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Fig. 1. Development of classical and quantum information science. Classical (up): From the 23 problems of Hilbert, Turing laid the
foundation of computation science. Shannon established the theory of communication, and von Neumann established the architec-
ture of computers. The next breakthrough include PN junction and transistor, forming the building blocks of modern integrated cir-
cuits. Quantum (down): With the early study of EPR and Bell, the mathematical formalism of quantum channel, decoherence, and

measurement were developed by Holevo, Kraus, etc. The BB84 secure protocol boosted the field. The theoretical achievement is the

recent development of quantum resource theory as the theory of quantum information.
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Fig. 2. Hierarchy of computer system. There are layers of
hardware and software, and also the layers of system archi-
tecture.
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Fig. 3. Structures of quantum circuit model and quantum

algorithms. Basic structure (top-left) has a classical al-
gorithm A that designs the quantum circuit U and measure-
ment. It extends to the iterative classical-quantum al-
gorithms (top-right), which can be “stretched” into a lin-

ear flow (bottom).
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Fig. 4. Structure of quantum error correction that converts
@®n into 1®* approximately by a superchannel S .
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FERG IR, BREEAER E ER RS M £ i
= A R R 2 28 25 2 Bell 2952067, R AT
WIATRR, AP & —FhaE 6 B8 e —2IE RS
B, FEBLEE T XA A A BB 4, AR R AEA T3,
TARAH TR T AR SC. S, ¥ R 2 i A
B LT — MRS ERES: R K
REBMERIRE S, TR (logd— S(p)) fER—
DA p MBCIRAEE I, WA Sl SR IR B2 i
KA, 107 PR B T2 TC Tk A S (p) Ma 2.

FHN, Fh D AT LSRN T— % s s

], o] DU AR R A AT AR A, Lh an i %5 i
O FEE A D5, % IEA RIS ELT
AT LAZE AN [ BY A AR AL
TE IR FE R RESR R, s SO M O R A
O(F @ R) REM D FIMEEIRAE. T gl A
BRSPS, X BRI e I U A 78 20, 1 5
A SCRHTIRES U, ENTRBEIREE fU) 835
KAE. A4, RH O(F @ U) W AT LA S A Y
O(F @ R) it . Hk, & LH ¥ 5 2 7 C
FaCovey O1COyC -, AT SEHIE FIE,
Him R & s, e Uy -
Uy > - ST, KT s € U, RIRGFHE IR
Z ) B R AR R R
(02\O1)(ug) = uy, O1(uy) = us. (9)
X — A RN AR, RATFRZ N —
A CEIED (family). I E 06 H R R 95L& I
Jo ERR, X B EHA =0 oL, X o en] L
A RS 22 B TR,

3.2 HBISER

FETUL B, X et B Mg s
O(F @U) , INMAMFE R TR, BIEL4E— R 5 12 5
M s 2, WK 5 Frs. % 1A R
WL AFE A L) SGB R T )Rt 384T 3 AL i)
F£E. IMEEMFRRIEA . B X =AJ7
&, B TR 43 R K2 (category): K
5 BRI RN IE RS TR AR5 B
AR AT RS T JEREAN B9 {5 2 ORAr s K
BRI A B BT AR, ASOMHe oL
iR 2R AN 6 B, Hoh A A
IR SO BUR A SCE I EZENEE. B TR TR
FITRR, X TR BER R o B E MBI, 52 %
CIEAC IR EIAOE R D

P
-7:_

Coding O Gates| ...
U —1

K5 T RIS HEA T SR B T R
e X A, G B0 RRTE 5 11 iRl 5
JE 0 i % 5 1B AR ARAE 1 TE X

Fig. 5. Structure of quantum computing model via quantum

resource theory. The Category-I (-II) models are defined for

different types of input (logical operations).

220302-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 22 (2024) 220302

55 TR A T5 R RIARIZR I, BNk
5 BRI B A R | i AE A 5
PERT. BN 5E L — D55 (family), 54545
HA =AX (generation), P — 3 12 AMEEHY. 5
1T RBRE [ TR 23R T 2328, 1 IS
T, BIEES I L 0E &L OE AR LR, BAT
I30E LR, B A = A 3t
B 9 AL YIRIE AT LI T 4y, 3k AR T
. ORE R RR MR A g Al ok, — 32
108 FhEEAKR AL, 3 H A 26T R BFFE RN 50T,
AL BAT, 200 3CHR [59] X Her i o377 S )
Br. TR IX AT 5 Y HEAS 2

i, SRR, (5 B3R i T2
i ) = Z%‘W FE S {0)) R B3R o .
THRE X RIE AR, R AN TR B T 1Y)
W RES T UM EFASNRIES. MR
Zif ORI R, DU AT DAFE 5% I R (R HE
IR, AR S SR R IBUAS [F] 1) 52 FRAAE AR, 5E X
— G BATEI, BFEALET NATRH A2
Rl DL K g 3R R ML (local Turing machine) £5
YO FIEZS (graph state) w118, WHR &
(measurement-based) it -1 5. BO6L02 B AT ) 38
FHIFSEGEUE 53 55068 8 TR T P81 4 4 b7 RN o
T XS FRE DR 1 2] 28 163651 3 B 5 1 R AL

S % T ey 1) A PR R ML fg— i Ak 19.10.060, i
A5 A B AR FH 0% e B S ) ] i S A
DYLETS

55 11 AR J2 BARO T3 48 1 R DB =
SRR i 2 BRI V) AR A Zi i 5 AR
KA VIGV SEONRIARL, &, X5
JEAEFE TR A TP I A R BT, i an
HA T, AT A T LA AT A2 5], 538
H % TR, X LS ] USRS (ES),
WAl PRSI (S, BN, &k« IR
V() &KX IE TS, — A R4 T
1R R0 AR L E KRR I 4 L AR L IR ARk,
X R EREE - EG W (Vi) S
AN ] 55— AR AT, SRR s AL (67,

W T — A HEAE TR IR (depth), iX
e AT T A T R G0 B RN . 4
TR S5 S B T T (I ) A R, X TR ]
LR RR P A AR B OCE EY. Flan, b
(transversal) L IEIERE ©,U, , Bl 425 B
3, BN SRS W S 8, PRI A AR AT
i, ASCIX 40 T $.25 . 225 (local finite-depth)
FE (high-depth) =FhIEAIE, Hirp 2248
A R E AL, AR R HOE B R G R/ M
S, B, Frh R A AR DLRAE

R LIER LR L ERE
%ﬁﬁ Rk = Rk Rk
"
BRIk [ R AL
el
W -
it b
iy
e
WRRE | 08
T
(R | menk

