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Ilpe]];IICJIOBIIC 

B rrpe)];JlaraeMOM quTaTemo yqe6HO-MeTO)J;HqecKOM rroco6HH OIIHCaHbl HOBhie MOJ];eJIH 

IlHTeJIJieKryaJihHh!X BhJqucJieHHii Il IIX IIH)I(eHepHO-<pII3IIqecKIIe rrpIIMeHeHIIJI, ~o JIBJIJleTCJI 

ee OTJIIIqlleM OT MHOrIIX Il3BeCTHh!X B mnepaType rry6JIIIKa1111ii. B qacTHOCTII, 

paccMaTPIIBaeTCJI aKTyaJihHaJI rrpo6JieMa B03MO)I(HOCTII 3<p<peKTIIBHh!X rrpaK'fllqecKIIX 

rrp11MeHeHIIH. MO)J;eJieil. IlHTeJIJieKTYaJihHh!X BbJq11cJieHIIH. B HOBh!X 3a,naqax po6aCTHOro 

IIHTeJIJieKTyaJihHOro yrrpaBJieHIIJI CJIO)I(Hh!MII <pII3IIqecKl!MII o6oeKTaMII (Ha rrpIIMepe 

aBTOHOMHh!X po60TOB) rrpH HaJI11qmJ/oTCYTCTBIIIl MaTeMaT11qecKoii MO)J;eJIIl o6oeKTa 

yrrpaaJieHIIJI B Herrpe]];BIIJ];eHHh!X CIITyal(IIJIX yrrpaBJieHIIJI II ycJIOBIIJIX IIH<pOpMal(IIOHHOro 

pIICKa. 

TepMIIH «IlHTeJIJieKryaJihHbie BhrqucJieHIIJI)) JIBJIJleTCJI o6o6meHIIeM TepMIIHa 

«HeqeTKIIe anropIITMhl BhJqHcJieHIIM» 11 6bIJI rrpe]];JIO)I(eH JI. 3a)J;e; J];aJiee J];aHHhlH TepMIIH 

CTaJI IICIIOJib30BaThCJI PllAOM aBTOpOB C cepeAIIHhl 90-x rrpouIJioro CTOJleTIIJI. Teop11J1 II 

MeTO)J;hl ]];p06Hb!X ucq11cJieH11ii, MJlrKIIX II rrepcrreKTIIBHh!X KBaHTOBh!X BbiqHCJieHIIii 

OTHOCJITCJI K TaKOMY KJiaccy IlHTeJIJieKTyaJihHh!X BhJq11cJieH11ii. ,/J;aHHbie BbJqIICJieHIIJI 

JIBJIJIIOTCJI TeopeT11qecKII )J;OCTaTOqHo rJiy6oko rrpopa60TaHHhlMII 11cq11cJieHIIJIMII II MOrYT 

6b1Tb rrp11rO)J;Hh!MII )];JIJI 3<p<peKTIIBHoro II rrpaKT11qecKoro rrpIIMeHeHIIJI B CIICTeMHOii 

1IH)I(eHep1111. OCHOBHOH. l(eJih!O JIBJIJleTCJI pa3bJICHeH11e oco6eHHOCTeil. C11HepreT11qecKIIX II 

IlH<pOpMal(IIOHHh!X 3<p<peKTOB IIHTeJIJieKTYaJihHb!X BbJqIIcJieHIIii, IIX poJIII B peaJIII3al(IIII 

rrpIIHI(IIIIa <<KOMIIeHca111111 HeIIOJIHOThl OIIIICaHIIJI MO)J;eJieil.» o6oeKTOB II CIICTeM yrrpaBJieHIIJI, 

aae]];eHHoro paHee B pa6ornx aaTopoa. ,/J;11HaM11qecKoe rroae)J;eH11e o6oeKrn yrrpaaJieH11J1 11 

CIICTeMhl yrrpaBJieHIIJI (peryJIJITopa) CJI~IlT IICToqHIIKOM o6oeKTIIBHh!X 3HaHIIii )J;JIJI 

qiopMIIpOBaHIIJI 6a3 3HaHIIii, IIOJIHOTa (soundness) KOTOpoii 3aBIICIIT OT )J;OCTOBepHOCTII, 

II3BJieKaeMoii 113 KOHKpeTHOro IICToqHIIKa IIH<pOpMa111111. HeTOqHOCTh (imperfect) 113MepeHIIJI 

(o6ycJIOBJieHHall o6oeKTIIBHOH. rrpIIpO]];OH. o6oeKrn) n He)J;OCTOBepHOCTh (unreliable) 

rrpe]];CTaBJieHIIJI II3BJieKaeMOH. IIH<pOpMal(IIII ( Harrp11Mep, 113-Ja rrpIICYTCTBilJI qeJioaeqecKoro 

<jJaKTopa B KOHType yrrpaBJieHIIJI) rrp11BO)J;IIT K IIOBhIIIIeHIIIO IIH<pOpMa11110HHOro pIICKa II 

B03HIIKHOBeHIIIO Herrpe)J;BII)J;eHHh!X C11Tya1111ii yrrpaaJieHIIJI, KOMIIeHCal(IIJI KOTOpb!X )];JIJI 

o6ecrreqeHIIJI po6acTHOCTII yrrpaaJieHIIJI ocymecTBJIJ1eTcJ1 rrp11MeHeH11eM Heo6xo)J;IIMoro 

ypOBHJI IlHTeriJieKryaJibHhlX BbJqIICJieHIIH.. Mo)J;eJIII IIHTeJIJieKryaJihHhIX BbJq11cJieI;IIIH 

rrpe]];CTaBJieHhl Ha ypoBHe KaqeCTBeHHOH. <pll31IKII, B )J;OCTyTIHOM Bil)];e, 6e3 IIOTep11 o6IUHOCTII 

OIIIICaHIIJI II J];eTaJihHOro rreperp~eHHOro pacCMOTPeHIIJI MaTeMaT11qeCKIIX MOJ];eJieil.. 

TaKOH. IIO)];XO)J; II03BOJIJleT q11TaTeJIIO (Ha rrepBOM 3TaIIe J];eTaJihHoro II3yqeHIIJI 

rrpe]];MeTHOii o6JiaCTII IlCCJie)J;OBaHIIii) IIOHJ!Th CYJUHOCTh II pOJih IIHTeJIJieKiyaJihHh!X 

BbJq11cJieH11ii B CllCTeMHOii IIH)I(eHep1111 II rrpo11eccax rrpoeKIIIpOBaHIIJI IIHTeJIJieKTYaJihHhlX 

CIICTeM yrrpaBJieHIIJI. OJ];HaKO MeTO)J;hl )];p06Hh!X 11cq11cJieHIIH., MJlrKIIX II rrepcrreKIIIBHhlX 

KBaHTOBhIX BbJq11cJieH11il., CIIM6II03 KOTOpb!X rropO]];IIJI HOBOe HarrpaBJieHIIe - KBaHTOBhle 

MJlrKIIe BbJqIICJieHIIJI, 113BeCTHhl Jlllillh Y3KOMY Kpyry crrel(HaJIIICTOB. 

Bb16op 3<p<peKTIIBHOro IIHCTPYMeHTapllll rrpIIMeHeHIIJI )];JIJI KOHKpeTHOii rrpo6JieMHO

op11eHTHpoBaHHOii o6JiaCTII Bhl3bIBaeT orrpe]];eJieHHb!e TPYAHOCTII (IIJIII IIHTyrrTIIBHOe 

rrpOTIIBOpeq11e) y CTy)J;eHTOB, IIH)I(eHepoB-IICCJie]];OBaHIIii Il pa3pa6oTqIIKOB HOBhlX Bh!COKIIX 

HaYKoeMKIIX IIH<pOpMal(IIOHHh!X TeXHOJIOrIIii. 

B )J;aHHOH. KHIIre OIIIICaHIIe pa3BIITIIJI II rrp11MeHeHIIJI TeXHOJIOrIIII IIUTeJIJieKryaJihHhlX 

BbJq11cJieHIIH. o6ycJIOBJieHO, B qacTHOCTII, TPe6oaaHIIJIMII BhlIIOJIHeHIIJI HOBh!X IIpIIHI(IIIIOB 

po6aCTHOrO IIHTeJIJieKiyaJihHOro yrrpaBJieHIIJI: KOMIIeHCal(IIJI IIH<pOpMal(IIOHHOii HeIIOJIHOTh! 

rrpe)J;CTaBJieHIIJI MOJ];eJIH ( CJia6oCTPYK'fYPIIPOBaHHbIX) o6oeK'IOB yrrpaBJieHIIJI BhI6opoM 

COOTBeTCTByIOJUero ypOBHJI IlHTeJIJieKTYaJihHOro BhJq11cJieHIIJ1; II COOTBeTCTBIIe aJiropIITMa 
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IIHTeJIJieKTyam,HOfO yrrpaBJieHIIll ypOBHIO CJIOlKHOCTII II HeITOJIHOTbI OITIICaHIIll BHYTPeHHeii II 

BHeIIIHeii cpe,tbl <pyttKI.\IIOHIIpOBaHIIll 061,eKTa yrrpaBJieHIIll. 

TaKoii rro,i:xo,i: rroJBOJllleT J<p<peKTIIBHO pernaTb KJiaccIIqecKIIe (aJiropIITMIIqecKII 

HepaJpeIIIIIMbie) Ja,i:aqII, B qacTHOCTII 3a,i:aqII rrpoeKTIIposaHIIll po6acTHbIX 

IIHTeJIJieKTyaJibHbIX CIICTeM yrrpaBJieHIIll, qaCTO <pyttKI.\IIOHIIPYJOIIIIIX B yCJIOBIIllX 

IIH<pOpMal\IIOHHOfO pIICKa II HeIIITaTHbIX CIIrya11IIii. CaMII BII,lbl II TIIIlbI IIHTeJIJieKTyaJibHbIX 

BblqIICJieHIIH (aJiropIITMbI II rrporpaMMHbie IIHCTPYMeHTapIIII - toolkit) CTaJIII 

paCCMaTPIIBaTbC.ll KaK 061,eKTbI IIHTem1eKTYaJibHOH co6crneHHOCTII (Ol1C) TOJlbKO B KORI.le 

20-ro CTOJieTII.ll. 3To I103BOJIIIJIO MaJIOMY II cpe,i:HeMy 6II3Hecy IIHTeHCIIBHO pa3BIIBaTb 

KOMMepqecKYJO rrpIIBJieKaTeJibHOCTb pa3pa6oTaHHOfO IIHTeJIJieKTyaJibHOfO rrpO,tYKTa-

MaTepIIaJI rroco6IIll OCHOBaH Ha JieKI.\IIllX asrnpoB, npoqIITaHHbIX s YHU: Ol151l1 II 

MelK,lyttapo,i:HOM yttIIsepcIITeT npIIpO,tbI, 061IIecrna II qeJioseKa <~y6Ha». 

KOJIJierII II yqeHIIKII A.B. HIIKOJiaesa II T.A. KepIIMOB aKTIIBHO yqaCTBOBaJIII B 

no,i:roTOBKe K ny6JIIIKal\IIII MaTepIIaJIOB KHIIrrr; aBTOpbI cqIITalOT CBOIIM rrpII.llTHbIM ,lOJlfOM 

BblpaJIITb IIM CBOIO npII3HaTeJibHOCTb II 6Jiaro,i:apHOCTb. 

OT6op MaTepIIaJia II CITIICOK l\IITIIposaHHOH JIIITepaTypbl s KHIIre onpe,teJl.llJICll 

OTqacTII onbITOM, HayqHblMII II npaKrnqeCKIIMII IIHTepecaMII aBTOpa, a TaKJKe 

orpaHIIqeHIIllMII Ha 061,eM KHIIrrr. AsTOpbl 3apaHee npIIH0CllT CBOII IICKpeHHIIe II3BIIHeHIIll 

MHOfIIM asTopaM, qbII pa60TbI II3BeCTHbI, HO He OTPaJKeHbI B ,i:aHHOH KHIIre. 

· AsTOpbI 

)J;y6Ha, 2015 
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BBe,i:e1111e 

IlpII pa3pa6oTKe II II3yqeHIIJI TeXHOJIOfIIII IIHTeJIJieKTYaJibHbIX BbJqIICJieHIIH (11B) 

B03HIIKalOT CJie,lYJOIIIIIe TPa,tIII.\IIOHHbie sonpOCbJ: 

• B qeM rrpIIHI.1IInIIaJibHOe 0TJIIIqIIe 11B OT TPa,tIII.\IIOHHbIX BbJqIICJieHIIii? 

• KaKIIe IIMeJOTCll oco6eHHOCTII 11B? 

• EcTb JIII npeIIMYIIIecrna npIIMeHeHIIll B 3a,1aqax yrrpasJieHII.ll 11B nepe,i: 

TPa,lIII.\IIOHHblMII MeTO,laMII BbJqIICJieHIIii? 

• B qeM COCTOIIT K0MMepqeCKal! npIIBJieKaTeJibHOCTb IIHTeHCIIBH0 pa3pa6aTbJBaeMblX 

Mo,teJieii 11B? 

OTBeTbl Ha ,i:aHHbJe II CMelKHbie BOnpOCbl npIIBJieKaJOT MHOfO JieT BHIIMaHIIe 

IICCJie,toBaTeJieii, IIHJKeHepoB II CTy,teHTOB pa3HbJX cne11IIaJibHOCTeii. 

3,i:ecb rrpIIBe,i:eHbl KpaTKIIe OTBeTbl Ha npIIBe,teHHbJe II CMelKHbJe Bonp0Cbl. 

PaJsepHYThiii orncr np11se,1eH B TeKcTe ,i:aHHoii KHIIrII. 

IlpII npIIMeHeHIIII B rrpIIKJia,tHblX 3a,t_aqax TPa,tIII.\IIOHHblX MeT0,lOB IICqIIcJieHIIH no 

KOHeqHOMY KOJIIIqecTBeHHOMY pe3yJibTary qIIcJieHHOro aJiropIITMa OCYIIIeCTBJilleTCll 

CO0TBeTCTBYJOIIIa.ll 011eHKa KaqecTBeHHOfO CBOHCTBa IICCJie,i:yeMoro 061,eKTa (HanpIIMep, 

onpe,teJieHIIe rJI06aJibHOfO 3KCTPeMYMa CJIOJKHOH <pyttKI.\IIII OT MHOfIIX aprYMeHTOB). 

JiorIIqeCKal! 011eHKa CBOHCTBa B 06IIIeM cJiyqae MOlKeT 6bITb OCYIIIeCTBJieHa TOJlbKO B KORI.le 

KOJIIIqecTBeHHblX BbJqJICJieHIIH, a ,lllll aJiropIITMIIqeCKII HepaJpeIIIIIMblX qIICJieHHbIX npo6JieM 

(B BII,te 3HTPOnIIHHblX Mep CJIOlKHOCTII aJirOpIITMa no KOJIMOroposy), qaCTO IICKOMal! 011eHKa 

He MOlKeT 6bJTb ,lOCTIIfHYTa. 

U:eJiblO II HOBOH B03MOlKH0CTblO TeXHOJIOfIIII 11B, B qacTHOCTII, MllfKIIX BbJqIICJieHIIH, 

llBJilleTCll orrpe,i:eJieHIIe II BBe,teHIIe ,i:onoJIHIITeJibHO IIIKaJI KaqeCTBeHHblX xapaKTepIICTIIK 

061,eKTa, aJiropIITMIIqecKII orrepIIpyll ITOCJie,tHIIMII TaKJKe KaK Ha qIICJIOBblX JllKaJiax. 

baJIICOM B 3TOM CJiyqae llBJllllOTC.ll He TOJlbK0 qIICJIOBbJe IIIKaJibl ( KaK B TPa,tIII.\IIOHHblX 

BbJqIIcJieHII.llX), HO II IIIKaJibl JIIIHfBIICTIIqecKoro OITIICaHIIll KaqecTBeHHblX xapaKTepIICTIIK 

IICCJie,i:yeMoro 061,eKTa. KOJIIIqecTBeHHbie 011eHKII 061,eKTa MOlKHO ITOJiyqIITb II3 

KaqecrneHHbJX 011eHOK o6paTHblM oT06paJKeHIIeM IIIKaJI (B 061IIeM CJiyqae HeO,lHOJHaqHo). 

MllrKIIe BbJqIIcJieHII.ll llBJllllOTC.ll rrpIIMepaMII IICqIICJieHIIH, B KOTOpbIX KOJIIIqecTBeHHOH 

xapaKTepIICTIIKe rrpIIcBaIIsaeTC.ll Ha KaqecrneHHoii IIIKaJie JIIIHfBIICTIIqecKal! nepeMeHHal!, 

xapaKTepII3YJOIIIall CBOHCTBO qIICJIOBOH nepeMeHHOH. 

B KBaHTOBbIX BbJqIIcJiemrnx (KBaHTOBblX aJiropIITMax) Kaqecrno (csoiicrno) 

IICCJie,i:yeMOH <pyttKI.\IIII orrpe,teJllleTCll Herrocpe,i:cTBeHH0 KaK BbJXO,lHOH pe3yJibTaT 

napaJIJieJibHbJX MaCCIIBHblX BbJqIIcJieHIIH. 

IlpII JT0M MHOrIIe KJia'ccwrecKIIe TPY,tHO pewaeMbie 3a,1aqII MOrYT 6bITb peweHbI c 

3KCnOHeHI.\IIaJibHblM YCKOpeHIIeM IIJIII ITOJiyqeHbl OTBeThI Ha aJifOPIITMIIqeCKII 

HepaJpeIIIIIMbie KJiaccIIqecKIIMII MeTO,taMII 3a,i:aqII. TaK, HarrpIIMep, ,tJill orrpe,i:eJieHII.ll 

KaqeCTBeHHOH xapaKTepIICTIIKII <pyttKI.\IIII (rrOCTOllHHal! IIJIII 6aJiaHCIIpYJOIIIal! ,lllll qcrbrpex 

aprYMeHTOB) B TPa,lIII.\IIOHHOM rro,i:xo,i:e TPe6yeTC.ll qeTblpe wara qIIcJieHHblX orrepa11IIii, B 

TOJKe BpeM.ll KBaHTOBblll aJiropIITM ,ll;eiiqa (orry6JIIIKOBaHHblll s 1985 r.) orrpe,teJllleT ,i:aHHOe 

Kaqecrno IICCJie,i:yeMoii <pyttKI.\IIII 3a o,tIIH war. 

An:ropIITM lllopa (1994 r.) pewaeT Ja,i:aqy <jJaKTop11JaI.1IIII Ja,taHHOro qIIcJia c 

3KCnoHeHI.\IIaJibHOH CKOpOCTblO ITO 0THOIIIeHIIIO K JiyqIIIeMy II3BeCTHOMY aJirOpIITMY, a rrpII 

yseJIIIqeHIIII ero ,lJIIIHbl peIIIaeT aJifOpIITMIIqeCKII HepaJpeIIIIIMYJO Ja,i:aqy C 

noJIIIH0MIIaJibHOH CJIOlKHOCTblO. 

An:ropIITM fposepa (1996 r.) OCYIIIeCTBJllleT ITOJICK peweHIIll s 

HeCTPYKTYPIIP0BaHHbIX ,i:aHHblX C KBa,i:parnqHoii CK0p0CTblO. 
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HeqeTKIIe MH0lKeCTBa, xpoH0JiornqeCKII BBe,n;eHHbie JI. 3a,n;e B 1965r., 1103B0nHJIII 

pacnmpIITb (MHOfOBeKOBOe) 011pe,n;eneH11e CaMoro q11cna II BBeCTII MH0lKeCTB0 H0Bb!X 

MeTP11qecKilX IllKan KaqecrneHHblX xapaKTepIICTIIK, K0T0pbie HeB03M0lKH0 011pe,n;eJIIITb 

MeT0,!l;aMII KJiacc11qeCKIIX 11cq11cneHIIll. 

TaK11e 11cq11cneHIIH 0TKPblnH H0Bble B03M0lKH0CTII MH Teop1111 II 11poeKT11poBaHIIH 

IIHTenneKTyanbHbIX CIICTeM yrrpaaneHIIH (HCY). O6061lleH11e II0HHTHH q11cna 3a cqeT 

BBe,n;eHIIH cy61,eKTHBHOll KaqecrneHHOll IllKMbl (11 OTo6palKeHIIH B Hee B BII,!l;e 

JIIIHfBIICTIIqecKOll a11npoKCIIMan1111 ero KOJIIIqecTBeHHOll xapaKTepIICTIIKII) 11p11aeno K 45-

nerneii ,n;11cKycc1111 (a 11epayio oqepe,n;h c 11pe,n;crna11TeJIHM11 HayqHoii IllK0JibI Teop1111 

aepOHTHOCTeii) 0 KoppeKTH0CTII TaK0ro 110,n;xo,n;a. 

,ll;eno B TOM, qT0 B Teop1111 aepOHTHOCTeii II0HHTIIe qJYHKllIIII pacrrpe,n;eJieHIIH 

aepOHTHOCTeii IIMeeT qeTK0e II CTP0roe onpe,n;eneHIIe, a aKCII0MaTIIKa 1103B0JIHeT BBeCTII 

qi11311qecKyio IIHTepnperanmo cnyqaiiHhIX 11poneccoa. IIocKOJibKY B Teop1111 cnyqaiiHbIX 

11ponecc0B 110 ,!l;IIHaMIIqecKIIM xapaKTepIICTIIKaM o6beKTa yrrpaaneHIIH II <pYHKllllll 

pac11pe,n;eneHIIH aepOHTHOCTeii BX0,!l;H0ro CIIrHana C II0M0lllblO ypaaHeHIIH KonMoropoaa

<llOKKepa-IInaHKa M0lKH0 011pe,n;eJIIITb qJYHKllIIIO pac11pe,n;eneH11H aepOHTHOCTeii BblX0,!l;H0ro !I 

C!IrHana, TO aHanornqHbie onepan1111 B Teop1111 HeqeTKIIX CIICTeM Bbl3b!BMII 011pe,n;eneHHbie 

nor11qecK11e TPYAH0CTII. 

K TaKIIM TPYAH0CTHM 0TH0CIITCH, Ha11p11Mep, K0ppeKTH0e 011pe,n;eneH11e IIOHHTilll 

qJYHKUIIH 11p11Ha,n;nelKHocrn (<llII), nor11qecK11e BJaIIM00TH0illeHIIH «HeqeTKa»/cnyqaiiHa» 

aen11q11Ha» 11 ,n;p. 

TOJibKO 11paKT11qecKoe 11p11MeHeH11e HeqeTKIIX CIICTeM aBT0MaT11qecKoro yrrpaaneHIIH 

(CAY) KJiacc11qecKIIMII 06beKTaM11 yrrpaaneHIIH pa3bHCHIIno II CH»no pa3Hornac11» 11 

TPYAH0CTII B 011pe,n;eneHIIHX IIH,!l;IIBIIAYMbHblX II MaCC0BblX co6bJTIIll, 011epan1111 ocpe,n;HeHIIH 

II 113BJieqeHIIH IIH<pOpMan1111 II T.11. B pe3yJibTaTe HeqeTKIIe M0,!l;eJIII JI0fllqeCK0f0 Bb!B0,!l;a Ha 

qia30BOM 11pocTPaHCTBe flIIHfBIICTIIqecKIIX 11epeMeHHblX 1103B0flIInll pa3pa6oTaTb HeqeTKIIe 

HCY, 3<p<peKTIIBHO pelllaIOlllIIe 3a,n;aq11 yrrpaaneHIIH B ycnoBIIHX CYIIlecrneHHoii 

Heo11pe,n;eneHH0CTII IICXO,!l;HOH IIH<pOpMan1111, cna6oii qiopMan113an1111 0IIIICaHIIH o6beKTa 

yrrpaaneHIIH (OY), HeqeTK0CTII neneii yrrpaaneHIIH, II T.11. 

HecTaH,n;apTHbie (HeKJiacc11qecK11e) nor11KII, IICII0flb3YeMbie B 0CH0Be HB II Bb!B0,!l;bl, 

nonyqeHHbie C IIX 11p11MeHeH11eM . B 3a,n;aqax 11pIIHHTilH pellleHIIll II yrrpaaneHIIH, qacT0 

11p11B0,!l;HT K MHIIMbIM «11apa,!l;0KCaM» II 11p0TIIB0peq11J0 C IIHTYIITIIBHblMII 11pe,n;CTaBneHIIHMII 

IIHlKeHepa-11ccne,n;oBaTenH 06 0lKII,!l;aeM0M peJynbTaTe. OTMeTIIM, o,n;HaKo, qT0 caM TepMIIH 

«HeCTaH,n;apTHaH» nor11Ka YlKe BKJIIOqaeT TaKYJO CIITyan11IO, a ero BBe,n;eHIIe o6ocHOBaHO 

CTPeMJieHIIeM pelllaTb 3a,n;aq11, He pelllaeMbie CYIIleCTBYJOlllllMII TeXH0n0rIIHMII BbJq11cneH11ii. 

K TaKIIM TeXH0fl0rHHM HB 0TH0CHTCH MHrKIIe II KBaHT0Bbie BbJq11cneHIIH, 

IICII0flb3YeMbie, Ha11p11Mep, MH 11poeKT11poBaHIIH po6acTHblX 6aJ 3HaHIIll (E3) B ycn0BIIHX 

Henpe,n;BII,!l;eHHblX CIITyan11ii yrrpaaneHIIH. IIp11MeHeH11e H0BbIX IIH<pOpMan110HHblX 

TeXHOnornii (HT) B IIHlKeHepHOll npaKTHKe Teop1111 II CIICTeM yrrpaaJieHIIH qacTO 

CTMKIIBaeTCH C 11po6neMaM11 11peo,n;oneHIIH I1Hepn1111 «nparMaT11qecKOll» IIHTYHllIIII II 

IIHlKeHepHOll <pIIJIOCO<pIIII. 

TaK 11po11cxo,n;11no B cepe,n;11He 70-x npolllnoro CT0JieTIIH 11p11 BHe,n;peHIIII B 

IIHlKeHepHYJO npaKTIIKY 11,n;eii MHrKIIX BbJq11cneHIIll Ha 0CH0Be TeopIIII HeqeTKIIX MH0lKeCTB II 

HeqerKIIX CIICTeM yrrpaaneHIIH. 

B CBH311 C 0TMeqeHHblMII qiaKTaMII, paCCM0TPIIM KpaTK0 MeTo,n;onor11qecK11e 

oco6eHHOCTII 11p11MeHeHIIH HT MHfKIIX, ,n;po6Hb!X II KBaHT0BblX BbJq11cneHI1ll. 

HcTop11qeCKII 011pe,n;eneH11e II TepMIIH <<IIHTenneKTYMbHbie BbJq11cneHIIH)) 6b!Illl 

BBe,n;eHbl B cepe,n;IIHe 90-x ro,n;0B npoIIIIloro CTOneTIIH. O,n;HaKo TaK0e (cna6o 113BeCTHOe) 

HeCTaH,n;apTH0e 11cq11cnen11e KaK ,n;po6Hoe (fractional calculus), 113aecTH0 6onee qeM 300 neT 
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II T0JibK0 B K0HUe 20 BeKa HalllJI0 np11MeHeH11e B HaYKe II TeXHIIKe, B qacTH0CTII B 

npoeKT11poaaH1111 ,n;po6nbIX (fractional 11n11 noninteger order) IIH,ll;-peryAATOpoa. 

MHoroo6paJIIe 110,!l;X0,!l;0B II npo6neMHaH op11eHTal1IIH pa3pa60TaHHOro IIHCTPYMeHTapIIH 

npIIBeJIII K MHoroq11cneHHbIM ,!l;IICKYCCIIHM II pa3H006pa3IIIO pa3pa60TOK 11p11KJia,1J;H0ro 

IIHCTPYMeHTapIIH. Bae,n;eHHbie TepMIIHbI Soft Computing II Computational Intelligence 

ycJI0BH0 paJ,n;eJIIIJIII o6naCTb HB Ha pa3pa60TKY Mo,n;eneii anropIITM0B (TIIna reHeT11qecKHX 

anropIITM0B, HeiipOHHblX cereii II ,n;p.) II 11poeKTIIp0BaHIIe IIPIIKJia,!l;H0ro IIHlKeHepHoro 

IIHCTPYMeHTapII» (toolkit) nporpaMMHoii II0MeplKKII (rn11a· AII<p<pepeHUIIMbHOH 3B0JIIOUIIII, 

HeqeTKoro 11porpaMMIIp0BaHIIH II ,n;p.) HB C00TBeTcTBeHH0. 

TaKIIM o6pa30M, C T0qKII 3peHIIH MaTeMaTIIKII neJibIO pa3pa60TKII 11pIIKJia,1J;HbIX 

MO,n;eneii HB HBJIHeTCH <pOpMIIpOBaHIIe IIHCTPYMeHTapIIH, KOTOpb!ll Il03B0JIHeT 

He11ocpe,n;crneHH0 011pe,n;eJIHTb KaqecTBeHHbie xapaKTepIICTIIKII II CBOllCTBa IICCJie,n;yeMoro 

o6beKTa (nanpIIMep, rno6anhHb1ii 3KCTPeMYM IIccne,n;yeMoii ¢YHKUIIII). Ha11p11Mep, a 

anropIITMaX TPaAIIllII0HHbIX BbJqIIcJieHIIll KaqeCTB0 IICCne,n;yeMoro o6beKTa 011pe,n;eAAeTCH 110 

K0HeqHoMy pe3yJibTaTy IITepanIIii K0JIIIqeCTBeHHb!X BbJqIIcJieHIIll II 11pII 3T0M He acer,n;a, KaK 

0TMeqanocb, rapaHTIIpyeTCH K0ppeKTH0e 011pe,n;eneH11e IICK0MbIX CBOHCTB. C T0qKII 3peHIIH 

K0MllbIOTepHblX HT II CIICTeMHOll IIHlKeHepIIII IIPIIMeHeHIIH II peanIIJaUIIII MeT0,!l;0B Te0pIIII 

HB ,n;aHHblll IIHCTPYMeHTapIIii 1103B0JIHeT CYIIleCTBeHH0 paclllIIpIITb rpaHIIUbl npIIKJia,!l;HbIX 

B03MOlKHOCTeii, II0BbICIITb 3<p<peKTIIBHOCTb BbJqIICJieHIIll II Mo,n;enIIpoaamrn CJI0lKHbIX 

o6beKTOB, a TaKlKe pernaTb anropIITMIIqecKII Hepa3peIIIIIMbie KJiaccIIqeCKIIMII MeT0,!l;aMII 

Ja,n;aqII. 

Ilocne,n;yiolllee pa3BIITIIe TeXH0JI0rIIII HB HaIIIJI0 CB0e 0TPalKeHIIe B H0BblX BII,n;ax 

3B0JIIOllII0HH0ro 11porpaMMIIp0BaHIIH, reHeTIIqecKIIX anropIITMax MH0fOKpIITepIIanbHOll 

0IITIIMII3aUIIII, IIMMYHHbIX anropIITM0B, Ha 0CH0Be II0Be,n;eHqeCKIIX peaKUIIll T0Jillbl (nIO,n;eii B 

T0HHene, KOJIOHIIll MypaBbeB, CTall IITIIll II pb!6, lKIIB0THblX II T.11.) II ,n;p. 

HHTeHCIIBHO CTMII pa3BIIBaTbCH KBaHT0Bbie TeXH0JI0rIIII HB, TaKIIe KaK KBaHT0BbJe 

reHeTIIqecKIIe anropIITMbl rno6MbHOll 0IITIIMII3aUIIII, KBaHT0Bbie HeiipOHHblt; CeTII o6yqeHIIH, 

6IIOIIHC11IIpIIpOBaHHbie KBaHT0Bbie anropIITMbl, KBaHT0B0e nporpaMMIIp0BaHIIe II ,n;p. 

HJBeCTHO, qT0 ypoBeHb pa3BIITIIH II K0MMepqecKaH 11pIIBJieKaTeJibH0CTb npopbIBHbIX 

IIHTenneKTyanbHb!X IIH<pOpMaUIIOHHb!X TeXH0JIOrIIii (HT) II 0IITIIMMbHbIX MeT0,!l;0B 

11pIIHHTIIH perneHIIll B CIICTeMax yrrpaaneHIIH HaX0,!l;IITCH B 11pHMOll 3aBIICIIM0CTII OT TIIlla BD, 

11pIIMeH»eMoro B nponeccax II3BJieqeHIIH, o6pa60TKII II qiopMIIpOBaHIIH 3HaHIIll, a TaKlKe OT 

BII,!l;a IIHTeJIJieKTyanbHOll 6aJbl nporpaMMHo-an11apaTHOll II0MeplKKII nponeccoB o6pa60TKII 

II 11epe,n;aq11 IIH<pOpMallIIII. BblIIOJIHeHIIe TPe6oaaHIIll ycoaepIIIeHCTB0BaHIIH TeopIIII II 

BHe,n;peHIIH IIHH0BaUIIll 11paKTIIKII CIICTeM yrrpaBJieHIIH HaIIIIl0 CB0e 0TPalKeHIIe, B qacTH0CTII, 

B pa3BIITIIII H0BbIX BIIA0B BbJqIIcneHIIll, HanpIIMep, AAA perneHIIH Ja,n;aq 0ilTIIMIIJaUIIII, 

o6yqeHIIH II a,n;a11Tal1IIII Ha 0CH0Be TeXH0JI0rIIII HB. 

HJ MH0f0qIIcneHHblX M0,n;eneii HB B ,n;aHHOll KHIIre BbI6paHbl TeXH0JI0rHII MHfKIIX, 

,n;po6Hb!X II KBaHT0Bb!X BbJqIIcJieHIIll, a TaKlKe KBaHT0B0ro 11porpaMMIIp0BaHIIH, He cnyqaiiHO. 

,ll;aHHbie IIHH0BaUII0HHbie TeXH0JI0rHII BbJqIICJieHIIll C0CTaBJIHIOT 0CH0BY 11poeKTIIpoaaHIIH 

po6aCTHbIX CaMoopraHII3YJOlllIIXCH HCY, CIIOC06Hb!X <pYHKUIIOHIIpoBaTb II rapaHrnpoBaTb 

,!l;OCTIIlKeHIIe nenII yrrpaaneHIIH B ycn0BIIHX He11pe,n;BII,1J;eHHbIX (HeIIITaTHb!X) CIITyanIIii II 
IIH<pOpMaUIIOHHoro pIICKa. 

lIMeHHo Ja,n;aqa pmpa6oTKII caMoopraHII3YJOlllIIXCH HCY cna6o CTPYKTYPIIP0BaHHbIMII 

OY, cnoco6Hb!X ¢YHKllIIOHIIpOBaTb II rapaHTIIpoBaTh ,!l;0CTIIlKeHIIe nenII yrrpaBJieHIIH B 

YCJIOBIIHX Henpe,n;BIIAeHHbIX (BHeIIITaTHbIX) CIITYallllii II IIH<pOpManIIOHHOro pIICKa, HBJ!HeTCH 

HaII6onee TPYAH0 pernaeMoii a Te0pIIII II CIICTeM yrrpaaneHIIH. 

IIpe,n;MeTOM 11pe,n;naraeMoii qIITaTeJIIO KHIIrn HBAAeTCH 0IIIICaHIIe perneHIIH ,n;aHHOll 
Ja,n;aqII. 
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PerneHIIe TaKOii 3aziaq11 cml3aHO C He06XO):(IIMOCTb!O peanmau1111 pMa HOBbIX (/:lllil 
po6aCTHOro IIHTeJIJieKTyaJibHOro yrrpaBJieHmI) qJII3IIqecKIIX II IIHq>OpMaUIIOHHO

TepMO/:(IIHaM11qeCKHX rrpIIHUIIIIOB: npUHt{Un KOMneHCOlfUU UHpop.Mat{UOHHOU HenOJIHOmbl 

onucamm Mooe.nu (cna60CTPYKTYPIIPOBaHHb1x) OY Bb16opoM coorneTCTBYJOIUero ypoBHJI 

MB; npUHIJUn coom6emcm6Ufl (JJl20pUIW.ta UHmeJIJleKmy(]JlbH020 ynpa6lleHUR ypOBHIO 

CJIOlKHOCTII II HeIIOJIHOTbl rrpe):(CTaBJieHIIJI 3HaHIIii O BHelIIHeii cpe):(e q>yttKUIIOHIIpoBaHIIJI OY 

(CBJ13b IIHq>OpMaUIIOHHOii 3HTPOIIIIII C Mepoii anrop11TM11qecKoii CJIOlKHOCTII KoJIMOropoBa); 

npUHt{Un MUHW,tyMa nomepb nolle3H020 pecypca (MIIHIIMYM o6o6IUeHHOii 3HTPOIIIIII -

qJII3IIqecKIIii 3aKOH OIITIIMaJibHOro yrrpaBJieHIIJI) B CIICTeMe «OY + pe2yJ1amop»; npUHIJUn He 

pmpyweHUR U n06blUJeHUR 3ppeKmU6110cmu HU:J/CHe20 ucnOJIHUme.JlbCK020 ypo6Hfl CIICTeMbl 

yrrpaBJieHIIJI 3a cqeT caMoopraHII3aUIIII .63 IIHTeJIJieKTYaJibHOro peryJIJITOpa: II npUHIJUn 

CUHep2U3Ma U36JleKaeA10U CKpbimou K6aHm060U UHpop.MGlfUU 113 KJiacc11qecKIIX COCTOJIHIIH 

crrpoeKT11poBaHHbIX rrpoueccoB yrrpasneHIIJI. 

,ll;JIJI pean1I3aUIIII /:(aHHbIX rrplIHUIIIIOB po6acTHOro IIHTeJIJieKTyaJibHOro yrrpaBJieHIIJI 

paccMaTPIIBaJOTCJI perneHIIJI TPex rrpo6neM. 

A. B rrepBOM cnyqae B OTJII1q11e OT rrpJIMOil 3a/:(aqlI ( OIIIICaHIIJI 3HaHIIil 

KOJIIIqecrneHHblMII xapaKTeplICTIIKaMII), paccMaTPIIBaeTCJI perneHIIe o6paTHOil 3a):(aq11 

TeopIIII IICKYCCTBeHHOro IIHTeJIJieKTa: II3BJieqeHIIe 3HaHIIii II3 KOJIIIqeCTBeHHblX /:(aHHbIX 

3KCIIep1IMeHTa. B 3TOM cnyqae pa3pa60TaHHaJI TeXHOJIOrIIJI rrpoeKTIIpOBaHIIJI 061,eKTIIBHbIX 

6a3 3HaHIIH Ha OCHOBe MJirKIIX II KBaHTOBbIX BbJq1IcJieH1Iil IICKJIJOqaeT cy61,eKTIIBII3M 

3KCrrepTHblX oueHOK 

6. Bo BTopoM cnyqae paccMaTPIIBaeTCJI rrpo6neMa pa3pa6oTKII II qi11311qecKoro 

o6ocHOBaHIIJI MaTeMaT11qecKoii MO/:(eJIII KBaHTOBOro anroplITMa yrrpaBJieHIIJI 

caMoopraHII3au11eii 3HaHIIii /:(JIJI qiopMIIpOBaHIIJI po6aCTHbIX 6a3 3HaHIIil B peanbHOM 

BpeMeHII. B /:(aHHOii KHIIre IIOKa3aHa pOJib rrpJIMbIX aHaJIOrQB qJII31IqecKIIX (KBaHTOBbIX II 

TepMO/:l1IHaM1IqecK11x) 3q>q>eKTOB B peanmau1I11 rrpouecca rapaHTIIpoBaHHoro /:lOCTIIJKeHIIJI 

Kaqecrna yrrpaBJieHIIJI Ha OCHOBe TeXHOJIOrIIII KBaHTOBbIX, MJlrKIIX II /:lp06HbIX BbJq11cneH1Iil. 

IlplI 3TOM OCHOBHOe BHIIMaHIIe y):(eJIJieTCJI OIIIICaHIIIO II IIHTeprrpeTaUIIII KaqecTBeHHbIX 

oco6eHHOCTeii 61IOJIOr1IqeCKII BOCIIp01I3B0):(IIMOii 3B0JIIOUIIII caMoopraHII3aUIIII, OCHOBHbie 

KOMIIOHeHTbl KOTOpoii OIIIICbIBa!OTCJI KBaHTOBbIMII orrepaTopaMII II COCTaBJIJIIOT CO):(epJKaHIIe 

pa3pa60TaHHOii MO):(eJIII KBaHTOBOrO anropIITMa yrrpaBJieHIIJI rrpoueccoM CaMOOpraHII3aUIIII. 

PaccMaTPIIBaeTCJI 3a/:(aqa po6aCTHOro yrrpaBJieHIIJI B Herrpe):(BII):(eHHbIX CIITyaUIIJIX Ha 

OCHOBe KBaHTOBbIX CTparnrnii rrplIHJITIIJI perneHIIii B BII/:(e IIHCTPYMeHTapIIJI KBaHTOBOro 

HeqeTKOro Bb!BO):(a KaK qacTHOro cnyqaJI, pa3pa6oTaHHOro o6o6IUeHHOro KBaHTOBOro 

anropIITMa yrrpaBJieHIIJI caMoopraH11JaU1Ieii. 

B. PerneHIIe TPeTueii npo6neMbI ):(eMOHCTPIIpYeT PeJYJibTaTbI rrp1IMeHeH1IJ1 TeXHoJiorIIII 

npoeKTHpOBaHIIJI po6aCTHbIX 6aJ 3HaHIIii B CTPYKTYPe IIHTeJIJieKTyaJibHbIX CIICTeM yrrpaBJieHIIJI. Ha 

KOHKpeTHbIX IIplIMepax (nplIMeHeHIIJI CTPYKTYP IIHTeJIJieKryaJibHblX CIICTeM yrrpaBJieHIIJI) B 

):(aHHOii KHIIre IIOKa3aHbl oco6eHHOCTII npoeKTIIpOBaHIIJI po6aCTHbIX 6a3 3HaHIIii /:(JIJI 

Henpe):(BII/:leHHbIX cirryauIIii ynpaBJieHIIJI II B YCJIOBIIJIX IIHq>OpMaUHOHHOro p1ICKa. 

CIIHepreT11qecK11ii 3q>q>eKT KBaHTOBOii caMoopraHII3aUIIII 6a3 3HaHIIii B ycJIOBIIJIX 

Herrpe):(BII/:(eHHbIX c11ryau11ii OCHOBaH Ha pa3pa6oTaHHOil 0/:(HIIM 113 aBTOpOB (C.B. YJibJIHOB) 

B 1999r. TeXHOJIOrIIII rrpouecCOB II3BJieqeHIIJI CKpbITOii B KJiacc1IqecK1IX COCTOJIHIIJIX 

KBaHTOBOil IIHq>OpMaUIIII (/:lOIIOJIHIITeJibHblll IIHq>OpMaUIIOHHblil pecypc ). 1 

B Kaqecrne KJiacc1IqecKHX COCTOJIHIIH paccMaTPIIBa!OTCJI 3aKOHbl yrrpaBJieHIIJI 

II3MeHeHIIJIMII BO BpeMeHII K03qJqJIIUIIeHTOB YCIIJieHIIJI IICIIOJIHIITeJibHblX aBTOMaT11qecKIIX 

1 Ulyanov S.V. Self-organized quantum robust control methods and systems for situations with uncertainty and 
risk// US patent. -N2 20130096698. -Publication date 2013-04-18. 
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ycTPOHCTB, KOTOpbie qiopMIIPYJOT OIITIIMaJibHYJO yrrpaBJIJIIOIUYJO CIIJIY ( C MIIHIIMaJibHblMII . 

rroTepJIMII IlOJie3HOro pecypca B CIICTeMe «061,eKT yrrpaBJieHIIJI - peryJIJITOp»). TaKoii IIO/:(XO/:( 

[103BOJIJleT cqiopMIIpOBaTb 3q>qJeKTIIBHOe yrrpaBJieHIIe CJIOlKHbIM qJIIJIIqecKHM OY rrpOCTbIM 

rro CTPyKTYPe HHTeJIJieKryaJibHbIM peryJIJITOpOM. 

Pa3pa6oTaHHaJI TeXHOJIOrHJI rrpoeKTHpOBaHHJI Il03BOJIJleT IICIIOJib30BaTb /:(aHHblll 

/:(OilOJIHHTeJibHblll HHqJOpMaUIIOHHblil pecypc /:lllil IIOBb!llieHHJI ypOBHJI po6aCTHOCTil HCY. 

IloKa3aHO, qTo caMO CBOHCTBO po6aCTHOCTII JIBJIJ!eTCJI CJie/:(CTBHeM caMOOpraHH3aUIIH 6a3 

3HaHHil HeqeTKHX peryJIJITOpOB (HHlKHHii IICIIOJIHHTeJibCKHii ypoBeHb yrrpaBJieHHJI). 

Ilpn 3TOM ycTaHOBJieH HOBblil (/:lllil KJiaccnqecKoii JIOrHKH yrrpaBJieHIIJI) KBaHTOBblll 

«rrapa):(OKC» caMOOpraHII3aUHH 3HaHnii: /:(Be 6a3bl 3HaHIIH, crrpoeKTHpOBaHHbie /:(JIJI ):(Byx 

pa3Hb!X CHTyaunii yrrpaBJieHIIJI, n He po6aCTHbie s HOBOii Herrpe):(BH):(eHHOii CHTyaUIIH 

yrrpaBJieHIIJI, C IIOMOJUb!O KBaHTOBOro HeqeTKOro Bb!BO):(a /:(a!OT B03MOlKH0CTb 

crrpoeKTnpoBaTb B peaJibHOM BpeMeHH po6aCTHYIO 6a3y 3HaHnii. 

CrrpoeKTHpOBaHHaJI TaKHM o6pa30M po6aCTHaJI 6a3a 3HaHnii Il03B0JIJieT OY 

rapaHTHpOBaHHO /:lOCTHqb IIOCTaBJieHHOii uenn yrrpaBJieHIIJI. 

IT03TOMY Heo6XO/:(IIMOCTb B IlOJIBJieHIIH ):(aHHOil KHHre o6ycJIOBJieHa IlOBbillieHHbIM 

HHTepecoM lIIHpOKOro Kpyra CTy):(eHqecKoii, HHlKeHepHoii H HCCJie/:(OBaTeJibCKOii ay):(HTOPIIII 

caMbIX pa3JIHqHbIX crreunanbHOCTeii K pa3pa60TKe COBpeMeHHbIX TeXHOJIOrnii 

HHTeJIJieKTyaJibHblX BbJqncJieHIIii H HX npaKTnqecKoro rrpnMeHeHHJI /:(JIJI IlOBbillieHHJI 

3qJqJeKTHBHOCTH HCCJie):(yeMbIX IlJIH /:(eHCTBYJOIUHX 061,eKTOB H CHCTeM yrrpaBJieHIIJI. 

IlpeMaraeMaJI qnrnTen10 KHIIra mpaJKaeT rrpnKJia,11Hb1e pe3yJibTaTbI B o6naCTn 

pa3pa6oTKH HOBbIX Bil/:lOB HB: HT rrpoeKTnpOBaHIIJI po6aCTHbIX CaMoopraHII3YJOIUIIXCJI HCY. 

On.reTHM HeKOTOpbie acrreKTbl /:(aHHbIX HHTeJIJieKTYaJibHbIX HT H HX pOJib B 

HHTeJIJieKTYaJibHOii CHCTeMHOii HHlKeHepHII. Ilpe):(MeTHOH o6JiaCTblO rrpnMeHeHIIJI 

TeXHOJIOrIIii HHTeJIJieKTyaJibHbIX BbJqlicJieHnii JIBJIJieTCJI yrroMJIHYTaJI Bblllie pa3pa60TKa HT 

rrpoeKTnpoBaHHJI. po6aCTHbIX HHTeJIJieKTYaJibHbIX CHCTeM yrrpaBJieHHJI, II03BOJIJIIOJUIIX 

IIOBblCHTb 3q>qJeKTHBHOCTb CYJUeCTBYJOIUHX (IllIIl pa3pa6aTbrnaeMbIX) MaKpO-, MHKpo- H 

HaHO-TeXHOJiornqeCKHX rrpouecCOB 6e3 pa3pyrneHHJI HHlKHero HCIIOJIHHTeJibCKOro ypoBHJI 

yrrpaBJieHHJI. 

B qacTHOCTH, Ha OCHOBe MJirKHX, /:lp06HbIX H KBaHTOBbIX BbJqlicJieHnii H KBaHTOBoro 

rrporpaMMHpOBaHIIJI paCCMOTPeHa, B Kaqecrne HarJIJI/:(HOro KOHKpeTHOro rrpnMepa, HT 

rrpoeKTIIpOBaHHJI HCY, rrpnMeHJieMbIX ):(JIJI rrpOMbllIIJieHHbIX H HeIIpOMbllIIJieHHbIX 061,eKTOB 

(IIOBbillieHHOii CJIOlKH0CTH H COUIIaJibH0-3KOHOMHqecKoii OTBeTCTBeHHOCTH), H 

4JYHKUIIOHHPYJOIUHX, HarrpnMep, B HeIIITaTHbIX (Herrpe):(BH):(eHHbIX) CHTyaunJIX yrrpaBJieHHJI. 

B 3TOM cnyqae rrplIMeHeHne KBaHTOB0ro anropHTMa caMoopraHH3aUHH 6a3 3HaHIIii 

II03B0JIJieT B peanbHOM BpeMeHH /:(OCTHraTb uenn yrrpaBJieHIIJI B Herrpe):(BH/:(eHHblX CHTyaUIIJIX 

3a cqcr II0BbillieHIIJI po6aCTHOCTH HCY B rrpo6JieMHO-opneHTHpOBaHHOii o6naCTH. 

Co):(eplKaHIIe H CTPYKTYPa KHHrII HMe!OT rrplIHUIIIIHaJibHOe OTJIHqlie OT paHee 

II3):(aHHbIX rro nccne):(oBaHIIJO n pa3pa6oTKe HCY, K CTPYKTYPHOMY rrpoeKTnpoBaHHJO 

MO):(eJieii HHTeJIJieKTyaJibHOro yrrpaBJieHilJI, n rrpe):(CTaBJIJieT HOBOe HarrpaBJieHne B o6nacrn 

IICCJie):(OBaHilJI HOBbIX KBaHTOBblX HT,, pa3pa60TKH, rrpoeKTnpoBaHIIJI II rrpnMeHeHIIJI 

po6acTHbIX caMoopraHH3YJOIUHXCJI HCY. 

BbI/:(eJIIIM HeKOTOpbie oco6eHHOCTH pa3pa6oTaHHOro IIO/:(XO/:(a K CTPyKTYPHOMY 

rrpoeKTnpoBaHHIO MO):(eJieii HHTeJIJieKTYaJibHOro yrrpaBJieHIIJI H ero OTJinqnJI OT H3BeCTHblX 

pa6oT no pa3pa6oTKe HCY. 

BaJKHbIM /:(JIJI CIICTeMHOH HHlKeHepnn pe3yJibTaTOM rrpnMeHeHilJI HT rrpoeKTIIpOBaHIIJI 

HCY JIBJIJieTCJI IIOKa3aHHaJI B03MOlKHOCTb peannJaunn KBaHTOBbIX anropnTMOB H KBaHTOBbIX 

BbiqHCJieHnii Ha TilIIOBOM (a He KBaHTOBOM) rrpoueccope B CTaH):(apTHOii KOHqJIIrypaunn 

arrrrapaTHoii IIOMeplKKH po60TOB - MaHHIIYJIJITOpOB H aBTOHOMHbIX po6oTOB. 
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B 3TOM cnyqae rrpnMeHeHHe KBaHTOBOTO anropHTMa caMoopraHH3aUHII 6a3 3HaHHll 

II03B0JIJieT B peanbHOM BpeMeHH )J;OCTH'lb uenH yrrpaBJieHH.ll B Herrpe;:i;BH)];eHHbIX CHT)'aUH.l!X 

3a cqcr IIOBblIIIeHHJI po6aCTHOCTII IICY B rrpo6neMHO-OpHeHTHpOBaHHOll o6naCTII. 

BbJqlICJIHTeJibHblM 6a3HCOM OTMeqeHHblX HarrpaBJieHHll pa3pa60TOK JIBMeTCJI TeXHOJIOTHJI 

KBaHTOBbIX MJITKIIX BblqHcJieHHll. Ilo3TOMY II3 MHOroqHCJieHHblX MO;:i;eneii IIB B KaqecTBe 

rrpnMepa B KHHre rrpe;:i;CTaBJieHbl rrpHKlla}];HbJe pa3pa6oTKII TeXHOJIOTIIll MJITKHX, ;:i;po6Hb!X n 

KBaHTOBbIX BbJqncneHHll. 

OTMeqeHHa.ll aKTyaJibHOCTb II IIIHpOTa ay;:i;HTOpHH IIOJib30BaTeJieii TeXHOJIOTIIJIMII IIB 

ofrbJICHJieTCJI TaKlKe cne;:i;yioIUHM o6CTO.l!TeJibCTBOM: O)J;HOH II3 rrpe;:i;MeTHbIX o6naCTeii 

rrpnMeHeHHJI TeXHOJIOTHll IIB JIBJIJieTCJI pa3pa60TKa rrpopbIBHbIX IIHTeJIJieKTyaJibHblX 

HaYKoeMKHX IIT. 

Ilo3TOMY B KHHre )J;OCTyrrHo (6e3 IIOTepn Heo6xo;:i;HMOH MaTeMaTnqecKoii II 

qm3nqecKoii CTPOTOCTH) II3JIOlKeHbl rrpHHUIIIIIIaJibHble BOIIpOCbl pa3pa60TKII II 

3<p<peKTIIBHOro rrpnMeHeHHJI TeXHOJIOTIIll IIB. Ilo;:i;po6HO pa3bJICHeHbl B03HHKaIOJUHe 

nornqecKHe «rrapa;:i;oKCbl)) rronyqaeMb!X pe3yJibTaTOB Ha OCHOBe TeXHOJIOrHII IIB, 

Bbl3bIBaIOIUIIX B IIHlKeHepHoii ay;:i;HTOpHH TPY.llHOCTII B Ha.TJIJI)J;HOH qJII3HqecKoii II 

MaTeMaTHqecKoii IIHTeprrpeTaUIIH. 

B KHHre OCHOBHOe BHHMaHHe y;:i;eneHO rrpaKTnqeCKOMY rrpHMeHeHHIO ;:i;aHHblX BII)J;OB 

IIB. B Kaqecrne HaTM)J;Hb!X rrpHMepoB Bbi6paHbl o6beKTbl HHTeJIJieKTyaJibHOll IIT 

rrpoeKTHpOBaHH.ll IICY B rrpo6neMHO-OpHeHTHpOBaHHOll o6JiaCTII - IIHTeJIJieKTYaJibHa.ll 

po60TOTeXHHKa II MexaTP0HHKa, IIHCTPYMeHTapHii OIITIIMH3aTopoB 6a3 3HaHHll Ha OCHOBe 

KBaHTOBbIX MJITKIIX BbJqncneHHii, po6aCTHbie ;:i;po6Hb!e peryMTOpbl n ;:i;p. IloKa3aHa 

B3aHMOCBJI3b MJITKIIX II KBaHTOBbIX BbJqncneHHll II COBMeCTHOe rrpnMeHeHHe B 3a;:i;aqax 

rrpoeKTHpOBaHH.ll po6aCTHblX 6a3 3HaHHll. 

Konnern II yqeHHKH A.B. HnKonaeBa H T.A. KepHMOB aKTHBHO yqacTBOBaJIH B 

IIO)J;TOTOBKe K rry6nnKaUHII MaTepHaJI0B ;:i;aHHOTO yqe6Horo rroco6nJI; aBTOpbl cqHTalOT 

CBOIIM rrpmITHbIM )J;OJITOM Bblpa31ITb HM CBOIO rrpH3HaTeJibHOCTb II 6naro;:i;apHOCTb. 

no MHeHHIO aBTOpOB KHIITII, c;:i;enaHHbJe 3aMeqaHHJI MHOTHMII KOJIJieraMH, 

HeCOMHeHHO, IIOCJIYlKIIlIII ynyqIIIeHHIO OT6opa II KaqecTBa II3JIOlKeHHJI MaTepHaJIOB. 

EcTeCTBeHHO, qTo 3a Kaqecrno MaTepHaJIOB KHIITII B uenoM HeCYT IIOlIHYJO OTBeTCTBeHHOCTb 

aBTOpb!. 
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D1aBa 1. KoaHTOBLill a.JITOpHTM ca~toopramnau1rn 6a1 111a1111ii II 1rna11TOBblll neqeTKIIII 
BblBOA B HT rrpoeKTnpoaamm HCY 

O;:i;HIIM II3 OCHOBHbIX Ha3HaqeHHll II rrpeHMYJUeCTB 3<p<peKTHBHOro rrpnMeHeHH.ll 

IIHTeJIJieKTYaJibHbIX CIICTeM yrrpaBJieHHJI (IICY) JIBJIJieTCJI B03MOlKHOCTb rapaHTHpOBaHHOro 

)J;OCTHlKeHH.ll uenH yrrpaBJieHHJI C MaKCIIMaJibHblM KaqecTBOM yrrpaBJieHH.ll Ha BepxHeM 

ypoBHe II MIIHIIMaJibHbIM pacxo;:i;OM IIOJie3HOro pecypca CIICTeMbl «o6beKm ynpa6JleHIJJI (OY) 

+ pezy;mmop» Ha HHlKHeM (HCIIOJIHHTeJibCKOM) ypoBHe nepapxnqecKoii CIICTeMbl 

aBTOMaTnqecKoro yrrpaBJieHHJI. Ha co;:i;eplKaTeJibHOM ypOBHe ;:i;aHHa.ll B03MOlKHOCTb OTPalKaeT 

Ha3HaqeHHe ueneHarrpaBJieHHOll ;:i;eJITeJibHOCTII IICY B o6iueM cnyqae Herrpe;:i;BH;:i;eHHbIX 

CHTyaunii yrrpaBJieHH.ll. Ilpn 3TOM 3<p<peKTHBHOCTb rrpHMeHeHHJI IICY 3aBHCIIT OT ypOBH.ll 

IIHTeJIJieKTYaJibHOCTII pa3pa6oTaHHOll CIICTeMbl ( qiopMbl, BH)J;a n rny6HHHOTO rrpe;:i;CTaBJieHH.ll 

3HaHHii). BalKHYJO pOJib rrpH qiopMHpOBaHHII ypOBHJI IIHTeJIJieKTyaJibHOCTII CIICTeM 

aBTOMaTnqecKoro yrrpaBneHHJI (CAY) nrpaeT Bb16op ncrroJib3yeMoro HHCTPYMeHTapHJI 

TeXHOJIOTIIII IIHTeJIJieKTYaJibHblX BbJqncneHHii1;:i;nJI rrpoeKTHpOBaHH.ll COOTBeTCTBYJOIUeii 6a3bl 

3HaHHii (E3) rrpn 3a;:i;aHHoii uenn yrrpaBJieHHJI. 

1.1. BBeAe1111e: Ilpo6ne1m,1 pa1pa60TKH II npoeKT11poaa1111H po6acTHLIX HCY 

PaCCMOTPIIM OCHOBHbie rrpo6neMbl pa3pa60TKII MO;:i;eneii II IIT rrpoeKTHpOBaHHJI 

po6aCTHblX IICY B Henpe;:i;BH;:i;eHHbIX (HeIIITaTHbIX) CHTyaUHJIX yrrpaBJieHHJI. 

A. Pollb HCY. Pa3pa6oTKa IICY ;:i;m1 TPa.llHUHOHHbIX CAY c rroBblIIIeHHOii 

po6aCTHOCTblO, crroco6Hb!X IIOMeplKHBaTb TPe6yeMbie ypoBHII -roqHOCTII n Ha)J;elKHOCTII B 

ycnOBIIJIX Herrpe;:i;BH)J;eHHblX CHTyaunii yrrpaBJieHHJI, CTaJia ofo,eKTOM IIHTeJIJieKT)'aJibHOll 

co6crneHHocTH H nMeeT CYJUecrneHHoe TeopcrnqecKoe, npaKTnqecKoe n K0MMepqecKoe 

3HaqeHHe. IlporpaMMHO-armapaTHa.ll II0MeplKKa IICY CTaJia T0BapoM rrpH 

KOMMepunanH3aUHH IIHTeJIJieKTyaJibHOTO rrp0.llYKTa B IIHlKeHepHOM MeHe)J;lKMeHTe 

OCHOBaHHOro Ha 3HaHHJIX. B qacTHOCTII, BalKHbIM HarrpaBJieHHeM npHKJia)J;HOTO rrpHMeHeHHJI 

IICY JIBJIJieTCJI II0BbIIIIeHne po6acmHocmu TPa.llHUH0HHbIX (Il/IllI/Il.lVIllI.ZD - perynJITopoB, 

IICII0Jib3yeMb!X Ha HIIlKHeM yp0BHe K0HTypOB yrrpaBJieHH.ll. 

flpW>tel/aHue I. Tpa;:i;nunoHHbiii B Teopnn yrrpaBJieHHJI IllI.ll:-peryAArnp 

IICII0Jib3yeTCJI B 6onee qeM 85% CAY. Ilo3TOMY O)J;HOH II3 BalKHbIX KOHKpeTHbIX 

(TeopeTnqecKHx II rrpaKTHqecKnx) rrpo6neM B C03)J;aHliH IICY JIBJIJieTCJI pa3pa60TKa MeTO)J;OB 

II anropHTM0B IlOBbIIIIeHHJI Ha;:i;elKH0CTII II KaqecTBa yrrpaBJieHHJI IICIIOJIHHTeJibCK0TO 

(HHlKHero) ypOBH.ll CAY, ocHOBaHHoro Ha TPa.llHUHOHHOM IllI.ll:-peryMTope. Ilpn 3TOM 

BbIIT0JIHJieTCJI rrpHHUHII «Hepmpyiuemm ucn0JIHUmel!bCK0ZO ypo6HR», qTo rrpHBO)J;IIT K 

)J;0IIOJIHHTeJibHOMY 3<p<peKTIIBHOMY IICII0Jib30BaHHIO CYJUeCTBYJOJUIIX (YlKe OTJialKeHHbIX) 

TeXH0JI0THqecKHX npouecCOB II II0BblIIIeHHOMY 3KOHOMHqecK0MY 3<p<peKTy. IIcrrOJib30BaHHe 

HeqeTKHX peryMTOpOB (HP) COBMeCTHO C IllI.ll:-peryJIJITOpOM rrpHBeJIO K C03)J;aHHIO 

rn6pH)J;HbIX HeqeTKIIX IICY C pa3JIIIqHbIMII ypOBHJIMII IIHTenneKTyaJibHOCTII B 3aBHCIIM0CTII 

OT II0JIHOTbl n KoppeKTH0CTII crrpoeKTnpoBaHHOll E3. Ilo;:i; TepMHHOM E3 IIOHHMaeTCJI 

CTaH;:i;apTHOe )];AA TeopHH HP orrpe;:i;eneHHe E3 B BH;:i;e KOHeqHoro MH0lKeCTBa 

rrpo;:i;YKUHOHHbIX npaBnn (look-up table) orrpe;:i;eneHHoii Mo;:i;enn HeqcrKoro Bhrno;:i;a c 

K0HKpeTHblMII THIIaMH II rrapaMeTPaMH <pyttKUIIH rrpHHa)];JlelKH0CTII, qiopMHPYJOIUIIX 3aK0Hbl 

yrrpaBJieHHJI OY. IlapaM~bl n TIIIT <pyttKUIIII rrpHHa)];JielKHOCTII xpaHJITCJI B 6a3e ;:i;aHHbIX HP. 

1 
Onpe,11enem1e 11 repMI!H «mrreJIJieKTYam,llhle Bhl'IllCJieHIDI» BBe,11ellhl B cepe111111e 90-x ro,110B npoII1Jioro CTOJierrnr. 

Ilocnell)'IOII1ee pa3B11Tlle TeXH0JI0nlll IIHTeJIJie~l!hlX Bbl'IIICJieHIIH HaIIIJI0 B H0BblX BIi/iax 3B0Jll01.1110HH0ro 

nporpaMM11pOBaHIDI, anropl!TMax 0IITIIMll3al.lllll Tillia IIMM)'HHb!X anropllTM0B, na 0CH0Be H0Be,11eJI<IeCKJ1X peaKI\IIH 

TOJillbi (JI10,11ejj B TOHHene, KOJIOHIIH MypaBbeB, crafi Hill!\ II pb16, >KlIB0THblX II T.rr.), KBal!TOBblX reneTWieCKIIX 

anropl!TM0B rno6am,HQH 0Hll1Ml13=11 II KBallT0BblX HeHpOHllhlX cernx o6yqeHlll! II /IP· 
13 



Crpy1uypa HeqeTKoro caMoopraHII3YJOII(eroc» IIH,[J;-perymnopa c orrpe.11eJieHHhIM ypoBHeM 

IIHTeJIJieKT}'aJihHOCTH 6bIJia BBe,l:i;eHa aBTOpaMII II IICllOJih3YeTCH B ,1aHHOH KHIIre. 

llpUMe'laHUe 2. )];rm llOJIHOThl II3JIOlKeHIIH rrpe,!IMeTa IICCJie,!\OBaHIIH HIIlKe, B IT. 1.3 
rrpIIBe,!\eH rrpIIMep rrpoeKTIIpoBaHIIH E3 B BII,!\e rrpO.!\YKIIIIOHHhIX rrpaBHII «ECJ1u A, To B», r.11e 

A II B JIIIHrBIICTIIqecKIIe rrepeMeHHbie C orrpe,1eJieHHhIMII !p}'HKIIIIHMII rrpIIHa,!\JielKHOCTII, 

ccpopMIIpOBaHHh!X c llOMOII(h!O OllTHMHJaTopa E3 (OE3) Ha MHrKHX BbJqIICJieHIIHX ,!\JIH 

.!IIIHaMIIqecKoro OY «rrnpeTKa rrepeMemeHHH - rrepeBepH}'ThIH Mal!THIIK». Ha JTOM JKe 

rrpIIMepe rrpOIIJIJIIOCTJ)IIpOBaHO rrpIIMeHeHIIe KBaHTOBOro HeqeTKOro BhIBO,!\a (KHB) ,!\JIH 

cpopMIIpOBaHIIH po6aCTHhIX CIIrHaJIOB yrrpaBJieHIIH K03!p!pIII(IIeHTaMII ycIIJieHHH HeqeTKOro 

IIH,[J;-peryJI»TOpa Ja cqcr caMoopraHIIJal(IIII paHee crrpoeKTIIpoBaHHhIX (c rroMOillhIO OE3 Ha 

MHrKIIX BhJqIIcJieHIIHX) E3. 

Ji. llpo6neMbl pmpa6omKu HCY. O,1Hoii: HJ TPY.!IHOCTeii: pa3pa6oTKII HCY .!IJlH 
Herrpe,!IBII,!\eHHhIX CHTya11IIii: yrrpaBJieHIIH HBAAeTCH perneHIIe rrpo6JieMhI rrpoeKTIIpOBaHIIH 

COOTBeTCTBYJOII(eii: po6aCTHOll E3, IICllOJih3YJOII(eii: 061,eKTIIBHbie 3HaHHH O .[IIIHaMIIqecKOM 

rroBe,!\eHIIII OY II HeqeTKHX IIH,[J;-peryAATOpoB. PerneHire ,1aHHOii: Ja.11aqII cymecrneHHO 

JaBIICIIT OT B03MOlKHOCTII pa3pa60TKII aJiropIITMIIqecKII pa3pernIIMOH, 

!pHJIIqeCKII/MaTeMaTIIqecKII KoppeKTHOH MO,!leJIII II IIHCTJ)}'MeHTapIIH rrpaKTIIqeCKOll 

peaJIII3al(IIII rrpo11ecca II3BJieqeHIIH, o6pa60TKII II cpopMIIpOBaHHH 061,eKTIIBHh!X 3HaHirii: 6e3 

yqacTIIH 3KCrrepTa. BBe,1eHIIe <pIIJIIqecKHX II IIH!pOpMal(IIOHHhIX orpaHIIqeHIIll B 

cpopMaJIII30BaHHOe OllIICaHIIe MO,!\eJIII OY cymecrneHHO BJIIIHeT Ha KaqecTBO cpopMIIpyeMOll 

E3 B HCY, a IICKJIIOqeHIIe 3TIIX orpaHIIqeHIIH II3 orrIICaHHH MO,!\eJieii: OY rrpIIBO.!\IIT K 

HeKoppeKTHOCTII II llOTepe po6aCTHOCTII rrpoeKrnpyeMbIX JaKOHOB yrrpaBJieHIIH 

COOTBeTCTBeHHO. Ilo3TOMY 0,1\HOH II3 CJIOlKHhIX II KJIJOqeBbIX rrpo6JieM pa3pa60TKII OCHOBhI 

HT rrpoeKTIIpoBaHII» HCY .!\JI» TaKoro rnIIpoKoro KJiacca OY »BAAeTc» co3,1aHIIe rrpo11ecca 

rrpoeKTIIpOBaHII.ll po6aCTHh!X E3 B Herrpe,!\BII,!\eHHh!X CIIryal(IIHX yrrpaBJieHIIH ,!\JIH 

IICllOJIHIITeJihCKOro ypOBHH IIepapxIIqeCKOH CTJ>YKTYPhl yrrpaBJieHIIH, yqIIThIBaIOII(ero B 

rrpO.!\YKIIIIOHHhIX rrpaBIIJiax E3 peaJihHbie !pIIJIIqecKIIe II IIH!pOpMal(IIOHHbie orpaHirqeHIIH. 

B. llpo6neMbl pmpa6omKu MT npoeKmupoeaHUR u cmpYJ(mypbl MCY. PIICYHOK 1.1 
llOKaJbIBaeT TIIITOBYJO CTJ>YKTYPY HCY II OllIIChrnaeT paCCMaTJ)IIBaeMyio B ,!\aHHOH KHIIre 

rrpo6JieMy npoeKTIIJlOBaHHH 061,eKTIIBHOll E3. 

PeweHHe npo6n__!_f.!~• 

MH<!><>pMal.lMOHHaJI TI!XHOnOrMJI npoe1mtpoaaHMJI 
po6aCTHWX 63 

CMCTeMa H3MepeHMl1 

06-..en 
ynpaaneHMJI 

<¥>< ......... 

X 

Pttc. 1.1. IlpoeKT1IpOBaH1Ie po6aCTHbIX E3 B YCJI0BIISIX Herrpe,!IBII,!leHHbIX C1ITya111Iii yrrpaBJieHIIH: 

rrpo6neMa rrpoeKrnponaHHH E3 
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PIIC. 1.2 npe,1CTaBAAeT CTJ>YKTYPHYJO cxeMy IIH<pOpMal(IIOHHOH TeXHOJIOrIIII II 3Tallhl 

rrpoeKrrrpoBaHHH 061,eKIIIBHOll E3 .[IJIH po6aCTHhIX HCY, OCHOBaHHhIX Ha HOBhIX BII,!lax 

IIHTeJIJieKT}'aJihHhIX BhrqIIcJieHIIii: (JIB). OTMeTIIM, qrn BhIXO.!\HOii: CIIrHaJI II3 HP Ha pIIc. 1.1 

orrpe,1eAAeT seKTop ycIIJieHII» IIH,[J;-peryAATOpaK = {kp,kv,k1 ,}, r.11e {kp,kv,k1 ,} OJHaqaJOT 

rrporrop11IIOHaJihHhlll, ,!IIIcpcpepeHI(IIaJihHhlll II IIHTerpanbHhlll K03!p!pIII(IIeHThl YCIIJieHIIH 

cooTBeTCTBeHHO. Ha pIIC. 1.1 rrepeqepKH}'Thlll 6JIOK «3Kcneprna» CIICTeMa» 03HaqaeT, qTo 

pa3pa6oTaHHaH TeXHOJIOrIIH rrpoeKTIIpOBaHIIH po6aCTHh!X E3 He IICllOJih3YeT 3KcrrepTHhie 

cy61,eKTIIBHhie Ol(eHKII rrpO.!\YKIIIIOHHh!X rrpaBIIJI B E3, KOTOpbie llOHBAAIOTC.ll rrpII 

IIHTeprrpeTal(IIII 3KCrrepTaMII pe3yJihTaTOB II3MepeHIIH II Ha6JIIO,!\eHIIH BhIXO,!\HOro CIIIHaJia X 
II3OY. 

06)"lBIOLqMe 

CM1)f84MM 
ynpaBJ1eHW1 

i .,. r··1··-··-··-··-··:::"?!r:··-.. -·.-~ .. --.- .. 
i 063: ! I KHB: 

_,, ____ ., _______ ,,_, _____ .. _,., ; 
rA: '_ i 
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! :!: 
! fl 
' Ill 
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I 
Puc. 1.2. IlpoeKTIIpOBaHIIe po6acTHbIX E3 n ycJI0BIIHX Herrpe,!1BH,11eHHbIX cnryanttii yrrpaBJieHHH: 

CipYKTypa TeXHOJIOrlIH II :naTibl npoeKTIIp0BaHIIH 

llpUMe'laHUe 3. O61,eKTIIBHO II3MepeHHhlll CIIrHaJI X HBJIHeTC.ll IICXO,!\HOH 

IIHcpOpMau;neii: .!\AA 3KCrrepTa, Ol(eHKa K0T0poro 3KCrrepTOM npII llOCTJ)OeHIIII E3 HOCIIT B 

o6meM CJiyqae (HarrpIIMep, rrpII 60JihllIOH pa3MepHOCTII) cy61,eKTHBHh!H xapaKTep. 

IlpIIMeHeHIIe TeXHOJIOrIIII 11B II03BOJIHeT IICllOJih30BaTh Henocpe,!ICTBeHHO pe3yJihTaTbI 

II3MepeHIIH II II3BJieKaTb II3 HIIX 3HaHIIH 6e3 cy61,eKTIIBHOH IIHTeprrpcral(IIII 3a cqeT 

IlpIIMeHeHirn !p}'HKD;IIH rrpIIIO,!\HOCTII B r A.· IIo,1qepKHeM, qTQ B ,!\aHHOH KHIIre IICllOJih3YJOTCH 

CTaH,1apTHhie o6oJHaqeHIIH CTJ>YKTYPHhIX cxeM HCY. Ilo3TOMY Ja,1aqeii: TeXHOJiornn 

npoeKIIIpOBaHIIH ( o603HaqeHHOH Ha pIIC. 1. I II CTJ>YKTYPHO rrpe,!\CTaBJieHHOll Ha pIIC. 1.2) 
HBMeTCJI cpopMIIpOBaHIIe 061,eKTIIBHhIX po6aCTHhIX E3 B HCY .[IAA Henpe,1BII,!\eHHhIX 

CIIryau;IIii: ynpaBJieHHH. 

llpw,te'laHue 4. Ha pIIc. 1.1 (II HIIJKe Ha pIIc. 1.2), a TaKlKe ,1anee no TeKcTy, 

lICilOJih3YJOTCH CJie,!\YJOII(IIe o603HaqeHIIH: 3.C. - Ja,!\aIOII(IIll CIIrHaJI (11eJib yrrpaBJieHn»); 
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U ( f )- yrrpaBJil!IOII:(al! CHJia; m (I) - CJiy>1aiiHb1e III)'Mbl ( B03MylI:(eHHll ), BOCIIpOH3B0,11HMble 

qiopMHPYKJIIIHMH qllillblpaMH; u· - yrrpaBJil!IOII:(al! CHJia C HaJIO)KeHHb!M III)'MOM; X -

Bb1xo,11Hoii cnrnaJI OY; c- OIIIH6Ka yrrpaBJieHHH; K(t} - KOJq>q>m~neHTbI ycnJieHHll IIH.[(

peryJil!Topa; r A - reHeTH'IeCKHii aJiropnTM; HP - He11eTKHii peryJil!Top; KHB - KBaHTOBbIH 

He11eTKHii Bbrno.11; OE3 - OIITHMHJarnp 6aJ JHaHnii.; rHOC - rno6aJibHaH HHTeJIJieKTyaJibHal! 

o6paTHal! CBll3b; KA - KBaHTOBblll. aJiropHTM; OY - o6beKT yrrpaBJieHHl!. OTMeTHM TaK)Ke, 

'ITO Ha pnc. 1. 1 IIyttKTHpHal! paMKa 6JIOKa «3aKOH yrrpaBJieHHll» He OXBaTbIBaeT IIH.[(

peryJil!TOp, XOTll yrrpaBJilllOII:(Hll. CHfHaJI u qiopMHpyeTCll HMeHHO JTHM yClpOHCTBOM. 

3aKOHbl q>OpMHpOBaHHl! yrrpaBJil!IOII:(eii Clillbl u(t) CJie,llYKJT H3 ClpYKTYPbl IIH.[(

peryJillTOpa H xopoIIIO H3BeCTHbl. 3TOT q>aKT l!BJil!eTCll .!IOCTOHHCTBOM IIH.[(-peryJil!TOpOB. 

MeHee H3BeCTHbl peIIIeHHll qiopMHpOBaHHll BO BpeMeHH OIITHMaJibHb!X 3aKOHOB yrrpaBJieHHll 

KOJq>q>HI.~HeHTaMH ycHJieHHl! IIH.[(-peryJIHTOpOB, HeCMOlpll Ha .!IOCTaTO'IHO 6oJibIIIOe 

KOJIH'leCTBO rry6JIHKaQHll pe3yJibTaTOB (H3BeCTHO 6oJiee 85 rraTeHTOB no q>OpMHpOBaHHIO 

3aKOHOB yrrpaBJieHHl! KOJq>q>HI~HeHTaMH ycnJieHHl! IIH.[(-peryJil!TOpa). 

IloJTOMY MeTO,llOJIOrH'leCKH B ,11aHHOll. KHHre B CHJIY HHTeHCHBHOro rrpHMeHeHHll B 

Ka11ecrne HCXO,llHOro rrpHMepa BbI6paH IIH.[(-peryJIHTOp, a ,11aHHblll. 6JIOK BbI,lleJieH HK HeMy 

IIpHMeHeH TepMHH «3aKOH yrrpaBJieHHll». OTMeTHM, 'ITO MHOrne peryJillTOpbl co 

CKOJib3l!IIIHMH pe)KHMaMH, CAY c rrepeMeHHoii. CTPYKTYPOii, .11po6Hb1e peryJIHTOpbI 

(fractional HJIH noninteger order controllers) n .!IP- 6hmn nccJie,110BaHbI aBTopaMn ,11aHHOii 

pa60Tbl. EbIJIO IIOKaJaHO, 'ITO OHM TaK)Ke Jq>q>eKTHBHO rrpoeKTHPYKJTCll pa3pa60TaHHOll 

TeXHOJiorneii, rrpe,llCTaBJieHHOll Ha pnc. 1.1. IIpocTOTa qJH3H'leCKOll peaJIH3aQHH 

crrpoeKTHpOBaHHb!X 3aKOHOB yrrpaBJieHHll .!IJlll HCIIOJIHHTeJibCKOro ypOBHll COBMeCTHO C 

IIOBb!IIIeHHb!M «ypOBHeM HHTeJIJieKTYaJibHOCTH» H .11aeT He06X0.11HMblll. TeXHH'leCKHll Jq>q>eKT: 

He pmpyweHue ucno1mumenbcK020 ypo6HR c 2apaHmupo6aHHou 3rjJrjJeKmU6Hocmb10 u 

HaOe:JICHOCmbJO ynpa6lleHUR 3a C'lem n06blUJeHUR ypo6HR UHmeJUleKmyaJlbHOCmU 

mpaOUlJUOHH020 pe2y.rmmopa. 
OTMeTHM n KpaTKO OIIHIIIeM OCHOBHbie JTaIIbl HT rrpoeKTHpOBaHHl! po6aCTHb!X E3, 

rrpe,llCTaBJieHHOll Ha pnc. 1.2. 

Ha rrepBOM :narre (D rrpoeKTHpOBaHml C IIOMOII:(blO TeXHOJIOrHH MRrKHX Bbl'IHCJieHHll 

(6JIOK OE3) qiopMHpyeTCll KOHe'IHOe MHO)KeCTBO E3 .1IJill KOHKpeTHb!X cnryannii yrrpaBJieHHll, 

OTMe'leHHbie Ha pnc. 1.2 Bb!HOCKOH. «O6y>1aIOII:(He CHTyaQHH yrrpaBJieHHll». Ha ,11aHHOM JTaIIe 

peIIIaeTcl! 3a,11a11a qiopMnpoBaHHll 11acTn11Hoii po6acTHOCTH I-ICY, rrpn Kornpoii. I-ICY 

Bb!IIOJIHlleT 3a,lla'IH yrrpaBJieHHll .!IJlll 3a,llaHHOro KJiacca CHTyannii yrrpaBJieHHll. Borrpoc 

qiopMHpOBaHHll CBOHCTBa rno6aJibHOll po6aCTHOCTH I-ICY (o603Ha'leH Ha pnc. 1.2 Bb!HOCKOH. 

Borrpoca) cocrnBJil!eT rrpo6JieMY, KOTOPYIO peIIIaeT ,11aHHal! HT rrpoeKTnpoBaHHll. 

IIocJie,110BaTeJibHblll. rrepexo.11 (oT 'laCTH'IHOll K rno6aJibHOll po6aCTHOCTH) rrpHBO,llHT K 

rrponeccy rrpoeKTnpoBaHHll KBaHTOBOro HP C HCIIOJib30BaHHeM KBaHTOBb!X ClpaTernii. B 

He'leTKOM JIOrH'leCKOM Bb!BO,lle (B BM.lie KBaHTOBoro He'leTKOro Bb!BO,lla - KHB, 

o6o3Ha'leHHblll COOTBeTCTBYKJII:(eii. Bb!HOCKOH Ha pnc. 1.2). PeaJIH3aQHll ,11aHHOro rrepexo.11a 

OCylI:(eCTBJilleTCll Ha :narrax (II), (III) H (IV) COOTBeTCTBeHHO. IIocJie IIOJiy>!eHHll pe3yJibTaTOB 

pa6oTbl KHB 6JIOK r A qiopMnpyeT KOJq>q>HQHeHTbl IIIKaJIHpOBaHHll .!IJill 06061I:(eHHb!X 

HOpMHpOBaHHblX KOJq>q>HQHeHTOB ycHJieHHH IIH.[(-peryJIHTOpa. PeJyJibTaThl (ii) E Jrnrry (II) 
H (iii) E JTarry (III). OcTaJibHbie II0,113TaIIbl rrponecca rrpoeKTHpOBaHHH IIOKaJaHbl 

COOTBeTCTBYKJIIIHMH Bb!HOCKaMH Ha pnc. 1.2, HHTeprrpeTaQHll KOTOpb!X rrpe,llCTaBJieHa HH)Ke. 

Ilponecc rrpoeKTHpoBaHHH caMoopraHH3aQHH po6aCTHb!X E3 B Herrpe,llBH,lleHHblX 

cnryaQHHX yrrpaBJieHHll peaJIH3YeTCH C)'MMapHb!M .11eiicTBHeM rrepe11HCJieHHb!X JTaIIOB 

rrpoeKTHpOBaHHl!. 
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CTPYKTYPhI po6acTHbIX I-ICY, ocHoBaHHhie Ha pa3pa6oTaHHoii TexHoJiornn 

rrpoeKTHpOBaHHll (cM. pnc.1.2), IIOKaJaHbl Ha pnc. 1.3. 
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OTMeTIIM HeK0TOpbie oco6eHHOCTM o603HaqeHMH Ha pMC. 1.3. ~BycmpOHHfill CTpeJIKa 

«IlpOH3B0.!ICTBO JHTp0IIMM)) Ha pMC. 1.3(6) 03HaqaeT rrpouecc BblqMCJieHIDI rrp0M3B0.!ICTBa 

JHTp0IIMM CMrHaJiaMM X M u, qTo JKBMBaJieHTH0 HaJIMqmo 6JIOKa BbJqMcJieHMH 

«IlpOM3B0.!ICTBO JHTp0IIMM)) B o6eMx CBH3HX. IlpOM3B0.!ICTBO JHTp0IIMM paccMaTpMBaeTCH B 

r A KaK o.11Ha M3 K0MII0HeHT !pyttKl(MM rrpMfO.!IH0CTII (KpMTepMii MMHMMyMa o6o6iueHHOH 

JHTp0IIMM, CM. HMlKe pMC. 1.7(a) M HBJIHeTCH TepMO.!IMHaMMqeCKOH BeJIMqMHOH. IloJTOMY B 

CYMMaTOpe Ha pMC. 1.3 BbIII0JIHHeTCH KoppeKTHaH orrepal(IDI C !pM3MqecKM 0.!IH0p0.!IHbIMM 

rrepeMeHHbIMM (B C00TBeTCTBMM C 3aK0HaMM TepM0.!IMHaMMKM 0TKpb!TbIX CMCTeM). IlpMMep 

rrpMMeHeHMH .11aHHOH orrepal(MM paCCM0TpeH HMlKe B rJiaBe 2. 

B M0.lleJIM KHB Ha pMC. 1.3(6) ocyiuecTBJIHeTCH H3BJieqeHMe KBaHT0BbIX 3HaHMH, 

CKpb!TbIX B KJiaCcMqeCKMX C0CT0HHIDIX, II0JiyqeHHbIX Ha Bb!X0.lle 6JIOKa «<l>opMMp0BaHMe 

o6neKTMBHblX 3HaHMH Ha 0CH0Be MHfKMX BbJqMCJieHMH)). B Herrpe.!IBM.lleHHblX CMTya11m1x 

yrrpaBJieHMH, KHB Ha ocHoBe peaKUMH rrp0.!IYKUM0HHbIX rrpaBMJI po6acTHbIX E3, 

crrpoeKTMp0BaHHbIX HP ( CM., HMlKe pMC. 1. 13 M 1. 18), ipopMMpyeT M peaJIM3yeT B peaJibH0M 

BpeMeHM 3aK0Hbl yrrpaBJieHIDI C yqeTOM HeJIMHeHHbIX !pH3MqecKMX M MH!pOpMal(MOHHb!X 

orpaHMqeHMii Ha ycJI0BMH ipyttKUMOHMpoBaHMH OY. B pe3yJibTaTe c rroM0JUbIO KHB 

po6aCTHOCTb HCY rrpoeKTMpyeTCH B 3aKoHax yrrpaBJieHIDI KOJ!p!pMl(MeHTaMM ycMJieHMH 

rrpocToro ITH~-peryJIHTOpa, BKJIJOqaJOIUMX 0TMeqeHHbie oco6eHHOCTM. B Kaqecrne 

MHCTpYMeHTapMH M0.lleJIMp0BaHMH rrp0.!IYKUM0HHblX rrpaBMJI E3 MCII0Jib3YIOTCH TeXH0JI0rHM 

MHfKMX M KBaHT0BbIX BbJqMcJieHMH. • 

r. l.{e!lb pa6ombl. B .11aHHOH pa6oTe paccMaTpMBaeTCH KBaHTOBblH aJiropMTM 

yrrpaBJieHMH caMoopraHH3al(Meii 3HaHMH M pOJib aHaJI0fOB !pH3MqecKMX (KBaHTOBbIX M 

TepMO.!IMHaMMqecKMX) 3ipipeKTOB B peaJIM3al(MM rrpouecca rapaHTMp0BaHH0ro .!I0CTIIlKeHMH 

orrpe.11eJieHH0r0 KaqecTBa yrrpaBJieHMH. IlpM JT0M 0CH0BH0e BHMMaHMe y.11eJIHeTCH 0IIMCaHMIO 

KaqeCTBeHHblX oco6eHHOCTeii 6MOJIOrMqecKH BOCIIpOM3BO.!IMMOH JB0JIIOI(MM 

caMoopraHM3auMM, 0CH0BHbie K0MII0HeHTbI KOTopoii 0IIMCbIBaIOTCH KBaHT0BbIMM 

orrepaTopaMM M C0CTaBJIHIOT co.11eplKaHMe pa3pa6oTaHHOH M0.lleJIM KBaHT0B0r0 aJiropMTMa 

yrrpaBJieHMH rrpoueccoM caMoopraHM3al(MM. PaccMaTpMsaeTCH 3a.llaqa po6acTHoro 

yrrpaBJieHIDI B Herrpe.11BH.11eHHb!X CMTyal(MHX Ha 0CH0Be KBaHT0BblX CTpaTernii rrpMHHTMH 

perneHMH B BM.lie MHCTpYMeHTapIDI KHB, KaK qaCTH0ro cJiyqaH pa3pa60TaHHOfO 

o6o6iueHHOro KBaHT0B0ro aJiropMTMa yrrpaBJieHMH caMoopraHH3al(Meii. B rJiaBax 2 M 3 

.11eM0HCTPMPYJOTCH pe3yJibTaTbl rrpMMeHeHMH TeXH0JI0rMM rrpoeKTMp0BaHMH po6aCTHbIX E3 B 

CTpYKType HCY (cM. pMc. 1.2 M pMc. 1.3(6). 

A llpwmaOHble acneKmb1. Propa6oTaHHb!H rrporpaMMHbIH MHCTpYMeHTapMii H0BbIX 

MHTeJIJieKTYaJibHbIX BbJqMcJieHMH (unconventional computational intelligence) peaJIH3YeT 

IIpMHUMII CaM0opraHH3aUHM E3 Ha 0CH0Be KBaHT0B0ro II0.!IX0.lla M ocyiuecTBJIHeT peaJIH3aUfflO 

TepM0.!IHHaMMqecKoro KpHTepIDI 0IITIIMaJibH0r0 C0OTH0IIIeHIDI KaqecTB yrrpaaJieHIDI, TaKHX KaK 

ycroiiqnBoCTb, yrrpaBJIHeM0CTb M po6aCTHOCTb. Bse.11eHHbIH B .llaHHOii KHHre KA HBJIHeTCH 

H0BbIM KBaHT0BbIM II0MCK0BbIM aJifOPHTM0M. PerneHMe 3a.llaqn rrpoeKTllp0BaHIDI po6aCTHoro 

yrrpaBJieHIDI OY (JIOKaJibHO MJIH rJI06aJibHO HeyCTOttqHBbJM M cyiuecrneHH0 HeJIHHeHHbIM), C 

BeKTopHbIM KpHTepMeM KaqecrBa yrrpaBJieHHH, paccMarpMBaeTCH B .11aHHoii pa6oTe B Kaqecrne 

IIpMMepa (Benchmark) 3ipipeKTIIBHOro MCII0Jib30BaHIDI pa3pa6oTaHHOH HH!pOpMaUHOHHOH 

TeXH0JI0IBH rrpoeKTllp0BaHIDI (cM. rJiaBy 2). 

HMlKe, MJIJIIOCTpMpyeTCH B03M0lKH0CTb 3ipipeKTMBHOro rrpMMeHeHIDI TeXH0JI0rHM 

KBaHT0Bb!X BbJqMCJieHMH, B qacTH0CTM, .!IJlH perneHMH TaKMX aJiropMTMMqecKM Hepa3peIIIMMblX 

3a.11aq KJiaccMqecKMMM MeT0.llaMM KaK rrpoeKTMp0BaHMe rJI06aJibHOH po6aCTHOCTM HCY B 

ycJI0BMHX Herrpe.11BH.11eHHbIX CMTyal(MH yrrpaBJieHMH. Ilo.11 KJiaCcMqecKMMM MeT0.llaMM 

II0.!1Pa3YMeBaIOTCH MeT0.llbl peKyppeHTHOH CTOXaCTMqecKOH 0IITMMM3al(MM M .11p., BX0.!IHIUMe, 
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HarrpttMep, B rrp0MbIIIIJieHH0e rrporpaMMH0e o6ecrreqeHMe II0MeplKKM CMCTeMbl 

irnlKeHepHbIX pacqeroB TMlla MatLab / Simulink. 

E. MemoooJ1ozW1 u pe:1yJ1bmamb1 ucCJ1eooeaHW1. O6cYlK.llaeTCH poJih, oco6eHHOCTM M 

MeT0.!I0JI0rMH 11pMMeHeHID1 KBaHT0Bb!X BblqMcJieHMH B 3a.llaqax 11poeKTMp0BaHID1 po6aCTHbIX 

HCY B ycJI0BMHX Herrpe.11sn.11eHHbIX CMTyaunii yrrpasJieHIDI. Pa3pa6oTaHHbIH KA yrrpaBJieHIDI 

caMOOpraHM3al(Meii co.11eplKMT KaK qaCTHbIH cJiyqaii M0.lleJib KHB H aJiropMTM yrrpaBJieHMH 

caMOopraHH3al(Meii po6aCTHbIX E3. D;eJibIO 11pMMeHeHMlI KA yrrpaBJieHMH caMoopraHM3al(Meii 

E3, HCII0Jib3yeMoro B K0HType yrrpaBJieHIDI, lIBJIHeTCH BbIII0JIHeHMe BBe.11eHH0ro 

TepM0.!IMHaMMqeCK0ro KPMTepMlI (B BM.lie MMHMMYMa o6o6iueHHbIH JHTp0IIMM B 

ycTaH0BJieHH0M C00TH0IIIeHMM MelK.lly TaKMMM KaqecTBeHHbIMM xapaKTepMCTMKaMM 

yrrpaaJieHIDI KaK ycToiiqMBOCTb, yrrpaaJIHeM0CTb M po6aCTHOCTb). Ha 11pMMepe cyiuecTBeHH0-

HeJIMHeHHOro M mo6aJihHO HeycmiiqMBOro o6oeKTa yrrpaBJieHMlI paccM0TpeHo rrpMMeHeHMe 

KA yrrpaBJieHIDI caMoopraHM3al(Meii K perneHMIO 3a.11aqM BeKTOpHOH 0IITMMM3al(MM Ha 0CH0Be 

rrpHHl(Mlla .11eK0MII03Ml(MM E3 (cM. rJiaBY 2). 

Ha110MHMM HeK0Topbie oco6eHHOCTM TexHoJiornii HB .11JIH 11poeKTMpoBaHMlI HCY. 

1.2. TexHOJIOrHM HB B npo1.1eccax rrpoeirrMpoaa11MH HCY 

B Tpa.!IMl(M0HHbIX ucqMcJieHMlIX 110 K0JIHqecrneHH0MY pe3yJibTaTY qMCJieHH0ro 

aJir0pMTMa ocyiuecTBJilleTClI C00TBeTCTBYJOJUaH 0l(eHKa KaqecTBeHH0ro CBOHCTBa 

MCcJie.11yeMoro o6neKTa. JioruqecKM oueHKa KaqecTBa B o6iueM cJiyqae M0lKeT 6bITb 

ocyiueCTBJieHa TOJibKO B K0HI(e K0JIMqecTBeHHbIX BbJqMCJieHMH, a .!IJllI aJiropHTMMqecKM 

Hepa3peIIIMMbIX qucJieHHb!X 11po6JieM (CJIOlKHOCTb aJiropMTMa 110 KOJIMoropoBy), qacTo 

lICK0MalI 0l(eHKa He .!I0CTMlKMMa. OCHOBOH HB lIBJilIIOTClI He TOJibKO qucJI0Bbie IIIKaJibI (KaK B 

Tpa.!IMl(M0HHb!X BbJqMcJieHIDIX), HOM KaqecrneHHble xapaKTepMCTMKM MCCJie.11yeMoro o6'beKTa. 

D;eJibIO M. B03M0lKH0CTbIO HB lIBJIHeTClI He11ocpe.11crneHH0e 011pe.11eJieHMe KaqecTBeHHb!X 

xapaKTepMCTMK o6neKTa, aJiropHTMMqeCKlI 011epMpyH II0CJie.!IHlIMM TaKlKe KaK Ha qHCJI0BblX 

IIIKaJiax. KoJIMqecTBeHHbie 0l(eHKlI o6'beKTa M0lKH0 II0JiyqMTb M3 KaqecTBeHHbIX 0l(eH0K 

o6paTHbIM OTo6palKeHHeM IIIKaJI. MllrKMe M KBaHT0BbJe BbJqMCJieHMlI lIBJilIIOTCH rrpMMepaMM 

TaKMX HCqMcJieHMH. 

IlpM JT0M C II0M0JUblO KBaHT0BblX BbJqMcJieHHH MH0rMe KJiaCcMqecKHe 3a.11aqM Moryr 

6b!Tb perneHbl c JKCIIOHeHl(MaJI.bHblM ycKopeHHeM MJIM perneHbl aJiropMTMMqecKH 

Hepa3peIIIMMbie KJiaccuqecKue 3a.11aqM. 

TaK, HallpHMep, .!IJI.ll orrpe.11eJieHMH KaqecTBeHHOH xapaKTepMCTlIKH !pyttKl(MM 

(IIOCTOlIHHaH lIJIM 6aJiaHCMPYJOIUalI .!IJllI qerb1pex 3HaqeHMH aprYMeHTa) B Tpa.!IMI(M0HH0M 

110.11xo.11e rpe6yeTClI qeTbipe rnara qucJieHHb!X 011epa11uii, B T0lKe BpeMH KBaHTOBbIH aJiropMTM 

~eiiqa 011pe.11eJIHeT .11aHH0e Kaqecrno MCCJie.11yeMOH !pyttKl(MM 3a 0.lllIH mar. AJiropMTM Illopa 

pernaeT 3a.11aqy ipaKTOpM3al(MM 3a.11aHH0ro qMcJia C JKCIIOHeHl(MaJibHOH CK0p0CTbIO 110 

0TH0IIIeHMIO K JiyqIIIeMy lI3BeCTH0MY aJiropMTMY, a IIPM yaeJIMqeHMM .!IJlMHbl qMcJia pernaeT 

aJiropMTMMqecKM Hepa3peIIIMMYJO 3Maqy C IIOJIMHOMMaJibHOH CJI0lKH0CTbIO. AJiropMTM 

rpoaepa ocyiuecTBJIHeT II0lICK perneHIDI B HeCTpYKTYPHP0BaHHb!X .11aHHbIX C KBa.11paTHqHoii 

CK0p0CTbIO. 

HeqeTKMe MH0lKecrna, BBe.11eHHbie B 1965r. JI. 3a.11e, II03B0JIHIOT paCIIIMplITb 

(MHOfOBeKOBOe) 011pe.11eJieHMe caMoro qucJia M BBeCTM MH0lKeCTB0 H0BbIX IIIKaJI 

KaqecTBeHHbIX xapaKTepHCTMK, K0TOpbie HeB03M0lKH0 orrpe.11eJIMTb MeT0.llaMM KJiaccMqecKMX 

lICqlICJieHIIH. TaKHe HCqMCJieHIIlI 0TKpbIBaIOT H0BbJe B03M0lKH0CTlI .!IJllI Te0plIII M 

11poeKmpoBaHMH HCY. 

HeCTaH.11apTHbie JI0rlIKM, lICII0Jib3yeMbie B 0CH0Be HB lI BbIB0.llbl, II0JiyqeHHble C MX 

DpIIMeHeHIIeM B 3a.11aqax rrpMHlITIDI peIIIeHMH lI yrrpaBJieHIIlI, qaCT0 rrpIIB0.!IHT K MHIIMbIM 
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«rrapanoKCaM» II rrp0TIIB0peqmo C lIHT)'llTIIBHb!Mll rrpenCTaBJieHlli!Mll lIH)KeHepa

IICCJie)J;0BaTeJUI 06 Q)Kll)J;aeM0M peJyJibTaTe. CaM TepMIIH <<HeCTaHnapTHa,:J)) JI0fIIKa ~e 

BKJIJoqaeT TaKYJO CIITyau;mo, a ero BBeneHIIe o60CHOBaHO CTPeMJieHIIeM peIIJaTb 3anaq11, He 

pernaeMbie cyrneCTBYJOIIJIIMll TeXH0JI0flli!Mll BbJqllcJieHIIH. K TaKIIM TeXH0JI0fHJIM HB 

0TH0CJITCJI MJlrKIIe II KBaHT0BbJe BbJqllcJieHIIJI, IICII0Jib3YeMbie B naHHOH pa6oTe )];JUI 

rrpoeKTIIp0BaHIIJI po6aCTHbIX E3 B ycJI0Blli!X Herrpe)J;Bll)J;eHHbIX CIITyau;11il: yrrpaBJieHIIJI. 

IlpIIMeHeHIIe H0BbIX TeXHOJIOflIH B IIH)KeHepHOH npaKTIIKe Te0pIIII II ClICTeM qacT0 

CTaJIKIIBaeTCJI C rrpo6JieMaMII rrpeonoJieHIIJI I1Hepu;1111 «rrparMaT11qecKoil:» lIHT)'llIIIIII II 

lIH)KeHepHoil: <p11Jiocoqm11. TaK rrp0IICX0)J;lIJI0 B cepen11He 70-x fO)J;0B rrpoIIIJI0f0 CT0JieTIIJI 

rrpII BHenpeHIIll B IIH)KeHepHYJO rrpaKTIIKY imeil: MJlfKIIX BbJqlICJieHIIH Ha 0CH0Be Te0pIIII 

HeqeTKIIX MH0)KeCTB B BII)J;e HeqeTKIIX ClICTeM yrrpaBJieHIIJI. 

PaCCMOTPIIM KpaTK0 MeT0)J;0JIQrnqecKIIe oco6eHHOCTII C0BMeCTH0ro rrpIIMeHeHllil 

TeXHOJIOrnil: MJlfKIIX II KBaHT0BblX BbJqIICJieHIIH. 

1.2.1. TexHOJIOflIH MHnrnx BhJqHCJieHHH 

O6o6IIJeHHe rroHJITllil =CJia 3a cqcr BBeneHllil cy6oeKTIIBHOil: KaqecrneHHoil: IIIl(aJibJ (11 

OT06p=emUI B Hee B Bime JIIIHfBIICTllqecKOH arrrrpoKCIIMau;IIII ero KOJIHqeCTBeHHOH 

xapaKTepIICTllKH) IIpIIBeJI0 K 30-JieTHeil: )];l!CKyccrm c rrpencrnBHTeJIJ!Mll HayqHoil: IIIl(QJibl TeopIIII 

Bepmrrnocreil:. K TaKHM TPYJJ:H0CTHM OTH0CHTCJI, HarrpIIMep, K0ppeKTH0e orrpeneJieHHe IIOlli!TllH 

<pyttKIIllll IIpllHa)];Jle)KH0CTll, JiornqecKHe B3aHM00TH0llleHllil <<HeqeTKllJIICJiyqaHHaJI BeJIII=a» II 

np. OcHOBOH TeXH0JI0fllll MJlfKllX Bbfql!CJieHHil: JIBJIJleTCJI Hel/emKWI JIOZUKa, B KOTOpoil: He 

IICII0ffi,3YeTCJI 3GKOH UCKJIIOl/eHWI mpembeZO. '.:ho IIpIIB0)];l!T K HeCTaH)];apIB0MY Bb!B0JJ:Y 0 

B03M0)KH0CTll 0)];H0BpeMeHH0ro paCCM0TPeHllil, HarrpHMep, =CJia 10 Ha IIIl(aJie [O, 100] KaK 

JIIIHfBIICTHqeCKOH rrepeMeHHOH «60JlblUOU)) llJill (<M{lfleHbKUU)) C p=bIMll 3HaqeHHHMll 

<pyttKIIllll rrpHHa)];Jle)KH0CTll Ha 3aJJ:aHHoil: KaqecrBeHHoil: JIIIHrBIIcrnqecKoil: IIIl(aJie. ToJibKO 

rrpaKTHqecKoe rrp11MeHeHHe HeqeTKHX CAY KJiacc11qecKHMH OY pmoJ1CH1IJI0 11 cHJ1Jio 

pa3H0rnacllil 11 TPYJJ:H0CTll orrpeneJieH!IH llH)];l!Bll)J;yaJibHbIX 11 MaCCOBblX co6brmil:, orrepau;IIII 

ocpe)];HeHllil II ll3BJieqeHllil llH<pOpMau;IIII II T.II. . 

8 pe3yJibTaTe HeqeTKIIe M0)J;eJIII JI0rIIqecKoro Bb!B0)J;a B <pa30B0M rrp0CTPaHCTBe 

JIIIHfBIICTIIqecKIIX rrepeMeHHblX II03B0JIIIJIII pa3pa6oTaTb HeqeTKIIe HCY, 3<p<peKTIIBHO 

peIIIa!OIIJIIe 3a)];aq11 yrrpaBJieHIIJI B ycJI0BIIJIX cyrneCTBeHHOH HeorrpeneJieHH0CTII IICXO)J;HOH 

IIH<pOpMau;1111, CJia6oil: <pOpMaJIII3aIJ;IIII 0IIIICaHIIJI OY' HeqeTK0CTll u;eJieil: yrrpaBJieHIIJI. OnHoil: 

113 0CH0BHbIX rrpo6JieM rrpaKTIIqecKoro II 3<p<peKTIIBHOro rrpIIMeHeHIIJI TeXH0JI0fllll MJlfKIIX 

BbJqIIcJieHIIH B 3anaqax yrrpaBJieHIIJI JIBJIJIJI0Cb perneHIIe CJie)J;yi<>IIJIIX 3anaq; (a) o6oeKTIIBHOe 

orrpeneJieHIIe BII)J;a <pyHKIIIIII rrpIIHa)];Jle)KHQCTII II ee rrapaMeTP0B B rrp0JJ:YKIIII0HHbIX 

rrpaBIIJiax E3; (6) orrpeneJieHIIe OIITIIMaJibHOH CTPyKTYPbI HeqeTKIIX Heil:pOHHbIX ceTeil: 

(HHC) B 3anaqax o6yqeHllil (arrrrpoKCIIMaIIIIJI o6yqaIOIIJero cIIrnaJia (OC) c TPe6yeMoil: 

0IIIII6Koil: II C MlIHIIMaJibHbIM K0JIIIqecTB0M rrp0JJ:YKIIII0HHbIX rrpaBIIJI B E3); (B) rrp11MeHeH11e 

reHeT11qecKoro aJir0pllTMa (r A) B 3a)];aqax MH0fOKpIITepIIaJibH0f0 yrrpaBJieHIIJI II HaJI11q1111 

orpaH11qeH11il: Ha rrapaMeTPbI OY; II np. 

IIepeqIICJieHHbie rrpo6JieMbl 6b!JIII perneHbl II arrpo611poBaHbl Ha 0CH0Be 

pa3pa60TaHHOro 0llTIIMll3aTOpa E3 (OE3) C rrpIIMeHeHIIeM TeXH0JI0fllll MJlfKIIX BbJqIIcJieHIIH. 

Pmpa6oTaHHblH IIHTeJIJieKTyaJibHbIH lIHCTPYMeHTapIIil: II03B0JIIIJI rrpoeKTIIp0BaTb po6aCTHbie 

E3 Ha 0CH0Be perneHllil O)J;HOH 113 aJiropIITMIIqecKII TPYJJ:H0 pernaeMbIX 3anaq TeopIIII 

lICKYCCTBeHH0ro lIHTeJIJieKTa - II3BJieqeHllil, o6pa6oTKll II <popMIIpOBaHIIJI o6beKTHBHbIX 

3HaHIIH 6e3 lICII0Jib30BaHIIJI 3KCrrepTHbIX ou;eH0K. .[(aHHa,:J 3a)];aqa rronpo6HO 6brna 

paCCM0TPeHa B pa6oTe aBT0p0B, B KOTOpoil: rrpIIBe)J;eHbl 0IIIICaHIIe CTPYKTYPbl OE3, 

pernaeMbie 3anaqII 0IITIIMII3au;1111 II naHa II0CTaH0BKa 3anaq11. CornaCHO pIIC. 1.2, Bb!X0)J;Hble 

naHHbJe II3 OE3 Ha 3Tarre I JIBJUIIOTCH BX0)J;Hb!MII naHHb!Mll )J;JIH 3Tarra II, lICII0Jib3YJOIIJero 
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KHB )];JUI rrpoeKT11poBaH11J1 po6acTHb1x E3. Ilo3TOMY 0TMeTIIM HeK0Topb1e oco6eHHOCTII OE3 

Ha 3rnrre I. B pa3pa6ornHHOM orrTIIMII3aTope 11crroJib3YJOTCJ1 TPII r A. <l>11311qecK11 rrepBbiil: r A 

ocYIIIeCTBJIHeT 0IITIIMII3aIJ;IIIO JIIIHfBIICTIIqecKIIX rrepeMeHHbIX B JieBOH qacTII 

rrp0JJ:YKIIII0HH0ro rrpaBllJia TIIIIa <<ECJIU A ... » (CM. Hll)Ke p11c. 1.3), YCTPaHHeT ll36b!TOqHQCTb 

IIH<pOpMaIIIIll B o6yqaeMOM CllrHaJie II peaJIII3yeT BbI6op OIITIIMaJibHOH M0IIJH0CTII TepM

MH0)KeCTB JIIIHfBIICTIIqecKIIX rrepeMeHHbIX K0MII0HeHT B o6yqaeMOM CIIrHaJie. BTopoil: r A 

ocYIIIeCTBJU!eT 0IITIIMII3aIJ;IIIO 6a3bl rrp0JJ:YKIIII0HHblX rrpaBIIJI II peaJill3YeT BbJ6op 

0IITllMaJibHbIX rrapaMeTP0B rrpaBbIX qacTeil: rrp0JJ:YKIIII0HHbIX rrpaBIIJI TIIIIa « ••• TO B». 

TpeT11il: r A ocyrnecrnJUieT nacTPoil:Ky E3. IIp11MeHeH11e nannblx r A rro3BoJUieT 

crrpoeKTIIp0BaTb, KaK CJie)J;CTBIIe, 0IITIIMaJibHYJO CTPYKTypy HHC (BIi)]; <pyHKIIIIH 

rrp1rna)];Jle)KHQCTII II IIX rrapaMeTPbI, K0JIIIqecTB0 BHYTPeHHIIX CJI0eB II np.), 

arrrrpoKCIIMIIPYJOIIJeil: OC c TPe6yeMoil: onrn6Koil:. 

P11c. 1.4 II0Ka3bIBaeT pe3yJibTaT rrpIIMeHeHIIH BT0poro rA )];JIJI 0IITllMll3aIJ;llll 

K0JIIIqecTBa rrp0JJ:YKIIII0HHb!X rrpaBIIJI rrpII arrrrp0KCIIMaIJ;llll CllfHaJia o6yqeHllil C 3a)J;aHHOH 

OIIIII6Koil: arrrrpoKCIIMaIIIIII. 

IE,".;;~~~~~;!{: 
(~;TIIIMH38l,IHJI KOn~'tecnsa npae...,;-'1 
: ocylJ.leCTBnHeTCJI npH AOCTtDKeHHM : 
: 38.AaHHoH owHOKH annpoKCMMattHM I 
t C noMOIJ.lblO rA2 : 
,_ ',, __ .,. ... --' __ ... 

f napBM8T-pbl : 

: BblXOAHOro : 
I CMrtfana I -----r----.1 ______ _, 

Puc. 1.4. IlpnMep 0IITIIMil3au;nn K0Jmqecrna rrp0JJ:YKIIII0HHbIX npaBIIJI npn arrnp0KCIIMau;nn cnrna.rra 

, o6yqeHHH c 3anaHHoii: onm6Koii: annpoKCHMau;nn 

P11c. 1.5 neM0HCTPIIpyeT pe3yJihTaT pa6oTbI BT0poro r A B OE3 rrp11 rrpoeKTIIpoBaHIIII 

3aK0H0B yrrpaBJieHIIJI K03<p<pIIIIIIeHTaMII ycllJieHllil HeqeTKoro IIH.[(-peryJIHTOpa, 

lICIT0Jib3YeMbIX B rrpIIMepe M0)J;em1poBaHlli1 ClICTeMbl «KapeTKa -Ma,:JTHIIK», paccM0TPeHH0M 

B rJiaBe 2. 

O6oe)J;IIHeHIIe MeT0)J;OJIOflIH CT0XaCTIIqecKoro 11 HeqeTK0r0 M0)J;eJIIIp0BaHllil HCY B 

liHCTPYMeHTapllll (paJpa6oTaHHOf0 aBTOpaMII) OE3 Il03B0JIIIJI0 II0BblCIITb po6aCTHOCTb 

rrpoeKTIIpyeMb!X E3 II peIIIaTb CJI0)KHbJe 3anaq11 <jJopMIIpOBaHllil o6beKTIIBHbIX 3HaHIIH. 

OnHaKo, rrpII cyrnecTBeHH0M ll3MeHeHIIII IIJIII HerrpeJJ:Bll)J;eHHblX CIITyau;IIHX yrrpaBJieHllil, 

crrpoeKT11poBaHHbie 3aK0Hbl yrrpaBJieHllil, He BCerna coxpaHHIOT CBOHCTBO po6aCTHOCTII. 

.[(aHHblil: 3<p<peKT orrpeneJUieTCH <pyHKIIIIOHaJibHoil: CTPyKTypoil: r A, B K0TOpoil: (no 

orrpeneJieHIIIO) rrp0CTPaHCTB0 IT0IICKa peIIIeHIIH <pIIKCIIpOBaHO II 3anaeTCJI 3KCrrepT0M, a 
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TaIOKe BbI6opoM qlYJIKI.(1111 rrpIIro,l.lHOCTII, KOTOpa» paccMaTpIIBaeTCH KaK KpIITep11ii: 

OIITIIMaJibHOCTII yrrpaBJieHIIH. 

MHeHIIe JKCIIeprn rrpOHBJIHCTCH, B o6IIJeM cJiyqae, B ero OIIbITe KOppeKTHOfO 3a,1.1aHIIH 

rrpocrpaHCTBa IIOIICKa r A II 3HaHIIII BII,l.la <pYJIKI.(1111 rrpIIfO,l.lHOCTII. TaKIIM o6pa30M, perneH11e, 

Haii:,1.1eHHOe rrpII IIOMOIIJII TeXHOJIOfllll MHrKIIX BbJqIICJieHIIH (Ha OCHOBe r A), OIITIIMaJibHOe; 

OHO COOTBeTCTByeT 3a,l.laHHOH CIITyaI.(1111 yrrpaBJieHIIH II co,1.1ep)I(IIT (B HeHBHOM B11,l.le) 

cy61,eKTIIBHOCTb IICXO,l.lHOH IIH<pOpMal(IIII. Ilp11 HerrpaBIIJibHOM orrpe,1.1eJieHIIII rrpocrpaHCTBa 

IIOIICKa II <pYJIKI.(1111 rrp11ro,1.1HOCTII perneHIIe MO)I(eT Hea,l.leKBaTHO COOTBeTCTBOBaTb 3a,1.1aHHOH 

c11ryal(IIII yrrpaBJieHIIH. 

■ t;ort(em{ll:ltmo(tmrnirl'I' ,,>t;w,, ,.,_.. ___ ,, 

Ee A,n<n~ 

[)~Iii···.·:• 
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P11c. 1.5. Ilp1rnep npoeKTIIpOBaHIIH 3aK0H0B yrrpaBJieHIIH K03ipiplll\IIeHTaMII yc11JieHIIH HeqeTKOro 

IIII):(-peryJIHTOpa C 3a.11aHHOH onm6Koii armpoKCIIMal(IIII oc 

OTMeTIIM, qTO perneHIIe 3a,1.1aq11 rrpoeKTIIpoBaHIIH CA y ,l.lJIH HeIIITaTHbIX CIITyal(IIH C 

IIOMOIIJbIO ,l.lOII0JIHIITeJibHbIX KOppeKTIIpyIOIIJIIX K0HTypOB yrrpaBJieHIIH BOCXO,l.lIIT K cepe,l.lIIHe 

80-x fO,l.10B rrpoIIIJioro CTOJICTIIH II rrpIIBO,l.lIIT K IIOHBJieHIIIO II36bJTOqHOCTII IIH<pOpMal(IIII B 
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KOHTypax yrrpaBJieHIIH. KaK CJie,l.lCTBIIe, JTO rrpIIBO,l.lIIT K CHII)I(eHIIIO Ha,l.le)I(HOCTII CA y. 
OTMeTIIM TaIOKe, qTQ COBpeMeHHbie IIM~-peryJIHTOpbl Bee qaIIJe Ha rrpaKTIIKe peaJIII3yIOTCH 

rrporpaMMHbIM rryreM II Ha HOBOH COBpeMeHHOH JJieMeHTHOH 6a3e (cIIIIHTpOHIIKa). IlOJTOMY 

o6Jia,l.laIOT IIOBbIIIIeHHOH Ha,[le)I(HOCTbIO. 

~aHHbIH BOrrpoc 6bIJI rro,1.1po6Ho IICCJie,l.lOBaH B pa6ornx MHOrIIX aBTOpOB. 

IIpoeKTIIpOBaHIIe yrrpaBJieHIIH B CJIO)I(Hb!X CIITyal(IIHX rrpOCTbIM IIM~-peryJIHTOpOM C 

II0BbIIIIeHHblM ypOBHeM IIHTeJIJieKTyaJibHOCTII C IIOMOIIJbIO TeXHOJIOrIIH MB II HBJIHeTCH 

O,l.lHIIM 113 B03MO)I(HbJX perneHIIH TaKIIX 3a,1.1aq. IloJToMy ,l.lJIH IIOIICKa OIITIIMaJibHbIX perneHIIH 

,l.lJIH TaKIIX CIITyal(IIH yrrpaBJieHIIH rpe6yeTCH rrpIIBJieqeHIIe H0BbIX TeXHOJIOfIIH MB, TaKIIX 

KaK TeXHOJIOrIIII IIHTeJIJieKTyaJibHbIX KBaHTOBbIX II MHrKIIX Bb1q11cJieHIIH. 

