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Auuapn DeifHMaH 3aMeTul, UTO OINpeeléHHble KBAaHTOBO-MeXaHHUECKHe Mpoliecchl Helb3f
5(p¢deKTUBHO MOAenMpOBaTh Ha KJIacCCHUECKOM KOMIIbIOTepe. JTO HabuaroJeHHe NpuBeno K 6o-
nee o6meMy YTBEpHIEHUIO, YTO JIA MPOBEJeHUA BbIUNCIEHU KBaHTOBBIE MMPOLECCHI ABIAIOT-
cA 6onee 53¢ HeKTUBHBIMU, YeM HKiaccuyeckue. [laHHOe npeanosoxieHue OGbLIO MOATBEpPHKIEHO
dutepom IIlopom, KoTopblii pa3paboTal KBaHTOBbIM aJrOPUTM pPa3/IOMKEHUA LEdbIX UHcel Ha
MpOCThle MHOMKUTENN 3a MONUHOMUANIbHOE BPEMA.

B KBaHTOBBIX cHCTeMaX MPOCTPAHCTBO BbIYKMCIEHUI SKCIIOHEHIIMalbHO BO3pacTaeT ¢ pas-
MepOM CHCTEMBI, UTO U JelaeT BO3MOMHBIM SKCIIOHEHIIMalbHbIi napamnenusM. [JaHHBbIN na-
palienu3M MOKeT NIPUBECTH K KBaHTOBLIM ajlrOpUTMaM, KOTOPble SKCIIOHEHIMalbHO GbicTpee
KIaccuueckux. JocTym K pe3yabTaTaM KBaHTOBBIX BhIUMCIEHUI TpebGyeT MpoBeleHNA Mpoliec-
ca U3MepeHUA U ABJIAeTcA HenpocThbIM. 1A Bcero sToro TpebGylOTcA HOBble HeTPaJULIMOHHbIE
MeTO/Ibl MPOrpaMMUPOBaHUA.

[Mens HacToAmeld paGoThl 3aKIIOYaeTCA B TOM, YTOGbI MIOMOYb TeM, KTO 3aHMMAaeTCA Te-
opueil BblYMCIeHUi, NMpeojoJeTh Gapbep, KOTOPbIN pa3fendeT KBaHTOBbIe M TpaJULMOHHbIE
KJIacCUUeCKHUe BbIUKMCIEHUA. JPEeNCTaBIAIOTCA OCHOBHbIe MPUHLINMIBLI KBAHTOBOI MeXaHHKH,
00bACHAIIINE, OTKYAa 6epeéTcA MOIlb KBAHTOBOI'O0 KOMIILIOTEPa U IOYEMY €€ TPYAHO HCIOIb-
30BaThb. OnuckiBaeTcA KBaHTOBafA KpUNTOrpadudA, TeleNopTaluA U TUIOTHOE KOJUPOBaHUE.
JpUBOOATCA pasinyHble NPUEMBI 3()PEKTUBHOrO KCHIOIb30BAHUA KBAaHTOBOrO Mapailieln3Ma.
B 3aBepmieHue paccMaTpuBaeTCA HCIpaBleHWe KBAaHTOBBIX OMHUOOK.

1. BBegenue

B nauane BochbMuaecATHIX TOJOB Halllero cronetud Juuapa Peiinman [Feynman 1982]
3aMeTuJ, YTO ONpeJeléHHbIe KBAHTOBO-MeXaHUYeCcKre oNepaluy Helb3fl B TOUHOCTHU
MIePEeHOCUTh Ha KIacCHYeCKHil KOMINbIOTep!. DTo HaGIIOJeHe HATOMKHYIO Ha MbICTh
0 TOM, YTO, BO3MOHO, B IIeJIOM, BLIUMCIEHUA MOTYT ObITb Gojiee MPOOYKTUBHBIMU,
eclii OHM OCYIIECTBIAITCA MPU MOMOIIM KBAHTOBLIX omepanuii. OgHaKo co3gaHue
KBAHTOBBIX KOMIBIOTEPOB U BHIUMCIUTEIbHBIX MAaIIUH, B KOTOPHIX HCHOIb3YIOTCA
nogo0HbIe KBAHTOBBIE OMepaldM, OKa3zaloCh OUYeHb CIOMHBIM. K ToMmy e MHOTHe
ObIIU He YBepeHbl B TOM, UTO KBAHTOBbIE (P (HeKThl MO3BOJAT YCKOPUTH BHIUMCIEHUA.
J03TOMY JaHHOEe HalpaBlieHHe pa3BUBalOCh KpaiiHe MeqieHHo. Tak Ipomoixkalioch
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BIIOTH 10 1994 roxa, koraa dutep lllop yauBun mup, onucaB KBaHTOBbBIi alrOPUTM
pas3ioeHNA LeNbIX YKCel Ha MHOMKHUTENN 3a HolIuHOMHAlnbHOe Bpemsa [Shor 1994;
Shor 1997]. Toraa o6racTh KBAHTOBBIX BBIYHCIEHHUIl yJOCTOMIACH JOMHHOIO BHAMA-
HUA. ITO OTKPBITHE MOOYAUIO0 K [OefiCTBUIO KaK DKCIEPUMEHTATOPOB, MBITAII[UXCA
co31aTh KBAaHTOBblE KOMIBLIOTEPHI, TAK U TEOPETUKOB, MBLITAIOMIUXCA HANTU HOBbIE
KBaHTOBbIe anropUTMbI. [[OMONHUTENLHBINA UHTEPEC K 3TOMY MpeaMeTy ObL1 BbI3BaH
u300peTeHNEM KBaHTOBOT'O MPOTOKONA Mepelaul KIoUa, a Take OCBellleHueM Tpec-
COil yCcIexoB, JOCTUTHYThIX DKCIIEPUMEHTAIbLHO B KBAaHTOBOI TeleNopTaluy 1 JeMOH-
cTpaluu TPEXKYOUTOBOrO KBAHTOBOTO KOMIIbIOTEPA.

Ilens HacToAmEel paboTHI 3aKIOYaeTCA B TOM, YTOOLI NIOMOYbL IPOrpaMMUCTaM U
IPYTUM CHelnanucTaM, He ABIAIOIIUMCA dKCIepTaMu B 061acTU KBAHTOBLIX BhIUHKC-
TeHui, NpeoJoieTh NPUHIUTNNANbHbIE U YCIOBHbIE Gaphephl, OTAEIAIIINe KBAHTOBbIE
BBIUUCIEHUA OT TPAAUIMOHHBIX, a TaKe MO3HAKOMUTH UX C 3THUM HOBBIM U UHTe-
pecHbIM HampaBieHueM. [lnA obllecTBa MPOrpaMMUCTOB BaKHO NMOHATH OTH HOBbBIE
BeAHUA, T.K. OHHU MOTYT paJUKalbHO U3MEHHUTh UX MHEHHE O BBIYHCIEHUAX, IPO-
rpaMMUPOBAHUU U CIOHHOCTH.

Boo6ie-To, BpeMs, KOTopoe He0OXO0JUMO [JIfl OCYIIEeCTBIECHUA ONPEIeNEHHBIX BbI-
YUCNEHUUH, MOMKHO YMEHbIINTh, UCIONb3YyA MapalielbHble mponeccopbl. UYToObI mo0-
CTUYb HKCIMOHEHIIUATLHOTO0 YMEHbIIeHUA BpeMeHH, TpeGyeTcA SKCIOHeHIINanbHO YBe-
JAUYUTH YKCIO TPOLECCOPOB, a, Cle0BaTelbHO, U 00HEM (HU3NUECKOro MPOCTPAHCTBA.
Torpma kak B KBAHTOBOI CHUCTeMe JIIA SKCIOHEHINAIbHOT'0 YMeHbIIeHUA BpEMEHH Tpe-
GyeTcA aulllb NUHEHOe yBelnueHne 06bEMa HE0OXOAUMOro (pU3nUYeCKoro NpocTpaH-
cTBa. JTO ABIEHNE CBA3aHO HEMOCPEJCTBEHHO ¢ KBAHTOBBIM NapaiienusamMom [Deutsch
and Jozsa 1992].

CymecTByeT ellé ojHAa BaxHaA OCOGEHHOCTh. JOKAa KBaHTOBad CHUCTEeMa BhI-
MOJNHAET BBIUMCIEHHUA, JOCTYN K pe3yibTaTaM OrpaHHUYeH. Jpollecc AOCTYyMa K pe-
3yJbTaTaM — eCTh Mpollecc U3MepeHNA, KOTOPhI BO3MYIllaeT KBaHTOBOE COCTOAHME,
uckasan ero. MoeT nokaszaTbcf, 4TO 3[eCh CUTYyallA elé Xy#e, YeM C Kiaccu-
YeCKUMU BBIUHCIEHUAMHU. JONydaeTcA, YTO Mbl MOMEM TOIHLKO CUUTATH Pe3yNbTaT
BBHINOJTHEHUA OJIHOTO U3 MapajlelbHbIX MPOIEeCcCOB, a MOCKOIbRY M3MepeHue ABIAETCA
BEPOATHOCTHBLIM, TO MbI JaKe He MOeM BbIOHpPaTh, Pe3yIbTaT KaKoro Ipolecca Mbl
MOy YU M.

Jo0 3a MpolIeANne HECKOIbKO JIEeT M0AU 00GHAPYHMUIU HeCTaHJapTHbIe IyTHU HUC-
KYCHOI'0 pellleHHA 3aJayd U3MepeHUsA, YTOObI HCIOAb30BaTh MPEUMYIeCTBa KBAHTO-
Boro mapannenusama. MaHUNyNANUU MOJO0GHOTO pofa He MMEIOT aHAIOrOB B KiacCH-
YeCKOi Teopuu U TpeGyIOT NPUMeHeHUA HeTPaJulMOHHBIX TPUEMOB MPOTrpaMMUpPOBa-
HuA. OOUH U3 TaKUX MPUEMOB 3aKIIOYaeTcA B yNpaBIeHUU KBAHTOBBIM COCTOAHUEM
TakuM o6pa3oM, YTOGEI MOIJIO OBITH CUUTAHO O6Ilee CBOMCTBO BCeX Pe3yIbTUPYIOMUX
3HauYeHUil, TaKoe KaKk CHMMETPUYHOCTDb WU Tepuo] GyHKINU. JoJoO0HasA TeXHUKA UC-
MoNnb3yeTcA B anlroputMe pasiomeHuda Ha MHoxuTenu [llopa. dpu gpyrom momxone
KBaHTOBbIE COCTOAHNA NMpeo6pa3yTcd TaKk, YTOObl YBETUYUTh BEPOATHOCTb CUUTHI-
BaHUA MHTepeCcYIOllero Hac pe3ylbTaTa BbIUMCIEHUI. JTOT MPUEM HUCIONb3YeTCH B
nouckoBoM anroputme ['poBepa.

B pabore B neTanAax onuckiBaeTcA KBaHTOBBII Mapallenu3M, a TaKHe U3BECTHbIE
Ha CerofIHAIHUI JeHb MPUEMBI, MO3BOJIAIOI[NE UCIIOIL30BATh €ro MOIlb.
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B paspene 2, cienyomiM 3a BBeIeHUEM, OMUCHIBAIOTCA KOHIENIUU KBAHTOBOMN
MeXaHUKU, HeoGXo[uMble I KBAHTOBBIX BbIUMCIEHHI. JTOT pasiel, KOHEYHO, He
MOKET COJIepKaTh BCECTOPOHHUI 0630p KBaHTOBOI MeXaHUKH. dallleil [elbio ABIA-
eTcA cHabmeHUe YUTaTeld UHCTPYMeHTaMu B (popMe MaTeMaTHUUYECKUX BBIKIAJOK U
0603HaUeHU A paboThl ¢ KBAHTOBOW MeXaHUKON, MCIONb3YEeMOM TMPU KBAHTOBBIX
BBIUMCIEHUAX. JajleeMcfl, HACTOAIAA paGoTa MOCTATOYHO MOATOTOBUT UYUTATENei,
4TOOBI OHU MOTIH UCCIE0BATh TEOPETUYECKHUE MIACThI KBAHTOBBIX BBIUNCIEHMUIA.

B pasgene 3 naércsa onmpejelieHde KBaHTOBOMY 6MTY uiau Kyouty'. B ornumuue
OT KJIACCMYeCKOro GUTa KBAHTOBBIN GUT MOMKET HAXOJUThCA B COCTOAHUU CYTepHo3u-
nuu, cofepxa Kak 0, Tak U 1. JOHATUA CYNepPNO3UIUU B KIacCUUECKO TEOPUU HET.
OTjgenbHbIe KBAHTOBbIE GUTHI MpeANonaraioT WHTepecHoe mpuMeHeHre. Mbl onuiinem
UCMOTh30BaHUe OTAENbHOTO KBAHTOBOT0 OUTA MPU 3aAlIUIEHHOM IPOTOKOIE MepeJaun
KJIOYa.

dacTrofnasa cuia KBAHTOBBIX BbIYKMCIEHUN MPOUCTEKAET U3 DKCIOHEHIIMAlbHOC-
TH MPOCTPAHCTBA COCTOAHUI MHOMECTBA KBAHTOBBIX OGUTOB: TaK, OTIENbHbI KyOUT
Mo:eT ObITh B cymepno3unuu 0 u 1, B To BpeMd Kak PerucTp u3 1 KyOUTOB MOMKET
GbITh B cymneprnosunuu 2" 3HauyeHuii. «CBepX» COCTOAHWA, HE MMeIOIIUe aHalora B
KJIaCCUYECKON TeOpUU U BeAyllie K DKCIOHEHI[HalbHOI pa3MepHOCTU MPOCTPAHCTBA
KBaHTOBOT'O COCTOAHUSA, ABIAIOTCA 3ally TAHHBIMU COCTOAHUAMHE, MOJOGHO COCTOAHUIO,
NpUBOJANEMY K mapagokcy 9932,

M&1 paccMOTpUM IBa BUJa omepainuii, TpOUCXOJAINNX B KBAHTOBOM cucTeMe: u3-
MepeHUe U npeoOpa3oBaHUe KBAHTOBOI'O COCTOAHUA. JONbIIMHCTBO KBAHTOBBLIX al-
rOpUTMOB BRIIOUAET MOclHeoBaTelbHbie MTPpeo6pa3oBaHiA KBAHTOBOTO COCTOAHUA, 3a
KOTOPBIMU cliefyeT uaMepeHnue. [[ifA cTaHJapTHBIX KOMIbLIOTEPOB CYyIIeCTBYyeT Habop
BEHTUIEH, KOTOpble ABIAIOTCA yHUBEpPCAIbHBIMU B TOM CMbICie, YTO Ii000e HKiac-
CHUYeCKOe BBbIUKCIEHHE MOMET ObIThb BBIMOIHEHO MPU HCHONb30BAHUU HaGopa BTUX
BeHTHUNEH. JOHOGHBIM #e 06pasoM CYIIECTBYIOT HaGOpbI MpOCTeHmux mpeodpaso-
BaHUN KBAHTOBOTO COCTOAHNSA, HA3LIBAEMbIX KBAHTOBLIMU BEHTHUIAMU, KOTOPbIe YHU-
BepcalbHbI 1/ KBAHTOBLIX BbiuncieHuii. mMes n1octaTouyHoe KOIMYECTBO KBAHTOBBIX
GUTOB, MOMHO CKOHCTPYHPOBATh yHUBEpCAIbHYIO KBAHTOBYIO MamiuHy TbiopuHra.

KBanToBas pusnka HakIaabIBaeT OrpaHUYEHUA HA TUIBI IpeoGpa3oBaHuii, KOTO-
pble MO#{HO BBIMOTHUTH. B yacTHOCTH, Bce MpeoOpa3oBaHUA KBAHTOBOIO COCTOAHUSA,
a, cliefloBaTelbHO, BCe KBAHTOBbIE BEHTUIU U BBIUUCIEHUA, NOMMKHBI ObITh 0GpaTH-
MbiMu. JI1060it KiaccuyecKuil alropuTM MOMKHO clelaTh 06PATHMbBIM U BBINONHUTH
Ha KBaHTOBOM KOMIIbIOTEpEe 3a MpUeMieMoe BpeMA. JeKOTopble 0obl[ue KBaHTOBbIE
BEHTUIIU ONpe/ielieHbl B pasjeine 4.

[IBa crocoba mpuMeHeHNA, O6BEIUHAONINX KBAHTOBbIE BEHTUIU U 3aMyTaHHbIE
COCTOfIHUA, OMKUCHIBAIOTCA B Tojpasjene 4.2: Tenenopraiuf U MIOTHOE KOJUPOBaHUE.
TenenopTanua — 3TO Mepeaya KBAHTOBOTO COCTOAHUA W3 OQHOTO MecTa B Apyroe
Mo KiaccuyecKkuM KaHamam. Takas Telenoprainud BecbMa yAWBUTENbHA, T.K. U3
KBAaHTOBOW MeXaHUKHM HaM M3BECTHO, UTO HEBO3MOKHO KIOHHPOBATb KBAaHTOBbIE CO-
CTOAIHUA WU Jlame U3MepUTh X 6e3 ux Boamyinenud. Takum o6pa3oM, COBEpPIIEHHO
HefiCHO, KaKkyio MH(OPMANUIO HAO MOCHaTh MO KIACCMYeCKUM KaHalam, 4TOObI OHa,

1Ot aura. quantum bit — qubit. — Mpus. nepes.
2339 (EPR) — ditnmreiin, dogonbckuit, JoseH.
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BO3MOKHO, CMOTJIa GbI PEKOHCTPYUPOBATh HEM3BECTHOE KBAHTOBOE COCTOAHUE Ha APY-
roM KOHIle. JPpH INIOTHOM KOJUPOBaHUU, B OTIMYHE OT TeJelopTaluu, A MepeHoca
IBYX OMTOB KJIaccu4ecKoi MHGOpPMANUU HCHOIb3YeTCA OAUH KBaHTOBBINA O6uUT. HKak
TejlenopTainud, Tak U MIOTHOe KOAMPOBaHKe, 3aBUCAT B HEKOTOPOU CTeNeHu OT 3amy-
TAHHBIX COCTOAHUI, OMUCHIBAEMBIX B KCIepUMeHTe .

N Tonbko B 5 pasmene Mbl YBUAUM, OTKYyAa GepeTcA TO SKCMOHEHIIMAThbHOE yC-
KOpeHHe KBAHTOBBIX KOMMbIOTEPOB B CpaBHEHUHU C KJIACCUUYECKUMHU. Ja BXOJ KBaH-
TOBOTO BBIYUCIMTENA MOMET ObITh MOJaHa CyNepHo3ulUA, KOTOpad BKIIOYAEeT Bce
BO3MOHbIe BXOAHbIE 3HAUeHUA. BbINojlHeHHe BbIYKCIEHHH B 3TOM HadalbHOM IIO-
JokeHnu GyJeT MMeTh pe3ylbTaTOM CYIEepPNO3UINI0 COOTBETCTBYIOUIUX BBIXOJHBIX
3HaueHuit. TakuMm oGpa3oM, 3a OOHO U TO e BpeMA Ha KiIacCHYeCKOM KOMIbIOTepe
BelleTCA BbIUUCIEHWE BBIXOJHBIX 3HAUEHUH IIA eJUHUYHOTO BXOJHOTO 3HAUEHUA, a
HA KBAHTOBOM OTHOBPEMEHHO BLIUMCIAIOTCA BBIXOJHbIE 3HAUEHUA MJIA BCeX BXOJHBIX
3HavyeHuii. Takoil mpolecc M3BecTeH KaKk KBAHTOBBIN MapanienusaM. l3mepeHuem
BBIXOJHBIX COCTOAHUN MOMHO CIIy4YaifHO ONMpeAeNuTh TOJbKO OJHO U3 3HAYEHUH B CYy-
Meprno3ulii, U B TO e BpeMfA CTepeTh Bce OCTalbHble Pe3yJIbTAThl BhIUUCIEHUI.
B paspmene 5 Takaa cuTyalusa onuckiBaeTcA nmoapoOHo. B paspmenax 6 u 7 onuchkiBa-
IOTCA METO/bI U3BJIeYeHUA MPEeUMYIeCTB U3 KBAHTOBOIO Mapajieln3Ma Mpu CTPOTUX
OorpaHUUYeHHUAX, KOTOpbIe HAaKJIaJIbIBaeT KBaHTOBafA MeXaHMKa Ha TO, YTO MOMET ObIThb
u3MepeHo.

B pasnene 6 onuckiBaeTcA noapo6Ho anroputMm [llopa — anroputm pasnoxseHud
HaTypalbHOrO 4YKClIa Ha MPOCTble MHOMUTENU 3a MoJuHOMUalbHOoe BpemA. CambIit
OBICTPHI U3 U3BECTHBIX KIACCUUECKUI alrOPpUTM pasfio:eHuA TpebyeT SKCMOHEHIH-
anbHOTO BpeMeHH. B ofiiem, cuntaercA (XOTA BTO CTPOrO He JOKA3aHO), YTO Kiac-
CHUYECKOI'0 ajlirOPpUTMa pas3iioxeHUA Ha MHOMKUTENU 3a MOJIUHOMUAIbHOE BPEMA He CYy-
mectByeT. B anmroputrme Illopa KBaHTOBBII Mapalieln3M HCIONb3yeTcA Olaromapsf
IpUMeHeHUI0 KBaHTOBOI'0 aHanora npeobpasoBanua ®ypnbe.

JloB I'poBep paspaGoTan alropuTM MOMCKA B HEYNOPAJOYEHHOM CIHCKE U3 7N
anemenToB 3a O (y/n) 3lIeMeHTapHLIX ollepaluil Ha KBaHTOBOM KoMmbioTepe. Kiac-
CHYeCKHe KOMIbIOTephbl paboTatoT 3aBegomo He nyume O(n), HOITOMY MOUCK B He-
YIOPANOYEHHOM CIHCKe Ha KBAaHTOBOM KOMIbIOTepe 04eBUIHO 3(heKTHUBHeH, yeM
TOT € MOMCK Ha KIAacCMYeCKOM KOMIbIOTEpe. J0 BCE #e YCKOPeHMe 3/1eCh ABIHETCH
MOJMHOMUAIbHBIM, a He SKCIIOHeHIIMalbHbIM, B oTinuKe oT anrroputMa Illopa. Jdwuro
JoKa3aHo, 4YTo anropuT™M ['poBepa ABIAETCA caMbIM GLICTPBHIM alrOPUTMOM MOUCKA B
HEYMOpAIOUYEHHOM CITUCKe A KBAHTOBLIX KOMIbIOTEPOB. D0 €ClIU peub UIET 0 XOTh
CKOJNbKO-HUOYIb YIOPAJOUEHHOM CIUCKEe, TO alTOPUTMbI, KOTOPbIe U3BIEKAIOT HEKO-
TOpYIO MOJAb3Yy U3 yHNOPAJOYEHHOCTU, MOTYT paboraTh GeicTpee. Ten Xorr, HapAxy
C IPYyrdMHU Y4YEHBIMH, HCCIEe[0Bal TaKyl0 BO3MOMHOCTb. B pasmene 7 Mbl onuiiem
pa3IuyHbie KBAHTOBbIE MPUEMBI TTOUCKA.

Jlo cux mop MoKa HEeW3BECTHO, MOMHO JTU HCMOIb30BaTh MOUIHOCTH KBAHTOBOTO
napalienuamMa IJiA MUPOKoro Kpyra 3agad. OQuH U3 0CHOBHBIX BOIPOCOB — MOTYT U
KBaHTOBbIE KOMIbIOTEpHI pemaTh [N P-nofdHble 3aJa4yu 3a MOJUHOMHUANIbHOE BpeMA —
OCTAETCA OTKPBITHIM.

do, mokanyi, caMbIM Ba#HbLIM BOINPOCOM OCTaETCA CO3JaHKMe KBAHTOBOI'O KOM-
nbioTepa. CymiecTByeT 60/bIIOe MHOMECTBO MPENIOMEHUN M0 CO3JaHUIO0 TAKOTO

KBAHTOBBIE KOMIBITEPHI I KBAHTOBBLIE BBIUNCIEHUA 7



. QUGOENDL, B. J0IAK

KOMIbIOTEpa ¢ UCMOIb30BaHUEM HOHHBIX JOBYIIEK, AJePHOr0 MarHUTHOr'O pe3oHaHca
(AM3), onturu u TBEpHOro Tema. Bee Tekyumue NpepioMeHUA CBOOATCA K PEIIEHUIO
npob6ieMbl yBelUYeHUA Yuclia KyOUTOB. JeoBX0oAMM KauyeCTBEHHO HOBBIN ypOBEHb
BbIUMC/IEeHUI, 4T06bI 06pabaThiBaTh He IeCATKU, a COTHU KyOMTOB MH(pOpMaNUu.

Ja cerofHAIIHUI JeHb TeXHOIOTHU ¢ ucnonb3oBaHueM AMI U MOHHBIX JOBYIIEK
ABNAIOTCA Haubolnee pa3pabaThIBAEMBIMU, OJJHAKO UCIOTL30BaHUE ONTUKYU U TBEPAOTO
Tela TaKe MOJAET HaJem Ibl.

B kBaHTOBBIX KOMIbIOTEpax ¢ HoHHOI noBymKoi [Cirak and Zoller 1995; Stean
1996] nuHeiinan nocie[0BaTEILHOCTL HOHOB, MPECTABIAKIINX KYyOUThI, OrpaHUYeHA
3IeKTpUYecKUM mnoieM. [ladg Toro, 4ToGbl MPOU3BECTU OJHOKYOUTOBbIE KBaHTOBbIE
olepaluu, Ja3epbl HANpPaBIAIOTCA Ha OTJelbHble HOHBI. [BYXKYOUTOBBIE Oomepanuu
OCYIIeCTBIAIOTCA MPU KCIOAb30BaHUU Ja3epa, HANPaBIEHHOT'0 HA OTAENbHBIN KyOUT
71 co3haHuA KojlebaHKMA, KOTOPOE paclpocTpaHAeTcAd [0 IeNd HOHOB [0 BTOPOIO
RyOuTa, rje Apyroii ja3ep ocTaHaBIWBaeT [BUKeHNe U 3aBepllaeT JBYXKyOUTOBYIO
omepanuio. JpHU AaHHOM MeTofe TpebyeTcd, YTOObI MOHBI HAXOAUIUCH B MpeIeNbHO
YHUCTOM BaKyyMe NpU MakcUMalbHO HU3KUX TeMIepaTypax.

JpeuMylnecTBO MeTojla ucnoib3oBanud AMJ 3akiniouaeTcA B TOM, UTO €r0 MOK-
HO NMPUMEHATb NPU KOMHAaTHO# TeMmepatrype. Tewm Goiee, uto TexHomorua IMI B
menoM y#e gobuinack HekoToporo ycnexa. CyTb MeToJa B TOM, YTOGbI HCIOIb30BaTh
MaKpOCKOIMYeCKoe KOIMYeCcTBO MaTepUH U 3aKOJAMPOBaTh KBAHTOBbIH OUT B cpefHEM
COCTOAHUM cNUHa Gonbllero KoinuyecTBa Anep. COCTOAHMAMM CIHUHA MOHO YIpaB-
IATh MOCPEJCTBOM MarHUTHBIX MOJell, a cpeiHee COCTOAHNE CIHA MOMHO U3MEPUTh
npu nomomu TexHuku AMI. OcHoBHaA mpobieMa MpPU HCNONL30BAHUU ITOT'0 METO-

Oa 3ar/ro4yaeTCcA B TPYAHOCTAX IIPpU yBEIWYEHUMU KBAHTOBOI'O perucrtpa. MOU.IHOCTb
1

naMepAaeMoro CurHaljla majgaeT Kalk 2—n, rge n — YHUCIOo Hyﬁl/ITOB. OIIHaHO, HeaaB-

Hee npejnoxenne [Schulman and Vazirani (1998)], BepoATHO, cMO*eT paspemnTh
3Ty mpobiieMy. de Tak NaBHO GbLIO YCMEIIHO 3aBepIeH0 Co3daHue TPEXKYOHUTOBOr0
AAM3 wommneiorepa [Cory et al. 1998; Vandersypen et al. 1999; Gershenfeld and
Chuang 1997; Laflamme et al. 1997]. B nauuoii pa6oTe Bompochbl, CBA3aHHbBIE C
(bu3MYeCKUMH ¥ WHMEHEePHBIMU 3a/lauaMK CO3[aHUA KBAaHTOBOI'O KOMIbIOTEpa, pac-
cMaTpuUBaThCA He OYIYyT.

