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QUANTUM COMPUTERS

• Quantum computing was a purely conceptual idea

Feynman Benioff, Deutsch Shor
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QUANTUM COMPUTERS

• Seems to be moving closer to reality

IBM Google European efforts: BMBF-funded 
efforts, planqc, Pasqal, etc

QuERA

• Can we reasonably hope for realistic quantum devices  
to provide a speedup over classical computers? 
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QUANTUM ADVANTAGES

• Seems to be moving closer to reality

IBM Google European efforts: BMBF-funded 
efforts, planqc, Pasqal, etc

QuERA

• Quantum advantage for paradigmatic sampling problems
• Sampling up to a constant error in         distance is classically hard 
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Arute, Arya, ..., Martinis, Nature 574, 505 (2019) 
Wang, Qin, Ding, Chen, Chen, You, He, Jiang, Wang, You, Renema, Hoefling, Lu, Pan, Phys Rev Lett 123, 250503 (2019)

• Efficient verification

• Can we reasonably hope for realistic quantum devices  
to provide a speedup over classical computers? 
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Machine learning Quantum simulationOptimization

QUANTUM ADVANTAGES

• Practically minded applications

• Can we reasonably hope for realistic quantum devices  
to provide a speedup over classical computers? 
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Machine learning Quantum simulationOptimization

QUANTUM ADVANTAGES

• Machine learning has changed the world

• Can quantum computers assist in  
meaningful machine learning tasks? 
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Machine learning Quantum simulationOptimization

QUANTUM ADVANTAGES

• Machine learning has changed the world

• The good: Steps towards showing quantum  
advantages in machine learning tasks
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Machine learning Quantum simulationOptimization

QUANTUM ADVANTAGES

• Machine learning has changed the world

• The bad: What limitations do we find? 
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Machine learning Quantum simulationOptimization

QUANTUM ADVANTAGES

• Machine learning has changed the world

• The good, the bad, and the ugly: 
What are perspectives? 



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

THE GOOD: QUANTUM ADVANTAGES IN MACHINE LEARNING
Pirnay, Ulitzsch, Wilde, Eisert, Seifert, Science Advances 10, eadj5170 (2024) 
Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, Nature Communications 15, 434 (2024) 
Pirnay, Jerbi, Seifert, Eisert, in preparation (2024) 
Pirnay, Sweke, Eisert, Seifert, Phys Rev A 107, 042416 (2023) 
Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 
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LESSON

• Data set
• Pictures of cats and dogs 
• Stock market data 
• Protein configurations

• We would like to have rigorous guarantees for state-of-the-art  
learning algorithms applied on real-world datasets 

• Algorithm
• Stochastic gradient descent 
• Expectation maximization 

Dunjko, Briegel, Rep Prog Phys 81, 074001 (2018) 
Biamonte, Wittek, Pancotti, Rebentrost, Wiebe, Lloyd, Nature 549, 195 (2017) 

Arunachalam, de Wolf, arXiv:1701.06806 (2017)

• Sample complexity, computational  
complexity, generalisation bounds

• Model
• Neural networks 
• Parameterised quantum circuits
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LEARNING TASKS

x U
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Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021)  
Pirnay, Sweke, Eisert, Seifert, Phys Rev A 107, 042416 (2023)

• Theorem 1 (informal): There is a quantum  
advantage in PAC distribution learning
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x U
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• Theorem 1 (informal): There is a quantum  
advantage in PAC distribution learning

• Proof techniques
• Hard to learn distributions using 

pseudorandom functions 
• Goldreich-Goldwasser-Micali trees

• Features

LEARNING TASKS

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021)  
Pirnay, Sweke, Eisert, Seifert, Phys Rev A 107, 042416 (2023) 

Kearns, Mansour, Sellie, STOC  (1994) 
Compare Liu, Arunachalam, Temme, Nature Phys 17, 1013 (2021) 

• Superpolynomial advantage  
for learning task 

• Classical but artificial data 
• Fault tolerant quantum computer
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• New variant of HHL algorithm for  
training pruned sparse classical networks

LEARNING TASKS

• Proof techniques • Features

Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, Nature Comm 15, 434 (2024)

• Theorem 2 (informal): There is a quantum  
advantage in training pruned classical networks

• Superpolynomial advantage  
in training over gradient descent 

• Classical and natural data 
• Fault tolerant quantum computer
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LEARNING TASKS

• Construct concept classes from quantum 
advantages from shallow circuits

• Proof techniques • Features

• Theorem 3 (informal): There is a quantum  
advantage for shallow quantum circuits

• Constant-depth quantum vs  
                     (NC0) circuits 

• Classical and artificial data 
• Near-term quantum computer

Pirnay, Jerbi, Seifert, Eisert, today (2024) 
Compare Huang, Liu, Broughton, Kim, Anshu, Landau, McClean, arXiv:2401.10095 (2024)
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LEARNING TASKS

• Construct concept classes from quantum 
advantages from shallow circuits

• Proof techniques • Features

• Theorem 3 (informal): There is a quantum  
advantage for shallow quantum circuits

• Core idea: Devise a PAC generator learning advantage from an 
unconditional sampling advantage of QNC0 over NC0 

• Encode hyperplane learning problem into the “majority mod p” 
function

Building on Bene Watts, Parham, arXiv:2301.00995 (2013) 
Bravyi, Gosset, König, Science 362, 308 (2018)

• Constant-depth quantum vs  
                     (NC0) circuits 

• Classical and artificial data 
• Near-term quantum computer
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!(log log(n))