CJie,1.1yer OTMeTIITb, qTo TeXHOJIOrIIH MHrKIIX BbJq11cJieHIIH ~e J<p<peKTIIBHO 

rrp11MeHHeTCH B 3a,1.1aqax yrrpaBJieHIIH KBaHTOBbIMII OY. O,1.1HaKO ,l.10 HaCTOHIIJero BpeMeHII 

rrp11MeHeH11e KBaHTOBbIX BbJq11cJieHIIH ,l.lJIH J<p<peKTIIBHOfO peIIIeHIIH KJiacc11qecKIIX 

aJir0pIITMIIqecKII Hepa3peIIIIIMbIX 3a,1.1aq Teop1111 II CIICTeM yrrpaBJieHIIH CTaJIKIIBaJIOCb C 

yrBep)I(,l.leHIIeM IO. MaHIIHa II P. <l>eii:HMaHa (BBe,l.leHHOfO B HaqaJie 80-x ro,l.lOB rrpoIIIJioro 

CTOJieTIIH) 0 He06XO,l.lIIMOCTII rrpIIMeHeHIIH KB_aHTOBbIX Bbiq11cJieHIIH K perneHIIIO TOJibKO 

KBaHTOBblX 3a,1.1aq_ 

1.2.2. TexHOJIOrIIH KBaHTOBLIX BLJqIICJICHHH 

B Kea11moeoit Jl02UKe TeXHOJIOrIIII KBaHTOBbIX MB II KBaHTOBOH Teop1111 IIH<pOpMal(IIII 

He BbIIIOJIHHeTc» KJiacc11qecK11ii: 3GK0II iJucmpu6ymue11ocmu, qTo OTpa)I(aeT HOBbie 

(He06bJqHbie) HBJieHIIH TIIIIa HeKOMMyraTIIBHOCTII rrepeMeHHbIX, Heorrpe,1.1eJieHHOCTII II 

HeB03M0)I(H0CTII 0,l.lHOBpeMeHHOfO TOqHoro 113MepeHIIH na6JIIO,l.laeMb!X II .LIP- B KBaHTOBOH 

MeXaHIIKe. B pe3yJibTaTe He06bJqHbie HBJieHIIH ,l.lJIH KJiacc11qecKOH <pll3IIKII, TaKIIe KaK 

3arryraHHbie COCTOHHIIH (entanglement), TeJierropTal(IIH, CBepXIIJIOTHOe KO,l.lIIpOBaHIIe 

rrpIIBO,l.lHT K «rrapa,l.lOKCaM» II TPY.LIHOCTHM <pII3IIqecKOH IIHTeprrpeTal(IIII C II03111(1111 JIOrIIKII 

KJiacc11qecKOH <pll3IIKII. TaK, Harrp11Mep, ,l.lBe IIO,l.lCIICTeMbI, Ka)I(,l.laH 113 KOTOpbIX HaXO,l.lIITCH B 

CMeIIIaHHOM xaoT11qeCKOM C0CTOHHIIII (11 C OTJIIIqHoii: OT HYJIH IIH<pOpMal(IIOHHOH JHTpOIIIIeii:), 

rrp11 CJIIIHHIIII B e,l.lIIHyIO CIICTeMy o6pa3yIOT q11cToe ( C HyJieBoii: JHTpOIIIIeii: qJOH Heii:MaHa) 

3arryraHHOe COCTOHHIIe, 06mi.11aIOIIJee Bb!CIIIIIM ypOBHeM IIOpH,l.lKa ( J<p<peKT KBaHTOBOH 

CaMoopraHII3al(IIII). KBaHTOBaH cyrrepII03III.(IIH, COCTOHIIJaH 113 ,l.lByx KJiacc11qecKIIx 

63GUM0UCKJllO'IGIOU{UX JIOr11qeCKIIX COCTOHHIIH, II03B0JIHCT o6pa30BaTb 0,l.lHO e,l.lIIHOe 

COCTOHHIIe, co,1.1ep)I(a11Jee, HarrpIIMep, 0,l.lHOBpeMeHHO JIOr11qecKI1 rrpOTIIBOpeqaIIJIIe ((,Ila» II 

«Hern (KOT Illpe,1.111Hrepa). M3 ,l.lByx KJiacc11qecKIIX 0,l.lH06IITOBbIX COCTOHHIIH C IIOMOIIJbIO 

KBaHTOBOH KoppeJIHI.(1111 (KOTOpaH BbIIIIe KJiacc11qecKoii:) B03MO)I(H0 ,l.lOIIOJIHIITeJibHO (B 

3aBIICIIMOCTII OT BII,l.la KBaHTOBOH KOMMYJIIIKal(IIII) 113BJieqb eIIJe 6oJiee 0,l.lHOfO 611rn 

,l.l0IIOJIHIITeJibHOH IIH<pOpMal(IIII. 

KBaHTOBb!C crpaTer1111 rrpIIHHTIIH perneHIIH II03B0JIHIOT 113 ,l.lByx KJiacc11qecKIIX 

IlrpOKOB, 1;1e IIMeIOIIJIIX CTpaTer11ii: BbIIIrpbIIIIa B ,1.1aHHOH IIrpOBOH CIITyal(IIII, cqiopMIIpOBaTb 

IlrpOKa-rro6e,1.111TeJIH (J<p<peKT «IIappo11iJo»), IICIIOJib3yIOIIJero KBaHTOBblH IIO,l.lXO,l.l K 

perneHIIIO 3a,1.1aq11 (cM. I'JiaBy 3). 
TaKIIM o6pa30M, orr11caH11e Ha KBaHTOBOM H3bIKe IIOCTaHOBOK MHOrIIX KJiacc11qecKIIX 

(cJia6o CTpYKTYPIIPOBaHHbIX) IIH)I(eHepHbIX 3a,1.1aq (TPY.LIHO pernaeMbIX Ha H3b!Ke 

KJiacc11qecKOH JIOrIIKII) II03B0JIHeT HaHTII IIX J<p<peKTIIBHOe perneHIIe. O,1.1HaKO TaKOH IIO,l.lXO,l.l 

IIMeeT PH.LI oco6eHHOCTeii: rrp11 rrpaKTIIqecKOM rrp11MeHeHIIII B 3a,1.1aqax yrrpaBJieHIIH. B Teop1111 

KBaHTOBOH IIH<pOpMal(IIII II KBaHT0BbIX BbJq11cJieH11ii: IIOHHTIIIO q11cJia C0OTBeTCTBYIOT 

IlOHHTIIH 11a6J110oae.Moit II cynepno3UlfUU COCTOHHIIH ua6JIIO,l.laeMbIX KBaHTOBOH CIICTeMbl, a 

Heo6paTIIMOe 113MepeH11e ,l.laeT 0,l.lHO 113 B03M0)I(Hb!X COCTOHHIIH. 
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Puc. 1.6 ,!ICM0HCTpHpyeT qm3uqecKoe PaJJ]lfqlfe B onpe,!ICJICHHH BbJqlfCJIHTCJibH0ro 

6aJuca MlffKHX u KBaHT0Bb!X BbJqlfCJICHHii. 
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Puc. 1.6. <l>mnqeCKOe pa:iJmqne MelK,Lly HeqeTKIIM u KBaHT0Bb!M C0CT0llHIUIMII: 

a) cpaBHeHne HeqeTK0ro C0CT0llHilll II KBaHTOBOH cyrrepn03IIIJIIII; 6) C0CT0llHlfj! KBaHTOBOii 

cyrrepno3IIIJIIII C orpnIJaTeJibHOH aMIIJlIITY,!IOH BepollTH0CTII 
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lfa pnc. 1.6 (a) Blf,!IH0, qTQ HeqeTK0e C0CT0l!HHe qucJia HMCCT 06a 3Ha'lemm <pyttKIJHH 

npuHa,1IJIClKH0CTH Ha IIIKaJIC JIHHrBIICTHqecK0fO onncaHill! (npnHIJiln IICKmoqeHill! TpeTbero 

He BbITIOJIHlleTCll), a KBaHT0B0e C0CT0l!HIIC C0CT0HT Il3 06YX KJIGCCU'leCKUX cocmOJIHUU, 
KaqeCTBCHHb!C xapaKTepHCTHKH K0T0pb!X 3aK0,!1I1p0BaHbl B KBaHT0BbIX nepeMCHHbIX, 

CBl!JaHHb!X npIIHIJHil0M KBaHTOBOH JiornqeCKOii ,!I0il0JlHIITCJibH0CTII. IlpH '.HOM KBaHT0B0e 

cocT0llHIIC M0lKeT IIMeTb KaK Il0JI0lKIITCJibH0e, TaK II 0TpIII.(aTCJibH0e 3HaqeHilll aMTIJllfTY,!lbl 

Bepol!TH0CTH (CM. pnc. 1.6 (6)), qTo CYIIICCTBCHH0 0TJIIlqaeT KBaHT0BYJO Teopmo 

5epol!THOCTCH OT aKCII0MaTIIKH KJiaccuqecKoii Teopnn BepOllTHOCTeii KoJIMOropoBa. 

OTMCTIIM, qTo B03M0lKH0CTb CYIIICCTB0BaHill! ,!lalKe 0TPIII.laTCJibHblX 3HaqeHIIH 

KJiaCCHqecKOH BCp0llTH0CTII B KBaHT0BbIX 3anyTaHHb!X C0CT0llHlfl!X 6bma paCCM0TpCHa BO 

MH0rIIX pa6ornx no KBaHTOBOii MexaHIIKC. IlOJTOMY -rpa,!IIIIJII0HH0 B pa6ornx no KBaHTOBOH 

Te0pHII BepOllTHOCTeii o6cYJK,!laCTCll cpaBHCHIIC n 0TJIIlqne aKCH0MaTIIKII KoJIMOropoBa OT 

C00TBeTCTBYJOil-lIIX onpe;i;eJICHIIH KBaHTOBOii TeopHH. 

Bo3M0lKH0CTb C0BMCCTH0ro HCil0Jib30BaHilll BbJqIICJIIITCJibHblX 6a3IICOB, 

np0IIJIJI!OCTIJIIP0BaHHbIX Ha pnc. 1.6, npIIB0,!IIIT K H0B0MY Bil,!IY lIB - KBaHT0Bb!M MllrKHM 

BbJqlfCJICHlfl!M. 

IloJI0lKIITCJibHbie pe3yJibTaTbl npHMCHCHilll KJiaccnqeCKIIX TCXHOJIOrilii lIB (Tuna 

MllrKIIX BbJqlfCJICHilii) C0BMCCTH0 C annapaT0M KBaHT0BbIX BbJqIICJICHHii npIIBCJI0 K H0B0MY 

aJibTepHaTHBH0MY no;i;xo;i;y - npHMCHCHIIIO TCXH0JI0fIIII KBaHT0BbIX MllrKIIX lIB B 3a,11;aqax 

onTIIMil3aIJIIII npo11ecc0B yrrpaBJICHilll KJiaccuqecKIIMII OY ( <pIIJlfqeCKIIH aHaJI0r 

npnMeHeHilll o6paTHoro MeT0,!la nccJie,!loBaHill! «K6aHmo6aR cucmeMa ynpa6llemm -

KJ1accu'lecKuu OY»). · 
TaKoii Il0,!IX0,!I CYIIICCTBCHH0 paCIIIIlplleT B03M0lKH0CTII caMIIX lIB. 

1.2.3. IlocTauoBJrn Ja;i;aqH u OCOOCHHOCTII MCTO,!la pemeHIIH 

B ,!laHH0M pa3,!1eJie paCCM0TpeHa CJIC,!IYJOil-lall Ja;i;aqa: pa3pa60TaTb MeTO,!IOJIOrIIIO II 

ocHoBy lIT npoeKTHpoBaHilll caMoopraHn3YJOil-lIIXCll lICY. AJiropI1TMI1qecKHii 6aJnc TaKoii 

TCXH0JI0fIIII C0CTaBJilleT KBaHTOBbIH aJiropHTM yrrpaBJICHlfll caMoopraHHJa11neii E3. 
JlpUMe'laf/Ue 5. IIo;i; npo11ecC0M caMoopraHH3aIJHH po6acTHbIX E3 n0HIIMaeTCll 

npo11ecc npoeKTilp0BaHHll HP, <popMIIPYJOil-lCfO Ha Bb!X0,!le po6acTHble CilrHaJibl 

a;i;anTIIBH0fO yrrpaBJICHilll napaMeTpaMII (KOJ<p<pIIIJIICHTaMII ycnJieHilll) HCil0JIHHTCJibHbIX 

yc-rpoiicTB, Ja,!laIOil-lIIX yrrpaBJill!Oil-lYJO CHJIY OY. Ilpn 3T0M ncn0Jib3yeTCll peaKIJHll 

np0,!IYKIJII0HHbIX npaBHJI, paHee cnpoeKTHp0BaHHbIX ( Ha Ja,!laHHbie CHTyaIJHH yrrpaBJICHilll) 

po6aCTHb!X E3 HeqeTKHX IIlI,ll;-peryJillTOpOB Ha OIIIH6Ky yrrpaBJICHlfll B ycJI0BlfllX 

Heonpe;i;eJieHH0CTH HOBOH HCXO,!IHOii HH<pOpMaIJHH II Henpe,!IBH,!ICHHblX CHTya11nii 

yrrpaBJICHHll. IlpoeKTHpyeMblH npo11ecc caMoopraHH3aIJHII peaJIHJyeTCll B peaJibH0M BpeMeHH 

3a cqeT H3BJieqeHHll ,!IOnOJIHHTCJibHOH KBaHTOBOii HH<pOpMaIJHH lf pe,!IYKIJHII H36bITQqHoii 

IIH<pOpMaIJIIH, CKpbITOii B KJiaccuqecKHX C0CT0llHill!X npo11ecca yrrpaBJICHlfll. 

KBaHTOBhiii HeqerKHii BbIB0,!I (KHB), pa3pa6oTaHHblii paHee Ha ocHoBe qeTbipex 

<paKTOB lf3 KBaHTOBOii TeopHH HH<pOpMaIJHH, llBJilleTCll qacTHbIM CJiyqaeM pa3pa60TaHHOro 

anropHTMa caMoopraHH3aIJHH ( CM. HHJKe ). 

O6ne,!IHHCHil.e Ha CTIJYKTYPH0M yp0BHC cnpoeKTHp0BaHHb!X paHee K0HeqHoro qucJia 

E3 C0BMCCTH0 C M0,!ICJib!O KHB B 0,!IIIH 6JIOK KBaHT0B0ro HP ;i;aeT B03M0lKH0CTb 

<pOpMHpOBaTb B peaJibH0M BpeMCHII po6acTHOe yrrpaBJICHHe Il.3 peaKIJHH np0,!IYKIJH0HHbIX 

npaBHJI YKaJaHHbIX E3 Ha Henpe,!IBH,!ICHHYJO CHTYaIJHIO ynpaBJICHlfll. IlpH 3T0M ,!I0CTaT0qHo 

IIcnoJib30BaTb T0JibK0 MIIHHMaJibHYJO HH<pOpMaIJIIIO 06 Il3MeHeHHH CHTyaIJHH yrrpaBJICHHll, 

C0,!1epJKa11-leiicl! B HOBOH OII!I16Ke yrrpaBJICHilll ( CM. HHJKe onucaHHe pHC. 1. 13 lf 1. 18). 
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TaKIIM o6pa30M, C IIOMOillblO arrropIITMa yrrpaarreHIIH caMoopraHII3aUIIeii E3 

ocyruecTBJIHeTCH II3BJieqeHIIe CKpb!TOH ,!IOIIOJIHIITeJibHOH KBaHTOBOH IIH¢opMaUIIII H3 

KJiaCcIIqecKOH IIH¢opMaUIIII, co.11ep)Kameiic» B peaKUIIII KJiaccHqecKIIX COCTOHHIIH CIIrHaJIOB 

yrrpaBJieHIIH rrapaMeTpaMII (Ko'..l¢¢IIUIIeHTaMII ycHJieHHH) IICIIOJIHIITeJibHb!X YCTPOHCTB, 

crrpoeKTIIpoBaHHb!X paHee ,!IJIH KOHeqHoro qIICJia ClfTYaUIIH o6yqeHIIH. 

IlpII '..lTOM ocyruecTBJIHeTCH pe.!IYKUIIH II36b!TOqHoii IIH¢opMaUIIII B KJiaCcIIqeCKHX 

COCTOHHHHX CIIrHaJIOB yrrpaarreHIIH. Pe3yJibTaTOM pa60Tbl arrropIITMa yrrpaBJieHIIH HBJIHeTCH 

caMoopraHII3aUIIH E3, C IIOMOillbIO KOTopoii BbI6IIpaIOTCH IIO,!IXO,!IHillIIe K03¢¢IIUIIeHTbl 

ycHrreHIIH ITM.lJ:-peryrr»rnpa. 

TaKHM o6pa30M, ocyruecTBJIHeTCH ¢opMIIpOBaHIIe (B pearrbHOM BpeMeHII) po6aCTHOro 

CIIrHarra yrrpaBJieHIIH rrapaMeTpaMII COOTBeTCTBYIQillIIX IICIIOJIHIITeJibHb!X ycTpOHCTB, 

3a,!laIOillIIX yrrpaBJIHIOillYIO CHJIY Ha OY B ycrrOBIIHX Herrpe,!IBII,!leHHb!X CIIryauIIii yrrpaBJieHIIH. 

Jlpw.1e'1a11ue 6. Bo H36e)KaHIIe He.11opaJYMeHIIii B HHTeprrpeTaUIIII rrpouecca 

caMoopraHII3aUIIII, OTMeTHM TaK)Ke, qTo ¢II3IIqecKII no orrpe.11erreHIIIO «caMOC60pKa» II 

«caMoopraHII3aUHH» HBJIHIOTCH pa3Hb!MII IIOHHTHHMII. Ilpouecc «CaMoc6opKa» OTJIHqaeTCH OT 

«caMoopraHII3aUIIII» OTCYTCTBIIeM a o6meM BII,!le B rrpouecce «caMoc6opKa» 

rrpe.11aapHTeJibHOro BbI6opa TIIIIa KoppeJIHUIIII Me)K,!ly HeB3aIIMOCBH3aHHb!MII :meMeHTaMII 

( «CTPOIITeJibHb!MH 6rroKaMII») II rrpouecc ocyruecTBJIHeTCH 3a cqeT JIOKaJibHb!X 

B3aIIMO,!leHCTBIIH H BHeIIIHIIX (B o6meM crryqae crryqaiiHb!X) B03,!leHCTBIIH. YrrpaarreHIIe 

BbI60pOM (TIIIIa II BII,!la) KBaHTOBOH KoppeJI»UIIII Me)K,!ly «CTPOIITeJibHb!MII 6rroKaMII» B 

rrpouecce «caMoc6opKa» orrpe.11eJIHeT BII.!1 CIIHepreTIIqecKoii KoorrepaUIIII a ¢opMIIpyeMoii 3a 

cqeT caMoopraHH3aUIIII CTPYKTYPbl. Ilo'..lTOMY BBe,!leHIIe yrrpaarreHIIH BbI60pOM KOpperrHUIIII 

II03BOJIHeT yqIITbIBaTb B ¢opMIIpyeMblX CTPYKTYPaX CIIHepreTIIKY uerreHarrpaBJieHHb!X 

KOOIIepaTIIBHb!X '..l¢¢eKTOB II3 orpaHIIqeHHOro qIIcJia «CTPOIITeJibHbIX 6JIOK0B)) II COCTaBJIHeT 

OCHOBY rrpouecca CaMoopraHII3aUIIII. 

.lJ:orrOJIHIITeJibHbie ¢II31fqeCKIIe acrreKTbl caMoopraHII3aUIIII, ,!leTaJIII II WXHIIqeCKIIe 

rro.11po6HOCTII yrrpaBJieHIIH caMoopraHII3aUIIeii qIITaTeJib MO)KeT HaiiTII B pa6oTax 

[http://www.qcoptimizer.com/, pm.11err «TexHorrorII» rrpoeKTIIpoaaHHH II caMoopraHII3aUHH 

po6acTHbIX E3»]. 

PeIIIeHIIe .11aHHoii 3a.11aqII Herrocpe.11crneHHO cB»3aHo co crre.11yromeii (TPY.!IHOii II 

IIpIIHUIIIIIIaJibHO Ba)KHOH ,!IJIH TeOpIIII II CIICTeM yrrpaarreHHH) rrpo6rreMoii: onpeoe.ne11ue pO!lU 

u 6llUJIIIUR a11aJ10Z06 K6a11mo6blX 3ppeKm06 11a no6b1Ute11ue ypo611R po6acm11ocmu 

npoeKmupyeMblX HCY. 
CornacHO pIIC. 1.2 ueHTPaJibHb!M MOMeHTOM '..l¢¢eKTIIBHOro IIpIIMeHeHIIH TeXHOJIOrHH 

rrpoueccoB H3BJieqeHHH, o6pa60TKH H C)KaTIIH ueHHOH IIH¢opMaUIIII ,!IJIH ¢opMHpOBaHHH 

aKTHBHb!X 3HaHHH B BH,!le po6aCTHb!X E3 HBJIHeTCH cmpyKmypup06QllllblU crryqaiiHblll ITOHCK 

(Ha OCHOBe TeXHOJIOrHH MHrKHX BbJqlfcJieHIIH, 3Tan 1 - ¢opMHpOBaHHe KOHeqHoro 

MHO)KeCTBa IIH,!IHBH.!IYaJibHb!X E3 a KOHKpeTHblX CHryauHHx yrrpaarreHHH c o6yqeHIIeM). 

McrroJib30BaHIIe B pmpa6oTaHHOM arrropIITMe K6a11mo6blX cmpamezuii ynpa6ne11UJ1 

cw.toopza11U3Q1fUeu 3HaHIIH COCTaBJIHeT CynlHOCTb 3rnrra 2, Ha KOTOpOM Ha OCHOBe 

K6allm060ZO /le'lemKOZO 6bl600Q (KHB) ocyruecTBJIHeTCH caMoopraHH3aUHH aKTHBHb!X (B 

pearrbHOM apeMeHII) 3HaHIIH H3 peaKUIIH, cnpoeKTIIpOBaHHb!X HH,!IIIBH.!IYaJibHb!X E3 Ha 

HOBYIO, Herrpe,!IBII,!leHHYIO CIITyaUHIO yrrpaBJieHIIH. 

YpoBHII caMoopraHH3aUHII B HepapXHH KOrHHTHBHb!X '..lBOJIIOUIIOHHb!X rrpoueccoB 

yrrpaarreHIIH 6b!JIII rrpoaHaJIH3IIpOBaHbl C TOqKH 3peHHH IIHTerrrreKTYaJibHOH CHCTeMHOH 

HH)KeHepIIII (Intelligent System of Engineering Systems) KaK HOBoii npHKJia,!IHOii BeTBH 

TeOpIIII IICKYCCTBeHHOro HHTeJIJieKTa. IloKaJaHO, qTo ,!IJIH rapaHTHpOBaHHOro ,!IOCTH)KeHHH 

uenII yrrpaBJieHHH 3aKOHbl yrrpaBJieHHH H3MeHeHHeM KO'..l¢¢IIUHeHTOB ycHJieHIIH ( coefficient 

gain schedule) HeqeTKoro ITM.lJ:-perynnopa .!IOJI)KHbI npoeKTHpoaaTbC» Ha ocHoae 
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,!IOITOJIHHTeJibHO H3BJieqeHHbIX 3HaHHii, Il03BOJIHIOillIIe pacrr03HaBaTb ¢HJHqecKIIe 

oco6eHHOCTII II IIH¢opMaUHOHHbJe orpaHIIqeHIIH Ha OY. 113BJieqeHHbie 3HaHIIH 

IICITOJ!b3yIOTCH ,!IJIH caMoopraHII3aUIIII ,!laHHOro OY rrpII ,!IOCTII)KeHIIII uerrII yrrpaBJieHHH B 

KOHKpeTHOH CIITyaUIIII yrrpaBJieHIIH. 

PeIIIeHIIe IlOCTaBJieHHOH 3a.11aqII ocyrueCTBJIHeTCH Ha OCHOBe TeXHOJIOrIIII MHI'KHX II 

KBaHTOBblX BbJqIIcJieHIIH. B pmpa6oTaHHOH MT 3¢¢eKTIIBHO pearrH3yeTCH HOBblll rrpIIHUIIII 

rrpoeKrnpoaaHHH po6acTHbIX CTPYKTYP MCY: npoeKmupo6a11ue npocmozo no cmpyKmype u 6 

npaKmU'leCKOU peaJIU3GlJUU HP C n06blUte1111blM ypo611e.M · u11mell!leKmyaJ1bllOCmU ( wise 

controller) OllR 3ppeKmU6IIOZO ynpa6lle11UJ1 CJ/O:J/CllblMU OY. 

1.3. KBaHTOBLIH arrrnpIITM yrrpaBJieIIIIH 11poueccoM caMoopraml3aUHH 

O6o6meHHOH ¢II3IIqecKoii xapaKTepIICTHKOH caMoopraHII3YIQillIIXCH CIICTeM, 

rrpe,!ICTaBJIHIOilleii OC06bIH HHTepec ,!IJIH rrpoeKTHpOBaHHH MCY, HBJIHeTCH crre.11yroma» 

xapaKTepIICTIIKa: OHII 06na.11aIOT po6acmllblMU IIIHJIII zu6KUMU CTPYKTYPaMII. IlpII '..lTOM 3a 

cqeT OTMeqeHHb!X CBOHCTB caM rrpouecc 6IIOJIOrIIqecKII BOCIIpOII3B0,!IIIMOH 

caMOOpraHII3aUIIII BKJIIOqaeT B ce6» rrpouecCbl caMoo6yqeHHH H caMOa,!laIITaUHII. 

HarrIIqIIe CBOHCTBa caMoopraHII3auIIII B rrpIIpO,!IHb!X H 6IIOJIOrIIqecKH 

BOCIIpOII3B0,!IIIMb!X CIICTeMax ofo,»cHHeTCH p»,!IOM ¢aKTopoB. 

IlepBb!M ¢aKTOM HaJIIIqlfH TOJiepaHTHOCTII HBJIHeTCH U36blmO'IIIOCmb IIJIII CBOHCTBO 

pacnpeoene11un caMoopraHII3au1m Me)K,!ly Bbl.!leJieHHbIMII «3aillIIIlleHHb!MII» 30HaMII 

3B0JIIOUIIII CTPYKTYPbI CIICTeMbI, B KOTOpb!X Bb!IlOJIHHeTCH CBOHCTBO caMoopraHII3aUIIH. 

BTOpb!M ¢aKTopoM HaJIHqlfH BHYTPeHHeii po6aCTHOCTH HBJIHeTCH ee rrpo»BJieHne 3a cqeT 

paH,!IOMH3aumi:, ¢rrYKTyauIIii HJIH IIIYMOB. TpeTbHM ¢aKTOpOM HBJIHeTCH rrpo»BJieHne 

CTa6HJIII3HPYIOillHX '..l¢¢eKTOB rn6KHX CTPYKTYP B KOHTypax o6paTHb!X CBH3eii. 

PacCMOTPIIM o6mne xapaKTepIICTHKH (6nonornqeCKII BOCIIpOH3B0,!IHMOH B 

ecTeCTBeHHOH rrpnpo.11e) rrpouecCOB caMoopraHH3aUHH. ,l.l;aHHbie xapaKTepHCTIIKH 

COCTaBJIHIOT OCHOBY HH)KeHepIIII rrpoeKTHpOBaHHH (CM. pnc. 1.2), a TaK)Ke yqHThIBaIOTCH rrpn 

pmpa6oTKe B CTPYKTypax MCY Mo.11errn KBaHTOBoro arrropnTMa yrrpaaneHHH 

caMoopraHnJauneii po6aCTHb!X E3 (cM. pnc. 1.3(6). 

1.3.1. liIIOJIOl'll'IeCKH B0CIIp0H3B0,!IHMLiii KA caMoopram13an:1m 

P11c. 1.7 IIJIJIIOCTPHpyeT CTPYKTYPY 6IIonornqecKII aocrrpoII3BO.!IIIMoro arrrop11TMa 

caMoopraHII3aUIIH, pmpa60TaHHOro Ha OCHOBe aHaJIII3a MaKpO - II MHKpo - MO,!leJieii 

CaMoopraHII3aUHII. 

A. )];ITH aHaJIII3a B KaqecTBe rrpIIMepoB 6bIJIII Bb!6paHbl cne.11yromIIe HH¢opMaTIIBHO 

rrpe,!ICTaBIITeJibHbie MO,!leJIII H3 MHOroypoBHeBoii IIepapxIIqecKoii CTPYKTYPbl rrpouecCOB 

CaMoopraHII3aUHII: 1) caMoopraHII3aUIIH IIOBe,!leHHH TOJIIIbl JIIO,!leii B TOHHene; 2) 

CaMoopraHII3aUHH (rrro.11eii, KOJIOHIIII MypaabeB II T.rr.) B '..lKCTPeMaJibHb!X ycrrOBHHX (TIIIIa 

IIaHHKH rrpII IIO)Kape II T.rr.); 3) caMoopraHII3aUHH ,!IBII)KeHIIH aBTOM06IIrreii Ha CKOpOCTHb!X 

Tpaccax; 4) caMoopraHH3aUHH Ha MIIKpoypOBHe (KOJIOHIIII MypaBbeB rrpII IIOHCKe rrmun, 

IIHTeJIJieKTyaJibHbie aKTHBHb!e areHTbl C o6MeHOM IIH¢opMau1111, IIH)KeHepIIH 

CaMoopraHH3aUHII KOJIOHIIH 6aKTepIIii); 5) KBaHTOBM KOOrrepauII» HaCeKOMbIX, KBaHTOBa» 

CaMoopraHII3aUHH HaHOeTpYKTYP (KBaHTOBb!e KOpaJIJib!) 3a cqeT rrepe.11aqII IIH¢opMau1111 Ha 

MIIKpoypoBHe II II3MeHeHHH THIIa KBaHTOBOH KOppeJIHUIIH. 
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6) 
Pnc. 1.7. C-rpyicrypa 6noJiornqecKH B0CTIJJ0H3B0):iHM0ro aJirQJ)HTMa caMoopraHl!3aI1HH: 

a) 6JIOK-CXeMa KA caMoopraHH3a{1HH; 6) IlJJHMep IlJJOCTJ)aHCTBeHHO-BpeMeHHOii KBaHTOBOii 

K0ppeJ1J1I1HII npn caMoopraHH3a{1HH KBaHTOBOii ToqeqHoii CTJJYKTYJJbl 

OTMeTllM 06II1He KaqecTBeHHbie oco6eHHOCTll MO):ieJieii npo11ecc0B caMoopraHH3aI1Hll, 

Il0JI)"IeHHhie Ha 0CH0Be npone;:ieHH0ro aHaJIH3a. 

Ilpo11ecc caMoopraHH3al.lllll B 06II1eM Bll,Ue BKJI!oqaeT qeTh!pe C0CTaBJIJIIOllillX 

MexaHH3Ma: (i) Il03llTllBHaH o6paTHaH CBJI3h; (ii) 0TJJllllaTeJibHaH o6paTHaJI CBJI3h; (iii) 
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c6aJiaHCllJJ0BaHH0e C00TH0llleHne Me)K,ny llCil0Jih3YeMhIM ll Il0TeHl.lllaJihHhlM pecypcaMH 

3BOJII0llllll (HHqJOpMaI1HOHHO-TepMO,UHHaMHqecKoro) Il0Be,UeHHH ,UllH3MllqecKOH CllCTeMhI; ll 

(iv) MH0roKpaTHoe (cjJH3llqecKOe ll llHqJOJJM311IIOHHOe) B3aIIMO,Ueii.CTBIIe Me)K,ny 

KOMII0HeHTaMII. 

IlpIIJJ0.UHaH (6110JiornqecKH BOCIIJJOll3B0,UllM3JI) 3B0JIIOllllH .U0CTll)l(eHIIJI 

caM00praHII33i11111 .UIIHaMIIqecKoii. CHCTeMhl 0CH0BaHa Ha CJie.UYIOllillX 3Tanax (cM. JJIIC. 1.7): 

(i) cjlopMIIJJ0B3HIIe ( 33,u3HIIe) MH0)l(eCTBa HeB33IIM0CBJI3aHHhIX 3JieMeHT0B «CTJJ0HTeJihHhIX 

6JioK0B» (templating) ncxo,uHoii. CTJJYKTYJJhI; (ii) caMoc6opKa (self-assembling) HOBoii 

CTJJyKTYJlhI; ll (iii) C3M00JJf3Hll3311HH (self-organization) po6acrnoii. CTJJYKTYJJbl. 

Ilpn 3TOM, KaK OTMeqaJIQCh Bblllle B IlpIIMeqaHIIll 6, «caMoc6opKa» B 06II1eM BII,Ue 

OTJIJlqaeTCJI OT «CaMoopraHII331\Illl)) OTCYTCTBHeM B IlJJOI.\eCce «CaMoc6opKa» 

npe.unapHTeJihHOro BbJ6opa TIIna ll BII,Ua Koppellill.\1111 Me)K,ny HeB3allMOCBJI3aHHhlMH 

3JJeMeHTaMII, a caM IlJJOI.\eCC OCYII1eCTBllileTCJI 33 cqeT JIOKaJihHhIX B33IIMO,Ueii.crnrrii. ll 

BHeIIIHHX (B 06II1eM CJI)"Iae CJI)"I3HHbIX) B03,UeHCTBIIH. 

,[(aHHhie 3T3Ilhl OTJ)3)1(eHhl Ha prrc. l.7(a). 

PIICYHOK 1.7(6) ,ueMOHCTJJllJJYeT HaJirrqrre peaJihHOH (3KCnep11MeHTaJihHO 

o6Hap~eHHOH) KB3HTOBOH caMoopraHH331\llll B KB3HTOBOH ToqeqHoii CTJJYKTYJJe (quantum 

dot). CaMoopraHH331\llH B 3TOM CJI)"Iae CqJOJJMIIJJOBaHa 6Jiaro,uap» HaJIHqllIQ 

IIJJOCTJJ3HCTBeHHO·BpeMeHHOH KoppeJIJII.\llll, co.uep)l(3II1eii.cJI ll3HaqaJibH0 (3aKO,UllJJOB3HHOH) B 

CTJJYKTYJJe «CTJJ0HTeJihHhIX 6JIOKOB». 

,[(aHHhlH 3KCrrepIIMeHTaJihHhIH cjlaKT JIBllileTCJI qJllJllqecKOH OCHOBOH .Ullil II0CTJ)OeHIIJI 

MaTeMaTnqecKOH MO,UeJIII KA caMoopraHII331\llll. . 

PacCMOTJJIIM HII)l(e Ha K0HKJJeTHOM IIJJHMepe IIJJHMeHeHHe npnBe,ueHHhIX CBe,UeHIIH B 

pa3pa60TKe MaTeMaT11qecKOH MO,UeJIH II qJll3IIqecKOH IIHTepnpeTal.\IIII KA caMoopraHH331\llll 

Ha JJIIC. 1. 7. 

1.3.2. (])03uqecKaH HIITepnpeTal.\HH KB3HTOBOH C3MOOpraHH331\llll 

PacCMOTJJllM 06II111e CBOHCTBa ll IlJJll3H3Kll KaqecTBeHHOro 0IlHC3HllJI KB3HT0Bh!X 

::iqicjleKTOB B caMoopraHH331\IIII 3BOJIIOI.\ll0HHbIX UJJOI.\eCCOB. B Kaqecrne Harllil,UHOro IlJJIIMepa 

o6cy,unM 3BOJIIOI.\IIOHHhIH IlJJOI.\eCC caMoopraHH331\IIII nellleXO,UOB B J)a3JIIIqffhIX TIInax 

KOJJII,UOJJ0B. 

Ha pnc. l.8(a) Il0Ka33Hhl ,UllH3MIIKa ,UBII)l(eHIIJI nellleXO,UOB B orpaH11qeHHOM 

IlJJ0CTJJ3HCTBe C J)a3Jillqnoii. reoMeTJ)Heii ll J)a3JillqHhie TIIIlhl KoonepaTHBHOro IlOBe,UeHHH 

mo.ueii., B03HllK3lOllille B IlJJOI.\eCce C3MOOpraHII331\llll TOJIIlhl nellleXO,UOB. 

PIICYHOK 1.8(6) ·.ueMOHCTJJIIJJYeT cjleHOMeHOJIOflllO B03HllKHOBeHHJI J)a3JIIIqHhIX TllllOB 

KBaHTOBoii. Koppellill.\Hll (apeMeHHoii n npOCTJJ3HCTBeHHoii), BJIHJIIOII1eii Ha BH.U 

CaMoopraHH331\llll np11 llHqJOJJM31\IIOHHOM B33llMO,ueiicTBllll IlOTOK0B nelllexo.uoa. B 
qacrnocrn, Ha JJIIC. 1.8(6) (cM., EJIOK I Ha JJIIC. l.8(a)) 110K333H IlJJ0I.\eCC C3M0OpraHII331\llll 

( 1103B0llillOllIIIH ll36eraTh CTOJIKHOBeHIIH) BCTJ)eqHblX IJOTOK0B rrelllexo,uoB, llCIJ0Jib3YJI 

cyrreprro3III.\IIIO B BII,ue K00IJepal.\IIII rrap JIIO,Ueii.. 

AHaJIOrnqHo JJIIC. 1.8(6) ,ueM0HCTJJllpyeT Ha MIIKJJ0YJJ0BHe llJJOI.\eCc o6MeHa 

IlHqJOJJM31\Heii. Me)K,ny 0T,UeJihHh!Mll rrapaMH nelllexo,uoB C 33IlYT3HHh!Mll C0CT0JIHHJIMII Ha 

BCTpeqHh!X Il0TOKax nellleX0,U0B B reoMeTJ)11qeCKll JJa3,UeJieHHbIX neperopo,UK3MII .Ullil 

llelllexo.uon npOCTJJ3HCTBax (EJIOK 2 Ha pnc. l.8(a)). PoJih KB3HTOBOH HHTepqiepeHI.\llH Tal()l(e 

AeM□HCTJJnpyercJI Ha pnc. 1.8(6) (M» CJI)"IM EJioKa 3 Ha pnc. 1.8(a)). PHCYHDK 1.8(6) 

AeM0HCTJJHpyeT 3qJqJeKT BpeMeHHOH Koppellill.lHII .1lllil CJI)"I3JI EJioKa 4 Ha pnc. l.8(a). 

Pnc. 1.9 0ilHChIBaeT 3B0JIIOI.\lll0 KB3HT0BhIX onepaT0JJ0B, 0illlChIB3IOllIIIX 

/:IHHaMnqecKoe Il0Be,UeHne nellleXO,U0B B nepeqncJieHHhIX Ha pnc. 1.8(a II 6) CHTY31\HJIX. 
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TaK, HarrpHMep, lpll3H'ICCKH KBaHTOBM cyrreprr03HU:ml B03HHKaeT B crryq:ae .[(BlllKCHIUI 

rrellleXO.[1OB B T)'HHCJie ll rrpo.[leMOHCTPHPOBaHa Ha pnc. l.9(a). Ha pnc. 1.9(6) IIOKa3aHa 

'.lBOJIIOU:IUI KBaHTOBOH KoppeJIJIU:llll (3arryraHHbIX COCTOJ!Hllii) B 3aBHCHMOCTll OT KOJill'ICCTBa 

KOHlpJIHKTHbIX CTOJIKHOBCHllll rrellleXO.[1OB B orpaHH'ICHHOM rrpOCTPaHCTBe. Ha pnc. l.9(B) 

<peHOMCHOJIOrHJ! BO3HHKHOBCHIU! KBaHTOBOH llHTepqiepeHU:llll IlOKa3aHa B crryq:ae .[(BlllKCHHJ! 

IICIIICXO.[(OB no BCTPC'IHbIM IlOTOKaM rrpn CJIOlKHOH reoMCTPHH pa3.[(eJieHll51 IIOTOKOB ( crryq:aii 

BO3HllKHOBCHll51 naHHKll y rrellleX0.[1OB ). 
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6) 
P11c. 1.8. ,U:11HaM11Ka JIBlllKCHIIJI rreIIIeXOJIOB B orpaHll'IeHHOM rrpOCTJ)aHCTBe C pa3Jill'IHOii reOMeTJ)lleii 

II pa3Jill'IHb!MII TIIIIaMII KOOIIepaTIIBHOro IIOBe;ieHIIJ! mo;ieii: 

a) IIp11Mepu caMoopramna111111 TOJIIIbl IIeIIIexo;ios; 

6) cpeHOMeHOJIOrllJ! BO3HIIKHOBeH1151 pa3Jill'IHb!X TIIIIOB KBaHTOBOH Kopperr»111111 
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2. KnaCCM't8CIC09 COCTOJIHMe 

a) 

2. KaaHTOBbte 3anyraHHbl8 COCTOJIHMR 
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B) 
P11c. 1.9. 3BOJIIOI11151 KBaHTOBblX OIIepaTopoB, OIIIICbIBaIOII(IIX JIIIHaMll'IeCKOe IIOBe;ieH11e IIeIIIexo;ioB: 

a) KBaHTOBaJI cyIIepIIO311J:11151; 6) 3BOJIIOI11151 KBaHTOBOii KOppeJil!J:11111 ( 3aIIyTaHHblX COCTOl!Hllii); 

B) qieHOMeHOJ!Or1151 BO3HIIKHOBeH1151 KBaHTOBOii HHTepqiepeHJ:11111 
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Ilpou:ecc caMoopraHn3an:nn, TaKHM o6pa3oM, MO)KCT paccMa-rpnsaTbCJI KaK 

MaKpOCKOimqecKHH npou:ecc, CO,[(Cp)Kall.(Hll KBaHTOBb!C ( CKpbITb!C) 3tjJtjJeKTbl Ha 

MHKpOypOBHC B HHtjJOpMaU:HOHHO B3aHMO,[(CHCTBYJOIIIHX KOMITOHCHTax. 3a cqcr 3BOJHOU:H11 

JIOKa.JlbHO B3aHMO,[(CHCTBYJOIIIHX (HH,[(HBH,[(Ya.JibHbIX) cyrrepnO3HU:HOHHbIX COCTOJIHHH, 

KBaHTOBOH KoppeJIJID:IIII II IIHTeptjJepeHU:IIII OCyll.(CCTBJIJICTCJI caMoopraHII3aU:IIJI ITCIIICXO,[(OB, 

ITO3BOJIJl!Oll.(aJI II36eraTb CTOJIKHOBCHHH. 

Ilo,[(p06Hoe OITIICaHIIC tjJII31IqecK1IX CBOHCTB onepaTOpOB, nplIBC,[(CHHbIX Ha p1IC. 1.9, 

,[(aHo B pa6oTax [http://www.qcoptimizer.com/, pa3,[(eJI «TexHoJiornJI npoeKTHposaHIIJI II 

caMoopraHn3an:nJI po6acTHbIX E3»]. 

llpw11et/a11ue 7. Cyll.(ecrnyeT «rrapa,[(OKC», yrnep)K,[(aIOIIIIIH, qTo npou:ecCbI 

CaMOOpraHn3au:nn HaXO,[(JITCJI B npOTHBOpeq1In co BTOpb!M 3aKOHOM TCpMO,[(IIHaMHKII, 

cornacHO KOTOpOMY 3BOJIIOU:IIJI CIICTCM CTPCMIITCJI K 6ecnopll,[(KY (B03paCTaHHIO 3HTPOITIIII). 

,ll;aHHblll «rrapa,[(OKC» pa3pCIIICH B TepMIIHax MHOroKpaTHblX B3aHMO,[(CHCTBHH MaKpO- II 

MHKpOypOBHCH 3BOJIIOU:HII (oTKpb!TaJI TCpMO,[(HHaMnqecKaJI CHCTCMa) caMoopraHn3aU:HII ll 

CHII)KCHIICM npOH3BO,[(CTBa 3HTPOITHII Ha MaKpOypOBHC (yseJinqeHne yrropJI,[(OqeHHOCTH) 3a 

cqeT ITOBbIIIIeHIIJI npo1I3BO,[(CTBa 3HTPOITHH Ha MHKpOypOBHe (yseJinqeHne xaoca ITOBe,[(eHIIJI). 

Bee BbI6paHHble ,[(JIJI aHa.rrn3a tjJn3nqecKne npnMepbI caMoopraHn3an:nn o6Jia,[(aIOT 

nepeq1IcJieHHblMH MexaHH3MaMH. 

:6. Ifa aHa.rrll3a CBOHCTB nepeqncJieHHblX MO,[(eJieil: caMoopraHn3au:nn CJie,[(yeT 

Ha.Jinqne y HHX o6ll.(IIX 6noJiornqecKH BOCITpO1I3BO,[(IIMblX ll 3KcnepnMeHTa.JibHO 

o6Hap~eHHbIX Kea11moeb1X 3tjJtjJeKTOB, npncyrcrnyroIIIHX B npou:eccax caMoopraHman:nlI, a 

caMH MO,[(eJIII OCHOBaHbl Ha CJie,[(YJOll.(IIX u11if10pMatfUOHIIO-mepMOOUHQMUt/eCKUX 
KOHU:CITU:HJIX: (i) B3aHMO,[(eHCTBIIJI Me)K,[(y 3JieMeHTaMII U. MHKpO- ll MaKpoypOBHJIMH 

OCyll.(eCTBJIJIIOTCJI c o6MeHOM IIHtjJopMau:nn. TaK, s MO,[(eJIII IIHTeJIJieKTya.JibHbIX areHTOB 

MHKpoypoBeHb npe,[(CTaBJIJleTCJI B BII,[(e IIHtjJopMau:noHHOfO npOCTPaHCTBa, Ha KOTOpOM 

npOBO,[(llTCJI o6MeH IIHtjJOpMau:neil: Me)K,[(y areHTaMII II npnBO,[(HT K YMeHbIIIeHIIIO 3HTPOITIIH 

Ha MaKpoypOBHe 3a cqeT BO3paCTaHIIIO 3HTPOITHH Ha MHKpoypOBHe; (ii) KOMMYffHKaU:IIJI 11 

nepe,[(aqa llHtjJopMau:1111 Ha MllKpoypOBHe (llBJieH11e «1rnaHTOBblll Mllpa)K)) B KBaHTOBbIX 

KOpa.JIJiax, CM. p11c. 1.7(6); (iii) pa3JillqHbie Tllllbl KBaHTOBOH KOppeJIJIU:IIII CITllHOB (11Jill 

3anyraHHbIX COCTOJ!Hllll - entanglement), llCITOJib3YeMblX nplI npoeKTllpOBaHllll pa3JIIIqHblX 

caMoopraHII3YJOIIIIIXCJI CTPYKTYP; Hanp11Mep, B KBaHTOBblX TOqeqHbIX CTPYKTypax - quantum 

dot; (iv) KOOp,[(llHllpoBaHHOe yrrpasJieH11e 3a cqeT II3BJieqeHIIJI II o6MeHa 1IHtjJopMan:1IeH; 

nanp1IMep, caMoopramnan:1IJ1 KOJIJieKTIIBa po6oTOB 3a cqeT 1IHtjJopMaU:1IOHH0-3HTPOn11il:noro 

o6Mena Me)K,[(y areHTaMII II ypoBHJIMll opraH1I3aU:111I. 

Ha p1Ic. 1.7, 1.8 II 1.9 OTMeqenbI nepeq1IcJieHHbie a.rrrop11TMnqecKHe oco6ennocTH 

MO,[(eJieil: caMoopraH1I3aU:111I. Hll)KC B nn. 1.4 paCCMOTPHM MO,[(eJib KBaHTOBOfO aJirOplITMa 

yrrpasJieHIIJI caMoopran113an:1Ieil:, BKJIIOqaroll.(ero nepeq1IcJieHHbIC 3tjJtjJeKTbI II tjJII31IqecK11e 

oco6ennocTII KBaHTOBbIX onepaTopos MO,[(eJieil: caMoopraH1I3aU:1I1I. 

1.4. CTpyKTypa o6o6iu:ennoro 1rnanT0Boro aJiropnTMa cal\10opramna11111I: 
MaTeMaT1Iqec11:a11 MO,[(CJlb 1rnaHTOBblX onepaTopoB 

PacCMOTPllM npe,[(BaplITeJibHO neo6x0,[(11Mbie onpe,[(eJieHIIJI 11 tjJaKTbl II3 Teop11ll 

KBaHTOBbIX BbJqlicJieHllH, KBaHTOBOH TeOplIII IIHtjJOpMaU:IIII II KA, llCITOJib3yeMbIX B 

CTPYKTYPe KA yrrpasJieH11J1 caMoopraH1I3aU:1I11. 
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1.4.1. CTpyKTypa II oco6emrncTn KBanToBoro anropnnia caMoopramnau:1111 

CTPYKTYPHO KA 6a311pyeTCJ1 Ha OCHOBHbIX KBaHTOBbIX onepaTOpax Teopn11 

KBaHTOBblX Bb1q11cJieHnil:: cynepno3UtfUU KJiacc11qeCKllX COCTOJIHllH; onepaTope 

qiopMllpOBaHllJI 3anymaHHblX COCTOJ!Hllll (HJill KBaHTOBblll opaKyJI); UHmeppepeHtfUU, a TaK)Ke 

(KJiacc11qecKnx neo6paTHMbIX) U3.Mepemmx. 

Ha p11c. 1.10 ,[(aHo KaqecrneHnoe cpaBHeH11e CTPYKTYP KA II a.rrroplITMa 

caMoopraH1I3an:11n, no3BOJIJIIOIIIee HarJIJl,[(HO npe,[(CTaBHTb KB~HTOBYJO np1IpO,[(Y a.rrropnTMa 

caMoopraH113au:1111, npe,[(CTaBJieHHoro Ha pnc. l.7(a). 

Ilpe)K,[(e scero, OTMCTHM HeKOTOpbie oco6eHHOCTH KA. 
PIIc. 1. lO(a, 6) noKa3bIBaeT o6o6in:eHHYJO CTPYKTYPY KA B Teopn1I KBaHTOBbIX 

BbJqllCJieHIIH. 

OCH0Ba npl1M8H8HHR KBaHT0BblX Bbl411C118Hl111 

. ,----------, D- ,----, :.1 

~,Q~~~~~~~5~~~~~~:=;~~7 ~ 
IV' fin)=[( ~m)( KmHrnEbnqIIK)fil) ]( C)npmQm)liruiad} 
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-.·.. ·-··-··- ·-"-··-··-.. -··-··----··-·· ... 1----··-·•-··-•·----··-··-··-··-··-.. 4 \--·-··-··- .. -\ \ i l • I I I 

\ \ i KBaHT0Sble MaCCl1Bljbl8 napa1111e11bHbl8 Sbl~HC118Hl1R ! 

___ -,\::\._____ . I r _ ---- .. ----_r L -
: : : npo&neMHo- : : : : KaaHToaoe npeo6- : : • : :npeo6paaoaaHHe! 
: paioaaHHe Cl>ypi.e : :opHeHTMpoaaHHlolH : , : 
: : : oneparop : : AAaMapa : ............. il ...... :·.~~~~~~-·-·················· • .......... D ........... •: ······················ 

i Ka4ecrseHHble 1 j I 
t_ CB0l1CTBa 'PYHKl.11111 ~::::::so• KaaHTOBblH opaK)'n B BH,qe 11epHoro RlllltKll 

--··-······---·------·--·-----•"# 

Pnc. I. 10 (a). C-rpyKTypa n OCHOBHbie orrepaTOpb! KBaHTOBbIX aJirOjJIITMOB: 

CTjJYKTYJla ll !p}'HKW!OHaJibHbie CBll3ll KBaHTOBOfO aJirO]JHTMa 

CornacHo Teopnn KA, Ha nepBOM 3Tane IICKOMbie KaqecTBeHHbie CBOHCTBa 

IICCJie,[(yeMoil: ¢YHKU:Hll KO,[(llPYJOTCJI B BH,[(e BOJIHOBOH tjJyrrKU:HII, a opaKyJI IIO3BOJIJieT HaHTll 

IICKOMbie CBOHCTBa. Il03TOMY Ha p1IC. I. lO(a) o603HaqeH KBaHTOBblll orreparnp, 

OCYll(eCTBJIJ1roiu:nil: ,[(aHHbIH noncK. Bn,[( oneparnpa opaKyJia orrpe,[(eJIJleT TIIII KA 
(rro11cK0Bb!H IIJIH npHHJITHJI peIIICHIIH). 
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6) 

P11c, I, IO (6), Grpyicrypa II 0CH0BHbie orrepaTOpb! KBaHTOBb!X anropHTM0B: 

CTJ)yicrypa 11 !p)'HKI.IIIOHaJibHbie CBll311 KBaHTOB0ro anropllTMa yrrpaBJleHllll caMoopraH113a1.111eii 

IIpoeKT11poBaHJie KBaHTOBOH aJJfOPIITMHqecKOH J'IqeH.Kll (KA.JI) II03B0Jll'IeT BKmoqnTb 

orrncaHne ll ,lleH.CTBlle pa3JlllqHbIX BMOB KBaHTOBb!X orrepaTopOB KA B 0,!IHY J'IqenKy 11 

peaJJ1130BaTb MO,lleJlll KBaHTOBbIX BbJql[CJleHllH Ha KJ1acc11qecKOM KOMIIbJOTepe. B 0611.1eM 

BMe MO,lleJlb KBaHTOBb!X BbJql[CJleHHH COCTOHT ll3 IIJ'!Tll :narroB: (1) rrp11roTOBJleHne 

HaqaJJbHOro (KJ1acc11qecKoro 11J111 KBaHTOBoro) cocTOHHHH If//;.) (2) BbIIIOJJHeHne 

rrpeo6pa30BaHlll'I A,naMapa ,lllll'I HaqaJJbHOro COCTOJ'!Hlll'I C 11eJ1blO IIO,llfOTOBKll COCTOJ'!Hlll'I 

cyrrepII03llllllH; (3) rrpnMeHeHne 3arryraHHOfO orrepaTOpa llJlll orrepaTOpa KBaHTOBOH 

Koppelll'Illllll (KBaHTOBOfO opaKyJJa) K cyrrepII03llllllOHHOMY COCTOJ'IHHJO; (4) llCIIOJJHeHne 

orrepaTOpa HHTepqiepeHQHll; ( 5) llCIIOJ1b30BaHlle orrepaTOpa ll3MepeHHJ'I ,lllll'I ll3BJieqeHlll'I 

pe3yJibTaTOB KBaHTOBb!X BbJq11cJ1eHHH llf/;;n) 11 llf/;;n)=Hllf/;.), r,11e H • faMl!JlbTOHllaH 

CHCTeMbI. 

KA COCTaBJ1J'IJOT qJH3HqecKH o6ocHOBaHHb!H 6a311C He TOJlbKO TeXHHKll ycKopeHlll'I 

BbJqncJieHllH ( 3a cqeT llCIIOJlb30BaHlll'I TeXHllKH MaCCHBHb!X napaJJJieJibHb!X BbJql[CJieHHH ), HO 

11 ,!IJ]J'I IIOHCKa peweHHH CJIOJKHbIX rrpo6JJeM. 
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B '.HOM CJiyqae 3qJqJeKTHBHO 11CIIOJ1b3YJOTCJ'I TaKne KBaHTOBbJe 3aKOHbI, KaK 

cynepno3U~Ufl ,llJ1H pacw11peHlll'1 rrpocrpaHCTBav B03M0JKHbIX perneHHH, K6a1tmO~blU 
J,taCCU61IblU napaJIJleJIU3"1 npo11ecCOB BbJq11cJ1eHllll ,llJ1J'I ycKopeHHJ'I IIOHCKa pewemm 11 

1<:0HCmpy1<:mU61t{lfl 1(6Qllm06{1fl u11meppepe1tlJUfl C 11eJ1blO 113BJieqeHlll'I llCKOMOrO peweHHJ'I. 

,[(onOJIHl!TeJibHO K OTMeqeHHb!M BbJqncJinTeJibHbIM pecypcaM K6altm06{1fl 1<:oppe!IRlJUfl 
paccMaTJ)l!BaeTCJ'I KaK HOBb!H qJH3llqecKllH BbJql[CJll!TeJibHbIH pecypc, II03BOJ1J'IIOII.IHH pe3KO 

yBeJIHqHTb ycneIIIHb!H. IIOHCK peweHHH aJJropHTMnqecKH Hepa3peIIIHMbIX npo6JieM, paHee He 

paccMaTJ)HBaeMb!X B KJJaccnqecKOH o6JiaCTll BbJqncJieHHH.. ,[(aHHb!H qiopMaJJll3M MOJKeT 6b!Tb 

Bb!palKeH Ha J'I3bIKe KBaHTOBb!X COCTOJ'IHHH. HJIH orrepaTopHb!X npeo6pa30BaHHH, HO Mb! 

HHTepecyeMCJ'I TaKJKe B03MOJKHOCTbJO a,11eKBaTHOro onncaHlll'I Ha l'I3bIKe JiornqecKOfO Bb!BO,lla 

KBaHT0BbIX COCTOJ'!HllH ll 3qJqJeKTOB: npnMeHeHlle Tpa,111111noHHOfO qiopMaJJH3Ma, ero 

M0II.IHOCTll ll Bblpa3HTeJibHOCTH KaK K6a11moeoii cucmeMbl 1tel/em1eo20 Jl02Ul/eCK020 6bl600a. 
Pa6ora KBaHTOBb!X onepaTOpOB o603HaqeHa Bb!HOCKaMH Ha p11c. 1.lO(a) ll 

ocy11.1eCTBJlJ'IeTCJ'I B l!TepaTHBHOM peJKnMe B 3aBHCHMOCTH OT THIIa KA. 
OnncaHne OCHOBHb!X KBaHTOBbIX onepaTOpOB npnBe,lleHO HHJKe. 

PaccMOTJJllM Tenepb oco6eHHOCTll KA yrrpaBJJeHHH caMoopraHn3a1.111en, 

rrpe,11craBJ1eHHoro Ha pnc. 1.10(6). 

1.4.2. 060611.1e1111aH CTpyKI'ypa KA ynpaBJieHHH caMoopraHH3aQHeH 

C TOqKn 3peHlll'I Teop11n KBaHTOBb!X BbJqncJJeHHH, KA yrrpaBJJeHlll'I 

caMoopraHnJa11nen BKJJJOqaeT Bee Heo6xo,11nMb1e onepaTOpb1 (,11encrnne onepaTOpoB cnpaBa 

HaJieBO) ll co,11epJKHT CJ1e,11yw11.1ne 3Tanbl ll oco6eHHOCTH ( CM. p11c. 1.10(6)): (1) 

npnroTOBJleHne COCTOJ'!Hlll'I cyrrepn031111HH; (2) Bb16op TllIIa KBaHTOBOH KoppeJIJ'll.lllH; (3) 
npnMeHeHne onepaTOpa KBaHTOBoro opaKyna (Mo,11eJ1b <<'lepHoro Hll.lHKa»); (4) nepe,11aqa 

ll3BJleqeHHOH. llHqJOpMa[IHll (.llHHaMnqeCKaH 3BOJ1l0lllll'I <<HHTeJIJleKTyaJJbHOfO)) COCTOJ'!Hlll'I 

CllrHaJJa yrrpaBJieHlll'I no KpHTepll!O MHHllMYMa HHqJOpMa1.1110HHOH. 3HTJ)Onnn); (5) KBaHTOBaH 

KoppeAAQHJ'I BbIIIIe KJ1acc11qecKOH KOppeJ1H[lllll 11 paccMarpnBaeTCJ'I KaK ,!IOIIOJIHHTeJlbHb!H 

pecypc KA; ( 6) npnMeHeHne onepaTOpa KOHCTJJYKTHBHOH llHTepqiepeH[lllll HCnOJib3yeTCJ'I ,llJ1J'I 

ll3BJleqeHllJ'I IICKOMOfO (HaH.,lleHHOfO) perneHllH; (7) npnMeHJ'IeTCJ'I 3qJqJeKT KBaHTOBb!X 

MaCCHBHb!X napaJIJJeJibHb!X BbJqncneHnH; (8) IICnOJib3YeTCJ'I ycHJ1eH11e aMIIJlHTY.llbl 

BepOHTH0CTH HCKOMOfO peweHlll'I; 11 OCYll.leCTBJIJ'IeTCJ'I peweHne KJJaccnqecKOH. 

aJJfOpIITMHqecKH He pewaeMOH 3a,11aq11 Ha OCHOBe npnMeHeHHJ'I 3qJqJeKTHBHb!X KBaHTOBb!X 

crpaTernn npnHHTlll'I peweHnn. 

llpUMel/a1tue 8. ,[(nH 6oJiee HarJIJ'I,!IHOfO BocnpHl!Tlll'I pe3yJibTaTOB cpaBHeHlll'I Ha pnc. 

1.10(6) pa6ora KBaHTOBbIX onepaTOpoB (raKJKe, KaK 11 Ha p11c. 1.lO(a)) n npo11eccbl 

npoeKTHpOBaHlll'I 3qJqJeKTa caMoopraHH3a[IHll npo6neMHO-op11eHTHpOBaHHb!Mll onepaTOpaMH 

o6o3HaqeHbl BbIHOCKaMll. IIpnMeHeHne KBaHTOBb!X onepaTopoB, OCY11.1eCTBJ1HeMoe B 

IITepaTHBHOM peJKl!Me B 3aBllCHMOCTll OT Tnna KA, II03B0JlJ'IeT noJiyqaTb nepeq11cneHHbie 

3<pqJeKTbl. 

llpUMel/aHue 9. Bb16op 11 onpe,11eJ1eHne (T11na ll BH,lla) KBaHTOBOH KoppeJIJ'lllllll 

3aBIICHT OT KJJacca HeJ111HeHHOCTH 061,eKTa yrrpaBJieHlll'I (OY). H11JKe paCCMOTJ)eHbl BOIIpOCbl 

BbJqllCJieHllJ'I (<HHTeJIJieKTYaJJbHOfO» COCTOJ'!Hlll'I cnrHaJJa yrrpaBJieHHJ'I no KpHTepn!O 

MllHHMYMa llHqJOpMa[IHOHHOH 3HTJ)OIIllll llleHHOHa. 

• Oco6e1111ocmu 1,1ammamul/ec1eoii Mooenu KA ynpa6lle1tUR caMoop2a11u3alJueii E3 

MaTeMaTnqecKaH MO,lleJib caMoopraHn3a1.1n11 3HaHHH, npe,11cTaBJ1eHHOH Ha pnc. 

L 10(6), OnHCbJBaeTCJ'I B BH,lle CJ1e,11yw11.1ero KA: 
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jKoHeqHoe COCTOl!Hlle (3aKOHI,J ynpaBJieH1rn)} 

CaMoopraml3al.(llll po6acrnoii: Clp)'KTYPhI E3 

• • ( TlllI KOppeJilll.(llll) 
6bl'IUCJleHUJI 

= [ ( 3BOJIIOl.\llll npol.(ecca) 

KBaHTOBI,lll cnyqaii:Hblll IIOIICK 

(

KeaHm06blej · 

Knaccl!qecKaa, KBaHTOBal!, CMCllJaHHal! 

IlpoM=M op•~= l 

l "CTPOI1Ten1,H1,1e" 6JIOKII l} 
( 

BocnpomeoiJumcR 0£3 ) I Haqani,Hoe cocTO}IHile} • 
Ha MJIZKUX 6bll/UCJleHURX 

bIIO-IIHC1II1pI1pOBaHHI,JC COCTOl!Hil}I 

(1.1) 

B (1.1) o6o3HaqeHIIC • 03HaqaeT npl!MeHeHile COOTBeTCTByIOIIJCrO IIHCTP)'MeHTapil}I 

IIJIII orrepal\llll. 
Ha rrepBOM :narre anropIITMa (1.1) c nOMOIIJl,IO OE3 Ha M}lrKllX BI,JqIICJieHil}IX 

co3naJOTC}I «CTPOIITeJII,HI,Je» 6JIOKII caMoopraHll3al_\IIII 3HaHllll Ha OCHOBe r A B Bilne 3aKOHOB 

yrrpaBJieHil}I KOJq>q>lll\IleHTaMII YCIIJieHil}I HeqeTKOro ITH,lJ;-peryMTOpa Ha OCHOBe 

nponYKl\IIOHHI,IX npaBllJI E3. IlonyqeHHI,Je TPaeKTOpIIII 3aKOHOB yrrpaaneHil}I 

paccMaTPI1BaJOTC}I KaK KJiaCcI1qecKI1e COCTO}IHil}I - xaOTilqeCKlle IIYTll IIHTeJIJieKryaJII,HOrO 

KOJIJieKTIIBHOro nailiKeHil}I qaCTill\ B «TOJIIle» - C IIHq>OpMal_\IIOHHI,IM B3aI1Moneii:CTBI1eM 

(swarm intelligence). TaKoe onI1caHI1e }IBMeTC}I onHIIM Il3 ::iqiq>eKTIIBHhIX MeTonoB 

anropllTMil3al_\IIII KBaHTOBI,IX Moneneii: OIIIICaHil}I KOJIJICKTllBHOro noBeneHil}I qaCTill\ (swarm 

method of collective particle behavior). 

IlpII orrpeneneHHI,JX rrpennoJIOiKeHil}IX swarm method IIMeeT BI,JqllCJIIITeJII,HyIO 

CJIOiKHOCTI, anropllTMa MonenilpOBaHil}I nI1HaMllKII KOJIJieKTllBHOro B3al!MoneiicTBil}I qaCTill\ 

C Jll!Heii:HOH 3aBllCIIMOCTI,IO OT qllcJia qacTill\, qTo naeT 60JII,!llile npel!MYIIJeCTBa rrpll 

orpaHllqeHl!}IX Ha naM}!Th II BpeM}I MonenllpOBaHllll. 

PacCMOTPIIM 6e3 IIOTepll o6IIJHOCTll rrpocTOH cnyqaii: nByx TPaeKTOpllii 3aKOHOB 

yrrpaBJieHil}I KOJq>q>lll\IleHTaMII YCIIJieHil}I, TPaeKTOPIIII KOTOpb!X npI1HaMeiKaT MHOiKecrny 

S
1 
II S

2
• CornaCHO (1.1 ), cyrrepn03III_\Il}I KJiaCCllqecKllX COCTOHHIIH Ha MHOiKeCTBe S = S1 ns2 

06pa3yeT enIIHOe KBaHTOBOe COCTOHHlle B Bline 

Ill's)= L'.2j l\f/O®1\f/t), 
(1.2) 

rne lll'!i}.lll'J,), ••• Ill\f/~,),lll'J,) 

o6pa3yIOT opTOHOpMI!poBaHHI,JH BI,JqllCJIIITeJII,HI,Ill 6a3l!C B rrpOCTPaHCTBe COCTOHHIIH 

S1 II S2 COOTBeTCTBeHHO. 

<l>ll3l!qecKII (1.2) paccMaTPIIBaeTCH KaK onHo COCTOHHile, B KOTOpOM 3anYTaHHI,Je 

COCTOHHIIH (entanglement) qiopMI1pyIOTC51 Il3 rrpol_\ecca nBiliKeHIIH qaCTill\ BnOJII, 

KJiaCcllqeCKIIX TPaeKTOpIIH 3a cqeT llHq>OpMal_\l!OHHOro o6MeHa. 

Pl!C. 1.11 nOKa3bIBaeT npOl\CCC o6MeHa IIHq>OpMal_\lleii. no KBaHTOBI,IM KaHaJiaM 

cBmn MeiKny qacrnl\aMII Ha TPaeKTopII»x A ex E S1 II Bex E S2 . 
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-Aex Eex 

~ 

MeAHaTOp :rivI 
<S> 

I I :?v.C.AI ~ l~I I 

BDL%X 

Pnc. 1.11. Ilpol.(ecc o6MeHa nmpopMal.(neii no KBaHTOBhIM KaHaJiaM CBH3H 

3neci, MenI1aTop M HBMeTCH COCTaBHI,JM KBaHTOBI,JM ofo,eKTOM c KOHeqHOH 

pa3MepHOCThJO naM»TH dM, ofo,ennHHJOIIJHM TPH noncncTeM1,1 MA,M8 II Mc c noMOIIJI,JO 

faMl!JlhTOHHaHa H. MenilaTop M HBJIHeTCH Jq>q>eKTHBHI,JM KaHaJIOM, KOTOpblll coenIIHHeT nBe 

pa3JIHqHI,Je qacTII - HCTOqHHK coo6IIJeHll51 A II noJiyqaTeM llHq>OpMal_\llll B. Ilpn JTOM 

l!CTOqHHK C006IIJeHHH nonnepiKHBaeTCH KBaHTOBI,JM perHCTPOM A ll B COOTBeTCTBeHHO. 

KaaHTOBhIH pern:cTP n:MeeT qacTnqHo yrrop»noqeHH)'lO naM»Th a" a2 ,... HcToqHllK A 

IIOCI,IJiaeT C006IIJeHlle B, KOTOpoe xpaHHTCH B KBaHTOBOH naMHTll a" a2' ••. , a. CB513aHHOH C 

noncllCTeMOH MA Menn:arnpa M; KaiKnI,Ill JJieMeHT naMHTll KOHTaKTllpyeT C MA onllH pa3 

cneny» ycraHOBJICHHOMY Ha pn:c. 1. 11 nop»nKy (YKa3aHO CTPeJIOH, .T.e. nepBblll a,' 3aTeM a2 ll 

T.n.). 

IloJiyqaTeJii, B, noJiyqn:B coo6IIJeHne OT A, qiopMnpyeT naM»Th b c noMOIIJhJO 

coorneTcTByroIIJero cocro»HHH Iv} II ofo,enn:HHerc» c noncncTeMoii M 8 MennaTopa M, 

cneny» nop»nKy, YKaJaHHOMY Ha pn:c. 1.11. 4.x, B.,,. 03HaqaJOT BxonHhJe nopT1,1 ycTPoiicrn, 

IIcnon1,3yeM1,ie A n: B M» nepenaqn: Ky6n:ToB npn: KOHTaKTe c M AHanorn:qHo, A,,LI, n: B,Lix 

03HaqaJOT BI,JXOnHI,Je nopTbI, ll3 KOTOpb!X qiopMHpyIOTCH Ky6HTI,J nocne KOHTaKTa C 

MenIIarnpoM M CocTo»Hne Iv) raKoro KBaHTOBoro KaHana CBH3H 06pa3yer enn:Hoe 

KBaHTOBoe cocTo»Hlle c MennaTopoM, a qacTHhIM CJienoM MaTPHl\M IIJIOTHOCTH lv)(vl 
(COBMCCTHO C MaTPHl\aMH nJIOTHOCTll llCTOqHn:Ka A ll noJiyqaTeM B) HBMeTCH 

cynepn03lll\ll51 (1.2) B Bnne neKOMn03lll_\llll llIMnnrn B BI,JqllCJIHTeJII,HOM 6a3n:Ce {lo),11)}. 

11pll JTOM, B KBaHTOBOH Teopn:n: llHq>OpMal_\llll no KBaHTOBI,IM KaHaJiaM CB513ll 

OCYIIJeCTBMeTCH nepenaqa cyrrepn03lll_\llll CllrHaJIOB (1.2) C coxpaHeHneM pa3JillqHI,IX BnnoB 

KoppeMl_\llll Me~y areHTaMll. 

B Teopn:n: KBaHTOBI,IX BI,JqllcJieHHH npol_\eCC BI,Jqn:cJieHHH Haqn:HaeTCH C neiiCTBil}I 

onepaTopa JBOJIJOl_\llll uf Ha «HaqaJII,HOe COCTOHHlle» 100 ... 0) B Bline 

U 1 = ® U f(i), ynn:rnpHoro o6o6IIJeHHoro npeo6pa3oBaHil}I Y OJI!lla - AnaMapa, rne 

u . =[ -/J(i) -✓I-J(i)l (1.3) 
f(,) -Ji- f(i) -JJ(i) 

II -/J(i) onpeneJIHeT aMnJIHTyny BepOHTHOCTll i-ro KJiaccn:qecKoro COCTOHHil}I B KBaHTOBOH 

cynepno3Hl\llll. 
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B pe3yJihTaTe ,11JI»: (1.2) HMeeMU1 IOO ... O)=ls1), r.11e ls1 )orrpe,11em1eT coCTOHHlle 

cyrreprr03lll(llll ll3 KOHeqHoro qncna KJiaccnqecKllX COCTOHHllH. 

TaKllM o6pa30M, KaJK,llblH orrepaTopU/(i) orn6palKaeT OT,lleJibHbIH KBaHTOBbIH 6HT ll3 

HaqaJibHOro COCTOHHllH B CMeIIIaHHOe COCTOHHlle cyrreprr03lll(llll C 3a,llaHHOH Bepo»:THOCTblO 

cocTo»:HllH/(i). feoMeTPnqecKoii HHTeprrpeTal(Heii orreparnpaU/(i) »:BmeTc»: ccpepa Enoxa 

c Bpall(eHlleM BOKpyr OCH y Ha yron 0; = 2 arcs in ( ✓ / ( i)) • 
C rrOMOII.lhIO rrpnMeHeHH»: rrpeo6pa3oBaHH»: Yonwa-A,11aMapa opraHnJyeTc»: rrpol(ecc 

cpopMHpOBaHll}I CKpb!TOH (HeHa6JIIO,llaeMOH) CMeIIIaHHOH KOppeJI»:l(llll B cyrreprr03lll(llll 

cnrHaJIOB ll3 .!IByx KJiaccnqeCKllX E3 HP. 3arryTaHHble COCTO»:Hll}I (KBaHTOBa»: Koppeml(H»:) 

MO,llennpyIOTCH KBaHTOBblM opaKyJioM, KOTOpb!H MOJKeT orrpe,11eJillTb MaKCllMaJibHYJO 

aMITJIHTY.!IY Bepo»:THOCTII Ha MHOlKeCTBe COOTBeTCTByIOll(llX KJiaccnqecKHX 

cyrreprr03lll(llOHHbIX COCTOHHIIH. 

Pnc. 1.12 IlOKa3bIBaeT BJilll!Hlle Tnrra KBaHTOBOH KoppeJIHI.(llll MelK,lly crrnHaMn Ha Bll,ll 

HaHOCTPYKTYPbl KBaHTOBOro «Kopanna». 

100,, 
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P11c. 1.12. Ilp11Mep BJIIl}IHil}I rnna KBaHTOBOH KOppeJIJII.(llll MelK,lly CilIIHaMn Ha Bll,ll HaH0CTpYKTYPhI 

KBaHT0B0ro «Kopanna» 

IfaMeHeHne mrra KBaHTOBOH KoppeJIHI.(llll ( J SI • s2 ) Ha ( J SI • s2 + J SI • S3 ) B 

l(eJieBOM faMllJlbTOHllaHe Hta,get B3allMOCB»:3aHHOH l(erroqKll CilllHOB rrpllBO,llllT K 

Cyll(eCTBeHHOMY ll3MeHeHHIO Blf,lla caMoopraHH3yIOll(eHCH CTPYKTYPbl KBaHTOBOro Kopanna. 

OTMeTHM, ~o OilllCaHIIe cpH3HqecKOH OCHOBbl cpopMnpoBaHllH KBaHTOBOH 

KoppeJI»:l(Hll, ee pOJib B MexaHll3Me cpopMHpOBaHllH CaMoopraHH3al(Hll H BJillHHll}I Ha Bll.[( 

CTPYKTYPU, a TaKJKe BBe,11eHne cpn3nqecKOH HHTeprrpeTal(llll MaTeMamqecKoii Mo,11enn: 

COOTBeTCTByIOll(ero KBaHTOBoro anropHTMa B ,11aHHOH Herrpe,!IBll,lleHH0H CHTyal(Hll 

yrrpaBJieHllH He BXO,!IHJIH IlOKa B 3a,11aqy H Il03TOMY rrpe,11cTaBJieHbl Ha co,11eplKaTeJibHOM 

qlll3HqecKH KaqeCTBeHHOM ypoBHe. 
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TaKHM o6pa30M, Cyll(eCTBOBaHne ll BJillHHlle Tnrra KBaHTOBOH Koppeml(HH Ha 

cpopMllpOBaHHe caMoopraHH3yIOll(eHCH CTPYKTYPbl HB]I}IIOTCH 3KcrrepnMeHTaJibHO 

ycTaHOBJieHHb!Mll cpaKTaMll, KOTOpbie yqHTb!BaIOTCH B 6JIOKe «Tun KoppeilRlfUU» KA (I.I) Ha 

ocHoBe MO,lleJIH o6MeHa llHcpOpMal(HeH no KBaHTOBblM KaHaJiaM CBH3H, rrpe,!ICTaBJieHHOH Ha 

pn:c. 1.11. 
Ilo MaKCllMYMY aMITJillTY.llbl Bepo»:THOCTH (MllHllMYM llHcpopMal(llOHHOH 3HTPOilllll 

IlleHHOHa) ll3 (<JIHTeJIJieKTyaJibHOro» COCTOHHllH (cM., HlllKe pnc. 1.13(6)) ll3BJieKaeTC}I 

KOppeJIHI.(llOHHOe llHcpopMaTllBHOe COCTOHHlle C IlOMOll(bIO orreparnpa llHTepcpepeHI.(llll ( B 

BIi.lie orrepaTopa H,lleHTllqHOCTll) COBMeCTHO C rrpol(e,llypOH KJiaccnqecKoro H3MepeHllH 

(aa6JIIO,lleHHH). 

OTMeTHM Terrepb HeKOTOpbie oco6eHHOCTll qJHJllqecKOH llHTeprrpeTal(Hll 

rrpe,11cTaBJieHHOro Ha pnc. l.7(a) n 1.10(6) KA yrrpaBneHn»: caMoopraHH3al(neii. 

• <PU3U'leCKaR UHmepnpemalfUR KA ynpaBJleHUR C{JJW00pWHU3GlfUeu 

C TOqKll 3peHHH rrpol(ecca 6nonornqecKH BOCilpOll3B0,!IHMOH 3B0JIIOI.(llll 

caMoopraHnJal(nn (cM., pnc. 1.7(a) n 1.10(6)) orreparnp cyrreprro3HllHH Ha rrepBOM ::irnrre 

rrpnMeHeHH»: KA B (I.I) peanll3yeT rrpol(e,11ypy cpopMnpoBaHH»: MHOJKecrna 

HeB3aHMOCBH3aHHblX 3JieMeHTOB CTPYKTYPbl B BH,lle «CTPOHTeJibHbIX 6JIOKOB» (templating) II 
0Cyll(eCTB]I}leT KO,llllpOBaHne HCKOMOro peIIIeHHH (CM., C0OTBeTCTBYJOII.lyIO Bb!HOCKY 

«Ko,11npoBaHne rrpo6neMhrn Ha pnc. 1.10(6)). Ilpn 3T0M cpopMnpyeTCH rrpol(e,11ypa 

B3aHMO,lleHCTBIIH 3JieMeHT0B MHKpo- Il MaKpOypOBHeH C o6MeHOM HHcpOpMal(HH aKTllBHbIX 

areHT0B. 

JlpUMetJaHue I 0. Ilo»:CHHM, CJie,11y»: Il0HHTilHM n orrpe,11eJieHHHM Teopnn 

caMoopraHH3al(Hll, qTo aKTHBHb!MH areHTaMH MaKpoypOBH»: 3,lleCb }IB]I}IIOTCH TeKyll(He 

3HaqeHHH rrpol(ecca yrrpaBJieHllH, rronyqeHHbie KaK pe3yJibTaT peaKI.(Ilil OT po6aCTHblX E3 HP. 

Ilo.11 aKTilBHb!Mll areHTaMil MHKpoypOBHH B ,11aHHOH pa6oTe IlOHHMaIOTCH BHPTYaJibHbJe 

3HaqeHllH rrpol(ecca yrrpaBJieHHH, rronyqeHHbie B pe3yJibTaTe rrpnMeHeHHH KBaHT0BOro 

rrpHHI.(HITa ,!I0il0JIHllTeJibHOCTil K peanbHblM 3HaqeHHHM C0CT0HHllHM yrrpaBJieHllH Ha 

MaKpOypOBHe. 

Bb16op Tnrra KBaHTOBOH K0ppeJIHI.(Illl peanll3yeT rrpol(ecc caMoc6opKH TPe6yeMOH 

CTpYKTYPb!, llCil0Jib3YH pecypc B3aHMO,lleHCTBllH qepe3 rrpol(eCCbl K0MMyttllKal(Hil ll 

nepe,11aqn llHqJOpMal(Hil Ha MllKpoypoBHe. B 3T0M cnyqae Tllil KoppeJI»:l(Ilil cpopMnpyeT 

ypoBeHb po6acTHOCTll HCY. C IlOMOll(bIO rrpnMeHeHHH KBaHTOBoro opaKyJia BbJqllCJI»:eTC}I 

«HHTeJIJieKTYaJibHOe» KBaHT0B0e COCTO»:Hne CTPYKTYPbl caMoopraHH3al(HH, K0T0poe 

co,11epJKHT l(eHHYJO HHcpopMal(llIO ,!IJIH llCil0Jib30BaHllH H peann3al(llll K0Op,!IHHHpoBaHH0ro 

ynpaBJieHllH. IfHTepcpepeHI.(llH llCIT0Jib3YeTCH ,!IJIH ll3BJieqeHllH pe3yJibTaTOB 

KOOp,!IHHHpOBaHHOro yrrpaBJieHHH n rrpoeKTHpOBaHllH po6aCTHbIX E3. 

KoHKpeTHa»: Mo,11enb KA yrrpaBneHllH caMoopraH11Jal(neii Ha ocHoBe KHB n ee 

IlPHMeHeHHe B TeXHOJI0rHll npoeKrnpoBaHIIH po6aCTHbIX E3 pacCM0TPeHa HHlKe ( CM. 

IIpnJioJKeHne). B qacTHOCTil, paCCMOTPeH npnMep KBaHT0B0ro anropnTMa caMoopraHII3al(llll 

(Ha OCH0Be caMoopraHH3al(Illl IlOBe,lleHHH T0JIIlbl JIIO,lleH B TOHHeJie) cpopMHpoBaHHeM (B 

peanbHOM BpeMeHn) 3HaHHH Ha OCH0Be po6aCTHbIX E3 B HeqeTKilX IIH)];-peryn»:TOpax B 

YCJIOBIIHX Heorrpe,11eneHHOCTll IlCXO,!IHOH HHcpOpMal(Hil H Herrpe,!IBII,lleHHblX CHTyal(llH 

YITpaBneHllH . 

• i.IeJtb npmteHeHUR KA ynpaBJleHUR C{JJW00pWHU3GlfUeu u mepJ1100UH(l)l,/Ul/eCKUU Kpumepuu 

MW1m1yMa o6o6UJeHHou ::mmponuu 
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PIICyttOK 1.13(a) noKaJbIBaeT OCHOBHOe TepMO,ll;IIHaMH'IeCKOe COOTHOllleHIIe KaqecTBa 

po6acTHOro IIHTem1eKTya.JihHOro yrrpasnemrn, II KplITepnii onTIIMII3aUIIII, IICnOJih3yeMblll B 

KA caMoopraHII3aUIIll. 

3aMKHyT3ff OTI<pblT3ff 

CIIICTI!M3 CIIICTeMa 

' - ( - - 7 TepM0AMHaMM"leCK0e C00TH0WeHMe Me>KAY I • I i qi =<p qi't) i YCTOM"IMBOCTblO, ynpaanReM0CTblO 1,1 po6aCTH0CTblO 

j 06DeKT ! 
: ___ yn_pasneHl1H ___ I dV (dS dSp) 0>-=Lq;·<p(q;,11,t)+(SOY-SP) ~--

cJ>yeKllllJI JIHnyooea dt I dt dt 
/ I I i -,, 

dV Yc.-.oeur ,anuatunKaOY Trp~10,:JHHR1'1R .. rt:J,,.."Or noBr..'H'HRe 1 dSOY 
--=------ ycroA'"lneocrn (YnpABJUIE'HOCTL) OY (Po6atTBocr.,) 

dt T dt 

,-------------------------, ... - --, : 0606U1eHHa>1 Mepa : 
l 06-..eKT ynpaaneHMH l inp0113BOACTBa 3HTpon1111! ~---, , ___________ .,. 

s =(;\,,,'_8 )( dsOY dSp )7 I 
CIXJ6 o.v :\ dt dt JI Kpi.1Tepi.1>i po6acTHocT111 

,-' •------, min JS . -dt 
L~eryn_~~op J q. u Oooo 

a) 

IIHTenneKcyaJJLHoe,----1\_ {I )) = . (H5" -SM)-
coCTOJIHHe KA: L-,/ I[ KBaHIOBOe cocromme llIIl 7 
HSh > S"N c==> I[ (I KBaHToaoe cocTmnrne)) ~ 0 ! 

______________ .[1_ ___________ 7 ! 
:-H---s,;------~:._--ln------: ! )vis 'IRCToro KBaRTOBoro : ..--1'--.... <E3- I 
I --~ I I~ !lY ~ 
f -

1 
1 A f l ________ ~_?-~~~~~---------f S = 0 

L-----------:::_--_--.:-_::-~~;:~_il _______ _ 
i . Sh I 12 i ! min H = max p;; P; = 1/f; ! 
' ' ' I ·--------------------------------------------------------· 

• n p H H ll H n II H H H II y II a 3 H T p 0 n H "Jj ( ( ( >) 
orHocHrenbHo KBaHroablx H.,, X)=-log tnaXPx X 

3HBHMA x 

I •0paKyn a anropMTMe KHB Bb16HpaeT HHTenneKTY&nbHoe I 
I COCTOAHHe no M8KCHMYMY aunnMTYJlbl eepoATHDCTH,.'ITO ! ! SKBHeaneHTHOMMHMMYMYSHTponMMWeHHOHa I 
l--------------------------------------------------------------------------------1 

6) 
Pnc. 1.13. IlpoeKTilponaHne Kaqecrna po6acrnoro ynpanneHm1: 

a) TepMOJ:lttHaMHqecKHii KpIITepnii Kaqecrna po6acrnoro ynpasneHmr; 6) BhI6op 

«HHTeJIJieKT)'aJihHOro» KBaHTOB0ro C0CTOllHIIJI 

IlpUMel/aHue I 1. Ha pnc. 1. 13 IIplIHJIThI cne.n;yroru1Ie 0603HaqeHm1: V - <pyttKUIIJI 

JlJmyttosa; S0 y,Sp - npon3Bo.n;crno '.lHTPOnlIII B OY II perymnope, coorneTcTBeHHo; 
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v ==_!_ I,l +.!.s2; S = S0 y -Sp; q1 = rp(q,,u,t)- ypasHeH1Ie .n;smKemrn OY;S'N - KBaHTOBaJI 
2 ,~1 2 

3HTPOnHJI <pOH HeiiMaHa; If/ - BOJIHOBaJI <pyttKUllll; P; - BepOllTHOCTh cofihITIIll. 

PIICyttOK 1.13(6) IIJIJIIOCTPIIPYeT .n;eTa.Jill BhlqlICJIIITeJlhHOro npouecca Bhr6opa 

((J{HTeJIJieKTyarrhHOro» KBaHTOBOro COCTOllHIIll no nplIHUIIny MIIHIIMYMa IIH<pOpMaUIIOHHOll 

3HTPOITIIII llleHHOHa (MaKCIIMYM aMnJIIITY.ll:hl BepOllTHOCTeii). 

IlplIMep 1. II01mmue u onpeoeJieHue «uHmeJ1J1eKmyQJlbH020» KeaHmoeozo cocmoRHUR. 

PaccMOTPIIM B03MOlKHhlll no.n;xo.n; K Bb16opy Kp1ITepm1 onTIIMII3aUIIII II3BJieqeHIIJI 

np1IOp1ITeTHOro COCTOJIHIIJI II3 c<popM1IpOBaHHOll cyrrepII031IUIIII 3aKO,ll;1IpOBaHHhlX 

B03MOlKHhlX COCTOllHIIll. ,lvIJI '.)TOH ueJIII IICnOJih3yeTCll nOHllTIIe «UHmeJIJleKmyQJlbH020 

K6GHmoeo20 cocmoJIJ/Ufl)), BBe.n;eHHOe B KBaHTOByro TeOplIIO II3MepeHIIll KaK COCTOllHIIll C 

MllHIIMa.JlhHOll Heonpe.n;eJieHHOCThlO (B CMhlCJie MIIHIIMYMa HepaBeHCTBa Heonpe.n;eneHHOCTII 

feil:3eH6epra). ,[J;aHHOe nOHJITIIe CBll3hIBaIOT TaIOKe C pellleHIIJIMII KBaHTOBh!X BOJIHOBhlX 

ypaBHeHIIll (TIIna lllpe.n;IIHrepa II .n;p.), ,ll;JIJI KOTOpbIX BOJIHOBOH naKeT COCTOllHIIll KBaHTOBOH 

CllCTeMbl JIBJIJleTCll KOrepeHTHh!M COCTOllHIIeM. Ha KOrepeHTHOM COCTOJIHIIII COOTHOllleHIIe 

aeorrpe.n;eJieHHOCTII ,ll;OCTllraeT rno6a.JibHOro MIIHIIMYMa. Onpe.n;eJieHne II BhJq1IcJieH1Ie 

COCTOJIHIIll B KA .n;aeTCll Ha OCHOBe onpe.n;eJieHllll '.lHTPOnlIII <pOH HeiiMaHa II 

nmpopMaUIIOHHOH '.lHTPOnlIII llleHHOHa B .n;aHHOM KBaHTOBOM COCTOllHIIII. B '.JTOM cnyqae, 

«uHmeJIJleKmyQJlbHOe K6aHmoeoe cocmoJIHUe» B KA eCTh MIIHIIMYM pa3HOCTII MelK,Lly 

IIHqJOpMaUIIOHHOH '.lHTPOnlieii KBaHTOBOro COCTOllHllll llleHHOHa II 4)1I31IqecKOH '.lHTPOnlieii 

KBaHTOBOro COCTOllHllll <pOH HeiiMaHa: 

lI (I KeaHmoeoe cocmoJ1Hue)) = min ( Hsh - S'N) , (1.4) 

r.n;e HSh II S'N - '.lHTPOnlIII llleHHOHa II <pOH HeiiMaHa COOTBeTCTBeHHO. CornacHO 3aKOHaM 

KBaHTOBOll TeOplIII IIH<pOpMaUIIII, HMeeM cne.n;yroruee HepaBeHCTBO: 

Hsh ?. S'N T.e., lI(IKeaHmoeoe cocmoRHUe))?. 0. (1.5) 

HanoMHIIM, qTo KBa.n;paT aMnJIIITY.ll:hl BepOJITHOCTeii COCTOllHIIll B KBaHTOBOll 

MeXaHIIKe paseH KJiacc1IqecKoii BepOJITHOCTll HaxolK,LleHllll KBaHTOBOll CIICTeMbl B .n;aHHOM 

COCTOJIHIIII (nocTyJiaT EopHa, KOTOpblll IIMeeT HeCKOJihKO BapliaHTOB CTPOroro o6oCHOBaHrrn). 

C ToqKII 3peHIIll KBaHTOBOll TeOplIII IIH<pOpMaUIIII q1ICTOe KBaHTOBOe COCTOllHIIe 

xapaKTep1I3YeTCJI, KaK II3BeCTHO, HyJieBhlM 3HaqeHIIeM '.lHTPOnlIII <pOH HeiiMaHa. 

Cne.n;oBaTeJihHO, «IIHTeJIJieKrya.JihHOe» KBaHTOBOe COCTOllHIIe B paCCMaTPIIBaeMOM KA 
orrpe.n;eJIJieTCJI qepe3 onpe.n;eJieHIIe MIIHIIMYMa IIH<pOpMaUIIOHHOH '.lHTPOnlIII llleHHOHa. 

l1CK0Mhlll MIIHHMYM ,ll;OCTIIraeTCll, B CBOIO oqepe.n;h, npn MaKCIIMYMe sepOllTHOCTII COCTOJIHIIll 

(no onpe.n;eJieHIIIO IIH<pOpMaUIIOHHOll '.lHTPOnlIII KBaHTOBOro COCTOllHIIll 

illeHHOHa Hsh = - LP; In P; , T.e. rno6arrhHhIH MIIHIIMYM Ha6n10.n;aeTCll nplI MaKCIIMYMe 

BepOllTHOCTII P; ). TaK KaK P; no onpe.n;eJieHIIIO eCTb KBa.n;paT COOTBeTCTBYIOIUeii aMnJIIITY.ll:hl 

BepOl!THOCTeii, TO nplIHUIIn MaKCIIMYMa aMnJIIITY.ll:hl sepOllTHOCTeii nplI KOppen1IpOBaHHOM 

COCTOl!HIIII MOlKeT 6b!Th nplIHJIT 3a Kp1ITep1Iii OT6opa np1IOp1ITernoro (illHTeJIJieKTYa.JlhHOro» 

KoppeJIJIUIIOHHOro (KorepeHTHoro) COCTOl!Hllll B cyrrepn031IUIIII B03MOlKHhIX KaH.n;II.n;aTOB (CM. 

PHc. 1.13(6)). 
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B npon:ecce 3BOJIJOU:1111 caMoopraH113an;1111 ,nocT11raeTCll c6aJiaHc11poaaHHoe 

COOTHOIIIeH11e Me)l(Jzy 11cnOJib3yeMb!M 11 noTeHU:llaJibHb!M pecypCaMll 3BOJIIOU:llll 

(11mpopMan:110HHO-TepMo,n11HaM11qecKoro) noae,neHllll ,n11HaM11qecKOH Cl!CTeMbl. 

3a,naqa npoeKTHpOBaHllll CBOHCTBa po6acTHOCTll (KaK caMOCTOSITeJibHOfO CBOHCTBa 

caMoopraHJI3an;1111) lICY no,npo6HO 113yqeHa Ha OCHOBe HOBbIX B11,nOB JIB, TaKl!X KaK MllfKIIe 

11 KBaHTOBbie BbIq11cJieH11ll. Ilpe,nJio:lKeHa Mo,neJib KA caMoopraH113an;1111 lICY, 

6a311pyJOID;al!Cll Ha np11Hn:11nax Ml!Hl!MyMa 11H<l>opMan:110HHOH 3HTPOnllll (B 

«llHTeJIJieKTYaJibHOM» COCTOllHllll CllfHaJIOB yrrpaBJieHllll) 11 o6o6meHHOH 

TepMo,n11HaM11qecKoH Mepe npo113Bo,ncrna 3HTPon1111 (a Cl!CTeMe «061,eKm ynpa6llemm + 
pezyJU1mop»). OcHOBHb!M pe3yJibTaTOM np11MeHeHl!ll npon:ecca caMoopraH113an;1111 llBJilleTCll 

rrp1106pcreH11e Heo6xo,n11Moro ypOBHll po6aCTHOCTll 11 CBOHCTBa r116KOCT11 ( a,nanTl!BHOCTll) 

BOCnp0113BO,nllMOH CTPYKTypb!. 

OTMeqeHO, qTQ CBOHCTBO po6aCTHOCTll (no CBOeH <1>11311qecKOtt np11po,ne) BbICTyrraeT 

cocrnBHoii qacTbJO caMoopraH113an;1111, a TPe6yeMbitt ypoaeHb po6aCTHOCT11 lICY 

,noCTl!raeTCll 3a cqeT BbIIIOJIHeHl!ll OTMeqeHHOfO BbIIIIe np11Hn:11na Ml!Hl!MyMa np0113BO,nCTBa 

o6o6meHHoii 3HTPon1111. I1p11Hn;11n Ml!Hl!MyMa npo113ao,ncrna 3HTPon1111 B OY 11 c11cTeMe 

yrrpaBJieHl!ll CJIY)Kl!T <1>11311qecKHM np11Hn:11noM onTl!MaJibHOro <l>YHKU:l!OHllpoBaHl!ll C 

Ml!Hl!MaJibHblM pacxo,noM noJie3HOtt pa60Tbl 11 JielKl!T B OCHOBe pa3pa60TK11 po6aCTHOtt lICY. 

.D:aHHoe yrneplK,neHJie fia311pycrcll Ha TOM, ~o ,nJill o6mero CJiyqal! yrrpaBJieHl!ll 

,nHHaMHqeCKHMl! 061,eKTaMll OIITl!MaJibHOe peIIIeHJie KOHeqttOtt Bap11an:110HHOH npo6JieMbI 

orrpe,neJieHllll MaKCl!MyMa nOJie3HOH pa60Tbl w 3KBl!BaJieHTHO peIIIeHIIIO KOHeqttOtt 

Bapl!an;HOHHOH npo6JieMbI HaxolK,neHllll Ml!Hl!MyMa IIp0113BO,nCTBa 3ffTPOIIllll s. TaKl!M o6pa30M, 

l!CCJie,nOBaHJie ycJIOBllll MaKCl!MyMa <l>YHKn;IIOHaJia max(W) (r,ne qi' u - 0606In;eHHble 
q,.u 

KOOp,nHHaTbI OY II CllfHaJI yrrpaBJieHllll coorn=BeHHO) 3KBl!BaJieHTHO IICCJie,nOBaHJIIO 

aCCOD;H!IpOBaHHOtt rrpo6JieMbI Ml!Hl!MyMa IIp0113BO,nCTBa 3ffTPOIIllll, T.e. min(S). 
q,,u 

Ha,nelKHOe <l>YHKU:l!OHllpOBaHlle ecTeCTBeHHb!X caMoopraHl!3yJOID;l!XCll Cl!CTeM 

06ecneq11aaeTCll nYTeM l!CnOJib30BaHllll l!X OT,neJibHbIX CBOHCTB, KOM611Han:1111 YKa3aHHbIX 

no,nxo,noB 11 aJifOPllTMllqecKoro <t>opM11poBaHl!ll KOMnJieKca CBOHCTB B 113MeHlllOID;l!XCll l!Jlll 

Henpe,na11,neHHb!X ycJIOBllllX. B ,naHHOtt pa6oTe CBOHCTBO po6aCTHOCTll E3 ,nocrnraeTCll 

nYTeM np11MeHeHllll KA npoeKT11poBaHllll caMoopraH113an;1111 B npon:ecce l!HTeJIJieKTYaJibHOfO 

yrrpaBJieHllll, qTo OTPalKeHO cxeMaT11qHo Ha p11c. l .14. 
CJie,noBaTeJibHO, B pa3pa60TaHHOtt MO,neJill KA l!CnOJib3yeMbltt np11Hn:11n Ml!Hl!MyMa 

11H<l>opMan:110HHOtt 3HTPOn1111 rapaHT11pyeT Heo6xo,nIIMOe ycJIOBl!e caMoopraHl!3an;1111 -

Ml!Hl!MyM TPe6yeMOtt l!CXO,nHoii llH<i>opMan:1111 B CllfHaJiax o6yqeHl!ll. 

TepMo,n11HaM11qecK11ii Kp11Tep11ii Ml!Hl!MyMa HOBOH Mepb! o6o6meHHOfO 

npo113so,ncrna 3HTPon1111 06ecneq11aaeT ,nocrnToqHoe ycJI0B11e caMoopraH113an;1111 -

po6acrnocTb npon:eccoa yrrpaBJieHl!ll c Ml!Hl!MaJibHbIM pacxo,noM noJie3Horo pecypca. 

B np11po,nHb!X Cl!CTeMaX l!CKOMOe CBOHCTBO po6aCTHOCTll, KaK noKa3aHO paHee, 

3aKo,n11poBaHO B aJirOpl!TMe BOCnpOII3BO,nCTBa npon:ecca caMoopraHl!3aU:l!ll. Ilo3TOMY TaKHe 

Cl!CTeMbl MOfYT aBTOHOMHO cnpaBl!TbCll C Henpe,ns11,neHHb!M co6b!Tl!eM, npIIBJieKal! 

pa3JillqHbJe (HO 6Jil!3KHe no 11,nee) no,nxo,nbI: 1) a,nanTaU:llll (06yqeH11e, 3BOJIIOU:llll), B paMKax 

KOTOpoii Cl!CTeMa KOppeKT11pyeT CBOe noae,neH11e, qT06bI cnpaBl!TbCll C 113MeHeH11eM 

co6b!Tlltt; 2) yrrpelK,neHl!e (KOfHl!Tl!BHOCTb ), npollBJilllOID;al!Cll a TOM, qTo Cl!CTeMa MOlKeT 

«npe,nCKa3aTb)) 113MeHeHIIll Cl!Tyau:1111 11 YTOqHl!Tb CBOe noae,neHl!e ( 3TO CBOHCTBO Bb!CTyrraeT 

cnen;l!aJibHblM CJiyqaeM a,nanrnn:1111 11 He TPe6yeT OT Cl!CTeMbl on;eHKll Cl!Tyan;11II ,no ee 

B03Hl!KHOBeHllll); 3) po6acTHOCTb, COCTOllID;all B TOM, qTo Cl!CTeMa cnoco6Ha 

<l>YHKU:l!OHllpOBaTb II ,noCTl!raTb n;eJil! np11 B03Hl!KHOBeHl!ll Henpe,na11,neHHbIX B03MyID;eHllH 

42 

onpe,neJieHHOfO B11,na. ,n:annoe CBOHCTBO B np11po,nHbIX Cl!CTeMaX ,nOCTl!raeTCll na OCHOBe 

MO.nYJibHOCTll, BblpOlK,neHllll, pacnpe,neJieHHOCTll l!Jill 3a cqeT HaJillqllll 1136b!TOqnocTl!. 

~ jK011e•moe COCTOJ!Hlle} -----------, 
Po6aClllaR :::::.~ Po6acrnaJ1 ca.\loopramnyromaJ1CJ1 

63 l CTpy1...-rwa 

, -· Llenb: noAAe~Ka -.;~.;...M~b;.;,:; -
! TepM0,1111H3Mll'leCKOro COOTHOWeHIIR ! 

" - I Me)l(Ay ycmoil'IUSOCmblO, : 
---, )lnpasnReMocmb10 11 _po6acmnocmb~ , 

---------- ... - ,a,-;---e:==--· -. ---- . -------
oeKTMpoaaHHe c npe~cKalaHH~ I :~ ~ §- : :· CocTORHMe co : 

r 

-.,-------,------------------- :i ~ g i ~ ] , CKJ)bfrOM KHKTOBOM: l neaHmoeblu aneopumM ynpae.neHUR l ___ ..! a. 8. a. l--:s• : MHq)Opua1.111M : 
1 caMoop2aHu3al.(ueii j --..s;; ______ =_ ...... --- · --· -:· - --· --· 
L--------------------------- (I1po6rreMHo-op11eHT11poBaHHaJ1) lffaqaThnoe) 

,= (.[(11Ha\1Il'IeCKaJ13B0JIIOIIIIJI) 
KoppeJIJIIIIIJI COCTOJ!lme 
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•------------------------------------------- I 

Pnc.1.14.HepapxuqecKall cTpyKrypa KA npoeKTI1poBaH11J1 caMoopraHn3a11nu po6acrnux E3 B HCY 

(IIAIT - nporpaMMHo-annaparnal! noMeplKKa) 

IlporpaMMHO KA BCTPoen B CTPYKTYPY lICY Mll peaJI113au;mI Tpe6yeMoro caoiicrna 

caMoopra11113au;1111. Ha p11c. 1.14 nOKa3aHbI 11epapx11qecK11e ypOBHll npou:ecca 

11poeKT11poBaHllll C rrp11Mene1111eM KA, B3allMOCBll311 11 B3al!MOOTHOllJeHllll rrepeq11cJieHHblX 

CBOHCTB CaMoopraH113an;1111 po6aCTHbIX E3. JI3 ypOBHeH, rrpe,nCTaBJieHHb!X na p11c. 1.14, 
no,npo6Ho paCCMOTPeHbl ypOBHll 3 ( <1>11311qecKal1 MO,neJib 11 n;eJib npou:ecca yrrpaBJieHllll 

CaMoopraH113au;11eii, a TaKlKe <1>11311qeCKal! l!HTeprrpcran;11ll OCH0BHblX onepaTopoB KA 
ynpaBnen11ll caMoopranman:11eH E3) 11 2 (,n11HaM11Ka 3BOJIJOn;1101111oro npon:ecca 
caMoopra11113au;1111). 

KaK cJie,nyeT 113 p11c. 1.14 (cM., ypoaenb 3), B o6meM cnyqae nenpe,na11,neHHbIX 

CllTyan;11H yrrpaBJieHllll npou:ecc rrpoeKT11poBaHllll OIITllMaJibHOH E3 C l!CIIOJib30Ban11eM 

llHqJOpMan:11011110-TepMo,n11naM11qecK11X Kp11Tep11eB rapanT11pyeT llHBap11aHTHOe ,noCTlllKen11e 

Qerru yrrpaBJieHl!ll C IIOMOID;b!O KA caMoopraH113an;mI B peaJibHOM BpeMe1111 C TPe6yeMbIM 

yPOBHeM po6aCTHOCT11 lICY. .D:oKa3aTeJibCTBO cymeCTBOBaHllll ,nannoro CBOHCTBa 
3

4JqJeKTl!BHO npo,neMOHCTPllPOBaHO HlllKe Ha np11Mepe pernenllll 3a_naq11 OIITllMaJibHOrO 

MHoroKpl!TepllaJibHOfO yrrpaBJieHllll B 11errpe,na11,nennoii Cl!Tyau:1111. <f>11311qecK11 OTMeqeHHbltt 

ql3KT 03HaqaeT, qTo no,n,neplK11BaeTCll onTllMaJibHOe TepMo,n1111aM11qecKoe COOTHOII1e1111e 

MelK,ljy ycrniiq11BOCTblO, yrrpaBJilleMOCTblO 11 po6aCTHOCTblO (cM. p11c. l.13(a)). 

Ilpou:ecc npoeKTllpOBaHl!ll po6aCTHbIX E3 (p11c. 1.14) a,neKBaTHO COOTBeTcTByeT 

YIIOMllHYTOMY BbIIIIe rrpon:eccy OIITl!MaJibHOtt no,n,neplKKll BBe,nennoro TepMo,n1111aM11qecKoro 

COOTHornenl!ll MelK,ny OTMeqeHHb!MU <l>YH.naMeHTaJibHb!Mll KaqecTBaMll yrrpaBJICHllll 
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(thermodynamics control quality trade-off, rronyqeHHoro KaK <j>I13I111ecKI1ii. KpI1TepI1ii. 

CaMoopraHil3aUIII1). Ilon1IepKHeM, "ITO ::i<j><j>eKT caMoopraHI13aUIIII :63 B 11CY 0CH0BaH Ha 

BilpryanbH0M rrpouecce Il3aJie'leHIIH norrOJIHIITeJibHOH (cKpbITOii.) KBaHTOBOH IIH<j>opMaUilII 

Il3 peaKUIIII (Ha HerrpenBI1neHHYJO Cilryaumo) KJiaCCil'leCKIIX CilrHaJI0B ynpaBJieHilH Ha 

Bb!Xone :63, crrpoeKTilp0BaHHb!X B ycJI0BilHX o6yqeHHH, II <j>Il3Il'leCKII peaJIIl3yeTCH 

rrporpaMMHb!M IIHCTPyMeHTapileM. 

IlporpaMMHo-arrnaparna» rronnep)l(Ka (ITAIT) rr0Ka3aHa Ha pI1c. 1.14 (ypoBeHb 1). B 
CBH3Il C '.JTIIM, II0HCHIIM IlH<j>opMaUIIOHHbie CBOHCTBa Il JI0TII'leCKile oco6eHHOCTII 

<j>opMI1pOBaHIIH CttHepreTil'leCK0ro ::i<j><j>eKTa caMoopraHll3aUIIII, II IICII0Jlb3YeMb!e a 

rrporpaMMH0M IlHCTPYMeHTapIIII QCOptKB™, 0IIIICaHile K0Toporo IIpIIBeneH0 a 

IlpIIJIO)KeHttII. 

• HH!popMat{UOllllble 
caMoop2a111nat{UU 

npot{eCCbl rpopMupoeamm cu11ep2emul/eCK020 ::irprpeKma 

11H<j>opMaUHOHHb!H CllHepreTil'leCKIIH ::i<j><j>eKT CaM00praHil3aUIIII 3HaHIIH 

3aKJIIO'laeTCH B rrpno6peTeHIIII CIICTeMOH TPe6yeMoro caoii.crna po6acTHOCTil 3a C'leT 

IIH<j>opMaUIIOHHOrO (a He rrp»Moro <j>I13Il'leCKOro) B3attMoneii.CTBHH He po6aCTHb!X :63, T.e. 

II0HBJieHIIH H0B0ro Ka11ecrna B 061,ennHeHHOH CIICTeMe, 0TCYTCTByi<>IUero BO 

B3aIIMoneii.CTBYJOIUilX rroncIICTeMax, K0T0pb!e C0CTaBJIHIOT enIIH0e uenoe. ~aHHb!H ::i<j><j>eKT 

peanll3yeTCH rrpouecC0M rrepeH0Ca IlH<j>opMaunII II HBJIHeTCH cnencTBileM <j>opMI1poaaHIIH 

ailpTyaJibHb!X KaHaJI0B rrepena11n KBaHTOaoii. IIH<j>OpMaUIIIl Me)l(Jly KJiaCCil'leCKIIMII 

C0CT0HHIIHMII CllrHaJI0B yrrpaBJieHIIH. 

OTMe'leHHOe CBOHCTBO IIpIICYTCTByeT BO MH0rIIX KBaHT0Bb!X CIICTeMaX. HeKOTOpb!e 

Il3 cyiueCTBYJOIUIIX Heo6bl'lHb!X <j>tt3Il'leCKIIX HBJieHttii., K0T0pb!e BKJIIO'laIOT B ce6» 

CllHepreTil'leCKilH ::i<j><j>eKT, aHaJIOTII'lHb!H rrpIIMeHHeMoMy B naHHOH pa60Te, paCCM0TPIIM Ha 

rrpttMepax. B qacTH0CTII, o6cynIIM II03HaBaTeJibHb!H COIIYTCTBYJOIUIIH rrpI1Mep: nae 

rroncIICTeMbI, Ka)l(Jla» Il3 K0T0pb!X oTneJibH0 HaxonIITCH B CMeIIIaHH0M xa0Til'leCK0M 

C0CT0HHIIII (II C OTJIIl'lHOH OT HYJIH MaKCIIMaJibHOH '.JHTPOIII1eii.), IIpII CJIIIHHIIII B enIIHYJO 

CIICTeMy o6pa3YJOT 'lllCTOe (c HyJieBOH '.JHTPOIItteii.) C0CTOHHile, 06nana10iuee Bb!CIIIIlM 

ypoBHeM rrop»nKa (::i<j><j>eKT KBaHTOBOH caMoopraHil3aUIII1). IlpII '.)TOM K0JIIl'leCTB0 

IIH<j>opMaUIIII B uenoii. CIICTeMe MeHbIIIe, 'leM B Ka)Knoii. Il3 ee C0CTaBJIHIOJUIIX rroncIICTeM. 

B3aIIMHa» ycJI0BHaH 3HTP0IIIIH IIMeeT omput{amellbHOe 3Ha'leHI1e. Ho KJiaCCil'leCKaH 

rronCIICTeMa B enttHOH CIICTeMe noJI)l(Ha HaxonIITbCH no orrpeneneHil!O B 'lIICT0M C0CT0HHIIII, 

a MH KBaHTOBOH rronCIICTeMbl '.JT0 TPe6oBaHtte Bb!II0JIHHeTCH He BCerna. IlapanoKc C0CT0IIT B 

TOM, "ITO '.lHTP0IIIlH uenoii. CIICTeMbl paBHa HYJIIO, a '.lHTP0IIIIIl nByx rroncIICTeM 

II0JI0)KIITeJibHbl II IIMeIOT MaKCIIMaJibH0e 3Ha'leHile 1. ~aHHb!H <j>aKT Il 03Ha11aeT, "ITO 

IlH<j>OpMaun», conep)KaJUa»CH B uenoii. CIICTeMe, MeHbIIJe K0JIIl'leCTBa IIH<j>OpMaUIIII, 

rrpIICYTCTBYJOIUeii. B Ka)l(Jloii. Il3 rroncIICTeM. Ilo»cHeHtte <j>Il3Il'leCKOrO CMb!CJia H 

oco6eHHOCTH 0TMe'leHH0ro ::i<j><j>eKTa, TPYnHo B0CIIpIIHIIMaeMoro n CJI0)KH0ro a 

HHTeprrpeTaUIIII (c II03IIUIIII 6yneBoii. JIOrIIKil), rrpII IlCII0Jib30BaHilII B pa3pa60TKe rrpoueccoB 

Il3BJie'leHIIH KBaHTOB0ii. IlH<j>opMaUIIII Il3 KJiaCCil'leCKIIX COCTOHHIIH rrpHBeneH0 BbIIIIe. 

Ilono6Hoe crreuH<j>I111ecKoe CBOHCTBO CTPYJCTYPbl KBaHTOBb!X COCTOHHIIH c<j>opMyJIIlpOBaJI 

lllpenI1mep cnenyi<>IUIIM o6pa3oM: «The best possible knowledge of a whole does not 

necessarily include the best possible knowledge of all its parts». - «Jiyqrnee B03M0)KH0e 

3HaHile 0 tfeJIOM He o6»3aTeJibHO conep)KIIT HaIIJI)"IIIIee B03M0)KH0e 3HaHHe 060 ecex e20 
l/acnmx» (IlepeBon n norroJIHeHile, BbineneHH0e KypCilB0M, Bb!II0JIHeHbl aBTOpaMII). 

IlpIIMe'laTeJibHO, "ITO OTMe'leHHb!H rrapanoKC pa3peIIIIIM 3a C'leT eiue 6onee 

CTPaHH0ro CBOHCTBa (c T0'lKII 3peHIIH Te0pIIII IIH<j>OpMaUIIIl llleHHOHa) - omputfameJlb/1020 

44 

3Ha'leHHH ycJI0BHOii. 3HTP0IIIIII. 3KcrrepI1MeHT rronTBepnIIJI Te0peTil'leCK0e YTBep)l(JleHI1e, "ITO 

,nae B3aIIMOneii.CTBYJOIUile rronc11cTeMbl B '.JT0M cnyqae HaX0MTCH B CMeIIIaHHb!X C0CT0HHIIHX 

C OTJIIl'lHblMII OT HYJIH 3Hl])0IIIIHMII. B '.)TOM cnyqae HeKJiaCCil'leCKIIe <j>11311qeCKI1e CBOHCTBa 

HenoKaJibH0CTil cyrreprr03IIUIIIl C KBaHTOBOH K0ppeJIHUileii. Me)l(Jly rroncIICTeMaMII KaK 

MaTeMaTH'leCK0ro ofo,eKTa IIpIIB0MT K rrapanoKcy HapyrneHIIH '.JJieMeHTapHoro 

apmpMeTil'leCK0ro rrpaBIIJla B Bilne: 2 *I+ 1. <I>I13Il'leCKa» peaJII13aUIIH KBaHT0B0ro C0CT0HHIIH 

cyneprro3IIUIIII B '.JJieKTP0HHOii. HaH0CTPYJCTYPe ( «KaaHTOB0M KOpaJIJie») C yKa3aHHb!M 

csoii.CTB0M rrepeHoca KBaHTOBOH IIH<j>OpMaUIIII B0JIH0Bb!MII <l>YHKUIIHMII rronCIICTeM 0IIIICaHa 

BbJIIIe. l13MepeHileM Il3 naHHb!X rroncIICTeM M0)KH0 II0JiyqIITb T0JibK0 CTaTIICTil'leCKile 

3HaHIIH. CnenoBaTeJibHO, B 0TJIIl'llle OT KJiaCCil'leCKOH Te0pIIII IIH<j>OpMaUIIII llleHHOHa 

KBaHToaa» ycJI0BHaH 3HTP0IIHH <j>OH Heii.MaHa M0)KeT IIpIIHIIMaTb ompUtfGmeJlbllble 3Ha'leHIIH, 

Karna paccMaTPI1BaIOTCH 3aIIYTaHHbJe C0CT0HHHH. 3TOT <j>aKT HerrocpencrneHH0 CB»3aH C 

KBaHTOBOH Hepa3neJIIIM0CTbIO 3aIIYTaHHb!X C0CT0HHIIH, a caMtt 0HII IIHTeprrpeTilPYJOTCH KaK 

mraHTCKII K0ppenilp0BaHHble ( cyrrep-) C0CT0HHHH. 

TaKIIM o6pa30M, 0lpHUaTeJibH0CTb YCJIOBHOH 3Hlp0IIIIIl yKa3b!BaeT Ha HaJIIlqHe 

3aIIYTaHHbIX C0CTOHHIIH B C0CTaBHOH KBaHTOBOH CIICTeMe II orrpen=cr Hil)KHJOIO rpaHIIUy I1X 

KoppeJIHUIIIl. IloCJiellffee 03Ha11aeT, "ITO HH<j>opMa:QIDI 0 C0CT0HHIIIl C0CTaaHOH CIICTeMbI, He 

MaKCIIMaJibHa, a rronCIICTeMbI IIMeIOT 6onee xaOTil'leCK0e rroaeneHIIe, 'leM C0CTaBHaH CllCTeMa. 

OTMe'leHHOe CBOHCTBO IICII0Jib3YeTCH B MoneJIII KHB rrpII Il3BJie'leHIIII 

/jOIIOJIHIITeJibHOii. KaaHT0B0ii. IIH<j>OpMaUIIII 113 KJiaCCil'leCKIIX CilrHanoa yrrpaBJieHHH. 

CnenoBaTeJibHO, IIH<j>opMaUIIOHHb!H aHaJIIl3 HeorrpeneneHH0CTII B C0CT0HHIIII C0CTaaHOH 

KaaHTOBOH CIICTeMbl II03B0JIHeT 'leTK0 pa3oHCHIITb HaJIIl'lile Heo6b!'lHb!X (HeKJiaCCil'leCKIIX) 

CBOHCTB: IlrH0pI1poaaHIIe B Heii. qaCTII IIH<j>opMaUIIII 0 C0CT0HHIIII rronc11cTeMbl rrpIIB0nIIT K 

yseJIII'leHIIIO KBaHTOBOH HeorrpeneneHH0CTII. 

B pe3yJibTaTe, K0JIIl'leCTBa KBaHTOaoii. HeorrpeneneHH0CTil B «'laCTH» (rronCIICTeMe) 

6oJibIIIe, 'leM B (<IIOJIHOH» ( COCTaBHOii.) KBaHTOBOH CIICTeMe. 

TaKoii. ::i<j><j>eKT 0TCYTCTByeT B KJiaCCil'leCKIIX CIICTeMax B CIIJIY CBOHCTB Mepbl 

IIH<j>OpMaUIIOHHOii. 3HTP0IIIIII llleHHOHa. Ilono6Hoe CTPaHH0e nJIH KJiacc11qecKI1X CIICTeM 

caoii.crno, Karna 0 'cocTaaHoii. CIICTeMe IIMeeTCH II0JIHaH IIH<j>opMaUIIH (3HTPOIIHH paBHa 

HYJIIO ), a 0 rroncIICTeMax - T0JibK0 qacTb IlH<j>opMaUIIII, xapaKTeptt3yeT CIIOC06HOCTb 

KBaHT0Bb!X CIICTeM K caMoopraHtt3aUIIIl 3a C'leT IICII0Jib30BaHIIH CBOHCTBa cyrrep

KOppeJI»l.(IIII (KaaHTOaoii. KOppeJIHUIIIl), conep)Kaiueii.c» B 3arrYTaHHb!X C0CT0HHilHX. 11MeHHO 

Il3-3a HaJIIl'lIIH KBaHToaoii. KoppeJIHl.(Illl y CMeIIIaHHb!X C0CTaaHb!X C0CTOHHIIH rro»attJiaCb 

B03M0)KHOCTb c<j>opMI1pOBaTb 'lIICT0e C0CT0HHile. 

IlpI1aeneHHb!H pe3yJibTaT xapaKTepI13yeT oco6oe CBOHCTBO CIIHepreTH'leCKoro 

::i<j><j>eKTa, rrpIICYJUero KaaHToaoii. C0CTaBHOH CIICTeMe II rrpttHUilIIIlaJibH0 0TCYTCTBYJOJUeto a 

KJiaccnqecKoii. CllCTeMe. 3TOT <j>aKT CBilneTeJibCTByeT 0 rny6oKOM pa3JIIl'lllll Me)l(Jly 

KJiaccnqecKHMil Il KBaHT0Bb!Mll C0CT0HHHHMil. 