OcHoOBHO#1 Mpo6GIEeMOi PU CO3aHUU KBAHTOBOTO KOMIMbIOTEpa ABIAETCA OTCYT-
CTBHE KOTePeHTHOCTH U pa3pylieHrHe KBAHTOBOI'O COCTOAHUA M3-3a B3aUMOJEHCTBUA
C OKpysalomeil cpeqoil. JeKoTopoe BpeMsA CYIECTBOBAlIM OMACEHHA, UYTO KBaHTO-
BbIfl KOMIbIOTEp Helb3A GyAeT co3gaTh, T.K. HM30JIMPOBATh €ro OT BHEIIHEH Cpejbl
He MpeJcTaBlIfeTCA BO3MOMHBIM. dellleHre TOi MPo6IeMbl MIPUILIO CKOpee ¢ alro-
PUTMHUYECKON, YeM ¢ (pU3UUYECKOi CTOPOHBI: ObLIM MPUIYMAHLI MPUEMBI KBAHTOBOM
Koppeknuu omu6ok. CHauvana yuéHble QyMaliu, YTO KBAHTOBAf KOPPEKIIUA ONIMOOK
GyeT HeocylleCTBUMA U3-38 HEBO3MO#HOCTHU HA/IEKHOT'0 KOMMPOBAHUA HEU3BECTHBIX
KBaHTOBBIX COCTOAHUI. J0, OKA3bIBAETCH, BIIOIHE BO3MO#HO pa3paboTaTh KOMIbI, KO-
TOpble OGHAPYMHUBAIOT ONpe/eléHHbIe BU/bl OMKOOK M B COCTOAHHUU BOCCTAHOBUTH
KOTepeHTHOe KBaHTOBOe cocTofnre. KBaHTOBaA KOppeKIUA OMUGOK GyIeT paccMoT-
peHa B pasjene 8.

B mpunomenun gar0TCA OCHOBHbBIE OMpe/leleHUA TEH30PHBIX MPOU3BEIEHUN U He-
IPepbIBHBIX JpOOeii.
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2. KBanToBaAa MexaHUKa

flBneHNA KBaHTOBOH MeXaHHKU [JOCTATOYHO TPYAHO NOHATH, MOCKOILRY OHHU abco-
JTIOTHO He COOTBETCTBYIOT 3aKOHAM U MPeICTABIEHUAM MAaKPOCKONMYECKOTO MUpA.
U nannasa pa6ota, K cokaleHHUIO, He MOKET NaTh Iy6OKOro MOHUMAaHUA KBaHTOBOI
MeXaHUKHY (3a JONOJHUTENbHON UHpOopManueii 1o KBAHTOBO MeXaHUKe obpaliaiTech:
[Feynman et al. 1965; Liboff 1997; Greenstein and Zajonc]). Bmecto s3Toro met 6y nem
u3naraTh MaTepual, UCHONb3yA KBAaHTOBYIO MeXaHHKY U MaTeMaTHuyeCKUil dopma-
AU3M IUllh B 00hEME, HeOOXOAUMOM A paboThl ¢ KBAHTOBBIMU BbIYMCIEHUAMM.

C MaTeMaTHUUYeCKOIl TOUKU 3pEHUA, KBAHTOBAA MeXaHUKa — BTO TeOpHs, Oolpe/e-
nfAeMafd HEKOTOPhIM HabopoM akcuoM. CIeICTBUA 3TUX aKCHOM OMKCHIBAIOT MOBeje-
HUe KBaHTOBBIX cucTeM. KBaHTOBag MexaHHKa NPUBOAUT K HEKOTOPLIM MapagoKkcaM:
MO3KeT MoKa3aThcA, UYTo B 3 derTe KoMnToHa nocneacTBUe NpeAnecTBYeT NPUILHE,
a B dKcIepuMeHTe J9J B3aUMOJIENCTBUE paclpocTpaHAeTcA ObICTpee, UeM CKOPOCTh
cBera (aKcmepuMeHT I GyIeT JeTalbHO PACCMOTpeH B 3.4).

davyHEM ¢ MPOCTOro SKCMEPUMEHTA, KOTOPBIl MOMET ObITh OCYIIEeCTBIEH MPU MO-
MOIIY JIeTKO JOCTYMHOro 060pyIOBaHUA U KOTOPBIN MPOAEMOHCTPHUPYET HEKOTOpPbIe
KIII0YeBbIe acleKThl KBaHTOBOI MeXaHUKU, He0OXOOUMbIe 1A KBAHTOBBIX BBIUHCIE-
HUH.

2.1. Jdoaapusanuda poToHa

@OTOHBI — eINHCTBEHHbIE YACTHUIIbI, KOTOPbIe MbI MOMEM BUJETh HEMOCPeICTBEHHO.
[Ina Hamero skcmepuMeHTa mMoTpebyeTcA MUHUMAIbHBIM Ha60p 060pydOBaHUA: HC-
TOYHHUK APKOrO CBeTa, HALPUMEp, Ja3epHad yKa3Ka, U TPU monApousa (monApusanu-
OHHBIX (PUILTPA), KOTOPble MOKHO KYIHUTh B JOG0M ONTHYECKOM MarasuHe. Jabiio-
Iad B dKcIepuMeHTe (GOTOHBI M UX TONAPU3ANUIO, MbI MPOJEMOHCTPUPYEM Ba# HbIE
AIBIEHNA KBAaHTOBOW MeXaHUKH.

2.1.1. dkcnepuMeHT. Jlyu cBera HampaBlieH Ha oTpaamomuil sxpan. Puiastp A
MONAPU30BaH ropus3oHTanbHo, B — nox yriom 45°, C' — Beprukainbo. (PUIbTpbI
pacmonaraioTca TaKMM 06pa3oM, UTO JIyd CBETa UX MEepeceKaer).

Cuauana yctaHoBUM GuiabTp A. dyleM cUUTATh, UTO BXOAAIIUN CBET MONAPU30-
BaH ciy4aiiHbIM o6pa3oM. IHTeHCHBHOCTDb BLIXOAAIIEro cBeTa Gy/IeT paBHA MOJIOBHUHE
WHTEHCUBHOCTH BXojdAmero. Bee Brixogdmnue GoTOHbI NONAPHU30BaHbI TOPU3OHTANBHO.

Oyukuuio unbTpa A Helb3A paccMaTPUBATh KAK (CUTO», KOTOPOE MPOIMYCKAaeT
TONBKO MOPU30HTANBLHO MOJNApU30BaHHbIe (poTOHBI. Ecinu 6b1 3TO GBLIO TaK, TO JHIIb
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Majaf 4acTh CIydailHO MOJAPU30BAHHBIX BXOJANINX (HOTOHOB Oblla GbI TOPU3OHTATD-
HO MOJAPU30BaHa, U CBeT ociaabidncA Obl ropa3jlo CUIbHEe MPU MPOXOHIeHUN Yepes
puabTp.

Jlanee, ycranoBus puiabTp C', Mbl BAOUM, YTO MHTEHCUBHOCTh BBIXOAAMHUX GOTO-
HOB CHUMAeTCA 0 HyldA, T.e. HU OJWH U3 FOPU3OHTATbLHO MOJAPU30BAHHBIX ()OTOHOB
He MOKeT NpPONUTH deped BepTUKanbHbIl GuabTp. (Momenb «cuTay Takoe moBefeHUe
($HOTOHOB OOBLACHUTD ellé MO}KeT).

[ ] C

YcranoBuMm Tenepb ¢unbTp B memnay A u C. IJpu 3TOM MbI CTONKHEMCA C
YIUBUTENbHBIM (DAKTOM: HHTEHCHUBHOCTH CBETA HA DKpaHe MepecTaHeT GbITh HYIEeBOM.
(Oua 6yner paBHa OIHOI BOCHMOIi OT MEPBOHAYANLHOW MHTEHCUBHOCTH).

Mbe1 HaOnogaemM HelpeacrasyeMmoe fABJIEHUE. I/ICXOL[H U3 KJIAacCUYeCKOW TOYKH
3pEeHud, nobaBiieHue QJI/IJIpra OO HO CHU3HUTb KOIHUYECTBO IIPOXOOJAMIUX CI)OTOHOB.
Kak e 3To KonMyecTBO yBeJII/I'-II/IJIOCb?

2.1.2. daszbacHeHnue. (CocToAHNE MOIAPU30BAHHOTO (HOTOHA MOMKET ObITh 3aJaHO
eMHIYHBIM BEKTOPOM, HMEIOIINM ONMpelenéHHOe HanpaBieHue. Jlro6afd MpoU3BOIb-
HafA MOJApPHU3aLUA MOMET ObITh BbIpameHa Kak NHHeliHaA KoMOuHanuA a|t) + b| —)
IBYX 6a3UCHBIX BeKTopoB! | —) (ropusoHTanbHas nonapusanus) u | 1) (BepTukanbuas
MONAPU3ALA).

JocKoIbRY Hac MHTepecyeT TONbKO HalpaBleHHe MOIApU3aniy (BelndyrHa BeK-
TOpa He BaHa), TO BEKTOP COCTOAHUA OYyIeM CUUTATh eJUHUYHBIM BEKTOPOM, T.E.
la|? + |b|> = 1. B obwem cayuae nonspusanua GOTOHA MOMeET GbITh BbIpa#eHa Kak
a| 1) + b| =), roe a u b — KommIekcHble yucaa?, takue 4to |al? + [b|? = 1. 3a-
MeuaHue: BbIOOp Gasuca A JaHHOTO cilydad aGCOMIOTHO MPOU3BOIBLHBIH — MOMKHO
HCIOIb30BaTh JMI00bIe [Ba OPTOrOHAIbLHBIX eIMHUYHBIX BekTopa (Hamp., {|\)|,M}).

106ozHauenue |—) 6yner pasbAcHeHo B pasjene 2.2.
2MuuMble K03¢DUIHEHTLI COOTBETCTBYIOT KpyToBoii nonapusanuu. (TouHee, Mpu KPyTroBoii mMo-
JApU3alUMK OTHOILIEHNE NaHHBIX Kod(GduureHToB MHUMOoe. — [Ipum. nepes.)
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docTynaT U3MepeHUA B KBAHTOBOW MeXaHHKe YTBep#/IaeT, YTO M0G0e yCTpoii-
CTBO, U3MepHIOllee IBYMEPHYIO cHCTeMY, 00/1afaeT CBA3aHHBIM OPTOrOHAIbHBIM Oa-
3MCOM, 110 OTHOIIEHHIO K KOTOPOMY IIPOM3BOAUTCH KBAaHTOBOE n3MepeHue. lsmepenue
COCTOAHMA peobpasyeT ero B OfUH U3 CBA3AHHBIX 0a3MCHBIX BEKTOPOB U3MEPHIOLIETO
yerpoiicTBa. BepoATHOCTB TOro, YTO COCTOAHNE U3MEPEHO Kak GasuCHBIN BEKTOD fu),
paBHa KBajfpaTy HOPMbI MPOEKINH MEePBOHAUAILHOIO COCTOAHUA Ha GAa3MCHBIA BeK-
TOp [u). danpuMep, MyCTh HAM [aHO YCTPOHCTBO [IA U3MEPEHUA MOIAPU3anun HoTo-
HOB O cBfizaHHbIM GasucoMm {|1), | =)}, Torga cocrosuue ¥ = a|1)+b| —) usmepserca
kak | 1) ¢ BepoaTHOCThbIO |a|?, u Kak | —) ¢ BepoaTHocThIO |b|?> (cM. puc.1). das-
NUYHble U3MEPAMIINe YCTPOHCTBA UMEIOT Pa3iIMUHble CBA3AHHbIE (GA3UChI, MO3TOMY
pe3ynbTaThl H3MEPEHNiT, MPOBEIEHHBIX Pa3HBIMU yCTPOHCTBaMHU, B 06LIEM clIyuae He
COBMAAT. JOCKONbKY H3MEDeHHA Bceria MPOBOAATCA MO OTHOIIEHHIO K OPTOHOP-
MHpOBaHHOMY 0a3ucy, B OcTaBlleiicd 4acTH cTaThbd Bce 6asuchbl OYAyT CUMTAThCH
OPTOHOPMHUPOBaHHBIMH.

BamHO OTMETHTh, YTO H3MepeHHe NepPeBOAUT KBAHTOBOE COCTOAHHE B TO CO-
CTOAHUE, KOTOPOE MOIYYHIOCh B pe3y/bTaTe U3MEPEHUH, TO €CTh, €CId MU3MepeHHe
¥ = a|1) + b| =) umeer pesyabratom |1), To cocroanue ¥ mepexoaut B | 1), u BTO-
poe M3MepeHHue, 10 OTHOMIEHHIO K TOMY e Gasucy, OyfeT MMeTb pe3yiabraToM | 1)
¢ BepoATHOCThIO 1. Takum 06pas3oM, [0 Tex Mop, MoKa NepBOHaYaIbHOE COCTOAHIE He
CTalo OfHUM U3 Ga3MCHBIX BEKTOPOB U3MEPAIONIEr0 YCTPOHCTBA, POLEece H3MepeHuA
OyeT U3MEHATDH COCTOAHKE. JOCiIe U3MEPEHUA yie HEBO3MOMHO ONPENEIUTh, KAKUM
6bLIO IIePBOHAYAIBHOE COCTOAHMUE.

C TOUKM 3pEHHA KBAHTOBOW MeXaHWMKH BKCIepHU-

MEHT ¢ MoNApU3anKell MOMKHO 06BACHUTE ClIeLy MM

o6pa3oM.  JoNAPOUA H3MepAeT KBAHTOBOE COCTOA-

Hue (GOTOHOB [0 OTHOIIEHHIO K 6asucy, copepsalie- )
MY BEKTOD MONAPU3ALUN CaMOT0 MONAPOULA, 1 BEKTOD,

nepreHINKYIAPHbIA BEKTOPY MONAPU3ALNN NOIAPOUA. ‘
DOTOHBI, MPOLIEIINE CKBO3b GUIBTP, UMEIOT Ty #Hi€ M0-

NApHU3ALHIO, YTO U caM QUILTD, TOr/ja Kak OTpamEHHbIe

GboToHBI 001a1aI0T NONApU3aALKeEil, NePIeH/IHKYIAPHON

nonApusanuu uiabTpa. danpumep, ¢uabtp A usMe-

pAeT monApusanuio HOTOHA MO OTHOIIEHHIO K Gasuc-

HOMY BeKTOPY | —). Bce doToHbI, mpomeamue Yepe3 pye 1. Hguepenne spamercs
¢unbtp A, obnagaor | —) nonapusanueii. Te GoTOHBI, IpoeKLMeil Ha GasHCHbIE BeK-
KOTOpbIE OTpaKamTCcH, UMEIOT |1) noifgpusanuio. TOpBI

Ecnu yuecTb TO, 9TO HCTOYHHK CBETA MCIYCKaeT
(bOTOHBI ¢ MPOU3BOIBHOI NoaApusanneit, puabtp A 6yner nponyckatb 50% bhoToHOB.
Cocrosnue npomenmux ¢hotoHoB 6ynet |—). ®uabtp C 6yger u3mMepATh HOTOHBI 110
oTHoIeHHO K |1). do cocTosanue | —) = 0|1) + 1| =) Gyner npoekTupoBaThed Ha | 1)
¢ BEPOATHOCTHIO 0, ¥ MO3TOMY HU OAuH (HOTOH He npoiaét dunstp C.

dakoHel, ¢puabTp B n3MepAeT KBaHTOBOE COCTOAHNE [0 OTHOLIEHUIO K Gasucy

1 1
{50+ 10, 2ot = 1=,
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(17 =1N)) u

KOTOpbIN MbI 3anumem kak {| ), |\ )}. Ormerum, uto |—=) =

Sl

2

~

[1) = %ﬂ/‘) + |’\)) DoTOHBI, KOTOPbIe U3MEPAIOTCA Kak | ), MPOXOAAT yepes

3T0T punbTp. PoToHel, mpoxopamue A ¢ coctogHueM | —), GyAyT U3MepeHbI HUIbT-

poM B kak | /') ¢ BepOATHOCTbHIO 1 u, cregoBatensHo, 50% (GOTOHOB, MPOXOXANINX

2
yepe3 A, mpoiinyT uepe3 B u GyayT HaxoguTbeA B coctofHuu | ). CooTBeTCTBEH-

HO, 3TH (GoTOHBI GyayT uaMepensl punabTpom C Kak | 1) ¢ BEPOATHOCTHIO 3 Takum

o6pa3oM, TONbKO OJHA BOChMad YacTh NepPBOHAYATLHBIX (DOTOHOB clOCOGHA MPONTH
yepes nocieqoBaTelbHO pacnonoxeHubie Guabtpel A, B u C.

2.2. dpocTpaHCTBO cOCTOAHUI U 6pa/KeT 0603HaUYeHUA

JPOCTPAHCTBO COCTOAHUI KBAHTOBOMN CUCTEMbI, COCTOAIIEE U3 KOOPAUHAT, MOMEHTOB,
MONAPU3ANMI, CIUHOB U T. . PA3MMYHBIX YACTHUIL, €CTh THILOEPTOBO MPOCTPAHCTBO
BOJIHOBBIX (PyHKIUA. BraBaTbeA B mMOAPOGHOCTH CBOWCTB 3THX BOIHOBBIX QYHKUMI
MbI He OyneM. JInfA KBaHTOBBIX BBIUKMCIEHUII HAM MOHAaZOGATCA TOILKO KOHEYHOMED-
HbIe KBAHTOBBIE CHCTEMbI, M /A 3TOr0 GYIeT IOCTATOUHO PACCMOTPEHMA KOMIIeKC-
HBIX BEKTODPHBIX MPOCTPAHCTB CO CKATAPHBIM MPOU3BEICHUEM.

CocToAIHMA KBAHTOBOM CHCTEMBI U UX MPeoOPA30BaHUA MOHHO OMKMCATH MOCPe-
CTBOM BEKTODPOB U MaTpPHUIl WK HCIONb3YA 6ollee KOMIAKTHbIe 6pa/KeT 0003HavYeHN ,
BBegéHHble Jlupakom [Dirac 1958]. Ker-BekTopamu |z) 0603Ha4al0T BEKTOP-CTONG-
Bl ¥ OOBIYHO HMCMONb3YIOT JUIA OMHUCAHUA KBAHTOBBIX COCTOAHHUINA. DapHBLIMU Opa-
BeKTOpaMH (a| 0603HAUAIOT CONMpPANEHNE 1 TPAHCIIOHUPOBaHNe KeT-BeKTOpOB |z). Op-
ToHOpMHupOBaHHbIi 6asuc {|0), |1)} o6eruno sanuckBaiot kak {(1, 0)T, (0, 1)T}. Jo-
Oy!0 KOMILIEKCHYIO nuHeliHyo koMm6uHauuio |0) u [1): al0) + b|1) moxHO 3amucaTh
kak (a, b)T. B npunuyune, BLIGPATHL MOPAIOK 6AZUCHBIX BEKTOPOB MOHHO NPOU3BOMNb-
HO. Jampumep, MOHHO Hcnoib3oBaTh 3anuch |0) wak (0, 1)T u |1) wax (1,0)T u
BCer/a MpUIepPKUBATHCA 6.

Kom6unauua (x|y) oGo3HauaeT BHyTpeHHee (CKalfpHOe) MPOU3BeIEHHE IBYX

BeKTOpoB. Jamnpumep, |0) — eauHuuHblii Bextop, u (0|0) = 1. Bexrtops |0) u |1)
oproroHanbHel, u (0[1) = 0.
Komb6unauusn |z)(y| — BHemnee npoussenenue |z) u (yl.

danpumep, |0)(1] ectb mpeobpasoBaHHe, KoTopoe mpeobpasyet |1) B |0) u |0)
T
B (0, 0)", 1. &.

O/ = 0)(11) = 0)
o) afo) = 0y aio) = ojo) = (§).

Ucnonbaya pasenctra |0) = (1, 0)T, (0] = (1, 0), [1) = (0, )T u (1] = (0, 1), |0)(1]
MOJKHO 3allUcaTh SKBUBANEHTHO B BUJIE MaTPUIbL

mal=(g)o.n=(g o)
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JTu 0603HAYEHUA NMPEAOCTABIAKT HAM YHI00OHBIH crmocob KiaaccubUuKanuu mpeodpaso-
BaHUI KBaHTOBBIX COCTOAHUI [0 TOMY, YTO IPOUCXOJUT ¢ OGa3UCHBIMU BeKTOpamu
(cm. pasgen 4). danpumep, npeobpasdoBanue, MeHsaouee mectamu |0) u |1), 3agaéres
maTpuuein
X =10)(1] + [1)(0
Onnako B 3Toil cTaThe MpeANouTeHNe OTAaeTcA Golee UHTYUTUBHON dopme
X: |0y — |1)
1) = 10),

KOTOpad ABHO 3a[aéT pe3yibTaT npeobpa3oBaHuA GA3UCHBIX BEKTOPOB.

3. KBaHnTOBBIE OUTHI

KBaHTOBBI 6UT WM KYOGUT — 3TO BEKTOP JMHUYHON IINHBI B 2-MePHOM KOMILIEKC-
HOM BEKTOPHOM IPOCTPAHCTBE, B KOTOPOM 3ahuKCHPOBaH HeKoTOpbIit 6asuc {|0), |1)}.
OpToxopMupoBaHHbIit 6aszuc |0) u |1) MoxeT cooTBeTcTBOBaThL | 1) u | —) uan | )
v |N) monfipusanuaAM GOTOHA WIN COCTOAHUAM «CIHH BBEPX», (CMHH BHU3) DIEKTPO-
Ha. Korzna peub uaér o Ky6uTax U KBaHTOBBIX BbIYMCIEHUAX BooO1e, 6asuc {|0), |1)},
1A KOTOPOro MPOBOJATCA BCe paccy#i/ieHusA, BeIGnpaeTca 3apanee. Mol Gynem paiee
CYMTATD, €CIIM 0000 He OTOBOPEHO 06paTHOE, UTO 3TOT HA3KC OJHOBPEMEHHO ABIACTCA
6as3McoM U3MepeHMUs.

B KBaHTOBBIX BBIUMCIEHHAX Oa3KMCHBIE COCTOAHNA obo3HavaTeA |0) u |1), 4To6bI
«COOTBETCTBOBATHY 3HAUEHHUAM Kiaccuyeckoro 6uta 0 u 1. Jo, B oTauuMe OT Kiac-
cHYecKoro 6ura, KyGHTHI MOTYT HaxXoguThcA B cynepnosuuuu |0) u |1), Hanpumep,
al0) + b|1), rne @ u b — KommnekcHble uncna, takue 4to |a|?> + |b|? = 1. B cayuae
¢ monApusanueil GoToHa, eclIu TakafA Cynepnosuuua naMepsaerca B 6asuce {|0), [1)},
TO BEPOATHOCTH TOr0, 4To M3Mepenue aact |0) paBHa |a|?, a BepoATHOCTDL TOro, UTO
uzMepenue nact |1) — [b|%.

XoTA KBAaHTOBBIN GUT MOMKET HAXOAUTHCA B GECUUCIEHHOM MHOMECTBE CYIEepIo-
3ULAI COCTOAHNM, Iy TEM U3MEepPEHNA U3 HEro MOHO U3BleYb TOMLKO OQUH GUT Kiac-
cuyeckoit MHGopManuu. H3MepeHrne KyOGUTa 3aMeHfieT ero COCTOAHKMEe Ha Gas3hCHoe,
4TO MbI U HaGIIOfAlM B SKCNEPUMeEHTe ¢ Tmonfpusanueii poroHoB. Tak Kak Kamgoe
M3MepeHne MPUBOJUT TONLKO K OOHOMY M3 IBYX COCTOAHW, T.€. K OJHOMY U3 Gasuc-
HBIX BEKTOPOB M3MEPUTEILHOr0 YCTPOMCTBA, TO, KAaK M B KIACCUYECKOH TEOpUH, eCTh
TONLKO 1B BO3MOMKHBIX Mcxoja. II3sMepeHne MeHAET cOCTOAHME, IOITOMY OYEBHJIHO,
4TO COCTOAHME He MOKET ObITh N3MePEHO 110 ABYM Da3inyHbIM GasucaM. Jolee TOro,
Kak MbI yBUINM B nofipasiene 4.1.2, KBaHTOBbIE COCTOAHUA HENb3fl KIOHMPOBATh, T.€.
KyOUT HEBO3MOKHO M3MEPUTh ABYMA CIOCOGAMU Jaike KOCBEHHO, HAMPHMep, CKOIMHU-
pOBaB KyOUT U U3MepAA ero KOMUIO [0 GasucaM, OTINYHBIM OT [€PBOHAYANLHOIO.

3.1. KBaHTOBBII1 IPOTOKOJ NepeJadyu Kiloua

depefauy NOCIeJOBATEIbHOCTH OTIENbHBIX KyOUTOB MOMHO HCIOIb30BaTh A Ie-
pemaun cekpeTHoro Kiawoda. B 1984 JenHerT m dpaccapn ommcanu MepByH KBaHTO-
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BYIO CXeMy MpOTOKoIa mepefaun kioda [Bennett and Brassard 1987; Bennett et al.
1992]. OGbruHoO, [JUiA MPOTOKOIA MEpeay KI0Ya HCIOIb3yeTcA mpouegypa mudpo-
BaHUA C OTKPBITHIM KJIHO4YOM, Hampumep, RSA.

daccMOTpPUM CUTYaIUIO, B KOTOpPOit Anuca u Job XOTAT JOTOBOPUTHCHA UCHOIb-
30BaTh MpU TeperoBopax cekpeTHbIil ka04. CBA3L OCYIIECTBIAETCA MO OOLIYHOMY
JIBYCTOPOHHEMY KaHaly U OQHOCTOPOHHEMY KBAHTOBOMY KaHamy. JTU oba KaHana
npocaymuBatoTea EBoit, KoTopas xoueT mopcayniaTh ux pasroop. Cutyainusa uzob-
pasieHa Ha PUCYHKE HUMHE.

KJIaCCHYeCKUH KaHasl

KBAaHTOBBIH KaHaJ
A

KBaHTOBBIN KaHan mo3BoiasAeT Allrce MOCHLIATH OTAENbHBIE YACTULBI (HAPUMED,
¢boToHbI) K o6y, KOTOPHIA MOMET U3MEPUTh UX cocToAHWe. EBa Takike MomeT mo-
MBITATHCA U3MEPUTH COCTOAHUA ATUX UYACTHIl U MepeciaTh uxX Jooby.

