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What is Computer architecture?

- “Computer Architecture is the science and art of selecting and
Interconnecting hardware components to create computers that
meet functional, performance and cost goals.”

- WWW Computer Architecture Page
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K. Bertels et al., “

SFQ surface code decoder,

eQASM: An Executable Quantum Instruction Set Architecture,”

Low density metal
Interconnects

———
Memory
—— .y!‘ T7K
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(Cryo-CMOS)
Control Processor I[, ,Wi'f |[

Josephson Junction Logic a— e

( P gic) High Density

Superconducting
Control Wires

Quantum Substrate p
(Superconducting Qubit) WZD mk

Cryogenic QEC architecture
MICRO2017

Table I. Overview of ¢QASM instructions. The operator : :

cavity cavity cavity

Virtualized Logical Qubit
MICRO2020

concatenates the two bit strings.

Type

Syntax

Description

Control

s, Rt CoMPare GPR Rs and Rt and store the result into the comparison flags.

(BRanch) Jump to Of£set if the specified comparison flag is 1"

| Keepthe
Reset Signal

Data Transfer

(Fetch Branch Register) Fetch the specified comparison flag into GPR Rd.

(LoaD Immediate) Rd exi(imm| 19..0]. 32)

(LoaD Unsigned Imme d = Imm[14.0)-Rs{16.0]

(Loab from memory) Load data from memory address Rt + fma into GPR Rl

(STore to memory) Store the value of GPR Rs in memory address Rt _+ Imm

(Fetch Measurement Result) Fetch the result of the last measurement instruction

block signal Grow Grow Out on qubit i into GPR Rdl.
Subcircuit Logical Logical and, or, exclusive or, not
Grow In. Arithmetic Addition and subtraction.
r_Req.
Pakc_Rog. Out i (Quantum WAIT Immediate/Register) Specify a timing point by waiting for the
~ i © number of cycles indicated by the immediate value Tmm o the value of GPR R,
r_Req. In.
r_Req Teget Specily (Sct Mask Immediate for Single-/Two-qubit operations) Update the single- (two-Jqubit
Pair_Grant Out ki operstion target register 5d (Td).
Pair_Grant In Q. Bundle Applying operations on qubits after waiting for a small number of cycles indicated by 71
eQASM HPCA2019
S Pair in
S my
_ Hot Syndrome ———

in HPCA2019.

ISCA2020

C. Duckering et al., “Virtualized Logical Qubits: A 2.5 D Architecture for Error-Corrected Quantum Computing,” in MICRO2020.

S. Tannu et al., “Taming the Instruction Bandwidth of Quantum Computers via Hardware-Managed Error Correction,
A. Holmes et al., “NISQ+: boosting quantum computing power by approximating quantum error correction,”
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[XQsim] I. Byun, ..., T. Tanimoto, M. Tanaka, K. Inoue, J. Kim, “XQsim: modeling cross-technology control processors for 10+K qubit quantum computers”, ISCA2022.
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X. Fu et al., “An Experimental Microarchitecture for a Superconducting Quantum Processor”, MICRO 2017.
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in top conferences

University of Chicago 3374 (30.0%) ISCA2003
(Fred Chong (@UCSB until 2015) )
Georgia Tech. 14+4 (16.4%) MICRO2017

(Moinuddin Qureshi,
Swamit Tannu (UW-Madison))

Princeton University 14 (12.7%) ISCA2007
(Margaret Martonosi) (NChicago & H[E16)
UC Santa Barbara 7 (6.3%) ASPLOS2019

(Yuan Xie, Yufei Ding)
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AFS: Accurate, Fast, and Scalable Error-Decoding for Fault-Tolerant Quantum Computers, HPCA2022.
(arXiv2001.06598)

- [Bx3L] S. Vittal, P. Das, M. Qureshi, Astrea: Accurate Quantum Error-Decoding via Practical Minimum-
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Phyical Error Rate
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o TEHRODIZHOTREAFSAFT (1OVH)

o EFar DFTIEDELE

o REFFSDERDEFNIRDD S IRIEANDIEE

o Stim+CrumblezRA\V\ZcXEFA=S> =1L —>3>
o MUERIRIR CORMMGSDRDIETENIE (EEFDIER, DAC'21, HPCA'22)
o RENS +18FFMICEDCEDME=FETE (2OYH)

o O— RXKMFRIFTQCY —xF72UF+ (HPCA2025)
e HPCA20263%1EimX(CcDUL\T (3a¥H)
o X&H
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Stim+CrumblezRHWzc> =L —=>3>

e Stim: Python#ZFHT{E X SClifford

=1L —4

O

o ML NIV AXDEIZaL—23>%ZERICITRD
o PyMatching(C K BEDHEE. Sinter(CKDmIBETS—REHHESSH
o QECHZ DR DETIEMREDF MY —ILDFT T 7 O bR A — R

O

Crumble: X FESAY

KETS—AND ~OTJHRAE

o Web L TA >S5 057« J(CstimBIiEES KIS —A > hEa]iiL
o Stim[ElE% <> CrumbleXX73MDImport/Export/hie] e

