s TE8K) —F 70 F v DEFOHZTENE]
&#: https://yuteno.github.io/ Ez(E EEFDresearchmap T2k
IB{EEMFRPAETF I Ea1—SHTRE> 5 —
BLESEFTE AT LAMFKIZY
EIERIZEYFRIARE

By ¥

2FYVJ NI T PR ESBEFEE 2023/10/27


https://yuteno.github.io/

L2 (/B5B) JFid

o HXFE
0 2015.4~2017.3: BEATZRED TS AT A
0 2017.4~2022.3: BEXEHRIET = X ABHRFEIR PAH
- BT —FFOF v, AEHEE
- {5 BEHHEEKRERVEETE0TE § BT
0 2022.5~2023.2: S >ATRIKS HRARE Fak )
- HPC, 7—FFFv. EF-HPCiEi
0 2023.4~IR7E: IBFARQC ¥ I1—=w b ERMFARES
o TAZESISR, bk
o sTEBHE Y —F7 T F v, BEHRHE (SFQ) [EFR.
D=2 FE18

IEEE Quantum week®D&fE
(L= 77 MILER e oD EBF

2FYVJ NI T PR ESBEFEE 2023/10/27



l/. 7o
VLAV R
.C.:," -'

EE Quantum Week

2022 2023
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Papers: /0 -> 153
Workshops: 16 -> 32
Tutorial: 26 -> 30
Posters: 60 -> 93
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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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Low density metal
Memory ___| Interconnects
(Cryo-CMOS) m ..
I I
yZT l ‘ ;: — 7 ; ‘7 Control Processor
Josephson Junction Logic)
( P gic) High Density
0.1K /
= — Superconducting
= . Control Wires
uantum Substrate
a —:W 20mK

(Superconducting Qubit) cavity  cavity  cavity

Cryogenic QEC architecture Virtualized Logical Qubit
MICRO2017 MICRO2020

—
AA “ Table L. Overview of ¢QASM instructions. The operator : : concatenates the two bit strings.
np w Type Syntax Description
( ) MP Rs, Rt CoMPare GPR s and Rt and store the result into the comparison flags.

£fset | (BRanch) Jump to 2C_+ Offset if the specified comparison flag is *1"
Rd (Fetch Branch Register) Fetch the specified comparison flag into GPR Rd
(LoaD Immediate) R n_ext(fmm] 19..0]. 32).

(LoaD Unsigned Iy ) Rd = Imm|14.0}-Rs[16.0]

Data Transfer

(LoaD from memory) Load data from memory address Rt + Irm into GPR Rdl

»| Keepthe T ) (STore to memory) Store the value of GPR &5 in memory addres m
Reset Signal i (Fetch Measurement Result) Fetch the result of the last measurement mstruction

on qubit i into GPR R
block signal Grow | SrowQut — - —
Subcircuit Logical t Logical and, or, exclusive or, not
Grow In Arithmetic | ADC , Bt Addition and subtraction.
» Pair_Req. Out
A "P| Pair_Req. = Waiting (Quantum WAIT Immediate/Register) Specify a timing point by waiting for the
¥ Pair_Req. In. P subcircuit number of cycles indicated by 1 i Rs
y Target Specity (Set Mask Immediate for Single-/Two-qubit operations) Update the single- (two-)qubit
% o] Po-Grent Out i operation target register 5d (Td).
/; Pair_Grant In. . Q. Bundle 0 Applying operations on qubits afier waiting for a small number of cycles indicated by 7
— > & __> e - -
— v e
b 4 Pair Out
A Pair In.
~._ Hot Syndrome ——

SFQ surface code decoder, ISCA2020

K. Bertels et al., “eQASM: An Executable Quantum Instruction Set Architecture,” in HPCA2019.

C. Duckering et al., “Virtualized Logical Qubits: A 2.5 D Architecture for Error-Corrected Quantum Computing,” in MICR0O2020.

S. Tannu et al., “Taming the Instruction Bandwidth of Quantum Computers via Hardware-Managed Error Correction,” in MICRO2017.
A. Holmes et al., “NISQ+: boosting quantum computing power by approximating quantum error correction,” in ISCA2020.
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35 1 QULATS] - 2003~2018 0~ 1%1Z2E
] — " T
01| BAN S DS 54 || tasoe 2019 5.4% (15/276)
25 [XQsim]
50 - 2020 3.6% (11/308)
15 1 _ 2021 5.0% (16/323)
10 - [Dist.]
: | I 2022 7.7% (25/325)
ol e o 2023 6.1% (25/408)
2003 2007 2011 2015 2019 2023
—F 20D by TEHESE (ISCA MICRO, HPCA, ASPLOS) SUES %3%5%%(;33075
(CHIFDEFETEMEER]E (BE205E5) SFEEREES

T —7: https://yuteno.github.io/ FfzlF LEFDresearchmap TARH

[Dist.] R. Van Meter, W. Munro, K. Nemoto, K. Itoh, “Distributed Arithmetic on a Quantum Multicomputer”, ISCA2006.

