OVERVIEW - PAGE 0

Overview for decoders

1. Decoder BY{E=

« mechanism: ZIZFFIEVBINEZETE, WHF error/ H [Detecmm:s}[ e o ]
variable, z; € {0,1} RRET X%, = 28, p; =2 prior [ e
probability. e A Valid: HR = s

« detector: s, € {0,1} RREEME. s EBEMRE, event 4 [ Logical £ = Ax ] Success: AX =1

—HR A& Y detector”s
e logical: /¢, € {0,1} RREEENE, { 2 logical BIFEMRE,

All parity maps are over /. Detector match and logical match are separate checks.

Hx = s, = Ax (Fz) 2. Noise models
° ‘AI. o A|. ) 9 3+F HA — 9o -
iﬁ”); D, S,.H AEEJ":E' z, ME HL = s o Circuit-level: £XE&HEY mechanism, %0 idle Pauli Z.
o 2USERKTH: Az = £, LSRRV ER [ FRELRHRE
H, A 24 EMeY, detector M=i2 A s, code distance 1249 do « Phenomenological: R data / measurement

mechanism. R BHRIREEEEINXHIE,

3. Objective - EE s, ~=44HRA £ B9 mechanism #%! 8 F[F— logical class.

IR ERE, TE2BRRKRAM logical class? Z# MWPM / BP / beam search X1R1&. F&ETIEICH, BFEW
PRI

A3IB: mechanism / detector / logicale. B4R EE, FEANDIIFHIEHRE BT,
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Minimum weight perfect matching

1. (LR 5 RE! 3. HESRE
o $1550IR, BEFEI weight RRARAYAR,

o —> mechanism TZ &M detectors: FETF surface
code,

2. M\fEE3E] matching

1. ¥/ mechanism BERE detectors Y weighted edges
2. Mechanisms 13p% 812, & HY detectors (i FE&1RImm, AX
X SRS, ITITEEATREET MR,
3. LA —%¥ detectors, ExIASARVEEIRFIE I W R FT 1R,
4. TN IBFRRERFEEE S, 5% matching graph: &5 = A AED
Xt, {E5 weight /)
5. { Blossom & &K fE,

RIIRFALI2 + matching

e k: Haifii kB detectors =,

e 1. detector graph 75 = 2%,

e m: detector graph 9= 3K,
O(k(m + n)logn + k%).

[1] Higgott and Gidney, 2025, arXiv:2303.15933.
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Belief propagation: M prior EIFEH]R

1. Prior logit (Log likelihood ratio)

1 —p;
L; = log — 2%
Di
2. #1%44% mechanism — detector
0
qi(—Za — LZ

3. Detector —» mechanism "
(t-1)
r((;li = 2atanh [ (—1)% H tanh qj;a
jEN(a)\{i}
EAREEE mechanism BIE S,
4. Mechanism — detector "

qi(t—)m - Ll + Z Téi’b

[1] Liu and Poulin, 2018, arXiv:1811.07835.

log252 tanh(x/2)

5. Posterior logit
M;=L;+ Z Ta—i-
a€N()
6. EHIREEE
BB M, 53 z,;, 05!
Hz =s (mod 2).
o N, ZNEE 3, BESERKERRE.
o IEREIRYE qo HREIMITITE,
« CSS code 5IBE Zx, 20
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NeuralBP: EIERMESIERRIR

JBF3 sum-product BP FIFREES. k = k(i) € {data, measurement};
1. Prior 5#1451k
L; = log =& p O _ O — L;, TC(LO—)HJ = 0,

? qz—m 7

2. [Ft4 detector — mechanism HE

(t-1)
q —a
fgii — 2atanh [(1)3“ H tanh( J; ):I .
jEN(a)\{i}

3. Check scale + damping

r(t) = ;. r(t 1 +(1— 5t,k)at,k'F(t)

a—1 a—1 a—1°

o FEBRRE, J: T%E‘-’aJIEI/ﬁ,%EI’\JttWJo

ZKINE: neuralbp_affine/src/analytic_search_proposal.py , 24 % analytic NeuralBP,

EEIRIT, 24 1 x 2 B x 4 R¥ =192 PN EHH, TE

i B AR EE BP BIZE 1.
4. Prior scale + memory

= BtrLi + vt k(M-(t_l) — Ly).
B: prior E’EEEO v: BEREENREE, AR
5. Extrinsic update 5 posterior

