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IIpe,llHCJIOBHe 

B Y"le6HOM rrocofiim o6cy)K,[la!OTCJI MeT0,[I0JI0fIDI n MeT0,[IHKa rrpIIMeHeHIDI 

HeK0T0ph!X rrpIIKJia,[IHhIX MO,[leJieH IIHTeJIJieKTYaJihHhIX Bhl'-IHCJieHHH (llB), paCCM0TPeH0 IIX 

C0BMeCTH0e rrpIIMeHeHIIe B 3a,[latJax yrrpaBJieHIIJI. 

8 qacTH0CTII, B KHHre 0IIIICaHhl 3<p<peKTIIBHhie MeT0,[lhl H rrpIIMeHeHIIe MJlfKHX II 

11:pofiHhIX Bhl'IHCJieHIIH, K0T0phle ,[10 HaCTomu;ero BpeMeHII fihIJIII II3BeCTHhl JIIIIIIh Y3K0MY 

Kpyry CIIel.lHaJIIICTOB. 

ll3BeCTHO, qTo 3<p<peKTIIBHOCTh rrpIIMeHJieMoro IIHCTPYMeHTapIDI ,[IJIJI peIIIeHIDI 

KOHKpeTHOH 3a11:aqn B rrpo6JieMHO-OpIIeHTIIpOBaHHOH o6JiaCTII 3aBIICIIT OT C00TBeTCTBIDI 

yp0BHJI IIHTeJIJieKTYaJihH0CTII Bhl'IIICJIIITeJihH0fO IIHCTPYMeHTapIIJI yp0BHIO CJI0)KH0CTII 

peIIIaeMOH 3a11:aqII_ Bh16op a,[leKBaTH0ro H 3<p<peKTHBHOfO IIHCTPYMeHTapIDI ,[IJIJI KOHKpeTHOH 

rrpo6JieMHO-opIIeHTIIpoBaHHOH o6JiaCTII Bhl3hIBaeT orrpe,lleJieHHhJe TPY/:IH0CTII (HJIH 

IIHTYIITHBH0e rrpOTIIBopeqne) y cry11:eHTOB, IIH)KeHepoB-HCCJie,[IOBaTeJieii II pa3pa60T'IHKOB 

H0BhIX Bh!C0KIIX HayK0eMKIIX HH(pOpMal.lIIOHHh!X TeXHOJIOfIIH (HT). 

I103TOMY C l.le!Ih!O pa3bJICHeHIDI ,[IJIJI IIIHp0K0fO Kpyra qIITaTeJieH 0CH0BHhlX 

IIOJIO)KeHIIH llB paccMaTPIIBaIOTCJI 0CH0BHhie ocofieHHOCTII rrpIIMeHeHIDI TaKIIX MO,[leJieii Ha 

rrpIIMepe II0HCKa peIIIeHIIJI H0BhlX (rrpe,llCTaBJIJIIOll.lIIX caMOCTOJITeJihHhlll TeopeTII'IeCKHH II 

rrpIIKJia,[IHOH IIHTepec) 3a,[laq po6acTHOfO IIHTeJIJieKryaJihH0fO yrrpaBJieHIIJI B ycJI0BIDIX 

Herrpe,[IBH,[leHHhIX CIITYal.lIIH yrrpaBJieHIDI H rrpIIcyTCTBIDI IIH<pOpMal.lIIOHHOfO pIICKa. 

Heo6xo,[IIIMOCTh 0IIHCaHIDI TeXH0JI0fHII llB CBJI3aHa, B qaCTH0CTH, C TPefioBaHIIJIMH 

BhIII0JIHeHHJI H0Bh!X (pHJIIqecKHX (IIH<pOpMal.lHOHHO-TepMb,[IIIHaMIIqecKHx) rrpHHl.lIIII0B 

po6acTHOfO HHTeJIJieKTYaJihH0r0 yrrpaBJieHIDI. K HIIM 0TH0CJITCJI IIpHHl.lIIII KOMneHCGlfUU 

UHljJOpMalJUOHHOU HenOJIHOmbl M0,[leJIH ( CJia60CTPYKTYPIIPOBaHHhIX) o6beKTOB yrrpaBJieHIDI 

(OY) Bh16opoM coorneTCTBYIOll.lero ypoBHJI HB n rrpIIHl.lIIII coomeemcmeUR WlZOpunvua 

UHmeJ/JleKmyWlbH020 ynpa6JleHUJl yp0BHIO CJI0)KH0CTII II HeIT0JIH0ThI 0IIIICaHHJI BHyTPeHHeii II 

BHeIIIHeH cpe,llhl <pyHKl.lIIOHIIpOBaHIDI OY (3HTPOIIIIJI aJiropIITMnqeCKOH CJI0)KH0CTH 

KoJIMoropoBa) II 11:p. 

,ll;JIJI II0JIH0Thl II0HIIMaHHJI MaTepnaJia H 3<p<peKTHBHOfO IIpIIMeHeHIDI pa3pa6oTaHHOf0 

rrporpaMMH0fO HHCTPYMeHTapIDI B ,[laHH0M rrocofiIIH rrpoBe,[leH0 cpaBHeHIIe pe3yJihTaT0B, 

IT0JlY"leHHhIX Ha ocHoBe IIHCTPYMeHrnpIDI MATLAB TIIrra ANFIS, Fuzzy Tech, AFM, 

reHeTII'IeCKHX aJir0pIITM0B H LIP-

OrrIICaHhl CYll.lecrneHHhre He11:ocTaTKII ncrroJih3yeMhIX IIHCTPYMeHTapneB (MATLAB 

II LIP-) B peIIIeHHH YKaJaHHhIX 3a11:aq po6aCTHOfO yrrpaBJieHIDI CJI0)KHhIMII OY (ocofieHHO B 

YCJI0BID!X Herrpe,llBII,[leHHhIX cnryal.lIIH yrrpaBJieHIDI II HH<pOpMal.lIIOHHOfO pIICKa). 

IlOKaJaHhI rrpenMyll.lecrna II 3<p<peKTIIBHOCTh rrpnMeHeHIDI paccMaTPIIBaeMoro KJiacca 

llB H pa3pa6oTaHHOro IIHCTPYMeHTapIIJI, qTo II03B0JIJieT 3<p<peKTHBHO peIIIaTh KJiaccnqecKne 

(aJiropIITMII'IeCKH Hepa3peIIIHMh!e) 3a,[laqII, B qacTH0CTII 3a,[laqII rrpoeKTIIpoBaHHJI po6aCTHhIX 

HHTeJIJieKTYaJihHhIX CIICTeM yrrpaBJieHIDI. 

MaTepIIaJI rroco6IDI 0CH0BaH Ha JieKl.lIIJIX aBT0poB, rrpoqnTaHHhIX B YHU: OlUIIf II 

Me)K,[lyHapo,llHOM YHHBepCHTeTe rrpnp0/:lhI, 0611..leCTBa II qeJI0BeKa «,ll;y6Ha». rJiaBa 4 
HarrncaHa C0BMeCTH0 C acrrIIpaHTaMH llHCTIITYTa CIICTeMH0f0 aHaJIII3a II yrrpaBJieHIDI 

yHHBepcHTern «,ll;y6Ha» A.r. PeIIIeTHHKOBhIM II T.A. KepnMOBhIM, a rnaBa 5 - c 

A.B. HIIKoJiaeBoii. 

ABTOphl cqIITaIOT CB0IIM ,[I0Jif0M rro6Jiaro11:apIITh 0IIII0HeHT0B H K0JIJier 3a II0Jie3Hhie 

o6cy)K,[leHHJI, ,[I0II0JIHeHIDI II 3aMeqaHIDI. 

6 

ABTOphI rnyfioKO rrpII3HaTeJihHhI rrpo¢eccopaM E.H. llepeMHCIIHOH II 

B.B. KopeHhK0BY 3a rroM0ll.lh II rroMep)KKY rrpII HarrIIcaHnn, a TaIOKe E.A. <l>e11:op0Boii 3a 

II0M0ll.lh IIpII II3,[laHIIII 3TOH KHIIfII. 

OT6op MaTI:pIIaJia II CIIHC0K l.lHTIIP0BaHHOH mrreparyphl onpe,lleJIJIJICJI 0IIhIT0M, HayqHhIMH 

II npaKTII'IecKIIMH HHTepecm.m aBrnpoB, a TaK)Ke orpaHHtJeHIIJIMH Ha o6beM rroco6HJI. 

I103TOMY aBT0phI 3apaHee rrpIIH0CJIT CB0II II3BHHeHHJI MH0fIIM IICCJie,[I0BaTeJIJIM, qhII 

rry6JinKal.lIIII II3BeCTHhI, HO He 0TPa)KeHhl B ,[laHH0M Y"lefiHOM rrocofinII. 

,ll;yfiHa, 2013 
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BBe11.em1e 

YpoBeHb pa3BHTIDI II KOMMepqecKaJI npIIBJieKaTeJibHOCTb HHTeJIJieKT)'aJibHb!X 

HHq>OpMaI~HOHHblX TeXHOJiorn:ii (HT) H MeTO,!\OB OITTHMaJibHOro npHIDITIDI perneHHll B 

CHCTeMax ynpaBJieHIDI HaxO,!\HTCJI B npJIMOll JaBHCHMOCTH OT THna HHTeJIJieKT)'aJibHb!X 

Bb!qlfCJieHHll (MB), npHMeIDieMbIX B nponeccax H3BJieqeHHJI, o6pa60TKH H qiopMHpOBaHIDI 

3HaHHll, a TaIOKe OT BH,!\a HHTeJIJieKTyaJibHOll 6a3bl nporpaMMHO-annapaTHOll no.11.11ep)KKH 

nponeccoB o6pa6oTKH H nepe.11aqn HHq>opMaQHH. IIo:noMy pa3BHTHe TeopHH H BHe.11peHne 

HHHOBaQHll B TeopHH H npaKTHKe CHCTeM ynpaBJieHHJI HaIIIJio CBOe OTPa)KeHHe, B qacTHOCTH, 

B pa3pa60TKe HOBblX BH,!\0B BblqHcJieHHll, HanpHMep, ,!\JIJI perneHIDI Ja.11aq OITTHMH3aQHH, 

o6yqeHIDI, a.11a11TaQHH H CaMoopraHH3aQHH B HHTeJIJieKTyaJibHblX CHCTeMax ynpaBJieHIDI 

(lfCY) q>HJHqecKHMH :mcnepHMeHTaMH Ha OCHOBe TeXHOJIOrn:H MB. 
O,!\HHM H3 OCHOBHbIX Ha3HaqeHHll H npeHMym:ecrn 3q>q>eKTHBHOro npHMeHeHHJI lfCY 

JIBJIJleTCJI B03MO)KH0CTb rapaHTHpOBaHHoro ,!\OCTH)KeHIDI QeJIH ynpaBJieHHJI C MaKCHMaJibHb!M 

KaqeCTBOM ynpaBJieHHJI Ha BepxHeM YPOBHe H MHHHMaJibHblM paCXO,!\OM IlOJie3Horo pecypca 

CHCTeMbl «o6beKm ynpa6llemm (OY) + pe2y1mmop» Ha HH)KHeM (HCITOJIHHTeJibCKOM) ypOBHe 

nepapxnqeCKOll CHCTeMbl aBTOMaTnqecKoro ynpaBJieHIDI. 

Ha co.11ep)KaTeJibHOM ypoBHe ,!\aHHaJI B03MO)KHOCTb OTPa)KaeT Ha3HaqeHHe 

QeJieHanpaBJieHHOll .11eJ1TeJibHOCTH lfCY B o6m:eM CJiyqae Henpe,!\BH,!\eHHblX CIITyaQHll 

ynpaBJieHIDI. 

IlpH 3TOM 3q>q>eKTHBHOCTb npHMeHeHIDI lfCY 3aBHCHT OT ypOBHJI 

HHTeJIJieKTyaJibHOCTH pa3pa60TaHHOll CHCTeMbl ( qiopMbl, BH,!\a H rny6HHHoro npe,!\CTaBJieHIDI 
JHaHnii). 

Ba)KHyID pOJib npH qiopMHpoBaHHH ypoBIDI HHTeJIJieKTyaJibHOCTH CHCTeMbl 

aBTOMaTnqecKoro ynpaBJieHIDI (CAY) nrpaeT Bb16op HCITOJibJYeMoro HHCTPYMeHrnpIDI 

TeXHOJIOrn:H MB ,!\JIJI npoeKTHpOBaHIDI COOTBeTCTBYIOII.\ett 6a3bl 3HaHHll (Ii3) npH 3a,!\aHHOll 
neJIH ynpaBJieHHJI. 

OTMeTHM ocofieHHOCTH BbI6opa" npHMeHeHIDI Ha npaKTHKe TeXHOJIOrHH" MeTO,!\OB MB. 
Oco6e111wcmu mexHoJ102uu JIB u npum1unb1 HCY. lf3 MHoroqncJieHHbIX MO,!\eJieii MB 

TeXHOJIOrn:H MJirKHx, .11po6Hb!X n KBaHTOBbIX BbiqlfCJieHHll B .11aHHOM nocofiHH BbI6paHbl He 

CJiyqaiiHO. 3TH HHHOBaQHOHHbie TeXHOJIOrHH BblqHCJieHHll COCTaBJIJIIOT nporpaMMHO

aJiropHTMHqecKYIO ITJiaTq>opMy ,!\JIJI MT npoeKTHpoBaHIDI caMoopraHH3YIOII.\HXCJI lfCY, 

cnoco6HblX q>yHKQHOHHpOBaTb n rapaHTHpOBaTb ,!\OCTH)KeHHe QeJIH ynpaBJieHHJI B ycJIOBIDIX 

Henpe,!\BH,!\eHHbIX (HeIIITaTHbIX) CHTyaQHll H HHq>OpMaQHOHHOro pHCKa C TPefiyeMblM 

ypoBHeM pofiaCTHOCTH. 

lfMeHHO 3a.11aqa pa3pa6oTKH caMoopraHH3YJOII.\HXCJI lfCY cJia6o 

CTPYKTypnpoBaHHblMH ofil,eKTaMH ynpaBJieHIDI, cnoco6Hb!X q>yHKQHOHHpOBaTb n 

rapaHTHpOBaTh ,!\OCTH)KeHHe QeJIH ynpaBJieHIDI B ycJIOBIDIX Henpe,!\BH,!\eHHblX (HeIIITaTHbIX) 

CHTyaQHll H HHq>OpMaQHOHHOro pHCKa, JIBJIJleTCJI HaH60Jiee aKT)'aJibHOll (H TPY.IIHO 

pernaeMoii) B TeOpHH CHCTeM ynpaBJieHIDI. O,!\HHM H3 npe.11MeTOB noco6IDI JIBJIJleTCJI 
perneHne YKa3aHHoii Ja.11aqn_ 

PerneHHe TaKOll 3a.11aqII CBJl3aHO C Heo6XO,!\HMOCTb!O peaJIHJaQHH pll,!\a HOBbIX (,!\JIJI 

po6aCTHoro HHTeJIJieKT)'aJibHOro ynpaBJieHIDI) q>HJHqecKHX " HHq>OpMaQHOHHO-

TepMO,!\HHaMHqecKHX npMHQHITOB: 

(i) npUHljUna K0MneHCQljUU UHq_JopMGlJUOHHOU Hen0llH0mbl onucaHltR MOdeJIU 

(cJia6ocTPYKTYPHPOBaHHbIX) OY Bb16opoM coorneTcrnyrom:ero ypOBIDI MB; 
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(ii) npuHlJUna coomeemcmeUfl QllZOpumMa uHmeJllleKmyQllbHozo ynpa6lleHUfl ypoBHIO 

CJIO)KHOCTH H HeITOJIHOTbl npe,!\CTaBJieHIDI 3HaHHll O BHeIIIHeii cpe.11e 

q>yHKQHOHHpOBaHHJI OY (CBJ13b HHq>OpMaQHOHHOll 3HTPOITHH C Mepoii 

aJiropHTMHqecKOll CJIO)KHOCTH KoJIMOropoBa); 

(iii) npUHlJUna .l\1UHUMyMa nomepb n0lle3H020 pecypca (MHHHMYM o6o6m:eHHOll 

3HTPOITHH - q>HJHqeCKHll 3aKOH OITTHMaJibHOro ynpaBJieHIDI) B CHCTeMe «OY + 
pezyllRmop»; 

(iv) npUHlJUna Hepa3pyuteHUfl U no6bluteHUR 3q_Jq_JeKmU6HOCmu HU:JICHe20 
ucn0llHUmellbCK020 ypo6HR CHCTeMbl ynpaBJieHHJI 3a cqeT CaMoopraHH3aQHH Ii3 
HHTeJIJieKT)'aJibHOro peryJIJITOpa; 

(v) npUHlJUna CUHepzu3.llta U36JleKaeMOU CKpblmou K6aHmoeou UHq_JOpMGlJUU H3 

KJiaccnqecKHx COCTOJIHHll cnpoeKTHpOBaHHbIX nponecCOB ynpaBJieHIDI. 

IIepeqncJieHHbie npHHQHilbl paCCMOTPeHbl B ,!\aHHOM nocofiIIH C Il03HQHH 

npoeKTHpOBaHHJI pofiaCTHbIX HHTeJIJieKT)'aJibHbIX HeqeTKHX peryJIJ1TOp0B (HP) B CTPYKType 

CHCTeMbl ynpaBJieHIDI q>HJHqecKHM 3KCnepHMeHTOM • 

PaccMOTPHM fia3nc peaJIH3aQHH HT npoeKTHpoBaHHJI lfCY H napa.110Kcb1 MB. 
BbIITOJIHeHHe II peaJIH3aQIDI HOBbIX q>HJHqecKHx (HHq>OpMaQHOHHO-TepMO,!\HHaMHqecKHX) 

npHHQHITOB HHTeJIJieKT)'aJibHOro po6acTHOro ynpaBJieHIDI ocym:eCTBJIJIIOTCJI Ha OCHOBe 

perneHIDI CJie,!\yIOII.\HX TPeX npHHQHITHaJibHbIX npo6JieM. 

A. B nepBOM CJI)"lae B OTJilfqlfe OT npJIMOH 3a.11aqn ( OITHCaHHJI 3HaHHH 

KOJIHqecTBeHHbIMH xapaKTepHCTHKaMH) paccMaTPHBaeTCJI perneHHe o6paTHOH 3a,!\aqn 

TeOpHH HCKYCCTBeHHOro HHTeJIJieKTa - H3BJieqeHHe, o6pa6oTKa H q>OpMHpoBaHHe 3HaHHH H3 

KOJIHqecTBeHHbIX ,!\aHHblX 3KCIIepHMeHTa. B 3TOM CJiyqae pa3pa6oTaHHaJI TeXHOJIOrHJI 

rrpoeKTHpOBaHIDI ofil,eKTHBHbIX Ii3 Ha OCHOBe OITTHMH3aTopoB Ii3 Ha MJlrKHX (H ,!\aJiee Ha 

KBaHTOBbIX) BblqlfcJieHHJIX HCKJI!QqaeT cy6neKTHBH3M 3KCIIepTHbIX OQeHOK, o6ecrreqnBaeT 

.11ocTH)KeHHe TPefiyeMoro ypoBIDI po6acrnocTH lfCY. 

Ii. Bo BTOpOM CJiyqae paccMaTPHBaeTCJI rrpo6JieMa pa3pa60TKH H q>HJHqecKoro 

o6oCHOBaHHJI MaTeMaTnqecKOH MO,!\eJIII KBaHTOBOro aJiropHTMa yrrpaBJieHHJI 

CaMoopraHmannen 3HaHHH ,!\JIJI qiopMHpoBaHHJI pofiaCTHbIX Ii3 B peaJibHOM BpeMeHH. HH)Ke 

IIOKa3aHa pOJib npJIMbIX aHaJIOroB q>HJHqecKHX (KBaHTOBbIX H TepMO,!\HHaMHqecKHx) 

3q>q>eKTOB B peaJIH3aQHH nponecca rapaHTHpOBaHHOro ,!\OCTHJKeHIDI Kaqecrna ynpaBJieHHJI Ha 

OCHOBe TeXHOJIOrHH KBaHTOBbIX, MJlrKHX H .11po6Hb!X BbiqHcJieHHll. IlpH 3TOM OCHOBHOe 

BHHMamJ:e y.11eJIJ1eTCJI OIIHCaHHIO H HHTepnpeTaQHH KaqecrneHHbIX ocofieHHOCTeH. 

fiHOJIOrHqecKH BOCilpOH3B0,!\HMOH (rnK Ha3bIBaeMOH CHHepreTnqecKH fiHOHHCIIHpnpoBaHHOH) 

3BOJIIOQHH CaMoopraHH3aQUII, OCHOBHble KOMIIOHeHTbl KOTOpoii OIIHCb!BaIOTCJI KBaHTOBblMII 

orreparnpaMu H COCTaBJIJIIOT q>II3JiqecKoe co.11epJKaHne pa3pa6oTaHHOH MO,!\eJIH KBaHTOBOro 

aJiropnTMa ynpaBJieHIDI rrponeccoM caMoopraHmannu. CJie,!\oBaTeJibHO, paccMaTPHBaeTcJI 

3a,!\aqa pofiaCTHOro yrrpaBJieHIDI B Herrpe,!\BH,!\eHHbIX curyaQHJIX Ha OCHOBe KBaHTOBb!X 

CTPaTernn np!IIDITIDI perneHHll B BH,!\e nporpaMMHOro IIHCTPYMeHTapIDI KBaHTOBOro 

HeqeTKOro Bb!BO,!\a KaK qacTHOro CJI)"laJI pa3pa60TaHHOro KBaHTOBoro aJiropnTMa 

yrrpaBJieHIDI CaMoopraHHJaQHeH. 3HaHHll. 

B. PerneHHe TPeTbeH. rrpo6JieMbl ,!\eMOHCTPHpyeT pe3yJibTaTbl 3q>q>eKTHBHOro 

rrpnMeHeHIDI HT npoeKTHpOBaHIDI po6acTHbIX Ii3 Herrocpe.11crneHHO B CTPYKTYPe KOHTYPOB 

ynpaBJieHHJI lfCY. If HHJKe IIOKa3aHbl ocofieHHOCTH npoeKTHpOBaHHJI po6acTHb!X Ii3 ,!\JIJI 

Herrpe,!\BH,!\eHHblX CIITyaQHH ynpaBJieHIDI H B ycJIOBHJIX HHq>OpMaQUOHHOro pHCKa ,!\JIJI lfCY, 

BKJIIOqaIOm:Hx B CBOIO CTPYKTypy OIITHMH3aTOpbl Ii3. 
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Cirneprn3M HeToqHoM (imperfect) umpopMauuu u cuHepreTuqecKHM 3<jl<jleKT 

KBaHTOBOM CaMoopraHH3aUHH E3 B ycJIOBIDIX HenpeABH.D;eHHhIX curyauuj:j paccMorpeH B 

AaHHOM noco6m1 ll OCHOBaH Ha TeXHOJIOrnn ll3BJieqeHHH CKphITOM B KJiaccuqecKHx 

COCTOHHIDIX (HeH3MepHMOM B o6rueM BH,D;e KJiaccuqecKHMll npu6opaMH) KBaHTOBOM 

llHQlOpMaUHll, KOTOpaH HBJIHeTCH AOnOJIHHTeJihHhIM llHQlOpMaUHOHHhIM pecypcoM. 

B KaqeCTBe KJiaccnqecKHx COCTOHHHM paccMarpuBaIOTCH 3aKOHhl ynpaBJieHIDI 

ll3MeHeHID!Mll BO BpeMeHH K03QlQlllUHeHTOB ycnJieHID! HCnOJIHHTeJihHhIX aBTOMaTnqecKHx 

ycrpoHCTB, KOTOph!e <jlopMHPYIOT onmMaJihHYIO ynpaBJIHIOwyIO CHJIY ( C MHHHMaJihHh!Mll 

noTepHMll noJie3HOro pecypca B CllCTeMe «OY + pe2yJ1Rmop»). 
Pa3pa6oTaHHaH HT npoeKTHpOBaHHH no3BOJIHeT HCnOJih30BaTh AaHHhIM 

AOnOJIHHTeJihHhIM llHQlOpMaUHOHHhlM pecypc ~ nOBhnIIeHIDI ypOBHH po6aCTHOCTll HCY. 

CaMo CBOMCTBO po6aCTHOCTll onpeAeJIHeTCH KaK CJieACTBHe caMoopraHH3aUllll E3 B HP Ha 

HllJKHeM HCnOJIHHTeJihCKOM ypoBHe ynpaBJieHID!. 

CnpoeKmpoBaHHaH po6aCTHaH E3 n03BOJIHeT OY rapaHTHpOBaHHO AOCTllqh 

nOCTaBJieHHOM ueJIH ynpaBJieHID! B ycJIOBHHX llHQlOpMaUHOHHOro pHCKa ll HenpeABHAeHHhlX 

curyauuM yrrpaBJieHIDI. 

Heo6XOAHMOCTh noHBJieHID! AaHHOro noco6IDI o6yCJIOBJieHa nOBhIIIleHHhIM 

HHTepecoM IIIHpOKOro Kpyra cryAeHqecKOM, HHJKeHepHOM ll llCCJieAOBaTeJihCKOM ayAHTOpllll 

CaMhIX pa3JIHqHhIX cneuuaJihHOCTeM K pa3pa6oTKe COBpeMeHHhIX TeXHOJIOrHM HB u MX 

npaKTuqecKoro npHMeHeHID! AJIH nOBhIIIleHIDI 3<jl<jleKTHBHOCTH HCCJieAyeMhIX HJill 

AeMCTBYIOIUHX ofo,eKTOB ll CHCTeM yrrpaBJieHID!. 

Ilpo6JieMa C03peJia AaBHO ll ofo,HCHHeTCH ClleAYJOIUHM; YCTaHOBJieHHhIM 3a AOJirHM 

nepHOA BpeMeHH (1970-2013 rr.), <jlaKTOM: ll3-3a npeAMeTHOM HOBH3Hhl npuMeHeHIDI 

HHTeJIJieKryaJihHhlX CllCTeM ll MaTeMaTuqecKOM CJIOJKHOCTH onncaHHH MHOrHe ll3 

pe3yJihTaTOB HOCHT AJIH HHJKeHepHOM ayAHTOpHH B OCHOBHOM MeTOAOJiornqecKHM llJill 

TeopeTuqecKHM xapaKTep. TaK, HanpuMep, Bh16op onTHMaJihHOro mna u napaMerpoB 

QlYHKUHH npnHaMelKHOCTH, npoeKTupoBaHue E3 B Teopun HeqeTKHX CllCTeM (HeqeTKllX 

peryJIHropoB) HOCHT AO CllX nop 3BpHCTuqeCKHM xapaKTep, qTO Bhl3hIBaeT TPYAHOCTll npu 

uccJieAOBaHHH H pa3pa6oTKe HCY. 

IloHCHllM HeKOTOph!e o6ruue oco6eHHOCTH AaHHOM npo6JieMhl. 

1. KaK npaBHJI0, B rry6JIHKaUIDIX 0TCyTcrnyeT Heo6XOAHMaH (AJIH llHJKeHepHOM 

ayAHT0pHH llJIH HaquHaIOIUHX HCCJieAOBaTeJieH) K0ppeKTHaH Qlll3HqecKaH 

llHTepnperauIDI pa3pa60TaHHhIX MOAeJieM MHrKHX BhJqucJieHHM ll noJiyqaeMhIX Ha 

MX 0CHOBe pe3yJihTaTOB. B qacTH0CTll, yqe6Hh!e YHHBepcnTeTCKlle nporpaMMhl 

ofiyqeHID! (KaK B P<ll, TaK ll 3a py6eJKoM) noBepxHOCTH0 0CBeruaIOT (HJIH C0BCeM 

He BKJIJOqaJOT) nepeqncJieHHhie Bonp0Chl. 

2. OTMeqeHHhIM Bhlllle <jlaKT 06bHCHHeTCH HaJinqneM HenoJIHoro onncaHID! 

npaKTuqecKoro onhITa o6yqeHIDI, npoeKTupoBaHIDI u npOMhIIIIJieHHOM 

3KCIIJiyaTaUHll llHTeJIJieKryaJihHhIX CllCTeM, a TaKJKe 0TCYTCTBHeM 

npHHUHnllaJihH0ro peII1eHID1 OAHOM ll3 0CH0BHh!X 3aAaq Teopnu HCKYCCTBeHH0rD 

HHTeJIJieKTa: ll3BJieqeHue, o6pa6oTKa ll <jlopMHpOBaHne o6oeKTHBHhIX 3HaHHM H3 

K0JIHqecTBeHHhIX AaHHhlX QlHJHqecKHX 3KCnepuMeHTOB HJIH AHHaMuqecKoro 

noBeAeHHH CHCTeMh!. 

3. B uHJKeHepHoM nporpaMMH0M nHcrpyMeHrapuu K0MnaHHH MathWorks 

(MATLAB) He npeACTaBJieH A0JIJKHhIM o6pa30M pa3AeJI npoeKTupoBaHIDI HCY n 

E3. B pe3yJihTaTe Ha npaKTnKe ucnoJih3yeTCH no cyruecrny HHCTPYMeHrapnH 
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3KCnepTHhlX CHCTeM HJIH 3JieMeHThl TeXH0JIOrllll MHrKHX BhJqncJieHHM 

(ynporueHHhie M0AeJIH reHeTuqecKHX aJirDPHTMOB ll HeqeTKlle HeHpOHHhie ceTH 

mna ANFIS) 6e3 o6ecneqeHIDI, HanpuMep, He06XOAHMOro ypOBHH po6acTHOCTll ll 

n0JIH0Thl n3. 
4. B HHJKeHepHOM ayAHT0pHH qacT0 6h1ryeT MHeHHe 06 «3K30mqecK0M» BH,D;e 

APYrHX H0BhlX mnoB HB, HMeIOIUHX orpaHuqeHHOe npHMeHeHHe B npaKTHKe 

CHCTeMHOM HHJKeHepun. 

Oco6eHHOCTll C0AepJKaHIDI noco6IDI COCT0HT B TOM, qTo OHO orpaJKaeT He06XOAHMhie 

TeoperuqecKHe ll npHKJiaAHhie pe3yJihTaThI B o6JiaCTH pa3pa60TKH HOBhIX BHA0B HB: HT 

npoeKmupoaaHU5l po6acmHblX HCY Ha 0CHOBe MHrKHX, AP06Hh!X ll KBaHT0BhIX BhJqucJieHHM, 

BKJIJOqaJOIUHX B ce6H peaJIH3aUHIO npoueccoB o6y'leHuR, aiJanmalJUU M cw.10op2aHU3GlJUU. 
OAHOBpeMeHH0 npeACTaBJieHhl 0TBeThl Ha npo6JieMhl npuMeHeHIDI B CJIOJKHBIIleMCH 

curyaunu HOBh!X BHAOB HB B CHCTeMHOM llHlKeHepuu. 

B o6JiaCTll pa3pa6oTKH MOAeJieM MHrKHX BhJqncJieHllll orry6JIHKOBaHO 60JihII10e qncJI0 

CTaTeii ll KHHr. Ilo3T0MY aBT0phl paccquTuIBaIOT Ha MHHHMaJihttyIO HHQlOpMHpOBaHHOCTh 

quraTeJIH (B paMKax noco6uii no MHrKHM. BhJqllCJieHIDIM). IlpeAJiaraeTCH ll3JIOJKeHHe 

MaTepnaJia Ha npuMepe npo6JieMHo-opueHmpoBaHHOM o6JiaCTH npuMeHeHIDI AaHHoro 

KJiacca HB. 

CoAeplKaHHe noco6IDI HMeer npHHUHnllaJihHOe 0TJIHque OT pa60T [1-17], 
OTH0CHIUHXCH K crpyKrypH0MY npoeKTllp0BaHHIO MOAeJieii HHTeJIJieKryaJihH0ro ynpaBJieHIDI, 

ll npeACTaBJIHeT H0B0e HanpaBJieHIIe B o6JiaCTH HHQlOpMaUHOHHhIX TeXHOJIOrnii pa3pa60TKll 

n npoeKTHp0BaHHH po6acrnhIX HCY. 

B 3T0M CMhlCJie noco6ue o6o6ruaeT u pa3BHBaeT pa60Thl [10-12, 18, 19], HBJIAACh, no 

MHeHHIO aBT0p0B, nepBOM rry6JIHKauueii nOA06Horo poAa B MHpOBOM npaKTHKe. 

Bh!AeJIHM HeK0T0ph!e oco6eHHOCTH pa3pa6oTaHHOro n0AX0Aa K crpyKrypH0MY 

npoeKTHpOBaHHIO MOAeJieM llHTeJIJieKryaJihHOro ynpaBJieHID! ll ero 0TJillqIDI OT H3BeCTHhIX 

pa6oT [1-17, 20-75] no pa3pa6oTKe HCY. 

• IlpHMeHeHHe HB ll KBaHTOB0ro aJiropnTMa caMoopraHH3aUHH E3 no3BOJIHeT B peaJihHOM 

BpeMeHH AOCTHqh ueJIH ynpaBJieHIDI B HenpeABHAeHHhlX curyauHHX 3a cqeT noBhIIIleHIDI 

ypOBHH po6acTHOCTll HCY B npo6JieMHO-opneHTHpoBaHHOM o6JiaCTll. BhJqllCJIHTeJihHhIM 

6a3HCOM OTMeqeHHhIX HanpaBJieHHM pa3pa60TOK HBJIHeTCH TeXH0JIOrIDI KBaHTOBhIX, 

Ap06HhIX ll MHrKHX BhJqucJieHHM. 

• BaJKHhIM MH CllCTeMHOM HHJKeHepun pe3yJihTaTOM npuMeHeHIDI HT npoeKTHpoBaHIDI 

HCY HBJIHeTCH nOKaJaHHaH B03MOlKH0CTh peaJIH3aUHH KBaHT0BhlX aJir0pllTMOB ll 

KBaHT0BhIX BhJqucJieHHll Ha munOBOJlf (a He Ha rn6pHAHOM KBaHT0BOM npoueccope THna 

D - Wave u AP-) npoueccope B cTaHAaprnoj:j KOHQlHrypauuu annaparnoM noMeplKKH 

po6oTOB-MaHHrryJIHTOpOB ll aBT0H0MHhlX po60TOB KaK o6oeKTOB QlHJllqecKoro 

3KcnepuMeHTa. 

• Ilo3TOMY H3 MHoroqucJieHHhIX MOAeJieM HB B Kaqecrne npuMepa B noco6uu 

npeACTaBJieHhl npHKJiaAHhie pa3pa60TKH TeXHOJIOrllM MHrKHX, AP06Hh!X ll KBaHT0BhIX 

BhJqucJieHHM. OTMeTHM, qTQ B noco6uu paccMarpuBaeTCH B3aHM0CBH3h TeXHOJioruii HB C 

ApyrHMH HanpaBJieHID!Mll mna KBaHT0BOro nporpaMMHpOBaHIDI, KBaHT0BhlX o6JiaqHhIX 

(cloud), BCJierryIO (blind) BhJqucJieHHM, ,wIK-BhJqucJieHHM u AP-

• OrMeqeHHaH aKryaJihH0CTh ll IIIHp0Ta ayAHT0pHH nOJih30BaTeJieM TeXH0JIOrIDIMH HB 

o6bHCHHeTCH TaKJKe CJieAYIOIUHM o6cTOHTeJihCTBOM: OAHOH ll3 npeAMeTHhIX o6JiaCTeii 

IlpHMeHeHIDI TeXHOJiornii HB HBJIHeTCH pa3pa60TKa npophIBHhlX llHTeJIJieKryaJihHhlX 

HayKoeMKHx HT. Ilo3TOMY B noco6uu A0crynHo (6e3 noTepu Heo6xoAHMOii 
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MaTeMan1qecKOH ll q>ll3llqeCKOH ClpOfOCTll) ll3JIOlKeHbl rrpHHIJllIIllaJibHbJe BOIIpOCbl 
pa3pa60TKll ll 3q>q>eKTHBHOfO rrpttMeHeHHH TeXHOJIOrHH lIB. 

• B rroco6ttll IlOL(p06Ho pa3bHCHeHbl B03HllKaJO!Jjlle JIOfllqecKHe «rrapa.110KCbI» IlOJl)"IaeMb!X 
pe3yJibTaTOB Ha OCHOBe TeXHOJIOfllll lIB, Bbl3b!BaJOJIJllX B llHJKeHepHOH ay.11ttTOpllll 
TPY.!IHOCTll B HafM.!IHOH q>ll3ttqecKOH ll MaTeMaTuqecKOH llHTepnpeTaJjllll. 

B pa6ornx [ 1-17, 20-7 4] no uccJie.11oaaHttIO H pa3pa6oTKe lI CY He perneHhI CJie.11YIOJIJHe 
npHHJjllilllaJibHbJe 3a.11aqu, KOTOpbie CHHJKaIOT .!IOCTOBepHOCTb ll JjeHHOCTb npe.11cTaBJieHHb!X 
pe3yJibTaTOB: 
• cnpoeKTttpoBaHHbie ClpYKTYPhI lICY He y.110BJieTBopHIOT ccpopMYJittpoBaHHbIM paHee 

TIHrn npttHIJttnaM noclpoeHHH lICY; 
• OTCYTCTByeT MeTO.!IOJIOrnH Bb16opa onrnMaJihHOH ClpYKTYPhI HeqeTKOH HeifpoHHOH ceTtt; 
• OTCYTCTByeT B03MOlKHOCTb arrrrpOKCHMaJjllll o6yqaIOJIJero CllfHaJia C Hanepe.11 3a.11aHHOH 

onrn6Koif; 
• BbJ6op rnna tt Bll.lla cpyHKJjllH npHHa.!IJieJKHOCTll, a TaKJKe napaMelpOB cpyHKIJllll 

rrpttHa.11JielKHOCTll He o6ocHOBaH; 
• crrpoeKTttpoBaHHhie CTPYKTYPhI lICY He 06Jia.11aIOT lpe6yeMhIM ypoBHeM po6acrnocTtt B 

Herrpe.11au.11eHHbIX curyaIJHHX yrrpaaJieHHH; 
• OTCYTCTByeT MeTO.!IOJIOrHH IIOClpOeHHH o6yqaIOJIJero CllfHaJia; 
• OTCYTCTByeT MeT0.11 ll3MepeHHH ll IIOClpOeHHH o6yqaIOJIJero CllfHaJia Herrocpe.11crneHHO C 

.11eifcrnyIOJIJeH cptt3ttqecKoif MO.lleJitt o6beKTa yrrpaBJieHHH; 
• OTCYTCTByeT MeTO.!IOJIOrnH ll3BJieqeHHH 3HaHHH ll IIOClpOeHHH po6aCTHb!X 6a3 3HaHHH Ha 

OCHOBe o6yqaIOJIJero CllfHaJia; 
• HHClpyMeHTaptttt Fuzzy Toolkit MATLAB, ANFIS, FIS, AFM H .11p. He o6ecrrequaaIOT 

B03MOlKHOCTb rrpoeKrnpoBaHHH po6aCTHb!X E3 HeqeTKHX KOHlpOJIJiepoa; 
• OTCYTCTByeT MeTO.!IOJIOfllH tt llHClpyMeHTapttH rrpoeKTttpOBaHHH rtt6pll.11Hb!X HeqeTKllX 

lICY; 
ll MH. /:Ip. 

IIepequcJieHHble He.!IOCTaTKll YKa3aHHb!X pa6oT yclpaHeHbl Ha OCHOBe rrpttMeHeHHH 
pa3pa6oTaHHOfO OIITllMll3aTopa Ha MHfKllX BbJqllcJieHHHX [19, 75, 76] tt 
rrpottJIJIIOClpllpOBaHbl a rroco6ttll Ha .!IOCTYIIHb!X rrpttMepax, HMeIOJIJllX caMOCTOHTeJibHOe 
3HaqeHtte. 

IIpaKTuqecKaH HarrpaBJieHHOCTb rroco6ttH COCTOllT a TOM, qTo OCHOBHOe BHHMaHtte 
y.11eJieHO npaKTuqecKOMY rrpttMeHeHHIO .11aHHb!X Bll.110B lIB. MaTepttaJI rroco6ttH MOJKeT 
paccMalpttBaTbCH KaK HayqHoe uccJie.11oaaHtte, KaK yqe6Hoe tt rrpaKTuqecKoe rroco6tte .!IM 
llCCJie.110BaTeJibCKllX JjeHlpOB rrpOMb!IIIJieHHb!X KOMIIaHHH llJlll KaK .!IOilOJIHHTeJibHbie TeMbl 
llCCJie.110BaHHH B MarttcTepCKllX ll acrrrrpaHTCKllX .llllCCepTa!JllHX. B KaqeCTBe HafJIH.llHb!X 
rrpttMepoa .!IM cucTeMHOH HHJKeHeptttt Bh16paHbl o6beKTbI lIT rrpoeKTttpoBaHHH lICY B 
rrpo6JieMHO-OptteHTllpOBaHHOH o6JiaCTll - rrporpaMMHO-arrrrapaTHaH rro.11.11eplKKa 
llHTeJIJieKryaJibHOH po6oTOTeXHllKll ll MeXalpOHllKll, llHClpyMeHTapllH OilTllMH3aTOpOB E3 Ha 
OCHOBe KBaHTOBb!X MHfKllX BbJqllcJieHHH .!IM rrpoeKrnpoBaHHH po6aCTHb!X .11po6Hb!X 
peryMTOpOB ll .!IP-
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DiaBa 1. PoJih HIITeJIJICKT)'aJihllh!X BhlqJICJICIIHH II CHHepren1qec1rnro JiflclJe1-:ra 

1111c1JopMaQ1m B cmuoopramnaQnu 3HaHuii rrpn rrpoeinnpoBamm po6acTHhIX HCY 

BBe/:ICHHe 

B .11aHHOM rroco6nn paCCMOTPeHbl 1 OCHOBHbie orrpe.11enemU1, IIOJIO)l(eHIUI n rrpnHQHIIbl 
coapeMeHHOH Teopnn HHTeJIJieKT)'a.JibHb!X BbJqncJieHHH. Ilpnae.11eHhl pe3yJihTaTbl 
rrpnMeHeHilll Teopnn MllrKil.X BbJqncJieHHH H HeqeTKHX CHCTeM B 3a.11aqax Teopnn H CHCTeM 
yrrpaBJieHilll, paCCMOTPeHbl KOHKpeTHbie rrpnMepbl Mo.11ennpoBaHill1 cymecTBeHHO
HeJIHHeHHhIX, cna6o CTPYKTYPHPOBaHHhIX Mo.11eneii o6oeKToB yrrpaaneHilll (OY), 
HHTeJIJieKT)'a.JlhHOH po6oToTeXHHKH n MeXaTPOHHKH, rrpe.11cTaBJllllOIIIHX caMOCTOXTeJihHb!H 
HHTepec MX Teop1m H CHCTeM ynpaaneHilll. O6c~eHbl BOIIpOCbl pa3pa6oTKH H 
Mo.11en11poaaHilll B MATLAB/SIMULINK nmenneKrya.JihHhIX cncTeM yrrpaaneHilll (HCY) n 
oQeHKH HX po6acTHOCTH B Herrpe.11a11.11eHHb!X cnryaQHXX yrrpaBJieHilll H HmpopMaQHOHHOro 
pHCKa. 

CJie.!IYeT OTMeTHTb, qTo H3JIO)l(eHHax B KHIITe MeTO/:IOJIOfilll rrpnMeHeHilll 
MATLAB/SIMULINK B rrpoeKrnpoaaHnn po6acTHhIX HCY cyIIIeCTBeHHO ornnqaercx OT 
n.11eonornn II MeTo.11onornn IIHCTPYMemapm1 Fuzzy Logic Toolbox n Robust Control, 
BCTPOeHHhIX B MATLAB, II MHoroqncneHHhIX rrpnMepoB rrpIIMeHeHilll yKaJaHHhIX 
HHCTPyMeHTapIIeB. 

OTJIIIqnTeJibHOH oco6eHHOCTbIO H3JiaraeMoro rro.11xo.11a XBAAeTCX IIpIIMeHeHne 
YHHBepCa.JibHOfO (rrpo6JieMHO-He3aBIICIIMOfO) OIITIIMH3aTOpa 6a3 3HaHHH (OE3), 
pa3pa6oTaHHOro Ha OCHOBe TeXHOJIOfHII MllfKHX BblqIICJieHHH. Ilo.11po6Ho paCCMOTPeHHb!H 
HHCTPYMeHTapIIii OE3 II03BOAAeT rrpoeKTIIpoaaTu po6acTHb1e E3, a TaK)l(e ycTPaHXTh px.11 
He.11ocTaTKOB MeTo.11onornn HH5PYMeHTapilll Mo.11yneii Fuzzy Logic Toolbox n Robust 
Control, BCTPOeHHhIX B MATLAB . 

B qacTHOCTII, pa3pa6oraHHhiii IIHCTPYMeHrapnii OE3 rroJBOJIHJI peIIIHTh paHee He 
pernaeMhie B KJiaccnqecKoii Teopnn yrrpaaneHilll II IIHTeJIJieKT)'a.JihHhIX cncTeM 3a.11aqn. K 
TaKHM 3a.11aqaM OTHOCXTCX B rrepByIO oqepe.llb CJie.!IYIOIIIIIe: 1) OIITIIMa.JlbHOe rrpoeKTHpoBaHne 
CTPYKTYPhI HeqerKoH HeiipoHHoii ceTn (HHC) c Harrepe.11 3~aHHOH ToqHOCThIO 
arrrrpoKcnMaQIIn cIIrna.rra o6yqeHHX; 2) rrpoeKrnpoBaHne TPe6yeMoro ypoaHX po6acTHOCTII; 
3) orrpe.11eneHne OIITIIMa.JlbHOfO qncna rrpo.11yKQHOHHb!X rrpaBHJI n HX BHYTPeHHeii CTPYKT)'pbl 
(KOHCTPYIIpOBaHne YHIIBepca.rrbHOfO arrrrpOKCHMaTopa); 4) BbI6op OIITIIMa.JlbHOro THIIa 

1 
YllbRH06 C.B., Jlum6UH1Je6a JI.B. lIHTeJIJieKl)'am,Hoe po6acTHoe ynpaBJ1em1e: TexHorromn wirKHX 

~b1qncrreHnil. (2-e rrepepa6oraHHoe lf3/laHHe). M.: BHllllreocncTeM, 2013. 
llimo66a C./(. IIpoeKTHpoBaHIIe HeqeTJrnx CHCTeM cpe11CTBaMH MATLAB. M.: fopl!'Irui JIHHilll - TerreKOM, 

2007; Sumathi S.P. Computational intelligence paradigms: Theory and applications using MATLAB. N.Y.: CRC 
Press, 2010; Ponce-Crnz P., Ramirez-Figueroa F.D. Intelligent control systems with Lab VIEW™. Berlin: 
Springer Verlag, 20 IO; MATLAB for Engineers - Applications in control, electrical engineering, IT and robotics 
(Ed. K. Perutka). In Tech Pub!. 2011; MATLAB - A Ubiquitous tool for the practical engineer (Ed. 
C.M. Ionescu). In Tech Pub!. 2011; Applications of MATLAB in science and engineering (Ed. T. Michalowski). 
In Tech Pub!. 2011; Scientific and engineering applications using MATLAB (Ed. E.P. Leite). In Tech Pub!. 

201 l; Ruano A. Intelligent control systems using computational intelligence techniques. L.: IEE Control Series. 
V. 70. 2008; Negnevitsky M Intelligent control design with MATLAB and SIMULINK. Intensive Course. 
Singapore: TEKBAC, 2011; Behera L. Intelligent systems and control principles and applications. Oxford: 
University Press, 2010; MATL Jin Pro amming and Simulations (Ed. E.P. Leite). In Tech Pub!. 
2010; Valerio D. Ninteger v. Jrj-~~~nal control too ox or a . niv. Techn. e Lisboa (Inst. Superior 
Technico),2005. Dny11HO•TeXHHlfeCKas-, · 
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He'!eTI(OfO JIOfII'!eCKOfO BbIBO,!la; 5) orrpe,11eJieHIIe BII,!la II OIITIIMaJibHbIX rrapaMe'IpOB 

qiyma-1IIII rrpIIHa,!IJielKHOCTett B rrpammax <illCJIU A, mo B» ,11mr TIIIIOBOH CTPYKTYPhI 

He'!eTKOfO perymrrnpa; 6) KoppeKTHOe TeCTIIpOBaHIIe po6acTHOCTII IICY II MH . .!IP-
lITOfII MHOfOJieTHero rrpaKTII'!eCKOfO OIIbITa rrpOMbIIIUieHHOfO rrpIIMeHeHirn 

MATLAB B peaJibHhIX rrpoeKTax Yamaha Motor Co., Ltd, ST Microelectronics, Pronet 

Group (PronetLabs) II ,11p. BbUIBIUIII cJie,11yroII-1IIH qiaKT. lIHCTPYMeHTapIItt rrporpaMMHhIX 

Mo,11yJieil. (rnrra Fuzzy Logic Toolbox, ANFIS, II Robust Control) B rrpIIHI-IIIIIe He MOlKeT 

pernaTh KoppeKTHO II 3qiqieKTIIBHO BbIIIIerrepe'!IICJieHHbie 3a,!la'!II. IIpII'IIIHa 3aKJIIO'!aeTCJI B 

OTCYTCTBIIII Heo6XO,!IIIM0f0 ypOBHJI IIHTeJIJieKTYaJihHbIX Bbl'IIICJieHIIll B C'IpyKTypax 
uJ 

IIHC'IpyMeHTapIIH YKa3aHHbIX MO,!lyJieII , 'ITO He II03BOJU!eT pernaTb 3a,11a'III rrpoeKTIIpOBaHIIH 

IICY C 'Ipe6yeMbIM ypOBHeM po6aCTHOCTII. IIpIIMepbl cpaBHeHIIH pe3yJibTaTOB 

Mo,11eJIIIpoaaHIIH Ha OE3 c yrroMHHYThIMII MO,!lyMMII MATLAB rrpIIBe,11eHhI Ha TaK 

Ha3bIBaeMbIX TIIIIOBbIX Benchmarks, KOTOpb!e HafJUI,!IHO IIOKa3aJIII BbICOKYIO 3qJqJeKTIIBHOCTb 

IIpIIMeHeHIIH OE3 Ha MHfKIIX BbI'IIICJieHIIHX a IICCJie,!IOBaHIIII po6acTHOCTII IICY, 

qJYHKI-IIIOHIIpYIOII-IIIX B Herrpe,!IBII,!leHHbIX CIIryaI-1IIHX yrrpaaneHIIH. 

B HaCTOJIII-lell KHIIre o6cylK,!laIOTCJI TaKlKe 6onee rny6oKIIe MeXaHII3MbI pa3pa60TKII 

HOBb!X MO,!leJiell IIHTeJIJieKTYaJibHb!X Bbl'IIICJieHilll nrna ,11po6Hb!X IIC'IIICJieHIIll, a TaKJKe 

KBaHTOBb!X Bbl'IIICJieHIIll II rrpoeKTIIpOBaHIIH rrpo1-1ecCOB CaMoopraHII3aI-1IIII 6a3 3HaHIIll (E3) 

Ha OCHOBe KBaHTOBblX aJiropIITMOB (KA), II03BOJUIIOII-1IIe paCIIIIIpIITb B03MOlKHOCTII 

rrpoeKTIIpOBaHIIH IICY c 6onee Bb!COKIIM ypoBHeM po6aCTHOCTII. 

Heo6xo,11IIMOCTb IICIIpaBJieHIIH He,!IOCTaTKOB II paCIIIIIpeHIIH B03MOlKHOCTeil. 

IIHC'IpyMeHTapIIH MATLAB rrpII rrpIIMeHeHIIII B rrpo1-1eccax rrpoeKrnpoaaHIIH IICY 

ofo,JICHHeTCJI TaKJKe pe3KIIM IIOBbIIIIeHIIeM CJIOlKHOCTII qJII3II'!eCKIIX MO,!leJiell 'Ipa,!IIII-IIIOHHbIX 

OY, qJYHKI-IIIOHIIpYIOII-IIIX B ycJIOBIIHX Herrpe,!IBII,!leHHb!X CIIryaI-1IIll yrrpaBJieHIIH, a TaKlKe 

IICCJie,!IOBaHIIeM HOBbIX MO,!leJiell OY, pa3pa6oTaHHbIX Ha OCHOBe 3aKOHOB KBaHTOBOll 

MexaHIIKII, TeopIIII OTHOCIITeJihHOCTII II TepMO,!IIIHaMIIKII. 

IIpo1-1ecchI II3BJie'!eHIIH, o6pa60TKII 3HaHIIll II rrpoeKTIIpOBaHIIH E3 ,!IJUI TaKOfO po,11a 

OY 'Ipe6yroT pa3pa60TKII HOBb!X BII,!10B HayKOeMKIIX IIT4, KOTOpb!e OTCYTCTBYIOT. B 

rrporpaMMHOH cpe,11e MATLAB II ycrrenrno pernaIOTCJI Ha HOBhIX BII,11ax IIHTeJIJieKryaJihHbIX 

BbI'IIICJieHIIH
5
. IIpII 3TOM Ka'!eCTBO II3BJie'leHHbIX 3HaHIIll II rrpoeKTIIpOBaHIIe o6neKTIIBHblX 

E3 HaXO,!IJITCJI B rrpJIMOll 3aBIICIIMOCTII OT TO'IHOCTII II a,11eKBaTHOCTII qJII3II'!eCKOll II 

MaTeMarnqecKOll MO,!leJIII OY
6

• B rroco6IIII rrpIIBe,!leHO TaKlKe cpaBHeHIIe rronyqeHHbIX 

pe3yJibTaTOB C COOTBeTCTBYIOII-IIIMII pe3yJibTaTaMII MO,!leJIIIpoBaHIIJI Benchmarks. 

3 MutuuH A.A., He,j,eiJoe H.10., Ilempoe C.II., II011yHuH A.C., Jlumeum,eea Jl.B. MeTO/lhl IIOCT])Oemrn 633 
3HaHrrn /IIDI ynpaBJ1emrn Hemrnenm,1Mrr /IIlHaM!fqecKrrMrr crrcTeMaMil // CrrcTeMHbIH amUIIl3 B Ha)'Ke rr 
o6pa30BaHilll: 3JieKT])OH. Hay,rn. )K)'JJHaJI. )zy6Ha, 2011. N22 [3neKT])OHHbIH pecypc ). URL: 
http:/www.sanse.ru/archive/ll (11am o6pamemrn: 24.07.2011). IfAeHTmjmKarirroHHbIH HOMep: 
0421100111\0008. 
4 Y11bRH06 C.B. Mo11eJIIl KBaHTOBhlX peJIRTilBilCTCKIIX 061,eKToB yrrpaaneH!Ill rr KOMIIbJOTepHhle 
rrmj>opMaQilOHHhle HaHOTeXHOJIOrllll // CrrcTeMHbIH aHaJIIl3 B Ha)'Ke Il o6pa30BaHilll: 3JieKT])OH. Ha}"IH. )K)'JJHaJI. 
,[(y6Ha, 2012. N2 I [3neKT])OHHbIH pecypc). URL: http:/www.sanse.ru/archive. 1IAeHTrrqmKa11rroHHbIH HoMep: 
0421100111\0008. 
5 Y11bRH06 C.B. TeXHOJIOIBll nprrMeHemrn KBaHTOBbIX rr 11P06HbIX a=rrcneHrrn coaMeCTHo c IlHCT])YMeHTaprreM 
MATLAB /IIDI npoeKTilpoaamrn IlHTeJIJieKTYaJibHhlX po6acTHI,JX crrcTeM ynpaanemrn // CrrcTeMHbIH aHaJIIl3 B 
HayKe Il o6pa30BaHilll: 3JieKT])OH. HayqH. )l(ypHaJI. ,[(y6Ha, 2011. N2 4 [3JieKT])OHHbIH pecypc). URL: 
http:/www.sanse.ru/archive. IfAeHTmjmKaQilOHHbIH HOMep: 0421100111 \0034. 
6 Y11bRH06 C.B., PetuemHu1<oe I'.II., MutuuH A.A. <l>mrrqecKIDI KoppeKTHOCTb 3HaHrrn rr anroprr=ecKIDI 
CJIO)l(HOCTb ormcamrn po6acrnbIX .Mo11enen 061,eKToB · yrrpaaneHIIll. 'I.I // CrrcTeMHhln aHaJIIl3 B Ha)'Ke n 
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Cne,11yeT TaKlKe IIO,!l'lepKffYTb, 'ITO C'IpeMIITeJibHaH CMeHa 3JieMeHTHOll 6a3bl 
7 

arrnapaTHOll IIO,!l,!leplKKII II BbI'IIICJIIITeJibHb!X cpe,!ICTB Ha OCHOBe rII6pII,!1HbIX KBaHTOBb!X 

qIIII0B8•
9 

II03BOJUieT cyII-1eCTBeHHO paCIIIIIpIITb rrpIIKJia,!IHb!e o6JiaCTII rrpIIMeHeHIIH 

IIHTeJIJieKryaJibHh!X KOH'IpOJIJiepoB II BC'IpaIIBaeMb!X IICY c OE3 Ha KBaHTOBbIX MHfKIIX 

BbI'iIICJieHIIJIX. 

,[(aHHble pe3yJihTaThI COCTaBJUIIOT 6a3IIC HOBOll KBaHTOBOll IIHTeJIJieKTYaJibHOll 

IIHqJOpMaI-1IIOHHOll TeXHOJIOfIIII rrpoeKTIIpOBaHIIJI po6acTHb!X IICY II paCIIIIIpJIIOT 

ao3MOlKHOCTII rrpIIMeHeHIIH IIHC'IpyMeHTapIIH MATLAB/SlMULINK rrpII perneHIIII 

rrpaKTII'leCKIIX 3a,11aq HOBOfO KJiacca CIICTeM yrrpaBJieHIIJI II CIICTeMHOll IIHTeJIJieKTYaJihHOll 

IIHlKeHepIIII. 

1.1. KoppeKTHOCTh l\lO,!leJieii OY II TeXHOJIOfllH IIHTeJIJieKTYaJihHhIX BhJqHCJieHIIll 

Bb16op qJII3II'!eCKOro 6a3IICa II MaTeMaTII'!eCKOfO crroco6a orrpe,11eJieHIIJI KpIITepIIH 

KOppeKTHOfO OIIIICaHIIH MO,!leJIII OY cyII-1eCTBeHHO BJIIIJ!eT Ha Ka'leCTBO npo1-1ecca 

II3BJie'!eHIIH o6beKTIIBHb!X 3HaHIIll II3 ,!IIIHaMII'IeCKOfO IIOBe,11eHIIH OY II Ha qiopMIIpOBaHIIe 

po6acTHhIX E3 B IICY. B pe3yJihTaTe CY!I-lecrnyeT rroHJITIIe qJII3II'lecKoil. II MaTeMaTII'leCKOH 

KOppeKTHOCTII OIIIICaHIIJI OY, a TaKlKe rrpIIMeHHeTCJI IIOHJITIIe qJII3II'!eCKOH, MaTeMarnqecKOll 

II pac'!eTHOH Mo,11eJIII OY. 

Il03TOMY paCCMO'IpIIM rrpe,11aapIITeJibHO Ka'!eCTBeHHbie oco6eHHOCTII IIOC'IpOeHIIH 

KoppeKTHhIX MO,!leJiell OY. O6cy,11IIM TaKlKe IIX B3aIIMOCBJ13b C MO,!leJIJIMII IIHTeJIJieKryaJibHbIX 

Bbl'IIICJieHIIll, TaKIIX KaK MHfKIIe, ,11po6Hhie IIC'IIICJieHIIJI II KBaHTOBble BbI'IIICJieHIIH B 3a,11aqax 

rrpoeKTIIpOBaHIIJI po6acTHbIX IICY, II paccMO'IpIIM rro,11po6Ho pom, B03HIIKaIOII-1IIX MHIIMbIX 

«rrapa,!IOKCOB» rrpII IIX rrpIIMeHeHIIII B CIICTeMHOll IIHTeJIJieKTYaJibHOll IIHlKeHepIIII. 

1.1.1.Mo,!1eJIII OY II «napa,!IOKChI» TeXHOJIOfIIIl IIHTeJIJieKTYaJihHhlX BhJqIICJieHilll 

Pa3pa6oTKa JIOfII'leCKII HerrpOTIIBOpe'IIIBblX II a,11eKBaTHb!X (KoppeKTHb!X) 

qJII3II'!eCKIIM YCJIOBIIHM II orpaHII'leHIIHM MaTeMaTII'leCKIIX MO,!leJiell OY C 1-1eJiblO 

o6neKTIIBHOfO II3BJie'leHIIH 3HaHIIll II3 ,!IIIHaMII'!eCKOfO IIOBe,!leHIIH ,!IJIJI 3qJqJeKTIIBHOll 

peaJIII3al-lIIII IICY HOBhlMII BII,!laMII COBpeMeHHOll TeXHIIKII JIBJU!eTCJI 0,!IHOll II3 aKTYaJibHbIX 

rrpo6JieM ,!IJIJI COBpeMeHHOfO 3Tarra pa3BIITIIH TeOpIIII II CIICTeM yrrpaaneHIIH. Bb16op 

KOppeKTHOll MO,!leJIII, B rrepayro oqepe,!lb OY MIIHIIMaJibHOll aJirOpIITMII'!eCKOll CJIOlKHOCTII, 

JIBJU!eTCJI BalKHOll ,!IJUI rrpaKTIIKII 3a,11aqeil.. O,11HaKo KpIITepIIH MIIHIIMaJibHOll 

anropIITMII'leCKOll CJIOlKHOCTII rrpII BbI6ope MeTO,!la OIIIICaHIIJI MO,!leJIII OY 'Ipe6yeT 

MaTeMaTII'leCKOfO YTO'IHeHIIH II qJII3II'leCKOfO o6ocHOBaHIIH
10

. 

A. CIIcTeMHbIH aHaJIII3 pa3pa6oTKII II rrpoeKTIIpoBaHIIH IICY ,11mr MHOrIIx M0,11eneil. 

TaKoro po,11a OY TeCHO CBJI3aH C He06XO,!IIIMOCThlO KoppeKlltHOZO yqeTa cyII-1eCTBYJOII-1IIX 

qJII3II'leCKIIX orpaHII'leHIIll. OrpaHII'leHIIH Ha OIIIICaHIIe ,!IIIHaMII'!eCKOfO IIOBe,!leHIIJI 

o6pa3oBaHrrrr: 3JieKT])OH. HayqH. )K)'JJHaJI. ,[(y6Ha, 2011. N2 3 [3neKT])OHHhlH pecypc). URL: 
~ttp:/www.sanse.ru/archive. IfAeHmqmKal1IlOHHhln HOMep: 0421100111 \0025. 

Houck A.A., Tureci H.E., Koch J. On-chip quantum simulation with superconducting circuits II Nature Physics. 
f012. V. 8. P. 292-299. 

9 
Johnson MW. et al. Quantum annealing with manufactured spins //Nature. 2011. V. 473. No. 7346. P. 194-198. 
Perdomo-Ortiz A., Dickson N., Drew-Brook M, Rose G., Aspuru-Guzik A. Filing low-energy conformations of 

\~ttice protein models by quantum annealing// arXiv: 1204.5485v I [ quant-ph ). 2012. 
Ilempoe E.H., Y11aHoe I'.M, Y11bRH06 C.B. AnroprrTMrrqecKIDI CJIO)l(H0CTb rr rrmj>opMarirroHHIDI TeopllR 

ynpaaneHilJl // lfrorn Ha)'Krr rr TexHJIKH. cep. TexHrrqecKIDI KH6epHeTilKa. M.: BMHMTII AH CCCP. 1979. 
T. 11. C. 77-147. 
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CJI0lKH0ro qHI31fqecKoro OY (B qacTH0CTli, Ha rrpe,11eJibH)'IO TQqHQCTb rrp0I.\eCC0B li3MepeHlill 

II yrrpaBJiemrn; Bbr6op M0,lleJIII rrp0CTPaHCTBa-BpeMeHli Ii ,11p.) HaKJia,llbIBaIOTCJI II3BeCTHbIMII 

qJII31fqecK!fMli 3aK0HaM!f (II3 TaKHX /:llfCI.\IIIIJIIIH, KaK CTaTMCTIIqecKaJI MexaHMKa, Te0piIH 

0TH0CIITeJibH0CTH, TepM0,llliHaMIIKa, Te0piIH IImpopMal\lili II KBaHT0BaH MeXaHMKa). 

IlpIIMepaMII TaKHX orpaHIIqeH!fll JIBJIJIIOTCJI CJie,llyIOII.\IIe: 1) TepM0/:lliHaM!fqecKHe 

orpaHIIqeHHH Ha qJII3IIqecKyIO peaJIM3al\IIIO MaTeMarnqecKHX MO,lleJieii OY; 2) pa3JIIIqHbie 

THIIbI o6o6II.\eHHbIX IImpopMal\IIOHHbIX COOTHOIIIeH!fll Heorrpe,11eJieHH0CTli reii3eH6epra; 3) 
KBaHT0Bbie orpaH!fqeHHH Ha rrporrycKHYIO crroco6HOCTb rrepe,11aq!f !iHcpOpMal\lili c yqeT0M 

TepM0/:IMHaMIIqecK!fX cjlJiyKTyal\IIH; 4) KBaHT0Bbie 01\eHKli rrpe,11eJibHbIX B03MOlKHOCTeii 

TQqH0CTH li3MepeHIIii rrapaMeTP0B OY II IIp0I.\eCC0B yrrpaBJieHHH B HaH0TeXH0JI0rHHX II MH. 

,lip . .D:aHHbie cpH3!iqecKHe orpaH!fqeHHH ,!I0JilKHbI 6bITh yqTeHbI B aJiropIITMe rrpoeKT!ip0BaHHH 

o6beKTIIBHhrx E3 B HCY. 

IlOBbIIIIeHIIe TPefioBaH!fll K T0qH0CTH yrrpaBJieHHH Ha cpmIIqecKOM ypoBHe 0IIMCaHHH 

MO,lleJieii OY, HarrpMMep, B o6JiaCTH HaHOTeXHOJIOrIIii, c yqeT0M KBaHTOBbIX ::icpcpeKTOB (B 

TaKHX KaK IICII0JIHIITeJibHbie YCTPOHCTBa - KBaHT0Bbie 3JieKTP0MexaH!fqecKHe CliCTeMhI [l -
4]), rrp!iB0,!IHT K JiornqecK0MY rrepexo,11y B KBaHTOBYIO o6JiaCTh IIp0I.\eCC0B II3MepeHlill II 

yrrpaBJieHHH Ha aT0MH0-M0JieeyJIHpH0M yp0BHe [5, 6]. 
B CB0IO oqepe,llb, rrp0!iCX0,llliT Hem6eJKHblll rrepecM0TP cpmIIqecKHx 0CH0B caMoii 

Te0pIIII yrrpaBJieH!fH [7 - 13]. AHaJiornqHblll pe3yJihTaT rroeyqeH rrp!i pa3pa60TKe 0CH0B 

KBaHTOBOii Te0p!i!i !iHcpopMal\lfli Ii KBaHT0BbIX BblqIICJieHIIii, rrpIIBe,!IIIIliX K rrepecM0TPY 

aKCli0MaT!fKH MO,lleJieii cpmIIqecK!fX Bbiq!fCJieHIIii II JI0r!fqeCK0MY 0606II.\eH1IIO Te3IICa 

TbIOpIIHra - qepqa [ 14 - 17]. 

MHorne II3 rrepeqIICJieHHbIX rrpo6JieM cp!i31fqecKOii Te0p!iII II CIICTeM yrrpaBJieHHH 

paccMaTPMBaJIIICb paHee [7, 11, 18 - 20]. DbIJIII paCCM0TPeHbI K0HKpeTHbie rrp!iMepbI II 

II0JiyqeHbI BaJKHbie BbIB0,llbI 0 Heo6XO/:lliMOCTli yqern cjlmnqecKoii rrp!ip0,llbI caMoro OY B 

CTPYKTYPe Ii rrpe,11eJibHbIX B03MOlKHOCTeii rrp0I.\eCC0B yrrpaBJieHIIH [7 - 10]. PoJib KOppeKTHOii 

IIHTeprrpeTal\IIli cp!i3IIqecKoii Ii MaTeMaT!fqecKoii MO,lleJieii 3KCIIepMMeHTa 
11

, B3aliM0CBJl3b C 

Heo6XO/:lliMbIM ypoBHeM II0JIH0Tbl II3BJieKaeMbIX IIpII li3MepeHIIII 3HaHIIii, aJirop!iTMIIqecKoii 

CJI0JKH0CTH MaTeMaTIIqecK!fX MO,lleJieii OY II BJiliJIHIIe rrepeqlfCJieHHbIX cjlaKTopOB Ha 

po6acrnocTb cpopMMpyeMoii E3 B HCY (cpyHKI.\IIOHMPYIOII.\IIX B /:IIIHaM!fqecKII 

li3MeHHIOII.\IIXCJI Herrpe,!IB!f/:leHHbIX CIIryal\HHX yrrpaBJieHHH) B Te0p!i!i yrrpaBJieHHH 

rrpaKTlfqecKH He IICCJie,!I0BaJIIICb. 

Ilp!iHI.\liIIliaJibHOe 3HaqeHIIe IIp!i cpopM!ipOBaHliII o6beKTIIBHbIX 3HaH!fll IIMeeT 

rno6aJihHaJI 01\eHKa cpyHKI.\liOHaJibHOii peaJIM3yeM0CTli Pa3JI!fqHbIX BII,110B arrrrp0KCMMal\lili 

MO,lleJieii rrp!i HaJIIIqII!f JIOrliKO-IIHcpOpMal\liOHHbIX rpaHIII.\ Ii cp!i31fqeCKHX 

(TepMO/:lliHaM!fqecKHx, KBaHTOBO-peJIHTliBIICTCK!iX) orpaH!fqeHIIii Ha 0IIIICaHMe peaJibHbIX 

HeJilfHeiiHhIX OY [10]. 
Ha 0CH0Be /:I0CT0BepH0CTli II3BJieKaeMoro K0JIIIqecTBa IIHcjlOpMal\IIII orrpe,11eJIJ1eTCJI 

IIHcpopMal\liOHHaJI 01\eHKa rrp!ipaII.\eH!fH p!iCKa (crnrncrnqecKOii KOppeKTHOCTII) 

cpopM!ipyeMOro 0IIMCaH!fH M0,lleJili OY Ii rpaHlfl\ ee IIpIIMeHIIM0CTII. B pe3yJihTaTe 

MeT0,!I0JI0rliH 01\eHKH K0ppeKTH0CTli MaTeMarnqecK!fX MO,lleJieii CJia6o CTPyKTyP!ip0BaHHbIX 

cpII31fqecKHX OY HaX0/:lliTCJI B CTa,lllili CBoero CTaH0BJieH!fH II TPefiyeT rrpIIBJieqeH!fH H0BbIX 

Blf/:10B IIHTeJIJieKTyaJibHbIX BbJq!fCJieHMii, crroco6HbIX ycTaH0BliTb rrp!iqIIHH0-CJie,!ICTBeHHbie 

CBJ131i Ii B3aIIM00TH0IIIeHIIJI II0,!ICliCTeM. 

11 
Ilo1mbea JO.II. MaTeMaTIIqecKHe Mern.zu,1 IIHTeprrpern11nn 3KcrrepnMeHTa. M: B1,1cunui IIIKOJia, 1989. 
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IIo:noMy npUHl{Ull KO.llllleUCQl{UU HellOJIHOmbl OIIUCQHUJI .JltoOe.JlU rjJUJU 1teCKOZO OY 

pa3pa60TKOll Ii rrpMMeHeH!feM C00TBeTCTBYIOII.\ero yp0BHH liHTeJIJieKryaJibHbIX BbJqIIcJieHIIii 

JIBJIHeTCJI 0,!IHIIM li3 0CH0BHbIX IIp!i liCCJie,!I0BaH!fli CJia6o CTPyKTYPliP0BaHHbIX MO,lleJieii OY. 

Ji. B Te0pII!i CliCTeM yrrpaBJieHIIH 0/:IHIIM II3 ::icpcjleKTMBHblX II0,!IX0,110B CHHJKeHHH 

p!iCKa IIpliHJITIIH peIIIeHIIH (oT HeII0JIH0Tbl OIIHCaH!fH M0,lleJili OY II BHeIIIHeii cpe,llbl) 

JIBJIHeTCJI pa3pa6oTKa CTPYKTYP po6acTHbIX HCY • .D:aHHhre CTPYKTYPhI peaJimy10T rrpMHI.\liII 

K0MIIeHCal\IIli Heorrpe,11eJieHH0CTH OIIHCaHHH M0,lleJIM OY _3a cqeT II0BbIIIIeHHH yp0BHH 

!iHTeJIJieKryaJibH0CTli TPa/:llfl\li0HHbIX CliCTeM yrrpaBJieHIIH. B qacTH0CTli, K0MIIeHCal\HH 

!iHcpopMal\liOHHOll Heorrpe,11eJieHH0CT!i 0CYII.\eCTBJIJleTCJI 3a cqeT II0BbIIIIeHHH 

liHTeJIJieKryaJihH0CTli HHlKHero IICII0JIHliTeJibCK0ro yp0BHH B Blf/:le C00TBeTCTBYIOII.\liX 

CTPYKTYP !iHTeJIJieKTyaJibHbIX peryJIHT0p0B Ii C00TBeTCTBeHH0 crrpoeKTIIp0BaHHbIX 

caMoopraHII3YIOII.\liXCJI po6aCTHbIX E3. HeII3Mep!iMbie (HeHa6JIIO,llaeMbie) o606II.\eHHble 

K00p,!IIIHaTbl ,llliHaM!fqecKoro II0Be,lleH!fH OY IIJIII CKpblTaH B KJiaCcIIqecKIIX C0CT0JIHIIHX 

KBaHT0BaH IIHcpOpMal\HH B 3aK0HaX yrrpaBJieHIIH HCY, cyII.\eCTBYIOII.\aJI B CHJIY KBaHTOBOii 

HeJIOKaJibHOii KoppeJIHI.\IIII, JIBJIJIIOTCJI 0/:IHIIM H3 IIpIIMep0B TaKOii CIITyal\IIII yrrpaBJieH!fH. 

I10,1106Hble ::icpcpeKTbl ,!I0JilKHbl fihITh yqTeHhI II CK0MIIeHCIIp0BaHbl IIP0/:IYKI.\II0HHbIMII 

JiornqeCKIIMII rrpaBHJiaMII B C00TBeTCTBYIOII.\IIX E3 rrpoeKTIIpyeMbIX po6aCTHbIX HCY. 

KaK CJie,!ICTBIIe, B03p0CIIIIIe TPefioBaHHH K II0BbIIIIeHIIIO Ha,11eJKH0CTII 

cpyHKI.\II0HIIp0BaHHH CJI0lKHbIX (B 06II.\eM cnyqae CJia6o CTPyKTYPIIpOBaHHbIX) OY B 

ycJI0B!iHX IIHcpOpMal\IIOHHOro pIICKa II Herrpe,!IBII,lleHHbIX (HeIIITaTHbIX) CIITYal\liHX 

yrrpaBJieH!fH rrpIIBeJIII K Heo6XO/:IIIMOCTII pa3pa60TKII COOTBeTCTBYIOII.\eii IIHcpopMal\IIOHHOii 

TeXH0JI0rIIII (HT) rrpoeKTIIp0BaHHH II II0BbIIIIeHIIH yp0BHH po6aCTHOCTII HCY. Da3IICOM 

TaKOii HT JIBJIJleTCJI IIpIIMeHeHIIe H0BbIX BII,110B IIHTeJIJieKryaJibHblX BbJqIIcJieHIIii, 

0CH0BaHHbIX Ha HeCTaH,11apTHbIX M0,lleJIJIX JI0rIIqecKoro (B 06II.\eM cJiyqae He.MOIWmOUHOZO) 

BbIB0,lla. O,11HaKO IIpIIMeHeHIIe Ha rrpaKTIIKe HeCTaH,11apTHbIX JI0rIIK, IICII0Jib3yeMbIX B 0CH0Be 

TeXH0JI0rIIii IIHTeJIJieKryaJihHbIX BblqIICJieHIIii, II rJiaBH0e BbIB0,llbI, rroeyqeHHbie C IIX 

IIpIIMeHeHIIeM B 3a,11aqax rrpIIHJITHH peIIIeHIIii II yrrpaBJieHIIJI, qaCT0 IIpIIB0,!IJIT K MHIIMbIM 

«rrapa,!I0KCaM» II IIp0TIIB0peqIIJO C IIHTYHTIIBHbIMII rrpe,!ICTaBJieHIIJIMII IIHlKeHepa

IICCJie,110BaTeJIJ1 06 0lKH,llaeM0M pe3yJibTaTe. 

IlpII 3T0M 0TMeTIIM, qTo caM TepMIIH <<HeCTaH,llapTHaJI» JI0rIIKa yJKe BKJIJOqaeT TaKyIO 

CIITYal\IIIO, a ero BBe,lleHIIe o60CHOBaHO CTPeMJieHIIeM peIIIaTb 3a,11aqII, He pernaeMbie 

cyII.\eCTBYIOII.\IIMII TeXH0JI0rliHMII rrpoeKTIIpoBaHIIH. K TaKIIM TeXH0JI0rliHM 

IIHTeJIJieKryaJihHbIX BbiqIICJieHIIii 0TH0CJITCJI MJlrKHe, ,11po6Hbie II KBaHT0Bbie BblqIICJieHIIJI (II 

IIX coqeTaH!iH), paccMaTPIIBaeMble B ,11aHHOii KHIIre C TQqKII 3peHIIJI IIpIIMeHeHHH B 3a,11aqax 

rrpoeKTIIpoBaHIIJI po6aCTHbIX E3 II IIHTeJIJieKryaJihHbIX HCY B ycJI0BIIJIX Herrpe,!IBII,lleHHbIX 

CIITYal\IIll yrrpaBJieHIIJI II IIHcjlopMal\IIOHHOro pIICKa. 

B. IlpIIMeHeHIIe H0BbIX TeXHOJIOrIIii B IIHJKeHepHoii rrpaKTIIKe, Te0pIIII II CIICTeMax 

yrrpaBJieHHH qacT0 0CJI0lKHJleTCJI rrpo6JieMaMII rrpeo,110JieH1IH IIHepl\IIII «rrparMaTIIqecKoii» 

IIHJKeHepHoii IIHTYIII.\HH II cjlHJiococjlIIII CIICTeMHOii IIHJKeHepIIII. TaK IIp0IICX0,!IHJI0, 

HaIIpIIMep, B HaqaJie 70-x IT. rrpoIIIJioro CT0JieTIIH rrpII BHe,11peHIIII B IIHJKeHepey10 rrpaKTIIKY 

li,lleii MHrKHx BblqIICJieHIIii Ha 0CH0Be TeopIIII HeqeTKHX MH0JKeCTB ( 0/:IIIH II3 aBT0p0B 

JIBJIHeTCJI 0,!IHIIM II3 IIII0Hep0B B 3T0ll o6JiaCTII
12

) B rrp0I.\eCCbI rrpoeKTHp0BaHHH HeqeTKIIX 

peryJIHTOpOB II CIICTeM yrrpaBJieHIIH. CyTh B03HIIKalOII.\liX «rrapa,!I0KC0B» 3aKJI10qaeTCJI B 

cp!i3IIqecKoii II JIOrIIqecKoii IIHTeprrpeTal\IIII II0HJITIIH qIICJia, IIpOII3B0,!IHOii II IIHTerpaJia KaK 

12 
CM. rrepBy,o B MllpOBOM rrpaKTHKe KHIII)' ITO rrpoeKTIIpOBaHHIO Heqenrnx CllCTeM yrrpaBJiemrn: Jlempo6 E.H., 

YJ1a1106 I'.M, I'oJ1biJe116J1am H.Jf., YRb5lH06 C.B. TeopM MO/leJiejj B rrpo11eccax yrrpasJieHM. M.: HaYKa, 1978. 
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-
HCXO,!l;HOro 6a.3HCa MO,!l;eJmpoBaHIUI OY n rrpoeKTnpoBaHIUI CHCTeM yrrpaBJieHIDI. IImrcHHM 

,n;aHHblll qiaKT HarmI,!l;Hb!Mll rrpnMepaMH, KOTOpb!e IJ03BOJUIIOT ycraHOBHTb rrpnqnHHO

cne.n;crneHHb!e CBH3Il Il o6ocHOBaTb pe3yJibTaTbl qlll3HqecKOll IlHTeprrpCTaQHil B03HHKaIOIQHX 

MHilMbIX nornqecKHX «napa,n;OKCOB». HanpnMep, noIDITIDI rrpOH3B0,!l;HOll Il HHTerpana 

HeQeJioqncJieHHbIX (.n;po6HbIX) nopH,!l;KOB, JieJKaIQHX B OCHOBe .n;po6Horo ncqncneHIDI, npn 

rrepBOM 3HaKOMCTBe C HilMil Bbl3b!BaIOT cymecTBeHHbie 3aTPy.n;neHIDI npn nOnbITKe IlX 

narJUl)];HOll reoMeTPnqeCKOll Il KOppeKTHOll q>II3lfqeCKOll HHTepnpeTaQHH, KOTOpb!e 

npemTCTByIOT IIIHpOKOMY ncnOJib30BaHHIO :noro ncqncJieHIDI B rrpnKJia,!l;Hb!X o6naCTHX 

IlCCJie,!l;OBaHHll ll pa.3pa60TOK po6aCTHb!X CHCTeM ynpaBJieHIDI • 

.[(ocTaToqno OTMeTHTb, qTo B 3aBHCHMOCTH OT onpe,n;eJieHHH npOH3B0,!J;HOll 

HeQeJioqncJieHHOro nopx,n;Ka npnMeHenne npOH3B0,!J;HOll TaKOro THna K nOCTOHHHOll 

BeJinqnne rrpHBO,!l;IlT K «napa,n;oKcy» - pe3yJibTaT OTJIHqeH OT nymr. Xorn HCTOpIDI 

B03HilKHOBeHIDI ll pa.3BHTIDI .n;po6Horo ncqncJieHIDI nacqnTbIBaeT yJKe 6onee TPeX CTOJieTHH, 

ero OCHOBbI He n3yqa10TCH B 60JibllIHHCTBe KypCOB MaTeMaTnqecKoro aHaJIH3a TeXHnqecKHX 

ynnBepcnTeTOB. MelK,!l;y TeM cyTb rrepexo.n;a OT KJiaccnqecKoro MaTeMaTnqecKoro aHann3a K 

ero 0606menn10, KOTOpbrM n xBmreTcx .n;po6noe ncqncnenne, MOJKeT 6bITb .n;ocTaToqno 

rrpocTO H3JIOJKeHa C noMO!QblO npneMOB, yJKe II3BeCTHb!X B MaTeMaTHKe ( CM. HHJKe, n. 1. 1 .4). 
r. 8 TPa,!J;HQHOHHbIX ncqncJieHHHX no KOJilfqecrneHHOMY pe3yJibTaTY qncneHHOro 

anropHTMa ocymecrnmreTC}l COOTBeTCTByIOIQaH OQeHKa KaqecrneHHOro CBOHCTBa 

nccne.n;yeMoro o6neKTa. JiornqecKax OQeHKa Kaqecrna B o6meM cnyqae MOJKeT 6bITb 

ocymecTBJieHa TOJibKO B KOHQe KOJinqecTBeHHb!X Bbiqncnennii., a )];JUI anropHTMlfqecKH 

nepa.3peIIIHMb!X qncJieHHb!X npo6JieM (CJIOJKHOCTb anropHTMa no KoJIMoropoBy) qacTO 

IlCKOMaH OQeHKa He MOJKeT 6bITb ,!l;OCTilrHYTa. OcHOBOll HHTeJIJieKTYaJibHb!X Bbrqncnennii. 

HBJUieTC}l He TOJibKO B03MOJKHOCTb npHMeHeHIDI onepaQHH Ha qncJIOBb!X IIIKaJiax (KaK B 

TPa,!J;HQHOHHb!X BblqlfcJieHIDIX), HO ll BBe,n;eHHe HOBb!X Bll,!l;OB orrepaQHll Ha IIIKaJiax, 

onpe,n;eJUIIOIQHX KaqecrneHHb!e xapaKTepHCTHKH HCCJie,n;yeMoro o6beKTa. B 3TOM cnyqae 

QeJib npnMeHeHIDI HHTeJIJieKTYaJibHb!X BblqlfCJieHHll 3aKJIIOqaeTC}l B peann3aQHH 

B03MOJKHOCTH nenocpe,n;CTBeHHOro onpe,n;eJieHIDI KaqecTBeHHb!X xapaKTepHCTHK o6beKTa 

onepnpoBaHHeM HMH anropHTMlfqecKH TaK JKe, KaK Ha qncJIOBb!X IIIKaJiax. KonnqecTBeHHbie 

OQeHKH COCTOHHHH o6beKTa MOJKHO nonyqHTb ll3 KaqecTBeHHb!X OQeHOK o6paTHb!M 

OT06paJKeHHeM IIIKaJI. 

Mxrnne n KBaHTOBbie Bb1qncnemU1 HBJUIIOTCH npnMepaMn TaKHx ncqncnennii.. 

bOJiblllllM CIOpnpH30M npnMeHeHIDI KA 0Ka.3aJIC}l Bb!}IBJieHHblll 3q>q>eKT, ~o npn 

3TOM MHOrne KJiaccnqecKHe 3a,n;aqn MOryT 6b!Tb peIIJeHbI C 3KCnOHeHQllaJibHb!M ycKopeHHeM 

HJIH peIIJeHbl anropHTMnqecKH npHHQilnllaJibHO Hepa.3peIIJHMb!e KJiaccnqecKHMil MeTO,!l;aMH 

3a,n;aqn_ TaK, nanpnMep, )];JI}! onpe,n;eJieHIDI KaqeCTBeHHOll xapaKTepHCTHKll q>yHKQilll 

(nOCTOHHHOll HJIIl 6anancnpy10meii. )];JUI qeTb!pex apryMeHTOB) B TPa,!J;HQilOHHOM rro.n;xo.n;e 

TPe6yeTC}l qeTbipe IIJara qncJieHHb!X orrepaQHH, B TO JKe BpeMH KBaHTOBblll anropnTM .[(eii.qa 

(1985 r.) onpe.n;enxeT .n;annoe Kaqecrno nccne.n;yeMoii. q>ynKQHH 3a o.n;nn IIJar. AnropnTM 

lliopa peIIJaCT 3a,n;aqy q>aKTOpH3aQHH 3a,n;aHHOro qncna C 3KCIJOHeHQllaJibHOll CKOpOCTblO no 

OTHOIIJeHHIO K JiyqllleMY paHee Il3BeCTHOMY anropHTMY, a rrpn yBeJinqeHHil ,!l;JIHHbl peIIJaeT 

anropnTMnqecKH nepa.3pelllHMyIO 3a,n;aqy C IJOJIHHOMllaJibHOll CJIOJKHOCTblO. AnropHTM 

rpoBepa ocymecrnmreT IJOHCK pellleHIDI B HeCTPYKTYPHPOBaHHb!X ,n;aHHb!X C KBa,n;paTnqnoii. 

CKOpOCTblO. 

HeqeTKHe MHOJKeCTBa, BBC,!l;eHHble B 1965 r. JI. 3a.n;e, IJ03B0JUIIOT paCIIJHpHTb 

(MHOroBeKOBoe) orrpe.n;enenne caMoro qncna ll BBCCTH MHOJKeCTBO HOBb!X IIJKaJI 

KaqecTBeHHbIX xapaKTepHCTHK, KOTOpbre HeB03MOJKHO orrpe,n;eJIHTb MCTo,n;aMH KJiaccnqeCKHX 
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ncqHCJICHHll. Ho npn 3TOM MHOrne «rrapa,n;OKCaJibHbie» q>aKTbI HHTeprrpeTaQHH pC3YJibTaTOB 

rrpnMeHeHIDI neqeTKOH JIOrHKH OCHOBaHbl Ha OTKa.3C OT 3aKOHa 6yJICBOH JIOrHKH B Bll,!l;C 

3aKOHa HCKJIIOqeHIDI TPeTbero. 

KBaHTOBaH JIOrHKa rrpHBO,!l;HT K o6napyJKCHHIO CKpbITOll KBaHTOBOll HHq>OpMaQHil B 

KJiaccnqecKHX nornqecKHX onepaQ= rrpn rrpnMenennn K HHM nennHeii.HbIX 

rrpeo6pa.3oBannii.. 

TaKHe ncqncJICHIDI OTKpbIBaIOT HOBb!C B03MOJKHOCTII )];JUI TCOpHH H rrpoeKTttpOBaHIDI 

HCY. B qacTHOCTH, npHMCHeHHC ,n;aHHb!X THIJOB BblqllCJICHilll HJIH HX COBMeCTHb!X 

KOM6HHaQHH cymecTBCHHO IJOBbIIIJaCT ypoBeHb po6aCTHOCTH HCY, q>yHKQHOHHpyIOIQHX B 

ycnOBIDIX IlHq>OpMaQHOHHOro pHCKa IlJIH Herrpe,n;Bll,!l;CHHbIX (HCIIJTaTHbIX) cnzyaQIDIX. 

PacCMOTPHM KpaTKO MCTO,!J;OJiornqecKHC oco6eHHOCTH rrpHMCHCHIDI TCXHOJIOruii. 

MHrKHX, .n;po6Hb!X ll KBaHTOBb!X BbrqncJICHHH, HCnOJib3yeMb!X rrpn rrpoeKTHpOBaHHH 

po6acTHbIX E3 HCY. 

1.1.2. TeXHOJIOrHH l\lHrKHX Bhl'IHCJICHHH 

JiornqecKHii «rrapa,n;OKC» B Bll,!l;C o6o6meHH}l IJOIDITIDI qncna 3a cqCT BBC,!l;CHIDI 

cy6neKTHBHOll KaqeCTBCHHOH IIJKaJibl ll OT06paJKCHIDI B nee B Bll,!l;C JIHHrBHCTHqecKoii. 

rrepeMCHHOll KaqecTBCHHOll arrrrpoKCHMaQHH ero (qncna) KOJIHqecrnennoii. xapaKTCpHCTHKH 

npHBCJI K 6onee qeM 30-JieTHeii. ,!l;HCKYCCHH c npe,n;CTaBHTCJUIMH nayqnoii. IIJKOJibl Teopnn 

BepOHTHOCTeii.. K rro.n;o6Hb!M TPY,!J;HOCTHM OTHOCHTCH; HanpnMep, KoppeKTHOe orrpe.n;enenne 

noHHTilll q>ynKQHH rrpnna,n;JieJKHOCTH, JIOrnqecKHe B3aHMOOTHOIIJCHIDI «HeqeTKWCnyqaii.nax 

BCJinqnna» n .n;p. OCHOBOH TCXHOJIOrHH MHrKHX BblqncJieHnii. HBJUIIOTC}l TCOpIDI Hel/emKUX 

MHO:J/Cecme H MO,!J;eJIH Hel/emKOU JIOZUKU, B KOTOpoii., KaK OTMeqanocb BbIIIJe, He HCnOJib3YCTC}l 

3QKOH UCKJIIO'leHlm mpembe20. 

'.:ho rrpHBO,!l;HT K necran.n;apTHOMY Bb!BO,!J;y O B03MOJKHOCTH O,!l;HOBpeMeHHOro 

paccMOTPCHIDI, nanpnMep, qncna 10 na IIJKaJie [O, 100] KaK nnnrnncTnqecKoii. rrepeMeHHoii. 

«60JlbUIOU» HJIH (<MQJleHbKUU» C pa3JillqHb!Mll 3HaqeHIDIMH q>yHKQHil npHHa,!l;JICJKHOCTH Ha 

3a,n;aHHOll KaqecTBeHHOll JIHHrBHCTHqecKOll IIJKaJie. Tpy.n;HOCTb orrpe,n;eJICHll}l caMOH 

q>yHKQHH npHHa)];JleJKHOCTH B03Jiaranacb Ha 3KcnepTa, qTo rrpHBO,!l;HJIO K BBC,!l;CHHIO 

cy6neKTHBHb!X q>aKTOpOB B MaTeMaruqeCKHe MO,!l;CJIH ll Bbl3b!BaJIO KpHTHKY co CTOpOHbI 

rrpe,n;cTaBHTeJieii. BepOHTHOCTHOll IIJKOJibl HCCJIC,!l;OBaHIDI neonpe.n;eneHHOCTeii.. B TCOpHH 

cnyqaii.Hb!X rrpOQCCCOB C IJOMO!QblO peIIJCHIDI ypaBHeHIDI <l>OKKepa-IIJiaHKa-KonMoropoBa 

MOJKHO no BXO,!J;Hb!M ,n;aHHb!M ll xapaKTepHCTHKaM ,!l;HHaMnqecKOll CHCTCMbl orrpe,n;eJIHTb 

q>yHKQHIO IJJIOTHOCTH pacrrpe,n;eJICHIDI BepOHTHOCTeii. Bb!XO,!l;HOro cnruana, KOTOpax HBJUieTCH 

IJOJIHOH ero o6neKTHBHOll xapaKTepHCTHKOll. B TeOpHH neqeTKHX CHCTCM TCXHOJIOrHH 

orrpe.n;eneHIDI q>yHKQHH npnHa,!l;JleJKHOCTH (ananornqnoii. Teopnn cnyqaiinhIX rrpoQeccoB) 

OTCYTCTBOBaJia. 

TonbKO npaKTnqecKoe npnMenenne neqeTKHX CAY KJiaccnqecKHMH OY pa3bHCHHJIO 

Il CH}IJIO pa.3HOrJiaCIDI ll TPY,!J;HOCTH orrpe.n;enennii. HH,!l;HBH,!J;YaJibHbIX ll MaCCOBb!X C06b!Tllll, 

onepaQHH ocpe,n;HeHIDI ll ll3BJieqeHIDI HHq>OpMaQHH ll T. IT. 8 pe3yJibTaTe neqCTKlfe MO,!l;eJIH 

JiornqecKoro Bb!BO,!l;a Ha q>a.30B0M rrpOCTPaHCTBe JIHHrBHCTHqecKHX rrepeMeHHb!X IJ03B0JIHJIH 

Pa.3pa6oraTb CTPYKTYPbI HeqeTKHX HCY, 3q>q>eKTHBHO peIIJa10mne 3a,n;aqn yrrpaBJICHHH B 

YCJIOBll}IX cymeCTBCHHOll neonpe.n;eneHHOCTH HCXO,!l;HOH HHq>OpMaQHH, cna6oii. 

qJOpMaJIH3aQHH Oill!CaHIDI OY ll neqeTKOCTH QeJieii. yrrpaBJICHIDI. 

O,n;Hoii. ll3 OCHOBHb!X rrpo6JieM rrpaKTHqecKoro ll 3q>q>eKTHBHOro npnMeHeHHH 

TeXHOJIOrHH MHrKHX Bbrqncnennii. B 3a,n;aqax HHTCJIJICKTYaJibHOro ynpaBJICHIDI HBmIJIOCb 
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peIIIem1e CJie,LlyIOilIHX 3a,Llaq: a) 061,eKTHBHOe orrpe,LleJieHHe BH,Lla q>yHICT.(HH rrpHHa,LIJle)l(HOCTH 

H3 3a,LlaHHOfO KJiacca H ee OIITHMaJihHhIX rrapaMerpoB B IIPO.LIYKl-lHOHHhIX rrpaBHJiax E3; 6) 

orrpe,LleJieHHe OIITHMaJihHOH crpyKryphl HeqeTKHx HeiipoHHhIX CeTeii (HHC) B 3a.r:1aqax 

o6yqeHHJI (arrrrpOKCHMal.(HJI o6yqarornero CHrHaJia c rpe6yeMoii/3a,LlaHHOH OIIIH6KOH n c 

MHHHMaJihHhIM KOJIHqecTBOM IIpO,LlyKI.(HOHHhIX JiornqecKHX rrpaBHJI B E3 - pa3pa60TKa H 

rrpoeKTHpOBaHHe YHHBepCaJihHOro arrrrpOKCHMaTopa); B) npHMeHeHHe reHeTnqecKoro 

aJiropHTMa (f'A) B 3a.r:1aqax MHOfOKpHTepHaJihHOfO ynpaBJieHHJI rrpH HaJIHqHH ,LIHCKpeTHhIX 

orpaHnqeHHH Ha rrapaMerphl 061,eKTa yrrpaBJieHHJI H ,Lip. 

TaKHe 3a,Llaqn, KaK OTMeqeHO BhIIIIe, rrpHHI.(HilHaJihHO He peIIIaIOTCJI 

HHcrpyMeHrnpHJIMH Fuzzy Logic Toolbox H Robust Control, BcrpoeHHhIMH B BM.Lie 

aBTOHOMHhIX MoeyJieii B cpe.r:1y MATLAB. 

IIepeqncJieHHhie rrpo6JieMhl 6hmH peIIIeHhl n arrpo6npoBaHhl Ha OCHOBe 

pa3pa6oTaHHOro OIITHMH3aTopa E3 (OE3)
13

'
14 

C rrpHMeHeHHeM TeXHOJIOrHH MJl:rKHX 

BhJqHcJieHHH. Pa3pa6oTaHHhlH HHTeJIJieKryaJihHhlH HHcrpyMeHTapHH Il03BOJIHJI 

rrpoeKTHpOBaTh po6aCTHh!e E3 Ha OCHOBe peIIIeHHJI O,LIHOH H3 aJirOpHTMHqeCKH TPY.LIHO 

peIIIaeMh!X 3a,Llaq TeopHH HCKyCCTBeHHOfO HHTeJIJieKTa - H3BJieqeHHJI, o6pa60TKH H 

qiopMHpoBaHHJI 061,eKTHBHhIX 3HaHHH 6e3 HCilOJih30BaHHJI 3KCnepTHhIX 01.(eHOK. 

B crpyKrype OITTHMH3aTopa HCIIOJih3YIOTCJI TP" r A, KOTOphie Il03B0JIJIIOT 

cnpoeKTHpOBaTh, KaK CJie,LICTBHe, OITTHMaJihffYIO crpyKrypy HHC (BH,LI q>yHKI.(HH 

npHHa,LIJle)l(HOCTH H HX napaMerphl, KOJmqecTBO BHyrpeHHHX CJIOeB H ,Lip.), 

arrrrpOKCHMHpyrorneii o6yqarornnii CHfHaJI C rpe6yeMOH (3apaHee 3a,LlaHHOH) OIIIH6KOH. 

O6ne,LIHHeHHe MeTO,LIOJIOrHH CTOXaCTHqecKoro n HeqeTKOfO. MO,LleJIHpOBaHHJI HCY B 

HHcrpyMeHTapHH pa3pa6oTaHHOfO OE3 II03B0JIHJIO IIOBhICHTh ypoBeHh po6aCTHOCTH 

rrpoeKTHpyeMhIX E3 H peIIIaTh CJIO)l(Hhie 3a,Llaqn q>OpMHpOBaHHJI 061,eKTHBHh!X 3HaHHii
14

•
15

• 

O,LIHaKO npH cyrnecrneHHOM H3MeHeHHH cpe,Llhl q>yHKI.(HOHHpoBaHHJI HJIH rrpH 

B03HHKHOBeHHH Herrpe,LIBH,LleHHhIX cnryal.(HH ynpaBJieHHJI cnpoeKTHpOBaHHhie 3aKOHhl 

ynpaBJieHHJl: He Bcer.r:1a rapaHTHpyIOT rpe6yeMhie ycJIOBHJI po6aCTHOCTH H, COOTBeTCTBeHHO, 

,LIOCTH)l(eHHe l.(eJIH yrrpaBJieHHJI. ,[J;aHHh!H 3q>q>eKT orpaHHqHBaeTCJI q>YHKI.(HOHaJihHOH 

crpyKrypoii rA, B KOTOpoii (no onpe,LleJieHHIO) rrpocrpaHCTBO IIOHCKa peIIIeHHH 

q>HKCHpOBaHO H 3a,LlaeTCJI 3KCnepTOM, a TaK)l(e BhI6opoM q>yHKI.(HH IIpHfO,LIHOCTH, KOTOpaJI 

paccMarpHBaeTCJI KaK KpHTepHH OITTHMaJihHOfO yrrpaBJieHHJI. 

TaKHM o6pa30M, HaH,LleHHOe TeXHOJIOrHeii MJirKHX BhJqHCJieHHH (Ha OCHOBe r A) 

OilTHMaJihHOe peIIIeHHe COOTBeTCTByeT TOJihKO 3a,LlaHHOH cnryal.(HH ynpaBJieHHJI, CO,Llep)l(HT 

(B HeJIBHOM BM.Lie) cy6neKTHBHOCTh HCXO,LIHOH HHq>OpMal.(HH, a npH HerrpaBHJihHOM 

onpe,LleJieHHH rrpocrpaHCTBa IlOHCKa HaH,LleHHOe peIIIeHHe MO)l(eT Hea,LleKBaTHO 

COOTBeTCTBOBaTh cnryal.(HH ynpaBJieHHJI. ,[J;JIJI TaKOfO po.r:1a cnryal.(HH ynpaBJieHHJI rpe6yeTCJI 

IIpHBJieqeHHe HOBhlX BH,LIOB TeXHOJIOrHH HHTeJIJieKryaJihHhIX BhJqHCJieHHH, HarrpHMep, 

TeXHOJIOrHH HHTeJIJieKryaJihHhIX KBaHTOBhIX BhJqHcJieHHH [21]. 
CJieeyeT OTMeTHTh, qro TeXHOJIOrHJI MJirKHX BhJqHCJieHIIH ~e 3q>q>eKTIIBHO rrpHMeHJieTCJI 

B 3a,Llaqax yrrpaBJieHHJI KBaHTOBhIMH OY. O,LIHaKO ,LIO HaCTOJimero BpeMeHH rrpHMeHeHHe 

KBaHTOBhlX BhJqHCJiemrn .LIJllI ::iqiq>eKTHBHOro peIIIeHHJI KJiaccnqecKHX aJirop=ecKH 

13 Jlumew;11eea JI.B., Y11bRH06 C.B., Y11bRH06 C. C. IIpoeKTMpomume po6aCTHbIX 6a:i 3H3HMii Heqenmx 
perymrropoB = IIHTeJIJieKT)'aJibHOro ynpaBJieHIIR cymecTBeHHO-HemmeiiHbIMH ,lllIHaMHqeCKHMII CIICTeMaMH. 
lJ. II / / lfaa. P AH. TMCY. 2006. N2 5. C. 102 - 141. 
14 Ulyanov S. V., Litvintseva L. V. Soft computing optimizer of intelligent control system structures. US patent 
No. 7,219,087 B2. 2007. 
15 Ulyanov S. V., Litvintseva L. V. System for soft computing simulation. US patent No. 20060218108 Al. 2006. 
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Hepa3pellIHMhIX 3a,Llaq reopHH H CHCTeM yrrpaBJieHHJI CTaJIKHBaJIOCh C yrnep)l(,LleHHeM IO. Mamrna 

n P. <DeiiHMatta (BBe,LleHHoro B HaqaJie 80-x rr. rrponmoro CTOJieTHJI) o Heo6xo,L1HM0CTH 

npHMeHeHHJI KBaHTOBhlX BbJqHCJieHHH K peIIIeHIIIO KBaHTOBbIX 3a,Llaq. 

1.1.3. TeXHOJIOrIIH 1rnaHTOBblX Bbl'IHCJieHHH 

B K6Gllm060U JIOZUKe TeXHOJIOrHH HHTelpleKryaJihHblX KBaHTOBhIX BbJqHCJieHHH H 

KBaHTOBOH TeopHH HHq>OpMal.(HH cymecrnyeT «rrapa,LIOKC)) - He Bh!IlOJIHJieTCJI KJiaccnqecKHii 

3GKOH iJucmpu6ymue11ocmu. 3TOT q>aKT orpa)l(aeT HOBbie (He06hJqHbie) Jl:BJieHHJI B KBaHTOBOH 

MexaHHKe THIIa HeKOMMyTaTHBHOCTH rrepeMeHHbIX, Heorrpe,LleJieHHOCTII II HeB03MO)l(H0CTH 

O,LIHOBpeMeHHOfO TOqHoro II3MepeHHJI Ha6JIIO,L1aeMbIX H ,Lip. B peJyJihTaTe Heofa1qHbie 

Jl:BJieHHJI ,LIJIJI KJiaccnqecKOH q>H3HKH, TaKHe KaK 3arryTaHHhie COCTOJIHHJI (entanglement), 

TeJierropTal.(HJI, CBepxrrJIOTHOe KO,LIHpOBaHIIe, rrpHBOMT K «rrapa,LIOKCaM» II TPY.LIHOCTJIM 

q>HJHqeCKOH HHTeprrpeTal.(HH C II03III.(HII JIOrIIKH KJiaccnqecKOH q>II3IIKH. TaK, HarrpIIMep, ,LIBe 

IIO,LICHCTeMbl, Ka)l(,LlaJI II3 KOTOpb!X HaXO,LIIITCJI B CMeillaHHOM xaOTIIqecKOM COCTOJIHIIII (II C 

OTJIIIqHoii OT HYJIJI 3Hrponneii), rrpII CJIIIJIHHII B e,LIIIHYIO CHCTeMY o6pa3yIOT qncToe (c 

ttyJieBOH 3Hrponneii) COCTOJIHHe, 06Jia,L1a10rnee Bb!CIIIHM ypOBHeM nopll:,LIKa (3q>q>eKT 

KBaHTOBOH caMoopraHH3al.(IIII). IIpH 3TOM KOJIHqecrno IIHq>OpMal.(HII B l.(eJIOH CHCTeMe 

MeHbIIIe, qeM B Ka)l(,LIOH II3 ee COCTaBJIJIIOilIIIX IlO,LICIICTeM, a B3aIIMHaJI 3Hrp0IIIIJI IIMeeT 

ompuqameJ1b11oe 3HaqeHne. 

KBaHTOBaJI cynepII03Hl.(HJI, COCTOJIIllaJI II3 .LIByx KJiaccnqeCKHX 63GUMOUCKJIIO'lGIOUfUX 
JiornqecKHX COCTOJIHIIH, Il03BOJIJieT o6pa30BaTb 0,LIHO e,LIHHOe COCTOJIHHe, co.r:1ep)l(arnee, 

HarrpIIMep, O,LIHOBpeMeHHO JiornqecKH IIpOTHBopeqarnIIe «,Lia» II «HeT» (coCTOJIHIIe TIIna «KOT 

lllpe,LIIIHrepa»). If3 ,L\Byx KJiaccnqecKHX 0,LIH06HTOBbIX COCTOJIHHH C IlOMOillbIO KBaHTOBOH 

KOppeJIJII.(HH (KOTOpaJI BbIIIIe KJiaccnqecKoii) B03MO)l(H0 ,LIOilOJIHHTeJihHO (B 3aBIICHMOCTII OT 

BH,Lla KBaHTOBOH KOMMYHHKal.(HII) II3BJieqb erne 6oJiee 0,LIHOro 6HTa. KBaHTOBhie crpaTerHII 

rrpHHll:THJI peIIIeHIIH Il03B0JIJIIOT II3 .LIBYX KJiaccnqecKIIX HrpOKOB, He HMeIOilIHX crpaTerIIii 

Bb!HrpbIIIIa B ,LlaHHOH IIrpOBOH CIIryal.(IIH, cqiopMIIpOBaTb HrpOKa-no6e,LIHTeJIJI («IJappo11iJo» 
3q>q>eKT), IICIIOJih3YIOillefO KBaHTOBbIH IlO,LIXO,LI K peIIIeHIIIO 3a,LlaqII, 

PIIc. 1. J ,LleMOHCrpIIpyeT q>H3IIqecKoe pa3JIHqIIe B orrpe,LleJieHHH BbJqIICJIHTeJibHOfO 

6a3IICa MJirKHX n KBaHTOBh!X BbJqHCJieHIIH. 
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l 
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l 

I 

O,nHOBpeMeHHO pnc. 1. 1 ,naeT KOppeKTHYJO cpH3nqecKyJO HHTeprrpeTal(HIO 3HaqeHHJI 

KBaHTOBoii cyrreprro3nu;nn (quantum superposition) c pa3;mqHhIMH KJiaccnqecKHMH 

cocTOJIHHJIMH THrra }(!0)+✓2"11)) n }(jo)-✓2j1)) (KBaHTOBhie cocTOJIHHJI - quantum 

states) COOTBeTCTBeHHO. 

