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Our Sycamore processor takes about 200 seconds to
sample one instance of a quantum circuit a million times—
our benchmarks currently indicate that the equivalent task
for a state-of-the-art classical supercomputer would take

approximately 10,000 years.
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The tensor network simulations in Fig.4
were run on a 64-core, 2.45-GHz
processor with 128 GB of memory, ...
8 h for Fig. 4a and 30 h for Fig. 4b.
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3 The corresponding quantum wall-clock
run time was approximately 4 h for

Fig.4a and 9.5 h for Fig.4b




Quantum supremacy?

In 2022 In 2023

Fast classical simulation of evidence for the utility of quantum computing before fault
tolerance

PHYSICAL REVIEW LETTERS
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Solving the Sampling Problem of the Sycamore Quantum Circuits G (Dated: June 29, 2023)

Fenc Fan, Keyang Chen, and Pan Zhang . . . . . .
We show that a classical algorithm based on sparse Pauli dynamics can efliciently simulate quan-

Phys. Rev. Lett 129, 030L02 — Fuklshed 22 August 2022 um ; ‘ ol " ) _ . - _ . _
tum circuits studied in a recent experiment on 127 qubits of IBM's Eagle processor |Nature 618,

500 (2023)]. Our classical simulations on a single core of a laptop are orders of magnitude faster

Article Heterences Cting Artcles (20) Supolemental Materia than the reported walltime of the quantum simulations, as well as faster than the estimated quan-
tum hardware runtime without classical processing, and are in good agreement with the zero-noise

extrapolated experimental results.

Our classical simulations on a single core of a laptop
are orders of magnitude faster than the reported
walltime of the quantum simulations

It would take only a few dozen seconds
if they had access to full-sized supercomputers.
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Phase transitionsinrandom circuit sampling
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Undesired coupling to the surrounding environment destroys long-range correlations
inquantum processors anc hinders coherent evolutioninthe nominally available
computational space. This noiseis anoutstanding challenge when leveraging the
computzation power of near-term quantum processors'. It has beenshown that
benchmarking random circuit sampling with cross-entropy benchmarkingcan
provide an estimate of the effective size of the Hilbert space coherently available? S,
Nevertheless, quantum algorithms’ outputs can betrivialized by noise, making them
susceptible to classical computation spoofing. Here, by implementingan algorithm
for random circuit sampling, we demonstrate experimentally that two phase
transitionsare observable with cross-entrapy benchmarking, which weexplain
thecretically withastatistical model. The firstis a dynamical transition as a function
ofthe numberof cyclesand is the continuation of the anti-concentrationpoint in

the noiseless case. The secondis aquantum phase transition controlled by the

error per cycle; toidentify itanalytically and experimentally, we create a weak-link
model, which allows us to vary the strength of the noise versus coherent evolution.
Furthermore, by presenting a random circuit sampling experiment inthe weak-noise
phase with 67 qubits at 32 cycles, we demonstrate that the computational cost of

our experimentisbeyond the capabilitics of existing classical supercomputers. OQur
experimental and theoretical work establishes the existence of transitions to astable,
computationally complex phasethatis reachable with current quantum processors.

Table 1| Estimated computational cost of simulation

Experiment

d

One amplitude 1millionnoisysamples

(FLOPs)

FLOPs

XEB fidelity

Time

SYC-53 (ref. 4)

20

5x10'"

2x10™"

2x107°

6s

ZCZ-56 (ref. 5)

20

1x10%

7x10%°

6x107™"

20min

ZCZ-60 (ref. 6)

24

6 x10?

3 x10%

3x10*

A0 days

SYC-70

24

4 x10%

5x10%

2x1073

o0 vyears

SYC-67

32

1x10*

1x10%

1x107°

1x10"years

1x10%°

1x10%years®

1x10%

12years®

®We include the cost estimated by assuming memory is distributed over all RAM, ignoring
realistic bandwidth constraints.

