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IlanHas cTaThsa TpeacTaBiiseT coboit 0630p paboT MO KBAHTOBBIM BBIYMCIIEHUSIM U KBAHTOBON TEOPUU
nadopmarmu. MoxeT CIyXuUTh BBEIEHUEM B IPEIMET.

Abstract

Kachaev I.A. Quantum Computations: IHEP Preprint 2001-12. — Protvino, 2001. — p. 24, figs. 1, refs.: 30.

This article presents a review of works in a field of quantum computing and quantum theory of
information and can serve as an introduction to the subject.
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1. Bemenue. 3aueM 3TO HYXHO

“Because nature isn’t classical, dammit...”
Richard P. Feynman

KsanToBas Teopus mHDOpMAIME — OUYEHb MOJOHas OOJIacCTb HaykKu, Bo3HmKINas B 80-x
rogax XX Beka Ha CTBHIKE KJIACCUIECKON Teopuy MHGOPMALNY, TEOPUN BBIUNCICHWI U HEpe-
JISTUBUCTCKOW KBAHTOBOW MEXaHUKWM. BO3MOXHO, OOHA U3 NPUIWH €€ BO3HWKHOBEHUS — TO
06CTOSTEILCTBO, YTO C yMEHBIIIEHNEM DPa3MepPOB 3JIEKTPOHHBIX IPHOOPOB BIIASHUIE KBAHTOBO-
MexaHWIeCKUX 3(hdekToB Ha X paboTy CTAHOBUTCS CYIIIECTBEHHBIM U C OTUM BIINSHUEM HAIO
KaK-TO GOpOTHCs OO0 MOMBITATHLCA OOPATUTL ero Ha moib3y. OmHako ropasmo 6ojiee BasKHBIM
(haxTOpOM SBISETCS IPUHOUINAIBEHAS OTPDAHWYEHHOCTH BO3MOXKHOCTEH KJIACCHUIECKUX KOMIIBIO-
TEPOB IIPU PEIIeHNN ONPENeSIEHHBIX KIacCOB 3anad. Vcnonb30BaHre KOMIBIOTEPA, PAOOTAIOIIIETO
Ha OCHOBe IIPWHITNIIOB KBAHTOBON MEXaHUKU, OOEIaeT B 3TUX CIyYaAAX IKCNOHEHYUALLHOE TIO
00beMy 3a7aun yCKOpeHue pabdoThI.

Bces umcTopus xBaHTOBOW Teopuum mHGOpPMAIMM K HACTOSIIEMY MOMEHTY VKJIAObIBAETCS B
15-20 ser. Onuoit w3 mepBbIX paGoT maHHOro HampasieHus (1982 r.) ssisercs [1], B koTopoit
P. ®eiftrMaH TPemIIOXWMI WCIOIB30BATH IS MONEIUPOBAHUS SBOJIIONNN KBAHTOBOMEXAHUUE-
CKOIl CHCTEMBI KOHTDOJIMPYEMYIO 3BOJIIOINIO OPYroH, “cTaHmapTHON , KBAHTOBOMEXAHWIECKON
cucrembl. OTcroga ObLIO YK€ HENAJEKO N0 WOEW YHWBEPCAJIBHOTO BBIUUCINTEIBLHOTO YCTPOU-
CTBa Ha OCHOBE KBAHTOBOW 5BOJIOIMY (u3mdeckoil cucreMbl [4] m BOOOIIE KOMIBIOTEpA Kak
YCTPOICTBa, Peau3yIOLIEro ONpeNeeHHBIN HAOOp MaTeMaTWYeCKMX aKCHOM Ha OCHOBE OIpe-
IelleHHOTO Habopa ¢u3nmueckux 3akoHOB [3]. B pesynbrare okasanoch, 9TO BBIUUCIMTEIbHAS
CJIOXKHOCTH aJITOPATMa MOXKET 3aBHCETH OT TOIO, Ha OCHOBE KAKOW (PM3MIECKON aKCHOMATUKI
ou crpoutcs. A xorma B 1994 r. II. Hlop mocTpomsi MEepBBI TPAKTUYECKH TOJIE3HBIA KBaH-
TOBBIII ajmroput™ [22], ma eme 3arparusaroumii chepy kKpunrorpaduu, mporpecc B 0651acTH
KBaHTOBOI Teopuu umHGoOpMaiuu craj HemsbexkeH... OOHapyxeHue xe Takux 3(PHEKTOB, Kak
kBaHTOBas Tenenopranus (1993 r.) u xBanToBas Koppekiws omubok (1996 r.), MoxeT IpoIUTH
HOBBIM CBET W Ha OCHOBAHUS CaMOU KBAHTOBOU MEXAHUKU.

IIpaxTuaecku Bcs mubDOpManms, U3I0XKEHHAsS B 5TOM 0030pe, modepnHyTa B ceTtu Internet,
KOTOpasi SABJISIETCS cefdac, MO-BUOMMOMY, Hambojlee IOJHBIM HCTOYHUKOM HHGOPMAIUU IO
magaOMy Bompocy. COOTBETCTBEHHO B CCHIJIKAX 3a9acTYI0 YKa3aHBI ampeca B ceTu Internet,
II0 KOTOPBIM 3THU MaTepHajbl MOXHO HOIy4uTh. llorck MaTepmasioB mo HAHHOM TeMe MOXKHO
HauaTh 1o anpecaM [5| u [6]. O6cyxmenme GIU3KUX BOIPOCOB, CBSI3AHHBIX C OCHOBAHUSMU U
nCTOpUell KBAHTOBON MEXaHWKM, MOXKHO Haiitu B [7]. Mbl B ocHOBHOM ciiemyem paGoram [8,9].
B mocnenuee Bpems (2000 r.) mosBmiuch pycckosspluHble cereBble mcrtognuku [10] m [11].

2. OcHOBBI KBAaHTOBOU Teopuu MHGOpMAIN

2.1. TTpuHIIMTOBI KBAHTOBON MEXaHUKU

OcCHOBOIl IJIT TIOCTPOEHUsI CXEMBbI KBAHTOBLIX BBLIYUCJIEHUN SIBJISETCS HEPEIATUBUCTCKAS
KBAHTOBAs MEXAHWKA B KJIACCUYECKOM BEPOSITHOCTHOM MHTEPIPETALNU, HUKAKUX MNOMOJTHUTEIIH-
HBIX TOCTYJATOB HE BBOOUTCsA. IlOCTATOYHO paCCMATPUBATH CUCTEMBI C KOHEYHBIM YKCIIOM
crenedeil cBo6onsl. COOTBETCTBYIOMINE TIOCTYIATH (IPUHIILI) HEPEJSITUBUCTCKON KBAHTOBOM
MeXaHUKM MOXKHO C(HOPMYJIMPOBATDH CJIEOYIOUIUM 00pa3oM:



1. CocrosiHue M30/IMPOBAHHON CHCTEMBI NPENCTABIISETCS 3aBUCAIIAM OT BPEMEHH BEKTO-
poM [¢(t)) B HekoTOpOM ruiabGeproBoM mpocTpaHcTBe. Ecim cucrema mmeeT KOHEUHOE
YNCIIO CTEIEHell CBOGOMNBI, 3TO MPOCTPAHCTBO OyHET KOHEYHOMEPHBIM BEKTOPHBIM IIPO-
CTPAHCTBOM HAI IOJIEM KOMIUIEKCHBIX YHCEN, & (PU3MUIECKUE COCTOSHUS CHCTEMbI OyIyT
IPENCTABICHbl HOPMUPOBAHHBIMU BEKTOPAMI B 5TOM IIPOCTPAHCTBE C YCJIOBHEM HOPMU-
poBku (1)) = 1. Pusnveckuit CMBICII TAKOTO OMKMCAHUS COCTOMT B TOM, YTO KBAHTOBAs
MEeXaHUKa SIBIISETCS JIMHEHHON TeOpUell: eCii CACTEMa MOXKET HAXOAUTLCS B ABYX pas-
JIMYHBIX COCTOSHUSX |a) U |b), TO OHA MOXKET HAXONUTHCS W B IPOM3BOJILHOM JIMHEHOM
KOMOUHAINY STUX COCTOSHUI c1|a) + ¢2|b) ¢ koMmIekcHbIME KOosbduUuueHTaMu ¢q,Cy U
yCIIOBIEM HOPMUDOBKE |¢1|? + [cof? = 1.

2. ®usnueckue BeamduHbL (HaOIONAEMbIE) MPENCTABISLIOTCS ONEPATOPAME B COOTBETCTBY-
IOLIEM IPOCTPAHCTBE, & IJIs CUCTEMbI C KOHEUHBIM UICJIOM CTEIEHell CBOOOMBI COOTBET-
CTBEHHO MAaTpUIIAMU KOHEYHOTO pa3Mepa B BbIOpaHHOM Oa3uce.

3. BexTop CcOCTOSHUS 5BOJIIOIMOHUPYET CO BPEMEHEM B COOTBETCTBHU C JIMHEHHBIM nudde-
perimanbHbIM ypasHerueM [IIpenusrepa:

. d
ih-|¥(#) = HP (),

raoe H ectb (spmuToB) omeparop I'ammibToHA IS DAHHORM cucTeMbl. Besencrsume 5TOrO
SBOJIIONNS BEKTOPA COCTOAHUA 3a KOHEYHOE BPEMs OIIPEeNeIsaeTCs ypaBHEHUEM

() = UMI(0), tre U(F) = exp (—ﬁ / ”Hdt>

€CThb HEKOTOPHI OINpeNeIseMblil MaMUJILTOHUAHOM OIIEPATOP SBOJIIONUANA. DPMUTOBOCTH
omepaTopa ['aMuibTOHA TPUBOOUT K TOMY, UTO OINEPATOP IBOJIONWY SBJISIETCS VHU-
tapabiM, UTU = UU' = 1. DTo rapaHTHpyeT COXpaHEHHe HOPMBLI BEKTOPa COCTOSHUS
u cymiecTBoBaHHe ob6paTHOro omeparopa U~! = U™, T.e. BO3MOXHOCTb MO KOHEYHOMY
COCTOSIHMIO BOCCTaHOBUTH HauasbHoe: [(0)) = UT|y(t)). Takum o6pasom, sBosrorms
U30JIMPOBAHHON CUCTEMBI SIBIISETCS YHUTAPHOM U OOpPaTUMOIN.

4. Tlocrymat m3mepenus. CyIIeCTBYIOT B3aMMONEHUCTBUs, HA3LIBAEMBIE HA0.4100eHUIMY WIIH

UBMEPEHUAMY, TIPA KOTOPBIX KBAHTOBOMEXAHWUECKAs CUCTEMAa IepecTaeT ObITh M30JIMPO-
BAHHOI ¥ BCTyIAaeT BO B3aMMONENCTBHE C MaKPOCKOIMYECKON (KIaCCHYeCKOil) CHCTEMOI,
HA3bIBAEMON UBMEPUMEALHLIM NPUOOPOM, ¥ KOTOPOI CYIIECTBYET HECKOIBKO (ckaxkeM, k)
Pa3IUYUMBIX COCTOSHUI. B pe3yibrare TAKOro B3aMMONCACTBUS MPUOOP MEPEXOMUT CAY-
yalinbiM 00pa30m B OOHO M3 BO3MOXKHBIX COCTOSHUME ¢ HOMepoMm ¢ = 1...k, a cucrema
IEPEXONUT B COOTBETCTBYIOIEe cobcmeennoe cocmognue |;). BeposTtHocTs nepexona B
IAHHOE COCTOsHME P, 3aBUCAT TONBKO OT KOHCTPYKIuM npubopa (T.e. u3MepseMoil Beyiu-
YMHBI) ¥ COCTOSHUS CHUCTEMBI [1)) B MOMEHT m3MmepeHums. VICXOmHOE COCTOSHUE CHCTEMBI
HeoOpATUMO PAa3PYIIAETCsI, €MUHCTBEHHON WHGOPMAIMEH, KOTOPYIO YIAeTCsS U3MEPUThH,
sSBIIseTCs (CIIyJallHbIN) HOMED COCTOSHMUS, B KOTOPOe Ieperes Ipu6op (1, COOTBETCTBEH-
HO, CHCTEMA).
Matemaruueckr GopMaan3oBaTh 3TOT NOCTYJIAT MOXKHO ciemylomnumM obpasom. Ilycts
COCTOSIHE CHUCTEMBI OIUCHLIBAETCS BEKTOPOM COCTOSHHUS B HEKOTOPOM TI'HMiIbbepTOo-
BoM mpoctpauctBe H. Habmodaemoti O uaszwpiBaeTcs r060if HAOOpP MOMIPOCTPAHCTB
FEy, E,...E, C H, xoTOpBbIE TOJHOCTHIO MOAPAa3neasioT H u He mepeKphIBAIOTCS:

EleQX"'XEk:H, EiJ_E] oad ’L,]:lk, Z#]



JI1o60i BeKTOp cOCTOSHUS [¢) MOXKeT OBITH NPEACTABIEH KakK JIMHEHHAs KOMOWHAIVS
(cynmepmo3unus) KOMIIOHEHT, JIEXKAIUX B KaXKIOM W3 IPOCTPAHCTB F;:

k
W> = Z O‘i‘¢Ei>a

rIe (; €eCThb IPOU3BOJILHBIE KOMILJIEKCHBIE KO3Gh(PUIIMEHTHI C yCIOBUEM HOPMUPOBKH
k

Y1 |ail* = 1. Torma pesynbTaT HaGIIIONEHWsS BEKTOpA COCTOSHUS |th) TOCPENCTBOM

nabmonaemont O GymeT CIIemy OIM:

a) Gymer ciydaitHo BEIGpaHO omHO m3 E; ¢ BeposaTHOCTBIO |y

6) MCXONHBI BEKTOP COCTOsHUs [1)) mpeBpartutcs (“kommancupyer”) B |¢g,) (HOpMuE-
POBaHHBII );

B) EQWHCTBEHHON I[OJIy4YeHHON wnHbOpPMAIWell SBISETCI HOMED BBIODAHHOIO MONIIPO-
CTPaHCTBA %.

OTCIOJI& cjlenyer, 4To IIpyu IIOBTOPHOM M3MEPEHUU MbI BCErOa IIOJIy4YUM B TOYHOCTU TOT
JKe pe3ylbTaT, MOCKOIBKY BEKTOP COCTOSHUS yXke JiexuT B Fj;.

Takum ob6paszom, omepanums U3MEPEHUs TaKke Mpeobpa3yeT KBAHTOBOMEXAHUUIECKYIO CU-
CTEMy, ONHAKO OlepaTop Hpeobpa3oBaHus (OOGBIYHO HA3LIBAEMBIN NPOEKMOPOM) HE SIBIIS-
€TCsl HU YHUTAPHBIM, HU OOPATHUMBIM.

Pasymeercs, onucannas cxema mMeeT CBOM OrpPaHWYEHUs. Bo-TIepBBIX, OHA PAbOTAET TOILKO
C YUCTBIMU COCTOSHUSMHU U TOJIHOCTBIO UTHOPUPYET (POPMAIM3M MaTPUIBI IIOTHOCTU. Tam,
raoe HeoOXOOMUM BBIXOI 33 IPeneibl (popMain3Ma YUCTBHIX COCTOSHUM, MOOPOOHOCTU MBI IIPOCTO
onyckaeM. [locTymat um3mepeHus cHOpPMyIMPOBAH MJIS HOCTATOYHO YACTHOIO CIIydas CUCTEM
C IUCKPETHBIM CIEKTPOM. PensTUBUCTCKUE acCHeKThl KBAHTOBOU MEXAHUKW WUTHOPUPYIOTCH,
B YaCTHOCTH, BOIPOC O CHUMMETPUM BOJHOBOU (YHKIIUM CHUCTEMBI TOXIECTBEHHBIX YaCTHIL
uurge He obcyxkmaercs. llompasymeBaercs, 4TO MbI paboTaeM C OUCKPETHLIMU CTEIeHSIMU
CBOOOMBI M 3329y CAMMETPU3AIUN TIOJTHOM BOJIHOBOM (DYHKINHU BCETa MOXKHO BO3JIOXKUTL HA
ee KOOpOWHATHYI dYacTh. OmHAKO 5Ta CXeMa BIOJHE NOCTATOYHA [JIs BBIMOJHEHUS HAIei
3a71a9M — ONNMCAHUS OCHOBHBIX WOEN KBAHTOBOUM Teopuu WHGOPMAILINUN.

