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Abstract Quantum computers promise to accelerate solving problems that are intractable by classical
computers, such as prime factorization and quantum chemistry simulation. It has been demonstrated
that a single quantum system can integrate more than fifty noisy solid-state qubits and surpass
contemporary classical computers in specific computing tasks, marking the arrival of the noisy
intermediate-scale quantum (NISQ) era. As more and more qubits can be integrated into a single
system, how to integrate qubits with control hardware, software development environment, and
classical computing resources to obtain a complete and usable quantum computing system is a problem
that needs to be further clarified. By comparing both the control and execution of quantum and
classical computing, this paper proposes a heterogeneous quantum-classical system targeting the
NISQ technology. Taking a typical NISQ algorithm (the iterative phase estimation algorithm) as an
example, this paper introduces the whole process of executing a quantum algorithm and related
software and hardware, including the high-level programming language, compiler, quantum software
and hardware interface, and control microarchitecture. On top of it, this paper discusses the
challenges confronting each layer in the NISQ era. This paper aims to provide a general introduction of
quantum computing systems to readers (especially beginners of quantum computing) from an
engineering perspective, hoping to promote people’s understanding of the overall architecture of

quantum computing systems in the NISQ era and stimulate more related research.
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Fig. 4 Flow chart of the iterative phase estimation (IPE) algorithm
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VL 25 A7 45 R AT A8 48 A CAnoxd 28 M08 1Y
R ZEARAE 5 X LU Y ] 45 A & 4845
) S e HAAR )8 AR SR T G TR Y IR
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FHAR P W] BE A — bl 22 22 010 1) 56 1Y) v R
BT S S 4R 15 fs (compiler) 3% FZ 5 R 18 hy i
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[1(Q SW-HW Interface) # 2\ i) £ J§ % /5. it 74K

B 42 11 0T fR 6 - 4 A 4R RN R 8 CHE 1 4 . i
T AR R 45 #4 (microarchitecture) $047 J& T 3K
B4 10 e ) i 4 4 TR AR 5 ) SRR B Y
P4 ] o AT S IR 4 TR Ay I N A 174 45
T TR B E T ROR I S R
BT ORGP AE T Pl g L e B R e 1 X
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0 &% 8 & 0 B (quantum chip).
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CEIE I T TR A IE BT
3.2 EFAARERMITERS

BIRE 9 FR B IR S WIH T &5k it
B fe & W RE A5 AT P 5 283 09 25 A B B A E R
VO U] 2H 20 A4S B T R 48 B R 2 O U DA T 5 R
-2 MU A T B R R T 1) NISQ H R
KA, AT EFH R (Quingo) i F-Z W T R 5
HE S8 F 4 B 45 2 o 7 20 AU R (R
Bl 10 Fios.

TR B2 S A N S S 4
P — A~ R 17 0 g FEHE 2R, T BE 05 3 26 17 1
SPE) NISQ 6 AT, 7 RAE 28 40 & i AR 7 LS
P R B RS AT RG4S FEEA N
H R E SRR T S Y BOA i A R R R T 4
A F2 B G o 1] 1 52 B

HRERT , — 0 5 0 & 1 #2745 A T
SR 6 ABBLEE 1D BRI RS P E e
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FH. 28 8 R 4 A 22 M 550 0T 0 5 e 7R 2R 0 42 it
A4 VI P AL SRR A 2 R T i
7 (4 Python 3 CIEF)HHWE . it F WA H] 1 F2
FITE S (A0 Quingo) #iid & e & F b #8Y |
MTHRAT 5550 2 A0, e L 4 . 22 L 9 1R 4% (I GNU
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Compilation Collection(GCC)) 45 iF £ Mt =72 /%, I
A 8 B T A S A 20 R T R A R R
A 0 Python, W5 2 20T LABkS 56 3 40, i
ToAL . (i J5 1) 28 i 3 AR Y B S 28 i 48 8 AL
IBAT LR AT R D kL S R T
it S B E M Al B 328 4 25— 1
G GX — 0 b i T R AR S AR R O AT R
RS 3 AR AG N A28 T 2 B, 1 49 4n 3 43 AT
FEgIERAC AR b T Rl TR AR
7 T ERAE X N 0 I e H A EAE RS 5 A
AT T P A B AR A 4 2 2 U SO R
P A A O TR A R A AR R AT R T
i A R P 1 i 1 LORR AT IR A B 8 R T A O
IR RO RS R T R BT SR 6
L MG AL 2 M AR Y Ak s AT, X T N
MR A5 R AT 5 AL PR A SR AT A B 5 3~6 ]
RZAAT 20 N7 A R U TSR 4 R T 3K
Fr bRs i, R AW 1 e E
ML T A f 7 P A 3 A 1 A mT (it 3= HL R B Ak 38

LS B A e B N S P S VA NI AN (U 78
PG A 2R T 2 MR PR E R G B
&5 ADNEZIE I O T BB s 1T B R SR
A O i R R R T AR O
F TV 1) A [a] B B8 09 5 o 4 H s @D S04 B Y
IR 5 A A% T 1) S B0 15 88 14 2 M e 2 s O L T4
T R B B 7R 4% B Bl A AH AT O (i1
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ZULTH AT BOGER B9 B2 AT 275 SOk 24 .

L4 5A1 1.5 A E 3l 4 7 U= 1 RE A
JRJZ Wy BB L AR S B R LA o xR i
4 5 SR AR SCHE T R R —Fb A T 1) R B T7 % T4
A~T7 543 A 4 1] NISQ $2 AR 9 & 7 F2 )7 i3t
EE E TR BT ACORE 4 1R ] oA
RETEREATHI R G0 10 D) BE 2 A7 ¢ B H AR 5
BB AN A A 5 BLAE. TR I AR B Y R R . AT
B LA 1.4 Py TPE 5035 8 1], A 28 B 53 1 A ey
MR AR P TR id — 2 S e o FE R
AT 1 R DA S AR RE A 1 (9 AT i A

TR gg BEHM
= — T
TREFEN T
2 WIE TR LRI R S5 22 UL 2%
s (mremm ) [ . f QuantumSim
gt :
b 7 TBE :
e | prso T
2 EHL £ Hﬁé&ﬁ"ﬁﬂ

Fig. 10 Quingo heterogeneous quantum-classical computing architecture
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D e RIKGE N BB, 8 ih 5 E i
X A R 8 AT A R R A 8t 3 Y Al
G, 1) P B Bt R A B8 25 T QRAM KR

T AERRE D BRI AR . O 58 & g 2
A GE VLA T ORE P B U @ 5E A 1Y FE A RAT
A DU IR AT BT S AR TR P B iR = AT
SRR TR S BT RAE Y SR A R
S PARAE T BRI M 58 2 MR IR AR 2 A iy B
AEF AL WA LUE o 2 A = 2 AR Y TR
= PRI AC & LA 58 O - 28 S S 4 B 1 B i 5 491
W FHZE LT OpenCLE™ 1 4 P HE 42, W] H 4 5%
LR N — A EHURE P RS T T A R B
iy i EHLR T & i it ik &
Python, C+—+) 4 5 , fifi it B 53 1% v i 5 1 48 4t
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Tt R 0 R E AT 55 R4 TR A TE &
R T & P E G Qiskit™, QPanda""™ 4§ Bl
M7 R TP O F Y A0 Quingo !, QE
5.

2) EAR)RWAEE SR ERALE. BT
NISQ H AR BYRR I, 1 + )7 & 1T 8 5 76 % H & il
G Z U [R) I 3 575 1) P P 2 Ak A R AT A
G B LR L 1] 4 X TR AR SR A AT 5 R
VS HE 10 I TP R AT S R 22 L A 1 8 P TR )T
% it i = B FE Scaffold™, PyQuilt™, Cirg™,
ProjectQ™™, Q #, OpenQL"", Quippert™ 5
Quingo™" 4 H: dr, Scaffold, Q # 5 Quingo & 57
i TR EROTHE S HARE F W ATE— T4
BT P 3T F (A Python, C+ + , Haskell %) i1,
B LA JE i A ZU 40038 4 7F 15 F (embedded Domain-
Specific Language,eDSL.).eDSL # F EAL#HE T 1]
LU e 08 5 1 S ik fe SR P . eDSL A £ 2
AbFE T 75 % FH o0 9% 72 (meta-programming) i 77 2
) 3 2 B 3 S I 22 B R R i RN
EOWL Ty R S 0 H 2 0 1 BB b SRR 52 B 114 43 ST
T SEAR T 45 1. A b s it 7 72y i Tl =
Quingo, PyQuil) X% 25 45 il HL i FF & TR R P
HE

3) TH] [ AU B R K 0 1 S i TR T T I
BT R SRR A TR R TE TR R T R
it 7 R X A U R TR T
BRS04 & 7 AR R
B I8 FEAE 2 1] (controlled gate) |
BT 13K 3 (reversed gate) 5 )% 114 (uncomputation)
A TR ROHE N EiR B A A
(i) 2 2 18 S 4R 3 26 1 125 R 1 AN AT D T AR B v Y
TR Wl 2 R A R A AT LA B 2 R A B T AR 43
5.

TETFRMELE T . 1.4 7 iR 19 TPE 573k £
J¥ 8 Python i 5 #i ik CHNE 11) & F N1
Quingo B F ik (& 12), — F Wi fE 58 ik IPE &
B PAT R AR EE o R (K 11
BT TN R (B 12 5 9 11 BRI A Y
REISHCO ) — DA THE (B 12 55 12 47) I &L
n UCAS T B9 249 (8 1 o B AL TTHE 0. 58 F P A% R 8L
ipe FEUL— int 227 A JFIR [l — 4> double J5 7Y
A5 R (K12 %65 8 41) AEIZ R A, using Z5 14 HH 3
T2 AR IR 12 5 12 1) BN TR TR P R
BT using S5 FIF 3 B (P 12 35 36 47). &1 12

%5 17~35 471 for TE A L5 3AR T IPE Bk +
HPAM—— R TR R H R 2
PEUY B R OO BAE H B AES E TI
HAE T 5.