Cioar Selectod Marks (spece) | Undo (el

=Crto:
A

0
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[
Ll
[0
[l

Ofo-f5:

“"'DI:ID
s 000

(1]
0
[
Nu
= 000 0
= 010
0
= OO0 =0

0

[]

(]
O

d>Ea—4 - 7—3FF0FvHUv—J0—0> 3y [BoEEFI>E1—4 -

el Timeline Foous (L) | Insert Layer (cirlvinset)

ear Timeling Focus e (ciri
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X b -
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Stim+CrumblezRAU\Jc=> =1L —=>
StimJ— Rl (d = 5DRotated surface code)

RIESAHRIE
TICK DETECTOR
R2 3456 12 13 14 15 16 22 23 24 ... DETECTOR

|||
N

14

B TICK DETECTOR
QUBIT COORDS (0. . R 9 11 17 19 21 29 31 37 39 41 27 7 DETECTOR

14

14

(1
(1
(2
(2
QUBIT COORDS (0. . RX 8 10 18 20 28 30 38 40 47 48 0 1 DETECTOR (2,
QUBIT COORDS (0. . TICK DETECTOR (3,
QUBIT COORDS (0. . CX 8 2 3910 4 5 11 12 17 18 13 14 ... DETECTOR (3
QUBIT COORDS TICK DETECTOR (4
QUBIT COORDS CX 13 9 15 11 22 17 24 19 26 21 33 ... DETECTOR (4
QUBIT COORDS TICK DETECTOR (4
QUBIT COORDS CX 4 9 6 11 13 17 15 19 24 29 26 31 ... DETECTOR (3
TICK DETECTOR (1
QUBIT COORDS (1, CX 8 13 14 9 10 15 16 11 23 17 18 ... TICK
QUBIT COORDS (5, TICK R 9 11 17 19 21 29 31 37 39 41 7 27
QUBIT COORDS (5, M 9 11 17 19 21 29 31 37 39 41 27 7 RX 8 10 18 20 28 30 38 40 47 48 1 O
MX 8 10 18 20 28 30 38 40 47 48 0 1

14

14

’

14

’

’
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Stim+CrumblezRAU\Jc=> =1L —=>
Stimd— Rl (d = 50DRotated surface code)

2 ESAAITE+DetectorDiEZE smiE AT
TICK M 9 11 17 19 21 29 31 37 39 41 27 7
R 2 345 6 12 13 14 15 16 22 23 24 ... MX 8 10 18 20 28 30 38 40 47 48 0 1
TICK DETECTOR (1, 2, rec[-24]
R 9 11 17 19 21 29 31 37 39 41 27 7 DETECTOR (1, rec[-23]
RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK DETECTOR
cCXx 8 23 910 4 5 11 12 17 18 13 14 ... DETECTOR
TICK DETECTOR
CX 13 9 15 11 22 17 24 19 26 21 33 ... DETECTOR
TICK
CX 4 9 6 11 13 17 15 19 24 29 26 31 ... DETECTOR (O,
TICK TICK
CX 8 13 14 9 10 15 16 11 23 17 18 ... M2 3456 14 15 16 22 23
TICK
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

III
\/

14

14

3
1,
1
1

(
(
(
(

14
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45

0 05 1 15 2 25 3 35 4 45 5

F—AF=FEY ~
[2,3,4,5,6,

12, 13, 14, 15, 16,
22, 23, 24, 25, 26,
32, 33, 34, 35, 36,
42, 43, 44, 45, 46]

#wWhEFEY b (ZIT5-)
[0, 1, 8, 10, 18, 20,
28, 30, 38, 40, 47, 48]

#Hh=EFEY ~ XIT5-)
[7,9, 11, 17, 19, 21,
27,29, 31, 37, 39, 41]
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A ESAHAIE

>S—FEFEYh:[2 3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
WmhEFEY b (ZT>—1&HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
WhEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK

R2 3456 12 13 14 15 16 22 23 24 ...
TICK 0
R 9 11 17 19 21 29 31 37 39 41 27 7 0.5
RX 8 10 18 20 28 30 38 40 47 48 0 1

TICK

CX 8 239104 511 12 17 18 13 14 ...
TICK 4
CX 13 9 15 11 22 17 24 19 26 21 33 ... 25
TICK

CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK

CX 8 13 14 9 10 15 16 11 23 17 18 ... 4
TICK 45
M 9 11 17 19 21 29 31 37 39 41 27 7

MX 8 10 18 20 28 30 38 40 47 48 0 1

0 05 1 15 2 25 3 35 4 45 5
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S T — \\\ I
A9ESAHFHIE
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK

F—A2FEwvY 0 05 1 15 2 25 3 35 4 45 5
0 CUtw b TICK 0
> FHTE [0)REED R 9 11 17 19 21 29 31 37 39 41 27 7 05
NEST Y RX 8 10 18 20 28 30 38 40 47 48 0 1 .
TICK
CX 82391045 11 12 17 18 13 14 ... e
TICK P
CX 13 9 15 11 22 17 24 19 26 21 33 ... [
TICK 3
CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK 33
CX 8 13 14 9 10 15 16 11 23 17 18 ... 4
TICK 45
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 ’
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S T — \\\ I
A ES1HHIE
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWBhEFEY b XIZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK

ila_iﬁﬂjﬁﬁ%ﬁﬂb R2 3456 12 13 14 15 16 22 23 24 ...
sty e TICK

0y CUtw b R 9 11 17 19 21 29 31 37 39 41 27 7
RX 8 10 18 20 28 30 38 40 47 48 0 1
_ TICK
ZT 5 —1Rd H#HED