2.2. KBarTOBBEIE 6GUTHI

Kax m3BecTHO, B KIacCHMYECKNX KOMIBIOTEPAX EOUHUIEH XpaHEHUs UHDOPMAIAU SBIISIETCS
OuT — cucTemMa, UMEIOIIIas IBa COCTOSHUS, Ha3biBaeMmble 0ObraHO 0 u 1. Ilo amamorum Mbr MoxeM
OIPEeNenTh KBaHMOBHI 6uM, WU COKPAIIEHHO (-OMT, KaK KBAHTOBOMEXAHUYECKYIO CHCTEMY,
IMEIOLIYI0 [[Ba COCTOSIHUs, 0003HAaYaeMbIX COOTBeTCTBeHHO kKak |0) u |1). Ommako B oTimdne
OT KJIACCUYECKOTO CIIy4asl B KBAHTOBON MEXaHUKE 3THU OBA COCTOSHUS MOTYT MHTEPHEPUPOBATH
MexXny coboil, Tak 4TO Hambosiee oOIllee COCTOSHME KBAHTOBOIO OMTa MOXKET ObITH 3aIlMCAaHO
Kak

) = al0) + B[1),
roe «,3 ecThb KOMIUIEKCHBIE UMCJIAa U BBIIOJHEHO ycioBue HopMmupoBku |af? + 3|2 = 1. Oro
PaBEHCTBO, 3alMCAHHOE B TPAMUIIMOHHON i1 KBAHTOBOM MEXaHWKW HOTAIUU ‘COCTOSHUHN
BBemenHon JlupakoMm, MOXKHO mepenucaTh B 0003HAUEHUSIX MATPUIHON aJrebpbl, MOCKOIBKY
HAIlll BEKTOPHI COCTOSHUN 06pPa3yioT MO MOCTPOEHUIO ABYMEPHOE IMPOCTPAHCTBO:

o=y ) m=(1]) w={5



Pusnueckue peaam3anuy MONOOHONW CHUCTEMBI C OBYMS COCTOSHUSME MOI'YT OBITH pPa3HO-
06pa3sHBIMU: 5JIEKTPOH WM SAPO CO CIMHOM 1/2, OpHEHTUPOBAHHBIM IO WM IPOTHUB HAIIPABIIE-
HUST MAarHUTHOTO TIOJIs; @TOM C OBYMS PA3IUYHBIMU HHEPreTUIECKUMU COCTOSHUSIMU; GOTOH C
TOPU30HTAILHON WU BEPTUKAIIHLHON MHOJsipm3anueit m T.m. [loCKOMBKY KBAHTOBBIN OUT MOXKET
HAXONUTHCS B COCTOSHWUU JH000 13 (HECUETHOIO) MHOXKECTBA BO3MOXKHBIX CyHEPIO3ULNUIl, HA
TEPBBIN B3TJISAN KAXKETCsI, YTO MBI MOXKEM YIIAKOBATH HEOTPAHWYECHHOE KOJMIECTBO KIIACCHYIE-
CKOIl MHDOPMAIIMY B COCTOSHUE ONHOTO KBAaHTOBOro 6mra. OmHAKO 5TO HE Tak.

Bo-nmepBrix, mpu “umsroroBnenun’ cymeprmo3unuu MbI (PAKTUIECKM WMEEM €0 He C IUC-
KPETHBIMU, & C HEMPEPBHIBHLIMU BEIUYNHAMU, U MMEHHO TOYHOCTH MPOIENYPHI IPUTOTOBIICHUS
3aJIAHHOTO COCTOSIHUS OIpENeNsieT KOJIMYECTBO 3allUChIBAEMOl uHGOpMAanuu. AHAJOTMYHO B
KJTACCUYECKON 3JIEKTPOHUKE MBI MOXKEM XPAHUTH WHOOPMAINIO HE B BUOE JIOTHYECKUX YPOB-
HEW, a B BUIOE MPOU3BOJILHOIO HAIPSKEHUS HA SJICKTPUYECKOM dJIEMEHTE. 1'O0YHOCTH 3aMaHUs,
TONIEPKAHUS U M3MEPEHUS] DTOTO HAMNPSIXKEHWS OMPENe/sieT KOIUJYECTBO XPAHUMON mH(POpPMA-
WM.

Bo-Broppix, B KBAaHTOBOM CiIy4Yae TO, YTO 3aIlMCAHO, HOMPOCTY HE YOACTCS IIPOYECTh.
IleficTBUTENBHO, PA3MEPHOCTH MPOCTPAHCTBA COCTOSHUN HAIIE CUCTEMBI PaBHA OBYM, U B
COOTBETCTBUH C MOCTYJIATOM U3MEPEHUsS MBI MOXKEM CKOHCTPYUPOBATH HAOIIONAEMYIO BEIMIUMHY
He Gosiee 4eM C OBYMs COCTOSHUSME (B IPOCTPAHCTBO PasMEPHOCTH N HEBO3MOXHO BIIOXKHUTH
6osee yeM N OPTOTOHAJILHBIX HONIPOCTPAHCTB) ¥ IOJIYYUTH B PE3yJIbTATE W3MEDEHUs IBA
BapUaHTa OTBETa, B OOIIEM C/Iydyae Mayke He HABEPHSAKA, a C OIPENEJICHHOU BEPOSTHOCTHIO.
Takum obpazoMm, B ciiydae OIHOIO KBAHTOBOIO OMTA HWKAKOTO BBIUTPBIIIA IO CPABHEHUIO C
KJTACCUYECKUM CIIy4aeM HE IOJIyJIaeTCs.

EcrecTBennoil HaGIIOnaeMOll [JIs OLHOTO KBAHTOBOIO 6ura Moxer ciayxuth B = {Ey, E;},
rne Ey u E; ecTb IOANPOCTPAHCTBA, HATsHyThle Ha GasucHble BekTopsl |0), |1). IIpmvepom
npyroit Habmonaemont Moxer ciayxuth O = {Ey, Ey }, rne Ey, Ey/ 3amaiorcs BeKTOpaMu

1 1
- > Z5(0 ~ ).

Ecnu ¢wusumuecku cocrostame mHamero g-6mTa 3aKOOUPOBAHO B BUOE BEPTUKAJILHOW WX TO-

0% (10) +[1)) m [17) =

pU3OHTAIBEHON Tosstpu3auu  ¢oToHa, Habmomaemas (O OGymeT COOTBETCTBOBATL M3MEPEHUIO
nonspu3anuu GOTOHA B MPOEKIUU HA OCHU, MOBEPHYTHIe Ha 45° rpamycoB K Beprukasmu. Ecmm
cocrostaus |0),|1) peanu3oBaHbI B BULE COCTOSHUI 3JIEKTPOHA C OIPENESIEHHON IPOEKIUeR CIu-
Ha Ha OCb Z, Habmomaemas (O OymeT U3MEPATH MPOEKIINUIO CIUHA HA OPTOTOHAJBHYIO OCH 7
oce X mwm Y.

B xnaccrueckoMm cityuae BeIYUCIUTEIbHAS CUCTEMA W3 OIHOIO OMTA MOXKET BBIMOJIHSITDH IIPe-
o6pasosanus {0,1} — {0,1}. Jlerko mpoBepuThb, 9TO Takux NPEOOPA30OBAHUII BCETO YETHIPE:
TOXIECTBEHHOE, MHBepcus (omepamus we), ycTaHoBka 6ura B 0, ycraHoBka B 1. B xBanTOBOM
cllydae penepryap mpeoOpa3oBaHHII OogHOTO OmTa ropasno Oorade m mpencrasiseT coOOU IIpo-
CTPAaHCTBO YHUTAPHBIX MaTPUIL 2% 2. HeC.HO)KHO BBIIINICATH KBAHTOBBIE QHAJIOTU KJIACCHMYECKUX

npeobpazoBaHUIM:
10 0 1 11 00
I= 01 ) Not = 10 ) Set0 = 00 ) Setl = 11

Onnako omeparnuu yCTAHOBKU OMTa B OIPENEIeHHOe COCTOSHUE HeoOpaTWMBbL (IpPembIayliee Co-
CTOSHWE TEpseTCs), a HOTOMY COOTBETCTBYIOLIUE ONEePATOPLI HEYHNTAPHLI M HE MOTYT OBbITH
orepaTopaMm 3BOJIIOIIAN. GTI/I HeﬁCTBHH MO2KHO BBIIIOJTHUTH TOJIBKO KJIACCUYECCKUMU Cpen-
crBamu. OmepaTop Not coBmamaer ¢ marpureir [laymu o,. Ero, a Takxe m Bce ocTabHBIE



omepaTopsl rpymmsl SU (2) MOXKHO (PU3MYECK! peajim30BaTh METOOAMU SIOEPHOTO MATrHUTHOTO
pe30HaHCa, T.€. KOHTPOJIUPYEMON SBOJIIOIUN CUCTEMBL CO CIUHOM 1/2 B KOMOMHAIIAN IIOCTOSIHHO-
r0 U IepeMEeHHOro MarHuTHBIX mosteil [12]. B wactHOCTH, onmepaTop Not ecTh mpPOCTO omepaTop
nepeBopora couua Ha 180°. IIpaBma, mpu »>ToM Ha caMoM meje peajm3yercs Tpeobpa3zoBaHue
|1) — [0), |0) — —|1), HO HexkemaTenbHBIT (DA30BBII (AKTOP TOXKE MOKHO HCIHPABUTH. Y IO-
MSHEM ellle orepaTop moBopoTa cruHa Ha 90° A m omepaTop Amamapa H, KOTOpBIA 4YacTo
BO3HUKA€T B BBIUNCJICHUIX:

1 1 -1 1 1 1

A:ﬁl 1) B= 501

B kauecTBe kypbe3a MOXHO yIOMSHYTH “KBaJpaTHLI KOPEHb U3 He’, OMEPATOp, NBYKPATHOE
IIPUMEHEHNEe KOTOPOTO W B CAMOM Mejle HAeT OIePATOP WHBEPCUN:
1(1—-4 144
Not = - . .
4\ 147 1—1
®dusnuecku 5TO BCe TOT XKe OmepaTop moBopoTa comHa Ha 90° ¢ mOMoTHUTEIbHBIM (HAa30BBIM
CIIBUTOM KOMITOHEHT.

2.3. KpauToBbie peructpsl. Entanglement

OueBuIHO, YTO IJIsI MPAKTUYECKUX BLIUUCIEHW HEOOXommMo Gojiee omuoro 6ura. HasoBem
KBAHMOBHIM PE2UCMPOM YIOPSIOIEHHBIA HAOOD M3 KOHEYHOTO UMCHA, CKAXKEM 7, KBAHTOBBIX
6utoB. butbr B peructpe MOryT ObITh KaK W30JMPOBAHBI, TAK W B3aWMONENCTBOBATHL OPYT C
OPYTOM B COOTBETCTBUU C TpeOyeMbIM 3aKOHOM dBOJIIOIUU. EcTecTBeHHO 0603HAYATHL OA3KMCHBIE
COCTOSIHUSI KBAHTOBOI'O PETUCTPA COOTBETCTBYIONINMU YIOPSIOOYEHHBLIMHU CTPOKAMU W3 HYJIEN
U eNUHWI, TAK YTO y PEerucrpa u3 OBYX OuToB GasucHble cocrosHus OymyT |00),[01),/10),
|11). Yucmo 6a3sucHBIX COCTOSIHUIT y Perucrpa u3 n GuTOB cocTaBiser 2", B TOYHOCTH KakK U
00l11ee YMCI0 COCTOSHUI KJTACCHUIECKOrO0 GMTOBOIO PErucTpa TOu xe mianabl. HamGosee obrimm
BEKTOPOM COCTOSIHUSI 1-OMTOBOTO KBAHTOBOTO PETUCTPA SBJIISIETCS

2m—1
W)= Y )

=0
rae B 0603HavYeHNN GA3WCHBIX BEKTOPOB |i) MO ¢ HOAPA3yMEBAETCS ABOMYHAS 3aIUCh 3TOTO
qnCIa.

Eciu nBa -6ura, COCTABIISIONINE KBAHTOBLIA PETUCTD, HAXOISTCS B OIPENETICHHBEIX COCTO-

AHUAX 1) = 0p|0)+ou|1) u |[p2) = Bo]0)+51|1), TO cocTOsIHIE KBAHTOBOIO PETUCTPA SBIISIETCS
TEH30DHBIM IPOU3BENEHUEM |@1) U |pa):

1

[9) = |1) ® |pa) = Zaim X Zﬁjm =3 aiBylig). (1)

i,7=0

Anasnoruuno ecmu A u B ecTb yHHUTapHBIE HOpeoOpa3oBaHUs, NEHCTBYIOIINE HE3ABUCAMO HA
|p1) 1 |p2), UX coBMecTHOE HeficTBHE Ha 1) = |@1) ® |¢2) Oymer ompenensaTbes 4 X 4-mMarpuieit
IPSIMOTO IIPOM3BENCHNUS

a1B a.B
C=AnB=( 0 M) k(49 B)(ler) 91e) = (Alpn) ® (Blga)



OnHako OCHOBHOW CMBICII OOBENWHEHUsI KBAHTOBLIX OMTOB B KBAHTOBBIN PETUCTD COCTOUT
B TOM, 4TOOBI IO3BOJIMTH WM OBITH B3amMoO3aBuCuMbIMU. PyHIaMEHTAILHOE CBOWCTBO KBAaH-
TOBOMEXAHUYECKNX CHCTEM COCTOUT B TOM, UYTO HUX COCTOSHUE He O0s3aHO CBOOUTLCS K OIIpe-
IEJIEHHBIM cOocTOsiHuSIM noncucTeM. Jlameko mHe r00ble COCTOSIHUS OBYXOMTOBOIO KBAHTOBOTO
perucTpa MOTyT OBITH BBIPAXKEHBI KaK IPSMble IIPOU3BENEHUsS COCTOSHUM OTHEJIbHBIX OMTOB.
IIpumepoM TAKOro COCTOSHUS MOXKET CIIYKUTH

1
) = ﬁuow +[11)).

Ilpn m3MepeHHEm TAKOrO COCTOSIHUS B CTaHmapTHoM 6asuce pesyibrarsl [00) u [11) GymyT
HabonaTbes ¢ BepossTHOCTBIO 50%), a pesynbrarel [01) u |10) me GymyT HaGIIOOATHCS HUKO-
roa. [IpssMoil TPOBEPKON MOXKHO YOENUTHCSA, YTO HE CYIIECTBYET TaKUX «;, ;, IPU KOTOPBIX
BhINONIHsIeTCsE ypaBHeHue (1) (ypaBHenus Ha «;(; nporusopeuussr). Takum o6pa3soM, peructp
KaK IIeJI0e HAXOMWUTCS B OMPENESIEHHOM KBAHTOBOMEXAHUYECKOM COCTOSHUU, B TO BpeMs Kak
€ro TONCHCTEMBI B ONPENETICHHBIX COCTOSHUSIX HE HAXOMSITCS, MHAa4Ue Obl ypaBHEHUE 1 BBITIOJTHS-
mock. Takoe “ckpydenHoe”, B3aMMO3aBUCUMOE COCTOSHHE CUCTEMBI B AHIJIOS3BIYHBIX CTATHIX
ONUCBHIBAETCS TEPMUHOM entanglement, K COXaJIEHUIO, ANCKBATHBLIN PYCCKUL IIEPEBON aBTOPY
wenspecTeH. COCTOSIHUS TIONCHCTEM B MONOOHOM Cilyduae CIlIeAyeT OMUCHIBATEL Ha (oiiee oOIeM
SI3BIKE MATPHUIBI MJIOTHOCTH, OMHAKO HAM IJIsl HAJIBLHEUIEr0 W3JIOXKEHUs 3TO HE IMOHAI0OUTCS.

