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

B ocHOBe HEUYETKOH JIOTHKH JICKHT TEOPUS HEUSTKUX MHOXKeGTB. Cam
TepMuH "HedeTkoe MHOXkecTBO" (fuzzy set) Obut BriepBbIie BBeAieH B 1963r. Jlotdu
3ane (Lotfi Zadeh).

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

MHoOXecCTBa SBIISICTCS HCKOTOPBIM q)YHI[aMeHTaJ'ILHBIM ITOHATHUCM.

MHo:xeCTBO — mpeacTaBJsieT co00il HA0OP 3J1eMEeHTOB, 00/1aJAI0IIUX
HEKOTOPBHIM CBOIICTBOM, O0IMM JIJISI BCEX 3JIEMEHTOB MHOKeCTBA.

HanmomHUM OCHOBHBIC OIpCACIICHNA TCOPUN MHOKCCTB.

Paeencmeo muoicecms.

/IBa MHO:KecTBa PaBHbI MeXKAy Cc000H, ecJaIM OHHM COIepkKaT
OIMHAKOBbIE HA0OPHI 3JIEMEHTOB.

JUIsl MOHATHS pAaBEHCTBA MHOKECTB CIIPABEJIMBBI CJIEIYIOLIUE CBOMCTBA!
B peduiekcuBHOCTD A = A
B cummeTpudHOCTE: 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 Tteopun MHOXKECTB BBOJST TMOHITHE 0a308020 (YHUEEPCAlbHO20)
MHOMCECEd.

Ecnn B HekoTOpOM 3azade paccMaTPUBAIOTCS MHOKECTBA, SABIIAIOLIMECH
MOJIMHOXKECTBAMH HEKOTOPOTO (PUKCHPOBAHHOTO MHOXECTBa X, TO TaKoe
MHOYKECTBO Ha3bIBAETCS 0a30BbIM (YHHBEPCAJIbHBIM) MHOKECTBOM X.

CylleCcTBYIOT pa3iIuyHbIC cHOCOObl 3adanusi_mHoxycecmg. K OCHOBHBIM

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

Ilepeuncienne HCITOJIB3YCTCs, CCJIN MHOKCCTBO UMCCT HEOOJIBIIIOE 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 HCKOTOpPOro 0a30BOro MHOKECTBA X:

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

4
CBOﬁCTBO, orpcacieiromee IPHUHAAICKHOCTb, MOKHO XapaKTCPU30BATb

HCKOTOPBIM IIOKa3aTcCJICM, Ha3bIBAaCMBIM dyHkumen INPHUHAMJICKHOCTH

(membership function) - £ 4 (X)

IIoka3zarens MPUHAIIC)KHOCTH MJIA KIACCHYCCKHUX MHOXKCCTB MOKCT

(13

OpUHUMATh TOJIbKO JBa 3HadyeHus: 0 u 1 , oTpaxaromuMu CMBICT — ‘“‘HE
NpUHAIICKUT U “npuHaniaexur”’, T.c. - H 4 (X) € { 0,1 }

[IpumMepoM YETKOTO MHOXECTBA SIBJISIETCS MHOXECTBO  «BBICOKHIA
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 yepe3 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 "BBICOKHX JIHOIeH" A MOXKET OBITh 3aJaHO C ITOMOIIBIO
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"

("yemenTbI"), 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 MOXET OBITh CYETHBIM W  HECYETHBIM.
MHOXECTBO SIBIISIETCSI CUETHBIM, €CIIM €r0 MOXHO IIPUBECTH BO B3aMMHO
OJIHO3HAYHOE COOTBETCTBHE C HATYpaJbHBIM PSAIOM uncell. B mpoTUBHOM ciydae —
HECYETHOE.

Onpez[e.ﬂeHne Hau00J1bIIEro ¥ HAMMEHbIIEro 3JIeMeHTa MHOKeCTBA.

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

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

Honyctum D - MHOXeECTBO BeUIECTBEHHbIX uMcell. Bepxuel rpanuueit D
sBisieTcss yucio ds takoe, uro mus roboro d € D mmeer mecro d< ds. Bepxuss

rpaHulla MHOXECTBa 0003HAYAETCs Sup{D} (cynpemym). 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)}
Ilepeceuenne | 4 ~\ B {X; XeAdu Xe B}
PasnocTs A-B {X;xed u x¢B}
JlonosHeHNe Y Y —UJ-X

JlekapToBO X xY {(X, y);XE X,er}
pOU3BECHNE




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

MHOXECTB

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 oOpa3om, seMEHTaMU JeKapTOBa MPOU3BEICHUS JIBYX MHOXKECTB X
U Y ABISIOTCS IBYX?JIE€MEHTHbIE KOPTEXKH BHUA (X,Y):

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)
xa —() O O*
y1 y2 ys3
Y
Puc.1.2.

Onepamms  aekaproBa (TPsIMOTO) TPOM3BEACHHS CHpaBeIIMBA W IS
OOJIBIIIETO YHCJIa MHOYXKECTB.

CreneHb MHOKeCTBa N MHOXECTBa X MPENCTaBsAeT CO0OMl N-KpaTHOE
MPOU3BEICHNE JAHHOT'O MHOKECTBA CaMOT0 Ha ceOs:

X"=1]X.
(m)

P




OTHOlIEHHEM MeXIy N  MHoOxecTBaAaMHM X1,Xj... X, Ha3bIBACTCS

MMOAMHOXXCCTBO IPAMOI'O IIPOU3BCACHUA X]_ X X2 X...XXn , AJIA KOTOpPOTO
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 OTHOILIEHHUE SBJIICTCA MHOMKECTBOM, TO €r0 MOXKHO 3a1aTh C
NOMOIIbI0  (YHKIMM  NPUHAAJICKHOCTH  KaKIOTO  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.

OtHouleHust HUI'palOT BAJKHYIO POJIb IIPpU OIIMCAHHNHU 3HAHUM.

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

muokecte X X Y oTHoIeHHE «cToMMLA rocynapctay (puc.1.3).



Poccus @ @ @ 0) \O}

X
dpaHums—0) (0) o) o) /J}

Benapycs(0) ) 1 0 0

MoéKBa Tyné MMHCK Tokuno I'Iaphm
Y

Puc.1.3.

IlonsiTie pa3duenuss MHoOxecTBa. JlomycTnM, Ha  HEKOTOPOM
yHUBEpCcaIbHOM MHOecTBe U 3alaHbl HEKOTOphIE MHOXKECTBA A, SBISIOMIUECS
noamHoxkectBamu  U. IlogmuoxkectBa A; 00pasyroT pazbuenne 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 WJIY €AUHULA.

BepneMcst Kk mpumepy O MHOMKECTBE «BBICOKHM 4YEIOBEK». PaHee MbI
noctaBuwiiv rpanuny - 180cM. O4yeBHUIHO, UTO B 3TOM Ciy4yae JBY3HAuHas JIOTHKA

(Tuma "ma" - "Her"), onpenensieMast (GyHKIMEN NPUHAMTICKHOCTH L, (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 OXapaKTEepU30BaTh Kak '"BBICOKWMM YelIOBEK'", HEXeMW "HU3KUN'.
[ToaTomy Oosiee €CTeCTBEHHBIM SIBISICTCS 3ajaHue (DYHKIMHU MPUHAIICKHOCTH B



BUJIE HEKOTOPOW HENPEpPBhIBHON 3aBUCUMOCTH (IIyHKTUpHas KpuBas Ha puc.3.l),
oTpeeNsIoNIeH TIaBHbIN epexo] 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 IEMEHTY 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'

3aaHHOE TaKUM 00pa30M MHOXKECTBO Tap:
A={ x/u,(x);xeX} (1.3)
HA3bIBACTCSI HEYETKHM (MJIU 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) M, (X)=O 03HAYAET OTCYTCTBUE MPUHAIUICKHOCTH BJIEMEHTA X K HEUYETKOMY
MHOXecTBY A, T.e. X & A ;

3) O<uy, (X)<1 03HAYaeT YaCTHUHYIO MPUHAICKHOCTD 2JIEMEHTa X K HEUETKOMY
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

Irac 4uciia /u/_\(xi) - CTCICHU INPUHAJIC)KHOCTHU DJIEMEHTOB X; MHOXECTBY A.

3ametuM, uto 3Hak 'mmoc" B (1.4) o003HAUYAET 00bLEIMHEHHE, a HE
apudmernueckoe cymmupoBanue. OObIYHOE (YETKOE) TUCKPETHOE MHOXKECTBO MpHU

TakoH (hopMe 3aIHMCH MOXKHO IIPEJICTABUTH B BUJIE
A=1/x +1/%, +...+1/ X, (1.5)
n
w A=Y1/X,
i-1
* Bo3MoxeH n TaONMMUHBIN CHOCOO 3aaHMSI HEYETKOTO MHOXKECTBa A.
Hanpumep, Tabmuna

(%) |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 OECKOHEUHOTO
Yuciaa TOYEK, HallpuMep, MpeAcTaBisieT co00il HEeKOTOphlM HHTEpBal (a, B) Ha
YHCITOBOM OCH X, TO (BYHKIHS MPHHAIEKHOCTH (X ) 0OBIYHO 3a1aeTCs rpaduuecky

HWJIN B BUJC aHAJINTUYECKOM 3aBUCUMOCTH.

Ecmu 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 OCYIIECTBIISITHCS
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. HeornpeneneHHOCTh cMbicia ¢pa3 U 3HAYEHHUS 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 110BTOPSEMOCTh 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 L7)
1-2/ —— |, ecmb<x<c,
c—a
1, eciu X 2> C,

rae b=(a+c)/2. dyHkuus NpuHAIIKHOCTH, OTHOCAIIASICS K 3TOMY KIIaccy,
uMeetr rpaduueckoe mnpeacrarieHue (puc.l.7), HamomuHaromee OYKBY «Sy,



npudeM ee ¢opma 3aBHCHUT OT Mojdopa mapameTpoB a, b,c. B touke X=b=(a+c)/2
(YHKIUS MPUHAIISKHOCTH KJlacca S mpuHUMAaeT 3HadeHue paBHoe 0,5.

Ak

o5 -

\

Puc.1.7.

2. OyHKOMS TNpUHAIISKHOCTH 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

OyHKIUSA TPUHAIICKHOCTH Kiacca T MPUHUMAET HYJIEBBIC 3HAYEHUS IS
x>C+b u x<c-b. B roukax X=C+b/2 ee 3HaueHue pasHo 0,5.

3. OyHKIMA NPUHAIIEKHOCTHU Kilacca y

0, ecmu X<a,

]/(X,a,b)= X_a, ecmn a <X <Dh, (1.9)
—a
1, ecmu X =D,




Puc.1.9.
3. OyHKIMS MPUHAATIC)KHOCTH 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 — clieluaibHOE YHUBEPCAIBbHOE MHOXKECTBO, Hampumep, X,
COZIEpIKaIeT0 B paMKax paccMaTphBacMol 3amadu (mporecca) BCe BO3MOXKHBIC
35eMeHThl. PopManbHO YJOOHO CUMTaTh, YTO BCE 0€3 HCKIIOYEHMS SJIEMEHTHI
YHUBEpPCYMa, KaK HEYETKOrO0 MHOXKECTBAa, MMEIOT (YHKIUU MNPUHAJICKHOCTU
YHHUBEPCYMY PaBHBIE €IUHHUIIE.

HocureneM HeueTKOro MHOXECTBa A, Ha3bIBaeTCid OOBIYHOE MHOMXECTBO
As, KOTOpOE COJEPKUT T€ U TOJIBKO TE€ DJIEMEHThl YHUBEPCYMa, IJII 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)

Hocutens o6o3nagaror supp A ( support).

JKBUBAJIEHTHOCTD. /[Ba HEUETKUX MHOXKeCTBa A U B nKBHUBaJIEHTHBI (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
TOYHAas BEPXHsS TpaHb (MAKCUMyM) €ro (PYHKIIMH MPUHAIJIEKHOCTH:



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 MHOKECTBO OOBIYHO 3aMUCHIBAIOT B BH/IC

A=, % (1.14)

rae Hp- CTEIICHb IMPUHAOJICKHOCTHU 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.
HeueTkoe MHOKECTBO:
A= 01,05 03
2 4 6

IIOCJIC HOpMAJIM3allu IIPpUHUMAEM 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 kaxkmoro 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)
IUTA KOKI0T0 X € X .

[Tpumep BKITIOUEHUS (COACPIKAHMS ) HEYETKOTO MHOKECTBA A B HEUETKOM
MHOecTBe B mttoctpupyercs Ha puc. 1.13.

HEOA

e (x)
LA (X)

x

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

B nurepatype BcTpedaeTcsi TakKe IMOHSATHE CTeNeHW BKJIKYEHHUS
HEYETKUX MHOKeCTB. CTeneHb BKIIIOUEHHSI HEUETKOTO MHOXKECTBa A B HEUYETKOE
MHOkecTBO B Ha puc. 1.13 paBna 1 (momHoe BkitoueHue). Hedetkne MHOXKECTBA,
npeacraBiacHuble Ha puc. 1.14, He ynosneTBopsitoT 3aBucumoctH (1.15),
CJIeIOBaTEIbHO, BKIIIOYEHUE B CMBIcIe onpeneieHus (1.15) orcyTcTByer.



Puc.1.14. ConeprxaHne HEYETKOTO MHOXKECTBA A B HEUETKOM MHOXKeCTBE B
B creneHu [(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 ={ X/, (X) >0, £, (X) < 145(X)) ; X € X} - yetkoe MHOKECTBO.

Touka nmepexoaa HEYECTKOIro 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 UMILTUKAIINU:

o, <o = AO[l - Aaz, (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:

Ay =X={1,...,4},
Ao 1={2,3,5,8,4},
Ao:={3,5,8,4},
Ao7={5,8,4},
Aos={8,4},

A o={4}.