» Cx 8239104511 12 17 18 13 14 ...
EFtwv bz rex

ERISPAAVAN CX 13 9 15 11 22 17 24 19 26 21 33 ...
TICK
CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK
Cx 8 13 14 9 10 15 16 11 23 17 18 ...
TICK
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

15 2 25
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\\ — \\\ I
2AESAHHITE
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK
R 23456 12 13 14 15 16 22 23 24 ...
TICK
R 9 11 17 19 21 29 31 37 39 41 27 7
\ RX 8 10 18 20 28 30 38 40 47 48 0 1
FT—AEFEY M
sl =l eI NPl Cx s 2 3 ° 10 4 5 11 12 17 18 13 14 ...
TCNOT (51fE@) TICK
CX 13 9 15 11 22 17 24 19 26 21 33 ...
TICK
CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK
CX 8 13 14 9 10 15 16 11 23 17 18 ...
TICK
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1
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\\ — \\\ I
29ESAFAITE
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK

R 23456 12 13 14 15 16 22 23 24 ...
TICK 0
R 9 11 17 19 21 29 31 37 39 41 27 7 0.5
RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK

CX 8239104 5 11 12 17 18 13 14 ...

F—A=FEvV & TICK

WIIETE Y N
TCNOT (5E2/E) TICK
CX 4 9 o 11 13 17 15 19 24 29 26 31 ...
TICK 35
CX 8 13 14 9 10 15 16 11 23 17 18 ... 4

TICK
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1
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\ S T — AR  — |
\
29ESAFAITE
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWBhEFEY b XIZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK

R 23456 12 13 14 15 16 22 23 24 ...
TICK

R 9 11 17 19 21 29 31 37 39 41 27 7

RX 8 10 18 20 28 30 38 40 47 48 0 1

TICK
CX 8239104 5 11 12 17 18 13 14 ...
TICK
Cx 13 9 15 11 22 17 24 19 26 21 33 ...
F—AHEFEY K e
HWPHEFE Y bR
TCeNOT (E3E)

CX 8 13 14 9 10 15 16 11 23 17 18 ...
TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1
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\\ — \\\ I
29ESAFAITE
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK
R 2 3456 12 13 14 15 16 22 23 24 ...

TICK - b
R 9 11 17 19 21 29 31 37 39 41 27 7 0.f ‘h

RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK
CXx 823910 4 5 11 12 17 18 13 14 ...

TICK 2
CX 13 9 15 11 22 17 24 19 26 21 33 ... 5 e
' A

a
A

TICK

CX 4 9 6 11 13 17 15 19 24 29 26 31 ...

rslsy = YA NI Ml Cx s 13 14 9 10 15 16 11 23 17 18 ...
TCNOT (54f=2) TICK . E%!“
2

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

hA
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A ESAHAIE

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

TICK

R 23456 12 13 14 15 16 22 23 24 ...
TICK

R 9 11 17 19 21 29 31 37 39 41 27 7

RX 8 10 18 20 28 30 38 40 47 48 0 1

TICK
CX 8 239104511 12 17 18 13 14 ...
— TICK
);Ij‘\_jfﬁﬂjﬁﬁ%ﬁﬁb Cx 13 9 15 11 22 17 24 19 26 21 33 ...
ZEIKECHITE CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK
— Cx 8 13 14 9 10 15 16 11 23 17 18 ...
ZIS—HRATHED .-
—
sTby b= M 9 11 17 19 21 29 31 37 39 41 27 7

XEHIETHTE MX 8 10 18 20 28 30 38 40 47 48 0 1
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DetectordEZ (#][0])

FS—A8FEvV~:[2,3,4,5,6, 12,13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
#mhhEFEY b (Z>—%3EAH) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
HPhEFEY b XI>—#%ERA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7

MX 8 10 18 20 28 30 38 40 47 48 0 1 recDHE:

DETECTOR (1, [

e (ODHEIDAIENE), <- rec[-24]

(11@%)]@0)/ I|TEME), <- rec[-23]

N
~
o

14

~

4

)

DETECTOR
DETECTOR
DETECTOR

4

~

4

~

4

(1
(2
(2
(2
(3
DETECTOR (3,
(4
(4
(4
(3
(1

~

(703%)J|E|0>~}EIJTE1‘|E), <- rec[-13]
(8DWEDAIENE), <- rec[-12]

DETECTOR
DETECTOR
DETECTOR
DETECTOR
DETECTOR
TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O
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14

~

14

~

14

~

(LOWIEIDRIENE), <- rec[-1]
]

14

~

—_— e — — e e~~~ e~~~ o~

~

o O U W oD ow P
~
O O O O O O o o o o o

14




DetectordEZ (#][o])