Pirnay, Jerbi, Seifert, Eisert, today (2024) 
Compare Huang, Liu, Broughton, Kim, Anshu, Landau, McClean, arXiv:2401.10095 (2024)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

Pirnay, Ulitzsch, Wilde, Eisert, Seifert, Science Advances 10,  eadj5170 (2024) 
Szegedy, arXiv:2212.12572 (2022)

STEPS TOWARDS COMBINATORIAL OPTIMISATON

• Occam’s razor, computational learning 
theory applied to formula coloring problem 

• Hardness of inverting RSA encryption

• Proof techniques • Features

• Theorem 4 (informal): There is a quantum  
advantage in integer programming

• Approximating hard classically 
hard instances 

• Artificial instances 
• Fault tolerant quantum computer
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LESSON

• Proven quantum advantages in interesting  
learning (and some optimization) problems

>
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Quek, Stilck França, Khatri, Meyer, Eisert, Nature Physics 20, 1648 (2024) 
Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck Franca, Quek, arXiv:2403.13927 (2024)  
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023)

THE BAD: LIMITATIONS ALREADY FOR SHALLOW CIRCUITS
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• Question: What limitations do we find?

LIMITATIONS FOR SHORT REALISTIC CIRCUITS?

• Can one (PAC) learn the output 
distribution of quantum circuits? 

<latexit sha1_base64="IXmVZZx6RQxlV5rHybRVh0XAB1M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMlRjOw=</latexit>

d

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023)
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• Question: What limitations do we find?

LIMITATIONS FOR SHORT REALISTIC CIRCUITS?

• Theorem 5: Can efficiently (sample and 
computationally) learn the output  
distribution of Clifford circuits
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• Clifford-circuit output distributions 
uniform over affine subspaces of  
finite-dimensional vector space 

• Proof technique
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Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023)
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• Question: What limitations do we find?

LIMITATIONS FOR SHORT REALISTIC CIRCUITS?

• Theorem 5: Can efficiently (sample and 
computationally) learn the output  
distribution of Clifford circuits
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d

• Yet, a single T-gate renders learning hard

• Learning parity with noise 
• Remains average-case hard

• Proof technique

Nietner, Ioannou, Sweke, Kueng, Eisert, Hinsche,  
Haferkamp, arXiv:2305.05765 (2023)

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023)
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• Actual circuits are noisy

NOISY CIRCUITS

Quantum  
circuit

Expectation 
values
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C

Temme, Bravyi, Gambetta, Phys Rev Lett 119, 180509 (2017) 
Cai, Babbush, Benjamin, Endo, Huggins, Li, McClean, O'Brien, Cai et al, Rev Mod Phys 95, 045005 (2022)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

<latexit sha1_base64="UJsFY9EbRqhRhzk+AnmUa26p6z4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2MgHjxGMA9JljA7mU2GzMwuM7NCWPIVXjwo4tXP8ebfONnsQRMLGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJBzOJqS/wULKQEWys9Jj2COaoPj3tlytu1c2AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+mh08RSdWGaAwUrakQZn6eyLFQuuJCGynwGakF72Z+J/XTUx446dMxomhkswXhQlHJkKz79GAKUoMn1iCiWL2VkRGWGFibEYlG4K3+PIyaZ1Xvavq5f1FpXabx1GEIziGM/DgGmpwBw1oAgEBz/AKb45yXpx352PeWnDymUP4A+fzBwrDj+4=</latexit>

C0

• Actual circuits are noisy

Quantum  
circuit

Expectation 
values

• Noise and decoherence, 
for now depolarizing

but can also be non-unital

<latexit sha1_base64="yobXSQTCK2i+oN0nW62UhXwVPgM="></latexit>

Dp(M) = pM + (1� p)tr(M)
I
2
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d

NOISY CIRCUITS

Temme, Bravyi, Gambetta, Phys Rev Lett 119, 180509 (2017) 
Cai, Babbush, Benjamin, Endo, Huggins, Li, McClean, O'Brien, Cai et al, Rev Mod Phys 95, 045005 (2022)
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• Zero-noise extrapolation

EXAMPLE OF AN ERROR MITIGATION PROTOCOL

• Add noise levels to 
<latexit sha1_base64="1G6hYj4vJNGTx2ugM6T9duZlAGk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSzUhcsK1haaEG4mk3boZBJmJoUS+iduXCji1j9x5984bbPQ1gMDh3Pu4d45YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/DoSaW5JLRDUp7KXgiKciZoRzPNaS+TFJKQ0244as387phKxVLxqCcZ9RMYCBYzAtpIgW0XHgGOW9PA4yYVQWDXnYYzB14lbknqqEQ7sL+8KCV5QoUmHJTqu06m/QKkZoTTac3LFc2AjGBA+4YKSKjyi/nlU3xmlAjHqTRPaDxXfycKSJSaJKGZTEAP1bI3E//z+rmOb/2CiSzXVJDFojjnWKd4VgOOmKRE84khQCQzt2IyBAlEm7JqpgR3+cur5Omi4V43rh4u6827so4qOkGn6By56AY10T1qow4iaIye0St6swrrxXq3PhajFavMHKM/sD5/ACA8k1o=</latexit>

