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* Motivation for early fault-tolerant qguantum computing

» Partially fault-tolerant quantum computing

“Partially Fault-tolerant Quantum Computing Architecture with Error-corrected Clifford Gates and
Space-time Efficient Analog Rotations”
Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum (2024).

* Resource estimate for QPE with improved analog rotation gate

"Practical quantum advantage on partially fault-tolerant quantum computer." Toshio et al.
arXiv:2408.14848.

* Reducing overhead of magic state distillation for earlyFTQC

"Even more efficient magic state distillation by zero-level distillation."
T. ltogawa et al. arXiv:2403.03991.
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Experimental Quantum Computing W|th f1 06 quI;H scale systkem

Simulation of kicked Ising model with 127 qubits by IBM

O Unmitigated ~ ® Mitigated — MPS (; = 1,024; 127 qubits) — isoTNS (xy = 12; 127 qubits) - Exact

a Magnetization M, b X43,20,31Y9,30Z8,12,17,28,32) ¢

Y. Kim et al. "Evidence for the utility of quantum computing
before fault tolerance." Nature 618, 500 (2023).

* 60 layers of CNOT gates = 2880 CNOTs
» Successful quantum error mitigation

Quantum error correction below surface code threshold
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HOW can we close the gap between NISQ and FT&C? I ] |\| |
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» State-of-the-art quantum computer, ~100qubits, can perform tasks that are intractable
for classical computer (e.g. random quantum circuit sampling).

108,
| Fault-Tolerant Quantum Computer

107
: Exponential speedup by quantum algorithms with theoretically guaranteed performance
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» State-of-the-art quantum computer, ~100qubits, can perform tasks that are intractable
for classical computer (e.g. random quantum circuit sampling).

108,

107

Fault-Tolerant Quantum Computer

Exponential speedup by quantum algorithms with theoretically guaranteed performance
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How can we close the gap between NISQ and FT&C”
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» State-of-the-art quantum computer, ~100qubits, can perform tasks that are intractable
for classical computer (e.g. random quantum circuit sampling).

108,

107

1

* For provable quantum advantage we

Fault-Tolerant Quantum Computer

Exponential speedup by quantum algorithms with theoretically guaranteed performance
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Putting a milestone between NISQ and FTQC is important for sustainable

development of QC.
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* NISQ: >100 qubits, below 10-3 error rate, utility
w/o error correction. Ea r|y

NISQ

 QEC break even: >100 physical qubits,
logical error rate <10-3

. . . h : ' - .cdn. lect.
. FTQC >1 M phySICaI qultS (>1 OO Ioglcal ttps://quantumcomputingreport-com.cdn.ampproject.org/

c/s/quantumcomputingreport.com/nisg-versus-ftgc-in-

qgubits), logical error rate < 10-19, fully scalable the-2025-2029-timeframe/amp/
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* NISQ: >100 qubits, below 10-3 error rate, utility
w/0 error correction.

 QEC break even: >100 physical qubits,
logical error rate <10-3

e early FTQC: 1k-10k physical qubits

(tens-100 logical qubits), logical error rate
10-4-106

. . . h : ' - .cdn. lect.
. FTQC >1 M phySICaI qultS (>1 OO Ioglcal ttps://quantumcomputingreport-com.cdn.ampproject.org/

c/s/quantumcomputingreport.com/nisg-versus-ftgc-in-

qgubits), logical error rate < 10-19, fully scalable the-2025-2029-timeframe/amp/



Partially fault-tolerant quantum compufing

“Partially Fault-tolerant Quantum Computing Architecture with Error-corrected Clifford Gates and
Space-time Efficient Analog Rotations”
Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum (2024). Early

NISQ FTQC

o

https://quantumcomputingreport-com.edn.ampproject.org/crts/
quantumcomputingreport.com/nisg-versus-ftgc-in-the-2025-2029-
timeframe/amp/ "




Our approach

NISQ

All operations are subject to errors.

Operations are limited by
physical qubit connectivity

F = (1 _p)Chff + non-Cliff
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NISQ FTQC

All operations are subject to errors. All operations are protected by errors.

0) —— H * QEC /a4 A

0) (Do A

) g%

R

A

T
A
N

Operations are limited by
physical qubit connectivity

large space-time overhead
for magic state

F = (1 — p)Clift + non-Cliff F = (1 — p,)Cliff +non-Clif
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NISQ earlyFTQC FTQC
All operations are subject to errors. All operations are protected by errors.
QEC QEC
0) — H * H A |0) — H e H | el
0) D—e A 10) S—e L
— "\ "\ _
0) 2 (0) KL -0 Fz (0f A 1) N ) e

R

Operations are limited by All-to-all connections are available large space-time overhead
physical qubit connectivity at the logical level. for magic state
F= _p)CIiff + non-Cliff F=( —pL)C”ﬁ(l _p)non-CIiff F=( _pL)C”ff +non-Cliff
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Partially Fault-tolerant Quantum Computing ‘Archlteeture
Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum 5, 010337 (2024). 1

Assumption: 10,000 qubits with 10-3-10-4 error rate.

