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<latexit sha1_base64="uWtRlUZKPSxnZxsVWkN7IdSKP28=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNQY9ELx4xkYeBDZkdGpgwM7uZmSWSDV/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCooaNEUazTiEeqFRKNnEmsG2Y4tmKFRIQcm+HoduY3x6g0i+SDmcQYCDKQrM8oMVZ67IyRpk/Trt8tlryyN4e7SvyMlCBDrVv86vQimgiUhnKiddv3YhOkRBlGOU4LnURjTOiIDLBtqSQCdZDOD566Z1bpuf1I2ZLGnau/J1IitJ6I0HYKYoZ62ZuJ/3ntxPSvg5TJODEo6WJRP+GuidzZ926PKaSGTywhVDF7q0uHRBFqbEYFG4K//PIqaVyU/Uq5cn9Zqt5kceThBE7hHHy4gircQQ3qQEHAM7zCm6OcF+fd+Vi05pxs5hj+wPn8AeAZkHk=</latexit>

ωx1
<latexit sha1_base64="Cl93BC1tDsSCu5TcOrpTDq9dPTg=">AAAB8HicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0CPRi0dM5GFgQ2aHBibM7G5mZolkw1d48aAxXv0cb/6NA+xBwUo6qVR1p7sriAXXxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiGNZZJCLVCqhGwUOsG24EtmKFVAYCm8HoduY3x6g0j8IHM4nRl3QQ8j5n1FjpsTNGlj5Nu+VuoeiW3DnIKvEyUoQMtW7hq9OLWCIxNExQrdueGxs/pcpwJnCa7yQaY8pGdIBtS0MqUfvp/OApObdKj/QjZSs0ZK7+nkip1HoiA9spqRnqZW8m/ue1E9O/9lMexonBkC0W9RNBTERm35MeV8iMmFhCmeL2VsKGVFFmbEZ5G4K3/PIqaZRLXqVUub8sVm+yOHJwCmdwAR5cQRXuoAZ1YCDhGV7hzVHOi/PufCxa15xs5gT+wPn8AeGdkHo=</latexit>

ωx2
<latexit sha1_base64="2eHrmEHfZ4jeQPi9Zkdw6rXGD5k=">AAAB8HicbVDLTgJBEOz1ifhCPXrZSEw8kV016JHoxSMm8jCwIbNDAxNmZjczs0Sy4Su8eNAYr36ON//GAfagYCWdVKq6090Vxpxp43nfzsrq2vrGZm4rv72zu7dfODis6yhRFGs04pFqhkQjZxJrhhmOzVghESHHRji8nfqNESrNIvlgxjEGgvQl6zFKjJUe2yOk6dOkc9EpFL2SN4O7TPyMFCFDtVP4ancjmgiUhnKidcv3YhOkRBlGOU7y7URjTOiQ9LFlqSQCdZDODp64p1bpur1I2ZLGnam/J1IitB6L0HYKYgZ60ZuK/3mtxPSug5TJODEo6XxRL+Guidzp926XKaSGjy0hVDF7q0sHRBFqbEZ5G4K/+PIyqZ+X/HKpfH9ZrNxkceTgGE7gDHy4ggrcQRVqQEHAM7zCm6OcF+fd+Zi3rjjZzBH8gfP5A+MhkHs=</latexit>
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Reviews Classical Data

<latexit sha1_base64="uWtRlUZKPSxnZxsVWkN7IdSKP28=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNQY9ELx4xkYeBDZkdGpgwM7uZmSWSDV/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCooaNEUazTiEeqFRKNnEmsG2Y4tmKFRIQcm+HoduY3x6g0i+SDmcQYCDKQrM8oMVZ67IyRpk/Trt8tlryyN4e7SvyMlCBDrVv86vQimgiUhnKiddv3YhOkRBlGOU4LnURjTOiIDLBtqSQCdZDOD566Z1bpuf1I2ZLGnau/J1IitJ6I0HYKYoZ62ZuJ/3ntxPSvg5TJODEo6WJRP+GuidzZ926PKaSGTywhVDF7q0uHRBFqbEYFG4K//PIqaVyU/Uq5cn9Zqt5kceThBE7hHHy4gircQQ3qQEHAM7zCm6OcF+fd+Vi05pxs5hj+wPn8AeAZkHk=</latexit>

ωx1
<latexit sha1_base64="Cl93BC1tDsSCu5TcOrpTDq9dPTg=">AAAB8HicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0CPRi0dM5GFgQ2aHBibM7G5mZolkw1d48aAxXv0cb/6NA+xBwUo6qVR1p7sriAXXxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiGNZZJCLVCqhGwUOsG24EtmKFVAYCm8HoduY3x6g0j8IHM4nRl3QQ8j5n1FjpsTNGlj5Nu+VuoeiW3DnIKvEyUoQMtW7hq9OLWCIxNExQrdueGxs/pcpwJnCa7yQaY8pGdIBtS0MqUfvp/OApObdKj/QjZSs0ZK7+nkip1HoiA9spqRnqZW8m/ue1E9O/9lMexonBkC0W9RNBTERm35MeV8iMmFhCmeL2VsKGVFFmbEZ5G4K3/PIqaZRLXqVUub8sVm+yOHJwCmdwAR5cQRXuoAZ1YCDhGV7hzVHOi/PufCxa15xs5gT+wPn8AeGdkHo=</latexit>

ωx2
<latexit sha1_base64="2eHrmEHfZ4jeQPi9Zkdw6rXGD5k=">AAAB8HicbVDLTgJBEOz1ifhCPXrZSEw8kV016JHoxSMm8jCwIbNDAxNmZjczs0Sy4Su8eNAYr36ON//GAfagYCWdVKq6090Vxpxp43nfzsrq2vrGZm4rv72zu7dfODis6yhRFGs04pFqhkQjZxJrhhmOzVghESHHRji8nfqNESrNIvlgxjEGgvQl6zFKjJUe2yOk6dOkc9EpFL2SN4O7TPyMFCFDtVP4ancjmgiUhnKidcv3YhOkRBlGOU7y7URjTOiQ9LFlqSQCdZDODp64p1bpur1I2ZLGnam/J1IitB6L0HYKYgZ60ZuK/3mtxPSug5TJODEo6XxRL+Guidzp926XKaSGjy0hVDF7q0sHRBFqbEZ5G4K/+PIyqZ+X/HKpfH9ZrNxkceTgGE7gDHy4ggrcQRVqQEHAM7zCm6OcF+fd+Zi3rjjZzBH8gfP5A+MhkHs=</latexit>

ωx3

“One of the best movies.”

“Story makes no sense.”

“Fantastic production.”

Task: sentiment analysis
<latexit sha1_base64="O1yX06sKyt3Fc/9IqDCFu1rtQ04=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplhCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gC1dY/V</latexit>

ωx
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<latexit sha1_base64="uWtRlUZKPSxnZxsVWkN7IdSKP28=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNQY9ELx4xkYeBDZkdGpgwM7uZmSWSDV/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCooaNEUazTiEeqFRKNnEmsG2Y4tmKFRIQcm+HoduY3x6g0i+SDmcQYCDKQrM8oMVZ67IyRpk/Trt8tlryyN4e7SvyMlCBDrVv86vQimgiUhnKiddv3YhOkRBlGOU4LnURjTOiIDLBtqSQCdZDOD566Z1bpuf1I2ZLGnau/J1IitJ6I0HYKYoZ62ZuJ/3ntxPSvg5TJODEo6WJRP+GuidzZ926PKaSGTywhVDF7q0uHRBFqbEYFG4K//PIqaVyU/Uq5cn9Zqt5kceThBE7hHHy4gircQQ3qQEHAM7zCm6OcF+fd+Vi05pxs5hj+wPn8AeAZkHk=</latexit>

ωx1 Time 
Sample



Classical ML
Machine size

“Fantastic production.”

Time 
Sample

<latexit sha1_base64="uWtRlUZKPSxnZxsVWkN7IdSKP28=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNQY9ELx4xkYeBDZkdGpgwM7uZmSWSDV/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCooaNEUazTiEeqFRKNnEmsG2Y4tmKFRIQcm+HoduY3x6g0i+SDmcQYCDKQrM8oMVZ67IyRpk/Trt8tlryyN4e7SvyMlCBDrVv86vQimgiUhnKiddv3YhOkRBlGOU4LnURjTOiIDLBtqSQCdZDOD566Z1bpuf1I2ZLGnau/J1IitJ6I0HYKYoZ62ZuJ/3ntxPSvg5TJODEo6WJRP+GuidzZ926PKaSGTywhVDF7q0uHRBFqbEYFG4K//PIqaVyU/Uq5cn9Zqt5kceThBE7hHHy4gircQQ3qQEHAM7zCm6OcF+fd+Vi05pxs5hj+wPn8AeAZkHk=</latexit>

ωx1
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<latexit sha1_base64="uWtRlUZKPSxnZxsVWkN7IdSKP28=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNQY9ELx4xkYeBDZkdGpgwM7uZmSWSDV/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCooaNEUazTiEeqFRKNnEmsG2Y4tmKFRIQcm+HoduY3x6g0i+SDmcQYCDKQrM8oMVZ67IyRpk/Trt8tlryyN4e7SvyMlCBDrVv86vQimgiUhnKiddv3YhOkRBlGOU4LnURjTOiIDLBtqSQCdZDOD566Z1bpuf1I2ZLGnau/J1IitJ6I0HYKYoZ62ZuJ/3ntxPSvg5TJODEo6WJRP+GuidzZ926PKaSGTywhVDF7q0uHRBFqbEYFG4K//PIqaVyU/Uq5cn9Zqt5kceThBE7hHHy4gircQQ3qQEHAM7zCm6OcF+fd+Vi05pxs5hj+wPn8AeAZkHk=</latexit>

ωx1
<latexit sha1_base64="Cl93BC1tDsSCu5TcOrpTDq9dPTg=">AAAB8HicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0CPRi0dM5GFgQ2aHBibM7G5mZolkw1d48aAxXv0cb/6NA+xBwUo6qVR1p7sriAXXxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiGNZZJCLVCqhGwUOsG24EtmKFVAYCm8HoduY3x6g0j8IHM4nRl3QQ8j5n1FjpsTNGlj5Nu+VuoeiW3DnIKvEyUoQMtW7hq9OLWCIxNExQrdueGxs/pcpwJnCa7yQaY8pGdIBtS0MqUfvp/OApObdKj/QjZSs0ZK7+nkip1HoiA9spqRnqZW8m/ue1E9O/9lMexonBkC0W9RNBTERm35MeV8iMmFhCmeL2VsKGVFFmbEZ5G4K3/PIqaZRLXqVUub8sVm+yOHJwCmdwAR5cQRXuoAZ1YCDhGV7hzVHOi/PufCxa15xs5gT+wPn8AeGdkHo=</latexit>

ωx2
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<latexit sha1_base64="uWtRlUZKPSxnZxsVWkN7IdSKP28=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaNQY9ELx4xkYeBDZkdGpgwM7uZmSWSDV/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCooaNEUazTiEeqFRKNnEmsG2Y4tmKFRIQcm+HoduY3x6g0i+SDmcQYCDKQrM8oMVZ67IyRpk/Trt8tlryyN4e7SvyMlCBDrVv86vQimgiUhnKiddv3YhOkRBlGOU4LnURjTOiIDLBtqSQCdZDOD566Z1bpuf1I2ZLGnau/J1IitJ6I0HYKYoZ62ZuJ/3ntxPSvg5TJODEo6WJRP+GuidzZ926PKaSGTywhVDF7q0uHRBFqbEYFG4K//PIqaVyU/Uq5cn9Zqt5kceThBE7hHHy4gircQQ3qQEHAM7zCm6OcF+fd+Vi05pxs5hj+wPn8AeAZkHk=</latexit>

ωx1
<latexit sha1_base64="Cl93BC1tDsSCu5TcOrpTDq9dPTg=">AAAB8HicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0CPRi0dM5GFgQ2aHBibM7G5mZolkw1d48aAxXv0cb/6NA+xBwUo6qVR1p7sriAXXxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiGNZZJCLVCqhGwUOsG24EtmKFVAYCm8HoduY3x6g0j8IHM4nRl3QQ8j5n1FjpsTNGlj5Nu+VuoeiW3DnIKvEyUoQMtW7hq9OLWCIxNExQrdueGxs/pcpwJnCa7yQaY8pGdIBtS0MqUfvp/OApObdKj/QjZSs0ZK7+nkip1HoiA9spqRnqZW8m/ue1E9O/9lMexonBkC0W9RNBTERm35MeV8iMmFhCmeL2VsKGVFFmbEZ5G4K3/PIqaZRLXqVUub8sVm+yOHJwCmdwAR5cQRXuoAZ1YCDhGV7hzVHOi/PufCxa15xs5gT+wPn8AeGdkHo=</latexit>

ωx2
<latexit sha1_base64="2eHrmEHfZ4jeQPi9Zkdw6rXGD5k=">AAAB8HicbVDLTgJBEOz1ifhCPXrZSEw8kV016JHoxSMm8jCwIbNDAxNmZjczs0Sy4Su8eNAYr36ON//GAfagYCWdVKq6090Vxpxp43nfzsrq2vrGZm4rv72zu7dfODis6yhRFGs04pFqhkQjZxJrhhmOzVghESHHRji8nfqNESrNIvlgxjEGgvQl6zFKjJUe2yOk6dOkc9EpFL2SN4O7TPyMFCFDtVP4ancjmgiUhnKidcv3YhOkRBlGOU7y7URjTOiQ9LFlqSQCdZDODp64p1bpur1I2ZLGnam/J1IitB6L0HYKYgZ60ZuK/3mtxPSug5TJODEo6XxRL+Guidzp926XKaSGjy0hVDF7q0sHRBFqbEZ5G4K/+PIyqZ+X/HKpfH9ZrNxkceTgGE7gDHy4ggrcQRVqQEHAM7zCm6OcF+fd+Zi3rjjZzBH8gfP5A+MhkHs=</latexit>
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<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw



Data Loading
Store the entire world.

Data Processing
Analyze the stored world.
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<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

<latexit sha1_base64="Vb4OKnFIYTLScfGW+2UFMDI4WGc=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPQ89oFm9BLx4jmAWSIfR0apImPQvdPcEw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8RHClCfmwVlbX1jc2c1v57Z3dvf3CwWFTxalk0GCxiGXbpwoEj6ChuRbQTiTQ0BfQ8kfXM781Bql4HN3pSQJeSAcRDzij2kit7hhYdj/tFYrEditV1y1hQ8ilQ84NKRFSch3s2GSOIlqi3iu8d/sxS0OINBNUqY5DEu1lVGrOBEzz3VRBQtmIDqBjaERDUF42P3eKT43Sx0EsTUUaz9XvExkNlZqEvukMqR6q395M/MvrpDqoehmPklRDxBaLglRgHePZ77jPJTAtJoZQJrm5FbMhlZRpk1DehPD1Kf6fNF3bKdvl24ti7WoZRw4doxN0hhxUQTV0g+qogRgaoQf0hJ6txHq0XqzXReuKtZw5Qj9gvX0CBCmQCw==</latexit>

ωx
<latexit sha1_base64="dHH7k5+O1Q/D+mv4vPpzP8zCuhc="></latexit>

ŷ = sgn(ωx · ωw)
predict

?
Testing



Main Results

Classification: given data                   randomly sampled from 
<latexit sha1_base64="uxKaSxpbGISJwdFk2nM04gZIIgQ=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiVJCSiFSXRTcuK9gLtCFMpift0MmFmUkxhPoqblwo4tYHcefbOG2z0NYfBj7+cw7nzO/FnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgSFFo14JLoekcBZCC3FFIduLIAEHoeON76d1TsTEJJF4YNKY3ACMgyZzyhR2nLNcpWd4/4EaPY4dTWmLjtzzYpVs+bCq2DnUEG5mq751R9ENAkgVJQTKXu2FSsnI0IxymFa6icSYkLHZAg9jSEJQDrZ/PgpPtXOAPuR0C9UeO7+nshIIGUaeLozIGokl2sz879aL1H+tZOxME4UhHSxyE84VhGeJYEHTABVPNVAqGD6VkxHRBCqdF4lHYK9/OVVaF/U7Hqtfn9ZadzkcRTRMTpBVWSjK9RAd6iJWoiiFD2jV/RmPBkvxrvxsWgtGPlMGf2R8fkDL4ST2Q==</latexit>

(i, ωxi, yi)
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

examples, each with a     -dim sparse feature vector and a label, 
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D

train a regularized     -dim classifier       such that we can predict
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D
<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
the label of any classifiable sparse test vectors.

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
<latexit sha1_base64="dHH7k5+O1Q/D+mv4vPpzP8zCuhc="></latexit>

ŷ = sgn(ωx · ωw)
predict

<latexit sha1_base64="Vb4OKnFIYTLScfGW+2UFMDI4WGc=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPQ89oFm9BLx4jmAWSIfR0apImPQvdPcEw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8RHClCfmwVlbX1jc2c1v57Z3dvf3CwWFTxalk0GCxiGXbpwoEj6ChuRbQTiTQ0BfQ8kfXM781Bql4HN3pSQJeSAcRDzij2kit7hhYdj/tFYrEditV1y1hQ8ilQ84NKRFSch3s2GSOIlqi3iu8d/sxS0OINBNUqY5DEu1lVGrOBEzz3VRBQtmIDqBjaERDUF42P3eKT43Sx0EsTUUaz9XvExkNlZqEvukMqR6q395M/MvrpDqoehmPklRDxBaLglRgHePZ77jPJTAtJoZQJrm5FbMhlZRpk1DehPD1Kf6fNF3bKdvl24ti7WoZRw4doxN0hhxUQTV0g+qogRgaoQf0hJ6txHq0XqzXReuKtZw5Qj9gvX0CBCmQCw==</latexit>

ωx

?

margin not too small



With             samples, a quantum machine of                          size can solve 
classification, whereas any classical machine of                    size cannot. 

