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7E 2025~2035 M/ 10~20 Z G RINY . TEHRGER 1~2 G5, ] DAFE — S8RE 52 () 8 o B 7 #
SRR I TSI E PSRN G vl et A, 1217 E L LN & T RVE I FORUR R AR 1ok
e s ERZIR

2 ETHENELRRE

M G B, —NERRPIRES R eERFE R 0 B0 1, =T LRl DUZ AN TC RIS A i
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1) http://www.baselinemag.com/innovation/why-should-business-care-about-quantum-computing.html.
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RIBIIAN 2, M T2 0 D ICRSR BB AIRTE. thin—4> n ETHRETIHEN, BAAE
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SIS T AL, SR TAT U T RGCREMER, WiZE & RGN B, mE
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RETEBNEERE B NAROETAUEERE Bell &, LU EH 4 FARRBR:
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3 Shor KENMEX

AR 20 AT 80 FEARHIHIAATHHR H T & i F S, AR & R s DI RE E 2] 1994
FEREA Shor KHUG K170 ST AR H, AMITAEAE] 7 &7 iH R E R, EReigifh—L
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JoR PR o3 i SRR S SRR, e A B AT A I A IR R ARG A 2 4

KB T o it e 45 € — A e B i B8 N, SHRILPIR RO AR, Shor S KREy
NPIANERE, 5 AT DA IO R 40 g R T R S S R ). AR, O R T A R ol AR R
FERA TR, ISR R, T EEIEFEE R E T A IR o N, 2 < N, TR0 2
2" = 1(mod N) [f/NERE r. ELMERE, AT RV N —MNOEEZ T ERE OL),
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(a) HARRATENNTAE, B 1 DFEHE ¢ DETHER, VIt 0) &, 5 2 MR E
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(b) FEESE 2 RS2 ekt 1], Wit — AN 2350 U2 B, 3L 25 |2)|y) — |2)|27y(mod N)).
BB IAES R |u,) = L Z;;é e 2msi/7 | zimod N, NTH Ulu,) = # Zg;é =275 /7| 7+ mod
N> _ 62”15/T|u3>.

(c) H Hadmard [] H® fERTEHE — DA fEaswIes (0) & b, BRIB NS \/1272§:01 [7)]1).
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A MR N e B, FATH ZEA R AR . e S S, R
FIEEE RT3k, BRIRE H b, XAl i P/ 2 N/2 SR, IFEE R EN O(N). &
THRFEFEE — RIVE T HRAE, KR E 8RR LRIZDHOR, B2 HARAME RRJLRILEN 1, K5
XTI B AT, A5 B, W R IR O(VIN), PO IRE GO R 1 7 i s
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BEAY n METFIRHIEFEEE, 86 N =2 AMEFE [i)(i =1,2,...,7,...,N), HHmH
I7) S HARAS, R EWRE Q(r) =1 (Q(i) = 0,1 # 7). ETHREILN HMHE UL AT 58 KA
R RS 7. Grover R EILMILRETT LG AR 2P B

B4, #ATEIEVIMEAG. 18T Hadamard #4E HO" AEREAL T |0) K n DME T HRF S 4748
AT DS R R BRI S e BN A

o) = HE™0) = |/ 1 3713 = o ) + sin i), )
He
1 . . 1
ey = ”ﬁ ; i), B= arcsm(\/;). (10)

SRIG, BATHAT Grover BT HIVEIHE G, HkRE AR 4 NP

(1) PRFEFHADESAR, A EFRES |7) BIRAL, AHRERIERT ARRA I, = T — 2|7) (7|, Hi B
A7) MARDT 2B A R Q(r) = 1 SE R,

(2) XF n LLEFRGAEH HO™ A4

(3) HAMFERSWIARM AL, I |0) &, Al RIRN 1o = I —2|0)(0[;

(4) BT n KRR RGH OO AR,

Grover AT FE AT LA — MR G B

G =WIWI = 2[) (| = D = 2|7)(7]). (11)
R ERAELE LR A BERTE, A TAELL |7) A1 |e) SRIFI 4t Hilbert 7% [A) ¥ i1 R 44