Qz(—)m T A( ) + Z
beN(i \{a}

+Z

a€N (i
6. fRth XS S SHEFIR
p; = sigmoid(—M;), &; = 1[M; < 0],

BPMMa=8=1.6§=~v=0.
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Post-processing for BP: OSD /LSD

BP WEIEHIR p IR HIER, BEHARNFAEE HE = so FWIBEIHHELIERA mechanism HEL,

1.0SD: £R/KfF " 2.LSD: 5B cluster

r = rank(H), n /3 mechanism 2%, k=n — o o RERARIRFIZIEBDI1TLHARY cluster,

OSD-0 o FMEAR detector #FIIBL— cluster,

1. 3% §; MASIINED H 8951, o %8 cluster T EARFE 22D detectors, EEANN mechanismo
2 ARIESL r NEMTTRET, HHEHIDGD, o MABERREEMEREARNZA, clusters HHENEH.

3. H% k 4 mechanism &3 0. - LSD-0: B’a. MREFIEMAR detectors /F1E1E,

4. BEYTTRARE Y mechanism, BM—B#EL%R,  © LSD-u: &k clusters LBMES p RBIMER, Bi#{THE
OSD,

=Bt OSD: EEIMEREZL w MNEF bitse BREFNK
FREPEY mechanism, 17E3¥ weight &RIRHIRIZE,

Neand = i (I;)

7=0

O  Fault Node

O  Check Node

B Invalid Cluster Syndrome
m

Valid Cluster Syndrome

Cluster Support

LSD cluster £, RitX Fig. 2,

[1] Roffe et al., 2020, arXiv:2005.07016. [2] Hillmann et al., 2025, arXiv:2406.18655.



SECTION 1 - CONVENTIONAL DECODERS - PAGE 5

BP %ii#/E: RelayBP / BF-OSD
RelayBP: ZE{LLRA, BR-EEARHE syndrome B

—p; . (0 0
Lo, o st g, = MY = Ly

1

1. Prior: L; = log

S AEHH dynamic bias: Agt) = (1 —~;)L; + ‘Yz'Mi(t_l)o

3. Detector —» mechanism (MinSum):
(t) s (t—1) (t—1)
Ira%i — (_1) ¢ H Sgn(qg—nz ) min |q_7—>a |
JEN(a)\{3} JEN(a)\ti}
4. Mechanism — detector:
q& = Agt) + Z rl()iz
beN(i)\{a}

—AY ¢ Z

aEN (i
6. BHLIRSERE: z; = 1[M; < 0], & Ha: = %o
Relay: & leg £ v; (RI A1), 485 M,;; %#ZEX prior
weight &R{E&,

5. Posterior:

[1] Muller et al., 2025, arXiv:2506.01779. [2] Banfi et al., 2026, arXiv:2605.25777.

BF-OSD: {MZAEREIEERE Y

F3 OSD-0 13EI45#% =, JHTTISEl ker H V& g0 FRERRE
Hx = s 8y ¢ B3I LB R

T):wo@@gj.

jeT
o PRGEERTE ¢ ZERISHIHI TR,
« EEMZMEMN ker H £IEZF? BF-OSD {2 7 XFE—M7

%o
Q {@}, Thest < T0
while @ # @ B query budget X3ER:
T < pop_max,(Q), HFE—IX query
Zz(T) ERES, W pest < (7))
for j > maxT (max @ = 0):
T' <+ TU{j}
% L(T") % T' MmN priority queue Q

return Tpegt
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SOTA: Tesseract

1€, 1EBAI logical B = &K decoder, BiE A* 1 beam search,
1. BERIE, KNS5 E
F: H#n&Em mechanism £5. s(F): HARERERN detector [

Bo

e 5(F) =0 R-EHBELIBILN, %?tﬁfﬂﬂa—ﬁﬂ’ﬂku:
min g(F), Z log

F: s(F)=0 pr
« M F =@ G, 8XIMNA—1 mechanism j:
F'=FuU{j},
s(F')=s(F)+ H; (mod 2),

g(F') = g(F) +log —— 2.