Theorem 1 (Classification)
<latexit sha1_base64="qKtRpk4rZmIPau++TB0qLivSX4k=">AAAB83icbVBNS8NAEJ34WetX1aOXYBHqpSQi1WPRiyetYD+gCWWznbRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgoQzpR3n21pZXVvf2CxsFbd3dvf2SweHLRWnkmKTxjyWnYAo5ExgUzPNsZNIJFHAsR2MbqZ++wmlYrF41OME/YgMBAsZJdpInqcZ72N2P6ncnfVKZafqzGAvEzcnZcjR6JW+vH5M0wiFppwo1XWdRPsZkZpRjpOilypMCB2RAXYNFSRC5Wezmyf2qVH6dhhLU0LbM/X3REYipcZRYDojoodq0ZuK/3ndVIdXfsZEkmoUdL4oTLmtY3sagN1nEqnmY0MIlczcatMhkYRqE1PRhOAuvrxMWudVt1atPVyU69d5HAU4hhOogAuXUIdbaEATKCTwDK/wZqXWi/VufcxbV6x85gj+wPr8AXRMkVE=</latexit>

Õ(N)
<latexit sha1_base64="/TslO7ZbqKvFM/2nuTSUsmT8pJs=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuhkybe1jV9SFywr2AW0pmTRtQzOTIckIZSj4K25cKOLW73Dn35hpK6jogcDhnHu5J8cLOVMaoQ8rtbK6tr6R3sxsbe/s7tn7B00lIklogwguZNvDinIW0IZmmtN2KCn2PU5b3uQy8Vt3VComgls9DWnPx6OADRnB2kh9+6jrYz2WfhwKPp3lulyM4NVZ384ip1TNo+I5RI5bLbjliiGojIqVAnQdNEcWLFHv2+/dgSCRTwNNOFaq46JQ92IsNSOczjLdSNEQkwke0Y6hAfap6sXz+DN4apQBHAppXqDhXP2+EWNfqanvmckkrPrtJeJfXifSw0ovZkEYaRqQxaFhxKEWMOkCDpikRPOpIZhIZrJCMsYSE20ay5gSvn4K/yfNvOOWnNJNMVu7WNaRBsfgBOSAC8qgBq5BHTQAATF4AE/g2bq3Hq0X63UxmrKWO4fgB6y3T2RUlck=</latexit>

poly(logD)
<latexit sha1_base64="fogmINgOFy8ebf/7uIKn0QLIlzw=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDEy9CTZUxuQT14M4JZYDKGnk5P0qRnobtHCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz4s5kwqhDyOzsrq2vpHdzG1t7+zu5fcP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjS9mfueeCsmi8FZNYuoGeBgynxGstORcFy/vUmTW69PTfr6ATMuq2ghBZJaqlVq1rIldKpcrdWiZaI4CWKLZz7/3BhFJAhoqwrGUjoVi5aZYKEY4neZ6iaQxJmM8pI6mIQ6odNP5yVN4opUB9COhK1Rwrn6fSHEg5STwdGeA1Uj+9mbiX56TKL/mpiyME0VDsljkJxyqCM7+hwMmKFF8ogkmgulbIRlhgYnSKeV0CF+fwv9Ju2RatmnfVAqN82UcWXAEjkERWOAMNMAVaIIWICACD+AJPBvKeDRejNdFa8ZYzhyCHzDePgGwcZBA</latexit>

O(D0.99)

Classification: given data                   randomly sampled from 
<latexit sha1_base64="uxKaSxpbGISJwdFk2nM04gZIIgQ=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiVJCSiFSXRTcuK9gLtCFMpift0MmFmUkxhPoqblwo4tYHcefbOG2z0NYfBj7+cw7nzO/FnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgSFFo14JLoekcBZCC3FFIduLIAEHoeON76d1TsTEJJF4YNKY3ACMgyZzyhR2nLNcpWd4/4EaPY4dTWmLjtzzYpVs+bCq2DnUEG5mq751R9ENAkgVJQTKXu2FSsnI0IxymFa6icSYkLHZAg9jSEJQDrZ/PgpPtXOAPuR0C9UeO7+nshIIGUaeLozIGokl2sz879aL1H+tZOxME4UhHSxyE84VhGeJYEHTABVPNVAqGD6VkxHRBCqdF4lHYK9/OVVaF/U7Hqtfn9ZadzkcRTRMTpBVWSjK9RAd6iJWoiiFD2jV/RmPBkvxrvxsWgtGPlMGf2R8fkDL4ST2Q==</latexit>

(i, ωxi, yi)
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

examples, each with a     -dim sparse feature vector and a label, 
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D

train a regularized     -dim classifier       such that we can predict
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D
<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
the label of any classifiable sparse test vectors.

margin not too small

Main Results



Classification: often the training examples change over time, 
but the underlying classification rule remains the same.

A quantum machine of                          size can solve classification using 
only               samples, whereas any classical machine of                    size 
requires at least                               samples. 

Theorem 2 (Dynamic Classification)
<latexit sha1_base64="/TslO7ZbqKvFM/2nuTSUsmT8pJs=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuhkybe1jV9SFywr2AW0pmTRtQzOTIckIZSj4K25cKOLW73Dn35hpK6jogcDhnHu5J8cLOVMaoQ8rtbK6tr6R3sxsbe/s7tn7B00lIklogwguZNvDinIW0IZmmtN2KCn2PU5b3uQy8Vt3VComgls9DWnPx6OADRnB2kh9+6jrYz2WfhwKPp3lulyM4NVZ384ip1TNo+I5RI5bLbjliiGojIqVAnQdNEcWLFHv2+/dgSCRTwNNOFaq46JQ92IsNSOczjLdSNEQkwke0Y6hAfap6sXz+DN4apQBHAppXqDhXP2+EWNfqanvmckkrPrtJeJfXifSw0ovZkEYaRqQxaFhxKEWMOkCDpikRPOpIZhIZrJCMsYSE20ay5gSvn4K/yfNvOOWnNJNMVu7WNaRBsfgBOSAC8qgBq5BHTQAATF4AE/g2bq3Hq0X63UxmrKWO4fgB6y3T2RUlck=</latexit>

poly(logD)
<latexit sha1_base64="fogmINgOFy8ebf/7uIKn0QLIlzw=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDEy9CTZUxuQT14M4JZYDKGnk5P0qRnobtHCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz4s5kwqhDyOzsrq2vpHdzG1t7+zu5fcP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjS9mfueeCsmi8FZNYuoGeBgynxGstORcFy/vUmTW69PTfr6ATMuq2ghBZJaqlVq1rIldKpcrdWiZaI4CWKLZz7/3BhFJAhoqwrGUjoVi5aZYKEY4neZ6iaQxJmM8pI6mIQ6odNP5yVN4opUB9COhK1Rwrn6fSHEg5STwdGeA1Uj+9mbiX56TKL/mpiyME0VDsljkJxyqCM7+hwMmKFF8ogkmgulbIRlhgYnSKeV0CF+fwv9Ju2RatmnfVAqN82UcWXAEjkERWOAMNMAVaIIWICACD+AJPBvKeDRejNdFa8ZYzhyCHzDePgGwcZBA</latexit>

O(D0.99)

Example: large particle colliders

<latexit sha1_base64="LMNi1lnN/tSqeaoRofxL+UiYebU=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDEy9ATzXIMevGkEcwCkxB6Oj1Jk56F7hohDPkMLx4U8erXePNv7CyCij4oeLxXRVU9L5ZCAyEfVmZldW19I7uZ29re2d3L7x+0dJQoxpsskpHqeFRzKULeBAGSd2LFaeBJ3vbGlzO/fc+VFlF4B5OY9wI6DIUvGAUjuV0QcsDxTfH6tJ8vELvqkHKphIldKp9Vy44hpEZqRnFsMkcBLdHo59+7g4glAQ+BSaq165AYeilVIJjk01w30TymbEyH3DU0pAHXvXR+8hSfGGWA/UiZCgHP1e8TKQ20ngSe6QwojPRvbyb+5bkJ+LVeKsI4AR6yxSI/kRgiPPsfD4TiDOTEEMqUMLdiNqKKMjAp5UwIX5/i/0mrZDsVu3J7XqhfLOPIoiN0jIrIQVVUR1eogZqIoQg9oCf0bIH1aL1Yr4vWjLWcOUQ/YL19AliOkKs=</latexit>

Õ(N)
<latexit sha1_base64="ipDqOHbM5NH7hLmfyW2ZVU7hDbY=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyHpI9Zd0Y0rqWAf0IYymU7boTNJmJkIIRT8FTcuFHHrd7jzb5y0FVT0wMDhnHu5Z44fMSqVbX8YS8srq2vruY385tb2zq65t9+SYSwwaeKQhaLjI0kYDUhTUcVIJxIEcZ+Rtj+5zPz2HRGShsGtSiLicTQK6JBipLTUNw97HKmx4KmMIyKikCXT4vVp3yzYluNUXduGtlWqVmrVsiZuqVyunEPHsmcogAUaffO9NwhxzEmgMENSdh07Ul6KhKKYkWm+F0sSITxBI9LVNECcSC+dxZ/CE60M4DAU+gUKztTvGyniUibc15NZWPnby8S/vG6shjUvpUEUKxLg+aFhzKAKYdYFHFBBsGKJJggLqrNCPEYCYaUby+sSvn4K/yetkuW4lntTKdQvFnXkwBE4BkXggDNQB1egAZoAgxQ8gCfwbNwbj8aL8TofXTIWOwfgB4y3TxImljo=</latexit>

superpoly(N)

Main Results



<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
unsupervised

Dimension reduction: given data              sampled from 
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
examples, each with a     -dim sparse feature vector, learn an 

<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D

identifiable     -dim principal component       such that we can
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D
<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
predict the 1D representation of any new sparse test vectors.

<latexit sha1_base64="F+lHRK7SNIerHedISabmH/QcBfA=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQY9OIxgnlAsobZSScZMvtgZjYalvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXFwmutG1/W5mV1bX1jexmbmt7Z3cvv39QV2EsGdZYKELZ9KhCwQOsaa4FNiOJ1PcENrzhzdRvjFAqHgb3ehyh69N+wHucUW2khyI/I+0RsuRp0uGnnXzBLtkzkGXipKQAKaqd/Fe7G7LYx0AzQZVqOXak3YRKzZnASa4dK4woG9I+tgwNqI/KTWZXT8iJUbqkF0pTgSYz9fdEQn2lxr5nOn2qB2rRm4r/ea1Y967chAdRrDFg80W9WBAdkmkEpMslMi3GhlAmubmVsAGVlGkTVM6E4Cy+vEzq5yWnXCrfXRQq12kcWTiCYyiCA5dQgVuoQg0YSHiGV3izHq0X6936mLdmrHTmEP7A+vwBiQCR6Q==</latexit>

(i, ωxi)

eigenvalue gapped, non-negligible overlap with a prominent feature

Main Results



Dimension reduction: given data              sampled from 
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
examples, each with a     -dim sparse feature vector, learn an 

<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D

identifiable     -dim principal component       such that we can
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D
<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
predict the 1D representation of any new sparse test vectors.

<latexit sha1_base64="F+lHRK7SNIerHedISabmH/QcBfA=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQY9OIxgnlAsobZSScZMvtgZjYalvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXFwmutG1/W5mV1bX1jexmbmt7Z3cvv39QV2EsGdZYKELZ9KhCwQOsaa4FNiOJ1PcENrzhzdRvjFAqHgb3ehyh69N+wHucUW2khyI/I+0RsuRp0uGnnXzBLtkzkGXipKQAKaqd/Fe7G7LYx0AzQZVqOXak3YRKzZnASa4dK4woG9I+tgwNqI/KTWZXT8iJUbqkF0pTgSYz9fdEQn2lxr5nOn2qB2rRm4r/ea1Y967chAdRrDFg80W9WBAdkmkEpMslMi3GhlAmubmVsAGVlGkTVM6E4Cy+vEzq5yWnXCrfXRQq12kcWTiCYyiCA5dQgVuoQg0YSHiGV3izHq0X6936mLdmrHTmEP7A+vwBiQCR6Q==</latexit>

(i, ωxi)

With             samples, a quantum machine of                          size can solve 
dim. reduct., whereas any classical machine of                    size cannot. 

Theorem 3 (Dim Reduction)
<latexit sha1_base64="qKtRpk4rZmIPau++TB0qLivSX4k=">AAAB83icbVBNS8NAEJ34WetX1aOXYBHqpSQi1WPRiyetYD+gCWWznbRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgoQzpR3n21pZXVvf2CxsFbd3dvf2SweHLRWnkmKTxjyWnYAo5ExgUzPNsZNIJFHAsR2MbqZ++wmlYrF41OME/YgMBAsZJdpInqcZ72N2P6ncnfVKZafqzGAvEzcnZcjR6JW+vH5M0wiFppwo1XWdRPsZkZpRjpOilypMCB2RAXYNFSRC5Wezmyf2qVH6dhhLU0LbM/X3REYipcZRYDojoodq0ZuK/3ndVIdXfsZEkmoUdL4oTLmtY3sagN1nEqnmY0MIlczcatMhkYRqE1PRhOAuvrxMWudVt1atPVyU69d5HAU4hhOogAuXUIdbaEATKCTwDK/wZqXWi/VufcxbV6x85gj+wPr8AXRMkVE=</latexit>

Õ(N)
<latexit sha1_base64="/TslO7ZbqKvFM/2nuTSUsmT8pJs=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuhkybe1jV9SFywr2AW0pmTRtQzOTIckIZSj4K25cKOLW73Dn35hpK6jogcDhnHu5J8cLOVMaoQ8rtbK6tr6R3sxsbe/s7tn7B00lIklogwguZNvDinIW0IZmmtN2KCn2PU5b3uQy8Vt3VComgls9DWnPx6OADRnB2kh9+6jrYz2WfhwKPp3lulyM4NVZ384ip1TNo+I5RI5bLbjliiGojIqVAnQdNEcWLFHv2+/dgSCRTwNNOFaq46JQ92IsNSOczjLdSNEQkwke0Y6hAfap6sXz+DN4apQBHAppXqDhXP2+EWNfqanvmckkrPrtJeJfXifSw0ovZkEYaRqQxaFhxKEWMOkCDpikRPOpIZhIZrJCMsYSE20ay5gSvn4K/yfNvOOWnNJNMVu7WNaRBsfgBOSAC8qgBq5BHTQAATF4AE/g2bq3Hq0X63UxmrKWO4fgB6y3T2RUlck=</latexit>

poly(logD)
<latexit sha1_base64="fogmINgOFy8ebf/7uIKn0QLIlzw=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDEy9CTZUxuQT14M4JZYDKGnk5P0qRnobtHCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz4s5kwqhDyOzsrq2vpHdzG1t7+zu5fcP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjS9mfueeCsmi8FZNYuoGeBgynxGstORcFy/vUmTW69PTfr6ATMuq2ghBZJaqlVq1rIldKpcrdWiZaI4CWKLZz7/3BhFJAhoqwrGUjoVi5aZYKEY4neZ6iaQxJmM8pI6mIQ6odNP5yVN4opUB9COhK1Rwrn6fSHEg5STwdGeA1Uj+9mbiX56TKL/mpiyME0VDsljkJxyqCM7+hwMmKFF8ogkmgulbIRlhgYnSKeV0CF+fwv9Ju2RatmnfVAqN82UcWXAEjkERWOAMNMAVaIIWICACD+AJPBvKeDRejNdFa8ZYzhyCHzDePgGwcZBA</latexit>

O(D0.99)

Main Results

eigenvalue gapped, non-negligible overlap with a prominent feature



A quantum machine of                          size can solve dim. reduct.  using 
only               samples, whereas any classical machine of                    size 
requires at least                               samples. 

Theorem 4 (Dynamic Dim Reduction)
<latexit sha1_base64="/TslO7ZbqKvFM/2nuTSUsmT8pJs=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuhkybe1jV9SFywr2AW0pmTRtQzOTIckIZSj4K25cKOLW73Dn35hpK6jogcDhnHu5J8cLOVMaoQ8rtbK6tr6R3sxsbe/s7tn7B00lIklogwguZNvDinIW0IZmmtN2KCn2PU5b3uQy8Vt3VComgls9DWnPx6OADRnB2kh9+6jrYz2WfhwKPp3lulyM4NVZ384ip1TNo+I5RI5bLbjliiGojIqVAnQdNEcWLFHv2+/dgSCRTwNNOFaq46JQ92IsNSOczjLdSNEQkwke0Y6hAfap6sXz+DN4apQBHAppXqDhXP2+EWNfqanvmckkrPrtJeJfXifSw0ovZkEYaRqQxaFhxKEWMOkCDpikRPOpIZhIZrJCMsYSE20ay5gSvn4K/yfNvOOWnNJNMVu7WNaRBsfgBOSAC8qgBq5BHTQAATF4AE/g2bq3Hq0X63UxmrKWO4fgB6y3T2RUlck=</latexit>

poly(logD)
<latexit sha1_base64="fogmINgOFy8ebf/7uIKn0QLIlzw=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDEy9CTZUxuQT14M4JZYDKGnk5P0qRnobtHCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz4s5kwqhDyOzsrq2vpHdzG1t7+zu5fcP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjS9mfueeCsmi8FZNYuoGeBgynxGstORcFy/vUmTW69PTfr6ATMuq2ghBZJaqlVq1rIldKpcrdWiZaI4CWKLZz7/3BhFJAhoqwrGUjoVi5aZYKEY4neZ6iaQxJmM8pI6mIQ6odNP5yVN4opUB9COhK1Rwrn6fSHEg5STwdGeA1Uj+9mbiX56TKL/mpiyME0VDsljkJxyqCM7+hwMmKFF8ogkmgulbIRlhgYnSKeV0CF+fwv9Ju2RatmnfVAqN82UcWXAEjkERWOAMNMAVaIIWICACD+AJPBvKeDRejNdFa8ZYzhyCHzDePgGwcZBA</latexit>

O(D0.99)
<latexit sha1_base64="LMNi1lnN/tSqeaoRofxL+UiYebU=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDEy9ATzXIMevGkEcwCkxB6Oj1Jk56F7hohDPkMLx4U8erXePNv7CyCij4oeLxXRVU9L5ZCAyEfVmZldW19I7uZ29re2d3L7x+0dJQoxpsskpHqeFRzKULeBAGSd2LFaeBJ3vbGlzO/fc+VFlF4B5OY9wI6DIUvGAUjuV0QcsDxTfH6tJ8vELvqkHKphIldKp9Vy44hpEZqRnFsMkcBLdHo59+7g4glAQ+BSaq165AYeilVIJjk01w30TymbEyH3DU0pAHXvXR+8hSfGGWA/UiZCgHP1e8TKQ20ngSe6QwojPRvbyb+5bkJ+LVeKsI4AR6yxSI/kRgiPPsfD4TiDOTEEMqUMLdiNqKKMjAp5UwIX5/i/0mrZDsVu3J7XqhfLOPIoiN0jIrIQVVUR1eogZqIoQg9oCf0bIH1aL1Yr4vWjLWcOUQ/YL19AliOkKs=</latexit>

Õ(N)
<latexit sha1_base64="ipDqOHbM5NH7hLmfyW2ZVU7hDbY=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyHpI9Zd0Y0rqWAf0IYymU7boTNJmJkIIRT8FTcuFHHrd7jzb5y0FVT0wMDhnHu5Z44fMSqVbX8YS8srq2vruY385tb2zq65t9+SYSwwaeKQhaLjI0kYDUhTUcVIJxIEcZ+Rtj+5zPz2HRGShsGtSiLicTQK6JBipLTUNw97HKmx4KmMIyKikCXT4vVp3yzYluNUXduGtlWqVmrVsiZuqVyunEPHsmcogAUaffO9NwhxzEmgMENSdh07Ul6KhKKYkWm+F0sSITxBI9LVNECcSC+dxZ/CE60M4DAU+gUKztTvGyniUibc15NZWPnby8S/vG6shjUvpUEUKxLg+aFhzKAKYdYFHFBBsGKJJggLqrNCPEYCYaUby+sSvn4K/yetkuW4lntTKdQvFnXkwBE4BkXggDNQB1egAZoAgxQ8gCfwbNwbj8aL8TofXTIWOwfgB4y3TxImljo=</latexit>

superpoly(N)

Dimension reduction: given data              sampled from 
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
examples, each with a     -dim sparse feature vector, learn an 

<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D

identifiable     -dim principal component       such that we can
<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D
<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
predict the 1D representation of any new sparse test vectors.

<latexit sha1_base64="F+lHRK7SNIerHedISabmH/QcBfA=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQY9OIxgnlAsobZSScZMvtgZjYalvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXFwmutG1/W5mV1bX1jexmbmt7Z3cvv39QV2EsGdZYKELZ9KhCwQOsaa4FNiOJ1PcENrzhzdRvjFAqHgb3ehyh69N+wHucUW2khyI/I+0RsuRp0uGnnXzBLtkzkGXipKQAKaqd/Fe7G7LYx0AzQZVqOXak3YRKzZnASa4dK4woG9I+tgwNqI/KTWZXT8iJUbqkF0pTgSYz9fdEQn2lxr5nOn2qB2rRm4r/ea1Y967chAdRrDFg80W9WBAdkmkEpMslMi3GhlAmubmVsAGVlGkTVM6E4Cy+vEzq5yWnXCrfXRQq12kcWTiCYyiCA5dQgVuoQg0YSHiGV3izHq0X6936mLdmrHTmEP7A+vwBiQCR6Q==</latexit>

(i, ωxi)

Main Results

eigenvalue gapped, non-negligible overlap with a prominent feature
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IMDb PBMC68k



Theory in Practice
Social media topic analysis Pharmaceutical drug discovery
20Newsgroup Thrombin



Machine learning 
is a broad domain of  
exponential quantum 

advantage.

Main Results



Machine learning 
is a broad domain of  
exponential quantum 

advantage.

persist even if BPP=BQP, 
P=NP, granted infinite time

Main Results



Classical HardnessQuantum Algorithm

Origin of Advantage



Quantum advantage?

Classical ML



Quantum advantage?

Classical ML

“What do you think?”



Quantum advantage?

Classical ML

“What do you think?”

“One of the best movies.”



Quantum advantage?

Classical ML

“What do you think?”

“One of the best movies.”

Quantum ML

“I’m a QC!”



Quantum advantage?

Classical ML

“What do you think?”

“One of the best movies.”