G- [ cos2f3 sinQB] . (12)

—sin28 cosf
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1 Grover BREZN/LAREE, EXBEE [36]

Figure 1 Geometrical illustration of Grover algorithm, modified from [36]

AT LAEW LS - Grover # ZIER AT LA EUE, BIEER Grover iER T LAEVE&7E 4 Hilbert %
(A I T T M s 28, BEA I REE 1 Fiow BOL FEIES: & ARG, BUEE R T AN

[ty = cos[(2k + 1)3]|c) + sin[(2k + 1)F]|T). (13)

MPATHAT O(VN) IR Grover ARG, MBI &F RGEHPIRESMELULF 100% 17123452 H b5

FH T T8 28 1] R ) 500 B AN — e 3 2 sin[(2k + 1) 8] = 1, BT EA Grover B2 4% &R BIIHES A —
JE R 100%, T2 — A LREACEEBON R s d, RAAE— A WA B i EdE Bk — M sic & (M
H—) IR 2 100%. X FEL Grover FIELE /N FEAKILE R EE e I i 2 48 2R 2% A 1) HHfs
BN (HFRESEEROR), Grover R I IR AMK. XHEIRE] T Grover HIERIN H. GnfExT &5t
HAR AT RIS, — /8, DN FER AT R, MO B AT 48 R ) 6 0 2
—/MER R AR, X2 3 HUR T F R T, BRI T AT R R B

5 ETERAERRANMBMILTE

£ Grover B THILM 4 MBS, HPIAHAEUR, BIXTFRC IR BN |0) 2K R E0H
S Grover INNAE AR S # AT LLAIKGEAT B TR, HRAMAEUR, B 180° MIMHALE )2 i il
), FLAt A 2 fROAR (0 56 s A0 A5 B AT S 22 I 200 IR 1991 1999 4R, Je & WS4 & Je R DU AR AL
e A REMIE R TR AE 1O, IR T R T REIE RO T ACE S 142 R RIAR AL UL RO B e 4
T A RIFR LR 100% MR TSR EVE B3 873 R AH A7 VLR AT & 7R B8 2= B2
Wk [44]). 3T UK Grover SR I P AN AL BUS el — e FE AR B 3, BT IR BRI

G =—-URy U 'R,,
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RT:I+(ei¢_1)Z|Tk><Tk|a (14)
k
Horb 0 F0 ¢ EPASAEAIIE A A AEAE R DG C 2% 10O T 2 122 1) B A2 T SRS R B Y R 1Y)
T K50 261 S A R R B B2 A Hadmard B8, AHAZUCECZRAE AN 0 = ¢.
TS - — M S A ) 24

1ho) = sin Bg|7) + cos fpe'|c), (15)
FAHRLUCHC 2% PFTE 2002 4 e A6 5 (421 25

0
tan 3 [cos 28 + tan 6, cos 0 sin 2]

0
= tan% 1 —tanfg sinésin2,8tan§ , (16)

Hr sin g = (7]U0) 2 B SEATFRIFERETC. AALILEC S A2 B TR R A RN i L 22, AL UL RS A
RSN B B TR R VA B AR, AL 7 e 11

BiJ5 Hoyer 451 M1 4 VBRS 0MT£ 5K Z 0 0 7KW Biham WA EE, AN R 759
BE— B RE T R AR AL L EC 2 146,

6 MHUEFHEREREE — £EX

Grover HyE RGN —, 8iF 2 REIEFES 1/4 BIEHR &0 L8 R R, HThEA 2
1, FARTE LR Bl — 8 BRI, 1X O3 2745 = iE B 07 R R AR 7 DT RS % 1, $RE1E
LML, BRSO Grover R AR MIIZ, LA ENGER HARA. 2001 4, EESH T
—/NE TR L 43 Toyama ZEFRIX —HIE N RHIE (Long’s Algorithm) |, IF B IX — 5% 2 e ] 5
(1) PEAL TR B4 R Bk (48], Castagnoli 5% 1] 1997 4F Bennett 56 RAEEEHN FUE T Grover &
FRARALT], T Toyama S NITE 16 F 2 JGUER] T Grover/Long Bk RREHIILALI, Mol R 5EFR N
Grover/Long 5% [49].