K6 lHE TR Rk B TR IS 12 DBERY, 55 11 RARL I AR 9 AL, BRI — 3L 108 58 # I
B R TTAR ). H A IF 5 B 22 19 2 2 T 2 A B 14 2% b Jr 58 {53 R PR B 8 ik g ek 3 - A A A A A A 2 il T

PAHEAT IR 5 5 T

Fig. 6. The classification table of universal quantum computing models. There are 12 (9) Category-I (-II) models, hence in total

108 complete models (grey boxes). The most well-studied are those based on circuit model. The channel-family models are all von

Neumann architecture or models. Hybridization among models are also allowed.
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ZUAE (braiding) MIREE LR, B TAE S m
LRG0 SRR BT XA G
THNPRREIRIAR R TS, Hrh BRI AT DA
R itiE (metrology) FAY 681 Z2 P50 AT DA
RRZE i )5 =X, BN —Fp I T2k 1 s
I (quantum walk) #8Y B9 534k 0] DR
R IR e R 2 2 T A, RIXT AR T TR &
{(VIGV} 475328 (L AN e B 20 ), A 1+
TR RIE.

— A58 B 1) BE 2 JEE F YR X R A R TR
REAYTS 20K DL WIS 5k k. filan, A
5 FH 0 2 45 S BB A R L o [ 2 1) G 5 A5
K, Han—2e3 e 15 B (B IOR — R i i 5
A FRATE 2], W ok A AR 2 5 0 38 &
TR, G0 SR T8 B AT A [F] 9 4 B S5 557
ERNGLPES: = R MIIE 7Py B WY T 5it d i )
DI & FRSS 7 X, W4 1 2R ny it By
2 TEEbR, AT 374 e I #E. X W it ]
THRAITEMRFES MRS B2, BRI
Gy S = TR A ERS O R AT
FERGAEK, AT LIAT S 2 e SCRIA TR —
B REE IR R, PR TIe s [ RiR
I B8 AN G I P o S B A AR 1 HLAR TR RN
A

4 FIREREA
4.1 S IHEER—EKEK

4.1.1 TR Z &

TR, RIGTIREE, R E 75 L
FIF FEVFROBREIR B A B, LN BA Fe A A1 in 22 i
WAE, AB2 T 15 F3 F M D0 75 b 2] i S A Ry
SR, X AT LA R R A i 5 06162,
UPRAEARY KR e e, XS A i AR 2Y
QS 1A IR 7)) 3K e B AR AR A R Sy R
P AL 0, Akl KA VR L 2 ] LA S FH 1 4
H L (HeansR FH Toffoli [7), B4 REF7 AE B i
Hadamard [ DU ESCASE FHTEUR, X Fm AR,
FEFH T 2 i 2 AR A

BT R AT S AL C R (9) 2. B Bell

) BT T ) = = 37, 1) 7k

|w) = CNOT|+)[0), (10)
Hrr ONOT ['T7E £k B8 b 2 25 78 19 B B HAE,
T A 3k ] R & — B e 8. [RIAE, SR FH B R AL
oA VR A E SRR, T A Bell 250k 77 A4 I 54
TR TR A 28, SRR X A 4G —
AR (cluster) S DL AKLT &8 69 4. i1
FEFETRANZS (MPS)[69 7 e
1) = (®nPn)|w)®". (11)
WE 7 B, MPS 5 =R R ik, t
FHATUA B ERMEEN R TS, HEE 2
R, X AT LN T FiE R A

o
\/

A

Blo7 B R RIS I M R TIT. keI (L) LR
LY g 23 ), B2k RO [R) Y A Bl s ), O AEAR Rk & (BlE
F). VBS 5 AKLT JE = 0(rf): k4 th IR R H i 3
BEm L B3 Bell &5, %0 (11) 2. FLRBIER (F):
Ak Al Al L OE S AR (ORHE) S2 3

Fig. 7. Representations of matrix-product states. Tensor
form (Top): the top register is the entanglement space, the
vertical wires are physical sites, the boxes are the tensors or
matrices. VBS or AKLT form[® (Middle): tensors are
defined by local operators (circles) acting on Bell states
Eq.(11). Circuit form (Bottom): each tensor is realized by a

unitary circuit (big boxes).

4.1.2 ABERG4FE

BUHESS 2.1 WE RN T & TR Y
AN, 3 HUBHR] Z e — N B R — SR SR
2. NEE EF, Mg RS iE R R TR, 2k
BRI AR W HEA K, BB CRE 1 Y SR, oA
Tl A AT LU Z S A TR F) £ RE SR B o
RS TR (BT TR 23 (7
BAME), W5 T MR (M2 RS RIAIN 25
(7 E ] LIRS O Fee R, S EUE R H AR O R T
AR,

AR HE, AR A — L6 LR
AIEOR, e 2R E T LRz 18] a] A TR B
F, HERR BRI B, R DA S IR R B 2
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X — KRS B A A Y. INTe i 2, A
AR IR 1 LU Z 1R A AR PR 2 A S0 i —
AR R 72

T FITEZ A, LA R AT AR A 2% LA
BOR, AR AL PR | DRSS filn, —
MR PER N —DREE, P e frE
SRR S5 B, 7 AN s ) m ] A 35t £
FH, BRSO 5 . SRR % R AR 2R

LR R BTV S | E i oy i AR

B 5 e 0 - i K2 20 B9,

MAHEHU BT AR (K 2), Lol &
EHFHLEET 2R LR LTt Han—Lk
FEA P B AR . TR T N B ) O
5, i B R R S AR AR BT L, ARE(
MMERE, Bl RN R e e THEE S
EK, HERRE LRy (BDsEtE) 1 ich
R SR

TEL MR R RS A i AR AL 2
—, XPAHAT A | SRR R LA A B A
HLEME S AL, AT EFE R YL
R, L KRR ) B R AR 2
A= (flank 14 JmAH B AR ), HA —L8a) 8 66,75,
TEMORZER. X B, BEIRIS A R &, Bl
AR (AR TPk P 2 g, e PR 2
QR R B IR AR AR SR i Sl BT R AL 00 DB
FoRE, Z0m 2] 95— A5 18 I 2O A R
A& (11) 2, Wl IR

) = Z tr(BA™ - A iy - i), (12)
HARME YRR X —RINVELF A F—A i AT
B afe BRI . 3 S B4 iV FH A% 23 ] J2& i i 1Y
“bond space”, FJPEFR AL gz ] 6971,

