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Quantum Computing Classes
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Learning
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What HPC Enables and What Quantum Hardware Delivers

The QML Approach
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Scaling Limits and the Promise of QML

• Modern AI progress has been driven by 
scaling (data, compute, parameters)

• This scaling is becoming increasingly 
costly and resource-constrained

• Quantum Machine Learning is often 
proposed as a path beyond classical 
scaling limits

• HPC users are beginning to explore 
quantum workflows

• The gap between simulation and real 
hardware remains poorly understood

Kaplan, J., McCandlish, S., Henighan, T., Brown, T. B., Chess, B., Child, R., Gray, S., Radford, A., 
Wu, J., & Amodei, D. (2020). Scaling Laws for Neural Language Models. arXiv:2001.08361

This talk focuses on what happens in practice

https://arxiv.org/abs/2001.08361?utm_source=chatgpt.com
https://arxiv.org/abs/2001.08361?utm_source=chatgpt.com
https://arxiv.org/abs/2001.08361?utm_source=chatgpt.com
https://arxiv.org/abs/2001.08361?utm_source=chatgpt.com
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QML is a Hybrid Workflow

Torta, Pietro & Casati, Rebecca & Bruni, Stefano & Mandarino, Antonio & Prati, Enrico. (2025). Quantum computing for space 
applications: a selective review and perspectives. EPJ Quantum Technology. 12. 10.1140/epjqt/s40507-025-00369-8. 

• QML models are trained through hybrid 
quantum-classical loops

• Quantum circuits produce probabilistic outputs 
(via measurement)

• Classical optimization drives parameter 
updates

• This loop is repeated many times during 
training

Compute is dominated by classical processing, 
while hardware access cost often sits on the QPU

https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
https://www.researchgate.net/publication/392441217_Quantum_computing_for_space_applications_a_selective_review_and_perspectives
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Quantum Computer – Basic Architecture
A quantum computer requires a classical computer (CPU) to act as a controller. 
Literature often calls this a quantum controller. This is the same model as how GPUs are 
currently deployed in that they are controlled via a CPU usually over PCI (embedded or 
external). Component

Classical Port

Classical Connector

Legend

Quantum Port

Quantum-Classical 
Connector

CPU QPU

One or more

Quantum Computer

“controller”
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Quantum-Classical Hybrid Compute

GPU

CPU ?PU

Advanced Compute Unit

HPC Provider

Manager

Quantum computers will be 
used to solve large, complex 
problems where other types of 
compute may be preferred first. 
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Where HPC Fits

Hybrid quantum-classical workflow (Krol et al., 2022)

• Simulation of quantum circuits at scale 
(statevector, GPU)

• Parameter optimization across many 
iterations

• Large-scale experiment orchestration and 
sweeps

• Data preprocessing and batching

HPC enables training and scaling, while QPUs provide limited, high-cost evaluations

https://arxiv.org/abs/2208.07683
https://arxiv.org/abs/2208.07683
https://arxiv.org/abs/2208.07683
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What HPC Enables and What Quantum Hardware Delivers

The Case Study
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Case Study: QCNN Deployment

QCNN architecture (Cong et al., 2018)

• Model: QCNN (image classification)
• Environments: 

• Simulator
• QPUs (Braket)

• Same circuit across multiple 
hardwares

https://arxiv.org/abs/1810.03787
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QCNN Circuit Implementation
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Experiment Architecture

Compute
Digit Class

Original 
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Real To Simulation Challenges

• Increased Inferencing Times
• Varying Quantum 

Architectures
• Varying quality of qubits
• Increase in cost of compute
• Decrease in accuracy
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What HPC Enables and What Quantum Hardware Delivers

The Sim2Real Challenge
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Why Performance Degrades on Hardware

Qin, D., Chen, Y., & Li, Y. (2023). Error statistics and scalability of quantum error mitigation 
formulas. npj Quantum Information, 9, 35.

• Errors accumulate with circuit depth 
and gate count

• Noise scales with the number of 
operations in the circuit

• Error mitigation reduces but does not 
eliminate degradation

• Measurement noise and finite sampling 
introduce additional variance

Errors scale with circuit complexity, causing learned behavior to break down on hardware

https://www.nature.com/articles/s41534-023-00707-7
https://www.nature.com/articles/s41534-023-00707-7
https://www.nature.com/articles/s41534-023-00707-7
https://www.nature.com/articles/s41534-023-00707-7
https://www.nature.com/articles/s41534-023-00707-7
https://www.nature.com/articles/s41534-023-00707-7
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Operational Constraints in QPU Deployment

• Queue times and shared access introduce significant latency
• Throughput is limited by shot-based execution
• Cost scales with number of circuit evaluations
• Results depend on device calibration and availability

Even simple workloads become slow and expensive to run.
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What HPC Enables and What Quantum Hardware Delivers

The Experimental Progression



QML Workflows: What HPC Enables and What Quantum Hardware Delivers
© 2026 Carnegie Mellon University 20[DISTRIBUTION STATEMENT A] This material has been approved for public release and 

unlimited distribution.  Please see Copyright

A Practical Progression for QML Development

Laptop
• Small Circuits
• Debugging
• Fast Iteration
• Proof of Concept

HPC
• Large simulations
• Optimization loops
• Parameter sweeps
• Concept Validation

QPU
• Real device behavior
• Noise effects
• Final testing

Scale understanding before deploying to hardware
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Practical Guidance for HPC Users

Use HPC for:
• Training QML models in simulation
• Exploring circuit architectures and 

hyperparameters
• Running large-scale parameter sweeps
• Orchestrating hybrid optimization loops

Use QPUs for:
• Validating behavior on real hardware
• Studying noise and hardware effects
• Small-scale experiments and 

benchmarks
• Testing assumptions, not building 

models

Train on HPC. Validate on QPU.
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What HPC Enables and What Quantum Hardware Delivers

The Last Slide
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Key Takeaways

• Classical computation dominates QML workflows today
• Quantum hardware introduces noise, latency, and instability
• Simulation and hardware results can diverge significantly
• HPC is essential for developing and scaling QML systems

QML today is a systems problem, not just a quantum problem
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