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— pasv<e = {(a,a), (a,b), (a,¢), (b,b), (b, ¢), (¢, c) };
— Posat—bz—e = {(0,a), (1,0),(2,0)};

— po=ar—y = {(0,a),(1,0),(1,1),(1,2)};

— posapi—sv = {(0,a),(0,0),(1,0),(1,1),(1,2)}.

[Iyctb 09 = po1;151252, 08 = Pos2;1-1;2-50- ABTOD YCTAHOBUJI CJICJLYIOLINE
TEOPEMBI.

Teopema 3. [{b2}]| =
= POl(ﬂu}zga PO—1;1-Y5 P0—2:1-Y;5 P0—1,2;1—Y5 Psame—1;25 Poy s {2})

Teopema 4. [{b7}] = Pol(p)ihs, Plins o sas Psame—s02, Po<a<is 12})-

Teopema 5. [{bs}] = Pol(p(l);-7113,,00<1<2, Pog)-

13 naHHOrO MpEJNKATHOTO 33/aHNUs, B 9ACTHOCTH, CJIEJIyeT, YTO MUHUMAJIbHbIE
kiIoHbI [{b2}], [{b7}], [{bs}] mpenukarno omucyembr.
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DdbdhekTBHaAA peasim3aLmss KBaAaHTOBOIo
XeLlnpoBaHns

SunHaryyina Maaap 'ymaposmnu, XaaueB Kavuap PaBuiieBnya
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IInGZinnatullin@kpfu.ru, kamilhadi@gmail.com

B jannoit pabore paccmarpuBaeTcs 3(DdeKTUBHAA peasn3alus KBaHTOBOIO
XelnnpoBaHus. KBaHTOBOE XeIIMpPOBaHKe [O3BOJISIET IPOEKTUPOBAThH PP eKTIB-
HbIEe 110 NAMSITH KBAHTOBbBIE AJITOPUTMbI U CTPOUTH 3AIUIIEHHBIE KOMMYHIKAII-
OHHBIE MPOTOKOJIbI. MBI IpejiiaraeM aJropuTM, MO3BOJISIONINI OalaHCupOBATD
mexk ity guciom CNOT-reiiToB (ryOrHOIN CXeMbl) U TOYHOCTHIO YIJIOB TIOBOPOTA.
CoBpeMeHHbIe KBAHTOBBIE BbIYUC/IUTE N sAB/IsA0TCs yerpoiictBamu NISQ (Noisy

Intermediate-Scale Quantum) Spbl U 9yBCTBUTENBHBI K TOYHOCTH YIJIOB.
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KBaHTOBOE XemmpoBaHue

KpanToBoe xermmpoBanue Brepsble Obuio onpejeneHo B [1|. B mamnoit pabore
paccMarpuBaloTcst amiuTyiaHas |1 n dasosast [2] dopmbl KBaHTOBOTO Xermu-
poBannga. B obmem ciydae st @ € Z, n-KyOUTHBIIl XeIl OIpeesaeTcs Kak

() = 2= 32920 15) (Ra (05) |4a)), mte 0 = =2 S = {50,501} C Zy —

27rs -

Habop MapaMeTpoB Takoii, 9To 7 ’Z "¢ | < e. BameruMm, utro n = logd + 1

1 .
nd=0 qu). st aminTyiHoit (hopMbl @ = ¥y, T. €. UCIOJIB3YIOTCs IIOBOPOTHI

BOKpYT ocu Y, u |g,) = |0). g dazosoit hopmber @ = 2, T. €. UCHONB3YIOTCA
IOBOPOTBI BOKPYT OCH 2, U |q,) = |1).

Cxema 1 peajim3anui KBAHTOBOI'O XEIINPOBAHUS

CxeMa i1 peasm3aliil KBAHTOBOTO XeITMPOBAHUS TPeJICTaBIeHa Ha pUCyHKe 1.
Kpome Bcero mpodero, oHa COCTOUT U3 N-KyOHUTHBIX KOHTPOJUPYEMBIX TOBOPOTOB
IeJIEBOIO N-T'0 KyOUTa BOKPYT OCH @, B KOTOPBIX IIepBble . — 1 KyOuTOB 3a/1eficTBO-
BaHbl B KadecTBe KOHTposmpytonux. CTpyKTypa CXeMbl TaKOBa, YTO MOBOPOTHI
OCYIIECTBIIAIOTCS, UCIOJIB3YSl BCEBO3MOYKHBIE COCTOSTHUST KOHTPOJUPYIOMNX KyOu-
ToB. Takas TpymIa refiToB HA3bIBAETCS OIEPATOPOM PABHOMEPHO KOHTPOJHPYe-
moro nosopora UC R (uniformly controlled rotation). Hamra 3asaua csojures
K adpdexTusHOMy pazsoxenuio refita UC R,

0) — ] 0) —{# —

0) —{#] I 0y —{ |} —
‘ = : UCR"1(8)

0) —#] I o) —{H - -

lgn) —[Ra(f)o HRG(Hl)l—‘-- Rq (02-1) |gn) ————— -

Puc. 1: Cxema JJIAd peaJin3alliil KBaHTOBOI'O XEIINPOBaHUA.