TEERE SR, ST —M M MR ICSIIEA N K8 EE R, ¥E K Grover HRHE
A 180° HIL REEHSUN— T ML

0 = ¢ = 2arcsin <sinﬂsin <4JS7T+6>) , (17)
ﬁ\:q:‘ JS76 jﬁ/@
Js = Jop: (3)255 ’

B = arcsin(\/g), (18)

|| B ERILIVEEEL, T ATUAR Ll MER KL J,, REEREEEL 20 Jo WRIENE, LolfF 1

o) — [T s (D) 1), (19)

BRI &, FRATTEL 100% D3R8 R3] HFRAS.
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7 HELEMETFEREREENNA

BT IHEAIZE N Benioff RFEHIGE THALILES, EREHFFRRaMmET5IH, WHAET
R FIEIRN K JE PO Hoyer 490 RS 73 M1 % 5K Biham 45 146 W08t — 0 5E T AHALILAC. fif ==
SR FDOGE RGIGAUE T ARRLUCHES BY. AL DTEC A & 7 oF S SEI0 B AU, s 2L R R
Hho e 1 ) R S P2 BT R GER A (17) SEHURALITRL B3,

EETHREES, TR — DS RERPRCE, R HAB AR T Hadamard P45 FE,
It 2 38 BSOS A AR IC A A O HOR ], S8R AF. BRI, 72 R R VF 2 i 5 B v, R 7R
FARLVCHC, 85 B A AR AL R SN

JeE 25K TR+ Hanzo FRARALILEC N & TR “EEZ 5tk , A HARGLILRCHE T 62k
FH P &R B4 FRE BT Chuang B2 T AHALVCRC A% 8 ml B T R H % 50,

Grover fi it O FLIAT — & RGBSR BRI, IF4E RS54 AN SEMR R 13X —BEE O Imre
ARG IR BN A2 wp 7 K F]E Tan Peterson B¢ 46 B 5y T 74 i & I8 A fa i) 1581,
A T B AR LB i R R P91, FESEMIAE R A R, I K2 251 R 1 Meyer
PR H L A TS R EEA e R R K R PR B8 e UG R AE T, BEEEEH T
SRANEEA B P 10 160,

8 Shor Z 9 ETHEENRESHETFEE

ERBU RS AR AR R 2 5, TRk Wi F 3 2512, 2003 46 K BUMR R 7501k
MR, Shor R HE 410 Shor 21, AN B 2K BT SOEMARE] O W B AR R T 5
LHGIEAT 52 B SEAOIEAT BB R I, DA T8 3Gk 0 36 B B B S B P S R R
P

A1 LT, A KU R BT Grover 28 SV E P 1 B 7 S0 A1 R i 28 5 0 Pk
AT AR S O P A, DR T o U P ST RS B G,
R ST AT O A ST BAE R A EARTIT o5, TS0 v 0 P T 0 L T s P i 4.
L9 5 7 I RO S L, 0 At s — S 0 RS P T L5 7 SR 2 0 7
28 LI TRV S G AR TR TRk R, B T R TR R R R

T P 7 O £ 4 A AT SRR B B T 07 2002 4R4RH 191, 36 L35I T RGUR
VB2 JB 110~27, 510 S50 R BB R SR T R0 EoR, 76 08 - 8 P ) L B R %,
LR T, (AR R TS T 1 b, SR TR T 10, OB st ST 76 A R T 1. X R
TR Gudder, FESRH. BIR(E DR JE G S00%5 /) R, TR 36 F M. (X
B TR ST R 5 TR

2000 4ETFI, BT BRIV T T BAOHERE. SRARLEME I FRAL 0 e 7 B 1T BLEE MO 7 A2
i 529 B BT R O T B 032 33 T RN, TR T RAIOM (BT
BB 99) AR GUIIBR T H S, T ELAR RS T 1SR, BTS00 TR 6 T HiH0 R R B, T2
BF SRR T AR RIS, BURF T 75T RO L LA (BT S 20.52.391
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0 I I 0
1 1
\ Detector 2
2
2
Detector 3