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

#mhhEFEY b (Z>—%+EA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
HPhEFEY b XI>—#%ERA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 recOHE:
DETECTOR (1, [

DETECTOR (1, (9DFIEIDAIELE),
DETECTOR (2, (11D#EIDRIESE),

N
~
o

~

~

XITZ>—&ERAD
HHEFEY ' L
Eﬁ?ﬂﬁlﬁb“-lf‘a@ﬂ(zﬁ (7D#EIDRIEE),
Ry RS S RO—/ | (BOYIEIDAIEE),

(
(
DETECTOR (2,
DETECTOR (2,
DETECTOR (3,
DETECTOR (3,

(

(

(

(

(

~

~

~

DETECTOR
DETECTOR
DETECTOR

DETECTOR (3, ZIj_*ﬁtﬂﬁH@ ]

DETECTOR (1, wHihETEY b

TICK AEIDRIEBETR(CS > LAIRE
R 9 11 17 19 21 29 31 37 39 41 7 27 [ ISALYNEILYE R e [ -2
RX 8 10 18 20 28 30 38 40 47 48 1 0 =S =k NN IIE[Es:: 7 - Nal0]¢

O>EBa1—4 - 7—Fx50F v HYY—J—03 v S [BOMEEFI>E1—4 - 7—FF7UF v ] 2025/09/10

4

~

~

4
. (1OEDRELE),

14

~

~

o O U W oD O w P
~
O O O O O O oo o o o o
—_— = = = = — — ~— ~— ~— ~ ~

~

<-rec[-24]
<-rec[-23]

<-rec[-13]
<-rec[-12]

<-rec[-1]
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DetectordEZ (#][o])

F—S8FEwVN:[2, 3, 4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
: [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
. [7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

wWhEFEY b ZIS—&RHEA)
wWPEFEY b XI5 —H&RHA)

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

DETECTOR
DETECTOR
DETECTOR

4
14

4

DETECTOR
DETECTOR
DETECTOR

(1
(1
(2
(2,
(2,
(3,
DETECTOR (3,
DETECTOR (4
DETECTOR (4
DETECTOR (4
DETECTOR (3
(1

4

14

14

4

DETECTOR
TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O

O>EBa1—4 - 7—*x570F v YY—J—U> v [BOMEEFI>E1—4 -

14

N
~
o

~

~

~

~

~

~

~

~

~

~

o O U W oD O w P
—_— = = = = = — — o~ o~ ~ ~

~

O O O O O O oo o o o o

wn

wn
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AIESAHHEIE (2[EH)

>S—FEFEYh:[2 3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
WmhEFEY b (ZT>—1&HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
WEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7
RX 8 10 18 20 28 30 38 40 47 48 0 1 e
TICK .
CX 8 2 3910 4 5 11 12 17 18 13 14 ...
TICK - = 0

?_g%¥t‘\\y '\C‘: CX 13 9 15 11 22 17 24 19 26 21 33 ... 44 “D J J
HENEFEY b S “ ] JJ JJ

TCNOTx4 CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK

CX 8 13 14 9 10 15 16 11 23 17 18 ...
TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1



\ S T — AR  — |
\
XAESAHFHIE (2[B]18)
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWBhEFEY b XIZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7

RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK

CX 82 3910 4 5 11 12 17 18 13 14 ...
TICK

CX 13 9 15 11 22 17 24 19 26 21 33 ...
TICK

CX 4 9 6 11 13 17 15 19 24 29 26 31 ...

XTS—iain [
sftw bz CX 8 13 14 9 10 15 16 11 23 17 18 ...
ZEIEKTHIE TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

ZT S —rH AR
SfFEwY hE
XEEKTCHIE
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DetectorddE s (2[E1E)

>—9=FEvb:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWBhEFEY b XIZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1
DETECTOR (1,

DETECTOR (1,

DETECTOR (3,
DETECTOR (
(
(

4

1
1,
1

DETECTOR
DETECTOR (1,
DETECTOR (0,

TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O

recOH 5.

[
(ODHEIDRIFEE), <- rec[-48]

), <-rec[-37]

(7DFIEIDRIFESE),
EfB), <-rec[-36]

E
(8D [EIDAITESNE
(1DHEIDRIFEE), <- rec[-25]
(9D2EIBDRIFESE), <- rec[-24]

(1D2EBEDRIFESE), <- rec[-1]
]
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DetectorddE s (2[E1E)

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

DETECTOR (1,
DETECTOR (1,

DETECTOR (3,
DETECTOR (
DETECTOR (
DETECTOR (

14

1
1,
1

4

DETECTOR (0,
TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

recDF5:
rec|[- [

(ODHEDHRIFEB),

rec[-

X/ZTS—RHEHED
HETFEY
BICIDEVHNE & DZED 2
B, ER>Tuwnd
Ry 2> RO—A
-> BIEIORIENSIHTTE
(CEURIS—%Z&N

(7DOHEIDAIFEIE),
(8DHIEIDAIFEE),

(1OYEIDRITENE),
(9D2EE DRIELE),

(1D2EEDRITESE),
]
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<- rec[-48]

<-rec[-37]
<-rec[-36]