T BRI, AR AT LIS Sy BB
=, Hoay giias (8] 4E R nT DU R L, W] DI R 48
N R /NTITHCAR . —A 25 A 2 Z80X6] 1 T H 2 22 (1]
AR BT T I 2 s ] AT AR Sk 1] RATUAR Y AL
#%2 (machine state) 25 [0], —/N TR FEIEJEH
I 22 G0 AN SR T — % — A EAE I 58 i, Bl Bp
TCZ AT B4 AR (X 5B ARUARH]).
SR, X — S AUFE SEBR T R R IB A XD

P s b, R R AR AS B AT A o R 25 )
@ 2N HIE Z ARG T R 10 2 & i

rR N HSE IR AN 2. N2 f R, 5 al
P RAE S AR L, EAEAEE | B A 55 ]
ATRESE B, e o A = AR b 77

IS IR “one-way” 15 Al al £
T AR A, B A AR P00 G —ARE A
RIPMER, BT H AR, 72240y ER
K. HLEEBRUANN, ©AZRE & FA A
2% DL M i LA TR A A AR, TR 45
PR LT — RN AT R Bl &, e
= FAE]] (gate teleportation) 1o F2 A LI SZH
AT TR BIAER, — MRS RS
HAERRS S AR, X Wi T L FR$
“one-way” [ K. {H N ZEIREEIS 1 M R FE,
LARAEJE T R A B A A 1) B8 IR A A T A A
DR R G, R T sk 5 00 5005 = AR TR, AR SC
W E OISR IR, AN, Bl A —i8
AT (stored program) AR, Bl £ Hbrel 4
I RIS HAEAELE T RIR TR . 3k SR AN
HELH & T HRAT R 1 12 204, o =
FAL T TR AR 7 AR R L A% O i R 2 (79,

[RIESF, MR ) F B R A 5 AR X — A5
BB — AR R . A, AR e
AP 53X AR AR v (18 3 FH 1 R 3 P T 5 2 ]t (5081,
Bl an R RS . I 5, A&, iR
G, BN SRR, HERNEX
AR BT R R 5283 X e 2 S EOC TR
R IR B E A P 2 T e,

A, FRATE AR B B RS T SR A
FAYO3-0L ] MPS R, B 772w A i A nig K

W)= 3 AV ANl i), (13)

SR R 2] 9 23 0] A BT A5 (injectivity), B
TEAER 2 ) _F (R0 i A 2 S B g s () B AT
HLIEER, B o) v A R B R A, —
) F 2 H A XS RRPE ARG B, X2 2 R Lk
() X AR AR B A Bsel w4 B SRS B
—%E Zy x Z, 9 B 4k Z, 1-form KRR 65 1)
AKLT & HA SO(3) B4 Jmxt Rk 45 109, Z I 3¢
MR [25] J&T T 2 IR 00 2 ).

TESEPR, XA R Ge b izl 7,
PR Sk AH BT A BLAVE L, X 2206 R 7 00t B 45
M. KRB ISR IR —E A S, B

220302-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 22 (2024) 220302

ARSI i SE S A SR, AR PR D B TR
SRGEN, WA Z R TP, HEXR
SRR Y 2SR H AT AE L SE B,

4.2 F1EREE MR SK IR

421 TR RE

W 2365 0T 5 T AR T 38 ) 23 e R A
T2, IFE R BEAAH TAE FHITUES AT LARE AT sio¢
] (on or off). X} FHRILIM T, Hig AT A
S RN T A () A (L

Hly) = Ely), (14)
T B AR g X A 288 e P O, AT A 2 X
IR, AR A, P 5 dul v 23 - A A A 4
G UL BT, 250 TSR0 LA
FE, AT LAGT G B0 2 5. B AL 46 I 4% i i 1A
P P BT OC A A SN PR AR

e 28500 e AU T8 FH A BR A B /R R B 2
KA 1 LA G BT, RS T A G, B AT
e — A RA 3 7 2. AN SR R A BLAVE R 45 A
X, e HAERBURAT (parallel) 170, B4k
S5 T A R OO A SRS AR
ML IR, B T A A B VR FH AT DL 2 i
PR 5. Ak — PR HpeR A #my oy =X, W
SRR, HOE AR B RDE O H A
2%, I A 1% Y Feynman-Kitaev 25§l e
B,

4.2.2 A4

W 5 i £ S FUUAR L Sl A AT 2 (7789900
(R — R A L BB R O HESL T . il ST 2% SRS 2%
i1 5 AR B 1 38 FH P %) T AR SRl S A1 5 ey 93l
RIBHF 5 A1 20 B AH AR FH AT DL SES0HAd AT 2 A9 A
FAERIE . HIA BRI Trotter 7 JE 2
Vo S e (A e 22

H=>"juhn, (15)

T HIgh U = it Fe755h— B H1) eitninhn (R AH 57,
Hrp hy, AT A R TAEADE. C9k
UE B, JUF-A 50 T 44 B A FH 0 2 3 R g 193,
TESEPR, SLBARIAR L, ATRHAE AR 4
TIA—ELTEFT]. XA 2R Y3
KA B R B, AN nG Bl it 5 2 J T (99,

NAVTEE Sy 5200 ) ey 25 1 i T A AU 1 77 LA AL
A UE AR XA BRI R AL . e 75k,
e S i AR 01 BRSO R U = e H
(BE I RIER) 20— R 5B/ N AL, EAR
FHE A EAERES . 535G 0B B
H ALY (analog simulation 3§ emulation)), & X}
JRiSEoRH E A P A T 5 P A R B XA A %
i TRk E R G, TR E i & T )
BT .

TSRS T ) RS2 R, AT LG AHT Y
THARAL —A> H AR IERE R AT R JT G i% 2
AHEAERL. O 1IR30 FIE, AR b, 75 2 A B
AL NS R A — i, OB T IR B 0T
Ji [ B AR 9], B4R R e, Hh M
B EAWAIR (— D RBIE R, 57— 2R
FoAF) Al—> = BB RS (qutrit), HEAM T4E
Ebs)

H=0)(1|®U +|1){(0|@UT, (16)
H i — 3 e ARG B Foke B, T 2RS4
U=P@1+P QW +P,Q5, (17)
HA T ERIE qutrit B iR,
W=Pol+P,®HZ, (18)