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

KOT/Ia JUIsA TIPOU3BOJIBHBIX X, X, € R m A € [0,1] BBINOIHSIETCS YCIIOBHE:

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



Ha puc. 1.16. npencrapiieH mpuMeEpP HEYETKOTO BBITYKJIOTO MHOKECTBA:

(x) A 4
La(x)

X

Puc.1.16. HedeTkoe BBITTYKII0€ MHOYKECTBO.

Onpenesnenue

Heuetkoe MHOXeCTBO A € R sBIISIETCS BOTHYTBIM TOT/1a 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. HedyeTkoe BOrHYTOE€ MHOXKECTRBO.

PaccmaTtpuBas ompeneneHusT HEYETKMX MHOXKECTB M BUIBI  (DYHKIUI
MIPUHAJJIKHOCTH HEOOXOIMMO OTMETUTh, YTO BOMPOC O TOM, KaK BhIOMpaeTcs (Wi
3a7aeTCs) B KXIOM KOHKPETHOM Clydae (yHKITHS TIPHHANEKHOCTH £(X) M Kakoi

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
MIPUHAJICKUT MHOXKECTBY 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,
MIPUHAJICKAIUX TOW WM WHOM KaueCTBEHHOM OIICHKE HOCST MOPOH CyObEeKTUBHBIN
XapaKTeP U OMPEIETISAIOTCS 3a4aCTYIO ONBITHBIM ITyTEM.

Ornpenenenne

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

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

Tak, nepemenHas "Poct (BbicOTa) yenoBeKa" MOMKET XapaKTepU30BaThCA
OMHMM W3 CIICAYIONIMX 3HA4YeHUH - TepMoB (terms), T.e. CKaTBIX CJIOBECHBIX

=non =non "nn

onuvcaHui: "MalleHbKui'", "HEBBICOKMI'", ""cpenHero pocra”, "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 JIBMXKEHUS
aBTOMOOMJISD MOXET pacCMaTpUBAThCA KaK MMs (CHMBOJI) HEKOTOPOTO HEYETKOTO
MOAMHOKECTBA B COCTABE ITOJIHOI'O MHOKECTBA 3HaUCHUHN X.

3agaTh HEUETKOE MOJMHOXKECTBO A , COOTBETCTBYIOLIEE OIpeseneHHoMY (i-

My) TepMy (3HaYEHHIO) JIMHTBUCTUUECKOM MMEPEMEHHOM, - 3TO 3HAUUT 337aTh 00JIaCTh
OTpe/IeIeHHs] YUCIIOBOW TMEPEMEHHON X W (DYHKUMIO MPUHAUICKHOCTH DIIEMEHTa X
HOJMHOXKECTBY A .

PaccMoTpum B KauecTBe TMpuUMeEpa JIMHIBUCTHYECKYIO IEPEMEHHYIO
"CkopocTth aBromMoOwIs". bynem nonarath, YTO pa3IvyHble 3HAYECHUST (PU3UUECKON
nepeMeHHON X (CKOPOCTH, B KM/4) MOTYT OBITh OXapaKTepU30BaHbI HAOOPOM U3 S5
HEYCTKUX ITOJMHOXKECTB (3HAUYCHHMM JIMHTBUCTHYECKOM miepeMeHHon): {"OdeHb
umskas", "Manas", "Cpennsis”, "bonbimas”, "Ouenp Oosbimas'}.



Koneuno, By GyHKIMH NMPUHAMICKHOCTH 1T KXKIOTO TEPMa BO MHOTOM
3aBUCUT OT BBIOPAHHOTO TPAHCIOPTHOTO CpEACTBA (aBTOMOOWIIb TPY30BOM,
JIETKOBOM, CIIOPTUBHBIN; BPEMEHU CYTOK; TUIA JOPOXKHOTO MOKPBHITUS U T.J.). B
KayecTBE NpUMepa MpHUBEACHbl (YHKIMU MPUHAAICKHOCTH I KaXKIOro 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 "bBonbiias" - co cTeneHsMH TPUHAIICHKHOCTH
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 NpUHAMIKHOCTH S-Kjiacca (puc.2.l) (mpaBas TrpaHUIA)
OTIpe/IeTACTCS KakK

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. OyHkMsA TpUHAIICKHOCTH, OTHOCSIIAACS K 3TOMY KJaccy,
uMeeT Tpaduueckoe mpeacraBieHue (puc.2.l), HamoMmmHAMOMEEe OYKBY «S»,
npudeM ee ¢opma 3aBHCUT OT Moj00pa mapameTpos a, b,c. B touke X=b=(a+c)/2
GyHKIMS TPUHAIICKHOCTH KJlacca S mpuHUMAaeT 3HadeHue pasHoe 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. qDYHKIIHH IMPUHAOJICKHOCTH KJIaCCa 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 ecnm a<x<b, (2.4)
b-a
0, ectm X =D,

L(x;a,b)=



A

3. @yHKIMS MPUHAAIC)KHOCTH Kiacca t

t(x;a,b

)=

0, ecmu X<a,

>
QD

,ecnd a< X <Db,

oT
x

, ecm b<x<c,

(@]

o o

eciam X = C,

(2.5)




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 U TOJIBKO TC JJICMCHTBI YHHBCPCYMA, TJII 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).

IKBHBAJIEHTHOCTD. I[Ba HEYETKMX MHOXXecTBa A U B 3KBHBajICHTHBI (Z)TO

o6o3nauaercst kak A= B rtorma u tonsxo TOraa, Korma s 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 HEYETKOr0O MHOYKECTBA paBHA |, TO TakO€ MHOXKECTBO
Ha3bIBA€TCd HOPMaIM30BaHHBIM. B TOM ciydae, Korga BbICOTa HEYETKOIO
MHOXKecTBa A MeHbIIe | (Takoe MHOKECTBO HA3bIBACTCS CYOHOPMAJIbHBIM), MOKHO
OCYILIECTBUTh NEPEXO0J] K HOPMAIM30BAHHOMY MHOXECTBY IyTEM JEJICHUS €ro

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

Ecnu HOcUTENnb HEUETKOrO MHOXKECTBA A COCTOUT W3 €IMHCTBEHHOM
TOYKH X, TO TAKO€ MHOKECTBO Ha3bIBaeTcsl OAHOTOYeYHBbIM (Singleton). JlanHoe
OJIHOTOYEYHOE MHOYKECTBO OOBIYHO 3aMKCHIBAIOT B BUJIC



A=, X, (2.8)

rac ,UA - CTCIICHb MMIPUHAAJICKHOCTHU X MHOKCCTBY A.

IMpumep 2.1.

Ecm X =4{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 06
NS
2 4 6

Heuetkoe MHOXECTBO A Ha3bIBAaeTCS MYCTHIM U 0003HavaeTcss A =J,

TOTJIa ¥ TOJILKO Torma, korma M, (X)=0 mist kaxxmoro 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)

JUTSL KQXKI0T0 X € X .



[Tpumep BrIrOUEHUS (COEpkKAHUS) HEUETKOTO MHOKECTBA A B HEUETKOM
MHOecTBe B mmoctpupyercst 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 CTeNeHM 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 YIOBICTBOPSAIOT 3aBUCHMMOCTH (2.9),
CJIEIOBATENbHO, BKIIIOUEHUE B CMBbICIIE onpezeneHus (2.9) oTCyTCTByeT.

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

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

OnHako HEYETKOE MHOXKECTBO A, XOTA Obl MU YaCTUYHO, HO COJICPIKUTCS B
HeueTKOM MHOKecTBe B. CTerneHn BKIIOUEHHS OLICHMBAETCS MO 3aBUCUMOCTH

I(AcB) =min, . 15(X), (2.10)

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

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

A, 11 xotoporo £,(x)=0,5.



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

CTC:A CIICAYIOIICC YCTKOC MHOKCCTBO!

A ={x/u,(X)>a;xe X}, « (2.11)

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

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

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

Ipumep 2.3

PaccMOTpUM HEYETKOE MHOKECTBO A C X :

_01 03 0,7 08 10
=S4+

A DN
2 4 5 8 10

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

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

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



A¢1={2,3,5,8,4},
A 3={3,5,8,4},
Ao7={5.8,4},
Aos={8,4},

A o={4}.

HeueTtkoe MHOkeCcTBO A € R sBnsieTCs BBINLYKJIBIM TOT'/Ia U TOJBKO TOT/I,

KOT/Ia 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 sBIIsIeTCss BOrHYTBIM TOT/Ia U TOJIBKO TOT/a,

KOrJa MOXHO Mmogo0parh Takue X,X, €R m A€ [0,1] mis koTophix Oymer
BBITIOJTHATHCSI YCIIOBHE:

A% + Q= A)x 1< mind e, (%), 1, (X;)} (2.14)



~
X
N
-

Ha(X)

X
>

Puc. 2.10. HedyeTkoe BOrHyTOE€ MHOXKECTRBO.

PaccmaTtpuBas ompeneneHUs] HEYETKMX MHOXECTB M BHUJIbI  (DyHKUIUH
MIPUHAJIKHOCTH HEOOXOIUMO OTMETUTh, YTO BOIPOC O TOM, KaK BeIOMpaeTcs (Wi
3a71aeTCs) B KOKJIOM KOHKPETHOM ciiydae (YHKIMS TMPUHAICKHOCTH y(x) U Kakou

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

Onepanum ¢ He4YeTKIMH MHOKeCTBaMH

Omnpenenenue omnepauii, BHIIOIHIEMBIX C HEYETKUMH MHOXXECTBAMH, BO
MHOT'OM aHAJIOTUYHO OINEpaIusM 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.

PaccmMoTpuM OCHOBHBIE Omepanuy, HauOOJIee YacTO HCIOIb3yeMbIE NpU
IPOEKTUPOBAHUN CUCTEM YIPABIEHUS C HEUETKUMU peryisitopamu. [lycte A u B —
IPOU3BOJIbHBIE HEUETKHE MHOXKECTBA, 3aJJaHHbIC HA OJTHOM U TOM € YHUBEpPCYMeE
X. HauneM ¢ paccMOTpeHusi omepalii, ¢ KOTOPBIMHU YK€ XOPOIIO 3HAKOMBI U3
TEOPUU MHOXKECTB, & UMEHHO, NepeceyeHue, 00beJHHEeHHE, 10II0JTHEHHE.

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:

Hc (X) = Mg (X) = Hy (X) N Hg (X) =min (/UA (X)’ Mg (X))’ (3.1)
IUTA KOKI0To X € X .
['paduueckas maTEpHIpETAlIKs STOM ONEepaluu npeacTabieHa Ha puc. 3.1.

he) () Ha(X)

X
Puc. 3.1. I'paduueckoe npeacTaBiaeHre onepalyy nepeceueHusi HeUeTKUX
MHOECTB.



Kak HeTtpyaHo 3aMeTuTh, pe3ynbraT nepeceuenus ANB ecTh HaubombIIee
HEYeTKoe MHOXKECTBO C, KOTOpOE€ COAEPKUTCA OJHOBPEMEHHO B HEYETKHX
MHO)ecTBa A B.

4
[lepeceuenne HeueTknx MHOXECTB AgA,, ...A, ompenensercs QyHKIHUeH

NPUHAAJIEKHOCTH:

1 (X)=min, (x), 12, (x),..., 2, (X)), (3.2)
JUTSL KaxI0oro 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 u B Ha3piBaeTCs HEKOTOpoOE
TpeTbe MHOkecTBO C, 3amaHHOe Ha OTOM YyHHBepcymMe X, (YHKIUA
MPUHAJJICKHOCTH KOTOPOTO OMPEENsIeTcs Mo clieaytoiei popmyre:

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

U1 Kaxaoro X € X .
I'padpuaeckas mHTEpIIpETAIINAS STOM ONEepaIuy IpeICcTaBlIeHa Ha puC. 3.2.




Kak HetpynHo 3ameruth, o0beamnenne C = AUB ecrs naumenbiiee

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

Ornepanuio 00beTMHEHNS HEUETKUX MHOXKECTB MHOT 1A Ha3bIBAIOT max (0) -
o0LeIMHEeHHuEM.

OYyHKIMM ~ TPUHAUICKHOCTH  OOBEIMHEHUST  HECKOJbKUX  MHOMKECTB
ALA,, ... A, BBIpAXKaIOTCS 3aBUCUMOCTBIO:

Hp (X)zmax( Hy (X), Hy, (X)a---, Hy (X)), (3.3)
IUISL Kaskoro X € X .

Paccmompum npumepul onepayuii 00veOunenusn u nepecevenus
JlomycTtuMm, 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 pe3yslbTarsl onepauun

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
/lononanenue

JlononHeHne HEYeTKOro MHOXecTBa A o0o3HayaeTcss uepes A u
ONpPEACIACTCS KaK HEYETKOE MHOXKECTBO A= {X/ ,u;(X);VX e X }, byHKIUN
TIpUHAIIEKHOCTH KoToporo A5 (X) ompenensercs mo cnemyromeit hopmyste:

15 (X) =1— 1, (X) vxe X . (3.4)

['paduaecku mannast PyHKIMS WLTIOCTpUpyeTcs puc.3.3.




>

LL(x)
LA (X)

LLa(X)

X

Puc.3.3
JInst pacCMOTPEHHBIX OMepaluii HaJ HEYETKUMH MHOXKECTBAMH HMEIOT
MecTOo cheayronme pyHaaMeHTalbHble 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)
-accoyuamueHocmy onepanuu OOBbEIUHEHUS UM MEPECEUCHUS] HEUETKUX

MHOYKECTB!