<-rec[-25]
<-rec[-24]

<-rec[-1]
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wWhEFEY b ZIS—&RHEA)
wWPEFEY b XIS5—H&RHA)

DetectorddE s (2[E1E)

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1
DETECTOR (1, 2, 1) rec[-24]
DETECTOR (1, 4, 1) rec[-23]

DETECTOR
DETECTOR
DETECTOR

4

4

3
1,
1
1

(
(
(
(

DETECTOR (1,
DETECTOR (0,

TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O

O>EBa1—4 - 7—*x570F v YY—J—U> v [BOMEEFI>E1—4 -

: [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
. [7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

15 2 25
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AIESAHAEIE (3E8)

>S—FEFEvY N2 3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
WmhhEFEY b (ZZ>—1&HHA) [0, 1,8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
WhEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7
RX 8 10 18 20 28 30 38 40 47 48 0 1 e
TICK .
CX 8 2 3910 4 5 11 12 17 18 13 14 ...
TICK - = 0

?_g%¥t‘\\y I\C‘: CX 13 9 15 11 22 17 24 19 26 21 33 ... 44 “D J J
HENEFEY b S “ ] JJ JJ

TCNOTx4 CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK

CX 8 13 14 9 10 15 16 11 23 17 18 ...
TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1



\ S T — AR  — |
\
XA ESAHAIE (3E18)
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7

RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK

CX 82 3910 4 5 11 12 17 18 13 14 ...
TICK

CX 13 9 15 11 22 17 24 19 26 21 33 ...
TICK

CX 4 9 6 11 13 17 15 19 24 29 26 31 ...

XTS—iatmms .

==l al eV DY CXx 8 13 14 9 10 15 16 11 23 17 18 ...
ZEKTCAIE TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

ZT S —r R
SfFEwY hE
XEEKTCHIE

O>EBa1—4 - 7—Fx50F v HYY—J—03 v S [BOMEEFI>E1—4 - 7—FF7UF v ] 2025/09/10



DetectorddE s (3[EE)

>S—~Y=FEvb:[2, 34,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 recDHE&:

DETECTOR (1,
DETECTOR (1,

DETECTOR (3,
DETECTOR (1,
DETECTOR (1,
DETECTOR (1,

DETECTOR (0,
TICK
M2 3456

2,
4,

2) rec[-24] recl[- [

2) rec[- rec[- (90)2%)]@0)5/5\”;?1@), <- rec[—72]

(LOFEIDAIFEE), <- rec[-49]
(9MD2EBIHDAITEAE), <- rec[-48]

(1D2[BIHDHITEAE), <- rec[-25]
14 15 16 22 23 .. (9®miﬁuf€'ﬁg)’ <- FEC[-24]
(1D3[EIHDHEITEAE), <- rec[-1]
]
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DetectorddE s (3[EE)

>—9=FEvb:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 reCODEF'%.

DETECTOR (1, 2, 2) rec[-24] rec|[- [

DETECTOR (1, 4, rec[-23] rec|- (9D EIDRIEIE), <-rec[-72]

DETECTOR (3, X/Zlgj —jﬁ.'jjﬂ?d) (1DFIEIDAITEE), <- rec[-49]

DETECTOR (1, HEhEFEY b~ N

DETECTOR (1, BIEIOEBANE & DED % (9D2EBDHRIFEE), <- rec[-48]

DETECTOR (1, Emh. ER->Tuwng

Ry RS> RO—A (1DO2EEDRIESE),  <- rec[-25]

E?EECTOR(O, _> BIEDEIED S (OD3EBDHRIFEE),  <-rec[-24]
(1DO3LIHDAIFEIE), <-rec[-1]
]
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S LR JE

>S—Y=FEvbh:[2, 3,45 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]

WhEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]
M 9 11 17 19 21 29 31 37 39 41 27 7

MX 8 10 18 20 28 30 38 40 47 48 0 1 0 05 1 15 2 25
DETECTOR (1, 2, rec[-24] rec[-48]
DETECTOR (1, 4, rec[-23] rec[-47]

3

35 4 45

5

DETECTOR

4

DETECTOR
DETECTOR

4

(3
(1, 15
¢!
¢!

DETECTOR

DETECTOR (0, 3

TICK }_9%¥t“} N7z 35

4
.

ZEETHE

N
w
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DetectordDEE (521%)

F—SBTFEYN:[2, 3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
WHEFEY ~ (ZTS—4&EA) : [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
WHETEY N (XTS—&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]
M2 3456 25 26 32 33 34 35 36 42 43 44 45 46 XIE_¢ﬁH:‘I}EH@%$HjJ§¥
s Cv FOREDENES
erEeTOR T—YE8FEY ~OBAIE
DETECTOR % [EE U CDetectorz 5
-> F—HEFEW M
HUBDIS—EAETS—
ZXpliR <D Tz8

=
(O8]

w W

—_— — — — — ~— —  ~— ~— o~

14
14

14

DETECTOR
DETECTOR

4

14

DETECTOR
DETECTOR

-14] rec|-
-11] rec[-12] rec[-
DETECTOR -9] rec[-10] rec[-42]