. AT EBS5HEESRIMFEISR detectoriBiER mechanism, FAIFFE
NEE,

[1] Beni et al., 2025, arXiv:2503.10988.

A*. REFIEIHE
f(F) = g(F) + h(F).
o g: BENMAB mechanism BIXM
e h: FRFEFIS detectors FRERMH T A&t
o YEFIR detector BIHIHMEERNEM. FTHRR f /W
RS
3. Beam: #HiREH#HEIIRE
T(F) = Wt(S(F))) T'min ij'JH'ﬂ’lklu\EPEEi/J\EIg To
’I”(F)>’T’m1n‘|’B = ptid F.
| ARTEIEZRIT T, beam widths BIREIEEM RS



SECTION 2 - MACHINE LEARNING DECODERS - PAGE 1

Recursive Transformer :

1. Transformer BI= AR EB 5>

« Embedding: ¥& detector 5 data nodes BREFTAFFHIEAE. D"“

o Attention: a Y query 5 b BY key TR, RE a 3T b | s |

attention, #ELLIE b BY value E2MN ao [ syrarome wanstormer :

« MLP: 8 node Jhi743d & 2 LZE Lo | e —
Query / key REXEE. value RHBNMAKIEE, 5 node HIFERERS. L T ﬁL !

o (8] attention —fig/FHPRFFE— cycle. - sl

« AlphaQubit: ¥ detector 5 EMETF A=, ANAhidden vector, "
« GraphQEC: BfgA @At ETransformer, {£H linear attention, 2

AlphaQubit recurrent architecture, Fig. 2a,

N N 3. Readout
« Recurrent hidden state 3 _E— cycle BIA 15 E1545 L Hi cycle,
EEIME detector HHIRE, « M mechanism _ERY hidden vectors readout tH logical
LN

. BaikEZIEE readout mechanism &Y

transformer decoder,

[1] Bausch et al., 2024. [2] Hu et al., 2025, arXiv:2502.19971.
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CNN/GNN: Cascade

1. B4#35 embedding "
« Surface code FH CNN, nonlocal LDPC A GNN, Tanner
graph B95FEX R AREETRNBEES.
« Spacetime detector v = (c, t) BYEXE s, embedding /3
(0) H
hy' € RY,

2. L. " bottleneck residual blocks

BN+SiLU — (H — H/4) —
BN+SiLU — convolution —
BN+SiLU — (H/4 — H) — residual.

o H — H/4 BIBEIEESI,

« BN = batch norm: EHFARNEEI—UINEREE, FFIEZED
BEREER,

o Residual: BAXELERMEl L—F,

[1] Gu et al., 2026, arXiv:2604.08358.

(a) Errors Accumulate Stabilizers Detect

Decoder Errors Corrected

Embed — R Geometry-Aware Convolution (x Classify

-, e
* RS o\ a7 g
/ Y dee SIS . .
= . R or: BB code .@ :
+0.5 3 T
* [ ! } L]
+0.8

.
.
.
e

Cascade architecture, Fig. 1a, "

3. BIMENEHR=E
hy = Waatho + Y Wiuphu.
ueN (v)
o O(u,v) RiRJLME / EHEX R, [F— relation type = Wy,
FRINEHEMIIFERE,
- SEREH KBHER, &
4. Readout

(d) BREEER,

Detector representations — data qubits — logical support
pooling — MLP ithi logical &&=,
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CNN/GNN: Machine Learning Message-Passing