VeI AE AN B e s . b, = B e -
1) SWAP |1, 5§ W —EHBGEHT 1A {Z, W) Pl
W2, hEfEm—Ah W S Lk, #RnT
LA H (16) F BT A SR BN, (EHRE &
), DA A 2 i R S T UE B HGE M, 78
Xof HLAR [l BRI 5T HAS— 2 2R X FE X
AR e a5 1), BIE A4 TA B
ATLATFOG. BARA R H S, (EAS 584 [ Sh i
IS (B e #t). ZRrp) TAERM, 36T A shisfk
RIS BE A R PE IR B TR AR 2, B T 4
X FFATIERY B 2897100 S5 ) A7 SEF 1RO IC I
H U BRIk, AR AR [ A 5 5
ANZ PN — A S R, — 2R AR AT L
SR A, (H0 2 BUASRY T 3 A2 B i Ak A 1101,
S BUF A, Toif A SV R AN ANk %
BRI 32, (B BTt gy 2 e v 102
FHEGINF, 4t iR 2 TR 2 o 29,
X153 55 F A 4 Pad BT T K (annea-
ling) 25 MIBIFFT . 31X — A5 A0 (%) 388 FH A I B — g R
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Feynman-Kitaev JJj 81 2% J5 1 581, B 45 8 — 46 %
U=Uyp - UUy, ¥4 HE A Ry — 05 350 & Hry
HAEETR Dy A

1 L
|¢> = \/Ljﬂ ; |’Y£>a (19)
A vy =10a)l0) s 1) =Ujlwpo) , Up=Us---UslUy,

o) FERIAS, |€) SERTBRAS. SRJ5 R 4 A fb i 15
BB o) = |0). T LEPEETHIEMRS [v.),
AT AT DA AT s o, RN R 2 R R
B ECREFNAR BAE R0 AT LB R, T 0 2 i
HURBR FH4a #R A RN OC, B e ARG 4 it i P =X R
IR R E A% FEF 250 {|ve)} 1, ATLAZRIR
R4y e B P

TESEBRh, defhi iR O TIREE T
PR, BT ARRORUETT RO B, P AR MEAS 2]
B PR A A5 5L 103104 by T3k — B A Jg T I R ik
AP E S e B A AR G i, —
M R T BELAY (stoquastic), X E S
Bk > 20}, JERE IS StogMA 54 oo, 1y,
Hb, LG R T Z R, B AnTE 4 B4 LAa]
AR [ T rp 0001 32 A 2 PR AR AU (P HE SR T ok
SEEE ) BT HIU R, XS B —E
S, v LR g e e R A

4.3 F1HEER

431 FREGR S
eI SR, R, X R EE S
BEIREEE, LR e 0 S BTl
& A AR, LS, I 50 T LUKy (HE) M
REME, WA ERETRAEEN () MEFRR
BCE AR RN, B SRR
p=r-0o, (20)
Hrh o i — BB AT, 4k p Ak k&
r = (r3), W2 sum(r) = ZZ ri = 1007 e, >0,
Vi, XA DR VR ML HESR S A1 . IR A AH
by, — > 2 Y B R 2 A B Y e, B
Wigner A A% XMIEATERE 76 M ]
FoRHIS A Z L T AR R
A5 SE » BOE (A R SE AR 2 A8 T A I EA
IR, K2 T 19 R BRI Clifford
PRAE L AT AR, AR 20 T 1T

B3

“ZIA7 (magic state) [t) := T|+) , AT LASZ 88 H
R, KRB LA THRAR A 109, gk, W]
DU — B AL R, 46 B T
Wigner T {EIESE (contextual) 71545 R FIK 4
F Popescu-Rohrlich g Il K 110 frAsi .
4.3.2 AR A4

Wl R A R POVMEL Bl i R — N E
BAMY, FRIEESAT M; > 09 Y My =1,
YRRE— A p, X HM 27 A = AE R SR G,
EHMEEp = u(M;p), VAN RE p; . WEAT
DA 8 e s8R, B4 Kraus 8 T KK, =
M;, I HAER i MEER. b, AIREAE 4
FRAGIN B, LAY o, B IR SR FR SRy e TR )
T R B LR S BRI R, Y — A
M ARSZE T EAEAT 1, B 550 &

Wi S B o — MR R FRA T BT
AR 27 B (contextuality) AR B SCHE, 4
BT Wigner bR (R 1Y, 33X TS 1 4% 0
BRUE— R T4, TR A

0 (CV (U @ 1)CU (U @ 1)), (21)

Hrb Uy, U YEF 025 By v, AR 45 il i B i

Biui, 73— B g . CV A oU &P
(WFREHIT), BRI

CUZZiPi®Ui7 (22)

Hrp Py = i) G| RS m BT, U AEHTEEL
Poiviig. RN AT DLUE AR B e 2 it
AT RSB AL, v LUR IR, A& T H,
T, CNOT #B80] AZR R R iX Fe =X, I 56 By v 9
WIZSHRSE |+) , DX Pauli X BAFA9ME My |
Fir BT TER AR A T, BUASRE = A S . Xk
UERA 1 3 MBS )3 FH .

IXAMREAY )38 B PO M . SR )
AN 0y, (1) BHBERIES, Mx B M,
B4 A g £ 2 M R pR 4L, B Wigner PREL
HRE . Mx MEVEZERIT HITT: Mx 04
TH HERGEW M, , 4h & |0) &%, My ] DAp=As
|+) . S, ERER AT S, Ea kvt
SR TFIER R AR S . iR
e — T ERAE, BIANSHI S | AL 12 2
P G I, e /Y, ] DA s
FEAE, AT AR IR 29 Sy 2 B () Bl s . B TiB Bt
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18 0 FIRAEE (RIE ) A3EA & TR, AP
2, GHEBE T LU SO FIRR IR G, 55
TRBEBAIAAL, FLRR A AR IR 2 L i, PRI
R (RAE TP RESE ) &S .