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

-oucmpuodoymuenocmsp onepaunii (| 1 U OTHOCUTENBHO APYT Ipyra

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

AUA=A ANA=A (3.8)

-no210ujeHue OJJTHOTO U3 HEUETKUX MHOKECTB IPHU ONepaluuu 00beAUHEHUS

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

“UHBO0JII0UUA

> |
Il
>

(3.10)

- 3axonvl Mopzana



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

Oc00eHHOCTHIO paccMaTpUBaeMbIX onepanum 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

HeueTkue onepaTopbl. AJibTepHATHBHBIE ONlePaIlUU NepecevdeHus U
00beTMHEHUS HeYeTKNX MHOKECTB

PaccmoTpennsie  omeparuu min(o) — TmepeceyeHUsi M Max (0) -
00beIUHEHHUs] SBJISIOTCSA HE €IUHCTBECHHBIMU JIUIS ONPEACICHUS TEPEeCCUCHUsS U
O00bEIMHEHUSI HEUYETKUX MHOXKECTB, MTOCKOJIBKY OHU (B OTJIMYME OT KJIACCUYECKOM
TEOPUU MHOXKECTB) HE MCUEPIIBIBAIOT BCE MOTEHIIMAILHO BO3MOJKHBIC B OOIICH
TEOPUHU HEYSTKUX MHOXKECTB CITIOCOOBI UX 3aJIaHMS.

IIpu sTOM 11€7I€CO000Pa3HOCT, TPUMEHEHHUSI aJbTEPHATUBHBIX OINEpalui
MOXXET OBITh O0OYCJIOBJIEHA CHEHMU(PUISCKUMH OCOOCHHOCTSAMH KOHKPETHBIX
MPaKTUYSCKUX 3a7a4 M CTPEMJICHHEM ITOBBICUTh aJCKBATHOCTh WHTEPIPETAIIUN

HCIIOJIb3YyCMbIX HCUYCTKUX MOI[GJ'IGIZ Ha OCHOBC y4C€Ta HIOAHCOB pemaeMoﬁ 3aJa4u.




Anzedpauueckoe nepeceuenue (npouszeedenue)

OnHoil M3 TakuxX oOmepauuid SBISIETCS ONEpalMs «anaredopandeckoe

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
COOTBETCTBYIOIIUX 3HaYeHUN (QYHKINUN MPUHAIIC)KHOCTH 0003HAYaeTCs:

C=A-B (3.13)

Takum 06pa30M, 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'padnueckoe mpencTaBiieHue ONepalvy anredpandeckoro
MIPOU3BEICHUSI.

Anzeopauueckoe odveounenue (anzeopaunyecKkas cymma)

AnreOpandyeckuM o0ObeIMHEHUEM (MM alreOpandyeckod CymMMoOM) IBYX
HEUYETKUX MHOXeCTB A u B wHa3zpiBaeTcs HedyeTtkoe MHOXecTBO D=A® B,
3aJJaHHOE Ha 3TOM JXe¢ YHUBepcyMe 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
nepeceycHuss u o0benauHeHus 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 oobeauHeHus (puc.3.9).



X/l

Puc.3.9.
Takum oOpa3oM, MBI pacCMOTpeNd IO JBa BapuaHTa [Jisi oOmeparui
OOBEMHEHUSI W TIEPECeUCHMs] HEUEeTKMX 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);

- mpeyzo01bHaa KOHOpMaA (S-vopM™ma mim T-koHOpMA).

Heuetrkue omepatopel T m S 0003HauatoT (yHKIUH CO CIENHUATHLHBIMU
cBorictBamu. [logpoOHO ATH CBOWMCTBAa OyayT pPacCMOTPEHBI HHUXE. 3/1eCh XKe
OTMETHM JIBa OOIIMX BAXKHBIX CBOWCTBA: [-HOpMa U S-HOpMa 3TO (QYHKIIMH JIBYX
JEWCTBUTEIBHBIX ITIEPEMEHHBIX X U Y, onpeaeiaeHHbx Ha uHTepBaax 0<X<1 u

0<y<1. 3unauenus pynxumii T(X,y) u S(X,y) Takxke HaxoaaTcs B MHTEPBaIe OT )

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. (yukmus T yqoBieTBOpsieT IPaHUYHBIM YCIOBUSM
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 IEPEMEHHBIX
S:[0,1] x [0,1]—[0,1] (3.17)
HA3bIBACTCA TPEYTrOJIbHOU S -HopMmoii, ecimu OHa YIOBJIETBOPSET

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 YCIOBHIM
S(x,0)=x%, S(x1)=1
4. ¢ynkuus T yOBIETBOPSET YCIOBHIO CBA3HOCTH (2CCOIMATUBHOCTD )
S(S(a,b),c)=S(a,S(b,c))
B Tabmuue 3.1.a u 3.1.0 __ mokaszaHbl HamOoJiee YacTO BCTPEUYAIOIIUECS

YacTHbIE cllyyae - 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 OIrpaHUYCHHOE 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) o0berHeHHEe (MaKC-00beIMHCHNUE)
1-(1—x)-(1-vy) anreOpanyeckasi cyMmma
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- HOpM HA3BIBAIOTCS TPUAHTYJISPHBIMHU.
Ha3Banbl OHU Tak MOTOMY, YTO OHH OIPEACIISIOTCS TOJBKO B TPEYTOJIbHHUKE:

0<x<1 un 0<y<l1,

JlonmoiHUTE/IbHBbIE 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 HEUETKOTO MHOKECTBA B CTETICHb.

Paznocmp HeuemKux MHOX}CECH8




Pa3HOCTBIO IBYX HEUETKHMX MHOKECTB A M B Ha3bIBaeTCs HEKOTOPOE TPEThE
HeuYeTkoe MHOXecTBOo E, 3amanHoe Ha ToMm ke yHuBepcyMe X, (QyHKIuUA

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 MHOXECTBaMH 0003Ha4YaeTcs
3HAKOM «\», T.€.:
E=A\B.

I'paduueckun naHHy0 omepauio WUTIOCTpUpyeT puc.3.4.

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

Puc.3.10
Kak BugHo u3 dopmynsr 3.18, dyHKIMA TPUHAMIEKHOCTH SIBISCTCS
HEOTPULIATETHLHOM (€CIM Pa3HOCTh (PYHKIMI MPUHAAJICKHOCTH MEHbIIIE HYJIS, TO
OHa OOHYJISIETCS).

Cummempuuuaﬂ PDA3HOCMb HEeUeMKUX MHOJICeCcme

Crnenyer 3aMeTUTh, UTO OMEpAllMU PA3HOCTU JIBYX HEUETKHUX MHOXKECTB B
OTJINYUHU OT omeparuit A u V He SBJISIETCS KOMMYTAaTUBHOM, T.€. B 00IIIEM CiTy4yae

A\B=B\A. (3.19)

CummMmerpuueckass pa3HOCTh JBYX HEYETKMX MHOXecTB A u B

( o6o3HavaeTcs A © B):

Hen(X) =1t (¥) = 1 (x)},  VxeX. (3.20)
rI¢ B TPaBOM YacTH BBIPAXKCHHUS TPHUMCHSCTCS OIEpaus MOy
(aOCOJIIOTHOTO 3HAYCHMS) YHCIIA.

['paduueckn mannyro oneparnuio wuocTpupyer 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 IBYX HCUYCTKHX MHOXCCTB IIPCACTABIIACT

co0oli 00beAMHEHNE IBYX Pa3HOCTEN HEUETKUX MHOXKECTB A 1 B.

YMHoOKeHNe HeUeTKOr0 MHOKECTBA HA YHCJIO0

[Iycte A= {X/ L1a(X);Vxe X }— IIPOU3BOJIBHOE HEYCTKOE MHOXKECTBO,

34JaHHOC Ha YHUBCPCYMC X ; O~ TIOJIOXKUTEIIbHOC I[GﬁCTBPITGJ]BHOG quCiI0, TakocC,

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

Kpome mnepeuncineHHBIX, HUMEOTCI W Ipyrue OIEpaluy, KOTOpbIE
OKa3bIBAIOTCS MOJIE3HBIMU TIPH pabOTE C TUHTBUCTUYCCKUMU ITEPEMEHHBIMHU.

Onepanuga KOHIHEHTPAIMHT

Omnepamust koHnentpauuu (concentration) CON(A) omnpenensieTcss Kak
anreOpandyeckoe IPOU3BEJCHHE HEYETKOro MHOKeCcTBa A Ha camoro ceos:

CON(A)=A? Te.
Hcon(a) (X) = la (X)’ vxe X (3.25)

B pesynbTaTe nmpuMEHEHUs 3TOW onepanuy K MHOXECTBY A YMEHBIIAKOTCS
CTEIICHW MNPHUHAIJIEKHOCTH DJIEMEHTOB X 3TOMY MHOXECTBY, IPUYEM €CIHU



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

CTENEHBIO TPUHAAJICKHOCTH - OTHOCHUTEIBHO BEJIHMKO. 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.).

Onepanys pacTsizkeHust

Ormepanust pactskenns (dilation) DIL(A) ompenemsiercs: kak DIL(A)=A"’,
rae

;uDIL(A)(X): HalX), VXe X (3.26)

JlerictBue 3TOM  ONEpallMd  MPOTUBOIMOJIOKHO JICMCTBUIO  OINEpalluU
KOHIICHTPAIIMM M  COOTBETCTBYET HEONPEACICHHOMY TEpMY 'HOBOJIBHO",
BBITIOTHSIONIEMY (DYHKIIHIO OCTIA0JICHUS CIASAYIONIEro 3a HUM (OCHOBHOTO) TepMa

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

DIL(A)

| con

Puc.3.12.

MOXHO BBECTH U Jpyrd€ aHaJlOTMYHbIE 10 CMBICIY OIEpaluH,
MO3BOJIAIONIME MOAUDUIIMPOBATh 3HAYEHUS JIMHTBUCTUYECKOW MEPEMEHHOM,

YBEIMYHUBAs TAKUM 00pa30M UX KOJIMYECTBO.
Tak, Tepm "GoJiee ueM" MOXKHO OMPEIETUTD CIASTYIOIIUM 00pa3oM:

"oonee yeM'" = {X/,uA(X)l’Z‘r’; vXx e X } (3.27)
COCTaBHOU T€PM "OUEHb-OUECHB :
" ouenp - ouenb A"= CON(CON(A))= {)(/,Ll4A(X); vxe X } (3.28)

U T.O.

PaccMoTpum mpuMeHeHNE yKa3aHHBIX OMepalvii Ha CIAEAYIOIEM HaTJIITHOM
npuMmepe. Ilycte nmepeMenHast x xapaktepusyer "pocT uenoBeka', X - MHTEpBal

[0,200] (cm). Torma HeyeTKHE MOJAMHOYKECTBA, OMMMCHIBAEMbIC TepMaMH "BBICOKHI "



U "HU3KHIA", MOXKHO MPEACTAaBUTh C TOMOIIBIO (PYHKIIMHM MPUHAJJICKHOCTH Kilacca

S (puc. 3.13):

0, ecmu X<a,

2
Z(E) , eciu a<xX<hb,

c-a (3.29)

c—a
1, eciu X > C,

2
l—Z[X—_Cj , ecm a<X<b,

rae b=(at+c)/2. B touke Xx=b=(a+C)/2 dbyHKIMI NpUHAIICKHOCTH Ki1acca S

IIpUHUMAET 3HayeHue pasHoe 0,5.

A

o5 -

Puc.3.13.

PaznmuuaroT pyHkiuu S — kinacca — J€BbI€ U MPaBhIE.
[IpaBas ¢ynkmus S — kiacca o0o3HAyaeTCss Kak Sg U ONpenenseTcs

3aBUCHUMOCTBIO SR:=S .

JleBass ¢yHkumss S — Kjacca oOO3HAYAETCs KaK S W Ompenessercs

3aBUCUMOCTBIO.

S|_ =1- S

HeueTkne MHOXeCTBa, ONMHUCHIBAEMbIE TEPMAMU «HU3KUI» M «BBICOKUI»
MOJKHO MPEACTABUTH C TOMOIIBbIO S-pyHKIHI Ha nHTepBate oT 160 o 180 cm.

1. Tepm «BbICOKUU
a=160cMm, b=170cm, c=180 cm.



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 «HU3KUN»

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, T0o B

COOTBCTCTBUHU C JaHHBIMHU q)YHKHI/ISIMI/I MMPUHAOJICKHOCTH. 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

IIpoexkTnpoBanue HeueTKOro peryasropa aias ICII

C UCITIOJIHUTCJIBbHBIM ABUTI'aTECJIEM ITOCTOAHHOI'O TOKA
4

B kauectBe mpumepa paccMoTpuM (HOpMHpPOBaHHE HEYETKOTO PETYNIATOpPA
JUTSL JIEKTPUYECKOTO CIEASIIEr0 MPUBOJA MOCTOSHHOTO TOKA.
CtpykTypHas cxema CIeAsIIEro IeKTPOIPUBOAA C HEUETKUM PETYIISITOPOM

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 BuIHO U3 TPUBENEHHONW CTPYKTYPHOM CXEMbI, BbIpaOOTKa
YIOPABJISIIOIIETO BO3JCHCTBHSI HEUETKHM PETYJIATOPOM OCYIIECTBIISCTCS Ha
OCHOBaHMHM HMH(POpPMAIIUU O BEIMYMHE OIIMOKHM M CKOPOCTH BBIXOJHOTO Baja
MIPUBOJIA.

B cBoro ouepenb B HEUETKOM PETYJSTOPE MOXKHO BBIJCIHUTH CIIECIYIONTUE
byHKUHOHATBHBIE OJIOKHM: (az3udukaTop, OJOK mpaBui U naedazzudukarop

(puc.4.2).



dazzndmxarop ;0 Tttt I S
: ¢ P JIHHIBHCTHMeCKan | | JIMHIBHCTHYeCKas !
: TiepeMeHHas ‘omHOKa® i nepeMeHHas :
s beroiae iecemeessssseseesseesd 1 YIDABNIEHHEN
_r._’ 2am=emt ’,'............................'
; “» Hedazsudukarop >
5 TIPABUII |
@i i
=i T ressessesssessssesosesseass 4
P premTs TTTmemmmmmsmsonnneeng 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 U3MepsAeMbIX (PU3UUECKUX
NIEPEMEHHBIX K JIMHTBUCTUYECKUM INEPEMEHHBIM, IPEICTABICHHBIM HEYETKUMU

TEPM-MHOKECTBAMU.
Jnsg  ynopaBieHUs  CHEASIIMM  BJEKTPONPHUBOJIOM, BBOJSATCS  TpHU

JIMHIBUCTHYCCKHUC IICPCMCHHBIC!

e ‘ommbOKa’ (10 MOJIOKEHUIO);
® ‘CKOpPOCTh’ — CKOPOCTb M3MEHEHHUS BBIXOJHOTO YTJIa;
e ‘yIpaBJsOIIEe BO3JCUCTBUE .