[QULATIS] Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “QULATIS: A Quantum Error Correction Methodology toward Lattice Surgery”, HPCA2022.

[Q3DE] Y. Suzuki, ..., K. Inoue, T. Tanimoto, “Q3DE: A fault-tolerant quantum computer architecture for multi-bit burst errors by cosmic rays”, MICRO2022.

[XQsim] I. Byun, ..., T. Tanimoto, M. Tanaka, K. Inoue, J. Kim, “XQsim: modeling cross-technology control processors for 10+K qubit quantum computers”, ISCA2022.
[Qlsim] D. Min, ..., M. Tanaka, K. Inoue, J. Kim, “Qlsim: Architecting 10+K Qubit QC Interfaces Toward Quantum Supremacy”, ISCA2023.
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[ Main Memory (instructions & data)

. Q Copr Quantum Classical Interface il =
‘Ej Kol o—
S i _ \ -] E % = mode 0
I 5 ||| — e
Host CPU 1 ‘g onHorgs E B, ‘g mode 1 -
S = == ogical
2 S qubit
e £ —— ©
: : mode 2
- =
; = .. I
I Sk ] e R o B S !
cavity cavity cavity
Quantum MicroArchitecture Virtualized Logical Qubits
MICRO’17 Best paper MICRO'20 Best paper runner-up

o sTEBH ) —FFT IF v DE CEEFTBERMAFR(TFHET=ND
o NI (EFIBH) +7—FF7IOFvDHMETHA /NI KK

X. Fu et al., “An Experimental Microarchitecture for a Superconducting Quantum Processor”, MICRO 2017.
C. Duckering et al., “Virtualized Logical Qubits: A 2.5D Architecture for Error-Corrected Quantum Computing”, MICRO 2020.
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Ancilla qubits
Syndromes change according to errors

Cf. Classical error correction with parity bit

0-> 000 VoV ARV,
1-> 111 10 11

Codewords ->000 ->?2?7?
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SFQ circuits

vl 40
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QECOOLD ) —xFF T F v

e Quantum Error COrrection by On-Line decoding algorithm
o KIIRIZRAMZIE L UIRWLWRDRBID P —F T I F v

o HBIEFE Y MMI1IXLITHIET DUnitZzEA

o UnitBl X D3BEDEBGIB/ICID VY F 2 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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ch) 107 —— break-even A

© —="d=5, QECOOL )

© Re

= 1.0% 0o 47 Qecool d times

o U7 «V70— d=9, QECOOL

£ 107 77/ oy e measurements

< i —— d=13, QECOOL

© =t 05

O -3

o' .

— | = d=11, MWPM >
Lot L4 8 il Code distance d

1073 16'2 10‘-1

Physical qubit error rate (p) Ta rget lattice sha pe
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 ULEULViE: QECOOLp = 0.01, MWPM p = 0.03
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Architecture overview of QECOOL

720 um

SFQ design layout of QECOOL Unit

Js: 3177 Area: 1.274 mm?

Latency: 215 ps

Decoder power consumption per one logical qubits

Supposed = 9,

9X8X2X2.78w =

=7V DT 7

400 uW

faaaE 2023/10/27

Power cons.: 2.78 uW
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Circuit designs for FTOC (VLSI2023

o BILEFTQCOIZ—#E (KM

HHENIBOEHZIRZTRE
o IRGE: 1 DDGEHREANTIUIE, ARt Fh#1> 45— 1 — A (FTEH.
MIBEBBOT S —HTE X MMINIEKR L TULVRUY

o FTQCZXEIRT D L THHIT ) (A X ELAiTDE

o BT — X TIISFQDEIZNERN AR

A~

N E]

code distance
Y. Suzuki, Y. Ueno, W. Liao, M. Tanaka, T. Teruo, “

n 10POPS/W

8 | —— Current error rate (0.1%)

= 40071 Optimistic future (0.01%) 1POPS/W A

-5 350 i i o =

5 200 Q' 100TOPS/W X X

E 1 @

5 250 S 10TOPS/W] X ARERT — X

o &=

p @

£ 200 | o 1TOPS/W = *

= 2 *

© 150 | | | 3 100GOPS/W ; spie

2 1001 | . . < * EERT— X

g __’4_,——-—«"'_'/4 10GOPS/W

£ 501

e . . \ : 1GOPS/W \ - ‘
10 15 20 25 30 10 15 20

Problem size

invited

DIES) ([CER

= B x £k

X Error rate = 1le-3
% Error rate = le-4
CPU
TPU
LV-RSFQ [7]
ERSFQ [8]

Circuit designs for practical-scale fault-tolerant quantum computing”, VLSI Symposium 2023.
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Table 1. Comparison of Cryo-CMOS and SFQ decoders. The area, power consumption and throughput are per distance-9 logical qubit.
NN [32] AQEC [38] QECOOL [39] QULATIS [40] NEO-QEC [84] Clique [103]