1 | # host.py: IPEX W& £ £ B F

2 from qgrtsys import if_quingo

3 ' B K Quingo IR H L EEEH

4 | def ipe(m: int, n: int) -> float:

5 res = 0

6 # EHASnS A, mAER ¥ i

7 for i in range(n):

8 # HRWEAEE—/$n$tk 4 49 thetafh it

9 if not if_quingo.call_quingo("ipe.qu", "ipe", m):
10 raise SystemError("The execution of "
11 "the quantum kernel fails.")

12 res += if_quingo.read_result()

13 return res / n

Fig. 11 The classical host program of IPE algorithm
B 11 ARG T (TPE) & 2k i & i £ 12 )y

1 // kermel.qu: % (IPE)

import operations.*
i import config.json.*

3
6 //

T /7 % :

N | operation ipe(m: int) : double {

9 double theta = 0.0; // = theta_k / PI
10

11 /B

12 (ancilla: qubit, eigenstate: qubit) {
13 // E# F 2 11>

14 if (! (eigenstate)) {

15 (eigenstate, PI);

16 }

17 for (int k = m - 1; k >= 0; k -= 1) {
I~ /] EER B E T 710>

19 if C re(ancilla)) {
20 (ancilla, PI);
21 }
22 (ancilla);
23
24 /] T &= F$U(271)$
2: control(ancilla, oracle(eigenstate, k));
26 z(ancilla, -PI * theta);
27 (ancilla);
2/\
29 // 1E
30 if ( (ancilla)) {
31 theta = theta / 2.0 + 0.5;
32 } else {
33 theta /= 2.0;
34 X
33 }
36 }

return PI * theta;
38}

Fig. 12 The Quingo kernel program of IPE algorithm
12 IPE 5% Quingo NIRRT

5 EFRiFE=R

R T R SRR Y B IR S
R TR 6 AR AT 5 RE A T G B O
LA i I A A 7 B R T SR A% XL

5T [ 9 VK AR R A Y 2 M 5 2 A B
TG A TR O R 2 Ak
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D B g R A AF O — a2 SR s AT e 2
Ab B g b ARAE s AT AR R T PR AR B b R
TR DR IR g K AR e — A 5 U R o
.

2) BTG AR X GO ). 28 g g
PR LA Y 32 20 SR B R L A 25 SRR Y
TR UL S £ L2 1 45 1T SR M 3 A AR % 1 O 1R
PEAACHS AR NS 2 35 frad L 3 5 2 SR A A7
THE iR A T AR 0 Tl 7 T R
T ERAER SIS i TR RS R AN AT SR Y L
T HOARE DR A AR B X g 1 N T UL B T
G P RV AL AL O X g 2 B T AR AR T
LR A B 75 U0 T A2 B T A R L AR AR v
JEE AR T 454 P 57 22 (] B A A P AR Al £
R B X LA P 0 £ 4 2 22 ML AR A H K

3) T[] NISQ $7 A #Y 1 2 i 4 5 28 % 18 i
TARAERG ISP — 7 T, 28 0 g 15 5 A v T R AT AR
e KA RE A8 72 A7 i 50 P DR AT I BRI A B 18] T 4
T VA U 00 26 O X NTSQ Jt - FE 4 AH T e [
AR 8 J XA B X ORGP AR 0 T
FUR P 1R S R0 BE 1 5 10 ) 90 8 S 00 Tk ok
SR RS e TR AT B XS I L S — T T, —
BB 25 126 gt 2 10 0 ) AR R A AN (R A I S R
AL Y S5 R A i T OB X A R
THRAER PR — DR MRS,

1] = (] = ) =

4) TR T B R Z Y BB, L
WYy R G SRR a1 A BT R
() FEF N GS AL i R R Y X R TR
A 2 T A A {75 00 Ak aok 7 o0 B Bk k.

5) BRTE NISQ B G + b Re 8 im0 HAH T
A 1) e A R e AT R A S ik B AT T 2
(%% ) %) 145 AE Ty 90 AT AL i g R A 1Y
TE AR — A UL B i 2 A e U S 5 2
B R T X 1515 2 2 MU A CEIOE N R A
AR EL I TR S A P g A T DL R B —
BE Iy S A5 L AT 2 MURE 1Y A AR O B R T A
DAY B3 I BR B2 F2 48 A0 A 19 7T BB 3 26 010 A6 A I % Bk
A3 AT (partial execution)™.

ZHE T IR I TAE R AT AR B 40l 2
BB, an & 13 Bran. 5 5 g 15 A i i AT B TR
77 Jf 4] 2 [B) # 78 (intermediate representation,
IR) SR - 4 0 2% I i il in 5 °F 65 T8 & SUAH DG 1 £
TR AL 45 1) o0 B BB LR G B T AR BT LR
F14) ] B 0 B S A5 B U G R i i o A T AT
& X 22 R 0 G G 1R A TE DR IE 32 55 TE B 19 T
$2 N Jm A O A R U /D B e Y B T L AR B T 4R
YRR CRE 1) T 3 R B 1% 3R A3 19 17 it fon
7£ Transmon L (% W & F FLRE 1700 5 DT 0k 2 B
it B A B R A R AR R PRAT N ] O 4R AR
ZERB R E L.

2

: BT
> | g
BT
BAA

Fig. 13 The workflow of quantum compilers

B 13 & FamiFEasn TR

H I 2 73R i 4 9% T HORSE 1 5000 45 4 — T
5 i e ol A2 4 %) i A A TS Sy b ) R OR A Y B
%éﬁi%%%ﬁﬁé’l%%%%ﬁim(abstract syntax tree,
ASTAE R ] R0 A7 [ 4l 2 54 i 4 )
F O Gy — i LB AT v R 2R O R A ) R
& (directed acyclic graph, DAG) S FI L 58 45 1k 4
Hh (S AR OC R AR TR 1Y 02 & F S 3% DAG
S T R] LAAZ 0T L X R A T R ST
SE T DAG RE S #5433k i AR B R AE R A
G 0T RIS i -2 MUR S AU A — 2 Y R K]

7] 326 26 g 15 e 1S BB Ak B [ 7 19 o - 2k i, o R 7
A5 0 3 8 PR A 22 ML R A (I 12 Ry if T
GIDISNETITA: it B 1 b7 W NG (N2 7 /A 2
2 1 A 1 P )RR, A Low-Level Virtual
Machine(LLVM) ™) & Multi-Level IRCMLIR)™,
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Tt 28 FIUHE B2 LU B A B G 1% 48 7 5 JH P R T b il
FH R At B 7 1T #RAE 40 i S 28 8 SCHF I T 484 X
THE TR . CEARERBATIEERET
MR o3 i 7 RS O T 2 T R A DG E S
W A T AR K RS0 1] 43 il AN A A A5 45 b it
B AT LB AT 7E S5 bR i W 3F- 5 b, 38 AT R A R R
SR PE AL 23 ]

2) BHREGE EZRESGEEME R EN —H
TR AR P E S 2. h T i
FIHE AR B DL i b bl iy 22
AL 2 A R B TR T R N A2
1A B T Al A LR A i T S

3) BT 5 AL LR R TR AE By
P, G 15 T O0F B - 2 AT AR S AN AL L 1 40, 2
M HH=I .8 DL XL 2L By 2 4> H A
SRR B -2 B I AT 45 R AR X AR Y
BL2IEA T UL ABAR B 1] 53 Ak RS 1 28 0 55 1 722 48
AT DL 3 AL 1 AR Ak 2% 1. Bl T SR R G T T R
M3 QMA 584 CREF NP 584 3l
5 2 B AL Tk 22 2 TR R U

4) Wi A TP S BB e T R
B 551 2 Wy O & v OV 6 o ) B R AR A A B T L
A EZ 2R, LW & F e T3 E H Bt
TR — SERF E B i LG RE . an SRR i T
LUARE T FH B 2 LU ARe 50 A 40 e S35 380 W it Jon 7
ICREIT A i LU AR b, g R4 0 15 N 7 i 1
2R P S AN B BT L LE I SWAP R IX 2 A4S 1
FER sl B 2 o) FeF I 4 B AT L X RS B &
A T 2 55 e 5 i B R B A G ROl SR iR
I AR S R NP 58 4 [a] 87, Jir LA BE A A e i 58 vk
W22 Ja ke,

5) W EE B X NISQ H2 At A 1 I ] 458 5 11
[R) 7, B g P A b 2 e 0 U T R )
Pa BEL T SCRRE82 I i 2R L TR AT fiE AR (as late
as possible, ALAP) 5 vk i & & 1 22 i nd 1] 42
P WD T 224 T T4 AR % 18] B e 8] 5 500 g 42 2 72 7
DR FLEE A I W BF 6 O Fo i R I ) oK R 6 L
I AN TR) 48 A IR 2 G 9% i 0 T 2 8 O X 1 4k
% HORT AT R

6) it e AR . I e U0 ) AA 1k i ) B
FRGAEA ) 1 e 25 i T A 1 S A L R 53R
MY RS R B H bR i RS B S e Ak B
e A R J7 2 b6 R BT 25 L il GRAPE
(GRadient Ascent Pulse Engineering) % 2,