113 rrpe,nCTaBJieHHbIX Ha pnc. 1.1 orrncaHHii cpH31fqecKHX COCTOlIHHii BH,nHO, qTo 

HeqerKoe COCTOlIHHe qncJrn HMeer oea 3Hal/eHlm cpyHKI(llH rrpnHa,nJie)KHOCTH Ha IIIKaJie 

JIHHrBllCTJfqecKoro mmcaHHlI (rrpHHI(HII HCKJIJOqeHHJI TPeTbero He Bh!IIOJIHJieTClI). KBaHTOBOe 

)Ke COCTOlIHlle COCTOHT H3 oeyx KJlaCCUl/eCKUX cocmo,muu, KaqecrBeHHble xapaKTepHCTHKH 

KOTOpb!X 3aKo,nnpoBaHhl B KBaHTOBhIX rrepeMeHHhIX, CBJI3aHHhlX rrpHHI(HIIOM KBaHTOBOH 

JioruqecKoii ,nOIIOJIHHTeJibHOCTll. 

CoBMeCTHOe llCIIOJih30BaHne BhJqllCJIHTeJihHhIX 6a3HCOB H3 pnc. 1.1 rrpHBO,nllT K 

HOBOMY Bn,ny K6aHm06blX MR2KUX 6bl'IUCJleHUU. 

TaKHM o6pa30M, OIIHCaHHe Ha KBaHTOBOM lI3hIKe IIOCTaHOBOK MHOrHX KJiaccnqecKHX 

( cna6o CTPYKTypnpoBaHHhIX) HH)KeHepHhIX 3a_naq (TPY.nHo peIIIaeMux Ha JI3hIKe 

KJiaccnqecKoii JIOI'HKH) II03BOJilleT HaiiTH llX 3cpcpeKTllBHOe peIIIeHHe. O,nHaKO TaKOH rro,nxo,n 

nMeer pH,n oco6eHHOCTeii rrpn rrpaKrnqecKOM rrpnMeHeHHH B 3a_naqax yrrpaBJieHHJI. B reopnn 

KBaHTOBOH llHcpopMal(HH ll KBaHTOBhIX BhJqHCJieHllll IIOHJITllJO qncJia COOTBeTCTBYJOT 

IIOHJITHH Ha6mooaeMOU If cynepn03UlfUU COCTOHHHH Ha6JIJO,naeMhIX KBaHTOBOH CHCTeMhl, a 

Heo6paTHMOe ll3MepeHHe ,naer o,nHO H3 B03M0)1(Hh!X COCTOHHHH. 

IloJIO)KHTeJibHhJe pe3yJihTaTbl rrpnMeHeHHJI KJiaccnqecKHX reXHOJiornii 

llHTeJIJieKTyaJibHbIX Bhlq!fcJieHHll (rnrra MJirKHX BbJqncJieHnii) COBMeCTHO C arrrrapaTOM 

KBaHTOBbIX BbJqncneHHll rrpnBeJIO K HOBOMY aJibTepHaTHBHOMY rro,nxo,ny - IIpHMeHeHHIO 

TeXHOJIOrHH KBaHTOBhIX llHTeJIJieKTyaJibHbIX BbJqncJieHHH B 3a_naqax OIITHMH3al(llll 

rrpou;eccoB yrrpaBJieHHJI KJiaccnqecKHMH OY (cpH3nqecKHii aHaJIOr rrpnMeHeHHH o6parHoro 

Mero,na nccne,noBaHHJI «KeaHmoecm cucmeMa ynpa6lleHUR - KJ1accu1JecKuit OY»). TaKoii 

rro,nxo,n TaK)Ke cyll(eCTBeHHO pacIIIHplleT B03M0)KH0CTH caMHX llHTeJIJieKryaJibHblX 

BbJqncJieHnii. 

1.1.4 . .lJ:po6Hoe ncq11CJieHne (fractional calculus) 

MareMaTnqeCKllll aHaJill3 C llCIIOJib30BaHHeM HHTerpo,nncpcpepeHI(HaJibHhIX 

orrepaTOpoB Heu;eJibIX rropH,nKOB HJIH ,npo6Hoe ncqncneHne (fractional calculus) nMeer 6onee 

qeM TPeXBeKOBYJO HCTOpHIO. 

3,necb paCCMOTPHM TOJibKO HeKOTOpbie xapaKTepHbie rrpnMepb1
16

. O6cy,nnM B 

qacTHOCTll aHaJIOrll cpyttKI(Hll B KJiaccnqeCKOM MaTeMaTnqecKOM aHaJIH3e C TOqKH 3peHHJI 

,npo6Horo MaTeMaTnqeCKoro aHaJIH3a. TaKne aHaJIOrll lIBJllIJOTCH o6o61l(eHHeM ll3BeCTHblX 

cpyttKI(llll B KJiaccnqeCKOM MaTeMarnqecKOM aHaJill3e ll HarJllI,nHO HJIJIIOCTPHPYJOT 

«rrapa,noKchm ,npo6Horo ncqncneHHJI c roqKn 3peHHlI orrepau;nii n pe3yJihTaTOB cratt,naprHoii 

HHTeprrperau;nn MaTeMaTHqecKoro aHaJIH3a. 

IIpe)K,ne Bcero paCCMOTPHM aHaJIOr H3BeCTHOH qJOPMYJibl ,nncpcpepeHI(HpOBaHHlI ,nJllI 

d" x ( t) ( ) ( ) k ! , • 
CTerreHHOH cpyHKI(llll rropH,nKa n B BH,ne --.- = k k - I . . . k - n + I ---t - . 

dt (k-n)! 

16 
CM. BacUJ1bee B.B., CUMa1< JI.A . .ztio6Hoe ncqncrrem1e n arrrrpoKCHMai:1noHHhle MeTO/lhl B Mo11eJill])oBaHHM 

/IHHaM11qecKHx cncreM. KneB: HAH YKpaMHhl, 2008. 
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AH3JIH3 rrpnBe,l.leHHOii q>OpM)'Jihl WU! rrpoH3B0).IHOii II0PMKa n II0Ka3hIBaeT, qTQ 

q>OpMaJihHO II0pM0K ).IHq>q>epem1rrpoBaHmI M0lKeT 6b!Th 0TJIHqHblM OT IJeJioro. )];llil :noro 

He06XO).IHMO HCII0Jib30BaTb raMMa-q>yHKIJHIO, K0T0pa,i: o6o6JIJaeT cpaKTopnarr-q>yHKIJHIO Ha 

CJiyqaii HeIJeJioqncJieHHh!X apryMeHT0B. raMMa-q>YffKIJHll: WU! IJeJib!X II0JI0lKHTeJibHh!X 

x = n CBll:3aHa C cpaKTOpHarrOM B B~e r ( n) = ( n - I)!. Bh!IIOJIHHB 3aMeey IJeJioro rropll:,I.IKa 

).IHq>q>epeHIJHPOBaHHll: n Ha ,1.1po6Hblll fl n BB0M raMMa-cpyHKIJHIO, II0JiyqHM CJie,1.1yIOJIJYIO 

q>OpMyJiy ).IHq>q>epeHIJHPOBaHHll: CTeIIeHHOll q>YffKIJHH c ,1.1po6Hb!M rropll:,I.IK0M: 

d'x(t) r(k+l) 1•-P. (1.1) 
dt' r(k-/J+I) 

TaK, HarrpnMep, WU! e,I.IHHHqHoii q>yHKIJHH THIIa / ( X) = I B CTaH,1.1apTH0M 

df(x) dl 
MaTeMaTnqecK0M aHaJIH3e IIp0H3B0,1.1Hall: HMeeT B~ --= - = 0. 

dx dx 
O,1.1HaKO B ,1.1po6HOM ncqncJieHHH cornacH0 (I.I) WU! Bcex 3HaqeHHll /3 ~o6Hall: 

IIp0H3B0).IHall: {,1.1!i<p<pepnHTerpan) HMeeT B~ 

JP f(x) dpl x-P 

~ = dxP = r ( 1- p) 

BbipalKeHHe (I.I) M0lKeT paccMaTPHBaThCll: KaK q>yHKIJHll: TPeX apryMeHT0B: t, k Hp; 
TaKHM o6pa30M, ,1.1aeTCll: 6oJiee 110,1.1po6Hoe 0IIHCaHHe q>YffKIJHH H BCex ee rrp0H3B0).IHh!X H 

HHTerparroB (KaK IJeJioro, TaK n ,1.1po6Horo rropll:,I.IKOB). B Kaqecrne HJIJIIOCTPaIJHH rrpHBe,l.leM 

rpaqinqecKHe o6pa3bl BbipalKeHHll: (I.I) wur cnyqaeB k = 0, K0r,1.1a II0pll:,I.I0K 

,1.1nqiqiepeHIJHaJihHOro orrepaTopa mMeHJieTCll: B 11pe,1.1eJiax OT -1 ,1.10 +I. 
Pnc. 1.2 II0Ka3bIBaeT II3MeHeHne ,I.IH<p<pepnHTerpana ).lllil ,1.1aHH0ro CJiyqall:. 

•·J/..-l Dilfer!n!epo1P::1 Di!lllintep,Joff=I 

l] 

_, 

_, 
•·! ll I.I u u 

a) 6) B) 
Pnc.1.2. fpa<pliKH ).lli<p<pepnHTerpanoB OT e,1.1HH11qHoii <pyHKIJIIII ).IJill: pa3JinqHblX 3Ha'!eHIIH 

/J=q=l/2,3/2,-1/2,-3/2(a); B rrpe,1.1eJiax -1 < /J < +l (6); H3MeHem1e ,1.1n<p<pepnHTerpana B 3D KaK 

<pyttKIJIIH rrapaMeTPOB (t,k = 0,/3) (B) 

df(x) dx 
)];lliI ~eHTnqHoii cpyHKIJHH f ( X) = X HMeeM --= - = 1. 

dx dx 
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t 

B TO BpeMll: KaK ,1.1po6Hall: IIp0H3B0,I.IHall: HMeeT BH).I 

d•J(x) d•x x1
-• 

---;;;.- = dx• = r(2-q)' 
Ha pnc. 1.3 II0Ka3aHhI rpaq>HKH ,1.1po6Hb!X ).lli<p<pepnHTerpanoB wur pa3JIHqHh!X 

3HaqeHHll /J = q = I I 2, 3 / 2, -1/ 2, -3 I 2 . 

5 

4 ... ~=½! 
3 

2 

~ q-3 
o~ i J J J I I I I 

2
· 

0 l 2 3 4 5 6 7 8 9 

P!ic.1.3. fpa<pliKH ).III<p<pepnHTerpaJIOB OT 11).leHTH'IHOH <pyHKIJIIli ).IJill: pa3JlllqHhIX 3Ha'!eHl!ll 
/J = q = 1/2,3/2,-1/ 2,-3/ 2 

dq ±x c,:, k-q 

,l];llil 3KCII0HeHThI f ( x) = ex ,1.1nqiqiepnHTerparr orrpe,1.1ellileTCll: B BH,l.le _e_ = L x ) 
dx' ,.0 r ( k - q + 1 

Ha pnc 1.4 II0Ka3aHhl rpaq>HKH paCCM0TPeHHh!X ).lllq>q>epHHTerparroB OT YKa3aHHhIX 
q>YHKIJHH. 

diffe~pk of exp..fuidm 
'T ............. 11:·············1· .. ···· ........ J ................ .. 

:: tl. ........................................ .r . ...ll ................ .. 
II 

10 

9 

a) 

29 

0.0 

6) 



l,aj,,oypertofnp-f1lll:!m 

Ra! port or e,p-fm<ml> 

u .u ID •ID 

aj rj 
Puc.1.4. fpaq:>IIKII Allq:>q:>epttHTerpanoB OT 3KCIIOHeHIU{aJihHOH q:>yHKJJ;IIII 

TaKllM o6pa30M, ,npo6Hoe llC'IllCJieHlle OTHOCllTCH K o6oco6neHHOMy pa3,neny 

MaTeMaT1111ecKoro aHaJill3a 11 HBJIHeTCH llHCTpyMeHTOM MaTeMarn11eCKoro Mo,nen11poBaH11H 

CJIO)KHhlX ,n11HaM111IeCKllX rrpou;ecCOB B o6bI'1HbIX 11 qipaKTaJibHbIX cpe,nax. ,[1,aHHhlll 

MaTeMaT111IeCKllll llHCTPYMeHTap11H II03BOIDieT Ha HOBOH OCHOBe IIOHHTllll rrp0113BO):IHOll 11 

llHTerpana peIIIaTb 3a,na1m aHaJill3a, CllHTe3a, 11,neHTllqlllKau;1111, ,n11aruOCTIIKll, C03,naHl!H 

HOBbIX TllIIOB po6acTHhlX CllCTeM yrrpaBJieHl!H. 

1.1.5. Oco6eHHOCTH 1maHTOBOll JI0l'HKH BbJqHCJieHHll 

B KJiacc1111eCKOH JIOrl!Ke BhlIIOJIHHJOTCH 3aKOHbl KOMMYTaTIIBHOCTll, 

accou;11aTllBHOCTll, yrropx,no'IeHHOCTII, rrornoru;eHl!H 11 l!MeeT MeCTO AllCTPll6YTl!BHblll 3aKOH 

(A+ B)C =AC+ BC. IIepeMeHHhre A,B,C,... Ha3hIBaJOTCH BhICKa3bIBaHl!HMll. Me)K):ly 

HeKomopblMU napaMll BblCKa3bIBaHllll A,B,C, ... MO)KH0 ycTaHOBl!Tb OTHOIIIeHlle rropx,nKa 

A ~ B , 03Ha11a10ru;ee, 'ITO ecJill Bb!CKa3hIBaHlle A llCTIIHHO, TO Bb!CKa3hIBaHlle B TaK)Ke 

llCTllHHO, llJlll BbICKa3hIBaHlle B HBJIHeTCH CJie,nCTBlleM BblCKa3bIBaHl!H A. B KBaHTOBOH 

nor11Ke TaK)Ke BbIIIOJIHHJOTCH KOMMYTaTllBHblll 11 accou;11aTl!BHblll 3aKOHbI, 3aKOH 

yrropx,no11eH11H 11 3aKOH rrornoru;eHl!H. O,nHaKO 3aKOH AllCTPll6yTllBHOCTll B KBaHTOBOll JIOr11Ke 

B o6ru;eM CJIY11ae He BblllOJIHHeTCH. 

qT06bI y6e,nl!TbCH B 3TOM, paCCMOTPllM TPll BeKTopa A,B,C B ,nByMepHOM 

eBKJill):IOBOM rrpOCTPaHCTBe (p11c. 1.5) 11 BbICKa3hIBaHl!H A, B 11 C, COCTOHIJJ;lle B TOM, 'ITO 

BeKTOp If/" HarrpaBJieH BAOJib COOTBeTCTByJOru;ero BeKTOpa. 

~c 

A 

Puc. 1.5. BeKTopw A,B,C B AB)'MepH0M eBKJill.LI0B0M rrpocTPaHCTBe 
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f 
~ 

l 

I1MeeM A+B=I,(A+B=I)C=C. C ,npyroi1 crnpoHbI, AC=0,BC=0, r,ne 0 -

a6cypi:1Hoe BbICKa3bIBaH11e. Ilo3TOMY AC+ BC= 0. TaK11M o6pa3oM, ,nttCTP116YTllBHhitt 3aKOH 

He BhIIIOJIHHeTcx: ( A + B) C * AC+ BC . HapyIIIeH11e ,n11cTP116YT11BHOCTll cocTaBJIHeT 

OCHOBHOe OTJill'Ille KBaHTOBOll JIOrllKll. Han111111e ,naHHOH oco6eHHOCTll OTJill'IaeT KBaHTOBYJO 

JIOrllKY OT apttCTOTeJieBOH JIOrl!Kll17• 

OcHOBHb!M o6beKTOM KBaHTOBOll JIOrHKll HBJIHJOTCH peIIIeTKll. ,D,orrycTllM, 'ITO 

COCTOHHllH HeKOTOpOH CllCTCMbl OIIl!CbIBaJOTCH peIIIeTKOll (p11c. 1.6). 
Ha pnc. 1.6 COCTOHHlle O 03Ha11aeT «HllKaKoe» llJill «JIO)KHOe», COCTOHHllH 1, 2, 3, 4 

HBJIHJOTCH B3allMOllCKJIJ0'1aJOru;llMll ,npyr ,npyra COCTOHHllHMll, TaK 'ITO COCTOHHlle 1 11 2 
( 0603Ha11eH11e 1 /\ 2) ecTu O; aHanorn11Ho I/\ 3 = I/\ 4 = 2 /\ 3 = o . I - Bcer,na pean113y10ru;eecx 

COCTOHHlle I = Iv 2 v 3 v 4 , r,ne v - 3HaK All3bJOHKJJ;llll, 11 I v 2 = I v 3 = 2 v 3 = 3 v 4 = I. 

:L 

Puc. 1.6. BM.LI HeAHCTPH6ymaHoii pernenrn 

HeTPYAHO 3aMeTl!Tb, 'ITO peIIIeTKa Ha p11c. 1.6 He,n11CTPll6yTHBHa: 

I A(3v4) = I Al= I ,;c. (!A3)v(IA4) = OvO = 0. 

,[l,pyroi1 Ba)KHOH oco6eHHOCTbJO ,naHHOll peIIIeTKll HBJIHCTCH HeB03MO)KH0CTb 

onpe,neneHl!H Ha Hett BepOHTHOCTHOll Mepbr
18

. ,[1,ei1cTB11TeJibHO, ecJill BCe COCTOHHllH 

paBHOnpaBHbl, TO ecTeCTBeHHO rrp111111caTu JIJ060MY 113 COCTOHHllH 1, 2, 3' 4 BepOHTHOCTh ¼' 
HO Tor,na BepOHTHOCTb COCTOHHllH 1 v 2 no TeopeMe CJIO)KeHl!H BepOHTHOCTeH eCTb ½, 
o,nHaKO Iv 2 = I , 11, cne,noBaTeJibHO, 3Ta BepOHTHOCTh paBHa 1. Ilo3TOMY B KBaHTOBOll 

MeXaHllKe IIOBe,neHlle ,n11HaM1111eCKOH CllCTeMbl OTil!CbIBaeTCH He BepOHTHOCTbJO, a 

aMTIJillTYAOH BepOHTHOCTll, KOTOpaH, B CBOJO 011epe,nb, I103BOJIHeT Bbl'IllCJIHTb ycJIOBHhie 
BepoHTHOCTll. 

PaccMOTPllM Tenepb 

KJiacc1111ecK11X nor1111ecK11x 

KBaHTOBbIX onepau;11tt
19

• 

oco6eHHOCTb JIOIBKll KBaHTOBb!X onepau;11i1 Ha rrp11Mepax 

onepau;11i1, coi:1ep)Karu;11x llJill COCTOHiu;llX 113 6HympeHHUX 

Ilp11Mep 1: Onepaip:m KopeHb KeaiJpamHblii U3 onepalJUU «ompulJaHue». PaccMOTPllM 

TIOHHT11e KBaHTOBhIH 611T (Ky611T) I\V) = (10) = C }11) = (;)) = -h (lo) ±II)), KOTOphli1 mpaeT 

Ba)KHYJO pOJib B KBaHTOBOll TeOpllll llHQ)OpMau;1111. Ky611T HBJIHeTCH KBaHTOBOH 

17 
Axue:1ep A.H., JloJ10Bu11 P.B. IloqeM)' HeBoJMO)KHO aaecm B KBaIIToayro MexaHIIK)' CKJlhlThle napaMerphl // 

Ycnexn qnnuqecKHX Hayi<. 1972. T. 107, BhlII. 3. C. 464-487. 
18 

I'pu6 A.A. KBaHTOBrui noruKa: BoJMO)KHbie rrp11MeHemrn // 3aKoHOMepHocm pa3BIITIUI coapeMeHHoii 
~aTeMaT1IK1I: MeT011onoruqecK1Ie acneKTbI. M.: Hayi<a, 1987. C. 313 - 317. 

YJ1bRll06 C.B. u op. JioruqecK1Ie u KBaHTOBhie napMOKChI IIHTenneKT)'MbHhlX KBaHTOBhlX II MRrKIIX 
BJ,IqncneH11ii // CttcTeMHblll aHanH3 B Hayi<e II o6pa30BaHHII: :meKTPOH. HayqH. lK)'JJHan. ,lzy6Ha, 2010. NQ2 
[3neKTPOHHhlii pecypc]. URL: http:/www.sanse.ru/archive/11. II.zleHT1I<p1IKfil1HOHHhlii HOMep: 
0421000! 11\0018. 
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cyrreprro311u:11ett ,[{Byx KJiacc11qecK11X cocTOJIHllH B B11,[le noruqecKoro fia311ca (Io), I 1)). 

Jior11qecKaJ1 orrepau:11J1 «HET», ,[lettcrnyH Ha ey611T I\V), J1BJIJ1eTcJ1 n11HeHHbIM orreparnpoM 

not: c' ➔ c', KOTOpblll ,[lettcrnyeT Ha BCe JIOrll'IeCKlle 6a311Cbl CJie,[{yIDII(llM o6pa30M: 

not IO) = I 1), not I 1) = IO) . CoorneTcTByIOII(ee Marp-Hoe rrpe,LlCTaBJieH11e B noruqeCKOM fia311ce 

(0 lJ _ _ 
l!MeeT Bil,[{ 11 JIBJ!JleTCJI TaK Ha3bIBaeM011 MarpIIU:eII IlayJIII <J' • 

1 0 , 

PaccMorpIIM Terrepb HeJIIIHeHHYIO orrepau:II10 & Ha,[{ orrepan:IIett not. Pe3yJihTaT 

orrepan:11II & JIBJ!JleTCJI JIIIHeHHbIM orrepaTOp0M & : c' ➔ c' , KOTOpbIH, ,[{eHCTBYJI Ha 

ey6IIT Ha,[{ BCeMII JIOr-ecKl!MII 6a3IICaMII, rrpIIBO,[{IIT K cneeyIOII(eMy pe3yJibTary: 

0 1 -2- 2 l+i 1-i 1-i l+i ~ = . . , &io)=-Jo)+-J1); &I1)=-lo)+-l1) [
l+i 1-i] 

vl 1 o J 1- I 1 + I 2 2 2 2 -- --
2 2 

<llIIJIIqecKll ,[laHHblll pe3yJihTaT 03HaqaeT, 

(JO), J 1)) , eCJIII BXO,[{0M J1BJIJ1eTCJ1 CIIrnan IO) , ,[{aeT 

AHanorIIqHo ,[{JIH BXO,Lla J 1) . 

qTo II3Mepemie BblXO,[{HOro 

j 
IO) C BepOJITHOCTblO 

Jl) C BepOJITHOCTblO 

pe3yJibTaTa 

1 

2 

2 

TaKl!M o6pa30M, orrepaTop & JIBJ!JleTCJI CJlY'IGUHblM rrepeKJIIOqaTeJieM. 

IlHTYIITIIBHO TaKOH rrepeKJIIOqaTeJib ,[{OJI)KeH coxpaHHTb ,[{aHHOe CBOHCTBO, eCJIII ero 

rrpIIMeHIITb ,[{Ba)K,[{bl. O,[{HaKO '.HO CBOHCTBO He BbIIIOJIHJleTCJI II rrpIIMeHeHIIe ,[{Ba)K,[{bl 

orrepaTopa ,J;;; ,J;;; = not, T.e. &&I\//)=notl\//)- Ofo,J1CHJ1eTCJ1 ,[{aHHbIH 

«rrapa,LlOKCaJibHbIH» q>aKT TeM, qTO B KBaHTOBOH MexaHIIKe on:eHKa 3BOJIIOU:IIII BepOJITHOCTll 

KBaHTOBbIX rrepeX0,[{0B ocyll(eCTBJ!JleTCJI no 3aKOHaM CJIO)KeHIIJI GMlVIUmya eepoRmHocmeii ITO 

BCeM B03M0)I(Hb!M rryTJIM rpaeKTOpIIH ,[{BII)KeHIIJI, a He caMllX BepOJITHOCTeH. AMrrnIIry,Lla 

BepoJITHOCTeH MO)KeT 6b!Tb yMeHbIIIeHa (,LlecrpyKrnBHaJI IIHTepqiepeHU:IIH) IIJIII yCIIJieHa 

(KOHCTPYKTllBHaJI IIHTepqiepeHU:IIJI) B rrpou:ecce cyMMIIp0BaHIIJI aMIIJIIITY,Ll BepOHTHOCTeH, qTQ 

cyll(eCTBeHH0 0TJIIIqaeT KBaHT0Bbie orrepaU:IIII OT KJiaccIIqecKIIX BepoHTH0CTHblX orrepaU:IIH. 

Orrepan:IIIO & qaCT0 IIMeHYIOT KaK «B03M0)KH0e ("tentative")» orp11u:aHIIe IIJIII 

«rronyorpIIU:aHIIe (half-negation)»: rrp11MeHeHIIe ,[{Ba)K,[{hI orreparnpa & rrpIIB0,[{IIT K 

IT0JIHOMY KJiaccIIqecKoMy norIIqecKOMY 0TPIIU:aH1110 not. OTMeTIIM, qTo rrp11MeHeHIIe 

orreparnpa ,J;;; K Bblq11cJIIITeJibH0MY 6aJIIcy (lo),11)) rrp11B0,[{IIT K qiopMIIpOBaHIIIO 

KBaHTOBOH cyrreprr03IIU:IIII C K0MIIJ!eKCHb!Mll aMIIJIIIry,[{aMII Bep0JITH0CTll. Ilo3TOMY 

HeJIIIHeHHblll orrepaTop ,J;;;;t JIBJ!JleTCJI cyry6o KBaHT0BblM orrepaTOp0M, He IIMeIOII(IIM 

aHanoroB B KJiaccIIqecKott II HeqeTKoH nor11Ke. 

TaKIIM o6pa3oM, orrepan:IIH KJiaccIIqecKoro norIIqecKoro orpIIn:aHIIH cocToIIT II3 ,[{Byx 

BHyrpeHHIIX KBaHTOBbIX orrepaTOpOB, peaJIII3yIDII(IIX K0Hcmp)'KmU6HYIO II aecmpyKmU6HYIO 

IIHTepqiepeHU:IIIO aMIIJ!llTY,Ll BepOJITHOCTeH. 

Ilp11Mep 2: KopeHb KeaapamHblii U3 onepamopa uaeHmU'IHocmu. )];JIJ1 Ja,LlaHHoro n 2::.1 
K0peHb KBa,LlpaTHblll II3 orrepaTopa II,[{eHTl!qHQCTll Ha rrpocrpaHCTBe 0· C 2 

( 181" - 3HaK 
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TeH30pHoro YMH0)KeHIIJI, CM. rrpIIJIO)KeH11e K ,[{aHHOH rnaBe 1) JIBJ!JleTCJI mrnettHbIM 

orrepaTopoM .JF>, TaKllM, qTo ,[{JIJI n106oro 3JieMeHrn lx" ... ,x.) B Bb1q11cJIIITeJihHOM 6a311ce 

B (n) BbIIIOJIHJleTCJI CJie,[{yIDII(ee yCJIOBl!e: 

J1i (lx,, ... ,x.)) =lx,, ... ,x.J® ~{(-If lx.)+I1-x.)). 

OcHOBHblM CBOHCTBOM orrepaTopa .JF> JIBJ!JleTCJI CJie,[{yIOII(ee: 

ffe ( v'fWI\//)) = 1\//) ,[{JIJI Ka)K,[{oro I\V) e wc2
. 

~ { H, ecn11 n = I 
QqeBll,[{HO, qTQ V 1 ···, = (n~I) 

I , 0CTaJibHOe 

I (1 
H = ✓2 1 ~J-

TaK11M o6pa30M orrepan:11J1 ✓I= ✓C ~) rropo)K,[{aeT KBaHTOBbIH orrepaTop A,LlaMapa, 

rrp11MeHeH11e K0Toporo, HarrpIIMep, K cocT0JIHIIIO lx1)=IO), rropo)K,[{aeT KBaHT0Byro 

I 
cyrreprro311u:1110 Hlo) = ✓2 (lo)+l1)) C ,[{eHCTBl!TeJibHb!MII 3HaqeH11JIM11 aMIIJ!llTY,Ll 

Bep0JITH0CTll. Cne,[{OBaTeJibHO, orrepaTop .JF>, . KaK 11 B cnyqae ✓not<·) , MQ)KeT 

llHTeprrpeT11poBaTbCJ1 KaK «B03M0)I(Hoe qacTH0e yrnep)K,[{eH11e (tentative partial assertion)», 

rrpeo6pa3yIOII(ee TQqHyIO orrpe,LleJieHHYIO llHq>OpMau:1110 B MaKCl!MaJibH0 Heorrpe,LleJieHHYIO 

llH<pOpMau:1110
20

. QqeBll,[{HO, qTo rrp11MeHeH11e orrepaTopa .JF> rrp11B0,[{11T C0CT0JIHlle 

CllCTeMbl K MaKCIIMaJibH0MY 6ecrropH,LlKY- Ilp11MeHeH11e 3T0ro orrepaTopa ,[{Ba)K,[{bl 

B03Bpall(aeT Cl!CTeMy B llCX0,[{H0e C0CTOJIHlle C coxpaHeH11eM HaqaJibHOH llH<pOpMan:1111 06 
l!CX0,[{H0M C0CTOJIHllII. 

Ilp11Be,[{eHHbie rrp11Mepbl YKa3bIBaIOT Ha cyll(eCTB0BaH11e «CKpbITOH» KBaHTOBOH 

llH<pOpMan:1111 B KJiacc11qecK1IX C0CT0JIHllJIX, 113BJieqeHIIe KOTOpOH ,LlaeT ,[{0II0JIHl!TeJibHbie 

B03MO)KH0CT11 ,[{JIH qiopM11poBaHIIJ1 3<p<peKTIIBHb!X KBaHT0BbIX crpaTer11H Ha rrpocrpaHCTBe 

KJiacc11qeCK1IX crpaTer11H rrp11HJITIIJI peIIIeHl!H (CM. IIO,Llpo6Hocrn Hll)Ke B rnaBe 2, II. 2.3.3). 

1.1.6. OcoiieHHOCTH TeOpIIll ,11;poiiHhIX BhlqHCJICHIIH 

OTMeqeHHaJI paHee oco6eHHOCTb Bb1q11cJieHIIJ1 ,Llp06Hh!X rrp0113B0,[{HbIX II HHTerpanoB, 

Bblpa)KeHHaJI B HerrpIIBblqHQH q>opMe IIHTeprrpeTal(llII pe3yJibTaTa, 0rpa311JiaCb Ha 

MIITeJibH0CTll IIHTepBana BpeMeHII rrpIIMeHeHIIJI MeTO,[{0JI0rIIII ,Llp06HbIX IICqIIcJieHIIH B 

rrpaKTl!Ke IIH)KeHepHbIX llCCJie,[{0BaHIIH. BbI3bIBaJI11 TPY,LlH0CTll peIIIeHIIJI BorrpocoB Bb16opa 

MO,[{eJIII ,Llp06HOH rrp0113B0,[{HOH II ,Llp06Horo IIHTerpana, BbI6opa MeT0,[la qIIcJieHH0ro 

MO,[{eJI11poBaHIIJ1, orrpe,LleJieHIIJI 0IITl!MaJibHblX 3HaqeH11H ,Llp06HbIX II0Ka3aTeJieH 11 

K03<p<pIIU:11eHTOB ycIIJieHIIJI peryJIJ1TOp0B, orrpe,LleJieHIIJI ,Llp06HbIX cnyqaHHbIX rrpou:eccoB 11 

,[{ll<p<pepeHU:IIaJihHbIX ypaBHeHIIH ,[{JIH orr11caHIIJI M0,[leJIII OY II MH. ,Llp. 

20 
Giuntini R., Ledda A., Sergioli G., Paoli F. Some generalizations of fuzzy structures in quantum 

computational logic II Intern. J. General Systems. 2011. V. 40. No. I. P. 61 - 83. 
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ToJibKO 3a IlOCJie,!IHHe 20 JieT .n;aHHOe IICqIICJieHHe npno6peno HOBOe HHTeHCHBHOe 

pa3BHme B CBH3H C IlOHBJieHHeM npaKTnqeCKHX HHJKeHepHbIX npIIJIOJKeHHH. B OTJIIIqne OT 

CTaH,!lapTHOro onpe,n;eJieHHH rrpOII3B0,!IHOH 4JYHKIIHH OT apryMeHTa, KOTOpaH orrpe,n;eJIHeTCH B 

,n;aHHOH TOqKe, rrpOII3B0,!IHaH .n;po6Horo nopH,D;Ka 3aBHCHT OT naMHTII npe,!lbl,!J;YIIIHX 

COCTOHHHH. ,ll;JIH H36eJKaHIIH MHOrHX «rrapa.n;OKCOB» II He06XO,!IHMOCTH IIMeTb KoppeKTHbie 

rrpe,n;eJihHb!e nepeXO,!lbl K KJiaccIIqecKOMY orrpe,n;eJieHHIO, 6bIJIO npe,n;JIOJKeHO MHOJKeCTBO 

MO,!leJieii HHTerpo.n;nq,q,epeHIIHaJIOB n .n;nq,q,epHHTerpanoB, Bhl6op KOTOpb!X orrpe,n;eJIHJICH 

B03MOJKHOCTHMH KOppeKTHb!X cxeM qncJieHHOro HHTerpnpoBaHHH II KOHKpeTHh!Mll 

ycJIOBHHMH OIIHCaHHH MO,!leJIH OY. 
BbIIIIe B II. 1. 1 .4 6bIJIO paCCMOTPeHO rrpe,!ICTaBJieHHe npOH3B0,!IHOH B BH,!le rrpHMOrO 

o6o6meHHH IIOKa3aTeJIH rrpOH3B0,!IHOH Ha HeIIenoqncneHHh!H cnyqatt. PacCMOTPHM ,n;JIH 

cpaBHeHHH .n;pyrott aapnaHT orrpe,n;eJieHHH .n;po6HOH npOII3B0,!IHOll B BH,!le MO,!leJIH 

3JIJIHOTTa21: D:y(x) = r( ~a) f (x-:'rly(x')dt-', a,x ER+ (1.2) 

Pe3yJihTaTbl qncneHHOro HHTerpIIpOBaHHH (1.2) ,!IJIH 4JYHKIIHH y ( X) = X H 

y ( x ) = e - x npe,n;CTaBJieHhl Ha pnc. 1. 7, a, 6 COOTBeTCTBeHHO. 

4 -~~.---.....---,---,--,--.,---,,-----,---, 
y=D~x 

o ,--r---.--- Y = D~ e"' 

--a=O 
.••••. «=0.lS -02~ /~~:.:.~-

. ·: ,,,"'' ,·.,,,. 

·-·-·-
·-·- a=O.S 
--• a=D.75 
--a=I 
-a>I 

/~::.:~-----------
,: / ,-. . / ,,,. 
i_ \ // ,.,,· 

_ ................ .. 

>, 2 >, 

''r-::?,"" / /,• 
// .. · 
~~, 5 
.:,- 3 4 

0 I 2 0 
X 

-0.4~°' ·.. / / 
·. \ / ,·' ,, 
'· . I/ 

_, .. , .... ·· 

\ \. }/ .... •' .o.w, ~--·-,~:· 
.... _..-•;~::::: ••015 I 

-••OJ 
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Puc. 1. 7. IIpttMepbl Bhl'l.HCJieHHH ,11po6Hb!X rrp0H3B0,!IHhlX y ( X) = X H y ( X) = e -x 

CpaBHeHIIe C pe3yJihTaTaMH, rrpe,n;CTaBJieHHh!MH Ha pnc. 1.3 II 1 .4, IIOKa3hJBaeT 

cymecTBeHHhie pa3JIIIqHH B KaqeCTBeHHOM IlOBe,!leHHH BbJqHCJieHHhIX 4JYHKIIHH. B 

qacrnocm, Ha pIIC. 1. 7, a npe,!ICTaBJieHhl TPII CIIeIIHaJihHb!X CJiyqaH: v;y ( x) = x, v:y ( x) = I n 

v:y ( x) = 0, Va > 1 , KOTOpbie He npOTHBOpeqaT pe3yJihTaTaM MaTeMaTIIqecKOro aHaJIH3a. 

21 Diethelm K., Ford N.J., Freed A.D., Luchko Yu. Algorithms for the fractional calculus: A selection of 
numerical methods// Comput. Methods Appl. Mech. Engrg. 2005. V. 194. P. 743-773. 
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IIpoMeJKyTOqHbie 3HaqeHHH a = ¼, ½, ¾ HMeJOT nJiaBHb!e rrepeXO,!lbl B npoMeJKYTKe MelK,!ly 

3HaqeHHHMII a= 0 H 1, qTo cornacyeTCH C HHTYHTIIBHhIM npe,!ICTaBJieHHeM O KaqecTBeHHOM 

noBe,!leHHH rrpOII3B0,!IHOll. 

KaqecrBeHHOe IIOBe,!leHIIe npOH3B0,!IHOll OT 3KCilOHeHIIIIaJihHOll 4JYHKIIHH HMeeT 

cKaqKoo6pa3HhIH xapaKTep: crnpryH H3 HyJIH, pe3Ko nepeceKaeT rpaq,nK crnH,n;aprnon 

npOH3B0,!IHOH II CTPeMHTCH 3aTeM K HyneBoMy 3HaqeHHIO. OTMeqeHHh!e oco6eHHOCTH 

npOHBJIHIOTCH B npOIIeccax qncJieHHOro HHTerpnpoBaHHH .n;nq,q,epeHIIHaJibHb!X ypaBHeHHll 

,11po6Horo rropH,D;Ka. 

Ha pnc. 1.8 npnae.n;eH rrpnMep qIIcJieHHOro IIHTerpnpoaaHHH .n;nq,q,epeHIIHaJibHoro 

ypaaHeHHH .n;po6Horo nopH,n;Ka cne,n;yJOmero BII,11a: v;y ( x) = 1-y ( x), npn pa3HhIX 3HaqeHHHx 

a If pa3Hh!X HaqaJibHbIX ycJIOBIIHX. 

D~y(x)=l-y 
y(0)=0 

D~y(x)= 1-y 
y(0) = 0, Dy(0) = 0 
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15 

Pnc. 1.8. ,n:rrHaMHqecKoe II0Be,!leHHe ClfCTeMbID;y( x) = 1-y( x) IIplf pa3JIHqHbJX a E (0,1] If 

HaqanbHbIX ycnoBHHX y(0) = O (a) n a E [1,2) If HaqanbHb!X ycn0BHHX y(0) = 0, Dy(0) = 0 

20 

IlpII 3TOM Bll,!I KaqecTBeHHOrO IlOBe,n;eHHH II MaTeMaTnqecKoe OilHCaHIIe 

CaMoH raMMa-q,yHKIIHH 3ttnepa rrpe,!ICTaBJIHIOT caMOCTOHTeJibHhlH HHTepec. 

CBOHCTB 

B o6meM BII,!le raMMa-q,yHKIIHH IIMeeT cne.n;yJOIIIHH BH,!I: 

{ 
r e'tx-ldt, Re(x) > 0 

f(x)= nlnx-1 ,(x-JIJ06oe). r . 
~ x(x+l)(x+2) ... (x+n-l) 

(1.3) 

Ha pnc. 1.9 II 1.10 npe,!ICTaBJieH BII,!I MO,!IYJIH raMMa-q,yttKIIIIH KOMIIJieKCHOro n 

raMMa-q,yttKIIIIH .n;ettCTBHTeJibHOro apryMeHTOB. 
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AbsofO..-f'uncwn 

a) 6) 
P11c. 1.9. Bim raMMa-cpymrn;1111: a) M0/zyllb raMMa-cpyHKllllll K0MIIJleKCHOro apryMeHTa; 

M0.[IYJII, raMMa-cpyHKllllll K0MIIJleKCH0rD apryMeHTa (KomypHblll rpacp11K) 

Gamma f'amicn of Roal a,gumenl 1,0-l1mc!m ofReola,gm,,ent 

10 

5 

\) 
.) 

-4 (\- 2 4 

n 
aj 0 

6) 

P11c. 1. 10. BIi.Li raMMa-cpyHKllllll .[leiicTBIITellhH0r0 aprYMeHTa: 
a) raMMa-cpYHKIIIDI .[leiicTBIITellbH0r0 apryMeHTa; 6) o6parnaJI raMMa-cpyHKllllll .[leiiCTBIITeJihHOro 

apryMeHrn 

Ha pnc. 1.10, a Bll.L\H0, qTo raMMa-qJ)'HKI.\illl rrpeTeprreBaeT pa:ip1,rn1,r Bn,11a ± oo B eyne 

ll rrpn l.l,eJihlX 0TPHI.\aTeJIJ,Hl,lX 3HaqeHllIX apryMeHTa. O,11HaKO B ,11po6HOM aml.Jill3e qail]e 

BCero BCTPeqaIQTCH 3HaqeHlll raMMa-qiyHKI.\llll B CTerreHH ( -1) llllll 0THOIIIeHHH raMMa

qJYHKI.\llH pa3llllWhlX apryMeHT0B, K0Top1,re HBJUIIOTCH Herrpepb!BHb!Mll qJYJIKI.\ll!Mll Ha 

MH0lKeCTBe paccMaTPHBaeMbIX 3HaqeHHM apryMeHT0B. 
~ rrpnMepa Ha pnc. 1.10, 6 II0Ka:JaH Bll,11 qiyHKI.\llll 1/ f(x), K0TOpaH HBJUieTCH 

HerrpephIBHOH qiyHKI.\HeH. TaKHM o6pa:ioM, orrncaHne n Mo,11eJinpoBaHne OY cYIIJecrneHHO 
3aBHCllT OT M0,lleJIH ,11po6HOH rrpOH3B0,11HOH, HaqaJIJ,Hl,IX ycJIOBllM, MeT0,lla llHTerpnpoBaHHH, 

Bbi6paHHOr0 rropH,!IKa rrpOH3B0,11HOM ll T.II. .lJ:aHHbie B0rrp0CbI ll llX pOJib B 3a,11aqax 

M0,lleJIHp0BaHlll OY n po6acruoro yrrpaBJieHlll paccM0TPeHbI HlllKe B rnaBe 9. 
IlpaKTHKa rrpnMeHeHlll ,11aHHoro ncqncJieHHH, HarrpnMep, B 3a,11aqax po6acruoro 

yrrpaBJieHll!, II0Ka:JaJia ero 3qJqJeKTllBHOCTb, qTo rrpnBeJI0 K ITJiaHOMepHOMY ero 

l1CCJie,110BaHHIO B 3a,11aqax Teopnn ll CllCTeM yrrpaBJieHlll. 
36 

1.2. POJib ,11po6Hb1X BblqlfCJiellIIH n IIHTCJIJICIITyaJibHOM po6aCTIIOM ynpaBJICIIIUI 

IIp11MeHeH11e MeTo,110B ,11po6Horo 11cq11cJieHll! B 3a,11aqax po6acruoro yrrpaBJieHll! 

,llaJI0 B03M0lKH0CTb II0Bb!CllTb KaqecTBeHHble xapaKTepncTHKll rrpo11ecc0B yrrpaBJieHHH. TaK, 

Harrp11Mep, Ha pnc. 1.11 rroKa:iaH rrepexo,11Huii rrpo11ecc III1)];-perymrrnpa n ,11po6Horo III1)];
pery=opa Ha CTyrre11qaToe B03,11eiiCTB11e

22
. 
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PHc. 1.11. CpaBHe1111e rrepexo.[1111,rx npo11ecc0B III1J(-peryAArnpa 11 .llp06Horo III1J(-peryAArnpa Ha 
cryrre11qaToe B03.L1eiicrn11e 

HeTPY.llHO 3aMeTIITb, qTo ,1111HaM11qecKne xapaKTepHCTHKII ,11po6Horo IIH.D:

perymrTopa (rrepeperyJI11poBaHI1e, BpeMH rrepexo,11Horo rrpo11ecca, rnqH0CTh, oIIIn6Ka 

yrrpaBJieHIIH) 3HaqnTeJibH0 eyqIIIe TPa,11111\II0HH0ro III1.lJ:-peryJIHTOpa. O,11HaKO qiopMa 

,11po6Horo IIHTerpo,1111qiqiepeHl.l,llaJibHOro ncq11cJieHll! rrp11B0,11HT K H0BbIM TPY.llH0CTHM 
pa:ipa60TKII MeT0,110B aHaJIIITllqecK0ro II qncJieHH0r0 IICCJie,!I0BaHilll ,!IHHaMnqecKoro 

II0Be,lleHIIH TaKllX perymrTOp0B. 

.lJ:ocTaToqHo oTMeTHTh 3,11ec1,, qTo rrpnMeHeH11e ,11po6Horo ncq11cJieH11H K CTPYKTYPe 

TPa.llHI.\II0HHoro III1)];-perymrrnpa THrra 

PID = kP +kDs +k1s-
1 = kpe+k/!+k1 f e(-r )d-r 

qacrornaH o6rraCTI, BpeMeHHaH o6rr= 

I I 
cyil]ecrneHH0 ll3MemeT CTPYKTYPY perymrTopa, Harrp11Mep, ,11mr P 1-•, D ,, 11 q = - , q = - -

' 2 ' 2 

HMeeM 

22 
Mata de Oliveira Valerio D.P. Ninteger v. 2.3 Fractional control toolbox for MatLab: User and programmer 

manual. Madrid: Universidade Tecnica de Lisboa Instituto Superior Tecnico, 2005. 
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1 1 I •( ) I ( ) -- - +q -q 1 e r 1 e r 
PI 2 D 2 =kp+krJ '+k~ '~kp(t)e+kD(t) 1 f r-dr+Js(t) 1 f r-dr 

Vff vt-r Vff vt-r 'kroumcfucn. 0 0 

lµM,H>Icfucn. 

B Teopmi: n rrpoeKTHpOBaHHH CHCTeM yrrpaBJieHIDI Ha OCHOBe ,11po6H1,IX BbJqncJieHHll 

3<p<peKTHBHO HCIIOJib3YIOTCji TaIOKe Heofa1qHbie ,!1Jlji TPa,!1HIIHOHHbIX CTPYKTYP pery=opoB 

TaKHe, KaK 1-•, D q,, T. e. ,11po6Hble HHTerpo,11nqiqiepeHI1HaJibHbie peryJijiTOpbI. 

Ha pnc. 1.12 IIOKaJaHO cpaBHeHIIe ,!1IIHaMnqecKOro IIOBe,!1eHHji ,11po6Horo r ,, D ,. -

pery=opa c rroBe,11eHneM ,11po6Horo PI (ITH), PI (ITH) n PID(ITH,ll) Ha CTyrreHqarne 

BmMyIIIeHne. 

PIO -----h 
).!\ 

,K·.-
.. ~ 

Apo6Hb1H ID 

Apo6HblH Pl 

Pnc. 1.12. CpaBHeHne .[IHHaMnqecKoro rroBe.[le= ,!1po6Horo 1- 9
' D •• -perymnopa c rroBe,11eHneM 

.L1po6Horo PI (IHI), PI (IHI) If PID (ITH)]) Ha cryneHqarne B03MymeH!fe 

H3 pe3yJibTaTOB cpaBHeHID! ,!1HHaMnqeCKHX xapaKTepHCTHK BH,!1HO rrpeBOCX0,!1CTBO 

I-,, D ,. -peryJij!TOpa. B TO )Ke BpeMH ITH,ll-peryJij!TOp ,11po6Horo rrop.11,11Ka Terrepb HMeeT Ilfilb 

rrapaMeTPOB {k,,kn,k,,q,,q,} H II03BOJijieT CYIIIeCTBeHHO pacnmpHTb o6naCTb IIOHCKa 

OIITIIMaJibHbIX rrapaMeTPOB IIO cpaBHeHHIO C TPa,!11IIIHOHHblM ITH,ll-perynHTOpOM ,!1Jlji 

,11oc=eHIDI o6nacTII po6acruocTH HCY
23

. 

HcIIOJib30BaHne MHrKHX II KBaHTOBbIX BbrqlicJieHHii B coqeTaHIIII C M0,!1eJij!MH 

,11po6HblX peryJij!TOpOB C HeqeTKHMII pery=opaMH, co CKOJib3HlllllM pe)KIIMOM, HeqeTKHX 

H, I H
00 

-peryJij!TOpOB, a TaIOKe MeT0,!10B PSO (particle swarm optimization) II ,11p. pacmnpneT 

B03MO)KHOCTH npo11ecc0B rrpoeKTnpoBaHIDI po6aCTHblX HCY. 

23 Ahn H.-S., Bhambhani V., Chen Y. Fractional-order integral and derivative controller for temperature profile 
tracking// Sadhana. 2009. V. 34. Part 5. P. 833-850. 
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------

Ha p1Ic. 1. 13 rroKaJaHo cpaBHeH1Ie ,!11IHaMnqecKoro rroBe,11eHIDI ,11po6Horo 

IIII)J;-peryJijiTOpa, crrpoeKTttpOBaHHOro MeT0,!10M PSO, C H, / Hoo -peryJij!TOp0M H Hoo -
24 

peryJijiTOpOM . 
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Time 

Pnc. 1.13. CpaBHeH!fe ,[IHHaM!fqecKoro IIOBe,[lel!lfj! ,llp06Horo III1)]-peryMTOpa c 

H, I H. -peryAATOp0M II H
00 

-peryJIJITopoM 

H3 pe3ynhTaTOB cpaBHeHIDI cneeyeT rrpe1IMYI11ecrno ,11po6Horo ITH,ll-pery=opa. 

,[(aHHbie II ,11pyrne THIIbl peryJij!TOp0B, a TaIOKe CMe)KHbie BOIIpOCbl ,11po6Horo 

ncqncneHIDI II IIX COBMeCTHOe IICIIOJlb30BaHHe C IIHTeJIJieKryaJibHbIMII BbJqncneHID!MII 

paccMOTPeHbl B rnaBe 9. 

1.3. Pom, Bbl6opa M0/1,eJieii KBaHTOBhlX aJiroplITMOB B 3a/),aqax HHTCJIJICKT)'aJII,HOro 

po6aCTHOro yrrpaBJICHIIH 

KBaHTOBbie BbiqncneHID! II anropHTMbl B OTJIHqne OT KJiacc11qecKHX aHanoroB B 

rrepByIO oqepe,!1b II03B0Jlj!IQT Henocpe,11CTBeHHO orrpe,11eJI1ITb KaqeCTBeHHbie CBOHCTBa 

IICCJieeyeMoii <pYHKIIHII, K0,!1ttpy.11 HX B HaqaJibHblX KBaHTOBbIX COCTOHHIDIX cyrreprr03HIIHII. 

,n:Jlji IIOHCKa perneHIDI c IIOMOlllblO KBaHTOBblX anropttTMOB (KA) 11eneHarrpaBJieHHO 

H3MeHHIOT IICX0,!1ttyl0 cyrrepII03HIIHIO HaqaJibHblX COCTOHHHii, B KOTOpoii 3aK0,!1HpOBaHO 

IICKOMOe pemeHIIe, rrpnMeH.IJji rrocne,110BaTeJibHO COOTBeTCTBYIOilllle THIIbl KBaHTOBbIX 

orrepaTopoB. B 3TOM cnyqae MO)KeT 6hITb HCIIOJib30BaH anre6panqecKHii <pOpMantt3M. 

IlpnMeHHeMblll anre6panqecKHll <pOpMantt3M II0,!1,!1ep)KHBaeTCH a6cTParnpoBaHHeM 

nornqecKoro BbIB0,!1a OTHOCIITeJibHO KBaHTOBblX 3<p<peKTOB II OT06pa)KaeT Ba)KHeiimlie 

KBaHTOBbie 3<p<peKTbl rrporpaMMHbIM rryTeM, YCTPa= TPY.!1HOCTb arrrrapaTHOii peanll3aIIIIII, 

TaKyIO KaK ,11eKOrepeHTHOCTb. IT03TOMY B KBaHTOBbIX BbrqlicJieHHHX H M0,!1eJij!X KA oco6ym 

POJib HrpaeT Bb16op M0,!1eJIII KBaHTOBblX orrepaTOpOB. 

24 
Zamani M, Karimi-Ghartemani M, Sadati N. FOPID controller design for robust performance using particle 

swarm optimization // Fractional Calculus and Applied Analysis: Intern. J. Theory and Applications. 2007. 
V. 10, No 2. P. 169- 187. 
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OTMernM, 'ITO ecm1 onepaTOphI r A on11caHhl, /:(OCTaTO'IHO xoporno 113BeCTIIhl II 

IIMeIOT 'IeTK)'IO «pII3II'IeCK)'IO IIHTepnpern111110 no ammor1111 C 6110JIOf1I'IeCKIIMII 

MexaHII3MaMII 3BOJIIOI.IIIII ecTeCTBeHHOro OT6opa ,[(apBIIHa, TO onepaTOphI KA MeHee 

113BeCTHhl B IIH)KeHepHhIX npIIJIO)KeHIDIX II rpe6yIOT 6oJiee /:(eTaJihHOfO paccMorpeHIDI 

«pII3II'IeCKOH IIHTepnpern1.11111 II MaTeMaTII'IeCKOH «popMaJIII3al.lIIII KBaHTOBhlX Bhl'IIICJieHIIH. 

Ha p11c. 1.14 np11Be}:leHo cpaBHeH11e onepaTOpoB r A II KA. 
lb «pyHKI.IIIOHaJihHOH CTPYKTYPhI r A Ha p11c. 1.14 BII/:IHO, 'ITO no orrpe}:leJieHIIIO 

npocrpaHCTBO noIICKa perneHIIH «pIIKCIIpOBaHO II 3a}:laeTCH 3KcnepTOM, a TaK)Ke «pIIKCIIpyeTCH 

BhI60pOM «pyHKI.11111 npIIfO}:IHOCTII, KOTOpaH paccMarp11BaeTCH KaK KpIITepIIH onTIIMaJihHOCTII 

yrrpaBJieHID!. MHeHIIe 3KCneprn npOHBJIHeTCH B 0611.1eM CJIY'Iae B ero onhITe KoppeKTHOfO 

3a/:(aHIDI npocrpaHCTBa noIICKa f A, 3HaHIIII BII/:(a «pyttKI.11111 np11rO/:(HOCTII II rapaHTIIII 

HaXO)K}:leHIDI IICKOMOfO perneHIDI B 3a/:(aHHOM npocrpaHCTBe. 

B KA Bee B03MO)KHbie npocrpaHCTBa perneHIIH ofo,e}:IIIIDIIOTCH onepaTopoM 

cynepn03III.IIIII B e}:IIIHOe 060611.1eHHOe npocrpaHCTBO, II aBTOMaTII'IeCKII rapaHrnpyeTCH 

HaXO)K}:leHIIe IICKOMOfO perneHIDI B 060611.1eHHOM npocrpaHCTBe. 
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I 

P11c. 1.14. CpaBHeHne CTIJYKTYP r An KA (Kil<l>-KBaHTOBoe npeo6pa3oBaHne <l>ypLe) 

PaCCMOTPIIM KpaTKO HeKOTOpbie oco6eHHOCTII KBaHTOBhIX onepaTopoB, 

COCTaBJIHIOIIIIIX OCHOBY KA, a TaK)Ke «pII3II'IeCKYIO IIHTepnpern111110 pe3yJihTaTa }:leHCTBIDI OT 

np11MeHeHID1 KBaHTOBhIX onepaTopoB. 

40 

1.3.1. CTpyKfYpa KBaHTOBblX BblqJICJieHIIH II KA 

B Teop1111 KBaHTOBhIX Bhl'IIICJieHIIH MO)KHO BhI/:(eJIIITh ,!IBa HanpaBJieHIDI 

HCCJie,!IOBaHIIH: 

• 3a,11aHO MHO)KeCTBO TO'IeK «pyHKI.IIIOHaJia s = { ( x, y)} , He06XO,!IIIMO HaHTII Bil,11 TaKOro 

onepaTopa U, qTOfaI BhIIIOJIHHJIOCh ycJIOBIIe y = U · x ; 

• 3a,11aHa npo6JieMa (KA), Heo6xo,111IMO HaHTII B11,!I KBaHTOBOH cxeMhl - KBaHTOBOH 

aJirop11TM1111ecKoif H'IeHKII (KA.5l), perna1011.1eif 3a}:laHH)'IO npo6JieMy (peaJI113y1011.1eif 

,11aHHhIH KA) . 
AllropIITMhl perneHIDI ,11aHHhlX 3a,11aq MOryT 6bITh peamI30BaHhI KaK Ha amiapaTHhIX 

cpe,11crnax B BII/:(e KA.5[, TaK II Ha nporpaMMHOM ypOBHe C noMOll.lhlO COOTBeTCTByIOIIIero 

nporpaMMHOfO IIHcrpyMeHTapIIH (toolkit) KBaHTOBOfO nporpaMMIIpOBaHIDI II C peaJIII3a1111eif 

Ha KJiacc1111ecKoM KOMnhIOTepe B cpe}:le MATLAB. Bo3MO)KHOCTu
25 

::,«jJ«peKTIIBHoro 

MO}:leJIIIpOBaHIDI KA Ha KJiaCCII'IeCKOM K0MnhIOTepe MO)KeT 6hITh IICnOJih30BaHa /:(JIH 

MO}:leJIIIpoBaHIDI KA. 
<l>yH}:laMeHTaJihHhlH pe3yJihTaT Teop1111 KBaHTOBhIX Bhl'IIICJieHIIH 3aKJIIO'IaeTCH B TOM, 

'ITO BCe onepal.lHII (no}:I06Ho KJiaCCil'IeCKOMY cJiyqaIO) MOryT 6bITh peaJIII30BaHhl cxeMOH, 

COCTOHIIIeH H3 YHHBepCaJihHhIX 6a3IICHhIX 3JieMeHTOB. O}:(HaKO B OTJIIl'IHe OT KJiaCCH'IeCKOfO 

aHaJIOra KA5[ M0ryT 6hITh BhIIIOJIHeHhl Ha pa3JIII'IHhIX KJiaccax yttIIBepCaJihHhIX 3JieMeHT0B B 

3aBIICIIMOCTH OT HCn0Jih3yeMoro Bhl'IIICJIHTeJihHOro 6a3HCa. KA5[ ( C «pHKCHpOBaHHhIMH 

Bhl'IHCJIIITeJihHhlMII H H3Mep11TeJihHhIMH 6a3IICaMII) . o6ecne'IHBaIOT onncaHIIe 3BOJIIOI.11111 

HeK0TOporo YHHTapHoro onepaTOpa u , K0TOpoMy CO0TBeTCTByeT KBaHTOBhIH 

Bhl'IHCJIHTeJihHhlH npo11ecc ( o603Ha'IeHIDI B IIpIIJIO)KeHHH K /:(aHHOH rJiaBe 1 ): 

l\f/fi.)=Ul\f/J, (1.4) 

r}:le BeKTop (BOJIHOBaH «pyHKI.IIDI) l\f/J 3a}:laeT Ha'IaJihHhie ycJIOBIDI BhI'IIICJieHnif (pernaeMOH 

npo6neMhI), a I \f/fl.) orpa)KaeT pe3yJihTaT BhI'IIICJieHIIif 3a c11eT }:lettcTBHH onepaTopa u Ha 

Ha'IaJihHoe cocTOHHIIe I \f/J . 
Ha p11c. 1.15 nOKa3aHa THn0BaH CrpyKrypa KA. 
Bu611paH pa3JIIl'IHhIH B11/:1 onepaTopa u (B 'IaCTHOCTII, raMHJlhTOHIIaH), M0)KHO 

c«popMIIpOBaTb pa3JIH'IHhie MO/:(eJIH KBaHTOBhlX Bhl'IIICJieHHH. 

B 0611.1eM BII/:le MO/:(eJih KBaHTOBhIX Bhl'IIICJieHIIH COCTOHT 113 nHTII 3TanoB: 

• np11roTOBJieHne Ha'IaJihHOro (KJiaccn11ecKoro IIJIII KBaHTOBoro) cocTOHHHH l!V;.); 
• BhIIIOJIHeHIIe npeo6pa30BaHIDI A,/laMapa H }:\JIH Ha'IaJihHOfO COCTOHHIDI C 11eJihIO 

nowoTOBKH COCTOHHIDI cynepno3HI.1HH; 

• 

• 
• 

npIIMeHeHHe onepaTOpa 3anyTaHHhIX COCTOHHHH IIJIH onepaTopa KBaHTOBOH 

KoppeJIHI.IHH (KBaHTOBOfO opaKyna) K cynepn0311!.IIIOHHOMY COCTOHHIIIO; 

npnMeHenne onepaTOpa HHTep«pepeH11n11; 

ncnoJlh30BaHIIe onepaTOpa mMepeHIIH /:(JIH pe3yJlhrara KBaHTOBhIX Bhl'IHCJieHHH I J/f fl•). 

25 Ulyanov S. V., Melik-Adamyan A.F. Design and simulation technology of quantum algorithmic gates in 
MATLAB: V. I; IL M.: VNIIgeosystems, 2012. 
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OcH0Ba np11MeHeHl1A KB8HT0BblX Bbl411CneHl1H 
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Pnc. 1.15. O6o6meHHall CTp)'KTYPa KA 

TaKIIM o6pa30M, CllCTeMa MO)leJrnpoBaHllll KBaHTOBbIX BbiqncJieHllll ll KA 
peann3yeTcl! Ha KJiaccnqecKnx KOMIIbIOTepax c rrpnMeHeHneM KA.JI. Ilpouecc 

rrpoeKTllpOBaHllll KA.JI B MarpnqHOll cpopMe 3aKJI10qaeTCll B rrpoeKTllpOBaHllll rpex 

KBaHTOBbIX orrepaTopoB: cyrreprr03lll.lllll (Sup), KBaHTOBOll KOppeJil!Ullll (3arryTaHHbIX 

cocTOl!Hlltt - entanglement UF) n nHTepcpepeHunn (Int). OHn cocTaBJillIOT ocHoBy crpyKTYP 

KA. 
B o6meM Bll)].e crpyKTYPa KA.JI MO)KeT 6hITb rrpe)lCTaBJieHa 

KA Jl = [ (Int (8) n /) • U F ] h+l • [ n H (8) m S] , (1.4) 

r)le / - orreparnp ll)leHTllqHOCTH; (8) - CllMBOJI TeH30pHoro rrpomBe)leHllll; S paBeH / llJill 

Marpnue A).J.aMapa ll BbI6op 3aBHCllT OT orrncaHllll llCCJie)lyeMbIX CBOHCTB <pyHKUllll. 

O)lHOll ll3 oco6eHHOCTeH rrpouecca rrpoeKTHpoBaHllll (1.4) llBJilleTCll BbI6op THIIa 

orreparnpa U F' qJll3HqecKH OIIllCbIBaIOII.lllll TllII KBaHTOBOll KoppeJil!Ullll ll 3aKO)lllpOBaHHbie B 

cyrrepII03lll\llll KaqecTBeHHbie CBOHCTBa llCCJie)lyeMOll cpyHKI.lllll f. 
Pa6orn KBaHTOBbIX orrepaTOpOB ocymecTBJilleTCll B HTepaTHBHOM pe)KHMe B 

3aBHCllMOCTll OT THIIa KA. Ilpn 3TOM i-l-Jill o6mero cnyqlUI rrpe)lIIOJiaraeTCll, qTO 

orrpe)leJieHHbie BbiqncJIHTeJibHbie rrpo6JieMbl MOryT 6bITb perneHbI Ha KBaHTOBOM 

KOMIIbIOTepe 6onee 3cp<peKTHBHO (c MeHbIIIett BblqllCJIHTeJibHOll CJIO)KHOCTbIO, TaK 

Ha3bIBaeMlUI NP -rrpo6JieMa), qeM Ha KJiaccnqecKOM KOMIIbIOTepe. Eonee Toro, c IIOMOII.lblO 

3<p<peKTHBHOro rrpnMeHeHllll KBaHTOBOro KOMIIbIOTepa )lOCTllraIOTCll perneHllll 

anropHTMHqecKH He pa3peIIIHMbIX (Ha KJiaccnqecKOM ypoBHe) rrpo6JieM. 
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TaKHM o6pa30M, CYII.leCTBYIOT 3<p<peKTHBHO pernaeMble C IIOMOII.lblO rrpnMeHeHllll KA 

3a)laqn, i-l-Jill KOTOpbIX He CYII.leCTByeT Hll O)lHOro ycrreIIIHOro KJiaccnqecKoro 

(paH)lOMll3llpOBaHHOro) anropHTMa. 

3TH Ha6JIIO)leHllll CBll)leTeJibCTBYIOT O TOM, qTo KA COCTaBJilllOT <pll3HqecKH 

o6ocHOBaHHblll 6a3HC He TOJibKO TeXHllKll ycKopeHllll BbJqllCJieHHH, HO n IIOllCKa perneHllll 

CJIO)KHbIX rrpo6JieM, llCIIOJib3Yll TaKHe KBaHTOBbie 3aKOHbI, KaK cyrrepII03lll.lllll (i-l-Jlll 
pacrnnpeHllll rrpocrpaHcTBa B03MO)KHbIX perneHntt), KBaHTOBbIH rrapaJIJieJIH3M rrpoueccoB 

BblqHCJieHllll (B llHTepecax ycKopeHllll IIOllCKa perneHHH) ll KBaHTOBIDI llHTepcpepeHI.lllll (c 

ueJiblO ll3BJieqeHllll llCKOMOro perneHllll). 

TaK, HarrpnMep, TeH30pHoe rrpOH3Be)leHne llBJilleTCll o6o6meHneM 6nJIHHeH.HOll 

(
a b) (Axa Axb) orrepaunn rrpOH3Be)leHllll Marpnu A ® = H HMeeT CJie)lYIQII.llle CBOHCTBa: 
c d Axe Axd 

(a )PaH2 (A® B) = PaH2(A)+ PaH2(B); 

(b) Pa3MepHOCmb(-,4 ® B) = Pa3MepHOCmb(A)x Pa3MepHOCmb(B). 
(1.5) 

TaKHM o6pa30M, C IIOMOII.lblO TeH30pHoro IIpOll3Be)leHllll MO)KHO 3KCIIOHeHUllaJibHO 

pacrnnpHTb pa6oqee rrpocrpaHCTBO BbiqncJieHllll n ccpopMHpOBaTb 6muc OJIR napGJIJleJlbllblX 
6bl'IUCJ1e11uii. B 3TOM CMbICJie cyrrepII03lll.lllll BblcryrraeT KaK rrepBblll 3TaII Ha rryTH 

opraHn3aunn Kea11moeo20 napGJIJlellU3Ma. 
.D:orrOJIHHTeJibHO K OTMeqeHHbIM BbiqllCJIHTeJibHbIM pecypcaM KBaHTOBal! KoppeJil!Ullll 

paccMaipHBaeTCll KaK HOBblll <pll3HqecKllll BbiqncJIHTeJibHblll pecypc, II03BOJilllOII.lllll pe3KO 

yBeJinqnTb ycrreIIIHblll IIOHCK perneHHll rrpo6JieM, paHee He paccMarpnBaeMbIX B 

KJiaccnqeCKOll o6JiaCTll BbJqllCJieHllll. K TaKHM rrpo6neMaM OTHOCl!TCll TeJierropTaUHll, 

CBepxIIJIOTHOe KO)lllpOBaHne, rrepe)laqa )laHHbIX ITO KBaHTOBbIM KaHaJiaM CBll3ll C 

IIOBbIIIIeHHbIM ypoBHeM CeKpeTHOCTll ll 3aII.lllTbI ( OT HecaHKUHOHllpOBaHHOro )lOCryrra llJill 

IIO~CJIYIIIHBaHHll), KoppeKUllll KBaHTOBbIX KO)lOB C 3a)laHHbIM ypOBHeM TOJiepaHTHOCTll ll i-l-P, 
KBaHTOBbie anropHTMbI (KA) OCHOBaHbI Ha qJll3HqecKHx 3aKOHax Teopnn KBaHTOBbIX 

BbiqncJieHnii, a HMeHHO B BbiqncJieHlll!X yqacTBYIOT YHHTapHbie, o6paTHMbie KBaHTOBbie 

orrepaTopbI. B o6meM Bll)le KA, cornaCHO pnc. 1.15, COCTOHT ll3 rpex OCHOBHbIX YHHTapHbIX 

orrepauntt: cyrrepII03lll.lllll; KBaHTOBOll KOppeJil!Ullll (KBaHTOBOro opaKYJia llJill 3arryTaHHbIX 

orreparnpoB) n nHTepcpepeHunn. qernepTbIH orrepaTop, orreparnp H3MepeHllll pe3yJibTaTOB 

KBaHTOBbIX BbiqncJieHHM, llBJilleTCll Heo6paTHMbIM (KJiaccnqeCKHM). KBaHTOBbie BbrqncJieHllll, 

OCHOBaHHbie Ha rrepeqncJieHHbIX THrrax orrepaTopoB, OTHOCl!TCll K HOBOMY Bll)ly 

HHTeJIJieKTYaJibHbIX BbiqncneHntt. 

1.3.2. KA B 3a)laqax IIHTCJIJie1.:ryam,Horo po6aCTHOro yrrpaBJICHIUI 

O)lHllM ll3 OCHOBHbIX Ha3HaqeHllll ll rrpenMyII.1eCTB 3<p<peKTHBHOro rrpnMeHeHllll HCY 
llBJilleTCll B03M0)KH0CTb rapaHTllpOBaHHOro )lOCTll)KeHllll uenn yrrpaBJieHllll C MGKCUMGJlbllblM 

Ka'lecmeoM yrrpaBJieHllll Ha BepxHeM ypoBHe n Mu11UMG.11bllb1M pacxoooM rrone3Horo pecypca 

CllCTeMbI «o6beKm ynpa6lle/lUR (OY) + pe2yllRmop» Ha Hll)KHeM (nCIIOJIHHTeJibCKOM) ypoBHe 

nepapxnqecKott cncTeMbI aBTOMaTnqecKoro yrrpaBneHllll (CAY). 
Ha CO)lep)KaTeJibHOM ypoBHe )laHHIDI B03MO)KHOCTb orpa)KaeT Ha3HaqeHne 

ueneHarrpaBneHHOH ~el!TeJibHOCTH HCY B o6meM cnyqae Herrpe)lBH)leHHbIX cnryauntt 

yrrpaBJieHlll!. Ilpn 3TOM 3<p<peKTHBHOCTb rrpnMeHeHllll HCY 3aBHCllT OT ypOBHll 

llHTeJIJieKryaJibHOCTll pa3pa6oTaHHOll CllCTeMbI. 
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Ba)l<HYJO p0Jib rrpn qJOpMHpOBaHHH yp0BIDI HHTeJIJieKT)'aJibH0CTH CAY nrpaeT BbI6op 

HCII0Jib3yeMoro HHCTPYMeHTapmI TeXH0JI0IBH HHTeJIJieKT)'aJibHbIX BbJqncneHHH l(llil 

rrpoeKTHp0BaHIUI COOTBeTCTByJOIIJeH E3 rrpH 3al(aHHOH ueJIH yrrpaBJieHIUI. 

Ilonm1rnTeJibHbie pe3yJibTaTu1 rrpnMeHemrn KJiaccnqecKHX TexHonornii 

HHTeJIJieKT)'aJibHb!X Bb!qHCJieHHH (Tnrra MHil(HX BbJqHcJieHHH) C0BMeCTH0 C arrrrapaT0M 

KBaHT0BbIX BbJqHCJieHHH rrp1rneno K H0B0MY aJibTepHaTHBH0MY II0,1:IX0,Tly - rrpHMeHeHH!O 

TeXH0JI0IBH KBaHT0BblX HHTeJIJieKT)'aJibHbIX BbJqncneHHH B 3a,1:1aqax 0IITHMH3aUHH 

rrpoueccoB yrrpaBnemrn KJiaccnqecKHMH OY (cpmnqecKHH aHanor rrpnMeHeHHH o6paTHoro 

MeTo,1:1a nccne,1:10BaHIDI «Kea11moe{151 cucmeMa ynpa6Jlemm - KJiaccu,iecKuu OY»). TaKoii 

II0,r(X0,1:1 TaIOKe cyIIJeCTBeHH0 pacnmpHeT B03M0)KH0CTH caMHX HHTeJIJieKTYaJibHblX 

Bb1qncneHnii. 

PacCMOTPIIM KJiaCCIIqJHKaUHJO KA. C TQqKll 3peHIIH cpyrrKUIIOHaJibHblX B03M0)KHOCTeH 

KA KJiaCCIIqJHUHPYJOTCH Ha l(Be rpymibl: anropIITMbl rrpIIIDITIDI perneHIIH H Il0IICK0Bble 

anropHTMbl. 
KrraccII<pIIKaUIDI KA II HX rrpHMeHeHIIe B 3a,1:1aqax yrrpaBJieHHH orpa)KeHbl Ha 

pIIC. 1.16. 
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Pnc. 1.16. KnaccmpnKaUHH KA 

AHaJIOIBH Me)Kl(y MHil(IIMH n KBaHT0BblMII BbJqHCJieHmIMII rrpIIBe,1:1eHbl Ha pIIC. 1.17. 

Oco6eHHOCTH 3cpcpeKTa cyIIJeCTB0BaHIDI «CKpbITOH» KBaHTOBOH HH<pOpMaUHH B 

KJiaccnqeCKIIX C0CT0HHIIHX, H3BJieqeHne KOTOpoii ,1:1aeT l(0II0JIHHTeJibHble pecypCbl llJ1H 

cpopMrrpOBaHIDI 3cpcpeKTHBHbIX IIHTeJIJieKryaJibHbIX rrpoueccoB yrrpaBJieHIDI B ycJI0BmIX 

pIICKa II Herrpe,1:IBII,r(eHHbIX CIITYaUIIH yrrpaBJieHIIH 3a cqeT KBaHTOBOH K0ppelli!UIIII, 

BKJIJOqaJOTCH a CTPYKTYPY IIH<pOpMaUIIOHHOH TeXH0JI0IBII rrpoeKTHpoBaHIDI po6aCTHblX 

caMoopraHH3YJOIIJIIXCH HCY. 

<l>IIJnqecKaH IIHTeprrpeTaUIDI ,1:1aHHbIX oco6eHHOCTeH II MexaHII3Ma II3BJieqeHHH 

CKpbITOH KBaHTOBOH IIHqJOpMaUIIII rro,1:1po6HO 0IIIICaHbl HII)Ke. 3,1:1ecb 0CTaH0BHMCH Ha 
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rrpe,1:1BapIITeJibH0M orrIIcaHIIII crpyKT)'pbI HT rrpoeKTHpoBaHIDI 

caMoopraHII3YJOIIIIIXCH HCY, ee oco6eHHocrnx II pewaeMbIX 3a,1:1aqax. 

O60JIOCJKa ,[lJIH KB3HT0BLIX MJIT'KHX BLJquC.TJeHHii 

i "1HTenneKTYaTlbHbl8 Bbl"-IHCneHMH ! 
! Msrrtc:ue Bbl"IHCJ'leHHH ........... +-i>--<KeanTOBble Bhl"IHC-IICHHH ! 
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Pnc. 1.17. AHaJIOrH MJffKHX n KBaHT0BhIX Bh!qHcJieHIIii 

po6aCTHblX 

1.4. CTpy,nypa II 3a,1:1aqII IIT - npoeKTIIpOBaHHH pofiaCTHbIX caMoopraHII3YIOW:IIXCH 
IICY: CIIHepreT11qecKIIii 1<J.iciieKT 1rnciiopMaQHII 

AnropIITMIIqecKIIH 6aJIIC MeT0,1:I0JI0IBII II HT - rrpoeKTIIp0BaHIDI 

caMoopraHII3YJOIIJlIXCH HCY cocrnBllileT KA cpopMIIpoBaHIDI II yrrpaBneHIIH 

caMoopraHH3auIIeii E3, IICITOJib3YJOIIJIIH CIIHepreTIIqecKIIH 3cpcpeKT B03HIIKH0BeHIDI 

l(0II0JIHIITeJibH0ro KQJIIIqecrna IIH<pOpMaUIIII, C03,r(aBaeMbIH B3aIIM0,1:leHCTBYJOIIJIIMII 

110,1:ICIICTeMaMII. IlpII '.!TOM caMII Il0,1:ICIICTeMbl M0ryT co,1:1ep)KaTb HyJieBoe K0JIIIqecTB0 

B3aIIMHOH IIH<pOpMaUIIII. OTMeTIIM rrpe)Kl(e BCero qJIIJIIqecKyJO cyIIJH0CTb IIHqJOpMaUIIOHHb!X 

Mo,1:1eneii rrpoueccoa caMoopraHmaQIIII. 

1.4.1.CIIHepreTIIqecKIIii 1cti<J.ieKT (OT B3aHM0,1:ICHCTBIIH 110,1:ICHCTCM) B KJiacc11qecKOM H 
KBaHTOBOM KOJrnqecTBaX HH<pOpMau1rn: KBaHTOBblll HH<pOpMaQIIOHHblH rrpoQecc 

ca~rnopra111nau1111 n3 

Ilo,1:1 anropIITMIIqecKHM rrpoueccoM caMoopraHII3aUIIII po6aCTHb!X E3 B ,1:1aHHOH KHIIre 

Il0HIIMaeTCH rrpouecc rrpoeKTIIp0BaHIDI B peanbH0M BpeMeHII po6aCTHbIX CIIrHaJI0B 

a,1:1arrTIIBHoro yrrpaBJieHIDI rrapaMerpaMII (K03qJqJIIUIIeHTaMII ycIIJieHIDI) IICIT0JIHIITeJibHblX 

ycrpottCTB B ycJI0BmIX Heorrpe,1:1eneHH0CTII HOBOH IICX0,1:IHOH IIH<pOpMaUIIII 06 II3MeHeHIIII 

uenII yrrpaBJieHIDI, B ycJI0BIIHX IIH<pOpMaUIIOHHOro pIICKa IIJIH Herrpe,1:IBII,1:leHHbIX CIIryaUIIH 

yrrpaBJieHIIH. 

HcrrOJIHIITeJibHbie ycrpoiicrna C II0M0IIJb!O KBaHT0B0ro HeqeTKoro BblB0,r(a (KHB) 
qJOpMIIpyIOT yrrpaBllil!OIIJY!O CIIJIY Ha OY Ha 0CH0Be peaKUIIII rrpoeyKUH0HHbIX rrpaBIIJI paHee 

crrpoeKTIIp0BaHHbIX (Ha orpaHIIqeHH0e K0JIIIqeCTB0 3a,r(aHHbIX CIIryauIIii yrrpaBJieHIDI) 

po6acTHb!X E3 (HarrpIIMep, HeqeTKHX IIII,[(-perynuopoB). IlpII '.!TOM caMII 

crrpoeKTIIpOBaHHbie E3 M0ryT Tepub CBOHCTBO po6aCTHOCTll rrpII HOBOH OllIII6Ke 
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yrrpaBJiemrn, B KOTOpoii co,11ep)l<HTC}! IImpopMal\IDI O HOBOH Herrpe,!IBII,!leHHOH CIIryal\IIII 

ynpaBJieHIDI. 

Ilpol\ecc CaMOOpraHll3al\IIII E3 peaJIII3yeTCH B peaJibHOM BpeMeHII. B OCHOBe 

caMoopraHII3al\IIII Jie)l(HT CIIHepreTIIqeCKHH ::icjlcjleKT: o6HapyJKeHIIe II II3BJieqeHIIe (B 

rrpol\ecce o6pa6oTKII aJiropHTMOM KHB) iJono;mumeJlbHOU 1<eGHmoeoii uHpopMalJUU, 
CKpbITOH B KJiaCcIIqecKIIX COCTOHHIDIX rrpol\ecca ynpaBJieHIDI. CaM CIIHepremqeCKHH ::icjlcjleKT 

B03HIIKaeT 3a cqeT KoppeJI}!l\IIH MeJK,!ly B3aIIMO,!leHCTBYIOII.IIIMII qacTHblMII E3, II 

ocyrn:ecTBJI}!eTC}! cjlopMrrpOBaHIIe ,!IOIIOJIHIITeJibHOro KOJIIIqeCTBa IIHcjlOpMal\IIII, KOTopoe 

OTCYTCTBYeT BO B3aIIM0,11eiicrny10rn:IIx E3. IlpII JTOM rrpoIICXO,!IIIT peiJyKlJUR UJ6b1mol/HOU 
UHqJOpMalJUU, co,11epJKarn:eiicH B KJiaCcIIqecKIIX COCTOHHIDIX rrpOI.\ecca ynpaBJieHIDI. 

TaKIIM o6pa30M, paccMaTPIIBaeMbIH B ,11aHHoii KHIIre cuHep2emul/ec1<uu ::icjlcjleKT 

KBaHTOBOH caMoopraHII3al\IIII 3HaHIIH rrpII cjlopMIIpOBaHIIII po6acTHblX E3 ocyrn:ecTBJI}!eTCH B 

UHqJOpMalJUOHHOM npocmpaHcmee COCTOHHIIH CIICTeMbl yrrpaBJieHIDI B OTJIIlqIIe OT 

qJU3Ul/eCK020 npocmpaHcmea IIpII caMoopraHII3al\HII ,!IIICCHIIaTIIBHbIX cjlH3HqecKHx 

CTPYKTYP26. 

)J;aHHblll cjlaKT HMeeT rrpHHI.\HIIIIaJibHOe 3HaqeHHe rrpH pa3pa6oTKe IIpOI.\eCCOB 

rrpoeKTIIpoBaHH}! po6aCTHbIX IICY. IloHCHIIM ,11aHHOe IIOJIOlKeHIIe IIpHMepaMH OIIHCaHIDI 

KaqecTBeHHbIX CBOHCTB KJiaccnqecKHX Mep IIHcjlOpMal\IIH llleHHOHa, TaKllX KaK 

OTPIII.\aTeJibHOe 3HaqeHIIe H CIIHepreTII3M B3aHMHOH IIHcjlOpMal\HII (synergistic mutual 

information - CHHepreTnqecKaH B3aIIMHaH HHcjlOpMal\IDI), CKpbITblX B 3a,!laHHbIX Mepax 

HHcjlopMal\HH H cjlopMHpyeMbIX 3a cqeT KoppeJI}!l\HOHHbIX CBOHCTB B3aHMO,!leHCTBYIOII.IHX 

IIO,!ICHCTeM
27

• 
28

' 
29

. · 

B CBH3II C TeM, qTo B HHJKeHepHbIX yttIIBepCHTeTCKHX ,!IHCI.\HIIJIHHax MeTO,!lbl TeopIIH 

HHcjlopMal\IIII H3JiaraIOTCH cjlaKYJibTaTHBHO, OTMeTIIM OCHOBHbie orrpe,11eJieHID1, CBe,!leHIDI II 

cjlaKTbl H3 TeOpIIII KJiaccnqeCKOH H KBaHTOBOH TeOpHii HHcjlopMal\HII, KOTOpbie HCIIOJib3YIOTC}! 

B ,!laHHOH KHIIre: Mepbl UHqJOpMalJUOHHOU 3Hmponuu, omHOCUmeJlbHOU 3Hmponuu U 
63QUMHOU UHqJOpMGlJUU C02JIQCH0 l(JIQCCUl/ecKOU meopuu UHqJOpMalJUU 30

•
31

• 

)J;orrycrnM, qTQ ,!IJI}! ,!IIICKpeTHOH c~aHHOH BeJIIIqHHbl X 3a,!laHbl cjlyHKI.\Il}! 

IIJIOTHOCTII pacrrpe,11eJieHIDI BepOHTHOCTeH p X ( X) , ycJIOBHbie cjlyHKI.\HH IIJIOTHOCTH 

pacrrpe,11eJieHIIH BepoHrnocTeii pYlx ( YI x), p XIY ( xi y) H coBMecrnaH cjlyHKI.\IDI IIJIOTHOCTH 

pacrrpe,11eJieHHH BepOHTHOCTeii p X,Y ( x, y) . 
OnpeiJeJ1eHue. Mepa JHTPOIIIIH H ( X) orrpe,!leJI}!eTcH B BH,!le 

H ( X) = -L> ( x) log p ( x) . 3HTPOIIIDI HBJI}!eTcH Mepoii H3MepeHII}! IIOTeHI.\IlaJibHOH 

Heorrpe,11eJieHHOCTH, co,11epJKarn:eiicH B cJiy'laHHOH BeJIHqHHe X ' II HMeeT CJie.!IY!Orn:He 

CBOHCTBa: 

26 Nicolis G., Prigogine I. Self-organization in nonequilibrium systems: From dissipative structures to order 
through fluctuations. N.Y.: J. Wiley, 1977. 
27 Ilempo6 E.H., Yna1106 I'.M, YnbJlll06 C.B., Xme11 3.M IImpopMannoHHo-ceMaHTuqecKIIe npo6neMhl B 
n;ioneccax ynpaBnemrn n opraHn3aUHH. M.: Hay,m, 1977. 
2 Williams P.L., Beer R.D. Nonnegative decomposition of multivariate information// arXiv: I 004.2515v I. 2010. 
29 

Griffith V. Quantifying synergistic information remains an unsolved problem// arXiv: 1112.1680v2. 20 I I. 
30 Yeung R. W. Information theory and network coding. N.Y.: Springer, 2008. 
31 Cmpamo1106U'I P.Jl. Teop1UI nHcpopMan1rn. M.: CoBeTCKoe Pa1wo, 1975. 
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• H ( X) 2:: 0, T. e. JHTPOIIIDI - HeOTPIII.\aTeJibHaH BeJinqnHa Ha rrpocTPaHcrne 

orrpe,11eJieHID1 ceyqaiiHOH BeJIIIqIIHbI, H H ( X) = 0 ' eCJIH II TOJibKO eCJIII X - BeJIIIqIIHa 

,!leTepMHHHpOBaHHaH; 

• TaK KaK Hb(X)=logb(a)H0 (X), To HeT Heo6xo,11nMOCTII rrepeorrpe,11eJI}!Tb fia3nc 

JIOrapncjlMa; 

• BeJIIIqIIHa H ( X) = - log p( x) Ha3bIBaeTCH co6crneHHoii HHcjlopMal\IIeii c~aHHoii 

BeJIHqIIHbl. 

Onpe0eJleHUe. Mepa 061,e,11nHeHHOH JHTPOIIIIII orrpe,!leJI}!eTCH KaK 

H(X,Y)~ - Ep(x,y)[logp(x,y)] = - LLP(x,y)logp(x,y). 
XEXyEY 

Onpe0eJleHue. )];JIH 3a,11aHHoii ceyqaiiHoii BeJIHqHHbI X Mepa ycJIOBHoii JHTPOIIHH 

Y (ycpe,11HeHHoii no X ) orrpe,11eJI}!eTcH KaK 

H(YIX)~-Ep(x)[H(YIX = x)]=-Ip(x)H(YJX =x) = 
xeX 

= -E p(x)E p(ylx) [log p(YjX)] = -E p(x,y) [log p(YIX)]. 

OTMeTIIM, qrn B o6rn:eM c~ae H(XJY) * H(YjX). 

llpa6UJ/O lJenu. COBMeCTHaH II ycJIOBHaH JHTPOIIIIII IIMeIOT ecTecTBeHttyIO rrpnpo,11y 
BbJqIIcJieHnii. 

• 
• 
• 

TeopeMa (l\erroqHoe rrpaBIIJio): H ( X,Y) = H ( X)+ H (YIX). 

CJieiJcmeue: H(X,YJZ) = H(xJz)+ H(YJx,z). 

Y CJIOBHaH JHTPOIIID! orrpe,!leJIHeT JHTPOIIIIIO 0,!IHOH Il3 CJiyqaHHbIX BeJIHqHH C 

ycJIOBHb!M 3HaHIIeM O ,11pyroii BeJIIIqIIHe. 

OmHocumeJibHQfl 3HmponuR U 63QUMHQR UHqJOpMGlJUR. Mepa pe,11yKI.\HH 

Heorrpe,11eJieHHOCTH Ha3brnaeTCH 63aUMHoii uHpopMalJueii I ( X; Y) = H ( X )- H ( X JY) . 
TeopeMa: CoOTHOIIIeHII}! MelK,!ly B3aIIMHOH HHcjlOpMal\IIeii H JHTPOIIHeii HMeIOT 

CJie,!IYIQII.IIIH BH,!I: 

I(X;Y) 

I(X;Y) 

I(X;Y) 

I(X;Y) 

I(X;Y) 

H(X)-H(XIY); 

H(Y)-H(YIX); 

H(X)+H(Y)-H(X,Y); 

l(Y;X) {CHMMeTPIDI); 

H ( X) (co6crneHHaH HHcjlopMal\IDI). 

)J;IIarpaMMa BeHa, rrpe,11CTaBJieHHaH Ha pIIc. I. 18, reoMeTP~ecKH IIJIJIIOCTPIIpyeT 

COOTHOIIIeHIIH MelK,!ly YKa3aHHblMII MepaMII 3HTPOIIIIII H KOJIII'leCTBa HHcjlopMal\IIH. 
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H(X1 ,Xi) 

H(X,IXi) 

H(X1) 

/(X1;Xi) 
H(X2) 

Pttc. 1.18. ,[(ttarpaMMa BeHa B3alIMOOTHOIIJeHlIM Me)K)zy MepaMlI 3Hip0IIlilI lI K0JilI'!eCTBa 

lIH<pOpMalllilI .[IJilI ):IByx ceyqaiiHJ,IX BeJiliqlIH X 1 lI X 2 

IlplIMep 3: Ompu4ameJ1bHoe 3Ha'leHUe e3aUMHou umjJopMa4uu. JJ:orrycTIIM, qTo X1 II 

X2 - ,n;Be He3aBl!CIIMble cJiyqaHHble 611HapHbie BeJillql!HJ,I C BepOHTHOCTJIMII 

Pr(X; =0)=Pr(X; =1)=0,5, i=l,2. 

JJ:orrycTIIM, qro 

X, =(X, +X2 )mod2. (1.6) 

Herpy,n;HO rrpoBeplITh, qTO X3 l!MeeT O,L\IIHaKOBYIO <pyHKlllllO IIJIOTHOCTII pacrrpe,n;eJieHIIJI 

BepOHTHOCTeH, qTo 11 xi, X2 . Tor.n;a l!MeeM, qTO 3H1'pOIIl!II ,n;aHHJ,IX BeJIIIql!H TaIOKe paBHhl, 

T.e. 

H( X;) = -0,5log0,5-(1-0,5)1og(l-0,5) = 1, i = 1,2,3. 

OTMeTIIM, qTo X1, X2 11 X3 - rrorrapHo He3aBIICl!Mhle cnyqail:H1,1e BeJI11q1IHbI. Mep1,1 

3H1'pOIIlllI paCCMarp11BaIOTCJI C OCHOBaHIIeM JIOrapmpMa 2. Ilo3TOMY B3al!MHaJI 3H1'pOIIl!Jl 

H(X;,XJ=2, a B3alIMHOe KOJI1Iqecrno 11mpopMa111111 I(X;,XJ=O ,n;JIJI 1::;i<J::;3. lfa 

(1.6) cJie.n;yeT TaKJKe, qTO KaJK,n;aJI CJiyqaHHaJI BeJI11q1IHa JIBJIJieTCJI <pyHKlllleH ,n;Byx .n;pymx 

cnyqaHHblX BeJI11q1IH. Tor.n;a no rrpaBl!JIY 11erroqK11 ,L\JIJI 3Hrp0IIIIII l!MeeM 

H(X,,X2,X3) = H(X1,X2)+H(X3IX1,X2) = 2+0 = 2. 

Terrep1, .LIJIJl 1 ::; i < j ::; 3 11MeeM 

1( X;;xjlxk) = H(X;,xk )+H(xj,xk )-H(Xi,X2,X3)-H(Xk) = 

= 2+2-2-1 = 1. 

3.n;eci, IICIIOJIJ,30BaHO II3BeCTHOe COOTHOIIIeHl!e 113 TeOplllI l!H(pOpMa111111 

1(X;Yiz) = H(XIZ)-H(XIY,z) = H(x,z)-H(z)-[ H(X,Y,z)-H(Y,z)] = 

=H(X,Z)+H(Y,Z)-H(X,Y,Z)-H(Z). 

Tor.n;a 

I(X1;X2;X3) = I(X1;X2)-I(X1;X2 IX3) = 0-1 = -1. (1.7) 

B ,n;aHHOM rrp11Mepe 1IMeeM I ( X1; X2; X3) < 0, qTo o3HaqaeT / ( X,; X2 IX3) > I ( X,; X 2 ) • 

JJ:1IarpaMMa BeHa Ha p11c. 1.19 xapaKTep113yeT ,n;aHttyIO c11rya111I10. 
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__.. 

l(X1;X2;X,> 
X2 

H(X1) 

x, 

H(XdX2,X,) J(X1;X,) 
Xr X3 

a) 6) 
PIIC. 1.19. ,[(IIarpaMMa BeHa B3alIMOOTHOilleHIIM Me)K):ly MepaMII 3Hlp0IIIIII II KOJilI'!eCTBa 

IIH<pOpMaUIIII .[IJilI /:\Byx c~aiiHh!X BeJIIIqlIH xi, X2 II X3 

CJie,n;oBaTeJIJ,HO, B OTJI11q11e. OT CBOHCTB Mep 3H1'pOIIIIll llleHHOHa KOJI11qecTBO 

B3a1IMHOH ycJIOBHOH 11mpopMaI11III llleHHOHa MeJK,Lly .L\BYMJI cJiyqaHHJ,IMII BeJil!qlIHaMll 

MOJKeT B03pacTaTJ, rrplI .n;o6aBJieHIIII ycJIOBHOH rpeTheH cnyqaHHOH BeJIJiqllHJ,I. EoJiee TOro, B 

( 1. 7) rrpaBaJI qacTJ, BbipaJKeHl!H He CllMMerp11qHa OTHOCl!TeJibHO CIIMBOJIOB xi , X2 11 X3 , B 

TO BpeMH KaK JieBaJI qacTJ, JIBJIJieTCJI CIIMMerp11qHOH BeJI11q11HOH. TaKIIM o6pa30M IIMeeM 

CUHepzemu'leCKUU 3<p<peKT B03paCTaHl!Jl B3a1IMHOH . ycJIOBHOH llH<pOpMalll!II 3a cqeT 

<jiopM11poBaHl!Jl CIIMMerp1111 113 HeCIIMMerpJiqHJ,IX BeJI11q1IH 11 orp1111aTeJibH0ro 3HaqeHl!Jl 

B3alIMHOH IIH<pOpMalllIII. 

Ilp11Mep 4: CuHepzemu3M umjJopMa4uu. PaccMorp11M JiomqecKyIO cxeMY o6pa6oTKll 

1IH<pOpMa111111 Ha 0CHOBe Jior11qecKoro :meMeHra «1ICKJI10qa10111ee HJIH - XOR», 
rrpe,n;CTaBJieHHyIO Ha p11c. 1.20, 6. 

X1 X2 y 

0 0 0 1/4 
0 1 1 1/4 
1 0 1 1/4 
1 1 0 1/4 

-
(a) Pr(x1,X2,y) 

X 
I~y 

X2 

(b) /lont'tecKaA cxeMa 

(c) AHarpaMMa 
"C8CTHOHI 

HH<!>opMBL\HH 

P1Ic. 1.20. IlplIMep JIOrlI'lecKoii cxeMhl «IICKJIIOqaroIUee HJIII - XOR» 

B 3T0M CJiyqae K0aJIIIlllIJI x,x2 II0JIH0CTJ,IO orrpe,n;eJIJieT BeJmq11Hy Y, T. e. 

l(Y: X1X2) = H(Y) = 1 611T, HO ,L\JIJl xi II X2 B3alIMHaJI llH<pOpMalll!Jl 0TH0CIITeJibHO y 

I(Y: X1) =l(Y: X2) = 0 611T. 

TaKIIM o6pa30M, MHOJKeCTB0 { Xi, X2} orrpe,n;eJIJieT CIIHepreruqeCKYIO IIH<pOpMa111110 

B K0JI1IqecTBe 1 611ra 0TH0CIITeJIJ,H0 y. IlplI 3T0M caMII II0,L\CllCTeMbl {Xi,X2} co.n;epJKaT 
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eyneBoe K0Jlll'IeCTB0 1rnqiopMal1IIII Y. AHaJIOrIIqHhlH CIIHepreTIIqecKIIH 3qiqieKT IIMeeT 

MeCT0 B KBaHT0B0M cnyqae, KOTOphlH rrpIIMeIDieTCH B KB3HT0B0M HeqeTK0M Bh!B0,[le. 

KBaHTOBhIH HeqeTKIIH Bh!B0.LI (KHB), pa3pa60TaHHh1ii paHee Ha ocHoBe qeThipex 

<jiaKTOB 113 KB3HTOBOH Te0pIIII IIHqJOpMal.lllII, HBJIHeTCH qaCTHhIM cnyqaeM pa3pa6oTaHHOrO 

anropIITMa caMoopraHII3311IIII [21]. Ha CTPYIITYPH0M ypoBHe opraHII331.1llII HCY 

ocy11.1ecTBJIHeTCH 061,e,L111HeH11e cnpoeKTIIp0BaHHhlX paHee K0HeqH0ro qIIcJia E3 C M0,[leJihIO 

KHB B 0,LIIIH 6JIOK KBaHT0B0ro HP. 3To 061,e,L1IIHeH11e .i1aeT B03M0lKH0CTh qiopMIIpOB3Th B 

peaJihH0M BpeMeHII po6acruoe yrrpaBJieH11e H3 peaKI.IIIH rrp0.LIYKI.III0HHhIX rrpaBHJI yKa3aHHhIX 

E3 Ha Herrpe,LIBH,[leHHyIO c11ryal1IIIO yrrpaBJieHHH. Ilp11 3T0M ,LI0CTaTQqHQ IICII0Jih30BaTh 

T0JlhK0 MIIHIIMaJihHYIO IIHqJOpMal.lIIIO 06 II3MeHeHIIII c11rya11IIII yrrpaBJieHIIH, co.i1eplKa11.1eiicH 

B HOBOH OIIIH6Ke ynpaBJieHHH. 

TaKIIM o6pa30M, C II0M0ll.lhIO anropIITMa ynpaBJieHIIH caMoopraHII331.1IIeii E3 
ocy11.1ecTBJIHeTCH II3BJieqeHIIe CKphITOH ,LIOIIOJIHIITeJihHOH KBaHTOBOH IIHqJOpM311IIII 113 

KJiacc11qeCKOH I1HqJOpMa111111, co.i1eplKa11.1eiicH B peaK11IIII KJI3CCIIqecKIIX COCTOHHIIH CIIrHaJI0B 

yrrpaBJieHHH rrapaMeTPaMII ( K03qJqJII11IIeHTaMII ycIIJieHHH) IICII0JIHIITeJihHhIX YCTPOHCTB, 

cnpoeKTIIp0BaHHhlX paHee .LIJIH K0HeqH0ro qIICJia c11rya1111ii o6yqeHIIH. IIp11 3TOM 

ocy11.1eCTBJIHeTCH pe.i1yKl1HH II36hITQqHQH IIHqJOpMa111111 B KJI3CCIIqecKIIX C0CT0HHIIHX 

CIIrHaJI0B yrrpaBJieHHH. 

Pe3yJihTaTOM pa60Thl anropIITMa yrrpaBJieHHH caMoopraHII3311IIeii E3 HBJIHeTCH 

npoeKrnpoBaH11e (B peanhH0M BpeMeHII) po6acTHoro c11rnana yrrpaBneHHH rrapaMeTPaMII 

C00TBeTCTBYIOII.IIIX IICII0JIHIITeJihHhIX YCTPOHCTB, qiopMIIPyIOII.IIIX yrrpaBJIHIOII.IYIO c1rny Ha 

OY B ycJI0BIIHX Herrpe,LIBII,[leHHhIX CIITY311IIH yrrpaBJieHHH. 

Bo 1136elKaHIIe He,LIOpaJYMeHIIH B IIHTeprrpern1111II 11po11ecca caM00praHII3311IIII, 

0TMeTIIM TaKlKe, qTQ qJII3IIqecKII 110 orrpe,LleJieHIIIO «caMoc6opKa» II «caMoopraHII3311HH» 

HBJIHIOTCH pa3HhIMII II0IDITHHMII. Ilpo11ecc «caMoc6opKa» 0TJIIIqaeTCH OT 

«CaMoopraHII3311IIII» 0TCYTCTBIIeM B 0611.1eM BII,[le B 11po11ecce «caMoc6opKa» 

11pe,L1Bap11TeJihH0rD Bh16opa TIIrra KoppeJIHI.IIIII MelK.LIY HeB33IIM0CBH33HHhlMII 3JieMeHT3MII 

( «CTP0IITeJihHhIMII 6JIOK3MII))) II 11po11ecc «caMoc6opKa» 0CYll.leCTBJIHeTCH 33 cqeT JI0KaJihHhlX 

B33IIMO,[leHCTBIIH II BHeIIIHIIX (B 0611.1eM cnyqae cnyqaiiHhIX) B03,[leHCTBIIH. YrrpaBJieHIIe 

BhI6opoM (nma II BII,Lla) KBaHTOBOH KoppeJIHI.IIIII MelK,Lly «CTP0IITeJihHh!Mll 6JIOK3MII» B 

11po11ecce «caMoc6opKa» onpe,LleJIHeT BH.LI c11HepreT11qecKoii Koor1epa111111 B qiopM11pyeMoii 3a 

cqeT caMoopraH113a111111 CTPYKTYPhI. 

II03TOMY BBe,[leHIIe yrrpaBJieHIIH BhI6opoM KoppeJIH111111 1103B0JIHeT yq11ThIB3Th B 

qiopM11pyeMhIX CTPYKTYP3X CIIHepreTIIKY 11eJieHanpaBJieHHhlX K00I!epaTIIBHhlX 3qiqieKTOB 113 

orpaH11qeHH0ro q11cJia «CTP0IITeJihHhIX 6JIOKOB» II C0CTaBJIHeT 0CH0BY rrpo11ecca 

caMoopraH113a111111. 

Pe111eH11e .i1aHHoii 3a.i1aq11 Herrocpe.i1crneHH0 CBH3aHo co cne.i1y1011.1eii (TPY.LIHOH 11 

rrpIIHl.lllllllaJihH0 BalKHOll .LIJIH Teop1111 II CIICTeM yrrpaBJieHHH) npo6JieMOH: onpeoeJleHUe pOllU 
u 6J/UJlHWl GHGJIOZOB KBGHmOBblX 3,PrjJeKmOB Ha noBblUJeHue ypoBHR po6acmHocmu 
npoeKmupyeMblX HCY. ,[(aHHaH rrpo6neMa pe111aeTCH HT 11poeKT11poBaHIIH po6acTHhIX HCY 

Ha 0CH0Be KA caMoopraHII331.1llll E3 B Herrpe,LIBH,[leHHhIX c11rya11HHx yrrpaBJieHIIH II 

HHqJOpM311110HHOrD pIIcKa. 
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1.4.2. OcofieHHOCTII pa3pafionm CTpy1nypbl 1111ct,opMa11110HHOH TCXH0JI0rHH II 

rrpo11eccon npoeirruponamrn pofiacTHblX caMoopraHH3YIOHIHXCH HCY n 
MATLAB 

YpOBHII caMoopraHH3Rl.llllf B 11epapxHII K0rHIITIIBHhlX 3B0JIIOl.lll0HHhIX npo11ecc0B 

yrrpasJieHHH fihmII npoaHaJIII3IIp0B3Hhl B ,[13HHOH pa60Te C TQqKII 3peHHH IIHTeJIJieKTyaJihHOH 

cIICTCMHOH IIHJKeHepIIII (Intelligent System of Engineering Systems) KaK HOBOH npIIKJia,LIHoii 

BeTBII Te0pIIII IICKYCCTBeHH0ro IIHTeJIJieKTa. DhIJI0 110Ka33H0, qTQ ,LIJIH rapaHTIIp0BaHH0r0 

,[I0CTIIlKeHHH 11eJIII yrrpaBJieHHH 33K0Hhl yrrpaBJieHHH H3MeHeHIIeM K03qJqJII11IIeHTOB ycHJieHHH 

(coefficient gain schedule), HarrpIIMep, HeqeTKoro IIH,[(-peryJIHTopa .LI0JilKHhl 

rrpoeKrnp0B3ThCH Ha 0CH0Be ,LI0II0JIHIITeJihH0 II3BJieqeHHhIX 3H3HIIH, II03B0JIHIOII.IIIX 

pacrr03H3B3Th qJII3IIqecKIIC oco6eHHOCTII II IIHqJOpMal.lIIOHHhie orpaHIIqCHHH Ha OY. 

IfaBJieqeHHhie 3H3HIIH IICII0Jlh3YIOTCH ,[IJIH CaMoopraHII3311IIII ,[13HH0ro OY npII ,LI0CTIIlKeHIIII 

11eJIII yrrpaBJieHHH B KOHKpeTHOH CIITY311IIII yrrpaBJieHIIH. Pe111eHIIe IIOCTaBJieHHOll 33,LlaqII 

ocy11.1eCTBJIHeTCH Ha 0CH0Be TeXH0JI0rIIII MHrKIIX II KB3HT0BhlX BhJqIICJieHIIH. 

Ha pIIc. 1.21, a rroKaJaHa TIIII0BaH CTPYKTYPa HCY II orrIICaHa paccMaTPIIBaeMaH B 

,[13HHOH KHIIre npo6JieMa rrpoeKTIIp0B3HHH 061,eKTHBHOH E3. 
Ha pIIc. 1.21, 6 rrpe.i1crnBneHa CTPYKTYPHaH cxeMa HT. OTPaJKeHhI TaKJKe 3TaIIhI 

rrpoeKTIIp0BaHHH 061,eKTIIBHOH E3 ,[IJIH po6aCTHhIX HCY, 0CH0B3HHhIX Ha H0BhlX BII,[lax 

IIHTeJIJieKryaJihHhlX BhJqIICJieHIIH. 

CornacHO PIIC. 1.21, 6, 11eHTPaJihHhlM M0MeHT0M 3qi<jleKTHBHOro rrpIIMeHeHHH 

TeXH0JI0rIIII rrpo11ecC0B II3BJieqeHIIH, o6pa60TKII II ClK3TIIH 11eHHOH IIHqJOPM31.1IIII .LIJIH 

qiopMIIp0B3HHH aKTIIBHhlX 3HaHIIH B BH,[le po6aCTHhlX E3 HBJIHeTCH rrpIIMeHeHIIe 

cmpJKmypupoBaHHOZO cnyqaiiHoro II0IICKa, KOTOphIH 0CYll.leCTBJIHeTCH Ha 0CH0Be 

TeXH0JI0rIIII MHrKIIX BhJqIIcJieHIIH. 3rnrr 1 - peaJIII3311HH qiopMIIp0B3HHH K0HeqHoro 

MH0lKecrna IIH,LIIIBII.LIYaJihHhlX E3 B K0HKpeTHhlX CIITY311IIHX ynpaBJieHHH C o6yqeHIIeM. 

r----
1 63 
I 
I 
I 
I 
I 
!.... 

PeweHMe npo6neMbl 

IIIH(j>0pMa~M0HHaJI =xHononu, npoelCTI1p0BaHMJI 
po6aCTHblX 63 

nlllA 
perynf!Top 

CHCTeMa H3MepeHHll 

O6"beKT 
ynpaaneHMJI 

CyO~KDIBBWC 
'JB■HB9 

X 

Puc. 1.21,a. IlpoeKTHpOBaHlle po6aCTHhIX E3 B ycJIOBllHX Herrpe,LIBII)leHHhlX CHTYaUllH yrrpaBJieHUH: 
rrpo6JieMa rrpoeKTupoBaHHH E3 
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I 11poe1,.-rapDB3BBII 
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HenpeACKa3yeMble 
clfl}'a1.11,1M ynpaeneHM.R 

l, ........................................ - ............................ ............... , ................................................................ __ ............................................... -

6) 
PIie. 1.21,6. IlpoeKmpomume po6aCTHh!X E3 a ycJI0BIIllX Henpe):IBil,LleHHb!X CIITYaIIIIH yrrpaBJieHIIll: 

cTpyKI)'pa TeXHOJI0rIIII II :narrbl npoeKTilp0BaHIIll 

HcrroJih30BaHHe B p33pa6otaHHOM anropHTMe KeaHmoe&IX cmpamezuii ynpdenemm 

CQMOOp2aHU3Q1,fUeu 3HaHIIH COCtaBmieT cyIIUIOCTh 3TaII3 2, Ha KOTOpOM Ha OCHOBe 

K6aHmO6O20 Hel/emKO20 6bl60OQ (KHB) ocyinecTB.llleTC}I caMoopraHil33I.IIl}I aKTIIBHb!X (B 

peaJihHOM BpeMeHII) 3H3HlfH lf3 peaKI.llfH crrpoeKTHp0B3HHbIX lfH):llfBH,!J;YaJihHb!X E3 Ha HOBYIO 

Herrpe):IBlf,!l;eHHYJO CHtyaI.IHIO yrrpaaneHil}I. 