2.4. KBanToBbIe cxXeMbI

Kax Mpr 3maeM, 5BOTIONUS KBAHTOBOW CUCTEMBI OMUCHIBAETCS YHUTAPHBIMU OIEPATOPAMU.
OmHako IS CUCTEMBI M3 7T KBAHTOBBLIX OUT OIEpPATOPHI OOIIEro BUIa IIPEOCTABISIIOT CO6O0M
2™ X 2"-MATPUIbl, U MBICIUTL HONOOHBIMU OOBEKTAMU [JIs YEJIOBEKa HEMPUBBIYHO. 1'opasmno
€CTEeCTBEHHEE IIPENCTABIATL cebe DBOIONNIO CHCTEMBI B BUIE HAOOPa IOCJIENOBATEHLHBIX IIPe-
006pa30BaHUl CPABHUTEIILHO IIPOCTOrO BUIMA, KAXKIOE M3 KOTOPHIX 3aTPArvBaeT CPABHUTEIHLHO
HEMHOTO, 2—3 OTHEIbHBIX OuTa. B pesynbrare 5BOONUS KBAHTOBOW CUCTEMBI IPENCTABIISA-
€TCsI aHAJIOTUYHON paboTe OOBLIKHOBEHHOW JIOTMYECKOil cxeMbl. COOTBETCTBYIOLINE YACTHBIE
Ipeo6pa30BaHUsl HAa3BIBAIOT OOBIYHO KBAHTOBLIMHU JIOTMYECKIMU djIeMeHTaMu (quantum gates),
a BCIO CXEMY 5SBOJIIOIMM B IEJIOM — KBaHTOBOI cxemoil. OCHOBHOI OCOGEHHOCTBIO KBAHTOBBLIX
JIOTMYECKUX 3JIEMEHTOB II0 CPABHEHUIO C KJIACCUYECKUMU SIBJISETCS TO, YTO OHU OOS3aHBI OBITH
VHUTAPHBIMU, & CIIENOBATEILHO — OOPATUMBIMU.

IlpocrefiuMu  KJIaCCUYECKUME  JIOTHUYECKUMU  djieMeHTamMu  seastorcs U, UJIH, UC-
KIFOYAOIIEE UJIA (AND, OR, XOR). Bce oHz 0TOGpaXalT ABa BXONHBIX OWTa B ONUH
OUT pe3ysIbTaTa W MOTOMY HUKAK HE MOT'YT OBITH OOpATHMBIMU, & CJIEIOBATEIFHO — HE MOLYT
OBITH Peaim30BaHbI KBAHTOBOMEXaHMYeCcKu. 1Ipoirie BCero mompaBUTh MOJIOKEHUE IS DYyHKITIN
XOR — xak U3BeCTHO, OHa 0OpaTHUMa B TOM CMBICIIE, YTO II0 €€ PEe3yJbTaTy U OTHOMY U3
BXOMHBIX IIaPAaMETPOB MOXKHO BOCCTAHOBUTHL BTOPOI: eciu ¢ =a @b, to b=a®cua=bPc.
IlosTomy miis mpeppattenus Gyuknuu X OR B 00paTUMBIA YHUTAPHBIA ONEPATOP HOCTATOUYHO
COXPAHUTH Ha BBIXOOE OIWH U3 €€ apI'yMEHTOB U ONPENEINTD €€, CKaXKeM, CIIENyomnM 06pa3oMm:

Cnotla, b) = |a,a @ b).

B xBanTOBOM BapmanTe 5Ta QyHKUUSI OOBIYHO Ha3BIBaeTCs ynpasagemoe-HE (controlled-NOT),
HOCKOJIBKY ee 5hdEKT CBOOUTCS K CIIEMYIOLIEMY: €CIIU NEePBLI (YIPABIILIONINiT) GUT HAXOLUTCSL
B cocrosiHun |0), Bropoil (uesieBoil min yIpaBiseMblil) GUT COXPaHSeT CBOE COCTOSHEE; MHAJE



1IeJIeBON OUT WMHBEpTUPYeTCs. B MaTpWYHON HOTAIMM W B HOTAIUU COCTOSHUI 5TO mpeobpaso-

BaHUE BBLITJISOUT CIIEAYIOMIIM 06pas3oM, WHAEKCH y 1y YKA3bIBAIOT YIPABISIONIANA U IIEJIEBOM

OUTHL:

1000 |00) — |00)
c._| 0100 |01) — [01)
71000 1 |10) — [11) °
0010 |11) — |10)

IMockonbky knaccuueckue sorumueckue dyakuuu AND, OR me sBasiorcs obpaTuMbiMu (B

TOM 2XK€ CMBICJIE, YTO 1 XOR), B KBAHTOBOM BapHaHTE HUX MOXKHO BBIIIOJITHUTH HE MEHEE YeM

Ha Tpex O6urax, GaKTUUIECKNH COXPAaHSIs HA BBIXONE COCTOstHUsA obomx Bxomos. Hampumep, AND
npespaiaercs B nsaxnsl ynpasisemoe HE (controlled-controlled-NOT), xoropoe onpenests-
€TCSI eCTECTBEHHBIM 00pa30oM: IeJIeBON OMT MHBEPTUPYETCS TOTIa W TOJIBKO TOrHa, Korma oba

YIPaBISIOINX OUTa HAXOMSITCS B COCTOSHUM |1).

IIpeo6paszosanue “ympaBmsemoe HE” urpaer odenp BaXHYIO POJIb B CHCTEME KBAHTOBOI

soruku. Vmen, 3a10XKeHHBIE IPU €r0 KOHCTPYUPOBAHUU, U CBOMCTBA 3TOr0 KBAHTOBOIO aHAJIOTa,

sorudeckont omeparuu XOR uMeoT OYeHb IUPOKYIO O0JACTb NMPUMEHUMOCTH:

“Yupasnsembie” onepaTophl — YHUBEPCAJIbHBIA CHOCOO KOHCTPYUPOBAHUS HECTOXKHBIX U
YaCTO JIETKO PEAJIM3yeMbIX yHUTAPHBIX OMEPATOPOB: €C/IM YIPABJIAIONIA OUT HAXOMUTCS
B cocrostHnu |0), IpUMeHNM K LeieBoMy 6uTy omeparop A, mHaue mpuMeHuHM K Hemy B;
CoxpaHeHne BXONHBIX apryMEHTOB Ha BBIXONE — YHUBEPCAJIBHBLIA CIOCOO 0OpaTHMOIO
BblunciaeHns GyHkimi. Ecam y HAC eCcThb apryMeHT |r) IJIMHOW 1 GUT U MBI XOTHM
HOCTPOUTH oneparop (KBaHTOBYIO cxeMy) F', Burumcssromryio dyakumio f(x), ucnomsbsys
B KadecTBe paboumx MEePEeMEHHBLIX eIlle 71 OUT, CXeMa 3Ta MOXKET BBITJIANETb CIICILYFOIIIIM
obpazom:
Flz,0,0™) — |z, f(x),0™).

Il coxpaneHust o6paTUMOCTH BXONHBIE NAaHHBIE M paboduee IMPOCTPAHCTBO HEOOXOOUMO
BEPHYTH B MCXOOHOM COCTOSIHUU.

Hepaspymaromnias 3anucs. I'py6o roBops, yHUTAPHOCTH 3BOJIIOIUYU IIPUBOOUT K TOMY, UTO
KBaHTOBas mHGOpMAalUs He MOXeT ObITh norepsiHa. Iis coxpaHeHus 06paTHMOCTH HEOO-
XOOUMO II03a00TUTHCS M O TOM KCXOOHO HYJIEBOM OUTE, KOTOPBI B MTOTE IPEBPATUTCS
B 3HaveHve GyHkuumu f(x). OToT 6uT He MOXKeT OBITH IPOCTO YHUYTOXKEH, HEOOXONU-
Ma KOHCTPYKIWs, COXPAHAIOIIas U ero ucxomHoe sHadenue |0), u xomeusnoe |f(z)). Oro
MOXHO CHEJIaTh, €CIU Ha caMoM nejle cxeMma F' paboraer cremyrommuMm obpas3oM:

Flz,b) — |z,b® f(x)).

IIpu b = 0 momywaeTcss TO, 9YTO HYXKHO, M Takas cxeMa sBisercs obparmmon. Takwum
00pa3oM, OMEPAIUS UCKANUAIOUEE UAY TIEPE3ATTUCHIBAET SUYEHKY MaMITH HEPA3PYIIAI0-
mmM 00pa3oM.

YunsepcanbHocTh. ONUMH WM HECKOJIBKO ONIEpaTopoB (gates) HA3BIBAIOTCS YHUBEPCAJIb-
HBIMW, €CJIM W3 HUX MOXKHO COCTABUTHL CXEMY, PEAM3YIOIIYIO JII000e YHUTAPHOE IIpe-
ob6pasosanme. Cam 1o cebe omepatop controlled-not me yHuMBeEpcajieH, HO CTAHOBUTCS
TAKOBBIM, €cjIi K HeMy NOOaBUTH BpallleHue 00IIero BUOa, NEUCTBYIOIlee Ha OOWH (-OMT
cienyromuM obpasom [13]:

[ cos(8/2) —ie™*?sin(6/2)
V(0,¢) = —ie' sin(0/2) cos(6/2)



Konkpernas ¢popMa 5T0Oro omeparopa Geper CBOe HAYAJIO M3 TEXHUKH SICPHOIO MArHHUT-
HOTO pe3oHaHca. JocTaTouno BBIGPATH OMHO M3 BPAILEHUI HTOrO KJIACCa C UPPAIOHAIIb-
ueMu (B noisix ) 6, ¢. Tam xe [13] nokasano, 4To mOYTH BCe OBYXOUTOBBLIE ONEPATOPLL
yuuBepcasibubl, Tak uTto controlled-NOT B sTOM cMBICIE CKOpEe UCKITIOUEHUE.

e O6MmeHn kBaHTOBBEIX cocrostHmil. Iyt mobeix |¢),|1))

C12Cn Cra| @) [9) = [¥)[9),

IIPUYEM 3TU COCTOSHUS MOTYT OBITH PEaIM30BaHBI MTaXKe Ha (GU3WIECKN Pa3HBIX CHCTEMAaX
(ckaxewM, snexkTpoHax u ¢oronax). Ilo cyru, sta dopmysna npencrasiser coboil KBAHTO-
BBII BAPUMAHT W3BECTHOW Cpeou IIPOrPaMMUCTOB 3aMaUU-IIYTKU: KaK OOMEHSITH MeCTaMUI
3HAUEHUs TEPEMEHHBIX a U b, He WCIONB3ys HOMOHUTENbHON mamaTu! OueHb MPOCTO:

a = adb
b

a®b ; Temeps b COmEPXKUT MCXOOHOE 3HAUEHUE Q
= a®b ; Temepb W a CONEPXKUT UCXOMOHOE 3HAUECHUE b.

e Bosmoxuocts peanmusanuu. Oneparus XOR Oblia HESBHO peajn30BaHa B SKCIEPUMEH-
TaX MO MEePEeHOCY IOoJSpU3aliiu B OOJIACTU 3JIEKTPOHHO-SIEPHON PE30HAHCHOM CIIEKTPO-
ckormun [12] eme B 1956 romy. Ilepenoc momsipmsaiun GakTHUECKN OMUCHIBAJICS CXEMOI
la,b) — |a ® b, a), u aBTOPOB B HEPBYIO OYePENb MHTEPECOBAJI MEPEHOC COCTOSIHUS MOJIs-
pusanuu |a) Ha cucreMmy |b), a HmOmyTHAs peaM3anus JOTUIECKON (DYHKIMN OCTAIach B
TO BpeMs He3aMeUYeHHOU.

2.5. TeopeMa 0 HEKOIIMPYEMOCTH KBAaHTOBOTO COCTOSIHUSA

KsanToBOMEXaHNYIECKOE COCTOsIHUE OOLIero Buna (HEM3BECTHOE 3apaHee U He OIMCAHHOE
KJIACCIYECKOI IIPOIENyPOIl IPUTOTOBJIEHNs) HEBO3MOXKHO CKOIMMPOBATh. l0KA3aTeNbCTBO 9TOTO
byHzaMEHTAIBHOTO (PAaKTa HOBOJILHO MPOCTO. UTOOLI M3rOTOBUTH KOIMIO COCTOSIHUS |t), HEOO-
XOMMMO HAWTK TAKOW JIMHEUHBIA M YHUTAPHLIN omepaTop U, NelCTBYIOIINN HA [apy COCTOSHUR
|a) m |0), xoTopewi BbmonHuT sBosonuio U (Ja)|0)) = |a)|e). Ilockonbky sTO “KOmmpyroree
YCTPONCTBO” MOKHO paboTaTh Ha JIF000M BEKTOPE COCTOSIHUM, BHIOEPEM HPYIOl BEKTOP COCTO-
sHust |3) # |a) u ckonupyem ero Toxe: U (|3)|0)) = |5)|3). Hakoren, BosbMeM TpeTuil BeKTOp,
SIBILAIOLLUICS JIMHEMHOM KoMmOmHaImell nByx npembinymnx: |y) = (o) + [5))/ V2. Twrrascs
CKOIIUPOBATBL W €r0 TOXeE, IO JIMHEHMHOCTH omepaTopa U momydaem

1
NG

TO €CTb COBCEM HE TO, YTO Hy>KHO. JTa apryMeHTaunus npemioxesa B pabore [14]. Pasymeercs,

U (I10)) = —= (la)]e) +18)18)) # [v) 1),

06O OIEPATOP MOXKET KOIMPOBATH HEKOMOpble COCTOSHUSI, OPTOTOHAJIBLHBIE APYT IPYTY,
nampmvep controlled-NOT ycmenmso xormpyer coctosumst |0) u |1), wo me (|0) 4 [1))/v/2.

2.6. KBaHTOBKII MapajljIejIiNn3M

B oranume oT kxmaccrueckoro KBaHTOBBIM PErUCTP MOXKET HAXOMUTHLCS B COCTOSHUU CyIIep-
IO3WITNH, BKJIOUaroienr B cebs Bce ero 2" cocrosiuuit. Ecau MbI Temepb MPUMEHUM K TaKOMY
“BceobIrieMy” COCTOSTHUIO KAKOW-HUOYMh “HOJIE3HBIN YHUTAPHBIN OMEPATOD DBOJIONNN, TIEPEBO-
Oy J1ro00oe 6a3MCHOE COCTOSHUE B HEKYIO HYXKHYIO HaM (QYHKIIMIO OT 3TOTO COCTOSHUSI, MBI



IIOJIydM B PETrUCTPE CYIIEPIIO3UITUIO 3HAQYEHUN 3TOU Cl)yHKHI/II/I Ha BCEX BO3MOXHBIX BXOIHBIX
JaHHBIX. TaKI/IM 06pa30M, 3a OOUH ITUKJI pa.6OTbI KBaHTOBOI'O KOMIIBIOTEPaA MBI BBIIIOJIHAECM
o0nospemenno 2" BBIYUCICHUNA — SKCIIOHEHIINAJILHO OOJBIION O 7 06bEeM BBIYUCIUTEILHON
paboThl. DTO SABJIEHIE OOBIUYHO HA3BLIBAIOT KBGHMOBLIM NAPAAAEAUIMOM.

