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Fig. 1. Schematic of the quantum gate model computation process!'s.
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Fig. 7. Machine learning models and frameworks in the automated calibration and tuning of quantum devices: (a) Schematic work-
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Fig. 9. New paradigms of Al-enhanced quantum error correction decoders: (a) CNN decoder: Treats syndrome as image to identify
local patternsP™; (b) recurrent-Transformer decoder: Processes syndromes sequentially for temporal correlations™; (c) transformer

decoder: Uses attention mechanism to capture long-range dependencies™; (d) generative autoregressive decoder: Sequentially and

conditionally generates logical errorsi®.
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Fig. 10. Applications of Al in the discovery and optimization of quantum error correction codes: (a) RL + Quantum Lego for code
discovery®; (b) RL optimizes qLDPC weightsl®l; (c) QAE for autonomous QEC[?; (d) neural networks design GKP codes/®.
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Fig. 11. Applications of AI in quantum computing compilation and control: (a) The quantum circuit optimization workflow based
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(ansatz) LA /Mb H AR R P Ansatz B 3EHE
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SR A > PR S T AT 7). RL A
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PR TN BN LR b R AR AMERE (RS
KGR B Ak b5 5 R A3, Ostaszewski
G R TR A ERRMN TR S
(LiH) /3 FEASRE R TS5 11 RL 5Bk

(a) (b)
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l g Ansatz circuit QPU
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Update 60
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(e)
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= 3 S S
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Encoder network

12 ATFER TR R P IARIR
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Predicted noise

__________________________________

Backprop.
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e—i(? r 1

—1.442.2i

s
Z
&
g
g
2
<
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3
=
=
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0.34+1.3i

Decoder

(a) RL ARREFE R SZ BB E; (b) GQE 5 VQE X} H: GQE Bk e 2 gy 4,

(c) P BB i “E M DAG A R B 75 (d) F TS 800N Y 1 255 4% P00 46 45 44 (7
Fig. 12. Different paradigms of Al in quantum architecture search: (a) RL state representation and sequential circuit building[™;
(b) GQE vs. VQE: GQE’s optimization is in the classical model™; (c) diffusion model generating circuits by “denoising” DAGs [;

(d) autoencoder network structure for parameter prediction(™.
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\ > Xy —> X7 —=> - —>
\ )]
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¢4> Yr > Yo, —> o —>
[1) SPDM
Quantum :: g d o
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v v v v
13 AT 717 2 A0 3 v iy St 380 i 3 =X

(c) G R FE T BB B 7R T [ 1)

9 RBM;-N =20
® RBM;-N =40
B RBM;-N =80

0.6
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$(07)-RBM
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Fig. 13. Typical paradigms of AI in quantum information processing. (a) Scheme of ANN-based entanglement detection™;

(b) benchmarking neural-network quantum state tomography®; (c) structure-preserving diffusion model schematic!®.
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100603-16


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

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 10 (2026) 100603
PR—EERIERE. T AL ARG WP <R A7, 4.1 EFHYHFFI]

S DA SR MRS dke = Ay B2 T T AR T
XF AT SRSl 54 PR AR B IR AT:, SCBEAE T K R i
BN TR, ANUZORE AT & BRI SR A Ak hy vl 3
it A BN, S ST AT AT AR il BRI X
CERUETT k. K, A B T R G ah S EM
(I PRI, B LN SR S R A X LA 20
e, AR RGN A AL UL e ST, RIFE
e pC RISy i R BRI B 78 AT 5 ) S e Y
s, LIS e A a A RO B R . s, SERT
PR IR AT KRE 2 B T 1) — K Il . B
AR A L o 2 0 45 g B 25 AN (A BEHE 3RS s
AFE AW, Bt e DO, M LU o S 4 i
PF FTROX —BE R RYSCHE, 78 THEh AT IR 1
Geuil A%, IFEO T O E DR L R 22 25
[BEERSE =g ia St

Zi BRI, ATAQURSETHBUA BECFERER T
He, B AR KB TR LA A

4  Quantum for Al

AT ] “Quantum for AT”, H A e 1 H &
TR AT AYTHRET 1. 7 NTISQ B,
FHCR IR G R -2 MAESR, QPU RN Pk 21
AL R ME TS5 BFoE E 2 T TALO Sl
FHL# 2%~ (quantum machine learning, QML),
45 QNN FAz oy Ak, tehbh, w it ad
T fifdle AT v i e Pk R, qna 33 5 NP
M A BT IRRE W iR | &
THARE TR F 2RI RS, BRI T QAL
TR

(a) (b)