DETECTOR rec[-8] rec[-41] F—A2FEY M ZEE

DETECTOR (4, 5, 3) Tfﬂ“ibtb\éd)f\
OBSERVABLE_INCLUDE (0) rec[-21] -23] rec[-24] rec[-25] IR T 5 —Oa2ZE (73800

e —

4

14

14

w W W W W W w w w

(1
(1
(2
(2
(2
DETECTOR (3,
(3
(3
(4
(4

14
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ObservableDEE

S—ASEFEvVN:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
#mhhEFEY b (ZI>—%3EA) [0, 1,8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
#HhhEFEY N XI>—#%+EHE) :[7,9, 11,17, 19, 21, 27, 29, 31, 37, 39, 41]
M23456 A : -
DETECTOR (1, . []

DETECTOR . . . .
DETECTOR [] []
H B B N
L]

DETECTOR
H EH M
. [] []
[-14] rec[-44] M E M M
DETECTOR -11] rec[-12] rec[-43] D I:]
DETECTOR -9] rec[-10] rec[-42] N FH E o E
DETECTOR (4, rec[-8] rec[-41] L]
DETECTOR (4, 5, 3) iR EET (D1D) &
OBSERVABLE_TNCLUDE (0) observable& UTIETE

35 4 45 5

w

14
14

14

DETECTOR
DETECTOR

4
14
DETECTOR (3,
14

14

—_— — — — — ~— —  ~— ~— o~

(1
(1
(2
(2
(2
DETECTOR (3,
(3
(3
(4
(4

w W W W W W w w w
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o EFETEIE) —FF7TF v DR ENIT
o st B Y —FFT T F v DAFTTIIR - gD EF
o sTEM T —3FT U F v R E(CH T D= FEEDHAITEINE]
o TEHEZRDIZHDOEREFAFS AT (1OYH)
o EFar DETIEDERE
o EFMEDIRDIETEINIEDT S TN D7E
o Stim+CrumbleZH\eEXHFEFSE> =1L —> 3>
o MYERIRIR CORMMAS DR DIEENIE (EEFDIEHR, PAC'21, HPCA22)
o KEFMS +IEFFMICEDLEDME=FETE (2OYH)
o O— RZ NFPRIFTQCT —F5F4F+ (HPCA2025)
e HPCA20263%EimX(Cc DT (3a¥H)
o X&H
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BicEsF 1> 61 —4
RS

FARDEREERED
 BIEET 161 —5[3]
- EFEw L 50~100
- I5—L—F:0.1~1%

1 - Noisy Intermediate Scale
_ T 3] £031 —— Quantum (NISQ) device

o BIEEFEYW N EFEY NOBEREIRAEDLD
e 20 MKIZE DMK RIRIE COHENE
o FIRSEHEDTTENWE

(BEaEE &
(20mK~4K)

[3] Frank Arute, Kunal Arya, Ryan Babbush, et al. Quantum supremacy using a programmable superconducting processor. Nature 574, 505-510 (2019).
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BInEETEY M RMERIRIE CEIFI D185
WRF —FTVF Y fosgezon BRI —FTTF v

Bs2s , SFQ circuits
(FEEtE)

= HL 1-Eﬁlﬁ§5§.jj
- JULR imid
- RAMIEEIX b
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ANAZFED77 T O—F: BB (CLDIES

AT AER
in Y L / out
=N
Xt X
=R AV
A RN E—
&a — WEREF — —_—

Josephson junction
(JJ)

H—WERE2F (SFQ: Single Flux Quantum) [E]E&

BnE8Y > JNOMREFORETO or 172KA
AKIZE OIRMERIRIE TDHENE
CMOS(ZEERTER - KHESED

ARRARIE AT OBZ(FEEC L)

0 FEIFTIBVILITUIAICTENAMNE -> PEVNEBEROIYVFIOFIVIUXA
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x5 QECOOL

SFQ circuits
lai rrrrrrrrr l %o l

O

(e

L ]
» -
L]

IO RO
e
1O O
)

O

O

QECOOLD YV —FF T F v

e Quantum Error COrrection by On-Line decoding algorithm
o NIRIRIARAMZWMLE & UIRWDEBID Y —F T I F v

o fHEFE Y MI1IM1ICXWIGT DUNitZE A

o UnitE D3 EFEDESIGIBE(CID IV F > IMEZ#E <

Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “QECOOL: On-Line Quantum Error Correction with a Superconducting Decoder for Surface Code”,
58th IEEE/ACM Design Automation Conference. (DAC 2021)
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QECOOLMDER D #EFEIERE