C�

<latexit sha1_base64="HoyC+GMCQqR51lb4ofrFZ3y2ZFQ=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1nsxmUFawtNCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2yy09cDA4Zx7uHdOmHGmtON8W5W19Y3Nrep2bWd3b//APjx6UmkuCe2QlKeyF2JFORO0o5nmtJdJipOQ0244as387phKxVLxqCcZ9RM8ECxmBGsjBbZdeARz1JoGHjepCAd23Wk4c6BV4pakDiXagf3lRSnJEyo04Vipvutk2i+w1IxwOq15uaIZJiM8oH1DBU6o8ov55VN0ZpQIxak0T2g0V38nCpwoNUlCM5lgPVTL3kz8z+vnOr71CyayXFNBFovinCOdolkNKGKSEs0nhmAimbkVkSGWmGhTVs2U4C5/eZU8XTTc68bVw2W9eVfWUYUTOIVzcOEGmnAPbegAgTE8wyu8WYX1Yr1bH4vRilVmjuEPrM8fH6KTWA==</latexit>

C�
<latexit sha1_base64="jmJ6YificKEUjszPHmPnN/ilPqU=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoNyURXxuhWAR3VrAPaEKYTKft0MkkzEyEEvIXbvwVNy4Ucas7/8ZpmoW2Hhg4nHMud+7xI0alsqxvo7C0vLK6VlwvbWxube+Yu3ttGcYCkxYOWSi6PpKEUU5aiipGupEgKPAZ6fjjxtTvPBAhacjv1SQiboCGnA4oRkpLnlm7rjhMx/uoepk4IoBKpJWGl2sVR4xCL9MpT6u3Vc8sWzUrA1wkdk7KIEfTM7+cfojjgHCFGZKyZ1uRchMkFMWMpCUnliRCeIyGpKcpRwGRbpLdlcIjrfThIBT6cQUz9fdEggIpJ4GvkwFSIznvTcX/vF6sBhduQnkUK8LxbNEgZlCFcFoS7FNBsGITTRAWVP8V4hESCCtdZUmXYM+fvEjaxzX7rHZ6d1KuX+V1FMEBOAQVYINzUAc3oAlaAINH8AxewZvxZLwY78bHLFow8pl98AfG5w9NaJ7I</latexit>

E(�) = tr(C�(⇢in)O)• Measure

• Extrapolate to 
<latexit sha1_base64="GRK6guX8zkuxAPEiC0+5Y2YnLrw=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVTdC0Y3LCvYh7VAymUwbmmSGJCOUoV/hxoUibv0cd/6NaTsLbT0QOJxzLrn3BAln2rjut1NYWV1b3yhulra2d3b3yvsHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0e3Ubz9RpVksH8w4ob7AA8kiRrCx0mOP22iIr91+ueJW3RnQMvFyUoEcjX75qxfGJBVUGsKx1l3PTYyfYWUY4XRS6qWaJpiM8IB2LZVYUO1ns4Un6MQqIYpiZZ80aKb+nsiw0HosApsU2Az1ojcV//O6qYmu/IzJJDVUkvlHUcqRidH0ehQyRYnhY0swUczuisgQK0yM7ahkS/AWT14mrbOqd1Gt3Z9X6jd5HUU4gmM4BQ8uoQ530IAmEBDwDK/w5ijnxXl3PubRgpPPHMIfOJ8/NOGQCA==</latexit>

� = 0

Majumdar, Rivero, Metz, Hasan, Wang, 2023 IEEE Int Conf Quant Comp Eng (2023)

Temme, Bravyi, Gambetta, Phys Rev Lett 119, 180509 (2017) 
Cai, Babbush, Benjamin, Endo, Huggins, Li, McClean, O'Brien, Cai et al, Rev Mod Phys 95, 045005 (2022)

• Or, probabilistic error cancellation
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• Captures large classes of protocols

<latexit sha1_base64="UJsFY9EbRqhRhzk+AnmUa26p6z4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2MgHjxGMA9JljA7mU2GzMwuM7NCWPIVXjwo4tXP8ebfONnsQRMLGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJBzOJqS/wULKQEWys9Jj2COaoPj3tlytu1c2AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+mh08RSdWGaAwUrakQZn6eyLFQuuJCGynwGakF72Z+J/XTUx446dMxomhkswXhQlHJkKz79GAKUoMn1iCiWL2VkRGWGFibEYlG4K3+PIyaZ1Xvavq5f1FpXabx1GEIziGM/DgGmpwBw1oAgEBz/AKb45yXpx352PeWnDymUP4A+fzBwrDj+4=</latexit>

C0

OUR ABSTRACTION

<latexit sha1_base64="UJsFY9EbRqhRhzk+AnmUa26p6z4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2MgHjxGMA9JljA7mU2GzMwuM7NCWPIVXjwo4tXP8ebfONnsQRMLGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJBzOJqS/wULKQEWys9Jj2COaoPj3tlytu1c2AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+mh08RSdWGaAwUrakQZn6eyLFQuuJCGynwGakF72Z+J/XTUx446dMxomhkswXhQlHJkKz79GAKUoMn1iCiWL2VkRGWGFibEYlG4K3+PIyaZ1Xvavq5f1FpXabx1GEIziGM/DgGmpwBw1oAgEBz/AKb45yXpx352PeWnDymUP4A+fzBwrDj+4=</latexit>

