOCAT HA3BaHUEC — TCPMbI.

Tak, nepemenHas "Poct (BbicOTa) yenoBeKa" MOMKET XapaKTepU30BaThCA
OMHUM W3 CIICAYIONIMX 3HA4YeHU - TepMoB (ferms), T.e. CKaTBIX CIOBECHBIX

=neon =non "nn

onucaHui: "MaieHbkui'", "HeBbICOKUI", ""cpenHero pocrta, "BBICOKHIA".

Kaxnp1ii TepM B CBOIO Oouepe/ib ONMPEAEISETCS COOTBETCTBYIOIMM HEYETKAM
MHO>X€CTBOM. JTO 3HAYUT, YTO KAXIbIM U3 MPUBEIACHHBIX BBIILIEC TPUMEPOB TEPMOB
JIMHTBUCTUYECKUX MepeMeHHbIX «PocT denoBeka» win «CKOPOCTh JIBMXKCHUS
aBTOMOOMJISD MOXET pacCMaTpUBAThCA KaK MMs (CHMBOJI) HEKOTOPOTO HEYETKOTO
MMOIMHOKECTBA B COCTABE ITOJIHOI'O MHOKECTBA 3HAaUCHUN X.

3aaTh HEUeTKOe MOJMHOXKECTBO A , COOTBETCTBYIOLIEE OIpeseneHHoMY (i-

My) TepMy (3HAYCHHIO) JTMHTBUCTHUYECKON MEPEMEHHOM, - 3TO 3HAYUT 337aTh 00J1acTh
OTIPENIEIICHUSI YMCIIOBOM TIEpeMEHHON X M (DYHKIIUIO TMPUHAIICKHOCTUA DIIEMEHTa X
HOJMHOXKECTBY A .

PaccMoTpum B KauecTBe TMpuUMeEpa JIMHIBUCTHYECKYIO IEPEMEHHYIO
"Ckopocth aBromMoOmIs". bynem nonarath, 4TO pa3ivyHble 3HAYECHUS (PU3NUYECKON
nepeMeHHON X (CKOPOCTH, B KM/4) MOTYT OBITh OXapaKTepU30BaHbI HAOOPOM U3 S5
HEYETKNX TOAMHOXKECTB (3HAYEHUN JIMHTBUCTHYECKOW mepeMeHHou): {"Od4eHb
auskas', "Manas", "Cpenusist”, "bonpmas", "Odens Oombimas' }.



Koneuno, By GyHKIMH NMPUHAMICKHOCTH 1T KXKIOTO TEPMa BO MHOTOM
3aBUCUT OT BBIOPAHHOTO TPAHCHOPTHOTO CpEACTBa (aBTOMOOWIIb TPY30BOM,
JIETKOBOM, CIIOPTUBHBIN; BPEMEHU CYTOK; TUIA JOPOXKHOTO MOKPBHITUS U T.J.). B
KayecTBE NpUMepa MpHUBEACHbl (YHKIMU MPUHAAJICKHOCTH I KaXKIOTO U3
YKa3aHHBIX BBIIIE 3HAYECHUW JIMHTBUCTUYECKOM TmepeMeHHON  «CKOpOoCTh
aBTOMOOMIISD».

A ux
O el-(|b?-m3|<as| Manaa  CpeaHsis Bonbwaa  OuyeHb Gonbluasd
1,0
0,7
0,3
-
X

180

Puc.1.18. JIunrsuctuyeckas nepemennas "CkopocTh aBTOMOOMIIS"

JlomyctuM, uTo (hakTHUeCKoe 3HaueHHe CKopocTu paBHO 135 xm/4. Torna, B
cooTBeTcTBUU ¢ puc.1.17, 3T0 3HAYCHHE OTHOCHUTCS OJTHOBPEMEHHO K JIBYM TepMaM
(mogmuHoxkectBaMm) - "Cpenusis" u "Bonbimas" - co cTeneHsMH TMPUHAIICKHOCTH
Fepse 135)= 0,7 U Lpri0(135) = 0,3 COOTBETCTBEHHO.

CoBokynHOCTh N HEUETKUX MHOXKECTB 00pa3yeT HEYETKOE pa3OueHHe
0a30BOro MHOXECTBA, €CJI BBIIOJIHIETCS YCIOBHE:

N

> ou,(x)=1 vxeX

i=1



[IpakTrka 3ansatue 2

OcHOBHBIC THIIBI (PYHKIUI MPUHAAJICKHOCTH

[lpu pemeHnn 3amad  TPOCKTHPOBAHUS CUCTEM C  HEYETKUMHU
perynsTopaMu, s TpeACcTaBleHUS (DYHKIUI NPUHAICKHOCTH, KaK MPaBUIIO,
UCTIONB3YIOT CTaHmapTHhie (GOopMbl (GYHKIHMKA TPHHAIISKHOCTH. PaccmoTpum
HanboJiee YacTo UCoIb3yeMble GOPMBI IS 3a1aHus QYHKIUN TPUHAIICHKHOCTH.

1. OyHKIUA NOpUHAIKHOCTH S-kiacca (puc.2.l) (mpaBas TrpaHuUIA)
OTpeeNsieTCsl Kak

0, ecnu X < a,

2
Z(Ej . ecmu a<x<b,
c—a
s(x,a,b,c)= AT 2.1)
1—2[—) . ecmu b<x<c,
c—a
1, eciu X 2> C,

rae b=(a+c)/2. OyHkmMsa NpUHAAICKHOCTH, OTHOCSIIAICS K 3TOMY KJaccy,
uMeeT Tpaduueckoe mpeacraBieHue (puc.2.l), HamoMmmHAmOIMEe OYKBY «S»,
npudeM ee ¢opma 3aBHCUT OT Moj00pa mapameTpos a, b,c. B Touke X=b=(a+c)/2
GyHKIMS TPUHAAIIESKHOCTH KJlacca S mpuHUMAaeT 3HadeHue paBHoe 0,5.

A v

0,5

\

Puc.2.1.

2. OyHKUMS TPUHAICKHOCTH T-Kjacca (puc.2.2) ompejenseTcs depes
GbyHKIIHIO KJacca S, Kak:



ﬂ(X,b,C)I{ s(x,c=b,c-b/2,c) ecnux<c,

1-s(x,c,c+b/2,c+b) ecmmx >c, (22)

05 |-—

OyHKIMSA TPUHAICKHOCTH Kacca T MPHHUMAET HYJIEBBIC 3HAYEHUS IS
X>C+b u X<c-b. B Toukax X=Cxb/2 ee 3Hauenue paBno 0,5.

3. OyHKIMA NPUHAIIEAKHOCTH Kilacca y

0, ecmu X<a,

y(x,a,b)= ;(—a, ecmn a<X<bh, (2.3)

1, eciu X =D,

Puc.2.3.

3. OyHKIIUS MPUHAJIC)KHOCTH Kiacca L

1 ecimm X<a,

X, ec a<X<b, (2.4)
b-a
0, ectm X =D,

L(x;a,b)=



A

3. @yHKIHS MPUHAAIC)KHOCTH Kiiacca t

0, ecmu X<a,

>
QD

,ecnd a< X <Db,

t(x;a,b)= (2.5)

oT
x

, ecm b<x<c,

(@]

o o

eciam X = C,




OCHOBHBIE CBOWICTBA HEUETKUX MHOKECTB.

PaCCMOTpI/IM BHAYaJIC HCKOTOPHBIC OIIPCOACIICHUA. 4

YHuBepcym — crenuaibHOE YHHUBEPCAIbHOE MHOXECTBO, Harpumep, X,
COJIEpKalller0 B paMKax paccMaTpuBaeMou 3agadyu (mporecca) BCE BO3MOKHBIE
aneMeHThl. PopManbHO YJO0OHO CUMTaTh, YTO BCE 0€3 MCKIIOYCHHS 3JIEMEHTHI
YHUBEpPCYMa, KaK HEYETKOTO MHOXKECTBAa, MMEIOT (YHKIUU MPUHAIICKHOCTH
YHUBEPCYMY PaBHBIC €IMHHUIIC.

Hocuresiem HEYETKOIO MHOXKECTBA A, Ha3bIBaeTCA OOBIYHOE MHOXKECTBO
As, KOTOPOC COACPKUT TC MU TOJIBKO TC J3JICMCHTBI YHHUBCPCYMA, OJIA KOTOPBIX
3Ha4YCHUA (bYHKIIHI/I MNPUHAAJICKHOCTH COOTBCTCTBYIOIICTO HCUCTKOI'O MHOKCCTBA
OTIIMYHO OT HYJI. MartemMaTUYeCKHM HOCHUTENIL HEUYETKOrO0 MHOXKECTBaA
ONnpcCaACIACTCA CICAYIOIHNM BbIPA)KCHUCM!

A ={ x/u,(x)>0;xe X} (2.6)

Hocurens o603HauaroT supp A ( support).

JKBUBAJIEHTHOCTD. /[Ba HEUETKUX MHOKeCTBA A U B sKBHBajIEHTHBI (3TO

o6o3nauaercst kak A= B rtorma u tonskxo TOoraa, Korma st Bcex X € X umeer

mecto M (X) =Hp (X) :

BbicoTa HeueTKOro MHOKecTBa A SUP (SUPremum —TrpaHb) HaXOIUTCS KaK
TOYHAs BEPXHsS TpaHb (MAKCUMyM) €ro (PYHKIIMH MPUHAIJICKHOCTH:

h(A) = SupxeX:uA(X) - (2.7)

Ecnu BbICOTa HEYETKOrO MHOKECTBA paBHA |, TO TakO€ MHOMKECTBO
Ha3bIBAETCSd HOPMaJIM30BaHHBIM. B TOM cnydae, Kkorga BbICOTa HEYETKOIO
MHOKeCcTBa A MeHbIIe | (Takoe MHOKECTBO HA3hIBACTCS CYOHOPMAIBHBIM), MOKHO
OCYILIECTBUTh NEPEXO0J] K HOPMAIM30BAHHOMY MHOXECTBY IyTEM JEJICHUS €ro

(GYHKIMH TIPUHAIIICKHOCTH AL, (X) Ha BBICOTY SUP, x AA (X) (wm h(A)).

Ecnu HOCHMTEIh HEYETKOTO MHOXKECTBA A COCTOUT M3 €AMHCTBECHHOM
TOYKH X, TO TAKO€ MHOKECTBO Ha3bIBaeTcsl OAHOTOYeYHBbIM (Singleton). JlanHoe
OJTHOTOYEYHOE MHOKECTBO OOBIYHO 3aMUCHIBAIOT B BH/IC



A=, X, (2.8)

rone U A~ CTCIICHb IIPHUHAAJICKHOCTH X MHOJKCCTBY A.

IMpumep 2.1.

Ecm X ={1,2,3,3,5} u

A=02, 04 07
1 2
to supp A={1,2,3}.
Ecmm X={1,2,3,3} u
A=03,08 05
2 3 4
To h(A) =0,8.
Ipumep 2.2.
HeueTkoe MHOKECTBO:
A= 01,05 03
2 4 6

ITOCJIC HOpMAJIN3allWuK IIPUHUMACM BU:

~ 02 10 006
2 4 6

Heuetkoe MHOXKECTBO A Ha3bIBaeTCS MyCTHIM U 0003HavaeTcs A =J,

TOIJIa ¥ TOJILKO TOorma, korma M, (X)=0 mist kaxmoro Xe X .

Heuerkoe MHOKECTBO A COAEP/KUTCH B HEUETKOM MHOXECTBE B, 4uTO
3anuceiBaeTcs Kak A C B, Torga u ToybKo TOraa, Koraa:

1a(X) < (X)), (2.9)

TUTSL KQXKI0T0 X € X .



[Tpumep BrIrOUEHUS (COEpkKAHUS) HEUETKOTO MHOKECTBA A B HEUETKOM
MHOecTBe B mimoctpupyercs Ha puc. 2.6.

nx)A .
He(x)

LA (X)

x

Puc. 2.6. Bkitouenne HeueTKOro MHOKECTBa A B HEUETKOE MHOKECTBO B

B numtepatype BcTpewaeTcsi TakKe TOHATHE CTeNeHH BKJIKYEHHUs
HEYETKUX MHOXKeCTB. CTENeHb BKIIOYCHHUS HEYETKOTO MHOXKECTBA A B HEUETKOE
MHOKecTBO B Ha puc. 2.6 paBHa 1 (momHoe BkimtoueHue). HeueTkne MHOKECTBa,
NpeJCTaBICHHbIC Ha puc. 2.7, HE YIOBICTBOPSIOT 3aBUCHMMOCTH (2.9),
CJIEIOBATENbHO, BKIIIOUEHUE B CMBbICIIE onpezeneHus (2.9) oTcyTcTByerT.

H(x)4
1
I(AC B)
X
-

Puc.2.7. ConeprxaHrue HEYETKOTO MHOKECTBA A B HEYETKOM MHOKecTBe B
B crernienu |(ACB).

OnHako HEYETKOE MHOXKECTBO A, XOTs OBl M YaCTUYHO, HO COJICPIKUTCS B
HeueTKOM MHOkecTBe B. CTerneHn BKIIOUEHHS OIICHMBAETCS MO 3aBUCHUMOCTH:

I(Ac B)=min, _; 1(x), (2.10)

rme T =4 X/(1,(X) >0, £, (X) < 145(X)) ; X € X} - wetkoe MHOKECTBO.

Touka nmepexoaa HEYETKOro MHOKECTBA A - 9TO 2JIEMEHT X MHOKECTBA

A, 11 xotoporo £,(x)=05.



0, — pa3pe30M HEUeTKOro MHOXKeCTBa A, 0003HaYaeMbIM KaK A, , Ha3bIBa-

CTC:A CIICAYIOIICC YCTKOC MHOKCCTBO!

A ={x/u,(X)>a;xe X}, « (2.11)

Ompenenenrie o — pa3pe3a HEYETKOI0 MHOKECTBA A HIUTIOCTPUPYET
puc.2.4. Jlerko 3aMeTUTh HICTUHHOCTh UMILTHKAIIUH:

o, <o = AO[1 - Aaz, (2.12)

Puc.2.8. Miroctpanus onpeieneHust o - pa3pe3a HeYeTKOTO MHOXKECTBa
A

Ipumep 2.3

PaccMOTpUM HEYETKOE MHOXKECTBO A C X !

_01 03 0,7 08 10
=S4+

A DN
2 4 5 8 10

npudem X={1,...,4}.

B cooTBeTcTBUM C OlpeeIeHueM KOHKPETHBIE (& — pa3pe3bl
OTIPENICIIIOTCS B BUJIE:

Ao =X={1,...,4},



Av1={2,3,5,8,4},
A3={3,5,8,4},
Ao:={5,8,4},
Aos={8,4},
Aso={4}.

HeueTtkoe MHOkeCTBO A € R sBIsieTCs BBILYKJIBIM TOT'/1a U TOJBKO TOT/IA,

KOT/1a IS IPOU3BOIBHEIX X, X, € R u A € [0,1] BeInOJIHSAETCS yCIOBUE:

A + QA= A)X 1= min{, (%)), 1,(X,)} (2.13)

Ha puc. 2.9. npencraBneH npuMep HEYETKOTO BBHITYKJIOTO MHOXKECTBA!

()4
Ua (X)

Puc.2.9. HeueTkoe BbIMyKJI0€ MHOXKECTBO.

Onpenenenue

Heuerkoe MHOXecTBO A © R sBNIseTCS BOrHYTBIM TOT/Ia U TOJIBKO TOT/a,

KOIJIla MOKHO Mojo0parh Takue X, X, € R mw A€ [0,1] mas koTopeix Oymer
BBITIOJTHATHCS YCIIOBHE:

42X + A=A ] < min{e, (%), 14, (%)} (2.14)



~
X
N
-

Ha(X)

X
>

Puc. 2.10. HedyeTkoe BOrHyTOE€ MHOXKECTRBO.

PaccmarpuBas omnpenencHUsT HEYETKMX MHOXKECTB W BUABI  (DYHKIIHIA
MPUHAJICKHOCTA HEOOXOJUMO OTMETHUTH, YTO BOIPOC O TOM, KaK BbIOMpaeTcs (Win
3a/1aeTcs) B KOKJIOM KOHKPETHOM ciydae (DYHKIMS TMPUHAIICKHOCTH y(x) U KaKkou

OHa UMCCT CMBICJI, OCTAaCTCs B 3HAYUTEIILHOM CTCIICHU CIIOPHBIM 1 MaJI0 U3YUCHHBIM.

HauGonee pacmpoCTpaHEHHBIM sBIsETCSs MHeHme, uto (X) Moxer

paccMmarpuBaThes Kak "Kod((UIIMEHT yBEpEHHOCTH'" IKCIIEpTa B TOM, YTO 3JIEMEHT X
MIPUHAIJIEKUT MHOKECTBY A.



[IpakTrueckoe 3aHsTue 3

Onepanynu ¢ HEYETKUMH MHOKECTBAMU

OmnpeneneHre onepanuid, BBHIIOJHAEMBIX C HEUYETKUMHU MHOYKECTBAMH, BO
MHOIOM aHAJIOTUYHO OIEpalusM C OOBIYHBIMU (YETKMMH) MHO>KECTBAMHU, OJIHAKO
HEOOXOJMMO OTMETUTb, YTO IIOCKOJIbKY HEUETKOE MHOYECTBO SBIISETCS
paclIMpeHreM OOBIYHOIO YETKOIO MHOXKECTBA TO W Habop onepayuit oas HM
3HAYUmMeNbHO 00.1ee WUPOKUIL U PA3HOO0OPA3HBLIL.

PaccMOoTpruM OCHOBHBIE OIlepaluy, HauboJee 4acTo MCIOJIb3yeMble IpU
IIPOEKTUPOBAHUH CHCTEM YIPABJICHMS C HEUETKUMHU peryisaropamu. [Iycte A u B —
IIPOU3BOJIBHBIE HEYETKUE MHOYKECTBA, 3aJJaHHBIE HA OJTHOM U TOM € YHUBEPCyME
X. HayneM ¢ paccMOTpeHusi Omepaluii, ¢ KOTOPbIMU YK€ XOPOLIO 3HAKOMBI M3
TEOPUH MHOXECTB, @ UMEHHO, NlepecedYeHne, 00beAuHEHHE, J0T0JTHEHHE.

Jlanee OyieM UCTIOJIB30BATh CJICIYIONMINE O003HAUYCHMUS:
1) anrb=min(a,b),
2) avb=max(a,b).

Ilepeceuenue (Konvronkuus)

Ornepanusi nMepecevyeHus: HEYETKUX MHOXKECTB IO aHAJIOTUU C OOBIYHBIMHU
MHOKECTBaMU 0003HAYaIOTCA 3HAKOM «[1». B 3TOM ciiydae pe3ysbTar onepanuu
MIepPECEUYCHUsI IBYX HEUCTKUX MHOXECTB 3amuchiBaeTcs B Buae C=ANB .

IlepeceueHueM JIByX HEUETKHX MHOKECTB A 1 B C© X Ha3bpIBaeTcs HEUETKOE
MHOkeCTBO C ¢ QpyHKIMEH TPUHAIIICHKHOCTH:

116(X) = 12,06 (X) = 22, (X) A 125 (%) = min (22, (x), 225 (x)), (3.1)
IUTA KOKI0TO X € X .
I'paduueckas mHTEpHIpETALIMS STOM OIepaIuy IpeacTaBiieHa Ha puc. 3.1.

he) () Ha(X)

X
Puc. 3.1. I'paduueckoe nmpencTaBieHne ONepalyy nepeceyeHus: HeUeTKUX
MHOKECTB.



Kak HeTtpyaHo 3aMeTuTh, pe3ynbraT nepeceuenus ANB ecTh HaubombIiee
HEYeTKoe MHOXEeCTBO C, KOTOpOE€ COAEPKUTCA OJHOBPEMEHHO B HEUYETKHX
MHO)ecTBa A B.