A F X —ASH AR B RS B IA R
w XA EHS LA, B, BT LA E
JER TR 130 5 25 m] DU AR &
AU AT Gl E TRk, Bt T2
SRR 28 BGE (5 A F 2k, X R T NI i 5%
B ) — PR, R S o A TR & i SR
FRTIER) LCU B3k 1915 18] (1 15 5 75 B e 45
il AT S B, DRI R AR . s v (Bl
JC) W AR 2 AR R O BT, DRI I 2K
BEAY 2 ], ] BEAT SE LI R

P LIATHR R R R ] — 2R 1Y Wigner
ISR AR ESE, e A8, XABAUEN S
BRABEN AR, B S5RE FAUSMEma Gdt
B SR 009 F BRAE Pauli B4 FAVEH], & X5
k JZ Clifford JZ4%

c® .= (uluput ec*Y vPeP,},  (23)
Hdp, 2 n LAY Pauli £ 114, ¢® 2 Clifford
#, BERETFSES LA REAE. B, AT
SCELE M, BT EZRWTT, Bl T
1 CCNOT [, & F 54k Clifford Wl 2. R H%&
FE TS FNFRICAL S AU, W] AR 52 BRSSP 3
FHPE Bl 9k, FESLBR, LA AR S .
— A SRR T RSB S SL 80 R AR
RGP, —J2 B il s BIB AR IrfR LI (I
ey = T|+) ) LFFERA L E TR,

FELL B PRASEE R S T 1 S B
1], 2 MGE AR AR 20 3 4y, X FLSE TR T OCHR
AR . A — AP R =X 1 OCHK, FRF Popescu-
Rohrlich (PR) JErZ skt 1100 & n] LI R L M 5
K S TR AL 3 1200, X F —aEdl i A 2,y
PR SR AHIH a, b1 2

adb==z-y, (24)

Hif i 7 CHSH AAF 12 i 187 BRI i
VFIE. T, JATIIA THEE L& (post-
magical) TR 5] 3 BLAMORT ZEAEA. e 54
AP EEA ] DL VR X E S B A R E
o, BRI R st A AR PR OSCIACE:, BT
DISEELRD B By A e S5, BT R R . B

BRAE A B R 2 /MY, HAdE 5 AR Pauli
LRI, DL RO 45 2R A A (broadcast)
A E XA, AR AAHN L, B 52 PR OCEEL
SR 2R P 250 S B 1

XAV PR OCHK BAFJC M ReaR. CFTAT
FRY, MRAERIB AL S A 2 Mo s, 54
W) 75 22 45 B 2 1 21 s 022 i 5k mp DA /b
PR SCHACES. T H PR OCHEOAR R 2R 58361, 1R
/)N ) 1 SR IO AT LA R i £ 1291 H
i, A& i E e b B E DA R AR
HIEAE UL 0, LA EE AR R, R
JH 10 Ji5 -0 ] 28 B3 175 R RL 1) 228 B0 135 47 1 1) 2
FARIE A I AR 129, 3 53¢ B S CUE W i
A 020, —AMERHRR AU, e B FRIK
19732 B ACUE B S AR U PR DGR, IS5 200 5%
JGh— A A,

4.4 FIEER —(FERK

F I IR B %O AR PR A T = TR AR
ARIEAF B, B e et e 2 s AL B & 1
15 5 2 B0H (von Neumann architecture). M4
17 TE- 25X i 38 1)) i {7 AR T Choi &
(7) . FERNTABARL T JEFREF# R R A Choi
DR, AT FEH Choi 25 1 Z IEFRAE AN
FA AL TS e T AR, X B
PHE LIRS Y 2 ) 127,

TERTT S R =2 b JRATTE 58 HI %
S TR TR E S R B0 27 H RS
MR, W28 P IS 2 il % . R TR IE 4R
B, AT U = AR 8 T A6 (BB
BRI L) PIRBAERE (W R T2 g2 5] e n
CNOT) Fi—Fp s T B8 1) 00 i A o Bl
YEDTL B AT B X5 R A ER 4R 43 0 A & 4 R
(entanglement breaking) {718 . W14 Bl 18 F1 L
FUFIE. X =AMERIGERRCON 1R 2 40, 1]
ORRY T BORY TT FIASEAY T

XHF Choi 25, T2 H Bell 515311, HIE
AR 9. —JF R I E I 129

Eep(p) = ZtF(MiP)% (25)

Hrr {M;} J& POVM, o; &2, X ZA{FE R Choi
BIAINE, FHINAGEH T2 FFBRfES. A1
I, LSRR DA N BEDL AR, AT — REAL
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17 p — q = Sp#EBATLUHEE POVM {M; } KSR

Sij = (jIMil), (26)
XA —FhREIR R A g N 1A . R, FeAiTE
SUREAY T Y A AR A G, A AR
Y G5 AR R PO, AR TR R R B R K L
IERYTEAL, ARSI T Bell 25,

SR b, WG A E R, Bell BIRAEAEY
FLA B 129300 m] DLSEEE B T RE, B A A
H—umB A, 55—, AR5 E-SXHE, Bell
BRVER S SRR, X SEKBAF, 76
TR B2 QSRR AR A BEUR. T2 28 1) 2l g 2%t
IO H SR B R 2 85 08, B S B IRAT e AR A
II. % & Choi &M, ELANXTF A|B X4, W
AT E oA BV 401, 2 HAY weas J& 1] 43 1)
(T B A PR A Y TR TR]). R, 2R LT
2 g K AT 43 Choi 254E R H 4R, H B
WA MGEAFVE R A PR, T2 2 gH N P i
FE W R B, Hoh i Ry AT AL CNOT []3€
R AR ] LA T R 2 i, 1
JE TS 6 T TEAITE.

AR 2., T # 3 — R T F 2 S A2 At R A
ARITITWE? —A H SR 1Y 2% 2 R AR S Bl 177 it
A, AT LUR AR R T BRI ok, B (3) X
AT AR LR ST 1T T T A AR R e s R
AR, HREAS B S I 25 5 X A ] UL SN
THo (A A, BIRR 3 A 2 st A B 2 o 9
PR B I H R RO B2 A2 AN 1 G R B . 2R
BRFESRGENK/NELT n, 2B AR EIE
F1/n? . FEREE B T B 1T 50K B R A
Bf, 3T LA Rk 2 T o M 10 A R UG
TEIZASE R T3k 2158 B PR — MEAR AR SR T )
L WAXERDT, XA B ] LLR R Choi &%
AR 027 S TS B BT K S A
SRR AR T ORIARAY 11

5 E I kA

ARZEHTIREE 11 SRR HiI e ), B A A
AT TR TR B 7328 ok SRR T 21 51
AOPED, Rl SR R ) T, R
JERTAR T ISR AL AR, PR AR v g
AR T DALY A O 2 AT Hh f) B A T2 B TR

. BT AMTAAEIFAS B, A X e AN ——
BT R T SO ] 2 Gt 15 0 A T RO T
AL,

e (RSB L IEZE, 752 E 2 —A it
Fa, GINEAE AT vV, BRI E T i i i
157720, BARFE PR AT DR AN A B e ds . FE it
G, AR (%) 2 R AF G 7 B X B — [
HRE B AS, Bastin A1 Knilll3U 5iEB], 88100
PSR E R, BN BB TT N EOR A R
TEITREAE | AR B 50RO, sk foifis
SERERRYE, Hedn U(1) 5% U(d), X 25 Pl B A i
HRE AT DI 6091 I F A 5K 1 2 B R B e
FZR PR, TR LIRS AR 2R G Y 4 2
XA T R £ B A BB A BRI, T E AN
RESCELIE M A, th T UMV S, B 1
FIE S P 73 A 10,

T — B, SU(d) AN — 5 S T 4% 10 X R
I T (W RRORS 25 D o) 75 28 W) J 1 3 b 4
e 681, AR RS AT DUHAE AR S, e T E
i #0322 AN M DG R B T B A R X FR
P, B RERESARISE AW o) X
RS IE UV E AR SR RIS (o) b, SR I X
SR LA T A AE.

