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What is “Computing Machine”?

A computing machine is a physical system that embeds an abstract problem-
solving process into physical dynamics.
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The Difference Engine was a mechanical
computing machine designed to automatically
calculate mathematical tables using repeated
addition through gears and mechanical motion.

“Difference en gine.JPG” by Canticle (ka edia Commons), CC BY- SA30



What is “Computing Machine”?

A computing machine is a physical system that embeds an abstract problem-
solving process into physical dynamics.

Physical Phenomena Classical Digital Computation

electric voltage/current/switch input: x € {0,1)"

Voltage v(t)

,} - | Boolean function f
output: f(x)

0 >

= L

Trigonometric function, and more
complicated algorithms...

“Z3 Deutsches Museum.JPG” by Venusianer, via Wikimedia Commons, licensed under CC BY-SA 3.0.



What is “Computing Machine”?

A computing machine is a physical system that embeds an abstract problem-
solving process into physical dynamics.

Physical Phenomena - - Classical Digital Computation
electric voltage/current/switch Architecture input: x € {0,1}"
sz A computer architecture is | ’ |
. “the design principle” | Boolean function f
that organizes how an abstract computation is output: f(x)

0

embedded into physical dynamics.
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Trigonometric function, and more
Elementary logic gates

complicated algorithms...
AND, OR, NOT,NAND | _—

/




What is “Computing Machine”?

A computing machine is a physical system that embeds an abstract problem-
solving process into physical dynamics.

The choice of architecture (design principle) highly depends
on available physical resources and computational goals.



CORDIC: Coordinate Rotation Digital Computer

J. E. Volder, “The CORDIC Trigonometric Computing Technique” (1959)

Trigonometric computations require multiplication and addition, but MUL
IS much more expensive than ADD or bit SHIFT.

Y
X"\ _ [cosf —sin@ (JC) Y —tan @ (x)
y’ sinf cos @ Y tan@ 1 Y T 1047
0~ ) darctan2™¥),  d € {-1,+1} .
k 0, 0, = arctan(2~°) = z/4 = 0.785398 /=3~

~ —k\l 0, = arctan(2™!) = 0.463648 [/ k=2 \\\

Xjr1 = X = G277y 0, = arctan(2%) = 0.244979 k=1 ;

Voot = Ve +d2%x, 6 =arctan2™) = 0.124355 ﬁ 0 \

Update (unnormalized) can be done by using ADD and bit SHIFT! ‘ X

Novel architectures emerge from physical constraints and computation-specific optimization!



CORDIC: Coordinate Rotation Digital Computer

J. E. Volder, “The CORDIC Trigonometric Computing Technique” (1959)

CORDIC Is All You Need

OMKAR KOKANE, NSDCS Lab, Indian Institute of Technology Indore, India
_T ADAM TEMAN, EnICS Labs, Bar Ilan University, Israel 7
S ANUSHKA JHA* and GURU PRASATH SL*, Indian Institute of Technology Indore, India
GOPAL RAUTT and MUKUL LOKHANDET, NSDCS Lab, Indian Institute of Technology Indore, India
S. V. JAYA CHAND* and TANUSHREE DEWANGAN?, Indian Institute of Technology Indore, India
SANTOSH KUMAR VISHVAKARMA, NSDCS Lab, Indian Institute of Technology Indore, India

Artificial intelligence necessitates adaptable hardware accelerators for efficient high-throughput million operations. We present
pipelined architecture with CORDIC block for linear MAC computations and nonlinear iterative Activation Functions (AF) such as
tanh, sigmoid, and SoftMax. This approach focuses on a Reconfigurable Processing Engine (RPE) based systolic array, with 40%
pruning rate, enhanced throughput up to 4.64X, and reduction in power and area by 5.02 X and 4.06 X at CMOS 28 nm, with minor

| 4 Mar 2025

accuracy loss. FPGA implementation achieves a reduction of up to 2.5 X resource savings and 3 X power compared to prior works. x
The Systolic CORDIC engine for Reconfigurability and Enhanced throughput (SYCore) deploys an output stationary dataflow with the
CAESAR control engine for diverse Al workloads such as Transformers, RNNs/LSTMs, and DNNs for applications like image detection,

<
O

LLMs, and speech recognition. The energy-efficient and flexible approach extends the enhanced approach for edge Al accelerators
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What about quantum computer architecture?