4
[lepeceuenne HeueTknx MHOXeCTB Ag,Ay, ...A, ompegensercs (QyHKuuen

NPUHAAJIEKHOCTH:

pe(X)=min( ez, (%), 22, (%),..., 22, (X)), (3.2)
JUIA KaKIoro X € X .
Omnepanuio rmepecedeHrs HEYSTKMX MHOXKECTB MHOTJIa Ha3bIBAlOT MIN (0) -

MEPECCUCHUEM.

JI71s1 BBIITYKJIBIX HEUETKUX MHOXKECTB UMEET MECTO CIEAYIOIIEE CBOKMCTBO:
Ecau neuemxue mmooicecmea A u B — evinykavle, mo u ux nepecedeHue
C=ANB maxorce sA6715emMCsl BbINYKILIM HEUEMKUM MHOHNCECTNEOM.

Qoveounenue (Ou3bIOHKUUA)

Onepanusi 00beAMHEHNUSI HEUETKUX MHOXKECTB ¢ OOBIYHBIMH MHOXECTBAMHU
1A (A
0003Ha4YaeTcsa 3HaKoM U , 4 pe3yJbTar: C=AUB .
OO0beuHEeHNEM JBYX HEUYETKUX MHOXECTB A W B Ha3pIBaeTCs HEKOTOpOE
TpeThe MHOkecTBO C, 3amaHHOe Ha OTOM YHHBepcymMe X, (YHKIUA
MPUHAJJICKHOCTH KOTOPOTO OMPEENsIeTcs Mo clieaytoiei popmyre:

Hc (X) = Hqus (X) = Hy (X)V Hg (X) = max(:uA (X)1 Hp (X))v (3.3)

IUTA KOKI0T0 X € X .
I'padpuaeckas mHTEpHIIpETAIINAS STOM ONEepaIuy IpeICcTaBlIeHa Ha pucC. 3.2.

pq(x)
/ up(x)




Kak HetpynHo 3ameruth, o0beamnenne C = AUB ecrs Haumenbiiee

HedeTKoe MHOkecTBO C, KOTOpoe BKIIIOYaeT 00a MHOkecTBa A U B.

Ornepanuio 00beTMHEHNS HEUETKUX MHOXKECTB MHOT 1A Ha3bIBAIOT max (0) -
o0LeIMHEHHUEM.

OYyHKIMM ~ TPUHAUICKHOCTH  OOBEIMHEHUST  HECKOJbKUX  MHOMKECTB
A1,Ay, ... An BBIpAXKAIOTCS 3aBUCUMOCTBIO:

Hp (X)zmax( Hy (X), Hy, (X)a---, Hy (X)), (3.3)
IUIA KOKI0ro X € X .

Paccmompum npumepul onepayuii 00veOunenusn u nepecevenus
JlonmycTtuMm, 3a/1aHbl JBa HEUETKUX MHOKECTBA HA OJJTHOM yHUBEpcyMe X:

A- «He00bIII0E HATYPATIBbHOE YUCIION:

10 10 09 08 06 05 04 02 01
e e S e
1 2 3 4 5 6 7 8 9

B- «aucio npubOanu3uTensHO paBHOE 2!
06 10 06 04 02 0 0 O O
=t T —

+—+—+—+—.
1 2 3 4 5 6 7 8 9

A

B

Torma HeweTknme MHOXKeCTBA A M B, a Takke pe3ynpTarsl omnepauuiu

06’B€,Z[HHGHI/I$I " IISPCCCUCHUA ITPCACTABJICHLI B Ta6n1/1ue:

X 1 2 3 3 5 6 7 8 9

us(A) | 1.0 1.0 0.9 0.8 0.6 0.5 0.3 0.2 0.1

uz(B) | 0.6 1.0 0.6 0.3 0.2 0 0 0 0

AUB |1.0 1.0 0.9 0.8 0.6 0.5 0.3 0.2 0.1

ANB |0.6 1.0 0.6 0.3 0.2 0 0 0 0
/lonoanenue

JlomnonHeHne HEYeTKOro MHOXecTBa A o0o3HayaeTcss uepes A u
ONpPEACIACTCS KaK HEYETKOE MHOXKECTBO A= {X/ ,u;(X);VX e X }, byHKIUN
IIPUHAJIEKHOCTH KOTOPOTO Az (X) ompenensercs o cnemyromeit Gpopmyie:

15 (X) =1— 1, (X) vxe X . (3.4)

['padmyecku nanHas QyHKIUS WILTIOCTpUpyeTcs puc.3.3.




>

LL(x)
LA (X)

LLa(X)

X

Puc.3.3
JInst pacCMOTPEHHBIX OMepaluii HajJ HEUYETKUMH MHOXKECTBAMH HMEIOT
MecCTO cieayronme pyHaaMeHTajlbHble CBOMCTBA.
ITycts A, B, C — npou3BoJIbHBIE HEYETKME MHOXKECTBA, 3aJJTaHHBIC HA OJHOM
U TOM K€ YHHUBEpPCyME.
CrpaBeJIMBHI CIEAYIONINE YTBEPKICHUS:
-KOMMYMamueHocms orepalnii oObeIUHEHUS U TEPECCUCHHUS HEUCTKUX
MHOJKECTB:
AUB=BUA ANB=BNA (3.5)
-accoyuamueéHocmey onepanuu OOBbEIUHEHUS W TEePEeCEUCHUS] HEUETKUX

MHOYKECTB!

AU(BUC)=(AUB)UC  AN(BNC)=(ANB)NC (3.6)

-oucmpuoymuenocmsp onepaunii (| 1 U OTHOCUTENBHO APYT Apyra

AU(BNC)=(AUB)N(AUC)  AN(BUC)=(ANB)U(ANC) @3.7)
-udemnomenmuocms onepamuii U nl):

AUA=A ANA=A (3.8)

-no210ujeHue OJJHOTO U3 HEUETKUX MHOXKECTB P Olepauu 00beAUHEHUS

H IICPCCCUCHUA HCUCTKUX MHOKCCTB!
AU(ANB)=AN(AUB)=A (3.9)

“UHBO0JII0UUA

> |
Il
>

(3.10)

- 3akonvl Mopzana



(AUB)=ANB (ANB)=AUB (3.11)

Oc00eHHOCTHIO paccMaTpUBaeMbIX onepanuu HaJq YETKUMH

MHOXCECTBAMU ABJIICTCA TO, UTO JJIX1I HUX HE BBIIOJHAKOTCA 3aKOHBI HCKIIFOUCHHOTO

TpeTbero u ToxaecTna (puc.3.4,3.5).

A ﬂ /Z\ #0 p(‘x)‘.
HalX) Hz(X)
Puc.3.4
- A
A U A=U p(x) ) —
e
Puc.3.5

Heuerkue onepaTopbl. AJlbTepHATUBHBIE ONEPAIUN NlepecedeHns U
00beTMHEHUsI HeYeTKHX MHOKECTB

PaccmoTtpennsie  omeparuu min(o) — nepecedeHust ¥ Max (0) —
o0beIMHEHUs] SBISIIOTCA HE €IMHCTBEHHBIMH JUISl ONPE/ICIICHUs TEePEeCeUCHUs 1
00BEIMHEHUST HEYCTKUX MHOXKECTB, ITOCKOJIBKY OHHU (B OTJIMYHE OT KIACCHYCCKOM
TEOPUH MHOXXECTB) HE HMCUEPITBIBAIOT BCE MOTCHIMAIBLHO BO3MOXKHBIE B OOIICH
TEOPUH HEUYETKUX MHOYKECTB CIIOCOOBI UX 3aJJaHUS.

[Ipu 3TOM 11E€7€CO00PA3HOCTh MPUMEHECHHS aIbTCPHATUBHBIX OIEpaITHid
MOXXET OBITh O0OYCJIOBJIEHA CHEHMU(PUISCKUMH OCOOCHHOCTSAMH KOHKPETHBIX
MPaKTUYSCKUX 3a7a4 M CTPEMJICHHEM ITOBBICUTh aJCKBATHOCTh WHTEPIPETAIIUN

UCITIOJIb3YEMbIX HEYETKUX MOJIEJIEH Ha OCHOBE yU€Ta HIOAHCOB pPEUIaEMOM 3a4auH.




Anzedpauueckoe nepeceuenue (npouszeedenue)

OnHolt M3 Takux oOmnepauuii SBJSIETCS OINepalus «alredpandyeckoe

nepeceucHue (mpoussenenue)» (algebraic product).
4

AJire0OpanvecKum nepece4yeHmuemM (i aJiredpanvyecKum
NMpoU3BeIeHNEeM) JIBYX HCUSTKUX MHOXKECTB A U B Ha3pIBaeTCs HEKOTOPOE TPEThE
HeyeTkoe MHOkecTBo C=A- B, 3aganHoe Ha 3TOM ke yHuBepcyme X, QyHKIus
MPUHAIIICKHOCTH KOTOPOTO OIpeensercs no hopmysie:

He (X) = pa(X) - 145 (X)), vxeX _ (3.12)

T.e. KaKk pe3yJbTar OOBIYHOIO  anreOpamdyeckoro  MpOU3BEACHUS
COOTBETCTBYIOIIMX 3HAUEHUN (QYHKIUI MPUHAAIEKHOCTH 0003HAUAETCS:

C=A-B (3.13)

Takum O6p&30M, anre6pqu60Koe IMPOU3BCACHHUC HCUCTKHNX MHOKCCTB An
B — 3T0 HEUETKOE MHOKECTBO C:A‘B, OIIPCACIICHHOC KaK:

C=1{X () 15 (X); XX} (3.14)
['paduueckas maTEpHIpETAlIMS STOM OINEepaluy IpeicTaBlieHa Ha puc. 3.6.
HEeOA

0.5
0.25

Puc. 3.6. I'padmueckoe mpencTaBieHue onepaiuy anredpandecKoro
MIPOU3BEICHUSI.

Anzeopauueckoe odveounenue (anzeopaunyecKkas cymma)

AnreOpandyeckuM O0ObeIMHEHUEM (WM alreOpandeckod CyMMOM) IBYX
HEUYETKUX MHOXeCTB A u B wHa3zpiBaeTcs HedeTrkoe MHOXecTBO D=A® B,
3aJJaHHOE Ha 3TOM JKE¢ YHHUBepcyMe X, (QYHKIHS MPUHAIICKHOCTH KOTOPOTO

OTIpEIeIISICTCS 10 CIIeayoIel hopMyIie:

Hp (x)= Hp (x)+ Hg (X)— IUA(X) " Hp (%), Vxe X (3.15)
e CIpaBa OT 3HAaKa PABEHCTBA MCIIOJIL30BAaHbI OOBIYHEIE apu(PMETHUIECKUE

oneparuu (puc.3.7).



x

Puc.3.7.

[Tockonbky 0OJacThi0  OMpeAeieHUuss U O0JACThI0 3HAYCHUH Olepanuii
nepeceyeHus: U oObeauHeHus sBisercs uHTepBan [0,1], To Bce omepamuu c
HEYETKUMH MHOXXECTBAMH MOTYT OBITh PACCMOTPEHBI IpaQUuecKu ¢ MPUMEHEHUEM
TPEXMEPHOTO KyOa.

I'paduyeckoe mpenacraBieHue (1 - TepecedeHuss U anreOpandyecKkoro

IIPOU3BEACHUS B TPEXMEPHOM ITPOCTPAHCTBE MPUBEACHO HA pHUC.3.8.

XNY
0 Y
X
X oY
0 Y
X 1
Puc.3.8.
I'padmueckoe NPEICTaBICHHE oreparuii V-00beTUHCHMSI u

anredpanueckoro oobearHeHus (puc.3.9).



X/l

Puc.3.9.
Takum oOpa3oM, MBI pacCMOTpeNd IO JBa BapuaHTa [Jisi oOmeparui
OOBeMHEHUSI W TIEPECEUCHMUs] HEUEeTKHMX MHOXecTB. Ha mpakTuke 5T0

pazHooOpa3ue HaMHOTO Ooraue (0oJiee IecsITKa BApUaHTOB).

Tpeyzonvnasn Hopma (T'HODMd)

O0600uIeHnEM HEYETKUX Olepaluil IepeceueHrss U 00ObEeIMHEHUS SABIISIIOTCS
HEYETKHE ONePaTOpPhI:
- mpeyzobHas HopMa (T-HOpMa);

- mpeyzo01bHan KOHOpMa (S-vopMma mim T-koHOpMA).

Heuetkue omeparopel T m S o0003HayaroT (QyHKIMH CO CHEUUATBLHBIMU
cBoiictBamu. [logpoOHO ATH CBOMCTBAa OYIyT PacCMOTPEHBI HUXKE. 37ECh XKe
OTMETHM JIBa OOIIMX BAXKHBIX CBOWCTBA: [-HOpMa U S-HOpMa 3TO (QYHKIIMH JIBYX
JEWCTBUTEIBHBIX ITIEPEMEHHBIX X U Y, onpeaeieHHsx Ha uaTepBaax 0<X<1 u
0<y<1. 3nauenns pynxumii T(X,y) u S(X,y) Takxke HaxomaTcs B MHTEpBAE OT 0

no 1.



[IpousBonpHas AelicTBUTENbHAS (PYHKINS OT IBYX IIEPEMEHHBIX
T:[0,1] x [0,1]—>[0,1] (3.16)
Ha3bIBAECTCSI TPEYroJIbHOW HOPMOM, €CIM OHA YJOBJIETBOPSIET CIIEZLYIOLAM
CBOMCTBaM, Ha3bIBAEMbBIM aKCUOMAMHU TPEYTOJIbHON HOPMBI:

1. ¢bynkuus T gBisieTcsi MOHOTOHHOM OTHOCUTEIBLHO 000MX apryMEHTOB
T(a,c)<T(b,d), ecm a<b,c<d
2. ¢ysakuusa T yaoBIETBOPSAET YCIOBHIO KOMMYTaTUBHOCTHU
TCY)=T(y,x)
3. ¢ynkuus T yaoBIeTBOPSET IPAaHUYHBIM YCIOBUSIM
T(x,00=0, T((Xx1=x
4. ¢ynkuus T yTOBIETBOPSAET YCIOBHIO CBA3HOCTH (2CCOIIMATUBHOCTD )
T(T(a,b),c)=T(a,T(b,c)).
3.3.2. TpeyroJibHasi KoHOpMa (S -HOpMa)
[IpousBosnpHas aelicTBUTENbHAS PYHKIMS OT 2-X EPEMEHHBIX
S:[0,1] x [0,1]—[0,1] (3.17)
HA3bIBAETCA TPEYTrOJIbHOU S -HopMmoii, ecimu OHa YIOBIETBOPSET

CJIEQYIOIINM CBOMCTBAM:

1. dbyHKuMs S ABASETCS MOHOTOHHOM OTHOCUTEIBHO 000UX apryMEHTOB
S(a,c)<S(b,d), ecm a<b,c<d
2. GyHKIUA S yIOBIETBOPSIET YCIOBHUIO KOMMYTaTUBHOCTH
S(%y)=S(y,x)
3. (yHKIUSA S yAOBIETBOPSIET TPAHUYHBIM YCIOBHSIM
S(x,0)=x%, S(x1)=1
4. ¢ynkuus T yIOBIETBOPSAET YCIOBHUIO CBA3HOCTH (ACCOIIMATUBHOCTD )
S(S(a,b),c)=S(a,S(b,c))
B Tabmuue 3.1.a u 3.1.0 __ mokaszaHbl HamOoJiee YacTO BCTPEUYAIOIIUECS

YacTHbIE ciiydae T- u S- HopM.



T-Hopma (Tabnuma 3.1.a)

T(a,b) HAaUMCHOBAHHE
min(x, y) niepecedeHre (MHH- ITepecedcHue)
X-y anreOpanyecKoe IMPOU3BEICHUE
0, ecmu max(x, y) <1 OrpaHUYECHHOE MIPOU3BEACHUE

min(x,y), eciu max(x, y)=1

max(0,x+y—1) yCUJICHHAst CyMMa

S-xonopwma (Tabmmma 3.1.0)

S(a,b) HAaMEHOBAaHHE
max( X, y) o0berHeHHE (MaKC-00beIMHCHNUE)
1-(1—x)-(1-vy) anreOpanueckas cymma
1, ect min(x y)>0 OrpaHUYEHHAs CyMMa
max(X,y), ecmu min(x, y)=0
min(1,x+y) yYCHJICHHAs! pa3HOCTh

Paccmotpennbie GyHkmmu T- ¥ S- HOpPM HA3BIBAIOTCS TPUAHTYJISPHBIMHU.
Ha3Banbl OHU Tak MOTOMY, YTO OHH OIPEACIISIOTCS TOJBKO B TPEYTOJIBHHUKE:

0<x<1 u 0<y<l1,

JlonmoiHUTE/IbHBIE ONEPALMY HA/I HECYETKUMHM MHOKECTBAMHU
Cpenu NONOJHUTENBHBIX OINEpaluil, KOTOPhIE HAaXOASIT NPUMEHEHHUE MpPHU
MOCTPOCHUM HEUYETKUX MOJIEJICH CIOXKHBIX CUCTEM, CIEIYET OTMETUTh ONEpaluu
Pa3HOCTH HEYETKUX MHOXKECTB, YMHOXKEHUS HEUYETKOI'O MHOXKECTBA HA YHCJIO U
BO3BEJICHME HEYETKOIO MHOYKECTBA B CTEIIEHb.

Pa3znocmb neuemkux MHodicecme




Pa3HOCTBIO IBYX HEUETKHMX MHOKECTB A M B Ha3bIBaeTCs HEKOTOPOE TPEThE
HEUYeTKoe MHOXecTBO E, 3amanHoe Ha TOM ke yHuUBepcyMe X, QYHKIUS

MPUHAIIICKHOCTH KOTOPOTO OIpeensercs no hopmysie:

ﬂE(X):maX(IUA(X)_/UB(X)l 0)’ vxeX. ’ (3.18)
rIe TOJ 3HaKOM MaKCHMyMa HCIIOJIb3yeTCs OOBIYHAs — OIeparivs
apu(MeTHYCCKOM pasHOCTH ABYX uwncen. Omnepamnus pa3HOCTH ABYX YHCE
HEYETKUX MHOKECTB II0 aHAJOTHU C OOBIYHBIMM MHOMKECTBAMH 0003HAYAETCS
3HAKOM «\», T.€.:
E=A\B.

I'paduueckn naHHyO omepaluio WUTIOCTpUpyeT puc.3.4.

A
1(x) Ha(x) Ha(X)

Puc.3.10
Kakx BugHo u3 dopmynsr 3.18, dyHKIMS TPUHAAIEKHOCTH SIBISACTCS
HEOTPULIATETHLHOM (€CIM Pa3HOCTh (PYHKIMI MPUHAAJICKHOCTH MEHbIIIE HYJIS, TO
OHa OOHYJISIETCS).

Cummempuuuaﬂ PDA3HOCMb HEeUeMKUX MHOJICeCcme

Crenyer 3aMeTHUTh, YTO OINEpPALMH PA3HOCTH JBYX HEUETKHMX MHOXKECTB B
OTJIMYMHU OT omeparuil A u V He SBJISIETCS KOMMYTaTUBHOM, T.€. B 00IIIEM CiTy4yae

A\B=B\A. (3.19)

CummeTprueckass pa3sHOCTb JIByX HEYETKMX MHOkectB A u B

( o6o3HavaeTcs A © B):

Hen(X) =1t (¥) = 1 (x)},  VxeX. (3.20)
rI¢ B TPaBOM 4YacTH BBIPAKCHHS TPHUMCHSCTCS OIEpalus MOy
(aOCOJIIOTHOTO 3HAYCHMUS) YHCIIA.

['padmyecku naHHyro onepanuio witocTpupyet puc.3.11.



A
n(x) Hax) Ha(x)

LN '

u (x) x

Puc.3.11.
[Tpu 5TOM OKa3bIBAIOTCS CIIPABEJIMBBIM CIICIYIOIIEE YTBEPKICHHUE:

AGB = (A\B)U(B\A). (3.22)

T.e. CUMMCTPHYCCKAasA PA3HOCTb [ABYX HCUYCTKHX MHOKCCTB IIPCACTABIIACT

co0oli 00beAMHEHNE IBYX Pa3HOCTEN HEUETKUX MHOKECTB A 1 B.