Onuaxo He Bce Tak mpocTo. s Toro 4robbl W3BIEYL KAKYIO-TO UHGOPMAIMIO U3 TIOJIY-
YEHHOTO Pe3yJIbTaTa, KOHEUYHOE COCTOSHUE KBAHTOBOIO PErucTa HEoOXOommMo mu3Mepurh. Pa-
3yMEeTCsl, MBI MOXKEM IIOCTPOUTH HaOII0NAEMyI0, UMEIONIyI0 2" COCTOSHUN, MPUMEHUTL ee K
HAIIleMy COCTOSHUIO, B KOTOPOM 3aMeIIaHbl BCe 2" Pe3yIbTATOB BBIUNWCJIEHUW, W IMOJIYyYUTH B
pe3yibTaTe C HEKOTOPOU BEPOSITHOCTBHIO omumH u3 2" pesynbraToB. OmHAko 3T0 OymeT BCEro
JIMITE 00O COCTOSHUE KJIACCUUYECKOTO PerucTpa u3 1 6uToB. KBaHTOBas Cynepmnos3uius OymeT
pa3pyllleHa, ocTajbHAas CONEpKaBIIasics B Hell mHDOpMalus B OOIIEM cirydae OymeT HOTepsHA.
CI/ITyaHI/IIO MO2KHO HECKOJIBKO YJIy4YIINTBH, IIOBTOPUB ITUKJI pa6OTbI KOMIIbIOTE€Pa HECKOJIBKO pa3
U TOJIyYUB PACIPENeSieHne BEPOSITHOCTU KOHEUHOTO pe3yiibTraTa u3dMepenuit. OmHako B 0O0IIEM
n OeJIOM MO2KHO HpI/IfITI/I K BBIBONY, YTO MCIIOJIB30BaThb 3KCIIOHCHIIMAJIBHOEC YCKOPDEHUE BbIYN-
CJIEHAM MOXKHO TOJIBKO TOTIa, KOUOa ONWH pPe3yjbTaT U3MEPEHUs CONEPXKUT HEKyIo OOIyIo,
WHTETrPAJIbHYI0 XapaKTEPUCTHUKY 6cCer 3HAYEHWMN BBIUMCASeMON (QYHKINU, T.e. 0OHAPYXKWUBaeT
y 9TOi GQYHKIUNM HEKYIO MEePUONUYHOCTH, CUMMETPUIO WM TPYNIOBYIO CTPYKTYpy. VMmenHo B
9TUX CJIy4dasdaX yHa€TCsa IIOCTPOUTH IIPAKTUYECKU IIOJIE3HBIEC KBAHTOBLIC AJITOPUTMbI.

OTMeTnM erié, 9TO BIOJHE BO3MOXKHO IIOCTPOEHHE KBAaHTOBOI'O KOMIIBIOTEPA, PAbOTAIOIIErO
TOIBKO ¢ 6asoBbiMu cocrosiHumsvMu |0) u |1). VIMeHHO Takoe yCTPOHCTBO M GBLIO MIPEIJIOKEHO
B mepBeIx paborax Peitavana [2]. PyHKIMOHAIBHO OHO NPENCTABIISIET COGOI KOIMIO Kilac-
CHYECKOTO KOMIBIOTepa. B HeM BIOIHE BO3MOXHO KONMpOBaHME MHGOPMAINMM, HO HET U He
MOXKeT OBITh HHMKAKOTO Iapasuenm3Ma. Hmkaxoro oco6eHHOrO BBIUIDBHIINIA IO CPABHEHHIO C
KJTACCHYECKUM KOMIILIOTEPOM TaKO€ YCTPOWCTBO HE HAET, YTO 1 ObLI0 oTMedeHO DeitHMaHOM.

3. KBanTOBBIE AJITOPUTMEI

KoncrpyupoBasne KBaHTOBBIX aJrOPUTMOB CYIIIECTBEHHO OTJIMYACTCS OT IONOOHON mes-
TEIBLHOCTU I OOBIYHBIX KOMIBIOTEPOB. PeasibHO Mmose3Hble ajrOpUTMBI MOXKHO IMEPECUUTATH
0 TmajbllaM, U IPAKTUYECKN BCE WM3BECTHBIE MO HACTOSIIETO BPEMEHU OOCYXKIAIOTCS HUXKE.
He Bce sTu amropuTmbl BBIYKCIUTEIBHBIE, HO BCE IPENCTABISIOT COOOI BECbMa HEOOBIYHBLIE
COCOOBI UCIIOJIL30BAHUS IIPUHIIUIIOB KBAHTOBOU MEXAHUKM.

3.1. MonenupoBanue GU3NIECKUX CUCTEM

HawuGomnee mpocTbiM U €CTECTBEHHBLIM IPUMEHEHWEM KBAHTOBOTO KOMIBIOTEPA, TO €CTh
KBAHTOBOI CHCTEMBl C YIPABIISEMON 3BOJIIOIMEN, MOXKET OKa3aThCS MONEIMPOBAHUE NOPYTUX
KBAHTOBBIX crucTeM. I[Jisi MOmeIupoBaHuUs BEKTOPA COCTOSHUSI KBAHTOBOW CHCTEMBI C PAa3MEpPHO-
CTBHIO IPOCTPAHCTBA COCTOSHUN 2" TpeOyeTcs KIaCCUUEeCKUA KOMIBIOTED C HaMITBIO IIPUMEPHO
TaKOro XKe pa3Mepa, OMHAKO MOCTATOYHO KBAHTOBOTO perumcrpa pasmepa n. s momemupo-
BaHUS HBOJIIOIUANM TAKOW CHCTEMBI B OOIlEM CiIydae HAll0 IIEPEMHOXKATH yHUTAPHBIE MaTPUITHI
pa3Mepa 2™ X 2", TaK UTO M KJIACCUUYECKUH W KBAHTOBBLIA KOMIIBIOTEPHI MOTYT OKA3aThCsS He-
3¢peKTUBHBEI — KBAHTOBAasl CXEMa B IPUHIUIIE MOXKET OKAa3aThCs JKCIIOHEHITNAJIBLHO OOJIBIIIOTO
pasmepa. OmHAKO IOKa3aHO, YTO OUYEHBb IIMPOKUII KJIacC CUCTeM (HaIpuMep, MHOTOYACTUYHBIE
CHCTEMBI C JIOKAJILHBIME B3aUMOAECTBUSAMMI) MOXKET MOLEIUPOBATHCS 3()HEK TUBHO.
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3.2. KBanToBas TesiemopTaiusa

[Ipenmonoxum, HAM HeoOxomumo mepenaTh w3 myHKTa A B myHkT B, or Ammcer x BobGy
(06GBIUHBIE IEPCOHAXKM U3 CTaTell 1O Teopuy MHGOPMAIWNA), ONUH KBAHTOBLII GUT B COCTOSHUN
|¢). Tounee, MBI XOTUM mEpenaTh MOIHYIO UHOOPMAMIO 06 5TOM COCTOSHUW, MaTepUaIbHAS
cucTeMa, Ha KOTODOH peajn30BaH 5TOT OWT, HaM He HyXHA. Ecam cyliecTByeT Kiaccude-
CKUIl aJIfOPUTM IIOCTPOEHUsI COCTOSIHUS |¢b), MOXKHO IepefaTh B IyHKT B 3TOT ajroput™ u
BOCCTAHOBUTL Ha MecTe TpebyeMoe cOCTOsiHME. B IPOTMBHOM ciiyuae, Ka3ajioch ObI, eIuH-
CTBEHHBIM BBIXOOOM SIBJISIETCSI IIOMECTUTH HAINE COCTOSHUE B OOJIBIION MEIOK, W30JIUPYOIIIII
OT BHEIIIHEW CpEeNbl, U B TaKOM Bume puandecku mepenpaBuTh ero B myHKT Bb. Moxkmo Takxke
0OMEHSATH HAIlle COCTOSHUE C IIPOU3BOJILHBIM COCTOSIHIEM KaKOH-HUOYIb CUCTEMBI-IIEPEHOCUNKA,
HampuMep GOTOHA, 1 (GUBMIECKU OTIPABUTH 3Ty 6ojlee TpaHCHOPTabelbHyI0 cucrteMy. Taxon
0O6MeH COCTOSHHUI BO3MOXKEH C moMoIbio ¢yuknum ymnpasisemoe-HE. IIpyroro Bmixoma Bpome
6bl HE CyIIECTBYeT, NOCKOJIbKY IMOJHOCTBIO M3YYHNTh IIPOM3BOJILHOE COCTOSHUE |¢) HEBO3MOXK-
HO — TIEPBOE K€ M3MEPEHNE €ro pa3pyllinT, a HaIelaTh ¢ Hero KOommid HeBo3MOxkHO. OmHaxo B
1993 romy 6b11 o6HApyxKeH crocob [18] mepenaunm n3 A B B mommoi mrGopmanmu o cocTosHIM
|¢), npu xoropom m3 A B B mepemaercs Tonbko kiaccuueckas uabopmarnus! OcHoBana sTa
KOHCTPYKIIUs Ha WCIOJL30BAHUN Tapanokca Jinmrenna-Ilomonsckoro-Posena.

Kax m3BectHO, npemoxkennsit DitainreitnoM, [lononsckum u Poszenom (OIIP) Mbrciennbit
sKcrepuMeHT [15] 1o 0BHADYKEHWIO NAILHONENCTBUS B KBAHTOBOI MEXaHUKE MOXHO CBECTH K
PaCCMOTDPEHUIO Hapbl KBAHTOBBIX CHCTEM C IOBYMs NUCKPETHBIMU COCTOSHUSIMHI Kaxnas (ca-
MHI aBTOPBLI paccMaTpuBajIu O0Jiee CIIOXKHBIN HEIIPEPBIBHBIN CIIyYall CUCTEMBI OBYX YaCTHUIl C
HYJIEBBIM IIOJIHBIM HMITYJIBCOM, M AKIEHT OeJIajiCs Ha NO0KA3aTeIbCTBE HEMOJHOTHI KBAHTOBOME-
XaHNIECKOTO OIMCAHUS HeficTBuTesbHOCTH). Paccmorpum napy wactun A u B co cnusom 1/2
7 0603HAUNM COCTOSHME C MOJIOXKUTEIHHON IPOeKIyell CIMHA Ha OCh z Kak 1), a cocrosHue ¢
orpunaTensHon mpoekimeil kak ||). CucremMa w3 OBYX YACTHI IEPBOHAYAIILHO IIPUIOTABIIMBA-
ercs B cuaryieTHOM 10 crmy coctosamm 1/v/2 (1)) — [1)[1)), a 3aTem wacTumer pasmocsTes
Ha 3HAUYUTE/IFHOE DACCTOSHUE B NPOCTPaHCTBe. II0CKONBKY CyMMapHBIA yIJIOBOH MOMEHT CH-
CTEMBI DaBEH HYJIO, M3MEPEHHe CIONHA YacTUIhl A B IPOEKIMu HAa OOy OChb MIHOBEHHO
IIEPEBONUT dYacTUIly B B cocTosHmE, B KOTOPOM €€ NPOEKIWs CIMHA Ha Ty XK€ OCh B TOU-
HOCTU TIPOTUBOIOJIOXKHA TOW, KOTOpylo Mbl m3mepwm y A. Tounee Gpuio ObI ckaszaTb, YTO
U3MEHsIeTC He COCTOsHUe dJacTuipl B, a nHame snanme (mHbopManus) o6 5TOM COCTOSHUM.
Ilomo6uas “mepenmaua” wmuGOpPMAIUK HE TPOTUBOPEYUT TEOPUU OTHOCUTEILHOCTU JIMIIL TIOTO-
My, YTO HA CAMOM [ejie mejie WHGOOPMAIMS OCTAETCS B IIYHKTE A, MOCKOIBKY M3-33 TEOPEMBI
0 HEKOMMIPYEeMOCTU B HyHKTe B MbI He MOxeM “m3ydmTh’ COCTOsSHME YACTHUILI B, a moTomy
U He MOXKEM IepeciaTh MIHOBEHHBIN CUIHAJI (HEBO3MOXKHO YCTAHOBUTH, KOTIA XK€ CIIELyeT
HAUNHATH U3MEPATH COCTOSHUE YACTUIBI B, a HOBTOPUTH M3MEpEHWe He IMOJIyUnTCs).

Bce, uTo MBI MOXeEM crenaTh, 5TO MOIYUNTH KOPPEJISINI0 MEXIY Pe3yIbTaTaMy N3MePEeHun
mpoekrmit cnmHOB A m B Ha pasnuunble ocu N4, 1)z, MOBEPHYTHIE HA YIJIBL (4, dp K OCH Z.
Teopus [16,17] mpenckasbiBaeT BEPOSTHOCTH NOIYYUTH [IPU TAKOM H3MEPEHNN ONWHAKOBBIN
mta obenx wacTmi pesyisTar (06a “+” mmm o6a “—”) P = sin®*((¢4 — ¢5)/2), TO ecTb HOTL
npu ¢4 = ¢p, 100% npu ¢4 = ¢ + 180° u 75% npu ¢4 — ¢ = 120°. 3amedaTesILHO TO, YTO
HEBO3MOXHO NpUINCATh YacTunaM A um B soxaavmbie, T.e. He3aBUCHMBIE CBOMCTBA, KOTOPHIE
ObI TIOPOXKIIAJM CTOJIb BhICOKME Koppeisiuu. Tax, mias ¢4 — ¢p = 120° jJoKaIbHBIE CKPBHITHIE
HepeMEeHHBIE MOI'YT IOPOMUThH Koppessuuu He Gosee 2/3. IIpoBenenubie skcnepuvenTs [24,25]
TMONTBEPAWIN CIPABEMINBOCTH KBAHTOBON MEXAHUKI.
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Puc. 1. CpaBHeHUE KJ1accn9ecKol (haKCUMUITLHOI Iepeiavn JAHHBIX (CJIEBa) W KBAHTOBOU TEJIETIOP AN
(cupasa).