LR S BTER & RSOl
s 28 MLOE -2 | ol > Josfe
2]) A% O R A 3 AR B, (HAESE ) AN A2 T
Il 2 2 E” . QML A B i+ ) 22 H 385 B Ab
M, E— A RO K (27) A RIARE
2% [ v g i R A 3 e AR KHl , ey iR . st
Vo mith m Ae 5, MU PP R UE A R E2S A
AT TR L, A BAEREE LA T AT
55 b S 2 SRR I T RE

QML sk iy Y E R T ST
TR EE (OB ERELE 14). 52
WAL aR 22 2 i, H T RO S i 2RI 5
RIELMRBOB TR, 1IN FE R KA | RRIE A i
AT 0 Horr, By Harrow 45 B9 £ 119 HHL
LR AR, BRI E TR Ax = b, FEHAH
T, HHL a1 TRE 24N O (log (N) s2k2 /) .
X5 2 MR (s Bl sk ) O(N3) B 3L Hu s
% O (NsVklog (1/€) ) L, 5230 1 H Ky
TN, {2 HHL fYRIBRTET: BRI ARG (2L
RRR) | P RESZ AR E ks | A b 75 RE 4 = A5kl
A ; i N E TS |2) HAE—A T
B e i o L, BAGE TR AR S
A JR e, I an T H AT I B M AR g i Y
WA (x| M |2 ) .

JLF HHL, Rebentrost 55 B7 F 2014 4F #&
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ek T FE4H. B A HHL SR %, QSVM Hiig FfE
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Fig. 14. Conceptual diagrams of early quantum machine learning algorithms: (a) The maximum margin classification principle of a

Support Vector Machine®l; (b) framework of the HHL algorithm /).
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Fig. 15. The workflow of VQA and the structure of Ansatz: (a) Schematic diagram of the hybrid quantum-classical framework of

VQAI™; (b) schematic of the layered structure of an Ansatz/™l.
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Fig. 16. Key concepts and architectures of QNN: (a) General QNN model paradigm('f; (b) non-linear quantum neuron circuit!?s);
(c) QNN expressive power and Fourier series”; (d) QCNN circuit?; (e) DQNN architecturel®”; (f) QRNN architecturel!®;
(g) EQNN effect comparison!'®; (h) QNG convergence comparison!!07.

(quantum natural gradient, QNG) 8%, F| H &
FEBIUMEIERS R, eI T IS

45 b, QNN 2 VQA HEZL T i H 253 3. it
FLAT [R]85 1) 149 U 48 Ot 2 ] EREPRIE AT U1 e 1
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ARG TS, A A 5 L AR T
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e I, Schuld 5 7 48 1 QNN [ %k 6E
AP L R R A b 2R B E R, 2RI E
R GRIKAES B KBR AT SR, Abbas
S 06Tt f 2 2 R A QNN Y R fiE

Sl I ZrbE, IED] QNN A] Bk 2 s 2% i
TR, Stokes 2 007 3 1 T 4 1 F SR 0 &

“FLHF =5 JiL” (barren plateau) B4 & QNN ]
Il ¥ e IR Pk ik 2 — (LHLIR S 3= 2 02 i SR AL B
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Barren plateau
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______________________
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work:
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optimizer

depth
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Transition  Barren plateau [9]

FAT ZOAREE IR B I R R () ZONE R JRUR R PR 00 (b) 2005 0 IR JL AR (U 4 )00 (c) QONN Al 09
() U8 T L 43 2 24 109 (e) ResQNet H1H 100 (1) B0 (T 46) 5 4 (BOAF ) 1R 0 B 8010 () T2 A RE R Ay 100,

(h) %ff Bl LR o) 2y (10

Fig. 17. The barren plateau phenomenon and key mitigation strategies: (a) Schematic of a barren plateau landscape(''!); (b) geomet-

ric interpretation of barren plateaus (concentration of measure)!'®); (c) QCNN architecturel®; (d) data Re-uploading Classifier ar-

chitecture(''?; (e) quantum Residual Network (ResQNet) architecturel!'¥); (f) local (trainable) vs. Global (barren) cost functions!!%’);

(g) engineered Dissipation architecturel''”; (h) auxiliary Qubit Control architecture!!%.
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(c) (i) Sources that lead to kernel concentration
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(iii) Implications on estimated Gram matrix

(ii) Exponential concentration of k(z, x')
over input data x, x’

Exponentially cl[ose to p (x, o)
(for = # ')

Measurement strategy

J o o
- - H(a}i, CL‘]‘) = Kij

(independent of data)

kij=0 | R;; =random

(for i #j)