[lnsa Toro, uTo6BI HAUAThH MpoIlece Mepegaul CeKPeTHOro Kioua, Anuca mochlia-
eT Joby moclefoBaTeNbHOCTb GUTOB, KOOUPYA KamIblil OGUT B KBAHTOBOM COCTOAHUU
¢oToHa crenyromuM o6pa3oM: 1A KOAMPOBKU Kamgoro GHTa OHA MPOM3BOIBLHO HUC-
MoNb3yeT OANH U3 6a3ucoB

0—1[1)
1—1]-=)

Uin

0—[N)
1=,

Jo6 u3MepAeT cOCTOAHNA POTOHOB, BRIGPAB TaK:Ke CIyJYallHbIM 06pa3soM OJUH U3
3THuX 6a3ucoB. Jocie TOro, Kak OUTHI Nepefanbl, Job u Anrca coolIWAT IPYT APYTY
0 OTKPBITOMY KaHaly, Kakue 06a3Kichl OHU KCIONb30BAIM 1A KOAUPOBaHUA (pacKo-
aupoBaHuA) 6UTOB npu nepegave (npuéme) poronoB. Obnagaa Takoit uHGOpPMauuUeii,
OHU MOTYT ONpeNeNATh, Kakue U3 OGUTOB MepeJaHbl MPaBUILHO, T.€. GUTHI, AIA KOTO-
PBIX coracoBaHbI Ga3uChI Mepeaayu U MpuéMa. JTU GUTHI OHU OYIYT UCHONb30BaTh B
KauyecTBe KIl0Ya, Bce ocTalbHbIe OyIyT oTOpoIeHbl. B cpennem Anuca u Job GyayT
uMeTb mpuMepHo 50% coBnameHwii 6a3ucoB, T.e. A KIlOYa GygeT MCOONb30BaHa
IpUMePHO MOJOBUHA NepefaBaeMbIX GUTOB.
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Tenepb npeanonomxum, uTo EBa usMepAaeT cocTOAHUA (POTOHOB, MepeJaBaeMbIX
Anucoii, u nepeceinaer Joby HOBbIE (HOTOHBI C 3TUMH K€ COCTOAHUAMU. O PUMEPHO
B MOJIOBHHE Clly4yaeB oHAa GyleT UCIONb30BaTh JOKHbIE Ga3uchl. J03TOMY, Korga Jobd
u3MepdAeT NepelaHHbINl KyOUT B MpaBUIbHOM 6a3uce, BEPOATHOCTh TOTO, YTO OH MOIY-
YUT HempaBUiIbHOE 3HaueHue, paBHa 25%. TakuMm o6pa3oM, BCAKOEe MOACTYNIMBaHNE
B KBaHTOBOM KaHalle YBEIMYHUBAET YHCIO OMUOOK Mepegayud, 4YTO JerkKo MOMKET GbITh
obHapyeHo Anucoii u Jo6oM, ecliu OHM CPABHAT MO OTKPBHITOMY KaHAlIy HEKOTOpOe
KOJINYeCTBO KOHTPOJIbHBIX OUTOB KIIOYA.

NTak, oueBUIHO He TONLKO To, uTo 25% Hitoua y EBBI HeBepHO, HO U TO, UTO
Anuce u Joby cTaHOBUTCA ACHO, UTO KTO-TO UX MOACIYLINBAET.

dpennaranich U Apyrue NPUEMbI UCIONb30BAHUA KBAHTOBBIX Olepanuii JIA me-
pefaun Kiooda. danpumep, NpuUéMsbl, npemnoxenHsle JkeproM [Ekert et al. 1992],
dennertoMm [Bennett 1992], Jy u Yo [Lo and Chau 1999]. Jo Hu oguH u3 mpea-
J0KeHHBIX KBAHTOBBIX NPOTOKOJOB Mepeayy Kiruya MoKa He MOKeT GbITh 3aMeHOi
mudpoBaHUIO C OTKPBITHIM KiI0o4YoM. KpoMe omucaHHOro Bhlllle MeTO/a MPOCITYIKABa-
HUA, BO3MOMHBI U IpyTHe aTaku. Bompockl 3al[UThI OT BceX MOJOOHBIX aTak OCBellla-
foTeA B paGorax Meitepca [Mayers 1998] u JIy u Yo [Lo and Chau 1999].

KBaHTOBBIIT MPOTOKON TlepeJaun Kiova GbLT aipoOGUPOBaH Ha PAcCTOAHUY 24 KM
C UCIONb30BaHIEM CTaHAaPTHBIX ONTOBOIOKOHHBIX Kabeneit [Hughes et al. 1997] u Ha
paccroanuu 0,5 kM npu mepegade mo Bosnyxy [Hughes et al. 1999].

3.2. MHo:;kecTBa KyO6UTOB

dpencraBum cebe GU3UIECKHUI MAKPOCKOMUYECKNH 06bEKT, KOTOPBIi pa3iaMbIBaeTCA
Ha n 4YacTeii, pa3neTalouxcAd B pa3Hbix HanpaBieHuax. CocTofAHMe TAKOW CHCTEMBbI
MO HO OMUCATh MONHOCThIO, 3a/1aB COCTOAHNE Ka /0l COCTABIAMIIEN €€ YaCTH B OT-
OenbHOCTH. JInA KBaHTOBO# e CUCTEMbI U3 7, YACTHIl UMeeT MEeCTO YIUBHUTEIbHOe
U UHTYUTHUBHO HEOUYeBU]HOE CBOICTBO, KOTOpOE 3aKIIOYaeTcA B TOM, YTO HJA MOI-
HOT'0 ONMHCAaHUA COCTOAHUA TAKOIl CHUCTeMbI B 00lIeM cilydae HeIOCTAaTOYHO OMHCATh
COCTOAIHUA COCTABIAIONINX €€ OTAelNbHbIX YacTull. MccnemnoBanue mogo6HbIX CHCTEM,
a UMeHHO CHUCTeM c Golee ueM ONHUM KYOHUTOM, MaéT HAM BO3MOMKHOCTH TOHATH,
OTKyZna 6epeTcA BhIUUCIUTENbHAA MOIIHOCTh KBAHTOBBIX KOMIILIOTEPOB.

Rak wmb1 yme ybGenunuch, cOCTOAHUA KyOUTa MOMHO NMPENCTaBUTh BEKTOPOM B
IBYMepPHOM KOMILIEKCHOM BEKTOPHOM MPOCTPAHCTBe, nopoxaéHHoM |0) u |1). B riac-
cuuecKoil Gpu3NKe BO3MOMNHBIE COCTOAHUA CUCTEMBI M3 7, YacTHUIl, B KOTOPOil cocTo-
AHUE KamkJoi YacTUIbI 3aJaeTcA BEKTOPOM B 2-MepPHOM INpPOCTPAHCTBe, 00pa3yoT
2n-MepHOe BeKTOpHoe mpocTpaHcTBo. OJHAKO B KBaHTOBOIl cuUCTeMe oflee Ipo-
CTPaHCTBO cocTOAHMI' ropasao 6oMblle: cUcTeMa U3 N Ky6UTOB UMeeT IIpOCTPaHCTBO
cocToAHUi pazMepHocTH 2". HMEHHO 3TOT BKCMNOHEHIMANbHBII POCT MPOCTPAHCTBA
COCTOAHUI B 3aBHCHUMOCTHU OT YHCJIA YACTUIl JAET HKCIMOHEHI[UAThHOE MTPEUMYIIECTBO
B CKOPOCTHU BBIUMCIEHUI Ha KBAHTOBBIX KOMIbIOTEpAaX B CPABHEHUM C KIacCUUECKU-
MH.

! lanee 6yner mokasaHo, YTO MPOCTPAHCTBO COCTOAHHI 7 KyGUTOB — STO MHOKECTBO BEKTODOB
B 2"-MepHOM NpPOCTPaHCTBe, HOPMUPOBAHHBIX TaK ’Ke, KaKk M COCTOAHNE OJHOro Ky6uTa a|0) + b|1),
HOpMHpOBaHHOe paBeHcTBoM |a|? + b2 = 1.
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B kiaccuueckoill cucTeMe M3 n YaCTHI MPOCTPAHCTBA COCTOAHMI Kammoil vac-
THUIbI COEANHAIOTCA JIeKapTOBbIM Npou3BefieHneM. KBaHTOBbIE e COCTOAHUA COeH-
HAIOTCA TeH30pHbIM npousBeneHneM. CBoiicTBa TEH30PHBIX NPOU3BEIEHUN U UX BbI-
pameHue Yepe3 BEKTODPbI M MaTpHUIbI M0APOGHO narorcA B npunoxenun A. [aBaiite
KOPOTKO PacCMOTPUM Das3invuA Me# 1y JeKapTOBbIM U TEH30PHBIM NPOU3BEIEHUAMH,
KOTOpbIE ABIAIOTCA KIIOYEBBIMU [JIA MOHUMAHNUA KBAHTOBBIX BbIUHCIEHHIA.

dyerb V u W — 2-MepHble KOMIUIEKCHbIE BEKTOPHBIE MPOCTPAHCTBa ¢ Gasuca-
mu {v1, v2} u {wy, wa} coorBercTBeHHO. IIX JekapToBO npousBejeHne OyAeT UMETh
6asuc {vi, vy, w1, w2}. DOPANOK BHIGOpA DIEMEHTOB HTOro Gazuca MPOU3BONEH!.
B wacTHOCTH, pasMep MPOCTPAHCTBA COCTOAHHI MHOMECTBA KIACCHYECKHUX YaCTHII
NUHEHO Bo3pacTaeT ¢ yBennueHneM 4acTul, T. K. dim(X x V) = dim(X) + dim(Y").
TensopHoe #e npousBenerne V u W nmeet 6asuc {v; @wy, v1 @wa, v2 @wy, vz @wa}.
Ilns TeH30pHOrO NpOM3BeJEHUA MOPANOK BbIGOpa 31eMeHTOB Oas3uca B 00IieM ciyuae
He Npou3BoieH. (JTO CTaHET 0UEeBHUIHO, KOrja Mbl Oy/leM paccMaTpUBaTh TEH30PHbIE
NpoU3BeJeHIA MaTpUL).

Nrak, npocTpaHCTBO COCTOAHMI ABYX KYOHUTOB, Yy KamIOro K3 KOTOPHIX Oa-
suc {|0), |1)}, umeer 6asuc {|0) ® |0), |0) ® |1), |1) ® |0), |1) ® |1)}, unu B Gonee
kpaTkoit dopme {|00), [01), |10), |11)}. B Goaee obuem ciydyae Mbl Oynem nucarthb
|z), monpasymeBas |bpbn—_1...bo), rme b; — nBonuHble UUGPBI YKMCIa T. DABUCOM
TPEXKYOUTOBOI CUCTEMBI Oy IeT

{1000), [001), [010), 011), [100), [101), [110), |111)}.

B obmem cayuae cucrema n KyOUTOB HMeeT 2™ Ga3uCHBIX BEKTOPOB. Temepb Ml
BUINM DKCIOHEHIMAIbHBIA POCT MPOCTPAHCTBA KBAHTOBBIX COCTOAHUI [0 Mepe yBe-
NMUYeHNWA 4YMcna dacTul. TeHsopHoe mpousBeleHne X ® Y WMeeT pa3sMepHOCTD
dim(X) x dim(Y).

Coctosnue |00)+|11) ABIAETCA IPUMEPOM KBAHTOBOI'O COCTOAHKH, KOTOPOE Hellb-
3f IPEICTaBUTh COCTOAHMAMMU OTHENbHBIX KyOUTOB. JIpyruMu croBaMu, Mbl He MO-
KeM HaiiTn Takue ay, az, bi, b, 90 (a1|0) + b1|1)) ® (a2|0) + bs|1)) = |00) + [11),
T. K.

(a1|0> + b1|1>) ® ((1,2|0> + b2|1>) = a1a2|00> + a1b2|01> + b1a2|10> + b1b2|11>,

ausaibs = 0 caenyer, uto 1160 ajas = 0, 1160 b1by = 0. CocToAHKUA, KOTOPbIE HE MO-
I'yT pasjiaraThCA Ha cOCTABHbIE YACTH MOJOOHBIM 06pa3oM, HAa3bIBAIOT 3aIly TAHHLIMU
COCTOAHUAMU. ITHU COCTOAHUA HEe MMEIOT KIAaCcCHUeCKOro aHaiora. JTH e COCTO-
AHUA o6ecneuynBalOT SKCIOHEHIUAIbHBIA POCT MPOCTPAHCTBA KBAHTOBLIX COCTOAHMIA
10 Mepe YBeJINYeHUA JacTHll.

CiegyeT OTMETHTb, YTO MOTPEOYIOTCA OrPOMHBIE PeCypPChbl, YTOOLI CMOAEIHPO-
BaTh Jame HeGONbIIYI0 KBAHTOBYIO CHCTEMY Ha KIACCHYECKHX KOMIbIOTEpax. JBO-
JIONUA KBAHTOBBLIX CHCTEM MPOTEKAeT 3KCIOHEHIMAIbHO OLICTPee, YeM 3BOMIONUA X
KJIacCHUYECKUX MoJelel. doTeHualbHasA MOIlh KBAHTOBBIX KOMIbIOTEPOB KPOETCA B
BO3MOKHOCTH HCIOJIb30BaTh 3BOJIONNI0 KBAHTOBOI'O COCTOAHUA B KauyeCTBE BHIUMC-
JUTENLHOTO MeXaHu3Ma.

130pﬂ)10K 3neMeHTOB 6Gasuca 6y)1eT BaMeH, Korga MbI 6y)1eM HCIIOJb30BaTh MaTpHUYHbIe ob6o3Ha-
YEeHUA OJA KBaHTOBBIX npeoﬁpasosaﬂm‘»’x.
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3.3. U3smepenue

dKcrmepuMeHT B noapasgeie 2.1.2. IeMOHCTPUpPYeT, KAKMM 00pa3oM H3MepeHUe Off-
HOTO KyOHTa NMPOEKTHUPYeT KBAHTOBOE COCTOAHHE HA OQHO U3 GA3MCHBIX COCTOAHMIA,
CBA3AHHBIX C U3MEPAIOMNM YCTPOHCTBOM. Je3ylnbTaT U3MepeHNs ABIAETCA BEPOAT-
HOCTHBIM, & caM TPOIecC N3MePeHUA 3aMeHfieT COCTOAHNE Ha N3MepeHHoe.

daccMOTpUM, HampUMep, Mpolece U3MepeHus B 2-Kyo6uToBoii cucreme. CocTo-
AHUA MIOObIX ABYyX KyOGHTOB MO#HO npeictaButTh kak a|00) + b|01) + ¢|10) + d|11),
rue a, b, c u d KOMIUIEKCHbIe yKcaa, Takue, 4to |a|? + b2 + |¢|> + |d|? = 1. Jpeamno-
NO#MUM, MBI XOTHM M3MepUThb MepBbIA KyOUT B cTaHmapTHoM Gasuce {|0), |1)}. Hdun
yI006CTBa 3alUIIeM COCTOAHKE CeIYIOMNUM 06pa3oM:

al00) + b|01) + ¢[10) + d|11) = |0) ® (al0) + b[1)) +|1) ® (c[0) + d|1)) =
u|0) ® (a/u|0> + b/u|1)) +o|l) @ (c/v|0> + d/v|1)).

Tak kak v = /|a|? + b2 u v = y/|c|?> + |d|?, To ¢/v|0) + d/v|1) — BeKTOpHI €AUHKUY-
HOl AMHBI. 3alKcaHHOE BbILIE COCTOAHNE €CTh TEH30PHOE IPOU3BeIeHIE H3MEPAEMO-
ro 6ura U BeKTOpa eJMHUYHOM JunHbl. Jlerko BieTh, Kakue MOTYT GbITh Pe3yIbTaThI
nocne uaMepenud. Mamepenue nepsoro 6uta ¢ BepoATHocThIo u? = |a|?+|b|? mact |0),
npoekTHpyA cocrosnne B |0) ® (a/u|0)+b/ul1)), u ¢ BepoaTHOCTBIO v = |c[>+|d|? oHO
nact [1), mpoektupys cocrosnne B |1)® (c¢/v|0) +d/v[1)). T.&. |0)®(a/ul0)+b/u|1))
u |1) ® (¢/v|0) + d/v|1)) ABIAIOTCA eAMHMYHBIME BEKTOPAaMHU, TO epPeHOPMHUPOBKA He
Tpebyerca. 3mepenue BToporo KyGuTa NpOU3BOJUTCH aHANOTHYHO.

Ilnsa KBaHTOBBIX BBIYKMCIEHHH MHOrOGHTOBOE H3MEpPEHHE MOMHO paccMaTpHBaTh
KaK pAJ 0JHOOUTOBBIX M3MepEHHi B CTaHAapTHOM Gasuce. Bo3MoHbBI U Apyrue BU-
IbI U3MEPEHUi. JanpruMep, MOKHO POBEPUTh, ABIIOTCA K [Ba KyOUTa 0OHHAKOBBI-
MM, He BbIAICHAA 3HAYEHUI caMUX KYOGHTOB. D0 MOJOGHBIE H3MEPEHNA SKBUBAIECHTHBI
YHHUTapHBIM MpPeo6pa3oBaHUAM, 38 KOTOPHIMH CleyeT CTaHAapTHOe U3MepeHHe OT-
IelbHbIX KYyOHTOB, I09TOMY JOCTATOYHO paccMaTpUBaTh TONbKO CTaHIapPTHbIE H3Me-
peHuA.

B nmpumepe ¢ IByMA Ky6HTaMH MPOCTPAHCTBO COCTOAHUIT €CTh JEKapTOBO Mpo-
M3BeJleHNe MOAMNPOCTPAHCTBA, COCTOALIEr0 M3 BCEX COCTOAHWM, e MepBbI KyOUT
HaxomUTCcA B cocTogHUM |0), U OPTOrOHANLHOrO MOAMPOCTPAHCTBA, I'le MEepPBhIi Ky-
6uT HaxoauTcA B coctofgHuM |1). Jlo6oe KBAaHTOBOE COCTOAHME MOHHO NMPEACTaBUTh
B BUIE CyMMbI IBYX BEKTOPOB, [I0 OJHOMY M3 KaIOro moampocrpaHcTBa. Usmepe-
Hue k KyGUTOB B cTanaapTHOM basuce umeeT 2¥ BozMomHbIX pesynbratoB m;. Jlo-
6oe ycTpoiCcTBO, UdMepAmomiee k KyOUTOB n-KyGUTHOI CHCTEMBI, JeluT 2™-MepHoe
MPOCTPAHCTBO COCTOAHWN /¢ Ha NeKapTOBO MPOM3BEJEHHe OPTOrOHAIbHBIX MOANPO-
cTpaHeTB Si,..., Sok, Te A = S1 X ... X Syr. B 3TOM mpousBeneHuu 3HaueHHE
u3MepAeMbIX k KyOMTOB €CTh m;, & COCTOAHUE IOC/Ie U3MEPEHNA HaXOAUTCA B NPO-
cTpaHcTBe S; A HEKOTOPOro i. YCTPOICTBO NPOM3BONLHO BhIOMpAET OQHO U3 S;
MPOCTPAHCTB ¢ BEPOATHOCTHIO KBafpaTa aMILIUTY bl KOMIOHEHTHI ¢ B S;. [lanee oHO
MPOEKTUPYET COCTOAHHE HA 3Ty KOMIOHEHTY, HOPMHUDYA €ro 3aTeM [0 €XHHUYHOI
anuHbl. JIpyrHME clioBaMM, BEPOATHOCTh TOr0, UTO Pe3ylbTaT ABIAETCA 3a1aHHO
BEIMYHMHO}, paBHa cyMMe KBajpaToB abCOMIOTHBIX BEIMYHMH aMINIUTYI BceX Gasuc-
HBIX BEKTOPOB, COBMECTHUMBIX C TOil BEIMYNHOI U3MepeHHA.
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HSMepeHI/IH 3aCTaB/AIOT Hac B3rMMAHYTb Ha 3alyTaHHbIe YaCTHUIEI C prl"Oﬁ CTO-
POHBI. qaCTI/IHbI He ABIAIOTCA 3allyTaHHbIMU, €CJIU U3MEepeHne OJHOM He BJIMAET Ha

IpYTyo. dalnpumep, COCTOAHUE % (|00>+|11>) 3amyTaHHOE, T. K. BEPOATHOCTb TOTO,

4TO Nocie U3MepeHuA nepBbiit 6ut crader |0) poBHO 1/2, nmpu ycnoBuM, 4TO BTOPOW
6uT He usmepanca. OgHaKo eciau BTOpPoil GUT ObLT U3MepEeH, TO BEPOATHOCTb U3Mepe-
HuUA mepBoro 6uta Kak |0) paBHa 1 uiau 0, B 3aBUCUMOCTH OT TOT0, KAKUM 06pa3oM GbLI
M3MepeH BTOpoii 6ut: Kak |0) umu |1) coorBeTcTBeHHO. ClieoBaTenbHO, BEpOATHBII
pe3ynbTaT U3MepeHUA MepBoro 6UTa U3MeHAETCA MOJ BIUAHUEM U3MepPeHUA BTOPOro

Guta. C Apyroii CTOPOHBI, COCTOAHME % (|OO> + |01>) He AIBIAETCA 3aMyTaHHBIM, T. K.

1 1
—(]00) +{01)) = |0) ® —(|0) + |1}). A mo6oe uamepenue nepsBoro o6urta gact |0
(100 -+ 101) = 10) & 2= (10) + 1) pertie mep )

HEe3aBUCHMO OT TOT0, GbII U U3MEpPEeH BTOPOil OUT WM HET. AHANIOTMYHBIM 0Gpa3oM,
BTOpPOi GMT MMeeT paBHbIE IIAHCHI GHITH M3MepeHHbIM Kak |0), HeB3upasA Ha To, ObLI
11 u3MepeH nepBblil OUT unu HeT. OTMeTHUM, UTO ONpeJeleHUe 3alyTaHHOCTHU, KaK
BIUAHNA U3MePEeHNA OJHOU YacTHUIbl Ha pe3ylbTaThl U3MEPEeHUA APYroil, aHalIorn4-
HO HalleMy TpeIbIAyIIeMy ONpeJeleHUI0 3alyTaHHbIX COCTOAHUIN, KaK COCTOAHUIA,
KOTOpbIe Helb3A 3aMucaTh B BHUJIe TEH30PHOTO MPOU3BEJEHUA COCTOAHUN OTIOENbHBIX
YacTHIl.

3.4. Jdapagorc IIJD

JUHIITENH, JOOONbCKUN U J03eH IPEIN0AKUIN MPOBECTU TEOPETUUECKUN «IKCIEpH-
MEHT», B KOTOPOM 3allyTaHHbIe YaCTUIbI UCHONb3YIOTCA TAK, YTO CO3[Ja6TCH BIeYaT-
neHue, OYy/ITO 3TOT DKCIEPUMEHT MPOTUBOPEUUT QyHIaMEeHTalbHBIM OCHOBAM TEOPUU
oTHocuTenbHOCTU. [laBaiiTe mpeacTaBuUM cefe, UYTO CYHNIECTBYEeT UCTOYHUK, BhIpaba-

ThIBAIOLINI JBe MaKCUMalbHO 3alyTaHHble YacTHIbI %|00> + %Hl), HasbIBaeMble
2 2

999 mnapoii, ¥ OTChIIAET MO OAHOM U3 HUX Anuce u Joldy.

Anuvca u Jo6 HaxogATCA HA MPOU3BOJILHOM PAcCTOAHUU APYT OT ApyTa. O peAano-
n0KUM, Arica U3MepAeT CBOIO 4YacTULy U oOHapy:uBaeT cocrosuue |0). JTo 03Ha-
yaeT, 4To obuee cocTosanue Tenepb GyaeT |00). A eciau Do6 U3MEpPUT CBOIO YACTHULY,
TO OH Tak#e 06Hapy#uT |0). AHamornvusIM o6pasom, ecnu Annca usmeput |1), To
u y doba GygeT TOT e pe3yibTaT. 3aMeTHM, YTO W3MeHeHUe O6IIero KBaHTOBOIO
COCTOAHUA MPOUCXOTUT MTHOBEHHO, HECMOTPA Ha TO, YTO IBe YACTUIIBI TPOU3BOIbLHO
yIoajlieHbl OpPYT OT Opyra. JoiydaeTcf, UTO 3TO Mo3BoiAeT Anuce u Joby mepena-
BaThb [IPYyT [IPYry CUTHAIbI, KOTOPbIe paclpoCTPaHAITCA ObICTPee CKOPOCTHU CBeTa.
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[lannHeiimuit aHanu3 MOKaMeT, UTO HECMOTPA Ha TO, YTO MeJIY JBYMA YacTHIIAMU
CYIIECTBYeT CBAA3b, Anrca U Job BCE #e He MOT'YT UCIOIb30BaTh 3TOT MEXaHU3M JJIA
nepenadu MHGOPMAIUU.

CyImecTByeT 1Ba HEKOPPEKTHBIX MOAX0[a, KOTOPhIE YUEHbIe BCE ellé MpUMeHA-
IOT [ ONMUCAHUA 3aMyTAHHBIX COCTOAHUN U WX U3MepPeHUA. Y RamJAOro ecTh CBOU
IUIOCBI, HO 06a OHM He BEpPHBI M MOT'YT NPHUBECTH K HelopasyMeHuAM. [aBaiiTe mo
ouepeay pacCMOTPUM HX.

ditHmITeiH, JoA0NLCKUN 1 J03eH MPEeANOIOMUIN, YTO KamIaa yacTula obraga-
eT HeKMM BHYTPEHHUM COCTOAHUEM, KOTOPOE MOJHOCTBIO ONpe/elAeT, Kakoi OynaeT
pe3yibTat no60ro u3MepeHuA. JTO COCTOAHNE BPEMEHHO OT HAC CKPBITO, U MO3TOMY
BCE, UYTO MBI MOKEM cllelaTh B JaHHbI MOMEHT, 3TO JaTh BEPOATHOCTHBIE MPOTHO-
3pl. JTa TeOpUA M3BECTHA HAM KAk TEOPHUA CKPBITHIX MepeMeHHbIX. JpocTeiinian
TEOPUA CKPBITHIX TMepeMeHHbIX InA I mapel 3aKrIOYaeTCA B TOM, 4TO obe vac-
TUOBL HaxoOATcA nubo B cocrosuuu |0), aubo |1); MbI MpPOCTO He 3HAEM, B KAaKOM
u3 Hux. B Takoit Teopuu and Toro, 4To6el OGBACHATHL CKOPEIHPOBAHHOCTH M3Me-
peHwuii, CBA3b MEMKIYy YyOaléHHbIMHU yacTulaMu He Hy:Ha. C Takoél TOYKHM 3peHUA,
KOHEUYHO, Hellb3f 00BACHUTH Pe3ylhTAaThl U3MEPEHWH B pa3MUUHbIX OGasucax. Jein
MOoKAa3al, YTo M0Gafd TeopUA CKPBITHIX MePEeMeHHBIX MpeAcKa3biBaeT, YTO U3MEePeHUud
GyAyT yIOBIETBOPATH HEKOTOPOMY HEPABEHCTBY, U3BECTHOMY KaK HEPaBEHCTBO Jel-
na. OHAKO pe3ylnbTaThl IKCIEPUMEHTOB MOKAa3ali, YTO HEPABEHCTBO Jellia HEBEPHO.
Takum 06pa3oM, KBAHTOBY IO MEXaHUKY Hellb3f 06bACHUTD C IIOMOI[bIO TEOPUU CKPBI-
THIX MePEeMeHHbIX. Jojiee TOUYHbIe PACUYEThl MO TeopeMe Jelia U COOTBETCTBYIOMNINE
BKCMEPUMEHTHI BbI CMOKeTe HaiiTu B pabote [Greenstein and Zajonc 1997].