Platform CMOS SEQ SFQ SFQ SFQ SFQ

Meas. errors v v v v

Lattice surgery v v

Area (mm?) 10 369 183 16.4 N/A 14.4
Power consumpt. (uW) 20000 3780 400.3 4174 614.9 99
Throughput Max/Avg. (ns) 28 19.2/3.8  364/9.15 82/2.12 N/A 0.24

TOQE ISCA DAC HPCA 2022. ASPLOS
2020 ‘ 2021 2022 05758 | 2023
|

Ueno, Kondo, Tanaka, Suzuki, Tabuchi

Francesco Battistel, Christopher Chamberland, Kauser Johar, Ramon W. J. Overwater, Fabio Sebastiano, Luka Skoric, Yosuke Ueno, Muhammad Usman,
“Real-Time Decoding for Fault-Tolerant Quantum Computing: Progress, Challenges and Outlook”, Nano Futures, Vol. 7, Num. 3, pp. 032003.
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Lattice surgery Target lattice shape
OFOFAO OHAOFO perge OFOFOF O[FOH O
EHoEOE EOoEOoHE EoFEO CEoEOEOE
o[#o[#0o o[7F|o[70 o[7F]lo[#|o[F o[#Ao[7] 0o
EOBOE EOBOE s, [0 o O oMo
o[Flo[A0 o[Fo[#F0 «— o[Fo[FAo[F olFo[7F 0
Framework to perform logical operations
. ) Single logical qubit Lattice surgery
with SC-based QEC (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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QECOOL /
QULATIS

QECOOL /
QULATIS

X syndrome , ,
Binarized CNN decoder

X&Z syndrome with SFQ circuits

e A two-stage decoder with binarized CNN and QECOOL/QULATIS
o Improve threshold values of QECOOL/QULATIS
e SFQ design of Neural Processing Unit for binarized CNN

o Suitable for online decoding in a cryogenic environment

Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “NEO-QEC: Neural Network Enhanced Online Superconducting Decoder for
Surface Codes”, arXiv preprint arXiv:2208.05758, 2022.
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G. S. Ravi et al. “Clique: Better Than Worst-Case Decoding for Quantum Error Correction,” ASPLOS2023.
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Y. Ueno, Y. Tomida, T. Tanimoto, M. Tanaka, Y. Tabuchi, K. Inoue, H. Nakamura,“Inter-temperature Bandwidth Reduction in Cryogenic QAOA Machines”,
IEEE Computer Architecture Letters (Accepted) 2023. DOI: 10.1109/LCA.2023.3322700
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[Dist.] R. Van Meter, W. Munro, K. Nemoto, K. Itoh, “Distributed Arithmetic on a Quantum Multicomputer”, ISCA2006.

[QULATIS] Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “QULATIS: A Quantum Error Correction Methodology toward Lattice Surgery”, HPCA2022.

[Q3DE] Y. Suzuki, ..., K. Inoue, T. Tanimoto, “Q3DE: A fault-tolerant quantum computer architecture for multi-bit burst errors by cosmic rays”, MICRO2022.

[XQsim] I. Byun, ..., T. Tanimoto, M. Tanaka, K. Inoue, J. Kim, “XQsim: modeling cross-technology control processors for 10+K qubit quantum computers”, ISCA2022.
[Qlsim] D. Min, ..., M. Tanaka, K. Inoue, J. Kim, “Qlsim: Architecting 10+K Qubit QC Interfaces Toward Quantum Supremacy”, ISCA2023.
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FERARIN—T mXE (BS) First quantum paper
in top conferences

University of Chicago 334 (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) (MChicago &+ [E6)
UC Santa Barbara 7 (6.3%) ASPLOS2019

(Yuan Xie, Yufei Ding)
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Chicago University
- [#E4] M. Oskin, F. Chong)|I. Chuang, Il Kubiatowicz,

Building Quantum Wires: The Long and the Short of it, ISCA2003. (arXiv2001.06598)

- [Bx3Z] A. Litteken, L. Seifert, J. Chadwick, N. Nottingham, F. Chong, J. Baker,

Qompress: Efficient Compilation for Ququarts Exploiting Partial and Mixed Radix Operations for
Communication Reduction, ASPLOS2023.

Georgia Tech.
- [#)88] P. Das, C. Pattison, S. Manne, D. Carmean, K. Svore, M. Qureshi| N. Delfosse,
AFS: Accurate, Fast, and Scalable Error-Decoding for Fault-Tolerant Quantum Computers, HPCA2022.
(arXiv2001.06598)

- [Bx3x] S. Vittal, P. Das, M. Qureshi, Astrea: Accurate Quantum Error-Decoding via Practical Minimum-
Weight Perfect-Matching, ISCA2023.
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