®We include the cost estimated by assuming memory is distributed over all secondary storage,
ignoring realistic bandwidth constraints.
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Random circuit sampling
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Unfortunately, such sampling problems are not very practical.



Quantum supremacy for practical problems?!

Article

Observation of constructive interference at
the edge of quantum ergodicity

Quantum computation of molecular geometry via many-body nuclear spin echoes

arXiv:2510.19550v1

((a) Y ((b) B
https://dol.org/10.1038/c41586-025-08526-6  Google Quantum Al and Collaborators*
Recelved: 3 November 2024
Accepted: 13 August 2025 The dvnamics of quantum many-body systems is characterized by quantum
Syt ; observablesthat are reconstructed from correlation functions at separate pointsin -
space and time'*, In dynamics with fast entanglement generation, however, quantum o
Open access . . \ . .
observables generally become insensitive to the details of the underlying dynamics at
#) Checkfor updates long times due to the effects of scrambling. To circumvent this limitation and enable . Conventional ) U OTOC )
accesstorclevantdynamicsin experimental systems, repeated time-reversal protocols (c)
havebeensuccessfully implemented®. Here we experimentally measure the second- (" NMR Y (7 Quantum
order out-of-time-order correlators (OTOC”)* * onasuperconducting quantum experiment computer
processor and find thatthey remain sensitive to the underlying dynamics at long 'H_ N s e
timescales. Furthermore, OTOC*” manifests quantum correlations ina highly entangled Bc | \ ‘ i ’ [ Yo E - : — : IR
quantum many-body systemthat are inaccessible without time-reversal techniques. i U \_ *= ﬂ j
I'his isdemonstrated through an experimental protocol that randomizes the phases ,
Data Sim. data Feadback
of Pauli strings in the Heisenberg picture by inserting Pauli operators during quantum . ..

evolution. The measured values of OTOC"” are substantially changed by the protocol,

thereby revealing constructive interference between Pauli strings that form large [
loops inthe configuration space. The observed interference mechanismalso endows
OTOCY with high degrees of classical simulation complexity. These results, combined
with the capability of OTOC” in unravelling useful details of quantum dynamics, as

Comparison (classical) J—

@) [ritial stateb[] Dr ‘ 2 serturt 3 Lr la (b)
— —

shawn through an example of Hamiltonian learning, indicate a viable path to practical preparetion
quantum advantage. ~ { 7 —
14! Depol ! | BLEW-12 |
H—‘—L’* TARDIS TTARDlStW
. - : . ; . (4) e 'f.}{.;-"'; """""" = “lw”w
same circuits. Figure 4c shows the estimated cost of simulating Cj;;, - @, ;.

. . -Urs Simulaticn . ~— Simulation .
throughtensor-network contraction on the Frontier supercomputer, 5 | Re I NHRemermen ¥ NMR cxzeriment €
which converges to approximately 3.2 years. Thisis afactor of approx- g8 \k § oosh
imately 13,000 longer than the experimental data collection time of Sosk ez ?: é
2.1 h per circuit, indicating that this experiment is, at present, in the g el ¥ oTOC }‘;\ . oo
beyond-classical regime of quantum computation. - tosenmidtecho 3y 2l A)
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Noisy Intermediate-Scale Quantum (NISQ)

(a) Complexity class (b) An algorithm in NISQ

Computing ...
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Bitstring
Classical Noisy quantum
computer device

BPP C NISQ < BQP

S. Chen, J. Cotler, H.-Y. Huang, J. Li, Nat. Commun. 14, 6001 (2023)
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Execution Modes
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Challenges in scaling
the qubit count per chip?!
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Frequency allocation in multi-qubit processors
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J. B. Hertzberg et al., npj Quantum Info. 7, 129 (2021)



Modular architecture

Module size

K. N. Smith et al., arXiv:2210.10921



Modular architecture
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Functional MCMs

K. N. Smith et al., arXiv:2210.10921



Chiplet architecture
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Quantum communication