Bropoii cnoco6 onucaHWA OCHOBBIBAETCA HA NMPUUYMHE W CIEACTBUH. OampuMmep,
paHee ObLIO CKa3aHO, YTO W3MepeHHe, OocyllecTBiIgeMoe ANKCoii, BIUAET HA M3Me-
peHue, KoTopoe mpoBoguT Jo6. TeMm He MeHee, 3Ta TOUKA 3PEHMA TaK#iie HeBepHa,
U, KaKk CUMTalIu JUHIITEHH, JOoN0NbCKUIi 1 Jo3eH, NPOABIAETCA B TNIyOOKUX MPOTH-
BOpeYHAX C Teopheil OTHOCUTENbHOCTH. MOMHO NpeMIOMUTh CleAYOMKUi cleHapui
J93: onuH HabmOJaTelb CHavyala HabGiIoJaeT u3MepeHue Alucel, a 3aTeM Joba. B
5TO BpeMdA BTOpOi HabGiomaTelb BUOUT CHadajla usMepeHue Joba, a moToM AJUCHI.
B cooTBeTcTBUU ¢ Teopuel OTHOCUTEILHOCTH Pe3ylbTaThl U3MEPEHUN JOMMHbI ObITh
WHBapUaHTHBI OTHOCUTEILHO 3aMeHbl HabiiomaTeleil, T.e. HaOGIIONEHUA MEePBOro U
BTOpOro HablogaTelell JOI#HbI COBIANaTh. JKCIepUMeHTalbHbIe Pe3ybTaThl OIK-
HAKOBO XOPOIIO MOHO 00bACHUTh CIEPBa C MOMOLILIO H3MepeHnit Joba v NpUINHOMI
U3MEHEHUA B COCTOAHMM YaCTHUIbI AJKCBI, 1 HA060POT. JTa CUMMETPUA MO3BOJIAET
clenaThb BLIBOO, UTO HM 06, HM Alrca Ha caMOM Jielle He MOT'YT BOCIOJIb30BaThCA
933 napoii A nepegadr CUTHAIOB ObICTpee CKOPOCTH cBeTa. TakuMm oO6pa3om pas-
pelaeTcaA CymecTBYIOIUIA mapagokc. Be€, 4To MoMHO cKasaTh, 3TO TO, UTo Ajnuca u
06 GyayT HabIOIATh OJUHAKOBBIN CIIyJYallHbIN pe3ylbTar.

B pmannHeiimem, B pazjene, Kacawllerocs MIOTHOTO KOAMPOBAHUA U TelenopTa-
WU, MBI YBUUM, 4T0 DI mapbl MOMHO GyIeT UCMONb30BaTh A MONYUYEeHUA HEKO-
TOPBIX MPEUMYI[eCTB MpU Mepegadye HHGOPMAIKNK, HO CKOPOCTh €€ paclpoCTpPaHeHUA
BCE€ paBHO Gy/leT MeHbllle CKOPOCTHU CBETA.
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4. KBaHTOBBIe BEHTUJIU

Jlo cux mop MbI paccMaTpUBalIM MUIIb CTaTUUeCKUe KBAHTOBbIe CUCTEMbI, COCTOAHUE
KOTOPBIX MeHAETCA TOINbKO NPU U3MEPEeHHHU. OIBOJIONUA e NUHAMHYECKUX KBaH-
TOBBIX CHCTeM onucbiBaeTcA ypaBHeHuem llIpénunrepa. dpu 3TOM OpTOroHalbHbIE
COCTOAHUA CHCTEMbI OCTAIOTCA OPTOroHaNbHbIMU. JIMHeliHbIe MpeoOpa3oBaHUA KOMII-
JTeKCHOT'0 BEKTOPHOT'O MPOCTPAHCTBA, KOTOPbIE COXPAHAIOT OPTOrOHATLHOCTD, Ha3bIBa-
I0oTcA yHuTapHbiMu. JlioGoe nuHeitHoe mpeobpa3oBaHue B KOMIJIEKCHOM BEKTOPHOM
MPOCTPAaHCTBE MOMHO ONKcaTh MaTpumeil. Jdyctb MaTpuna M* momyuaerca usz M
TPaAHCIIOHNPOBaHNEM M MOCIEIYIOMUM KOMIIEKCHBIM conpsaxenneM. Marpuma M
ABIAETCA YHUTAPHO! (T.e€. ONKMCBHIBAET YHUTAPHOE Mpeo0pa3oBaHKe) TOrga U TOIbKO
Torpga, korna M M* = I. Jltoboe yHuTapHoe npeobpa3oBaHue ABIAETCA NOMYCTUMOIA
BBOJIONNENl KBAaHTOBOH cHCTEeMbl U HAa0OOPOT. YHUTapHble MPeo6pa3oBaHUA MOHSHO
paccMaTpuBaTh MPOCTO KAk MOBOPOTHI KOMIIIEKCHOI'0O BEKTOPHOTO MPOCTPAHCTBA.

BasupIM cnefcTBHEM TOro, YTo KBaHTOBbIe MpeoGpa3oBaHUA yHUTAPHbBI, ABIA-
eTcA ux o6paTuMocTb. T.e. KBaHTOBbIE BEHTUIU NOMMHBI ObITH oOpaTuMbIMU. UTO
e KacaeTcd KJIaCCUUECKUX BBIYUCIEHUH, TO, Kak MOoKazalu JeHHeTT, PpeqkuH U
Toddonu, oHu Bcerjga MOryT ObIThH BBINOIHEHBI 0OpaTUMO. Joliee MOAPOOHO 0obOpa-
THUMbI€ BBIUMCIEHUA U DHEPreTHUUYeCKUil MOAX0q K HUM paccMOTpeHHI B «Jlekuuax mo
BeruncineHnaM» Qeitnmana [Feynman 1996].

4.1. JpocTeiilivie KBAHTOBbIE BEHTUIU

daccMOTPUM HECKOThKO MONE3HbIX MPUMepPOB NpeoOpa3oBaHuii 1-KyOGUTOBOr0 KBaH-
TOBOT'0 cOCTOAHUA. B cuny nuHeiiHoCcTH, Tpeo6pa3oBaHUA MOMHOCTHIO ONPENENAIOTCA
uX OeiicTBHeM Ha Ga3ucHble BeKTopbl. COOTBETCTBYIONINE MaTPUIbl peobpa3oBaHuit
npuBeJeHbl PALOM CIlpaBa.

AR R ]
R
s @)
CREE 64

OGo3HaueHUA 3TUX MpeoGpa3oBaHUil ABIAKOTCA OOMENPUHATBIMU. [ — ToMAeCT-
BeHHoe npeo6Gpa3oBanue, X — OTpUllaHue, Z — onepanuA capura no gaze,ay = ZX
KOMOMHANWA MOCIeIHNX OBYX. Jpeobpa3oBanune X y:e paccMaTpPUBalOCh B MOJpas-
nerne 2.2. JpPOBepUTHb, UTO 3TU BEHTUIN YHUTApPHbI, HE COCTABUT GOIBIIOro TpyHa.

Jamnpumep,
« (0 -1 0 1\
YY" = (1 0) (_1 0) —1.
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Bentune CONTROLLED-NOT, unu Ci,t, DeficTByeT Ha ABa KyOuTa cieqyio-
UM 00pasoM: BTOpPON KyOUT M3MeHAEeT CBOe 3HAaUeHKe, eClii NMepBbIii paBeH eIUHU-
ue, u ocTaéred 6e3 U3MeHEHHUIA, eciy NepBbIil paBeH Hym 0. Berrtopsr |00), |01), |10)
u |11) 06pa3yOT OpTOHOPMHUPOBAHHBI Ga3uC B IPOCTPAHCTBE COCTOAHUI ABYXKYOH-
TOBOI CHCTEMbI — YeTHIPEXMEPHOI0 KOMIUIEKCHOTO BEKTOPHOTO TpocTpancTBa. s
TOr0, YTOOBI MPEICTABUTHL MpeoGpa3oBaHue 3TOTO MPOCTPAHCTBA B MATPUUHON (Hop-
Me, HAM HeOGXOIMMO BBIOPATH M3OMOPGU3M MEMKIy THUM MPOCTPAHCTBOM U TPO-
CTPAHCTBOM YEeThIPEX KOMIUIEKCHBIX OpT. EAMHCTBeHHasA MpUYWHA, 0 KOTOPOH MbI
IpeAnoYrnTaeM OJuH U30MOp(hU3M JPYroMy, 3TO YCIOBHOE cornaiienre. Tak 4To Hall
nsomopduam ceaseiBaet |00), [01), [10) u |11) co craHmapTHBIM 6a3MCOM TaKOro e
nopanka (1, 0, 0, 0)T, (0, 1, 0, 0)T, (0, 0, 1, 0)T u (0, 0, 0, 1)T. Torma npeo6paszosa-
uue Cho; UMeeT MpefcTaBleHune

00) — |00) 1000
01) — |01) 0100
10) — |11) 000 1]
11) — [10) 0010

dpeobpasoBanue Cho ABIAETCA YHUTAPHBIM, T. K. O} = Chot ¥ ChotCnot = 1. 3aMe-
TuUM, uT0 Ch ot HENb3A MPEACTaBUTh KaKk TeH30pHOE MPOU3BeaeHNe IBYX OMHOOUTOBBIX
npeobpa3zoBaHUii.

Yno6Ho npeacTaBiIAThL peoOpa3oBaHUA KBAHTOBOT'O COCTOAHUA rpadruvecKu, 0co-
GeHHO B cllydyafX, KOrJa IIPOBOAMTCHA HECKOJIbKO mIpeoOpasoBanuii. BenTuib Chot
06GBIYHO MPECTABIAIOT B BUE CXeMbI, IOKA3aHHON Ha PUCYHKe.

desaKpallleHHbI KPY#OK 0003HaUYaeT yNpaBIAKMINN KyOUT, a 3HAK
X — yCIOBHOe OTpHUIlaHWe MOAUYUHEHHOTO KyOuUTa. JeKoTopble aBTOPhl ——o——
3aKpallleHHbIM KPY#KOM 0603HAaUalOT BEHTWIb C yIpaBleHHeM 110 CUTHa-
ay 0, To ecTb MepeBOPOT yIpaBideMoro 6uTa, Korja ynpaBldomuii 6UT
HaxoguTcA B coctoAHuU (. B obmem ciyyae, ynpaBifloOmKUX KyOUTOB
MoxeT 661Th Heckodbko. CONTROLLED-CONTROLLED-NOT otpunaer mo-
cleIHUN KyOUT U3 TPEX, HO TONILKO B TOM Cllyuae, eclii 0o6a MepBbIX KYyOUTa paBHBI
equnuiie. 'paduyeckn ero Mo#HO MpPeACTaBUTh, KaK MOKAa3aHO HA PUCYHKe.

OnHOKYGUTOBBIE oNepaluy rpapuyueckr oToOpaxkalTCA ¢ MOMOIIbIO
MOJNUCAHHBIX KBaJpaToOB, KaK MOKa3aHO HUMeE. —

4.1.1. dpeobpasoBaHue Youaina—Anamapa. [pyroe BamHoe OTHO-
GuToBOe MpeoGpa3oBaHWe — HTO MpeoOpaszoBaHue Ajmamapa, onpejgenfe- — k——
Moe Kak

H:

0) = —=(10) + 1))

2

1) = —=(0) = [1)).

S 5l

2

JdpeobpasoBanre H umeer Goabiioe yncio BamHbIX npumenenuil. HeiictBysa Ha |0),

H cospaeT cocToAHUe CYNepPIO3UIIN %(|0)+ [1}). dpumensas H & n Ky6uTam mo ot-
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JIeTbHOCTH, MOJYUUM CYTMepPIo3uIiio BeceX 2™ BO3MOMHBIX COCTOAHUI, 0603HAUaeMbIX
JBOWYHBIM NpeacTaBieHueM uucern oT 0 go 2™ — 1.

(HH®...® H)[00...0) =

_ L _ LY,
_\/27((|0>+|1>)®(|0>+|1>)®"'®(|0>+|1>))_ > |x)

JpeobpasoBanue W, Kotopoe npumeHndaeT H K BceM n Ky6utaMm HasbIBaeTcA Mpeos-
paszoBaHueM Youia—Agamapa. Ero MoHO onpeaenuTb peKypCUBHO:

Wiy=H, Wy =HW,.

4.1.2. DeBO3MOKHOCTh KJOHHpoBaHuA. Oka3bIBaeTcH,

CBOWCTBO YHHTapHOCTH He MO3BOMAET KOMMPOBATh WIN KIOHU-
Y poBaTh KBAHTOBbIE COCTOAHHUA. Jpe[cTaBlIeHHOe 3[eCh JOKa3a-
TeNbCTBO HEBO3MOMHOCTH KIOHHPOBaHKMA BIEPBbIe ObLIO MOIY-
7 yeHo Byrrepcom u 3yperom [Wootters and Zurek 1982]. Ouo
3aKII0YaeTCA B UCNOIb30BaHUY JMHEHHOCTH YHUTAPHBIX IPe0s-
pa3oBaHUii.

dpexpnonomuM, uto U — 3TO KIOHUDYIOIlee YHHUTapHoe NMpeoGpasoBaHue, Ta-
koe, uto U(|a0)) = |aa) mna Bcex cocTosAHuit |a). dycThb |a) u |b) — HeKoTOpbIe
oproroHanbHele coctofgHuda. U(]a0)) = |aa) u U(]b0)) = |bb). Bosbmém cocrosHue

le) = %ﬂa) + |b)). Torpa, ucmonb3ys CBOMCTBO IUHEHHOCTH, NOLYYaeM

U (|c0)) = %(U(mo» +U(b0))) = —= (|aa) + [bb)).

S

2

do T.k. U — KiIoHHpYyWOIIee npeobpa3zoBaHue, TO

U(|c0)) = |cc) = 5 (|aa) + |ab) + |ba) + |bb)),

1
2
YTO He PaBHO (%ﬂaa) + |bb>>. Takum 06pa3zoM, YHUTAPHOU omepanuu, KoTopas

MO{eT KIOHMPOBATh HEM3BECTHble KBAHTOBbIE COCTOAHHUA, He cyumecTByeT. CoBep-
IIEHHO OYEeBU/IHO, UTO KIOHMPOBAHNE HEBO3MOMHO U IIPU MCIOIb30BAHUN U3MEDPEHHH,
T. K. OHO AIBIAETCA BEPOATHOCTHBIM U JECTPYKTUBHO A COCTOAHUN, He ABIAIOMINXCA
Ga3sMCHBIMU BEKTOPAMU N3MEPUTENbLHOr0 YCTPOHCTRA.

Kpaiine BamHO MOHATH, KaKO# BUI KIOHMPOBAHWA [OMYCKAeTCH, a KAKOH HeT.
Kar MbI nokasanu Bbille, KIOHMPOBATh HEN3BECTHOE KBAHTOBOE COCTOAHNE HEBO3MOK-
Ho. OHaKO M3BECTHOE KBAHTOBOE COCTOAHKE B IPUHIKIIE MOMHO KIOHUPOBATh. O pHU-
BECTH 1 YacTUll B 3anyTaHHoe cocTogHue ¢|00...0) 4+ b[11...1) u3 Hen3BeCTHBIX CO-
croannii a|0)+b|1) BnonHe BoamoxHo. Kamaasa ua sTux yactun GyeT BeCTH cebA ou-
HaKOBO IPM U3MepeHUN B cTangapTHOM Gasuce {]|00...0), |00...01), ..., |11...1)},
4ero Helb3f GbLIO GBI CKA3aTh, €CIi Gbl M3MEPEHUsA MPOBOAUINCH B KAKOM-TO IPYTOM
6asuce. Cosaarb cocroanue n yactun (a|0)+b|1))®...® (a|0)+b|1)) us HensBecTHDBIX
cocrosaHui al0) + b|1) HeBO3MOHHO.
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4.2. JpumMepsbl

daccMOTpUM NMpUMeHeHNe 31eMeHTapHbIX KBAHTOBBIX BEHTHIEN Ha JBYX MpUMepax:
MIIOTHOE KOAMPOBaHUE U TelenopTanuA.

dpu MIOTHOM KOJUPOBAHUU [JIA TMepeJaud OBYX KIacCHUECKUX GUTOB HCHONb-
3yercAa JIJJ mapa. Tar rar JIJI mapa Mo:keT ObIThH pachpejelieHa 3apaHee, TO B
JanbHeiIeM A4 MepeJadd ABYX 6uToB mHGopManuu notrpebyercAa nmepeaaTh Gu3u-
YeCKHU BCEro UMb OJHY YacTHIy. ITO JOBOJLHO HEOMKUJAHHBINA (aKT, MOCKOIBKY,
KaKk OTMeualoch B pasjene 3, U3 KyOuTa IIyTEM U3MEpPeHUA MOKHO U3BIeYb TOIbKO
OOUH KIacCUUecKUil GUT ToNe3Hoi MHbOpMAaIKH.

Tenenopragqua — 3TO MpPOIecC, NPOTHUBOMONOMHBIN IIOTHOMY KOJUPOBAHUIO.
3mech QA Mepegayu 0JJHOTO KyGUTa Kak BCIOMOraTelbHbIe UCTONb3YIOTCA ABa Kiac-
cuueckux 6uta. Tenemopranud HeoUJaHHA BBUIY MPUHINIA HEBO3MOMKHOCTH KIIO-
HUPOBaHUA, T.K. OHA MO3BOIAET MPOU3BOIUTHL MEPEHOC HEU3BECTHOTO KBAHTOBOIO
COCTOAHUA.

Anuca

bob6

—

Konupyromee
—»| YCTPOHCTBO

___________________ Ilexonep

RutoueBbIM AN MIOTHOrO KOAMPOBAHUA U TeNENOPTAlUM ABIAETCA UCIONb30Ba-
HUe 3ally TAaHHBIX COCTOAHUI. JepBoHAUYalbHAA yCTAHOBKA OJMHAKOBA AJA 060HX TIPO-
meccoB. JYyCTh, HaNpuMep, Anrca u Job XOTAT IepeJaBaTh APYT APYTY UHGOPMAaIHIO.
Ram oMy noceblnaeTcd ogHa 3allyTaHHAA yacTuia u3 JJJ maphl

-1
o= 7= (100) + 1),

JpennonoxuM, Anvce nociany nepByko yacTuily, a Jo6y — BTopyio. Tak, moka
YyacTHUIbI He MepechlnaloTcAd, TOIbKO Auca MOMET cOBepllaTh Npeobpa3oBaHUe HaJ
cBoeil yacTuieil, 1 TOIbKO J06 — HaJ CBOEH.

4.2.1. dnoTHOoe KoAupoBaHMe. Anuca MpUHUMAaeT JBa KJIacCHUeCKUX OUTa, KO-
Topkle el HYyHO MepeJaTh Joby, koaupya ux uuciaamu ot 0 go 3. B 3aBUcuMocTH
OT TUX Yncen Anuca BhINONHAET OgHO U3 npeobGpasoBauuit {I, X, Y, Z} Hax cBOUM
KyOGUTOM 3allyTaHHOI mapel 1)y. JpeoOpa3oBaHUe HAJ OJHUM KyOUTOM 3amyTaHHOI
nmapbl 03HaYaeT, YTO HAJ APYTUM KyOUTOM MPOUCXOJUT Mpeodpa3zoBaHue UAEHTUIHOC-
TU. JollyueHHbIe COCTOAHUA MOKa3aHbl B TabnuIe:
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3HaueHue JpeobGpaszoBaHUe IJOBOE COCTOAHUE

0 o = (I @ Iy \Lf(mo) +11))
1 Y1 = (X @ D)o %(llo +01))
2 Ps = (Y @ Iy \%(—IIO ) +101))
3 s = (Z® Do %(IOO 11))

3aTteM Anuca oTchblIaeT CBOM KyOouT Jooy.
o6 npumenaer CONTROLLED-NOT k 3amyrtanHoii nape.

JepBoHavYalIbHOE CONTROLLED-NOT 3epsbiit kyéutr Bropoii
COCTOAHUE KyOuUT
Yo = —=(100) +[11) (100} + [10)) S0 +) 1)
d1=—=(10)+10D) (1) + 1)) Sm+10)
%(—uo y+) (- +jon) (=) )
1 1 1
—(]00) — |11) —(]00) — [10) —(]0) 0
o= L) Lgo-po)  Lgo-m)

OrmetuM, 4yTO ceiiuac Job MoOKET U3MEPUTH BTOPOil KyOUT, He BO3MYI[ad KBaHTOBOE
cocrosauue. Eciau pesynbrat usmepenus |0), To 3T0 03HaYaeT, YTO 3aKOAUPOBAHHBIM
3HaueHHeM ObL10 uyrcno 0 unu 3, ecnu peadynbrat |1), To — 1 unu 2. Janee o6 npu-
MeHAeT BeHTUIb Anamapa H K mepBoMy KyOGUTY.

depBoHAUANb- JepBbIi KyGUT H (mepBbIii KyGUT)
¢ 250+ 1) = (5500) + 1)) + Z=(10) = [1))) =
¥y (0 +10) 2= (00— 1) + %m +11)) )=
o (=) 10) To (=0 - 1) + %(|o>+|1>>) 1)
¥s 2510 =10) Z5(==(0) +11) = 7=(0) = 1)) = 1)

1, HakoHel, ©3MepAET MepBbIil KyOUT, YTO MO3BOJAET eMy OTIUYUTHL () OT 3 unu
1ot 2.

4.2.2. Tenenopranua. Eé nenbio ABidgeTcd Mepejadya KBaHTOBOTO COCTOAHUA Yac-
THUIBI, TPUBJIeKad Klaccuuyeckre OUTHI, U TOUHOE BOCCO3aHiHe KBAHTOBOTO COCTOAHUA
y noiyyaTenfi. JOCKOIbKY KBAHTOBOE COCTOAHNE HEMb3fl KOMUPOBATh, TO Y UCXOJHOM
YacTHUIBI OHO 06f3aTelbHO GyaeT paspyiieHo. TeremopTaluio 0JHOTO KyOUTa dKCIe-
puMeHTanbHO ocymecTBuin [Bouwmeester et al. 1997; Nielsen et al. 1998; Boschi et
al. 1998].
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Anuca Bo6

Konupyomee |
YCTPOHCTBO

Jlexonep

Anuca He 3HaeT COCTOAHUA HaxogAmeroca y Heé Hyﬁl/ITa. Ona xoueTr mociaTh
COCTOAHHE 3TOro HyﬁI/ITa
¢ = al0) + b|1)

doly Mo KiaccuuecKUM KaHanaMm. Kakr u npu mIoTHOM KogupoBaHUU, y Anucel u Joba
€CThb M0 OJIHOMY KYOGUTY 3allyTaHHOI mapbl

1
V2

Anvca npuMeHAeT JeKOAMPYIOMIYIO IPOleypy INIOTHOr0 KOJUPOBaHUA K KyOUTY, KO-
TOPBIIl HYKHO NepelaTh, U K CBOeil YacTulle 3allyTaHHO# napel. CleAyromuM marom
Anuca pacmudpoBbeIBaeT MIOTHBIM KOJ MepefaBaeMoro KyOuTa ¢, a Tak#e CBOIO MO-
JTOBUHY 3amyTaHHOI mapbl. CTapTOBBIM COCTOAHUEM AIBIAETCA

%o (100) + [11)).

1

¢ ® 1o = —=(al0) ® (00) +[11)) + b[1) ® (|00) + [11))) =

(a]000) + a|011) + b[100) + b[111)),

Sl S

B KOTOpPOM Anuca ynpaBifeT NepBbIMU AByMA KyGutaMmu, a Job — mocnenuumM. [lanee
Anuca npurnaneiBaeT Chot ® I 1 H ® I ® [ K 3TOMY COCTOAHUIO:

(HRIQT)(Chot ® I)(p ®@ 1) =
= (H®I®I)(Chot ® I)\/L5 (a]000) + a[011) + b|100) + b[111)) =

_ 1, _
=HIxI) \/i( |000) + |011) + b|110) + b|101))

(a(]000) + [011) + [100) + [111)) + b(]010) + [001) — [110) — |101))) =

[NCITEI NOITE

(100)(al0) + [1)) + [01)(al1) + b[0)) + [10)(a0) — bI1)) + [11)(al1) — b]0))).

3areM Annca maMepsieT TepBble [Ba KyOuWTa, MONydYasd C DPaBHOH BePOATHOCTHLIO
|00}, |01), |10) wau |11). B 3aBucumocTH OT pe3yinbTaTa U3MEPEHUA KBAHTOBOE COCTO-
AHNe KyOuTa Joba npoektupyercd Ha a|0)+b|1), a|1)+b|0), a|0) —b|1) unnu a|1) —b|0)
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COOTBETCTBEHHO. AllMca MOChITaeT pe3ynbTaT CBOEro usMepeHusa Joby B BUIe ABYX
KjlacCHYecKUX GUTOB.

OrmetuM, uTO Mpu U3MepeHUU Annca HeoGpaTHUMO HM3MEHHUIA COCTOAHUE CBOE-
ro mepBoHavanbHOro Ky6ura (. IMeHHO 3Ta moTepAa mepBOHAYalbHOTO COCTOAHUA U
ABNAETCA NMPUUYUHON, MO0 KOTOPOil TelleMopTaluA He MPOTUBOPEUUT MPUHIIUIY HEBO3-
MOMHOCTHU KIOHUPOBAHUA.

Jo6, NPUHAB JIBa KlacCUUecKUX GUTa OT ANuchl, 3HAET, KAK COCTOAHUE ero yac-
TUIBI 38y TAHHOU Maphl CBA3AHO C MePBOHAYAIbHBIM COCTOAHMEM KyOuTa Anncel

JpuHAThie Kyoutel CocToAHUA JacmiudpoBKa

00 al0) + b|1) 1
01 al1) + b|0) X
10 al0) — b|1) A
11 al1) — b|0) Y

JpUMeHAA COOTBETCTBYIOIIee Mpeobpa3oBaHyie K CBOEl MOJNOBUHE 3aly TAHHOI Mapsbl,
J06 MOMKET BOCCTAHOBUThL M3HAYaANbHOE COCTOAHNE KyOuTa ANUCHI . 3aMeTUM, 4TO
9TO €CThb KOJUPYIOUIUI mar MIOTHOr0 KOJUPOBaHUA.

5. KBaHnTOBbBIE KOMIIBIOTEepPhbI

B nacroAmem pasgene obcyipaeTcs, KaKUM 06pasoM KBaHTOBAfd MeXaHHUKa MOMKET
OBITH KMCIONb30BAHA IJIA NPOBEJEHNUA BBIYHCIEHHUH, U B YEM COCTOUT KayeCTBEHHOE
OTIMYMe KBAHTOBBIX BBIUMCIEHUN OT BBIYMCIEHHI, BBIMONHEHHBIX HAa KIaCCHYECKOM
KOMIbIoTepe. BemoMHMM, 4To B pasiene 4 FOBOPUIOCH O TOM, YTO Bce Mpeobpaso-
BaHUA KBaHTOBOro cocTofAHuA obpaTumbl. Knaccuuecknit Bentunb NOT (JE) Tome
ABIAeTCA 06paTUMBbIM, Toraa kak BeHTunn AND (M), OR (MJIN) u NAND (21-9E)
TaKOBBIMU He fABIAOTCA. COBCeM He 0YEBHIHO, YTO ¢ NOMOLIBIO KBAHTOBBIX Ipe-
006pa3oBaHuil MOMHO BBIIOIHATH KIacCHYeCKHe BblUMCIeHUA. B mepBom noapaspere
OMKCHIBAIOTCA MOMHbIE HAOOPHI OGPATUMBIX BEHTHIEH, KOTOPbIE MOTYT OCYIIECTBIATh
MoGble KIacCHYeCKHe BBIUKMCIEHUA Ha KBAHTOBOM KOMIbIOTepe. Jolee TOro, Tam
7€ ONMUCHIBAIOTCA U HAGODPBI BEHTHIEH, C MOMOIIbIO KOTOPBIX MOMHO BBITMOIHATDL BCe
KBaHTOBbIe BbIYMCIEHHA. Bo BTOpOM mojpasiele paccKasblBaeTCA 0 KBAHTOBOM Ma-
paliernsme.