Quantum ML
<latexit sha1_base64="ULW8he+ltRGBaX1WPL28Pw/AQNQ=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME88BkCbOT3mTI7OwyMyuEmHyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLBzdRvPKLSPJb3ZpigH9Ge5CFn1Fjp4WkyaSsqewI7haJbcmcgy8TLSBEyVDuFr3Y3ZmmE0jBBtW55bmL8EVWGM4HjfDvVmFA2oD1sWSpphNofzS4ek1OrdEkYK1vSkJn6e2JEI62HUWA7I2r6etGbiv95rdSEV/6IyyQ1KNl8UZgKYmIyfZ90uUJmxNASyhS3txLWp4oyY0PK2xC8xZeXSf285JVL5buLYuU6iyMHx3ACZ+DBJVTgFqpQAwYSnuEV3hztvDjvzse8dcXJZo7gD5zPHxmLkTY=</latexit>

| →
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
“Query in superposition!”



Quantum advantage?

Classical ML

“What do you think?”

“One of the best movies.”

Quantum ML
<latexit sha1_base64="ULW8he+ltRGBaX1WPL28Pw/AQNQ=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME88BkCbOT3mTI7OwyMyuEmHyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLBzdRvPKLSPJb3ZpigH9Ge5CFn1Fjp4WkyaSsqewI7haJbcmcgy8TLSBEyVDuFr3Y3ZmmE0jBBtW55bmL8EVWGM4HjfDvVmFA2oD1sWSpphNofzS4ek1OrdEkYK1vSkJn6e2JEI62HUWA7I2r6etGbiv95rdSEV/6IyyQ1KNl8UZgKYmIyfZ90uUJmxNASyhS3txLWp4oyY0PK2xC8xZeXSf285JVL5buLYuU6iyMHx3ACZ+DBJVTgFqpQAwYSnuEV3hztvDjvzse8dcXJZo7gD5zPHxmLkTY=</latexit>

| →
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
<latexit sha1_base64="KO1fd0BNnJGOZRvLwkv+laMsnBU=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyKVI9FLx4r2A/YLiWbzrah2WRJskJZ23/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD26nfegSlmRQPZpRAEJO+YBGjxFjJf5pMOoqIPofzbqnsVtwZ8DLxclJGOerd0lenJ2kagzCUE619z01MkBFlGOUwLnZSDQmhQ9IH31JBYtBBNjt5jE+t0sORVLaEwTP190RGYq1HcWg7Y2IGetGbiv95fmqi6yBjIkkNCDpfFKUcG4mn/+MeU0ANH1lCqGL2VkwHRBFqbEpFG4K3+PIyaV5UvGqlen9Zrt3kcRTQMTpBZ8hDV6iG7lAdNRBFEj2jV/TmGOfFeXc+5q0rTj5zhP7A+fwBg/qRaw==</latexit>

| →+
“Exponential speedup”
[quantum oracle query algorithm]

“Query in superposition!”



Quantum advantage?

Classical ML

“What do you think?”

“One of the best movies.”

Quantum ML

“Query in superposition!”

???
We’re classical…



Challenge

Can we access a classical world 
in quantum superposition?

“Query in superposition!”

???
We’re classical…



Attempt: QRAM
Machine size

Time 
Sample

Data Loading
Store the entire world.

“It’s easy!”



Attempt: QRAM
Machine size

Time 
Sample

Data Loading
Store the entire world 

in a quantum RAM.

“I already stored 
everything.”



Attempt: QRAM
Machine size

Time 
Sample

Data Loading
Store the entire world 

in a quantum RAM.

Data 
Processing 

with  
quantum  

query

<latexit sha1_base64="ZnQE81Ime10tYVX7dOoCwyt1oB4=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0xtp+Ou6MZlBfuQdiiZNNOGJpkhyShl7Fe4caGIWz/HnX9j+hBU9MCFwzn3cu89YcKo0o7zYS0tr6yurec28ptb2zu7hb39popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh6GLqt26JVDQW13qckICjgaARxUgb6eb+riuRGDDSKxQdu1op+WcV6Nglz6+4JUMc/7TsetC1nRmKYIF6r/De7cc45URozJBSHddJdJAhqSlmZJLvpookCI/QgHQMFYgTFWSzgyfw2Ch9GMXSlNBwpn6fyBBXasxD08mRHqrf3lT8y+ukOvKDjIok1UTg+aIoZVDHcPo97FNJsGZjQxCW1NwK8RBJhLXJKG9C+PoU/k+aJdv1bO+qXKydL+LIgUNwBE6AC6qgBi5BHTQABhw8gCfwbEnr0XqxXuetS9Zi5gD8gPX2CZ2CkPk=</latexit>

|w→

“I can create 
quantum queries 
from the stored 

world.”



Attempt: QRAM
Machine size

Time 
Sample

Data Loading
Store the entire world 

in a quantum RAM.

Data 
Processing 

with  
quantum  

query

<latexit sha1_base64="ZnQE81Ime10tYVX7dOoCwyt1oB4=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0xtp+Ou6MZlBfuQdiiZNNOGJpkhyShl7Fe4caGIWz/HnX9j+hBU9MCFwzn3cu89YcKo0o7zYS0tr6yurec28ptb2zu7hb39popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh6GLqt26JVDQW13qckICjgaARxUgb6eb+riuRGDDSKxQdu1op+WcV6Nglz6+4JUMc/7TsetC1nRmKYIF6r/De7cc45URozJBSHddJdJAhqSlmZJLvpookCI/QgHQMFYgTFWSzgyfw2Ch9GMXSlNBwpn6fyBBXasxD08mRHqrf3lT8y+ukOvKDjIok1UTg+aIoZVDHcPo97FNJsGZjQxCW1NwK8RBJhLXJKG9C+PoU/k+aJdv1bO+qXKydL+LIgUNwBE6AC6qgBi5BHTQABhw8gCfwbEnr0XqxXuetS9Zi5gD8gPX2CZ2CkPk=</latexit>

|w→

Classical ML

No end-to-end 
quantum 

advantage!



Attempt: QRAM
Machine size

Time 
Sample

Maintaining a coherent 
copy of the entire world.

Data loading + QEC.

Classical ML



Attempt: QRAM
Machine size

Time 
Sample

Classical ML

Classical co-processors meant for QEC 
can solve the problem themselves.

Faster…



Challenge

Can we access a classical world 
in quantum superposition?

(without storing the entire world)



Challenge

How to do ML without  
storing the entire dataset?



Train a model on the fly
Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw



Machine size

Time 
Sample

“One of the best movies.”

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Train a model on the fly



Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Train a model on the fly



Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

“Fantastic production.”<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Train a model on the fly



Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Train a model on the fly



Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Train a model on the fly



Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Train a model on the fly



Machine size

Time 
Sample

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw

Process data on the fly
Incrementally update a world model.

[streaming, sketching, online learning]

Train a model on the fly



Quantum oracle sketching
<latexit sha1_base64="7rMnEbSbc6zkTpwThrqgqw1yFhI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLbNO6KblxWsA9oQplMJ+3QyWSYmQgl9jfcuFDErT/jzr9x+hBU9MCFwzn3cu89kWBUacf5sFZW19Y3Ngtbxe2d3b390sFhW6WZxKSFU5bKboQUYZSTlqaaka6QBCURI51ofDXzO3dEKpryWz0RJEzQkNOYYqSNFNwHQtFAIj5kpF8qO3a9VvEvatCxK55fcyuGOP551fWgaztzlMESzX7pPRikOEsI15ghpXquI3SYI6kpZmRaDDJFBMJjNCQ9QzlKiArz+c1TeGqUAYxTaYprOFe/T+QoUWqSRKYzQXqkfnsz8S+vl+nYD3PKRaYJx4tFccagTuEsADigkmDNJoYgLKm5FeIRkghrE1PRhPD1KfyftCu269neTbXcuFzGUQDH4AScARfUQQNcgyZoAQwEeABP4NnKrEfrxXpdtK5Yy5kj8APW2yfm+JJI</latexit>

|ω→
Maintain a quantum model



Quantum oracle sketching

Maintain a quantum model

For each data sample
<latexit sha1_base64="Elt5NIYxDGVgpjsdDsEKZ9nnMyg=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14TMAkQrKE2UlvMmb2wcysEJd8gRcPinj1k7z5N04egooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHbRmngkKLxjwWNz6RwFkELcUUh5tEAAl9Dh1/fDnzO3cgJIujazVJwAvJMGIBo0RpqXnfL5Yss1Ytu+dVbJllx63aZU0s96xiO9g2rTlKaIlGv/jeG8Q0DSFSlBMpu7aVKC8jQjHKYVropRISQsdkCF1NIxKC9LL5oVN8opUBDmKhK1J4rn6fyEgo5ST0dWdI1Ej+9mbiX143VYHrZSxKUgURXSwKUo5VjGdf4wETQBWfaEKoYPpWTEdEEKp0NgUdwten+H/SLpu2YzrNSql+sYwjj47QMTpFNqqhOrpCDdRCFAF6QE/o2bg1Ho0X43XRmjOWM4foB4y3T2QNjVs=</latexit>z

“One of the best movies.”

<latexit sha1_base64="7rMnEbSbc6zkTpwThrqgqw1yFhI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLbNO6KblxWsA9oQplMJ+3QyWSYmQgl9jfcuFDErT/jzr9x+hBU9MCFwzn3cu89kWBUacf5sFZW19Y3Ngtbxe2d3b390sFhW6WZxKSFU5bKboQUYZSTlqaaka6QBCURI51ofDXzO3dEKpryWz0RJEzQkNOYYqSNFNwHQtFAIj5kpF8qO3a9VvEvatCxK55fcyuGOP551fWgaztzlMESzX7pPRikOEsI15ghpXquI3SYI6kpZmRaDDJFBMJjNCQ9QzlKiArz+c1TeGqUAYxTaYprOFe/T+QoUWqSRKYzQXqkfnsz8S+vl+nYD3PKRaYJx4tFccagTuEsADigkmDNJoYgLKm5FeIRkghrE1PRhPD1KfyftCu269neTbXcuFzGUQDH4AScARfUQQNcgyZoAQwEeABP4NnKrEfrxXpdtK5Yy5kj8APW2yfm+JJI</latexit>

|ω→



Quantum oracle sketching

<latexit sha1_base64="7rMnEbSbc6zkTpwThrqgqw1yFhI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLbNO6KblxWsA9oQplMJ+3QyWSYmQgl9jfcuFDErT/jzr9x+hBU9MCFwzn3cu89kWBUacf5sFZW19Y3Ngtbxe2d3b390sFhW6WZxKSFU5bKboQUYZSTlqaaka6QBCURI51ofDXzO3dEKpryWz0RJEzQkNOYYqSNFNwHQtFAIj5kpF8qO3a9VvEvatCxK55fcyuGOP551fWgaztzlMESzX7pPRikOEsI15ghpXquI3SYI6kpZmRaDDJFBMJjNCQ9QzlKiArz+c1TeGqUAYxTaYprOFe/T+QoUWqSRKYzQXqkfnsz8S+vl+nYD3PKRaYJx4tFccagTuEsADigkmDNJoYgLKm5FeIRkghrE1PRhPD1KfyftCu269neTbXcuFzGUQDH4AScARfUQQNcgyZoAQwEeABP4NnKrEfrxXpdtK5Yy5kj8APW2yfm+JJI</latexit>

|ω→ Maintain a quantum model

For each data sample
<latexit sha1_base64="Elt5NIYxDGVgpjsdDsEKZ9nnMyg=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14TMAkQrKE2UlvMmb2wcysEJd8gRcPinj1k7z5N04egooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHbRmngkKLxjwWNz6RwFkELcUUh5tEAAl9Dh1/fDnzO3cgJIujazVJwAvJMGIBo0RpqXnfL5Yss1Ytu+dVbJllx63aZU0s96xiO9g2rTlKaIlGv/jeG8Q0DSFSlBMpu7aVKC8jQjHKYVropRISQsdkCF1NIxKC9LL5oVN8opUBDmKhK1J4rn6fyEgo5ST0dWdI1Ej+9mbiX143VYHrZSxKUgURXSwKUo5VjGdf4wETQBWfaEKoYPpWTEdEEKp0NgUdwten+H/SLpu2YzrNSql+sYwjj47QMTpFNqqhOrpCDdRCFAF6QE/o2bg1Ho0X43XRmjOWM4foB4y3T2QNjVs=</latexit>z

“One of the best movies.”

apply a small quantum 
rotation

<latexit sha1_base64="0kugV5Tx4oF68EfQdp7B9dQbzLU=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZDLegl48RjQLJEPo6fQkTXoWunuEGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6QcqZVJb1YeRWVtfWN/Kbha3tnd294v5BUyaZILRBEp6IdoAl5SymDcUUp+1UUBwFnLaC0eXMb91RIVkS36pxSv0ID2IWMoKVlm6avftesWSZ1YrjnVeQZTquV7EdTSzvrGy7yDatOUqwRL1XfO/2E5JFNFaEYyk7tpUqf4KFYoTTaaGbSZpiMsID2tE0xhGV/mR+6hSdaKWPwkToihWaq98nJjiSchwFujPCaih/ezPxL6+TqdDzJyxOM0VjslgUZhypBM3+Rn0mKFF8rAkmgulbERligYnS6RR0CF+fov9J0zFt13Svy6XaxTKOPBzBMZyCDVWowRXUoQEEBvAAT/BscOPReDFeF605YzlzCD9gvH0CwUWOJA==</latexit>

Vz



Quantum oracle sketching

Maintain a quantum model

For each data sample
<latexit sha1_base64="Elt5NIYxDGVgpjsdDsEKZ9nnMyg=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14TMAkQrKE2UlvMmb2wcysEJd8gRcPinj1k7z5N04egooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHbRmngkKLxjwWNz6RwFkELcUUh5tEAAl9Dh1/fDnzO3cgJIujazVJwAvJMGIBo0RpqXnfL5Yss1Ytu+dVbJllx63aZU0s96xiO9g2rTlKaIlGv/jeG8Q0DSFSlBMpu7aVKC8jQjHKYVropRISQsdkCF1NIxKC9LL5oVN8opUBDmKhK1J4rn6fyEgo5ST0dWdI1Ej+9mbiX143VYHrZSxKUgURXSwKUo5VjGdf4wETQBWfaEKoYPpWTEdEEKp0NgUdwten+H/SLpu2YzrNSql+sYwjj47QMTpFNqqhOrpCDdRCFAF6QE/o2bg1Ho0X43XRmjOWM4foB4y3T2QNjVs=</latexit>z

apply a small quantum 
rotation

<latexit sha1_base64="0kugV5Tx4oF68EfQdp7B9dQbzLU=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZDLegl48RjQLJEPo6fQkTXoWunuEGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6QcqZVJb1YeRWVtfWN/Kbha3tnd294v5BUyaZILRBEp6IdoAl5SymDcUUp+1UUBwFnLaC0eXMb91RIVkS36pxSv0ID2IWMoKVlm6avftesWSZ1YrjnVeQZTquV7EdTSzvrGy7yDatOUqwRL1XfO/2E5JFNFaEYyk7tpUqf4KFYoTTaaGbSZpiMsID2tE0xhGV/mR+6hSdaKWPwkToihWaq98nJjiSchwFujPCaih/ezPxL6+TqdDzJyxOM0VjslgUZhypBM3+Rn0mKFF8rAkmgulbERligYnS6RR0CF+fov9J0zFt13Svy6XaxTKOPBzBMZyCDVWowRXUoQEEBvAAT/BscOPReDFeF605YzlzCD9gvH0CwUWOJA==</latexit>

Vz

Repeat for        samples 
<latexit sha1_base64="IIeGjy0mCebeCDNuWNr4LbCQLwI=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14ERIwMZAsYXbSm4yZfTAzK4QlX+DFgyJe/SRv/o2Th6CiBQ1FVTfdXX7CmVSW9WHkVlbX1jfym4Wt7Z3dveL+QVvGqaDQojGPRccnEjiLoKWY4tBJBJDQ53Drjy9n/u09CMni6EZNEvBCMoxYwChRWmpe94sly6xVy+55FVtm2XGrdlkTyz2r2A62TWuOElqi0S++9wYxTUOIFOVEyq5tJcrLiFCMcpgWeqmEhNAxGUJX04iEIL1sfugUn2hlgINY6IoUnqvfJzISSjkJfd0ZEjWSv72Z+JfXTVXgehmLklRBRBeLgpRjFePZ13jABFDFJ5oQKpi+FdMREYQqnU1Bh/D1Kf6ftMum7ZhOs1KqXyzjyKMjdIxOkY1qqI6uUAO1EEWAHtATejbujEfjxXhdtOaM5cwh+gHj7RMf2Y0u</latexit>

M

<latexit sha1_base64="7rMnEbSbc6zkTpwThrqgqw1yFhI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLbNO6KblxWsA9oQplMJ+3QyWSYmQgl9jfcuFDErT/jzr9x+hBU9MCFwzn3cu89kWBUacf5sFZW19Y3Ngtbxe2d3b390sFhW6WZxKSFU5bKboQUYZSTlqaaka6QBCURI51ofDXzO3dEKpryWz0RJEzQkNOYYqSNFNwHQtFAIj5kpF8qO3a9VvEvatCxK55fcyuGOP551fWgaztzlMESzX7pPRikOEsI15ghpXquI3SYI6kpZmRaDDJFBMJjNCQ9QzlKiArz+c1TeGqUAYxTaYprOFe/T+QoUWqSRKYzQXqkfnsz8S+vl+nYD3PKRaYJx4tFccagTuEsADigkmDNJoYgLKm5FeIRkghrE1PRhPD1KfyftCu269neTbXcuFzGUQDH4AScARfUQQNcgyZoAQwEeABP4NnKrEfrxXpdtK5Yy5kj8APW2yfm+JJI</latexit>

|ω→



Quantum oracle sketching

<latexit sha1_base64="7rMnEbSbc6zkTpwThrqgqw1yFhI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLbNO6KblxWsA9oQplMJ+3QyWSYmQgl9jfcuFDErT/jzr9x+hBU9MCFwzn3cu89kWBUacf5sFZW19Y3Ngtbxe2d3b390sFhW6WZxKSFU5bKboQUYZSTlqaaka6QBCURI51ofDXzO3dEKpryWz0RJEzQkNOYYqSNFNwHQtFAIj5kpF8qO3a9VvEvatCxK55fcyuGOP551fWgaztzlMESzX7pPRikOEsI15ghpXquI3SYI6kpZmRaDDJFBMJjNCQ9QzlKiArz+c1TeGqUAYxTaYprOFe/T+QoUWqSRKYzQXqkfnsz8S+vl+nYD3PKRaYJx4tFccagTuEsADigkmDNJoYgLKm5FeIRkghrE1PRhPD1KfyftCu269neTbXcuFzGUQDH4AScARfUQQNcgyZoAQwEeABP4NnKrEfrxXpdtK5Yy5kj8APW2yfm+JJI</latexit>

|ω→

Maintain a quantum model

For each data sample
<latexit sha1_base64="Elt5NIYxDGVgpjsdDsEKZ9nnMyg=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14TMAkQrKE2UlvMmb2wcysEJd8gRcPinj1k7z5N04egooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHbRmngkKLxjwWNz6RwFkELcUUh5tEAAl9Dh1/fDnzO3cgJIujazVJwAvJMGIBo0RpqXnfL5Yss1Ytu+dVbJllx63aZU0s96xiO9g2rTlKaIlGv/jeG8Q0DSFSlBMpu7aVKC8jQjHKYVropRISQsdkCF1NIxKC9LL5oVN8opUBDmKhK1J4rn6fyEgo5ST0dWdI1Ej+9mbiX143VYHrZSxKUgURXSwKUo5VjGdf4wETQBWfaEKoYPpWTEdEEKp0NgUdwten+H/SLpu2YzrNSql+sYwjj47QMTpFNqqhOrpCDdRCFAF6QE/o2bg1Ho0X43XRmjOWM4foB4y3T2QNjVs=</latexit>z

apply a small quantum 
rotation

<latexit sha1_base64="0kugV5Tx4oF68EfQdp7B9dQbzLU=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZDLegl48RjQLJEPo6fQkTXoWunuEGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6QcqZVJb1YeRWVtfWN/Kbha3tnd294v5BUyaZILRBEp6IdoAl5SymDcUUp+1UUBwFnLaC0eXMb91RIVkS36pxSv0ID2IWMoKVlm6avftesWSZ1YrjnVeQZTquV7EdTSzvrGy7yDatOUqwRL1XfO/2E5JFNFaEYyk7tpUqf4KFYoTTaaGbSZpiMsID2tE0xhGV/mR+6hSdaKWPwkToihWaq98nJjiSchwFujPCaih/ezPxL6+TqdDzJyxOM0VjslgUZhypBM3+Rn0mKFF8rAkmgulbERligYnS6RR0CF+fov9J0zFt13Svy6XaxTKOPBzBMZyCDVWowRXUoQEEBvAAT/BscOPReDFeF605YzlzCD9gvH0CwUWOJA==</latexit>