B p33pa6otaHHOH HT 3q:>q:>eKTHBHO peanmyercR HOBhIH rrpHHI.IHII npoeKtnpoaaHil}I 

po6acTHhIX ctpyKtyp I-ICY: npoeKmupoeaHue npocmo20 no cmpyKmype u npaKmul/ecKoii 

peamnaquu HP c noe&zmeHHblM ypoeHe.M uHmen1zeKmyaJl&Hocmu (wise controller) iJJIJl 
3ppeKmUBH020 ynpa6JleHllR CJIOJ/CHblMU OY. 

OtMeTHM, qro BhIXOJ:IHOH CHrHaJI H3 HP Ha pttc. 1.21, a onpe):le.llleT aeKrop 

K = {k,,kv,k,,} K03q_Jq_:)HI.llfeHTOB ycm1eHlf}I IIIl,lJ:-pery.lllTOpa lf 03HaqaeT 

rrporrop11HOHaJihHhIH, ,!J;Hq:>q:>epeHI.1lfaJihHhlH lf lfHTerpaJibHhIH K03q_Jq_JlflllfeHThl ycHJieHil}I 

COOTBeTCTBeHHO. 

Ha pHC. 1.21, a rrepeqepKHythIH 6JIOK ((3KcrreptH3}1 ClfCTeMa» 03HaqaeT, qro 

p33pa6otaHH3ll TeXHOJIOril}I rrpoeKTHp0B3Hil}I po6aCTHhlX E3 He HCIIOJih3YeT 3KCrrepTHbie 

cyfo,eKTlfBHbie 011eHKH rrpO,!J;YKI.llfOHHhIX npaBHJI B E3, KOTOpbie IIORB.illl!OTC}I rrpH 
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lfHTeprrpeta11HH 3KCIIeptaMlf pe3yJihT3TOB lf3MepeHlf}I If Ha6JIIO):leHil}I BhIXO):IHOro ClfrHaJia X 
H3 OY. O61,eKTHBHO H3MepeHHhIH cHrnan X llBAAetcl! HCXOJ:IHOH HHq:>opMa11ttei1: ,!l;.illl 

3Kcnepra, 011eHKa Koroporo npH rrocrpoeHHH E3 HOCHT B o6ineM cnyqae (HarrpHMep, rrptt 

60JiblllOH p33MepHOCTH) cyfo,eKTHBHhIH xapaKTep. 

IlpHMeHeHHe TeXHOJIOIBlf lfHTeJIJieKtyaJihHhIX BhJqlfcJieHHH n03BO.llleT lfCIIOJlh30B3Th 

Henocpe,!l;CTBeHHO pe3yJih T3Thl lf3MepeHHH If lf3BJieK3Th lf3 HlfX 3H3Hlfll 6e3 cy61,eKTHBHOH 

lfHTeprrpeta11HH 33 cqer rrpHMeHeHil}I q:>YHKI.IHH rrpHro)];HOCTlf B l A. 
Ilo3TOMY 33):laqen: teXHOJIOIBlf npoeKTHp0B3Hil}I (o603HaqeHHOH Ha pHC. 1.21, a If 

crpyKtypH0 rrpe,!l;CtaBJieHHOH Ha pHC. 1.21, 6) }IBJilleTC}I q:>OpMHp0B3Hlfe 061,eKTHBHbIX 

po6acTHhIX E3 B HCY ,!l;.illl Herrpe,!l;BH):leHHhIX cttrya11Hi1: yrrpaaneHil}I. 

Ha pHC. 1.21 (H Hlf)Ke Ha pHC. 1.23), a TaIOKe ):laJiee no TeKCty lfCIIOJlh3YIOTC}I 

CJie):lyIOJnlfe o603HaqeHJI}I: 3. C. - 33):1310JnlfH CHrHaJI (11eJib ynpaBJieHil}I); u(t)-

yrrpaB.illl!OJnM cttna; m(t) - cnyqai1:Hhie IIIYMhI (ao3MyineHil}I Ha OY), aocnpOH3BOJ:IHMhie 

q_:>OpMnpyIOJnHMlf q_JlfJihtpaMH; U' -. yrrpaB.llllOJnM CHJia C HaJIO)KeHHhIM IIIYMOM; X -
BhIXOJ:IHOH cttrnan OY; & - OIIIH6Ka ynpaaneHil}I; K(t) - K03q:>q:>HI.1HeHThI ycrmeHil}I IIIl,lJ:

perynRtOpa; r A - reHeTHqecKHi1: anropttTM; HP - HeqeTKHH peryAAtop; KHB - KB3HTOBhIH 

HeqeTKHH BhIBO,!l;; OE3 - OIITHMmarop 633 3HaHHi1:; I'HOC - rno6aJihHM HHTeJIJieKtyaJihHM 

o6patHM CBR3h; KA - KBaHTOBhIH anropHtM; OY - 061,eKT yrrpaaneHHll. OrMeTHM taIOKe, 

qro Ha pHc.1.21, a rryHKTHpHM paMK3 6JIOKa ((33KOH . yrrpaaneHlf}I)) He OXB3ThIBaeT IIIl,lJ:

pery.illltOp, XOTJI ynpaB.lllIOJnlfH ClfffiaJI U q:>OpMHpyeTCR HMeHHO 3TlfM yctpOHCTBOM. 

Ilo,!l;qepKHeM, qro 33K0Hbl q:>opMHp0B3Hlf}I ynpaB.lllIOJneH ClfJibl u ( t) cneeyJOT lf3 

ctpyKtyphl IIIl,lJ:-pery.llltOpa tt xopOIIIO lf3BeCTHhl. 3TOT q:>aKT JIB.llleTC}I ):IOCTOHHCTBOM 

IIIl,lJ:-pery.lllTOpOB. MeHee lf3BeCTHhl peIIIeHil}I q_:>OpMHp0B3Hil}I BO BpeMeHH OIITHMaJibHhIX 

33K0HOB yrrpaaJieHlf}I K03q_:)q_JlfI.llfeHT3Mlf ycHJieHil}I IIIl,lJ:-peryJIRTOpOB, HeCMOtp}I Ha 

):IOCTaTQqHo 60JihIIIOe KOJilfqecrno rry6JIHK31\lfH pe3yJihTaTOB (mBeCTHO 6onee 85 rrateHTOB 

no q:>OpMHp0B3HlflO 33KOH0B ynpaBJieHHJI K03q_Jq:>lfI.llfeHT3Mlf ycrmeHlf}I IIIl,lJ:-peryJillTOpa). 

Ilo3T0My MeTO,!J;OJIOrlfqecKH B ):13HHOH KHHre, B CHJIY lfHTeHCHBHOro rrpnMeHeHil}I, B KaqeCTBe 

lfCXO):IHOro BhI6paH ITI-I,[{-peryJIRTOp, a ,!J;3HHhIH 6JIOK BhI,!J;eJieH If K HeMy rrpHMeHeH repMHH 

«33KOH yrrpaBJieHil}I)). 

IlpOCTOTa q_Jlf3HqecKOH peaJIH331\lflf crrpoeKTHp0B3HHhlX 33KOH0B yrrpaBJieHil}I ,!l;.illl 

HCnOJIHHTeJihCKOro ypOBH}I COBMeCTHO C IIOBhIIIIeHHblM «ypOBHeM lfHTeJIJieKtyaJihHOCTlf)) H 

):laer He06XO):llfMhlH TeXHJiqecKHH 3q:>q:>eKT: Hepa3pymeHue ucnOJIHUml?JlbCKO20 ypo6HR C 

2apaHmUp06QHHOU 3ppeKmU6HOCmb10 U Haoe:JICHOCmb/0 ynpaeneHllR 3Q Cl/em nO6bl1.UeHUR 

YPO6HR e20 UHml?JlJ/eKmyaJlbHOCmu. 

OtMeTHM lf Kp3TKO onHIIIeM OCHOBHhie 3TaIIhl HHq_:>OpMaI.1HOHHOH TeXHOJI0rHH 

rrpoeKTHp0B3Hil}I po6aCTHhIX E3, rrpe):ICTaBJieHHOH Ha pHC. 1.21, 6. 

Ha rrepBOM 3tarre (I) npoeKTHp0B3Hlfll C IIOMOJnblO TeXHOJIOIBlf MMKHX BhJqlfCJieHHH 

(6JIOK OE3) q_:>OpMHpyetC}I KOHeqHoe MHO)KeCTBO E3 ):I.Jill KOHKpeTHhIX Clfty31\lfH yrrpaBJieHil}I, 

OTMeqeHHbIX Ha pHC. 1.21, 6 Bh!HOCKOH «06yqa10IIUie Clfty31\lflf yrrpaBJieHil}I)). Ha ,!l;3HHOM 

3Tarre rrpoeKTHp0B3Hil}I peIIIaeTC}I 33):laqa q_:>OpMIIp0B3Hil}I qacTWIHOH po6aCTHOCTlf I-ICY, rrpH 

Kornpoi1: I-ICY Bh!IlOJIH}let 3a,!l;aqJI yrrpaBJieHil}I ):I.Jill 3a,!l;aHHoro KJiacca CHtyaI.IHH ynpaaneHil}I. 

Bonpoc q:>opMHpoBaHil}I cBoi1:crna rno6aJihHOH po6acTHOCTH I-ICY (o603HaqeH Ha 

pnc. 1.21, 6 Bh!HOCKOH Bonpoca) COCT3B.illleT rrpo6JieMy, KOTOpyIO peIIIaeT ):13HHM 

lfHq:>OpMallHOHHM TeXHOJIOril}I npoeKTHp0B3Hil}I. 
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IlocJie,D;OBaTeJihHh!H rrepexo,n; (OT '!aCTH'IHOH K rno6aJihHOH po6aCTHOCTll) rrplIBO,!J;IIT K 

rrpoueccy rrpoeKTllpoBaHIIJI KBaHTOBOro HP C IICIIOJih30BaHIIeM KBaHTOBh!X CTPaTemii B 

He'!eTKOM JIOIB'IeCKOM Bh!BO,D;e (B BII,D;e KHB, o603Ha'!eHHOro COOTBeTCTBYIOIIJeii BhIHOCKOH 

Ha p1Ic. 1.21, 6). 

PeaJIII3alJIDI ,n;aHHoro rrepexo,n;a ocynJeCTBJilleTCJI Ha :narrax II, III II IV 
COOTBeTCTBeHHO. 

OTMeTIIM, 'ITO MHome peryJil!TOphl co CKOJih3JIIIJIIMII pe)KIIMaMII, CAY C rrepeMeHHOH 

CTPYKTYPOii, ,n;po6Hhie peryJil!TOphl (fractional IIJIII noninteger order controllers), H, I H
00 

-

yrrpaBJieHIIe, µ-CIIHTe3 II ,n;p. 6blJIII IICCJie,D;OBaHhl aBTOpaMII ,n;aHHOH KHIIIB, II OHII TaK,Ke 

3<p<peKTIIBHO rrpoeKTIIPYJOTCJI pa3pa6oTaHHOH TeXHOJiomeii, rrpe,n;CTaBJieHHOH Ha p1IC. 1.22. 

~----------------------------, I Ilpo6neMhI npoeKTnpoBaHHH Tpa,ri;H~HOHHhIX peryJIHTopoB I 
I I IIII,IJ; rr 6 - H I H PerynHTOp co I 

- .,...,po Hhnt 2 00 CKOJih3H HM I 
I peryJIHTop IIII,IJ;-peryJIHTop peryJIHTop III I 

"' "' ... ... "' 
( L------' .._ ______ __, '=-c------=--------~ pemnMoM 
I I - - BJ6o --------------------------------- -----• I 

1 'P Ilo CK <Po '.!lupoBKa <PeHOM «6ueHWl.>>J 
I I onm aJlbHblX «onmUMa.JlbHOC b» 02pa1m~eHa· It! 

IK03,jHjJU1,fUeHm06 JIBl,JBIUJil ' OCKocmu I 
I I ycw,eHWl napaMempo6 nepe10110~eHWl I I 

~ s 
~ ~ 11 :. ii 
::! "' ~ C. 

13 ~ 
0 
C. = r::.--:--=;::::-, - - - -= :..-..:.-::..:-.:..-:..= --= :..-..:.-::..:-.:..-:..=.:..--= :..-..:.-::..:-.:..-:..= - IJ 

c,:: = = ~ IIpoeKTnponaHHe11eqeT1<oro Ilpoe,mzupoBaHueE3: 
E: ~ 5 peryJu1Topa ua ocuoee ycmpa11e11ue 11eiJocmamKoB 

~ ~ 5 I 01i3 ea l\UirKHX BhPIHCJieHHBX e mpaiJm4uo11HblX 

~ ; ;l I IlpoeKTHposauue ue..-enroro 
~ ~ :! peryJIHTOpa C 33,!J,3HHhlM 

~ U = I yposHeM HHTeJIJJeicrya.riLuOcTH 

KOHmpollllepax 
llucTpyMeHTapHii: npoeicruposaum1 
ODTHMaJ:lbHblX El ua OCHOBe KAJI ~----------, 

~ = ~ = c,:: ;,: - - ... 
~ ~ ; = = ,. 
; g_ ~ 
~ = 0 
0 !;; ... 
-& "' = 
~ g_ ~ I --=-~, 

KnaHTOBhlH OIITHMH33TOp I,3 113 OCHOBe 

KBanTonoro He•1eTKoro BhIBOAa (KHB) 

IIpoeKn1ponaH11e poliacn1h1x JICY 
B ycJIOBIIHX 11mt1opM3UHOHHOro pHCKa H 

HenpeABll)),eHHhlX c1nyan11ii yrrpaBJieHHH 

IlpoeKmupoBw-tue 
po6acmHblX £3 

ORR 11enpeOBuiJeHHbZX 
cumya11uU ynpa6lleHUR 

Po6acmm,ze HCY 
HQ OCH06e 

caMoop2a11u3alfUU E3 

Prrc. 1.22. CrpyKT)'pa peanH3aUHH HHljlOpMaUHOHHOll TeXH0JI0fHH rrpoeKIBp0BaHIDI po6aCTHh!X 
HHTeJ]JJeKTYaJihHb!X peryllilT0p0B 

IlocJie IIOJIY'IeHIIJI pe3yJihTaTOB pa60Thl KHB 6JIOK r A <pOpM1IpyeT K03qJqJIIIJIIeHThl 

«IIIKaJIIIpOBaHIIJI)) ,!J;Jill 060611JeHHh!X K03<pqJIIIJIIeHTOB yc1IJieHID1 IIM,IJ;-peryJil!TOpa. 

Pe3yJihTaThI (ii) E '.:lrnrry (II) II (iii) E :Jrnrry (III). OcTaJihHhie rromrnrrhI rrpouecca 

rrpoeKTrrpOBaHIIJI IIOKa3aHbl COOTBeTCTBYIOIIJIIMII BhIHOCKaMII Ha p1IC. 1.21, 6, IIHTeprrpeTaIJIIJI 

KOTOphIX rrpe,n;CTaBJieHa HII)Ke B rJiaBax 4 - 7. 
B pe3yJihTaTe rrpouecc caMoopraHII3aIJIIII po6aCTHh!X E3 B Herrpe,D;BII,D;eHHh!X 

CIITYaIJIDIX yrrpaBJieHIIJI peaJIII3yeTCJI CYMMapHh!M ,n;eiicTBIIeM rrepe'IIICJieHHh!X 3TaIIOB 

rrpoeKT1IpoBaHID1, 'ITO OTPa)KeHo Ha p1Ic. 1.23. 
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06bO 
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'1H'1CY 

npoeKTa.1poeaH1,1e 
npOCTblX CTpyKTyp HP 

AJ"lR <f>'13"1"-18CKOM 
pean1,13a41,11,1 

«MyAporo» ynpaeneHHR 
CJ"10>t<Hb1M'1 06beKT3MH 

ynpaeneH'1R e 
HenpeoaUOOHHb/X 

( GHOLU/T1a/T1HblX) 

ca.1-rya4a.1Rx ynpaeneHHR 

npa.1H4a.1n 

a) 

6) 

E3 

,...i.-1..-==---i r7 HP/Be)IOMLie 
I HP1 l===i:7 / 6JJOKH 

r IlporpaMMHO-annapaTHaH J 
I IIO,lUlepaaca utt4>opMaUHOHHOii 
I TexnoJioruu npoe.KTIIpoeaHHH Ji3 
I 
I Cno>KHblM OY 

I -I KeaHTOBblH HP 

I 
I I «MYAPOe» ynpaeneHHe 

I 

I 
I 
I 
I 

npHHL.1.Hn CaMoopraHH3al...lMM 

MOAenM KHB .,.---, 

«OcTpO)'MHOe►> 
ynpasneuue 

I L ____ [ 063 f------l 
-r_r---------

AnropMTM npoeKTMpoeaHM.A ] 

Prrc. 1.23. C1-pyKTYIJa 1rnijlopMantto1111oii: TexnoJI0rHH rrpoeKTrrpoBaHIDI po6acTHhIX HCY (a) H 
HHq>OpMaUHOHHb!X IIOTOKOB B a.rrropHTMe rrponecC0B rrpoeICTHpoBaHHl! (6) 
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Ilpo11ecc rrpoeKTHpOBaHilll po6aCTHb!X E3 Ha OCHOBe nmpopMal.\HOHHOH TeXHOJIOrHll, 

rrpe,!\CTaBJieHHOH Ha pMc. 1.23, a, BKJII0'1-iaeT crpyicryp1,1 HCY. 

EoJiee KOHKpeTHO crpyJCTYp1,1 po6acTHbIX aBTOHOMHbIX HCY, ocHOBaIIHbIX Ha 

pa.3pa60TaHHOH TeXHOJIOrHM rr oeKTM OBaHIUI CM. MC. 1.23, 6 , JIOKa.3aHl,J Ha MC. 1.24. 
l,1HTenneK1)'anbHbl8 Bbl'-OlcneHl1ft ( BoBLlli -: 

r--------··--···-··•·•·················1 , .• ) RBCTpytt1e&Tapeii: ! 
: I I r:7. i·~~--·-!'-~~-~-~!.'!.'!-_a_1!.-· ,-- -, 

! 06::::u::we t,, ... ____________ ... -,,!:; 

Yponeub .,-- -, 
: 3aKoBw ynpaaJJeans l 

11HTeJJ .. '1elo.."TY8 .. '1bBOCTH : L"O>fl,4,JlllBeBT:ntn : ,,...__J TTIOC L_-•, 
\,/,-~:~•,eBDJI K __ _! -.-._ ___________ _: ~ 

KnaCCl1'-18CK8ft 
Cl1CTeMa 

ynpae11eH11R 

e 

e 
ni.1A

perynRTop 

-------------
+ 

u 

u· 

+ 

06"b8KT 
ynpaeneH11R 

8- ----------, 
----=--=--: WyM : .. ..,, _______ , 

(X) 

'------1 Cl1CTeMa 113MepeH11ft I-------------' 

a, -···. -·- - --- ···-·- - -- --·- -- .... - -- -

M3ene11eHMe IC.B8HTOBblX 
3HaHHH1CKpb1TblX B 

Kn8CCM"48CKl1X COCTOAHMRX 

KHB 

<1>0pM1tPOBaH11e 
061::teKTHBHblX :SH8HHH Ha 

---~~!°'-~Be MR_':~~~·-~-~!~~-~f!~.':f~~- . .. : 
. ------------------- -.. ". · ________________ . ,- ----------, 
: Kone-iuoe &1Bo~et"TBO : : c1Jya1a1nt1 1 
: ,-----, ; 1npRrO.:lKO<:TD: 

' I oss I r::7. >---------
..... HIUBBJUY8JlbBbll li3 ... ! 

Honoe i:a-..:eC"TBO ynpaBJieHH.H 
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'-------1 C11CTeMa 113M&peHl1'1 I---------------' 

6) 
Puc. 1.24. C-rpyKryp1,1 HCY c 0ITTMMll3aTOpaMtt E3 (OE3) Ha ttHTeJ]J]eKT)'a.JihHhlX BhJqucnemlJlx: 

a) cTpyKrypa IfCY c OE3 Ha wrrKHX BhlqucJieHJlJIX; 6) CTp)'Krypa HCY c OE3 Ha KBaHTOBhlX 

BI,JqttcneHMJIX 
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OTMeTMM HeKornp1,1e oco6eHHOCTM o603HaqeHMH Ha pMc. 1.24. 
~BYCTOpOHHJIJI crpeJIKa «rrpOM3B0,!\CTBO :mrpOIIMM» Ha pMC. 1.24, 6 03HaqaeT 

rrpo11ecc Bl,JqMcJieHml rrpOH3B0,!\CTBa :mTpOIIMM CMI'HaJiaMM X M u, qTO 3KBMBaJieHTHO 

HaJIMqHIO 6JIOKa BJ,JqMCJieHM.JI «rrpoM3B0,!\CTBO 3HTPOJIMM» B o6enx CB.J13.JIX. 3TOT rrpo11ecc 

61,1JI JIO,!\p06HO OJIMCaH B1,JIIIe. IlpOM3B0,!\CTBO 3HTPOJIMM paccMarpMBaeTC.JI B r A KaK 0,1\Ha 

M3 KOMIIOHeHT <pYHKI.\MM rrpMrO,!\HOCTM (KpMTepMH MMHMMyMa o6o6Il.\eHHOH 3Hrp0ITMM) M 

.JIBJI.JleTC.JI TepMO,!\MHaMMqeCKOH BeJIMqMHOH. Ilo3TOMY B cyMMaTope Ha pMC. 1.24 
BI,iJIOJIH.JleTC.JI KOppeKTHa.JI orrepal.\M.JI C <pMJMqeCKM 0,1\HOpO,!\HbIMM rrepeMeHHbIMM (B 

COOTBeTCTBMM C 3aKoHaMM TepMO,!\MHaMMKM OTKpb!TblX CMCTeM). 

IlpMMep rrpMMeHeHM.JI ,!\aHHOH orrepal.\MM paccMorpeH HM)Ke B rJiaBe 5. 
B Mo,!\eJIM KHB Ha pMc. 1.24, 6 ocyll.\eCTBJI.JieTC.JI M3BJieqeHMe KBaHTOBbIX 3HaHMH, 

CKPl,ITJ,IX B KJiaccMqeCKMX COCTO.JIHM.JIX, JIOJiyqeHHl,IX Ha Bl,IXO,!\e 6JIOKa «<popMMpoBaHMe 

061,eKTMBHJ,IX 3HaHMH Ha OCHOBe M.JII'KMX BJ,JqMcJieHMH». B Herrpe,!\BM,!\eHHJ,JX CMTyal.\M.JIX 

ynpaBJieHM.JI KHB Ha OCHOBe peaKI.\MH rrpO.I\YKI.\MOHHbIX rrpaBMJI po6aCTHbIX E3, 

crrpoeKTMpoBaHHbIX HP, <pOpMMpyeT M peaJIMJyeT B peaJibHOM BpeMeHM 3aKOHl,J 

ynpaBJieHM.JI C yqeTOM HeJIMHeHHl,IX . <pMJMqeCKMX M MH<popMal.\MOHHbIX orpaHMqeHMH Ha 

ycJIOBM.JI <pyHKI.\MOHMpoBaHM.JI OY. 

B pe3yJI1,TaTe c rroMOII.\bIO KHB ypoBeH1, po6acTHOCTM HCY rrpoeKTMpyeTc.JI B 

3aKOHax ynpaBJieHM.JI K03<pqJMI.\MeHTaMM ycMJieHM.JI IIH~-peryJI.JITOpa, BKJIJOqaIOII.\MX 

OTMeqeHHbie oco6eHHOCTM. B KaqecTBe MHCrpyMeHTapM.JI MO,!\eJIMpOBaHM.JI 

rrpO.I\YKI.\MOHHblX rrpaBMJI E3 MCJIOJI1,3YIOTC.JI TeXHOJIOI'MM M.Jll'KMX M KBaHTOBblX 

BJ,JqMcJieHMH. Pa3pa60TaHHblH rrporpaMMHblH MHcrpyMeHTapMH HOBbIX 

MHTeJIJieKTyaJI1,H1,1x BJ,JqMcJieHMH (unconventional computational intelligence) peaJIHJyeT 

rrpMHI.\MII caMoopraHH3al.\MM E3 Ha OCHOBe KBaHTOBOI'O IIO,!\XO,!\a M ocyll.\eCTBJllleT 

peaJIM3al.\MIO TepMO,!\MHaMMqecKoro KpMTepM.JI OIITMMaJIJ,HOro COOTHOIIIeHM.JI KaqecTB 

yrrpaBJieHM.JI, TaKMX KaK YCTOHqMBOCTb, yrrpaBllileMOCTJ, M po6acTHOCTb. 

HM,Ke MJIJIIOCrpMpyeTC.JI B03MO,KHOCTI, 3<p<peKTMBHOro rrpMMeHeHM.JI TeXHOJIOI'MM 

KBaHTOBl,IX BJ,JqMCJieHMH, B qacTHOCTM, ,!\JI.JI peIIIeHM.JI TaKMX aJiropMTMMqecKM 

Hepa3peIIIMMbIX 3a,!\aq KJiaccMqecKMMM MeTO,!\aMM, KaK rrpoeKTMpOBaHMe I'JI06aJI1,HOH 

po6acTHOCTn HCY B ycJIOBM.Jix Herrpe.I\BM,!\eHHl,JX cMryal.\MH yrrpaBJieHM.JI. Ilo,!\ 

KJiaCCMqecKMMM MeTo,!\aMM IIO,!\pa3yMeBaIOTC.JI MeTO,!\bl peKyppeHTHOH CToxaCTMqecKOH 

0IITMMM3al.\MM M .I\P-, BXO,!\.Jill.\Me, HarrpMMep, B rrpoMbIIIIJieHHOe rrporpaMMHOe 06ecueqeHMe 

II0,1\,1\ep,KKM cMcTeM1,1 MH,KeHepHbIX pacqernB TMrra MATLAB/SIMULINK. 

Ha pMC. 1.25 IIOKa3aHa CTpyKTypa aJII'OpMTMMqeCKOH II0,1\,1\ep,KKM 

MHTeJIJieKTyaJI1,H1,1x B1,1qMcJieHMH, peaJIHJOBaHHbIX B MATLAB/SIMULINK. 
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r-------------------------------------------------------
AJiropnTMaqecKaH no;:vi:epmKa HIITeJIJieKcyaJILHLIX BLI-ilfcJieHHii 

4 3 2 1 

IlpocTpancTBeHHO-
MaTpH'IHaH 

KuaHTOBhte u 
epeMeHHWI pe,ayKUHR KJiaccuqecKne 

AJiropHTMJlqeCKHe KBBHTOBblX onepaTopoe 4>opMa 
aJiropUTMLI 

BLP-IJICJICIIHH ua OCHOBe KBaHTOBLIX 
aJJropHTMUqeCKOro onepaTopon li,U: no,axo;:i:a 

---• H3MepeHHH IIHTepnpeTan:nH 

------------------------ --------
• YnpaBJieHne 

IlpHJIO>KeHHH • HH4'opMaTn1<a 
• .ll,p. ooJiacTH 

Pnc. 1.25. CTpyKTypa a.rrropttTMllqecKoii. TIOMeplKKll llHTeJIJieKTYa.JibHhlX BI,JqllcJieHllll 

Ha prrc. 1.26 IIOKa3aHa yKpyrrHeHHall CTPYKTYPa rrprrMeHeHJUI KBaHTOBblX 
HHTem1eKTyaJIJ,H1,Ix B1,1qrrcneHrrii B rrporpaMMHoii cpeAe Quantum MATLAB toolkit. 

Quantum MATLAB toolki..!)1 Industrial applications I 
Quantum soft computing 
computational intelligence 

•Quantum soft computing toolkit 
•Quantum neural networks 
•Quantum genetic algorithms 
•nuantum swt1rm computational_irl.lellirzence 

Quantum intelligent control 

Quantum intelligent robotics 
t 

Quantum visual cryptography 
uantum face reco2nition 

-1 
I 
I 

I 1_ 

I 
I 
I 
I 

=-=---=----------,,---1 
'Q-intelligent controllers for 11 
error correction codes in NAND 1- -

.flash memory 

I 
I 
I 

I -----------------

Industrial company R&D toolkit 

Q-PID-controller Integrated 
Q-sliding mode-controller ➔ intelligent 
Q-H 2 / H ~ -controller control 
Q-fractional controllers systems 

l l 
Q-lntelligent redundant manipulator 
Q-intelligent industrial robots 
Q-intelligent autonomous vehicles 
Q-intelligent unconventional robots 
Q-intelligent micro-nano-robotics 

Pnc. 1.26. O6o6meHHruI CTpYKTYPa MHCTpyMeHTapIDI Quantum MATLAB toolkit n ero 
rrp0MI,JTIIJleHHOfO npttMeHeHIDI 
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IIporpaMMHaH IIOMep)KKa OIITHMH3a~nrr Apo6Hb!X peryJIHT0pOB, crrpoeKTHpoBaHHJ,JX 
Ninteger v. 2.3 Fractional control toolbox for MATLAB, ocyru;ecTBIDierc» Ha ocHoBe OE3 Ha 

MJITKHX B1,1qrrcneH1rnx. AHanornqHo, cornacHo cxeMe Ha prrc. 1.20, ocyru;ecTBIDierc» 
0IITHMH3a~IUI APYTHX BHAOB peryIDITOpOB. 

CT{JyKrypa 6noKa «Quantum soft computing computational intelligence» MJI pa3Aena 
"Quantum computational intelligence" oro6palKeHa Ha prrc. 1.27. 

O6LQMe 

<f>YHK4MM 
AnropKTMMlfecKMe 

<f>YHKJ..IMM 
CMCTeMa M0A8nMpoeaHMSI 
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I 
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i. _________ -

D. 
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~-----
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.;. -~ __ i 

Pnc. 1.27. CTpyKTYPa 6JIOKa "Quantum computational intelligence" Ha prrc. 1.26 

IloAqepKHeM, qro BBeAeHHJ,]H B AaHHOH KHnre KA HBJIHeTCH HOBl,IM KBaHTOBJ,]M 
IlOHCKOBl,JM anroprrTMOM. PerneHrre 3aAaqrr rrpoeKTrrpoBaHHH po6acTHoro yrrpaBJieHHH OY 
(lIOKaJlbHO llJ!ll rno6aJIJ,HO HeycToiiqllBl,IM rr cyrnecrBeHHO HeJIHHeHHb!M) c BeKTopHbIM 
KprrrepneM Kaqecrna yrrpaBJieHIUI paccMaT{JrrBaerc» B ,naHHoii KHrrre B Kaqecrne rrprrMepa 

(Benchmark) ::icpcpeKTHBHOro llCIIOJl!,30BaHIUI pa3pa6oraHHOH llHqJOpMa~HOHHOH TeXHOJIOrHll 
npoeKrupoBaHIUI po6acTH1,1x I:ICY. 

CJieAyeT OTMeTllTh, qro 3a IIOCJieAHHe 15 JieT cyrnecTBeHH0 B03pOCJia CJIO)KHOCTJ, 
CTpyKryp CaMHX OY ll ypOBHll HeorrpeAeJieHHOCTll ll llHqJOpMa~HOHHOro pHCKa, B KOTOp1,Ix 
IlpHXOAllTCH cpyHK~llOHllpOBaTb OY . .ll:IDI AOCTll)KeHIUI ~enn, IIOCTaBJieHHOH rrepeA OY, 
Heo6xOAHMO IIOBbIIIIaTb ypoBeHJ, llHTeJIJieKryaJIJ,HOCTll CAY, c IIOMOIIIMO KOTOporo MO)KHO 
CKOMTieHcrrpoBaTb )'Ka3aHHJ,Je HeorrpeAeJieHHOCTll n OIIIH6Kll anrrpOKCHMa~rrrr B orrrrcaHHrr 
HenrrHeiiH1,1x MOAeneii OY 3a cqer crrpoeKTrrpoBaHHOH po6acrHoii E3. B pe3yn1,rare 
Tpe6yerc» aAeKBaTH1,1ii HH)KeHepH1,1ii HHCTpYMeHTapnii rrpoeKTnpoBaHJrn po6acTH1,1x I:ICY. 
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B MATLABISIMULINK 1J)e6yeMhiii HHClJ)yMeHTapnii orcyrcrnyer, a 

cyIIJecrnyIO~ii HHClJ)yMeHrnprrii Ha 6a3e HHC rnrra ANFIS He cnpamrneTc.ll ;:i:alKe c 
H3BeCTHb!M KJiaccOM Benchmark. MHOroJieTHllll Ollh!T rrprrMeHeHH.ll HHClJ)yMeHTapll.ll 
MATLABISIMULINK n rnrra AFM (Adaptive Fuzzy Module, ST Microelectronics) rroKa3aJI 
nx Hepa6orocrroco6HoCTh, a crrpoeKTrrpoBaHHhie E3 ):(JI.ll HeqeTKHx peryAAropoB He o6na.n:anrr 

CBOHCTBOM po6aCTHOCTH B Herrpe.n:sn.n:eHHb!X cnryaIJH.l!X yrrpaBJieHH.ll
32

. 
B pe3yJihTaTe 6brn pa3pa6oTaH coorneTCTByIOIIJHH HHClJ)yMeHTaprrii Ha OCHOBe 

TeXHOJIOfHH M.llrKHX ll KBaHTOBh!X BbJqrrcJieHHH, II03BOJI.ll!OllJllll rrpoeKTnpoBaTb po6acTHhie 

E3 .D:AA pa3nnqHoro ypoBHH CTPYKTYPHOH CJIOlKHOCTn HCY. TexHoJiofll.ll MHrKHx 
BhJqHCJieHHll ll ee npnMeHeHne K 3a;:i:aqaM rrpoeKTHpOBaHH.ll po6acrnoro HHTeJIJieKryaJihHOfO 
yrrpaBJieHH.ll H3JIOlKeHa HHlKe. 

3aKJnoqeHne 

TaKHM o6pa30M, B .n:aHHOll KHHre paccMalJ)nBaIOTC.ll perneHH.ll .D:BYX rrpo6JieM. 
IlepBa.ll rrpo6JieMa CB.ll3aHa C qimrrqecKHM o6ocHOBaHHeM H pa3pa60TKOH 

MaTeMarnqecKOll MO):(eJIH KA yrrpaBJieHH.ll caMoopraHH3aIJneii 3HaHHll H pOJih!O aHaJIOfOB 

qimnqecKHX (KBaHTOBh!X H repMO):(HHaMnqeCKHX) 3qJqJeKTOB B peann3aIJHH rrpOIJeCca 
rapaHTHpoBaHHOfO ):(OCTHlKeHH.ll KaqeCTBa yrrpaBJieHH.ll Ha OCHOBe TeXHOJIOfHH KBaHTOBhlX 
M.llrKHX BbJqHCJieHHll. 

Ilpn 3TOM OCHOBHOe BHHMaHne y;:i:eJI.lleTC.ll OIIHCaHHIO KaqecTBeHHb!X oco6eHHOCTeii 
6nonornqeCKH BOCilpOH3B0):(HMOH 3B0JIIOIJHH CaMoopraHrr3al(HH, OCHOBHhie KOMIIOHeHTbl 

KOTOpoii OIIHCbIBaIOTC.ll KBaHTOBb!MH orreparopaMH H COCTaBJI.l!IOT co.n:eplKaHHe 
pa3pa60TaHHOll MO):(eJIH KA yrrpaBJieHH.ll npoIJeCCOM caMoopraHrr3aIJHH. PaccMalJ)HBaeTC.ll 
3a;:i:aqa po6aCTHOfO yrrpaBJieHH.ll B Herrpe.n:BH.D:eHHh!X cnryaIJH.l!X Ha OCHOBe KBaHTOBh!X 

ClJ)aTernii npHH.l!Tll.ll perneHHll B BH):(e HHClJ)yMeHTapll.ll KHB KaK qacTHOfO CJiyqaH 
pa3pa6ornHHOro o6o6IIJeHHOro KA yrrpaBneHH.ll CaMoopraHn3aIJneii. 

PerneHne BTopoii rrpo6JieMbl .n:eMOHClJ)HpyeT pe3yJihTaTbl rrprrMeHeHH.ll TeXHOJIOfllll 

rrpoeKrnpoBaHHH po6aCTHhIX E3 B clJ)yKrype IICY (cM. prrc. 1.23 n 1.24). Ha KOHKpeTHhIX 
rrpnMepax rrpnMeHeHH.ll CTPYKTyp IICY, rrpe.n:crnBJieHHhIX Ha pnc. 1.24, rroKa3aHhI 
oco6eHHOCTH rrpoeKTHpOBaHH.ll po6aCTHh!X E3 ):(JI.ll Henpe;:i:BH):(eHHb!X crrryaIJHll yrrpaBJieHH.ll 

ll B ycJIOBH.l!X HHqJOpMaIJHOHHOfO pncKa. 
CnHepreTHqeCKHH 3qJqJeKT KBaHTOBOll caMoopraHH33IJHH E3 B ycJIOBH.l!X 

Herrpe.n:Brr):(eHHh!X cnryaIJHH, OTKpb!Tblll paHee33
, OCHOBaH Ha H3BJieqeHHH CKpb!TOH 

KBaHTOBOll HHqJOpMaIJHH B KJiaccnqeCKHX COCTO.l!HH.l!X (.n:orroJIHHTeJibHhlll HHqJOpMaIJHOHHhlll 
pecypc) 3aKOHOB yrrpaBJieHH.ll K03qJqJHIJHeHTaMH ycHJieHH.ll HCIIOJIHHTeJibHh!X 

aBTOMarnqecKHX yclJ)OHCTB, KOTOpb!e qiopMnpyIOT OilTHMaJihHYIO yrrpaBJI.l!IOIIJYIO CHJIY ( C 
MHHHMaJihHh!MH IIOTepHMH IlOJie3HOfO pecypca). Pa3pa6oTaHHa.ll TeXHOJIOfll.ll 
rrpoeKTHpOBaHH.ll Il03BOJI.lleT HCIIOJib30BaTb .n:aHHblll ):(OIIOJIHHTeJibHhlll HHqJOpMaIJHOHHhlll 

pecypc .D:AA IIOBhIIIleHH.ll ypoBH.ll po6acrnocrrr IICY. 
Ilpn 3TOM ycTaHOBJieH HOBhlll (.n:AA KJiaccrrqecKoii JIOIBKH yrrpaBJieHH.ll) KBaHTOBhlll 

«rrapa;:i:oKc»: ;:i:Be E3, crrpoeKTnpoBaHHhie .D:AA ;:i:Byx pa3HhIX cnryaIJnii yrrpaBJieHH.ll n He 

32 
Jlum6U111Je6a JI.B., YllbRH06 C.B. IIpoeKTIIJ)oBaHne po6aCTHhlX 6a3 3HaHHii Heqenrnx peryJillrnpoB ,11JU1 

HHTeJIJieKTYam,Horo ynpaaneHHR CYII1ecTBeHHO-HenHHeiiHI,1MH 111rnaM=ecKHMH cncTeMaMn. 1-1. II // lI3B. P AH. 
TnCY. 2006. N~ 5. C. 69-97. 
33 Ulyanov S. V. Self-organization quantum robust control methods and systems for situations with uncertainty 
and risk. US Patent No. 8, 0345 874. 2011. 
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po6acTHb!e B HOBOH Henpe.n:BH.D:eHHOll crrryaIJHH yrrpaBJieHH.ll, c IIOMOIIJb!O KBaHTOBOfO 
HeqeTKOfO Bh!BO):(a .n:aIOT B03MOlKHOCTb crrpoeKTnpoBaTb po6acrnyIO E3, KOTopa.ll Il03BOJI.lleT 
IICY .n:ocrnqh IJenn ynpaBneHH.ll34

. 

3qiqieKTHBHOCTh pa3pa6oTaHHOH TeXHOJIOIBH rrpoeKTHpOBaHH.ll rrpo.n:eMOHClJ)npoBaHa 
Ha rrpnMepax, pacCMOlJ)eHHh!X HlllKe B .n:aHHOll KHrrre. ,[(orroJIHHTeJihffYIO HHqJOpMaIJHIO 0 
KBaHTOBb!X BbfqllCJieHH.l!X 3aHHTepecoBaHHblll qnrnTeJib MOlKeT HaHTH B [22 - 41 ]. 

KOHTJ)OJlhHble B0ilp0Chl K rJiaBe 1 

1. BH):(bl HHTeJIJieKryaJihHb!X BbJqrrcneHnii. 

2. ClJ)yKrypb! HHTeJIJieKryaJibHb!X CHCTeM yrrpaBJieHH.ll. 
3. Ponh KoppeKTHOCTH Mo.n:eneii OY rrpn rrpoeKrnpoBaHnn E3. 
4. Oco6eHHOCTH TeXHOJIOfHH M.llrKHX BbJqncJieHnii. 

5. Oco6eHHOCTH TeXHOJIOfHH .n:po6Hh!X BbJqncJieHHll. 
6. Oco6eHHOCTH TeXHOJIOfHH KBaHTOBh!X BbJqncJieHHll. 

7. ClJ)yKTypa nHqiopMaIJHOHHoii rexHonornn rrpoeKTrrpoBaHH.ll po6acTHhIX IICY. 
8. ClJ)yKrypa po6acTHbIX IICY Ha ocHoBe OE3 Ha MfilKHX BhrqncneHH.l!X. 
9. ClJ)yKrypa po6acrnb1x IICY Ha ocHoBe OE3 Ha KBaHTOBhIX BhJqrrcneHH.l!X. 

10.ClJ)yKTypa anropHTMnqecKoii 110.n:.n:eplKKH HHTeJIJieKryaJibHb!X BhJqncJieHHll. 
1 l.ClJ)yKrypa 6noKa "Quantum computational intelligence" B MATLAB. 
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IlpllJIOiKeHHe K rJiaBe 1 
JluneiiuaH aJ1ze6pa B Kaanmoabtx Bbl'lUCJ1e11uax u ZUJlb6epmoao npocmpaucmao 

KBllHntOBblX cocmoanuii (Heo6xo,11HMble CBe~eHHH) 

B ,!laHHOll KHnre llCTIOJlb3YIOTCH cne,11yIOII.\He o603HaqeHllR ll pe3yJibTaTbl. 

1. Ecnn z = a+ i. b ' TO z. HBIDleTCH KOMTIJieKCHO-conpH)KeHHbIM, eCJill BbITIOJIHHeTCH 
ycnoBneZ' = a-i-b. 

2. Be,,rop I~)-[:] "'Ma=> «Kcr--B<,<rop» • (~ I-[ ,; , c; , ... , ,; J ea,smaere, «6p,

BeKTop». 
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3. (q,llfl) orrpe):(eJU1eT BttyTpeHHee rrpon3Be,[(em1e BeKTopoB lq,)n 1'1'). Ilpn JTOM B 

KBaHTOBbIX Bbiqncnemrnx :na orrepallIIB orrpe,[(eJieHa Ha KOMIIJieKCHOM rrpOCTPaHCTBe c·' a 

He B rrpocTPaHcrne R • ):(eiicrn1ITeilbHbIX qncen. HarrpnMep, ecnn I q:>) = [ :J, I If/) = [ ! l TO 

(\Vllfl) = [2,-6iJ[!] = 6-30;. 

4 . .D:Ba BeKTopa opTOroHanhHbI, ecnn n TOJibKO ecmr lq,),1c0, llfl)*0n (q,llfl)=0. 

HarrpnMep, BeKTopbI I q,) = [ ~] n I If/) = [ ~] opTOroHanbHbI, TaK KaK [ 1', 0] [ ~] = 0 . 

AHanornqHo BeKTOpbI lq:i)=G] n llfl)=[~
1
] opTOroHanhHbl, T. e. BbIIIOJIIDieTCH 

cneJzyIOmee ycnoBne: [I' ,1' J[ ~ 
1
] = lxl + 1 x (-1) = 0. 

4. I q,) @I If/) orrpe):(eJU1eT TeH3opHoe rrpon3Be,[(eHne n qacTo orrpe):(eJU1eTCH KaK I q,) I If/) . 

HarrpnMep, I\V)llfl) = [ 
2
.]@[

3
] = l ~_:! 1 =l 

1\1. 6i 5 6ix3 181 

6ix5 30i 

TeH3opHoe rrpoH3Be):(eHne HBJUleTcH o6o6meHneM 6nnnHeiiHoii orrepa11nn rrpon3Be,[(eHIIB 

(
a bJ (Axa AxbJ MaTPHll A = H HMeeT CJie):(yIDII.\He CBOHCTBa: 
c d Axe Axd 

( a)PaHr( A ®B) = PaHr( A)+ Pattr(B); 

(b) Pa3MepHOCTb( A® B) = Pa3MepHOCTb( A)xPa3MepHOCTb( B). 
TaKHM o6pa30M, C IIOMOII.\blO TeH30pHoro rrpOH3Be,[(eHIIB MO)KHO JKCIIOHeHllllailbHO 

pacnrnpHTb pafioqee rrpOCTPaHCTBO BbJqncneHHH n cqiopMHpOBaTb 6a3HC ,[(JUI rrapanneJibHbIX 
BhrqncneHnii. 

5. A' - MaTPHlla, KoMrrneKcHo-corrpx)KeHHaH MaTPHlle A. HarrpnMep, ecnn 

[ 
1 6i ] • [ 1 -6i ] A= TOA= . 
3i 2+4i ' -3i 2-4i 

6. AT - MaTPHlla, TPaHcrroHnpoBaHHaH K MaTPHlle A. HarrpnMep, ecJIH 

[ 
1 6i ] T [ 1 3i ] A= TOA= . 
3i 2+4i ' 6i 2+4i 

7. At - 3pMHTOBa corrpH)KeHHaH MaTPHlla (rrpncoe,[(nHeHHaH) K MaTPHlle A. OTMeTHM, 

( 
T )' [ 1 6i ] [ 1 - 3i ] qTo At = A . HarrpnMep, ecnn A = . . , TO At = . . . 

31 2+41 -61 2-41 

_ ____,--- ----

8. II llfl) II - HOpMa BeKrnpa 1'1'): II 1'1') II= J(lflllfl), n ncrronh3yeTcx ):(JUI HopMnpoBaHIIB 

llfl),T.e. IVf)!//1'1')11-

9. (q,IAllfl) - BHYTPeHHee rrpoH3Be,[(eHne I\V) n Allfl) nnn BHYTPeHHee rrpoH3Be,[(eHne 

A' lq,) lI 1'1'). 

10. lq,)('1'1 - BHernHee rrpon3Be,[(eHne lq,) n ('1'1- HarrpnMep, 

lo)(ll=[~][o· rJ=[~:~: ~:::]=[~ ~] 

n orrpe):(eJUleTcH KaK nnHeHHbIH orrepaTop A , ):(eiicrnyromnii cne):(yromnM o6pa3oM: 

(lq:i)(lfl 1)(1 w)) = lq:i)(Vf lw) = (lfllw)lq:i). .D:orrycruM, qrn I w) = al0)+ Pll). HMeeM 

ll)(llw) = 11)(11( a lo)+ Pll)) = Pll). 

11. IIpoeKTop p Ha IIO):(rrpOCTPaHCTBe V, = {100),101)} BeKTOpHoro rrpOCTPaHCTBa 

V = {I 00) ,I 01) ,I 10) ,I 11) ,} orrpe):(eJU1eTcx KaK 

P( a 00 I00)+ a 01 I0l)+ a 10 110)+ a 11 111)) = a 00 I00) + a 01 I0l). 

Orreparnp P rrpoeKTnpyeT BeKTop H3 VB rro):(rrpocTPaHcTBo V, . IIpoeKTop P 

npe):(CTaBJUleTCH B BH,[(e BHernHero npOH3Be,[(eHIIB. B 3a,[(aHHOM IIO):(rrpocTPaHCTBe, 
HarnHyToM Ha opTOHOpManbHhie BeKTopbI {lu1),lu2 ), ... ,lu.)}, rrpoeKTOp onpe):(eJUleTcx B 

BH):(e cyMMbI BHernmrx npOii3Be,[(eHiiH P = f lu;)(u; I- Ka)K):(ax KOMTIOHeHTa lu)(ul 3pMiiTOBa 
i=l 

11 caM orrepaTop p 3pMHTOB: pt = P, P2 = P, a Q = J - p Ha3bIBaeTCH opTOrOHailbHbIM 

,[(OIIOJIHeHHeM. Ecnii HCIIOJib30BaTb rrpoeKTOp Mm = p ,[(JUI ii3MepeHHH, TO BepoHTHOCTb 

pe3yJihTaTa ii3MepeHiiH m orrpe):(eJU1eTcH KaK pr(m) =(ljllM~Mlljl) =(ljllMlljl). 

12. KoMMYTaTop n aHTIIKOMMYTaTOp, ycrnHaBJiiiBaIDmiie OTHOilleHiiH Me)K,[(y ):(BYMH 
oneparnpaMn A n B , orrpe):(eJUIIDTCH KaK [ A, B] = AB - BA ii { A, B} = AB+ BA 

coorneTcrneHHO. OneparnpbI A ii B KOMMYTHPYIDT, ecnii [ A, B] = 0, n aHTHKOMMYTIIPYIDT, 

ecnii {A,B} =0. 
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rnana 2. Onnm11JaTop liaJ JHau11ii n cTpyKrype HCY 

PaccMa-rpIIBaeTCJI rrporpaMMHblll IIHC'IpyMeHTapHii
1
, KOTOpblll OCHOBaH Ha 

TeXHOJ!OfIIJIX MJlfKIIX Bbl'IIICJieHIIii II CTOxacrnqecKoro MO):leJIHpOBaHHJI, II ero np11MeHeH11e 

/:IJIJl II3BJieqeHHJI, o6pa60TKII 3HaHIIll II q:>opMIIpOBaHHJI 6a3 3HaHIIll (E3) B IIHTeJIJieKryaJibHb!X 

CIICTeMaX ynpaBJieHHJI (HCY). OcHOBHb!e pe3yJibTaTbl qiopM11pyIOTCJI Ha OCHOBe nponeccoB 

o6yqeHIIJI C noMOID;bIO HOBoro onTIIMII3aTopa fia3 3HaHIIii, II IIpOBO):IIITCJI cpaBHeHHe C 

MeTo;:ioM Ha HeqeTKoii HeiipoHHOii cern (HHC) 11 reHernqecKOM anrop11TMe (r A). B 
qacTHOCTII, IIHC'IpJMeHTap11ii MJlrKIIX BbJq11cJieH11ii, OCHOBaHHb!H Ha CTOXaCTHqecKOM 

Mo;:ieJI11ponaH1111 ofo,eKTa ynpaBJieHHJI (OY), 11cnOJih3yeT HOBbiii «j:>11311qecK11ii Kp11Tep11ii 

Kaqecrna ynpaBJieHHJI. 3TOT KpIITep11ii fia311pyeTCJI Ha npIIHD;Hnax TepMO):IHHaMIIKII 

Heo6paTIIMb!X rrponeccoB B BII):le MIIHIIMyMa CKOpOCTII npOI13B0):ICTBa 3H'IpOnHH KaK B OY, 

TaK II B caMoii CIICTeMe ynpaBJieHHJI (MIIHHMYM noTepb noJie3HOH o6o6meHHOH pa60TbI), 

BKJIIOqaJI TaJOKe II Kp1ITep11ii «MIIHIIMJMa OIIIH6KII ynpaBJieHHJI». C nOMOID;bIO 

CTOXaCT11qecKoro MO):leJIIIpOBaHHJI C03;:iaeTCJI aHCaM6Jib Bbl6opoqHb!X 'IpaeKTOpIIii 

«paH):IOMII3HpOBaHHOro» noBe;:ieHHJI OY, a C noMOID;bIO npIIHD;IInOB HeqeTKOrO 

MO):leJIIIpOBaHHJI Ha OCHOBe MllfKIIX BbJq11cJieH11ii ocymecTBJIJieTCJI KaqecrneHHb!H aHaJIII3 II 

113BJieqeH11e 3HaHHH 113 BbJ6opoqHoii 'IpaeKTOpIIII C neJibIO qiopMIIpOBaHHJI E3 HeqeTKOrO 

peryJIJITOpa (HP) B COOTBeTCTBIIII C 3a;:iaHHb!M q:>yHKD;IIOHaJIOM Kaqecrna ( QlYHKD;IIII 

IIpllfO):IHOCTII r A). TaKIIM o6pa30M, po6aCTHOCTb 3aKOHOB ynpaBJieHHJI ):IOCTIIraeTCJI 3a cqeT 

BBe):leHHJI BeKTOpHOrO KpIITepIIJI npHro):IHOCTII reHeT11qecKOro aJiropIITMa (I' A), 

co;:iep)Kamero B KaqecTBe 0/:IHOH 113 KOMnOHeHT Qlll3IIqecKHH npIIHD;IIn MIIHIIMJMa 

npOH3B0/:ICTBa 3H'IpOnHH, KaK BOY, TaK II B HHTeJIJieKryaJibHOM peryJIJITOpe. 

IIpone;:ieH C'IpyKrypHb!H aHaJIII3 HCY II on11caHbl B3aIIMOCBJI311 C 'Ipa):IIID;IIOHHb!MII 

3a;:iaqaMII Teop1111 CIICTeM ynpaBJieHIIJI. Ha OCHOBe aHaJIII3a pe3yJibTaTOB MO):leJIIIpOBaHHJI 

rnnoBbIX CTPYKTYP HCY noKaJaHo, qTo np11MeHeH11e HHC He rapaHTIIpyeT (B o6meM 

c.rryqae) ;:iocm)KeHHJI 1Pe6yeMoii rnqHocrn annp0Kc11Man1111 ofiyqaromero c11rnana (OC), 

no.rryqeHHOro OT r A II pacnoJIO)KeHHOro B KOHrype rno6aJibHOii IIHTeJIJieKryaJibHOH 

o6parnoii CBJI3II (I'HOC) C'IpyKrypbI HCY. B pe3yJibTaTe np11 cymecrneHHOM II3MeHeH1111 

BHeIIIHIIX YCJIOBIIH nOBbIIIIaeTCJI ypoBeHb qyBCTBIITeJibHOCTII OY, qTo npIIBO/:IIIT B neJIOM K 

CHIIlKeHIIIO po6aCTHOCTII HCY II, KaK CJie):ICTBIIe, K noTepe Ha;:ielKHOCTII (ToqHOCTII) 

):IOCTIIlKeHIIJI nocTaBJieHHOH neJIII ynpaBJieHIIJI. 

,ll;JIJI yc'IpaHeHIIJI OTMeqeHHOro He):IOCTaTKa HHC IICnOJib3YeTCJI OnTIIMII3aTop fia3 

3HaHIIll (OE3) Ha MJlfKIIX BbJqHcJieHHJIX, n03BOJIJIIOID;IIH yc'IpaHIITh OTMeqeHHb!e He):IOCTaTKII. 

HcnoJib30BaH11e OE3 np11no;:i11T K noBbIIIIeHIIIO ypoBHJI po6acTHOCTII C'IpYKTJPbI HCY. 

PaccMa'IpIIBaeTCJI C'IpyKrypa HOBOH BepCHII OE3, ;:iaeTCJI on11caH11e OCHOBHb!X oco6eHHOCTeii 

QlYHKD;IIOHaJibHOH pa60Tbl, 3TanbI nponeccoB TeXHOJIOfllll rrpoeKTHpOBaHHJI po6aCTHb!X E3 

HP. IlpHBO/:lllTCJI peK0MeH):lan1111 no pa3BIITIIIO II 3qiqieKTHBHOMY npIIMeHeHIIIO OE3 B 

nponeccax rrpoeKrnpoBaHHJI po6aCTHb!X E3, n03BOJIJIIOID;IIe nOBb!CIITb 3qJqJeKTIIBHOCTb 

QlYHKD;IIOHIIpOBaHHJI HCY B ycJIOBIIJIX Heonpe;:ieJieHHOCTII 113MeHeHHJI c11ryan1111 

ynpaBJieHHJI. OCHOBHOe BHIIMaHIIe CKOHD;eH'IpIIpOBaHO Ha on11caHIIII KOHKpeTHb!X 

pe3yJibTaTOB npoeKTIIpoBaHHJI E3 II MO):leJIIIpOBaHHJI HCY CJIOlKHb!MII, cymecrneHHO

HeJIIIHeiiHb!MII OY co c.rryqaiiHO 113MeHJIIOID;eiicJI C'IpYKrypOH II II3MeHJIIOID;HMIICJI 

3a;:iaIOID;IIMII CIIfHaJiaMH (neJIJIMII yrrpaBJieHIIJI). OCHOBHOH neJibIO pa60Tbl B 3TOM ceyqae 

1 
Y11bR1106 C.B., ,ao6pbl11u11 HH, Muu,u11 A.A. u op. IImj>opMaIJ.HOHHa>I TCXH0JI0IWI npoeKrnpomnllll po6acnn.JX 6a3 

3Hamrli neqenmx peryIDITopoB. 1I.l. // CncreMHhlll anaJIID B nayi<e n o6pa30BaHllll. 2010. N2 3. 
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JIBMeTCJI Bb!JlBJieHIIe ypOBHeii po6aCTHOCTII nponeccoB yrrpaBJieHHJI, no;:i;:ieplKHBaIOID;IIX 

1Pe6yeMb!H ypoBeHb Ha;:ielKHOCTII II TOqHOCTII nponecCOB ynpaBJieHHJI n ycJIOBIIJIX 

Heonpe;:ieJieHHOCTII IIHQlOpMan1111 B nponeccax npIIHllTHJI peIIIeHIIii. C 3TOH neJibIO 

paccMO'IpIIM npe)K):le Bcero 3Bonron11ro TIInOBbIX CTPYKTYP HCY, 11x oco6eHHocm, 

):IOCTOIIHCTBa II He):IOCTaTKII C TOqKH 3peHHJI TeXHOJ!OfIIII npoeKTHpOBaHHJI II npHMeHeHHJI 

HCY. 

2.1. OcolieHHOCTII TCXH0JI0nIH npoeKTHp0B8HIIH H 3B0JIIOD;IIH CTpYK'f)'p poliaCTHbIX HCY 

O;:iHa 113 OCHOBHb!X 3a;:iaq TeXHOJ!OnIII npoeKTIIpOBaHIIJI HCY 3aKJiroqaeTCJI B TOM, 

qT06b1 pa3pa6oTaHHaJI (Bb16paHHaJI) C'IpyKrypa o6na;:iana 'Ipe6yeMbIM ypoBHeM Kaqecrna 

ynpaBJieHHJI, 3a;:iaHHb!M ypOBHeM po6aCTHOCTH II cnpoeKTHpOBaHHb!H ypoBeHb Kaqecrna 

ynpaBJieHIIJI fihm OITTIIMaJibHb!M (no;:i;:iep)KIIBaJI 'Ipe6yeMb!H ypoBeHb Ha):le)KHOCTII 11 

TQqHOCTII yrrpaBJieHHJI B ycJIOBHJIX Heonpe;:ieJieHHOCTII IIHQlOpMan1111). IIp11 3TOM 0/:IHOH 113 

np11op11TeTHbIX II TPY/:IHO peIIIaeMbIX 3a;:iaq TeXHOJior1111 npoeKT11ponaH11JI HCY JIBJIJieTCJI 

ITOC'IpOeHIIe po6aCTHb!X E3, Il03BOJIJIIOID;IIX q:>yHKD;IIOHIIpOBaTb HCY B pa3JIIIqHb!X ycJIOBHJIX 

Heonpe;:ieJieHHOCTII IIHQlOpMan1111. ~o TeXHOJIOrIIII npoeKTIIpOBaHHJI po6aCTHb!X E3 HP 

COCTaBJIJIIOT HOBb!e TIIIlbl Bb1q11cJieH11ii II nponecCOB MO):leJI11poBaHIIJI [ 1 - 4]. 
IIp11MeHeH11e C'IpYKTYP HCY, ocHoBaHHbIX Ha HOBbIX TIInax Bb1q11cneH11ii (TaKIIX KaK 

MJifKIIe BbJq11cJieHHJI, KBaHTOBb!e Bb1q11cJieHHJI II T. IT.), B IlOCJie):IHIIe fO):lbl npIIBJieKaeT Bee 

6oJibIIIee BHIIMaHIIe IICCJie):IOBaTeJieii. IIpone;:ieHHble MHoroq11cJieHHb!e HCCJie):IOBaHHJI 

IlOKa3bIBaIOT, qTo OHII o6na;:iaIOT CJie;:iyIOID;IIMII ):IOCTOIIHCTBaMII: I) coxpaHJIIOT OCHOBHbie 

npeIIMymecTBa 'Ipa):IIID;IIOHHb!X CIICTeM ynpaBJieHHJI (TaKIIe KaK ycToiiqIIBOCTb, 

yrrpaBJIJieMOCTb, Ha6JIIO):laeMOCTb II T. II.), qTo COCTaBJIJieT OCHOBY ):IJIJI TeXHOJ!Ofllll 

rrpoeKrnpoBaHHJI HCY; 2) IIMeIOT OIITHMaJibttyIO (c TQqKII 3peHHJI 3a;:iaHHOro KpIITepHJI 

Kaqecrna yrrpanneHHJI) E3, a TaK)Ke B03MO)KHOCTb ee KoppeKn1111 11 a;:iarrran1111 K 

113MeHJIIOID;eiicJI cttryan1111 yrrpaBJieHHJI; rapaHTHpyIOT /:IOCTIIlKIIMOCTb 'Ipe6yeMoro Kaqecrna 

yrrpaBJieHHJI Ha OCHOBe crrpoeKT11poBaHHOH E3; 3) JIBJIJIIOTCJI OTKpb!Tb!MII CIICTeMaMII, T. e. 

II03B0JIJIIOT BBO):IIITb /:IOIIOJIHIITeJibHbie KpIITep1111 Kaqecrna yrrpaBJieHIIJI II orpaH11qeHIIJI Ha 

KaqecrneHHbie xapaKTep11cT11K11 rrponecca yrrpaBJieHHJI. 

8 CBOIO oqepe;:ib, 0):IHOH 113 OCHOBHb!X 38):laq COBpeMeHHOH Teop1111 yrrpaBJieHHJI JIBJIJleTCJI 

pa3pa6oTKa II rrpoeKT1IpOBaH11e CIICTeM aBTOMarnqeCKOro yrrpaBJieHHJI (CAY), OTBeqaromnx 

TpeM OCHOBHb!M KaqeCTBaM yrrpaBJieHHJI: ycTOH_qHBOCTh, yrrpaBMeMOCTh II po6acTHOCTh. 

ITepe~cnemn,1e KaqecTBa yrrpanneHHJI 06ecrreq11naroT 'Ipe6yeMJIO ToquocTb yrrpaBJieHHJI 11 

Ha):le)KHOCTb pa60Thl OY B YCJIOBIIJIX HeIIOJIHOH IIHQ)OpManHH O BHeIIIHHX B03MJID;eHIIJIX II 

IIOMexax B KaHaJiax II3MepeHHJI II yrrpaBJieHHJI, Heonpe;:ieJieHHOCTII CTpyKrypbl HJIII rrapaMC'IpOB 

OY HJIII CJia6oqiopMaJIII30BaHHb!X qiaKTopax, OIIIICb!BaIOID;HX neJIII yrrpaBJieHHJI. 

PeIIIeH11e ;:iaHHoii 3a;:iaq11 ocymecTBJIJieTcJI B TPII 3Tarra: orrpe;:ieJIJIIOTCJI ycnoBHJI 

YCTOiiqHBOCTII OY IIpH QlIIKCHpOBaHHb!X YCJIOBIIJIX ero pa60Tbl BO BHeIIIHeii cpe;:ie; 

QlOpM11pyeTcJI 3aKoH yrrpanneHHJI, 06ecneq11narom11ii ycToiiq11noCTb pa6oTbI OY rrp11 

3a;:iaHHOH TOqHOCTII yrrpaBJieHHJI (no 3a;:iaHHOMY KpHTepIIIO OIITHMaJibHOro yrrpaBJieHHJI); 

npoBepJieTCJI qyBCTBIITeJibHOCTb /:IIIHaM11qecKoro rrone;:ieHHJI OY Ha pa3Hble KJiaCCb! 

CJiyqaiiHb!X B03MymeHIIii II IIOMeX. ,ll;aHHble 3TaITbl rrpoeKTIIpOBaHHJI paccMa'IpIIBaIOTCJI 

COBpeMeHHOH Teop11eii yrrpaBJieHHJI KaK OTHOCHTeJibHO He3aBIICIIMbie, II OCHOBHOH 

npo6JieMoii rrpoeKTIIpOBaHHJI CAY JIBJIJieTCJI orrpe;:ieJieH11e OITTIIMaJibHOro 

B3aIIMOOTHOIIIeHHJI MeJK;:iy 3TIIMII 'IpeMJI KaqecTBaMII yrrpaBJieHHJI. 
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PaccMOTJlllM K0HKpeTIIblll rrpIIMep CTJlYKTYPH0ro M0,[le1rnpoBaHID1 B3allM0CBH3ll 

YKa3aHHbIX BbIIIIe 3TaII0B rrpoeKTIIp0BaHIDI Ha HII)KHeM (llCIIOJIHllTeJ!bHOM) ypoBHe CAY. 

IlpnMep 1. KaK II3Becrno, OCHOBHoii rrpIIHU:IIII II0CTJl0eHIDI CAY ncrroJib3yeT 

6nonomqecKIIii MexaHII3M rno6anbHOii OTJlIIU:aTeJibHOii o6parnoii CBH3ll (fOOC). Ha 

pIIC. 2.1 II0Ka3aHa lpa,[llll(ll0HHaH CAY, 0CH0BaHHM Ha IIpllHI(llIIe fOOC (CM. TaIOKe 

II03lll(lll0 1 B Ta6JI. 2. 1). 

u* =kp •e+ kD -e+k1J edt 

kp,kD,kl lXJCIJIOJ/Hl/bTe 

....................................................... , 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

' Tpa,Ql1ql10HHblH I ! ►( I l ► I 061ieKT 
ynpaeneHHR 

X =(4,Xi,;, ... ,~) 
perymrrop 

' I 
I 
I 

' ' I 
I 
I 

' ........................................................ , 

----,.-- CHCTeMa H3MepeHltR ---------

rnooaJ1bHaA 
0Tpa.jaTeJJbHaA 
oopaTliaA CBA3b 

Kon~eCTB0 Aal'-IMKOB ~JMepeHHA 
onp~enAeTCA Clpyf:l)'pOH 

perymrropa. OcH□BHaA npooneMa: 
C0KpalljeH~e KOn~eCTBa Aal'-IMKOB. 

PMc. 2.1,a. Crpyicrypa CAY, ocHoaamrnii Ha IIplfHillflle rno6aJibHOii 01plfl(aTeJ!bHoii o6parnoii CBH31f 

(rOOC) If MeT0):(e K0MIIeHcal(lfll (MlfHlIMYMa) oIIIJf6KM ynpaaJieHliJI (Illi)];-peryJIITTop): C1Jlyi<rypa CAY 
C IllI,[(-peryJIHTOpOM If ee 0CH0BHJ,Je l(JfHaMnqecKJfe xapaKTepHCTlfKlf 
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. ...---·-· 

Ctpy,oypa c11CTeMbl ynpaeneH11.R I~ 
MHHHManbHOH cnc»KHOCTit CorJiaCoBRHHe 

6il30Bbliii ypoeeHb 

MaKCHManbHOe •111cno ypOBHeiii 

Ka'leCTBa ynpaeneH11.R 
L--------<r---------' 

---............ ________________________________________ ,, 

Tpa.111111110HHb1A 1 ,m - ,1 061,ercr 
(X) . 

perymrrop ynpaeneHH.R 

C11CTeMa 113MepeH11.R 1-------------
----------------------------------------------------------------------------------------------------------------

6) 

Pnc. 2.1,6. C1J)yicrypa CAY, ocHoaaHHoii Ha npHHI(HIIe rno6aJibHon 01JlMIIaTeJIJ,HOn o6parnoii CBJI31f 

(fOOC) If MeTO):(e K0MIIeHCal(lflf (MllHJfM)'Ma) OIIIJf6KJf ynpaBJieHliJI (Illi)];-perymrnp ): 
B3alfM00TH0llleHlfJI MelK,lzy KaqecTBeHHJ,IMlf xapaKTepHCTlfKaMJf If CJI0JKH0CTJ,IO rrpo11ecc0B 

yrrpaaneHJfJI (rrpHBel(eHhl C00TH0llleHlfJI MelK):ly yp0BlfHMlf Kaqecwa ynpaaJieHJfJI, CJI0JKH0CTlf 
ynpaaneHMJI If o6ocHoaaHMe 6aJoBoro ypoaHH) 

B C00TBeTCTBllll C 3aK0HaMlf aBT0MaTIIqecKoro perymrpoBaHIDI ll Te0plfll yrrpaBJieHIDI 

0TH0IIIeHIIe MeJK)zy Bb!X0,[I0M JIIIHeiiHoro ,[IIIHaMJfqecKoro OY II 3a,1:1aIOIIJllM CllrHaJI0M (u:enII 

yrrpaBJieHIDI) orrpe,[leJIHeTCH cJie,[lyIOIIJllM ypaBHeHIIeM: 

1 
X(iw)= (') (' )•<l> 1 (iw)<1> 2 (iw)•Y, (2.1) 

1 + <f> I laJ <I> 2 laJ '--- - --~ - - __, 
'--- _ ---v- __ -' YnpaeJJJleMocmb 

YcmoU~u6oCmb 

r,1:1e <1>1 (iw) - rrepe,1:1aTOqHaH qJYHKIIIDI peryJIHTOpa, <1>2 (iw) - rrepe,1:1aTOqHax <PYHKIIIDI OY, 

Y - 3a,[laIOIIJIIii cnrnan, X - BbIXO,[IHoii cIIrHan OY. 

Helpy,[IHo Bll,[leTb, ~o qJOPMYJia (2.1), 0illlCbIBaIOIIJM 0TII0IIIeHIIe BXO,!VBbIXO,[I B 

CTpyKType CAY, lpe6yeT llCCJie,[I0BaHIDI 0,[IH0BpeMeHH0 ,[IByx KpllTepHeB KaqecTBa yrrpaBJieHIDI: 

ycmoU'IU60CmU II ynpa6llReM0Cmu. CJie,[IOBaTeJibHO, IIpllHI(lfII fOOC C0,[lep)KJJT B cefie ,[IBa 

YKa3aHHbIX BbIIIIe KpllTepIDI KaqecTBa yrrpaBJieHIDI. lIMeHHO Il03T0MY po6aCTHOCTb 

paccMaTpIIBaJiaCb KaK TJleTIIH He3aBlfCllMblll KpllTepllll KaqeCTBa yrrpaBJieHIDI, rrpoeKTIIpOBaHIIe 

K0TOporo 0CYIIJeCTBJIBJI0Cb II0CJie ycraH0BJieHIDI ypoBHeii ycro~OCTll ll yrrpaBJIHeM0CTII. 

IlpIIBe,1:1eHHbIH npIIMep 0,[IH0BpeMeHH0 YKa3bIBaeT Ha )l(eCTK0CTb CTJlYKTYPbI CAY, 

,[IJijJ K0TOpoii B rrpou:ecce rrpoeKTIIp0BaHIIH TJlY,[IH0 ycTaH0BIITb ypoBeHb 

lIHTeJIJieKTyaJibHOCTll II, KaK CJie,[ICTBIIe, ypoBeHb po6aCTHOCTll. 

,ll;JIH po6acTHbIX CTJlYKTYP CAY M0)l(eT 6bnb ,[I0Ka3aH qJII3IIqecKIIii rrpIIHU:IIII 

ynpaBJieHIDI, II03BOJIHIOllJlfll 061,e,[IIIHllTb ll HaHTll B aHaJillTllqecK0M Bll,[le C00TBeTCTBJfe 

Mel!Qzy TJ)e6yeMbIM yp0BHeM ycroiiqIIBOCTlf, yrrpaBJIHeM0CTll n po6acTIIOCTII yrrpaBJieHIDI. 
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3To orrpeL1eID1eT He06XOJ:111MhIH ypoBeHb llHTeJIJielCT)'aJihHOCTll CAY B JaBllCllMOCTll OT 

CJIO)KHOCTll KOHKpeTHOH rrpo6JieMhl yrrpaBJieHIUI. 

Ilpmuep 2 KpaTKo pacCMOTpHM ocHOBHhie g:>mWiecKHe rrpmnnnn,1 rrpo11eccos 

yrrpaBJieHIUI, nmBOIDIIOil.\lle yCTaHaBJIHBaTh B3aHMOCBH3h Me)KJ:ly KaqeCTBeHHbIMH 

xapaKTep11CTHKaMH LllfHaMWiecKoro noseL1eHIU1 OY 11 11cnoJIHHTeJibHhIM yCTpoHCTBOM CAY: 

ycroil.qHBOCTh!O, yrrpaBID!eMOCTh!O 11 po6aCTHOCTh!O yrrpaBJieHIUI. ,l].Jur :rroil. I..(eJIH 11cnOJlb3yeM 

HHq:>OpM8l\IIOHHhill 11 repMOLllfHaMWieCKHH IIOLIXOJ:lhl, ofo,eLIHIUIIOil.\lle OLIHOPOLIHblM YCJIOBlleM 

KpHTepHH LllfHaMWieCKOH ycroil.qnsoCTH (q:>)'HKIIIUI .llimy110Ba), yrrpaBID!eMOCTH 11 po6aCTHOCTH. 

PaccMOTpHM LllfHaMWiecKHH OY, OIIHChrnaeMb1il. (s o6meM BHJ:le) ypaBHeHHeM 

dq 
-=<p (q,t,S(t),u(t)), (2.2) 
dt 

rL1e q - BeKTOp o6o6meHHhIX KOOpLlllHaT, OnllCh!BaIOil.\llH LlllHaM11qecKoe IIOBeL1eH11e OY, u -

yrrpaBID!IOil.\llil cHJia (BhIXOLI 11cnoJIHHTeJihHOro YCTPOHCTBa CAY), t - speMR:, S(t)- · 

rrpOH3B0LICTBO 3HTPOIIllll OY 11 perymnopOM. Heo6XOJ:lllMhie 11 J:IOCTaTOqHhie ycJIOBilll 

ac11MnTOT11qeCKOH ycToil.qllBOCTll J:lllHaM11qecKOH CllCTeMhl, onllCbIBaeMOH ypaBHeH11eM (2.2), 
onpeL1emIIOTCH q:>ll3WieCKllMll orpaH11qeHID1Mll Ha BllLI q:>YHKl.\1111 .llimyHoBa, KOTOpa» llMeeT 

LIBa Ba)KHhlX CBOHCTBa: 3TO CTPOI'O nOJIO)KllTeJibHaH q:>yttKl.lilll OT o6o6meHHh!X KOOPJ:lllHaT, 

T. e. V > 0 (ycJIOBlle I); IIOJIHM np0113BOJ:1Ha» no BpeMeHll OT g:>yHKl.\1111 .llimyHOBa HBJIHeTCH 

HerroJIO)KHTeJihHOH g:>yHK1111eil. dV ::, 0 (ycJIOBlle 2). 
dt 

CornaCHO ycJIOBilllM (1) 11 (2) B KaqecTBe o6o6meHHOH q:>yttKl.\1111 .llimyHOBa BbI6epeM 

I " I 
cJieL1y10my10 q:>yHKI..(1110: V =-Lq; +-S2, (2.3) 

2 ;=] 2 

rL1e S =SP-Sc - rrpo11JBOL1CTBO 3ffTPOIIllll B OTKphITOH c11cTeMe «OY + peryID!rnp»; SP -

np0113BOJ:ICTBO 3HTPOIIllll B OY, Sc - rrp0113BOJ:ICTBO 3HTPOIIllll B peryJIHTOpe (B 

11cnoJIH11TeJihHOM ycTPoil.crne CAY). BBeL1eH11e 3HTPOn11il.HhIX xapaKTep11cT11K B ypaBHeH11e 

(2 .3) B03M0)KH0 B CllJIY CKaID!pHoro CBOHCTBa 3HTPOIIllll KaK g:>yHKI..(Hll BpeMeHll, s ( t) . 
IIepBOe ycJIOBlle BhIIIOJIHHeTCH aBTOMaT11qecKH. IloTPe6yeM BhIIIOJIHeHllH BTOporo 

ycJIOBilll dV ::, 0 . B 3TOM cJiyqae nOJIHllil npo113B0J:1HM OT g:>yHKI..(1111 .llimyHoBa, on11caHHOH B 
dt 

(2.3), c yqeTOM (2.2) llMeeT BllJ:I 

dV I '°' . 1 . f, . · f, ( ) ( )( · · ) -=-L,2q;q;+-2S·S=L,q;q;+SS=L,q;·</J q,t,S(t),u + Sp-Sc Sp-Sc. 
dt 2 2 ;=i ;=i 

TaKllM o6pa30M, llMeeM 

dV 

dt ......,,_. 
cma6UllbHOCmb 

= f q; · <p ( q,f, S (t ), U) + (Sp - Sc)· (Sp - Sc)::, 0 
i=l '------....----' 
'-----v---~ po6acmHocmo 

ynpa6JIJUMOCmb 

(2.4) 

Ha p11c. 2.2 IIOKaJaHa B3allMOCBH3h Me)KJ:ly q:>yttKI..(lleil. .llimyHoBa 11 rrp0113B0LICTBOM 

3HTPOnllll BOY 11 B CAY. 
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3aMKHYfaH 0TJ<pblTilfl 

CHCTeMa Clr1CTeMa 

:- ~: ~~Tq:,1rl TepM0Al'IH3MM'leCK0e C00TH0WeHl'le MeJKAy 

YCTOK'll'IBOCTblO, ynpaBm:leM0CTblO 11 po6acTH0CTblO 

I 061>eKT I 
: ynpaBneH11ff : ~-------------------' dV ~ ( ) ( t SOY d Sp J 0>-= rJ;·<p q;,u,t + S0y-Sp ----

<l>yn~m1 .llimynona dt ; dt dt 
/ ',''---y-----J' y 

dV I dS0 y Yc.~0BBe ABHUIIOOIOY Tep"0.!lHBHffi'ltc..:oe D0Bt.!ltBBe 

-------- ycroirnmocm (YnpaB.lllleAI0CTL) OY (Po6acmocn.) 

dt T dt 

I -------------------------, 

r -, I O6061.1.1eHHaff Mepa : 
, 061,eKT ynpaeneHl!H: lnpo113BOACTBa 3HTpon1111! l ___ \ ,,-----------.,, 1 __________________________ 

s -=(S\i~s tsQV dSp J I 
lfu5 OY f. dt dt Kp11Tep11111 po6aCTHOCTl'I 

I\ 

min f S0606 dt ,-' '------, 
: PerynHTOp : q,u ... _________ ... 

Pnc. 2.2. TepMO,!IHHaMnqecKHii KpHTepnii Kaqecrna po6acTHoro yrrpaBJJeHn» 

YpaBHeH11e (2.4) OIIIIChIBaeT <j:>11311qecK11il. JaKOH Kaqecrna yrrpaBJieHilll II 061,eJ:lllHHeT 

B aHaJillTIIqecKOH <j:>opMe pa3JIIIqHhie Mepbl KaqeCTBa yrrpaBJieHilll TIIIIa ycmou•tueocmu, 
ynpaeJtReMOCmu 11 po6acmHocmu, IIOL1L1ep)KlfBa10m11e TPe6yeMy10 HaJ:le)KHOCTh 11 TOqHOCTh 

yrrpaBJieHllH. CJieLIOBaTeJibHO, B3aIIMOCBH3h Me)KJ:IY ycToil.qIIBOCTh!O no .llimyHOBY II 

po6acrnocTh!O, on11caHHOH ypaBHeHlleM (2.4), HBID!eTCH OCHOBHhlM q:>II3llqecKIIM JaKOHOM 

Lilli! npoeKrnpoBaHIIH CAY. 3TOT JaKOH HBID!eTCH OCHOBOH LIJIH np11KJiaL1HOH TeXHOJIOr1111 

npoeKTIIpOBaHilll E3 po6acTHhIX IICY (c pa3JmqHhIMII ypOBIDIMll IIHTeJIJielCT)'aJihHOCTII 

[1, 2]) C IICIIOJih30BaHlleM TeXHOJIOr11il. MHrKIIX BhJqIICJieHllH. 

IlpUMel/aHUe. IlpaKTWieCKOe rrp11MeHeH11e q:>II3WieCKOro 3aKOHa rrpo11ecc0B yrrpaBJieHIUI 

(2.4) K TP~OHHhIM 38J:laqaM, TaKHM KaK OI..(eHKH rnqHoCTH (rpy6oCTH) JIHHeapll3al(HH MOL1eJieil. 

OY, Ha6J110L1aeMoCTH rrapaM~OB rrpo11eccos yrrpaBJieHIUI 11 LIP·, paccMoTPeHo B [1]. 3L1eCh 

OTMeTHM, ~o qJ!eH L q/J; xapaKTepmyeT L10nOJIHHTeJibH)'IO B03MO)KHOCTh pa60Tu1 c <j:>mWiecKoil. 

MOJ:leJlbIO OY 6e3 rrpHMeHeHIUI MareMaTW!eCKOH MOJ:leJIH, 11cn0Jlb3y» HerrocpeL1CTBeHHO 

113MepeHIIe LIHHaMWieCKOro nOBeL1eHIU1 q:>ll3WieCKOro OY (CM. rnasy 4). B 3TOM ruyqae HMeeM 

060611.\eHIIe MOJ:leJIH <<'IepHoro HII.\HKa» OY. 

OTMeTllM OLIHY oco6eHHOCTh LlllHaMIIqecKoro IIOBeJ:leHIIH OY c L1IICCIIna11IIeil. (2.2) B 
811Lle HaKoIIJieHilll 3HTPOnIIll B rrpo11ecce LIBllJKeHIIH JaMKHYTOH (B TepMOJ:IIIHaMIIqecKOM 

CMblCJie) CllCTeMbl. 
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Ilplll\1ep 3. ,l]prryCTHM, 'ITO /J,HHaMll'IeCKlUI CHcreMa o6na,gaer KHHeIW!eCKOH :meprneii 

r, H IIOTeHIJ,Ha.Jil,HOH :meprneii u H )UfHaMll'IeCKOe IIOBeJJ,eHHe OIIHChIBaerc.11 0606II1eHHhIMII --

ypaBHeHH.IIMH narpaIDKa B BHJJ,e 

dark - ark = au +Q;(q;,;;,s), 
dt -a. aq; aq; 

q; 
1 • • ) 

d;S =CY=-"'f,q;Q;(q;,q;,S, 
dt r ; 

S = F(q,r) (mepMoOUHaMU'lecKoe yCJ1oeue cemHocmu), 

L,;;Q;(q;,;;,S) > 0 (uoeHmU'IHO). 

(2.5) 

YpaBHeHH.11 (2.5) OIIHChIBa!OT C.JIY'Iail:, KOrJJ,a TeIIJIOBOH o6MeH 3a C"-le'I' B3aHMOJJ,eHCTBH.II C 

BHeIIIHeii cpeJJ,OH OTCyrcrnyer, H Q; ( q; , iJ;, S) OIIHChIBa!OT HeKOHCepBaTHBHh!e CHJihl, 

BKJIIOY.(a!OIIJ,He /UfCCHIIaTHBHh!e CHJlhl KaK "-laCTHhIH C.JIY'Iail:. IlpoH3BO)J,CTBO 3liTpOIIHH 

ocyrr1eCTBJI.11eTC.II B 3TOM C.JIY'Iae TOJlhKO 3a C"-leT MeXaHH"-leCKOro )J,BIDKeHH.11. B "-laCTHOM C.JIY'Iae, 

KorJJ,a /UfCCHIIaTHBHhie CHJlhI 3aBHC.IIT JIIIHeii:Ho OT 3mpoIIHH S KaK Q(q.q,S) = (k +k 1S)q, 

ypaBHeHH.11 )J,BIDKeHH.11 )J,HHaMll'IeCKOH CIICTeMhI C 0)],HOH crerreHh!O CB060)J,hl H3 (2.5) 

3arrHCbIBalOTC.II B BH)J,e 

ij +(k + k1S)q + k0q = Asinkof, 

dS 1 -2 . 
~=T(k+k1S)q, S0 =cqlnr+a,q. 

(2.6) 

lfa (2.6) cneJJ,yeT, "-ITO )J,HHaMH"-leCKa.11 CIICTeMa o6JiaJJ,aeT HeJIHHeiiHOH 

HeCTal.lIIOHapHoii: CTPYKrypoii:. 
Ha pIIc. 2.3 IIOKa3aHhl pe3yJihTaThl MO)J,eJIHpOBaHH.11 HaKOIIJieHII.11 3HTPOIIHH B 

)J,HHaMH"-leCKOH CHCTeMe (2.6) B rrpol.lecce )J,BIIlKeHH.11. 

Pe3yJihTaThl MO)J,eJIIIpoBaHH.11 Ha pHC. 2.3 IIOKa3hIBa!OT Bh!COKYIO "-IYBCTBHTeJihHOCTh 

TepMO)J,HHaMH"-leCKOro IIOBeJJ,eHH.11 CHCTeMhl K H3MeHeHIIIO 3HTPOIIHHHOI'O rrapaMeTPa II 

BJIH.IIHIIe Ha )J,HHaMH"-leCKOe IIOBeJJ,eHHe CHCTeMhl (2.6). IlpH 3TOM ycTOH"-IHBOe )J,HHaMH"-leCKOe 

IIOBeJJ,eHHe CHCTeMhl (2.6) )J,OCTHraeTC.11 3a C"-leT IIOBhIIIIeHH.11 HaKOIIJieHH.11 rrpOH3BO)J,CTBa 

3HTPOIIHH, "-ITO Heo6xo)J,HMO Y"-IHThIBaTh rrpH qiopMHpOBaHIIH E3 H rrpH Ol\eHKe HaJJ,elKHOCTH 

CHCTeM
2

• 

2 IIcnoJih30BaHHe 3H-rpomrn: KaK CKaIDlpHoro napaMe-rpa s ypasHemrnx MeXaHHqecKoro /\BIDKeHIDI snepsble 

HCil0Jib30BaH0 B [5] H Il0BT0peH0 Il03)Ke qepe3 10 JleT [6]. 
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Pttc.2.3. ,ll,HHaMlfqecKoe (a,b) tt TepMO)J,HHaMll'!eCKOe (c,d) IlOBeJJ,eHHe HeJIHHeiiHOH CHCTeMbl (2.6) 

C pa3JI1fqHbIMH napaMeTPaMH )J,HCCHilal\HH kl 

Ha pHC. 2.4 H 2.5 IIOKa3aHhl THIIOBhle KpHTepHH Ka"-leCTBa yrrpaBJieHH.11, IIX 

B3aHMOOTHOII1eHHe C pa3JIH"-1Hh!MH BH)J,aMH Bhl"-IHCJieHHH H THIIaMH MOJJ,eJIHpOBaHH.11, a TaKlKe 

nepapxn.11 ypOBHeii: Ka"-leCTBa yrrpaBJieHH.11 B 3aBHCIIMOCTII OT TPe6yeMoro ypOBH.11 

HHTeJIJieKryaJihHOCTH CAY. 
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PHC. 2.4. B3aHMOOTHOIIIeHHe MeJK.llY TllIJaMII II I1epapxI1qecKI1Mil ypOBIDIMII KpilTepI1eB KaqecTBa 

T111nb1Ka'lecraa 
ynpaeneH11111 

•YCT0~'111BOCTb 

•Ynpaen11eM0CTb 

•Po6aCTHOCTb 

•A,Qanra41111 

•O6y4eH11e 

I •CaMoopraH113a41111 

l----------------
na~oparopHble 

IICnblTaHIIR 
~KCDfPHMfflTU•tu.lH 

oopa1<IC 

Ka'!ecraa ynpaeneH11111 

: .-----------------~ ----------~ : ,1. Ynpaern1eMOCTb:}r : 
I I I I : :2. Ycroi;,4111BOCTb , 04HOCTb,' : 3~-o6y4eHHe ______ , : 
: 4. A,o.ama411151} iPo6aCTHOCTbJ : 
-------------------------------J 

TexHonom11 npoeKT11poeaH1111 
[0CH0BaHHaR Ha H0BblX B11,Qax Bbl411CneH1111] 

•L1eno411cneHHoe 11c411cneH11e 

•He4eno411cneHHoe 11c411cneH111e 

•CToxaCTl14eCK11e 11C411CneHl1R 

•MRn<11e Bbl'll1CneHl1R 

•KsaHTOBble Bbl'lllCneHl1R 

•KsaHTOBble MRrKl1e Bbl411CneHl1R 
I 

--------------------------' 
il1HA)'Clpll8nbH08 

11cnonb3osaH11e 
Ilpoim.m:r.11~HR1,ti 

o6_!'."'<II 

PIie. 2.5. B3anMOOTHOIIIeHile MeJK.llY KpHTeplllIMII KaqecTBa ynpaBJieHllll, B1f)1aMI1 

IIHTeJIJieKTyaJil,Hb!X Bbl'lliCJiemrn II MOAeJIHPOBaHJrn a TeXHOJIOTTIII npoeKTHpOBaHlll! po6aCTHb!X E3 HP 

Ha pIIC. 2.6 IIOKa3aHhl OCHOBHhie KOMIIOHeHThl II IIX B3aIIMOCBX3II B IIH<popMaI_\IIOHHOH 

TeXHOJIOrIIII rrpoeKmpoBaHIIX (HTII), OCHOBaHHOH Ha HOBhIX Blf./1aX BhJIIIICJieHIIH (MXrKIIX II 

KBaHTOBhIX BhJqIIcJieHm1x). 
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~::c!:~:eo:a~~::H~R 1 /c Ctla3fl~4Hb1M ypo~.~:.~.~~!.:~~=~~.~~:.~~··-·;-i ----
B03M')'llleHMR : I 1 i YpOBHH xapaKTepHCTHK ynpaeneHHR 

6a30Bbl~ ypoBeHb 
C~CTI:Ma ynpaBJ1eHMR OCHOEaHHa!l Ha 
KnaCCM«eCKOW reopHM npoCTblX CMCTeM 
ynpaBJ1eHMR 

' ' ' 
' 
' 

' 
' 

HITTeMeKTYilJ!bHOCTb PoOaCTHOCTh 

! 
T eXHOnD11'1R npoeKmposaHMR HCY ' -. fr : 

>·····n::::::::::::::::::l}:::::::::::::i Po6acnra,:.. •-C-,p" ,cy 

B~ ', : TexHOJlOrltRMRnGOCB~~HCJleHHW 
He pa5oner ' HK i ocHoaaHHaR Ha HeliOTOpblX opMrnHilJlbHblX 
•PJneeBCl()111 wyM , , npmt1Hnax reHffil-lecroro AnropITTMa 
•He n~H011Hble OY : •••••••••• ; 

n TeK 
npo6neMbl mexHOJKJeuu 

(IJbmambJ 

Pa5oraer 
npeanoJKeHuR Ha 6~y111ee 

• Bo3MO)l(HOCTl-1 ynpolljeHHR 

OnrnM~38TOP Ha MRrl()!X 8614~CneHHRX 

TeXHOn011'1R H8 KB8HTOBblX 

B614HCneHMRX 

(iii]) 

I Tpy11Hocrn 8 H8XO)l(,!10Hl-11-1 

OITTHM8nbHOro peweHHR 

t rapaHT1-1R po6acrnocrn 

cnO)l(HblX CTOXaCrn4eCl()!X 

803MYIJ.j0Hl-111 

PewaeMble npo6neMbJ 

• Yny<u1eH1-1e po6aCTHOCrn 

npuMeHeHue Ha npaKmuKe 

@ 
KeaHmoeble MReKue 8bl~UcneHUR 

PIie. 2.6. I1po11ecc pa3pa60TKII II C03/];aHilll IIHCjJOpMaQIIOHHOH TeXHOJIOrHII rrpoeKTilpOBaHilll 

IIHTerpHpoaaHHoii HCY 
K.moqeBhlM rryHKTOM ,n;aHHOH HTII lIBJil!eTCll HCIIOJlh30BaHIIe MeTO,n;a II3BJieqeHIIX 

ofil,eKTIIBHOro 3HaHIIX O rrpo1-1ecce yrrpaBJieHIIX He3aBIICHMO OT cyfrheKTIIBHoro OIIhITa 

JKCIIepTOB II rrpoeKTIIpOBaHIIe ofil,eKTIIBHhlX Ii3 HP, lIBMIOII-IIIXCll rJiaBHOH COCTaBHOH 

qaCThIO po6acrHou HCY. Bb1xo,n;HhIM pe3yJihTaTOM rrpnMeHeHIIX ,n;aHHOH J:ITII l!BMeTCll 

po6acrnax Ii3 HP, II03B0MIOII-IM J:ICY q>yHKI-IIIOHilpOBaTh rrpII pa3JIIIqHhIX Blf.11ax II rnrrax 

IIHq>OpMa!-IIIOHHOH Heorrpe,n;eneHHOCTH. 

B 3aKJiroqeHIIe ,n;aHHOro pa3,n;ena c,n;enaeM cne,n;yro11-1IIe BhIBO,n;h1: 

I) BBe,n;eHHhIH q>II3~ecKIIH 3aKOH IIHTeJIJieKTyaJihHOro yrrpaBJieHIIX (2.4) orrpe,n;eJIXeT 

OCHOBhl rrpo1-1ecc0B rrpoeKrnpoBaHIIX po6acTHhIX Ii3 HCY (c pa3JIIIqHhlMH ypOBHXMII 

llHTeJIJieKTyaJihHOCTII), OCHOBaHHhlX Ha TeXHOJIOrIIII MXrKIIX BhJqIIcJieHIIH; 2) MXrKIIe 

BhJqIICJieHIIll C03,IJ;aIOT B03M0)1(HQCTh pa3pa60TaTh YIIIIBepcaJihHhIH arrrrpoKCHMaTOp B BII,n;e 

HeqeTKOH CAY, KOTOph!H II3BJieKaer HHq>OpMa!-IHIO ll3 ,n;aHHhIX Mo,n;eJ11IpOBaHIIX 

,IJ;IIHaMIIqecKoro rroBe,n;eHIIll OY II IICIIOJIHIITeJihHoro ycrpoiicrna B caMott CAY; 3) 
TexHonorIIX MXrKIIX Bh!qIIcneHIIH rapaHTIIpyeT 1-1eneHarrpaBneHHOe rrpoeKrnpoBaHIIe 

COOTBeTcrnyro11-1ero ypOBHX po6aCTHOCTII 3a cqcr OIITIIMaJihHOro rrpoeKTIIpOBaHIIX 0611-1ero 

KOJII1qecrna rrpo,n;yKl.(IIOHHhlX rrpaBIIJI ll TIIIIOB !p)'HKl.(IIH rrpnHa)llle)KHOCTII B Ii3, peaJIH3Yll 

OilTIIMaJihHh!H arrrrpOKCIIMarop cna6ocrpyrcrypnpoBaHHhIX OY. 
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2.2. CTPYKfYPHhlii aHaJIHJ HCY 

3aAaqn yrrpaBJICHIDI qlHJHqecKHM 3KCnepHMCHT0M C cym:ecrneHH0 HCJIHHCllHb!MH ll 

rno6aJihHO HeycrniiqHBh!MH OY HCCJICA0BaJIHCh rrpn HaJinqnn pa3JillqHh!X THn0B 

CToxacTnqecKoro B0JMym:eHID! Ha OY (B Kaqecrne OY ncn0Jib30BaJI0Ch MH0)KCCTB0 

TllII0BhIX cym:ecrneHH0 HCJIHHCHHhlX OCIJHJIJUITOpOB). C n0M0IIl:hlO pa3pa6oTaHHOii CHCTCMbl 

CToxacTnqecKoro M0ACJinpoBaHHH onpeACJIHJIHCh npeACJibHh!C B03M0)KH0CTH KJiaccnqecKHX 

CAY, ocH0BaHHhIX Ha ncnoJih30BaHnn ncnoJIHHTCJihH0ro ycTPoiicrna CAY B BHAe 

TPaAHIJH0HH0ro IIH,1],-peryJIHTOpa (cM. Ta6JI. 2.1, noJHIJIDI 1). B pe3yJihTaTe npoBeAeHH0ro 

llCCJICA0BaHID! 6bm ycrnH0BJieH CJICAYIOm:nii q>aKT: KJiaccnqecKHe CAY, 0CH0BaHHb!C Ha 

IIH,1],-peryJIHTOpe C noCT0HHHb!Mll K03qlqlHIJHCHTaMH ycnJICHIDI, qacT0 He cnpaBJIHIOTCH C 

3aAaqeii yrrpaBJICHIDI B CJiyqae rno6aJihHO HeycToiiqHBh!X ll cym:ecrneHH0 HCJIHHCHHh!X OY, 

HaX0AJIIIl:llXCH n0A B03AeiiCTBHCM HerayccoBCK0r0 (HarrpnMep, p3JICCBCKOro) 

CT0XaCTnqecKoro IIIyMa, a TaK)Ke B ycJI0BIDIX BpeMCHHh!X 3aACP)KCK B KaHaJiax ll3MepeHID!. 

3TOT q>aKT o6'hJICHHCTCH CJICAYlQIIl:llMH o6CTOHTCJihCTBaMH. KnaccnqecKne CAY 

0CH0BaHbI Ha npHHIJHne fQQC ll MCT0AC K0MnCHCaljllll OIIIH6KH yrrpaBJICHHH. OAHaKO B 

CJI0)KHh!X OY (yrroMHHYThIX BbIIIIe) HCA0CTaT0qH0 llMCTh pe3yJihTaT 0IITHMH3aljllll T0JibK0 no 

0AH0MY KpHTepHIO Kaqecrna ynpaBJICHIDI Tnna MHHHMyMa OIIIH6KH yrrpaBJICHIDI. 

Ilo3TOMY Ha npaKTnKe rrpoeKTnpoBaHID! IICY cJI0)KHhIMH OY B03HHKaeT cJieAy10ru:a» 

npo6JieMa: Km, BBecmu 6 cucmeMy ynpa6lle11uR opyzue, oono;111umeJ1b11b1e Kpumepuu 

Kal/eCm6a ynpa6lle11UR? K TaKHM KpHTepID!M 0TH0CHTCH, HanpnMep, MHHHMYM np0H3B0ACTBa 

3HTP0nnn B OY llillJill MHHHMYM np0H3B0ACTBa 3HTP0nHH B caMOii CHCTeMe yrrpaBJICHIDI 

(yqHTbIBaIOm:ne TeIIJI0Bb!C noTepn, nOTepn noJie3HOH pa6oThl B o6'beKTe H CHCTCMe 

ynpaBJICHIDI) HJIH Apyrne 6oJiee CJIQ)KHhie, BCKT0pHbIC KpnTepnn Kaqecrna ynpaBJICHHJI. 

IJpUMel/aHue. CMC)KHbie B0IIp0Cb! n0CTP0CHIDI qlHJHqecKoii Teopnn ynpaBJICHIDI ll 

H0Bh!X BHA0B o6paTHb!X CBJI3eii paccMaTPHBaJIHCh B pa6ornx A.A. KpaCOBCKOro, 

C.B. EMeJih»HoBa, IO.II. CaMollJieHKo, A.r. EYTKOBCKoro, JI.II. Po3oHo3pa, P. IIonJiaBcKoro, 

A.M. IJ;npJinHa, A.II. <l>paAKOBa n MH. AP- Mb! orpaHnqnBaeMc» paccM0TPeHneM 

B3aHMOOTHOIIICHHii MC)KAY yp0BHHMH KaqeCTBa 3aK0H0B ynpaBJICHIDI Ha 0CH0Be 

COOTHOIIICHHH (2.4). 
PaJpeIIIHTh 3T0T B0npoc C noM0IIl:blO npoIJecca rrpoeKrnpoBaHIDI CTaHAapTH0ro IIH,ll,

peryJIHTOpa C nocT0HHHb!Mll K03qlqlllIJHCHTaMH ycnJieHIDI npaKTnqecKH HCB03M0)KHQ. 

OrpaHnqeHHh!C B03M0)KH0CTH no peaJIH3aljHll CJI0)Kffb!X KpHTepneB Kaqecrna ynpaBJICHIDI B 

KJiaccnqeCKHX CAY, oco6eHHO B YKaJaHHh!X Bb!IIIC CJiyqaHX yrrpaBJICHHH, n0CJIY)KHJIH 

OTnpaBHOii TOqKoii K pa3BHTHIO IICY, 0CH0BaHHhIX Ha HACHX, 6JIH3KHX K HCn0Jih30BaHHIO 

CTPaTeruii yrrpaBJICHHH, ncn0Jib3YCMblX qeJI0BeK0M-3KCnepTOM B CJI0)KHb!X cnzyaIJHHX [7, 8]. 

2.2.1. IloKOJieHHH u 3BOJIIOIJHH THilOBhIX cTpyKryp HCY 

B Ta6JI. 2.1 IIpHBCACHa o6o6m:eHHaH 3B0JIIOIJHH pa3BHTIDI n qiopMHpOBaHHH CTPYKTYP 

IICY, nx oco6eHHOCTH, A0CT0HHCTBa n HCA0CTaTKH, a TaK)Ke yp0BHH KaqecTBa ynpaBJICHHH, 

C0Aep)Kam:nec» B 3THX CTPYKTYPax. 

,lJ,m! M0ACJIHp0BaHHH ((qCJI0BCK0MaIIIHHHhIX» CTPaTeruii ynpaBJICHHH Ha nepB0M 

3Tane npoeKTnpoBaHIDI IICY CTaJIH HCil0Jih30BaThCJI TaK HaJh!BaCMh!e MHrKHe BbJqHCJICHIDI, B 

0CH0Be K0T0pb!X JIC)KllT Te0pID! HeqeTKHX MH0)KCCTB u HeqeTKoro BhIB0Aa [l, 2]. 
TaK, HanpnMep, npeACTaBJICHHa» Ha pnc. 2.1 CTPYKTYPa npeo6paJyeTc» B 

3KCnepTeyIO CHCTeMy yrrpaBJICHHJI nocJICA0BaTCJibHhlM Hapam:HBaHHeM C0CTaBJIHIOIIl:HX 
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6JI0K0B n KJiaccnqecKoii CTPYKTYPC CAY (B AaHH0M CJiyqae BBCACHHCM 6JioKa HeqeTK0ro 

BblBOAa) (CM. Ta6JI. 2.1, n03HljHJI 2) [4] ll HBJIHCTCH npHMepoM nepBoro n0K0JICHIDI IICY. 

Ta6J1111Ja2.1. 
3BOJI/OtfUR npotfecca npoeKmupoBaHUR cmpyKmyp po6acmHblX HCY u 63aUMOC6R3b c 

K1iaccu11ecKou meopueu vnpa6Jle11UR 
CTPYKTYPLI cncreM ynpaBJienn>I n 

JBOJIIOQll>I pa3BIITH>I 

YpOBHII 

KaqecTna 

aBJieHH>I 

no31-1U,l-1fl 1. na:JOBhlM JJieMeHT CAY I Ycroilq11BOCTh 

YnpaBIDieMOCTb 

ToqnocTb 

ynpaBrreHllil 

IlpenMymecTna 

- np0CT0Ta 

M0/1,elIHp0BaHllil II 

q>H3HqeCKOM 

pearrll3aII1111 ( min 
CJI0JKH0CTb ); 

- npocrnTa np11 HW
pearr113an1111; 

- np11 MIIHIIMaJibHOM 

CJI0JKH0CTII OY 

MIIHIIMaJibH0 

o6ecrreqHBaeT 

YCTOttqllBOCTb H 

yrrpaBIDieM0CTh; 

- rapaHrnpyeT 

Heo6xo11.11Mb1e ycrr0Bllil 

KaqecTBa yrrpanrreHllil, 

HO He /10CTaTQqHb!e 

Ilpe11.eJihHLie 

B03MOJKHOCTII 

- rrp11 113MeHeHIIII 

BHelllHHX ycrr0B11il 

IIJIII CJI0lKH0CTII OY 

He 06ecrreq11BaeT 

,!10CTaT0qHbJe 

ycrroBllil 

YCTOMqlfBQCTII II 

yrrpaBIDieM0CTII 

(OTcyTCTBlle 

Ype6yeMoro yp0BH>I 

po6acrnocr11); 

- lKeCTKa>I 

(Hea11am11BHal!) 

CYpynypa; 

- He o6rrarraeT 

crroco6HOCTblO K 

o6yqeHIIIO 11 

caMoopraH113an1111 

IIHTeJIJieKTYaJibHbie CHCTeMbl :vrrpaBJie1111>1, OCHOBaHHble na 3HaHH>IX 

no31-1U,l-1fl 2. EaJoBhiil 1rreMe11T llCY I Y crnilq11BocTb , - npocT0Ta 11 1- Ha6op q>y'HK111111 

YnpaBIDieMOCTh Jq>q>eKTIIBHOCTb npHHa,!IJieJKH0CTII 

?,.;lilfXII/~ _, 

i HluepK!llliH:all CRCTeUa f------' 

ToqnocTb 

ynpaBrreHllil 
1faCTllqHa,i 

a11arrTaI.1llil 
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yrrpaBrreHllil 

CJI0JKHhlMII OY; 

- rrerKo npoeKTHpyeTCJ! 

H pearr113ycrcJ1 

C0BpeMeHHblMII 

TexHorr0rlli!MII CEllC; 

- Bh!C0KaJ! HaJielKH0CTh 

B JKcrrrryarnn1111; 

- IICII0Jih3YCTCJ! B 

II0CYp0eHIIII 

po6aCTHh!X E3 

3aBIICHT or ypoBHl! 

KBarrllq>IIKlll.\lill 

JKCIIepTa; 

- l!MeeT 

orpaHlfqeHHbJe 
B03M0lKH0CTII B 

rrpa=qecKoil 

pea.,rn:ianHH 113-Ja 

orpaHHqeHHil Ha 

0IIIICaHlle HeqeTKHX 

OTBOilleHHil (<BX0/1-

BbIXO,ZO>; 

-rrpo6JieMa 

CJI0JKHOCTII 

rrpoeKTlfPOBaHIIJ! E3 

HP,Till(KaK 

orcyrcrnyeT 
KOHCYpYKTlfBHhlli 

arrropHTM 
q>OpMHpOBaHIIJ! E3; 
- Ype6ycr 6oJihI110ro 

K0JIHqecTBa npeMeHH 

/1lil! IIOCipOeHIIJ! 

rrornqecKHX npanHJI 

HeqeTKoro BhIB0Aa 



Taomma 2.1. 