Physi
ysical Phenomena o Problems
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Qubits required for solving RSA2048
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1B_qubits

. Fowler et al

1M qubits, surface code,
(superconducting qubits)

|
Exponential improvement of quantum algorithm implementations

and fault-tolerant quantum computer architecture designs

‘Gheorghiu et al

et al

20M qubits

256bit ECC— a few] minits
®miswork 0.5 M qubits, surface code
1M @ubits (superconducting qubits)

arXiv:2602.11457 ¢

gLDPC code (neutral atoms)
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2010

2015

gLDPC codef#eutral atoms)

C. Gidney, "How to factor 2048 bit RSA integers with less than a million noisy qubits." arXiv preprint arXiv:2505.15917 (2025).
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What about quantum computer architecture?

Physical Phenomena Problems
quantum operations on superconducting qubits, Quantum Simulation (Chemistry, CondMatPhys, HEP)
neutral atoms, trapped ions, photons etc End-to-End resource estimate: Schwinger model

_ Sakamoto et al., Quantum 2024
‘ quantum computer architecwuic | "Hamiltoniafesiraulatibn

QEC Logical operations Elementary Logical gates with Trotterization
surface code, Lattice surgery, Transversal 2?77?77
qLDPC code, gate, Fagie-ctato-dictitation
syndrome 272222727

measurements
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Outline

* Introduction: what is computing machine and what is the role of architecture
* Overview of the STAR architecture

* Verl: space-time efficient analog rotation

* Ver2: error reduction by transversal rotations and postselection

* Ver3: STAR magic mutation
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Elementary gates for FTQC: Clifford and non-Clifford gates

Clifford gates: X,Y, Z, H, S, CNOT, CZ Non-Clifford gates: T, Toffoli gates

88— - B T s T — p—i#8)Z

W N on-Clifford gates are difficult
~+_-to be protected from noise!
—teleportation & magic state distillation

10) —H L ooy 4111
‘l ﬁu Y0) + [ 1) ] 1))

10) . _
R (7/128) with 10~'° accuracy:
QEC COdeS natu rally SU ppo rt U = HTSHTSHTSHTHTHTHTSHTHTSHTSHTSHTHTHTSHTSHTHTHTSHTHTSHTHTHTHTHTHTHTSHTSHT
_ SHTHTSHTHTSHTHTHTHTSHTHTHTSHTHTSHTHTHTHTSHTSHTSHTHTHTSHTSHTSHTSHTHTSHTS
prOtected Cllffo rd gate_ HTSHTSHTHTSHTHTSHTSHTHTHTHTHTSHTHTHTHTSHTSHTSHTHTSHTSHTHTHTSHTHTHTHTHTS

HTSHTHTHTHTHTSHTHTHTHTSHTHTHTHTHTHTHwW'

N. J. Ross and P. Selinger.
"Optimal ancilla-free Clifford+ T approximation of z-rotations."
arXiv:1403.2975.
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What is a bottleneck for (digital) guantum simulation

Hamiltonian simulation requires many small-angle rotations:
. HamiltoniannH = A+ B

. Time evolution: U(f) = e 1! = ¢~1A+B) /

. . . N
Trotter expansion: e ~“ATB) = (e‘lA%e_’B%) + O

small-angle rotations

2
—I|[A, B
NH[ 1l

ex) transverse Ising model: H; . = Z Jiilil; + Z hX
B i small-angle rotations

|

\
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A large number of small-angle rotation gates are required!
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What is your choice?

NISQ partially FTQC FTQC

All operations are subject to errors.

All operations are protected by errors.

QEC QEC
0) el H . HF——A] |0y —{H . T Fomen_L_
0) D—r A 0) e A
_ A I\
0) AWL O 31 A|  10) H—® 4%}: A

Operations are limited by All-to-all connections are available large space-time overhead
physical qubit connectivity at the logical level. for magic state

i -Cli _ Cliff +non-Cliff
F = (1 — pCliff + non-Clif F=(1-p)YMq — pynon-Clit [ F = (1 —py)

- phvsical I U = HTSHTSHTSHTHTHTHTSHTHTSHTSHTSHTHTHTSHTSHTHTHTSHTHTSHTHTHTHTHTHTHTSHTSHT
P - pnysical error rate SHTHTSHTHTSHTHTHTHTSHTHTHTSHTHTSHTHTHTHTSHTSHTSHTHTHTSHTSHTSHTSHTHTSHTS

pL : Iogical error rate HTSHTSHTHTSHTHTSHTSHTHTHTHTHTSHTHTHTHTSHTSHTSHTHTSHTSHTHTHTSHTHTHTHTHTS
HTSHTHTHTHTHTSHTHTHTHTSHTHTHTHTHTHTHw'

Maximize early FTQC capability by leveraging the best of both NISQ and FTQC.