YMHoOKeHNe HeUeTKOr0 MHOKECTBA HA YHCJIO0

[Iycte A= {X/ L1a(X);Vxe X }— IPOU3BOJIBHOE HEYCTKOE MHOXKECTBO,

3aJJaHHOE Ha YHHUBEpPCyMeE X ; o- MOJIOKUTEIBHOE JIEMCTBUTEIBHOE YUCIIO, TAKOE,

4T0:
a-h, <1. (3.23)
PesynbTaT omepanuy yMHOXKEHHS A Ha o Ompesensercd Kak HEeYeTKoe
muoxkectBo B ={X/145(X); VX € X} 3amanHoe Ha ToM e yHuBepcyMe X,
(yHKITHS TPUHAUIEKHOCTH KOTOPOTO ONpeenseTcs mo hopMyie:
e (X) =a - 1, (X) (3.24)

Kpome mnepedncineHHBIX, HUMEWTCI W Ipyrue OIEpaluU, KOTOpbIE
OKa3bIBAIOTCS TIOJIE3HBIMU TIPH pabOTE C TUHTBUCTUICCKUMHU MTEPEMEHHBIMHU.

Onepanug KOHIEHTPAIIMH

Omnepanus konmenTpamuu (concentration) CON(A) ompezensercs Kak
anrebpanveckoe TPOM3BEICHUE HEYETKOr0 MHOXKECTBa A Ha camoro ceos:

CON(A)= A® te.
/uCON(A)(X) = i1, (X)’ Vxe X (3.29)

B pesynbTaTe nmpuMEHEHUs 3TOW onepanuy K MHOXECTBY A YMEHBIIAKOTCS
CTEIICHH MNPHUHAJIEKHOCTH DJIEMEHTOB X 3TOMY MHOXECTBY, NPHUYEM €CIHU



/JA(X)zl, TO 9TO YMCHBHICHHUC OTHOCUTCIIBHO MaJIO, a AJIA 3JICMCHTOB C MaJioi

CTENIEHBIO TPUHAAJICKHOCTH - OTHOCHUTENIBHO BEJIHUKO. B €CTECTBEHHOM SI3bIKE

MPUMEHEHUE ATOM Olepaluyd K TOMY WJIM HWHOMY 3HAYEHUIO JUHTBUCTHUYECKOMU

MIEPEMEHHOM A COOTBETCTBYET HCIMOJIb30BAHWIO YCUJIMBAIOIIETO TepMma "OYeHb'
4

(Hanmpumep, "odyeHb BhICOKHI", "04eHB CTApBIK" U T.11.).

Onepanus pacTsizKeHus
Omnepauus pacrskenus (dilation) DIL(A) onpenensiercs kak DIL(A)=A%®,

(3.26)

rac
;uDIL(A)(X): HalX), VXeX

JNEUCTBUKD  ONEpaLvU

JlerictBue 3TOM  ONEpalMyd  MPOTHUBOMOJIOKHO
TepMy "HAOBOJIBHO",

KOHIICHTPAIlMM U  COOTBETCTBYET HEOIPEICICHHOMY
BBITIOJIHAIONIEMY (DYHKITHIO OciabiieHusl CIAEAYIONIEero 3a HUM (OCHOBHOTO) TepMa

A: "10BOJBEHO BRICOKHI", "TOBOBHO cTaphiii" u T.11. (puc.3.12).

DIL(A)

CON(A)

Puc.3.12.

MOXHO BBECTH U Jpyrd€ aHaJlOTMYHbIE 10 CMBICIY OIEpaluH,

ITO3BOJIAIOIINC MOI[I/I(l)I/IL[I/IpOBaTB 3HAQUCHUS JIMHTBUCTHYECKOM HGpGMGHHOﬁ,

YBEIMYHUBAs TAKUM 00pa30M UX KOJIMYECTBO.
Tak, Tepm "OoJiee ueM" MOXKHO OMPEICTUTD CISTYIONIUM 00pa3oM:

"Oonee yeM' = {X/,uA(X)l‘ZS; vxe Xy,

COCTaBHOM T€pM "OUYEHb-OUECHB ":
(3.28)

" ouenp - ouenb A"= CON(CON(A))= {)(/,Ll4A(X); Vx e X }

(3.27)

U T.O.

PaccMmoTpum niprMeHEeHHE yKa3aHHBIX ONepaluii Ha CICIYIOIMIEM HAIrJISHOM

npuMmepe. Ilycte nmepeMenHast x xapaktepusyer "pocT uenoBeka', X - MHTEpBal

[0,200] (cm). Torma HeyeTKHE MOJIMHOKECTBA, OMMCHIBAEMbIE TepMaMH "BBICOKHI "



U "HU3KHIA", MOXKHO MPEACTAaBUTh C TOMOIIbIO (PYHKIIMU MPUHAIJIEKHOCTH Kiacca

S (puc. 3.13):

0, ecmu X< a,

2

X—a

2l —— |, ecmua<x<b,
c—a

(3.29)

c—a
1, eciu X > C,

2
1—2[Ej , ecmu a<X<Db,

rae b=(at+c)/2. B touke Xx=b=(a+C)/2 dbyHKIMI NpUHAIICKHOCTH Kiacca S

IIpUHUMAET 3HaYeHue pasHoe 0,5.

A

o5 -

Puc.3.13.

PazmuuaroT QpyHkiuu S — kinacca — J€BbI€ U MPaBhIE.
[IpaBas ¢dyukmus S — kimacca o0o3HAyaeTCss KaKk Sg U OMpeaensieTcs

3aBUCUMOCTBIO SR:=S .

Jleras ¢yHkuus S — kiacca o00O3HaYaeTcss KaKk S| W ONpeersieTcs

3aBUCUMOCTBIO.

S. =1-S.

HeueTkne MHOXeCTBa, ONMHUCHIBAEMbIE TEPMAMU «HUZKUW» M «BBICOKUI»
MO>KHO MPEACTABUTH C MOMONIBIO0 S-PpyHKIMI Ha uHTEepBaie oT 160 mo0 180 cwm.

1. TepMm «BbICOKHIT
a=160cm, b=170cMm, ¢=180 cMm.



0, x <160
2
2()‘_160) . 160<x<170
S(x,a,b,c) = . _
( ) (x—lGsz : Sg S(z<, a,b,c)
1-2 170 < x <180
20
0, X >180

0,5

160 170 180
Puc.3.14.

2. TepM «HHU3KUN»

S, =1-S(x,a,b,c)

05 |-

\

160 170 180
Puc.3.15.

Konuenrtpanus:

luoueHb HHU3KAI - SE (X) ;

Faovomomsenii = VS (X) ;

2
luoueHb BICOKU I - SR (X)

lLl,I[OBOJ'ILHOBI:ICOKI/If/i - \/ SR (X) .



05 |- - B

HU3KNN

160 170 180

Puc.3.16.
Hanpumep, ecnu KOHKpETHBIN YeloBeK UMeeT pocT 175¢cm, T.e. x=175, TOo B

COOTBCTCTBHUHU C JaHHBIMHU q)YHKI_II/ISIMI/I IMPUHAAJICKHOCTH. Nmeem:

Iuouenb HU3KUH ,U HU3KUH ludoewzbm) HHU3KHAH ILl()OBOJbI-m 8bICOKUTL ﬂgblcouuﬁ luouenb BBICOKHIT

0,08 0,09 0,3 0,82 0,91 0,83




[IpakTrueckoe 3anstue 4

IIpoexTnpoBanue HeueTKOro peryasitopa aiast ICII

C UCITIOJIHUTCJIBbHBIM ABUTI'aTECJIEM ITOCTOAHHOI'O TOKA
4

B kauectBe mpumepa paccMoTpuM (HOpMHpPOBaHHE HEYETKOTO PETYNIATOpPA
JUTSL JIEKTPUYECKOTO CIEASIIEr0 MPUBOJA MOCTOSHHOTO TOKA.
CtpykTypHas cxema CIesIIero JIEKTPOIPUBOIA C HEYETKUM PETYISITOPOM

npejacTaBiieHa Ha puc.4.1.

Heuerrani
perymrop -
& B (PEHX
Vipasmmomee : Q0B eKT YIPaBIEHHIA 5-ro [opAIKa.
- : CHoBasA cHCTEMA € HCITONMHHT EMbHBIM
BO3IEliCTEHE —p N ( )
: u JBHTAT€JIEM IT0CTOAHHOTO TOKA H 0
Py : . HEKECTKOCTBIO) >
F 9 F 9
e ™
| d 'J- .
| f e
¥ . .
P"EI: > | f"@ﬁ : | “— 7 C e

Puc.4.1.

Kak BugHO U3 TPUBENEHHON CTPYKTYpPHOW CXEMbI, BBIpaOOTKa
YIOPABJISIIOIIETO BO3JCHCTBHSI HEUETKHM PETYJIATOPOM OCYIIECTBIISCTCS Ha
OCHOBaHMHM HMH(POpPMAIIUU O BEIMYMHE OIIMOKHM M CKOPOCTH BBIXOJHOTO Baja
IPUBOJIA.

B cBoro ouepenb B HEUETKOM PETYJSTOPE MOXKHO BBIJCIHTH CIIEIYIONTHE
dbyHKIMOHATBHBIE ONOKM: (az3udukaTop, OJOK mpaBwi U aedazzudukaTop

(puc.4.2).



dazzndmxarop ;0 Tttt I S
: ¢ P JIHHIBHCTHMeCKan | | JIMHIBHCTHYeCKas !
: TiepeMeHHas ‘omHOKa® i nepeMeHHas :
s beroiae iecemeessssseseesseesd 1 YIDABNIEHHEN
_r._’ 2am=emt ’,'............................'
E “» Jledassuduxarop (—»
5 TIPABUII |
@i i
=i T ressessesssessssesosesseass 4
P e e EtI)HSHIIeCIe:oe 3HAUEHHE |
Pl : : JIHHTBHCTHYI eCcKasA P YIIPaBISEOLIET O '
P CropocThb : i MepeMeHHast ‘CKOPOCTh ! ' BO3IeiiCTRHA :
T Lememmsssmemsmseeseaeseesasea- O
P
b
I
: --i @HIHYECKOE 3HAYEHHE !
: i o1 OKH i
i ©reemeeceeessesseeeeee———— :
: promssessmssssssssssssssesssesy
: | DH3HTeCKOe 3HAUEHHE |
i CKOPO CTH ;
b !
Puc.4.2.

®daz3udukarop npeaHazHayeH IS Mepexo]ia OT U3MepsSeMbIX (PU3UUECKUX
NIEPEMEHHBIX K JIMHTBUCTUYECKUM IE€PEMEHHBIM, IPEICTABICHHBIM HEYETKUMU

TEPM-MHOKECTBAMU.
Jnsg  ynopaBieHUs  CHEASIIMM  3JEKTPONPUBOJOM, BBOIATCS TP

JIMHIBUCTHYCCKHUC IICPCMCHHBIC!

e ‘ommbOka’ (10 MOJOKEHUIO);
® ‘CKOpPOCTh’ — CKOPOCTb U3MEHEHHUS BBIXOJHOTO yTJIa;
e ‘ympaBisiollee BO3JICUCTBUE .

HepBBIe ABC U3 HUX ABJIAIOTCSA BXOAHBIMU, TPCTHA — BBIXOAHAA.

JUisi TUHTBUCTHYECKYIO TepeMeHHON "owwuobrka"” omnpenenum 0a3oBoe

TEPM-MHOXKECTBO BUJA:
Te={ "ompuyamenvnas borvwasn (NB)”,

“ompuyamenvuas manasa(NS)”,



“nynesas owuobka(Zz)”,
“nonoscumenvras manrasa(PS)”,
“nonoxcumenvrasn donvuasi(PB) "} 4

HYCTB ® - 3HA4YCHUC CKOPOCTH. bazoBoe TCPM-MHOKCCTBO To

OTIPEICITNM B BUJIE:
To ={ "ompuyamenvuas 6onvwas (NB)”,
“ompuyamenvuas manas (NS)”,
“nynesas (72)”,
“nonoscumenvras manas (PS)”,
“nonoscumenvras 6orvuwas (PB)’}.

OpHEHTUPOBOYHOE pacnojoKeHnue (YHKUUN NPUHAAJICKHOCTH JIi BCEX
JMHTBUCTUYECKUX NIEPEMEHHBIX MMOKa3aHO Ha pucyHKe 4.3, 4.4. OHO AOHKHO OBITh
CUMMETPUYHO OTHOCUTEIIBHO HYJIEBOW TOYKU. B MpOTHBHOM ciydae yCTOMYMBOE
MOJIO’KEHUE HEe OyAeT NOCTUraThCsl, U MEPEXOAHbIN mpolecc OyneT MpencTaBiIsaTh

co00l1 He3aTyXaroKe KojieOaHusl OKOJIO HYJIEBOM TOUYKH.

A u(e)
NL PL

Owmnbka, e

-0.1 =-0.05 0 0.05 0.1

Puc.4.3.



4 (o)

PL

CKOpOCTb, @

—

-0.8 -0.4

8] 0.4

0.8

-

Puc.4.4. ®yHKUIUM NPUHANIICKHOCTU TUHTBUCTUYECKUX MTEPEMEHHBIX.

I[JUI OIIPpCACIICHUA TI'pPaHHI] YKAa3dHHBIX TCPM MHOKCCTB HCO6XOI[I/IMO

MPOBECTH aHAJIN3 XAPAKTEPUCTUK CHIIOBOW CHCTEMBI TpUBOAA. {151 pemeHus 3Toi

3aJladu HCIIOJIL3YEM MOJCIIb CHJIOBOM CHCTEMBbI IIpruBOAA, HpeﬂCTaBHeHHOﬁ Ha

puc.4.5 (a) u (0).

[Tapametpsr ucnomautensHoro asurarens: Ce=Cm=0.732, J =0.05, Te

=0.00234c, R =0,96 Owm, ko3¢ dunuent nepenaun peaykropa: Kp=4.

o]

Constantl

---1* Perymarop » -+ - - —e{u

ormega |_’ I:l

OFT

e ) AL

Tem.s+1

Transfer Fon

|-

oLt P

Integrator

Integratorl  Gaind

cele

Gain2

armeaga

Puc.4.5 (6)




JlommyctuM TpeOyeTcsl MOCTPOUTh HEUETKHU PETYNSITOp IS YIPaBJICHHS
IPUBOJIOM B JIMAna3oHE M3MEHEHUs YIJia MOBOPOTa BBIXOJHOTO Bana +/- 1 pan. ¢
UCTIOJIb30BaHUEM B KA4€CTBE BXOJIHBIX CHUTHAJIOB — OIITUOKH OTPAOOTKH BXOJIHOTO

4
BO3JICHCTBHSI I CKOPOCTH BPAIICHUS BaJIa UCIIOJTHUTEILHOTO JIBUTATEIS.

C uensio hopmupoBaHus 0JI0Ka MpaBuil (HAKOIJICHUS 3HaHU 00 00beKTe

yIpaBIeHUS ), PACCMOTPHUM MEPEXOAHBIN MPOIECC MO CKOPOCTH BpAIICHHS Bajia U

yrily HOBOpPOTa Bajla ABUIATCIIA, IIPHU 1I0JAa4Y€C MAKCHMAJIBHOTO YIIPABJIAIOIICTO

HanpspkeHus +/- 27 B (puc.4.6).

Puc.4.6(a) Jlnarpammbl ©3MEHEHHUSI CKOPOCTH BPAILIEHUS BaJla HArPy3KU

(pan/c).

Puc.4.6(6) JAnarpammbl ©3MEHEHUs yria IOBOPOTa Bajia Harpy3ku (pan).
W3 mpuBeACHHBIX qUarpamMm BUIHO, YTO TPH MaKCHMAaJIbHOM HAIPsHKCHUN

1o lpan mpuBog pasronsiercs 3a ~0.35 cex. CKOpOCTh ABUTATENS TIPU STOM MOYTH



paBHa MakCUMalbHOM (A7 JaHHOTO HampsbkeHus ~35 pan/c). Bospmem »TH
JTaHHBIE 32 OCHOBY JIJIsl CHHTE3a PETYIIATOPA.
JIJist KaXkJI0ro TepMa M3 TePM MHOKECTB JIMHTBUCTUYECKUX MEPEMEHHBIX
4
«OIIMOKa» M «CKOPOCTBhY» HEOOXOIMMO 337aTh (YHKIMIO MPHHAIICKHOCTH L(X).
BriOepeM ¢dyHKIIMU MPHUHAJICKHOCTH TPEyrojapHOro Bujaa ajs tepmoB NS, PS u
Z, v TpanenuuaansHoro suaa ans repmo NL u PL.
['panuiibl onpenenenus s GyHKIUN MPUHAICKHOCTH IEPEMEHHBIX
«ommbka» - [-3.14 ... 3.14] pax;
«cKopocTh» - [-40 ... 40] pan/c.

B kadecTBe cHCTeMBl HEUETKOTO BBIBOJA BBIOEPEM HEUETKHI BBIBOJ]
Cyreno 0-ro mopsiika, Tae I KaKI0ro cpadOTaBIIero MpaBuiia 3aaeTcs BBIXOJ
HEYETKOTO peryisTopa (ypoOBEHb YIPABISIOMIETO BO3JCHCTBUA) B  BHUJE
KOHCTAHTBI.

OmnpenenrM HECKOIBKO TAaKHX YPOBHEH:

NL=-27B, NS=-13B, Z=0B, PS=13B, PL=2/B.

[Tpu 3TOM B 3aBUCHMOCTH OT COYCTAHHS BXOJHBIX NMEPEMEHHBIX (OMIMOKH
U CKOPOCTH) BO3MOKHO (DOPMHUPOBAHKE KaK MOJOKUTEIBHBIX YPOBHEH BBIXOHOTO
CUTHAJIa, TaK U OTPULIATETHHBIX.

Teneppr HEOOXOIMMO TMOCTPOUTH OJIOK MpPaBWI (PYHKIIMOHUPOBAHUS

HEYETKOTO PETyJIATOpa B BUJE MATPUIIBI 5X5.

PaccmoTpuM mociie1oBaTeIbHOCTH ONpeiesieHUs] HeCKOJbKUX MpaBuJl,
KOTOpbI€ ONMHUCHIBAIOT HEKOTOPbIE CUTYAIlUM:

[Ipeamnonoxxum, HampuMep, YTO BBIXOAHOW YTOJl PaBEH BXOJHOMY CHUTHAITY

(T.e. ommOKa - HyJb) U HE M3MEHSETCA (CKOPOCTh - HYJb). OUeBHAHO, YTO ITO

JKejmaemasi CUTyarusi, M CJIEIOBaTeIbHO Mbl HE [OJDKHBI HUYEro Jelarh

(ympassitoliliee BO3/I€UCTBHE - HYJIb).
Tenepp paccMOTpuM Jpyrod ciaydaid: OIIMOKa MO TMOJOXKEHHUI0 paBHA
HYJII0, KaK ¥ TPEXKIE, HO Baj DJEKTPOJBHUTATENSI HAXOJIUTCS B JBUKCHHUHU C

HU3KOU yrHOBOﬁ CKOPOCTBIO B ITOJOXXHUTCIbHOM HaIIPaBJICHHUU (T.e. CKOpPOCTH



IMOJOXUTCIIbHAA Maﬂaﬂ). EctecTBeHHO MBI AOJIKHBI KOMIICHCHUPOBATHL ABUKCHUC

Bajia, GOpMHPYS OTPUIIATEITHHBIA MAJIBIN CUTHAJ YIIPABICHUS.