3BOJIIOlfUR npolfecca npoeKmupoBaHUR cmpyKmyp po6acm11b1X HCY u 63GU.MOC6R3b c 
KJ1accu'lecKou meopueu ynpa6J1e11uR (npoooJ1:)l(;e11ue) 

Crpyirryp1,1 CIICTeM ynpaBJielllrn II 

3BOJIIOlllIH pa3B1ITIIH 

no3HLJ.HR 3. DlIOK 113BJieqeHilll 

3HaHHM lI qiopMHp0BaHilll E3 

r~H 
I 

m:l-
~r-

no31-141-1R 4. llmeJIJieKTYarrhHall 

o6paTHall CBlllb 

_~,---""""'-~ --r 
no3HU.HR 5. OrrmMn3aTop E3 Ha 

Ml!TKIIX Bbl'IHCJieHllllX 

~-f-----~ 

Ypomrn Ka'IeCTBa 

ynpaBJieHHH 

YcTOil'IHB0CTh 

YnpaBmieM0CTh 

TO'IH0CTh 

ynpaBrremrn 

A,n,ama11llll 

Ycrnil'InB0CTh 

YrrpaBlilleMoCTh 

To'IHOCTh 

ynpaBJieHllll 

A,n,amailllll 

O6yqe11ne 

1faCTH'IHall 

caMoopra11n1a11llll 

YcTOM'IHB0CTh 

YnpaBJllleM0CTb 

TO'IH0CTh 

ynpaBJieHllll 

A,n,amaQllll 

O6yqeHne 

CaMoopraHma11llll 

1a11aHH0ro ypoBHJI 
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Ilpe11My111ecTBR 

- II03B0JllleT 'IaCTH'IH0 

ncrrpaBHTh He)I0CTaTKII 

6a10Boro ypoBHll lICY n 

11ocTIITH)'Th TPe6yeMoro 

ypoBHll a11arrTaQllll B 

<plIKCHp0BaHHbIX ycrr0BllllX 

<pYHKQHOHnpoBaHllll OY 

- o6parnair 

HHTeJIJieKTYaJibHall CBll3h 

II03B0JllleT ll3BJieKaTh 

061,eKTHBHhle 3HaHllll lI 

CTP0HTh E3 HK; 

- II03B0JllleT 0XBaTHTh 

HOBhIB ypoBeHh Kaqecrna 

ynpaBrreHllll('IaCTH'IHall 

caMoopramna11llll) 

- coxpaHlleT rrpeHMYIIIeCTBa 

rrpe)lhl,lzyIIlllX ypoBHeil IICY n 

COCTilBJllleT 0CH0BY /llill 
TeXH0JI0rnH rrpoeKmp0BaHilll 

IICY; 

- rapaHTHpyeT )IOCTIDKIIM0CTh 

TPe6yeMoro Kaqe= 

ynpaBJieHllll Ha 0CH0Be 

crrpoeKmpOBaHHOM E3; 

- llBJllleTCll OTKphlTOM 

CHCTeMOM, KOfOpall II03B0JllleT 

BB0)IHTh )I0il0.JIHJITelihHble 

KpHTepllll Ka'IeCTBa 

ynpaBJieHllll; 

- II03B0JllleT C03/1aBaTh o):{ /llill 
nocrre/1YIOIIlero 311lI!a 

TeXHOJI0rnH rrpoeKmp0BaHllll, 

ocHoBaHHoil Ha KBaHT0BhlX 

Bhl'IHCJieH!lJIX 

Ilpe)leJihllhie 

B03MOlKHOCTH 

- He o6rra)1aeT 

/10CTaTO'IHOM 

po6acTHOCThlO n 

ycTOM'IHB0CTbIO; 

- HCII0Jib3YeT 

HH<pOpMaQHIO 06 

omn6Ke 

yrrpaBrreHllll ll He 

ncrrorrhlyeT 

HH<pOpMaQHIO 0 

/1HHaMH'IeCK0M 

rroBe11eHnn HP n 

OY 

-HHC 11e 

rapa11Tnpycr 

TPe6yeMYIO 

TO'IH0CTh 

arrnpoKCHMaQHll 

o6yqaIOIIlero 

cnmarra c BhIX0/la 

fA; 

- rrpn pe3K0M 

ll3MeHeHHH 

BHeIHHnx ycrroBnil 

Il0Bh!IIIaeT 

qyBCTBHTeJibH0CTb 

OY (cHniKaeT 

po6aCTHOCTb) 

- B ClIJIY 

rrpe11ellbHblX 

B03MOlKHOCTeM 

II0HCK0B0r0 

arrropnTMa, KaK r A, 
M0)KeT 

rapaHTHp0BaTb 

Ka'IeCTB0 

ynpasrreHllll T0JibK0 

Ha <pnKcnpoBaHH0M 

npocTPaHCTBe 

II0HCKa peIIIeHnil; 

- rrpo11ecc 

rrpoeKTllp0BaHllll 

o3 OCYIIleCTBJilleTCll 

MeT0/10M 

KoM6n11aT0pHoro 

rroncKa Ha 11epese 

peIIIeHHM 

TaKHM o6pa3oM, rrepaoe rroKoJieHne 11CY rrpe.r:1crnBIDIJI0 co6oii He1IeTirne 

3KCrrepTHbie CHCTeMbI (3C) C pa3JIH1IHbIMH rny6nHHbIMH rrpe,LICTaBJieHllilMH 3HaHHH. 

OcH0BH)'IO p0Jib B '.lTHX 3C nrpano Ka1IeCTB0 E3, K0T0poe 3aBHCHT OT 0IIbITa H 

cy61,eKTIIBHbIX 3HaHHH qeJI0BeKa-'.lKCrreprn. O.[IHaKO B CJI)"Iae yrrpaBJieHllil rno6aJibHO 

HeyCTOH'IHBbIMH H cynrecTBeHH0 HeJIHHeHHbIMH OY, HaX0MIIIHMHCJI ITO,[\ B03,[leHCTBHeM 

CJI0lKHblX CT0XaCTH'IeCKHX III)'M0B, ,[laJKe 0IIbITH0MY qeJI0BeK)'-'.lKCIIepry TPY.LIH0 rro.r:106paTb 

0IITHMaJibH)'IO (c T0'IKH 3peHHJI Ka'IeCTBa yrrpaBJieHllil) E3 HP. 3m rrpo6JieMa - )'3K0e MeCT0 

acex rrepBbIX (n HX rrocJie.[lyIOIIIHX MO.[ln<pnKa~ii) 11CY [2]. Ilo'.lTOMY ncrr0Jib30BaHne 3C B 

Ka'IeCTBe HHCTPYMeHTapllil H3BJie1IeHllil 3HaHHH ll qiopMHpOBaHllil E3 (KaK 0CH0Bbl 

TeXH0JI0rHH rrpoeKTIIpoBaHllil 11CY) He rrpnBeJI0 K 0JKH,[laeM0M)' cyIIIeCTBeHH0MY ycrrexy 

(xorn HMeeTCJI MH0ro rrpn:MepoB rrp0MbIIIIJieHH0ro BHe,LlpeHllil) B CHJIY CJI0JKH0CTH OY ll 

cy61,eKTHBHOCTH llHqJOpMal]HH, BHOCHMOH '.lKCIIepT0M. 

C T0'IKH 3peHllil TeXH0JI0rHH rrpoeKTHp0BaHllil OCHOBHOH rrpo6JieMOH BHe,LlpeHHJI 

11CY rrepaoro II0K0JieHllil JIBJIJIJiaCb n:x CJia6aH a.r:1arrTHBH0CTb K H3MeHeHllilM rrapaMeTP0B OY 

(Bbl3BaHHbIX, HarrpnMep, crnpeHHeM CTPYKT)'Pbl OY HJIH pe3KHM H3MeHeHHeM BHeIIIHeii 

cpe,Llbl), a TaKJKe Hll3KaH po6aCTHOCTb -IIOJI)"IeHHbIX 3aK0H0B yrrpaBJieHHJI. 

)];IDI peIIIeHllil rro.r:106Hb!X rrpo6JieM 6bmn: pa3pa60TaHbl 11CY BTOporo II0K0JieHllil C 

rny6HHHbIM rrpe,LICTaBJieHHeM 3HaHHH C HCII0Jib30BaHneM TeXHOJIOmii TaK Ha3bIBaeMbIX 

MHrnnx Bbl'IHCJieHnii, 061,e.r:1n:HHIOIIIHe B e.r:1nttyIO I]erro1IKY «r A - HHC - HP». 3To 

II03B0JIHJI0 HCKJIIO'IHTb cy61,eKTHBHOe MHeHne '.lKCrreprn Ha 3Tarre qiopMnpoBaHllil CTPYKTJPbl 

n rrapaMeTP0B E3 HP. 

B CB0IO oqepe,Llb pa3BHTHe 11CY, 0CH0BaHHbIX Ha MHrKHX Bbl'IHCJieHllilX, rrop0,LIHJI0 

HeCK0JibK0 II0,[IX0,[I0B K qiopMn:poBaHHIO CTPYKTYP E3. IIepBOHa'IaJibHO IIJiaHHp0BaJI0Cb 

qiopMnpoaaTb HeKoTOpbrii .r:1ocrnT01IH0 orpy6JieHHbIH o6yqaIOIIIHii cn:rnan (OC) OT r A, n 

H3BJieKaTb E3 rryTeM arrrrp0KCHMa~n II0JIY1IeHH0ro OC Ha HHC. CTPYKTYPa 11CY BToporo 

II0K0JieHllil rrpe.r:1crnBJieHa rryTeM BBe.[leHHJI B CTPYKTYPY 11CY rrepaoro rroKoJieHllil 6JioKa, 

BKJII01IaIOI1Iero a ce6JI rA n HHC (cM. rn6JI. 2.1, rro3HIJHJI 3). 
B ,[laJibHeiiIIIeM BTopoe II0K0JieHne 11CY CTaJI0 HCII0Jib30BaTb HOBblll BH,[I o6paTHOH 

CBJ13H, Ha3bIBaeMOH rno6aJibHOH HHTeJIJieKT)'aJibHOH o6parnoii CBJ13bl0 (I'I1OC) [1], 
rrpe,LICTaBJieHHOH B Ta6JI. 2.1 (II03Hl]llil 4). Ee llCII0Jib30BaHn:e .r:1aeT B03M0JKH0CTb ll3BJieKaTb 

061,eKTllBHbie 3HaHllil Herrocpe,LICTBeHH0 H3 caMoro ,[IHHaMH'IeCK0ro II0Be,[leHllil OY H 

HCTI0JIHHTeJibH0ro YCTPOHCTBa CAY. KOHT)'p r11oc BKJII01IaeT r A ,[IJIJI II0JI)''IeHllil 

HHqJOpMal]HH 06 0TITHMaJibH0M cn:rHaJie ynpaBJieHHJI (HCXOM H3 ,[IHHaMH'IeCK0ro If 

TepMo.r:1nHaMH1IecKoro noae.r:1eHllil caMoro OY n III1)];-peryJIJ1Topa) H HHC, 

annp0KCHMHPYIOIIIeii ,[laHHblll OTITHMaJibHblll CHrHaJI yrrpaBJieHllil C TI0M0IIIbIO 3a,[laHHOH 

CTPYKTJPbI HeiipoHHoii ceTn. 

OcHOBHbIM 6JIOKOM B CTPYKTYPe 11CY (cM. rn6JI. 2.1, no3HIJllil 5) JIBIDieTCJI CHCTeMa 

Mo.r:1eJirrpoaaHllil onTHMaJibHoro cnrnana yrrpaaJieHllil (CMOCY) c noM0IIIbIO r An: KpHTepllil 

Ka1Iecrna ynpaBJieHHJI, 3a,[laHH0ro B BH,[le O,[IHOH H3 C0CTaBIDIIOIIIHX BeKTop-<pyHKI]HH 

npnro.r:1HoCTH rA. Buxo.r:10M CMOCY JIBIDieTcJI OC (omnMaJibHoro yrrpaaJieHllil) B BH.[le 

CJie.[lyIOIIIHX BXO,[IHblx/BbIXO,[IHbIX ,[laHHbIX: 

{E(t; ), K(t; )}, i = l, ... ,n, 

r.r:1e E(ti) = { e(t;), e(t; ), f e(t; )dti} - BeKT0p, K0MTI0HeHTaMH K0T0poro JIBJIJIIOTCJI OIIIH6Ka 

ynpaaJieHHJI, ee IIp0H3B0,[IHaJI H HHTerpaJI onrn6KH C00TBeTCTBeHH0, 
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K(t.) = {kP (t; ), kv (t, ), k1 (t, )} 

- OIITIIMaJJl,Hble (c TO'IKII 3pemrn 3a).-laHHOH <jJyHia_\IIII IIpIIfO).-IHOCTII fA) napaMeTPbl IIH,ll;

peryIDITOpa; ti - MOMeHT BpeMeHII. 

HcnoJih3YH OC II MexaHII3M cynepBII30pHoro o6yqeHI!j[ HHC, ocHoBaHHbIH Ha 

MeTO).-le o6paTHOro pacIIpOCTPaHeHI!j[ OIIIII6KII, MO)KHO IIOCTPOIITb E3 HP, npe).-ICTaBJieHHOro 

).-laHHOH HHC. 3TOT :nan paccMaTPIIBaeTCH KaK mar 1 Ha pIIC. 2.6 II IIO).-lp06Ho OIIIICaH B [2]. 
OcHOBHOH npo6neMoi1, pemaeMoi1 HCY BToporo noKoJieHI!j[ c fHOC, HBIDieTcH HaJIII'IIIe 

B03MO)KH0CTII ).-IOCTII)KeHIIH TPe6yeMoro ypOBHH po6aCTHOCTII Ha 3a).-laHHOM KJiacce KaK 

napaMeTPII'IeCKIIX, TaK II BHemHIIX CJiy"IaHHblX B03My'll_\eHIIH pa3JIII'IHOH BepOHTHOCTHOH 

rrpIIpO).-lbl ( C pa3JIII'IHblMII <jJyHKI_\I!j[MII IIJIOTHOCTII pacnpe).-leJieHI!j[ BepOHTHOCTei1). 

IlyTeM MO).-leJIIIpOBaHIIH IIOBe).-leHI!j[ OY II3 MHO)KeCTBa BbI6paHHblX TIIIIOBblX 

cyll_\eCTBeHHO-HeJIIIHeHHbIX OCI_\IIJIIDITOPOB 6bIJIO npoBe).-leHO IICCJie).-IOBaHIIe npe).-leJibHblX 

B03MO)KHOCTei1 mara 1. B pe3yJibTaTe ycTaHOBJieHO, 'ITO B cnyqae HeyCTOH'IIIBbIX II 

cyll_\eCTBeHHO-HeJIIIHeHHbIX OY, a TaK)Ke IIpII B03).-leHCTBIIII Ha HIIX p3JieeBCKOro 

CTOXaCTI!'IeCKOfO rnyMa B03M0)KHO ).-IOCTII)KeHIIe onpe).-leJieHHOro ypOBHH po6acrnocru l\IDI 

'IaCTHblX KJiaCCOB cJiy'IaHHblX B03Myn-leHIIH. O).-IHaKO B o6ll_\eM cnyqae He y).-laeTCH IIOCTPOIITb 

po6acrny10 E3, IICIIOJih3YH TOJihKo mar 1 TexHonornII IIOCTPOeHI!j[ E3 HCY (cM. pIIc. 2.6). 
AHaJIII3 pe3yJinTaTOB MO).-leJIIIpoBaHI!j[ CAY Ha 6a3e nepBoro 3Tana TexHonorIIII 

IIOKa3aJI, 'ITO OCHOBHblM He).-IOCTaTKOM ).-laHHOro 3Tana HBIDleTCH HeOIITIIMaJibHbIH Bb16op 

CTPYKTYPbI HHC, allIIPOKCIIMIIpYIOll.\eH OC. KaK rrpaBIIJIO, B cIIcTeMax rrpoeKrupoBaHI!j[ E3 

HCY TaKoro runa IIOCTPOeHIIe coorneTCTBYIOll.\eH CTPYKTYPhI HHC B03JIO)KeHO Ha OIIbITHOro 

'IeJIOBeKa-3KCIIepTa. oc pa3).-leJieH Ha BXO).-IHbie II BbIXO).-IHbie COCTaBIDIIOII_\IIe, Ka)K,LlaH II3 

KOTOpbIX, B CBOIO O'Iepe).-lb, COCTOIIT II3 0).-IHOro II 6onee CIIrHaJIOB. B o6ll_\eM BII).-le Ka)K,Llblll II3 

IICCJie,L\yeMbIX CIIrHaJIOB HBJIHeTCH Bb!60p0'IHOH (npe).-ICTaBIITeJibHOH) TPaeKTOpIIeH 

HeKOToporo CJiy"IaHHOro npo1-1ecca. IlpII 3TOM IIO).-lpa3yMeBaeTCH, 'ITO B Ka)K,Llb!H MOMeHT 

BpeMeHII Cy'll_\eCTByeT 3aBIICIIMOCTb Me)K,Lly BXO).-IHbIMII II BbIXO).-IHblMII CIIrHaJiaMII. 

HanpIIMep, B cnyqae annpoKCIIMal_\IIII HeKoToporo ynpaBIDIIOll.\ero cIIrHaJia 

BXO).-IHblMII KOMIIOHeHTaMII MOryT HBIDITbCH OmII6Ka ynpaBJieHI!j[ II ee IIpOII3B0).-IHaH 

( CKOpOCTb OmII6KII yrrpaBJieHI!j[ ), a BbIXO).-IHblM KOMIIOHeHTOM - TPe6yeMOe 3Ha'IeHIIe 

ynpaBIDIIOll.\ero B03).-lei1crnlij[ JIII6o HeK0Topn1e HacTPaIIBaeMue napaMeTPhI CAY (HaIIpIIMep, 

K03qJqJIII-1IIeHTbI ycIIJieHI!j[ IIH.lJ:-peryJIHTopa). 3a).-la'Ia 3Kcneprn npII onpe).-leJieHIIII 

CTPYKTJ'pbl HHC CBO).-IIITCH K Bh16opy MO).-leJIII He'IeTKOro BbIBO).-la II, rnaBHbIM o6pa30M, K 

JIIIHrBIICTII'IeCKOMY OIIIICaHIIIO 3a).-laHHOro oc. Ka)Kl(OH II3 KOMIIOHeHT oc COOTBeTcrnyeT 

HeKOTOpaH JIIIHrBIICTII'IeCKaH nepeMeHHaH, OIIIICbIBaIOII_\aH CIIrHaJI C IIOMOII_\blO 

COOTBeTCTByIOII_\ero (3TOH JIIIHrBIICTII'IeCKOH nepeMeHHOH) TepM-MHO)Kecrna. Moll_\HOCTb 

TepM-MHO)KeCTBa II napaMeTPbl COCTaBIDIIOII_\IIX ero 3JieMeHTOB (KJiacc II napaMeTPbl 

<jJyHKI_\IIII IIpIIHa)._\Jle)KHOCTII) HeII3BeCTHbl. "IIOJIHOTY" JIIIHrBIICTII'IeCKOro 0IIIICaHIIH CIIrHaJia 

MO)KHO 3a).-laTb Ha ypOBHe B3aHMOCBll3H TepM-MHO)KeCTB, BXO).-lllll_\HX B JIHHrBHCTH'IeCKIIe 

nepeMeHHbie. 3ry 3a).-la'Iy B CHCTeMax npoeKTnpoBaHI!j[ HCY, OCHOBaHHbIX Ha 

TPa).-IHI_\HOHHblX MHrKHX Bbl'IIICJieHHHX (BTopoe IIOKOJieHHe HCY), TaK)Ke pemaeT 'IeJIOBeK-

3KCIIepT. O).-IHaKO, KaK YKa3blBaJIOCb Bblme, B CJIO)KHbIX CHTy'al_\lij[X ynpaBJieHHll )._\a)Ke 

OIIbITHOMY 3KCIIepry TPY.l--lHO pemHTb ).-laHHy'IO 3a).-laqy Bpy"IHyIO (T. e. IIO).-I06paTb 

OIITHMaJibHYIO CTPYKTYPY HHC ).-IJill 3a).-laHHoro OC). 

Jl:pyroi1 Ba)KHOH IIp06JieMOH HBID!eTCll onpe).-leJieHHe TPe6yeMoro COOTHOmeHI!j[ 

Me)K,Lly TO'IHOCThlO OIIIICaHI!j[ (annpoKCHMal_\HH) QC n Heo6XO).-IIIMbIM ypOBHeM po6acTHOCTII 

Bcei1 CTPYKTYPhI HHC. 
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YKa3aHHhie npo6neMu pemaIOTCll Ha BTOpoM 3TaIIe TexHonornn nocTPoeHI!j[ E3 HCY 

c IIOMOII_\bIO rrporpaMMHbIX cpe).-ICTB HHCTPyMeHTaplij[, Ha3BaHHOro OE3 (cM. HH)Ke). 

2.2.2. CTpyKTypHhIH amunu HCY c 11cnoJihJosam1eM Oli3 

C IIOMOII_\bIO CJiy"IaHHOro IIOHCKa H MeTO).-IOJIOrHH ecTeCTBeHHOro oroopa (Ha OCHOBe 

r A) 6bIJIH npOMO).-leJinpoBaHbl pa3JIH'IHbie BapnaHTbl po6aCTHbIX E3. CqiopMIIPOBaHHble 

po6aCTHbie E3 II03B0IDIIOT OCy'll_\eCTBID!Th yrrpaBJieHIIe CJIO)KHblMII OY B ycJIOBIIllX 

Heonpe).-leJieHHOCTII IIHqJOpMal_\IIII O BHemHIIX B03Myll_\eHHHX Ha OY II II3MeHeHHHX 

Ja).-laIOII_\IIX CIIrIIaJIOB (1-1enei1 yrrpaBJieHI!j[)_ Po6acTHOCTh 3aKOHOB ynpaBJieHI!j[ ).-IOCruraeTCH 

3a C'IeT BBe).-leHI!j[ BeKTOpHblX <jJyHKI_\IIH rrpIIfO).-IHOCTII f A, CO).-lep)Kall_\IIX B Ka'Iecrne 0).-IHOH II3 

KOMIIOHeHT qJII3II'IeCKIIH rrpIIHI_\IIII MHHIIMyMa IIPOII3B0).-ICTBa o6o6ll_\eHHOH 3HTPOIIIIII KaK B 

OY, TaK II B IIHTeJIJieKryaJibHOM peryIDITOpe. 

TaKOH IIO).-IX0).-1 1103BOID!eT: 1) OCy'll_\eCTBIITb rrpIIHI_\IIII npoeKTIIpoBaHI!j[ OIITIIMaJibHOH 

HCY C MaKCIIMaJibHbIM yp0BHeM Ha)._\e)KHOCTII II ynpaBIDieM0CTII CJIO)KHI,JM OY B YCJI0BI!j[X 

Heonpe).-leJieHHOCTII IICX0).-IHOH IIHqJOpMal_\IIII; 2) C0KpaTIITb ).-10 TPe6yeMoro MIIHIIMy'Ma 

Heo6XO).-IIIMOe KOJIII'IeCTB0 ).-laT'IIIKOB c6opa II nepe).-la'III IIHqJOpMal_\IIII KaK B K0Hrype 

yrrpaBJieHIIll, TaK II B II3MepIITeJihHOH CIICTeMe 6e3 II0TepII T0'IH0CTII II Ka'IeCTBa yrrpaBJieHI!j[ 

[4]. Po6acrnocTb HCY, IIOJiy"IeHHaH Ha ocHoBe TaKoro II0).-IXO).-la, TPe6yeT MIIHIIMyMa 

IICXO).-IHOH IIHqJOpMal_\IIII KaK O II0Be).-leHIIII OY, TaK II O BHemHIIX B03My'll_\eHI!j[X. 

CIIcTeMa MO).-leJIIIpoBaHIIll II npoeKrupOBaHIIH CTPYKTYP HCY pa3pa6ornHa Ha ocHoBe 

OE3 rnna «r A- OE3 - He'IeTKIIH IIH.lJ:-peryIDirnp» (cM. Ta6n. 2.1, II03IIl-llij[ 5). 
AuaJIII3 CTPYKTYP Cy'll_\ecrny10ll.\IIX CAY rro3B0JIIIJI Bn16paTb B Ka'Iecrne 6a3oBoi1 

TPa.l--lIII-IIIOHHyIO CAY B BH).-le IIH)];-perynl!Topa. TaKM CTPYKTJ'pa 061,e).-IIIHlleT B ce6e 

MaKCIIMaJibHOe KOJIII'IeCTB0 KpIITepIIeB Kaqecrna ynpaBJieHI!j[, T. e. YCTOH'IIIBOCTb, TO'IH0CTh 

ynpaBJieHIIll II ynpaBIDleM0CTb, o6ecrre'IIIBaH orrpe).-leJieHHblH (MIIHIIMaJibHO ).-I0nyCTIIMbIH) 

ypoBeHb po6aCTHOCTH. HcIIOJib3YH qJH3H'IeCKIIH 3aK0H ynpaBJieHIIll, CBl!3bIBaIOII_\IIH 3TII 

KpIITepIIII Ka'Iecrna ynpaBJieHI!j[, M0)KH0 pa3pa6aTbIBaTb HCY, Y.l--l0BJiernopl!IOll.\IIe 

YKa3aHHblM KpIITeplij[M Ka'Iecrna ynpaBJieHI!j[. 

3a C'IeT BBe).-leHI!j[ II B3aHMO).-leiicTBI!j[ rooc II fHOC pe{JJ/U306QH npUH!fUn 
11epa3pyUte11w1 11u:JK:11ew ypo6HR ynpa6J1eHuJ1 B coorneTCTBIIII c IIepapxIIei1 (npIIopIITeToM) 

ypoBHei1 Ka'Iecrna ynpaBJieHI!j[ (CM. pIIc. 2.5). TeM caMblM 6bmo onpe).-leJieHo yJKoe Mecrn B 

CTPYKTYpe HCY, KOT0ph1M llBIDieTcH npo1-1ecc <jJopMIIpOBaHI!j[ II rrpoeKTIIpoBaHI!j[ E3 HP. 

.[(IDI pellleHIIll ).-laHHOH 3a).-la'III 6nrna pa3pa6ornHa TeXH0JIOrlij[ npoeKTIIP0BaHI!j[ E3 II0).-1 

o6ocHoBaHHYIO e).-IIIHyIO CTPYKTYPY HCY (cM. pIIc. 2.6) [l, 7]. 
KaK CJie,L\yeT II3 Ta6JI. 2.1 (II03III_\lij[ 5), ).-I0CTOIIHCTBa ).-laHH0ro CTPYKTYPH0ro yp0BHH 

HCY 3aKJIIO'IaIOTCll B TOM, 'ITO fHOC rro3B0IDleT ocyll-leCTBIITh IIOCTPOeHIIe E3 HP Ha 

OCHOBe ofo,eKTIIBHoro II3BJie'IeHI!j[ 3HaHIIH II3 ).-IIIHaMII'IeCK0ro II0Be).-leHI!j[ OY II CaM0ro HP. 
IlpII 3TOM 3a C'IeT IICII0Jib30BaHI!j[ C0OTBeTCTBYIOll.\eH qJy'HKI_\IIII IIpIIfO).-IH0CTH f A ( TIIrra 

CKopoCTII IIpOII3B0).-ICTBa 3HTP0IIIIII KaK qJH3II'IeCKOrO KpIITeplij[ 0IITIIMII3al_\IIII II T. ).-1.) 

IlOl!BIDleTcl! B03M0)KH0CTb 0IlTHMII3IIp0BaTb CTPYKTYPY CaMOH E3. 

fHOC ).-laeT B03MO)KH0CTh 0).-IH0BpeMeHHO OXBaTHTb HOBbie YP0BHII Kaqecrna 

YnpaBJieHI!j[ II 3JieMeHTbl caMoopraHII3al_\IIII. BBe).-leHIIe TaKoro YP0BHH Kaqecrna 

ynpaBJieHIIll, KaK o6yqeHIIe, II03B0ID!eT II0BbICIITb po6aCTHOCTb ynpaBJieHI!j[, ero 

YCTOH'IIIBOCTb II C0BMeCTH0 C a).-lanTal_\IIei1 CHII3IITb TPe6oBaHI!j[ K K0JIII'IeCTBY IICXO).-IHOH 
llH<jJopMal_\IIII O BHellIHIIX ycJIOBI!j[X OY. 
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KpoMe Toro, 3a C'leT o6yqeHIDI B03MOJKHO CHll3HTb TPe6oBaHIDI K He06XO)lllMbIM 

:mepr03aTParaM KaK BOY, TaK n B CTPYKrYPe TPa/lHIIHOHHoro IIH,ll;-perymnopa. 

BBe)leHHe rnoc II03B0JUleT ll3BJie'lh 11eHHYID nmpopMaIIHIO H3 OTKpb!TOH CHCTeMbI «OY 

+ TPMHIIHOHHblll peryJUITop» . .[(JUI TOTO 'IT06bl IIOBbICHTb ypoBeHb po6aCTHOCTH, He06XO)lHMO 

pa3pa6oraTu coorneTCTByIOIIIHH IIHCTPyMemap11ii, rro3BOJUIIOIIIHH cpopMIIpOBaTh E3 HP )lJUI 

YBe.JIII'IeHIDI KOJIII'IeCTBeHHbIX Mep II 'laCTHbIX KpHTepIIeB Ka'leCTBa yrrpaBJieHIDI. PacCMOTPIIM 

CTPYKI'YPY OE3 )lJUI cpopMIIpOBaHIDI II rrpoeKTIIpoBaHIDI po6aCTHbIX CTPYKI'YP HCY. 

2.3. TexH0JI0rIUI rrpoeKTIIpoBaHIIH po6acTHblX 11po11ecC0B ynpaBJieHIIH B yCJIOBIIHX 

Henpe)lBH)leHHblX cnrya1111ii Ha 0CH0Be Oli3 

CTPyKTypa OE3 Ha Mfil'KIIX Bbl'IIICJieHIDIX IIO)lp06HO OIIIICaHa B [l - 4] II KpaTKO - B 

rrpIIJIO)l(eHIIII. B )laHHOM pa3)leJie paCCMOTPIIM HeKOTOpbie rrpaKTII'leCKIIe oco6eHHOCTII 

MeTO)lIIKII rrp11MeHeHIDI OE3 B 11po11eccax TeXHOJIOrIIII rrpoeKrnpoBaHIDI po6aCTHblX E3. 

2.3.1. O6~11e II0JI0meHIIH 

OIITIIMII3aTOp fia3 3HaHIIii (OE3) - 3TO IIHCTPYMeHTaJibHOe rrporpaMMHOe cpe)lCTBO 

)lJUI aBTOMaTII'leCKOrO rrpoeKTIIpoBaHIDI II C03)laHIDI He'leTKIIX MO)leJieii, KOTOpbie JIBJIJIIOTCJI 

yHIIBepcaJihHbIMII anrrpoKCIIMaTOpaMII cJia6ocTPyKTYPIIPOBaHHhIX OY. OE3 11cnoJih3yeT 

o6pa3IIbl BeKTOpOB «BXO)l - Bb!XO)l» )lJUI C03)laHIDI II OIITIIMII3aIIIIII MO)leJieii He'leTKIIX 

CIICTeM ynpaBJieHIDI. 
Pa6orn c OE3 BKJIIO'laeT CJie)ly10I1111e Ba)l(Hbie rnar11: 

1) C03)laH11e 06yqa10I11ero CIIrHaJia; 

2) orrpe)leJieHIIe cpopMbl cpyHKIIIIH rrpIIHa)lJie)l(HOCTII; 

3) C03)laHIIe 6a3bl npaBIIJI; 

4) OIITIIMII3aIIIDI 6a3bl npaBIIJI; 

5) TOHKaJI HaCTPOiiKa MO)leJIII. 

OE3 - 3TO rrp11JIO)l(eH11e )lilll pa6oThl Ha IIJiaTcpopMax Win 32, no)l)lep)l(IIBaeT Windows 

2000 11 Windows XP 11 BbIIIIe. OrrTIIMII3aIIIIJI c rroMOillhIO MATLAB pa6orneT c BepcIDIMII 

7 .0 11 Bhirne. ,[(JUI 6oJiee HOBbIX BepCIIii Heo6xo)lIIMO BhIIIOJIHIITb: MATLAB option: File

> Preferences->General-> MAT-files-> Ensure backward compatibility. 

CoJaaHue 06y4a,ow,e20 cu2Hana. IIepBoe MeH10 OE3 rro3BOJUieT co3)laTb HOBYIO 

MO)leJib 06yqa10I11ero CIIrHaJia IIJIII 3arpy3IITb rrpe)lBapIITeJibHO C03)laHHyIO MO)leJib 113 cpaiiJia. 

B CJiyqae C03)laHIDI HOBOH MO)leJIII CIICTeMa npe)lJIO)l(IIT B pe)l(llMe )lllaJIOra BBeCTII 

napaMeTPbI MO)leJIII, BKJIIO'laJI MO)leJib Bb!BO)la, KOJIII'leCTBO BXO)lHbIX II BbIXO)lHblX 

rrepeMeHHbIX, KOJIII'leCTBO He'leTKIIX MHO)l(eCTB )lJUI Ka)l()loii rrepeMeHHOH II T. )l. IIocJie Toro 

KaK MO)leJib C03)laHa IIJIII 3arpy)l(eHa, rrpe)lJiaraeTCJI OCHOBHOe MeHIO, C IIOMOillblO KOTOporo 

MO)l(HO rrpOCMOTPeTh napaMeTPhI MO)leJIII, npoBeCTII OIITIIMII3aIIIIIO IIJIII rrorrpaBIITb 

napaMeTPhI MO)leJIII BpyqHym. 

OnpeaeneHue cpopMbl cjJyHK4u0 npuHaane>KHocmu u onmuMuJa4ur1. Ha 

nepBOM 3TaIIe orrpe)leJUieTCJI cpopMa rrpe)lcTaBJieHIDI cpyHKIIIIII rrp11Ha)lJie)l(HOCTII 

JIIIHIBIICTII'leCKIIX rrepeMeHHbIX )lJUI BXO)lHbIX 11 BbIXO)lHbIX rrepeMeHHblX. OE3 rrpe)lJiaraeT 

)lJUI orrpe)leJieHIDI cpopMbl !pyHKIIHH rrpIIHa)lJie)l(HOCTII IICIIOJlb30BaTb uniform distribution 

IIJIII orrTIIMII3a11110HHb1ii reHernqecKIIii aJiropIITM 1 (r A 1). Uniform distribution-MeTO)l 

pacrrpe)leJUieT JIIIHrBIICTII'leCKIIe rrepeMeHHble Ha IIHTepBaJibl 113MeHeHIDI CIIrHaJia B 

COOTBeTCTBIIII C cpyHKIIIIeii pacrrpe)leJieHIIJI CllrHaJia, II Il0Jlb30BaTeJib BbJ611paeT cpopMy 
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cpyHKIIIIH. r A I IIO)l611paeT HaIIJiyqrnyJO B03MOJKHYID KOM6IIHaIIIIlO KOJIIIqecrna 

JIIIHrBIICTIIqecKIIx rrepeMeHHblX, cpopMy !pYHKIIIIII rrpIIHa)lJieJKHOCTII II K03!p!pIIIIIIeHT 

rrepece'leHIDI MHO)l(eCTB. 

Co3aaHue 6a3bl npaaun. OcHOBHaJI qaCTb MO)leJIII - 3TO fia3a rrpaBIIJI. OHa xpaHIIT 

IIH!pOpMaIIIIIO O TOM, KaKoii Bb!XO)l )lOJI)l(eH 6b!Tb aKTIIBIIpOBaH )lJUI )laHHOro BXO)la. OE3 

rroMep)l(ttBaeT )lBa TIIrra fia3 npaBIIJI - rroJittyID fia3y rrpaBIIJI 11 fia3y LBRW. IIpaBIIJia 

IIOJIHOH 6a3bl npaBIIJI CO)lep)l(aT BCe Bap11aHTbl HeqeTKIIX MHO)l(eCTB )lJUI BXO)lJIIIIIIX 

rrepeMeHHbIX. KOJIII'leCTBO rrpaBIIJI B IIOJIHOH fia3e )laHHb!X paBHO rrpoII3Be)leHIIlO 'IIICJia 

HeqeTKIIX MHO)l(eCTB BXO)lHblX rrepeMeHHbIX. 3m fia3a qpe3BbI'laHHO BeJIIIKa II TPe6yeT 

cyI11eCTBeHHO 6oJibIIIero BpeMeHII Ha OIITIIMII3aIIIIIO. Ea3a LBRW xpaHIIT He Bee rrpaBIIJia, a 

TOJlbKO npaBIIJia, OTo6paHHb!e no npaBIIJIY OT6opa Ha1160Jiee BJIIDITeJibHbIX rrpaBIIJI. LBRW 

OT6IIpaeT rrpaBIIJia, KOTOpble BHOCJIT Ha1160Jiee 3Ha'IIIMblll BKJia)l B Bb!XO)l. 3TOT aJiropIITM 

1103BOJUleT 06ec11eq11Tb Bb!COKYIO CKOpOCTb OIITIIMII3aIIIIII. CoKpaI11eH11e q11cJia rrpaBIIJI C 

IIOMOillblO aJiropIITMa LBRW 06ecrreq11BaeT 6oJiee BbICOKYIO CKOpOCTb OIITIIMII3aIIIIII 6e3 

IIOTepII TOqHOCTII MO)leJIII. IIocJie Toro KaK 6hIJia C03)laHa fia3a rrpaBIIJI, OHa )lOJIJKHa 6b!Tb 

3aIIOJIHeHa cpaKT11qecKIIMII )laHHblMII: 3TO )lOCTIIraeTCJI Ha 3aKJIJ0q11TeJibHOM 3TaIIe C03)laHIDI 

MO)leJIII - OIITIIMII3aIIIIII fia3bl npaBIIJI. OE3 IICIIOJlb3YeT r A OIITIIMII3aIIIIII (r A2) )llll 

HaCTPOiiKII rrapaMeTPOB 6a3hI )laHHbIX. 

To'-IHaR HacmpoiiKa Moaenu. Kaqecrno Mo)leJI11, co3)laHHoii Bo BpeMJI rrpe/lhiilYIIIIIX 

3TaIIOB, MO)l(eT 6bITb rro-rrpeJKHeMy He)lOCTaToqHo. B 11eJU1X IIOBbIIIIeHIDI KaqecTBa MO)leJieii 

IICIIOJib3YeTCJI aJiropIITM (r A3). OH ll3MeHJieT cpopMbl cpyHKIIIIH npIIHa)lJieJKHOCTII II 

OIITIIMII3IIpyeT MO)leJib Bb!XO)la C !pIIKCIIpOBaHHb!M q11cJIOM 'IJieHOB !pyHKIIIIH II CTPYKTYPbl 

6a3bl )laHHbIX. AJiropIITM o6paTHOro pacrrpOCTPaHeHIDI OIIIII60K MO)l(eT 6hITb IICilOJib30BaH 

)lJUI YJI)'lJIIIeHIDI Bb!XO)lOB MO)leJIII, HO )lJIJI TOqHoii HaCTPOHKII rrapaMCTPOB 6a3bl )laHHbIX 

B03MO)l(H0 TaK)l(e IICIIOllb30BaHIIe KJiacc11qeCKIIX rpa)lIIeHTHblX MeTO)lOB OIITIIMII3a111111. 

O6y'-la/OUJ,UU CUZHan. ,[vIJI Toro qT06b1 BbIIIOJIHJITb pa3JIII'IHb!e aJiropIITMhl 

OIITIIMII3a111111, OE3 TPe6yeT HaJII1q11e ofiyqa10I11ero CIIrnaJia, KOTOpbIH rrpe)lCTaBJUleT 

o6pa3IIbI BXO)lHb!X 3HaqeHIIii rrepeMeHHb!X II COOTBeTCTBYlOIIIIIX IIM 3HaqeHIIH BblXO)lHbIX 

rrepeMeHHbIX. OE3 rro3BOJUieT 3arpy)l(aTb c11rnaJI )laHHbIX 113 cpaiiJIOB MATLAB 11 113 

TeKCTOBh!X cpatt.JIOB. TeKCTOBbie cpaiiJibI o6pa6aTb!BalOTCJI Ha OCHOBe )laHHblX JI3b1Ka, KOTOpbIH 

orrpe)leJUieT CIIMBOllbl )lJIJI BBO)la )leCJITIIqHoii TOqKII, pa3)leJIIITeJieii TbICJiq II T. )l. Ilo 

yMonqaHIIID B OE3 11c110Jib3YIDTCJI CTaH)lapTHhie HaCTPOHKII Windows 3TIIX napaMeTPOB. 

ECJIII 3TII rrapaMeTPbI He COBIIa)lalOT C cpopMaTOM cpaiiJia, TO MOryT 6bITb II3MeHeHbl B JII06oii 

MOMeHT. IIocJie II3MeHeHIIii rrapaMeTPbl coxpaHJIIOTCJI B MO)leJIII II fiYilYT IICIIOJib30BaTbCJI 

)lJIJI )laJibHeiirneii o6pa60TKII )laHHb!X. 3TO BJIIDieT Ha qTeHIIe II 3arr11Cb TeKCTOBbIX )laHHbIX, 

cpaiiJibl II cpaiiJibl MO)leJieii. 

2.3.2. MeTO)lllKa rrpoeKTIIp0BaHIIH li3 

PacCMOTPIIM pa6ory OCHOBHbIX 6JIOKOB TeXHOJIOrIIII npoeKTIIpOBaHIDI po6aCTHblX E3. 

OnucaHue uHmepcjJe0ca. OcHOBHoii MO/lYJih OE3 - 3TO rrpIIJIO)l(eH11e Win 32 
scowin.exe. OHo MO)l(eT fihITb 11crrOJih30BaHo B Windows 95, 98, NT, Me, 2000 11 XP 11 Bb1rne. 

Bo BpeMJI pa60Tbl rrporpaMMa C03)laeT BpeMeHHb!e cpaiiJibl B TeKYI11eii )lIIpeKTop1111 C 

pacrn11peH11eM «mms». 

OCHOBHOe MeH/0. OCHOBHOe MeHIO IIOKa3aHO Ha p11c. 2.7. 
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EGO Estimator test ije 

•;· •·•.c;•>: .. <i.••·•····1 
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r;,;·. ;· i,frest:· ;·; Loading model from me 1.JEGOVer1_tst_192_5.IW_EUR03_hoLRND_(ll2.sco' 

f " ; '.'.?}: ~,1!'°.:i~d 
•• Saving model to file 1.JEGOVer1_tst_ 192_5.IW _EUR03_hot_RND_002.sco' ~•· 

Model saved F 
Saving project file 'C:\Documents\ YMCIULEM_EMS\EGFuzzyModel\02mode!Ver 7\UEGOVer1_tst. 192_ 5.1W _EUR03 '·· 
Project saved • 

Pnc. 2.7. OcHDBHOe Memo OE3 

OKHO OE3 pa3,!1eJieHO Ha TJ)H tJaCTH. B JieBOH qacru 0KHa paCIIOJIO)KeHI,I KHOIIKH 

KOMaH,!I, KOTOpbie aKTHBH3HpyIOT OCHOBHbie '.HaIIbI rrpoeKTHpOBaHHJI. IlpaBaJI tJaCTb OKHa 

BbIBO,!IHT rrapaMeTJ)bI MO,!leJIII. OHa opraHII30BaHa B BH,!le CTJ)aHH'IeK, Ka)K,!laJI H3 KOTOpbIX 

IIOKa3bIBaeT pa3JIH'IHbie CBOHCTBa MO,!leJIH. HMeeTCJI B03M0)KH0CTb rrepeKJIIO'IaTbCJI Me)K,!ly 

CTJlaHH'IKaMH C IIOMOIIJblO 3aI<Jia,!IOK. BepXHJIJI tJaCTb C0CTOHT H3 IIJITH CTJ)aHH'IeK: General, 

Variables, Rule database, Generalization n Simulation results. 

• General BbIBO,!IHT OCHOBHYIO nmpopMaIJHIO, TaKYIO KaK HMJI qiaiina, THII BbIBO,[la H T. ,11.; 

• Variables BbIBO,!IHT BXO,!lbl H Bb!XO,[lbl H HX 4JYHKIJHH rrpnHa,[IJie)KHOCTH; 

• Rule database (6a3a rrpaBHJI) BbIBO,!IHT cocToJIHne 6a3bI rrpaBnn; 

• Generalization II03BOJIJleT BbIBO,!IHTb H KoppeKTHpOBaTb rrapaMeTJ)bI o6ne,[IHHeHIUI B 

cnyqae, ecm1 ncrroJih3yeTcJI He o,11Ha 6a3a rrpaBHJI; 

• Simulation results BbIBO,!IHT rpaqinqeCKH Bb!XO,!lbl MO,!leJIH. 

B Hll)KHeH tJaCTH MeHIO paCIIOJIO)KeHbl tJeTbipe CTJlaHH'IKH C 3aKJia,11KaMH. Log 

BbIBO,[IHT JIOf-HH«pOpMaIJHIO B BH,[le C006IIJeHHH BO BpeMJI C03,!laHHJI MO,[leJIH. 

OcTaJibHble 3aKJia,!IKII B rpaqintJeCKOM BH,!le BbIBO,!IJIT'. 

• Simulation preview - o6yqaIOIIJHH cnrnan n Bbrxo,11hr Mo,11enn; 

• Number of activation rules - rpaqi rrpasnn, aKTHBnposaHHbIX MJI Ka)K,!loro 

CHrHaJia; 
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• Rule activation level - MaKcHMaJibHbIH ypoBeHb aKTnBaIJHH rrpaBHJI ,!IJIJI 

Ka)K,!loro o6yqaIOIIJero cnrHana. 

Ha6op UHcmpyMeHmoe 053 (too/bar). Ha6op rrncTJ)yMeHTOB OE3 pacrroJIO)KeH 

sBepxy 3KpaHa (pnc. 2.8). 

Create variables 

Create rule database 

,---1 
_::J 

Back Propagation 

Incomplete rules 

Ana~serules 

B 

"3 D~letebase ! 
General parameters----------------------~ 

Rule database l)'pe: LBRW Rule Database 

Total rules n db : 26 Ma)Q[llal rrnwer cJ rules: 729 

Ruleeditcx 

Show rules forootp.ll :!OutputJ 

Selected rule: 

~I o =-= 
Edit I 

Delete I 

log I Simulation preview I Number cJ activated rules Rule activation level I 

,c;;i 

Pnc. 2.8. l-IHClp)'MeHTapnrr OE3 

3 

00.779004 
& 

1.0761 
0.821524 
0.953056 
1.C6552 .!l 

Tpn KHOIIKH IIHCTJ))'MeHTOB II03BOJIJIIOT BbIIIOlIHHTh 6bICTJ)blli ,!IOcryII K MeHIO pa60Tb1 C qiaiiJioM. 

MeHIO 053. OE3 HMeeT CTaH,!laprnoe MeHIO (pnc. 2.9), ,!IJIJI pa60Tbl c KOTOpblM 

MO)l(HO IIOJib30BaTbCJI 0,!IHHM KJIHKOM JieBOH KH0IIKII MbIIIIKII Hllll C KJiaBnarypbl, Ha6npaJI 

ALT+ yKa3aHHYIO Ha MeHIO 6yKBy. 

File 0 ::Action•::c::Viewi··· 
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Drii" 

~:: ... =~~·-·1 · 
~ 

-··· _ __ _______'3 · Delete base j 

Ma~~ runbei r111kt 729 

~

0.77$1 
1.0761 
0.821524 
0.95ll:i6 
1.05552 

Pnc. 2.9. CTaHAaprnoe Memo OE3 

'3 

3 

FILE MeH/0. Pa6orn c <j:>aiinaMn rrpoeKTa ocyll\eCrnllileTc» c noMOil\blO FILE Menu: 
• New 3a:KpbrnaeT TeK)'IllyIO II 3arrycKaeT HOByIO Mo1-1enh; 
• Open OTKJJbIBaeT Cyll\eCTByIOil\YIO M0,!1eJib II3 <j:>anna; 
• Load Teaching Signal Bb16IIpaeT <j:>ann c o6)"IaIOil\HM CIIrnanoM; 
• Save coxpaIDieT Mo1-1enh s Bb16paHHb1ii cyll\ecrnyIOil\IIH <j:>aiin; 
• Save As coxpaIDieT Mo1-1enh B HOBbIH yKa3aHHbIH <j:>aiin; 
• Export 3KCnOpTnpyeT M0,!1eJIH B 1-1pyrne q:>OpMaTu1; 
• Number Format onpe1-1eID1eT <j:>opMaT o6)"IaIOil\ero CIIrnana; 
• Exit 3aKJJbIBaeT OE3. 

ACTION MeH/0. 3To MeHIO nosTop»eT KHOnKII KOMaH/.1 II BbIIIOJIIDieT cne1-1y10ll\lle 
,!1eHCTBIIH: 

• Generate Variables co31-1aeT nepeMeHHb1e; 
• Create Rule Database co31-1aeT fia3y npasnn; 
• Optimize Rule Database omIIMII3IIpycr fia3y npasnn c noMOil\bIO f' A2; 
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• Refine KB onTHMII3IIpycr 6a3y npasnn c noMOil\bIO f' A3; 
• Back propagation onTHMH3IIpycr 6a3y npasnn c noMOil\bIO anropIITMa o6parnoro 

pacnpOCTJ)aHeHIIH OIIIH6KII; 
• GA Test 3anycKaeT a6cTJ)aKTHyro onTHMII3a11nIO; 

VIEW MeH/0. 3ro MeHIO no3BOllileT nepeKJIIO'IaTuc» Me)l(,!ly CTJJa:HII'IKa:MII OE3: 
• Project properties - CTJ)aHH'!Ka OCHOBHbIX CBOHCTB; 
• Variables display - nepeMeHHbie; 
• Rule Database - 6a3a npasIIn; 
• Generalization - CTJJaHII'IKa 061,e1-1IIHeHIIH 6a3; 
• Simulation Results - pe3ynhTaTb1 Mo1-1enIIposaHIIH; 
• Log display - nornII II coo611\eHIIH; 
• Simulation preview - npe1-1sapmenhHb1e pe3ynhTaTb1; 
• Number of activated rules - KOJIH'Iecrno aKTIIBHJJOBaHHbIX npasnn; 
• Rule activation level - aKTIIBal.lIIOHHbIH yposeHb npasnn. 

jJuanoau. IlpII Bb16ope KoMaH/.1bI, IIMeIOilleii napaMeTJJbI, OE3 noKa3hrnaeT 
1-1nanorosoe OKHO. ,[(IIanOroBOe OKHO MO)[(eT co1-1ep)[(aTb nollil, B KOTOpb!e MO)[(HO BBeCTII 
TeKCT, 'IHCJia IIJIII BbI6paTb HeCKOJibKO 3JieMeHTOB. TIInH'IHOe ,!1IIanorosoe OKHO IIMeeT KHOnKy 
OK, KOTOpa» IICnOJib3yeTCH /.1llil 3aIIOJIHeHIIH scex noneii, 'IT06bl aKTHBHpOBaTu KOMaH).1y, II 
KHOnKy OTMeHbI, KOTOpoii MO)[(HO npepsaTb Bb!IIOJIHeHne KOMaH).1bl. EcJIH 1-1eiicTBIIe TJ)e6ycr 
MHOro napaMeTJ)OB, TO 6y,!1eT IICnOJib30BaTbCH Wizard ,!1IIanor (MaCTep). 3TOT ,!1IIanor COCrDHT 
H3 nocne1-1osaTeJibHOCTH /.1llailOrOBb!X OKOH, KOTOpbie 6y1-1YT HanpaBlli!Tb 'Iepe3 see IIIa:rII 
onepa11IIII. Tpn KHOnKH 6y).1yT /.10CTYIIHbI /.1llil HaBIIra11IIII. KHonKa NEXT>> no1-1rnep)l(,!laeT, 
'ITO ycnernHo 3aseprnIIJIII 3anonHeHne TeK)'Illeii CTJJaHIIllhI, xoTme nepeiiTH K cne1-1y10ru;eii 
CTJ)aHIII.le IIJIII Bb!IIOJIHllTb KOMaH).1y, ecJIH ).10nOJIHIITeJibHb!X napaMCTJ)OB He TJ)e6yeTCH. 
KHonKy < <HA3A.[( cne1-1yeT ncnOJib30BaTu /.1llil B03Bparn K 0,!1HOH II3 npe,!1bl/.1)'IIIIIX CTJ)aHIIll, 
ecnII xoTHTe ll3MeHIITh HeKOTOpb1e napaMeTJJbI. CANCEL rrpepbrnaeT KOMaH).1y. 

<Paunbl 063. OE3 coxpaIDieT <j:>aiillb1 B 2 <j:>opMarn: model file (c .sco extension) II 
project file (.sop extension). Bo speMH coxpaHeHIIH coxpaHHIOTCH o6a TIIna <j:>a:nnos. 

Model file BKJIIO'IaeT B ce6» BCIO IIH<pOpMal.lHIO no M0,!1eJIII. 
Project file co1-1ep)[(IIT BCIO IIH<popMallIIIO no npoeKTy, BKJIIO'Ia» model file II 

teaching signal file. 
OE3 MO)[(eT coxpaHHTb pe3yJibTaTbl onTIIMH3aI.1IIII. 3TII <j:>aiiJibl HMe!OT pa3perneHne 

.st II Ha3bIBaIOTCH state file. 

3manbl npoeKmupoaaHUfl. PaccMOTJJIIM KpaTKo nporpaMMHYIO peann3al.lIIIO 
npo11ecca npoeKTnposaHIIH po6acTHbIX E3. 

3man 1. Co3oaHue Hoaou Mooenu. Bb16epme <!>AH.JI -> CO3.[(ATb HOBbIH 
(pnc. 2.10). 

Bb16op Mooenu He,1emKoao 6bl60oa. IIonb30BaTenb KOHKJJeTH3IIpyeT TIIn 
He'IeTKoii M0,!1eJIII Bbrno1-1a (CyreHo, MaM).1aHII II T. 1-1.), onepa11IIIO He'IeTKoro "H" 
(npoII3Be,!1eHIIe llilH MIIHIIMyM), (II) 'IHCJIO BX0,!1Hb!X II Bb!X0/.1Hb!X nepeMeHHb!X (pnc. 2.11). 
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~. . 
r NE!'\IV model l nv 

11 Model file name: 

Inference model : 

I Sugeno order O fuzzy inference model 
b.5'.illf-i:±-»itHF..f'J•Sii#-$$.&.e 

lnl Sugeno order 1 fuzzy inference model 
Ma:mdani fuzzy inference model __ 

Cancel << Back 

. :-::::::;. lliif3iii'1 

...::J 

3 

Next>> 

Pnc. 2.10. B@6op HOBOll M0.[(eJrn HeqeTKoro Bb!B0.[(a 

Model file name : 

Inference model : 

Inference mode : 

G=i'Atirf!A®t:1tJ@:t..f4:': 
-IM inimum _infe_r~n;;:e 

Cancel 

...::J 

i 
<< Back Next>> 

Pnc. 2.11. Bb16op TIIIIa HeqeTK0ro Bb!B0.[(a 

HIDKarueM NEXT>> 0C)'llleCTBllleTCR rrepexo.11 K cne,ey10IU.eii c-rpamn~e (pnc. 2.12). 

Number of input variables: [1 

Number of output variables: [1 

MF naming scheme : 

J Numbered (in_ 1_ 1.in_ 1_2.etc) 

Cancel << Back 

::;:;:J 
..:..J 

::;:;:J 
..:..J 

~ 

Next>> 

Pnc. 2.12. Ilepexo.r1 K Cipamu1e Bb16opa rrapaMelp0B 
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Bb16op K0Jinqecrna BX0,!IHbIX H Bb!X0.[(HhIX rrepeMeHHbIX H HIDKaTHe NEXT>> ,!IJIR 

rrepexo.11a B cne.11YJOIU.ee MeHJO (pnc. 2.13) . 

~«=,:,.,~~~~-,/7'?- ~y,--~~A<~:,, __ '.- -:~~~s>'-::_:<~;::1,wnwn 
11 Output variables: 

1 Yariable 
Output_1 
Outpu\_2 
Output_~ 
TEST---... 

ITEST 

Cancel 

I 

I 

set 

I 

MF Numberl 
5 
5 

:::> ~ 

(3 ::;;::JI -=....I 

<< Back Next>> 

Pnc. 2.13. Bb16op K0JJIIqecrna BX0.[(HbIX II Bb!X0.[(Hb!X rrepeMeHHhlX 

I' 

MeHJO II03BOillleT rrepenMeHOBbIBaTb cnrHaJibI H Ha3HaqaTb KOJIHqecrno ql)'H~Hll 
rrpnHa.[(Jie)KHOCTH. 

NEXT>> MR rrepexo,11a B cne,11y10IU.ee MeHJO. 

3aapy3Ka o6y4a/Oll{eao cuaHana. O6yqa10IU.nii cnrnan, KOTOpb1ii rrpe,11cTaBJIReT 

o6pa3~bl BXO,!IHbIX 3HaqeHHH rrepeMeHHbIX H COOTBeTCTBYIOIU.HX HM 3HaqeHHH BbIXO,!IHbIX 

rrepeMeHHhIX, MO)KeT 6hITb 3arp~eH H3 qiaiiJIOB MATLAB H H3 TeKCT0BhIX qiaiiJIOB 
(pnc. 2.14). 

[N~;._, ~e~~' •. ~~.{~~i;i::& ~•);i:,~¼tf' •',~i/'c}• ;.,:,,~Ii 
f I Teaching signal file name : 

~! 
J. 

r ...::.:J 
.- Number format s,ettings--------------- i Li:st separator : Negative sign: 

Decimal separator: 

Thousand separator: 

Thousand grouping : 3; 

Positive sign : + 

Change ... 

Cancel << Back Next>> I 
Pnc. 2.14. Memo Bb16opa 06yqa101IJero cnrnana II HaCip0eK 3Kcrroprn 

TeKCTOBbie qiallJibI o6pa6aTb!Ba!OTCR Ha OCH0Be ,11aHHbIX R3b!Ka, KOTOpblll onpe,11ell!eT 

CHMBOJibl .!lilll BBO,!la ,!leCRTHqHoii TOqKn, pa3,!1eJIHTeneii Tb!Cj!q H TaK .r1anee. IIo YM0JiqaHHIO B 

0E3 ncrronb3YJOTCR crnH,11aprub1e Hac-rpoiiKH Windows 3THx rrapaMe-rpoB. Ecnn 3TH 

napaMe-rpbI He COBIIa,[(a!OT C q>OpMaTOM <paHJia, TO M0ryT fihITh H3MeHeHbI. IIocne H3MeHeHHH 

napaMe-rpbI coxpaHRJOTCR B MO,!leJIH H 6y,!lyT HCIIOJih30BaTbCR .!lilll ,!laJibHeiiIIIeii o6pa6oTKH 

.[(aHHb!X. 3To BJIHReT Ha qTeHne H 3aIIHCb TeKCT0BblX ,11aHHbIX, qiaHJibI H qlaHllhl MO,!leneii. 

NEXT>> .!Ill! 0K0HqaHHR co3,11aHHR Mo,11enn n BhIBo,11a coo6IU.eHnR B Log page. 
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npocMomp napaMempoa Moaenu. IIapaMe1JJhl Mo,11eJm MO"JKHo rrpocMo1JJeTu Ha 

BKJia,!IKe (pnc. 2.15): 
• Hl\1JI qiaiirra; 

• MO,[leJib BhIBO,!la; 

• THII BhIBO,!la; 

• KOJIHqecTBO BXO,[IOBIBbIXO,[IOB; 

• HMH qiaiina teaching signal; 

• KOJmqecrno o6pll31(0B teaching signal B qiaiirre. 

D~~ 

Create variables 

Create nJ.e da\ab<1:s.e 

Opt1m:2e 1,;(e::;-

Refine KB 

Back. Propagalion 

Incomplete ru!es. I 
Ar1a!y~tlile:. j 

_::J 

t.ll Gono,ol I W Var;.t,le, I I:!, Rule dalal=o I '9- Gonerafization I l'\o SinJation results I 

[~'
~=~• rnoool: So.gooo order 1 fuzzy rlorerco,:., 

!rlerence mode: I Minimt.m riference iJ 
Number of irl)l.t variable,: 3 

l.ll'lber of output variables : , 

' 
,l•OIOOO data 

Number of elements : 2 

l~ • I Simuation preview J NI.ITlber ol activated rules Rule activation level J 

!WWiM/J~l..i u .. ,'lt,,,J,~\J 

•□ 

Pttc. 2.15. OKHo rrp0CM0ipa rrapaMeip0B MO,[leJIH 

] 

1500 

3man 2. Co3aaHue nepeMeHHblX. PaccM01JJHM oco6eHHOCTH :narra co3,11aHHH 

rrepeMeHHhIX. 

Co3dGHUe JIUH26UCmu'leCKUX nepeMeHHblX. C IIOMOII(hlO reHeTH1IeCKoro anropnTMa 

(I' A1) orrpe,11eJIHeTCH OIITHMaJihHOe qncJIO <pyHKI(HH rrpHHa,!(Jle'lKHOCTH ,[IJIH Ka'JK,[IOH BXO,[IHOH 

JIHHrBHCTnqeCKOH rrepeMeHHOH, a TaK'JKe BhI6npaeTCH OIITHMaJihHM <pOpMa rrpe,!ICTaBJieHHH 

HX <pyHKI(HH rrpnHa,[IJie'lKHOCTH (TPeyroJihHM, raycCOBCKM H T. ,11.). B Kaqecrne KpHTepHH 

OIITHMaJihHOCTH TOH HJIH HHOH KOH<pttrypaI(HH JIHHrBHCTHqecKHX rrepeMeHHh!X HCIIOJih3yeTCH 

MaKCHMJM COBMeCTHOH HH<pOpMaI(HOHHOH 3H1J)OIIHH H MHHHMyM HH<pOpMaI(HH O cnrHanax B 

OT,[leJibHOCTH, KOTOphle HMeIOT BH,[I 

J:;/~, ~+ '; ·{, \ .✓,} !~ ,{ (,(,))-,!,. (,,(,l)J"-[,,if (,J)•Jx)',1,J)} <2 
7J 
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H{i =-p{i log(p{J=-p(x;I\ =µ~Jlog[p(\lxi =ll{J]= 
(2.8) 

=-itJl~, {x; (t) )1og[µ{i ( x;(t) )] 

cooTBeTCTBeHHO. 3,11ech * - Bb16paHHM orrepaI(HH HeqeTKOro «H»; Xi, i=l, ... ,m - Ha6op 

JII!HrBHCTHqecKHX rrepeMeHHhIX, COOTBeTCTByIOII(HX KOMIIOHeHTaM OC; 

µ1},' i = l, ... ,m,}; = l, ... ,lx, TepM-MHO'JKeCTBO, COOTBeTCTBYIOII(ee i-ii KOMIIOHeHTe 

OC; x(t) = (x1(t), ... ,xm(t)) -KOMIIOHeHTbI OC; N-qncno KOMIIOHeHTOB OC. 

Co3aaHue nepeMeHHblX c noMOU{b/0 anaopumMa onmuMU3a4uu 1A1. 
HcrroJih3yeTcH Create Variables nnn Bh16rrpaeTCH Action/Generate Variables MeH10 

(pnc. 2.16). Bo BpeMH C03,[laHHH OE3 rrpe,!IJIO'JKHT Bb!6paTb MeTO,[I C03,[laHHH rrepeMeHHh!X. 

Ilpn pa60Te C MeTO,[IOM r A1 6y,11eT rrpe,!IJIO'JKeHO ycTaHOBHTh qJHJihlp, '.!TOT anropHTM 

II03BOJIHeT Y.!laJIHTh JIHIIIHHe myMhl H ,[IBHraThCH ,[laJibIIIe: Next>>. 

D~liil 

Deale variables 

Cre.3te ru[e datab.3se 

Opt:mize rule~ 

Refine KB 

Back Propagation 

lncomplete rules 

Ana!9se rules J 

_::J 

Inference-model: Sugeno order 1 

lnfeience mode : I Mnrm.nn nfere, 

Numbei of i,p<A variables: 3 

Number of output variable,: 4 

Learning dala------11 

Fie name : C:\2009\M"'-""6A or 

Number of elements: 2 

Log; I Sowalion pre.iew I Number 

•O 

Select MF Generatoo Alogorilhm 

r, Genelicoplimization(GA-1) 

P°Fillersg,al~ 

r Do not change number of MF 

1 Ur,lorm distribution 

P Rename variable, by scheme: 

[ Nurrllered f,n_ 1_1,in_1_2.elcJ 

Carcel I 

::J 

«Bock Next» 

,~J'~ 
Pttc. 2.16. Co3,!laHtte rrepeMeHHI,IX C IT0M0JnblO a.JiropttTMa 0ITTHMH3aUHH 

CJieey1011(HH ,[IHaJIOr rrpe,11JiaraeT BBeCTH rrapaMelphl OIITHMH3a1(HH r A (pnc. 2.17). 
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~,;;;;;-~~t,,,rsh;p.tu~,n•,""'"" "!ffiM!ot • ,. v,,,:;;;;;:~: liili3iij 
GA Parameters-------------------, 

Number of generations: 1200 :fl Population size: 1200 :tJ 
Crossover rate: [0.64 

Delete rate : r:lo'"".e,--

Fitness reduction mode : r not used 

Vector compare parameter :[1 

r Use previos state as initial 

Mutation rate: ro.01 

c-- Linear Jo.as 

3 

Cancel << Back Neid>> 

Puc. 2.17. OKHO BB0,lla rrapaMeTp0B 0IITHMH3al(IIH 
HcrroJih3yeTCJI orrepaTop NEXT>> wur rrepexo.11a B cne;zyromee Memo, me 

BhI6rrpaIOTCJI rrepeMeHHhie, KOTOphie ,llOJliKHhl 6h!Th OIITHMll3HpOBaHhl (prrc. 2.18). 

Hold CONTROL key and click list items to select which variables 
:s:hould be optimized. 

I Optirnize .all variables al the .:::~ame time 

r Add elements of fitness vector 

Prrc. 2.18. Bb16op rrepeMeHHh!X qiyHKI(HM rrpHHa,!IJle)KH0CTII 

Orreparnp NEXT>> .llJIJI co3.11aHnJI rrepeMeHHhlX (prrc. 2.19). 

0,,,, .. 4w,.,,,,,,u, .. -=~~bers-

Total progress 

rrent stage· 

me remeinin 
Current stag 

Ge'neration: 

,Dupliceit.e:s: 
Evaluation: 3 0 o-.- ~ ~--

: _11:1 ••••• ■ •••• ~- ■ • ':' ~·-· ~--. -~-- ••• ~-- ••,•~ ••••••••• 

Abort Stage I- -----A.bC>-rt.A.11~- I 

PHc. 2.19. Co3.11aHne rrepeMeHHhIX qJYHKI1Hii rrpHHa,!IJle)KH0CTH 
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Cne.11yromnii ,llllaJIOf 6y.11eT Bh!BO,llilTh CTa,llilIO rrpou;ecca C03,llaHllJI rrepeMeHHh!X. 
Moiimo Bh16paTh Abort Stage, ecnrr xomTe rrpepBaTh rrpou;ecc B Teeymnii MOMeHT. OE3 
ycTaHOBHT 3HaqeHllJI Ha Han6onee orrmMaJihHhIX m y)Ke Bh16paHHhIX. Bh16op Abort All 

ocrnHaBJIHBaeT OIIIBMH3au;rrIO ll B03BpamaeT B rnaBHOe Memo OE3. 

3man 3. Co3aaHue 6a3bl npaeun. Ha .11aHHOM 3rnrre ncrronh3YeTCJI crreu;nanhHhiii 
anroprrTM oroopa Han6onee «po6acTHhIX rrpaBnn» B cooTBeTCTBHil co cne;zyrom= .llBYMJI 

KPHTepllJIMH: 
(1) «CyMMapHhJH)) KPHTepnii: BhI6paTh TOJihKO Te rrpaBHJia, KOTOph!e Y.llOBJieTBOpJIIOT 

cne.11yromrrM ycnOBllJIM: 

~otol _ft ~ TL , (2.9) 

r.11e TL (threshold level) - 3a,llaHHhIH (BpyqHy10 nnrr Bh16paHHhIH aBTOMaTnqecKn) ypoBeHh 

aKTHBaD;Hll rrpaBHJia, ll 
N 

R:o,al_fs = LR~(tk), ll R~_(tk)= I][µ~1(X1(tk)),µ~i(x 1(tk)), ... ,µ~n(xn(tk))], (2.10) 
k~I 

r.11etk - MOMeHThI BpeMeHrr, k = I, ... ,N; µ~k(xk),k = I, ... ,n - cpyHKI(HH rrprrHa):IJie)KHOCTH 

BXO,llHh!X rrepeMeHHhIX, l - IlH,lleKC rrpaBHJia B E3; CilMBOJI (( TI )) o603HaqaeT orrepau;HIO 
HeqeTKOH KOHbIOHKI(Illl (B qaCTHOCTH, M0)KeT HHTeprrpempoBaThCJI KaK rrpOH3Be,lleHne HJIH 

MHHHMYM); 
(2) «MaKCHMaJihHhlll)) KpHTeprrii: Bb!6paTh TOJlhKO Te rrpaBHJia, KOTOphie 

Y.llOBJieTBOpJIIOT ycnOBHIO 

m~R~(t)";?:.TL. (2.11) 

Ea3a rrpaBrrn co3.11aeTcJI yrrpaBneHrreM Create rule database command HJIH 

Action/Create rule database MeHIO (pnc. 2.20). 
Bo3MO)!(Hhl cne.11yiomne pe)KHMhI: 

• Add new: C03,llaTh HOBYJO 6a3y ll .1106aBHTh ee K crnpoii, CTapaJI 6a3a OCTaHeTCJI 

HeH3MeHHOM; 
• Recreate current: 3aMeHHTh 6a3y; 

• Copy current: c.11enaTh Korrnro. 
TaK)Ke M0)KH0 BBeCTll IlMJI 6a3hl. 
OE3 rro.ll,llep)KHBaeT ):IBa mrra 6a3 rrpaBHJI - rroneyro fia3y rrpaBHJI rr fia3y LBRW. 

IlpaBHJia IIOJIHOM 6a3hl rrpaBHJI co.11ep)KaT BCe BapnaHThl HeqeTKHX MHO)KeCTB wur BXOMmnx 
rrepeMeHHh!X. KonWieCTBO rrpaBHJI B IIOJIHOH fia3e ,llaHHh!X paBHO rrpoll3Be,lleHHI0 qrrcna 
HeqeTKHX MHO)KeCTB BXO,llHhlX rrepeMeHHh!X. 3m fia3a qpe3BhJqaHHO BeJIHKa ll TPe6yeT 

cymecTBeHHO 6oJihIIIero BpeMeHH Ha OIIIBMH3al(HIO. 
Ea3a LBRW xpaHrrT He BCe rrpaBrrna, a TOJihKO rrpaBnna, oTo6paHHhie rro KPHTep11ro 

OT6opa Han6onee BJlllJITeJihHh!X rrpaBHJI. LBRW OT6npaeT rrpaBHJia, KOTOphie BHOCJIT 
Han6onee 3HaqnMh!H BKJia,ll B Bb!XO,ll. 3TOT anropnTM II03BOJIJieT o6ecrreqnTh Bh!COKYJO 
CKopocTh orrmMn3au;nn. CoKPameHne qncna rrpaBnn c rroMomhro anropnTMa LBRW 
o6ecrreqnBaeT 6onee Bh!COKYIO CKOpOCTh OIITHMH3au;nrr 6e3 IIOTeprr TOqHOCTll MO,lleJIIl. 
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Optimize rules 

Reline r-8 

Back Propagation 

lncomp-let~ ruies I 
.A.r,a!ys:e rules j 

__::J 

Leamng data,------.1 

Fie name : C:\2009\M 

Nll!lbe, of elements: 2 

'□ 

(" Recreate current 

( Copy current 

Databasetl'P"-------------, 

r♦ Complete database 

LBRW Database------------, 

(" Linit runbe, ol rules: jziio"""3 

(" Manual threshold level: ~ 

(" Atiomatic rule number estimatioo min. rules : µ""3 
(" Atiomalic • Panfdov algorithm 
(" Atiomatic • Sorokin algorithm 

Sort rules accorcing lo,-----------, 
r. Sum of firing strength 

(" Maxim1.im of firing strength 

OK Cancel 

Plfc. 2.20. C0311aHlfe 6aJbI rrpaBIIJI 

3man 4. OnmuMU38U,UR 6a3bl npaeun. IIocJie rnro KaK 6bma c03,11aHa 6aJa 
rrpaBIIJI, OHa ,!10JI)l(Ha 6hITh 3aIIOJIHeHa qiaKTWieCKHMII ,11aHHhIMII. 3To ,!10CTJITaeTCH Ha 
3aKJIJOqJITeJihHOM :narre C03,!1aHJIH M0,!1eJIJI - OIITIIMH3allllll 6a3hl rrpaBHJI. OE3 IICIIOJih3YeT 
reHernqecKJIM aJirOplITM OIITIIMH3al.lllll (r A2) ,!1JIH HaCTPOMKII rrapaMeTPOB 6a3bl ,11aHHhIX. C 
IIOMOlllhlO reHernqeCKOrQ aJiropHTMa (r Az) OIITHMll3HpyIOTCH rrpaBhie qacrn rrpaBHJI E3, 
orrpe,11eJieHHOM Ha :narre (ware) 3. KpnTepneM Kaqecrna Ha 3TOM ::irnrre BhicryrraeT MHHHMYM 
OIIIH6KH arrrrpOKCHMal.lllll oc (06yqaI0111ero CIITHaJia): 

N 

E="'f.EP, 
p=I 

EP =1!2(F(x(,xf, ... ,x:)-dpr (2.12) 

r,11e F - BhIX0.11 HCY, d - 11eJieBoe coCToHHHe OY cornacHo OC. Ha ,!1aHHOM :narre Haxo,111ITcH 
perneHHe, 6JIH3Koe K rno6aJihHOMY OIITJIMYMY (MllHIIMYM oIIIH6KH rumpoKCHMallllll OC). C 
IIOMOlllhlO CJie.11YID111ero ::irarra 3TO perneHHe MO)KeT 6b!Th JIOKaJihHO y~eHO. qT06hI HaqaTu 
OIITIIMlf3~, Ha)KMJITe Optimize rules llJill Action/Optimize rule database MeHIO (pHc. 2.21 ). 

HcrroJih3yeTCH teaching signal source ,11JIH GA2. Complete - 3HaqnT HCIIOJih30BaTh 
IIOJIHOCThlO teaching signal qiaiiJI. ~ 60JihIIIHX M0,!1eJieM 3TO MO)KeT Bhl3BaTh 3aMe,!1JleHHe 
orrrnMH3allHH. ,[(JIH ycKopeHHH Bh16epHTe Optimized. IIpnMeHHeTcH NEXT>> ,!1JIH rrepexo,11a 
genetic algorithm parameters (pnc. 2.22). 
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!] Soft Computing Optimizer · · 
-----~ > 

File Action View 

D ~ Iii ~ General I W Variables I ~ RI.le database I :& Generar~ation I FiJ Sirruation results I 

Create variables 

Create rule database 

,---1 
Reline KB 

Back Propagation 

Model 
Filename: C;\2009\lv! 

Inference model : Sugero or, 

Inference mode: ~ 

NL11De1 ol i,put vanables : 3 

iables: 4: 

File name: C;\2009\MMW! 

Number ol elements : 2 

Rule database opti~tion .!Gt:~-~ 
'• •, "/' _,,,, e '> ',•, .C'::•,"C{."0-0:._c,c, .. ,.OC,. ··-~- .. ··-··-·'·-

Signal Stuce 

r Complete 

r Subsampled 

Use1 poirfatol ro--:B 
r Optimized 

r Matlab simulation 

rl 3 

Cancel « Back 

Incomplete rules 

Analyse rules 

_::J 
Log I Simulation i:xeview I N 

Rule database created 
Deatrg rule database 
LBRW Rule Database 
Sorted by sum ol Fring s~ength 
Rule r1.1mber auto detection. 2 rules for each signal point 
Rule database created 
Startirg GA2 optim~ation 

PlfC. 2.21. OnTlfMlf3alllfH 6aJ rrpaBlfJI C II0M0IUb!O f A2 

Crossover rate: f 0.64 

'3" Population size: (200 

Mutation rate: I0.01 

Delete rate :j •-o-.B---

Fitness reduction mode : C- not used r. Linear (o.os 

Vector compare parameter :(1 

I Use previo:s state as initial 

Next» 

3 

Cancel << Back Next>> 

Plfc. 2.22. Bb16op rrapaMe1-poB r A2 
lliMeHHIOTCH COOTBeTCTBYJOllllle rrapaMe!pbl, IICIIOJih3YeTCH orreparop NEXT>> (pnc. 2.23). 
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; ~~ le~ '::5a~_~a~ <~~~~~-i ~~~!~~~J_~~~~J4~SL .• L~-~u~~ ®¥>~ ~:,:~· -- -ON,' 

11 _ · , · ---- --· I 

' I 

Hold CONTROL key and click list items to select which variables 
should be optimized. 

J Optimize all variables at the same time 

J Add elements: of fitness vector 

Cancel << Back f 
-'-~~-- - - '"•--~-<-•S-'0--~--'"-

Pnc. 2.23. lfaMeHeHne rrapaMeTp0B r A2 

Ne)d >> 

OrrTHMH3a111ur ITO BCeM ITapaMeipaM ITpOHCXO,LIHT ITO YMOJiqaHHIO, HO MO)KHO Bb!6paTb 

Hy)KHbie ITapaMeipbl ITepe.z:1 HaqarroM OITTHMH3aQHH. CJie,LlyIOIQHH .z:1narror Bb!BO,LIHT CTa,LIHIO 

ITpo11ecca co3.z:1aHHH ITepeMeHHblX. Bb16npaeTCH Abort Stage, ecJin Heo6xo.z:1n:Mo ITpepBaTb 

ITpo11ecc B TeKyIQnii MOMeHT. OE3 YCTaHOBHT 3HaqeHHH H3 y)Ke Bb16paHHbIX, Han6oJiee 

OITTHMaJibHbie. Bb16op Abort All OCTaHaBJIHBaeT OITTHMH3aQHIO H B03BpamaeT B rnaBHOe 

MeHIO OE3. IIocJie 3aBepllleHHH ycrnHaBJIHBaeTCH CJie.z:IYIOIQHii .z:1narror (pnc. 2.24). 

5ave:CiA St:at: 

'.-~~~ _~;:,o~~rl;i~t{f~>s~;; ·.~ur~~~~: ~A,;:~~-~~-~?~-~: 
'.•ri•J~''n~o~••~a=¢~•:.st~t.;~/.~:}~- cS < •o < •a "'"" O C' ' > C 

• .:_ :.,-.;J\.;,m not b~ abl.,,toc:';;.:,tinu"'ci'.. 
-2.:/~~f ~~0~)-~ .. !!!~~~r.r~-~-q~Y;1 \)-~::- · - -, --•-,:;·-

Optimization can be 1 

: d';'se,the progl'.· , .. 

• Q;, Save on disk. 
-?~-~lm_~7~ti?_~~ ~~ 

S:~}~~r.i~-~-;~~U~f~~~;:~?l.
1:¥t:~~~~, ~~~,f~-~~;;·e.:f~~~re~-~-~ ~ ~ 

I -•h I 
Pnc. 2.24. I1po11ecc 3aBeprneHllH 0IITllMll3aljHll r A2 

~narror IT03BOJIHeT coxpamITb pe3yJibTaTbI pacqern. 

3man 5. Hacmpoi1Ka 6a3bl npaeun. C ITOMOIQbIO reHeTn:qecKoro arrropnTMa (I'A3) 

OITTHMH3ttpy!OTCH JieBbie H ITpaBb!e qacru ITpaBHJI E3, T. e. ITO,L16npa!OTCH OITTHMaJibHb!e 

ITapaMeipbl cpyHKI1Hii ITPHH!l.z:IJ]e)KHOCTH BXO,LIHblxlBbIXO,LIHb]X ITepeMeHHbIX ( C TOqKH 3peHHH 

3a.z:1aHHOii qlYHKI1HH rrpttro):IHOCTH I' A). B ,LlaHHOM ITpo11ecce OITTHMH3aQHH HCITOJib3YIOTCH 

pa3JIHqHb!e cpyHKijHH ITpHro,LIHOCTH, BbI6paHHbie ITOJib30BaTeJieM. B Kaqecrne TaKHX cpyHKijHH 

MO)KeT Bb!CryITaTb KaK MHHHMYM OllIHfiKH aITITpOKCHMaQHH ( E = LEP ), TaK n MaKCHMYM 
p 
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COBMeCTHOH HHcpopMa11HOHHOH 3lfTpOITHH (H{_ ). KpoMe Toro, MO)KeT rrpOHCXO,LIHTh 
l 

HaCipOiiKa E3 C ITOMOIQb!O .z:1pyrnx OITTHMH3aD;HOHHblX arrropHTMOB, TaKHX KaK arrropHTM 

o6paTHOro pacrrpoCipaHeHHH OllIHfiKH. IfoITOJib3yeTc» Refine KB HJIH Action/Refine KB 
MeHIO (pnc. 2.25). 

!Il.Sotteo~pi,ti~~J 
--File Action View ··. . . . . . . . . . . . . . . . . 

D ~i;t I el Ge~r<J!1iMvj~w1~~~~,~~fi~ement~GA=3J~ ~ liti 
~"'- •<• ' • .,~,- "'''"';o+·c<\C • .!0.:._:.,s--__v·2:o--__--__--__-~~---'~ 

~ 

Optimize rules 

Reline KB 

Back Propagatioo 

Model----11 

Fie name : Pear\ 

·-1 

Optimizalionparameter,------------~ 
Fitness function--------------, 
r Ma,imizatioo of rwual information entropy 

r, Minimization cl oulpt.l error 

r Matlab tnnul;tion 

rl .:l 

r Optirni.:-e OtJtpul variables 

Cancel « Back Ne.t» 

HclJ> 

I; 

I• 

I 
f 

Incomplete rules I 
Analyse rules j 

Log J Sirrulation i,eview I Nt.rrber cl activated rules I Rule activation level I I' 
Loatfu,g project from fie 'C:\2009\MMWHKAA or YCB\TEACHING_DUBNA\SCOptirrozer_forKBdesign\Pcart_KB_forTs1ar,m : 
Loatfu,g model from file 'PcarLSC02sco' 
Model loaded 

_::J Proiecl loaded 
Starting GA-3 optimization 

--~ 
Pnc. 2.25. Memo MH pa60TbI r A3 

HcITOJih3yeTcH .z:1narror, ITpei::1Jiara10mnii 3 BapnaHrn: 

• Maximization of mutual information entropy: OE3 OITTHMH3ttpyeT ITapaMeipbI 

cpyHKijHH rrpHHaW]e)KHOCTH, He H3MeHIDI KOJin:qecrno rrepeMeHHbIX; 

• Minimization of output error: MHHHMH3aQHH Ollltt6Kn; 

• Matlab simulation: ncITOJib30BaHne MA TLAB/SIMULINK .z:l!IH BbJqn:cJieHHH 

qJYHKI1HH ITpttro,LIHOCTH. 

HcITOJib3yeTCH ITepBbiii BapnaHT n oITeparnp NEXT>> (pnc. 2.26). 
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~~~:~:~~~~nt<GA~ .. ~~- --~ 
I r Number of generations: 1200 ' ::B Population size: 1200 .. ::B I ! 

Mut .. tion rate: lo,_o, CrOssover rate: (9-~.~
Delete rate: lo,a . 

fitness ~edUction mod~ : ~ not us~d r.-·uneair [ci,CJ~--

\/~ctor comp:eir~ paramet~r: ~ 

. r. use previos state _a-S.initial C I. g 

·c~~~;ic, •<<Back··· f Next>> 

P11c. 2.26. OKHO ,!\IlaJI0ra rorn Bl,I6opa napaMelp0B r A3 

y CTaHaBJIIIBaIOTCH ITapaMe'Iphl OITTIIMII3aIJIIIl II IICITOJih3yeTCH NEXT>> (pIIC. 2.27). 

Hold CONTROL key and click list items lo select which variables 
should be optimized. 

r Optimize all variables al the same lime 

r Add elements of fitness vector 

Cancel « Back Next» 

P11c. 2.27. YcTaHOBKa napaMelp0B 0ilTIIMII3aIJIIII 

OITTIIMII3aIJIIH OCYIIJCCTBJIHCTCH ITO BCCM napaMe'IpaM ITO YMOWiaHIIIO. HCITOJih3YCTCH 

oITeparnp NEXT>> ,!\JIH OIITIIMII3aIJHH (pIIc. 2.28). 
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;!:3 Soft Computing Optimizer (He ~-~)- t l=l@l_._ 
File Action " - View 

D~li.l· 
Create vaiables 

Create rule database 

Optimize rules 

Refr,eKB J 

:a.] Knowledge base refinement (GA-3) (He OT&e"'faeT) Hel_p~ 

.,_ _________ _,, 

~ I. e ,-__ -_-_-_-~---_-_-_-_-_~=~=~-~~-=-~-=-~-=-=_= ________ ...._k 

Hold CONTROL key ond cick list iems to sele, 
should be optimized 

P' Optimize llll Yariables al the same time 

r Add elements of filne$s vect01 

Total progress: 

r 
Cu'rent sl:lllge: 0 
Timerernlllining: 0:11:37 

Cu'rent stage--------------, 

Generation: 17 

Duplicates: O ll c- I ~; 
B•ck P,opagatK>n I .,I Ev.ehMation: .2090.27 -1386.,, •2049.5 

liiTri 

f Incomplete rules 

Anal,yse rules 

GA Test 

Log J Sinuation preview J Number of activ.et~ 

GA parameters: popul<!ltion • 200. generations• 201 
Selected Ylllriables: 1,,.,.,_, 
1~2 
1~3 
Vo!llriables wil be optimized together 
GA·2 fitness h.nction 

P11c. 2.28. Ilpo11ecc om11Mma111111 r A3 

I Abo,t Sl<>ge I Abort Al 

CneeyIOIIJilll ):IIlaJIOr 6y;:1eT BbIBO):IIlTh CTa):IIlIO ITPOIJCCCa C03):laHHH rrepeMeHHhIX. 

Mm1rno BbI6paTb Abort Stage, eCJIIl He06XO):IIlMO ITpepaaTb ITPOIJCCC B TCKyIIJIIH MOMCHT. 

Bhl6op Abort All ocrnHaannaaeT orrTIIMH3aIJHIO n B03BpaIIJaeT a rnaaHoe MeHIO OE3. 

t1cnonb3068HUe MATLAB/S/MULINK anR onmUMU38U,UU. MATLAB/SIMULINK 

IlCIIOJih3YCTCH ,!\JIH BbJqncJieHHH QJYHiill,IIIl ITpHro):IHOCTil BO apeMH C03,!(aHHH MO):ICJIIl. OE3 
a3anMo,!(eiicrnycr c MATLAB cneeyIOIIJilM o6pa3oM. Koma ,!\JIH r A 'Ipe6ycrcH Bh1qncneHne 

QJYHKIJIIII ITpnro):IHOCTII, MATLAB 3arrycKaeT coorneTcrnyIOIIJHH pacqeT, orrpe,!\eJieHHhIH 

IT0Jib30BaTeJieM. MATLAB BbJqIICJIHeT QJYHKIJilil ITpHrO,!\HOCTil Ha OCHOBe Bh!X0):10B MO):ICJIIl II 

B03BpaIIJaeT B OE3. ~JIH IIHTerpaIJHil He06XO):IIIMO BhIIIOJIHIITh CJIC.!(yIOIIJilC ):ICHCTBHH B 

YKa3aHHOM ;:1nanore (pnc. 2.29). 
Knowledge base refinement (GA 3) 1.3 J 

[ff ~::!r:;;::t:::m~it 
f; ll ;~ines~ c.slcul;;;o,; ~=~rui, I 
i 
t' 
f 

f;;<C[ 
:· 

P11c. 2.29. HHTerpa111IJ1 B fA3 

,. )' 

Ha pnc. 2.30 - 2.33 II0Ka3aHbl pe3yJihTaThl <jJopMnpoaaHilH Il pa60Thl 683 rrpaaIIJI. 
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~Solt Computing Optm1zer ":, -~=~. j;JgJ~ 

(9. r" ~w ' . : 1.§1.·G~~I.~ v~~~tE!, R~d,t~ I !'G~aiza;..,'1 §:s~1i0~\1:.rr.~f ~l~ 
1?.···al:.".~.:.1.: •· y, - . ·-~- -- -::-.f" - _,,---- _- -; 

;•; · Oplimizenies 
Selected rule: I 

:i·'.i:dd( 
Trditl 

i1;/ief~:lf 11 

[,d-r 
'.·'.·c.:··,,'.W'CC,•.···1 I ' L ;.; ,:Jrronplele nie,. . 
;} ·ft,,a~;,;·riki .l ·.•· . ., .. .. .. . . -
. .· · l~:g1

;::::~~:::.::~d~~~:~~~-~~:::~~~:~~~~;~l~t~~~~-~~:1 I 
Loadi'lg model horn file 'UEGOVer1_Ist_192_filW_EUR03_hot_RND_002,co' Model ~aded . Project loaded 
Savi,g model lo file 'UEGOVer1Jsl192_filW_EUR03_hot_RND_(JJ2sco' ~• Model saved : 
Saving JJOject fie [:IOOCtlllerls\YMC\ULEM_EMS\EGFuzzyModel\02model/er 7\UEGOVerl_tstJ 92_filW _EUR. 03 Cc Project saved • 
-,<, ";, /\ .-- , > ,:~•;,-.-vs>>' '/ ,•, e•~•,x·_,~·-, :••• ;--~• ~•:---.:-~~:..-:·•,), ~- > - "> ,, \·' .-- ,.•: -. <:• -';~- :,·:,-~-, ;· ~-~--- C·• Jc>.c:•~•·--,· ,<P 

Puc. 2.30. Pe3yJibTaT qiopMUpOBaHHll u pa60Tbl 6a3 npaBUJI 

'<l:u-1 w•·•~- ... .---,---0---c~~~::.·:;:y .. If» ,.M•··-;v-s;--.,,-,,_,,,,,.,;;;a,c.,w~.s.,J.'"c;;J;,•>:c,;.-~-,- •• ;.>-,.-~·,s+-.v-s.. ~ 

l~r~~t 
a) Pe3YJ1bmambl MOOe!1Up06GHUR 

6) IlpeiJeapumeJlbHbie pe3yJ1bmamb1 
Puc. 2.31. Pe3yJihTaT pa60TbI 6a3 npaaHJI 
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(LoiC I :s~~l~ti~ ~~·;Numb; ofactivat~d rule~ I.~.~~. ic~¥,ati~Jex~ F:~;~·~~:=~;· 

~I 
Puc. 2.32. KoJIHqecTBO aKTHB!IpOBaHHb!X npaauJI 

'~~:~ J §i~ul~Q9~pre;~wr:N~fu~~(of ac~~al~dr.~l~s:fRuieactivatio~levei 
-·········. ....... • ...... ...... ··,• ...•. , .. ,··· ........ ,, .. .., ., ""'<•'·"•<••.cc;c:,'•·:••::oo".'.,· 

Puc. 2.33. IIopor aKTuaariurr npaBHJI 

2.4. IlepcrreKTHBLI pa3BHTHH rrporpaMMHOH CHCTeMLI 

KaK OTMeqaJioch, 3a cqeT HHTerpa111m c crrcTeMoii MATLAB OE3 II03B0JIJ1eT 

BBO)]JITh ).IOIIOJIHHTeJibHhie KpHTeprrrr KaqecTBa ynpaBJieHmr, He ll3Memrn: HCXO).IHOro KO).la 

nporpaMMHb!X MO).lyneil: CHCTeMhl. B CHJIY OTMeqeHHb!X BbIIIIe rrperrMyIQeCTB OE3 
cocrnamreT ocHoBy ).IJIH rrepBoro 3Tarra TexHonorrrrr rrpoeKTrrpoBamrn HCY. Pmpa6oTaHHbIH 

OE3 MO)l(eT pa6oTaTh Ha 0).IHOM rrpocipaHCTBe peIIIeHHH (6 CWIY npeoel/bHblX 

603MO:JICHOCmeu r A) . .nnH rno6aJihHOH OIITHMH3al(Hll Ha MHO)l(eCTBe rrpocipaHCTB peIIIeHHH 

Tpe6yeTCH pa3pa60TaTh HOBb!H Bll).I BbJqrrcneHHH, II03B0JIHIOIQHH 061,e).IHHHTh MHO)l(eCTBa 

npocipaHCTB peIIIeHHH B 0).IHO C IIOMOIQbIO KBaHTOBOro orreparnpa cyrrepII03lll(llll. TaKHM 

HOBb!M Bll).IOM BhiqrrcneHHH HBJIJIIOTCH K6GHm06ble 6bl'IUCllemm. B 3TOM cnyqae KBaHTOBh!H 

0IITHMH3aTop, HCIIOJib3)'IOIQHH MeTO).lhI KBaHTOBhIX Bbl'IHCJieHHH, B Kaqecrne HCXO).IHOH 

HHq>OpMal(Ull HCITOJih3YeT qacTHb!e E3, crrpoeKTHpoBaHHb!e Ha OCHOBe OE3. 3TO 03HaqaeT, 

qTO OE3 II03B0JIHeT C03).laBaTh OCHOBY ,!\llil peaJIH3al(Hll BTOporo 3TaIIa TeXHOJIOrHH, 

ncnoJih3YIOIQero KBaHTOBhie Bh1qrrcnemrn. C 3Toil: 11enhIO a apxHTeKType OE3 npeeycMoipeH 

rrporpaMMHO-BCiparrBaeMhIH HHTepcpeil:c c 6JIOKOM KBaHTOBh!X BbJqncneHIIH (CM. prrc. 2.34). 
TaKHM o6pa30M, rrepcrreKTIIBHaH HHq>OpMal(HOHHaJI TeXHOJIOrilll rrpoeKTnpoaaHilll 

CT!JYKTyp po6acTHhIX HCY HBJIHeTCH .D.ByxypoaHeBoil:. IIepBbIH ypOBeHh ocHoBaH Ha OE3, 
BTopoil: - Ha KBaHTOBhIX BbJqncnemurx. 
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0rmtM113arop 63, OCHOBaHHblM Ha MSlfl01X 

Bbl1.McneHW1X 

Pttc. 2.34. ApxttTeKTypa OE3 , 

QC 
nepcneKTMBHas::i CMCTeMa 

2.5. CHCTe~ta CTOXaCTHqeCKOro HeqeTKOro MO,!l;eJrnpoBaHIUI po6acTHbIX IICY 

PaccMOTIJHM MCTO,!l;OJIOrHJO 061,e,!l;HHCHHOro CTOXaCTH'-ICCKOro H HeqeTKOro 

MO,!l;CJIHpOBaHHH CAY Ha OCHOBe OE3 c IJCJibJO ITpOBepKH po6aCTHOCTH II OIJCHKII 

ITpe,!l;CJibHbIX, CTIJYKT)'pHbIX B03MO)l(HOCTeii HCY. Mo,!J;CJIII q>II3IIqecKIIX OY IIMCJOT 

CJIC,!J;YJOIIJIIC oco6eHHOCTII: 1) o6Jia,!];aJOT JIOKaJibHOH II rno6aJibHOH ,LIHHaMIIqecKOH 

HeycToiiqIIBOCTbJO; 2) IIMCJOT cymecrneHHO HCJIIIHCHHb!C ITepeKpCCTHble CBH3H ITO 

o6o6IIJeHHblM KOOp,LIIIHaTaM, KOTOpb!C BJIIIHJOT Ha ,LIIIHaMIIKY II ycToiiqIIBOCTb OY; 
3) pa6oTaJOT B HeITpe,n;BII,LICHHb!X CHT)'aIJIIHX yITpaBJICHIIH. B Kaqecrne HeITpe,n;BII,LICHHb!X 

CIIT)'aIJIIH yITpaBJICHIIH paccMa'IJ)HBaJOTCH MO,LICJIII yITpaBJICHIIH B ycJIOBIIHX 

HCOITpe,n;eJieHHOCTll IIHq>OpMaIJIIII O BHCIIIHIIX B03MYIIJCHIIHX IIJIH O ITapaMe1J)aX OY, a TaK)l(C 

ITPH HaJIIIqIIH BpeMCHH 3a,n;ep)l(Kil B KOHrypax yrrpaBJICHIIH Il Il3MepIITCJibHOH CIICTCMbl. B 
,n;aHHOM pa3,n;ene ITpIIBC,LICHbl ITpIIMepbl ITpOMb!IIIJICHHOro ITPHMCHCHHH po6aCTHb!X HCY B 

peaJihHbIX OY. ,n:aHhI ITpaKrnqecKne peKoMeH.n;aIJIIH ITOBbIIIICHIIH ypoBHH po6acTHOCTH HCY 
3a cqeT HCITOJib30BaHIIH HOBb!X BH,LIOB BbJqHCJICHHH Il IlMHTaIJHOHHOro MO,LICJIHpOBaHHH. 

2.5.1. MeTO,!];OJIOrHH CToxacn1qecKoro HeqeTKOro MO,!];em1poBaHHH 

HeqeTKoe MO,LICJIHpOBaHIIe po6acTHb!X E3 Ha OCHOBe OE3 OCHOBaHO Ha ITpo11ecce 

Il3BJieqeHIIH IIH<pOpMaIJIIII 3a cqeT HCCJIC,LIOBaHIIH IIH,LIIIBII.LIYaJibHb!X IIHq>OpMaTIIBHb!X 

TPaCKTOpHii, OITHCb!BaJOIIJIIX ,LIIIHaMnqecKOe ITOBC,LICHIIe OY ITPII B03,LICHCTBIIII Ha Hero 

cnyqaiiHb!X ITPOIJCCCOB. B paMKax KOppC!IHIJIIOHHOH TCOpIIH pa3JIIIqHbIC ITO CBOCH 

CTaTHCTnqecKOH ITpHpo.n;e cnyqaHHb!C ITpOIJCCCbl (T. e. IIMCIOIIJHC pa3JIIIqHbIC q>YHKIJIIII 

IIJIOTHOCTll pacITpe.n;eJieHIIH BepOHTHOCTII) MOryT fib!Tb HCpa3JIIIqHMb!MII ITO CBOIIM 

KOppC!IHIJHOHHb!M CBOHCTBaM. IloJIHOH CTaTHCTIIqecKOH xapaKTepHCTllKOH cnyqaHHblX 
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npOIJCCCOB HBJIHCTCH q>yHKIJIIH ITJIOTHOCTH pacITpe,n;eJieHIIH Bepo»THOCTCH. IloJTOMY 

Bb!XO,LIHOH ITpo11ecc qiopMttpyJOIIJero q>IIJib'IJ)a, MO,LICJIIIPYJOIIJCro BHCIIIHJOJO cpe.n;y, ,LIOJI)l(CH 

6b!Tb ITpC,LICTaBIITCJibHOH IlHq>OpMaTIIBHO 3HaqHMOH BbJ6opoqHoii 1J)aCKTOptteii cnyqaiiHOro 

npo11ecca, IT03BOJIHIOIIJCro IICCJIC)J;OBaTb IlH,LIHBH,LlyaJibHblC 'IJ)aeKTOpllII ,LIIIHaMnqecKIIX 

HeqeTKHX CIICTCM. 3TOMY 1J)e6oBaHHJO Y.LIOBJieTBOpH!OT Bb16opoqHb!C 'IJ)aeKTOpIIH 

cnyqaHHblX ITPOIJCCCOB, CCJIH II3BCCTHa IIX q>yHKIJIIH IIJIOTHOCTll pacnpe,n;eJieHIIH 

BCpOHTHOCTCH. Mo.n;emrpoBaHHC cnyqaiiHb!X ITPOIJCCCOB c 1J)e6yeMoii 4lYHK!JllCH IIJIOTHOCTll 

pacITpe,n;eJICHIIH BepOHTHOCTCH 0CYIIJCCTBJIHCTCH MCTO,LIOM qiopMHPYJOIIJHX qJHJib'IJ)OB. B 
,n;aHHOM pa3,n;ene IICITOJib3yeTc» MeTo,n;onorIIH ITpoeKIBpoBaHIIH CTIJYKTYP HCY, 
cpyHKIJHOHHPYJOIIJIIX BO BHeIIIHCH cpe.n;e ITPH HaJinqnn cnyqaiiHblX ITpo11eccoB, IIMCIOIIJIIX 

O,LIHHaK0BYJO aBT0K0ppeJIHIJH0HHYJO q>yHKIJil!O II pa3JIIIqHbIC 4lYHK!Jllil pacITpe,n;eJieHIIH 

ITJI0THOCTH BepOHTHOCTCH. MeTO,LI qiopMHPYJOIIJHX qJIIJib1J)OB ,LIJIH 0ITHCaHIIH cnyqaHHb!X 

ITpo11eccoB C 1J)e6yeMOH q>yHKIJHeii ITJIOTH0CTH pacITpe,n;eJICHIIH BepOHTHOCTCH Ha OCHOBe 

ypaBHCHIIH <l>OKKepa-IlnaHKa-KOJIMOropoBa 0ITIICaH B ITPIIJI0)l(CHIIII. TaKOH no.n;xo.n; 

IT03B0JIHCT pa3pa6oTaTb 0606IIJCHIJYIO MCT0)J;0JI0rHJO IlCCJIC,LIOBaHIIH po6aCTHOCTH HCY Ha 

OCHOBC CT0XaCTHqecKoro HeqeTK0ro MO,LICJIHp0BaHIIH. 

Ha pIIC. 2.35 ITpHBC,LICHa o6o6meHHaH CTIJYKTYPa CIICTCMbl CT0xacrnqecKoro 

HeqeTKOr0 M0,LICJIIIpOBaHIIH, K0T0paH HCIT0Jib30BaJiaCb MH OIJCHKII po6aCTHOCTII II 

ITpe.n;enhHbIX B03MO)l(HOCTeii CTIJYKTYP HCY M0,LICJIHMII OY c YKa3aHHeM 0CHOBHbIX 

cpaKTOpOB, BJIHHIOIIJIIX Ha qyBCTBHTCJibH0CTb II Ha,LIC)l(HOCTb TQqH0CTll yrrpaBJICHIIH. 

CnpoeKmupo6aHHaR 53 
Oo3 

m1,Q- t---+r-+-l--e-+i 061:,eKT 
cueHan \ ~---~ + + ynpaB11eHIIH 

m(t) 
WyM 

: .... ·· ........ t.:_J 
: .•• --: ....... --·· BpeMR Jaaep)l(KU 

[ CumyaL{UR ynpa6neHUR }······················································· 

Pttc. 2.35. O6o6IljeHHaJI CllCTeMa CToxacruqecK0rD HeqeTK0rD M0,!(eJlllp0BaHilll c 

Herrpe,nBll,!\eHHb!Mll cmya[IIll!Mll yrrpaBJieHilll 
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Mo,1:1em1p0Bam1e pa3pa6ornHHOH Mo,1:1e;m HCY n OY ocyrnecrnmmoch B cncTeMe 

MATLAB/SIMULINK, rroKaJaHHOH Ha pnc. 2.36. 

0 

~ 
"' i:i 

~ 
i 
X 

$ 

BpeMeHHM 3&.Qep,to<a B 

CHCTeMe H3MepeHHR 

Pnc. 2.36. Mo.n:enh c11cTeMbl yrrpaaneHIIJI B MATLAB/SIMULINK 

B KaqecTBe THII0BbIX, cnyqattHbIX rnyMOB 6hIJIII CM0,1:1ennpoBaHbl TPII THIIa 

cnyqaii.Hb!X rrpol(eCC0B C cooTBeTCTByIOJ:nHMH cpyHKI(HHMH IIJI0THOCTll pacrrpe.z:1eneHHH 

BepOHTHOCTeH. BH.[I cpyHKI(HH IIJIOTHOCTH pacrrpe.z:1eneHIIJI BepOHTHOCTeii H pe3yJibTaTbl 

M0,[leJIHpOBaHHH cnyqattHb!X rrpOI(eCCOB OT coorneTCTBYIOinHX cpopMHpyIOII(IIX cjJIIJibTPOB 

II0Ka3aHbl Ha pnc. 2.37. 

·~~~---------~-~~-, 
i~. 

'le' om 

3 

oj ~ n ,"'; ?i 

Pnc. 2.37. Bll/:1 <liYHKl.111ll IIJIOTHOCTII pacnpe.n:eneHIIJI aepoHTHOCTeli II pe3yJihTaTbl Mo.n;ennpoaaHIIJI 

Bb!XO.ZJ:Hb!X cnyqaliHhlX npo1.1ecc0B OT C0OTBeTCTBYIOll.111X cpopMnpyro11.111x <ti11Jih'IpOB: 1 - rayccOBCKllll 
cnyqaliHhili npo1.1ecc; 2 - p3neeacK11li cnyqaliHhltt npo1.1ecc; 3 - paBHOMepHo pacnpe.n;eneHHhIH 

cnyqanHb!H npo1.1ecc 
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Bapbnpy» CTPYKTYPY cpopMHpy1011(11x cj>llJibTPOB, rrapaMeTPbI B MO.[leJIHx OY, apeM» 

3a.n;ep)KKH B KaHane H3MepeHIIH ou1116K11 yrrpaBJieHIIH, Bll.z:I 3a,n:a10rnero c11rnana (l(eJib 

yupaaJieHHH), MO)KH0 MO,[leJI11poBaTb Herrpe.[IBll,[leHHbie CHTyal(HII yrrpaBJieHHH II Ol(eHIITb 

ypoBeHb po6acTHOCTll crrpoeKTHpOBaHHOll HCY. B ,[laHHOM pa3.z:1ene rrpllBOMTCH pe3yJihTaTbl 

MO,[leJillpOBaHHH po6aCTHbIX 3aKOHOB yrrpaBJieHHH ,[IJIH HHTeJIJieKTyaJibHbIX HeqeTKIIX IU1,ll;
peryJIHTOpOB CJIO)KHbIMII, cyll(eCTBeHHO HeJIHHeHHblMH ,[IHHaMllqecKHMII OY. 

B Kaqecrne .[leMOHCTPaJ.:(1111 paccMaTPHBaIOTCH pe3YJibTaTbl MO,[leJI11poBaHIIH 

.[{HHaM11qecKoro IIOBe,[leHIIH TllIIOBbIX OY (Benchmarks): 1) rrepeBepeyThlii MaHTHIIK, 

ycTaHOBJieHHblll Ha KapeTKe rrepeMell(eHHH II 06na,1:1aIOII(llll rno6aJibHOH ,[IIIHaMHqecKOll 

Heycrnnq11BOCTbIO, H 2) cyll(eCTBeHHO-HeJrnHellHblll OCI(IIJIJIHTOp, 06na,1:1aIOII(llll JIOKaJibHOll 11 

rno6aJihHOll ,[IHHaMHqecKOH HeycTOHqllBOCTblO no qacTH 060611(eHHblX rrepeKpeCTHbIX 

KOOp,1:111HaT OY II upe.ucrnBJIHIOII(IIH co6on caMOCTOHTeJibHbIH HHTepec ,[IJIH 3a,1:1aq 

po6oToTeXHIIKH II MexaHIIKII (Haup11Mep, CTP060CKOII11qecK1Iii po6oT-MaHHIIyJIHTOp co 

CJI0)KH0ll HeJIIIHeHHOll ,[IIIHaMIIKOH IIOBe,[leHHH). 

2.5.2. Mo.ue.impoBaHHe pooaCTHblX JaKOHOB yrrpaBJieHHH .[{JIH HHTeJIJieK-ryaJibHbIX 

ueqeTKHX IIH,ll;-peryJIHTOpOB Ha OCHOBe OE3: cpaBHeHHe c npe.uweCTBYIOIIlHMH 

noKOJieHHHMH CAY H HCY 
IIp1me.ueM cpaBHeHlle pe3yJihTaT0B yrrpaBJieHHH CTOXaCTHqecKHM ,[IBH)KeHHeM OY, 

IIOJiyqeHHbIX Ha OCHOBe pa3pa6oTaHHOH CHCTeMbl CTOXaCTHqecKoro HeqeTKOro 

Mo,1:1e;mpoaaHHH. PaccMOTPIIM MH npHMepa TPH Bap11aHrn rrpoeKTnpoBaHHH CAY: 1) Ha 

OCH0Be KJiaCCHqeCKIIX IIH)];-peryJIHTOpoB; 2) Ha OCH0Be TPa.z:IHI(HOHHbIX MHI'KllX BbJqHCJieHHH 

(c IIOM0II(hIO CTPYKrypb1 HHC, Bh16paHHOii BpyqHyw, H MeT0,1:1a rrocTPOeHHH E3 Ha ocHOBe 

anropHTMa o6paTHOrO pacrrpOCTPaHeHHH oum6KH (CM. upHJIO)KeHHe) H 3) Ha OCH0Be 

pa3pa6ornHHoro HHCTPYMeHrnpHH OE3. 

IlpHMep 3: CucmeMa "nepeeepHymb1u MGJlmHuK - KapemKa nepeMeU{emm". 
MaTeMaTHqeCKM MO,[leJib .UBH)KeHIIH ,[IHHaMHqecKOll CHCTeMbl "rrepeBepHYTblll MMTHHK -

KapeTKa rrepeMell(eHHH" 0IIHCbJBaeTCH CJie.z:IYIOII(IIMH ypaBHeHHHMH: 

. 0 0 ( (u + q(t)) + {a,i + a 3 z} - m/0
2 sin 0) kB. g Sill + COS -

.. m +m 
8 

= z(i.- m co: 2 0 )- - - -

3 m, + m 

(2.13) 

.. u + q(t)- {a,i + a 2 z} + m/(0 2 sin 0 - if cos0) 
z = 

me+ m 

r,1:1e g - ycKopeHHe cao60,1:1Horo rra,1:1eHHH (9,8 m/c2
); me - Macca KapeTKH, m - Macca 

Ma»THHKa; / - IIOJIOBHHa ,[IJIHHbl MaHTHIIKa; ;(t)- CTOXacTnqecKoe B03,[lellCTBHe H U -

yrrpaBJIHIOII(aH CIIJia, ,[lellCTBYIQII(M Ha KapeTKy. 