5.1. KBauTOBBIE cXeMbl

KommuekcHble yHUTapHble onepanuy y[oGHO 3aluChIBAaTh C MOMOLIbIO Opa- M KIT-
o6o3HaveHuit. [[1A IBYX NPOU3BONLHBIX YHUTAPHbIX MpeobpasoBanuit Uy u Us «ycioB-
Hoey npeobpasoBanue |0)(0| ® Uy + |1)(1]| ® U, Tose ABIAeTCA yHUTAPHBIM. BeHTHIb
CONTROLLED-NOT (K-3E) mo:#eT GbITb OnpenenéH Kak

Cnot = [0)(0] ® I +[1)(1] ® X.
Tpéxryouthsiit CONTROLLED-CONTROLLED-NOT unu Bentuns Toddonu, pac-
CMOTpPEHHBIiT B pasjene 4, Takke ABIAETCA MIPUMEPOM 3TOT0 yCIOBHOTO ONpe/eleHuA:

T=10)(0]@IQI+|1)(1| ® Cpot-
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OnepaTtop Toddonu T MomeT GbITh UCHONB30BaH A TMOCTPOEHUA MOTHOrO Habopa

OylIeBbIX CBA30K, TAK KAk C MOMOIIbIO HEro MOMHO NMOCTPOUThL omepatopel AND u
NOT:

T|1, 1, 2) = |1, 1, -z,
T|z,y, 0) = |z, y, x A y)-

Hcnoansysa Bentunu Toddonu MO#HO MOCTPOUTH THOOYIO0 KIACCUUYECKYIO JOTH-
YeCKYIO cxemMy. Jamnpumep, Clelyolag KBAaHTOBAaA cXeMa MPOU3BOJUT OJHOPA3PA-
Hoe closkeHue, ucnonb3dya BeHTUIN Todpdoru u CONTROLLED-NOT,

lc) le)
| ) | )
ly) ly)
|0) [s)
|0) lch
rie £ U y 3TO OMTHI OAHHBIX, S — HUX CyMMa [0 MOAYIO 2, ¢ — BXOJHOW paspfl

mepeHoca, a ¢/ — BBIXOIHOM pa3psaj nepeHoca. B paGorax Benpana, dapenko u dxepTa
[Ekert et al. 1996] ucnonbsyiorea Golee CIOMHbBIE CXEMBI.

BenTtunb @penkruHa BLINOIHAET Tak Ha3bIBaeMbIi «yIpaBlIAeMblil 0GMeHy, i ollpe-
JenfieTcA Kak

F=10)0|®I®I+ 1)1 ®S,

rae S — omepanus, Mpou3BoaAIIad o6MeH

S = 100)(00| + |01)(10] + |10)(01| + |11)(11

YuraTenlb MOMET MPOBEPUTH, UTo F' u T ABIAIOTCA MOJHLIMHU JUIA MOCTPOEHUA TPO-
M3BONBHLIX KIACCHUYECKUX JTOTUUYECKUX CXEM.

lloity mokasan [Deutsch 1985], 4To BO3MO#HO NOCTPOUTEH 06paTHMble KBAHTOBbIE
cXeMbI I BLIYMCIEHUA MI000I Kiaccnueckoil pyHruun. MakTUUYECKU MOHHO BBEC-
TH MOHATHE YHHUBepcanbHON KBaHTOBOI MamuHel Thiopunra [Bernstein and Vazirani
1997]. dpu 3TOM HamO MUMETH B BHIY, YTO MJIA «IEHTbl» MamuHbl ThIOpUHTa JOIHHO
OBbITH TPEAOCTABIEHO HEOOXOMUMOE KOIUUECTBO KyOUTOB.

Jiobasa kiaccuyeckaa GYHKRUUA f ¢ m BXOAHBIMU U k BXODHBLIMU GUTAMM MO-
#eT ObITb BbIUKCIIEHA HA KBAHTOBOM KOMIBIOTEPE, TO €CTh CyIecTByeT Takad KBaH-
ToBaA cxema, Koropas Bbruuciager f. dacemorpuM (m + k)-6uToBoe mpeobpasoBa-
uue Uy: |z, y) = |z, y @ f(x)), roe @ ob6osHavyaeT moburtoBoe uckimovaomee-1NJII
(He myTaiiTe ¢ BekTopHOit cymmoit). HKBanTtoBas cxema Uy, ompeleleHHad TaKuUM
crnoco6oM, ABIAETCA YHUTAPHOH Tpu H060i dyHruuu f. [IaA Toro, 4ToGbl BhIUKC-
muTh f(x), Mbl mpuMmeHsaeM Uy K |x), TEH30PHO yMHO:KeHHOMY Ha ¢ k Hyqeit |z, 0).
dockonmbry f(z) ® f(z) = 0, To mb1 umeem UyUy = I. T'padudecku npeobpasopa-
uue Uy: |z, y) — |z, y & f(x)) usobpasmaeTca cileqyiomum o6pasom:
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|x) |x)

lyy —— — lyef(x)).

Xota BeHtunu T u F' ABIAIOTCA YHUBepCATbHBIMU JUIA RIaCCHYECKUX JOrUYec-
KHX CXeM, U3 HHUX Helb3f MOCTPOUTH MPOM3BOIbHbIE KBAaHTOBhIE MpeoGpa3oBaHUA.
[lna Toro, 4To6bI OCYI[ECTBUTHL NMPOU3BOJIbHBIE YHHTapHbIE MpeoOpa3oBaHUA C TOU-
HOCTBIO [0 MOCTOAHHOTO ($azoBoro MHoxuTend (06uIMii GazoBbIl CABUT COCTOAHUA
He MMeeT (pU3MUYECKOro CMbICia), He0GXOAUMO PacCMOTPeTh BpAIeHUA OJHOro GUTa.
dapenko u 1p. [Barenco et al. 1995] nokasanu, uto Cyot BMECTE C MOTHBIM HAG0POM
OOHOOMTOBBIX KBAaHTOBLIX BEHTUIIel ABIAeTCA YHUBepcalbHbIM HabopoM. [locTaTou-
HO MeTb BO3MOMHOCTb BBINMOIHATH CleJyIol[ue 0JJHOOGUTOBbIE Tpeobpa3oBaHuA

cosa sina e'* 0
—sina cosa)’\0 e'@

mia Beex 0 < a < 2w, a Takme Cyopl, UTOOLI HONYYHTh YHMBepCalbHbIH Habop
KBaHTOBBIX BeHTulIeil. Kak mo3gHee 6yneT BUIHO, Takue npeobpa3oBaHuA ABIAIOTCA
KJIIOUEBBIMU 7 UCIONb30BaHUA MPEUMYIECTB KBAHTOBBIX BhIUMCIEHUIA.

5.2. KBaHTOBBIII mapaJjjiejanusm

Uto npoucxoaut, eciu Uy npuMeHAeTcA K BXOJHOMY COCTOAHMIO, KOTOpPOe ABJIAET-
ca cyneprnosunueit? OTBeT mpocT M yAuBUTeleH: nockoabky Uy — 3To nuHeiiHoe
npeoGpa3oBaHue, TO OHO IPUMeHAETCA KO BceM 0a3MCHBIM BEKTOpPaM B CYTepHO3UIUU
OJHOBPEMEHHO U CO3[aeT CYNEePIO3UIHNIO pe3ylbTaToB. TakuMm cnoco60M BO3MOMHO
BBIYUCIUTD f(2) OJA n 3HaYeHUil apryMeHTa & IIpU OJHOKpPaTHOM npuMeHeHuu Usy.
Takoit 3ddeKT Ha3pIBaeTCA KBAHTOBBIM MapallieIn3MOM.

JlocTOMHCTBO KBAHTOBBIX ANTOPUTMOB 3aRIIOUAETCA B MPEUMYIIeCTBe KBaHTO-
BOr0 Mapajieliu3Ma U 3amyTaHHOCTU. Tar, GONbIIMHCTBO KBaHTOBBIX AITOPUTMOB
HauMHAEeTCA C BBIYMCIEHUA NHTepecylolleil Hac QyHKINY Ha CyNepno3nulUuU BCexX 3Ha-
uennit. Bece Haunnaetea ¢ cocroauud |00 ...0) n-ky6utoB. Janee npumeHsAeTcH mpe-
ob6pazoBaHue Yonma—Apnamapa W u3 moapasngena 4.1.1. naA monydeHu cyneprnosu-
nuu

2" —1
1 1
——(]00...0) +]00...1) + ...+ [11...1)) = x).
000+ 1001 41T 1) = 2 3 )
lMiMeeTcA B BULY BO3MOMHOCTB ocymecTBIeHUA Cnot AAA Kaxedoll mapbl Ky6uToB. — Ipus.

nepes.
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No6aBnsaerca k-6uTHbIi peructp |0), U 3aTeM, [0 YCIOBUIO THHEHHOCTH, MOy YaeM

1 = I N
v (= S I 0) - 3 Ul 0) = 2 3 I ),

rae f(z) — unTepecyomasn Hac pyHrnua. Ciegyer OTMETHTh, YTO MOCKOIbKY 1 KY-
GUTOB MO3BOJAIOT paboTaTh OJHOBPEMEHHO ¢ 2™ COCTOAHMAME, TO KBAHTOBbII mapai-
nenu3M O0OXOQUT OrpaHUYeHHe TMPOCTPAHCTBO-BpPeMA KIACCHUECKOro Mapajiennsma,
TaKk KaKk OH MOMeT 00ecleudTh HKCMNOHEHIHANbHOE BO3pacTaHhe BBHIUUCIUTENLHOrO
MPOCTPAHCTBA NpPU TUHEHHOM BO3pacTaHuu 06bEéMa HU3NUECKOro TTPOCTPAHCTBA.
daccmoTpuM TpuBuaibHeiil npumep ucnoiabzoBanua CONTROLLED-CONTRO-
LLED-NOT onepatopa Toddonu T' fisA BbIYMCIEHUA KOHBIOHKIIUK ABYX BelHYMH:
da BXOJ MOJaAUM CYNEepIO3UINI0 BCeX BO3MOMHBIX OUT-KOM-
6uHanuii r u y, kpome r =1, y = 1: )

|x)

|9)

H|0) ® H|0) ® [0) = —=(|0) +[1)) ®%(I0)+Il>)®l0> = v

l0)

-

2

[xA )

(]000) + [010) + [100) + |110)).

DO [ =

dpumensaeM T K Cyneprno3ullUd BXOJOB, YTOGLI MONYUYHUTh CyMep-
MO3UIUIO Pe3yNbTaTOB:

T(H|0) ® H|0) ® [0)) = =(]000) + [010) + [100) + [111)).

DO =

de3yNLTUPYIOMYIO CYNEPHO3UINI0 MOMHO paccMaTpPUBATh Kak TabGIUIy UCTUHHOC-
TH A KOHBIOHKIUU UIU Kak rpad QyHKIUM. da BbIXOJe BENUYUHBI &, Yy U T A Yy
3amyTaHbl TAKUM 06pa3oM, UTO M3MepeHNe pe3yibTaTa JAacT OIHY CTPOKY TaGIUIIbI
WCTUHHOCTH, WM, YTO SKBMBANEHTHO, TOUKY rpada GyHKIuU. Jocie U3MepeHUA
nepBbIe Ba KyOMTa COOTBETCTBYIOT BXOJHOMY 3HAYEHWUA, & TPETUH KYyOUT — COOT-
BETCTBYIOIEMY 3HAYEHUIO f.

da mepBbIi B3TIAL, 3MeCh HET MPeMMYyLIeCTBA HaJ KJIACCHUECKHUM Tapaienns-
MOM, TIOCKOJNbKY TIPU U3MEPEHUN MOFHO MOMYYUTh TOIbKO OIUH Pe3ynbTaT, U K TOMY
#e MbI He MOKeM BbIOMpPAaTh, KaKkoil pe3yabTaT Mbl noidyuuM. CyTh 1H06G0r0 KBaHTO-
BOT'0 aJITOPUTMa — 3TO CHOCO6, C MOMONIbIO KOTOPOr0 OH MAaHUMYIUPYET KBAHTOBBIM
nmapanielu3MoM TaKUM 06pa3oM, YTOGbI #ellaeMble pe3yibTaThl U3MEPAINUCh ¢ 60lb-
Mol BEPOATHOCTBLIO. YMpaBleHHe TAKOTO THUIA He UMeeT KJIacCMUeCKOro aHaiora u
TpebyeT HeTpaIUIHOHHLIX MPUEMOB MPOrpaMMUpoBaHuA. BoT mapa mpuemoB, KOTO-
pble U3BECTHBI Ha CErOMHANIHUN JeHb:

Ycunenve Hy#HBIX HaM BBIXOOHBIX BelnuuH. OcHOBHasA uieA 3TOro crocoba 3a-
KIIOYaeTCA B Ipeo0pasoBaHUK COCTOAHUA TAKUM 06pa3oM, YTOObI HMHTEPeCYIONINe Hac
BEIMUUHBI UMeTU GONbUIYIO aMIUINTYIY W, CleloBaTelbHO, 6ollee BLICOKYIO BEPOAT-
HOCTh ObITh U3MepeHHBIMU. JpUMephl GYAYT MpeAcTaBleHbl B pasjgene 7.

daxommeHre oGIINX CBONCTB BeeX 3HavyeHuii f(x). TOT cnocob MpuMeHeH B ai-
roputme Illopa, rae ucnonb3yerca KBaHTOBoe npeodpasoBanue Pypbe IIA MOXY YeHHA
nepuona f.

KBAHTOBBIE KOMIOBIOTEPHI I KBAHTOBBIE BBLIUYNCIEHUA 29



. QUGOENDL, B. J0IAK

6. AaroputmMm Illopa

B 1994 rony durep llop, BroxHoBIeHHbIH paboToii Jauuensa CaiiMona (omyGruKoBaH-
Hoit mo3se [Simon 1997]), OTKPBLI OrpaHUYEHHO — BEPOATHOCTHBIN AlICOPUTM Pasiio-
JKEHUA HA MHOMKUTEIN N-pa3pAJHBIX YKcell 3a NOIMHOMUAlIbHOE BpeMA Ha KBAaHTOBOM
KOMMbIOTEpe. JauynHafd C CEMUAECATHIX, TIOIU UIMYT 3G (GeKTUBHbIE alTOPUTMBI 1A
pasnoxeHUA NenbIX uuceld. Jauboiee 3HPEKTUBHLIM KIACCUYECKUM alITrOPUTMOM,
M3BECTHBIM Ha CETONHANIHMUIT IeHb, ABnAeTcA anroputM JleHcrpa u Jlenctpa [Lenstra
and Lenstra 1993], KoTopslii 9KCHOHEHIMATEH 110 pa3dMepy Bxoa. Bxoq — sto Habop
uudp uyucna M, umeromuii pasmep n ~ log M. Jlrogu 6b11M HACTONBLKO YBEpPEHBI B
TOM, YTO 3(p(HEKTUBHOTO AITOPUTMAa pPa3ioMeHNA He CYyLIeCTBYeT, YTO ObLIN CO3daHbI
Kpunrtorpadpuueckue cuctembl, Hanpumep RSA, KoTopsie omupaioTeca Ha CIOHHOCTh
aToil mpob6aembl. Je3ynbTaT [llopa GbLT OMIENOMIAOMIUM ANA GONBIIMHCTBA YUEHBIX,
no6youB UX K MHUPOKOMACHITaGHBIM HCCIeI0BaHUAM B 00JaCTH KBAaHTOBBLIX BhIUHCIIE-
HUM.

B GonbmuHCcTBe anropuTMmoB, BrIouasa anroputMm lllopa, ucnonb3yeTca cTaH-
OapTHBIN cnocol cBedeHNA 3adayl pasloeHUA K 3alade MOUCKA mepuoaa GyHKIUU.
IITop ucnoab3yeT KBAHTOBBIN Mapallenlu3M IIA MOTy4YeHHA CYNepPIo3uIN BCeX 3Ha-
yeHNil GYHKIUU 3a OOWH IIar. 3aTeM OH NPOU3BOAUT KBAHTOBOe MpeobGpa3oBaHUe
@ypbe, pe3yrbTaTOM KOTOPOro, Kak AJA KiIaccuuecKoro npeo6pasoBanuu @ypbe, AB-
nfAeTcA YHKINA, apryMeHT KOTOpOil KpaTeH BeluuuHe, o6paTHoii mepuony. C BbI-
COKOll BEpOATHOCTBHIO U3MepPeHUe COCTOAHUA BO3BpallaeT MEPUOMd, KOTOPbIi, B CBOIO
ouepelb, CIYAUT AIA pas3ioxeHUA Hexoro yucia M.

Bce uTo 6bITO cKa3aHO BbBINIE, PACKPLIBAET CYTh KBAHTOBOT'O alropuTMa, HO B
OuYeHb YIPOIEHHOM Buje. Jauboibiiad TPYyIHOCTb 3aKII04aeTCA B TOM, YTO KBAHTO-
Boe npeobpaszoBanne Pyprbe ocHOBaHO Ha GpicTpoM mpeobpazoBaHnu Dypbe U, TAKUM
o6pa3oM, faeT TONbKO MPUOIN3UTEIbHBIN Pe3ynbTaT B GONbIINHCTBE CIy4aeB.

[lna Havyama MBI omuiieM KBaHTOBoe NpeoOpasoBaHue Dypbe, a 3aTeM JaguM
noxpo6Hoe onucanue anroputMa [llopa.

6.1. KBanToBoe npeo6pa3zoBanue dypbe

B o6mem cryyae npeobpaszoBanua @ypbe nepeHOCAT JAaHHbIE U3 BPEeMEHHOMH B 4acTOT-
Hy!0o obnacte. Tak, npeoGpasoBanua Pypbe npeobpasyoT QYHKIUH C MEPUOJOM I

B QJyHHHI/II/I, Y KOTOpPBIX 3HaA4YeHHA, OTIHYHbBIEC OT HYJIA, MMOABJIAITCA TOJIBKO B 3Ha-

YeHUAX, KPaTHbIX 4acToTe 27” Jluckpernoe npeodpasoBanne ®ypre (DFT, 19 D)

meiictByeT Ha N paBHOyJalleHHBIX BbIGOPOK B noiyuHTtepsane [0, 27) 1A HEKOTO-
poro N, u BblgaeT GyHKIUIO, YbA 061acTh onpejeleHUA — 3To Heable yuciaa ot ()
no N — 1. uckpeTHoe npeobpa3zoBanue ®ypbe QyHKRIUU nepuoga r — 3TO QYHK-

A, CKOHIIEHTPUPOBAaHHAA OKOJO 3HAYEHUI, KPaTHBIX % Ecnu nepuon r menutr N

6e3 ocTaTKa, TO pe3ylbTaToM OyaeT QYHRIHUA, Yy KOTOpOil 3HAUeHUA, OTIMYHBIE OT

HYyJA, UMEIOTCA TOIbKO B TOYKaX, KPaTHBIX g B nporuBHOM ciyuae pesynabTar
Gymer mpubIUKEHHBIM, U OTIMYHbIE OT HYJA WIEHbI MOABATCA B yuclIax, OMU3KUX K

KpaTHBIM g .

dricTpoe npeobpaszosanue Oypoe (FFT, D) apaserca pasnosugHoctoio DFT,
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rge N — crenenb nBoiiku. KBantosoe npeoGpasoBanue @ypne (QFT, KI D) asnaerca
BapuanTom DFT, rae takme, kak u B FFT, ucnonbsyiorca crenenu nBoitku. KBan-
ToBOe npeobpa3oBanne Pypbe HeiicTByeT Ha aMIIIUTYAbI KBAHTOBOI'0 COCTOAHUA KaK

> gl@)z) =Y Gle)le),

rae G(¢) — »To muckperHoe mnpeo6GpasoBanue Pypoe g(x), a £ U ¢ BapbUpPyOTCA
Kar meinbie yrcna ot 0 go N — 1 (B gBouunHoM mpejcraBienun). Eciu 6bI cocTosAHMe
M3MEpUIHU Noclie TOro, Kak npeodpasoBanre @ypbe BBIIOJIHEHO, TO BEPOATHOCTh TOTO,
4TO pesyabTar |c), 6bu1a 661 |G(c)|%.

dpuMeHss KBaHTOBoe npeobpasoBanue Pypbe K nepuoguueckoil pyHuuuu g(x)
¢ MeproJoM 7, MbI penonarany 3akoHuuTh ¢ » . G(c)|c), rme G(c) paBHO HyIIO Bes-

%. Takum oﬁcpasom, KOTZla COCTOAHHE H3MepeHO,
pe3ylnbTaToM ABIAIOTCA 3HAUEHUA, KpaTHbIe %, HanpuMep jg. Jo, Kar yse ObLIO
3aMeyveHo BbIllle, KBAHTOBbIe MpeobGpa3oBaHuA Dypbe JaOT MUIIb TPUOIU3UTENbHBIH
pe3ynbTaT AlIA NMepuoJoB, KOTOPble He ABIAITCA CTENEHbIO IBYX, T.e. IMEPHOIOB,
KoTopble He 1enAT N. OqHaKko yeM Goiblle cTeleHb JBOWKM HUCMONb30BaHa B KauecT-
Be Ga3bl mMpeoOpa3oBaHUA, TeM TOUHee anmmpokcuManua. KBaHToBoe mpeoGpa3oBaHue

®ypbe Ugpr c 6asoit N = 2™ onpefenderca Kak

) — L Z e 2" o).

Ie, KpoMe 3HaUYeHUil, KPaTHBIX

UQFT .

[lna Toro, yro6er anroputm lllopa 6611 MoMMHOMUATEHBIM, HEOOXOJUMO, YTOOBI KBaH-
ToBOe mpeo6GpaszoBanne Pypbe Borumnciaanoch 3ddertuBno. [llop moraswiBaeT, YTO
KBaHTOBOe MpeoOpa3oBaHue @yphe ¢ 6a3oil 2™ MO¥KHO NOCTPOUTH C UCIOTL30BAHUEM

m(m + 1) . .

TONbKO ——— TIpeoOpa3oBaHuii. JTO MOCTPOEHUE UCIONb3YeT 2 THUIA BEHTUIEIl.
2

OxuH — [1A peanusalli y:ke 3HaKOMOro npeoGpasoBaHuf Ajgamapa H (uepes H;

o6o3HaunM mnpeobpas3oBaHue Ajamapa, NIpUMeHAEMOe K j-My OUTY), Opyroi — IiA
peanuzanuu JByOHTHOro npeobpa3oBaHUA BHjA

100 0
100 0
S =lo o1 o |’
0 0 0 e
rae Op_; = 7r/2k_j. dTo mpeobOpa3oBaHUue BO3JAeHCTBYeT Ha k-blif M j-HbIfl GUTBI

foabioro perncTpa. KBantoBoe mpeobpasoBanie @ypbe 3a7aeTCA BbIPaKeHHEM
HySo,1.--S0,m—1H1... Hp—3Sm-3,m—2Sm-3,m-1Hm—28m—2, m_1Hm_1,

3a KOTOpPBIM clenyeT obGpamienue 6utoB. Fenu 3a FFT crnegyer usmepenue, Kak B
anroputme Illopa, To oGpalieHre GUTOB BBITIONHAETCA KlIaccuyeckuM crnoco6oMm. Bee
JeTand BBIMONHEHHA allOPUTMa MOMHO HailTu B paboTe aBTopa amroputMma [Shor
1997].
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6.2. doapobuoctu anropurma lllopa

docnenoBaTenbHble maru arroputMa [llopa fetanbHo nMpeacTaBieHbl B HUMECTEAYIO-
meM NpuMepe, I/le MbI pa3iaraeM Ha MHoOuTenn uncio M = 21.

Illaz 1. Keanmosvlii napasiesusm. DPOU3BONBHO BRIGHpaeM 4ucio a. Feou a
He AIBIAETCA B3aUMHO MPOCTHIM ¢ M, TO 3HAUUT MBI y:e Hamuu genutens M. B
MPOTUBHOM clTy4yae MPUMeHfeM OCTABIIYIOCA YacTh alropuTMa.

dycTb m Gymer TakuM, uto M? < 2™ < 2M? [JToT BBIGOP GbLT clenaH TaKUM
o6pa3oM, 4TOoGbI aMMpOKCUMAINH, MTPUMeHAeMoil B mare 3 1A QYHRIUI, Yeil mepuon
He ABIAETCA CTeNeHbIO JBOUKHU, OyeT BIOTHE JOCTATOUHO, YTOOBI OCTABIIAACA YaCTh
anroputMma paborana). cnonab3yem KBaHTOBBII mapaiienn3M, Kak OMUCAHO B MOAPa3-
nene 5.2. mudA Beruucinenus f(z) = a® mod M nas Bcex mensix uucen ot 0 go 2™ — 1.
donyduM, TaKUM o6pasoM,

2™ —1

s . lo. f(@). (1)
z=0

IIPUMEP. JpepmonomuM a = 11 6buio BbIGpaHo ciayuaiiHo. T.k. M? =
= 441 < 2° < 882 = 2M?, to Mbl HaxoguM m = 9. Takum obpasom, Bcero 14
Ky6uToB, 9 mia x u 5 gaa f(z), TpebGyoTcA QA BeluncieHud cynepmodunuu (1).

a2z 2. Cocmosnue, 4ba amnaumyoa umeem mom dxee nepuod, ymo u f. KBan-
ToBoe npeoGpaszoBanue Oypbe Bo3aeiicTBYeT Ha QYHKIUIO aMINIUTYIbI, CBA3AHHOM ¢
BXOJHBIM cocTofiHreM. YToObI HCMONb30BAaTh KBAHTOBOE NMpeoGpasoBanue Dyphe ana
nony4yeHus mnepuoga GyHruuu f, HEOOGXOAUMO COCTABUTH COCTOAHUE, UbA (OYHHKIUA
aMIUTUTY bl UMEET TOT #e Nepuol, 4to u f.

[l1s cocTaBleHNA TAKOro COCTOAHNA, U3MepAeM nocnennue [log, M| KyGUTHI co-
crosnuA (1), kotopeie oTHOCATEA K (). DoiyuaeM ciydaiinoe 3Hauenue u. Camo mo
ce6Ge 3HAUYeHME U HUKAKOT'0 MHTEpeca He MpejCcTaBifeT; HAaC MHTEpPecyeT TONbKO BO3-
JelicTBUe U3MepEeHHA Ha Hallle MHO#ECTBO CyMepno3unuii. To u3MepeHue MpoeKTH-
pyeT mpocTpaHCTBO COCTOAHUI HA MOAMPOCTPAHCTBO TAHHONW U3MepeHHON BeluYiHbI,
M03TOMY COCTOAIHUE TMOCHTe U3MEpPEHUl CTAHOBUTCA

CY g(@)le, u),

C TOYHOCTBIO 10 HEKOTOPOI'0 MHOMUTEIIA C, rage

a(z) = 1, ecau f(z) = u,

0, B mpoTHUBHOM ciy4ae.

