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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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£X Reproduced from [5], CC BY-NC-SA 4.0.
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'Eg::{::f 3;'\:’_/&2?260”1 g)r[‘g’z]/ Surface Code ii.d. N/A 3,5 O(UP)

MPL(2018)[33] Surface Code HISEH N/A N/A N/A

g 0|=

Gothenburg Univ.(2019)[34] Toric Code ii.d. HEHH™ ~0.1 7 » o) (FX)
Chalmers Univ.(2019)[35] Toric Code E N/A 5,7 > O(MWPM)
Chalmers Univ.(2020)[36] Toric Code e ~0.165 709) » O(n) (%)
UAB(2020)[37] Toric Code i.i.d. HEHX™ 0.103 9 > O(MWPM)
FU Berlin/Copenhagen Univ.(2020)[38] | Surface Code i.d. ,;l_;;"{ﬁ & N/A 5 » O(n) (FH)
Copenlzgfﬁieng/.n(gé/z ise] Toric Code HIE YN N/A 7(11) > O(MWPM)
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d=9°1A a5 ¥ =5 7Aske AR dHA
ULt E3, 55719 5= 7S] 't fEet
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7L AEEER 089 H A AAL 7HEAA &
& i%ﬂﬂ A&H 02 FAE 7FeAS gt
At A 22 AASStER BS
B3t stEgof vl 10 whet S
3t} o] s 25t7] Yo A AT} H55E
Ao ST o RN A TR =4 Q2o FIA O
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[46] [49] [61] 152] [53]

Zaym Cryo—

Zam SFQ | cyos | SFQ | SFQ | SFQ
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
XI¥(ns)

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

x B, 712 AH| 2 XIS d=0 2] FHIE 7I1ZY.
CMOS: Complementary Metal-Oxide-Semiconductor
SFQ: Single Flux Quantum

£7% Reproduced from [45], CC BY 4.0.
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Chicado AQEC(Approximate QEC) & / MWPMO|| 2At / S S 2|5t SFQ 4=3.5.7.9/
NISO+(46] Univg/ 0| 2xH B / M MZUS St ERSFQ(Energy-efficient Rapid o Xylc"' 2,0ns/
USC(2020) ;F;o) 2to[22{2] / (BHIE) 2lAA WS B, SEY Ho, 8 2F Ut “512 SFO &
QEMA x7| ©hES 5t 3D X} J|Eto] 2291 QEC / 2X SAHME
OECOOL7] | Tokvo Univ./ | S5 /2,500 £2] RUIE / OF TS 25 WA A B / o d=6,7,9,11,13/
NTT(2021) | &8Xl A% YX|AE 7|gh 24 2 / NISQ+ 0|49 85 FH(XIA SFQ
XHE= Hel)
E7| LR HWE 28t HAIZE 5538}/ 718 7H540] &2 2F OHIE d=3,4,5/
LILLIPUT[48] | Google(2021) | HIO|E{Rt X{EI510] 32 4= LUT(CLUT) RX| / #Rt #1o| Rxte| A= g Xg: 21ns
Sol SEI7IS2 AlB0 1Tt A4S (ZIch, <42ns)
X% PED 257|9 T4% FFNN 257|2 20 AZY 257| 78 / d=3,5,7,9/
PEDANN[AS] U 255 H5(QES, A XISTH HW HIS(BIE, X2 210 WS TI}/ X|91: ASIC (( 30ns),
Delft(2022) | 2E 2F 9l S72| 22T &Ast U 51H (H2Y HRO2 HIE HW FPGA (( 90ns)
. =X Cryo-CMOS
GTe;f/‘a MEYBZ Y OE Q7 AHUYM B £H Q0 B4/ SH R W | i?y A{Zns
AFS[50] Caltech/ / CDA(Conjoined Decoder Architecture)S AFE510 M4 25t 4%/ %'9_ 90/'_0| X|@|"
g G _ I70=] -
Ma(ozz) | S HIOIE SYE 28510 ES HlOJE 308 % 150ns
| M8Eel =55 5|22 A} kg XYsts 22atel QEC YnalE / WY i}
QuuTisistl | oo X0 | ot s sieh seis 20 Mol / NISQ+ 2 QECOOLEC BiwE Y/ | (S0 1O
MWPM 857|2Ct &2 45
NEO-QEC[s2] | ToXvo Univ./ | BRSENZYL JIE 2elel T2lE 25718 Aeslol 51 QAP U BE | d=5,7,9, 11,13/
NTT(2022) | ZE o AX AMS E53t617| et MY 7|Eh 2212 QEC ¥1E|E SFQ
Chicago SFQ 2| X2 =Hels 9t Y =57/ 2O 5535} AHF(BW)
Univg/ S 9ISt SAIX M2|T 7|8t 7|8 / BTWC(Better Than Worst-Case) 4=3.5.7.9.11/
Clique[53] usc/ 235512 AH8510] 70~99% 0142 QIE HHAHZ X7 / d=90A NISQ+ " sFo
BMI(2023) THH| 15~378H X1 5t 22 / HEEn X2| 452 QI8 RUY 287
=2 A
Yale Univ MY UF 257| / FPGAE 188 28 71 / HE ARE MES d=7(15)/
Helios[54] (2023) T | lojEE|E ER|-O2|E EZ2 A SIS OF7 |8 / HH 10.7 37| - X% 120ns
(AFS 168%7|, QECOOL 41%7) st

(Lightweight Low Latency Look-Up Table) &3 7][48]
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ol < %1]5]-131&1 l;—?_ B335 HLo A
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QFSHAT. o] A+
EE U= ‘3}% &4 9 FFNN 7|8 B3

710 gt S e %A
2 ASIC(Application Specific Integrated Circuit) A A|
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Georgia tech, Caltech, Microsoft
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%91 AFS(Accurate, Fast, and Scalable Error-Decoding)
[50]2 A|QI5lFITt. AFSE UF ¢18]&L 7|5k
2 354 gpol el AAE AHEShe StEFol=
THHT AFSE SFQ 7]4E St=fo] F57]of H]
S B =2 AGHEY 578 1079 tisf =7 &
F&6x10") W BO 0} A A AIZHBH 42ns)=
Ao, AEE 57 eFolE Bud Aigt &
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o= A9t dAsk= A9 £2.3) o7 9l %|(CDA:
Conjoined-Decoder Architecture) S = ¢J5}0] ofo] 7.2
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g T S B3 AEFY] HolE Slage g

&4 ElolHE Ao 2N A I F a7
= 30817HA] 7 A Sk
5. NEO-QEC
EFE NTT & & Alst o= X3 H
NEO-QEC £37] A+ [52]= A=E &% 4
7} = FH A=} AR} AAH(Lattice Surgery)= &
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CNN
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LUT
MDP
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NEAT
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NN
NPU
PED
QEC
QED
RG
RL
RNN
sC
SDRG
SFQ
TF
TN
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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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