YpaBHeHHH ,[IJIH CK0pOCTII rrpoH3B0,llCTBa 3HTPOIIHH B OY H IIH)];-peryJIHTOpe HMeIOT 

CJie.[lyIOII(Hll BH,[I: 

d 
dis. 

·, 
kB'+ m/0 sin 20 

m_s_+l!!_ 

l(i._- m cos' 0) ' 
3 m, + m 

CO0TBeTCTBeHHO. 

d s = a,i' di ' 
d 
dis" = kde' (2.14) 
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PaccMmpHM cne.uyKJmyio 3a,11aqy ynpaBJieH11J1 )];I3IDKeH11eM nepeBepttyroro MIDITHIIKa (OY). 

3aoa'la ynpa6lleHuR: Ilpn Hannqnn p:meeBcKoro cToxacTnqecKoro IIIyMa (c 

HeCHMMeTPHqHoii q>yHKIIHeii pacnpe):(enemrn TIJI0TH0CTH BepOHTHOCTH), ):(eiicrnyiomero Ha 

KapeTey, H npn HaJinqnn BpeMeHH 3a):(ep)l(KH CHrHaJia B CHCTeMe H3MepeHHH Il0JIQ)l(eHHH 

MaHTHHKa (paBHOI'O 0,001 c), nepeBeCTH MaHTHHK H3 HaqaJibHoro Il0JI0)l(eHHH B rreneBoe 

BepTHKaJibH0e ( 0 = 0) H y):(ep)l(HBaTb ):(BH)l(eHne OY B 3a):(aHH0M BepTHKaJibH0M Il0JIQ)l(eHHH. 

3a):(a):(HM cne):(yIDmne 3HaqeHHH napaMeTPoB: 

me = 1; m = 0, 1; l = 0, 5; k = 0, 4; al = 0, l; a2 = 5 

n HaqanbH0ro noJI0)l(eHHH [00 ; it; z0 ; z0 ] = [10; 0,1; 0; 0]. 

BBe):(eM rn=e orpaHnqeHne Ha cnny ynpaBJieHHH: -5,0 < u < 5,0[N]. 

Ilpn HaJIHqIIII CT0XaCTIIqeCKHX IIIYM0B, ):(eHCTBYIOmIIx Ha KapeTey, II npII HaJIHqHII 

BpeMeHII 3a):(ep)l(KH CIIrnana B CHCTeMe H3MepeHHH Il0JI0)l(eHHH MaHTHIIKa TPa):(IIIIIIOHHbIH 

IIH.D:-perynnop (c Il0CT0HHHbIMII KOJq>q>H~eHTaMII) TaK )l(e, KaK II B npe):(bI):(ymeM 

npIIMepe, He Bcer):(a cnpaBJIHeTCH C BbIIIIeyKa3aHHOH 3a):(aqeii ynpaBJieHHH. Ilpn 3HaqeHHHX 

KOJq>q>IIIIIIeHTOB ycIIJieHHH IIH.D:-peryn»TOpa K = [50; 50; 50] Ma»THHK na):(aeT. 

KpoMe TOr0, onpe):(eJIIITb BpyqHylO 0TITIIMaJibHbie K03q>q>IIIIIIeHTbI ycHJieHHH IIH.D:
peryJIHTopa ):(JIH Il0):():(ep)l(aHHH MaHTHIIKa B BepTHKaJibH0M Il0JIQ)l(eHHII HBJIHeTCH CJIQ)l(HOH 

KOM6IIHaTopHoii 3a):(aqeii II He Bcer):(a no):( CIIJIY ):(a)l(e 0TibITH0MY npoeKTHpoBmnKy CAY. 

PaccMOTPHM HCY, co):(ep)l(amyID HeqeTKHii IIH.D:-peryn»TOp, ynpaBJIHIDmIIii 

):(BH)l(eHIIeM MaHTHIIKa, C HCTI0Jib30BaHIIeM pa3pa6oTaHHOro HHCTPyMeHTapHH OE3. 

MATLAB/SIMULINK M0):(eJib ):(JIH pa3pa6ornHHoii IICY noKil3aHa Ha pIIc. 2.35. 
Ha nepB0M IIIare pa3pa6oTKH HCY CTP0HTCH E3 ):(JIH 3a):(aHHOii CHTYaIIIIII ynpaBneHHH 

(rnK Ha3bIBaeMaH 06yqa10ma» CIITYaIIHH), 3aTeM Ha CJie):(y10meM IIIare npoBep»eTCH 

po6aCTHOCTb nonyqeHHoii E3 B H0BbIX (Henpe):(BII):(eHHbIX) CIITYaIIHHX ynpaBJieHHH. 

Ha pnc. 2.38 - 2.41 Il0Ka3aHbI pe3yJibTaTbI M0):(eJIHP0BaHHH )];I3IDKeHl1JI CHCTeMbI B )];I3yx 

CJiyqaHX ynpaBJieHl1JI: 1) C Il0M0~IO HP' E3 Koroporo 6bIJia Il0CTP0eHa C IICTI0Jib30BaHl!eM 

pa3pa6oTaHHoro OE3, II 2) c noMo~IO KJiaccnqecKoro IIH,n:-peryJIHropa c Kmq>cp~eHTaMII 

ycHJieH11J1 K = [80; 15; 60], nonyqeHHbIMII ycpe):(HeH11eM KOJq>q>~eHToB ycHJieH11J1 HP. 

10 
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PHc. 2.38. CpaBHeHHe pe3yJibTaT0B Mo):(eJIHpOBaHHH yrrpaBJieHHJI OY c n0M0!11bIO HP (FC) n 
1-pa,11HIIHOHHoro IHI,[( (PID)-peryJIJ1Topa 
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PHc. 2.39. CpaBHeHHe pe3yJibTaTOB M0):(eJIHpOBaHirn yrrpaBJieHllJI OY c II0M0!11bIO HP (FC) H 
1-pa,11HIIH0HHoro ITH,[( (PID)-peryJIJ1Topa 

~ ~!k-.·······························.··········.····-···: .. ··,=·'.~··,J 
0 2 -4 6 0 10 12 1 4 "I 6 1 B 20 

M ::~. • -'==~~,] 
0 □~--~2---,--~5,---!.a;-----;;-,~o--~,~2--~,~,--~,~6;--~,~ac:---2~0 

Time (S) 

Pnc. 2.40. CpaBHeHne pe3yJibTaTOB M0,!1eJinpoBaHn» rrpon3ao,11crna 3Hlponnn BOY, HP (FC) H B 
1-pa,11nrrnoHH0M ITH,[( (PID)-peryJIJ1mpe 

<' ·::~ 

o 2 4 s a 1 o 1 2 1 4 1 s 1 e 20 ~·::= 
0 2 4 6 8 1 0 12 1 4 16 1 B 20 

~ ·::~ 
o 2 "' s e 1 a 1 2 1 • 1 s 1 e 20 

Time (S) 

PHc. 2.41. 3aKOHbI ynpaBJieHHH K03q>q>IIIIHeHTaMH ycIIJieHIIH HeqeTKoro II ycpe):(HeHH0ro 

IIII.D: (PID)-peryJIHTopa 
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Ilpw.1etJaHue. Ha pHc. 2.38 - 2.41 HcrroJih30Bam,1 cJie.!J.Yl()IIJ,lle o6o3Ha'IeH1Ill: X - pendulum 

angle - yro.rr OTKJIOHeHlill M=mn<a; Z - cart position - rroJIOJKeHHe Kapenrn; control error - -

oIIIH6Ka yrrpaBJieHlill; control force - yrrpaBID!lO!llIDI cHJia; SP - rrpomBo,11cmo 1mporrHH B 

OY; Sc - rrpomBO/:ICTBO 3H1pOIIHH B perymrrope; Kp,Kv,K1 - K03qlqJIIIJ,lleHThI ycHJieHlill III1,[(

perymrropa COOTBcrCTBeHHO. 

Pe3ym,mTu1 MO/:leJIHpOBaHilll rroKa3hIBaIOT CJie.!J.Yl()!llee. C TO'IKH :3peH1Ill OIITHMH33Il;IIB CAY 

no KpHTepllilM Ka'Iecma yrrpaBJieHlill, TilKHM KaK MIDIBMyM OIIIH6KH yrrpaBJieHlill, MIDIBMyM 

IIpOH3B0,!ICTBa 3H1pOIIHH B OY (T. e. MIDillM)'M TeIIJIOBb!X rrorepb, IIOTepb IIOJie3HOH pa60ThI Il 

3Hepnrn), a mKJKe c yqeroM orpaHH'IeHHH Ha yrrpaBID!lOmyIO CHJIY, HCY, crrpoeKTJIPOBaHHIDI Ha 

0CHOBe OE3, fil3ID!eTCH 1cpcpeKTHBHee Ypa,lllIIJ,llOHHbIX III1,[(-perymrropoB. 

l1ccJ1eooemiue po6acmHocmu nocmpoeHHOU MCY. HccJieeyeM Terrepb CBOHCTBO 

po6aCTHOCTil IIOCYpOeHHOH E3 HP, yrrpaBJIJIIO!llero ,!IBilJKeHileM rrepeBepHyY0ro MaHTHilKa. 

PacCMOYpilM 3a,11aqy yrrpaBJieHilJI C HOBb!Mil ycJIOBHHMil, OTJIIl'IHYIO OT 

rrepBOHa'IaJibHOH 3a,lla'!Il yrrpaBJieHHH, ,!IJIJI KOTOpoil: rro,116HpaJICJI OIITilMaJibHb!H 06yqaIOI11IlH 

CIITHaJI, Il cpaBHilM pe3yJibTaTbl MO,lleJIIlpOBaHHH. 

3aoatJa ynpa6lleHUfl c HOBblMU ycJ1oeW1Mu: 

,11pyroil: IIIYM, B03,11eifcrnyIOI11IlH Ha OY: rayccoBCKilH IIIyM; 

,11pyroe BpeMJI 3a,11epJKKil B CilCTeMe Il3MepeHHH: 0,002 C. 

Ha pHC. 2.42 - 2.45 II0Ka3aHl,I pe3ym,TI1Thl MO,lleJIHp0BaHlill ,!IBHJKeHlill CilCTeMbI B HOBOH 

(Herrpe,11BH,11eHHoil:) CJITY~ yrrpaIDieHlill. CpaBHeHHe ,11acrcH ,llJlH .11Byx cnyqaeB yrrpaBJieHHH: 1) c 

IIOM0~IO HP, E3 KOTOporo 6bma IIOCYpOeHa C IlCIIOJih30BaHHeM pa3pa60TilHHOro OE3, Il 2) C 

IIOMO~IO KJiaCCH'IeCKOrD III1,[(-perymrropa c K03qlqJIIIJ,lleHTilMil ycHJieHlill K = [80; 15; 60], 

rronyqeHHbIMH ycpe,!IHeHHeM K03qlqJIIIJ,lleHTOB ycHJieHHH HP. 
B qaCTHOCTil, Ha pHC. 2.42 ,11aHO cpaBHeHile pe3yJibTaTOB ,!IBIIJKeHJIH MaJITHilKa II 

KapeTKII rrepeMeI11eHilH, Ha pHC. 2.43 IIOKa3aH0 cpaBHeHHe yrrpaBJIHIO!lleH CHJlbl, Ha pIIC. 2.44 
cpaBHIIBaIOTCJI TepMO,!IIlHaMil'IeCKile xapaKTepIICTIIKil OY Il peryJIJITOpOB (rroTepII IIOJie3HOH 

pa60Tb!) B COOTBeTCTBIIII C ypaBHeHileM (2.14) II Ha pHC. 2.45 IIOKa3aHbl 3aKOHbl yrrpaBJieHHH 

K03qlqlill.J:IleHTaMil ycHJieHHH He'IeTKOro II Ypa,!IIIIJIIOHHOrO ITH,n-peryAATOpOB. 

Pe3yJibTaTbl MO,lleJIIlpOBaHHH IIOKa3b!BaIOT: 1) IIOCYpOeHHaJI E3 HP, yrrpaBJIHIO!llero 

,!IBIIJKeHIIeM rrepeBepHyYOro MlUITHIIKa, JIBJIJieTCJI po6acmHou; 2) C TO'IKII 3peHIIJI KpIITepHeB 

Ka'Iecrna yrrpaBJieHIIH, TaKilX KaK MIIHIIMYM OIIIII6KII yrrpaBJieHIIH, MIIHIIMYM rrpOII3B0,!ICTBa 

3HYpOIIIIII B OY II CIICTeMe yrrpaBJieHilJI (T. e. MIIHIIMYM TeIIJIOBb!X IIOTepb II IIOTepb 

IIOJie3HOH pa60Tbl Il 3HeprIIII), a TaKJKe C yqeTOM MilHilMYMa yrrpaBJIJIIO!lleH CIIJibl, 

pa3pa60TaHHIDI HCY 1cpcpeKTIIBHee Ypa,!IIIIJilOHHb!X ITI1,n-peryJIJITOp0B. 

i -~E==-:~~-'~j 
· 1 0 0=---2~--4'c---0e:---ee----~,'=o--7,'=2--7,~4--7,'=a--7,'=e---="20 

:j 0.2 

~ 0 

" N -0.2 

\\ /~ /) \'// \.W \ .... ✓ \...i" 

-0. 4 .!-o--~2---4~--e,a---e~-~,"'o~-~,"'2~-~,_.,4 __ ~,"'0~-~,~e---,J20 
Tim• (S) 

PIIc. 2.42. CpaBHeHIIe pe3yJihTaT0B M0):(eJiupoBaHuH yrrpaBJieHIIH OY c rroM0illbIO HP (FC) II 

Ypa/:IUIJII0HHoro ITH):( (PID)-perymnopa (Herrpe/:IBII):(eHH.uI cmyaIJIIH yrrpaBJieHIIH) 
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Puc. 2.43. CpaBHeHue pe3yJihTaTOB Mo):(eJiupoBaHIIH yrrpaBJieHIIH OY c II0M0illbIO HP (FC) u 

Ypa/:IUIJU0HHoro ITH,[( (PID)-perymmpa (Herrpe/:IBU):(eHH.uI cUTyaIJIIH yrrpaBJieHIIH) 

~ 1>·- ·: · : : : · : L= '~" 1 1 
o 2 4 e e 1 o 1 2 1 • 1 e 1 a 20 

M ~t~___.-:---~-----:-----:·-·T·;i I l 
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Time (S) 

Puc. 2.44. CpaBHeHue pe3yJihTaT0B M0):(eJiupoBaHIIH rrpou3B0/:ICTBa 3HYporruu BOY, HP (FC) u 

Ypa/:IUIJU0HH0M ITH,[( (PID)-perymrnpe (Herrpe/:IBU):(eHH.uI cmyaIJmI yrrpaBJieHuJI) 

~ ':: 
0 2 4 B B 1 0 12 14 16 10 20 

100---~--~--~---~--~--~--~--~--~--~ 

~ 5: 
o 2 • a e 1 o 12 14 1 a 1 e 20 

~ 1::l 
o 2 4 a e 1 o 1 2 1 4 1 a 1 e 20 

Time (S) 

Puc. 2.45. 3aKOHbl yrrpaBJieHUJI K03<pqll!IJUeHTaMU ycl!JleHUJI HeqeTKoro u ycpe):(HeHH0ro ITH,[( 
(PID)-perymrnpoB (Herrpe/:IBU):(eHH.uI curyaIJUJI yrrpaBJieHuJI) 
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BII,[I 

IlpIIMep 4: M(lJlmHUK c nepe.Me1111ou 0J1u11ou. YpaBHemrn .[(BII)KeHJm MaJ:ITHIIKa IIMeIOT 

j 
0+2f &+f sin0 = k; •e0 +k~ ·e0 +k: · feudt+;1(t) , 

l +2ki-l0
2 

- gcos0 =: ( kP •e1 +kd ·E\ +k, · f e,dt+qi(t); 

(2.15) 

r.z:1e ,;I ( /), ,;2 ( /) - COOTBeTCTB)'lOI11IIe CTOXaCTIIqecKIIe B03,[(eHCTBIIll:, onIIChIBaeMhie 

pa3JIIIqHhIMII cpy1IKnIIJ:IMII nJIOTHOCTII pacnpe,[(eJieHIIll: BepOll:THOCTeH. TepMO,[(IIHaMIIqecKIIe 

ypaBHeHIIll: CKOpOCTII IIpOII3B0,[(CTBa 3HipOnIIII B OY II IIII,[(-peryJIJ:ITOpe IIMelOT BII,[( 

dS0=2I0.0; ds,=2ki-i; dSnHp(0)=k'e2; dsnHp(1)=ke2 (2.16) 
dt / dt dt d O dt I 

1 

"-.-----------~ '-----------v--------' 
OfrbeKT ynpaBJICHHX IIII)J;-perymnop 

II paccMaipIIBalOTCll: COBMeCTHO c ypaBHeHIIll:MII ,[(BII)KeHIIll: OY (2.15). ,[(BII)KeHIIe CIICTeMhI, 

onIIChIBaeMOH (2.15), npe.[(CTaBJIJ:IeT co6oi1: rno6aJihHO HeycTOHqIIBYJO (no OCII /) II JIOKaJihHO 

HeyCTOHqIIBYJO (no OCII 0) ,[IIIHaM~eCKYJO CIICTeM)'. IlpII 3TOM B MO,[(eJIII (2.15) 
npIIcyTCTB)'lOT nepeKpeCTHhie HeJIIIHeHHhie CBll:3II, BJIIIll:IOI11IIe Ha JIOKaJihHYIO 

HeycTOHqIIBOCTh no 0606I11eHHOH KOOp.[(IIHaTe 0. TaKIIM o6pa30M, MO,[(eJih (2.15) BKJIJOqaeT 

B ce6J:I JIOKaJibHYIO II rJI06aJibH)'IO HeycToi1:qIIBOCTII no 0606I11eHHbIM KOOp.[(IIHaTaM OY II 

J:IBJIJ:IeTCJ:I 0606I11eHIIeM npe.[(bl.[IYI11IIX Mo.[(eJiei1: OY. 

3aJ11e'la11ue. 3.[(eCb II .[(aJiee Ha pIIC. 2.46 - 2.50 IICnOJib3YIOTCJl: CJiell)'IOI11IIe 

o6o3HaqeHIIll:: X: angle ( 0 = x) - yroJI; Y: length (! = y) - MIIHa; Time (s) - BpeMH 

(ceKYH.z:lbI); Free motion - CB060.z:1Hoe .[(BII)KeHIIe; unstable motion - HeycTOi1:qIIBOe 

.[(BII)KeHIIe; PID - ITH,[(; FNN - HHC; SCO - OE3; Refsignal - 3a.[la10I11IIH CIIrHaJI. 

PacCMOlpIIM CJie.[(y10I11YIO 3aoa'ly no3UlfUOIIIIOZO ynpa6llemm: npII HaJIIIqIIII 

p3JieeBCKOro CTOXaCTIIqecKoro rnyMa (CM. pIIC. 2.37, n03IInllll: 2), .z:1ei1:cTBy10I11ero Ha OY 

B,[(OJib OCII 0 (MaKCIIMaJibHall: aMnJIIIT)',[(a IIIyMa paBHa I 0), a TaK)Ke npII HaJIIIqIIII 

rayccOBCKOro CTOXaCTIIqecKOro III)'Ma B,[(OJib OCII l (MaKCIIMaJibHall: aMIIJIIIT)',[(a III)'Ma paBHa 

4) nepeBeCTII Mall:THIIK II3 HaqaJibHOro nOJIO)KeHIIll: B 3a,[(aHHOe noJIO)KeHIIe (neJib 

ynpaBJieHIIll:) II y.z:1ep)KIIBaTh .[(BII)KeHIIe OY B 3a,[(aHHOM noJIO)KeHIIII: 0,,1 = 0,4; 1,,1 = 3,5. 

3a.z:1aqy ynpaBJieHIIll: KOHKpeTII3IIpyeM npII CJie.[()'IOI11IIX 3HaqeHIIll:X napaMeipOB: m = 1, k = 

I IIHaqaJibHbIXYCJIOBIIll:X [xo =2,5, Yo =25],[xo =0, Yo =0,01]. 

CipyKTypa IICY npe.z:1crnBJIJ:IeT co6oi1: HeqeTKIIH peryJIJ:ITOP (HP) .[(JIJ:I .[(Byx IIII,[(

peryJIJ:ITOpoB B,[(OJib ocei1: KOOp.[(IIHaT 0 II l . B 3TOM c~ae paccMalpIIBaeTCll: 3a.z:1aqa 

KOOpOUIIGlfUOIIIIOZO ynpaBJieHIIll: K03!pqJIInIIeHTaMII ycIIJieHIIll: .[(Byx IIII,[(-peryJIJ:ITOpOB, 

npe.[(CTaBJill:IOI11all: caMOCTOll:TeJibHbIH IIHTepec ,[(Jlll: TeopIIII II CIICTeM ynpaBJieHIIll: [3, 4]. 
Ha pIIC. 2.46 - 2.50 noKa3aHhl pe3YJibTaTbl MO.[(eJIIIpOBaHIIll: ynpaBJieHIIll: ,[(BII)KeHIIeM 

CIICTeMbI B IpeX C~all:X ynpaBJieHIIll:: I) C nOMOil1blO .[(Byx KJiaCCIIqecKIIX IIII,[(

peryJIJ:ITOpOB (c K03!pcpIInIIeHTaMII ycIIJieHIIll: K = { 6; 6; 6} ), 2) Ha OCHOBe lpMIInIIOHHblX 

MJ:IrKIIX BhJqIIcJieHIIH ( c noMOI11b10 CTPYKTYPhI HHC, Bhr6paHHOH BpyqHy10, II MeTo.[(a 

nOCipOeHIIll: E3 Ha OCHOBe aJiropIITMa o6paTHOro pacnpOCipaHeHIIll: OIIIII6KII, CM. 

npIIJIO)KeHIIe) II 3) Ha OCHOBe pa3pa60TaHHOro IIHCipyMeHTapllll: OE3. 
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PIIc. 2.46. MaJ:ITHliK C nepeMeHHOH ,[(JlliHOH. ,[(BlilKeHHe CliCTeMbl npli CToxacn1qeCKOM 

B03,n:encTBlili c TpeWI rnnaMH ynpaBJieH!fll: (IHI,[(, HP Ii OE3) 
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PHc. 2.47. MaJ:ITHliK C nepeMeHHOH ,[(JIHHOH. IlpoH3B0,[(CTBO JHTpOillili B 061,eKTe ynpaBJieHlilI Ii B 

c11cTeMe ynpaBJieH!fll: (ITH,[(, HP II OE3) 
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P11c.2.48. Ma»THIIK c rrepeMeHHon .[(Jil!Hon. C11Jia yrrpaBJieH!fll: no OCJIM Koop,n:HHaT 0 (x) H l (y) 
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PHc. 2.49. 3aKOHhI ynpaBJiemur no ocH Koop,11HHaT 0 (IIII,n:, HP H OE3) 

::~~~---- ., 
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.. ~-ll 
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,: ·~:-·::. , . . " ~::Fi===:::~:~ 
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PHc. 2.50. 3aKOHhI ynpaBJiemur no OCH Koop,11HHaT I (IIII,n:, HP H OE3) 

IloJiyqeHHhJe mm ,llaHHOro OY pe3yJihTaTbl MO,llem1poBaHIU1 n03B0JUIIOT C,lleJiaTh 

cJie/:IY!OmHil: Bh!BO,ll. 

Pa3pa6ornHHaJI Ha ocHoBe OE3 HCY »BIDieTc» 6oJiee 3<p<peKTHBHoil:, qeM HCY, 

pa3pa60TaHHaH C noMomhJO lpa,!IHIJHOHHh!X MHrKHx BhJqHcJieHHH, a TaIOKe 3<p<peKTHBHee 

lpa,!IHIJHOHHh!X III1,[(-peryIDITOpOB. C TOqKH 3peHHH npOIJeCCOB onTHMH3aIJHH CTPYKTYP 

CAY no KpHTepHHM Kaqecrna ynpaBJieHHH, TaKHM KaK MHHHMYM orrrn6KH ynpaBJieHHH, 

MHHHMYM npOH3BO/:ICTBa 3HlpOnHH B OY H B CAY (MHHHMYM TenJIOBhIX noTeph, noTeph 

noJie3HOil: pa60ThI H 3HeprnH), pa3pa6oTaHHa» CTPYKTYPa HCY HBJIHeTc» omHMaJihHOH c 

MHHHMaJihHOH CJIOlKHOCTb!O. 

J1cc1,eoo6a11ue po6acm11ocmu J1CY. HccJie,llyeM Teneph CBOHCTBO po6acTHOCTH 

nOClpOeHHb!X E3 mm lpeX BbIIIIenpHBe,lleHHblX cnyqaeB ynpaBJieHHH. PacCMOlpHM 3a,llaqy 

yrrpaBJieHHH C HOBb!MH ycJIOBHHMH (Henpe,!IBH,lleHHaJI CHryaIJHH yrrpaBJieHHH), OTJIHqHyID OT 

nepBOHaqaJibHOH 3a,llaqH yrrpaBJieHHH, /:IIDI KOTOpoil: II0,!16HpaJICH onTHMaJihHh!H o6yqaJOmHH 

CHrHaJI (OC), H cpaBHHM pe3yJihTaThl MO,lleJIHpOBaHHH mm lpeX YKa3aHHb!X CJiyqaeB 

yrrpaBJieHHH. 

]aoal/G ynpa6Jle/lUJ/ C 1106bl.MU YCll06UJ/MU 1: 

• HOBOe HaqaJihHoe noJIOlKeHHe OY [-0,52 ( -30°), 2,5] [0,01, OJ; 

• HOBhie 3a,llaIOmHe CHrHaJihl 0,,1 = 0, 78 ( 45° ); l,ef = 5; 

• .11pyrHe IIJYMhI, B03,lleil:crnyJOmHe Ha OY: 
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• rayccOBCKHH IIIYM B,!IOJib OCH 0(MaKCHMaJibHaH aMITJIHTY/:la IIIYMa paBHa 1,5), 
• p3JieeBcKHil: IIIYM B,!IOJ!h ocH I (MaKCHMaJihHaJI aMITJIHTY/:la IIJYMa paBHa 1 ). 

Ha pHC. 2.51 - 2.56 nOKa3aHbl pe3yJihTaTbl MO,lleJIHpOBaHHH ynpaBJieHHH /:IBHlKeHHeM 

CJlCTeMhl B lpeX cnyqaJIX ynpaBJieHHH B HOBh!X ycJIOBHHX. 

1.5 

1 c.; • .:.:~----••• 

".:~ 
0.5 / 

0 _'! •••••• PID 
-- FNN 
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Time (S) 

PHC. 2.51. Ma»THHK C nepeMeHHOll MHHOll . .ll:BHlKeHHe CHCTeMhl npH CTOXacn1qecKOM 

B03,11eii:crn1rn c TPeMH nmaMH yrrpaBJieHJur (IIII,n:, HP H OE3). (HoBaH cHTyaIJl!ll yrrpaBJieHHJI) 
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PHc. 2.52. MaHTHIIK c nepeMeHHOll /:IJIIIHOll. Onm6Ka yrrpaBJJeHHH. (HoBaH CHryaIJHH yrrpaBJieHJ!Ji) 
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P11c. 2.53. MaHTHIIK C nepeMeHHOH /:IJIIIHOll. IlpOH3B0,!1CTBO 3HTPOIIIIH B 06beKTe yrrpaBJieHHJI H B 

CHCTeMe yrrpaBJieHHH. (HoBaH c11ryaIJHH y11paBJJeHIIJ1) 
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PIIC. 2.54. MaJITHIIK c ITepeMeHHOll /llllfHOll. Cmrn yITpaBJieHIDI ITO 0CJIM K00p,'IIIHaT 0 (x) II / (y). 

(HOBaJI CHTya11IDI yITpaBJieHIIJI) 
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PIIc. 2.55. 3aKOHbl yrrpaBJieHIIJI ITO 0CII K0Op,'IIIHaT 0. (HOBaJI CHTya11IIJI yrrpaBJieHIDI) 
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Time ( S) 

PIIc. 2.56. 3aKOHbl yrrpaBJieHIIJI ITO 0CII K00p,'IIIHaT I. (HOBaJI CHTya11IDI yITpaBJieHIDI) 
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Ilpw.tetJmme. Ha pnc. 2.54 - 2.57 ynpaBilll!Oll.laJI CHJia n KOJ<pqm11neHThI ycHJieHHJI 

-· HeqeTK0f0 IIM)J;-peryill!T0pa, 0CH0BaHH0fO Ha TPa/:IHI.IH0HH0M MeT0,lle Mfil1illX BhJqifcJieHHH, 

paBHhI HyJIJO. 3m 03HaqaeT, qTo cnpoeKTHpoBaHHaJI c noM0ll.lhJO HHC E3 HK He po6acTHa, 

T. e. ,llJilI H0BhIX HaqaJihHhIX ,11aHHhIX B E3 HeT Hll 0,!IH0f0 aKTHBnpyeMoro npaBHJia. 

Pe3yJihTaThl M0,lleJIHp0BaHHJI II0Ka3hIBaJOT, qTQ IICY, cnpoeKTnpoBaHHaJI Ha 0CH0Be 

HHC, He cnpaBill!eTCJi c HOBoii cttrya11tteii ynpaBJieHHJI. 

~ 
E 

t 
x 

400 
-- New situation with delay=0.008: FC 
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P11c. 2.57. HeycToiiqifBOe ,'(IIHaMuqecKoe IT0Be,'(eH11e OY B B11,'(e CIICTeMhl «ITepeBepttyTblll MaJITHIIK -

KapeTKa» B HOBOll HeITpe,'1B11,'(eHHOll ClfTYal.lIIII yITpaBJieHIDI (YBeJIIIqeHO BpeMJI 3a,'leplKKII ,'10 0,008 C) 

AllaJIH3 n~eHHhIX pe3yJihTaTOB M0,lleJIIIP0BaHlllI II03B0illleT C,lleJiaTb CJie/:IY!Oll.llIH BhIB0,11. 

E3 IICY, pa3pa6ornHHaJI c noM0ll.lh!O TPa/:IIII.III0HHhrx MlirKHX BhlqIIcneHIIH, He 

liBJIJieTcx po6acrnoii. E3 IICY, pa3pa6oTaHHali c noM0ll.lh!O OE3, po6acTHa II J<p<peKTIIBHa c 

TQqKII 3peHHJI 3a,11aHH0fO KpIITepIIli KaqeCTBa ynpaBJieHHJI. 

2.6. IlpHMepbI npain1IqecKOro IIplIMeHeHIIH 063 B pea.JibHLIX OY 

lIHCTPYMeHTapliii OE3 Ha MJirKHX BhlqIIcneHHJIX 6hm ncnoJih30BaH np1I 

npoeKTHp0BaHIIII po6aCTHhIX IICY IIp0MhIIIIJieHHhlMH OY; nporneJI 3KCIIepnMeHTaJihtty!O 

IIp0BepKY Ha peaJihHhIX OY, TaKHX KaK nepeBepHyThIH q>H3lfqecKIIH MaJiTHIIK 6e3 

MaTeMaTnqecKOH M0,llemi:, II0JiyaKTIIBHaJi II0,!IBeCKa aBTOM06Hilll, ynpaBJieHIIe HaBHfal.llieH 

po60Ta-MOTOI.11IKJia, ynpaBJieHIIe ,!IBHraTeJieM BHYTPeHHero cropaHIIJi [8 - 10] n ,lip. IlpIIMep 

llHTeJIJieKryaJihH0f0 ynpaBJieHIIJi q>II3IIqeCKHM 3KcrrepnMeHT0M Ha IIplIMepe aBT0H0MH0f0 

po6orn KaK q>II3IIqecKoro npoT0TIIIIa M0,lleJIII «nepeaepHYThIH MaJITHIIK - KapeTKa» 

paccMoTPeH H!IlKe B rnaae 4. 
Ilpoae,11eHHhie IICIIhITaHHJI II0Ka3hIBaJIII BhIC0KyJO 3<p<peKTHBHOCTh pa60ThI OE3 Ha 

MlifKHX BhJqlicJieHHJIX KaK Ha OY C M0,lleJih!O, TaK ll C HCII0Jih30BaHIIeM 3KCIIep1IMeHTaJihHhIX 

.11aHHhrx, nonyqeHHhrx c q>H31IqecKoii Mo,11eJI1I OY. 

HaMII IICCJie,!I0BaHhI II II0Ka3aHhI 6oJihIIII1e B03M0)KHQCTII pa3pa60TaHHOfO HHCTpYMeHTaplllI 

OE3 a pa3pa60TKe po6acTHhIX E3 IICY MJi IIIIIp0K0fO KJiacca cnryawrn ynpaBJieHHJi . 

O,11HaKO ,11aHHhlH MeT0/:1 (CM. pnc. 2.34) TaIOKe IIMeeT CB0II orpaH1IqeHHJI, qTQ 

3aCTaBJIJieT BB0,!IIITh H0Bhie MeT0,llhI ll BII,llhl BhJqJlcJieHIIH (KBaHTOBhie BhJqlICJieHHJI II 

KBaHTOBhIH HeqeTKHH BhIB0/:1) a IIHCTPYMeHTapIIii KBaHTOBoro OE3. 
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3aKJI10qem1e 

Pe3yJILTaTLI MO,!lem1poBaHID1 IlOKa3LIBaIOT CJie,!lyIOI11ee. 
IloCTpoeHHIDI E3 HP, ynpaBJIJ1IOI11ero /:IBHJKeHneM OY, HBJIJleTCH po6acmHoii; c TO'IKH 

3peHIDI KpHTepneB Ka'IeCTBa ynpaBJieHIDI, TaKHX KaK MHHHMYM onm6KH ynpaBJieHIDI, 
MHHHMYM npOH3B0,!ICTBa :mTPOITHH B 061,eKTe yrrpaBJieHIDI H CHCTeMe ynpaBJieHIDI (T. e. 
MHHHMYM TeIIJIOBLIX IlOTepL H IlOTepL IIOJie3HOH pa6oTLI H 3Heprnn), a TaKJKe C y'IeTOM 
MHHHMYMa yrrpaBJIHIOI11eii CHJILI, pa3pa6ornHHaH CTPyKrypa IICY 3<p<peKTHBHee 
TPa.[IHfIHOHHLIX IIII):{-peryJIJITOpOB H HP, cnpoeKTHpOBaHHLIX Ha OCHOBe TPa/:lllllHOHHOro 
HHCTPYMeHTapHH MHrKHX BLI'IHCJieHHH. Pa3pa6oTaHHLIH MeT0/:1 TaKJKe HMeeT CBOH 
orpaHH'IeHIDI no ,!IOCTHJKeHHIO TPe6yeMoro ypOBHH po6aCTHOCTH, 'ITO 3aCTaBJIHeT BBO,[IHTL 
HOBLie MeTO,!ILI MO,[leJIHpOBaHHH H BLI'IHCJieHHH (KBaHTOBLie BLI'IHCJieHIDI H KBaHTOBLIH 
He'IeTKHii BLrno.11) B HHCTPYMeHTapnii OE3. 

Ha OCHOBe pa3pa6ornHHoro HHCTPYMeHTapHH OE3 paccMOTPeHLI aKryaJILHLie 3a.11a'IH 
qiopMHpOBaHHH E3 MH npoeKTHpOBaHHH po6aCTHLIX HP. PerneHne IlOCTaBJieHHOH 3a,!la'IH 
Il03BOJIHJIO paCCMOTPeTL 3a,!la'Iy KOOp,!IHHafIHOHHoro ynpaBJieHHH K03!p!pllllHeHTaMH 
ycnJieHIDI /:IBYX IIIIJJ:-peryJIJITOpOB, npe,!ICTaBJIHIOlllYIO caMOCTOHTeJILHLIH HHTepec ,[IJIJI 
Teopnn n cncTeM yrrpaBJieHHH. IIcnoJIL30BaHne HHCTPYMeHrnpHH OE3 no3BOJIJleT 
O,!IHOBpeMeHHO peaJIH30BaTL nponecc npoeKTHpOBaHHH po6aCTHLIX E3 Ha OCHOBe 
aJiropHTMOB 06Y'JeHIDI H a.11anrnnnn, npoBO,!IH nepBLIH 3Tall HH<pOpMallHOHHOH TeXHOJIOrHH 
npoeKTHpOBaHHH po6acrn1,1x IICY. 

PeKOMeH.11yeMaH JIHTeparypa K rJiaBe 2 

I. Jlum6UH1,fe6a JJ.B., Ilamjn1J106 C.A., YllbJIH06 C.B. u op. IIocTPOeHne po6acrn1,1x 6aJ 
3HaHHH He'IeTKHX peryJIHTOpOB /:IJIJi HHTeJIJieKryaJILHOro ynpaBJieHHH cyI11eCTBeHHO 
HeJIHHeiiHLIMH /:IHHaMH'IeCKHMH cncTeMaMn. q_ II II lI3B. P AH. TnCY. 2006. NQ 4. 
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6. Perroud M, Saucier A. Thermodynamics of dissipative systems II Helvetica Physica. 
1987. V. 60. No. 8. P. 1038-1051. 

7. JJum6UH1,fe6a JJ.B., YllbJIH06 C.B. u op. IIporpaMMHIDI noll.!lepJKKa rrponeccoB 
rrpoeKTHpOBaHHH po6acTHLIX 6a3 3HaHHH He'IeTKHX peryJIJ1TOpOB. II IIporpaMMHLie 
npO/:IYKTLI H CHCTeMLI. 2004. NQ 4. 
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rJiaBa 3. 34>4>eKTJIBHOCTb IIHCTpyMeHTapnH npoeKTnpoBaHIIH HHTeJIJieKTYaJibHblX 
cncTeM ynpaBJiemrn: cpaBue1me 0.63 c ANFIS II AFM 

PaccMaTpHBaeTCH rrpo6neMa ou,eHKH J<p<peKTHBHOCTII npeACTaBJieHHoro B rnaBe 2 
IIHCTpyMeHTapID! - OTITIIMII3aTOpa 6a3 3HaHIIH (OE3) Ha MHrKJIX Bbl'-IIICJieHIDIX - II 

cpaBHeH1Ie c Il3BecTHbIMII IIHCTP)'MeHrnpIDIMII rrpoeKmpoBaHIDI HCY TIITia ANFIS II AFM. 

IIOKa3aHO HBHOe rrpelIMYIIIeCTBO IIHCTPyMeHTapIIH OE3 Ha MHrKIIX BbiqlICJieHHHX 11epeA 

IIHCTPYMeHTapileM MATLAB II Apyr1IMI1 IIHCTP)'MeHTapIDIMII 11poeKTI1poBaHI1H po6aCTHhIX 

E3 B rrpou,eccax o6yqeHHH II aAaTIT~IIII HCY CJIO)l(HbIMII HeJIIIHeMHhIMTI OY B 

HerrpeABIIAeHHblX ( HeIIITaTHblX) Cilryau,IDIX. 

3.1. OIIIICaHne 11po6JieMbl ll Il0CTaH0BKa 3a/J,aqn 

3<p<peKTIIBHOe rrpIIMeHeHile TeXHOJIOrIIII MHrKIIX BblqIICJieHIIH B 3aAaqax yrrpaBJieHIDI 

3aBIICIIT OT perneHIIH cnenyIOIIIIIX 3aAaq: 

• o6neKTIIBHOe (He3aBIICIIMOe OT cy6oeKTIIBil3Ma JKcrreprn) orrpeAeJieHile BIIAa, 

KOJIIlqecrna <pyHKil,IIH rrpIIHaAJie)l(HOCTII II IIX IIapaMeTPOB B 11paBI1JiaX E3; 

• aBTOMamqecKoe orrpeAeneHI1e OTITIIMaJihHOH CTPYKTYPhI HHC B 3aAaqax 

arrrrpoKCI1MaU,I11I 06yqa10II1ero cI1rnana c TPe6yeMoif oum6Koif; 

• 06yqeHI1e, aAarrT~IIH II OITTIIMil3~IDI E3 Ha HHC; 

• aBTOMaTI1qecKoe 011peAeJieHI1e Heo6xOAIIMOro II AOCTaToqHoro qIICJia IlpOAYKnIIOHHblX 

rrpaBIIJI AJIH <popMI1pOBaHIIH CTPYJCTYPbl IIpOJIYKil,IIOHHbIX 11paBIIJI HP KaK 

yHIIBepcanbHOro a11rrpOKCI1MaTOpa HeqeTKIIX CIICTeM yrrpaBJieHIDI. 

IlepeqilcJieHHble rrpo6neMbl 6hlJIII perneHbl II arrpo6I1pOBaHbl Ha OCHOBe OE3 (CM. 

rnaBy 2) C 11pI1MeHeHI1eM TeXHOJIOrIIII MHrKIIX BblqIICJieHIIH II CTOXaCTilqecKoro 

MOAeJII1pOBaHID1. B AaHHOH rnaBe 3 paccMaTpIIBaIOTCH rrpI1Mepbl 11poeKTI1pOBaHID1 E3 B HP 

AJIH y11paBJieHIIH HeJII1HeHHbIMII OY. 

IIOKa3aHO, qTo HP, crrpoeKTilpOBaHHbie Ha TPaAIIIl,IIOHHbIX IIHCTpyMeHTapIDIX MHrKIIX 

BbJqI1cneHI1H, B KOTOphlx CTPYKTYPa HHC CTPOIITCH Bpyqey10 JKcrrepTOM, yczy11a10T B 

Kaqecrne yrrpaBJieHIDI II po6aCTHOCTII HP, ITOCTPOeHHbIX Ha OCHOBe OE3. 

B KaqeCTBe cpaBHeHIIH TPaAIIIl,IIOHHblX IIHCTPYMeHTapileB Ha MHrKHx BbJqilcJieHIDIX 

BhI6paHhI: Adaptive Fuzzy Modeler (AFM, ST Microelectronics) II ANFIS (Adaptive-Neuro
Fuzzy Inference Systems), BCTPOeHHbIH B MOAYJih MATLAB. 

B Pa3AeJie 3.2 rrpHBeAeHo cpaBHeHHe pe3yJibTaTOB MOAeJIHpOBaHIIH Ha OCHOBe AByx 

I1HC'Ip)'MemapI1eB AM rroC'IpoeHIDI E3 HP: IIHC'Ip)'MeHTapHM AFM II OE3. B pa3Aene 3.5 
npHBOAJITCH cpaBHeHHe pe3yJibTaTOB MOAeJIHpOBaHHH Ha ocHoBe IIHC'Ip)'MeHTapHH ANFIS II OE3. 

PacCMOTPeHbl OCHOBHbie TIITibl HeJIIIHeHHblX OY: cyrnecTBeHHO HeJIIIHeHHbie 

AIIHaMilqecKHe CIICTeMbl c JIOKaJibHOH HeycToifqIIBOCTblO, rno6aJibHO HeycToifqIIBble II 

HeycrnifqIIBble TIO qacTII 0606II1eHHbIX KOOpAIIHaT OY. 

Ilpe)l(Ae qeM rrepeHTII K OITIICaHIIIO rrpI1MepOB MOAeJIHpOBaHIIH, OTMeTIIM eIIIe pa3 

CJieAyIOIIIIle KJIIOqeBbie MOMeHTbl II pe3yJibTaT'bI 11pI1MeHeHID1 TeXHOJIOrIIII MHrKHX 

Bb1qI1cneHHH B 11poeKTI1poBaHI1I1 HCY Ha ocHoBe E3 B HP: 

• KOJ<pq>IIU,IleHTbl ycIIJleHIDI IIH,n:-peryJIHTOpOB HBJIHIOTCH rrepeMeHHbIMII BO BpeMeHII II 

OITIICbIBaIOTCH B <popMe 3aKOHOB yrrpaBneHIDI; 

• 3aKOHbl y11paBJieHID1 q>OpMIIPYIOTCH Ha OCHOBe E3 HetJemKOW IIH,n:-peryJIHTOpa; 

• I' A BKJIIOqaeT CJIO)l(Hble 4lYHKnIII1 IIpilroAHOCTII, OTPa)l(alOIIIIle AI1HaMI1qecKI1e, 

TepMOAIIHaMnqecKHe II IIHq>OpMaU,IIOHHbie KpIITepIIII yrrpaBneHIDI, KOTOpbie 

IICITOJib3YIOTCH AM TIOCTpOeHIIH 06yqa10II1ero CilrHaJia yrrpaBJieHIDI; 
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• aBTOMaTI1qecKoe 11poeKTI1poBaHI1e orrTIIMaJibHOH CTPYKTYPhI HHC; 

• am1pOKCI1Mail,ID1 06yqa10II1ero cnrnana IIpOIICXOAIIT Ha OCHOBe HHC; 

• OITTIIMil3aU,IDI E3 ocyrneCTBJIHeTCH KaK Ha OCHOBe MeTOAa o6parnoro pacrrpOCTpaHeHIDI 

OIIII16KI1, TaK II Ha OCHOBe r A co CJIO)l(HblMII (BeKTOpHbIMII) KpIITepIIHMII Kaqecrna 

yrrpaBJieHIIH. 

PaccMOTpIIM 11pI1Mep cyIIIecrneHHO HeJIIIHeHHhIX AI1HaMI1qecKI1x OY c noKanbHOH 

HeycToifqIIBOCTblO. 

3.2. HemrneHHbIH 0Cil,HJIJIHT0p c cyIIIeCTBeHHOH /1,IICCHilauneii n JIOKaJibHOH 
/1,HHal\mqecKoii ueycroiiqnBOCTbIO (rrpnMep 1) 

IloBeAeHI1e paccMaTpIIBaeMoro OY OTIIICbIBaeTcH B BHAe 

x+[2P+a.r2 +k.,x2 -I]x+la:=,;(t)+u(t). 

YpaBHeHIDI AJIH CKOpOCTII rrpOI13BOACTBa JHTpOTIIIII BbJqHcJIHIOTCH KaK 

dS =[2P+a.i:2 +k.,x2 -1Jx·i, 
dt 

(3.1) 

(3.2) 

rAe ,;(t) - BHeIIIHee CTOXaCTI1qeCKOe B03AeHCTBHe Ha OY C 3aAaHHOH <pyHKnHeii TIJIOTHOCTII 

pacrrpeAeJieHIDI cnyqaifHOH BeJII1qI1Hbl, u(t) - yrrpaBJIHIOIIIaH c1rna II S - rrpOI13B0ACTBO 

JHTpOITIIII 3aAaHHoro AI1HaMI1qecKoro OY; a,p,k,k., - rrapaMeTPbI MOAeJIII. 

llpUJ,1etJaHue. <l>I13IlqecKoif (peonoruqecKoif) MOAeJibIO OY (pI1c. 3.1), orrI1caHHOH 

ypaBHeHIDIMII (3 .1 ), HBJIHeTCH MexaHilqecKaH qacTb TIOABeCKII ABmKyrneroCH o6oeKTa 

(aBTOM06IIJIH, MOTOUIIKJia, BaroHa II T. II.) C ITOBbIIIIeHHOH HeJmHeHHOH AIICCI1rrauI1eH AJIH 

TIOBblIIIeHIDI J<p<peKTa rarneHIIH (KOMITeHCaUIIII) KOJie6aHIIH ABil~IIIeroCH o6oeKTa, KOTOpaH 

OITIICbIBaeTCH 0606II1eHHblM ypaBHeHileM TIIITa ,z::i:yqiq>IIHra - BaH Aep IloJIH - XanMOIIIa -

PeHAJpa. 

Pnc. 3.1. limnocrpauHH o6beKTa ynpaBJieHHH 

IlpII MaJibIX KOJie6aHIDIX CIICTeMa (3.1) HBJIHeTCH JIOKaJibHO HeycToifqIIBOH, T. e. 

[ 2p + a.i:2 + k,x2 
- 1] < 0 II CKOpOCTb IlpOI13B0ACTBa JHTpOITIIII B CIIJIY (3.2) MO)l(eT 6bITb Ha 

_ _ dS O 
KOHeqHOM OTPe3Ke BpeMeHII BeJIIlqIIHOII OTPIIU,aTeJibHOII, T. e. - :S: , qTo C03AaeT 

dt 
TpyAHOCTII y11paBJieHID1 AaHHOH CIICTeMOH TIPII 3aAaIOIIIeM CilrHane (u,eJIII yrrpaBJieHIIH) TI11Ia 

x = O II HaJII1qI1I1 ManbIX cnyqaHHhIX B03MYIIIeHIIH. 

3aoatJa ynpaeJ1emm: MIIHIIMI13IlpoBaTb BI16pau,I110 Koneca (x = 0) Ha pa3JIIlqHbIX 

nmax AOpor (BHeIIIHile CToxacniqecKHe IIl)'Mbl, AeiicrnyIOIIIIle Ha AI1HaMI1qecKI1H OY). 

PaccMOTpIIM 3aAaqy upoeKTI1poBaHID1 HCY, pernaIOIIIYIO rrocrnBneHttyIO 3aAaqy 

ynpaBneHIIH. HaqHeM c rnaroB, orrI1caHHblX B rnaBe 1. 
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• JfcCJ1e006aHue CB0600Ho20 u cmoxacmuIJecK020 06U:J/CeHUR OY. Ha nepBOM mare 

lfCCJieeyeM CB060,[(HOe ,[(Blf)KeHI1e OY, ero ,[(11:HaM!fqeCKOe If TepMO,[(!fHaM!fqecKoe IlOBe,[(eHHe 

np!i pa3JI!iqHbIX HaqaJibHbIX ,[(aHHbIX If pa3JI!fqHblX napaMe'IpaX MO,[(eJI!f B OTCYTCTB!fe 

BHemHHX B03,[(eHCTBlfH. PacCMO'IplfM cJie,[(yIDlIIlfe napaMe'Iphl MaTeMaT!fqecKOH MO,[(eJilf: 

P={0,l;-0,1;0,5}; a=03; k, =0,2; k=5, 

a TaK)Ke CJie,[(yIOlIIlfe HaqaJibHhie ,[(aHHble: [x0 ][x0 ] = [2,5] [0,1]. 
Ha pHc. 3.2 noKaJaHo cBo6o,[(HOe ,[(B!f)KeHHe OY npH pa3HhIX 3Haqemrnx napaMe'Ipa 

p If ero TepMO,[(HHaM!fqeCKOe IlOBe,[(eHHe. 

,lJ;HHaM!fqeCKIDI CHCTeMa, 0illfCbIBaeMIDI ypaBHeHIIJ!Mlf (3.1), npo,rnJU1eT pa3JI!fqHoe 

,[(HHaMnqecKoe noBe,[(eHne B 3aBHCHMOCTH OT napaMe'Ipa p . 
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CB060,11Hoe ,11BmKem1e OY 

lime(S) 

IIp0113B0,!ICTB0 JHlp0IIIIII B OY II ee CK0p0CTb 

rrp0!!3B0,!ICTBa 

P11c. 3 .2. }];11Hal\111qecKoe II TepMo,1111HaM11qecKoe rroBe,11eH11e OY 

lfa pe3yJibTaT0B MO,[(eJI!!pOBaHHH np0113B0,[(CTBa 3H'Ip0Illlll (p11c. 3.2, cnpaBa) B11,[(HO, 

qTO np11 3HaqeHIIHX napaMe'Ipa p = 0, 1 11 p = -0, 1 CKOpOCTb IIp0113B0,[(CTBa '.lH'IpOIUIH nMeeT 

o6JiaCTH O'Ipl!IIaTeJibHbIX 3HaqeHnii, T. e. dS I dt:, 0. 
Ilo3T0MY ,[(eJiaeM CJie,[(yIDlIIIIH BbIBO,[(: OY JIOKl!JlbHO HeycrniiqnB no .llimyHoBy. 

Ilp11 p > 0,1 ,[(BH)KeHne OY HBJU!eTCH aCl!MilTOTHqeCKH ycToiiqnBhIM. 

PaccMO'IpHM BHaqaJie 6oJiee rrpocTh1e cnryaIIHH ynpaBJieHHH. 

• Ynpa6J1eHue 6 06Y'JG10UJeU cumyat{UU ynpa6lleHUR (6 yCJ106URX omcymcmBUR 6peMeHU 

3aoep:J1CKU 6 KQHQJIQX U3MepeHUJI U omcymcm6Ufl ozpaHUlJeHUU HQ CUJIY ynpa6J1eHUJ1). 

OnnmeM TIIIIOBYIO ( o6yqarornyro) cnryaIIHIO ,[(JUI rrpoeKTHpOBaHHH oc. IIapaMe'Iphl MO,[(eJin: 

p = 0,5; a= 0,3; k, = 0,2; k = 5. HaqaJibHhie ,[(aHHbie: [2,5] [0,1]. 3a,[(arornnii cnrnaJI: x,,1 = O. 

BHemH11ii myM p3JieeBcKHii (pnc. 3.3). 
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P11c. 3.3. PJneeBcK11ii rnyM 

• llpoeKmupo6aHue UHmen.neKmyQ!lbHozo ynpa6lleHUR. Bhl6epeM B Kaqecrne MCY 

He'leTKHH IIM)];-peryilllTOp ():(anee IIpOCT0 HP). oy,[(eM C'IpOHTb HP C 'IpeMH BX0,[(Hb!MH H lpeMH 

BhIXO,[(HhIMII nepeMeHmIM11. O6rnM CJPYKTYPa MCY Ha ocHoBe HP noKaJaHa Ha p11c. 3.4. 

BXO,[(OM HBJIHIOTCH 'Ip!! nepeMeHHhie: {e,e, Jedt}, Bb!XO,[(OM HBJUIIOTCH TaK)Ke 'Ip!! 

rrepeMeHHhie: KO'.lqlqJIIIIHeHTbl ycnJieHHH IIII,ll;-peryJIRTOpa { K p, Kd, K,}. PacCMO'Ipl!M 

OCHOBHhie marl! npoeKTHpOBaHHH HeqeTKOro IIM)];-peryJIRTopa. 

I. OnpeoeJ1eHue npocmpaHcm6a noucKa K03qJqJUtfUeHm06 ycUHeHUR lllf/J,

pe2yJ1Rmopa. Mo,[(eJih MATLAB/SIMULINK c11cTeMh1 yrrpaBJieHHH OY Ha 0CHOBe IIM)J;

peryJU1Topa Il0Ka3aHa Ha pnc. 3.5. lfa pe3yJihTaTOB MO,[(emi:poBaHHH Ha 0CHOBe 

KJiacc11qecKoro IIM)J;-yrrpaBJieHHH onpe,[(eJIHM IIpOC'IpaHCTBO 3HaqeHl!H KO'.lqlqJIIIIHeHTOB 

ycnJieHHH K=[Kp,Kd,K;] ,[(JIR 3a,[(aHHoro OY. 3a,[(a,[(HM o6JiaCTh noncKa [0, 10] ,[(JUI Bcex 

TJ?.eX K03<pqmIIHeHTOB VCl!JieHHH. 

K- {k,(t).k4 (t), .I:; (t)} x(t) 
n111,i::1 OY 

[e(t) = Xn.r - x(t);e(t); I edt]; 

OcHDBHa.<I npofi.JieMa: IJDCTpoeHite DIITHMa.Jll,HOH u pofiacTHoii 63 

P11c. 3.4. CipyKT)'lla lICY 

2. llocmpoeHUe o6yIJalOUJe20 CU2HaJla. )];JIR 3a,[(aHHOH TlfilOBOH CHryaIIHH C IlOMOlIIbIO 

r A, BbI6paHHOH <pyHKIIHH Ilp!iro,[(HOCTH If Bb16paHHOH o6JiaCTH IlOHCKa ,[(JUI 3HaqeHHH K 
Haxo,[(HM 6Jin3Koe K onTlfMYMY pemeHHe no ynpaBJieHnro K(t,)=[Kp(t,), KAt,), K,<1), r,[(e 

1, - MOMeHTbl BpeMeHH ynpaBJieHHH. <l>yHKIIHH Ilp!iro,[(HOCTH OilHCbIBaeT BbI6paHHbIH 

qlH31fqecKnii KpHTepnii OilTHMn3aIIHH; BhI6epeM OCHOBHOH KpliTepnii ynpaBJieHHH -

MUHUMyM oiuu6Ku ynp;6lleHUR H MUHUMYM CKopocmu OlUU6KU ynpa6JleHUR. O6JiaCTh IlOHCKa 

MH lpex KO'.lqJ(pHII!feHTOB ycHJieHHH [0, 10] . 

Ha pnc. 3.6 nOKa3aHo cpaBHeHHe ,[(Blf)KeHHH OY no,[( ynpaBJieHneM IIII,ll;-peryJIRTopa 

C rrepeMeHHb!Mlf K03qlqJHII!feHTaMH ycHJieHHH, HaH,[(eHHblMH Ha OCHOBe f A, If KJiaCC!fqecKoro 

illI)J;-peryJIRTOpa c IIOCTOHHHb!Mlf KO'.lqlqlliIIHeHTaMn ycHJieHHH K = [10, 10, 10]. 
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llpUMe'laHue. Ha p11c. 3.6 «PID» 03HaqaeT 1111,[(, «GA» 03HaqaeT rA, «REF» 

03HaqaeT 3a,11aJOI11HM CHrHan. )l(HpHOM ID1H11di o6o3HaqeHo .!1B11)1{eH11e OY no.u r A-ITI1,[(
ynpaanem1eM, TOHKOM JIHH11ett - .I1BHJKeH11e OY np11 TPa.!1111.-IH0HH0M ITI1,[(-ynpaaneHHl1. 

0.3 pe3yJibTaT0B M0,11eJIHp0BaHl1JI BH.!IH0, qTQ Kaqecrno ynpaBJieHHJI (M11H11MYM 
onJH6KH yrrpaaneHMll) r A-ITI1,[(-peryJIJ1rnpa Bhnne, qeM np11 KJiacc»qecKoM IIM.,[(
ynpasneu»11 (speMJ1 11 aMnnHry,n:a nepeperynHp0BaHHJI np11 npHMeHeHJ:111 r A a IlJ!Tb pa3 
Mettbrne, qeM np11 np11MeHeHHH IIl1,[(-peryJIJ1Topa). 

Bb!XO.!I0M ,n:am-IOro JTana M0.I1eJIHpoBaH11J1 JIBJIJleTCJI OC, npe,n:CTaBJIJIIOII-IHH co6ott 

w6.rnrrzy CJie,n:yJOil_\HX BXO.!lffbOOBbIXO.!lffbIX .!laHHhIX: {E(t;)}, {K(t;)}, i=l, ... ,n, r.ue 

E( t;) = { e( ti), e( f;), f e( f;) df; } - BeKTOp, K0MIT0HeHTaMH KOT0poro JIBJIJleTCJI OIIIH6Ka 

ynpasneHl1JI, ee np0H3B0.!IHaJI 11 HHTerpan C00TBeTCTBeHH0 B M0MeHT BpeMeHH I; (war 

ynpasneH11J1 ), a K(tJ ={ R;, ( l;), f\.( l;), I\( l;)} - KOJ<pq>HI1MeHTb1 ycHJieH11J1 IIM,[(-peryJIJ1Topa. 

3. llocmpoeHue He'lemKou HeupoHHOu cemu. O6yqaJOI1-111M cHrnan nocTyrraeT ua sxo.u 
cne,11yJOD-1ero JTana: ero annp0Kc11Ma1-1H11 ueKoTopoi:i Bh16paHHott CTPYKTypott HHC, 
rrpe.ucrnBJIJ1JOD-1ett co6oi:i ueqeTKHtt peryJIJ1T0p, 11 ero 53. Bxo,110M HHC J1BJIJ1JOTCJ1 TPl1 

rrepeMeHHbie: { e,e, f edt}, a BbJX0.!I0M J1BJIJ1JOTCJ1 TaKJKe TP» nepeMeHHb1e: { Kp,Kd,K;} . 
llpUMe'laHue. HanoMHHM THIT ueqeTKHX npaBHJI B Bb16paHHott M0.!leJIH Cyreuo 0. CaMo 

ueqeTKoe (npO.!IYKJ-IHOHHOe) npaBHJI0 B E3 BbITJIJ!.!111T CJie,n:yJOIIIHM o6pa30M (cM. rnasy 2): 

ECJM eEAi U eEBi U fedtEc;, TO Kp=D.,n,Kd=Ei1i,K;=F:1p 

r.ue A,, B,, c, - 4>YHKIIHl1 rrpHHa.uneJKH0CTl1, 0lll1CbIBaJOil_\11e OIIIH6Ky ynpaBJieHHJI e, ee 

CK0p0CTb e 11 HHTerpan Jedi. KoueqHb!M pe3yJibTaT ueqeTK0ro BbIB0.!la B 3a,11aHHOH E3 

Bb1q11cJIJ1eTCJI no CJie,n:yJOil-lHM q>OpMyJiaM: 

K P 
(f ff W Uk D ;Jk J 

,(., . .1·'.:·'., J ; K d 

; ~I ~I (U Uk 

( t, t, t, W;JkEUk J 

( 
., ., ., J 

~I ~I ~I (U ;Jk 

( 

n, n 2 n 3 

~I ~l~I 
K 

(U ;Jk F ;Jk J 

( 
., ., ., J 

~I ~ I ~ I (U ;Jk 

(3.3) 

r .ue %k = A;(e) · B/e) · Ck(e), a (( . )) - Cl1MB0il onepa1-1HH ueqeTK0ro YMH0JKeHHJI. 

Ha p»c. 3.7 IT0KaJaH npHMep HHC, peaJIH3yJOI1-111M M0.!leJib HeqeTKoro BhIB0.!la Cyreuo 0. 
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B XDA 

6a3a 3HaHl'1M HHC 
A r----- -----'\ 

~11mdl~11UWJ ECJIH 

npaa,.no 1 : A1, B1 ➔ z 1 

npaa,.no 2: A 2 ,B2 ➔z2 

TO 
B blXOA 

C<F1 + Cd_iZ2 
zoutp,6 = cq + Ct'i 

PHc. 3.7. HHC, peaJIB3)'!0IllM M0AeJib BLIB0Aa Cyretto 0 

3.3. CpaBHeHue JcjlcjJeicrunHocrn Oli3 u AFM (npuMep 1) 

d I II 

PaccM01J)l1M cpaBHeH11e pe3yJihTaT0B M0,!leJI11poBaHl1ll Ha 0CH0Be ,uayx 

11Hc1J)yMeHTap11eB ,!lJill n0C1J)0eH11l! E3 HP: Adaptive Fuzzy Modeler (AFM) 11 OE3 Ha 
MMKl1X BbJq11cJieHl1l!X. 

• llocmpoeHue He'lemKoii HeiipoHHoii cemu Ha ocHo6e uHcmpyMeHmapuR AFM. B 
11HC1J)yMeHTap1111 AFM JieBal! qacTb npaBl1JI C1J)011TCll Ha 0CH0Be 06yqa10I1..1ero CHrHaJia, 

3a,UaBaeMoro BpyqHyIO, T. e. C TI0M0il..lb!O TI0Jib30BaTeJill . IlpaBal! qacTb npaBl1JI C1J)011TCll Ha 

OCHOBe o6yqeHl1l! HHC C TIOM0ll.lb!O aJII'Op11TMa o6paTHOro pacnp0C1J)aHeHl1l! oum6K11 ( CM. 
rnaay 2). 

Ilpouecc nOC1J)0eHl1l! E3 Ha octtoBe 11HC1J)yMeHrnp11ll AFM .!lJill 3a,uattttoro OY 
0Til1CbIBaeTCll CJie,uyIOil..l11M o6pa.30M: 

Bhl6op «BpyqttyIO» q11cJia 4lYHKll11H np11Ha,!lJie)l(HOCTl1 ,!lJill Ka)l(,!lOH BXO,!lHOH 
nepeMeHHOH: 5; 
TIOJIH0e q11CJIO HeqeTKHX npaB11JI: 5x5x5= 125; 
q11cJIO aKTl1B11p0BaHHbIX npaBHJI: 123. 
Ha p11c. 3.8 TIOKa.3aHo AFM-npe,UCTaBJieH11e 4JYHKlll1H np11Ha,uJie)l(HOCTl1 ,!lJill BXO,!lHblX 

nepeMeHHblX. 

■ llocmpoeHue He'lemKoii HeiipOHHOii cemu HQ OCH06e 0£3. KaK 0TMeqaJIOCb, 

OCH0BHblM He,U0CTaTKOM 1J)a,!l11lll10HHblX cpe,UCTB (B TOM q11cJie 11 AFM), 0CHOBaHHbIX Ha 

Ml!I'KHX BbJq11cJieHl1l!X, llBJil!eTCll CJie,Uy10I1..1ee: KOJI11qecTBO, Tl'.ITI 11 napaMe1J)bl 4JYHKlll1H 

np11Ha,uJie)l(H0CTl1 ,!lJill on11caHl1ll BXO,!lHhlxiBhlXO,!lHblX nepeMeHHblX BBO,!ll!TCll 
TI0Jib30BaTeJieM. 

OE3 TI03BOJilleT aBTOMaT11qecK11 HaXO,!ll1Tb KOJI11qecTBo, Tl1TI 11 napaMe1J)bl 4JYHKU11H 

np11Ha,uJie)l(H0CT11, T. e. Haxo,u11Tb onmUMa.nbHYJO cmpyKmypy HHC. 

,lJ;Jlll paccMa1J)11BaeMoro np11Mepa npouecc nOC1J)OeHl1l! E3 Ha ocHoBe 

OE3-11HC1J)yMeHTapl1l! OTil1ChIBaeTCll CJie,uyIOil..ll1M o6pa.30M: 
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PHC. 3.8. AFM-rrpeACTaBJieHHe cp}'HKIUffi rrpHHa.!IJiel!GlOCTH AM BX0AHLIX rrepeMeHHbIX 

C030QHUe JlUH26UCmU'leGKUX nepeMeHHblX C noMOUfb/0 r A, : q11cno 4JYHKlll1H 

np11Ha,!lJie)l(H0CTl1 ,!lJill Ka)l(,!lOH BXO,!lHOH nepeMeHHOH p aBHO 6, 8, 9; 

TIOJIHOe q11CJIO HeqeTKl1X npaB11JI: 6x8x9 = 432; 

om6op npa6UJl (peoyKL{U5l U36blmO'IHOCmu): C TI0MOll.lb!O «cyMMapHoro» 

Kp11Tepl1l! nonyqaeMal! E3 COCTOl1T 113 64 npaB11JI; C TIOM0il..lh!O 

«MaKCHMaJibHOro» Kp11Tepllil nonyqaeMal! E3 COCTOHT 113 31 npaB11Jia; 

- onmW\4U3QL{U5l E3 OCYil..leCTBJilleTCll C TIOMOil..lb!O r A, ; 

o6y'leHue E3 ocy111ecTBJilleTCll c TIOMOll.lblO aJirOp11TMa o6paTHOro pacnp0C1J)aHeHHl! 

Ollll16KH; 

mOHKa5l HacmpoiiKa E3 ocyI1..1eCTBJilleTCll c TIOMOil..lh!O r A, . 

B 3aBl1Cl1MOCTl1 OT BhI6paHHOro Kp11Tep11ll OT6opa Mb! TIOC1J)Ol1Jil1 ,uae 6a3bl 

3HaH11ii : 6a.3y 3Hatt11ii I (E31) c 64 npaB11JiaM1111 6a.3y 3HaH11ii 2 (E32) c 31 npaB11JIOM. 

Ha p11c. 3.9 TI0Ka.3aH0 npe,uCTaBJieH11e 4JYHKlll1H np11Ha,UJie)l(HOCTl1 ,!lJill BX0,!lHbIX 

nepeMeHHhJX. Ha p11c. 3 .10, a 11 3.10, 6 noKa.3aHbI C1J)YKTYPhI E31 (11JI11 HHC 1) 11 E32 

(HHC 2) B 11HC1J)yMeHTap1111 OE3. 

llpUMel/aHue. Ha p11c. 3 .10, a 11 3 .10, 6 BHl13Y 3eJieHhIM UBeTOM TIOKa.3aHbl 

0 6yqa1011111e Cl1rHaJibl, Cl1I'HaJI Cl1Hero UBeTa npe,UCTaBJilleT ero annpOKCl1MallHIO c TIOMOll.lblO 

cnpoeKrnpoBaHHoii C1J)YKTYPhI HHC. 

Cpa6HeHue pe3yflbmamo6 Mooe.nupo6aHU5l Ka'leCm6a ynpa6JteHU5l HP c E31, HP c E32 

U KJIQCCU'leGKUM IIl1.,lJ;-pe2yJ151mopoM. PaCCM01J)11M pe3yJihTaTbl MO,UeJI11poBaHHl1 ,!lBl1)1(eHHll 

,!laHHOro OY B 06yqaIOI11eii cttzyau1111 TIO,!l ynpaBJieH11eM HP C BbI6paHHbIMl1 E3 11 cpaBHl1M C 

KJiacc11qecK11M I1M,ll;-ynpaBJieH11eM. 

Ha p11c. 3 .11 , a TIOKa.3aHO ,!ll1HaMWieCKOe TIOBe,UeHHe OY TIOA ynpaBJieHHeM ,!lByx Tlffi0B: 

HP c E31 (64 npaBHJia) 11 IIB):(-peryJillTOpa c KoJqiqimzy1eHTaMH ycHJieHHll K = [8, 6, 5], 

paBHbIM11 cpe,uHHM 3HaqeHl1l!M OT KOJ4l4ll1lll1eHTOB HP C BbI6paHHOH E3 l. 
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Ftle Actbl View 

D .;j; liil 

c. ............. j 
c. .... , ............ j 

□--- j 
A-KB j 

BeckP,_.., I 
,-~1 
-=J 

): 

~ Gene.el W Verieb6es I I;!; Rtae database I Po, Generaizabon I Sl'l'Uation reds) V-·- ::::I ~ D .... , unu,ed MF I 

[

S-.,WPar.-netets 
Mrwl"Un ; -0.895862 Max11TUY1 :0.000XIO Sca&e ; 1 . 1 162◄◄ OffRlt .1.CXXXXJJ 

1~_:lJ-

□•-
0.0505622 - --0.101124 

1~3_2 TriMgular 0.129849 0.057◄◄88 0.057«89 
1~3_3 T- 0.160238 0.00332928 n00332925 
1~3_4 T- 0.165215 0.00662«3 0.006624◄6 
1~3_S T- 0.230307 0.123559 n123559 
1'1)U:_3_6 T- 0.480521 0.37"87 0.37"87 
1~3_7 Triangi.aar o.n ◄S◄ 0.0911679 0.(811679 
lnpi.i_3_8 - 0.880062 0.239876 

..J.gj~ 
Hell 

~ l 

PHc. 3.9. OE3-rrpeJJ,CTaBneHHe cpyHKL\HH rrpHHaJJ,neJKH0CTH JJ,n!I BX0JJ,Hh!X rrepeMeHHhIX 

FIie ActiJn View 

D .;; liil 

c,--··- l 
Ceate rule database 

Optmzen.-

A-KB l 

~ 
I~ 

~ 

~ 

..._,_g_[El 
Hell 

1!iJ G...,al I 1111 v..- el A,_ dot- I & G .... elzabon I l'I,' 5....-, ,ed, I 

.... Delete base I 

[

G.....,.,..,..,...,, 
Rule database type : LBRW Atae Database 

TotalnAetrlctl : 6-t Maicmalruooefo#"-'es: 432 

Rule editor 

Shown.Aesforcuput :Joutput_l 

Seleded nJe , 

3 

~ I G~ 
1 t=======~=- ::l ~ ...-liilCll;;S!el'.;,;~..;;i..)->-_ - _ - _ - _ -_ - _ - _ - _ - _ - _ - _ - £1: 

~ 4 0.959141 
0.632829 - ~~ 

~ 

PHc. 3.10,a. oa3a 3HaHHH I (E31) c 64 npaB1umrn 
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0.316« 
1.12154 
1.20575 
0.096723 
0.882395 
0.811024 
n763684 
0.840382 ..:.J 

File Actl:>1 V'ew 

~ 

c, ....... -. I 
QeatenJedat- 1 

~ 
_:::J 
_::::J 
,-- 1 
_,., ... , ] 

~ 

~ 
Hell 

l!i) G"""'al l 1111 v..-, ei A ... datebe,e I& Ge,w-11:)o s ........... ...-..,1 - 3 oe1e<ei- i 

[

G...,a1..,..-, 
A ... dot-..,.,. , LBRW A ... Oat..,_ 

Total nies in ctl : 64 MNIWII rurt>er of nJes: 432 

""" -Show rules for CJUpt.i :(Outpt.i_l 3 
Seleded nJe · 

Ell " :3111~...._= -===-= -===_=~1 ::i - . ~~ 

~ 

PHc. 3. I 0,6. oa3a 3HaHHii 2 (E32) c 3 I npasHnoM 

0.31644 
1.12154 
1.20575 
0.096723 
0.882395 
0.811024 
0.763684 
0.640382 ..:.J 

llpUMetJaHue. Ha p11c. 3.11 «PID» o6o3HaYaeT Illf)],, «SCO» - OE3, «Ref» (oT aHrn. 
Reference signal) 03Ha'laeT 3aP,alOllllili CJffHan. 

2.5 
2.5~----~-----~----~ 

a 0 
I 

1.5 

X 1 

0.5 

10 -0.SO 5 Time{ S) 
-0.5,~ --~--~--~ 

lime(S l 
10 15 

a) YrrpasneHHe HP c E31 11 ITI1)], 6) YrrpasneHHe HP c E32 H IDI.D, 

PHc. 3 .11 . .[l,sHJKeHHe ocL(J1J]JlllTopa s 06yqa10ll\eH CHTYaUIDI np11 JJ.Byx =ax yrrpasneHH!I 

127 



10 

= 
9 

""" 
O'---------'------__J_ __ __j 

""" 

0 

0. 
0 

~ 

""" 

10 15 
Time(S) 

- -PIO f----'--- _ , 

-sco 10 15 

10 15 
Time(S) 

3aKOHhl ynpaBJieHIUI a HP c E31 

rn 

l'--------'------1-----1 
I rn 1J 

T1me(S) 

rn,rr----.... 

--- PIO 

jl I I o J-sco1 rn 15 

~u , n, , M''' 11~TY" 1 ·'"\l"!J 
I J W 1J 

]me(S) 

3a1<0H1,1 ynpaBJiemrn B HP c E32 

Puc. 3.12. 3aKOHh! ynpaBJieHIUI B cmya11uu CaM006y,IeHIUI CUCTeMbl yrrpaaJieHIUI 

Ha puc. 3.12 II0Ka3aHI,I 3GKOHbl ynpaelleHUR (rrepeMeHHbie K03<p<pU]1UeHTbI 
ycmremrn), B1,rqucmreMhre Ha Ka)K,ZloM ware yrrpaBJieHIUI KaK pe3yJihTaT HeqerKoro BbIB0,D,a c 
E31 (cJieBa) u c E32 (crrpaBa). 

Ha puc. 3.13 rrpHB0,D,UTCH cpaBHeHHe Kaqecrna yrrpaBJieHIUI ,D,Byx crrpoeKTHpoBaHHbIX 
fia3 3HaHuii u IIH):(-perymrrnpa B 06yqaIOII1eii CUTYa11uu. 
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2.5~----~-----~-----, 
~PID 

---······ KB2 
-KB1 
- -Ref 

1.5 

><1 

"I\~, 
--"::.""-=.,-

-0.5'-----~----~---~ 
0 10 15 

Bil)KeHue 0C]1llJIJIHTOPa 

3.51 ' ' : ' '::79 . =~~----------1 
3f~ 

2st --- ---i 
g2 

2 ~ ~ 

j1.5 
1 

0.5 

0 L--'---'--'--'---'---'--'---'--'--~ 
0 m e m ~ m u ~ a ~ 

T,me(S) 

llirreIJJ3.JII,HlUJ. KBa,npaTWIBllll. OIIIH6Ka 

Puc. 3.13. CpaBHeHue KaqecTBa ynpaBJieHIUI ,D,Byx crrpoeKTttp0BaHHb!X 6a3 3HaHIIii u 
IIH,[(-perymnopa B 06y,iaI0111eii cmya11u11 

• CpaeHeHue Ka?Jecmea ynpaeJleHUR HP, cnpoeKmupoeaHHblX c noMOUfblO 
uHcmpyMeHmapuee AFM u OE3. PacCMOlpHM cpaBHeHue pe3yJibTaT0B M0,D,eJiupoBaHIUI Ha 
ocHoBe ,D,Byx uHcrpyMeHTapueB ,1J,JU1 rrocrpoeHIUI E3 HP: Adaptive Fuzzy Modeler (AFM) II 

OE3. 
CpaBHllM II0Be,D,eHIIe paccMalpIIBaeMoro OY ,1J,JUl CJie,1l,YJOI]1llX rpex TllII0B 

yrrpaBJieHIIH: 
Ha 0CH0Be rpa,D,Hljll0HHb!X MHrKHx BblqucJieHllll (c II0M0I]1b!O crpyKTypbI HHC, 

BbI6paHHOii BpyqHyIO, II MeT0,D,a rrocrpoeHllH E3 Ha 0CH0Be aJiropIITMa o6paTHoro 

pacrrpocrpaHeHIUI OIIIHfiKll) B llHClpyMeHTapllll AFM; 
Ha 0CH0Be pa3pa60TaHHOro HHcrpyMeHTapIUI OE3 C OI!TllMaJibHOM E3 ll OI!TllMaJibHOll 

crpyKTypoii HHC; 
Ha ocHoBe KJiacc~ecKoro illI,ll,-peryIDITopa c K03<p<plll1lleHTaMH ycllJieHIUI K = [5, 5, 5]. 

Ha pllC. 3.14 - 3.16 II0Ka3aH0 cpaBHeHlle KaqecTBa yrrpaBJieHIUI rpex 

BbIIIIeyrr0MHffYTbIX TllII0B yrrpaBJieHIUI B ofiyqaJOI]1eii C1Irya11uu. 

JlpUMetJaHue. Ha puc. 3.14 - 3.16 «PID» o6o3Haqaer ITH):(, «SCO» - HeqerKllii 
perymrrop Ha ocHoBe OE3, « FNN» - HeqerKHii perymrrop Ha oCH0Be AFM. ,l(uHaMuqecKoe 

II0Be,D,eHHe OY II0,D, yrrpaBJieHIIeM rpa,D,llljll0HH0ro IIH,l(-perymrrnpa II0Ka3bIBaeTCH 
IIyHKTllpHoii JillHlleii, ,D,llHaMllqecK0e II0Be,D,eHlle OY II0,D, yrrpaBJieHlleM HP Ha 0CH0Be AFM 
Il0Ka3bIBaeTCH TOHKOM CIIJIOIIIH0M JillHHeii, a ,1l,1IHaMuqecKoe II0Be,D,eHIIe OY II0,D, 
yrrpaBJieHIIeM HP Ha 0CH0Be OE3 II0Ka3bIBaercH lKllpHOll CIIJIOIIIHOH JlllHlleii:. 
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Ttme(S) 

)],BlllKem1e 0C[ll!JllUITOpa 

3.5 

~ Ill (X) 

0.5 

~ ro ro ~ o 
TmelSl 

liirrerpanhHall onm6Ka ynpaBJiemrn 

Pnc. 3.14. CpaBHemre Kaqecrna ynpaBnemrn B 06yqa1mueii cnryarum 

40 

30 

0° 20 

10 

0 .___,_____._-----"--\ 
0 10 

10 

-10 

30 35 40 45 50 
-15----

0 I 10 15 20 25 30 35 

so I 

·r r " 20 ! ;; 100 ' ~> , , , , , , , '. ~ :F , , , . . . . . I 
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 

......... 
/ , ..... 

_ ............ ,.--••"'"""'"'"' .,,···· 

Time (S) Time(S) 

IlpOH3B0,[ICTB0 JIITp0llllll BOY (Sp) II CIICTeMe 
ynpaBJieHHJI (Sc) 

Cnna ynpaBJieHHJI 

Pnc. 3.15. CpaBHeHHe TepM0,[IIIHaM11qeCKIIX xapaKTepHCTIIK II CIIJibl ynpaBJieHHJI 

Bb!B0,[lhl. 
HP Ha 0CH0Be OE3 IlMeeT MeHhrnee BpeMH rrepeX0,[IH0ro rrpo11ecca Il MeHhlllYlO OIIIIlfiK)' 

yrrpaBJIeHilll: no cpaBHeHillO C HP Ha 0CH0Be AFM Il KJiaCCII'IeCKilM IIH)],-peryID!TOpOM, 

C ToqKH 3peHlllI KpnrepneB Kaqecrna yrrpaBneHllll:, BKJII0qa10rn;ero KpHTepnn MHHI!MYMa 

OIIIIl6Kll yrrpaBJieHlllI, MilHJ!MYMa rrpoll3B0,[ICTBa 311Tp0III!Il B OY Il MllHJ!MYMa cllJl],I 
yrrpaBJieHllll:, KaqeCTB0 yrrpaBJieH!llI HP Ha 0CH0Be OE3 nyqrne, qeM Kaqecrno yrrpaBJieHI!ll: 

HP Ha ocH0Be AFM. 
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l ~L :=-·:·················~-·~ : : l 
0 5 10 15 20 25 30 35 40 45 50 ~- ::Bl 
5~, _J~ : = 

C: ·;;; 
0) 0 

"C 

I~ 
-5 

0 

6 

·= 4 "' 0) 

2 2 

5 10 15 

-

5 10 15 

20 

PID 
FNN 
sco 

25 30 

20 25 30 
Time ( S) 

35 40 

35 40 

Pnc. 3.16. CpaBHeHlle 3aK0H0B ynpaBJieHHJI B 06yqa101neii c11rya1111H 

45 

45 

3.4. PoiiaCTHOCTh Il npe,!leJJhHhle B031\IOlKHOCTil nocTpoeHHhIX iia3 3HaHHii Il 

IlJm-ynpaBJJeHIUI (npHMep 1) 

50 

50 

B peanhHhIX rrpaKTnqecKHx npnno)KeHllll:X rrpn pa3pa6oTKe IICY Heo6xo.[IHMO TaK)Ke 

yqI!ThIBaTh B03MQ)KH0CTil CilCTeM Il3MepeHilll TeKyrriero C0CT0ll:Hllll: OY. KaK rrpaBHJI0, 

IIMeIOTCJI rrorpernH0CTil B Il3MepeHilll, a TaK)Ke orpaH11qeHH0 BpeMH, Heo6xo.[IIIMOe ,[IJlll 

113MepeHIIJI C0CT0ll:Hllll: OY. Mb! 6y.[leM M0,[len11poBaTh BpeMH, Heo6xo,[IIIMOe ,[IJlll Il3MepeHllll: 

C0CT0ll:Hilll: OY, C II0M0lll;blO BBe.[leHllll: B M0,[leJib 6noKa epeMeHU 3aoep:J1CKU 6 KOHmype 
U3MepeHUJl. 

PaCCMOlJ)IIM H0BYIO CIITyaIIIIIO, B KOTOpoii yqIIThIBaeTCJI <paKTOp 33,!lep)KKI! BpeMeHII 
B K0HType Il3MepeHllll:. 

HoeW1 cumyalfUR: 

• epeMR 3Goep:JICKU 6 KOHmype U3MepeHUR = 0,001 c; 
• orpaH11qeH11e Ha cHJiy yrrpaBJieHllll: u ~ IO [ 11] ; 

• 0CTaJJhHbie rrapaMe'IJ)bl Te )Ke, qTo Il B 06yqa10rn;eii c11rya1111n. 

Ha pile. 3 .17 II0Ka3aHbl pe3yJihTaTbl cpaBHeHllll: II0Be,[leHllll: OY II0,[I ynpaBJieHIIeM 
cne.z:1y10rn;IIX TPex rnrroB: HP c E31; HP c E32 n IIII,[( c rrocTOJIHHhIMII K03<p<pn11neHTaMII 

YClIJieHilll: K = [7, 7, 1] B HOBOii cHTya1111n. 
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P11c. 3 .17. ,[(B11JKeH11e 0Cijil.ll.JUIT0pa 11 HHTerpaJibHM onm6Ka ynpaBJiemrn. Ho BM c111ya11IDI 

MO)l(HQ Bll,lleTh, qTo KaqecTB0 yrrpaBJieHiffi B HOBOH c1nya111rn: xy)Ke II3-3a CJIIIlliK0M 

60JibWOii owII6KH yrrpaBJieHirn. 

BpeMeHmh1 3a,11ep)!(Ka B CIICTCMC II3Mepemrn HBJIJICTCH 0,1\HIIM H3 KpIITIIqecKHX 

qmKTOpOB, BJIHHIOIIIIIM Ha po6aCTHOCTh CIICTCM yrrpaBJICHHH, II ,!I0JI)!(Ha 6bITh BKJIIOqeHa B 

06yqa10111y10 CIIryaQIIIO. B cJie,11y10111eM pa3,11eJie paccMorpIIM rrpoeKTIIpoBaHIIe E3 B 6oJiee 

CJI0)!(HbIX 06yqa10111IIx CIIryaQHHX. 

• YnpaeReHue e ycRoe= ltaJIU'IWl epe;,,teHu 3adep:JICKU e KaHwwx U3MepeHWl u 

02paHu'leHuii Ha cURy ynpaeJ1eHW1. PaccMorpIIM H0BYIO II0CTaH0BKY 3a,11aqII yrrpaBJICHHH: 

(1) rrepeBeCTII 3a,11aHHhiii OY H3 HaqaJihH0ro cocTOHHIIH [x0 l[x0 ] = [2,5] [0,1] B 

K0HeqHoe C0CT0HHIIe x = 0 rrpII pa3JIIIqHh!X BHClliHHX wyMaX, ,11eiicrny10mux Ha OY, rrp11 

HaJIU'IUU epeMeHU 3aiJep:J1CKU B KaHaJie II3MepeHHH ow116KII yrrpaBJICHHH II rrpII HaJIHqHH 

orpaHIIqeHHH Ha CIIJIY yrrpaBJICHHH II 

(2) rrpoBCCTII 0QCHKY po6aCTHOCTII crrpoeKTIIp0BaHH0fO HP II cpaBHIITh ero KaqecTB0 

yrrpaBJICHHH C rpa,!IHIIH0HHhIM IIH.[(-peryJIJITOpOM. 

PacCMOTPIIM ,!IBe curyaQIIII o6yqeHHH (c pa3HbIMII BHClliHIIMII CT0XaCTIIqecKHMII 

wyMaMII) II ,llJIJI Ka)K,lloii II3 HHX rrocrp0IIM C00TBCTCTBYIOIIIIIC HeqeTKHe peryJIHT0pbl 

(Ha3BaHHhie HP0 H HPl) II IIX 6a3hI 3HaHIIii. 

• llpoeKmupoeaHue E3 HP0 e odHou o6y'lmoU{eii cumyalJUU. B Kaqecrne IICX0.llHhIX 

rrapaMerpoB 3a,11aHHoro OY paccM0TPHM /J = 0,1; a= 0,3; k, = 0,2; k = 5, HaqaJihHhre ycJioBHH 

rrpIIMeM paBHhIMII [x0 l[x0 ] =[2,5] [0,1]; 3a,11a10111IIii CHrHaJI Xref =0; o6JiaCTh II3MeHeHHH 

K03q:>q:>IIIIIICHTOB YCIIJICHHH orrpe,11eJieHa B HHTepBaJie [0, 50]; BHCWHee B03MYIIICHIIC 

paCCM0TPIIM KaK CJiyqaiiHoe B03,!ICHCTBIIe C p3ReeeCKUM 3aK0H0M pacrrpe,11eJieHHH 

BepOHTHOCTeii. BBe,lleM TaKJKe orpaHIIqeHIIe Ha ,11orrycTIIMYIO CHJIY yrrpaBJICHHH B Bll,ZIC 
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iul:S20[H] II BpeMH 3a,11ep=II CIIrnaJia B KaHaJie II3MepeHHH 0,001 c . .[(aHHYIO CIITYaQIIIO 

-yrrpaBJieHHH o6o3HaqIIM TSO. 

• [lpoeKmupoeaHue E3 HPl e iJpy20ii 06y'la10U{eii cumyalJUU. Hcxo,llHhre rrapaMerphr 

3a)laHH0f0 OY, HaqaJihHb!e ycJI0BIIH, 3a,11a10111IIii CIIfHaJI, o6JiaCTh II3MeHeHHH 

K03<pq:>IIIIIICHT0B ycHJieHHH, orpaHIIqeHIIe Ha ,11orrycTHMYIO CHJIY yrrpaBJICHHH II BpeMH 

3a,11ep)l(KII CIIfHaJia B KaHaJie II3MepeHHH rrpIIMCM TaKIIMII )KC, KaK II B cJiyqae HP0. O,11HaKO 

BHCIIIHCC B03MYIIICHIIe pacCM0TPIIM B Bll,ZIC CJiyqaiiHOfO B03,!ICHCTBHH C zayccoecKUM 

3aK0H0M pacrrpe,11eJieHHH BepOHTHOCTeii • .[(aHHYIO CIIryaQIIIO yrrpaBJICHHH o6o3HaqIIM TS 1. 

C II0M0lllh!O IIHcrpyMeHTapIIH OE3 II oc, rroeyqeHH0f0 CToxacTHqecKIIM 

MO,!ICJIIIp0BaHIICM C IICII0Jih30BaHIICM I' A, ,!IJIJI 3a,llaHHhIX curya11IIii o6yqeHHH 6hIJIII 

cnpoeKTIIpoBaHhI 6a3bI 3HaHIIii E30 ,!IJIJI HP0 II E31 ,llJIJI HPl (CIIryaQIIII TSO II TSl). 

Ha pIIC. 3.18 II 3.19 II0Ka3aHbl crrpoeKTIIpOBaHHb!e 6a3bl B IIHCTPYMCHTapIIII OE3. 

,[(JIJI M0,!ICJIIIp0BaHHH CIIryaQIIII ynpaBJICHHH 3a,11aHHhIM OY 6hIJIII rrpIIHHThl 

CJIC,llyIOIIIIIC rrapaMerpbI: BpeMH yrrpaBJICHHH paBH0 0,05 c, a BpeMH IIHTCIJlIIp0BaHIIH II 

onpe,11eJieHHH C0CT0HHHH (.!IBII)KCHHH) OY.paBHO 0,025 C. 

• CpaeHeHue Pe3Yllbmamoe ModeJ1upoeaHW1 Kal/ecmea ynpa6lleHWl HPO c E30, HP 1 c E31 
u 1owccu'lecKUM ITI1/(-pezy.ll5lmopoM. 

U.iiii•lu1•11111WMfmr.W -:~-,"-·:c::·:•·:c:: ·:. _ :,: _ _ , 

F1hl · Actai :View;"::- :;,~~_i:~{<.~-?:;;,i~,:l:;;~~::i:i":i::;S:\:J~-~:\ :+i';.t :~-?-.4¼.:i~s·'·;~ .. -,-~l □l~J 

.:· 1~~~;u1:S~ I 
-~~e-rtA;;·,:1 Din ~ ,_ ,_ = = ' ~ -; , ,_ ' ~ ' 

PIIc. 3.18. oa3a 3HaHl!H HP0 
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ii Soft Computing Optimize 

F~;; ::;-, ·~-~~~_1111Yiriable!';'5 .. R~dat~~ l!~eneri~~~ I ~-s¥t~~!e~1L.~~:\: ' '' ·•·· 

;rD:e~:::·.11 l~~T:1~;••.,•-···• , .... ,,,,.. ····~··~~-•;•c~······•··••··:~ ..... c:=·~/ro~ei~'b~~·1 

PJ1c. 3 .19. Ea:ia 3HaHJltt HP 1 

PaccMOlpIIM cne;zyioIIJee cpaimemre rroBe.n;eHIDI OY: 
(1) B 06Y11aIOIIJeii. cmyan:Irn TSO rrpJ1 yrrpaBnemrJI RPO JI -rpa.n:J1IIJ10HHhIM IIII)];

perymrropoM (o603HaqeH KaK «PID average»), K03qJqJJII(JleHThI ycHJieHlrn KOTOporo 6hIDJI 

BhlqJICJieHhl KaK cpe.n;HJle 3HaqeHIDI OT COOTBeTCTBYfilIIJJIX 3aKOHOB yrrpaBJieHJiJI B RPO 

(pJ1c. 3.20, cneBa), JI 

(2) B 06Y11aIOIIJeii. cmyan:Irn TSl rrpJ1 ynpaBJieHirn HPl JI -rpa.n:J1IIJ10HHhIM IIII)];
perymrropoM ( o6o3HaqeH KaK «PID average»), K03qJqJ~J1eHTh1 ycHJiemrn KOToporo 6bllll 

BhJqJICJieHhl KaK cpe.n;HJle 3Haqemrn OT COOTBeTCTBYfilIIJHX 3aKOHOB ynpaBJieHJrn B HPl 

(pJ1c. 3.20, crrpaBa). 
Ha PJ1C. 3.20 IIOKa3aHO cpaBHeHJle pe3yJihTaTOB MO.L{eJIHpOBaHilll IIOBe.n;eHIDI OY B 

rrepBOM JI BTopoM CJlY'!ae. Ko3qJqJJ1IIJ1eHTu1 ycHJieHIDI «PID average» IIMeIOT 3HaqeHJ1e K= 
[35, 43, 7] .IIJlJI cHTyaIIJ1J1 TSO JI K = [33, 35, 15] .IIJlJI cJ1ryan:J1J1 TSl. 
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- T:ll: PIO average 
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- TS1: PIO average 
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X .... , , , X 

0.5 
I If,-
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-2 
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RPO J1 IIHJ! B cmya1IJ1J1 TSO HPl JI ITH):( B cmya1IJ1J1 TSl 

PJIC. 3.20. CpaBHeID!e pe3yJihTaTOB MO.L{eJIHpOBaHIUI IIOBe):\eHIUI OY IlpJI HeqeTKOM yrrpaBJieHJIJI JI 
yrrpaBJieHJIJI TPaAJIIIJIOHHLIM IIIf,[(-peryrunopoM 

Bbz6oiJ: B o6enx cmyau:= yrrpaBneHID! Kaqecrno yrrpaBJieHIDI HP HaMHoro BhIIIIe 

Kaqecrna yrrpaBnemrn 'Ip~JIOHHhIX IllI)];-perymrropoB. 

Ilpw.te'lmme. Ha pJ1c. 3.20 JICIIOJih30BaHo aIITJIJlllCKoe o603Haqemi:e RPO KaK FCO JI 

HPl KaK FCl. 

• HcCJZeoo6aHUe po6acmHocmu u npeiJeJZbHblX 603MO:JICHocmeii nocmpoeHHblX E3 u 

cpa6HeHue C III1.r:t:-ynpa6JleHUeM. PacCMOlpJIM 'IpJI CMO.L{eJIJlpOBaHHhlX HOBhIX 

(Herrpe.L{BJI.L{eHHhIX) CJITyal(JIJI yrrpaBJieHID!. Ilo.n: «HOBOll» CJ1ryan:J1eii ynpaBJieHID! Mhl JIMeeM 

B BJI.LlY CJ1ryal(J1!0, OTJIJlqHyIO OT 06Y11aIOIIJeii CJ1ryaIIJ1J1, .L{JUI KOTopoii 6bIJIJI IIOJiyqeHhl 

06Y11a10IIJJ1ii CJlrHan JI rroc-rpoeHa 6a1a 3HaHJlii. 

B rn6n. 3.1 rrpe.n;cTaBJieHhI HOBhie cJ1ryan:J1J1 yrrpaBJieHID! JI rrapaMe-rphI 

Mo.n;enJ1poBaHID1. 

Ey.n;eM Ha3hIBaTu B .L{aJihHeiirneM rrpe.n;cTaBJieHHhie B rn6n. 3 .1 CJ1ryan:J1J1 yrrpaBJieHID! 

KaK MHO)KeCTBO 3JieMeHTOB {Sl, S2, S3} (cooTBeTCTBeHHO C'IpOKaM Ta6JIJII(h1). PaccMO'IpJIM 

IIOBe.n;eHJle OY B CMO.L{eJIJlpOBaHHhIX Herrpe.n;BJI.L{eHHhIX CJlryaIIID!X yrrpaBJieHID!. 

Ta6Jim~a 3.1 
BHenrnJ1ii. myM 3aAaJOllJJ1tt BpeWI If3MeHeHJ1e lIIyM B 

CJIIBaJI 3aAeplKKH CTPJKTYPLI OY KaHane 
(c) Jl3Meoemrn 

Sl PaeHoMepHblii I'ayccoeCKuii c 
CJITVaIIllil (oJ1c. 3.21) 0 0,0125 HeT aMIIJI. 0,02 

S2 
cJ1rya1IIU1 PaeHOMepHblii [- 1, 1, OJ 0,001 HeT I'ayccoecKuii c 

aMIIJI. 0,02 

S3 cnyqaii.Hoe 
cJ1ryaum1 PaeHOMepHblii 0 0,0125 J13MeHeHJ1e I'ayccoeCKUU C 

rrapaMeTPOB OY aMIIJI. 0,02 
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llpUMel/aHue. <l>1n1IqecK1I cmyau;m1 s 1 0IIIICbIBaer BJIHJIHIIe Ha ,!(IIHaMIIK)' OY H0Boro 

Bll,!(a BHerrrnero IIIyMa, BpeMeHII 3a,11eplKKII II rnyMa B KaHaJie II3Mepemrn. Cmyau;IUI S2 
OIIIICbIBaeT ll3MeHeHIIe u;eJIII yrrpaBJieHHJI (1I3MeHJIIOIQIIHCH BO BpeMeHII cryrreHqaTb!H 

c1IrnaJI) II HaJI1Iq1Ie WYMa B Komype mMepeHIUI oum6K1I yrrpaBJieHIUI. B rperheii c1Iryau;1I1I 

yrrpaBJieHIUI S3 ou;eHIIBaercH BJIIIHHIIe c~aiiHoro II3MeHeHIIH rrapaMerpOB crpYKrypbI OY 

(rayccoBcKHii rrapaMerp1IqecK1Iii WYM B crpYKrype OY). B '.!TOM CJiyqae rrapaMerpbI M0.lleJIII 
OY Bb1q1ICJIHJI1ICh no CJieeyIDmeii cpopMyJie: 

/i=0,I+0,2·,;(t); a=0,3+0,5·,;(t); k, =0,2+0,5-,;(t); k=5+2·,;(t), 

me ,;(t) - rayccoBCKIIii rnyM c aMIIJI1Iry,11oii 1 (pnc. 3 .21 ). 

3 

2.5 

2 

1.5 

1 

I 0.5 

0 

-0.5 

-1 

-1.5 

2~ 
5 10 15 20 25 30 35 40 45 

Time ( S) 

P11c. 3.21. PaBHOMepHo pacrrpe.zieJieHHb!H. lllYM 

50 

Ha p1IC. 3.22 IIOKa3aHO ,!(BIIJKeHIIe 0CI(llJIJIHTOpa II ero TepM0,!11IHaM1IqecK1Ie 

xapaKTeplICTIIKII (rrp01I3B0,IICTBO :mrp0IIIIII BOY II B CIICTeMe yrrpaBJieHIIH) B C1Iryal(1III SI. 

2.5, 
I 100 

-81:FCO 
...... PIDaverage 
-FC1 

~FCO 1.5 average 
1 

1 ............. 

0.5 
5 10 15 10 15 30 35 40 15 50 X 
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1500 
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·

1

1 \I 11 11 &l 
-1.5 

-2 
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P11c. 3.22. ,[{BIDKeHHe 0CQIIJI.IUITOpa II TepMO.LlllHaMH'lecKHe xapaKTepllCTIIKH. CHTYaQHH yrrpaBJieHHH SI 
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Ha p11c. 3 .23 rrpe,IICTaBJieHbl 3aK0Hb! yrrpaBJieHHJI ll CHJia yrrpaBJieHHJI ,!(JIH c1IryaQHii 

_ynpaBJieHHJI SI. 

n-~~ 
25 

~FCO mrage 
1 

20 ,.... '"" 

0 1 2 3 I 5 6 7 8 9 10 

:~ffiu~ 
15 

10 
0 1 2 -S1:PIDmrage 7 8 9 10 

60 ...... FCO 
-FC1 

C 40 
5 

I 11.~ 

.. 
C) 

:l 20 

2 3 4 5 6 7 8 9 10 
0 

lime(S) 0 1 2 3 4 5 6 7 8 9 10 

P11c. 3.23. 3aKOHhI yrrpaBJ1eH11H (cJieBa) 11 yrrpaBJillIOlllaH cHJia (crrpaBa). CHTYaQHH yrrpaBJ1eHJUI SI 

Ha p1Ic. 3.24 rroKa3aHo ,11nHaMnqecKoe rroBe,11eH1Ie OY .LIJIH c1Iryau;nii yrrpaBJieHIIH S2 
11 S3 C00TBeTCTBeHH0. 
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P11c. 3.24. ,[{B11JKeH11e 0CI(HJIJillT0pa. C111yau;1111 yrrpaBneHHH S2 H S3 
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• A11aJ1u3 pe3y11bmamoe MoiJe;mpoeamm. lb pe3yJibTaTOB MO,!\eJinpoBamrn cJie.!(yeT: 

HeqeTKHH peryJUITop HPl (FCl), o6yqeHHbIH Ha crnxacTnqecKnii wyM c zayccoecKUM 

3a7WII0M pacnpe,!(eJieHIDI BepO.s!THOCTeii, po6acTeH BO BCex TPeX Henpe,!\BH,!\eHHbIX 

cnrya11IDix. 
HeqeTKHii peryAArnp HPO (FCO), ofiyqeHHbIH Ha crnxacTnqecKHii wyM c p311eeecKUJ\1 
3GK0II0.111 pacnpe,!\eJieHIDI BepO.s!THOCTeii, o6Jia.!(aeT IIOBbJIIIeHHOH qyBCTBHTeJibHOCTbIO K 

H3MeHeHHIO Tnna rnyMa n napaMeTPOB MO.!(eJIH OY. OH MeHee po6acTeH, qeM HPl (FCl), 

o6yqeHHblll Ha CTOXaCTHqecKHii IIIYM C 2ayccoeCKUM 3GK0II0M pacnpe,!\eJieHH.ll 

BepO.s!THOCTeii. 

Tpa,!\Hl..lHOHHbIH I111.D:-peryJl.l!TOp B cnrya11nn S3 He po6acTeH. 

Kaqecrno ynpaBJieHIIJI HP Ha ocHoBe OE3 HaMHoro BbIIIIe Kaqecrna ynpaBJieHIDl 

TPa.!(H11HoHm1x I1I1,n:-peryJUITopoB. 

IlpnBe,!(eHHbie pe3yJibTaTbl MO,!(eJIHpoBaHIDI IIOKa3bJBaIOT 3cpcpeKTHBHOCTb pa3pa60TKH 

po6acmllblX HCY Ha OCHOBe HOBOH TeXHOJIOrHH M.llrKHX BbJqHCJieHHH B cpaBHeHHH c 

TPa.!(Hl..lHOHHbIM yrrpaBJieHHeM Ha OCHOBe I111.D:-peryJl.l!TOpa (c IIOCTO.llHHbIMH 

K03cpcpn11neHTaMH ycnJieHIDl) H B cpaBHeHHH C TPa.!\Hl..lHOHHblMH HHCTPYMeHTapIDlMH THJJa 

AFM Ha M.sirKHX BbJqncJieHIDlX (B KOTOpbIX HeT OIITHMH3a11nn E3 H CTPYKTYPbI HHC). 

3.5. n106a.JibHO HeycTOH'IHBbie ,!\IIHal\lH'ICCKHe CHCTCMbl (npm\tep 2) 

PaccMOTPHM 3a.!(aqy ynpaBJieHIDl HeycToiiqnBbIM .!\HHaMnqecKHM OY. B Kaqecrne 

THIIOBOro rrpHMepa paCCMOTPHM H3BeCTHYJO B JIHTeparype CHCTeMY «rrepeBepeyTblll Ma.l!THHK 

- KapeTKa 11epeMe111eHIDl» (rnK Ha3bJBaeMyIO Benchmark «Cart-Pole» system). 3.!(eCb 

rrpO,!\OJllKHM o6cy)K.!(aTb B03M0)KH0CTH rrpoeKTHpOBaHIDl 11CY Ha OCHOBe HHCTPYMeHTapIDl 

OE3, a TaK)Ke paccMOTPHM Ha rrpnMepe yrrpaBJieHH.ll .!(aHHbIM OY cpaBHeHne 

HHCTPYMeHrnpneB OE3 n HHCTPYMeHTapIDI ANFIS, BCTPOeHHoro B MATLAB. 

• MameMamu'leCKaR Mode11b cucmeMbl 
.D:1rnaMnqecKoe IIOBe,!(eHHe 3TOH CHCTeMbl (pnc. 3.25) OilHCbJBaeTC.ll CHCTeMOH 

.!(HcjlcpepeHI.1HaJibHb!X ypaBHeHHH BTOporo nop.s!,!\Ka ,!\JI.ll BbJqncJieHIDl CHJibl, HCilOJib3yeMOH 

,!(JI.ll ,!\BHlKeHIDl KapeTKH: 

Control 

' . 0 : 
\.__.: . ' 
' ' ' ' 
'\ n rrfin..---r+-

2e . . . 
' 

111 

Noise .;(t) 

Pnc. 3.25. ,[(1rnaMH'IeCKaJI CJICTeMa «.!IBIIlKYIIlaJICJI KapeTKa - rrepeBepH)'Thlll MaJITHIIK» 
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. 0 0 (u+q(t)+a,i+a 2 z-ml0
2
sin0) kB. g sm + cos ----~~-~----- -

.. m +m 

B= z(~_mco: 2 0) -- -
3 me+ m 

.. u + ,;(t)- a1i- a 2 z + m/(0 2 sin 0 - ij cos0) z=----~--~----------. 
me+ m 

YpaBHeHIDl ,!\JI.ll CKOpOCTH H3MeHeHIDI (rrpOH3B0,!\CTBa) 3HTPOIIHH CJie.!(yIOII..IHe: 

s. k0 2 +II 2ml03 sin 20 

l(me +m)[±- mcos2 0]' 
3 me+m 

S, =-a_, --i2
; s. =ki?. 

me+m 

(3.4) 

(3.5) 

B ypaBHeHIDlX (3.4) H (3.5), noeyqaeMblX C yqeTOM CHJI TPeHIDl H ynpyrocTH H3 

6aJiaHCa MOMeHTOB BpameHH.ll H 6aJiaHca 11poeK11HH CHJI Ha ropH30HTaJibffYIO OCb z, z H 0 -

o6o6meHHbie Koop.!(HHaTu1; g - ycKopeHHe CB060.!(HOro rra,!(eHIIJI ( 9,8 M / c2 
), me - Macca 

TeJie=, m - Macca rrepeBepttyToro MaJITHIIKa (Ha3hrnaeMoro «wecT»), l - rroJIOBHHa ,!\JIHHbI 

MaJITHI!Ka, k H a, - K03cpcplll..llleHThI TPeHIIJI npn ,!\BHlKeHHH H Bpa111eHHH COOTB=BeHHO, a2 

cnm ynpyrocrn TeJie=, ,;(t) - BHeIIIHHH croxacrnqecKJIH IIIYM, au - cHJia ynpaBJieHIIJI (H). 

Ha pnc. 3.26 IIOKa3aHO CB060.!(HOe ,!(Bll)KeHHe ,!(HHaMWieCKOH CHCTeMbI. 

.D:HHaMHKa CB060.!(HOrQ ,!(Bll)KeHIIJI IIOKa3bIBaeT, qT0 MaJITHIIK 6e3 ynpaBJieHIIJI He MOlKeT 

HaxO,!\HThC.ll B BePTJIKaJihHOM IIOJIOlKeHHH (MaJITHIIK JJa,!(aeT). C rn= 3peHIDl ,!(HHaMttqeCKOro 

ynpaBJieHIDl - 3TO rno6aJihHO HeyCTOJfqllBbJll OY C Pa3JIII'IHbIMH HaqaJihHblMH COCTO.llHIIJIMH 

Ma.sITHIIKa H TeJie)l(Kll. 

300,--~-~-~-~-~-==== 
2'D 
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50 
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,[(11HaMI1Ka .[IBIDKeHIIJI MaJITHHKa, B 
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0.1 Free Molton:(' 
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P11c. 3 .26. CBo6o.[IHOe .[IBIDKeHile CIICTeMhl 

139 



Ilpo6JieMa yrrpaBJiemrn: B03P,eMCTBYll C IIOMOIIIh!O CllJihl ynpaBJieHlll! TOJihKO Ha 

TeJie)KKY, IIOMep)KllBaTh Mal!THilK B BepTilKaJihHOM IIOJIO)KeHilll (yTOJI Mal!THilKa - 0) rrpu 

JIJ06hIX ycJIOBllllX BHenrneM cpeP,hl. 