PR P IS AT 0 R LR RS B 25 R R
T L AN — B TN R iR AT
EAT UL A2, DA B8 4 3R AR IS A7 78 LE i
T T it 5 o 0 2 it 1) 06 Ak L 08 B O A A R
A DG G PR A R AT AR BE DR T P R T 25
B 7% B HE Y 5 70 B 18] R0 25 [A) b i 29 o0, DU S 48
Sy HEAE 1 2
B B iHEH R B R R A
B R K. A LT A BT e AR TR A X
BB 4 PR 2%, EE 0 Scaffold ™ (ScaffCCH® ), Quilt'*
(QuilC™), Q #, Quipper'™ , Quingo™* 4. F
fih % 138 8 W 40 F5 Qiskit™®®, ProjectQ*, Cirq"™,
SQIRM) , Strawberry Fields!'* ,staq™® ,t| ket) 0"
& e Mgnixn & 177 2806 Python #ii£.
FER 14 AT B QIR XUAS 1 v [i]
FoRR VLI 12 h i gl BB 5856 1 AT Ry
S PRESCL AR B EEAC R R Y T A — B 2
TTHbR 5 Rm — D EAR SR I ih D EEAR Yo 4 5
2 T P B9I5 4). 58 3 47 o JR B A8 1 %0 theta 43
BC N 725 18] JFRAE S 4 T7 R0 R 0.8 &, rh [A] 3R0R
I) define double @__Quantum__Qir__ipe(i32 %m) {

entry:

3
I %theta = double, 8

double 0.000000e+00, doublex %theta, n 8
%ancilla = %Qubit* @__quantum__qubit_allocate()
G heigenstate = %Qubit*

@__quantum__qubit_allocate ()

O %5 = %i1 @__quantum__m(%Qubit* %ancilla)

10 i1 %5, label %thenO__2, label %continue__2

11 thenO__2:

12 void @__quantum__rx (%Qubit* %ancilla, double
3.141592654e+00)

13 label %continue__2

11 continue__2:

15 void @__quantum__h(%Qubit* %ancilla)

16 : :  call void @__quantum__ry (%Qubit* %
ancilla, double 1.570796327e+00)

19 e 1 double, double* %theta, 8
20 %9 double -3.141592654e+00, %8
21 void @__quantum__rz (%Qubit* %ancilla, double %
9)
void @__quantum__h(%Qubit* %ancilla)

2 ; call void @__quantum__rx(%Qubit* %ancilla, double
-1.570796327e+00)

; call void @__quantum__rx(%Qubit* %ancilla, double
%9)
26 ; call void @__quantum__rx(%Qubit* %ancilla, double

-1.570796327e+00)

27 ; call void @__quantum__ry (%Qubit* %ancilla, double
-1.570796327e+00)

28

29

30 /7 BHETFHRHE

31 void @__quantum__qubit_release (%Qubit* %
eigenstate)

32 void @__quantum__qubit_release (%Qubit* %
ancilla)

33 double %20

30}

Fig. 14  The IR of the code snippets of IPE algorithm
B 14 TPE Bk AUHS )1 BLid b 6] 7w
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— it K FH 70 2S B {E (static single assignment,
SSAYTE A, B A AN A8 i H A 7E — 4508 A op g R
1B, DA T J5 22 09 43 B i Ak BRI TE 2 6 theta IR AR
B G AR BT T AN B L L 5 5 AT ANEE 6 A7
THHBRE@  quantum __qubit _allocate 53T 2 4>
A R

SRJG - T UL 6 JE LAk AT AROG T
K12 hes 19~22 17 BIR 2 L. 18 14 55 9 17 X
TR P I measure #AE. A5 RAELH 20 179 H
YE4r 32 i) br ) Z& 4. TR B A 43 S2 9k AT, 78 3
A continue__2 Ji s Yancilla — B4 T [0YA&, 1M H |
0)=R, (x/2) |0, Pl T LLEE T 58/ R, (f
D ITREBACES 22 1709 H 1], LA S R 10 P .

TR ERATFAE 12 26,27 AT &
MEMP k. B F Transmon & T W& /D B B f
FIR. T 0 L 25 6 458 20 U2 R MR, 174K
PR JFEIE A R, (0) =R, (x/2)R, (DR, (—=/2).H
F H=R,(—x/2)R, (). FiLL H 13RS E 85 1
MRE R, (O W5 R.(O) 53 A5 B0 B J5 — A4 4E
R, (n/2)EIAR, Br/2) MWEI R, (—=/2).25 I,
FFHH R, 5 H PIATTAT LU 18] 12 45 24~
27471 4 MR

WG, @  quantum __ qubit _release PR FUK
2 A5 LR RS I AE AS ] T, 4 1 4% K 26 ancilla
Fl Yoeigenstate X 2 N2 48 & LU RR LS B S5
OF 1A 2 AR E LR, BN SR a1
FERFIT.

6 ETHREM4EN

Zom a2 5777, &P
e o B EAE R0 (Q SW-HW Interface) 5 X
R 2 11 A 2L B BR8N G 15
SRt — A RTE 5 AR g AR 4 0, 0 R
JP AT AT AR B R A b RORE 1A A
T e O SR TR AR 2 R ETE T E X
SEPL R TR R TR R R B T SR
SER A AR T A L DR B 00 BT ik & B 404
I A LA B S PR T N 4 R A A o A

1.5 R IR N R T R Y TR AR
ot o A Bt Bk v S B — D TR 5 ER AN [ 6 S A BE B
PR AR 1 i 7 i 45, HoA& 28 i 4 vl e
FAAS TR AR - B84l A =X PRI I AN [) ) 552 36 3 58
57 A A HULE - B s 4 AN AR [ 55— J7 T, AR
T T[] H AR B 15 LR R (] 5 R B A ] 2 8%

() 3 PR B A BT R DB LR A S e
ANJZAH ] W08 32 R RE A A S X 3 BT A 38
i B 5 A5 5 s B 2 e RE A2 0 L T R R
R FHPUE S5 s AT R R T 838 i 19
%, IBM T 2018 A4 4 OpenPulse, #2417 —Ff
B 5 14 5 SCAS =0

S5HEPMES e CH Lt B AS RERET
FeVERE S P L S 4 1) i T RS LS TR AT AR
JER R T A R O R A B PRAT ST A A o] A
PUE 5 1 7= 4 38 1T DU % 08 /D 2 7 SRCRE 1 [|] 4%
i I 0B B0 B T R YRR B L X R
FEA YRS A & g 4 i
] SCAF 45 R A ) St AR R AR RN T I Y R
B XA B T 4R R R ke T HL
e L AR RN B o S 28 o S L LI 28 W]
M EAR AN A MIT AR . TEMAERS
PR B A T )Y 3E (R SR R K, 2 LAk 3
A T AT A BRI G 2 B BT 55 R 0L, 2
T4 E TSN E s S F 2 T8 i n ¥ 6l
2T A7 1 S

TG RE MR T KA, AT )R 3)
TXETFICHRMV T X T e T2 %
W55 B9 Al Nielsen #1 Chuang & F 42 H & 7L 4
(quantum assembly, QASM), H: H iz Bt & F
2RI 1) SCAS R A =, FH T I 35 oM i T R
TR B b T4 B B A 2L LSS L Svore %5 A
¥ QASM 1E £+ Gt & i 1 FH B9 — i AR 9 v ] 3
R E QASM Y SERE L BTN BRI 2 AN [
B 0 4. 1 QASM-HLY® | OpenQASM! |
Quil™" HF Bt ) T I g (FQASMD ™ i L
i (cQASNMD MY AT AT Y B T 4 (e QASMD
PN [) F 4 35 1 5 1 i T3 4 () 2G5 BE ) L AL HE 45
LR A B o 1 AN - S = e Sb 4
g5 F ) R s s o e - 22 iR A IR A
PuaTron I R 2 T R PRI R Y
Pl e R R AT A A AR T s A G
F A R IR Y A R Ak R i B, B 4R
HB o B FIL G AU R =+ B 7 IR 2 KRR, A g
sOME LTE R F | AT eQASM 255 1 A1) $hdT
R a7 I = S N B S N 0] 30 B [ P T
HHe A WL R T 7E QUMA TR 2 25850 AT Y
k4R A R, e QASM T 37 4 T Y AR R R
Tl A it P B A2 S A R R R s R A Y
TFHRIEM — R M8 7L R SOk
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eQASM 1y & it I 0] & F - 4 M 5 4 3 5,
eQASM {UH Tk & AEAE it T Up b #8815
. eQASM )7 i it 15 4 Al B & 48 SR &
MM TFIEAS R 3 26 DR E R FEEHRTF
ST A (SMIS I SMIT) 52) 48 5 Ha 1 34 a] 1) it
&) 18] B O35 2 (QWAIT Al QWAITR) ;3) R Fi#E K
84 F Wi T AE 48 4 (quantum bundle). X F
eQASM (18 Z 15z i B i AR 405 ) 2 %5 S0k
[112,115].