B2 (MEMFEE) ZRENFBEFIHENUERE. WiREA 1 B 2 MRERA, FBaTEESER 3 MRS
A 3 NFR. PERER, EARMIREN FREITAEMNRE. MEEFHENREAGLRERE LR 3 NMEELIR
15, TEIKIRELBE AR E FitESR

Figure 2 (Color online) An illustration for a three-slits duality quantum computer. The input is entered from the second
slits marked as 1, and the input is divided into three sub waves by three slits of the middle screen. After the middle screen,
the sub waves are performed individual operations in different slits. The output of the duality quantum computation is
obtained from three slits on the right screen, and the outputs at different slits correspond to different quantum calculating
results

Detector 1

—_

9 XMEEFIHERE

HAEE T 2002 FHEH IR E TR 0 W ORNE TSN L BRI TR, W ME A B A
Rt 2 I % QAT (5 B AL, T — € R Se B AR P9I Ak, 7 & 1 M ad &1 Sk i 07 U5 7.
X R THRR A BT 705 BB — R, Sl 0 A [R B 42 1) R B0 AT PAT BRAE SE IR L IR AL
AEFE. AEXHE TSN, TSRO R B 7 O A T EOHE OB A F R AR, AR A R R AR b
ITAFRE TSR, )5 X B & AT, St RS R s it E T boEd )
NETFITEIME R EHEFRILEAS. FL L Gudder BHIE, FTf ML MER FE AT LAH X
BT, B SR R GRS D21 R, Xl EALR — &8l 4 Mkgniz
A E TSN, A FRIRGEIAT AR B T 5AE, f)m il 72 A R Pk g R 15 2 is 5 45
ROBEANBELEME 2 s, HATEXHMEE TR @k i E8ee B, 51k TIRZ NI
Hft [10~13,15~26]

SHB R IHEAA IR RAE, BIE 770K (QWD) BAERE 753 (QWO) 1. 7k #iEH
PR BT DV 22 AR D/ R R R T 20 U B 4, iy Bl & 3EAT Hilbert 22 (0] B9 . X MRAEHIPIEE
KR f i B ARE: B RSB d MREELIR AR N d DT, BT CRCH AR L, A
[ Z ALAE T FC B s AL . MR, SRV E B 5B s — ek . Nz = B e K A —
BT RERB R NN TS R E T AT e e B SRR Sz iR S i) & 7 TR &
HMELASEEL. SEIZHIE, CAUERI M n ORI EE 7RIS d BEZ RSB R G0RT L sg 56 Bt it
d BREEN) n LURFRI R BN & T rH AL D014 Xt SR A FRAT T T DAPE @ 1) &= Tk AL g AT e R 2 T
THE. DUR MR # 7 DA 8 &1 SRS B R S i i i S N kAT 1.
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0> 0 (1) @ ) _ 1> output 1
T T [1> Output 2
la—-1> Oui.;put d-1
> . . : - I Output d
U, U U, Uy
! ! : Readout

3 (MEIRFE) ZREHMEEFITEERE. (V) RLIELSFE, 0) SEBIEEEE
Figure 3 (Color online) The multi-output duality quantum computing circuit. |¥) denotes the initial state of work qubit,
and |0) is the initial state of the controlling auxiliary qudit

n LCRFIEE R T UL DLl n A TR RS, JiBh RS r UL d RESAIAH N EURFROR. 20
PEERAEXS N L IESAF V, BURERIEX RN L IEHAF W, LB AR eI B R4 b, Midiih R4
i 1 ZFARAEAE FILE n /N LAE LR B B SRR TH S I A I ] 3 .