Tunable
® coupler

&7 Alcable
E >—1—Ej®]
T

J. Niu et al., Nat. Electron. 6, 235 (2023)
Y. Jhong et al., Nature 590, 571 (2021)




Classical communication

Classical communication

between setups - - -
2 N Circuit knitting
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A. C. Vazquez et al., Nature 636, 75 (2024)




Distributed quantum algorithms

Distributed quantum phase estimation algorithm Distributed Shor’s factoring algorithm
10y —— H®H ﬂ QFT'l—/r/\—

The first 0)¥" ——— et A 7 /
quantum ) TTf ) 1) 7 M,
computer | L /
The second| )@ — jrer 1 FT7 A Central Q -
quantum | classical uantum teleportation
computer |u) Atay w) computer
;:::u::\ 0" S FT}—A 0y —— ner T orr-1 |-
computer |u} Al u) |T|

1) —£ >

K. Li et al. Inf. Process. Lett. 120, 23 (2017)
L Xiao et al., arXiv:2207.05976v1



Variational quantum algorithms

Problem encoding
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Interatomic distance (Angstrom)

Do not require full circuit universality.
Sufficient expressibility to explore relevant solution spaces is enough!

M. Cerezo et al., Nat. Rev. Phys. 3, 625 (2021)



Quantum machine learning

Experiment

Quantum-enhanced

Quantum
information
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Science 376, 1182-1186 (2022)



Quantum machine learning
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(a) 8-input CNN with AutoEnc vs QCNN (b) 16-input CNN with PCA vs QCNN



Distributed guantum machine learning

Dataset

Binary classification

K

%_\0;1.‘.'#:-'.-. Distributed
[T processing
Data : 4’ Classification
splitting

Assessing the efficacy of resources
for distributed quantum computing

Communication resources

1. Classical bits
2. Ebits (Bell sources)
3. Qubits




Classical
communication A +_
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Readout U,

L Classical processor y

\/\// Feedforward
¢ K. Hwang et al.,
Quantum Sci. Technol.

10 015059 (2025)

Entanglement
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J> Optimized
Inputdata |  Parameters
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Depth
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L I - Qutput

Data embedding Convolutional layer Pooling layer

Y. Kim et al., in preparation



Distributed quantum machine learning
via classical communication

K. Hwang'2.3, H.-T. Lim1, Y.-S. Kim1, D. K. Park?, and Y. Kim?3

Quantum Sci. Technol. 10, 015059 (2025)

1 KIST, 2 Yonsei University, 3 Korea University



Quantum machine learning — Binary classification

Data embedding

Classical data => Quantum states

0)
I(E)) Ugp(x) ||| V(0) 0

Data embedding Variational meas.

Training network
Optimizing parameterized quantum circuits

Optimizing 6
f(x[0)

IICatII OI‘ IIDOgII

|_—~<

Classification
Expectation value of an observable



Quantum convolutional neural networks

- Embedding layer

. Convolutional layer
. Pooling layer




Classical communication implementation

Conditional Pulse Control Flow Param. Amplitude Update
m

Mid-Circuit Measurements and Feedforward

224 ns 224 ns 276 ns 276 ns 272 ns 272 ns
20 238 ns 424 ns 320 ns 460 ns 296 ns 472 ns
50 238 ns 608 ns 320 ns 936 ns 296 ns 720 ns

200 ns << Coherence time




NC: No communication
RGSU":S QC: Quantum communication
CC: Classical communication

a b
Data: 8-bit vectors — 1 | x@) -
H H z6) L |
Label: Red / Blue —l ’ (Xzi) ; I x@) -
H —l £(x2) "H 2z 77 L=
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Qutcome, 0



Circuit capacity analysis

. Unitary ! Controlled Gate

P A

Set of circuits

|
e (@

 Control operation is absorbed by preceding unitary operation.

* Control operation between processors cannot be absorbed into convolutional layer.