Vz

a random gate sequence
<latexit sha1_base64="FJ8MrDNdpDaNz3FOOUsN7IeCZvw=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGpbRp3RTduhAr2AW0Ik+m0HTp5MDMRagj4K25cKOLW73Dn3zhNK6jogQtnzrmXuff4MaNCmuaHVlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdHwnCaEhakkpGujEnKPAZ6fiTi5nfuSVc0Ci8kdOYuAEahXRIMZJK8vSDtpfeeVdZHw8iKWD+sjJPL5tGvVZxzmrQNCq2U7MqipjOadWyoWWYOcpggaanv/cHEU4CEkrMkBA9y4ylmyIuKWYkK/UTQWKEJ2hEeoqGKCDCTfP1M3islAEcRlxVKGGufp9IUSDENPBVZ4DkWPz2ZuJfXi+RQ8dNaRgnkoR4/tEwYVBGcJYFHFBOsGRTRRDmVO0K8RhxhKVKrKRC+LoU/k/aFcOyDfu6Wm6cL+IogkNwBE6ABeqgAS5BE7QABil4AE/gWbvXHrUX7XXeWtAWM/vgB7S3T69Blf0=</latexit>

VzM · · ·Vz1

Repeat for        samples 
<latexit sha1_base64="IIeGjy0mCebeCDNuWNr4LbCQLwI=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14ERIwMZAsYXbSm4yZfTAzK4QlX+DFgyJe/SRv/o2Th6CiBQ1FVTfdXX7CmVSW9WHkVlbX1jfym4Wt7Z3dveL+QVvGqaDQojGPRccnEjiLoKWY4tBJBJDQ53Drjy9n/u09CMni6EZNEvBCMoxYwChRWmpe94sly6xVy+55FVtm2XGrdlkTyz2r2A62TWuOElqi0S++9wYxTUOIFOVEyq5tJcrLiFCMcpgWeqmEhNAxGUJX04iEIL1sfugUn2hlgINY6IoUnqvfJzISSjkJfd0ZEjWSv72Z+JfXTVXgehmLklRBRBeLgpRjFePZ13jABFDFJ5oQKpi+FdMREYQqnU1Bh/D1Kf6ftMum7ZhOs1KqXyzjyKMjdIxOkY1qqI6uUAO1EEWAHtATejbujEfjxXhdtOaM5cwh+gHj7RMf2Y0u</latexit>

M



Quantum oracle sketching

Maintain a quantum model

For each data sample
<latexit sha1_base64="Elt5NIYxDGVgpjsdDsEKZ9nnMyg=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14TMAkQrKE2UlvMmb2wcysEJd8gRcPinj1k7z5N04egooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHbRmngkKLxjwWNz6RwFkELcUUh5tEAAl9Dh1/fDnzO3cgJIujazVJwAvJMGIBo0RpqXnfL5Yss1Ytu+dVbJllx63aZU0s96xiO9g2rTlKaIlGv/jeG8Q0DSFSlBMpu7aVKC8jQjHKYVropRISQsdkCF1NIxKC9LL5oVN8opUBDmKhK1J4rn6fyEgo5ST0dWdI1Ej+9mbiX143VYHrZSxKUgURXSwKUo5VjGdf4wETQBWfaEKoYPpWTEdEEKp0NgUdwten+H/SLpu2YzrNSql+sYwjj47QMTpFNqqhOrpCDdRCFAF6QE/o2bg1Ho0X43XRmjOWM4foB4y3T2QNjVs=</latexit>z

apply a small quantum 
rotation

<latexit sha1_base64="0kugV5Tx4oF68EfQdp7B9dQbzLU=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZDLegl48RjQLJEPo6fQkTXoWunuEGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6QcqZVJb1YeRWVtfWN/Kbha3tnd294v5BUyaZILRBEp6IdoAl5SymDcUUp+1UUBwFnLaC0eXMb91RIVkS36pxSv0ID2IWMoKVlm6avftesWSZ1YrjnVeQZTquV7EdTSzvrGy7yDatOUqwRL1XfO/2E5JFNFaEYyk7tpUqf4KFYoTTaaGbSZpiMsID2tE0xhGV/mR+6hSdaKWPwkToihWaq98nJjiSchwFujPCaih/ezPxL6+TqdDzJyxOM0VjslgUZhypBM3+Rn0mKFF8rAkmgulbERligYnS6RR0CF+fov9J0zFt13Svy6XaxTKOPBzBMZyCDVWowRXUoQEEBvAAT/BscOPReDFeF605YzlzCD9gvH0CwUWOJA==</latexit>

Vz

a random gate sequence
<latexit sha1_base64="FJ8MrDNdpDaNz3FOOUsN7IeCZvw=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGpbRp3RTduhAr2AW0Ik+m0HTp5MDMRagj4K25cKOLW73Dn3zhNK6jogQtnzrmXuff4MaNCmuaHVlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdHwnCaEhakkpGujEnKPAZ6fiTi5nfuSVc0Ci8kdOYuAEahXRIMZJK8vSDtpfeeVdZHw8iKWD+sjJPL5tGvVZxzmrQNCq2U7MqipjOadWyoWWYOcpggaanv/cHEU4CEkrMkBA9y4ylmyIuKWYkK/UTQWKEJ2hEeoqGKCDCTfP1M3islAEcRlxVKGGufp9IUSDENPBVZ4DkWPz2ZuJfXi+RQ8dNaRgnkoR4/tEwYVBGcJYFHFBOsGRTRRDmVO0K8RhxhKVKrKRC+LoU/k/aFcOyDfu6Wm6cL+IogkNwBE6ABeqgAS5BE7QABil4AE/gWbvXHrUX7XXeWtAWM/vgB7S3T69Blf0=</latexit>

VzM · · ·Vz1

Repeat for        samples 
<latexit sha1_base64="IIeGjy0mCebeCDNuWNr4LbCQLwI=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14ERIwMZAsYXbSm4yZfTAzK4QlX+DFgyJe/SRv/o2Th6CiBQ1FVTfdXX7CmVSW9WHkVlbX1jfym4Wt7Z3dveL+QVvGqaDQojGPRccnEjiLoKWY4tBJBJDQ53Drjy9n/u09CMni6EZNEvBCMoxYwChRWmpe94sly6xVy+55FVtm2XGrdlkTyz2r2A62TWuOElqi0S++9wYxTUOIFOVEyq5tJcrLiFCMcpgWeqmEhNAxGUJX04iEIL1sfugUn2hlgINY6IoUnqvfJzISSjkJfd0ZEjWSv72Z+JfXTVXgehmLklRBRBeLgpRjFePZ13jABFDFJ5oQKpi+FdMREYQqnU1Bh/D1Kf6ftMum7ZhOs1KqXyzjyKMjdIxOkY1qqI6uUAO1EEWAHtATejbujEfjxXhdtOaM5cwh+gHj7RMf2Y0u</latexit>

M

≈ a quantum oracle query

<latexit sha1_base64="7rMnEbSbc6zkTpwThrqgqw1yFhI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLbNO6KblxWsA9oQplMJ+3QyWSYmQgl9jfcuFDErT/jzr9x+hBU9MCFwzn3cu89kWBUacf5sFZW19Y3Ngtbxe2d3b390sFhW6WZxKSFU5bKboQUYZSTlqaaka6QBCURI51ofDXzO3dEKpryWz0RJEzQkNOYYqSNFNwHQtFAIj5kpF8qO3a9VvEvatCxK55fcyuGOP551fWgaztzlMESzX7pPRikOEsI15ghpXquI3SYI6kpZmRaDDJFBMJjNCQ9QzlKiArz+c1TeGqUAYxTaYprOFe/T+QoUWqSRKYzQXqkfnsz8S+vl+nYD3PKRaYJx4tFccagTuEsADigkmDNJoYgLKm5FeIRkghrE1PRhPD1KfyftCu269neTbXcuFzGUQDH4AScARfUQQNcgyZoAQwEeABP4NnKrEfrxXpdtK5Yy5kj8APW2yfm+JJI</latexit>

|ω→



Quantum oracle sketching

<latexit sha1_base64="cAHOhns/gA859gjb6FZpmwi4qzM=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygn1AG8pkOmmGziRhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6SMSmVZH0ZpbX1jc6u8XdnZ3ds/qB4edWWSCUw6OGGJ6AdIEkZj0lFUMdJPBUE8YKQXTK8Lv3dPhKRJfKdmKfE5msQ0pBipQhqKKBlVa5bZbDjeZQNapuN6DdvRxPIu6rYLbdNaoAZWaI+q78NxgjNOYoUZknJgW6nycyQUxYzMK8NMkhThKZqQgaYx4kT6+eLWOTzTyhiGidAVK7hQv0/kiEs544Hu5EhF8rdXiH95g0yFnp/TOM0UifFyUZgxqBJYPA7HVBCs2EwThAXVt0IcIYGw0vFUdAhfn8L/Sdcxbdd0b+u11tUqjjI4AafgHNigCVrgBrRBB2AQgQfwBJ4NbjwaL8brsrVkrGaOwQ8Yb5+aaY6k</latexit>ω

Data randomness leads to 
decoherence for generic 
rotations

<latexit sha1_base64="FJ8MrDNdpDaNz3FOOUsN7IeCZvw=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGpbRp3RTduhAr2AW0Ik+m0HTp5MDMRagj4K25cKOLW73Dn3zhNK6jogQtnzrmXuff4MaNCmuaHVlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdHwnCaEhakkpGujEnKPAZ6fiTi5nfuSVc0Ci8kdOYuAEahXRIMZJK8vSDtpfeeVdZHw8iKWD+sjJPL5tGvVZxzmrQNCq2U7MqipjOadWyoWWYOcpggaanv/cHEU4CEkrMkBA9y4ylmyIuKWYkK/UTQWKEJ2hEeoqGKCDCTfP1M3islAEcRlxVKGGufp9IUSDENPBVZ4DkWPz2ZuJfXi+RQ8dNaRgnkoR4/tEwYVBGcJYFHFBOsGRTRRDmVO0K8RhxhKVKrKRC+LoU/k/aFcOyDfu6Wm6cL+IogkNwBE6ABeqgAS5BE7QABil4AE/gWbvXHrUX7XXeWtAWM/vgB7S3T69Blf0=</latexit>

VzM · · ·Vz1



Quantum oracle sketching

<latexit sha1_base64="cAHOhns/gA859gjb6FZpmwi4qzM=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygn1AG8pkOmmGziRhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6SMSmVZH0ZpbX1jc6u8XdnZ3ds/qB4edWWSCUw6OGGJ6AdIEkZj0lFUMdJPBUE8YKQXTK8Lv3dPhKRJfKdmKfE5msQ0pBipQhqKKBlVa5bZbDjeZQNapuN6DdvRxPIu6rYLbdNaoAZWaI+q78NxgjNOYoUZknJgW6nycyQUxYzMK8NMkhThKZqQgaYx4kT6+eLWOTzTyhiGidAVK7hQv0/kiEs544Hu5EhF8rdXiH95g0yFnp/TOM0UifFyUZgxqBJYPA7HVBCs2EwThAXVt0IcIYGw0vFUdAhfn8L/Sdcxbdd0b+u11tUqjjI4AafgHNigCVrgBrRBB2AQgQfwBJ4NbjwaL8brsrVkrGaOwQ8Yb5+aaY6k</latexit>ω

Data randomness leads to 
decoherence for generic 
rotations

<latexit sha1_base64="FJ8MrDNdpDaNz3FOOUsN7IeCZvw=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGpbRp3RTduhAr2AW0Ik+m0HTp5MDMRagj4K25cKOLW73Dn3zhNK6jogQtnzrmXuff4MaNCmuaHVlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdHwnCaEhakkpGujEnKPAZ6fiTi5nfuSVc0Ci8kdOYuAEahXRIMZJK8vSDtpfeeVdZHw8iKWD+sjJPL5tGvVZxzmrQNCq2U7MqipjOadWyoWWYOcpggaanv/cHEU4CEkrMkBA9y4ylmyIuKWYkK/UTQWKEJ2hEeoqGKCDCTfP1M3islAEcRlxVKGGufp9IUSDENPBVZ4DkWPz2ZuJfXi+RQ8dNaRgnkoR4/tEwYVBGcJYFHFBOsGRTRRDmVO0K8RhxhKVKrKRC+LoU/k/aFcOyDfu6Wm6cL+IogkNwBE6ABeqgAS5BE7QABil4AE/gWbvXHrUX7XXeWtAWM/vgB7S3T69Blf0=</latexit>

VzM · · ·Vz1

no quantum advantage
[randomized Hamiltonian simulation; qDrift]



Quantum oracle sketching

Carefully design the rotations 
to be nearly orthogonal           
to avoid decoherence.<latexit sha1_base64="N3o8HdX+0WnJeLGMBa5juEaGLDs=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygm2FNpTJdNKOncyEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJXIJCYtLJiQtxFShFFOWppqRm5TSVASMdKJxpczv3NPpKKC3+hJSsIEDTmNKUbaSO2eSFmm+uWKY9drXnBeg47t+UHN9QxxgrOq60PXduaogCWa/fJ7byBwlhCuMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1lKOEqDCfXzuFJ0YZwFhIU1zDufp9IkeJUpMkMp0J0iP125uJf3ndTMdBmFOeZppwvFgUZwxqAWevwwGVBGs2MQRhSc2tEI+QRFibgEomhK9P4f+k7dmub/vX1UrjYhlHERyBY3AKXFAHDXAFmqAFMLgDD+AJPFvCerRerNdFa8FazhyCH7DePgFKyo+i</latexit>→

<latexit sha1_base64="N3o8HdX+0WnJeLGMBa5juEaGLDs=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygm2FNpTJdNKOncyEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJXIJCYtLJiQtxFShFFOWppqRm5TSVASMdKJxpczv3NPpKKC3+hJSsIEDTmNKUbaSO2eSFmm+uWKY9drXnBeg47t+UHN9QxxgrOq60PXduaogCWa/fJ7byBwlhCuMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1lKOEqDCfXzuFJ0YZwFhIU1zDufp9IkeJUpMkMp0J0iP125uJf3ndTMdBmFOeZppwvFgUZwxqAWevwwGVBGs2MQRhSc2tEI+QRFibgEomhK9P4f+k7dmub/vX1UrjYhlHERyBY3AKXFAHDXAFmqAFMLgDD+AJPFvCerRerNdFa8FazhyCH7DePgFKyo+i</latexit>→



Quantum oracle sketching

<latexit sha1_base64="N3o8HdX+0WnJeLGMBa5juEaGLDs=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygm2FNpTJdNKOncyEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJXIJCYtLJiQtxFShFFOWppqRm5TSVASMdKJxpczv3NPpKKC3+hJSsIEDTmNKUbaSO2eSFmm+uWKY9drXnBeg47t+UHN9QxxgrOq60PXduaogCWa/fJ7byBwlhCuMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1lKOEqDCfXzuFJ0YZwFhIU1zDufp9IkeJUpMkMp0J0iP125uJf3ndTMdBmFOeZppwvFgUZwxqAWevwwGVBGs2MQRhSc2tEI+QRFibgEomhK9P4f+k7dmub/vX1UrjYhlHERyBY3AKXFAHDXAFmqAFMLgDD+AJPFvCerRerNdFa8FazhyCH7DePgFKyo+i</latexit>→

<latexit sha1_base64="N3o8HdX+0WnJeLGMBa5juEaGLDs=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygm2FNpTJdNKOncyEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJXIJCYtLJiQtxFShFFOWppqRm5TSVASMdKJxpczv3NPpKKC3+hJSsIEDTmNKUbaSO2eSFmm+uWKY9drXnBeg47t+UHN9QxxgrOq60PXduaogCWa/fJ7byBwlhCuMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1lKOEqDCfXzuFJ0YZwFhIU1zDufp9IkeJUpMkMp0J0iP125uJf3ndTMdBmFOeZppwvFgUZwxqAWevwwGVBGs2MQRhSc2tEI+QRFibgEomhK9P4f+k7dmub/vX1UrjYhlHERyBY3AKXFAHDXAFmqAFMLgDD+AJPFvCerRerNdFa8FazhyCH7DePgFKyo+i</latexit>→
With                    samples, we can emulate 
quantum queries to an oracle of       items 
with no memory overhead.

Theorem (Quantum Oracle Sketch)
<latexit sha1_base64="Clpq3xWovnKqV/ZXGr/27koM3To=">AAAB83icdVDLSsNAFJ3UV62vqks3g0Wom5DENo27ohtX0kJf0MQymU7aoZMHMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69x08YFdIwPrTc2vrG5lZ+u7Czu7d/UDw86og45Zi0ccxi3vORIIxGpC2pZKSXcIJCn5GuP7me+917wgWNo5acJsQL0SiiAcVIKsl1W2MiUfm2eWedD4olQ69VLeeyCg3dsp2qaSliOBcV04ambixQAis0BsV3dxjjNCSRxAwJ0TeNRHoZ4pJiRmYFNxUkQXiCRqSvaIRCIrxscfMMnillCIOYq4okXKjfJzIUCjENfdUZIjkWv725+JfXT2XgeBmNklSSCC8XBSmDMobzAOCQcoIlmyqCMKfqVojHiCMsVUwFFcLXp/B/0rF009btZqVUv1rFkQcn4BSUgQlqoA5uQAO0AQYJeABP4FlLtUftRXtdtua01cwx+AHt7RMjb5Eh</latexit>

!(NQ2)
<latexit sha1_base64="zN0a3RivoPg7d8wULTSRwN1zPbU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZBJvQS8eEzALJEPo6fQkbXoWunuEMOQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1/IQzqSzrw8itrW9sbuW3Czu7e/sHxcOjtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k+u537mnQrI4ulXThHohHkUsYAQrLTWbg2LJMqsVp3ZZQZbpuLWK7Whi1S7Ktots01qgBCs0BsX3/jAmaUgjRTiWsmdbifIyLBQjnM4K/VTSBJMJHtGephEOqfSyxaEzdKaVIQpioStSaKF+n8hwKOU09HVniNVY/vbm4l9eL1VBzctYlKSKRmS5KEg5UjGaf42GTFCi+FQTTATTtyIyxgITpbMp6BC+PkX/k7Zj2q7pNsul+tUqjjycwCmcgw1VqMMNNKAFBCg8wBM8G3fGo/FivC5bc8Zq5hh+wHj7BCXpjTI=</latexit>

Q
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

Carefully design the rotations 
to be nearly orthogonal           
to avoid decoherence.