Ilo ykazamueiM mpuumaam camu 1o cebe OIIP-koppensiuum HenpuromHbl s mepenaydu
nabopmanun. OmHAKO €CiuM MX CKOMOMHUPOBATH C KJIACCHIECKMM CUTHAJIOM, BO3HHUKAET KOH-
CTPYKIWsI, KOTOPYIO OOBIYHO HA3LIBAIOT KBaHTOBO@ Tenenopranueii [18]. Ona wu3obpaxeHa
cIipaBa Ha pHUCYHKe 1.

st nepenaun cocrosiaust |¢) (Gymem HasbiBaThb ero uvactuieil 1) u3 A B B Amuce u Boby
cIlenyeT 3apaHee 3amacTUCh mapon yacturl 2 u 3 B cuursietaoMm OIIP-coctosaun

_ 1
Ps3) = 7 ([T2)ds) = [2)113))

KOTOpBIE CJIeNyeT pasneiauTh u dacTuiy 2 ormaTh Asumce, a wactuny 3 — boby. Moxuo
npencTaBuTh cebe Hekmit “menTp Tenenopranuu’ C, KOTOPBIA M3rOTaB/IMBAET TAKUE IaphI
I 3apaHee pacchbuIaeT BceM kenarormM. CocrosHue yacTunbl 1 MOXKHO 3aIlUCaTh Kak |¢p) =
a|t1)+bl1), rme a u b HemsBecTHBIE KoMITIEKCHBIE KooddumuenTs! ¢ |a|*+[b]* = 1, a coBMecTHOE
cocTtosHme dacTuil 1,2,3 mpemncraBiseT cobol MpsSMOe NMPOW3BENCHUE HE3aBUCUMBIX COCTOSHUN
[61) | Was)-

Han/IHaSI nepenaay, A.HI/IC& n3MepdaeT COCTOsSHME napbl 9aCTUIL lu2s TaK Ha3bIBA€MOM
6asuce bemma, KOTOPBI COCTOUT U3 CUHIJIETA |\I/1_2> U TPUIJIETA

by L ay L
|O%,) = NG (TH2) + 1) T2)),  [|95) = 7 ([T 12) £ ) l2))

KOTOPBIE TIPEICTABIISIIOT cOO0M momubIlt 6a3uc mis cuctembl uacturl 1 u 2. Ilommoe cocrosrue
CUCTEMBI TPEX YaCTHUI] 10 M3MEPEHMUsS MOXKHO HIEPENNCcaTh KakK

a b
|W103) = 7 ([T T2) a) — [T 2)(1s)) + N (Ho T2 a) — 1) H2)[13)) -

B sTom BrIpakenum cocrostHUSA yacTuil 1,2 MOXHO BBIPa3UTh depe3 6asuc bema |\I/f2>, |‘I)f2>
7 TOIy4YnTH

(W 13) = |‘I’12> —als)=blJs))+[W15) (—alts) +bls)) [ @15) (alds) +0I15)) +[ @12) (alls) —bI ) |-
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B momenT m3mepenus cocrosiaue cucteMbl 1,2,3 KOIanCupyeT B COCTOSHUE, COOTBETCTBYIOIIIEE
OIHOMY W3 UJIEHOB 3TOTO BBIpaXKeHus. B pesymbTare m3Mmepenus Ajinca MOJYyYUT ONHO U3
YeThIPeX COCTOSHMI mapbl 1,2 ¢ paBHOIl BepOSTHOCTBIO 1/4, a wacTuma 3, NpUHALIIEXKAIIAS
Boby, coorBeTrcTBEHHO CIpOEHUPYEeTCsS B OMHO U3 YETHIPEX UUCTHIX COCTOSHUIA

‘¢>7_a -1 0 a 0 1 a 0 -1 a
3/ — b |’ 0 1 b )’ 10 b )’ 1 0 b

OTHU COCTOSIHUS JIUIIL (PUKCUPOBAHHBIMU MATPUYHBIMU MHOXUTEISIMU OTJIMYAIOTCA OT MCXOI-
HOro cocrosiuus yactunsl 1. Temepsr Anuce moctaTouno nepenath BoOy IO KJIacCHUECKOMY
kaHaiy (TenedoHy) HOMep pesynbTara cBoero maMmepenus (1,2,3,4), uro cocrasisger nsa Guta
KJIacCUYecKor wHbOopMaImy, Imocjie uero bob6 BOCCTAHABIMBAET U3 CBOEH YACTUIBI 3 KOIIMIO
COCTOSIHUSI YACTHUILI 1, IPUMEHUB K YACTHUIE 3 OOWH U3 YeThIpeX (UKCUPOBAHHBIX YHUTAP-
HBIX onepaTopoB (dbaxTwduecku 510 (Hhas30BbIl cOBUr U BpaieHus Ha 180° BOKpyr oceit z,z,y
cooTBeTcTBeHHO). Tesnenopramus 3aBepiieHa, Bo6 nMeeT KONMio 9acTUIBI 1, HO HUKAKMe KBAH-
ToBBle 00BeKTHI U3 A B B me nepenapasuce! CocrossHume wacTunbl 1 HEOGPATUMO Pa3pPYIIIEHO
U3MEpeHneM, B PyKaxX y AJMCB OCTAJIOCh OOHO W3 cOoCTOsHmil Gasuca Bemma maper 1 um 2,
TeopeMa O HEKONWPOBAHWM HE HAPYIIICHA.

Tenenoprarus sSBJIsSeTCS JIUHEAHON Omepaluel, a MOTOMY OHA OymeT paboTaTh HE TOJILKO
OJIS 49UCTBIX, HO W My cMmemmanabix u entangled cocrosumit. Hampumep, ecim wactwmma 1
ob6pasoBbiBaia mo Ttenenopranuu OIIP mapy ¢ wactumein 0, mocie TeemopTanuyu YaCTHUIIhL
3 u 0 mo-mpexueMy 6ymyT 06pa3oBLIBATL cuHTJIETHYIO mapy. CyiectByer m 0GOOIIEHUME HA
cucteMbl ¢ [N > 2 OPTOTOHAJILHBIX COCTOSIHUI.

Kmnaccuueckoe coobiiienne urpaer CyIeCTBEHHYIO POJIb B 3TOW KOHCTPYKInU. ECIu MOMbI-
TaThCsa “yramgaTh’ dTO COOOIIEHWE U BHIOPATH OMEPATOP PEKOHCTPYKIIUU CIIyYalHBIM 00pa3oM,
TIOJTyYUTCST PABHOMEPHAsI CMECh BCEX BO3MOXKHBIX COCTOSHWI, HUKAK HE KOPPEIUPOBAHHAS C
UCXOMHBIM cocTostHueM. [locmaThs TakmM crmocob0M CBEPXCBETOBON CUTHAJI HEBO3MOXKHO. Takmm
06pa3oM, TEJEIOPTAIUs 3aBEPIIACTCS TOIBKO B MOMEHT HPUXONA KIIACCHYECKOTO CUTHAJA, TO
€CThb IPOUCXONUT OHA BHYTPU CBETOBOTO KOHYCA M HE HAPYIIAET HUKAKUX (PU3UUIECKUX 3a-
KOHOB. JIIOGOMBITHO TO, UTO IJIS BBIMOJHEHUs Tejenopranuu Ajuce naxe He HYXHO 3HATH
MecTOoHaxXOXkOIeHNe Boba — Kitaccmyeckyro WHOOPMAINIO MOXKHO MEPENATh IIIMPOKOBEIIIAHUEM
(mo TeneBM30pY), KOIUS BOCCO3HACTCS TaM, TI€ HAXOMWUTCSI YaCTULA 3.

Broimonsensr mepBbie 9KCIEPUMEHTHI [0 TPAKTUYECKON Peanm3anu KBAHTOBOW TEJIEHOPTa-
nuu oTaenbHbIX GoToroB [20]. IlepenaBanucy cocrosHms mossgpusamuy GOTOHA B HAIPABICHUN
+45° k oCcsIM KBAHTOBAaHWS W WX JIMHEWHAs KOMOMHAIWS — COCTOSHUE KPYTOBOH MOJISPU3ALINN.
B kauecTse ucrounuka OIIP-map mcmosnb3oBaiach nmapaMeTpUuecKas KOHBEPCUS B HEJIMHENHOM
KpucTajjle, Ipu KOTOPOU YyIbTPaduUOIIeTOBBIN (OTOH pacmanaeTcs Ha Iapy (OTOHOB Kpac-
HOTO IIBETA C OPTOTOHAJIBLHBIMU COCTOSHUSME MOJISApU3aIuu. B HACTOsIee BpeMs HEUM3BECTEH
KaKOU-ub0 Crocob BBIMOJHUTEL MOJHOE u3MepeHue B Gasuce benna. OxcmepumenTaTopbl 060-
TN 3Ty TPYOHOCTH, BBIMOJIHSS W3MEPEHWS B MPOEKINU HA OOWH m3 BeKTOpoB Oasuca besma
(CHHIJIETHBIT), YTO BCe XK€ MO3BOJIseT BBLINOJIHUTL Tenenoprauuio B 25% ciaydaes.

B cern Internet mocrymen on-line 0630p o kBaHTOBON Tesenopranuu [19] u opurnHaILHLIE
crareu [18] u [20]. Ects u nomymnsproe omucanume [21] 9TOro sKcrepuMmeHTa.

B ommoMm m3 coBerckux danTacTHUECKUMX PacckaszoB 60-Xx romoB OBLT OCYXIEH HA IOXKU3-
HEHHOE 3aKJ/II0YEHNE KOHCTPYKTOP CHUCTEMBI TEJIeOpTalny, KOTOPas KOIMUPOBAJA IPEIMETHI
Ha BBIXONE, YHUUYTOXKas Ha Bxome. Ile0 BCKPBIJIOCH, KOT[a CHUCTEMA CKOIUPOBAJIA YEJIOBEKA,
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HO 3a0bLjIa YHUYTOXUTL opuruHaj. Co3maTessM CUCTEMBI KBAHTOBOW TEJIENOPTAIIN MONOGHAS
y4aCcTh HE T'PO3WUT...

3.3. @akTopu3aius 60JILIIINX YUCEeJT

daxropusamus (pasnoxkenue Ha MHOX)uTean) Gonbiunx (100 u Gonblre mecsTUIHLIX IUdp)
quCesl ABJISIETCS OMHON W3 aKTYaJIbHEUINNX 331ad COBPEMEHHOI TEOPUU UUCETI U KPUITOAHAIU-
3a. 3aa4a dTa SIBIISIETCS] BHIYUCIUTENBHO CIIOXKHON, MOCKOJIBbKY TPYIOEMKOCTb BCEX M3BECTHBIX
KJTACCUYECKUX AJTOPUTMOB €€ PEIICHUs IKCNOHEHUUAAbHO PACTET ¢ pasmepoM 3amauu. lomy-
CTUM, HAM HEOOXOMMMO PAa3IOXWTH HA MHOXWUTENIW Ynucio [N, B OBOMYHON 3aMUCH KOTOPOTO
n paspsnos. OueBumHbIl coco6 — mnonpoboBarh momenuTh N Ha Bce Henble ducia (Wi Ha
BCe IPOCTHIE YWCIIA, Das3HWUIA HEBEIWKa) OT 2 [0 V/N. Ecim y umcia N HET MaJIeHbKUX
menuTeneit, npunercs nepebparb nopsnka v N ~ 2%/2 papunanTo. CyIeCTBYIOT XUTPOYMHEIE
AJIrOPUTMbBI THUIA “KBAIPATUIHOrO pernera’ m “pelrera YUCIOBOTO TOJISL’ , KOTOPHIE PEIIAl0T
5Ty 3amady 3a Bpems mopsamka exp(cn'/®), rme ¢ ecTh KOHCTaHTA TOPANKA ENUHUIELL. OTH
anroputMbl paxTopu3yoT yucio n3 100 necstwunbix nudp 3a Henmenu, HO mitst 200 uudp HyXK-
HBI y2Ke MIIIHOHBI jeT. Jlo cux mop HEem3BECTHO, CYIIECTBYET JIU KITACCHYECKUH AJIrOPUTM
daxkTOpU3anMU C NOAUHOMUAADHOU TIO T CIIOXKHOCTBIO.

C 3amaueil (HakTOPU3AIMY TECHO CBSA3aHA TAK HA3BIBAEMAasl 3a1a4a O JUCKPEMMHOM A02apud-
me. 3amano wucyio N u nensie uncna a,b < N. Hemoe uncimo x < N HasbiBaeTCS JucKpemmbim
ao2apudmom b O OCHOBAHUIO ¢ U MOIYII0O N, €Ciii OHO SBJIIETCS PEIIEHUEM yPABHEHUS
a® = bmod N. Cunraercss, 4TO BBIUMCIUTEILHAS CJIOXKHOCTH MUCKPETHOTO JIOrapudMUpOBa-
HUSI TPUMEPHO TaKas Xe, KaK y (HaKTOPU3aln.

Samauum 5TH KpalHe BaXXHbI B KPUNTOrpaduu, MOCKOJBKY HA HUX OCHOBAHBI MPAKTUYECKU
IIUPOKO WCIOJIb3yEeMbIe AJITOPUTMBL wudposanud ¢ omrpoimbim kKaowom RSA m El Gamal,
KOTOPBIE TO3BOJISIOT OCYIIIECTBUTEH HA MEPBBIN B3IV HEBO3MOXHOE — KOHMDUICHIIUAILHYIO
CBSI3b IO OTKPBITOMY KaHady. Amroputm “pykomoxarus’ Db ['amasab HACTOIBKO HPOCT, YTO
€ro MOXKHO OIICATH B HECKOILKUX CTpOoKax. AGoHeHTHI A u B XOTAT yCcTaHOBUTHL CEKPETHYIO
CBs3b IO KAHAJY, 68Ce COOOIIEHUs TT0 KOTOPOMY IPOCMATPUBAIOTCSI CTOPOHHUM HAOIIIOIATEIeM.
MoxkHO ucrnonb30BaTh mudpoBaHUe, HO KaK nepenaTh napoib?! AGomenTor A u B

e omKpbvimo BHIOEpaioT 6osbIoe mpocToe unucyiao N u uumciio e < N;

e TaHO M HUWKY[a HUYEro He Iepenasas, A BbIOupaeT cirydaiiHbIM obpasom umciao A < N,
B Bribupaer uucio B < N;

e A srramciger e” mod N u mepenaer ero bB;

e B Brranciser e mod N u mepemaer ero A.

Teneps u A, u b MOryT HE3aBUCHMO BBIYUCIUTE UUCIIO
X = (e?)* mod N = (e*)® mod N,

KoTOpoe u OymeT Ciyx)uThb maposieM. HabmronaTenio, KOTOPBIN BUOENT BCE, HE MOCTACTCS HUYIETO,
HOCKOIBKY U3 TIPOIIeqmux 1o Kanaiay e u e® meBosmoxkHO 3a pasymuoe Bpems Haiitm A u B.

Anroputm RSA (masBamubll mo mMeHam aBropoB: Pusepa, ITamupa, Annemana) nopo-
IWJI TENTBIA KJIaCC MEeTONOB Iu(pPOBAHUS, IJI KOTOPHIX U NMPUBUIIOCH HA3BAHUE wWUPPOBaAHUE
c omKpuIMbLM KAt0uoMm. Bce 5Tu METOmbI YCTPOEHBI TaK, YTO OHU HMEIOT OBA KITIOYA, OMWH
UCIIOIB3YEeTCS TOJBKO MJIs uPOBAHUS TAHHBIX, IPYTON — TOJIBKO MiIst paciudpoBku. 1loms-
30BaTEb B COOTBETCTBUU C aJITOPUTMOM TE€HEPUPYET TaKyIO Mapy KIIIOUEH, MOCJEe Yero KITIoU
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mmbpoBanus (nybauunbll Kat0u) PA3maeT BCEM JKENAOIINM, a Kikod nermdpoBanus (npusam-
Hoill Katou) XpaHutT y cebs. B pesynbrare oH momydyaeT KOH(DUIEHINAIBHBIA IOYTOBBII SAIINK —
JTI000M KeJTaloIuil MOXKeT 3alu(poBaTh HUCHMO OTKPBITHIM KJIIOUOM U OpOCHTH €ro B SIIUK,
HO TOJIBKO XO3MH MOXKET IHUCHMO NOCTaTh (memmdpoBaTh). DTOT aJrOPUTM TONUTCA U MIJIs
Iepenady napoJis M0 OTKPBITOMY KaHAaJIy: KaXXIas CTOPOHA, IOIPOCTY CO3MIaeT COOCTBEHHYIO
mapy KJodell m coOOCTBEHHBIR “mouToBbii sk’ . K coxkalleHnio, BCe M3BECTHBIE AJTOPUTMBI
mnPOBAHUS C OTKPBITHIM KIIFOYOM O4YEHb TPYHOEMKHU, MMOITOMY BBITOMHEE IEPEenaTh HapOilb
s 6oJiee MPOCTOro MeTona IMudpoBaHUs, YeM IMu(PpPOBATH BECh MOTOK MNAHHBIX. A BOT I
muceM BpeMs ImdpPOBaHUS OCOOON POIM HE UIpPaeT, TaM OIMUCAHHBIE METONIBI WMCIOJIB3YIOTCS
HETIOCPENCTBEHHO.

