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Introduction



Quantum supremacy?

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. 


The corresponding quantum wall-clock 
run time was approximately 4 h for 

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

 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.

In 2019 In 2023



Quantum supremacy?

In 2022 In 2023

It would take only a few dozen seconds  
if they had access to full-sized supercomputers.

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



Quantum supremacy!



Quantum supremacy!

Random circuit sampling 

Unfortunately, such sampling problems are not very practical.



Quantum supremacy for practical problems?!

arXiv:2510.19550v1



Noisy Intermediate-Scale Quantum (NISQ)

S. Chen, J. Cotler, H.-Y. Huang, J. Li, Nat. Commun. 14, 6001 (2023)





Challenges in scaling 

the qubit count per chip?!



Frequency allocation in multi-qubit processors

Frequency-crowding problem

J. B. Hertzberg et al., npj Quantum Info. 7, 129 (2021)



Modular architecture

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



Modular architecture

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



Chiplet architecture

G. J. Norris et al., arXiv:2503.12603
Galvanic inter-chip coupler



Quantum communication

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



Classical communication

A. C. Vazquez et al., Nature 636, 75 (2024)

Circuit knitting

CNOT = (I ⊗ I + Z ⊗ I + I ⊗ Z − Z ⊗ X)/2



Distributed quantum algorithms

Distributed quantum phase estimation algorithm Distributed Shor’s factoring algorithm

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

Quantum teleportation



Variational quantum algorithms

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

Do not require full circuit universality.

Sufficient expressibility to explore relevant solution spaces is enough!



Quantum machine learning

Science 376, 1182–1186 (2022)



Quantum machine learning

T. Hur, L. Kim, D. K Park,  
Quantum Machine Intelligence 4, 3 (2022)



Distributed quantum machine learning

Assessing the efficacy of resources 
for distributed quantum computing

Binary classification 

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

Communication resources



Y. Kim et al., in preparation

K. Hwang et al., 

Quantum Sci. Technol. 


10 015059 (2025)

Classical  
communication

Entanglement



Distributed quantum machine learning  
via classical communication

K. Hwang1,2,3, H.-T. Lim1, Y.-S. Kim1, D. K. Park2, and Y. Kim3

Quantum Sci. Technol. 10, 015059 (2025)
1 KIST, 2 Yonsei University, 3 Korea University



Quantum machine learning — Binary classification

f(x |θ)

Data embedding 
Classical data => Quantum states

Training network  
Optimizing parameterized quantum circuits

Classification 
Expectation value of an observable 

Optimizing θ 

“Cat” or “Dog”

Data embedding



Quantum convolutional neural networks



Classical communication implementation

|1⟩

Classical processor
U1

U0

Readout

Feedforward

|0⟩

Mid-Circuit Measurements and Feedforward 200 ns << Coherence time



Results

Remark #1 : Any DQML Scheme >> Single processor

Remark #2 : NC < QC  CC≈

NC: No communication

QC: Quantum communication

CC: Classical communication 

Data: 8-bit vectors 
Label: Red / Blue 



Circuit capacity analysis

Set of circuits

•Control operation is absorbed by preceding unitary operation. 
•Control operation between processors cannot be absorbed into convolutional layer.

Unitary Controlled Gate



⊂

Classical CommunicationNo Communication

⊂

Quantum Communication

Circuit capacity analysis



Effective dimension

Rx(θ1)
σz|0⟩ Rx(θ0)

# of Effective parameters: 1

Rx(θ0 + θ1)
σz|0⟩

Rx(θ0)
σz|0⟩ Ry(θ1)

# of Effective parameters: 2



Effective dimension

F(θ) = 𝔼(x,y)∼p [ ∂
∂θ

log p(x, y; θ) ∂
∂θ

log p(x, y; θ)⊤] =
F00 F01 ⋯
F10 F11
⋮ ⋱

lim
n→∞

dr,n = max
θ

[rank[F]]

Fisher information:

Effective dimension:

dr,n = 2
log( 1

Vθ
∫θ det(I + rn

2πlogn
̂F)dθ

log( rn
2πlogn )



Effective dimension

In the shallow-depth regime, 

classical communication can substitute for quantum communication.



Results NC: No communication

QC: Quantum communication

CC: Classical communication 



The power of entanglement  
in distributed quantum machine learning

Y. Kim1, K. Hwang1, H. Kwon2, and Y. Kim1,∗

In preparation
1 Korea University, 2 KIAS



Quantum internet

A

B

Communication

A

B

Decoherence

Light

Communication may not be possible within coherence time

distant

a few hundred kilometers ~ millisecond delays



Entanglement distribution

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

Continuous entanglement distribution over a transnational 248 km fiber link 
Fidelity ~86%

Entanglement alone cannot be employed to transmit in
formation



Quantum convolutional neural network with Bell sources

|0000⟩A |0000⟩B
1
2

( |0000⟩A |0000⟩B + |1000⟩A |1000⟩B)

Initial state:



Results

Data: 8-bit vectors 
Label: Red / Blue 

Although performance depends on the dataset, 

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



Communication complexity

Communication complexity scenario

Alice Bob

s ∈ {0,1}nInput :

Output :

t ∈ {0,1}n

a b
Entanglement cannot carry information, 

but it can reduce communication complexity.

L(s, t)

f(a, b) = L(s, t)

Charlie



Communication complexity - CHSH game

Inputs : 

Outputs :

Task :

a b

s t

CHSH game 

,  L = (−1)s∧t f = ab

A B

Classical correlation: 75%

Quantum correlation: ~85%

Success rates



Quantum contextuality

a b

DQML

A B

Inputs : 

Outputs :

Task :

a b

s t

,   L = (−1)s∧t f = ab

A B

,   L(s, t) f(a, b)

CHSH game 

The advantage of entanglement arises from non-local correlation

s t



Quantum convolutional neural network with Bell sources

|0000⟩A |0000⟩B
1
2

( |0000⟩A |0000⟩B + |1000⟩A |1000⟩B)

Initial state:



Results

An excess of Bell sources reduces the available parameter (Hilbert) space,

thereby lowering learning performance.

For two of 4-qubit processors,



Concurrence vs Classification accuracy

Classification accuracy is strongly correlated with concurrence



Summary

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

Communication resources

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.