S T ee R IT L B 12 R e B
—HPIE X E & FHERAE. R, G R, FICZ 5,
PE—1TETHELSEF XERENHE TSR
JP. 12 oY for 1 R ORI w8 R 15 TR Y
eQASM RJPY (ZBR T R IR, R R ZHE R E
Xf B AR 45 2. eQASM A T R TR £
= R IAT , 2 BRI ] A 422 Sk, B 44
SNETFHREERT AR NS 1LITME 2 7R E
1) sO A s1 FFfE ) th i CE BAE 09 B bR 2 1 LL R,
B 15 #5813 ~19 173 ancilla & F R 0991 46
6.0 5 5 7 HO R B ST B 13 A7) AR B AR
JFR 600 ns, B 30 A4~ J& 1 J5 (B i A JA 8 20 ns)
FMR 454K I & 45 4L 132 O3 30 1] 25 77 4% 19 .45
45 R R 0, MHE X 40 ns Z )5 38 5T 2, RX 50,
3.141592654 #:AFE 55 18 41 # it F LU RE B EE S [ 0D
BOAZAEL IR 2 Rom i BAE 16 T 0 — 4548
A2 AN Z )R E 12 55 32~ 38 47 F) H 3
RN eI BIE K 15 5% 30~
36 1T A IE, A eQASM RS, f1 19
{E (H theta) Je 8 R LA 256 32 47) o SR 5 A AE I 5t 25
Fok 1 EL I BN 0.5, & 15 £ 40 4T E G T
A U AR IR K T E5E T 0 i)t Bk i 210 2R
Sk BT AR (5 41 47).

7T EFEHBEREN

i T8 il R & 45 # (microarchitecture) #0417
RO R A S IR R T, R AR PR
B AL 5 3 ) & 1 L A B RS R U &
LUARE R 0 S 55 2R L T 58 B 28 B TF A AR 0 SR R AR R
Ui B AR B O T AR
AR R B A TR AR S S B S IR
R B 42 A5 o T4 1Y i1 HRR S BREOR (A

1 s0, {0} # #7%
2 s1, {1}

3 LDI r0, 0
1

i # EZRAG...

G
7 FCVTSW £1, r0 # f1 <- 0.0
ta)

# JF % for & ¥
11 LDI r8, 7 # k = m - 1

13  LOOP_START: # % F & if #7init
14 s0

15 30

16 FMR r9, q0

17 BNE r9, r0, RESET_DONE

18 2, s0, 3.141592654

19 RESET_DONE:

21 2, s0, 1.570796327 # H|0> = Ry(PI/2)|0>
23 # ...

24 # HAB

25 # ...

27 FMULS f2, f1, -3.141592654
28 # Rz(theta) = Rx(PI/2) * Ry(theta) *
20 2, s1, -1.570796327

s1, f2

s1, -1.570796327

s1, -1.570796327 # H =

Rx (-PI/2)

ISR

Ry (-PI/2) * Rx(PI)

34 FDIVS f1, f1, 2.0
! s0

36 30

37 FMR r9, q0

38 BEQ r9, r0O, ADDED_HALF

39 FADDS f1, f1, 0.5 # ¥ #7theta
40  ADDED_HALF:

12 SUB r8, r8, 1 # E i1t # &
13  BGE r8, r0O, LOOP_START
14 # for 5 R

46 # E X RKHE...

Fig. 15 The eQASM code of IPE algorithm
15 IPE 5k eQASM S B 71 1]

T HORR) S AR AR 5 B 4 S I 1 AL F
Pkop JFEEdEF- 2O RRNEFER BT
Z i (quantum to classical) 2 1 171 3% fl 44 £ 45 #4
MECFE S 551 IR T & MBS 5 Z ) 1 7%
Wom P-4 05870 (quantum chip) 9%
T T 4l 9 6 LU R S IR R

1.5 TR, S AL BEAS 09 S A RN
155 #BJ2 B A4 BB 5 % B LU RR A R AR Chi A
155 ) S 38 2o % DL K R BRAT Y L T J 1 LU AR Y
Do 285 BAEAE T o A0 3R 8% 1 i AR BLE 5 . —
Tl FH A 7 A 4 o Bk o 0 O 2 B AWGLTE
PAT B FIRE Z I, T 2 B T 45 X 0 Y ik i A%
WETF B B A K o O RE AR IR 50 EAe 22 AWG 1Y
Ffitt i T ARSI ] Sy Ty 8 DK el 3 A At s A7 fi )
FIFIER R N =2+ T, «R, MHEA, Hf R, 2
KHEREHAE 1 GSample/s 247 KEARTE B4 PE R
ML RUETE 10~16 A2 Z M8 T & F AR ¢ 1

@O 55 4 AT — A5 R e QASM. BRI T 368 2 A0 1) e B B2 4 0P S50 30 A7 4 TP A8 4 1 S HE
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DN 235 B 3 ot P R 55 e 2 o 0 5 T A R
FRMEBRIES V., O FeF b, IF 17 B 4 i
A

. 1. 4S,>T,,
Sq:JV(,(t)Wq(t)dz‘,,E M, = 0. i,

(8

Hrp W, O R T, 4050002 g B8 HEALTE R ORI
B, — M & 7w A TR E. S, B4
M, R 245 R0 5 1).

o] JB 30T 20 4F O X R T 5 E AR A A 0 g
il G4 % £ AT B A /Y I )8 5 1 Lo
B R G KA AT oyl 2 R — U S 8 T
) 4 ) 2R 0 32 2 Pl RS AL R A A B, B AR AT RO K
AR BCHE R AR R SR P W T AR A A
F5 LG R AWG BYINAFDE AWG IR i ik
17 56 Btk - 1 50080 SR 45 15 5 0 i 45 115 5 B0
2 5 o A A 2 2 b ki 12 S ) B 43 B 2 0
AR XMERRENARA 2 5Dl Ee
T AE TN BT R 5 4 E A sk 4 L OF AR B AT
Je BB I IR . 2) Bl AR A3, b AR
1) T T B30 e 2 B K, B AR T I A PRAT AR
X T HOE Y 1 f s DL sl A R SR B X AR
5 22 B DL SC B3 1 1 B R 0 i 5 R 1 R IR
il A A AR Z B0 TAE AR 2] T 732
F ., fn Scrk[50,116-1187.

FEXF 2 SR R TR Sy T R S I R 5
il B8 75 5K AATTIF 46 F 58 56 T FPGA % il £ il A
PR SRR K RO T IR AR E ARG R
grriooonm it gE i RS R G b, 3T FPGA 1
4 ) 32 58 AR 32 17 3 R v A B R A Y A A
5 T S fih 2R A A0 A A 8 7 A ) R A AR
U FRATTHE 2 1 BT B R OL 2 4R 2
POMETFERRERAE 2 8 FERH RS,

55 2 A R G r e A 5 — s B B Y
T RS S B4R AT AR BAR AR 2 R L
TR TE A7 S bk rp DR A T 8 I REAS TE 5 R
A 2 J5 I Uh % 4 OB 0L 00 i b, 40 APS2 R4
) WAVEFORM #5411 (HlL #4356 2 [UR T
0 R gl R FE A 0] B B & T EE
SCL AT S eQASM 48 A R 1 QuMA iR R 45
R AR DL QuMA SR ], 1 B 5 48 4 78 455 il 13k
RREEM LB T R T QuMA 15 2 52 30 4
L IE S 3L 60,112,

WE 16 B s QuMA B 2 25 44 i 28 83 /K
LA T UK 28 41 B, 48 M K 26 N 36 & A7 i 45
A ARBOTAL 3 48 A BT A i Bh 2 B4 & ERfE 4
WK e 58 ICPRAT L PHAT I 32 B 58 i &2 L 2 A7 2 1Y
SHOBRURE P O 9 5 4 i e A B 22 )R Bk #)
KRR AT A B K RS 3 A
1Y) fie :

D 6 Fhk R — AR TR . R T
IR ER T PUBIZ A8 A X N ) 5 2 B s o L BT
B e U EISR N e B S e ak L (B
o 2 R R YRR B A i LA

2) B L R T LUOKS 09 B it
TE 5 HORe b e oo T ok e | PR AR
-4 ihingiI

3) BT AT 5 (0] ) % 4 o F DR K 26k 4T
SR B R BT R R S X B R S T S b
SR BB K oP A5 S, S BEX  F H R A s o SR
X I ) et - B R DN, D)3 T B fh ke X ) R
TE AR P 5 T HL R 2 1 &5

QuMA A 3R 45 ¥4 1 24t 2% 2 D0 & 48 2 F7
fitt & L WOEAE 6 25 FUECHE A28 2% 3 51 48 2 FE At 4%
FH R e 8 i 4 19 A 2B 00 DR 3 9 ol A 5
F8 4 WOV A a8 T A 6 B T & AR 0 OE

ez

A

lIRLEEEEE S DAC || [«

Gt o

T

W e

REE

dn
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Fig. 16 QuMA quantum control microarchitecture
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5B B AT A AT T A B R B AT B T 1)
I LB R Soas 1745

S VE T R, 28 MBI 3R 25 4 O 1 1 2 A
Uit (R By o 1t 5 TGOS 3R 85 A8 S % U] 2 ]
A R AL A AR R B L S B AR R
HPRE XS 2 R e g — B0,

FATUAE 15 A EI 3 — 4> & F P 7E QuMA
TR R 25 H B AT R BN T TR RE A AT R T
B rE 1 G2 AL (— RN B AL
A A I B TR A R T BT 4390 1AL B 48 A A7 if
i FLEOIE A7 1 2 . OF il B QuMA T B s 17
QuUMA JH B AT Z )5 » S ML K 2k — 4k — 45 i A48
S AEAE S T IR 4. & LR A 7E 2 IR K b 5
BCAAAT o T AE PAT 30 2 o TR 8 B2 A7 45 | 1 RO
A7 Ak #i A R P ORISR AR Y 1 AR B AR
AW A MUK 2 e ke 4 e TR K S AT Ak BELAE B
THEA R JE , T T8 B 8 AE AR 55 A7 4% 10 48
A 7E T4k B B 58 AT BT AR A B A % B
JRaE o, HAUR RN 1 4&m FIER LS MY
fil & Bf B QWAIT 30 245 F 1 4 THAEM Y
A PATHIF G 2 % m 2 5 1 A8 48 2 B
ZIE] B 30 AN JE . & T HAE 48 S R RS 2 )5 L 8
FhE BT ARAS o B 0 BT LURR OF 48 3 bk A A
HLTT CUN RS 25 45 il 12 2 1 BV 10E AR B 4T 38 18
T Az 25 s e 25 S RO B T v i)Y 4 ) B T 4
E TR R i 2 i 2. 2 05 R 2 DUBCE ik
RAFS 0y e B bR I 209k 5 45 AWG 50 R
BRI, ik e 7 A Xk g AR 400 bk o A 5 it fin 7 ==
oy b 45 i B R A 0 A% BOR il & 45 R rY R
S0 2 SRR PR T R LR A R
J5i s 2 A BRI A SR 0] 4 2 ML K 26 it S B4R 4
{14 4 B

8 Hk 34

T EA R T E R R B T RS
AR [r) J22 R AT 9K T ik 2 15 22 0k 8. A 715 4R O 1 2 1)
W TFRFEINES BT HES . B TR0
VL 125 T AR R 5 4 45 )23 U T i ) A G Bk R
8.1 EFEFIZITES

s F ik, NISQ & F5EA 2 M FEE R
Mo DET-2 M S TE 5 2) O T JZ XA 4 2 17
R AR A BB ROHE S Bk 2 AR
R P BIAEAR .