-» Results in an input data
independent predictions

Input

18 T IR EE S IR B PR (o) AR PR B R B Y (b) BT AR R 9% () % R B B0k B R GUR 181 (1

Fig. 18. Principle of the quantum kernel method and the exponential concentration challenge: (a) Quantum circuit for estimating

the kernel function”; (b) ideal kernel matrix??; (c) illustration of the exponential concentration phenomenon!'%.
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Fig. 19. A schematic diagram illustrating the core concepts and application workflow of quantum annealing: (a) Energy spectrum
evolution and energy gap in QA["?!); (b) QUBO modeling and QA workflow!'?!; (c) TSP examplel'?!); (d) JSSP and its QUBO graphl!'??;
(e) minor embedding process mapping logical graphs onto hardwarel!?!; (f) variational optimized non-monotonic annealing schedulel'?’].
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%&’Y = (7, ~~7'Yp) ﬂ]ﬁ = (B, ~-aﬁp) TRIE. QAOA 6]

s N T ™
(a) L | (c) 1 Excited
[ A A - A n state
[0y=r ¢ H=™ | Uc(n) | |Unm(Br) Uc(w) |Un(Bp) A i
q J S . Ground
[ state
|s) Ansatz Measurement QPU side
~ CPU side
Variational parameters Optimization
Y= Y2 7 W), B= (B B, s Bp) ax Fy(7, B)
\_ 0 Time
(b) Variational parameters (d) w 1.0+
("/7 /G):(’\/lv T s B, :BP) % g
{_} {_} Measure 5‘ £ 08
=0
HXo [HESH £s 2206
o BID = o2
o| | @ |E5E R
. g
p 0
o L
SSTesse
L 9P & &
N N S S S J
N N Q N N N\
O ¥ I ¥ &5
N Q Q Q N N

The complete graph of cities

Feasible solutions

The results of applying QAOA to this
TSP instance

B 20 QAOA U HEESRA  (a) QAOATRA - F-ZMAEZ 2] (b) QAOA LI 454 K Max-Cut i F 129 (c) QAOA FIHHE

2 PEEAR T IR/ RE B AL 128 (d) QAOA fi bk TSP S 4] [129)

Fig. 20. Core concepts and applications of QAOA['?0): (a) Hybrid quantum-classical framework of QAOA; (b) QAOA circuit struc-

ture and Max-Cut application['’); (¢) mechanism of QAOA utilizing non-adiabatic shortcuts to overcome small energy gaps!'®)

(d) example of QAOA solving the TSPI29],

’
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25 SFLE (0] LR B K] (max-cut) AR, R AT
PR CAT LA A AR Hb BB SRy O A B A He =
5 3 (1 070)  HOMKE QAOA HEAE YA
N/ ZE [128].

QAOA I TEREFERIE p 42 TH, p — co tFRF,
AT X 24t A A 1 s e i L. (H S B R
H, pEBKEHEA 2p S EOE M KPR K. Zhou
45 128] XF QAOA 78 Max-Cut [A] 81 | 17 B A BF
g%, R T ErsEiibn k=060, I & 3R H
Ak s B g 2R AR AT R A S SR n E CK .
v At QAOA JRBE, 2 QAOA A5 {4k
K. 1 Blekos 45120 ZBRIIZ AL QAOA (multi-
angle QAOA). & J3 31 QAOA (warm-starting
QAOA) } H if i QAOA (ADAPT-QAOA) 4%,
5 7E VR AR B S I S PR .

QAOA T Y BN H F 2 M & Ze i, 4
TSP VRPIS, DL K JSSP. 4] 411, Ruan 4§ 129
T AW 24 I A A TR S I T T AR AT B B A
Tk gl TSP. ik S8 /R T QAOA M 77,
(A T AR YA R w3 Rk

43 BRETEe: RO TESME

FPCE BT E B RO, i R S E AR
M AL H RRE ). X ER R A LU ED R
INHIZIRE. AR B P TR R X — A4
S, WA A SO B BRI T e B A A 1 B
FEW K EF IRV (quantum computer
vision, QCV); & etk anfnliz H11E 51058, FEw
JeiEF HAREF AL (quantum natural language
processing, QNLP); ZA~E BefR ol pli73h, &
B Ko T 28 IR RS (quantum multi-agent
systems, QMAS).
431 EFTHHEMARL

QCV BTEH &8 S 2 Sl v i (131,
HEPE T T EUEE R (quantum image repre-
sentation, QIR), JCEEME S5 M HE B WK 21, BF
SN GO 2 QIR BEA), AT &+ LLRR AL
A LR FE AV B R L BE Z AL AN [R] AR A (152,
JUETE NISQ B T2 B B4 IR XE, W52 A
0 C IR IR R B R 30 TR O LA T
5. Blan, Yao 55 92 48 th iy it Fil g Ak o
FEHNE S TR BN, FE R L BEE B