Example Goal: estimate property of
<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven

Toy example



multi-controlled phase gate

<latexit sha1_base64="sG1USYluIH+Z89UUF1OschOvrFg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxZNUsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Uo+2HHCgpgMJI84JdZJza5QA3zXK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGvXeRwFOIYTOAMfLqEGt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHwyWjs0=</latexit>

logN

<latexit sha1_base64="+OI7ElNkTH750jSYUVX7Z0gF8aU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOYByRJmJ51kyOzsOjMrhiU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zUdUmkfy3oxj9EM6kLzPGTVWaj11+ZXnul63WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10du+EnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/6adcxolByeaL+okgJiLT50mPK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNM7KXqVcuTsvVa+zOPJwBMdwCh5cQBVuoQZ1YCDgGV7hzXlwXpx352PemnOymUP4A+fzB6evjxQ=</latexit>

xi = 1001
<latexit sha1_base64="GwDJQsXZBLD6FruB7FWoZzDrtyE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquSPUiFL14rGA/oF1KNs22odlkTbJiWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6mfuuRKs2kuDfjmPoRHggWMoKNldph+anHTq+8XrHkVtwZ0DLxMlKCDPVe8avblySJqDCEY607nhsbP8XKMMLppNBNNI0xGeEB7VgqcES1n87unaATq/RRKJUtYdBM/T2R4kjrcRTYzgiboV70puJ/Xicx4aWfMhEnhgoyXxQmHBmJps+jPlOUGD62BBPF7K2IDLHCxNiICjYEb/HlZdI8q3jVSvXuvFS7zuLIwxEcQxk8uIAa3EIdGkCAwzO8wpvz4Lw4787HvDXnZDOH8AfO5w/g+Y86</latexit>

f(xi) = 1 <latexit sha1_base64="90f3loplcJK/lBbXnP1mfMs153A="></latexit>

Vi = exp

(
i
t

M0
f(xi)|xi→↑xi|

)

Toy example
Example Goal: estimate property of

<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven



<latexit sha1_base64="sG1USYluIH+Z89UUF1OschOvrFg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxZNUsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Uo+2HHCgpgMJI84JdZJza5QA3zXK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGvXeRwFOIYTOAMfLqEGt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHwyWjs0=</latexit>

logN

<latexit sha1_base64="90f3loplcJK/lBbXnP1mfMs153A="></latexit>

Vi = exp

(
i
t

M0
f(xi)|xi→↑xi|

)
<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

<latexit sha1_base64="Q1hQ+C3zyxe+fxmVrQS1PzeEfgA=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBKR6rHoxYtQwaaFNoTNZtsu3WzC7kQpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1PBNTjOt7Wyura+sVnaKm/v7O7t25UDTyeZoqxFE5GoTkg0E1yyFnAQrJMqRuJQsHY4up767QemNE/kPYxT5sdkIHmfUwJGCuyKF+S3gTPp0SgBjb3ADeyqU3NmwMvELUgVFWgG9lcvSmgWMwlUEK27rpOCnxMFnAo2KfcyzVJCR2TAuoZKEjPt57PTJ/jEKBHuJ8qUBDxTf0/kJNZ6HIemMyYw1IveVPzP62bQv/RzLtMMmKTzRf1MYEjwNAccccUoiLEhhCpubsV0SBShYNIqmxDcxZeXiXdWc+u1+t15tXFVxFFCR+gYnSIXXaAGukFN1EIUPaJn9IrerCfrxXq3PuatK1Yxc4j+wPr8AVIBk2g=</latexit>

VM0 · · ·V1

frequency of

<latexit sha1_base64="4nS05i1nKMjb70YRNXBrKPKrhS0="></latexit>

= exp

(
it
∑

x

mxf(x)|x→↑x|
)

<latexit sha1_base64="46wrqN6nnC2v5y9WnxonLIRRhlI=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GiZDO60LoejGZQX7gHYomTTThmYyQ5KRlqHf4MaFIm79IHf+jelDUNEDFw7n3Mu99wQJZ0o7zoeVW1vf2NzKbxd2dvf2D4qHRy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB+Prud++p1KxWNzpaUL9CA8FCxnB2kjNSZ9dTvrFkmMjVK4iFzq2W6lceDVDPNdFXgUi21mgBFZo9IvvvUFM0ogKTThWqoucRPsZlpoRTmeFXqpogskYD2nXUIEjqvxscewMnhllAMNYmhIaLtTvExmOlJpGgemMsB6p395c/Mvrpjqs+RkTSaqpIMtFYcqhjuH8czhgkhLNp4ZgIpm5FZIRlphok0/BhPD1KfyftFwbebZ3Wy7Vr1Zx5MEJOAXnAIEqqIMb0ABNQAADD+AJPFvCerRerNdla85azRyDH7DePgEseo71</latexit>xi = x

Toy example
Example Goal: estimate property of

<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven



<latexit sha1_base64="sG1USYluIH+Z89UUF1OschOvrFg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxZNUsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Uo+2HHCgpgMJI84JdZJza5QA3zXK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGvXeRwFOIYTOAMfLqEGt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHwyWjs0=</latexit>

logN

<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

<latexit sha1_base64="90f3loplcJK/lBbXnP1mfMs153A="></latexit>

Vi = exp

(
i
t

M0
f(xi)|xi→↑xi|

)

<latexit sha1_base64="Q1hQ+C3zyxe+fxmVrQS1PzeEfgA=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBKR6rHoxYtQwaaFNoTNZtsu3WzC7kQpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1PBNTjOt7Wyura+sVnaKm/v7O7t25UDTyeZoqxFE5GoTkg0E1yyFnAQrJMqRuJQsHY4up767QemNE/kPYxT5sdkIHmfUwJGCuyKF+S3gTPp0SgBjb3ADeyqU3NmwMvELUgVFWgG9lcvSmgWMwlUEK27rpOCnxMFnAo2KfcyzVJCR2TAuoZKEjPt57PTJ/jEKBHuJ8qUBDxTf0/kJNZ6HIemMyYw1IveVPzP62bQv/RzLtMMmKTzRf1MYEjwNAccccUoiLEhhCpubsV0SBShYNIqmxDcxZeXiXdWc+u1+t15tXFVxFFCR+gYnSIXXaAGukFN1EIUPaJn9IrerCfrxXq3PuatK1Yxc4j+wPr8AVIBk2g=</latexit>

VM0 · · ·V1

frequency of

<latexit sha1_base64="4nS05i1nKMjb70YRNXBrKPKrhS0="></latexit>

= exp

(
it
∑

x

mxf(x)|x→↑x|
)

<latexit sha1_base64="46wrqN6nnC2v5y9WnxonLIRRhlI=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GiZDO60LoejGZQX7gHYomTTThmYyQ5KRlqHf4MaFIm79IHf+jelDUNEDFw7n3Mu99wQJZ0o7zoeVW1vf2NzKbxd2dvf2D4qHRy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB+Prud++p1KxWNzpaUL9CA8FCxnB2kjNSZ9dTvrFkmMjVK4iFzq2W6lceDVDPNdFXgUi21mgBFZo9IvvvUFM0ogKTThWqoucRPsZlpoRTmeFXqpogskYD2nXUIEjqvxscewMnhllAMNYmhIaLtTvExmOlJpGgemMsB6p395c/Mvrpjqs+RkTSaqpIMtFYcqhjuH8czhgkhLNp4ZgIpm5FZIRlphok0/BhPD1KfyftFwbebZ3Wy7Vr1Zx5MEJOAXnAIEqqIMb0ABNQAADD+AJPFvCerRerNdla85azRyDH7DePgEseo71</latexit>xi = x

<latexit sha1_base64="x70KQftnd7ws/hvxwIv9CQDJ3zw=">AAAB+XicdVDLSgMxFM34tr5GXboJFqFuxslgx7oQRDeupILVQjuUTJq2oZlMSDLFMvgnblwo4tY/ceffmD4EFT1w4XDOvdx7Tyw508b3P5yZ2bn5hcWl5cLK6tr6hru5daPTTBFaIylPVT3GmnImaM0ww2ldKoqTmNPbuH8+8m8HVGmWimszlDRKcFewDiPYWKnluk0spUrvoCzd7Z+gg8uWW/Q9hA6PUAB9LyiXj8OKJWEQoLAMkeePUQRTVFvue7OdkiyhwhCOtW4gX5oox8owwul9oZlpKjHp4y5tWCpwQnWUjy+/h3tWacNOqmwJA8fq94kcJ1oPk9h2Jtj09G9vJP7lNTLTqUQ5EzIzVJDJok7GoUnhKAbYZooSw4eWYKKYvRWSHlaYGBtWwYbw9Sn8n9wEHgq98OqweHo2jWMJ7IBdUAIIHIFTcAGqoAYIGIAH8ASendx5dF6c10nrjDOd2QY/4Lx9Algrktk=</latexit>

→ p(x) = 1/N

Toy example
Example Goal: estimate property of

<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven



<latexit sha1_base64="sG1USYluIH+Z89UUF1OschOvrFg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxZNUsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Uo+2HHCgpgMJI84JdZJza5QA3zXK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGvXeRwFOIYTOAMfLqEGt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHwyWjs0=</latexit>

logN

<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

<latexit sha1_base64="90f3loplcJK/lBbXnP1mfMs153A="></latexit>

Vi = exp

(
i
t

M0
f(xi)|xi→↑xi|

)

<latexit sha1_base64="Q1hQ+C3zyxe+fxmVrQS1PzeEfgA=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBKR6rHoxYtQwaaFNoTNZtsu3WzC7kQpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1PBNTjOt7Wyura+sVnaKm/v7O7t25UDTyeZoqxFE5GoTkg0E1yyFnAQrJMqRuJQsHY4up767QemNE/kPYxT5sdkIHmfUwJGCuyKF+S3gTPp0SgBjb3ADeyqU3NmwMvELUgVFWgG9lcvSmgWMwlUEK27rpOCnxMFnAo2KfcyzVJCR2TAuoZKEjPt57PTJ/jEKBHuJ8qUBDxTf0/kJNZ6HIemMyYw1IveVPzP62bQv/RzLtMMmKTzRf1MYEjwNAccccUoiLEhhCpubsV0SBShYNIqmxDcxZeXiXdWc+u1+t15tXFVxFFCR+gYnSIXXaAGukFN1EIUPaJn9IrerCfrxXq3PuatK1Yxc4j+wPr8AVIBk2g=</latexit>

VM0 · · ·V1
<latexit sha1_base64="4nS05i1nKMjb70YRNXBrKPKrhS0="></latexit>

= exp

(
it
∑

x

mxf(x)|x→↑x|
)

<latexit sha1_base64="x70KQftnd7ws/hvxwIv9CQDJ3zw=">AAAB+XicdVDLSgMxFM34tr5GXboJFqFuxslgx7oQRDeupILVQjuUTJq2oZlMSDLFMvgnblwo4tY/ceffmD4EFT1w4XDOvdx7Tyw508b3P5yZ2bn5hcWl5cLK6tr6hru5daPTTBFaIylPVT3GmnImaM0ww2ldKoqTmNPbuH8+8m8HVGmWimszlDRKcFewDiPYWKnluk0spUrvoCzd7Z+gg8uWW/Q9hA6PUAB9LyiXj8OKJWEQoLAMkeePUQRTVFvue7OdkiyhwhCOtW4gX5oox8owwul9oZlpKjHp4y5tWCpwQnWUjy+/h3tWacNOqmwJA8fq94kcJ1oPk9h2Jtj09G9vJP7lNTLTqUQ5EzIzVJDJok7GoUnhKAbYZooSw4eWYKKYvRWSHlaYGBtWwYbw9Sn8n9wEHgq98OqweHo2jWMJ7IBdUAIIHIFTcAGqoAYIGIAH8ASendx5dF6c10nrjDOd2QY/4Lx9Algrktk=</latexit>

→ p(x) = 1/N
<latexit sha1_base64="i2eADWuPaUz6ARtaTKVpunj95vk=">AAACG3icbVDLSgMxFM34tr6qLt0Ei9BuykyR6rLoxqWCrUJnKJn0ThuayYQkI1NG/8ONv+LGhSKuBBf+jem0C18Hwj2ccy8394SSM21c99OZm19YXFpeWS2trW9sbpW3dzo6SRWFNk14oq5DooEzAW3DDIdrqYDEIYercHQ68a9uQGmWiEszlhDEZCBYxCgxVuqVGz6RUiUZ9nUa92yBTFaZLxmOqlmthm8zXxEx4ODzouDstleuuHW3AP5LvBmpoBnOe+V3v5/QNAZhKCdadz1XmiAnyjDK4a7kpxokoSMygK6lgsSgg7y47Q4fWKWPo0TZJwwu1O8TOYm1Hseh7YyJGerf3kT8z+umJjoOciZkakDQ6aIo5dgkeBIU7jMF1PCxJYQqZv+K6ZAoQo2Ns2RD8H6f/Jd0GnWvWW9eHFZaJ7M4VtAe2kdV5KEj1EJn6By1EUX36BE9oxfnwXlyXp23aeucM5vZRT/gfHwBgiShGw==</latexit>

→
∑

x

exp(iωf(x))|x↑↓x|

<latexit sha1_base64="+Lhtpjj4Bqb1GFRfO4HxQM0Y9H0=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXw0xtp9OFUHTjSirYB7RDyaSZNjSTCUlGKEM/wo0LRdz6Pe78G9OHoKIHLhzOuZd77wkFo0o7zoe1srq2vrGZ28pv7+zu7RcODlsqSSUmTZywRHZCpAijnDQ11Yx0hCQoDhlph+Ormd++J1LRhN/piSBBjIacRhQjbaS2vugJCm/6haJjO75f8krQsd1quVb2DKlUzqt+Dbq2M0cRLNHoF957gwSnMeEaM6RU13WEDjIkNcWMTPO9VBGB8BgNSddQjmKigmx+7hSeGmUAo0Sa4hrO1e8TGYqVmsSh6YyRHqnf3kz8y+umOvKDjHKRasLxYlGUMqgTOPsdDqgkWLOJIQhLam6FeIQkwtoklDchfH0K/yetku16tndbLtYvl3HkwDE4AWfABVVQB9egAZoAgzF4AE/g2RLWo/VivS5aV6zlzBH4AevtEyglj30=</latexit>

t = ωN

Example Goal: estimate property of
<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven

Toy example



<latexit sha1_base64="sG1USYluIH+Z89UUF1OschOvrFg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxZNUsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Uo+2HHCgpgMJI84JdZJza5QA3zXK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGvXeRwFOIYTOAMfLqEGt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHwyWjs0=</latexit>

logN

<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

<latexit sha1_base64="90f3loplcJK/lBbXnP1mfMs153A="></latexit>

Vi = exp

(
i
t

M0
f(xi)|xi→↑xi|

)

<latexit sha1_base64="Q1hQ+C3zyxe+fxmVrQS1PzeEfgA=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBKR6rHoxYtQwaaFNoTNZtsu3WzC7kQpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1PBNTjOt7Wyura+sVnaKm/v7O7t25UDTyeZoqxFE5GoTkg0E1yyFnAQrJMqRuJQsHY4up767QemNE/kPYxT5sdkIHmfUwJGCuyKF+S3gTPp0SgBjb3ADeyqU3NmwMvELUgVFWgG9lcvSmgWMwlUEK27rpOCnxMFnAo2KfcyzVJCR2TAuoZKEjPt57PTJ/jEKBHuJ8qUBDxTf0/kJNZ6HIemMyYw1IveVPzP62bQv/RzLtMMmKTzRf1MYEjwNAccccUoiLEhhCpubsV0SBShYNIqmxDcxZeXiXdWc+u1+t15tXFVxFFCR+gYnSIXXaAGukFN1EIUPaJn9IrerCfrxXq3PuatK1Yxc4j+wPr8AVIBk2g=</latexit>

VM0 · · ·V1
<latexit sha1_base64="o2yYtY4h7k6GJJCicoqS1KBZ84w=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJqB6oEocJYwcJYJPqQmlI5rtNadZzIdlCqtH/Bwq+wMIAQK2z8DW6aAVqOdHWPzrlX9j1uyKhUlvVt5FZW19Y38puFre2d3T1z/6Apg0hg0sABC0TbRZIwyklDUcVIOxQE+S4jLXd0PfNbD0RIGvA7NQ5J10cDTj2KkdJSz6w4KAxFEENHRn4vhqVTu3yfeKW4PIWT2BGIDxhxWNpgPOmZRatipYDLxM5IEWSo98wvpx/gyCdcYYak7NhWqLoJEopiRqYFJ5IkRHiEBqSjKUc+kd0kvWsKT7TSh14gdHEFU/X3RoJ8Kce+qyd9pIZy0ZuJ/3mdSHmX3YTyMFKE4/lDXsSgCuAsJNingmDFxpogLKj+K8RDJBBWOsqCDsFePHmZNM8qdrVSvT0v1q6yOPLgCByDErDBBaiBG1AHDYDBI3gGr+DNeDJejHfjYz6aM7KdQ/AHxucPB76fQA==</latexit>

→
∑

x

(↑1)f(x)|x↓↔x| <latexit sha1_base64="s08wOWp95y+l/N7pV5r81ehz9Ec=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14MwETA8kSZie9yZjZBzOzQljyBV48KOLVT/Lm3zh5CCpa0FBUddPd5SecSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGWcCgotGvNYdHwigbMIWoopDp1EAAl9Drf++HLm396DkCyObtQkAS8kw4gFjBKlpeZ1v1iyzFq17J5XsWWWHbdqlzWx3LOK7WDbtOYooSUa/eJ7bxDTNIRIUU6k7NpWoryMCMUoh2mhl0pICB2TIXQ1jUgI0svmh07xiVYGOIiFrkjhufp9IiOhlJPQ150hUSP525uJf3ndVAWul7EoSRVEdLEoSDlWMZ59jQdMAFV8ogmhgulbMR0RQajS2RR0CF+f4v9Ju2zajuk0K6X6xTKOPDpCx+gU2aiG6ugKNVALUQToAT2hZ+POeDRejNdFa85YzhyiHzDePgEi4Y0w</latexit>

O

phase 
oracle

Theorem
<latexit sha1_base64="nxrYeDQmA6l96IaOr37pBo3SuJU=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJe4KxK9CEEvXpQIeUF2CbOT3mTI7OwyMyuEEC/+ihcPinj1L7z5N04eB40WNBRV3XR3BQlnSjvOl5VZWFxaXsmu5tbWNza37O2duopTSaFGYx7LZkAUcCagppnm0EwkkCjg0Aj6V2O/cQ9SsVhU9SABPyJdwUJGiTZS2967aTv4AnvVHmhSuD32IFGMx+KobeedojMB/kvcGcmjGSpt+9PrxDSNQGjKiVIt10m0PyRSM8phlPNSBQmhfdKFlqGCRKD84eSDET40SgeHsTQlNJ6oPyeGJFJqEAWmMyK6p+a9sfif10p1eO4PmUhSDYJOF4UpxzrG4zhwh0mgmg8MIVQycyumPSIJ1Sa0nAnBnX/5L6mfFN1SsXR3mi9fzuLIon10gArIRWeojK5RBdUQRQ/oCb2gV+vRerberPdpa8aazeyiX7A+vgEosJV1</latexit>

M0 = !(N/ω)

<latexit sha1_base64="w9hvxVEtH0CwHtdl/UDboK03PwY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBQY5Ar</latexit>ω

Toy example
Example Goal: estimate property of

<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven



<latexit sha1_base64="s08wOWp95y+l/N7pV5r81ehz9Ec=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmNyWa9Bb14MwETA8kSZie9yZjZBzOzQljyBV48KOLVT/Lm3zh5CCpa0FBUddPd5SecSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGWcCgotGvNYdHwigbMIWoopDp1EAAl9Drf++HLm396DkCyObtQkAS8kw4gFjBKlpeZ1v1iyzFq17J5XsWWWHbdqlzWx3LOK7WDbtOYooSUa/eJ7bxDTNIRIUU6k7NpWoryMCMUoh2mhl0pICB2TIXQ1jUgI0svmh07xiVYGOIiFrkjhufp9IiOhlJPQ150hUSP525uJf3ndVAWul7EoSRVEdLEoSDlWMZ59jQdMAFV8ogmhgulbMR0RQajS2RR0CF+f4v9Ju2zajuk0K6X6xTKOPDpCx+gU2aiG6ugKNVALUQToAT2hZ+POeDRejNdFa85YzhyiHzDePgEi4Y0w</latexit>