T.o. cocraBieHbl JBa IpaBWia, KOTOPBIE MOTYT OBITh (OPMAILHO
OIIpENIEIIEHBI TaK:
ecid omuOKka = HyJdb, M CKOPOCTb = HYJb, TO YIPaBIAOLIEE
BO3/ICIICTBUE = HYJIb.
ecim omnOKa = Hyldb, M CKOPOCTb = IIOJOXHUTEIbHAsI Manas, TO
YIPABJISIOLIEE BO3AECUCTBUE = OTPULIATEIBHOE MaJoE.
[IpaBuna, COOTBETCTBYIOIIME BCEM HaMOOJiee BEPOATHBIM CHUTYaLHSIM

omnpezeneHsl B Tadbnuie.4.1.

Tabnuna 4.1.
HeueTkuit Ommobka 1o Moa0KEHUIO
CUTHAII
YnpasieH NL NS Z PS PL
usi
PL NL
2 PS NL NS Z
3
2 Z NL NS Z PS PL
(% NS Z PS PL
NL PL

Bcero mnsi HEYeTKOro peryisitopa, UMEIOMIETO N BXOJIOB W 1 BBIXOX
MOKeT ObITh ompeaeneHo l1*12*...*In npaBun ynpasnenus, rae |li — koinyecTBo
HEYETKHX MHOXECTB JJIS i-TO BXOJIa, HO JJIT HOPMAJILHOTO (DYHKIIMOHUPOBAHUS
peryyiitopa He 0053aTeIbHO UCIOIb30BaTh BCE BO3MOYKHBIC TIPABHIIA, 2 MOKHO
OOOWTHCHh W MCHBIIMM HX 4YHCIOM. B Hamem ciydae s (HopMHpPOBaHHMS

HEYETKOTO CUTHAJIa YIPABJICHHs HCOJb3yeTcs 13 mpaBui u3 25 BO3MOKHBIX.

Takum oOpaszoMm, ompeaenum 13 mnpaBuin ajis HauboJjee BEPOATHBIX

3HAYEHUN JIMHTBUCTUYECKUX MEPEMEHHBIX «OIIHOKa» U «CKOPOCThY (Tabnuua 4.2):



Tabmuna 4.2

error

Puc.4.7

2 = i o
§ % PS NL NS Z 4
g = 7 NL NS Z PS PL
=
: NS Z PS PL
R NL PL
NL NS Z PS PL
Omunodxa
speedA
NIL
NL NS ,/ error
NE e e Py >
g Z[Ps|pL
%] > /
AL
NL NS 4 PS PL




speed

a 4

NL NL | NL | NS
& /

NL NL [ NS | S PL
N NS-{ 27| Ps PL -
2, NL Nl PS | PL PL
< 7

N PS | PL | PS PL

NL NS VA PS PL

Puc.4.8.

Hedaszzudpuxarop.

[TockombKy M1 peau3aii HEYeTKOTO BBIBOJA MCIIOIB3YETCS alTOPUTM
Cyreno, To pesynbTUpyloliee BozaciictBue U OyneT ompenensarbcs II0
CIeAyIOIIell  3aBUCMMOCTH, TJ€  N-YHACIO  CpaboTaBImIMX  IPaBHII

(nedazzudukaiyss METo0M IIeHTpa 00J1acTH).

N
Z u n ll un (u n )
_ n=1
U=s"F——
D M (u,)
n=1
me Un —  ¢Qusmueckoe  3HAUEHUE  YMPABJISAIOUIETO  CUTHAjA,

COOTBETCTBYIOIIETO Ka)Ja0My U3 HeueTknx MHOKecTB Unr, Uns, Uz, Ups, UpL. B
HaleM  ciydae d3To  Oymer Touka ‘D’ cooTBercTByromed — QyHKIMH
NPUHAJISKHOCTH TPEYTOJIBHOTO BHUIA.

mun(U) — crenmeHb NPUHAMISKHOCTA YIPABISIONMIETO0 CHUTHAIA U K

cootBeTcTBYMOMEMY HeueTkomy MHOkecTBY UN={UnL, Uns, Uz, Ups, UpL}.



JInst co3maHusi HEYeTKOro perynaropa B cucrteme Matlab weoOxommmo
OTKPBITH cooTBeTcTBytommii penakrop (FIS editor), BBens B koMaHAHON CTpOKe
KOMaH]Iy:

>> fuzzy
B pesynbrare BBIONHEHWS JaHHOH KOMaHIbI Ha JKpPaHE OTKPHIBACTCS

okHO FIS-penakropa (puc.4.9):

<) FIS Editor: Untitled 0] x|
File Edit Wiew
Uritithec!
[matndani)
inpLt oLt
FIS Marme: Untitled FIS Type: mamdani
Anc methodd - - Current YWariakle
2 methiod M - Marme Iinpuﬂ ]
Type input
Implication il - P K
Range [01]
Aggregation T =
Defuzzitication I centroid - l Help Close
System "Untitled": 1 input, 1 output, and O rules

Puc.4.9.

[Ipu dopmupoBaHHM HEYETKOTO PEryisaTopa HEOoOXOJUMO B TIEPBYIO
ouepeqlb ONPENEIUTh €ro TUIl, B HalieMm ciaydae - CyreHo HyJeBOro MOpsiiKa.
Co3ngaem HOBBIH perynsTop Tuna CyreHo KOMaHJ0M MEHIO:

File -> New FIS -> Sugeno

YuutbiBasg, 4YTO B HWCXOIHBIX JIAHHBIX OIpPEICICHbl JBE BXOJHBIC
NepeMeHHbIe, 00aBiIsieM elle OAHY BXOJHYIO TMEepEeMEHHYI B (opMupyeMblit
HEYETKUH PETYIATOP:

Edit -> Add Variable -> Input
Jlamee cneayer yCTaHOBUTh MMEHA [UJI BXOJHBIX I€PEMEHHBIX,

oToOpaKaeMbIX Ha IMaHEeIH He4eTKoro peryistopa (puc.4.10).



<} FIS Editor: Untitled?
File Edit “iew
& ."h-.h“-.‘
™ Urtitied2
= T fu)
] (Eugena)
u
speed
FIS Mame: Urtitledz FIS Type: SUYEND
Al method il - Current % ariakble
Marme I
Or method I probor o I
T
Implication - - o=
Range
Aggregation I -
Defuzzification I wtaver - l Help Cloze
Renaming output variable 1 to "u"

Puc.4.10.
OTtkpbiBaeM penakTop GyHKIMA NPUHAIIICKHOCTH:
Edit -> Membership Functions
C noMo1iplo penaktopa PyHKIUM MPUHAIIECKHOCTH OMPEaesiieM UMEHa U
napamMeTpbl (QYHKUMNA TOPUHAAJIEKHOCTH, a TAKKE PEJAKTUPYEM TpPaHUIIbI
WU3MEHEHUS BXOJIHBIX IEPEMEHHBIX.
JUis mepeMeHHOM «omIMOKAa» CHayajga ONpeleisieM TIpaHUulbl TEPMOB
HYJEBas» U «OJOXKUTEIbHAS Majas» U «OJIOKHUTEIIbHAS O0JIbIIash:
Z=1[-0.300.3]
PS = [00.30.6]
PL = [0.30.6 3.297 4.553]
AHaNOruyHO ONpenensieM CUMMETPUYHBbIE UM OTpHULATEIbHBIE 3HAUYCHHUS

JMHTBUCTUYECKOHN MepeMEHHOM «ommunoka» (puc.4.11).



) Membership Function Editor: Untitled2
File Edit “igw
FIS “ariahles Membership function plots  Piot poirts: 181
ML Ms Z PS PL
error u
speed
o 1 1 1 = 1= 1 1 1
=3 =2 1 ] 1 2 3
input varishle "error"
Currert Variable Current Membership Function (elick on MF to select)
Mame errar Mlame I I
T')"FIE input TYpE Itrimf j
Paams [EELLE!
Fange |[-3.1 4314]
Display Range |[-3.1 47314] Help | Cloze |
Selected variakle "errar”

Puc.4.11.
JJis1 mepeMeHHO# «CKOPOCTh» aHAJIOTUYHO OTPEILIISIEM TEPM-MHOKECTBO
sHaueHuii: Z = [-4 0 4]; PS =[0 4 20]; PL = [4 20 42 58] u cuMMeTpUYHbBIC UM

oTpullaTeIbHbIe 3HaUeHU (puc.4.12).



<) Membership Function Editor: Untitled2
File Edit “iew
FIS ‘“ariables Memmbership function plots R0t points: 181
ML M= z P= PL
1
@I u
. 05 - B
speed
0 1 1 T 1 T 1 1
-40 -30 =20 -0 a} 10 20 30 40
input variable "speed"
Current Variahle Current Membership Function (click on MF to select)
Mathe speed Mame I £
T\:I.-F]e |npu‘t T'j"pE Itrlmf j
Params I [-10010]
Fange |[-4c| 40]
(sl (e |[-4u 40] Help | Close |
Renaming MF 5 to "PL"
Puc.4.12.

3HavueHUs1 BBIXOAHOUW mepeMeHHO sl peryistopa CyreHo ompenesseM B

Buje matu konctant UL, nUS, UO, US, UL (nUL =-27, nUS =-13) (puc.4.13).

<)} Memberzhip Function Editor: Untitled2

File Edit ‘“iew

FIS “ariables

XX

errar

fu)

U

speed

Membership function plots  Piot points:

niL

nJs
ue

s

L

output wariable "u"

Current Wariakle
Mame

Type

Range

Display Range

u

output

|[-2? 27]

Current Membership Function (click on MF 1o select)

Mame

(1}

Type

Patrams

—

Help | Cloze |

Changing parameter for MF 1 to 27

Puc.4.13.




Hanee HeoOxoaumo chopMupoBaTh 0a3y 3HAHUN, TTPEICTABIISIONIYIO COOO0M

npaBuia BeIBoJA. C 3TOM LETBbIO OTKPBIBAEM PEAAKTOP MPaBUIL:

Edit -> Rules

4
U 3a7aeM 13 mpaBuI1 onpeeieHHbIX B Tabnule panee (puc.4.14).

<} Rule Editor: Untitled? - O] x|

File Edit “iew Options

M ferrar iz 21 and (speed iz 21 then (u iz U0Y (1) ;l
A (error iz £ and (speed is PS) then (uis nldS) (1)

M Cerrar iz 21 and (speed iz PL) then (uis nldL (1)

M Cerrar iz 21 and (speed iz MNS) then (u iz UZ1 (1]

M Cerrar is Z) and (speed is ML) then (uis UL (1)

f (error iz PS) and (speed is MS) then (uis U0Y (1)

M Cerrar iz PEY and (speed iz £ then (wis nld=101)

M Cerrar is PEY and (speed iz PS) then (uis nidL (1)

A (error iz PLY and (speed is Z) then (u iz ndL) (1)

10, 1f (error iz NS) and (zpeed iz NS then (uiz UL (1)

11, If (error iz NS) and (zpeed is Z1then (u iz US) (1)

12 If (error is NS) and (speed is PE) then (uis U0 (1)

13. If (error iz ML) and (speed is Z) then (uiz UL (1) ;'

[ I R R AT

[I=]

If and Then
etrar is speed iz Uiz

ML A | m -

M5 [k 1=

Fs P= nbs
FL PL niL
rone none rone

I_nnt |_nDt rnnt

Connection Wigight:
& or

' and I 1 Delete rule

The rule iz added

Change rule | ~=c~=c| r-r-|

Help | Cloze |

Puc.4.14.

ChopmupoBaHHBIi TakuM OOpa30M HEUYETKUM PEryasaTop HeoOXO0IuMO
COXpaHUTh B (aiine Tekyuiero pazzaena. C 3TOU LIEJbIO BBINOJHIEM B KOMaHIHOM
OKHE CJIEYIOLIYIO TIOCJIE0BATENBHOCTh KOMAHI:

File -> Export -> To File

[locre coxpaHeHusi HEYETKOro peryistopa B Qailie ero HeoOX0AuMo

9KCIIOPTUPOBATH (TIepeHecTH) B pabodee npocTpancTBo - Workspace:

File -> Export -> To Workspace



Takum oOpa3oM HeueTKUW peryniarop cQOpMHUpOBaH U TOTOB K
UCIIONB30BaHUI0 B pabodueil Mojenu cheAsmero npuBoaa. Jias BriIroueHus
HEYeTKoro peryinsaropa B mozaenb JCII, HeoOXoauMo nepeHecTu u3 OUOIUOTEKU
Fuzzy Logic Toolbox cootrBercTBytOMIIYyI0 MTUKTOTpamMmmy «Fuzzy Logic C40ntroller>>
B 00J1aCTh MOJIEJIH, BBITIOJHUB MPHU 3TOM HEOOXOUMbIe KoMMyTaluu (puc.4.15 u

puc.4.16).

=] Simulink Library Browser = 0] x|

File Edit “iew Help

JJD = = JJIEntersearchterm jﬂ L‘%L

Libraries Library: Fuzzy Logic Toolbo | Search Results: (none) I Mozt Fregu 4| #
i ED&ta.&cqwstn Taolbox . Membership , ,I':l:lh | Fuzzy Logic
i+l Tgh| ED Simultar Link Functions Controller
+- T Embecided IDE Link
N e v | e Tl Fuzzy Logic C-
Fuzzy Logic Toolbhox 3
E| E y odle 0000 i "III):::{IH" antroller with. ..

~Membership Functions
E Gauges Blockset

_ E Image Acquisition Toolkbox
E Inztrument Control Toolbox

Puc.4.15.

" |
1
ﬂ;—pu omega Scope
Constantd
_ I B - [
Fuzzy Lagic

Controller LPT Scopel

Puc.4.16.

JIns BKJIFOUSHHST Pa3pabOTaHHOTO HEUYETKOTO PEryisiTopa HEoOXOIUMO B
napameTpax monyisi «Fuzzy Logic Controller» ykaszate uwmsi, koTopoe OBLIO

IPHUCBOCHO PEryIsATopy mpu sKkcnopTupoBanuu ero B Workspace (puc.4.17).



E! Function Block Parameters: Fuzzy Logic Controller X

—FI3 (mask) (link)

FIS

—Parameters

FI5 file or structure:

I kukorial

o iCancel | Help Apply

Puc.4.17.

JIs1 OLIEHKHM XapaKTEPUCTUK MPUBOJA C HEUETKHUM PETYIISITOPOM, ITPOBEAEM
pacuer nepexoaHbIX MPOLECCOB MPU OTPAOOTKE BXOJHOIO CUTHaNA (CTYNEHbKH) B
1 pan. Ilepexomgnwie xapaktepuctuku OCII ¢ CHHTE3UPOBAHHBIM PETYISITOPOM

noka3ansl Ha puc.4.18 (a) u (0).

Puc.4.18 a, Puc.4.18 6

AHanmu3 nepexoassix mnponeccoB B DCII ¢ cMHTE3MpOBaHHBIM HEUETKUM
pPEryJATOPOM TO3BOJIAET CJAENAaTh BBIBOJ O TOM, UYTO IMEPEXOAHBIN Mpoliecc
3HAYUTENIPHO 3aTSHYT, NPUYEM OYEBHJIHO, YTO TMPUUYMHOW DTOrO SBIISIETCS
nyJibcalisd yOpaBisONIero HampsbkeHuss oT +27B go 0 Ha HayalabHOM JTare

ynpasienus (puc.4.19).



0.0z 0.04 L LI 0.08

Puc.4.19.

[IprunHOM BO3HHWKHOBEHHMS ITyJIbCALlMK YIIPABISIIOIIETO HAIPSIKEHUS HA
HAYaJIbHOM YYacTKe OTpaOOTKH BXOJIHOTO BO3JCUCTBUS ABISETCS HEAOCTATOYHOE
KOJIMYECTBO IMpPaBUJ, ONPEIEISIOMINX BBIXOJAHOE HANPSHKEHHE B 3aBUCUMOCTH OT
3HAYEHUN BXOJHBIX CUTHAJIOB.

[lynbcanuy HaYUHAIOTCS TPHU JOCTHXKEHUH JIBUTATEIEM CKOPOCTH 4paj/c
npu emle O00JbIIoi OmMOKe, MOCKOJIbKY JJI YKa3aHHBIX 3HAYEHUN NMEepPeMEHHBIX
«OIIMOKa» U «CKOPOCTh» HE 3aJlaHbl MPABUJIA, BBIXOJl PETYJIATOPA B 3TOM ClIydae
NPUHUMAET HYJIEBOE 3HaYEHUE.

JUist ycTpaHeHus 3TOro HelocTaTka J100aBUM B OJIOK MPaBHII CIEAYIOIIHE
MpaBUIIA:

- eClIM «OUMOKa» TOJIOKHUTENbHAass  OoJipllasi, TO  YHPABICHUE
MOJIOKHUTEIIBHOE OOJIBIIIOE MPH JIFOOOM 3HAUEHUU CKOPOCTH.

- ecnmu  «omuOKa»  oTpullaTeldbHas  OoJblias, TO  YIpaBJICHUE
OTpHUIIATEIHFHOE OOJIBIIIOE TIPH JIFOOOM 3HAUYEHUH CKOPOCTH.

JlomonHeHHBI OJIOK TIpaBui OyIeT HWMETh BHJ, NPEICTABICHHBIN B

tabune (Tabnuia 4.3).



Tabmauma 4.3

omuoka
NL NS PS PL
NL |-UL UL UL
NS |-UL uo usS UL UL
CKOPOCTb Z |-UL -US uo uUS UL
PS |-UL -UL -US uo UL
PL |-UL -UL UL

Pacuernbie xapakrepuctuku OCII ¢ MoaumbuuupoBaHHBIM HEUETKUM

PETyJIATOPOM IpeACTaBIIEHBI Ha puc.4.20.

Puc.4.20.a.

Puc.4.20.6

JlnarpamMma W3MEHEHHS YIPABILIIOLIETO BO3JICUCTBHS IPUBEACHA Ha

puc.4.21.

Puc.4.21.




CpaBHHTeHBHLIﬁ aHaJIn3 MCPEXOAHBIX IMPOUCCCOB CBUACTCILCTBYCT O TOM,

YTO IIOJYYCHBI 3HAYUTCIILHO J'Iy‘—IHII/I619.apaKTCpI/ICTI/IKI/I, OIHAaKO BHU/IHO, YTO IIpH

YMCHBIICHUH OIHI/I6KI/I, CKOpPOCTb C6paCI>IBaCTCH CJIMIIIKOM 6I)ICTp0, HN3-3a 3TOIo

IIEPEXOIHBIN MTPOLECC IO MPEKHEMY OCTAETCS 3aTAHYTHIM.

4

I{J’ISI KOPpCKOUN J3TOro HUCIIpaBHUM B O10Ke IMpaBuJI ABa IIpaBHIIA,

COOTBETCTBYIOIIME YKAa3aHHOM CUTyalldd B CTOPOHY YBEJIMYEHUS] YPOBHS

YIPaBISIONIET0 HanpsDKeHUs (Tabnuua 4.4):

Taomuna 4.4
omroka

NL NS Z PS PL

NL -UL UL UL

NS -UL -US us UL UL

CKOpOCTh | Z -UL -US uo US UL
PS -UL -UL -US usS UL

PL -UL -UL UL

HtoroBsie mepexoHbIE MPOLIECCHI

puc.4.22.

HUMCIOT BHA, HpGI[CTaBHCHHBIfl Ha

JnarpamMma UW3MEHEHHUS

puc.4.23.

Puc.4.22 (a)

YIPABJISIOLIETO

Puc.4.22 (6)

CUrlaja MmpcaCTaBJICHA Ha




Puc.4.23.

AHalIN3 MEPEXOIHBIX MPOLECCOB MO3BOJSET CAENATh BBIBOJ O TOM, 4YTO
chopMUpOBaHHAs CHCTEMa YMPABJICHUSI C HEUETKUM PETYIATOPOM OOeCreyrBaeT
nepexoaHble TMPOIECChl TpH OTpabOTKE OOJIBIIMX YIJIOB PaccorjacoBaHUS,
OJIM3KKE K ONTUMAJILHBIM IO OBICTPOJEHCTBUIO. BuJ UTOroBoW MOBEPXHOCTH,
dbopmupyroliel ynpapisioniee BO3JACHCTBUE B 3aBUCUMOCTH OT COCTOSIHHS
0o0BeKTa yIpaBJIeHHs MpeCcTaBieH Ha puc.4.24.