OTMeTHM, YTO UKChI, KOTOPbIe MOABWINChH B CyMMe, Te, 4To ¢ g(x) # 0, oTnuvaorcd
APYT OT OpyTra YKCIOM, KPATHBIM IEePUOLY, ClIe[0BaTeNbHO, g(1) 3TO U ecTh Ta GpyHHK-
1A, KOTOPYIO MbI umeM. Ecnu 6bI MbI MOINIM U3MEpPUTH [JBa MONyUYEHHBIX HUKCA B
CyMMe, MBI MOTIH ObI UMETh Nepuol. 0 K COMKaleHUI0, 3aKOHbBI KBAaHTOBOH (pU3UKH
MO3BONAIOT HaM MPOBECTU TOJNbKO OJTHO U3MEpEeHUe.
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[TPUMEP. JpeanonouM, 4UTO ClyuaiiHOoe H3MepeHHe CYNepno3ulUK ypaBHe-
uua (1) Beigaer 8. CocrosHue mocie 3TOro uaMepeHus (Ha puc. 2 MPEACTABIEHO
TOIbKO 9 61TOB; GUThI f(2) U3BECTHBI U3 U3MEPEHHUA) ACHO JEeMOHCTPUPYET HaM IMe-
PUOAMYHOCTh f.

Llaz 3. Ilpumenenue reanmogozo npeobpasoseanus Pypve. Yacthb cocroanus |u)
Golblile UCMOIL30BaThcA He Gy/IeT, MOATOMY MbI ee He 3alliChbiBaeM. JPUMEHUM KBaH-
ToBOe nmpeobpas3oBanue Pypbe K COCTOAHUIO, MOIYUYEHHOMY Ha Iare 2.

Ugrr : Y gla)le) = Y G(c)le).

N3 cranpaptHoro anamuza ®ypbe moiyuaeM, 4To, Korja mepuon r ¢yHruuu g(z),
onpeJelNeHHON B miare 2, eCTh CTeMeHb JBOWKM, TO Pe3ylbTaT KBAaHTOBOI'0 mpeoGpa-
3oBaHuA Dypbe ecThb

m

ZcﬂjT)a

J

rje aMILINTy[Ja paBHA HyIi0, KpoMe To4ek, KparHbix 2™ /r. Korma nepuox r He ne-
auT 2™, npeoGpa3oBaHue BBINOIHAETCA TOYHO, MPUUYEM Gonbliad aMIIUTYda CoCpe-

m

JloToueHa BOJIU3U LelbIX SHHHBHHﬁ, KpaTHBIX -

0,012 -
0,0108 -
0,0096 -
0,0084 u
0,0072 -

0,006 -
0,0048 L
0,0036 r
0,0024 5
0,0012 -

0,0
64 128 192 256 320 384 448 512
Puc. 2

BepoATHOCTH A1A pa3inuHBIX & NpU u3MepeHuu cocroanua C Y. |z, 8), momy-
zEX
venHoro B mare 2, rie X = {«|211® mod 21 = 8}}.

dacnpejielieHrie BePOATHOCTY KBAHTOBOI'0 COCTOAHUA Mocle Mpeobpa3zoBanua Dy-
phe.

I[TpuMEP. Ja puc. 3 oToGpameH pe3yabTaT MPUMeEHEHUA KBAHTOBOT'O mpeobpa-
30BaHuA @ypbe K COCTOAHUIO, MOTYUYEeHHOMY B mare 2. JeoO6X0JUMO OTMETHUTh, UTO
puc. 3 — 3To rpaduk OpicTporo npeobpaszoBanud Dypbe QyHKIUM, MOKA3aHHOI Ha
puc. 2. B aTom yacTHOM ciydae nepuoj GyHkuuu f He menut 2.

KBAHTOBBIE KOMIOBIOTEPHI I KBAHTOBBIE BBLIUYNCIEHUA 33



. QUGOENDL, B. J0IAK

0,17 7 -
0,153 B
0,136 o
0,119 r
0,102 -
0,085 -
0,068 r
0,051 o
0,034 -
0,017 o

0,0 — T T —L T T
64 128 192 256 320 384 448 512

Puc. 3

Illaz /. Hseaevenue nepuoda. VN3mMepfAeM COCTOAHUA B cTaHZapTHOM Gasuce U
noinyuaeMm pe3yinbTaT v. B ciyuae, Korja mepuoj ABIfieTcA CTeNeHbIO ABOHKU, KBaH-
TOBO€ NpeoOpasoBaHhe JaeT TOYHbIe 3HAYEHUA, KpaTHble 2m/r, U M3BleYb MEPUOJ

m

HecloxHO. B aTOM cnyyae v = j % 1A HekoToporo j. B 6oiblIMHCTBe CliyYyaes j U T
OyAyT B3aMMHO IPOCTHI, ¥ B 3TOM Cly4ae COKpalleHue Apoou 2Lm(: %) macT fpo0b,
yeill 3HaMeHaTelb ¢ ecTb nepuon r. [lero B ToMm, 4To B 0OlIeM cilyyae KBaHTOBOE
npeoGpasoBanne Pypbe Na€T KpaTHbIE 3HAYEHUA OCHOBHOI YaCTOTHI TONBKO MPUGIN-
3UTENTbHO, YTO yCIOMHAET BhIACHEHHEe MepHojia Mo pe3yibTaTy u3MepeHuda. HKorpa
MepuoJ He ABINAETCA CTENeHbIO JBOMKM, MOMeT ObITh MOMyUYeHa XOpollad OleHKa Ie-

puoma, eCiin UCIIOJb30BaThb TaK Ha3bIBaeMoe paal/iodieHue B 6eCI{OHe‘{Hle npoﬁb L.

2m
JTOT KIacCHYECKUil MPUEM OMUCHIBAETCA B MpuioxeHun B.

ITpuMEP. [JomycTum, YTO M3MepeHUEe COCTOAHUA JaéT BenuuuHy v = 427. do-
CKONBbRY v u 2™ B3aMMHO MPOCTBI, IEPUO[ T CKOpee Bcero He Gyaer aenuTh 2™, u
MO3TOMY MO#{HO NPUMEHUTDb pasioxeHue B GECKOHEUHYIO Ip00b, ONUCAHHOE B MpPU-
noxenun B. Cneqyronasa Tabauna nNpoclesnBaeT alropuTM, OMUCAHHBIA B NPUIOHie-
Huu B,

ilai| pi | @ | €
00| O 1 0.8339844
1] 1 1 1 0.1990632
215 | 5 6 | 0.02352941
3142|211 | 253 0.5

KOTODBIi 3akaHuYuBaeTcAd uucioM 6 = ¢ < M < ¢3. Takum o6pasom, ¢ = 6 HaBepHA-
Ka ABIAETCA mepuoaoM GyHruuu f.

Hlaz 5. Mazoxcdenue deaumeas M. HKorga monmydeHHBIN Mepuon g YETHBIH,
MCmonb3yeM anropuT EBrmnaa mas sdoekTuBHOM mpoBepku, umeior au a?/? 4+ 1
win a9/2 — 1 oTIUYHbIH 0T eUHUIbI 00Ul neautelb ¢ M.

dpuunna, no Kotopoit a?/2 + 1 win a?/2 — 1 MoryT uMeTb OGLIMIl OTIMYHBIN OT
enuHUNbl genutenb ¢ M, cnepyromasa. Ecau ¢ melicTBUTeNbHO ABIAETCA MEPUOIOM
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byuruuu f(x) = a® mod M, 1o a? =1 mod M, nockonbry a%a® = a® nnsa Beex .
Ecnu ¢ — uérHo, MbI MoeM 3amucaThb

(a?? +1)(a?? =1) =0 mod M.

CienoBaTelbHO, IOCKOIbKY HU al’? 4+ 1, Hu a?/? — 1 ue aBagOTCA KpaTHbIMU 3HaYe-
Huamu M, a?? +1 uau a?/? — 1 UMeIOT OTIMYHBIH OT eqUHNLBI 00Ul ¢ M genurens.

[IPEMEP. Dockolbky 6 uéTHoe wmcno, To aubo a®/? —1 = 113 — 1 = 1330,
m6o a’/2+1=113+1 = 1332 OynyT uMeTh obmuii ¢ M penurtens. B aTom yacTHOM
npuMepe MbI HaxoauM ABa fenutend J0J(21,1330)=7 u d0[1(21,1332)=3.

a2z 6. Illpu Heob6xodumocmu nosmopsaem ai20pumm. JeKOTOpbIe AIelicTBUA MOTYT
BBIMOMHATHCA HETOYHO, I0O3TOMY TPOLECC MOMET He JaTh genutens M:

m

(1) 3uauenue v He A0CTATOYHO GAM3KO K KPaTHOMY =

(2) deprox r U COMHOMMTENb j MOTYT MMETh OGUIMA MHOMUTENb, a MPU TOM
3HaMeHaTelb ¢ ABIAETCA JelUTeleM [IepHoaa, a He caMUM IEePUOIOM.

(3) Ular 5 Beigaér M, kar geautenn M.

(4) depuon dyuruuu f(x) = a® mod M ABIAeTCA HEUETHBIM.

[Top norasai, 4To HeGOIbILIOE YKUCIO IOBTOPEHHUIT alNrOpuTMa JaeT MHOMUTENb M
C BBICOKOH BEPOATHOCTHIO.

6.2.1. KommeHTapuii k mary 2 aaroputMa Illopa. Oxa3bsiBaeTcA, U3MepeHUA
Ha 1are 2 MOMHO MONHOCTBIO OMYCTUTh. JepHIITeidH u Basupaunu [Bernstein and
Vazirani 1997] mokasanu, 4To u3MepeHUil B cepelrHe alrOpUTMa MOMHO BCerjaa us-
GemaTh. Ecou UCKIIOYUTH U3MepeHNe Ha Iare 2, TO COCTOAHUE OYJeT COCTOATH U3
Cymeprno3unuii HeCKONbKUX mepuoanveckux ¢yHrnuii. Kamnoad u3 HUX UMeeT OAUH
U TOT e mepuod. BcneocTBue NMHEHHOCTH KBAHTOBBLIX alTOPUTMOB, MPUMEHAEMOe
KBaHTOBOe npeo6pas3oBanre Pypbe NPUBOAUT K cyleprno3unuu npeobpasoBanuii Dy-
pre 3Tux dynruuii. Kammoe u3 3Tux npeobpasoBaHuii 3amyTaHO C COOTBETCTBYIO-
UM U U, CleJoBaTelbHO, OHU He HHTep(epupyoT APYT ¢ ApyroM. 3MmepeHue gaet
3HaueHUe OJHOT'0 U3 3TUX mpeoGpa3oBaHuil. JOHUMAaHUE TOTO, KAK 3TO YTBEpKIeHNE
MOHO 0GOGIIUTD, UIMIOCTPUPYET HEKOTOPhIe TOHKOCTU PAGOThI ¢ KBAHTOBBIMU CY-

NEpHO3UIUAMU. JPUMEHUM TEeH30PHOe NpPOoU3BeJeHHe KBaHTOBOIO NMpeodpa3oBaHUA
2n—1

Dypre u onepaTopa unentuunoct Ugpr ® I k C Y |z, f(z)), nonyuus
z=0

2"—1 2™ —1 2rmize

'y, Y e e @),

z=0 =0

4YTO paBHO

2mixce

C'Z Z Ze 2" e, u)

u al|f(a)=u
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s u B guanazode f(x). To, 4TO MOMY4YHUNOCh, €CTh CYMEPHO3UNUA Pe3ylIbTaTOB,
MONYYEeHHBIX B IIare 3, IJIA BceX BO3MOMHBIX u. KBaHTOBoe mpeobpa3oBaHue Dypbe
NPUMEHAIOT K CEMENHCTBY OT[eIbHbIX QYHRIUN gy, NHAEKCUPYEMBIX IO U, T'e

g = 1, ecau f(z) = u,
w =
0, B OPOTUBHOM ciyuae,

NPUYEM Yy BCeX OJUHAKOBBIN mepuod. eoOXOOUMO OTMETUTh, UTO AMIUIUTYIbI B
COCTOAHUAX C PA3MUYHBIMU U HUKOTA He MHTep(epupyioT (CKIaAbIBAIOTCH MM B3a-
MMOYHHUYTO}AIOTCH) APYT ¢ Apyrom. dpeobpasoBanue Ugpr @ I MoxHO 3anucarthb
Kak

2" -1 2" 12" -1
Ugrr®1:C Z Z gu(2)|z, f(2)) = C' Z Z Z Gu(o)le, u),
u€ER =0 uw€ER =0 c=0

rae Gy (c) — aTo nuckperHoe npeoGpasoBanue Oypwe g, (x), a R — nuanaszon f(x).
N3mepsaem ¢ u moBTopAeM maru 4 U 5 Kak mpemje.

7. 3ajauu rnoucka

donbloit KiIacc 3ajJad MOMHO ONpeNeNfATh KaK 3aJauyd MOUCKA BpPOJIe «HAMTH & U3
MHO?KeCTBa BO3MOKHbBIX pellleHuii, Takoe, 4To yTBep:aenue P(x) — uctunHoy. [Jua-
ma3oH MOJOOHBIX 3a/ay MIMPOK: OT MOMCKa MHpopManuu B Ha3e JaHHBIX 0 3aKpacKu
rpada. Jampumep, 3aJaudy 3aKkpacku rpada MOKHO paccMaTpHUBaTh KaK MOUCK Ta-
Koro 0603HaUYeHUA [IBETOB BEPIIUH, YTO YTBEP K IeHUE «BCE NPUMbIKAIOI[E BEPIINHBI
UMeIOT pasHble IIBeTay ABIAETCA BEPHBIM. AHAIOTMYHO 3aJaya COPTUPOBKU MOKET
ObITH paccCMOTpeHa Kak MOWMCK TepecTaHOBKHU, INA KOTOPOU YTBepIeHHe «IepecTa-
HOBKA x MEepeBOAUT NMepBOHAYANbHOE COCTOAHUE COPTUPOBKU B elaeMoe» fABIANOCH
bl BepHBIM.

B 3agaue neynopadoienHozo moricka HUYEro He U3BECTHO O CTPYKTYPe MPOCTPaH-
cTBa penleHuil U 06 yrBepagenun P. Jampumep, onpenenenue P(xg) He naerT HU-
Kakoii MHpOpManuu 0 BO3MOMHOM 3HaueHuun P(xq) naf xg # x1. B 3amaue ynopa-
Jo1eHH020 TIOMCKA MOMKHO HCIOIh30BaTh MH(OPMAIUIO O MPOCTPAHCTBE MOUCKA U 06
yTBeps#aenuu P.

danpumep, MOUCK Mo andaBUTHOMY CIHCKY ABIAeTCA 3aJaudeil yIopAJZ0YeHHOTO
nmoucKa, u andaBUTHBIN MOPAJOK UCIONb3YyeTCA A MOCTPOEeHUA anroputMma. B mpy-
TUX CIydyasx, CKameM, B 3ajjauyax, rjie Hy#HO HaiTh XoTA 6bl ofHO pemenue (3- SAT
WM 3aKpacka rpada), CTPYKTYpy 3afa4i MOMHO HUCIONb30BATh A OCTPOEHUA 3B-
PUCTUYECKHNX AJITOPUTMOB, KOTOPbIe OLICTPO JAIOT pelleHUA A HEKOTOPhIX OTIElb-
HBIX clyuaeB. Jo0 B o0I[eM clyuyae, KOrJa Mbl UMeeM 3afadyy HeyHNOopAJOUYEeHHOIO
MouCKa, Tydlliee, YTO MOMHO CIeTaTh KIACCUYECKUM IIyTEM — 3TO MOCIeJ0BaTEIbHO
MPOBEPATH UCTUHHOCTh Kama0ro yTBepaenusa P(x;). i MIouckoBoro mpocTpaHcT-
Ba u3 N 31eMeHTOB 00bIYHaA 3a7aua HeymnopfgodeHHoro noucka Tpebyer O(N) mpo-
Bepok P. Ja KBaHTOBOM e KOMIbIOTepe, Kak nmokasan ['poBep, 3amauy HeymopAzmo-
YEeHHOI'0 MOMCKA MOM#HO PEMIUTH ¢ HONbINON BEPOATHOCTHIO, IPOU3BOJA OKOJO O(\/]V)
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npoBepok P. Takum oGpasoM, KBaHTOBbIN anroput™m I'poepa [Grover 1996] aBnsa-
eTcA 3aBeoMo Ooiee 3 (PEeKTUBHBIM, YeM JTIO00H aaropuTM 1A HEYMOPAJZOYEeHHOTO
MONCKA, BBIMONHAEMBIN Ha KIACCHYECKOM KOMIIBIOTEpE.

OxasbIiBaeTcA, 1A HeyNOpPAIOUYEHHOTO MoucKa aaropuTm ['poBepa ABIAETCA OM-
tumanbHbIM [Bennett et al. 1997; Boyer et al. 1996; Zalka 1997]. Oanako pnsa
GONBLITUHCTBA MOUCKOBBIX 3afau TpeGyeTcA yMOPANOUEHHBIM MOUCK. JOCKOIbKY CY-
MIeCTBYIOT KJIacCHUecKhe 3BPUCTUUYECKHE alTOPUTMBI, UCIOMb3YIOIINe YIOpAg0UYeH-
HOCTb, TO MOKHO OUJaTh, UTO CYIIECTBYIOT Takie M 3(P(PeKTHBHbIe KBAHTOBbIE
anropuTMel A ynopagodentoro moucka. Cepd u ap. [Cerf et al. 1998] ucnonnsyior
anroputm ['poBepa BMecTO KiaccMYeCKOro Moucka BHYTPU 3BPUCTUUYECKOT0 allTOPUT-
Ma, 4TOObI MOKa3aTh, YTO BO3MOMKHO KBaJpaTHUUYHOe yCKOpeHHe, KorJa pedb UAET O
pemennu N P-clo#HbIX 3a1a4.

dpaccapn u gp. [Brassard et al. 1998], onupascs Ha anroputrm ['poBepa, noka-
3anu, 4To 0OUMl KiIacCUuUeCKUil SBPUCTUYECKUI TOMCK MMeeT KBAaHTOBBIN aHamor ¢
KBaJpaTUUYHBIM YCKOPEHHEM.

EcTh HeroTopas HajemJa Ha TO, YTO IJA HEKOTOPBIX YMOPAJOUEHHBIX 3agay
CyllecTBYeT YCKOpeHUe Gonblliee, YeM KBaJpaTuuyHoe. Bo3aMoxHO, Mom06GHBIE anro-
PUTMBI MOTPEOYIOT HOBBIX MOIXOMAOB, KOTOpPbIE 3aKIIOYAIOTCA HE MPOCTO B KBAHTO-
BOM HUCIOJHEHUU KiIaccudeckux anroputmoB. Ecau anroputwm Illopa pacemarpuBaTh
B KauecTBe [OMCKA MHOMKUTeNEH, TO OH MOMET MOCIYKUTh IPUMEPOM alropuTMa,
KOTODBIi NOCTHUraeT DKCIOHEHIUAIbHOTO YCKOPEHUA, HCIOAb3YyA CTPYKRTYpPY 3agauu
(Teopuio 4MCeln) HeCTAHJAPTHLIM CIOCOGOM, YHUKANLHBIM JIi KBAHTOBBIX BbIUHCIIE-
HU.

Ten Xorr Tak:e pazpaboTal HECKOIbKO 3BPUCTUUECKUX KBAHTOBBIX alrOPUTMOB
YNOPAJOYEHHOr0 moucKa. Ero moaxo[ ABIAETCA COBEPIIEHHO HEKIACCHYECKUM, B HEM
UCIONb3YIOTCA BeCbMa HeTPUBHAlbHbIE CBOHCTBA KBAaHTOBBIX BhlumciaeHuil. Equnct-
BEHHBII MUHYC €ro Mmoaxoja 3akiIiovyaeTcA B TOM, UTO, KAK U BO MHOTUX 3BPUCTHU-
YeCKUX alrOpUTMaX, UCHONh30BaHUE YMOPANOUYEHHOCTH ABIAETCA YCIOMHEHHBIM, U
IpU 3TOM OUYeHb TPYIHO ONpeJelUTh BEPOATHOCTh MONYUYeHUA BEpPHOrO OTBeTa Mpu
onHoit utepanuu airoputma. CiegoBaTenbHO, MOKA €lI€ He MOHATHO, HACKOILKO 3d-
¢erTUBHBI anropuTMbl Xorra. B Kmaccuueckoii Teopun 3¢h(HeKTUBHOCTb 3BPUCTU-
YeCKUX alITOPUTMOB OIEHUBAETCA C MOMOIbIO BMIUPUYECKOTO TECTUPOBAHUA. IO
MOCKOJNbKRY MPU MOJEINPOBAHUM KBAHTOBBLIX OMepaluii Ha KIAcCUYECKOM KOMIIbIO-
Tepe HabMOJaeTcA dKCIOHEHIMAaNbHOE 3aMe/JieHue, TO YMIUPUYECKOe TeCcTUPOBaHUe
KBaHTOBBIX aJrOPUTMOB CerofHA HEBO3MO#HO, Pa3Be UTO 3a HeOOIbIINM UCKIIOUYEeHU-
eM. Anroput™m Xorra B IpuMeHeHUH K HEKOTOPBIM 3ajlauaM YIIOPAJOYEeHHOr0 MOKUCKa
ABnAeTcAd 6onee 3 PeKTUBHLIM, YeM anroputm ['poBepa, HO yCKOpeHUE NPU ITOM AB-
nAeTcA MoluHOMHUalbHbIM. C TeopeTHUecKON TOUYKU 3PEHUA 3TO MeHee WHTEpPecHO,
HO C MPaKTHYECKOIl — Jaxe Majloe MOMUHOMHAThHOE YCKOPEHUe 3TUX BbHIUUCIUTENb-
HBIX 3a/lay UMeeT orpoMHoe 3HaueHue. [lo Tex mop, moka He OyJeT cO3aHO OOIbIINAX
KBAHTOBBIX KOMINbIOTEPOB WM JNyUIINX MPUEMOB I aHAlUW3a TAKUX alrOPUTMOB,
3} (PeKTUBHOCTh Hellb3fl Oy[eT onpeleluTh TOYHO.
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7.1. douckoselii anroputM I'poBepa

Anroputm I'poBepa BefieT NMOKMCK dI€MeHTa ¥, KOTOPbIH [elaeT BEPHBIM HEKOTOpOe
yTBep:KIeHHe B HeyNMOpAIOYeHHOM crucke pasMepoM N. 3JycTb n GyIeT TakuM,
uro 2" > N, u mycTb U, GyfeT KBaHTOBbIM BEeHTUIEM, KOTOPbI BBIYMCIAET Kjac-
cudeckyto byHkuuo P(z), IpoBepHIOLyI0 HCTUHHOCTL yTBEP#AHUA (HCTHHE COOT-
BeTcTByer 1):

Up:

z, 0) = |z, P(z)).

JepBhlii mar, OMUCAHHBLINA B HoApasjeie 5.2, cCTaHAAPTHBIA 1A KBAaHTOBBIX BBIYKC-
neHuit. Beruuenum P [qiA BceX BO3MOMHBIX BXOIOB &;, MpuMeHAfs Up K Perucrpy,

n—1

coaep:amemMy Cymneprnosuuuio L Z |JJ> oJ1dg Bcex 2™ BO3MOMKHBIX BXOOOB ' BMeCTe
V2" z=0

C peructpomMm, yCTaHOBJ/IEHHBIM B 0. CnenaB 9TO, l'lpl/IIléM K

V2n

CJI0#HBIM ABIAETCA U3BJIeUeHne T0Je3HOT0 pe3yibTaTa U3 3TOH CyNeprno3uluu.
Ilna mo6oro zg, mpu KoTopoM P(xg) — UCTHHHO, |xg, 1) 6yaeT yacThbio cynepro-

L Z 2. P(x)). @)

3UINU ypaBHEHUA 2. T.k. aMIlJIuTyaa Takoro CoOCTOAHUA paBHa L, BEpPOATHOCTDH
1/2n

TOT0, UTO CIydaiiHoe U3MepeHue Cynepno3ulluu AacT Ty, Bcero nuiib 2~ ™. XUTpPoCTh
COCTOUT B TOM, UT00ObI U3MEHUTh KBAHTOBOE COCTOfIHUE B yp. 2 TaKUM 06pa3oM, UTO
aMILIUTY bl BEKTOPOB |Tg, 1), MiA KOTOPbIX P MCTUHHO, CUIBHO BO3PAcTaiOT, & aM-
JAUTYZAbI BEKTOPOB |z, 0), 11 KOTOPbIX P 0#HO0, yMEHbUIAIOTCA.

JdycTb Takoe npeobpa3oBaHKe KBAHTOBOI'O COCTOAHUA ObLIO BBINOJHEHO, TOTAA
JIeTKO U3MEpHUTh MOCIeJHUN KyOUT KBAHTOBOIO COCTOAHMA, KOTOpbIA 3amaer P(z).
Tak Kak aMINIUTyZla COCTOAHUA, COOTBETCTBYIOIIEro HCTHUHEe, OblIa yBelINMYeHa, TO
CyIIecTBYeT BbICOKAfA BEPOATHOCTh, UTO U MPU U3MepeHUU MbI moryuyuMm 1. B aTom

k
cllydae M3MepeHue NPOeKTUPYeT cocToAHUe (2) Ha MOAMPOCTPAHCTBO 1 3w, 1),
V2k =1

raoe k — uucno pemenuil. [lanbHeiillee U3MepeHe 0CTABIMXCA GUTOB IacT OJHO U3
aTux pemenuii. Ecin usmepenne kyoura P(z) mnaer snauenue 0, Torga Bech mporuecc
IOBTOPAETCA CHOBA, M CYNEPNO3ULUIO yP. 2 HAO BHIYACIATH 3aHOBO.

Aunroputm I'poBepa cocTOMT U3 ClIeAYIOMHNX MIAr0B:

(1) domroroBka peructpa, comepkamero Cyneprno3ulnio BCeX BO3BMOMHBIX 3Ha-
vennit z; € [0...2" —1].

(2) Boruncnenne P(z;) oT 3TOrO perucrpa.

(3) U3MeHeHNe aMIUIUTYABL a; HA —a; OJIA TaKoro x;, 4to P(xz;) = 1. (9ddexr-
THUBHBIA alTOPUTM BHINOMHEHHMA 3TOM OoNMepaluy ONMKChIBaeTCA B moapaspere 7.1.2.)
['padguk aMIIUTY A MOCHe HTOTO lIara:

(4) DpuMeHeHNe MHBEPCHHM OTHOCHUTEIbHO CPEIHEro A yBeTUUeHUA aMIUUTY-
Ibl xj, cooTBercTBylomero P(x;) = 1. (KBaHToBbI# anroput™m gif b ¢eKTUBHO-
rO BBINOJHEHUA WHBEPCHU OTHOCHUTEIBHO CPEIHEro paccMaTpPHBaeTCA B NOApasfele
7.1.1.) desynbTUpYIOUNE aMIUINTY bl BBIMIALAT KaK [OKA3aHO HA PUCYHKE
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L

s

AMnnuTyna Beex x;, mif KoTopeix P(x;) = 0, 6blia HE3HAYUTEIBHO CHUKEHA.
(5) dosropenue 2,3,4-ro maron %\/2” pas.

(6) CunrbiBaHME pe3yibTarTa.