TEXT -2 M S M B i SR b R R A

2 A DX AR P A A5 A 0 2, 3 30E T e
W — LK, W Cirg ™ 35 F X T Q# . Quingo
GRS CAETE T )2 T 1Y 0T A A5 A 1Y SRR R
Fb A O S X T3 4 UE 1 eDSL SR UL, R
P3N R e A2 1 7 2 ) B O d M A A R AR 45
33X 2 A5 A I A IR AR B L AR SRV 5 40 1Y
T TR B DA R AR 0 AT M 2) HfE DA S B AL A R T
N5 235 SR 1) s 48 ) FE P Y B - 28 T B S I AR
LA H (B 12 19~21 175 30~34 7). %
FOX — 5] ) M S R AR R 2 T AV AT M R
EBK AL 2 fhas- 1A HE LT
X — Pkl . SCHR[ 24 1JF R T — 2 B LR R,

TEAR S A7 il L %) S 45 5 T T8 i 1 32 2 Bk R
Q] 7 s GBS B R R AR DG B AR B A,
[F] BF T 35 9% o R RS R TR OIS 7 AR N S S L I
Qiskit, PyQuil 5 Quingo 433l LAAS [8] (4 J5 =6t isf J
PG HEAT T SRR AR AE B R 0 R E M i
5 AR TE BRI 22 55 A0 1 T4 AR OB (0 #5385 1
IBM #2 i i OpenPulse ™ i ] #EA4L — Fpfi e 5 2
{3 OpenPulse J&—F R 2 2 W B i ik T 5, 47
M ANAELEATA] — Fh = 9 i 3 5 M8 X Y
T2 PR HAT SR — A TR0 1 )
8.2 EFHIEIRR

G PR (0 T Y v ] R A 5 e B 1 G
PEATHYBE 1 2 B LA KA A ok Y 2 B HE B AR L I
s ATFE B TR B, — 7 T8 {3 75 2 35 4 7 (8 4 1k
EFRRT AN o — T W SR il LR IR RE R AT g
SRS A By & b E) R O E W R ik = T
i B 4 bl 8 E 4 T (binary-
controlled gate) L} & F -4 #4854 IR & AT 55,

Br i -2 M S SRR A R — KR
HE Y NISQ W MAEX 2L 5246 b, K 27 8 BoR
Hby A % 4R AR B B B T B B R
PP BT & 4R ) B S 46 i AT fHE A = Y R T
Pk RBU A KWW T, in7E PycQED & I
BAFAEE B OpenQL 3 75 7 i S 52 45 ok
I 1R A BE 1 3R A T R AR & TR AR )Z KRR
PE AN e R A B R 4. 5 — 5 . © A B 5R
B RIER G AR T Rz, nl 4
R AT A R R AR T AT TR )
FoR T F 5 T ERAE AR Rl i O A n
it F ik as i P Al R oR , DL SR -4 it 57
PSR e 8 3 3k & - B A 00 i AL B R
A5 8K J& — A FF 0 ) .
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8.3 EFHEH##EDN

6 4 45 1 FR 25 K 2 28 BT S DI AR 1 ] 1 2
HL, AT 2 5 ey ERGE. D & 2 6l 08 0 g F2 32
M. 26 ST S 30 T 3 3 K [R) 0 4 4 4 A T8 4%
FIAZHOT R AL T AR 1.2 Bt T 4 g
FE P AEARJZ U A b 0 T B8 R A 6 R A R 4
P A B R 0 R P AT 38 AT AE SRR — R R A5 Y
SR RS2 b LT x86_64 5 A RN ] 1B
FTTEAN Intel Core &1 AMD Ryzen % %145 A [A]
(i 4b B I

ELTE 2t 11530 4003, B o R 4 0 RO A 3R
JE T IR T B AE X 2 A T BE Bk 4 IR A R TR Y 2 K
AN 7 AT IR  BRA R 1 g e 1 — e 5 ik
T FZE il 46 2 SR H . BLAR eQASM H 45 W] 1 119 it
TFIHAE AR 2 0 B {4 4 1) 3R 4 T 0 1 4 4
S IF AR HL A M O S 3L BBN 2 & #l IBM 2 A il
ELOECHT Y

T B TR T R T RS AR AR E R R . A
TR I 4 JF 8 T K 1 F 5. 8RB £ 1 i
L4453 (i1 QASM-HL . OpenQASM, Quil , cQASM)
FEICRE TP g | T eR O O PR AT O R
T B R 13X A H AR AT T

Bof P G R 1 RTIC B4 3R J2 T 1) T A A M X 2
FRIRE 4 53 85, — 7 T 15 BRI i 1 R G0 2
BN i — AR 2 U G 5 25 B8 R R A0 T 4 R
PR A B AT AT B A% oL X 7 AR SE L BRI A
THAMNAY TAE R BT RGN R L
— 7 X B A S B IR R G TP
BLGE — W 2 1 b 1 A 306 S8 — A HE T & 1 R [
T AR 2R G D RE LT e AR A TR L AR Z R A
I G R U DR IE 7E A (R B b i AT AT
BN, B AR Quil SZHFSL T2 R (A B 5 £ &
T WA 1 R B8 T0 v 56 4 R Quil 8 i 2
WA TR

AT S FHRE 24 o A 2 0 R ] RS AR (0 R G2 K
IR I 58— o 2 — A 1 A e 1 TR) AL 3 X T NISQ
AR 52 BEAN ] 2 1108 R GE I & SR B A 2 BRIy
TR .
84 ERETXMNEFRERESE

ot SRR 42 11 P A A ok R i BRAE X 1 A
W T B — A B A 2 02, A T 454 19 ik b 0t 08 78
UK fish e B O B E Y. I 2 R, (o TTHE — A
Transmon = T Hu 4 b, 7T UL & b A3 & 6 Z2 )
JIE 7 PG RT3 A BB X AN [R] 2 28 11 o 7 LU 4
SN [R) 2 AL 5 45 A T E R A fn 2 R ST T 7

Transmon 1t F LE Bl i CZ #RAE I, — 75 2 4E
i R R M I — A B O B %R
SMERBEEASEEZRRE LR P, i
1 — M2 2 gk — A1 8 U 28 1 8 U 2 A 2 Bl
AESHIER B S KRN THREE S
T AE RN 2Z W AR 5 7 A i K R 1 S e, B Y S
6 v — 823 ) FE A0 4 0 (5 5 a0R AT T AL B O 4l
0 AWG % th 4 B 015 5 1S A B35 P, i
OGS E— DT EES. X AWG HEA4 CZ
FAE T 15 TE 2 AN — RF 14 DT 3 45 35 000 2 1Y)
S J2 it 4 ] e LA S 3

AR BT HE T4 A AR B ) R ST I Y
ERBR K. N T i P ix A ] B, BF 58 N 5% T 36 F 5 4
KFE AR FAS AL BT R kA2 B B &
[ 5 ) A R 9E AL 2 Mor ik 1D AWG 7E4i
I 2Z i ) FH TG BR w8 0 I 2% 1E AT SR Y Dk B
A B il A5 i LR T UL D TR Sk A % . B B
IR A AR A A R AT R U & R A
(HDAWG) E 528 1 i Hyiig. 2) fif F o Al 45 i i O
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8.5 HHXEFEHMEREN

A B 145 A 3R 5 A o 0 B Ak B
AWG FTI 3 590 458 B — i 3d 4o 2 ] FPGA 52 8.
ZBRF FPGA R b AE6f K/ i A i A8 B 400 i
BAPAT IR Y i TR AE R ST R R,
S oSS B 2 A e FPGA o] 45 561 /Y & 1 L 4%
/N T 10.CAMEFREATER 60 22T I
RO H NISQ REA BEAEIVENERILA I E I
T A 8T HeRe. R 4l 2 A 200 2 73 &R
&SI NISQ F Ge 45 il 1Y AR ke £ 40 A X it
THEH RS AR 0] e T B AE 2 A oAk 3 2% o4 [ B
PAT A~ b PR 58 B R e LR A s o
A3 A S R ST B R — A & A R
Gy R A TR Y A R R T TR —
A F ke TR FEE AT EER T IREZ 0
P18y B W5t s ) 58 42 ) AN AN T A 45 ) 3R G5 1 AN TR
W Z AT (e B (E B RS 6T 2