C0

<latexit sha1_base64="UJsFY9EbRqhRhzk+AnmUa26p6z4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2MgHjxGMA9JljA7mU2GzMwuM7NCWPIVXjwo4tXP8ebfONnsQRMLGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJBzOJqS/wULKQEWys9Jj2COaoPj3tlytu1c2AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+mh08RSdWGaAwUrakQZn6eyLFQuuJCGynwGakF72Z+J/XTUx446dMxomhkswXhQlHJkKz79GAKUoMn1iCiWL2VkRGWGFibEYlG4K3+PIyaZ1Xvavq5f1FpXabx1GEIziGM/DgGmpwBw1oAgEBz/AKb45yXpx352PeWnDymUP4A+fzBwrDj+4=</latexit>

C0

<latexit sha1_base64="UJsFY9EbRqhRhzk+AnmUa26p6z4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2MgHjxGMA9JljA7mU2GzMwuM7NCWPIVXjwo4tXP8ebfONnsQRMLGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJBzOJqS/wULKQEWys9Jj2COaoPj3tlytu1c2AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+mh08RSdWGaAwUrakQZn6eyLFQuuJCGynwGakF72Z+J/XTUx446dMxomhkswXhQlHJkKz79GAKUoMn1iCiWL2VkRGWGFibEYlG4K3+PIyaZ1Xvavq5f1FpXabx1GEIziGM/DgGmpwBw1oAgEBz/AKb45yXpx352PeWnDymUP4A+fzBwrDj+4=</latexit>

C0

<latexit sha1_base64="11ZHZtELNTKncLY2nOr0bSghht8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdYzowWME84BkCbOT2WTI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbRSK+swKsn1uFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn03jE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTJ4nPaE5QzmyhDIt7K2EDaimDG1ERRuCN//yImmcVryLyvn9Wbl6m8dRgEM4ghPw4BKqcAc1qAMDCc/wCm/Oo/PivDsfs9YlJ585gD9wPn8ApLWPuw==</latexit>

A Expectation values
<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)
<latexit sha1_base64="GWNrrTr3Mzsc8X+9CnqgK1Vgiio=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURXxuh4MaNWME+oAlhMp20YyeTMDMRauiXuHGhiFs/xZ1/4/Sx0NYDFw7n3Mu994QpZ0o7zrdVWFpeWV0rrpc2Nre2y/bOblMlmSS0QRKeyHaIFeVM0IZmmtN2KimOQ05b4eBq7LceqVQsEfd6mFI/xj3BIkawNlJgl2+DB48JlHsEc3QzCuyKU3UmQIvEnZEKzFAP7C+vm5AspkITjpXquE6q/RxLzQino5KXKZpiMsA92jFU4JgqP58cPkKHRumiKJGmhEYT9fdEjmOlhnFoOmOs+2reG4v/eZ1MRxd+zkSaaSrIdFGUcaQTNE4BdZmkRPOhIZhIZm5FpI8lJtpkVTIhuPMvL5LmcdU9q57enVRql7M4irAPB3AELpxDDa6hDg0gkMEzvMKb9WS9WO/Wx7S1YM1m9uAPrM8f9NOSog==</latexit>

Oj 2 M,

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024)  
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• How many copies of    are needed to estimate                                                    
    for              to precision   and probability         ?

OUR ABSTRACTION

<latexit sha1_base64="11ZHZtELNTKncLY2nOr0bSghht8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdYzowWME84BkCbOT2WTI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbRSK+swKsn1uFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn03jE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTJ4nPaE5QzmyhDIt7K2EDaimDG1ERRuCN//yImmcVryLyvn9Wbl6m8dRgEM4ghPw4BKqcAc1qAMDCc/wCm/Oo/PivDsfs9YlJ585gD9wPn8ApLWPuw==</latexit>

A

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)
<latexit sha1_base64="fuHOnjTn3igAIiF7WvbJzofhI7o=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE10YouHFZwT6gHUomzbShSWZIMkIZ+hFuXCji1u9x59+YtrPQ1gMXDufcy733hIngxnreNyqsrK6tbxQ3S1vbO7t75f2DpolTTVmDxiLW7ZAYJrhiDcutYO1EMyJDwVrh6G7qt56YNjxWj3acsECSgeIRp8Q6qdU1fCDJaa9c8areDHiZ+DmpQI56r/zV7cc0lUxZKogxHd9LbJARbTkVbFLqpoYlhI7IgHUcVUQyE2Szcyf4xCl9HMXalbJ4pv6eyIg0ZixD1ymJHZpFbyr+53VSG90EGVdJapmi80VRKrCN8fR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eZxFOEIjuEMfLiGGtxDHRpAYQTP8ApvKEEv6B19zFsLKJ85hD9Anz8ApI9Z</latexit>

�0

<latexit sha1_base64="1gAwhBxhq09ciIimalkN2TqYTtk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr4sQ8OIxgnnAZgmzk9lkyOzMMtMbCCGf4cWDIl79Gm/+jZNkD5pY0FBUddPdFaWCG/S8b6ewtr6xuVXcLu3s7u0flA+PmkZlmrIGVULpdkQME1yyBnIUrJ1qRpJIsFY0vJ/5rRHThiv5hOOUhQnpSx5zStBKQWdENEsNF0p2yxWv6s3hrhI/JxXIUe+Wvzo9RbOESaSCGBP4XorhhGjkVLBpqZMZlhI6JH0WWCpJwkw4mZ88dc+s0nNjpW1JdOfq74kJSYwZJ5HtTAgOzLI3E//zggzj23DCZZohk3SxKM6Ei8qd/e/2uGYUxdgSQjW3t7p0QDShaFMq2RD85ZdXSfOi6l9Xrx4vK7W7PI4inMApnIMPN1CDB6hDAygoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH7uOkYw=</latexit>"
<latexit sha1_base64="Ro3X9rKenk2sbrLP/3RZbCbTY3E=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHbF10UIePEYwTwgWcLsZDYZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BYkUBl3321laXlldWy9sFDe3tnd2S3v7DROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8HbiN5+4NiJWDzhKuB/RvhKhYBSt1PJOOz0ukXZLZbfiTkEWiZeTMuSodUtfnV7M0ogrZJIa0/bcBP2MahRM8nGxkxqeUDakfd62VNGIGz+b3jsmx1bpkTDWthSSqfp7IqORMaMosJ0RxYGZ9ybif147xfDaz4RKUuSKzRaFqSQYk8nzpCc0ZyhHllCmhb2VsAHVlKGNqGhD8OZfXiSNs4p3Wbm4Py9Xb/I4CnAIR3ACHlxBFe6gBnVgIOEZXuHNeXRenHfnY9a65OQzB/AHzucPbhWPkw==</latexit>