Hanra uenh - c6anaHCilpOBaTh P,BH)KeHile Mal!THilKa C IIOMOIIIh!O orpaHuqeHHOM CllJlhl 

yrrpaBJieHllll. 
TaKilM o6pa30M, tty)KHO KOHTPOJIIlpOBaTh P,Be CTeIIeHil CB060P,hl OY, IlCIIOJlh3Yll OP,IlH 

HHTeJIJieKTYaJihHhIM peryJil!Top c rrpocTOM CTPYKTYPOM u CBOMCTBaMH HeJiuHeMHhIX CBl!3eM B 

OY. B 3TOM cnyqae P,Jlll CTa6llJlll3aIIIlll ( 0 = 0) rrepeBepHyroro Mal!THHKa Mhl BBeJIIl HOBhlM 

3a;i,aJ01IIIlM CllrHaJI P,Jlll z CJieP,y!OIIIIlM o6pa30M: z,ef (3aP,aJOIIIIlM Clll'HaJI P,Jill z) - rrpOeKIIllll 

Ha OCh z ueHrpa Tl!)KeCTil Mal!THilKa. OH P,OJI)KeH 6hITh paBeH ttyJI!O P,Jill CTa6IlJIIl3aIIIlll yrna 

0. MbI MO)KeM rrpeP,CTaBilTh z,,,f CJieP,yJOIIIIlM o6pa30M: 

zref =-w·/ ·sin0; W-MaCUlf/1lIDHblU Ko3<jx/Jlap,le,nn, (3.6) 

eCJIIl 0 ➔ 0, z,,,f ➔ 0. Mb! TaK)Ke BBOP,IlM orpaHuqeHile Ha rrpoeKUilll ueHrpa Tl!)KeCTil: 

\z,,
1 

\ ~ 1. KpoMe Toro, 6y;i,eM B P,aJihHettIIIeM paccMarpuBaTh Mo;i,enh ;i,uHaMuqecKoM cucTeMhI 

co cne;i,yJOIIIHMil rrapaMerpaMH. 

IlapaMeTpLI CHCTCMLI 

m m l Ko3cpcp. Ko3cpcp. CllJla 
C 

[Kr] [M] rpeHllll B 0, rpeHilll B Z, [Kr] 
yrrpyrocTH, 

k a2 a1 

1,0 0,1 0,5 0,4 0,1 5,0 

lI cneP,y!OIIIIlMil HaqaJibHh!Mll ycJIOBlll!Mll: [B.; e.] = [10; 0, l](B rpa,nycax); [z.; z.] = [O; OJ . 

3a)J,aqa yrrpaBJICHilH: cnpoeKmupo6amb po6acmHy10 E3 Ollfl HP, cnoco6Hy10 pa6omamb 6 

HenpeocKmyeMbZX cumym/UflX ynpa6lleHUJl npu HaJlU'IUU 6Heume20 cmoxacmul/ecK020 

myMa, oeucm6y10Ufe20 Ha KapemK}', npu HaJlU'IUU 6pateHu 3aoep:JJCKU cu2HaJ1a 6 cucmeMe 

U3MepeHUJl noflO:J/CeHUJl MaJlmHUKa (pa6H020 0,001 c) u npu HaJIUl/UU 02paHul/eHUJl Ha CUllY 

ynpa6lleHUJl,' nepe6ecmu MaJlmHUK U3 Ha'laJlbH02o noJlo:JJCeHUJl 6 Zjefle6oe 6epmuKaJlbHoe 

(0 = 0) u yoep:JJCU6amb 06U:JJCeHue OY 6 3aOaHHOM 6epmuKaJlbHOM noflo:JJCeHuu. 

PerneHHC. PaccMOrpllM CTOXaCTHqecKoe P,Bll)KeHile P,IlHaMHqecKOM CllCTeMhl B 

ycnoBlll!X KJiaccuqecKoro IIII,lJ;-ynpaBneHlll! B ;i,aHHhIX HH)Ke (rn6n. 3.2) o6yqaJOIIIHX 

YCJIOBlll!X. 

~--------------------------=T..::..::a6mn1a 3.2. 
aBJICHIIH 

ravccoBCKHM 

Q,Ofu 

Heo6XOP,IlMO BhI6paTh 0ilTIIMaJihHhle K03qlqlllIIIleHThl IUI,r:i:-peryJillTOpa. 3TO 

B03MO)KHO C IlOMOillh!O reHeTuqeCKoro anropllTMa C cpyHKIIIleM npuroP,HOCTil, HanpuMep, B 

BHP,e MllHilMYMa IlHTerpaJibHOM OIIIIl6KH ynpaBJieHllll, nonyqeHHOM B pe3yJihTaTe 

MOP,enupoBaHllll ynpaBJieHilll CllCTeMOM C TeKYIIIIlM Ha6opOM IIl1,r:i:-K03qlqllllllleHTOB. 
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,z::i:ettcTByll onucaHHhIM crroco6oM, Mbl nonyqllJlll CJieP,yJOIIIIle K03qlqllllllleHTbl 

peryJil!Topa: 

[KP =99,61; K, =0,39; Kd =11,76]. 

CneP,yJOillllM IIIar - nonyqeHHe c noMOlllhJO r A rpex 06yqaJ01IIHX CIITHaJIOB P,Jill 

ynpaBJieHllll KIDK,11,hIM IlH,r:i:-K03qlqllllleHTOM B 0TP,eJihHOCTll, IlOKa OCTaJlhHbie P,Ba 3aqJHKCllpOBaHbl 

IlOCTOl!HHhIMll. Kor;i,a o6yqaJOllllle CIITHaJihl rronyqeHhr, 53 P,Jill peryJillTOp0B Ha OCHOBe 053 u 

ANFIS nonyqaJOTCll nocpe;i,crnoM upHMeHeHlll! MeTO.rlOB, ormcaHHhrx B npeP,bieyIIUIX pa3;i,enax 

;i,aHHOM KHIITll. B rn6n. 3.3 npe;i,craBJieHhr xapaKTepllCTIIKll nonyqeHHhrx 53 P,Jill peryJillTOp0B, 

cnpoeKrnpoBaHHhIX c noMOlllhJO 053 u ANFIS. 
Ta6JIHIIa 3.3. 

XapaKTepucTHKil 6a3 3HaHHM Ha ocHoBe 053 u ANFIS 

IIJI)J:-
On3 ANFIS 

K03<)i<)i11u11eHT 

Mo.r1eJib HeqeTK0ro Bh!B0.[la - Mo;i,errh HeqeTKOro Bh!B0.[la -

Cyreno. Cyreno. 
BII.[I <pyHKllllll 'rrpIIHa.[IJielKHOCTII - BII.rl qJYHKllllll npIIHa.[IJielKH0CTII -

TpeyrorrhHh!ll. rayccoBCKIIH. 
Kp KonIIqecTBo <pyHKIIIIii: KorrIIqeCTBO <pyHKllllll 

npnHa.[IJielKH0CTil BX0.[IHhIX npllHa.[IJielKHOCTII BX0.[IHhIX 

rrepeMeHHhIX: [8, 5, 8]. nepeMeHHhIX: [7, 7, 7]. 
KorruqecTBo npanHJI: 39 111 320. KorrnqeCTBOITPaBHJI:343. 

Mo.r1eJib HeqeTKOro Bh!B0.[la -
Mo;i,errh HeqerKoro BhIB0.[la -

CyreHo. 
Bn.r1 <pyHKllllll IIpIIHa.[IJielKHOCTII -

Cyre110. 

rpeyrorrhHhlii:. Bll.rl <pyHKIIIlll rrpHHa.[IJielKH0CTII -

K1 Korrn'lecTBo q:>YHKIIHii: 
rayccoBCKllll. 

rrpnHa;i,rrelKH0CTil BX0.[IHh!X 
KoJIH'leCTBO <pyHKllllll 

rrepeMeHHhIX: [6, 8, 5]. 
IIpllHa.[IJielKH0CTil BX0.[IHh!X 

KorruqecTBo rrpanHJI: 
rrepeMeHHbIX: [7, 7, 7]. 

34 113 240. Korru'leCTBO rrpanHJI: 343. 

Mo;i,errb He'leTKoro BhIB0.[la - Mo.r1eJih He'leTK0ro Bh!B0.[la -

Cyre110. Cyreno. 
Bll.[1 <pyHKIIIlll rrpuna;i,rrelKH0CTII - Bll.[I q:>YHKIIIlll npHHa.[IJielKH0CTII -

Kd 
TpeyroJihllh!H. rayccoBCKHii. 
Korrn'leCTBo <pyHKIIHii: KOJIIl'leCTBO <pyHKllllll 

rrpHHa.[IJielKH0CTII BX0P,HbIX rrpHHa.[IJielKH0CTil BXOP,HhIX 

rrepeMeHHhIX: [6, 8, 8]. rrepeMeHHhIX: [7, 7, 7]. 
KorruqecTBo rroanHJI: 41111 384. KorruqecTBo rroanHJI: 343. 

/.(aJ1ee npoeKmupye.M lfCY Ha ocH06e uHcmpyMeHmapuR OE3 Oflfl OUHaMUl/eCKou 

cucmatbl «nepe6epHymblU MaJlmHUK - KapemKa nepeMeUfeHUJl». Mo;i,eJih P,IlHaMuqeCKOM 

CllCTeMhl «rrepenepHyrhIM Mal!THilK - KapeTKa» ycJIO)l(HeHa HOBhIMil cpaKTopaMH (no 

OTH0IIleHil!O K Il3BeCTHblM MOP,eJillM ;i,aHHOfO OY B JlllTeparype). B qaCTHOCTil, MOP,eJih 

OY co;i,ep= B crpyKrype cnyqattHhie rrapaMerpuqecKue B03MYIIIeHllll, P,IlCKPeTHhle 

orpaHuqeHllll, xapaKTepu3yeTCll HaJIIl"llleM BpeMeHH 3a;i,ep)l(Kll Il3MepeHlll! C0CT0l!Hllll (B 

;i,arquKaX CllCTeMbl ), BKJIJOqaeT HenpeP,BllP,eHHh!e curya11uu ynpaBJieHllll, qTO 

npe;i,CTaBJilleT 60JihIIIYJO anropHTMUqecKYJO CJIO)KH0CTh P,Jlll 3cpcpeKTHBHOrO npHMeHeHlll! 

rpaP,HIIIIOHHhlX MeTOP,OB 0ilTilMaJihHOrO yrrpaBJieHlll!. 

141 



llpoeKmupoBaHue 6m 3HGHUU c noMOUfblO OE3 u ux ucc1ieooBaHue. ~JUI ynpaBJieHilll 
cncTeMoi1. «MMTHHK-Kapenrn» crrpoeKTnpyeM IICY B BH,!le HeYJ:eTKoro ITII~-perymnopa 
Ha ocHoBe HHCTPYMeHrnpmI OE3. 3a11a11nM THIIOBYIO cnryau;n10 06YYJ:eHn.11 ,!I.JI.II 

rrocTPOeHilll 6aJhI 3HaHni1. E31 c rayccoBCKHM rnyMoM (KBl Ha pnc. 3.27). 
TunoBbie yCJ10BU5l S 1. IlapaMeTPbI Mo11e.rrn OY: 
{m, [K2]; m[K2]; l[M]; k; lli; a2 }={1;0,l;0,5;0,4; 0,1;5}; 

HaYJ:a.JJhHoe rro.JIO)KeHne: [00 ; 00 ] = [IO; 0,1], [z0 ; ±0 ] = [O; OJ, ([00 ] = rpa,11ych1, [z0 ] = M); 

BHeIIJHHH rnyM - rayccoBCKHH (pnc. 3.27, BBepxy CJieBa); 
3a11ep)KKa no BpeMeHn B KaHa.JJe H3MepeHilll 0,001 c; 
orpaHHYJ:eHH.11 Ha CHJIY ynpaBJieHH.11:-5,0<u<5,0 [H]; 
orpaHHYJ:eHH.11 Ha ,!IBH)KeHne KapeTKn: -1, 0 < z < 1, O [M] . 

Gaussian 1: KBl Unifonn: KB3 

~t~lAJ W!1l1 
1.1-1 .-- •1-1 """""" 

Rayleigh 1: KB2 Gaussian 2: KB4 

,: ~\~~!~'~/w l;\ 
• .. -.............-:-.r--1;---:-,:_.--~--.:.-.:.-~ - ~ --:.~ ~il/U ...... 

P11c. 3.27. qen1pe TIIII0BbIX rnyMa ,11.JI.11 OY 

llpuMe'laHue. Ha pnc. 3.27 IIOKa3aHbJ IIIyMOBbJe CHrHa.Jibl C pa:3.JIHYJ:Hb!MH q:>yHKD;H.IIMH 
IIJIOTHOCTei1. pacrrpe11eneHH.11 Bep0.11THOCTei1. ,!I.JI.II pa3.JIHYJ:Hb!X 06YYJ:aIOlllHX cnryau;ni1.. B 
THIIOBblX yc.JIOBilllX cnryau;nn s 1 HCIIO.Jlb3YeTC.II rayccoBCKHH llIYM, B THIIOBbIX yc.JIOBH.IIX S2 
HCIIOJib3YeTC.II paBHOMepHO pacrrpe11eneHHblll rnyM, B THIIOBbIX YCJIOBH.IIX S3 HCIIOJih3YeTC.II 
p:meeBCKHH rnyM n B THIIOBbIX yc.JIOBilllX S4 HCIIO.Jlb3YeTC.II 11pyroi1. raycCOBCKHH lllyM. Ha 
pnc. 3.27 HCII0.Jlb3YIOTC.II TaK)Ke cnecyIOIIJHe o603HaYJ:eHH.11: KB 1 ( OT aHr.JIHHCKOro 
«Knowledge Base») 03HaYJ:aeT coKpaIIJeHHO E31 n T. 11. 

~JI.II IIOCTPOeHH.11 06YYJ:aIOIIJero cnrHa.JJa H Ha ero OCHOBe po6aCTHOH 6aJhl 3HaHni1. Mb! 
HCII0Jib3YeM CHCTeMy cmoxacmu11ecKOZO MOOeJtUp06QHU5l. Bb16epeM cnecyIOIIJHe rrapaMeTPbl 
IIOHCKa llJI.II r A (c IIOHCK0M MaKCHMyMa q:>yHKllHH rrpnro,!IHOCTH): 06.JiaCTb IIOHCKa 3HaYJ:eHni1. 

BeKTopa K = [100,100,100]; q:>yHKllH.11 rrpnro,!IHOCTH <l>Il = - i:101- i:101 rrpe,!ICTaBJI.lleT co6oi1. 

CYMMY a6co.JIIOTHbJX 3HaYJ:eHni1. yrna OTKJIOHeHilll H CK0pOCTH yrna OTKJIOHeHH.11, B3.IITblX co 
3HaKOM MHHyc. 
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Mo11enh MATLAB/SIMULINK .!I.JI.II rroCTPoeHilll OC rroKaJaHa Ha pnc. 3.28. OE3 
,3anycKaeT 3TY MO,!le.Jlb llJI.II ou;eHKH TeKylllero perneHilll (TeeyIIJeH xpOMOCOMbI) B IIOHCKe 
onTHMa.JlbHOro perneHH.11 c II0MOJllblO r AB COOTBeTCTBHH c Bbi6paHHOH <l>Il. 

From 
Wolkspice 

MllO.mat 

Noise2 

MAX.nlue 
forK 

ToWol<spaee3 

Terminat.or1 

Scope X GA 

~ 
Digital Clod< ToWoi<space8 

ToWolkspace7 

ToWolk:s:pace!S 

~------+----1./a 
Seleolor1 

UnttOelay 

0.5 

Ierminatijln cond 

P11c. 3.28. Mo11enh MATLAB/SIMULINK ,11.JI.11 rrocTpoeH11.11 OC 

ToWodop,ceO 

Ha pnc. 3 .29 IIOKaJaHa MA TLAB-q:>yHKllll.11 rrpnro,!IHOCTH, orrnchIBaIOIIJM 
Bhi'1HCJieHne <l>Il ,!I.JI.II r A rrpn rrOCTPOeHHH OC. 

Norm=length(simoutX(:,l)); 
y=-sum( abs( simoutX(:, 1)) )IN orm-s~m( abs( simoutX( :,2)) )/Norm+tout( endJ; 

P11c. 3.29. MATLAB-qiym<u;11.11 rrpnro,11H0CT11,11.JI.11 fA np11 rrocTpoeH1111 OC 

143 



JJpUJ,tel/aHue. B mrnrneil. qacrn: M0,leJIH MATLAB/SIMULINK Hax0,IHTCJI 6JIOK 

«Stop Simulation» C 3a,1aHHblM KpHTepHeM 0CTaH0Ba, qT06bI He M0,1em1poBaTb ,10 K0H!Ia 

«IlJI0X0e pellleHHe», Kor,1a MaJITHHK rra,1aeT. TaKOH 6JIOK II03B0JIJ!eT cy:rn:ecTBeHH0 C0KpaTHTb 

BpeMJI II0HCKa pellleHHJI . 
.ll:JIJI qeTb!pex THII0BbIX cnryaIIHH (Sl-S4), pa3JIHqaJOIIIHXCJI BHeIIIHHMH IllyMaMH, 

II0Ka3aHHb!Mll Ha pHC. 3.27, II0CTP0HM qeTbipe 6a3bl 3HaHIIH (E31 - E34) c II0M0IIIb!O OE3 n 

HCCJieeyeM HX B03M0)KH0CTH. HarrOMHHM, qTQ II0JIHaJI E3 CTP0HTCJI H3 Bcex KOM6HHaIIHH 

JIHHrBHCTHqecKHX rrepeMeHHbIX H paBHa 9 x 9 x 9 = 729 . 
Ha pnc. 3.30 H 3.31 rroKaJaHhI CTPYKT)'pb1 HHC, crrpoeKTHpoBaHHhIX ~ ,1aHHbIX 

qeTbipex CHT)'aIIHM yrrpaBJieHHJI. 

• E31 C0CT0HT H3 26 rrpaBHJI (pnc. 3.30, CJieBa), BbI6paHHbIX OE3 ll3 IIOJIHOH E3 c 729 

rrpaBHJiaMH. qHCJIO JIHHrBHCTHqecKHX rrepeMeHHbIX ~ Ka~oro H3 TPeX BX0,10B [9,9,9]. 

• E32 cocTOHT H3 33 rrpaBHJI (pnc. 3.30, crrpaBa), Bb16paHHbIX OE3 H3 rroJIHoil. E3 c 729 

rrpaBHJiaMH. qHCJIO JIHHrBHCTHqecKHx rrepeMeHHblX ~ Ka)K,I0ro H3 TPeX BX0,10B [9,9,9]. 

• E33 C0CTOHT ll3 48 rrpaBHJI (pnc. 3.31, CJieBa), BbI6paHHblX OE3 ll3 IIOJIHOH E3 c 360 

rrpaBHJiaMH. qllCJIO JIHHrBHCTHqecKHX rrepeMeHHbIX Ml! Ka~oro H3 TPeX BX0,10B [9,5,8]. 

• E34 C0CT0HT ll3 44 rrpaBHJI (pnc. 3.31, crrpaBa), BbI6paHHbIX OE3 H3 IIOJIHOH E3 c 378 

rrpaBHJiaMH. qllCJIO JIHHrBHCTHqecKHX rrepeMeHHbIX ,IJIJI Ka~oro ll3 TPeX BX0,10B [9,6,7]. 

l5><.~···· -, 
~ • J~ji~! ~~~~~~*!~~~~! i ,l,=::'~""",..":,1 

E32 Heqenrnro K0HTpOJIJiepa 2 

Pttc. 3.30. CTPYKTYPhI HHC HeqerKHx peryJillmpoB 1 H 2 
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R1hio •. 

S!nwnlellu
0

oJi,Jlo~J. . . . .. . 

Pttc. 3.31. ClpyKT)'phI HHC HeqerKHx peryJil!TopoB 3 tt 4 

IlpoBe,leM HCCJie,I0BaHHe, cxeMaTHqHo II0Ka3aHH0e Ha pnc 3.32 . 

.ll:JIJI 3Toro BbI6epeM CHT)'aIIHH yrrpaBJieHHJI, 0TJIHqHb!e OT qeTb!pex THII0BbIX, 

YKa3aHHbIX BbIIIIe. CMO,leJIHpyeM TPH HeTHII0Bbie (Herrpe,1CKa3yeMbie) cnryaIIHH, KaK 
II0Ka3aH0 B Ta6JI. 3 .4. 

c.Hl».1 

.ffP2 

,_HP3 

\ e i s~,~i 2.e 

\ nz 
u (.t) __ nz.c 

n_ .:: (,) 

Ot5"1:1e~ ynpaaneHM.A 

l.!Ts i ;fi ENAliftUO 
Katca.A l,,'ICY noC5&AMT e HOl!IOMI cpeAe cpyHKLl,MOHMpOEIRHH.A CY? 

Pnc. 3.32. CxeMa llCCJie,IOBaHllJI po6aCTHOCTH II0Clp0eHHbIX E3 HP 

HcCJ1eoo6aHue po6acmHocmu l/emblpex nocmpoeHHblX HP. PacCMQTPHM J1HHaMHqeCKoe 

II0Be,leHHe CHCTeMbl ((MaJITHHK-KapeTKll>> B lpeX CM0,leJIHP0BaHHbIX Herrpe,1CKa3yeMbIX 

CHTyaJIHJIX yrrpaBJieHllJI (rn6JI. 3.4) H cpaBHIIM Kaqecrno yrrpaBJieHllJI qeTuipex HP H HX E3. 
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Taomn~a 3.4 

S1-cumyal{UR S2-cumyal{UR 
Hoar,rii p:rneeacKIIii wyM (p11c. 3.33, a); 

llly.M 6 cucme.Me 113.MepeHUR (raycCOBCKIIH 

C aMIIJIIIT)',!(OH 0,01 ); 

HoBh!H p:rneeBCKIIH wyM (p11c. 3.33, a); 

llly.M 6 cucme.Me U3.MepeHUR (rayccoBCKIIH 

C aMIIJIIIT)',!l;OH 0,01 ); 
H06Q5/, 6pe.MeHHQ5/, 3aoep:J1CKa 0,003 c; 
TIIIIOBb!e rrapaMe'Iphl MO,!(eJm II HaqaJIJ,HOe 

Ho6(15f, 6pe.MeHHQ5/, 3aoep:J1CKa 0,002 c; 
Hoaoe 3HaqeH11e rrapaMerpa a,= 0,08 ; 

IIOJ!OlKeHIIe I Tnnoaoe HaqaJihHOe IIOJ!OlKeHIIe 

S3-cumyal{UR 
PaBHOMepHo pacrrpeJJ;eJieHHhIH wyM (p11c. 3.33, 6); 
llly.M 6 cucme.Me u3.MepeHUR (rayccoacKIIii c aMIIJIIIT)'JJ;OH 0,01); 
H06(15f, 6pe.MeHHQ5/, 3aoep:JICKa 0,005 c; 
TIIIIOBhie rrapaMeTPhl MO,!(eJIII II HaqaJIJ,HOe IIOJ!OlKeHIIe 
5 

4 

3 

2 

1 

,;;;o 
s 

.1 

·2 

.3 

.50 5 10 15 20 25 
T.(s.c:J "" 

a) 

35 .., 45 50 

0.04 

0.035 

0.03 

0.025 

0.02 

0.01.5 

0.01 

0005 

0.., 0 
W).INJ 

5r---~---~------~---~--~---,============.-i 

-i 

,. 
::a 

20 

6) 

100 
1:ime 

P11c. 3.33. BII,!(hl rnyMoB: 

a) HOBh!H p:meeBCKHH rnyM; 6) paBHOMepHO pacrrpeJJ;eJieHHh!H rnyM 

5 

Ha pIIC. 3.34 (11 ,!(aJiee) IIOK33aHhl pe3yJihTaThI cpaBHeHJUI ,!(BIIlKeHJUI MlUITHIIKa ITO,!( 

yrrpaBJieHIIeM qeTbipex HeqeTKIIX peryID!TOpOB (qeTbipex E3 COOTBeTCTBeHHO) a rpex 

CMO,!(eJIIIpOBaHHh!X Herrpe,!l;CK33yeMbIX CIIT)'a~IDIX yrrpaBJieHIDI. 

• Cumyal{UR S1: HOBhIH CTOXaCT-eCKIIH IIIYM, HOBOe BpeMll: 3aJJ;eplKKII II HaJIIIqIIe 

wyMa B II3Mep11TeJibHOH CIICTeMe. 

Ha p11c. 3.34 - 3.36 IIOK33aHO cpaBHeHIIe ,!(BIIlKeHIDI MlUITHIIKa II KapeTKll, 

IIHTerpanhHal! KBaJJ;parnqHal! OIIIII6Ka II cpaBHeHIIe 3aKOHOB yrrpaBJieHIDI B CIITya~IIII s 1. 
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~:r' 
MrunHHK 

na.u;aeT 
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S1: FC1 
FC2 
FC3 
FC4 

180 200 
Thne 

PIIC. 3.34. CpaBHeHIIe ,[\BIIJKeHIIJI rrepeBepttyTOfO MlUITHIIKa B CIIT)'a~IIII SI ,[\Jlll qeTb1pex HeqeTKIIX 

peryAATOpOB 

C 
0 
;; 
• • .. 
; 
u 

Ui =1 
-S1:FC1 
-· FCl 
-FC3 
--·FCI 

•M 

·1 

•1~0"" --'-ie--'1'-0 -'-60--'eo-, .... oo_.1111_11._o _1 .... 10---'100'--'200 

f1111(S) 

II ,---,---,,---,---,,---,---,-"T""--,--.---

u 

1U 

ls 
• 
! ,. 
• ! 

,·- ·-·-·-·-·-·-·-·-·-·-·-· 
-=iiTc1 
-rc2 
-rcJ 
-·· re. 

20 ~ eo eo ru m m m ~ ~ 
fime(SJ 

P11c. 3.35. ,[(BIIJKeHIIe KapeTKII II IIHTerpaJibHlUI OIIIII6Ka yrrpaBJJeHIIJI B CIIT)'a~IIII S 1 ,[\Jlll qeTbipex 

HeqeTKHX peryJ!llTOpOB 
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100 I 1 • I. I I 11- . I II I • j I I I 

C: 

~ 50 
C. 

:::.:'. 

0 L__L_....L__J__----1.,._....1.-_L..-----L...--L--'-----' 

5 6 7 8 9 10 0 2 3 4 

100 r---.----r----.--.-----.--.--,--....----

C: 

~ 50 
~ 

2 3 4 5 6 7 8 9 10 

100~~--.--,-,--.----.---,--,-,..:..------.--~~ 

C: 

~ 50 
2 

2 3 4 5 6 
Time ( S) 

7 8 9 10 

Pnc. 3.36. 3aKOHbI ynpaBJieHllll B cmyarurn Sl Ml! qeThipex 11eqeTK11X peryJIJITOpOB 

JJpw.tel/aHUe. Ha prrc. 3.34 (rr ,!:(aJiee) HCIIOJih3OBaHhl CJie,!:(yIOll(He 060311a"-!eHlll1: «pole 

motion» - .l:\BH)KeHrre MallTHHKa, «integral control error» - HHTerpanhHall onm6Ka 

ynpaBJieHllll, FCl - HPl, FC2 - HP2, FC3 - HP3, FC4 - HP4. 
Bb1eoo: 11eqeTKHe perymuopbI HPl rr HP4 He po6acTHhI B S1-crrryaqrrrr, TaK KaK 

Mal!THHK rra,!:(aeT rrprr rrx ynpaBJieHHH. PeryJIJ1TOphI HP2 rr HP3 crrpaBJIJ1IOTCJ1 c 3a,l:\aqen 

yrrpaBJieHlll!. 
• Cumyal{UR S2: HOBhIH crnxacTrrqecKHn rnyM, HOBoe BpeMl! 3a,l:\ep)KKH rr rnyM B 

H3MepHTeJihHOH crrcTeMe. KpoMe Toro, mMeHllJICH rrapaMeTP MO,!:(eJIH OY. 
Ha prrc. 3.37, 3.38 IIOKa3aHO cpaBHeHHe ,!:(Bll)KeHllll MallTHHKa rr KapeTKH, 

llHTerpaJibHaH KBa,l:\paTrrqHaH OIIIH6Ka ll cpaBHeHHe 3aKOHOB yrrpaBJieHHH B CHTyaqHH S2. 

Bb1eoo: HeqcrKHe KOHTPOJIJiepbI HPl, HP2 rr HP4 He po6acTHhI B crrryal..\HH S2. 

TOJihKO HP3 crrpaBJIJ!eTCH C 3a,l:\aqen yrrpaBJieHHH. 
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Pnc. 3.37. CpaBHeHne ,!1BHJKeHlll! nepeBepffYTOrD MaHTHHKa B c11rya111111 S2 Ml! qeTb!pex HeqeTKllX 

peryJil!TOpOB 
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Pnc. 3.38. ,l(B11JKeH11e KapeTKH 11 HHTerpanbHaH onm6Ka ynpaaneHlll! B cmyaq1111 S2 Ml! qeTbIpex 
HeqeTKHX peryJIJ1TOpOB 
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1001 ,, !', ,, c. •II' ,~;J;ii.,&,11/QIL.1.IIJIII :ll~~lt.J.ullu/1114 llitiiiil,•11 

C 

-~ 50 

82: FC1 
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FC3 
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-~ 50 
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-~ 50 

sz 

2 3 4 5 6 7 8 9 10 
Time ( S) 

Pnc. 3.39. 3aKOHhI ynpaBJ1emrn B cmyaIJHH S2 .l1lliI qeTwpex HeqeTKHX perymnopoa 

• Cumyal{UR S3: HOBhlll CTOXaCTH'IeCKllll. IIIYM, HOBOe, yaeJmqeHHOe Bpew:r 3a.11eplKKII 

II IIIYM B II3MepIITeJihHOll. CIICTeMe. 

Ha pIIC. 3.40 - 3.42 IIOKa3aHO cpaBHeHIIe ,1\BII)KeHJUI MaJITHIIKa II KapeTKII, IIHTerpaJibHaJI 

KBa.11paTHqHaH onm6Ka II cpaBHeHIIe 3aKOHOB yrrpaaJieHIUI B cnryal]IIH S3. 
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Pnc. 3.40. CpaBHeHHe ,L\BHJKeHIUI rrepeaepll)'TOfO MaJITHHKa a cnryal]Hll S3 .l1lliI qeTb!pex HeqeTKHX 

perym,rnpoa 
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Pnc. 3.41. ,[(BHlKeHHe KapeTKH ll HHTerpaJibHaH OIHH6Ka ynpaaJieHIUI a cnryanllll S3 .l1lliI qeTblpex 

C 
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~ 

HeqeTKIIX peryJIJITOpOB 
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Pnc. 3.42. 3aKOHhI yrrpaanemrn B c11ryal]1111 S3 .l1lliI qeThipex HeqeTKHX peryJIJ1Topoa 

Bbl6oiJ: ace perymrrnphl He po6aCTHbl B cnryal]IIII S3. 
Pe3yJihTaTbl M0,1\eJIIIpOBaHHH (PIIC. 3.34 - 3.42) YKa3bIBaIOT Ha cyll]eCTBOBaHIIe 

cpm1Utfbl po6acmHocmu HeqeTKIIX peryJIHTopoB, rrocrpoeHHhIX Ha OCHOBe UHcmpyMeHmapuR 

Ha MRcKUX 6bl'IUCJleHUJ/.X. 

<l>aKTopaMII, BJIIIHIOII]IIMII Ha po6aCTHOCTh HeqeTKHX perymrTopoB, rrocrpoeHHh!X B 

TllIIOBb!X o6yqaIOII]IIX YCJIOBIIHX, JIBJUIIOTCJI 

• 
• 
• 
• 

II3MeHeHne rrapaMerpoa BHernHero IIIyMa; 

IIOJIBJieHIIe rnyMOB B ceHCOpHOH CllCTeMe (rrorpernHOCTII B CIICTeMe ll3MepeHHH); 

II3MeHeHne BpeMeHII 3a.11ep)KKll B ceHCOpHOll CllCTeMe (OTKa3bl B CIICTeMe II3MepeHHH); 

CMeHa rrapaMerpoB MO,LleJIII (HarrpnMep B pe3yJihTaTe crnpeHHH 061,eKTa ynpaBJieHHH). 
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3.6. CpaBHem1e 34>4>eKTHBHOCTH Mo,-yJIH ANFIS (MATLAB) n OE3 (np1mep 2) 

B ,uaHH0M pa3,uene nccne.uyIOTCJI E3, U0JI)"IeHHble c U0M0mhIO .UByx nporpaMMHbIX 

HHCTPYMeHTapneB - ANFIS (AdGptive-Neuro-Fuzzy Inference Systems), BCTP0eHHoro B 

MATLAB, H SCOptimizer (Soft Computing Optimizer, onmUMU3Gmop E3 HG ocHoee MRZKUX 

6bl'IUCJleHUU, OE3) - C TQql(Il 3peHHJI Kaqecrna ynpaBJieHHJI HeJIHHeM.HbIMH ,!lHHaMnqeCKHMH 

ofo,eKTaMH n po6acTHOCTH HCY . .lJ:a,unM KpaTKoe onncaHne HHCTPYMeHTapHJI ANFIS. 

ANFIS JIBJIJieTCJI 0,UHHM H3 nepBbJX nporpaMMHbIX npo,uyKT0B ,UJIJI peweHHJI 3a,uaq B 

o6naCTH MJ!fKHX BbJqncneHHM. ANFIS-pe,uaKTOp Il03B0JIJieT B ,unanore C Il0Jib30BaTeJieM 

CHHTe3npoBaTb H3 JKCnepHMeHTaJibHbIX ,uaHHbIX HeqeTKyIO HeiipOHHyIO CeTb (HHC). HHC 

M0JKH0 paccMaTPHBaTh KaK 0.UHY H3 pa3HOBH,!lHOCTeii CHCTeM HeqeTK0ro nornqecKoro 

Bb!B0,Ua THna CyreHO. IlpH JT0M 4JYHKI(HH npHHa,!lJielKH0CTH CHHTe3HpoBaHHbIX CHCTeM 

HaCTP0eHbl (06)"-leHbI) TaK, qT06h1 MHHHMH3Hp0BaTb 0TKJI0HeHHJI Me)K,!ly pe3yJihTaTaMH 

HeqeTK0fO M0,UennpoBaHHJI H JKCnepnMeHTaJibHbIMH ,uaHHbIMH. 

3arpy3Ka ANFIS-pe,uaKTopa ocymecrnJIJieTcJI no K0MaH,ue «anfisedit» B cpe,ue 

MATLAB/SIMULINK. B pe3ynhTaTe BhmonHeHHJI JTOH K0MaH,!lbI n0JIBJIJieTcJI rpaqinqecKoe 

0KH0, H306paJKeHHOe Ha pnc. 3.43. 
B o6nacTn CBOHCTB ANFIS (ANFIS info) BhIB0,UHTCJI nHqiopMal(HJI o Konnqecrne 

BX0,!lHbJX H BbIX0,UHbIX nepeMeHHbIX, 0 K0JIHqecrne 4JYHKI(HH npnHa,!lJielKHOCTeii ,UJIJI Ka)K,!lOH 

BXO,UH0M nepeMeHHOH, a TaKJKe 0 K0JIHqecrne CTPoqeK B Bb16opKax. 

06JlaCTb 
3arpy3KH 
,AaHHblX 

posaHH:FI '1CXO,D,

HOH FIS 

PHc. 3.43. HHTepcpeiic ANFIS 
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T0CTHpoeaHHA 

.lJ:aHHblll HHCTPyMeHTapHii HMeeT PJI.U cymecTBeHHbIX orpaHnqeHnii: 

onpe,ueneHHe BH,Ua H K0JIHqecrna qiyHKI(Hll npHHa,!lllelKH0CTH ocymecTBJIJieTCJI Bp)"-!HyIO 
qeJI0BeK0M-JKCnepToM; 

HeB03M0lKH0CTb annpoKCHMal(HH 6onee 0,UH0f0 BbJX0,!lH0fO 3HaqeHHJI. 

IIpe,ucTaBJieHne HeqeTKoro nornqecKoro BhJBo,ua B Bn,ue HHC B cpe,ue ANFIS 

npo,ueM0HCTPHP0BaHo Ha pnc. 3.44. - : 

I ! ri,· Update~,;" I ;j r:"::J;•H ~,;;·7,,c 11 ! ;':~Closit,~·': I· I 
PHc. 3.44. IlpHMep C1JlYKT)'l)hI HHC B ANFIS 

IIopJI.UOK C03,uaHHJI E3 B ANFIS BKJIIOqaeT cne,uy10mne warn: 

3a,UaHHe K0JIHqecrna qJYHKI(HH npHHa,UJielKH0CTH ,UJIJI Ka)K,!lOH BXO,UHOH HeqeTKOH 

nepeMeHHOii; TaKJKe 3a,uaeTCJI BH,!l JTHX 4JYHKI(Hll, e,UHHblll ,UJIJI BCex HeqeTKHX 
nepeMeHHbIX; 

BhI6op anropHTMa 06)"-leHHJI HeiipoHHOH ceTH: anropHTMa o6paTHOro pacnp0CTPaHeHHJI 

OIIIH6KH HJIH rn6pH,UHOfO anropHTMa ( anropHTM o6paTHOfO pacnp0CTPaHeHHJI OIIIH6KH + 
MeT0,!l HaHMeHbIIIHX KBa,upaTOB); 

06)"-leHHe HeiipOHHOH ceTH BhI6paHHbIM anropHTM0M. 

Ilocne Bb!Il0JIHeHHJI JTHX waroB Il0JI)"IaeM 6a3y 3HaHHH ,UJIJI HeqeTK0fO peryJIJIT0pa, 

npe,UHa3HaqeHH0fO ,UJIJI ynpaBJieHHJI 0,UHHM H3 IIl1.lJ:-Ko3qJqJHI(HeHTOB. 

• CpG6HeHue KGl/ecmeG ynpG6lleHUR ANFIS u 0£3 HG npUMepe cJ106aJ1bHO 
Heycmoul/ueo20 auHGMul/ec1<020 061>e1<mG. PaccMOTPHM cpaBHeHne Kaqecrna ynpaBJieHHJI 

HeqeTKHX peryJIJITOp0B, cnpoeKTHP0BaHHbIX C Il0M0mhIO HHCTPYMeHTapHJI ANFIS H C 

Il0M0mbIO HHCTPYMeHTapHJI OE3, Ha npHMepe ynpaBJieHHJI ,!lHHaMnqecKoii CHCTeMOH 

«nepeBepHYThIH MaJITHHK-KapeTKa». PaccMOTPHM BHaqane 06my10 apXHTeKTypy BbI6paHHOfO 

HP C TPeMJI BX0,UaMH ( OIIIH6Ka ynpaBJieHHJI, ee np0H3B0,UHaJI H HHTerpanbHaJI qaCTb) H TPeMJI 

Bb!X0,UaMH - K03qJqJHI(HeHTbl ycHJieHHJI KP, K;, Kd. B CBJI3H C orpaHnqeHHeM (o,UHO 

Bh1xo,uHoe 3HaqeHne) B HHCTPYMeHrnpnn ANFIS Bb16epeM KOHqJHrypa11n10 HeqeTKoro IIH.D:
peryJIJITopa, n0Ka3aHHyIO Ha pnc. 3.45. 

153 



~ 
ToWorkspace1 

FCKi 
ToWorkspace8 

Toll\Jrkspace3 

Nose Gain ToWorkspacel 

-~-......---1~---~ 

□ 

Selector a----E] 
DiJruilClock To Workspaces 

Unllleay 

TerrrinatOncond 

Pnc. 3.45. MATLAB-MO,!\enh cncTeMbl ynpaanemrn B nHcTpyMeHTapnn ANFIS 

.ll:llil AaHHoii ANFIS-Kompnrypan1m He'-!eTK0ro peryllilmpa rroKa3aHo (pnc. 3.46) 
cpaBHeHne pe3yJibTaT0B M0,[\ennpoBaHIUI rroBe,[\eHIUI MaHTHIIKa (YTOJI era OTKnOHeHIUI QT 
aepTnKann) rrpn pa3JIII'-!HbIX Tnrrax yrrpaarreHIUI: HP Ha ocHoBe nHcrpyMeHrnpn.11 ANFIS 
(rpacpnK B an,11e nnpnxrryttKTIIpHoii rrnHnH c rroMeTKOii «Anfis-based model»), HP Ha ocHoae 
nHcrpyMeHTapIIB OE3 (rpacpnK B BHAe crrrrOIIIHOH rrnHnn c rroMeTKoii «SCO-based model») n 
Knaccn'-!ecKoro IIH.ll:-yrrpaaneHn.11 (rpacpnK B an,11e rryHKTHpHoii rrnHnn c rroMeTKoii «Model 

withPID»). 
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Time 

P11c. 3.46. CpaBHeH11e pe3ynhTaT0B M0,!(en11poBaH1IJ1 II0Be,!\eH!IJI MaJ.ITHIIKa (yron ero 0TKn0HeHIIJI OT 
aeprnKan11) rrp11 pa3nll'IHb!X T11nax ynpaanemrn 

Pe3yJibTaTbl M0,[\ennpoBaHIUI co crpyKrypoii HP «rpn BX0,[\a - TPH Bb!X0,[\a» 
II0Ka3bIBaIOT, '-ITO nerrb yrrpaarreHIUI B M0,1\enn C ANFIS He ,[\0CTHraeTC.11, TaK KaK Ma.llTHHK 
na,11aeT (pnc. 3.46). 

TaKIIM o6pa30M, Mb! Bll,[\HM, '-ITO CHCTeMa yrrpaarreHIUI B BII,1\e He'-!eTK0ro ITH,n:
peryllilTOpa c mpeMR 6blXOda.MU He II0Mep)!mBaeTc.11 B nHcrpyMeHrnpnn ANFIS. Ilo::iTOMY 

Bb16epeM crre,11yI011IYIO KOHcpnrypannIO: 0AHH Ko::icpcpnnneHT ycnrreHn.11 IIH.ll:-peryllilrnpa 
(narrpnMep, Kp) yrrpaBllileTC.11 He'-!eTKHM peryJI.IIT0p0M, a 0CTanbHbie K03cpcpnnneHTbl 

3acpHKCIIpOBaHbl. 

B Ha'-!ane rrponecca rrpoeKTnpoBaHIUI rrocryrrnM crre,11yI011IHM o6pa30M. Ilpe)K)le acero 
Bb16epeM 0ITTHManbHbie Il0CTO.IIHHbie K03cpcpnnneHTbl IIH.ll:-perylli!TOpa. 3To B03M0)KH0 

C,!\enaTb C Il0M0lllblO reHeTH'-leCK0ro anropHTMa C cpyHKUHeii rrpnro,1\H0CTII, HarrpnMep, B 
BH):le MHHHMYMa HHTerpanbHOll OIITH6Kn yrrpaarreHIUI, rrorryqeHHOll B pe3yrrhTaTe 
M0):lerrnpoBaHIUI Ha 0CH0Be pa3pa60TaHHOll CIICTeMbl CT0XaCTII'-leCK0r0 M0,1\errnpoBaHIUI B 
cpe,1e MATLAB/SIMULINK. 

B Ka'-!ecrne rnrroaoii ( 06yqaI011Ieii) cnryannn yrrpaarreHIUI B03bMeM cnryannIO, 
orrncaHHyIO B pa3,1erre 3.3. ,n:eiicrny.11 orrncaHHbIM crroco6oM, Mb! norryqnnn cne,1yI011IIIe 
Ko::icpcpnnneHTbI perylli!Topa: 

[KP =99,6l;K; =0,39;Kd =11,76]. 

CneeyIOIIIIIii Illar - rrorryqeHne c rroM0lllbIO r A rpex 06yqaI011IHX cnrnanoa Alli! 

ynpaarreHH.11 Ka)K)lb!M IIH.ll:-K03cpcpnnneHTOM B 0T,[\eJibH0CTH, rroKa 0CTanbHbie ):\Ba 
3acpnKcnpoBaHbl IT0CT0.IIHHb!Mll. HMe.11 B HanH'-!llll 06yqaI011IHe cnrHanbI, MQ)KHQ 
crrpoeKTllpOBaTb 6!13bl 3HaHnii Bb!6paHHb!X crpyKTyp He'-leTKJIX perylli!T0p0B C 
licnorrb30BaHneM Bb16paHHOro HHcrpyMeHTapIUI. Ha pnc. 3.47 Il0Ka3aH0 rrpe,ICTaBJieHne 
<liYHKUnii rrpnHa,1\ne)!rnocrn B nHcrpyMeHTapnn ANFIS /:lllil KOHcpnrypannn HCY, B KOTopoii 

KP yrrpaBJI.lleTC.11 He'-!eTKHM peryllilT0p0M. 
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Pnc. 3.47. Ilpe,11crnBJ1eHI1e qiymn.inii npnm1,!1.lle)KHOCTI1 B IIHCTp)'MeHTapnn ANFIS 

,[(JUI cpaBHeHIIH Ha pnc. 3.48 IIOKa3aHO rrpe,!1CTaBJieHIIe QlYH~HH rrpnHa,11Jie)l<HOCTH 

,!1JUl TaKoii JKe KOH<jinrypau:nn a HHCTJ)yMeHrnpnn OE3. 

l,."·,>t-"I:O: 

Ek Action YJeW !:le<> 
[l.., I.I 

Cree.te signe.l 

Create variables 

Create rule databe,.se 

Optimiie rules 

Refine KB 

Back Ptopagfl.tion 

lncomplele rules 

AneJyserules 

GATest 

■ 

~ General 1M Veriobles I E5i Rule dotobo.se J ;0,, Generolization I I'\,- Simulation results I - 3 Add MF j Delete unused MF I 
SignelParameters----------------------------,-, 

Minimum: -1.000000 Maximum:0.433590 Scale: 0.697550 Offset: 0.697550 

Membership functions-----------------------------, 

I ~.....-
• I I I I I I I I I I I I I I I I I I I 

lnput_l_-,--- Descending 0.255642 0.549207 
lnput_1_2 TriMgufe.r 0.608184 0.061721 ◄ 0.0587048 
lnput_1_3 Triangule.r 0.61923 0.0552255 0.0387◄05 

lnpuU_◄ Trie.rigular 0.681 ◄51 0.0137963 0.0146526 
tnpuL1_5 Trie.rigular 0.722519 0.02322◄7 0.0261668 
lnput_1_6 Ascending 0.85352 0.278584 

log I Simulation preview I Number of edive.ted rules I Rule activation level I 
Pro1edfllenottound ~I 
Loading model from file 'l:\D'Y'BNA....24May_2012\Me.Tep1,1e.n_no_cpes1-1eHMto_c_ANF1S_neTpoe\MOJl8nM_JlJl,a_cpo.s1-1eHM,a__AI\IF1S_ · 

~!~~:=~oi:dfrom file 'l:\DYBNA_241\1te.y_2012\Mo.TepMM_no_cpe.sHeHMIO_C_ANF1S_neTpoe\Mo.nenM_,!lJ1A_cpaBHEIHMjl_ANASf]I 

::~:
1:::~~! file 'l:\DYBNA..._24Me.y_2012\t',Ao.TepMo.n_no_cpe.aHEIHMto_c_ANF1S_neTpoe\,Mo.nenMJV1!1_cpo.sHeHJ.1j1_ANf1SJ ~-11 

-- @ 

Pnc. 3.48. Ilpe,11cTaBJieHI1e q>yHKllIIH rrpHHa,!1.llelKHOCTII a IIHCTpyMeHTapIIII OE3 
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Ha pnc. 3.49 n 3.50 IIOKa3aHbl rrpe~CTaBJieHirn 6a3hl rrpaBHJI a HHCTJ))'MeHTapIDIX 

.ANflS n OE3. 
Bmne (B Ta6JI. 3.3) rrpe,!1CTaBJieHbl xapaKrepHCTHKH IIOJI)"leHHbIX E3 ,!1Jlll TJ)eX THIIOB 

HeqeTKHX perymirnpoa, crrpoeKTnpoaaHHhIX c rroMOillhIO OE3 n ANFIS. 

1.-'\)H• 

File · _ Edit ,~, View --Options 

t:Ji''1""'41iamlmllfiio~~I.wi,U,~1~wru.Uut!L(-~wr1u11 
2. If (input1 is in1mf1) and (input2 is in2mf1) and (input3 is in3mf2) then (output is out1mf2) (1) 
3. If (input1 is in1mf1) and (input2 is in2mf1) and (input3 is in3rnf3) then (output is out1mf3) (1) 
!4_ lf(input1 is in1mf1} and (input2 is in2mf1) and (input3 is in3mf4) then (output is out1mf4) (1) 
5. lf(input1 is in1mf1) and (input2 is in2mf1) and (input.3 is in3mf5) then (output is out1mf5) (1) 
6. lf(input1 is in1mf1) and (input2 is in2mf1) and (input3 is in3mf6) then (output is out1mf6) (1) 
7. If (input1 is in1mf1) and (input2 is in2mf1) and (input3 is in3mf7) then (output is out1mf7) (1) 
8. If (input1 is in1mf1) and (input2 is in2mf2) and (inputJ is in3mf1) then (output is out1mf'8) (1) 
9. If (input1 is in1mf1) and (input2 is in2mf2) and (inputJ is in3mf2) then (output is out1mf9) (1) 
10. If (input1 is in1mf1) and (input2 is in2mf2) and (input3 is in3mf3) then (output is out1mf10) (1) 
11. lf_(i_r:i~1 i~ in1mf1) and {input2 is in2mf2) and (input3 is in3mf4) th_E!'!!__{Q_~put is out1mf11) (1 

If 

[ ~1s,~~-~-~~-~.:..~~~~~~-0-~_::-> 

Pnc. 3.49. Ilpe,11cTaBJieHne 6a3bl rrpaBHJI B HHCTpyMeHTaprm ANFIS 

i!lt■ 
Be ActlOn Y.1eW 1:ie1P 
[) .., I.I le) General I 1M Variables (5, Rule de.tabe.se I :0- Generalization I fv Simuletion results I 

Oeo.tesignol K81 ·---------- • Detetebe.se I 
jGenereJ pe.remeters -

l 
! Rule do.tabe.se type : LBRW Rule Da1e.be.se 

! To1~rulesindb: ◄1 Me.xim81numberofrules: 38◄ 

!
""'•·•,to• 

'Je;o'~ n,:e c;dtc:rJ--,;;~e l Show rules for out.put: 

Selected rule : 

.,,.,,,.,.,a,e< l 
Pmc.e'B j 

~ 
~ 

Delete f 

k•c, Prcro,o,,o, ] ,_______,____~------,----,---

Log I Simulation preview- I Number of e.ctive.ted rules I Rule e.ctive.tion level I 

J N.-,k Tobie J 

:r,•;-:,mp;c,tsn..112,c 

GATest 

Pro1ectfile notfound ..... 
Loe.ding model from file 'l:\DYBNA,_24Me:y_2012\M,nepa.1e.n_no_cpe.&HeHM10_c_ANF1S_neTpoe\Mo.aenMJlll!ll_Cfle.&1-1e1-1a.1,i_ANF1S_ '---"" 
Modelioe.ded · -, 
Loe.ding projed from file 'l:\,DYBNA_2◄Mi,.y_2012\Me.TepMM_no_cpesHeHMIO_C__AI\IFJS_neTpoe\MQJl8nMJV1!1_cpaeHeHH!I_ANFIS 
Projedfile not found 
Loe.ding model from file 'l:\DYBNA....24Me:y_2012\Me.TepMe.n_no_cpaBHBHMIO_c_ANFIS_neTpoe\Mo,nenMJVl!l_cpe.eHeHMJ!_ANFlS_ ~ J 
Model loe.ded ~ 

Pnc. 3.50. Ilpe,11cTaBJieHne 4>YHK11HH npnHa,!1.llelKHOCTII B HHCTpyMeHTapnn OE3 
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• Cpa611eHue Kal/ecm6a ynpa6lleHlm 6 o6YlfGIOUJeU cumya14uu 11e'lemKUX 

pezyJZRmopo6, pmpa6oma1111b1X c noMOUJblO ANFIS u c noMOUJblO onmUMmamopa E3. 
PaccM01J)liM pe3yJibTaThI M0,!\eJIJip0BaHHl! yrrpaBJieHHll B o6yqaIOIIIeii cmyaIIIIII. BbI6epeM 

CHaqana KOHcpnrypaIImo HCY, KOr,!la K03cpcp~eHT KP IIII)J;-perymITopa yrrpaBJUiercx 

HeqerKJiM perymITOpOM, a OCTaJibHbie K03cpcp~eHThI 3aqJIIKCIIp0B3HbI K, = 0,39, Kd = 11, 76). 

Ha PIIC. 3.51 II 3.52 npIIBe,!leHbI rpacpIIKH cpaBHeHHll ,!\I1HaMI1qecKoro noBe,!leHHll OY 

II Kaqecrna ynpaBJieHHl! 1J)eX Tiln0B peryMTOpoB: HP, cnpoeKTilpOBaHHbIX C noMOIIIb!O OE3; 
HP, cnpoeKTilpoBaHHbIX c noMOIIIbIO ANFIS II KnaccI1qecKoro IIH,n:-ynpaBneHHl! B 

06yqa10IIIeii CIITYaIIIIII. 
H3 rpacpIIKOB BII,!\HO, qTO MO,!leJib HCY C perymITopoM, nonyqeHHbIM C noMOIIIb!O 

ANFIS, He cnpaBnHeTCH C ynpaBneHileM, MHTHIIK na,[\aeT B caMOM Haqane MO,!leJIIlpOBaHHl!. 
Mo,!leJib c peryMTOpOM, nonyqeHHbIM c nOMOIIIb!O OE3, II MO,!\eJib c IIH,n:-peryMTOpOM 
,!IOCTIIraIOT IIeJIII yrrpaBneiiIDI. HeqeTKHii IIH,n:-perynHTOp Ha ocHoBe OE3 no 3a,!laHHbIM -

KpIITeplll!M (MIIHIIMYM IIHTerpaJibHOll onm6KII ynpaBJieHHll II MIIHIIMYM IIHTerpaJibHOll 

o6o6IIIeHHOll 3H1J)OIIIIll) pa6oTaeT nyqrne, qeM MO,!\eJib C IIH,n:-perynHTOpOM. 

,n:onycTHM, ~o K03qlqlIIIIIleHT ycHneHHll Kd IIII)];-perymITopa yrrpaBJUierCH HeqerKJiM 

perynHTOpOM, a OCTaJibHbie K03qlqlIIIIHeHThI 3acpI1KCIIpOBaHbI (KP= 99, 61, K, = 0,39). 
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Pttc. 3.52. CneBa - rpacpHKII oum6KH yrrpaBJJemrn H HHTerpanbHOii oum6Kn yrrpam1emrn, cnpaBa -
rpacpnKH IIp0I13B0.l1CTBa o6o6IIIeHHOll 3HTponHH II IIHTerpanbHITTI 060611IeHHITTI 3HTpornrn 

Ha pIIC. 3.53 II 3.54 npIIBe,!leHbI rpacpIIKII cpaBHeHHll Kaqecrna ynpaBneHHl! 
perynHTopoB, crrpoeKTilpoBaHHbIX c noMOIIIbIO OE3, ANFIS, a TaIOKe KnaccI1qecKoro IIH,n:
ynpaBJieHIIH B o6yqaIOIIIeii CilzyaIIIIII. Ifa rpacpIIKOB Bil.11HO, qTo MO,!\eJib HCY C 

peryMTOpOM, nonyqeHHbIM C noMOIIIbIO ANFIS, He crrpaBnHeTCR C yrrpaBJieHileM, MHTHIIK 
na.ziaeT. Mo,!leJib c peryMrnpoM, nonyqeHHbIM c noMOIIIbIO OE3, II Mo.zienb c IIH,n:

perynHTopoM .ziocTHraIOT IIeJIII yrrpaBneHHll. Mo.zienb c IIH,n:-perynxrnpoM xy)Ke no 
KpIITepHllM MIIHIIMYMa OillI16KI1 ynpaBJieHIIH II MIIHIIMyMa rrpOI13B0,!\CTBa 3H1J)OnIIII, qeM 
Mo.zienb c perynHTOpOM Ha OCHOBe OE3. 
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Pnc. 3.54. Cneaa - rpa<pHKH oum6KI1 yrrpaaneHill! II HHTerpanbHOii oum6KII yrrpaaneHilll, crrpaaa
rpa<pIIKII rrp0H3B0,[\CTBa :mrp0IIllll B perylll!TOpax If CK0p0CTb rrp0I13B0,[\CTBa :mrp0IIllll B perylll!T0pax 

PacCMOlpllM cnyqaii, KOr,na K03qJ<pH1UleHT K; IIH)];-perylll!Topa ynpaBJil!eTCl! HeqeTKHM 

perylll!TopoM, a OCTallbHb!e K03qlqJll!JlleHTbI 3a<pl!KC!!pOBaHbl (Kd =11,76, KP = 99, 61). 

Ha pnc. 3.55 11 3.56 rrp11ae.l(eHbI rpa<p11K11 cpaaHeHl!l! Kaqecrna yrrpaaneH!!l! 
perylll!rnpoa, crrpoeKr11poaaHHbIX c rroMOIIJbIO OE3, ANFIS, a TaKJKe c KJiacc11qecK11M 
IIH,Il;-yrrpaBJieHlleM a o6yqaIOIIJeii Cl!TyaIJHII. 
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Pnc. 3.55. Cneaa - AI1HaM11Ka ABHJKeHill! Mal!THHKa, crrpaaa - AHHaMHKa rrepeMell\eHill! KapeTKH 
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Puc. 3.56. Cneaa - rpa<pHKH onm6K11 yrrpaaneHill! II HHTerpanbHoii onm6KH yrrpaaneHilll, crrpaaa -
rpa<pIIKII rrp0H3B0,[\CTBa 3Hrp0IIIlll B peryJil!T0pax II CK0p0CTb IIp0I13B0,[\CTBa :mrp0IIllll B perylll!TOpax 

lfa rpa<p11KOB B11.!(HO, qro ace rp11 M0.l(eJI11 HCY .l(OCT11ra10T IJeJI11 yrrpaaneHl!l!. 

Mo.l(eJib yrrpaBJieHl!l! C perylll!TOp0M Ha OCH0Be OE3 CTa611JI11311pyeT Mal!THIIK paHbIIIe II 

!!Meer MIIHIIMaJibHYIO IIHTerpaJibtty!O OIIIH6ey yrrpaBJieHl!l!, 

• CpaeHeHUe po6acmHocmu ynpa6Jlemm He'lemKux pezyllRmopoe, pmpa6omaHHblX c 
no.1ttOUfb10 ANFIS u c noMOUfblO onmZJ.Mu3amopa £3. IIpoae,neM 11ccne.[(0BaH11e Kaqecrna 

YnpaaneH11l! rronyqeHHbIX pery=opoa B Herrpe,na11.l(eHHbIX c11rya1Jlll!X. Bae,neM .!(Be 
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Herrpe,LIBH,LleHHb!e cmyaIJHH yrrpaBJieHml, C xapaKTepHCTHKaMH, rrpe,LICTaBJieHHh!MH B 

Ta6JI. 3.4. 
PacCMOTPHM CJiyqaii, K0r,Lla K03q:>q:>HIJHeHT K; IIH,l],-perylli!Topa yrrpaBIDieTCJI HeqeTKHM 

perylli!TopoM, a 0CTaJihHble K03q:>q:>HIJHeHTbl 3aq:>HKCIIp0BaHbl (Kd =11,76, KP= 99, 61). 

Ha pHC. 3.57 H 3.58 rrpHBe,LleHhl rpacpHKH cpaBHeHHJI Kaqecrna yrrpaBJieHHJI H 

po6acTHOCTH peryJIJITopoa, crrpoeKTHpoaaHHhix c rroM0IIJhIO OE3, ANFIS, a Ta!Ol(e c 

KJiaccHqecKHM IIH,D;-yrrpaBJieHHeM B Herrpe,LIBH,LleHHOll CHryaIJHH Sl H3 Ta6JI. 3.5. 

Ta6Jrnqa 3.5. 
H enpeo6uoeHHaR cumyalfUJl ynpa6J1eHUR S 1 

lllyM B KaHaJie yrrpaBJieHHJI PJJieeacKHii IIIYM 

3a.z:1ep)l(Ka B KaHane 

o6paTHOll CBJI3H 0,003 C 

Henpeo6uaeHHaR cumyalfUJl ynpa6J1eHUJl S2 

lllyM B KaHaJie yrrpaBJieHHJI PaBHOMepHO pacrrpe.z:1eneHHhiii IIIYM 

3a.z:1ep)l(Ka a KaHaJie o6paTHOll 
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Prrc. 3.57. CJieBa- JIHHaMHKa JIBIDKeHHJI MaJITHHKa, crrpaaa - JIHHaMHKa rrepeMeIIJeHHJI KapeTKH. 
Cmya!UfJI SI 

Bbl600bl. Pe3yJihTaThl M0,LleJrnpoBaHHJI II0Ka3aJIH, qTQ peryJIJITOp, IIOJJyqeHHhlll C 

II0M0IIJhIO OE3, ycrreIIIH0 crrpaBJIJieTCJI C 3a.z:1aqeii yrrpaBJieHHJI B CHryaIJHH Sl, MaJITHHK 

c6aJiaHCHpOBaH. OCTaJibHh!e ,LIBa peryJIJIT0pa He 06Jrn.z:1aIOT CBOllCTBOM po6aCTHOCTH, 

MaJITHHK rra.z:1acr. 
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Ha pHC. 3.59 H 3.60 rrpHBe,LleHbl rpacpHKH cpaBHeHHJI peryJIJIT0p0B, 

crrpoeKTHpoaaHHhIX c rroM0IIJhIO OE3, ANFIS, a Ta!Ol(e rro.z:1 yrrpaaJieHHeM IIH,D;-peryJIJITOpa 

B Herrpe,LIBH,LleHHOll rnryaIJHH S2 H3 Ta6JI. 3.5. 
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Prrc. 3.58. CJieBa- rpaqmKH OIIHI6KH yrrpaBJieHHJI H HHTCI'paJihHOH OIIHI6KH yrrpaimeHHJI, crrpaaa
rpaq>HKH IIp0H3B0JICTBa o6o6IIJeHHOH JHTp0IIHH H HHTerpaJibHaJI o6o6IIJeHHaJI JHTp0IIHJI. CHryaQHJI SI 
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Prrc. 3.59. CJieBa - JIHHaMHKa JIBIDKCHHJI MaJITHHKa, crrpaaa - JIHHaMHKa nepeMeIIJCHHJI KapeTKH. 

CrrryariHJI S2 
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Prrc. 3 .60. CJJeBa - rpaqimrn OIIIll6KH ynpaBJJeHIUI H IlHTerpam,HOii OIII1!6KH ynpaBJJeH!UI, crrpaBa -
rpaljJHKH IIp0H3B0,!1CTBa o6o6rneHHOH 3HTpOIIHH Il HHTerpaJJbHai:I o6o6rneHHllil 3HTp0IlIDI. Cmyan;IDI S2 

TaKHM o6pa30M, pe3yJJbTaTbl Mo,11em1poBaHlll IlOKa3aJJil, "ITO perymrTOp, IIOJIYYJeHHblH 

C Il0M0lllblO OE3, ycrreIIIHO crrpaBmieTCJI C 3a.11aYieH yrrpaBJieHIIJI B CHryaIIIIII S2, MaJITHilK 

c6anaHcIIpoBaH. PeryJIJ1Top Ha ocHoBe ANFIS II KJiaccnYieCKIIH IIII).1,-perynJITOp He 

crrpaBJIJIIOTCJI C 3a,!1aYJeH ynpaBJJeHlll B ,11aHHOH Herrpe,!1BII,!1eHHOll CIIryaIIIIII yrrpaBJieHIIJI. 

IIonyYieHHbie pe3yJibTaTbl II03BOJIIlJIIl rrpo,lleMOHCTPilPOBaTb J<p<peKTIIBHOCTb He"IeTKHX 

peryJIJITOpOB, crrpoeKTIIpOBaHHbIX Ha OCHOBe OIITIIMil3aTopa 6a3 3HaHIIH, KaK B TIIIIOBblX 

CHryaIIilllX ynpaBJieHlll, TaK II B nmpoKOM KJiacce HeTIIITOBbIX CHryaIIIIH. 
,n:JIJI perneHll! rrpaKTIIYieCKHX rrpIIKJia,!1HhIX 3a,11aYI, oco6eHHO B o6nacTII 

rrpoeKTHpoBaHlll po6aCTHhIX HCY, IIHCrpyMeHTapIItt ANFIS IIMeeT pJI,11 cyIIIecrneHHbIX 

orpaHII"IeHIIll: 
onpe.11eneHIIe BH)];a II KOJIHYiecTBa <jJyHKIIIlll rrpIIHa,lJ;Jle)KHOCTII OCYIIIeCTBJIJ!eTCll 

BPYYJHYJO YJeJioBeKOM-JKCIIepTOM; 
HeB03MO)KHOCTb arrrrpOKCIIMaIIHil 6onee 0,!1H0f0 BblX0,!1HOfO 3Ha"IeHlll; 
HeB03MOlKHOCTb HarrpJIMYIO COBMeIIIaTb C03,llaHHe 6a3bl 3HaHIIll C ee OIITilMH3aIIIIett; 

HeB03MOlKHOCTb COBMecrnoro IICIIOJib30BaHIIJI ANFIS C .11pyrIIMII 

IIHTeJIJieKTYaJJhHhIMII TexHonorll!MII HanpllMYIO B MATLAB. 

3.7. 06IIIHC Bb!B0,!1bl 

IlpIIBe,lleHHbie pe3yJibTaTbl Il03BOJIJIIOT c.zienaTb cne)];YJOIIIIIe Bb!BO,llbl. 

• KnacCIIYiecKHe CHCTeMbl ynpaBJieHlll He Bcer.11a ycrreIIIHO crrpaBJIJIIOTCJI C 3a,11aYiell 

yrrpaBJieHlll B CJIYYiae, ecJIII OY JIBJIJleTCJI rno6aJJbHO HeyCTOH"IIIBbIM II CYIIIecTBeHHO 

HeJIIIHeHHbIM B ycJIOBilllX HaJJII"Iilll IIIYMOB II BpeMeHHOll 3a.11eplKKH B KaHaJJax Il3MepeHilll, a 

TaK)Ke rrpII HaJJII"IIlII CTOXaCTII"IeCKHX BHeIIIHIIX rnyMOB, oco6eHHO TIIIIa p3JieeBCKilX rnyMOB 

(c HeCIIMMerpIIYIHOll <pyHKIIIIell IIJIOTHOCTII pacrrpe,11eJieHlll). 
• IloJIYYieHHble pe3yJibTaTbl II03B0JIIlJIII rrpo.11eMOHCrpIIpOBaTb J<p<peKTIIBHOCTb 

HeYieTKIIX peryJIJITOpOB, crrpoeKTIIpOBaHHbIX Ha OCHOBe OE3, KaK B TIIIIOBb!X CIIrya11IlllX 

ynpaBJieHlll, TaK II B IIIIIpOKOM KJiacce HeTHIIOBblX CIITYaIIIIll . .n:JIJI ycrreIIIHOfO ynpaBJieHIIJI B 
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CJIOlKHblX Herrpe,!1CKa3yeMhlX CHryaIIll!X TIIITa S3 rrorpe6yeTCJI c.zienaTu eIIIe 0,!1IIH mar B 

TeXHOJIOrIIII rrpoeKTIIpOBaHIIJI HCY, a IIMeHHO rrpIIMeHHTb KBaHTOBbJe anropIITMbl 

caMOOpraHII3aIIIIII 6a3 3HaHIIll. 

• Ha OCHOBe HOBblX BH)];OB Bbl"IIICJieHilll II pa3pa6oTaHHOfO HOBOro IIHCrpyMeHTapilll 

OE3 MO)KHO rrpoeKTIIpOBaTb po6aCTHble IIHTeJIJieKryaJibHbie CIICTeMbl yrrpaBJieHlll, 

crroco6Hble <pYHKIIIIOHIIpOBaTb He TOJibKO Ha MHOlKeCTBe TIIIIOBbIX II 6JIII3KIIX K HIIM 

CIIryaIIIIll, HO II Ha MHO)KeCTBe HOBbIX (Herrpe,!1BII,!1eHHbIX) CIIryaIIIIll yrrpaBJieHilll. 

3.8. 3aKJIIO"ICHIIC 

IIonyYieHHbie pe3yJibTaTbl I103BOJIJIIOT C,lleJiaTb cneeyIOIIIIIe 0606II1eHIIJI. 

❖ HeYieTKIIe KOHrpOJIJiepbl, OCHOBaHHble Ha rpa,!1IIIIIIOHHbIX IIHCTPYMeHTapilllX 

MJirKHX Bbl"IIICJieHIIll, B KOTOpb!X crpyKrypa He"IeTKOll HettpOHHOll CeTII crpoIITCJI 

BPYYIHYJO JKCrrepTOM, ycryrraIOT B KaYieCTBe yrrpaBJieHll! II po6aCTHOCTII He"IeTKIIM 

KOHrpOJIJiepaM, rrocrpoeHHbIM Ha OCHOBe OIITIIMII3aTopa 6a3 3HaHIIll. 

❖ Pe3yJibTaTbl MO,llemipOBaHll! rno6aJibHO HeycTOll"IIIBbIX II CYIIIeCTBeHH0 HemrnellHbIX 

o6oeKTOB yrrpaBJieHilll IIOKa3aJJII, "ITO 01IIICaHHb1e TeXHOJIOrilll rrpoeKTIIpOBaHll! HCY II 

HHcrpYMeHTapllll OE3 rr03BOJIJIIOT .110611Tbcll. BbICOKIIX KaYieCTB yrrpasneHll! II 

po6aCTHOCTII, HeCMOTpJI Ha Herrpe,!ICKa3yeMhie 113MeHeHll! IIIIIpOKOfO KJiacca <paKTOpOB, 

TaKIIX KaK IIIYMhl II IIOMeXII, rrapaMerpbl MO,lleJIII OY, 3a.ziep)KKII B KaHaJJax II3MepeHlll II 

;:i:p., B TO BpeMJI KaK KJiaCCII"IeCKHe CIICTeMbl yrrpaBJieHll! He BCer.zia ycrreIIIHO 

crrpaBJIJIIOTCJI C 3a)];a"Iett yrrpaBJieHll! B YKa3aHHblX CJIYYiall.X. 
❖ Hccne,!IOBaHIIe 6onee CJIOlKHbIX OY, HeycTOll"IIIBbIX no YiaCTII 0606II1eHHbIX 

KOOp,!1IIHaT OY TIIIIa rno6aJJbHO HeyCTOll"IIIBbIX (rro 0,!IHOll OCII) II JIOKaJJbHO 

HeycTOll"IIIBblX (rro ;:i:pyrott OCII), .11aeT aHaJJOrII"IHblll J<p<peKT. 
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KoHTJ)OJibHhie B0IIp0Chl K rJiaBe 3 
1. CTPyKrypa HetJ:eTKoro IIII)J;-peryMTopa Ha MHrKHx BhI'IJICJieHHHX. 
2. IIpoeKTHposaHJie E3 ~M HetJ:eTKoro IIII)];-peryMTopa. 
3. He~ocrnTKH HetJ:eTKoil: Heil:poHHoil: ceTH ANFIS. 
4. IIpoeKTHpOBaHHe 3aKOHOB yrrpaBJieHHH II3MeHeHIIeM K03(p(plIQJieHTOB yc11JieHHH 

HetJ:eTKoro IIII)J;-peryMrnpa. 
5. IIccJie~oBaHJie po6acTHOCTll He'IeTKOro IIII)J;-peryMTOpa B Herrpe~BJI~eHHbIX 

CJIT)'aQJIHX yrrpaBJieHJIJl. 
6. IIpoeKTHpOBaHHe E3 B CIIT)'aI.\HHX o6ytJ:eHHH. 
7. IIpeJIMYru:ecrna OE3 Ha MHrKHX BhI'IHCJieHHHX. 
8. IIpoeKTHpOBaHJie II H3BJie'IeHJie 3HaHJIH H3 06YtJ:aIOru:ero CIIrHaJla. 
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I'JiaBa 4. IlpoeKTupoBaHue HCY .r.JIH .r.uHal\rnqecKu HeycToil:q1rnoro o6beKTa 
«KapeTKa - rrepeBepHYThlH MaHTHHK» Ha 0CH0Be 0IITIIMH3aTopa 6a3 3HaHHH 

PaccMaTPnBaIOTCH rrpaKT11qecK11e sorrpOChI rrpoeKTnposaHHH IICY Ha rrpnMepe 
~nHaMH'IeCKH HeycTOH'IHBOro OY rnrra «KapeTKa - rrepeBepHYThIH MaHTHHK» C 
JICII0Jlh30BaHHeM OE3 Ha MHrKIIX Bhl'IHCJieHHHX. IIpnBO~HTCJl OIIHCaHHe MaTeMaTH'IeCKOH 
MO~eJIH n TeXHH'IeCKOH CHCTeMbl OY. 1Io~po6Ho paccMaTPHBaeTCH aJ1ropHTM sepnq>nKaQJIJI 
KOMIIh!OTepHOH MO~eJIH ll MaKeTa C HCIIOJih30BaHHeM reHeTn'IeCKOrO a.r!ropHTMa. 
1Ip11BO~TCH pa3JIH'IHbie sapnaHThl rrpoeKTHpOBaHHH E3 ~ HP C HCIIOJih30BaHHeM ll 6e3 
JICII0Jlh30BaHHH MaTeMaTH'IeCKOH MO~enn. PaccMaTPHBaeTCJl B03MOlKHOCTh Y~aJleHHOH 
HaCTPOHKII 6a3bl 3HaHHH C HCIIOJih30BaHHeM ~HCTaHQJIOHHOro coe~nHeHHJl peaJlhHOro 
o6oeKrn yrrpasneHHH c OE3. 

4.1. IlpoeKT11poBam1e HCY II Bepnlj>uKaQHH lj>11311qecKoil: Mo.r.eJIH OY 

Pa3pa6oTKa KoppeKTHOro aJlrDPHTMa rrpoeKTHpOBaHHH TPe6yeMOro ypoBHH 
po6aCTHOCTll IICY 5IBJI5leTC51 O~HOH 113 aKT)'aJlhHhIX 3a~aq COBpeMeHHOH TeopHH II CHCTeM 
ynpaBJiemrn; O~HOBpeMeHHO ~aHHaH rrpo6JieMa OTHOCHTCll K CJIOlKHOH II cna6o 
JICCJie~oBaHHOH o6naCTH pa3pa60TKII IICY, crroco6HbIX 3q>q>eKTHBHO ll Ha~elKHO 
i:pyHKQHOHHpOBaTb B ycJIOBHHX pHCKa II Herrpe~BH~eHHblX curyaQHH yrrpaBJieHHJl. 
IIp11MeHeHne IIB B 3a~aqax rrpoeKTHpOBaHHH po6aCTHOro yrrpaBJieHHH IIOKa3aJIO Ha 
rrpaKTHKe IIOBhIIIIeHne Ha~elKHOCTll (pYHKQHOHHpOBaHHH OY B Herrpe~BH~eHHbIX CIIT)'aQHHX 
yrrpaBJieHHH 3a C'IeT IIOBhIIIIeHHH IIHTeJIJieKT)'aJlhHOCTH HIIlKHero IICIIOJIHHTeJibCKOro ypOBHH 
B BJI~e TPa~HQHOHHhIX CTPYKTYP CAY. 3i:pi:peKrnBHOCTh pa3pa6ornHHOil: TexHonoruu 
rrpoeKrnpoBaHHH IICY paccMaTPHBaeTCH Ha rrpHMepe sorrpocoB rrpoeKTHposaHHH IICY 
'Tpa,!1HQIIOHHOro ~JI51 Teop1111 CHCTeM yrrpaBJieHJIJl HeycTOH'IJIBOro OY rnrra «KapeTKa -
rrepesepHyThIH MaHTHllK)) C HCIIOJlh30BaHneM OE3 Ha MHrKHX BhI'IHCJieHHHX. 

4.1.1. MaTeMaTuqecKaH II K0MIIhIOTepHaH Mo.r.eJih CHCTeMhl 

YrrpaBJieHHe o6'beKTOM THIIa «KapeTKa - rrepeBepHynril: MaJITHHK» 51BJI5IeTC51 O~HOH 113 
TIIIIOBhIX 3a~aq B Teop1111 yrrpaBJieHJIH, TaK KaK peIIIeHJie 3TOH 3a~aq11 HarJIH~HO 
~eMOHCTPHpyeT rrposepJieMoe (TPe6yeMoe) KatJ:ecrno CAY. PaccMOTPHM ~11HaM11Ky Mo~en11 
B BJI~e O~HOOCeBOH KapeTKH (p11c. 4.1) C rrepesepeyThIM MaHTHIIKOM, 3aKpeIIJieHHhIM Ha OCH. 
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P11c. 4.1. Mo;:ieJih CllCTeMbl «KapeTKa - rrepeBepHY™ll Mal!THHK» 
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.ll:nHaMnKa :noro OY MO)KeT fihITh OIIHCaHa CHCTeMOH ,!l;H<pqiepeHIIIIaJihHhIX 

ypaBHeHIIH BTOporo rropH,!l;Ka ( (3 .4 ), rnasa 3 ), BhIBO).IIIMhIX C yqeroM CIIJI rpeHIIH II 

yrrpyrocTH II3 6anaHCa MOMeHTOB spaIIIeHIIH H 6anaHca rrpoeKIIHll CHJI Ha ropII30HT3JlhHyro 

OCb z. YpaBHeHIIH )];JIH CKOpOCTII II3MeHeHIIH :mrpOIIIIH (3.5) TaK)Ke ).laHhl B rnaBe 3. 
B ypaBHeHIIHX (3.4) II (3.5) ).IJIH paccMaTpIIBaeMOll MO).leJIII z II 0 - o6o6IIIeHHhie 

KOOp,!l;IIHaThl rrepeMeIIIeHIIH H spaIIIeHIIH; g - ycKopeHIIe CB060).IHOro rra).leHIIH; me - Macca 

OCII II KOJiec; m - Macca CTep)KHH MaHTHIIKa )];JIHHOH 21; k II a, - KO'.lqJqJIIIIIIeHThl rpeHIIH 

).IBII)KeHIIH II spaIIIeHIIH COOTBeTCTBeHHO; a2 - CIIJia yrrpyrocrn; i;(t) - BHeIIIHIIH 

CTOXaCTll'IeCKIIll IIIYM, a U - CIIJia yrrpaBJieHIIH. 

.ll:nHaMnqecKaH CIICTeMa o6Jia).laeT 21106aJ1bHOU dUHaMU'leCKOU HeycmoutJU60CmbTO, 

rrpII OTCYTCTBIIII yrrpaBJIHIOIIIeii CIIJihl rrpOHCXO).IIIT HeorpaHnqeHHhlll pocT yrna OTKJIOHeHIIH, 

T. e. MaHTHIIK rra).laeT. 

3a).laqa yrrpaBJieHIIH CHCTeMOH COCTOIIT B TOM, qT06hI, B03).leiicrnyx C IIOMOIIlhIO CIIJihl 

yrrpaBJieHIIH Ha TeJie)KKY, y).lep)KIIBaTh ( cra6IIJIII3IIpoBaTb) MaHTHHK B BepTHKaJihHOM 

IIOJIO)KeHHII (yroJI OTKJIOHeHIIH OCII MaHTHHKa OT sepTIIKaJIII 0) B ycJIOBIIHX II3MeHeHIIH 

cpe,!l;hlqJYHKIIIIOHIIposaHIIH. 

CrpyKrypa KOMIIhIOTepHOH MO).leJIII «KapeTKa - rrepesepHyThlll MaHTHIIK», 

BhIIIOJIHeHHaH B cpe,!l;e MO).leJIIIpoBaHIIH MATLAB/SIMULINK, rrpe,!l;CTaBJieHa Ha pIIc. 4.2. 

-
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Pttc. 4.2. Crpyr(Typa CHCTeMbl MO).leJrnpoBaHHH: 1 - 6JIOK HeqeTKoro Bb!BO).la; 2 - IIII.D:-perymnop; 

3 - o6beKT yrrpaBJiemrn; 4 - reHepaTOpbl III)'MOB 
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Mo,!J;eJib BKJIIOqaeT s ce6x IIH.ll:-peryJIHTOp, IIIyMhl s CIICTeMe yrrpaBJieHIIH II 

H3MepeHIIH, a TaK)Ke 6JIOK, qiopMIIpyroIIIIIH CIIIHaJI ).IJIH peryJIHTOpa. 

.ll:aHHaH KOMIIhIOTepHaH MO).leJih IICIIOJlh3yeTCH ).IJIH IIOJiyqeHIIH o6yqaroIIIero CIIIHaJia 

n HacrpoiiKII E3 c IICIIOJih30BaHIIeM OE3. 

B Kaqecrne MO).leJIH yrrpaBJieHIIH ).laHHOH CIICTeMoii 6y).leM HCIIOJih30BaTh CJieeyIOIIIee 

Bh!pa)KeHHe ).IJIH IIO).ICqera yrrpaBJIHIOIIIero B03).leHCTBIIH: 
I 

u(t) =kp(t)e(t)+kit) f e( r)dr+kn(t)e(t). (4.1) 
0 

B COOTBeTCTBIIII co cxeMOH yrrpaBJieHIIH (4.1) 6y).leM IICIIOJih30BaTh IIH.ll:-peryJIHTOp 

B KOHrype rno6aJihHOll OTpIIIIaTeJibHOH o6paTHOH CBH3II. 

4.1.2. MaKeT CHCTeMLI 

.ll:aHHhlll OY HBJIHeTCH TIIIIOBh!M (Benchmark) ).IJIH TeCTIIpoBaHHH rrporpaMMHOro 

HHCTpyMeHTapIIH po6acTHOro IIHTeJIJieKryaJihHOro yrrpaBJieHIIH. 

IlpIIMepb! IIO).I06Hb!X CHCTeM rrpe,!l;CTaBJieHbl Ha pIIC. 4.4. 

-r 

Pttc. 4.4. <l>H3HqecKHe aHaJIOIH paccMaTpttBaeMoro OY 

PaccMorpIIM II0,!1;po6Hee ycrpoiicrno IIO).lo6Horo MaKern OY. 

Ha pIIC. 4.5 rrpe,!l;CTaBJieH MaKeT (pIIC. 4.5, a), IICIIOJih3yeMhlll ).IJIH TeCTIIpoBaHIIH 

rexHoJiornii rrpoeKTHpOBaHIIH HCAY c IICIIOJih30BaHneM OE3, II cTeH).I (pIIc. 4.5, 6) ).IJIH 

rrpose).leHIIH '.lKCrrepIIMeHTaJihHh!X IICCJie).IOBaHIIll. 
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Battery 

Fuzzy controller and 
g_uantum fuzzy inference 

Sensor 

... 
m.=0.607 kg 

Motor driver 

rn,=0.475 kg 

P11c. 4.5, a. MaKeT CIICTeMbl «KapeTKa - rrepeBepHyTblll MaHTHIIK» 

-S:..,,:_ ----

P11c. 4.5, 6. CTeH,11 )J,Jill rrpOBe,lleHIIJI 3KCIIep11MeHTOB 
TS output - rrpe,11cTaBJie1111e 06)"la10I11ero c11nulJla c M0,11eJI11; Robot- qi11311qecK11i\ MaKeT OY; USB 

connection - Ka6eJibHOe y,11aJie1111oe coe,111111e1111e KOMIIbJOTepa II MaKeTa; PC - rrepcoHaJihHbIH 
KOMIIb!OTep 

CTeH.,ll 06opy.110BaH pa:mnqHb!Mll IIOKpb!TIDlMll /J,llil rrp0Be.11emrn 3KcrrepnMeHTOB C 

MaKeTOM, B TOM qncJie /J,llil MO,lleJmpoBaHIUI Herrpe.,!IBll,lleHHblX cnryau;nii yrrpaBJieHIIJI. TaIOKe 

Ha CTeH.,lle llMeeTCH B03MO)KH0CTb ycTaHaBJillBaTb orrpe.11eJieHHbIH HaqaJihHhlH yroJI ,llJlH 

3arrycKa MaKeTa. 
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B Kaqecrne ll3Mep1neJibHOH CllCTeMhl (pnc. 4.5, Sensor) B MaKeTe llCIIOJlh3yeTCH 

iIJlaTa c KOM6HHan;neii ,llaTqllKOB - rnpocKOIIa n aKcenepoMeTpa - 5 DoF (IIHTh CTerreHeii 

c8060.11h1) IDG500/ADXL335 . 

51.11poM ll n;eHTpaJibHbIM 3JieMeHTOM CllCTeMbl HBJIHeTCH MllKpOKOHTpOJIJiep KOMIIaHHll 

Microchip® Chipkit, ocHoBaHHhiii Ha rrpou;eccope PIC32MX320F128. Ilnarn 06opy.110BaHa 

USB-pa3beMoM .!IJIH rrepe.11aqn .11aHHh1x c rrpou;eccopa Ha KOMIIbJOTep. HHTepqieiic USB 

HCIIOJ!b3YeTCH rrpn rrpoBe,lleHHll 3KCrrepnMeHTOB /J,llil rrepe.11aqn ll rrpneMa .11aHHhIX (yrna 

OTKJIOHeHIIJI ll BeJinqHHhl yrrpaBJIHJOID;ero B03,lleHCTBIIJI), a TaK)Ke /J,llil Y.llaJieHHOH HaCTpOHKII, 

peqb O KOTOpoii IIOH,lleT Hll)Ke. IlO.,!IKJIJOqeHHe ,llaTqllKOB OCyID;eCTBJ!HeTCH C llCIIOJlh30BaHHeM 

aHaJIOrDBhlX BX0.,!10B MllKpOKOHTpOJIJiepa. 

ba30Bh!e <pyttKD;llll rrporpaMM MaKeTa rrpe.,!ICTaBJieHhl Ha pnc. 4.6, 06061.D;eHHO llX 

MOlKHO 3arrncaTh B rrceB.,!IOKO,ll: 

• H3MepeHne; 

• qJllJlhTpaD;llJI; 

• ynpaBJieHne; 

• rro.11cqeT BpeMeHn (3a):lep)l(Ka). 

~ 
IJ;einpaJILHblA l;!OHYpOJIJiep 

IlO,!lCWfCT ynpa&'IJDOW:UO 

BOUeiiCTBHJL 

IJO;JC'"leT Bpe.'\ICHH llllJ.:JIB. 

:--~~;.;~;~;;;.;--, 
'..-----------~' I I 
1 ~ailsep asurne.n:eli. : 

1-----_l,J 3~'leJ,,.,-PO!\IOTOpb1. 

U@ I : :'-----------': , ________________ ,J 

r-----------------------------7 
I Cncre.·\.la RllUCpCHDB I 

: ~------- ~-------- : I tl>HJI1tYp31lHH IllMCpCHDC I 
;J:3HRLIX DOK313HHii ,.__,_I ______ __, 

ceacopon 

P11c. 4.6. ArrropllTM rrporpaMMbl MIIKpOKOHTpOJIJiepa 

AnropHTM pa60Thl MaKeTa CIICTeMhl, rrpe.,!ICTaBJieHHhIH Ha pnc. 4.6, HBJIHeTCH 

qaCTHhIM rrpnMepoM CAY c o6paTHoii CBH3hl0. 

4.1.3. BepmlmKan;m1 MaTeMaTnqecKoii I\IO,lleJIH n MaKeTa 

Ilpe)K,lle qeM rrpncryrrnTh K rroncKy K03<p<pnu;neHTOB n rrpoeKTHpoBaH1110 HCY .!IJIH 

MaKern CllCTeMhI, Heo6XO,llllMO BepH<pllD;HpoBaTh rrapaMeTphl MaTeMaTnqecKoii MO,lleJIH (3.4). 

B Ta6JI. 4.1 rrpe.,!ICTaBJieHa KJiaCCllqJHKan;nx orrpe.11eneHHhIX n Heorrpe.11eJieHHhIX 
napaMeipoB. 
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Ta6mma4.I. 
Onpe.z:1eneHHb1e II Heonpe.z:1eneHHble napaMeT{)bI 

Xpo.MOCOMa TA 

onp .. ~m,HHJde HE'OllpE'~m>HHJde 

l\/la.ccaMaa:Tmn<a TpeHHe BOCH 

Macca TeJie:KKH Ko34'4'H~HCHT ynpyroCTH TeJie::i<Jm 

u; es:Tp T.mIC eCTH :Maannnca JI104'T BOCH 

OrpaHINeHH.s: Ha ynp-e B03p;eHcmne Ko34'4'H~HCHT B03J'.lci!CTBHJI (HopMHpJllOIItHH) 

BpeM:.s: TaKTa CHCTCMbI lliY14 WMepHTe.JlbHOft: CHCTCJ>,,U:,I 

nH,z:\-Ko34'4'~HCHTll TpmHe KOJiec O noBepXHOCTl:, 

Bxop;Hble H B:cJXO J:tHbIC ;!J;aHHble 

pc:ry.na.:Topa TexHwtecxoro m;a;en:aa 

(2 TUC. TO"'ICK). 

IIpo6neMa nOIICKa Heonpe.z:1eneHHbIX napaMeT{)OB MO)KCT 6bITb perneHa Ha OCHOBe r A. 
IIpe.z:1nOJIO)KIITCJlbHbJe .z:111ana30Hbl Heonpe.z:1eneHHbIX napaMCT{)OB HBJUIIOTCJI rpaHm~aM11 

npOCT{)aHCTBa no11cKa ,[\JIJI MHOroKpIITepIIaJibHOH. onTIIMII3aQIIII. XpOMOCOMa anropIITMa 

COCTOIIT 113 BeKTopa Heonpe.z:1eneHHb!X napaMCT{)OB, a HaqaJibHaJI nonyJUIQIIJI reHep11pyeTCJI 

cnyqaH.HblM cnoco6oM, pa36pocoM xpoM0COM no npOCT{)aHCTBY nOIICKa. 

r A no.z:1611paeT Ha6op napaMeT{)OB MaTeMaT11qecKOH. MO,[\CJIII TaK, qrn6u ,[IIIHaMIIKa 

pa60Tbl MaTeMaT11qeCKOH. MO,[ICJIII COOTBCTCTBOBaJia ,[\IIHaMIIKe pa60Tbl po6orn ( orn116Ka B 

BII,[le pa3HIIQbl CllfHaJIOB OT MaTeMaT11qeCKOH. MO,[\CJIII II Ql113IIqecKoro CIIrHana MIIHIIMaJibHa ). 

I(eJieBaJI <jlyHrnIIJI anropIITMa ,[\JUI Bep11<jl11KaQIIII OCHOBaHa Ha .z:111cnepc1111 

IIHQlOpMaQIIII, no,[laBaeMOH. Ha BXO,[\ II nonyqaeMOH. Ha Bb!XO,[le peryJUITopa. 

8 ,[\aHHOM cnyqae B Kaqecrne <jlyHrn1111 np11ro,[\HOCTII npIIMCHJIJiaCb QlYHKQIIJI BII,[\a 

1 

1 + tar(e""")-Var(e"',))2 +tar(ie""")-Var(ie'°,))2 +tar(u""")-Var(u'°,))2 ' ( 

4
-
2
) 

Var(emod) Var(ie""") Var(umod) 

F(e,u) 

me Var(emod) - ,[\IICnepcIIJI orn116KII ynpaBJICHIIJI B MO,[\CJIII; Var(e,ob) - ,[\IICnepc11JI orn116KI1 

ynpaBneHIIJI B po6oTe; Var(umoa) 11 Var(umb) - .z:111cnepc1111 ynpaBJU110mero B03,[lettcTBIIJI B 

MO,[\CJIII II MaKeTe; Var(iemod) II Var(ie,,,) - ,[\IICnepc1111 IIHTerpana OillII6KII ynpaBJICHIIJI 

MO,[\CJIII II MaKeTa COOTBCTCTBCHHO. 

Ilocne npOBC,[\CHIIJI Bep11<jl11KaQIIII HaH.,[\CHHbie napaMCT{)bl nO,[ICTaBJIJIIOTCJI B MO,[\CJib 

II .z:1anee np0113B0,[\IITCJI nOIICK K03QlQlIIQIICHTOB ,[\JIJI IIII)];-peryJIJITOpa. ,Il;JUI 3TOf0 

IICnOJib3YCTCJI r A, xpOMOCOMOH. KOToporo JIBJUIIOTCJI K03QlQlIIQIIeHTbl yc11JieHIIJI, a <jlyHrnIIell 

np11ro.z:1HocT11 - <jlyHrnIIJI oQeHKII Kaqecrna yrrpaBJICHIIJI, Hanp11Mep, cne.z:1yromero B11,[\a 

( no.z:1po6Hee MexaHII3M no.z:16opa K03QlQlIIQIICHTOB ycIIJieHIIJI ,[\JIJI IIII)];-peryJUITOpa 

paccMaT{)IIBaeTCJI Hil)KC ): 

f (x,) t 

1+ fe 2 dt 
0 

r.z:1e e - BCJII1q11Ha OTKJIOHCHIIJI OT 3a.z:1a10mero c11ruana; f - ,[\1Iana30H IIHTerpIIpoBaHIIJI, 

paBHblll BpeMeHII npoBepKII 0,[\HOro perneHIIJI. 
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(4.3) 

l 

,IJ;anee K03QlQlIIQIIeHTb] TCCTIIPYIOTCJI Ha MaKeTe no cxeMe Ha p11c. 4.7. 

.I(oOan..u:e-:ene, 
na1Jal\-J:~>oe. 
YDP.JDrie-HHP 

DpOC'IJ>aHCTDa 

H~ 

Ha•.1an:o 

Iloi:u"R na1um,1:e-rpon 
(I'A.1) 

IlouC"K m~-.:0'),4,. 
(I'.A2) 

3ari•y-. .... ..,. mu
..:o"J,cJ~. B }J060T 

1\-lo,!l;eJD. J:I po6oT 

Couaanc Mo~em1 

PHC. 4. 7. AJiropilTM BepmpHKaQilil C IlCII0Jib30BaHileM r A 

IIpUMe>JaHue. B cnyqae Hey.z:10Bnernop11TeJibHoro pe3ynhrnrn cne.z:1yeT, ecn11 3TO 

B03M0)KH0, npoBeCTII nOBTOpHO 11,[\CHTIIQlIIKaQIIIO CIICTCMbl - YMCHbillIITb IIJIII yBeJIIIqIITb 

KOJIIlqecTBO Heonpe.z:1eneHHb]X rrapaMeT{)OB nyTeM QlIIKCaQIIII 0,[\HOfO IIJIII HCCKOJibKIIX 113 HIIX 

B MaTeMaT11qecKOH. MO,[\CJIII, C COOTBCTCTByIOmIIM yBeJI11qeHIICM npOCT{)aHCTBa nOIICKa 
napaMCT{)OB. 

Pe3yJibTaTbI Bep11<jlIIKaQII11 MaTeMaTIIqCCKOH. MO,[\eJIII II MaKeTa CIICTCMb] B B11,[\e 

rpacpIIKOB OillII6KII yrrpaBJieHIIJI II yrrpaBJIHIOmero B03,[\CH.CTBIIJI npe.[(CTaBJICHbl Ha p11c. 4.8 II 4.9. 

~ 

Error-3r---~--~--~--~--~~====:::::;-c 
2 

-1 

-2 

--- Robot 
· --- Model 

j .• ·11 j' j \ ' 
1, ' ' . :' /. ,, ' ' ' II ' . :' 

. . , I . J , • 

I. ' . ' ' . ·• ·., ; ' ' I· .l C 
, . :' . 1 I . , · '. , \ I 1 , . . , , . 1, 

1 ,IP I i ' ~ )i .. I ·. r r ( 1 ' I r Ii . \f.'r: ,/ 
1! \ 

-3 L....----~----~-----L....~---~----~-----L....~--~ 
0 1 000 2000 3000 4000 5000 6000 7000 

System clock 

Pilc. 4.8. Yrorr 0TKJI0HeHID! MaKeTa Il M0,!(eJIIl 
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PIie. 4.9. YrrpaBJlllJOII.lee B03,n:eiicTBile MaKern II Mo,n:eJill 

·7000 

Tpe6yeTCJI ,n:ocrn:q1, BJ,JCOKOfO ypOBIDI rrpIIfO,!J;HOCTII rrpoBepll:eMoro perneHIIll: rrpII 

BepmjJIIKal\IIII. ,[(JIJI ,n;aHHOro C~aJI aJiropIITM 3aKoHqIIJI pa6ory co 3HaqeHIIeM 4JYHK1\IIII 

rrpIIro,!J;HOCTII Fit = 0,9847. 
B Ta6JI. 4.2 rrpe,n;CTaBJieHJ,J 3HaqeHIIll: ,!J;IICrrepCIIII BXO,!J;HOro II BhIXO,!J;HOro CIIrHaJia 

ITI1,[(-peryJIJITOpa, MaKeTa II MO,!J;eJIII Ha 0,!J;IIHaKOBOM IIHTepBaJie BpeMeHII. 

Ta6JIHI1a 4.2. 
,[(IIcrrepCIIII BXO,!J;Hl,IX II Bh!XO,!J;Hh!X ,n;aHHhIX MaKeTa II MO,!J;eJIII 

MaKeT Mo,n;eJih 

,[(IIcrrepCIIll: OlllII6KII yrrpaBJieHIIJI 0,566 0,511 

YrrpaBJIJIIOI11ee B03,n;eiicrnIIe 336 389 

,[(orroJIHIITeJIJ,HO B Ta6JI. 4.3 rrpe,n;CTaBJieHbl KpIITepIIII, II03B0JIJIIOIIIIIe orrpe,n;eJIIITh 

Kaqecrno BepIIqJIIKal\IIII. B Kaqecrne OCHOBHOro IIOK33aTeJIJI IICIIOJih3yeTCJI p33HOCTJ, 

3HaqeHHH, IIOK33aHHhIX Ha rpaqinKax. 

Ta6JIII11,a 4.3. 
KpIITepIIII Kaqecrna BepIIqJIIKal\HII 

<l>OPMYJihl OrnII6Ka Y rrpaBJIJIIOI11ee 

,n;JIJI B1,1qncJieHIIJI VIIPaBJieHIIll: B03,!J;eHCTBHe 

T f ( e;obot _ e;odel )2 
0,94 6,94 

F(er,em) = o 
T 

T 

Jlle;obot I- le
1
model II 

0,54 10,6 
F(er,em) = o 

T 
T - BpeMH MO)J;eJIIIpOBaHIIJI C waroM t; e ;obot' e ,mode/ - 3HaqeHIIll: OlllII6KH yrrpaBJieHIIll: 

HJIII yrrpaBJIJIIOI11ero B03,!J;eHCTBIIll: B MOMeHT BpeMeHII t. 
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}-la pHC- 4.10 Il 4.11 rrpe,n;cTaBJieHJ,I B rpaqiIIqeCKOM BII)];e pe3yJIJ,TaTh~ BepIIqJHKal\HII, T. e. 

a3aocTb 111e~ BeJIIIqIIHaMII yrna OTKJI0HeHilll: II yrrpaBJIJIIOlllero B03,!J;eIICTBIIll: )J;Jlll: MaKeTa II 

p e111aTHqeCKOH MO)J;eJIII COOTBeTCTBeHHO. 
)113T 

; 

' 

ErTOr of verification 

4 I --- Error of verification ( 

3 

:) 1~J\\~ .~ 
,c 1 ~~ N ~ 

-21- I ' 

~ 
-30 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

System clock 

PIIC.4.10. Pa3H0CTb BeJIIlqIIH yrnoB 0TKJI0HeHilll y MO,n:eJIII II MaKeTa 

Error of verification 

15011 [ --- Error of verification I 

100r ' ~:~m .11~!.1t.ii~i~J,. 
-100 LI -~-=------:-:=--c~;;--~c;,,---,,,too----=,sooi:=;-35<)()~,00-;;'50<:=;-50 

0 
500 1000 1500 2000 2500 3000 3500 

System clock 

~"' 
4000 4500 5000 

PIIC.4.11. Pa3H0CTh BenI1qI1H ynpaBJlll!OII.lero B03,n:eiiCTBilll: y MaKeTa Il MO,n:enII 

Ha OCHOBe BepIIqJilllIIPOBaHHOH MO)J;eJIII, BKJIJ0qaJ0111eii B ce6JI no.n:o6paHHble 

He,n:oorrpe,n;eJieHHbie napaMeTPU (rnyM yrrpaBJieHHJI, IIHTeHCIIBHOCTJ, lllYMa B yrrpaBJieHHil, 

K03cpqJII11HeHT TPeHIIll: KOJieC O IIOBepXHOCTI,, K03qJqJII11HeHT TPeHIIll: B OCH Bpa111eHHJI, 

K03qJqJII11HeHT yrrpyrocTH Il T . .n:.), B03MOJKHO C03)];aHIIe Ii3 C IICTIOJIJ,30BaHIIeM rrporpaMMHOro 

IIHCTPyMemaplllI OE3. 
,[(aJIJ,Heiirnee MO,!J;eJIIIpOBaHIIe npoBO)J;IlJIOCI, C HCTIOJib30BaHHeM BepIIqJII~IIpOBaHHOH 

M0,!J;eJIH. 

4.1.4. HaCT)JOHKa IIII)];-peryJIHTOpa II npoeKrnpoBaHHe HeqeTKHX peryJIHTOpOB 

PaCCMOTPIIM BapIIaHT KJiacc~eCKOro yrrpaBJieHIIll: Ha OCHOBe ITI1,[(-peryJIJITOpa. ,[(JIJI 

.n:aHHOro rno6aJihHO HeycTOii.qIIBOrO OY rro.n:o6paTJ, «BpyqHyIO» K03qJqJII~lleHTJ,I ycIIJieHIIll: 

.n:aJKe B rrpocTeiirneM cJiyqae (rrpII OTCYTCTBIIII rnyMOB II BpeMeHH 3a,n;eplKKII B KaHaJie 
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II3Mepemrn) ,LI0CTaTOqHo TPY.LIH0. II03TOMY 6y,L1eM IICKaTh 3TII K03qJqmu;neHTbl C IIOM0IIJ;b!O 

f A. Ha30BeM '.lT0T rrpou;ecc «r A - IIllJJ:-perymrrop». 

B o6meM BII,Lle cxeMa a.rrropIITMa CAY c rA IIMeeT cJie,LlyIOmnu: BII.LI (pnc. 4.12). 

0UIU6KO 

),'ll/Xl8JleHUR 

reneTH~CCKHA 
anropHTM 

K,,,K,Kd 

~----"'----,+ u· 
IllI,Z{

pery.nRTOp u '+ 

Cuc-reMa 
H'3MepeHHH 

X= (.Y1,X2,X3,••·,xn) --------
06'beKT 

ynpaB.JJeHHR 

Pnc.4.12. EnoK-cxeMa CAY c cncTeMoii a.11arrrnu;nn 

IIpnMeHIITeJibH0 K Hac-rpon:Ke IIllJJ:-peryJUITOpa Ka)K,Lloe pellleHIIe rrpe,LICTaBJUieT 

3HaqeHIIJI K03qlqJIIQIIeHTOB ycnJieHllJI, CJI0)KeHHb!e B 0.LIHY xpoM0C0My. Haqa.JihHaJI 

rrorryJUIQIIJI M0)KeT 6hITb rronyqeHa cJiyqaU:Hb!M o6pa30M IIJIII rryreM 3KCrrepTHOH ou;eHKII II3 

rrpe,LIBapIITeJibH0 rrpoBe,LleHHh!X 3KCIIepIIMeHT0B. TaK KaK orrepao;IIII CKpeIIJ;IIBaHllJI II 

Myrao;IIII pa60TalOT C 3aK0,LIIIp0BaHHh!MII rrapaMe-rpaMII, K03qJqJIIQIIeHThl K0,LIHpyIOTCJI B 

6HHapHyIO qJOPMY C 3a,LlaHHOH TQqH0CThlO, coorneTCTBYIOmeu: ,LIJIHHe 6HHapHOH CT!)OKH. 

TaK)Ke 011pe,L1eJIJIIOTCJI ,Llllalla30Hhl II0HCKa K03qlqJHQHeHTOB. IlpHMeHHTeJihH0 K ,[laHHOH 

cHcTeMe ,L1Harra30HhI noHcKa K034JqJHQHeHTOB paBHhikP[l; 7], k;[0,5; 2,5], kAI; 7]. JJ:IDI 

HaCT!)OHKll K03qJqJHQHeHTOB ycHJieHllJI IIllJJ:-peryJUIT0pa IICII0Jib3YeM CJie,Lly!OIIJ;ylO 

4JYHKQlllO npHr0,LIH0CTH: 

f ( X r) T 

l+t·fe 2 dt 
0 

(4.4) 

r,[le t - M0MeHT BpeMeHH M0,LleJIHp0BaHllJI IIJIII 3KCnepnMeHrn; T - BpeMJI npoBepKH 0,LIHOrO 

pellleHHJI; e - yroJI 0TKJI0HeHllJI. JJ:Hana30H0M llHTerpHpoBaHllJI JIBJUieTCJI nepH0,LI rrpoBepKH 

0,LIH0ro pellleHllJI. 

B 3T0M CJiyqae 60JiblllllM 3HaqeHHJIM qJyttKQllll npHro,LIH0CTll cooTBeTCTBYlOT Ma.JihJe 

3HaqeHllJI Olllll6KII ynpaBJJeHllJI II, CJie,LI0BaTeJibH0, Jiyqlllee KaqeCTB0 yrrpaBJieHllJI IIll,n:-

perymrropa. 
Hac-rpou:Ka IIHJJ:-peryJUITOpa C llCIT0Jib30BaHIIeM M0,LleJIH II reHeTnqecKoro 

a.rrropHTMa He ,LI0JI)KHa BhI3hIBaTh TPY.LIHOCTen:. O,LIHaKo npHMeHHTeJihH0 K pea.rrbH0MY OY 
CJie,LlyeT y,LleJIHTh oco6oe BHHMaHIIe BbI6opy BpeMeHH0ro nepH0,[la ou;eHKll pellleHllJI II 

Bb!6paTh ero, HCX0,LIJI II3 ,LIHHaMHqecKHx II IIHqJOpMaQHOHHh!X CBOHCTB pa60Thl KOHT!)0JIJiepa 

II CIICTeMhl B u;eJI0M. 

PacCMOT!)llM ITO,Llp06Hee a.rrropIITM Hac-rpon:Kll r A - IIllJJ:-peryJUITOpa Ha MaKeTe 

(pea.rrhHOM o6beKTe) CAY (pHc. 4.13). 
IIocJie Ka)K,LIOH HTepaQllll po6oT ynpaBJUieTCJI C llCIT0Jlh30BaHIIeM HaH,LleHHOrO 

Jiyqlllero pellleHHJI. 3TO Il03B0JU!eT r A np0,LI0JI)KaTb pa6ory, He II0TepJIB ynpaBJieHHJI 

MaKeT0M. 
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BBe,[leHHe 3KC-rpeMa.JihH0r0 yrrpaBJieHllJI 0CYllleCTBJUieTCJI B M0MeHT ,LI0CTII)KeHllJI 

BeJillqHHOH 0TKJI0HeHHJI onpe,LleJieHH0ro 3apaHee nopora. B M0MeHTbl pa60Tbl orrepaT0p0B 

ceJieKQHll, CKpeIIJ;HBaHllJI II MYTaQHll npo11eccopH0e BpeMJI 3aHJIT0 o6pa6oTKOH ,LlaHHb!X II 

Haxo)K).leHHeM pellleHHH, a yrrpaBJUIIOIIJ;ee B03,LleHCTBHe IT0,[ICqllTbIBaeTCJI npII JiyqlIIIIX 

K03qlqJIIQIIeHTax k P, k a, k; . 