1. M BP % message passing 2. =AEAFE

« BP 2—TMF{LHY message passing, EIfHEMLEESR  Message: A / EIT REVRSRAEHS.
ﬁi?ﬂ,iﬂi@o mw f(ht 1 ht 1)

° /_/I\-'ﬁ, \,E?F'##‘[EF_JE h ﬁﬂ@%‘ﬁlﬂé&ﬁ%ﬁ%o [hg—luhﬁ_ 1] N MLPf N mf]

Detector nodes

) . Node update: IWESEEE, EFMFIERZ,
H . ﬂ BP: scalar edge messages ht o g(ht 1, mt ¢ )

fixed sum-product update m;

11J? " iggr )
,;,’f' mesfge “\\ FenE mt =D i N(j) 2J, HFM GRU (Gated Recurrent Unit, []
"” / \\\ Learned MP: vector node states ? ﬂE fK%TE) E%’?

MLP messages + sum + GRU

o 06 0 o K | (RL, 2, 'm,t-) — GRU — hl.
Mechanism nodes Shared graph, different inference rules Readout: EE é Bl #%ﬂ-_Emg iZ MLP 'TEI | EHUH:IIO

ARIELEH: BP 1REHE / leamed MP B RE. OE = r(h;).
gtk (z; 2T RBYIEEAN)
e Mechanism: z; = 0, hg ) — 0.
« Detector: 2z, = s,, FAT¥IAK hff)o

[1] Maan and Paler, 2025.



SECTION 3 - ONLINE DECODERS - PAGE 1

Why do we need online decoding?

1. FEREFLEEER

RELSFIIBYE]l. [T TEAHITE R EYIE cycle, KEBIZTTE decoder 13

#EdiE) < 1R cycle Bdid),

BS¥a

o Gross [[144,12,12]]: 144 data + 144 measurement qubits, 144
4 weight-6 checks, 1t 864 ™EELIFIT,

o X. Z3EHM 12-layer =5l BE 72 MNH1TI 1o

« Google 2 1.1 us/cycle, ENBEELRSE, ”

BEFM: Quantinuum Helios

FRE Ryz(w/2) 970 us Plo 14> CNOT X3t 1 NMRELEIRIE,

HiTRI% Gross code: SRitEELYHE(E
FOHIT TR, BE144N7] 7T X 70pus = 0.49ms
SEEERTT 864 x 70 us = 60.48 ms

FEREF: KRMEZRETE O(1 ms)icycle,

2. R EEBYIER

« BNEIRER, —#EART%, BRIE single-shot
QEC., R EMNxE—HREIE,

o ZRUFBHNEN. ERIERE— cycle ZHIHY
d/2 REETH4, MIES EHEFRE cycles B9

Pauli frame,

o FTUBRNTESFEING d/2 A RERE HRIR

Pauli frame

BEER F detector ZUBERNIFERE, WEFEERIERAFL
HeI$23ZHY Pauli frame EH.

[1] Bravyi et al., 2024, arXiv:2308.07915. [2] Acharya et al., 2024. [3] Ransford et al., 2026, arXiv:2511.05465. [4] Sunami et al., 2025, arXiv:2407.11111.
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Sliding window decoding

« Sliding window 2 %7 online decoding 75 7%. o BI dEE, HEE: d RHRNEE 1R
o #]%4 boundary B9 Pauli frame 2401, BY R = 2d #. s JRXAIdY, BE¥ K, EE,
Key

defects

@ unprocessed ™

@ processed = 2

. :rtiﬁcial rzn '§

possible errors

— qubit ] ~N

| measurement E } _§ % %

Tentative = | § l l

corrections ] ; - —

Committed g — - % —

corrections §8 E —4 :[ j :1

- \ - ! 171 1
“ . .

Sliding window: 1R% commit region, FAfG4: buffer 1%, FRiEX Fig. 2, "

Parallel window: F—EFH{TIERE window HEIXE, FZEFABRIERIEN boundary, WIERRXIE, E5ITE

i

[1] Skoric et al., 2023, arXiv:2209.08552.

RTERRAIIB o