=10 x|

<} Surface Yiewer: tutorial
File Edit “iew Options

error 40 speed

X (input): I e - I N (imput ) I speed - I Z [outpt]): I " - |

X gricls: |15 i gricls: |15 Evaluate |
Ref. Ingput: I Plot poirts: |:1|31 Help | Cloze |

Ready

Puc.4.24.



[IpakTrueckoe 3ansATHE S

CTpyKTypa TEXHHYeCKOr0 HeiipoHa

[o ananoruy ¢ HEPBHBIMH KJIETKAMHU TOJIOBHOTO MO3Ta, KOTOPBhIE MOTYT OBITh
BO30Y>KJIEHBI WJIM 3aTOPMOYKEHBI, KaKIbli HEMPOH, KaK TUIIOBOW AJIEMEHT CETEBOU
CTPYKTYpBI, XapaKTEepU3YyeTCs CBOMM TEKyLIMM cocTosHreM. OH oOiamaer rpymmon
OTHOHAITPABJICHHBIX BXOJHBIX CBSA3EW - CHHAIICOB, COCIMHEHHBIX C BBIXOAAMU JPYTUX
HEWPOHOB, a TAK)KE€ MMEET BBIXOJHYIO CBS3b JAHHOIO HEWPOHA - AKCOH, C KOTOPOM
curHasn (Bo30yXKAEHMS WIM TOPMOXKEHMs) IOCTYIaeT Ha CHHAICHl CIIEIYIOLINX
HelipoHoB. OO BUJ HEWpOHa MpUBeE/IeH Ha puc. 5.1.

X2

Bbixoa
Xs F ———o
Y
N AKCOH
Avyerika
HenpoHa
Xn
a)
X1
Xz
Bbixop
Xa
AKCOH
Avyenika
X HerpoHa

Puc. 5.1. HeiipoHHslii 371eMEHT, a)pa3BepHyTast U 0)COKpaIeHHas cXxema.

YpaBHeHue, ONMHUCHIBAIOIIEEe padOTy OTIETLHOTO HEHpOHa!



S:Zn:wi-xi+b0 :

i=1 (5.1
Y = F(S),
(5.2))
rne, Xi,X2,...Xn - KOMIIOHGHThI BEKTOpa BXOJHOTO CHTHaja, Wi,Wp,...Wn —

k03 uImeHTsl mepenaya Mo KaxaoMy BXOAy (KO3(QQHUIIMEHTH CHHANTHYECKON
CBsi3M), by — HavanbHOE BO30YXXIeHue HeipoHa, F — ¢yHkuus mpeoOpazoBaHus
HEHPOHA.

Kaxmas  KOMITOHEHTa  Bekropa  BXOmHOro  curHasa  X=(X1,X2,...,Xn),
HpeACTaBIsoNas OO0 BBIXOJHBIE CUTHAIbI JPYTHX HEHPOHHBIX AJIEMEHTOB WU
BXOJl CETH, YMHOXAC€TCs] Ha COOTBETCTBYIOIIMI BEC CBA3M BECOBOIO BEKTOPA
W=(Wy,Wa,...,Wn) U TOCTyIaeT Ha CyMMHpPYIOUMA 00K Q. Bec cBs3u sBisercs
CKSIPHOM BEJIIMYMHOW, IOJIO)KUTEIBHOW JUIA YCWIMBAIOIIKAX M OTPHULATEIBHOU
BEJIMYMHOM JIJI1 TOPMO3SIIINX CBSA3EH.

VYpoBeHb BO30YKIEHUSI HEHPOHHOIO 3JIEMEHTA PABEH:

S= Zn:Wi -X, WIK B BeKTOpHOM BHJIe S= W-X. (5.3)
i-0

[Ipu 3TOM cMmelieHre, KaKk MPaBUIIO, OMPEIEISIETCS 0CO00M - «HYIJIEBOW»
CBSA3BI0 BXOJI KOTOPOM paBeH |, Mpy 3TOM BEC COOTBETCTBYIOLIEH CHHANTHYECKON
CBSI3U YCTaHABIIMBACTCS PaBHBIM D.

BrixomHo# curHan Y onpeaensercst mpeoOpa3oBaHUEM CyMMBI S (pyHKITHEH
akTuBanuu F (B o01iem ciryyae HETMHEHHON)

Y=F(Y wix). (5.4)

AOcomoTHBIC 3HaYeHUsS BecoB Wi, 1=0,1,2,...,N, KaK IpaBUII0, MPUHAIJICIKAT
otpe3ky [0;1], 4To mo3BoJsIeT N30€KaTh OOJBIINX BXOIHBIX 3HAYCHUHN JJIs1 IPYTUX
HEUPOHHBIX DJIEMEHTOB.

Heliponnas ceTb, mosyyaroujasi Ha BXOJ€ HEKOTOpPBIM CHUTHAJ, CIOCOOHA
IIOCJIE MPOX0JIa €ro 10 HEMPOHAM BbIJIaBaTh HAa BBIXOAE PE3YyJIbTAT, 3aBUCSIIMMN OT
BECOBBIX K03(D(UIIMEHTOB BCeX HEHPOHOB, M CMEIICHUS - Do (TTOpor) HEHPOHHOTO
3JIEMEHTA, XapaKTepU3yIolIee CMEIeHUE (PYHKIIMHM aKTUBAIIMU 10 OCH adCIuCC.

OOyueHne HEWPOHHOM CETH €CTh HE UTO MHOE, KaK «HACTpanuBaHHE)» BECOBBIX
ko3 PuIMeHToB Ha  TO, YTOOBI  OMNpPEACIICHHOMY BXOJHOMY  CHUTHAIy
COOTBETCTBOBAJI ONPEAEIECHHBINA BBIXOAHON CUTHA.

[Tpumepsl peasinzauu JOrH4eckux QyHKIUN (HopMabHBIM HEHPOHOM.



JIByXBXOJIOBBI HEMPOH C €IUHUYHBIMH KOA(P(PUIUEHTAMH CUHANTHYECKUX
cBs3eit (W1=1, wp=1), uMeronuii moporoByro PyHKIIHIO aKTUBAILINH:

S:W1'X1‘|'W2'X2+bo;
y=1ecmn S>0; 4 (5.5)
y=0,ectu S<O0.

peanu3yer:
e (yHKIMIO JOTHYECKOro yMHOXeHus «» mpu by = 2;
e (GyHKIUIO Jornueckoro cioxenus «JINy» npu.

Helipor ¢ ogHUM BXOJIOM W BECOBBIM KOdhdUIMEHTOM Wi=- peanusyem
dbynkuuio norudeckoro orpurianus «HE», mpu by = 0.

DYyHKIUM AKTUBALMU HEHPOHHBIX 3JIEMEHTOB

HaubGonee pacnpocTpaHeHHbBIMU (DYHKIMSIMH aKTUBALUHA, HEJITUHEHHBIMU
YCWINTEIIbHBIMA XAPAKTEPUCTUKAMU HEUPOHHOTO AJIEMEHTA WM MEepeaaTOYHBIMU
GYHKIUSAMU ~ SIBJISIIOTCSL  CIICAYIOIIME:  TOPOroBas, CHUTHYM, JIOTMCTUYECKas,
rurnepOOIMYECKUii TaHTeHC, JIMHEHHAs, JIMHEHMHAs OrpaHWYeHHAs, paauaibHas
OasucHas u ap.

1. Iloporomas OwHapHas (QyHKIHS — 3TO (QYHKIUS, UISI KOTOpPOM

HCHPOHHBIN DJIEMEHT OCTACTCS HEAKTUBHBIM JI0 JOCTH)KEHHUS BXOJOM ITOPOTOBOTO
3HaYeHus Sy (puc. 5.2).

0,S<S,

Y(s)=
() 1,S>S,

(5.6)

Ecmu Sg=0 , To Ounapnas moporoBas (GyHKIUS Ha3bIBACTCS €IUHUYHOU
¢dyHKkmel akTuBanuu ¢ xectkum orpanndenuem (hardlim(S)).

0.3
0.6
04

0,24
i]

T T T T S
-0 0 So 20 40 i

Puc.5.2. bunapnas noporoas ¢pynkius hardlim(S)



2. Curaym, wim moaudunmpoBanHas noporosas ¢yakmus hardlims(S)
J1s1 KoTopoit 3HaueHue So=0 (puc. 5.3), 3a1aeTcsl ypaBHEHUEM

—l, S< SO
Y(s)={ 0,S=0 ‘
1,S>S, (5.7)

0,5 =

-0,5 =
1

-1,5

Puc. 5.3. ®yukmus curaym — hardlims(S)

3. CurmouaHas WM JorucTuyeckas QyHkmus (S-oOpa3Has, UMeEroas 1Be

TOPHU30HTAJIbHBIC AaCUMIITOTEI U OAHY TOYKY Hepem6a).

OnHoit U3 Hambosee pPacHpOCTPAHEHHBIX, SIBISCTCS HEIUHEHHAs (QYHKIIUS
aKTHBAIIMM C HACBHIIIEHHMEM, Ha3bIBaeéMas JIOTUCTHYECKOW (yHKIMeH, uiu
CUTMOUJIOM:

1 1
1+  l+exp(—c*S)

F(S)= (5.8)

IIpu ymeHblIeHHMM TapaMeTpa € CUTMOMJ CTaHOBHUTCS OoJjiee TMOJOTMM, B
npenene, npu ¢ = (0 OH BBIPOXKIIAETCS B FOPU3OHTAIIBLHYIO JIMHUIO Ha ypoBHE (.5. [Tpu
YBEJIMUEHUM TIapaMeTpa ¢ CUTMOMWJI TI0 BUIy MPUOIIMHKAETCS K (PYHKIMH €MHAYHOTO
ckauka ¢ moporom T B Touke S = 0. 13 BbIpakeHUs1 17151 CATMOHIA OYEBUIHO, YTO
BBIXOJIHOE 3HaYCHHE HEHpOHa JeKUT B Auamna3one [0,1] (puc. 5.4).



Oy

Puc.5. 4. Jloructuaeckas pyukmms 10gsig(S).
B o0miem cirydae toructudeckast pyHKIUS ONPEENIeTCs] YPABHCHUEM:

1
T 1+exp(—c-(5—5sg))’

Y (8)

rac So — 3HA4YCHHC CMCIICHMHII. Ecan 3naueHue KOB(i)(l)HHI/ICHTa ¢ BCJIMKO, TO

rpadguk oOmed JIOrucTHYeCKOW (DYHKIMK MPUOIMKAETCA K MOPOroBoi (hyHKUIUU
(puc. 5.5).

0,8 4
0.6
0.4 4

0,24

A

Puc. 5.5. O6uas noructuueckast QyHKIMS

OnHO U3 1IEHHBIX CBOMCTB CUTMOUIATLHON (DYHKIIUY 3aKITIOYAeTCsl B IPOCTOTE
BBIPAKECHUS IS €€ MPOU3BOJHON:

F'(S)=c*F(S)A-F(S)) (5.9)

Crnemyer OTMETHUTh, UTO cUTMOMIANTbHAsA (GyHKIMS TuddepeHimpyeMa Ha Bcei
ocH abCImce, 9TO UCTIONB3yeTCsl B HEKOTOPBIX alroputMax ooydenus. Kpome toro, ona
o0J1azaeT CBOMCTBOM YCHIICHHSI MJIBIX CUTHAJIOB U MPEIOTBPAICHUS HACBIIICHHS OT
OOJILIIINX CUTHAJIOB, TaK KAaK OHM COOTBETCTBYIOT OOJACTSIM apryMEHTOB, TJIe
CHTMOM]T IMEET MOJIOTUI HAKJIOH.



bunonspnas curmounnas Gyukmus (puc. 5.6), ypaBHEHHE KOTOPO
B 2
1+ exp(—c-s)

IIPUHUMAET 3Ha4eHHs B quana3one (-1; 1).

-1,54

Puc. 5.6. bunonspuas noructuyeckast GyHKIUS

5. T'unepOosnueckuii TaHreHc (puc. 5.7) aHaIOTMYEH OUMOJSPHOU

JOTUCTUYECKON (yHKIMH O€3 CMEIICHUS U SBISCTCS CUMMETPUYHOU (hyHKITUEH
(tansig(S)):
_exp(c-s)—exp(—c-s)

exp(c-s) +exp(—c-s)

Y (s)

_],5_

Puc.5.7. 'unepbonuueckuii Tanrenc tansig(S)

4. JlunelHas (GyHKIUS aKTUBALMHU, YPAaBHEHHE KOTOPO
Y(s)=k -s,

rae K — yrioBoii koa(h(UIIMEHT HAKJIOHA MPSMOMH, MpecTaBieHa Ha puc. 5.8

(purelin(S)).



-15 -1 -05 5] 0,5 15 1

Puc.5.8. Jlunetinas ¢pyukius purelin(S)

6. JIuneitHas, orpaHUYeHHas Ha OTpe3ke [-a; 8] (yHKIMs akTUBauuu (puc.

5.9) onpenensercs mo popmyie:

p,s>a
Y(s)=4 —p,s<-a
S,—ass<a

e P, Kak npaBuiio, paBHo eaunuie (satlin(S)):

i
1,5
1 -
054
| | T 0 | T I 5
-3 -2 -1 - 5 1 2 3
-1 4
-1,5-

Puc. 5.9. Jluneitnas orpannuennas ¢pynkius satlin(S).

7. PanmansHo-0asucHas ¢yHkinus aktuBanuu (radbas(S)) xapaxrepusyercs
¢bynakuueir 'aycca a1 HOPMAIbHOIO 3aKOHA PACIPENCICHUS, B COOTBETCTBHH C

KOTOPOU:

Y(s)=exp( 2],
2.0




e o — CpeaHEeKBaJpaTUYHOE OTKIOHEHHE, XapaKTepU3yIoIlee KPYTHU3HY
panuanbHO-O0a3ucHoM GyHkiuu (puc.5.10). Benuumna S omnpeaensercs B
COOTBETCTBHHM C E€BKJIHMIOBBIM PACCTOSIHHEM MEXIy BXOJIHBIM U BECOBBIM
BEKTOPAMH: 4

n
S=IX-WIP=| (% —wi)?
i=1

CT::}CTI

oy

[ I T I I I S
-15 -10 5 0 5 10 15

Puc. 5.10. PagnaneHo-0a3ucHas pynkmus radbas(S)

MHoroMepHble  paAvaibHBIE  pacrhpeieSieHUs] TMO3BOJISIIOT — MPOU3BOJIUTH
MHOTOMEPHBIN aHAJIU3 MyTEeM CBEICHHUS €ro K aHAJIM3y OJHOMEPHBIX CUMMETPUYHBIX
pacrpeielieHnid, TaKMX Kak MHOTOMEPHOE HOPMAIBbHOE paclpeieiieHHe WIH
pPaBHOMEPHOE B IIape C IEHTPOM B Hauasie KOOPAUHAT.

B 3akimoyeHMHM MOXHO OTMETUTh, YTO HAa HAa4YaJbHOM CTaJud PA3BUTHUS
HEMpOHHBIX ceTeil (B 4YacTHOCTH, Mozaenu HedpoHa MakKamnoka u Ilutrca)
UCIIOJIb30BATUCH TOPOTOBBIE (PYHKLIMH.

B Hacrosiiiee Bpems galie BCEro UCTONB3YeTCsl CHTMOUAaIbHAs (DYHKIINS, JTHOO
GbyHKIMS TUTIEPOOIMIECKOTO TAHT€HCa.



[IpakTrueckoe 3ansTue 6
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CuHTe3 HelIPOHHOM CeTH ISl pelieHUs] HOPMAJIbHOM CHCTEMBbI

g pepeHIMAIBHBbIX YPABHEHU T

®opmupyembie HC >¢dekTuBHBI TpU pelIeHUH 3ajay, ISl KOTOPbIX
UMeeTCs XOopomio ChOPMYIUPOBAHHBI B HEHPOCETEBOM 0aswWce aaropuTM
peteHusi. BeraucnurenbHas MaTeMaTHKA CIICIIHAIA3UPYETCS Ha pa3pabOTKe TaKUX
METOJIOB pEelIeHUs 3a/1a4, KOTOpbIe MOTYT ObITh peain3oBaHbl Ha IBM. bazoii nms
MHOTHX METOJIOB, pPa3paOOTaHHBIX BBIYUCIUTEILHOM MaTEMaTUKOM, SBIISIETCS
anmpokcumanus QyHkiuuid. B obmem Buje uaC anmpokCUuManuu (QyHKIHH

MOXHO IpEACTAaBUTD CICAYIONINM BbIPA)KCHUCM:

y(X) = Zai(ﬂi (X).
(6.1)
@,(X)

Boi6op 0asucHbIx (QyHKIUH B IIPUBEICHHOM BBIPAXKECHUU
onpenensieTcsi O0COOCHHOCThIO pEIIaeMON 3aJadyd, HCHOJIb3yEMbIM METOIOM,
OMBITOM pa3paboTYMKa M €ro TEXHUYECKUMHU BO3MOXKHOCTSAMU. HerpynHo
3aMETUTh, YTO JTO BBIPAXEHHE TIPU OMpeAeNeHHBIX ¢;(X) OmUCHIBaeT
oanocnoinyto HC.

3HayuTeNbHO O0JIbIIE (PYHKIIMOHATIBHBIX BO3MOXHOCTEN MOKHO MOTYUHTb,
€CJIM KCIOJIb30BaTh JJI anmpoKCUMaluu (YHKUUA MHOTOCIOWHBIE HEHUpPOHHBIE

ceTd. Tak, anmpoKCUMAIIUs ¢ TIOMOIIBIO ABYXCIOMHONW CETH MOXKET OBITh 3amrcaHa

B CJICAYIOIICM BU/IC:

y(x) = f, ZWZi f; Zwljxj
i i

(6.2)



[TockonbKy Hetipocemesoll 6asuc TPEACTABISET COOOM  OTEPAIHIO
HEJIMHEWHOTO PeoOpa3oBaHusl B3BEIICHHONW CYMMBI, TO €CTECTBEHHO FTOBOPHUTH 00
3G ()EKTUBHOCTH peanu3ali METOJIOB BBIYMCIUTEILHONM MaTeMaTUKUA IpU
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pellieHny 3a7a4 ypaBiIeHHUs] TMHAMUYECKIMH 00bEKTaMHU.

B Teopum M mpakTHKE CHCTEM YIPABICHUS [JIs1 MOBBIIICHHUS KayecTBa
MPOCKTUPYEMBIX  TEXHUYECKUX YCTPOMCTB LIMPOKO  HCMOJB3YIOT  OJOKH
anmapaTHOTO0 W/WJIM TMPOTPAMMHOTIO HHTETPUPOBAHUS U AU(EepeHIUPOBAHUS
CUTHAJIOB, OJIOKM ammapaTHOM W/MJIM MPOrpaMMHOM anmpoKCUMaluu (DyHKIHH,
OJIOKU PELICHHS CUCTEM aJIreOpanyeCcKuX JTMHEHHBIX WM HETMHEHHBIX YPABHEHU.

Tak, Hanpumep, B cucTeMax OeciIaTPOPMEHHON UHEPIUATBHON
HABUTAIlMK U OPUEHTAIMM MNPUHIUIHAILHO HEOO0XOJUMO HWHTEIPUPOBATh
KMHEMaTUYECKUE YpPaBHEHUS MO [AaHHBIM, MOJIy4aeMbIM C JIaTYUKOB YIJIOBOM
CKOPOCTM M JaTYUKOB JIMHEHHOIO YCKOpEHHUs (aKcelnepoMeTpoB). ITO
UHTETpUpOBaHueE JI0)kUTCs Ha OoproByro YLIBM. Kpome Toro, B Takux cucremax
YIBM noikHa pemaTs 3aa4y NpeoOpa3oBaHusl KOOPAUHAT, YTO BCErAA CBSI3aHO
C BBIYUCIICHUEM TPUTOHOMETPUYECKUX U OOpaTHBIX TPUTOHOMETPUUECKUX
byukiuit. Takum oOpazom, o6mias pasmepHocTh pemaeMoit YIIBM cucremsl
ypaBHEHUH 17151 00ecrieyeHs] KaueCTBEHHOTO YNPAaBJICHUS MOJIETOM JIETaTEIbHOIO
ammaparta B OTACNbHBIX cirydasx coctasisier 100-120.