O
<latexit sha1_base64="UNYnyaKNXWOJ+Sy8WZCuobmjBUE=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOPOCvYBaSyTySQdOnkwMxFK6Ge4caGIW7/GnX/j9CGo6IELh3Pu5d57/IxRIQ3jQyutrK6tb5Q3K1vbO7t71f2DrkhzjkkHpyzlfR8JwmhCOpJKRvoZJyj2Gen548uZ37snXNA0uZWTjHgxihIaUoykktzru2IQoCgifDqs1gy92bCc8wY0dMt2GqaliOGc1U0bmroxRw0s0R5W3wdBivOYJBIzJIRrGpn0CsQlxYxMK4NckAzhMYqIq2iCYiK8Yn7yFJ4oJYBhylUlEs7V7xMFioWYxL7qjJEcid/eTPzLc3MZOl5BkyyXJMGLRWHOoEzh7H8YUE6wZBNFEOZU3QrxCHGEpUqpokL4+hT+T7qWbtq6fVOvtS6WcZTBETgGp8AETdACV6ANOgCDFDyAJ/CsSe1Re9FeF60lbTlzCH5Ae/sE5AaRsA==</latexit>

O
†

any quantum query algorithm

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

making          queries
<latexit sha1_base64="3zBsrvMb20WJJ2a9+th7V3NTLdM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo7kFvXhMwCyQDKGnU5O06Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3ckvLK6tr+fXCxubW9k5xd6+p4lQybLBYxLLtU4WCR9jQXAtsJxJp6Ats+aOrqd+6Q6l4HN3ocYJeSAcRDzij2kj1eq9YcuzTSqVyVia/iWs7M5RggVqv+NbtxywNMdJMUKU6rpNoL6NScyZwUuimChPKRnSAHUMjGqLystmhE3JklD4JYmkq0mSmfp3IaKjUOPRNZ0j1UP30puJfXifVwYWX8ShJNUZsvihIBdExmX5N+lwi02JsCGWSm1sJG1JJmTbZFEwIn5+S/0nzxHbLdrl+WqpeLuLIwwEcwjG4cA5VuIYaNIABwj08wpN1az1Yz9bLvDVnLWb24Rus1w9lHI1e</latexit>

Q

Toy example
Example Goal: estimate property of

<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven



any quantum query algorithm

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

making          queries
<latexit sha1_base64="3zBsrvMb20WJJ2a9+th7V3NTLdM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo7kFvXhMwCyQDKGnU5O06Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3ckvLK6tr+fXCxubW9k5xd6+p4lQybLBYxLLtU4WCR9jQXAtsJxJp6Ats+aOrqd+6Q6l4HN3ocYJeSAcRDzij2kj1eq9YcuzTSqVyVia/iWs7M5RggVqv+NbtxywNMdJMUKU6rpNoL6NScyZwUuimChPKRnSAHUMjGqLystmhE3JklD4JYmkq0mSmfp3IaKjUOPRNZ0j1UP30puJfXifVwYWX8ShJNUZsvihIBdExmX5N+lwi02JsCGWSm1sJG1JJmTbZFEwIn5+S/0nzxHbLdrl+WqpeLuLIwwEcwjG4cA5VuIYaNIABwj08wpN1az1Yz9bLvDVnLWb24Rus1w9lHI1e</latexit>

Q

<latexit sha1_base64="jxDWzaE+R7dOW4HkpIT1tptfzzM=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiF4+QyCPChswOvTBhdnYzM2tCCH/hxYPGePVvvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FjpsYuJ5iKWF/VeseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn84un5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjM3id9rpAZMbaEMsXtrYQNqaLM2JAKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awEDCM7zCm6OdF+fd+Vi05pxs5hj+wPn8AWMzkL8=</latexit>

ω/Q

<latexit sha1_base64="jxDWzaE+R7dOW4HkpIT1tptfzzM=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiF4+QyCPChswOvTBhdnYzM2tCCH/hxYPGePVvvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FjpsYuJ5iKWF/VeseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn84un5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjM3id9rpAZMbaEMsXtrYQNqaLM2JAKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awEDCM7zCm6OdF+fd+Vi05pxs5hj+wPn8AWMzkL8=</latexit>

ω/Q
<latexit sha1_base64="w9hvxVEtH0CwHtdl/UDboK03PwY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBQY5Ar</latexit>ω

<latexit sha1_base64="ZN6vqXwNGtwx7OHfpf3eepxoX5g="></latexit>

M = Q ·O
(

N

ω/Q

)

︸ ︷︷ ︸
M0

= O

(
NQ

2

ω

)

Toy example
Example Goal: estimate property of

<latexit sha1_base64="8/SIkK5yLelEvjk9UG4SDlPo1oU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KCURqeKq6MaVVLAPSEKZTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWV1b39gsbZW3d3b39s2Dw46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uObqd99pEKyOHpQWUK9EA8jFjCClZb6ZiW4Qs6d56oYublVQ7Y7qfXNqlW3ZkDLxC5IFQq0+uaXO4hJGtJIEY6ldGwrUV6OhWKE00nZTSVNMBnjIXU0jXBIpZfPjp+gE60MUBALXZFCM/X3RI5DKbPQ150hViO56E3F/zwnVcGll7MoSRWNyHxRkHKkX50mgQZMUKJ4pgkmgulbERlhgYnSeZV1CPbiy8ukc1a3G/XG/Xm1eV3EUYIjOIZTsOECmnALLWgDgQye4RXejCfjxXg3PuatK0YxU4E/MD5/ABZdkyI=</latexit>

f : [N ] → {0, 1},
<latexit sha1_base64="PVjVU0pGtRwx2SnPMYYm5csRvTc=">AAACCnicbVDLSgMxFM3UV62vUZduokVoodQZkeqmUHTjRqlgH9CpQybNtKGZB0lGWoZZu/FX3LhQxK1f4M6/MW1nodUDl3s4516Se5yQUSEN40vLLCwuLa9kV3Nr6xubW/r2TlMEEcekgQMW8LaDBGHUJw1JJSPtkBPkOYy0nOHFxG/dEy5o4N/KcUi6Hur71KUYSSXZ+r4Vj2xagm5BtaKV2DGtmsndVQmGhVGxah5d23reKBtTwL/ETEkepKjb+qfVC3DkEV9ihoTomEYouzHikmJGkpwVCRIiPER90lHURx4R3Xh6SgIPldKDbsBV+RJO1Z8bMfKEGHuOmvSQHIh5byL+53Ui6Z51Y+qHkSQ+nj3kRgzKAE5ygT3KCZZsrAjCnKq/QjxAHGGp0supEMz5k/+S5nHZrJQrNyf52nkaRxbsgQNQACY4BTVwCeqgATB4AE/gBbxqj9qz9qa9z0YzWrqzC35B+/gG57mYfA==</latexit>

{xi, f(xi)}Mi=1, p(x) = 1/Ngiven



Quantum oracle sketching

<latexit sha1_base64="N3o8HdX+0WnJeLGMBa5juEaGLDs=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygm2FNpTJdNKOncyEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJXIJCYtLJiQtxFShFFOWppqRm5TSVASMdKJxpczv3NPpKKC3+hJSsIEDTmNKUbaSO2eSFmm+uWKY9drXnBeg47t+UHN9QxxgrOq60PXduaogCWa/fJ7byBwlhCuMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1lKOEqDCfXzuFJ0YZwFhIU1zDufp9IkeJUpMkMp0J0iP125uJf3ndTMdBmFOeZppwvFgUZwxqAWevwwGVBGs2MQRhSc2tEI+QRFibgEomhK9P4f+k7dmub/vX1UrjYhlHERyBY3AKXFAHDXAFmqAFMLgDD+AJPFvCerRerNdFa8FazhyCH7DePgFKyo+i</latexit>→

<latexit sha1_base64="N3o8HdX+0WnJeLGMBa5juEaGLDs=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZLYpnFXdOOygm2FNpTJdNKOncyEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJXIJCYtLJiQtxFShFFOWppqRm5TSVASMdKJxpczv3NPpKKC3+hJSsIEDTmNKUbaSO2eSFmm+uWKY9drXnBeg47t+UHN9QxxgrOq60PXduaogCWa/fJ7byBwlhCuMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1lKOEqDCfXzuFJ0YZwFhIU1zDufp9IkeJUpMkMp0J0iP125uJf3ndTMdBmFOeZppwvFgUZwxqAWevwwGVBGs2MQRhSc2tEI+QRFibgEomhK9P4f+k7dmub/vX1UrjYhlHERyBY3AKXFAHDXAFmqAFMLgDD+AJPFvCerRerNdFa8FazhyCH7DePgFKyo+i</latexit>→

Quadratic slowdown in      is 
the fundamental price to pay.
incoherent sampling of data, amp2=prob, HL2=SQL

<latexit sha1_base64="zN0a3RivoPg7d8wULTSRwN1zPbU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZBJvQS8eEzALJEPo6fQkbXoWunuEMOQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1/IQzqSzrw8itrW9sbuW3Czu7e/sHxcOjtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k+u537mnQrI4ulXThHohHkUsYAQrLTWbg2LJMqsVp3ZZQZbpuLWK7Whi1S7Ktots01qgBCs0BsX3/jAmaUgjRTiWsmdbifIyLBQjnM4K/VTSBJMJHtGephEOqfSyxaEzdKaVIQpioStSaKF+n8hwKOU09HVniNVY/vbm4l9eL1VBzctYlKSKRmS5KEg5UjGaf42GTFCi+FQTTATTtyIyxgITpbMp6BC+PkX/k7Zj2q7pNsul+tUqjjycwCmcgw1VqMMNNKAFBCg8wBM8G3fGo/FivC5bc8Zq5hh+wHj7BCXpjTI=</latexit>

Q

With                    samples, we can emulate 
quantum queries to an oracle of       items 
with no memory overhead.

Theorem (Quantum Oracle Sketch)
<latexit sha1_base64="Clpq3xWovnKqV/ZXGr/27koM3To=">AAAB83icdVDLSsNAFJ3UV62vqks3g0Wom5DENo27ohtX0kJf0MQymU7aoZMHMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69x08YFdIwPrTc2vrG5lZ+u7Czu7d/UDw86og45Zi0ccxi3vORIIxGpC2pZKSXcIJCn5GuP7me+917wgWNo5acJsQL0SiiAcVIKsl1W2MiUfm2eWedD4olQ69VLeeyCg3dsp2qaSliOBcV04ambixQAis0BsV3dxjjNCSRxAwJ0TeNRHoZ4pJiRmYFNxUkQXiCRqSvaIRCIrxscfMMnillCIOYq4okXKjfJzIUCjENfdUZIjkWv725+JfXT2XgeBmNklSSCC8XBSmDMobzAOCQcoIlmyqCMKfqVojHiCMsVUwFFcLXp/B/0rF009btZqVUv1rFkQcn4BSUgQlqoA5uQAO0AQYJeABP4FlLtUftRXtdtua01cwx+AHt7RMjb5Eh</latexit>

!(NQ2)
<latexit sha1_base64="zN0a3RivoPg7d8wULTSRwN1zPbU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZBJvQS8eEzALJEPo6fQkbXoWunuEMOQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1/IQzqSzrw8itrW9sbuW3Czu7e/sHxcOjtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k+u537mnQrI4ulXThHohHkUsYAQrLTWbg2LJMqsVp3ZZQZbpuLWK7Whi1S7Ktots01qgBCs0BsX3/jAmaUgjRTiWsmdbifIyLBQjnM4K/VTSBJMJHtGephEOqfSyxaEzdKaVIQpioStSaKF+n8hwKOU09HVniNVY/vbm4l9eL1VBzctYlKSKRmS5KEg5UjGaf42GTFCi+FQTTATTtyIyxgITpbMp6BC+PkX/k7Zj2q7pNsul+tUqjjycwCmcgw1VqMMNNKAFBCg8wBM8G3fGo/FivC5bc8Zq5hh+wHj7BCXpjTI=</latexit>

Q
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="fl3d35QEiM8OZLyhAsOY+6q2JnE=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWoYKURKS6EYpuXFawF2hDmExP2qGTCzOTYgwFX8WNC0Xc+hzufBunl4W2/jDw8Z9zOGd+L+ZMKsv6NnJLyyura/n1wsbm1vaOubvXkFEiKNRpxCPR8ogEzkKoK6Y4tGIBJPA4NL3BzbjeHIKQLArvVRqDE5BeyHxGidKWax48XpXYKe4MgWYPI1dj6rIT1yxaZWsivAj2DIpoppprfnW6EU0CCBXlRMq2bcXKyYhQjHIYFTqJhJjQAelBW2NIApBONjl/hI+108V+JPQLFZ64vycyEkiZBp7uDIjqy/na2Pyv1k6Uf+lkLIwTBSGdLvITjlWEx1ngLhNAFU81ECqYvhXTPhGEKp1YQYdgz395ERpnZbtSrtydF6vXszjy6BAdoRKy0QWqoltUQ3VEUYae0St6M56MF+Pd+Ji25ozZzD76I+PzB51OlKQ=</latexit>

z = (i, ωxi, yi)

QOS



Robust to noise and correlation 
in data; support flexible data 
structures.

Quantum oracle sketching

With                    samples, we can emulate 
quantum queries to an oracle of       items 
with no memory overhead.

Theorem (Quantum Oracle Sketch)
<latexit sha1_base64="Clpq3xWovnKqV/ZXGr/27koM3To=">AAAB83icdVDLSsNAFJ3UV62vqks3g0Wom5DENo27ohtX0kJf0MQymU7aoZMHMxOhhP6GGxeKuPVn3Pk3Th+Cih64cDjnXu69x08YFdIwPrTc2vrG5lZ+u7Czu7d/UDw86og45Zi0ccxi3vORIIxGpC2pZKSXcIJCn5GuP7me+917wgWNo5acJsQL0SiiAcVIKsl1W2MiUfm2eWedD4olQ69VLeeyCg3dsp2qaSliOBcV04ambixQAis0BsV3dxjjNCSRxAwJ0TeNRHoZ4pJiRmYFNxUkQXiCRqSvaIRCIrxscfMMnillCIOYq4okXKjfJzIUCjENfdUZIjkWv725+JfXT2XgeBmNklSSCC8XBSmDMobzAOCQcoIlmyqCMKfqVojHiCMsVUwFFcLXp/B/0rF009btZqVUv1rFkQcn4BSUgQlqoA5uQAO0AQYJeABP4FlLtUftRXtdtua01cwx+AHt7RMjb5Eh</latexit>

!(NQ2)
<latexit sha1_base64="zN0a3RivoPg7d8wULTSRwN1zPbU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbGZBJvQS8eEzALJEPo6fQkbXoWunuEMOQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1/IQzqSzrw8itrW9sbuW3Czu7e/sHxcOjtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k+u537mnQrI4ulXThHohHkUsYAQrLTWbg2LJMqsVp3ZZQZbpuLWK7Whi1S7Ktots01qgBCs0BsX3/jAmaUgjRTiWsmdbifIyLBQjnM4K/VTSBJMJHtGephEOqfSyxaEzdKaVIQpioStSaKF+n8hwKOU09HVniNVY/vbm4l9eL1VBzctYlKSKRmS5KEg5UjGaf42GTFCi+FQTTATTtyIyxgITpbMp6BC+PkX/k7Zj2q7pNsul+tUqjjycwCmcgw1VqMMNNKAFBCg8wBM8G3fGo/FivC5bc8Zq5hh+wHj7BCXpjTI=</latexit>

Q
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="FVgAUwTikBreAgApENvaUaa0fWI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJZvjNA=</latexit>

A
<latexit sha1_base64="o3tCwmjviyRO3WfSSxsQBiw2NTA=">AAACEnicbVDLSgMxFM34rONr1KWbYFF0U2ZEqsuiG5cV7AM6Q8mkt21oJjMkGbEM7S+48VfcuFDErSt3/o3pA9HWAyGHc+7l3nvChDOlXffLWlhcWl5Zza3Z6xubW9vOzm5VxamkUKExj2U9JAo4E1DRTHOoJxJIFHKohb2rkV+7A6lYLG51P4EgIh3B2owSbaSmc+KH0GEiCyOiJbsf2EN8NPT98Wf7IFo/TtPJuwV3DDxPvCnJoynKTefTb8U0jUBoyolSDc9NdJARqRnlMLD9VEFCaI90oGGoIBGoIBufNMCHRmnhdizNExqP1d8dGYmU6kehqTT7ddWsNxL/8xqpbl8EGRNJqkHQyaB2yrGO8Sgf3GISqOZ9QwiVzOyKaZdIQrVJ0TYheLMnz5PqacErFoo3Z/nS5TSOHNpHB+gYeegcldA1KqMKougBPaEX9Go9Ws/Wm/U+KV2wpj176A+sj2+ndp18</latexit>[ ]

<latexit sha1_base64="3qxHMZ2gNPgBhMnrWvPJZQNfBwQ=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSBECGFXJHoRol48RjAPSJZldjKbTDL7YGY2EJf8iRcPinj1T7z5N06SPWhiQUNR1U13lxdzJpVlfRsrq2vrG5u5rfz2zu7evnlw2JBRIgitk4hHouVhSTkLaV0xxWkrFhQHHqdNb3g39ZsjKiSLwkc1jqkT4F7IfEaw0pJrmk/XRVZCgxK6cVM2mJy5ZsEqWzOgZWJnpAAZaq751elGJAloqAjHUrZtK1ZOioVihNNJvpNIGmMyxD3a1jTEAZVOOrt8gk610kV+JHSFCs3U3xMpDqQcB57uDLDqy0VvKv7ntRPlXzkpC+NE0ZDMF/kJRypC0xhQlwlKFB9rgolg+lZE+lhgonRYeR2CvfjyMmmcl+1KufJwUajeZnHk4BhOoAg2XEIV7qEGdSAwgmd4hTcjNV6Md+Nj3rpiZDNH8AfG5w9ZYpI0</latexit>

z = (i, j, Aij)

<latexit sha1_base64="rGCS/HGd1Kn16OdKnTRO11lN5rE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZZNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1atVa4/XlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCya4/T</latexit>

ωv
<latexit sha1_base64="UyNii1qs2VC3bvFUGeQ4P4jBdp8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahgpSkSPUiFL14rGA/oA1ls920SzabsLsp1NC/4cWDIl79M978N27bHLT1wcDjvRlm5nkxZ0rb9reVW1vf2NzKbxd2dvf2D4qHRy0VJZLQJol4JDseVpQzQZuaaU47saQ49Dhte8HdzG+PqVQsEo96ElM3xEPBfEawNlLv6aYcXKBxPw2m5/1iya7Yc6BV4mSkBBka/eJXbxCRJKRCE46V6jp2rN0US80Ip9NCL1E0xiTAQ9o1VOCQKjed3zxFZ0YZID+SpoRGc/X3RIpDpSahZzpDrEdq2ZuJ/3ndRPvXbspEnGgqyGKRn3CkIzQLAA2YpETziSGYSGZuRWSEJSbaxFQwITjLL6+SVrXi1Cq1h8tS/TaLIw8ncAplcOAK6nAPDWgCgRie4RXerMR6sd6tj0VrzspmjuEPrM8f4cyQ9A==</latexit>

z = (k, vk)

<latexit sha1_base64="J5d2DEDSdqu2sDn60aIeQEtzPsA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSK0ICURqV6EohePFewHpKFstpt26WYTdjfSGvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMPD/mTGnb/rZWVtfWNzZzW/ntnd29/cLBYVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/vB26rceqVQsEg96HFMvxH3BAkawNpL7dF0anaGgNCqXu4WiXbFnQMvEyUgRMtS7ha9OLyJJSIUmHCvlOnasvRRLzQink3wnUTTGZIj71DVU4JAqL52dPEGnRumhIJKmhEYz9fdEikOlxqFvOkOsB2rRm4r/eW6igysvZSJONBVkvihIONIRmv6PekxSovnYEEwkM7ciMsASE21SypsQnMWXl0nzvOJUK9X7i2LtJosjB8dwAiVw4BJqcAd1aACBCJ7hFd4sbb1Y79bHvHXFymaO4A+szx86NY/u</latexit>

z = (x, f(x))

QOS

<latexit sha1_base64="9FmWxVcqOONmhQ1eHWYPJ5v4SJ8="></latexit>

|x→ ↑ (↓1)f(x)|x→

<latexit sha1_base64="r32kZxs3D44uPtE3CYQpBwKyUy0="></latexit>

U =

(
A ω
ω ω

)

<latexit sha1_base64="q8VcBYtu+M3PaU4SfHbczGvmtps=">AAACAHicdVBLSwMxGMzWV62vVQ8evASL4GnJrn15K3rxWMG2QltKNk3b0Gx2SbKFsu3Fv+LFgyJe/Rne/Dem7QoqOhCYzHwfyYwfcaY0Qh9WZmV1bX0ju5nb2t7Z3bP3DxoqjCWhdRLyUN75WFHOBK1rpjm9iyTFgc9p0x9dzf3mmErFQnGrJxHtBHggWJ8RrI3UtY+mqC2xGHAK2zqE03F669p55JSLXuWiCJHjlSpF1zMEVc4Lbgm6DlogD1LUuvZ7uxeSOKBCE46Varko0p0ES80Ip7NcO1Y0wmSEB7RlqMABVZ1kEWAGT43Sg/1QmiM0XKjfNxIcKDUJfDMZYD1Uv725+JfXinW/0kmYiGJNBVk+1I85NFHnbcAek5RoPjEEE8nMXyEZYomJNp3lTAlfSeH/pOE5bskp3RTy1cu0jiw4BifgDLigDKrgGtRAHRAwAw/gCTxb99aj9WK9LkczVrpzCH7AevsE/lKWtQ==</latexit>

|0→ ↑ |v→

phase oracle

block encoding

state preparation 
unitary

<latexit sha1_base64="SC3oVmVpgAN4R96RzOhGuuwSYA4="></latexit>

|x→|y→ ↑ |x→|y ↓ f(x)→
XOR oracle



Quantum oracle sketching

With               samples, a quantum machine 
of                            size can solve the ML tasks.

