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Ideal (Fault-tolerant) quantum computational advantages 

Noisy Intermediate-Scale Quantum (NISQ) Era

Textbook algorithms: Shor’s, Grovers’s, HHL, etc.

Variational Quantum Algorithms (VQAs)

M. Cerezo, et. al., Nature Review Physics 2021M. Larocca, et. al., A Review of Barren Plateaus in Variational Quantum Computing,  
Nature Review Physics 2025
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Ideal (Fault-tolerant) quantum computational advantages 

Noisy Intermediate-Scale Quantum (NISQ) Era

Textbook algorithms: Shor’s, Grovers’s, HHL, etc.

Variational Quantum Algorithms (VQAs)
Curse of Dimensionality  
Untrainability (Barren Plateaus)
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Why QELM and QRC? A Brief Detour: The Quest for Quantum Advantages

M. Larocca, et. al., A Review of Barren Plateaus in Variational Quantum Computing,  
Nature Review Physics 2025



Ideal (Fault-tolerant) quantum computational advantages 

Noisy Intermediate-Scale Quantum (NISQ) Era

Textbook algorithms: Shor’s, Grovers’s, HHL, etc.

Variational Quantum Algorithms (VQAs)

No variational parameters. Use NISQ devices to generate 
high dimensional feature maps for Quantum Machine Learning

Barren plateaus are ubiquitous

Quantum Kernel Methods

Quantum Extreme Learning Machines (QELMs)

Quantum Reservoir Computing (QRC)

?

?

Why QELM and QRC? A Brief Detour: The Quest for Quantum Advantages

quantum scrambling to the rescue?



J. Pathak et. al. Phys. Rev. Lett. 120, 024102, 2018

kuramoto-sivashinsky spatiotemporal chaos

Target

Prediction

Error

Edge-of-chaos recurrent network reservoir
 Examples of Non-Variational Algorithm: Reservoir Computing 



J. Pathak et. al. Phys. Rev. Lett. 120, 024102, 2018

kuramoto-sivashinsky spatiotemporal chaos

Target

Prediction

Error

K. Fujii, K. Nakajima, Reservoir Computing 423-450, 2021

Quantum scrambling reservoir (Chaotic Ising)

Seems promising for 10+ qubits, but will this scale?

 Examples of Non-Variational Algorithm: Reservoir Computing 
Edge-of-chaos recurrent network reservoir



Importantly, this is an exactly trainable model!

Quantum Reservoir Computing in a Nutshell



Importantly, this is an exactly trainable model!

Quantum Reservoir Computing in a Nutshell

Seems promising for small quantum reservoirs, but will this scale?



Quantum Reservoir Computing in a Nutshell

Mathematical framework



Mathematical framework

Quantum Reservoir Computing in a Nutshell



Exponential concentration of observable readouts

          concentrates exponentially in the system size towards an input- 
independent value.  
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Deterministic concentration 
 
 
 
Probabilistic concentration
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Exponential concentration of observable readouts



          concentrates exponentially in the system size towards an input- 
independent value.  
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Consequences

Sampling error 
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independent value.  
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Barren Plateaus in VQAs 
Generalization error in non-VQAs learning model:

Sampling error 
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x, x0

+ QELMs + QRC 
Thanasilp, S., Wang, S., Cerezo, M. et al. Nat Commun 15, 5200 (2024)Quantum Kernels
W. Xiong, … TC, Z. Holmes, Quantum Machine Intelligence (2025)
W. Xiong, … TC, S. Thanasilp, under review in npj QI

Exponential concentration of observable readouts



Sources of concentration in QELM

of both encoding and reservoir  
(2-design ~ extreme scrambling)
Probabilistic Concentration Probabilistic Concentration

Deterministic Concentration Deterministic Concentration



In QELM, somewhat similar story to VQAs
A tug of war between high expressivity and avoiding exponential concentration

Large, expressive 
reservoir with 

global 
measurements

Perfect Readout Scenario Scenario with Shot Noise



Results for Quantum Reservoir Computing (QRC)

Extend to multi-step evolution 

<latexit sha1_base64="SzAXVun19ZDqZoAkxLkHEOK+ujE=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARXGiZKd6WRTcuK9gLtGXIpJk2NJMZkjNCGeYp3Pgqblwo4lbc+TamF1Fbfwh8/OecJOf3Y8E1OM6nlVtYXFpeya8W1tY3Nrfs7Z26jhJFWY1GIlJNn2gmuGQ14CBYM1aMhL5gDX9wNao37pjSPJK3MIxZJyQ9yQNOCRjLs4/baVv1Iy8lnpsd4W8uj7gbgf6xIGtnnl10Ss5YeB7cKRTRVFXP/jC30CRkEqggWrdcJ4ZOShRwKlhWaCeaxYQOSI+1DEoSMt1Jx2tl+MA4XRxEyhwJeOz+nkhJqPUw9E1nSKCvZ2sj879aK4HgopNyGSfAJJ08FCQCQ4RHGeEuV4yCGBogVHHzV0z7RBEKJsmCCcGdXXke6uWSe1Y6vTkpVi6nceTRHtpHh8hF56iCrlEV1RBF9+gRPaMX68F6sl6tt0lrzprO7KI/st6/AM2mnyw=</latexit>

{⇢a1 , ⇢a2 , . . . , ⇢at}
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{⇢a0}

Static Input Time-series Inputs

W. Xiong, … TC, S. Thanasilp, under review in npj QI



Concentration still happens, but not too bad at early times



Proof strategy: express temporal correlation as a (larger) 
spatial correlation 



Proof strategy: express temporal correlation as a (larger) 
spatial correlation 



Storyline of quantum algorithms on NISQ machines (up to now)
This applies to VQAs, Quantum Neural Networks, Quantum Kernels, QELM, and QRC

1-20 qubits 
(promising candidates)



This applies to VQAs, Quantum Neural Networks, Quantum Kernels, QELM, and QRC

40+ qubits  
(regime with hopes for quantum advantage)

Curse of Dimensionality 
(Exponential Concentrations of Outputs)  

1-20 qubits 
(promising candidates)

Storyline of quantum algorithms on NISQ machines (up to now)



Can’t noise be harnessed as computational resources?



Can’t noise be harnessed as computational resources?

Perhaps the secrets lie here!



N. Rungratsameetaweemana, R. Kim, TC, and T. Sejnowski, PNAS 2025  
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Ideal (Fault-tolerant) quantum computational advantages 

Noisy Intermediate-Scale Quantum (NISQ) Era

Textbook algorithms: Shor’s, Grovers’s, HHL, etc.

Variational Quantum Algorithms (VQAs)

Why QELM and QRC? A Brief Detour: The Quest for Quantum Advantages