Crnenyet 0co00 BBLACIUTH TOT (PAKT, YTO B HACTOAILEE BPEMS CIICLIMATIACTHI
[0 CHUCTEMaM YIpaBJeHHUs pa3padaTbiBalOT HOBBIE METOJbI aHallM3a, CUHTE3a
CHUCTEM, OPUEHTHUPOBAHHBIE HA TPOTPAMMHO-ANNApPaTHYIO peanusanuio Ha [[BM. B
YaCTHOCTH, K TAKUM METOAAaM MOKHO OTHECTH CHEKTPaJbHbIE METO/bl, METOJbI
IPOCTPAHCTBAa COCTOSIHMM. Peanmuzamust STUX METOIOB B 0OLIEM ciydae
npeanojaraeT NpuMeHEeHUe onepauui HajJ MaTpUllaMu, KOTOPbIE B CBOIO OYEpEb
CBOJATCA K apumernyeckuM. PasMepHOCTh MAaTpHIl IPU OMUCAHUH COBPEMEHHBIX
CUCTEM YIIpaBJICHMsI, KaK MPaBHJIO, OUYEHb OoJsblIasi. DTO OTKPHIBAET IIMPOKHI
GpoHT ISl MccheOoBaHUS BO3MOXKHOCTH pEaM3alUMU YKa3aHHBIX aJTOPUTMOB

yIpaBJICHHUs] B HEMPOCETEBOM Oas3uce.



Kak yxe ormedanoch, HeillpoceTeBol ©0a3uC MpeAcTaBiIsieT CcoOoun
ONEpalMI0 B3BEHICHHOTO CYMMHUPOBAHMUSI HECKOJIBKHX BXOJHBIX CHUTHAJIOB C
MOCJICAYIOIIMM  TIpeoOpa3oBaHUEeM JATOM CYMMBI  IOCPEACTBOM  (DyHKIHEH
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aKTUBAIMU (POPMATBHOTO HEMpOHA, KOTOpask MOXET OBITh KaK JIMHEHHOW, TaK W
HEeJIMHEMHOUW. PaccmoTpuMm, B KakOoW MeEpEe YHMCICHHBIE METOAbl PEIICHUS
nuddepeHanbHBIX YpaBHEHUH MOTYT YAOBJIETBOPATh HEHpOCETEBOMY OasuCy,
KaKyl0 TpH 3TOM HEOOXOAMMO HMETh (YHKIIMIO aKTHUBAllUHA, KakoBa OyeT
tomtoyiorust HC.

C uenpl0 yYNPOIICHHWS BBIKIAIOK PACCMOTPUM ClIydald CTallMOHApPHOMN

CHCTCMBHI.

6.1. I/IHTeI'pI/IPOBaHl/Ie CTAIUOHAPHBIX CUCTEM

auddepeHMATBHBIX YPABHEHU I

[lycTh 3amaHa HopmanbHas cuctemMa n AU depeHIraIbHbIX YpaBHEHUN

MEpPBOrO MOpsJIKa

Y(t)=A-Y(t) 63)

rae A - KBajgpaTHas MaTpulla MOCTOSIHHBIX KO3 (GUIIMEHTOB pazMepa NXN; Y - n-
MEPHBIA BEKTOP NCKOMOMW (DYHKIIMH apryMeHTa t

Xopomio W3BECTHHI PA3MYHbIE BapUaHThl AHATUTHYCCKOTO PEIICHHS
cuctemsl (6.3), onpenenseMble BUIOM KOPHEH XapaKTEPUCTHUYECKOTO ypaBHEHUSI.
IMeHHO Hanmn4re BapUaHTOB M 3aTPYIHAET pa3pabOTKy €IMHOTO METO/Ia PEIICHUS
IIPOU3BOJILHOW CUCTEMBI.

O6o00meHHOe TPHOTMKEHHOE pelieHne cuctembl (6.3) YHUCIEeHHBIMU

Metonamu Pynre-KyTTa MOXKHO IPEACTaBUTh B CIAEAYIOIIEM BUJE:

Yi+1 - exp(hA) °Yi (6.4)

rae h - mar uHTerpupoBaHus, a i - ero HoMmep.



OneMeHTHl ~ MaTpu4HOW  dSkcroHeHTH  exp(NA) -  TWOCTOSIHHBIC
ko3 umeHTsl. MaTrpuuHasi 5SKCHOHEHTa 10 OMpPEIEICHUI0 MOXET ObITh

pasnoxxeHa B pas MakiiopeHa:
4

exp(hA) = E + Ah +%(Ah)2 +%(Ah)3 +...

[IpousBenenue Bexkropa Y; Ha pas3iokeHHe ITOU IKCIIOHEHTHI B CTEIIEHHON
psn MakiiopeHa €CTh HE YTO MHOE, KaK B3BelleHHOoe cyMmupoBaHue. [losTomy
UTEpalMoHHbIA  mpouecc (6.1) TMOJHOCTBIO  yHOBIETBOPSIET TpPeOOBAHUSAM
HelipoceTeBoro 6asuca. Y aepkuBasi B pa3jioKEHUU SKCIOHEHTHI JBa, TPU, YEThIpe
u Oornee 4YIEHOB (BKIIOYAS €IWMHHUIY), MOXHO IMOJYYUTh HEUPOCETEBYIO
peanuzanuio pemerus cucteMsl (6.3) meronamu Pynre-Kyrra mepBoro, BTOporo,
TPETHETO U OOJIEE MOPSIIKOB AMMPOKCUMALINH.

Peanuzanus nporiecca YMCICHHOTO HHTEerpupoBanus (6.1) Bo3MoKHa B TOM
cllydae, €clii HEHpOHHas CeTb CUHXPOHHAas, a (YHKUIUU aKTUBALUU HEUPOHOB -
nuHelinple. Onementhl Matpuubl A (ajk,j, k = 1,2,..,n) onpenensior cBa3b
MEXIy KOMIoOHeHTaMu Bektopa Y (Vi,V,, Vs, ...Yy) B IPIMOM HampaBicHUU (OT
Y1 KV, - Ay U m.0.), BOOpAaTHOM (OT Y, K Y1 - Ay, U T. I.) © CAMOT'O KOMITOHEHTA
Ha ce0s (3J1eMEeHThI TJIaBHOM AuaroHanu matpuibl A). [loatomy nis HelipoceTeBon
peanu3auuMyd  HEOOXOIMMO, 4YTOOBI  HEMpPOHBI B  CJOE, pEaATU3YIOLEM
uHTerpupoBanue no Qopmyne (6.1), coenuHsIMCh MEXITYy COOOW MO TPHUHIIUITY
CKKIBIA C KOKIBIM», BKIIFOYAs CBSA3b C BhIX0OJ1a HEMPOHA HA CBOM ke Bxoa. [aree,
MOCKOJIBKY Pa3MEpHOCTh BEKTOpa HUCKOMOW (yHKUMH Y HE 3aBUCHUT OT
UCIIOJIb3yEeMOT'0 YHUCIEHHOTO METOJ]la, TO YHUCJIO HEHPOHOB, HEOOXOAMMBIX ISt
UHTETPpUPOBaHUS cUCTeMbl (6.3), B COOTBETCTBUU C BbIpakeHueM (6.4),
OIpeIeNIIeTCsl pa3MEPHOCTHIO BeKTopa Y (B HaIIeM cirydae N).

PaccmoTpuM KOHKpeTHble Tipumepbl. Pemenue cucremsl (6.4) metoaom
OpsIMOYTOJIBHUKOB  (MeToni Pynre-KyTra mnepBoro mopsiika anmpoKCHMAaIluH)

WMEET BUJ

Y., =Y, +hA-Y,. 65



[IpencraBum nocieaHee paBeHCTBO (6.5) B CIEAYIOIIEM BU/JIE:

Y. =(E+hA)Y, =B,-Y;. (6.6)

rae E — equnnynas matpuma nxn, 4

Onementsl Matpuilel Bi=E+Ah ects mepBbie aBa uieHa pa3inokeHUs
maTpuuHoi sekcrioHeHThl eXP(hA) B cremeHHodt psa. g cucreMbl JBYX
ypaBHeHU#N (mpu N=2) BeIpaxkeHue (6.3) B pa3BEpHYTOM BHUJE NPUHUMACT

CHEYIOIINI BU:

Vi = 0y1Yy +05,Y, = @+ha,)y; +ha,y,;
Yoin = b21y1i + b22y2i = ha21Y1i + (1+ hazz)Yzi- (6.7)

VYpaBHeHus (6.7) coaeprkat JUIIb ONEPAlMU B3BEILIEHHOTO CYMMHUPOBAaHUS.
[lockonbKy pemiaemasi CHUCTEMa SBISETCS CHUCTEMOM [JBYX YypaBHEHUH, TO
BBIXOJIHbIE CHUTHAJIBI Y1,Y2 CHUMAKTCS C JABYX HeWpoHOB. Ilpu 3TOM BbIXOX
NEPBOrO0 HEHpOHa, KakK CleayeT U3 MNepBoro ypaBHeHUs (6.4), NOKEH OBITh
COEMHEH CO BXOJIOM 3TOTO K€ HeHpoHa yepe3 CHHANTHYECKHH KOo3(p(ULUEHT
(1+hai1). Co BxomOoM BTOPOrO HEWpOHA MEPBBIA HEHPOH COCTUHSCTCS, Kak
ClielyeT W3 BTOporo ypaBHeHus (6.7), depe3 koadounment (hazi). Beixon
BTOPOrO HEHPOHA COEIMHAETCS CO BXOJAOM IIEPBOrO 4Yepe3 CHHANTHYECKUI
kodpdunuent ha;; w momaercs Ha cOOCTBEHHBIM BXoa uepe3 koddduimeHTt
(1+hayy).

[Tockonbky pemienue (6.7) - peKyppeHTHOE BbIpAKEHUE, TO HEHPOHHAsS
CeTh, peau3yIollas J3TO peIIeHUE, JOJDKHA OBITh CHHXPOHHOW, a HEHpPOHBI
JOJKHBI UMETh JIMHEHHYI0 CHMMETPUUYHYIO (DYHKITHIO aKTUBALIUU.

Ha puc. 6.1 npencraBneHa cxema COEAMHEHUS HEMPOHOB, peanu3yronias
perieHne cuctemsl (6.2) B COOTBETCTBUU C BhIpakeHueM (6.7). Ha atom pucyHke
Nel, Ne2 - HelipoHbI, y4acTBYIOIIHE B OMNEpallUd MHTErpupoBaHus. Brixomom
CETH SIBJIAIOTCSl CUTHANBI )1, )2. BXOJOHBIE CUTHANIBI (10 U J20 BBOJSAT B HEHPOHBI
HavyaJbHOE BO30YXKIEHHE, OHKBUBAJEHTHOEC HAYAJIbHBIM YCIOBUSM pPEIICHUs

cucTeMbl ypaBHeHUH. DyHKIMS aKTUBALMHU Y 000OMX HEHPOHOB - CUMMETpUYHAs



auHeHas Qynkuus. Cxema Ha puc. 6.1 sBiseTcs yHuUBepcalbHOM, Tak Kak
IpUMEHUMA IS JIIOOBIX CUCTEM JIBYX YpaBHEHUH. B KaKIoM KOHKPETHOM cCilydae

p33pa60TqHK AOJIDKCH BBCCTH JIMIIb KOHKPCTHBIC 3HAUYCHU A KO3¢)(I)I/IHI/ICHTOB Clij.
4

g Nei1
10 » J
2 y
o— x| |1 1
» ha, |’> X )
¢
g Ne2
20 > go
y2
»{ ha,, = X, f,
>[I~ % | %

Puc. 6.1. Cxema HC st uHTErpUpOBaHUS CUCTEMBI JIBYX

G depeHnrnanbHbIX ypaBHEHUN METOJIOM IPSIMOYTOJIbHUKOB.

Paccmotpum cuctemy Tpex ypaBHeHuwit (n = 3). Boipaxenue (6.3) B

CKJISIpHOU (popMe 3amucu JIJisl 3TOTO Cydasi UMEeT BUI:
Yii+1 = b1aV1i + b12Yai + b13ysis
Y2i+1 = D21Y1i + D22Y2i + Dasyai;
Y3i+1 = b31Y1i + D322 + b33

[Tocne 3amensr koaddunmentos bjj (i,j=1, 2, 3) B mocnenHemM BhIpa)keHUN
Ha 3JIEMEHTHI pa3jioKeHHs MaTpudHOi 3kcmoHeHThl exp(hA) B psaa Makimopena

MOJTYYUM:

Vi = (@+hay,) Yy +ha,y,; +haggysy;
Yoi = Nay Yy + (1+ha,,) Y, +hag,ys;

Yain = N8g;Yy; +hag, Yy + (1+hags) yy. (6.8)

3n1ech, Kak ¥ B Clly4ae CUCTEMBbI JBYX YpaBHEHUU B (6.5), MPUCYTCTBYIOT
JUIIb ONEPAMM B3BELIEHHOI'O CYMMMPOBAHHUS, CJEIOBATEIbHO, W OHA TOXKE

yIOBIIETBOPSIET HelipoceTeBoMy Oa3ucy. Ha puc. 6.7 nokazaHa cxemMa cOeIuHEHUs



HEHPOHOB I PEIICHUS] CUCTEMBl TPEX YPaBHEHUH METOJIOM MPSMOYTOJIHHUKOB.
HeTrpynHo 3amMeTuTh, 4TO MPHU az1, a3z, d33 , d23, A13, PABHBIX HYJIO, BRIPAKEHUS
(6.8) mepexoaar B BeipakeHue (6.7), a cieaoBaTeIbHO, M CXeMa, IMOKa3aHHAs Ha

4
puc. 6.1, mepexoauT B cXemy, IPEACTABICHHYIO Ha puC. 6.2

g Nei
L > 9
1
=1+ha11}> X, f11
2 o ha, |» % | X 1
3 o [ X,
Ll 13
y
1
g Ne2 Yi
e > 9 —>
1
> N3y % fll
2 w[Trhag~ % | = 2|
3 > Na,; X3 —>y2
9% Ne3 » J V.
0 3
Ll 31 11
2 » o, | > % | 2 3|
3 > 1+ha3;—> Xs

Puc.6.2. Cxema HC myist uHTErpupOBaHUS CUCTEMBI TPEX

nudepeHnnanbHbIX YpaBHEHUH METOI0M TIPSIMOYTOJIbHUKOB

Hcnonb3yst onuvcaHHBINA BHINIE MNPUEM, MOYKHO IOJYYUTh BBIPAKEHUS,
nono6HbIe (6.4) u (6.5), A1 CUCTEMBI C JIFOOBIM YHCIIOM YPaBHEHHM.

Paccmotpum pemienue cucreMsl (6.1) uucnenusiM metosioM Pynre-Kyrra
BTOPOTO TIOPSJAKA amnmpokcuMmaru (Meton Tpamenuu). B 3Tom ciydae oOree
pelieHue uMeeT BU/:

Y;;1 =Y; +05h(K1 + K2) (6.9)
K1 = AY,, K2 = A(Y; + hK1)



[Toncrasum Beipaskenus it K1 u K2 B nmepBoe ypaBaeHue cuctemsl (6.9)
U TI0CJI€ HECTIOKHBIX MpeoOpa3oBaHuUl MOTYIHM
Y;.; = B,Y; = (E + hA + 0,5h%2A%)Y,; (6.10)
DnemenTsl Matpunsl Bo=(E+hA+0,5h?A?%), kak u 31eMEHTEI Ma”AFpI/ILIBI B,
YIOBIIETBOPSIIOT HEMpOceTeBOMY 0a3ucy, a cama MaTpulla OMPEAeIIIeT TOMOJIOTHIO
HEHPOHHOMW CETH IS PEIICHHS CUCTEMBI (6.2) paccMaTpUBaCMbIM METOIOM.
Pemenne (6.10) mna ciydas cucTeMbl JBYX ypaBHEHHMH (n = 2) B
Pa3BEpPHYTOM BHUJE MOKHO MPECTABUTh CIAEAYIOIMIUM 00pa3oM:
Yiie1 = (1 + hayq +0,5h%af; + 0,5h%a,,a51)y1;
+ (hay; + 0,5h%a;1a,; + 0,5h%a1,057) Y55
Yair1 = (hay; + 0,5h%a;1a;1 + 0,5h%az1az5)y1; + (1 + hay, +
0,5h%a;,a,; + 0,5h%a3,)y,; (6.11)

Comnocrapysist (6.7) ¢ (6.11), MOXXHO 3aMe€TUTh, YTO TOMOJIOTHSI CETH B
o0oMX cCly4asX OJWHAKOBa. MEHSIOTCS JUIIb 3HAYEHUS CHUHANTHYECKUX
kodpdunmrentoB. B pemenun (6.11) mosBWIKMCH ciaraeMble B CHUHANTHYECKHUX
koddumeHTax, onpeaenseMple TPETbUM YJICHOM psifia Pa3joKEeHUs MaTPUUHON
9KCIOHEHThI  exp(NA), WIeHOM, MNPOMOPIMOHAIBHBIM KBaJpaTy apryMeHTa

skcrioHeHTHI — 0,5h%A2.

Jist ciiydast n = 3 BeipakeHue (6.11) npuHuMaet BUI:

Vii+1 = (1 + ha11 + 0,5h2a%1 + 0,5h2a12a21 + O,5h2a13a31)y1i+
+

+(hay, + 0,5h%a; a,, + 0,5h%a,,a,, + 0,5h%a,3a3,)y,; +
+(hay3 + 0,5h%a ;a3 + 0,5h%a 3a,3 + 0,5h%a,3a33)y3;;
Vai+1 = (hayy + 0,5h2a11a21 + 0,5h2a21a22 + O,5h2a23a31)y1i+
+

+(1 + ha,, + 0,5h%a,,a,; + 0,5h%a3, + 0,5h%a,3a3,)y,; + (6.12)
+(hay; + 0,5h%a 3a,; + 0,5h%a,,a,3 + 0,5h%a,3a33)ys;;
V3i+1 = (hazy + 0,5h2a11a31 + 0;5}1261216132 + O,5h2a31a33)y1i+
+

+(has, + 0,5h%a,,a3; + 0,5h%a,,a3, + 0,5h%a3,a33)y,; +



+(1 + hazz + 0,5h%a,3a3; + 0,5h%a,za3, + 0,5h%a3;)ys;;
Tomosorust ceT, MOCTPOEHHOM 10 BhIpaxkeHuio (6.12), oueBngHO, Oymer
MOJIHOCTBIO COBIIAJIaTh C TOIMOJOTMEN ceTH, npuBeneHHod Ha puc. 6.1. Kak u B
4
npeapaymeM ciydae (Ipu n = 2), U3MEHEHUE MOpsSAKa YHUCIEHHOTO METOJa
MPUBEJIO K U3MEHEHUIO JIUITh KOG (OUIIMEHTOB CUHANITUYECKON CBS3H.
Pemenne cucremsr (6.2) meromom Pynre-Kyrra tperbero mopsiaka

AlIIIpOKCHUMAIIUU B O6IH€M ClIy4ac UMCCT BU/:
1
Y. =Y + gh(Kl + 4K2 + K3);

K1=AY;, K2=A(Y;+0,5hK1); (6.13)
K3=A(Y; + hK1 + 2K2).
[Tocne moacranoBku Beipakennit K1,K2, K3 B nepBoe ypaBuenue (6.5) u

COOTBETCTBYIOIIUX IPEOOPa30BaHUN MOIYUHM
Y1 = B3Y; = (E + hA + 0,5h2A% + = 3 A%)Y, (6.14)
AHaNoruuHble paccyaeHust U npeodpa3oBanus st merona Pynre-Kyrra
YETBEPTOro MOPSAKA allllPOKCUMAIIMU JAI0T CIEAYIOIUN Pe3yIbTar:
Yii1 = B3Y; = (E + hA + 0,5h2A% + = h3A% + — h*AMY,
(6.15)
OueBuiHO, 4TO B BhIpakeHusx (6.6), (6.10), (6.14) u (6.15) maTpunsl By,
B2, Bz u Bs mpexacraBusitoT co0oil psia pasioKEeHUS MATPUYHOW SKCIOHEHTHI
aprymeHTa hA, OrpaHMYCHHBIH 1O JABYX, TpEX, 4YEThIpEX U TMATH YJICHOB
cooTBeTCTBeHHO. CieoBarenbHo, pemieHue cuctemsl (6.2) meronom Pynre-Kyrra
B 00IIIEM BHUJI€ MOKHO MPEACTaBUTH KaK
Y1 = exp(hA)Y; = B,Y; (6.16)
rae K - mopsiiok MeTo;a MHTErpupOBaHus, a MaTpuiia Bk onpeaessieTcs o

CHEAYIOLIEN 3aBUCUMOCTH:

By = (E + hA + 0,5h%A2 + 2 h3A°® + - + — hKA¥) (6.17)

JItobast u3 matpull Bk MOJHOCTBIO yAOBIETBOPSIET HEHpoceTeBOMYy Oa3ucy

U OIIPENICIISICT CXEMY PEIIeHUsT CUCTEMEI (6.2).