OHTI/IMI/I?)aI_[I/ISI CXeMbI

CymecrByer sabdexrupnas aexomnosuiusa UC R uznoxennas B pabore [3].
Ona MozkeT ObITH IOJIyUeHa MyTEM PEKYPCUBHOIO IIPUMEHEHHS CXeMbI, IIPeJICTaB-
JIeHHoit Ha pucynke 2. B srom ciyuae jsa jekommosuiun Tpedyercss d CNOT-
reiitoB u d R,-TefiTOB ¢ TOYHOCTBIO yIJIOB 1oBOpoTa O ( de). Bugum, aTo 371ech
durypupyror 60Jj1ee 1yBCTBUTE/IBHBIE YIVIbI, TAK KaK N3HAYAJIbHAsT TOYHOCTH ObLIa

O (51)-
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Puc. 2: Iar pexypcusnoit jekomnozunuun UC R,

PaccMoTpunM BCIIOMOTraTe/IbHYI0 KOHCTPYKIIIO, KOTOPas IPUIOJAUTCA HaM J1a/Ib-
me. Vcmonibayst pasyoxkenue |4, jgemma 7.9, ocyrmecTBiisieM JEKOMITO3HUITHIO KOH-
TPOJIUPYEMBIX [TOBOPOTOB, IIPeJICTaBIeHHYIO Ha pucyHke 3. CTOUT OTMETUThH, YTO
9Ta cXema CHMMeTPUYHa OTHOCHTEIBLHO BepTHKAILHOI ocu. JlaHHas J1eKOMIIO3H-
s IpUMedaTesbHa TeM, 4TO JJId JaJbHEIIero pasioykKennst KOHTPOIIPYEMbIX
orpunanuit C"2(X) Kybur ¢ HomMepoM n — 1 MO’KHO HMCIOJIL30BATh B KauecTse
aHiLIbl. M3BectHO [4], 9T0 B 9TOM cityuae tpebyercst 241 — 52 CNOT-reiiTos,
rjie [ — 91Ic/Io KOHTPOJUPYIOMNX KyOUTOB.

| e
[7.0)] Ra(2) —— '?(W ’?(@
Nt Cveeest
Puc. 3: /lekommo3uiust KOHTPOJIUPYEMO-
'O [I0OBOPOTa BOKPYT OCH . Puc. 4: ®parmenT cxembl, peaan3yronieit
UCR" 1,

Hamu npejyiaraercss NpuMeHUTh K ucxojgnomy reiiry UC R pexypcusno k
pas cxemy, n300paxkeHHyto Ha pucyHke 2. [locye k nrepanmit mosrygaemM cxemy, co-
nepxantyio 28 CNOT-reiros u 28 UCR? %! reiiros. TounocTs yIiIoB 10BOPOTA
1pu 5ToM Bo3pactaer 10 O (Qd%) Hanee s reiira UC R ! erponm pasioxe-
HUe, B KOTOPOM OCYIIECTBJIsSIEM I1epe00p KOHTPOJIUPYEMbBIX IIOBOPOTOB, UCIIOIL3Y
koji I'pes. Mcnosib3oBanne koja I'pest yji06HO TeM, UTO cOceJIHAE KOJOBBIE CJIO-
Ba, OTJINYAIOTCS POBHO B OJIHOM IO3UINH, IIO9TOMY IIEPEXOJ, 13 OJHOIO COCTOSIHIIS
KOHTPOJIMPYIONIUX KYOUTOB B JIPYIOil OCYIIECTBIIAETCA 1IyTEM IIPUMEHEHUs OJIHO-
ro OTpHUIaHNA. Pasmaaioniasicst Mo3uIust onpejiessieT HoMep KyonuTa, K KOTOPOMY
IIPUMEHSIeTCsI OTPUIIaHIE.

Jlajee B TIOJTydHBIIeiics cxeMe MOMKHO BbLienTb 2" %72 dbparmentos, n3ob-
parKeHHBIX Ha pucyHke 4. 31echb Mbl JJjisl reiita [ npuMeHsieM IeKOMIIO3UINIO,
IIpeJICTABJIEHHYIO Ha PUCYHKE 3, a JiIsd reiita Ry 3epKajibHOE 0TOOPayKeHue 3Toii
JKe JIeKOMIIo3unn. B urore mosydaeM cxemy, KOTopasl IIpeJICTaB/IeHa Ha PUCYH-
ke 5. JIerko 3aMeTuTh, YTO OOpaMJIEHHbIE B pAMKY KOHTPOJIMPYEMbIE OTPUIIAQHI

racdar Jpyr japyra.
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Puc. 5: /lekommosumus cxeMbl Ha puc. 4.

Taxum o6pasom, obiee unciao CNOT-reiiros pasno 2F 4+ 27~ 1(24(n — k) — 97)
wm 2% + d(24(logd — k) — 73). Ormernm, uto k < n — 5 = logd — 4. Ipu
yBesmuenun k riybuna cxembr ymenbinaercst ot O(log gloglogq) mo O(logq),
oJlHaKo TouHOCTE yruioB nosbimaerces ot O (1/q) mo O (1/(qlogq)).

MccnenoBanue BBIIOJHEHO 3a cuyeT rpanTa Poccuiickoro nayanoro cdonja N

24-21-00406, https://rscf.ru/project/24-21-00406/.
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ITocTtanoBka 3aa11

[Iycts t(V, E) — nepeBo, comepxkariee n Bepiimn, A = {1,2, ..., n} — MHO)KeCTBO
13 M HATYpaJbHBIX 4dnces. B3anmuo ojHo3HauHOE oToOpaxkenue ¢ : V(1) — A
HasbiBaeTCs Hymepayuel BepimH jepesa t(V, E). Ilpu 5T0M Kaxkjioil BepiiHe
v; € V(t) craBurcs B coorsercTBEE HOMEp ©(v;) € A, Kaxkjomy pebpy
e = (v;,v;) —uuciao AY =| p(v;) —(vj) |, a Bcemy gepesy t(V, E) coorsercrByer
cymma AP(t) = >, wyep | ©(vi) — @(v;) |, rae cymmnposanne nponssoanTes
o BeceM pebpam jepesa t(V, E). Bermauna A¥(t) sagaer dauny nepesa t(V, E) na