IlO'.JTOMY H36bITO'lHOe K0JIIl'leCTB0 HH<j>OpMaUIIH, CKpbIT0e B rroncncTeMax, M0)KH0 

Il3aJieqb Il IlCII0Jib30BaTb KaK norrOJIHHTeJibHb!H HH<j>OpMaUIIOHHb!H pecypc. OrrncaHHb!H 

IlH<j>OpMaUHOHHb!H ::i<j><j>eKT caMoopraHI13al.(HII Il BbIBBJieHHbie B03M0)KH0CTH (HaJIIl'llle 

/10IIOJIHIITeJibHOro K0JIH'leCTBa HH<j>OpMaUHil 3a C'leT KBaHT0aoii. KoppeJIHUHII) rrpnMeHHIOTCH 

B Monenn KHB rrpII <j>opMnpoBaHilll po6acTHOro CHrHana yrrpaBJieHHH Il3 nByx Hepo6acTHb!X 

CIIraanoB c rrpIIBJie'leHHeM H0Bb!X annoB KBaHTOBOH K0ppeJIHUilll (CM. 0IIHCaHHe B pa3n. 1.5). 
KaK 6bIJIO II0Ka3aHo, "ITO nn» noCTil)KeHHH caMoopraHll3aUHil (ypoBeHb 3 Ha 

PIIc. 1.14) B CTPyKType 11CY Heo6xonnMo ncrroJibJoaaTb KHB. O6iua.i1 <j>yttKUHOHaJibHa» 

CTpYKTypa 6noKOB KHB, rrpnHUHIIbI pa6oTbI KHB II ero oTnenhHbIX 6noKOB rronpo6Ho 

paccMoTPeHbl Hll)Ke B pa3n. 1.5. 
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B Ta6mn-1e 1.1 rrpHBei:-1eHa C'IJ))'KTypa l1.CY, BKmoqaIOII-13.ll M0]:-leJih KHB, ormcaHhI ee 

rrpeHMYII-1eCTBa II He):-I0CTaTKH. 

Moi:-1enh KHB 0CH0BaHa Ha q>II3IIqeCKHX 3aKoHax Te0pHII KBaHT0BbIX BblqIICJieHIIH, a 

HMeHH0 B BhlqHcJieHIUIX yq:acTBYIDT y1mTapHble, o6paTIIMhie KBaHT0Bbie orrepaT0pbI. B. 

06II-1eM BII]:-le KA C0CT0IIT II3 'IJ)eX 0CH0BHhIX )'HIITapHblX orrepa1-1Htt:: cyrrepII03Hl-llIJI; 

KBaHT0B3.ll K0ppeJUII-1HJI (KBaHTOBhlll opaKyJI HJIII 3arryTaHHbie orrepaTOpbr) II IIHTepcpepeH!-IHJI. 

qernepTblll orrepaTop, orrepaTop H3MepeHHJI pe3yJihTaT0B KBaHT0BhlX BhlqIIcJieHIIH, JIBJIJleTCJI 

Heo6paTIIMbIM (KJiaccwqeCKHM). 

Ta6nII1-1a 1.1 
Ta6JI1111a: CmpyKJll)pa u Kll'/ecmee1mwe rapa1J11epucmuKu ca11oopw11u3>10u1e11CJ1 HCY na ocnoee KHB 

CIJJpO-J'PI Ypo1n~ntm1 IlptlM)llltml I IIpue~uut 
r1m111,1 ynp111.1t1n ynp11.uBB1 ~or1011m1 I0lYO'D0rTI: 

B=s soBl>lii ypo1em. i:nema [apairmpyc-r 10:ILIO BCOOXO-

YcmoiN11socm, ynpmCBBI ( Wlooprnlll33Illll C ;ooo,re ytJIOBlll ;m ommm-
:uwesrum m1opa:iRBllll). 3BJlll]I lljlOllCCC! lljl0cmp0-

Ynpas.ue;,1ocm& [ap3l!Illpytt i:mcmo ynpmCBBI RBBlll po6aC11loA 63. 
sa paJllll'llWX llJJOClJlaBClBax none- B KHB ottyrrnya 1oniox-

TO'IHocm, u pememrli KHB B paIDie pcm- som 0111mlA,1&Boro ynp:m-
ynpamHua soro 1pweB11. ncBlll nasro1ID111 onepan,-

IIponecc llJlOmnpoRBBlll )'llll~R- pa.llR. 
A~anma11ua napo1asaoii 63 ocymCC11.1lll01CJ :m- IIponecc rno6a:n,soil omn-

r0Ma!ll'lcc1<11 oncparopa.llR cynepno- WJ3lll!Jl 33BRCl!T OT BHoopa 
Oo}~eHUe 3llllllll R IBBBTOBOB RBTep½epcsnan = $ymnm npBfO;l)IOCTJI 

C IlOMOIIll>Rl «M)lljlOfO» IOBTpollJIC- R OC)'IIICCfl.!ICB mY6asarop-
C4IIOOJ1"a•111oqua pa, OCBOBaBBOro sa npllJlllllllC MB• l!LDI YCTOlOll. 

JlllM)'lJ3 RB$OpMalll!OBBOB 3Eljl0-
J.m1e11m1,1 llRR B Y31Cl!M)'ld3 IBaBlOllOB mppe- Tpc6ya 6o=oro mllll'le-
C4110pa3!llmttJ lll!lllll (Y3XCl!yYll IBBBTOJIOH 811• CTB3 BpCMCBR BI,('(l!CllCBBI 

~cimua I JJJlll1)'lT,I Bep0llllOC111 IBaBlOBOfO (wcom BpCMCBB31 CllOlE• 
COCTOlllllll) som •=caCBRii' 

OTMeTIIM cnei:-1yioII-1He acrreKThl pa3pa60TKH M0]:-leJIII caMoopraHH3al-lIIII: 1) 1-1eJib!O 

pa3pa6oTaHHOro KA yrrpaBJieHIIJI CaMoopraHII3a1-1IIett: 3HaHIIll JIBJIJleTCJI J:-I0CTII)KeHHe 

TepM0J:-IIIHaMIIqecKoro KpIITeplIJI (CM. pIIC. 1.14) 0IITIIMaJibH0ro C00TH0llieHHJI Me)KJ:-ly 

ycTOHqHBOCTh!O, yrrpaBJIJleM0CTh!O H po6aCTHOCTh!O, IICII0Jlh3yeMoro B K0HType yrrpaBJieHIIJI 

B peaJihH0M BpeMeHII; 2) rrpHHI-IIIII MIIHHM)'Ma 0606II-1eHHOH 3H1J)0IIHH CHCTeMbI 

«iJUHaMu11ecKuii OY + pezy.!lRmop» II03B0JUieT 0J:-IH0BpeMeHH0 J:-I0CTHqh rno6anhHOH 

po6acTHOCTH II peaJIH30BaTb 0IITHMaJihH0e IIHTeJIJieKTYaJihH0e yrrpaBJieHIIe C MIIHIIMaJihHOH 

rroTepett: rrone3Horo 3HepreTIIqecKoro pecypca. 

• OmIIU'IUe MO0eJIU K6aHm060i!O WlZOpumMa ynpa6Helllm CaM00pZGHU3GlfUU om 

6uoHOZU'leCKU eocnpOU3600UMOU 360HIOlfUU CaM00pZaHU3GlfUU 

OcHOBHhIMH 0TJIIIqHJIMII JIBJIJl!OTCJI cnei:-1yioII-1IIe acrreKTbI: 1) KA yrrpaBJieHHJI 

caMoopraHII3a1-1Hett: 0IIHChIBaeTCJI KaK JIOrIIqecKIIH rrpo1-1ecc IICII0Jlb30BaHIIJI 1-1eHHOH 

KBaHTOBOH IIHq>OpMal-lIIII, H3BJieKaeM0H II3 KJiaccIIqeCKIIX COCTOJIHHH, rrpHMeHJIJI KBaHT0Bbie 

C'IJ)aTerIIH rrpIIHJITHJI perneHIIH II q>aKTbl H3 KBaHTOBOH Te0pIIII IIHq>OpMaI-1IIII; 2) coi:-1ep,KHT. 

BhI6op TIIIIa II BII]:-la KBaHTOBOH KoppemII-1IIII, BJIIIJl!Oll-lIIe Ha cpopMIIpoBaHIIe II BHJ:-1 C1J))'KTypbl 

rrpoeKTIIpyeMOH CHCTeMhI; 3) C'IJ)YKTYPH0 KA BKJIIQqaeT Bee He06XO]:-IHMbie KaqecrneHHbJe 

oco6eHHOCTII H orrepaTopbI eCTeCTBeHHOH (6IIOJIOrHqecKH BOCIIpOII3B0]:-IHMOH) 
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caMOOpraHH3a!-IHH, KOTOpb!e OIIHChIBaIOTcJI KBaHT0BblMII orrepaTopaMII TeopIIH KBaHT0BbIX 

BbJq!fcJieHl-!tt:; 4) JIBJIJleTCJI HOBhlM hOHCKOBbIM KA, C II0M0II-lb!O K0T0poro B03M0)KH0 peIIIaTb 

KJWCCIIqecKIIe anropIITMHqecKII Hepa3peIIIIIMhie 3a):-laqw yrrpaBJieHHJI; 5) peaJIH3YeTCJI B 

peaJibHOM BpeMeHII, IICIIOJlh3YJI peaKI-III!O KJiaccIIqecKIIX HP Ha H0Byio 0IIIII6Ky yrrpaBJieHIIJI 
8 

Herrpe]:-ICKa3yeMOH CIITya1-1IIII yrrpaBJieHIIJI J:-IJUI rrpoeKTHp0BaHHJI po6acrHoro 

HHTeJIJieKTYaJibHOro yrrpaBJieHIIJI; 6) II0Mep)KllBaeT 0IITHMaJibHOe repM0J:-IIIHaMHqecKoe 

COOTHOllieHIIe Me)KJ:-ly ycrott:qlfBOCTbIO, yrrpaBJIJleMocTb!O II po6aCTHOCTb!O ):-IJUI 

rrpoeKTIIpOBaHHJI B peaJibHOM BpeMeHII IIHTeJIJieKT)'aJihHbIX CaMoopraHII3~Il-lIIXCJI 
rrpoueccoB yrrpaBneHIIJI • 

Cne,!IOBaTeJibHO, KA yrrpaBJieHIIJI CaMoopraHma1-1Hett: 3HaHHH ( 1.1) coi:-1ep)KIIT 

q>H3!fqecKII o6oCHOBaHHhie H 3KCIIepIIMeHTaJibHO YCTaH0BJieHHhie KBaHT0Bbie orreparopbl II 

OTHOCIITCJI K HOBOMY KJiaccy IIOIICK0Bb!X KA, 3aBHCJ1II-1ero OT BbI6opa TIIIIa II BHJ:-la 
rrpo6neMHOH opIIeHTal-lIIII KBaHT0BOH KoppeJIJII-IIIII. 

PacCM01J)IIM MOJ:-leJih KHB KaK qacrHhrtt: cnyq:att: KA yrrpaBJieHHJI caMoopraHma1-1IIett: 
3HaHIItt:. 

1.4.3. KA yrrpaBJieHHH caMoopra11HJa1-1weii 3HaHwii: MOJ:-leJIL KHB 

MareMaT!fqeCK3.ll MO):-leJib KA CaMoopraHH3al-lHII 3HaHHH B IIp0J:-l)'Kl-llf0HHhIX rrpaBIIJiax 

E3 rn6pHJ:-1Horo Ill1..lJ:-perynJITOpa cnei:-1yer II3 (1.1) KaK qacTHhIH cnyq:att: KA 
CaMoopraHII3al-lIIII H HMeeT ClleJ:-1yioll-1IIH BH):-1: 

1
3aKOHbI yrrpaaJieHirn K03!pq>HQHeHTaMH ycHJieHIDI) ( ) 

• Bbvcoi) = , rn6pll,l1Horo Heqe-rKoro IlII,ll, - perymopa 

CaMoopraHmariIDI po6acmoii Clpyicrypu E3 

(
KBaHmOBble) (IfHTep<j>epeHIUiJl)(max (AMIIJIHTyJ]hl BepOJITHOCTeii)] ( Cyrrepn03HI.IHlI) • 

.,_ , 6bll/UCJleHUR KBaHTOBhlll cnyqaiiHhlii IlOHCK 

[ 

Ilpo6neMH"'1 optteHTaQIDI OY ] [ Bb16op muna u ] 

• (Tnrr H BIIJl: KoppeJIHU:HH) • • Bui:Ja KBaHmoBoU 

jBHellJJIAA, BHyrpeHHJlll)•(KnaccttqecKrui, KBaHT0B"'1, CMeI1IaHmu1) 1<:oppeJUll/UU 

<l>opMHpOBaHHe KaqecTBa H rny6HHbI rrpeJ]CTaBJieHHJI 3HaHnii 

{ 

"C-rponreJILHI,Je" 6JIOKH J [ ( PeaKl/UR npoiJyKl/UOHHblX npaBWlJ ] 

f Haqan1,Hoe COCTOHHHe } • E3 6 HP Ha MRzKux Bblt.tUCJleuwzx • 

Cocro,rnHJI BLIXOJ]HLIX cnrmmoa HP ( BxoiJ) • ( Ozuu6Ka ynpa6JleHUR J 
Ha HOBYJO own6Ky ynpaaneHIIH 8 nenpeiJeuOe11110U cumyalfuu 

(1.6) 

• Moi:-1eJib (1.6) OIIIIChIBaer MaTeMaTHqecKyio C'IJ))'Krypy KHB. 

Ilo3TOMy MO,lleJih KA B KHB Bhrcryrraer KaK qacTHhIH cnyq:att: 0606II-1eHHoii M0J:-leJIII 
KA caMoopraHma1-1wII, rrpe,11craBneHHott: Ha pwc. 1.14 (ypOBeHb 3). · 

PaCCM01J)IIM B 3TOH CBJ13II KpaTK0 MaTeMarIIqecKHe oco6eHHOCTII 3TaII0B H 

Bbllfl!CJIIITeJibHhie acrreKTbl KA (1.6) B M0):-leJIH KHB J:-IJUI rrpoeKTHpoBaHIIJI po6aCTHbIX E3 Ha 
OCHoBe CHHepreTIIqecKoro IIpIIHI-IIIIIa CaMoopraHII3al-lHII. 

Ha rrepBOM 3Talie anropIITMa ( 1.6) C II0M0II-lb!O OE3 Ha MJlrKHX BbiqIICJieHIIJIX 

co1,11a!OTCJ1 «C1J)OIITeJibHhie» 6JIOKII CaMoopraHH3al-lHH 3HaHIItt: Ha 0CH0Be I' A B BII):-le 3aK0H0B 

YnpaBJieHIIJI K03q>q>III-1IIeHraMII yclfJleHIIJI HeqeTKoro IIII.lJ:-peryJUITOpa C rrpIIBJieqeHIIeM 

npo/:IYKI-IHOHHhIX rrpaBHJI E3. Ilonyq:eHHhie 'IJ)aeKTopHII 3aK0H0B yrrpaBJieHIIJI 
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lIHTeprrpeTHpyKJTClI KaK KJiaccnqecKHe COCTOlIHHlI - xaoTHqeCKHe rryrH HHTenneKTyaIIhHOfO 
KOJIJieKTHBHOfO ,n:BHlKeHHll qacTHU B ((fOJIIIe» - C HH¢opMaUH0HHhlM B3aHMO,neHCTBHeM f 
(swarm intelligence) H o6MeHoM nH¢opMaunett. I 

Ha aTopoM :narre rrpnMeHlieTclI KHB. TaKoe mmcaHne lIBJilieTClI o,n:HHM m I 
3¢¢eKTHBHhlX MeTOJJ:OB anropHTMH3aUHll KBaHTOBhlX MO,neneH KOJIJieKTHBHOfO rroae,nemrn 4 
qacmu (swarm method of collective particle behavior) B an,ne cooTHOIIIeHHH (1.2)- (1.6). I 

1.5. CTpyITTypuan MOJJ:eJJh II nam,1 Bhlq11CJ1e1111H KA B KHB J ' 
Ha pnc. 1.15(a) IIOKa3aHa 3KBllBaJieHTHall ypaBHeHHIO (1.6) ¢YHKUllOHaJihHall CTPYKTYPa i 
ynpoiueHHOH Mo,nenn KHB: <l>opMnpoaaHne cyneprro3HUHH n BhJqucneHHe aMIIJIHTYA \ 

BepolITHOCTeii:. CornacHO pnc. 1.15, B MO.D:eJIH (4.6) KA .D:JilI KHB peanH3yKJTClI cne,nyioIUHe l 
3TarrhJ: 1) o6pa6aTh!BaIOTClI pe3yJihTaThl HeqeTKOfO BhIBO,na Kal!(JJ:OfO He3aBHCHMOf0 • 

HH,nllBH.D:YaJihHOfO HP; 2) Bhl6HpaeTClI THII KBaHTOBOll KoppeJilIUHH; 3) ¢opMHpyeTCll '. 

cynepIIO3llUlllI .D:JilI Bh!6paHHOH KBaHTOBOll KoppeJilIUHH; 4) H3BJieKaeTClI ueHHall KBaHTOBall 

HH¢opMaUlllI, CKph!Tall B He3aBHCHMhIX llH,n:HBH.D:YaJihHhlX E3 (rro IIpHHUHIIY MHHHMYMa 

3HTPOIIHH B H3BJieqeHHhlX KBaHTOBhIX 3HaHHJIX - MaKCHMaJihHOH aMIIJIHTY.D:hl BepOlITHOCTell 

((llHTeJIJieKTYaJihHOfO COCTOJIHHll») Ha OCHOBe MeTOJJ:OB KBaHTOBOH TeOpllH HH¢opMaUHH; 5) B 

pelKHMe peallhHOfO apeMeHH rrpoeKTllpyeTClI o6o6iueHHhlll BhIXO,n:HOH po6acTHhlll CllfHaJI 

yrrpaBJieHHll Ha MHOlKeCTBe E3 a an,ne peaKUHll HP Ha HOB)'IO OIIIH6Ky yrrpaaneHHll. 
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Puc. 1.15 (a, ~- CTpYKfYPHaJI peamnaIUfll rrpm~ecca caMoopraI!l!3auuu B Mo,zierru KHB: 

a) cp}'HKI1l!OHaJ!bHal! CTpYKfYPll MO.lleJ!l! KHB; ~ rnrrepnpera.IJ.l!ll peamnau.uu rrpo11ecca C3MOOpraI!l!3aljl!l! 

Ha OCHOBe qmpMllpOBalilill KBaJITOBOro COCTOlIHl!ll cyrrepII03l!l!l!l! B MO.lleJil! KHB <= 4) 

8 3TOM cnyqae Bh!XOJJ:HOH CHfHaJI KHB B pelKHMe peanbHOro BpeMeHH rrpe,n:CTaBJilleT 

OIITHMaJihHhlll CllfHaJI ynpaaneHlllI H3MeHeHneM K03¢¢nuneHTOB ycnneHHll HeqeTKOro 

llII.lJ;-peryJilITOpa, KOTOphlll BKJIJOqaeT B ce6lI He06X0.11HMhie (HaHJiyqIIIHe) KaqecTBeHHhJe 

xapaKTepHCTHKH Bh!XOJJ:Hh!X CHfHaJIOB ynpaBJieHlllI Kal!(JJ:oro ll3 HP, peanH3YlI TeM caMh!M 

npu111Jun cw.toopza11u3alJUU. KaqecrneHHhJe oco6eHHOCTH cnHepremqecKoro 3¢¢eKTa 

CaMoopraHmaunn yqnTh!BaIOTClI a BhI6paHHOM Tnrre n BH,ne KBaHTOBOH KOppeJil!Ullll. 
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Puc. l.15(B). Crp)'KTYPHall peam!3aIIIlll rrponecca caMoopraHman,rn B Mo,11eim KHB: 
B) rrponecc qJOjlMlljlOBaHllll cyrrepII03llllllll Ky6nrn If BbJqlfCJleHlle aMIIJlllT)',ll BejlOllTHOCTeii 

Ha puc. 1. 16 rroml3aHa CTPyrnypa KA Mo,11enn KHB coorneTCTBYJOIIIaK CTPYKTYPe 

6noKa KHB Ha pnc. l.15(a). 
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: War 1. KoeJupoeaHue (HOpMartl-13a~R; on1-1caH1-1e cocroRHHA jO> and 11>) 1-1 Bbl41-1cneH1-1e 

aMnJll-1TYA eepORTHOCTeA 10> and 11> 113 rncrorpaMM . 

War 2. np1-1MeHeH1-1e oneparopa A,qaMapa AJlR nocrpoeHl-1R cocroRHHR cynepno31-141-11-1. 

War3. BbNl1CJ18Hl-18 aMMl-1TYA eepoRTHOCTeA B COCTORHl1R cynepno31-14111-1 KaK nporoT11na 
Cl1Jlbl KBaHTOBOH KoppenR41-11-1 (3anyraHHble COCTORH11R). 

War 4 (1-13MepeHl-1e). Bb16paTb KBaHTOBOe COCTORHl1e c MaKCl-1MaJlbHOH aMnnHTYAOH 
eepoRTHOCTeA. 

War 5 (eJeKoiJupoeaHUe). 83RTb HOpMaI11-130Ba PMY BeKTopa K68HTOBOro 

COCTORHl1ll: K:"'(t,)=-b- ,~(11i-.. .a-,j-t7i-.. .a-.)=-b- ;_.(a;)2 -- j ) 
'1/2" "' v2' f;/ a1a2a1a~ . 

~ar 6. HaMTl1 po6aCTHbl8 K03cjlcjl1-1411eHTbl WKan C noMOLJ.jblO rA 1,1 cjlyHK41-11-1 np1-1ro,qHOCTl1. 

War 7. BbJ41-1CflHTb BblXOAHOH pe3ynbTaT KaK K;IIW(t1)· gain
1

,K';"(t1)•gain4 ,K;ew(t1)•gain1 

........................................................................................................................................................................................ 
Puc. 1.16. CTjlyKTypa u 3TaIIhI KA Mo,11enn KHB 

TaKHM o6pa3oM, Mo.n;eJib (1.6) KHB pea.nnJyeT rrponecc rrpoeKTnpoBaHnH 

CHHepreTnqecKOro 3cpcpeKTa CaMoopraHH3allHH E3 B Herrpe.n;Bif,!l;eHHOH cnryaIIllH yrrpaBJieHHH. 

fl03TOMY o6naCTb 3cpcpeKTHBHOro qJ)'HKIIHOHHposaHHH CTPYKTYPhl l1CY MOJKeT 6b!Tb 
CYIIIecrneHHO pacnmpeHa 3a cqeT BKmoqeHHH Ta.KOH BaJKHOH xapaKTepHCTHKH Kaqecrna 

ynpasnemrn, KaK po6acmHocmb. CornacHo H3JJOJKeHHOMY B rr. 1.4, po6acruocTb 

ynpaBJillIOIIIero CHrHaJia - OCHOBa ,!l;llil IIOMeplKKH Ha,!l;elKHOCTH H TOqHOCTH 3cpcpeKTHBHOIO 

llHTenneKTYaJibHOrO yrrpaBJJeHHll B YCJIOBHHX Heorrpe.n;eJieHHOCTH HHcpOpMaIIHH HJIH cna6o 
4}0pMaJJH30BaHHOro OIIHCaHHH ycnOBHH qJ)'HKllHOHHpOBaHHll OY WHJIH 11eJieii yrrpaBJJeHHll. 

1.5.1. A.JiropHTl\mqec1me oco6emrncn1 JTanoB KHB npn itiopMnpoBaHHH 
caM00praml3allHH li3 

PaccMOTPHM KpaTKO OCHOBHbie 3Tallbl H oco6eHHOCTH peann3a11nn 3TaIIOB KA B KHB. 
A. OcHoeHble :Jmanbl nocmpoemm E3 e HP c noM0Ufb/0 OE3 Ha 1'1Jl2KUX ebl'IUCJ1e111.mx. Ha 

BX0,11e MO,!l;eJIH KHB, KaK cne.n;yeT H3 pnc. l.15(a), cpopMHpYJOTCll CHrHaJJbl yrrpaBJJeHHll 
Ko3qicpn11neHTaMH ycnneHHll III1~-perylli!TOpa B Bll,lle peaKllHH rrpO,ll)'KllHOHHb!X rrpaBHJI E3 
B HP. l1H,llHBll,llYMbHbie He3aBHCHMble E3 ,!l;JlH 311,!l;aHHOH CHTyaIIHH o6yqeHHll 
npoeKTHPYJOTCH c IIOMOIIIbIO OE3 Ha MHrKHX BbJqHcJieHHJIX B pelKHMe off-line B 
CO0TBeTCTBllH co CJie.n;yroIIIHMH 3TaIIaMH. 
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3man 1. Orrpe)'.(eITeHIIe THITOBOll CHTyau:HH o6yqeHHH (rrapaMeTpbl MaTeMaTnqecKoii 

MO)'.(eITH OY; KOHKpeTHJaU:HH BHeIIIHHX IIIYMOB, Haqa.JibHblX ycITOBHH, orpaHnqeHHll H 

speMeHH 3a)'.(eplKKH). 
3man 2. IIocTPoeHHe 06yqa101u:ero CHTHarra (OC) rrponcxo)'.(HT Ha ocHoBe 

CTOxacTHqecKOrD MO)'.(eITnposaHHH rrose)'.(eHHH OY B THilOBOH CHTyau:HH, rrpoBe)'.(eHHOrD C 

HCilOITb30BaHHeM MaTeMaTnqecKOH MO)'.(eITH OY H rA C BbI6paHHbIMH KpHTepneM 

OilTHMHJaU:HH n o6ITaCTblO IlOHCKa. 
3man 3 (6bl6op MOOeJIU He'JemKOZO 6bl600G). IloITh30BaTeITb Ja)'.(aeT THil HeqeTKOii 

MO)'.(eITH BblBO)'.(a (CyreHO, MaM)'.(aHH H T.J'.1.), orrepaU:HIO HeqeTKOrO «H» (rrpoHJBe)'.(eHHe MITH 

MHHHMYM), qHCITO BXO)'.(HblX n BblXO)'.(HblX rrepeMeHHbIX. B HaIIIeM Bbl6ope :no MO)'.(eITb 

CyreHO. IIycTb 17i,nz,n3 eCTb KOITnqeCTBO cpyHKU:HH rrpHHa)'.(]IelKHOCTH, OilHCbIBaIOIIIHX 

OIIIH6Ky ynpaBITeHHH e, ee CKOpOCTb If HHTerparr, TOr)'.(a 06111ee qifCITO HeqeTKifX rrpasHIT 

6y)'.(eT 17i xn2 xn3. 
CaMO HeqeTKOe (rrpo,l:lyKU:IfOHHOe) rrpaBHITO s E3 BhffITH)'.(HT cITeJ'.IYIOIIIHM o6paJOM: 

IF eisA
1 

andeisB
1 

andfeisC1 THEN KP=Dm,Kd=Eu 1,K1 =F., 1i, 

me /4,BpCJ - cpyHKU:HH rrpHHa)'.(]IelKHOCTif, OilHCbIBaIOIIIHe OIIIH6Ky ynpaBITeHHH e, ee 

CK0pOCTh If HHTerparr. KoHeqHblll pe3yITbTaT HeqeTK0rO BbIBO)'.(a B Ja)'.(aHHOH E3 BblqifCITHeTCH 

no CITe)'.(ywIIIHM cpopMyITaM: 