Boipaxenus (6.16) u (6.17) menaroT BO3MOXHBIM IMOCTPOCHUSI HEUPOHHBIX
CeTe, MHTerpupyroumx cucremy (6.2) ¢ ar000M, Hanepe 3aJaHHOW TOYHOCTBIO.
AHanmu3upys ocoOeHHOCTH Matpull Bk mo BeIpaxeHuro (6.17), MOXHO clelaTh

4

BBIBOJI, UTO 7MOYHOCMb peutenus cucmemvl (6.2) 6 Gopmupyemvix HetpOHHbIX
cemsax Oyoem  OnpeoesimvCs  MOYHOCMbIO — YCMAHOBKU — KOIDDuyueHmos
CUHONMUYECKOU C853U, A He YUCTIOM UCNOIb3YEMbIX HEelPOHOS.

Ha puc. 6.3 npencraBnena yauBepcanpHas cxema HC myist mHTETrprpOBaHus
HOpMaJIbHOM cucTembl AuddepeHnnanbHbiX ypaBHeHui (6.1) pasmepHOCTH 7 1O

BbIpakeHUsIM (6.16) u (6.17).

9, Nei1 N
1
W > X
2 W, |+ % y
L
. 11 l’
JA
: W (x| 2 —>
Y
g, Nen Ny :
1 L]
B X,
2
Wy > % Y, Y,
11 =n
L > Win [ Xn 2

bIi10K mepeKkpecTHBIX CBA3EH

Puc. 6.3. Cxema ynusepcanbioit HC 115t uHTErprpoBaHusi HOpMaJIbHON

cucTeMbl TudPepeHInaTbHBIX YPaBHEHUH



[IpakTnueckoe 3ansatue 7

IlpyuMeHeHHe CTeNmeHHBIX PAAOB IPH CHHTe3e (POPMHPYEMBbIX
HEeMPOHHBIX ceTeH 4
CreneHHbIE psAbl MUMEIOT OTPOMHOE 3HAYEHUE MPU KOHCTPYUPOBAHUU
anroputmMoB YIIBM. Bocnipoussenenue sinemMeHTapHbIX GYHKINA, aHATUTUYECKUX
HEJIMHEWHOCTEW ITPOBOAUTCS B BBIUMCIUTEIBHON TEXHUKE C IOMOLIBIO CTEIIEHHBIX
panoB. IlosToMy  akTyaldbHOCTh  IIOCTAHOBKM  33a/laud O  peaau3aluu
BBIYMCIIUTEIBHBIX aJITOPUTMOB Ha 0a3e creneHHbIX pa1oB B HC HecoMHEeHHA.
PaccmoTpum, B Kakoll Mepe CTENEHHBIE psAbl MOIYT YIOBJIETBOPATH
TpeOoBaHUSIM HelpoceTeBoro ©Oasuca. llomeiTaemcs Takke JaTh OTBETHl Ha
BOIIPOCHI:
e Kakue (PYHKIIMU aKTUBAIMH JTODKHBI UMETh HEMPOHBI JIJIsl YCTICITHON
peanu3anuu aaropuTMOB, OCHOBAHHBIX HA CTEIICHHBIX PALaXx;
® KakoBa JIOJDKHAa OBITh TONOJIOTHSI CETH, pEAIH3yIolel 3Tu

aITOPUTMBI?

[To ompenesieHUIO CTETIEHHBIM PSIZIOM Ha3bIBaeTCsl (YHKIIMOHAIBHBIN psJl
BHJIA:

ap+a,(x —c) +a,(x — c)*+..+a,_;(x — )"+ a,(x — c)"+..,
(7.1)

rae ko durmentst psaa a. (1=0,1, 2,...) ¥ ¢ - HEKOTOpbIE TIOCTOSIHHBIC YHCIIA.
Yactuynas cymma psna (7.19), onpeneneHHast sl # €ro 4JEHOB C 3apaHee
U3BECTHBIM  METOJIOM  3aaHus  KOY(DPUIMEHTOB @1 TNPUMEHSETCS IS
MPUOIM)KEHHOTO BBIYMCIICHUS AHAIMTUYECKU HEJIWHEWHBIX (PYHKIUM, Harpumep
psanbl Tennopa 1 Makinopena. XopoIio U3B€CTHA METOIOJIOTHS TPUMEHEHHUS TUX
psanoB mis npuOmmkeHus (yHknuid. CylmecTBEHHBIM OTPaHMYCHHEM Ha KIacc
GbyHKUMNA, TPUOIMKEHHOE 3HAYEHUE KOTOPBIX OMPENENsieTCs ¢ MOMOILIBIO PSAI0B
Teitnopa wim MaknopeHa, siBasieTcss TpeOOBaHME HEMPEPHIBHOCTU MPOU3BOIHBIX
3TUX (QYHKUUNA 10 (n+1)-ro mopsaka. DTO OrpaHMYCHHE HE YMCHbBIIACT

SHAYUMOCTHU PCIICHUA IIOCTaBJICHHOM 3aJa4dH.



Paccmorpum pasnoxenue ¢yHkmuu ¢ (X) B psag Makiopena (B

OKpECTHOCTH TOUKH X=0):

x2(0) x" o™ (0)
Tt

n!

¢(x)=¢ (0) +x¢ (0) + +. . (12

3anaBasich TpeOyeMOil TOYHOCTBIO BHIYHMCICHHS @ (X), OTPaHUYHUBAIOT P
(7.2) KOHEYHBIM 4YHUCIIOM 4ICHOB #n. Ha mpakTuke IT MHOTHX HM3BECTHBIX
AJIEMEHTAPHBIX (DYHKIMI BBICOKAss TOYHOCTH JOCTUTAETCS Yyxke mpu n = 5...7.
Boipaxkenue (7.2) siBisieTcsi OCHOBOM JJIsl TMOJTYYEHHUsI OTBETOB Ha TMOCTABIICHHbBIE
BbIIIE BOMTPOCHI. [lokaxkeM 310 Ha mpumepe.

[TycTh nnsg koHkpeTHOCTH N = 5. BBeaem o603HaueHUS:

ao = ¢(0),a; = ¢'(0),a, = ¢"(0), a3 = ¢'"(0),a, = ¢'(0), a5 = ¢"(0).
Torna
® (X)= ag + a;x + a,x? + azx3 + a,x* + agx®. (7.3)

Herpynno 3ametuth, 4TO mnpuOMMkeHHOE paBeHCTBO (7.3) ecTh
B3BEIIIaHHAs CyMMa CTeIeHel aprymeHTa uckomou (yHkiuu. CieqoBaTeNbHO, B
UJeaqbHOM cllydae JUisl peanu3anuu 3Toro BbipaxkeHuss Ha HC HeoOxoaumbl
HEHUPOHBI C JIMHEWHOW, KBaJAPATUYHOU, KyOUYHOU U T. A. PYHKIIUSIMU aKTHBAIUH.
B stom (upeanmbHoMm) ciywyae Ttomosiorusi HC MoxeTr ObITh ompeneneHa Kak
OJIHOCJIOMHAs, IBYXCIIOWHAs, TPEXCIOMHAS U T. 1.

PaccmoTtpum 1ByXCIIOWHYHO ceTh. B 3TOM ciydyae apryMeHT HCKOMOU
(GYHKIIMU JOJDKEH MOJIaBaThCid Ha MSATh HEUPOHOB BXOJHOIO cliosi. DyHKIUU
AKTHUBALIMU 3TUX HEUPOHOB SABJISAKOTCS COOTBETCTBEHHO JIMHEWHOM, KBAAPATUYHOM,
KyOuuHOU, mapabonamu 4-i1 U 5-i creneHeil. BbixonHble cHUrHaigbl HEHPOHOB
MepBOro cjios yepe3 KodhGUITMEHTH CHHANITUYECKON CBSI3U, PaBHBIC a1, d2, A3, da,
ds , IOCTYNAKT HA €JUHCTBEHHBIN HEMPOH BBIXOAHOTO ciiosd. Ha cymmarop storo
’K€ HEMPOHA MOCTYIAET TAK)KE CUTHAJI, SKBUBAJICHTHBIN €TUHUIIE.

Curnan ¢ cyMMaropa HEipOHa BBIXOJIHOTO CJIOSI U €CTh HCKOMOE 3HAUEHUE
¢@(X). UToOBI 3TO 3HAUYCHHE HE MPETEPICBAIO JAIbHEHIINX UCKAKECHUH, (YHKIIHS
aKTHBAIIMM HEWPOHA BBIXOAHOTO CIIOS JOJHKHA OBITH JIMHCHHON. Y paBHEHHE TaKOM

CETH MOJKET OBITH 3aIIMCaHO B BHUIC



5
p(X) = f,,] a +Za1 f(x) |
=1 (7.4)

rae cymmupoBanue Bexercsa mo | (I = 1, 2, 3, 4, 5); fi1 - nuHeliHas® pyHKIHS
aKTUBaluu HelipoHa; fi- kBagpatnueckas; fi3- kyouunas u 1. a. IlepBas nudpa
uHaekca npu f ykassIBaeT HOMEp CIIOSI.

Ha puc. 7.1 npencrasnena uaeansHas HC, peanu3yromias CTENEHHOU psl

MakJiopeHa u3 MecTH WICHOB (BKJIFOUas o) U ONMChIBaeMas ypaBHeHueM (7.1).

X Nei
1 f
1
1
Ne2
1 f
2 a
0
Ne21
>
1 f f >
3 ' > & L
~ 8
Ney > a, )Y
1 f
4
Nes
1 f
5
Bxoonoit cnoi Buwixoonoiu cnou

Puc. 7.1. Uneansnas HC psinpa MakiopeHa 13 1IeCTH YJICHOB

B nacrosiiiee Bpemsi pa3pabOTuMK OrpaHUYeH B BhIOOpe TUMA (DYHKIIMMA

aKTMBAallM¥ HEMPOHOB HA amnmapaTHOM YpOBHe. B mydmeMm ciydae OH HMMeEET



BO3MOXKHOCTh TMPUMEHATHh JHHEHHYI0, KBaJPAaTHUUHYI0 M KyOWYHYIO (YHKITUU

akTuBaruu. [Tokaxxem, 9TO ¥ B 3TOM CIydae BO3MOXKHO PEIICHUE MOCTaBICHHBIX
3amad.

4

[Iycts pa3paboOTuMK MOXKET WCIOJB30BAaTh JIMIIb JIMHEWHYIO W

KBagpaTuIHyro QyHKIuu aktuBaiuu. [lepenumem dynkmuio (7.3) B cieayromneM
BUJIC:

¢ ()~ ag + arx + a;x” + as(x*) () + a4 (x*)? + as ((x*) (x) (x*)).

(7.5)

3nech BBEIEHBI CIEAyIOMKE OOO3HAYEHHs - WICHBI B3BEUICHHOTO

CyMMHpOBaHUsI 0€3 CKOOOK peau3yloTCs B OJJHOM CJIO€ Ha HEHpPOHax, UMEIOIIUX

auHeHHYI0 cumMmeTpudHyto (f11) wmm kBaapatuunyro GyHkiwu aktuBanuu (f2);

YICHBI B CKOOKaX pealM3yrOTCS UYepe3 OIepaldio YMHOXKCHHS MEPEMEHHBIX TI0

HelipoceTeBoMy anroputMmy. Kak BumHo u3 BhpaxkeHus (7.2) M peanu3aluu x°

H€O6XOI[I/IMO ABAKABI IPUMCHUTH OIICPALIUIO HeﬁpOCCTeBOFO YMHOXCHHA.

7.6. Onepaunu yMHOKeHHsI ABYX IIepeMEHHbIX B HellpoceTeBOM Oa3uce
Meton  peanuzanMM  ONEpPAMM  YMHOXEHHS  JIByX  IEPEMEHHBIX

OCHOBBIBACTCA HA CICAYIOIICM BBIPAKCHUU !

2=3((c+3)? = (x =), (7.6)

I1€ X , ¥ - NEPEMEHHbIE COMHOXWTENU; Z - MPOU3BENEHUE X u y. /[na
peanuzanuu BbipakeHus (7.6) moTpeOyercss nBa HeEWpoHAa C KBaJApaTUYHOU
(byHKUIMEW aKTUBALMU U OJIUH HEUPOH, alredpanyeck CyMMHUPYIOIIUNA ¢ BECOBBIM
koadummenTom 0,25 pe3ynbrarsl pabOTHI IEPBBIX ABYX.

[Ipeobpazyem Boipaxenue (7.6) K cienyromnemMy BUIy:

Z=f211 (f121 Gx+%)’) — fiz2 Gx_%Y)) (7.7)

3nech Tpu UGPBI HUKHETO HHJeKca MpH fijx COOTBETCTBEHHO 03HAYAIOT: | -

HOMep CJI0s, | - TUI (PYHKIHMH, K - HOMep HelipoHa B cjioe. B 3Toi 3amucu HeHpOHBI
MEPBOrO CJIOS, UMEIONIME KBAAPATHUYHYIO (DYHKIIMIO aKTHUBAIlMW, BO3BOJSAT CBOU

aprymMeHThl B KBajpar. [Ipu 3TOM yMHOKEHHE KaKJI0ro U3 coMHOxutenel Ha 0,5



HKBUBAJIEHTHO yMHOeHHIO Ha 0,25 B (7.6). OnuH HEHPOH BTOPOIO CIOS UMEET
JUHEHHYI0 (QYHKIUIO akTuBauu. KodQQUIMEHTH CHHANTHYECKUX CBS3EH
HeWpoHOB TiepBoro ciost paBusl 0,5; 0,5; 0,5; 0,5 cCOOTBETCTBEHHO ISl TIEPBOTO U
4
BTOPOTO HEHPOHOB, a HEHpPOHA BTOPOTO cjios 1 u -7.
Ha puc. 7.11 nmpuBenena cxema I peanu3aluy ONEpPalUH YMHOXKECHUS

nByx nepeMmennbix Ha HC.

X 0.5| Nei121
f
y 05 2
1 [ Ne2i1 7
f
1 11
0.5| Nei22 B
f
05 2
Ilepeuwrit cnon Bmopoi cnonu

Puc. 7.2. Cxema HC pmns peanuzanuu omepanyl YMHOXKEHHS JBYX

MIEPEMEHHBIX

Bo3Beaenue aprymenTa B Ky0 B HepoceTeBOM 0asuce
VYpaBHEHUE BO3BEIECHHS apryMEHTa B TPETHIO CTENEHb B HEHWPOCETEBOM
0a3uce MOXHO 3aIlMCaTh B CIEAYIOIIEM BUE:

x3=@x*)(x) = fu (1" fiz (%xz +%x> —1-fi; (%xz —%x)

3nech N1Ba HEMpOHA TEPBOTO CJIOSA, WMEIOIIME KBaJpaTUYHbIC (DYHKIIHH
aKTUBAIlUM, BO3BOJSAT B KBaJAPAaT CYMMY M Pa3HOCTb MOJOBHUHHBIX COMHOXXHUTENCH
x* u x. HelipoH BTOPOTO CII0S UMEET JIMHEWHYIO (DYHKIIUIO aKTHBALMH.

Jlns  OoJibllield KOHKpETH3allMk BBeJeM, Kak W B ypaBHeHuun (7.7),
WHJEKCAIMIO Uil (PYHKIMA aKTHUBAllUM HEUPOHOB TPOMHBIMU HHJCKCAMH U
npeoOpazyeM B HEWPO-CETeBOM 0a3uC BHYTPEHHHE CKOOKH TIOCIETHETO

BBIPpAKCHMUA:

= ((0)@))®) = fa11( 1+ for (%xz +%x> + 1 fo2 (%xz —%x) =



= f311 (1 * fa21 (%f121(x) + %fllz(x))> -1 'fzzz(%f121(x) - %fnz(x)))
(7.8)

Takum oOpa3om, aJs BO3BEIEHUS apryMeHTa B KyO HeoOXxoamma
TpexcioifHasi ceTh, B KOTOPOM B MepBOM cjoe OyAyT JBa HelpoHa ¢ QPYHKIUSIMU
axtuBanmu f11 u f2, Bo BTOpOM - nBa HelipoHa ¢ pyHkusmu fr, B TpeTbeM - oauH
Heiipon ¢ ¢dynknuei 17 Koaddunments cuHanTHYecKOW CBS3M y HEHPOHOB
NepBOro ciosi OyayT paBHbl 1, y HelipoHoB Broporo ciosi: 0,5 u 0,5 nis mepBoro
HevpoHna, 0,5 u - 0,5 g BTOporo; y HerpoHa tperbero cios 1 u -7. Ha puc. 7.1
MpUBEJcHA CXeMa HEHMpOHHOM ceTu JJig BO3BEJACHHsS apryMeHta B Ky0. Ecnu
pa3paboTUuK MMEET BO3MOXHOCTH mpuMeHsaTh HC, koTopasi mo3BojisieT BBOJIUTH
BXOJHBIC JJaHHBIC U B MIEPBBIN, U BO BTOPOU CIIOU, TO CXEMY, MPEACTABICHHYIO Ha
puc. 7.2, MOXHO YIPOCTUThb, HCKIIOUMB B TiepBoM ciioe HeipoH Nell2 c

byHKIMEH akTHBaIMH f17.

0.5| Ne221
X Nei21 f f
1 2
2 0.5 1 | Ne31z 3
X
f
1 11
Nei11 0.5|Ne224 )
1 f, f2
-0.5
Ilepewiii croi Bmopoi cnon Tpemui chou

Puc. 7.3. Cxema HC Bo3BeneHust aprymeHTa B KyO

Heiiponnas cerb, BocnpousBoasiias psig Makiopena

M3 MIECTU YJICHOB

B 3aknroueHne paccMOTpUM NPUMEP HEMPOHHOU CETH, BOCIIPOU3BOISAILECH

psia MaxksopeHa u3 mecTu wieHoB. J[aHHas ceTh npejcTaBieHa B padote / /.



[Tomnras cxema HC, peanusyromeii psa Makiiopera, MOXET ObITh TTOJTy4eHa
OOBEIMHEHHEM PAHEE PACCMOTPEHHBIX CXEM ¢ J00aBICHHEM K HHUM JBYX
HEIpPOHOB /I peanu3alid BTOPOTO M TPEThero ciaraeMelXx ypaBHeHus (7.5).

4
Beixonsl x, x°, x°, x*, x°, a Takke IOCTOSHHBIN cUTHAT «1» HEOOXOIUMO MOIATh HA
BXO/Ibl HElpoHa 1ecToro cyios ¢ kKod(G(GUIMEeHTAMH CHMHANTUYECKON CBS3M ai, ay,
as a4 as, dp cooTBeTcTBeHHO. [TonmHas cxema HC s peanusanmu psaga MakinopeHa

U3 NIECTH WICHOB MPEICTABJICHA Ha puc. 7.4.