CTOnb Ke eCTeCTBEHHO B JTUX METONaX BO3HUKAET M KOHCTPYKIWMA yudposot modnucu.
Ecoun coxpamuTth B Taline ko4 mumdpoBaHWs, a MyOIXYHO PACIPOCTPAHUTH KJIIOY IEIIN-
(poBKM, TOJIBKO aBTOP CMOXKET 3aIudpoBaTh COOOIIeHUE, a pacindpoBaTh U IPOBEPUTH €r0
cMOXxeT JTI0601 xKesmarormii. Bo Bcex m3BECTHBIX HA CETOMHSIIIHAN IEHL aJIropuTMax ImudpoBa-
HUS C OTKPBITBIM KJIIOUOM KaXXOBIM KITIOY IIPeAcTaBseT coOOM mapy OOIBININX IIEJIBIX YUHUCET, a
B37I0M wmndpa (HAXOXKIEHNE 10 OTKPLITOMY KIIIOUy IPUBATHOTO U HA060POT) TpeGyeT pereHns
samaun dakTopusanuu (B HEKOTOPBIX CIIydasxX 3a[aduil HAXOXKIEHUS AUCKPETHOro jorapudma).

B 1994 romy Ilerepy Ilopy (Peter Shor) ymamock mocTponTh KBaHTOBBI aJI'OPUTM, De-
IO 3ama49u GaKTOPU3aNUY U OUCKPETHOro Jjorapudma 3a MOIMHOMUAJIBLHOE BpeMs [22].
OTOT UBAIIHBIA PEe3yibTAT OCHOBAH HA WUCIOJIBL30BAHUM KBAHTOBOIO MApPaJUIeIM3Ma U CBEIe-
HUS 330a9d K [IOWCKY mepuona HekoTopon ¢yukiuu. [lycTs HaM HEOOXOOMMO PA3JIOXKUTH HA
MHOXUTeMn HekoTopoe uucio IN. Bribepem mpomsBosbuOe a < N um paccMoTpuM (YHKIIUIO

fn(z) = a® mod N.

OTa QYHKIUSA SBIISETCA EPUONUYHON C HEKOTOPBIM IEPUONOM I° XOTS ObI MOTOMY, UTO UKCIIO
ee 3HaueHun komeuHo. Eciu N mpoctoe, To r = N — 1, HO 5TOT CIydaill JIErKO MCKITFOYAETCS
KJTACCUYECKUMU METONAMHE, CYIIIECTBYIOT OBICTPBIE AJITOPUTMBI MIPOBEPKM MPOCTOTHI yucia. B
o0I11eM ciTydae mMeeM

fv(z+7)= fy(x) u coorBercrBerHo a” =1 mod N.

Ecnn msBecTHO r (muCKpeTHBIH jorapudM eNUHUIBI II0 OCHOBAHUIO a), pasioxkenne N Ha
MHOXKUTEJIN JIETKO HAXOOUTCA KJIaCCUYECKUMU METOOAMMU. HeﬁCTBHTeHLHO, eciima r quHoe, n3
a” —1=0mod N nmeem

(oﬁ/2 - 1) (a’“/Q + 1) — 0 mod N.

Ilockonbpky mpousBenmeHume B JIEBOM YacTHU OeIUTCA Ha [N, €ro COMHOXWTENN MOOJIXKHBI UMETh
obuwe ¢ N penuTenyu, KOTOpble U HAXONATCS KIIACCHUECKHM ajropurmoM EbBkimuna (momcka
HauGOoIIbIIIero o6Iero nenurens). Eciu r HeueTHOE MM MHOXWUTENb B JIEBOIl YaCTH BBIPOXKIA-
€TCsI B HOJIb, QJITOPUTM IIPOBAJIMBACTCS, U HAM CJIeAyeT BbIOpaTh apyroe a. llpm Gombiimx N
9TO CIyYaeTCs OYEHb PENKO.

3apgaua HAXOXKIEHUS T €CTh 3aa9a O OUCKPETHOM Jjorapudme M KIIACCUUECKOE €€ PEIICHUe
3a TOJIMHOMUAIBLHOE BpeMs Hem3BecTHO. KBanTOBOMexaHmueckas dacThb ajropurMma [llopa u
npenHasHadeHa Ojiss ObIcTporo momcka r. Iljas perreHust 5TOR 3amaduM MBI UCIOIL3YyEM KBaH-
TOBBI KOMIILIOTED C OBYMsI KBAHTOBBIMU PETUCTPAMU MJIUHBI N Takow, uro M = 2" > N,
M ~ N?. AIropuT™M BBITISANT CIETYIOIIIM OOPa30M:
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o IlpuroToBuM KJacCHMYeCKuM IMyTeM 00a PErucTpa B COCTOSHUI \0> IlepeBenem BxOmHOMI
peructp B “yHEHBEpcajbHOE” COCTOSHHE, B KOTOPOM C PABHBIMEU AMIUIATYOAMI IPUCYT-
CTBYIOT Bce 2" BO3MOXKHBIX COCTOsIHUMI. Peanusyercs 3TO melicTBHe NIPOCTO, NOCTATOYHO
[IONECTBOBATh HA KaXKOLI OUT B OTHEILHOCTH mIpeobpasoBanumeM Amamapa H, koTopoe
otobpazxkaet [0) — 1/v/2(]0) + [1)) :

HI0)-+-H10) = 55 (0)+ 1) = == 3 [o).

e [lpuveHnM K HAIMM PerucTpaM KBAaHTOBYIO cxeMy, KoTopas Borauciser fy(z). Cyime-
CTBYET OBICTDHIN KIIACCUUECKUU AJITOPUTM BBIYUCIIEHUS dTON (YHKIIAM, MOXKHO IIOKa3aTh,
9TO MPU DTOM YCIOBUM BCEr[Ia CYIIIECTBYyeT u OBICTPBIM KBAHTOBBI amajor. Hammm pe-
TUCTPHL IEPENOYT B COCTOSHUE

—= 3 [}l (@),

B BBIXOZHOM permcrpe BO3HUKIIA CYHNEPIO3UNNS BCEX BO3MOXKHBIX 3HauYeHUN [y ().

e V3mepum cOCTOSTHUE BBIXOMHOTO PETUCTPA. DTO U3MEPEHUE MACT HaM 3HAadeHue (HyHKIIN
fn(k) npum xakoM-TO ciay4aiiHOM k, a COCTOSHME BBIXOLHOIO PErHCTPa COOTBETCTBEHHO
penyuupyercs no |fn(k)). VIsmeperHOe 3HaueHnme HAC He MHTEPECYET, HO BOT COCTOSHIUE
8X00M020 PEruCTpa TPU 3TOM PENyIUPYeTCs OO0 JIMHEHHOW KOMOWHAIMU TeX W TOJILKO
TEeX COCTOHHI/IfI, KOTOpBIE COBMECTHMMBI C MU3MEPEHHBIM Ha BBIXOHNE 3HAYCHNEM, TO €CTb
COXpaHATCA Te , misd KoTopuix fy(x) = fy(k), T.e. z =k, k+r k+2r, ...

[ ] I[.H}I N3BJICYCHU A BO3HI/IKHI€I‘/1 BO BXOOHOM DpPErucTpe neprmoaMYHOCTU IIPUMEHUM K HeMy
KBaHTOBOe IpeobpasoBanume Dypbe

1 M—-1

U‘.’L’> — M Z eiQWkw/M‘k>

k=0

u m3MepuM pesyiabrar. [Ipm npeobpasosanuu Pypbe mepuwon r mpeobpasyercs B M/r,
U C BBICOKOII BEPOATHOCTBIO MBI M3MepuM d4uciao 6imskoe K jM/r ¢ Hexkmm j =1,2,. ...
OusTh-Takn KIacCUYeCKUMU CPENCTBaMu (pas3iiokeHreM B HENPEPBIBHYIO NPOOb, BCE TOT
XKe alropuT™ EBKnnma) Mbl U3BIIEKaeM U3 3TOTO YHUCIIA T, HA UeM AJITOPUTM 3aBEepIIaeTCs.

Amropurm Illopa sBisgeTcs BEPOSTHOCTHBIM CO CPEOHEN CJIOXKHOCTLIO IOPSOKA logs(N ).
Ilo-Bumumomy, >pdexTUBHOCTL AJITOPUTMOB MOMOOHOTO THUIA OCHOBAHA HE TOJIBKO HA DKCIO-
HEHIINAJILHO OOJIBIIIOM KOJIMYECTBE YYACTBYIOIINX COCTOSHUNI, HO W Ha CBOEOOPA3HON IEpPEKaUKe
uaboOpManuu npu pexyiupoBaHun ‘ckpydenaoro” (entangled) cocrosus |z)|fx(x)).

3.4. Tlouck B 6a3ze maHHBLIX

Eiie ogauM npumepom 5hp¢heKTUBHONO KBAHTOBOTO aJrOPUTMA SIBIISETCS AJTOPUTM IOUCKA
nHbDOpPMallI B HEYHOPSOOYEHHON Oa3e MaHHBIX, MHOTOA HA3bIBAEMBIN yYHUBEPCAJIBHBIM AJIro-
purmoM nepe6opa. B 1997 rony B paGote [27] GbLT mpemiokeH GBICTPHIN AJITOPUTM DPEIICHUS
CIIEMYIOIeN TPOCTON 3a0a4un: 3a0aH HEYIOPSOOYeHHBIN Habop m3 [N mpemMeToB, HAWTH HOMED
IIpemMeTa, COBIAIAIOIIEr0 C HAaHHBIM o6pasnoMm. HeTpynmHo mokasaTb, UTO KJIACCHYECKWH Me-
TOZ TOCIIEIOBATEILHOIO CPaBHEHUS 06pa3na co BceMu IpemmeraMu norpebyer B cpemaeM N /2
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cpaBuenuii. IIpensoxensnrii ['poBEpOM KBAHTOBOMEXAHUYECKUI aJrOPUTM TpebyeT MOpsmKa
V/N maros. Pa6oraer ou CIIemyIonuM o0pa3oM.

Mpbl MOMXKHBI KaK-TO OTJIMYATHL HYXKHBI BJEMEHT 33 HOMEPOM j OT BCEX OCTAJIBHBIX,
HEHYXHBIX. [IpenmosoxkuM, 94TO HAMHU JIsl DTOW 1EIM CKOHCTPYUPOBAH YHUTAPHBIA OMEPaTOpP
CpaBHEHUS S, KOTOPBIA BBINESET HYXHBIA 3JIEMEHT CJENYIOIMM 0Opa30M: OH NENCTBYET KakK
TOXKIECTBEHBINI HA HEHYKHbIE 3JIEMEHTHI M MeHseT da3y y HyKHOTO:

Sli) = li) mpu i # j m S|j) = —[j).

Bo3bMem xBaHTOBBII perucTp, HOCTATOYHO MJIUHHBIA, ITOOBI YUCIIO €r0 COCTOSHUN ITPEBBIIIAIIO
N. IlepeBemem ero B “yHuBEpCaJibHOE” COCTOSIHHE, B KOTOPOM BCE BO3MOXHBIE COCTOSIHUS
perucTpa MPUCYTCTBYIOT C paBHbIME ammanTynamu. OGO3HAYUM aMIUTUTYIY BBIIEJIEHHOTO
cocTostHus @, 06braHoro b. Eciau cocrosinme permcTpa sl KpaTKOCTH 0603HAYATHL MAPOU ITUX
aMIJINTYHI, MOXKHO OINCATH UCXOOHOE COCTOSHUE KaK

la,b) = alj) +b_ i),

i#]

rme mo ycsosmio HOpMuposkn a’ + (N—1)b® = 1. B mcxomsom cocrosmmn a = b = 1/v/N.
IIpuMeHEM K 5TOMY COCTOSHEIO CII0XKHOEe peobpasoBanue Ug, KOTOPOE OPENEIeHO CIILYIOIIIM
obpazoM: cHauasa mnpeoGpaszoBanme S, 3arem mnpeoGpasosanme dypbe, CMeHA 3HAKA y BCEX
KOMIIOHEHT 3a uckimodenneM |0), o6paraoe Pypre-npeobpasosanme. MoXKHO IOKA3aTh, UTO 5TO
npeoGpa3oBaHue IPUBONUT K CIEAYIOIIEMY Pe3yJIbTaTy:

Ucla,b) = b+ a, b—

IN-2 N—-2 N-—2 2>
N N N N

Kosdpdurnment mpu BbIOeeHHOM 3JIEMEHTE CTaj HECKOJBLKO OOJIbIlle, UeM NOPU OCTAJILHBIX.
DaxTUYECKN BBIMOJIHEH HEKUU MOBOPOT B IPOCTPAHCTBE COCTOSHUI B HAMPABICHUH YHCTOTO
cocrosrmst |j). Iamee MbI IpocTo mpuMersieM mpeoGpasoBamme Ug m pas, toe m =~ (1/4)v/N.
IIpu 5TOM HCXOmHOE COCTOsIHIE NPUGIKAeTCs K aucToMy |j). OcTaercs TOIBKO ero M3MepuTh.

WMuorma sTOoT METON CpaBHUBAIOT C BHIMEUKOW MUPOra B ME€YX: KBAHTOBOE COCTOSHUE IIOME-
10T B “KBAHTOBYIO II€YL’, U OTBET MENJIEHHO BLI3PEBAET IO I'OTOBHOCTU. KCjM €ro BBIHYTH
CIIUIIIKOM PaHO, OH OyIeT ChIPOM, HETOUHBLIN; €C/IU TepenepXKaTh, OH CIOPUT M PAaCCHIIJIETCS.
IlokazaHo, 9TO METOm TOT ONTUMAJIEH — HUKAKON KBAHTOBBIM aJITOPUTM HE MOXKET paboTaTrh
ObICTpee YeM 3a BPEMs MOPSIKa O(\/N ). CriemyeT 3aMeTHUTh, YTO YCKOPEHUE B TAHHOM CiIydae
HE YKCIIOHEHIIMAJILHOE, TaK YTO IJIsi TEOPUU BBIYUCICHWA 3TOT METON HUYErO0 HOBOTO HE MAET.

Onrako MPAKTUYIECKas IMOJIE3HOCTh MAHHOTO METOHA BeIKa. OTO M B CAMOM [ejle YHU-
BepcasbHBI ajnroputM nepebopa. CyIecTByeT MHOXKECTBO 3aad, B KOTOPBIX HANTHU peIleHue
HEJIETKO, a MPOBEPUTH, YTO PEIlIeHNE TPABMWILHOE, IPOCTO. JPKUM IpUMEPOM SBIISIETCS TOOOO0D
maposs K IudpOBaHHBIM HAHHBIM. JI00yI0 Takyi 3amady MOXKHO B KPAlHEM C/Iydae peIlaTh
MOHBIM Tlepe6opoM MeTonoM ['poBepa — MPOBEPKY IPABUILHOCTHU PEIICHUS MOXKHO BCTABUTH
B aJrOpuTM CpaBHeHus S.

3.5. KBanToBas KOoppeKIus Oormnbok

AsropuTMBl GakTOpU3ANMYA U TOUCKA, ONMUCAHHBLIE BBHINE, TPEOYIOT IS MPAKTUYECKUA TO-
JIE3HOU peaIn3alluy TSACSY KBAHTOBBIX OMTOB M MUJIJIMOHOB KBAHTOBBIX JIOTMYECKUX IIEPEXOIIOB
(MonmenupoBaHue (QU3MUECKIX CUCTEM MOXKeT ObITH IOJIE3HBIM y2Ke IIPU pa3Mepe KOMIIBIOTEPA B
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HeCKONIbKO 6uT). OmHAKO abCONIOTHO TOYHAS pean3alis OINEePATOPOB SBOJIIONNK (KBAHTOBBIX
[epexXonoB) u abCOIIIOTHAS M30JIOLMsST CUCTEMBL OT OKPYXKarollell cpenbl (rapaHTUPYIOIIas yHI-
TapHOCTH HBOJIOIUN ¥ COXPAHEHNE KOIE€PEHTHOCTH COCTOSHUI) HeBO3MOXKHa. COOTBETCTBEHHO
OmmOKM B OPUHIUIE MOTYT OBITH OBYX BUIOB — OOPATUMBIE, BBI3BIBAEMBIE HETOUYHOCTHIO De-
aIM3aIny OIIEPATOPOB DBOJIIONUN, U HEOOpPATUMBIE, T.€. IOTEPH KOTE€PEHTHOCTHU, BBI3BLIBAEMBIE
IMapa3UTHBIM B3aMMONENCTBUEM C MAKPOCKOIMYECKUM OKPYKEHWEM WM CIOHTAHHBIM W3JIyde-
uueM. Kax MblI yxe BuAenuw, B OTJIUYAE OT KJIACCUYIECKOTO KBAHTOBBIA KOMIIBIOTED SIBJIISIETCS
CHCTEMOU He C OUCKPETHBLIM, & C HENPEPBLIBHBIM IIPOCTPAHCTBOM COCTOSHUN, B PE3YIbTATE UEro
MaJible OIMMOKW MOTYT HAKAILUIMBATHLCS M B KOHIIE KOHIIOB HApyIIaTh paboTy KoMmmbroTepa. B
COOTBETCTBUU C 3TUM [0 IOCJEMHETO BPEMEHU CUMTAJIOCH, YTO KPYIMHOMACIITAOHBIE KBAHTOBBIE
BBIUNCJIEHNS] MOTYT OKa3aTbCS B IPUHIUIE HEBO3MOXKHBIMU.