( f i;f m,,D,) (ff i;w,E,) (ff f m,F,) 
1(=1.:=ln:=1., j ; KD = (1=1.,1=1n2k=ln3 j ; KI= (1=l,.,1=ln2k=ln3 \ 

~~~~) ~~~~) ~~~~) 
KP 

me %k = A,(e) ·Ble)•Ck(J e), H «·» - CHMBOIT orrepau:nn HeqcrKoro YMHOlKeHHH; 

3man 4. CoJ)'.(aHHe ITHHrBHCTHqeCKHX rrepeMeHHhlX )'.(ITH BX0)'.(Hb!X JHaqeHHH (oIIIH6Ka 

ynpaBITeHHH, CK0p0CTh OIIIH6KH yrrpaBITeHHH, IfHTerparrbHaH OIIIH6Ka ynpaBITeHHH) HP. C 

ITOM0IIlblO f A (f A1) orrpe)'.(eMeTCH OilTHMa.JlhHOe qifCITO <pyHKU:Hll rrpHHa)'.(]IelKHOCTH )'.(ITH 

KalK)'.(Oll BXO)'.(HOll ITHHrBHCTHqeCKOH rrepeMeHHOH, a TaKlKe BbI6HpaeTCH OilTHMa.JlbHaH cpopMa 

rrpe)'.(CTaBITeHHH HX !pyHKU:Ifll rrpHHa)'.(ITelKH0CTif (TPeyrOIThHaH, raycCOBCKaH If T.J'.1.). B 
Kaqecrne KpHTepHH 0ITTHMa.JibHOCTif TOH HITif HHOll KOHcpHrypaU:Hif ITHHrBHCTHqecKHX 

rrepeMeHHb!X HCilOIThJyeTCH MaKCHMYM COBMeCTHOll HHcpopMaU:HOHHOll 3HTPOITHH H 

MHHHMYM HH!pOpMaU:Hif O CHrHarrax B 0T)'.(eITbH0CTH. 
Ha pnc. 1.1 7 Il0KaJaH rrpnMep IlOCTP0eHHH ITHHrBHCTHqecKHX rrepeMeHHblX c 

IlOMOIIlblO QI,3 Ha MHrKHX BbJqHCITeHHHX. 
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a) rrpttMep BhI6opa q>yHKIJl!ll rrpttHaAITell(H0CTH; 6) rrpHMep rrpoeKTHpoaaHHll OIITIIMaJihHOll E3 

~ orrncaHIDI BX0,Z1Hh!X 3Ha'!eHHll onrn6Kl1 yrrpaaneHIDI OE3 C II0MOmhIO r A BhI6pan 

B0CeMh cpy1rn1111ii rrp11Ha)lfle)KH0CTH (p11c. l.17(a)). 
3man 5 (co3oa1iue, onmUMu3alJWI u 1iacmpoi11w £3). B pa3pa6ornHHOM 01IT11M113arnpe 

11Cll0Jlb3YJOTCJI: TPl1 r A, IIO,Z1po6Ho 01111caHHbie paHee. Ha :na11e C03,Z1aHIDI E3 11p11MemJeTCJ1 
c11e1111anbHhiii anrop11TM oT6opa Ha116onee «po6aCTHhIX 11paa11m> B coorneTCTBl111 c 
11p11Hl!Tb!Ml1 Kpl1Tep11l!Ml1: 1) «Cy'MMapHblll)) Kp11Tep11ii: BbI6paTb TOJlbKO Te 11paB11na, 

K0T0pb!e y,Z10Bnernopl!IOT cne,Z1YJOmeMy ycn0B1110: R:0 ,al_fs ;::: TL , r,Z1e TL (threshold level) - · 

Ja,!laHHblll (BPY'IHYJO HJIH Bb16paHHblll aBTOMaT11'!ecKH) ypoBeHb aKTl1Ba111111 11paBHJla. 

IlepeMeHHal! R:
0

,a
1 
_fs Bbl'll1CJil!eTcl! 110 cne,Z1YJOmeii cpopMyne: 

N 

~otal_fs = LR~(tk), 11R~(tk) = IJ[µ;1(X1(fk)),µ;2(Xi(tk)), ... ,µ;n(Xn(tk)) ], 
k=I 

r,Z1etk - M0MeHTbl apeMeH11,k = 1, ... ,N, a N paBH0 '111CJIY T0'!eK B yrrpaBJIJIIOmeM c11rnane; 

µ;k (xk ), k = 1, ... , n, - cpyHKIJl111 11p11Ha)lJie)KH0CTl1 BX0,Z1Hb!X 11epeMeHHhIX, / - 11H,Z1eKC 11paB11Jia 

a E3; Cl1MB0Jl « TI » - 011epa1111J1 He'leTKOll K0H'b!OHKIJIIl1 (B qacTHOCTl1, MO)KeT 
11HTeprrpernpoBaThCJI KaK 11p0113Be,Z1eH11e); 2) (<MaKCl1MaJibHblll)) Kp11Tep11ii: BhI6paTb TOJibKO 

Te 11paa11na, K0T0pbie Y.!l0BJieTB0pll:IOT ycJI0Bl1!0 max R~(t);::: TL. ,n;anee C J'!'OMOmhIO cep11n 
t 

r A 11poncX0,Z111T 0IITllMl13aIJIDI E3 11 ee HaCTPOiiKa. 
Ilp11MeHeH11e f A 1103B0JllleT c11poeKT11poBaTh, KaK cne,Z1CTBl1e, OIITl1MaJibHYJO 

CTPYKTYPY HHC (B11.!l cpyHKIJnii 11p11Ha)lfle)KH0crn 11 nx 11apaM~h1, KOJI11'leCTBO BHYTPeHHHX 
cnoea 11 ,Z1p.), a1111poKc11M11pYJOmeii 06yqa10m11ii c11rHan c TPe6yeMoii onm6Koii. 
O6ne,Z1nHeH11e MeTO,Z10JIOIBll CT0XaCTl1'!eCK0r0 11 He'leTK0ro MO,Z1en11poaaHID1 HCY B 
11HCTPYMeHTap1111 OE3 1103B0JlllJI0 II0Bb!CHTb ypoaeHb po6acTH0CTl1 11poeKrnpyeMb!X E3 n 

peruaTb CJI0)KHb!e 3a,Z1a'IH cpopM11p0BaHHll o6'beKT11BHblX 3HaHl1ll. 
Ilp11Mep 110CTPOeHHoii c 110Momh10 OE3 oIIT11ManhHoii E3 .!lJlll HP, perna10mero 

3a,Z1a'!y yrrpaaneHIDI, paccMaTP11BaeMoro OY, rroKaJaH Ha pnc. 1.17(6), 113 KOToporo Bll,!lHO, 
'!TO rrOJrnal! CTPYKTYPa E3 .!lJlll: ,Z1aHHoro HP cocTOl1T 113 290 304 11po,Z1yKIJHOHHbIX rrpaa11n. 
O)lHaK0, 11c11onhJYJ1: :na11 5 11poeKT11poBaH11J1, OE3 Bb16pan 01IT11ManhHYJO CTPYKTYPY E3, 
C0CT0llmYJO 113 105 aKT11BHb!X 11paB11n, cymecTBeHH0 C0KpaTl1B 1136bITO'IHOe KOJIH'!eCTBO ' 

11paB11n. 
Mo,Z1en11poBaH11e 0IITllMaJibHbIX Cl1rHaJI0B yrrpaBneHl1ll K03cpcpn1111eHTaMl1 yc11neHHll 

ITH)];-perynl!Topa ocymecTBnl!eTcH B cpe,Z1e MatLab/Simulink co BCTPOeHHhIM 6noKoM OE3 

SCOptKB™ cornacHo CTPYKTYPHOii cxeMe, 11pe,Z1crnaneHHoii Ha p11c. 1 .18. 
Ilpo11e,Z1ypbl He06XO,Z111MblX 11porpaMMHb!X ,Z1eiicrn11ii TaK)Ke 11p11ae,Z1eHbl Ha p11c. 1.1(6). 

B pe3ynhTaTe Ha BX0,Z1 6noKa KHB II0CTyrraIOT B peanbH0M BpeMeHl1 c11rHanbl yrrpaBJieHIDI ll3 
crrpoeKT11poaaHHblX 11H,!ll1B11,Z1YaJibHblX He3aB11Cl1Mb!X E3 Ha Ml!rKl1X Bbl'!l1CJieHllll:X (ruar 
«Bxoo» Ha p11c. l.15(a)) B a11,Z1e peaK111111 HP Ha onm6Ky yrrpaBneH11J1: (p11c. 1.18, 6noK 

«Oru116Ka yrrpaaneH11J1:»). 
Ii. HopMupo6a11ue cuZHaJI06 ynpa6lleHUR. Cne,Z1YJOm11M rnaroM l!Bnl!eTCll: 11po11ecc 

H0pM11poaaHl1ll: (6noK I Ha p11c. 1.15(a)) 11onyqeHHblX Cl1rHaJI0B yrrpaaneHl1ll: a 11HTepBane 

[ 0, 1] lly'TeM ,Z1eJieHl1ll aMIIJll1TY.!l TPaeKTop11ii c11rnan0B yrrpaaneHl1ll Ha MaKCl1MaJibHble 

aMIIJil1TY.!lhl (6noK max K C0BMeCTH0 c 6noKOM I Ha p11c. 1.15(a)). 
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Ha p11c. 1.19( a, 6) C00TBeTCTBeHH0 II0KaJaHbl 11po11ecc cpopM11poBaH11ll 
aopM11poBaHHhIX c11rnan0B yrrpaBneH11J1: 11 11porpaMMHaJ1 peanmaIJIDI B cpe,Z1e MatLab / 
Sirnulink cornaCH0 CTPYKTypHoii cxeMe Ha p11c. 1. 18, C00TBeTCTBeHH0. 

Bb!'ll1CJieH11e H0pM11p0BaHH0ro Cl1rHana yrrpaaneHIDI 11po11op11110HanbHb!M 

K03!pqJHIJl1eHT0M yc11neHID1 Kp 110 cxeMe Ha p11c. l.19(a) ocymeCTBJllleTCJI 11porpaMMHb!M 

nyieM. I1p11Mep Bbl'IHCJieHIDI TPeX MaKCl1MaJibHblX K03cpcp111111eHTOB yc11neHl1ll: Kp,Kv,KI 11 

qiopMHP0BaHlle cpaiina FC2.pat H0pMHp0BaHHb!X Cl1rHaJI0B yrrpaaneHIDI OT HP2 11p11Be,Z1eH Ha 

P.nc. 1.1_2_(6). 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3anycTHTb HP1 c 631 
noJlY'IHTb JHalfeHHH simoutK 

3anycTHTb HP2 c 632 
nonylfHTb JHalfeHHH simoutK 

B 3a,qouuoii rnnoaoii CHT)'lll.lHH TS1 H B 3QJIIIHHOH rnnoeoii CHT)'lll.lHH TS2 

Wtighll 

simoutK= !Kp Kd Ki] 

~ 
ToWokpml ~ 

Cnrna.'lLI y11paa.1JeH11H 
01gbl Clodl To Wokpm8 

K03~~nnneHTum ycm1emm 
r 

<-J 
~I 

fll(t_vllft·1 

Inverted Pendulum 1ll(only Ue!J) 

06beKrynpaeneHHA 

To Wodopact7 

ToWokpm2 

1owo1<:pm1 

I • I 
: OwH6Ka : 
: ynpasneHHA 1 _________ J Unil0tl¥f 

ToWokpm~ 

14 1~14 1 D 
D 

'---
Selectort 

Puc. 1.18.CrpyKTypHall cxeMa Mo,ne;rnp0BaHl!ll 0IITIIMaJlhHhIX li3 !f Cl!rHaJI0B yrrpaaneHl!ll IIHJl:
peryJlllTOpa a cpe,ne MatLab/Simulink 
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maxKHPI 
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1 I 

k (t.) = max..KHPI1,kno1m(t.) 1 
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kD(tJ =maxK:1:,k;n11 (tJ 
I 

k (t.) = max.KHP~,kno1111(t.) 1 /1,..._ f 1/ I 
L------.} 

Pe1ym,rarn 
M0,leJIHp0BaHIDI 

B On-line 

HopMQ/IU306QHHb/e K03cpcpuqueHmbl 

ycuneHUR 
noA06Hble 
onepat4HH 09 

06 ~ 
050 200 400 600 IDl 100J 1200 1-100 1600 100) 2000 

Puc. 1.19 (a) 
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•-a.1!1! II!!iV 

n..Edl.Y!"'-1"'~.Dehq~B,,.;JXirl, 'Wob.Wndow•H'JI.~, •... ,,.,;: .. ,.,.;. ,.,; , . ..,.;..;..; 

- 'j Fi).~L~ lf2F~<kj,,se •..:J · .... 
f - . . ..:;,-~.-·~-

l 9. 9609375e+OOl 8. 7186188e+OOI 3. 7535793e+OOI 
9.8202255e+001 6. 7652962e+OOI 5.8363998e+001 

j 
9.3957085e+001 9.022856le+OOI 9.9609375e+OOI 
8.2819199e+OOI 8.2235497e+OOI 9. 7196815e+001 
6. 4802574e+001 5.871B807e+OOI 5.5117680e+OOI 

l 5.8908577e+001 4. 7867275e+OOI 3. 3553032e+OOJ 
5. 7029015e+OOI 4.4406796e+DOI 2.6676224e+DOI 

1 S. 73936SOe+OOl 4.3666489e+OOI 2.5812883e+OOI 

l 9.5S64S52e+OOI 9.0973595e+oOJ 3. 0923140e+ooo 
9. 9609375e+OOI 9. 9609375e+o01 O. OOOOOOOe+OOO 

l 9.960937Se+001 9.960937Se+001 o.oooooooe+000 

·1 9.9609375e+OOI 9.9609375,+oOI 0.0000000,+ooo 
9. 6081215e+OOl 9. 4409813e+o01 7. 9751487e+OOO I Hop1,rnJill3arom: 9.6061310e+OOI 9.4389198e+OOI a. 198S226e+ooo 

j K';;~l = KP(D.IJ /rnaxKP(D.I) • 

9.5936859e+OOI 9.4125656e+o01 J.4708146e+o01 
9. 5755333e+OOl 9. 3768341e+OOJ 2. 3174664e+OOl 
7, 4663063e+00l 8, 13!8352e+oOJ 4. 5456367e+OOI 

;! 9.3957085e+OOI 9,022856le+OOJ 9. 9609375e+OOJ 
9 .3957085e+OOI 9 .022856le+OOI 9. 9609375e+OOI 

l 9. 736019le+OOI 9.6899483e+DOI 9,9609375e+OOI 

1 
9, 7174362e+OOI 9,6535233e+OOI 9. 9609375e+OOI 
9,6262390e+00l 9, 4747513e+OOI 9, 9609375e+OOI 
9.5129639e+OOI 9,252706le+OOI 9. 9609375e+DOI 

I 9.3475975e+001 9.!599625e+OOI 9,9609375e+OOI 
9,3!74309e+00l 9,2458!53e+OOI 9, 9609375e+OOI 

.I 9. 2863380e+OOl 9,2745567e+OOi 9. 9609375e+OOI 

Max Kp = 99.6 Max Kd = 99.6 Max Ki = 99.6 

Puc. 1.19 (6) 

fil,.-._E'.(l,_,Y-w_,,,J~J~,,-~ '°!'lb,~ ..__,,u..,._~,<•.,,,.,,,:='»'; -~\..Y >.:•',:J '"'•°"'-~"'''--"·"'• ""·1 

o·~liiT~;~·fi·;;:; ~TatTli·1:fefilf~llll·fuflfi'l~)'.M<l~"'·3. · w• ••• 

Uhis script; prepaus Hy:itoqtb!!I (probabilities) fo.c all 3J)Cc1J:ied training pattern: 
olobal O_I.Jlauu; 

% PDJDULU1l ff 

:I ~!!=:~:~::!::~!:~!:: ::::~:~~: ::~~:: ~~~: ::: ~:: ~~ 
=I ::::!~~! :::~~:: :: ::: ::: : ::~::::: 

amcK1•lOO; UDIDULU!I: value U#ed tot Ki noru.lizat1on 

:{. ==!~~~;;
0
;.;dexe, ot t'Olluans -~f the patte:tn conta.1nino Kp, Kd and Ki 

PO-[]; i 
Xll•[J; : 
tor 1•1:lengt.h(ind@xes); I 

[p,x]•aU:easp(ll4tf: ,1.mkxe,(1) J J; I 
PO•[PO;p]; : 
XD•[XD;xJ; I 

-t: end ! 
pat-load{ttlenuel);. ~i==; 
Pl•[]; I 
Xl•[J; : 
tor i•l:1engtll.(1ndexc1); ! 

[p,x]•aU:eae,pfpat(: ,indexes(iJ JI; j 
Pl•[Pl;p]; i 
Xh[Xl;xJ; : 

~• I ··-··-··-··-··-··-··-··-··-··-··-··-· 
-, ~A..J)UU, •[1 l l] \ tot 1nitial1zation 

" ' 

lil1~:~~
11ffl 

on@~~ 1m1~1~ 1~1~21lD 

t:;~ 
%s 055 01 oss o.r ors 011 oss D.9 o.95 1 

"'""' 

~ ,r:: 
•l1nj1 G911 :I 

Puc. 1.19 (a) 
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C11-rya1..111R o6~eHMR 

FCl simulation 
with Sim. Model 

HP1 I~ 

Ko34><i>M4HeHTbl yCH/18HHA 

K = {kp(t),kD(t),k1(t)} 

maxKHP1, P HPI 

CHrHa/1 K03ct,ct,H4HeHTa YCH/leHHR 4>yHKLl,HA pacnpeAeneHHA 
- - - --- - - -- - - - - - - - - - - - - - --- - - -- - - - -- -- - - - -- - - -: sepoRTHOCTeA 

AHanozu~HaRcumyaquRo6)1'1eHuR j ~~ 

~ __I_ HP2 _I __ @ ____________________ _! 

I maxK = {maxkp,maxkD,maxk1 }I 
(r) 

P11c. 1.19. ITpouecc HOpMIIpOBaHIIll CllrHaJIOB ynpaBJICHIIll B MO,!ICJIII KHB: 

a - rrpoue.11ypa HOpMIIpOBaHHblX CllrHaJIOB ynpaBJICHIIll; 6 - rrporpaMMHaH peaJIII3aUml 

rrpoue,!lypbl HOpMIIpOBaHIIll B cpe.11e MatLab/Simulink II Bbl'IIICJICHIIll TJ)CX MaKCIIMaJ!bHbIX 

K034JqJIIUIICHTOB ycHJICHHll rrpII cpopMIIpOBaHIIII cpaiiJia HOpMIIpOBaHHbIX CIIrHaJIOB 

ynpaBJICHIIll; 6 - rrpIIMep rrporpaMMHOii peaJIII3aUIIII cpopMIIpOBaHIIll .1111cpcpepeHUIIaJibHOll II 

IIHTerpaJibHoii 4JYHKUIIii BepoHrnocTeii B CTaH.!lapTHOM 6JioKe cpe,!lbI MatLab/Simulink; z -
o6o6rueHHblll rrpouecc cpopMIIpoBaHIIll HOpMIIpOBaHHOro CllrHaJia ynpaBJICHilll 11 

COOTBCTCTBYJOIUCH IIHTCI'paJ!bHOH 4JYHKUIIII BepOllTHOCTeii B 3a,!laHHOH c11ryau1111 o6yqeHIIll 

B. Onpeoe11e11ue py11KIJUU 11J1om11ocmu pacnpeoe!le111m eep011m11ocmeu u popMupoea11ue 
eupmyGJlbll0ZO K6a11moeozo cocm0JIIIUJl. ITocJie HOpMIIpOBKII CIIrHaJIOB ocyruecTBJIHCTCll 

cpopM11poBaH11e KBaHTOBOrO COCTOllHilll B B11,!IC KBaHTOBbIX 611TOB (6JIOK II Ha p11c. l.15(a) H3 

TCKYIUIIX 3Ha'leHIIll HOpMIIpOBaHHbIX CIIrHaJIOB ynpaBJICHIIll. C JTOH UCJibJO, C llOMOIUbJO, 

BCTJ)OeHHoii B cpe.11e MatLab/Simulink orrepau1111, rrpe.11Bap11TCJibHO orrpe.11eJIHJOTCll 4JYHKUIIII 

llJIOTHOCTII pacrrpe,!leJICHIIll BCpOllTHOCTeii no rrpe,!ICTaBHTCJibHbIM Bb16opO'IHbIM 

TJ)aCKTOpIIllM CllrHaJIOB ynpaBJICHIIll, rroJiyqeHHbIM c llOMOIUbJO OE3 Ha MllrKIIX 

Bbl'IIICJICHIIllX. ,ll;aJiee llJTCM orrepau1111 IIHTerp11poBaHIIll 4JYHKUIIH llJIOTHOCTII 

pacrrpe,!ICJICHIIll BepOllTHOCTeii paCC'IIITbIBaJOTCll IIHTCI'paJ!bHblC 4JYHKUIIII pacrrpe,!ICJICHIIll 

BepOllTHOCTeii (6JIOKII p II II Ha p11c. l.15(a)). ITp11Mep rrporpaMMHOll peaJIII3aUIIII 

cpopMIIpOBaHIIll .1111cpcpepCHUIIaJibHOH II IIHTCI'paJ!bHOH 4lYHKUIIll BepOllTHOCTeii B 

crnH.11aprnoM 6JioKe cpe.11b1 MatLab/Simulink (p11c. 1.16, mar 1) co.11ep)KIITCll Ha p11c. l.19(B). 

Ha p11c. l.19(r) llOKa3aH o6o6rueHHblll rrpouecc cpopMIIpOBaHIIll HOpMIIpOBaHHOrO 

CllrHaJia ynpaBJICHHll II COOTBCTCTByiorueii IIHTCI'paJibHOH 4JYHKUIIII BepOllTHOCTeii B 

3a,!laHHOH CIITyau1111 o6yqeHIIll. ,ll;Jlll TeKyruero peaJibHOrO HOpMIIpOBaHHOro COCTOllHIIll 

c11maJia ynpaBJieH11ll IO) c rroMOIUbJO HHTerpaJibHoii 4JYHKUHH pacrrpe.11eJieHHll BepoHTHOCTeii 

orrpe,!leJIHCTCll ero BCpOllTHOCTb P(lo)) (rrpOMC)KJTO'IHb!C BbIKJia,!IKH (pnc. 1.15(6, B)) II 

rro.11po6Hoe orrncaHne, CM. HH)Ke). Ifa 3aKOHa coxpaHCHHll BepollTHOCTeii paCC'IHTbIBaeTCll 

BepOllTHOCTb BHPTYaJibHOro COCTOllHHll 11) HOpMHpOBaHHOro CHrHaJia 

ynpaBJICHHll P(ll)) = 1-P(lo)) . IIcrroJib3Yll TOT )KC HHTerpaJibHbiii 3aKoH pacrrpe.11eJieHnll 
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aepollTHOCTeii, ITJTCM o6paTHoro oTo6pa)KeHnll P(ll)) BbI'IHCJIHCTCll 3Ha'leHne 

coOTBCTCTBYJOIUero BHPTYaJibHOro COCTOllHHll CilrHaJia ynpaBJICHIIll (p11c. l.15(B)). 

r. OnpeOe!le11ue cynepno3UIJUU Kea11moeozo cocmoJ111UJ1. IToJiyqeHHbie TaKIIM o6pa30M 

«liyHKUIIII pacrrpe,!ICJICHilll BepOllTHOCTeii ll03B0JIHJOT Bbl,!ICJIIITb «BHPTYaJibHb!C)) 

cocTOllHIIll I 1) CHrHaJIOB ynpaBJICHHll .!IJIH cpopM11poBaHHH cyneprro311u1111 c rroMOIUbJO 

npeo6pa30BaHHll A.!laMapa (4.3) 113 TCKyruero COCTOllHHll BBC,!ICHHb!X CIIrHaJIOB ynpaBJICHHll. 

IlpII JTOM rrp11MeHlleTCll 3aKoH BepOllTHOCTeii THrraP(IO))+P(ll))=l, r.r1eP(lo)) nP(ll)) -

sepOllTHOCTII TeKyruero peaJibHOro II BIIPTYaJ!bHOro COCTOllHIIH CIIrHaJia ynpaBJICHilll 

COOTBCTCTBCHHO (pnc. l.15(B)). Cyneprr03IIUIIll .!IByxypoBHeBoii KBaHTOBOii CIICTCMbi 

<peGJ1b11oe cocmoJ111ue IO)- eupmyGJ1b11oe cocmoJ111ue I I)» IIMeeT cJie.11yiorunii BH,!I: 

llfl) = .}i ( ✓P(lo)) lo)+ ✓1- P(IO)) II))= Kea11moeb1u 6um. 

Ha p11c. 1.15(6) 4JYHKUIIOHaJ!bHO orn6pa)KeH BbI'IHCJIIITeJibHbIH rrpouecc Il cpopM11poBaH11e 

KBaHTOBOro 611m B BH,!le KBaHTOiioii . cyneprr03IlUIIH Mll TeKyruero COCTOllHilll 

HOpMIIpOBaHHoro CIIrHaJia ynpaBJICHilll K034J4JIIUIICHTOM YCHJICHHll HC'ICTKOro ITII,ll;

peryJIHTOpa B CTJ)JKType IICY. ITpn 3TOM CKpbITall B BIIpTyaJibHOM COCTOllHHII KBaHTOBaH 

rrmflopMaUIIll Il KBaHTOBblll rrpIIHUHll ,!IOITOJIHIITCJibHOCTII ycrnrraBJIIIBaJOT HOBOe 'IHCJICHHOe 

3Ha'leHIIe BIIPTYaJibHOro COCTOllHHll, OTJIH'laJOruerocll OT COOTBCTCTByioruero 3Ha'ICHHH, 
orrpe,!ICJICHHOro 3aKOHOM OTJ)IIUaHIIll 6yJieBoii JIOrIIKH. 

IlpIIMep 2. TaK, HarrpIIMep, Il3 pnc. 1.15(6) CJie.11yeT, 'ITO ,!IJill peaJibHOro COCTOllHilll 

10) HMeeM 3Ha'leHne 0.92 Il BepOllTHOCTb ,!laHHOro 3Ha'leHIIll 0.8. Tor.11a BepollTHOCTb 

BIIPTYaJibHOro COCTOllHHll P(ll)) = 1-P(lo)) = 0.2. qHCJICHHOe 3Ha'ICHHe BHPTYaJibHOro 

COCTOllHIIll paBHO 0.63, B TO BpCMll KaK 3aKOH OTJ)IIUaHHll ,!laeT 3Ha'leHne 1 - 0.92 = 0.08. 

IlprrBe,!leHHbiii rrpnMep ITOKa3bIBaeT rrp11rru11rrIIaJibHoe OTJIII'l11e KBaHTOBoii 

.!IOITOJIHIITCJibHOCTII OT 3aKOHa KJiaCCII'ICCKoro JIOrII'ICCKOro OTJ)IIUaHHll. 

,11;. Bb16op euoa u muna Kea11moeou Koppe11J111uu npu popMupoea11uu Kea11moeou 
cynepno3UlJUU. ITpn BbI6ope BH,!la II THITa KBaHTOBOH KoppeJillUHII Me)K,!ly peaJibHblMII Il 

BIIpTyaJibHblMH 3Ha'leHIIllMil aMITJIIITY.!I CilrHaJIOB ynpaBJICHilll K034l4lilUIICHTaMII ycHJICHilll 

Heo6xo.11rrMO KJiacc11cp11u11poBaTb caMII BH,!lbl KoppeJillUIIII Me)K,!ly JJICMCHTaMil 
cyneprro311u1111 B CTJ)JKType KA ( 1. 6). 

IlpnMep 3. II01111GJ1, Kea11moeaJ1 u Kllaccut/ecKaJt Koppe11J11JUU e npo11ecce U36Jle'le11uJ1 
CK]Jblmou UllqJOpMGlJUU. ITpouecc OllTIIMaJ!bHOro 113BJIC'leHIIll UCHHOH KBaHTOBOH 

IIHcpOpMaun11 Il3 KJiaCCil'ICCKHX COCTOllHIIii, pacCMOTJ)CHHblH BbIIIIe B rrpnMepe 1, 6a311pyeTCll 

Ha CJIC,!IYJOIUHX 'ICTbipex cpaKTax B KBaHTOBOll Teop1111 IIHqJOpMaunn: 1) cyruecrnyeT 

3qJcpeKTHBHblll KA C)KaTIIH ,!laHHbix; 2) B KBaHTOBOM COCTOJIHIIH llpIICJTCTByeT «cuerrJieHHOe» 

llPC.!ICTaBJICHIIe .KJiaCCII'ICCKOii II KBaHTOBOll IIH4lOpMau1111; 3) llOJIHaH KoppeJIHUIIll B 

i(BaHTOBOM COCTOllHIIH rrpe,!ICTaBJIHCT co6oii «CMCCb)) KJiaCCII'ICCKOll n KBaHTOBOH 

MppeJillUIIii; 4) rrpIICJTCTByeT CKpb!TaH ( 'laCTil'IHO ,!IOCTyTIHaH 113BJIC'ICHIIJO) KJiaCCII'ICCKaH 
RoppeJIHUHll B KBaHTOBOM COCTOllHHII. 

Ha PIIC. 1.20 ( a, 6) llOKa3aHbl rrepe'IHCJICHHbie TJ)II BII,!la n ,!IBa THrra KOppC!IllUIIIl. 

8 Ka'lecrne rrp11Mepa IICllOJib30BaHbI KOppeJIHUIIIl Me)K,!ly 3aKOHaMH ynpaBJICHIIll 

Ro
3

<jicp11u11eHTaMII YCIIJICHIIll .!IByx HC'ICTKIIX ITII,ll;-peryJIHTOpOB. ,ll;Jill paccMaTpIIBaeMoii 

curyau1111 B03MO)l(Hbl TJ)II BII,!la KBaHTOBOH KoppeJillUHil ( co.11ep)Karu11x CKpbITYJO B 

cnpoeKTnpoBaHHbIX E3 ueHHYJO KBaHTOBYJO nmflopMaUHJO): npocmpa11cmee1111GJ1, epe.Me1111GJ1 
H npocmpa11cmee11110-epeMe1111aJ1. 
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Pnc. 1.20. BH,!J;bl (a) n Tllllbl (6) K0ppeJIHQllll 
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B Ta6JI. 1.2 rrpHBe,n;eHbl MaTeMaTnqeCKHe M0,!J;eJIH .ll;JIH .n;aHHbIX TllII0B KoppeJIHQllll .ll;JIH 

c1JTHaJI0B yrrpaBJieHllH C00TBeTCTBYJO!QllMll KOJcpqmnneHTaMll ycHJieHirn rn6pn.n;Horo 

HeqeTK0r0 III1,D.-peryJIHTOpa. 

Ta6m1na 1.2. 
Qllll 

,--
k;111·KB2 (t;)k1/:''KB2 (t;) ➔ k;ew(t;) · gainp 

KHB na ocHoBe 
k1/:''KB' (t;)k:°31'KB2 ➔ k';;w(t;) · gainn npocTpaHCTBennoii 

1rnppeJIH~IIII k:°31,KB, (t;)k;111·KB2 (t;) ➔ k'J'w(t;) • gain
1 

k;B,,KB, (t;)k;131·KB2 (t; -llt) ➔ k;ew(t;) · gainp 
KHB na ocHoBe e;:vs, (t;)k;81·KB2 (t; -M) ➔ k;ew(t;) • gainD BpeMennoii 

KOppeJIH~HII e:vs, (t;)k{81·KB2 (t; -M) ➔ k;'w(t;) • gain! 

KHB Ha ocnoue k;1'1(t;)k;8'(t; -t:.t)k;82 (t; -t:.t)k;82 (t) ➔ k;ew(t) · gainp 
npoCTpaHcTBemw-

k;/11 (t;)k1fB1 (t; - t:.f)k;/12 (I; - l:.t)k1fB2 (t;) ➔ k~ew (t;) · gainD 
BpeMe1rnoii 

KOppeJIHQHll k;81(t;)k;111(t; -t:.t)k;82 (t; -t:.t)k;82 (t) ➔ k';ew(t) · gain1 

IlpUJ;te'JQI/Ue 12. BbI60p BH,!J;a K0ppeJIHQllll orrpe.n;eJIHeTCH CBOllCTBaMll paccMaTPHBaeMoro 

OY. MHoroqncJieHHhie pe3yJihTaTbl Mo,n;eJIHp0BaHHH CJI0)KHbIX HeJIHHellHblX OY II0Ka3aJill, 

qro rrp0CTPaHCTBeHHaH KoppeJIHQllH Jq>q>eKTHBHa ,!J;JIH rrpoeKTHp0BaHllH po6aCTHblX I1CY 

rno6aJihHO ,!J;HHaMnqecKH neycTollqllBb!Mll OY; BpeMeHHaH KoppeJIHQllH QeJiecoo6pa3Ha MH 
JIOKaJibH0 HeycrofiqnBbIX HeJIHHellHbIX OY; ,!J;JIH HeJIHHellHbIX OY C pa3JIH'IHb!Mll B 

CJPYKType BH,!J;aMH ,!J;HHaMnqecKOll HeycrofiqllBOCTll (110 qaCTll o6o6meHHblX KOOp.ll;HHaT) 

M0)KeT llCII0Jib30BaTbCH CMeIIIaHHaH rrp0CTPaHCTBeHH0-BpeMeHHaH KBaHT0BaH KoppeJIHQllH. 

IIpnMeHeHne BbI6paHHOro BH.n;a KoppeJIHQllll B coqeTaHllll c pa3JillqHb!Mll THIIaMH 

(BHeIIIHllMll IIJill BHYlpeHHllMll) K0ppeJIHQllll Me:lK,Zly K0MII0HeHTaMll CllrHaJI0B yrrpaBJieHHH 

1103B0JIHIOT pacwnpHTb pecypc ll YBeJinqllTb II0TeHQllaJI KBaHT0BbIX KOppeJIHQllll. 

,ll.aHHblll 110.n;xo.n; paccM0TPeH Hll)Ke Ha K0HKpeTH0M rrpnMepe. 

OTHOIIIeHHe Me)K,lly IIOJIHOH, KJiacc11qeCKOll II KBaHTOBOll THIIaMH K0ppeJIHQHll (KaK Mepbl 

Heorrpe.n;eJieHHOCTll KBaHT0B0ro COCTOHHHH), 3a.n;aeTCH B CJie.n;yiomeM BH.n;e: 

IloflHaJI HeonpedeJ1eHHOCmb = KnaccuiJecKaJI iJacmb + K1mHmoeaJ1 iJacmb. (1.7) 
CooTHOIIIeHne (1.7) BbIII0JIHHeTCH ,!J;JIH 3aMKHYThIX KBaHT0BbIX COCT0HHllll 11p11113MepeHHH 

6e3 06MeHa coo6meHllHMll Me)K,lly YKa3aHHbIMII qacrnMH. B OTKpbITOll CHCTeMe B03M0)KeH 

/.IOII0JIHHTeJibHO B3aHMHblll o6MeH coo6meHllHMII Me)K,lly aKTHBHb!Mll areHTaMll 

(pacrroJIO)KeHHb!Mll Ha KJiaccnqecKHX ll KBaHT0Bb!X ypOBHHX) ll yp0BHHMll caM00praHH3aQHll. 

3ro 03HaqaeT, qT0 rrpHCYTCTByeT 63QUJ,tHaJI (cMeIIIaHHaH) KoppeJIHQllH Me:lK,Zly pewtbHblM H 

eupmywtbHblJl,I C0CT0HHllHMll H0pMnpoBaHHbIX CllrHaJI0B yrrpaBJieHHH. KrraccnqecKaH 

KoppeJIHQllH B JT0M cJiyqae BbICTyrraeT qaCTHbIM CJiyqaeM IIOJIHOll KBaHTOBOll KoppeJIHQHll. 

IIpn JT0M rrepe,n;aqa coo6meHHll, corJiaCH0 II. 1.5.2, BbIII0JIHHeTCH 110 KBaHT0BbIM KaHaJiaM, 

o6ecrreqnBaIOIQHM opraHH3aQHIO rrepe.n;aqn cyrreprr03llQllH CllrHaJI0B C pa3JillqHb!Mll Bll.ll;aMll 

KoppeJIHQllll Me:lK,Zly areHTaMH. 

61 



TaKne KBaHT0Bhie KaHaIIhl nepe,Llaqn HHCpOpMaQHll .!IBJHIIOTC.11 cneQHailhHhlM KJiaCC0M 

KBaHT0BhlX K0ppennpoBaHHhlX (Me)K)ly BX0,L\0M - BhlXO,L\OM) KaHaII0B CB.!13ll, B K0T0phIX 

,L\0CTaTQqHo HMeTh K0HeqHyro naM.!ITh ll B03M0)KH0 peaIIH30BaTh H0Bhie KBaHT0Bhie 

crpaTernn rrepe,Llaqn coo6rneHHH C rrp0CThIM rrp0T0K0JI0M CB.!13ll. KO.LlllPOBaHHe coo6rneHnii 

B TaKHX KaHaIIax CB.!13ll C KOHeqHOH rraM.!IThlO ll oco6eHHOCTII CMelllaHHhlX KaHaII0B CB.!13H 

Il03B0JI.!IIOT 3<p<peKTIIBHO rrp0B0,L\HTh rrepe,Llaqy Il0T0K0B IIH<pOpMa111111 qepe3 KBaHT0Bhie 

MexaHH3Mhl 113BJieqeHH.!I (.L\eKO,L\IIpOBaHH.11) ,LlaHHh!X. 

Cne,L\OBaTeJibHO, Il0JIHa.11 K0ppeJI.111.IIl.!1 C0CT0IIT 113 CJie,L\YJOllIIIX qaCTeii: KJiacc11qecKa.11 

(Me)K)ly peaIIbHhIMII 3HaqeHH.!IMII H0pMHp0BaHH0fO CIITIIaIIa yrrpaBJieHII.11); KBaHT0Ba.11 

(Me)K)ly BIIPTYaIIhHhIMII 3HaqeHII.!IMII H0pMIIp0BaHH0fO c11rnaIIa yrrpaBJieHII.11) ll CMernaHHa.11 

(Me)K)ly peaIIhHhlMII II BHPTYailhHhlMII 3HaqeHII.!IMII H0pMIIp0BaHH0fO CIITIIaIIa yrrpaBJieHH.11). 

IlepBhJe ,L\Ba TIIIla KoppeJI.111.IIIH llCCJie,L\YJOTC.11 B KOppeJI.!11.IIIOHHOH Teop1111 CJiyqaiiHhIX 

(KJiacc11qecKIIX II KBaHTOBhIX) rrpo11ecc0B. I1p11 3T0M IIHTeHCIIBH0CTh KBaHTOBOH K0ppeJI.11I.111H 

Bhlllle KJiacc11qecKOH K0ppeJI.11111111 (HepaBeHCTBO EeJIJia). 

Tpcr11ii TIIIl .!IBJI.!leTC.11 H0BhlM B Teop1111 KBaHT0BhlX CJiyqaiiHhlX npo11ecc0B II 0TPa)KaeT 

3<p<peKT u,1meprjJepe111Juu KJiacc11qecKoii 11 KBaHTOBoii KoppeJI.111111ii. TaKoii THil rronHoii 

KoppeJI.11111111 C0,Llep)K11T CKphlTYJO KJiacc11qecKyro Koppen.11111110 B KBaHT0BhIX C0CT0.!IHil.!IX 

cqiopM11poBaHHOH cyrreprr0311l.11111 KBaHTOBhlX 6HTOB 11 CJI~IIT l1H<pOpMa11110HHhlM pecypC0M 

,L\JI.11113BJieqeHII.!1 ,L\OilOJIHIITeJihHOH (HeHa6JIIO,LlaeMoii) 11eHHOH KBaHTOBOH l1HqJOpMa111111. 

TaK11M o6paJoM, qi11311qecK11 KJiacc11qecKa.11 Koppen.111111.11 0TBeqaeT 3a caMoopraH113a111110 

CTPyKTyphl Ha MaKpoyp0BHe; KBaHT0Ba.11 II CMelllaHHa.11 KoppeJI.11111111 orneqaJOT 3a 

MIIKpoypoBeHb II rrepe,Llaqy l1H<pOpMa111111 C MHKpo Ha MaKpoypoBHll C00TBeTCTBeHH0. C 
Il0M0lllhlO BHYTPeHHeii II BHernHeii Tl1Il0B Koppell.11111111 ocyrneCTBJI.!leTC.11 o6MeH 

IIH<pOpMa1111eii 11 K00p.L\IIH11poBaHH0e yrrpaBJieH11e Me)K)ly K03<pqJIII.llleHTaMII yc11neH11.11 

rrpoeKT11pyeMoro po6acTHoro HeqeTKoro ITII,D;-peryJI.11Topa. 

PacCMOTPIIM 3<p<peKT 113BJieqeHH.!I CKphITOH 11 rrp11parneHII.!I .L\OilOJIHHTeJihHOH KBaHTOBOH 

IIH<pOpMal.11111 C T0qKII 3peH11.!1 KBaHTOBOH Teop1111 l1H<pOpMa111111 II ero rrporpaMMH0e 

qiopM11pOBaH11e B CTPyKTYPY KA caMoopraH11Ja111111 E3. 

I1p11Mep 4. 3,P,PeKm U3BJ/e'le11Ufl CKpblmoii K6Qllmoeoii u11,PopMGIJUU. Ee3 Il0Tep11 

06ll1HOCTII BhI,L\eJil1M npocTyro c11rya111110 O,L\HOCT0pOHHero o6MeHa ,LlaHHh!Ml1 np11 

onpe,LleJieHHOM KOJIIIqecTBe CKphITOH (HeHa6n10,LlaeMoii) KJiacc11qecKOH KoppeJI.!1111111 B 

KBaHTOBOM COCTO.!IHIIl1. Ey,LleM 11HTeprrpeTIIpOBaTh rrpo11ecc o6MeHa ,LlaHHh!MII Me)K)ly .L\BYM.11 

E3 (KaK npo11ecc nepe,Llaq11 IIH<pOpMal.11111 no KBaHTOBOMY KaHaIIY CB.11311) B Bil.Lie 11rp0B0ll 

c11rya111111, ,L\OrrycKaIOrneii o6MeH ,LlaHHhlMII Me)K)ly 11rpoKaMII A 11 B, B npOCTPaHCTBe 

pa3MepHOCTII d = 2" . CornaCHO 3aKOHaM KBaHTOBOH MexaHIIKII, c IlOMOlllhlO MaTPIII.lhl 

IlJIOTHOCTH p 0Ill1ChIBaeTC.!I HaqaJ:lhHOe KBaHTOBOe COCTO.!IHIIe, o6pa30BaHHoe ,L\ByM.11 

KJiacc11qecKl1MII COCTO.!IHH.!IMl1 (E30 11 E31). HaqaJ:lbHa.11 MaTPIII.la p paccMaTPIIBaeTC.11 KaK 

crnpTOBhIH IIH<popMa11110HHhIH pecypc 11 pacnpe,Llen.11eTc.11 Me)K)ly no,Llc11cTeMaM11 A (E30) 11 B 
(E3 l) B rrpocTpaHcTBe pa3MepHOCTH d, 

p =__!_ff (lk)(kl®lt)(tl}A 0(u, lk)(klU; t. 
2d k•O t•O 

3.L(eCh KBaHTOBbie onepaT0phl Uo = I 11 u, rrepeBO,L\.!IT 11CXO,L\Hhlll BhlqIICJIIITeJihHh!H 6aJIIC B 

06be.L(11HeHnh1ii B3aHMHO HecMerneHHhIH 6aJ11c (MUB - mutually unbiased basis) 

cne.Llyrornero BH.L\a I( i I U, I k )I = 1/ ✓d V i, k . B cJiyqae O.L\HOCTopoHHero o6MeHa 

,LlaHHUMII 11rpoK A 11MeeT IlOllHYJO IIH<pOpMa111110 0 C0CT0.!IHilll nrpoKa B, KOTOpblll B CBO!O 

oqepe,Llh Bh1611paeT cocTO.!IHIIe I k) cnyqaiiHhIM o6pa3oM 113 rrpocTPaHCTBa cocTO.!IHII.U 
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pa3MepHOCTII d B .L\Byx B03MO)l(Hh!X cnyqaiiHh!X BhJqIICJIIITeJihHhIX 6aJ11cax. 

flacpopMal.lHOHHhlll pecypc COCTO.!IHll.11 p IICil0Jih3YeTC.!I no CJie.LlyrorneMy aIIrOpIITMy. lirpoK 

A cpopM11pycr cnyqaiiHyro BhI60pKy ,L\JIIIHoii B n-611TOB n rrepe,LlaeT ee 11rp0Ky B B cocTO.!IHIIe 

I k) HJIII H®" I k) B 3aBIICIIMOCTII OT cnyqaiiHoro Bh16opa 611rn t = 0 11n11 1. 3.L(ech, KaK II paHee, 

H .11BJI.11eTC.!I npeo6paJ0BaH11eM A,naMapa. lirpoK A rrocbIJiaeT 6HT t 11rp0Ky B 6e3 

B03MO)KH0CTl1 Ha6JIIO,L\emrn BilOCJie,L\CTBIIII cqiopMIIpOBaHHOH B COCTO.!IHIIII B KoppeJI.11111111. 

I1p11MeHeH11e rrpeo6pa30BaHH.!1 A,L\aMapa II ll3MepeH11e e,L\11HIIqHoro KBaHTOBOro 611Ta 

,L(0CTaToqHO ,L\JI.11 np11roTOBJieHH.11 COCTO.!IHll.11 p 11 113BJieqeHII.!1 B ,L\ailhHeiirneM HeHa6n10,LlaeMOH 

K0ppen.11111111 B HOBOM C0CT0.!IHIIII p' . qepe3 p 11 p' 0603HaqeHbl COCTO.!IHil.11 ,L\O II rrocne 

npose,LleH11.11 orrepa1111ii o6MeHa coo6rneH11.11M11 p' = A (p) . HaqanhHa.11 KoppeJI.111111.!1 B 

COCTO.!IHIIII p - MaIIa.11 BeJI11q11Ha, II KOJIIIqecrno IIH<popMa111111, CO,Llep)Karneec.11 B HeM, 

onpe,LleJI.!leTC.11 KaK If) (p) =½log d. KoJI11qecrno IIH<pOpMa111111 B KOHeqHOM C0CT0.!IHIIII IlOCJie 

Il0JIHOfO 113MepeHH.!I M, B . 0,L\HOCTOpOHHeM o6MeHe l1H<pOpMa1111eii 

paBHO /Cl (p') = 1gJ (p) = logd + 1, T.e. Kon11qecrno .L\OCTyrrHOii II3BneqeHHoii HH<popMa111111 

so3pocno. 

3TOT 3<p<peKT HeB03M0)KH0 Oill1CaTb Ha KJiacc11qecKOM ypoBHe, OH HOCIIT q11cTo 

KBaHTOBhlll xapaKTep. Ilpn 3T0M COCT0.!IHll.11, IIMe10rn11e TaKOe CBOHCTBO, He 06.113aTeJihHO 

,L\0JI)KHhl 6bITh 3anyTaHHh!Mll, a CO0TBeTCTBYJOlllllll KaHaII rrepe,Llaq11 IIH<pOpMa111111 MO)KeT 

fihITh peaIIII30BaH C IlOMOlllhIO rrpeo6pa30BaHH.!I A,naMapa. Ilo3TOMy, IICil0Jih3Y.!I 

npeo6pa30BaHIIe A,naMapa II 3<p<peKT KBaHTOBOH KoppeJI.11111111 KaK qJII3IIqecKIIH HOCHTeJih 

nepe,Llaq11 coo6rneHIIH Me)K)ly KOHeqHhIM q11cJIOM crrpoeKT11poBaHHhlX E3, M0)KHO .L(06IIThC.!I 

yseJI11qeHI1.!1 CO,Llep)l<arneiic.11 llH<pOpMal.11111 B IICXO,L(HOM KBaHT0B0M COCTO.!IHIIII 3a cqcr yqeTa 

cyrnecrnyrorneii cKphITOii KJiacc11qecKoii KOppeJI.11111111. I1p11Be.L1eHHh1e B rrp11Mepax 1, 3 11 4 
3cpcpeKThl II pe3yJihTaThl yqIIThIBaIOTC.11 B 3Tarrax cpopMIIpOBaHH.11 COOTBeTCTBYJOllleii 

KoppeJI.11111111 B cyrrepn03Ill.lIIII peanbHhlX II BIIpTyaIIhHhlX COCTO.!IHIIH c11rnan0B yrrpaBJieHII.11 

npn pa6oTe KA B KHB. PacCMOTPIIM Ha rrpIIMepe (113 .L\Byx K0ppeJIIIpOBaHHhIX CIITIIaJ:10B 

ynpaBJieHII.11) 3Tailhl rrporpaMMHOH peaIIII3a111111 rrpo11ecca <popM11poBaHl1.!1 KBaHTOBOH 

cyneprro311111111, paCCMOTpeHHOH B 3TOM pa3,LleJie (n. r II ,D;), 3a cqeT npIIMeHeHII.11 MaTPIIllhl 

A.LlaMapa II orrepa111111 TeHJopHoro rrpo11JBe,L\eH11.11. 

E. Ilpo2pa.MMllaR peWIU3at/UR npoZJecca ,PopMupoea11UR Kea11moeoii cynepno3UIJUU u 

eb16opa «u11meJ1J1eKmyaJ1b11020 cocmoR11UR» e KA. Ha ,LlaHHOM JTarre qiopM11pyeTc.11 

CTpyKTypa KOMil0HeHT cyrreprr03III.IIIII II ocyrnecTBJI.!leTC.11 BhI6op B11,L\a 11 THila KBaHTOBOH 

KOppell.!1111111 (p11c. 1.15(a), 6JIOK III) II CO0TBeTCTBYJOllIIIX KOMilOHeHT ,L\JI.11 11Cil0Jlh3yeMOfO 

TIIrra Koppell.!ll.11111 113 HOpMIIpOBaHHhIX CIITIIaJIOB yrrpaBneHII.11. 

YKaJaHHhie orrepa111111 rroKaJaHhI Ha p11c. 1.2l(a) - r n orneqa10T orrepa1111.11M Ha pnc. 1.16, 
mar 2. 

Ha p11c. l.21(a) rpacp11qeCKII HafJI.11,L\HO OTPa)KeHa II,L\e.11 cpopMIIpOBaHll.11 ll Bb16opa 

KOMilOHeHT cyrreprr03Ill.lIIII 113 pa3JIIIqHhlX CIITIIaJIOB yrrpaBJieHH.11 II COCTO.!IHHH (peanbHhIX II 

BIIpTyailhHhIX) B BII,L\e Ky6IITOB C 11eJihIO IlOCJie,L\yrolllefO 113BJieqeHH.!I 3HaHIIH 113 

/:(llHaM11qecKOfO IlOBe,L\eHll.11 peryn.!ITopa ll OY. I1po11ecc <popMIIpOBaHll.11 KBaHTOBOH 

KoppeJI.11111111 (npOCTPaHCTBeHHOH, BHellIHeii II BHYTPeHHeii) Me)K)ly CllfHailaMII yrrpaBJieHH.11 

K03cpcp111111enTaM11 yc11neH11.11 KP II K D OT .L\Byx E3 rpaqi11qecK11 IIJIJIIOCTPnpyeTc.11 Ha p11c. 

1.21(6). 
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(a) 

Puc. 1.21. IlporpaMMHaH peaJIU3allUH IIPOlleCca qiopMupoBaHUH KBaHTOBOH cyrreprrO3UllUU u 

Bhr6opa «UHTemreKTYaJihHOro COCTOHHUH» a KA: 
a - qiopMupoBaHIIe II BhI6op KOMIIOHeHT cyrreprro3UllUU U3 pa3JmqHhIX CUrHaJIOB yrrpaaJieHUll 

u COCTOHHIIH (peaJihHhIX, II BUPTYa.JlhHhIX); 6 - rrpOlleCC qiopMupoBaHUH KBaHTOBOll 

KOppeJIHllUU (rrpOCTPaHCTBeHHOH, BHenrneil: u BHYTPeHHeil:) Me)K)ly CIIrnaJiaMII yrrpaBJieHUli 

K03qJqJIIllIIeHTaMII yCIIneHIIH KP II Kv OT ,11ayx E3; e - rpaqiIIqecKuil: IIHTepqieil:c 

IIOJih3OBaTeJIH qiopMIIpOBaHIIH KBaHTOBhIX COCTOHHIIH B cyrrep1IO3IIllIIII II !IX KO,!\IIpOBaHIIe; Z 

- aJiropIITM BhJqifcJieHIIH rrpOCTPaHCTBeHHOH KoppeJIHllUII u IIPOlleCC qiopMIIpoBaHIIli 

<<HHTeJIJieKTYaJihHOrO» COCTOHHIIH; 0 - rpaqiIIqeCKIIll IIHTepqieil:c IIOJih3OBaTeJIH )'.{Jill 

qiopMIIpOBaHIIH II BhJqIICJieHIIH <<HHTeJIJieKTYa.JlhHOro» KBaHTOBOro COCTOHHIIH no rrpIIHllIIIIY 

MaKCIIMYMa aMIIJIIITYi'.lhl BepOHTHOCTeil:; e - aJiropIITM BhJqucJieHIIH aMIIJIIITY):lhl 

aepOHTHOCTeil: KBaHTOBOro COCTOHHIIH U ero peaJIII3allIIH B cpe,!\e MatLab/Simulink; :J/C • 

rrpIIMep pe3yJihTaTOB 6noKa II3MepeHIIH KBaHTOBhlX COCTOHHIIH C MaKCIIMa.JlhHOll 

aMIIJIIITY,!\OH BepOHTHOCTeil: ,!\JIH TPeX K03qJqJIIllUeHTOB ycIIJieHUH 
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<1>opM111poeaHlll8 KB8HTOBblX KOppenHI.1111'1 Ha OCHOBe [J] 
·p,eyx 6a3 3HaHHH ) 

Cucre,,a {I ) I ) } ,--r - lr1Hp,IIIBIIIP,yanbHbl8 63 BJ 'lnt,1pn: 0 I • 1 ' ~✓ I 
<O<TOIIBBll f -1,2,3,4 ~0')'<.- - -I 

r'\_K,=K',' K',' ~l~.}~e~ :-:·:·;;.~ 10),} e_ K =iC;[)~.O) ,:;j,j:, tlI) i n tll} 
0• D De.DJ"-.. ..... 1/v'\ ,,U, I 

--- I \Cl' 11 ilil 

I l, , 1: r2 ·, 10}2} I I :1 \ 10\} 
·::11.. ti) i µ.;.:•.:..•·.;.u;., 111-,-+tl 

631 632 t/, ··,:::.L_~ __ !L ____ _t,t~-.::.:.:j,_ ___ , ~2 

,------------------------, ,--...: 631 Q9 632 : I I I l_________________________ D: 

:{K;31 ,K;32 ,K;31 ,K;32} :<---' e,,,' r-K--n-;,;;(--)----.----: ~ 
: : : P 11 • gmnP ! ~ 
1 {K 531 K 532 K 531 K 532} j-----J\, KHB1 q 1 1 M 
: D , D , I , I ~ : K~""'(t,)•gaind : !! 
I { 531 532 531 532} I 

I 
l .Q 

: K1 ,K1 ,Kp ,Kp : / : K;"w(t,)•gain1 : ~ 
1 ________________________ 1 ✓ , _______________ ; 1; 

, m 
KHB1 : npocmpaHcmeeHHbte (eHeWHUe U BHympeHHUe)KoppenRL{UU ::,:: 

Puc. 1.21 (6) 

r·-·-·-·-·-·-·-·-~~-;~JlY KBBBTOBhU COCTOBBBi·1 ·~;~ ;n;1 Bb16paHHblH nm KBaHTOBOH K0ppem11tr.u1: 

Data store Data Sto,e Data Slort Data Slort 
Uemo,y FCO Memo,y FC1 Utmo,y FC2 Uemo,y FC3 

{ 1-1<1'1 FCO 
II), 2-KD1)CO 1-A11<P1_FCO 

3-KII_FCO 
Cl) 2·A1KD1_FCO 

{41<1'0 FCO ::s: 3-A11<11_FCO 
IO), 5-KDO)CO i5 4AOl<PO_FCO 

6-IOO_FCO Ill 5-AOKDO_FCO 

II) r-l<P1_FC1 &_ 6-AoKl'.l_FCO 
2 8-KD1_FC1 ::s: 7-A11<P1_FC1 

9-KII FC1 c[ 8-A1KD1_FC1 
{ 10-l<PO FCI ~ 9-AI K11_FC1 

I0) 11-KDO_FCI 10-AOl<PO_FC1 
12-IOO_FCI 11-AOKDO_FCI 

1f 
12-1.0IOO_FCI 

3HB'l8Hl1R COOT88TCTBYIOlllll8 COCTORHIIRM 
10> and 11> 

AIIR HP1 (o603H8'18HHOro KBK FCO) 
11 HP2 (060,Ha'leHHoro KBK FC1) 

(a) K'·2k1·2 ➔ Knew· gain · p D p p, 

(b) K 1•2 K 1'2 ➔ Knew gain · D I D • D> 

(c) K'·2Kl,2 ➔ Knew ·gain 
I P I I 

ComacHo ebl6paHHOMY nmy AJIR cny-iaR (a) 
nOC'JJ)OIIM cn&A}'IOlll88 KB8HTOB08 COCTORHMe: 

cJ§) 
P83MepHOCTb KBBHTOBoro COCTORHIIR, n = 4 

l( a 1 I0 0 O O )+a2 IO O O 1 ) ] 

l :: __ , 10011 )+ .. (a)1111 ) 
I 
i i y ..,,., 

_ ! 24 = 16 COClnOJlHllli ak =fii 
L·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-,1 L ____ , _______ ,_,_, _________ , _________________ . 

Puc. 1.21 (a) 
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r--------,- ___ [._ ______________________________ , l 
r--·-·-:-·-·- -·-·-·-t·-·-·----·-·-·-·-•~-- -·-7 --- BHeWIUUI 1topperull.lMA 

~~t~~L1fl~~) J :J~~~~~~~~ 
U ~ fr(a, -1oooo)+a,j~_l'.1l,+ • · ·:_~ _ _:11110)+ ~) ) 
:C 0 I DIIHf[lll3ll i I ~ I 
m ,. • L...mppcmlll1fll! :_~J.!1.!.'f!~.l I '----------~~-------

( :ij ;;;,cmoR~~ "') (11 = 4) 
r------- I j . .,. ... ---------..:-~---... .._ ---·- -·-· !;-----------0 - Q -; ----o---~ 

I. I I 11 fY. -l} ,y •11 •y 1 

l IHHTep<IJepeHQH.R: ii --, - J"I,P 2,P J"J,D 2,D : r--------1 
Cl> Ii '--1.---------------' ]: o o o • ) : l OpaK}'n I 
! l max 

1 

} l: llz = YI,P • Yzy • YJ,D • Y2,D ! 7 ;----
Cl>a. i n . fl_ fl_ fl_ a il : / / 

I· ""'k' 1£~ 4 11 
1

1
1 

CL) ll \.. _----1 ... ,, • :,/ 

== 'i ----..--- !: ry 
M \i h • 
S I ! B&16paHHOe :: • :, 

I • 
: i «uHmenne«myan&HOe» :: : 

+-f+- cocmoRHUe ji a=·' .. )_ .. > •½ i 
\ ! ;: ""'16 YI,P Yzy YJ,D 2,D , --r--- '·-·-·-·-·--·--·-·-·--·-·--· -r--~ 

... ----- nporpaMMHaR peanH38UH.R 

Pnc. 1.21 (r) 

Quantum states 
KB4HTOBb18 COCTORHMJI f i 

,------------. 

IFco I Im I I IK~J,K1K1) i 
Data Slort D;;rt ! ! ! ! ~ !-

Memo!)' FCO Memory FC1 j IO O O 0) i 
11>1{ !::g~ j ____________________ .i 

3-1<11_FCO ,---ID -rr<PU"mr: --10)1 -'- -, 0 --i 
6-1<10 FCO •--- u, 1 

l
l} {7-KP(.FC1 : I pemcTJJ 0000 I 

2 8-K01_FC1 :::: : 
9-K11_FC1 : 

f 
10-1(1'():rc,:-( --------l----J 

I0)11-KDOJC1_. -------• 
12-KIO_FC1 

Bb16paTb C0CTORHll8 0000 H3 .QaHHblX 

I IK1iK;/(11'(;) 
I 
I 
I 
I 
I /10000)' 

10001) 

10010) 
,._ 
I 
I 
I 
I 
I 

,11111) J ! 
I 

L-----------~ 
16 COCTOAHMM 

Pe3YnbTaT: perKCTJJ (4 10 5 11) Mcnonb3}'8TCH AJIA Bbl60pa 
aMnnKJYAbl COCTOAHMA 0000 M3 .QaHHblX 

Pnc. 1.21 (~) 
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,. 
~ ,. 

.a 8 
ii 
IQ !;. 
i/lu 
,s,~ 
,. :c 
:c :c 
I§ "' gi! 
u .. 
!:! s 
.a Ef 
m !i? 
~1:i' 
lll ~ .... 
=; 
~ 8 
s -g~ 
Q. :c 02 

g 
u 

I • FC_Pendll_Qfl/ __ /QF11_2 lor Kp/Probabilily of slate 0000 ,• ,li!!!l~Ei.J 
il~le Edit View. Simulation Format Tools Help 

I! D ,·cii; lill efj"{: ~.~ij.j;~•C!l ► ·•;l~~rrnal~=--j:]l:M1 ~~F5f Oi!I 1 
,; 

-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·:r-·-·-·-·-·-·-·-· i B KBaHTOBOM COCTOJillllH ala 1, 
I 

i lal2 = P-BepQjrrnocn. ,uamrnro cocTOJIHWI; 

Selector i a=✓P 
i.--·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-· 

BepoATH0CTb C0CT0AHl1ff 

Product 

,----·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-
i B KBaHTOBOM cocToJIHHII a k la 1a 2a 3a 4 ),. 

Solectol2 I Ii 

i a k = -Ji;' ✓J½' .fp; " ../P: .. 
I L--·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·~! 

Solecloo3 

R:~;•:0~~.:•w'i'~,Ef~""7 f:~7

j J 00%;::.;.;"';,i) . .;~~~~~:Jc~:,:?, l.~~.;'"~~-;:.~~4]ode45 ;;;;;;;;~ .•. :=~~~~;:,~11•·~ 
Pnc. 1.21 (e) 

np11Mep pe3ynbtaT0B 6noKa 113Mep_eHIIII B HenpeABlf,AeHHOII CIITyaltlll1 ynpaeneH11R: 7 
Kp(ti) 

CoCTOHHIIH 1110 
c MaKCUMaJibHOii aMUJIUT)'/lOU 010 

BepoHTHOCTeii 1111 
1111 

I ) 1111 
K-pK;XJ(; 1111 

1111 
1111 

1------------ 1111 

I 
1- enptyaJibHoe cocro11u11e, 1

1 

1111 
1011 

I 0- p_eaJILHoe coCT011u11e I 1111 
I fj,l = 0,1, ... ,21 t""" -+0011 

I - MoMeHThI apeMeHII I 0011 
I 0011 

L-~~~e~ _____ J ~~~~ 
0101 
0101 
0101 
1101 
1101 

Pnc. 1.21 ()K) 
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Kn(t;) 

1101 
0101 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
0111 
1111 
0111 
0111 
0111 
0111 
0111 
1111 
1111 
1111 
1111 
1111 

K1(ti) 

1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1011 
1011 
1011 
1011 
1011 
1010 
1010 
1010 
1110 
1110 



IIpnMep 5. PaccMOJPHM, HarrpnMep, cornacHo pnc. 1.21(6), cJie.11yiorunii THIT KBaHTOBoli 

Koppemn:inn: 

{k~(t),k;(t),k;(t),k},(t)} ➔ k;ew(t), (1.8) 

r.11e IIH,lleKCbl 1 11 2 )'KaJhJBaJOT rrpIIHa)IJielKH0CTh K C00TBeTCTBYJOIIIIIM Ii3. Tor.11a KBaHT0BOe 

C0CT0HHIIe 

/ a1a2a3a4) = I k~(t)k;(t)k;(t) ki,(t)) 

paccMalpIIBaeTCH KaK K0ppeJIIIp0BaHH0e (entangled) C0CT0HHIIe. 

rpaqmqecKIIH IIHTepcpeiic lI0Jih30BaTeJIH )IJIH cpopMIIpOBaHIIH KBaHT0BhIX COCTOHHIIH B 

cyrreprr03HI:(IIII (1.8) II IIX K0.IIHp0BaHIIe )IJIH BhI6paHHOro nma KBaHTOBOii KoppeJIHI:(IIH 

lI0KaJaH Ha p11c. 1.2l(a). P11cyrroK 1.21(r) co.11eplKilT aJiropIITM BhJq11cJieHHJ1 

rrpOClpaHCTBeHHOH KoppeJIHI:(1111 ( CM., p11c. 1.20(6)) II np0I:(eCC cpopMIIpoaaHIIJI 

«IIHTeJIJieKTyaJihH0ro» C0CTOHHIIH. Ha 3T0M lKe p11c. 1.21(r) lI0KaJaHhl BHylpeHHHH H 

BHellIHl!H KoppeJIHI:(1111 MelK)ly CIIrHaJiaJl.m yrrpaaJieHIIH K03q>q>II!llleHTaMII yc11JieHIIH .11ayx 

pa3JillqHhlX Ji3. 
rpacp11qecK11ii IlHTepcpeiic lI0Jih30BaTeJIH )IJIH q>opM11poaaHHH Il BhJqHcJieHHJI 

((IIHTeJIJieKTyaJihH0ro» KBaHT0B0ro C0CT0HHIIH !IO rrpIIHI:(IIIIY MaKCIIMYMa aMITJIIITY.llhl 

aepOHTHOCTeii 0lpalKeH Ha p11c. 1.21 (.11). AJiropHTM auq11cJieHHH aMITJIHTY.llhl aepOHTHOCTeli 

KBaHTOB0ro C0CTOHHHH II ero peaJIH3al:(IIH B cpe.11e MatLab/Simulink rrpe,llCTaBJieHhl Ha p11c. 

1.21(e). IIpIIMep pe3yJihTaTOB pa60Thl 6JIOKa 113MepeHIIH KBaHT0BhIX COCTOHHHH C 

MaKCilMaJihHOH aMITJIIITY.IIOH BepOHTHOCTeii )IJIH lpeX K03q>¢IIlllleHTOB ycHJieHIIH rrp11ae.11e11 

Ha p11c. 1.2l(lK). ,n:eTaJIIl rrpol:(eCC0B BhJq11cJieHIIH B 0CTaJihHhIX 6JIOKax KHB Ha p11c. 1.15(a) 

II 1.16 H0CHT TeXH11qeCKHii xapaKTep II 3,lleCb He paccMalpHBalOTCH (cM. IIpIIJIOlKeHIIe III). 

B pe3yJihTaTe rrpHMeHeHHH KHB B CJP)'KTYPe I1CY ocyrueCTBJIHeTcH II3BJieqeHIIe 

)IOlIOJIHIITeJibHOH ( CKphlTOH) KBaHTOBOii IIHq>OpMal:(1111, a ee IIClI0Jih30BaHIIe )laeT 

B03M0lKH0CTh npoeKTIIp0BaTb po6aCTHhie CilrHaJihl yrrpaBJieHHH B peaJihH0M apeMeHII 113 

peaKI:(IIH HP Ha Herrpe,llBII,lleHHhJe CIITyal:(HII yrrpaBJieHHH. 

flpUMe•ta11Ue 13. TaKoii lI0)IX0.11 lI03B0JIHeT 6oJiee lI0JIH0 Il rny6oKO lI0HHTh pemeHIIe 

CJie.11yiorueii TPY.IIHOH Il rrpIIHI:(lllillaJihH0 BalKHOH )IJIH TeopIIH II CHCTeM yrrpaaJieHilll 

rrpo6JieMhl (OTMeqeHHOH paHee): onpeoeJleHUe pollU u 6JlUJIIIUJl K6Qllm06blX 3</JpeKmoe 11a 
noeb1tue11ue ypoe11J1 po6acm11ocmu npoe1<.mupye.MblX HCY. 3cpq>eKTIIBHOe rrpnMeHeHne 

KBaHT0BhIX 3q>q>eKTOB B KHB ocyruecTBJIHeTCH 3a cqeT 113BJieqeHIIH )IOlIOJIHHTeJibHOH 

KBaHTOBOH IIHq>OpMal:(Hil, CKphITOH (11 T0JihK0 qacrnqHQ )IOCTyrrHOii) B K0ppeJIHI:(II0HHhlX 

KJiacc11qecKHX C0CT0HHIIHX JaK0H0B yrrpaaJieHIIH, crrpoeKTIIpoBaHHhIX T0JihK0 Ha 0CHoBe 

KJiaccnqecKIIX MeT0)I0B TeXH0JI0rIIII MHrKIIX Bh1q11cJieHHH. B pe3yJih Ta Te cpa6aThJBaeT 

3q>q>eKT pe.11YK1lIIII Il36bITQqHoii IIHq>OpMal:(1111 B KJiacc11qecKIIX JaK0Hax yrrpaaJieHIIJI 

K03q>q>Ill:(lleHTaMII yc11JieHHH III1,n:-peryJIHTOpa. 

CaM 3q>q>eKT pe,ll)'Kllllll 1136blTOqHoii IIHq>OpMal:(Hil )I0CTIIraeTCH 3a C'IeT BHe.11peHHH H0BhlX 

B11)10B KBaHTOBOii K0ppeJIHI:(Ilil pe3yJihTaTOB peaKI:(IIH HP ( C 3a,llaHHhIMII Ii3) Ha 

Henpe.11a11.11eHHyio CIITyal:(IIIO yrrpaaJieHIIH. OrrTIIMaJihHOe C00TH0IIIeHIIe TIIna II Bil.lla· 

KBaHTOBOH KoppeJIHI:(1111 BhllI0JIHHeT BalKHYJO p0Jih K00p,llIIHIIp0BaHH0ro yrrpaaJieHHJI 

K03q>q>III:(lleHTaMH ycHJieHHH He'IeTK0r0 III1,n:-peryJIHTOpa Ha HlllKHeM IIClI0JIHHTeJihCK0M 

ypoaHe I1CY ( CM. IIp11JIOlKeH11e III). 

PaccMOlpIIM np11MeHeH11e KHB a Clp)'KType I1CY, rrpe.11crnaJieHHoii Ha p11c. 1.3(6). 
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1.6. l111TeJIJ1eKTya.JILIIhlii po6aCTHLIH peryJIHTOp B CHCTel\le yrrpaBJICHIIH rno6a.JILIIO 

11eycTOll'IHBhlM Hen1111eii11LIM OY «Kapenca - MaHTIUIK» 

Ha pnc. l .22(a, 6) rroKaJa11b1 pacqernax M0)leJih (rrapaMelphI II ypaaHeHHH .11a11lKeHnx OY) 

II cncTel\rn M0)leJrnpoBaHHH M0)leJI11 OY «KapemKa - .MGJ1m11u1<.» B cpe.11e MatLab/Simulink. 

\J-i~rn 1"' . ( ( 11+S(I) )+{a,;+a,zj-111[1J'siu8) . 
v > gsrn0+cos0 -k0 

' ' .. llt ti/I ' ' ' ' 0= \ I 

' { 4 111cos'e) \ m 
' 3 11/c +111 _ 
' 

\ 2£ 
YpaeHeH11.i:i AB11)K9Hl1.R 

' 
Ynp.tBnlllOUl3.R \ ' m W 

Cl1n3 U C 'yM 
;; 11+~(t)+{--a1:-aA+mC( 02sin0-0cos0) 

-+l :fw41, ,;, 

'.(;'1} (CJ lit +111 

··- , ..... ., . ... w. I 
IlapaMelpbl M0le.111 

m, ,Kl' m ,Ir I ,M 3al)"IaHne Ko3~~mnrem 
B tJ B: ynpyrofi Cll:lbl Z 

1.0 0.1 0.5 0.4 0.1 5.0 

----------------------------~ 
:orpaHH'll'HIIH: nmnnmn:anm"II: · -1.0 < z < 1.0 [m] I 
I ynpas.11110111a11 cn.1a: -5.0 < u < 5.0 [NJ l 
I ~----------------------------1 

Puc. 1.22 (a) 
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11KHBotl' 

ouniurrful!)I•~•'" 

O,paHJllleHlle Ha 
( ~s~,••• I ABllletlMe opeTXM 

lrtl~I '~lL. 

HMMH!HHOCTM 

\u\~5 

l1'1/1ilopmt3 

-----·----- -1·--
tu~paJ!a,n 

........... 

Orpait11'1eHMR Ha 
ynpa&nRtOIIIYIO 

CIIJIJ 

EJ--0 
Dl~ltJIClad: ,.w..a.......o 

MOAenbOY 

T111'ollpl<i! I/au 
S,1,do~ 

·ur .,~. 
S~1~,2 

3a.qepx111a a Ail'IIIU 

(6) 
Pnc. 1.22. ,[(nHa1mqecKa,:i CIICTeMa OY «KapeTKa - Ma,:[THIIK»: 

a - M0,IJ;enh OY; 6 - M0)J;enh OY B MatLab 

i 
0 

i 
0 
~ 
>: 
i 
ij 
~ 
: 
6 

l1"1111t)>lll1 ! 
i 
~ .....,. 
ii= : 
: 
~ : 

i 
0 
0 

i 
,Q 

a 
a 

08 

Mo,1J;enh OY ycnneHa H0BbIMII (no 0THOIIIeHIIIO K II3BeCTHb!M) orpaHIIqemrnMII, 
0TMeqeHHhIMII Ha pnc. 1.22(6) II rrpe,ll;CTa.BllleT 6onhIIIYJO cn0JKH0CTb )];lll TPMIII(IIOHHblX 
MeT0,ll;0B 0IITIIMa.JlbH0r0 yrrpasneHIIH. 

PncyttOK 1.23 IInnIOCTPIIPYeT MeT0)J;0JI0rIIIO TecmpoBaHIIH po6acTHOCTil (pnc. l.23(a)) II 
IICTQqHIIKII Herrpe,ll;Bll)J;eHHb!X cmyan:IIH yrrpasneHIIH (pIIC. 1.23(6)) )];lll lICY Ha pIIC. 1.3(6). 
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--------------------------------------------------------------- npouecc er.13yan~3a1..1r.1~ 

l1Wl DOY't&HMll 
C111Ylll)Ul-1 

Moclen1a OYI l CIVllan o5Y'teH 
«KapemKa- : CMTY8JV111-2 

r.,aRmHU/OI '------------------------

.,,,,,,.---------., : 
r Ilpoei..'Tllp~Bauae ,~ j 

Hoaax:63 
Ha oceoee 

KIIB 

B011-Ime J i ----------- '-----• .. -
Ko:,q>(j)•11•eHTbl WJ<anbl 

(2.0, 0.6, 0.7) 

BNIIOIIWltTC'B 11or.1:e 

)10lle.11Bp0B3HBII 

KHP 

npouecc 
Mo.Qenr.1poeaHHH 

Hosaft 63 
B388W8HHIJX 

CVMM 

6ea 11cnon1,30aaHMJ1 
naHTOBblX oneparopoa 

0Cpe/llll!HM8 

llocro11HHLie KOJ4',j11111neHTLI 

yrnJJeHHII 

(a) 

O6beKT ynpaeneH111ff: 

T•m HeycTOM'tHBOl"O noeeA8HHff: 
JlOKanbH3R HeycTOHt.tl1BOCTb, 

mo6allbH3R HeycTOHt.tl1BOCTb, 

,--------, 
I I I I 

CMT)'aq1111-1 

1:bucnm.,,t 
CUntffll{llU 

CMT)'at\Mll-2 

cumyaquu 

CMT)'al\Mll4 

CMT)'al!Mll-5 
I .__ ___ _. I 

, _ -- -----· 
014eHKa po6aCTHOCnt 

peryn.RTOpa 

0 
HeYCTOH411BOCTb no 43CTl1 06061.J..1eHHblX KOOp,Ql1HaT 11 HeJ111HBHHble CBR311. 

Cnyt.taiiHllff CTPYKTYP8 •tnH napaM&TpH't&CKHe B03M)'l.q8HHff 

T11n onHCaHHff M0A811H: 

MaTeMaTH'leCKaR M0,qe/lb, 

Q)113W•l8CK3ff M0,qeJllo, 
cna6o CTpYKTYPHPOBaHHaff MaTeMaTl148CK3R 11 He<leTKaff Q)113114eCK3ff M0,qe/lb 

BH&WHHe CJ1Y'48HHbl8 B03My1.J..18HHff: 

@ il pa31111<1Hble ¢YHK41111 pacnpeAeneHHR 
eepORTHOCTeil. I Pa311Ht.tHbl& T11nb1 @ I ¢YHJ<41111 pacnp9Aen8Hl1R aepORTHOCTB<l. 
38Bl1CRLJ.1118 OT Bp8M8Hl1 

311Aato1.J..1er-o c111rnana 

> I 
C11CTeMa H3M8p8HIUI: 0 wyM B A8Nl1KaX0 

Pa311Ht.tHb1e n1nb1 CTJ>YKTYP @J epeMBHH!IR 3!1A8PlKK8 C"bBMa c11111ana. 
cn)"'lailHaR 3!1A8PlKKa W}'M!I B A!INl1KaX TpltAKL(H0HHblX peryllffTOp0B 

(6) 
Pnc. 1.23. TecTnposaHIIe po6acTHOCTII IICY B ycnoBIIHX Herrpe,ll;BII)J;eHHhIX cnTyan:nu 
ynpaaneHII.H: a - cxeMa n a.JiropIITM TeCTIIp0BaHIIH; 6 - IICTQqHIIKil Herrpe,ll;BII,IJ;eHHbIX 

CIITyau:nu yrrpasneHHH B IICY 
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Mo,11em1poaaHHe rrpou:eccoa caMoopraHH3aU:HH ocyru:ecTBJil!JIOCh Ha pa3pa6ornHHor.i 

rrporpaMMHOM HHCrpj'MeHTapHH TeXHOJIOrHH HHTeJIJieKTyaJihHh!X KBaHTOBh!X H MllrKHJ( 

Bhl'IHCJieHHH (CM., IlpHJIOJKeHHe 111). E3 ,!IJill HP-1,2 6hIJIH rrpe,11aapHTeJihHO 

crrpoeKTHpOBaHhl c IIOMOII.{hlO OE3 Ha MllrKHX Bhl'IHCJieHHllX c opHeHTal.{Heii Ha rayccOBCKIIU 

H p:meeBCKIIH lllj'Mhl COOTBeTCTBeHHO (CM. HHJKe pHC. l.24(r, ,11)). 

Ha pHc. 1.24 orpaJKeHh! pe3yJihTaThI MO,!leJIHpoaaHHll HCY Ha Herrpe,1BH,1eHHYJo 

(q>H3rrqeCKH HeO,!IHOpO,!IHyIO) cnryal.{HIO yrrpaBJieHHll: B cxeMe Ha pHC. 1.22(6) HOBOe BpeMJI 

3a,11epJKKII crrrnaJia ,11aTqIIKa paBHO 0.002 CeK; BHyrpeHHIIH rayccoBCKHH lllj'M C aMIIJIIITY,!IOU 

COCTaBJilleT 0.01; HOBbie HaqaJibHh!e ycJIOBHll 

[ 00 ,00 ] = [13,1] ( 6 zp.), [ z0 ,z0 ] =[0,0]. 
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BHell!HHH p:meeBCKHH llJYM yroqHl!JICll Ha CTa,!IHH o6yqeHHll H IIOKa3aH Ha pHC. 1.24(,11). 

IlpUMe'JaHUe 14. Ha prrc. 1.24 II HIIJKe no TeKCTY rrpHHl!Thl CJie,!lyIOII.{He o6o3HaqeHHl!: 

FC(l ,2) cooTBeTcTBycr HPl, HP2, x = 0 - yroJI OTKJIOHeHHl! Mal!THHKa OT 3a,11aHHoro 

IIOJIOJKeHHl!, QFisp - KBaHTOBh!H HP C npocmpaHcmeemwii KOppeJilll.{Heii. 
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Pnc.1.24. Pe3ym,Tan,I MO,!leJmpoBaHHH MO,!leJm OY B ycJIOBHHX Herrpe,!IBH,!leHHOH CHTYaI:\Hll 

a - ,!IHHaMnqecKoe IIOBe,!leHne OY; 6 - ,!IHHaMnqeCKM TOqHOCTb yrrpaBJieHHH Il 3aKOHbi 

H3MeHeHHH KOJq>qmr:ineHTOB ycnJieHHH IUI.lJ:-peryJIHTopa; 6 - rrpoH3ao,11crno JHTPOIIIm B OY, 

B HHTeJIJieKTYaJibHOM HP n o6o6IIIeHHaH JHTPOIIHH «OY + HP»; 2 - rayccoacKnu IIIYM; iJ -
p3JieeBCKHH IIIYM 
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Ha pnc. l.25(a) rrpnae,11eHbI pe3yJibTaTbI M0,11eJinpoaaHHH IICY Ha 6oJiee CJIOlKHYJO 

genpe,!IBH,!leHHYJO (qin3nqecKH HeO,UHOpO,!IHYJO) CHTyar:imo yrrpaBJieHHH: B cxeMe Ha pIIC. 

I.22(6) H0BOe BpeMH 3a,11ep)KKII CIIrHaJia ,!laTqIIKa COCTaBJIHeT 0.003 c; BHYTPeHHIIH 

rayccOBCKIIH IIIYM C aMITJIIITY.1\0ll 0.02; CJiyqattHbie ITapaM~bI MO,!leJIII 

k, a1, a2 oITpe,11eJIHJIIICb B BII,!le 

k st = k + gaink.;(t) = 0.4 + l · <;(t); 

a;' = a 1 + gain a, <;(t) = 0.1 + 0.5 • <;(t); a~' = a2 + gain a, <;(t) = 5 + 2 • <;(t), 

me .;(t) - rayccoacKHu 6eJibIH IIIYM c e,11IIHIIqHou aMITJIIITy,uou; HOBbie HaqaJibHbie 

ycJI0BHH [00,00]=(13,l] (6 2p.),[=o•=o]=[0,0] BHeIIIHIIH IIIYM, MO,!leJittpYJOIIIIIH 

mepoxoBaTOCTb ITOBepXH0CTII ITepe,!IBII)KeHIIH KapeTKII C ycTaHOBJieHHbIM MaHTHIIKOM, IIMeJI 

nepeMeHHYJO q>YHKI:\IIIO ITJIOTH0CTH pacITpe,11eJieHHH aepOHTHOCTeu (pIIc. 1.25(6)). 

If3 pe3yJibTaT0B MO,!leJIIIpOBaHIIH, ITpe,!ICTaBJieHHbIX Ha pIIC. 1.24, 1.25, CJie,11yeT 

HeO)KII,!laHHbIH (.!lJlH KJiaccIIqecKou JI0rIIKII II MeTO,!IOJiormr ITpoeKTIIpoBaHIIH IICY) 

pe3YJibTaT: H3 ,uayx He po6aCTHbIX HP-1,2 C ITOMOIIIbIO KHB B peaJibH0M BpeMeHII MO)KeT 

6b!Tb CITpoeKTIIp0BaH po6acmHblU K6aHm06blU HP 2 
• OTMeTIIM, qTo IICITOJib30BaJiaCb 

0IITIIMaJibHaH KBaHTOBM npocmpaHCm6eHHaJI KoppeJIHqHH (CM. IlpHJIO)KeHIIe) Me)K,!ly .!IBYMH 

CiffHaJiaMII yrrpaBJieHHH II3 E3 HeqeTKIIX IIII.lJ:-peryJIHTOpOB. 

IIpIIBe,!leHHblll Jq>q>eKT IIMeeT qIICT0 KBaHTOBYJO ITpIIpo.11y II y Hero HeT KJiaccIIqecKoro 

aHaJIOra. If3 pe3yJibTaTOB MO,!leJIIIp0BaHHH (pIIc. l.24(a)) CJie,11yeT TaK)Ke, qTQ o6o6IIIeHHOe 

npOH3B0,!ICTBO JHTPOITIIII B CIICTeMe «OY + HeqeTKIIH IIII.lJ:-peryJIHTOp» HBJIHeTCH 

MIIHIIMaJibHbIM II B ITPOI:\eCCe KBaHTOBOH caM0OpraHII3al:\IIII B CTPYKTYPe IICY ,!IOCTIIraeTCH 

TPe6yeMbIH TepMO,!IIIHaMIIqeCKIIH KpIITepIIH OITTIIMaJibHOro pacITpe,neJieHHH Me)K,!ly 

ycTOuqIIBOCTbIO, yrrpaBJIHeMOCTbIO II po6aCTHOCTbIO (pIIC. 1.14). Mo,11eJIII CIICTeM 

ynpaBJieHIIH Ha 0CH0Be CKOJib351IIIIIX pe)KIIMOB C IICIIOJib30BaHIIeM I' A II .npyrIIx MeTO.QOB 

TeXHOJIOrIIII MHrKIIX BbJqIIcJieHIIH, 0ITTIIMII3al:\IIII HeqeTKIIX IIII.lJ:-peryJIHTOpOB Ha OCH0Be 

JBOJIIOI:\IIOHHOro ITporpaMMIIpOBaHIIH, ,!IIIq>q>epeHqIIaJibHOH JBOJIIOI:\IIII, swarm computational 

intelligence II T.IT. B YCJI0BIIHX HeITpe,!IBII,neHHbIX CIITyaqIIH yrrpaBJieHHH He 06Jia,11aIOT 

rno6aJibHOH po6aCTHOCThIO WIIJIII IIMeIOT ,!IOII0JIHIITeJibH0 6oJiee CJIQ)KHYJO CTPYKTYPY 

peryJiuopa. 

IlpUMe'laHUe 15. B ,naHHOM pa3,neJie He 3aTPOHYTbI TaKIIe Ba)KHbie ITp06JieMbI, KaK: 1) 

0QeHKa He06XO,!IIIMOro qIIcJia CIITyaqIIH o6yqeHHH ,!lJIH ITpOeKTIIp0BaHHH IIH.QIIBII.1\YaJibHbIX 

E3, rapaHTIIPYJOIIIIIX ,!IOCTII)KeHIIe rJI06aJibHOH po6aCTHOCTII HP B HeITpe,!IBII,neHHbIX 

CHTyaqIIHX yrrpaaJieHHH; 2) oqeHKa Kaqecrna yrrpaBJieHHH ITO CYMMapHbIM KpIITepHHM 

BKJIIOqaIOIIIIIM B ce651 KpHTepIIII MIIHIIMYMa ITpOII3B0,!ICTBa JHTPOITHII, MIIHHMYMa 

cpe,nHeKBa,npaTIIqHou OIIIII6KII yrrpaBJieHIIH, ITpOCTOTbI 3aKOHOB yrrpaBJieHHH Il ,!Ip.; 3) 

po6aCTHOe yrrpaBJieHne CYIIIeCTBeHHO-HemrneHHbIMII OY c JIOKaJibHOH n rno6aJibHOH 

HeycTouqnBOCTbIO ITO qacTH o6o6IIIeHHblX KO0p,!IHHaT; 4) pa3pa60TKa Il oqeHKa TOqHOCTH 

cy6omnMaJibHbIX po6acTHbIX E3 .1IJI5I HP B IICY .11JI51 cJia6o CTPYKTYPHPOBaHHbIX Mo,11eJieu 

OY; 5) IIIIA HHTeJIJieKTyaJibHbIX Bb1qncJieHnu n po6acrnbrx IICY. 

IIepeqncJieHHbie B0ITpOCbl paCCMOTPeHbI a OT,!leJibHOH pa6oTe aBTOpOB II a IIpnJIO)KeHHH 
III. 

2 
OnucaHHblll CHHeprernqecKHU 3<p<peKT TI0JI}"IeH TaIOKe B [33, 34) 3HaqmeJibH0 TI03JKe pa60Tbl [24). 
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(6) 
PHc. 1.25. Pe3yJibTaThI MO,lleJIIlpOBamrn Mo,lleJIIl OY B ycJIOBmi:x HOBoii Henpe,11Bll,lleHHOii 

CllTyal(Illl: a - ,[lllHaMilqecKoe noBe,11eHile OY Il 3aKOHbl II3MeHeHIIll KO::Jq>qllll(IleHTOB 

ycm1eHilll IU1)],-peryJil!TOpa; 6- BHeIIIHilii IIIYM c nepeMeHHoii BO BpeMeHil q>yttKl(Ileii 

pacnpe,11eJieHIIll Bepol!THOCTeii aMnJIHTY.11 noMeX (cJiyqatt:Hbie IIIepoxoBaTOCTII nOBepXHOCTII 

,[IBil)KeHilll ·KapeTKil) 

1.7. ,l],eKOl\lll031Il(IIH MHoroKpIITepH3JlbllblX 3a,11aq OIITill\laJib!IOro ynpaBJieHHH 

B '.lTOM cJiyqae E3 IIH,llIIBil.llYaJibHOro HP npoeKTHpyeTCH c noMOll(bJO OE3, HCnOJib3YJI 

OT,[leJibHblll KpllTep11ii (HanpHMep, MllHIIMYM OIIIIl6Kll yrrpaBJieHilll, MllHIIMYM a6coJIJOTHOll 

OIIIH6Kll yrrpaBJieHHH, BpeMl! nepexo,11Horo npol(ecca, BpeMl! Il aMnJIHTy.Zla 

nepeperyJIIlpOBaHill!, MIIHilMYM o6o611(eHHOro npOil3BO,[ICTBa 3HTPOnllll Il ,lip.) ,11nJ1 
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qiIIKCiipOBaHHOH CllTyal(Illl yrrpaBJieHIIH. YKa3aHHbie KpllTepllll KaqecTBa yrrpaBJieHill! 

oro)K)leCTBJil!IOTCll c q>yttKl(Ileii npllrD,[IHOCTII B COOTBCTCTBYJOll(eM r A B OE3. 

no BbIIIIe onIICaHHOH cxeMe Ha pllc. 1.3(6) onpe,lleJilleTCH peaKl(Ill! IIH,llllBil,[IYaJibHb!X HP 

Jla J1enpe,11Bll,[leHHYJO CllTyal(Il!O yrrpaBJieHilll, C nOMOll(b!O KHB OCyll(eCTBJilleTCl! 

arpernpoBaHile KpllTeplleB KaqecTBa II q>OpMilpyeTCll po6aCTHblll MHOroKpllTepllaJibHblll 

oJITIIMaJibHblll CIIrHaJI yrrpaBJieHill! KO'.lq>q>Ill(IleHTaMil YCilJieHilll HeqeTKOro IUl,l],-peryJil!TOpa. 

B ::HOM CJiyqae «IlHTeJIJieKTyaJibHOe» COCTOHHile, BbI6paHHOe no KpHTepll!O MllHilMYMa 

3HrponIIIl, BKJIJOqaeT Bee HallJiyqIIIIle ,[IJill ,[laHHOH CIITYal(IllI xapaKTepllCTIIKil 

MHoroKpIITepllaJibHOrO yrrpaBJieHilll; 3a cqcr caMOOpraHil3al(Illl aBTOMaTilqecKil 

ycraHaBJIIIBaeT npllOpllTeT Me)K,[ly KpllTepmIMil yrrpaBJieHilll Il onpe,lleJil!eT ,[IOMIIHaHTHYJO 

coCTaBJill!Oll(YJO. 

IIpHMep 6. Pezuenue 3adat/u eeKmopnou onmuMu3alJUU Ha ocnoee de1<:o.11,zno3UlJUU E3. 

PaccMOTPilM ,[lllHaMlfqecKYJO MO,lleJib CllCTeMbl <</.(6U:»C)!UjGflCR KapemKa - nepeeepnymblU 
MaJlmHUK)) (pllc. l.22(a)), yrrpaBJilleMoii HeqeTKilM 11I1,l],-peryJil!TOpOM no CTPYKTYPHOii 

cxeMe 11a pHc. 1.22(6). 3a,11aHbI cJie,llYJOll(He 3HaqeHill! napaMeTPOB: 

m, = I; m = 0. I; l = 0.5; k = 0.4; a1 = 0.1; a, = 5 H HaqaJibHOro noJIO)KeHill! 

[0
0
;1t;z0 ;z0 ] =[10;0.l;0;0] (BeJilfqHHa yrna OTKJIOHeHill! Mal!THHKa 3a,11aHa B rpa,11ycax); 

orpaHlfqeHHe Ha CIIJIY yrrpaBJieHill! CJie,[IYJOll(Ile: -5.0 < u < 5.0. 

Oco6eHHOCTb!O 3a,11aqll yrrpaBJieHilll ,11aHHblM OY HBJilleTCll IlCnOJib30BaHHe O,[IHOrO 

HeqeTKoro 11I1.l1,-peryJil!TOpa ,[IJill yrrpaBJieHill! TOJibKO nepeMell(eHHeM KapeTKil ( c O,[IHOH 

creneHbJO cB060,11b1), B TO BpeMH KaK caM OY HMeeT ,11Be CTeneHn CB060,11b1. 

U:eJib!O yrrpaBJieHill! l!BJilleTCll ,[IOCTil)KeHHe yrJIOM OTKJIOHeHill! Mal!THilKa (BTOpoii 

o6o611(eHHOii KOOp,llIIHaTbl) 3a,11aHHOro nOJIO)KeHill! qepe3 KOCBeHHOe yrrpaBJieHile .11pyroii 

o6o611(eHHOll KOOp,llHHaTOii, IlCnOJib3Yll cooTBeTCTBYJOll(Ile Cyll(eCTBeHHO HeJIHHeHHbie 

nepeKpeCTHbie CBll3Il C KOOp,llIIHaToii nepeMell(eHilll KapCTKII (3q>q>eKT nepeKaqKH '.lHeprnll 

Me)K,lly 060611(eHHb!Mll KOOp,llHHaTaMil). 

Ilpll O,[lllHaKOBbIX HaqaJibHb!X ycJIOBill!X o6yqeHilll c nOMOll(b!O OE3 Ha MHrKilX 

BbJqlfcJieHill!X E31 peryJIHTOpa HP 1 cnpoeKTHpoBaHa no o6o611(eHHOMY KpHTepH!O 

MllHilMYMa cpe,11HeKBa,llpaTlfqHoii OIIIII6Kll 

rf t,.u1 02 (t )dt + I tmd 02 (t )dt], 
to to 

a E32 ,[IJill peryJIHTOpa HP2 cnpoeKTilpOBaHa no o6o611(eHHOMY KpllTepH!O MllHIIMYMa 

a6COJIIOTHOii OIIIIl6Kll noJIO)KeHill! Mal!THilKa 

rtdl 0(-r) jdr+ s:.-, 0(r) ldr]. 

B Kaqecrne CJiyqaii11oro CllrHaJia ,[IJill npoeKTilpOBaHIIll E31 6bIJI BbI6paH rayccOBCKilll 

lllYM, a Ml! q>OpMIIpOBaHilll E32 6MJI Bbi6paH P::JJieeBCKilll IIIYM, npe,llCTaBJieHHble Ha pHC. 

l.24(r, .11) (cHTyal(Illl o6yqeHilH (Sl, S2) COOTBCTCTBeHHO). <l>Il31fqecKII nepBblll KpllTepllii 
3KBilBaJieHTeH nOJIHOii '.JHeprnll nepeBepHYTOro Mal!THilKa, a BTOpoii KpHTepllii 

XapaKTepll3yeT TOqHOCTb ,[lllHaMIIqecKoro noBe,[leHilll OY. 

Ha pllC. 1.26. nOKa3aHbI E31 Il E32 c COOTBCTCTBYJOll(IlMII aKTIIBil3IlpOBaHHblMil 

K0JIHqecrn npaBIIJI 22 Il 33 npII 0611(eM KOJilfqecTBe npaBIIJI 729. 
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P11c. 1.26. Bil.LI E31 n E32 C COOTBeTCTByIDll\IIMII aKTHBil311pOBaHHb!MII IIPO.Ll)'KIJIIOHHblMII 

rrpaBIIJiaMII 

DhlJIII CMO.[leJIIIpOBaHbl .[IBe Herrpe.[IBII.[leHHbie Cil'ryaIJIIII yrrpaBJieHII.!I (S3, S4), B O.[IHOH 113 

KOTOpb!X (S3) 6hrn BBe.[leH HOBb!H III)'M ;(t) - cnyqail:Hh!H CllfHaJI c paBHOMepHbIM 

O.[IHOMepHb!M pacrrpe.z:1eneHIIeM, 3a.[leplKKa CIIrHaJia OIIIII6KH yrrpaBJieHII.!1 (0.003 ceK), Ji 

CllfHaJI III)'Ma B .[laT'IIIKe 113MepeHH.!I IIOJIOJKeHII.!I Ma.!ITHIIKa (KOJ<p(plll.\IIeHT yc11neHH.!I IllyMa 

0.015). 
B CIITyaIJIIII (S4) 6hrn BBe.[leH HOBb!H III)'M - cnyqail:Hh!H CllfHaJI c rayccOBCKIIM 

O.LIHOMepHhIM pacrrpe.z:1eneH11eM, 3a.z:1epJKKa c11rnana om116KH yrrpaBJieH11.11 (0.005 ceK), Ji 

CllfHaJI III)'Ma B .z:1aTq11Ke H3MepeHH.!I IIOJIOJKeHH.!I Ma.!ITHIIKa ( KOJ<p<pIIIJIIeHT ycnJieHII.!I IllyMa 

0.01). 
Ha pnc. 1.27 IIOKa3aH rrpnMep pa60Tbl KHB ITO qiopM11poBaHIIIO po6aCTHOrO cnrnaJia 

yrrpaBJieHH.!I rrporropIJIIOHaJihHblM KOJ<pqJIIIJHeHTOM yc11neHH.!1 k p B Herrpe.[IBII.[leHHOii 

CIITyaIJIIII yrrpaBJieHII.!I S3. 
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P11c. 1.27. Ilp11Mep pa6oTbI 6noKa caMoopraHn3aIJIIII E3 Ha OCHOBe KHB 

B JTOM cnyqae Bb!XO.[IHbJe CllfHaJibl 113 E31 II E32 B BII.[le peaKIJIIII Ha HOByro OIIIII6Ky 

YIIpaBJieHH.!1 B c11TyaIJ1111 S3 rrocTyrraIOT B 6noK KHB. Bb1xo.z:10M 6noKa KHB .!IBJI.!leTc.11 

HOBb!H CIIrHaJI yrrpaBJieHII.!I KOJ(pqJIIIJIIeHTOM kp B peaJibHOM BpeMeHII. TaKIIM o6pa30M, 

fiJioK11 E31, E32 n KHB Ha pnc. 1.27 o6pa3YJOT 6JioK caMoopraH113aIJIIII E3 B 

Henpe.[IBH.[leHHOH CIITyaIJHH yrrpaBJieHH.!I. 

Ha p11c. 1.28 IIOKa3aHbl .[IHHaM11qecKoe IIOBe.[leHIIe HCCJie.[lyeMOH CIICTeMbl «KapemKa -
MG5/mHUK», a TaKJKe 3aKOHbl yrrpaBJieHII.!I caMoopraHII3yIDilleroc.!I KBaHTOBOro peryJI.!ITOpa 

(QFI) 11 HeqeTKIIX perym1rnp0B HPl II HP2. 
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llpw,retJaHue 16. Ha pHC. 1.28 lf Hlf)Ke rrpHHHTbl CJiel(YJOIIIlfe o603HaqeHHH: X = 0 - yroJI 

OTKJIOHeHHH MaHTHHKa OT 3al(aHHOro IIOJIO)KeHirn, Z • IIOJIO)KeHHe KapeTKlf, KHB -
KBaHTOBhlii HP c rrpocl'paHcTBeHHoii Koppellill(Heii Ha ocHoBe KHB. 

,ll,JIH pHl(a Herrpel(Blfl(eHHbIX CHTyal(Hll yrrpaBJieHIUI (HarrpHMep, rrpH 3al(ep)l(Ke ClfrHarra 

onm6KH yrrpaBJieHIUI (0.001 ceK), H ClfrHarre III)'Ma B l(aTqlfKe lf3MepeHHH IIOJIO)KeH!UI 

MaHTHHKa (K03!p!plfl(lfeHT yCHJieHIUI III)'Ma 0.01) B Herrpel(Blf){eHHOll CHryal(lflf yrrpaBJieHHH 

S3) arrropHTMbl yrrpaBJieHIUI OT OE3 Ha WlTKlfX BbJqlfcJieHHHX xoporno pa6oTaIOT H 11ep)KaT 

M<IHTHHK B 3al(aHHOM IIOJIO)KeHHlf. Ha pHC. 1.28 rrpHBel(eHa 6onee CJIO)KHID{ Herrpel(Blfl(eHHIDI 

CHTyal(HH yrrpaBJieHIUI, KOrl(a 11pyrHe 3aKOHbl yrrpaBJieHHH He pa6oTaIOT, HO lf3 HlfX MO)KHO 

cnpoeKTHpOBaTb po6aCTHblll 3aKOH yrrpaBJieHIUI. 

Pe3yJibTaTbl MOl(eJIHpoBaHIDI, rrpel(CTaBJieHHbie Ha pHC. 1.28, IIOKa3b!BaIOT, qTo 

.rumaMHqecKHii OY B Herrpel(Blfl(eHHbIX cHryal(IDIX yrrpaBJieHIDI (S3, S4) rrpH yrrpaBJieHHH 

BPI (HP2) TepHer ycrniiqlfBOCTb, a rrpH yrrpaBJieHHH KBaHTOBbIM HP (KHB) CHCTeMa 

YnpaBJieHIDI o6Jial(aeT CBOHCTBOM po6aCTHOCTlf H rapaHTHpoBaHHO l(OCTHraeTCH l(eJib 

YnpaBJieHHH. 
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Pnc. 1.28. ,ll;HHaMHqecKoe II0Be.[leHHe OY H 3aK0Hbl yrrpaBJieHml: caMoopraHH3j'IOIIIerocH 

KBaHToBoro peryJrnTOpa (KHB), HeqeTKHX peryJrnTOpoB HPln HP2: 
a - yroJI 0TKJI0HeHHH MaHTHHKa B CHTyarrHHx (S3, S4); 6 - rrepeMeIIIeHHe KapeTKH s 

CHTyaIIHHX (S3, S4); B - 3aK0Hbl yrrpaBJieHHH K03q>qmrrneHTaMH ycnJieHHH B CHTyaIIHHX (S3, 
S4) 

82 

Ha pHC. 1.29 II0Ka3aHbl HHTerpaJibHbie .[IHHaMlfqecKHe xapaKTepHCTHKH OY H T0qH0CTH 
ynpaBJieHHH. 
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Pnc. 1.29 (6) 

200 

200 

Pe3yJibTaTbl MO,!leJIHpoBaHIIB, rrpe,!lCTaBJieHHbie Ha pnc. 1.29 IIOKa3b!BaIOT, "ITO rpe6yeMOC 

Ka"leCTBO yrrpaBJieHHH no rrpHBe,!leHHblM KpHTepHHM B Herrpe,!lBH,!leHHblX CIITyaIIHHX 

yrrpaBJieHHH (S3, S4) rrpII yrrpaBJieHHH RPI II HP2 TaIOKe He ,!lOCTnraeTc», B TO BpeMH Kai( 

rrpn yrrpaBJieHHll KBaHTOBbIM HP (KHB) CHCTeMa yrrpaBJieHHH o6Jia,!laeT rpe6yeMbiM 

Ka"leCTBOM yrrpaBJieHHH. 

OTCIO,!la CJie,!lyeT, "ITO ll3 ,!lByx He po6acTHbIX HP C IIOMOIIlblO KBaHTOBOff 

caMoopraHH3aIIHll 3HaHIIH MO)KHO crrpoeKTHpOBaTb B peaJibHOM BpeMeHH po6aCTHblll HP, E3 
KOTOporo Y.!lOBJieTBOpHeT o60HM KpHTepHHM Kaqecrna. 
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Pnc. 1.29. IIHTerpaJibHbJe xapaKTepHCTHKII ,!lHHaMH"leCKOro IIOBe,!leHHH OY II TO"IHOCTII 

yrrpaBJieHHH: a) - HaKOIIJieHHe KBa,!lpaTII"IHOH BeJIH"lllHbl yrna OTKJIOHeHHH MaHTHIIKa B 

CUTya11n»x (S3, S4); 6) - HaKOIIJieHne a6COJIIOTHOH BeJIU"lllHbl yrna OTKJIOHeHUH MaHTHUKa B 

CUTya11IIHX (S3, S4); 6) - HaKOIIJieHHe BeJIH"IIIHbl KBa,!lpaTH"IHOH OIIIII6Kn yrrpaBJieHHH B 

cnTya11n»x(S3,S4) 

CJie)lOBaTeJibHO, ,!leKOMII03llllllH perneHHH OTMe"leHHOH BbIIIIe 3a,!la"IU 

MHoroKpHTepHaJibHOH 0IITHMH3aIIHH po6aCTHOH E3 B Herrpe,!lBH,!leHHOH CHTya11uu 

YnpaBJieHHH Ha qacTHbie perneHHH IIO,!l3a,!la"I OIITHMH3aIIHll <pll3U"leCKll MO)KeT 6b!Tb 

OCYIIIecTBJieHa B peaJibHOM BpeMeHU B BH,!le OT,!leJibHblX peaKIIllH COOTBeTCTBYJOIIIHX 

IIH)J,UBII,!lYaJibHbIX E3, OIITHMll3UpOBaHHbIX C pa3JIU"IHb!Mll <pllKCHpOBaHHb!Mll KpHTepHHMll 

l(aqecrna u cnTya11un yrrpaBJieHHH. ArpernpoBaHne rroJiyqeHHbIX qaCTHbIX perneHnii B BM.Ile 

HOBoii po6acTHOH E3 OCYIIIeCTBJIHeTCH Ha OCHOBe KHB, CO,!lep)Ka1I1ero MexaHH3M 
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<j:JopMHposamrn KBaHTOBOii KoppelUIUHH MeiK,lly nonyqeHHb!MH qacTHb!MH peII1eH1fl!MH. B 
pe3yJibTaTe HCIIOJib3YJOTCll TOJibKO peaKUHH KOHe'!HOro 'IHCJia HH,[(HB~YaJibHb!X E3 
CO,[(eplKaIUHe npe,[(eJibHO ,[(OCTHlKHMb!e 3aKOHbl ynpasJieHirn B ,[(aHHOii Henpe,[(BH,[(eHHOl\ 
CHTyaUHH. 

<l>opM11pyeMbie HOBOii po6aCTHOii E3 3aKOHbl ynpasJieHllll 113MeHeHIIeM K03<p<pIIUIIeHTaM11 
ycnneHHll He'!eTKoro 1111.ll:-peryJil!Topa IIMeIOT 6onee npocryio <pH3H'!ecKyro peanmaumo 11 8 
pe3yJibTaTe CO,[(eplKaT ,[(Jill Herrpe,[(BII,[(eHHOii C11Tyau1111 ynpasJieHIIll Jij"llllIIe xapaKTepHCTIIKI! 
HH,[(HBH,[(YaJibHb!X KpHTepHeB Ka'!eCTBa ynpaBJieHHll. 

TaKIIM o6pa30M, Bb!XO,[(HOii CllfHaJI KHB npe,[(CTaBJUleT co6oii B pelKIIMe peaJibHoro 
BpeMeHH OilTIIMaJibHblii CHfHaJI ynpasJieHHll 113MeHeHIIeM K03<p<pIIUIIeHTOB yc11nemu1 
He'!eTKOfO 1111.ll:-peryJil!TOpa, KOTOpb!ll BKJIIO'!aeT s ce6ll Heo6XO,[(HMb!e (HaHJij"llllHe) 
Ka'!ecTBeHHbJe xapaKTepHCTIIKH Bb!XO,[(Hb!X CllfHaJIOB ynpasJieHIIll KaiK,lloro 113 HP C 
npnopHTeTOM II ,[(OMHHaHTHOii COCTaBJil!IOIUeii cpe,[(H KpHTepHeB Ka'!eCTBa ynpasnemur, 
peaJIII3Yll TeM caMb!M o6o6iueHHblll npIIHUIIIl caMoopraHII3aUIIII. 

TaKoii IlO,[(XO,[( OTKpbrnaeT HOBb!e nepcneKTIIBbl IICIIOJib30BaHIIll MO,[(eJIII KHB Kai( 
qacTHOro sap11aHTa KA caMoopraHII3aUIIH (cM., p11c. 1.3(6)) B 3a,[(a'!ax 
MHOrOKp11Tep11aJibHOro ynpasJieHHll OY co cna6o <j:JopMaJIII30BaHHOii CTPYKTypoii 11 
60JiblllOii pa3MepHOCTb!O <pa30BOro rrpOCTPaHCTBa ynpasJUleMb!X rrapaMeTPOB, IICITOJib30Ban. 
3KCnep11MeHTaJibHbie ,[(aHHbie B BH,[(e o6yqaIOIUero CHfHaJia 6e3 IlOCTPOeHIDI 
MaTeMaTII'!eCKOii MO,[(eJIII OY. Ilpnse,[(eHHbie <paKTbl ,[(aIOT 60JiblllOe npeIIMYJUeCTBO, 
KOTopoe BbipalKaeTCJi B BH,[(e B03MOlKHOCTH npoeKTHposamrn B peaJibHOM speMeHH 
npoueccoB ynpaBJieHIIll c TPe6yeMoii po6aCTHOCTb!O. 

1.8. 3aKJI10qe1111e 

Ilp1rne,[(eHHb!e pe3yJibTaTbl Il03B0Jill!OT 6onee ITOJIHO II rny6lKe IlOHl!Tb pellleHHe 
CJie,[(yroJUeii TPY,[(HOii II npIIHUIIIlllaJibHO BalKHOii ,[(JIJi Teop1111 II CIICTeM ynpasneHllll 
npo6neMbI: onpe,[(eJieHIIe pon11 II BJ!lll!Hllll aHaJIOroB KBaHTOBb!X 3<p<peKTOB Ha IlOBb!IlleHHe 
po6acTHOCTII npoeKT11pyeMb!X IIHTeJIJieKTyaJibHb!X rrpoueccos ynpasneHIIll. Pmpa6oTaHHall 
MO,[(eJib KBaHTOBOfO anropIITMa ynpasneHIIll peaJIII3yeT npIIHUHil caMoopraHH3aUHil 
(3HaHIIii) B COOTBeTCTBIIII C pmpa6oTaHHb!M TepMO,[(IIHaMII'!eCKIIM KpIITepIIeM Ka'!ecTBa 
ynpasneHHJi (MHHIIMYM o6o6iueHHOro npOII3B0,[(CTBa 3HTPOITHH). TexHOJIODIH 
HHTenneKTYaJibHb!X Bbl'IIICJieHHii (THna MllfKIIX II KBaHTOBb!X) COCTaBJUIIOT 6m11c ,[(Jill 

npoeKTHpOBaHHJi po6aCTHb!X caMoopraHII3YJOIUHXCll HCY B ycJIOBHJiX Herrpe,[(BII,[(eHHb!X 
C11Tyau11ii ynpaBJieHIIll. KsaHTOBaJi caMoopraHII3aUIIll 3HaHIIii OTKpbrnaeT HOBble 
rrepcneKTIIBbl IICilOJ!b30BaHHJi MO,[(eJIH KHB KaK qacTHoro sapIIaHTa KA caMoopraHH3aUHH B 
3a,[(aqax MHOfOKpIITepIIaJibHOro ynpasneHHJi OY co cna6o q:>OpMaJIII30BaHHOii CTPYKTypoii H 
60JiblllOii pa3MepHOCTb!O <pa30B0ro npOCTPaHCTBa ynpaBJUleMb!X napaMeTPOB. Ilp11 3TOM 
B03MOlKHO HCIIOJib30BaTb 3KCnepHMeHTaJibHb!e ,[(aHHbJe B BII,[(e o6yqaIOIUero CllfHaJia 6e3 
IlOCTPOeHIIll MaTeMaTH'!eCKOii MO,[(eJIII OY. 

IlonyqeHHbJe pe3yJihTaTbI no3BOJIIIJIH rrpo,[(eMOHCTPIIPOBaTu 3<p<peKTHBHOCTb KA 
ynpasneHlll! caMoopraHH3auneii po6aCTHb!X E3 B ycJIOBHl!X Henpe,[(BH,[(eHHb!X CIITyaunil 
ynpasneHllll KaK Hosoro HarrpasneHllll B Teopnn ynpasneHlll!. Pmpa6oTaHHal! nporpaMMHaJI 
IlOMeplKKa pean113au1111 KBaHTOBb!X Bbl'!HCJieHIIii Ha KJiaCCII'leCKIIX nepCOHaJibHblX 
KOMilbIOTepax OTKpbIBaeT HOBb!e B03MOlKHOCTII ,[(Jill HHlKeHepHoii npaKTHKII B qacTH 
3<p<peKTHBHOro npHMeHeHHH TeXHOJ!OfHil KBaHTOBb!X II MHfKIIX Bbl'IIICJieHHii npH 
npoeKTIIpoBaHIIH HCY. 3a C'!eT BHe,[(peHilli KBaHTOBb!X 3<p<peKTOB npOl!BJUleTCll pe,[(YKUJ!JI 
1136b!TO'IHOii HH<pOpMaUHH B KJiaCCII'leCKHX 3aKOHax ynpasJieHlll! K03<p<pHUHeHTaMH 
ycnJieHIIll He'!eTKOro 1111.ll:-peryJil!TOpa. .D:aHHblll 3<p<peKT ,[(OCTIIraeTCH B pe3yJibTaTC 
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ncnOJib30BaHIIll HOBOii ueHHOii KBaHTOBOii IIH<pOpMaUilII, KOTOpax H3BJieKaeTCH H3 peaKUilii 
J(JlaCCilqeCKHX HP Ha Henpe,[(B~eHHYJO CHTyau11IO ynpaBJieHIIll B peaJibHOM speMeHil C 
noMOJUb!O HOBb!X BH,[(0B H TIIIIOB KBaHTOBOii KOppelUIUilH. Cm,[(aHHbie B peaJibHOM BpeMeHII 
KBaHTOBb!M npoueccoM npoeKT11posaHlll! 3aKOHbl ynpaBJieHIIH HMeIOT MIIHIIMaJibHYJO 
anropIITMIIqecKyro CJIOlKHOCTb II npII <pH3IIqecKoii peaJIIl3aUHH o6Jia,[(aIOT MIIHHMaJibHb!MII 
noTepliMil IlOJie3HOf0 pecypca (MIIHilMYM npOII3B0,[(CTBa o6o6iueHHOii 3HTPOIIIIII B CIICTeMe 
«O Y + caMoopraHH3YJOIUIIRCll IIHTeJIJieKTyaJibHblll peryJUITOp») ,[(Jill pa3JIHqHb!X ( <pII3IIqecKII 
HeO,[(HOpO,[(Hb!X) KJiaCCOB Herrpe,[(B~eHHb!X crrryau11ii ynpaBJieHIIll. Ilp11 3TOM 
rapaHTIIpOBaHHOe ,[(OCTIIlKeHHe TPe6yeMoro ypOBHJi po6aCTHOCTII s Herrpe,[(BII,[(eHHOii 
cnryaUilll ynpaBJieHIIJi B pll,[(e CJiyqaeB MOlKeT CYJUeCTBeHHO 3aBIICeTb OT Ka'!eCTBa II 
KOJ!IlqeCTBa HCITOJ!b3yeMb!X IlH,[(IlBII,[(YaJibHb!X E3 
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KoHTpOJILIILie BOIIpOCLI K rJiaBe 1 

1. CTPYKTYPa KBaHToBoro anropnTMa caMoopraHH3aunn 
2. OCHOBHbie KBaHTOBbJe 011epaTOpbl anropHTMa caMoopraHH3aUHH 
3. CTPYKTYPa KBaHTOBoro HeqeTKoro BbIBO,L\a 
4. BH,L\bl KBaHTOBOH. KOppeIDIUHH 
5. Mo,L\eJIHpOBaHHe po6aCTHbIX 6a3 3HaHHH. B ycJIOBllll"X Herrpe,L\BH,L\eHHbIX CHTyaunii. 

yrrpaBJieHllll" 
6. CTPYKTYPa KBaHToBoro orrTHMH3aTOpa fia3 3HaHHii. 
7. CTPYKTYPa IICY c orrTHMH3aTopoM fia3 3HaH11ii. Ha KaaHTOBbIX BbJqncneHn»x 
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rJiaBa 2. 1Ipoeirr11p0Ba1111e po6acT110ro 1111TeJIJieKTyaJib11oro yrrpaBJieHHH 

mmal\lll'leCKII neycTOH'lllBbll\l 06beKTOl\l na OCIIOBe KBaHTOBOro He'leTKOro BblBO.[la 

2.1. MaTel\laTH'leCKaH l\lO)leJib II l\laKeT o6beKTa yrrpaBJieIUIH 

YrrpaBJICHHe 061,eKTOM uma «KapcrKa - MaJITHJIK)) JIBJIJICTCJI O)lHOH 113 TlIIiOB~ 

Ja)la'l B Teop1rn yrrpaBJICHllll, T.K. peIIICHHe :noii Ja)la'lH Har~HO )lCMOHCTPllPYer 

rrpoaepJICMOe (TPe6yeMoe) Ka'lCCTBO CAY. PacCMOTPllM )lllHaMHKy MO)lCJIH a Bl!J(e 

O)lHOOCCBOH KapeTKlI (pHc. 2.1) C rrepeaepHyrbIM MaJITHHKOM, 3aKperrJICHHb!M Ha OCH. 

2£ 

~YM 

~ ~ (t) 

PHc. 2.1. Mo,n;eJib CIICTCMbl «Kaperna - M8l!THIIK)) 

,l.l,HHaMHKa :noro OY OlllICbJBaeTCH CHCTCMOH nmpqiepCHIJliaJibHbIX ypaBHCHHH 

BTOporo rropH)lKa (2.1 ), BblBO)lHMblX, c yqeTOM CHJI TPCHHH H yrrpyrOCTH KOHCTPYKIJHII, m 

6aJiaHca MOMCHTOB BpaIIICHlIH lI rrpOCKIJHll ClIJI Ha ropH30HTaJibHYJO OCb Z: 
.. u+,;(t)-a,z-a2z+ml(02 sin0cos0) z 

m.+m 

. 0 0 (u+,;(t)+a,z+a2z-ml02 sin0J ko· gsm +cos -~~-~-~----- -
O=-----~-~---m-•~+_m-,-------~-z(i- mcos

2 0J 
3 m.+m 

YpaBHCHlIH )lJIJI CKOpOCTH rrpOH3BO)lCTBa 3ffTPOIIHH, CJIC)lYJOIIJHC: 

. k0' +I/ 2ml0' sin 20 

S, = l(m. +m)[~ __ m_c_os_'_0]; 

3 m,+m 

S =-
0
-'-·z'·S =ke'. 

11 ' 11 d 
m,+m 

(2.1) 

(2.la) 

B ypaBHCHHHX (2.1) lI (2.la) z H 0 - 060611JCHHb!C KOOp)lHHaTbl; g- ycKopem1e 

cao6o,n;Horo rraneHHH ( 9.8 m I sec
2 

), me - Macca OCH H KOJiec, m - Macca rrepeaepHyTOro 

MaJITHHKa (Ha3bIBaeMoro «IIICCT»), l - IIOJIOBHHa ,[(JIHHbl Mai:ITHIIK, k II al K03!p!plIIJHCH'['!,I 

TPCHIIJI ,[(BIIlKCHIIJI H Bpa!IJCHIIJI, COOTBCTCTBCHHO, a2 - K03!p!plIIJIICHT yrrpyroc'fll 

KOHCTPYKIJIIII, ,;(t) - BHCIIIHIIH CToxacrnqecKHH IIIYM, a u - CHJia yrrpaBJICHIIJI. 

,l.l,HHaMH'lCCKaJI CHCTeMa o6JianaeT i!.ll06aJlbHOU OUHQMU'lecKOU Heycmou'IU60CmblO, 

11p11 OTCyrCTBHH yrrpaBJIJIIOIIJCH CHJibl rrpOHCXO,[(HT HeorpaHHqeHHblll pOCT yrna OTKJIOHCHJ!Jl, 

T.e. Mai:!THHK (IIIecT) rranaeT. 

3anaqa yrrpaBJICHIIJI CHCTCMOH COCTOHT B TOM, 'lT06bI, B03)lCHCTBYJI C IIOMOIIJblO c11JJI,I 

yrrpaBJICHIIJI Ha TCJICJKKY, yneplKHBaTb ( CTa6HJIH31IpOBaTb) IIICCT B BepTHKaJibHOM IIOJIOJKeHJlil 

(rron,n;eplKHBaTb yroJI OTKJIOHCHIIJI OCH IIICCTa OT aepTHKaJIII B6JIH3H 0) B ycJIOB~ 

H3MCHCHHJI cpe)lbl q>yttKIJHOHHpOBaHHll. 
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. B Kaqecrne MO,[(CJIH yrrpaBJICHHH )laHHOH CHCTCMOH, 6yneM HCIIOJib30BaTb CJIC)lyi<)IIJCC 

BbipaJKCHHC ,[(JIJI rroncqcra BCJIII'lHHbl yrrpaBJIJIIOIIJCI'O B03)lCHCTBIIJI: 
I 

u(t) = kp(t)e(t)+kit)f e(, )dr+kv(t)e(t) (2.2) 

0 

B COOTBCTCTBHII C (2.2) 6yneM HCIIOJib30BaTb III1,l.l,-peryJIJITOp B KOHType rno6aJibHOH 

orpllJJaTCJibHOii o6paTHOH CBJl31I. . 

,l.],aHHbiii rnrr OY JIBJIJICTCJI THIIOBbIM (Benchmark) ,[(JIJI TCCTHpoaaHHH rrporpaMMHoro 

!IHCTPYMCHTapHH po6acTHOrO HHTCJIJICKTYaJibHOro yrrpaBJICHHH n 6blJI paCCMOTPCH paHee Ha 

ocHOBC TCXHOJIOrHH MJlrKHX BbJqncJICHHll. 

OrrmneM rro,n;po6Hee YCTPOiicrno rro,n;o6Horo MaKeTa OY. Ha pnc. 2.2 n 2.3 

npe)lCTaBJICH MaKeT, IICIIOJib3YCMblll ,[(JIJI TCCTHpOBaHHH TCXHOJIOrHii rrpoeKTnpoaaHHH I1CAY 

C !ICITOJib30BaHHCM OilTHMH3aTopa 6a3bl 3HaHHll (OE3) H KBaHTOBOro OilTHMH3aTopa (KO). 

Battery 

Fuzzy controller and 
g_uantum fuzzy inference 

Sensor 

m,=0.607kg 

Motor driver 

m.=0.475kg 

P11c. 2.2. MaKeT c11cTeMbl «Kaperna - Mal!THIIK>> 

,-~'-·~;~~~--,' ~S 

PHc. 2.3. CTeH,[( ,[(Jlll npoBe,[(eHl!lI 3Kcrrepl!MCHTOB. TS output - rrpe,n;CTaBJICHIIC 06yqa1011Jero CllrHaJia 

c Mo.n;eJI11; Robot- cp11311qecK11ii MaKeT OY; USB connection - Ka6em,Hoe ynaJieHHoe coe,n;11HeH11l! 

KOMIILIOTepa II MaKern; PC - rrepCOHaJILHLIH KOMIILIOTep 
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I 

CTeH,n o6opy,noBaH pa3JIIlqHbIMII IIOKpbITIIJIMII .LUU! rrpoBe,neHIIJI 3KCIIepI1MeHTOB C 

MaKeTOM, B TOM qIICJie B Herrpe,nBil,neHHblX CIITyaIJilJIX yrrpaBneHilJI. TaIOKe Ha CTeHAe 

IIMeeTCJI B03MO)KHOCTb ycrnHaBJIIIBaTb orrpe,neJieHHblll HaqaJibHblll yroJI ,nJIJI 3arrycKa MaKeTa, 

B Kaqecrne Il3Mep11TeJibHOll CIICTeMbl (pIIC. 2.2, Sensor) B MaKeTe IICIIOJib3YeTcH 

IIJiaTa C KOM6I1HaIJI1ell ,naTqIIKOB - rnpOCKOIIa II aKcenepoMeTPa - 5 DoF ( IIJITb CTeIIeHejj 
CB060,nb1) IDG200/ADXL332. 

.51,npoM II IJeHTPaJibHbIM 3JleMeHTaM CIICTeMbl JIBJIJieTCJI MIIKpOKOHTPOJIJiep KOMIIaH1111 

Microchip® Chipkit ocHoBaHHbIH Ha rrpoIJeccope PIC32MX320F128. IlJiarn o6opynoBaaa 

USB pnMMOM, .LUU! rrepe_naqII ,naHHbix c rrpoIJeccopa Ha KOMIIbIOTep. IIHTep<pettc USB 

IICIIOJlb3YeTCJI IIpII rrpoBe,neHIIII 3KCrrepI1MeHTOB MJI rrepe_naqII II rrpileMa ,naHHblX (yrna 

OTKJIOHeHIIJI II BeJII1qI1Hbl yrrpaBJIJIIOIIJero B03,nettCTBilJI ), a TaK)Ke ,LUU! y,naneHHOll HaCTPOHKJi, 

peqb O KOTopott IIOH,neT Hil)Ke. IIo,nKJII0qeHI1e ,naTqIIKOB OCYIIJeCTBJIJieTCJI C IICIIOJib30BaHileM 

aHaJIOI'OBblX BXO,nOB MIIKpOKOHTPOJIJiepa. 

Ea30Bble <pyttKIJIIII rrporpaMM MaKeTa rrpe,nCTaBJieHbl Ha pIIC. 2.4, o6o6meHHO IIX 

MO)KHO 3aIIIICaTb B rrceB,nOKO,n: 

• I13MepeHile; 

• lpIIJlbTpaIJilJI; 

• yrrpaaneHI1e; 

• rro_ncqeT apeMeHII (3a,nep)l(Ka). 

~ 
I(<Blpl.llLIILdi KOH1p0Mep 

IlO,i(t'leT )'DJ)IIBJJHIO~ero 

BOJlditrBHK. 

Ilo,r1;C"lrr speMam 11HJCJia. 
U(t) 

: OGpalBLIA MHIBIIK 

: ,-----,,---~ 
I /lpaiiB,p llBHI"lreJidl. 

3JJtKtp0MOTOpM. 

: : 
1'-------.....JI , ________________ J 

r-----------------------------7 
I Cecro1a BlMeptRBR I 
I I 
I I 
I ~lJ)IQBll lhMepenue I 
I llBIILll -- DOKIJaBBfi I 

: cmropoa l 
I I 
'- ----------------------------' 

Puc. 2.4. ArrropUTM rrporpaMMbl MUKJ)OKOHTpoJIJiepa 

AJiropIITM pa60Tbl MaKeTa CIICTeMbl, rrpe,ncTaBJieHHblll Ha pI1C. 2.4, JIBJIJieTCJI 
qacTHbIM rrpuMepoM CAY c o6paTHOH CBJI3bIO. 

2.2. IIpoeKTHpOBaune KHB ua OCIIOBe nporpaMI\IHOro HHCTpyMeHTap1rn «KBaHTOBb!H 
OilTHI\IHJaTop» 

C03,naH11J1 CHCTeMbl yrrpaBJieHIIJI Ha OCHOBe KHB OCYIIJeCTBJIJleTCJI C IICIIOJib30BaHHeM 

pa3pa6oTaHHOro rrporpaMMHOro IIHCTPYMeHTapllJI «KBaHTOBblll OIITIIMil3aTOp». 
Pa6oqee OKHO 3TOro rrponYKTa rrpe,ncTaBJieHo Ha prrc. 2.5. 

IJpUJ,telJa11ue 17. CHil3Y Ha pI1c. 2.5 orn6p=eHa MaTPI11Ja apeMeHHOH KoppenJIIJI1eii 
,nJIJI <popMI1pOBaHilJI 3arryTaHHOro COCTOJIHIIJI; CBepxy 11306pa)KeHa rIICTOrpaMMa BXOMIIJerO 
Cilruana rrporropIJIIOHaJibHOro K03<p<pIIIJileHTa. 
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Puc. 2.5. Pa6o'lee OKHO KBaHTOBOro OIITIIMII3aTOpa 

TexHOJIOI'IlJI 11pI1MeHeH11J1 KHB 1103BOJIJieT 061,e,nIIHJITb B e,nHHYJO CHCTeMy 

yrrpaaneHIIJI HeCKOJibKO E3, II, TaKIIM o6pa30M, 1103BOJIJIJI HeqeTKHM HettpOHHblM ceTJIM 

pa6oTaTh rrapaJIJieJibHO. PaccMOTPIIM B03MO)KHOCTh rrpI1MeHeH11J1 KHB .LUU! 061,e,nI1HeHI1J1 En 

3aaautt, IIOJiyqeHHbIX Ha OCHOBe o6yqaIOIIJero CIII'HaJia C <pil3HqecKoro 061.eKTa (r A-ITH.[( 

peryJIJITop) II Bepil<pllIJUpOBaHHOH MaTeMaTuqecKOH MO,neJIII [2]. 
8 TaKOM KOHTeKCTe B03M0)KH0 C<p0pMI1poBaTb TPII TIIIIa KBaHTOBOro HP Ha OCHOBe: 

• nayx E3 c Mo,nenII (FC 1 II FC2 [2]); 

• E3 c Mo,neJIII II E3 c MaKeTa (FCI II FC3 [2]); 

• ,nayx E3 c MaKeTa (FC3 II FC4 [2]). 
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-. , : ..... 1 ------------------------------........ 
: nporpaMMHble i MCAY ! MHCTIJYMeHTapMM • 

i I i ! I 63 Ha OCHoee 11 63 Ha OCHoee 
i ~---~--- ; ; 0C C M8tcera OC C MO.AeAH 

: I 063 Ha MAn<Hx 

BbNMcneHMAX 

MaKeT 

l 
OrTTMMH38T0p 63 Ha 

OCHoae KB8HTOBblX Y--:1 

--ii<•> .. ~--·--·~ 
f po6oTB 

MOAenb 

BbNMcneHHA KI-IB Ha OCHOBC B3 
CMO,zteJIH 

KI-IB Ha OCHOBC Ji3 
C MOJte.JIH H pooora 

: -·-----------------------------· j : --------------------------: : --------------------------------: 
PIIc. 2.6. TexHOJiorm1 IIpIIMCHCHIIJI KHB ,!1JIJI npoeKTIIp0BaHIIJI po6aCTHbIX E3 

IIpoBC,!ICHHbie IICCJIC,!10BaHIIJI II0Ka3aJIII, qTo HaIIJI)"IIIIIIM KaqecTB0M yrrpaBJICHl!ll 

o6na.ziaroT KP Ha 0CH0Be pa3JmqHbIX IIHCpopMal(IIOHHbIX pecypcoB [3]. B ,!laJibHCUIIICM, Ml! 

rrpoeKTIIpoBamrn KHB MbI 6y,11eM IICII0Jib30BaTb E3 I II E3 2 (pnc. 2.7). CpaBHeH11e 

IICII0Jib3YCMbIX E3 rrpIIBC,!ICH0 B rn6mm:e 2 .1. 

Ta6JIIIl(a 2.1 
CpaBHeHne E3 

Jia3a.N'2 KoJiuqeCTBO KoJI-Bo il>YHKI.\Hii Cnoco6 
npaBHJI rrpHHa,[IJieiKHOCTII OilTHMIIJal(UH 

li3 1 
Mo,11eJih 245 8x6x6 Mo.zieJiupoBaHue 

(FCl) 
li3 2 

270 2x8x8 
ArrrrpOKCIIMal(HJI 

MaKeT OC (rA2) 

Q-S FCI x FC4 Mo,11eJIIIpOBaHIIe 

Q-T FCI xFC4 Mo,11eJIHpOBaHIIe 

Q-ST FCI x FC4 Mo,11eJirrpoBami:e 

Ilepe.zi TeM KaK rrpIICTyrrIITh K C0J,!laHIIIO KBaHT0B0ro HeqeTK0ro peryJillT0pa (HP), 
Heo6xo,11IIMO II0JI)"IIITb rrrcrnrpaMMbI pacrrpe.rieJieHHJI Bb!X0,!1HbIX crrrHaJI0B (K03!p!pIII.\IICHTOB 

ycIIJICHIIJI) HeqeTKIIX peryJillTOp0B (pIIc. 2.5). )J;mr 3T0ro rrp0B0,!1IITCJI cepHll 3KCrreprrMeHT0B 

II M0,!1CJIIIp0BaHIIe, B TIIIIOBOII CIITyal(IIII yrrpaBJICHIIH. CHrrMaIOTCH BbIX0,!1Hbie CIIrmlJl!,1 

HeqeTKIIX peryJIHTOp0B. IlcrroJib3YH II0JI)"ICHHble 3HaqeHIIH K03!p!pIII.\IICHTOB ycIIJICHHJI rrpll 

pa6oTe M0,!ICJIII II MaKeTa, cpopMIIpyeTCH MaCCIIB ,!laHHb!X ,!IJIH II0CTP0CHlfJI rIICTOrpaMM 

K03!p!pIII.\IICHTOB ycIIJieHIIH IIII)J; peryJIHT0p0B (pIIc. 2.8). IlOCTPOCHIIe rIICTOrpaMM 

rrpoircxo,11IIT aBT0Man1qecKII rrprr 3arpY3Ke ,!laHHbIX B KBaHTOBbIH 0IITIIMII3aTop. B 
,!laJibHCHIIIeM 3TH rncrnrpaMMbI IICII0Jib3YJOTCH B anroprrTMe KHB ,!IJIH cpopMrrpoBaH!l)I 

BIIPTYaJibHblX II CMeIIIaHHbIX COCTOHHIIH. 
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3aiJa10u,uiJ 
CUZHQ.tl 

KBaHTom.lfl 
He"leTKJIR BWBO:l 

K,.K~K. 

IDI,ZJ;peryJU1TOp 

:631 / 

!!_ 

:632 
U"(t) 

11Jy1'1 

CncreMa 
Jl3MepeHIIJI 

06'LeKT 
ynpasneuns 

PIIC. 2.7. CTpyKTypa KBaHTOB0ro HeqeTKoro peryJIJ1Topa 

X(J) 

rncTorpaMMbI K03!p!pIII.\IICHTOB ycIIJICHHJI, II0JI)"ICHHbIC 3KCIIeprrMCHTaJibH0 

l!CII0Jib3YJOTCH B cpopMrrpoBaHIIH KHB ,!IJIH po6orn (B !pII3IIqecKOM 3KcrrepIIMCHTe), 

rncmrpaMM K03!p!pIIl(IICHTOB ycrrJieHHJI, II0JI)"ICHHbIX C IICII0Jib30BaHIICM MaTeMaTIIqecKOH 

M0,!ICJIH, rrpIIMCHHIOTCH B cpopMHpOBaHIIII KHB .!llIH M0,!ICJIIIp0BaHIIH po6aCTHOro 

l!HTCJIJieKTyaJibH0ro yrrpaBJit:HIIH po60TOM. 

Kp 
FCl 

Kl 
FCl 

Kd 
FCl 

Kp 
FC4 

Kl 
FC4 

Kd 
FC4 

.::1 
ii~_:_ l-

~r- -- ---------~~ ~ -:lr < .· i,~ 
~:- . -·--•=---_ 71! -ijfHI-= llilifil ~ ia: 
-=1== -
:~ 

-- ;--· • :::: · .. _ .. §'. ! :. ... 
. •' .... 
~O.,t ~-

Pnc. 2.8. frrcrnrpaMMbl BblX0,!1HbIX CHIBaJI0B HeqeTKIIX peryJillTOpOB 

IIocJie 3arpY3KII ,!laHHbIX, BbI6IIpaeTCH Bll,11 KBaHTOBOH K0ppeJIHl(IIIl MelK,!ly 

l<03<p<pHl(IICHTaMII ycIIJieHIIH. <l>opMIIpOBaHrre 3aIIYTaHHbIX COCTOHHIIH 0CYIIICCTBJIHCTCH Ha 

OCH0Be Bbr6paHHOH KOppeJIHl(IIOHHOH MaTPIII.\bI, K0T0paH ycrnHaBJIIIBaCTCH B pafioqeM 0KHe 

OUTHMH3aTOpa (pIIC. 2.5). B KBaHT0B0M 0IITIIMII3aTOpe IICII0llb3YJOTCH K0ppeJIHI.\IIII TPCX 
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BIIJ:(0B: rrp0ClpaHCTBeHHa», rrp0ClpaHCTBeHH0 - BpeMeHHall II BpeMeHHall. Ha CJieJ:(YJOU1e1.1 

mare, ycTaHaBJIIIBaJOTC» C00TBeTCTBYJ{)mile MaKCIIMaJIJ,HbJe II MIIHIIMaJIJ,HJ,Je 3HaqeHHH MH 
BX0J:(HJ,JX II Bb!X0J:(HJ,JX CilfHaJI0B KHB a CIIel.\IlaJIJ,H0M 0KHe rrporpaMMJ,J (pIIC. 2.9). 

3aKJIJOqIITeJibHblH mar C03J:(aHIIH KHB 3aKJIJOqaeTCH B HaClpOHKe K03qlqJIIJ.\IleHToa 

H0pMI1p0BKII • 

B J:(aJibHeiimeM paCCM0lpIIM lpII B03M0JKHJ,JX BapilaHTa HaClpOHKII 3Ti!X 

K03qlqJIII.\IleHTOB, IICII0J1J,3y»: 

• 
• 

MaTeMaTHqeCKYJO M0J:(enr,; 

YJ:1aJieHHb1e coeJ:(I1HeHI1»; 