1892

HEIR S AR 2021, 58(9)

B2 A6 4 Ui ] A A 8 IR A5 e — A
BR324 AR L SR T R 1)
94 5 BB PR UE 45 4 3L 22 1 J S0 4 1 ) 2 75 4R
S A i D[] R

9 4 it

-

Bt 20 W RUBE S BRI AR B AR
5o B X O S -2 SR A T B B R
H i W1 3 5 e B 5 S e T B e [ 3R
1% Blie 13 5 2 LR A9 17 T

H TR Y RSN AT SO B e R
FPBETHIR L GE R R S A 5 T L S
KR T R A1 AR B s —— o ik D Ae A
PR XA I LR R G A B R T
BET I K 2 R R RN TR S BRI AR, AR
AT T MR T R R L AR G R R A L
W T AT A SV Bl L SR LBORE 1 BT R LA SR
- M R TR AR S e T R R ROl
TS B AR R R R R T R R A AR
L5 I T RERE L L 5 B B R sl BT L A 2 A Y 52
B IF LU TPE 836 BB 41 T — A it EARE N
o SRR BT I A B BE R AT A R R R A
ANHE TR T REFRITEE BT TR
P-4 1R T AR 2R 5 0 2 JR e SO R -
20 S T IR I AR R i R A OR 1 ) 2 D T
TET M 54 B A B 00 H2 715 AR 48 TR A [ 2 0, AR 3
TEH R B4 59 B AL 1 T 2 %5 SRR, AR B A %
FO 2 RN T iR 8 7 . AT A B ST LA
MATH NISQ B AQTF 7~ 71530 5 ¢ 5 1A 45+ 1) 2
fift s IR 2 A R HTIE.

B AFE RO AR RERNRE T E T
Moy e R A (8 5.

2 % X #

[1] Arute F, Arya K, Babbush R, et al. Quantum supremacy
using a programmable superconducting processor [J]. Nature,
2019, 574(7779) . 505-510

[2] Zhong Hansen, Wang Hui. Deng Yuhao. et al. Quantum
computational advantage using photons [J]. Science, 2020,
370(6523): 1460-1463

[3] Preskill J. Quantum computing and the entanglement frontier
[J/OL]. arXiv preprint, arXiv, 2012; 1-18 [2021-05-17].
http://arxiv.org/abs/1203.5813

[4]

[6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Guo Chu, Liu Yong, Xiong Min, et al. General-purpose
quantum circuit simulator with projected entangled-pair
states and the quantum supremacy frontier [J]. Physical
Review Letters, 2019, 123(19): 190501

Preskill J. Quantum computing in the NISQ era and beyond
[J]. Quantum, 2018, 2. 79-98

Ye Yangsen, Ge Ziyong, Wu Yulin, et al. Propagation and
localization of collective excitations on a 24-qubit superconducting
processor [J]. Physical Review Letters, 2019, 123 (5);
050502

Gong Ming, Chen Mingcheng, Zheng Yarui, et al. Genuine
12-qubit
processor [ J]. Physical Review Letters, 2019, 122 (11):
110501

entanglement on a superconducting quantum

Wu Yulin, Bao Wansu, Cao Sirui, et al. Strong quantum
computational advantage using a superconducting quantum
processor [ J]. arXiv preprint arXiv:2106.14734, 2021
Kjaergaard M, Schwartz M E, Braumuller J, et al.
Superconducting qubits: Current state of play [J]. Annual
Review of Condensed Matter Physics, 2020, 11(1) 369-395
Gong Ming, Wang Shiyu. Zha Chen, et al. Quantum walks
on a programmable two-dimensional 62-qubit superconducting
processor [ J]. Science, 2021, 372(6545); 948-952

Song Chao, Xu Kai, Li Hekang, et al. Generation of
multicomponent atomic Schrédinger cat states of up to 20
qubits [J]. Science, 2019, 365(6453); 574-577

Terhal B M. Quantum
memories [ J]. Reviews of Modern Physics, 2015, 87 (2):
307-346

error correction for quantum

Peruzzo A, Mcclean J, Shadbolt P, et al. A variational
eigenvalue solver on a photonic quantum processor [J].
Nature Communications, 2014, 5(1).: 4213-4219

Dobsi¢ek M, Johansson G, Shumeiko V, et al. Arbitrary
accuracy iterative quantum phase estimation algorithm using
a single ancillary qubit: A two-qubit benchmark [ J]. Physical
Review A, 2007, 76(3): 030306

Svore K M, Hastings M B, Freedman M. Faster phase
estimation [JJ]. Quantum Information and Computation,
2014, 14(3-4) . 306-328

Corcoles A D, Takita M, Inoue K, et al. Exploiting dynamic
quantum circuits in a quantum algorithm with superconducting
qubits [OL]. [2021-05-17] . http://arxiv.org/abs/2102.01682
Farhi E, Goldstone J, Gutmann S. A quantum approximate
optimization algorithm applied to a bounded occurrence
constraint problem [J]. arXiv preprint arXiv: 1411, 4028,
2014

Yuan Xiao, Endo S, Zhao Qi, et al. Theory of variational
quantum simulation [J]. Quantum, 2019, 3; 191-231

Jones N C, Van Meter R, Fowler A G, et al. Layered
architecture for quantum computing [ J]. Physical Review X,
2012, 2(3): 031007

Van Meter R, Horsman C. A blueprint for building a
quantum computer [ J]. Communications of the ACM, 2013,
56(10): 84-93



i FESE . —Fhm ) P RE B THANE T-2 S Wit R RS

1893

[21]

[22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Fu Xiang, Riesebos L, Lao Lingling, et al. A heterogeneous
quantum computer architecture [C] //Proc of 2016 ACM Int
Conf on Computing Frontiers. New York: ACM, 2016: 323—
330

Gambetta ] M, Chow ] M, Steffen M. Building logical qubits
in a superconducting quantum computing system [J]. npj
Quantum Information, 2017, 3(1): 2-8

Chong F T, Franklin D, Martonosi M. Programming
languages and compiler design for realistic quantum hardware
[J]. Nature, 2017, 549(7671): 180-187

Fu Xiang, Yu Quingo: A

programming {ramework for heterogeneous quantum-classical

Jintao, Su Xing, et al.
computing with NISQ features [J]. arXiv preprint, arXiv:
2009.01686, 2020

Karnaugh M. The map method for synthesis of combinational
logic circuits [J]. Transactions of the American Institute of
Electrical Engineers, Part I: Communication and Electronics,
1953, 72(5): 593-599
Nielsen M A, Chuang 1T L.
Quantum Information [M]. Cambridge, UK. Cambridge

Quantum Computation and

University Press, 2010

Shor P W. Algorithms for quantum computation: Discrete
logarithms and factoring [C] //Proc of the 35th Annual Symp
on Foundations of Computer Science. Piscataway, NJ:
IEEE, 1994. 124-134

DiVincenzo D P. The physical implementation of quantum
computation [ J]. Fortschritte der Physik, 2000, 48(9-11):
771-783

The Royal Swedish Academy of Sciences. Nobel prize 2012
information: Measuring and manipulating individual quantum
systems [EB/OLJ. 2012 [ 2021-05-18 ]. https://s3. eu-de.
cloud-object-storage. appdomain. cloud/kva-image-pdf/assets/
globalassets-priser-nobel-2012-{ysik-sciback_fy_12.pdf
Nakamura Y, Pashkin Y A, Tsai J S. Coherent control of
macroscopic quantum states in a single-Cooper-pair box [J].
Nature, 1999, 398(6730) . 786-788

Blais A, Huang Renshou, Wallraff A, et al. Cavity quantum
electrodynamics for superconducting electrical circuits: An
architecture for quantum computation [J]. Physical Review
A—Atomic, Molecular, and Optical Physics, 2004, 69(6):
062320

Koch J, Terri Y M, Gambetta J, et al. Charge-insensitive
qubit design derived from the Cooper pair box [J]. Physical
Review A—Atomic, Molecular, and Optical Physics, 2007,
76(4) . 042319

Knill E, Laflamme R, Milburn G J. A scheme for efficient
quantum computation with linear optics [J]. Nature, 2001,
409(6816) : 46-52

Qiang Xiaogang, Zhou Xiaoqi, Wang Jianwei, et al. Large-
scale silicon quantum photonics implementing arbitrary two-
qubit processing [J]. Nature Photonics, 2018, 12(9): 534—
539

Qiang Xiaogang, Wang Yizhi, Xue Shichuan, et al.
Implementing graph-theoretic quantum algorithms on a silicon
photonic quantum walk processor [J]. Science Advances,
2021, 7(9): eabb8375

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Raizen M G, Gilligan ] M, Bergquist J C, et al. Ionic crystals
in a linear Paul trap [J]. Physical Review A, 1992, 45(9):
6493-6501

Nayak C, Simon S H, Stern A, et al. Non-Abelian anyons
and topological computation [J]. Reviews of
Modern Physics, 2008, 80(3): 1083-1159

Sarma S D, Freedman M, Nayak C. Majorana zero modes

quantum

and topological quantum computation [J]. npj Quantum
Information, 2015, 1(1) : 15001

Loss D,
quantum dots [J]. Physical Review A, 1997, 57(1); 120—
126

Divincenzo D P. Quantum computation with

Kane B E. A silicon-based nuclear spin quantum computer

[J]. Nature, 1998, 393(6681): 133-137

Oliveira I, Sarthour J R R, Bonagamba, et al. NMR
Quantum Information Processing [M]. Netherlands:
Amsterdam: Elsevier, 2011