···u••········· ~--------------, 3=,p<ua,.=•y>,pa<w=• ··1 

31<nptHHoe ,...-----.._ ·:::::,.....1---------, l 
ynpaa.,eHHe ~ 

T l 
:::: . ..•.••. 1 .. 1~ ..................... ::1 ... ::::::11::::::ttt ........... :.tt •• tt ••••• •••••••••••••• , ••• , ........................................ ,,, ............ .,.~ 

Tecmupoem<ue pew.exuii j 
'l'rnpas.:teHHe E 

Ou;eH1<a 1-----t>t (nposepnn,oe l 
HET ------- pemeHne) j 

.... nn: 11::::::::a::: nan::a:u:::::n.ua:::auaa::aa:t:::::un::::an:::a,H,, ..................... , ......... , ... , ~ 

HET 

Co30aH.us xoeon:psuisxuU 

Or6op 

CKpemnsaHHe 
'1-'"npaB..'IrHHe 

(n,"'llllee 
pemtHHe) 

I I ; I l ') . 

i ~BET .•••••••••.......•••.. ] 1 ............................. :~ ........................................................................ . 

1\frTilll;HH 

Pnc. 4.13. AJiropHTM a,nama11nn r A- IIH.lJ:-perynJITopa 

fpaqiHKII II3MeHeHllJI K03qJqJIIQIIeHTOB TaKOH CIICTeMbl yrrpaBJieHllJI npe,LICTaBJieHbl Ha 

Pile. 4.14. 
Ilo,L106Hh!H a.rrropIITM a,LlaITTaQIIII MQ)KH0 IICIT0Jih30BaTh .Lilli HaC-rpOHKll IIllJJ:

peryIDITOpa B pe)KIIMe pea.JibH0ro BpeMeHII 6e3 IICIT0Jib30BaHllJI MaTeMaTnqecKOH M0,LleJIII. 

TaKOH a.rrropIITM ynpaBJieHllJI He JIBJUieTCJI 0IITHMa.JibHh!M C TQqKH 3peHllJI 
3cpqieKT1IBHOCTII ynpaBJieHllJI II IICIT0Jib30BaHllJI pecypC0B K0HT!)0JIJiepa - 06beMa naMJITll II 

farc-rpo,L1eiicTBIIJI. IloJiyqeHHbie 3KcnepHMeHTa.JihHb!e pe3yJihTaTbl IT0Ka3bIBaIOT, qTQ CIICTeMa 

YnpaBJieHmI Ha 0CH0Be r A - IIllJJ:-peryJUITOpa ycrynaeT B pocTe IIHTerpa.rrbHOH 

RBa,LlpamqHon: OlIIII6KII IIllJJ:-peryJUITOpy. 
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Pnc. 4.14. CJieBa - Ko:icpqmnneHThI r A - IIII)],-perymuopa B JKcrrepnMeHTax c MaKeToM, crrpaBa -

yroJI 0TKJIOHeHHJI MaKeTa r A - IIII)],-peryJIJ1mpa 

CB»3aH 3T0T cpaKT c caMIIM rrpou;eccoM a.z:1a1nau;1111 po6ora: CHJJ)l(aJI KaqecTBO 

ynpaBJICHHJI, r A - ITH)..(-peryJIJIT0p Il0BhillJaeT CB0IO a.z:1arrTIIBHOCTh. 

KaK M0)l(H0 BII,[ICTh Ha pIIC. 4.14, B npou;ecce cpyHKD;JJ0HIIp0BaHJJJI K03<pqJIID;IICHThl 

yc11JieHHJ1 C0IIIJlIICh co cJie.z:IYIOiu;IIMII 3HaqeHHJIM11: kP = 4,9, k; = 0, 7, kd = 4. 

4.1.4.1. IloJiyqeHue OC c 11cnoJibloBa1111eM r A - IIH)..(-peryJIHTOpa 

)..(JIJi noCTaBJieHHOH BhillJC 3a.z:1aqn ynpaBJICHliJI onpe.z:1eJI11M crpyKTypy HCY. OHa 

C0CT0HT 113 HP, ynpamunomero napaMC'IpaMII ITH)..(-peryJIJIT0p0B, II OY, oXBaqeHHOf0 

o6parnoil CBJ13hIO. I10.z:1po6Ho 3B0JIIOD;HJI pa3BHTHJI crpyKTyp HCAY npe,LICTaBJieHa B maBe 2. 
PacCMO'IpIIM B03M0)l(H0CTh npIIMCHCHHJI f A - ITH)..(-peryJIJ1TOpa ,[IJIJI IlOJiyqeHHJI oc 

II ,[laJihHCH.llJCH annpoKCJJMau;1111 CllfHaJia Ha HCHpOHHOH CeTII C JJCil0Jlh30BaHIICM OE3. 

0 ,[IHIIM 113 HC,[I0CTaTK0B f A JIBJIJICTCJI HCB03M0)l(H0CTh JJCil0Jlh30BaHHJI B ,[laJihHCH.llJCM 

pelliCHIIH, He nonaBllJIIX B CJie.[lyIOiu;ee Il0K0JICHIIC. Ilp11 .z:I0KYMCHTIIpOBaHIIII pelliCHIIH .[IJIJI 

CT0p0HHero Ha6JIIO,[laTCJIJI pa60Thl aJif0PIITMa 3TH ,[laHHhIC npeBpamaroTCJI B orpoMHhlll 

MaCCIIB TPY.z:IHO,[IOCryTIHOH ,[IJIJI o6pa6oTKII IIH<pOpMau;1111. 
Ha p11c. 4.15 CJICBa npe,LICTaBJICH oc C MaKCTa B BII,[IC rpacp11Ka yma OTKJIOHCHIDI JI 

113MCHCHIIJI K03qJqJIID;JJCHT0B YCIIJICHHJI. 
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3TOT CllfHaJI noeyqeH Ha 0CH0Be r A - ITH)..(-peryJIJITOpa, paCCM0'IpCHH0fO B 

npe.LlhJ.z:IYiu;CH qacr11. Ilpe.z:1craBJieHHhIH Macc11B .z:1aHHhIX npou;ecca o6yqeHHJI OY 11 

BhJ.z:ICilCHHh!C yqacTKJJ JIBJIJIIOTCJI «3HaHJJJIMII» 0 K03qJqJIID;JJCHTax ycJJJICHIIJI. 

QqeBII.z:IHO, qrn IIHcpopMan;HJI o npou;ecce o6yqeHHJI po6ora co.z:1ep)l(JJT B ce6e 3HaHHJI 

(c T0qKJJ 3peHIIJI BhI6paHHOfO KpIITepHJI KaqecTBa) 0 npIIfO,[IH0CTII npoBep»CMh!X pellieHJJH. 

Ba)l(H0 0TMCTIITh, qro K0JIJJqeCTB0 3TIIX 3HaHIIH pacreT B npou;ecce o6yqeHHJI. B 

rrepBblX Il0K0JICHJJJIX (np11 CJiyqaH.HOM pacnpe,LICJICHIIII xp0M0C0M no npocrpaHCTBY IlOJJCKa) 

3TH 3HaHHJI MJJHIIMaJihHhl, 0,[IHaK0 C reqeHIICM BpeMeHII II CMCHOH IlOKOJICHJJH K0JIJJqeCTB0 

J10JIC3HOH IIHqJOpMau;1111 B03pacraer. B 3T0M MaCCIIBe ,[laHHhIX co.z:1ep)l(JJTCJI HH<pOpMau;HJI KaK 

o B03M0)l(Hh!X C0CT0JIHIIJIX OY (yroJI OTKJIOHCHHJI), TaK ll 0 K03qlqJIID;IlCHTaX ycIIJICHHJI ,[IJIJI 

Ka)l(.z:I0f0 M0MCHTa BpCMCHil. 

Pe3yJihTaThl 3Kcnep11MCHT0B Il M0,[ICJIIIp0BaHHJI Il0Ka3aJIJJ, qro, IlCil0Jih3YJI 

nporpaMMHh!H IlHC'IpYMCHTapHH OE3, B03M0)l(H0 Bhl,[ICJIIITh 3HaHHJI Il3 CilfHaJia, 

II0JiyqeHH0fO B npou;ecce pa60Thl r A B pe)l(JJMe peaJibH0fO BpeMeHII, C ,[laJihHCH.llJIIM 

11cnoJih30BaHrreM rrx B E3 HP . 
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P11c. 4.15. CJieBa- OC c MaKeTa (fA, IIII)],-peryMTOp), cnpaBa - K03cpcpHI:(HeHTbI ycHJieHHJI HP 

4.1.4.2. IlpoeKTHp0B3HHe IlHTCJIJICKT)'aJILHOro ynpaBJICHilH 

B .z:1aHHOH pa6ore .[IJIJI co3.z:1aHHJ1 .LIBYX E3 HP 11cnoJih30BaJIIICh .[IBa Ha6opa 

napaMerpoB ,[IJIJI MaTeMarrrqecKoil M0,L1eJI11. 

B Ta6JI. 4.4 npe,LICTaBJICHhl HaqaJihHh!C ycJI0BHJI, 3HaqeHHJI napaMerpoB MO,[ICJICH, 

aMnJIIITy,[lhl Il IlHTCHCJJBH0CTJJ llJYM0B. 
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Ta6mrn:a 4.4 
HaqaJihHhie ycJI0BIDI, rnyMhl II He,L1oonpe,L1eJieHHb!e napaMeT!)bl M0,L\eJIII ,L\JUI nonyqeHIIJI oc 

MoAeJih MJI E3 1 MoAeJih MJI E3 2 

HaqaJihHhlii yron 30 I -30° 30 I -30° 

HaqaJihHaJI CK0P0CTh 5 /-5°/c 5 /-5°/c 

K03cp<pIIIJileHT yC!fneHllJI 
0,08 0,08 

M0T000B 

lllyM B CilCTeMe AMiillilTYAa 0,32, rayccoBCKilii AMiillllTyAa 0,32, rayccOBCK!fll 

mMepeHilJI IIIYM, IlHTeHCilBH0CTh 0,01 IIIYM, IIHTeHCilBH0CTh 0,01 

lllyM B CIICTeMe 
PaBHOMepHhill IIIYM 

PaBHOMepHhlii IIIYM [-2,15; 2,15], 
[-2,15; 2,15], IIHTeHCIIBH0CTh 

yrrpaBJieHIIJI 
0,48 

IIHTeHCIIBH0CTh 0,48 

Ko3<p<pilIJIIeHT TPeHIIll B 
3,55 3,55 

KPerrneHIIII MaJITHIIKa 

K03cbcb-T TOeHIIll K0Jiec 3 ,63 + raycCOBCK!fll IIIYM 10% 3,63 + rayCCOBCK!fll IIIVM 20% 

CIIJia VIIPYT0CTil 5,54 HIM 5,54 HIM 

lliYM 
HopMIIpoBaHHhill IIIYM C rayccOBCKIIll IIIYM C 

B KpelilleHIIIl 
0,01 0,01 IIHTeHCIIBH0CThlO II IIHTeHCIIBH0CThlO II 

MaJITHIIKa 
aMiillIITYAOll 0,35 aM!illIITVAOll 0, 7 

,[(IIarraJOH II0ilCKa 

K03!pqJIIIJIIeHTOB 15 - 21 10-30 

VCIIJieHIIll 

BpeMll II IIIar BpeMll M0)l;eJIIIpoBaHIIll 7 C BpeMJI M0AenIIp0BaHllJI 7 C rrpII 

M0)l;eJIIIP0BaHllJI IIPil IIIare 0,01 c IIIare 0,01 c 

IlapaMeTIJhI r A ,L\JUI noIIcKa OC B nporpaMMe OE3 npoIIJIJIIOCTIJIIpoaaHhI Ha 

pIIC. 4.16. TaIOKe CJie,L\yeT OTMeTIITh ycTaHOBJieHH0e BpeMJI TaKTa CIICTeMhl. ~ 

M0,L\eJIIIp0BaHIIJI II 3KcnepIIMeHTa ,L\JIIITeJibH0CTh TaKTa npIIHIIMaJiaCb IlOCTOJIHHOH B TeqeHIIe 

IICilb!TaHIIH II COCTaBJIJIJ!a 0,01 C. 

,~,CreateS°,gnalD~k>g ,,_." •-•--•--- _ · == _.J-'P-!IIE3i1t 
ri Di~&lons of' teaching signa-1 -----~- I 
:1 Input 3 ~ ! J eu-..,t 3 @3 

f" ,1 
Encnding parameters 

~
@] " !' 

l"I _4 
-1 ,,{ 

ij ,, 
!~ 
'~ '• I, 

Se!arc:h range 

Bits per paranH!:1:rr 

Simulation parameters 

SirnUJaUon time 

Mod~ sample time 

Controller sample time 

fl 
f~ I · Canoe! I 

15,00 

12 

7.,000 ~ 
0,..010 m 
0,010 m 

2.1.,00 m 

<back l I next> 

PIIc. 4.16. OKHO OE3 ,L\JUI ycTaH0BKII napaMeT!)0B IlOIICKa o6yqaIOlljero CIIrHaJia 
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Pe3yJihTaToM reHeTIIqecKoro oT6opa CTaJI CIIrnaJI, qacTh KOToporo npe,L\CTaBJieHa Ha 
pIIC. 4.17, 3TOT CIIrHaJI JIBJ!JleTCJI BXO,L\Hh!M CIIrHaJIOM B OE3. 

~2.9989e+001 2.6002e-001-3.0113e+0011.6476e+0011.9190e+0011.4440e+001 
-2.9239e+001 7.5012e-001-6.0102e+0011.2007e+0011.0132e+001 7.0293e+OOO 
-2.7578e+0011.6607e+OOO -8.9340e+001 9.0330e+OOO 8.7363e+OOO 1.7912e+001 
-2.4760e+001 2.8181e+OOO -l.1692e+002 l.0813e+0011.5260e+001 7.1319e+OOO 

PIIc. 4.17. oc C M0)l;eJIII 

IIepBh!e TIJII CTOJI6IJa Ha pIIc. 4.17 OilIICh!Ba!OT OIIIII6ey ynpaBJieHIDI, 

,L\II<pqiepem(IIaJlhHYIO II IIHTerpaJibffYIO OIIIII6KII CO0TBeTCTBeHH0, IlOCJie,L\HIIe TIJII -

K034J4JIIIJIIeHThI ycIIJieHIDI k P, k d, k; . 

B BII,L\e rpaqiIIKa Ha pIIc. 4.18 npe,L\cTaaneHa qacTh 06yqa1011Jero cIIrnaJia yrna 
0TKJIOHeHIDI MaJITHIIKa OT BepTIIKaJibHOH OCH. 

10 I Error I 
5 

Teaching signal 

0 

-5 

g -10 
w 

-15 

-20 

-25 

-30 ~---~----~-----L_ ____ _,___ ___ ~ 
0 50 100 150 200 250 

Time c 

PIIc. 4.18. OIIIII6Ka yrrpaBJieHllJI B o6yqaIOII,eM ClfrHaJie yrna 0TKJI0HeHllJI MaJITHilKa 

Ha BTOpOM 3Tane oc Il0,L\aeTCJI Ha BXO,L\ OE3, KOTOpb!H annp0KCilMIIpyeT ero C 

IlOMOlljb!O 3a,L\aHHOH IlOJih30BaTeJieM MO,L\eJin HeqeTKOro Bh!BO,L\a. Bb16npaeTCJI 0ilTIIMaJlhH0e 

npe,L\CTaBJieHne 4JYHKIJilH npnHa,L\JieJKHOCTil JllIHrBIICTIIqecKOH nepeMeHHOH. 

Pe3yJihTaT 3Tana Il0CT!)0eHIDI BX0,L\Hh!X JllIHrBIICTIIqeCKIIX rrepeMeHHhlX rrpe,L\CTaBJieH 

Ha PIIC. 4.19. Ha 3TOM 3Tane OIITilMII3IlpYIQTCJI npaBbie qacTn npaBIIJI. ~ 3TOro 

11crronh3yeTcJI r A2 (,L\JUI OC c MaKern) II MATLAB-MO,L\enIIpoaaHne ,L\JUI OC, nonyqeHHhIX c 
ncnonh30BaHneM M0,L\eJIII. 
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1531 

153 3 r 1534 

PHe. 4.19. IP)'HKQI!ll npttHa/:l)IC)KH0em AJill BX0.[\Hh!X 3Ha'ICH11H JillHrBHemqeeKHX nepeMCHHhlX E3 1, 
E3 2, E3 3, E3 4 

Pe3yJihTaThl II0ClJ)0eHIDI E3 HJIJIIOC'IJ)HpYIOTCH HIDKe (pttc. 4.20). 
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PIie. 4.20. Da3hl 3HaHl!H B Bll.[\C HeiipoHHhlX eeTeii (OC e M0.[\CJIIl ll MaKern) 
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JI 

•I """-I' 

l 
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l111'.1i41 
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.:J 

,lJ,m! qJOpMnpoBaHIDI rrpaBhIX qacTeH rrpaBllJI .LIJlH E3, oc K0TOpb!X II0JIY'leH c MaKeTa, 

ucrr0Jib30BaJICH r A2, rro.n:po6Ho pacCMO'IJ)eHHh!H B rrpe,n:1IIeCTBYIOII1llX rnaaax. 

<l>yHK!.1IDI rrpnro,n:H0CTll Ha ,n:aHH0M :narre - MllHllMYM Olllll6Kn arrrrp0KCllMaQnll oc. 
Pe3YJibTaT C03.[\aHIDI ll 0IITllMll3aQllll rrpaBllJI E3 rrpe,n:cTaBJieH B an.n:e HettpOHHOH 

ceTll Ha pnc. 4.20. IIepBb!H CJIOH ,n:eM0HClJ)HpyeT K0Jill'leCTB0 BX0.[\Hh!X rrepeMeHHhIX, 

sTOpOH - K0Jill'leCTB0 <pyHKQllll rrpn:Ha,n:Jie)KH0CTll .[\JIH Ka)K.LIOH rrepeMeHHOH, lJ)eTllll -

rrpo,n:yKQH0HHhie rrpaBnJia E3, 'leTBepTb!H - 3HatJeHIDI K03(p!plll.1lleHTOB ycHJieHllH. 

Ha pnc. 4.21 ,n:eM0HClJ)llpycrc» CBH3h Me)K.Lly oc, II0JIY'leHHh!M C llCII0Jih30BaHlleM 

MaTeMaTn'leCKOH M0,n:eJill, ll K03{p{plll.1lleHTaMll ycn:JieHIDI HP. 
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PIie. 4.21. oc e M0.[\CJIII H K03qJ<fllll1llCHThl yel!JICHI!ll HP 

B Ta6JI. 4.5 rrpn:Be,n:eH0 cpaBHeHHe E3 no K0JilltJecrny rrpaan:JI, K0Jill'leCTBY <pyHKQllH 

IIpHHa,n:Jie)KHQCTll JlllHrBllCTll'leCKOH rrepeMeHHOH ll crroco6y 0IITllMll3aQnll B rrporpaMMH0M 

HHclJ)yMeHTapnn OE3. 

Ta6Jim:~a 4.5. 
CpaaHeHne E3 

IiaJaN~ KOJilltJeCTBO KoJI-so <pyHKl.1llll Crroco6 orrTnMn3a1.1nn 

rrpaan:JI IIDllHa,n:Jle)KH0CTll 

Ea3a 1 (Mo,n:eJib) 245 8x6x6 Mo,n:eJin:poaaHn:e 

IiaJa 2 (Mo,n:eJih) 276 8x9x6 Mo,n:eJin:poaaHne 

Ea3a 3 (MaKeT) 288 9x9x6 ArrrrpOKCHMaQIDI oc 
(rA2) 

Ea3a 4 (MaKeT) 270 5x8x8 ArrrrpoKCHMaQIDI oc 
(fA2) 
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4.1.5. Mo)le.rmpoBaHJle JI JKcnepnMeHT 

PacCMOlpJIM IICCJIC,!:\0BaH!Ie Ka'Iecrna ynpaBJieHIDI IIII,D;-perymuopa JI HP Ha 0CH0Be 

nporpaMMH0ro JIHCipYMeHTapllll: OE3, npoBe,!:{eHH0e C IICII0Jib30BaHIIeM peaJibH0ro OY H 

ero MaTeMaTII'IeCKOH. M0,!:{eJIII. PeryMTOpbl pa3pa6aTb!BaJIIICb ,!:\JI.SI qiyma~IIOHHpOBaHIU[ a 

TIIIIOBOH. CIIrya11IIII ynpaBJieHIDI. lICIIb!TaHIIll: BbIII0JIHeHbl KaK B TIIIIOBOH., TaK II B 

Henpe,!:\BH,!:\eHHOH. CIITYallIDIX, o603Ha'IeHHb!X Cl II C2 C00TBeTCTBeHH0. IIapaMelpbJ 

MaTeMaTII'IeCKOH. M0,!:{eJIII, IICIIOJib3yeMOH. ,!:\JI.SI M0,!:{eJIIIpoBaHIDI, npe.ncTaBJieHbl B Ta6JI. 4.6. 

Ta6nu11a 4.6. 
CIIryaQIIII ynpaBJieHIDI H napaMeipbI MaTeMaTII'IeCKHX M0,!:{eJieil. 

TunoBaH CJ1TYaI1IIH (Cl) Henpe)lBHJlCHHaH (C2) 
Ha'IaJibHhIH. yroJI oo oo 
Ha'IaJibHa.H CK0P0CTb 1°/e 1°/e 

Macca TeJie)l(KII 0,56 Kr 0,56 Kr 

Macca Ma.HTHIIKa 0,63 Kr 0,63Kr 

,ll;JIHHa Mall:THIIKa 0,07M 0,07 M 

3,55 + HOpMIIpoBaHHbIH. 2,75 + HOpMIIpOBaHHb!H. 

TpeHIIe B KpeIIJieHIIII llIYM C IIHTeHCIIBH0CTb!O IIIYM C IIHTeHCIIBH0CTblO 

0,01 II aMIIJIIITV,!:\OH. 0,35 0,01 II aMIIJIIITY,!:\OH. 0,35 

TpeHIIe K0JieC 
3,63 + raycCOBCKHH. llIYM 2,53 + rayCCOBCKIIH. IIIYM 

15% 15% 

Kmdirlm11IIeHT VIIPVrDCTII 5,54 HIM 7,54 HIM 
lliyM B CIICTeMe PaBHOMepHbIH. [-2,15 2,15], PaBHOMepHbIH. [-2,55 2,55], 

ynpaaJieHIIJI IIHTeHCIIBH0CTb 0,48 IIHTeHCHBH0CTb 0,48 

lliyM B CHCTeMe 
AMnJinry.na 0,22, AMIIJIIIry.na 0,42, 

rayccOBCKIIH. llIYM, rayccOBCKHH. llIYM, 
II3MepeHIDI 

HHTeHCHBH0CTb 0,01 IIHTeHCHBH0CTb 0,01 

3a.nep)l(Ka ynpaBJI.HIOIQero 
0,01 C 0,01 C 

B03,1:\eH.CTBIDI 

)];AA cpaBHeHHll: po6aCTHOCTII Illl:TH pa3pa60TaHHb!X CHCTeM ynpaBJieHIDI M0)l(H0 

paCCM0ipeTb Henpe,!:\BH,!:{eHttylO CIITYallIIIO ynpaBJieHIDI (C2). B JTOH. CIIrya11IIII 

M0,!:{eJinpyeTCll: yBeJIH'IeHne aMIIJIHTY.!:\bl llIYMa B CHCTeMax II3MepeHIIll: H ynpaBJieHIDI, a 

TaK)l(e H3MeHeHne KOJqJqJHI.IHeHTOB ynpyrocTII II IpeHIDI K0Jiec 0 II0BepXH0CTb. ,ll;JI.H JToro B 

JKCI!epIIMeHTe HCII0Jib30BaH0 crreQHaJibH0e II0KpbITIIe, a ,!:\JI.SI MaTeMaTII'1eCKIIX MO,!:{eJieii 

Bb!6paHbl C00TBeTCTBY!OIQHe 3Ha'IeHIIll: rrapaMelp0B. 

PaCCMOlpHM II0Be,!:{eHIIe IIII,D; H He'IeTKHX peryJI.HT0p0B B THIIOBOH H 

Herrpe.nan.neHHOH cIIrya11ID1x. 

Ha pIIC. 4.2 rrpe.ncrnBJieHa ClpyKrypa CIICTeMbI M0,!:\eJinpoBaHIDI. 

Ha pnc. 4.22 - 4.25 rrpe.ncrnBJieHbl pe3yJibTaTbI MaTeMaTH'IeCKoro M0,!:\eJinpoBaHIDI n 

JKcrrepnMeHTaJibHbIX H3MepeHIIH B cnrya11nHx yrrpaBJieHIDI Cl JI C2. 
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Pne. 4.22. Pe3yJibTaTbl M0,!1eJIIIpOBamrn._ CJieBa - OIIIII6Ka yrrpaBJieHIIll:, errpaaa - IIHTerpaJI 
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Pile. 4.23. Pe3yJibTaThl 3KerrepllMema. CJieBa - 01Illl6Ka yrrpaBJieHIIll:, crrpaBa - llHTerpaJI 
KBa.zipamqHoii OII!ll6Kll. TllIIOBaJI cIITya11Illl: yrrpaBJieHIIll: CI 
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Pile. 4.24. Pe3yJibTaTJ,J M0,!:\eJIIIp0BaHIIll:, CneBa - 01Illl6Ka yrrpaBJieHIIll:, errpaBa - llHTerpaJI 
KBa.zipamqHQH 01Illl6K!I. Herrpe,!1Bll,!1eHHaJI ellTyallllll: yrrpaBJieHIIll: C2 
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Puc. 4.25. Pe3yJihTaThI 3KcrrepuMenrn. Onm6Ka yrrpaBJiemrn. Herrpe,11Bu,11enna11 curya11JUI C2 

PaCCMOTPIIM II cpaBHIIM HeK0TOpbie pe3yJihTaTbl aHaJIJJ~a KaqecTBa ynpaBJiemrn HP H 

III1,[J:-peryID1TOpOB . .D:m1 3TOro M0)l(H0 IICIT0J!h30BaTb HeCK0JihK0 IlOKa3aTeJieii. 

IlepeXO,!(Hblll. npo11ecc B CJJCTeMe H ero napaMeTPhl Il0Ka3aHhl Ha pile. 4.26. 

1 · 1i 
1,25 

1 

D.75 

D.~ 

D.25 

0 

-0.25 1.5 02 

-0.5 

-0.75 Tf 
-1 

0 2 = \/ :A'"f (Error) dt 
f ~,; (4.5) 

PI1c. 4.26. IloKa3aTeJIII KaqecTBa yrrpaBJieHIDI 

Ilepeperyn11poBaHHe xapaKTep113yeT Kone6aTeJihHOe cBoiicTBo nepexo,11Horo npo11ecca B 

- q. ) a 
cHCTeMeHpaccqHTbIBaeTcxnocpopMYJie 01 -1-0 , Om(const ~ 1· (4.6) 

m 

186 

Ha pHC. 4.27 npe,!1CTaBJieHa ,!(HarpaMMa yp0BHH nepeperynHp0BaHHH CHCTeM 
ynpaBJieHHH. 

0.98 

0,97 

0,96 

0,95 

nepeperynHpoeaHHe 

D .MoAen1;1poeaHHe 

■ 3KCnepl'IM8HT 

Puc. 4.27. Ilepeperym1p0Bamie CIICTeM ynpaBJieHUJI B THIIOBOH cttryaQIIU. 
Pe3yJihTaThl M0,!1eJII1pOBaHI1JI II 3KC!IepuMeHTa 

HeqeTKHll. peryJIHTOp, pa3pa6oTaHHblll. Ha 0CH0Be BepH!pllllIIPOBaHHOll. 

MaTeMaTJJqecKOll. M0,!(eJIJJ, HMeeT 6onee HII3Kllll. Il0Ka3aTeJih nepeperyn11poBaHJJH, qTo 

xapaKTep113yeT pa6ozy TaK0ro peryID!rnpa KaK 6onee 1cpcpeKTIIBHy10. 

y CToiiqJJBOCTb rrepeX0,!(H0ro rrpou:ecca peryJll!T0p0B (p11c. 4.28) paccqJJTbIBaeTCH KaK 

0 
0 2 =1- a:; Om(const)'?.02 • (4.7) 

a.a 

0.7 

YcTOH'-IHBOCTb 

PIIC. 4.28. YCTOH'IIIBOCTb CUCTeM yrrpaBJieHJUI B TUIIOBOH CI1rya11uu. Pe3yJihTaTbl 
M0,!1eJII1poBaHJUI II 3KC11epI1MeHTa 

KaqecTBO yrrpaBJieHHH xapaKTep113yeT crroco6HOCTb CIICTeMbl yrrpaBJieHHH 3cp<peKTIIBHO 

pacxo,110BaTb 3HeprernqecKHii II TexHuqecKHii pecypc c11cTeMhI. B cnyqae pean113au:uu 

CJIO)l(HQfO yrrpaBJieHJJH 113H0C 06opy,110BaHHH Il 3aTPaTbl 3Hepr1111 pe3K0 yBeJIJJqJJBaJOTCH. 
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Cno)KHOCTb ynpaBnemUI CAY (pHc. 4.29) pacctJHTb!BaeTcH B BH,[(e 

1 r ( dK )
2 

- J - dt 
1 T ,~o dt 

P aal - -'--'-=-----
A 

A - canst . (4.8) 

C.no>KHOCTb ynpae.neHl,l'IJ:I 

o.98 

Pnc. 4.29. CJIOJKH0CTb yrrpaBJieHIUI B THIIOBOll CI!Tyarum. Pe3ynbTaThl MO/],eJinpoBaHHll n 
3KcrrepnMeHTa 

OueHKa CJIO)KHOCTH yrrpaBJieHHH IIOKa3ana, 'ITO HP, pa3pa6oTaHHbie C 

HCIIOJib30BaHHeM OE3, o6ecrre'IHBaIOT CHCTeMy 6onee rrpocTbIM ynpaBJieHHeM, 'ITO B 

KOHe'IHOM HTOre IIOJIO)KHTeJibHO CKa3bIBaeTCH Ha cpoKe HCIIOJib30BaHHH 06opy.z:10BaHHH, 

CHH)KaH ll3HOC H IIOBbllllaH Ha,[\e)KHOCTb. 
Pe3yJibTaTbl MaTeMaTH'leCKOfO MO,[\eJIHpOBaHHH H 3KCIIepnMeHT0B B Henpel\BH,[\eHHOH 

cnryaunn ,[\JIH paCCMOTPeHHbIX CHCTeM yrrpaBJieHHH, rrpe,L\CTaBJieHHble B rpaqmqeCKOM BH,[\e 

Ha pnc. 4.23 - 4.25, n IIOKa3aTeJIH Kaqecrna ynpaBJieHHH (pnc. 4.27 - 4.29) IIOKa3bIBaJOT, 'ITO 

rr11,n:-peryJIHTOp He 06na.z:1aeT Heo6xo,[\HMOH po6acTHOCTb!O n B Herrpel\BH,[\eHHOH cHryaunn 

MO)KeT ,[\OIIYCTHTh rroTep!O ycTOH'lllBOCTH CHCTeMb]. 

4.1.6. BbIBOl\bl 

Bb1CoKaH 3<p<peKTHBHOCTh pa6oTbI HP (fuzzy controller) FCl .z:1eMOHCTPHpyeT 

BbICOKOe KatJeCTBO rrpoBe,[\eHHOH Bepn<pnKaUHH. 
Pa3pa60TaHHblH C HCIIOJib30BaHHeM MaTeMaTH'leCKOH MO,[\eJIH (AJIH THIIOBOH 

cnryaunn yrrpaBneHHH) HP 1 (FC 1) crrpaBHJICH c 3a.z:1aqeii yrrpaBJieHHH nytJI1Ie Bcex H3 

paccMaTPHBaeMbIX THIIOB peryJIHTOpOB, 'ITO IIO,[\TBep)Kl\eHO pe3yJibTaTaMH MO,[\ennpoBaHHH ll 

3KcrrepnMeHTa. ,n:aHHb]H pe3yJibTaT ,[\eMOHCTPHPYeT KatJeCTBO MeTO,[\a BepH<pHKaunH 

MaTeMaTntJeCKOH MO,[\eJIH C rrpnMeHeHHeM r A. 
TaKHM o6pa30M, pe3yJibTaTbl 3KCrrepHMeHTa IIOKa3b!BaIOT, 'ITO HP, E3 KOTOpb!X 

crrpoeKTHpOBaHbl no pa3pa6oTaHHOH MeTO,[\OJIOfHH, 06na.z:1aJOT IIOBb]IlleHHOH po6acTHOCTb!O 

n crroco6HhI crrpaBJIHThCH c 3a.z:1aqeii yrrpaBneHnH B urnpoKoM KJiacce HerrpeABH,[(eHHb!X 

cHryaunii. 
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4.2. ,n:ncTaHUIIOIIHOe rrpoeicr11poBaH11e II HaCTpOilKa Ji3 HP AJIH yrrpaBJieHIIH 

YAaJieHHLIJ\I aBT0II0J\lllblM po60TOM 

PaccMOTPHM TeXHOJIOfll!O ,[\HCTaHUHOHHOfO rrpoeKTnpoBaHHH po6aCTHblX 11CY (Ha 

ocHoBe y.z:1aneHHoro coe.z:1nHeHHH c OY) l\JIH HaCTPOHKH E3 HP Ha OCHOBe OE3 c 

rrpnMeHeHHeM TeXHOJIOfllll MHfKIIX Bbl'IHCJieHHH. TaKaH B03M0)KHOCTb II03BOJIHeT 

rrpoeKrnpoBaTb 11CY 6e3 llCIIOJib30BaHHH CHCTeMbl CTOXaCTH'leCKOfO MO,L\ennpoBaHHH, 'ITO 

.z:1aeT rrpeHMYI1IeCTBO rrpn rrpoeKTHpOBaHHH He'leTKHX CllCTeM yrrpaBJieHHH ,[\JIH CJIO)l(Hb!X ll 

cna6o <popMaJill30BaHHblX OY B Herrpe,[\BH,[\eHHblX cnryaUHHX ynpaBJieHHH. KpoMe Toro, 

,[\HCTaHUHOHHaH HaCTPOHKa E3 .z:1aeT B03M0)KH0CTb MaKCHMaJihHO a.z:1arrTHpoBaTb He'!eTKyJO 

CHCTeMy yrrpaBJieHHH ,[\JIH KOHKpeTHOH (Herrpe,[\BH,[\eHHOH) cnryaunn yrrpaBJieHHH 

He3aBHCHMO OT BpeMeHH ll Mecrn Haxo)K,[\eHHH OY. TaKoro po.z:1a CaMOOpraHH3YJOIUHeCH 

IICY c ,[\HCTaHUHOHHblM rrpoeKrnpoBaHneM E3 Ba)l(Hbl l\JIH JIHKBH,[(aunn IIOCJie,[\CTBHH 

aBapHii Ha A3C, rrpn pa36ope 3aBaJIOB rrpn 3eMJieTPxceHHHX, KpyllleHnn rroe3.z:10B, l\JIH 

pa60Tbl B 3arpH3HeHHOH ll pa.z:1noaKTHBHOH OKp~aroiueii cpe.z:1e H T. II. 

4.2.1. Y,-aJieH11oe coe,-1111e1111e c Oli3 

PaccMOTPHM B03MO)KHOCTb y.z:1aneHHOH HaCTPOHKH E3 peaJibHoro OY. 

y ,[\aJieHHaH OIITHMH3aUHH E3 ocyiuecrnJIHeTCH Ha 'leTBepTOM 3Tarre rrpoeKTHpoBaHHH 

HP. PeanmauHH qJH3H'leCKOH cpe,L\bl coe,[\HHeHHH. rrpe.z:1rronaraeT HCIIOJib30BaTb 

.z:1orroJIHHTeJibHoe 06opy.z:10BaHne l\JIH rrpneMa-rrepe.z:1aqn .z:1aHHbix, HarrpnMep pa.z:1noKaHan 

Bluetooth, WiFi nnn IIOAKJIJO'leHne no Ka6enro, HanpnMep USB. 
Ilpe.z:1rronaraeTCH o6MeH HH<pOpMauneii Me)K.[\y CHCTeMOH yrrpaBJieHHH n OE3 l\JIH 

qiopMnpoBaHnx E3 (pnc. 4.30). 

Ilpue:11 - nepe.:ta'la 
.:i;aHHLix 

.zlHCTUHUHOHHbIH KOHTpO:Ib H 
Hacrpoin.:a cnc1e:11LI 

e· Pa.:i:ao-i.:a11a-i ,(.c ~ 
0 - • . 

~I'm 
USB-coe;umeHHe /\ 

Cpe;xcrna uc1.-yccrneHHoro 
mrre:ue1.-ra. Ilporpa:,.mao

annapamwil: i.:0;1111.-iei-c 
Oli3 

Pttc. 4.30. CxeMa coe/l,llHeHllll HaClpaHBaeMoro yclpottcTBa H OE3 
PaccMOTPHM IIO.z:1P06Hee rrpouecc HaCTPOHKH 4JYHKUHOHnpoBaHHH rro.z:106Hoii 

CIICTeMbl (pnc. 4.31 ). 
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Pttc. 4.31. AJiropHTM pa6on,1 y,11arreHHOll HaClpOllKil 

CIICTeMa yrrpaBJieHIIJI cqIITbIBaer II0Ka'.3aHIIll: p;aJqIIK0B II orrrpaBJIJieT IIX Ha 
K0MIIbIOTep ,[IJilI rrocnep;yIOIIIeH o6pa60TKII. IlpIIHll:B BX0,[IHbJe 3HaqeHIIll:, OE3 0l(eHIIBaer 
rrpep;bl,[IYIIIee peIIIeHIIe (E3 HP) II ocymecrnJIJier HeqeTKJfii BbIB0,[I ,[IJIJI rrpoBepKH 
cnep;yIOmero peIIIeHIIll: (E3 HP). Pe3ynbrar HeqerKoro BbIB0,[la orrrpaBJIJiercJI Ha yp;aneHH0e 
ycrpoHCTBO. Ilocne 3T0ro CIICTeMa yrrpaBJieHIIJI, o6pa6oraB BX0,[IHbie 3HaqeHllll:, 
Bbrpa6arbmaer yrrpaBJIJIIOIIIee B03,[lei1:crnIIe. 

Ilpe)KJ(e qeM IIpIICTYIIIITb K ycraH0BKe coe,[IIIHeHIIJI Me)KJ(y 0IITllMII3aropoM II 
CIICTeMOH yrrpaBJieHIIll:, He06XO,[IIIMO ycraH0BIITb q:>II3IIqecKIIe orpaHIIqeHllll: 
B3aIIMO,[leHCTBYIOIIIIIX ycrpoHCTB, T. e. orrpep;eJIIITb MaKCIIMaJibHbie II MIIHIIMaJibHbie 

I 
BpeMeHHbie rpaHIIl\bI 0,[IH0ro raKTa CIICTeMbI yrrpaBJieHIIll: C yqeroM rrprreMa, rrepep;aqII II 
o6pa6orKII coo6meHrrii. 

CIIHXpOHII3al(llll: OE3 II CIICTeMbI yrrpaBJieHIIll: ocymecTBJill:eTCJI Ha 0CH0Be 
yp;aneHH0ro ycrpoiicrna (po6ora). C 3Toii l(eJibIO pa3pa6oraHa crrel(IIaJibHaJI rrporpaMMa 
(rrpOIIIIIBKa), peaJIII3YIOIIIaJI anropIITM, KOTOpblll 6brn rrpep;craBJieH Ha pIIC. 4.31. 

IlpOq:>IIJib coe,[IIIHeHIIJI IICII0Jib3YeT IIOCJie,[IOBaTeJibHblll rropr. CKopoCTb rrepep;aqII B 
HaIIIeM cnyqae cocraBJIJier 115200 6rrr/c. B rrpol(ecce q:>yttKl\IIOHIIpoBaHIIll: no COM-rropry 
rrepep;aIOTCJI qIIcJia C IIJiaBaIOmeii roqKQH B CIIMB0JibH0M BII,[le. 

Ilop;KJIJOqeHIIe K OE3 ocymecrnJIJiercJI qepe3 pa3pa6oraHHbri1: IIJiarrrH. Ilepep; 
ycraHOBKoii coep;IIHeHIIll: B 0KHe OE3 cnep;yer Bbr6paTu H0Mep COM-rropra, cKopocrrr 
coe,[IIIHeHIIJI II BpeMJI rrpoBepKII 0,[IH0ro peIIIeHIIll: (KOJIIIqecTBO raKT0B CIICTeMbI ,[IJill: 

rrpoBepKII peIIIeHlllI) (prrc. 4.32). 
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Pttc. 4.32. Mop;ynb y,11arreHHoii HaClpOllKH ,[IJilI OE3 

PaccMOtpIIM cne,[ly!OmIIe BaprraHrbr rrpoeKrrrpoBaHIIll: E3 ,[IJilI HP. 

4.2.2. IlpoeIITrrpoBam1e li3 /:IJIH HP c rrcnoJib30BaHrreM Oli3 

Ha prrc. 4.33 rrpep;craBJieHbI B03M0JKHbie MeT0,[lbI rrpoeKrrrpoBaHIIll:. B TaK0M 
K0HTeKcre B03M0JKHbI IIIeCTb BaprraHTOB pa3pa60TKII E3 ,[IJIJI HP (prrc. 4.33). 

C"'1a 

MaKeT 

MoAenb 

nony«eHi<e oc 

Bapi<aHTbl 63 

6J C03Aa HaR 6e3 

1,1cno11b30BaHHR 

MaTeMaT1<'leCK0'1 MOAeni< 

6J C03AaHHaR Ha OCHOBe oc C 

MaKeTa I< HaCTpOeHHaR Ha MaT. 

MOAeni< 

6~ C03AaHHaR Ha OCHOBe oc C 

MaT. MOAem• I< HaCTpOeHHaR Ha 

::;::::::::::::~► I MaKeTe I 

HaCTpOi<Ka 63 

\f:..,ln~--.-
6J C03AaHHaR 6e3 

HCnOflb30BaHHA MaKeTa 

6} C03AaHHaA 1,,1 HaCTpoeHHaA Ha 

Mar. MO,Qen11 11 AOnonH11TeflbHO 

HacrpoeHHaR tta MaKeTe 2C 

--WYM 

:iz~(t) 

6~ C03AaHHaR 11 HacrpoeHHaR Ha 

MaKTe 11 AOnOnHHTenbHO 

HacrpoeHHaR Ha MaT. MOAen11 

Pttc. 4.33. BapIIaHTbl npoeKTttpoBaHIIJI E3 
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,ll;IDI rrpoeKTIIp0BaHIDI E3 A-JUI HP Ha 0CH0Be MaTeMaT11qecKoii M0AeJIII 6w1a 

rrpoBeAeHa BepmimKa[(IDI OY. 8 AaJlbHeiiweM :na M0AeJih l!CII0Jih30BaJlaCh A-JUI HaCTpoiiKH 

E3 rorn HP (FCl, FC2, FC5 11 FC6). 
ITapaMeTphl Bepmpll[(llpOBaHHOii M0AeJil! rrpeACTaBJieHhl B Ta6JI. 4.6 (E3 1). 

Ha p11c. 4.18 114.21 rrpeACTaBJieH OC, 11crroJih3yeMhiii rorn C03AaHIDI FCl, FC3 11 FC5. 

,ll;IDI rronyqeHIDI OC c MaKern 11crroJih3yeTCJ1 r A-ITH,ll;-perym1rnp. 1lacTh OC, rronyqeHHoro c 

MaKeTa, rrpeACTaBJieHa Ha p11c. 4.14 ll 4.15. B AaJlhHeiirueM 3T0T CllrHaJl l!CII0Jih3YeTCJI ~ 

C03AaHIDI FC2, FC411 FC5. 
Ha rrepB0M 3Tarre C03AaHIDI E3 (CM. rnaBy 2) rronyqeHHhie oc l!CIT0Jih3YJOTCJI Ml! 

qiopM11poBaHIDI Jil!HrBl!CTl!qecKllX rrepeMeHHh!X AID! BX0AHh!X 3HaqeHllii. 

Pe3yJihTaTbl nepBoro 3TaIIa npoeKTrrp0BaHIDI rrpeACTaBJieHbl Ha p11c. 4.34 ll 4.35. 

e 

fe 

!1e 

0.00 I0.10 I0.20 I0.30 

Pnc. 4.34. <l>)'HKl.lllll npnHa;irrelKH0CTll BX0JIHhlX rrepeMeHHhIX (FC I, FC2 11 FC5) Ha ocHoBe OC c 
M0jleJIH 

e 

fe 

~e 
0 

looo lci 10 li120 lo.30 

Pnc. 4.35. <l>)'HKI.IIIII npnHa;irrelKH0CTll BX0;iHhIX rrepeMeHHhIX (FC3, FC4 11 FC6) Ha 0CH0Be oc c 
MaKeTa 

B AaHHOii pa6oTe K0Jil!qecrno HeqeTKllX MH0lKeCTB B Ka)l(Jloii Jil!HfBl!CTl!qecKOii 

nepeMeHHOii 6bIJIO orpaH11qeH0 AO 5. 
Ha CJieAyJOl[(eM :nane rrpoeKTllp0BaHIDI E3 AID! HP ocyl[(eCTBIDieTCll qiopMllpOBaHl!e 

ll 0IITIIMl!3a[(IDI K0Jil!qecTBa rrpaBl!JI HP (rnaBa 2). Pe3yJihTaT AaHH0f0 3TaIIa rrpeACTaBJieH Ha 

p11c. 4.36. BhIXOAHh!e 3HaqeHl!JI Ha AaHH0M 3TaIIe paBHhl 0, TaK KaK llX HaCTPOiiKa 

rrp0ll3B0Al!TCJI Ha CJieAyrol[(eM 3TaITe npoeKTl!p0BaHIDI HP. 
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Pnc. 4.36. HeiipOHHal! CeTb HeqeTKoro peryJillT0pa 

PacCMOTPllM IT0JIHhie E3, C0CT0Jll[(l!e 113 125 npaBl!JI. TaKoii II0AX0A l!CII0Jih3YeTCJI 
AID! 6onee TQqHoro cpaBHeHIDI llCT0qHllK0B oc ll MeT0A0B 0IITl!Ml!3a[(l!ll Ha :narre 
HaCTPOiiK11 BhIX0AHhIX 3HaqeH11ii HP. 

PaccMOTPllM MeT0Ahl 0IITl!Ml!3a[(l!ll E3 C l!CII0Jih30BaHlleM MaTeMaT11qecKoii M0AeJil! 
ll C l!CIT0Jih30BaHl!eM YAaJieHHOii HaCTPOHKll E3. 

B Ta6JI. 4.7 rrp0B0AllTCJI cpaBHeH11e rronyqeHHb!X HP no MeT0AaM rronyqeHl!ll oc ll 
MeTOAaM HaCTPOiiKll. 

Ta6n11[(a 4.7 
HcrnqH11K OC MeTOA HaCTPOiiK11 KmmqecTBo 

rrpaBllJI 
FCl MaTeMaT11qecKaJ1 MaTeMaT11qecKoe M0Aen11poBaH11e 125 

M0AeJih 
FC2 MaKeT (r A-ITH)];) MaTeMaT11qecKoe M0AeJil!P0BaHl!e 125 
FC3 MaTeMaruqecKM Y AaJieHH0e coeA11HeH11e 125 

M0AeJih 

FC4 MaKeT er A-ITH)];) YAaneHHOecoeA11HeH11e 125 
MaTeMaT11qecKoe M0AeJmpoBaH11e ll 

FC5 MaTeMaT11qeCKal! A0II0JIHl!TeJihHal! HaCTPOiiKa C 125 
M0AeJih l!CII0Jih30BaHlleM YAaJieHH0r0 C0eAl!HeHl!ll 

Y AaJieHH0e C0eAl!HeHlle ll A0II0JIHl!TeJihHal! 
FC6 MaKeT er A-ITH)];) HaCTpOiiKa Ha MaT. M0AeJil! 125 

4.2.3. MoAeJI11poBaH11e II 3KCnep11MeHT 
3Kcnep11MeHT ll M0Aen11poBaH11e np0B0AllJil!Ch B AByx c11rya[(IDIX ynpaBJieHIDI. 

TiepBaJI Cllrya[(IDI (C 1) JIBIDieTCll TllIIllqHoii rorn CllCTeMhl yrrpaBJieHIDI (HaqaJihHhiii yron, 

paBHb!H - 1 °, ll ycKopem1e, paBH0e 1 Mlc2
). ~eJih yrrpaBJieHIDI - II0MeplKl!BaTh MaJITHl!K B 

paBH0BeCl!ll (yron 0TKJI0HeHIDI 0°). Brnpall c11ryarrIDI JIBIDieTCJI HerrpeABllAeHHOii (C2). 
HaqaJihHhlH yron ll ycKopeHl!e B C2 paBHhl 5° ll 1 Mlc2 C00TBeTCTBeHH0. 

TaKM Cl!TYarrIDI xapaKTepll3yeT B03MynJeHHe, BhI3BaHHoe BHeIIIllliM B03Aeiicrn11eM Ha OY. 
PaccMOTPllM M0Aen11poBaH11e B TllITOBOii c11rya[(l!ll yrrpaBJieHl!JI (p11c. 4.37 ll 4.40). 
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Puc. 4.38. CneBa - onm6Ka ynpaBJieHllll, crrpaBa - JIHTerpan KBa,11paTJ1qHOll onm6Kll. HP Ha OCHOBe 

oc C MaKeTa, TllIIOBllil Cl!ryal(JIJI yrrpaBJieHJlll Cl. Pe3yJILTaTbl MO,!\eJII!pOBaHJIJI 
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Pnc. 4.39. CneBa - onm6Ka yrrpaBJieHllll, crrpaBa - UHTerpan KBa,!lpaTuqHon onm6Kl!. HP Ha ocHoBe 

oc C MaTeMaTnqeCKOll MO,!\eJIU, TJIIIOBllil cnzyal(llll yrrpaBJieHHJI Cl. Pe3yJibTaThl 3KCrrepnMeHTa 
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PIIC. 4.40. CneBa - OII!ll6Ka yrrpaBJieHJlll, crrpaBa - IIHTerpan KBa,!lpaTJ!qHOll onm6KJI. HP Ha OCHOBe 

oc C MaKeTa, TUIIOBaJI Cl!TYal(llll fIIpaBJieHJIJI Cl. Pe3yJibTaTbI 3Kcrrepl!MeHTa 

Ha p11c. 4.41 rrpe,n:CTaBJieHO cpaBHeHHe llHTerpaJIOB KBa,11paT11qHOH oum6Kll ,!(JIH Bcex 

paccMalpHBaeMbIX perymuopoB B TllIIOBOH CHTyal(IIll yrrpaBJieHIIH C 1. 

MMTerpan KBaApaTM'4HOM OWM'5KM -~no,,po-..-

Fe& 

Puc. 4.41. lIHTerpan KBa,!lpaTJ!qHOll OIIIIl6KJI. THIIOBaJI Cllzyal(Jlll yrrpaBJieHJlll 

MeHbllIIIH no BbICOTe ypoBeHh llHTerpana KBa,n:paT11qHoii OIIIII6KJI Ha p11c. 4.41 
CB11,n:eTeJibCTByeT O nyqIIIeii pa6oTe peryIDITOpa. Ifa ,n:11arpaMMbl Ha p11c. 4.41 B11,!(HO, qTQ B 

3Kcrrep11MeHTe FC4 crrpaBIIJICH C 3a,n:aqeii ynpaBJieHIIJI B THIIOBOH c11ryal(llll nyqIIIe .n:pYTIIX 

peryIDITOpoB. Pe3ynLTaTLI MO,n:en11poBaH11J1 rroKaJLIBaIOT, qTo FCl, pa3pa6oTaHHLiii 11 

0IIT11Mll311pOBaHHblll C llCIIOJih30BaHHeM MaTeMaT-eCKOH MO,!(eJIH, crrpaBJIJleTCH C 3a,n:aqeii 

yrrpaBJieHIIJI nyqIIIe OCTaJibHh!X peryIDITOpOB. 3TO o6bHCHJleTCH TeM, 'ITO ,!(JilI HaClpOHKll FC 1 
HcrroJIL3yeTc.ir MaTeMaT11qecKaJI: Mo,11enL, a ,11JIJ1 HaClpOHKII FC4 - peanLHLiii OY (MaKeT) c 

He,n:ocTaToqHo orrpe,11eneHHLIMH rrapaMelpaM11. 

PaccMOTPHM pe3yJILTaTbl MO,n:en11poBaH11J1 11 3KCrrep11MeHTa B Herrpe,n:B11,!(eHHOll 

c11rya1(1111 yrrpaBJieHIIH C2 (p11c. 4.42 - 4.45). 
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P11c. 4.43. CneBa - OIII116Ka yrrpaBJieHIIH, crrpaBa - IIHTerpan KBa.11paTll'IHOH OIII116K11, HP Ha OCHOBe 
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P11c. 4.44. CneBa - on1116Ka yrrpaBJieHIIH, crrpaBa - HHTerpan KBMpaTH'IHOH OIIIll6KH, HP Ha OCHOBe 
QC C MaTeMaTll'IeCKOH MO,!\eJIH, Herrpe,!\BH,!\eHHM CHryaIJIIH ynpasneHHH. Pe3yJihTaThl '.}KCrrep11MeHTa 

196 

Error of control 
30 

211 

10 

~ 
' ,1 

i ~ ) I ~ ~ 
Ii I \ 1\ I I l1 1\ /I I I I. I. I I 

1 I . , 
$ 

r V 
.10 

·211 

\' I ' I I I I l I i f I l \ I I I I I I I I ✓ I/ I 
I I 1/ I II ij ~ 11 1 V 

•
30 

O 50 100 150 2110 250 300 350 400 450 500 
System dock 

. , 
$ 

121100 lnteg'al '"'""° em,r 

10000 

BODO 

5000 

4000 r 
.J 

I 
) 

I 
) 

11< 

I 

/ 
~ FCf 

FC6 

21100~ •••• ····························1 r . ..... ········ 

D""---'------1, I I I ' 

0 50 100 150 2110 250 300 350 400 450 500 
System dock 

P11c. 4.45. CneBa - onm6Ka yrrpaBJieHHH, crrpaBa - HHTerpan KBa.11paTH'IHOH OIIIH6KH, HP Ha OCHOBe 

QC C MaKeTa, Herrpe,!\B11,!\eHHM CHryaIJIIH ynpaBJieHIIH. Pe3yJihTaThl 3KCIIepHMeHTa 

Ha pnc. 4.46 rrpe.11crnBJ1e110 cpaa11e11ne HHTerpanoa Kaa.11pan1.q11oii mnn6KH acex HP. 

2500 

MKrerpan K■a,.cipaTH"'IMOM OWH6KM, I •~•n .. po-.... • I 
r-:-~~::-:,;:-::-~:-:--,---:,--- . • ....... _., . 

FC6 

Pnc. 4.46. HHTerpan KBMpaTH'IHOH OIIIll6KH. Henpe,!\BH,!\eHHaH cmyaIJHH yrrpaBJieHHH 

KaK BH,!\HO H3 pnc. 4.46, KOHTpoJIJiep FC4 B Herrpe,!\Bll,LleHHOll CHTyaIJHH He 
cnpaBIDieTCH C yrrpaBJieHHeM. 

4.2.4. AllaJIH3 pe3yJihTaTOB MO,[leJIHpoBaHHH H JKCrrepHMeHTOB 

,lµrn OIJeHKH Kaqecrna IIpOIJecca yrrpaBJiemrn HCIIOJih3YIOTCH IIOKa3aTeJIH 

nepexo.11Horo rrpOIJecca (pnc. 4.26). K TaKHM IIOKa3aTeIDIM OTHOCHTCH CJIO)KHOCTh 

YnpaBJieHHH, ycTonqHBOCTh, BeJinqn11a rrepeperyJIHpoBaHHH, paccqHTaHllhJe ITO <PopMyJiaM 
(4.5)-(4.8). 
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Ha puc. 4.47 npe.i1crnBJ1eHa .i1uarpaMMa ypoBlll nepeperynupoBaHIDI cncTeM 

ynpaBJieHIDI. 

P11c. 4.47. IIepeperyi111poBaH11e CIICTeM ynpaBJieHllll B TIIIIOBOll CIITYa111111. 

Moll,elrnp0Ba1111e II 3KCIIepnMeHT 

Ilpu MO,[leJiupoBaHllll HP, pa3pa6oTaHHblll Ha OCHOBe Bepuqrn1111poBaHHOH 

MaTeMaTll"-IeCKOH MO,[leJill, 11MeeT 6onee BbICOKllll nOKa3aTeJib nepeperynupoBaHIDI, '-ITO 

xapaKTepu3yeT pa6ozy TaKoro perynllrnpa KaK 6onee ::icpcpeKTHBHy10. B ::iKcnepuMeHTe 6onee 

::icp<peKTllBHOe ynpaBJieHlle C TO'-!Kll 3peHIDI nepeperynupoBaHllll ,LleMOHCTPnpyeT FC4, 
OIITllMll3llpOBaHHblll Ha OCHOBe y.i1aneHHOro coe,LIHHeHID!. 

Xy,LIIIIllMll no Ka'-IeCTBY ynpaBJieHIDI peryJIHTopaMll C TO'-!Kll 3peHllll 

nepeperynupoBaHIDI l!BJIHIOTCll FC3 ll FC2 B 3KCnepuMeHTe ll MO,[leJillpOBaHllll 

COOTBeTCTBeHHO. 
Ha puc. 4.48 npe,LICTaBJieHO Ka'-!eCTBO ynpaBJieHIDI no KpllTepuIO ycTOH'-IllBOCTll. 

I :=::::.··· I 
0.975 

P11c. 4.48. y CTOll'-IIIBOCTb CJICTeM yrrpaBJieHllll B TIIIIOBOll CIITYallJIJI. Mo/l,eJI11poBaHJ1e II 3KCrrep11MeHT 

Eonee BbICOKllll ypoBeHb ycTOH'-IllBOCTll CBll,[leTeJibCTBYeT O JIY'-IIIIeM ypOBHe Ka'-!ecTBa 

ynpaBneHllll. Ilpu MO,[leJlllpOBaHllll B TUnOBOll cuzya11uu ynpaBJieHIDI 6onee ycTOll'-IllBbIM 

peryJIHTOpOM 0Ka3aJICll FCI, O,LIHaKO FC4 C TO'-IKll 3peHIDI ycTOll'-IllBOCTll OKa3aJICll xy,LIIIIllM, 

O.[IHaKO pe3yJibTaTbI 3KCnepnMeHTa nOKa3aJill, '-ITO caMbIM ycTOll'-IllBbIM peryJIHTOpOM 

oKa3aJICR FC4, a caMhIM Heycrnii.'-IHBbIM - FC2. 
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Ha puc. 4.49 npe,LICTaBJieHO Ka'-!eCTBO ynpaBJieHID! no KpllTepllIO CJIOlKH0CTll 

ynpaBJieHIDI B TllnOBOH cuzya11uu. 

B TllnOBOH cuzya11nu ynpaBJieHIDI FC4 06Jia,L1aeT 6onee npOCTbIM ll, CJie,[loBaTeJibHO, 

::iqicpeKTllBHb!M ynpaBJieHneM. 

AHaJill3 pe3yJihTaTOB MO,LlenupoBaHID! B TllnOBOH cuzya11uu nOKa3bIBaeT, '-ITO HP, 

11acTPOeHHbie C ucnOJib30BaHueM MaTeMaTll'-!eCKOH MO,[leJill, o6Jia,[laIOT 6onee BbICOKllM 

Ka'-IeCTBOM ynpaBJieHID!. 

O.[IHaKO aHaJill3 pe3yJibTaTOB 3KCnepnMeHTa B TllnOBOH cuzya11uu nOKa3b!BaeT, '-ITO 

3TllM Ka'-IeCTBOM 06na,L1aIOT HP, HaCTPOeHHble C ucnOJib30BaHlleM y.i1aneHHOro COe,[IHHeHIDI. 

I 
0.9 

0.8 

0.7 

FC6 

P11c. 4.49. CJIOlKHOCTb yrrpaBJieHJlll B TllnOBOll CIITYallJIJI. Mo/l,eJI11poBaHl1e JI 3KCIIep11MeHT 

IIpoBe,LleM aHaJIHJ Ka'-!ecrna ynpaBJieHIDI B Henpe,LIBll,LleHHoii cuzya11uu ynpaBJieHIDI 

(puc. 4.50 - 4.52). 
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0.8 

0.7 

0.6 

FCS 

Pnc. 4.50. IIepeperyJillpoaa1111e CllCTeM yrrpaaneHllll B Herrpell,Bll/],eHHOll C11TYa111111. Pe3yJibTaTbJ 

M0/],eJI11poBaHllll JI 3KCIIepnMeHTa 
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.. 

FC5 
FC6 

Puc. 4.51. Ycrniiq11BOCTb CIICTeM ynpaBJieHllll B Herrperom,11eHHOH cmyau:1m. Pe3yrrhTaTI,I 

Mo,11err11poBaHHll II 3KCIIep11MeHTa 

•• 
OB 

0.7 

•• 

Puc. 4.52. CrroJKHOCTb yrrpaBJieHHll B Herrpe,11B11,11eHHOll cuzyau:1111. Pe3)'JlbTaTbl MO,lleJIIIpOBaHHll II 

3KCIIep11MeHTa 

Pe3)'JihTaTbl M0,D;err11poBaHIDI ll 3KCIIepn:MeHTa IIOKa3aJill, 'ITO B Herrpe,D;Bll,D;eHHOll 

cn:ryaU:llll yrrpaBJieHIDI FC4 He o6Jia,n:aeT ,O:OCTaTOqHOll ycToiiqllBOCTblO ll llMeeT Hll3K)'IO 

ou:eHK)' KaqecTBa C TO'IKH 3peHllll: rrepeperyJin:p0BaHllll. 

3<jl<jleKTIIBHb!M yrrpaBJieHlleM C TO'IKll 3peHIDI CJIOlKH0CTII yrrpaBJ1eHllll o6Jia)];a!OT 

peryJil!TOpb1 FCl, FC3, FC5 n: FC6. 
8 Herrpe,n:Bll,O:eHHOll cn:ryan;n:ll pe3yJibTaTbl MO,O:eJillpOBaHIDI ll 3KCIIepn:MeHTa 

IIOKa3b!BalOT' 'ITO Bb!COKHM ypoBHeM po6aCTHOCTll o6Jia)];aJOT HP, pa3pa60TaHHble C 

llCIIOJib30BaHlleM MaTeMaTll'IeCKOll M0,n:eJill. ,[{Jlll cpaBHeHIDI KaqeCTBa yrrpaBJieHHH 

llCIIOJib3YeM CYMMY IIOKa3aTeJieli Ka'IeCTBa C paBHb!Mll BecaMll B o6en:x cn:ryan;HHX 

yrrpaBJieHllll n: paccqn:TaeM o6in;ee Kaqecrno yrrpaBJieHIDI 110 QlOPMYJie (pn:c. 4.53) 
2 

O6in;ee Kaqecrno = L w1 • Oi; + w2 • 0 2; + w3 • P;, ( 4.9) 

r,n:e w
1 
=w2 =w3 =0,16. 
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FC6 

PIie. 4.53. O6iu:ee KaqecTB0 yrrpaBJieHHll B ,IIB)'X CllT)'aU:lll!X yrrpaBJieHHll 

4.2.5. BhIBO,O:LI 

Pe3yJihTaTbl MO,O:eJin:poBaHIDI ll 3KCrrepn:MeHTa IIOKa3bIBaJOT, qTo FC4, pa3pa6oTaHHb!ll 

6e3 llCII0Jih30BaHIDI MaTeMaTll'IeCKOll MO,O:eJill, He o6Jia)];aeT ,n:ocTaTO'IHOll po6aCTHOCThlO. 

FCl, pa3pa6ornHHhIH T0JihKO Ha ocHoBe MaTeMaTn:qecKoli Mo,n:eJin: OY, o6Jia,n:aeT 

rryqIIIeli po6acTHOCThJO. CJie,D;yeT OTMeruTb, qTo n: FC5, pa3pa6ornHHhili Ha ocHoBe 

COBMeCTHOro llCIIOJih30BaHIDI MaTeMaTn:qeCKOll Mo,n:eJill ll ,!J;llCTaHD;llOHHOll HaCTPOllKll, 

o6Jia,D;aeT ,O:OCTaTO'IH0 xopOIIIllM Ka'!eCTBOM yrrpaBJieHIDI. 3TOT peryJil!TOp FC5 B TllIIOBOll n: 

Herrpe,!l;Bll,O:eHHOll cn:ryan;IDIX crrpaBJilleTCll C 3a)];aqeli yrrpaBJieHIDI Ha ,O:0CTaTO'IHO Bh!COK0M 

ypOBHe. 

Ifa pn:c. 4.39 Bll,O:HO, 'ITO xopOIII0 crrpaBJil!IOTCH C 3a,D;a'Ieli yrrpaBJieHIDI B TllIIOBOll ll 

Herrpe,n:Bn:,n:eHHOli cn:ryau:IDix yrrpaBJieHn:H qeTh1pe peryJIHTopa: 

• FCl (OC c MaTeMaruqecKoli MO,D;eJin: n: HaCTPOHKa c n:crroJih30BaHn:eM MaTeMaTn:'IecKoli 

MO,O:eJill), 

• FC3 (OC c MaTeMaTHqecKoli MO,n:eJin: n: HaCTPOliKa c n:crroJih30BaHn:eM ,D;llCTaHU:HOHHoro 

coe,D;n:HeHIDI c OY); 

• FCS (OC c MaTeMaTn:qecKoli Mo,n:eJin:, HaCTPOliKa c n:crroJih30BaHn:eM MaTeMaTn:'IecKoli 

MO,D;eJill ll ,O:OII0JIHllTeJibHal! HaCTPOHKa C llCIIOJib30BaHn:eM ,0:llCTaHD;ll0HH0ro 

coe,n:n:HeHn:H); 

• FC6 (OC c MaKeTa, HaCTPOttKa c n:crroJih30BaHn:eM ,D;llCTaHU:ll0HHoro coe,n:n:HeHn:ll n: 

,!J;0II0JIHHTeJibHal! HaCTPOHKa Ha MaTeMaTll'IeCKOll Mo,n:eJin:). 

OIITllMll3aD;IDI E3 C llCII0Jib30BaHn:eM ,!l;llCTaHD;llOHH0ro coe,D;llHeHllll: C OY 

Herrocpe,n:crneHHO HarrpHM)'IO c OE3 ,n:aeT PM rrpen:MYJD;ecrn: 

• 

• 

• 

1103B0JilleT He CTPOllTh MaTeMaTll'IeCK)'IO MO,O:eJih ll rrpn: 3TOM rroeyqaTb Heo6xo,O:llMhie 

3HaHn:H 06 OY ,D;Jlll rrocTPoemur E3; 

,0:Jlll rrpoeKrupoBaHllll HCY B OE3 ,O:OCTaT0'IH0 II0JI)"IllTb llHQlOpMaTllBHble II0Ka3aTeJill 

11 rrapaMeTPhI rroBe,D;eHn:ll OY; 

,0:IICTaHD;II0HH0e coe,n:11HeHIIe 1103B0JilleT 0IITllMII31Ip0BaTb E3 B orrpe,D;eJieHHhIX 

(TIIIIOBh!X) ycJIOBllll:X QlYHKD;llOHllpOBaHIDI, TeM caMblM C03,0:aBaTb MH0lKeCTBO E3 C 

Bb!COKHM Ka'JeCTB0M yrrpaBJieHIDI ,n:JilI pa3JIII'IHb!X cn:ryan;n:li yrrpaBJieHIIH. 

Pe3yJihTaTbl MO,n:eJI11poBaHID1 ll 3KCIIepn:MeHTOB IIOKa3hIBaJOT, 'ITO ,n:JilI 

npoeKTIIpOBaHlll! KaqecTBeHHOll ll po6aCTHOll HCY He,O:OCTaTO'IHO llCII0Jib30BaTh TOJibK0 

MaTeMaTII'IeCK)'IO MO)];eJib IIJill pearrhHblll OY. ToJihKO COBMeCTHOe llCII0Jib30BaHn:e 3TIIX 
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IIHq>OpMaI(IJOHHI,IX pecypcoB ,11aeT CIJHepreT11qeCKllll 3q>q>eKT IIOBbIIIIeHIDI KaqecTBa 

rrpoeKT11pyeM1,rx IICY. 

4.3. liecrrp0B0,llHaH HaCTpoil1rn 

PaccMOTPHM B03MO)KHOCTh 6ecrrpoBO/:IHOil HaCTPOHKH E3 MJI ,111rnaMnqecKII 

Heycrnilq11Boro 061,eKTa. B Kaqecrne cpe,11u rrepe,11aqn ,11aHHUX 6y,11eM 11crrorr1,30BaT1, MO,llyfil 

pa,11HOCBJI3ll, KOTOpblll rrpe,llCTaBJieH Ha pnc. 4.54. 

~ 

P11c. 4.54. Mo,11yrr1, pa,11110CBll311 Bluetooth 

Y CTaHOBHM cp11311qecKne orpaHnqeHIDI BpeMeHHoil 3a,11ep)KKIJ rrpn rrpneMe/rrepe,11aqe 

,11aHHhIX B KOMMYHHKa11noHHOH cpe,11e. BpeMeHHlUI 3a,11ep)l(Ka cocTaBJIJieT 40 Mc, qTo /:IJllI 

THIIOBbIX CIICTeM yrrpaBJieHIJJI, paccMOTPeHHI,IX paHee, JIBJIJieTCJI KpllTllqHI,IM rrapaMeTPOM. 

licXOM HX 3TOro c11rya11n10 yrrpaBJieHIDI C TaKOll BerruqnHOll 3a,11ep= MO)KHO cqnTaTb 

3KCTPeMaJII,HOll. .il:JIJI peIIIeHIDI 3a,11aq11 yrrpaBJieHIJJI ll3MeHHM 3aKOH cpopMHpoBaHIDI 

yrrpaBJilIIOII(ero B03,lleHCTBIDI ( 4.2). 
3a,11aIOII(llll cnrHarr CllCTeMhI CTa6HJIH3aI(IJII 6y,11eT Terrepi, 3aBHCeTI, OT IIHTerparrbHOll 

OIIIIJ6KH (4.10), 3TO II03B0JIHT CHCTeMe q>yHKI(IIOHHpOBaTI, C KpllTIJqeCKOll BpeMeHHOll 

3a,11ep)KKOil: 

ref =-a· fedt, (4.10) 

me a - 3KCrrepHMeHTaJII,HO rro,1106paHHblll rrapaMeTP, paBHblll 0,25. 
B Bbrpa)KeHIJll ( 4.10) yrorr 3a,llaIOII(ero cnrHarra 3aBHCHT OT HaKOIIJieHHOll 

IIHTerparrbHOll OIIIH6KH. Ba)l<HO OTMeTIJTI,, qTo ,llOIIOJIHHTeJibHO Ha Berr11q11Hy 3a,11a10mero 

CllrHarra 61,rno HaJIO)KeHO orpaH11qeH11e, ll ee 3HaqeHHe He ,!IOJI)KHO BI,IXO,!IHTI, 3a rrpe,11eJII,l 

,1111arrro0Ha [-16, 16), a BBe,11eHne 3aKoHa yrrpaBrreHIDI n HOBOH cnrya111111 yrrpaBrreHHJI TPe6yeT 

C03,llaHIDI HOBblX E3 Ha OCHOBe HHq>OpMaI(IJOHHI,IX TeXHOJiornil rrpoeKTHpOBaHIDI, 

paCCMOTPeHHI,IX paHee. 

4.3.1. IlpoeKTHp0BaHIJe peryJIHT0p0B 
PaccMOTPHM ,11Ba ncrnqHIJKa /:IJilI rrorryqeHHJI OC: 

• pearr1,Huil ofaeKT yrrpaBrreHIDI (FC I); 
• MaTeMaTuqecKaJI Mo,11err1, (FC2). 
IIpoeKTHpOBaHHe oc C MaKeTa YCTPOHCTBa ocymeCTBJIJIJIOCI, C IICIIOJII,30BaHHeM f A

IIII.D:-oH-rrailH-peryJIJITOpa, rpacpnK 0III116K11 yrrpaBrreHIDI rrp11 pa6oTe ,11aHHOro peryrr,:irnpa II 

CXO/:IHMOCTI, K03q>!pllI(lleHTOB rrpe,llCTaBJieHbl Ha pnc. 4.55 ll 4.56. 
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P11c. 4.55. Kmqiqi111111eHnr yc1rneHIDI r A-Ill1,[(-oH-rraiiH-peryJil!Topa 

OTMeTHM, qTo B ,llaJibHeilIIIeM B Kaqecrne II0CT0JIHHbIX K03!p!pllI(lleHTOB IIII,n:

peryJIJITOpa 6y,11eM llCII0JII,30BaTb 3HaqeHHJI, rro,1106paHHhie C II0M0II(I,IO ,llaHHOro arrropHTMa. 

Error of control 
40 J 

---GA-PID 
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System clock 

P11c. 4.56. Yrorr 0TKJI0HeHIDI MaKern 

.il:JIJI rrpoeKTHpOBaHIDI oc C M0,llerrn HCII0JII,30BaJiaCI, M0,11err1,, rrapaMeTPhl KOTOpoil 

npe,11CTaBJieHbl B rn6rr. 4.5; 0TMeTHM, qTO rrapaMeTP TaKTa CIJCTeMbI 61,rn yBerr11qeH /:10 40 MC. 

Ilocrre ycTaH0BJieHIDI pmpa6o~HKOM M0,lleJIIJ HeqeTK0ro BbIBO,lla, THIIa HeqerKHX 

npaBHJI ll KOJIIJqecrna BX0,llHbIX ll BI,IX0/:IHbIX rrepeMeHHI,IX C IIOM0II(bIO fAl C03,llaIOTCJI 

q>YHKI(llll IIpHHa,llJie)KH0CTIJ JIIIHrBIICTHqecKIJX nepeMeHHI,IX. Pe3yJihTaThl 3Toro 3Tarra ,!IJIJI 

.1\Byx E3 rrpe,11CTaBJieHhl Ha p11c. 4.57. 
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FC2 

/\; 
/ --- " 

Pnc. 4.57. Heqenrne MH0)Kecrna BX0,!IHJ,IX JIHHIBHCTHqecKHX nepeMeHHhlX 

CJie,11y10I11HH :nan - co3,11aHHe H HacrpofiKa HHC. B ,LlaHHOM cnyqae ncrronh3YIOTCH 

IIOJIHbie E3, COCTOHI11He m 336 n 125 rrpaBHJI (rn6n. 4.9). HacrpofiKa E3 ocyI11eCTBJIHJiaCb Ha 

MaKeTe ll MO,LleJIH ,L{JIH COOTBeTCTBYIOIIIHX HCTOqHHKOB oc. 
Pe3yJibTaTOM rrpoeKTHpOBaHHH HP CTaJIH ,L{Be E3, rrpe,LlCTaBJieHHbie B Ta6JI. 4.9. 

Ta6nuua4.9 
Kon-Bo lkToqHHK 

rmaBHJI ClffHaJia 
MeTO.Ll HacrpofiKH 

FCl 336 Mo,LleJib 
MaTeMaTnqecKoe 

MO,LleJIH0OBaHHe 

FC2 125 Po6oT 
EecrrpoBO,LlHax 

HaCTOOHKa 

4.3.2 MO.LlCJIHp0BaHHC H JKCIICpHMCHT 

CpaBHHM KJiaccnqecKHH IIH):(-peryJIHTop c pa3pa6oTaHHbIMH HP. Yron OTKJIOHeHHH 

MaKeTa n pocT HHTerpanbHOH KBa,LlpaTnqHOH OIIIH6KH rrpe,!ICTaBJieHbl Ha pnc. 4.58. 
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P11c. 4.58. YroJI 0TKJIOHeHIIH H HHTerpaJI KBa,11PaT11qHoii on1116K11 

PncyHoK 4.59 HJIJIIOcrpnpyeT H3MeHeHHH 3a,L1aIOI11ero cnrHana B rrpouecce pa6on1 

peryJIHTOpOB. 
If3 rrpe,LlCTaBJieHHblX pHCyttKOB Bll,LlHO, qTo HP Ha OCHOBe oc C MaKeTa crrpaBHJICJI C 

3a,Llaqefi yrrpaBJieHHH B JKCrpeMaJibHOH CHTyaunn C HCIIOJib30BaHHeM .LlllCTaHHlfOHHOll 

HacrpofiKH nyqrne OCTaJibHblX pery=opoB. 
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OTMeTHM TaK)Ke qTQ IIH,n:-peryJIHTOp c IIOCTOJIHHb!Mll KOJ<p<pllIJHeHTaMH, 

rro,Ll06paHHb!Mll C IIOMOillblO r A-IIH,n:-oH-JiaHH, He crrpaBHJICJI C 3a,L{aqefi yrrpaBJieHHH. 
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Pnc. 4.59. 3a,11aiorn;nii CHrHaJI perymuopaM 

Ilo,L16op KOJ<p<pHIJHeHTOB IIH):(-perynuopa .LllIH ,LlaHHofi cHTyaIJHH OKa3aJICJI KpafiHe 

TPY.LlOeMKHM rrpo11eccoM H, KaK ,11eMOHCrpnpyIOT pe3yJibTaTbI JKCIIepnMeHTa, He yBeHqaJICJI 

ycnexoM, ~o eI11e pa3 rroKa3bIBaeT rrpeBocxo,LlcTBO HCY Ha.LI KJiaccnqecKHMH CAY. 

4.4. Ofill.lHC BhIB0.LlhI 

1. KnaccnqecKHe cncTeMbI yrrpaBJieHHJI He Bcema ycnernHo crrpaBJIHIOTCH c 3a,Llaqefi 

yrrpaBJieHHH B cnyqae, eCJIH OY JIBJIHeTCJI rno6aJibHO HeycTofiqHBbIM HJIH cyI11eCTBeHHO 

HeJIHHeHHbIM, rrpn HaJilfqHH rnyMOB HJIH BpeMeHH 3a,Llep)KKH B KaHanax ll3MepeHHH, a 

TaK)Ke rrpn HaJIHqlflf CTOXaCTnqecKHX IIIYMOB, oco6eHHO THIIa pJneeBCKIIX ( c 

HeCHMMerpnqHoH qJYHKl\HeH IIJIOTHOCTH pacrrpe,11eJieHHH). 

2. HeqeTKHe KOH'TpOJIJiepbI, OCHOBaHHbie Ha 'Tpa,Lllll\HOHHbIX HHcrpyMeHTapHHx MHrKHX 

BbJqlfcJieHHll, B KOTOpb!X crpyKTypa HeqeTKOH HeHpOHHOH ceTH C'TpOHTCH BpyqHyIO 

JKCrrepTOM, ycryrraIOT B Kaqecrne yrrpaBJieHHH n po6acTHOCTH HeqeTKHM 

KOH'TpOJIJiepaM, rrocrpoeHHbIM Ha OCHOBe OIITHMH3aTopa 6a3 3HaHHH. 

3. Pe3yJibTaTl,I MO,L{ennpoBaHHH IIIHPOKOro KJiacca o6'beKTOB yrrpaBJieHHH IIOKa3aJIH, qTQ 

pa3pa60TaHHaJI TexHonornx HTII HCY n pa3pa6oTaHHbIH HHCTPYMeHTapnfi OE3 

,LleMOHC'TpHPYIOT xopornne Kaqecrna yrrpaBJieHHH n po6acTHOCTh, HeCMO'TpH Ha 

ll3MeHeHHJI (Herrpe,LlCKa3yeMb!e) nmpoKoro KJiacca cpaKTOpOB, TaKHX KaK BHeIIIHHe 

rnyMLI, rrapaMerpbI MO,Llenn OY, BpeMJI 3a,11ep)KKH B KaHanax H3MepeHHH, 11eJlh 

yrrpaBJieHHJI. 

PeKOMCH.LlYCMaH JIHTCparypa K l'JiaBe 4 
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KOHTpOJihHLie B0IIp0CLI K rJiaBe 4 

1. CrpyKrypa MaTeMaTnqecKoii n KOMIIbIOTepHoii Mo.11eneii OY. 
2. 3rnrru rrpoeKTnpoaaHHJI E3 ,llJIJI HeqeTKoro peryJIJITopa. 
3. Bepn<j:>nKaQHJI n TeCTHpoaaHne MO,lleJin OY. 
4. MeTO,!IHKa rrpoae.11eHHJI 3KCIIepnMeHTa B aBTOHOMHOM ll y.11aneHHOM pe)KHMax 

q:>yttKllHOHHpOBaHHJI OY. 
5. lIHTeprrpeTaQHJI pe3yJibTaTOB MO,lleJIHpOBaHHJI ll HarypHOro 3KcrrepnMeHTa. 
6. CrpyKrypa HeiipoHHOii ceTH rrpoeKTnpoaaHHJI E3. 
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rJiana 5. Ilpoe1a11pona1111e HCY po6ornM-MammyJIHrnpoM 

B COBpeMeHHOM rrpon3B0,!ICTBe 60Jib!llOe BHHMaHne y.11eJIJieTCJI IIOBbI!lleHHIO 
Jtpq:>eKTHBHOCTH 3a cqeT yaeJmqeHHJI ypoBHH aBTOMaTH3aQHH ll rrpnMeHeHHJI pa3JIHqHb!X 
po6oTOTeXHHqecKHX ycrpoiicTB. EOJiblllYIO qacTb B o6JiaCTH KOMIIJieKCHOll aBTOMaTH3aQHH 
rrpOMbl!llJieHHOro rrpOH3B0,!ICTBa 3aHHMaIOT po6oTbI-MaHHIIYJIJITOpbl. O.11HaKo c<j:>epa 
rrpnMeHeHHJI MaHHIIYJIJillllOHHb!X ycrpoiicTB Ha '.!TOM He orpaHnqnaaeTCJI: po6oTbl
MaHHrryJIJITOpbl KaK aBTOHOMHble ycrpoiicTBa, TaK ll B COCTaBe KOMIIJieKCOB HaXO,!IJIT 
npnMeHeHHe a a3pOKOCMHqecKOll o6JiaCTH, Me,!IHllHHe n ,lip. MaHHIIYJIJITOp MO)KeT 6b!Tb, 

aarrpnMep, po6oTOM cepBHCHOro o6cJiy)KHBaHHJI HJIH pe!llaTb crreQHaJibHbie 3a.11aqn BOeHHO
rrpOMbl!llJieHHOro KOMIIJieKca. CJIO)KHOCTb po6orn-MaHHIIYJIJITOpa KaK OY, 
aeorrpe,lleJieHHOCTb cpe,llbl q:>yHKllllOHHpoBaHHJI CTaBJIT 3a.11aqy pa3pa6oTKH CHCTeMbl 
yrrpaBJieHHJI, crroco6HOU q:>yHKl(HOHHpoBaTh B ycJIOBHJIX HeIIOJIHOll HHq:>OpMa11nn O cpe.11e 
tpyHKllllOHHpOBaHHJI, B03MYI11eHHll ll HHq:>OpMa11noHHOro pncKa. 

5.1. IlocTaHOBlrn 3a,lla'IH ynpaBJICHHH 

Tpa,!IHllllOHHaJI CHCTeMa ynpaBJieHHJI rrpe,!ICTaBJIJieT co6oii COBOKyrrHOCTb O,!IHOro HJIH 
HeCKOJiblillX OY ll ynpaBJIJl:IO!lleii CHCTeMbl. B 06111eM cnyqae CHCTeMa ynpaaJieHHJI COCTOHT 
m 3BeHa perynnpoaaHHJI, OY, a TaK)Ke IIC B 11enn o6paTHoii CBJI3H. ,[(JIJI o6ecrreqeHHJI 
3a.11aHHb!X ,!IHHaMnqeCKHX IlOKa3aTeJieii B CHCTeMax ynpaBJieHHJI HaXO,llHT rrpnMeHeHne 
pa3nnqHbie Tnnu peryJIJirnpoa. IIInpoKoe pacrrpocrpaHeHne nonyqHJin rrporrop11noHaJibHb1e 
(IT), rrponop11noHaJibHO-HHTerpanbHbie (IIII), nporrop11noHaJibHo-.11n<j:><j:>epeH11nanbHb1e (IT.[() 
n ITlI.[(-peryJIJITOpbI, COBMe!lla10111ne ace rpn Tnna perynnpoaaHHJI. lIHTerpanbHaJI 
COCTaBJIJIIOlllaJI peryJIJITOpa II03BOJIJieT ycrpaHHTb B CHCTeMe CTaTnqeceyIO O!llH6ey, a 
.llllq:>q:>epeHI1HaJibHaJI COCTaBJIJIIOlllaJI - ynyqlllHTb ,!IHHaMnqecKne IIOKa3aTeJIH, <j:>opcnpyH 
rrepexo,!IHblii rrpo11ecc. 

,[(JIJI IlOJICHeHHJI pa60Tbl ITlI.[(-peryJIHTOpa B rrpnMeHeHHH K po6ory-MaHnrryJIJITOPY C 
rpeMJI CTerreHJIMH CB060,llbl paccMOTPHM IIPHMYIO 11errb KOHrypa ynpaBJieHHJI. 

Ha pnc. 5.1 E = [E1 E2 E3]- O!llH6Ka ynpaaneHHJI, Kp;,Kd;,K;;, i=l, 3, -

rrponop11nOHaJibHbie, .llllq:>q:>epeHQHaJibHbie H HHTerpaJibHb!e K03q:>q:>n11neHTbl ITlI.[(
peryJIJITopa, i - HOMep coorneTCTBYIO!llero 3BeHa po6orn-MaHnnymrropa, U = [u1 u2 u3] -

ynpaBJIJIIOI11ee B03,lleiicrnne, Q = [q1 q2 q3] - perynnpyeMaJI aennqnHa. 

q, 

Iii q, 

q, 

3acuo J 

E +-1----- Dllll,-pe1-y.11••vp U Q 

Pnc. 5 .1. Ilpi!MaJI rierrb cncTeMbl yrrpaaneHHl! c IIH,[(-peryJil!TopoM 
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3a,11aqa ynpaBJieHIIB B 06IIIeM CJIY'Iae CB0,!1HTCH K HaxolK,lleHH!O K03cpqmnneHToB 

IIH,n:-peryJIHrnpa K pi, K di, K ii, i = 1, 3 , rrpn KOTOphIX o6ecrreqnBaeTCH )KeJiaeMhitt 

xapaKTep ,!1BH)KeHJIB. Orrpe,11eJIHB COOTBeTCTBYJOIIIHe K03Q)Q)HIIHeHThl paBHh!Mll HYJIJO, Illl,n:
peryJIHTOp MO)KHO rrpeo6pa3oBaTh B II-, rr,n:- 11JI11 IIH-peryJIHTOp. 

5.2. Orrnca1me MaKeTa cncTeMhl 

Ha p11c. 5.2 rrpe,11CTaBJieH MaKeT, llCIIOJih3yeMhlll ,!1JIH TecrnpoBaHHH TeXHOJiornu 

rrpoeKT11poBaHHH HCY c 11crroJih30BaH11eM OE3 - MaH11rryJIHTopa c TPeMH cTerreHHM11 

CBOfi0,!1hl. 

B Kaqecrne 113Mep11TeJihHOll Cl!CTeMhl (p11c. 5.2, aKCeJiepoMeTPhI) B MaKeTe 

l!CIIOJih3Y!OTCH TPll IIJiaThl C YCTaHOBJieHHh!MH Ha Hl!X aKCeJiepoMeTPaMl! C TPeMH CTeIIeHHM11 

CB060,11hI ADXL335. 

51,11poM Cl!CTeMhl HBJIHeTCH MHKpOKOHTPOJIJiep UPD78Fl 166 (p11c. 5.2, IIJiaTa 

yrrpaBJieHl!H) KOMIIaHl!ll Ren es as. lIHcpopMaIIHH O TeKynr11x IlOJIO)KeHl!HX 3BeHheB 11 

xapaKTepllCTl!Kax KaqeCTBa yrrpaBJieHHH Bh!B0,!1HTCH Ha ,!1HCITJieii H IlOCJie,110BaTeJihHhlll 

(UART) 11HTepcpeiic. 

•

2;,;;./4f-" 
~~{1,.._ -

-
-

? "' -
/ 7:- -

IfuaTR YDf)RB.1IeHHB 

8x.~ la+ --~--._-. 1':.S:--' 

Py-IHOe YDl)RBJ'JeHHe 

_o7· ' 

c_.a~iq· 
/ .· q1 ·(p,. P,,) 

X 

Puc. 5.2. MaKeT po6orn-MaHm1ymnopa 

IloMep)Kl!BaeTCH pe)Kl!M KaK aBTOMaTnqecKoro, TaK 11 pyqHoro ynpaBJieHHH 

(B03MO)KHOCTh nepeMeIIIeHHH KalK,ZIOTO 113 TPeX 3BeHheB 11 YCTPOUCTBa 3axBaTa 

MaH11rryJIHTOpa C ITOMOII.\h!O KHOITOK pyqHoro ynpaBJieHHH). 

B po6oTOTeXH11Ke, KaK npaBllJIO, CTPOllTCH MaTeMaT11qecKaH M0,!1eJih po6oTa

MaHnrryJIHTOpa, np0B0,!111TCH M0,!1eJI11poBaH11e OY, ll,!1eHTll!pllKanHH rrapaMeTPOB 

MaTeMaT11qecKOll M0,!1eJI11 11 3aTeM cpaBHeH11e pe3yJihTaTOB M0,!1eJinpoBaHHH Ha 

MaTeMaT11qecKoii Mo,11eJI11 OY 11 peaJihHOM cpmnqecKOM po60Te-MaHnnyJIHTope. 
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I ........._ 

8 OTJI11q11e OT TPa.!1HIIHOHHOTO rro,11xo,11a B ,11aHHOM CJiyqae ITOBe,11eH11e 3BeHheB MaKeTa 

po6orn-MaH11nyJIHTOpa fihIJIO cpopMaJI1130BaHO Ta6JI11naM11 COOTBeTCTBHll «nmp11Ha 

ynpaBJIHIOIIIero llMITYJihCa cepBOIIpHB0,!1a - yroJI rrepeMeIIIeHHH», ~o Il03B0JI11JIO OIIl!CaTh 

no8 e,11eH11e MaKern B cpe,11e MATLAB/SIMULINK, T. e. fihrna co3,11aHa Mo,11eJih peaJihHOro 

OY 6e3 rrpllBJieqeHHH MaTeMaT~eCKOll M0,!1eJill MaHllrryJIHTOpa. 

Co3,11aH11e Mo,11eJI11 peaJihHOro OY no3BOJI11JIO ycKop11Th n,11eHT11q>11Kan11JO Mo,11eJI11 OY 

n noJiyqeH11e np11eMJieMhIX rrapaMeTPOB ynpaBJieHHH. 

5.3. HcCJie)J,oBaHne HCY Ha ocHoBe reHeTnqecKoro aJiropHTl\ta 

KaK fihIJIO OTMeqeHO np11 IIOCTaHOBKe 3a,11aq11 ynpaBJieHHH, B 06IIIeM CJIY'Iae 

Heo6xo,1111Mo HaiiT11 K03cpcp11n11eHThI IIH,n:-peryJIHTopa K pi, K di, K ii, i = 1, 3 , np11 

KOT0phIX 06ecrreq11BaeTCH )KeJiaeMhlll xapaKTep ,!1Bll)KeHHH 3BeHheB po6orn-MaHl!ITYJIHTOpa. 

,n:JIH onpe,11eJieH11H K03cpcp11n11eHTOB K pi, K di, K ii, i = 1, 3 , aHaJI11T11qecK11M11 

MeT0,!1aMll Heo6xo,11l!Mhl nepBOHaqaJihHhie 3HaHl!H O CllCTeMe yrrpaBJieHHH 11 xapaKTepe 

noBe,11eHHH OY, T. e. KoppeKTHoe orrpe,11eJieH11e K03cpcp11n11eHTOB IIH,n:-peryJIHTopa 

B03M0)KH0 C npHBJieqeH11eM 3KCIIepTa. 

8KmoqeH11e B CllCTeMy yrrpaBJieHHH 3JieMeHTOB llHTeJIJieKryaJihHhIX BhrqncJieHl!ll 

MO)KeT Il03B0JI11Th OIIl!CaTh TPefioBaHHH K Cl!CTeMe ynpaBJieHHH B TepMl!Hax KaqecrneHHh!X 

Kpl!TepneB. 

TaK, onpe,11eJieH11e rrapaMeTPOB ynpaBJieHHH B03MO)KH0 C llCIIOJih30BaHl!eM f A, ,!1JIH 

qero Heo6xo,1111MO JlllIIIh KOppeKTHO orrpe,11eJil!Th Q)YHKllll!O rrp11ro,11HOCTll (fitness-cpyHKIIHIO) 
r A, Harrp11Mep cJie.!1YJOIII11M o6pa3oM: fitness= (PTS = l)n(Ir ➔ 0 ), r,11e PTS (Position 

Task Solution) - penreH11e 3a,11aq11 rro3HIIHOHHpoBaHl!H MaHnrryJIHTopoM c TPeMH cTeneHHMH 

CB060,11hI, a / T - fihICTP0,!1ettcTBHe CHCTeMhl yrrpaBJieHl!H. 3a,11aqa II03lllll!OH11pOBaHHH 

C'IHTaeTCH penreHHOll, eCJill no 3aBepnreHllH 3a,11aHHOTO q11cJia l!Tepan11ii / max Bh!IIOJIHHeTCH 

ycJI0B11e 

{
PTS = 1, if Jql,ef - q1J+ Jq2,ef -q2J+ Jq2,ef -q2J 

PTS = 0, else 

:,; 1 0 

(5.1) 

T):\e q I ref , q 2 ref , q 3 ref - )KeJiaeMhie IIOJIO)KeHl!H 3BeHheB, q1,q2,q3 - TeKyll.\lle 

IIOJIO)KeHl!H 3BeHheB. DhICTP0,!1ettCTBl!e CllCTeMhI / T onpe,11eJIHeTCH KOJI11qecTBOM HTepan11ii 

OT HaqaJia B03):\ettCTBllH, B TeqeH11e KOTOph!X ocyIIIeCTBJIHeTCH II03llllllOHHpOBaH11e KalK,lloro 

113 3BeHheB C ,11orrycTl!MOll onr116Koii 2~ < 1 ° : 

]T = 1 l~qlref-qij<I
0

),~q2ref-q21<I
0

).~q3ref-q31<1°)- (5.2) 

lICX0,!1H 113 3a,11aHHOll Q)YHKllllll rrpHT0,!1HOCT11 Bhr6op K03Q)Q)11II11eHTOB 

K pi, K di, K ii, i = 1, 3 , onpe,11eJIHeTCH c yqeToM o6ecrreqeHHH rapaHrnpoBaHHoro 

perneHHH 3a,11aq11 Il0311IIl!OH11pOBaHHH C MaKCHMaJihHhIM 6hlCTPOAettCTBl!eM. 

lIHTeJIJieKryaJihHaH Ha,!1CTPOHKa B Bll,!1e 3BeHa r A 6e3 pa3pynreHHH Hll)l(Hero 

liCIIOJIHHTeJihHOTO ypOBHH II03BOJIHeT orrepHpOBaTh KaqecrneHHhIMH KpHTepHHMll CHCTeMhl. 
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CrpyKT)'pHaH cxeMa cncTeMbI yrrpaBJreHHH Har A rrpnBe,1:1eHa Ha pnc. 5.3, r.z:1e 

Qr,J - B03,1:1eiicrny10rrrnii (3a,1:1a10rrrnii) cnrna.rr, Q' - IDMepeHHlll!pery.rrnpyeMIDIBe1IIl'IIIHll, 

s(t) - orpaHnqeHne yrrpaBIDIJOIIIero B03,1:1eiicTBHH, 

K =[KpPKdi,K;i; KP 2 ,Kd2 ,K,2 ; KP 3 , Kd3, Ki3] -MaTJ)m:(aK03<p<pm:(HeHTOB 

IIII,[(-peryIDITOpa, d(t) - 3a.z:1epJKKa B IIC, m(t) - BHerrrnee B03,1:1eiicrnne cpe,1:1br. 

rA 
m(t) 

Q...,. E u 
OY 

Q 

e d{t) 

HC 

Pnc. 5.3. CTJ)yKT)'pHax cxeMa cncTeMbI yrrpaBJieHHH Har A 

Bbr6op K03<p<pllllHeHTOB IIII,[(-peryIDITOpa B CHCTeMe yrrpaBJieHHH Ha 0CH0Be fA 
ocyrrreCTBIDieTCH 0,[IHH Pa3 .z:IIDI 0,[IH0ro HJIH px.z:1a CJiyqaeB (rrnaTHbie cnryallHH yrrpaBJieHHH). 

3TH K03<p<pllllHeHTbI B IIJ>0llecce pa60TbI 0CTalOTCH HeH3MeHHbIMH. B pe3yJibTaTe CHCTeMa 

yrrpaBJieHHH Ha 0CH0Be f A crrpaBIDieTCH C 3a.z:1aqeii TQqHoro II03HllH0HHp0BaHHH 
MaHHIIyIDIT0pa B IIITaTHbIX cnryallHHX. 

O,1:1HaKO CHCTeMa yrrpaBJieHHH Ha 0CH0Be f A He ofiecrreqnBaeT B 3T0M C~ae 

rapaHTHpoBaHH0ro yrrpaBJieHHH B ycJI0BHHX Herrpe,LIBH,[leHHbIX CHryal:(HH yrrpaBJieHHH, ~o 
,[leM0HCTJ)rrpyeTCH Ha pnc. 5.4. 

-- I -- I I I I I 

' ' ___ II'!'"'f!>H<>~ ~>KeHtte 

' ' 

e:-"-

1
e_no_rrp:eHHH 

~-------=- .- ' - '~J. ••• ------~ 
~ I 
~ I 

' ' ' ------~ _______ i _______ L------~--
1 I I I 

' ' ' 1 )KenaeM6e ITOJIO)KCi:IHe 
-~-------l _______ L ______ ~---

< 

-0. 15':Co ___ -Co~o""s~----ooc'c,c--------,n~,c,,~--~,------~~-----,c'c----c-' 

' 
' ' 

Pnc. 5.4. Pa60Ta CllCTeMhl ynpaBJieHIUI Ha 0CH0Be rA: B IIITaTHOH CHryarrm1 ynpaanemrn (cneaa); B 
Henpe.z:1an.z:1eHHoii cmyarrnn ynpaaneHHJI (crrpaaa) 

Ha pnc. 5.4 B Kaqecrne Herrpe.z:1BH.z:1eHHoii rrpe.z:1rroJiaraeTcx cnryallHH, 0.z:IH0BpeMeHH0 

BKJI10qa10rrrax BHerrrnee B03,1:1eiicrnne (rrpney,1:1nTeJibHoe rrepeMerrreHne BToporo 3BeHa, 

pnc. 5.5, a) n BHYTJleHHHe mMeHeHHH peryJinpy10rrrero 3BeHa ( orpaHnqeHne yrrpaBJIH10rrrero 
B03,1:1eiicrnnx Ha pnc. 5.5, 6). 
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IlpnMeHem1e CHCTeMbI yrrpaBJieHHH Ha 0CH0Be r A orpaHnqeH0 TJ)e60BaH11eM 

aaJIHqrrn orrncaHHH II0CT0HHHbIX YCJIOBllH BHerrrneii cpe,Llbl H H3BeCTHbIX CTJ>YKTYP 

ynpaBJIHIOIIIero 3BeHa n OY. 
PacrrmpeHne rrpnMeHHM0CTH CHCTeMbI ynpaBJieHHH B03M0JKH0 C Il0M0IIIblO 

yaeJinqeHHH HHTeJIJieKT)'aJibH0CTH CHCTeMbI yrrpaBJieHHH - HCIT0Jib30BaHHH ,[IHHaMnqeCKOH 

aacTJ)OHKH K03<p<pHllHeHTOB IIII,[(-peryIDITOpa, qTQ B03M0JKH0 C BKJIIOqeHHeM 3JieMeHT0B 

TeXH0JI0fHH MHfKHX BbJqncJieHnii. 

-------r------- 1------- 1-----,-------------1 -------:-------I 

' 
-~~~~:~t~ -\Il~JI~>KtHe 

' ' ' ./2 ' ' _______ T ____ -~-

' -------T-------7-------7--------,---~ 
1 : )KenaeM°;e IIOJIOJKC1He 

' ____ I ___ _ 

-0.15 

I T I 

)lopTHrttyroe~ rrono:HeeH 
0 0.05 0.1 0.15 0.2 0.25 

Pnc. 5.5, a. IIpnHy,nIITeJihHOe rrepeMerrreH11e arnporo 3BeHa 

ql so~----~-------.----~----1 ---TeKyIIJee rroJIO,KeHMe 
• • • • OrropHhiii cMrHa.rr 1 40 - - - - - - - - :- - - - - - - - - - c ---------1- - - - - - -- 'Onm6Ka 

20 l 

1 

.§l 

~ .. 
00 50 100 150 

q2 
200 250 300 

100 ----- , 
SO _ r ..... _ _ -: llpHHY,1.J;~TeJILIIOe :H3MeHeH~e IIOJIO;K~HHH ___ _ 

-... I I I I 1 

0 -;...~ ..... ~-~-~-------~-------• ...... -----~-11!!1.~------~= 
' 

-so~----------~----~-----------~----~ 
0 50 100 150 200 250 300 

q3 
100~----~-----~----~-----~-----~----~ 

50 .--------~---------~---------~---------~---------~---------
' I I I I I 

0 ---·----~---~----------.... ----~-----I I I I I 

~o ~ ------~---------~---------~----~:---~---------! 

-100 
0 50 100 150 200 250 

P11c. 5.5, 6. )],11HaM11Ka ll3MeHeHl!JI IIOJJOlKeHl!H 3BeHheB 
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5.4. IlpoeKT11ponau11e HCY c npm\leueuneM onTHMHJaTopa 6u 111au11ii ua ocuone 
TeXH0JI0rIIII MHrKHX BhJq11CJie1111ii 

OcHOBHblM 3JieMeHT0M HCY C np11MeHeHHeM TeXHOJIOrHii MJffKHX BbJq11cJieH11ii 

JIBJilleTCJI HP, ynpaBJIJ110I11IIii K03q>q>IIQIIeHTaMII ycIIJieHIIJI IlHJ.J:-peryJIJITOpa. HP 

ocyI11eCTBJIJ1eT ynpaBJieHne Ja C'IeT HHTerp11poBaHHOH B Hero li3, BKJIIO'Ia10I11eii ,!laHHbie 0 

BH,!le II rrapaMeTPaX q>yHKQIIH np11Ha,!IJie)!(II0CTil BX0,!IHblX II BbIX0,!IHbIX He'IeTKHX 

rrepeMeHHbIX, a TaIDKe Ha6op He'IeTKHX npoey~II0HHblX rrpaBIIJI. 

C03,!laHIIe li3 rrp0II3B0,!IHTCJI C II0M0II.lb!O IlHTeJIJieKTYaJibH0ro IlHCTPYMeHTapilll 

0IITilMII3aTopa 6a3 3HaHIIH Ha 0CH0Be MJirKIIX BbI'IIICJieHHH B CJie,!ly10I11eii 

II0CJie,!I0BaTeJibH0CTII: 

• C03,!laHIIe 06yqa10I11ero CIIrHaJia - orrpe.11eJieH11e TIIIIOBOH c11ryaQIIII ynpaBJieHIIJI 

(Hanp11Mep, IlITaTHaJI cnryaQIIJI), q>OpMHpOBaHHe Ta6JIIIQbI K03q>q>IIQIIeHTOB Illf.l.1:

peryJIJIT0pa II OIIlH60K yrrpaBJieHIIJI C II0M0II.lb!O r A; 

• q>OpMHpOBaHIIe M0,!leJIII He'IeTKoro Bb!B0,!la - orrpe,!leJieHHe TIIIIa He'IeTKOH M0,!leJIII, 

IIHTeprrpeTaQIIII He'IeTKHX orrepaQIIH, 'IIICJia BX0,!IHbIX II BbIX0,!IHbIX rrepeMeHHbIX; 

• C03,!laHire JIIIHrBIICTII'IeCKIIX rrepeMeHHblX .!IJill BX0,!IHbIX 3Ha'IeH11ii; 

• C03,!laHHe 6a3bl rrpaBIIJI; 

• HaCTPOHKa 6aJbI npaB11JI; 

• 0IITIIMII3aQIIJI JieBbIX II npaBblX 'IaCTeii rrpaBHJI li3. 

Ha p11c. 5.6 H 5.7 rrp11Be.11eHbI ,!IBa B03M0)!(IlblX BapnaHTa peaJIII3aQHII HCAY Ha Oli3 

Ha MllrKIIX Bbl'IIICJieHHJIX ,!IJIJI yrrpaBJieHJIJI po60TOM-MaH11rryJIJ1TOpOM C TPeMJI CTerreHJIMII 

CB060,!lbl: 

HCAY Ha Oli3 Ha MJirKHx BhI'I1ICJieH11J1x c 0.!IHIIM HP 11, coorneTCTBeHH0, O,!IHOii li3 

(p11c. 5.6). 

E IlHJJ,
pcrym1Top 

u 

rA 

OY Q 

PIIc. 5.6. IICY Ha OE3 Ha MJirKIIX Bbl'IIICJieHIIJIX c 0.!IHIIM HP 

HCY Ha Oli3 Ha MJirKHx BbI'IIICJieHIIJIX c pa1.11eJieHHhIM yrrpaBJieH11eM (TPeMll 

He3aBIICIIMbIMII HP - 0,!IHa li3 yrrpaBJilleT 0,!IHIIM 3BeH0M ), p11c. 5. 7. 

1 TS3 I ... rA3 

1 TS2 I ... rA2 

I 
q, 1.rs1 I rAJ .I>.:>~· l l 

I __ 

I Q 
l 

I r.1 I OY 
E I I IYAJT_ 

Pnc. 5.7. IICY Ha OE3 Ha MJirKIIx BbP!llcneHIIJIX c pa1.11eneHHbIM ynpaaneHtteM (c TPeMJI HP) 
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PaccMOTPIIM 6oJiee nop_po6Ho npoQecc co3.11aHIIJ1 li3 .!IJill HCAY Ha Oli3 Ha MJirKIIX 

Bbl'IIICJieHIIJIX C 0,!IHIIM HP. 

1. C030QHUe oc. IlepBOHa'IaJibHO He06X0,!111MO orrpe,!leJIIITh THII0BYIO c11ryaQIIIO 

yrrpaBJieHIIJI. B Ka'Iecrne TIIII0BbIX CIITYaQIIii yrrpaBJieHIIJI M0)!(II0 paccMaTPHBaTb IIlTaTHbie 

CIIryaQIIII yrrpaBJieHIIJI. 

B pa6o'IeM rrpocTPaHCTBe po60Ta-MaH11nyJIJ1TOpa BbI,!leJIHM rpyrrrry 113 ,!leCJITII T0'IeK, 

K0TOpbie orrpe,!leJIIIM KaK IlITaTHbie c11ryaQIIII yrrpaBJieHIIJI (pnc. 5.8). 
3a Ha'IaJibH0e II0JI0)KeH11e MaH11nyJIJ1TOpa rrpHHHMaeTCJI KOHq>11rypaQIIJ1: q, = 60°; 

q2 = 0°; q3 = 0° . 

.l.l:Jlll C0J,!laHIIJI oc 6hrJIII IICII0Jibl0BaHbl TPII 3Kcrrep11MeHTa (Ill IlITaTHbIX), .!IJill 

Ka)K,!loro H3 K0T0pbIX 6hm11 C03,!laHbI OCl, OC2 11 OC3, .!IJill qero c II0M0II.lhJO M0.!leJieii 

MATLAB/SIMUSINK 6hmn Bocrrpo11JBe.11eHbI c11ryaQn11 ynpaBJieHHJI, B K0T0pbrx 

rrapaMeTPbI IlHJ.J:-peryJIJITopa orrpe.11eJIJ1JIHCb c II0M0II.lhJO r A. 

Ha pnc. 5.9 B Ka'Iecrne rrpnMepa npnBe.11eH OCl, Ha K0TopoM B JieB0M CTOJI6Qe 

[ errp1, errd1, erril; errp2, errdl, erri2; errp3, errc13, erri3] - BeKTop BX0.!IHhrx 

rrepeMeHHbIX rrporropQII0HaJibHbIX, .!lllq>q>epeHQllaJibHbIX Il HHTerpaJibHbIX ow1160K rrepBoro, 

BTOporo Il TPeTbero 3BeHbeB MaHIIITyJIJIT0pa, B npaB0M CTOJI6Qe 

[Kp1, Kd1, Kil; Kp2, Kdl, Ki2; Kp3, Kd3, K;3] - BeKrnp BbIX0,!IHbIX rrepeMeHHbIX 

( orrpe,!leJieHHbIX r A) rrporropQII0HaJibHbIX, .!lllq>q>epeHQIIaJibHbIX II IIHTerpaJibHbIX 

K03q>q>IIQIIeHTOB IlHJ.J:-peryJIJITOpa rrepB0ro, BT0poro Il TPeTbero 3BeHbeB MaH11rryJIJ1Topa 
C00TBeTCTBeHH0. 