• J:(IICTaHI.\II0HH0e coeJ:(IIHeHile C 061,eKTOM yrrpaBJieHIIH B 3KClpeMaJibHoij 

CIITyal.\IIII. 

~anee paCCM0lpIIM cepil!O 3KCrrepI1MeHT0B C po60TOM, rrpeJ:(CTaBJieHHJ,JM Ha PIIC. 2.3 
II MaTeMaTHqecKoii M0J:(eJiblO. 

B pe3ynr,rnTe rrpoeKTI1poaaHI1» BbIXOJ:IHOii CilrHaJI Il3 6noKa KHB rrpI1MeH»eTc» Mll 

yrrpaBJieHIIH K03qlqJIII.\IleHTaMII YCIIJieHIIH IUI~-peryJI»TOpa B cnyqae M0J:(eJIIlp0BaHJiJ! 

MaTeMaTilqecKoii M0J:(eJIII, a M» po6orn B qJI13IlqecKOM 3KCrrepI1MeHTe rrpIIMeH»etCH 

JKcrropn1pyeMr,1ii qiaiin c pacmI1peHI1eM «* .h». 

cCorSleC.tionSelq>-1 Normalization I c-Generalizalicwl ,,., fr. S91aF, I · · .. · 
,. 

' 

lnput Normalization 

iName Scale Offset Signal Max.. Signal Min. Force dipping 

1 jKpO 0.591716 8.79 10A8 8.79 No 

2jKd0 0A67289 14A 16.54 14A No 

3iKiD 333333 033 036 033 No 

4jKpl 0A21941 1136 13.73 1136 No 

S!Kdl 0302115 1436 17.51 1436 No 

6jKll 16.6667 031 037 031 No 

Normalzation equation 6 Inrernal=(ExtETnal-Offset;)~ 

Oulput Oenormalization 

I Name Scale ' Offset Signal Max.. Signal Min. ' Force clipping 

ljKp 0.199601 8.79 13.8 8.79 No 

2jKd 0.232558 14A 18.7 14A No 

3 j Ki 4.99999 03 0.5 03 No 

PIie. 2.9. OKHO nporpaMMbl KHB. HopMaJIH3aQIIH II J:(eH0pMaJIII3aQHH CilrHana C MaKeTa 
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2.3. MoJ:1eJIIIpona1111e 11 :n,c11ep1me11T (KHB) 

IlepeiiJ:(eM K rrpaKTI1qecK0MY rrpHMeHeHIIJO pa3pa6ornHHoii M0J:(eJIII KHB J:(JIH 

~opMIIP0BaHIIH rrp0l.\eCC0B yrrpaBJieHIIH K03qlqJIII.\IleHTaMII ycmieHHH IIII~-peryJIHTOpa. ~ 

3roro paccM0lpIIM rrpI1MeHeHI1e pa3pa60TaHHoii M0J:(eJIII KHB J:(JIH qiopMI1ponaHI1» 

upo11ecc0B yrrpaBJieHIIH K03qlqJIII.\IIeHTaMII yclIJieHIIH HeqeTK0r0 IIII~-peryJIHTOpa II 

upoBeJ:(eM K0MIIbJOTepHoe M0J:(eJIIlp0BaHile J:(JIH J:(Byx CIITyal.\IIH yrrpaBJieHHH: 

• B rrepaoii (TIIIIOBoii) CIITyal.\IlII (Cl) 33J:(epJKKa yrrpaBJIHJOmero CilrHaJia 

CTaHJ:(apTHall - 0.01 ceK; 

• BO BTOpoii HerrpeJ:(BIIJ:(eHHOH CIITyal.\IIII (C2) 3aJ:(ep)J(Ka yrrpaBJIHJOmero CilrHaJia -

0.04 ceK (YBeJII1qeHHall B qcrr,1pe pa3a). 

B rn6JIIll.\e 2.2 rrpeJ:1CTaBJieHr,1 rrapaMelpbI MaTeMaTI1qecKoii M0J:(eJIII J:(JIH Cl II C2. 

Haqanr,11r,1ii vroJI 
ffaqaJIJ,HaH CK0D0CTb 

Macca TeJielKKH 
Macca MaHTIIHKa 
llmrna MaHTHHKa 

Tpem1e B KperrJiemrn 

TneH11e K0Jiec 
C11J1a VIIDVfOCTil 
lllyM B CIICTeMe 

VIIDaBJieHHH 

lllyM B CIICTeMe 
H3Mepemm 

3aneplKKa 
ynpaBJI»mmero 

B03AeHCTBilH 

TaoJIHQa 2.2 
CIITyaJ.\IIII yrrpaBJieHHH II rrapaMClpbl MaTeMaTI1qecKI1X MOJ:(eJieii 

Tnnoaa» CIITYaQIIH (Cl) HenpeJ:1BHAe1111a» (C2) 
0roaJ:1. 0 roaJ:1. 

1 rp3J:1./c 1 rpaJ:(./c 

0.56 Kr 0.56 Kr 

0.63 Kr 0.63 Kr 

0.05M 0.07M 
3.55 + HOpMHpOBaIIHbIH 3.73 + HOp~rnpoBaIIIIbIH myM c 

myM c IIIITeHCHBII0CTblO 0.01 IIIITeHCIIBII0CTbIO 0.01 II 
II aMDJIIITYAOH 0.35 aMIIJIIlTVAOH 0.35 

3.63 + raycCOBCKilll IINM 12% 3.63 + rayCCOBCKIIH IIIVM 12% 

5.54 HIM 5.54 HIM 
PaBHOMepHb!H [-2.12+ 2.12], PaBHOMepHb!H [-2.12+ 2.12], 

IIHTeHCIIBH0CTb 0.48 IIHTeHCIIBH0CTb 0.48 
A~IIIJIIITyAa 0.22, 

AMIIJIHTyAa 0.32, rayccOBCKIIH 
rayccOBCKIIH myM, 

myM, IIIITeHCIIBII0CTb 0.01 
IIHTeHCIIBII0CTb 0.01 

0.01 C 0.04 C 

Ha pIIC. 2.10 npeJ:(CTaBJieHa 6JIOK-cxeMa ClpYKTYPbI CIICTeMbl M0J:(eJIIlp0BaHIIH. 
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[11.51 lllllJ!l!Hllullt►IOO 

Two fuzzy controllers 
Quantum Fuzzy 
Inference 

llnll~llm! 

Tc~ 

Noise Generator 

Tc~ 

lbbjll!t 

PID Controller 

lb1\1111!121 

ro-l!ld!l 

Noise Generator 

U11 11!,L---

-
Puc. 2.10. CTjJ)'KTypa cncTeMu Mo,11ennpoaamrn B cpe,11e MatLab/Simulink. 

Ha 6noK-cxeMe o6o3HaqeHhr: ,11aa HeqeTKIIX peryllilrnpa, 6noK KHB, IIH,n: - perylli!Top, 
061,eKT yrrpaBJieHIIH, reHepaTOpbl IIIYMOB. 

Pe3yJihTaThl MO,lleJIIIpOBaHIIH peryJIHTOpOB B TIIIIOBOU CIITyarrIIII yrrpaBJieHII!i 
IIpOIIJIJIIOCrpIIpOBaHbI Ha prrc. 2.11 - 2.12. 

100 

. 
:, 

~ 

. 

Error of control 
3 J 

-1 

500 1000 1500 
System clock 
Error of control 3,-----------,-------------,---- j __ nc, ii 

2 

J D 

-1 

-2 

-J~-------~~-------~--------~ 
0 500 1000 1500 

System clock 

Pnc. 2.11. Yron OTKJIOHeHl151 y MaTeMarnqecKoii MO,lleJlll. Mo,11ennpoBaHlle TlfIIOBM Cll'ryarrl151 (Cl) 

~ 
~ 

Integral square err-or 
2000,-------------~----------~----------~ 

1800 

1600 

1400 

---PID 
--- FC1 
·--~~FC4 

--- o-s 
0-T 
0-ST 

1200 r-

r 
__ / ~ /j 

~ ~ 
/ 

~· ;;/ 1000 

800 

600 

400 

200 

0 ~

__1;-/-j- _/:;~~=;ff--~ 
. #~/ __ ., 

(7 

0 500 1000 1500 
System clock 

Puc. 2.12. llHTerpan KBa,11paTnqHoii onrn6Kl!. Mo,11enupoaam1e TllIIOBoii cnTyarrnn YIIPaBneHl151 (Cl) 

PacCMOrpIIM CB513h Me)l(,lly BXO,IIHhIMII II BhIXO,IIHbIMII 3HaqeHII51MII KHB Ha IIpIIMepe 
npoIIopIIIIOHaJihHOro KOJq>qmrrIIeHTa ycIIJieHII51. Ha pIIC. 2.13 IIpe,IICTaBJieHbl BXO,IIHbie 
3HaqeHII51 KHB (KoJq>qJIIIIIIeHThI ycIIJieHII51 FCI II FC4) II BhIXO,IIHOe 3HaqeHIIe 
npoIIoprrIIOHaJihHOro K03qlqJIIIIIIeHTa KHB C IIpocrpaHCTBeHHOii Koppelli!QIIeii. 
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16 

15 

14 

13 

i 12 

11 

10 

9 

80 500 

l<p 

Ar-\~,11h~• 

1000 1500 2000 2500 3000 :3500 
Time 

4000 4500 50IJO 

PIie. 2.13. Ko3cpqlllQileHT yeHJieHIIJI Kn. BXO,!IHble II BblXO,!IHbie 3Ha'!eHIIJI KHB. Mo.11eirnpoBaHI1e 
TIIIIOBOll eHTyaQIIII ynpaaneHIIJI 

Ha pHeYHKax 2.14 II 2.15 rrpe,11eTaBJieHbl qla30Bble IIOpTPeTbl .llilHaMIIKil Mo.11e1rnpyeMblX 
CilCTeM. 

I ____ _,~ I 

PIO FCl FC4 

PIie. 2.14. <I>a30Bble rropTpeTbl .llIIHaMIIKII MO,!leJIHpyeMoli eHeTeMbl B TIIIIOBOll eHTyaQIIII yrrpaaneHHJI 
e peryJIJITOpoM PID II He'leTKIIMII perynJITopaMH FC 1 II FC4 

.. 

'Q-ST 

PIie. 2.15. <I>a30Bble rropTpeTLI .llIIHaMIIKII eHeTeMbl B TOH lKe eHTyaljIIII e KOHTpOJIJiepaMII Q-S, Q-T II 
Q-ST 
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,l:(anee Ha pnc. 2.16 rrpe.11crnaneHbI pe3yJibTaTbI Mo.11em1poaaHilll B Herrpe.11an.11eHHOH 
...vaUHII yrrpaaneHilll, Ha pHe. 2.17 rrpe.11cTaBIIeHa cpaBHIITeIIbHaJI .11narpaMMa IIHTerpana 

cII•, - - 6 -](8a,npaTH'IH0Il OIIIIl Kil Mo.11ennpoaaHill1 .llJlll TIIIIOBblX c11ryaQIIIl. 

Error 

,oor --·-· PIO 
80 --FC1 

'lllt --FC4· 
60 / --- Quantum- Space 

"' I r' " ~ A ~ au~,u~ Spacel1m' 'e 

20 
, ii~ H I~ J \ -- g_uantum- Time _ 

., 
; 0 
> 

-20 11\J 'vi 
-40 \1 

I 

-60 \ 

-80 ~ 

-1000 500 1000 1500 
Time cc 

PIie. 2.16 Yron OTKJIOHeHilll MaTeMaTH'leeKOll Mo.11em1. Mo,11eJII1pOBaHI1e Herrpe.!IBil,!leHHOll eHTyaQIIII 
ynpaaneHIIJI. 

MHTerpall 11:IMAl)a;TM'IHOM QWMC5DI. Mo.qenMpO&aHMe ■C2 ■C1 

2000 

1800 

1600 

1400 

1200 

1000 

Q.ST 

P0e. 2.17. lIHTerpan KBa,11paTH'IHOll onrn6KII. Herrpe,!IBil.lleHHaJI II THIIOBall enryaQIIII ynpaaneHilll. 
Mo.11em1poaaHI1e. FC 1-FC4 - He'!eTKIIe peryJIJITOpbI, eoKpaIIJeHilll Q-quantum, S(Spaee) -
rrpoeTpaHeTBeHHaJI, T(Time) - apeMeHHaJI, ST(SpaeeTime) - rrpoeTpaHeTBeHHO apeMeHHaJI 

KOppeJIJIIjlIII 
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Q-S Q-T Q-ST 

2.18. <l>a30Bble rropl]leTJ,I M0):leJIII C KP B Herrpe):IBil):leHHOii c111yan1111 

Ha p11c. 2.17 MOJKHO 3aMeTIITb, 'ITO 3Ha'ICHIIe IIHTCI'paJibHOll onrn6KII KHP 

pacnoJiaraeTCH MCJK.llY KOIITpOJIJiepaMII, o6pa3oBaBIIIIIMII KHB. <Pa30Bb!C nop1]Jen,1 

pe3yJihTaTOB MO,!lCJIIIpOBaHIIH CIICTCM C KP B Herrpe,!lBII,!leHHOll CIITyaIIIIII rrpe,ncTaBJICHbl Ha 

pIIC 2.18. 
PaCCMOTPIIM pe3yJihTaTbl 3KCnepIIMCHTa B TIIITII'IHOIT CilTyaUIIII yrrpaBJICHIIH. Ha 

pIIC. 2.19 - 2.22 rrpe,nCTaBJieHbl pe3yJihTaTbl 3KCrrepIIMCHTOB B TIIITII'IHOIT CIITyauuu 

yrrpaBJICHIIH ,!lJIH pa3JIII'IHblX peryJIHTOpOB. 

Q) 
:i 
cu 
> 

Control Error 
4~-----~------~------~ 

-2 

L ~ /h U\ \, 

¥ C -~ ' 

1,#'4\~Cfil\ , ~\"'\ V \ \ ,;~\:1', 
1 • \( 

""'I~~~ 

V 
11,.1.l 
I I 

Ir, 

~pI0 

1
i

1

~Fc1 
r --FC4 

.4c..--------~----~--------.-'-
o 500 1000 1500 

System clock 
P11c. 2.19. YroJI 0TKJI0HeHUH MaKeTa. 3KcrrepHMeHT B TIIIIOBOii cmyaUIIII yrrpaaJieHUH (PID, FCI, 

FC4) 
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4 Control Error 

2 

Q) 

~ 0 
> 

-2 

, -Q-S 
-Q-T 

\,'!Jiff!\/ 
1111 :1ir ~ 'V \' 

-4 '-o------L-.-------L-.----------.-. 

0 500 1000 1500 
System clock 

Puc. 2.20. YroJI 0TKJI0HeHUH MaKeTa. TIIIIOBaH CIIryaUHH yrrpaaJieHIIll. 3Kcrrep11MeHT (Q-S, Q-T, 

Q-ST) 

~ 
~ 

Integral square error 
1600,---------~~---------~~---;:======::;:; 

---PID 

1400f-- ----- FC1 
__ .. __ FC4 

1200 f---.. 

1000f-. 
-_11-- ~=!T 

/~j /.~j 
) /.~--~·-

r-:.. /.•7_!. ... '~ 

•= _ (/;!-/ T; /_.--;: ~-=--_./r-
0 t~~~-~~_):=~~--•_ ./---------____./ 

0 --/ _____ ' 

SOOf---.. 

600f-. 

400f--.. 

500 1000 

-----o-s 

1500 
System clock 

P11c. 2.21. I1HTerpaJI KBa):lpaTII'IHOii OII!Il6KII. 3Kcrrep11MeHT B TIIIIOBOii c111yan1111 yrrpaBJieHIIH 

PIO Kt FCA 

P11c. 2.22(a) 
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Q-T Q-ST 

6 

Pnc. 2.22(a,6). <Pa30Bble rroprpeTbI J]HHaMHKII q>HJHqecKoii CIICTeMbl B THIIOBOH CIIJYa]]HII 

yrrpaarreHnJI 

PaCCMOTJ)IIM pe3yJihTaTb] 3KCrrepHMCHTa B HerrpeJ]BIIJ]CHHOH cnryal]IIII yrrpaBJICHl!J[ 

(C2). Ha pIIc. 2.23 - 2.26 rrpeJ]CTaBJICHbl pe3yJihTaTbl 3KCIICpIIMCHTOB B HerrpCJ]BIIJ]CHHoii 
CIITyal]IIII yrrpaBJICHIIJI. 

Control Error 
100r-.=======.---~---------~----------7 l,---p,o I -r 

j 0 

50 =-:-:-::~;! / 
-------~-----......... 

-50 ... 1 
~ 

-100'------------'------------'------------' 
0 500 1000 

System clock 
1500 

PHc. 2.23. Yrorr OTKJIOHeHIIJI MaKera a HerrpeJ]BIIJ]eHHOH CHyYal]HII yrrpaarreHIIJI. 3KcrrepHMeHTaJibHO 

IIOKa3aHo, qro CIICTeMa He crrpaBHJiaCb C yrrpaBJieHHeM 

4 
Control Error 

2 

<l> 
:=, 

0 <ii 
> 

-2 

-4 
~

·r, ~d
1

1'1 A. ~ ll ~ ' it~1~,~~'t I ~ : ,\i~.11,·. /1\ . I . i11 \. . \•.I!\\\ \ .··· ·\.: '] j. I i I I 

'1, /' tr / , , ,I, • I ! '1 · \, 

~·~'s 11Y,\~~ ./ !1#~1· 1:11111 ii"!~11I {l! 
a-T 11 11 '~

1,!1 

11

r". n 
~ 0-ST. I, 

0 500 1000 1500 
System clock 

Pnc. 2.24. Yrorr ycroiiqHBOro 0TKJI0HeHIIJI MaKera a Tex JKe ycJIOBIIJIX yrrpaBJieHIIJI. 3KcrrepHMeHT 

q.sr 
Q-S Q-T 

PHc. 2.25. <Pa30Bb!e rroprpeTbl CIICTeM c KP B HerrpeJ]BHJ]eHHOH CHryal]HII yrrpaBJieHHJI 
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"12000 

~0000 ~ ~ Pio --FC-t 
------- FC4 
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00 

Integral square eITor 
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-- -~ -=-------
500 1000 

System clock 

~ 
: 

f 
~-~ l 

'1500 

PIIC. 2.26. IIHrerparr KBa.nparHqHoii OIIII16KI1. THIIOBaJI CHyYal]HJI yrrpaBJieHHJI. 3KcrrepHMeHT 

OueHKa yrrpaBJICHIIJI II0KaJarra, qTo HP pa3pa60TaHHbIC C IICII0J!b30BaHIICM OE3 

o6ecrreqIIBaIOT CIICTCMY 6orree rrpOCTb!M . yrrpaBJICHIICM, qT0 B K0HeqHOM IIT0re 

II0J!0lKIITCJ!bH0 CKa3bIBaCTCJI Ha cpoKe IICIIOJib30BaHIIJI 06opy.noBaHIIJ1, CHIIJKall II3H0C II 

3HeproIIOTJ)e6rreHIIC [ 6-16). Pa3pa60TaHHall MCTOJ]OJ!Ofllll ofo,eJ]IIHCHIIll CTJ)aTernii 

yrrpaBJICHIIJI II03B0JlllCT 3cpcpeKTIIBHO crrpaBJ!llTbCJI C 3aJ]aqaMH yrrpaBJICHilll J]aJKe B 

3KC'I'pCMaJibHblX ycJIOBilllX, B KOTOpb!X C JaJ]aqeii yrrpaBJICHIIJI He crrpaBJ!lllOTCll HP JIC)KaJUIIC 

B OCHOBC KHB. Ba)KHO OTMCTilTb, qTO CHCTCMa yrrpaBJICHIIJI Ha OCHOBe KHB HaCJieJ]yCT 

rryqIIIHC xapaKTepIICTilKil Kaqecrna yrrpaBilCHIIll OT E3 HeqCTKJIX peryJ!llTOpOB, J]06aBJillll 

crroco6HocTh K caMoopraHnJaUIIH. 

2.4. )];11cTaHUHOHI1aH HaCTpOiiKa KBaHTOBOfO 11eqeTKOfO BblBOJ]a 

Bo3MO)KHOCTb J]HCTaHUHOHHOro IIOJ]KJIIOqeHIIJI OY K CTaUHOHapHOH 

BblqilCJ!IlTCJ!bHOH CIICTCMbl OTKpbrnaeT B03MO)KH0CTb y.narreHHOH HaCTJ)OHKII, 

cpopMIIpOBaHIIIO II caMoopraHH3aUIIII E3 HP. B03MO)KHOCTb IIOJ]KJIIOqeHIIJI Il y.narreHHOH 

HacrpoiiKII E3 HP paccMaTJ)HBaJiaCb B pa6oTe [3). PacCMOTJ)IIM aHarrornqHYIO B03MO)KHOCTb 

J]IICTaHUIIOHHOH HaCTJ)OHKII peryJ!llTOpa Ha OCH0BC KHB. 

B KaqecTBe HaCTJ)aHBaCMbIX rrapaMCTJ)OB BblCTyrraIOT IIIKaJIIIPYIOIUIIC K03q>q>HUIICHTbl, 

IlCIIOJlh3YCMblC Ha JaKJIIOqIITCJlbH0M IIIare cpopMHpOBaHIIJI K03q>q>IIUIICHTOB ycIIJICHIIll ITH)];
peryJ!llTOpa (pIIc 2.27). 

)];Jill HaCTJ)OHKII K03q>q>IIUIICHTOB IICII0J!b3YCTCH f A, cpyttKUIIJI rrpIIr0J]H0CTII K0Toporo 

0CH0BaHa Ha 0UCHKII OIIIII6KII yrrpaBJICHIIJI II B HaIIICM CJiyqae IIMCCT CJICJ]YIQIUHH BIIJ]: 

1 
f(x,)=-1-

l+ f e2dt' 
0 

(2.3) 

fJ]e C - BCJIIIqIIHa OTKJI0HCHIIll OT 3aJ]aIOiuero CIIfHarra, t - J]IIaIIaJ0H IlHTerpIIpoBaHIIJI paBeH 

BpeMeHII rrpoBepKII OJ]HOf0 perneHIIll. B Ta6rrIIue 2.3 rrpeJ]CTaBJICHbl rrapaMCTpbl 

reHeTIIqecKoro arrropIITMa. 
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IlapaMeTJ)LI r A 11:JIH /l:IICT311i11101111011 H3CTpOIIKII 
Ta6nn1.1a 2,3 
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llll 20 
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¾~~ .-------- f 
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·' 
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Maionb30eaHHeM rA ,QeKOAJtpoaaH1te . i 
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c{c,<;c.r} '----,r---~ I 

Pnc. 2.27. ArrropliTM ,!IIICT3HllllOHHOii H3CT!)OllKll KB3HT0B0ro HeqeTKoro Bb!B0,113 

Peamnau;m1 <pll3nqecKoii cpe,11h1 coe,11nnen11H npe,11nonaraeT ncnoJib30BaTh 

,!IOnOJIHIITeJibH0e 06opy,110BaHIIe ,!IJIH rrplleMa-nepe.11a11II ,!13HHbIX, HarrpnMep, P3.llll0KaHaJI 
Bluetooth, WF IIJIH no,11KJI1011enne no Ka6en10, HanpnMep, USB. IIpe,11nonaraeTCH o6MeH 
llH<pOpMau;neii: Me)l(Jly OY ll KB3HT0Bb!M onTllMH3aTOpOM, ,!IJIH q>OpMHp0B3HllH KBaHTOB0ro 
peryJIHT0pa. IIpo<pllJib coe,!IIIHeHllH ncnonb3yeT nocJie,!IOBaTeJihHblll nopT. CKopocTb 
nepe.11a11n B narneM cnyqae cocrnBJIHJI 112200 6nT/c. 

K npnMepy, B npou;ecce <pyttKllIIOHHpoaaHHH no COM-nopry nepe.11a10TCH qncna c 
IIJiaBaIOiliell TO'IKOll B CllMB0JihH0M Bll,lle. CIIcTeMa yrrpaBJieHml C'IIIThIBaeT nOKa3aHIIll 
,11aT'lllKOB II ompaBJIHeT IIX Ha KOMnhIOTep ,!IJIH nocne,llyIOilieii o6pa60TKll. IlpIIHHB BXO,!IHble 

311a11enm1, rA ou;ennBacr npe,11h1,11yiu;ee pernenne ( c{cpc,cd }na pnc. 2.27) n ocyiu;ecTBJIHeT 

108 

J(llaHTOBblll He'leTKllll Bb!B0,11 .!IJlll npoBepKH CJie,llymiliero perneHllll. Pe3YJihTaT He'leTKoro 
s!,iB0Jla OTIIpaBJIHeTCll Ha y)laneHHOe ycrpoii:CTBO. Ilocne JTOro, CllCTeMa yrrpaBJieHllll, 

o6pa6oTaB BXO)lHble 3Ha'leHllll, Bbipa6aTbIBaeT yrrpaBJIHIOiliee B03)lellCTBHe. 
Ilo)lKJIIO'leHne K KO ocyiu;ecTBJIHeTCll 11epe3 pa3pa6oTaHHhIH )lJIH JTOH u;enn rmarnH. 

flepe!l ycrnHOBKOii coeAIIHeHllll B oKHe KO cne,11ycr Bb16paTh H0Mep COM-noprn, cKopocTII 

coe)lllHeHllll, BpeMH npoBepKll O,!IHOro perneHllH (KOJIH'leCTBO TaKTOB CllCTeMhl ,lllIH npoBepKH 

peUieHHH) H cooTBeTCTBYIOilIHe E3 HP. 
Ilpe)l(Jle 'leM IIpllCTyrrIITh K ycTaH0BKe coe,11HHeHllll Me)l(Jly OIITllMII3aTOpOM ll 

c11CTeMOll yrrpaBJieHHH neo6xo,11IIMO ycTaHOBIITb 'qin3H'leCKlle orpaHH'leHllll 

s3allMO,lleilCTByIOilillX ycrpoii:CTB, T. e. onpe.[leJillTb MaKCllMaJibHhie II MllHllMaJihHble 

speMeHHhle rpaHHllhl O.[IHOrO TaKTa CllCTeMbl yrrpaBJieHllll C YtJeTOM npneMa, nepe.[la'lll ll 

06pa6oTKH coo6IlieHnii:. 
PaccMorpnM no.[lpo6nee npou;ecc nacrpoii:KH cncTeMhI ( cM. pnc. 2.28). 

,------------------------------, ·--------------------------------, 
: YAanenuoeycrpoiicreo ! : KeaHTOBblHOIIDIMH33TOp 
I I I 
I I I 

I I 
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ynpaene1111111 
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B03AeHCTBHll 

noAClleT epeMeHH 

(0111xpoHH331.\Hll) 
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I I 
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I I 

: : J,. 
I I 
I I 
: : ~ npHeM BXOAHblX 1...__ 
I,.._,. , r-r-
~: 3HalleHHH 

: : .-
' I : ! noAClleT cj>-U.HH. 
: I 
, : npHroAH0CTH 
I I 
1 I I 
r1• ... 
I I : I: He11eTKHH BblB0A no 
I I : I: eceM 63 1,1cnonb3yeMblM 
I I I 

: t: a KHB ! 
: I: • : I I I 
I I I 

: I: KeaHTOBblH 11e11eTKHH : 
I I I 

: ,: BblB0A : 
I I I 

: I: J. : 
I I I Ir t : I; OrnpaeKa BblX0AHblX : , 1,,.:- >-- • 
: , 311a11eHHH : 
I I I 
I I I -------------------------------· , _____________ ------------------- -· 

Pnc. 2.28. ArrropmM pa60TbI y11:aneHHOH HacT!)OHKH · 

CnnxpoHII3all;llH KO ll CllCTeMhl yrrpaBJieHllll ocyiu;ecTBJIHeTCH ,llJIH YAaJieHHOro 

yc-rpoii:cTBa (MaKcra). C :noii: u;eJihIO pa3pa6ornna cneu;nanhHaH nporpaMMa (npoIIIIIBKa), 

peann3yIOiliaH anropIITM, npe.!\CTaBJieHHhIH na pnc. 2.28. 
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B pe3yJihTaTe rrpoeKTnpoBamur BhIXO/:IHOii cnrnan H3 6JioKa KHB rrpnMeIUiercx M~ 
ll3MeHeHHH KO'.lCpcpm:ineHTOB YCHJieHHH IIH,[J;-perymTopa, a /:(JIH MaKeTa CllCTeMhI, Ha BLixo.zie 
MhI II0JI}"IaeM cpaHJI c pacnrnpeHHe «* .c». 

2.5. 3Kcrrepmue11T c /:IHCTa11r:i11011110 11acTpoe1111bIMH HCAY 

CpaBHHM IIH,[J;-pery=op, HetJeTKHX perymrnpoa FCl H FC4, H KHB Ha ocaoae 
pa3HhlX KoppeJixunii. OTMeTHM, 'ITO peryJIHTOphr ITH)];, FCl n FC4 6bmn .l(0II0JIHHTem,80 
HaCTP0eHbI Ha peaJihH0M 061,eKTe ynpaBJieHHH (MaKere) C HCIIOJih30BaHHeM. IIJianu1a 
II0/:IKJIIOtJeHHH OY K OE3. B m6JIHI:(e 2.4 rrpnBe,l(eHhl aapnaHThl ,l(JIH cpaaHeHHH E3 
ncrroJih3yeMhIX .l(JIH cpopMHpoaaHHH KHB. 

Taonur:ia2.4 
On11ca1111e peryJJHT0p0B 

PervJJHTOP O1111ca1111e 

PID KJiaccntJeCKHii IIH)];-peryJIHTOp 

KoHTPOJIJiep, pa3pa6oTaHHhlll Ha 0CH0Be oc c 

FCl MO/:(eJIH ll OIITHMH3HpoaaHHhlll C II0M0II:(hlO 

M0.l(eJIH 

KoHTPOJIJiep, pa3pa6oTaHHMii Ha ocaoae OC c 

FC4 po6om H OIITHMll3HpOBaHHhlll IIpH II0M0II:(ll 

Y/:laJieHHoro coe.l(ttHeHHH 

KaaHTOBhlll HetJeTKHii perymTop, OCHOBaHHhlll 

Q-S 
Ha 6a3ax FCl H FC4 c rrpocTPaHcrneHHOii 

KoppeJIHUHeii ll OIITHMH3HpoaaHHblll npH 
IIOM0II:(ll Y/:laJieHH0ro coe/:(HHeHHH 

KaaHTOBhlll HetJeTKllll perymrnp, OCHOBaHHhlll 

Q-T 
Ha 6aJax FCl H FC4 C apeMeHHoii 

Koppemr:ineii H OIITHMll3HpoaaHHhlll !IpH 
II0M0II:(ll y.l(aJieHHOro C0e/:(HHeHHH 

KaaHTOBhlll HetJeTKllll peryJIHTOp, OCHOBaHHblll 

Ha 6a3ax FCl H FC4 c rrpocTPaHcTBeHH0-

Q-ST apeMeHHoli KoppeJIHUHeii ll 
OIITHMH3Hp0BaHHhlll rrpn II0M0II:(ll y.l(aJieHHoro 
coe.l(HHeHHH 

PacCMOTPHM pe3yJihTaThl 
peryJIHT0p0B, /:(0IIOJIHHTeJibH0 
II0/:(KJIIO'IeHHH (pnc. 2.29 - 2.32): 

3KcrrepnMeHTa, 

HaCTP0eHHhIX C 

rrpoBe.l(eHHoro c 
HCII0Jih30BaHHeM 

IICII0Jib30BaHHeM 
/:(llCTaHI:(H0HH0f0 
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Pnc. 2.29. YroJI 0TKJI0HeHllll MaKeTa. TmmBall cmyaUllll ynpaBJieHllll, 3KcnepnMeHT 
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Control Error 
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Pnc. 2.30. Yron 0TKJI0HeHllll MaKeTa. THITOBall CIITYaUllll ynpaBJieHHH, 3KcnepnMeHT 
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400 
Integral square error 

~-p10 ,~ 

350f-- I~ FC1 
~·~ 

-~-· FC4 ~-

300f-- ,~ Q-S 
~-a-T 

Q-ST 

J 200~ 
I 

I 

500 1000 1500 
System clock 

Puc. 2.31. lIHTerpa.rr KBa;:ipaTil'IHOH oum6KU. Tuuomur C11Tya11m1 ynpaBJICHUJI 3KcrrepUMCHT 

I 11 derrorfdt ii i;, 1derr0f/ilt II 1;s~ I 

PIO 

r-------------~ ,a -----.....------ r--_-_-_-_-_::_:::::;:;::::======~ r::::::::::;::;:;:::::::::::~ 

Q-S Q-T Q-ST 

Puc. 2.32 <I>a30Bb!C IIOp'IpeTbl qi113uqecKUX CUCTCM B TIIIIOBOH CUTyaIIHH yupaBJICHHJI 

lfa puCyttKOB 2.29 u 2.32 MO)l(HO 3aMCTllTb, qTo ,ll;OIIOJIHUTCJihHaJI HaCTPOiiKa Ii3 c 

llCIIOJih30BaHUeM y,11;aJICHHOro COC,ll;llHCHHJI OY C Oli3, II03B0JIJICT IIOBblCUTh Ka'!eCTBO 

yrrpaBJICHUJI peryJIJ1TOpOB B TllIIOBOii curyaI.lllll yrrpaBJICHHJI. 

PaCCMOTPUM pe3yJihTaThl 3KCrrepllMCHTa B Herrpe,ll;Bll,ll;CHHOH CllTyaI.lllll yrrpaBJICHllJI: 
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Pnc. 2.33 YroJI OTKJIOHCHHJI MaKeTa. Herrpe;:iBH,L\CHHaJI C11Tya1IHJ1 ynpaBJICHHJI. 3KcrrepHMCHT 

.. 

X 10
4 

3
-
5 r.=__ PID 

-FC1 

3 I- I =----- FC4 
--Q-S 

2.5 ~ I =-::_=_: ~1T 
I 

2 

~ 
::> 1.5 

1 

0.5 

00 500 

Integral square error 

r 
I 

: c:::::::=---

1500 2000 2500 3000 3500 4000 4500 5000 
System clock 

P11c. 2.34. lIHTerpaJI KBa;:ipaTHqHOll oum6KH. Herrpe):IBH):ICHHaJI cnryaIIHH yrrpaBJICHHJI. 3KcrrepHMCHT 
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enor 

n, Q-ST 

Pnc. 2.35. <Pa30Bb!C rroplJ)CTbl qJH31fqecKHX CHCTCM C KP B HerrpeJIBIIJICHHOii cmyal]HH yrrpaBJICHHll 

MeHblIIHii ypoBeHh HHTerpa.rra KBa,L1pan1qHoii OIIIII6KII CBH.[(eTeJihCTByeT O JiyqIUeii 

pa6ore perymnopa. lfa pe3yJihTaTOB Ha p11c. 2.33 - 2.34 B11.[(HO, qro B TIIIIOBOii H 
Herrpe.[(BII.[(CHHOii c11ryal]HII yrrpaBJieHIUI Jiyqllle Bcex crrpaBIIJIC.il KHP OCHOBaHHhiii Ha 

BpeMeHHOii KoppeAAI]IIII H OIITHMH3HpOBaHHhlii Ha OCHOBe Y.lla.JICHHOro COe,[(HHeHH.iI. IIII~
peryJI.iiTOp, FC 1 H FC4 He crrpaBIIJIHCh c Herrpe.llBH.[(eHHoii CHTyaI]Heii yrrpaaJieHn.ii. 

2.6. AmlJIH3 peJyJihTaTOB JKcrrepHMCHTa 

,l(Jrn OI]eHKH KaqecTBa rrpoI]ecca yrrpaBJieHmi' HCIIOJih3YJOTC.il IIOKa3aTeJIH 

rrepeXO.[(HOro rrpoI]ecca (pnc. 2.36). K TaKHM IIOKa3aTeJI.iIM OTHOC.iITC.iI: CJIOlKHOCTb 

yrrpaaJieHIIJI, ycroiiqnaocTh, aeJI11qnHa rrepeperyJinpoaaHn.ii. 

. . • . 7i 
,.2s 

1 I En-<,,<<J D.715 \ o.s OM 
0.25 ovr-.... 

0 ,..... - - - - -
\i / l o.~\ - - -,-

-0.25 f f.5 

"""·" ~--~~--~ I 
-0.7!5 Tf 

-1 

02 =lA"'f( Error r dt 
f -l'i 

Pnc. 2.36. IlOKa3aTeJIH Kaqecrna yrrpaBJICHHJI 

IlepeperyJI11poBaHHe xapaKTep113yeT KOJie6aTeJihHOe CBOHCTBO rrepeXO.[(HOro 
rrpoI]ecca II paccqnrhrnaerc.ii comacHo (2.4). 

0 
o = l - -1... · 0 (canst) > 0 · 

l Qm' m - 1' 
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02 

(2.4) 

Pnc. 2.37. IlepeperynnpoBaHHe CHCTCM yrrpaBJICHIIJI a THIIOBOH H Herrpe.[(BH/1CHHOii cmyal]HH. 
3KcrrepHMCHT 

B JKCrrepnMeHTe B THIIOBOH cnryaI]IIH 6oJiee ::iqiqieKTIIBHOe yrrpaBJieHHe, C roqK11 

3peHI1J1 rrepeperyJinpoaaHIIJI, .[(eMoHcrpnpyior IIII,[(-peryJI.iiTOp, FC4 n KHP Ha ocHoBe 
apeMCHHOii KoppeAAI]Illl. B Herrpe.[(BH.[(eHHOii cnryaI]HH JiyqlIIHM CTa.JI KOHrpOJIJiep Q-T. 

YcroiiqHBOCTh rrepexo,[(Horo rrpoIIecca peryAAropoB (pnc. 2.36) paccqnrhrnaerc.ii KaK: 

Q 
o

2 
=1--2 ;Om(const)~O2 ; 

om 
(2.5) 

KaqecTBO yrrpaBJieHIIJI xapaKTepn3yeT crroco6HOCTh CHCTeMhl yrrpaBJieHH.il 

3cp<peKTHBHO paCXO.[(OBaTh '.lHepreTnqecKnii H TexHnqecKHii pecypc CHCTeMhl. B CJiyqae 

pea.rrH3aI]HH CJIOJKHOro yrrpaBJieHIIJI, Il3HOC o6opy.[(OBaHII.il If 3arpaThl ::JHeprHII pe3KO 

yaen11q1fBa!OTC.il. 

Q.ST 

P11c. 2.38. YcroiiqHBOCTb CHCTCM yrrpaBJICHIIJI B THIIOBOH CHT)'al]HII. 3Kcrrep11MeHT 

DOJiee Bh!COKHii ypoBeHh ycroiiqIIBOCTh CBII,[(eTeJihCTBYeT O 6oJiee JiyqllleM ypOBHe 

ynpaBJieHIIJI. B THIIOBOH cnryaI]HH yrrpaBJICHIIJI BCe peryAATOphl, KpOMe Q-ST, IIOKa3aJIH 
6mnKHii Il Bh!COKHii ypoBeHh ycroiiqHBOCTH. B Herrpe.[(BII,[(eHHOii cnryaI]HH 2 JiyqlIIHM 011.i!Th 

0Ka3aJIC.iI KOHTPOJIJiep Q-T. 
CJIOlKHOCTh yrrpaBJieHIIJI xapaKTepH3yeT crroco6HOCTh CHCTeMhl yrrpaBJICHIIJI ::iqiq>eKTHBHO 

pacxo.[(oBaTh ::JHeprernqecKHii H rexHnqecKHii: pecypc cncTeMhI. B cJiyqaH peaJIH3aI]HH 

CJIOJKHOro yrrpaBJieHIIJI, H3HOC o6opy.[(OBaHIIJI H 3arpaThl ::JHeprHH 6y.[(yr BeJIHKH. 

CJioJKHOCTh yrrpaBJieHIIJI CAY (pHc. 2.36) paccqHThIBaerc.ii B BH.[(e: 
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P,=1 

_!_ fr (dK)2 

T t=O dt dt 

A 
(2.6) 

A =const 

P11c. 2.39. CJIOJKHOCTI, yrrpaBJieHIIJI B TIIIIOBOH 1111errpe):IBll):le1111oii c11Tya111111. 3Kcrrep11MeHT 

B TIIIIOBOH CIITyal.lIIII yrrpaBJieHIIJI 6onee rrpOCTblM II, CJie/:(OBaTeJibHO, 3¢¢eKTIIBHblM 

yrrpaBJieHIIeM o6na,uaeT KBaHTOBblll KOHTpOJIJiep Q-S. 

2.7. liecrrpoBo):lnaH HacTpoiiKa KHB 

,l(JIJI OCYII.leCTBJieHIIH 6ecrrpOBO,!IHOH HaCTpOHKII KHB ,llaHHOfO ,!IIIHaMIIqeCKil 

HeycTQffqIIBOfO ofo,eKTa IICIIOJib30BaH M0,11yn1, ,!IIICTaHI.IIIOHHOH CBH3II (rrpIIeMa/rrepe):laqn 

,11aHHbIX), BHeIIIHIIH BII,11 KOTOporo IIOKa3aH Ha pIIC. 2.40. 

P11c. 2.40. MoL1yrr1, pa,11110CBJ13II Bluetooth 

BpeMeHHaJI 3a,11epJKKa rrpIIeMa/rrepe,11aqII ,11aHHUX rrpII rrpoae,11eHIIII paccMaTpIIBaeMbIX 

JKCrrepIIMeHTaJIJ,HI,IX IICCJie,lloBaHIIH COCTaBJIHJia 40 MC, ~o ,!IJIH TIIIIOBbIX CIICTeM 
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yupasneHIIH, paCCMOTpeHHI,IX paHee, HBJIHeTCH KpIITIIqHI,JM rrapaMeTpOM. Mcxo,!IH IIX JTOfO, 

cJIT)'al.lIIIO yrrpaBJieHIIH C TaKOH BeJIII-HOH 3a):leplKKII MOlKHO cqIITaTI, JKCTpeMaJIJ,HOH. ,l(rrH 
peUJeHIIH 3a,uaqII yrrpaBJieHIIH 6bm II3MeHeH 3aKOH ¢opMIIpOBaHIIJI yrrpaBJIH!Oll.lefO 

]l03.lleiicTBIIH (2.2) Ha 3aKOH BII/:(a (2. 7). 
3a):la!Oll.lIIH CIIIBaJI CIICTeMbl CTa6IIJIII3al.lIIII B 3TOM cnyqae 3aBIICIIT OT IIHTerpanbHOH 

oUIH6KII, 3TO II03BOJIIIT CIICTeMe ¢YHKI.1IIOHIIpOBaTb B CIITya11IIII C KpIITIIqecKOH BpeMeHHOH 

3a)leplKKOH B CIICTeMe: 

ref = -a · J edt , (2.7) 

file, a - 3KCIIepIIMeHTaJibHO IIO):I06paHHI,IH rrapaMeTp paBHl,IH 0.25. 

BaJKHO OTMeTIITh, ~o ,!IOIIOJIHIITeJIJ,HO Ha BeJIII=Y 3a,[laIOII.lefO CIIrHaJia 61,mo HaJIOJKeHO 

orpaHIIqeHIIe, II ee 3HaqeHIIe He /:(OJIJKHO BbIXO,!IIITh 3a IIpll/:leJibl ,llllaIIa30Ha [-16 ·d6], a BBe,lleHIIe 

3aKOHa yrrpaJJJieHIIH II HOBOH cmyaiu:111 yrrpaJJJieHIIH Tpe6yeT C03/:(aHIIH HOBl,IX E3 Ha OCHOBe 

11H¢opMaIUIOHHI,IX TeXHOJIOrnH rrpoeKTilpOBaHIIH, paCCMOTpeHHI,IX pattee. 

2.8. Mo,11enup0Ba1111e u JKcrrepm\1eHT 

CpaBHIIM pe3yn1,TaTbl, rronyqeHHbie C HCIIQJII,30BaHIIeM KJiaccIIqecKoro IIM,D;

peryJIHTOpa, HP C IICIIOJib30BaHIIeM ,!IIICTaHI.IIIOHHOH HaCTpOHKII II KBaHTOBbIX perynuopoB C 

pa3JIIIqHI,IMII BapIIaHTaMII KOppeJIHI.IIIH. Yron OTKJIOHeHIIH MaKeTa, II pocT IIHTerpanbHOH 

Klla,llparnqnoii OIIIII6KII rrpe):ICTaBJieHbl Ha pIIC. 2.41 - 2.42. 
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P11c. 2.41. Yrorr OTKJIOHeHilJI II IIHTerparr KBa,!1paT11q11oii OII!ll6KII 
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PIIC. 2.42. YroJI 0TKJIOHeHIUI II IIHTerpaJI KBa,11parnqHoli onm6KI! 

lfa rrpe.[ICTaBJICHHblX pIIC)'HKOB B11.[IHO, qTo HP Ha OCHOBe oc C MaKeTa crrpaBIIJICJI C 
3a,11aqeii yrrpaBJICHIIJI B 3KClpCM3JlbHOH C1ITya1(1III C IICITOJlb30BaHIIeM .[IIICTaH1(1IOHHOli 
Hac-rpoiiKII JiyqIIIe OCTaJibHblX peryJlJITOpOB. OTMCTIIM TaK)Ke qTQ rr11.n; - peryJlJITOp c 
IIOCTOJIHHblMII K03<p!plI1(1ICHTaMII He crrpaBIIJICJI C 3a.z:1aqeii yrrpaBJICHIIJI ( CM. pIIc.2.41 ). 
II0.z:16op K03!p!plI1(IICHTOB IlH,n; - peryJIJITOpa .[IJIJI .[laHHOH CIITya1(IIII OKa3aJICJI KpaliHe 
TPY.LIOCMKIIM rrpo1(eCCOM II, KaK .[ICMOHClplIPYJOT pe3yJibTaTbl 3KCIIepIIMCHTa, 1(CJlb 
yrrpaBJICHIIJI He .[IOCTIIraeTCJI. 

KBaHTOBbIH perym1rnp Ha OCHOBe rrpoc-rpaHCTBeHHOH KOppeJlJl1(IIII (Q-S p1IC. 2.42), 
Hac-rpoeHHblH C IICIIOJib30BaHIIeM .[IIICTaH1(110HHOro COC.[IIIHCHIIJI, crrpaBIIJICJI C 3a/:(aqeli 
yrrpaBJICHIIJI 3<p<peKTIIBHee OCTaJibHbIX peryJIJITOpOB. 

2.9. 0611(HC Bh!BO/:(bl 

CospeMeHHb!e MCTO.[lbl TeOplIII yrrpaBJICHIUI o6Jia.[laIOT MeTO/:(aMII .[IJI.JI C03.[laHIIJI 
CIICTeM yrrpaBJICHII.JI .[IJI.JI XOpOIIIO OIIIICaHHblX II xopOIIIO q>OpMaJIII30BaHHblX CIITya1(IIH 
yrrpaBJICHIIJI. O.[IHaKo, KaK IIOKa3bIBaeT rrpaKTIIKa, CIICTCMbl yrrpaBJICHII.JI qacTO CTaJIKIIBaIOTCll 
C Herrpe.[IBII.[ICHHblMII c11rya1(11.J1MII yrrpaBJICHIIJI. Ilpe):(CTaBJieHHaJI TCXHOJIOrII.JI KBaHTOBoro 
HeqeTKOro Bb!BO.[la, He pa3pYIIIaJI Hil)KHIIH IICIIOJIHIITeJibCKIIH ypoBeHb yrrpaBJieHIIJI, 
06ecrreq11saer CIICTeMy .[IOIIOJIHIITCJlbHblM CBOHCTBOM po6aCTHOCTII, TOJlbKO 3a cqeT 
IICIIOJlb30BaHII.JI rrporpaMMHO ·_ anropIITMIIqecKoro o6ecrreqeHII.JI. 

IlpoBe.[leHHbie 3KCrrepIIMCHTbl II MO/:(CJIIIpOBaHIIe IIOKa3aJIII, qTo IIHTeJIJieKTyaJibH0C 
yrrpaBJICHIIe II03BOJIJICT B Herrpe.[IBII.[ICHHblX CIITya1(II.JIX yrrpaBJICHIIJI rapaHTIIpOBaHH0 
.[IOCTIIraTb 1(CJIII yrrpaBJICHIIJI C MIIHIIMaJibHb!M pacXO.[IOM pecypca, qTo no CBOeii cyTII 
o-rpa)KaeT Ha CO):(ep)KaTeJibHOM ypOBHe caMo orrpe.z:1eneH11e 1(CJieHarrpaBJICHHOH .[ICJITCJlbHOCTII 
11CY. 

Ilpo.z:1eMOHClpIIpoBaHo CYJ1(CCTBOBaH11e Herrpe,LIBII.[leHHbIX CIITya1(IIII yrrpaBJICHII.JI, B 
KOTOpb!X HP He o6Jia.[laIOT -rpe6yeMbIM KaqecTBOM po6aCTHOCTII, a KBaHTOBblH HeqeTKllli 
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peryJIJITOp (Ha OCHOBe 3TIIX )KC HP) crrpaBJlJleTCJI C 3a.z:1aqeii yrrpaBJICHII.JI Ha -rpe6yeMOM 
ypoBHC KaqeCTBa yrrpaBJICHIIJI, qTO IIO.[ITBep)K,LlaeT pean113a1(IIIO rrpIIH1(IIIIa caMOOpraHII3a1(IIII 
63 3a cqeT IICIIOJlb30BaHII.JI anropIITMa KHB. 

B pa6oTe rrpo.z:1eMOHClpIIpOBaHO rrp11MeHeH11e KBaHTOBblX BbJqIICJICHIIH Ha 
J(JlaCCIIqecKOM rrpo1(eccope B pe)KIIMe peanhHOrO BpeMeHII. Pe3yJibTaTbl MO.[ICJIIIpOBaHII.JI II 
3KCIIep11MeHTOB 110.[ITBep)K.[laIOT IIOJIC3HOCTb IICIIOJlb30BaHII.JI CKpb!TOH KBaHTOBOH 
11H1pOpMa1(1III, 113BJieKaeMOH 113 HCJIOKaJibHblX KoppeJIJI1(IIH KJiacc11qecKIIX COCTO.JIHIIH 
K03<p!p111(IICHTOB yc11JieHIIJI, B rrpo1(eccax yrrpaBJICHII.JI. 

TaKIIM o6pa30M, IIOKa3aHa 3<p<peKTIIBHOCTb II He06XO.[IIIMOCTb rrpIIMCHCHII.JI 
KBaHTOBbIX Bb1q11cJieHIIH II anropIITMOB yrrpaBJICHII.JI He TOJlbKO .[IJIJI KBaHTOBbIX CIICTeM, HO II 
J:Vlll KJiacc11qecK11x OY. 
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KOHTpOJibllhle BODpOChl K rnane 2 

CrpYKTypa MaTeMaTnqecKou II KOMIThrorepHOH Mo,11en11 OY. 
3rarrbl rrpoeKrnpoaaHID! E3 ,!IJIJI HeqerKoro perynJiropa. 
BepmjmKaQHJI II recnrpoaaHne o,11en11 OY. 

MeTO,!IHKa rrpoae,11eHID1 3KCrrepnMeHTa B aBTOHOMHOM II y,11aneHHOM pelKHMax 
<jiyrIKQHOHHponaHHJI OY. 

IIHreprrpeTaQID! pe3yJibTaTOB MO,!ICJIHpoBaHHJI II HaTypHoro 3KCITepnMeHTa. 
CrpYKTypa HeHpOHHOH cern rrpoeKrnpoaaHHJI E3. 
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fna»a 3. IlpoeKr11posa1111e poliacrnou HCY polioToM-MammynnTopoM: np11Menen11e 
063 na KBaUTOBhIX BbJq11CJie1111HX 

IlpHHQHITHaJibHOH oco6eHHOCThIO B rrocrpoeHHH MHOf03BeHHbIX MaHHIIYJIJIQHOHHbIX 

ycrpoiicTB JIBJIJieTCJI MO/:IYJJbHOCTb, KOTOpaJI o6ecrreqnaaer a,!laIITHBHOCTb 11 
peKOH<jJHrypnpyeMOCTh ,!IHHaMnqecKOH CTPYKTYPbi B COOTBeTCTBHH C pewaeMOH 3a,11aqeii. 

3a,11aqeii yrrpaaJieHID! a rrpnMeHemrn K H36bITOqHoMy po6ory-MaHHITYJIJITOPY 

JJBJIJ!CTCJI: 
I. o6ecrreqeHne 3a,11aHHOH roqHOCTH II03HQHOHHpOBaHID! ycrpoHCTBa 3aXBaTa 

MaHHIIYJIJITOpa; 
2. orrpe,11eneH11e rrpocrpaHCTBeHHOH KOH<ji11rypan1111 3BeHheB MaHHITYJIJITOpa 

(HHBaprrnHTHOCTb 06ecrreq11aaeTCJI H36bITOqHOCTbIO qncna CTerreHeH CB060,11br) C 

yqeTOM Herrpe,!IBH,!ICHHbIX <jiaKTOpOB cpe,!lbl. 

Hcxo,11JI 113 3a,11aq yrrpaaneHIDI, K KOHcrpynpyeMoii HCY rrpe,11nJIBJIJIIOTCJI rpe6oaaHHJI, 

c o,!IHOH cropoHbI, 06I11ero KaqecTBa yrrpaaneHHJI (a rrepayro oqepe,11b, 06ecrreqeHID1 
)lOCTaTOqHoii TOqHOCTH II03HQHOHHpOBaHHJI ), . a C ,11pyrou, K J<ji<jieKTHBHOCTH anropHTMOB 

perneHHJI o6paTHOH 3a,11aq11 ,1111HaM11K11. YaennqeHne CJIOlKHOCTH CTPYKTYP o6neKTOB 

yrrpaBJieHID! II TPY/:IHOCTH rrporH03HpOBaHID! Herrpe,11BH,!leHHbIX cnryaQHH yrrpaaneHHJI 

ycHJIHBaIOT BHHMaHHe K ITOHCKY peIIIeHHJI 3a,11aq11 rapaHTHpOBaHHOfO yrrpaaJieHHJI B 
ycJIOBHJIX pncKa B03HHKHOBeHIDI HeIIITaTHblX CHTyaQHH. 

IIocrpoeHne HCY po6oTOM MaHnrrynJITopoM B03MOlKHO c rrpnMeHeHneM rexHonornu 

MJlfKHX BblqHCJieHHH. B [I] paccMorpeHbI B03MOlKHOCTH rrpoeKTnpoBaHHJI HCY po60TOM 

MaHHIIYJIJITOpOM C rpeMJI CTerreHJIMH CB060,11bI C e,!IHHOH E3, a TaKlKe MeT0,11 ,11eKOMIT03HQHH 
yrrpaaJieHHJI. bbIJIO rrpo,11eMOHCrp11poBaHo, qro HCITOJib30BaHHe e,!IHHOH E3 rrpHBO,!IHT K 
yaennqeHHIO CJIOlKHOCTll C03,!laHHJI E3, yaennqeHHIO BpeMeHH C03,!laHHJI E3, ITOBbIIIIeHHIO 

TJ)e6oaaHHH K BbrqncJIHTeJibHb!M pecypcaM rrponeccopa, Ha KOTOpOM C03,!laIOTCJI E3 II 

o6neMy rraMJITH CHCTeMbI, B KOTOpOH pa3MeI11aeTCJI E3. .ll:eKOMIT03HQID! yrrpaBJieHHJI -

pa3,11eneH11e e,!IHHOH E3 Ha HeCKOJibKO He3aBHCHMbIX E3 - 3HaqnreJibHO yrrpoI11aeT rrponecc 
npoeKTHpOBaHIDI HCY II CHHJKaeT rpe6oBaHHJI K BbrqncJIHTeJibHb!M pecypcaM. O,11HaKO a 

pe3yJibTaTe paccornacoaaHID! pa60ThI pa3,11eneHHbIX He3aBHCHMbIX E3 HeCKOJibKO CHHlKaeTCJI 
KaqecTBa yrrpaaneHHJI. 

B ,11aHHOH rnaae MJI ycrpaHeHHJI OTMeqeHHOfO He,!IOCTaTKa paccMorpeH MeT0,11 
opraHH3aQHH KOOp,!IHHaQHOHHOro yrrpaBJieHIDI C rrpnMeHeHHCM TCXHOJIOrHH KBaHTOBbIX 
BbJqncneHHH [2]. 

3.1. IlocTaHOBKa la,[laqn yrrpaBJieHHH 

CncTeMa yrrpaaJieHHJI C pa3,11eneHHb!M yrrpaaneHHeM Ha OCHOBe TeXHOJIOfHH MJifKHX 
BbrqncneHHH, crrpoeKTnpoBaHHaJI C ITOMOlllbIO HHTeJIJieKTYaJibHOro HHCrpYMeHTapHJI -
0rrTHMH3aTOp Ea3 3HaHHii Ha OCHOBe MJII'KfIX BbJqncJieHHH, rrpe,11CTaBJieHa Ha pnc. 3. I. 3,11ecb 

IICIIOJib3YeTCJI crroco6 ,11eKOMIT03HQHH yrrpaBJieHHJI, Kor,11a KalK,!lb!H HP C 3aJIOlKeHHOH E3 

0TBeqaer 3a yrrpaBJieHne 0,!IHHM 3BeHOM ( crroco6br ,11eKOMIT03HQHH yrrpaBJieHHJI paCCMOrpeHbl 
B [3]). 
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Ki=[Km KJii&i. 

K2=[Km K/l2 K112] 

K1=[Km K;u Km] 
TS] mil4 q1 I ~ l 

i◄ 

HHTeJJJieK'I)'aJJbHaJI Hil,IICTpOllKa Ha OCHOBe O 63 Ha MXrKIIX BbJqncneHl!Jlx 

'3 

lj_J 

'l 

q2 

'I 

E 

LJ 
(! 

s(t) lm(t) 

Puc. 3.1. HCY Ha ocHoBe OE3 Ha WirKllX Bh1qncnemrnx 
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Ha pnc. 3.lo6oJHaqeHo: Qr,J - BOJ.neiicrnyiornnii (3a.na10rnnii) cnrnan, Q' -

JIJMepeHHaJI perynnpyeMaJI ae;mqnHa, E = [i:1 i:2 i:3 ] onm6Ka yrrpaBJieHIDI 

(n03llUII0HIIp0BaHIIJI TJ)eX 3BeHbeB ), K ru 'K l1i' K lli' i = 1,3 - nporropUII0HaJihHbie, 

.uncpcpepeHUIIaJihHhIC II IIHTerpanbHhie KOJq>qlllUIICHThI IIII,Zl;-peryJIHTOpa, i - H0Mep 

co0TBeTCTByK>IIIero 3BeHa po6orn MaHIIIIYJillT0pa, s(t) - orpaHIIqeHIIe yrrpaBJIJIIOIIIero 

B03,IlCHCTBIIll, U = [u1 u2 u3 ] - yrrpaBJIJ110II1ee BOJ,lleii.crnIIe, d(t) - JaAep)KKa B IIC, 

TS;, i = 1,3 - 06yqa10rnIIii CIIrttan coorncrcrnyiornero HP, Q = [q1 q2 q3 ] 

peryJIIIpyeMaJI BeJIIIqIIHa (IIOJIO)KCHIIe C00TBeTCTByK>IIIero 3BeHa), m(t) - BHenrnee 

B03,lleii.CTBIIe cpe,llbl. 

lI3 pIIC. 3 .1 BII,llH0, qTo Ja.naqeii. IIHTeJIJieKTYaJihHOH HaACTJ)OHKII CB0,llIITCJI K 

Haxo)K,lleHIIIO KOJ<pqmuIIeHTOB IIII,ll;-perymITopaKru,Kw,Kru, i = 1,3, rrpII K0T0phrx 

06ecrreqIIsaeTcJ1 )KeJiaeMhiii xapaKTep .llBII)KeHIIll. 

O.nHaKo B rrpe.ncrnsJieHHoii CTJ)YKTYPe KOJqlqlIIUIIeHThI IIII,Zl;-peryJIHTopa ,llJIH 

Ka)K,ll0ro 3BeHa orrpe.neJIHIOTCJI He3aBIICIIM0 .npyr OT .npyra, BCJie,llCTBIIe qero B03HIIKaeT 

paccornacosaHIIe yrrpasJieHIDI. 

,Zl;Jill opraHII3aUIIII K00p,llIIHaUII0HH0r0 yrrpaBJieHIIJI B IICY Ha 0CH0Be MHrKIIX 

BhJqIICJieHIIH C pa3,lleJieHHhIM yrrpaBJieHIIeM, M0)KH0 IICII0Jih30BaTb II3BJieqeHIIe CKphITOH 

llHq>OpMaUIIII 0 B3aIIM0CBJl3JIX, cymeCTBYJOIIIIIX HP ,llJIH TJ)eX 3BeHheB MaHIIIIYJIHT0pa C E3, 
II0JiyqeHHhIMII ,llJIH llITaTHhIX CIITyaUIIll yrrpaBJieHIIJI. ,Zl;JIH 3T0ro B 6JIOK IIHTeJIJieKTyaJihHOll 

Ha,IICTJ)OHKII Heo6xo,IIIIMO BKJIIOqIITh 0606rna10rnee 3BeH0. 

Mu IICII0JihJyeM ,IIJIH 3T0ro M0,lleJib KHB, 0CH0BaHHYJO Ha qlIIJIIqeCKIIX JaKoHax 

Te0pIIII KBaHT0BhIX BhJqIICJieHIIll [ 4+ 7] II IICII0Jih3yK)IIIyKl qeTb!pe orrepaTopa: 

cyrreprr03IIUIIIO, KBaHT0BYJO KoppeJIJIUIIIO, IIHTepqiepeHUIIIO II II3MepeHIIe. IIepBbie TJ)II 

JIBJIHIOTCJI yttIITapHbIMII, o6paTIIMhIMII KBaHT0BhIMII orrepaTopaMII, a qernepTblll ( orrepaT0p 

ll3MepeHIDI) - KJiaCCIIqeCKIIM (Heo6paTIIMhIM). 

PaCCMOTJ)IIM MexaHII3Mhl II0,IIKJIIOqeHIIJI KHB K CIICTeMe HP ,llJIH rrpoeKrupoBaHIIJI 

o6o6rneHHhIX CIIrHaJI0B yrrpaBJieHIDI. 

3.2. IlpoeKTIIpOBaHue HIITeJIJieKTyaJILIIOll CHCTelllhl yupaBJieHIIH C npmue11eHue111 

KBaIITOBOro 11e11eTKOro Bh!BO,lla (KHB) 

CxeMa II3BJieqeHIDI CKpb!TOll IIHqlOpMaUIIII 0 B3aIIM0CBJ13JIX, cymeCTBYJOIIIIIX HP ,IIJIJI 

rpex 3BCHhCB MaHIIIIYJillT0pa C E3, rroJiyqeHHhIX ,IIJIJI IIITaTHhIX CIITyaUIIll yrrpaBJieHIIJI C 

llCII0Jih30BaHIIeM 6JIOKa KHB, rrpIIBe,lleHa Ha pIIC. 3.2. 

,Zl;JIH rrpoeKTIIp0BaHIIJI 6JIOKa KHB IICII0Jih30BaJICJI IIHTeJIJieKTYaJihHhIH 

IIHCTJ)YMeHTapIIH - OIITIIMII3aTop 6aJ 3HaHIIll Ha KBaHT0BhIX BhJqIIcJieHIIJIX. 

CxeMa rro,11KJI10qeHIIJ1 6JioKa KHB B IICY rrpe.ncrnBJieHa Ha pIIc. 3.3, Ha K0TopoM 

BhI,lleJieHbI 6JIOKII, crrpoeKrupoBaHHhie C IICII0Jih30BaHIIeM TeXHOJIOrIIH MllrKIIX II KBaHT0BhIX 

BhJqIIcJieHIIH. ,ll;anee IICY c IICII0Jih30BaHIIeM .naHHOH IIHTeJIJieKryanhHOH Ha.llCTJ)OHKII 6y.neM 

HaJhIBaTb IICY Ha 0CH0Be OE3 Ha KBaHT0BhIX BhJqIIcJieHIDIX. 
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FCI .l-'IJI ynpaBJieHIIJI rrepBbDI 3BeHOll 

IIJ111a/llHQJ! CUTll)"al/llJI 

FC2 ;J.'IJI ynpaB..'IeHIIJI BTOpbDI 

3BeHOll lll/lla/llHQJ! CIITIIJGIJIIJI 

FC3 .l-'IJI ynpaBJieHIIJI TpeTLIDI 3BeHOll 

IIJ111a/llHQJ! CIITll)'GIJIIJI 

KHB 

Paooraa yc.1oam1x 
- IIJ/lla/llHOII 

Clllll)'al/ II II,' 

- Henpeos11oe11Ho1'i 
Clllll_l'Gl/1/1/] ,' 

- HenpeasuoeHHot'i 
CIIIIIJal/1111] ,' 

- HenpeosuoeHHot'i 
Clllll)'GIJIIIIN 

Pwc. 3.2. MerOAOJIOrmI H3BJie'!eHHe CKpbITOii HHCpOpMaIIHH B3aHMOcmneii E3 HP, 

CK0HCTpynpoBaHHblX MJI IIITaTHb!X CHTyanwii ynpaBJieHirn 

-------------------, -----1 r-
--------- I K

3
=[KmKmKm] I HP3 I 

I 
Ki = [Kh3 K'm · K~3j 

I 

'Ki[KmKmKm] : f=[Kh2 Kp2 K~il 

I 
I K{ = [K~1 Kp1 K~J 

1,32 

K1=[Km Kai Km] IHP!7-; 
I ·· . · .L_J I I ~ f 
L - - - - - - - - - - - - - I I - - - - - - - - ~---------' - - - - - - - J 

I1p11MeHeH11e rexHonornii 

KBaHTOBhIX Bb1q11cneHHH 

I1p11MeHeH11e reXHonornii 

WITKHX BhJqHCnemiii 

llmenneKryanhHaJI Ha11crpoiiKa Ha OCHOBe OE3 Ha MllfKHX BhJq11cneHHJIX 11 0606maIOII1HM 

6noKOM KHB Ha ocHoBe OE3 Ha KBaHTOBhIX Bh1q11cneHHJIX 

PIie. 3.3. IfHTeJIJieKTyaJILHM HaACTpOiiKa CTPYKTypbl HCY Ha 0CH0Be OE3 Ha KBaHTOBbIX II MJirKIIX 

Bbl'IHCJieHirnx 

3.3. IlpoeKTHpOBa!IHC M0,[(CJIH KBaJITOBoro neqenrnro BLIBo,n:a c H0M0ID:LIO 

OnTHMH3aTopa 6a3 311a1111ii Ha 1rnaHT0BLIX BJ,JqJICJICIIIIHX 

IlpoeKTHpOBam1e KHB BKJIIO'!aeT OilHCaHHYIO HHlKe IlOCJIC,[(OBaTeJILHOCTb .n:eiiCTBHH, 

Illar I. C03,n:aH11e HOBoii M0,n:en11 KHB. 

,ll;JIJI co3,n:aHHJI HOBoii Mo,n:en11 KHB BO BKJia,n:Ke «File» Bh16paTb <<New». ,ll;JIJ1 co3,n:aHIIll 

HOBOH M0,[(CJIH Heo6xo.n;HMO orrpe,n:eJIIITb KOJIIl'!CCTBO BX0,[(Hh!X II Bh!XO,[(Hb!X rrepeMeHHblX 

(rroJIJI «Input count» II «Output count» Ha p11c. 3.4), <jlopMaT MarpHIJhI KoppeJIJ1IJIIII (none 

«Correlation size»). 
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KoJIIl'ICCTBO BXO,[(Hb!X II Bh!XO,[(Hh!X rrepeMCHHhIX paBHO KOJIIl'ICCTBY K03<jJ<jJIIIJIICHTOB 

n:11,n;-peryJIJ1TOpaKrr;,K11;,Klli, i = 1,3, r.e. ,[(CBJITII. 

l ,1!"2J Create neew . • .· 1-~"Y 11-=-1 f . - ' - - . _,_.. ,,_ - . ,. - . t 

I J Input count : , 9 @3/ ! 
Output count·: , 9 @3\ [ 
Correlation size :- , 6 ~j 

Model ~me ste:p -:- ~.r 1:'?(? s @3~ f, 

Correlation delay : 0,..000 s ~'. tf - . I 
:Initial ex>rrelatlon:: j 

I Space mrrelation · ._·I t 
C)k.• · I 

Pwc. 3.4. Orrpe):(eJieHHe K0JIH'!ecrna BX0AHblX w BblX0AHbIX rrepeMeHHbIX, <J.:,opMaTa MaTpHIIbl 

K0ppeJIKl)IIH 

Illar 2. C03,n:am1e rncrorpaMM pacrrpe,n:enemrn aMrrn11ry.n: BepoJITHOcreii. 

,ll;nJI ,[(aJibHCiiIIIero y,n:o6crna pa60Thl npe,n:BapIITCJibH0 rrepeIIMeHyeM BXO,[(Hhie II 

BbIX0,[(Hbie rrepeMeHHbie. ,ll;nJI 3TOro BO BKJia,n:Ke «General» COOTBCTCTBYIQll)IIC IIOJIJI «Input]», 
<Jnput2», «Outputl», «Output2» 11 T.,[(. 113MCHIITh, HanpIIMep, KaK IIOKa3aHO Ha pHC. 3.3. 

?;:.~.~~:.i;::~-~::~~;:~.\;:, ':~--,a.:;:, s,-<::=~<7-~> ,~~\:_,'~+:' :\:·:~., ;.-~\<:';'.:f~;<~,~!".,~/:":::.::~ -:" ::_ ,j;\ ',.';½~:~:: .·- <<,:· ___ ,:«:•,-~,.,.~',:;:.,~J 
(~}f~xnterfac,eP'tugin,<~"""."' I: Corw,,ect:, R.un r «=re•teHistDgr- C>ptirnlae 

"; i I Generallz-auan c=:~ I 

r~ I Xnput ----~ ■ J:r,p..,,t I 
Time •ties> :t .0--:-100--;-----rfl Delay time I 

; N.-me • Decc,,de 

~ ~nput 1 fves 
2 Input 2 i Ves ,, 
3 Input 3 J Ves 

~~'lnput4 jves 
S Input S j Ves 

f5 .lnp-.rt:6/Ves 

, ·1~~7lv-
a -ln~uta jv-. 
9 Input. 9 / Ves 

OU_,., 
5eale coefficients 

Scale 

o·· 

¢ 

~ :. Name Decode 

v
Ves 

v-

v
v

v

v-

;ves

•v-

Name Sc:•lej_ 

K~1_c,,~ ;1 

1 

1 

1 

1 

1 

1 

1 

1 

P11c. 3.5. O6o3Ha'leHHe BX0AHblX H BbIX0AHblX rrepeMeHHblX 
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,[lull C03)laHIIJI rHCTOrpaMM pacnpe)leneHHll aMnnHTYJl BepOllTHOCTeH He06Xo)lnMo 
HCnOnb30BaTb CHrHaJibI Ha Bb!XO)lax HP, nOn)"IeHHbie ( coxpaHeHHbJe KaK *.pat HJIH *.mat 
¢annhr). 

HarrpHMep, HMeeM rpn cHrnana c rpex HP B BH)le ra6nm:~ (Ta6~a 3.1), 

r)leEru,E)l;,Eru, i = 1,3 rrponoprwoHaJibHbie, JlH¢¢epeHJWaJibHbie H HHTerpaJibHbie 

ollill6KH,Kru,K)li,Klli, i=l,3 - rrponoprwoHaJibHble, JlH¢¢epeHJWaJibHhre H HHTeI'paJibHbie 

Km¢¢m:ureHTuI Illl)J;-peryJIJ1TOpa, i- HOMep COOTB=B)'IOIIIero 3BeHa po60Ta MaHIIIIyJIJITOpa. 

Tao;rnna 3.1. 
CnmaJI na BLIXOJ.le HP 

Err; E)'(i Eru Km K)'(; Kw 
-95 -4750 -1.9 210.758 273.137 874.418 
-91 -4550 -3.72 346.685 586.245 126.574 
-88 -4400 -6.48 18.387 323.941 628.321 
-87 -4350 -1.74 574.762 501.076 987.793 
-85 -4250 -7.18 272.038 66.453 851.560 
-83 -4150 -3.4 451.011 74.449 443.122 
-82 -4100 -8.82 74.128 326.635 653.59 
-80 -4000 -5 961.074 700.008 339.223 

)];JIJi C03)laHIIJI rHCTorpaMM He06XO)lHMO Bb16paTb MeHJo «Create Histograms». B 
OKHe «Populate from file» Bhr6parh ¢aHJI c )laHHbIMH ( <<Select data file»). Ilocne Ha)KaTnll 
KHOnKH «Load» nOllBHTCll HH¢opMaQHll O KOnnqecrne C'fPOK H CTOn6noB B 3arpyxceHHOM 
¢anne. B )laHHOM npHMepe (pnc. 3.5) no)lrpyxceH ¢ann, CO)lep,I<aIIIHH H3 168 crpoK n 6 
crnn6noa (coornercrneHHo Ta6nnne 3.1). 

,l.l;anee Heo6xo)lHMO Bb16paTb BXO)lH)'IO nepeMeHH)'IO, )lJIJI KOTopon C03)laeTCJI 
rncrorpaMMa (none «Update histogram for channel») H au6paTb cron6en HJIH CTpOKY c 
)laHHbIMH (none «Use Column/Row»). B HaIIIeM npnMepe Bb16npaeM BXO)lHyIO 

nepeMeHH)'IO Km n COOTBeTCTB)'IOIIIHH en qernepTbIH CTOn6eu. 

Cne)lyeT o6paTHTb BHHMaHHe, qr~ BXO)lHbie CHrHaJibl )lOnlKHbl 6bITb 
HOpMaJIH30BaHHblMH, qro MOlKHO C)lenaTb, 3a,n;aB MaCIIITa6Hblll KoJ¢¢nuneHT (none «use 
scale») H CMeIIIeHHe (none «offeet»). ,[lull paccMarpnaaeMoro npnMepa, KoJ¢¢nune11TbI 
III1,l.l;-peryJIJ1TOpa H3MeHlllOTCll B )lHana3oHe OT O )lO 1000, cne)lOBaTenbHO, HCnonb3yeM 
MaCIIITa6Hblll KOJ¢¢nuneHT, paBHblll 0,001. 

IIocne HaJKaTHJI KHOnKH «Make histogram» nonyqaeM rncrorpaMMy pacnpe)leneHHll 

)lJIJI nepaon BXO)lHOH nepeMeHHOH KHB -Km. 

AHanornqHbIM o6pa30M C03,ll;aIOTCll rHCTOrpaMMbl pacnpe)leneHHll aMnm1zy)'( 
BepOllTHOCTell )lJill )lpyrnx BXO)lHbJX nepeMeHHblX. 
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r . _ 1 -- ~--- _ I ,,.. - I r,_J I I -Ccn1edal 
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Loaded data in range 0.003·1 

£,npty 
o.oa~ I I / . ll 

£,npty ~ o.06~ I JI ll 
Empty 

SfKdZ Empty 

1. Sdect data fie 

~J!"'_Y4_;,o_1:pSJnaJldd_09_,,... _;1lll3_v_t,!:CJ<BCU, . .,3_3c,ua,t/SCO/TS1J«J3_Lpat J ~ 

hs'.!-~N•t=I 
Fie art1ains 168 rows B'1d 6 mlmns. 

2. Popula"' data,-~--.., 
""" (C.U-:1.:~:J !4_ .@ . --moc1e -[~---. _-__,-__ -_-.. ---.-.l':ff?',-.. ~-::-:s-,~\-7'--1 

....,scai., jo,00100 ____ @1 affiaet lo,00000_JB 
l."'1a"'11s1Dgarnfilrtt..TH!I l"Ph-,cr••,J ... , 

1 .,. Ckooe ~,, I 

Pnc. 3.6. C03i:1attne rncTorpaMM pacnpei:1eneHI1J1 Mll nxo,n;HbIX nepeMeHHb!X 

Illar 3. Onpe)leneHHe MarpHUbl KoppeJIJ1UHH. 

-~ 
ij 

·" 

~ 

~ 
I 

I 
ii 
i 
~ ; 
~ 

' I I 
~ 

Bo BKJia)lKe «Generalization» B 110ne «Correlation matrix» (pnc. 3. 7) npHBe)leH 
nepBOHaqaJibHO npe)lJIOJKeHHblll BH)l MarpHUbI KoppeJIJIUHH. KonnqecTBO crpoK MarpHUbl 
KoppeJIJIUHH paBHO YJlBOeHHOMY Konnqecrny BXO)lllb!X nepeMeHHblX (T.K. Marpnua 
KoppeJIJIUIIH CO)leplKHT peaJibHb!e n BHPTYaJibHbie COCTOllHHJI), KOnnqecrno CTOn6uoa 
onpe)leJIJleTCll nonb30BareneM rrpn C03)laHHH HOBOH MO)lenH KHB KoppeJIJIUHH (none 
«Correlation size» Ha pnc. 3.4). 

Bbr6op THna KBaHTOBOH KOppeJIJIUHH (npocrpaHCTBeHHOH, npocrpaHCTBeHHO
BpeMeHHOH nnn apeMeHHOH) ocYIIIeCTBJIJleTcll B none «Change correlation» 

KpoMe Toro, CYIIIecrnyeT B03MOJKHOCTI, 3a)laTb MarpHUY KoppemIUHH noJneMeHTHO, 
Kai( IlOKa3aHo Ha pHC. 3.7. 
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-1-¢------------------------, 

Tll!si!p:~~-:~ ltbµlmi~l:~:~leii~l 
i Nine i Decode 

I,., l\is 
,"I" I 
I ' 

Hdl !\is 
J 

3 ra IYes 
I 

4!(p2 l\is 

S
1
U1 f Yes 

-.-• 
~Cllebt 

! Nine i SGile 

li[pl_o!i \1 

I 
2

1
(dl_011 ii 

, 3
1
[lJ_IJIA 11 

4
1
(p2_N J1 

Sird2_1!1A 11 

i,Ki2.0IA 11 

1,[p3_1!1A 11 

!• 

Cmrflaliillmaliil 1 ...... 1~1 
l· 1 2 i 3 4 I s i i I· i 

~I 
lwrs1 (dlreal (llflll (p2rsl 
I 

Ki21!l! 

rpzw1ua1 /ww1ua1 [p!Ollli!ual (dlvirtual (llvirtual Ki2virtual 
- [pl-¥d 

(dl_olirerl, 
[plvirtual 

Ki!l!ll KpZri.1 Ull!ll 1Ki21!l! Kp3rril 
[pl-¥d 

(dl_oijviluil 
(dlllif 

Ki!virtual [p2virtual Jwvutua1 iKi2virtual Kp3~rtual (dl-¥d 

Kil_OIAreal 
(dlvirtual 

(p2rril Ulrsl Ki2real ! Kdl!!il (dl-¥d i[p3rril 

Kil_Oltvitual 
Kil!!il 

' (p2virtual Ulvirtual Ki2virtual l[p3virtual jKdlwtual Kil-lied 

'llii20Llreal rnlrtaf 1(4111lf Ki2rea! lrnJl!ill ' I i[dl!!il Kil!!il ' 

Pnc. 3.7. Orrpe,uenettne MaTpHllhI Koppe!IllllHH 

B HarneM rrpnMepe 6y,ueM paccMarpIIBaTu lpII Tirna cMerneHHhIX MaTp1111 Koppe~if. 
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IJpocmpaHCm6eHHaR. 3aBIICIIMOCTb BhIX0;\HLIX CIITIIaJI0B K ~- new (t ), K;- new (t ), K :1- new (t) 

0
npe,uemiercJI KOppeJIJ1111Ieif cne,uyioll.(IIX Ha6opoB BX0;\HLIX Km<jlqm1111eHT0B: 

VCm {t),KJII (t ),Knz(t),K11.i{t),Km(t),K11.3 (t )}➔ K~;w(t) 

VC /J.l (t ),Km (t ),K ,uz (t ), Kn2(t h K JIJ (t ), Km (t )}➔ K'j/('(t) 

VCm (t \K111(t),Km(t),Km(t),Km(t),Km(t)}➔ K~;w(t) 

VCm (t ), K 11.i{t ), Km(t ),K11.it ),K111 (t ),K11.i{t )}➔ K~;w(t) 

{K 11.z(t ),Kni{t ),K 11.it ),Km(t ),K /1.i{t ), Km (t )}➔ KE;w(t ), 

VCnit ),Km(t ),Kn3 (t ),Km(t ), Km (t ),K111 (t )}➔ K~;w(t) 

VCm(t ), K,uit ),Km(t ), K 11.lt ), Km(t ), K 11.z(t )}➔ K~;w(t) 

VC,uh\Knit ),K 11.h ),Km(t),K /1.i{t ),Kn2{t)}➔ KE;w(t) 

{Km(t ),Km(t\Km(t),Km(t),Kn2(t),Km(t )}➔ K~;w(t) 
r11.e Ka)KJlhlll Ha6op JIBJIJleTCJI 3arryrnHHhIM C0CT0JIHl!eM: 

I a1a2a3a4a5a6) = I Km (t \Km (t ), Km (t ),KJl1 (t ), K,u2 (t ),K,uit )). 

IlpocmpaHcmeeHHo-epeJ<teHHaR." 

VCm (t ),KJl1(t-M ),Krrz(t ),K11.2 (t -M ),Km(t ),K,uit -1'!,.t )}➔ K~~w(t) 

VCJ1t (t ),Km (t-M ),K,u2(t),Kni{t-M ),K,u3(t ),Km(t -M)}➔ KE~w(t) 

VCm(t ),Km (t -1'!,.t \Km(t ),Krrz(t -M ),Knit ),Km(t -M )}➔ K~~w(t) 

VCm(t),K 11.it-M ),Knit ),K,113(t -M ),Km(t ),K11.1(t-M )}➔ K~;w(t) 

VC,ui{t ),Kn
2
(t-M ),K11.3(t ),Km(t -M ),K11.i{t ),Km(t-M )}➔ KE;w(t). 

VCnit),Km(t -1'!,.t ),Kn3(t ),Km(t-1'!,.t ),Km(;),K111 (t -M )}➔ K~;w(t) 

VCm(t),K,u3(t -M ),Km(t ),K,ui{t -M ),Km(t ),KJl2(t -M )}➔ K~;w(t) 

VCJ13(t ),K10{t -M ),K,u1 (t ),Km(t -M ),K11.2(t ),K11i{t -M)}➔ KE;w(t) 

VCm(t),Km(t -1'!,.t ),Km (t ),Km(t-M ),Kn2(t),Km(t-M )}➔ K~;w(t) 
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BpeMeHH{lfl; 

{Km (t ),Krrz(t ),Km(t ),Km (t-At ),Krrz(t-At ),Km(t-At )}➔ K~1w(t) 
V(,111(t ),K,112(t ),K,113(t ),K,111 (t-At ),K,112(t-At ),K,113(t-At )}➔ K;'ifw(t) 

¥(111 (t ),K112(t ),Km(t ),K111 (t-At ),Kn2(t-At ),Km(t-At )}➔ K~fw(t) 

{Krrz(t ),Km(t ),Km(t ),Km(t-At ),Km(t-At ),Km(t-At )}➔ K~;w(t) 
V(,112(1 ),K,113(1 ),K,11 1(t ),K,11z(t-At ),K,113(t-At ),K,11 1(t-At )}➔ K;';;w(t). 

{Kll2(t ),Km(t ),Km(t ),Kn2(t-At ),Kn3(t-At ),Km(t-At )}➔ K~;w(t) 

{Knit ),Km(t ),Krrz(t ),Knit-At ),Km(t-At ),Krrz(t-At )}➔ K~;w(t) 
V(,11it ),Km(t ),K,112(t ),K,113(t-At ),K,11 1(t-At ),K,112(1-At )}➔ K;';;w(t) 

¥(nit ),Km(t ),Kll2(t ),Km(t-At ),Km(t-At 1Kn2(t-At )}➔ K~;w(t) 

Illar 4. Y CTaHOBKa rrapaMelpOB HOpMaJIIBal.\IUI BXO,llHbIX rrepeMeHHblX H 

,lleHOpMaJIIBal.\IIII BbIXO,llHbIX rrepeMeHHbIX. 

EnoK KHB orrepIIpyeT HOpMMII30BaHHblMII 3HaqeHIIHMII, ,llllH qero BO BKJla,llKe 

<<Normalization» (pIIC 3.8) MO)KHO 3a,llaTb MaCIIITa6Hhie K03q>q>III.\HeHTbl («Scale»), CMell.\eHHe 

(«Offeet») IIJlH MaKCHMaJlbHble H MHHHMaJlbHbie 3HaqeHJIH (cooTBeTCTBeHHO «Signal Max.» ll 
«Signal Min.») BXO,llHbIX rrepeMeHHhIX. 

B HallleM rrpHMepe K03q>q>Hl.\HeHTbl IIII,D, perynHTopa H3MeHH!OTCH OT 0 ,llO 1000. ,l(JIJI 
YCTaHOBKH rrapaMelpOB HOpMMII3al.\HII H ,lleHOpMMII3al.\HH ,llOCTaToqHo ,llJ1H Bcex BXO,llHbIX ll 

BbIXO,llHbIX rrepeMeHHblX B llOJlHX «Signal Max.» 3a,llaTb 3HaqeHIIH, paBHbie 1000. O6paTIITe 

BHHMaHIIe, qTO 3HaqeHHH llOJleH <<Ssale» aBTOMaTJiqeCKH YCTaHOBHJlHCb paBHblMH 0,001. 
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i Ccqledion Seq, , I Ncrmalizalicn Generaizalion .• , •. SWlill .. 

~t Ncrmalizaticn 

I Name Scale Offset Sig,al ~ Signal Min. Force clipping 

1 IKpl 0DOl 0 1000 0 No 

2!Kdl 0DOl 0 1000 0 No 

3IKil 0DOl 0 1000 0 No 

41Kp2 0DOl 0 1000 0 No 

SjKd2 0DOl 0 1000 0 No 

61Ki2 1 0 1000 0 No 
Normalzafk,n equstk,n;,, Internsl-(Exrernal-Offsel;)"'Salle 

output Cencrmalizalion 

I Name Scale · Offset · Signal Max. Signal Min. Force clipping 

1 IKp1_out 0D01 0 1000 0 No 

2 jKdl_out 0D01 0 1000 0 No 

3 IKil_out 0DOl 0 1000 0 No 

4 IKp2_out 0D01 0 1000 0 No 

SjKd2_out 0D01 0 1000 0 No 

6 1Ki2 out 0D01 0 1000 0 No 
Oenannakzafk,n equstk,n;,, Externsl=(TnrernaljScale}~ffset 

PHc. 3.8. YcTaHOBKa rrapaMelpOB HOpMarrll3al.\Hll BXO,!IHblX rrepeMeHHblX 11 ,11eHOpMarrll3al.\Hll 

BhIXO,!IHhIX rrepeMeHHhIX 

3.4. CpanneHHe pa6oTI,I HHTeJIJieKTyaJibllblX CHCTeM yrrpaBJieHIIH c rrpmuenerrneM 

TeXHOJIOrHH KB81ITOBbIX II l\lHrKHX n1,1q11cJie1111ii 

CpaBHHM pe3ynhTaThI MO,llenupoBaHHH pa6oTbI IICY Ha OE3 Ha KBaHTOBhix 

Bb!qI1cJ1eHI1HX c IICY Ha OE3 Ha MHrKIIX Bb1qJicJ1eHI1HX c pa3,11eneHHhIM yrrpaBneHIIeM. TaK)Ke 

paccMOTPIIM pe3yJ1bTaTbl q>IIJilqecKoro 3KCIIepI1MeHTa. 

O1\eHKa pa60Tbl CIICTeM yrrpaBJleHHH rrpOI13B0,llIITCH no cepIIII 3KCrrepI1MeHTOB C 

IICllOJ1b30BaHIIeM BBe,lleHHOH CIICTeMbl KpIITepI1eB KaqecTBa ( OllIICaHHe 3KCrrepI1MeHTaJ1bHOro 

MaKera, MeTO,llIIKII rrpoBe,!leHHH 3KCrrepHMeHTOB II KpI1TepI1eB Kaqecrna rrpHBe,!leHO B [1, 8]). 
Pe3yJ1hTaTbI rrpoBe,11eHI1H cepI1I1 3KcrrepI1MeHTOB, ,11nH IICY Ha OE3 Ha MHrKIIX 

BbiqilcneHHHX H IICY Ha OE3 Ha KBaHTOBblX BblqIICJleHHHX C HCllOJ1b30BaHileM 

npoclpaHCTBeHHOH, rrpoClpaHCTBeHHO-BpeMeHHOH II BpeMeHHOH KOppellHI.\IIH, rrpIIBe,lleHbl 

coorneTcTBeHHO B Ta6J1I11\aX 3.2 II 3.3 ,!IJ]H MatLab/Simulink Mo,11eneii II ,!lllH q>H311qecKoro 

MaKera po6ora MaHilrrynHTOpa, a TaK)Ke Ha pIIC. 3.9 II 3.10 COOTBefCTBeHHO ,!IJ]H 

MatLab/Simu/ink Mo,11eneii II ,11nH q>H3IIqecKoro MaKera po6ora MaHI1llYJ1HTopa. 
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Ta6mn-1a 3.2. 
CpaBHemrn KpIITeptteB Kaqecrna /:lllil MatLab/Simulink MO):leneij 

MCY Ha OE3 Ha MCY Ha OE3 Ha KBa!IT0BI,IX BLl'IHCJieHllllX 

MHriillX McnoJIL30BaHHe McnoJIL3osaHHe McnoJI1,30BaHHe 

BH,!1 perneHllil BhlqJicJieHIDIX C npocrpaHCTBeHHOll npocrpaHcTBeHH0 speMeHHoif 
pa3,!leJieHHhlM KoppeJillllHH -speMeHHOtt K0ppeJilll1HH 
ynpaBJieHHeM K0PPeJillllHH 

1 PerneHHe B 

lliTaTHhlX 1 1 1 1 
CHTya11HJ1x 

2 PerneHHe B 

Henpe,!1BH,!1eHHhlX 0,833333 1 1 1 
CHTYallllilX 

3 EMCTDo,11eifCTBHe 0,516917 0,807667 0,8135 0,743833 
4 OTHocnTefilHOe 

3HaqeHHe 0,996353 1 1 0,999155 
nepeperyJIHP0BaHllil 

5 OTHOCHTeJibHall 

OIIIH6Ka 0,888263 0,99815 0,99815 0,996413 
Il03HllH0HHP0BaHHJI 

6 BpeMll 0,!IHOll 

HTePallHH 
0,96783 0,922353 0,923098 0,93069 

7 CJIOJKHOCTL 

peaJIH3aJ1HH 0,948788 0,98847 0,985205 0,986955 
vrrnasJieHllil 

8 O6max 011eHKa 
0,819583 0,953007 0,954085 0,941382 

vrmasJieHllil 

Ta6Jim-1a 3.3. 
CpaBHeHtte KpttTeptteB Kaqecrna /:lllil ¢ttJ1fqecKoro MaKeTa po6orn MaHm1ym1rnpa 

MCY Ha OE3 Ha MCY Ha OE3 Ha KBaHTOBhlX BhlqHCJieHHllX 

MllrKHX McnoJIL30BaHHe McnOJIL30BaHHe Mcn0JIL30BaHHe 

BH,Z1perneHHJ1 BJ,JqHcJieHHJIX C npocrpaucrneHHoif npocrpaHCTBenuo BpeMeHHOll 

pa3,!1eJieHHblM K0ppeJillllHH -BpeMenuoif KoppeJillllHH 

yupasJieHHeM K0PPeJillllHH 

1 Perne,me B 
1 1 1 1 

IIITaTHhlX CHTVallllilX 

2 PerneHHe B 

Henpe,11BH,Z1eHHI,IX 0,9 1 1 1 
CHTya11HJ1x 

3 EhlCTPO,!lellCTBHe 0,569137 0,779917 0,602137 0,716833 
4 OTHOCHTeJihHOe 

3HaqeHHe 0,9955 0,998225 0,998075 0,997425 
nepeperyJIHJ)0BaHHll 

5 OTHOCHTeJII,Hall 

OIIIH6Ka 0,989375 0,998225 0,99475 0,996533 
Il03lli1H0HHp0BaHHJI 

6 BpeMll 0,!IHOll 
0,75755 0,72541 0,748325 0,73105 

HTepaJ1HH 

7 CJioJKnoCTL peaJIHH-
0,935675 0,97315 0,976525 0,998 

3allHH vnoaruienllil 

8 O6max 011enKa 
0,845085 0,926916 0,893471 0,915896 

ynpaaJieHllil 
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7 IICAY BlllaI!IOlitlBll'!l!Cle!llll.'I: npocipaRCml!Bllmppe.Jml 

/ nw Bl llaI!!Oll,I! l&l'lllCJ!lllllX'. DpOC!pa!ICll1Hl!O·ip1Y1llBll .. 

IICAy Bl llaI!IOBl,I! Bl,llllC.Jel!lllX: 1prnel!Blllllpp!lfU!ll 

IICAY Bl lllll1IX BhNl!Cl1lllllX C plll1Jelll001 j'Dpil.11111l1Y 

Pnc. 3.9. CpasHeHHe pe3yJILTaTOB pa6oThI HCY Ha OE3 Ha MllrKHX suqncneHIIllX c pa:i11eneHHhIM 

ynpaBJieHIIeM, HCY Ha OE3 Ha KBaHTOBI,IX BI,JqncJieHIUIX c npnMeHeHneM npocYpaHCTBeHHOll, 

rrpocYpaHCTBeHHO-BpeMeHHoii n speMeHHOtt KoppeJillIJIIH npII Tecrnposam!ll MatLab/Simulink 
Mo11eneii 
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llCAY BllLlrlllX BW'IJICJ!Bllll rp1ueJel!lW.\1)1ipa&1em:eY 

Pnc. 3.10. CpaBHeH11e pe3yJILTaTOB pa6oTbl I-ICY Ha 0:63 Ha Mfil'KIIX awq11cneH11J1x c pa3,1eJieHHb!M 

yrrpaBJieH11eM, I-ICY Ha 0:63 Ha KBaHT0BbIX BbJq11cJieHlfJIX IIpll TeCT11poBaHI1II lp113IlqecKOro MaKeTa 

po60Ta-MaH11nyJIJ1Topa 

I-f3 Ta6JIIII{ 3.2 11 3.3, a TaIOKe 113 p11c. 3.9 11 3.10 Bll,!l;HO, qTQ np11 BKJIJoqeHl!ll B 

CTPYKTYPY I-ICY c pa3,n;eJieHHhIM yrrpaBJieH11eM 6JIOKa KHB, Kp11Tep11ii «PerneH11e JaJ:laqll 

n03l!l{l!OH11pOBaHl!H B Henpe,!l;Bl!,leHHhIX Cl!Tyal{l!JIX yrrpaaJieHl!H» ,!l;OCTl!raeT MaKCl!MaJihH0fO 

3HaqeHllH, yJiyqrnaeTCH nOKaJaTem, KpIITepl!JI «CJIO)KHOCTb peaJIII3al{IIII yrrpaBJieHII.ll)) npll 

IICnOJih30BaHIIII mo6oro II3 TPeX paCCMOTpeHHbIX TIInOB KoppeJIJll{IIH KaK )];JIJI 

MatLab/Simulink Mo,n;eJieii, TaK 11 ,!l;JIJI ¢IIJIIqecKoro MaKera po6ora MaHIInyJIJ1rnpa. 

B CBJl3II C nOHBJieHl!eM B CIICTeMe' yrrpaBJieHl!H ,n;onOJIHIITeJihHOrO 3BeHa KHB, B I-ICY 

Ha OE3 Ha KBaHTOBLIX BLJqIIcJieHIIJIX no cpaBHeHllIO c I-ICY Ha OE3 Ha MHrKIIx BhJqIICJieHIIJIX 

C pa3,n;eJieHHhIM yrrpaBJieHIIeM, yxy,n;rnaercH Kpl!TepIIii «BpeMH 0,!l;HOH IITepal{IIII». 

3HaqIITeJibHO yJiyqIIIaIOTCH noKaJaTeJIII KpllTep1rn (IDbICTPO,!l;eHCTBIIe». 

B l{eJIOM, «O6Il{aJI Ol{eHKa yrrpaBJieHl!JI)) yJiyqrnaeTCH BO Bcex CJiyqaJIX np!I 

IICnOJib30BaHIIII I-ICY Ha OE3 Ha KBaHTOBbIX BbJqIIcJieHl!HX no cpaBHeHI!IO C 

IICnOJih30BaHIIeM I-ICY Ha OE3 Ha MJlfKIIX BbJqIIcJieHl!JIX C pa3,!l;eJieHHhIM yrrpaBJieHlleM. 

EcJIII ,!l;JIJI MatLab/Simulink Mo,n;eJieii HaIIJiyqIIIIIii noKaJaTeJih 06ecneq11aaercH np!I 

IICnOJib30BaHl!II I-ICY Ha OE3 Ha KBaHTOBblX BblqIIcJieHIIHX C npIIMeHeHIIelll' 

npOCTPaHCTBeHHO-BpeMeHHOH KoppeJIJll{llII, TO ¢IIJ11qecKoe TeCTIIpOBaHIIe Mo,n;yJIJI 

MaHIInyJIJITOpa onpe,n;eJIJieT OnTIIMaJibHblM BhI6op npOCTPaHCTBeHHOH K0ppeJIJll{IIII. 
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,lvIJI HarJIJ1,1J;HOCTII, paccMOTPIIM pe3yJILTaTLI cpaaHeHIIH pa60ThI Matlab/Simulink 
~!O)];eJieii a ycJI0BIIJIX HenpeABII,!l;eHHOH CIITyal{IIII yrrpaBJieHIIJI: Ha 11-Toii IITepal{IIII 

noJIO)KeHIIe BTOporo 3BeHa npIIHY,!l;llTeJibHO II3MeHJieTCH (pIIC. 3 .11 - II3MeHeHIIe noJIO)KeHirn 

8roporo 3BeHa MaHIInyJIJITOpa no,n; yrrpaaneHIIeM I-ICY Ha OE3 Ha MHrKIIx BhJqIIcneHIIJIX c 

pa3,!l;eJieHHhIM yrrpaBJieHIIeM ). 

0 BaeDIHee BOijeikrnHe aa no.1oa;eHHe eroporo maa 

q2 
50 ...------.----~ 

I I I I 
I ~ •·\···-+·······--·~---··--····:···········;--···---·--;--········ (Q:I TeKYUlee nono)l(eH11e 

I I I 

50 L •••••••••. , ••••••.•••• , •••••.••••• , •..•••••.•• , ...•••••..• , ••••.•.•.. · r . , , , , _ Q OnopHblH CHrHan 

· 100 L------1------l.-----'--..--l------1----.J 

0 50 100 150 200 250 300 

Pnc. 3 .11. Mo,1en11poBaH11e BHenrnero B03):lellCTBlfJI Ha BT0poe 3BeH0 MaHIIIIYJIJIT0pa 

IlOCTPOIIM TPaeKTOpIIII ,!l;BII)KeHIIH MaHIInyJIJITOpa C TPeMH CTeneHHMII CB06o,n;LI no,n; 

ynpaaJieHIIeM I-ICY Ha OE3 Ha MJirKIIX BLJqIICJieHIIHX c pa3,n;eJieHHLIM yrrpaaJieHIIeM II I-ICY 

Ha OE3 Ha KBaHT0BhlX BblqIICJieHIIHX c npIIMeHeHIIeM npOCTPaHCTBeHHOH KoppeJIJil{IIll a 

YCJI0BIIJIX o603HaqeHHOH Henpe,n;BII,!l;eHHOH CIITyal{IIII (pIIC. 3.12). 

l13 pIIc. 3.12 BII,n;HO, qrn B OTJIIIqIIe OT I-ICY Ha OE3 Ha MHrKIIx BhJqIIcJieHl!JIX c 

pa3,n;eJieHHhIM yrrpaBJieHIIeM, I-ICY Ha OE3 Ha KBaHTOBb!X BbJqIIcJieHIIJIX cnpaBJIJleTCH c 

3a,1aqeii n03IIl{IIOHIIpOBaHl!JI C 3MaHHOH TOqHOCTbIO B paCCMOTPeHHOH Henpe,n;BII):leHHOH 

CIITyal{IIII yrrpaBJieHIIH. 

Hecnoco6HOCTL I-ICY Ha OE3 Ha MHrKIIX BLJqIIcJieHllJIX peIIIIITh 3a,n;aqy ToqHoro 

TI03IIl{IIOHHOro yrrpaanemrn IIJIJIIOCTPIIPYercH TaK)Ke Ha pIIc. 3.11 - HP, orneqaJOil{IIH Ja 

ynpaBJieHllJI BTOph!M 3BeHOM 3a orne,n;eHHOe BpeMH pa60Thl TaK II He CMOr 

«pea6IIJIIITIIpOBaThCJI)) nocJie MOII{HOI'O BHeIIIHero B03,n;eiiCTBIIH, B pe3yJILTaTe OIIIII6Ka 

Il03IIl{IIOHIIpOBaHl!JI BTOporo 3BeHa C0CTaBIIJia 6oJiee 50 rpaJ:I. 

135 



>-

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

-0.l 

·········1· ·~·· ; . ... 
: : 
i i 
t· ··-/; 

"½=H 
omj161ra ! ! 

' i 
! 

----i 
I 

i 
l 

-o~.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
X 

>-

-0.3 ········+·········+· :----t--1--, 

-0.4,'--"'--"'--"'---'----'----'----'------' 
-0.05 0 0.05 0.1 0. 15 0.2 0.25 0.3 0.35 

X 
P11c. 3.12. IIoae,11eH11e MaHIIIIYJillT0pa C TJ)eMll CTerreHllMII CB060,11hI B Herrpe,llBll,lleHHOll c11rya111111: 

110,11 yrrpaarreH11eM IICY c OE3 Ha MllrKIIX BL1q11crreHHl!X c pa3,11erreHHhIM yrrpaBJieH11eM (crreaa); 11011 

yrrpaBJieHlleM IICY C OE3 Ha KBaHT0BhIX Bblq11crreHIIJIX C rrp11MeHeH11eM IIpOCTJlaHCTBeHHOll 

KopperrH111111 ( crrpaaa) 

Ha pIIc. 3.13 rrpIIae,11eHa .l\IIHaMIIKa II3MeHemrn KOJcpqmQIIeHTOB I111,ll;-perymnopa Ha 

BXO,lle II Bh!XO,lle KHB ( COOTBeTCTBeHHO JieBblll II rrpaBblll CTOJI6Qb!) ,!\Jill paccMa-1p1rnaeMoii 

HeUITaTHOll CIITyaQIIII Ha npIIMepe K III . 

IrciJt'lpf OJtpJt'lpf '~]) 
0 

mmr 
518.17 

P11c. 3 .13. ,[(11HaM11Ka 113MeHeHllll K03cpcp111111eHTOB IIH,[(-peryJillTOpa Ha BX0,lle II BhIX0,lle KHB 

Ha p11c. 3.14 rrpe,llCTaBJieHO cpaBHeHIIe 3aKOHOB yrrpaBJieHIIll ,!\Jill 'IpeX 3BeHbeB 

MaHIIIIYJillTOpa: creHepIIpOBaHHblX c IIOMOmbIO 11CY Ha OE3 Ha MllrKIIX BbJqIIcJieHHHX c 

pa3,lleJieHHb!M yrrpaBJieHIIeM (TOJICTbJe JIIIHIIII) II 11CY Ha OE3 Ha KBaHTOBb!X BbJqIIcJieHlllIX 

(TOHKIIe JIIIHIIII). 

113 pIIC. 3.14 BII,!\HO, qro BKJIJOqeHIIe B 11CY 6JIOKa KHB ,11aeT B03MO)KH0CTb IIOJiyqaTh 

a,11eKBaTHbie K B03MymeHIIllM CIIrHaJibl yrrpaBJieHl!lI C MeHbll!IIMII IIJiaBHbIMII KOJie6aHl!lIMII, 

qeM Ha Bh1xo.11e HP. 

PacCMOlpeHHbJe paHee cnyqaII Herrpe,llBII,lleHHb!X CIITyaQIIH yrrpaBJieHl!lI ([l, 8]) -
II3MeHeHIIe HaqaJibHbIX ycJIOBIIH, rrpIIHY.l\IITeJihHOe CMemeHIIe 3BeHbeB - OTHOCllTCll J( 

BHeIIIHIIM Herrpe,llBII,lleHHb!M CIITyaQIIllM yrrpaBJieHl!lI. 

O,11HaKO IIOMIIMO BHeIIIHIIX B03MymeHIIH, B03MOlKHbl II II3MeHeHIIll BO BHylpeHHeH 

KOHcpIIrypaQIIII ofil,eKTa II CIICTeMbl yrrpaBJieHlllI, CBll3aHHbJe C HeIIOJIHOTOH HaqaJibHOf0 

OIIIICaHllll, IIOMexaMII B yrrpaBJIHIOmIIx KaHanax, HeTOqHOCTblO II IIHepQIIOHHOCTb!O 

II3Mep11TeJib!IOH CIICTeMbl II T.,ll. 
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P11c. 3.14. CpaBHeH11e 3aK0H0B yrrpaarreH11ll lICY Ha OE3 Ha MMKIIX Bb1q11crreHHllX c pa3,11erreHHhIM 

yrrpaarreHIIeM II IICY Ha OE3 Ha KBaHTOBhIX auq11crreHllllX 

BHeceM B MO,lleJIII CIICTeM yrrpaBJieHlllI ,!\OIIOJIHIITeJibHb!e cnyqaII Herrpe,llBII,lleHHbIX 

c11Tya11IIii yrrpaBJieHIIll, CBH3aHHb!X C II3MeHeHIIllMII rrapaMelpOB OY BO BpeMeHII. 

3.5. Mo,lle.JIHpOBaHIIe Henpe,llBII~eHHl,IX CIITya11uii yrrpaBJieHIIH B ycJIOBIIHX ll3MeHeHIIii 

napm\leTpoB OY 
BBe,lleM 2 cnyqa» Herrpe,llBII,lleHHb!X CIITya1111ii yrrpaBJieHIIll (HaqaJibHbie ycJIOBIIll 

C0OTBeTCTByIOT ll!TaTHb!M CIITyaIIIIllM yrrpaBJieHlllI): 

1) Ha O,!\IIHHa,llIIaTOH I1Tepa1111II II3MeHlleTCll orpaHIIqeHIIe Bb!XO,!\HOro B03,llellCTBIIll B 

TepMIIHax II3MeHeHIIH IIOJIO)KeHIIH 3BeHbeB: yaeJIIIqIIBaeTCll C 3 ,110 5 rpa.11. 

2) Ha O,!\IIHHa,llQaTOii IITepaIIIIII II3MeHlleTCll orpaHIIqeHIIe Bb!XO,!\HOro B03,llellCTBIIll B 

TepMIIHax II3MeHeHIIii IIOJIO)KeHIIH 3BeHbeB: YMeHbIIIaeTCll C 3 ,110 1 rpa,11. 

CpaBHIIM 3aKOHbl yrrpaBJieHIIll, ccpopMIIpOBaHHb!e 11CY Ha OE3 Ha KBaHTOBbIX 

BbJqIIcJieHIIllX rrpII IICIIOJlb30BaHIIII rrpOC'IpaHCTBeHHOH, rrpOC'IpaHCTBeHHO-BpeMeHHOH II 

BpeMeHHOH KOppeJillQIIH (pIIc. 3 .15) ,!\Jill Herrpe,llBII,lleHHb!X CIITYaQIIH yrrpaBJieHIIll B 

ycnoBIIllX II3MeHeHlllI rrapaMe'IpOB OY. 

Ha pIIc. 3.15 JaKOHhI yrrpaBneHIIll, ccpopMIIpoBaHHbie 11CY Ha OE3 Ha KBaHTOBhIX 

BbJqIICJieHl!lIX C rrpIIMeHeHlleM oupe,11eneHHOro TIIIIa KOppeJIHIIIIII o603HaqeHbl cne.11ywmIIM 

o6paJoM: Spatial - rrpoC'IpaHcTBeHHaH KoppeJillIIIIll, Spatial Temporal - rrpoc'IpaHcTBeHHO

BpeMeHHaH KOppeJIHIIlllI, Temporal - BpeMeHHaH KoppeJIHIIIIll. 

113 pIIC. 3 .15 BII,l\HO, qTQ rrpII cpopMIIpOBaHIIII yrrpaBJIHIOmero B03,llellCTBIIll 

MlIHIIMaJibHblll pacxo.11 IIOJie3HOro pecypca ,llOCTIIraeTCll rrpII IICIIOJib30BaHIIII 

IIpOClpaHCTBeHHOH KOppeJIHIIIIII. 

,ll;rrll paCCMO'IpeHHb!X JKcrrepIIMeHTOB (Herrpe,llBII,lleHHhie c11Tya11IIii yrrpaBJieHllll B 

YCJIOBIIllX II3MeHeHIIll rrapaMelpOB OY) cpaBHIIM 3aKOHbl yrrpaBJieHllll, cpopMIIpyeMbie C 

Il0MOmbIO 11CY Ha OE3 Ha KBaHTOBb!X BbJqIICJieHllllX C IICIIOJib30BaHIIeM rrpOC'IpaHCTBeHHOll 
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Koppemnl1n1, a TaIOKe HCY Ha OE3 Ha wrrKHx BI,1qncJieHH.IIX c O,llHHM HP H pa3,lleJieHHLil.f 

yrrpaBJieHHeM (pnc. 3.16). 
111 ll1 

,,...--,-.....--,--,-.....--,--1-Spatial 
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..... Temporal 

'·-- -Spatial t••i : : : : l i . I 
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i ..... Temporal r-
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P11c. 3.15. CpaBHeHHe Cq>OpM11poBaHHb!X I-ICY Ha 063 Ha KBaHTOBbIX BbJqllcJieHllllX 3aKOHOB 

yrrpaBJieHIDI C rrp11MeHeH1IeM rrpocTpaHCTBeHHOH rrp0CTpaHcTBeHHO-BpeMeHHOH ll BpeMeHHOH 

KoppeJIJillllll B Herrpe,llBII,):jeHHbIX CII'ryallIDIX yrrpaBJieHIIJI B YCJI0BIDIX 113MeHeHIDI rrapaMeTp0B 0Y: 
rrepBbIH cJiyqaii (cJieBa); Brnpoii CJiyqaii (crrpaBa) 

Ha p11c. 3.16 3aKOHbl yrrpaBJieHH.11 o603HaqeHbl CJie,llyrolllllM o6pa3oM: QFC -

Cq>OpMHpOBaHHbie C IIOMOlllhIO HCY Ha OE3 Ha KBaHTOBbIX BI,IqllCJICHH.IIX C llCIIOJib30BaHHeM 

npocrpaHCTBeHHoii KoppeJI.llllHH, FC Decomposition - c noMOlllhIO HCY Ha OE3 Ha M.11rKI!X 

BhlqncneHH.llx c pa3,lleJieHHhlM yrrpaaJieHneM, FC - c noMOlllbIO HCY Ha OE3 Ha M.llrKHX 

BbiqllCJieHH.IIX C O,llHllM HP. 

,lvI.11. paCCMOTPeHHbIX 3KCnepnMeHTOB (pnc. 3.13) C TOqKll 3peHH.II MllHllMll3aI.lllil 

pacxo,lla ITOJie3HOro pecypca, HaHJiyqIIme 3aKOHbl yrrpaaneHH.11 qiopMHPYJOTC.11 C ITOMOlllbiO 

HCY Ha OE3 Ha M.llrKHX a1,1qncneHH.11x c O,llHHM HP, He3HaqnTCJihHoe yxy,llIIIeH!le 

Ha6JIIO,llaeTC.II npll qiopMHpOBaHllll c IIOMOlllblO HCY Ha OE3 Ha KBaHTOBbIX BblqllcJieHH.IIX c 

npHMCHCHllCM rrpOCTPaHCTBeHHOH KoppeJI.llllllll. 

3aKOHbl ynpaBJICHH.11, cqiopMHpOBaHHblC HCY Ha OE3 c pa3,lleJieHHblM yrrpaBJICHlleM 

B ycJIOBH.IIX II3MeHeHH.II rrapaMCTPOB OY, rrpno6peJIH KOJie6aTCJibHbIH xapaKTep. 
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P11c. 3.16. CpaBHeH11e cqiopM11poBaHHbIX 3aK0H0B yrrpaBJieHilll: I-ICY Ha 063 Ha KBaHTOBblX 

BbJqllcJieHIIJIX C rrp11MeHeH11eM rrpocTpaHCTBeHHOH KoppeJIJillllll, I-ICY Ha 063 Ha MJirKIIX 

BI,Jq11cJieHIIJIX C 0,llHIIM HP II I-ICY Ha 063 Ha MJirKIIX BI,Jq11cJieHIDIX C pa3,lleJieHHbIM yrrpaBJieH11eM B 

Herrpe,llBl!,lleHHbIX c11ryalllIJIX yrrpaBJieHIDI B ycJI0BIIJIX 113MeHeHIDI rrapaMeTJ)0B 0Y: rrepBblll CJiyqaii 

(cJieBa); BTOpoii cJiyqaii (crrpaBa) 

PacCMOTPIIM ,llpyryro rrapy 3KCrrepIIMCHTOB, TaK)Ke COOTBCTCTBYJOlllYID .zlBYM 

paccMaTpHBaeMbl cJiyqa.llM Herrpe,llBll,llCHHblX c1nya1lllll yrrpaBJICHll.11 B ycJIOBII.IIX ll3MeHeHll.ll 

napaMeTPOB OY (pnc. 3.17). 
Ilpn paCCMOTPeHllll 3KCnepHMCHTOB (p11c. 3.17), CTa6HJibHbIC 3aKOHbl yrrpaBJICHII.11 

famn cqiopMHpoBaHbl HCY Ha OE3 Ha KBaHTOBblX Bb1q11cJieHll.llX C npIIMCHCHlleM 

npocTPaHCTBCHHOH KoppCMllllll n HCY Ha OE3 Ha M.llrKllX BblqllCJICHII.IIX c pa3,llCJieHHbIM 

ynpaBJICHIICM, TOr,lla KaK B 3aKOHax yrrpaBJICHH.11, cqiopMHpOBaHHblX HCY Ha OE3 Ha MJirKllX 

BbiqllcJieHH.IIX C 0,llHllM HP npHCYTCTBYJOT yqaCTKII JIOKaJibHO HeycToiiqllBbIX COCTO.l!Hllll. 

B paCCMOTPCHHblX IIpllMepax C TOqKII 3pCHllH Kaqecrna qiopMHpoBaHII.11 3aKOHOB 

YllpaaneHH.11 (pnc. 3.13 - 3.17), HaHJiyqIIIHMH caoiicrnaMH o6Jia,llaeT HCY Ha OE3 Ha 

ICBaHTOBbIX BblqllCJICHll.llX C llCIIOJlb30BaHIIeM npOCTPaHCTBeHHOH KOppeM!lllll, B TO BpeM.11 

ICaK c ITOMOlllblO HCY Ha OE3 Ha M.llrKllX BblqHCJICHH.IIX c pa3,llCJieHHblM yrrpaBJieHHeM 6brn 
cqiopMHpOBaH BeKTOp yrrpaBJI.lllOlllllX B03,llCHCTBllll C KOJie6aTCJibHbIM xapaKTepoM, a C 

Il0MOlllblO HCY Ha OE3 Ha M.llrKllX Bb1q11cJieHll.llX - yrrpaBJI.IIIOlllllC B03,llCHCTBH.II C JIOKaJibHO 

HeycToiiqHBblMll COCTOJ!Hll.l!Mll. 
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3aK.moqe1rne 
B Pe3YJlhTIITe cpaBHeHIDI pa60Tul paCCMOTpeHHbIX TIIIIOB CIICTeM ynpaBJieHIDI po60Tm,1 

MaHIIIIYIDITOpOM C TPel\UI CTeITelUIMII CB060)].bI, MO)KHO c;:ie.rraTu CJie.ll)'IOIII,He Bb!BO)],bl: 

• 06UiaJ1 011eHKa Kaqecrna ynpaBJiemrn BhrIIIe B cJiyqae ITpIIMeHeHrrn MCY Ha OE3 aa 

KBaHTOBbIX BblqifcJieHrrnx (rorn ITpOCTPaHCTBeHHOH, ITpOCTPaHCTBeHHO-BpeMeHHOH I! 

BpeMeHHOH Koppem111IIii) ITO cpaBHeHIIIO c MCY Ha OE3 Ha l\UlfKIIX BhrqIIcJiemrnx c 

pa3,!1eJieHHbIM yrrpaBJieHIIeM, qTo HBJUleTCH CJie,!1CTBIIeM BBe,!1eHIIH B CTPyKTYPY Hey 
,!10ITOJIHIITeJibHOro 3BeHa KHB, opraHII3yJOUiero KOOp,!1IIHaIIIIOHHOe yrrpaBJieHIIe; 
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PHc. 3.17. CpaBHeHHe c4JopMHposaHHblX 3aK0HOB ynpaBJieHHH: HCY Ha OB3 Ha KBaHTOBbIX 
BbJqlfcJieHHHX c rrpHMeHeHHeM rrpocrpaHCTBeHHOH KOppelIHllllll, HCY Ha OB3 Ha MHrKIIX 

BbJqllcJieHIIJIX C 0,!1HllM HP II HCY Ha OB3 Ha MHrKIIX BbJqlfCJieHHHX C pa3,!1CJICHHbIM ynpaBJieHIICM B 
Herrpe,!1Bll,!1CHHblX CllryallllJIX yrrpaBJICHHH B ycJI0BHHX Jl3MCHCHIIJI rrapaMCip0B OY: rrepBblll c~ai1. 

(cJiesa); srnpoii cJiyqaii (crrpasa) 

• B pe3yJihTIITe TeCTIIpoBaHrrn MatLab/Simulink Mo;:ieJieii JI)"IIIIIIMII ITOKa3aTeJUIMII 
o6Jia,!1aJia MCY, lICITOJib3yJOlllllJI IIpOCTPaHCTBeHHO-BpeMeHHyJO KoppeJUIIIIIJO; o;:iHaKO 
TeCTIIpoBamre <pIIJIIqecKoro MaKeTa po6ora MaHIIITYJUITopa oITpe,1eJIIIJIO HaII6onee 
OITTIIMaJibHbIM lICITOJib30BaHIIe ITpOCTPaHCTBeHHOH KOppeJIHIIIIII; 
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• MIIHlIMaJibHbIH pacxo;:i ITOJie3HOrO pecypca ,!10CTIIraeTCH ITPll lICITOJib30BaHllll B Jil CY 
Ha OE3 Ha KBaHTOBblX BblqIIcJieHirnX ITpOCTPaHCTBeHHOH KOppeJUIIIllll ITO cpaBHeHIIIO c 

npocTPaHCTBeHHO-BpeMeHHOH lI BpeMeHHOH KOppeJIHIIIIHMII; 

• 3aKOHhr yrrpaBneHrrn, cqiopMIIpoBaHHbre MCY Ha OE3 Ha MHrKIIX BhrqIIcJieHII»x c 
pa3,!1eJieHHbIM yrrpaBJieHIIeM B ycJIOBlIHX ll3MeHeHrrn ITapaMeTPOB OY IIJIII BHeIIIHlIX 

B03MYUI~IOIIIIIX B03,!1eHCTBlIH, ITpIIo6peJIII KOJie6aTeJibHblll xapaKTep, a B 3aKOHax 
yrrpaBJieHrrn, cqiopMrrpoBaHHhIX MCY Ha OE3 c O/:IHIIM HP ITOHBIIJIIICb yqacTKII JIOKaJihHO 

HeycToiiqIIBb!X COCTOHHllll. 
Bo3M0)KH0CTb ;:ieKOMIT03llllllll yrrpaBJieHrrn (pa3,1eJieHIIH 0,!1HOH E3 Ha HeCKOJibKO 

O,[(!IOTIIITHblX He3aBIICIIMb!X E3) II opraHII3aIIIIH KOOp,!1IIHaIIIIOHHOro yrrpaBJieHIIH C ITOMOUiblO 
BBe,UeHIIH 3BeHa KHB, CYUieCTBeHHO YBeJIIIqIIBaeT B03MO)KHOe qIICJIO BX0,!1Hb!X ITepeMeHHbIX 
II TeM caMblM paCIIIIIpHeT B03MO)KHOCTII yqeTa ITapaMeTPOB CIICTeMbl II 061,eKTII yrrpaBJieHIIH. 

CnucoK JIIITeparyphI K rJiane 3 

I. HuKoJ1aeea A.B., YllbRII06 C.B. IlpoeKTHpOBaHIIe HHTeJIJieKTyaJlhHOH cucTeMhr 

ynpaBJieHrrn po60TOM MaHIIrryJIHTopoM. q_ 2: ,[(eKOMIT03HIIIUI ynpaBJieHIIH II <pIIJIIqecKHH 
3KCITepIIMeHT Ha OCHOBe TeXHOJIOfIIII l\UlfKIIX BbJqIIcJieHHH II CucreMHblll aHaJIII3 B HayKe 

II o6pa30BaHIIH: ceTeBoe HayqHOe II3,!1aHHe. - 2013. - N2l. 
2. Ulyanov S. V. Self-organized intelligent robust control based on quantum fuzzy 

inference - Recent Advances in Robust Control - Novel Approaches and Design 

Methods I A. Mueller (Ed.), Ch. 9. - In Tech, 2011. 
3. HuKoJ1aeea A.B., flempoe C.ll., YllbR11oe C.B. IlpoeKTllpoBamie IIHTeJIJieKTYaJibHOH 

CHCTeMhI yrrpaBJieHIIH po6oTOM-MaHIIIIyJIHTopoM. q_ 1: TexHOJIOfllll = BbJqHCJieHIIH 

II CucreMHbIH aHaJIH3 B HayKe II o6pa30BaHllll: JJieKipOH. Hayq. ~HaJI. - 2012. 
4. Nielsen MA., Chang I.L. Quantum Computation and Quantum Information. 

Cambridge Univ. Press. UK. - 2000. 
5. Marinescu D.C., Marinescu G.M Approaching quantum computing. Pearson Prentice 

Hall. USA. - 2006. 
6. YllbR/106 C.B., Cop0Ku11 C.B., Jlumeu111Jeea JI.B. OITTHMH3arop 6a3 3HaHHH Ha ocHoBe 

KBaHTOBb!X BbrqIIcJieHHH ,!1JIH ITpOeKTIIpOBaHHH caMoopraHII3yJOIIIHXCH HetJeTKHX 

peryJI»TOpoB: ITporpaMMHbIH IIHCTPYMeHrnpnii II CucTeMHbIH aHaJIII3 B HayKe II 

o6pa3oBaHuu. - 2012. -N2 1. 
7. Ghisi F., Ulyanov S. The information role of entanglement and interference operators 

in Shor's quantum algorithm gate dynamics II Journal of Modem Optics. - 2000. -
Vol.47, No 12. 

8. HuKoJ1aeea A.B., YllbR/106 C.B. IlpoeKTIIpoBaHue IIHTeJIJieKryaJihHOH cucTeMhI 
yrrpaBJieHHH po6oTOM MaHIIITYJUITOpOM. q_ 3: Mo;:ieJiupoBaHue H <pII3II'leCKIIH 

3KCITepuMeHT Ha OCHOBe TeXHOJIOIBH MHfKIIX BbrqncJieHIIH II CucTeMHblll aHaJIH3 B 

HayKe H o6pa30BaHHII: CeTeBoe HayqHoe H3,!1aHIIe. - 2013. -N2l. 

KoHTpOJihllhle B0Dp0Chl K rJiaBe 3 

1. IlpIIHIIHITbl IIOCTPOeHIIH M0,!1eJIH II36bITOqHoro po6oTOTeXHHqecKoro MaHIIITYJIHTopa 

KaKOY. 
2. CTPyKTypa MaTeMaTIIqecKoii u KOMITbJOTepHoii MO.[leJiu OY. 
3. 3TIIITbl ITpoeKTHpOBaHIUI E3 ,!1JIH HeqeTKOro peryJIHTOpa. 
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4. Bep11qi11Km.:im111 TecT11poBaH11e o,1.1e;m OY. 
5. MeTO,l.lIIKa rrpose,1.1emrn 3Kcrrep11MeHTa pelKIIM0B qJ}'HKl:(IIOHIIpOBaHIIll OY. 

6. lIHTeprrpeTal:(Hll: pe3yJihTaTOB M0,l.leJIIIpoBaHHJI H HaTypHoro 3KCIIepnMeHTa. 

7. CTPYKTYPa rrpoeKTnposaHHJI E3 Ha ocHose rrporpaMMHoro HHCTPYMeHTapllll: OE3 aa 

KBaHT0BbIX Bb1q11cJieHIIllX. 

YCJIOBHLie 0003HaqeHIIH 

CAY CIICTeMa aBT0MaT11qecKoro yrrpaBJieHIIll 

E3 6aJa 3HaH11ii 

r A reHeT11qeCKilll aJiropHTM 

MC H3MepnTeJihHall CIICTeMa 

IICY HHTeJIJieKTYaJihHall c11cTeMa yrrpasJieHHJI 

HP HeqeTKIIH peryMrnp 

OE3 orrTHMH3aTop 6a3 3HaHnii 

OY ofo,eKT yrrpasJieHIIll 

IIIIJJ: ... rrporropl:(IIOHaJibHO-IIHTerpaJibHO-,l.lIIqJqJepeHl:(IlaJibHbie ... 

KHB KBaHTOBhiii HeqeTKIIii BhIB0.l-1 
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JiaiiopaTopm,Iii npaKTHKyM: MoiJeJZUpOBGHUe CaMOOpZGHU3YIOUJeZOCR HP C npwueHeHUeJ.1 
KHB e HenpeiJeuiJeHHblX cumyalJURX ynpa6lle11UJ1 

PaccMOlplIM rrpa=ecKoe rrplIMeHeHIIe pa3pa6oTaHHOH MO,l.leJIII KHB ,l.lJill q>OpM1IpOBaHIIll 

npouecCOB yrrpaBJieHIIJI KOJq>qm111IeHTaMII YCIIJieHIIJI HeqeTKoro IllIJJ:-peryJillTOpa B 3aBIICIIMOCTII OT 

wrra II BII,l.la KBaHTOBOll KOppeJIJll:(IIII. JJ:aHHblll IIO,l.lXO,l.l IICIIOJib3YeTCll ,l.lJill MO,l.leJI1IpOBaH1Ill 

po6acTHhIX E3 /1lill HP B cipyKTYPax IICY cy11.1ecrneHHo-HeJI1IHeiiHhIM1I OY. Mo11en1I OY o6Jia,l.laIOT 

pa3JIIIqHbIMII BII,l.laMII ,l.11IHaM1IqecKoii: Heycrnii:q1IBOCTII II q>yHKI.IIIOHIIPYIOT B pa3JIIIqHbIX 

Henpe,l.lBII,l.leHHb!X c1IryaQ1IJIX yrrpaBJieHIIJI. 

Ha p1IC. 1 IIOKa3aHa 6JIOK-CXeMa MO,l.leJIIIpOBaHIIJI caMoopraHII3YIOll.lerocll HP B CIICTeMe Simulink. 

EinoK KHB 

.------\-..i1 J 
' OuantumFiazylnferenct 1 

'-••••••••••••••••••• I 

Ref,erenctSignat 

3a,qalOlllHH 
CHl'Han ynpaBJ1eH1U1 

OrpaHH~eHHaJI CHna 
ynpaBJ1eHHll 

~ 
OigihlClock ToWohpace2 

Control Foret Limit 

.. ---------------------------
Mo,Qenb o6beKra 

ynpaBJ1eHl1ll 

Bencllmlll1dynamicsy.dem 

co~l~~ttJ el: 
FAST_MOOE1 

napaMerpH~ecKHH 
WYM HJMepeHHll 

T0Wobpm11 

P1Ic. 1. nJIOK-cxeMa MO,l.leJI1IponaH1IJ1 caMoopraH1I3YIOll.lerocJ1 HP B Simulink 

B COOTBeTCTBIIII C KA B KHB Ha rrepBOM JTarre ocymecTBJIJIIOTCJI CJie,l.lYIOII.IIIe orrepaI.11III: 1) 
l!opMIIponKa 11aHHhix 11nyx E3 (TSO II TSI); 2) KO,l.11IponaH1Ie cocTOllHIIii:, crarncrnqecKal! o6pa6oTKa 

C l.leJiblO q>OpMIIpOBaHIIJI IIHTerpaJibHOro 3aKoHa pacrrpe,l.leJieHIIll BepOllTHOCTeii:; 3) cqiopMIIpoBaHbl 

cynepno31II.IIIII COOTBeTCTBYIOII.IIIX KO,l.llipoBaHHblX CIII'HaJIOB ynpaBJieHIIll ,l.l.)IJI ipex TIIIIOB KBaHTOBOii: 

l<oppeJIJlf.llIII: npocipaHCTBeHHOll, BpeMeHHOH II npocipaHCTBeHHO-BpeMeHHOll. JJ:aJiee, cornacHO 

CJieeyIOmeMY rnary KA, ocymecTBJilleTCJI: BbJqlicJieHIIe aMIIJIIITY/1 II onpeJieJieHIIe MaKCIIMaJibHOll 
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aM!IiUIT)'/lbl BepOJITHOCTeii KBaHTOBbIX COCTOJIHl!ll (/lettCTBIIJI opaKyrra II IIHTepcpepeHUIIII) B 

ccj>opM!!pOBaHHblX cyneprr0311UIIJIX; np11 3TOM /IJIJI Kall(J:loro MOMeHTa BpeMeHII cpopM!!pOBaJil!ct 

3aKOHbl ynpaBJieHIIJI J:1JIJI TpeX TIIIIOB KoppeJIJIUllll C np11MeHeH11eM npoue,1yp ,1eK0/11!pOBaH11JI l! 

Il!KaJI!!pOBaHIIJI K03cpcp11u11eHTOB yc11rreHIIJI HeqeTKoro IUI}].-peryIDITOpa B peJKl!Me pearrbHOro 

BpeMeHII. 

PacCMOTpllM BaJKHblll BOIIpoc 113BJieqeHIIJI KBaHTOBOll 1!HcpopMau1111 113 KJiacc11qecK11X COCTOJIHl!ij 

cnpoeKT11poBaHHbIX 3aKOHOB ynpaBJieHIIJI Ha OCHOBe BbI6opa Tl!IIa KBaHTOBOll KoppeID1uu11, 

IICII0Jlb3YJI pe3yJILTaTbl cpaBHl!TeJibHOro aHaJil!3a !IX BJIIIJIHIIJI Ha po6aCTHOCTb ynpaBJieHIIJI, 

Ilp11Mep 7. BllURHue muno6 K6aHmo6ou KoppellRI/UU Ha 6UO npo11ecco6 ynpa6llem,m 

K03ppu11ueHmaMu ycUAeHUR He'lemK020 Ilff/J,-pe2yJ1Rmopa. CorrracHo p11c. 1.20, HMeeM Tpll Tuna 

KBaHTOBOll KOppeIDIUIIII: npocTpaHCTBeHHYIO, BpeMeHHYIO II npocTpaHCTBeHHO-BpeMeHHYIO, B 

Kaqecrne IICXO/IHblX E3 l!CilOJib3yeM c11rnarrbl ynpaBJieHIIJI K03cpcp11u11eHTaMII yc11rreHIIJI /IByx 

HeqeTKIIX ITI1}].-peryID1TOpOB, cnpoeKTl!pOBaHHblX C IIOMOil\blO OE3 (CM. pe3yJILTaru 

M0,1err11poBaHIIJI COOTBeTCTBYIOil\llX CllrHaJIOB ynpaBJieHIIJI). 

A. '-ly6Cm6umenbHOCmb cnpoeKmupo6aHHblX UHOU6UOYWlbHblX E3. PaccMOTpl!M B nepByIO oqepe11t 

qyBCTBl!TeJibHOCTb cnpoeKT11poBaHHblX E3 Ha 06yqa10ll\llX c11Tyau11JIX K 113MeHeHIIIO ycJIOBl!U 

c11-ryau1111 ynpaBrreHIIJI Ha ocHoBe cxeM Mo,1err11poBaH11JI p11c. 1. B Kaqecrne Mo,1erru OY 

IICilOJib30BaJiaCb on11caHHaJI HIIJKe MO/leJib (2). qyBCTBl!TeJibHOCTb E3 onpe11eID1eT peaKUIIIO OY Ha 

Henpe/lBl!/leHHYIO c11-ryau1110 ynpaBJieHIIJI. }].aHHble /IBa IICTOqH11Ka 1!HcpopMau1111 COBMeCTH0 

JIBJlll!OTCJI cp1131!qecKIIM pecypcoM J:1JIJI 113BJieqeHIIJI /IOIIOJIHl!TeJibHOH CKpbITOH KBaHTOBOU 

1!HcpopMau1111 B KJiacc11qecKIIX COCTOJIHIIJIX 113MeHJIIOil\llXCJI K03cpcp11u11eHTOB yc11neH11JI ITIIJ(

peryJlllTOpa. 

Ha p11c. 2(a) IIOKa3aHb! 3aKOHbl ynpaBJieHIIJI K03cpcp11u11eHTaM11 yc11neHIIJI /IByx HeqeTKIIX ITI1,[1-

peryID1TOpOB, cnpoeKT11poBaHHL1e J:1JIJI cne11y10m11x c11-ryau11ii ynpaBneHIIJI B peJK11Me 06yqeH11JI ( off

line) Ha QC OT OE3: (i) np11 B03,1eiiCTB1111 fayccoBcKoro rnyMa Ha OY (c11Tyau11JI 06yqeH11JI TSO); (ii) 

B vcnoBIIJIX BJIIIJIHIIJI P3neeBcKoro rnyMa Ha OY ( CHTYaUIIJI 06yqeH11JI TS 1 ). 
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.--....__--'-'---, 6 
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Time ( S) 

P11c. 2 (a) 
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Time ( S) 

(6) 
P11c. 2. BJIIIJIHIIe BIi/ia Il!yMa Ha 3aKOHbl npouecCOB ynpaBneHIIJI K03cpcp11u11eHTaMII yc11JieHIIJI 

HeqeTKIIX ITI1)].-peryID1rnpoB: a - c11-ryaum1 ynpaBneHIIJI B peJK11Me 06yqeH11JI; 6 - BII/1 3aKOHOB 

ynpaBneHHJI B Henpe/lBII/leHHoii c11-ryau1111 

3aKOHbl ynpaBJieHIIJI nonyqeHbl Ha OCHOBe 6noK-CXeMbl Mo11en11poBaHIIJI, IIpIIBe,leHHOH Ha p11c. 1. 