HepBI)Ie ABC U3 HUX ABJIAIOTCSA BXOAHBIMU, TPCTHA — BBIXOAHAA.

JUisi TUHTBUCTHYECKYIO TepeMeHHON "owwuobka" omnpenenum 0a3oBoe

TEPM-MHOXKECTBO BUJIA:
T.={ "ompuyamenvnas 6onvwas (NB)”,

“ompuyamenvras manasi(NS) ",



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

HYCTL ® - 3HA4YCHUC CKOPOCTH. bazoBoe TCPM-MHOKCCTBO Tm

OIIpEeIeIUM B BUJIE:
Ty, ={ "ompuyamenvnas 6onvwas (NB)”,
“ompuyamenvuas manas (NS)”,
“nynesas (2)”,
“nonoscumenvras manas (PS)”,
“nonoscumenvras 6orvuwas (PB)’}.

OpHEeHTUPOBOYHOE pacmnojioXkeHne (YyHKUUN NPUHAIICKHOCTH I BCEX
JMHTBUCTUYECKUX NIEPEMEHHBIX MMOKa3aHO Ha pUCYyHKe 4.3, 4.4. OHO JOJIKHO OBITH
CUMMETPUYHO OTHOCUTEIBHO HYJIEBOW TOYKU. B MpOTHMBHOM ciydyae yCTOMYMBOE
NOJIO’KEHUE HE OyAET NOCTUraThCsl, U MEPEXOAHBIN mpolecc OyneT MpercTaBiIsaTh

co00#1 He3aTyXarKe 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{J’ISI OIIPpCACIICHUA TI'paHUL] YKA3dHHBIX TCPM MHOKCCTB HCO6XOI[I/IMO

MPOBECTU aHAJIN3 XAPAKTEPUCTUK CHIIOBOW CHCTEMBI ITpUBOAA. {15 pemeHus 3Tou

3aJladu HCIIOJIL3YEM MOJCIIb CHJIOBOM CHCTEMBbI IIpruBOAA, HpeI[CTaBJIeHHOﬁ 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 ) 17

Tem.s+1

Transfer Fon

|-

oLt P

Integrator

Integratorl  Gaind

cele

Gain2

armeaga

Puc.4.5 (0)




JlommyctuM TpeOyeTcsl MOCTPOUTh HEUETKHU PETYNSITOp IS YIPaBJICHHS
IPUBOJIOM B JIMANa30HE M3MEHEHUs YIJia MOBOPOTa BBIXOJHOTO Bana +/- 1 pan. ¢
UCTIOJIb30BaHUEM B KA4€CTBE BXOJIHBIX CHUTHAJIOB — OIITUOKH OTPAOOTKH BXOJIHOTO

4
BO3JICHCTBHS I CKOPOCTH BPAIICHUSI BaJIa UCTIOTHUTEIIBHOTO JBUTATEIS.

C uensio hopmupoBaHus 0J10Ka MpaBuil (HAKOILJIEHUSI 3HaHUN 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 ©3MEHEHUSI CKOPOCTH BPAILIEHUS BaJla HArPy3KU

(pan/c).

Puc.4.6(6) Jnarpammbl ©3MeHEHUs yria NOBOPOTa Bajia Harpy3ku (pan).
W3 mpuBeACHHBIX qUarpamMm BUIHO, YTO TPH MaKCHMAaJIbHOM HAIPsHKCHUN

1o 1pan npuBoj pasronsiercs 3a ~0.35 cek. CKOpOCTh ABHTATEIIS IIPH 3TOM IIOYTH



paBHa MakCUMalbHOM (A7 JaHHOTO HampsbkeHus ~35 pan/c). Bospmem 3TH
JTaHHBIE 32 OCHOBY JJIsl CHHTE3a PETYIATOPA.
JIJist KaXkJI0ro TepMa M3 TePM MHOKECTB JIMHTBUCTUYECKUX MEPEMEHHBIX
4
«OIIMOKa» M «CKOPOCThY» HEOOXOIMMO 337aTh (YHKIMIO MPHHAIICKHOCTH L(X).
BriOepeM ¢GyHKIIMM MPHUHAJICKHOCTH TPEyrojapHOoro Bujaa ajis 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] pax/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.

[Ipu 3TOM B 3aBUCHMOCTH OT COYECTAHHS BXOJHBIX IMEPEMEHHBIX (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,
KOTOPbIe ONUCHIBAIOT HEKOTOPbIE CUTYallUM:

[Ipeanonoxxum, HampuMep, YTO BBIXOJAHOW YTOJl PaBEH BXOJHOMY CHUTHAIY

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

Kejmaemasi CUTyalusi, M CJEIOBaTeIbHO Mbl HE [OJDKHBI HHUYEro Jelarh

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

HU3KOM YIJIOBOM CKOPOCTHIO B MOJIOKUTEIBLHOM HAaNpaBieHUU (T.€. CKOPOCTb



IMOJOXUTCIIbHAA Maﬂaﬂ). EctecTBeHHO MBI AOJIKHBI KOMIICHCHUPOBATHL ABUKCHUC

Bajia, GOpMHUPYS OTPUTIATETHHBIA MAJIBIN CUTHAJ YIIPABICHUS.

T.o. cocraBieHbl JBa IpaBWia, KOTOPBIE MOTYT OBITh (OPMAILHO
OIpPEEIICHBI TaK:
ecJiM OmuOKa = HyJlb, M CKOPOCTb = HYJb, TO YIpaBJsiollee
BO3JICUCTBHE = HYJIb.
ecid omuOKa = HyNIb, W CKOPOCTh = TIOJIOKUTEIbHASI Majasi, TO
YIpaBIISIIONIEE BO3JCHCTBUE = OTpPULIATEILHOE MaJIoE.
[IpaBuia, COOTBETCTBYIOIIME BCEM HamOOJiee BEPOSTHBIM CUTYalHUSIM

omnpezeneHsl B Tadbnuie.4.1.

Tabnuna 4.1.
HeueTkuit Ommobka 1o Moja0KEHUIO
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 mjisi HeEYeTKOro peryisaropa, MMEIOIIET0 N BXOJOB M 1 BBIXOJ
MOXeT ObITh onpeneneHo |*1,*...*I, npaBun ynpasnenus, rae |; — konudecTBo
HEYETKUX MHOXECTB JIJIsl 1-TO BXOJa, HO JJI1 HOPMAJIBLHOTO (DYHKITMOHHUPOBAHUS
perymisTopa He 00s3aTeIbHO MCIIOJIH30BAaTh BCE BO3MOKHBIC MPABUIIA, & MOYKHO
O00OOMTHUCH M MEHBIIMM HX 4YHUCIOM. B HameM ciydae mis ¢GopMUpOBaHUS

HEYETKOTO CUTHAJIa YIPABJICHHs HCOJb3yeTcs 13 mpaBui u3 25 BO3MOKHBIX.

Takum oOpaszoMm, ompeaenum 13 mnpaBui ajigs HamboJjee BEPOATHBIX

3HAYCHUH JTMHTBUCTUUECKUX TIEPEMEHHBIX «OITNOKa» U «CKOPOCThy (Tadnuia 4.2):



Tabmuna 4.2

error

Puc.4.7

N i o
é % PS NL NS Z 4
g = 7 NL NS Z PS PL
=
: NS Z PS PL
= 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.

Hedaszudpuxarop.

[TockombKy JIJIs1 peanu3aiil HEYeTKOTO BBIBOJA MCIIOIB3YETCS aITOPUTM
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
I'me U, —  dwusnyueckoe 3HaYEHWE  YIPABJISIONIETO  CHUTHAJIA,

COOTBETCTBYIOIIETO KaXA0oMy U3 HeueTknX MHOxkecTB Uy, Uns, Uz, Ups, Up . B
HaleM  ciydae d3To  Oymer Touka ‘D’ cooTBercTByromed — QyHKIMH
MIPUHAICKHOCTH TPEYTOJIHHOTO BUJA.

uun(U) — cremeHb NPUHAMISKHOCTH YIPABJSAIOMIErO0 CHTHaTa U K

cootBeTcTBYMOMEMY HedeTkomy MHOkecTBY UN={Uy_, Uns, Uz, Ups, Up }.



JInst co3maHusi HEYeTKOro perynaropa B cucrteme Matlab weoOxommmo
OTKpBITH cooTBeTcTBytommii penakrop (FIS editor), BBens B KkoMaHAHOHN 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 HOBBIM peryssTop Tuna CyreHo KOMaHJ0M MEHIO:

File -> New FIS -> Sugeno

YuuTeiBas, 4TO B HUCXOAHBIX JAHHBIX OMNpEJEICHbl JBE BXOJHbBIC
nepeMeHHble, A00aBisieM €lle OJHY BXOAHYIO IMEPEMEHHYI0 B (HOpMHUpPYyEMBbIi
HEYETKUH PETYIATOP:

Edit -> Add Variable -> Input
Jlanee cneayeT yCTAaHOBUTh MWMEHA JJISI BXOJHBIX MEPEMEHHBIX,

oToOpaKaeMbIX Ha IMaHEeIH HeueTKoro 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 NMPUHAIIECKHOCTH OMpPEAesIieM UMEHA U
napamMeTpbl (QYHKUMNA TOPUHAAJIEKHOCTH, a TAKKE PEJAKTUPYEM TpPaHUIIbI
WU3MEHEHUS BXOJIHBIX IEPEMEHHBIX.
JIns mepeMeHHON «OWIMOKa» CHayanga OIpEAensieM TIPaHMIbI 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]
AHanoruyHoO OmNpenensieM CUMMETPUYHBbIE UM OTpPULATEIbHBIE 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.
J7is1 mepeMeHHO# «CKOPOCTh» aHAJIOTUYHO OTPEEIIIEM 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 msatu 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 3HAHUMN, TTPEICTABIISIONIYIO COOO0M

npaBuiia BeiBojia. C 3TOM 11€JIbI0 OTKPHIBAEM PEAKTOP MPABUII:

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.

CdopMupoBaHHBIi TakUM 00pa3oM HEUYETKHN peryiasTop HeoOX0AUMO
COXpaHUTh B (paiiie Tekyiero pasaena. C 3TOil 1EIbI0 BBINOIHAEM B KOMaHIHOM
OKHE CJIEYIOLIYIO TIOCJIE0BATENBHOCTh KOMAHI:

File -> Export -> To File

[locre coxpaHeHusi HEYETKOro peryistopa B Qailie ero HeoOX0AuMo

9KCHOPTUPOBATH (MTEPEeHECTH) B paboyee mpocTpancTBo - Workspace:

File -> Export -> To Workspace



Takum oOpa3oM HeueTKUW peryniarop cQOpMHUpOBaH U TOTOB K
UCIIONB30BaHUI0 B paboueil Mojenu cheAsimero 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 BKITIOYCHHS pa3pabOTaHHOIO HEYETKOTO pPEerysisiTopa HeoOXOAMMO B
napamerpax monyis «Fuzzy Logic Controller» ykazath ums, 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
pPEryJIATOpPOM TMO3BOJISIET CAENaTh BBIBOJ O TOM, 4YTO MEPEXOJHBIN MPOILECC
3HAYUTEJIBHO 3aTSHYT, NPUYEM OYEBHUJIHO, YTO MPUYMHOW DTOrO SBISIETCS
nyJibcalisd yOpaBsOMIEro HampsokeHuss oT +27B go 0 HAa HayalnbHOM 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.

[Tynbcanuy HaUYMHAIOTCS TPU JOCTHXKEHUM JBUTATEJIEM CKOpPOCTH 4paj/c
npu emle O00JapIIoi OMMOKE, MOCKOJIbKY JJIs YKa3aHHBIX 3HAYEHUU NMEPEMEHHBIX
«OIIMOKa» U «CKOPOCTh» HE 3aJIaHbl MPABUJIA, BBIXOJl PETYJIATOPA B 3TOM Cllydae
PUHUMAET HYJIEBOE 3HaYEHUE.

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

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

- ecnu  «omuOKa»  oTpullaTedbHas  OoJbllas, TO  yIpaBJCHHUE
OTpHULIATEILHOE OOJIBIIIOE MPU JIFOOOM 3HAYEHUU CKOPOCTH.

JlomonHeHHBIM OJIOK TIpaBui OyIeT HWMETh BHJ, NPEICTABICHHBIN B

tabnure (Tabauma 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 MOJIy4EHbl 3HAYUTENBHO JIydlinel9.apakTepucTuk, OJHaKO BUJHO, YTO MpHU

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
omnoka

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 mnepexo/HbIE MPOLIECCHI

puc.4.22.

HUMCIOT BHA, HpCI[CTﬂBHCHHBIﬁ 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 3ansATUE 5

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 BBIXOAAMHU JPYTUX
HEWPOHOB, a TAK)KE€ MMEET BBIXOJHYIO CBS3b JAHHOIO HEWPOHA - AKCOH, C KOTOPOM
curHasl (BO30yXKAEHMS WIM TOPMOXKEHMs) IOCTYNAeT Ha CHHAICHl CIIEIYIOLINX
HelipoHoB. OO0 BUJ HEWpOHa MpUBE/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, XyXp,....Xn - KOMIIOHEHTHI BEKTOpa BXOJHOTO CHTHasa, Wi,Wp,....W, —

k03 uImeHTsl mepenaya Mo KakIoMy BXOAY (KOX(PQPHUIMEHTHl CHUHANTUYECKOM
CBsi3M), by — HauanpHOE BO30YXXIeHue Heipona, F — dyHkuus mpeoOpazoBaHus
HEHPOHA.