1� �
<latexit sha1_base64="GWNrrTr3Mzsc8X+9CnqgK1Vgiio=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURXxuh4MaNWME+oAlhMp20YyeTMDMRauiXuHGhiFs/xZ1/4/Sx0NYDFw7n3Mu994QpZ0o7zrdVWFpeWV0rrpc2Nre2y/bOblMlmSS0QRKeyHaIFeVM0IZmmtN2KimOQ05b4eBq7LceqVQsEfd6mFI/xj3BIkawNlJgl2+DB48JlHsEc3QzCuyKU3UmQIvEnZEKzFAP7C+vm5AspkITjpXquE6q/RxLzQino5KXKZpiMsA92jFU4JgqP58cPkKHRumiKJGmhEYT9fdEjmOlhnFoOmOs+2reG4v/eZ1MRxd+zkSaaSrIdFGUcaQTNE4BdZmkRPOhIZhIZm5FpI8lJtpkVTIhuPMvL5LmcdU9q57enVRql7M4irAPB3AELpxDDa6hDg0gkMEzvMKb9WS9WO/Wx7S1YM1m9uAPrM8f9NOSog==</latexit>

Oj 2 M

<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)
• Statistical inference problem

• in terms of circuit depth  
• circuit width  
• (depolarizing) noise strength

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024)  

<latexit sha1_base64="sejTsp+ZbyjrkKq1npyucNBjZXI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pl/aJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2R2M+A==</latexit>n
<latexit sha1_base64="Fhou74JEGFAfH3Iv25O2/UCxNiY=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSPemVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/3CWM+g==</latexit>p

<latexit sha1_base64="Yex+vYJNvMl5Z78AK3SMBkAgmDc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id7U3GzM4uM7NCCPkCLx4U8eonefNvnCR70MSChqKqm+6uIBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMn1jO4=</latexit>

d



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

<latexit sha1_base64="11ZHZtELNTKncLY2nOr0bSghht8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdYzowWME84BkCbOT2WTI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbRSK+swKsn1uFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn03jE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTJ4nPaE5QzmyhDIt7K2EDaimDG1ERRuCN//yImmcVryLyvn9Wbl6m8dRgEM4ghPw4BKqcAc1qAMDCc/wCm/Oo/PivDsfs9YlJ585gD9wPn8ApLWPuw==</latexit>

A

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)

• Theorem 6 (informal): One needs                    many samples 
• Previously thought:                  , and since in NISQ regime                     
                           , our results are exponentially stronger

<latexit sha1_base64="/j/lcDeNhAIax/YOFJiNdmO6IVQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26CRah3ZREfK2k4MadFewDmlAmk5t26EwSZiZiDf0SNy4UceunuPNvnLZZaOuBC4dz7uXee/yEUals+9sorKyurW8UN0tb2zu7ZXNvvy3jVBBokZjFoutjCYxG0FJUMegmAjD3GXT80fXU7zyAkDSO7tU4AY/jQURDSrDSUt8su/CYVN1bDgNcDWq1vlmx6/YM1jJxclJBOZp988sNYpJyiBRhWMqeYyfKy7BQlDCYlNxUQoLJCA+gp2mEOUgvmx0+sY61ElhhLHRFypqpvycyzKUcc193cqyGctGbiv95vVSFl15GoyRVEJH5ojBlloqtaQpWQAUQxcaaYCKovtUiQywwUTqrkg7BWXx5mbRP6s55/ezutNK4yuMookN0hKrIQReogW5QE7UQQSl6Rq/ozXgyXox342PeWjDymQP0B8bnD1fUkjs=</latexit>

exp(⌦(d))

• Obstructions already at log-log depth

<latexit sha1_base64="C8ib1m6WuVSsw3dxYc92dqLpSLE=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAjtpiTiayUFN+6sYB/QhDKZ3LZDJ5MwMymW0D9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKo4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDv1WyOQisXiUY8T8CPSF6zHKNFG6tq2B09J2buPoE/KIqxUunbJqToz4GXi5qSEctS79pcXxjSNQGjKiVId10m0nxGpGeUwKXqpgoTQIelDx1BBIlB+Nrt8gk+NEuJeLE0JjWfq74mMREqNo8B0RkQP1KI3Ff/zOqnuXfsZE0mqQdD5ol7KsY7xNAYcMglU87EhhEpmbsV0QCSh2oRVNCG4iy8vk+ZZ1b2sXjycl2o3eRwFdIxOUBm56ArV0B2qowaiaISe0St6szLrxXq3PuatK1Y+c4T+wPr8ASlCkrM=</latexit>

exp(⌦(nd))