Weber J] R. Koehl W F, Varley J] B, et al. Quantum

computing with defects [J]. Proceedings of the National
Academy of Sciences of the United States of America, 2010,
107(19) . 8513-8518

Childress L, Hanson R. Diamond NV centers for quantum
computing and quantum networks [ J]. MRS Bulletin, 2013,
38(2): 134-138

Saffman M, Walker T G, Mglmer K. Quantum information
with Rydberg atoms [J]. Reviews of Modern Physics, 2010,
82(3): 2313-2363

Saffman M. Quantum computing with atomic qubits and
Rydberg interactions: Progress and challenges [J]. Journal of
Physics B: Atomic, Molecular and Optical Physics, 2016, 49
(20): 202001

Morgado M, Whitlock S. Quantum simulation and computing
with tydberg qubits [J]. arXiv preprint, arXiv:2011.03031,
2020

Wu Xiaoling, Liang Xinhui, Tian Yaogi, et al. A concise
review of Rydberg atom based quantum computation and
quantum simulation [J]. Chinese Physics B, 2021, 30(2):
020305

Suter D, Mahesh T S. Spins as qubits: Quantum information
processing by nuclear magnetic resonance [J]. Journal of
Chemical Physics, 2008, 128(5): 052206

Debnath S, Linke N M, Figgatt C, et al. Demonstration of a
small programmable quantum computer with atomic qubits
[J]. Nature, 2016, 536(7614): 63-66

Riste D, Poletto S, Huang Mengzi, et al. Detecting bit-flip
errors in a logical qubit using stabilizer measurements []J].
Nature Communications, 2015, 6(1): 6983

A D,

Demonstration of a quantum error detection code using a

Corcoles Magesan E, Srinivasan S J, et al.
square lattice of four superconducting qubits [J]. Nature
Communications, 2015, 6(1): 6979-6988

Paetznick A, Non-

Svore K M. Repeat-until-success:
deterministic decomposition of single-qubit unitaries []J].
Quantum Information and Computation, 2014, 14(15-16):

1277-1301



1894 RIS KR 2021, 58(9)
[53] Oskin M, Chong F T, Chuang I L. A practical architecture [68] Heim B, Soeken M, Marshall S, et al. Quantum

[54]

[55]

[57]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

for reliable quantum computers [J]. Computer, 2002, 35
(1): 79-87

Metodi T S, Thaker D D, Cross A W, et al. A quantum logic
array microarchitecture: Scalable quantum data movement
and computation [C] // Proc of the 38th Annual IEEE/ACM
Int Symp on Microarchitecture. Piscataway, NJ. IEEE,
2005: 305-316

Thaker D D, Metodi T S, Cross A W, et al. Quantum
memory hierarchies: Efficient designs to match available
parallelism in quantum computing [C] //Proc of the 33rd
Annual Int Symp on Computer Architecture. Piscataway,
NJ: IEEE, 2006 378-389

Chi E, Lyon S A, Martonosi M. Tailoring quantum
architectures to implementation style: A quantum computer
for mobile and persistent qubits [J]. ACM SIGARCH
Computer Architecture News, 2007, 35(2): 198-209
Isailovic N, Whitney M, Patel Y, et al. Running a quantum
circuit at the speed of data [J]. ACM SIGARCH Computer
Architecture News, 2008, 36(3): 177-188

Whitney M G, Isailovic N, Patel Y, et al. A fault tolerant,
area efficient architecture for Shor’s factoring algorithm [C]

/|[Proc of the 36th Annual Int
Architecture. Piscataway, NJ: IEEE, 2009: 383-394

Symp on Computer

Mariantoni M, Wang Haohua, Yamamoto T, et al.
Implementing the quantum von Neumann architecture with
superconducting circuits [J]. Science, 2011, 334 (6052):
61-65

Fu Xiang, Rol M A, Bultink C C, et al. An experimental
microarchitecture for a superconducting quantum processor
[C] //Proc of the 50th Annual IEEE/ACM Int Symp on
Microarchitecture. New York: ACM , 2017 813-825

Fu Xiang. Quantum control architecture: Bridging the gap
between quantum software and hardware [D]. Delft: Delft
University of Technology, 2018

Knill E. Conventions for quantum pseudocode [R]. Los
Alamos: Los Alamos National Laboratory, 1996

Fowler A G. Minimum weight perfect matching of fault-
tolerant topological quantum error correction in average O (1)
parallel time [J]. Quantum Information and Computation,
2015, 15(1-2): 145-158

Tomita Y, Svore K M. Low-distance surface codes under
realistic quantum noise [J]. Physical Review A, 2014, 90
(6): 062320

Stone ] E, Gohara D, Shi Guochun. OpenCL: A parallel
programming standard for heterogeneous computing systems
[J]. Computing in Science & Engineering, 2010, 12(3):
66-73

IBM. Qiskit: An open-source SDK for working with quantum
computers at the level of pulses, circuits, and algorithms
[OL]. (2020) [2021-05-17]. https://github.com/QISKit
ORIGIN. QPanda 2 [OL]. [2021-05-17]. https://github.
com/OriginQ/QPanda-2

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[8o]

[81]

[82]

[83]

programming languages [ J]. Nature Reviews Physics, 2020,
2(12): 709-722

Svore K, Geller A, Troyer M, et al. Q# enabling scalable
quantum computing and development with a high-level dsl
[C] //Proc of the Real World Domain Specific Languages
Workshop. New York: ACM, 2018 1-10
Abhari A J, Dousti M ],

Quantum programming language [R]. Princeton: Princeton

Faruque A, et al. Scaffold:
University Department of Computer Science, 2012

Rigetti. A Python library for quantum programming using
Quil [OL]. [2021-05-17]. https://github.com/rigetti/pyquil
Google. Cirq: A Python library for writing, manipulating,
and optimizing quantum circuits and running them against
quantum computers and simulators [OL]. [ 2021-05-17 .
https://github.com/quantumlib/Cirq

Steiger D' S, Héaner T, Troyer M. ProjectQ: An open source
software framework for quantum computing [J]. Quantum,
2018, 2: 49-61

Khammassi N, Ashraf 1. Someren J, et al. OpenQL: A
portable quantum programming framework for quantum
accelerators [ J]. arXiv preprint, arXiv;2005.13283, 2020
Green A S, Lumsdaine P L F, Ross N J, et al. Quipper: A
scalable quantum programming language [C] //Proc of the
34th ACM SIGPLAN Conf on Programming Language
Design and Implementation. New York: ACM, 2013. 333—
342

Svore K M, Aho A V, Cross A W, et al. A layered software
architecture for quantum computing design tools [J].
Computer, 2006, 39(1): 74-83

Shi Yunong, Leung N, Gokhale P, et al. Optimized
compilation of aggregated instructions for realistic quantum
computers [ C] //Proc of the 24th Int Conf on Architectural
Support for Programming Languages and Operating Systems.
New York: ACM, 2019: 1031-1044

JavadiAbhari A, Patil S, Kudrow D, et al. ScaffCC: Scalable
compilation and analysis of quantum programs []]. Parallel
Computing, 2015, 45. 2-17

Héaner T, Steiger D S, Svore K, et al. A
methodology for compiling quantum programs [J]. Quantum
Science and Technology, 2018, 3(2): 020501

Amy M, Gheorghiu V. stag—A full-stack quantum processing
toolkit [J]. Quantum Science and Technology, 2020, 5(3):

034016

software

Steiger D S, Software and algorithms for quantum computing
[D]. Zurich; ETH Zurich, 2018

Zhang Yu, Deng Haowei, Li Quanxi, et al. Optimizing
quantum programs against decoherence: Delaying qubits into
quantum superposition [C] //Proc of 2019 Int Symp on
Theoretical Aspects of Software Engineering ( TASE).
Piscataway, NJ: IEEE. 2019. 184-191

Lattner C, Adve V. LLVM: A compilation framework for
lifelong program analysis transformation [C] //Proc of the
2004 Int Symp on Code Generation and Optimization (CGO’04).
Piscataway, NJ: IEEE, 2003: 75-86



i FESE . —Fhm ) P RE B THANE T-2 S Wit R RS

1895

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Lattner C, Amini M, Bondhugula U, et al. MLIR: A
compiler infrastructure for the end of Moore’s law []J]. arXiv
preprint, arXiv:2002.11054, 2020

Litteken A, Fan Y C, Singh D, et al. An updated LLVM-
based quantum research compiler with further OpenQASM
support [ J]. Quantum Science and Technology, 2020, 5(3) :
034013

Microsoft. QIR [OL]. [2021-05-17 ]. https://github. com/
microsoft/qsharp-language/ tree/main/Specifications/ QIR
Mccaskey A, Nguyen T. A MLIR dialect for quantum
assembly languages [OL]. [2021-05-17]. http://arxiv. org/
abs/2101.11365

Ross N ], ancilla-free  Clifford

Selinger P. Optimal

approximation of z-rotations [J]. Quantum Information
Computation, 2016, 16(11-12): 901-953

Amy M, Maslov D, Mosca M, et al. A meet-in-the-middle
algorithm for fast synthesis of depth-optimal quantum
circuits [J]. IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems, 2013, 32(6): 818-830
Heyfron L E, Campbell E T. An efficient quantum compiler
that reduces T count [J]. Quantum Science and Technology.
2018, 4(1): 015004

Toffoli T. Reversible computing[ G]//LNCS 85: Proc of Int
Colloquium on Automata, Languages, and Programming.
Berlin: Springer, 1980: 632-644

Miller D M, Maslov D, Dueck G W. A transformation based
algorithm for reversible logic synthesis [C] //Proc of the 40th
Annual Design Automation Conf. New York: ACM, 2003.
318-323

Janzing D, Wocjan P, Beth T. * Non-identity-check” is
QMA-complete []].