—— 0.5| Ne221 — 0.5[Neg2
X Nezi21| . | foL || fz |
- dBE =
2 e 1 |Ne3ii 03 1 | Nes1]
— f = — f
1 4 1
Nei12 L 10.5|Nez224 Al |_10.5|Neq2d
. | - L f __]
nk f fz 2
0.5 0.5]
a
Nez21 . 5 .
1 , a,
> 3

al |
a

1 1

N . »a |2
1 cnoii 2 cnoii 3 cnoii 4 cnoit 5 cnoit
6 crhou
Puc.7.4.

JlaHHast ceTh SBJIAETCA B HEKOTOPOM POJI€ YHUBEPCABHOM, TaK KaK MOXET
MPUMEHSATHCA JIs1 BBIYMCIEHUS 10001 (DyHKIMM, pa3ioKeHHOH B psia MakiopeHa
no mectd wieHoB. C pasznuurieM (QYHKIIUNA MEHSIOTCS JIMIIb KOADPUITMEHTHI
CUHANTUYeCKON cBsi3u @; OueBHAHO, YTO Mpejjaraemasl TOMNOJOTHS CETH He
SBIISIETCS €JUHCTBEHHOM. MOXKHO paccMaTpuBaTh CeTb M C OOJBIIMM YHCIOM
CIIOEB, U C WHBIM YHUCJIOM HEHPOHOB B closAx. Bce ompexaensercs ombIToM
pa3paboTyurKa 1 €ro peaJbHbIMHU YCIOBUSMHU.

Cxema, npuBeJicHHAs Ha puc. 7.4, Oblaa WchbITaHa Ha QyHKIUAX SIN(X) u

cos(x) ma umuratrope HC Neurolterator, paspadorannom B Kanyxkckom duanane



MITY wum. H.D. baymana. Ko3duiueHtsl cHHaANTHUYECKON CBSI3W HUMENH
CJIEIYIOLIME 3HAUCHUSA:
s pyakoun Sin: ap=0, a1=1, a,=0, a 3= -0,16667, as = 0, as =
0,00833; mnst pyakmmu COS: ap=1, a1=0, a; = -0,5, a3=0, a4 = 0,04667, 635 =0.
Jlnana3oH wW3MEHEHHUsl apryMeHTa coctaBmsun -1,8 ... +1,8 pan. Pan
pasnaraicst B Touke ¢ koopaunatamu x = 0 u y = 0. Jlng sToro auamna3zoHa Obuia
noJiy4eHa To4HocTh B 1,1%.

Ha mnpaktuke HCHOAB3YIOT paszioxkeHue (GyHKui SiN(X), cos(X) B psa

) Vs T
Teinopa mis quanasoHa oT - S0t B stoMm ciywae psig XOpomo CXOAUTCH.

Ecnm ke mpakTUYEeCKHU OUana3oH U3MEHEHUsI apryMeHTa NpeBblmaer + 1 pan, To
JUISL TIOBBIILIEHUS! TOYHOCTU IPU MUHUMAJbHBIX allllapaTHbIX (WJIK MPOrpaMMHBIX)
3aTparaXx HeoOXOAMMO TIPUBECTH MPEACTABISIEMBI YTOJI K THANa3oHy + | , a 3aTeM
YK€ BBIUUCIISATH TPUTOHOMETPUYECKUE (PYHKIIHH.

3agaun

1. Cunresupyiite HC nns BoctipousBeneHus: GyHKIIUM:

a) y = exp(x), x=(-2...2);

6) y =In(x), x=(0,07..4);

B)y =tg(x), x=(-1,1...1,1);

r)y = Vx, x=(0,01...5).
2.PaspaborauTte HC g pelnenus ciaeayromux fudpdepeHualbHbIX YpaBHEHUM:

@) y1 =Yz

Y2==N

[Tpu cnenyronux HadanbHbIX yeaoBusx: Yi1(0)=-1, y»(0)=0, t=(0...2x);

d
5)% ==Y, tY3

s _
T Y1 — Y3

dys;

_dt =—=Yy1 1t

IMpu cneayrommux HavganbHbix ycrmoBusax: Yi1(0)=0, y»(0)=0, ys(0)=1,
t=(0...15);



B) X*(H)=A(DX(1),

t 0 1 -t
-2t t 0 -1
rae A(t)= ; “t ¢ o0
4
0 t>2 0 t

npu ciaenyrommx HadaiabHbBIX yoimoBusax: Xi1(0)=0, x2(0)=-1, x3(0)=0,

xa(0)=1, t=(0...12).



[IpakTuueckoe 3anarue 8
CTpyKTYpBI HEYETKHUX PeryasiTopoB

O6bruro HJIP BKJIFOYAIOTCS IMOCIEIOBATEILHO ¢ OOBEKTOM YIIDaBICHHUS,
MOTI00HO TPAJAUIIMOHHBIM PETYJISITOPaM.
Bxonaubie u Beixonubie curnansl HJIP noaBepratorcst mpeoOpa3oBaHuIo.
B ob6mem ciydae npenoOpaboTka BXOJHOTO CHUTHAla MOMKET BKJIHOYATh
TaKue OIeparu, Kak:
- kBaHTU(UKaIUs (OKPYTIICHHE);
- HEJIMHEWHOE IIKAJTUPOBAHUE;
- (unpTpanus U ymaageHue nyMoB;
- nuddepennrpoBanre u (WIM) UHTETPUPOBAHUE;
- YCpeIHEHHE Ha HEKOTOPOM HWHTEPBAJC BPEMEHH, IKCTPATIOJSAIINSA,
UHTEPIIOJISIINS;
- BBIYUCJICHUE MPOU3BOJBHBIX (PYHKIIMI HaJl KOMOUHALIUSIMH BXOJTHBIX
MIePEMEHHBIX TSI MOJTYUYCHUS CEMaHTHYECKH 3HAYMMBIX 3HAUCHUH.
Onnako yanie BCETO npenoopadoTka CBOJUTCS K
HopMaym3au( N ) BXOJHOro curHajga — MPHUBEICHUIO €ro K auamasony [-1, 1].
Torma moctoOpaboTka cBoguTcsa K aeHopManuzanuu (DN) BeIXOgHOTO cUrHana
HJIP (puc. X.12).
Ecnu x - Bxoanas nepemennas HJIP, To Hopmanu3anust MpoOUCXOIUT IyTEM

YMHOKEHHSI X Ha MacIITabupyroniuii Koah UIneHr:

MpepobpaboTka HIP MocTo6paboTka
(preprocessing) (postprocessing)

Puc. 8.1. O6paboTka curaaioB Ha BXxoji¢ u Beixoae HJIP

HIP

Puc. 8.2. Hopmanuzanus 1 ieHOpMaln3aliys CUTHAJIOB Ka BX0JI€ U BBIXOE

HJIP



X

Xy =XN =——
" [ X

(8.1)

JleHopManu3aius BBIXOJAHOM BETUYUHBI ) CBOJUTCS K 0OpaTHOM Onepanuu:
I1€ Ymax ©® MaKCHMAJIbHOE 3HAYEHUE YIPABIICHUS, I01aBAEMOr0 Ha OOBEKT.

KonnyecTBO M BMI BXOJHBIX M BBIXOAHBIX cur"HaioB HJIP 3aBucat ot
pemaeMol 3adavM, OjHako dyamie Bcero Bxomamu HIJIP ciyxar (B pasHbIX
KOMOMHAIMAX) OIMOKAa  yHpaBieHUs, €€ TMpPOU3BOJHAS U  HMHTErpall.

CootBerctBeHHO paznuyaroT HJIP II-tuma, I1/]-tuna, [1IM-tuna wnu TN /-Tuna

(puc.8.3-8.8).
e(t)h ey (f) UN(UB u)
HIP

Puc. 8.3. HJIP IT-tuna (HJIP_IT)

de(t)/dt (de(t)/dth

—’Nd

U, (t B u(t
HITP (t) (t)
e(t) ey (f)

Ne

—

Puc. 8.4. HJIP [1/]-tuna (HPJI_I1JT)

fe(t)/dt (fe(t)/dt)
—{ Ny
t u(t
HITP Ui (1 W ®)
e(t) ey (t)
Ne

— >

Puc. 8.5 HPJI I1I1-tuna (HPJI_I1N)



de(t)/dt (de()/dt)y

/(N

»

(fe(t)/dt)
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Puc. 8.8. YTounennsiit Bapuant onucanus HJIP II

O603naunm uepe3 E Bxomnoit Bekrop HIIP (puc. 8.7), on mpeoOpa3zyercs B
HeueTkyro (opmy E* (6nok dazzuduxanuuF), 3aTeM BBITOJHIETCS HEYETKUM
JIOTUYECKUNA BBIBOJI B 0a3e TpaBWil, B PE3yJbTaTe YEro IMOJTYy4YaeTCs HEUYeTKas
BbixomHas mnepemenHas u* Ilocme medassudpu- xamuu (010kDF) Ha 00BEKT
YIPABJICHHS MOCTYIACT «YSTKHI» CUTHAI YIIPABJICHHS H.

Omneparuu  ¢daz3udukanum u nedazzuduranuym 3aBUCAT OT MapaMeTPOB

TEPMOB, OIMMCBIBAIOIIMUX BXOJHBIC MW BBLIXOJHLIC IICPECMCHHLIC. Takum 06p3.30M,



MOXHO CKa3aTh, 4TO TMOMHUMO MexaHm3ma BbiBoga B HJIP cymectByer 06asa
3HAaHWH, BKIIIOYAIOIIast ONIMCAaHKE TEPMOB U TipaBuiI (puc. 8.8).

3anuiieM K-e npaswito ynpasienus HJIP ITH]] B Buze
Ecnu (xleik)u(xzzA;)”(xszAak): mo y =B, (82)

r7ieXi- COOTBETCTBEHHO OIINOKA yIpaBIEHUs, €€ IPOU3BOIHAS U UHTETPal;
¥ - CUTHAJ yrpaBieHus;;Aj 1 B - TepMbI, BXOAAIINE B K-8 mpaBwiIo.

Ha npakTuke HeueTKUi BBIBOJ peaan3yeTcs OObIYHO B HECKOJIBKO I11aroB:

1. Bemonnsercs (¢a33upukanys - BBUMCISAIOTCA 3HAYCHHUS  Olik

COOTBETCTBUSI -1 BXOJHOM MEPEeMEHHOM I - i IOCBITKE K-TO MpaBHIia

Hix = X NAY, (8.3)

/i€ Xj HEYETKOE MHOXKECTBO (CHHTJIETOH), 00pa30BaHHOE U3Xt.
2. OmnpenensieTcsi CTENEHb COOTBETCTBUSA BCEX IOCBUIOK K-To TpaBHIIa

TCKYIIUM BXOAHBIM JaHHBIM:

N

Bi=T &y, (8-4)

i=1
rae N - KOmM4ecTBO MOCBHUIOK mpaBwiia; 7' - ucnosnb3dyemas T-Hopwma; -

CTEINeHb cpabaThiBaHMs (3amycka) mpaBwia. 3. Omnpenensercs: BhIXOAHOW CUTHAI

KaXXJ10T0 IIpaBuja:

ey (9) =1 (B 1, (¥)), (8.5)

4. O0mmMii BBIXOAHOW CHUTHAJl CUCTEMbI MpaBuUil B' ompenensercs myTteM

arpC€rupoBaHrA BBIXOJHBIX CUT'HAJIOB OTACIBHBIX IIPABUJI:

g (Y) = 1(B, 15, (¥)),



Takum o00Opa3oM, 3aKOH YyIHpaBI€HHUS peaTU3yeTcsl KaK COBOKYIHOE

I[CﬁCTBHC BCCX IIpaBuUJl, 3allMCAHHBIX B Oaze IIpaBHJI:

R=R VvR,VR,..R,.

B cootBerctBun ¢ puc. 8.8 cunte3 HJIP cBszan c ompeneneHuem
apaMeTpoB:

1) ko3(hdUIMEHTOB HOpMaTH3AIMY U IEHOPMATU3AIHH;
2) GyHkuui npuHaiekHocTd TepmoB JIIT;
3) ympasinstonux npasuin HIIP.

Bo3moxHBI pazHbie MocTaHOBKM 3anaun cuHTe3a HJIP, HO mis npupanud
€ PEATUMCTUYECKOrO XAapaKTepa IKEJIATEeIIbHO MWHHUMU3UPOBATH KOJIUYECTBO
IIapaMeTpOB.

B 3aBHCHMMOCTH OT KOJIMYECTBA BXOJOB MEHSAETCS KOJHMYECTBO ITOCBUIOK
HEUYETKUX YIPABIAIONIUX IPABUIL.

Jna HIJIP Il xonu4ecTBO mNpaBU pPaBHO KOJMWYECTBY TEPMOB, ONU-
ceiBatonux JIIT «Omubka ynpasnenus». g npyrux tunoB HJIP notenmnuansaoe
KOJIMYECTBO IIPaBUJI PABHO [JEKapTOBY IIPOM3BEACHUIO MOIIHOCTEN TEPM-
MHOJKECTB BXOJHBIX TMEpEeMEHHbIX. Ecmu cumtaTh, 4YTO Kaxaas BXOJHAs
[IEpEMEHHAsT UMEET OJAUHAKOBOE KOJIMYECTBO TEPMOB, TO YHCIIO MPABUI MOXKHO
OLIEHUTE B COOTBETCTBUU C Tadi. 8.1.

Tab6numa 8.1. [ToTeHmanbHOE KOTUYESCTBO MPABUII JJI PA3HBIX TUIIOB

HJIP
KomnuectBo KosnnuecTBo npasun
TEPMOB HPJI 11 HPJI T (TTN) HPJI TTN ]
3 3 9 27
5 3) 25 125
7 7 49 343




3anuiem ypasHenue [IU]I-perynsaropa B Buze:
(1 de(t)) (1
u(t) = (5 k,e(t) +k, ?j + (5 k e(t) +k; je(t)dtj. (8.6)

[lepsas ckoOka ommceiBaeT I1J[-perymsTop, BTopas ckobka - IIH-
perynsaTop, T. €. IIMJl-perynsatop MOKHO IPEICTaBUTh B BHJE NapAJIEIBHOTO
coenuHeHus Atux peryasatopoB. CoorBerctBeHHo, HIJIP  ITINJ]  moxHO
NPEICTaBUTh B BUJIEC CTPYKTYPHI, MOKa3aHHOM Ha puc. 8.9.

Jlpyroii BapuaHT peajiu3aliii UMeeT BU/I:

ky de(t)
k, dt

p

u(t) =k, {e(t) + J+ k. j e(t)dt. (8.7)

3nmeck mepBasi ckoOka onuckiBaeT I1J[-perynsarop, oTBeyaromuii 3a BpeMmsi
HapacTaHWs W TIEPEPEryIMpOBaHUE, a BTOpas cKoOka - M-perymstop, KOTOpBIi
CILY’KUT JIJISl YMEHbILIEHHs cTaThdeckod ommoOku. Takum oOpazom, I1/1-perynstop
JIOJDKEH TiepeaaBath ynpasienue M-perynsaropy, kormae(t) ude(t)/dt cranossrcs
MmanbiMu (puc. 8.10).

HeueTkue noruyeckue peryisiTopbl peanu3yroTcss OObBIYHO Ha 0asze
MUKpOKOHTpoJuiepoB. B auckpernom HJIP BMecTo mnpou3BOJHON OMIMOKH
ymnpaBjicHUsT paccMmarpuBaetrcsi ee mpupamenue Ae(t) =e(t) - e(t -1). 3HaucHwus

MacmTabupyronmx K03QGUIIMEHTOB HE U3MEHSIOTCS.
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Puc. 8.9. Ynpomenue ctpykrypst HJIP_TTN]]
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Puc. 8.10. Bapuant ctpyktypst HJIP_TT1]]
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Puc. 8.11. nuckpetnoe onucanue HJIP I1/]
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[ToBenenune HJIP_I1/] MOXHO onmcaTh BEIpaKEHUEM

u(t) = F, (e(t), Ae(t)),

rae F, — TMHrBUCTUYECKUI 3aKOH YIpPaBJIEHUS, 3a/laHHbI HAOOpOM IPaBUII
(puc. 8.11, rae z* 0003HAYACT ONEPALIHIO 3aICPKKH Ha 1 TaKT).

[TycTh k — HOMEp 11ara KBaHTOBAaHUS 110 BPEMEHH, TOT/IA!

Ae =e(k) —e(k —1) = (1—zY)e(K),

u 1mudposoit HJIP I1/l moxxHO mpencTaBuTh B BHJIE, TTOKA3aHHOM Ha PHC.
8.12.

[IponopuMOHAIBHO-UHTETPAIIBHBIA ~ KOHTPOJUIED I KAKIOM  mapbl
3HaYeHUH OMMOKU U ee MHTEerpaja BIYUCIISET 3HaYCHUE YIPaBICHUS:

u(t) =ke(t)+k [e(t)dt. (8.8)

PaccmoTpuM nipou3BoiHYI0 ypaBHeHHS (8.8):

dut) / dt =k de(t) / dt +ke(t)

ek e
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Puc. 8.12 Bapuant nuckpernoro onucanust HJIP_T1/1
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Puc.8.13. luckpetnoe onucanue HJIP_IT1

B nuckperHoii ¢opMe BMECTO MPOU3BOJHON paccMaTpUBAECTCS
MpUpamieHue, a BMECTO UHTETpaja — CyMMa:
Au(t) =k Ae(t) +kie(t),
rae Au(t) =u(t) —u(t-1).
Takum o6pazom, mnoseaenne HJIP IIM omnwmceiBaercs cucreMoit
JIMHTBUCTUYECKUX MPABUII BUA!

Au(t) =F, (e(t), Ae(t)),

u ctpykrypa HJIP IIU1 coBnagaet mo Bumy co ctpykrypou HJIP I1]1 (puc.
8.11 m 8.12) 3a WCKIIOYEHHWEM TOTO, YTO 3/IeCh PAacCMAaTPUBACTCS HE CHUTHAJ
yIpaBJICHUS, a ero MpUpalieHue (puc. 8.13).

brok cymMMupoBaHus OOBIYHO OMKCHIBAECTCS B BHJIE, MMOKa3aHHOM Ha pHC.
8.14.

PaccmatpuBas npupailieHue cCurHaia yrnpaBJIeHUs:

Au=u(k)—u(k —1) = 1-z u(K),

MOXHO 3aMucaTh

AU
1-z1

u(k) =

u toraa quckpetHsid HJIP TTM MoxHO npeictaBuTh B BUJIE, IOKa3aHHOM Ha
puc.8.14.

I[TomuMo omnmcaHHbIX TUNOBBIX CTpyKTyp HIJIP, BO3MOXHBI M 1pyrue
BapuaHThl ucnosb3oBanus HJIP B cucreme ynpasnenus. Hanpumep, HJIP moxer

CITY)KUTh [Tt KOMIICHCAIIMU BHENTHUX I1yMOB (puc. 8.15).
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Puc. 8.15. Bapuant auckpernoro onucanust HJIP_T1IN
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Puc. 8.16. Heuetkast koMIieHcarysl BHEIITHUX BO3MYIIICHUN
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Puc. 8.17. Bxmouenue HJIP B koHTYyp ajantanuu

Bo3moxxno wucnonaws3oBanue HJIP B cocraBe aganTHMBHOM CHUCTEMBI IS
VM3MEHEHHUs NapaMeTpoB AP OCHOBHOIO PETYJIATOpa INMPU YXYALIEHWH KAadecTBa

¢byukuronuposanus (puc. 8.17).



B psage cnyuaeB 3¢@EeKTHBHOW TakkKe MOXKET  OKa3aThCs
uepapxuueckas CcTpykrypa u3 HIJIP, B KOTOpOW peryisiTopbl HHKHETO YPOBHS

OCYIIECTBIISIIOT MEPBUYHYIO 00paboTKy HH(pOpMaIIHH.
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