<latexit sha1_base64="2V0YnXo19NsM5yQjloz+/G4+J5M=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVoNyURXxul4MadFewDmlAmk0k7dDITZiZCCf0NNy4UcevPuPNvnLZZaOuBC4dz7uXee4KEUaUd59sqrKyurW8UN0tb2zu7e+X9g7YSqcSkhQUTshsgRRjlpKWpZqSbSILigJFOMLqd+p0nIhUV/FGPE+LHaMBpRDHSRvLC6/uqx8Sgymu1frni1J0Z7GXi5qQCOZr98pcXCpzGhGvMkFI910m0nyGpKWZkUvJSRRKER2hAeoZyFBPlZ7ObJ/aJUUI7EtIU1/ZM/T2RoVipcRyYzhjpoVr0puJ/Xi/V0ZWfUZ6kmnA8XxSlzNbCngZgh1QSrNnYEIQlNbfaeIgkwtrEVDIhuIsvL5P2ad29qJ8/nFUaN3kcRTiCY6iCC5fQgDtoQgswJPAMr/BmpdaL9W59zFsLVj5zCH9gff4AWYWQlg==</latexit>

d = O(log(n))
Takagi, Endo, Minagawa, Gu, npj Quant Inf 8, 114 (2022) 
Takagi, Tajima, Gu, arXiv:2208.09178 (2022) 

RESULTS

• Both for depolarizing  
• and general local, including  

non-unital, noise

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024)  



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Set up a learning problem that can be solved by error mitigation

• Discriminate outputs of noisy circuits of computational basis states 
from maximally mixed state, 

<latexit sha1_base64="J5aJGQGFG2+vdD/ztCgpKE5z3SM="></latexit>

D(C0(|iihi|)||C0(I/2))

THREE PROOF IDEAS

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024)  



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Set up a learning problem that can be solved by error mitigation

• Lower bound the sample complexity

• Use Fano’s Lemma: Any single-sample test distinguishing      
distributions                   must fail with probability at least          , 

<latexit sha1_base64="9lqKCBEEX7Z6jLVcOFp9VAL9KVQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB08BLx4kojmAckSZieTZMjs7DLTK4Qln+DFgyJe/SJv/o2TZA+aWNBQVHXT3RXEUhh03W8nt7S8srqWXy9sbG5t7xR39+omSjTjNRbJSDcDargUitdQoOTNWHMaBpI3guHNxG88cW1EpB5xFHM/pH0leoJRtNLD3YnXKZbcsjsFWSReRkqQodopfrW7EUtCrpBJakzLc2P0U6pRMMnHhXZieEzZkPZ5y1JFQ278dHrqmBxZpUt6kbalkEzV3xMpDY0ZhYHtDCkOzLw3Ef/zWgn2rvxUqDhBrthsUS+RBCMy+Zt0heYM5cgSyrSwtxI2oJoytOkUbAje/MuLpH5a9i7K5/dnpcp1FkceDuAQjsGDS6jALVShBgz68Ayv8OZI58V5dz5mrTknm9mHP3A+fwB+E41G</latexit>

N + 1
<latexit sha1_base64="BzlcNi/07r7h0e42K5wJ9Yk8FRQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHbF18FDwIvHCOYByRJ6J7PJkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K0gE18Z1v52l5ZXVtfXCRnFza3tnt7S339Bxqiir01jEqhWgZoJLVjfcCNZKFMMoEKwZDG8nfvOJKc1j+WBGCfMj7EsecorGSi3vtIMiGWC3VHYr7hRkkXg5KUOOWrf01enFNI2YNFSg1m3PTYyfoTKcCjYudlLNEqRD7LO2pRIjpv1seu+YHFulR8JY2ZKGTNXfExlGWo+iwHZGaAZ63puI/3nt1ITXfsZlkhom6WxRmApiYjJ5nvS4YtSIkSVIFbe3EjpAhdTYiIo2BG/+5UXSOKt4l5WL+/Ny9SaPowCHcAQn4MEVVOEOalAHCgKe4RXenEfnxXl3PmatS04+cwB/4Hz+AGe9j44=</latexit>

1� ↵
<latexit sha1_base64="uJTNnoiGJc+fN6155cwqv0S0Opo="></latexit>

1

log(N)

1

N + 1

NX

k=0

D(Pk||PN )  ↵

Gives right scaling

• Apply this to noisy state distinguisher for computational basis 
state or maximally mixed inputs  

THREE PROOF IDEAS

<latexit sha1_base64="padaUhSepVBlngFd4/gHIEw4Pfw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF6Uk4mtZdONKItgHtCFMppN26GQSZiZCDf0SNy4UceunuPNvnD4W2npg4HDOPdw7J0w5U9pxvq3Cyura+kZxs7S1vbNbtvf2myrJJKENkvBEtkOsKGeCNjTTnLZTSXEcctoKhzcTv/VIpWKJeNCjlPox7gsWMYK1kQK77AVOtdtLtEJV5AV3gV1xas4UaJm4c1KBObzA/jJpksVUaMKxUh3XSbWfY6kZ4XRc6maKppgMcZ92DBU4psrPp4eP0bFReihKpHlCo6n6O5HjWKlRHJrJGOuBWvQm4n9eJ9PRlZ8zkWaaCjJbFGUc6QRNWkA9JinRfGQIJpKZWxEZYImJNl2VTAnu4peXSfO05l7Uzu/PKvXreR1FOIQjOAEXLqEOt+BBAwhk8Ayv8GY9WS/Wu/UxGy1Y88wB/IH1+QOyo5HV</latexit>