Kaxmas  KOMITOHEHTa  BekTopa  BXOmHOro  curHayma  X=(Xg,Xp,...,Xn),
HpeACTaBIsONIas OO0 BBIXOJHBIE CUTHAIbBI JPYIHX HEUPOHHBIX AJIEMEHTOB WU
BXOJl CETH, YMHOXKAeTCs Ha COOTBETCTBYIOIIMN BEC CBSI3M BECOBOIO BEKTOPA
W=(W1,Wo,...,W,) U TOCTyIaeT Ha CyMMHpyIOIHMi 010k 2. Bec cBs3u sBiseTcs
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 sTOM cMmeleHne, Kak MpaBUIIO, OMPEIENIIETCS 0COOON - «HYJIEBON»
CBA3BIO BXOJ KOTOPOM paBeH |, Mpy 3TOM BEC COOTBETCTBYIOLIEH CHHAITHYECKON
CBSI3U YCTaHABIIMBACTCS PaBHBIM Dy.

BrixomHo# curHan Y onpeaensercst mpeoOpa3oBaHUEM CyMMBI S (pyHKITHEH
akTuBanuu F (B o0miem ciryyae HeJTMHEHHON)

Y=F(Y wix), (5.4)

AOcomoTHBIC 3HaYeHUs BecoB Wi, 1=0,1,2,...,N, KaK IpaBUJI0, MPUHAIJICIKAT
otpe3ky [0;1], yTo mo3BosIeT N30€kKaTh OOJBIINUX BXOIHBIX 3HAUCHUHN JJIs1 IPYTUX
HEUPOHHBIX DJIEMEHTOB.

Heliponnas ceTb, mosyyarouiasi Ha BXOJ€ HEKOTOPBIM CHUTHAN, CIOCOOHA
IIOCJIE IPOX0JIA €ro 10 HEMPOHAM BbIJIaBaTh HAa BBIXOJE PE3YyJIbTAT, 3aBUCSIIMM OT
BECOBBIX K03(D(UIIMEHTOB BCeX HEHPOHOB, M CMEIICHUS - Dy (TIOpOTr) 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 OIPEIECIIEHHBIN BBIXOIHON CUTHAJL.

[Tpumepsl peasinzanuu JOrH4ecKuX QyHKIUN (HOpMabHBIM HEHPOHOM.



JIByXBXOJIOBBI HEMPOH C €IUHUYHBIMH KOA(P(PUIUEHTAMH CUHANTHYECKUX
cBs3eit (Wi=1, w,=1), umeroniuii moporoByro PyHKIHNIO aKTUBALINH:

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

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

Heliporn ¢ ogHuM BXOJIOM W BECOBBIM KOdhduimeHToM Wi=-1 peanusyem
dbyukIuio Jorudeckoro orpunianus « HE», ipu by = 0.

DYyHKIUM AKTUBALMU HEHPOHHBIX 3JIEMEHTOB

Hanbonee pacnpocTpaHeHHBIMA (DYHKIIMSAMHA aKTHBALMH, HEJIHMHCHHBIMU
YCHJIUTCIILHBIMU XapaKTEPUCTHKAMH HEWPOHHOTO 3JICMEHTAa WM TepeaaTOYHBIMM
GYHKIUSAME ~ SIBIITIOTCSL  CIICAYIOIME:  TIOPOTrOBasl, CHUTHYM, JIOTHCTHYECKas,
THIIepOOJIMICCKHI TAHTCHC, JIMHCHHAS, JIMHCHHAsS OrpaHWYCHHAs, paJuabHas
OasucHas u Jap.

1. Iloporomas OuHapHas (QYHKIHUS — 3TO0 (QYHKIUSA, ST KOTOpPOM

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

0,S<S,

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

(5.6)

Ecim So=0 , To OwHapHas moporoBas (pYHKIIHS Ha3bIBacTCS CIUHUIHON
0 s
GbyHKIMEH akTHBaIMHK ¢ )ecTkuM 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 ¢yakmust hardlims(S)
1151 KoTopoit 3HaueHue So=0 (puc. 5.3), 3a1aeTCcsl 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, UMeroIas 1Be

TOPHU30HTAJIbHBIC AaCUMIITOTEI U OAHY TOYKY Hepem6a).

OnHoit U3 HamOosee pPacHpOCTPAHEHHBIX, SIBISCTCS HEIUHEHHAs (QYHKIUS
aKTHBAIlMM C HACBHIIIEHHMEM, Ha3bIBaeéMas JIOTUCTHYECKOW (yHKIMEH, uiu
CUTMOUOM:

1 1
1+  l+exp(—c*S)

F(S)= (5.8)

IIpyu ymeHbllIeHHMM TapaMeTpa € CUTMOM] CTaHOBHUTCS OoJjiee TMOJIOTMM, 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. W3 BbIpakeHUs1 AJ1s1 CATMOMJIA OUYEBUIHO, UTO
BBIXO/IHOE 3HaYCHHE HeHpOoHa JeKHT B Auamna3one [0,1] (puc. 5.4).



Oy

Puc.5. 4. Jloructuaeckas pyukmms 10gsig(S).
B o0miem cirydae toructudeckast yHKIHUS ONPEENSIeTCs] YPaBHCHUEM:

S)= !
1+ exp(—c-(5—5p))’

rae So — 3HaueHWe cmemieHus. Eciam 3HadeHwe Kod(pUIMEHTa ¢ BEITUKO, TO

rpadguk oOmel JIorucTuuecko (QYHKIHMK MPUOIMKAETCA K NOPOroBoi (hyHKUIUU
(puc. 5.5).

0,8 4
0,6 4
0.4 4
0,24
_A

-10 -5 03y 5 10

Puc. 5.5. O6uas noructuueckast GyHKIMS

OnHO M3 LIEHHBIX CBOMCTB CUTMOUIAIBLHON (DYHKIIMH 3aKIIFOYAETCS B TPOCTOTE
BBIPAKECHUSA I €€ TPOU3BOAHOM:

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

Crnemyer OTMETHTD, UTO cUrMouaTbHas GyHKIS muddepeHimpyeMa Ha Beei
ocH a0CITUCC, YTO UCTIONB3YETCs B HEKOTOPBIX aJlrOpuTMax o0ydeHus. Kpome Toro, ona
o0J1azaeT CBOMCTBOM YCHIICHHSI MJTBIX CUTHAJIOB U MPEIOTBPAICHNS HACBIICHHS OT
OONBIINX CHUTHAIOB, TaK KAaK OHH COOTBETCTBYIOT OOJIaCTSIM apryMEHTOB, TJIC
CUIMOMJ] UMEET ITOJIOTMH 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. l'unepbonuueckuii Tanrerc tansig(S)

4. JluneiiHas QyHKIMS aKTUBALIMK, YPABHEHUE KOTOPOU
Y(s)=k -s,

rae K — yrioBoli KO3 UIMEHT HaKJIOHA MPSMOM, MpelIcTaBlieHa Ha puc. 5.8

(purelin(S)).



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

Puc.5.8. Jlunetinas ¢pynkus purelin(S)

6. JIuneitHas, orpaHUYeHHAs Ha OTpe3ke [-a; a] (yHKIus akTUBanuu (puc.

5.9) onpenensercs o dhopmyiie:

p,s>a
Y(s)=4 —p,S<-a
s,—a<s<a

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

¥
1,5-
1 -
054
| | | 3 | | | S
3 -2 SR 1 2 3
-1 -
-15-

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

7. PammanpHO-0a3ucHas ¢ynkims aktuBarmu (radbas(S)) xapakrepusyercs
¢byHkmerr aycca a8 HOPMAIBHOTO 3aKOHA PACHpPEIC/ICHUS, B COOTBETCTBHH C

KOTOPOMU:

Y(s)=exp[ Zj,
2-0




e o — CpeaHEeKBaJpaTUYHOE OTKIOHEHHE, XapaKTepU3yIoIlee KPYTHU3HY
panuanbHo-0a3ucHoM GyHkiuu (puc.5.10). Benuumna S omnpexaensercs B
COOTBETCTBHHM C E€BKJIHMIOBBIM PACCTOSIHHEM MEXIy BXOJIHBIM U BECOBBIM
BEKTOPAMH: 4

n
S X-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 pyukmus radbas(S)

MHoroMepHbie  paauaibHbIC  PACIPEACIICHUS  MO3BOJMIIOT  MPOU3BOIUTH
MHOTOMEPHBIM aHAIN3 ITyTEM CBEJICHUS €r0 K aHAIM3Y OJTHOMEPHBIX CUMMETPUYHBIX
pacupelielieHni, TakMX KAaK MHOTOMEPHOE HOPMAJIBHOE paCIpeleicHUEe WU
PABHOMEPHOE B IIape € LIEHTPOM B Hayaje KOOPAMHAT.

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

B HacTtosiee BpeMst dailie BCEro UCIOJIb3yeTCs CUTMOUAATbHAST (PYHKIIUS, JIUOO
byHKIMS TUTIIEPOOIMYECKOTO TAHT€HCa.



[IpakTrueckoe 3ansTue 6

4

CuHTe3 HelIPOHHOM CeTH ISl pelieHUs] HOPMAJIbHOM CHCTEMBbI

g pepeHIMAIBHBbIX YPABHEHU T

®opmupyembie HC >¢dekTuBHB TpH pelIeHUH 3ajay, ISl KOTOPBIX
UMeeTCs XOopomio ChOPMYIUPOBAHHBI B HEHPOCETEBOM 0aswWce aaropuTM
pereHus. BerunucnurenbHas MmaTeMaTHKa CTICIIMAIM3UPYETCS Ha pa3pabOTKe TaKUX
METOJIOB pelIeHUs 3a/1a4, KOTOpbIe MOTYT ObITh peasin3oBaHbl Ha DBM. bazoi mis
MHOTHX METOJIOB, pPa3paOOTaHHBIX BBIYUCIUTEILHOW MaTEMaTUKOM, SBISETCS
anmpokcumanus QyHkiuuid. B obmem Buje uaC anmpokCUuManuu (QyHKIHH

MOXHO IpEACTAaBUTD CICAYIONINM BbIPA)KCHUCM:

y(X) = Zai(ﬂi (X).
(6.1)
@,(X)

Beibop 0asucHbIX  (QYHKIMI B IIPUBEICHHOM BBIPAXCHUU
onpenensieTcsi OCOOCHHOCThIO pEIIaeMOW 3aJadyM, HCIOJIb3yEMbIM METO/IOM,
OMBITOM pa3paboTYMKa M €ro TEXHUYECKUMHU BO3MOXKHOCTSAMU. HerpynHo
3aMETUTh, YTO JTO BBIPAXEHHE TIPU OMpeAeNeHHBIX ¢;(X) OmUCHIBaeT
oanocnoinyto HC.

3HayuTeNBbHO 00JIbIIE (PYHKIIMOHATBHBIX BO3MOXKHOCTEH MOYKHO MOITYUHTh,
€CJIM KCIOJIb30BaTh I anmpoKCUMaluu (YHKUUA MHOTOCIOWHBIE HEHMpPOHHBIE

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

B CICAYIOIICM BHUAC!

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

(6.2)



[TockonbKy Hetipocemesoll 6asuc TPEACTABISET COOOM  OTEPAIHIO
HEJIMHEWHOTO MPeoOpa3oBaHus B3BEIICHHONW CYMMbI, TO €CTECTBEHHO FTOBOPHUTH 00
3G ()EKTUBHOCTH peanu3ali METOJIOB BBIYMCIUTEILHONM MaTeMaTUKUA IpU

4
pellieHny 3a7a4 ypaBiIeHHUs] TMHAMUYECKIMH 00bEKTaMHU.

B Teopum M mpakTHKE CHCTEM YIIPABICHHS ISl TOBBILICHHUS KadyecTBa
MPOCKTUPYEMBIX  TEXHUYECKUX YCTPONCTB IIMPOKO  HCIOJB3YIOT  OJOKHU
anmapaTHOTO0 W/WJIM TMPOTPAMMHOTIO HHTETPUPOBAHUS U AU(EepeHIUPOBAHUS
CUTHAJIOB, OJIOKM ammapaTHOM W/MJIM MPOrpaMMHOM anmpoKCUMaluu (DyHKIHH,
OJIOKH pPELICHHS CUCTEM aJIr€OpanyeCcKUX JIMHEHHBIX WIM HETMHENHBIX YPABHEHUN.

Tak, Hanpumep, B cucTeMax OeciIaTPOPMEHHON UHEPIUATBHON
HABUTAIlMK U OPUEHTAIMM MNPUHIUIHAILHO HEOO0XOJUMO HWHTEIPUPOBATh
KMHEMaTUYECKUE YpPaBHEHUS MO [AaHHBIM, MOJIy4aeMbIM C JIaTYUKOB YIJIOBOM
CKOPOCTM M JaTYUKOB JIMHEHHOIO YCKOpPEHHUs (akKcelepoMeTpoB). ITO
UHTETpUpoOBaHue JI0kUTcs Ha OoproByro YIIBM. Kpome Toro, B Takux cucremax
YIBM noikHa pemaTs 3aa4y NpeoOpa3oBaHusl KOOPAUHAT, YTO BCErAA CBSI3aHO
C BBIYUCIIEHUEM TPUTOHOMETPUYECKUX U OOpaTHBIX TPUTOHOMETPUUYECKUX
byukiuit. Takum oOpa3zom, oOmias pasmepHocTh pemraemoil 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 YIpaBJeHUs pa3padaTbiBalOT HOBBIE METOJbl aHallM3a, CHHTE3a
CHUCTEM, OPUEHTHUPOBAHHBIE HA TPOTPAMMHO-ANNApPaTHYIO peanusanuio Ha [[BM. B
YaCTHOCTH, K TaKUM METOJaM MO>XHO OTHECTH CHEKTpalbHbIE€ METOJbI, METObI
IPOCTPAHCTBAa COCTOSIHMM. Peamuzanust 3TMX METOJOB B oOLIeM ciyyae
IpeanojaraeT NpuMeHeHUe onepauuii HaJ MaTpulaMy, KOTOPbIE B CBOIO OYEpPE.b
CBOJATCA K apumernyeckuM. PasMepHOCTh MAaTpHIl IPU OMUCAHUH COBPEMEHHBIX
CUCTEM YIIpaBJICHMsI, KaK MPaBHJIO, OUYEHb OoJsblIasi. DTO OTKPHIBAET IIMPOKHI
GpoHT ISl HUccheAoBaHUS BO3MOKHOCTU peaiu3allii YKa3aHHBIX aJrOpPUTMOB

yIOpaBJICHHUS] B HEMPOCETEBOM Oaszuce.