16



Partially Fault-tolerant Quantum Computing Architecture

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

Planar surface code
STAR architecture //

Clifford + 0 gate set T T T T T 1
- i =
—] : — + e O [ [
D N |
U . . . o —— )
Hadamard CNOT  analog rotation
Logical qubit arrangement
- Clifford gate Analog Rotation gate
Repeat-Until-Success [4) A
‘ 0) + e |1) ? XT— Rz(6) 1) or Ra(~0) 1)
> ‘ ‘ Fault-tolerant rotation circuit
1 [ . 8 0000
Surface code Q9 O _ -
Latt State injection using [[4,1,1,2]] code Space'tlme_ efficient
ARICORSIIE Ay analog rotation (STAR)

Clifford gates are fully protected. 1Q rotations are not protected but fairly accurate.



Outline

* Introduction: what is computing machine and what is the role of architecture
* Overview of the STAR architecture

* Verl: space-time efficient analog rotation

“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).

* Ver2: error reduction by transversal rotations and postselection

"Practical quantum advantage on partially fault-tolerant quantum computer."
R Toshio, Y Akahoshi, J Fujisaki, H Oshima, S Sato, KF, Phys. Rev. X (2025).

* Ver3: STAR magic mutation

[INEW] “STAR-Magic Mutation: Even More Efficient Analog Rotation Gates for Early Fault-Tolerant Quantum Computer"
R Toshio, S. Kanasugi, J Fujisaki, H Oshima, S Sato, KF, arXiv:2603.2289.
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STAR (space-time efficient analog rotation) architectures

Ver. 1

{ | .::llu . =i D t?

analog rotation .

universal gate sets [[4,2,2]] code (error detection): py = O(p)

- _

.

analog
Hadamard CNOT rotation

physical error rate: p = 107> — 10~



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 Gauge fixing to surface code Code Expansion
B o — 9 — = ® ® ® ®
[4,1,1,2]] code Mo —o{m} 3= —{A OG-0 00 O e e
M3 —|0)— H H o || 0': H:: /74: ® ® ° ® ® . ® » e »
bty OO0 0 0 . O T
PN g e . . . . . . ® ® °
Simiad) O ] T . . )
:\J : ; | i | ® o @ o [ J ® ® [ *® ®
B EHE bt ¥
: 0) : D —D A ® o o o ° ° ¢ o B
M2 T Ly ey . 5 Qg OgggO 0
1 (,—i0/2 +i6 /2
\/5(6 0) +e n- Gate tel ot fully protected!
Errors are detected and discarded —‘m9> ate teieportation
except for unavoidable one ; : ), —D MZ)
0 Ime), —e—[Xi}— Rz, (0) [¥), or Rz, (—0)[¥),

——————————————————

repeat until success

—space-time efficient analog rotation (STAR) gate



STAR (space-time efficient analog rotation) architectures

Ver. 1
analog rotation 1, i O
universal gate sets [[4,2,2]] code (error detection): p, = O(p)
transversal

analog rotation
& postselection
[Choi’23]

py = O(6p)

- _

.

analog
Hadamard CNOT rotation

physical error rate: p = 107> — 10~



Error reduction for small angle rotation gate

Choi et al. "Fault tolerant non-clifford state preparation for arbitrary rotations." arXiv:2303.17380.

QEC/QED
4 s TTETEEEEEEEEEEEES N
+44) b4 | T e
FT prepared |+), cally rotated) : +), S}## cgdlscard):
[, ¢4 [ . . #] e e
' > > XX3=1 ) ,
| | + + + 0 e

444 \*** /

_< ‘EZI: "/ qbtﬂ:*’*’#»] ae b d)

~

__________________

[444)

|+ (permutations) ) (1+), — i€3]-).)
[+ )=1+++) error detection
transversal R_(0) & postselection
—> RO®|+,)=cos’@)|+++)+isin’@)] ) — %0083(6’)(‘ F+ 4+ ) +isin’(0) | ))
+(others such as cos?(@)sin(d) | + + — ))

Error rate = O(6%p) where 8% := arcsin(sin>(8)/.4)



STAR (space-time efficient analog rotation) architectures

Ver. 1
: I‘ (] 40202 oo | Spton I
analog rotation v - - 0 O,
universal gate sets [[4,2,2]] code (error detection): p, = O(p)
Ver. 2 transversal
4| HI— ) . analog rotation
) analog ﬂ & postselection
Hadamard CNOT rotation analog rotation [Choi’23]
py = O(Op)