1071 4 —— break-even
—= d=5, QECOOL

o/ d=7, QECOOL d times
13.0%— o-9.aecoot measurements
gy —— d=11, QECOOL

] —— d=13, QECOOL
Ll —-= d=5, MWPM
A i .
: —-= d=7, MWPM

._.
o
&

: —-= d=9, MWPM
Y —-:= d=11, MWPM

Lo 1 s =3, MR Code distance d

107 hn 10:"2 10-1 .
Physical qubit error rate (p) Ta rget lattice Shape

Experimental condition
- Measurement process is performed once every 1 us
- Each QECOOL Unit has a 7-bit buffer to store syndrome values
- If buffer entry size is greater than K = 3, QECOOL is performed; otherwise, each Unit waits for
measurement process
- MWPM operates with batch-QEC manner

e LEULME: QECOOLp = 0.01, MWPM p = 0.03

Logical X error rate P,
=
S

&
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QECOOL:&

Row z ;
Controller Master, @ Unity Unit, , 4 @ -
Py c :C: c'; . s c 5 Q
g - ) EO e
5y Row 1 ! i
. A Master, _?- ~-f| Ynito, fi~~ Unity ;6. =
 Toeach Unit > el - | e— <+ —
== e {— - CurrentRow TR
Restart > State machine Token
out
; .| Hold Fla =
Token in ﬁ@— = S
1 ; i ~
Spike in — 2| Prioritize > Sgﬂie S&'ke
—
Ack. in o .
Meas. in > w
Push > Reg Atk Ack. R — B |
Pop > > out n R i ki g usum i =
- A out
. | 1770 um

Architecture overview of QECOOL SFQ design layout of QECOOL Unit

JIs: 3177 Area: 1.274 mm? Latency: 215 ps Power cons.: 2.78 uW

Decoder power consumption per one logical qubits
Supposed = 9,

9%x8X2X 2-78[uW] ~|400 uW
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FERAT

o EFETEIE) —FFTF v DR ENT
o stBHE Y —FFT DU F v DIAFTTIIR - gD EF
o sTEM T —xFT U F v RECH T D= FEEDHAILENE]
o :TEHEZRDIZHDOEREFFS AT (1OYH)
o EFar DETIEDERE
o REFMBEDIRDHETENIRDT S TRIBEADFE
o Stim+CrumblezRA\V\ZcXEFA=S> =1L —>3>
o MUERIRIZ CORMEMGS DR DIETENIE ( EEFDIEHw, DAC'21, HPCA'22)
o RENS +18FFMICEDCEDME=FETE (2OYH)
o O— RXKMFRIFTQCY —xF72UF+ (HPCA2025)
e HPCA2026%5f59 i (CcDULVC (3OYH)
o X&H
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. %:tA . . . [Supply magic state to CR|
° 'y £
0 . . . o '
o J Magic State Factory
o (MSF)
v