LR, QCV IE M a7 5 4 320 ZAGI [7] T 42 24 F)
FRRHIERIEIL . Ji 4 D R T — ML T T
I 26 () & F i 5 it (quantum sparse coding,
QSCD) HEZE . W TAEMEE T — i 2 2 WREH P
A AT AR P M 4%, L1 T T T RS
R PR RIE S EE. Wil AT 3R
T AR, IR R R A SR L T
=5 98.77% RS L, T RE LI = i PR LB A2 AT
i T A X — BRI R 2 A5 (4 77 1 i B
et s e o O L 2 I a2 O - S B
R AR B RRAE BRI S TR AR T AT, Ak
AT R G T Ok AL

BT, QCV Gl At i E iR 6 &1
2 MWL Srivastava 55 134 [ FHEE & 24 >
LR 4 TR A AR A R 4 2, R T
QCV Teff B By i2 Wiy i i B RWE 7. A8 J L A
RIE G 9, Pandey 55 099 F1] ] & 118 XL
FR DT S B 2L G. Yang 45 190 U] gy
UAE] R TN B TEBUA . AR, Meli
S IR T LA I T T AR B R AR T
. XS ALRIER, BB R RE A AU
RS RNV e b =R S ) R =Y R AL
432 ETARBTAE

= HRE S A (QNLP) B w IRIE 558
TR TE LB E R IR, B 5 A& 451
AW B Y PR R b (9SO R0 Kb B
LI 22), HAZOHLS & Coecke 55 M0 42 H 1953 -
ZHA -7k (distributional compositional categorical,
DisCoCat) 15 84 iz 45 8 I F 5 1+ ) 2 [ HE B2
FReE T H, BVE B /U (compact-closed cate-
gories), W) T HITE TR M RAE A 5% K], DT SEEE
NTEE T I 211 SO %) e S (1411,

H5ilR Zeng 1 Coeckel 2] it FLI 7 24X} ¥ A&
A BN LA AR A IS, Meichanetzidis
LU G T SH TR, EXF e,
) ) SO B B o LS T A AT RS L
XL SRR 5 7T 38 o 28 B A AR TR R AT 55 T
17Nk, B TR G -2 iRl X —Jykayn]
AP AR SRR LA 3 T 5HIE. Meichan
etzidis % 149 SERL T ANME NISQ B4 FIHERR
WESES. Lorenz 45 M4 I YK 7E IBM & FIH8AL
AT T RS L ) S R
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(a) Encoding Processing Decoding (b) N
L ‘:_\ \‘\,..*m\»//;i
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0110---01 {f’ O & \
2" bits v
S < o
{ N
{ N S
3 L/
G = PFQ !
F=(Fjmxr 3 yd
(PN

0 [ -]
® % © . min 2TQ=z
X;  Xiox, reB? n
—_— Solvers |
-

(i.e. line, F, H) Gurobi,
SA, QA

—8B o
—

Preference matrix

Quantum

(d)

Perfect data Data corrupted with outliers

K21 QCV CHMEE SN G  (a) £ G+ FUG AL PR AR X HE (9205 (b) & 3 S A W B30k 1oy Y 1925 () 6 T ik B iy
G ZBIAE 1, (d) B RS RER T Ak AU AR S A T 187

Fig. 21. Key concepts and application paradigms of QCV: (a) Classical vs. quantum image processing'*¥; (b) quantum edge detec-
tion application’¥?; (c) robust multi-model fitting via quantum annealingl'®”; (d) iterative quantum transformation estimation un-

der high outlier ratios!*".

1
(a) (b) _Sentence [ 4 ser Syntax
Nie

DisCoCat

Reshape Ansatz DisCoCat DisCoCat

1 \
I I
| | (8 diagram &) diagram [ DisCoC. 1
D X . . isCoCat
Parser \ Compiler I dervason |
I
. i
. /

ce KF— DeG fHilb ———— NISQ Dev

Quantuml

circuit Optimised Measurement

Autonomise quantum statistics

remove snakes SQuantum Kt 6Quantum 7 Post Result
compiler computer processing

22 QNLP WifR 2B (a) A7 540 B 1 T 25 0 ML 099 (b) /) 4 335 P07 19 A g 140

Fig. 22. QNLP pipeline schematic: (a) Theoretical mapping from syntax to quantum states'®); (b) general workflow for sentence

compilation and execution!*4],
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QNLP ¥ DisCoCat HEHEAR T I & —Fh i £-
FHSIREIEN, HREAT S AL Y AT g R F i 42
F AL AR = Re Bt T — 2y BT
Py B D e A2 1139,