XapaKTep!!CTIIKII IICIIOJib3yeMbIX cnyqattHblX rnyMOB IIOKa3aHbl Ha p11c. 3. 

]~~ 
0 10 20 30 40 50 so 

i~~--;;', 
0 10 20 30 -40 50 60 

Time ( S) 

P11c. 3. Bil/I cnyqaiiHLIX rnyMoB - rayccoBCKIIii Il!YM (BBepxy) 11 p3neeBcK11ii rnyM (BH113Y) c 

0/IIIHaKOBblMII KOppeJIJIUIIOHHbIMII cpyHKUIIJIMII 

lliyMb! IIMe!OT 0/IIIHaKOBYIO KOppeIDIUIIOHHYIO cpyHKUIIIO 

R('t) = cr2 
exp{-al,I}( cosrot+;sin roi,i), (1) 

l!o Pa3n11qa10TCJI no cpyHKUIIJIM pacnpe,1eneH11JI BepOJITHOCTeH. 

BrrIIJIHIIe BIi/ia rnyMa Ha 113MeHeHIIe 3aKOHa ynpaBJieHIIJI K03cpcp11u11eHTaMII yc11JieHIIJI J:1JIJI BTopoii 

curyau1111 paccMoTpeHo Ha p11c. 2(6) (Bo3,1eiicrn11e wycco6cK020 rnyMa B c11-ryau1111 ynpaBneHHJI TSl, 

1<or11a E3 J:1JIJI HP 6una cnpoeKmpoBaHa Ha p3Aee6cKuu rnyM). Ha p11c. 2(a, 6) Bbl/leJieHLI 
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xapaKTepHbie H3MeHeHllil 3aKOHOB ynpaBJieHH.11 K03!p!pHUHeHTaMH ycliJleHllil ,llJlJI cmya111111 TS l npa 

H3MeHeHHH THIIa cnyqaiiHoro rnyMa. 

n. MooeJ1Up06QHUe munoe K6aHm060ll KoppeJIRIJUU U 3QKOH06 ynpa6lleHZm. Ha pHC. 4 IIOKaJal!11 

pe3yJibTaTbl MO/:(eJrnposaHllil 3aKOHOB yrrpaBJieHllil K03!p!pHl!HeHTaMH ycliJleHllil HeqeTKOro IIIIJ:1. 
peryJl.!ITOpa Ha OCHOBe nporpaMMHOii IIOMepJKKH Ii HHCTpyMeHTapllil ( CM. MeHIO HHCTpyMeHTapl!JI 

BbI6opa THIIa KoppeJl.!Il_lHH s IlpHJIOJKeHHH 1), AA.!! Bb16paHHblX TpeX THIIOB KBaHTOBOii KOppeJl.!II!HH, a 

6JIOK·CXeMbl Ha pHC. l. 
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PHc. 4. BnmrnHe THIIOB KBaHTOBblX Koppen.11111111 Ha BJIA 3aKOHOB yrrpasJieHllil K03!p!pHUHeHTaMH 

yc11neHllil HeqeTKoro IIII,[(-peryJl.!ITOpa: 

a - IIpOCTpaHCTBeHHal!; 6 - BpeMeHHa.11; B - npocTpaHCTBeHHO-BpeMeHHa.11 KOppeJI.!111Hll 
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Aml.llll3 pe3yJihTaT0B M0JieJI11poBaHJUI Ha p11c. 4, rronyqeHHh!X C II0M0I.Qh!O KHB, BhHIBJUiet 

CTPoryJO TeHJiem.11110 qiopM11poBaH11J1 rrpoCTh!X (JIJIJi rrporpaMMHo-arrrraparnoii pean113an1111) 3aKoao8 
yrrpaBJieHIIJI K03qJqJ11UlleHTaMII yc!IJieHIIJI HeqeTK0ro Illl)];-peryJIJ1mpa JIJill Bcex TPeX TIIII0B 

KBaHTOBOll K0ppeJIJll.\lflf. 3qiqieKTIIBHOCTh II Bh16op 0K0HqaTeJihH0ro 3aK0Ha yrrpaBJieHIIJ! 

orrpe.zieJIJleTCJI Bh!6paHHh!M KpllTep11eM 0IITIIMaJihH0CTII ynpaBJieHIIJI II JIIIHaM11qecKoro II0Be)1eHIIJ! 

OY (cM. Hll'lKe np11Mep 2). 
Ha p11c. 5 II0Ka3aH pe3yJihTaT cpaBHeHIIJI KaqecTBa ynpaBJieHIIJI JIJill TPeX IICCJie.ziyeMh!X TIIII0B 

KBaHTOBOll K0ppeJIJ1n1111 II0 Kp11Tep11!0 MIIHIIMyMa OIIII16K11 ynpaBJieHIIJI. 

3.5 

3 

2.5 

~ 2 

j 1.5~ 

1 

0.5 

DD 5 10 15 

,-- TS1: QFI SP 
-- QFISPTMP 
-- QFITr-.tP 

20 25 
nm" Cs) 

30 35 -40 -45 50 

P11c.5 • CpaBHeH11e KaqecTBa ynpaBJieHIIJI no Kp11Tep11!0 MIIHIIMyMa orn116KI1 ynpaBJieHIIJI 

JIJIJI TPeX TIIII0B KBaHTOBOll K0ppeJIJIUIIH (B cmyanllJlx o6yqeHHJ1) 

KBaHTOBaJI BpeMeHHaJI K0ppeJIJIUIIJI .ziaeT nyqrnee KaqecTB0 ynpaBJieHIIJI, II HCII0Jih30BaJiaCh B 

/jaJihHeiirneM M0JieJinpoBaHHH ll IICCJieJI0BaHHH po6aCTHoro ynpaBJieHIIJI B npHMepe 2. 
IlpnBeJieM npnMep npoeKT11poBaHIIJI caMoopraHll3YJOI.QerocJI po6aCTHOro HP 0CH0BaHH0fO Ha 

np11MeHeHHH KHB JIJill HeJI11HeiiHoro OY B HenpeJIBIIJieHHhlX c11Tyan11J1x ynpaBJieHHJI. 

IlpUMep 2. Po6acm1we w1m(!JIJleKmyaJ1b11oe ynpa6Jle11ue 11e.nu11eii11b1M OY (c cyUJecmee1111ou 
ouccunalfueii u JIOKaJlbllOii 11eycmoii'lueocmb10) YpaBHeHHJI /1BH'lKeH11J1 OY u qiopMnpoBaH11e 

ynpaBJIJIJOI.Qeii CHJihl paccMaTPHBaJOTCJI C0BMeCTH0 C TepM0/1IIHaM11qecKI1MII ycJI0BIIJIMll B 

cne.ziyroI.QeM BHJie: 

.x+[ 2/J+& +k1x
2 -l]x+kx=,;(t)+u(t); 

d!x =[ 2f)+ax2 +k1x
2 -1]x•x, 

(2) 

r.zie <; ( t) 0IIHChIBaeT cnyqaiiHhle B03MYI.QeHIIJI C 3aJiaHHOll 4JYHKU11eii IIJI0TH0CTII pacnpe.zieneHIIJ! 

BepOJITHOCTeii; u(t) 3a.ziaeT HCK0MYIO 0IITHMaJihHylO ynpaBJIJIIOI.QYIO cuny; sx npeJICTaBJ!JleT 

I1p0113B0JICTB0 3HTP0IIIIII B OY. 

<t>11311qecKoii (peonomqecKoii) M0JieJihlO (2) OY J1BJIJ1eTCJ1 3JieKTP0MexaHnqecKaJI qacn no.ziBecKli 

JIBll'lKyI.QefOCJI 06beKTa ( aBTOM0611JIJ1, M0T0UHKJia, 'lKeJie3H0JI0p0'lKH0ro Baro Ha II T.II.) C IIOBh!IIleHHOll 

HeJIIIHellHOll JIHCCHI1an11eii JIJIJI II0BhllileHHJI 3qJqJeKTa rarneHHJI (KOMileHcanuu) KOJie6aH11ii, KOTopaJI 

0IIIIChIBaeTCJI o6o6I.QeHHh!M ypaBHeHlleM mna )];yqiq,11Hra - BaH 11ep IloJIJI (XaJIMOIIla - PeH)13pa). 
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Dpll ycJI0Bllll 2ft + ax2 + k1X
2 

::,; I , CIICTeMa o6na.ziaeT JIOKaJihHOll HeycmiiqllBOCThlO II CK0p0CTh 

. dSX 0 
rrpo113B0JICTBa 3HTP0IIHII 0TPIIUaTeJihHa, T. e. -- ::,; • 

dt 
C11cTeMa (2) np0JIBJIJleT pa3JillqHoe JIHHaMuqecKoe II0BeJieH11e npu CMeHe CTPYKTYPHhIX 

napaMeTPOB:· ecn11 /J = 0.5 (.zipyme napaMeTPhl, HanpnMep,a = 0.3;k1 = 0.2;k = 5 ), TO c11cTeMa, 

acllMIIT0TllqecKH ycmiiqnBa; Kor11a/J = -I (npoq11e napaM~hl, TaKlle lKe, KaK BhIIIle), CHCTeMa 

JI0KaJibH0 HeycToiiq11Ba II o6na.ziaeT aBTOKOJie6aTeJihHh!M pelKIIM0M. )];11HaMnqecKaJI CIICTeMa (2) 
xapaKTepH3YeTCJI Ha qla30BOM II0pTPeTe o6JiaCThlO npHTlllKeHIIJI (cTPaHHh!M arrpaKTOpOM). 

Ha p11c. 6 II0Ka3aHh! CB060JIHhle II BhIHYlKJieHHhJe KOJie6aHIIJI, a TaKlKe C00TBeTCTBYIOI.Qlle 

q>a30Bhle II0pTPeThl paccMaTPIIBaeMOH CIICTeMhl 11p11 YKa3aHHh!X napaM~ax. 

X: 

(a) 

u,~~-~~~-~~,::::i:::;=:,::;:;::;i 
-D!ll•OS 
-•• Dltl•-1 

Q 

rniilH 
i 5 ! f fl! t 

-2L.......L.-'--....L.-L-....L.-JL--'--J'---'---J 
D ID lO )J 111 ro ID TD ao 00 100 
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·''----'---'--L---'---'--L---'---'---' 
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~ 

P11c. 6. )];11HaMuqecKoe 110BeJieH11e OY: (a)- CBo6oJIHhre Kone6aH11J1; (6)- qJa30Bh!ii nopTPeT 

CB060)1Hh!X KOJie6aHuii; (B) - BhIHYlK/1eHHhJe KOJie6aH11J1; (r) - qJa30Bhlll II0pTPeT BhIHY'lKJieHHhIX 

Kone6aH11ii 
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OTMeTHM oco6eHHOCTb ycJIOBIIH ynpaimeHl!JI OY: np11 MaJibIX KOJie6aHl!JIX CIICTeMa (2) JI0KaJILHo 

HeyCTofr•nrna, qTo C03,[laeT Tpy.[lH0CTll B npoeKT11poBaH1III po6aCTHOfO ynpaBJieHHJI ,[laHHOH Cl!CTeMoli 

np11 3a,1a10IIJeM c11rnaJie (11en11 ynpaBJieH11J1) mnax = 0 11 HaJI1Iq1111 MaJihIX cnyqai1HhIX B03MyIIJeHHi1. 

Ha p11c. 7(a, 6) II0Ka3aHbl IIp0113B0/"(CTB0 II CK0p0CTb np0113B0/"(CTBa 3HTp0IIIIII B /"(1IHaM11qeCK0M 

II0Be.[leHl!II OY (pe)Kl!M CB060.[lHblX KOJie6am1i1) B 3aBl!CIIM0CTll OT H3MeHeHIIJI napaMerpa /3 B (2). 

20----.---..----.---,-----,.--....----,.---,------.---, 

15 I- .... --····-
.r 

c:55" 10 
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0 
0 5 10 
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c.. 1 
C/) ..,, 

0 

-1 

-2 
2 3 4 

15 20 

-- beta= 0.1[7 
···•·· beta:0.5 
-- beta=- 0.1 

25 30 

BTOpoM 3,0KOH T8J?MO,AHHOMMKM 

5 6 
Time ( S) 

7 

35 40 45 

8 9 

P11c. 7. TepMO/"(l!HaM11qecKaJ1 IIHTepnpern11HJ1 qieHOMeHa JIOKaJILHOH HeyCToi1q1IBOCTII 

A. PacCMOTpl!M CJie.[ly!OIIJl!e C11Tya111111 o6yqeHIIJI. 

50 

10 

CumyalfUR 06y'le11uR OJlfl npoeKmupoea11UR E3 HPI - FCl. B Kaqecrne IICX0/1Hb!X napaMerpoB 

c11cTeMbI (2) np11MeM/3 = 0.5;a = 0.3;k1 = 0.2;k = 511 HaqaJILHble ycnoBHJI paBHhIMII x0 ; x0 : 2.5; 

0.1; 3a.[la!OIIJIIH Cl!rHaJIX,,1 = 0; o6naCTL 1!3MeHeHl!JI K03qJqJIIl11!eHTOB yc11JieHHJ1 [0,10]; BHenrnee 

B03MyIIJeHl!e • cnyqai1HOe B03,[leHCTBl!e C P3JieeBCKIIM 3aK0H0M pacnpe11eneH1IJI BepOllTHOCTeii. 

,[(aHHYJO c11rya111110 ynpauJieH11J1 0603Haq11M TS I. 
CumyalfUR 06y'le11uR OJIR npoeKmupoea11UR E3 HP2 - FC2. B Kaqecrne 11cxo.[lHblX napaMerpbB 

c11cTeMLI (2) np11MeM /3 = -1; a= 0.3; k1 = 0.2; k = 5 11 HaqaJihHLie ycnoBHJ1: x0 ; X0 =2.5;0.1; 

3al"(a!OIIJIIH CllrHaJI x,,j = -1 ; o6JiaCTb 113MeHeHIIJI K03qlqJ11111IeHTOB yc11JieHHJ1 np11MeM [O, JO); 

BHeurnee B03MyIIJeHl!e (KaK II B TS J) • cnyqai1Hoe B03/"(eHCTBl!e C P3neeBCKIIM 3aK0H0M 

pacnpe11eneHIIJI BepOllTHOCTei1. ,[(aHHYJO cmya111110 ynpaBJieHHJI Bbl/"(eJil!M KaK TS2. 
:63 /"(JIJI 11aHHLix C1Irya1111i1 o6yqeHIIJI (TSI, TS2) 6bm11 cnpoeKT11poBaHLI B fnaBe 4. Cnyqai1Hblll 

CllfHaJI B03.[leHCTBHJI Ha Cl!CTeMy (2) C P3JieeBCKIIM 3aK0H0M pacnpe11eneH1IJI BepOllTHOCTeii 

M0,[leJI11p0BaJICJI (CM. p11c. 3) C II0M0IIJb!O HeJil!HeHHOfO qiopMIIPYJOIIJefO qll!JlbTpa, HcIIOJib3YJI 

1IHCTpyMeHrnp11ii 0:63 II oc, nonyqeHHLIH C II0M0IIJLIO cmxacmqecKoro M0/"(eJmpoBaHHJI C rA, /"(JIJI 

3a,1aHHhIX c11rya1111i1 06yqeH11J1 6blJI11 cnpoeKT11pOBaHbI E3J(KBI) 11 E32(KB2) MJ1 HPl(FCI) II 
HP2(FC2) np11 B03/"(eHCTBIIII P3neeBCKOfO rnyMa C00TBeTCTBeHH0, K0T0pble OIITl!MaJil,HO 

aunpOKCIIM!!pOBaJIII QC ( C T0qKII 3peHIIJI IIp!!HJITOH qJYHKJ11!1! npl!fO/"(H0CTII II 3a.[laHHblX cmya1111ii 

ynpaBJieHIIJI OY). 
Oco6e1111ocmu npoeKmupoea11uR E3 11a oc11oee OE]. ,[(Jill 6onee II0JIH0ro uocnpHllTIIJI pe3yn1,rnT0B 

M0,[leJil!p0BaHHJI II npoeKT!!p0BaHl!JI HP 0TMeTIIM HeK0TOpble oco6eHHOCTII nporpaMMHOH IIOMep)Kl(ll 
0:63 (npe11Bap11TeJibHO 0ill!CaHHbie B IlplIJIO)KeHl!II I) 11 TeXH11qecK11e xapaKTep!!CTl!Kll 

cnpoeKT11poBaHHblX Ha ero OCH0Be :63 MJI HP, a TaK)Ke np11Be,[leM cpaBHeHl!e C pe3yJibTaT0M 
npoeKTupoBaHHJI Ha ttHcrpyMeHrnp1111 HHC T11na AFM. 
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Ha puc. 8 IIp!!Be.[leHa 06IIJaJI CTpyKTypa M0,[leJI11poBaH1IJI 0CH0BHbIX 6JIOKOB HP II CTpyKTypa 

ocH0BHbIX 6JIOKOB nporpaMMHOH II0Mep)KKl! npoeKTl!p0BaHIIJI :63. Ha puc. 8(B) II0KaJaH np11Mep 
ucTp0eHH0fO B 0:63 6JIOKa HeqeTKoro BhlB0,[la C l!CII0JIL30BaHl!eM M0,[leJII! CyreHo. CrpyKTypHO 0:63 

111,1eeT nporpaMMHLIH l!HTepqiei1c conpll)KeHHJI C MaTJla6, II nporpaMMH0 C0ilpJl)KeH C 6JIOKOM KHB 
qepe3 BCTJ)OeHHblH IIHTepqiei1c ( CM. IlpIIJIO)KeHl!e J ). 
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P1Ic. 8. CrpyKTypa rrporpaMMHoii ITOMeplKKII rrpoeKTttpoaamrn E3 B HP 

(a)- ClJJYKrYPa rrpoeKrupyeMoro HP; 1- rropT axo,11a; 2- cpa:mqmKarnp; 3- 6rroK HeqerKoro Bhlao,11a II 

,11ecpa31I!pHKaTOpa; 4- rropT BhlXO,lla; (6)- !pa31I!pHKaTOp; (a) - 6noK HeqeTKOfO Bb!BO,lla 

PacCMOlJJIIM KpaTKO rrpo11ecc rrpoeKT1IpOBaH1IJI oc OIITIIMaJibHOro yrrpaaneHIIJI KaK Bb!XO,llHOf0 

cttrnana E3 BHP. B KaqecTBe c1Izya111I1I o6yqeHlfll rrplIMeM cHTya111I10 TSI. B 3TOM cnyqae KplITepnii 

KaqecTBa yrrpaaneHlfll a Bll,lle MIIHIIMyMa OIIIH6KII yrrpaaneHIIJI paccMalJJHBaeTCJI KaK cpyHKllll!l 

rrpllrD,llHOCTI! r AC rrpOC1JlaHCTBOM IIOllCKa K03!p!plI111IeHTOB ycHJieHIIJI (0,5). 

~ rrpoeKTIIpOBaHlfll E3 B 3a,llaHHOH CHTya111I1I yrrpaBJieHHJI 3a,llaIOTCll: 1) 1JJII BXO,llHble 

rrepeMeHHhle { e, e, f edt} , OIIIICbIBa101111Ie ,lllIHaM1IqecKoe IIOBe,lleHIIe OIIlll6KII yrrpaaneH1IJ1; II 2) -rpll 

BLIXO,llHLie rrepeMeHHLie { k P, k d, k;} , rrpe,11cTaBJIJ1IOI111Ie K03!p!plI111IeHTLI ycHJieHlfll, rrpoeKT1IpyeMoro 

HeqerKoro IIH,[(-peryJIJ1Topa. 

B OE3 rrpo11ecc rrpoeKTIIpoaamrn E3 ,11an cne,11y101111Ie xapaKTeplICTIIKH: 1) KonttqecTBo cpyHKllllll 

rrp1rna,11JielKHOCTII ,llJIJI Ka)K,IIOH BbIXO,llHOH JIHHfBIICTlfqecKOH rrepeMeHHOH (7,9,9) (orrTllMaJibH0 

orrpe,11eJIJ1eMhle fAl), COOTBeTCTBeHHo; 2) IIOJIHOe KOJIIIqeCTBO rrpo11yK111IOHHhlX' HeqerKJIX 

rrpas11rr 7 x 9 x 9 = 567 ; 3) OIITHMaJibHOe qlICJIO Bhl6paHHbIX ,llJIJI E3 rrpo11yK111IOHHbIX rrpaBllJI no 

KpHTep1110 qacTOThl 3arrpoca 113 E3 COCTaBIIJIO 20; (3) OIITHMaJibHOe qlICJIO rrpO,llyKllllOHHhlX rrpaBllil, 
OT06paHHhlX f A2 COCTaBIIJIO 20. 
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Ha p11c. 9 npe,llCTaBJieH onTIIMaJibHhlH B11,ll cpyHKllllH np1IHa,11JieJKHOCTIJ ,llJIJI 1JleTbeH BhlXO,llHOH 

nepeMeHHOH kl (K03!p!plllllleHT yc11neHllll IIHTerpanbHOH OIIIII6K11). 

, -~- . . ~"' ... ~,,,,~-:.,_,,,,,.,· ~•=S"o/'•< ,. 1 

Pttc. 9. OITTHMaJibHhlH Bll,ll !pYHKllllH rrpllHa,llJielKHOCTll ,llJIJI on11CaHllll 1JleTbeH BbIXO,llHOH 

JillHfBIICTIIqecKOH nepeMeHHOH 

,[(rrll cpaaHeHlfll npttae,11eM Ha p11c. 10 pe3yrrLTaTLI pa6oThl c HHC mna AFM. 
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P11c. 10. Ilp11Mep Bhl6opa cpYffKllllH npllHa,llJielKHOCTII B HHC 

lfocno 3a,11aHHLIX apyqHyro cpYffKlllIH rrp11Ha,11neJKHOCTH cocTasHJI 5 no KalK,llOH JillHrBllCTHqecKoif 

nepeMeHHoii; nonHoe q11cno np0/1YK111IOHHbIX HeqeTKllX npaBllJI COCTaBllJIO 125; 11 q11cno 

aKTllBllpOBaHHblX rrpaBllJI TaKlKe COCTaBllJIO 125. 

B AFM q11cno 11 B11/1 cpYffKllllH np11Ha,11JielKHOCTH onpe,11eJIJ110TcJ1 3KcnepTOM, B TO apeMll KaK B 

0E3 ace onepal.11Ill npoeKTllpOBaHIIJI aBTOMaTH311pOBaHbl onTllMaJibHbIM o6pa30M Ha OCHOBe r A. 

AHaJill3 pe3yJILTaTOB noKa3aJI, qTO ClJlyKTypa E3 C YKa3aHHb!Mll rrapaMeTpaMll, 

cnpoeKTllpOBaHHaJI Ha OCHOBe OE3, 06ecneq11saeT 6onee BhlCOKHH ypoBeHb po6aCTHOCTll HP no 

cpaaHeHll!O c HHC (125 npaBIIJI) 11 IIH,[(-peryJIJ1TOpOM c noCTOJIHHb!Mll napaMerpaMll (5,5,5). 
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Ii. CqiopMyJI11pyeM cJie;1y101.Q11e 3a;1aq11 ynpaBJieHJrn: 

1) nepeBeCT!f OY 113 HaqaJihHOro COCTOJIHIIJI Xo, Xo = 2.5, 0.1 B KOHeqHoe 3a;laHHOe COCTOJ!Hl!e 

(npeACTaBJIJIIOI.Qee 3a;1a101.QIIH CIIIBaJI (3C)) np11 BHeIIIHIIX IIIyMax, ;1ettCTBYIOI.QIIX Ha OY, np11 

HaJI11q1111 mMeHeH11ii napaMeTpOB MOAeJI11 OY 11 11eJieii ynpaBJieHl!ll (3C); 

2) npoBeCTI! 011eHKII qyscTBl!TeJihHOCTII II ypoBHll po6acTHOCTII cnpoeKTl!pOBaHHh!X HP(l,2), 

cpaBHl!Th C TPaAl!llllOHHhlM TIH)J.-peryJIJ1rnpoM II caMoopraHll3YIOI.QIIMCJI peryJIJ1TOpOM C B,[(, 

noeyqeHHOH Ha OCHOBe np11MeHeHIIJI KHB B HenpeABIIAeHHOH c11rya111111 ynpaBJieHl!JI. 

Ha p11c. 11 lIOKa3aHhl pe3yJihTaThl MOAeJI11poBaHl!ll npo11ecc0B ynpaBJieHl!JI B YKa3aHHh!X YCJIOBl!Ji)( 

AJill C11rya111111 TS2. 
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P11c. 11. Pe3yJihTaThl MOAeJI11poBaHIIJI po6acrnoro ynpaBJieHl!JI HeJI11HeHHh!M OY 

caMoopraHll3YIOIIIIIMCJI HP B HenpeABl!AeHHOH c11rya111111 ynpaBJieHIIJI: a - q>OpM11pOBaH11e npo11ecca 

caM006yqea11J1 IIHTeJIJieKryaJihHoro HP; 6 - qiopM11poBaH11e npo11ecca caMoa;1ama111111 

IIHTeJIJieKryaJihHoro HP 

8 '.)TOM CJiyqae AJIJI HP 1 AaHHaJI c11rya1111J1 ynpaBJieHIIJI JIBJIJleTCJI HenpeABl!AeHHOH ( cyI.QecrneHH0 

113MeHIIJICJI napaMeTp CTPYKTyphl OY 11 11eJih ynpaBJieHllll). AHaJill3 pe3yJihTaTOB MOAeJI11poBaHIIJI ;1a11 

HlllKe. Ha p11c. 12(a) np11Be;1eH l!ClIOJlh3YeMhlH AJlll MOAeJI11poBaHIIJI p:meeBCKIIH IIIyM II Ha p11c. 12(6) 

- lIOJiyqeHHhle C lIOMOI.QhlO KHB 3aKOHhl ynpaBJieHl!JI K03q>qllllllleHTaMI! yc11JieHIIJI npll 

l!ClIOJlh30BaHl!II peaKllllll AByx B3 HP(l,2) Ha HenpeABl!AeHHYIO c11rya111110 ynpaBJieHl!JI. 

B. A1tClllU3 peJJJlbmamo6 MoiJe.nupo6a1tUJ1 u </Ju3u'lecK{lJ{ u1tmepnpemalfUJ1 npolfecca 

Ca.Moop2a1tU3GlfUU 6 HP. P11cyttOK 1 l(a) OTPaJKaeT OCHOBHhJe npe11My1.Qecrna II pa6ory np11Hllllfla 

caMoopramna111111. Ha JTane nepexo;1aoro npo11ecca caMoopraH113y101.Q11ttcJ1 HP KaqecrneH!IO 

CJie;1yeT no TPaeKTop1rn TPMllllllOHHOro TIH)J.-peryJIJITOpa, HO C yMeHhIIIeHHh!M IIHTerpaJihHhlM 

K03qlqllllllleHTOM yc11JieHIIJI (cM. p11c. 12(6)). 3a cqeT CHlllKeHIIJI YKa3aHHhIX K03qlqllllllleHTOll 

yc11JieH1ll1 lIOHIIJKaeTCJI paCXOA pecypca B Bl!Ae IlOJie3HOH pa6on1 TIH)J.-peryJIJITOpa (3HaqeHlle 

np0113Be;\eHHOH 3HTPOlI1111). Ha AaHHOM 3Tane l!ClIOJlh3YeTCJI ABl!lKeHl!e CaM0ro OY (Ha )Tane 

nepeXOAHOro npo11ecca AO AOCTlllKeHl!ll OY 11eJI11 ynpaBJieHIIJI K03qlqllllll!eHThl yc11JieHllli 

caMoopraHll3YIOIIIerocJI TIH)J.-peryJIJITOpa l!Me!OT lIOCTOllHHhle 3HaqeHl!ll). 
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P11c.12. Bll;\hl cJiyqaiiHoro npo11ecca c p3JieeBCKOH q>yHKllllett pacnpe;1eJieHl!JI BepOllTHOCTett (a) 11 

3aKOHOB ynpaBJieHl!JI K03qlqllllllleHTaMI! yc11JieHl!ll HeqeTKOro TIH)J.-peryJIJITOpa (6) 

Ha p11c. 13 np11Bet1eHhI 3HaqeHIIJI 06061.QeHHhlX 3HTPon11ii c11cTeMhl «OY+HP», Bb1q11cJieHHhie B 
COOTBeTCTBIIII C (2). 
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P11c. 13. ,[(11HaM11qecKoe noBe;1eH11e 06061.QeHHhIX 3HTPOn11ii (OY+HP): 

(a)- BpeMeHHaJI 06061.QeHHaJI 3HTPOilllll; (6) - HaKOlIJieHHOe 3HaqeHl!e 06061.QeHHOH 3HTPOlIIIII 
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B 3TOM CJJyqae KOppeKTHO ycTaHaBmrnaIOTCJI Heo6X0,[{11Mble COOTHOIIIeHIIJI Mel!(,Z\y 

KaqecTBeHHhIMII II KOJJ11qecTBeHHhIMII orrpe,!leJJeHIIJIMII ycroiiq11BOCTII ITO JlllrryHOBY, yrrpaBJllleMOCTJi 

II po6aCTHOCTII rrponeccoB yrrpaBJJeHIIJI 3a,[laHHhIM OY. ,[(o ,[{OCTlllKeHIIJI neJJII yrrpaBJJeHIIJI (3C 
yrrpaBJJeHllll, paBHOro B ,[laHHOM cJJyqae -1) pean113yeTCJ1 rrponecc caMoo6yqeHIIJI HP 11 113BJJeqeHJie 

neHHOll 11mpopMan1111113 pe3yJJhTaTOB peaKilllll ,[{Byx HP Ha Herrpe,!1B11,[{eHHYIO c11zyan1110 yrrpaBJJeHIIJI 

B peaJJbHOM BpeMeHII C IIOMOIIlhlO KBaHTOBOll KOppeJll!Illlll. 

IlocKOJlhKY B KBaHTOBYIO KOppeJll!IllllO BXO,[{IIT IIHqJOpMaill!JI O TeeyIIIIIX 3HaqeHIIJIX 

COOTBeTCTBYIOIIIIIX K03cpcp11n11eHTOB yc11JJeHllll, TO caMoopraH113YIOIIlllllCJI HP IICIIOJlh3yeT MJ! 
,[{OCT!llKeHIIJI neJJII yrrpaBJJeHIIJI B pe3yJJhTaTe rrpe11MyII1eCTBO 6hICTpO,!lellCTBIIJI HP2 II 

arrep110,[{11qecK11ii xapaKTep ,!IIIHaM11qecKoro rroBe,!leHllll HP I. 
KaK CJJe,[{CTBlle 06ecrreq11BaeTCJI IIOBhIIIIeHHOe Kaqecrno ynpaBJJeHIIJI. 

HarroMHIIM, qrn ,[{Jlll paccMaTp11BaeMoro cJJyqaJ1 HP2 6h!JJ o6yqeH Ha c11zyan1110 yrrpaBJJeH11J1 TS2, 
a ,[{Jlll HP! c11Tyan11J1 TS2 JIBJllleTCJI Herrpe,!IBll,[{eHHOll (cyIIIeCTBeHHO 113MeHIIJJCJI rrapaMerp 

CTpYKTYPhl OY II neJJh yrrpaBJJeHllll). Ilo3TOMY 3a cqeT KBaHTOBOll KOppeJlllflllll ocyIIIeCTBJllleTCl! 

KOOp,!111Han11J1 MelK,!ly COOTBeTCTBYIOIIIIIMII 3aKOHaMII yrrpaBJJeHIIJI, 3a cqeT ,[{aHHOro 3cpcpeKTa 

caM006yqa10II111iicJ1 HP 113BJJeK neHHYIO 11HcpopMan1110 o rrepeperyimpoBaH1111 HP2 11 peaKn1111 HP I Ha 

Herrpe,!IBll,[{eHHYIO c11Tyan1110 ynpamIeHllll, IICIIOJlb30BaJJ B 3aKOHax ynpaBJJeHIIJI K03cpcp11n11eHTaMI! 

yc11JJeHIIJI ,[{aHHble O 6bICTpO,[{ellCTBIIII (p11c. I !(a)) HP2 II rreperneJJ Ha pelKIIM caMOa,[laman1111, 

coxpaHIIB rrpe11MyII1ecrno arrep110,[{11qecKoro rrponecca HP I (,!10CTlllKeH11e neJJ11 yrrpaBJJeHIIJI 6e1 

rrepeperyJJ11poBaH11J1). Ilo,!lqepKHeM, qrn caM HP! B ,[{aHHoii C11ryan1111 neJJ11 yrrpaBJJeHllll He 

,[{OCTllraeT (p11c. I I), a HP2 IIMeeT rrepeperyJJ11poBaH11e II JlOKaJJhHO Heycrniiq11B0 (p11c. 13). 
Ilpw,,tep 3: Po6acm1we ynpa6lleHue B HenpeOBuOeHHoii cumyalJUU ynpaMemm. B rrp11Mepe 2 6brna 

paccMOTpeHa oneHKa po6acrnocm HCY Ha 06yqa10II111x cmyan11J1x, KOr,!la O,[{Ha 113 c11zyan11ii TS2 

6blJJa Herrpe,!1B11,[{eHHOll ,[{Jlll rrepBoro HP ( cyIIIeCTBeHHO 113MeHIIJJIIC~ rrapaMeTp 13 (B CTpyKType OY) 

II neJJh yrrpaBJJeHIIJI), o6yqeHHOro Ha c11zyan1110 TS!. HecMOTpll Ha napa,!IOKCaJJhHhlll cpaKT, qTQ caM 

HP I B ,[{aHHOll c11zyan1111 neJJII yrrpaBJJeHIIJI He ,[{OCTllraeT ( CM. p11c. 11 ), a IICIIOJlh30BaH11e HP2 

rrp11B0,[{IIT K rrepeperyJJ11poBaHIIIO II JlOKaJJhHO Heycroiiq11BOMY ,[{Bl!lKeHJIIO OY ( CM. p11c. 13), 
caMoopraHll3YIOIIIIIHCll HP c 11cnoJJh30BaH11eM KHB ycrrernHo crrpaB11JJCJ1 c 3a,[{aqeii yrrpaBJJeHl!ll. 

CTaBIITCJI BOIIpoc: coxpaHJleTCJI Jlll ,[{aHHhlll 3cpcpeKT rrp11MeHeHIIJI KHB B 6oJJee CJJOlKHhIX (qeM Ha 

c11zyan11J1X 06yqeH11J1) Herrpe,!IBll,[{eHHhIX Cl!Tyanl!Jlx yrrpaBJJeHllll? 

,[(JJJI OTBeTa Ha IIOCTaBJJeHHhlll Borrpoc paccMOTpl!M 6oJJee CJJOlKHYIO Herrpe,!IBJl,[{eHHyID 

(O,!IHOBpeMeHHO ,[{Jlll HP! 11 HP2) cmyan1110 yrrpaBJJemrn. 

,[(JJJI C03,[laHIIJI HOBOll Herrpe,!1B11,[{eHHOll c11zyan1111 yrrpaBJJeHIIJI B 6JJOK-CXeMy Ha p11c. J BBe,[{eM 

HOBbie cpopMIIPYIOIIIlle rrapaMeTphl, TaK, ,[{Jlll HOBOll c11zyan1111 yrrpaBJJeHIIJI 6hIJJII 3a,[{aHhl: I) 
3a,[{aIOIIIllll c11riian (neJJh) yrrpaBJJeH11J1x,.,1 = 0; 2) BHeIIIHllll P:meeBCKllll rnyM (cM. p11c. 12(a)); 3) 

HOBhiii napaMeTp j3 = - 0.1 B MO,!leJJ11 OY; 4) ~rpaH11qeH11e Ha cl!Jly yrrpaBJJeHllllU:,; IIOl[N]; 5) B 

CIICTeMy 113MepeHIIJI BBe,[{eH cJJyqaiiHhlll rayccOBCKllll IIIYM C K03cpcp11n11eHTOM yc11JJeHIIJI paBHhIM 

0.02; 6) BBe,[leHa BpeMeHHaJI 3a,!leplKKa CllrHaJJa OIIIll6KII yrrpaBJJeHIIJI, paBHaJI 0.0125 ceK. OcTaJJhHble 

rrapaMeTpbl OY OCTaJJIICh Hell3MeHHhIMII. 

TaKIIM o6pa30M, Herrpe,!IBll,[{eHHaJI c11zyan11J1 yrrpaBJJeHIIJI CO,!leplKIIT IIIYMhl B CIICTeMe 113MepeHHJ!, 

3a,!leplKKY IIHqJOpMan1111 ,[{Jlll HP I II HP2 0 TeKyIIIeM 3HaqeHIIII OIIIll6KII yrrpaBJJeHllll " 

cKaqKoo6pa3Hoe 113MeHem1e napaMeTpa B CTpyKType OY. 

PaccMOTpllM pe3yJJhTaThl MO,[leJJ11poBaH11J1 ,[{Jlll oneHKII po6aCTHOCTII paccMaTpllBaeMhIX HP. 

Ha p11c. 14 IIOKa3aH pe3yJJhTaT MO,[{eJJ11poBaHIIJI ,[{IIHaM11qeCKOro IlOBe,[{eHIIJI OIIIll6KII yrrpaBJJeHHJ!, 

a Ha p11c. 15 rrp11Be,[{eH pe3yJJhTaT MO,[{eJJ11poBaHIIJI ,[{IIHaMIIKII IIHTerpaJJbHOll KBa,!1paT11qHoii OII11!6K» 

ynpaBJJeH11J1. 
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P11c. 15. OueHKa po6aCTHOCTII B HOBOH c111yau1111 yrrpaBneHmI: AIIHaMIIKa IIHTerpanbHOH 
KBaAparnqHoif OIII116K11 yrrpaBneHIIJI 

IIonyqeHHhie 3aK0Hhl yrrpaBneHIIJI 113MeHeHlleM K03cpcp11u11eHTOB yc11neHIIJI II Cllnhl yrrpaBneHHH 
rrpll 3aAaHHh!X cp11311qecKIIX orpaH11qeHIIJIX rrp11BeAeHhl Ha p11c. 16 II 17, C00TBeTCTBeHH0. 
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P11c. 16. OueHKa po6acTHOCTII B HOBOH c11ryau1111 yrrpaBneHIIJI: caMoopraH113aIIIIJI 3aK0H0B 
yrrpaBneHIIJI K03cpcp11u11eHTaM11 yc11neHIIJI KBaHT0B0ro HeqeTK0ro ITH)];- perynJirnpa 
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P11c. 17. OueHKa po6aCTHOCTII B HOBOH c11ryau1111: AIIHaMIIKa yrrpaBmIIOIIIero B03AeHCTBIIJI 

P11cyHOK 18 OTpalKaeT II0Tep11 pecypca HCY B BIIAe B03pacTaHIIJI IIHTerpanbHOH o6o6IIIeHHOH 
3Hrporr1111 B c11cTeMe «OY + HeqeTK11if IIH,ll;-perynJirnp». 
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P11c. 18. OueHKa po6aCTHOCTII B HOBOH c11ryau1111 yrrpaBneHIIJI: AIIHaMIIKa IIHTerpanbHOH 
o6o6IIIeHHOH JHTp0IIIIII 
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AH3Jlli3 npuBe,!leHHhlX pe3yJihT3TOB IIOK3.3hlB3eT, 'ITO o6a HPI H HP2 He CIIp3BJIJIIOTCll C 

IIOCTaBJieHHOH 33.11aqeii ynpaBJieHl1JI II HMelOT 60JibIIIOH pacxo.11 pecypca. B OTJIH'!He OT ,!13HHblX HP, C 

n0Momh10 KHB caMoopraHu3y10muiica HP H3BJieK HJ .L\HHaMuqecKoro noBe,!\eHua OY, HPI II HP2 
ueHHYIO CKPhlTYIO KB3HTOBYIO umpopM3UHIO II ,!IOCTHr ueJIH ynpaBJieHIIJI C H3HMeHbIIIHMH IIOTepllMI! 

pecypca. 

TaKHM o6pa30M, B CJIO)KHOH Henpe,!IBl!,!leHHOH ClfTY3UHH ynpaBJieHIIJI coxpaHlleTCJI 3cpc)leKT 

IIpl!MeHeHHll MO,!leJIH KHB, 'ITO II llBJIJleTCll OTBeTOM Ha IIOCT3BJieHHhlll BOIIpoc. 

IIo.11qepKHeM, 'ITO IIp!!Mepbl 2 H 3 CJIY)K3T TOJibKO HJIJIIOCTP3UHeii B03MO)KHOCTeii IIpHMeHeHi!l[ 

p3.3pa6ornHHoii Mo.11em1 KHB B 3a.11aqax npoeKTupoBamrn IICY c IIOBhlIIIeHHhlM ypoBHeM 

po6aCTHOCTH B Henpe,!IBl!,!leHHhlX CIITY3UIIJIX ynpaBJieHIIJI. IioJiee II0,!1p06Hblll 3H3Jill3 3cpcpeKTHBHOro 

IIp!!MeHeHIIJI MO,!leJIII KHB TPe6yeT C3MOCTOJITeJibHOro o6cy)K,!leHl!JI II 3,!leCb He paCCM3TPIIB3IOTCll. 

OTMeTl!M TOJibKO nepBooqepe,!IHbie 33,!\3'!11 IICCJie,!IOB3Hllll 3cpcpeKTl!BHOro np!!MeHeHi!l[ 

pa3pa60T3HHOH MO,!leJIII KHB: OY C rno6aJihHOH ,!IIIH3Ml!'leCKOii HeycTOH'll!BOCThlO, C p3.3Jill'IHhlMII 

TIIII3MII HeycTOH'll!BOCTblO IIO o6o6meHHhlM KOOp,!111H3T3M ( C JIOK3JlbHOH II rJI063JlbHOii 

Heycrnii'IIIBOCTblO ), p3.3Jil!'!Hb!M CO'leT3HlleM BHYTPeHHIIX II BHeIIIHIIX IIIYMOB, 113MeHeHl!eM 

napaMeTPOB CTPYKTYPhl OY, oueHKa IlOTepb pecypca, CJIO)KHOCTb o6pa6oTKII II cp11311qecKoii 

peaJill33UIIII 33KOHOB ynpaBJieHIIJI, 3 TaK)Ke MHOrlle .11pyr11e CMe)l(Hbie BOIIpOChl. 

Pe3yJihT3Thl MO,!leJI!!pOB3Hllll Il0K3.33JIII npe11MymecTBO KB3HTOBhlX CTP3Ter11ii ynpaBJieHl!JI Ha 

OCHOBe KHB, Il03BOJIJIIOm11x cnpoeKTl!pOB3Tb YHl!BepCaJibHhlii po6aCTHblll HP 113 .LIBYX He po6aCTHhIX 

HP(l,2) C npoCTbIMII 33KOH3MII ynpaBJieHl!JI K03cpcp11u11eHT3MII yc11JieHl!JI IIII,[(-peryJIJITOpa. 

TaKl!M o6pa30M, npouecc C3MOOpraHll33UIIII MO)KeT 6h1Tb ycJIOBHO p3.3,!1eJieH Ha 

B3311MO,!IOIIOJIHll!Om11e npoueccw caMoo6y'leHIIJI II C3M03,!13IIT3U1111, IIOBhlIII3!0Inl!e ypoBeHb 

po6aCTHOCTI! IIHTeJIJieKryaJibHhlX npoueccOB ynpaBJieHIIJI B pe)Kl!Me peaJihHOro BpeMeHI!. 

JlpUMe'IQIIUe 18. C TO'IKII 3peHIIJI KB3HTOBOH Teop1111 11rp ,!\3HHblll 3cpcpeKT JIBJIJleTCll 

,!leMOHCTP3Ul!eii «JlappoHOO napaooKca»: B !!rpOBOH c11ryau1111 (B Henpe,!IBl!,!\eHHOH Cl!TY3UHII 

ynpaBJieHmI) Me)K,!ly .LIBYMll KJI3CCH'leCKIIMII HP(l,2) (HrpOKI! A II B COOTBeTCTBeHHO), KOTOpble He 

JIBJIJIIOTCJI no6e.1111TeJIJIMII IIp!! l!CIIOJib30B3HHII KJI3CCl!'leCKIIX CTP3Ternii B p3.3Jill'!Hb!X CIITY3UHllX 

ynpaBJieHHll, C IIOMOmhIO KB3HTOBOH CTP3Tern11 IIp!!HJITIIJI peIIIeHl!ll Ha OCHOBe KHB MO)KHO 

cnpoeKTl!pOB3Th 113 HHX no6e.1111TeJIJ1 B BIi.Lie HOBoro C3MOOpraHll3YIOmerocJI HP. II0.1106Hhlll 3cpcpeKT 

OIIIIC3H T3K)Ke B fJiaBe 3. . 

PacCMOTPeHHhlll np11Mep IIJIJIIOCTPIIPYeT 3cpcpeKTl!BHOCTb MeTO,!IOJIOrlll! np11MeHeH11J1 KB3HTOBblX 

Bbl'll!CJieHl!ll ,!ll!JI peIIIeHIIJI aJiropi!TMl!'leCKI! Hepa3peIIIl!MbIX KJI3CCll'leCKIIX 33,!13'! B Teop1111 II 

npaKTl!Ke IIHTeJIJieKryaJibHOro He'!eTKoro ynpaBJieHllll, npe,!1CT3BJieHHhlX B fJiaBax 1, 2113. 
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IlpnJio~eune Ill 
OnTHl\lU3aTop 6a3 3Hanuii ua 0CH0Be KBaHT0BblX BblquCJieuuii l(JIH 
npoeKTnpoBauun cal\looprauu3y10~11xcn ueqeTKHX peryJinTopoB: 
JiporpaMI\IHblH HHCTpyMeHTapnii 

PaCCM3TPIIB3eTCJI HOB3JI TeXHOJIOrllll npoeKT!!pOB3HIIJI po6acTHblX HCY Ha OCHOBe OIITIIM1!33TOpa 

633 3H3Hllll Ha KB3HTOBblX Bhl'll!CJieHIIJIX. PaccM3TPIIB3eTCJI MeTo;i C3MOOpr3Hl!33U1111 E3 He'leTKIIX 

peryJillTOpOB Ha OCHOBe COOTBeTCTBYIOmero KB3HTOBOro aJirop11TMa. ,[(aeTCll KpaTKoe 0Ill!C3Hl!e 

nporpaMMHOro IIHCTPYMeHTapHll OITTIIM1133TOpa li3.3 3H3Hllll Ha OCHOBe KB3HTOBblX Bhl'IIICJieHl!ll II 

0lll!Cb!B3IOTCJI pe3yJibT3Thl MO,!lel!i!p0B3Hl!JI ynpaBJieHl!JI ,!\Bll)KeHl!eM rno6aJibHO-HeycToiiq11Boro 

061,eKTa ynpaBJieHl!JI («KapeTKa -M3JITHIIK))) C IIOMOinb!O cnpoeKTIIPOB3HHOro KB3HTOBOro 

He'leTKoro KOHTPOJIJiepa. 

IIl.1. KnaHTOBbIH OIITJIMHJaTop 6a3 J11a1111ii JI 11porpaMl\lllblH JIHCTpyMe11Tap11ii 

,[(JIJI npoeKT11pOB3HIIJI KB3HTOBOro KOHTPOJIJiepa· (p11c. III. I) p33pa6oTaH HOBblll nporpaMMHblll 

npO.L\YKT, H3.3bIB3eMblll "OIITIIMll33T0p Ii3.3 3H3Hllll Ha KB3HT0Bb!X Bbl'll!CJieHl!llX", JIBJIJl!Oinl!HCll 

npO,!IBIIHYTbIM ,!IOilOJIHeHl!eM K paHee p33pa60T3HHOMY IIHCTPYMeHTap!!!O OE3 Ha MJlrKIIX 
Bbl'll!CJieHl!JIX. 

CTPYKTypa KB3HTOBoro peryJillTOpa Ha ocHOBe KHB noK3.33Ha Ha p11c. II 1.1. 

i KeaHmOG&li1 CaMoopeaHU3YIOU.Cui1cR1 

j .--------, KOHmponnep i 
FC1 

Lien& ynpae.neHUR 
- 3acJa10ucuu cuaHan + 

06bEKT 
YnPABnEHIIIS'I 

Te,ryu.cee cocmoRHue OY 

P11c. III .1. CTPYKTYPa KB3HTOBoro KOHTPOJIJiepa Ha ocHoBe KHB 

JlpUMe'laHue 19. ,[(JIJI IIpOCTOThl B ,!13JlbHeiiIIIeM 6y.11eM H33b!B3Tb OE3 Ha KB3HTOBblX 

Bbi'll!CJieHIIJIX - KB3HTOBhlM OITTl!Mll33TOpOM. Ey.11eM IICIIOJib30B3Tb TaK)Ke COKpameHl!e OE32. 

OE3 Ha KB3HTOBblX Bbl'll!CJieH11llx (OE32) npe,!1H33Ha'leH ,!\Jlll npoeKTl!pOB3HIIJI 

CaMoopraHll3YIOin11XCJI KB3HTOBbIX KOHTPOJIJiepoB II npe,!1CT3BJIJleT co6oii nporpaMMHblll 

IIHCTPYMeHTap11ii, II03BOllll!Om11ii cnpoeKT!!pOB3Tb HeCKOJibKO CTPYKTYP KOHTPOJIJiepOB C IIOMOinb!O 

KHB ( C p3.3Hb!MII Tl!Il3MII KB3HTOBhlX KOppeJIJIUllii) II BbI6paTb 113 HIIX H3l!JIY'fIIIYIO C TO'IKII 3pemrn 

IlOBbIIIIeHHOH po6acTHOCTI!. OE32 peaJil!30B3H B BIi.Lie nporpaMMHOii CIICTeMbl. 

B Ka'leCTBe J13b!K3 nporp3MM!!p0B3HIIJI np11 peaJI1!33U1111 ,!13HHOH Cl!CTeMbl 6brn Bb16paH Jl3b!K C++ 

(Microsoft Visual Studio.net). AJirop11TM11qecK3JI qacTh, oTBe'laIOmaa 33 peaJI11JaU1110 OCHOBHbIX 
3TanoB aJirOpi!TMOB 0IITIIMll33U1111, 6brna BbIIIOJIHeHa IIJiaTcpopMHO He33BI!Cl!MO. 

fpacp11qecK11ii IIHTepcpeiic, npe,!1CT3BJieHHblll Ha p11c. IIl.2, p33pa60T3H ,!\JIJI onepau110HHblX 

Ci!CTeM ceMeiicTBa Win32 II 6bIJI IIpOTeCTi!pOB3H Ha PC C p3.3Jill'IHhlMI! ycTaHOBJieHHbIMII BepC!!JIMI! 

onepau110HHoii c11cTeMw Windows. 

OcHOBHOe nporpaMMHOe MeHIO KB3HTOBOro OIITl!MI!33TOpa (T.H. MO,!\eJibHOe OKHO) Il0K3.33HO Ha 

Pile. IIl.2. MO)WJibHOe OKHO OE32 II03BOJIJleT CTPOl!Tb p3.3Jill'!Hble MO,!leJII! ynpaBJieHHJI Ha OCHOBe 

¾ropl!TM3 KHB. fJiaBHOe MeHIO OE32 06ecneq11BaeT ,!IOCTyn K c)lyaKUIIJIM C03,!\3HIIJI, 

Pe11aKT1!pOB3HIIJI MO,!leJieii, a T3K)Ke K c)lyaKUIIII OITTHM1!33UIIII napaMeTPOB KHB. ,[(JIJi C03,!13Hl!JI 
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MO,l\eJm, IIOKa:JaHHOll Ha puc. III .2, BJ,16upaeM B rnaBHOM Memo orru;uu «File» II «New» II rrorra.naeM B 
OKHO, r.ne Ha,1\0 }'Ka3aTb qI1crro BXO,l\HhlX rrepeMeHHhIX B 6rroK KHB (,l\JIJI TpeX E3 3TO paBHO 9), qIICJJo 
BblXO,l\HhlX rrepeMeHHhlX (3) u pa:iMep COCTOJIHIIJI KBaHTOBOll KOppeJIJ1u;uu (MJI TpeX E3 3TO qIICJJO 6). 

,n:arree rrorra.naeM B OCHOBHOe OKHO, r.ne OIIIICbIBaIOTCJI 3a,l\aHHhie rrepeMeHHhie U TIIII KBaHTOBoij 
KOppeJIJ11J;IIII (HarrpIIMep, TaK, KaK IIOKa:JaHo Ha pI1C. IIl.2). B OKHe PIIC. IIl.2 OIIUCbIBaIOTCJI BXO,!(HLie 
.naHHbie 6rroKa, HX rIICTorpaMMhl, BhlXO,!(Hbie .naHHble 6rroKa, K03<pqmu;ueHThl 111KarrupoBaHI1JI «Scale» 
(KOTOphle HaxO,!(JITCJI C IIOMOiu;blO r A), a TaIOKe TIIII KBaHTOBOii KOppeJIJ11J;IIII. B OKHe «Delay time» 
3a,!(aeTCJI rrapaMeTp, CBJl3aHHhlll C rrapaMeTpOM BpeMeHHoii KBaHTOBOii KOppeJIJ1u;uu /j_( • B OKHe «Time 
step» orruchrnaeTCJI npeMJI yrrpaarreHIIJI (Mo,!(errupoBaHIIJI ,l\BIDKeHIIJI OY B MatLab/Simulink-Mo,!(em1 
HJIII B pearrbHOll <pIIJilqecKoii MO,l\eJIII). .D:JIJi OIIIICaHIIJI KBaHTOBOll KOppeJIJlll;IIII IIMeeTCJI OKHO 
«Correlation matrix». B crryqae, rrpe,!(CTaBJieHHOM Ha pIIC. IIl.2, OIIIICaHa BpeMeHHaJI KBaHTOBa,i 
KopperrJiu;uJI ,l\JIJI arrropIITMa KHB c TpeMJI E3. 

~j~--.-- -~ ~ 
r~ H!fp ,_:"'i'c,':t~/''t .,-:-,\~, ~--• "i,f,~~~-,-_~: ':•·:•f':'0$ 7~f4>:'"'. ·'''."•t-c-':;,"~~-.¼-, --'.'•'.·\>_:,·t:~.J-,t··,;'/-:~'.,-1:(,·",-<~(itj -~-•~_,, _:· - Y ,»¾,",'Yi 

~3-!Jlt.01iitlla91J1111-
~'-~'--'-, --------------------~ 

t.,,c 

rn1111: IJQll7 DeiJta: .;;] ~ll!W~:0-~ 
Nan! 

!(pl t 

Z ldl Is 

!Iii Ii 

4 lgl II ,,, L..J!llll,,,,. _____________ __! 

Q4'I 

5al!Cl!ff'alt rrnlmn 

·8 □ ·80 
Nw Scllt 

<'-• -•---m --~- --.,-·- -~~ - >••~--»-~ "---~---.----·-···-···----~-· .. ----·--··- ----- --· ··---------1 
llp us 
lid Ol4 ----
I~ OJ2 

~!-Ip!~~ .(j)!~d!l.
0
1pl~al ,Kpl"'d!l.Kpl~al :lpl~dil. 

lpnl lp!Wl.il lpl\Yl.il. lpZWl.li/ Kpl\Yl.il. lplWl.li/ ,Kilwliil. 
------ ~-- ·-•- 'i -- -· •f ~ 

Id~ ldlre, ldlre1dd. ldlre1 !lllre1dll. Kdl!NI Kdl!Nldd. 

~~ ldlllla ldlWW!. 'ldlwia 162111a. Kdl~ :Kdl~. 1 . 
---------lf'---.rJ. ... -Z'ilM . .W-X"J.iil--lil.llW~_,f'J.M,.._ ______________ _ 

j
l!MitdpiaJ~Ml!liblillff«t•l\illuginlll) 
~ 1)/800:1,W,!l • .tt,d~ 
l1b!t1111:l1111 

Puc. IIl.2. OcHOBHOe rrporpaMMHOe MeHIO KBaHTOBOro OIITUMU3aTopa 
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O6cy.nuM .naHHOe rrpe,!(CTaBJieHue. BpeMeHHaJI KBaHTOBaJI KOppeJIJ11J;IIJI MOJKeT 6bITh rrpe,l\CTaBJieHa 

13 crre.nYJOiu;eM Bil,l\e: k:(t) ®k:(t-llt) ®k;(t) ®k;(t-llt) ® k!(t) ®k!(t-M) ➔ k;=(t), r.ne 

111!,!(eKChl 1,2,3 03HaqaJOT HOMepa HeqeTKI!X peryJIJITOpOB (Ilx E3 COOTBeTCTBeHHO), a (8) - orrepaQUJI 
reH30PHOro IIpOI!3Be,!(eHIIJI KBaHTOBhlX COCTOJIHUH. B COOTBeTCTBIIII C }'Ka:JaHHOii KOpperrJiu;Ileii 6y.neT 
131,[qUCJIJITbCJI HOBOe 3HaqeHile k;ew(t) KaK pe3yJihTaT caMoopraHU3au;I1u 3HaqeHuii 

k~(t),k~(t- t-..t),k;(t),k;(t- llt),k;,(t),k;,(t- t-..t). 
,[{nll BpeMeHHOll KBaHTOBOH KoppeJIJ1u;uu KOpperrJIQUOHHaJI ~aTpuu;a «Correlation matrix» 
npe,!(CTaBJIJleTCJI a Bil,!(e cne,!(YJOiu;eii Ta6rr. Ill. I. 

Ta6nuu;a Ill.I 
" 

1 2 3 4 5 6 
Kp real Kpl real Kpl Kp2real Kp2 Kp3 real Kp3 

real del real de! real de! 
Kp virtual Kpl virtual Kpl Kp2 virtual Kp2 Kp3 virtual Kp3 

virt de! virt de! virt de! 
Kdreal Kdl real Kdl Kd2 real Kd2 Kd3 real Kd3 

real de! real de! real de! 
Kd virtual Kdl virtual Kdl Kd2 virtual Kd2 Kd3 virtual Kd3 

virt del virt de! virt del 
Ki real Kil real Kil Ki2 real Ki2. Ki3 real Ki3 

real del real de! real de! 
Ki virtual Kil virtual Kil Ki2 virtual Ki2 Ki3 virtual Ki3 

virt de! virt de! virt de! 

Ha OCHOBe IIOCTpOeHHOii KOppeJIJill;UOHHOH MaTpill\bl CTpOIITCJI cyrreprr03U1J;IIJI 3arryTaHHhlX 
COCTOJIHIIH. Ko3<p!pI11J;IleHTbl IIIKaJIIlpOBaHIIJI gain P(D,l} ,l\JIJI arrropIITMa KHB HaXO,l\JITCJI C IIOMOiu;hlO 

rA . .D:rrJI 3TOro B rrraBHOM MeHIO OE32 IIMeeTCJI KHOIIKa «Optimize». HaJKaB ee, rrorra.naeM B OKHO 
rrapaMeTpOB OIITUMI!3au;uu II .narree B caM rrpou;ecc OIITIIMI!3au;IIII (rrOIICKa K03!p!pI11J;IleHTOB 
IIIKaJII!pOBaHIIJI). Ho rrepe,!\ 3TIIM B OKHe «Connection Setup» Ha,!(o rrporrucaTh IIYTh .nocryrra K 
MatLab/Simulink-Mo.nerrII II <pyttKUUJIM IIHI1u;uau;uI1, rrpiiro,!(HOCTH II oKoHqaHIIJI ceccuu. HarrpIIMep, 
TaK, KaK IIOKa:JaHo Ha pI1C. IIl.3. 

1111121 QCOptimi~et".'""'"''7-~~~•=,, -·-·-, "'"~"'"':'"',:'.7~r,,,,..,~~"'-~: _ [~'.".J 1.E!.J,,------' 
l I~:~:~~::~~-~,-r--~·::~~:»;;:2;;,~;~;;~~ ~~;:~;;;-~,- -,~ ---~.- ~··-

Con~Setup Genere•~~~!"-,,,lc:•.1,I_' ..:.___;_:,,_:, _______________ ~ 

Matlab working dlrechwy 

Open -S&ton command 

BeNCHMARKs_newmms......2011\~rt:_pote_mod•l•\PCe~C0.2,_testtng ~ 

Fltne&a cak:uJat.ton commend , fit_qco 

Clo- -SSllon com~nd --------------------------

(';7-] Record log 

Log fll• name r=r l[;;J 

0 Loaded plugin Matlab Interface (MatlablntPJugin.dll) 
Loading D-✓BENCHMARKS_newsims..:Z011./car1;_pole_m<>clels/~arLSCO2_testing/Pc.aL0.qco 
0 Model was loaded 

Puc. IIl.3. OKHO ycTaHOBOK .nocryrra K MatLab/Simulink- MO,!(erru II cpurnec cpyrrKu;Ilu 

163 

,1: 

'" i'' 

Ii

i; 
'1'' 
1,,1,!: 
'''l"!i 

l 



Ha)l<aB KHOIIK)' «Optimize» H IIO,[ITBep,!IHB ,[lll.liee rrapa.MeTphl r A, aKTHBH3HpyeM rrponecc IIOHCKa r A. 
TI pH 3TOM B03HHKaer OKHO, IIOKaJbIBaIOIIIee COCTOJIHHe rrponecca OIITHMH3a[IHH (pnc. Ill .4). 

I A..PartJ;(OJ34.GA ~i~ 

file Ed,t\\ew .S;mulaton format Tools He!p · "· · lf:e:He'p. . •· 
Cl~lil!IPl.1e[+iHl::,;::1n •~~!Ill :i~iwtwioci]~-~~~-~- . - . · 

I ~SitJp I '.!]Start~ ' ·. ' ' ••. l.tJLl ._ __ 
lll 

c..w.,,..... 
Ma!ilhwt1W9 

Op!IIS!ISIII 

fln!S1t1! 

CASl!!llgl 

llrnbo'generlllollSlD J~~4D} 

Cmm,wrall -·- -·~ 0,64'.i!lilblllrall o.so::. ~-l ~=--= 1:: - ·1 
fl!I\ISI: ·21.11612 

F.c <n> :, ;<: :,,".". , ,<;j O'li 

~ 

I .Dlfm ll .PrMm. I 

JJ 
i.-.,f 

• 
'II r;;i ~r-;7 II I 

loadedplug,n ~ ~ ~ 
loading l}JB 
tModelwailoaded 
• __ L/4,::.;;,::;,:~~¢~~~~,~.;_,~;.d~~,,,:~~~;;, .. ~~:a 

Pnc. TII.4. OKHO rrponecca omHMmannn (crrpaBa) II Te~aJI Mo,[leJIL OY B MatLab/Simulink 

(crreBa) 

Tiponecc ( OKHO rrponecca OIITJIMJl3a[IJIJI IIOKaJaHO Ha pl!C. TII.4 crrpaBa) MO)KHO OCTaHOBi!Tb 

KHOIIKOii «Abort All». no YMOJI'laHIIIO, rryqIIIee peIIIeHne 3arroMJ1HaeTcJ1 B 6rroKe MO,[leJIJI KHB. 0:632 
coxpaHJler 4Jaiirr C MO,[leJib!O B 4JopMaTe ((JIMJI.qco», KOTOpbIH JaTeM JICIIOJib3YeTCJI B KBaHTOBOI>i 
He'!erKOM peryJIJ1Tope (KHP). KHP J1BJIJ1eTCJ1 JIJ160 6rroKoM B cpe,lle MatLab/Simulink-MO,[leJill 

yrrpaBJieHHJI 3a,[laHHblM OY, rrn6o MO)Ke'r 6b1Tb CBl!3aH C pell.libHblM 4JH3l!'leCKHM OY. 

Ill.2. IlporpaMMHaH no1mepm1rn n oco6e11HOCTH up011ecca npoeKT11poBaH11H po6acTHhl
1 

63 /lJIH caMoopra11113y1011111xcn HP c np111ueue1111eM KHB 

Ha pttc. TI 1.5 IIOKaJaHO OCHOBHOe rrporpaMMHOe MeHIO KHB. 
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KeaHTOBblH He'lenotiil BblB0.q (KHB) 
U•MMMiWffit@·Hffihi g; iih3 :ml.i!l 

H,/p 

BpeMH 33,QeplKKH(AJlH BpeMeHH0it 
KoppenH41111): t_corr/sampletime 

Fie Debug 

lll 0 "t.l,...'1.I ► ■ ~ 
OcHOBHOe MeHIO KHB 

Ko3cl>cl>111.111eHTbl 
wKan11poaaH11H 

maxKp(d.;J 

On11caH11e T11na KoppenH41111 

PIie. Ill .5. OeHOBHOe Memo KHB e JleIIOJib30BaHlleM KBaHTOBOfO OIITHMH3aTOpa li3 

Ji) 

B pa3,11erre Ill.I paeeMoTpeH KOHKpeTHLiii KA B KHB, KOTOPLIH MO)KeT 6LITL pell.lIH30BaH Ha 

1orneeH'1eeKOM KOMIIb!OTepe B BJl,[le KBaHTOBOH ll.liropHTMil'leeKOH ll'leHKH (KAJI) B eooTBeTeTBHH e 

rexHorromeii rrpoeKTI1poBaHJ1J1, pa3pa6oraHHoii B nrnBe 3. B ,[laHHOM paJ,llerre paeeMOTpeHa 

erpyKTypa rrporpaMMHOTO rrpo,11yKTa KAJI pa3pa6oTaHHOfO ,[IJIJI pearrma[IJIH KHB Ha KJiaeeH'!eeKOM 

K0MIIb!OTepe. 

Ill.2.1. Ilporpmmunan peaJIHJa1111n·(BepcuH 1.1) oneparopoB MO/leJIH KHB 

Ha pl!e. TII.6 OTp~eHa pearrnJa[IJIJI 6rroKa KBaHTOBOH eaMoopraHma11nJ1 li3 B epe,lle 

MatLab/Simulink Ha oeHOBe MO,[lerrll, nerrorrLJyeMoii B eTpYKTYPe HCY Ha pHe. 4.3. 

Int 

..__TK .. lill l>e,:YnRTop 1 

----,lo..,h•pvt SCoptiml:tr bn•doutpvt 
fl$ 

Koaq,,ct,""-'-"T
ycNneH-HP't 

: K•·HTOR~!.:nr~ 7 

SCop~ml:tt S-hn<tion FC1 I '•IK..FCI I ! [K~~-------·-" Oo.tl l lo( 

He-TaMllilt pe~T0P21 

I I •h•pvt 
SCopti~~;' b ... dOvtpvt 

01111 

Ground 

l ou,ritum Com_pvtinJ 91odc f 

SCoptimiz•r S-Function FC2 

IinoK KBRHTO:eoii Caft.IoopraHH3aD;••·· :Ji3 n: 
ynpa:n.neHIIH Ko34>4>nn••eIIT&~•· ycII..TieH•IH 
r••6pD.z:lHoro neqe-rKoro IIH.ll-pery-na-ropa 

PIie. TII.6.CTpYKTYPHaJI pearrma11J1J1 6rroKa KBaHTOBoii eaMoopraHH3a11HH li3 
B epe,11e MatLab / Simulink (rrepBLIH ypoBeHL nHTerparrLHoii pearrma[lllll) 
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lIHIIUIHlJil!3aUllJI <p)'HKI\IIH KHB B pa3pa6oTaHHOM rrporpaMMHOM rrpOA)'KTe IIOKa3aHa Ha p11c. Ill. 7. 

'llt:hi'" ac1:ipt pi::epa.t:e:!t Hyato91:..,.:=, (ptobabil.ities)t=oc all. apeci.tied tcainin,;;, pattez:n; 
g.lobaJ. a_A_pai:eaa; 

'II Ca"'e 4 o:,cil.l.atoi::, Exaapl.e 3; beta• 0.1.,, Rer-o DELAY•0.025.1 tC•0.05 
'ii LJ:M::IT'l!:P cont:col. tocce U 

l ~!!::=:~:~ :~::::!!!~=~=~=~~:: : ::::: ~ :: ~::: : :::~::: ~:~: _ :::: ~:: :~~ __ : 
aaxKp•50.I -\,. val.ue used t:oc Kp noi:::•el.:lzation 
aaxKd-30.1' 11, val.ue 1.u111ed t:oc Kd nor•al.i:t:atl.On 
aoaxKi-20.1' "' vaJ.ue uaed t:oz: Ki noi::111.al.:iz:ation 
'ii CALCULATl:OJ.13 

r, _<l>_a_H_JI_0_6_p_a_30_B_:-~"~'l'=e~K~C~b~O m~l~4~5-611 

{IE dE IE) [Kp !(d Kil} 

:J.ndexea•[4 5 6]J'lil: indexe:!!I or eoJ.J......n:, or the pattern containing Kp, Kd and K:l 
"'ai:tei::: this ::ie1:ipt,, pi::obebil.i.tiei,: e.n.d coi:::ce:=ponding vaJ.ue:!I wil.l. be 
'lla.ll.ocated 1:ow w:1:r-e,. e.g. :s:lauJ.:lnk bl.oek poca11u1te:c P i:oc Kp•P(l,,:), end x r:o:c Kp wiJ.l. be X(l,:); 

--- -- -- -- -- ------ -- -- -- -- -- -- -- --
pat--1.oad.(f:::I.J.an-eO), : 
PO•[]; , 
XO•[]; : 
t:o:c :l.•J.1 J.enqth(:l.nd•x••>, t 

[p.x]•aalr:eaap(p&t(I ,:l.ndex•• (:I.))), : 
PO•[PO;pJ:, : 
XO•[XO;x]:, : 

end ! 
p1111.t .. J.oad(t=i.J.•n-el.); , 
pJ..,[]I : 
Xl.•[ ]; ' 
i:o:c :l.•l.1 J.enqth(i.ndexes) J : 

[p.,x)•aall:eae.p(pe.t(I .,:l.ndexes(:I.))); : 
PJ.•[PJ.:,p]J : 
Xl.•[XJ.1x]J : 

end ______________________________ ' 

Q_A._pe:ceas •[J. J. l] 'I< i:o:c 1.n:iti.e.J.ize.tion 
'I< NEW f'COnew TS.l T:!:HP 

BhJIIHCJieuue pacnpe.z.eneuun 
eepoHTH0CTeii 

~=E~ 
P(><) 

I 

'l<O_A_pareas - [2.3969 2.0594 1..4125] "<,;,ra.l GOOD chosen 

Onepau:us HmHH 
X(P) 

P11c. Ill.7. lIHHllllaJIH3aullJI cpyHKUHii KHB: MatLab/Simulink-<p)'HKI\Hll (initQFI.m) 

P11c. Ill.8 IIOKa3hIBaeT 6JIOK rrpoeKT!!pOBaHllJI KBaHTOBOro COCTOKHllJI cyrrepII03111\IIII, KOTOpbltt 

BCTJ)OeH B OCHOBHOe MeHIO ( CM. p11c. Ill.5). 

IJeiJlbmK•iihAlll·MtftiilM•iif ►1h#hri ¥ii3• Mf't\-1r,, , - · GJ.gf~ 
File -,, Edit ,·_ View\. Simulation Format :- Tools Help , 

l CJ I~ I.I ~jJ(, ~ If:!, I~ 0-:.j ~; • (Nc,rm_~ gn,~ ~ tml5io m 'it@ 

norm.allz.iitlon 

HopManM384MJI 

COCTOJIHMJI PeanbHoe 

3Ha"t8HM8 

aMnnMTYAbl 

;Re~~:;:; '. ._,·:;;:s:::.~':''•·•:; C :-:-:t.~:I.[11JO_o/~~__,jl.;.,;~=-d!r~~;1ode~5 "'.;;"~..;.~...,.:..-d 
P11c. Ill.8. IlpoeKTI!pOBaHHe KBaHTOBOro COCTOl!Hllll cyrrepII031!1\IIII 

P11c. Ill .9 IIOKa3hJBaeT B rpacp11qeCKOH cpopMe pe3yJihTaT IIHHlll!aJlll3alll!I! rrpouecca 

cpopM!!pOBaHl!ll KBaHTOBOro COCTOl!HllJI cyrrepII03111\IIII Ha OCHOBe rrpeo6pa30BaHllJI YomIIa-A.liaMapa. 
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C rroMOIIIhIO 11p11MeHeH11l! rrpeo6paJoaaH11l! Yonrna-A.liaMapa opraHmyeTCll rrpouecc 

ipopM!!pOBaHllJI CKphITOH (HeHa6JIIOJ:(aeMoii) CMeIIIaHHOH KOppeJil!l\1111 B cyrreprr0311UIIII CllrHaJIOB 113 

)lByx KJiacc11qecK11X E3 HP; 3anyraHHhJe COCTOl!Hllll MOJ:(eJI!!p)'IOTCll KBaHTOBh!M opaKyJIOM, KOTOph!H 

1o10JKeT orrpeJ:(eJil!Th MaKCl!MaJ!hH)'IO aMIIJIIITYAY BepOl!THOCTI! Ha MHOlKeCTBe COOTBeTCTB)'IOIIIIIX 

J(Jl3CCl!qecKIIX cyrreprro3l!l\llOHHhIX COCTOl!HIIH. no MaKCIIM)'MY aMIIJIIITYJ:lhl BepOl!THOCTII ( CM. p11c. 

4.21) 1!3BJieKaeTCll KOppeJillUIIOHHOe COCTOl!Hl!e c IIOMOIIIhlO orreparopa IIHTepcpepeHUIIII (B BIIJ:(e 

orreparopa HAeHrnqHocrn) coBMecrno c 11poueJ:1ypoi1 KJiacCHqecKoro H3MepeHllJI (Ha6JIIOJ:(eHllil). 
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P11c. Ill.9. Ilp11roTOBJieH11e COCTOl!HllJI cyrreprro3111\IIII Ha OCHOBe rrpeo6pa30BaHl!ll Yonrna-A.liaMapa 

11 TeH3opHoro rrpo113aeJ:(eHllJI 

Ha p!!C. Ill .IO rrpe;:\CTaBJieHhl 6JIOKII cpopM!!pOBaHl!ll cyrrepII03lll\llll KBaHTOBhIX COCTOl!HIIH .llJlll 

BbJql!CJieHllJI HOBOro K03<pcp111111eHTa ycllJ!eHllJI rrporrop11110HaJihHOCTII K p , 113MepeHllJI 

MaKCl!MaJ!hHOro 3HaqeHllJI aMIIJIIITYAhl aepOl!THOCTeii (p11c. 1.21) II J:(eKOJ:IIIPOBaHl!ll pe3yJihTaTa 

pa6oTh! MOJ:(eJII! KHB (Bh!IIOJIHeH11e JTarra 5 aJirop!!TMa, OIIl!CaHHOrO B rn.I (cM. p11c. 1.16)). 
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Cynepn03K~KSI KBaHTOBblX COCTOSIHKH 

AnH Bbl'fHCneHKSI HOBoro 3Hal!eHKSI Kp 

6noK K3MepeHKSI: HaHTH COCTOSIHKe 

C MaKCKManbHOH aMMKT}'AOH 
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' 

.... 
' 

I i7 IIII ■ j i................ .. 

r·-·-·-·-·-·-·-·-·-·-·-·-·-·• _, .. 

Wt4tl MJlllidJlhtall .. ... 

I 
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I 

AeKOAHpoeaHHe 

%'11'( 1 J~ 2 
-P I;)= r;:; LJ(a;) ·tmXKP 

v2" i=l 

YJ,IHOJeHHe Ha 

WKanHpYJOUlllli 
K03<!><!>H~HeHT: 

1•-------
IMlllt Jrf'tll<lllll'-t-t---' ■ i 

l-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·L.----------
P11c. III.IO. IIporpaMMHITTI pea.rr113a1111ll 6JIOKOB qiopMllpOBaHHll cynepII0311ll1111 KBaHTOBhlX COCTOl!Hllii 

AIJll BI,Jq11crremrn H0B0ro KOJq>q>lllllleHTa ycllJieHHll rrporrop11110Ha.JihH0CTII K p , 113Mepemlll 

MaKCIIMa.JlhH0rD 3HaqeHHll aMIIJIIITYJ1hl BepOllTHOCTeii 11 ,l\eK0J111p0BaHHl! pe3yJihTaTa pa60Thl MO,l\eJJII 
KHB 

Orr11caH11e 6JIOKOB Ha p11c. IIl.6 ,l\Jlll rrpo11ecca q>OpMllpOBaHllll BX0,l\HhIX CllrHa.JI0B B M0,l\eJIII KHB 
B cpe.11e MatLab/Simulink co.11ep)K11Tcll Ha p11c. III. I I. 
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P11c. II 1.11. IIporpaMMHall pea.rr113a1111ll 6rroKa KBaHTOBoii caMoopraH11Ja111111 E3 Mll rrpo11ecca 
qiopM11poBaHllll BX0,l\HhIX CllrHa.JI0B B M0,l\eJJII KHB B cpe.11e MatLab/Simulink (BTOpoii ypoBeHh 

rro6rroqHoii pea.rr113a111rn) 

Ha p11c. III .12 rrp11Be,l\eH rrporpaMMHl,Jll llHTepqieiic II pa6oq11e 0KHa AIJll pa60T!,J C M0,l\eJihIO KHB 
rrp11 Mo.11en11poBaH1111 HCY B Bll,l\e CTpYKTYPhI Ha p11c. 1.3(6). 
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KeaHTOBblH 063 Ha ocHoee KHB 
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Pnc. ITI.12 (6) 
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Pac. Ill .12. IlporpaMMHblii HHTepqieiic H pa6o•me OKHa ,11JUI pa6oThI IIOJJb3oBaTeJrn c Mo,11eJJbJO KHB: 
a - rrepBblll BHyrpeHHHll yponeHb OE3 Ha KBaHTOBbJX BblqJICJJeHHJIX; 6 - BTOpoii BHyrpeHHHll ypoBeHb 
0B3 Ha KBaHTOBblX BbJqHCJJeHm1x; B , rrporpaMMHaJI pearrH3aQJIJJ HHTepqieiica JIOJJb30BaTeJUI M0,!1eJm 
KHB B cpe,11e MatLab/Simulink; r - rrpnMep Mo,11eJmponaHHJJ OY B cpe,11e MatLab/Simulink 
(,!1eMOHC'IpaQHJI pe3yJJhTaTa M0,!1eJJHponaHHJI CIICTeMbl «KapeTKa-MaJJTHHK») 
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O6maJI cxeMa M0,1\en11ponamrn po6acTHbIX 11CY B cpe.l\e MatLab/Simulink noKa:iaHa Ha p11c. 

III .I 3 ( C yqerOM npo11e,1\ypbl Bblq11cJieHl!JI o6o6meHHblX HOpM!!pYJOIUIIX K03ipiplllll!eHTOB po6aCTHb!X 

K03ipipllI.llleHT0B ycl!JleHIIJI Ha OCHOBe r A). 
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L ________________________ _ 

P11c. Ill.13. O6o6meHHaJI cxeMa M0,1\en11ponaH11J1 po6acTHhIX 11CY B cpe,1\e MatLab/Simulink 

Pe3yJihTaTbl Bb16opa o6o6meHHhlX HOpM11py10mHX K03ipipllI.llleHTOB po6aCTHblX c11rnan0B 

YIIPaBJieHIIJI Ha OCH0Be r A, IICilOJih3yeMhIX Hl!JKe B np11Mepe pa:3,1\. Ill.3, npe,1\CTaBJieHbl Ha p11C, 

IIl.14. 
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Onpe,qe.neHHe MSKCMM3nbHblX 3Ha4'eHHH : 

c,m,ana K AJlR HP1 (FC1). HP2 (FC2) : 
11KHB (QFC) l 

max(FC1.simoutK} ! 
ans= 99.6094 99.6094 83.2138 I 

max(QFC.simoutK} 
ans= 49.8047 47.8470 46.2977 

' ' 
' ' ' ' 
' 
' ' 
' ' ' ' ' ' ' 
' ' 

Time(S) : 
--- ------- -- --------- -- ------------------------ -- -- -- ----- -------- --- ------ -- ----------- -----------· 

max(FC2.simoutK}/max(qsco.simoutK} le> 
ans= 2.0741 

max(FC1 .simoutK}/max(qsco.simoutK) 
ans= 1.9643 

8bl6op rA K03<j)<j)HL1HeHTOB 
K Ha npoci-paHcTee [0.01 ;3] 

P11c. IIl .14.Pe3yJihTaTbl BhI6opa o6o6meHHblX H0pM11py10m11x K03ipipllI.llleHTOB po6aCTHblX CllrHaJIOB 

YHPanneHIIJI Ha ocHone r A 

IlpUMetiaHue 20. B ,1\aHHOM cnyqae KA B M0,1\eJIII KHB CJIYJKIIT ip11311qecKl!M !!pOTOTl!IlOM 

rrpo11ecca qiopMnpOBaHIIJI npO.I\YKI.III0HHbIX npaBIIJI, KOTOpb!H pean113yeT nporpaMMHb!M IlYTeM 113 

He3aBl!Cl!MblX IIH,1\IIBll/1YaJibHblX E3 no cxeMe Ha p11c. IIl.6 «BIIPTYaJibHYJO» KBaHTOBYIO po6acTHyro 

E3 /1JIJI HeqeTKoro IIIf,[(-perynJITopa (i1JIJ1 TeKYIIIeli Henpe.l\BH/1eHHOH CHTYa111111 YHPanneH11J1) 11 

llBJ!JleTCJI npo6JieMHO He3aBIICl!MbIM IIHCTpYMeHTap!!eM. C TOqKII 3peHl!JI KBaHTOBOH Teop1111 

l!HipOpMa111111, CTpYKTYPa KA B KHB BbffiOJIHJleT 0,1\HOBpeMeHHO ipYffKI.11111 KBaHTOB0fO ipllJibTpa. 

CrrpoeKT11poBaHHble E3 Ha 3Tarre 1 C0CTOJIT 113 JIOfHqeCKIIX rrp0/1YKI.IIIOHHblX rrpaBHJI, KOT0pbie ITO 

HOBOH 3a)1aHHOll OIII116Ke YHPaBJieHIIJI ipOpMIIPYIOT 3aKOHbl 113MeHeHJrn K03ipipllI.llleHTOB yc11neHIIJI B 

HCI10Jib3yeMb!X HeqeTKIIX I111,[(-peryJIJITOpax. IIp11MeHeH11e KHB B 3TOM cnyqae I103BOJIJleT 113BJie% 

Heo6xo11nMyro 11eHHyro HHipOpMa111110 113 peaK1111n ,1\Byx (nnn 6onee) E3 Ha Herrpe,1\BH/1eHHYJO 

curya11n10 YHPaBJieHHJI 3a cqeT ycTpaHeHIIJI /jOITOJIHHTeJihHOll 1136hITOqHOCTII l!HipOpMaI.1HH B 3aKoHax 

H3MeHeHHJI K03ipipHI.1HeHTOB ycnneHHJI perynJITopoB. Bb!X0,1\Hb!M CHfHaJIOM KHB JIBJIJIIOTCJI H0Bhie 

3aKOHbi 113MeHeHIIJI K03ipipHI.1HeHTOB yc11JieHIIJI HHTeJIJieKryaJibHOfO IIl1,[(-perynJ1Topa, 06na,1\a10m11e 

MeHbIIIeii anropl!TMHqeCKOll CJIOJKH0CTblO 11Jlll ipH3HqecKOll pean113a11nn ( CM. p11c. Ill .14 ). 

.[(aHHblH IT0,1\X0,1\ CYIIIeCTBeHHO OTJIHqaercJI OT KBaHTOBOf0 MeTo,1\a OITTHMH3alll!H rrapaMeTp0B 

ITHJl,-perynJITopa Ha ocHone 0606meHHJ1 Particle Swarm Optimization (PSO)-anropHTMa 11,1\p. 

n1.2.2. KBaHTOBLIH IIH(jlopMa11110HIILIH pecypc B KHB-anrop11n1e 

AmopHTM IIOIICKa, 113BJieqeHIIJI H KO,l\!!p0BaHHJI ,1\0IIOJIHHTeJibHOll, 11eHHOll HHipOpMaI.IHH H3 ,l\Byx 

lieqeTKIIX IIIf,[(-peryJIJITOpOB (crrpoeKTl!pOBaHHb!X c IIOMOIUblO OE3) Ha OCHOBe KHB-anropmMa 

onucaH KpaTKO B II. IIl.2.1. OCHOBHbie 3TaIIbl II CTpYKTypa KHB-anrop!!TMa rrp11Be,1\eHhl B rnane 2. 

311ecb ,1\aeTCJI CTpYKTYPa HHipOPMaI.IIIOHHOfO pecypca KHB-anropHTMa C II03HI.IHII KBaHTOBOll TeopHH 

ilHipOpMa11n11. 

KaK IIOKa:JaHo B rnane 3, 11po11ecc OIITHMaJibHOfO 113BJieqeHHJI 11eHHOH HHipOpMaI.IHH 113 

Mli0)l(eCTBa E3, rronyqeHHblX Ha 0CHOBe TeXHOJI0fHH MJlfKHX BblqncneHHH, 6a:inpyeTCJI Ha 

CJJe11y101I.111X qeTb!pex qiaKTax B KBaHTOBOll TeOpHH HHipOpMaI.IHH [4,10]: l} HMeeTCJI 3ipipeKTIIBHblH 
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anrop11TM KBaHTOBOro C)KaTIDI ;1a1111b1x; 2) cyII1ecrnyeT cuenrre1111oe npe;1crnBrre1111e Knacc11qecKoii 11 
KBaHTOBOii 1111¢iopMan1111 B KBaHTOBOM COCTOJIHIIII; 3) noJIHaJI Koppenl!QIIJI B KBaHTOBOM COCTOJ1H1111 

npe;1cTaBJIJ1eT co6oii «cMech» Knacc11qecKoii II KBaHTOBoii KoppenJ1u11ii; 4) np11cyrcrnyeT CKph!TaJi 

(11a6rr10;1aeMaJ1, T.e. /:IOCTynHaJI 113Bneqem110) Knacc11qecKaJ1 Koppenl!QIIJI B KBaHTOBOM COCTOJIHIIII, 

KHB-anrop!ITM 11cnOJih3YeT YKa3aHHhie qeTb!pe ¢iaKTa crre;IYJOIIIIIM o6pa30M: ocyII1eCTBnJ1er 

C)KaT11e Knacc11qecKoii 11H¢iopMan1111 nyreM K0;111poBaH11J1 B BhJq11crr11TeJihHOM 6aJ11ce {IO), I 1)} 11 

¢iopM11poBaHIIJI KBaHTOBOii Koppenl!QIIII Me)K;ly pa3rr11qHhIMII BhJq11crr11TeJihHhIMII 6a311CaM11 

cnpoeKTllpOBaHHhlX E3 ( ¢iaKT 1 ); pa3;1eJIJleT II BhIIIOJIHJleT «cueIIJieH11e» noJIHOii 11H¢iopMan1111 11 

KOppeJIJIUIIII Ha «Knacc11qeCKYJO» 11 «KBaHTOBYIO» qacTII, IICnOJih3YJI npeo6pa30BaH!le A.z\aMapa 

( ¢iaKThl 2 II 3); 06ecneq11BaeT 113BJieqeH11e CKphITOll IIH¢iopMan1111 B KBaHTOBOM COCTOJIHIIII II 

np0B0;111r onepau1110 pe/:IYKUIIII m6uToqHoii 1111¢iopMau1111 B Knacc11qecKOM c11rHane ynpaBrreHIIJI 

( ¢iaKT 4), np11MeHJIJI Kp11Tep11ii MaKCIIMYMa COOTBeTCTBYJOII1eii aMIIJIIITY/:lhl BepOJITHOCTII. 

Ilo3TOMY nepeq11crreHHh1e ¢iaKTuI cocTaBJIJIIOT ocHoBy 11H¢iopMan110HHOro pecypca KHB

anrop11TMa 11 ;1aIOT B03M0)KH0CTh 113BJieKaTh ;1onoJIHIITeJihHOe KOJI!lqecrno neHHOll KBaHTOBOH 

11H¢iopMan1111 113 IIH;IIIBll;lyaJihHhIX po6aCTHhIX E3, a TaK)Ke IICnOJih30BaTh ee /:lnll npoeKT!lpOBaHilll 

po6aCTHhIX npoueccoB ynpaBJieHIIJI C nOBh!IIIeHHhIM ypOBHeM IIHTeJIJieKryaJihHOCTII. OcHoay 

np11Kna;111oro 3¢i¢ieKTa COCTaBnJIIOT npoue;1yphl C)KaTIIJI II pe;1yKUIIII 1136hJTOq11oii 11H¢iopMau1111 B 

Knacc11qecK11x c11r11anax ynpaBrreHIIJI. B crre;1YJOII11IX pa3;1errax CTaThll paccMarp11BaeTCJ1 np11MeHemie 

;1a11Horo 1111¢iopMan110H11oro pecypca B crpyKrype KHB-anrop11TMa. 

Oco6emwcmu npUMeHeHl/51 KHB. I10;1qepKHeM npllHU!lnllaJihHO Ba)KHYJO oco6eHHOCTh pa60Thl 

KA (B MO):leJIII KHB) B npouecce npoeKTllpOBaHIIJI po6acTHhIX 3aKOHOB ynpaBJieHJll! 

K03¢i¢i11u11eHTaMII yc11JieHIIJI Ha OCHOBe cnpoeKT11poBaHHhIX IIH;IIIBll/:IYaJihHhIX E3. 

A. Po6acTHh!e 3aKOHhl ynpaBrreHIIJI, npoeKT11pyeMhle MO):leJih!O KHB, onpe;1enJ1IOTCJI B pe)K!IMe 

o6yqeHIIJI Ha BhIXO;IHhIX peaKQIIJIX IIH;IIIBll/:IYaJihHhlX E3 ' ( C ¢i11Kc11poBaHHhIM Ha6opoM 

npO/:IYKUIIOHHhIX npaBIIJI) Ha TeKYIIIYJO Henpe;IBll):le!IHYJO c11ryau1110 ynpaBJieHIIJI B Bll):le CllrHaJIOB 

ynpaBrreHIIJI Ko3¢i¢i11n11emaM11 yc11rreH11J1 ITII,D;-peryrrJ1Topa II pean!l3YJOT nponecc a;1anrnn1111 a 

peaJihHOM BpeMeHII. 

TaKOll 3¢i¢ieKT ;IOCT!lraeTCJI TOJlhKO 3a cqeT 11cnOJih30BaHIIJI 3aKOHOB KBaHTOBOll Teop11111111¢iopMaU1III 

B pa3pa60TaHHOll crpyKrype KHB (cM. on11ca1111e qeTu1pex ¢iaKTOB 113 KBaHTOBOll Teop1111 

11H¢iopManm1). C TOqKII 3peHIIJI KBaHTOBOll Teop1111 11H¢iopMan1111, crpyKrypa KA B KHB BhIIIOJIHJleT 

O;IHOBpeMeHHO ¢iYHKU1111 KBaHTOBOro ¢i11rrhrpa. E3 COCTOJIT 113 rror11qecKIIX npO/:IYKUIIOHHhIX npaBIIJI, 

KOTOph!e no 3a):laHHOll 01n116Ke ynpaBJieHIIJI ¢iopM11PYJOT 3aKOHhl 113MeHeHIIJI K03¢1¢i11u11eHTOB 

yc11JieHIIJI B 11cnOJih3yeMhIX neqeTKIIX IIH,D;-peryrrJ1TOpax. KA B )TOM crryqae no3B0JIJICT 113BJie'lh 

Heo6xo;111My10 neHHYIO 1111¢iopMau1110 113 peaKn1111 ;1Byx (11rr11 6orree) E3 Ha Henpe;1B11;1e11HJIO 

c11ryau1110 ynpaBrreHIIJI 3a cqeT ycrpaHeHIIJI ;IOnOJIHIITeJihHOll 1136hJTOqHOCTII 11H¢iopMan1111 B 3aKOHax 

113MeHeHIIJI K03¢i¢i11u11eHTOB yc11JieHIIJI IICnOJih3yeMhlX peryrrllTOpOB. BhIXO;IHhlM CllrHaJIOM KHB 
JIBnlleTCJI HOBhie 3aKOHhl 113MeHeHIIJI K03¢1¢i11u11e11TOB yc11JieH11J1 IIH,D;-peryrrJ1Topa (cM. p11c. Ill.14). 

Ilp11 )TOM /:lnll ¢iopM11pOBaHIIJI po6acTHoii E3 B peanhHOM BpeMeHII BXO;IOM /:lnll KHB MOryI 

CJIJ)KIITh JII06hle CllrHaJihl o6yqeHIIJI, norryqeHHhle 113 IIH;IIIBll/:IYaJihHhIX E3 He3aB!ICIIMO OT 

11cnorrh3yeMoro nporpaMMHOro 11HcrpJMeHTap11ll MO):lerr11poBaHHJ1 (11J111 3KCnep11MeHTaJihH0 

norryqeHHhIX CllrHaJIOB o6yqeHHJi) [cM. frraBy 2]. 

Ii. Ha BTOpOM 3Tane npoeKrnpoBaHIIJI C np11MeHeH1IeM MO):leJIII KHB J)Ke He rpe6ycrcJI 

¢iopM11poBaHIIJI HOBh!X IIpO;IYKQIIOHHh!X npaBIIJI. ,D;ocTaTOqHo TOJlhKO B pearrhHOM BpeMeHII norryq11Th 

peaKQIIIO npO/:IYKUIIOHHhIX npaBIIJI B 11cnOJih3yeMhIX HP Ha TeKYIIIYIO Henpe;IBll):leHHYJO CIITYaUll!O 

ynpaBJieHIIJI B Bll):le BhIXO/:IHhlX CllrHaJIOB ynpaBJieHIIJI K03¢i¢i11u11eHTaM11 ynpaBJieHIIJI HeqeTKOfO 

IIH,D;-peryJIJ1Topa. B 3TOM crryqae ;1rrJ1 pa6oTh! Mo;1err11 KHB caMo 3HaH11e cpa6oTaHHhIX B 

IIH;IIIBil/:IYaJihHh!X E3 KOHKpeTHh!X npO/:IYKUIIOHHhIX npaBIIJI He rpe6yeTCJI. Han11q11e TaKOil 

B03MOJl(HOCTII ):laeT 60JihIIIOe npellMYIIleCTBO, KOTOpoe Bhlpa)KaeTCJI B Bll/:le B03MO)K!IOCTII 

npoeKTllpOBaHIIJI npoueccoB ynpaBJieHIIJI c rpe6yeMhlM ypoBHeM po6aCTHOCTII B pearrbHOM BpeMeHII, 

Ilp11 )TOM /:IOCTll)KeH!le rpe6yeMoro ypOBHJI po6aCTHOCTII B Henpe;IBll/:leHHOll c11ryan1111 ynpaBrreH!IJI 

B pll/:le crryqaeB MO)KeT cyII1eCTBeHHO 3aB11CeTh OT Kaqecrna II KOJil!qecrna IICilOJih3YeM!,IX 

IIH;IIIBll/:IYaJihHh!X E3. 
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Crre):IOBaTeJihHO, caM KA B M0;1err11 KHB CJIJ)KIIT ¢i11311qecKIIM npOTOTllnOM npO/:IYKUIIOHHhIX 

npas11rr, pearr113yeT nporpaMMHhIM nyreM «B11pryarrhHYJO» po6acTHYJO E3 /:IJIJI HeqeTKoro IIH,D;

peryrrJITopa (Mll TeKYIIleii Henpe;1B11;1eHHoii c11ryan1111 ynpaBrreHIIJI) 11 J1BJIJ1eTcJ1 npo6rreMHO 

11e3aBIICI!MhIM l!HcrpJMeHTapI!eM. 

I1p11Be;1eHHhie ¢iaKThl ;1a10T B03M0)KH0CTh IICnOJih30BaTh 3Kcnep11MeHTaJihHhie ;1aHHhle 

06yqa10II1ero c11rHarra 6e3 nocrpoeHIIJI MaTeMaT11qecKoii Mo;1err11 OY. TaKoii no;1xo;1 oTKphmaeT 

HOBh!e nepcneKTIIBhl IICnOJih30BaHIIJI KHB B 3a;1aqax ynpaBJieHIIJI OY co crra6o ¢iopMaJI1!30BaHHOll 

CTPYKTYPOH 11 60JihIIIOii pa3MepHOCTh!O ¢ia3oBoro npocrpaHcTBa ynpaanJ!eMhIX napaMerpoB. 

TaKIIM o6pa30M, paCCMOrpeHh! oco6eHHOCTII IICilOJlh30BaHl!JI nporpaMMHOro npo;1yKTa OE32 -

"OIlTIIMl!3aTop ba3 3HaHl!ll Ha KBaHTOBh!X BhJq11crreH11J1X" - MJI npoeKTllpOBaHIIJI 

caMOOpraHl!3YJOII1erocJ1 KBaHTOBOro KOHrporrrrepa, cnoco6Horo BhlIIOJIHJITh ¢iYHKUIIII ynpaBJieHIIJI 

3a;1aHHhIM OY B IIIl!pOKOM Knacce c11ryau11ii ynpaBJieHl!JI, BKnJOqaJI Henpe;IBl!):leHHhie (HeIIITaTHhie) 

c11ryau1111. OcHOBHhIM 6rroKOM B OE32 JIBJIJleTCJI 6rroK KBaHTOBOro HeqeTKOro Bh!BO;la - KHB. 

B pe3yrrhTaTe np11MeHe1111J1 KHB B CTPYKTYPe HCY OCYII1eCTBJIJ1eTCJ1 113BrreqeH11e 

;IOilOJIHl!TeJihHOll ( CKphITOii) KBaHTOBOll IIH¢iopMaU1111, a ee l!CnOJih30BaHl!e ;1aeT B03M0)KH0CTh 

npoeKT!lpOBaTh po6acTHh!e CllrHaJihl ynpaBJieHHll B pearrbHOM BpeMeHII 113 peaKQllll HP Ha 

11enpe;IBll):leHHhie C11Tyau1111 ynpaBrreHIIJI, C IlOMOIIlh!O cpe;ICTB OE32 MO)KHO npoeKrnpoBaTh II 

reCTl!pOBaTh pa3Jil!qllhJe KBaHTOBhle KOHrporrrrepbl im OCHOBe pa3Hh!X KHB: KHB C pa3Hh!MII Tl!naMI! 

K0pperrl!QIIII, KHB C pa3rr11q11hIM Ha6opoM E3 (/:IBYMll, rpeMJI, qeThiphMll II T,/:1.). Ilocrre TecrnpoBaH!lll 

BhI611paeM Ha116orree po6aCTHhlll KOHTPOJIJiep /:lnll IICIIOJih30BaHHll B pearrbHhIX npllJIO)KeHl!l!X. 

IlpaKTl!qecKoe IIpl!Me11e1111e KHB paCCMOTPIIM Ha cneQl!aJihHOM np11Mepe, KOTOphlll np11Me11J1eTCJI 

qacTO KaK Benchmark /:lnll TeCTl!pOBaHl!ll 11 3¢i¢ieKTIIBHOCTII HCnOJih30BaHllll IIHTeJIJieKryaJihHOro 

HHCrpJMeHTapm1 Tex11orror1111 MllfKIIX BhJq11crreH11ii B HP, 8 qacTHOCTH, B crre;IYJOIIleM pa3;1erre 

paCCMOTPIIM II 06cy;111M pe3yJihTaThl MO):leJIHpOBaHl!ll noBe):leHl!Jl BhI6paHHOro /:ll!HaM11qecKoro 

ofaeKTa ynpaBJieHIIJI ( T. Ha3. benchmark) Ha OCHOBe cnpoeKTIIpOBaHHhIX caMoopraHll3YJOIIIIIXCll 

KBaHTOBhlX KOHTPOJIJiepoB C nOMOIIlh!O IIHCrpJMeHTap11eB OE3111 OE32. 

Ilp11Mep 8: IlpoeKmupoeaHue cmwop2amny10UJeucJ1 HCY Ha oCHoee K6aHmoeo20 onmUMU3amopa 

6a3 3HGHUU. PaccMOTPIIM IIpHMep 3¢i¢ieKTIIBHOro Mo;1err11poBaHl!ll caMOOpra11113au1111 po6aCTHhIX E3 B 

HCY rrro6aJihHO HeyCTOHqJlBhlM II CYII1eCTBeHHO•Herr1111eiiHhIM 061,eKTOM ynpaBJieHI!ll (OY) (P11c. 

Ill.15)1. 

\.!-! 
\ ! 
\ .. ~ 

\\I/ m 2£ 

~ ~n,) 
P11c. II 1.15. ,D;1111aM11qecKaJ1 CIICTeMa «KapeTKa -Mal!THIIK» 

Mo;1errh OY ycJIO)KHeHa HOBhIMII (no OTHOIIIeHl!IO KO MHOIBM 113BeCTHh!M) orpa1111qe1111J1MII. 8 
%CTHOCTII, MO):leJih OY co;1ep)K!IT B crpyKrype crryqaiiHhie napaMerp11qecK11e B03MYIIleHl!ll, 

/111CKpeTHhle orpa1111qe1111J1, 3a;lep)KKI! no BpeMeHII B 113MepttTeJihHOll CIICTeMe COCTOJIHl!ll OY, 

Henpe;IBll;leHHhie c11ryau1111 ynpaBJieHI!ll, qTO npe;ICTaBnJ!eT 60JihIIIYJO anropHTMl!qecKYJO CJIO)KHOCTh 

/1Jlll 3¢1¢ieKTIIBHOro IIp!IMeHeHIIJI TPa/:IIIUIIOHHh!X MeT0):10B OilTl!MaJihHOfO ynpaBrreHl!ll. 

,[{BH)KeHl!e ;ll!HaM11qecKOll CIICTeMhl «KapeTKa-Mal!THIIK», onl!ChIBaeTCll CJie;IYJOIIII!Mll 

yPaBHeHIIJIMII: 

I 3cpcpeKTHBHOCTh ll Ka'!eCTBO ynpaarreHlll! Ha OCHOBe pa3pa6orn1111oro llHCrp)'MeHTapml /lllll JiaHHOro npHMepa 
PaccMorpe11b1 a rrraaax 2 H 3. 
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0 

gsin0+cos0(+(u + c;(t))+ {+a1z+a3z} mliJ2 sin0) • 
m +m -k0 

C 

i(±-mcos
2 0) 

3 mc+m 

(Ill.I) 

·2 •• 
.. u+.;(t)+{-ai-a2z}+m/(0 sin0-0cos0) 
z= 

mc+m , 

ri:1e g-ycKopeHrre cao6oi:1Horo na,nemrn (9.8 ml sec
2

), me- Macca KapeTKH, m- Macca MlUITHHKa, I 

- noJIOBHHa /:IJ!llHhl MlUITHHKa, c;(t)- BHCIIIHee CToxacn1qecKoe B03):\CllCTBlle Ii U - ynpaBJUIIOlllaJJ: 

crrJia, i:1eiicrnyro111M Ha KapeTKy; {k; a1; a2}- napaMeTphI MO/:ICJIH OY. 

YpaBHCHIIJI /:\JUI CKOpOCTll rrpOH3B0/:ICTBa 3HTpOIIllll B OY Ii I111,l.J;-peryJUITOpe llMCIOT CJIC/:lyIDlllllii 

Bll/:1: 
•3 

kiJ2 + m/0 sin20 

!!__s = mc+m 
0 2 ' 

dt /(_±- mcos 0) 
3 mc+m 

d S .2 d S k -2 -z=a1z;-u=de 
dt dt 

(Ill.2) 

3ai:1aqa ynpaBJieHIIJI: rrprr HaJirrqrrrr cToxacTrrqecKoro IIIYMa, i:1eiicrny10111ero Ha KapeTKY, rrprr 

HaJillqllll BpeMeHll 3a,neplKKll CllrHaJia B CllCTeMe ll3MepeHllJI IIOJ!OlKCHIIJI MlUITHHKa (paBHOro 0.001 

ceK.) Ii rrpll HaJillqllll orpaHrrqeHIIJI Ha CllJIY ynpaBJICHIIJI, rrepeBeCTll MlUITHllK ll3 HaqaJihHOro 

IIOJ!OlKCHllJI B 11eJieBoe BepTHKaJihHOe ( 0 = 0) Ii yi:1eplKHBaTb /:IBlllKCHlle OY B 3a,!(aHHOM 

aepTHKaJihHOM IIOJIOlKCHllll. 

,l.J;JIJI peIIIeHIIJI IIOCTaBJICHHOll 3a):\aqrr ynpaBJICHllJI paCCMOTpllM CJIC/:IYIOIIIYJO cxeMy ynpaBJICHIIJI. 

TaK KaK CHJia ynpaBJICHllJI /:ICllCTBYeT Ha KapeTKy, TO 3ai:1a10111rrii CllrHaJI ynpaBJICHllJI TOJKe /:IOJIJKeH 

6hlTh CBJI3aH C /:IBlllKeHHeM KapeTKll. ,l.J;JUI 3ai:1aqrr CTa6llJill3allllll rrepeaepHyTOro MlUITHHKa ( 0 ➔ 0) 

BbJ6epeM CJIC/:IYIOlllllll 3ai:1a10111rrii CllrHaJI z,,f : rrpoeKIIllJI IICHTPa TJilKCCTll rrepeaepHYTOfO MlUITHHKa 

Ha OCh z . IlpoeKIIIIJI IICHTPa TJilKCCTll rrepeaepHYTOfO MaJITHHKa BhlqllCJUICTCJI !IO 

qiopMyJie: z,,f = -1, sin 0. CJie):\OBaTeJihHO, 3ai:1a10111rrii CllrHaJI MOlKeT fihITh rrpe/:ICTaBJieH 

CJIC/:IYIOlllllM o6pa30M: z,,f = - . f. sin 0. QqeBll/:IHO, qTO, eCJIH 0 ➔ 0' TO z,,f ➔ 0 • 

3a,na,nrrM TaKJKe orpaHrrqeHrre Ha 3a,na10111rrii crrrnaJI: lz,,1 I :o:; 1. Eyi:1eM rrpoeKTHpoaarb 

caMoopraHll3yIDlllllHCJI KBaHTOBhlll KOHTPOJIJiep ):\Jill po6aCTHOro ynpaBJICHIIJI B IIIllpOKOM KJiacce 

CHTya11rrii ynpaBJICHllJI, B TOM qrrcJie Ii B CJiyqae Herrpe/:IBll/:ICHHhIX crrrya11rrii, Ha OCHOBe 

HHCTPYMeHTaprrea OE31 rr OE32 [6]. 
0 O6oc1108aHue pa3pa6omKU OE32 Ha 0CH0Be K8aHm08020 aJIWpUmMa Ca.M00pWHU3GIJUU E3 C 

ucnollb308aHueAZ pe3Yllbmamoe Mo0ellupoeaHUJI. Ha rrepBOM JTarre 6yi:1eM CTPOHTh 11CY B Bll/1e 

HeqeTKoro IIl1,l.(-peryJU1TOpa (HP) Ha OCHOBe llHCTPYMCHTapl!JI OE31. 11ccJie):lyeM B03MOlKHOCTII 

qeTblpex fia3 3HaHllll (rr COOTBCTCTBCHHO qeTblpex HP), IIOCTPOCHHhIX /:\JUI qeTb1pex TllIIOBbIX 

crrrya11rrii2, pa3Jillqa10111rrxcJI BHCIIIHllMll IIIYMaMH, IIOKa3aHHh!Mll Ha prrc. Ill.16. 

2 A.A. Mmmrn, C.Il. IleTJlOB, C.B. YJihllHOB, IlpHMeaeaHe 0IITHMH3arnpa 6aJ 3HaHHH = IIpoeICTnpoaaHHJI 
HHTeJIJieKT)'aJihHhlx cHcTeM YIIPaBJieHIIJI B cpe.11e MA TLAB/SIMULINK. 11. 1 // 3)1( CHcTeMHhlH aaaJIH3 8 

Hayi<e ll o6pa30BaHllll. -2011. -Ns 3. ll.z\eHTmjlHKaJIHOHHhIH H0Mep: 0421100111\0020 
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Gaussian 1: KB1 Unif 01m : KB3 

' "='"'"''"'':~m ~~\~r~ .. , _ _ . ~ . . _ _ _ .LllJ . _ ~----·--- .lJ_ ,_..... ... . ..... , ... " 

Ra~eigh 1: KB2 Gaussian 2: KB4 

.:_\~~¥0 
·- 1,11.,. 

•t-t--t 

1-•--l! 

,. " . ---~-· , ...... 

,',"IKJ .. -~ ... ... ... .. ·-.r-~ .• ,,.•,. •I 

Puc. Ill. I 6. qeTupe THIIOBhIX IIIyMa /:\JUI au6paHHOro OY 

OCTaJihHhle rrapaMCTPhl 06yqa10111rrx crrrya11rrii CJIC/:IYIOllllle: rrapaMeTphl MO/:ICJIII OY 

{me [kg];m[kg];I [m];k;a1;a2} = {I; 0.1; 0.5; 0.4; 0.1; 5}. 

HaqaJihHOe IIOJIOJKeHrre: [00 00 ] = [10 O.l](B rpai:1ycax);[z0 z0 ] = [O OJ [m]; 3ai:1epJKKa rro apeMeHrr B 

KaHaJie ll3MepeHHJI = 0.001 (ceK); OrpaHrrqeHHJI Ha CllJIY ynpaBJICHIIJI: -5.0 < u < 5.0 [N]. 
OrpaHrrqemrn Ha /:IBlllKeHrre KapeTKrr:-1.0 < z < 1.0 [m]. 

,l.J;JIJI IIOCTPOCHllJI E3 Heo6XO/:lllM 06yqa10111rrii CllrHaJI (OC), KOTOphiii MOlKeT fihITh IIOJiyqeH 

3KcrreprrMeHTaJihHO llJ!ll Ha OCHOBe MO):\eJirrpoBaHHJI rrpo11ecca IIOllCKa OIITllMaJihHOro CllrHaJia 

ynpaBJICHIIJI c IIOMOlllhlO r A. Bu6epeM CJiei:1yro111rre rrapaMeTPhl IIOllCKa /:IJ!ll r A: o6JiaCTh IIOl!CKa 

3HaqeHllll BCKTOpaK = [100100100]; gJyttKIIIIJI rrprrro):IHOCTll 

ct>n = 2:;i01 + ~]el 
rrpe/:ICTaBJIJieT co6oii CYMMY a6COJIIOTHhlX 3HaqeHllll yrna OTKJIOHeHHJI Ii CKOpOCTll yrJia 

OTKJIOHCHllll; r A lllllCT MllHIIMYM Cl> J1. 
Ilo OKOHqaHllll rrpo11ecca IIOllCKa OIITllMaJihHOro CllrHaJia ynpaBJICHllJI c IIOMOlllhlO r A, 

qJOpMrrpyeM oc ):\JUI CJIC/:lyID1I1ero 3Talla TCXHOJ!Orllll rrpoeKTrrpoBaHIIJI. ,l.J;aHHhlll oc IIOCTY!IaeT Ha 

BXO):I OE31, KOTOpblll CTPOHT O!ITllMaJihttyIO rr po6acrnyro E3 /:\JUI 3a,!(aHHOH TllIIOBOll CHTYaIII!ll. 

TTprrMep 0/:IHOH ll3 !IOCTPOCHHhIX E3 (E33 /:IJ!ll Tll!IOBOH crrrya1111rr 3 C paBHOMepHO pacnpei:1eJieHHhIM 
(uniform) IIIYMOM) rroKaJaH Ha prrc. Ill.I 7. 
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Optimize rules 

Refine KB 

Bock Propagation 

wJ ~Gen~r~ I III Variables (5 Rule database I & Genem!iz~on I A, Si~~lation ~su~ I 

~ 

Generolparameters-----------------------------. 

Rule datobase type: LBRW Rule Doto.boss 

Totalrulesindb: ◄8 Moximal number of rules: 360 

Rule editor 

Showrulesforoutput: (ou1put_1 

Seleded rule; If lnput_1 •lnput.J_1 & lnpuL2•1nput_2_5 & lnput_3•lnput_J_8 Then Output_l•0.908768. Ou1put_2•0.591801. 
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~ 

O~tele I 
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o..t21906 
072923 
0908768 
1.()880 
1 00404 
0916144 
1.0537'l 
0641222 
0770803 :=.I 

Incomplete rules - • r Log Si~uleition ~tevi~, _~umber of o.divated rule,~ I Rul~ ~tion !~! I I 
I Loading project tram tile 'D:\SC_OPTIMIZER\Pccrt._ ◄FC_for book\Pcort_SC03.sop' ' 

Analyse rules Project file not found 

_::J 
Loading model tromfite 'O:\SC_OPTIMIZER\Peart. 4FC_forbook\Pcarl_SC03.sco' 
Model loaded 

st 

PIie. III.17. E33 HeqeTKoro KOHTJ)OJ1Jiepa 3 (HP3) 

Ea:ia 3HaHllii 3 (E33) coCTOIIT ll3 48 npaBirn {pl!c. IIl.17), BhI6paHHbIX OE31 ll3 IIOJIHoii E3 c 360 
npaBIIJiaMl!. ql!CJIO Jll!HI'Bl!CTl!qecKI!X nepeMeHHb!X ,IJ.Jlll TJ)eX BX0/10B paBHO (9,5,8). HaIIOMHIIM, qTQ 
IIOJIHal! E3 paBHa IIpOI13Be/jeHIIIO qlfcJia Jll!HrBIICTl!qecKl!X nepeMeHHh!X ,l(l1JI TJ)eX BX0/10B, T.e. 
IIOJIHall. E3 COCTOIIT ll3 9 X 5 X 8 = 3 60 npaBIIJI, 

Ha pl!C. IIl.18 IIOKa:JaHO npe11cTaBJieHI1e HeqeTKIIX MHQ)KeCTB ,IJ.Jlll BXO/jHOH nepeMeHHOH (input_3) 
B HeqeTKOM perymnope HP3. 

W son: Computing Optimizer f t~i (§J lirii 
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Op~mize rules 
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Variable: j1npULJ ..£1 Add MF I D■I- unu•■d MF I 
r :~~::.:a:;e2~:.6S Maximum: 0 ◄99◄33 Seel■: 1.309075 Offset: 0.3◄6205 ~ 

Membership functions 

1:t:~~" ., .. j~i :iillll 
lnpuL3_1 
lflPUl-3_2 
lnpuL3_3 
lnput_3_◄ 
lnpuL3_5 
lnput_3_6 
lnpUL3_7 
lnpuL3_8 

Dw•cendong 
Triengulsr 
Trienguler 
Tri..,.gula, 
Tnengul..,. 
Trienguhu 
Tnengutar 
Ascending 

000990008 
0090190 

~:~~~!~! 
0.503975 
0.5◄5009 
0.60◄◄59 
0.818101 

01 ◄0787 

~:!:::~~ 
D.02665◄ 
0.055◄132 
0063-1848 
0.363792 

Log I S,mul...,on p.-I Numbar of o,dn,,Cmod Nies) Rula CICtlve.Uon level I 
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Pto1ed:hl■ notfound =~rr:.:::: from file 'O;\SC_OPTIMIZER\Pem\... ◄FC_to, book\PCal"LSC:03.sco' 
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0.02665◄ 
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I 

IIpoae,11eM l!CCJie/jOBaHlle, cxeMaTl!qHQ IIOKa:JaHHOe Ha pI!C II 1.19. 

-Hl!-1 

-_HP2 

-_IIP3 

\ e ' 

\it 2e 

u(t) Tile 

-"1-,: (t) 

~ 

Ots'beKT ynpaaneHM.R 

l1T1 i :f: En..m.tft.iliJ 
KaK...,, IIICY noCie"'MT B HOBO!< c.pe"'e 4>YHl<l.lMOHMPOBaHMR OY? 

Pl!C. IIl.19. CxeMa l!CCJie/jOBaHI!ll po6acTHOCTI! IIOCTJ)OeHHb!X HP 

,l{;Ill 3TOro BhI6epeM cmyal.ll!ll ynpaBJieHJiJI («HOBal! cpe11a») OTJIHqHb!e OT qeTb!pex Tl!IIOBb!X 
yKa:JaHHb!X Bhlille. 

Cpmme1me orm:J1Cemm nepeeepHymow MaRmHw<a e HOBbTX HenpeiJeuoeHHbTX cumya!JWIX 0J1J1 

ttembzpex nocmpoeHHbTX HettemKux pe2yJ1J1mopo6. CMO/jeJII!pyeM TJlll HeTl!IIOBb!X (Henpe/1Bll/jeHHb!X) 
Cl!Tya11I1ii, KaK IIOKa:JaHO a Ta6JI. IIl.2. 

Ta6 - --------,- Ill.2 
S l cmya11IDI ynpaBJieHl!ll S2 CI1Tya11I1ll ynpaBJieHl!ll 
Hoab1ii PJneeBCKllii mYM (pllc. II 1.20) Hoauii P3neeacKI1ii IIIYM (pllc. IIl.20) 
lliYM B Cl!CTeMe ll3MepeHIDI (fayccoBCKIIH lllyM B Cl!CTeMe l!3MepeHIDI (fayccOBCKl!H 
ill}'M c aMIIJIIIT)'/10H = 0.0 l ); ill}'M C aMIIJIIIT)'/10H = 0.01); 
Hoaan. apeMeHHaJJ. 3a11ep)Kl{a = 0.003 ceK; Hoaan. apeMeHHaJJ. 3a,l:lep)l{Ka = 0.002 ceK; 
Tl!IIOBhie napaMeTJ)bl MO/jeJil! li HaqaJibHOe Hoaoe 3HaqeHl!e napaMerpa a1 = 0.08; 
IlOJIO)KeHl!e 

Tl!IIOBOe HaqaJibHOe IIOJIO)KeHl!e 
S3 cI1Tya11I1H ynpaaneHl!ll 
PaBHOMepHO pacnpe11eneHHb!H myM: (pllc. IIl.21) 
lliYM B CliCTeMe ll3MepeHIDI (fayccOBCKHH IIIYM c aMIIJIHT)'/10H = 0.01); 
HoaaJI apeMeHHaJJ. 3a,1:1ep)l{Ka = 0.005 ceK; Tl!IIOBhie napaMeTJ)bl MO/jeJil! li HaqaJibHOe 
IIOJIO)KeHl!e 

5 

;;; 
~ 

·2 

-3 

·• 
,60 5 10 15 "" 25 "" 35 40 •• T,(Hc) 

Pl!c. IIl.20. HoBhiii P3neeBCKllii ill}'M 
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Cumyal,/Ufl S 1. HOBhlll CTOXaCTilqeCKIIH IIIYM, H0B0e BpeMH 3a,11ep)l(KII II IIIYM B Il3MepI1TeJibHOii 

CIICTeMe. 

·i 

5r--~~-~--~--~--~--~----:;c========= -- Uniform noise 

4 

3 

2 

0 

-1 

-2 

-3□ 20 40 60 BO 100 
time 

120 140 

PIie. II 1.21. PaBHOMepHo pacrrpe,11eJieHHhiii IIIYM 

160 180 200 

Cumya4UR S 1. HoBblll CTOXacrnqeCKIIH IIIYM, H0B0e BpeMH 3a,11ep)l(KII II IIIYM B II3MeprrTeJibHOII 

crrcTeMe. (IIprrMeqaHrre. Ha pI1CyttKax rrcrroJih3YJOTCH cJie,11y10mrre o6o3HaqeHIIH: FCI - HPI, FC2 -

HP2, FC3 - HP3, FC4 - HP4). Pe3yJihTaThl cpaBHeHIIH ,11B!I)l(eHIIH MaHTHIIKa rro,11 yrrpaBJiem1eM 

qen1pex HeqeTKIIX peryJIHT0p0B (qeTbipex 6a3 3HaHIIH COOTBeTCTBeHHO) B TPeX CM0,11eJIIIp0BaHHblX 

Herrpe,11CKa3yeMh!X CHTyaIIIIHX yrrpaBJieHIIH (Ta6JI. III.2) II0Ka3aHbl Ha prrc. III.22 - III.24. 

20 ...... --. - • X 
- S1:FC1 

1s1--1\,,/! 
.••.•. FC2 
- FC3 
-·-· FC4 

I 

10 t.l 
Mrurnn-m: 

n:l,!l;aeT 
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... 
en 
C 0 Cl> 

X 

-5 

-10 

·15 

-20 
0 20 40 60 80 100 120 140 160 180 200 

Time 

Prrc. III.22. ,[(B!I)l(eHrre rrepeBepttyToro MaHTHIIKa B CHTyaIIIIII SI ,11JIH qeTh!pex HeqeTKIIX 

peryJIHT0p0B 

Bb1BoiJ: HeqeTKrre peryJI»TOpbI HPI rr HP 4 - He po6acTHhI B SI crrryarrrrrr, TaK KaK MaHTHIIJ( 

rra,11aeT rrpn rrx yrrpaBJieHIIII. 
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Cumyal,/Ufl S2. HOBblll CT0xac=ecKrrii IIIYM, H0B0e BpeMH 3a,11ep)l(KII JI IIIYM B II3MeprrTeJibHOH 
cIICTeMe. KpoMe Toro, II3MeHIIJICH rrapaMeTP M0,11eJIII OY. 

20 
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Time 
Pnc. III.23. ,[(B!I)l(eHHe rrepeBepHyTOro MaHTHIIKa B CHTyarr1m S2 ,11JIH qeTbipex HeqeTKIIX 
peryJIHT0p0B 

Bb!BoiJ: HeqeTKrre K0HTP0JIJiepbI HPI, HP2 rr HP4 He po6acTHhI B S2 cJ1ryarr1m. ToJibKO HP3 
crrpaBJIHeTCH C 3a,11aqeii yrrpaBJieHIIH. 

Cumya1,fUJI S3. HOBbIH CTOXaCT1IqecKI1ii IIIYM, H0B0e, eme 60JibIIIee, BpeMH 3a,11ep)l(KII II IIIYM B 
H3MeprrTeJibHOH CIICTeMe. 
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Puc. III .24. ,[(Bil)l(eHrre rrepeBepHyTOro MaHTHIIKa B cnryarrIIH S3 ,11JIH qeThlpex HeqeTKIIX 
peryJIHTOpOB 
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Bbl600: Bee peryJrnTOpbI He po6acTHbl B S3 Cl!'rya111m. 

Pe3yJibTaTl,I MO,!le1111poBaHIIJ1 (p11c. III.22 - IIl.24) IIOKaJb!Ba!OT rpaHilll,bl po6aCTHOCTII HeqCTKl!l( 

peryJIJITOpOB, IIOCTPOeHHhlX Ha OCHOBe IIHCTPYMeHTapllJI Ha MJirKIIX Bblq!ICJieHIIJIX. <l>aKTopaMtt, 

BJII!JIIOII1IIMII Ha po6aCTHOCTb HeqeTKIIX peryJIJITOpOB, IIOCTPOeHHb!X B TllIIOBblX 06yqa10II11lX 

YCJIOBIIJIX, JIBJIJIIOTCJI: 
0 !13MeHeH11e CTOxacn1qecKIIX rrapaMeTPOB BHeIIIHero IIIYMa; 

0 IIOJIBJieH11e IIIYMOB B CeHCOpHOM CIICTeMe (rrorpeIIIHOCTII B C!ICTeMe !13MepeHIIJI); 

O !13MeHeH!le BpeMeHII 3a,!1ep)KKI1 B ceHCOpHOM C!ICTeMe (HeIIOJia,!IKII B CIICTeMe 113MepeHIIJI); 

0 CMeHa rrapaMCTPOB MO,!leJIII (B pe3yJihTaTe crnpeHIIJI 061,eKTa yrrpaBJieHIIJI, Harrp11Mep). 

KaK IIOKa3b!Ba!OT IIpl!Be,!leHHb!e BbJIIIe pe3yJihTaThl MO,!leJI11poBaH11J1, TPYJIHO crrpoeKTI!pOBaTh 

rno6aJihHO «xopomyID» 11 po6aCTHyIO CTPYKTYPY HCY Ha Bee c11yqa11. B JTOM c11yqae Heo6XO,!IIIMO 

Bb16paTb HeKOTOpyIO 0606111a10II1Y!O CTPaTer1110, KOTOpall ,!laBaJia 61,1 B03MOlKHOCTb rrepeKJIIOqaTb 

IIOTOK yrrpaBJIJl!OII1IIX CllrHaJIOB, rrocryrraro11111x C BblXO,!la pa31111qHbIX 63 HP' II ( eCJIII He06XO,!IIIMO) 

MO,!IIl(p!IUIIPOBaTb !IX Bb!XO,!IHOM C!lrHaJI IIO,!I TeKY111I1e ycJIOBIIJI qJYHKQIIOHI!pOBaHIIJI OY. KoHKpeTHaJI 

peaJI11Jau11J1 0606111a10111en CTPaTenm ,!IOCT11raeTcJ1 3a cqeT BBe,L1eHIIJ1 0606111eH11J1 CTPaTernn a 

MO,!leJIJIX HeqeTKOro Bb!BO,!la (Ha KOHeqHOM MHOlKeCTBe rrpe,!1Bap11TeJihHO crrpoeKTI!pOBaHHblX HP) B 

Bil,!le HOBoro, KBaHTOBOro HeqeTKOro Bb!BO,!la (KHB). 
TaKIIM o6pa30M, rrpouecc rrpoeKT11poBaHI1JI po6acTHb!X 63 COCTOIIT 113 ,!IByx B3a!IMOCBJl3aHHh!l( 

:narroB, OCHOBaHHb!X Ha MJlrKIIX II KBaHTOBb!X BbJqilcJieHIIJIX COOTBeTCTBeHHO. <l>Yff~IIOHaJ!bHO, Ha 

rrepBOM narre rrpouecca rrpoeKT!lpOBaHIIJI qiopMHpYIOTCJI IIIl,!IIIBIIJIYaJ!bHbie 63 ,!IJIJI ,!IByx (HJIII 6011ee) 

HP ,!IJIJI KOHKpernblX cmyaUIIM yrrpaBJieHIIJI (cIITyaQIIII 06yqeHIIJ1). Ha BTOpOM narre peaJIIl3YeTCJI 

caMOOpraH!l3aQIIJI 6a3 3HaHIIM HeqeTKIIX peryJIJITOpOB Ha OCHOBe pa3pa60TaHHOro KBaHTOBoro 

aJirOpIITMa KHB. 
o IlpoeKmupoeaHue K6aHmoeo20 pecy1mmopa OJIR 6bl6paHH020 OY c noMOUJblO 

UHcmpyMeHmapuR OE32. Iiy,!leM rrpoeKrnpoBaTh caMoopraHI13yIOII1IIMCJI KBaHTOBb!ll HeqeTK!lll 

peryJIJITOP (KHP) Ha OCHOBe cJie,!lyIOII1IIX TPeX crrpoeKT!lpOBaHHbIX Ha rrepBOM 3TaIIe HeqeTKIIX 

KOHTPOJIJiepoB - HP2, HP3 11 HP4 (cM Bblme). Ko11I1qecrno Bb16paHHhIX 6aJ ,!IJIJI rrpouecca 

caMOOpraHil3aQIIII JIBJIJleTCJI rrpoeKTilpyeMOM BeJII1q11HOM. C IIOMOII1h!O 0632 MOlKHO IICCJie,!IOBaTh 

pa3JI!lqHbie BapI1aHTbl KHB ( C ,!IBYMJI 6aJaM!I, C TPeMJI, C qeTbipbMJI 6aJaMII JHaH!lll II T.,!I.) II BbI6paTh 

HaI16011ee po6acTHblll Bap11aHT. KaK IIOKa3aJIII pe3yJihTaTbl MO,!le1111poBaH11J1, B c11yqae C ,!laHHbIM OY, 

BapilaHT KHB C qeTblpbMll E3 JIBJIJieTCJI «1136hITOqHbIM», MeHee po6acTHb!M, 

MatLab/Simulink CTPYKTYPa KHP (6110K «Quantum Fuzzy Inference») c TPeMJI BhI6paHHhIMII HP 

,!IJIJI J1I1HaMI1qecKott CIICTeMu «KapeTKa-MaJITHIIK» rroKaJaHa Ha pI1c. IIl.25. 6110K «Connect block for 

SC02» (crrpaBa Ha pI1c. IIl.25) CBJI3hrnaeTCJI c TeKymen (aKTI1BI1poBaHHOM MO,!leJihIO KHB), 
rroKaJaHHOM Ha pIIC, II!.26. 
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Pilc. III .25. MatLab/Simulink cTpYKTYPa KBaHTOBoro peryJIJ1TOpa ,!II!HaMI1qecKon CIICTeMhI 

«KapeTKa-MaJITHIIK» 

WfQc~ 
Fife'\: Hefp °"'" ..• ..,,. -""".'''~'/ ,---~ ....... , .. , .. -~.,. ,·' 

;j....,.;1n.;_,......, ·t Comoct Optimize 

C91•IKlklf•:ie~ I _Normalizatton 

Input 

Tin'N!sbep: ~ Delaytirne: ~ HsU9°amvlew ~ ldearNs~amj 

Nam• llecod• 0.121 
1~ - =% 

0.072 ------

2 Kdl :Yes 0.0'48 , 

3 Kil :ves o.021- ------..mi 
-0.9~7883 

Output 

Sczllecoeffldents Corri!'fattonmatrtx ~---------------------, 
Name Seate 

1 ICp 3.35 Kp rNI Kpl real Kpl real delayed ; Kp2 real 

2 Kd 0.84 1Cp virtual Kpl virtual : Kpl virtual delayed ; Kp2 virtual ; 1Cp2 virtual 

3 1G Oll Kdreal 

0 loaded ptugin Sample Interface Plugin (ExampfePlugin.dlO 
0 Loaded plugin Matlab Interface (M.tlablntPlugin.dfO 
0 Plugin xx.dB not loaded 

!oa~i!'g Q/l✓q~~est.q~ 

Kdl real : Kdl real delayed 
I 
Kd2 real 

PI1c. Ill.26. BL16paHHaJ1 MO,!leJih KHB B I1HCTPYMeHmp11I1 0632 
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3a,!laqa rrpoeKTHpOBaHIIJI Ha ,!laHHOM :narre CBO,!IIITCll K TecrnpoBamno pa:irr11qHh!X TIIIIOB KHB II 

Bb16opa HaHJJyqrnero .!1J1H ,!laHHOro o6oeKTa ynpaBrremrn 11 ,!laHHoii 3a,!laq11 ynpaBJJeHIIJI. Hccrre,I1ye1.1 

TPII rnrra KBaHTOBOH Koppem111111 11 BhI6epeM JI)"!IlIYJO C TOqKII 3peHIIJI Kpl!Tep11eB ynpaBJieHm1. 

Bu6epeM O.!IHY 113 TIIIIOBb!X ( 06yqa1011111X) CIITya1111ii ynpaBJieHIIJI, Harrp!!Mep, qernepTyio TIIIIOBYJo 
cIITya111110 TS4 (ycrroBIIJI rrpoeKrnpoBaHIIJI HeqeTKoro perymTopa HP4, p11c. Ill.21, KB4). 

Ha p11c. Ill.27 - III.29 IIOKa:JaHo cpaBHeH11e ,!ll!HaM11qecKoro rroBe,!leHIIJI OY ITO.II ynpaBrremIe1.1 

KHP Ha OCHOBe TPeX TIIIIOB KBaHTOBOH Koppem111111 B KHB (rrpOCTPaHCTBeHHOH, BpeMeHHOii H 

rrpOCTPaHCTBeHHO-BpeMeHHOii) B c11rya111111 TS4. . 

10 ......... TS4:0FC sp 

8 ---QFCsptmp 

.i 
--QFCtmp 

~ 2 

[ 
X o 
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.,L-----~----~-----' 
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,/..(B11lKeH11e MaHTHl!Ka 
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0.1 
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l o 
)j -0~5 
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-02. 

-a,51 
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~ : 
······••·TS4:QFC sp 

- -OFCsptmp 
: ?. ~ ffe :il_;:--aFCtmp_J 

,, :j 
11 11 !J IJ IJ IJ IJ I 

:·: 

¥ V V ~ ij ij ~ I 
10 15 20 25 30 

Tirre(S) 

,/..(BlllKeHlle KapeTKII 

P11c. Ill.27. ,/..(11HaM11qeCKOe IIOBe,!leH11e Cl!CTeMbl «KapeTKa - MaHTHIIK» rrp11 ynpaBJieHIIII KHB C 

TPeMll rnrraMI! Koppem1111ii 

JlpUMe<Ja1me 21. ,l.(m KHB Ha ocHoBe BpeMeHHOii KopperrH111111 rrapaMeTP "delta" = 0.5 (ceK), 

K03<pqm1111eHTbl IlIKaJJlipoBaHl!ll {gainp,gainv,gainl} rrocqIITaHbl C IIOMOll.lb!O r A II paBHhl [3.3539, 

0.8438, 0.1398]; 
,l.(m KHB Ha OCHOBe rrpOCTPaHCTBeHHO-BpeMeHHOH Koppem111111 rrapaMeTP "delta" = 0.5 (ceK), 

K03!p!plll.llleHTbl IlIKaJJ!!pOBaHIIJI {gainp, gainv, gain/} rrocq11TaHh! C IIOM0111bl0 r A II paBHbl [ 4.5930, 

0.7117, 1.4500]; 
,/..(nll KHB Ha OCHOBe IIPOCTPaHCTBeHHOH Koppem111111 K03!p!plll.llleHTh! IlIKaJJ!!pOBaHIIJI 

{gainp,gainv,gainl} rrocqIITaHhl c IIOMOll.lb!O f A II paBHbl [3.4047, 0.5781, 0.7047]. 

,l.(m rrpOCTOTbl BBe,!leM TaKlKe CJie,I1y1011111e o603HaqeHl!ll'. QFC sp - KHP Ha OCHOBe 

rrpOCTPaHCTBeHHOH KoppeJilll.11111 B KHB; QFC sptmp - KHP Ha OCHOBe rrpOCTPaHCTBeHHO-BpeMeHHOii 

KopperrH111111 B KHB; QFC tmp - KHP Ha ocHoBe BpeMeHHoii Koppem111111 B KHB. 
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P11c. Ill.28. lIHTerpanbHall orn116Ka yrrpaBrreHHll rrp11 ynpaBrreH1111 KHB c TPeMll rnrraM11 KopperrH1111ii 
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P11c. Ill.29. 3aKOHhl ynpanrreHl!ll rrp11 ynpaBrreH1111 KHB c TPeMll rnrraM11 KopperrH1111ii 

Bbl60d. Pe3yJihTaTbl cpaBHeHl!ll IIOKa:JbIBaJOT, qTQ ,!IJlll ,!laHHOro OY II BbI6pairnhIX TPeX HeqeTKIIX 