Ionoxenue B xopHe m3MmeHusock B 1996 romy ¢ nossienunem paborsr Ilerepa Ilopa [23], B
KOTOpOIl ObLIM TPENJIOXKEHBI KBAHTOBBLIE KOOBI, KOppekTupyorme omubku. Koncrpykius sTa
peajim3yeT, Ha IIEPBBIA B3IVIAN, HEBO3MOXKHOE — OHA IO3BOJISET IEPEBECTU KBAHTOBBIA KOM-
OBIOTED B “OpaBMWILHOE” BBIYUCIUTEILHOE COCTOSHUE, HE M3MEPSS €r0 COCTOSHUS U HAXKe B
ciyuae HeobpaTuMbix ommbok. [loCKOMbKY OTCYyTCTByeT mM3MepeHne, OTCYTCTBYET U CBSI3aHHAS
¢ HEM TOTEPsi KorepeHTHOCTHU. locTUraeTcss 5TO B MPUHIAIE TEM XKe IIyTeM, UYTO U B KJIACCU-
YEeCKUX KOIaX, KOPPEKTUPYIOIINX OIIMOKM: K KaxXImoMy WHGOPMAIWOHHOMY OUTy moOaBIIsIeTCS
HECKOJIBKO CIIY2KEOHBIX, HA3BIBAEMBIX OOBIYHO OOOJIOYKON, aHCWIIION. ['pynmna sTux pu3maeckumx
OuToB 0Opa3yeT JIOTMYECKUN OUT, COCTOSHME KOTOPOTO M WCHOJIB3YETCS B BBIUUCIEHUSAX, a
TIOJTHOE IIPOCTPAHCTBO COCTOSHUU BCEX (M3MYECKNX OUTOB IlepecTaeT OBITH HENPEPHLIBHBIM U
pa3buBaeTcs Ha SUYEWKW, PA3JIMUIME COCTOSHUU BHYTPH KOTOPBIX HA COCTOSHUE JIOTMYECKOTO
6uTa HEe BIUSIET W BPEMs OT BPEMEHHU KOPPEKTUPYETCsA. BepOATHOCTHL MEepEeCKOKa U3 STUCHKU
B SIYENKY U COOTBETCTBEHHO HEKOPPEKTUPYEMOU OIIMOKM MOXKET OBITH CHejaHa IIPOM3BOJILHO
MaJIoH.

Ha mpumepe kiaccwyeckmx KOMOB IMOKAXKEM MPUHIINAI, KAKUM OOPA30M TakKas CXEMa MO-
xkeT obxomuThbesi 6e3 m3mepennit. Kiaccuueckuili KOm, yCTOWYMBBLIA K OMIMOKAM, MOXKET ObITh
IIOCTPOEH CJIEOYIONIUM O0pa3oM: M3 BCETO MHOXECTBA N-OMTHBIX OBOMYHBIX YHCENI BBIOEPEM
IMOOMHOXECTBO YHCET “HACTOJLKO PA3JIMYHBIX’, UTO OHU OCTAIOTCS PA3INUYHLIMEU TayKe IOCIIe
noGasrieHns. K HUM (IOGUTHOTO CIIOXkKeHUs 6e3 mepeHoca) Joboro 4ucsia u3 IPenonpenesieHHOTO
“MHOXKeCTBa OIMOOK”, HAIIPUMED BCEX YMCET C €IMHCTBEHHLIM HEHYJIeBbIM OuToMm. Eciau BBI-
OpaHHOE OOMHOXKECTBO UYHCEJI 3aMKHYTO OTHOCHUTEIILHO CIIOXKEHWS, KO HAa3bIBAETCS JIMHENHBIM.
JIVHENHBIN KON MOJTHOCTHIO OIPENENISIETCS er0 Mampuyeld Kowmpoad yvemuwocmu H |, xoTopas op-
TOTOHAJIBHA BCEM KOPPEKTHBIM KOmoBhIM ciioBam: H -u = 0. OTcioga ciiemyeT, 4TO €ciu HaMm
BCTPETWIOCH HENPABUWILHOE KOINOBOE CJIOBO U4 = U + € C HEeKUM OIIUOOYHBIM BKJIAIIOM €, TO

H-vw=(H-u)+(H-e)=H-e.

Ecnun u3 mocsensero BhIpaxKeHUs MOXHO BOCCTAHOBUTL €, YTO BO3MOXKHO [MJIS BCErO KJacca
KOPPEKTUPYEMBIX OIMMOOK, TO MBI MOXKEM BBIUECTH 3TO € U3 U’ W BOCCTAHOBUTL u. Takas
omeparys BOCCTAHOBJIEHUS He 3aBucuT OT u. OTcioma ciemyer, UTO JIsi KOPPEKIUHU OIITUOKI
BOBCE He HYXKHO 3HATh (M3MepSITh) TO COOOLIEHUE, KOTOPOE MBI KOPPEKTUPYEM.
KoncTpykiinn KkBaHTOBBIX KOINOB, KOPPEKTUPYIOIINX OIMMOKU, MOCTATOYHO CIOXKHBI, U MBI HE
OymeMm BraBaThbes B merasu. Cyxoil ke ocTaTok cocTout B cienyiomeM. CyIecTByeT HEKOe Io-
POrosoe€ 3HaveHue TOYHOCTU Ha OOUH IIIar 50, TaKO€ 4TO IIpu MEHbBIIEN IO PEITHOCTU BO3MO2KHO
CKOJIb YyIrOOHO JIMHHOE€ KBAHTOBOE€ BbIYUCJICHUE (Hpmqu IOTPEITHOCTU MOTYT BO3HUKATBH BO
BCex OuTax, U 3HAUAIMX, 1 KoppekTupyiouwx). Ouenku 0y konebmorces B quanasose ot 1/300
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o 107°. B mpuHNmIE BO3MOXKHBI U CHCTEMBI, B KOTOPHIX YCTOHUMBOCTH K ONIMOKAM 3aJI0XKCHA
Ha “¢usnueckoM” ypOBHE, HAIIPUMED CHUCTEMBI, OCHOBAHHbBIE Ha AHWOHHBIX BO30YyXIeHusx [26].

3.6. KBanrToBas kpunrorpadus

OpmauM u3 BaXXHENINUX W OBICTPO PA3BUBAIOIINAXCS MPAKTUYECKUX MPUIOKEHUN KBAHTOBOM
Teopuu MHGOPMALNK ABJIAETCA KBaHTOBas Kpunrtorpadus. OCHOBHAS Uaess KBAHTOBON KPUIITO-
rpaduy IpoOCTa U MOHSTHA: IOCKOJIBKY CKONUPOBATH (Pa3sMHOXKWUTH) KBAHTOBYIO MHGDOPMAIIIO
HEBO3MOXKHO, KBAHTOBO€E COOOIIIeHNE 100 IpuaeT IO Ha3HAYECHUIO, JIU0O0 MIonaneT K CTOPOHHEMY
HabJIIONaTeN0, HO TOrAa 9TOT (PAaKT MOXKHO OOHADPYXUTh. BO3MOXKHO yUYecTh M IOTEPIO HEKO-
TOPBIX OUT M3-3a IIyMa U OrpPaHuYeHHON 3(PdekTuBHOCTH NeTeKTOPOB. CyIIeCTBYyeT HECKOIBLKO
cxXeM KpUNTorpadumuecKnxX IIPOTOKOJIOB, WCIOJIB3YIOIINX IIepernady KBAHTOBOW WHGHODPMAIINU.
OGBIYHO OHU OCHOBAHBLI HA WCIOJL30BAHUU MIBYX HEKOMMYTHUPYIOIINX HAOIIONAEMBIX WX HA
ocuose mapanokca OIIP (xBanToBoOil Tenenopraryn).

Tenmenopranust u gpyrue cxeMbl Ha ocHoBe mapamokca OIIP mpencrasmsior coboit Beamko-
JIETHBIE METOOBbI Iepenadn MmudpoBaHHON MHPOPMAaIWU: NOBOJIBLHO TPYIHO IPENCTABUTH cebe,
rIe Xe MepemaBaeMylo Telernopranueir mHOOPMAINNo MOXKHO ObLI0 ObI ImepexBaTUTh. KBaHTO-
BBII KaHAJI IepeNadn 30ech OTCYyTCTBYeT KaK TAKOBOW: OO HaJaJjIa TEJIENOPTaIlly UCIIOJIb3yeMast
OIIP-napa crammapTHa 1 BOOOIIE HMKAKON MHGOPMAIMN HE HECET, & IIOCJE MOMEHTA U3Mepe-
HUS TI0 KQHAJY CBS3U MEPENaeTCs TOJIbKO KJlacCHuecKas MHDOpMAaIus, KOTOPON HENOCTATOIHO
M1 BOCIIPOM3BENECHUsS MEPENAHHOTO COOOIeHNs. EAMHCTBEHHBI HEIOCTATOK DTUX METONOB —
TO, YTO OHU IIOKA SKCIEPUMEHTAJIBLHO HE DEAIIM3OBAHBI.

T'opasmo 6osee mpocThIME B peau3aliuu SBJISIIOTCS KBAHTOBLIE KPUNTOrpadudecKue Ipo-
TOKOJIBI HA, OCHOBE [OBYX HEKOMMYTUPYIOIIUX IepeMeHHBIX. l[IpuBemeM ommH ©m3 BO3MOXKHBIX
METOZOB. DTOT AJITOPUTM MOXKeT paboTaTh U B IPUCYTCTBUM IIyMma [8].

Kak u B xnaccuueckoMm ciaydae, 6yneM peIiaTh 3amady pacnpocmpoHeHud Karouetl, TO €CTh
mepenavy mo OTKPLITOMY KAaHAJIY MapoJis IJIs MOCIEAYIoero IudpoBanus maHabix. [lapomem
OymeT SBIATHCS OOJIBIIIOE IIEJIOE YHCIIO, KONWPYyeMOe KaK CTPOKa KjaccudueckKux OumToB. s
MOCTUXKEHUsSI 9TOM 1eu MbI OyneM nepenaBaTh u3 MyHKTa A B nmyHKkT b mo KBaHTOBOMY KaHAJTy
Hepenadn KBAHTOBBIE OUTHI B 6a3ucHBIX cocTosHusX |0), |1) u ux jmHeiiHble KOMOMHAINY |+) =
|0) +|1), |=) = |0) — |1) (mopMupoBOUHBI MHOXUTENb omyckaeM). Puswmueckoil peanmsanueit
9TOH CXEeMBI MOXKET CIIyXWAThH Iepefada IO OITOBOJIOKOHHOMY Kabejlo COCTOSHHE (GOTOHA,
MIOJIIPU30BAHHLIX B IPOEKIIMKM HA IPSIMbIE U TOBEPHYTHIE Ha 45° mapbl Ocell KBAHTOBAHUS.
OcuoBHas umest cocrout B cienyromreM. Ilepemamum m3 A B B 2n xBaHTOBBIX OUTOB, NpU
nepenade CIIydailHO BBIOMpAasl OMHO M3 YETHIPEX COCTOSHUN, a IIPU IpUeMe CIIydalHO BBIOMpas
OCh KBaHTOBaHus mjisi usdMepenuit. [locnme sToro mymkTel A u B myGiaumysHO 1O OTKPBITOMY
KJIACCHUeCKOMY KaHajly (TenmedoHy) cooOIIal0OT OPYr OPYry, Kakue OCH KBAHTOBAHUS ObLIN
BBIOpPAHBI I TOCBUIKU W IIPUEMa KaXIOro u3 2n KBAaHTOBBIX 6uToB. COXpaHUM Te U TOJIBLKO
Te Pe3yiIbTaThl IEpPeNavd, y KOTOPBIX OCH KBAHTOBAHUS IPUEMHWKA U INEePeNaTdynka, Kak
OKa3aJI0Ch, COBMAOAIN. B OTCYyTCTBUHU IITyMOB 5TU OUTHI OBLIN MEPEIAHBI UM W3MEPEHBI TOYHO.
IIpumuiem m3MeperseiM 3HadeHusM |0), |[+) kimaccudeckuit 6ur 0, sHadenusm [1), |—) 6ur 1,
u B pe3yiibTaTe B MyHKTaxXx A m B MbI Temepb mmeeMm OoHY M Ty XK€ KJIACCUYECKYIO OUTOBYIO
MOCJIENIOBATEILHOCT  [JIMHON NPUOIU3UTEILHO 7. OTY OUTOBYIO CTPOKY OOBLIYHO HA3BIBAIOT
pe3yIbTaTOM nepeuunol keanmosot nepedauu (raw quantum transmission, RQT).

IlocToponuemy HabIIOOATENI0 OYEHL TPYIHO MEPEXBATUTH JTY CTPOKY, HE OCTABUB IIpU
9TOM CJIEIOB CBOErO MHPUCYTCTBUS. KBAHTOBBI OUT HEBO3MOXHO CKOIMUPOBATH, CAMBIM TPYy-
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ObIM crocoOOM IepexBaTa SBJISETCS AKTUBHBIA — BHELTHUN HaOJIIOOaTelIb pa3pbIBaeT KaHAaJl
COOOIIIeHNsI, U3MEPSAET MPUXONAIE U3 NMyHKTa A 6uThl m mybmupyer mx B nyHKT B. Omuako
BBIOOD OCell KBAHTOBAHUS HAOJIONATENs JIAIIL B IIOJIOBUHE CIIYYaeB COBIAAET C BBIOOPOM oOcen
IepenaTyuKa, IIO3TOMY IIOJIOBUHA II€PEXBAYEHHBIX COOOIeHMH OyneT OyOauMpoOBaHa B IIYHKT
b menpaBwinmo. OmHako B myHKTe B 5TH HEempaBUIBLHO CKONMMPOBAHHBLIE COOOIIEHUS OYIyT
B IIOJIOBUHE CJIYYAEB €Ille U HEIPABUWIBHO M3MEPEHBI, IIOCKOJIBKY W3MEPSITHCS OHU OyIOyT B
IPOEKIINY Ha OCH, COBIIAQOAIONINE C OCSIMU IEPENaTUINKa U COOTBETCTBEHHO HE COBIANAIOIIINE C
ocssMu HabmonaTens. B mTore mpubIM3UTEILHO n/ 4 W3MEpEHHBIX OUTOB CIIy4YalHO COBHAIET
c TeM, 4TO ObUIO mepenaHo, u ToiabKO n/4 6uroB RQT Gymer paspylieHO HabIromaTesieM.
Onuako m 5TOr0 BIOJIHE HOCTATOYHO IJIsd OOHapyx)euus (akTa Habmonenwus. s KOHTPOIIA
HEeJIOCTHOCTU COOOIIIeHMs IepPeNaTInK U IPUEMHUK IIyOIMYHO BBIOMPAIOT CIIyYalHBIM 00pa3zoM
n/2 6utoB u3 RQT u cpaBHuBaroT ux. Eciau Bce 5T GUTH COBIAAAIOT, BEPOATHOCTH TOLO, UTO
KaHaJl TPOCMATPUBAETCS, MOXKHO OmNeHumTh Kak (3/4)"/? ~ 107'% mna n ~ 1000. Ocrambubie
n/2 6uros RQT npencrasisior cob0il IepeNaHHBIA CeKPETHBIN KIIIOU.

