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Motivation

cnet.com

• Quantum computing can provide major speedups over 
classical (non-quantum) counterparts

• However…
• Quantum computations are noisy

• Classical transistors ~10-27 error rate
• Quantum computations ~10-4
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Motivation

cnet.com

• Quantum computing can provide major speedups over 
classical (non-quantum) counterparts

• However…
• # qubits increasing

• Currently hundreds
• 10X per 2-3 years



Current paradigm

• Run S shots of quantum device
• Shots are pricey (e.g., $0.03 on Amazon Braket)

• After each shot, measure n qubits

• Error mitigation extracts information from (many) noisy shots



Challenges

• Run S shots of quantum device
• Shots are pricey (e.g., $0.03 on Amazon Braket)

• After each shot, measure n qubits

• Error mitigation extracts information from (many) noisy shots

• How to extract information? How many shots?



How to extract information 
from noisy shots?
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Problem formulation

• Quantum computer generates single correct bitstring x0{0,1}n

• Many quantum algorithm can generate many possible outputs
• Bernstein-Vazirani has single output
• Grover search may have single output
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Problem formulation

• Quantum computer generates single correct bitstring x0{0,1}n

• Many quantum algorithm can generate many possible outputs
• Bernstein-Vazirani has single output
• Grover search may have single output

• S shots, s{1, …, S}

• Noisy observation ys=x0noises,  noises{0,1}n
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What noise?

• Recall ys=x0noises

• Symmetric i.i.d. noise: bit flips with probability p
• We’re assuming symmetric i.i.d.; more later
• Pr(y(i)=1|x0(i)=0)=p
• Pr(y(i)=0|x0(i)=1)=p
• p<0.5 



How to estimate x0?

• With S shots, take mode (most common) length-n measurement
• For symmetric i.i.d. noise, mode identifies x0 as S

• Pro: simple estimator

• Con: S must be large



Can we do better than mode?

• Matrix free error mitigation (M3) 
[Nation et al. 2021]

• Considers transition probabilities 
between all observed strings

• Must observe x0 at least once

• S exponential in n



Do we really need to observe x0?
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Toy example

• n=5 qubits
• Correct bitstring x0 = 0 0 0 0 0
• Noisy observations (S=5 shots)
• y1= 0 0 0 0 1
• y2= 0 0 0 1 0
• y3= 0 0 1 0 0
• y4= 0 1 0 0 1
• y5= 1 0 0 0 0
• Focusing on qubit #4, it was mostly measured correctly



Parrot example

• n=1000 qubits
• Io Parrot likes messy environment

• She flips 5-10% of bits

• Each ys has many errors
• Very unlikely to ever sample correct x0

• Take S=100
• Majority vote should work well



Qubit-wise majority vote (QMV)

• For each qubit, i{1, …, n}, look at S corresponding bits
• Vote majority among S bit observations

Simple

No need to observe x0

QMV = maximum likelihood (ML) for symmetric i.i.d. noise

QMV is classical algorithm; more possible applications



How many shots does QMV need?

17



Error analysis arxiv.org/abs/2402.11830

• Error = at least S/2 bits flipped

• Showed Pr(S/2 flipped)=(4p(1-p))S/2poly(S)

• What about >S/2 bits flipped?
• Multiplicative factor 

• S logarithmic in n makes Pr(error) small enough



Required S arxiv.org/abs/2402.11830

• Define p=0.5-; how close we are to 50-50

• Need S= .  ( )

• Pro: logarithmic in n

• Con: p might be close to 0.5



Numerical results
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Typical result arxiv.org/abs/2402.11830

• Ran on ibm_Sherbrooke quantum machine
• n=20 qubits
• Correct output x0=01010101010101010101
• Mistakes in red

• QMV identified x0 perfectly; qubit #19 corrected

QMV (new)M3ModeShots S

0101010101010101011101110101010111110101011101010101111101011024

0101010101010101011101010111000101011101010101110001010111014096

010101010101010101010100010101010101010101010101011101010111 16384



Discussion
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Discussion

• Majority vote > M3 > mode

• Quantum machines don’t have symmetric i.i.d. bit flips
• Asymmetric? See paper (weighted vote)
• Some noisy individual qubits? QMV sensitive to this scenario

• Multiple correct outputs? See paper + ongoing work



Thanks!
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