N T SE TR ) A A B A, DU R ARy 4 AP IR, BN TAERS |v) AN
WBIARSE [0) MR AR T RS

$!] 1 B, BETREVIGNN |(0)(0). (EHDBER V /E£HBIRS (0) L, I R h s

[W)[0) — [W)V]0)

d—1
= [WIV]0) = |¥) (ZIZ’W’) V10)
d—1

= |¥) Y li)(i[V]o)

d—1 o
= Viol)li), (20)
=0
Hh Vi = p REBL WE T S50 Viol2 = 1, |Viol < 1. Vip RRKIFMFE V (K13 1 510 %,
RFPWL LR, DLEHES R B T 58850 i) = 1. |O))i) (R « MRS IR,
S 2. VI |U) 10 TAE S AT R G BHII Us, Un, ..., Usy L IEHAE. XA BB
REME TN

d—1
S VUil W), (21)
=0

X IS AR P PR 2 [R] B AEAN ] Y B B AT AN R 2 I R4
FW]R 3 AFHEBES W AR RS ) £, [EWTRETE:

Z VioU | 0) Wiy = Z VioU: [ 0)IW i)
d—1
= > Valil®) Y k) (KW
i k=0
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= >3 WiiVioUi| W) k)
Tk
= > Li|W)k), (22)
k
Horfr Ly = 50, Wi VioU; B2 XM B &7 @ EOL N T HE KRG M30 55 014 LFE
Lo X—MET1]. BT E TR RN, FEEE b D EETT].
FB] 4 PR 35, MBI T B, i E S, AN R4 B HURR RS R AR 2
G, X T ECR AL TANFERY [5) &, AR R j AR,
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Figure 4 (Color online) Quantum circuit for the BCCKS algorithm in duality quantum computing. Part A is the quantum
circuit of duality computing. |¥) is the initial state of duality quantum computer and there are K auxiliary controlling
qubits |0) and K auxiliary controlling qudits |0)with L energy level system . Part B is to illustrate that each unitary
operation Up is composed of Hi, Ha,...,Hy_1,Hr. The unitary operations Uy are activated only when the L level |0)
auxiliary controlling qudits hold the values indicated in respective circles
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Figure 5 (Color online) The duality quantum computing circuit of HHL algorithm. We only need the output when the
ancillary qubit is in state |0)
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Abstract Quantum computing exploits quantum mechanical properties to perform computations. It enables
quantum parallelism and provides much more powerful data processing capabilities than classical computers.
With a quantum computer, one can exponentially accelerate quantum system simulation and accelerate some
important classical algorithms. Traditional quantum algorithms use unitary evolution to process information. A
quantum computing process is the product of a series of unitary operators. In 1994, Shor invented a quantum
prime factorization algorithm that exponentially accelerates the factorization of an integer. In 1996, Grover pro-
posed a quantum search algorithm that accelerates the search of an unsorted database using square-root steps.
Afterwards, the development of quantum algorithms slowed down, leading to a subsequent query by Shor in 2003
regarding why no more significant quantum algorithms have been found. Since 2009, many important new quan-
tum algorithms have been proposed, such as a quantum algorithm for solving linear equations with the capability
of exponential acceleration, a quantum algorithm for sparse Hamiltonian simulation using linear combinations of
unitary operators, and a novel algorithm for Hamiltonian simulation, which provides exponential improvements in
precision. In this paper, we first describe the basic principles of quantum computation. We then describe the Shor
algorithm and Grover/Long search algorithm. These quantum algorithms are the general quantum algorithms
that use unitary operations in their computational processes. Next, we introduce the basic principles of duality
quantum computing, which was proposed in 2002. In contrast to traditional quantum computing, duality quan-
tum computing allows the use of linear combinations of unitary operators in the computation process, meaning
the multiplication, division, addition, and subtraction of unitary operators are all possible in duality quantum
computing. Thus, duality quantum computing provides more flexibility for constructing quantum algorithms and
the techniques used in classical algorithm design can be directly used to construct quantum algorithms. We then
review recent work regarding newer quantum algorithms that enable the linear combination of unitary operators,
which are actually duality quantum algorithms. Additionally, a duality quantum simulation algorithm for open
quantum systems is introduced. This algorithm not only reduces computational complexity, but also improves
accuracy exponentially. Finally, a summary and the future prospects of quantum algorithms are provided.

Keywords quantum computing, quantum algorithm, Long’s algorithm, duality quantum computing
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