Quantum circuit

0) — H J\ H A
0) T l A
Rz(0) — H —— Rz(¢) A

4
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Partially Fault-tolerant Quantum Computing Architecture ’
Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum 5, 010337 (2024). 1

Assumption: 10,000 qubits with 10-3-10-4 error rate.

0) — H J\ H A

0) N l A
0) — fZ(Q) H—b— Rz(¢) A
Quantum circuit
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Clifford + T decomposition for R_(7/123):

U = HTSHTSHTSHTHTHTHTSHTHTSHTSHTSHTHTHTSHTSHTHTHTSHTHTSHTHTHTHTHTHTHTSHTSHT
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N. J. Ross and P. Selinger.
"Optimal ancilla-free Clifford+ T approximation
of z-rotations." arXiv:1403.2975.

maglc state factory

(b) Fast setup for p = 1073

L

2

D. Litinski "A game O
scale quantum compt

of surfabe

Quantum 3 128 (2019).

codes: Large-
ﬂmngthﬂaﬂlce surgery."
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Partially Fault-tolerant Quantum Computing ‘Archlteeture
Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum 5, 010337 (2024). 1

Assumption: 10,000 qubits with 10-3-10-4 error rate.

Quantum circuit

0) — H J\ H A
0) T l A
Rz(0) — H —— Rz(¢) A
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Partially Fault-tolerant Quantum Computlng 'Arbhlte&ture Ao~

Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum 5, 010337 (2024). k

Assumption: 10,000 qubits with 10-3-10-4 error rate.

0) — H H
— &

)

0) — Rz(0) — H £ Rz (¢)

A

Quantum circuit

A

LRy S

Planar surface code
STAR architecture //

R = == Sy

Logical qubit arrangement

Clifford gate

Z 4
o o
Surface code

Lattice surgery

Analog Rotation gate

Repeat-Until-Success [) AT*/A

I

0) + €7 |1) X Rz(0) [¢) or Rz(—0) |¥)
Fault-tolerant rotation circuit

State injection using [[4,1,1,2]] code Space'time_ efficient
analog rotation (STAR)

Clifford gates are fully protected.

Quantum advantage is achievable with 10,000qubits and 10-4 error rate.

1Q rotations are not protected but fairly accurate.
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Partially Fault-tolerant Quantum Computing Architecture
Y Akahoshi, K Maruyama, H Oshima, S Sato, KF, PRX Quantum 5, 010337 (2024). |

Ancilla injection with error detection

Ancilla state generation for analog rotation gate
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Errors are detected and discarded
except for unavoidable one
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Stabilizer: XXXX, ZZZ2Z

Logical op: ZoZ2, XoX;

Gauge op: XoXz, ZoZ;



Resource estimate for QPE
with improved analog rotation gate

Toshio et al. "Practical quantum advantage on partially fault-tolerant quantum
computer." arXiv:.2408.14848.

10
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List of guantum algorithms possibly done C ;

Simulation of quantum many-body dynamics beyond physical qubit connectivities
-Variational Quantum Algorithms beyond physical qubit connectivities

-Sampling-based eigensolver such as Quantum-Selected Configuration Interaction
(QSCI)

Kanno et al. "Quantum-selected configuration interaction: Classical diagonalization of Hamiltonians in subspaces selected by
quantum computers.” arXiv:2302.11320 (2023).

J. Robledo-Moreno, et al. "Chemistry beyond exact solutions on a quantum-centric supercomputer.”" arXiv:2405.05068 (2024).

Quantum Phase Estimation
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List of quantum algorithms possibly done

Simulation of quantum many-body dynamics beyond physical qubit connectivities
-Variational Quantum Algorithms beyond physical qubit connectivities

-Sampling-based eigensolver such as Quantum-Selected Configuration Interaction
(QSCI)

Kanno et al. "Quantum-selected configuration interaction: Classical diagonalization of Hamiltonians in subspaces selected by
quantum computers.” arXiv:2302.11320 (2023).

J. Robledo-Moreno, et al. "Chemistry beyond exact solutions on a quantum-centric supercomputer.”" arXiv:2405.05068 (2024).