AN, FEATU PN AT B2 RS 2 0
T I FIE R AS TR B AF 5T 5 1] 132, 53 Ak L
MY, BT S OCHERMES (e ) A Ab 3,
It HAEEEA R, T 3 R E E B B
SCESRVE, BATTE R s R s E B R
2E RIS V.

LA RERIAT IR 0 2 1 2 SRR L. Eban,
XFF— AR 115, HaZ A Pauli X Al Z —fit
BHIPH, ARE H S, CNOT, #Z T 17 LUK
F L HJE N RRIRIHE] B s 131, FE 245 T 51
M FE P SR EE R R 8, RO BT B T S A
). X —ANEEEA NS, — RIS A
RS AR, FE S B AR PO A Y 2 R S, X
FERCSR AT LIRS T2 4t (1931,

T3 AP AT O 19 7 1 2 A FH G 2% i A 41
IS 23 e A ) JELARL, RICHSE 2 B Ak ) O 1) B/ AE S
], FF B 1R VR B AL, M2 LA
VERG ST (IR A, IXFE, B —1 2 TR E
BB, XSRS B A 2 65 iEE
FEARY 28] 540, A4S (Hubbard) BERIPIE A 258
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FHEBAL, 28K o mT DA 2 (8] 7 4T K, B SR
FHARIE (1) Sk 5 R HES U RE, TR T L g
R ARERAF I ) Ty ol 4 Sy LS () Akl TGRS
W R R R TR — /N R G, 264
TR RS, X T LR RGNS S A T AR
(AR M ] DL,

MG R, 240 09 BRIRHRAERT Lk
AR ARG AR 9, e PR E R LS R G
TR Fh a2 150, FE S DA A R T B R A Y
ENE R P B AT A Ak =
THEALAEE R SE R X5 T8 DLURAEEF R L, )
RS P2 BT R AR, EWARESE
P M. ECOE I A 2 AR R DRI (a0
Fibonacci) (42U A, X F i B 75 L i 4 $A 52
I, HAL BN R G K/ INIE H UL B3R N RS TC
SEELE R 00, BITEA BRIREE TS, REMHIME R
SR, IR A —E R T 2O AR, 7E
AR, T Bk AT B SRR A AR
FAHE S, BARIHFNRSE (a0 Eio Rk
R)ESEE O A, AR E T RmEUE—
RPRAR 157,

T B, AT TRE . A1 L TR,
SR AF AL 3G I T — A AT R 4R, IS
Sy LA B AN E F . (HE AN e (£ IR Dk
JELIE) $Ei0 THEEZR. AMIe g kR TIRZ

BN G I O 5 1, A B g A s

Floquet 2 ] 1381 4 $A38 Ak, 1261 JL A AH (106 D) K%
K i 7 kAR 67, o) 3l 7 2# g e T ANTH
FERAM 09 5l Bh LU R, H Al 5 RE 7 2 3 R g 199,
Floquet 2 il 7T LU VE J2& X B ) — A e A, 4520,
TEZ RS J5 T, Floquet ZK%257] DA FHVE LY 457
Y PG AL E R HOEVE T 2SBIRL (Hth ] DL 46 4
FEALE oS R AL, H AR U A R T
Yy Z A ], AR AR B AR R T
DA FF T AR 5E.
XTI MAE L B E AL, dn] DX 3k
HEELMIANEZE S, SHTH AR A FERO AR
AU 01 5 15 35 AH G A 2 1 A O R L
AR T 07 BT, FERO AR R
AT, X T AT 752 55 2 T S IR Y A 4
g /b, Wl A R RO R A 2R,
{HAR T DL R 2 —Fh B2 9 25 T I o A i e 46y
25, BN —A IS 2] ) — A B r 2E e, 5

T T A4 AT DU AVR R e, IS8 T A
HEFITE T E, Bl Reed-Muller i F1 Steane
255 AT LS Bad F 0 B0 8 B 1A B axxf
TSR AR TTRER. AL R n] IR
VESR L IZ B TS AE, TE AL TR, IR
AT LAX 3R = 2R,

S, A TR, S EAA R
H B, FERAR L SE S A AFEEK. |
TERWAR Z 4 Gk, WAl LA T8 —1
T, IR ARAEAT K R 7 ).

6 EFLIEKEEM
6.1 HEARLH

AT ATV R TR 2 R Ay 3.79.127.142),
LR o e Al LT TR AN 11K [=INE -8i  IN7 2 7 = ME A
Jt. Mg b, B IR R A T B A
i TP BROT V] R A R T RE RS B ST B
WA, X BB PRIXE R AT DL v AR A, 2F i A5
FH A 10 K S 40H B R AT . L A
H 0 TR B R IE B, BT 25— 8 T4
H6, HB AT LA PRV - B A rp ) S AR A R S,
A4S 0 OR Bl 1 R A, DL TR
BRI TR A . SRR T 2 AR AR
Fb, V- T 2 AR B 2 5 SR 3 TR | ] g
P AR SEER . X B S T S A AR A
KL FE. 5i4h, AT A LR THhe -, A
P T fE BAR R 5 LIS B DL T 24015, e an
e
6.1.1 At Léyirg

HITH 5T R B, SR Choi 2R AFAGFE 7 Al
PA%E5d Nielsen-Chuang f A 1] BE 52 B B3], Bl 515
FEAT UES EERAR, FRATHE RS H)
HAERE Sy 281 F LI 2R . AR 5 18 285 1) % )
JRH (oY € 7EA p LAERE I Ty X
SR

E(p) = d trglwe (1 @ p")], (27)
Hrpp 2 p WA E, s EHITE we RS 3050, 3
MT—HRAEZELENBRITFEE A |lw) = U
)|w), BLfEE R |U). (27) i pt o] DL I & 2
Vo, VI = p'} SEE, XIS S AL
T8 SR X F R0 & g i, B tr(Apy) , 3XEE
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TRT IS BRI pr IEEK.

filan, Xt FaiS oL, BRI jo), W

miks
pi = (Wil U|0) . (28)

M2, MIZ W {Py, P} BEA, Po=1-"P.
BEUR T {|v) (v} SEBE. X HL ) & REHLE T 42
WHIEIE: P 2( 8] p;, Po 38 pj=1—p;,
TR T, MG R AR, ] LK)
DARAH — oo s F2 S B, el LIE
B, BRP SRS A0, Horh—Im 25 A, — Y
FE T H .