433 =TEHBEKREZASL

LR eGR4 ) (multi-agent reinforcement
learning, MARL) 7EAL B & 4 sl S A B vh 1 5 B
STUMER, T2 B2 GO | PR AR RS K b PR
MESE T IRP K. AR BB, BRAIRES-3)
VE=S A AR B K, 2% 2] s ReuE LA, HE LA S
I SRR D S B (149,

HTHRON X S R TR,
MRS AR 5 0 IS B WLIRL 23, B e ddilad 22 g i
FHLH (variational quantum circuit, VQC) 34 5%
BREIRBETT. BT VQC YINZhrh i) “B075 g Jii ) R,

(a) (®) |0y

—1/+1

(c)
Central server

Kolle &5 1461 £ 1 7 Jo ks B my it b A0 A U1 5 05
ST — 44 R A TR 1Y 22 8 RE A PR 45 v
17, Z5F9IEH, 2 VQC &gtk Be LAk 97.88% 1Y
SR, IR K 2 MUp 28 I £ RR 3T 1 .

TR O — DTk R 2 26 S R e oK
. FEF Eisert! &2 H ) EWL & T HZREE,
LA QTR R AIE PR, SEIA ML TG
RIB A S E A 148, DeRieux 1 Saad !+
P ER L TR “a 955 B SR 2 YR i 2 i i
FE2EResEIL > (entangled quantum MARL,
eQMARL) HEHE. 250 7R, eQMARL AU SIGH
PeTHT 17.8% HrhLo 808 T 25 £, XAk
HYSEBRR HIMEWR B FEIRZR Z . 4l Dragan 55 190
WiHREE QMARL Hk, #HH T iT A4
P F B

(7]
10)— (]
U(z) (o)
10)— (7]
10)— (]
== Local actions

Joint quantum
measurement /7< R e
(O)w : f
>
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vQC N policy N

Local
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A
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Y o= (omN_,
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Critic tor oo
loss cy 1
Age_nt \0(1)
gg]\]ﬁ‘g _ | Input state | _ _ .
‘ ) entanglement
(d)
Quantum strategy of player A
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Quantum strategy of player B
K 23 QMARL SCHEME & . HEHL 5 i H/R B

(a) 2298 REAA G Tt 7 PR35 (140 (b) A8 43k T WL B At 45 4 (1400 () T~ 2] 20

SEP BRI A ecQMARL AEZR 149 (d) EWL 2 T R PR 14 (e) QMARL £ ®AT F 2H B i g F 1150
Fig. 23. Schematic of key QMARL concepts, frameworks, and applications: (a) Multi-agent “Coin Game” testbed!'*d; (b) VQC

basic structurel*?; (c) eQMARL framework for implicit coordination via entanglement!*; (d) EWL quantum game protocoll

(e) a practical application of QMARL in flying Ad-hoc networks!

148].
’
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(Y5 AL 7 b, A5 5 OC R RIS V4. B Je 2%k
PR ), K v e 20 S AR v U o B
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Abstract

As classical computing approaches its physical limits, quantum computing offers exponential computational
advantages, yet the current noisy intermediate-scale quantum (NISQ) era is severely constrained by high error
rates, decoherence, and control challenges. This has catalyzed quantum artificial intelligence (QAI), a
synergistic and bidirectional interdisciplinary field. This review analyzes the “AI for Quantum” framework,
where Al addresses quantum bottlenecks, and the “Quantum for AI” framework, where quantum computing
enables novel computational paradigms for artificial intelligence.

The “AIl for Quantum” framework elaborates the role of AI in addressing hardware bottlenecks.
Specifically, this encompasses machine learning for autonomous device characterization, calibration, and high-
fidelity readout, along with the development of advanced Al-based decoders and hardware-aware quantum error
correction codes, as well as the optimization of quantum compilation.

The “Quantum for AI” framework surveys the progression from early algorithms such as HHL and QSVM
to currently prevalent variational quantum algorithms and quantum neural networks. The primary obstacles are
critically examined, including the barren plateau phenomenon and the exponential concentration of quantum
kernels, together with their mitigation strategies. The review also covers advances in quantum optimization,
such as quantum annealing and the quantum approximate optimization algorithm, and the emergence of
advanced models like quantum natural language processing.

This bidirectional fusion represents a pivotal strategy for facilitating the transition from the NISQ era
toward fault-tolerant computation and the development of next-generation, hybrid quantum-classical intelligent

systems.
Keywords: quantum artificial intelligence, quantum computing, artificial intelligence
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