ICOHTPOJIJiepoB, KHP Ha OCHOBe BpeMeHHOH KOppeJilll.11111 B KHB llBJilleTCll Jl)"!Illl!M C TOqKII 3peHIIJI 

OCHOBHOro Kpl!Teplill KaqeCTBa ynpaBJieHIIJI - MIIHIIMYM IIHTerpaJJbHOH 0Illll6KII ynpaBJieHl!ll. 

Ilo3TOMY nu6epeM KHP Ha ocHoBe BpeMeHHoii KopperrH111111 B KHB .!1J1H ,!laJJhHeiirnero TecrnpoBaH11ll 
CBoiicrna po6aCTHOCTII. 

Hccnei>oeaHue po6acmHocmu cnpoeKmupoea1mo20 K6aHmoeo20 He'lemKozo Koumponnepa: 
CpaeHeHue He'lemKozo ynpa6lleHtm u KeaHmoeozo He'lemK020 ynpa6lleHUR. BepHeMCll K c11zya111IJ1M, 
0n11caHHb!M Bb!Ille B Ta6JI. Ill.2. IlOCMOTPlIM Ha IIOBe,!leHl!e Harneii ,!ll!HaM11qecKoii Cl!CTeMb! B 

CHTya11nllX yrrpaBJieHIIJI 113 Ta6JI. Ill.2 II cpaBHl!M Kaqecrna ynpaBJieHl!ll HeqeTKIIX peryJillTOpOB 
(RP2, HP311 HP4) n KHP. 
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CumyalJWI SI. HaqHeM c cnryar11rn SI, ITPH 3TOM HeMHoro ycJI0lKHIIM SI, yBeJI11q11B BpeMJi 

3a11eplKKII /10 0.004 ceK, II yBeJI11q11B aMITJIHTY/IY nryMa B 113MepHTeJibHOii CIICTeMe /10 0.015. (pnc. 
IIl.30 11 ITl.31). 
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P11c. ITI.31. 3aKOHbl yrrpaBJieHHJI B s 1. 

CpaBHeHlle HeqeTKoro yrrpaBJieHHJI II KBaHT0B0ro HeqeTK0ro yrrpaBJieHHJI 

200 

IlpUMe'-IGHUe 22. Ha p11c. ITI.30 II ITI.31 lKlipHOH JIIIHHeil. IT0Ka3aHo ,!IBlilKeH!Ie MaJITHIIKa ITO/I 

yrrpaBJieHneM KHP (QFC tmp); TOHKOii JI11H11eii - /IBHlKemie ITO/I yITpaBJiem1eM HP2 (FC2), 
ITYHKTllpHoii JIHHHeii - ,!IBlilKeHlle ITO/I yITpaBJieHIIeM HP4 (FC4); IllTpllxrryHKTllpHoii JIHHlleii 

IT0Ka3aHo .!IBlilKeH11e ITO/I yrrpaBnem1eM HP3 (FC3). 

Bbl600. Bee CITpoeKTHp0BaHHbie HeqeTKlle peryJlllT0pbl He po6aCTHbl B cnrya111111 SI, TaK Kai( 
MaJITHIIK ITa11aeT. O11HaKO, KBaHTOBblH peryJlllT0p ycITellIH0 CITpaBJllleTCll c 3Maqeii yrrpaBJieHHJI. 
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CumyalfWI S2. PaccMOTPIIM cmya11mo S2 (Ta6JI. ITI.2) 11 ycnolKHHM ee, ysen11qnB 3a11eplKKY ITO 

BpeMeHII /10 0.004 ceK. 

Ha pnc. ITI.32 IT0Ka3aHo cpaBHeH11e ,!IHHaM11qecK0ro ITOBe,!leHHJI ITepeBepHYT0ro MallTHHKa 

ycTaH0BJleHH0ro Ha KapeTKe (B c11rya111111 S2) ITO/I yrrpaBJieHlleM HeqeTKIIX peryJillT0p0B II ITO/I 
yrrpaBJieH11eM KHP Ha OCH0Be BpeMeHHOii KBaHTOBOM K0ppeJlllIJIIII B KHB. 
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P11c. ITI.32. ,[(11HaM11qecKoe IT0Be11eH11e CIICTeMbl «MallTHIIK•KapeTKa» B c11rya111111 S2. 

CpaBHeH11e HeqeTK0ro yrrpaBJieH!rn II KBaHTOB0ro HeqeTK0ro yrrpaBJieHHll 
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Bbl600. Bee CITp0eKT11poBaHHb!e HeqeTKlle peryJlllTOpbl He po6acTHbl B CHT}'aIJHII S2, TaK KaK 

MaJITHIIK ITa.r1aeT. KHP ycITenrH0 CITpaBJilleTCll C 3Maqeii yrrpaBJieHllll. 

CumyalJUR S3. PaccMOTPIIM c11TyaIJIIIO S3 (Ta6JI. Ill.2) H ycJI0lKHIIM ee, ysen11q11B 3MeplKKY ITO 

BpeMeHII /10 0.006 CeK. 

Ha pIIC. Ill.33 IT0Ka3aHo cpaBHeHIIe ,!IIIHaMIIqecK0ro IT0Be,!leHHJI OY (B c11ryaIJIIII S3) ITO/I 

yITpaBJieHIIeM HeqeTK!fX peryJillT0p0B II ITO/I yrrpaBJieHIIeM KHP Ha 0CH0Be BpeMeHHOii KBaHTOBOM 

K0ppeJill!JIIII B KHB. 
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B CIIT}'aIJIIII S3.CpaBHeH11e HeqeTK0ro yrrpaBJieHHJI II KBaHTOB0ro HeqeTK0ro yrrpaBJieHHJI 
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BblBOO. Bee lplI Heqenrnx peryJUirnpa - He po6acrn1,1 B c111yarr1IJ1x SI, S2 II S3, OJIHaKo 

KBaHTOBLiii HeqeTKlfii peryJUITOp - po6acTeH. C TOqKII 3peHIIJI KBaHTOBOii TeOpHII ttrp 11aHHLiii 

::iqiqielCT JIBJIJleTCJI 11eMOHClparr1Ieii «IIappOHJIO rrapa110Kca»: B HI'pOBOii cmyaIIIIII (B HerrpeJ1BHJ1eHHoii 
cmyaIIIIII yrrpaBJieHIIJI) Me)l(Jly lpeMJI l(JlaCclfqecKIIMII HP(l,2,3) (HrpOKlf A, B If C COOTBeTCTBeHHo), 

KOTop1,1e He JIBJIJIIOTCJI rro6e11meJIJ1MII rrplI IICIIOJIL30BaHIIlf l(JlaCCIIqecKIIX ClpaTerHii B pa3JIIIqHLIX 

C1IT)'arr1rnx ynpaBJieHIIJI, C IIOMO!IILIO KBaHTOBOH ClpaTemlI IIplIHJITIIJI perneHIIH Ha OCHOBe KHB 
MOlKHO crrpOCICTIIpOBaTL lf3 HIIX rro6eJ11ITCJIJI B BHJIC HOBOro caMOOpraHII3)'!0IIIerocJI HP. 

o Cpaette1me Ka'lecmea ynpa6lleHWl KJ1accu'1ecK020 llH/l 636emeHH020 He'lemK020 u 
K6aHm0(J020 He'lemK020 pe2)lllRmopo6. B 3al(JlJOqeHHe c11erraeM cpaBHeHHe ClleJl)'IO!IIIIX lpeX TIIIIOB 

ynpaBrreHIIJI: KBaHTOBOrO HeqeTKOro peryrrJITOpa, lpaJIIIIIIIOHHOro IIHJ:( C K03qlqJIIIIHeHTaMII 

)'ClfJleHIIJI paBHLIMII cpeJIHlfM 3HaqeHIIJIM OT KHB B qernepTOii TIIIIOBOH CIIT)'aIIIIII (K=[74.4684 

9.2590 2.2474]) H B3BeIIIeHHOro HeqeTKOro peryJUITOpa. «B3BeIIIeHHLiii» HeqeTKIIH KOHlpOJIJlep 

(weighted fuzzy controller, WFC) ClpOHT ynpaBJIJIIOIIIIIii CIIrHaJJ Ha OCHOBe ycpe11HeH1IJ1 BLIXOJIHLIX 

CIIrnaJJOB OT HP TaK, KaK 3TO IIOKa3aHo B MatLab/Simulink-MoJ1eJI1I Ha p1Ic. III.34 - BLIXOJILI OT lpex 

HP (HP4, HP2 II HP3) ycpeJ1HJ110TCJ1 B 6rroKe crrpaBa. 
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PHc. IIl.34. MatLab/Simulink-Mo11err1, yrrpaBrreHIIJI Ha ocHOBe «B3BerneHHoro» HeqeTKoro 

KOHlpOJIJlepa 
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I 
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Ha p1IC. III.35 - IIl.37 IIOKa3aHo cpaBHeHIIe J11IHaM1IqecKoro IIOBeJ1eH1IJ1 OY IIOJI ynpaBrremfeM 
rpex )'Ka3aHHLIX TIIIIOB B CIIT)'aIIIIII S3. 
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PIIC. IIl.36. J:(1IHaM1IKa lfHTerpaJJLHOii OIIIII6KH ynpaBJJeHIIJI B CHT)'aIIHII S3. 
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CpaBHeHIIe B3BCIIICHHOro HeqeTKOro, IIHJ:( II KBaHTOBOro HeqeTKOro ynpaBJICHIIH 
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Ha p11c. Ill.37 IloKa3aHO cpaBHeH11e ,[IIIHaMIIK CIICTeMbl IIO,[I yrrpaBJieHlleM B3BerneHHOrO HeqeTKorob 

II KBaHTOBOro HeqeTKoro peryllilTOpOB B c111yan1111 S3. 
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P11c. III .37. ,[(11HaM11Ka 3aKoH0B yupaBnemrn B c11Tyan1111 S3. CpaBHeH11e B3BerneHHoro HeqeTKoro, 

IIH,[( 11 KBaHTOBoro HeqeTKoro yrrpaBJieH11tt. )KnpHott n11H11eii noKruaHo .[IBHJKeHne B cnyqae QFC 

yrrpaBJieHIIJI, TOHKOll JIIIHHell IIOKa3aHO ,[IBHJKeH11e B cnyqae WFC ynpaBJieHIIJI, rryHKTllpHOll JIIIHllell -

.!IBIIJKeHne B cnyqae IIH,[( ynpaBnemrn 

BLIB0,!1hl II JaKmoqe1111e 

B Henpe,!1CKruyeM1,1x cmyan11J1x yrrpaBJieHIIJI (B T.H. ycJIOBIIJIX p11cKa) B cnyqae cnoJKHl,IX 

HeJIHHellHl,IX HeycTOllqllBl,IX ,[IIIHaM11qeCKIIX 061,eKTOB yrrpaBJieHIIJI TPa.[lllljllOHHbie B Teopllll 

yrrpaBneHIIJI MeT0,[11,1 Ha OCHOBe IIH,[( peryllilTOpOB, a TaKJKe HeqeTKlle perylli!TOpbl, 

cnpoeKTnpoBaHHbie Ha TIIIIOB1,1e 06yqa10m11e ycnoBIIJI, 11 B3BeIIIeHH1,1e HeqeTKne peryID1rnp1,1 (Ha !IX 

OCHOBe) He cnpaBJIJIIOTCJI C 3a,[laqej:j yrrpaBJieHIIJI. 

KBaHTOBl,lll HeqeTKllll peryllilTOp ,[leMOHCTPIIPYeT Bb!COK!lll ypoBeHb KaqecTBa yrrpaBJieHIIJI II 

po6aCTHOCTI, BO MHOrllX cmyan11J1X ynpaBJieHIIJI, oco6eHHO B CJIOJKHl,JX Henpe,!1CKa3yeMb!X 

c11ryan11J1X yrrpaBJieHIIJI. PaCCMOTPeHHblll np11Mep lllIJIIOCTPIIPYeT 3<p<peKTIIBHOCTI, MeTO,[IOJIOrllll 

np11MeHeHIIJI KBaHTOBl,IX Bl,lqllCJieHllll ,[IJIJI perneHIIJI anropHTMllqecKII HeprupeIIIIIMbIX KJiacc11qecKIIX 

3a.[laq B Teop111111 upaKTHKe HHTelllleKryan1,Horo HeqeTKoro ynpaBneHHJI. 

OTMeTIIM BaJKHbie oco6eHHOCTII anropHTMa KHB KaK KBaHTOBOro anrop11TMa (KA): 
CTPYKTy-pHo KA yrrpaBneH11J1 caMoopraH113an11eii E3 HeqeTKIIX perynJITopoB BKJIIOqaeT BCe 

(Heo6xo.[111M1,1e 11 .!IOCTaToqH1,1e) ,!lettcTBIIJI II onepaTop1,1, xapaKTep113YIQil1He ero KaK 

np11Ha,[llleJKa111ero K KJiaccy IIOIICKOBl,IX KA. 
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C TOqKII 3peH!IJI Teop1111 KBaHTOBb!X BJ,JqllCJieHllll II anropllTMOB, CTPYKTYPa KA CO,!lepJKIIT Pll.!I 

oco6eHHOCTett 11 .L1eiicrn11ii: 

J) HpllrOTOBJieH11e COCTOJIHIIJI KBaHTOBOll cyrrepII0311ljllll; 

2) BbI6op TIIIIa KBaHTOBOll KOppeID1n1111 (np11 3TOM oupe,!leJieHIIe (T111Ia II Bll,!la) KBaHTOBOll 

KOpp=n1111 3aBHCIIT OT KJiacca HeJI11HellHOCTII OY); 

3) IIp11MeHeH11e oneparnpa KBaHTOBoro opaKyna (MO,!leJib «'IepHoro J1I1111Ka»); 

4) o6MeH qaCTll'IHO 113BJie'IeHHOll ( CKpl,ITOll) KBaHTOBOll llH<popManneii MeJK.[ly KOMIIOHeHTaMH; 

5) IICIIOJIJ,30BaH11e KBaHTOBOll KoppeJIJiljllll KaK aJIJ,TepHaTIIBl,l KJiaCCll'IeCKOll KOppellilljllll, 

KOTOpaJI paccMaTPHBaeTCJI B Ka'IeCTBe ,[IOIIOJIHIITellbHOro pecypca KA; 
6) ttpllBJie'IeHHe 3<p<peKTa KBaHTOBbIX MaCCIIBHbIX napanneJIJ,Hl,IX Bl,l'IIICJieHllll. 

B MO.[lenn KA .!lllil KHB peanll3YIQTCJI cne.L1YIOI11He 3Tan1,1: 

I) 06pa6aT1,1Ba!OTCJI pe3yJil,TaTl,l He'IeTKOro Bb!BO,[la KaJK.[loro He3aBIICIIMOro IIH,[IIIBll.[IYaJibHOro 

HP; 

2) BbI611paeTCJI TIIII KBaHTOBOll KOppeJIJlljllll; 

3) qiopMnpyeTCJI cyrrepII0311ljllJI ,[lllil B1,16paHHOll KBaHTOBOll KOppeID1n1111; 

4) 113BJieKaeTCJI neHHaJI KBaHTOBaJI IIH<pOpMaljllJI, CKpb!TaJI B He3aBIICIIMl,IX IIH,[IIIBll,!1yaJibHl,IX E3 
(no np11Hn11ny MIIHIIMYMa 3HTPOIIIIII B 113BJie'IeHHb!X KBaHTOBb!X 3HaHIIJIX - MaKCIIMaJil,HOll 

aMIIJIIITY.!lbl BepOJITHOCTell «IIHTeJIJieKTyan1,Horo COCTOJIHIIJI») Ha OCHOBe MeT0.[10B KBaHTOBOll 

Teop1111 IIH<pOpMan1111; 

5) B peJKHMe peanbHOro BpeMeHH npoeKTHpyeTCJI o6o6meHHl,lll BblXO,[IHOll po6acTHblll cnrnan 

ynpaBJieHIIJI Ha MHOJKeCTBe E3 B B11,[le peaKljllll HP Ha HOBYIO OIIIll6Ky yrrpaBJieHIIJI. 

6) B 3TOM cnyqae Bl,IXO,[IHOll cnrnan KHB B peJKHMe pean1,Horo BpeMeHII npe,!ICTaBJIJieT 

OIITIIMaJil,Hl,lll cnrHan yupaBJieHIIJI 113MeHeHneM K03<p<p11n11eHTOB ycnneHIIJI He'IeTKOro IIH,[(

peryJIJ1Topa, K0Top1,1n BKJIIO'IaeT B ce6JI Heo6xo.[111M1,1e (Ha11J1yqrn11e) KaqecrneHH1,1e 

xapaKTepHCTIIKII Bb!XO,[IHl,IX CllrHaJIOB yrrpaBJieHIIJI KaJK,[loro 113 HP, peanll3yJI TeM caMbIM 

np11Hn11n caMoopraH113an1111. KaqecrneHH1,1e oco6eHHOCTII c11HepreT111IeCKoro 3<p<peKTa 

caMoopramnan1m yq11T1,1Ba10TCJI B B1,16paHHOM Tlllle II B11,[le KBaHTOBOll KOppeJIJ111HII. 

Ilp11Be.[leHHaJI MO,[leJIJ, KA ,[IJIJI KHB II03BOJIJieT peIIIaTb KJiaCCll'IeCKlle npo6JieMbl 

npoeKT11poBaH11J1 po6acrn1,1x E3 HP B CTPYKTYPax MCY, He 11Me10m11x aHanoroB perneHHH cpe,!111 

CeMellCTBa paH,!IOMll311pOBaHHblX, KJiaCCll'IeCKIIX anropHTMOB, II OTJill'IaeTCJI IIOJIIIHOMllaJil,HOll 

Bl,l'IIICJIIITeJibHOll CJIOJKHOCTb!O ( BQP -KJiacc Bl,l'IIICJIIITeJibHOll CJIOJKHOCTII). 

TaKIIM o6pa30M, paCCMOTPeHl,l OCHOBHl,le 11,[lell II nporpaMMHl,lll IIHCTPYMeHTapllll HOBOll 

TeXHOJIOrllll IIpOeKTllpOBaHIIJI po6aCTHl,IX HCY Ha OCHOBe OIITIIMll3arnpa 6a3 3HaHllll Ha KBaHTOBl,IX 
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PeK0Me11.L1yeMaH JIHTepaTypa K IlpnJiome111110 Ill 

I, Yn&RHoe C.B. Po6acTH1,1e IIHTelllleKTyan1,H1,1e c11cTeM1,1 yupaBJieH11J1: CncTeMHl,lll II CTPYKTYPHbIH 

aHan113 // He'IeTKne CncTeMl,l II MJ1rK11e B1,1q11cneH11J1. - 2008. - N2 2. - C. 15 - 31. 

2. BacW1&ee C.H., )l(epnoe A.K, <Peoocoe E.A., <PeoyHoe E.E. IlHTelllleKryanbHoe yrrpaBneHne 

/II1HaMH'IeCKIIMII CIICTeMaMH. - M.: <1>113MaTJIIIT - 2000. 

3. Yn&RH06 C.B., Jl.B. JlumeuHIJeea, B.H. ,l(o6p&ZHUH 11 .LIP- MHTelllleKryanbHOe po6acrnoe 

Y1IpaBJieH11e: TexHoJiorn11 MJJrKIIX BbI'IIICJieHntt. - M.: BHHHreocncTeM. - 2011. 

4. CopoKUH C.B., JlumeuHIJeea Jl.B., Yn&RHoe C.B. TexHonorllJI MRrKIIX B1,1q11cneH11ii B 

IIpoeKTnpoBaHIIII po6aCTHbIX He'IeTKIIX CHCTeM yrrpaBJieHIIJI: OIITIIMH3aTop 6a3 3HaHllll // He'IeTKne 

C11cTeM1,111 MllrKlle B1,1qncneH11J1. - 2008. - T. 3. - N2 I. 
5. Yllbf!H06 C.B., He<fieooe H.10. 3<p<peKTIIBHOCTJ, II Ka'IeCTBO IIHTeJIJieKryaJibHOrO yrrpaBJieHHJI C 

npnMeHeHHeM KBaHTOBOro He'IeTKOro Bl,IBO,[la: fno6anbHO HeycTOll'IHBaJI ,[IIIHaMH'IeCKaJI CIICTeMa // 

3)1{ CncTeMHl,lll AHanll3 B HaYKe 11 O6pruoBaH1111. - 2012. - N2 1. 

6. Litvintseva L. V., Ulyanov I.S., U/yanov S. V. and U/yanov S. S. Quantum fuzzy inference for 

knowledge base design in robust intelligent controllers// J. of Computer and Systems Sciences Intern. 

-2007. - Vol. 46. - No 6. -pp. 908-961. 

191 



IlpHJrn~eHHe Il2 
3JieMeHThl Teop1111 KBaHTOBhIX BhJqHcJieHHii, KBaHTOBOro 

nporpal\U\IIIPOBaHHH II KBaHTOBOII TeopHH uu4>opMaI1Hll 
C TQql(ll 3peHIDI rrpHMeHeHIDI TeOpHH KBaHTOBbIX BbJqlfcJieHHH B rrpHKJia;:\HOH CllCTeMHOU 

lfH)KeHepHH KBaHTOBOro rrporpaMMHpOBaHIDI Bbl;:\emnoT ;:\Ba HarrpaBJieHIDI HCCJie;:\OBaHHii: 

• 3a;:\aHO MHO)KeCTBO TOqeK ¢yttKI(llOHaJia s = { ( x, y)}' Heo6XO;:\llMO HaHTH BH;:\ TaKoro 

orrepaTopaU' qT06bl BbIIIOJIHIDIOCb ycJIOBlle y = u. X; 

• 3a;:1aHa npo6JieMa (KBaHTOBblll aJirOpllTM - KA), Heo6XO;:\llMO HaHTH Bll;:\ KBaHTOBOU 

aJiropnTMHqecKoii >1qeiiKH ( cxeMhI) - KA5I, pernaIOII(eii 3a;:1aHHYJO rrpo6JieMy (peaJIH3YJOII(eu 

;:1aHHblll KA). 
B KaqecTBe rrpHMepa paCCMOTPHM TPa;:IHI(llOHHblll MaTeMaTnqeCKllll ¢opMaJIH3M 

OIIHCaHH>I MO;:\eJieii OCHOBHbIX KBaHTOBblX orrepaTopoB, T.e. C TQqKlf 3peHH>I BTOpoii 

KBaHTOBOH rrpo6JieMbl OIIHCaHH>I KA. ,rt:aHHblll ¢opMaJill3M MO)KeT 6b!Tb Bblp3)KeH Ha >13bIKe 

KBaHTOBbIX COCTO>IHllll HJIH rrpeo6pa30BaHHii, HO HMeeTC>I TaK)Ke B03MQ)KHQCTb a;:1eKBaTHOro 

OIIHCaHH>I KBaHTOBbIX COCTO>IHllll H 3¢¢eKTOB Ha >13b!Ke JIOfHqecKoro Bb!BO;:(a: rrpnMeHeH11e 

TPa;:IHI(llOHHOfO ¢opMaJill3Ma, ero MOII(HOCTH ll Bblpa3HTeJibHOCTll KaK KBaHTOBOH CllCTeMbl 

HeqeTKoro JIOrnqecKoro Bhrno;:1a. 

B ;:1aHHOM pa3;:1eJie paCCMOTPeHbl BOIIpOCbl OIIHCaHH>I H llHTeprrpeTaI(llll KBaHTOBbIX 

orrepaTopoB, rrpHMeH>1eMblX B KBaHTOBbIX BbJqHcJieHIDIX, KBaHTOBbIX aJiropHTMax 11 

KBaHTOBOH TeOpHH HH¢opMaI(HH1 ;:\JIH rrpaKTnqecKoro rrpnMeHeHIDI. 

112.1. 3Jiel\leIITLI Teopnn KBaHT0BLIX BLiqncJieHIIii 

BBlll\Y orpaHnqeHHOfO 061,eMa, B ;:1aHHOM pa3;:1eJie H3JiaraIOTC>I Ha KOHKpeTHbIX rrpnMepax 

He06XO;:\llMbie CBe;:\eHH>I ll3 TeopHH KBaHTOBbIX BbJqlfCJieHHH ll KBaHTOBOH Teopnn 

HH¢opMaI(Hll, HCIIOJib3YeMbie rrpn ll3JIO)KeHHll pe3yJibTaTOB Ha KOHKpeTHbIX IIpHMepax 

rrpnMeHeHH>I B peaJibHbIX 061,eKTaX yrrpaBJieHH>I. 

,n:orroJIHHTeJibHYJO HH¢opMaI(HIO O MeTO;:(ax KBaHTOBbIX BbJqncJieHHH qnrnTeJib MO)KeT 

HaiirH B peKOMeH;:1yeMoii JIHTepaType K ;:1aHHOMY llpHJIO)KeHHIO 112. 

112.1.1. OcHOBllbie IT0IIHTIIH II orrpe;:1eJieHHH TeopHH KBaIIT0BLIX BLiqnCJieHHii: 

KBaIITOBLIH 611T (Ky6HT) H oco6eHHOCTII KBaIIT0BLIX BLiqncJieHHH 

BBel(eM Ha rrpnMepax He06XO;:\IIMbie ITOH>ITll>I ll orrpe;:1eJieHII>I ll3 TeOpHH KBaHTOBblX 

BbJq11cJieHHH. 

Ilp11Mep 9: Kea11moeb1i't 6um 1<aK Kea11moeoe pu3utJecKoe cocmoR11ue. KJiaccnqecKHii 6nr 

MO)KeT HaXO;:\llTbC>I B O;:\HOM H3 ;:\Byx COCTO>IHHii: 0 llJill 1. TaKHM o6pa30M, ero ¢n3nqecKoe 

COCTO>IHHe MQ)KHQ rrpe;:1cTaBIITb, KaK b = al O + a2 l, KOTOpoe HMeeT Ol\HY ll3 ¢opM: HJIII 

a 1 = 1 n a 2 = 0, Tor;:1a b = 0 , HJIH a1 = 0 H a 2 = 1, H Tor;:1a b = l • B rrpoTHBOIIOJIO)KHOCTb, 

COCTO>IHlle KBaHTOBOro 6nTa J If/) 3a;:1aeTC>I BeKTOpOM B ;:\ByxMepHOM KOMITJieKCHOM 

1 B OTe'!eCTBeHHOH If 3apy6ell<HOH JIIITeparype lf3,!laHO ,!IOCTaTO'IHO MHOro yqe6m,1x noco6IIii If MOHorpaqJllil, 
nocs,m~eUHJ,IX ,!laHHbIM BOnpocaM. Ilo3TOMY BBH,!IY orpaHII'leHHOro 061>eMa KHl!rlf BbI6paHLI TOilbKO 
MlflllfMaHbHO He06XO,!IIIMLie CBe,!leHIUI ,!lillI npIIMeHeHIUI B npaKTII'!eCKIIX 3a,!la'!ax MO,!leilllpOBaHIUI JI 
npoeKr11ponaH1U1 IIHrenneKTyan1>HLIX c11creM yupasneHllil. 6onee no,11po6ttoe !13HOlKeHIIe ,11aHHLIX sonpocoB 
'IIITarenb MOlKer ttailrII Ha cailre: http://www.gcoptimizer.com (co cso60,11HLIM ,11ocrynoM KO Mttonn.1 
Opi!rttHanbHbIM JICTO'IHJIKaM). 
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seKTOpHOM rrpOCTPaHCTBe. 3;:1ecb BeKTop HMeeT ;:\Be KOMITOHeHTbl, n ero rrpoeKI(HII Ha 6a3HCbl 

seKTOpHoro rrpOCTPaHCTBa >IBJIHIOTC>I KOMITJieKCHbIMH qncJiaMH. KBaHTOBblll 6HT If/ 

npe;:1cTaBJIHeTc>1 (B o603HaqeHHHX ,rt:npaKa B B11;:1e Kem-BeKTopa) KaK Jlf/) = aJO)+ PJl) HJIH B 

BeKTOpHOM o603HaqeHHll Jlf/) = [; l (If/I= [ a pr (6pa-BeKTop). ECJill Jlf/) =Jo)' rnJo) = [~ l 
AMITJIIITYl\bl a Mp - KOMITJieKCHbie qncJia, ;:\JIH KOTOpb!X BblIIOJIHeHO CJie;:IYJOII(ee ycJIOBHe: 

aa • + pp• = 1, r;:1e «* » - orrepa11IDI KOMrrJieKCHOro corrp>1)KeHn>1; rrapa JO) H J 1) o6pa3yeT 

napy opTOHOpMaJibHbIX 6a3HCHbIX BeKTopoB, Ha3bIBaeMbIX cocmORHUeM 6bl'IUCJIUmeJlbHOZO 
6G3UCa. EcJIH a HJIH p rrpHHIIMaIOT HyJieBbie 3HaqeHHH, TO If/ orrpe;:1eJI>1eT KJiaccnqecKoe, 

'lllCTOe COCTOHHHe. B rrpOTllBHOM CJiyqae fOBOpHT, qTo If/ H3XO;:\IITC>I B COCTO>IHHII 

cyrreprr03llI(llll l\Byx KJlaCCUIJeCKUX 6a3HCHbIX COCTO>IHHH. reoMeTPHqecKH KBaHTOBblll 6HT 

HaXO;:\llTC>I B Herrpepb!BHOM COCTO>IHIIII Me)KllyJO) nJl), IIOKa He rrpOH3BO;:\>ITC>I H3MepeHH>I 

ero COCTO>IHll>I. C yqeTOM ycJIOBH>I HOpMIIpOBKH MQ)KHQ orryCTllTb ¢aKTOp rno6aJibHOH ¢a3bl 

If 3aIIHCaTb BeKTOp Jlf/) B 6oJiee y;:106HOM BH;:\e KaK Jlf/) = cos(~)io) +e;¢ sin(~)i1), r;:1e0 ll 

¢ 113MeHHIOTC>I B o6JiaCTH OT O ;:10 27! . B ;:1aHHOM cJiyqae BeKTOp J If/) OITIICbIBaeT TQqKll Ha 

IIOBePXHOCTll cdJepbJ DJIOXa, KaK 3TO rrpe;:ICTaBJieHO Ha,-=p_11_c_._rr_2_._l_. ----------~ 

lz,+1) R 

P11c. I12. l. Ilpe,11crasJieH11>1 ccpepb! Enoxa 
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Oc11x,y,11z rrpe.llCTaBIDIIOT reoMeTPIIqecKII co6CTBeHHble COCTO.l!HII.ll BeKTOpa TPex 

Ha6JIIO,!(aeMhIX, 113BeCTHhlX KaK MaTPIIIIhl (0 I) (0 -i) Ilayn11:a, = 
1 0 

, aY = i 
0 

IICJ", = (1 0). 
0 -1 

Ka)K).laH MaTP1111a Ilayn11 11MeeT .!(Ba co6crneHHhIX JHaqeHll.ll, + I 11 - I. 3HaqeH11J1 

co6cTBeHHblX COCTO.l!HIIH ,!(aHHbIX TPeX Ha6JIIO,!(aeMbIX rrpIIBe,!(eHbl B Ta6n1111e Il2. l. 

Taomn~a Il2.I. 
Co6crneHHhie BeKTopa II co6crneHHbie JHaqeHll.ll MaTPIIII Ilayn11 

Ha6mo,l:laeMITTI co6CTBeHHOe3HaqeHHe co6CTBeHHOe COCT05IHHe 

(Yx ±1 lx,±1)= _}i(lo)±ll)) 

(Yy ±1 ly,±1)= _}i(lo)±ilI)) 

a-, ±1 lz,+l) = IO), lz,-1) = II) 

OpTOroHaJihHhIH K llfl) BeKTOp 11MeeT BII.ll, llf/1-)~sin(~)io)-ei¢cos(~)ii) 11 

coorneTCTByIOIIIM Ha6JIIO.llaeMa.ll ,!(JIH cocTO.l!HIIH I lfl) 11 I lf/1-) IIMeeT cJie.llyIOilIIIH BII.ll 

a( 0,¢) = sin( 0)cos(¢)a, +sin( 0)sin(¢)aY +cos( 0)a, 

MaTP1111a a, II3MeHHeT Bb1q11cJIIITeJihHhIH 6aJ11c Ky6IITa a!O)+ PII) Ha all)+ PIO); 

aHaJIOr11qHQ orrepa11ll.ll a, OCYIIIeCTBJI.lleT CMeIIIeH11e qla3bl COCTO.l!HII.ll Ha 7r II YMHOJKeHl!e 

COCTO.l!Hll.ll 11) Ha MIIHYC I. .l-1:aHHbie orrepa111111 crrpaBe,!(JIIIBbl TOJibKO B BbJq11cJI11TeJihHOM 

6aJIICe, HarrpIIMep, B 6aJ11ce a, ,!(aHHbie .l(eHCTBll.ll o6paTIIMbl. 

Ilp11Mep 10: I'eoMemputJecKue npeo6pmo6allUJl K6a11mo6020 6uma. IloKaJaHHoe s 

Ilp11Mepe 9 CTaH.l(apTHOe rrpe.l(CTaBJieHIIe cqiepbl bJIOXa ,!(lliI COCTO.l!Hll.ll rrpocTOro Ky611Ta 

MOJKHO OIIIICaTh B TepMIIHax MaTPIIllbl IIJIOTHOCTII COCTO.l!Hll.ll C rrp11MeHeH11eM yttIITapHOH 

2 X 2 MaTPIIIIbl II rrp11MeHeHIIeM HeKOTOpb!X oco6eHHOCTeH MaTPIIII IlayJIII. qIICTOe 

cocTO.l!HIIe Ky611rn I 'fl) MOJKHO paccMaTPIIBaTh B Bil,!(e ToqK11 KOMIIJieKcHoro rrpocTPaHcTBa 

CP1 
, rrpe.l(CTaBJI.lleT co6ou e,!(IIHIIqHbIH BeKTOp B <C2 C TQqHQCTblO .1(0 rno6aJibHOH qla3hl. Ee3 

[ 
0 l cos-

IIOTep11 o6IIIHOCTII MOJKHO Jarr11caTb I If/) = _ . 
2 

0 
, r,!(e O ~ 0 ~ ;r 110 ~ <p ~ 2,r ( qiaKTOp ½ 

e''Psm-
2 

,!(JIH 0 BhI6paH TaK, ~06bi ,!(aHHhie o6JiaCTII COOTBeTCTBOBaJIII o6JiaCT.l!M 113MeHeHIIJI 

cqiepII'IeCKIIX KOOp.l(IIHaT). 3HaqeHII.l!M 0=0 11 0=,r COOTBeTCTByIOT COCTO.l!Hll.ll jo) 11 jJ). 

TaKIIM o6pa30M, IIpOCTPaHCTBO COCTO.l!HIIH rrpocToro Ky6IITa COOTBeTCTByIOT TOIIOJIOrIIII 

cqiepbl C e,!(IIHllqHbIM pa.1(11ycoM. 
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PaCCMOTPIIM 0,!(H03HaqHoe COOTBeTCTBIIe Me)K).ly q11cTbIMII COCTOJIHll.l!MII Ky611Ta II 

TOqKaMII e,!(IIHIIqHQH cqiepbl S2 
B lR.3 

• TaKoe COOTBeTCTBIIe Ha3bIBaeTC.ll rrpe.l(CTaBJieHileM 

cqiephI cocTO.l!Hll.ll Ky6IITa (cM. p11c. Il2.l). BeKTop Enoxa .l(lliI cocTOJIHll.ll Ky6IITa llfl) 

orrpe.l(emreTc.ll KaK 

!
x = sin0cos<p, 

r=(x,y,z),r.lle y=sin0sin<p,. 

z = cos 0. 

MaTPIIIIa IIJIOTHOCTII .l(JI.ll cocTO.l!HII.ll I 'fl) orrpe.l(emreTC.ll KaK 

I (I + cos 0 e -i,p sin 0] I ( ) 
p=llfl)(lfll=- ; . =- I+xa,+yaY+za, , 

2 e'Psm0 I-cos0 2 

r,!(e ( x, y, z) orrpe,!(eIDIIOT KOOp.l(IIHaTbI BeKTOpa bJIOXa II MaTPllllhl 

(
I 0) (0 I) (0 -iJ (I O) I= 0 1 ' a,= 1 0 ' aY = i O ' a,= 0 -1 

Ha3bIBaIOTC.ll MaTPIIIIaMII Ilayn11. Tor,!(a MaTPIIIIY IIJIOTHOCTII p MOJKHO 3arr11caTb B 

KOMIIaKTHOM Bll,!(e KaK p = ½u +r •u), r =(x,y,z), u=( a,,CTy,CT,). ECJIII ~ II ~ 
BeKTOpbi bJIOXa .l(Byx q11CTb!X 

l(lfl1llfl2)12 =Tr(P1P2)=.!.(1+~·rz), T.e. 
2 

COCTO.l!HIIH llfl1) II llfl2), TO IIMeeM 

IIMeeM 0,!(H03HaqHoe COOTBeTCTBIIe BHyrpeHHero 

rrpOII3Be,!(eHll.ll B sz II lR.3 • 0TMeTIIM, qTo ,!(Jl.ll opTOroHaJibHblX KBaHTOBb!X COCTO.l!HIIH IIMeeM 

I( lf/1 I lfl2)12 = 0 11 TOr,!(a ~ • rz = -1 11 ~ = -Fz, T.e. opTOroHaJihHhie cocTOJIHIIJI coorneTCTByIOT 

rroJI.llpHbie ToqK11 Ha cqiepe Enoxa. 

PaccMOTPIIM .llpyryIO reoMeTP11qecKyIO 11HTeprrpern111110 BeKTopa ! lfl) .llIDI rrpocTOro 

Ky611rn B Bil,!(e I lfl) = (;) e C2 
, KOTopoe rroJIHOCThIO orrpe.l(eJIJieTC.ll BTopou KOMIIOHeHTOH 

P = e;,p sin!!... TaK KaK !Pl~ I , To MHOJKecrno q11cTb!X cocTO.l!HIIH Ky611rn MOJKeT 6hITh 
2 

11,!(eHTIIqJIIIIIIPOBaHO Ha e,!(IIHIIqHQM ,!(IICKe B KOMIIJieKCHOH o6JiaCTII ( c rromrpHb!MII 

KOOp.l(IIHaTaMII ,!(Jl.ll p B BII,!(e ( r' <p)' r,!(e r =sin!!..). Orrpe,!(eJIIIM COOTHOilleH11e s = ~ KaK 
2 ~ 

«JIIIHIIIO KOMIIJieKCHoro rrepeMeHHoro» ,!(JIH cocTO.l!HII.ll I lfl), TaK KaK Bee ToqK11 3TOH JIIIHIIII 

3KBIIBaJieHTHbl TQqKaM JIIIHIIII S . .l-1:nH q11CTOro COCTO.l!HII.ll Ky6IITa IIMeeM S = e-i<p cot!!.. . 
2 

L(aHHOe rrpe.llCTaBJieH11e He II36hIToqHo, TaK KaK cocTO.l!HII.l!M j O) 11 j I) coorneTCTByIOT 

3HaqeHll.ll s = OCJ II s = 0 . 

TaKIIM o6pa30M, IIMeeM 0,!(H03HaqHoe COOTBeTCTBIIe Me)K).ly q11cThIMII COCTOJIHII.l!MII 

Ky611Ta II pacrn11peHHOH KOMIIJieKCHOH IIJIOCKOCTblO C 00 =Cu { OCJ} . ,n:orrycTIIM, qTo 

u=(: !) ytt11rnpHM MaTPIIIIa II rrpeo6paJyeT cocTO.l!HIIe I If/) B Bil,!(e 
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Ulvr)=(a b)(a)=(aa+bP). 
c d p ca+dp 

BBe,[leM HOBOe 
aa+bp a; +b 

COOTHOIIIeHife s' = ca+ d p = ~ 

(.LleJieHHe Ha HYJib 

Tor,L1a orreparnpy 

B03MO)KH0 B cm1y CBOHCTB paCIIIHpeHHOH KOMIIJieKCHOH IIJIOCKOCTH). 

u COOTBeTCTBYeT cJie.[lyioIIIee rrpeo6pa30BaHHe rrepeMeHHOH ; E IC.,: 

f(s)= as+b 
cs+d' 

r,[le BblIIOJIHll!OTCll rpaHHqHI,Je ycJIOBHll 1(-1)=00, /(oo)=-;;-· 
IIocKomKy rrpeo6pa3oBaHne U yttnmpHO, TO det U = ad - be * 0, H rrpeo6pa30BaHHe f 

rrepeMeHHall q>yttKflllJI. 

TaKOe rrpeo6pa3oBaHHe llBJilleTCll crreu;HaJII,HblM aHaJIOrOM KOHq>OpMHOro 

rrpeo6pa30BaHHll, Ha3hJBaeMoro JIHHellHI,JM ,L1p06HblM rrpeo6pa3oBaHHeM HJIH 

rrpeo6pa3oBaHHeM Me6nyca. . 

o lloHRmue cmepeo2parjJutJeCKoit npoeKljUU crjJepbl Enoxa Ha(x,y) - noeepxHocmb (cM. 

pnc. II2.2). PaccMOTPHM pnc. II2.2(6). ,l.l;JIJ1 orrpe,LleJieHHll rrpoeKu;nn aeKrnpa EJioxa 

r = ( x, y, z) rrpoae,[leM JIHHHIO coe,L1nHeHHll ceaepHoro rroJIIOca z n aeKTopa r, T.e. 

orrpe,L1eJIHM ToqKy rrepeceqeHHJI T/ rrpoeKu;nn r c ( x,y) - rroaepxHOCThIO (pnc. II2.2(6)). ,l.l;JIJI 

orrpe,L1eJieHHJ1 rrpoeKJ.IHH T/ 6y.L1eM HHTeprrpeTnpoBaTb r KaK rrapaMeTPnqecKoe 

ceMeiiCTBO (x + iy, Z) E (C X JR~ lR3
, Tor,[la T/ llBJIJ!eTCll IIOJIO)KHTeJibHbIM MHO)KlfTeJieM ,[IJIJI 

(x+iy). 
~--------------------------------~ z 

(a) (6) 

PHC. II2.2. CTepeorpaqmqeCKaJI rrpoeKflllJI KaK roMeoMopcpH3M OT06palKeHIIJI tC B S2 
(a) II 

CTepeorpacp11qecKall rrpoeKflllJI ccpepbl Erroxa Ha pacnmpeHHYIO KOMIIJieKCHYIO IDIOCKOCTI, (6) 
T/ 1 x+iy 

lfa pHc. II2.3a Blf,[IHO, qTo --.- = -- If rro3TOMY T/ = -- . 
x+1y 1-z 1-z 

,,, 

(a) (6) 

() 

2 

Pttc. II2.3. IlpoeKflllK T/ a r = ( x+ iy,z) (a) H reoMeTPHqecKaJI HHTeprrpeTaflllJI qrreHa cot!!, (6) 
2 
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OTMeTHM, qTo ceaepHblll IIOJIIOC r = ( 0, 0, 1) rrpoeKrnpyeTCll B T/ = 00. Tor,[la ,[(Jill qncToro 

- y6 r -frp 0 r _ x-iy r 
coCTOllHHJI K HTa ':, = e cot- HMeeM CO0TH0llleHHe ':, = T/ = -- ' T.e. ':, K0MIIJieKCHO 

2 1-z 
corrpll)KeHO C T/ H (x,y,z) llBJlll!OTCll KOOp,LIHHaTaMH BeKTopa EJioxa. reoM~nqecKHH 

cMhICJI orrpe,LleJieHHll ; = e-;,p cot!!. rrpe,LICTaBJieH Ha pnc. II2.3(6). Herrocpe,LlcTBeHHO m pnc. 
2 

0 
I12.3(6) CJie,[lyeT, qTo q>aKTOp cot- COOTBeTCTBYeT paCCTOllHHIO rrpoeKJ.IHH ,LIO opHrHHaJia 

2 
HJIH yrrpoIIIeHHO ,LIO a6COJIIOTHOro 3HaqeHHJI BeJmqHHI,I ; . 

<l>opMaJIH3M OIIHCaHHll cqiepbl EJioxa MO)KHO rrpe,LICTaBHTI, TaK)Ke B BH,[le paCCJIOeHHll 

Xorrqia TPeXMepHOH cqiepbI S3 
B rrpOCTPaHCTBe lll4. l1,L1eHTHqlllflllPYeM lll4 

ll C 2 
B BH,[le 

[;]~(x+'.y)· 
z z+1w 

w 

Toma cqiepy S3 
MO)KH0 orrpe,LleJIJ!TI, KaK S3 = { If/ E c2 jlvrl = 1} . ,l.l;orrycTHM, qTQ µ E C 2 

H 

llBJilleTCll e,[IHHHqHI,IM BeKTopoM (µ E S3). Tor,[la (<KOMIIJieKCHall JIHHlfll)) B HarrpaBJieHHH µ 
orrpe,L1eJIJ1eTcll KaK Lµ = {cµlc EC}. ,l.l;orrycTHM, qTo Cµ orrpe,L1eJIJ1eT rrepeceqeHne Lµ n S3: 

cµ = Lµ ns3 = {eiq, µ'q, E lll}. OTMeTHM, qTQ cµ orrpe,L1eJIJ1eT OKp~HOCTI, S1 
Ha 

IIOBepXHOCTH S3 H ,[(Jill Ka)K,[IOH TQqKlf µ E S3 OKp~HOCTb Cµ O,[IH03HaqHO OIIpe,LleJieHa H 

C0,Llep)KHT rrapaMeTP µ . TaKHM o6pa30M, rroaepxHOCTI, S3 
MO)KHO paccMaTPHBaTb KaK 

ceMeiiCTBO OKp~HOCTeii SI 
. 

o Bu3yaJIU3aljUR nonH020 npocmpaHcmea I'unb6epma( S3
) c pacCJ1oeHHOU cmpyKmypoit 

6 R3. PacCMOTPHM B03MO)KHI,Ie BapnaHTbl BH3YaJIH3aflHH IIOJIHOrO ( S3) rrpOCTPaHCTBa 

fnn1,6epm c paccnoeHHoii CTPYKTypoii. 3m MO)KHO OCYIIIeCTBHTh (rrpllMhIM) 

cTepeorpaqinqecKHM orn6pa)KeHHeM S3 a R3 (pnc. II2.4(a)). 

/ 

( 
\, 

'••J 
........... __ _...-

;i 
J 

:J 

(a) (6) 

PHc. II2.4. PaccrroeH11e Xorrcpa ccpepLI S3 rrocrre cTepeorpacpHqecKoro oT06paJKeHIIJI B R3 
(a) H 

ceMeiicTBO BJI0JKeHHblX TOpOB C rrapaM~H3a[l11eii 0 E [ 0, 7r] (6) 
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PaccnoemUI Moryr rpymmpoBaTbCJI B KOHeqHoe CCMCHCTBO BJIO)KCHHblX TOpOB, TpH H3 

KOTOpb!X IJOKa3aHbl Ha pnc. I12.4(a). 

B 06U1eM cnyqae rrpoeKTHBHOe OT06pa)KeHHe H3 ceaepHoro HJIH IO)KHOfO IJOJIIOCOB 

( 0, 0, ±1) B IJJIOCKOCTb 3KBaTopa orrpe;:\eJIJieTCJI KaK 

P: §"\(0, ... 0,±l)HR", (Pi,···•Pn+l)~(l~, ... ,PN,O)=(__!i_, ... , !· ,o), 
1+ Pn+l 1+ Pn+l 

11 o6paTHoe orn6pa)KeH11e 

p-1
: R"H§"\(0, ... 0,±1), (.Pi, ... ,PN,O)H(Pi,···•Pn+i)=( ~Pi , ... , ~P. ,±~-lJ 

P +1 P +1 r +1 

f;:(C p2 = Pi2 + ... + P.2. 

Terrepb MQ)KHQ rrpe;:(CTaBl!Tb B BH3YaJibHOM B11;:(e paccnoeHllC cqiepbl S3 

CTepeorpaqi11qecKOH rrpoeKJ . .(llCH Ha rrpocrpaHCTBO ]RJ IIJIOCKOCTH 3KBaTOpa. 

B 0;"" fl .0;"" Be;:(eM rrapaMeTpH3a!-lHIO a = cos - e , = Sill - e B COOTBCTCTBllll C Bb!pa)KCHHCM 
2 2 

;:(JIJI MaTpll!-lbl IJJIOTHOCTll Ky611rn rrpn rp = rp2 - IA_ • ,[J;JIJI BJIO)KCHHOfO rnpa H rno6aJibHOii 

qJa3bI 17 HMeeM: Ja ( 17 )j 2 
= lal

2 
= cos

2 
~. CTepeorpaqi11qecKaJI rrpoeK!-llllI B o6paTHOM 
2 

npe;:(CTaBJICHHH 3a;:(aeTCJI KaK _ 

-1 J J ( ) ( ) ( ) ( 2x 2y 2z r
2 

- lJ P : IR. H§ \ 0,0,0,±1 , x,y,z,0 H a1,a2,fl1,fl2 = - 2-,-2 -,-2-,-2- , 
r +1 r +1 r +1 r +1 

r;:(e r2 = x2 + y 2 + z 2
• IlocKOJibKY, la!2 = a 1

2 + ai, TO, npnMeHJIJI nonyqeHHoe o6paTHoe 

2 ±2 ~ ( 2 2 ) 
npeo6pa30BaHne, ITOJiyqllM: y = --0-" X + y - X + y + 1 . ,[J;aHHOe ypaBHCHllC 

cos-
2 

Oill!CbJBaeT IJOBepXHOCTb B ]RJ, KOTOpoe llHBap11aHTHO np11 Bpall\CHHJIX BOKpyr 3 - oceii:, TaK 

KaK TOJlbKO CYMMa ( x 2 + y 2
) rrpncyrcrnyeT B ypaBHCHHll. Ecn11 rrpHHJl:Tb y = 0 B 1 - 3 -

2x 0 
IJJIOCKOCTH, TO l!MeeM 2 2 = cos - , 

x +z +I 2 [ ]

2 

1 2 1 2 0 
x--- +z =---l=tan -. 0TCIO)];a 

0 2 0 2 
cos- cos -

2 2 
0 

CJie;:(yeT, qTo ;:(aHHOe COOTHOIIICHl!e onpe;:(eJIJICT OKp~HOCTb C pa;:\11ycoM tan- H 1-lCHTpOM B 
2 

TOqKe [~,o,o]. Bpall\CHl!e BOKpyr 3 - oceii: BOCilp0113B0)];HT Topyc. Ilo3TOMY 

cos-
2 

noaepxHOCTb y 2 
3a;:(aeT ceMeHCTBO BJIO)KCHHbIX, KOaKCllaJibHb!X TOpOB C napaMCTpl!3a!-lllCll 

0E[0,JZ"] (p11c. IJ2.4(6)). 
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o Bu3yaJ1U3alJUR noJ1Ho20 npocmpaHcm6a I'UJ1&6epma (SJ) c pacCJ1oeHHoii cmpyKmypou 

B JR.~. C 1-lCJlbIO B113YaJIH3a!-lllll ;:(aHHOH c11rya1-lHll, BBC;:(CM cqiepnqecKne KOOp;:\HHaTbl B JR 4 

n npl!MCHHM crepeorpaqinqeCKYIO npOCK!-llllO )];JIJI npoeKTHpOBaHHJI SJ Ha 6onee IIIllpOKOe 

ceMCHCTBO rrpocrpaHCTBa lR4
• Ilo aHaJIOfllll OITHCaHHJI SJ B RJ KOOp;:(l!HaTbl C;:(l!HllqHoro 

aeKTopa µ E lR4 
MO)KHO Ja;:(aTb KaK 

{ 

x = sin. a sin. /3 sin. r 
y = sin.asin.j3cosr ,r;:(e a,/JE[O,JZ"] n yE[0,2JZ"). 

z = sin.acos/3 
i,v=cosa 

(
x+iy) 

B 3TOM cnyqae OKp~HOCTb C B 4 - MepHOM MHpe )];JlJl: µ = . ' ITO aHaJIOfllll C 
µ z+1w 

paHee BBC;:(CHHb!Mll onpe;:(eJieHl!Jl:Mll )];JIJI 3 - MepHoro MHpa, MO)KHO npe;:(CTaBHTb a 

CJIC/:lYIOll\CM B11;:(e: 

[

cosip 

c, =e•(µ=(::::)J~ T -sinip 0 

cosip 0 

0 cosip 

0 sinip 
-LJ[;J. 
cosip w 

Ilo aHaJIOfllll C paHee BBC;:(CHHOH CTepeorpaqi11qeCKOH npoeKl-lllll ll3 S2 
B coo , MO)KHO 

•=•00°6~e=e,mm,[~JH l~w[~]· 
Bb16npall: C;:(l!HllqHb!H BCKTOP µ E IR.4 

ll IJO;:(CTaBJIJIJI COOTBCTCTBYIOll\llC 3HaqeHHJI a, fl 11 

r MO)KHO BbJqllCJIHTb OKp~HOCTb cµ H ee npoeKl-llllO B ]RJ cornaCHO rrp11Be;:(eHHb!M 

Bb!pa)KCHHJIM. B pe3yJibTaTe nonyqaeM npocrpaHCTBO RJ, 3aITOJIHCHHOe IlOJIHOCTbIO 

OKp~HOCTJl:Mll B TOM CMblCJie, qTo Ka)K;:(ble ;:(Be OKp~HOCTll nonapHO CBJl:3aHbl /:lpyr C 

)];pyroM. PeJyJibTaT BbJqncneHHJI rrp11Be;:(eH Ha p11c. I12.5 (aepTHKaJibHaJI Jll!HHJI 

COOTBCTCTBYeT COCTOJIHHIO «OKp~HOCTb na 6ecKOHeqHOCT11»). 
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Puc. II2.5. CTepeorpa<jluqeCKllll rrpoeKl\Ull paccnoeHHll S3 

7[ 7[ 
Topy coorneTcrnyer a= - up= k-, r).le k = {0,1,2,3,4}. IIpu k = 0 u k = 4 TOP 

2 8 . 
Bb!pOlK).laeTCJI u COOTBeTCTByeT JIUHUU u OKp)')KHOCTU, COOTBeTCTBeHHO. Ilpll 

qJUKCUpOBaHHb!X rrapaMerpax a u /J ,llaHHhie OKp)')KHOCTU COOTBeTCTBYJOT rrpu pa:mnqHb!X 

r u OXBaTh!BaIOT rroaepXHOCTh TOpa. IIpuMeph! TaKUX TOpOB rrpuae).leHbl Ha puc. II2.6. 

~ 
Pnc. I12.6. Tpn rrpnMepa TopoB, o6pa3yeMhIX rrpnk = 1 Ha pnc. I12.5 

<l>1nuqecKoe pa3Jiuque Me)K).ly KJiaccuqecKUM u KBaHTOBh!M 6UTaMU IIOKa3aHO ).IJIJ! 

HarJIJ!).IHOCTU Ha puc. II2.7. 
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~ 
o~o 

-~-
~ 
•cf• 

lQt• •ffio 
(a) (6) 

P11c. I12.7. Krracc11qecK11tt 611T (a) 11 KBaHTOBhIH 611T (6) 

Ha pnc. II2.8 IIOKa3aH qJH3uqeCKU11 MexaHU3M H3MeHeHl!Jl KaqecTBeHHh!X CBOHCTB 

KBaHTOBOH CUCTeMhl B 3aBUCUMOCTU OT ycJIOBUH B3aUMO).leHCTBUJI C BHeIIIHUM rrpu6opoM. 

,I, ♦····'·······' -•-·· 'I' 

,.)(100% 
fa,,., 

, ... •·t1···············0% 

. .,,••'',,. 50% 

,cl-150% 
(a) (6) (B) 

Pnc. I12.8. <Pll3llqecKall peanll3aljl!ll Ky611Ta KaK IIOJillp1130BaHHOfO !pOTOHa 

TaK B cnyqae, rrpe,l.lCTaBJieHHOM Ha puc. II2.8(a), qlOTOHhl U3 ucTOqHuKa C 

ropu30HTaJibH011 IIOJIJ1pH3al(Ue11 rrpoXO).IJIT qepe3 mrneHHhlll IIOJillpU3aTOp U <jlopMupyeTCJI 

Ky6UT C 3a,llaHH011 rrom1pH3a11ue11, B 3TOM cnyqae C ropU30HTaJihH011 IIOJIJ1pu3a11ue11 qlOTOHOB. 

B cnyqae, rrpe,l.lCTaBJieHHOM Ha puc. II2.8(a), qlOTOHhl C ropU30HTaJibH011 IIOJillpH3a11ue11 U3 

llCTOqHuKa rrpOXO).IJIT qepe3 JIUHeHHhlll IIOJillpU3aTOp C aepTUKaJihHOll U ropu30HTaJihH011 

IlOJIJ1pu3a11ue11, HO, KaK u B rrepBOM cnyqae, UMeeM qlOTOHhl C ropU30HTaJihH011 

IIOJIJ!pH3al(UeH. B rpeTbeM cnyqae (puc. II2.8(a)) IIOJIJ!pU3al(Ull B pa.3,lleJIUTeJie qlOTOHOB 

llMeeT ).IUaroHaJihHb!e IIOJIJ1pu3a11uu. II03TOMY qlOTOH C aepOllTHOCTh!O 50% MOlKeT 6hITh B 

o6eux <jlopMax IIOJillpU3al(UU (HO U3MepeHue ,llaeT TOJihKO Oi-lHY U3 <jlopM IIOJillpH3al(UU). Ilpu 

IlOBTOpHOM U3MepeHUU qlOTOH 6y).leT o6Hap)')KeH C ).laHHOH <jlopMOH ).IUarOHaJihHOH 

IlOJillpU3al(UU, T.e. U3MepeHue U3MeHlleT COCTOJ!HUe qlOTOHa. IlOHJ!TUe aMl1llUmyaa 
eep0Rm1wcmeu KBaHTOBOro COCTOJIHHJI JlBJIJ!eTCJl KOM6uHa11ue11 KOHl(eIIl(UU COCTOJ!HUJ! u 

<lia3hl. 

B cnyqae, KOr).la CUCTeMa COCTOUT U3 ).IByx KBaHTOBb!X 6UTOB, OHa OIIUCbJBaeTCJl KaK 

TeH3opHoe rrpOU3Be).leHue. HarrpuMep, B o603HaqeHUJ!X ~upaKa ).IByxypOBHeBllll 6uT CUCTeMa 

3a).laercJI, KaK llfl'if/1'2 ) = arloo)+ao!0l}+ Prl10)+ Poll 1). 

qUCJIO B03MOlKHh!X COCTOJIHUH KOM6UHUpoaaHH011 CUCTeMbl B03pacTaeT 

3KCIIOHeHl(UaJihHO rrpu ).I06aaJieHUII KBaHTOBOro 6urn. 3To rrpUBO).IUT K rrpo6JieMe Ol(eHKU 
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KBaHTOBOH Koppemn:11m, KOTOpaJI IIplicyrcTBYeT Me)K,[(y KBaHTOBblMII 61ITaMII B COCTaBHOU 

CIICTeMe. 

PacCMOTPIIM nplIMep, KOTOpbIH IIJIJIIOCTPIIPYeT IIplIHil;IIIIIIll.!IbHbie OTJmqm1 KBaHTOBbIX 

BblqlICJieHIIH OT KJiacc1IqecK1IX (B 06ll(eM cnyqae BepOl!THOCTHbIX) Bblq1IcJieH1IH. 

0 Omnu'lue K6aHm06blX 6bl'IUCJleHUU om KJIQCCU'leCKUX 6bl'IUCJleHUU. B KJiacc1IqecK1IX 

BblqlICJieHIIJIX, OCHOBaHHbIX Ha 6yneBOH JIOrlIKe, 0,!llIH 61IT IIHlpOpMaIJ;IIII npe,!lCTaBJIHeTCJI B 

BII,!le COCTOJIHIIH O IIJIII 1. ~Ba 61ITa rrpe,!lCTaBJIHIOT qeT@pe COCTOJIHHH 00, 0 I, 10, II 11; n 6m 

MOryr rrpe,!lCTaBIITb 2" COCTOJIHIIH. B KBaHTOBbIX BblqlICJieHIIJIX KBaHTOBbIH 61IT (Ky61IT) 

JIBJIJleTCJI CIICTeMOH II3 )];Byx COCTaBHbIX COCTOJIHIIH B BII,!le O,!lHOro 61ITa IIH!pOpMaIJ;IIII, 

<l>II3IIqecKII O,!llIH :meKTPOH MO)KeT MO,!leJIIIpOBaTb Ky61IT. HarrpaBJieHHH COCTOJIHHH CIIIIHa 

«BBepx» II COCTOJIHIIJI CIIIIHa ((BHII3» :meKTPOHa rrpe,!lCTaBJIJIIOT )];Ba COCTOJIHHH O II 1, 
COOTBeTCTBeHHO. <l>OTOH TaK)Ke MO)KeT rrpe,!lCTaBJIJITb qm3IIqecKoe COCTOJIHIIe Ky61ITa, a ero 

ropII30HTaJibHaJI II BepTIIKaJibHaJI COCTaBJIHIOll(IIe IIOJIHp1I3aIJ;IIII MOryr peaJIII30BaTb o6a 

COCTOJIHHH 0,!lHOBpeMeHHO. 

Bm1rnoe II rrpIIHIJ;IIIIIIaJibHOe OTJIIIqlie 3aKJIJOqaeTCJI B TOM, ~o 0,!llIH Ky61IT rrpe,!lCTaBJIJieT 

co6oii cyrrepII03IIIJ;IIIO COCTOJIHIIH O II 1. IJOJTOMY MO)KHO rrpe,!lCTaBIITb COCTOJIHIIJI O II 1 KJT 

- BeKTopaMII JO) II J 1) , coorneTCTBeHHo, rnK, qTo cocTOJIHIIe cyrreprro31IIJ;IIII rrpe,!lCTaBJIJieT 

JIIIHeHHYJO KOM6IIHaIJ;IIIO Jo) II Jl) B BII,!le: Jf//)=aJO)+bJl), r,!le KOJ<pqmIJ;IIeHTbI a II b 

rrpe,!lCTaBJIJIIOT 3HaqeHHH aMIIJIIITY.!l BepoJITHOCTeii. IlOJTOMY, cornacHO IIOCTYJiaTY EopHa, 

BeJIIIqIIHa lal 2 
JIBJIHeTCJI BepoJITHOCTblO, qTo BeKTop cyrrepno31IIJ;IIII llfl) = ID) rrocne 

II3MepeHIIJI Ky6IIrn 6y)];eT: llfl) = alO)+bJl) II BeJIIIqIIHa 1h12 'JIBJIJieTCJI BepoJITHOCTbJO, qTO 

BeKTOp cyrrepno31IIJ;1I1I llfl)=ll) rrocne II3MepeHIIJI Ky61ITa 6y,!leT: llfl)=alO)+bll). Tor;:ia 

lal2 + 1h12 = 1 B coorneTCTBIIII c 3aKOHOM coxpaHeHIIJI Bepol!THOCTII nonHoro co6bITIIJI. EcJIII, 

B qacTHOCTII, aMIIJIIITY.!lbl BepOl!THOCTeii a II b paBHbl 1 / ✓2, TO IIMeeM COCTOJIHIIe 

cyrrepno3IIIJ;IIII llfl) = (a= 1/ ✓2)10)+( b = II ✓2)h!I), a BeKTopa ID)= (1,of II II)= (O,lf. 
IlpII II3MepeHIIII cocTOJIHIIJI cyrrepno3IIIJ;IIII J \If) cocTOJIHIIe JO) Ha6n10,!laeTCJ1 (1I3MepJieTcJI) c 

BepOJITHOCTblO ( 1/ ✓2f = 1/ 2 II 11) TaK)Ke C BepOJITHOCTblO ( 1/ ✓2f = l / 2. 

TaKoe He06bJqHoe ,!lJIJI 6yneBOH JIOrIIKII CBOHCTBO KBaHTOBbIX BbJq1IcJieH1IH C03,!laeT 

B03MO)KHOCTb rrapaJIJieJibHbIX MaCCIIBHbIX BbJqlicJieHIIH. IIocKOJibKY Ka)K,!lb!H Ky61IT 

npe,!lCTaBJIHeTCJI .!lBYMJI COCTOJIHIIJIMII, TO )];Ba Ky61ITa npe,!lCTaBJIHIOTCJI qeTblpbMll 

COCTOJIHIIJIMII 0,!lHOBpeMeHHO. HanpIIMep, eCJIII IICIIOJib30BaTb B Kaqecrne BXO,!lHbIX CIIrHaJIOB 

)];Ba Ky61ITa B cynepn031IIJ;IIOHHOM COCTOJIHIIII O II 1, TO B pe3yJibTaTe 06pa6aTb1Ba10TCJI 

qeTb!pe onepaIJ;IIII ,!lJIJI qeTbipex BXO)];HblX CIIrHaJIOB ,!lJIJI qeTbipex Bb!XO)];Hb!X CIIrHaJIOB 3a 

0,!lIIH war, B TO BpeMJI KaK Ha KJiacc1IqecKOM KOMIIblOTepe TPe6yeTCJI .!lJlH o6pa60TKII qeTbipe' 

wara. ~JI n Ky61ITOB cyrrepII03IIIJ;IIJI II3 2" COCTOJIHIIH COCTaBJIHeT BXO,!lHOH CIIrHaJI, II 

peweHIIe npo6neMbI OCyll(eCTBJIHeTCJI 3a O,!lIIH war, B TO BpeMJI KaK .!lJlH KJiacc1IqecKoro 

KOMIIblOTepa TPe6yeTCJI 2" waroB. CpaBHIIM Terrepb OTJIIIqIIe II pe3yJibTaTbl pa6ow 

KJiacc1IqecKoro II KBaHTOBOro KOMIIblOTepa Ha rrplIMepe BepOJITHOCTHOH KJiaccIIqecKOH II 

KBaHTOBOH MaWIIH Tb!OpIIHra )];JIJI BblJICHeHHH pOJIII IIHTepqiepeHIJ;IIII B KBaHTOBbiX 

BblqlICJieHHHX. B Kaqecrne MO,!leJIII MaWIIHbl Tb!OplIHra (pIIC. II2.9(a)) paCCMOTPIIM ,!lepeBO 

BbJqIICJieHIIH, npe,!lCTaBJieHHOe Ha pIIC. II2.9(6) II II2.9(B). 
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Jlf'BTA 

I 
I 

BBO]l)'K111111 QJ,, 'J W··· 
COCTOIIHBl'3 

¢=:> ~ 
ro.10BK3 ,.,. ~ 

~- C'UIThlB3RBll I , 
~ ···Iii, I• I[!]--- •n• 

lr'll'ilKB 

(a) 

I 
I 

¼ 

1/, ~08 
C0'--.__/ ¼ 

¾ 

¼/0":3 
0 0 Yy '<3 ¾I '<; 

0 00 0 
½' ½' ¼ Yi2 

(6) (B) 
Pnc. Il2.9. ManmHa Tb!opnHra (a) ,!lttarpaMMa nepexo;:ia cocTOJIHHil: (6) ll ;:iepeBo Bh!'mcneHnil: 

BepOJITHOCTHOil: MaIIIHHbl Tb!opnHra (a) 

Ha pIIC. II2.9 BepWIIHa ,!lepeBa 03HaqaeT COCTOJIHIIe MaWIIHbl Tb!OplIHra, pe6po 03HaqaeT 

BepOllTHOCTb co6b!TIIJI rrepexo,!la. YpoBeHb ,!lepeBa 03HaqaeT war BblqlicJieHIIJI, a IICTOqHIIK 

BepWIIHbl ,!lepeBa rrpe,!lCTaBJIJleT COCTOJIHIIe CTapTa BblqIIcJieHIIJI. 

BbJqlICJIIITeJibHbIH npoIJ;ecc, T.e. BpeMeHHaJI JBOJIIOil;IIJI MaWIIHbl Tb!OpIIHra, 

onpe,!leJIHeTCJI T. H. rrepeXO,!lHOH <pyttKIJ;IIeii O - 3aBIICIIMOCTII OT TeKyll(ero COCTOJIHHH 

ynpaBneHHH q E Q II CIIMBOJia a EI:, o6o3Haqa10ll(ero J1qeiiKY neHThI, B KOTOpoii Haxo,!l1ITCJ1 

rOJIOBKa cqlITh!BaHIIJI MaWIIHhl. Kor,!la MaWIIHa Tb!OplIHra rrepeXO,!llIT B HeKOTOpoe HOBOe 

BHYTPeHHee COCTOJIHIIe q' E Q, B ,!laHHYJO JlqeiiKy JieHThl 3arrIICbIBaeTCJI HeKOTOpb!H CIIMBOJI 

a' EL II 3aTeM 3arrIICbIBaJOIIIaJI ronoBKa nepeMell(aeTCJI BJieBo ( L) IIJIII BnpaBo ( R) . TaKIIM 

o6pmoM, <pyttKIJ;IIJI nepexo,!la ,5 J1BJIJ1eTCJ1 oTo6pa)KeHIIeM: 

c5': QxI; ➔ QxI;x{L,R}. 

HarrplIMep, paccMOTPIIM MaWIIHY Tb10p1IHra c anqiaBIITOM L = {0,1,#}, BHYTPeHHIIM 

COCTOJIHIIeM Q = { % '%' q I} II <pyttKIJ;IIeii rrepexo,!la ,5 B BII)];e 
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% , 0 ~ ql, 1, R 

%,l~q1,0,R 

qP0~q1,l,R 

ql'l~q1,0,R 

q1,#~q1,#,R 

CocTOllHllll t5 ( % , #) H t5 ( q 1 , a-) ,IJ;lill HeKOTOporo a orrpe,n;eJill!OTCll KaK qiymaum 

apr)'MeHTOB. ,ll;orrycTHM, qTo ,n;aHHall Mannrna Tb!OpHHra CTapTyeT C HeKOTOpblM BXO,IJ;Hh!M 

6HTOM s IIOJIOChI, KOTOpblll 3aIIHCaH B cerMeHT rreHTbl [ 0, e ( s )-1] . r OJIOBKa MaIIIHHLJ 

ycTaHOBJieHa B HyJieBoii JiqeiiKe. BhrqHcJieHHe Ha MaIIIHHe Tb!OpHHra OCYIIIeCTBJIJier 

li3MeHeHHe IIOJIOCbl H rrpo11ecc OCTaHaBJIHBaeTCll. HarrpHMep, Ha pHC. II2.10 orn6palKeHLJ 

rrepabre IIIarn BpeMeHHOH 3B0Jl!Oilllll MaIIIHHhl Tb!OpHHra ,IJ;Jlll BXo,n;a s = 10 . 

KBaHTOBaJI MaIIIHHa Tb!OpHHra orrpe,n;eJilleTCll no aHaJIOrllll C MaIIIHHOH Tb!OpHHra, HO C 

oqeHb BalKHhIM OTJilfqlleM, qTo qJ)'HKllllll rrepexo.n;a OIIHCbIBaeTCll Q.Ml1Jlumyooit rrepexoiia. 

BMeCTO rrpocToro KJiaccHqecKoro COCTOllHllll ,IJ;Jlll Ka)K,IJ;oro BH)'TPeHHero COCTOllHllll H 

CllMBOJia JieHThI, B KBaHTOBOH MaIIIHHe Tb!OpHHra 3a,n;aeTCll cynepno3UlJWl pa3JIHqHhlX 

KJiaccHqecKHX COCTOl!Hllll. 

HarrpHMep, ,IJ;OII)'CTHM, qTo KBaHTOBaJI MaIIIHHa Tb!OpHHra C yrrpaBJilleMhlM BH)'TPeHHHM 

COCTOl!HlleM % e Q H CHMBOJIOM JieHThl 0 rrepexo,n;HT BO BH)'TPeHHee COCTOl!Hlle ql n 

3arrHCbIBaeTCll 1 lI roJIOBKa C,ll;BHraeTCll BIIpaBO, a eCJill 3aIIHCbIBaeTCll 0, TO C,ll;BHraeTCll 

BJieao, HO rrpH 3TOM o6a COCTOllHllll OJIHOBpeMeHHO HaXO)];l!TCll B cyrreprr03lIIlllll C 

1 -i 
KOMIIJieKCHhIMll aMIIJillTy,IJ;aMH ✓2 lI ✓2 . 

qo 

----t 

-1 0 1 2 

qo 

----t 

-1 0 1 2 

PMc. Il2.10. BpeMeHHaJI 3B0JIIOIIlfll MallllfHhl TbIOp1rnra 

,/J;aHHall orrepa[llll! B ClIMBOJihHOM BII,IJ;e rrpe,n;CTaBJieHa Ha pHC. II2.11. 
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qo 

q1 

-1 0 1 2 

qo qo 

-
OI# 

-1 0 1 2 1 2 

PMC. Il2. l 1. O)11fH mar BpeMeHHOll 3B0JIIOIIIIII KBaHTOBOll MaIII!IHhl TbIOp!IHra 

,/J;Jil! ,n;aHHOro BapHaHTa BhJqllcJieHHll MOlKHO 3aJIJfCaTb aMIIJIHTy.n;y rrepexoiia KaK 

oro6palKem1e 

%,0~(q1,l,R){qp0,L). 
~'---v--' 

1 -i 

Ti Ti 
<l>opMaJihHO aMIIJIIITy,na rrepexo.n;a ,5 l!BJilleTCll OT06palKeHHeM Q XL B KOMIIJieKCHbie 

<p)'HKilHH Ha Q x L x { L, R}. 
ECJIII KBaHTOBall MaIIIHHa Tb!OpHHra qJ)'HKilllOHHpyeT a fllJih6epTOBOM npocTPaHCTBe 

COCTOl!Hllll, TO aMITJIHTy,n;a nepexo.n;a JIHHeHHO paCIIIHpl!eTCll ,no onpe,neJieHllll rJio6aJibHOH 

speMeHHOH 3B0JIIOillIII Ha ,n;aHHOM fHJib6epTOBOM rrpOCTPaHCTBe lI l!BJilleTCll )'HllTapHOH. 

BhJqllCJIHM BepOllTHOCTh rrepexo.n;a 0 ➔ 1 ITOCJie .n;ayx IIIaros BhJqlfcJieHIIH, npOC)'MMHpOBaB 

aepOllTHOCTll .n;syx B03MOlKHhIX rryrnii ll3 aepIIIIIHhl B COCTOl!Hlle 1 CJie,IJ;)'IOIIllIM o6pa30M: 

(2 2) (1 1) 2 1 11 P(O ➔ l)= 3x3 + 3x4 =9+12=36. 

(
2 2) (1 3) 4 3 25 AHaJIOrHqHoP(0 ➔ 0)= -x- + -x- =-+-=-. TaKHM o6pa3oM, 3a .n;aa IIIara 
3 3 3 4 9 12 36 

BbJqllCJieHHH, CTapTyll ll3 COCTOl!Hllll 0 BepOl!THOCTHaJI MaIIIHHa Tb!OpHHra rrepeii.n;eT B 

COCTOl!Hlle 1 c sepOl!THOCTh!O 11/36 tt a COCTOllHHe 0 c BepOllTHOCTh!O 25/36. 

0 lf11mep<jJepe11lJWl Kea11m06blX 6bl'1UCJ1e11uit. Ilo aHaJIOrHll C Bepol!THOCTHOH MaIIIHHOH 

Tb!OpHHra, OITHIIIeM BhJqllcJieHHll Ha KBaHTOBOH MaIIIHHe Tb!OpIIHra, lICITOJih3)'ll .n;epeso 

BbiqllcJieHHH, npe,n;CTaBJieHHOe Ha pHC. II2.12. 

Y,; /0-ya 

y3/0,:/a Y,;t0\,; 
0 00 0 
½ -½ -½ -½ 

Y,;;0'{,; 

y3/0\Ya Y,;t0\,; 

0 00 0 
½ -½ ½ ½ 

(a) (6) 
Pile. Il2.12. BL1q1IcJieHlfll Ha KaHroaoii MaIIIHHe TbIOpHHra 

a - crapr II3 C0CT0l!Hllll O; 6 - crapr II3 C0CT0l!Hlfll 1 
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OTMe-IHM 0/:IHY H3 oco6eHHOCTei1 KaaHTOabIX ab1qncJieHHH Ha KaaHToaoi1 Manrn:He 
Tb!0p1rnra, KOTOpaJl. CaH3aHa C HaJieHileM KaaHTOaoi1 HHTep<pepeHl\HH aMIIJIHTy,1 
aepOHTHOCTei1. B KaaHTOaoi1 MaJIIHHe Tb!OpnHra Ka)K)J,oe pe6po npe,1cTaaJIHeT aMIIJIHTy,1y 

aepOHTHOCTei1, a TO apeMH KaK a aepOHTHOCTHOH ManrnHe Tb!OpHHra Ka)K)J.oe pe6po 
rrpe,ICTaaJIHeT aepOHTHOCTb rrepexo,1a. TO!lbKO O,IHO COCTOHHHe o6pa6aTbIBaeTCJI Ha 
3a,1aHHOM ypoaHe a 3a,1aHHblll MOMeHT apeMeHH a aepOllTHOCTHOH ManrnHe Tb!OpHHra. 

8 KaaHTOaoi1 ManrnHe Tb!OpHHra, HarrpOTila, ace COCTOJIHHJI Ha 3a,1aHHOM ypoaHe 

o6pa6aTb!Ba!OTCH 0/:(HOapeMeHHO. HarrpnMep, aepOHTHOCTb co6b!Tllll rrepexo,1a O ➔ l ll3 

( 
I )

2 

l IICTOqHlfKa aepll!IlHbI, IIOCJie 0/:(HOro ll!ara ab1q11cJieHIIH, orrpe,1eJIHeTCH KaK - ✓2 = 2 ll 
aepOllTHOCTb co6b!Tllll rrepexo,1a O ➔ 0 rrpII TaKHX )Ke ycnoaIIHX orrpe,1eJIHeTCH Kai( 

(JzJ l 

2 

Bb1q11cJIIIM Terrepb aepoHTHOCTb rrepexo,1a O ➔ 1 rrocne ,1ayx lllaroa ab1q11cJieH11i1. Bo

rrepabIX, He06XO,IIIMO HaHTII aMIIJIIITY/:lbl aepOllTHOCTII no ,1aYM a03MO)l(Hb!M IIYTllM 

rrepexo,1a: \f/(0 ➔ 0 ➔ 1) 11 \f/(0 ➔ 1 ➔ 1) , T. e. 

\f/(0 ➔ 0 ➔ l)=-1 x(--
1 

)=.!.., \f/(0 ➔ 1 ➔ 1)=(--1 )x(-
1 

)=-.!... 
✓2 ✓22 ✓2 ✓2 2 

CJIO)KllM o6e aMIIJIIITY/:lbl aepOl!THOCTei1 co6b!Tllll rrepexo,1a 

\f/(0 ➔ 1 rrocrre /:\Byx rnaroa) = \f/(0 ➔ 0 ➔ 1)+\f/(0 ➔ 1 ➔ 1) = (-½J+(-½J = -1. 

TaKIIM o6pa30M, aepOHTHOCTb rrepexo,1a O ➔ 1 IIOCJie ,1ayx ll!aroa orrpe,1eJIHe-ICH KaK 

P( 0 ➔ lrrocrre /:\Byx rnaroa) = l\f/ ( 0 ➔ 1 rrocrre /:\Byx ll!aroB )12 = 1-11
2 

= 1 . 

AHaJIOfllqHo abJqIICJIJleTCJI aep0llTH0CTb rrepexo,1a 0 ➔ 0 IIOCJie ,1ayx ll!aroa a a11,1e: 

1 1 1 ( 1)(1) 1 \f/(0 ➔ 0 ➔ 0)= ✓2X ✓2= 2 , \f/(0 ➔ 1 ➔ 0)= - ✓2 X ✓2 =-2, 

\f/(0 ➔ 0 IIOCJie ,1ayx ll!aroa) = \f/(0 ➔ 0 ➔ 0)+\f/(0 ➔ 0 ➔ I)= ½+(-½J = 0, 

P( 0 ➔ 0 rroCJie ,1ayx 1IIaroa) = l\f/ ( 0 ➔ 0 rrocne ,1Byx lllaroa )12 = I0l
2 

= 0. 

IloJiyqIIJIII 3aMeqaTeJibHblll pe3yJibTaT. 

Ilocne o,1Horo lllara ab1q11cJieH11i1 aepoHTHOCTII rrepexo,1a O ➔ 1 n O ➔ O 6bIJIII o6e 

paaHbl ½. Ho IIOCJie ,1ayx ll!aroa ab1q11cJieHIIH 113 0/:IHOro IICTOqHIIKa (aepll!IIHbl) 

aepol!THOCTb rrepexo,1a O ➔ 1 paaHa 1, a aepoHTHOCTb rrepexo,1a O ➔ 0 paaHa 0. )];aHHbiH 

pe3yJibTaT a03MO)KeH, a CilJIY caoucrna aMIIJIIITY/:lbl aepOllTHOCTei1 rrpIIHIIMaTb 
OTPIIllaTeJibHbJe 3HaqeHHll, II 03HaqaeT, qTo COCTOHHHJI KaaHTOaoi1 Mall!IIHbl Tb!OpIIHra 

IIHTep<pepIIpYIQT ,1pyr C ,1pyroM. ' 

B '.HOM cnyqae, rrepexo,1 0 ➔ I rrocrre /:\Byx rnaroa IIMeeT KOHCTPYKTIIaHyIO 

IIHTep<pepeHl\II!O [ ( -( I / 2)) + ( -( 1/ 2))] = -1, a rrepexo,1 0 ➔ 0 rrocrre /:\Byx rnaroa uMeer 

,1eCTPYKTIIaHYIO IIHTep<pepeHllil!O [ ( 1 / 2) + ( -( 1 / 2))] = 0 . 
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O Onepamop nnom1wcmu. B KaaHToaoi1 MexaHIIKe KaaHToaoe COCTOJIHIIe 

I lfl) ab1pa)KaercJ1 orrepaTopoM IIJIOTHOCTII cocTOllHHll p . MaTP1111a IIJIOTHOCTII p KaaHroaoi1 

c11cTe~bl IIMeer CJie,IYIQllIIIe caoi1crna: pt = p (3pMIITOaa MaTPIIlla); p > 0 (rrOJIO)KIITeJibHaJl. 

MaTPIIlla); Trp = 1 (HopMIIpoaaHHaJl. MaTPIIlla). EcJIII COCTOHHIIe KaaHTOaoi1 CIICTeMbl 

,naeCTHO TOqHo, TO CIICTeMa OIIIICbIBae-rcll orrepaTOpOM IIJIOTHOCTII a MaTPIIqHoM 

s11,1e p = I \f/) ( \f/ I n Haxo,111rcJ1 a 11ucmoM cocTOllHIIII. B rrpoTIIaHOM cnyqae cncTeMa 

npe6brnaeT a CMeUJQl/1/0M COCTOHHIIII. B '.HOM cnyqae IIMeeM CMeCb 113 pa3JIIIqHb!X q11crbIX 

cocTOHHIIi1, orr11cbrnaeMYIO orrepaTopoM IIJIOTHOCTII p = LP; I \f/,) ( \f/, I a aHcaM6ne { p,, I \f/,)} . 

MaTPIIllbl, y,1oaJieTaOpll!Oll11Ie rrepeq11cJieHHb!M ycnoaHHM, o6pa3YIQT abIIIYKJIOe MHO)KeCTBO. 

IToJTOMY OHII Moryr 6bITb 3arr11caHhI a a11,1e p = LA I \f/ k) ( \f/ k I, r,1e I \f/ k )- e,111H11qHbIe 
k 

seKTopbI r11nb6eprnaa rrpocTPaHcrna n A > 0, LA = 1. KoJ<p<p111111eHr A /:\!Ill 
k 

3a,1aHHOrO k MO)KeT HHTeprrpeTIIpoaaTbCJI KaK aepOHTHOCTb HaxO)K)J.eHIIll KaaHTOaoi1 

cHcTeMhI a qncToM cocTOHHIIII I \f/ k). O,1HaKo ,1aHHaJ1 q>II3~ecKaJJ. IIHTeprrpern1111J1 3aa11c11T 

OT rrpe,1cTaaneH11J1 p= LAl\f/k)(\f/kl, KOTopoe He J1aJIJ1eTcH O/:IH03HaqHbIM, T.K. pa3Hbie 
k 

C0CTOJIHilll Moryr HMeTb 0/:(IIHaKOaYID MaTPIIllY IIJIOTHOCTII. 
B qacTHOCTH, aeKTOpbl MOryr 6b1Tb ab16paHbl opTOHOpMaJibHb!MII n HHTeprrpeTnpoaaHbl 

KaK co6cTBeHHbJe aeKT0pbl MaTPIIllbl IIJIOTHOCTil p C co6cTBeHHbIMII 3HaqeHHllMII Pk' a 

<popMa p = LA l\f/k)(\f/k I Ha3brnaeTCH crreKTPaJibHbIM rrpe,1crnaneH11eM p. qIICTbJe 
k 

cocTOHHIIll rrpe,1crnaJIH10T co6oi1 O/:IHOMepHbJe rrpoeKTOpbI I \f/) ( \f/ I II J1aJIJ110TCJ1 

3KCTPeMaJibHb!MII ToqKaMil abIIIYKJIOfO MHO)KeCTaa MaTPIIll IIJIOTHOCTII. 
TaKIIM o6pa30M, Ha OCHoae MaTPIIll IIJIOTHOCTII q11CTb!X COCTOJIHIIH aocrrpo113aoMTCJI ace 

0CTaJibHb!e MaTPIIllbl IIJIOTHOCTII, COOTBeTCTBYIQllIHe CMell!aHHb!M COCTOHHHJIM KaK abIIIYKJiall 

KOM611Ha1111J1 a an,1e p = LA I \f/ k) ( \f/ k I , HO caMII OHil He ,1orrycKa10T orr11caH11J1 a a11,1e 
k 

HeTP11a11aJibHOi1 abIIIYKJIOH KOM611Hau1111 ,1pyr11x MaTPIIU. 
CYllleCTByeT rrpocTOH KpIITep11i1 orrpe,1eJieHIIH TIIIIa COCTOJIHIIH KaaHToaoi1 CHCTeMbI: eCJIII 

CJie,1 MaTPIIllbl IIJIOTHOCTII Tr ( p 2
) = 1, TO KaaHTOaaH CIICTeMa HaXO,IIITCll a q11CTOM 

C0CTOJIHIIH; eCJIII Tr ( p 2
) < 1 ' IIMeeT MeCTO CMell!aHHOe COCTOHHIIe. Orrpe,1eJieH11e II 

BbJq11cJieH11e CJie,1a orrepaTopa IIJIOTH0CTH ,1aHO Hil)Ke. 

C TOqKH 3peHHH Teop1111 IIHq>OpMa111111, a KaaHTOaOM 611Te co,1ep)KIITCJI ToqHO TaKOe )Ke 
KOJIIIqecTBO IIHq>OpMal(IIII, KaK II B KJiaccnqecKOM 611Te, HeCMOTPH Ha 6ecKOHeqHoe 

MHO)KeCTBO a11pTyaJibHb!X COCTOJIHIIH KaaHTOaoro 611Ta. KaaHTOBblll 611T MO)KeT 6b!Tb OIIIICaH 
6ecKOHeqHb!M qncJIOM cyrreprr03Illlllll KJiaccnqecKIIX COCTOJIHIIH, HO II3-3a Heo6paTIIMOfO 

xapaKTepa rrpouecca H3MepeHHll MO)KHO 113BJieqb TOJ!bKO rrpoCTOH KJiacc11qecKIIH 6IlT 
llHq>OpMaUIIII 113 0/:(HOrO cpe,111 a03MO)l(Hb!X COCTOHHIIH. Ilp11 JTOM OCTaJibHbie BIIPTYaJibHbie 
C0CTOJIHIIH pa3pYllla!OTCH, Ii rrpoIICXO,IIIT IIOTepH HHq>OpMal(IIII. OcHoaaHIIeM ):\JIH ,1aHHOro 

YTBep)K)J.eHIIJI (B KBaHTOBOM 611Te co,1ep)KIITCJI He 60Jibll!e KOJIIIqecTaa IIHq>OpMa111111, qeM B 
KJiacc11qecKOM 611Te) HaJIJleTCH TOT <paKT, qTo IIHq>OpMa11nH H3aJieKaeTCH a pe3yJibTaTe 

qiu311qecKoro rrpouecca II3MepeHni1. 
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3a cqeT 113MepeHIIJI KBaHT0B0ro 611Ta rrp0IICX0/1IIT 113MeHeHIIe ero C0CT0JIHIIll ll B 

pe3yJihTaTe OH rrepeX0/1IIT B 0/1H0 113 B03M0)1(Hh!X 6a3IICHhIX COCTOJIHIIH. Ka)l(Ahlll KBaHT0Bi,Jlj 

611T cymecTByeT B /1ByxMepH0M rrp0CTpaHCTBe, ero H3MepeHIIe accm11111pyeTCJ1 C 

C00TBeTCTByIDIIJIIM 6a3IICOM II Bh!pa)KaeT pe3yJihTaT T0JihK0 B 0/jH0M 113 /1Byx C0CT0JIHIIii, T.e. 

0/1IIH 113 6a3IICHhIX BeKT0p0B accm11111poBaH C 11aHHhIM 113Mep11TeJihHLIM rrp116opOM. 

TaKIIM o6pa30M, KaK II B KJiacc11qecK0M CJiyqae, rrp11 113MepeHIIII KBaHT0B0ro 6HTa 

cymecTBYeT T0JihK0 ,11Ba B03M0)KHI,JX pe3yJihTaTa. IlocKOJihKY 113MepeHIIe 113MeHJier 

C0CT0JIHIIe KBaHT0B0ro 6Jna, TO HeB03M0)KHQ ocymeCTBIITh 0/jH0BpeMeHH0 perIICTpaIJmo 

C0CTOJIHIIJI B /1Byx pa3JIIIqHhIX 6a311cax. Ilp11 M0/jeJI11poBaHIIII KJiacc11qecKoii /1IIHaM11qecKoii 

CIICTeMhl, ee C0CT0JIHIIe M0)KH0 113MepIITh Ha rrepB0M :narre B 0/1H0M 6a311ce, 3aTeM - Ha 

BTOpoM :narre B 11pyroM 6a311ce. 

B IICTIIHH0 KBaHT0BOll CIICTeMe rro1106Hoe 11eiiCTBIIe HeB03MQ)KH0, TaK KaK rrpu 

113MepeHHII rrpoucxomn pa3pyweHIIe BOJIHOBOH (pyttKIJllll, OIIllCLIBaIOIIJeii C0CT0JIHHe 

KBaHT0B0ro 611Ta. EoJiee Toro, KBaHT0BhJe C0CT0JIHIIJI B IICTIIHH0 KBaHTOBOii CIICTeMe 

HeB03M0)KH0 KJI0HIIp0BaTh, T.e. cymecrnyroT 061,eKTIIBHhie (p113IIqecKIIe orpaH11qeHIIH, B 

CIIJIY K0T0ph!X He y11aeTCJI rrpoB0/jIITh 113MepeHIIe /1BYMJI pa3Hh!MII IIYTJIMII, IICII0Jih3YJI, 

Harrp11Mep, K0IIIIp0BaHIIe KBaHT0B0ro 611m II ero perncTpaIJIIIO B pa3JIIIqHhIX 6a311cax. 

B 0TJII1q11e OT KBaHT0B0ro 611m C0CT0J!Hlle KJiacc11qecKoro 611m M0)KH0 K0IIIIp0BaTL H 

ocymecTBJIJ!Th 113MepeHIIe B pa3JIIIqHhIX BhJqllCJIIITeJILHhIX 6a311cax. EoJiee Toro, 

HeII3BeCTHhlll KBaHTOBL!ll 611T HeJIL3JI «pacIIJeIIIITh» Ha B3aIIMH0 /10II0JIHl!IOIIJIIe qaCTII, T.e. 

co11ep)Ka11Jal!CJI B HeII3BeCTH0M C0CT0JIHIIII KBaHT0B0ro 611m IIH(pOpMaIJllJI Hepa3,11eJI11Ma. 

CJie/jOBaTeJihHO, B KBaHTOBOii MexaH11Ke 11orrycTIIMI,J orrepaIJllll, HeB03MQ)l(Hh!e B 

KJiacc11qecKoii MexaHIIKe. 11, Hao6opoT, B KJiacc11qecKoii MexaHIIKe cymecTByIDT orrepaTop1,1 

perneHIIll 3a,11aq, He,11orrycTIIMhie B KBaHTOBOll MexaH11Ke. 

IlpW>te'laHue 23. Bb1'1uc11umenbHblU 6muc {l+),1-)}. ,ll;JIJ1 orr11caHIIJ1 11 II3Mepemrn 

KBaHT0Boro 611m paHee 11crr0Jih30BaJICJI Bh1q11cJI11TeJihHh1ii 6a311c {lo),11)}. O,11HaKo rnKoii 

BhI6op BhJqIICJIIITeJihH0ro 6a311ca He JIBJIJ!eTCJI e,1111HCTBeHHhIM. Bo3MO)KH0 IICII0Jih30BaHlle 

pa3JillqHl,IX MH0)KeCTB BeKT0p0B B Kaqecrne opT0H0pMaJihHhIX 6a3IICOB. Harrp11Mep, 

6a3IICHhJe BeKT0phI 11orrycT11Mo rrpe,11cTaBJIJ1Th B BII/1e cocTOJIHIIii {I+), 1-)}, orrpe11eJIJ1eMhIX 

KaK { _}i-{lo) + 11) ), }i (lo)-11))}, coorneTcrneHH0. 11crroJih3YJI ,11aHHoe rrpe11crnBJiemie 

6a311CHhIX BeKTopoB, M0)KH0 rrepeiiTII K Tpa,11111JII0HH0MY 6a311cy: 10) = _}i-(1+)+1-)) 11 

1 11) = ✓2(1+)-1-)). 

II2.1.2. KBaHTOBLie onepaT0pLI cy11ep110311111111, KBaHTOBOii KoppeJIHIJHH 
(3aDYT8HHLie C0CT0HIIHH - entanglement), IIHTepcl>epe11111111 11 113Mepe1mii 

OrrepaTOphl cyrreprro3IIIJIIII, KBaHTOBOll K0ppeJIJIIJIIII ( 3arryTaHHhJe C0CT0JIHIIJI -

entanglement) II IIHTepcpepeHIJIIll JIBJIJIIOTCJI 0CH0BHhlMII orreparnpaMII rrpoeKTIIpoBaHIIll 

KBaHT0BhIX aJiropIITM0B. PaCCMOTpllM aJirop11TMI1qecK11e oco6eHHOCTII cpopM11poBaHIIll 

,11aHHhIX orrepaTopoB. 

Ilp11Mep 11: <PopAtUpoeaHue cocmoRHUR cynepno3UlfUU c noMOUJblO onepamopa AiJaMapa 
(Y OJillla-A,11aMapa). CyIIJeCTBOBaHIIe C0CT0JIHIHI cyrreprr03IIIJIIII II 3cpcpeKTa 113MepeHlfJI 

KBaHT0B0ro C0CT0JIHIIll (p113IIqecKII 03HaqaeT, qTo rrpIICYTCTByeT CKpblmaJl om Ha61110iJamellfl 
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uHr/JOpMalfUR, K0T0pal! co11ep)KIITCJI B 3aMKHYTOH KBaHTOBOll CIICTeMe (110 M0MeHTa ee 

B036y)l(AeHIIll OT BHelllHero B03MymeHIIJI) B BII/je Ha6JIIO/jeHIIH KBaHT0B0ro C0CT0JIHIIJI. 

C11cTeMa 0CTaeTCJI 3aMKHYTOH /10 B3aIIM0,11eHCTBIIJI C BHernHeii cpe11oii (T.e. /10 11eiiCTBIIJI 

Ha6JII0,11eHIIJI CIICTeMhI). B=HeiirnIIM B '.}TOM CJiyqae JIBJIJ!eTCJI CJie11yroIIJIIll Borrpoc: KaK 

3cpcpeKTIIBHO IICII0Jih30BaTh CKphITyro B cyrrepII03IIIJIIII IIH(pOpMaIJIIIO? 

B Tpa/1IIIJII0HH0M cpopMaJIII3Me KBaHT0BhlX BhJqIICJieHIIll KBaHT0Bhle orrepaT0phl 

0ITIICh!BaIOTCJI B 3KBIIBaJieHTHOll MaTpIIqHoii cpopMe. YMHO)KeHIIe MaTpIIIJhl oneparnpa Ha 

seKT0p C0CT0JIHIIJI 03HaqaeT 11eiicrn11e orrepaIJIIII Ha IICCJie,11yeMyro CIICTeMy. Harrp11Mep, 

,11eiicrn11e MaTpIIIJhI A.ziaMapa ( H) Ha CIICTeMy I 'If) = IO) M0)KeT 6h1Th npe,11cTaBJieHo KaK 

Hl'lf)=HIO)= l[~ ~1][:]= lG]= l([:]+[~]J= _}i-(IO)+ll)). 
AHaJIOfllqHQ, 

1 [l Hl'lf) = Hll) = ✓2 1 ~1][~]= l[ ~1]= l([:]+[ ~1]]= _}i-(1°)-ll)), 

T.e. rrpeo6pa30BaHIIe A.ziaMapa nopo)l(AaeT C0CT0JIHIIe KBaHT0B0ro 611m B BII/je 

cyrreprr03IIIJIIII /1Byx KJiacc11qecKIIX COCTOJ!Hllll. 

Ha p11c. II2.13 noKa3aHo 11eiicrn11e orreparnpa A.ziaMapa. 
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P11c. II2.13. IIpe,11cTasnemie orrepampa A)iaMapa Ha cqiepe Enoxa /1Illl 6a3IICHoro cocTOl!Hilll IO) 
(a) 11 /1Illl 6a3IICHoro cocT0lIHilll II) (6) 

<l>opMIIpoBaHIIe cyrreprr03IIIJIIII C 3KBIIBaJieHTHhIMII aMIIJIIITY/1aMII BepOJITHOCTeii -

Ba)l(Hhlll war /1Jill MH0fIIX KA. Ilp11MeHJIJI H®" Ha C00TBeTCTByIDIIJIIX 6a3IICHhIX C0CT0JIHIIllX 

Ix) e rl", x e {0,1}", rroJiyqIIM B pe3yJihTaTe 3KBIIBaJieHTHyro cpopMy rrpeo6pa3oBaHIIJI 

A.ziaMapa: 
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Hix)= ~ L (-1) x-z lz), r,!{e x-z=x1z1 + •.• +x.z • .l{IDIX=0 nx=l. 
v2 z~0,1 

TaKHM o6pa30M, cyrreprr03Hl..(ll!O C 3KBHBa.JieHTHb!Mll aMilJIHTY.l{aMH BepOHTHOCTeii: -h 
v2• 

,!{ID! KalK,!loro 6a3HCHOro COCTOHHHH rronyqaioT rrpHMeHeHHeM orrepaTOpa 

H®n K COCTOHHHIO I0). 

3HaqeHHe COCTOHHHH cyrreprro3Hl..(llll ,wrn TeopHH BbJqHCJIHTefilHblX rrpol..(eccos 

CTaHOBHTCH 6onee IIOHHTHbIM, eCJIH HHTeprrpeTHpOBaTb pe3yJibTHPYIOll.lee 

cyrrepII03lll..(HOHHOe COCTOHHHe KaK Ha6op 2 n KJiaccnqeCKHX TPaeKTOpHii (rrYTeii) 

BbJqHCJieHHH C 3KBHBa.JieHTHb!Mll BecaMH, ITO KOTOpb!M KBaHTOBbIH KOMIIbIOTep !pll3HqecK11 

rrpOBO,!{HT BbJqHCJieHHH rrapaJIJieJibHO. 

B '.HOM CMbICJie cyrrepII03lll..(llH BbICTyrraeT KaK rrepBbIH 3TaII Ha fIYTH opraHH3al..(Hl! 

KemImoeozo napaJ1J1eJ1U3Ma. 
IlpnMep 12: Kea11moeb1u napwl!lellU3M u Mooe11u ew1uc11e11uu c Kea11moeb1M opaK)lll0M. 

PaccMaTPHBaeMblH ::icpcpeKT HBID!eTCH 0,!{HHM BalKHeHIIIHX B KBaHTOBbIX BbJqHCJieHHHX 11 

HCIIOJib3YeTCH (rnIOKe, KaK ll cyrrepII03HIIHH) BO MHOrHX MO,!{eIDIX KA. OH oco6eHHO IIIHpOKO 

rrpHMeHHeTCH B pa3JillqHbIX MO,!{eJIHX «qepHoro HII.(HKa» HJIH (<KBaHTOBOro opaKyJia» rrp11 

rrpoeKTHpOBaHHH pa3HOro KJiacca KA, HarrpHMep, ,!{ID! BbJqHCJieHHH qJYHKIIHH CJie.l{yioll(ero 

BH,!{a g : { 0, 1 }" ➔ { 0, 1 r. IlocKOJibKY OT06pa)KeHHe x ➔ ( x, g ( x)), x E { 0, 1 }" o6paTHMO, TO 

cyIIIecrnyeT YHHTapHoe rrpeo6pa3oBaHne U
8

, ::icpcpeKTHBHO MO,!{ennpyeMoe KJiaccnqecKHMI! 

BblqHcJieHHHMH (x,g(x)) TaK, qTQ lx,y) ➔ lx,yE9g(y)),!{ JIH HeKOTOporo YE{o,1r. Ilp11 

3TOM ,!{OilOJIHHTeJibHhle KBaHTOBble 6HThl, Heo6XO,!{HMbJe ,!{JIH pea.rrH3al..(Hll o6paTHMblX 

cxeMHbIX rrpeo6pa30BaHHH, 3,!{eCb He paccMaTPHBaIOTCH. Ilpeo6pa30BaHHe . u f' 
OIIHCbIBaIOII.(ee ((qepHb!H HII.(HK» (KaK qacTHbIH cnyqaii ug ), rrpe,!{CTaBIDieT YHHTapHoe 

rrpeo6pa3oBaHne B BH,!{e EyneBoii q>YHKIIHH f: {0,1}" ➔ {0,1}. Ecnn IY) - Haqa.rrhHOe 

coCTOHHHe IO) , TO rrocne rrpnMeHeHHH rrpeo6pa3oBaHHH U I BhIXO.I{ rrpeo6pa3oBaHHH f ( x) 

6y.l{eT Ix, f ( x)) • <!>n3nqecKHii CMhICJI KBaHTOBoro rrapaJIJieJIH3Ma 3aKJiioqaeTCH B Ha.rrnq1111 

3cpcpeKTa rrapa.rrJieJIH3Ma BbJqHCJieHHH IIOCJie HCIIOJib30BaHHH rrpeo6pa30BaHHH U f ,l{M 

cyrrepII03lll..(HOHHOro COCTOHHHH, rrpe,!{CTaBJIHIOII.(ero pa3JIHqHbJe 3HaqeHHH X • TaK rrpnMeHHll 

U f K COCTOHHHIO 

lx,y)=l1/f,0), 11/1') = H®n IO)= fr L lz), 
2 n ze{o,1r 

HMeeM B pe3ynhrnTe, U1 llfF,0) = i:; L lzJ(z )) , T.e. cyrreprro3HIIHIO Bcex B03MOlKHbIX 

'/2 .. ze{O,l)" 

3HaqeHHH BbJqllCJIHeMOH qJYHKIIHH. TaKHM o6pa30M, rrpHMeHeHHe TOJihKO 0,!{HOro IIIara ,!{M 

OIIeHKH 3HaqeHHii q>YHKIIHH f ( x) HBIDieTCH ,!{OCTaToqHhIM ,!{ID! BhJqncneHHH rrapa.rrneJihHO 

3HaqeHHH / ( X) OT BCex B03MO)l(Hb!X BXO,!{Hb!X aprYMeHTOB X. 
.lJ:aHHbIH 3cpcpeKT 3KBHBa.JieHTeH rrpHMeHeHHIO CBOHCTB ((qepHoro HII.(HKa» ( 0,!{HOpa30BOe 

rrpHMeHeHHe BHYTPeHHeii: KBaHTOBOH cxeMbI). O.l{HaKO B ,!{eHCTBHTeJibHOCTH TOJibKO O,!{HO 
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311aqe11ne q>YHKIIHH / ( x) .l{OCTyrrHo rrpn H3MepeHHH pe3yJihTaTa BhJqncneHHH / ( x) B 

cyneprro3Hl..\llll B03MO)l(Hb!X COCTOHHHH, TaK KaK H3-3a 3cpq>eKTa pa3pyIIIeHHH COCTOHHHH B 

cyneprro3Hl..\llll ,!{OCTyrrHo TOJibKO 0,!{HO cnyqaii:HO ll3MepeHHOe COCTOHHHe. 

O6cylK,!leHHe BhI6opa MO,!{eJIH KBaHTOBOrO opaKyna ,!{JIH KHB n ero o6oCHOBaHHe ,!{aHO 

1111)Ke. 
JlpUMetJa11ue 24. 0 6bl'IUCJ1e11uu 311atJe11uu <f;y11KlJUU c no.M0UJbTO pa3bl. IlpnMeHeHHe 

orrepaTOpaU f K yrrpaBJIHeMOMY KBaHTOBOMY 6HTY B COCTOHHHH cyrreprro3Hl..(llll 

llf'):= }z{lo)-11)) .l{aeTcne.l{yioll.(11ii:pe3ynLrnT: 

U
1 

lx,<p) = }z (lxJ(x ))-lx,l E9 / (x )) ) = (-lf(x) Ix) }z {lo)-11)) = (-lf(,) lx,ip). 

OrrycKaH llf'), MO)KHO orrpe.l{eJIHTh HOBoe rrpeo6pa3oBaHHe Tnrra V1 : Ix) ➔ (-lf(x) Ix). 

Cne,!{oBaTeJihHO, V
1 

rro3BOJIHeT BhlqncJIHTh 3HaqeHHH q>YHKIIHH f ( x) qepe3 cpa3y. 

,[(pyrHMH CJIOBaMH, BhJqHCJieHl!e B03MO)KH0 qepe3 rrpeo6pa3oBaHHe 3HaqeHHH f ll3 6a30Bb!X 

COCTOHHHH B aMillIHTY.l{hl OTHOCHTeJibHO ,!{aHHhIX 6a30Bb!X COCTOHHHH. 

Terreph, rrpnMeHHH V1 K BeKTopy llfF), rronyqnM cne.l{yioll(ee cocTOHHne: 

l1//')=Vfl1//)= i;;;- L (-lf(x)lz) 
V 2 · zE(0,1}" 

(I12. l) 

3TO coorneTcTByeT rrpHMeHeHHIO K yrrpaBJIHeMOMY KBaHTOBOMY 6HTY orrepal..(Hll 

[ UfH®(n+I) (lo>®n 11) )] . 

Ilp11Mep 13: Mooe11upoea11ue Kea11moeou Koppe11RZJUu (3anyma1111b1x cocmoJ111uu -
entanglement) c noM0UJblO CNOT-nooo611b1X onepamopoe. KoppeKTHaH OIIeHKa 

BbJqHCJIHTeJihHOH MOII.(HOCTII KBaHTOBblX BbJqHCJieHHH B03MO)l(Ha TOJibKO C IlOMOII.(blO 

ycTaHOBJieHHH KoppeJIHIIHH MelK,!ly 3HaqeHHHMII rrepeMeHHhIX B KA B pa3JillqHbie MOMeHTbl 

BpeMeHH. B KaqecTBe rrpHMepa paCCMQTPIIM CHCTeMy ll3 ,!{Byx KBaHTOBhIX 6HTOB A H B . B 

COOTBeTCTBIIH C 3aKOHOM TeH3opHoro rrpoH3Be,!{eHHH BeKTOpHblX rrpOCTPaHCTB pa3MepHOCTb 

rrpOCTPaHCTBa 1{AB COCTaBHOH CHCTeMbl AB orrpe,!{eIDieTCH KaK rrpOH3Be,!{eHHe 

pa3MepHOCTeii rrpOCTPaHCTB 1{A 111{B , T.e. KaK 1-i AB = 1i A ® 1{B . BbJql!CJIHTeJihHblH 6a3HC 

cocTOHHHH {IOO),IOl),II0),111)} ,!{ID! coCTaBHoii cncTeMhIAB Bhipa)KaeTcx qepe3 6a3IICHhie 

COCTOHHHH CHCTeM A ll B{lo),11)} TeH30pHbIM rrpOH3Be,!{eHHeM: 

lx1x 2 ) = lx1) ®lx2 ), V(x1,xi) E {0,1}2. 

Ilpn 3TOM B COCTaBHOH Cl!CTeMe KBaHTOBbIX 6l!TOB CyIIIeCTBYIOT COCTOHHHH, KOTOpbie He 

MOrYT 6hITb Bbipa)KeHbl qepe3 TeH30pHoe rrpOH3Be,!{eHHe OT,!{eJihHblX KOMilOHeHT KBaHTOBhIX 

6HT. 3TO CBOHCTBO Ha3bJBaeTCH 3anymbl6al/UeJl1 (entanglement) HJill Hepa3,!{eJIHMOCTb!O 

(nonseparability) KBaHTOBhIX coCTOHHHii • .lJ:orrycTHM, qTo llfFAB) cocTOHT H3 .l{Byx cocTOHHHH. 

Ecnn cyIIIecrnyioT .!{Ba cocTOHHHH I IP A) B 1i A H I IP 8) B 1i8 , TaKne, qTQ I lfF AB) = I IP A) ©II/' B) , 
TO COCTOHHHe Ha3bJBaeTCH pa3,!{eJIHMbIM (HJIH unentangled). B rrpOTHBHOM cnyqae OHO 

llBIDieTCH 3arrYTaHHhIM (entanglement) HJIH Hepa3.l{eJIHMhIM (unseparable). B Kaqecrne 

rrpHMepoB MO)KHO rrpHBeCTH CHCTeMy H3 .l{Byx KBaHTOBbIX 6HTOB H3BeCTHYI0 KaK COCTOHHHH 
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EeJIJia IlJIIl 3TIP-coCTOllHllJI (B qeCTb IlllOHepoB 3TllX rrp11Mep0B Eenna Il 3iiHIIITeiiHa 

Ilo,nOJibCKOro Il P03eHa): , 

j¢±)= }z-(100)±111)); 1\V±)= }z-(101)±110)). 
Kor,na rrpOil3BO,nllTCll Il3MepeHile TaKHX COCTOllHilll, KaK rro,nc11CTeM B COCTaBHOH CllCTeMe 

3arryraHHhIX COCTOllHilll, TO rrpn Il3BeCTH0M pe3yJihTaTe 06 o,nH0M COCTOllHilll rro,nCilCTeMI,J 

MO)KHO T0qHo orrpe,nennTh C0CT0llHile ,npyroii rro,ncncTeMhl (6e3 rrpoBe,neHllJI Ha,n Heii 

Il3MepeHnii). Il03TOMY c~ecrnyeT ,npyroii BapnaHT B IlHTeprrpernunn TaKilX C0CTOllHilii: 

ecnn paccMaTPHBaIOT O,nHO 113 COCTOllHilll KaK 3arryraHH0e, 3TO 03HaqaeT, qTo C0CTOllHile 

HeJib3ll <paKTOpll30BaTb B C0CT0llHile rrpon3Be,neHllJI Il3 rro,ncncTeM ,nByx COCTOllHilll. TaKHM 

o6pa30M, eCJIIl rrpnMeHlleTCll orrepaTop K o,nHOH Il3 K0MII0HeHT 3arryraHHOro C0CT0llHilll, TO 

pe3yJihTaT ,neiiCTBilll He <jiaKTOpn3yeTCll II0 0CTaJibHhlM KOMII0HeHTaM, a BhrqnCJilleTCll .nAA 

3TllX K0MIIOHeHT Herrocpe,nCTBeHHO IIO o,nHoii Il3 Il3MeplleMhlX K0MII0HeHT. 

)],eiiCTBYll orrepaTOp0M A,naMapa H Ha COCT0llHile Eenna jr) , Ha rrepByIO KOMII0HeHTy, 

B pe3ynhTaTe rronyqnM: 

H1 Jz- (loo)+ 111)) = Jz- {( H1 lo) )lo)+( H1 it) )It)}= ½(loo)+lto)+ 101)-II 1)), 

IlJIIl B MaTPnqHOH <jiopMe: 

I I 0 

[

I 

H 1 ✓2(100)+111))= ✓2 ~ : ~, ~l AjJ=tl 
T.e. IlMeeM H0B0e 3arryraHHOe COCT0llHile, K0Topoe IlCII0Jib3YeTCll B o6paTHOH CBll3Il 

KBaHTOBOro reHeT11qecKoro II0ilCKOB0ro anropnTMa ,nJijj o6oraIIIeHllJI KBaHTOBOH 

Koppenm.(Illl 3arryraHH0ro C0CT0llHilll. Ilocne,noBaTeJibHO ,neiiCTBYll Ha BTopyro KOMIIOHeHTY 

rronyqeHHoro cocTOllHllJI orrepaTopoM A,naMapa H 2 , rrpnxo,nnM K pe3ynhTaTy: 

H2H1 }z-(100)+111))= }z-(100)+111)). K CO)KaJieHilIO, CJI0)KH0CTb peann3aUilll orrepau11ii 

KBaHT0BblMil jjqeiiKaMil B ,naHHOM rro,nxo,ne B03pacTaeT C qncnoM 3arryraHHhIX COCTOllHilll, 

CBll3aHHbIX C yrrpaBMeMbIM 6nTOM. 

Ilpu.Mel/GIIUe 25. 3<fHjJe11:mU6HOe MOOenup06QHUe KA Ha KJIQCCUl/eCKUX KOMnb10mepax. 
3arryraHHbie C0CT0llHilll B KBaHTOBblX BbJqncneHilllX. paccMaTPHBaIOTCll KaK ,nOIIOJIHilTeJihHblll 

<pll3nqeCKIIH pecypc, II03BOMIOIIIIIH c~ecrneHH0 ysen11q11Tb pacqeTHyIO M0IIIH0CTb rro 

cpaBHeHIIIO C KJiacc11qeCKilMil MO,neJillMil Bb1q11cneHnii. 1IIICJIO rrapaM~0B, Heo6xo,nnMblX 

Mll orrncaHilll He3arryraHHbIX (qIICTbIX) COCTOllHilll B 3a,naHH0M fllJih6epTOB0M 

rrp0CTPaHCTBe 1in (rrpe,nCTaBJieHHhIX KaK TeH30pHoe rrpOII3Be,neHile KBaHTOBhIX 6nTOB), 

B03pacTaeT T0JibK0 JIHHeHHO C ysen11qeHIIeM qncJia n KBaHT0BhIX 6HTOB. O,nHaKO ,nJill 

orrncaHilll 06IIIero Bll,na C0CTOl!HllJI (He3arryraHHOro IlJlll 3arryraHHOro) TPe6yeTCll 

3KCII0HeHUilaJibHOe q11cJI0 ( 2") BeKT0pHbIX K03<p<pllUileHTOB. Ilo3TOMY B0rrpoc 0 

<pll3nqecKOM pecypce KBaHT0BblX BbJqncJieHilll He IIMeeT rrpocToro OTBeTa. 

)],aHHall rrpo6neMa o6c~anacb B ,neTaMX C o6IIIHX II03IlUIIH Te0pllll KBaHT0BhlX 

BbJqncneHIIH. Ehmo II0Ka3aHO, B qacTH0CTll, qTo ,nM KA (orrepnpyroIIIIlX qnCTbIMil 

COCTOllHill!Mll) ,nJill II0BhIIIIeHllJI 3<p<peKTHBHOCTil IIO cpaBHeHIIIO C KJiaccnqeCKHMil aHanoraMII 

C yseJinqeHileM pa3MepH0CTII BX0,nHhIX KBaHTOBbIX 6nTOB TPe6yeTCll HeorpaHnqeHHOe q11cno 
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3arryraHHbIX COCTOl!Hllll. Eonee Toro, 3<p<peKTilBHO KA MO)KH0 M0,neJIIlpOBaTb KJiaccnqecKHM 

IlHCTPYMeHTaplleM (KJiacc11qeCKilMil anropHTMaMil) T0JihK0 rrpn HaJinqn11 Manoro K0JIIlqecTBa 

KBaHJOBOH Koppelll!Ullll Il <pllKCilpOBaHHOM yp0BHe TOJiepaHTH0CTil Bhrq11cn11TeJibHbIX 

orrepau11ii B KA. EhmO IIOKa3aHo, KaK M0)KHO 3<p<peKTilBHO KJiaccnqecKilMil aJir0pllTMaMil 

M0.neJinpoBaTb KA co cpaBHHTeJibH0 cna6oii KBaHTOBOii KoppeMu11eii. 

BbJqllCJIIlTeJihHall CT0ilMOCTb B03pacTaeT JlllHeiiHO C qncJI0M BXO,nHhIX KBaHT0BbIX 611T Il 

3KCII0HeHUilaJibH0 - C ysennqeHileM TPe6yeMoro KOJinqecTBa KBaHTOBOH KoppeJI)IUilll. 

He3aBHCilMOe 0606IIIeH11e TaK0ro rro,nxo,na rrpnBe,neH0 B ,naHHOM pa3,neJie Il pa3pa6oTaHO 

coorneTcTByroIIIee rrporpaMMHo-arrrrapaTHoe o6ecrreqeHne ,nM 3<p<peKTHBHoro 

MO,nen11poBaHilll KA Ha KJiaccnqecKilX K0MIIhIOTepax (CM., IlpHJIO)KeHne Ill). 3TOT rro,nxo.n 

IlCIIOJlh30BaH rrpll MO,nennpoBaHilll B peanbH0M BpeMeHil po6aCTHblX E3 Mll 

IlHTeJIJieKryaJihHbIX HeqeTKilX perynl!TopoB. 

lI3JIO)KeHHbJe aprYMeHTbl . Il pe3yJihTaTbl CBH,neTeJibCTByIOT 0 rrpe,nrroqTilTeJibHOH ponll 

KBaHTOBOH KoppeMUilll KaK ,nBil)K~eii CllJibl KBaHT0BblX Bb1q11cneHnii (Ha q11cTbIX 

C0CTOllHilHX 3BOJIIOUilll KBaHTOBOH ,nnHaMilKil). 

Ilp11Mep 14: Mooenupo6a11ue K6a11mo6ou u11meppepe1111uu c noMOUJblO npeo6pmo6aJtuR 
AoaMapa u K6Qllm060ZO npeo6pa306QI/Ufl <Pypbe (KTICI>). C uenhIO II0BbIIIIeHllJI Bep0HTH0CTil 

Il3MepeHllJI Il Il3BJieqeHllJI IlCKOM0ro ( MapKilpOBaHHOro) peIIIeHilH OCHOBHOH e,nlIHOii 11,neeii B 

rrpoueccax rrpoeKTilpOBaHilH MO,neneii KA CJI~IlT IlCIIOJih30BaHile llBJieHllJI KOHCTPYKTHBHOH 

/ ,neCTPYKTilBHOii IlHTep<jiepeHUilll B KaqecTBe IlHCTPYMeHTapnH Il3BJieqeHilll pe3yJihTaTOB 

::i<jJ<jieKTilBHbIX BbiqncneHilll KA. )],nH ysennqeHilll Bep0llTH0CTil Il3BJieqeHilH «ycrreIIIH0ro» 

peIIIeHilll rrpuMeHl!eTCll KOHCTPYKTilBHaH IlHTep<jiepeHUilll, a ,nM pe.nYKUilll (<IlJIOXIlX» 

peIIIeHnii - ,neCTPYKTHBHall nHTep<jiepeHUilH. KoHCTPYKTHBHhrii (,neCTPYKTHBHhrii) ::i<jJ<jieKT 

MO)KH0 Ilp0ilJIJIIOCTPHP0BaTb Harnll,nHO Ha rrpnMepe rrpnMeHeHllJI rrpeo6pa30BaHilll A,naMapa 

K cocTollHHllM: {lo),II)},{I±)= }z(lo)±II))}. QqeB11,nHo, qrn HIO)=I+) u HII)=I-), T.e. 

B0CIIpOil3B0,nllTCll C0CT0l!Hlle cyrrepII03IlUilll KJiaccnqeCKilX COCTOl!Hllll B Bll,ne KBaHTOBblX 

611TOB. Ilpn 3T0M rrp11MeHeHne rrpeo6pa30BaH11ii A,naMapa K cocTOHHilllM IO) n II) 
rropo)K_naeT COCTOl!HllJI C o,nuHaKOBblM pacrrpe,neneHneM BepOllTHOCTeii. IlOCKOJihKY 

cocTOllHne I+) llBMeTcH cyrreprro311uneii o6onx KJiaccuqecK11x cocTOllHilii IO) 11 I I) , To, rrpu 

rrosTopHoM rrp11MeHeHun rrpeo6pa3oBaHnn A,naMapa K I+) , KJiacc11qecKall Mo,nenh 

nornqecKoro Bhrno,na (Mo,nenh KonMoroposa) rrpe,nrronaraeT o,nnHaKoByro BepollTH0CTh 

pe3yJihTilpyroIIIero KJiacc11qecKoro COCTOl!Hllll (rrpHHUilII coxpaHeHilH BepOllTHOCTil). 

O,nHaKO, BCJie,nCTBile orrep11posaHllJI B KBaHT0Bb!X BbJq11cneHllJIX C II0HllTileM . aMIIJIHTy,nhl 

sepollTHOCTeii, rrp11MeHeH11e rrpeo6pa3oBaHllJI A,naMapa K cocT0HHilIO I+) ,naeT cne.nyroIIInii 

I 
pe3ynhTaT: HI+)= ✓2(1+)+1-)) =IO). 

TaKHM o6pa30M, rrpOHBilJICH 3<p<peKT u11meppepe1111uu Me)K_ny Bep0llTHOCTllMil 06011x 

KJiaccnqecKnx cocTOl!Hnii. lIHTep<jiepeHUHH (B c1my caoero <jin311qecKoro xapaKTepa) 

yclIJlnna aMrrn11Ty,ny sepollTH0CTil o,nHoro (IO)) KJiaccnqecKoro cocT0llHilH 

(Ko11cmpyKmu611aJ1 IlHTep<jiepeHUIIll) 11 ocna6mia c~ecrneHH0 (.no HYM) aMIIJIHTy,ny 

Bepol!TH0CTil ,npyroro (II)) KJiacc11qecKoro cocTOHHilll (oecmpyKmU6/laJI IlHTep<jiepeHUHll). 

Ll:eiicrnyH Ha· cyrrepII03IlUilIO B03M0)KHbIX peIIIeHilll, IlHTep<jiepeHUHll peanll3yeT rrpouecc 

<popM11posaHllJI <pllHaJihHOH <pa3bl KBaHTOBbIX BbJq11cneHilll Il llBMeTCll (TaK )Ke, KaK Il 

KBaHTOBall KOppeJil!Ullll) <pll3nqecKHM pecypC0M yc11neHilll KBaHT0Bh!X BbJq11cneH11ii, a TaK)Ke 
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,[lllil perneHIDI pa:mnqHb!X npo6neM npoeKTnposaHnJI Mo.z:1eneii KA. HanpIIMep, npIIMelU!Ji 

npeo6pa:30saHne H®" K cocroJIHIIIO I\V') B BII,[le (II2.l), n0Jij"IIIM B pe3yJihTa.Te KBaHTOBoe 

C0CT0JIH!Ie BII,[la: 

;n L L (-1) x-z+f(x) lz), 
ze{O,l}" xe{O,l}" 

K0TOpoe M0JKeT ClIYJKllTb OCHOBOll ,[(Jlll npoeKTIIp0BaHIDI KBaHTOBOll JiqeiiKII, HanplIMep, nplI 

perneHIIII npo6neMbI Deutsch-Jozsa. 

B M0,[leJIII KA lliopa nplI cjJaKTopn3a.I_\IIII npOII3Be,[leHIIll Ha np0CTbJe qlICJia 

IIHTepcjJepeHI.\IIIO 06ecneq1IsaeT oneparnp KIT<!>, T.K. oneparnp QFT,, ®I • .z:1eiicrnyeT Ha 

KalK,[(blll 6a.31ICHblll BeKTop, nplIHa,[IJieJKaII_\llll JIIIHeiiHoii KOM61IHal_\1Ill IICX0,[IHOro BeKT0pa 

I\V). 3rn 03HaqaeT, qTo JII06oii BeKTop B Ta.Koii KOM6nHal.\1Ill Bocnpoll3BO,[IIIT cyrrepn031II.\IIIO 

6a3HCHbIX BeKTopoB. KoMnJieKCHbJe BeCOBbie KOJq>q>III_\lleHTbl 6a.31ICHbIX BeKTOpOB paBHbl no 

M0.z:IYJIIO (T.e. aMnJIIITY.z:lb] BepOl!THOCTeii paBHbI), HO IIMelOT pa.3JillqHbie q>a.3b]. KalK,[(bii1 

6a.31ICHblll BeKTop JIBllileTCJI B3BerneHHOll CYMMOll aMnJIIITY.z:I BepOl!THOCTeii, n0Jij"IeHHbIX H3 

pa.3Hb!X nocne,[IOBaTeJibHOCTeii 6a.31ICHb!X BeKT0pOB. 

,[J;aHHal! CYMMa M0JKeT yseimqlIBaTb llJIII YMeHbIIJa.Tb pe3yJibT1IpyIOII.\yIO aMnJIIITY.z:IY 

BepOl!THOCTeii. TaK KaK JTOT Jq>q>eKT no.z:106eH Jq>q>eKTY llHTepcjJepeHI_\IIII KJiacc1IqecK1IX 

BOJIH, TO rosopHT, qrn oneparnp [QFT.t = frexp{2;rJ[{i-l~~J-l)]} 1IrpaeT pOJib 

oneparnpa IIHTepcjJepeHI.\IIII. C MaTeMarnqecKoii ToqKn 3peH1Ill, Kor.z:1a oneparnp QFT,, ®I. 

.z:1eiicrnyeT Ha C0CT0JIHIIe, TO BCe CTOJI6I_\bl pe3yJibTllPyIOII.\eii MaTPIII.\bl 3a.z:1eiicTBOBaHbl np11 

Bblq!IcJieHllll. 11HTepcjJepeHI_\IIll B JTOH CHTyal_\lllI 0CYII.\eCTBllileTCll MelK,[ly BeC0Bb!MII 

KOJq>q>III_\lleHTa.MII ll3 pa.3Hb!X nocJie,[IOBaTeJibHOCTeii 6a31ICHb!X BeKTOp0B. PaCCMOTPIIM 

Tenepb oco6eHHOCTII oqeHb BaJKH0ro (II qacT0 ,[IIICKYTIIPYeMoro B pa6ornx no onncaHIIIO 

0CH0B KBaHTOBOll MexaHIIKII) KBaHT0B0ro onepaTopa, onHCbIBaIOII_\ero Heo6paTIIMblll 

npol_\ecc II3BJieqeHIDI pe3yJibTa.Ta KBaHT0BbIX BbJqncJieHnii. 

IlplIMep 15: li3Mepemm 6 pa3HblX 6bll/UC!lUmeJlbHblX 6mucax. IIocTyJiaT KBaHT0BblX 

ll3MepeHIIll 6hIJI BBe,[leH q>OH HeiiMaHOM. PaccMaTPIIBa.JIIICb T0JibK0 npoeKTIIBHbie 

ll3MepeHllll, B K0T0pblX «CTaH,[lapTHbie» KBaHT0Bbie Ha6JIIO,[leHIIJI BeJIIIqllHbl A HMe!OT 

cneKTPa.JibH0e npe,[1CTa.BJieH1Ie B TepMIIHax opT0rQHa.JibHbIX npoeKTllBHb!X onepaTopoB. 

IIocrynaT yrneplK,[laeT, qT0 BO BpeMJI II3MepeHllll A BeKTop C0CT0JIHIDI KBaHTOBOii CllCTeMbl 

pe.z:1yrrnpyeTCll B co6cTBeHHblll BeKT0p Ha6JIIO,[laeMoii BeJIIIqllHbl A, COOTBeTCTByIOil.\llll 

pe3yJibTa.TY II3MepeHIDI. TaKHM o6pa.3oM; 6a3HC 0CH0BH0ro no,[IX0,[la K n0CTP0eHHIO MO,[leJiell 

npol_\eCC0B II3MepeHnii B KBaHT0Bb!X BbJqncJieHIDIX C0CTaBllileT nocTyJiaT 0 npoeKI_\IDIX cpoH 

HeiiMaHa: pe3yJibTa.T .z:1eiiCTBIDI Ha6JIIO,[leHllll C0CT0JIHIDI \If Ha,[( Ha6JIIO,[laeMoii BeJinqnHOll A 
KaK pe3yJibTa.T II3MepeHIIll eCTb 0,[IH0 II3 co6CTBeHHbIX 3HaqeHIIll A, T.e. II3MepeHIIe 

pa3pyrnaeT C0CTOl!Hlle \If ll peH0pMa.JIII3yeT ero. 

,[J;Jill K0HeqHoMepaoro I'llJih6epTOBa np0CTPaHCTBa MaTeMaT1IqeCKll JT0 03HaqaeT 

CJie,[lyIOII_\ee: nyCTb 1i - I'llJib6epTOBO np0CTPaHCTB0 pa3MepH0CTII n KBaHTOBOll CIICTeMbl s. 

,[J;onycTnM, qrn A = f /4, / ¢,) ( ¢, / = f /4 ,P, - cneKTPa.JihH0e npe.[ICTa.BJieHne Ha6n10.z:1aeMoii 
i=l i=l 

BeJinqnHbl A, r.z:1e A, - co6CTBeHHbie 3HaqeHIDI II ¢, - co6CTBeHHblll BeKT0P, 

C00TBeTCTByIOII_\IIH A,; { ¢;} ;~, - opTOHOpMa.JibHblll 6a31IC np0CTPaHCTBa 1i Ii P, - npoeKI_\IIJI 
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aa co6cTBeHHOe np0CTPaHCTB0 oneparnpa A (HaTJIHYTOe Ha co6cTBeHHb!e BeKTOpbI) c 

co6cTBeHHbIMII 3HaqeHIDIMII A, . 

B~3MOJKHOe 3HaqeHne npoeKTIIBH0r0 II3MepeHIDI orneqaeT co6cTBeHHOMY 3HaqeHHIO A, 
n 

aa6J110.z:1aeMoii BeJI1Iq1IHbI A. Ha6n10.z:1aeMal! Ben1Iq1IHa A cocT0llHIDI I \If) = ~] ¢;) 
i=l 

socnpon3B0.z:IIITCJI KaK 3HaqeHne /4 1 c BepoHTHOCTb10ltc,
1

l

2

, r.z:1e c,
1

, ... ,c,, TaKne, qTo 

,1
11 

=/4
12 

= ••• =A.;,-1 =A,, =A.,, II npn JT0M cocT0l!HIIe cncTeMbI nocne H3MepeHIIJI 

onpe.z:1ellileTCll KaK 

k /4. 

LA;, 1¢,,)(¢,, I, r.z:1e /4;1 = ✓ '1 i . 

j,1 Ilc,11 
TaKHM o6pa.3oM, oo U3.MepeHUR KBaHTOBOii CIICTeMbI B cocT0l!HIIII I\V) B03MOJKHhiii 

pe3yJihTa.T H3MepeHIIll onpe.z:1ellileTCJI KaK p(m)=(\lflPml\V), a noCJle U3MepeHUR cncTeMa 

peH0pMa.JIH3yeTCll B cocT0l!HIIe I \If') = ~ • IlOJIHOTa ypaBHeHnii ycTaHaBJIIIBaeTCJI 

-..JP(m) 
cjJaKTOM ll3 Te0plIII BepOl!THOCTeii: 

l= LP(m)= L(\VIPml\lf). (II2.2) 

IIocTyJiaT 0 npoeKTHBHb!X ll3MepeHIIl!X n0Jij"IllJI pa.3BIITlle B pa.3Hb!X HanpaBJieHlll!X. 

■ Ilocmynam o6o6zqeHHow KBaHmoBow U3MepeHUR. Mo.z:1enh o6o6II.\eHHOro 

KBaHT0B0ro ll3MepeHllll (3aMKHYTal! KBaHT0Bal! CllCTeMa SB K0HeqHoMepH0M np0CTPaHCTBe 

COCTOl!HIIll) onIICbIBaeTCJI Ha6opoM {Mm} oneparnpoB ll3MepeHnii Ha rnnh6epTOBOM 

np0CTPaHCTBe 1{ KBaHTOBOll CllCTeMbl s, r.z:1e llH,[leKC m YKa.3bIBaeT Ha B03MOlKHblll llCX0,[I 

(pe3yJibTa.T) npol_\ecca II3MepeHIIll. OnepaTOpb! II3MepeHnii Y.z:I0BJieTB0pl!IOT ycn0BlllO 

n0JIH0TbI: IM!Mm =f, 
m 

Ecim cocT0l!HHe cIIcTeMbI S ecTb I \If) .z:10 II3MepeHnJI, TO sepoHTH0CTh nonj"IIITh 

BbIX0.[IH0e 3HaqeHJie m onpe.z:1enJieTCll KaK p ( m) = ( \If I M!M m I \If) . B nocne.z:1HeM Bb1paJKeH1III 

II .[la.Jiee CIIMB0JI « t » 03HaqaeT onepal.\HIO conpHJKeHIDI YHIITapHoro onepaTopa. Ilocne 

II3MepeHIDI cJicTeMa S peH0pMa.JIII3yeTcll KaK I \If') = ~- 113 .z:1aHHoii M0,[leJIII II3MepeHIIii 

-..JP(m) 
KaK qaCTHblll CJiy"Iaii CJie,[lyIOT M0,[leJIII npoeKTllBHbIX II3MepeHnii II noJI0JKJITeJibH0-

orrpe.z:1eneHHbie oneparnpH0-3HaqnMbre (IIOO3) MepbI II3MepeHIIii. TaK, HanpnMep, ecnlI Mm 

Y.z:I0BJieTB0plleT .z:IBYM ,[I0n0JIHHTeJibHb!M orpaHnqeHIIllM: Mm= M!, MmMm' = ,Jmm'Mm, TO 

n0Jij"IIIM rrpe,[ICTaBJieHHyIO pa.Hee M0,[leJib npoeKTHBHbIX ll3MepeHIIll. 

IlpII BbIII0JIHeHIIII ycnoBIDI: E = M!Mm, IIMeeM IIOO3 MepbI ll3MepeHnii. 

B KBaHTOBOll Te0plIII IIHq>0pMal_\lIII CYII.\eCTByIOT CTP0rlie npaBIIJia II 3aK0Hbl, 

0nlICbIBalOII_\lle npol_\eCCbl II3BJieqeHIDI llHq>OpMal_\lIII ll3 Hell3BeCTH0ro KBaHT0Boro 

C0CT0JIHIIll. Pe3yJibTa.T npoeKTHBHbIX II3MepeHnii KBaHT0BbIX 6nTOB ,[I0JIJKeH 6b!Tb 
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c¢opMym1poaaH B KJiaccw1ecKHX TepM1rnax. EoJiee ToqHo mo6oe rrpoeKTIIBHoe II3Mepem1e 
O)lHOrO KBaHTOBOro 6IITa rrpIIHOCIIT TOJlbKO O)lIIH KJiaCcIIqecKIIll 6IIT IIH¢0pMallIIII. IJOJTOMy, 
HeCMOTPH Ha CYilleCTBOBaHIIe 6eCKOHeqHoro MHOlKeCTBa B03MOlKHblX KBaHTOBbIX COCTOHHl!ii 
KBaHTOBOro 6IITa, 3TII COCTOHHIIH He pa3JIIIql!MbI. He CYil\eCTBYeT rrpOIIeCCOB II3MepeHIIii B 
paMKax M0,11em1 ¢oH HeiiMaHa, C IIOMOIIJ,b!O KOTOpbIX MOJKHO II3BJieqb IIH¢opMaIIl!l! 60JibIIIe 
qeM O)ll!H OlKl!)laeMblll 6l!T l!H¢opMaIIl!l! l!3 KBaHTOBOro 6IITa. ll,lleHTl!¢l!Kal1l!H COCTOHHi!l{ 
KBaHTOBOro 6l!Ta He HBJllleTCH IIOJIHOll, T.e. )lJlll Hell3BeCTHOro COCTOHHI!H KBaHTOBoro 6I1ra 

I If) c rroMOIIJ,bIO rrpoeKTl!BHhIX ll3MepeHIIii HeB03MOJKHO orrpe,11eJII1Tb ero IICTIIHHoe 

cocTOHHIIe. lI3MepeHHe COCTOHHIIH KBaHTOBoro 6l!Ta I If) = a IO) + b I I), coorneTCTBYIOIIJ,ee 

Ha6JIIO)leHI!IO {q,q} (r.11e q ( 02) - rro,11rrpocrpaHCTBO, HarnHyroe Ha COCTOHHIIe 10) (11) ), 

l!JIII, .11pyrIIMl! CJIOBaMl!, B COOTBeTCTBl!l! co CTaH,11apTHbIM Bblql!CJil!TeJibHbIM 6a3IICOM 

{lo),11)} ), IIMeeT BbIX0.11HhIM pe3yJibTaToM 6I1T 0 (1) c aepoHrnocTbIO lal
2 

(1h1
2

) II coCTOHH11e 

IVJ)=al0)+bll) KOJIJiarrcIIpyeT B cocTOHHIIe lo) (11)). BcH .11pyrax IIH¢opMallIIll, 

co.11epJKaIIJ,aHCH B cyrrepII03IIl\IIII, Heo6paTIIMO IIOTepHHa. Il03TOMY )lJIH Ha6JIIO)laTeJlll 
KBaHTOBblll 6l!T rrpe,11cTaBJllleTCH KaK CJiyqaiiHaH BeJIIIql!Ha c orrpe,11eJieHHbIM 
pacrrpe,11eJieHIIeM aepOHTHOCTeii. 

O,11HaKo KBaHTOBhrii 6IITIIJl)=al0)+bll) MOJKHO II3MepIITb TaKJKe OTHOCIITeJihHO .11pyrI1x 

Bblql!CJIIITeJibHblX 6a3IICOB 6ecqIICJieHHblM o6pa30M. HarrpIIMep, qacTo IICIIOJlb3yeTCll 
.!IYaJibHblll BblqIICJIIITellbHblll 6a3IIC 

V={l+)aa!O')= }i(lo)+ll)),1-)aall')= }i(lo)-11))},lo)= }z-(!0')+11')), 

11)= )z-(lo')-11')). 

Tor.11a I IJf) = _}i. ([a+ b] IO')+ [ a - b] I I'}) II II3MepeHIIe I IJf) B 3TOM 6a3l!Ce ,11aeT 0 (IIJIII 1) c 

aepoHTHOCTb!O ½la+bl
2 

( UJIU ½la-bl
2
} 

IlpIIMep 16: KrmHm06altUe KJlaCCUtJeCKUX onepamopo6 6 pa3llUtJHblX 6bltJUCJIUmeJlbHblX 
6mucax (o coom6emcm6uu K6a11mo6b1X u KJlaccutJecKux onepamopo6). PaccMOTPIIM B 
KaqecTae rrpHMepa rrpo6JieMy «1rnaHroaaHIIH» 3a,11aHHoro KJiaccIIqecKoro orrepaTopa. 
,[(orryCTIIM, qro KJiaCCIIqeCKIIM orreparopoM HBJllleTCH O)lH06IITOBaH orrepa11I1H OTPIIllaHl!li 

«HET» (NOT gate), KOTopaH KOHBepTIIpyeT 6IIr(a) Bero ,11orroJIHeHIIe (1-a),(a=0,1). 

Herpy,11HO IIOKa3aTb, qTo B Kaqecrne KBaHTOBOll COCTaBJIHIOIIJ,eii 3T0ll orrepaIIIIII )lOCTaToqHO 

Bb!6parb YHIITaPHYIO Marpl!IIY IIayJIII TIIIIa a, = ·(o l). O,11HaKo eCJIII rrpl!HHTb orrepallll!O 
1 0 , 

(
1-a) OTPIIIIaHI!H KBaHTOBOro 6IITa B BII)le MaTPIIIIbI Ya =Ia} ( a I, r.11e I a) = a , TO 

Bb!IlOJIHHeTCH TOqHo OTHOIIIeHl!e Ya~ Y1-a. C .11pyroii CTOpOHbI, MaTPIIIIa IIayJil! 

a,=(~ ~l) TaKJKe peanl!3yeT orrepaIII!IO OTPI!llaHI!H «HET»: 17a~1li-a rrpl! ycJIOBllll, 