TEARRARI T FEFPASTTRESE H 2840 R it A\l 25
I AT R, BT ERE T, WX T
HNREADRENE, J5 ST X — A
6.1.2 @HEFTAI

W BMGEE (B T #E5F) I
HEET S, ErSEEA T DA 2R XL X B
B AR RIPASRET TSR, & A
VIR

[V)B = 058 Mas(i)|w)aB|Y)s, (29)
BB R AIZS [0)s 28 Bell Il & Mg 2, HZE R i
F Pauli BT oy A 1E, W] DIAEZA M S 1533 5]
B &% I

T ESRA —DEEFRM:, XRIRAE
H Pauli 2 IF &A= B AR AN, 7Ef A S iy
Pauli ) X F1 Z/EH, AT LAZR AR ERY Pauli
IVER, HEXSFR MR Zg x Zg, X HSE R —4E
IS0 4 Jy Wb 1781 FRATT0E, AT i
PRI T AL SR, Sk —20 ) A &=
FAL T TAILH] 7, RIAR 3 X FR

(]0'7;[]]L :ZTijUj’ (30)
J

HohUesu(d), [T,;] € SU(d?) 1 U HiisR0,

Fy Ay U AT DL & T B4R A A% 36 20 5
v, (A

Ul)g = 04 8T Mas(i)|wu) aB|¢)s, (31)
HE, XH UCH, TEARESE T 24 TYEH
Ja AT, Jwor) T B UM % & 2 o PR
(U 1)|w) = (1 UYw). H2a, FHix—HLH L
KAy s, gl DL Rl R (e

W (U, -+ UsUy 1) ) BRSO, SETTIE X —
FH s . FERE AR b X — B T U TR F
SRR TE 6.3 TTHH TR 4.
6.1.3 AFeitik

i m TR, BR Tt n] LI g T 2
B, UL 20 K S AR B R ) SR
TR 2 Choi 2, H B—if R R 1042,
AT AR N

S(E)(p) = traV € U(p 2 10)(0]), (32)

Hrp B, U, VEXIEHL, o ZHBIRS.
Hr VI4EEERT LA U R 1L (32) At nT LI
7N HTE Choi 25 FIVEH:

S(E)(p) = trsV @ U(we @ w)(1 & p' @0)(0]). (33)
H o 5 U 5 B g AEHTERIE W S b, —
FAN GBI E— A2 PHER & T (comb).
BATGEFR N BAGIE . P 5B - B s R,
S FIR  HRIEE . TTLAES), 4148 A (ebit)
TESLPURARIE ke T B E ], X2 g s B
T2 AR A 127,

6.1.4 =ET&HET

T BT R TR — ] DL il R A
M EF RS, BN —DEAREHER —T]
U248 ng BIER. 1290, AMTR, X F1E
BRI &R, X RATTRESL LAY, BiFR
AT R 0L o e R T R R AR
W), e 4t U B2 JmdHAL e A8 A L Y
AR AEA. S, Kitaev® fx B &I, SRR %0
B UM — AR EAARGE R, AT DUR e AR
Sy Bl e SR L R, R

FONAIN) = Avlale)N),  (34)

HP Uy =[N, fFU)=rz(110U)Az,
L] X —HBHERR T U RAEA .
H, ST RPANE, & R T AT 2 Bl
W e S B, T2 AT LA R M & TR AE S
A B LK S 2 M S5 ik 8 . 54
HUF AR, 31X B p il i FE B 2 B AT 2L
FEA g, B S ] IS R E— ISR R 1E
iR, R AR ) B o AR e (R R . 1T
= R ITVE A A 5 Tt — 25 IR AR

= =
Nz &%
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Bl

W Lo
N

K8 & FE ke BRER () 5 FARKAEE
(7). X LESRTR , 7R3 W 10 2R B AL A 25 18 a1 4% ol B
JUHI T (AR A7 fif

Fig. 8. Schematics of the quantum von Neumann architec-
ture (left) and the circuit model (right). For the later, there
is no explicit quantum control unit and storage of quantum

&
¥

programs.

6.2 EAXHES

AN AT AR S AR R EEA R AT,
FEREHAL | PR | i) AR L LA S B AR B MPS 2
Ay, 3k BB ] LT 2o A AR R ) — 2
Al

B G, BB R A i 1 T A Y — A
AR R L X AR i LR A TSR LRE (R T R
(9, YRR 2 T A B Y 2R . iR
AR AR B 22 ) ) 4 11 2 BRAE T e A v B Y
R SGER 3 12, 38 R R AR I AT B X — i
PR Ry — B % e X — A Y BB BOR.
Btk (58, 20 2.1 ) RS — MR AR
GER— B R GER B AR, oI —A AR BY)
MRS (AR50 1) — A S IRIIBEX 3
JUA AR A

DR P A 11V i e 2R DX T R A
AR TR ) — R R A X LT
(PR Pk 2 2R T T A (LR Tl AE),
a5 U A A DR A A 7 T ) S fep D461,
o T TR A Chol B, SMERY S
Wy HBE ] A AR Choi Z5HIE B, BORIR
FEJy. FE A5, PRI S R Choi 25 &k 45 ]
PRSI TRAE. BSRY], — & f ) Choi
A BB ROAT LA AL B Y R 12617 [ AR TEAS
] FH P il 8 2 6% 219 Choi 80015 ., BIVRE T il
TR AT LA [ A0S TP FRER =07 B PR

PRAEAE S Tl B H & 7SN ELAR TR 7. 7
BRI, P SR m R O i
R —RAES, AR EREE R 4TS (A
LA RS AR ). B P A R Y R 22 R

U], B&8 AR LI UL EH % |U). &
K = B R R R — R B N E (U] RN U,
P HERT AR |U) (HRSE 2 AITE T RE B (U] .
B A T REE T PR R A B B
s, U BRAGE i P R T R
B2z 2RSS