Joitep u np. [Boyer et al. 1996] npoBenu meTanbHbIN aHATU3 peann3aliy airo-
putrma I'poBepa. OHu foKa3aliu, 4TO TOT ANTOPUTM ABIAETCH ONTUMANLHBIM (C TOY-
HOCTBIO [I0 IOCTOAHHOTO MHOMKUTEJA), TO €CTh HU OUH IPYTOil KBAHTOBBI AlITOPUTM
He MOKeT BBINMOTHUThL HEYMOPANOUEHHbIN ToNCK GbicTpee. OHUM TaKke MOKa3alu, UTO
ecili CyIIecTBYeT TOIbKO OJUH T, Takoit uto P(zg), To nmocie %\/2_" uTepanuii ma-

roB 2,3 u 4 BepoATHOCTb omuOKK paBHa (,5. Jocie BLINOIHEHUA %\/2" uTepanuii

BEPOATHOCTDH ONMUGKU CHUKaeTcA J0 2~ ™. W, uTo UHTepecHO, JOMOTHUTENbHbIE UTe-
panuu yBelM4YMBAIOT e€. Jalpumep, mocie g\/2" uTepanuii BEpOATHOCTDb OMUOKH

npubnuzkaercd K 1.

CyImecTByeT MHO¥ECTBO KIacCHYeCKUX alrOPUTMOB, I'/le IPOleaypa MOBTOPAET-
cA MHOI0 pa3 Aid MOTy4YeHHA Iy4llero pe3yibTaTa. JOBTOPAA KBaHTOBbIE NMPOLENY-
PbI, MOHO YIYYIIUTh Pe3ylbTaT, HO IOCIe ONpeeleHHOr0 KOIUuYecTBa MMOBTOPEHUN
pesynbTat yxyniaercd. KBaHTOBbIe MPOIelyPhl — 3TO YHUTAPHbIE Mpeo6pa3oBaHuA,
KOTOpbIe ABIAIOTCA BpallleHUAMU KOMIUIEKCHOT'0 IPOCTpaHcTBa. TakuM o6pa3om, cHa-
yaja MOBTOPHOe NpHMeHeHHe KBAaHTOBOI'0 MpeoOpa30BaHUA OBOpPAaYMBaeT COCTOAHUE
K }KellaeMOMY COCTOAHHIO, a IOTOM, OYeBUHO, IIOBOPOTHI OYIYyT NPUBOAUTH K yjaale-
HUIO OT ellaeMOoro COCTOAHUA.

CnenoBaTenbHO, YTOGBI MOTYYUTH YAOBIETBOPUTENbHBINH Pe3ylbTaT OT MOBTOP-
HOT'0 TMpPUMeHeHUA KBAHTOBOI'O MpeoOpa3oBaHUA, HANO 3HATh KOTJa OCTAHOBUTbCA.
dpaccapa u ap. [Brassard et al. 1998] onuceiBatoT pacumipenue anroputMa 'poBepa,
B KOTOPOM HUCHONb3yeTcA MpeoOpa3oBanue @yppe AnA onpeneleHUA Yucia pelleHni
U ONTHMalbHOT0 KOIIMYeCTBa UTepanuii. JTO pacliupeHue, B 00IIeM, He YBelUUYNBaeT
CJIOKHOCTH alIroOpUTMa.

I'poBep nmpumeHUI cBOi aIrOPUTM [ MONYYEeHUA KBaJpPaTUUYHOrO YCKOPEHUA B
HEKOTOPBIX HEMOMCKOBBIX 3adayax, HampuUMep, TAKUX, KAk BbIUKMCIEHUE CPeJHell Be-
nnunHel oyHEnuK [Grover 1998]. Mcmonbaysa mogo6Hble mpuéMel, 'poBep Tak#He mo-
Kasall, YTO HEKOTOpbIe MOUCKOBBIE 3aauil, KOTOPhIe Ha KIAaCCHYeCKUX KOMIbIOTepax
sernonusATed 3a O(log N), moryT 6bIThb pemenst 3a O(1) Ha KBAHTOBOM KOMIBIOTEpE.
douck ['poBepa MOKHO HCIIONB30BATH B IPYT'UX KBAaHTOBBIX BEIYMICEHUAX B KaueCTBe
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nopnporpammel. Jaiipos u ap. [Biron et al. 1998] nokasanu, uro anroputm I'poBepa
MOHO IPUMEHATH I MPOU3BOJILHOI0 HaYalbHOI0 pacnpefielleHNA aMILIUTY ], U 9TO
IIpH 3TOM coxpaHfeTcA cloxHocTh nopanka O(vV N).

7.1.1. WHBepcuA OTHOCUTENbHO cpegHero. UYToObI OCYNECTBUTh HHBEPCHIO
OTHOCHUTEILHO CPeIHero Ha KBAHTOBOM KOMIIbIOTEPE, OHA NOMHKHA GbITh YHUTAPHBIM
npeoGpasoBanneM. Jojee TOro, 4TOOLI pemuTh 3agady 3a BpeMa O(v/N), unepcus
IoKHA ObITH peanusoBaHa 3GdexTuBHO. Kak BKparne OymeT MOKa3aHO, MHBEPCHUIO
MoskHO Bblnonuuts ucnonbaya O(n) = O(log(N)) KBaHTOBBIX BeHTHIeL.

JeTpyAHO 3aMeTUThb, UTO Npeobpa3oBaHue

N-1 N-1
D ailw) = Y (24— ai)la),
i=0 =0

roe A o6o3HauaeT cpelHee aj, ABIAeTcA MaTpureil N x N

-1

=2l

2
N

2 _
N 1 ...

Zle t Ze

=2l

Taxk kak DD* = I, To D — yHuTapHoO U, clieJoBaTelbHO, ABIAETCA BO3MOHKHBIM
npeoGpa3oBaHieM KBaHTOBOI'O COCTOAHUA.

Tenepb BepHEMCA K Bolpocy 00 3G (PEeKTUBHOCTH peanusalnuy 3Toro npeodpaso-
BaHNMA. JoOKameM, 4To ero Mo#Ho pasiomutb Ha O(n) = O(log(N)) npocreiimux
KBaHTOBbIX BeHTHIeil. Cruenya paGore I'poBepa, D MomHO ompeienuTh kak D =
= WRW, rne W — npeobpasoBanue Yonma—Anamapa (u3 pasjena 4), a

OO O -
o

- —
e <2
| o

_

Yrobsl ybenuthea, uto D = WRW , upeanonosum, uto R = R’ — I, rne I —
TOMJECTBEHHBII omepaTop, a

2 0 ... 0
, o 0o o ..

E={o ... ... ol
0 ... 0 0
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Tenepp WRW = W(R' — I)W = WR'W — I. Jlerxo npoBepuThb, 4T0

2 2 2
N N N
2 2 2

N N
2 2 2
N N N

Taxum obpazom, WR'W — I = D.

7.1.2. H3meHeHHe 3HaKa. 31ech MblI [OKaMeM B OOL[MX YepTax yAUBHUTENbHO
MPOCTO#i cMocob MHBEPCHH aMIUIMTYAbl TeX COCTOAHMIL, mpu KoTopbix P(z) = 1.
dyctb Up ecTb KBaHTOBasg cxeMa, KOTOpaf BBINONHAET IpeoGpasoBanue Up:
n—1
1
—— > |z) u BB
V 2n r=0

|0) — |1), uTO6BI HpPUIITH B COCTOAHUE, IJA KOTOPOro 3HAK BCEX T, MPH

|z, b) = |z, b® P(x)). dpumenum Up K cymepmosuuuu |¢)) =

1
oepeM b = ﬁ
kotopeix P(z) = 1, 6yner namené, a b ocTaHeTcd HEM3MEHHBIM.

Ilns Toro uto6b! yBuaeTh aT0, nonoxum Xo = {z|P(z) = 0}, X; = {z|P(x) = 0}
u npumeHuM Up:

Up (|4, b)) = EWU”(Z 2,0+ 3 fz, 0= D fo 1) = 3 o, 1>) =

z€Xp z€X, z€Xp z€X,
- \/zlm(g Iz, 0) +m§1 |z, 1) —zgo Iz, 1) —mgl Iz, 0>> =
= \/12_n (; |z) — ; |x)> @ b.

AmnnuTtyna coctoAaHuit B X1 MHBEpPTUPOBaHA, UTO U TpeGoBaloCh.

7.2. dBpUCTUUYECKHI ITIOHCK

7.2.1. 3ameuaHue K npeo6pa3oBaHui0 Youama—Anamapa. CyuiecTByeT Apy-
roe mpeicTaBieHUe NpeoGpa3oBaHuA Youmia—AgaMapa, OMUCAHHOTO B MOIpasjele
4.1.1, mone3Hoe ANA TNOHMMAHUA TOro, KaK MOKHO HCIOJIL30BaTh 3TO Mpeobpaso-
BaHHe [JIA NMOCTPOEHUA KBAHTOBLIX allOPUTMOB. n-GUTHOe mpeoOpasoBaHue Yoi-
ma— Agamapa MOMHO TpelcTaBUTh B Buae Matpunbsl W 2" x 2" ¢ sanementamu W,
rae r u s Bapbupytorea oT (0 go 2" — 1. MbI nokaskem, 4To

Wps = L (_1)7..87

V2n

rjie r + S 3TO YMCIO OOIIMX eJUHUYHbIX OUTOB B IBOMYHOM npegcraBJIeHUU T U S.
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YTo6bI MOHATH 3TO PaBEHCTBO, 3aMeTHM, 4TO
= E W.s|s)
E

ByCTb Tn—1---T0 6y11eT OBOWYHBEIM IIpeacTaBl/ieHueM r, a Sp—1...S90 — JABOUYHBIM
npengcraBjleHueM S, Torga

W(r)=H®...0H)(|ra—1) ®...®|ro)) =

_L _ Tn—1 —1)\7o —
—\/2—n(|0>+( D)) @...@ (10) + (-1 (1) =

Z 8"71T"71|Sn_1> R...8® (_l)sor0|s __ 1 Z s 7-|

1)1—0

1)1—1

’02:0

112:1

7

’01—1 ’01—0 ’Ul—l ’01—0
U2 = U2 = U1 = U1 =
1}2—1 1)2:1 1}2—1 ’U2—0

{for=0} {vi1=1} {v2=0} {v2=1}

W

5]

Puc. 4. Pemérka mepeMenHbIx npucBoennii C'SP (orpaHnueHHO-BHINONHUMASA 3a/1a4a)

7.2.2. 0630p aaroputrMoB Xorra. B orpaHuueHHO-BBINOJHUMOM 3agade ecTb N
nepemeHHelx V. = {vy, ..., vp}, KOTOpblE MOTYT NPUHMMATb M pPAa3HBIX 3Haue-
anit X = {z1, ..., Ty, }, NTOOJUNHEHHBIX ompejeleHHbIM orpaHudenusam Ci, ...CJ.
dellleHUA OT'paHUYEHHO-BBIMONHUMOMN 3aJaud JeaT B MPOCTPAHCTBE MPUCBOEHUN x;
k v; V x X. CymecTByeT ecTecTBeHHas pell€éTOYHafg CTPYKTypa, onpeleindeman
UCXOJA M3 OrpaHUYeHHUU. Ja pucyHkKe 4 MOKa3aHO MPOCTpPaHCTBO mpucBoeHuit U u
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ero peuieToyHafd cTpyKTypa ana n = 2, m = 2, 1 = 0 u x» = 1. OTmerum, urto
peliéTKa BRIIOUYAET KaK HeMolHble, Tak U GecCMbICIeHHbIE TPUCBOEHUA.

Hcnonb3ya cTaHJapTHOE COOTBETCTBUE MeHIY MHOMECTBAMU 3aHYMepPOBAHHBIX
BIIEMEHTOB M JIBOMYHBIMHU MOCIEJOBATENIbHOCTAMHU, B KOTOPhIX 1 Ha m-M MecTe CO-
OTBETCTBYET BHKIIOUEHUIO 7-TO 3lIeMeHTa, a () — HUCKIIOYeHWIO, STUM MHOMeCTBaM
MO3{HO IIOCTAaBUTh B COOTBETCTBUE CTAHJaPTHbIEe 6A3UCHbIE BEKTOPhI KBAHTOBOI'O TIPO-
CTpPaHCTBa COCTOAHMIL. Danpumep, PUCYHOK D oToGpamaeT pPemeTKy pucyHka 4, me-
penucaHHyIO B KeT 0003HAUeHUAX, I'le 3IeMeHThI ObLIN MepPeUurciIeHbl B ClIelyIoeM
nopanke: v1 =0, vy =1, v =0 u vy = 1.

|1111)

X

|1110)  [1101)  [1011)  [0111)

=

11100)  |1010)  |1001)  [0110)  [0101)  |0011)

T~

11000)  [0100)  [0010)  |0001)

10000)
Puc. 5. PeméTka mepeMeHHbIX MPHUCBOEHUI B KeT-hopMe

Ecnu xotra 6bI OJHO COCTOAHHME HapyliaeT OTrpaHUYeHHe, TO BCE COCTOAHUA
peImeTKN, HaXOOANIMecH BhINle HEro, TOMe HApyIIaloT OrpaHUuYeHUA. IOAXOH, KO-
TophIit XOIT MPUMeHAET MPU MOCTPOEHUN KBAHTOBBIX AITOPUTMOB [JIfl OrpaHUYEH-
HO-BBINOJIHAEMBIX 3a/1a4, COCTOUT B cleaymoomeM. CHavyana aMIIUTyJa cocpefoTOUYeHa
B coctosanuu |0...0), 3aTeM OHa UTEPAUOHHO MepeJBUraeTCA BBEPX [0 pPelIETKe OT
MHOMECTB K CYNepMHOMeCTBaM, yAandAch OT MHOMECTB, KOTOpPble HapyLIalOT Orpa-
HuueHud. Creqyetr oTMETHUTh, UTO B oTanyme oT anroputMmoB [llopa u I'poBepa, koTo-
pble HAUNHAIOTCA C BEIYUCIEHUA QYHKIIMY B CYTIEPIO3UIIUN BCeX BHIXOTHBIX 3HAUEHU I
OJHOBPEMEHHO, 3TOT alrOPUTM HAUYHMHAETCA COBCEM IMO-IPYTOMY.

Xorr npexacrasnser aBa nmyTtu [Hogg 1996; Hogg 1998] noctpoennsa yHUTapHON
MaTpHIbI 1A MepeIBUMKEHUA aMILTUTYAbI BBEpPX Mo pemeéTrke. Mbl onuieMm o6a cro-
coba, a 3aTeM TO, Kak OH OTOJBUT'aeT aMIUIUTYIY OT «IIOXUX» MHOMECTB.

JBuxeHNe aMILIUTYyAbI BBepX: cnoco6 1. CymecTByeT npocToe mpeoGpaso-
BaHNe, KOTOPOe MepeIBUraeT aMILTUTYAY OT MHOMECTB K cynepMHoxecTBaM. Jio6as
aMIUTyOa, CBA3aHHAA C MYyCTHIM MHOMECTBOM OJUHAKOBO pacmpefenfieTc Cpeau
BCeX MHOMKECTB C eIMHUYHBIMU 3leMeHTOM. Jlobad amMmninutyna, cBA3aHHAA C OJHO-
3JIeMeHTHBIM MHOKeCTBOM, OJIMHAKOBO paclpeelndeTcA cpeJd BceX ABYXdIEeMeHTHbIX
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MHOMECTB, KOTOPbIE coAepaT 3TOT dJIeMEeHT U T. [ (CM. PUCYHOR oA pEIHéTHI/I Tpex-
JJIEMEHTHOI'0 MHOJ‘KBCTB&).

|111)
011)  |101)  |110)

> >

001)  |010)  [100)

\V

|000)
JdaM HeoOX0AMMO MpeoOpa3oBaTh

|000) — 1/+/3(]001) + [010) + |100))
|001) — 1/+/3(]011) + |110) + |101))

Bot kar BBITJIAAUT MaTpuia aToro npe06pa30BaHHﬂ (Kal’i OﬁbI‘lHO, 0asrcHbIe BEK-
TOPHBI pacnojio#eHbl B COOTBETCTBUU CO CBOUM JTBOUYHBIM HpenCTaBHeHl/IeM)I

0 0 0 0 0
%000000
%0000000
0%%00000
%0000000
0%00%0000
00%0%000
0 0 1 0 110

K cosmanenuto, 3To npeobpasoBaunue He ABiafAeTcA yHuTapHbiM. Xorr [Hogg 1996] onu-
paercs Ha TOT GakT, 4To Oauskaiiman (B COOTBETCTBYIOIEH MeTDPHKE) YHUTapHAs
Matpuna U, K npousBoibHO! MaTpuie M MomeT ObITh HailijeHa C UCIOIb30BaHUEM
pasnomenua M = UDVT, rge D — nuaronannuas matpuna, a U u V — yHUTapHbIe
MaTpunsl. Jpousbenenue Uy = UVT npencrapiaser 6aumaiimyio & M yHATapHYIO
MaTpuly. Jockoiabky U, HaxoquTcA gocTtaTouyHo 6au3ko k¥ M, to U,, Oynetr BecTu
ceba npumMepHo Kak M, u TakuM obpa3oM GyIeT mepeJBUraTh aMIUIUTYIy OT MHO-
KECTB K CYIepMHOMKECTBaM.
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JBuMeHNe aMIIUTYObl BBepX: cmoco6 2. B 3ToMm moaxone ucnonbsyeTca
[Hogg 1998] npeobpasoBanue Youia—Azxamapa. Xorr moiaraet, 4To Tpedyemas MaT-
puna umeetr dopmy WDW, rue W sTo npeobpasoBanue Yomuma—Apgamvapa, a D —
JuaroHalbHasA MaTpUIla, YbU IeMeHTHI 3aBUCAT TONbKO OT pa3Mepa MHOMECTB. XOIT
paccuMThIBAET NMEMEHThI MaTpUulbl [, KOTOpad MaKCUMHU3UPYET ABUMKEHUE aMILIH-
TYAbl OT MHOMECTBA K CBOEMY CYNEepMHOKEeCTBY. B 3THUX pacueTax HCHONb3yeTcH
CBOWCTBO

W,, = L(_I)IT-SI _ L(_I)ITHSI,
VN VN
ynoMmuHaemoe B moapasaene 7.2.1.

COBUr aMILTUTYJbI OT «IJOXHX» MHO#ecTB. UTo6bI 0TOABUTraTh aMILIH-
TYAbl OT MHOKECTB, KOTOpbIe HapyIlIalOT orpaHUuYeHUd, XOIT MpeaiaraeT peryiu-
poBaHue (a3 MHOKECTB, UCXOJA U3 3HAUEHUI NpeJelNoB, IPU KOTOPLIX OHH MOTYT
HapyllaTb OrpaHUYEHUA. IPU ITOM aMIUIUTY/a, paclpeleléHHAA M0 MHOMECTBaM,
KOTOpbIe 00MaJaloT (MIOXUMUY MOJAMHOKECTBAMU, YHUUTOMRAETCA, a aMIITUTY 1A, pac-
npefleIEHHAA 0 MHOKECTBAM OT BCEX «XOPOIINX» MOJMHOMECTB, YBeIUUNBAETCH.

B 3aBucMMOCTH OT KOHKPETHON 3aJauyu pasiuyHble CIOcoObl OyayT paboTaThb
3mech Ooiee uin MeHee 3ddeKTUBHO. B ogHOM U3 cmocoGoB OH mpeqiaraeT MHBep-
cuio (hasbl BCeX «IMIOXUX» MHOMECTB, KOTOPbIe IPUBOJAT K COKpPALIeHNAM B aMIUIUTY-
Jie CYIepMHOMKECTB, UCXOAANIUX OT «XOPOIMIKUX» U IIOXUX» MHOMECTB. IJTa (aszoBad
UHBepPCHUA MOKeT GbITh pealn3oBaHa MOJ0GHO TOMY, KaK 3TO [eNaeTcA B alrOpUTMe
I'posepa (7.1.2) ¢ HekoTopeiM P, KoTOpOe MpoBepsAeT, YAOBIETBOPAET I AaHHOE CO-
CTOAHNE BCEM yCIOBUAM OrpaHUUYeHUA Uad HeT. [[pyroe mpeanoseHue COCTOUT B TOM,
4yTOoObI MepeaaTh NPOU3BOIbHbBIE (DA3bI (INIOXUM» MHOMECTBAM TaK, YTOOLI B CPEIHEM
BRJaJ B aMIIUTYAY CyNEePMHOECTBa OT «ILIOXUX» NOAMHO¥eCTB ObLI Hy/1eBbIM. Bo3-
MOHBI U JPYTHUe MOJXOMIbI.

HN3-3a Toro, 4yTo cokpalleHue, BO3HUKAIOIIee B pe3ylbTaTe (a3oBOro U3MeHEHU ,
ABNAETCA PA3HbIM JIIA PAa3HbIX 3a/1a4, BEPOATHOCTD MOTYYeHUA PelleHuA TPYIHO Moj-
JaeTcA aHalnu3y. JbLIO MPOJETaHO HECKOIbKO HEOONbIINX 3KCIEPHUMEHTOB, U BBIBOJ
MOKHO CJlellaTh TaKOi: IleHa MOUCKA BCE-e BO3pacTaeT JKCIOHEHIMAlbHO, XOTH U
3HAUUTENbHO MeJeHHell, YeM IpU HeyHnopAJoueHHOM moncke. U moka He OyneT cos-
JaHO JOCTATOUYHOTO OONbIINX KBAHTOBBIX KOMMBLIOTEPOB WU TYUIIUX TPUEMOB HNA
aHalu3a KBAHTOBBIX allOPUTMOB, ONpPeNeTUTh 3P (HERTUBHOCTE OYIET CIOHHO.

8. UcnpaBieHHe KBaAHTOBBIX OHINOOK

N3o0nAn1Aa KBAHTOBOTO COCTOAHUA — OCHOBHaA MpoblieMa, MpenATCTBYIOMAaA co3a-
HUIO KBAaHTOBBIX KOMIIbIOTEpPOB. B3auMopeiicTBUe 4acTull, NpeACTaBIAIUX KyOU-
ThbI, C BHEIIIHEH cpeloil Bo3MYyIlaeT KBAHTOBOE COCTOfIHKME, HapyIlaA KOrepeHTHOCTh,
npeobpa3yeT ero HempeackadyeMbIM 06pa3oM, HHOT/Ia Jaxe HeyHUTapHO.

CTun [Stean 1998] OIIeHUJI, UTO JeKOTePEeHTHOCTh MI000H U3 MpeANo#eHHbIX CUC-
TeM Ha 7 MOpAIKOB HodbIlle TOM, UTO HEOOX0QUMa A HOpMalbHON padOThI alroOpuTMa
IITopa c yucnamu, cogepmanumu 130 qecATUUHBIX pa3pAnoB. OgHako qo6aBIeHNe Tak
Ha3bIBAEMOIl KOPPEKIUHU OMUGOK CHUMKAET BIMAHUE NEKOrepPeHTHOCTH M CHOBa NaeT
Hajes bl Ha ocyiiecTBiaeHue anroputMa [llopa niaa 6oabmiux yuced.
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da HepBbIﬁ B3TJIAl, KBAHTOBaA KOPPEeRIUA omu6GOK OUeHb MOX0Aa Ha Kiaccudec-
KRylO, rge Tose BBOOATCA OOMNOJHHUTEIbHbIE OUTHI IJIA 06Hapymeﬂnﬂ U UCIIpaBJI€HUA
OIIU6OK. 30, KOHEe4YHO, KBaHTOBaAd KOPPEROUuA OMIMO0OK ropasno ciiosiHee, Bedb MbI
nMeeM [ejio He ¢ IBOMYHbIMHA JaHHbIMH, 8 C KBAHTOBbIMU COCTOAHHUAMU.

KBauToBas KOppeRruuAa omu6OK A0 HA Bocco3JaBaTh TOUHO HEeKOTOopoe KBAHTO-
BO€ COCTOAHUeE. prIIHOCTI/I 3/1eCb CBA3aHbI C HEBO3MO¥MHOCTBHIO KIOHUPOBaHUA WU
KOIMMpOBaHUA. OHHaHO, OKas3hbIBaeTcCA, 3TU TPYOHOCTHU MPeoaoJUMbl, U KBaHTOBEIE
OLIUOKM BCE-TAKKU MOMKHO HCIPaBIATH.

8.1. Onucauue omuboK

JyneM nonaraThb, YTO BCe OMUOKU ABIAIOTCA Pe3yIbTaTOM KBaHTOBOTO B3aMOJeCT-
BUA KyOUTOB U OKpYy:arolleil cpeapl. Bo3moskHble omMUOKY 1A KamJOr0 OTAEILHOrO
KyGuta GyneM MpelcTaBIATH JIMHEHHbIMU KoMOuHauuamu onepatopos: (I) (oTcyt-
crBue omnbku), (X) (unBepcusn), (Z)(dasoBan omunbra), (Y) (nuBepcus u dasosas
omrnbra). TakuM oGpasoM, oblee BhIpaseHue OJHOKYOUTOBON OMIMGKYN eCTh HEKOTO-
poe npeobpazoBanue Buaa: e1l +es X +e3Y +esZ. BaumopneiicTBue ¢ okpy:kamoleit
cpefoii mpeodpasyeT OTAelbHble KyOUThI COTJIACHO BhIpameHUIo

|‘¢> d (61[+ eaX +e3Y + 64Z)|‘¢> = ZelEl|'(/}>

JIna 6onbIINX KBAaHTOBBIX PETUCTPOB OMIMOKU TaK #e BbIpamaloTcA TUHEHHBIMU KOM-
OUHAIMAMU YHUTaAPHBIX OMepaTopoB omuGok F;. ITU onepaTopbl ABIAIOTCA TEH30D-
HBIMU NPOM3BEAEHUAMHE OIepaTopoB omuGok oTaenbHbix Kyoutos {I, X, Y, Z} uin
6osiee 00X MHOTOKYOMTOBBIX OllepaToOpPOB oMIMG0K. B iMo6oM cirydae, omuoKy MOK-
HO 3amucaTh Kak Y, e;F;.

(3

8.2. BoccTaHoB/IeHHMe KBAHTOBOI'O COCTOAHUA

B riaccnueckoM ciydae, KOPPEKTHDPYIOWMA KOX Il HEKOTOPOro HaGopa omunbor F;
cocTouT U3 npeobpasoBanusa C, KoTopoe oToOpasaeT n GUTOB JaHHBIX B (n + k)-
OGUTHBIA KO, a Takie M3 MpeoOpa3oBaHUA BbIAENEHHA OMHUOKH S., KOTOpOEe OTO-
opamaer (n + k)-GUTHBIA Kox B MHIEKC { KOppekTHpyeMoii omuGku E;, TO ecThb
i = S¢(Ei(C(z))). Ecn y = E;(C(z)) A1A HEKOTOPOH KOPpeKTHpyeMoii omm6-
KH, TO S¢(y) MOMHO HCIOIB30BaTh A BoccTaHOoBiIeHUA 3HadeHudA C(r), a UMEHHO
B3l () = Cla).

Tenepb paccMOTPHM KBaHTOBBIA ciydail. Bo-mepBbIX, cocTOAHME perucTpa Mo-
#eT ObITh CyNmepno3unueil GasiCHBIX BEKTOPOB. Bo-BTopbIX, ommnbka MokeT GbITh
NMHeNHHOi KOMOMHAaLNe! oMepaTopoB KOPPEKTUPYeMbIX omnGok E;. dpu sToMm oka-
3bIBaETCA, YTO BOCCTAHOBIEHNE 3aKOAMPOBAHHOTO KBAHTOBOIO COCTOAHUA BCE e fB-
NAETCA BO3MOMHBIM.