-Quantum Phase Estimation
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EarlyFTQC version of Quantum Phase Estlinqtlon ) L

Quantum complex exponential least squares (QCELS)

Ding et al, "Even shorter quantum circuit for phase estimation on early fault-tolerant qguantum computers
with applications to ground-state energy estimation." PRX Quantum (2024); see also Quantum (2023).
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EarlyFTQC version of Quantum Phase Estllnqtlon ¥ e

|
Quantum complex exponential least squares (QCELS)

Ding et al, "Even shorter quantum circuit for phase estimation on early fault-tolerant qguantum computers
with applications to ground-state energy estimation." PRX Quantum (2024); see also Quantum (2023).
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small angle rotations
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Error reduction for small angle rotation ga[e 8 ]ﬁ B o C

e Vi
Our previous approach Chol’s scheme Our improvement
6o 000000 696060
© O 299 0 0 0 © R.0) O O O O
/ ©000O0O0 Q00000
©O O O O O O OO0 000 0
©O O O O O O OO0 000 O
©O O O O O O 0000 0 0O
Inject using [[4,1,1,2]] and Choi et al. "Fault tolerant non-clifford Reducing logical error rate with
expand with error detection. state preparation for arbitrary rotations." iIncreasing success probability
arXiv:2303.17380. arXiv:2408.14848

H R,:(0)|+), = cos?@|+), +i%sin®d|-), + (Z-error terms)
ZeQz

PL(H*) = aRrUS |0« |Pph- 0,(0,d) = sin™* (\/pl sin® 0)
ideal

logical error rate is factored by the rotation angle
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Resource estimation for QCELS o B

F

Toshio et al. "Practical quantum advantage on patrtially fault-tolerant quantum computer." arXiv:2408.14848.

t

2D (L,L) site Hubbard model:

Required code distance:
pr(Pon,d) ™t > 100 X 4dLCay Nmax Npatch- P—O

d. code distance, L: lattice size, Cav: clocks for analog rotation gate
Noatch : # Of logical qubit patches

https://upload.wikimedia.org/wikipedia/
commons/a/a8/2D-Hubbard-model.png

Tmax 0 W
2At B 26QPE eTrotter.

# of Trotter steps for each Hadamard test: N, ,x =

Problem size Code distance hysical qubits Execution time (hours)
Lattice size Data qubits Poh =107° | pon =107 | pon =10"° | ppr =10"% | pon =107° | ppn = 10~°
6 X6 73 21 1 1.03e+05 2.83e+04 1.18e4-03 7.88e+01

8 X 8 129 21 1.77e405 4.86e+-04 2.74e+04 2.15e+02

10 x 10 201 23 3.27e+05 7.48e+4-04 1.40e+06 5.08e+-02




maglc state factory

Reducing overhead for
magic state distillation E meE

— | = T | L

D. Litinski "A game of surface codes: Large-
scale quantum computing with lattice surgery." -
Quantum 3 128 (2019).

15
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Reducing overhead for magic state disti[lat,i
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Gidney, Craig, and Austin G. Fowler. "Efficient magic state factories with a catalyzed
ICCZ> to 2 IT> transformation." Quantum 3 (2019): 135.
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Zero Level Distillation: magic state dlstlllatlon Wwith physmal q

T. ltogawa et al. "Even more efficient magic state distillation by zero-level distillation." a{\le 403.03991 (2024).

Not logical but physical fault-tolerant circuit for magic state distillation:
Steane’s 7-qubit code

2 -8 S encode
E 2l : MM m
o ({) ’ E 0 |A) G ¢ \N H
N~ N 1 |+ .j 4 H
N 2 |+ +—o—o H
= 3 |+ ,T\ * * H |A),
N N
4 10)-—p V2 BNV H
5 |0) G 4 H /
0 6 [0) & D H
o 7 |+ foq\ A M,
| £ E— 8 [0) W/T\ M-
—J o Ne) I
| g . . g S RS B | o 107 \V/T\ My
n 7 < N | A 10 10) P . M,
I ;_ N N 11 [0) () L M,
13 [0) NV ,I\ \ - o/ M,
1410y - WC)) M,,  distill

U]bl’[|S
=
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Zero Level Distillation: magic state distillation'with physical qubits
( ) 1

T. ltogawa et al. "Even more efficient magic state distillation by zero-level distillation." alr\)(iv:i403.03991 2024). > < 1\ ,
Not logical but physical fault-tolerant circuit for magic state distillation: Implementation on square
% g _ § encode __
2 AR HL—p——P—D H
~ N |+ -—\f H \
§ |+ +—o—o H
|+ * * H |A)
0 é D H
10) D H
o 10) D H /
g +y - A M,
Bz o H o3 y .
E 2| : @] <] N 1A 10) D M,
[+)— N N — 10y +D My,
|+) =
|0>—4é-/1 M.,
|0) \U,T\ ~ —— M,
0>+ &b M,  distill
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Zero Level Distillation: magic state distillation'with bhys'icalq bits
( ) 1