AT R X R A ) — AR B — AR
Fa i T LASEERAN R ) DB, X 738 T RpL d s
Wl T OCEEE R, RIRHIAR HE T AR Z 4 AR rh ML
FEERMTFE SRR, X, L EoR i —
At ST RE W] LA A B, RV RE (e 5
A, SRIG Rt — A . FE LR AR R | R
PR KA G B, B (U] . BN, A S
G, Al g RS R B i AT AN Y
BT (U], X R AR e, 2R AR
B TPRF RN Choi ZBAYE, BT ] 4
PERIR [F— B T UBATAFRRT |U) . 735h,
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Fig. 9. Schemetics of quantum super-algorithm. The “moth-
er” algorithm (shaded) maps the input data (boxes) into
the desired “child” algorithm, which acts on the data sys-
tem (top register). The classical-quantum hybrid algorithm
(Fig. 3) is a special case, and the MPS formula (Fig. 7) is
also a special case of it. There can also be quantum correla-

tion or memory (unshown) between the input (boxes).
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Fig. 10. In between the current classical computers and the
universal quantum computers in the future, there are other
research paradigm, such as optical chips, memristors, GPU

for AI, and quantum simulators etc.
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Abstract

Quantum computing has been proven to be powerful, however, there are still great challenges for building
real quantum computers due to the requirements of both fault-tolerance and universality. There is still no
systematic method to design fast quantum algorithms and identify the key quantum resources. In this work, we
develop a resource-theoretic approach to characterize universal quantum computing models and the universal
resources for quantum computing.

Our theory combines the framework of universal quantum computing model (UQCM) and the quantum
resource theory (QRT). The former has played major roles in quantum computing, while the later was
developed mainly for quantum information theory. Putting them together proves to be ‘win-win’: on one hand,
using QRT can provide a resource-theoretic characterization of a UQCM, the relation among models and inspire
new ones, and on the other hand, using UQCM offers a framework to apply resources, study relation among
resources and classify them.

In quantum theory, we mainly study states, evolution, observable, and probability from measurements, and
this motivates the introduction of different families of UQCMs. A family also includes generations depending on
a hierarchical structure of resource theories. We introduce a table of UQCMs by first classifying two categories
of models: one referring to the format of information, and one referring to the logical evolution of information
requiring quantum error-correction codes. Each category contains a few families of models, leading to more than
one hundred of them in total. Such a rich spectrum of models include some well-known ones that people use,
such as the circuit model, the adiabatic model, but many of them are relatively new and worthy of more study
in the future. Among them are the models of quantum von Neumann architectures established recently. This
type of architecture or model circumvents the no-go theorems on both the quantum program storage and
quantum control unit, enabling the construction of more complete quantum computer systems and high-level
programming.

Correspondingly, each model is captured by a unique quantum resource. For instance, in the state family,
the universal resource for the circuit model is coherence, for the local quantum Turing machine is bipartite
entanglement, and for the cluster-state based, also known as measurement-based model is a specific type of
entanglement relevant to symmetry-protected topological order. As program-storage is a central feature of the
quantum von Neumann architecture, we find the quantum resources for it are quantum memories, which are
dynamical resources closely related to entanglement. In other words, our classification of UQCMs also serves as
a computational classification of quantum resources. This can be used to resolve the dispute over the computing
power of resources, such as interference, entanglement, or contextuality. In all, we believe our theory lays down
a solid framework to study computing models, resources, and design algorithms.

Keywords: universal quantum computing, quantum resource, quantum error correction

PACS: 03.67.-a, 03.67.Lx, 03.67.Pp, 07.05.Bx DOI: 10.7498 /aps.73.20240893

CSTR: 32037.14.aps.73.20240893

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12047503, 12105343).
1 E-mail: wds@itp.ac.cn

220302-22


http://doi.org/10.7498/aps.73.20240893
https://cstr.cn/32037.14.aps.73.20240893
mailto:wds@itp.ac.cn
mailto:wds@itp.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BREFEER: —MNRIEERIA
EN i

Universal quantum computing models: a perspective of resource theory

Wang Dong-Sheng

5] Fi{# B Citation: Acta Physica Sinica, 73, 220302 (2024)  DOI: 10.7498/aps.73.20240893
TEZE [T View online: https:/doi.org/10.7498/aps.73.20240893
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FETT ARG K A S

Articles you may be interested in

A RS SRR
Breakthrough of error correction in quantum computing

WAL 2023, 72(7): 070303 hitps://doi.org/10.7498/aps.72.20230330

PSR AR T R T A SRS

Research advances in continuous—variable quantum computation and quantum error correction

WIFIEH. 2022, 71(16): 160305 https://doi.org/10.7498/aps.71.20220635

ST T RGOSR

Advances in quantum error correction based on superconducting quantum systems

PIFREEAR. 2022, 71(24): 240305 hitps:/doi.ore/10.7498/aps.71.20221824

ST RO T R BEIROL AL S
Optimal resource allocation in practical quantum key distribution optical networks

PFEEEAR. 2023, 72(2): 020301 hitps:/doi.org/10.7498/aps.72.20221661

RO TR BT
Research progress of integrated optical quantum computing

YrH2E . 2022, 71(24): 240302  https://doi.org/10.7498/aps.71.20221782

BT W T AL R BT T
Research progress of ion trap quantum computing

YIBR2A 4. 2023, 72(23): 230302  hitps:/doi.org/10.7498/aps.72.20231128


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240893
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230330
https://doi.org/10.7498/aps.71.20220635
https://doi.org/10.7498/aps.71.20221824
https://doi.org/10.7498/aps.72.20221661
https://doi.org/10.7498/aps.71.20221782
https://doi.org/10.7498/aps.72.20231128

	1 引　言
	1.1 经典与量子
	1.2 信息与计算

	2 量子计算基础
	2.1 线路模型与算法
	2.2 容错性与纠错码

	3 通用量子计算模型
	3.1 量子资源理论
	3.2 模型分类表

	4 第I类模型
	4.1 第I类模型——态家族
	4.1.1 资源理论的刻画
	4.1.2 模型的特性

	4.2 第I类模型——哈密顿家族
	4.2.1 资源理论的刻画
	4.2.2 模型的特性

	4.3 第I类模型——测量家族
	4.3.1 资源理论的刻画
	4.3.2 模型的特性

	4.4 第I类模型——信道家族

	5 第II类模型
	6 量子冯·诺依曼架构
	6.1 基本结构
	6.1.1 存储上的读写
	6.1.2 通用量子传门
	6.1.3 程序的转换
	6.1.4 量子控制单元

	6.2 基本特点
	6.3 芯片设计
	6.4 算法设计

	7 总结与讨论
	7.1 量子资源与量子优势
	7.2 通用与专用
	7.3 挑　战

	参考文献