—3 —4 _7
physical error rate: p = 107> — 10~ ex) 0 ~ 107>, p ~ 107" = p, ~ 1077 1)



Resource Estimation for Practically Important Tasks

2D (L,L) site Hubbard model:

— A5 Z AjaAJG_l_ Z lTnll

(l,J>
https://upload.wikimedia.org/wikipedia/ https://ja.wikipedia.org/wiki/
Overhead for solving LxL Hubbard model: ~ ©ommone/e/se/ermubbardmodeiong HEBIBEHBEHEAHBCHIDHESKBO%EE
Problem size Code distance Physical qubits Execution time (hours)

Lattice size Data qubits pon = 1073 pon = 107* pon = 1072 ppn = 107* ppn = 1072 ppn = 107*

6x6 73 23 11 1.24 x 10° 2.83 x 10* 1.29 x 10° 7.88 x 10!
| 8x8 129 25 13 2.51 x 10 6.79 x 10 3.26 x 10 2.54 x 10?|
10 x 10 201 25 13 3.86 x 10° 1.04 x 10° 1.52 x 106 6.00 x 107

v
"Practical quantum advantage on patrtially fault-tolerant quantum computer.” 10 hours

R Toshio, Y Akahoshi, J Fujisaki, H Oshima, S Sato, KF, Phys. Rev. X (2025).

“Compilation of trotter-based time evolution for partially fault-tolerant quantum computing architecture”
Y Akahoshi, R Toshio, J Fujisaki, H Oshima, S Sato, KF, PRX Quantum (2025)
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STAR (space-time efficient analog rotation) architectures

Ver. 1
0}, &—| Il é} i
analog rotation o, —{i— '
universal gate sets [[4,2,2]] code (error detection): py = O(p)
Ver. 2

transversal
analog rotation
& postselection
[Choi’23]

py = O(6p)

B e aiatin S
D analog analog rotation
Hadamard CNOT rotation

magic state cultivcation [Gideny'25]. ver. 3 [NEW' arXiv:2603.22891]

space-time efficient magic state injection . .
9 SWItCh Po ™~ 0(9 P)

analog rotation
ex) @ ~ 10—3,p ~ 1073 = p, ~ 10771



ST A R M - M t t' “‘STAR-Magic Mutation: Even More Efficient Analog Rotation Gates for Early Fault-Tolerant Quantum Computer “
ag Ic u a Ion R Toshio, S Kanasugi, J Fujisaki, H Oshima, S Sato, K Fuijii, arXiv preprint arXiv:2603.22891

Gate teleportation:

@ )
| w) P Lm — I The measurement outcomes in
Y J l teleportation are completely random
§‘ +)— Ky B Riglw) — Repeat Until Success (RUS)

* L 4
q *
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

analog rotated state

STAR architecture Ver. 3 [NEW!]

Repeat Until Success

Ver. 2 Py = O(6p)




Resource Estimate for Quantum Simulation

‘STAR-Magic Mutation: Even More Efficient Analog Rotation Gates for Early Fault-Tolerant Quantum Computer “
R Toshio, S Kanasugi, J Fujisaki, H Oshima, S Sato, K Fuijii, arXiv preprint arXiv:2603.22891

STAR architecture enables much faster guantum simulation with significantly fewer qubits.



Summary

ver. 1 B ex) p ~ 1074 > Do ~ 10~

L1 i 1 _ F '
0), —[H}—e—] ¢-i4#22 | 5

analog rotation ., i

° bettemthan NISQ
for quantum advantagé

Ver. 2
transversal analog i NP
rotation & postselection 1{ # h v
. [Choi’23]
analog rotation B useful for c?ndens:ed ma;t}er physics
py = O(0p) — =

~Y -3 ~ -3 A~ -9
Ver. 3 [NEW! arXiv:2603.22891] ex) & ~ 107, p ~ 107 — py ~ 10

—{8}— th+ Py~ 0(0%p)

SWltCh AL 77N ¢
analog rotation useful for quantum chemistry

e 2




Conclusion

 Early FTQC (1k—100k qubits) is the realistic near-term regime for quantum advantage.
» Partially fault-tolerant architectures (STAR) to bridge NISQ and FTQC.

« STAR / Magic Mutation enables quantum simulation of practically relevant problems with ~10°
qgubits (tens-fold reduction).

* |sthe STAR architecture only effective for superconducting qubits? — Transversal STAR by QuEra
(arXiv:2509.18294).

* Does this increase the complexity of compilation and optimization?

* |s it possible to establish a new proof of fault tolerance that does not rely on T-gate fault tolerance?
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