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ABSTRACT

Quantum error correction is a key technology for achieving fault-tolerant quantum computation. Finding
the best decoding solution to a single error syndrome pattern counteracting multiple errors is an NP-hard
problem. Consequently, error decoding is one of the most expensive processes to protect the information in a
logical qubit. Recent research on quantum error decoding has been focused on developing conventional and
neural-network-based decoding algorithms to satisfy accuracy, speed, and scalability requirements. Although
conventional decoding methods have notably improved accuracy in short codes, they face many challenges
regarding speed and scalability in long codes. To overcome such problems, machine learning has been
extensively applied to neural-network-based error decoding with meaningful results. Nevertheless, when using
neural-network-based decoders alone, the learning cost grows exponentially with the code size. To prevent this
problem, hierarchical error decoding has been devised by combining conventional and neural-network-based
decoders. In addition, research on quantum error decoding is aimed at reducing the spacetime decoding cost
and solving the backlog problem caused by decoding delays when using hardware-implemented decoders in
cryogenic environments. We review the latest research trends in decoders for quantum error correction with
high accuracy, neural-network-based quantum error decoders with high speed and scalability, and hardware-

based quantum error decoders implemented in real qubit operating environments.
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J 1 YA 0|= 28 S
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£X Reproduced from [5], CC BY-NC-SA 4.0.
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% AABS BEE 54 0F NES AUA P4 Ldss BUTCS R A4 X/ZAEES B
= H8oto] 2 YR W EMN S5 Hlo]  Fok= A=E 2709] LSTM(Long Short Term Memory)
B9 07 AQAES FAAY|EE AMetYh & JEYIR FAHG 2 LSTM HEYIE A=E
F 25s YoM Y 275 FAH] Aol 4l AIWAE ASLFE 55719 283} 9 o4 glo]
A 85712 Rl 077 10% oISt B EE At ol B3] £ R/ gl AE
HHE Aggst, B gol A4 Qlof eksgol ojg]  Fofl tisl Al 52719 7 G g o] 'IAYA|
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R RNN E= CNN 7|9t i3 55715 2943 0]
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Zaym Cryo—
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SY LR - - v v v
AR} AL - - v v -
& (mm?) | 369 10 164 | N/A | 144
M(UW) | 3,780 | 20,000 | 417.4 | 6149 99
X[¥(ns)

Atyma 192/38 28 | 82/212 N/A 0.24

X B, 712 AH| 2 XIS d=0 2] FHIE 7I1FY.
CMOS: Complementary Metal-Oxide-Semiconductor
SFQ: Single Flux Quantum

£7%| Reproduced from [45], CC BY 4.0.
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NISO+[46] Univg/ DE9| 2Kl i / M HZS 2|8t ERSFQ(Energy-efficient Rapid ni= JEIC’" 2,0ns/
: 2H0|ER2| / (2HIE) B|AA HE SAF SIRIA FOF, £ Q2 HiY e e A
USC(2020) §|F§Q) tol2ei2| / (EMZ) 2| HE A SAE K 58 oF 8tY | SFO &
REFH F7| HES /5t 3D AXt 7|Hte] 2221 QEC / FX2 UM E
QECOOL[47] Tokyo Univ./ | && /2,500 =2| RHIE / 25 LAIZUS AF IF TN T4t/ HY d=5,7,9,11,13/
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Approximate QEC

Application Specific Integrated
Circuit

Conjoined-Decoder Architecture
Complementary Metal-Oxide-
Semiconductor

Convolutional NN
Energy-efficient Rapid SFQ
Feed-Forward NN
Field-Programmable Gate Array
Fault-Tolerant Quantum Computing
Hard-Decision RG

High-Level Decoder

Iteratively Rewighted MWPM
Low-Level Decoder

Long Short Term Memory
Look-Up Table

Markov Decision Processing
Multi-scale Entanglement
Remormalization Ansatz
Maximum Likelihood Decoding
Minimum Weight Perfect Matching
NeuroEvolution of Augmenting
Topologies

Noisy Intermediate-Scale Quantum
Neural Network

Neural Processing Unit

Pure Error Decoder

Quantum Error Correction
Quantum Error Decoding
Renormalization Group
Reinforcement Learning
Recurrent NN

Surface Code

Soft-Decision RG

Single Flux Quantum

Transfer Learning

Tensor Network

Union-Find
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