P0, . . . , PN

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024)  



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Good enough to make the purity                       small
<latexit sha1_base64="5A7XuBV/n+W1wotL0xqff06mElc=">AAACFXicbVDLSsNAFJ34rPEVdelmsIgtSEmKr4WLQjcuK9gHNLFMptN26GQSZiZCSfMTbvwVNy4UcSu4829M0iy09cDlHs65l5l73IBRqUzzW1taXlldWy9s6Jtb2zu7xt5+S/qhwKSJfeaLjoskYZSTpqKKkU4gCPJcRtruuJ767QciJPX5nZoExPHQkNMBxUglUs84jWzhQSXiUmRjxGA9PilNqS0QHzJis6xBOi3fV8u63jOKZsXMABeJlZMiyNHoGV9238ehR7jCDEnZtcxAORESimJGYt0OJQkQHqMh6SaUI49IJ8quiuFxovThwBdJcQUz9fdGhDwpJ56bTHpIjeS8l4r/ed1QDa6ciPIgVITj2UODkEHlwzQi2KeCYMUmCUFY0OSvEI+QQFglQaYhWPMnL5JWtWJdVM5vz4q16zyOAjgER6AELHAJauAGNEATYPAInsEreNOetBftXfuYjS5p+c4B+APt8wcpF52C</latexit>

tr(C0(|iihi|)2)

• Clifford circuits for 2-designs in depth          
Cleve, Leung, Liu, Wang, Quant Inf Comp 16, 0721 (2016)

<latexit sha1_base64="A8cA6kaGKhKGirPmTdUy0B1G5og=">AAAB8HicbVDJSgNBEK2JW4xb1KOXwSDES5gJbgcPAS8eI5hFkjH0dHqSJr0M3T1CGPIVXjwo4tXP8ebf2EnmoIkPCh7vVVFVL4wZ1cbzvp3cyura+kZ+s7C1vbO7V9w/aGqZKEwaWDKp2iHShFFBGoYaRtqxIoiHjLTC0c3Ubz0RpakU92Yck4CjgaARxchY6aHL5OCxWhanvWLJq3gzuMvEz0gJMtR7xa9uX+KEE2EwQ1p3fC82QYqUoZiRSaGbaBIjPEID0rFUIE50kM4OnrgnVum7kVS2hHFn6u+JFHGtxzy0nRyZoV70puJ/Xicx0VWQUhEnhgg8XxQlzDXSnX7v9qki2LCxJQgram918RAphI3NqGBD8BdfXibNasW/qJzfnZVq11kceTiCYyiDD5dQg1uoQwMwcHiGV3hzlPPivDsf89ack80cwh84nz/V34/F</latexit>

log2(n)

• Set up a learning problem that can be solved by error mitigation

• Lower bound the sample complexity

THREE PROOF IDEAS

VERY SCRAMBLING

• Construct circuits for which bound                                  is huge
<latexit sha1_base64="J5aJGQGFG2+vdD/ztCgpKE5z3SM="></latexit>

D(C0(|iihi|)||C0(I/2))

• Random circuits shift  
‘purity contribution’ to  
larger weight Pauli words

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024)  
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LESSON

• There are strong obstructions against 
error mitigation already at log-log depth      

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Phys 20, 1648 (2024) 
Compare also Nietner, arXiv:2310.17716 (2023)  

• Does not constrain quantum error correction

• New intermediate schemes?

• Does not scale and not work well for all circuits 
Compare also Gonzales-Garcia, Trivedi, Cirac, arXiv:2203.15632 (2022) 

Onorati, Kitzinger, Helsen, Ioannou, Werner, Roth, Eisert, arXiv:2403.04751 (2024)  
Seif, Cian, Zhou, Chen, Jiang, arXiv:2203.07309 (2022)  
Koczor, Phys Rev X 11, 031057 (2021) 
Huggins et al Phys Rev X 11, 041036 (2021)
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NON-UNITAL NOISE

• In fact, the impact of non-unital noise 
is much more drastic than anticipated

Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024) 
Compare Fefferman, Ghosh, Gullans, Kuroiwa, Sharma, arXiv:2306.16659 (2023)  

Ben-Or, Gottesman, Hassidim, arXiv:1301.1995
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EFFECTIVE LOGARITHMIC DEPTH
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log(n)
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Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024) 
Compare also Fawzi, Mueller-Hermes, Shayeghi, ITCS (2022)

• Theorem 7: Deep random quantum circuits, under any uncorrected, 
possibly non-unital, noise, effectively get “truncated”
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LACK OF BARREN PLATEAUS FOR NON-UNITAL NOISE

• Theorem 8: Lack of barren plateaus for local cost functions—cost landscape 
is never flat and the gradient never vanishes—under non-unital noise

Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024)