Kak yxe ormedanoch, HeillpoceTeBol ©0a3uC MpeAcTaBiIsieT CcoOoun
ONEpPalMI0 B3BEHICHHOTO CYMMHUPOBAHHUSI HECKOJIBKMX BXOJHBIX CHUTHAJIOB C
MOCJICAYIOIIMM  TIpeoOpa3oBaHUEeM JATOM CYMMBI  IOCPEACTBOM  (DyHKIHEH

4
aKTUBaIlMU (POPMATBHOTO HEMpOHa, KOTOpass MOXKET ObITh KakK JIMHEWHOH, Tak U
HEeJIMHEMHOUW. PaccmoTpuMm, B KakOoW MeEpEe YHMCICHHBIE METOAbl PEIICHUS
nuddepeHanbHBIX YpaBHEHUH MOTYT YAOBJIETBOPATh HEHpOCETEBOMY OasuCy,
KaKyl0 TpH 3TOM HEOOXOAMMO HMETh (YHKIIMIO aKTHUBAllUHA, KakoBa OyeT
tonojiorust HC.

C 1enblo yHOpomIEHUS BBIKIAAOK PACCMOTPUM CiIy4yall CTallMOHApHOU

CHCTCMBHI.

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

auddepeHMATBHBIX YPABHEHU I

[lycte 3amaHa HopmanbHas cuctemMa n AU depeHIraIbHbIX YpaBHEHUN

MIEPBOrO MOpPsIKA

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

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

Xopomio W3BECTHHI PA3MYHbIE BapUaHThl AHATUTHYCCKOTO PEIICHHS
cuctemsl (6.3), onpenenseMble BUIOM KOPHEH XapaKTEPUCTHUYECKOTO ypaBHEHUSI.
ViMeHHO Hanmu4ue BapUaHTOB U 3aTPYAHSET pa3pabOTKy €IMHOTO METO/1a PeIeHUs
ITPOU3BOJIBHON CHCTEMBI.

O6o00meHHoe TPUOTMKEHHOE pelieHne cuctembl (6.3) YHUCIEHHBIMU

Metonamu Pynre-KyTTa MOXKHO IPEACTaBUTh B CIAEAYIOIIEM BUJE:

Yi+1 - exp(hA) °Yi (6.4)

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



DneMeHThl  MaTpuyHOW  JKcmoHeHTHl  exp(NA) - IOCTOsSHHBIC
kodddummenTel. MaTpuuHas SKCIIOHEHTAa TI0 ONPENCNICHHUI0 MOXKET OBITh

pasnoxxeHa B pas MakiiopeHa:
4

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

[IpousBenenue BekTopa Y; Ha pa3nokeHHe 3TOM HKCIIOHEHTHI B CTENIEHHOU
psaa MakiopeHa ecTb HE YTO MHOE, KaK B3BELIEHHOE cymMMmupoBaHue. [loatomy
UTEpalMoHHbIA  mpouecc (6.1) TMOJHOCTBIO  yHOBIETBOPSIET TpPeOOBAHUSAM
HelpoceTeBoro O6asuca. Y aepkuBasi B pa3jioKEHUH SKCIIOHEHTHI JBa, TPU, YEThIpE
u Oonee 4wieHOB (BKJIIOYAs €IMHHUILY), MOXKHO TOJYYUTh 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 -

nuHelnple. Onementhl Matpuubl A (ajk,j, k = 1,2,..,n) onpenensior cBa3b

MKy KOMIoHeHTaMu Bektopa Y (Vi,V,,Vs, ... Yy) B IPSIMOM HampaBicHUU (OT
Y1 KV - Ay U m.0.), B OOpAaTHOM (OT Y, K Y1 - Qq, 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 MEXIYy COOO0W MO TPHUHIIUITY
CKKIBIA C KOKIBIM», BKIIFOYAs CBSA3b C BhIX0OJ1a HEMPOHA HA CBOM ke Bxoa. [aree,
MOCKOJIbKY pa3MEpPHOCTh BEKTOpa HMCKOMOW ¢yHKIMM Y HE 3aBUCUT OT
UCIIOJIb3yEMOT0 YHMCIEHHOTO METOJla, TO YHUCJIO HEHPOHOB, HEOOXOAMMBIX JUJIS
WUHTETPUPOBaHUS CcUCTeMbl (6.3), B COOTBETCTBUU C BbIpakeHueM (6.4),
OIpeIeNIIeTCsl pa3MEPHOCTHIO BeKTOpa Y (B HaIIeM cirydae N).

PaccMoTpuM KOHKpeTHBIE TipuMephl. Pernenne cuctembl (6.4) mMeTomoM
npsAMOYToJIbHUKOB (MeTon Pynre-Kyrra mepBoro mopsiaka anmpoKCHMAIIUN)

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 sekcrnioHeHThl eXP(hA) B cremeHHod psa. s cuctembl JIBYX
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 Y3,Y, CHUMAKTCS C JABYX HeWpoHOB. IIpu 3TOM BbBIXOI
NEPBOrO0 HEHpOHa, KakK CleayeT U3 MNepBoro ypaBHeHUs (6.4), NOKEH OBITh
COEMHEH CO BXOJIOM 3TOTO K€ HEMpoHa yepe3 CHHANTHYECKUM KOo3(p(ULIUEHT
(1+ha;;). Co BxomoM BTOpPOrO HEWpOHA MEPBBIA HEHPOH COCTUHSCTCS, Kak
CliefiyeT W3 BTOporo ypaBHeHus (6.7), depe3 koadounment (hay;). Bexon
BTOPOrO HEHPOHA COEIMHAETCS CO BXOJAOM IIEPBOrO 4Yepe3 CHHANTHYECKUI
kodpdunment haj;; w momaercs Ha COOCTBEHHBIM BXoa uepe3 koddduimeHT
(1+hay).

[Tockonbky pemienue (6.7) - peKyppeHTHOE BBIpAKEHUE, TO HEHpPOHHAsS
CeTh, pCAJTU3YIONIAs ATO PEIICHHE, JODKHA OBITh CHHXPOHHOM, a HEWPOHBI
JOJKHBI UMETh JIMHEHHYI0 CHMMETPUUHYIO (PYHKIIMIO aKTUBALUU.

Ha puc. 6.1 npencrarieHa cxema COCIMHEHUS HEUPOHOB, peaU3yroIIas
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, V. BXOJOHBIE CUTHANIBI (19 U Jzo BBOJSAT B HEHPOHBI
HavyaJlbHOE€ BO30YXK/IEHUE, HKBUBAJIEHTHOE HAYAJIbHBIM YCIOBHUSM pEIICHUs

cucteMbl ypaBHeHUH. DyHKIMS aKTUBALMHU Y 00OMX HEHPOHOB - CUMMETpUYHAs



auHeHas Qynkuus. Cxema Ha puc. 6.1 sBiseTcs yHuUBepcalbHOM, Tak Kak
IpUMEHHUMA JIJIs JTFOOBIX CUCTEM JBYX YpaBHEHUH. B Ka)kOM KOHKPETHOM cCiydae

p33pa60TqHK AOJIDKCH BBCCTH JIMIIb KOHKPCTHBIC 3HAUYCHU A KO3¢)(I)I/IHI/ICHTOB aij.
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 uHTErpUpOBaHUsl CUCTEMBI JIBYX

G depeHnrnanbHbIX ypaBHEHUN METOJIOM IPSIMOYTOJIbHUKOB.

Paccmotpum cuctemy Tpex ypaBHenuit (n = 3). Boipaxkenue (6.3) B

CKJISIpPHOU (popMe 3amucu JiJist 3TOTO Cydasi UMEeT BUI:
Yii+1 = b1aV1i + b12Yai + b1y
Y2i+1 = b21Y1i + D22Y2i + Da3yai;
Y3i+1 = b31Y1i + D322 + b33y

ITocne 3amensl koadduiuentos by (i,j=1, 2, 3) B nocneqHeM BbIpaKEHUH
Ha 3JIEMEHTBI Pa3jioKeHUs MaTpudHON 3kcmoHeHThl exp(hA) B psaa MakiopeHa

MTOJTYYUM:

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 ONEPALMM B3BEIIEHHOI'O CYMMMPOBAHHs, CJEIOBATEIbHO, U OHA TOXKE

yIIOBJIETBOPSIET HelpoceTeBoMy Oasucy. Ha puc. 6.7 mokazaHa cxema COeJIMHEHHUS



HEHPOHOB I PEIICHUS] CUCTEMBl TPEX YPaBHEHUH METOJIOM MPSMOYTOJIHHUKOB.
HeTrpynHo 3amMeTuTh, 9TO MPU a3y, 83z, d33 , A3, @13, PABHBIX HYIIO, BRIPAKEHUS
(6.8) mepexoaar B BeipakeHue (6.7), a cieaoBaTeIbHO, U CXeMa, IMOKa3aHHAs Ha

4
puc. 6.1, mepexoauT B CXeMy, IPEACTABICHHYIO Ha pHC. 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

Hcnonb3yss ONHMCaHHBINA BBIMIE MNPUEM, MOKHO IOJYYUTh BBIPAKEHHS,
nogo0HbIe (6.4) 1 (6.5), I CHCTEMBI C JIFOOBIM YHUCIIOM YPaBHEHUM.

Paccmotpum pemienune cucreMsl (6.1) uucnennsiM 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 ypaBHeHue cuctemsl (6.9)
Y TIOCJIC HECJIOKHBIX MPE0oOpPa30BaHUNA TTOTYIHUM
Y;.; = B,Y; = (E + hA + 0,5h%2A%)Y, (6.10)
DNEeMEHTHI MaTPUIIBI B2=(E+hA+O,5h2A2), KaK U DJIE€MEHTHI Ma;pHLIBI B,
YIOBIIETBOPSIIOT HEMpOCceTeBOMY 0a3ucy, a cama MaTpulla OMPEAeIIIeT TOMOJIOTHIO
HEHPOHHOMW CETH JJIA PEIICHUS CUCTEMBI (6.2) paccMaTpUBaCMbIM METOIOM.
Pemenne (6.10) mna ciydas cucTeMbl JBYX ypaBHEHHMH (n = 2) B
Pa3BEpPHYTOM BHUJE MOKHO MPECTABUTh CIAEAYIOIMIUM 00pa3oM:
Yiie1 = (1 + hayy +0,5h%af; + 0,5h%a,,a51)y1;
+ (hay, + 0,5h%a 1a45 + 0,5h%a,,a5,) V2
Yais1 = (hazy + 0,5h%a;1az1 + 0,5h%az1az5)yy; + (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
ko3 duimenToB. B pemenun (6.11) moSBHIMCH cllaraeéMble B CHHANTHYCCKHX
koaduieHTax, onpeaenseMple TPETbUM YJICHOM psifia Pa3joKEeHUS MaTPUUHON
9KCIOHEHThI  exp(NA), WIeHOM, MNPOMOPIMOHAIBHBIM KBaJpaTy apryMeHTa

skcrorenTsl — 0,5h?A%,

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

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

+(ha,, + 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)ys;;
Vaiy1 = (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 = (haz; + 0;5}12(1116131 + 0;5}1261216132 + O,5h2a31a33)y1i+
+

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



+(1 + hazz + 0,5h%a,3a3; + 0,5h%a,za3, + 0,5h%a3;)ys;;
Tomosorust ceT, NOCTPOEeHHOM 1Mo BhIpaxkeHuio (6.12), oueBuaHO, Oymer
MOJIHOCTBIO COBIIAJIaTh C TOIMOJOTMEN ceTH, npuBeneHHOM Ha puc. 6.1. Kak u B
4
npeapaymeM ciydae (Ipu n = 2), U3MEHEHUE MOpsSAKa YHUCIEHHOTO METOJa
MPUBEJIO K U3MEHEHUIO JTUIITh KO (OUIIMEHTOB CUHAIITHYECKOU CBSI3U.
Pemenne cucremsr (6.2) meromom Pynre-Kyrra tperbero mopsiaka

AlIIIpOKCHUMAIIUU B O6HI€M ClIy4ac UMCCT BU/:
1

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)
AHanoruuHele paccyxaeHus U npeodpazoBanus g Merona Pynre-Kyrra
YETBEPTOro MOPSAKa alllPOKCUMAIMHU JAI0T CIEAYIOUN Pe3yIbTar:
Y1 = B3Y; = (E + hA + 0,5h2A% + = h3A% + — h*AMY,
(6.15)
OueBuHO, 4TO B BhIpakeHUsx (6.6), (6.10), (6.14) u (6.15) maTpunsl By,
B,, B; u B, mpexacraBisitoT co0oil psia pasioKeHUs MATPUYHOW SKCIOHEHTHI
aprymeHTa hA, OrpaHMYCHHBI 1O MABYX, TpPEX, YEThIpEX U TMATH YJICHOB
cooTBeTCTBeHHO. CriefioBaTenbHO, pemienne cucteMsl (6.2) merogom Pynre-Kyrtra
B OOLIIEM BHJI€ MOKHO MPEACTABUTH KaK
Y11 = exp(hA)Y; = B, Y; (6.16)
rae K - mopsiok MeToja HHTErpupOBaHus, a MaTpuiia By onpeaessiercs o

CHEAYIOLIEN 3aBUCUMOCTH:

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

JIrobast u3 matpull By MOJHOCTBIO YAOBIETBOPSIET HEHpoceTeBOMYy Oa3ucy

U ONPEJICIIAET CXEMY PeIIeHUs CUCTEMBI (6.2).