3agaguM KoppekTupyomuii kog C' 1 npeoGpa3oBaHue BbIAeNeHHA OMHUOKH S..
TaruM 06pasoM, n-GUTHOE KBAHTOBOE COCTOAHMUE |1)) 3aroaupoBaHo B (n+ k)-GuTHOM

KBaHTOBOM cOCTOAHUU |p) = C|1).
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HomycTum, 4TO JEKOreHTHOCThL NMPUBOAUT K COCTOAHMIO » . e;Fj|p) nna Heko-
TOpOii KOMOMHALMK KOPPEKTHpYyeMbIX omubok E;. JepBoHauanibHOEe COCTOAHUE |p)
MO#HO BOCCTAHOBUTH CIEIYIOMUM 00pa3oM:

(1) dpumeHnsem omepaTop BbleleHHA NpPU3HAKA OMWKOKU S, K KBAHTOBOMY CO-
CTOAHMIO C 06aBIeHUEM I0CTATOYHOrO KOIMYECTBA BCIOMOraTelbHbIX |0) KyGUTOB

S (Z iEile)) 010 = Y ei( Bl o10).

2

KBaHTOBLIN MapaiiennsM JaeT Cyneprno3ulluio PA3nUUHbIX OMUO0K (MHAEKCUPYEeMbIX
qepes i).

(2) N3MepsAeM KOMIOHEHTY i) pe3ynbTaTa. DTO AaCT HEKOTOPYIO (CIydaiiHyo)
BEJIMYMHY 49 U CIPOEKTUPYET COCTOAHUE Ha

Eio |§07 iO)'

(3) dpumenaem obpaTHOe MpeoGpa3oBaHKe A OMIUOKH Ei_o1 K TepBeIM 1 + k
Ky6urtam cocroanus E; |p, ig), 4TOGBI MOIYUYUTH UCXOMHOE COCTOAHUE |p).

3amernMm, uTO Ha mare (2) CymnepnosvuufA HECKOIbKUX OMUGOK MPOEKTHPYETCA
Ha oTpenbHylo omunbky. CiepoBaTenbHo, fud mara (3) HEOGXOAMMO TONBKO OXHO
obpaTHOe npeobpa3zoBaHue OMUOKU.

8.3. dpumep KoppeKIUH OHINO0K

daccMOTpPUM TPUBHANbHBIA KoppekTupyomuit koxg C, otobpamatomuit [0) — |000) u
[1) — |111). C momombio C' MbI MO#EeM KOPPEKTHPOBATH OIIKOKY WHBEPCUH OTHENb-
HOTO KyOuTa

E={IQIQLX®ILIoXaL IoI®X).
OnepaTop BblfeleHNA OMUOKH ecTh
S:|xo, 1, T2, 0, 0, 0) = |z, 21, T2, T XOTr L1, Lo XOT T3, L1 XOT Ta),

C COOTBETCTBYIOIIMMHU ONepaTopaMi KOPPEeKIUHU OMMOKHU, MpPeIcTaBIeHHBIMU B Tab-
nuue Huske (3aMeTHM, 4TO 1iA 3Toro npumepa F; = Ei_l).

WNuBepTUpOBaHHBLIi GUT | JpU3HAK OMUOKH | Koppernusa omubku

— |000) —
0 [110) XQI®I
1 1101) I®X®I
2 011) I®I®X
daccMOTPUM KBaHTOBBIA OUT [¢f) = %UO) — |1)), KomupyeMblil cledyOwM

obpazoM:

Clw) = |p) = %(wow — [111)),
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U OMUOKY

E:§X®I®I+§I®X®I.

CocToAHKe ¢ oKNOKOM UMeeT BHUJ

Elp) = (§X®I®I+§I®X®I (% |000>—|111>)> -

) 5

[\

_4 3 1 _ =
=Z2XQII+ I®X®I(\f(|000) |111>))

=4 _x®IeI1(j000)— [111)) +

5v2 X ® I(]000) - [111)—) =

3
_ 4 3
= 25 (100) — 1)) + -2~ ((010) ~ j101)).

3aTeM K BbIpaeHUIo (E|go>) ® |000) mpuMeHHM omepaTop ONIpejelleHUA MpU3HAKA
ONINOKU:

o ((Blg)) 1000) = S0 (=

3
100000 011000)) + ——=(]|010000) — |101000
(1100000 —011000)) + ~(1010000) — [101000) )

g

4 3
——(|100110) — [011110)) + —=(]|010101) — |101101
=50 011110) + = (010101)  101101))
4

_ 3 _
_5f(|100> |011>)®|110>+5ﬂ(|010> 1101)) ® |101).

N3mepuB nociegHue TpU GUTa TOFO COCTOAHHUA, MoayuuM nau6o |110), auto |101).
YuuThiBag BO3MOMHBIN pe3ylbTaT U3MEPEHKA, 3alKlieM COCTOAHNE Kak

LQ(|100) — 011)) ® |110).

N3mepeHnue o6nagaeT yAUBUTENbHBIM CBONCTBOM BhI3bIBATh NCUE3HOBEHUE BCEX OIIU-
6ok B cyMMme, KpoMe ofgHoi. OT ocTaBIelicA OoMUOKA MOMHO U30aBUTbCA MPUMEHUB
K MepBbIM TpEéM Gutam obpaTHbIN omnepaTop onepaTtopa omubku X & I @ I, coorBet-
cTByMOmU u3mMepenHomy 3Hauenuio |110). Torga Mbl momydum

—5(1000) = [111)) = Cy) =)

9. BriBoanl

KBaHTOBBIe BhIUMCIEHUA — 3TO HOBeiillee HamnpaBlieHue, crnocobHOe B KOpHEe Hnu3Me-
HUTBH HAIIU NpeacTaBIeHUA O BIYUCIIEHUAX, IPOrpaMMUPOBaHUU U TEOPUU CIOHHOC-
TH. 383p860Tl{a HOBBIX HpI/IéMOB InporpaMMupoBaHuA OJiA KBAHTOBBIX KOMIIBIOTE-
poB — BasiHellllasa 3ajgavya 1A nIporpaMMHUCTOB U OPYTHUX CIIeNHa/IHNCTOB. KBauToBasn
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3aMyTaHHOCTh U (a3oBad KoMIMeHcallif OTKPBIBAIOT NMPUHIKUNINATLHO HOBbIE BbIUMC-
JUTeNbHbIe BO3MO#HOCTU. JPOrpaMMUpoBaHue Gosiblie He COCTOUT U3 NMPOCTOro No-
IaroBOro CoCTaB/IeHUA alropuTMa, a TpeGyeT HOBBIX IPHEMOB, HanpuMep, Ha3oBbIX
npeo6pasoBaHuii, CMelIMBaHUA U paclpe/ieleHusA aMIUIUTY /I JJIA M0y YeHUA M0Je3HbIX
BBIXOJHBIX JAHHBIX.

M&1 nonsITanuck NpeicTaBUTh M0Jpo6HOE OMMcaHKe MON0MeHNA Bellleil B 061acTH
KBaAHTOBBIX BbIUMCIEHUI JIA NPOrpaMMUCTOB U APYTHUX CMElHaTNuCcTOB, NPUCTYNAal0-
IIUX K U3YUEHHUIO JaHHO oblacTH HayKHU.

Mg1 onucanyt HeKOTOphble U3 KBAHTOBO-MeXaHHuecKuX 3 (heKToB, Takue, Kak Kc-
NOHEHIMalbHOCTh IPOCTPAHCTBA COCTOAHUM, 3aly TAHHOCTh COCTOAHMUI, JUHEHHOCTh
KBaHTOBBLIX Npeofpa3oBaHuii, KOTOPhIe U JlelaloT KBaHTOBbIN Napajleln3M BO3MOH-
HbIM." DecMOTpA HA TO, YTO KBAHTOBbIE BBIYMCIEHUA NOIKHbI ObITh JTMHEHHBIMHA 1
06paTUMBIMH, 000} KlIaccHyecKHil alrOpUTM MOeT ObITh pealn30BaH Ha KBaHTO-
BOM KOMIMbTepe. J0 HACTOAMAA MO 3TUX HOBBIX MAaIHH, T.e. DKCIOHEHIINaTbHbIi
napaiiennsM, Mo#eT ObITh HCHOAb30BaHA TONbKO C MPUMEHEHHeM HOBAaTOPCKUX Me-
TOJ0B NporpaMMmupoBanua. Takue MeTo[bl Hauadu paspadaThiBaThCA JUIIL HEJaBHO.

Me1 onucanu anroput™m Ilopa pasnoseHnd uucel Ha MHOMUTENH 3a HOJMHOMU-
albHOe BpeM#A, KOTOPbIH CTUMY/IMpoBal Ucclel0BaHiA B 00/1aCTH KBAHTOBBIX BbIUKC-
neunit. Anroputm Illopa, nmpu Hanuuuu JelicTBYIONIEro KBaHTOBOr0 KOMIbIOTepa,
OTNPaBUT B HeObITHEe MHOTHE COBpPeMeHHbIe KpUNTorpaduyeckue cucTeMbl. Anro-
pUTM TMoOKCcKa, paspaboTaHHbIil ['poBepoM, Mo#eT obecneunTh MUIIb MOJMHOMUATb-
HOe yCKOpeHHe, HO U 2TOT (GaKkT CTPOro JoKa3biBaeT, YTO KBAHTOBble KOMIbIOTEPbI
3HAaYMTeNbHO MOIHee KlacCHuyecKuX. JecMOTpPsA Ha To, uTo anrropuT™ I'posepa aBia-
eTcA ONTUMalbHBIM, CylleCTBYeT Hajes/a co3aaTh 0olee ObICTphle alrOPUTMBL [JA
3ajay ymopAf0YeHHOro Moucka. MbI onucany ofMH U3 TOAXOJ0B K CO3JaHUIO TaKUX
anropuTMOB, NpeoxeHHbIil Xorrom.

CymecTByeT elllé HeCKOJbKO U3BECTHBIX KBAHTOBBIX aIMOPUTMOB, O KOTOPBIX MBI
He roBopunn. [monc u Mocka [Jones and Nosca 1998] onucanu peanusamnuio airo-
puUTMa Ha 2-X GUTHOM KBaHTOBOM KOMIbIOTepe, IPU MOMOIX KOTOPOI0 MO#HO OIpe-
HenuThb, cOanaHcupoBaHa nu QyHKIUA win HeT. ['poBep [Grover 1998] paspaGoran
3¢ dEeKTUBHBI! aNrOpUTM 1A OLEHKH CPeJHero 3HayeHHs HEKOTOPOro MHOHeCTBa.
Jozxe I'poBep, CMonuu n Tepan mpennomunan KBaHTOBBII crmocob pelleHUs 3agaun
0 B3BeNIMBAHUM MOHETHI 3a OJWH Har. JecMOTPA Ha Haluuue 3THUX alrOPUTMOB,
HaM BCE-TaKM ellé He TaKk MHOrO M3BECTHO O TOM, YTO MOKET [elaTh KBaHTOBBIi
KOMIbIOTep Ha npakTuke. CMo#eM M Mbl HAaliTU KBAHTOBbIE alrOPUTMBI, KOTODbIE
obecreyaT 3KCIOHEHIMaNbHOE yCKOPeHUe NPU pelleHUH APYTUX 3ajad, a He TOIbKO
darTOpU3aUU?

JTOT BOMpoc ocTaeTcs OTKPBITHIM. Cpeanu (GU3MKOB XONAT MPeANoNoKeHUA o
TOM, YTO KBaHTOBbIe NMpeo6pa3oBaHUA MOTYT GbITh clerka HeluHeiHbIMU. Jlo Ha-
CTOANIEro MOMEHTa Bce MPOBeNEHHbIe SKCIIePIMEHTHI COracyoTCsA ¢ 3aKOHaMH CTaH-

1 dKcrnoHeHMaTbHO® KBAHTOBOE YCKOPEHHe MPOUCTeKaeT M3 SKCMOHEHIMAILHOCTH MPOCTPAHCTBA
cocroauuii. Tpe6oBaHuA e NMHEHHOCTH M O6PATMMOCTH, KOTOPbIe BBLIIN MPHUCYIIM PACCMOTPEH-
HBIM B CTaThe cHUCcTeMaM, Boobuie roBops, He obasarenbHbl. CM., Hampumep, cratbio D. Aharonov,
A.Kitaev, N.Nisan «Quantum Circuits with Mixed States» (Né9806029 B s1eKTpPOHHOM apxuBe
http://xxx.itep.ru/quant-ph). — pum. nepes.

KBAHTOBBIE KOMIOBIOTEPHI I KBAHTOBBIE BBLIUYNCIEHUA 49



. QUGOENDL, B. J0IAK

JapTHOH NTMHENHON KBAaHTOBOH MeXaHUKU, HO HeOonbillad HeIUHEHOCTh Bce e BO3-
mosHa., A6pamc u Jlnoiin [Abrams and Lloyd 1998] mokasamu, uro nase HeGOIb-
maA HeJMHEeHHOCTh MOKeT ObITh HMCMOJNb30BaHa AJA pellleHUA cioxHbix NP-3agau Ha
KBaHTOBOM KOMIIbIOTEpe 3a IOJIMHOMUAIbHOEe BpeMA. JO0 CYyTHU CBOeil, 3TO 3HAUMUT,
YTO BBIUMCIEHUA — 3TO (yHIaMeHTalbHble (pU3UUeCKUe MPOIeCcChl, U YTO BOMPOCHI
X 3 HEeKTUBHOCTHU HAMPAMYIO 3aBUCAT OT TOHKUX (HU3NUYECKUX ABIEHUIA.

YHUKaNbHbIe CBOWCTBA KBAHTOBBLIX KOMIBIOTEPOB AAIOT HOBOE Mpe[cTaBlIeHUEe O
Kiaccax CIOMHOCTU. Jampumep, Kiacc BQP — »To HaGop Bcex A3BIKOB, oOpaba-
ThIBa€MbIX KBaHTOBOM MamuHoi ThiopuHra 3a MOJIMHOMHUAIbHOE BpeMA C KOHeUHOM
BepoATHOCThIO. [leTanu ucciienqoBaHuii, MPOBOAUMBIX B 06JacT KBAaHTOBON Teopuu
CJIOKHOCTHU, HAXOQATCA 3a paMKaMUu JaHHOU cTaTbu. UuTaTenu, 3auHTepecoBaBIIN-
ecfl aHATU30M BpPEeMeHHOMW U MPOCTPAHCTBEHHON CIOMHOCTH B KBAHTOBBIX BbIUHCIE-
HUAX, MOT'YT HallTH HHTEpeCYIOy HX HHbopMauuio B craThax [Bennett 1997] u
[Wootters 1998]. B crarnbe [Williams and Clearwater 1998] comep#urca onucanue
MepBbIX Pe3yJIbTaTOB HCclIeNoBaHUil B 00JacTH KBAaHTOBOM TEOPUU CIOMHOCTH.

KoneuHo, moka cymecTBYIOT OUeHb CIOMHbIe (U3UUECKHe MPo6IeMbl, KOTOphIe
HYHO OyJIeT NmpeojojeTh. 9Je3 3TOr0 Helb3fA OyleT IMOCTPOUThL IpPaKTUUYECKH IO-
Je3HbIil paboTalon[ii KBAaHTOBBI KOMIbIOTep. [[eKOrepeHTHOCTb, T.€. HCKameHue
KBaHTOBOI'O COCTOAHUA M3-3a B3aUMOEHCTBUA C OKpY:Kalolllell cpenoil, — KitoueBasn
npo6irema. C pa3BUTHEeM KBAHTOBOI KOppPEKIHWH OMMO0OK B 006JACTU YCTpPaAHEHUA Me-
KOTepeHTHOCTHU GbIIT COBEpIIEeH MPOPLIB, HO GONbIIe ¢ aTTOPUTMUUECKON CTOPOHBI, YeM
¢ ¢usnyeckoit. MbI y:#e omucald HEKOTOpble U3 MPUMEHAEMbIX METONOB KOppeKIuu
omubok. [lanbHeiinrie MpoaBUKEeHUA B 00JACTH KBAHTOBOH KOPPEKIUU OMUGOK U
pa3BUTHE YCTOWYMBBIX K OMMOKAM alrOpUTMOB OYyAYT TaKiKe Bau HbI IJIA pa3BUTUA
KBAHTOBBIX KOMMbIOTEPOB, KAK M YCIeXU B CO3JaHUU KBAHTOBBIX GUTOB.

9.1. dexoMeHayeMad auTepaTypa

O6G3opHas cratba Juapio CtuHa «KBaHTOBBIE BhIuMcnenuny [Stean 1998] npexxasua-
yeHa 1A HU3UKOB.

Meb1 pekoMeHIyeM MPOUYUTAThH BTY CTAThbIO, UTOOBI MO3HAKOMHUTHLCA C €ro TOY-
KOl 3peHUA 10 3TUM BOMpPOcaM, OCOGEHHO C ero OmuUcaHUEM CBA3U MeOy Teopueit
uHbOpMAaIUU U KBAHTOBHIMHU BBIUKMCIEHUAMU, a TaK#e C ero B3rIAJaMHU Ha TEOPUIO
KOPPEeKIIMM KBAaHTOBBIX ONMIMGOK, BeJlb OH GbLI OJHUM U3 TIABHBIX €€ OCHOBaTeneil.
Tam paH 0630p puU3NUYEeCKUX ABIEHUI, TOHNMAaHUE KOTOPBIX HEOOXOOUMO A co3[a-
HUA KBaHTOBOI'0 KOMIIbIOTepa. JTOT 0030p OH cuenan B uwone 1997 roga. B ero cratbe
Gomee mogpo6GHO, UeM B Hallleil, oMucaHa UCTOPUA Pa3BUTHA KBAHTOBBIX BbIUMCIEHUIA.
Taksxe B Helf MHOT'O TIONIE3HBIX CChLIOK. [ pyrue, He6Gombllle, HO UHTepecHbIe MOCOOHA,
MoxHO HaiiTu B [Berthiaume 1997].

Jeryuu no meopuu eviuucaenuil duuapaa Peitnmana [Feynman 1996] comepmsar
nepenevaTry ero nekunn Keanmoso-mexanuiecrue xomnsiomepsv [Feynman 1985], ko-
Topad U MOJOKUIa Havyalo BceMy HampaBineHUo. B Heil Take obcymaaeTca Tepmo-
OUHAMKKa BBIUKCIEHHl, KOTOpad HeNoCPeICTBEHHO CBfA3aHa ¢ 00paTHUMBbIMU BhIUHKC-
JTeHUAIMU U Teopueil HHbOpPMAINH.

Kuura Ronuna Yunbamca u Ckorta Kieapyorepa Hecaedosanus 6 obaacmu keamn-
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mosbix evruucaenuti [Williams ans Clearwater 1998] cHa6:xeHa mporpaMMmaMi B BiIe
taitnoB niasa nakera «Mathematicay, KoTopble MOIETUPYIOT HEKOTOPbIE U3 KBAHTOBBIX
anroputTmoB, Hanpumep, aaroputm Illopa.

Bropas uacth Homepa #ypHana «SIAM Journal of Computingy 3a oktsabps 1997
rofia coepuT 6 MOME3HBIX JNEKIHil M0 KBAHTOBLIM BBIYHCIEHUAM, BRIIOYAfA Te de-
ThIpe JEKINH, Ha KOTOpbIe MbI yi#e cchliannch [Bennett et al. 1997] [Bernstein and
Vazirani 1997] [Shor 1997] [Simon 1997].

donbllyto YacTh cTaTeil, yIOMUHAEMbIX B JaHHOU paboTe, a Tak#e MHOTHE IpY-
rue, MO#HO HallTU Ha cepBepe IpenpuHToB B Joc Anamoce:!

http://xxx.lanl.gov/archive/quant-ph.

CchlIKM Ha HMcclieoBaTelbCKUe MPOEKTHI U JPYTYI0 UHGOPMAIUIO 0 KBAHTOBBIX
BBIYMCIEHUAX MO#HO HAlTH U Ha Hauiell cTpanuile B UHTepHET:

http://www.pocs.com/qc.html.
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dnarogapHoCTU

Oco60 Mb1 xoTenu 6b1 mobaarogaputhk Tena Xorra u Kapnoca MakoHa 3a uHTepecHbIe
Gece/IbI 0 KBAHTOBBIX BHIUMCIEHUAX U 32 OKa3aHUe MOMOIIY B HATMCAHUU 3TOM CTAThU.
Mg1 Takme 6naromapusl JJu Kopouny, HeBuny lonnGepry, JloBy I'poBepy, dopmany
Xapau, Borauny Jporty, Mapry dudenio u skcnepTaM, MoelaBIIUM OCTaThCA He-
U3BECTHBIMU, 38 NOAPOOHBIE KOMMEHTapUH MPH MOJrOTOBKE CTaThU.

U KoHeuHO MBI X0TeNu 6bI BEIPA3UTh CBOIO 6arogapHocThb coTpyquukam FXPAL,
KOTOpbIE C BHTY3MA3MOM TOJJepKUBaNU HAIly paGoTy.

d pujoKeHUe

A. TeH3opHble NMpousBeaeHUA

TensopHoe npousBefeHne (®) n-MepHOro U k-MepHOr0 BEKTOPOB ecTh nk-MepHBIi
BekTop. CienoBaTeinbHo, eciii A u B ABIAKOTCA Npeo6pasoBaHUAMU HaL N-MepPHbIM
1 k-MepHBIM BEKTOpaMH COOTBeTCTBeHHO, Torga A ® B! ecTh mpeoGpasoBaHue Han
nk-MepHBIMU BEKTOpPaMHU.

doapoOHBIif MaTeMaTUYEeCKUi aHalu3 TeH30PHBIX MPOU3BENEHUI B ATOH cTaThe
He npoBoautea (nogpo6Hoctu cm. B [Hungerford 1974]). [lna namux ueneii goctatoy-
HO OyIeT HEeCKOJIbKUX alrebpanyecKUX MpaBuil, YTOObI BECTH PACUYETHI C TEH30PHBIMU
npousBenenuamu. [lna matpun A, B, C, D, U, BeKTOPOB u, X, Y, CKATAPOB a, b BbI-
MOJTHAIOTCA CleyIole YCIOBUA:

(A® B)(C® D) = AC ® BD

(A® B)(r®y) = Ar ® By
(z+y)Qu=2zQu+yQu
u(x+y)=uRr+uly

ar ® by = ab(z ® y)

A B\ _ . _(AeU BeU
C D “\ceU DoU)’

1@3HTH'~{BCKI/I 9TO IIpaBoe IIpou3BeaeHue KpOHBHBpa.
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B YaCTHOCTH, AJA CKaIAPOB a, b, ¢, d

a b aU bU
QU = .
c d cU dU
KomiiekcHoe conpAaxenre U TpaHCIOHUPOBaHUe JUCTPUOY TUBHO Hal T€H30PHLI-
MU IIPOU3BeJeHUAMH, T. €.

(A®B)*:A*®B*.

Martpuna U AB1IfeTcA YHUTapHOI, ecld MaTpulla, CONpAMeEHHaA eil U TpaHc-
NOHUpOBaHHafA, fAiBnfAeTcAd obpaTHoil K Heii: U*U = I. TeH30pHOe Npou3BeeHUe
HECKOJIbKUX MaTpHIl ABIAETCA YHUTApHBIM TOrJa W TOIbKO TOrJa, Korja Kaaas
MaTpulla U3 dTOT0 NPOU3BeleHUA YHHUTapHa C TOYHOCTBIO KOHCTAHThI. JycTb U =
=A; ® A2 ®...A,. Torga matpuna U yuurapHa, ecnu A; A; = k;I u IL;k; = 1:

UU=(AT9A4;®...0 A))(A1 ® 42 ®...® A,) =
=ATA @ A4 ®...Q A A, =
=kil®...k,I=1,
rage ra:xagoe I asngerca TOPKJleCTBeHHOﬁ ManI/I[Ieﬁ COOTBETCTByEOIIIeﬁ pasMepHOCTH.
Jamnpumep, QTUCTPUOYTUBHbBIN 3aKOH MO3BOJAET MPOBOAUTH BBHIUMCIEHUA ClIELy-
[olIero Buga:
(ao|0) + bo[1))
= (ao0)

aoal(
(

(a1]0) +b1[1)) =

a1]0)) + (bo|1) ® a1]0)) + (ao|0) ® b1|1)) + (bo[1) ® by 1)) =
(10) ®0)) + boay (]1) @ [0)) + aob1(|0) @ [1)) + boby(]1) @ |1)) =
|00) + boa1|10) + agby|01)) + agby|11).

®
®

= apaq

B. denpepsiBHbIe Ipo6u U U3BJIeUYeHHe MepHoAa U3 U3MepeHUud
B aaroputme Illopa

B o6mem cnyuyae, korga mepuoj r He Aenut 2™, BeluuuHa v, U3MepeHHaA B 4-M Iia-

re anroputmMa Illopa, ¢ Goabiioii BepoATHOCTLIO OyaeT 6IU3Ka K HEKOTOPOMY 4YHCIY,
2m .2

KpaTHOMY =, Hanpumep j <. llenbio ABIAeTCA U3BIEUEHHE IEPUOA T U3 U3MEPeH-

Hoit BennuuHel v. [Ilop mokazan, 4To ¢ 6ONbIION BePOATHOCTLIO BeINYNHA v yIaleHa

1 2m

He Goiee, UeM Ha o OT j =~

5 . Takum obpaszom,

.2m 1
‘1} - ]T‘ < 5
JUIAl HEKOTOPOil BEIMYUHEI j, OTKYJA clegyeT

L_Z“<L 1

2-2m<2M2'

am T
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U
dasHula MemIy ABYMA IpoOGAMU Pl

g -, CO 3HaMeHaTelAMU, MeHbIIUMU M, orpa-
HUYeHa: 9

P p"_‘pq’—p’q‘ 1
e [ WA )
7 4 qq' M?

TakuMm obGpas3oM, cyllecTBYeT, 0 KpaiiHeii Mepe, ojHa Apo6b g co 3HaMeHaTeleM

2 — 1—;‘ < # B HauGonee BepoATHOM ciydae, KOrja v yaaneHa

q < M, Taras, uto o

1 9™ J
He Oonee, ueM Ha 5 OT j 5, 9T ApoOb OyzeT paBHa ..
EnuncTBeHHasa Opo0b co 3HaMeHaTeleM, MeHbIIUM M, T.e. ynaneéHHas He Golnee,

gem Ha —— or U
M

3 o MOeT ObIThb Moidy4yeHa 3((eKTUBHBIM CIIOCOOOM € MOMOMIbIO

pasnoxeHuA B 6ECKOHEUHYIO 1po6b 2L Hcnonb3ysa mocnenoBaTelbHOCTH

m

_ 1 1
a"_[en—l] 6"_en—l n

Po = Qo p1=ajap+1 Pn = QpPn—1 + Pn-2
Q@ =1 @ =a1 In = OnQn—1 + Qn—2,

Pn
BBIUUCINM MePBYIO Apo6hb g TARYI0, UTO gy, < M < qp+1- llokazaTenbecTBO MpaBUITb-
n

HOCTHU BTOr0 MeToja CM. B 000t KHUTre 1o TEeOpHUUn 4Yucei. B nautonee BEepOATHOM

1 1

v J
ciyyae, Korjaa om yaaneHa He 6olee 4yeM Ha e OT i, KPaTHOro 7, Ipo0b, oIy YeH-

Had B MpeIbIAylleit mpouenype, ecThb %, T.K. OHA UMeeT 3HaAMeHaTelb, MeHbmuit M.
Mb&b1 npuHUMaeM 3HaMeHaTeNb ¢ MOIyYeHHO# 1po6u B KauecTBe TOMYyUYeHHOr0 Tepuoa,
KOTODBI GyIeT NpaBUIbHBIM, KOTJ]a j U 77 — B3aUMHO NMPOCTHIE.
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