; . . NS i (S -
T. ltogawa et al. "Even more efficient magic state distillation by zero-level distillation. E‘I‘\XIV.E'E403.03991 2024). ) N < l\ ,

Not logical but physical fault-tolerant circuit for magic state distillation: Implementation on square
Steane’s 7-qubit code lattice architecture
2 = e encode
EL AR — o
5 =k I:g ¢ T \ ’:’:’:’
: STETTSTET - . 0.0.90’
0 | v i | .’.&’
o & — oy . ’."0.0’
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logical error ~ 100p?
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logical error 10-4
(physical error rate 0.1%)
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Magic State Cultivation

. kl ' < H )

C. Gidney et al., "Magic state cultivation: growing T states as cheap as CNOT gates." arXiv:2409.17595.

Itogawa et al [[to-+24] improved on this by showing that the

idea still works with a simple square grid connectivity and 10~ uniform depolarizing circuit noise.

These improvements are what brought the construction to our attention. In this paper we further
refine the construction, enormously improving its performance. We make five main improvements.

wait for decoder
to compute a )
complementary gap

Stage 3: Escape! {

Rapidly grow the code distance

Stage 2: Cultivation <

Gradually grow the fault distance

N .
Stage 1: Injection <
Prepare the initial state

/éS color code

d=3 color code

d=15 grafted code

ey

TR
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Magic State Cultivation
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C. Gidney et al., "Magic state cultivation: growing T states as cheap as CNOT gates." arXiv:2409.17595.

Itogawa et al [[to+ 24| improved on this by showing that the

idea still works with a simple square grid connectivity and 10~ uniform depolarizing circuit noise.

These improvements are what brought the construction to our attention. In this paper we further
refine the construction, enormously improving its performance. We make five main improvements.
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"Low overhead quantum computation
using lattice surgery”
€ = 9e-17/

Gidney Fowler 2019

"Efficient magic state factories with a
catalyzed CCZ-2T transformation”
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This paper
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C. Gidney et al., "Magic state cultivation: growing T states as cheap as CNOT gates." arXiv:2409.17595.

Itogawa et al [[to+ 24| improved on this by showing that the
idea still works with a simple square grid connectivity and 10~ uniform depolarizing circuit noise.

These improvements are what brought the construction to our attention. In this paper we further
refine the construction, enormously improving its performance. We make five main improvements.

Fowler Devitt 2013
"A bridge to lower overhead quantum computation”
£ = 2e-12

Gidney Fowler 2019
"Efficient magic state factories with a

catalyzed CCZ-2T transformation”
€ =~ 3e-11

This paper
£ = 4e-6

I NN NN NI NN

il

This paper
£ = 2e-9

Fowler Gidney 2018
"Low overhead quantum computation

using lattice surgery”
€ = 9e-17/
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We are Quantum Native.

Democratization of state-of-the-art research outout
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K Q U RI S D K FTQC R&D toolbox for domain experts

Get time-to-market insights

NEW
Q U RI S D K based on real devices and architectures!

Application NEW v Problem mapping to

QU RI ALGO quantum algorithms

| v Ready-to-use (E)FTQC
Ready-to-use algorithm algorithms as components

Algorithm components/framework
¢ Modular QURIPARTS

v Platform-agnostic
v High-performance

Fundamental building

Qgﬁ;ﬂ‘ijtm blocks for QURI SDK NEW  Develop portable
AU U algorithms
(Optimization) QU RI v M v Evaluate performance and
ArCh:s;tr‘;ﬁ(gﬁv'Ce simulate on (E)FTQC arch
I . .
(E)FTQC Analysis/optimization/ Cidelity/latency

: _ , , Fast/noisy simulation
architecture simulation/execution

Hardware (Partnering with hardware developers)

QURI SDK
(documents)

©QunaSys

For QC experts For Domain Experts (Ex. Computational Chemistry)
or just not doing everything from scratch