Boipaxenus (6.16) u (6.17) menaroT BO3MOXHBIM IMOCTPOCHUSI HEUPOHHBIX
CeTeil, MHTerpupyoumx cucremy (6.2) ¢ ar000M, Hanepe 3aJaHHOW TOYHOCTBIO.
AHanmu3upys ocoO€HHOCTH Matpull By mo BelpaxeHuro (6.17), MOXHO cHelaTh

4

BBIBOJI, UTO 7MOYHOCMb peutenus cucmemvl (6.2) 6 gopmupyemvix HetpOHHbIX
cemsax Oyoem  OnpeoesimvCs  MOYHOCMbIO — YCMAHOBKU — KOIDDuyueHmos
CUHONMUYECKOU C653U, A He YUCTOM UCNOIb3YEeMbIX HeUPOHO8.

Ha puc. 6.3 npencraBnena yauBepcanpHas cxema HC myist mHTETrprpOBaHus
HOpMaJIbHOM cucTembl AuddepeHnnanbubiX ypaBHeHui (6.1) pasmepHocTH 71 IO

BbIpaKeHHUsIM (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 ynusepcasibHoit HC 115t muHTErprpoBaHusi HOpMalibHOMN

cucTeMbl TudPepeHInaTbHBIX YPaBHEHUH



[IpakTnueckoe 3ansatue 7

IlpyuMeHeHHe CTeNmeHHBIX PAAOB IPH CHHTe3e (POPMHPYEMBbIX
HEeMPOHHBIX ceTeH 4
CreneHHbIE psAbl MUMEIOT OTPOMHOE 3HAYEHUE MPU KOHCTPYUPOBAHUU
anroputmMoB YIIBM. BocnpousBenenue sneMeHTapHbIX (QYHKIIMM, aHATUTUYECKUX
HEJIMHEWHOCTEW ITPOBOAUTCS B BBIUMCIUTEIBHON TEXHUKE C IOMOLIBIO CTEIIEHHBIX
panoB. IlosToMy  akTyaldbHOCTh  IIOCTAHOBKM  33/laud O  peaM3allu
BBIYMCIIUTEIBHBIX aJITOPUTMOB Ha 0a3e creneHHbIX pa1oB B HC HecoMHEeHHA.
PaccmoTpum, B Kakoil Mepe CTENEHHbIE PSAAbl MOTYT YIOBIETBOPATH
TpeOoBaHUSIM HelpoceTeBoro ©Oasuca. llomeiTaemcs Takke JaTh OTBETHl Ha
BOIIPOCHI:
® Kakue (PYHKIIMU aKTUBAIMH JODKHBI UIMETh HEUPOHBI JJIS1 yCTICIIHON
peanu3anuu aaropuTMOB, OCHOBAHHBIX HA CTEIICHHBIX PALaXx;
® KakoBa JIOJDKHA OBITh TONOJIOTHMSI CETH, pealu3ylolmeld dTu

aINTOPUTMBI?

[lo ompezneneHuio CTENEHHBIM PSAAOM HAa3bIBACTCS (YHKUHMOHAIBHBIA Psif
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.
Yactuunas cymma psna (7.19), onpeneneHnnast sl # €ro 4JEHOB C 3apaHee
U3BECTHBIM  METOAOM  3ajaHus Kod()(PUIMEHTOB @; TpUMEHseTcs  AJis
NPUOJIMKEHHOTO BBIYMCIICHHS] aHAJTUTUYECKU HEITMHEHHBIX (PYHKUUN, HampuMmep
pansl Tennopa 1 Makinopena. XopoIo U3BeCTHA METO0JIOTHUS IPUMEHEHHUSI TUX
psanoB mis npuOmmkeHus (yHknuid. CylmecTBEHHBIM OTPaHMYCHHEM Ha KIacc
GbyHKUMNA, TPUOIMKEHHOE 3HAYEHUE KOTOPBIX OMPENENsieTCs ¢ MOMOILIBIO PSAI0B
Teitnopa wim MaknopeHa, siBasieTcss TpeOOBaHME HEMPEPHIBHOCTU MPOU3BOIHBIX
3TUX (QYHKIUNA 10 (n+1)-ro mopsaka. DTO OrpaHHYCHHE HE YMCHbBIIACT

SHAYUMOCTH PCIICHUA MMOCTaBJICHHOU 3aJa4H.



Paccmotpum pasnoxenune ¢yHkuuu ¢ (X) B psag Makinopena (B

OKpECTHOCTH TOUKH X=0):

x2(0) x" o™ (0)
e+

n!

¢(x)= ¢ (0) +x¢ (0) + . (1.2

3anaBasich TpeOyeMOil TOYHOCTBIO BHIYHMCIACHHS @ (X), OTPaHUYHUBAIOT P
(7.2) xOHEYHBIM 4YHUCIIOM 4ICHOB #n. Ha mpakTuke II MHOTHUX HM3BECTHBIX
AJIEMEHTAPHBIX (DYHKIMI BBICOKAss TOYHOCTH JOCTUTAETCS Yyxke mpu n = 5...7.
Boipaxkenue (7.2) siBisieTcsi OCHOBOM JJIsl TMOJTYYEHHUsI OTBETOB Ha TMOCTABIICHHbBIE
BbIIIE BONPOCHI. [lokaxkxeM 310 Ha mpumepe.

[TycTh ny1s1 KOHKpeTHOCTH N = 5. BBenem 0003HauYeHUS:

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

Herpynno 3ametuth, 4TO mnpuOMMkeHHOE paBeHCTBO (7.3) ecTh
B3BEIIIaHHAs CyMMa CTeleHel aprymeHTa uckomoul ¢yukumu. CieqoBaTesbHO, B
UJeaJbHOM cllydae JUisi peanu3anuu 3Toro BblpaxkeHus Ha HC HeoOxoaumbl
HEHPOHBI C JIMHEWHOMU, KBaJAPATUYHOU, KyOUYHOU U T. A. PYHKIIUSIMU aKTHUBAIUU.
B stom (upeanbHOM) ciyudae Tomosiorusi HC MoxeT ObITH ompeneiieHa 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,
KyOnuHOU, mapabonamu 4-i1 U 5-i creneHeil. BbixonHble cHUrHajgbl HEHPOHOB
MepBOro cios yepe3 kodhGUIMEHTH CHHANITUYECKON CBSI3U, PABHBIC 81, dy, A3, da,
ds , MOCTYNAKT HAa €JUHCTBEHHBIN HEMPOH BBIXOAHOTO ciiosd. Ha cymmarop storo
’K€ HEMPOHA MOCTYIAET TAaK)KE CUTHAJI, SKBUBAJICHTHBIN €IUHHUIIE.

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

CETU MOKET OBITh 3aIIMCAaHO B BUIC



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

rae cymmupoBanue Benxercsa mo | (I = 1, 2, 3, 4, 5); fi; - nuHelinas® pyHKIms
aKTUBaluu HehipoHa; fi,- kBagpartnueckas; 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 (BKJIFOYAs 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

aKTUBAllMd HEMPOHOB HA aIlllapaTHOM ypOBHE. B nydiiem ciyyae OH HMeEeT



BO3MOXKHOCTh TMPUMEHATHh JHHEHHYI0, KBaJPAaTHUUHYI0 M KyOWYHYIO (YHKITUU

akTuBaruu. [Tokaxxem, 94TO ¥ B 3TOM ClIydae 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)

3mecy BBEICHBI ClEAyIOlMe O0O3HAUYEHUsT - WICHBl B3BEUICHHOTO

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

auHeHHY0 cumMmeTpudHyto (fi1) wmmm kBaapatuunyro ¢yHkiwu aktuBanuu (f);

YICHBI B CKOOKaX pEaM3yIOTCS 4Yepe3 OIepalidio YMHOKCHUS TMEPEMEHHBIX TI0

HefipoceTeBoMy anroputMy. Kak BUIHO u3 BeIpaskeHns (7.2) s pealu3aldi x°

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

7.6. Onepaunu yMHOKeHHsI ABYX IIepeMEHHbIX B HelpoceTeBOM Da3uce
Meton  peanuzanuM  ONEpPAMA  YMHOXEHHUS  JBYX  IEPEMEHHBIX

OCHOBBIBACTCA HA CICAYIOIICM BBIPAKCHUU !

z==((x+y)? = (x - ), (7.6)

I1€ X , ¥ - NEPEMEHHbIE COMHOXWTENU; Z - MPOU3BENEHUE X u y. /[na

peanuzainuu  BbipakeHus (7.6) mnorpedyercss aBa HeEWpoHAa C KBaJApaTUYHOU

(GyHKUMENH aKTUBALIMKM M OJIMH HEMPOH, alnredpandyecku CyMMUPYIOIIUI ¢ BECOBBIM
koadurenTom 0,25 pe3ynbrarbl pabOThI IEPBBIX ABYX.

[IpeoOpasyem Beipakenue (7.6) k caeayromemy BUILY:

1 1 1 1
Z=f211 (f121 (Ex+5y) — fiz2 (Ex_EY)) (7.7)
3mech Tpu U(PbI HIKHETO MHAEKCa NpH fij COOTBETCTBEHHO 03HAYAIOT: | -
HOMep CJI0s, | - TUI (PYHKIMH, K - HOMep HelipoHa B cjioe. B 3Toi 3amucu HeHpOHBI
MEPBOrO CJIOS, UMEIONIME KBAAPATHUYHYIO (DYHKIIMIO aKTHUBAIlMW, BO3BOJSAT CBOU

apryMeHThl B KBajipaT. [Ipu 3TOM yMHOKEHHE Ka)KI0ro U3 coMHoxuTtene Ha 0,5



HKBUBAJIEHTHO yMHOeHHIO Ha 0,25 B (7.6). OnuH HEHPOH BTOPOro CJIOSI UMEET
JUHEHHYI0 (QYHKIUIO akTuBanuu. KodQQUIMEeHTh 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 npuBenena cxema i peaqv3alyyd ONEpPAUA YMHOMXCHHUS

nByx nepeMennbix 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 HelpoceTeBOM 0asuce
VYpaBHEHUE BO3BEIECHHS apryMEHTa B TPETHIO CTENEHb B HEHWPOCETEBOM
0a3uce MOXHO 3aIllMCaTh B CIEAYIOIEM BUE:

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

3nech N1Ba HEMpOHA TEPBOTO CJIOSA, WMEIOIIME KBaJpaTUYHbIC (DYHKIIHH
aKTUBAIlUM, BO3BOJAT B KBaAPAT CYMMY M Pa3HOCTb MOJOBHUHHBIX COMHOXXHUTEICH
x* u x. HelipoH BTOPOTO CIIOS IMEET IMHEHHYIO (YHKIUIO AKTHBALIHH.

Jlns  OoJpllield KOHKpPETH3alliu BBeAeM, Kak W B ypaBHeHmu (7.7),
WHJEKCAIMIO Uil (PYHKIMA aKTHUBAllUM HEUPOHOB TPOMHBIMU HHJCKCAMH U
npeoOpazyeM B HEWPO-CETeBOM 0a3uC BHYTPEHHHE CKOOKH TIOCIETHETO

BBIPpAKCHMUA:

2= ((0)@))®) = fa11( 1+ forr (%xz +%x> t 1 fo2 (%xz —%x) =



= f311 (1 * fa21 (%f121(x) + %fnz(@)) -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
aktuBanmu fi; u f,, Bo BTOpOM - nBa HelipoHa ¢ pyHkusmu fp, B TpeTbeM - oauH
Heiipon ¢ ¢dynknuei fi; Koaddumments cuHanTHYecKOW CBS3M y HEHPOHOB
NepBOro ciosi OyayT paBHbl 1, y HelipoHoB Broporo ciosi: 0,5 u 0,5 nis mepBoro
Herpona, 0,5 u - 0,5 nsa Broporo; y HenpoHa tpersero cinos 1 u -7. Ha puc. 7.1
NpUBEJcHA CXeMa HEUpOHHON ceTu AJig BO3BEACHHsS apryMeHta B KyO. Ecnu
pa3paboTUMK MMEET BO3MOXKHOCTh IpumeHsATh HC, xkoTopasi mo3BOISET BBOAMTH
BXOJIHbIE JIaHHBIE U B MEPBBIi, U BO BTOPOM CJIOU, TO CXEMY, IIPEACTABICHHYIO Ha
puc. 7.2, MOXHO YNpPOCTUTh, HUCKJIIOYMB B IepBoM cioe HeilpoH Nell2 c

byHKIMEH akTHBaIMH fy7.

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 cernb, BocnpousBoasiias psia Makiiopena

H3 MIECTH YJICHOB

B 3akmroueHne paccMOTpUM NPUMEP HEMPOHHOW CETH, BOCIPOU3BOIALICH

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



[Tomnras cxema HC, peanusyromeii psa Makiiopera, MOXET ObITh TTOJTy4eHa
OOBEMHEHUEM paHEE PACCMOTPEHHBIX CXEM C J00aBICHHEM K HHM JIBYX
HCHPOHOB I pealu3ali BTOPOTrO M TPEThEro ciaraeMbix ypaBHeHus (7.5).

4
Breixonsr x, xz, x3, x4, x5, a TaK)Ke MMOCTOSHHBIN curHai «1» HeoOXoguMo MmoaaTh Ha
BXOJIbI HEHPOHA IIECTOTO CJ0s ¢ KOA(PHUIIMEHTAMU CUHAIITUYECKON CBSI3U a3, 8y,
as a4 as, &y cooTBeTcTBEHHO. [TonHasa cxema HC ans peanuzaunu psiga MaknopeHa

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.