<latexit sha1_base64="mBCOoLGqYJha3RnUZ1vq7/lbfL0=">AAACE3icbVDLSgMxFM34rPVVdekmWIQqpcyIVBcuCm66rOC0hU4ZMmnaRpPMkNwRytB/cOOvuHGhiFs37vwb08fC14HA4Zx7uLknSgQ34LqfzsLi0vLKam4tv76xubVd2NltmjjVlPk0FrFuR8QwwRXzgYNg7UQzIiPBWtHt5cRv3TFteKyuYZSwriQDxfucErBSWDgOJFdh5oc34yzQEoMel+o40MO45IdeOejFYMrYD+XRUVgouhV3CvyXeHNSRHM0wsKHjdNUMgVUEGM6nptANyMaOBVsnA9SwxJCb8mAdSxVRDLTzaY3jfGhVXq4H2v7FOCp+j2REWnMSEZ2UhIYmt/eRPzP66TQP+9mXCUpMEVni/qpwBDjSUG4xzWjIEaWEKq5/SumQ6IJBVtj3pbg/T75L2meVLxqpXp1WqxdzOvIoX10gErIQ2eohuqogXxE0T16RM/oxXlwnpxX5202uuDMM3voB5z3L/I/nOU=</latexit>

min
Uj

tr(H⇢(U1, . . . , Um))
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varU1,...,Um(C) = O(exp(�n))
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EFFICIENT CLASSICAL SIMULATION

>
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Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024)
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log(n)

• Theorem 9: We can classically simulate on average expectation values of any 
observable to additive precision, with probability          , at any depth, with 
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Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024)

• Logarithmic depth is all we have - a challenge to variational QML  
approaches: And, non-unital noise acts strikingly differently

AGAIN, LESSON
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Gil-Fuster, Eisert, Bravo-Prieto, Nature Comm 15,1 (2024) 
Hangleiter, Roth, Fuksa, Eisert, Roushan, Nature Comm 15, 9595 (2024) 
Recio-Armengol, Eisert, Meyer, arXiv:2406.13812 (2024) 
Schreiber, Eisert, Meyer, Phys Rev Lett 131, 100803 (2023) 
Sweke, Recio, Jerbi, Gil-Fuster, Fuller, Eisert, Meyer, Quantum (2024) 
And others 

THE GOOD, THE BAD AND THE UGLY
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 

• Yes, there are proven separations 
in learning and training

• But there are constant  
depth advantages

• How much structure do we need?

• Is quantum advantage the right aim?
Schuld, Killoran, arXiv:2203.01340 (2022)
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 
• Outside the box considerations  
• Maturing from perspective of classical AI
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 

Gil-Fuster, Naujoks, Montavon, Wiegand, Samek, Eisert, next week (2024)

• Explainable quantum AI: “What is the role of each 
of the parameters in the model for classification?”

Jonas’ talk

• Outside the box considerations  
• Maturing from perspective of classical AI
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THE GOOD, THE BAD AND THE UGLY

• Learning complexity gradually: Favorable  
inductive bias through curriculum learning  
and hard example mining

Recio-Armengol, Schreiber, Eisert, Bravo-Prieto, arXiv:2411.11954 (2024)

Gil-Fuster, Eisert, Bravo-Prieto, Nature Comm 15,1 (2024)

• Generalization: Traditional  
approaches to generalization fail to  
explain the behavior QML models

• Single-shot QML  

Recio-Armengol, Eisert, Meyer,  
arXiv:2406.13812 (2024)

• Can quantum computers assist in  
meaningful machine learning tasks? 

• Outside the box considerations  
• Maturing from perspective of classical AI
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 

• Log depth is all we have
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 

• Expressivity: How expressive  
are quantum kernels? Elies’ talk

• Can all quantum kernels be expressed as  
inner products of quantum feature states?
Gil-Fuster, Eisert, Dunjko, Mach Learn Sc Tech 5, 025003 (2024)

• Classical surrogates and dequantization

• Trainability vs simulatability
Schreiber, Eisert, Meyer, Phys Rev Lett 131, 100803 (2023) 
Sweke, Recio, Jerbi, Gil-Fuster, Fuller, Eisert, Meyer, Quantum (2024) 
Gil-Fuster, Gyurik, Pérez-Salinas, Dunjko, arXiv:2406.07072 (2024)Aguilar, Cichy, Eisert, Bittel, arXiv:2408.00081 (2024)

• Pauli Lie algebras: We have a full 
classification: What is it good for?

• Quantum data
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 
s

• Highly fruitful: Learning theory/property testing
Chen, Eisert, Phys Rev Lett 132, 220201 (2024) 
Bertoni, Haferkamp, Hinsche, Ioannou, Eisert, Pashayan, Phys Rev Lett 133, 020602 (2024) 
Denzler, Mele, Derbyshire, Guaita, Eisert, Phys Rev Lett 133 (2024)  
Raza, Caro, Eisert, Khatri, arXiv:2406.04250 (2024) 
Bittel, Mele, Eisert, Leone, arXiv:2409.17953 (2024) 
Mele, Mele, Bittel, Eisert, Giovannetti, Lami, Leone, Oliviero, arXiv:2404.03585 (2024) 
Bittel, Mele, Eisert, Leone, arXiv:2405.01431 (2024) 
Teng, Samajdar, Van Kirk, Wilde, Sachdev, Eisert, Sweke, Najafi, arXiv:2406.00193 (2024) 
Caro, Eisert, Hinsche, Ioannou, Nietner, Sweke, arXiv:2410.23969 (2024)

Sumeet’s and Alex’ talks

s

• Hamiltonian learning for analog quantum simulators

Hangleiter, Roth, Fuksa, Eisert, Roushan, Nature Comm 15, 9595 (2024)

• New superresolution method 
tensorESPRIT for eigenvalues

• Manifold optimization 
over         for eigenvectors
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THE GOOD, THE BAD AND THE UGLY
• Can quantum computers assist in  

meaningful machine learning tasks? 
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