Circuit capacity analysis

No Communication Classical Communication Quantum Communication



Effective dimension

# of Effective parameters: 1

# of Effective parameters: 2

GZ



Effective dimension

Fisher information:

FOO FOI

0 0
F(0) = E(;y)~p [E log p(x,y; 9)@ log p(x,y;0)" | = F1() F11

Effective dimension:

log(— [ /det(I + —2—F)d#
J =2 S I9\/ Zrosr lim d,, = max[rank[F]]

r,n rn 11— 00 9
ZOg( 2rlogn )




Effective dimension

901 i -
—=— NC-DQML 250 -
- —e— CC-DQML
g 701 —— QC-DQML
qcJ _---- Total parameters 200 -
£
o 50 150 -
D
=
j’_) 30 - - o— o o 100 -
T Two 2-qubit QPUs Two 4-qubit QPUs
® - ® o o 50 - ;
5 10 15 20 5 10 15 20
Convolutional sub-layers (L) Convolutional sub-layers (L)

In the shallow-depth regime,
classical communication can substitute for quantum communication.



Results

Validation accuracy
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Training iteration
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The power of entanglement
In distributed quantum machine learning

Y. Kim1, K. Hwang?, H. Kwon2, and Y. Kim'~

In preparation

1 Korea University, 2 KIAS



Quantum internet

9 /;istant

a few hundred kilometers ~ millisecond delays

Communication may not be possible within coherence time



Entanglement distribution

Continuous entanglement distribution over a transnational 248 kgl

Fidelity ~86%

Deployed
SMF Link

N

i J

S. P. Neumann et al., Nat. Commun. 13, 6134 (2022)



Quantum convolutional neural network with Bell sources
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Results

1.00
> 0.951
S
= 0.90-
O
O 0.85-
S 0.80-
©
O 0.75-
—
ﬁ 0.70 - s DNN
. @© Bell O
Data: 8-bit vectors O 0.65-
. ' 1 BeII 1
| abel: Red / Blue 060

Dataset

Although performance depends on the dataset,

using a pre-shared Bell source consistently provides an advantage.




Communication complexity

Communication complexity scenario
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Entanglement cannot carry information,
but it can reduce communication complexity.



Communication complexity - CHSH game

CHSH game

- > [ . v o xq = 8 j W R4 g A E A A EE EEEEEEEEEEEEERN
| ] ”L - ",‘\; ”’ 4 ‘:_g L D 1 /= S e iR .
| \ | I ) | i *
i i k Vo 4 q ) - o Bees  Bees I .‘ “
= - v .
IN PHYSICS 2022 Nnputs . : S :
. . n
) . N n
/:-"‘ .
S . n
// -~ — N

eAsny|

EPIN :Suol

payaw)l s

.
0000
--------------------------

llllllllllllllllllllllllllllllllllllllllllllllllllllllll
* *

Task: | L= (=1y", f=ab
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Aspect Clauser Zeilinger

“for experiments with entangled photons,

establishing the violation of Bell inequalities SUCCQSS rates

and pioneering quantum information science”

THE ROYAL SWEDISH ACADEMY OF SCIENCES Classical correlation: 75%
Quantum correlation: ~85%



Quantum contextuality

CHSH game

Alain John F. Anton
Aspect Clauser Zeilinger
“for exper iments w ith entangle d photons,

The advantage of entanglement arises from non-local correlation



Quantum convolutional neural network with Bell sources
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Results

For two of 4-qubit processors,
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An excess of Bell sources reduces the available parameter (Hilbert) space,

thereby lowering learning performance.




Concurrence vs Classification accuracy
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Classification accuracy is strongly correlated with concurrence



Summary

Communication resources

1. Qubits @ s )
2. Classical bits
3. Ebits (Bell sources)

1. Quantum communication (teleportation) is ideal for distributed quantum computing,
but classical communication and pre-shared entanglement can be comparably effective.

2. In the NISQ era, such practical resources provide a pathway to large-scale, useful applications.

3. Deeper insight into communication resources is essential
for developing practical distributed quantum computing applications.