JlaHHasi ceTh SBJISIETCS B HEKOTOPOM POJI€ YHUBEPCAbHON, TaK KaK MOXKET
MPUMEHSATHCA JIs1 BBIYMCIEHUS 000 (PYHKIIMM, pa3ioKEeHHOH B pan MakiopeHa
no mectd wieHoB. C paznuureM (GyHKIUNA MEHSIOTCS JIMIIb KOA(DPHUITMEHTHI
CHHANTUYECKOM CBs3u @; O4eBMAHO, YTO MpejjaracMas TOMOJIOTHMS CETH HE
SBJIIETCSl €UHCTBEHHON. MOXXHO paccMaTpuBaTh CETh W C OOJBIIMM YHUCIOM
CIIOEB, U C WHBIM YHUCJIOM HEHPOHOB B closix. Bce ompenensercs ombITOM
pa3paboTurKa U €ro peaJbHbIMHU YCIOBUSIMHU.

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. Kosdduumentsl cuHaNTUYeCKOW CBA3M HMEIU
CIIEAYIOIINE 3HAYCHUS:
s pyakoun Sin: ap=0, a;=1, a,=0, a 3= -0,16667, a; = 0, as =
0,00833; mnst dyHkmmu COS: ap=1, a;=0, a, = -0,5, a;=0, a4 = 0,04667, 635 =0.
Jlnana3oH W3MEHEHHUsl apryMeHTa coctaBmsun -1,8 ... +1,8 pan. Pan
pasnaraicst B Touke ¢ koopaunatramu x = 0 u y = 0. Iy sToro auanazoHa Oblia
noJiy4eHa To4HocTh B 1,1%.

Ha mnpaktuke HCHOAB3YIOT paszioxkeHue (GyHKui SiN(X), cos(X) B psa
o s Vi
Teiopa mis quanasoHa oT - S0t o B stoMm ciywae psig XOpomo CXOAUTCH.

Ecnm ke mpakTUYEeCKHU OUana3oH U3MEHEHUsI apryMeHTa NpeBblmaer + 1 pan, To
JUISL TIOBBIILIEHUS! TOYHOCTU IPU MUHUMAJbHBIX allllapaTHbIX (WIK MPOrpaMMHBIX)
3aTparaXx HeoOXOAMMO PUBECTH 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 =Y,

Y2==N

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

d
5)% ==Y, +tY3

s _
T Y1 — Y3

dys;

_dt =—=Yy1 1t

[Tpu cnenyronux HavganbHbiXx ycnmoBusax: Y1(0)=0, y,(0)=0, y3(0)=1,
t=(0...15);



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

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

npu ciaenyrommx HadaiabHbBIX yoimoBusax: X3(0)=0, x;(0)=-1, x3(0)=0,

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



[IpakTuueckoe 3anarue 8
CTpyKTYpBI HEYETKHUX PeryasiTopoB

O6brur0 HJIP BKJIFOYAIOTCS MMOCICIOBATEILHO C OOBEKTOM YIIPaBICHUS,
MOTI00HO TPAJAUIIMOHHBIM PETYJISITOPaM.
Bxonaubie u Beixonubie curnansl HJIP noaBepratorcst mpeoOpa3oBaHuIo.
B ob6mem ciydae npenoOpaboTka BXOJHOTO CHUTHAJla MOXKET BKJIIOYATh
TaKue OIeparu, Kak:
- KBaHTU(UKaALUS (OKPYTJICHHUE);
- HEJIMHEWHOE IIKAJIUPOBAHUE;
- (unpTpanus U ymaageHue nyMoB;
- nuddepennrpoBanre u (WIM) UHTETPUPOBAHUE;
- YCpeIHEHHE Ha HEKOTOPOM HWHTEPBAJC BPEMEHH, IKCTPATIOJSAIINSA,
UHTEPIIOJISIINS;
- BBIYUCJICHUE MPOU3BOJBHBIX (PYHKIMI HaJ KOMOUHAIIMSIMU BXOTHBIX
MIePEMEHHBIX TSI OTYYEHUS CEMaHTHYECKH 3HAYMMbBIX 3HAYCHUH.
Opnnako yarie BCETO npenoopadoTka CBOJIUTCS K
HopMasm3aruu( N ) BXOJTHOro CUTHaja — MPHUBEICHUIO €ro K auama3ony [-1, 1].
Tornma moctoOpaboTka cBogutTcsa K aeHopMmanm3anuu (DN) BeIXOgHOTO cUTrHana
HJIP (puc. X.12).
Ecnu x - Bxognas nepemennas HJIP, To HopManu3amnust MpOUCXOIUT IyTEM

YMHOKEHHSI X Ha MacIITabupyroniuii Koah UIneHr:

MpepobpaboTka HIP MocTo6paboTka
(preprocessing) (postprocessing)

Puc. 8.1. O6paboTka curaioB Ha BXxojie u Beixoae HJIP

HIP

Puc. 8.2. Hopmanuzanust 1 JeHOpMan3aliis CUTHAJIOB Ka BX0JI€ U BBIXOJIE

HJIP



X

Xy =XN =——
" [ X

(8.1)

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

KonnyecTBO M BHI BXOAHBIX M BBIXOAHBIX cur"HaigoB HJIP 3aBucar ot
pemaeMol 3adavM, ojHako dyamie Bcero Bxoaamu HIJIP cmyxar (B pasHbIX
KOMOWHAIMAX) OmuOKa  yIpaBleHUs, €€ TMPOW3BOAHAS W  HMHTETPall.

CootBerctBeHHO paznuyaroT HJIP II-tuma, I1/]-tuna, [1I-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 I11-tuna (HPJI I1N)



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

/(N

»

(fe(t)/dt)

U

HIP

’ DN

e(t) ey (1)
N,
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Puc. 8.8. YTounennsriit Bapuant onucanus HJIP 1

O603naunm uepe3 E Bxoanoit Bekrop HIIP (puc. 8.7), on mpeoOpa3zyercs B
HeueTkyro (gopmy E* (6nok dazzuduxanuuF), 3aTeM BBITOIHIETCS HEYETKUMA
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  ¢dazzuduxanum u nedaszzuduxanum 3aBUCAT OT MapaMeTPOB

TEPMOB, OIMMCBLIBAIOIIMUX BXOJHBIC MW BBLIXOJHLIC IICPECMCHHLIC. Takum o6pa30M,



MOXHO CKa3aTh, 4TO MOMHUMO MexaHm3ma BbiBoga B HJIP cymectByer 06asa
3HAHW, BKIIOYAIOINAs OMTMCAaHUE TEPMOB U TpaBu (puc. 8.8).

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

r7ieXj- COOTBETCTBEHHO OIMUOKA YIpaBJICHUS, €€ MPOU3BOIHAS U UHTETPall;
¥ - CUTHAJ yrnpaBieHus;;Aj 1 B - TepMbI, BXOAAIINE B K-8 mpaBwuIio.

Ha nmpakTrke HeUeTKHil BBIBOJI peasiu3yeTcss OOBIYHO B HECKOJIBKO I11aroB:

1. Bemonnsercs (¢a33upukanys - BBIUMCISAIOTCA 3HAYCHHUS Ok

COOTBETCTBUSI -1 BXOJHOM MEPeMEHHOM I - i IOCBIIKE K-TO MpaBHIia

Hix = X NAY, (8.3)

rae Xj HE4eTKOC MHOXKECTBO (CI/IHFJIGTOH), 06p330BaHHOG N3X;.
2. OHpeI[eJ'IHeTCH CTCIICHb COOTBCTCTBHUA BCCX IIOCBUIIOK K-T'O IIpaBHIIA

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 IIpaBujia:

He, (V) = V(B 115, (V)), (8.5)

4. O0mmMii BBIXOAHOW CHUTHAJl CUCTEMbI MpaBuUil B' ompenensercs myTeM

arpCrupoBaHuA BBIXOJHBIX CUT'HAJIOB OTACIbHBIX ITPABHII:

g (Y) = 1(B, 15, (¥)),



Takum 00pa3oMm, 3aKOH YIPABIEHUS PEATM3YETCs] KaK COBOKYITHOE

I[CﬁCTBHC BCCX IIpaBUJI, 3alIMCAHHBIX B 0aze IIpaBUII:

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

B cootBerctBun ¢ puc. 8.8 cunte3 HJIP cBs3an c ompeneneHuem
apaMeTpoB:

1) xo3¢hdUIMEeHTOB HOpMaTH3AIUY U IEHOPMATU3AIHH;
2) GyHkuui npuHaiekHocTd TepmoB JIIT;
3) ympasinstonux npasuin HIIP.

Bo3moxHBI pazHbie MOcTaHOBKM 3a1aun cuHte3a HJIP, HO mima mpupanud
€l PEATUMCTUYECKOr0 XapaKTepa IKeJareIbHO MHUHHUMHU3UPOBATH KOJIUYECTBO
IIapaMeTpOB.

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

Jna HIJIP Il xonu4ecTBO mNpaBUil pPaBHO KOJWYECTBY TEPMOB, OIM-
ceiBatonux JIIT «Omubka ynpasnenus». g npyrux tunoB HJIP notenmnuansaoe
KOJIMYECTBO IIPAaBUJI PABHO [JEKapTOBY IIPOU3BEACHUIO MOIIHOCTEH TEPM-
MHOJKECTB BXOJHBIX TMEpEeMEHHbIX. Ecmu cumtaTh, 4YTO Kaxaas BXOJHAs
IIEpEMEHHAsT UMEET OAMHAKOBOE KOJIMYECTBO TEPMOB, TO UYHCJIO IPABWI MOKHO
OLIEHUTE B COOTBETCTBUU C Tadi. 8.1.

Tab6numa 8.1. [ToTeHManbHOE KOJTUYECTBO MPABKII JUIsl pA3HBIX TUIIOB

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




3anuiem ypasHenue [IU]I-perynaropa 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[-perymsrtop, BTopas ckobka - IIH-
perynsaTop, T. €. IIMJl-perynsatop MOKHO IPEICTaBUTh B BHJE NapAJIEIBHOTO
coenuHeHus Atux peryasatopoB. CoorBerctBeHHo, HIJIP  ITINJ]  moxHO
IPEICTAaBUTh B BUJIE 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)

3nech mepBasi ckoOka omuckiBaeT [1/[-perynsatop, oTBevaromuii 3a BpeMs
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).

Hederkue mnormueckue peryisTopbl pealn3yloTcss oObldHO Ha 0ase
MUKpOKOHTpoJuiepoB. B auckpernom HJIP BMecTo mnpou3BOIHON OMIMOKH
ympaBJicHUsT paccMmarpuBaetrcsi ee mpupamenue Ae(t) =e(t) - e(t -1). 3HaycHwms

MacmTabupyronmx K03QGUIIMEHTOB HE U3MEHSIOTCS.
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Puc. 8.10. Bapuant ctpyktypst HJIP_TT1]]
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Puc. 8.11. nuckpetnoe onucanue HJIP I1/]

e(t e
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IToBenenune HJIP_I1/] MOXHO onmcaTh BEIpaKEHUEM

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

rae F, — TMHrBUCTUYECKUH 3aKOH YIpPaBJICHUS, 3a/laHHbIi HAOOpOM IIPaBUII
(puc. 8.11, rae z* 0003HAYACT ONEPALIHIO 3aICPKKH Ha 1 TaKT).

[TycTh k — HOMEp 11ara KBaHTOBaHUS 110 BPEMEHH, TOT/IA:

Ae =e(k) —e(k —1) = (1—zY)e(K),

u 1mudposoit HJIP I1/l mMoxxHO mpencTaBUTh B BHJIE, TOKA3aHHOM Ha PUC.
8.12.

[IponopuMOHAIBHO-UHTETPAIIBHBIA ~ KOHTPOJUIEp  JUI  KaXXIOM  mapsl
3HaYeHUH OMMOKU U ee MHTEerpaja BIYUCIISET 3HaYCHUE YIPaBICHUS:

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

PaccmoTpuM nipou3BoiHYI0 ypaBHeHMs (8.8):

dut) / dt =k de(t) / dt +ke(t)
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Puc. 8.12 Bapuant nuckpernoro onucanust HJIP_T1/1
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Puc.8.13. luckpetnoe onucanue HJIP_TT1

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 HCKIIOYEHHWEM TOTO, YTO 3/IeCh paccMaTpUBAETCS HE CHUTHAI

yIpaBJI€HUs, a ero MpupanicHue (puc. 8.13).

biok CYMMHUPOBAHHUA OOBIYHO ONMCHIBACTCS B BHUAC, IIOKA3aHHOM Ha pHUC.
8.14.

PaccmarpuBas npupaiieHue CUursaia yrpaBieHUs:
Au=u(k)—u(k -1) = 1-z )u(k),
MOYKHO 3aIliCcaTh

AU
1-z1

u(k) =

u toraa nuckpetHbii HIIP 1M mokHO npeacTtaBuTh B BUAE, TOKA3aHHOM Ha
puc.8.14.

I[ToMmrumo onmcaHHbIX THNOBBIX CTpyKTyp HIJIP, BO3MOXHBI M Aapyrue
BapuaHThl ucnosb3oBanus HJIP B cucreme ynpasnenus. Hanpumep, HJIP moxer

CITY)KUTh [Tt KOMIICHCAIIMU BHENTHUX I1yMOB (puc. 8.15).
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Puc. 8.17. Bkmtouenue HJIP B kouTyp amantanumn

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

¢byHknronuposanus (puc. 8.17).



B psage cnyuaeB 3¢@EeKTHBHOW TakkKe MOXKET  OKa3aThCs
uepapxuueckas cTpykrypa u3 HJIP, B KOTOpOW peryisaTopbl HWKHETO YPOBHS

OCYIIECTBIISIIOT MEPBUYHYIO 00paboTKy HH(pOpMaIIHH.
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