Theorem (Quantum Oracle Sketch)

ML tasks can be solved

<latexit sha1_base64="tIvDgOJ28Ck03BXkGvvkIZf86bM=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWAR6iYksS8XQtGNK2nBPqAtZTKdtEMnmTAzEULoxl9x40IRt36GO//G6UNQ0QMXDufcy733eBGjUtn2h7G0vLK6tp7ZyG5ube/smnv7TcljgUkDc8ZF20OSMBqShqKKkXYkCAo8Rlre+Grqt+6IkJSHtyqJSC9Aw5D6FCOlpb55WL/oBkiNRJBGnCWTfJfxIbw57Zs52yoX3cp5EdqWW6oUHVcTu3JWcErQsewZcmCBWt987w44jgMSKsyQlB3HjlQvRUJRzMgk240liRAeoyHpaBqigMheOntgAk+0MoA+F7pCBWfq94kUBVImgac7p8fK395U/MvrxMqv9FIaRrEiIZ4v8mMGFYfTNOCACoIVSzRBWFB9K8QjJBBWOrOsDuHrU/g/abqWU7JK9UKuermIIwOOwDHIAweUQRVcgxpoAAwm4AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CqMCWeg==</latexit>

Q = poly(logN)

<latexit sha1_base64="t7suI1jcctIG+ooctwPkxpgEoCs=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyGpbRp3RV24rGAf0JQymU7boZNMmJkIIRT8FTcuFHHrd7jzb5w+BBU9MHA4517umRPEjEpl2x/G0vLK6tp6biO/ubW9s2vu7TclTwQmDcwZF+0AScJoRBqKKkbasSAoDBhpBePLqd+6I0JSHt2qNCbdEA0jOqAYKS31zEM/RGokwizmLJ0UfcaH8Oq0ZxZsq1opeecVaFsl16s4JU1s76zsuNCx7BkKYIF6z3z3+xwnIYkUZkjKjmPHqpshoShmZJL3E0lihMdoSDqaRigkspvN4k/giVb6cMCFfpGCM/X7RoZCKdMw0JPTsPK3NxX/8jqJGnjdjEZxokiE54cGCYOKw2kXsE8FwYqlmiAsqM4K8QgJhJVuLK9L+Pop/J80S5bjWu5NuVC7WNSRA0fgGBSBA6qgBq5BHTQABhl4AE/g2bg3Ho0X43U+umQsdg7ADxhvn2v4lc4=</latexit>

poly(logD) size and
queries.

with

<latexit sha1_base64="KjP551GHNpbAKgzuKq80gCGIWfc=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQh6GWZiNm9BL54kglEhM4SeTsU06VnorhHC4J948aCIV//Em39jZxFU9EHB470qquqFqRQaXffDmptfWFxaLqwUV9fWNzbtre0rnWSKQ5snMlE3IdMgRQxtFCjhJlXAolDCdTg8HfvXd6C0SOJLHKUQROw2Fn3BGRqpa9s+CtkD6l8OANnB+WHXLrlOvVpuHFep65RrjapXNsRtHFW8GvUcd4ISmaHVtd/9XsKzCGLkkmnd8dwUg5wpFFzCfdHPNKSMD9ktdAyNWQQ6yCeX39N9o/RoP1GmYqQT9ftEziKtR1FoOiOGA/3bG4t/eZ0M+40gF3GaIcR8uqifSYoJHcdAe0IBRzkyhHElzK2UD5hiHE1YRRPC16f0f3JVdryaU7uolJonszgKZJfskQPikTppkjPSIm3CyR15IE/k2cqtR+vFep22zlmzmR3yA9bbJ87ekyc=</latexit>

!̃(N)
<latexit sha1_base64="t7suI1jcctIG+ooctwPkxpgEoCs=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyGpbRp3RV24rGAf0JQymU7boZNMmJkIIRT8FTcuFHHrd7jzb5w+BBU9MHA4517umRPEjEpl2x/G0vLK6tp6biO/ubW9s2vu7TclTwQmDcwZF+0AScJoRBqKKkbasSAoDBhpBePLqd+6I0JSHt2qNCbdEA0jOqAYKS31zEM/RGokwizmLJ0UfcaH8Oq0ZxZsq1opeecVaFsl16s4JU1s76zsuNCx7BkKYIF6z3z3+xwnIYkUZkjKjmPHqpshoShmZJL3E0lihMdoSDqaRigkspvN4k/giVb6cMCFfpGCM/X7RoZCKdMw0JPTsPK3NxX/8jqJGnjdjEZxokiE54cGCYOKw2kXsE8FwYqlmiAsqM4K8QgJhJVuLK9L+Pop/J80S5bjWu5NuVC7WNSRA0fgGBSBA6qgBq5BHTQABhl4AE/g2bg3Ho0X43U+umQsdg7ADxhvn2v4lc4=</latexit>

poly(logD)

QOS

<latexit sha1_base64="t7suI1jcctIG+ooctwPkxpgEoCs=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyGpbRp3RV24rGAf0JQymU7boZNMmJkIIRT8FTcuFHHrd7jzb5w+BBU9MHA4517umRPEjEpl2x/G0vLK6tp6biO/ubW9s2vu7TclTwQmDcwZF+0AScJoRBqKKkbasSAoDBhpBePLqd+6I0JSHt2qNCbdEA0jOqAYKS31zEM/RGokwizmLJ0UfcaH8Oq0ZxZsq1opeecVaFsl16s4JU1s76zsuNCx7BkKYIF6z3z3+xwnIYkUZkjKjmPHqpshoShmZJL3E0lihMdoSDqaRigkspvN4k/giVb6cMCFfpGCM/X7RoZCKdMw0JPTsPK3NxX/8jqJGnjdjEZxokiE54cGCYOKw2kXsE8FwYqlmiAsqM4K8QgJhJVuLK9L+Pop/J80S5bjWu5NuVC7WNSRA0fgGBSBA6qgBq5BHTQABhl4AE/g2bg3Ho0X43U+umQsdg7ADxhvn2v4lc4=</latexit>

poly(logD)

<latexit sha1_base64="tIvDgOJ28Ck03BXkGvvkIZf86bM=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWAR6iYksS8XQtGNK2nBPqAtZTKdtEMnmTAzEULoxl9x40IRt36GO//G6UNQ0QMXDufcy733eBGjUtn2h7G0vLK6tp7ZyG5ube/smnv7TcljgUkDc8ZF20OSMBqShqKKkXYkCAo8Rlre+Grqt+6IkJSHtyqJSC9Aw5D6FCOlpb55WL/oBkiNRJBGnCWTfJfxIbw57Zs52yoX3cp5EdqWW6oUHVcTu3JWcErQsewZcmCBWt987w44jgMSKsyQlB3HjlQvRUJRzMgk240liRAeoyHpaBqigMheOntgAk+0MoA+F7pCBWfq94kUBVImgac7p8fK395U/MvrxMqv9FIaRrEiIZ4v8mMGFYfTNOCACoIVSzRBWFB9K8QjJBBWOrOsDuHrU/g/abqWU7JK9UKuermIIwOOwDHIAweUQRVcgxpoAAwm4AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CqMCWeg==</latexit>

Q = poly(logN)

<latexit sha1_base64="ZnQE81Ime10tYVX7dOoCwyt1oB4=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0xtp+Ou6MZlBfuQdiiZNNOGJpkhyShl7Fe4caGIWz/HnX9j+hBU9MCFwzn3cu89YcKo0o7zYS0tr6yurec28ptb2zu7hb39popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh6GLqt26JVDQW13qckICjgaARxUgb6eb+riuRGDDSKxQdu1op+WcV6Nglz6+4JUMc/7TsetC1nRmKYIF6r/De7cc45URozJBSHddJdJAhqSlmZJLvpookCI/QgHQMFYgTFWSzgyfw2Ch9GMXSlNBwpn6fyBBXasxD08mRHqrf3lT8y+ukOvKDjIok1UTg+aIoZVDHcPo97FNJsGZjQxCW1NwK8RBJhLXJKG9C+PoU/k+aJdv1bO+qXKydL+LIgUNwBE6AC6qgBi5BHTQABhw8gCfwbEnr0XqxXuetS9Zi5gD8gPX2CZ2CkPk=</latexit>

|w→

SVM: linear system 
PCA: ground state prep



Quantum oracle sketching

With               samples, a quantum machine 
of                            size can solve the ML tasks.

Theorem (Quantum Oracle Sketch)

Interferometric classical shadow:

<latexit sha1_base64="KjP551GHNpbAKgzuKq80gCGIWfc=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQh6GWZiNm9BL54kglEhM4SeTsU06VnorhHC4J948aCIV//Em39jZxFU9EHB470qquqFqRQaXffDmptfWFxaLqwUV9fWNzbtre0rnWSKQ5snMlE3IdMgRQxtFCjhJlXAolDCdTg8HfvXd6C0SOJLHKUQROw2Fn3BGRqpa9s+CtkD6l8OANnB+WHXLrlOvVpuHFep65RrjapXNsRtHFW8GvUcd4ISmaHVtd/9XsKzCGLkkmnd8dwUg5wpFFzCfdHPNKSMD9ktdAyNWQQ6yCeX39N9o/RoP1GmYqQT9ftEziKtR1FoOiOGA/3bG4t/eZ0M+40gF3GaIcR8uqifSYoJHcdAe0IBRzkyhHElzK2UD5hiHE1YRRPC16f0f3JVdryaU7uolJonszgKZJfskQPikTppkjPSIm3CyR15IE/k2cqtR+vFep22zlmzmR3yA9bbJ87ekyc=</latexit>

!̃(N)
<latexit sha1_base64="t7suI1jcctIG+ooctwPkxpgEoCs=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyGpbRp3RV24rGAf0JQymU7boZNMmJkIIRT8FTcuFHHrd7jzb5w+BBU9MHA4517umRPEjEpl2x/G0vLK6tp6biO/ubW9s2vu7TclTwQmDcwZF+0AScJoRBqKKkbasSAoDBhpBePLqd+6I0JSHt2qNCbdEA0jOqAYKS31zEM/RGokwizmLJ0UfcaH8Oq0ZxZsq1opeecVaFsl16s4JU1s76zsuNCx7BkKYIF6z3z3+xwnIYkUZkjKjmPHqpshoShmZJL3E0lihMdoSDqaRigkspvN4k/giVb6cMCFfpGCM/X7RoZCKdMw0JPTsPK3NxX/8jqJGnjdjEZxokiE54cGCYOKw2kXsE8FwYqlmiAsqM4K8QgJhJVuLK9L+Pop/J80S5bjWu5NuVC7WNSRA0fgGBSBA6qgBq5BHTQABhl4AE/g2bg3Ho0X43U+umQsdg7ADxhvn2v4lc4=</latexit>

poly(logD)

QOS

<latexit sha1_base64="t7suI1jcctIG+ooctwPkxpgEoCs=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyGpbRp3RV24rGAf0JQymU7boZNMmJkIIRT8FTcuFHHrd7jzb5w+BBU9MHA4517umRPEjEpl2x/G0vLK6tp6biO/ubW9s2vu7TclTwQmDcwZF+0AScJoRBqKKkbasSAoDBhpBePLqd+6I0JSHt2qNCbdEA0jOqAYKS31zEM/RGokwizmLJ0UfcaH8Oq0ZxZsq1opeecVaFsl16s4JU1s76zsuNCx7BkKYIF6z3z3+xwnIYkUZkjKjmPHqpshoShmZJL3E0lihMdoSDqaRigkspvN4k/giVb6cMCFfpGCM/X7RoZCKdMw0JPTsPK3NxX/8jqJGnjdjEZxokiE54cGCYOKw2kXsE8FwYqlmiAsqM4K8QgJhJVuLK9L+Pop/J80S5bjWu5NuVC7WNSRA0fgGBSBA6qgBq5BHTQABhl4AE/g2bg3Ho0X43U+umQsdg7ADxhvn2v4lc4=</latexit>

poly(logD)

<latexit sha1_base64="tIvDgOJ28Ck03BXkGvvkIZf86bM=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWAR6iYksS8XQtGNK2nBPqAtZTKdtEMnmTAzEULoxl9x40IRt36GO//G6UNQ0QMXDufcy733eBGjUtn2h7G0vLK6tp7ZyG5ube/smnv7TcljgUkDc8ZF20OSMBqShqKKkXYkCAo8Rlre+Grqt+6IkJSHtyqJSC9Aw5D6FCOlpb55WL/oBkiNRJBGnCWTfJfxIbw57Zs52yoX3cp5EdqWW6oUHVcTu3JWcErQsewZcmCBWt987w44jgMSKsyQlB3HjlQvRUJRzMgk240liRAeoyHpaBqigMheOntgAk+0MoA+F7pCBWfq94kUBVImgac7p8fK395U/MvrxMqv9FIaRrEiIZ4v8mMGFYfTNOCACoIVSzRBWFB9K8QjJBBWOrOsDuHrU/g/abqWU7JK9UKuermIIwOOwDHIAweUQRVcgxpoAAwm4AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CqMCWeg==</latexit>

Q = poly(logN)

<latexit sha1_base64="ZnQE81Ime10tYVX7dOoCwyt1oB4=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0xtp+Ou6MZlBfuQdiiZNNOGJpkhyShl7Fe4caGIWz/HnX9j+hBU9MCFwzn3cu89YcKo0o7zYS0tr6yurec28ptb2zu7hb39popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh6GLqt26JVDQW13qckICjgaARxUgb6eb+riuRGDDSKxQdu1op+WcV6Nglz6+4JUMc/7TsetC1nRmKYIF6r/De7cc45URozJBSHddJdJAhqSlmZJLvpookCI/QgHQMFYgTFWSzgyfw2Ch9GMXSlNBwpn6fyBBXasxD08mRHqrf3lT8y+ukOvKDjIok1UTg+aIoZVDHcPo97FNJsGZjQxCW1NwK8RBJhLXJKG9C+PoU/k+aJdv1bO+qXKydL+LIgUNwBE6AC6qgBi5BHTQABhw8gCfwbEnr0XqxXuetS9Zi5gD8gPX2CZ2CkPk=</latexit>

|w→

<latexit sha1_base64="yFhI+Cqza/PCjwBURePHv688Jl4=">AAACEnicdVDJSgNBEO1xjXEb9eilMQgKEiYSo7kFc/EYwSyQCaGn05M06ekZumvEMMw3ePFXvHhQxKsnb/6NnUVwfVDweK+KqnpeJLgGx3m35uYXFpeWMyvZ1bX1jU17a7uhw1hRVqehCFXLI5oJLlkdOAjWihQjgSdY0xtWx37zminNQ3kFo4h1AtKX3OeUgJG69qGbuMBuIKkK7vuh6uG0eoSnksdBg+Kyj1PPTbt2zskXy+XySQn/JoW8M0EOzVDr2m9uL6RxwCRQQbRuF5wIOglRwKlgadaNNYsIHZI+axsqScB0J5m8lOJ9o/SwOciUBDxRv04kJNB6FHimMyAw0D+9sfiX147BP+skXEYxMEmni/xYYAjxOB/c44pRECNDCFXc3IrpgChCwaSYNSF8for/J43jfKGUL10Wc5XzWRwZtIv20AEqoFNUQReohuqIolt0jx7Rk3VnPVjP1su0dc6azeygb7BePwDNUp7g</latexit>

{Cli!ord C, bitstring b}

Classical 
Shadow

size classical model<latexit sha1_base64="1X6o/QHMu2BKJ7jgh3Yqsz/wy9g=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyEp2tZdURcuK9gHNKFMppN26CQTZiZCCAV/xY0LRdz6He78GydtBZ8HBg7n3Ms9c/yYUals+91YWFxaXlktrBXXNza3ts2d3bbkicCkhTnjousjSRiNSEtRxUg3FgSFPiMdf3yR+51bIiTl0Y1KY+KFaBjRgGKktNQ3990QqZEIs5izdFJ2GR/Cy+O+WbKtylmtflqDv4lj2VOUwBzNvvnmDjhOQhIpzJCUPceOlZchoShmZFJ0E0lihMdoSHqaRigk0sum8SfwSCsDGHChX6TgVP26kaFQyjT09WQeVv70cvEvr5eooO5lNIoTRSI8OxQkDCoO8y7ggAqCFUs1QVhQnRXiERIIK91YUZfw+VP4P2lXLKdqVa9PSo3zeR0FcAAOQRk4oAYa4Ao0QQtgkIF78AiejDvjwXg2XmajC8Z8Zw98g/H6AZm1le4=</latexit>

poly(logD)

exponentially compact classical model 
possible only via quantum technology.