Information, 2005, 3(3): 463-473

International Journal of Quantum
Nam Y. Ross N J, Su Yuan, et al. Automated optimization
of large quantum circuits with continuous parameters [ J]. npj
Quantum Information, 2018, 4(1). 1-12

Zhou Xiangzhen, Li Shanjiang, Feng Yuan. Quantum circuit
transformation based on simulated annealing and heuristic
search [J]. IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems, 2020, 39(12): 4683-4694
Zulehner A, Paler A, Wille R. Efficient mapping of quantum
circuits to the IBM QX architectures [C] //Proc of 2018
Design, Automation Test in Conf Exhibition
(DATE). Piscataway, NJ: IEEE, 2018 1135-1138

Siraichi M Y, Santos V F dos, Collange S, et al. Qubit
allocation [C] /[/Proc of the 2018 Int

New York: ACM,

Europe

on Code

2018

Symp
Generation and Optimization.
113-125
Li Gushu, Ding Yufei, Xie Yuan. Tackling the qubit
mapping problem for NISQ-era quantum devices [C] //Proc
of the 24th Int Conf on Architectural Support for
Programming Languages and Operating Systems. New York:
ACM, 2019: 1001-1014

Lao Lingling, van Wee B, Ashraf I, et al. Mapping of lattice
surgery-based quantum circuits on surface code architectures

[J]. Quantum Science and Technology. 2018, 4(1): 015005

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Lao Lingling, van Someren H, Ashraf I, et al. Timing and
resource-aware mapping of quantum circuits to superconducting
processors [ J/OL]. IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, 2021.[2021-05-
17 1.
93490927casa_token = jJRwPmAdJwtsAAAAA: PXYYvPev
AYLKI2rerclATWjeZ8mNEBG-bIn _ IRy4baqAYcp30ja7TV]
0OcqzaBMAZRS5IWktCHAIA

https://iceexplore. iecee. org/abstract/document/

Li Shanjiang, Zhou Xiangzhen, Feng Yuan. Qubit mapping
based on subgraph isomorphism and filtered depth-limited
search [J/OL]. IEEE Transactions on Computers, 2020.
[2021-05-17 ]. https://ieeexplore. icee. org/abstract/document/
91943207casa_token=LL5gmdcZBra AAAAA : ZdtrFPGX67
nOMtzTdujAs3HjF_NFJqwamnAM4jDvtFTtnWAF_Eliowli
V62alqGJOpdcYThp]_0

De Fouquieres P, Schirmer S G, Glaser S J, et al. Second
order gradient ascent pulse engineering [J]. Journal of
Magnetic Resonance, 2011, 212(2): 412-417

Smith R S, Curtis M J, Zeng W J. A practical quantum
instruction set architecture [OL]. [2021-05-17] . http://
arxiv.org/abs/1608.03355

Smith R S, Peterson E C, Skilbeck M G, et al. An open-
source, industrial-strength optimizing compiler for quantum
programs [ J]. Quantum Science and Technology, 2020, 5
(4) . 044001

Hietala K, Rand R, Hung S H, et al. A verified optimizer
for quantum circuits [J]. Proceedings of the ACM on
Programming Languages, 2021, 5(POPL) . 1-29

Killoran N, Izaac J, Quesada N, et al. Strawberry fields: A
software platform for photonic quantum computing []].
Quantum, 2019, 3: 129-155

Sivarajah S, Dilkes S, et al.

Cowtan A, t | ket): A

retargetable compiler for NISQ devices [J]. Quantum
Science and Technology, 2020, 6(1): 014003

McKay D C, Alexander T, Bello L, et al. Qiskit backend
specifications for OpenQASM and OpenPulse experiments
[J7. arXiv preprint, arXiv:1809.03452, 2018

Cross A W, Bishop L. S, Smolin ] A, et al. Open quantum
assembly language [J]. arXiv preprint, arXiv:1707.03429,
2017

Liu Shusen, Wang Xin, Zhou Li, et al. Q|SD): A quantum
programming environment [G] [/LNCS 11180: Proc of
Symp on Real-Time and Hybrid Systems. Berlin: Springer,
2018: 133-164

Khammassi N, Guerreschi G G, Ashraf I, et al. cCQASM
vl. 0: Towards a common quantum assembly language []].
arXiv preprint, arXiv:1805.09607, 2018

Fu Xiang, Riesebos L, Rol M A, et al. eQASM: An
executable quantum instruction set architecture [C] //Proc
of 2019 IEEE Int Symp on High Performance Computer
Architecture (HPCA). Piscataway, NJ: IEEE, 2019. 224-237
Sagastizabal R, Bonet-Monroig X, Singh M, et al. Experimental
error mitigation via symmetry verification in a variational
quantum eigensolver [J]. Physical Review A, 2019, 100
(1): 010302



1896

HEIR S AR 2021, 58(9)

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Bultink C C, O'Brien T E, Vollmer R, et al. Protecting
quantum entanglement from leakage and qubit errors via
repetitive parity measurements [J]. Science Advances,
2020, 6(12): eaay3050

Fu Xiang. CC-Light eQASM architecture specification [ R].
Delft: Delft University of Technology, 2020

Dicarlo L, Chow ] M, Gambetta ] M, et al. Demonstration
of two-qubit algorithms with a superconducting quantum
processor [ J]. Nature, 2009, 460(7252) ; 240-244

Kelly J, Barends R, Fowler A G, et al. State preservation
by repetitive error detection in a superconducting quantum
circuit [ J]. Nature, 2015, 519(7541) . 66-69

Song Chao, Xu Kai, Liu Wuxin, et al. 10-Qubit entanglement
and parallel logic operations with a superconducting circuit
[J]. Physical Review Letters, 2017, 119(18); 180511
Riste D, Bultink C C, Lehnert K W, et al. Feedback control
of a solid-state qubit using high-fidelity projective measurement
[J]. Physical Review Letters, 2012, 109(24); 240502

De Lange G, Riste D, Tiggelman M ], et al. Reversing
quantum trajectories with analog feedback [J]. Physical
Review Letters, 2014, 112(8): 080501

Riste D, Dukalski M, Watson C A, et al. Deterministic
entanglement of superconducting qubits by parity
measurement and feedback [J]. Nature, 2013, 502(7471):
350-354

Reilly D J. Engineering the quantum-classical interface of
solid-state qubits [J]. npj Quantum Information, 2015, 1
(1): 15011

Salathé Y, Kurpiers P, Karg T, et al. Low-latency digital
signal processing for feedback and feedforward in quantum
computing and communication [J]. Physical Review
Applied. 2018, 9(3): 034011

Ryan C A, Johnson B R, Risté D, et al. Hardware for
dynamic quantum computing [J]. Review of Scientific
Instruments, 2017, 88(10): 104703

Hu Ling, Ma Yuwei, Cai Weizhou, et al. Demonstration of
quantum error correction and universal gate set on a
binomial bosonic logical qubit [J]. arXiv preprint, arXiv:
1805.09072, 2018

Ofek N, Petrenko A, Heeres R, et al. Extending the
lifetime of a quantum bit with error correction in
superconducting circuits [J]. Nature, 2016, 536 (7617):
441-445

Xiang Liang, Zong Zhiwen, Sun Zhenhai, et al. Simultaneous
feedback and feedforward control and its application to realize
a random walk on the bloch sphere in an xmon-superconducting-
qubit system [J]. Physical Review Applied, 2020, 14(1):
014099

Rol M A, Dickel C, Asaad S, et al. DiCarloLab PycQED_
py3 [OL]. (2019) [2021-05-18 1. https://github. com/
DiCarloLab-Delft/PycQED_py3, 2019. 18

Rol M A, Battistel F, Malinowski F K, et al. Fast, high-
fidelity conditional-phase gate exploiting leakage interference
in weakly anharmonic superconducting qubits [J]. Physical

Review Letters, 2019, 123(12): 120502

Fu Xiang., born in 1990, PhD, assistant
professor. His main research interests include
quantum computer architecture, quantum
languages  and

programming quantum

compilation.

#1990 AR BY BT ST 01 A
FEOT T N TR R A0 A TR R T
B LT

Zheng Yuzhen, born in 1996. Master candidate.
His main research interests include quantum
computer architecture, quantum compilation
and quantum computing algorithm. (yuzhen.
zheng(@ quanta.org.cn)

MFE,1996 4 0L AR R Tr
moh i TR R TR T
LGRS

Su Xing, born in 1989, PhD, assistant
professor. His main research interests include
high performance computing, compiling optimi-
zation and quantum programming language.

7 BE,1989 AFEA ML, By MAESY B E AT
FOT I e P RE TS AL S 0 TR

Wit .

Yu Jintao. born in 1987. PhD, assistant. His
main research interests include in-memory
computing, quantum compilation, and domain-

specific languages.
F4REF 1987 AR WL B L R E MR T
AW R IR T RS

Xu Weixia, born in 1963, PhD, professor.
Member of CCF. His main research interests
include computer architecture, high-performance
microprocessor design, artificial intelligence,
and neuromorphic computation.
RAEIE . 1963 4F A 1 1, BF 5T 51, CCF 2 5.
FEWFITT I R R G PR
LUSHIE 37 a7 NI <= - L E 2| 7007 -

SE

Wu Junjie, born in 1981, PhD, professor.
Distinguished member of CCF. His main
research interests include quantum computing

and quantum chip.
KRB, 1981 A 4 BF5 L.CCF AR 22
A 2 s a2 o A T S



