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In quantum computation, 
we must deal with errors.



Dealing with errors in quantum systems

- Error correction: computation is performed on encoded (logical) qubits.
Errors are corrected during the computation. 

- Error mitigation: computation is performed on unencoded (physical) qubits.
Errors are corrected by combining outcomes of many noisy circuits.
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Approach Gate set Qubit
overhead Circuit output Sampling

overhead Scaling

Error correction
(today) Clifford + T Large Any None Polynomial

Error mitigation
(today) Any None Expected values

of observables Large Exponential



Recent Breakthrough in Error Correction

Previous estimates:
1 logical qubit ~500 physical qubits

New IBM paper (so far for memory):
1 logical qubit ~50 physical qubits



Error Mitigation:
Noise-free Estimates of 
Observables

Today we are here

We want to get here



Error mitigation

Average over many circuit instances with 
additional gates inserted to reconstruct the 
noise inverse and get unbiased estimates of 
expectation values

Probabilistic Error Cancellation



Error mitigation

Average over many circuit instances with 
additional gates inserted to reconstruct the 
noise inverse and get unbiased estimates of 
expectation values

Increase noise through stretching circuits 
and extrapolate back to the zero noise limit 

Probabilistic Error Cancellation Zero Noise Extrapolation

Noise amplification / stretch factor





Multiple 100+ qubit 
experiments have been 
published by now!



We now deliver these optimizations 
through the Qiskit Runtime Primitives
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Leverage Quantum + Classical Compute
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Effective leveraging of QPU resources: 
Only the part of the problem which most 
benefits from exploiting entanglement is 
undertaken by the QPU

The CPU is efficient in tackling the 
remaining of the problem

Entanglement forging

Break down a correlated system into 
smaller subsystems which can be tackled 
by smaller QPUs. 

Recover the lost correlations with classical 
post-processing of the QPUs outputs

Circuit cutting

Simulate a large quantum circuit using 
small QPUs by cutting the circuit into 
subcircuits, which are then sent to QPUs

The output of the original circuit is built 
from classical post-processing of the 
subcircuits outputs
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