CucreMnl miepenadn COOOIIIEHUN C UCIOJIB30BAHUEM KBAHTOBBIX IPOTOKOJIOB NOCTYIIHBI YXKe
ceromgus. B 1997 romy peanu3oBaHa KBAHTOBas Iepenada COOOIIEHUI O CTAHOAPTHOMY OIITO-
BOJIOKOHHOMY Kabeito Ha paccrosHme 23 kM mom o3epoM 2KeHeBa €O CKOPOCTBIO IOPSIIKA
emuann MI'n [29]. KBanToBble 6UTHI KOOUPOBAINCH COCTOSHUSIMU IOJIIPU3ALNN JIA3E€PHBIX UM-
MyJIBLCOB CO cpemuelnl nHTeHCuBHOCTBIO 0.1 dorTona Ha mMmmysnbc. CTob HU3KAs WHTEHCUBHOCTH
HyXKHa IJIS. TOro, 4TOOBI MMIIYJILCHI, comepzkalime Oojiee omHOTO (oToHA, OBLIN MAJIOBEPOST-
HBI — TaKWe UMITYJIbLCHI comepkKaT OoJjiee OMHOTO OMTa B OOMUHAKOBOM COCTOSHUM, & IIOTOMY WX
TEOPETUIECKN BO3MOXKHO “paciienuTsh’ U MOACMOTPETh.

OrpomHBIE apXUBBI 110 KBAHTOBO# KpunTorpadun cymiecTsyiorT B Internet [28].

4. Bo3moxHOCTU PU3NUECKON peaIn3aIium

3a11aqa HpaKTquCKOﬁ peanm3anuyl KBaHTOBOI'O IIPOIIECCOPa INPEaCTaB/IACTCA OY€Hb U OYE€Hb
TeXHU4YecKn cjoxHon. Kak IIpaBWJIO, P€4Yb MAOET O NPEHU3NOHHOM YIIDABJICHUN OTACJIBHBIMU
aTOMaMM. HeO6XO,III/IMO YOOBJIETBOPUTH HECKOJIBKUM IIOYTU HECOBMECTUMBIM Tpe6OBaHI/I$IM3

e KBaHTOBBIE OUTHI MOIXKHBI OBITH HAMNEXKHO W30JMPOBAHBI APYT OT OPYra W OT OKPyXKa-
e cpensl. I[Ipum 5TOM CTaOMILHBIMI MOOJIKHBI OBITH HE TOJILKO OA3MCHBIE COCTOSHUS
|0) u |1), HO n nx juHeiiHble KoMOmHanuu Tuna |0) + |1), ¥ UMEHHO 3[ech XapaKTepHOe
BpeMsI IIOTEPU KOT€PEHTHOCTU MEHBIIIE BCETO.

o [l co3maHmsl JIOTMYECKUX IIEPEXONOB HEOOXOOWMO WMMETh BO3MOXKHOCTL H30MpATEIHLHO
BO3IENCTBOBATh HA OTHEIbHBIE OWTHI U IIapbl OMTOB, a TaKXKe NPUBOOUTHL MX BO B3au-
MomericTBue Mexny coboil. BaammomeicTBUsS 5TU MOIKHBI KOHTPOJIUPOBATHCS C BBICOKOM
TOYHOCTBIO (IO KpaiHeil Mepe, HE Xy¥Ke KPUTHYECKOl, obecredmBaiolieil paboTy Koma,
KOPPEKTUPYIOLIEro OIIMOKN).

o Heobxommmo mMeTh BO3MOXKHOCTH MPUTOTABINBATL HEOOXOMUMbBIE NCXOMHBIE COCTOSHIUS
U U3MEPSITH KOHEUHBIE.

Cy1irecTByeT HECKOJIBLKO 00jlee MM MEHee PEeAJbHBIX IONXOMOB K MPOOJeMe pPeasn3aliun
KBaHTOBOT'O KOMITBIOTEPA.

o Monnwie JIOBYIIIKW. KBanToBble 6uThHI OpencTraB/IAOTCA COCTOAHUAMU OTOCIIBHBIX MOHOB
I aTOMOB, 3aXBAaY€HHBIX B 3JICKTPOMATrHUTHBIE JIOBYIITKU B I‘JIy6OKOM BaKyyMe. BpeMH 2KM3HU
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HEKOTOPBIX YPOBHEN CBEPXTOHKON CTPYKTYPBHI OCHOBHOTO COCTOSIHUS IIO CIIOHTAHHOMY PacIaly
B TaKOW JIOBYIIIKE MOXET MOCTUIaTh THICAY JieT. llepexompl MeXIy COCTOSHUSMU OIHOIO MOHA,
MOTYT P€aJIi30BBbIBATHCS B3aMMONENCTBUEM C JIA3€PHBIM JIy4OM, HO NOBYXOWTOBBIE II€PEXONBI
TaKUM IIyTEeM Peajin30BaTh Helmb3sa. VX mpemjaraercs peajin30BaTh MyTeM BO30YXKICHUs KOJe-
6aTeIbHBIX MO MEXaHNIECKOTO NBUXKEHWs CUCTeMbl MOHOB Kak mesoro (¢domoHos). Ilpuroro-
BJICHHUE UCXOIHOI'O COCTOSHUSA BO3MOXKHO METONAMH JIA3€PHOTO OXJIAXKICHUS, METOObI U3MEPECHUSA
COCTOSIHUSI CUCTEMBI B DTOWl TEXHUKE Takxke U3BeCTHBI. (OCHOBHON SKCIEPUMEHTAJBLHON TPYI-
HOCTBIO ABJISETCS OXJIAXKIEHNE CUCTEMBbl MOHOB B OCHOBHOE COCTOSHME, IO TeMIIepaTyphbl MEHee
mukpoKenbeuna. OCHOBHBIM UCTOYHMKOM MOTEPU KOTEPEHTHOCTHU SBJIIETCS, TIO-BUOUMOMY, Ha-
IPEBAHUE CUCTEMBI W3-33 B3aWMMOIEUCTBUS C IITyMOBBIM HAINPSKEHIEM Ha 3jekTponax. OueHku
MIOKA3bIBAIOT, YTO IIPU COBPEMEHHOM yPOBHE TEXHOJIOTMM MOXKHO IpuMeHuThH nopsaka 100 mepe-
XOMIOB K HECKOJIbKMM KBAHTOBBIM OumTaM. B masbHel mepcmekTrBe MOXKHO HANESITHCS YBEIUUNUTH
S9TU BEJIMYWHLI Pa3 B HECATH, HO BPsAN J OOJIbIIIE.

e SlnepHBII MATHUTHBIA PE30HAHC. DTa TEXHUKA IIMPOKO WUCIOIL3YETCS Ha MPAKTUKE I
U3yUEHUs] CTPOCHUST MOJIEKysd. KBaHTOBBI mpOIECCOp B MAHHOM CJIy4Yae COCTOUT U3 OTHOEIIb-
HOWl MOJIEKYJIBI BEIIECTBA, CIMHAMHU SIED HEKOTOPHIX aTOMOB B Hell (Kak IPaBUIIO, BOXOPOXA)
MOXHO YIPAaBIAThH, IOMECTUB CHCTEMY B KOMOWHAIIWIO CHILHOTO IOCTOSIHHOTO W PE30HAHCHO-
0 MEePEeMEHHOr0 MATHUTHBIX mojiert. KBaHTOBbIE OUTHI MPENCTABIIEHBI COCTOSHUSME SIIECPHBIX
CIIMHOB, YHUTAPHBIE ONEPATOPHI PEAMU3YIOTCS UMIIYILCAMHI MEPEMEHHBIX MATHUTHBIX IIOJIEH,
pacCIIernyieHne ypOBHEN U3-3a CIIUH-CIIMHOBOIO B3aWMONENCTBUS HAE€T BO3MOXHOCTEH PEAIN30BATH
nByx6uToBbie omeparuu. V3mepenune cocrosius nocruraercs obbraabiM miist AMP meTomom —
MEeTEKTUPOBAHUEM WHIYIMPOBAHHOTO pamumousiyueHus. Konmeuno, B AMP-cnexkTpomerp mome-
IAI0T HE OTHCITHLHYIO MOJIEKYJIy, a BIIOJTHE MAKPOCKONMMYECKOE KOJMYECTBO BeEIIeCTBa. 1akuMm
obpa3oM, Ha CAMOM [€JI€ WCIOJIb3YETCsS DBOJIIONUS HE YUCTOrO COCTOSHUS, & MATPHUIBI IIJIOT-
HOCTH, HO W 3TOTO OKA3LIBAETCS HOCTATOYHO. OKCIEPUMEHTHI MAaCIITaba HECKOILKUX OUTOB
yxke mpoBomsarcsa. Tak, Ha nByx coumHax Mojekysisl xiopodopma CHCl; ymamocs peasuso-
BaTh AJITOPUTM Ioucka Ha dersipe coctosiHus [30]. Vcnonmb3oBamucs cowHBL simep BONOPONA U
yriepona-13. Omuako Ha GOIbIIEE KOJIUIECTBO KBAHTOBBIX OUT 3Ta TEXHUKA MACIITAOUPYeTCs
HE CIIUIIIKOM XOPOIIIO, MTOCKOJIbKY M3MEPSEMBI CUTHAJ OJjIsS 1 OMT majmaeT Kak 27 ".

HpI/IBeHeHHbIe METOObI CHUTAITCA B KaKO-TO CTEIEHU TPpaguIMOHHBIMU. OHI/IHIeM KpPaTKO
Gosee 3K30TUYECKNE BO3MOXKHOCTH, IIpHUBENeHHbIEe B [9].

e CucreMbl CBEPXIPOBONAIIUX TpaHyd. [lpy HU3KHX TemmepaTypax MHUKPOCKOIUYECKUE
CBEPXIIPOBOMSIIME IPAHYJIBl MOIYT HECTH 3apsii BCETO B HECKOJIBLKO IApD SJIEKTPOHOB (3IIeK-
TPOHBI B CBEDPXIPOBOLHUKE CBSI3aHBI B IIapbl). ['paHyIIbl B3aMMONENICTBYIOT MEXKIy CO0Oil Io-
CPEeNCTBOM kK036 COHOBCKMX KOHTAKTOB, STUM B3aWMONENCTBIEM MOXKHO yHpaBiiaThb. OmHAKO
TOYHOCTH YIIPABIIEHUS KaXKIIOM I'DAHYJION NOJIXKHA OBITH OYEHb BLICOKON.

e Anwmonnl. AHMOHEI — 5TO 0COOBIE BO30YXKIEHUsS B IBYMEDHBIX KBAHTOBLIX CHCTEMAX,
HaIpUMep B OBYMEPHON 3JIEKTPOHHOW XUOKOCTH B MAarHuTHOM mose. IIpm mBmxeHunm OmHOTO
TAKOro BO30YyXKIEHUS BOKPYT OPYIOrO COCTOSIHIE CHUCTEMBI MEHSETCS CTPOTO OIpelesleHHBIM
obpaszom. Ilpum Haguumm B XKUOKOCTH HECKOILKUX HEAOEAEBHIT AHUOHOB COCTOSHUE JKUIKO-
CTU SIBJISIETCSI BBIPOXKIEHHBIM, NPUYEM KPATHOCTH BBIPOXKIEHUS HKCIOHEHIIMAJIBHO 3aBUCUT OT
quciia AHUOHOB. Bce 5Tu BBIPOXKIEHHBIE COCTOSHUS MOTYT OOPA30BBIBATHL KBAHTOBBIE CYIIED-
mo3urimu. Ha Takyio cymepmo3uiinio HUKaK HEb3s BO3MEHCTBOBATDL, HE IEPEMEIIas AHUOHBI, a
IOTOMY OHA MIOEAHLHO 3AIUINEHA OT BO3MYyIeHuit. Ecnmu o6BecTn OnWH aHWOH BOKPYT APYILOrO,
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CYIEPIO3UIUs TOABEPTHETCS OMPENeIEHHOMY YHUTAPHOMY IPeoOpa30BaHWi0. JTO Ipeobpaso-
BaHUE abcoaomuo mounoe. TaxkuMm 06pa3zoM, MBI MMEEM CHUCTEMY, 3aIIUIIIEHHYIO OT OUIMOOK
Ha ¢usmdyeckoM ypoBHE. MoxeT OBbITBH, 3Ta WIS MONOAOLUNECKO20 KEAHMOB020 BbIUUCAEHUIL
BOIJIOTUTCS U KaK-HUOYIb MHAUE.

5. 3akirouyeHue

KsauToBas Teopus wrHGOpMAIIME €Ille TOIBKO 3aPOXKIACTCS, MEPCIEKTUBLI U MPEOEIIbl ee
Pa3BUTHUA MOKA UTO COBEPIIEHHO HEACHBI. DKCIEPUMEHTAJBLHOE WUCCIENOBAHNE U MPAKTUIECKOE
UCIOJIb30BAHNE HEKOTODBIX €€ De3yIbTATOB BO3MOXKHO yXke cefiyac (KBAHTOBas KPUITOIDa-
¢us), HeKOTOpBIE (MOLEINPOBAHNE KBAHTOBBIX CUCTEM U TEJIENOPTALMs COCTOSHUS OTIEIbHBIX
YaCTHI]) CTAHyT HNOCTYNHBI B OJrKaiiliee BPeMs, BO3MOXKHOCTU IPAKTUYECKON Deasn3ariin
BBIUUCIINTEIbHBIX METONOB IIOKa YTO TPYHOHO cebe NMpencTaBUTh, HACTOJILKO CJIOXKHOU IpencTa-
BiIsgeTCs 9Ta 3amada. [lepCcrekTuBBI TEOPETUUECKOTO PA3BUTHUS TOXKE KAaXKYTCsS BECbMa 3HAUN-
TeabHBIMUA. MOXHO HAHESITHCSI, YTO MEJI0 HE OTPAHUYUTCS OTKPBITHEM psma 6ojiee wiaum MeHee
OPUTMHAJIBHBIX aJaropuTMOB. MoxkeT ObITH, yHacTCs TIy6Ke MOHSITH NPWHIUNBI M3MEPEHUS
B KBAHTOBOU MEXaHWKe, IOCTPOUTH YTO-TO BPole MHGOPMALIMOHHON OWHAMUKN, OOHAPYXKUTH
Hekme OOIlme MPUHIIUIB! BO3HUKHOBEHWS, PACHPOCTPAHEHUs U paccesHus WHGOPMAIUU, BBIIE-
JINTH KJIACCAYECKVE BBIYMCIIEHUS KaK CTAaOMIIbHOE ITOMMHOXKECTBO KBAHTOBBLIX, IOHATH IPUYINHBI
NOTEPN KOTEPEHTHOCTHA Ha MaKpPOYPOBHE, IPUYMHBI BO3ZHUKHOBEHUS IIPUHINIIA BO3PACTAHUSL SH-
Tporuu. B moboMm ciydyae BausHEE KBAHTOBOU Teopruy WHGOPMAIUU HA HAYKYy U OOIIECTBO B
IeJIOM MOXKET 0Ka3aTbCSI OTPOMHBIM.

B szakmouenune s xouy mobmaromaputs O.A. XpycraiieBa 3a BHUMaHIE K paboTe U MOJIE3HBIE
00Cy X IeHUSI.
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