-v---- I 

' -L 

' -, 

' l I I I ------.-------- - - - - - -,- - - - - - -,- - - - - - -,- - - - - - -,- - - - -

PIIC. 5.8. TeCTOBOe IIp0CTPaHCTB0 

lfTorOBblll OC, IICII0Jib3yeMbiii .!IJill II0JiyqeHIIJI li3, C0CT0IIT Il3 II0CJie,!I0BaTeJibH0 

coe.11nHeHHbIX OCl, OC2 11 OC3. 

2. <PopMUp06QHUe MOOeJIU HetJemKOW 6bl600a. 

KoHKpeTll3IIpyeTCJI: 

• 
• 

• 

Tilll He'IeTKOii M0,!leJI11: CyreHO O (ttyJieBoro rropll,!IKa); 

IlHTeprrpeTaQIIJI He'IeTKHX orrepaQHH - He'IeTKaJI K0HblOHKQIIJI KaK 

rrp0H3Be.11eH11e; 

'IIICJI0 BX0,!IHbIX II BbIX0,!IHbIX rrepeMeHHbIX: 9 n 9. 
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3. Co3iJa11ue J1u112eucmu'leCKUX nepeMeHHblX OJIR exoiJHblX 311a'le11uii. 
C II0M0il.lb!O rA B C0CTaBe 053 orrpe,L\efillJOTCH 0ITTHMaJlbHOe qHcJIO H q>OpMa· 

q>yHICT-IHll rrpHHa,[\Jle)KH0CTH. 
IlpH C03,[\aHHH 53 rrepB0HaqanbH0 6bIJIO 3a,[\aH0 C03,[\aHHe IIHTH qiym<u;Hii. 

rrpHHa,[\JleJKH0CTH ,[\fill Ka)KJIOH H3 ,[\eBHTH BX0,[\HbIX rrepeMeHHb!X, T. e. BeKTOP 

[n1, n2, n3; n4, ns, n6; n1, ns, n9] = [5, 5, 5; 5, 5, 5; 5, 5, 5], qTO rrpHBeJio 6hI K co3,L\aHHJO 

n
1 
xn2xn

3
xn4xn5xn6xn7xnsxn9 = 1953125 HeqeTKHX rrpaBHJI. 

IIocJie pa6oTbI r A BeKTop [n1, n2, n 3; n4, n5, n6; n1, ns, n9] rrpHHHJI 3HaqeHHe [4, 4, 4; 4, 
3, 4; 4, 3, 3], a MaKCHMaJlbH0e qHCJI0 HeqeTKHX rrpaBHJI C0CTaBHJIO 110592 (Ha pHC. 5.10 
rrpHBe,[\eHbl qHcJI0 H qiopMa q>yHKI(Hll rrpHHa,[\Jie)KH0CTH ,[\fill BX0,[\Hb!X rrepeMeHHblX 1 - 3). 

i _;~~~-~------j ~ 
0 50 100 150 200 

iteration 

i -200~~-~,------j ~ 
-4QQQ _____ L ______ i ______ ~------

Q 50 100 150 200 
iteration 

i 
O~~rQrOV Q, 1 ~: ==~-;------~------ ~ 

0 50 100 150 200 
iteration 

~ 10~~----j~ 

-1QQ~ L-----'- -
0 50 100 150 200 

iteration 

~ _:::~~--]~ 
0 50 100 150 200 

iteration 

20~~] ~ 0 -- - :--- ~----- J ~ 
-2QL~----· -

0 50 100 150 200 
iteration 

~ 10~ ~-- - _ J ~ 
-1QQL~-----'-- J 

0 50 100 150 200 
iteration 

~ 500~~----~~ 

-5000~ L-----'-- -
0 50 100 150 200 

iteration 

i _:~~-----j ~ 
0 50 100 150 200 

iteration 

1 

:~~ M~------l 
0 50 100 150 200 

iteration 

1:~:~&------l 
0 50 100 150 200 

iteration 

1 ::~ ~~-u-:l------l 
0 o 50 100 150 200 

iteration 

1:~~fu¥~~(-----l 
0 50 100 150 200 

iteration 

1000~ l so~ ~llf------
o 50 100 150 200 

iteration 

1::~~~-----j 
0 50 100 150 200 

iteration 

1000'l~ so:~~~~0= 
0 50 100 150 200 

iteration 

1000~ ~ J so: ~~-rA~----~ 
0 50 100 150 200 

iteration 

1:~~ Wfh1~-jf---] 
0 50 100 150 20° 

iteration 

Puc. 5.9. OCl .[IJUI HCY Ha OE3 c o,!UIUM HP 
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r 
V,~...,,..,_ 

Puc. 5.10. cf>yHKI.IUU rrpUHa,[\JleJKH0CTH ,!IJIH BX0,!IHbIX 3HaqeH!IM 1 - 3 

4. C03iJa11ue 6G3bl npaeUJ1. 
5Jiar0,L\apH HCil0Jib30BaHHIO anropHTMa OT6opa rrpaBHJI (rrpoXO)K,[\eHHe 3a,[\aHH0f0 

rropora aKTHBau;HH) m 110592 rrpaBHJI 6wrn orn6paHbl 33 HaH6oJiee po6acTHhIX. 

5. HacmpoiiKa 6G3bl npaeUJl. OnmUMU3GlfUR J1e6blX u npaeblX l/acmeii npaeUJl £3. 
HcrrOJib3yeTCH 1-pa,L\HI(HOHHblll MeTO,[\ o6paTHOro pacrrpoc1-paHeHHH oum6KH. BH,L\ 

C03,[\aHHOM 53 ,[\fill BbIX0,[\a 1 rrpHBe,[\eH Ha pHC. 5 .11. 
8 ,[\aHH0M pa3,L\eJie rrpHB0,[\HJiaCb 3aBHCHM0CTb MaKCHMaJlbH0ro qHcJia HeqeTKHX 

rrpaBHJI OT K0JIHqecrna q>YHKI(Hll rrpHHa,[\Jie)KH0CTH ,[\fill BX0,[\Hb!X rrepeMeHHblX n;: 
MaKCHMaJlbH0e qHCJI0 HeqeTKHX rrpaBHJI ,[\fill C03,[\aHHOM paHee 53 rrpH 1-pex - qeTblpex 

cpyHKI(HHX rrpHHa,[\JieJKH0CTH C0CTaBJIHJI0 110592 rrpaBHJia. Ilpe,L\IIOJIO)KHM MeHbIIIee 

K0JIHqecTBo q>yHKI(Hll rrpHHa,L\JielKH0CTH, ,[\fill Ka)l(Jloii. BXO,[\HOM rrepeMeHHOM paBH0e 1-peM. 

Tor,[\a 3aBHCHM0CTb MaKCHMaJlbH0f0 qHcJia HeqeTKHX rrpaBHJI OT qHCJia CTeIIeHeii. CB060,L\bl 

MaHHITyJIHTOpa HMeeT BM,[\, IIpHBe,[\eHHblll Ha pHC. 5.12. 

:::::::::.·-,-~-0--:-,....-,::::□=~=p=,.._::::;,============================--il 

~ 
~ 
'. 0-1---1 

I N-h•YCWk.' -T ,..b._ I 

Puc. 5.11. E3: rrpuMep ,11JIH Bblxo,11a 1 
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KOJIU'leCTBO CTeneHeii CB060)),hl MaHunyJIHTOpa 

Puc. 5.12. 3aBUCUMOCTb MaKCUMaJibH0ro 'IUCJia He'leTKUX rrpaBHJI OT 'IUCJia CTerreHeii CB060)).bl 

MaHurryIDITopa 

IlpII He06XO)),IIMOCTII BBe)),eHilll )),OIIOJIHIITeJibHblX 3BeHbeB, paCIIIIIpeHilll q>yH~IIH 

)')Ke cynrecrnyIOllIIIX IIJIII .)).06aBJieHIIH rrpo'IIIX YCTPOHCTB, TPe6yIOllIIIX KOOp.)).IIHaII:IIOHHOro 

yrrpaBJieHmr, KalK,)),aH CTerreHb CB060)),bl 6y)),eT yBeJIII'IIIBaTb MaKCIIMaJibHOe 'IIICJIO He'leTKIIX 

rrpaBIIJI 6onee 'IeM Ha IIOJITOpa IIOpH.)).Ka. 3To rrpIIBO)),IIT K yBeJIII'leHIIIO CJIOJKHOCTII C03)),aHilll 

E3 II, KaK CJie)),CTBIIe, K yBeJIII'leHIIIO BpeMeHII C03)),aHilll E3, IIOBbIIIIeHIIIO TPe6oBaHIIH K 

BbI'IIICJIIITeJibHblM pecypcaM IIPOII:eccopa, Ha KOTOpOM C03)),a!OTCH E3, II o6beMY naMHTII 

CIICTeMbI, B KOTOpoii pa3MenraeTCH E3. 

IlpII B03HIIKHOBeHIIII CIIzyaII:IIH, KOr)),a CJIOJKHOCTb peanII3aIJ:IIII e)),IIHOII E3 BbICOKa, 

0.)1.HIIM II3 peanbHbIX BblX0)),0B MOJKeT 6hITb pa3)),eJieHIIe E3 Ha HeCKOJibKO, COOTBeTCTBeHHO 

IICIIOJib30BaTb He 0.)1.IIH HP, a HeCKOJibKO HP. HanpIIMep, B03MOJKHO IICIIOJib30BaHIIe 

rrpeMOJKeHHoii paHee HCAY Ha OE3 Ha MHrKIIx BbI'IIICJieHIIHX c TPeMH He3aBIICIIMbIMII HP 

{pIIC. 5.7). 

PaccMOTPIIM pa3)),eJieHIIe yrrpaBJieHilll cornaCHO pIIC. 5.7, rrpII KOTOpOM 0.)1.IIH HP 
yrrpaBJIHeT 0.)1.HIIM 3BeHOM MaHIIIIYJIHTOpa. Heo6XO)),IIMO C03)),aTb TPII E3 )),JIH COOTBeTCTBeHHO 

TPeX HP. llIICJIO BXO)),HblX II BbIXO)),HbIX rrepeMeHHblX )),JIH KalK,)),OH II3 6a3 CHII3IITCH B TPII pa3a 

II, KaK CJie)),CTBIIe, CHII3IITCH MaKCIIMaJibHOe 'IIICJIO He'leTKIIX rrpaBIIJI. 

PaccMOTPIIM rrpoII:ecc C03.)).aHilll E3. 

5.5. IIpIIMeHeHne OilTHMil3aTopa 6a3 3HaHHH Ha OCHOBe MHfKHX Bbl'IHCJieHuii: 

)).eKOMII03HII:HH ynpaBJieHHH 

HcrroJih3yeM paccMOTPeHHYJO paHee rrocne)),oBaTeJibHOCTh co3)),aHilll E3 .)).JIH HCAY 

Ha OE3 Ha MHrKIIx BbI'IHCJieHill!X c TPeMH HP. 
1. Co3oaHue 06y'la10Ufe20 cu2Hwta. 

Co3)),aHbI TPII OC .)).JIH TPex E3 (coorneTcrneHHO TPex 3BeHheB). KalK.)).hrii II3 OC, B 

CBOIO O'Iepe.)).b, COCTOIIT II3 .)).Byx oc (coorneTCTBeHHO .)).Byx TIIIIOBbIX 3KCIIepIIMeHTOB). 

KoHe'IHbie oc )),JIH C03)),aHilll TPeX He3aBIICIIMbIX E3 ( COOTBeTCTBeHHO oc 1, OC2 II 

OC3) CO.)).epJKaT B JieBOM CTOJI6II:e BeKTOp BXO)),HbIX rrepeMeHHbIX rrporropII:IIOHaJibHblX, 

)),IIqlq>epeHII:IIaJibHblX II IIHTerpaJibHbIX OIIIII60K ([ errpl, errdl, err,-1), [ errp2, errd2, err,-z] II 
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[ errp3, errd3, erri3] COOTBeTCTBeHHO )),JIH rrepBoro, BToporo II TPeTbero 3BeHbeB 

MaHIIrryJIHTOpa); B rrpaBOM CTOJI6II:e - BeKTop BbIXO)),HbIX rrepeMeHHbIX (onpe)),eJieHHbIX f' A) 

nporropII:IIOHaJibHbIX, )),IIqlq>epeHII:IIaJibHbIX II IIHTerpanbHbIX K03qlqJIIII:IIeHTOB ITH.ll:

peryJIHTOpa ([Kp1, Kd1, Ki!], [Kp2, Kt12, Ki2] II [Kp3, Kd3, Ki3] coorneTcrneHHO .)).JIH 

nepBoro, BToporo II TPeTbero 3BeHbeB MaHIIrryJIHTopa). 

IlpIIMep OCl MH co3.)).aHilll E31 rrpIIBe)),eH Ha pIIc. 5.13. 

2. <PopMUp06QHUe MOOeJIU Hel/emK020 6bl600Q . 

.ll:JIH KalK.)).oii II3 TPex E3: 

• TIIII He'leTKOH MO)),eJIII: CyreHO O (HyJieBoro IIOpH.)).Ka); 

• IIHTeprrpeTaIJ:IIH He'leTKIIX orrepaII:IIii: He'leTKaH KOHb!OHKII:illl KaK 

I1pOII3Be)),eHIIe; 

• 'IIICJIO BXO)),HbIX II BbIXO)),HbIX rrepeMeHHbIX: 3 II 3. 

3. C030aHUe llUH26UCmU'leCKUX nepeMeHHblX Oll5l 6XOOHblX 3HQ'leHUU. 

C IIOMOlllblO f' Al B COCTaBe OE3 orrpe)),eJIHIOTCH OIITIIMaJibHOe 'IIICJIO II qJOpMa 

qJYH~IIH IIpIIHa)),JielKHOCTII. 

IlpII co3)),aHIIII E31, E32 II E33 II OIITIIMII3aII:IIII f' Al 'IIICJIO q>yHKIJ:IIH 

rrpIIHa)),JleJKHOCTII COCTaBIIJIO [3, 3, 5], [5, 5, 9] II [7, 7, 8], MaKCIIMaJibHOe 'IIICJIO He'leTKIIX 

npaBIIJI 45, 225 II 392 COOTBeTCTBeHHO (Ha pIIC. 5.14 rrpIIBe)),eHbl 'IIICJIO II qiopMa q>yH~IIH 

npIIHa)),JleJKHOCTII BXO)),HblX rrepeMeHHbIX E31 ). 

0 1000 

a.. -50 -- -- ----- -----:----- a.. 50o~,~1~~v~ ~ ' ~ 
' 
' 

-100 ' 0 
0 50 100 150 200 0 50 100 150 200 

iteration iteration 

0 1000 
' 

0 -2000 ~4---+----+---- ~ 

500 .._ I I I 0 

CP -4000 - - - -~ - - - - -:- - - - - _\_ - - - -
~ 

' ' ' 0 
0 50 100 150 200 0 50 100 150 200 

iteration iteration 

100000 

"E: -2ul--'~w1:+H~l1-r------:-----I ~ 500~1~~ (l) I I I 

-40 0~ 
0 50 100 150 200 0 50 100 150 200 

iteration iteration 

Puc. 5.13. OCI )),IDl £31 
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Variable: [:r&:;m 3 Add MF Delete unused MF j 

Variable: [~ 3 Add MF Delete unused MF j 

Variable: [~ 3 Add MF D elele unused MF] 

Pnc. 5.14. <l>)'HKI.IHH rrpnHa,[J,.IIeJKH0CTH )],JIJI BX0,!1Hb!X 3HaqeHHll E31 

4. Co3iJm1ue 6a3bl npaeUJI. 

.ll:IDI E31 ll3 45 rrpaBHJI orn6paHo 18, .!IIDI E32 H3 225 rrpaBHJI - 26, .!IIDI E33 n3 392 
rrpaBHJI -48. 

HarroMHHM, qTo rrpn co3.11aHnn E3 .!IIDI HCAY Ha OE3 Ha MHrKllX Bhrqwcnemillx c 

0,!1HHM HP MaKCHMaJibH0e qwcno HeqeTKHX rrpaBHJl C0CTaBJUIJI0 110592, H3 K0T0pbIX 6bmo 

orn6paHo 33 Haw6onee po6acrnhrx. 

B paccMaTPHBaeM0M C.II)"fae C pa3,!1eJieHHbIM yrrpaBJieHneM MaKCHMaJibH0e qncno 

rrpaBHJI (.!1JUI E33) C0CTaBJUieT 392, qTQ cyrnecTBeHH0 CHlllKaeT BpeMH OT6opa HaH6onee 

po6aCTHbIX rrpaBHJl. 

O.11HaKO B 11eJI0M K0JlllqecTB0 OT06paHHbIX rrpaBHJI (18+26+48 = 92 - cyMMapHoe 

K0JIHqecrno orn6paHHbIX rrpaBHJl E31, E32 w E33) 6onee qeM B 2 pa3a rrpeBbIIIIaeT 

Konwqecrno oTo6paHHbIX rrpaBHJI rrpH ncrroJib30BaHnn HCAY Ha OE3 Ha MHrKHX 

BblqllcJieHHHX C 0,!1HHM HP. 
Cne.110BaTeJihHO, pa3MerneHne K0HeqHbIX E3 rrpw wcrr0Jih30BaHHH HCAY Ha OE3 Ha 

MHrKllX BbrqwcneHHHX C pa3,!1eJieHHbIM yrrpaBJiemreM IIOTPe6yeT 60JibIIIero 061,eMa rraMHTll 

K0HeqHoro YCTPOHCTBa, B K0T0p0M pa3MernaeTCH CHCTeMa. 

5. Hacmpou,w 6mb1 npaeUJ1. OnmUMU3GlfUH J1e6blX u npaebzx 'lacmeu npaeUJ1 £3. 
HcrroJib3yeTCH TPa.!1Hl.lHOHHhiii MeTo.11 o6parnoro pacrrpocTPaHeHHH orrrn6Kll. Ha 

pnc. 5.15 rrpHBe,!1eH Bll,!1 C03,!1aHHOH E31 .!IJUI BbIX0,!1a I. 
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1.16916 
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0.933491 
0.188386 
0.229463 

-
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Pwc. 5 .15. E31: rrpnMep ,!1JIH BhIX0,!1a 1 

Ha pnc. 5.16 rrpHBe.11eHa pa6orn .!1Byx rrpe.11naraeMbIX BapnaHT0B peanll3a11nn HCY Ha 

OE3 Ha MHrKnx BbrqncJieHHHX MH yrrpaBJieHHH po6oTOM-MaHllIIYJUIT0p0M c TPeMH 

CTerreHHMll CB060.11hr B Herrpe,!1Bll,!1eHHOH cnryallllll yrrpaBJieHHH, paHee rrpeMOlKeHHOH ,!1JlH 

CllCTeMbl yrrpaBJieHllH Ha 0CH0Be r A (pnc. 5.4). 
lf3 pnc. 5 .16 II 5 .4 Bll,!1H0, qTo o6a ll3 .!IBYX rrpeM0lKeHHbIX BapnaHT0B peann3a11nn 

HCY Ha OE3 c rrpnMeHeHneM TeXHOJIOrnii MHrKllX BbrqncireHnii B 0TJlllqne OT CllCTeMbI 

yrrpaBJieHnH Ha 0CH0Be f A crrpaBJUIIOTCH C 3a.11aqeii T0qHoro II03Hl.lll0HHp0BaHHH. IIpwqeM 

CTPYKTYPa HCAY c HCII0Jib30BaHHeM e.11wHoii E3 o6ecrreqwBaeT perrreHHe 3a MeHbrrree 

Konwqecrno HTepa11wn, qeM CTPYKTYPa HCAY c pa3.11eneHHbIM yrrpaBJieHHeM. 
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1 1 
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I I I I 
1 I 

1 
1 H3Meaeane I 
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I I I I ~----'~- J 

02f- - - - -:- - - - + - I- - - -, - :, I ..A ~ 1 \ : 

' ---- 1----

: Pemeee~ 38'A3'1H : 
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-0 150 0.05 0.2 0.25 035 

Prrc. 5.16. Pa6orn IICAY Ha OE3 Ha MHrKHX BhJqrrcneHHHX c 0,!1HHM HP B Henpe,11BH,!1eHHOH 
CHTya11uw ynpaBJieHHJI (cJieBa); pa6orn IICAY Ha OE3 Ha MHrKHX BhrqncJieHHHX c TPeMJI HP (cnpaBa) 
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5.6. Onemm Ka'leCTBa paoOThl CJICTel\l yrrpaBJiellJIH 

,ll;JIJI OQeHKJI JI cpaBHeHIUI pe3yJihTaTOB JICIIbITaHJlll paCCMOlpeHHhlX THIIOB CJICTeM 

yrrpaBnemrn - cttcTeMhI yrrpaBnemrn Ha ocHoBe rA, HCAY Ha OE3 Ha WITKHX BbP-mcnemurx 

c O.z:IHHM HP H HCAY Ha OE3 Ha wirKHx BhP-mcneHHHX c pa3.z:1eneHHbIM yrrpaBJieHHeM (KaK 

.z:IJlJI Mo.z:1eneii: MATLAB/SIMULINK, TaK JI .z:IJIJI MaKeTa po6orn-MaHttrryJIJ1Topa) BBe.z:1eHa 

CHCTeMa KpHTepHeB Kaqecrna, yqHTbIBaIOIII!U! MeTO,[lbl OQeHKH rrepexo,LIHbIX rrponeccoB 

TeopHH aBTOMaTJiqecKoro yrrpaBJieHJIH [10]. ,ll;aHHble MeTO,[lbl 6bIJIJI a,1:1aIITHpOBaHbl .z:llIH 

KOHKpeTHOro OY (MaHJIIIYJIJITOpa C lpeMH CTerreHHMH CB060.z:lbl) B CJie,LIYJOIIIeM BJl,[le. 

l. PeweHue 3ada'lu no3Ul,fUOHupoeaHUR 6 wmamHbIX cumyal,fURX ynpa6JleHUR PTSKcs 
(Position Task Solution in known control situations). 

3a.z:1aqa 1103JIQHOHHpOBaHHH cqJITaeTCH perneHHOH, eCJIJI no 3aBeprneHHJI 3a,[laHHOro 

qJicJia HTepaQJlll fmax = 300 BbllIOJIHHeTCH ycJIOBHe 

{

PTS=l, iflq1,_1-q1l+lq2,,1-q2l+lq2,,1-q2I::::; 
10 , (5.3) 

PTS = 0, else 

r.z:1e qlref, q 2,,f, q3ref - )KeJiaeMbie IIOJIO)KeHHH 3BeHbeB, qi' q2, q3 -TeKyIIIHe IIOJIO)KeHJIH 

3BeHbeB; 

PTS 6binOJ1HeHue 

r.z:1e N - qJICJIO 3KCIIep11MeHTOB. 

N 
IPTS 

~1=.L___ 

N 
(5.4) 

2. PeweHue 3ada'lu no3Ul,fUOHupoeaHUR 6 HenpedeudeHHbIX cumyat/URX ynpa6JteHUR 
PTSAccs (Position Task Solution in the above considered control situations). 

3. Ebzcmpodeucmeue Ir. 
Kon11qeCTBO JITepaQHll OT Haqana B03,[leHCTBHH, B TeqeHJie KOTOpblX OCYIIIeCTBJIHeTCH 

1103HQHOHHpOBaHHe Ka)K,[IOro 113 3BeHbeB C ,[IOIIYCTHMOH OIIIH6KOH 2A < 1°, orrpe,1:1eJIJ1eTCH 

KaK 

Ir= II ~q1,,rq1l<I 0 Hqz,,rqzl<10 Hq3,,rq3l<10 ); 

IT ebzno1meHue 

N 
L, IT 

= 1 - .....!..=.!__ 
- NJ max. 

4. OmHocumellbHoe 3Ha'leHue nepepe2yJ1upoeaHUR CY • 

(5.5) 

(5.6) 

OTHOIIIeHJle MaKCJIMaJibHOro OTKJIOHeHHH TeKy111ero IIOJIO)KeHHH K ycTaHOBJIBIIIeMYCH 

3HaqeHHIO IIOJIO)KeHHH 3BeHa 

[ 

ql,ef - qi q2ref -q2 
CY = max max1--~-----< max 

qlref q2ref 

N 
LO" 

O" 6blnOJIHeHue = 1- i=l • 
N 
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max q3ref - q3 ] . 

q3ref ' 
(5.7) 

(5.8) 

5. OmHocumeJlbHaR ozuu6Ka no3Ul,fUOHupoeaHUR 36eHbe6 no 3aeepzueHuu 3adaHHOZO 

l/UCJla umepal,fUU E. 

&=lql,ef -q
1

/, if ~ql,,f-qll>lqz,,1-qzl}n~ql,ef -qil>lq3,ef-q31} 
qlref N 

IE 
lq2ref -qzl . fi I I ) fi ) E 6blnOJIHeHUe=l-i=I . 

&~ q'if~qz,_1-qz > qi,,1-qd n~q2,,1-qzl>lq3,,J-q31; N 
2ref 

&= q
3
"1 -q

3
, if ~q3,,J-q3l>lq1,ef -qil}n~q3,,J -q3l>lqz,,J -qz/) 

q3,ef 

6. BpeMR odHou umepal,fUU t. 

(5.9) 

PeaJibHOe BpeMH BbllIOJIHeHHH 0,[IHOH HTepaQJIJI I Bbi6paHHOro THIIa CHCTeMbl 

t 
yrrpaBJieHHH t 6blnOJIHeHUe=l---, t<tconst· (5.10) 

f cons! 

7. CllO:JICHOCmb peWlU3al,fUU ynpa6lleHUR P. 
OQeHKa H3MeHeHHH K03<pqJHQHeHTOB yrrpaBJieHHH: 

,--------.,--

_!_ I (-dK_) 2 dt 
N i=l dt 

p 6blnOJIHeHue = 1 - -·~-----
max( K) 

8. O6UfaR Ol,feHKa ynpa6lleHUR FCB (Full Control Behavior). 

FCB=w1 ·P[PTSKcs]+w2 ·P[PTSAccs ]+ 

+w3 ·P[Ir ]+w4 ·P[cr]+w5 -P[s]+w6 ·P[t]+w7 ·P, 
r.z:1e W; - BeCOBbie K03<pqJHQHeHTbl, 3HaqeHHH KOTOpbIX rrpHBe,[leHbl B Ta6n. 5.1. 

(5.11) 

(5.12) 

Ta6JIJ1Qa 5.1. 
---- -----~- ~--~~ -·- --~- .. ....., .. eHTOB 

PerneH11e 3a.z:1aq11 

II03HQHOHHpOBaHHH B IIITaTHbIX PTSKCS W1 0,1 
CHTVaQJIHXVTTnaBJieHHH 

PerneHHe 3a.z:1aq11 

1103HQJIOHHpoBaHHH B PTSACCS 
Wz 0,4 

Herrpe,LIBH,[leHHblX c11ryaQHHX 

vnoaBneHHH 

DbIClpO.L1eii:crn11e IT W3 0,2 

OTHOCHTeJibHOe3HaqeHJie 
0,05 

rrepeperyJIH0OBaHHH 
cr W4 

OTHOCHTeJibH!Ul OIIIH6Ka 

1103JIQJIOHHpoBaHHH 3BeHbeB 110 
E W5 0,1 

3aBeprneHHH 3a.z:1aHHoro q11cna 

HTeoan11ii: 

BpeMH o,1:1Hoii: 11Tepan1111 t w6 0,1 

CJIO)KHOCTb peanH3aQHH p W7 0,05 
vnoaBneHHH 
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9. IIopaooK npo6eoe111m ucnbzmaHuii. 
,lvIH KaJK.[\0ro Il3 pacCM0ipeHHJ,JX TilII0B CilCTeM yrrpaBJieHilJI (yrrpaBJieHllJI Ha 0CHoae 

r A, IICY Ha OE3 Ha MHrKilX a1,1qilcJieHilHX c 0,!l;HilM HP Il IICY Ha OE3 Ha MJirJoix 

BJ,JqilcJieHilJIX C pa3,!l;eJieHHJ,JM yrrpaBJieHileM) rrpoB0,!l;IlTCJI ceplllI 3KCIIepilMeHTOB, K0T0paJi 

0JjeHilBaeTCJI no BBe,!l;eHHJ,JM BJ,JIIIe KpilTeplllIM Kaqecrna. 

CeplllI 3KCrrepilMeHT0B C0CT0ilT Il3 ,!l;Byx 3Tarroa: 

- pa6oTa a IIITaTHJ,JX CilTYaIJillIX yrrpaaJieHlllI, 

- pa6orn a Herrpe,!l;Bil,!l;eHHJ,JX CilTYaIJlllIX yrrpaBJieHllJI. 

B KaqeCTBe IIITaTHI,IX CifTYaJjlill yrrprumeHlllI BbICTYTilllOT ,!l;eClITh 3KCIIepllMeHT0B B 

coornercnmil c rpyrrrrofi rnqeK pafioqero rrpocrpaHCTBa, orrpe,!l;eJieHHbIX KaK TeCToa1,1e (pHc. 5.8). 
3a HaqaJIJ,H0e II0JI0)KeHile MaHilrryJIJIT0pa IIpilHilMaeTCJI KOmjmrypaJjlllI: 

q1 = 60°; q2 = 0°; q3 = 0°. 
B Kaqecrne HeIIITaTHbIX cHzyaIJilH yrrpaaJieHilJI a1,1czyrraJOT Ipil cnyqa,:i: 

1) Ha 11-fi IlTepaIJilil II0JI0)KeHile BT0poro 3BeHa rrpilHY,!J;IlTeJIJ,H0 Il3MeHJieTCJI ,!l;0 

JHaqeHlllI q2 = 45°; 
2) Il3MeHeHl,J HaqaJIJ,Hl,Je ycJI0BlllI: q1 = 60°; q2 = 45°; q3 = - 43°; 
3) Il3MeHeHJ,J HaqaJIJ,HJ,Je ycJI0BlllI: q1 = 60°; q2 = 45°; q3 = - 43°, Il Ha 11-fi mepaJjilil 

II0JI0)KeHile BT0poro 3BeHa IIpilHY,!J;IlTeJIJ,H0 Il3MeHHeTCJI ,!J;0 q2 = 45°. 
KalK):laJI Il3 Ipex Herrpe,!l;Bil,!l;eHHJ,JX CilTYaIJilH TeCTilpyeTCJI Ha ,!l;eCJITil TQqKax 

TeCT0B0ro rrp0CipaHCTBa. TaKilM o6paJOM, rrpoB0,!l;IlTCJI 30 3KCIIepilMeHT0B ,!l;JJJI 

Herrpe,!l;Bil,!l;eHHbIX cHzyaIJilH yrrpaaJJeHillI. 

10. MooeJ1upo6aHue u 3KcnepUMrnm: OlJeHKa Kal/ecm6a ynpa6J1e111m. 
CpaBHeHile KpilTepileB Kaqecrna yrrpaaJieHilJI ,!l;JilI CilCTeMJ,J yrrpaBJJeHilJI Ha 0CH0Be 

r A, IICY Ha OE3 Ha MJirKHX a1,1qHcJJeHillIX c 0,!J;HilM HP Il IICY Ha OE3 Ha MHrKilX 

a1,1qilCJJeHilJIX c paJ,!l;eJJeHHbIM yrrpaaJJeHileM ,!J;JIJI MO,!J;eJiefi MATLAB/SIMULINK II 

MaKeTa po6orn-MaHilIIYJIJITOpa rrpilBe,!l;eH0 C00TBeTCTBeHH0 Ha pIIC. 5.17 II 5.18. 
lIJ pe3yJJ1,TaT0B cpaaHeHilJI Ipex TIIII0B CilCTeM yrrpaBJJeHIIJI Bil,!J;H0, qTQ 

IlCII0JJJ,JQBaHIIe CilCTeMl,J yrrpaBJJeHllJI Ha r A peIIIaeT Ja,!l;aqy TQqHoro II0JIIIJII0Hilp0BaHlllI B 

II0JJ0BIIHe Il3 rrpe,!J;JJ0)KeHHJ,JX cJJyqaeB. O,!J;HaKO CilCTeMa yrrpaaJJeHilJI Ha 0CH0Be r A He 

o6ecrreqilaaeT rapaHTilpoaaHHoro yrrpaaJJeHillI a ycJJ0BillIX Herrpe,!l;Bil,!l;eHHbIX cHzyaIJIIH 

yrrpaBJJeHllJI (qTQ )];eM0HClpilp0BaJIQCJ, TaK)Ke paHee Ha pIIC. 5.4), B JjeJJ0M KaqeCTB0 

yrrpaaJJeHilJI ,!J;0CTaToqHQ Hil3K0e. 

B CilCTeMe yrrpaBJJeHllJI Ha 0CH0Be I' A K03<p<pIIIJIIeHTJ,J IIII)];-peryJIJITOpa He 

IIJMeHJIJOTCJI, ~o, C 0,!l;HOH CT0p0HJ,J, o6JJerqaeT rrpoeKTIIp0BaHile CilCTeMJ,J yrrpaBJJeHilJI, a C 

,!l;pyrofi, J!IlIIIaeT CilCTeMY yrrpaBJJeHIIJI B03M0)KH0CTil rrepeCip0eHilJI Il a)];arrTaJjIIIl. 

lIJ peJyJJbTaT0B cpaaHeHlllI Bil,!l;H0, qTo HcrroJI1,JoaaHIIe IICY Ha OE3 Ha MJITKHX 

BJ,JqIIcJJeHHJIX C 0,!l;HilM HP II03B0JIJieT II0~IITJ, MaKCilMaJIJ,HJ,Je 0JjeHKil KpHTepHeB KaqeCTBa 

«PeIIIeHile Ja,!l;aqil II03IlIJil0HIIp0BaHilJI B IIITaTHbIX CHTYaIJlllIX yrrpaBJJeHllJI)) Il «PeIIIeHIIe 

Ja,!l;aqH II03IlIJil0HIIpoaaHilJI B Herrpe,!l;BII,!l;eHHJ,JX CilTYaIJHJIX yrrpaBJJeHillI», a TaK)Ke ,!J;06IlTbCJI 

yJJyqIIIeHilJI acex rroKaJaTeJJefi, Kp0Me KpmepileB «BpeMH O,!l;HOH HTepaIJilH» II «CJIO)KH0CTb 

peaJIIlJaJjHil yrrpaBJJeHilJI)), TaK KaK ,!l;IlHaMHqecKaJI HaCipOHKa K03!pqJilIJileHTOB Ipe6yeT 

,!l;0II0JIHilTeJil,Hl,JX BJ,JqilcJJeHHH. 

IICY Ha OE3 Ha MJirKilX a1,1qilcJJeHillIX c 0,!l;HilM HP rroJB0JIJieT co6paT1, a e,!l;HHyJO E3 

IlH<pOpMaJjillO 0 B3aHMH0M II0Be,!l;eHilil 0,!l;H0BpeMeHH0 IpeX 3BeHbeB po6orn-MaHHIIYJIJIT0Pa, 

0,!l;HaK0 BJ,JC0KaJI CJJ0)KH0CTI, peaJIIlJyeMOH E3 Ipe6yeT 3HaqHTeJIJ,HJ,JX BJ,JqilCJIIlTefilHl,IX 

pecypcoa ,!l;JIJI C0J,!l;aHilJI Il paJMeIIIeHilJI. 
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P11c. 5.17. CpaaHeH11e pe3yJI1,TaT0B pa6orw c11cTeM1,1 ynpaaJieHllll Ha ocHoae r A, II CAY Ha OE3 Ha 

MHrKIIX a1,1q11cJieH11l!X c 0AHIIM HP II IICAY Ha OE3 Ha MllrKIIX Bh!'IIICJieHllllX c pa3AeJieHHhIM 

ynpaaJieH11eM np11 recmpoaaH1111 MOAeJieii MATLAB/SIMULINK 
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P11c. 5.18. CpaaHeH11e pe3yJihTaTOB pa6oThl c11creM1,1 ynpaaJieHlll! Ha ocHoBe fA, lICAY Ha OE3 Ha 

MllrKIIX awq11cJieHllllX c 0AHIIM HP II lICAY Ha OE3 Ha MHrKIIX Bhl'IIICJieHllllX c pa3AeJieHHhIM 

ynpaBJieH11eM np11 cpn3nqecKOM recr11poaaH11Il M0,1\yJill MaH11rry=opa 
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Pa:menemie yrrpaBmII0lllero 3BeHa Ha 'Ipll He3aBHCHMhIX HP ( 0,!IHa E3 yrrpaBJIJ!eT 
0,!IHHM 3BeHOM) II03B0JUieT 3a cqeT HeK0T0poro CHHlKeHIUI Kaqecrna yrrpaanemu, 

3HaqHTeJibH0 ynp0CTHTh rrpoIIeCChI C03,!laHHH, 0IITHMH3aIIHH Ii pa3Mell.leHHH E3. 
lh pe3yJihTaT0B cpaBHeHHH BH,!IH0, qTo rrpH HCIIOJlh30BaHHH HCAY Ha OE3 Ha 

MHrKHX BhlqJiCJieHHHX C pa3,!1eJieHHhIM ynpaaneHHeM (c -rpeMH HP) ace IIOKll3aTeJlll Kaqecrna 
HeCKOJlhKO yxy,1:1IIIaIOTCH, 4TO IIpOHCXO,!lllT B pe3yJihTaTe paccornacoaaHHH pa6on1 

pll3,!1eJieHHhIX He3aBHCHMhIX E3. 

11. <PopMupoem1ue 3aK0H06 ynpa6lleHUJl. 
PaccMO'IpllM 3aKOHhl yrrpaBJieHHH, qiopMHpyeMhie OIIHCaHHh!Mll THIIaMH CllCTeM 

yrrpaaneHHH: CHCTeMoif ynpaaneHHH Ha ocHoBe r A, HCY Ha OE3 Ha MHrKHX BhJqJicJieHHHX c 

O,!IHHM HP H HCY Ha OE3 Ha MHrKHX BhJqHcneHHHx c pll3,1:1eneHHhIM ynpaaneHHeM 
(pHC. 5.19). Ha pHC. 5.19 HCIJOJlh3yIOTCH CJie,!lyIOll.\He o6o3HaqeHHH 3aKOHOB ynpaBJieHHH: 

«GA» - qiopMrrpyeMhIH cHcTeMoif yrrpaaneHHH Ha ocHoae r A, «FC» - qiopMHpyeMhIH 
HCAY Ha OE3 Ha MHrKHX BhJqJicJieHHHX c O,!IHHM HP, «FC Decomposition» 
qiopMHpyeMhIH HCAY Ha OE3 Ha MHrKHX BhJqJicJieHHHX c pll3,!leJieHHhIM ynpaaneHHeM. 

IIepBoe 3BeH0 

I•, I I 
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P11c. 5.19. 3aKOHhl ynpaanemrn, qJOpM11pyeML1e c11cTeMon yrrpaBJiemrn Ha fA, IICAY Ha OE3 Ha 
MJITKIIX Bb1q11cnemrnx c 0AHIIM HP II IICAY Ha OE3 Ha WirKIIX Bbiq11cnemrnx c pa3AeJieHHbIM 
yrrpaBJieH11eM 

lfa pHC. 5.19 Bll,!IHO, qTO 3aKOHhl yrrpaBJieHHH, qiopMHpyeMhie CllCTeMOH ynpaBJieHHH 
Ha OCHOBe r A ,!IJUI nepaoro Ii -rpeTbero 3BeHbeB, HMeIOT 3aBe,!IOMO 6oJiblllyIO aMIIJIHTY.!IY no 
cpaBHeHHIO c aHanornqHhIMH 3aKoHaMH ynpaaneHHH, qiopMHpyeMbIMH IICAY Ha OE3 Ha 
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MHrKHX BbJqJicJieHHHX, O,!IHaKo ,!1JU1 BToporo 3BeHa B 3aKOHe ynpaBJieHHH, qiopMHpyeMOM 
CHCTeMOH yrrpaBJieHHH Ha OCHOBe r A, He o-rpaJKaeTCH peaKIIHH Ha BHeIIIHee B03,!leHCTBHe, B 
pe3YJibTaTe qero 3a,1:1aqa TOqHoro II03HIIHOHHpoBaHHH He peIIIaeTCH. 3aKOHhl ynpaBJieHHH, 
qiopMHpyeMhie HCAY Ha OE3 Ha MHrKHX BhJqHcJieHHHX c pll3,1:1eneHHhIM ynpaaneHHeM, no 
cpaaHeHHIO c HCAY Ha OE3 Ha MHrKHx BhJqHcneHHHX c O.!IHHM HP npH cpaBHHMOH 

aMIIJIHTY.!le HMeIOT 60JihIIIee nepeperyJIHpOBaHHe. 

TaKHM o6pll30M, MllHHMaJihHhJH pacxo,11 IIOJie3HOrO pecypca npH qiopMMpOBaHHll 
3aKOHOB ynpaBJieHHH o6ecneqHaaeTCH rrpH HCIIOJih30BaHHH HCAY Ha OE3 Ha MHrKHX 

BhJqHcJieHHHX C O,!IHHM HP. 

5.7. BbIBO,!lbl 

B pe3yJihTaTe cpaaHeHHH pa60Thl pacCMO'IpeHHhIX THIIOB CHCTeM ynpaBJieHHH 

po60TOM•MaHHIIYJIHTOpOM C -rpeMH CTeneHHMH CB060,1:1hI MOlKHO C,[leJiaTh cne,1:1yIOll.\He 

Bh!BO,!lhI: 

• CTPYKTYPa CllCTeMhl yrrpaBJieHHH Ha OCHOBe f A rrpOCTa ,!IJUl peaJIH3aIIHH, O,!IHaKO 
BCJie,!ICTBHe nOCTOHHCTBa napaMe-rpoB ynpaBJieHHH peIIIeHHe 3a,1:1aq1I TOqHoro 
II03llllllOHHpOBaHHH B03MOlKHO TOJihKO ,!IJUI IIITaTHhIX CHryaIIHH (,1:1mr KOTOphIX fibJJill 

no,1:106paHhl K03qlqJHIIHeHThl ITI1,ll;-perymrTOpa); 

• e,1:1HHaH E3 HCY Ha OE3 Ha MHrKHx BhI'lHCJieHHHX c O.!IHHM HP co,1:1eplKHT HaH6onee 
IIOJIHYIO HHqJOpMaIIHIO O IIOBe,!leHHH acex 3BeHbeB, qTO II03B0JIHeT HCAY pa60TaTh KaK 
B IIITaTHhIX, TaK Ii B Henpe,!IBH,!leHHhlX CHryaIIHHX yrrpaBJieHHH. O,1:1HaKo C03,!laHHe 

e,!IHHOH E3 - CJIOlKHhlll Ii ,!IJIHTeJihHblll IIpOIIecc, -rpe6yIOll.lllll 3Ha'lHTeJihHhIX 
BhJqJiCJIHTeJihHhIX pecypcOB, a B ,!laJihHeHIIleM - 60JihIIIOro o6beMa naMHTll ,!IJUl 

pa3Mell.leHHH E3; 

• ,1:1eK0Mno3HIIHH ynpaaJieHHH B c-rpyKrype HCY Ha OE3 Ha MHrKHX BhJqHcneHHHX c 
pll3,!1eJieHHhlM ynpaBJieHHeM (3a cqeT He3HaqJiTeJihHOro CHHJKeHHH Kaqecrna 

ynpaBJieHHH BCJie,!ICTBHe paccornacoBaHHH noae,1:1eHHH 3BeHbeB B pe3yJlhTaTe 
He3aBHCHMOCTll C03,!laHHH Ii qiyHKIIHOHHpOBaHHH E3) II03BOJUieT 3HaqHTeJibHO 

yrrpoCTHTh IIpOIIeCChl C03,!laHHH Ii pll3Mell.leHHH E3. 
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1. CTPyKTypa CAY po6oTOM-MaHIIIIYllilTOpoM Ha ocHoBe ITHJJ:-perymnopa. 

2. CTPyKrypa CIICTeMbl yrrpaBJieHIDI po60TOM-MaHIIIIYJIJITOpOM Ha 0CH0Be reHeTII'leCK0ro 

aJiropIITMa. 

3. IlpoeKIIIpoBaHIIe lICY po60ToM-MaHIIIIYID1TopoM c rrpIIMeHeHIIeM OE3 Ha ocHoBe 

MJffKIIX Bbl'lIICJieHIIll. 

4. IlpIIMeHeHIIe OE3 Ha 0CH0Be MJffKIIX Bbl'lIICJieHIIH: ,11eK0MII03IIl]IDI yrrpaBJieHIDI. 

5. OIJeHKa Ka'lecrna pa6oThI lICY po6oTOM-MaHIIIIYllilTOpoM. 

6. <I>opMIIpOBaHIIe 3aK0H0B yrrpaBJieHIDI po6oTOM-MaHIIIIYllilTOpoM. 
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Ilp1mome1111e. ffeqeTKOCTh II YCJIOBHH Heonpe,!leJICHHOCTII B po6aCTilhIX CHCTCMax 

ynpaBJICIIHH 

O,11HIIM II3 KpIITH'lHbIX <paKTopoB, BJIIDIIOIIIHX Ha Ka'leCTB0 CIICTeM yrrpaBJieHIDI, 

<pYHKI!II0HHpyIOII!HX B YCJI0BIIHX Heonpe,11eJieHH0CTH, JIBJIJieTCJI HH<popMal]IIOHHblH. pncK, 

HaJIII'lHe K0Toporo B Kottrype ynpaBJieHHJI CYIIIeCTBeHH0 CHIIiKaeT HH<popMal]IIOHHYIO II 

CTPYKTYPHYIO 6e3onacHocTh iKH3HeHH0 BaiKHhix OY. MaTepHaJihHhiii II MOpaJibHhitt. ypoH, 

HaHOCHMblll OT ,11aHH0ro <paKTopa, xoporno H3BeCTeH. lICTO'lHIIKaMII IIH<pOpMal]IIOHHOro 

pIICKa B CIICTeMax IIpIIHJITIDI perneHHH. II ynpaBJieHIDI J!Blli!IOTCJI CJie.!IYIOIIIHe: 1) IIp0JIBJieHIIe 

HeraTIIBH0ro 'leJI0Be'leCKoro <paKTopa B K0ttrype ynpaBJieHIDI; 2) 0TCyTCTBile Heo6xo,!IIIMOH 

1rn<jlopMal]IIII 0 HelllTaTHOll CilryaIJHH; 3) CTPYKTYPHbie HapyrneHIDI B o6oeKTe H CHCTeMe 

yrrpaBJieHIDI; 4) 3a,11epiKKII CHrHaJI0B OIIIH6KII B K0Hrypax H o6paTHbIX CBJl3JIX yrrpaBJieHIDI; 5) 
lllYMbl B ,11aT'lI1Kax CbeMa, H3MepeHIDI II c6opa J:{aHHbIX; 6) HeII0JIH0e 0IIIICaHIIe cpe,!lbl 

<jlyHKIIIIOHIIpOBaHIDI II ,!IIIHaMIIKII OY II MR. ,lip. 

PI1cyHoK Il. l IIJIJIIOCTPIIPYeT TIIII0Bbie IICT0'lHIIKII Herrpe,11BI1,11eHHbIX cttryaIJIIii 

ynpaBJieHIDI .!lllil TPa.!IIIIJII0HHhIX CTPYKTyp CAY. 

3.C. + 
m,1A-1 ;r I J ,1 

perynRTop 
06b8KT 

ynpaBneHHR 

Pean&Hblii c/>U3U"-leCKUi1 

o6&eKm unu MameMarnu--,ecKaR 
MOiJenb 

m(t) f wyM 

3a0ep»<Ka 

HenpecJaudeHH&1e cumya,..uu ynpaeneHuR 

a) 

06beKT ynpaeneH1u1: 
THn HeycTOYl'-IHBOro noeep,eHHR 

- JloKaJlbH8S1 H9YCTOVl4HBOCTb 

- rno6allbH8R HeyCTOii14l-1BOCTb 

X 

0 
- HeycTOLii4"1BOCTb no 48CTH 0606Ll.\8HHblX KOOPAL-1H8T H HenHHBVIHble CBS13H 

Cny'laiiHa'1 CTpyKT)'pa """ napaMeTpl1'18CKl18 B03MYl1.\8Hl1'1 
THn onHC3H11JI MOAenH 

- MaTeM8Tl-148CK8S1 MOAenb 

- ¢>H3H'-18CK8S1 MOAeJlb 

- Cna6o CTPYKTYP"PoeaHHa'1 MarnMarn'lecKa,i " He4eTKa'1 qm3.,,'18CKa'1 MOAenb 

BH8WHMe cny'-laYIHble B03MYUJ.8HHR: '2', n 
Pa3JU1'-1Hbl0 q:>yHKL..1111111 pacnpe,QeneH"1R \.t) 
eepm:iTHOCTeVI 
<l>yHKU,Lll\11 pacnpe,QeneH~Ul eepos:ITHOCTeVI Pa3nl1'-1Hbl8 T\llnbl 0 
38BIIICRUJ,Yl0 OT epeMeHYI 33A310UJ,ero CHrHana 

,-----------'-=--= > 
CMCTI!Ma M3MepeHHR: f"':\. 

WyM B ,Aa:T'-H1Kax '-=.)' 
BpeMeHHas:I 3ap,ep>KK8 CbeMa ClllrHana 

CnY4aVIHas:I 3ap,ep>KKa W}'Ma B A8l'·U.1K8X 

6) 

Pa3fll1'1Hb1e rnnbl CTflYKTYP @ 
Tp3A111.1110HHblX peryn'1TOpOB 

Pnc. II.1. Crpy1nypa CAY (a) n TllJJOBbJe ncTO'IHIIKll Henpe,11Bil,1\eHHhJX cmya1111ii ynpaBrremrn (6) 
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Bo MH0fHX CIIT)'al(ll!X cymeCTBYJOII(IIH II Ha6mo.11aeMb!H pa36poc B IICT0YJHIIKax 

Herrpe,!IBII,lleHHh!X CIIT)'al(IIH Ha pIIC. II.16 B ,lleHCTBIITeJibHOCTII He xaoTJIYJeH, a 

xapaKTepll3yeTCH orrpe,lleJieHHh!M CTaTIICTIIYJeCKHM IIJIII Bep0HTH0CTHh!M pacrrpe,lleJieHJJeM 

p ( X) , r.11e X }IBJl}leTCH BeKTopoM CJIYYJaHHh!X co6hITIIH, xapaKTepII3Y10Il(IIM 

Herrpe,!IBII,lleHHYIO CIIT)'al(IIIO yrrpaBJieHilll. 

IlpII o6HapyJKeHIIII CIIrHaJI0B, 0IIIICbIBaIOII(IIX II0Be,lleHIIe OY Ha pIIC. 6.la, BaJKeH He 

T0J!bK0 cpaKT IIX HaJIIIYJilll, HO II BeJIIIYJIIHa Heo6XO,!IIIMhlX IIH!pOpMaTllBHb!X rrapaMeTP0B, 

Hecyll(IIX ,llaHHb!e 06 orraCH0CTII B03HIIKH0BeHIIH HenITaTHOH CIIT)'al(IIII, K0T0paH 

co.11epJKIITCH B TaKIIX CIIrHaJiax. 

l.leJ!hIO ,llaHH0ro IIpHJI0JKemrn HBJl}leTC}I 0IIHCaHJie cymeCTBYJOII(IIX o6beKTllBHbIX 

HH!pOpMal(HOHHh!X II J!0rIIYJeCKIIX orpaHIIYJeHHH Ha 0IIIICaHIIe Heupe,!IBII,lleHHhIX CIIT)'al(HH 

yupaBJiemrn, K0T0pb!e Heo6XO,!IHMO YYJHTh!BaTh IIpII IIX B03M0JKH0M B03HIIKH0BeHHII B BII,lle 

0l(eH0K rrpupall(eHJrn IIH!pOpMal(HOHHOro pIICKa ,llJl}I pa3pa60TKII KoppeKTHhIX MaTeMaTIIYJeCKIIX 

MO,lleJieH IIp0.!IYKI(II0HHh!X upaBHJI E3 HeqeTKoro J!0rIIYJeCK0ro Bh!B0,lla BHP. _ -- --~--

PaccMaTPIIBaIOTCH B03M0JKHb!e II0,!IX0,llhl K II0CTP0eHIIIO arrrrpoKCIIMal(IIH II 0l(eH0K 

po6aCTHOCTll TaKHX MO,lleJieH, p0JIII BII,!10B IIHTeJIJieKT)'aJihHh!X BhJqIIcJieHIIH (lIB) B 

K0MIIeHCal(IIII HeTOqHOCTeH 0IIIICaHilll MO,lleJieH Herrpe,!IBII,lleHHh!X CIITyal(IIH yrrpaBJieHll! II 

CMeJKHh!X B0IIp0C0B, TaKIIX KaK CIIHeprII3M IIH!pOpMal(IIII rrpII pa3pa6oTKe rrpou:eccos 

caMoopraHII3al(IIII IIH!pOpMal(IIOHHh!X upou:ecC0B B lICY II ,lip. 

IIpe.11BapIITeJihHO KpaTK0 paCCM0TPIIM HeK0T0phle MeT0,llhl Te0pIIII II CIICTeM 

yrrpaBJieHIIH on:eHKII II YYJ:ern Heorrpe.11eJieHHOCTeii B CTPYKT)'pax po6acrnhIX CAY. 

II.1. YqeT cpaKrnpoB Heorrpe.11eJieHHOCTH B cTpyKTypax po6acTHhIX CAY 

CoBpeMeHHb!e TeXH0JI0fHH po6aCTHOro MH0rorrapaMeTPIIqecKoro yrrpaBJieHilll TIIIIa 

Hz/ Hoo IIJIII CMernaHH0ro µ-CIIHTe3a TPa.!IIII(II0HHh!X peryJl}IT0p0B II ,lip. II03B0Jl}IIOT 

YYJIITb!BaTb HaJIIIqIIe CTerreHII Heorrpe,lleJieHH0CTII B rrapaM~ax lliHJIII B ,!IIIHaMIIYJeCK0M 

rrose.11eHIIII OY. 

B ,llaHHh!X TeXH0JI0rIIHX ( no aHaJI0rIIII C TPa.!IIII(II0HHh!M II0,!IX0,!I0M B Te0pIIII 

aBT0MaTIIqecK0ro yrrpaBJieHIIH - TAP) rrpoeKTIIp0BaHIIe po6aCTHh!X peryJl}IT0p0B 0CH0BaH0 

Ha rrpe.11rroJI0JKeHIIII, YJT0 ,!IIIHaMIIqecKoe II0Be,lleHIIe HeJIIIHeHHOro OY M0JKH0 

arrrrp0KCIIMIIp0BaTb C ,!IOCTaToqHOH T0qH0CThlO JIIIHeapII30BaHHOH ,!IIIHaMIIqecKOH M0,lleJih!O. 

B 3T0M CJIYYJ:ae B II0CTaH0BKe 3a.11aqII rrpoeKTIIp0BaHilll peryJIHT0p0B II3MeHeHilll 

(B03Myll(eHilll) rrapaMeTP0B BO BpeMeHII II KaqecTBeHH0e 0IIIICaHIIe HeJIIIHeHHhlX 

xapaKTepIICTIIK OY yqIITbIBaIOTCH B CTPYKTYPe CIICTeMbl yrrpaBJieHilll II paccMaTPIIBaIOTCH 

KaK «yp0BHII Heoupe.11eJieHH0CTII» /',.. TaK, HanpIIMep, .11po6HO-JIIIHeHHOe npeo6pa30BaHIIe C 

TaK Hll3bJBaeMOH M - /',. -KOH!pIIrypan:IIeH rrpIIMeHHeTCH B aHaJIII3e 3a,llaq C 

Heorrpe,lleJieHH0CTHMII, K0r,lla CIICTeMa IIpIIB0,!IIITCH K BII.!IY, II306paJKeHHOMY Ha pIIC. II.2. 

Ha pIIc. II.2 w - BHellIHIIe B03Myll(eHlll, z - Bhixo.11, M = M ( s) = [Mu M12
] 

M21 M22 

rrepe.11arnqHaH !pYHKI(IJ}I, II /',. ( s) - MaTPIIYJHaH cpyHKI(IIH, 0IIIICbIBaIOII(aH pa3H0r0 po.11a 

Heoupe,lleJieHH0CTll. 

B 3T0M CJIYYJ:ae M0JKH0 3anIICaTb C00TH0llleHilll MeJK,lly CIIrHaJiaMII Ha cxeMe pIIC. II.2 

B CJie,llyioll(eM BII,lle: 

el =(I-M11!'>.)M12W, Z =(M1z!'>.[I-M11!'>.r Mzz)w. 
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e2 e1 

w M z 

P11c. IT.2. CTpyK'I)'phI c M - A - KOHqmrypau:11eii 

TaKIIM o6pa3oM, rrapaMeTP Heonpe.11eJieHH0CTII /'>. ( s) BB0.!IIITCH B CTPYKTYPY CAY II 

.11aeT B03M0JKH0CTh rrpoBeCTII aHaJIII3 II CIIHTe3 Bh16opa OIITIIMaJibHOH (a.11aIITIIBHOH) 

CTPYKT)'pbl CAY. 

u 

Ha pIIc. II.3 IIpIIBe,lleHhI CTPYKTYPhI CAY c Heonpe.11eJieHHhIMII napaMeTPaMII. 

- -t 

(a) 

(6) 

!All - f le(<)ldt, TS11-f e(.fY dt, 

ITAE = f lle(l)IJ/, ITSE = fn"" 1e(1)2 Jt, 

ISTli = lo"" t2
e(02 di. 

(:J [~· ~] (:) 

J 

M 
"I I 

(e) 
d 

►w , 
"I I~ 

~------~ (r) 

HTHnOBble Kp11Tep1111 
Ka"leCTea ynpaeneH11H 
(<l>yHKL\1111 npltrOAHOCTH rA) 

J 

P11c. IT.3. Mo,1.1em1 CAY c Heorrpe,1.1eneHHhIM11 rrapaMeTpaM11 CTpYKTYPhI: a) Mo,1.1em, c 
Heorrpe,1.1eneHHOll CTpYKTYPOtt; 6) MO,l.leJib C o6parnoii Heorrpe,1.1eneHHOll CBH3h!O; B) CTpyKrypa C 

M - /',. -Kom!mrypau:11eii; r) rnrroeaH CTpYKTYPa c o6parnoii CBl!3h!O 

,lvlH OY c nepe.11aToqHoii cpyHKU:IIeii G Ha pIIc. II.3, a IIMeeM rrepe.11arnqHYJO 

cpyHKU:IIIOCHeoupe.11eJieHHOCTh10BII.lla Gt, =(I-!'>.1f G(I+!'>.z), /'>.p/'12 EH00 • 

,ll,Jl}I aHaJIII3a po6acrnocTII CTPYKTYPa c M - /',. -KoHcpIIrypan:IIeii Ha pnc. II.3, 6 

MaTPnn:a M .!IJIH nepe.11aqn cnrHaJI0B di, d2 K cIIrHaJiaM y, u 3a.11aeTCH KaK 
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[ 
(I+GKf1 

M= -K(I+GKf1 
(I+GKt l 

-K(I+GKf1G 
ll KpHTepnii po6aCTHOCTll 3a,11aeTC.ll 

rrapaMerpoM B Bn,11e 

r = II[~ ] (1 + GK r1 [ -K l]t 
.D:llil rrpocroii O/:IHOKOHTypHoii CAY nMeeM 

r = II[~ ~]Mr[~ ~]t = IIM T IL = IIM IL. 
Ilpn JTOM caMa BeJmqnHa rrapaMerpa /1 orrpe,11ellileTC.ll JKcrrepTOM. 

8 pe3yJibTaTe cymecTBeHHbIX ll3MeHeHllH BO BpeMeHll rrapaMerpbl WllJill HeJillHeHHbie 

Hell3BeCTHbie xapaKTepttCTllKll OIIllCbIBaIOTC.ll B JlllHeapll30BaHHOH MO,lleJill OY C ll36bIT0qttOH 

Mepoii Heorrpe,11eJieHHOCTll. 

B ra6JI. II. I rrpttBe,lleHbl ll3BeCTHbie B JlllTeparype ,!IOCTOllHCTBa ll He,!IOCTaTKll 

rrpnMeH.lleMbIX B po6aCTHOM aHaJill3e MeT0,110B. 

OTMeTllM, qTo ,llllil ,!IOCTaTOqHo 60JiblIIOH Mepbl Heorrpe,11eJieHHOCTll MO)KeT He 

cymecTBOBaTb peryllilTOpa, KOTOpbIH crrpaBJI.lleTC.ll C 3a,11aqeii yrrpaBJieHll.ll B TaKOH cnrya11nn, 

B qacTHOCTll, ,!IJI.ll BCex Mep ll qiopM Heorrpe,11eJieHHOCTll. Eonee Toro, crrpoeKTllpOBaHHbIH 

peryJI.l!TOp, eCJill OH cymecTByeT, MO)KeT 6blTb CBoero po,11a «KOHcepBaTllBHbIM)) B CMblCJie 

OTCYTCTBll.ll B ero crpyKrype B03M0)KHOCTll yqera HallXY/:IIIIllX cnyqaeB Herrpe,!IBll,lleHHbIX 

(HeIIITaTHbIX) cnrya11nii yrrpaBJieHll.ll. 

Ta6JI1111a 11.1. 

Ha3Bamie I Ilpen~ecrna He):IOCTaTKll 

I 

Pa6oTaeT KaK c ycToiiqnBOCTb!O, TaK n c 

IL,-
qyBCTBHTeJibH0CTblO CllCTeMbl, Tpe6yeT oco6oro BHHMaHll.ll K 

3aMKHYThIH K0HTYP ycToiiqnB, rrapaMerpnqecKoii po6acTHOCTll o6beKTa 
CHHTe3 

rrpHMOH 0):IHOIIpOXO):IHblll rurropttTM yrrpaBJieHHH 

CllHTe3a 

!Pa6oTaeT KaK c ycToiiqnBOCTb!O, TaK n c 

H2-
qyBCTBHTeJihH0CTb!O CllCTeMhI, 

3aMKHYThiii K0HTYP ycrniiqnB, OOJibIIIOe K0JillqecTB0 JITepa11nii 
CJIHTe3 

rnqHoe cpopMnpoBaHne rrepe):laTOqHoii 

lcpyHKilllll K0Hrp0JIJiepa 

LQG- IHcrroJih30BaHne ):IOcryrrHoii ttHcpopMa11nn o 
He rapaHrupyJOTCH 3a11aCbl ycToiiqnBOCTll, 

rpe6yeTCH T0qHaH M0):leJib o6beKTa, 
CllHTe3 

1

rroMexax 
60JihIIIOe KOJinqecrno nTepa11nii 

I 

LQR-
lrapaHTJIPOBaHHoe o6ecrreqeHne po6acTHOii Tpe6yeTcH o6parnaH CBH3h 110 BCeMY 

iycToiiqnBOCTll, 6e3hIHCPilllOHHblll BeKTopy C0CT0HHHH, T0qHaH M0):ICJib 
CllHTC3 

!pery=op. o6beKTa, 6oJibIIIOe K0Jillqecrno nTepa11nii 

I 
-CllHTC3 1Pa60TaeT C ~ rrrnpOKllM 

µ ;Heorrpe):ICJICHHOCTCll 

KJiaCC0M 
EoJihIIIOii rropMOK K0HrpoJIJiepa 
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CymecrnyeT p.ll,11 crpaTernii B TeXHOJIOIBII HeJillHeHHOro yrrpaBJieHll.ll, TaKllX KaK 

Jll1Heaptt3al.lll.ll C o6parnoii CB.ll3bl0, rrpeo6pa30BaHll.ll o6paTHOH ,llllHaMllKll, CKOJib3.lllllllH 

pe)KttM, HeJittHeiiHoe ,11eMrrqinpoBattne, a,11arrra11ll.ll (HarrpnMep, 011eHKa rrapaMerpoB B on line) 

H· MH. ,lip. O,11HaKO He cymecTBYeT o6meii MeTO,!IOJIOI'Hll HeJittHeHHOro yrrpaBJieHll.ll, B 

KOTOpoii ,!IOCTOBepHO rronyqaeMbie peIIIeHll.ll IIOJIHOCTblO HerrpOTHBOpeqnBbl, a TaK)Ke 

cornacoBaHbI c rpe6oBaHll.l!MH Kaqecrna yrrpaBJieHll.ll II qiopMaMH Heorrpe,11eneHHOCTH. 

.D:llil peIIIeHll.ll rro,1106HbIX 3a,11aq pa3pa6aTbIBaeTC.ll TeOpll.ll IICY. O,!IHHM 113 OCHOBHb!X 

Ha3HaqeHHH H rrpenMy!lleCTB 3q>q>eKTHBHOro rrpnMeHeHll.ll IICY .l!BllileTC.ll B03MO)KHOCTb 

rapaHTllpOBaHHOro ,!IOCTll)KeHll.ll 11e;m yrrpaBJieHll.ll c MaKCHMaJibHb!M KaqecTBOM yrrpaBJieHll.ll 

Ha BepxHeM ypoBHe H MllHllMaJibHblM paCXO,!IOM IIOJie3HOro pecypca CHCTeMbl «06beKT 

yrrpaBJieHll.ll + peryllilTOp» Ha HH)KHeM (HCIIOJIHHTeJibCKOM) ypOBHe nepapxnqecKOH CAY. 

Ha co,11ep)KaTeJibHOM ypOBHe ,llaHHa.ll B03MO)KHOCTb orpa)KaeT Ha3HaqeHHe 

11eJieHarrpaBJieHHOH ,lle.l!TeJibHOCTll IICY B o6meM cnyqae Herrpe,!IBH,lleHHbIX cnrya1111ii 

yrrpaBJieHll.ll. 

Ilpn JTOM 3q>q>eKTHBHOCTb rrpnMeHeHll.ll IICY 3aBllCHT OT ypoBHJl: 

HHTeJIJieKryaJibHOCTll pa3pa60TaHHOH CHCTeMbl ( qiopMbI, BH,lla H rny6HHHOro rrpe,!ICTaBJieHll.ll 

3HaHnii). Ba)KHYIO ponb rrpn qiopMnpoBaHHH ypoBHH HHTeJIJieKryaJibHOCTH CAY nrpaeT 

BbI6op HCIIOJib3yeMoro llHcrpyMeHTapll.ll TeXHOJIOIBll IIB ,llllil rrpoeKTnpoBaHHJl: 

coornercrny10meii E3 rrpn 3a,11aHHOH 11enn yrrpaBJ1eHll.ll. 

.D:nHaMnqecKoe IIOBe,lleHHe OY H CHCTeMbl yrrpaBJieHll.ll (peryJI.l!TOpa) CJI~HT 

llCTOqHllKOM o6beKTllBHb!X 3HaHHH ,llllil qiopMttpOBaHll.ll E3, IIOJIHOTa (soundness) KOTOpoii 

3aBHCHT OT ,!IOCTOBepHOCTH H3BJieKaeMOH 113 KOHKpeTHOro HCTOqHHKa HHqJOpMal.lHH. 

HeroqHoCTb (imperfect) H3MepeHHH (o6ycnoBJieHHai:r 061,eKTHBHOH rrprrpo,11oii o6beKTa) 11 

He,!IOCTOBepHOCTb (unreliable) rrpe,!ICTaBJieHll.ll ll3BJieKaeMOH HHqJOpMal.lHH (HarrpHMep, H3-3a 

np11cyrcTBHJl: qeJIOBeqecKoro qiaKTOpa B KOHrype yrrpaBJieHll.ll) npHBO,!IHT K IIOBbIIIIeHHIO 

llHqJOpMaI.1HOHHOro pHCKa II B03HHKHOBeHHIO Henpe,!IBH,lleHHbIX cnrya1111ii ynpaBJieHll.ll, 

KOMIIeHCal.lll.ll KOTOpb!X ,llllil o6ecrreqeHll.ll po6aCTHOCTll yrrpaBJieHHJl: ocymecTBllileTC.ll 

npHMeHeHHeM Heo6XO,!IHMOro ypOBH.ll IIB. 

B qJHKCHpOBaHHbIX CHryal.lll.l!X ynpaBJieHll.ll HP c E3 (crrpoeKTHpOBaHHble c IIOMO!llblO 

OIITHMH3aTopa E3 - OE3) 06na,11aIOT IIOBbIIIIeHHOH po6aCTHOCTbIO, COOTBeTCTBYIOI11He 

3aKOHbl yrrpaBJieHH.ll co,11ep)KaT MeHbIIIe ll36bITOqHoii llHqJOpMal.lHH, HCIIOJib3YIOT 

MllHHMaJibHOe KOJillqecTBO ,11arql1KOB ll HCXO,!IHOH llHqJOpMal.lHll ll crroco6Hbl peaJill30BaTb 

JJieMeHTbl caMoopraHtt3al.lllll IIOBe,lleHH.ll OY B Henpe,!IBll,lleHHbIX CllTya11tt.l!X yrrpaBJieHll.ll • 

Cne,11yeT rro,11qepKHYTh, qTo HaJillqne ll36bITOqHOCTH llHqJOpMal.lllll B 3aKOHax ynpaBJieHll.ll 

.l!BllileTCJl: qJH3llqecKOH o6'heKTllBHOCTbIO, KOTOpa.ll npncyrcrnyeT BCJie,!ICTBlle llCIIOJib30BaHll.ll 

B npo11eccax OIITllMll3al.lllll E3 cnyqaiiHoro IIOHCKa B Bll,lle r A, a TaK)Ke CJie,11yeT ll3 3aKOHOB 

Teopllll llHqJOpMal.lllll O Heo6XO,llllMOCTll HaJillqllJl: ll36bITOqHOCTll B HeHa,lle)KHb!X KaHanax 

nepe,11aqn ,11aHHblX C IIOMexaMll. 3TOT qiaKT Jl:BllileTCJl: Hell36e)KH0H IIJiaTOH 3a B03M0)KH0CTb 

IIOJiyqllTh peIIIeHne 3a,11aq11 OIITllMaJibHOro yrrpaBJieHll.ll CY!lleCTBeHHO-HeJillHeHHblMll OY B 

ycJIOBll.l!X Heonpe,11eJieHHOCTll llCXO,!IHOH llHqJOpMal.llllI II MHOI'OKpllTepllaJibHOCTH ycJIOBllH 

OIITllMH3al.lllll. 

11.2. Ilpo6JieMM pa3pa6onrn IICY Ha TeXH0JI0rHHX MHrKnx B1,1q11CJiennii 

O,11Hoii H3 rpy,11HocTeii pa3pa6oTKH IICY ,llllil Herrpe,11BH,11eHHbrx Cttryal.lHH yrrpaBJieHll.ll n 

B ycJIOBHHX llHqJOPMal.lllOHHOro pHCKa .l!BJIJl:eTCJl: peIIIeHlle rrpo6JieM'bI rrpoeKTHpOBaHll.ll 

coomeTCTBYIO!lleii E3, ncnoJibJYIO!lleii o6'beKTHBHbie 3HaHll.ll o noBe,11eHHH OY n HeqeTKHX 

rn6pH,!1Hbrx IIII,n:-perylli!TopoB. IlOJTOMY O/:IHOH ll3 CJIO)KHbIX n KJIIOqeBbIX rrpo6neM 

pa3pa60TKH OCHOBbl llHqJOPMal.lllOHHOH TeXHOJIOrHH rrpoeKTHpOBaHll.ll IICY ,llllil TaKOro 
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IIIllp0Koro KJiacca OY .llBJllleTC.ll rrponecc II3BJieqemur ofo,eKTIIBHhIX 3HaHIIH. Ha lfX ocHoBe 

OCYil.leCTBJllleTC.ll pea.JllI3aQll.ll :narrOB rrpoeKrnp0BaHIUI po6aCTHhIX E3 B Herrpe.L(Bll,LleHHbIX 

c:inyall,IDIX ynpaBJieHII.ll .11IDi IICIIOJIHIITeJibHOro ypOBH.ll 11epapXWieCKOH CTpYJCTYPhl yrrpaBJieHIUI, 

yqnn,mruomero B rrpoJzyKIU10HHhIX rrpammax E3 peaJibHhie QJif3IfqecKHe 11 1IH<popMan110HHb1e 

orp=eHIUI. B qaCTHOCTII, B Kaqecrne IIHQJOpMaQIIOHHbIX orpa=eHIIH paccMalp!IBaIOTC.ll 

IIHQJOpMaQIIOHHhie oneHKll IIp!IpaIQeHIUI pIICKa, KOTOpbie }"IIITh!BaIOTC.ll B qaCTJI JI0TIPieCKOH 

rrocbillKll «EcnJI ••• » rrpoJzyKIU10HHbIX rrpamm «EcnJI A, TO B». 

B3aIIMOCB.ll311 BOIIpOCOB KOppeKTHOCTII (HeToqHOCTII) OIIIICaHII.ll MO,!(eJieH OY II pOJib 

TeXHOJI0Tifll 11B paCCMOlpIIM Ha rrpIIMepe perneHII.ll 3a,!(aq po6aCTHoro IIHTeJIJieK'I)'allbHOro 

yrrpaBJieHH.ll Ha OCHOBe TeXHOJIOrIIH M.llrKIIX Bb1q11cneHIIH. 

II.2.1. TeXHOJIOrHSI MHnrnx BblqHCJieHHH H OITHC3HHe Heonpe/1,eJiellHOCTeH 

C TOqKif 3peHII.ll rrpIIMeHeHH.ll B CIICTeMHOH IIIDKeHep1111 TeXHOJIOrll.ll M.llrKllX Bbrq11cneHIIH 

fia311pyeTC.ll Ha .LIBYX OCHOBHb!X ll,Lle.l!X: 1) Ha o6o6memm IIOH.l!TH.ll q11cna IIYTeM BBe,!(eHH.ll 

KaqeCTBeHHOH (JIIIHrBIICTIIqecKOH) IIIKaJibl, qTo rrpIIBeno K C03,!(aHIIIO HeqeTKlfX MHO)KeCTB, 

HeqeTKIIX q11cen II JIIIHrBIICTIIqecKJfX rrepeMeHHbIX C CO0TBeTCTBYIOIQIIMII orrepaQII.llMII Ha.I( 

HIIMII; II 2) Ha BBe,!(eHIIII IIOH.l!TII.ll HeqeTKOro nor11qecKoro BbIBO.L(a, qTo rrp11Beno K C03,!(aHIIIO 

HeqeTKOH JIOTifKII C pa3JIIlqHblMII MO,!(eJI.llMII HeqeTKOH IIMIIJIIIKan1111 II IIPO.LIYKIIIIOHHb!X 

rrpaBIIJI. 

O6o6meHIIe IIOH.l!TII.ll q11cna rrpoIICXO.L(IIT 3a cqer BBe,!(eHII.ll HOBOH (cyfo,eKTIIBHOH) 

KaqecTBeHHOH IIIKaJibI II OT06p~eHII.ll B Hee c IIOMO!QblO QJYHKfillll rrpIIHa,!(Jle)KHOCTII (<l>II) 
JIIIHrBIICTIIqecKOH arrrrpoKCI1Man1111 ero KOJI11qecrneHHOH xapaKTepIICTIIKll. 

TnrroBhle <l>II µ A ( x), rrpe.L(CTaBJll!IOIITIIe HeqeTKoe MHO)KeCTBoA, rrp11Be.L(eHh1 Ha p11c. II.4. 
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Pnc. II.4. Tmm <liYHKllllii rrp1rna,L1rrei1rnocrn: 

1 -1-peyrorrhHa»; 2 -1-parre11ell.llaJihHa»; 3 - Eemrn; 4 - rayccOBcKa» 

<l>II orrpe.L(eJI.llIOT CTerreHb .L(OCTOBepHOCTII IIpIIHa,!(Jle)KHOCTII JJieMeHTa 

xEXHeqeTKOMY MHO)Kecrny {µA(x)2=::0,xEX}. Eonee ToqHo, rrycTb XecTu HeKoTopoe 

YHIIBepcanbHOe MHO)KeCTBO (yttIIBepcYM)- Tor,!(a HeqerKoe MHO)KeCTB0 A B % orrpe.L(eJI.lleTC.ll 

KaK yrrop.ll.L(oqeHHoe MHO)Kecrno nap A = {(x,µA(x))lx EX}, r,!(e µA(x)E[0,1] 

Ha3bIBaeTC.ll <l> II JJieMeHTa X K HeqeTKOMY MHO)KeCTBY A. 
<l>II rrpIIIIIICbIBaeT Ka)K,!(OMY JJieMeH'I)' 113 X 3HaqeHIIe 113 IIHTepBana [0, 1], KOTopoe 

Ha3bIBaeTC.ll CTerreHblO rrpIIHa,!(Jie)KH0CTII X K A IIJIII HeqeTKOH MepoH. IloJTOMY HeqeTKa.ll 

Mepa MO)KeT 6bITb paCCMOlpeHa KaK CTerreHb IICTIIHH0CTII Toro, qTo JJieMeHT X rrp11Ha,!(JleJKIIT 

A. Eonee TOqHble orrpe.L(eJieHII.ll B03M0)KHbl Ha OCHOBe aKCII0MaTIIK t-HOpM IIJIII t-KOHOpM, 

lpa.L(IIITIIOHHO rrpIIMeH.lleMbIX B HeqeTKOH JI0rnKe. 
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Ilp11Mep TIIII0BblX <l>II BeJIIIqllHbI Harrp.ll)KeHII.ll B Bll,Lle JIIIHrBIICTIIqecKOH 

arrrrp0Kc11Man1111 «HII3Koe - low», «cpe.L(Hee - medium» 11 «BbICOKoe - high» Ha 

K?JmqecTBeHHOH IIIKaJie [o, 100] IIOKa3aH Ha p11c. II.5. 
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! 
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~ 
C. 
:E e ., 
e ., 
:ii 

-[Low Medium High 

II) 

d 
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0 10 :20 30 40 50 60 70 80 90 100 

Pnc. II.5. IIpnMep <PYHKllllii rrpnHa.zirreJKH0CTH JillHIBllCTllqecKHX rrepeMeHHhIX 

«Hll3Koe - low», «cpe,11Hee - medium» n «BhIC0Koe - high» ycllJine 

OTMeTIIM, qTo TaKIIe <l>II OIIIICbIBaIOT TaK Ha3bIBaeMhle HeqeTKife MHO)KeCTBa 1-ro 

p0.L(a. ,ll,n.ll pacw11peHII.ll B03MO)KH0CTII 0IIIICaHII.ll Mepb! Heorrpe.L(eJieHH0CTII 

JIIIHrBIICTIIqecKllMII rrepeMeHHbIMII BB0.L(.l!TC.ll <l>II HeqeTKllX MH0)KeCTB 2-ro po.L(a, 

rrpe.L(CTaBJieHHbIX Ha p11c. II.6. 
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Pnc. II.6. <l>yttKJ:1llll rrpnm1,11rreJKH0CTll HeqeTKllX MH0JKeCTB 2-ro po.zia: a) 3-MepHoe rrpeJICTaBJieHlle 

<I> II; 6) raycC0BCKaH <I> II c Mepoii Heorrpe.zierreHH0CTll (II.l ); B) rayccoBCKaH <I> II c Mepoii 

Heorrpe.zierreHH0CTll (II.2). 
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TaK, wui ormcamur Ha pIIC. II.6, 6 rrpIIMeIDieTCJI <I>II BII):la 

µA(x)=exp{-½(X:mr}, mE[ml'm 2 ] (II. I) 

II 

µA(x)=exp{-½(X:mr}, O"E[O"pO"z] (II.2) 

- /:IIDI rrpe,!ICTaBJieHlllI <I>II Ha pIIc. II.6, B. 

O.[IHIIM II3 OCH0BHbIX OTJmqIIii HeqeTKIIX MH0)KeCTB JIBJUieTClI HaJUiqIIe 

HeCTaH):lapTHbIX orrepal(IIH Ha,[I HIIMII, K0T0pb!e II03B0IDIIOT 0C)'Il(eCTBJUITb rII6KHe 

IIHTeprrpeTal(IIII Ha,[I pe3ynbTaTaMII IIX rrpIIMeHeHlllI, HaIIpIIMep, B MO,[leJUIX HeqeTK0ro 

norIIqecKoro BbIB0/:la. 

Ha pIIC. II. 7 rrpIIBe,[leH rrpIIMep HeCTaH,!1aprnoii orrepal(IIII 0TPIIllaHlllI 

A= -,A ➔ A, ( x) CyreHo c <I>II cne.[ly10mero BII,!la: 

I-µA(x) 
µ;,-,(x)=I+JµA(x)' 

-···· - -- •' 
r , I ,, 
~ I / .. ,, ~ 

:::t 
,.-... 
H _,, 
~ 
:::t 

. i ;1 

I I!! 
f q 

l Ii 
_! : ! 

'I 
'I 

f i 
! : 

! 

' 

J>-1. 

.X: 
-Cl.111111•-

-0.B -···· 
-0.5-• 
D.D-
1.D ··-· 
aa ---

100.a --

-~ 
0 X 

PIIc. Il.7. rpaq>HK <I>Il OTJlll!Jamrn CyreHo 

(II.3) 

B 3aBIICIIM0CTII OT 3HaqeHIIlI rrapaM~a A, M0)KHO YCllllIITb IIJIII ocna6HTb 

0TPIIllaHIIe, qTo HeB03MO)KH0 B 6yneBOH nornKe. 

Ha pnc. II.8 IIpIIBe.[leHa CIIryal(lllI, /:IIDI KOTOpoii He BbIIIOJIH»eTClI 3aK0H HCKilIOqeHHJI 

TPeTbero. 
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KaqecrnennaH nnmna 

Ii 
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He'leTKoe cocTOHHHe «rrp1mepno 4.23» 
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KonHYeCTBeHHaH WKana 

Hel/emKoe MHO)l(ecmao 

Pl!C. Il.8. IfomocTJ)aIJIDI HeBI,IIIOJIHeHIDI B Heqernoii: JIOrifKe 3aKOHa IICKJIIOqemrn TJ)eThero 

KOHKpeTHOMY COCTOlIHIIIO (c1rnreJITOH) B BH,[le qIIcna 4,23 (0/:IHOBpeMeHHO 

«IIpII6JIIl3HTeJibHO 4», HarrpIIMep, c TPeyrOJibHOH <I>II) Ha IIHTepBane [0, 10] qIICJIOBOH 

IIIKaJibl II3MepeHIIH COOTBeTCTBYJOT ,[IBe JIHHrBHCTHqecKIIe rrepeMeHHbie «60JibIIIOe» II 

«Manoe» qncno co CTeIIeIDIMH rrpIIHa,[IJie)KHQCTH Ha KaqecTBeHHOH JIIIHrBHCTIIqecKOH IIIKaJie 

0,28 II 0,72 (0,28 + 0,72 = 1) C00TBeTCTBeHH0. 

B 3TOM cnyqae HeqeTKoe COCT0JIHHe «rrpH6JIH3IITeJibHO 4» B BH,[le 4,23 

xapaKTepII3yeTClI /:IBYMJI JIIIHrBHCTHqecKIIMII nepeMeHHbIMII «60JibUIOe» H «Manoe» qIICJI0 II 

II03BOJUieT paCIIIIIpHTb B03MO)KHQCTII KaqecTBeHH0ro 0IIIICaHlllI KOJIIIqeCTBeHHOH 

xapaKTepHCTIIKll. 3To rrpIIBO/:IIIT K HeCTaH,!1apTHOMY Bb!BO/:IY O B03M0)KHOCTII 

O,[IHOBpeMeHHOro paCCMOTPeHHlI, HarrpIIMep, qIIcna 4,23 Ha IIIKane [O, 10] KaK 

JIIIHrBIICTIIqecKOH nepeMeHHOH «60JibllIOH» llllII «ManeHbKllll)) llllII «rrpII6JIII3IITeJibHO 4» C 

pa3JIIIqHbIMH 3HaqeHlllIMH <pyHKl(IIII IIpIIHa,[IJie)KH0CTH Ha 3a,[laHHOH KaqecTBeHHOH 

JIHHrBHCTHqecKOH IIIKaJie. 

O.[IHaKO 3T0T Ha rrepBblll B3rJUI,[I rrapa,!IOKCaJibHblll <paKT B ycnoBIIJIX C)'Il(eCTBeHHOH 

Heorrpe,!leJieHH0CTII IICXO/:IHOH IIH<pOpMal(IIII Ha rrpaKTIIKe IIpIIBeJI K xop0IIIHM pe3yJibTaTaM. 
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II.2.2. Mo11;eJI11 HeqeTKOro BbIBO/l;a 

PacCMOlpilM OCHOBHb!e MO,l(CJ!il HeqeTKOfO Bb!BO,l(a, KOTOpb!e Moryr 6bITb 

peaJiil30BaHbI B IICY. 

IIpaBllJIO HeqeTKOro Bb!BO,l(a B MO,l(eJiil MaMl"(aHil ilMeeT Bil,[( 

IF x, is µ 1,(x) AND x
2 

is µ 2,(x2 ) AND ... 
1, Ji 

AND x. isµ". (x.) THEN y isµ".:'., 
J, Ji 

me / - HOMep rrpaBilJia; xi' ... ' x. - BXO,l(HOii BeKTop; µt - i -e TepM-MHOJKeCTBO k - ii 

BXO,l(HOii rrepeMeHHoii, k E {I, ••• , n}, i E {l, ... ,m,}; A•+t - i -e TepM-MHOJKecrno BbIXO,l(HOii 

rrepeMeHHoii; i,k - ilH,l(eKC, IIOKa3b!BaIOIIJ;ilii, KaKoe il3 TepM-MHOJKeCTB k- ii rrepeMeHHOii 

ilCIIOJ!h3yeTCH B rrpaBllJ!e / • Pe3yJibTaT HeqeTKOro Bb!BO,l(a B MO,l(eJiil MaM,l(aHil 

orrpe,neJIHeTCH CJie,nyIOIIJ;ilM o6pa30M: 

" M -n n k ~/alyl /alµJ,'(X,) 

F(x,, ... x.)= "Mn• k ' 
LJ 1=1 i=1 µ J,* (Xk) 

- ~ 
r,ne y,- MO,l(aJibHOe 3HaqeHile HeqeTKOfO MHOJKeCTBa µ .• +I; IT- ilCIIOJ!b3YeMaH t-HOpMa, 

J, 

M - qilCJIO rrpaBilJI. B MO,l(eJiil CyreHO rrpaBllJ!a ilMeIOT Bil/"( 

IF x1 is µ'.:(x,) AND x, is µ;:(x,) AND ... 

AND x isµ" (x) THEN y is j'(x , ... ,x ), 
" j; " I " 

me /
1 

- HeKOTOpaH <pyHI<llilH BXO,l(HOfO BeKTopa. Pe3yJibTaT HeqeTKoro Bb!BO,l(a B 3TOii 

Mo,neJiil orrpe,neJIHCTCH no <jiopMYJie 

L:1/ (x1,··· ,x.)f1~"1 µ;; (x,) 
F(x

1
, ••• x) = ----------'---" I:lrr~a]µ;; (x,) 

KaK rrpaBilJIO, IIpil ilCIIOJ!b30BaHilil MO,l(eJiil CyreHO B Kaqecrne <pyHKI1ilii f 
paccMalpilBaIOT IIOJ!ilHOMbl. TaK, B MO,l(eJiil CyreHO 0-ro rropH,l(Ka 3Ta <pyttKl..\llH ilMeeT Bil,[( 

f(xp•• .,x.) = ao, a B MO,l(CJ!il CyreHO 1-ro rropH,nKa f(xp···,x.) = I:a]akxk + ao. 

Ha pile. II.9, a, 6 rrpe,nCTaBJieHbl il,l(COJIOrHH IIOClpOCHilH HeqeTKHX CilCTCM il 

JiornqecKaH CTPYKTYPa HeqeTKoro peryMTopa. CJPYKTYPa HeqeTKoro peryMTopa il Mo,neJih 

HeqeTKOro JIOrilqCCKOfO Bb!BO,l(a ,l(JIH HeqeTKHX MHOJKCCTB 2-ro po,na IIpilBe,neHbl Ha 

pile. II.I 1. 
B ,l(aJibHeiiIIIeM no TCKCTY ITO,[( TCPMilHOM E3 IIOHilMaeTCH CTaH,napTHoe ,l(JIH TeOpilil 

HeqeTKilX CilCTCM yrrpaBJICHHH orrpe,neJICHile E3 B Bil,l(C KOHeqHoro MHOJKCCTBa 

rrpo,nyKl..\ilOHHhIX JioruqecKHx rrpaBilJI (look-up table) orrpe,neJieHHoii Mo,neJin HeqeTKoro 

Bb!BO,l(a C KOHKpeTHb!Mil TilIIaMil il rrapaMelpaMil <!>II, <pOpMilPYIOli\ilX 3aKOHbl yrrpaBJICHIDI 

OY. IIapaMelpbl il THII <!>II xpaHHTCH B 6a3e ,naHHhIX HP. B peaJihHhIX cncTeMax HeqeTKOfO 

Bb!BO,l(a ,norrycKaeTCH HaJiilqile HCCKOJ!bKilX Bb!XO,l(Hb!X rrepeMeHHb!X, 3HaqeHile KalK,l(Oii il3 

KOTOpb!X orrpe,neJIHeTCH He3aBilCilMO ,npyr OT ,npyra. OTMeTilM CJIC,nyIOIIJ;ilC oco6eHHOCTH, 

KOTOpbie MOJKHO Ha6JIIO,l(aTb Ha IIpilMepe 3TilX MO,l(eJieii. 
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J 

X 1 · .. . ,Y - . -
--+I) G~jaJ) ) ⇒ Y = G(Jm)X -

G(j o,)- nepexonHaR QJYHKllHSl 01cTeNa «BXOII - BblX0/1» CD 
X )I R I y ) ⇒ f = R O X ~ 

. . 01CTeNa He<lf!TKOlD Bb/BO/lll 0 
R - He<leTKOe OTHOWeH11e:{ THn He<leTKOro BblBOAa, N,n,µ} \.::./ ,.._-------------------------~~ ... ,,.,... _______ __. 

r--;:::::::::::::::::::::::::::::::::::::::::::::.:,-;:.::.::.::::::::::::::::::===:.-, '";:=================.--,---_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -...:;-, 

I 

8b16op THna 11 0nTHMH3illlHSl 11 0ITTHMll3illl11Sl 1111cna 11 0nTHMll3illlHSl THna I 
He<leTKOro 1111cna npaBIIJl n11Hm11cr1111ecKIIX QJYHKllllll 

BblBOAa N nepeMeHHblX(n) npHHaAfle>KHOCTII (µ) 

GA:z: onTHMH3aTop 6as 3HaHHH GA1: onTHMH3aTop 6a3bl aaHHb/X 

\ - 01111fHlf3ilTOP 63 
.---'-""'----, _ _ Ha HRfJCIIX Bbll/lfC/leHIIIDI 

X R f=>Y=RoX 
R - onTHMaflbHOe He<leTKOe OTHOWeH11e:{THn He<leTKor-o BblBOAa,N,n,µ } 0 

.r' 

CM<Nan 

+ 

C. 

~ 
~ I A' 
-8-
:s: 
i:l 
<ti 
-e-

a) 

B'= A'oR 
B' 

6) 

Q. 

5 
:s: 
-& 
:s: 
::i 
~ 
:ii: 

y' 

r 

Pnc. II.9. If,[(eOJIODUI IIOCTj)OeHHJI Heqenrnx CIICTCM (a) n JIOrnqecKaJI CTj)YKTYJJa HeqeTKoro 
perymTOpa (6) 
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CrpyKTYJJa MOAeJieil HeqeTKoro BhIBOAa rroKll3aHa Ha pHc. II. I 0. 

AHre4eAeHTHaR 1.1acrb npae11na KoHCeKBeHTHaR l.laCTb npae11na 

nor111.1ecKoro BblBOAa 

np11MeHeH11e T-HOPMbl: 
npoU3BeOeHue 11/111 MUH 

P1 

nor111.1ecKoro BblBOAa 

Tunl Tun2 Tun3 Tun4 

v ◊ -◊ v 
B 'I~ c: tl 
'.\:::::==1· .. . \! ....... .... 11.· .. -~----1 I I \ I I =, W1 ;;:, >Iii r. 

. 1 • ' ~ :.~~st~ <;<::"~-<:; / ~ 

: )' Z Z ZJ ;; 

Z1 =f1(X.y) 

=~by+¢ 

X 

Ill' i : 

11 Ai i l-~i~·=·: ~ii.~ 
t y 

t BmAbl t 

,c1 itc2 1i ~L ----.,/! _____ -f-
,-,/,~y__z - : 

~L~!Ii~\: ! • ' .• : ~' 

z1=f2(x.y) 

=px+q}-<t' 

c·1o,c·2 c·1o,c·2 

z t= .!!ti_ _ V11Z1 +w2z2 i- \\'1Z1+W2Z2 z- -Ir; w1•w2 w1+w2 

CpeoHe l{eHmp Memoo CpeoHe 
MOKCUMOnbHOe zpaeumaLjUU l{yKaMomo eJeeweHHoe 

Puc. II. l 0. ClpyKTYIJhI MOAeJieii HeqeTKoro BhIBOAa 

______________________________ Type-2 FLS_ 

Crisp 

inputs 
xeX 

Output Processing 
,----------: I • 

, .--------. 1 1 Cnsp 
: Defuzzifier t-,-;-------►Y E Y : .,_ __ T" __ _. : : outputs 
I I I 

1.---------.• I 
I t-,'-.,• ~--,,....-1► :------T"---: 
I I t.---- ------ I 

Rules 

Fuzzifier 

Fuzzy Fuzzy : 
Inference 1-----..1 , 

~nput se s ,_ ____ ,. outpu_! sets : 
A, (orA,) F_. , 

a)I '---------------------------------------• I 
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Grade of p,embe<ShiP 

Input FOU Upp« r level 

0 11-'...L--'----
X Input value min-----

min 
Grade of membet$hip 

Our;,utFOU 

0 ,_ _ _,__.._ _ _....._ ............ __ 

X lnl)UCvalue 

6)L_ _______________________ _j 

Puc. II. I 1. CYpyKTYIJa HeqeTKOro perymnopa (a) H MOAeJih HeqeTKoro noruqecKoro BhIBOAa (6) .l1Jlll 
HeqeTKHX MHOlKeCTB 2-ro POAa 

BHA rrpeAIIOCbillKH rrpaBHJia He 3aBHCHT OT MO/:(eJIH HeqeTKOro BbIBO/:(a H 

orrpe/:(eJUieTCH TOJihKO HH/:(eKCaMH BbI6paHHbIX Alli! /:(aHHOro rrpaBHJia TepM-MHOJKeCTB. 

MHOJKeCTBO Bcex rrpaBHJI 06pa3yeTCH /:(eKapTOBbIM rrpOH3Be/:(eHHeM TepM-MHOJKeCTB Bcex 

rrepeMeHHhlX, H qHCJIO rrpaBHJI M = IT " m k • BIIA 3aKJI10qeHHH rrpaBHJia 3aBHCHT OT 
k=I 

HCIIOJih3yeMOH MO/:(eJIH HeqeTKOIO BhIBOAa, rrpH 3TOM HeKOTOpbie MO/:(eJIH IICIIOJih3YIOT TepM

MHOJKeCTBa AJ1H BbIXO/:(HblX rrepeMeHHbIX, a HeKOTOpb!e - He HCIIOJib3YIOT. ,[(JUI pacqeTa 

IT n k 
pe3yJihTaTa HeqeTKOIO BbIBO/:(a Bcer/:(a Heo6XOAHMO BbJqHCJU!Tb 3HaqeHHH i=l µ h' ( X k ) , 

KOTOpbie 6yAeM Hll3hIBaTb ypOBHeM aKTHBal.\llll rrpaBHJia / • Ilpn 3TOM rrpaBHJia C HyJieBbIM 

ypOBHeM aKTHBaQHH He OKll3bIBa!OT BJIHHHHH Ha pe3yJibTaT. BbNHCJieHHe pe3yJihTaTa 

HeqeTKOro BhIBO/:(a MOJKeT fihITh opraHH30BaHO KaK rrpo11ecc HaKOIIJieHHH qaCTHqHbIX 

pe3yJibTaTOB, BbJqHCJU!eMhIX AJ1H KaJKAoro aKTHBHpoBaHHoro rrpaBHJia. 

II.3. IlpHHIIHilhl H OTJIHqJUI IIOCTpOeHHH Heqenrnx CllCTel\l yrrpaBJICHHH Ha OCHOBe 

MHnrnx BhlqHCJICHHii 

3AeCh OIIHIIIeM cxeMaruqHO OCHOBHhle rrpHHQHIIbl H AOIIOJIHHTeJibHble OTJIHqHH 

IIOCTI)OeHHH HeqeTKllX CHCTeM yrrpaBJieHHH Ha OCHOBe MHI'KllX BbJqHCJieHHH (IIOAp06HOCTH 

rrpHBe/:(eHbl B rnaBax 1 H 2). 
HeqeTKHe MO/:(eJIH JiornqecKoro BbIBO/:(a Ha q:Ja30BOM rrpOCTI)aHCTBe JIHHIBHCTHqecKllX 

rrepeMeHHbIX II03BOJIHJIH pa3pa6oTaTb HeqeTKUe I1CY, 3q:>q:>eKTHBHO peIIIa!OIIIHe 3a/:(aqH 

yrrpaBJieHHH a ycJIOBHHX CYIIIeCTBeHHOH HeorrpeAeJieHHOCTll HCXO/:(HOH HHq:>OpMaQHH, CJia6oil 

q:iopMaJIH3aQHH OIIHCaHHH OY, HeqeTKOCTII 11eJieH yrrpaaJieHHH HT. II. 

Ha pHC. II.12 IIOKll3aHa OCHOBHaH IIAeH IIOCTI)OeHHH q:Ja30B0rD IIOpTI)eTa 

JIHHIBHCTHqecKHX rrepeMeHHbIX, OTI)aJKa!OIIIHX KaqecTBeHHhle oco6eHHOCTH AHHaMnqecKHX 

xapaKTepuCTIIK OY. OAHHM ll3 OCHOBHbIX pe3yJihTaTOB TeopHH HeqeTKllX CHCTeM AJIH 
TeOpHH ll CHCTeM yrrpaBJieHHH HBJIHeTCH TeopeMa O HaJIHqHH YHHBepCaJihHOrD 

arrnpoKCHMaTopa, YTBepJKAa!OIIIaH CYIIIeCTBOBaHHe B03MOJKHOCTH arrrrpoKCHMaI.\IIH CJIOJKHblX 

CJia6oCTI)YKTYJJHPOBaHHbIX OY KOHeqHb!M qHCJIOM IIpOAYJ(IIHOHHbIX rrpaBHJI a E3 a BIIAe 

HeqeTKOro peryJIHTOpa. 
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O.11HaKo arrropHTMa orrpe.11enemrn TaKoro (Heo6xo.11nMoro n .11ocraro1rnoro) 

K0HeqHoro lJHCJia rrpo.11yK~H0HHbIX rrpaBHJI He ycTaH0BJieHo, ll B 3T0M CMb!CJie reopeMa He 

KoHcrpyKTHBHa. 
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P11c. 6.12. <Da30Bblll noprper JIIIHIBIICTIIqecKHx nepeMeHHb!X 
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Ha pnc. 6.13 rroKa3aHa cxeMa perneHHJI 3a.11aqn onpe.11eneHHJ1 Heo6xo.11HMbIX rrapaMerp0B 

YffIIBepcarrbH0ro arrrrp0KCHMaTopa Ha 0CH0Be OE3 Ha MJirKHX BbiqncneHIIJIX. 

P11c. 6.13. Crpy1nypm1J1 cxeMa onpe,11eJieHIIJ1 napaMerpoB )'HIIBepcaJibHoro annpoKCIIMaTOpa Ha 
0CH0Be 0£3 Ha MJII'KHX BbJqIICJieHIIJIX 

CymecrnyeT 0.!IH03HaqHoe C00TBeTCTBHe MelK,,lly crpyKrypaMH HeqeTKHX 

peryJIJITOp0B n HeqeTKHX HeiipOHHbIX cereii (pnc. II.14). 
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P11c. IT.14. CoorneTCTBlle MelK.11)' crpyKTypaMII HeqeTKoro peryJIJ1Topa II HeqeTKoii HeiipOHHOll CeTII 

,[(aHHbie orrpe.11eneHHJ1 n llX IIpHMeHeHHe B llHTeJIJieKryarrbHbIX HP Ha 0CH0Be OE3 Ha 

MJirKHX BbJqncneHHJIX paccMorpeHbl B rnaBe 3. 
O.11Hoii ll3 0CH0BHbIX rrpo6neM 3qJqJeKTHBHOro rrpHMeHeHHJI TeXH0JI0rHH MJlrKHX 

BbJqncneHHll B 3Maqax yrrpaBJieHHJI JIBJIJIJI0Cb perneHHe cneeyJOIIIHX 3MatJ: 

0 061,eKTHBHOe orrpe.11eneHHe BH.lla <l>II ll ee napaMerpoB B npoey~H0HHbIX 

rrpaBnnax B E3; 
0 onpe.11eneHHe OIITHMaJibHOll CTPYKTYPbI He'leTKHX HeiipOHHblX cereii B 3Maqax 

o6yqeHHJI (arrrrpOKCHMa~llJI 06yqaJ01IIero cnrnarra c rpe6yeMoii (3MaHHoii) 

OIIIH6KOll ll c MllHHMaJibHb!M K0JillqecTB0M rrpoey~H0HHblX rrpaBHJI B E3); 
o rrpnMeHeHne reHeTHqecKoro anropnrMa (r A) B 3a.11aqax MHoroKpHTepnarrbHoro 

yrrpaBJieHHJI. 

TaK, HarrpHMep, Ha pnc. II.15 II0Ka3aHo BJIHJIHHe BbI6opa qncna n Bil.lla <l>II Ha Bll.11 

II0BepXH0CTH HeqeTKoro BblB0.lla, K0T0pbie 0Ka3bIBa!OT cymecTBeHH0e BJIHJIHHe Ha peIIIeHHe 

rrepBOll ll3 YKa3aHHblX BbIIIIe rrpo6neM. 
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Pttc. II.IS. Bnmrntte 'llfCJia (a)- (e) If Btt,11a (BHtt3y) <I>II Ha Bil.II Heqenmro Bhrno,11a 

Ha pnc. II.16 II0Ka3aH pe3yJib TaT BJIHHHIDI aCHMMe-rpnn <I> II Ha Bll~ rrosepXH0CTII 

He'leTK0ro Bb!B0~a. 
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IIepe'IHCJieHHb!e rrpo6JieMbl fo,IJIH peIIIeHbl n arrpo6npoBaHbl Ha 0CH0Be 0.63 c 

rrpnMeHeHneM TeXH0Jiornn MHrKllX Bbl'lllCJieHllll. Pa3pa6oTaHHblll llHTeJIJieK'I)'aJibHblll 

nnc-rpyMeHTapnil: II03B0JlllJI rrpoeKrnpoBaTh po6aCTHble .63 Ha 0CH0Be peIIIeHIUI O~HOH ll3 

a.hropnTMH'leCKH TPY~H0 peIIIaeMblX 3a~a'1 Teopnn llCK)'CCTBeHH0ro llHTeJIJieKTa -

ll3BJie'leHIUI, o6pa60TKll ll qiopMnpoBaHIUI ofo,eKTIIBHb!X 3HaHHH 6e3 llCII0Jlb30BaHHH 

3KCIIepTHb!X 0l(eH0K. B ~aHH0M 0I!TllMH3aT0pe llCII0Jlb3)'IOTCH 'fl)ll f A, K0T0pbie II03B0lli!IOT 

crrpoeKTHp0BaTb 0IITHMaJibH)'IO CJPYKTYPY He'leTK0ro peryIDIT0pa (Bll,LI ll 'lllCJI0 <l>II, llX 

rrapaMe-rpbl, a TaIOKe 'lllCJI0 caMHX rrpaBHJI He'leTKoro Bb!BO~a), arrrrp0KCllMHPYIOIIIero 

o6)"IaIOru:nil: cnrnan c -rpe6yeMoil: OIIIH6Koil:. 

O61,e~nHeHne MeTO~onornil: CTOXaCTH'leCK0ro n He'leTK0ro M0~ennposaHIUI HCY s 

HHc-rpyMeHrnpnn 0.63 II03B0JlllJI0 II0Bb!CllTb ypoBeHb po6acTHOCTll rrpoeKTnpyeMbIX .63 ll 

peIIIaTb CJIQ)l(Hb!e 3a~a'lll qiopMnposaHHH 061,eKTllBHb!X 3HaHHH, 

E&?YYJ 
◄ ~fl 4♦ ~ I U « IS ht 

' /' I.\ 
fl U U ~ I ll II II II t 

i/\111 
\ fJ fl fl oil I ll U II II 1 

·Ki6?~a E2JJ.J -t EA /J 
~ •1 •I ~I G I ll OI II 11· 1 ' a <I 41 ., 1 ll u D D 1 < Ct Ct Cl oil I ll U II II 1 

• It • u,,___ ___ _ 

i ' (6) -----------------------1 

T ··,i 

.·~.! 
::;. 

I 
al ..-:~, 

Lt 

II 
I l 4 • • C ~ 

• 
(r) (A) (e) 

Pttc. II.16. Bmurntte acttMMelJJIIB <I> II Ha Bil.II HeqeTKoro Bb!BO,lla 
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II.4. CTpyKrypa Oli3 c y'leToM rrpnparn,emrn 11114JopMa11110HHoro p11c1rn 

OIITHMH3aTOp E3 Ha Mfil'KlIX BLI'IBCJICHIUIX fillllileTCH H0BLIM ::iqHpeKTIIBHLIM 

rrporpaMMHLIM HHCTpYMCHTapHeM II0CTp0CHIUI E3 po6acTIILIX HCY C HCII0JIL30BaHHCM H0BLIX 

KpHTCpHeB 0IITHMH3~ B Bl~C H0BLIX THII0B <pYJIKIUIH IIpHI'0,!UI0CTH r A (pnc. Il.17). 

0rm1MM3arop 63, ocHOBiDKIM Ha MflrKMX 

BbNMtn8HMffX 

81:lfiop M8TOl\8 OfllW,1v13~~ 

CTPYJJYPl:l 

YtleT HH$<JpMa~HOHHOr0 
pHCKa 

81:lfiop MOAem1 

Mama6 

QC 
(nepcner::rnsHa~ c~creMa) 

C~creMa peanbHoro 
BpeMeH~ 

Bl:lfiop 06Y4aJOlJ\ero 

Pnc. II. I 7. Crpy1nypa OE3 C H0BhlM 6JJOKOM orrncamrn llHCpOpMa11noHHOro pncKa 

8 Kaqecrne TaK0BLIX llCII0fil3YIOTCH TepM0,LIHHaMHqeCKHC H HH<pOpMal(HOHH0-

3HT!)OIIHHHLie KpHTepHH. BXO,LIOM OE3 HBIDICTCH 06)"1aIOI11HH CHrHaJI, KOTOpLIH M0)KCT 6LITL 

rronyqeH JIH6o Ha ::irnrre CT0XaCTHqecKoro M0,LICJillp0BaHHH II0BC,LICHHH OY (c 

HCII0JIL30BaHHCM ero MaTeMaTHqecKOH MO,LICJill), Jin6o 3KCrrepHMCHTaJILH0, T. e. 

Herrocpe,LICTBCHH0 H3 H3MepeHHH ,LIHHaMnqecKHX rrapaMeT!)0B <pllJHqecKOH M0,LICJIH OY. 

Ilpn )TOM 06111ee H ,LI0CTYIIH0e qncJI0 Ha6JIIO,LICHIIH B rrpaKrnqecKHX 3a,Llaqax 

H,LICHTHqJHKal(HH cnryal(llH yrrpaBJICHHH H 0I.ICHKH ee Han6onee HH<pOpMaTHBHI,IX 

rrapaMerp0B Bcer.r:1a orpaHnqeHH0, qro rrpHB0,LIHT K rrorepe HH<pOpMal(llll ll orracH0CTH 

B03pacTaHHH rrpnpa111eHHH HH<pOpMal(HOHHOro pHCKa. 
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