' . ﬁiﬁjﬁ Scan-Access O b SUPPLY MAGIC
A Computational

~~s H{;j i
~~~~~ emory Re (SAM) . oo Iiegistei((aLx_g_‘
Com tm Regio
PEE ALY

o %Ef{%%tﬂ/\D%DTJ—_EL/T(J\D\[DD-I—%L/T L)
BETRPEND TS —ETIE(FBARAUICTSD (Pauli frame)

-&DbTEEﬂE%AHﬁ BEMICIR bz U2
TS DERA?)

N °
DEO (e] (e]
p| 1©

<&
«

O— X KJ7 H”FTQCJ —:FTOfF‘\”

o JN\UF a4 FTvIODREHZTREITTER (FF=s
o IBFFMIICEDKFTQCIIXREASDILK - #a/l\, &S
o P COHMIEETFEY MIWDTEFITLATEINE(TIRN
— O— RABMEFTQCY—3+72UF+ (HPCA2025)

a>BEa—4 - 7—3FF0FvHUv—J0—0>gv ) [BoEEFI1>E1—4 - 7—FF20F+ 1 2025/09/10
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RENS EDimiEEE

MIBEE X TOHZBEOIO—DAA—= (ERESELVHRW)

= J o — 3 = . — — 30— . H J H — * ==
= J{UF 4 B H TS—:TF B . E =JAUEPd = H 75— H e TAREIR
= H « 5 Lo b H = SR H « H -7 H wmn
[PL) = ; FIvoH ;r( | (BN 5 MR = 37TV ;': e TE B WERE > gy o
[T5- | >—| |
| EEE | OHEE

o T —JImIEEEFIEED FE ULVHRL
o TS —HEFER(THIZIR ) A AHEL BE]EEMSHD D
o TS —:TIFRFBRN IS —Z"RETESD
o J\UFa FT v IDRMRZE—E(CERDODVEDD
o nmfilﬁﬁﬁ(;b\b%H%Faﬁb\?"r%d)ﬁ’fi(lﬁﬁ UTCTR<LIZBEEXETL)
o CN7ZEE T BIEHICTST—HNL DO DmIBERIEE
i CTHdDZ = F|
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Pauli framez R\ c TS —ET1IEDESFIUL

KEROmEERED I O—

_— . i 1 I5-0
— JCUF ¢ semmssE = )05 B — | »DEEE | TS5— BB
= “ e ey = o n 3 W = = i . — I°

Vo) 57 BHFvr= idmm £ 3Frvog T E TE [ gy

| Lo— Pauli frame |5 — | TZ—
| H#EE DEF | #EE | #EE

Pauli frame |Faul frameDEHy v Pauli frameDFE#fy v

o CliffordiEEIITS—ETIEETJIETTHDCEZFIHUT
To—5TIF1FZz&MOIUICT D

o B TCETIE T D FEDPauliigfEzZPauli frame& U TR

o sRIEPauliEE (FZPauli framedDEFHDH CEIR

a>BEa—4 - 7—FF0FvHBv—D0—0>gv ) [BoEEFI1>E1—4 - 7—FF20F+ 1 2025/09/10



smIEnon-Clifford/EE D U =

= x5l \ 5— @ I R
2 = il §}?\i‘y2 /A1 IgTIE @ RITAE —» ﬁiﬁ{%"
e Iigﬁ_
Pauli frame |Paull framed sy
o EfxzimiEnon-Clifford & %Z17d5 > &9 S &Pauli frame®d
ESRUNAEERD

o Non-Clifford;E&E (5T IF38{E & FERTIA
o BEEUTWBRIICHTIER /A XANESD TUFVWRERICTIT—ZFEH TSR0

o Clifford/:imIBiE/EF CRIERN (Cnon-Clifford;EE&E %= =EIRI B
J— b LN—F7—> 3 > WA
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J—hrL—57—23 2 (CLDEH

Pauli frame 5 )
15—
| s
E . E/('Jj__’ll =A AT == I>—
|M) = JAX = e RIS E SRIZAIE e 12
BERIRRE o i — D5
- B enor | - % AY WEE |
= U a H e [EEE| TS5— SRET AN
[YL) = A Hrzvs | WEAE SN AR e T|Y;) s
= — = L HIEfE
I5— SMIETT — b~
HETE Pauli frame (F—b>FLR—F7—>3>
Paul frame | Pauli frame®siy vy DEAT (& DRSBTS

e TS5 —ZFpdD|M)%& 15ES

anp
ac

.
;;I‘\

C

1DEND (FEBRIAREZEE)

MY IEND (BEIRREEAN)
EHTILTS—K35p3D|M)%E
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REMNS(CHITDimIEES

o XEMNS LDIZ/)\—B)LT— v NMH,S,CNOT, T}

o H: NS Z)\—H)LIQIRIETRIR

(+ BE(CIHU TREDER) Clifford:&E
o S: FBDERICKIDER
o CNOT: #&FFili (FSELD—1E) ([CLD
ZARRAITEDHASENETER

o T: EEEIREE (TR ELE A= L\ HE e
o JFTEMIARE (]0), [+), |M)) ~DFIHAL
o PauliZEETODimIEAIE
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o o o o o
° °

o (o] (0] (0] (o]
° ° ° °
(e] (e] (o] (o] (o]
o (o] (o] (o] (o]

°
(¢] (e] (o] (o] (o] [e] o
[ ° ° °
o o (o] (o] (o) o o
$ ° ° °
(¢] o (o] (o] (o] o o
® . ° °
(e] (¢] o (o] O o o
° ° °
o o o (o] o o o
°

e NS4 FITVIDHRZTERDCETCREZER
o sMIBIRREZAR D JCEFEH -> %r‘jc fig/)\. B8, [OEg
o iIPIRRBZEZE X I BE -> fwmIES, CNOTS — b
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=DM F B UTeigFDElER

[ [ 4> [+ > [+ [+>

[#> > 4> 5> 4> [ 4>

Mz Mz My Mz Mz My [#> 4> [+> [+ [#> [+> [+>
My My My My My M [+ |43 |43 [+ |43 4> 4>
Mz Mz M Mz Mz Mz [+ [#> [+> |+ [+> [+> [+>
Ve Mz My Mz Mz M [ N ™
My Mz M Mz Mz M 43 43 4> [+> [+> [4> 4>
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[1] Horsman, Dominic, Austin G. Fowler, Simon Devitt, and Rodney Van Meter. "Surface code quantum computing by lattice surgery." New Journal of Physics 14, no. 12 (2012): 123011.
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Craig Gidney, Noah Shutty, and Cody Jones, Magic state cultivation: growing T states as cheap as CNOT gates, arXiv:2409.17595
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Framework to perform logical operations
with SC-based QEC

Single logical qubit Lattice surgery
(QECOOL) (QULATIS)

e Extension of QECOOL for decoding of lattice surgery
o Supporting logical operations of the universal quantum gate set {H, CNOT, T}

e SFQ circuit design of QULATIS decoder is

suitable for online decoding in a cryogenic environment

Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “QULATIS: A Quantum Error Correction Methodology toward Lattice Surgery”,
28th IEEE International Symposium on High-Performance Computer Architecture. (HPCA 2022)
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2025 IEEE International Symposium on High Performance Computer Architecture (HPCA)

Computing

The University of Tokyot, NTT Corporationf, RIKEN*, Kyushu University**
takumi.kobori @phys.s.u-tokyo.ac.jp, yasunari.suzuki@ntt.com, yosuke.ueno@riken.jp,
tteruo @kyudai.jp, wistaria@phys.s.u-tokyo.ac.jp, yuuki.tokunaga @ntt.com

LSQCA: Resource-Efficient Load/Store Architecture
for Limited-Scale Fault-Tolerant Quantum

Takumi Koborif, Yasunari Suzuki}, Yosuke Ueno*, Teruo Tanimoto**, Synge Todof, and Yuuki Tokunagaf
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- Scan-Access Memory

MSF
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