K QU RI ALG O - Ready-to-use algorithm components

« With implementations of known algorithm noisy 1t22 = Single

s B

1gnallT22GSEE(

¥
uQ

state=state,

components provided, you can start running the T e ety | ey
algonthms from day one post_processing_par‘am=r’ough_post_pr‘ocess_par‘am,

time evo estimator=noisy trotter

ppf‘f}",= 18'03

* Few lines of code needed

 Problem setup is easy to understand

* (General algorithms with classical pre-/post-

processing noisy 1t22 energy = noisy 1t22() | | - | = o
print(“Noisy LT22 energy:", nois Y = B e X A
» Statistical phase estimation (LT22/Gaussian PURIE L IELE ) By RS
pprint(noisy 1t22.resource) ’ ooty 7237001
filter)
 QSCI (Quantum-selected configuration interaction) Nolsy LT22 energy: -1.07659396824322 *
Energy error: 0.0245563619893044 8 |
» Problem-encoding into quantum circuits R
total evolution time 0 T R T A T R T T 1 100 100 100 10°
. . . . . . h +<-20000 - Execution time
» Trotter time evolution circuit of Hamiltonian et )
« Hadamard test with controlled time evolution e
* Quantum circuit compilation (QAQC/LVQC)
104 10° 10° ~_1o’ 10° 10° 10! 10 Eigltlonti}vwoc“ 10°  10°

©QunaSys



K QU RI VM . Logical circuit level performance evaluation

NISQ device characteristics
* With logical circuit level evaluation, : ] e L“:“‘:“’ Error rates / gate execution
= B B B B time/ ..
* Characteristics of (early-)FTQC architecture can be ol I I ittt I I S . . |
. q: R0k Ry _ Ry Re _ Re _ nlsq_spcgnd_lattlce.geherate_dev1ce_property(
incorporated as parameters e e et v e

* Performance on NISQ and (early-)FTQC device can ‘

be compared Logical circuit level
resource estimator

* Developing the logical circuit level resource estimator
targeted at early-FTQC devices

v

* Target circuits: NISQ-like circuits for ~100 qubits

1-uC] fidelity for 50 qubits

1.0
- Chemistry-oriented state preparation — Nsowa
05 A —e— STAR (d=9)

—e— STAR (d=9, optimized)

« Condensed matter time evolution
A

Improvement by
circuit optimization

O
o

* Indicators: fidelity, execution time etc.

fidelity

O
s

 How can we incorporate characteristics of various
. . Improvemept by
architectures and devices? STAR grchitecture

0.2 -

0.0 \

.

nisg_iontrap_device.generate_device_property/(

qubit_count=16,

native_gates=("RZ", "Sqrtx", "X", "CNOT"),
gate_error_1lg=1.53e-3,

gate_error_2q9=4e-2,

gate_error_meas=2.5e-3,

gate_time_1lg=TimeValue(10, TimeUnit.MICROSECOND),
gate_time_2qg=TimeValue(200, TimeUnit.MICROSECOND),
gate_time_meas=TimeValue(130, TimeUnit.MICROSECOND),

EFTQC device/arch
characteristics

Physical error rates / gate
execution time / code distance / ...

star_device.generate_device_property/(
qubit_count=50,
code_distance=9,
gec_cycle=TimeValue(value=1.0, unit=TimeUnit.MICROSECOND),
physical_error_rate=1.0e-4,

103 10~4 10~
physical error rate

©QunaSys
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EarlyFTQC: Closing the gap between NISQ,and Fll‘Qq\ T

NS

Fault—ToIerant Quantum Computer Holy Grall

----------- Q Uantumvolume

T o early g T Q '

(N0|sy Intermedlate-scale Quantum technology)
, 72Q@google 5 ,

22Q@google

| | 19Q ‘ |
10 9Q@google @ngettl ; >

® 53Q@IBM
53Q@google

201 4 201 5 201 © 201 7 201 8 201 9 2020 2021 2022 2023 2024 2025 2026

23



 dél . “w b il
Summary < d | ky [ [ k

.

 Put another milestone between NISQ and FTQC.

10,000 qubits and 10-3-10-#4 error rate will provide a good opportunity to obtain FU]ITSU

QuantumVolume advantage as earlyFTQC.
Fujitsu Quantum Computing Joint Research Division

» What scale of quantum algorithms are feasible? at QIQB
- Akahoshi-Maruyama-Oshima-Sato-KF, PRX Quantum

 Can we add resource efficient magic state distillation? 5, 010337 (2024)
—Even more efficient magic state distillation by zero-level distillation * Toshio-Akahoshi-Fujisaki-Oshima-Sato-KF,

T ltogawa, Y Takada, Y Hirano, K Fujii, arXiv preprint arXiv:2403.03991. arXiv:2408.14848
: - Akahoshi-Toshio-Fujisaki-Oshima-Sato-KF
o ’? )

Other hardware platform e.g. trapped ions, cold atoms" ArXiv-0408.14929

—Comming soon.

QURISDK QUNASYS

We are Quantum Native.
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