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qTO BbJqIICJIIITeJihHbitt 6a3IIC Bb16paH .11pyrIIM o6pa30M, T.e. B BII)le 17a =la)' '(al, r.11e 

,.1(1) 
la) = Fi (-1)" . 

,[(aHHblll rrpOCTOll rrpl!Mep IIOKa3bIBaeT 3aBIICIIMOCTb rrpo11e,11ypbl ycTaHOBJieHIIH KBaHTOBO
KJiaCcIIqecKoro COOTBeTCTBIIH OT BbI6opa COCTOHHIIll a BbJqIICJIIITeJibHOM 6a3IICe. EoJiee Toro, 
)lalKe eCJIII BbI6paH BbJqIICJil!TeJibHblll 6a3IIC, CYilleCTByeT MHOJKeCTBO BapIIaHTOB )lJlli 
)laJibHeiiIIIero OIIIICaHI!H orrepa11IIII. TaK, HarrpIIMep, eCJIII Bb16paHa orrepaIIIIH Ya, TO 

( 
Q i0J 

orrepaTOp if, = e'<P eQ TOJKe peanl!3yeT KOHBepTIIpOBaHIIe 6IITa Ya~ Yi-a )lJIH 

3a)laHHbIX 3HaqeHIIll yrJIOB ( 0,¢). CmH,11apTHaH orrepaIIIIH OTPIIIIaHIIH, rrpII 0 = ¢ = 0 , 

HBJIHeTCH TOJlbKO aapIIaHTOM, HO He e)lIIHCTBeHHO B03MOlKHbIM. 3TOT ¢aKT 06bHCHJleTCJI 
¢II3IIqeCKOll rrpIIpo.11oii KBaHTOBbIX COCTOHHIIll, KOTOpbie OIIIICb!Ba!OTCJI JiyqaMII, a He 
aeKTopaMII a rIIJib6epTOBOM rrpocrpaHCTBe. IlpIIBe)leHHb!e aprYMeHTbl IIMeIOT MeCTO II rrpII 
ycTaHOBJieHIIII o6parnoro COOTBeTCTBIIJI MelK)ly KBaHTOBblMII II KJiaCcIIqecKIIMl! 
orreparopaMII, T.e. KBaHTOBOMY orrepaTopy MOI'yr COOTBeTCTBOBaTb pa3Hble KJiaccIIqecKIIe 
orrepaTOpbI. TaK, HarrpIIMep, orrepaTopy O" z COOTBeTCTBYIOT KaK orrepaIIIIJI II)leHTIIqffOCTII: 

Ya~ Ya, TaK II orrepaIIl!H OTPIIIIaHIIH: 17a ~171-a. 
IlpIIMep 17: lipUMeHe11ue MOOeneu U3Mepe11uu 6 K6allm06blX 6bltJUCJleHUJIX. ITycTb 3a)laHa 

cocraBHaJI KBaHTOBall CIICTeMa II3 )lByx KBaHTOBblX 6IITOB B BII)le BeKTOpa COCTOJIHIIll B 

KOMIIJieKCHOM rrpocrpaHCTBe C4 B BbJqIICJIIITeJibHOM 6a3IICe: 

!VJ)= a0 I00) + a1 !0l) +a2 II0) + a3 l11). (II2.3) 

OTMeTIIM, qTo (II2.3) JIBJllleTCH o6o6IIJ,eHHblM 3arryraHHb!M COCTOHHIIeM. EcJIII II3MepHeTCJI 

rrepBbitt 6IIT B cocTOHHIIII J 1Jf) , TO CYil\eCTBYIOT ,11ae B03MOlKHbie CIITYaIIIIII pe3yJibTaTa 

II3MepeHIIll ( m = 0, 1 ): rrepBblll 6IIT paaeH HYJIIO ( m = 0 ), IIJIII OH paBeH e)lIIHIIIIe ( m =I). 
B rrepBOM CJiyqae COOTBeTCTBY!Qlll,IIll orrepaTOp o6o6IIJ,eHHOro II3MepeHI!H orrpe,11eJIJ1eTCJI 

KaK Mo =J00)(001+101)(011, BO BTOpOM - Ml =110)(101+111)(111. BepOllTHOCTb co6b!TIIJI 

«rrepBblll 6IIT a COCTOJIHIIII I If) eCTb HYJib)) BbJqIICJrneTCH a BII)le: 

p ( 0) = ( IJf I MJ M 0 I If) = la0 1
2 

+ la11
2 

, a, rrocJie l!3Mepemrn, cocTOllHIIe orrpe,11eJIJ1eTCJ1 KaK 

llf')= Moll/I)= MollJI) = ao1oo)+a1IOl). 

..fp(O) ../(VJJMJMol'/1) laol
2 
+lal 

Bo BTopoM cJiyqae aepol!THOCTh, qro rrepBbltt 6IIT B cocTOHHIIII I If) ecTh e,11IIHIIIIa, 

BbJqIICJIJleTCH KaK p(l) = (1JflMtM1 IIJI) = lal +JaJ II, rrocJie II3MepeHI!H, cocTOHHl!e 

CIICTeMbl OIIIICb!BaeTCH B CJie)lY!QIIJ,eM BII)le: 

!VJ")= M1llf) = M1llf) a2IOl)+a3 lll) 

..fp(l) ../(VJIM1tM1l1J1) -Jlal +lal . 
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,[(mi paccMarpuaaeMoro rrpuMepa orrepaTOp 060611IeHHoro H3MepeHIDI Mm M0l!Cao 

orrpe,11eJIHTb qepe3 orrepaTOpbI rrpoeKTHBHoro H3MepeHmi:: M0 =Pao+ Poi, M1 = Pio + Fil' r.l(e 

Poo,Po1,Pio,Pi1- C00TBeTCTByIDil.(Ile rrpoeKL\Ilil Ha rrpocrpaHCTB0 C4 
CJie,llyroll(ero BH,lla: 

[ 

1 o o ol [o o o ol [o o o ol [o o o ol 0000 0100 0000 0000 
Pao= 0 0 0 0 ' Poi= 0 0 0 0 ,Pio= 0 0 1 0 ,Pii = 0 0 0 0 ' 

0000 0000 0000 0001 

r.11e Pao+ Poi+ Pio+ Pi1 = J<4) Il 1<4
) _ H,lleHTilqHblll orrepaTOp B C4. MarpHL\bl Mo, Ml 

HBmllOTCH .!IByxMepHblMil rrpoeKTopaMH B C 2 0 C 2 
Il Moryr 6b1Tb rreperrucaHbl B BH,l(e 

6JioqHbIX Marpu11: 

(
J<

2l OJ (0 0 J 
Mo = 0 0 ' M1 = 0 J<2) ' 

r.11e f 2l - Il,lleHrnqHblll orrepaTOp B KOMIIJieKCHOM rrpocrpaHCTBe C2
• Herpy,11HO rrpoaeplITb 

rrpHMbIM BbJqilcJieHileM, qTO BbIIIOJIH5IeTCH CJie,11yJ011Iee Heo6X0,11IlMOe ycJI0BHe: 

MJM0 +M;M1 =J<4). 
PacCMOTIJilM C00TBeTCTByIDil.\yro B3aHM0CBH3b C IIOO3-MepaMil Il3MepeHilll. B 3T0M 

cJiyqae ,!IJIH .!IByx IIOO3-Mep, CJie,11yx orrpe,11eJieHHIO, BepHbl CJie,11yro11IHe C00TH0IIIeHIDI: 

Eo =MJMo =Mo, E1 =M1tM1 =M1HE0 +E1 =J<4). 
AHaJIOrilqHO rrpHBe,lleHH0MY Bblllle BapuaHTY Il3MepeHHii, ecm1 Il3MepxeTCH BTOpoii 6HT B 

cocT0HHHH I 'I'), To Cyil.(eCTByIDT ,11aa .11pyrux aapuaHTa B03MOJKHbIX pe3yJibTaT0B H3MepeHuii 

( m = 2, 3 ): · IlJIII BTOpoii 6HT HYJib, IlJIIl e,!IHHHL\a. B rrepB0M aapuaHTe COOTBeTCTByIDil.\Illl 

orrepaTOp 060611IeHHoro H3MepeHIDI 6y,11eT: M 2 = IOO)(OOI +llO)(lOI , a ,!IJIH BT0poro CJiyqa»

M3 = IIO)(IOl+ll l)(l ll, r.11e M2 =P00 +Pi0, M3=Po1+Pi1. Qqeau,11Ho, qTQ ,11aHHbie 

Il3MepeHHH c B03M0lKHblMil 3HaqeHIDIMil ( m = 2, 3) OTJIIIqaJOTCH OT rrpe,llbl.!IY11Iero BapuaHTa 

(m=0,1). 
PaccMOTIJIIM oco6eHHOCTII 06cyJK.11aeMoro ¢opMaJIIl3Ma 0IIHCaHHH KBaHTOBbIX rrpo11ecc0B 

Il3MepeHilll Ha BalKH0M rrpHMepe o6o6Il.(eHHbIX Il3MepeHilll COCTOHHilll EeJIJia. 

HarrOMHilM, qTo qeTbipe C0CTOHHIIH EeJIJia IlMelOT Bil,11: 

I¢±)= }i-(100)±111)); 11/f±)= }i-(101)±110)), 

HBJIHHCb MaKCilMaJibH0 3arryraHHblMil, Il o6pa3yroT 6a3HC 3arryraHHbIX COCTOHHilll B 

rrpocrpaHCTBe C4 
• Hx qacTO Ha3bIBaJOT <<MaruqecKHMil» B CHJIY He06bJqHbJX ¢II3IlqecKHX 

CBOHCTB II BalKHOll p0JIIl B KBaHTOBbIX BbJqucJieHIIHX. 

Bu,11eJIIlM qacTHblll cJiyqaii: I¢•)= }i(loo)+lll)). EcJIIl Il3MepHTb rrepBbIH 6IlT B Ir), 

TO, KaK Il paHee, Cyil.(eCTBYeT ,!IBa B03M0lKHbIX BapuaHTa pe3yJibTaTa Il3MepeHIIll ( m = 0, 1 ): 

IlJIIl rrepBblll 6HT HYJib, IlJIIl e,!IHHIIL\a. ,ll;JIH CJiyqax m = 0 IIMeeM paHee rrpuae,11eHHblll 

BapuaHT o6o6Il.(eHHOro Il3MepeHIDI Mo . 
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Bepo»TH0CTb, qTo rrepBbiii H3MepeHHbiii 6uT B coCTo»HHII I¢•) 6y,11eT 0, orrpe,11eJil!eTCH B 

Bil.lle;. p(O) = (¢• JMJMo J¢+) = ½. IIocJie Il3MepeHIIll HMeeM KBaHTOBOe COCTOHHIIe: 

1 
M J¢+) r,;-IOO) 

\
¢+')= 0 =-"2-=✓2100). 

✓(¢+IMJM0 i¢+) _!_ 
2 

,ll;JIH cJiyqax m = 1 crrpaae,11JIHBa aHaJI0rHH aapuaHTa 060611IeHHOro H3MepeHHH M1 • 

BepoxTH0CTb, qTo rrepauii H3MepeHHbiii 6uT B cocT0HHHil I¢+) paaeH 1, BbJqucJIHeTCll KaK 

p ( 1) = (¢+IM; M 1 I¢+) = ½- IIocJie H3MepeHHH rroJiyqHM 

1 
MI¢+) ✓2111) 

\
¢+') ✓ I = -21-=✓2111)' II, KaK pe3yJibTaT, 

(¢•IM;M1I¢•) 
2 

KBaHT0B0e COCT0HHHe: 

1 1 
p(O)+ p(l)=-+-=1 

2 2 

(3aKOH coxpaHeHIDI BepOHTHOCTeii). OTMeTHM, qTo orrepaTOpbl Mo Il M, HBJil!IOTCH IIOO3-

MepaMII .1llIH o6o6Il.(eHHbIX Ha6JIJO,llaeMbIX COCTOHHilll. 

PacCMOTIJilM xopowo Il3BeCTHblll rrpHHL\IlII oonOJIIIUmeJlbHOCmU IIJIIl oyaJlbHOCmu 

CilCTeMbl ((qaCTill\a - B0JIHa», KOTOpblll CJiyJKilT OCHOBOH .!IJlll MH0rIIX KOHL\eIIL\Illl B 

KBaHTOBOll MeXaHHKe. 

• KfmHmo6blU oyaJ1u3M «11acmu!fa - 60J1Ha» 6 MoiJenHX npo!fecco6 u3Mepemm. Ha 

CTIJYKTYPH0M yp0BHe MO,lleJib KBaHTOBOll MeXaHHKil COCT0IIT Il3 ,!IByx C0CTaBHblX qacTeii, 

rrepBaH Il3 K0T0pbIX orrepupyeT C II0HHTIIeM KBaHTOB0r0 C0CTOHHilH IICCJie,11yeMOll KBaHTOBOll 

CilCTeMbI, a BT0paH qacTb - opIIeHrnpoBaHa Ha KBaHT0ByID ,!IHHaMIIKY (3BOJIIOL\Ill0 KBaHTOBOll 

CilCTeMbI). HaJIIIqIIe .11ayx II0,!IX0,110B CBH3aHO C .11YaJIII3M0M ((qaCTill\a - B0JIHa» OIIHCaHHH 

,!IHHaMIIqecKHX 061,eKTOB KBaHTOBOll MexaHHKII. OTMeTilM HeK0T0pbie oco6eHHOCTil II 

CBOHCTBa KBaHTOBOll 3B0JIIOL\Ilil II B3aIIM0CBH3b rrpo11ecc0B II3MepeHilll C .11YaJIIl3MOM 

rrpe,!ICTaBJieHHH ,!IHHaMHqecKIIX 061,eKTOB KBaHTOBOll MeXaHilKil. PaccMOTIJilM BOJIHOBOe 

rrpe,!ICTaBJieHile KBaHTOBOll ,lllIHaMHKil. ,ll;orrycTIIM, qTQ C0CTOHHile KBaHTOBOll CIICTeMbl, 

01mcaHHoe B cJie,11yro11IeM au,11e: I 1/f) = 2>; Ii), r.11e La; = 1, {Ii)} , orrpe,11eJIHeT MHOJKecrno 

opTOroHaJibHbIX BeKTOp0B. EcJIII i ~ 2, TO roaopxT, qTQ ,!IHHaMIIKa ,11aHHOll KBaHTOBOll 

CilCTeMbl IlMeeT BOJIHOBOH xapaKTep. B rrp0TilBHOM CJiyqae, i = 1 ' KBaHTOBaH CilCTeMa 

0IIIlCbJBaeT ,!IIlHaMHqecKoe II0Be,lleHIIe O,!IHOH qaCTIIL\bl II II03T0MY peqb II,lleT 0 

KoprrycKyJIHpH0M II0Be,lleHHil paccMarpuaaeMOll CIICTeMbl. 

• ClleO J.tampUlfbl u npo!feCCbl K6aHm06blX U3MepeHUU. O6paTHMCH K II0HHTillO CJie,11 

Ma'IpIIL\bl A , KOTOpblll 3arrHCb1BaeTCH KaK CyMMa ee ,!IHaroHaJibHbIX JJieMeHTOB A;;: 

Tr( A)= LA;;. CJie,11 MaTl)Ill\bI IIMeeT 1\IIKJIHqecKoe caoiicrno II JIHHeeH. IIpe,11rroJIOJKHM, 

qTo COCTOHHile .11ayx ¢Il3IIqecKIIX CIICTeM A Il B OIIIlCbJBaeTCH orrepaTOpOM IIJIOTHOCTil PAB. 
Pe,!IYL\IlPOBaHHblll orrepaTop IIJIOTHOCTil ,!IJIH CilCTeMbl A 3aIIHCbJBaeTCH B CJie,llyJOil.\eM BH,lle: 

PA = TrB ( p AB), r.11e qacTHblll CJie,11 Tr B - OTo6palKeHile orrepaTopoB, Il3BeCTHblX KaK 

qaCTHblll CJie,11 Ha,11 CilCTeMOll B . B pe3yJibTaTe: 
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PA= Tr8 (PAB) = Tr8 (PAB = la1)(a1 l®lb1)(b1 I)= (la1)(a1 l)Tr(lb1)(b1 I). 

qaCTHbIH cne.11 orrepaTopa, TaKliM o6pa30M, HBllileTCH llHCTPYMeHTaplleM 
KOJIHqecTBeHHOro om1caHHH Ha6JIIO).laeMbIX IIO).ICllCTeM, HaXOMIIIHXCH B KOMII031lJ.\1!1! 
COCTaBHOH CllCTeMbI. 

,nna pa3JI!lqeHHH KBaHTOBbIX COCTOHHl!H TPe6yioTCH KBaHTOBbie ll3MepeHHH. IIpoeKTHBHOe 
113Mepett11e Ha).I IIO).ICllCTeMOH IIO).I06Ho orrepaIIl!ll B3HTHH qaCTHOro cne.11a . .norryCTl!M, qT0 

l 
11MeeTca cocTOHH11e GHZ cne.11yiorrrero Bll,l(a: IGHZ)= ✓2(10A080c)+ll)8lc)) (3arryTaHHoe 

TPexqacT11qHoe cocTOHHHe 113 TPex KBaHTOBhrx 611T ABC). Toma qacTHhiii cne.11 Ha,!( O/.IHl!M 
KBaHTOBblM 6HTOM, Harrp11Mep, Ha).I CllCTeMOH A ' 3armIIIeM KaK 

TrA (IGHZ)(GHZI) = ½(P!n+½(P~c)' 
r.11e P!c=I0a0c)(08 0cl,P,~c=ll8 lc)(l8 lcl- T.e. rrocne B3HTHH qacrnoro cne.11a Ha,!( 

Cl!CTeMOH A IIO).ICHCTeMa BC HMeeT BepOHTHOCTb p = .!_ 11 HaXO).lllTCH B COCTOHHllll P!c 
2 

l!Jlll P1~c . CornacHO IIOCTynaTy KBaHTOBbIX 113MepeHllH, eCJill rrp0113Be).leHO rrpoeKTl!BH0e 

113Mepett11e B 6a311ce {lo),I1)} tta.11 c11cTeMoii A, To pe3ynhTaTOM 6y.11cr cocToatt11e jo) 

( COOTBeTCTBYJOIIIee Ptoc ) l!Jlll COCTOHHlle 11) ( COOTBeTCTBYJOIIIee P1~c ) C BepOHTHOCTb!O 

l 
p=-. 

2 

PaccMOTPl!M Terrepb KBaHTOBoe cocToatt11e I w) 113 TPex KBaHTOBbIX 611TOB Bili-la 

l 
lw) = ✓3(I1AOaOc) +I0 ) 8 0c) + I0 AO ale)). Bo3bMeM cne.11 Ha.11 KBaHTOBhIM 611TOM A 

TrA (I w)( wl) = l P!c +}lv;c )(v;c I, 
me llfl';c) = _}i-(I08 1c) +lla0c)) orrpe.11enaeT cocTOHHHe Eenna. 

TaK11M o6pa3oM, rrocne rrpoeKTllBHoro 113MepeH11a CHCTeMbI A B 6aJHce {lo),II)}, 

CllCTeMa C BepOHTHOCTb!O 
l 

p=-
3 

MO)KeT HaXO).ll!TbCH B COCTOHHllll 

I0) (coorneTcrnyiorrreMp!c) 11 c p = ¾ B COCTOHH1111 II) (coorncrcrnyiorrreM llfl';c) ). 

,norrycTl!M, qTO Q - COCTaBHaH (113 ).IByx KBaHTOBbIX 611T Q1 l!Qo) CllCTeMa, KOTOpaH 

I ) I010o)-ll1lo) 
HaXO).ll!TCH B 3arryrnHHOM COCTOHH!lll Eenna: '¥ Q = Ji . 

OrrepaTop IIJIOTHOCTl! p Q l!MeeT rrpe.11CTaBJieH11e: 
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(
I010o)-ll1lo)J((010ol-(l1lolJ l(I )( I I )( I I )( I I )( ) ~Q = .fi .fi =2 0100 0100 - 0100 1110 - 1110 0100 + 1110 1,101 = 

[ 

1 0 0 -11 
1 0 0 0 0 

=2 0 0 0 0 . 

-1 0 0 1 

Bbiql!CJil!M qaCTHbIH cne.11 no COCTOHH!l!O BTOporo KBaHTOBoro 6HTa, T.e. Cl!CTeMbl QI. 

B pe3yJihTaTe pe).IYl!llPOBaHHbIH orreparnp IIJIOTHOCTll p Q 
O 

= po l!MeeT cne.11yiorrr11ii Bll).I: 

Po = Tr1 (P Q) = ½[ Tr1 (I0100)(0100 l)-Tr1 (I0100 ) (1110 l)-Tr1 (11110 ) (0100 I)+ Tr1 (ll1I 0)(l1l 0 I)]= 

1 
= -[I 0o) (0o 1(01 I 01)-I 0o) (lo 1(11 I 01)-llo)(0o 1(01 I I1) + I lo)(lo I (11 I 11)] = 

2 

= -[loo)(oo l+llo)(lo I]= - = -/. 
1 1 (1 0) 1 
2 2 0 1 2 

Ilp11 '.HOM yqHTbIBaJIOCb, qTQ COCTOHHHH opTOroHaJibHbI: (01101) = 1, (01111) = 0 11 T.).I. 

OTMeTllM, qTo B ).laHHOM rrpHMepe pe/.lYIIllPOBaHHOe COCTOHHl!e Po HBJIHeTCH CMeIIIaHHbIM, 

TaK KaK BhIIIOJIHHeTca: Tr[(PS] = Tr[ (iJ] =½ < 1. 

,naHHbIH pe3yJibTaT xapaKTep113yeT oco6oe CBOHCTBO KBaHTOBOH Cl!CTeMbI, 
IIpl!Hl.\llIIllaJibHO OTCyrCTByi<lIIIee B KJiacc11qeCKOH CllCTeMe. 

,neiiCTBl!TeJibHO, COCTOHHl!e COCTaBHOH CllCTeMbI q11cToe: Tr[ (PQ )2] = 1 11 ycTaHOBJieHO 

TQqHo (MaKCl!MaJibHaH 11mpopMa1I11H). O.11HaKO rrepBbIH KBaHTOBbIH 6HT HaXO).lllTCH B 
CMelliaHHOM COCTOHHllll. 3TO 03HaqaeT, qTO 11mpopMa1IllH O COCTOHHllll ).laHHOro KBaHTOBOro 

6Hrn He MaKCl!ManbHa, a caMa rro.11cHcTeMa 11MeeT 6onee xaornqecKoe rr0Be.11ett11e, qeM 

COCTaBHM CllCTeMa. II0.1106Hoe CTPaHHOe /.lllil KJiacc11qeCKHX CllCTeM CBOHCTBO, Kor.11a 0 
COCTaBHOH Cl!CTeMe HMeeTCH IIOJIHaH l!HqJOpMaIIHH, a O IIO).ICl!CTeMax - TOJibKO qacTb 

HHcpopMal!llll, xapaKTepmycr crroco6HOCTb KBaHTOBbIX CllCTeM K caMoopraHH3aIIllll 3a cqeT 

llCIIOJib30BaHHH CBOHCTBa cyrrepKoppeIDIIIllll (KBaHTOBOH KOppeJIHl!llll), co.11ep)Karrreiica B 
3arryraHHbIX COCTOHHllHX. MMeHHO 3a cqeT HaJil!qll}I KBaHTOBOH KoppeJIHIIllll y ).IByx 

CMeIIIaHHbIX COCTaBHbIX COCTOHHl!H IIOHBHJiaCb B03MO)KHOCTb opraHH30BaTb qllCTOe 

COCTOHHlle. 3BOJI!OIIHH COCTOHHHH KBaHTOBOH Cl!CTeMbI OIIllCbIBaeTCH ypaBHeHlleM 
lllpe.1111Hrepa, a o6o6rrreHHb!e KBaHTOBbie ).11IHaM1IqecK11e IIPOIIeCCbl cpopMaJI113YJOTCH 
KBaHTOBbIMll orrepaTopaMH. 

Ilpl!Hlll!II ).IOIIOJIHl!TeJibHOCTll rrpe.11rronaracr i-1YaJI113M (<'laCTllIIa-BOJIHa» rrp11 OIIl!CaHl!ll 
KBaHTOBoro 061,eKTa. ~ 113BJieqeHHH l!HcpopMaIIl!ll O IIOBe).leHl!ll KBaHTOBOrO o6oeKTa 

Heo6xo).IHMO rrpOBO).ll!Tb KBaHTOBbJe ll3MepeHHH. YHllTapHbie orrepau;1111 CBH3aHbI C BOJIHOBblM 
rrpe).lcTaBJieHl!eM ).11IHaM11qecKoro IIOBe).leHllH KBaHTOBOro 061,eKTa. O.11ttaKO He yttl!TapHbie 
orrepaTOpbI pa3pymaIOT BOJIHOBYJO Kaprntty OIIl!CaHl!H CllCTeMbI Ii IIpl!BO,!(HT K 
KoprrycKynapHOMY rrpe).ICTaBJieHl!!O. 

B KBaHTOBOM cnyqae IIOJIHOTa 11 KOppeKTHOCTb OTHOIIIeHl!H TPe6ycr BblIIOJIHeHHH 

ycJIOBHH: Tr(p) = 1, qTQ ).llliI KBaHTOBbIX 113MepeHHH BepHO B c11ny ycJIOBllH (II2.2). 
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Onepal.lIDI B3JITIIJI CJie,[la 03Ha'laeT, 'ITO C onpe.r1eJieHHOCThlO MO)KHO o6Hap)')KHTh qacTIII.IY B 
npocrpaHCTBe COCTOJIHIIii, nocne qero BOJIHOBOe noBe,[leHIIe KBaHTOBOii 'laCTIII.11,J 
pa3pyrnaeTCJI, PacCMOTPIIM cnyqaii KBaHTOBb!X II3MepeHIIii C noMOll.lhlO npoeKTIIBHb!X 
onepa11IIii. BepOl!THOCTh pe3yJihTaTa II3MepeHIDI, KaK OTMe'laJIOCh paHee, onpe,l'.leJilleTCJI B 

BII,[le p( m) = (\VJM!Mm J\/1'). TaK KaK nocne npoeKTIIBHOro II3MepeHIDI cocTOJIHIIe 

KBaHTOBOii CIICTeMhI opToroHaJihHO, cornacHo onpe.r1eneHIIIO J \/,/)=La; Ii), i = 1 , TO ee 

noBe,[leHIIe HOCIIT KopnyCK)'JlJlpllblU xapaKTep. TaKIIM o6pa30M, pa3pyrnaeTCJI paCCMOrpeHIIe 

BOJIHOBOro npe,l'.ICTaBJieHIIJI. 
O.r1HaKO nocJie IIOO3-II3MepeHIIii KBaHTOBall CIICTeMa MO)KeT npOl!BJIJ!Th BOJIHOBbJe 

CIICTeMa JIBJilleTcll .rlByxMepHoii B 6a3IIce {IO), I 1)} . CBOllCTBa. )];onycTIIM, 'ITO KBaHTOBall 

PaCCMOTPIIM IIOO3-Mepy II3MepeHIIJI B BII,[le rpex onepaTopoB: 

✓2 ✓2 1 
E1 =~l1)(1I; E2 =~·-(lo)-l1))((0l-(1I); E3 =I-E1 -E2, 

l+v2 l+v2 2 
KOTOpb!e nonapHO He opTOfOHaJihHb!. Ilocne IIOO3 - II3MepeHIIll KBaHTOBaJI CIICTeMa 

npOl!BJIJleT KaK 60Jlll060e, TaK II KopnycKyllRp11oe noBe,[leHIIe. 
Ilo.r106Hall ,[IOnOJIHIITeJihHOCTh cyrnecrnyeT Me)K,[ly 3anyTaHHhlM COCTOJIHIIeM (KBaHTOBOii 

KOppeJIJII.IIIeii) II IIHTepcpepeH11IIeii. Mepa KBaHTOBOll KOppeJilll.lIIII (entanglement) 
npe.r1cTaBJIJ1eT y6MBa1011.1yio IPYHKI.IIIID OT Mephr «np03pa'IHOCTII» (visibility) 3aBIICJ11I.1eii oT 
IIHTepcpepeHI.IIIII. PaccMOrpIIM ,[(OnOJIHIITeJibHOCTh Me)K.[ly KBaHTOBOii KoppeJIJII.IIIeii II 

IIHTepcpepeH11IIeii Ha npIIMepe 060611.1eHHOfO COCTOJIHIDI EeJIJia., 
IlpIIMep 18: ,aonoJ111UmeJ1bHOCmb Me;JJCOy 3anyma1111b1J11 cocmoRHUe.M u u11meprjJepe111fueu. 

Bo3hMeM 060611.1eHHoe (3anyraHHoe) c~CTOJIHIIe Eenna I\V)=al01)I02)+bll1)112) c 

orpaHII'leHIIeM Ha aMnJIIITY.rlhl BepOl!THOCTeii, CJie.[lyIDII.IIIM II3 ycJIOBIIll YHIITapHOCTII: 

a2 + b2 = 1. IlpoBe,[leM YHIITapHoe npeo6pa30BaHIIe C nOMOll.lblO oneparnpa (MarpIIl.lbl) 

Bpa11.1eHIIll no nepBoMy Bhl'lIICJIIITeJihHOMY 6a3IICY {l01),l11)} ,[IJill nepBoro KBaHTOBoro 

6IIral01) ➔ cosal01) + sinall1) II nonyqIIM B pe3yJihTaTe: 

l\/1') ➔ l\/1'') = a( cosal01) + sinall1) )l02 ) + b( cosall1)-sinal01) )l12). 

Cne.r1yio11.1eii onepa11IIeii ocyrnecTBIIM Ha6n10.r1eHIIe nepBoro KBaHTOBoro 6IITa 6e3 

B03MYll.leHIIll BTOporo. BepOl!THOCTh II3BJie'lh COCTOJIHIIe 101) onpe,l'.leJilleMall KaK 

lfo,) =½[1+(a2 -b2)cos2a ], JIBJIJleTCJI TIInII'lHhlM npIIMepoM 3cpcpeKTa IIHTepcpepeHI.IIIIl, 

eCJIJI IIHTepnpeTIIPOBaTh yroJI a KaK yrrpaBJilleMhlll napaMerp. Mepa «npo3paqHOCT!I» 

IIHTepcpepeHI.IIIII: r = I a2 -b21, KaK cpII3II'lecKal! Mepa pe3yJihTaTa II3MepeHIIii oHa IIcqe3aeT, 

eCJIII Ha'laJihHOe COCTOJIHIIe 6hJJIO MaKCIIMaJihHO 3anyraHHb!M (MaKCIIMaJihHO 

KOppe!IIIpoeaHHhIM), T.e. npII a2 = b2
, )];aHHall !pII3II'leCKall Mepa MaKCIIMaJihHa, KOr.[la 

COCTOJIHIIe pa3,l'.leJIJIMO (T.e. npII a= 0 IIJIII b = 0 ). 
C .r1pyroii CTOpOHhl, II3BeCTHO, 'ITO Mepoii 3anyraHHOCTII COCTOJIHIIJI (KBaHTOBOll 

KOppenIIpoeaHHOCTII) CJI~IIT qacTHhlll CJie,[I no O,[IHOMY II3 COCTOJIHIIll B BII,[le 3HrpOnIIII cpoH 

HeiiMaHa (onpe.r1eneHIIe CM. HII)Ke) cne.r1yio11.1ero BII,[la: E = S(p,,d) = -a
2 
loga

2 
-b

2 
logb

2
, 

nJIOTHOCTII IIMeeT Blf.rl: me pe.r1Y11JIPOBaHHh1ii onepaTop 

Pred = Tr2 I\V')(\V'I = Tr2 I\V)(\VI = a
2 

I01)(01 l+b
2 

l11)(11 I• 
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KBaHTOBaJI KOppeJIJll.lllll nonyqaeT MaKCIIMaJihHOe 3Ha'leHJie E = 1 npII a 2 = b2 II 

M!IHIIMaJihHOe - E = 0' eCJIII a = 0 IIJIII b = 0 . TaKIIM o6pa30M, 'leM BhIIIIe KBaHTOBaJI 
KoppeJIJll.lllll COCTOJIHIIJI, TeM HII)Ke «np03pa'IHOCTh)) IIHTepcpepeHI.III!I II Hao6opoT. 

)];pyraH nonyJillpHall Mepa KOppeJilll.lIIIl, IIMeHyeMaJI orpIIl.laTeJihHOCTh N , onpe.r1eJIJ1eTCJI 
KaK orpn11aTeJihHOe 3Ha'leHIIe Y.rlBOeHHOfO 3Ha'leHJIJI HaJIMeHbIIIero co6crneHHOro 3HaqeHIIl! 

rpaHcnoHIIpOBaHHoii MarpIIl.lhl IIJIOTHOCTII. CJie.[IOBaTeJihHO, N = 21 ab 1-

Mepa ,[IOnOJIHIITeJibHOCTII Bhlpa)KaeTCJI B ,[laHHOM cnyqae KaK N 2 + r 2 = 1 . Tor.r1a 
B3aIIMOOTHOIIIeHIIe Me)K.[ly 3anyraHHh!M COCTOJIHIIeM II IIHTepcpepeHl.llieii cne.r1yeT II3 

orpaHII'leHIIl! B BII,[le YHIITapHOCTII KBaHTOBh!X onepaTOpOB: a 2 + b2 = 1 . 
TaKIIM o6pa30M, B MO,[leJIJIX KA Mephl KBaHTOBOii KOppeJIJII.III!I II IIHTepcpepeHI.IIIII He 

JIBJilllOTCJI He3aBIICIIMh!MII, II 3cpcpeKTJIBHOCTb nOIICKa ycneIIIHOrO peIIIeHIIJI C noMOll.lhlO KA 
3aBIICIIT OT B3aIIMOOTHOIIIeHIIJI Me)K,[ly HIIMII. 

II2.2. Mom:.rrnpoBanne KAH II KBaHTOBoe rrporpaimunpoBanne 

OCHOBY MeTO,[la rrpoeKTilpoBaHIIl! KBaHTOBhIX anropIITMII'leCKilX cxeM II eMy no.r106Hb!X 
MeT0,[108 cpopMIIpoeaHIIl! HOBb!X T!InOB KA COCTaBJIJleT CIICTeMa rrpoeKTIIpOBaHIIJI KBaHTOBhIX 
anrop!ITMII'leCKIIX ll'leeK (KA51). KaK II B 0611.1eii crpYKType KA, CTPYKTypa cncTeMhI 
npoeKTIIpOBaHIIl! KA5J: OCHOBaHa Ha cpopMaJIII3al.lIIII OnIICaHIIl! rpex OCHOBHh!X KBaHTOBhIX 
orrepaTOpOB (cyrrepno3JII.IIIII, KBaHTOBOii KOppeJIJII.IJIII (3arryraHHh!X COCTOJIHIIii) II 
!IHTepcpepeHI.1II!I) II II3MepeHIIii B BII,[le :meMeHTapHb!X 3BOJll01.1IIOHHh!X YHIITapHb!X 
onepaTOpOB. B COOTBeTCTBIIII c KBaHTOBOii cxeMoii KA, ,[laHHhie onepaTOpbl co6paHhl 
TeH30pHhlM JI npJIMh!M npmnee,[leHIIeM B e,[IJIHhlll 3BOJll01.1IIOHHhlll KBaHTOBhlll YHIITapHhlll 
onepaTop. 

o Cucme.Ma J1100eJ1upoea11Ufl Kea11moeb1x ewmcJ1e11uu u KA peaJIII3YeTCJI Ha 
KJiaCCII'leCKIIX KOMnhIOTepax c npIIMeHeHJieM KA5I. Ilpo11ecc npoeKTIIpOBaHIIJI KA5I B 
MarpII'IHOii cpopMe 3aKJIIO'laeTCJI B rrpoeKTIIpOBaHIIII rpex KBaHTOBh!X oneparnpoB: 

cyrrepn03III.IIIII (Sup), KBaHTOBOii Koppe!IJII.IIIII (3anyraHHh!X COCTOJIHIIii-entanglementUF), II 

IIHTepcpepeHI.IIIIl (Int), KOTOph1e cocraBJIJIIOT ocHOBY CTPYKTYP KA. B 0611.1eM BII.[le CTPYKTYPa 
KA5I MO)KeT 6hITh npe.r1cTaBJieHa B BII.[le: 

KAfI=[(Int®" 1)-uF rl {"H®m s], (II2.4) 

r.r1e I - onepaTop II,[leHTII'lHOCTII; 18) - CJIMBOJI TeH30pHoro npomBe,[leHHJI; S paBeH / HJIH 
Marpn11e A.r1aMapa II Bh16op 3aBHCIIT OT onncaHHJI IIccne.r1yeMhIX cBoiicTB IPYHKI.IHII. 

O.[IHOii II3 oco6eHHOCTeii npo11ecca npoeKT!IpoBaHIIJI KA5I JIBJilleTCJI Bbl6op THna 

onepaTopa U F , !pII3II'leCKH OnHChJBaIOII.IHii TIIn KBaHTOBOii KOppeJIJII.IIIII Il 3aK0,1'.1HpoBaHHh!e B 

cyrrepno3n11nII Ka'lecTBeHHhre cBoiicTBa nccne.r1yeMoii IPYHKI.IIIH f. 
Pa6ora KBaHTOBb!X onepaTopoB ocyrnecTBJilleTCJI B HTepaTHBHOM pe)KHMe B 3aBIICHMOCTJI 

OT Tuna KA. Ilpn 3TOM ,[IJill 0611.1ero cnyqaH npe.r1nonaraeTCJ1, 'ITO onpe.r1eneHHhie 
BhI'lIICJIIITeJihHhle rrpo6JieMhl Moryr 6b!Tb peIIIeHhl Ha KBaHTOBOM KOMnhIOTepe 6onee 

3cpcpeKTHBHO (c MeHbIIIeii Bhl'lHCJIHTeJihHOii CJIO)KHOCThlO, TaK Ha3b!BaeMall NP - npo6JieMa), 
'leM Ha KJiaCCH'leCKOM KOMnhIOTepe. Eonee Toro, C nOMOll.lhlO ::icpcpeKTHBHOro IIpHMeHeHHJI 
KBaHTOBOfO KOMnhIOTepa ,[IOCTIIraIOTCJI peIIIeHHJI anropHTMH'leCKH He pa3peIIIIIMh!X ( Ha 
KJiaCCII'leCKOM ypOBHe) rrpo6JieM. 
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TaKIIM o6pa30M, cymecTByIOT 3<p<peKTl!BHO pernaeMbJe C IT0M0Jllb!O np11MeHeH1IH KA 
33).131111, .Lilli! K0T0pb!X He cymecTByeT HI! 0,/.IH0ro ycnellIH0fO KJiacc1111ecKoro 

(paH).IOMII31IpOBaHHOrO) a.rrropl!TMa. 3TH Ha6JIIO).leHl!H CBl!).leTeJibCTByIOT 0 TOM, 'IT0 KA 
C0CT3Bllil!OT <pll3111IeCKII o6ocHOB3HHbIH. 6a31!C He T0JibK0 TeXHIIKll ycKopeHHH Bbl1IIICJieH11ii. 

HO II IT0IICKa perneHIIH. CJI0)KHbIX npo6JieM, IICIT0Jlb3YH TaKl!e KB3HT0BbJe 33K0Hbl, Ka; 

cynepn031IIJ;IIH (.Lilli! pacrn11peHIIH npocrpaHCTBa B03M0)KHbIX perneH11ii.), KB3HT0Bb!U 

napa.rrJieJil!3M npou;ecC0B Bbl'IIICJieHl!H. ( B IIHTepecax ycKopeHHH IT0IICKa perneH11ii.) 11 

KBaHT0BaH IIHTep<pepeHIJ;IIH (c u;eJib!O 113BJie1IeH1IH IICK0M0ro perneHHH). 

CTPYKTYPHO KA5I .11eii.crnyer Ha H31Ia.JibHbIH. K3HOHl!1IeCKIIH. 6a31ICHbIH. BeKTop II 

qiopM11pyeT K0MIIJleKCHyIO Jll!HeH.HyIO KOM61IH3IJ;IIIO COCTOHHIIH. C0CTaBllillOJllllX 

KJiacc1111eCKIIX BeKTopoB (Ha3bIBaeMyIO cynepn0311u;11eii.) B Bil.lie 6a31ICHbIX BeKT0p0B Kai( 

Bb!XO).IHOH. pe3yJibTaT .11eii.CTBHH onepaTopa cynepn031IIJ;IIII. Cynepn031IIJ;IIH co.11ep)K1IT B 

Ka11ecrne 0,/.IHOH. ll3 C0CTaBllil!OJlllIX IIH<pOpMaIJ;l!IO 0 perneHIIII IICCJie).lyeMOH. npo6JieMbl. 

IlocJie npou;ecca qiopM11poBaH11» cynepno311u;1111 B KA5I np11MeHHIOTC» oneparnpb1 

KB3HTOBOH. K0ppellilIJ;IIII, l!HTepqiepeHIJ;IIII II ll3MepeHHH C u;eJib!O ll3BJie1IeH1IH IIH<pOpMau;1111 

06 IICK0M0M perneHl!II. B KB3HTOBOH. MexaHl!Ke npou;ecc 113MepeHl!H H0CIIT Heo6paTllMb!H. 

xapaKTep II HBllileTCH He.11erepMIIH1!pOBaHHOH. onepau;11eii., 'IT0 np11B0).IIIT K 113MepeHl!IO 

T0JlbK0 0,/.IH0ro 113 6a31!CHbIX BeKT0p0B B cqiopM11poBaHHOH cynepn031IIJ;IIII. BepOHTHOCTb 

K3)K).10rQ 6a31ICHOro BeKTopa 6bITb pe3yJibTaT0M 113MepeHl!H B C0CTaBe cynepn031IIJ;IIII np11 

33).13HH0M Bbl'IIICJIIITeJibH0M 6a31!Ce 33BIICIIT OT K0MITJieKCH0ro K03<p<plIIJ;lleHTa (aMIIJllITY.llbl 

Bepo»THOCTII). 

OcTaHOBKa 1ITepau;110HH0ro .11eiiCTBIIH KA5J ocymeCTBJIHeTCH nporpaMMHbIM nyreM Ha 

0CH0Be nplIHIJ;IIITa MIIHIIMYMa IIH<pOpMau;110HHOH 3Hrpomm (<llHTeJIJieKTya.rrbH0ro 

KBaHT0B0r0 C0CT0HHIIH», co.11ep)K3Jllero u;eHHyIO IIH<pOpMau;1110 06 IICK0M0M perneHIIII. ~ 
Moryr 6bITb pea.JIII30B3Hbl C IT0M0JllblO nporpaMMHO-annapaTHOH. no.11.11ep)KKII 

3B0JIIOIJ;II0HHbIX KB3HT0Bb!X Bbl'IIICJieHIIH. 

0 B K6a11moeoM npozpaMMUpoeauuu cymecrnyer ).10Ka33TeJibCTB0 IT0JIH0Tbl on11caHIIH 

KA5J C IT0M0Jllb!O C00TBeTCTByIOJlllIX nporpaMMHblX H3b!K0B ITOBbillieHHOH. ceMaHTl11IeCKOH. 

Bblp3311TeJibH0CTII. Ilo aHa.rror1111 C cymecTB0B3HlleM 3KBIIBa.JieHTH0CTII B Teop1rn 

Bbl'IIICJieHIIH, K0T0pa» 0CH0BaHa Ha KJiacc1111eCKIIX aJir0plITMax, 113BeCTHa r11n0Te3a 06 

3KBIIBa.JieHTH0CTII Me)K).ly npe).ICT3BJieHlleM Bb!pa)KeHl!ll KB3HT0Bb!X onepau;11ii. Ha 

CIIHTaKCII'leCK0M yp0BHe C coxpaHeHl!eM IT0JIH0Tbl IIX 0ITIIC3HIIH 33 C'leT BKJIIO'leHHH B 

KB3HT0Bble H3b!KII nporpaMM1Ip0B3HIIH ceMaHTl!'leCKOii. Bblp331!TeJibH0CTII KBaHT0BblX 

onepaTopoB (Ha <pyttKIJ;IIOHa.JibHOM ypoBHe 0ITIIC3HHH .11eii.crn11ii. KBaHT0BbIX onepaTopoB). 

O).IHIIM, ll3 ecTeCTBeHHbIX rnaroB B 3T0M HanpaBJieHIIH, HBJIHeTCH pa3pa60TKa npl!HIJ;IIIT0B 

JI0r1111eCK0ro Bb!B0).la II npoBepKII IICTIIHH0CTII Cy)K).leHl!ll B H3b!K3X KBaHT0B0rD 

nporpaMMIIp0BaHl!H ).lllil ycrpaHeHHH npOTIIBOpe1111ii. B IT0JiyqaeM0M CJie).ICTBIIII Jior1111eCK0rD 

Bb!B0).13. K T3KIIM H3bIKaM KB3HT0B0ro nporpaMM11p0B3HllH CJie).lyeT 0THeCTII, Hanp11Mep, 

H3bIK QPL (Quantum Programming Language) 11 .11p. 

PaCCMOrplIM, KaK ocymeCTBllileTCH B H3b!Ke QPL Henp0TIIB0pe1111Boe on11caH1Ie, 

Hanp11Mep, onpe.11eJieHHH .11eiicrn11» onepaTopa A,/.laMapa B cJie.11ywmeM BIi.lie: 

H x = if x then (false+ ( -1) *true) else (false+ true) . 

Ou;eHl!M IT0JIH0TY II IICTIIHHOCTb ).13HHOr0 Bblp3)KeHIIH, K0TOpoe 3KBIIBa.JieHTH0 npoBepKe 

IICTIIHHOCTII Toro, 'ITO IT0CJie).I0BaTeJibH0e .11eii.CTB1Ie onepaTop0B A,/.laMapa H ( H X) Ha 

q>YffKIJ;IIOHa.JibHOM ypOBHe OITIIC3HIIH np11B0).IIIT K pe3yJibTaTY, 3KBIIBa.JieHTH0MY X. 

.D:JI» 3T0ro IICIT0Jib3YeM CJie).lyIOJllyIO M0).leJib JI0r1111eCK0ro Bb!B0).la Ha H3bIKe QPL: 
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H(Hx)= if(ifxthen (false+(-l)*true) else (false+true)) 

then (false+(-l)*true) 

by "if'' 

else (false+ true) 

- - by commuting conversion for "if'' 

ifx 

then if (false+ (-1) *true) 

then (false+ ( -1) *true) 

else (false+ true) 

else if (false+ true) 

then (false+(-l)*true) 

else (false+ true) 

= ifx 

then (false - false+ true+ true) 

else (false+ false+true-true) 

- - by simplification and normalisation 

= if x then true else false 

- - by 17-rule for "if'' 

=x 

3JieMeHTbl Teop1111 npoBepKII ITOJIH0Tbl II IICTIIHH0CTII ceMaHTl!KII qJYffKIJ;IIOHa.JibHOro 

0ITIIC3HIIH KA Ha H3bIKe q>YffKIJ;IIOHa.JibHOro KBaHT0B0ro nporpaMMIIp0BaHl!H QPL 0ITIIC3Hbl 

HII)Ke. 

o Keaumoebze Jl3blKU npozpaMMupoea11W1. Ilp11 npoeKTHpoBaH1111 H3bIKa 

nporpaMM1Ip0B3HllH 0,/.IHa 113 u;eJieH C0CT0IIT B TOM, 1IT06b! 11).leHTII<pllIJ;llpOBaTb II 

npopa6oTaTb IT0Jie3Hbie IT0HHTIIH "Bb!COKOfO ypOBHH" - a6cTp3KIJ;IIII IIJIII napa.1111rMbI, 

K0TOpbie IT03BOJIHIOT pernaTb npo6JieMY KOHu;enTya.rrbHbIM cnoco6oM, BMeCT0 

cocpe.110To11eH1IH Ha .11eTa.JIHX ero BbIIT0JIHeHl!H. HccJie).10BaH11e KBaHT0Bbix »3hIK0B 

nporpaMMIIp0BaHl!H 06ecne1111BaeT yperyJI11poBaH11e, B K0T0p0M MO)KH0 IICCJie).I0B3Tb 

B03MO)KHbie H3bIKOBbie oco6eHHOCTII II npoBep»Tb IIX ITOJIH0TY II 3KCnpecc11BHOCTb. KpoMe 

Toro, onpe.11eJieH11e np0T0Tl!ITa H3b!K0B nporpaMMIIp0BaHl!H C03).laeT 061,e).IIIHHIOJllyIO 

qiopMa.JibHyIO CTPYKTYPY, .llllil paccMorpeHl!H II aHa.JIII3a cymeCTByIOJllero KB3HT0BOro 

a.rrrop11TMa. 

0 Mooenu eupmyGJlbllblX J.taUJUII Pa3BIITl!e H3b!K0B nporpaMM1Ip0B3HIIH 113CT0 

Bbl3bIBaeTCH Hap».11y C .11pyr1IMII np111IIIH3MII pa3B11TlleM MeT0).10B npoeKTllp0B3HIIH 

KOMITIIllilT0p0B. B CJiyqae KBaHT0BbIX Bbl'IIICJieHIIH. Cl!Tyau;HH ycJI0)KHHeTCH 0TCYTCTBIIeM (B 

HaCT0HJllee BpeMH) np11r0).IHOH K IICIT0Jib30B3HIIIO KB3HT0B0H Bbl'IIICJil!TeJibHOH. annapaTypbl. 
1fro6hl l!MeTb B03M0)KH0CTb fOB0pl!T 0 «pea.rr113au;1111», Heo6xo).IIIMO onpe.11eJil!Tb HeKOT0pyIO 

((BllpTya.rrbHyIO» M0).leJib Bbl'IIICJil!TeJibHOH. M3Illl!Hbl II pa6oTaTb C Heii.. Ilp11 3TOM CJie).lyeT 

IT0HIIM3Tb, 'ITO 6y.11yma» pea.rrbH3H KB3HT0B3H M3Illl!Ha, B03MO)KH0, 6y.11eT cymecTBeHH0 
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OTJIII'laThCH OT :noii BIIPTYaJihHOH MO):jeJIII, HO 3TII OTJIII'IHH B II,neaJibHOM cnyqae ,'IOJllKHbl 

6hITh ITp03pa'IHhlMII ,'IJIH ITporpaMMIICTa II o6pa6aTbIBaTbCH aBTOMaTII'leCKII KOMITIIMTOpOM 

IIJIII OITepa11IIOHHOH CIICTeMOH. CYII.leCTB)'IOT HeCKOJihKO B03MOlKHhIX Moneneii BIIPTYaJihHhIX 

MaIIIIIH, HO Bee OHII 3KBIIBaJieHTHhI, ITO KpaiiHeii Mepe, TeopeTII'leCKH. 

TaKIIM o6pa30M, MOlKHO ITO,no6paTb MO,neJih, KOTOpaH HaIIJIY'!llIIIM o6pa30M 

COOTBeTCTByeT Bhl'IIICJIIITeJihHOH IIHTYIII.IIIII. IlO-BII,nIIMOMY, HaII6onee ITOITYJIHpHoii II 

ITOHHTHOH BIIPTYaJihHOll MO,neJiblO MaUIIIHhl HBJIHeTCH MO,'leJih KBaHTOBOll l.leITII. 

KBaHTOBaH 11eITh CTpOIITCH II3 KBaHTOBhlX H'!eeK TO'IHO TaKIIM )Ke o6pa30M, KaK 

KJiaCCII'leCKaH JIOfII'leCKaH 11eITh - II3 JIOfll'leCKIIX H'!eeK. OTJIII'!IIe COCTOIIT B TOM, 'ITO 

KBaHTOBbie H'leHKH BCer,na o6paTIIMhl II COOTBeTCTB)'IOT yttIITapHbIM ITpeo6pa30BaHIIHM B 

ITpOCTpaHCTBe KOMITJieKCHhlX BeKTopoB. Mo,neJih KBaHTOBOll cxeMhl, B OCHOBHOM, 

paccMaTPIIBaeT yttIITapHhie ITpeo6pa3oBaHHH KaK OCHOBHhie 6aJOBhie OITepa11IIII. ,[(pyroii 

6a30BOll OITepa11IIeii HBJIHeTCH II3MepeHIIe, KOTOpoe BhllIOJIHHeTCH KaK ITOCJie,nHIIii Illar B 

ITpo11ecce Bhl'IIICJieHIIH. 

,[(pyraH MO,'leJib BIIPTYaJihHOll MaUIIIHhI, B03MOlKHO naJKe 6onee ITO,nXOMllIM MH 

IIHTepITpeTal.lIIII KBaHTOBhlX $.13hllWB rrporpaMMIIPOBaHirn, MO,neJih QRAM, 
ITpe,nJIOlKeHHaH Knill. B 3TOH MO,'leJIII ,noITycKaeTCH CB060,1Hoe ITepeMeUIIIBaHIIe 

yttIITapHbIX ITpeo6pa30BaHIIH II II3MepeHIIii. KBaHTOBhIM ycrpoiicTBOM yrrpaBJIHeT 

yttIIBepCaJihHhlll KJiaCCII'leCKIIll KOMIThJOTep. 3TO KBaHTOBOe YCTPOHCTBO coneplKIIT 6oJibIIIOe, 

HO KOHe'!HOe 'IIICJIO IIH,'IIIBII,nyaJihHO a,npecyeMhIX Ky6IITOB TO'IHO TaKOe, KaK B 

KJiaCCII'leCKOM 'IIIITe ITaMHTII co,neplKIITCH KOHe'IHOe MHOlKeCTBO KJiaCCII'leCKIIX 6IITOB. 

KnacCII'leCKIIii KOHTPOJIJiep ITOChrnaeT ITOCJie,noBaTeJihHOCTh IIHCTPYKlIIIii ( <<KoMatt,n»), 

KalK,'laH II3 KOTOpblX IIMeeT BII,'I «ITpIIMeHIITh yttIITapHOe ITpeo6pa30BaHIIe UK Ky6IITaM i IIj» 
IIJIII (<II3MepIITh Ky6IIT j». KBaHTOBOe YCTPOHCTBO BhllIOJIHHeT 3TII IIHCTPYKlIIIII II BhI,naeT B 

Ka'!ecrne OTBeTa pe3yJihTaThl ,IOCTyrrHhIX II3MepeHIIii. 

11Horna B pa6oTaX ITO TeOpIIII CJIOlKHOCTII IICITOJihJyeTCH TPeTbH Mo,neJih BIIPTYaJihHOll 

MaUIIIHhl - KBaHTOBaH MaUIIIHa Tb!OpIIHra. B 3TOH MO,'leJIII II3MepeHIIe He ITpOII3BO,nIITCH, a 

BCe OITepa11IIII ITpe,nITOJiaraJOTCH yttIITapHbIMII. MaIIIIIHa cneplKIIT JieHry, fOJIOBKY II 

KOHe'!Hhlll Ha6op yrrpaBJIHIOllIIIX ITpaBIIJI ITepexona, aHaJIOfII'IHO KJiaCCII'!eCKOMY BapIIaHTy. 

Xorn TCOpeTII'leCKII 3Ta MO,'leJih 3KBIIBaJieHTHa ,nBYM ITpe,nhIJ:1Y111IIM, B 06ll.leM cnyqae OHa He 

paccMaTPIIBaeTCH KaK ):IOCTaTO'IHO peaJIIICTII'leCKOe ITpII6JIIIlKeHIIe ,nM B03MOlKHhIX 6y.nY111IIX 

KBaHTOBhIX KOMIThlOTepoB. 

0 Jf.MnepamU6Hble KeaHm06ble R3blKU npo2paMMUp06aHUR. PaHee ITpe,nnoJKeHHbIC 

KBaHTOBhie H3hIKII ITporpaMMIIpOBaHIIH CJie,'IOBaJIII 3a IIMITepaTIIBHOll ITporpaMMHOll 

ITapanIIrMOH. 3Ta JIIIHIIH H3hIKOB 6hrna Ha'!aTa Knill, KOTOpblll OITpe,neJIIIJI pHn COfJiaUieHIIll 

,'IJIH BblpalKeHHH KBaHTOBhIX anropIITMOB B ITCeB,nOKO,'le. HeCMOTPH Ha TO, 'ITO ITpennolKeHIIC 

Knill 6bIJIO He O'leHh qiopMaJihHO, OHO OKa3aJIO 60JihUIOe BJIHHHIIe ITPII ITpOeKTIIpoBaHIIII 

6onee IT03,'IHIIX IIMITepaTIIBHhlX KBaHTOBhIX H3h!KOB ITporpaMMIIpOBaHHH. Eonee ITOJIHbIC 

IIMITepaTIIBHhre H3hIKH 6hrnII OITpeneneHbl: Omer, Sanders II Zuliani, Bettelli II MH. ,np. 

O6ll.lM qepTa 3TIIX IIMITepaTIIBHhIX KBaHTOBhIX H3hIKOB rrporpaMMIIpOBaHIIH 3aKJIJO'!aeTCH 

B TOM, 'ITO ITporpaMMa paccMaTPIIBaeTCH KaK ITOCJie,noBaTeJihHOCTh OITepa11IIii, KOTOpbre 

pa60TalOT, o6HOBMH HeKOTOpoe rno6aJibHOe COCTOHHIIe. 3TII H3hIKH MOfyT 6bITb 

HeITocpe,1CTBeHHO CKOMITIIJIIIpOBaHhI IIJIII IIHTepITpernpoBaTbCH B peaJihH)'IO MO,neJib 

aITITapaTHhlX cpe,ICTB QRAM. KBaHTOBhie COCTOHHHH B 3TOH ITapa,nIIfMe, KaK ITpaBIIJIO, 

peaJIII30BaHbl KaK MaCCIIBhl Ky6IITOB, II BO BpeMH BhllIOJIHeHHH Heo6xo,nIIMhl cpe,ncrna 

o6HapYJKeHIIH OUIII60'!HhIX ycJIOBIIii. KpoMe Toro, o6hI'IHO 3TII H3h!KII He IIMelOT 
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qiopMaJihHOll ceMaHTIIKII, 3a IICKJIIO'ICHIIeM H3hIKa Sanders II Zuliani, KOTOpblll o6na,naeT 

oITepal.lIIOHHOH ceMaHTIIKOll. 

PaJJIII'IHhie H3h!KII B 3TOll KaTeropIIII ITpe,nnaraJOT MHOlKeCTBO ITporpaMMHhIX 

oco6eHHOCTeii. HaITpIIMep, QCL coneplKIIT TaKHe <pYHKI.lllII, KaK aBTOMaTH'leCKOe 

yrrpaBJieHIIe pa601Ieii ITaMJ!ThlO, Il 6oraTblll H3hIK MH OITIICaHilH IIOJlh30BaTeJibCKilX 

oITepaTopoB. IlpennolKeHO HeCKOJihKO oITepa11IIii 6onee BhICOKOfO ITOpH,nKa, TaKilX KaK 

BhI'lllCJICHIIe IIHBepCilII OITpe,neJieHHOfO ITOJih30BaTeJieM OITepaTOpa . .513bIK Bettelli Il MH. np. 

y,neJIHeT oco6oe BHIIMaHile ITpaKTII'IHOCTil ITpHMeHeHIIH . .513hlKil 3anYMaHhl, KaK paCIIIHpeHIIe 

C++, II paccMaTPIIBaJOTCH KaK KBaHTOBbie OITepaTOpbl ofo,eKTOB ITepBOfO ITOpH,nKa, KOTOpbie 

MOfyT 6h!Th HBHO ITOCTPOeHbl Il yrrpaBJIHThCH BO BpCMH BhllIOJIHeHHH. O,nHa Il3 caMbIX 

cepbe3HhlX oco6eHHOCTeii 3TOfO H3hIKa - HeITpepbIBHaH OITTIIMil3al.lIIH KBaHTOBhIX 

OITepaTopoB, KOTOpaH ITpOil3BO,'IIITCH BO BpeMeHil BhllIOJIHeHIIIl. 

0 </JyHKlJUOHGnbllble Kea11mo6ble R3blKU npo2paMMupo6a1/UR. B <pYHKI.lllOHaJihHOM 

ITporpaMMilpOBaHIIIl rrporpaMMhI pa6oTalOT He Ha o6HOBJieHilll fJI06aJihHOfO COCTOHHHH, a Ha 

OT06palKeHilll KOHKpeTHhlX BXO,nOB Ha BhIXO,nhl. TIIIThI ,naHHhIX, CBH3aHHhie C 'IIICTO 

<pyttKI.IIIOHaJihHhIMil H3hIKaMH ( TaKile KaK CITIICKII, peKypCilBHhie TllIThI ), 6onee ITOMaIOTCH 

aHaJIIl3Y BO BpeMH KOMITilJIHI.IIIII, 'ICM IlX IIMITepaTilBHbie aHaJIOfll (TaKIIe KaK MaCCIIBhl). 

Cne,noBaTeJihHO, ,naJKe B O'leHb ITpOCThIX <pyttKI.IIIOHaJihHhlX H3hIKax ITporpaMMIIpOBaHIIH 

MOlKHO Il36eJKaTb MHOfIIX ITpOBepoK BO BpeMH IlCITOJIHeHIIH. 

B ITepBOM ITpe,nnolKeHIIII BapIIaHTa <pyttKI.IIIOHaJihHOfO KBaHTOBOfO H3hIKa 

ITporpaMMIIpOBaHIIH BBe,'leH H3hIK QFC, KOTOpblll rrpenCTaBJIHeT rrporpaMMhl qepe3 

<pyttKI.IIIOHaJihH)'IO BepCIIIO 6JIOK - cxeM. y H3hIKa TaKlKe eCTh aJihTepHaTIIBHhIH CIIHTaKCilC, 

OCHOBaHHhlll Ha TeKCTOBOM ITpe,nCTaBJieHIIII. YHHTapHbie orrepal.lIIIl Il Il3MepeHIIH, 

HeITocpe,nCTBCHHO BCTPOeHHbie B H3hIK, o6pa6aTbIBalOTCH C coxpaHCHIIeM TIIITOB. 

KnacCII'leCKile Il KBaHTOBhIC oco6eHHOCTil IlHTerpIIpOBaHbI B paMKax O,'IHOfO qiopMaJIII3Ma. 

OTCyTCTByeT KOHTpOJih COOTBeTCTBIIH TIIITOB BO BpeMH BhIIIOJIHeHilH IlJIIl o6pa6oTKil OUIH60K. 

.513b!K MOlKCT 6h!Th OTKOMITilJIIlpOBaH Ha MO,neJib . QRAM, a TaKlKC o6nanaeT ITOJIHOH 

neHOTal.lllOHHOll ceMaHTIIKOll, KOTOpaH MOlKeT IlCITOJih30BaTbCH ,nM qiopMaJihHhIX 

paccYlKJ:leHIIii o ITporpaMMax. 

OCHOBHOH KBaHTOBhIH H3hIK 6JIOK-cXeM <pyttKI.lllOHaJieH, ITOCKOJihKY CBo6o,neH OT 

IT060'!HhlX 3<p<peKTOB. O,nHaKO, <pyttKI.IIIII caMil ITO ce6e He paccMaTPHBalOTCH KaK naHHbie, II, 

TaKHM o6pa30M H3hIK TepHCT qepTbI 6onee BhICOKOfO ITOpH,nKa. 

JOwccu~ buKGlJUR R3blK06 npo2pa.MJ11U006Q1/UR 

QCL Q language qGC (Block-
L )QPL 

IIMITepaTIIBHhlll H3hIK + + + 

qJyttKI.IIIOHaJihHhill H3hIK + 

ITparMaTH'leCKIIii ITonxon + + 

TeopeTII'leCKIIii ITonxo,n + + 

qiopMaJihHaH ceMaHTilKa + + 

yttIIBepCaJihHhIH H3hIK + + + + 

IlpnMep 19. PacCMOTPIIM HeKOTOpblC CBOllCTBa H3hIKOB KBaHTOBOfO ITporpaMMIIpOBaHIIH 

0 QCL (Quantum Computation Language) 
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• 06UJue ceoucmBa 

qiaKTHqeCKH rrepBblll KBaHTOBblll H3b!K rrporpaMMHp0BaHHH 

(:meMeHTapHbIH) rrpou:eJlypHbIH H3hIK 

aBToMarnqecKoe yrrpaBneHne pa6oqnM rrpocTpaHCTB0M 

CHHTaKCnqeCKM o6paTHMOCTb orrpe)lenHeMbIX II0flb30BaTeneM KBaHT0BbIX orrepau:nii: 

CIIHTaKCIIC KaK B C / IlacKanb 

YJIIIBepcanbHblll H3b!K: M0)KeT ocyiu:ecTBIITb II M0)leJmpoBaTb BCe II3BeCTHbJe 

KBaHT0Bbie anropIITMbl 

oTcyrcrnyeT qiopManhHaH ceMaHrnKa 

HeTpIIBIIanbHbie YJIIITapHbie orrepau:nn - Ql)'HKU:HII ( QJYHKU:IIOHanbHblll CIIHTaKCIIC 

3arrpoca) 

).l;anee rrpIIBe)leH rrpIIMep «Bb!qIIcneHIIe <jJaKTOpIIana» Ha H3b!Ke QCL C II0M0!Qb!O 

KnaccIIqecKoro rrporpaMMIIpoBaHIIH: 

II program example: recursive 
II and non-recursive function call: 

int factorialR(int x) { 
// recursive implementation 
// precondition x >= 0 
if X == 0 { 

return 1; 
} 
return 

x*factorialR(x-1 ); 

intx = 5; 
print x, "! = ", factorialR(x); 

"'--------
int factorialNR(int x) { 

II iterative implementation 
// precondition x >= 0 
int k; 
int y =x; 
if (y == 0) or (y == 1) { 

return 1; 
} 
else { II "else" for better readability 

// here: y >= 2 

} 

k = y; 
while y>= 3 { 

y = y-1; 
k = k*y; 

} 
return k; 
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x=7; 
print x, "! = ", factorialNR(x); 
print "The End."; 

/* result: 
: 5 ! = 120 
:7!=5040 
: The End. ., 

• KeaHmoebze onepamopbl u we oeucmBue 

I12. Orreparnp T0)K)lecTBeHH0CTII, Qopmy _ op 

2. BCTpOeHHbie KBaHT0Bbie orrepaT0pbl 

Qopmy_op = QHadamard (7) 

3. KBaHTOBbie orrepaTOpbI, Qopmyop = QFourier (7) 

4. IlepeyrropH)loqeHIIe CTp0KII Qubit, Qopa_swap = QSwap (5) 

5. OrrepaTOpbI yrrpaBneHIIH, Qopa_controlled_op (U, 5) 

6. OrrepaTOpbl J:(M KnaCCIIqecKIIX Ql)'HKU:IIH, 

Qopan_oracle = Qop (f, 3, 5) 

7. OqiopMneHIIe CTpYKTYPhI orreparnpa, 

Qopcomposed = part_] &part_2; 

8. Orreparnp CBH3II, Qopadj_operator =! an_op 

9. Orreparnp rrepecrnH0BKII, Qopsplit = an_op(2, 3, SPLIT) 

10. IlpnMeHeHIIe orreparnpa, an_operator (a_register) 

o qGCL (Quantum Guarded Command Language) 

• 06UJue ceoucmBa 

qGCL: Bbipa)KaeTcH qepe3 pGCL (BepoHTHOCTHbIH KOMaHJ:(HbIH H3bIK) 

qGCL: IIMrrepaTIIBHhiil. H3hIK 

II0J:(X0J:(IIT B KaqecTBe H3bIKa crreu:IIQJIIKaQIIH (Bb!COKIIH ypoaeHb MaTeMaTIIqecKOH 

HOTaU:IIH) 

MexaHII3M II0IIIar0Boro yroqHeHIIH rrporpaMMbl )lflll BblB0)la II rrpoaepKII 
(JlOKa3aTeJibCTB0 KoppeKTHOCTII) 

qiopManbHM ceMaHTIIKa: rrpe)l - II II0CTyCJI0BIIH pacrrp0CTpaHl!IDTCl! Ha rrpe)l-II II0CT

Q)KII)laHHl! 

BKnJOqaeT a ce6l! TpII KBaHT0Bb!X rrpIIMIITIIBa Ha Bb!C0K0M yp0BHe: C0CT0HHIIe 
II0)lr0T0BKH, 3B0JIIDU:IIII, Ha6JIJO)leHHl! 

YJIIIBepCanbHblll ll3b!K 
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EllOK-CXe.Ma QPL (KmuITOBaJI 6JIOK-CXeMa). KaaHTOBaJI 6JIOK-CXeMa rrpaKT11qeCKll He 
OTJillqaeTCll OT KJiacc11qeCKOH, TOJibKO B KBaHTOBOH 6noK-cxeMe ,1106aBJilleTCJI HOBb!H Tlln 
rrepeMeHHOH, HaJBaHHb!H qbit, a TaK)Ke BO3Hl!KaIOT HOB.hie orrepa111111: y1mTapHb!e 
rrpeo6paJOBaHl!JI 11 mMepemrn (cM. p11c. II2.14 (a, 6)). 

",r= (*) q:qhit,r= (~I~) 

q:qblt,r= (~I~) 
1 

q: qblt,r = ( ~,~) 

q: qbit,r = (~) 

ldisc~dql 01D 

discard q 

r=A+D r=A+D 

(a) 

( AIB) a D 

p,q: qb.it.= 

p,q qbit = ( .N1,.N• p,q:qbiC= ( ~, ~) 

( NA~-+D I~) 
output p,. q : qbl~ 

(6) 

P11c. II2.14. KaaHTOBaJI 6noK-cxeMa 

• llpaeww OJIR Kea11moeb1x 6J10K-cxeM 

Ilp11 COCTaBJieHllll KBaHTOBb!X 6JIOK-cxeM llCIIOJlb3YJOTCll 
rrpe,11crnaneHHbIe Ha puc. II2.15: 

◊ 

◊ 

◊ 

◊ 

◊ 

◊ 

◊ 

BhI,!leJieHHe 611Ta (Allocatebit), 
OTMeHHTh 611T (Discardbit), 
)'HHTapHoe rrpeo6paJOBaH11e (Unitary transformation), 

cn11xH11e (Merge), 
rrepecrnHOBKa (Permutation) 
11JMepeH11e (Measurement) 
rrepecrnHOBKa (Permutation) 
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HeKOTOpbie rrpaal!Jla, 

Allocate qblt: Discard qbit: 

l'=A q , qblt, r = ( ~ I g ) 
rd-ci,-sc-a~rd..,....q-, 

q : qbll, r = ( ~ I n l'=A+D 

Unitary transformation: J\,feasurrement: 

s +qblt,l'=A 

qblt, r = (S ® I)A(S ® I)• 

Merge: Initial: Permutation: 

I'=V=B 
Jr=A+B I I'=O 

qi,.•• ,qn: qbit = (a;J);; 

q~(l)• • • • ,q(/i(n): qbit = (a2•(;),2•(;))EJ 

Puc. II2.15. Ilpaauna rrpeo6paJoaaH11ii B KBaHTOBhIX 6noK-cxeMax 

• Ilp11Mepb1 

• Ilp11Mep 20: IIoKmbrnaem npaeUJ1b11ocmb npeo6pmoea11uJ1 npo2pa.M.Mb1: U3Mepe11ue, 

conpoeo:J1CoaeMoe nepeMeUJe11ua1 

blt,f= (j) q: qblt,f = ( ~,~) 

q: qblt,f = ( :,~) 

1 

q: qbl~f = (~,~) discard q 

1 

,q:qbit,r= (~) 

discard q I .om 
r=A+D 

IIpaBl!JlbHOCTb :noro rrpeo6pll3oBaHirn a rrporpaMMe COCTOllT a TOM, qTo orrepa[(l!JI 
"oT6pacbrnaH11J1" )')Ke acrpa11aaeT Hel!BHoe HJMepeH11e B rrporpaMMy. 
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• IIpnMep 21: CJ1edy10UJue d6e CXe.Mbl R6JIRJOmC5l 63aUMIIO 06pam11bwu: 

f=A f=B b: bit1r= (A1B) 

b:bit,f=(A,0)/ - \b:bit1r=(01B) 

b: hitlr = (A,B) f=A f=B 

• IIpnMep 22: Cxe.Ma K6a11mo6ozo npeo6pmo6a11UR <Pypbe rrpnBe,!leHa HHJKe. 

QFI: I input l:qbitlist 

nil:I 

(h,t) = rotate(h,t,n) 

h:qbit, t:qbit list 

h:qbit, t:qbit list 

l:qbit list 

output l:qblt list 

rotate: I input h:qbit, t:qbit list, n:int 

h:qbit, nil:I, n:int 

discard n 

h:qbit, nil:I 

h:qbit, t:qbit list 

h:qbit, c:qbit 0 qbit list, n:int 

(x,y) = C 

h, x:qbit, y:qbit list, n:int 

h, x:qbit, y:qbit list, n:int 

h, x:qbit, y:qbit list, n:int 

(h,y) =rotate(h,y,n) 

h, x:qbit, y:qbit list 

h:qbit, t:qbit list 

output h:qbit, t:qbit list 

O6cy,!IHM KpaTK0 0CH0BHble CBOHCTBa Mep K0JIIIqecrBa KJiaccnqecKOH If KBaHTOBOH 

HmpopMa[IHH, rrpHMCHHCMblX B 3a,!laqax rrpoeKTHp0BaHHH HHTeJIJieKTya.JII,H0ro yrrpaBJICHHH II 

KBaHT0B0ro arrropnTMa caMoopraHH3a[IHH 633 3HaHHH. 

II2.3. 3JieMeHTLI KBaHTOBOii TeopHH HHcliopMaQHH 

II2.3.1. MepLI KBaHTOBOH HHcliopMa[IHH II JaKOHLI KBaHTOBOH Teop1111 HnctiopMa[IHH 

I1mpopMaI1HOHHaH :mrporrnx lliettrrorra orrpe,!leJixercx KaK H (p) = - LP; logp;. 

3rrrporrHH cliorr Heil.Marra HMeeT cJie.L1yio111nn BH,!1:SvN(p)=-Tr(plogp). B qacrnoM 

cJiyqae, K0r,!la Marpm1a p ,!IHafOHa.JII,Ha, rra6mo,!laeTCH T0JK,!ICCTBCHH0e paBeHCTB0 
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3H1J)OillfllHb!X Mep llleHHOHa If qJOH Hei1MaHa. O)];HaKO 3aKOHbl If CJie)];CTBIDI KBaHTOBOH 

TeOpllll IIHqJOpMaIJ!fll IIMe!OT PM rrpHHIJlfIIIIaJibHb!X OTJI1fqlfi1 rrplI KBaHTOBOM 060611JeH1f1I 

KJiaCC!fqecKOll TeOpllll lfHqJOpMaIJllll llleHHOHa. 

B Ta6JI. II2.1 rrpHBe)leHbl OCHOBHbJe CBOHCTBa KJiacc!fqecKOll If KBaHTOBOll Mep 

lfHqJOpMaIJllll, IIpllMem1eMb!X B perneHlflf 3a)laq lfHqJOpMaIJIIOHHOro aHaJIII3a II 

rrpoeKTllpOBaH!fJI KBaHTOBOll 3BOJIIO!Jlllf. 

Ta6mtIJa II2.2 
CBOHCTBa KJiacc!fqeCKOll If KBaHTOBOll lIHQ)OpMaIJHII 

Teopuu umt>opMaIJHll 
Knaccuqec1rnH KBaIITOBaH 

311mponW1 llle1111011a: 31-1mponW1 ¢01-1 Hei1Ma1-1a: 

H(X) = -Ip, Iogp, S(p) = -Tr(p Iogp) 

Pa3JIIIqlIMOCTh II )];OCT UIIOCTh IIII O MaIJIIII 
311aKu aJiqJa6uma pa3J1U'IUMb1: I'paHUlfa Xone6o - He6umu1-1a: 

N=IXI H(X:Y)~S(p)-Ip,S(p,),p= LP,P, 
X X 

Ilm!1op~taIJIIOIIIIO - TeopeTuqec1rne OTIIOllieHIIH 
Hepa6e1-1cm60 <Pa1-10: 

H(pe)+ Pe log{IXl-1) ~ H(XIY) 

B3aUM/laR UllqJOpMaljUR: 

H(X: Y) =H(Y)-H(YIX) 

Hepa6e1-1Cm60 ljenu o6pa6omKu 
OQ/1/lblX: 
X ➔ Y ➔ Z 

H(X)~H(X: Y)~H(X:Z) 

K6a1-1mo6oe 1-1epa6e11cm60 <Pa1-10: 

H(F(p,E))+(I-F(p,E))Iog(d2 -1) ~ S(p,E) 

Ko2epe1-1m1-1aR Ul-lqJOpMGljWI: 

I(p,E) = S(E(p))-S(p,E) 

KBa11mo6oe 1-1epa6e1-1cm60 ljenu o6pa6omKU 
OQ/-11-lblX: 

p ➔ ~ (p) ➔ (£2 °£1)(p) 

S(p) ~ I(p,£1) ~I(p,£2 o~) 
Ko)lupoBanue Kanana nepe.llaqu )la11111,1x 6e3 myMa 

TeopeMa llle1-11-101-1a: nbits = H(X) I Teope.Ma lllyMaxepa: nqubits = s( ~P,Px) 

llporrycKnaH c11oco611ocTh KanaJIOB CBH3H c myMoM )];JIH KJiaccuqecKoii 
~ ~ __ ~- _ m11J1opMaIJ1IH 

TeopeMa llle1111011a KoiJupo6a11uR 
KQ/-l{JJIQ C6R3U C zuyMoM: 

TeopeMa Holevo-Schumacher-Westmoreland: 

c<1
> (£)=max [s(p')- LP,S(p;)], 

C(N) = maxH(X: Y) 
p(x) 

{P1,P1) x 

p; =£(p,),p'= LP,P; 

O)];HlfMlf II3 OCHOBHbIX rrpo6neM KBaHTOBOll TeOpllll lfHq>OpMaIJIIII, perneHue KOTOpb!X 

Ball<HO )];Jill: IICCJie)];OBaHIDI KBaHTOBOll 3BOJIIO!Jlflf )llfHaM!fqecKlfX CIICTeM, JIBJIJIIOTCJl: 

cne.llyJOIIJHe: 

• Knacc!fqecKaJI, KBaHTOBM II IIOJIHM KOppeJIJIIJllll: B3alfMOCBJI3b C MepaMH 

3arryTaHHblX COCTOJIHlfH; 

• ,[(ocTyrrHM lfHqJOpMaIJIDI If IIHq>OpMaIJHOHHO-TeOpeT!fqecK!fe MO)leJIII KBaHTOBbiX 

lf3MepeHHii.; 

• lfaaneqeHlfe lfHqJOpMaIJ!fll 3q>q>eKTlfBHb!Mlf lf3MepeH!fll:Mlf If rpaH!f!Jbl B3allMH0il 

lfH(jlOpMaIJ!fll 
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l1ccne)lyeM KpaTKO Ha rrpHMepax HeKOTOpbie lf3 3TIIX oco6eHHOCTeii., IICIIOJ!b3yeMbJe B 
MO)leJIJix .KBaHTOBOro HeqeTKoro BbIBO)la (KHB). 

IlpHMep 23: PacCMompUM oco6e1-11-1ocmu onuca1-1W1 u u11pop.Maljuo1-11-1020 a1-10.J1u3a 

I ) I010o)-ll1lo) 
3anyma1-11-1b1X cocmo,11-1uu EeJ1J1a: 'I' Q = ./2 . TaK KaK cocTOJIHHe EeJIJia c 

orreparnpoM IIJIOTHOCTlf (II2.4) qlICTOe, TO PQ rrpe)];CTaBJIJieT q!fCTblll aHCaM6Jib. IlOJTOMy 

Heorrpe)leJieHHOCTb KBaHTOBOro COCTOJIHlfJI OTCYTCTByeT, T.e. 3H1J)OIIlfJI qJOH Heil.Malla 

SvN(PQ)=O. 

Pe)];YIJIIPOBaHHb!H orrepaTop IIJIOTHOCTlf Po )];JIJI KBaHTOBOro 61ITa 100) eCTb qacTHblll CJie)l 

Ha)]; CIICTeMOll Q, T.e. Po=Tr1(PQ)=½(IO)(Ol+ll)(II)=½(~ n Cne)loBaTeJibHO, KBaHTOBM 

Heorrpe)leJieHHOCTb B COCTOJIHlflf I 00 ) orrpe)leJIJieTcJI 3H1J)OIIHei1 qioH Heii.MaHa KaK 

svN(PQ)=I. 

TaKHM o6pa30M, IIHq>OpMaIJHOHHb!H aHaJilf3 Heorrpe)leJieHHOCTII B COCTOJIHlflf COCTaBHOll 

KBaHTOBOH CIICTeMbl Il03B0JIJieT qeTKO pa3bJICHlfTb HaJI!fqlie Heo6uqHbIX (HeKnacc!fqecKIIX) 

CBOHCTB: IIrHOplipOBaH!fe B Hett qacTH lfHq>OpMaIJHll O COCTOJIHIIH IIO)];CHCTeMbl rrpHBO)];IIT K 

yaenrrqeHIIIO KBaHTOBOH Heorrpe)leJieHHOCTlf. 8 pe3yJibTaTe KBaHTOBaJI Heorrpe)leJieHHOCTb 

Qo B <<'laCTlf)) (IIO)];CHCTeMe) 60Jibllie, qeM B (<IIOJIHOH» (cocrnairnii.) KBaHTOBOH ClfCTeMe Q. 

TaKoii. 3q>q>eKT OTCYTCTBycr B KJiaCCIIqecK!fX CIICTeMaX B CIIJIY CBOHCTB Mepbl 
HHqJOpMaIJIIOHHOH 3H1J)OIIIIH llieHHOHa. 

IlprrMep 24: PaccMompUM cocmoR11ue EeJ1J1a: 11/f)= }i-(loo)+jll)) 6 I'UJ1b6epmo60.M 

npocmpa11cm6e1iAB = 1tA ®1tn, r)ler{A ='Jin =1i2 • MalJ)H!Jbl IIJIOTHocrn PAB = /y.r)(y.rl, 
p A u p AIB orrpe)leJIJIIOTCJI B BH)le: 

I 
0 - 0 

[' ] [' 00 'J 2 

2 
- 0 0 0 0 0 - 2 - 0 0 0 0 PAB = 

p A - 0 ..!._ , p A[B - 0 0 0 0 , 0 0 0 0 

2 I O O I 1..:. 0 0 
2 2 

MalJ)HIJa ycJIOBHOH IIJIOTHOCTH IIMeeT BH)l: PA1B=PAB(IA0PB)-l (B 3TOM cnyqae B3alfMHaJI 

PAB If MapmHaJibHaJI IA 18) PB MalJ)II!Jb! IIJIOTHOCTII KOMMyrnpyJOT). 113 orrpe)leJieHHJI 

3H1J)OIIlflf qJOH Heii.MaHa CJie)lyeT: SvN(A)=SvN(B)=l. Tor)la: 

S(AB) = S(B)+ S(A I B) = 1-1 = O, TaK KaK S(A I B) = - I. 

CJie)];OBaTeJibHO, B OTJIIIqlie OT KJiaCC!fqecKOH TeOpllll HHq>OpMa!JHlf llleHHOHa K6al-lm06aR 
ycno611aR 31-lmponuR ¢01-1 Hemta1-1a Mo:JJCem npu1-1mtamb ompuljameJlbl-lbze 31-la'leHuR, KOr)la 

paccMalJ)HBaJOTCJI 3aIIYTaHHbJe COCTOJl:HlfJI. 3TOT q>aKT Herrocpe)];CTBeHHO CBJI3aH C KBaHTOBOll 

HepaJ)leJIHMOCTb!O 3aIIYTaHHb!X COCTOJIHlfH, a caMH OHH lfHTeprrpernpyJOTCJI KaK mraHTCKlfM 

o6paJOM (cyrrep-) KoppenHpOBaHHbie COCTOJIHIDI. TaKHM o6pa30M, OlJ)llIJaTeJibHOCTb 

YCJIOBHOH 3H1J)OillflI YKa3bIBaeT Ha HaJI!fqlie 3aIIYTaHHbIX COCTOJIHlfH B COCTaBHOll KBaHTOBOH 

CIICTeMe II orrpe)leJIJieT Hlf)KHJO!O rpaHIIIJY lfX KoppeJIJIIJII!f. 
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CYilleeTBOBaHHe ).J,aHHOfO <j:>aKTa yeTaHOBJieHO TaJOKe B KBaHTOBbIX IIOHeKOBbIX 

anropHTMaX lllopa II rposepa Il HeIIOJib3YeTeJI B perneHHil rrpo6JieMhI 3q>cjJeKTHBHOro 

oeTaHOBa KA. 
OTMeTHM TaJOKe, qTo He see 6a30Bbie KJiaeenqeeKHe eOOTHOIIIeHHJI Il HepaBeHeTBa HMeIOT 

KBaHTOBble aHaJIOfll. TaK, HanpHMep, B KJiaeenqeeKOM enyqae HMeeT MeeTO HepaBeHeTBO: 

/(x: y):,; min[ H(x),H(y) J. 
B TO iKe BpeMJI B KBaHTOBOM enyqae BepXHJIJl rpaHm1a 3a).J,aeTeJI HepaseHeTBOM: 

S(X: Y):::; 2min[S(X),S(Y)]. 

KBaHTOBaJI TeOpHJI HHq>OpMaIIHil HMeeT erporo o6oeHOBaHHbie rrpaBHJia, KaK Il3BJieKaTb 

HHcjJOpMaIIHIO Il3 HeH3BeeTHOfO KaHTOBOfO eoeTOJIHHJI. OrrTHMaJibHbIH KBaHTOBbIH IIPOIIeee 

Il3BJieqeHHJI IIeHHOH HHq>OpMaIIHH Il3 IlH,/J,IlBH,/J,YaJibHbIX E3, errpoeKTHpOBaHHbIX ,/J,JIJl 

q>HKeHpOBaHHbIX enTyaIIHH yrrpaBJieHHJl Ha oeHOBe MJlrKIIX BbiqHeJieHHH, oeHOBaH Ha 

qeTbipex <j:>aKTax KBaHTOBOH TeopHH HHq>OpMaIIHH, rrpHBe,/J,eHHbIX HHiKe. 

B qaeTHOeTH, ,/J,OKa3aHO, qTO eYilleeTByeT: 

3q>q>eKTHBHOe KBaHTOBOe eiKaTHe ).J,aHHbIX; 

«eIIerrJieHHe» KJiaeenqeeKOH Il KBaHTOBbIX qaeTeii. HH<j:>opMaIIHH B KBaHTOBOM 

eoeTOJIHHH; 

IIOJIHaJI KoppeJIJIIIHJI B KBaHTOBOM eoeTOJIHilll JlBJIJieTeJI «eMeehIO» KJiacenqeeKOH Il 

KBaHTOBOH KoppeJIJIIIHii.; 

HaJIIlqHe eKpblTOH (Ha6JIIO).J,aeMoii.) KJiaeenqecKOH KoppeJIJIIIHH s KBaHTOBOM 

eoeTOJIHHil. 

.IJ:anee KpaTKO paeeMOTpHM q>H3HqeeKHH eMbieJI rrepeqneJieHHbIX <j:>aKTOB Il HX pOJib B 

rrpoIIeeeax rrpoeKTHpOBaHHJl OIITHMaJibHbIX rrpoIIeecoB Il eHIBaJIOB yrrpaBJieHHJl Ha oeHOBe 

KHB. 

<PaKm 1. 3rjJrjJeKmU6HOe K6QHm060e CJ/Camue OQHHblX. B KJiaeenqeeKOH TeOpHH 

IlHq>OpMaIIHH llleHHOH IIOKa3aJI, HaeKOJibKO (rrpH 3a).J,aHHOH TOqHoeTH) rrpe,/.l,eJihHO MOiKHO 

eiKaTb eoo6meHHe, eoeTOJIIIIee Il3 · N He3aBHeHMbIX 3HaKOB ( xa)' r).J,e Ka)K).J,b!H 3HaK 

IIOJIBJIJieTeJI B eoo6meHHil e anpnopHOH sepOJITHOeTblO Pa' HeIIOJib3YJI IIOHJITHe 

HH<j:>opMaIIHOHHOH 3HrpOIIIlll. I1HcjJopMaIIHOHHaJI 3HTPOIIHJI llleHHOHa H(p.) orrpe).J,eJIJieTeJI 

KaK H(pa) = - L.P)og2 Pa . bblJIO ).J,0Ka3aHO eJie,/J,yIOIIIee yrnep)K).J,eHHe: 6JIOK KO,/J,OB ,/J,JIHHOH 

NH 6HTOB ,/J,OeTaToqeH ).J,JIJI KO,/.l,HpOBaHHJI Bcex THIIOBbIX (HaH6oJiee qaeTO IIOJIBJIJIIOIIIHXCJI) 

rroeJie).J,OBaTeJihHOeTeii. 6e3 yqera erroeo6oB KO,/.l,HpoBaHHJI HeTHIIIlqHbIX 

rroeJie).J,OBaTeJibHOeTeii. eoo6meHHH. IlpH 3TOM BepoJITHOeTb OIIIH6KII KO,/.l,IIpOBaHIIJl (rroTepH 

HHcjJOpMaIIHil) He rrpesoeXO,/J,IlT 3a).J,aHHb!H rropor li . B KBaHTOBOH TeopHH HHcjJopMaIIHil 

3HaKaMH JIBJIJIIOTCJI MarpHIIbl IIJIOTHOeTH. Bo3MOiKHbI )],Ba BapHaHTa, KOr).J,a MarpHIIhI 

rrnoTHOeTH eoorneTeTBYIOT aHeaM6JIIO qneTbIX eoeTOJIHHii. I ¢a) HJIH KOr).J,a aHeaM6Jih 

<j:>opMHpyeTeJI MarpHIIaMH IIJIOTHOCTH Pa e BepOJITHOeThlO Pa. PaeeMOTPHM aHeaM6Jih 

eOCTOJIHHH ,/J,JIJl BTOporo sapHaHTa. B )TOM enyqae MarpHIIa IIJIOTHOeTH eoo6meHHH, 

eoeTOJIIIIHX Il3 N 3HaKOB, OIIHehIBaeTeJI KaK p(N) = p0 p0···0 p, r).J,e p= L.Pal¢.)(¢. j. 

3HrpOIIHJl eoo6meHIIH <j:>oH Heii.MaHa S = -Tr (p ln p) HMeeT rrpoeToe eOOTHOIIIeHHe c 

3HrpOIIHeii. aHeaM6JIJI: s(p(N)) = NS(p). lfaseerno eJie,/J,YIQIIIee HepaBeHeTBO MeiK,/J,Y 

llleHHOHOBCKOH HHq>OpMaIIHOHHOH 3HrpOIIHeii. Il 3HrpOIIHeii. q>OH Heii.MaHa: H(p);,,:s(p), 
T.e. 3HaqeHHe HHcjJopMaIIHOHHOH 3HrpOIIIlll llleHHOHa rrpeBbIIIIaeT 3HaqeHHC 3HTPOIIIlll cjJoH 
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Heii.MaHa. 3TO 03Haqaer, qTo rrpHMCHCHHe KBaHTOBOH TeopIIH HHq>OpMaIIHII II03B0JIJleT 

OeYilleeTBilTb 6onee rny6oKoe eiKaTHe KJiaeeHqeeKOH HHq>Opl\taIIHH. 

-<PaKm 2. ClfelllleHUe (pmoeneHue) UHqJOpMalJUU 6 K6QHm060A1 cocmORIIUU 6 6UOe 

/(JIQCCU'leCKOU u K6aHm06blX 'lacmeu. PaeeMOrpHM MO).J,eJib o6o6meHHOro Il3MepeHHJl (eM. 

pa3,/.l,. 2) Ha eoeTOJIHilll A;A ; , ,/.J,JIJl KOTOpoii. MarpHIIa IIJIOTHOeTH IIMeeT eJie,/J,YIQIIIee 

i ApBA; 
PB= ( t). Tr ApBA; 

orrpe,/.l,eJieHne: 

KoHeqHoe eoeTOJIHHe rro,/J,eHeTeMbI B 6y,/J,eT rnr).J,a: I:,ApBA; = LP;P~. 3HrporrHJI 
j i 

pe,/.l,YIIIIPOBaHHOro eoeTOJIHHJI paBHa f p ;S ( p~) . Konnqeerno KJiaeenqeeKOH IIHq>OpMaIIHH, 

IIOJiyqeHHOH Ha Il3MepeHHil i e BepOJITHOeTblO P;, BbipaiKaeTeJI KaK IIHq>OpMaIIHOHHaJI 

3HrpOIIHJl llleHHOHa H (p). EeJIH KBaHTOBhie eoeTOJIHHJl p~ rrpHHa).J,JleiKaT OpTOfOHaJibHb!M 

IIO,/.l,IIpoerpaHeTBaM, TO 3HTpOIIHJl KOHeqHoro eoeTOJIHHJl (rroene Il3MepeHHJI) een, eYMMa 

pe,/.l,YIIHPOBaHHOH KBaHTOBOH 3HrpOIIIlll ~p;S(p~) Il KJiaeenqeeKOH IIH<j:>opMaIIIIH: 

s(~P;P~)= H(p) +~p;S(p~). 
Knaccu'leCKWl 

KfJm,moeaJl 

TaKHM o6pa30M, KOJIHqeeTBO IIHq>OpMaIIHII, eo,/.l,epiKaIIIeHCJl B KBaHTOBOM eoeTOJIHHH, 

MOiKeT faITb pa3,/.l,eJieHO ( eIIeIIJieHO B BH,/J,e) Ha KBaHTOBYIQ Il KJiacenqeeKYIQ qaeTH. 

IlmToMy rrpH MO,/J,eJinpoBaHHH po6aernhIX erpYKTYP MCY e IIOMOIIIhIO OE3 

MO,/J,eJIHpyeTeJI KJiaeenqeeKaJI qaeTb HHq>OpMaIIHH, a ee OeqJUZfUm MOiKeT 6bITb orrpe).J,eJieH 

eJie,/J,YIQIIIHM o6pa30M: ~ = s( ~P,P~ )- ~p,S(p~) = H(p) 
/70J1HGR - -----------KBa11rnoeaR 

K.naccu'I.Jec1<aa 

MoiKHO II3BJieqb, eJie).J,OBaTeJibHO, ,/J,OIIOJIHIITeJibHOe KOJIHqeerno IIeHHOH KBaHTOBOH 

HHq>OpMaIIHH II3 IIH,/J,HBH,/J,YaJibHbIX E3 ,/J,JIJI IIOCJie,/J,YIQIIIero IIeIIOJib30BaHHJl rrpH 

rrpoeKTHpOBaHHil IlHTeJIJieKTyaJihHOro yrrpaBJieHHJl IIOBbIIIIeHHOfO ypOBHJI. IlpH )TOM 

rrpHMeHJIIOTeJI KBaHTOBhie rrpoIIe,/.l,ypbI eiKaTHJl II pe,/.l,YKIIHH H36bITOqHoii. IIHq>OpMaIIHH, 

eo).J,epiKameii.eJI B KJiaeenqeeKHX eHrHaJiax yrrpaBJieHHJI ( rrpHBJieKaJI eOOTBeTeTBYIQIIIHe 

MO).J,eJIH KBaHTOBOH KOppeJIJIIIHH B KBaHTOBOM anropHTMe KHB). 

<PaKm 3. KoJiutJecm6a nomwu, KJiaccutJecKou u K6aHmo6ou KoppenRlfUU. 3anyTaHHbie 

eoeTOJIHHJl II, B o6meM BH).J,e, KBaHTOBaJI KoppeJIJIIIIIJI JlBJIJIIOTeJI THIIIlqHbIMil q>H3IIqeeKHMil 

peeypeaMH KBaHTOBbIX BblqHeJieHHH. O).J,HaKo, He Bee Bll,/J,bl KOppeJIJIIIHH IIMeIOT qneTo 

KBaHTOBYIO rrpnpo,/.l,y. HHbIMil eJIOBaMH, IIOJIHbie KoppeJIJIIIHH rrpe).J,eTaBmIIOT eo6oii. «eMeeH» 

KJiaeenqeeKOH H KBaHTOBOH KoppeJIJIIIIlH [ 41]. ,l.l;JIJI OIITHMaJibHOfO rrpoeKTHpOBaHHJl 

(1<j:><j:>eKTIIBHO MO).J,eJIHpyeMbIX Ha KJiaeeIIqeeKIIX KOMIIbIOTepax) 3a).J,aHHOfO KJiaeea KA BaiKHO 

3HaTb THII II Bll,/J, He06XO,/J,IlMOH KJiaeenqeeKOH KoppeJIJIIIHH. TaK, HanpHMep, eeJIH B03MO)KHO 

orrpe,/.l,eJIHTb KJiaeenqeeKYIO qaeTb KOppeJIJIIIIIH, TO, HeIIOJib3YJI OIITHMaJibHbie I1OO3-Mepbl 

II3MepeHHJI, ,/J,OIIyeTHMO Il3BJieqb MaKeIIMaJibHOe KOJIHqeeTBO HHcjJOpMaIIHH B KJiaeenqeeKOH 

<j:>opMe, eo).J,epiKameii.eJI B KBaHTOBOM eoeTOJIHHH, e MHHHMYMOM B03paeTaHHJl 3HrpOIIIlll 

(42,43]. Konnqeerno IIOJIHOH KoppeJIJIIIHH M0)KeT 6bITb pa3).J,eJieHO Ha KJiaeenqeeKYIO H 

KBaHTOBYIQ qaeTH. )];aHHaJI Mepa 3KBHBaJieHTHa Mepe MaKeIIMaJibHOH 

KJiaeenqeeKOlliKBaHTOBOH B3aHMHOH HH<j:>opMaIIHil I (A: B), eoxpaHJIJl Herrocpe).J,eTBeHHO 

rrpJIMYIO q>II3HqeeKYIO IlHTeprrpeTaIIHIO B3aHMOOTHOIIIeHHH Me)K).J,y eooTBeTeTBYIQIIIHMil 

MepaMH [44]. 
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<l>aKm 4. CKpblmWl (Ha6JllOOaeJ.tWl} KJIGCCU'lecKWl KoppeJtRljWl 6 K6aHm060.M cocmORHUU. 

8 KBaHTOBOH Teop1rn nmjJopMaI(llli yCTaH0BJICH CJie).IYJOlllHH Hem1m.11aHlli,IU qiaKT. Ycnosne 

rrporropI(H0HaJibH0fO ysennqeHHJI K0JIHqecrna HHqJOpMaI(HH [ le, (p) = max l(A :B) ], 
MA®Ma 

orrpeneneHH0fO JI0KaJibHbIMH H3MepeHHJIMH [ M, ®MB] Ha C0CT0JIHHH P,., M0)KeT 6hITb 

HapyrneH0 rrpn HeK0T0phlX 3KCTPeMaJibHbIX orpaHnqeHHJIX Ha HaqaJibH0e CMelllaHHoe 

C0CT0lIHHe p . TaK, HarrpHMep, HaqanhHhIH o6oeM HHqJOpMaI(HH B BH}.le 0}.IH0ro 

KJiaccnqecKoro 6nTa HHqJOpMaI(HH, II0CJiaHH0ro OT A KB , M0)KeT ysennqnThCJI Ha 3TaIIe 

rrpneMa Ha orrpeneneHHYJO BCJIHqnHy s KOJIHqecTBeHHOH Mepe Ic,(P). 3TOT qiaKT 

o6bJICHJieTCJI C II03HI(HH qieHOMeHa Ha6mo.11eHHJI KJiaccnqecKOH K0ppeJIJII(HH B KBaHT0B0M 

C0CT0JIHHH p. TaK KaK rrporropI(H0HaJihH0e ysennqeHHe K0JIHqecrna HHqJOpMaI(HH Ic,(P) 
BhIII0JIIIBeTCJI Ha KJiaccnqecK0M ypoBHe, TO qieHOMeH Ha6moneHHJI K0ppeJIJII(HH JIBJIJICTCJI 

qncT0 KBaHT0BhIM ::iqiqieKTOM, B03HHKaIOII(HM BCJie}.ICTBHe Hepa3JIHqHM0CTH KBaHT0BhIX He 

0pT0fOHaJihHhIX COCTOJIHHH. 

Il03TOMY CYllleCTBYJOT KBaHT0Bhle }.IByxqacTnqHhie C0CT0JIHHJI, K0T0pbie conep)KaT 

6oJihlllOe K0JIHqecTB0 KJiaccnqecKOH K0ppeJIJII(HH, Hetta6nronaeMOH Ha KJiaccnqeCK0M 

yp0BHe H3-3a }.IHCrrporropI(H0HaJihH0 MaJI0ro }.IJIJI ee Ha6JIIO}.leHHJI Heo6xO}.IHMOro K0JIHqecrna 

KnaccnqecKoit nttqiopMa11nn B Kattane rrepenaqn (orpattnqeHHaJI crroco6HoCTh rrepenaqu 

HHqJOpMaI(HH). 

CYllleCTByeT 2n+l KBaHT0BhIX 6HTOB, C II0M0II(bIO K0T0phIX 0}.IH06HTOBOe coo6111eHHe 

B}.IB0e ysennqnsaeT 0IITHMaJihH0e K0JIHqecTB0 KJiaccnqecKOH B3aHMHOH HHqJOpMaI(HH KaK 

pe3yJihTaT H3MepeHHH MelK,L\y II0}.ICHCTeMaMH. B 06111eM cnyqae }.IJilI II0CJiaHHbIX n /2 6HTOB 

rrpoHCX0}.IHT ysennqeHne yKa3aHH0ro K0JIHqecrna HHqJOpMaI(HH }.10 n 6HTOB. IlonyqHTh 

yKa3aHHhIH ::iqiqieKT Ha KJiaccnqecK0M yp0BHe HeB03M0)KH0 B CHJIY 3aK0H0B KJiaccnqecKOll 

4JH3HKH. Ilpn 3T0M 3aMeqaTeJieH cne.11yio111nu qiaKT: C0CT0JIHHJI, II0Mep)KHBaIOII(He 

yKa3aHHbIH ::iqiqieKT, He o6JI3aTeJihHO }.I0JI)l(Hhl 6hITb 3arryTaHHhlMH H COOTBCTCTBYJOII(Hll 

KJiaccnqecKHH Kattan o6MeHa naHHblMH M0)KH0 peanH30BaTh C II0M0II(bIO rrpeo6pa30BaHHH 

AnaMapa. 

IlpHBe}.leHHhie qiaKThI C0CTaBJIJIIOT HHqJOpMaI(HOHHhIH pecypc 0CH0BhI KHB, 

HCIIOJih3yeMhlll rrpn M0}.lennpoBaHHH po6aCTHhlX E3 }.IJIJI HHTenneKTYaJihHhIX HP. 

0 llOJIHWl Koppe!lRljWl u CKpblmWl (Ha6J1100ae.MW1) KoppeJtRljWl 6 K6aHm06blX cocmORHURX. 

CYllleCTsyeT ysepeHH0CTh, qTo Q)KH}.laeMaJI BhrqncJIHTeJihHaJI M0II(H0CTh KBaHT0BhIX 

BhrqncneHHH HCX0}.IHT H3 CYllleCTB0BaHHJI KBaHT0B0fO pecypca. 3arryTaHHble C0CT0JIHHJI, HJIH 

KBaHT0BaJI KoppeJIJII(HJI B 06111eM cnyqae, JIBJIJIIOTCJI HpKHMH T0MY rrpHMepaMH. O.11HaKo, KaK 

yrroMHHaJI0Cb B pa3}.I. 3, He see BH}.lhl KoppeJIJI[_\HH HMeIOT qncT0 KBaHT0BYJO rrpnpony, T.e. 

II0JIHaJI KoppeJIJI[_\HJI . rrpe}.ICTaBJIJICT «CMeCh» KJiaccnqecKOH H KBaHTOBOH KOppeJIJII(Hll. 

Ba)l(HhIM M0MeHT0M lIBJIJieTCJI 3HaHne 0 TOM, KaK H rne, HCII0Jih3YeTCJI KJiaccnqecKaJI 

K0ppeJIJI[_\HJI B KA. HarrpttMep, eCJIH B03M0)KH0 orrpenenHTh H BhI}.leJIHTb KJiaccnqecKYJO 

qacTb KoppeJIJI[_\HH, TO C II0M0II(bIO 0IITHMaJihH0ro H3MepeHHH M0)KH0 H3BJieqb HeK0T0poe 

}.I0II0JIHHTeJihH0e K0JIHqecTB0 HHqJOpMa[_\HH B KJiaccnqecKOH qiopMe, CKphIT0e B KBaHT0B0M 

C0CT0JIHHH, C MHHHMaJihHhIM B03pacTaHHeM 3HTP0IIHH. 

<1>H3HqecKH rrepeqncneHHhie BH}.lhl K0ppeJIJI[_\HH xapaKTepH3YJOTCJI K0JIHqecTB0M pa6oThI 

(lllYMOM), K0T0poe He06XO}.IHMO C0BepwHTh }.IJilI ycTpaHeHHJI (pa3pyrneHHJI) KOppeJIJI[_\Hll: 

}.IJilI IIOJIHOH K0ppeJIJI[_\HH TPe6yeTCJI K0JIHqecT'Bo pa60ThI }.10 II0JIH0ro pa3pyrneHHJI, ,!lJlJI 

KBaHTOBOH K0ppeJIJII(HH }.I0CTaTQqHo K0JIHqecrno pa60ThI }.10 pa3pyrneHHH Ha pa3}.leJIHMhie 

C0CT0JIHHJI. OnttaKO H B cnyqae KJiaccnqeCKOH K0ppeJIJI[_\HH MaKCHMaJibHaJI KoppeJIJI[_\HlI 

pa3pyrnaeTCJI rrocne ycTpaHeHHJI KBaHTOBOH K0ppeJIJI[_\HH. IlOJIHOe K0JIHqecTB0 K0ppeJIJI[_\HH, 

H3MepHeMoe MHHHMaJibHblM np0H3B0}.ICTB0M paH}.I0MH3a[_\HH H 3KBHBaJieHTH0e TPe6oBaHHI0 
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II0JIH0ro pa3pyrneHHJI Bcex BH}.10B K0ppeJIJI[_\Hll B C0CT0JIHHH PAB, 3KBHBaJieHTH0 KBaHT0B0My 

K0JIHqeCTBY B3aHMHOH HHqJOpMa[_\HH. 

- ■ Knaccul/ecKWl U K6aHm06Wl KOppeJtRljUU. KnaccnqecKyio B3aHMHYJO HHqJOpMa[_\HIO, 

conep)KalI(yioc,i: B KBaHT0B0M C0CT0JIHHH PAB (no ero H3MepeHHH), M0)KH0 0[_\eHHTh 

ecTeCTBeHHbIM o6pa30M KaK MaKCHMaJibHYJO B3aHMHYJO HHqJOpMa[_\HIO, K0T0PYJO M0)KH0 

H3BJieqh rryreM JI0KaJihHhIX H3MepeHHH MA@ MB Ha C0CT0JIHHH PAB : 

I CJ (p) = max I (A: B). 3nech I (A: B )- KJiaccnqecKaJI B3aHMHaJI nttqiopMal\HH, 
M..,®M8 

onpeneJIJieMaJI B BM.lie: I( A: B) =' H(pA) + H(p8 )-H(p AB), 

rne H - IIHqJOpMa[_\HOHHaJI 3HTP0ITHJI II PAB, PA, Pn - 4lYHKl\IIH IIJI0TH0CTH pacnpeneneHHJI 

Bep0HTHOCTett B3aHMH0ro II HH}.IHBH/.IYMbH0ro pe3yJihTaT0B, nonyqeHHhlX JI0KaJihHhIMII 

H3MepeHHJIMH MA@ MB Ha C0CT0JIHHH p. 

IlpHMep 25: B3aU.MHWl UHqJOp.MGljUR u KJIGCCUl/eCKWl KoppeJIRljU51. ,[vrH Il0HHMaHHJI ponn 

KJiaccnqeCKOH KoppeJIJI[_\HH, a TaK)Ke ee B3aHM0CBJI3H C II0HJITHeM B3aHMHOH IIHqJOpMa[_\HII, 

orrpenennM KBaHT0BYJO B3aHMHYJO HHqJOpMa[_\HIO }.IJIJI }.IByxqacTHqHoro C0CT0JIHIIJI PAB 

KBaHTOBOH CHCTeMhI B qiopMe CTPaTOHOBHqa: 

I(A: B) = S(pA)+S(pB)-S(pAB). 

PaCCMOTPHM C0CTaBHYJO CIICTeMy AB a C0CTOJIHHH PAB, cnoco6Hyio npe6hIBaTh B 

C0CT0JIHHH PA c Bep0HTH0CThIO p n c sepoJITH0CThIO ( 1- p) - B npyroM C0CT0JIHHH PB. 

,lv!JI }.laHH0ro cnyqa,i: COCTaBHOH CIICTeMhI AB B3aHMHaJI HHqJOpMa[_\HJI M0)KeT 6b!Th 

BhJqncneHa B cne.11yio111eM BII}.le: 

I(A: B) = 2H(½[1 + ✓p2 +(1- p )
2 ])-H(½[1+ ✓l +3p

2 
-3p ]} (I12.5) 

Ecnn p AB - pa3}.leJIHM0e C0CT0JIHIIe, TO ero 0TH0CHTeJihHaJI 3HTP0IIHJI B JanyTaHH0M 

C0CT0lIHHH paBHa HYJIIO. <l>HJHqecKaJI HHTeprrpeTa[_\HJI 3HaqeHHJI IC/ (p) MH0f03HaqHa 

[45,48]: 

f Cl (p) BhICTyrraeT MaKCHMaJihHOH KJiaccnqecKOH K0ppeJIJI[_\Heu, H3BJieKaeMOH 

qncT0 JI0KaJihHOH npo11e.11ypou H3MepeHHJI H3 C0CTOJIHHJI p; 

IC/ (p) C00TBeTCTByeT KJiaccnqecK0MY orrpeneneHHIO, Korna C0CT0JIHHe p -
«I<JiaccnqecKoe», T.e. }.IHaroHanhH0e B HeK0T0p0M (noKaJihHO IICIIOJih3yeMOM) 

BhiqIICJIIITeJihH0M 6a3HCe n 0TBeqaeT KnaccnqeCK0MY pacrrpe.11enettnro; 

eCJIII p - qncToe C0CT0JIHHe, TO f Cl (p) 3a}.laeT K0ppeJIJI[_\HIO, orrpeneneHHYJO 

6a3HCOM lliMH}.ITa H 3KBHBaJieHTHYJO Mepe neperryTaHHhIX qncTblX COCTOJIHHtt; 

Ic1 (p) = 0, ecnn H T0JibK0 ecnn PAB =PA© Pn. 

l-hBeCTHO, qTo HCK0T0phre II0}.IX0}.IJil1(lie Mephl KBaHTOBOH KoppeJIJII(IIH }.IQJI)l(Hhl 

Yi-l0BJiernop,i:n HeK0T0phIM aKCH0MaTnqecKHM CBOHCTBaM: 

1) KBaHT0BaJI KoppeJIJI[_\HJI JIBJIJieTCJI HeJIOKaJihHOH H He M0)KeT B03pacTaTh rrpn 

JI0KaJihHhlX rrpo11e.11ypax H3MepeHHll (CBOHCTBO MOHOTOHHOCTH); 

2) II0JIHaJI rrponop11noHaJihH0CTh; 

3) rrpnpa111eHHe rrporrop[_\II0HaJihH0CTH; 

4) HenpephIBH0CTh ITO p. 
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<llu3uqeCKH CBOHCTBO (2) 03Haqacr, qT0 npoT0K0JI COCTOllHHH, COCTaBJieHHblH ll3 

HeKoppenupoBaHH0fO HaqanbH0fO C0CT0l!Hllll, ucnOJib3YJOillllH / KBaHT0BbIX 6HTOB HJIH 2 / 
KJiaccuqecKUX 6HTOB (wrn nepe,!laqu coo6meHHH no KBaHT0B0MY KaHany CBll3ll) ll 

npuMeHlllOIIlllH JI0KaJibHbJe onepaIJHH, He M0lKeT nop0,!lllTb 6onee qeM216HTOB K0ppelIHIJllll. 

CBoiicrno (3) npe,!lnonaracr, qTo npu nepe,!laqe coo6meHllll B03pacrncr u He npeBhIIIIaeT 

BenuqUHbl 2/ 6HTOB. 

CBOHCTBa (1) - (4) Bb!Il0JIHlllOTCll n0JIH0CTblO ,[lJIH pll,!la ll3BeCTHbIX Mep K0ppelIHIJllll. 3ru 

CBOHCTBa cnpaBe,[lJIHBbl, B qacTH0CTll, ,[lllll KJiaccuqecKOH B3aHMHOH umpopMaIJHll / ( A : B) , 

K0r,!la nepe,!laqa coo6meHuii ocymecTBJIHeTCll KJiaccuqecKUM cnoco6oM. TaK, HanpuMep, 

CBOHCTBa nOJIHOH ll npupameHHll npon0pIJH0HaJibH0CTH I ( A : B) ,[lJIH KJiaccuqecKoro cnyqaH 

CJie,!l)'IOT ll3 qiaKTa, qT0 HMeeT MeCT0 HepaBeHCTBo: 

max(H(pA),H(Ps))=s;H(pA0 )=s;H(pA)+H(p0 ), TaK qrn, K0r,!la A nocbmacr 

KJiaccuqecK)'IO cucTeMy A' K B, UMeeM le, (p) = I(A;BA') =,; I (AA';B) + H (PA·). 
Tor,[la CBOHCTBO nOJIHOH nponopIJH0HaJibH0CTH CJie,[lyeT ll3 CBOHCTBa npupameHlll! 

npon0pIJH0HaJibH0CTH. 3TO JKe Bb!Il0JIHlleTCll wrn KBaHTOBOH B3aHMHOH HHqJOpMaIJUH: 

IQ (A: B) = S(pJ+S(p0 )-S(pA0 ). 

HeOJKH,[laHHbIM 0Ka3aJI0Cb TO, qTo CBOHCTBO npupameHllll nponopIJH0HaJibH0CTll 

HapYIIIaeTCll ,[lJIH I Cl (p) 3KCTPeMaJibHbIM o6pa30M B cnyqae CMeIIIaHHbIX HaqaJibHbIX 

COCTOllHHH p : np0CT0H KJiaccuqecKUH 6uT, nocnaHHbIH OT A KB ' M0lKeT B pe3yJibTaTe 

npuaeCTH K YBeJiuqeHUIO I Cl (p) ,[10 HeK0T0poro 60JibIIIOfO 3HaqeHllll. 

~aHHblH qieHOMeH paccMaTpHBaeM KaK B03M0lKH0CTb Ha6JIIO,[leHlll! KJiaccuqecKOH 

Koppelll!IJllll B KBaHT0B0M C0CT0l!Hllll p . Ecnu CBOHCTBO rrpupameHllll rrporropIJH0HaJibH0CTll 

IC/ (p) UMeeT MeCT0 Ha KJiaccuqecK0M yp0BHe, TO qieHOMeH Ha6JIIO,[laeMoii KJiaccuqecKOH 

K0ppelll!IJllll llBJilleTCll qucT0 KBaHT0BbIM ::iqiqieKTOM. 3TOT pe3yJibTaT Herrocpe,!lCTBeHH0 

CJie,!lyeT ll3 Hepa3JillqllM0CTll He opT0f0HaJibHblX KBaHT0BbIX COCTOl!HllH. 

IlpHMep 26. ~orrycTHM, qTQ 3a,[laH0 HaqaJibH0e C0CT0llHHe p ' THII rrepe,!laqu coo6meHHll 

ll C00TBeTCTB)'IOillee K0JiuqeCTB0 rrepe,!laBaeMOH llHqJOpMaIJHll. B03paCTaHlle K0ppeJIHIJllll 

M0lKH0 oxapaKTepH30BaTb CJie,!l)'IOillllMll qJYffKIJlll!Mll: 

If} = max I ci (A (i) (p )) ( 0/:lH0CTopoHHee KJiaccuqecKoe coo6meHue) ; 
A(') 

1t} = max I ci (A111 (p )) (J:lByxcTopoHHee KJiaccuqecKoe coo6meHue) . 
Al'I 

OrrepaTop A - orrepaIJllll Ha,[l .[lByxqacTuqHblM C0CT0llHHeM, K0T0pal! C0CT0HT ll3 

JI0KaJibHbIX orrepaIJHH u C0,!leplKUT He 6onee qeM 2/ KJiaccuqecKUX HJIH / KBaHT0BbIX 6uTOB B 

coo6meHHH. 3TO 0TPaJKeH0 B C00TBeTCTB)'IOillllX BepXHHX llH,[leKcax (I) HJIH [I]. l!epe3 p ll 

p' o603HaqeHbl C0CT0llHllll ,[10 ll rrocne rrpoBe,[leHllll orrepaIJl!H C o6MeHOM coo6meHlll!Mll, 

p' = A (p) . Konuqecrno, CKpbITOH (HeHa6JIIO,[laeMoii) K0ppeJil!IJllll a C0CT0l!Hllll c I 

KBaHT0BbIMH 6l!TaMH rrpu 0,[lH0CT0p0HHeM o6MeHe coo6meHHl!Mll, M0lKeT 6bITb orpaHuqeH0 

cne.!l)'IOillHM ycnoaueM: If) (p )- I Cl (p) =,; I+ ( 21 -1) I c, (p). ~JIH MaJibIX 3HaqeHnii I ci (p), 
K0JiuqecTB0 CKpbITOH (HeHa6JIIO,[laeMoii.) K0ppelIHIJllll rrpu .!lBYCT0p0HHeM o6MeHe 

coo6meHlll!Mll orpaHuqeHo caepxy: 

1t} (p )-IC/ (p) =,; 21 +o( d2 ..f 1c1 (p) log le, (p)). 
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• CKpblmWI (na6mooav.1W1} KJWCCU'JeCKQJI KOppeJmlfUR 6 K6aHmoeo.M cocmoRHUU. 
06cy.[lHM CHTyaIJHIO, a K0TOpoii. HeKOTOpoe KOJIHqecrno KoppelIHIJllll He ,[l0CTYJIH0 

Ha6JIIO,[leHHIO rrpu 0,[lHOCT0p0HHeM o6MeHe coo6meHlll!MH. HaqaJibHOe C0CT0l!Hlle 

orrpe,!leJilleTCll IIO,[lCIICTeMaMu A II B Ha C00TBeTCTB)'IOillHX no,!lnpOCTPaHCTBax 
pa3MepH0CTbIO 2d 11 d a Bll,[le: 

p=_!__ f±(lk)(k/®/1)(1/L@(u,/k)(k/u/t, (Il2.6) 
2d k=O t=O 

f,[le onepaTOpbl Uo = I II ul MeHl!IOT HCXO,[lHblH BbrqucJIUTeJibHbIH 6a3HC Ha 061,e,[lUHeHHblH 

KaK / (iJU1 /k) / = }J \/ i,k. Tor,!la B Bb16upaeT cnyqaiiHbIM o6pa3oM COCTOl!Hue /k) u3 d 

COCTOllHHH B .[lByx B03MOlKHbIX paH,[l0Mll3llp0BaHHbIX 6a3ucax (B 3aBHCHMOCTH OT CJiyqaH, 

KOr,[la t = 0 llJIII 1 B (Il2.6)). B TO lKe BpeMl! Ha6JIIO,[laTeJib A llMeeT n0JIH)'IO IIHqJOpMaIJHIO 0 

KBaHTOBOM COCTOl!Hllll Ha6JIIO,[laTeJIH B . Ilonyqua He06XO,[lHMOe K0Jiuqecrno IIHqJOpMaIJHH a 

Bll.[le if) (p) = logd + 1, A nochmaeT 3HaqeHue t K B, K0TOpbrii. a CBOIO oqepe,!lb 

npuMeHlleT onepaTop u, K CB0eMy C0CTOllHHIO ll ll3MeplleT 3HaqeHue k B Bbrq11cnuTeJibH0M 

6aJuce. B pe3yJihTaTe A u B HMeIOT H3MepeH11e k u t, qrn ,!laeT If) (p) = logd + I 6HT 

KOppelll!IJllll. CocTOl!Hlle p 3B0lIIOIJH0HHpyeT no CJie,!l)'IOilleMy CIJeHapuIO. IlyCTb d = 2" • 

Tor.[la A Bb1611paeT cnyqaiiHbIM o6pa3oM k .[lJIHHoii. a n 611rna 11 nocbmacr K B coo6meHue 

o cocTOl!Hllll / k) 11nu H®" / k) B 3aBHCHMOCTH OT cnyqaii.Horo 3HaqeHHll 6nm t = 0 unn 1. 

3.[leCb H - npeo6pa30BaH11e l\zlaMapa; A n0CbIJiaeT t K B II n03JKe Ha6JIIO,[laeT C03,!laHHYJO 

KoppelIHIJHIO. 3KcnepHMeHTaJibHO YCTaH0BJieHo, qTo npuMeHeHlll! npeo6pa30BaHHll A,!laMapa 

ll ll3MepeHHll COCTOl!Hllll KBaHT0BblX 6HTOB ,[l0CTaT0qHo, qTo6bI peaJIH30BaTb np0IJe.!lypy 

npuroTOBJieHHll COCTOllHllll p II 3aTeM ll3BJieqb CKpbIT)'IO B C0CT0l!Hllll p' KJiaccuqecKyio 

KOppelll!IJHIO. HaqaJibHal! Koppellll!Jllll llBJIHeTCll MaJIOH BeJiuquHoii.: 1g> (p) = .!.1ogd. Ilocne 

2 
nOJIHOro ll3MepeHHll MA npu 0,[lH0CT0pOHHeM o6MeHe coo6meHlll!Mll K0Heqffoe 3HaqeHue 

KOJIUqecTBa IIHqJOpMaIJHH B KBaHT0B0M C0CT0l!Hllll orrpe,!leJilleTCll KaK 

I ct (p') = If) (p) = logd + 1, T.e. Konuqecrno /:l0CTynHoii. HHqJopMaIJHH YBenuquaaeTCll. 

llpwwe'JaHue 26. 0TMeTHM, qTQ n0JIH0e ll3MepeHue MA B 6a3uce {/k)®/t)} OnTHMaJibH0 

,[lJIH CHCTeMbl A . Bb!XO,[lHOe 3HaqeHHe pe3yJibTaTa ll3MepeHHll TQqHo ,[laeT llHqJOpMaIJHIO 0 

TOM, KaKoe q11cToe COCT0llHHe ll3 aHCaM6JIH Bb16paHo. IlOJTOMY IIMeeTCll B03M0lKH0CTb 

npuMeHl!Tb KJiacc11qecKuii., JI0KaJibHbIH np0IJeCc o6pa60TKU (pe3yJibTaTa ll3MepeHHll) ,[lllll 

nonyqeHHll IIHqJOpMaIJHll 0 pacnpe,!leJieHHll pe3yJibTaTOB .!lpyrux ll3MepeHHH. Bb16op 

onTIIMaJibHOro ll3MepeHHll WJJ1 CIICTeMbl A n03B0JIHeT ll3BJieqb 113 /Cl (p) WJJ1 CHCTeMbl B 

oocmynnoe KOJiuqecrno HHqJOpMaIJUH /Ace 06 aHCaM6ne paBH0MepHo pacnpe,!leJieHHbIX 

COCTOllHIIH {/k),(U1 =H)/k)} k=O, ••• d-t' 

• J(ocmynHQJI UH,POp.MGlfUR 06 GHCa.M6ne C.MeutaHHblX' cocmoRHUU. B o6meM cnyqae 

,[lOCTynHal! IIHqJOpMaIJllll 06 aHCaM6ne CMeIIIaHHblX C0CT0llHIIH E = {P;,17;} onpe,!leJil!eTCll 

KaK MaKCl!MaJibHal! B3aHMHall IIHqJOpMaIJHll MelK.[ly ll3MeplleMblM C0CTOllHHeM C HH,[leKC0M i 

ll pe3yJibTaTOM ero ll3MepeHHll. Konuqecrno ,[lOCTYJIHOH llHqJOpMaIJHH / Ace ( E) M0lKH0 
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oxapaKTepmoBaTb KaK MaKCilMa.JibHOe 3HaqeHHe IlHCpopMal(llll, Il3BJieKaeMoe Il3 KBaHTOBOro 

COCTOHHllil C IIOMOllib!O IIOO3-Il3MepeHHH (pa3,11.2) C 3JieMeHTaMil TOJibKO paHra I. 

,l.J.orrycTHM, qTQ M={ajj¢j)(¢jl}_o3Haqacr IIOO3-Il3MepeHHe C 3JieMeHTaMil paHra 1, 
J 

me KaJK,[J,Oe COCTOHHile j¢j) HOpMa.JIH30BaHO Il a1 > 0. Toma ]Ace ( e) MOlKHO BblqllCJIIlTb 

Clle,!IYIQllIIlM o6pa30M: 

[ 
( 

P; ( ¢j i1JM,)l 
/Ace(&)= m;x -~P; logP; + ~:~>,ai ¢1 \1J;\¢i)log (¢ijµj¢i} , 

KnaccH11ecKaJ1 11acn. 
KaalrroBax 'lacTL 

(II2.7) 

meµ = I p11J1 • IlpnMeHIIM Terrepb BbipalKeHne (II2. 7) K perneHH!O Bb!IIIeyrroMHHYTOii 

rrpo6neMhI. AttcaM6Jib cocTOHHIIH 3a,11aeTCH KaK {__!_,U,lk)} rrpn cne,!IYIQillHX 3HaqeHHHx 
2d k,t 

i = k, t; A 
1 

= 
2

~ , µ = ~ n ( ¢1 \µ\ ¢J = 1 · IIo,11crnBJIHH Bee H3 rrpnBe,11eHHhIX BbipalKeHHH B 

q10pMyny (II2. 7) ,Lilli! / Ace ( &) , IIOJiyqHM: 

[ 

&- - 2 1(¢-\U,\k)j2j 
Ic1 (£)=max log2d + _L-1 j(¢ilU,lk)l log~'-~ 

M --..,........., . 2d 2 
K.rraccuqecKaJI qaCTh -..,_,k_,, ______ ~-------.J 

KBaHTOBaJ.C qaCTb 

- m;x l ~_:!: =» + ~ ';1-(½ f I( ~~:~gf( ¢, fu, I k)J') l 
r,11e HCIIOJib30BaHbI cne.11YIQI11He o6o3HaqeHHH: Iai = d H '<lj, t Ll(¢1 \U,lk}j2 

= 1. 
j k 

"\' a -
TaK KaK Bb!IIOJIHHeTCH COOTHOIIIeHHe L., __J_ = 1, TO BTOpoe Bb.IJ>alKeHne HBlli!eTCH 

' d 
BbIIIyKJIOH KOM6HHarrneii n MOlKeT 6b!Tb orpaHHqeHO CBepxy IIYTeM orrepaIIIlll 

MaKCilMil3a!IIlll IIO rrepBOMY qJieHy B Bll,!le 

ICI ( E) ~ logd +max_!_ 2J(¢IU,\k)j2 logj(¢\U,\k}l2. 
• 1¢) 2 k,t 

OTMeTHM, qTo qnett-Ij(¢\U,)k)j
2 

log)(¢\U,)k)j
2 

rrpe,11cTaBJU1eT CYMMY 3HTporrniiHhIX 
k,t 

Mep Il3Mep»eMoro COCTOHHilH 1¢) B BblqllCJIHTeJibHOM Il B 0606111eHHOM 6a3HCax. TaKaH 

CYMMa 3HTPOIIHH orpaHnqeHa BeJilfqHHOH log d . HnlKHile rpaHH!IhI rro,1106Horo THrra B 

TeOpllll KBaHTOBbIX II3MepeHilH Ha3bIBa!OTCH Hepa6e11cm6GMU :mmponuu11oit 

242 

11eonpeoeJ1eHHocmu (EUI), KOTOpb!e KOJIIlqecTBeHHO orrpe,!lellil!OT HeB03MOlKHOCTb 

om_rnBpeMeHHoro II3BJieqeHHH BeKTOpa )¢) Il3 ,!IByx 0606111eHHbIX (COBMeCTHb!X) 6a3IICOB. 

lfa IIpHBe,!leHHbIX COOTHOIIIeHHH cne,11yeT, qTQ / Cl ( p) :5: .!_ log d. PaBeHCTBO MOlKHO 

2 
,!IOCTIIrHYTb, ecJIII B II3Mep»eTCH B BbiqIICJIHTeJibHOM 6a3nce 

1a(P)=.!_logd, It} (p )-le, (p) = I +_!_logd. 
2 2 

0TMCTIIM, qTo CBOHCTBO rrpIIpa111eHlli1 rrporropIIIlOHaJlbHOCTII BbIIIOJIHHeTCH ,!lllil 

MHOfOKpaTHbIX KOIIIIH COCTOHHHH p. Wootters Il0Ka3a.JI [8], qTQ ,!IOCTyrrmur HHCpOpMaQHH II3 

m He3aBHCIIMbIX KOIIIlll aHcaM6lli! & pa3,11eneHHbIX COCTOHHilH a,11,!IHTilBHa, 

I Ace ( £ ®m) = ml Ace ( £). OTC!O,!la cne,11yeT, qTo MH paccMaTPHBaeMoro cnyqa» IIMeeM: 

I 0 (p®m)=mic,(P). 

IlpHMep 27. IlyCTb 3a,!laHo ,!IByx qaCTilqHoe COCTOHHIIe PAB. Orrpe,!leJIHM B03MOlKH}10 

Mepy KJiaccnqecKoil: KOppeJIHIIIlII MelK,!ly IIO,!ICilCTeMaMH A IIB CJie,!IYIQllIIlM o6pa3oM: 

CorB (PAB) = ~ax[ S(pA)-~P.S(p~)], (II2.8) 

r,11e PA = TrB (PAB )- pe,!IYQHpoBaHHaH MaTPIIIIa IIJIOTHOCTII. 3HTPOIIHH qioH HeiiMaHa HMeeT 

BH,11: S(p) = -Tr(plogp). YcnoBHaH MaTPmi:a rrnornocTn p~ orrpe,11en»eTc» qepe3 MaTPH!IhI 

IIJIOTHOCTII COCTOHHHH A IIOCJie pea.rrn3arrrrrr II3MepeHHH B; Ha,11 COCTOHHHeM B B BH,!le: 

p~ 
TrB (B,pAB) 

TrAB(B,pAB) 

BepOHTHOCTb orrpe,11eJIHTb A B COCTOHHIIII p~ ecTb P; = Tr AB ( B,pAB). Mepa KOppeJIH!IlIII 

(II2.8) IIMeeT IIpOCT)'IO qllI3IIqecKyro IIHTeprrpernrrrr10: eCJilI A II B He KOppenIIpoBaHbI, TO 

MaprHHaJlbHOe 3HaqeHHe 3HTPOIIIllI [ S (PA)] COCTOHHIIH A H B3BellieHHOe ycpe,11HeHHOe 

3HaqeHHe 3HTPOIIIIII A IIOCJie IIOO3-lI3MepeHHH [ ~ p,S ( p~)] Ha,11 COCTOHHIIeM B ,11aeT KaK 

CJie,!ICTBile CorB (PAB) = 0, TaK KaK ,!IJIH HeKoppenrrpoBaHHOH ClICTeMbI AB COCTOHHlie A He 

3aBIIClIT OT ,11eiiCTBlli! IIOO3 - II3MepeHHH COCTOHHIIH B. Eonee Toro, OTMeTIIM, qTo IIMeeT 

MeCTO COOTHOIIIeHnepA = Z:P.P~; Tor,11a ,!lllil ,!laHHOro IIOO3-H3MepeHIIH Ha,11 CIICTeMoii B 

BbipalKeHIIe [ S ( p A)-~ p,S ( p~)] 3a,!laeT ,11eqieKT 3HTPOIIlIIl, orrpe,!leJieHIIe KOTOporo ,!laHO B 

[49]. Cne,110BaTeJibHO, KJiaccrrqecKY!O Koppen»IIII!O CorB (PAB) MOlKHO paccMaTPIIBaTh KaK 

MaKCilMa.JibHOe ocpe,11HeHHOe B03Pacrnm~e 3ffTPOIIIIII CilCTeMbI A , Kor,11a COCTOHH!Ie p~ 

( IIOCJie 3aBepIIIeHlli! II3MepeHIIH B, Ha,11 ClICTeMoii B ) HBllileTCH CIIeIJ;IlqJilqecKII cpaBHilMbIM C 

CIITyaIJ;IIeii, B KOTopoii II3BeCTHbl TOJlbKO CMelliaHHbIC COCTOHHIIH PA. 

KrraccnqeCKM KoppellilIJ;IlH ycTaHaBJIIIBaeT Mepy CIIJlbI KoppeJIH!IlIIl ,!IByx IIO,!ICIICTeM 6e3 

YKa3aHllil rrprropIITeTa IIO,!ICilCTeMbI, IICIIOJib3yeMOH ,!IJIH II3BJieqeHIIH ,11aHHOH KOppeJIHIJ;lIIl. 
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Konnqecrno KBaHTOBOH B3aHMHOH nmpopMaUHH I ( A : B) ,gsyxqacTHqHoil: cocTaBHoil: 

CHCTeMbl AB MO)KHO ,geKOMII03HpOBaTb Ha ,ge1JmUHT nmpopMal(HH (HJIH pa60TbI) f.,. H 
,geq>Hl\HT KJiaccnqecKOH HHq>OpMal(HH de/ B BH,ge I = !-,.cl + t:-,. • 3To rrpHBO,gHT K 

ecTeCTBeHHOH aHaJIOfHH C rrpouecCOM ,geKOMil03Hl\HH )VU! cnyqa» KOJIHqecTBa B3aHMHOH 
HHq>OpMal(HH, HCIIOJib3yeMOH rrpH OIIHCaHHH pa3JIHqHbIX Mep KJiaccnqecKOH KOppeJIHl(HII. 
Konnqecrno Ol(eHeHHOH KJiaccnqecKOH KOppelIHl\HH II OTHOCHTeJibHOH :mTPOIIIIH (EREn) B 

3aIIYTaHHblX COCTOHHIIHX TaK)Ke He rrpeBhIIIIaeT B CYMMe KOJIHqeCTBa B3aIIMHOH HHq>OpMal(IIII 

q>OH Heil:MaHa Me)K,gy ,gBYMH rro,gc11CTeMaM11, T.e. : J (PA,B) > [ Cs (p AB) 1p, + EREn • 

<l>H3HqeCKH 3TO 03HaqaeT, qTO Bb16op HeOIITHMaJibHOfO 11OO3-II3MepeHHH MO)KeT 
pa3pYIIIHTb IIOJIHyio KOppeJIHl(HIO. EcrecTBeHHO, qTo rrpII paCCMOTPeHHH BCex B03MO)KHbIX 
11OO3-H3MepeHHH MH ,gaHHOfO COCTOHHHH OIITIIMaJibHbIH KJiacc 11OO3-II3MepeHIIH He 
MO)KeT YCTPaHHTb IIOJIHyio KOppeJIHl(IIIO. )..(pyroil: aJihTepHaTHBOH, KOTOpaH ,genaeT 
COBMeCTIIMbIMH IIOHHTHH KJiaccnqecKOH KoppeJIHl(HH H B3aIIMHOH HHq>OpMal(HH, HBJIHeTCH 
B03MO)KHOCTb pa3JIHqHbIX orrpe,geneHHH Mep KBaHTOBb!X KoppeJIHl(HH, OTJIHqHbIX OT 
rrpe,gCTaBJieHIIH rrocne,gHHX B BH,ge ( E REn ) . 

O,gHHM H3 B03MO)KHblX KaH,g11,gaTOB CJI~HT KBaHTOBbIH 6ecrropH,gOK. 
IlpHMep 28: B3GUMIIQR Ull(jJOpMGIJWl u K6Gllm06blU 6ecnopROOK. B rrpOTHBOIIOJIO)KHOCTb K 

orrpe,geneHHIO KJiaccnqecKOH ycJIOBHOH 3HTPOIIHH KBaHTOBaH ycJIOBHaH 3HTPOIIHH HBJIHeTCH 
3aBHCHMOH BeJIHqHHOH OT rrpoue,gypbl 113MepeHHH, rrpOBO,gHMOH Ha,g HCCJie,gyeMOH 
CHCTeMOH. 

Mepoil: KBaHTOBOfO 6ecrropH,gKa BblCTynaeT: o ( A : B) = I ( A : B )- J ( A : B) {nn . 

Ben11qnHa J 3a,gaeT HHq>OpMal(IIIO O CIICTeMe B no pe3yJihTaTaM cepHH 113MepeHHH {II~}: 
J(A: B){nf) = S(A)-s{Al{rrn) = S(A)- L 'p,S('p/), 

r,ge. P; II • p/ 113HaqanhHO BbI6paHbl KaK crrel(IIaJibHbie cnyqan p, II p/, Kor,ga 

MHO)KeCTBa 113MepeHIIH q>OpMIIPYJOTCH KaK orpaHnqeHHbie o,gHOMepHbie rrpoeKl(HH II~ . 
Ilpnse,geHHOe orrpe,geneHHe KBaHTOBOfO 6ecrropH,gKa qeTKO OIIHCbIBaeT Hepa3,geJIHMYJO 

3aBIICHMOCTb KBaHTOBOH ycnOBHOH 3HTPOIIHH OT rrpoue,gypbl H3MepeHHH. Mepa KBaHTOBOfO 
6ecrropH,gKa paBHa HYJIIO, eCJIII CYIIIeCrnyeT TaKOe (xorn fib! o,gHO) H3MepeHHe, ,gJIH KOTOporo 
3Ta Mepa rrpHHHMaeT Hynesoe 3HaqeHIIe. Ilo3TOMY MHHHMaJibHOMY 3HaqeHIIIO Mepbl 
KBaHTOBOfO 6ecrropH,gKa COIIOCTaBJIHIOT KBaHTOBYIO KoppeJIHl(HIO. Ilpn BbI6ope 
COOTBeTCTBYIQil\efO MHO)KeCTBa H3MepeHIIH Ha,g CIICTeMOH B, orrpe,geJieHHOfO KaK 
MHO)KeCTBO o,gHOMepHb!X rrpoeKl(HH, HCTPY,gHO rrposepHTb, qTO MHO)KeCTBO 113MepeHHH, rrpH 
KOTOpb!X MHHIIMH3HpyeTCH KBaHTOBbIH 6ecrropH,gOK, T.e. MaKCHMII3HpyeTCH sennqnHa J' 

3KBHBaJieHTHO 11OO3-II3MepeHHHM, OIITHMII3HPYIO!l\HM Mepy KJiacc11qecKHX KOppeJIHl(HH 
6HHapHbIX COCTOHHHH. )..(aHHbIH pe3yJihTaT cne,gyeT 113 orrpe,geneHHH 3THX KOJIIIqecTBeHHbIX 
Mep II pe3yJibTaTa OIITHMH3al(HII KJiaccnqecKHX KoppeJIHl(HH rrpII HCIIOJib30BaHHH TOJibKO 
rrpoeKTIIBHbIX H3MepeHHH. 

Cne,gosaTeJibHO, IIMeeM: max[ J (A: B){nf)] = Corn (PAn). 

l103TOMY, I ( A : B) = CorB + min o ( A : B) , T.e. ;:vrn: 6nHapHbIX cocTOHHIIH KJiacc11qecKaH 
{nn 

KOppeJIHl\HH n KBaHTOBb!H 6ecrropH,gOK BbICTynaIOT COCTaBHbIMH KOMIIOHeHTaMII B Ol(eHKe 
B3aIIMHOH IIHq>OpMal(IIII. l103TOMY He CYIIIeCTByeT H3MepeHHH, H3BJieKaIOil(ero 
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KJiacc11qeCKYIO KOppeJIHl(IIIO II CIIOC06Horo 113MeHIITb 3HaqeH11e B3aIIMHOH IIHq>OpMal(IIII 
M<;:)K,gY ,gBYMH rro,gc11cTeMaM11 rrp11 ,go6asneH1111 KJiacc11qecKoil: KoppeJIHl(IIII K OTHOCIITeJibHOil: 3HTPOIIIIII. 

3To IIO).TBep)K_gaeT YTBep)K,geH11e, qTo y,go6Hee IICIIOJib30BaTb IIOHHTIIe KBaHTOBOro 
6ecrrop»,gKa B Kaqecrne KBaHTOBOH COCTaBHOH qaCTII MH KJiacc11qecKoii KOppeJIHl\1111 BMeCTO 
OTHOCIITeJibHOH 3HTPOIIIIII. 
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