Quantum oracle sketching

GitHub
haimengzhao/

quantum-oracle-
sketching

JAX-powered, 
support GPU/TPU, 

auto-differentiation



Quantum Algorithm

Quantum Oracle Sketching

query the classical world in 
quantum superposition



Classical HardnessQuantum Algorithm

Quantum Oracle Sketching

query the classical world in 
quantum superposition

Classical Query

separation in query ability 
→ memory advantage



Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

3. Embed into ML tasks



Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

For any query problem requiring      quantum 
queries or           classical queries, to solve an 
associated learning task with                  samples, 
any classical machine must have size 

<latexit sha1_base64="5z2zvUHrORqxAJxmd/Basen3hJA=">AAAB/nicdVDLSgNBEJz1GeMrKp68DAYhXtbZNRq9BXPxpkGjgSSG2UlvMjj7cGZWCEvAX/HiQRGvfoc3/8ZJjKCiBQ1FVTfdXV4suNKEvFsTk1PTM7OZuez8wuLScm5l9UJFiWRQY5GIZN2jCgQPoaa5FlCPJdDAE3DpXVeG/uUtSMWj8Fz3Y2gFtBtynzOqjdTOrZ81u3CDmycBdGmh2q7sVK/c7XYuT+y94mGpSDCxyZ5bIq4hjrvrkgPs2GSEPBrjtJ17a3YilgQQaiaoUg2HxLqVUqk5EzDINhMFMWXXtAsNQ0MagGqlo/MHeMsoHexH0lSo8Uj9PpHSQKl+4JnOgOqe+u0Nxb+8RqL9g1bKwzjRELLPRX4isI7wMAvc4RKYFn1DKJPc3IpZj0rKtEksa0L4+hT/Ty5c29m396vFfPloHEcGbaBNVEAOKqEyOkanqIYYStE9ekRP1p31YD1bL5+tE9Z4Zg39gPX6AUMGlGo=</latexit>

S → !(QC/Q
2)

<latexit sha1_base64="gRxHLdkPhzYC4sQzAFMJvGUo+Fo=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbCJJPcgl48JmAWSIbQ0+lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5Hb2Nza3snvFvb2Dw6PiscnHRmngtA2iXksej6WlLOIthVTnPYSQXHoc9r1p9cLv3tPhWRxdKtmCfVCPI5YwAhWWmq1hsWSZbp2veJUkWWWnZpbsTWx3FrZqSPbtJYowRrNYfF9MIpJGtJIEY6l7NtWorwMC8UIp/PCIJU0wWSKx7SvaYRDKr1seegcXWhlhIJY6IoUWqrfJzIcSjkLfd0ZYjWRv72F+JfXT1VQ8zIWJamiEVktClKOVIwWX6MRE5QoPtMEE8H0rYhMsMBE6WwKOoSvT9H/pFM27apZbTmlxtU6jjycwTlcgg0uNOAGmtAGAhQe4AmejTvj0XgxXletOWM9cwo/YLx9Ai+RjTk=</latexit>

Q
<latexit sha1_base64="sL9LbuHQa1OpK07kxZ6ldKB7z94=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCWbwFc/GYoFkgGUJPpydp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqqeH3OmtOO8W5m19Y3Nrex2bmd3b/8gf3jUVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/qc/9zh2VikXiVk9j6oV4JFjACNZGumkO6oN8wbGLl5VqqYJ+E9d2FijACo1B/q0/jEgSUqEJx0r1XCfWXoqlZoTTWa6fKBpjMsEj2jNU4JAqL12cOkNnRhmiIJKmhEYL9etEikOlpqFvOkOsx+qnNxf/8nqJDqpeykScaCrIclGQcKQjNP8bDZmkRPOpIZhIZm5FZIwlJtqkkzMhfH6K/iftou2W7XLzolC7WsWRhRM4hXNwoQI1uIYGtIDACO7hEZ4sbj1Yz9bLsjVjrWaO4Rus1w+UCI4I</latexit>

QC
<latexit sha1_base64="3JbIi5s79IQSA9RZOM1ZQVRCgxQ=">AAAB83icdVDLSgMxFM34rPVVdekmWIS6GTKdduqy6MaVtNAXdMaSSTNtaOZBkhHK0N9w40IRt/6MO//G9CGo6IELh3Pu5d57/IQzqRD6MNbWNza3tnM7+d29/YPDwtFxR8apILRNYh6Lno8l5SyibcUUp71EUBz6nHb9yfXc795TIVkctdQ0oV6IRxELGMFKS67bGlOFS7fNu/LFoFBEplO17bIDkWnV7GrV1gTVUAXZ0DLRAkWwQmNQeHeHMUlDGinCsZR9CyXKy7BQjHA6y7uppAkmEzyifU0jHFLpZYubZ/BcK0MYxEJXpOBC/T6R4VDKaejrzhCrsfztzcW/vH6qgksvY1GSKhqR5aIg5VDFcB4AHDJBieJTTTARTN8KyRgLTJSOKa9D+PoU/k86ZdNyTKdZKdavVnHkwCk4AyVggRqogxvQAG1AQAIewBN4NlLj0XgxXpeta8Zq5gT8gPH2CQfXkQ4=</latexit>

!(NQ2)

Theorem (Classical Hardness)



Any super-quadratic query separation, 

Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

For any query problem requiring      quantum 
queries or           classical queries, to solve an 
associated learning task with                  samples, 
any classical machine must have size 

<latexit sha1_base64="5z2zvUHrORqxAJxmd/Basen3hJA=">AAAB/nicdVDLSgNBEJz1GeMrKp68DAYhXtbZNRq9BXPxpkGjgSSG2UlvMjj7cGZWCEvAX/HiQRGvfoc3/8ZJjKCiBQ1FVTfdXV4suNKEvFsTk1PTM7OZuez8wuLScm5l9UJFiWRQY5GIZN2jCgQPoaa5FlCPJdDAE3DpXVeG/uUtSMWj8Fz3Y2gFtBtynzOqjdTOrZ81u3CDmycBdGmh2q7sVK/c7XYuT+y94mGpSDCxyZ5bIq4hjrvrkgPs2GSEPBrjtJ17a3YilgQQaiaoUg2HxLqVUqk5EzDINhMFMWXXtAsNQ0MagGqlo/MHeMsoHexH0lSo8Uj9PpHSQKl+4JnOgOqe+u0Nxb+8RqL9g1bKwzjRELLPRX4isI7wMAvc4RKYFn1DKJPc3IpZj0rKtEksa0L4+hT/Ty5c29m396vFfPloHEcGbaBNVEAOKqEyOkanqIYYStE9ekRP1p31YD1bL5+tE9Z4Zg39gPX6AUMGlGo=</latexit>

S → !(QC/Q
2)

<latexit sha1_base64="gRxHLdkPhzYC4sQzAFMJvGUo+Fo=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbCJJPcgl48JmAWSIbQ0+lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5Hb2Nza3snvFvb2Dw6PiscnHRmngtA2iXksej6WlLOIthVTnPYSQXHoc9r1p9cLv3tPhWRxdKtmCfVCPI5YwAhWWmq1hsWSZbp2veJUkWWWnZpbsTWx3FrZqSPbtJYowRrNYfF9MIpJGtJIEY6l7NtWorwMC8UIp/PCIJU0wWSKx7SvaYRDKr1seegcXWhlhIJY6IoUWqrfJzIcSjkLfd0ZYjWRv72F+JfXT1VQ8zIWJamiEVktClKOVIwWX6MRE5QoPtMEE8H0rYhMsMBE6WwKOoSvT9H/pFM27apZbTmlxtU6jjycwTlcgg0uNOAGmtAGAhQe4AmejTvj0XgxXletOWM9cwo/YLx9Ai+RjTk=</latexit>

Q
<latexit sha1_base64="sL9LbuHQa1OpK07kxZ6ldKB7z94=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCWbwFc/GYoFkgGUJPpydp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqqeH3OmtOO8W5m19Y3Nrex2bmd3b/8gf3jUVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/qc/9zh2VikXiVk9j6oV4JFjACNZGumkO6oN8wbGLl5VqqYJ+E9d2FijACo1B/q0/jEgSUqEJx0r1XCfWXoqlZoTTWa6fKBpjMsEj2jNU4JAqL12cOkNnRhmiIJKmhEYL9etEikOlpqFvOkOsx+qnNxf/8nqJDqpeykScaCrIclGQcKQjNP8bDZmkRPOpIZhIZm5FZIwlJtqkkzMhfH6K/iftou2W7XLzolC7WsWRhRM4hXNwoQI1uIYGtIDACO7hEZ4sbj1Yz9bLsjVjrWaO4Rus1w+UCI4I</latexit>

QC
<latexit sha1_base64="3JbIi5s79IQSA9RZOM1ZQVRCgxQ=">AAAB83icdVDLSgMxFM34rPVVdekmWIS6GTKdduqy6MaVtNAXdMaSSTNtaOZBkhHK0N9w40IRt/6MO//G9CGo6IELh3Pu5d57/IQzqRD6MNbWNza3tnM7+d29/YPDwtFxR8apILRNYh6Lno8l5SyibcUUp71EUBz6nHb9yfXc795TIVkctdQ0oV6IRxELGMFKS67bGlOFS7fNu/LFoFBEplO17bIDkWnV7GrV1gTVUAXZ0DLRAkWwQmNQeHeHMUlDGinCsZR9CyXKy7BQjHA6y7uppAkmEzyifU0jHFLpZYubZ/BcK0MYxEJXpOBC/T6R4VDKaejrzhCrsfztzcW/vH6qgksvY1GSKhqR5aIg5VDFcB4AHDJBieJTTTARTN8KyRgLTJSOKa9D+PoU/k86ZdNyTKdZKdavVnHkwCk4AyVggRqogxvQAG1AQAIewBN4NlLj0XgxXpeta8Zq5gT8gPH2CQfXkQ4=</latexit>

!(NQ2)

<latexit sha1_base64="f6+o4NtOZTp1RxilsZdKGtZRMjk=">AAACBXicjVDLSsNAFJ3UV62vqEtdDBahBQmJlKqLQrEbV7WFvqCNYTKdtEMnkzAzEUroxo2/4saFIm79B3f+jeljoaLggQuHc+7l3nvckFGpTPNDSy0tr6yupdczG5tb2zv67l5LBpHApIkDFoiOiyRhlJOmooqRTigI8l1G2u6oMvXbt0RIGvCGGofE9tGAU49ipBLJ0Q/rpetc9SY2jcLFJH8C606l1GsMiUK5at7Rs5ZhzgD/JlmwQM3R33v9AEc+4QozJGXXMkNlx0goihmZZHqRJCHCIzQg3YRy5BNpx7MvJvA4UfrQC0RSXMGZ+nUiRr6UY99NOn2khvKnNxV/87qR8s7tmPIwUoTj+SIvYlAFcBoJ7FNBsGLjhCAsaHIrxEMkEFZJcJn/hdA6NayiUawXsuXLRRxpcACOQA5Y4AyUwRWogSbA4A48gCfwrN1rj9qL9jpvTWmLmX3wDdrbJzKOlds=</latexit>

Q = O(N0.49), QC = !(N)
<latexit sha1_base64="U5Tv3Q3ry7hrgDuj3SYxdoKFiQ4=">AAACCHicjVC7SgNBFJ31GeNr1dLCwSDEJmyCRMugjZVGNA/IxjA7ubsZMrO7zswKYUlp46/YWChi6yfY+TdOHoWKggcuHM65l3vv8WLOlHacD2tmdm5+YTGzlF1eWV1btzc26ypKJIUajXgkmx5RwFkINc00h2YsgQiPQ8Prn4z8xi1IxaLwSg9iaAsShMxnlGgjdewdlwmzBxS+dAO4we65gIDkz65Tp+CUhvsdO1csOGPgv0kOTVHt2O9uN6KJgFBTTpRqFZ1Yt1MiNaMchlk3URAT2icBtAwNiQDVTsePDPGeUbrYj6SpUOOx+nUiJUKpgfBMpyC6p356I/E3r5Vo/6idsjBONIR0sshPONYRHqWCu0wC1XxgCKGSmVsx7RFJqDbZZf8XQr1UKJYL5YuDXOV4GkcGbaNdlEdFdIgq6BRVUQ1RdIce0BN6tu6tR+vFep20zljTmS30DdbbJ4unmGQ=</latexit>

=→ S ↑ !(N0.02)

Theorem (Classical Hardness)



For ML tasks, 

Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

For any query problem requiring      quantum 
queries or           classical queries, to solve an 
associated learning task with                  samples, 
any classical machine must have size 

<latexit sha1_base64="5z2zvUHrORqxAJxmd/Basen3hJA=">AAAB/nicdVDLSgNBEJz1GeMrKp68DAYhXtbZNRq9BXPxpkGjgSSG2UlvMjj7cGZWCEvAX/HiQRGvfoc3/8ZJjKCiBQ1FVTfdXV4suNKEvFsTk1PTM7OZuez8wuLScm5l9UJFiWRQY5GIZN2jCgQPoaa5FlCPJdDAE3DpXVeG/uUtSMWj8Fz3Y2gFtBtynzOqjdTOrZ81u3CDmycBdGmh2q7sVK/c7XYuT+y94mGpSDCxyZ5bIq4hjrvrkgPs2GSEPBrjtJ17a3YilgQQaiaoUg2HxLqVUqk5EzDINhMFMWXXtAsNQ0MagGqlo/MHeMsoHexH0lSo8Uj9PpHSQKl+4JnOgOqe+u0Nxb+8RqL9g1bKwzjRELLPRX4isI7wMAvc4RKYFn1DKJPc3IpZj0rKtEksa0L4+hT/Ty5c29m396vFfPloHEcGbaBNVEAOKqEyOkanqIYYStE9ekRP1p31YD1bL5+tE9Z4Zg39gPX6AUMGlGo=</latexit>

S → !(QC/Q
2)

<latexit sha1_base64="gRxHLdkPhzYC4sQzAFMJvGUo+Fo=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbCJJPcgl48JmAWSIbQ0+lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5Hb2Nza3snvFvb2Dw6PiscnHRmngtA2iXksej6WlLOIthVTnPYSQXHoc9r1p9cLv3tPhWRxdKtmCfVCPI5YwAhWWmq1hsWSZbp2veJUkWWWnZpbsTWx3FrZqSPbtJYowRrNYfF9MIpJGtJIEY6l7NtWorwMC8UIp/PCIJU0wWSKx7SvaYRDKr1seegcXWhlhIJY6IoUWqrfJzIcSjkLfd0ZYjWRv72F+JfXT1VQ8zIWJamiEVktClKOVIwWX6MRE5QoPtMEE8H0rYhMsMBE6WwKOoSvT9H/pFM27apZbTmlxtU6jjycwTlcgg0uNOAGmtAGAhQe4AmejTvj0XgxXletOWM9cwo/YLx9Ai+RjTk=</latexit>

Q
<latexit sha1_base64="sL9LbuHQa1OpK07kxZ6ldKB7z94=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCWbwFc/GYoFkgGUJPpydp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqqeH3OmtOO8W5m19Y3Nrex2bmd3b/8gf3jUVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/qc/9zh2VikXiVk9j6oV4JFjACNZGumkO6oN8wbGLl5VqqYJ+E9d2FijACo1B/q0/jEgSUqEJx0r1XCfWXoqlZoTTWa6fKBpjMsEj2jNU4JAqL12cOkNnRhmiIJKmhEYL9etEikOlpqFvOkOsx+qnNxf/8nqJDqpeykScaCrIclGQcKQjNP8bDZmkRPOpIZhIZm5FZIwlJtqkkzMhfH6K/iftou2W7XLzolC7WsWRhRM4hXNwoQI1uIYGtIDACO7hEZ4sbj1Yz9bLsjVjrWaO4Rus1w+UCI4I</latexit>

QC
<latexit sha1_base64="3JbIi5s79IQSA9RZOM1ZQVRCgxQ=">AAAB83icdVDLSgMxFM34rPVVdekmWIS6GTKdduqy6MaVtNAXdMaSSTNtaOZBkhHK0N9w40IRt/6MO//G9CGo6IELh3Pu5d57/IQzqRD6MNbWNza3tnM7+d29/YPDwtFxR8apILRNYh6Lno8l5SyibcUUp71EUBz6nHb9yfXc795TIVkctdQ0oV6IRxELGMFKS67bGlOFS7fNu/LFoFBEplO17bIDkWnV7GrV1gTVUAXZ0DLRAkWwQmNQeHeHMUlDGinCsZR9CyXKy7BQjHA6y7uppAkmEzyifU0jHFLpZYubZ/BcK0MYxEJXpOBC/T6R4VDKaejrzhCrsfztzcW/vH6qgksvY1GSKhqR5aIg5VDFcB4AHDJBieJTTTARTN8KyRgLTJSOKa9D+PoU/k86ZdNyTKdZKdavVnHkwCk4AyVggRqogxvQAG1AQAIewBN4NlLj0XgxXpeta8Zq5gT8gPH2CQfXkQ4=</latexit>

!(NQ2)

<latexit sha1_base64="wswa0AXVv6Tp3IbI6++IQxzteIA=">AAACFnicjVDPSwJBFJ61X2a/rI5dhiRQqGWNsDwIkpdOoqAmuLbMjqMOzs4sM7PBsvhXdOlf6dKhiK7Rrf+mXfVQUdAHDz6+7z3ee5/rM6q0ZX0YqaXlldW19HpmY3Nreye7u9dRIpCYtLFgQnZdpAijnLQ11Yx0fUmQ5zJy7U5qiX99S6Sigrd06JO+h0acDilGOpac7EmzYntIj6UX+YKF07zNxAjWC8ew6dQqdmtMNMrXbyLLLJenBSebK5rWDPBvkgMLNJzsuz0QOPAI15ghpXpFy9f9CElNMSPTjB0o4iM8QSPSiylHHlH9aPbWFB7FygAOhYyLazhTv05EyFMq9Ny4M3lB/fQS8TevF+jhRT+i3A804Xi+aBgwqAVMMoIDKgnWLIwJwpLGt0I8RhJhHSeZ+V8InVOzWDJLzbNc9XIRRxocgEOQB0VwDqrgCjRAG2BwBx7AE3g27o1H48V4nbemjMXMPvgG4+0TYdydmg==</latexit>

Q = poly(logN), QC = !(N0.99)
<latexit sha1_base64="bF4FUkkH93mSR1WmO50J/OlitF8=">AAACCHicjVC7SgNBFJ2NrxhfUUsLB4MQm2UjEk0XtLHSiOYB2TXMTm6SITO768ysEJaUNv6KjYUitn6CnX/j5FGoKHjgwuGce7n3Hj/iTGnH+bBSM7Nz8wvpxczS8srqWnZ9o6bCWFKo0pCHsuETBZwFUNVMc2hEEojwOdT9/snIr9+CVCwMrvQgAk+QbsA6jBJtpFZ222XC7AGFL90u3GD3XECX5M+uE8culYZ7rWyuYDtj4L9JDk1RaWXf3XZIYwGBppwo1Sw4kfYSIjWjHIYZN1YQEdonXWgaGhABykvGjwzxrlHauBNKU4HGY/XrREKEUgPhm05BdE/99Ebib14z1p0jL2FBFGsI6GRRJ+ZYh3iUCm4zCVTzgSGESmZuxbRHJKHaZJf5Xwi1fbtQtIsXB7ny8TSONNpCOyiPCugQldEpqqAqougOPaAn9GzdW4/Wi/U6aU1Z05lN9A3W2yekEJh0</latexit>

=→ S ↑ !(N0.99)

Theorem (Classical Hardness)



Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

For any query problem requiring      quantum 
queries or           classical queries, to solve an 
associated learning task with                  samples, 
any classical machine must have size 

<latexit sha1_base64="5z2zvUHrORqxAJxmd/Basen3hJA=">AAAB/nicdVDLSgNBEJz1GeMrKp68DAYhXtbZNRq9BXPxpkGjgSSG2UlvMjj7cGZWCEvAX/HiQRGvfoc3/8ZJjKCiBQ1FVTfdXV4suNKEvFsTk1PTM7OZuez8wuLScm5l9UJFiWRQY5GIZN2jCgQPoaa5FlCPJdDAE3DpXVeG/uUtSMWj8Fz3Y2gFtBtynzOqjdTOrZ81u3CDmycBdGmh2q7sVK/c7XYuT+y94mGpSDCxyZ5bIq4hjrvrkgPs2GSEPBrjtJ17a3YilgQQaiaoUg2HxLqVUqk5EzDINhMFMWXXtAsNQ0MagGqlo/MHeMsoHexH0lSo8Uj9PpHSQKl+4JnOgOqe+u0Nxb+8RqL9g1bKwzjRELLPRX4isI7wMAvc4RKYFn1DKJPc3IpZj0rKtEksa0L4+hT/Ty5c29m396vFfPloHEcGbaBNVEAOKqEyOkanqIYYStE9ekRP1p31YD1bL5+tE9Z4Zg39gPX6AUMGlGo=</latexit>

S → !(QC/Q
2)

<latexit sha1_base64="gRxHLdkPhzYC4sQzAFMJvGUo+Fo=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbCJJPcgl48JmAWSIbQ0+lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5Hb2Nza3snvFvb2Dw6PiscnHRmngtA2iXksej6WlLOIthVTnPYSQXHoc9r1p9cLv3tPhWRxdKtmCfVCPI5YwAhWWmq1hsWSZbp2veJUkWWWnZpbsTWx3FrZqSPbtJYowRrNYfF9MIpJGtJIEY6l7NtWorwMC8UIp/PCIJU0wWSKx7SvaYRDKr1seegcXWhlhIJY6IoUWqrfJzIcSjkLfd0ZYjWRv72F+JfXT1VQ8zIWJamiEVktClKOVIwWX6MRE5QoPtMEE8H0rYhMsMBE6WwKOoSvT9H/pFM27apZbTmlxtU6jjycwTlcgg0uNOAGmtAGAhQe4AmejTvj0XgxXletOWM9cwo/YLx9Ai+RjTk=</latexit>

Q
<latexit sha1_base64="sL9LbuHQa1OpK07kxZ6ldKB7z94=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCWbwFc/GYoFkgGUJPpydp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqqeH3OmtOO8W5m19Y3Nrex2bmd3b/8gf3jUVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/qc/9zh2VikXiVk9j6oV4JFjACNZGumkO6oN8wbGLl5VqqYJ+E9d2FijACo1B/q0/jEgSUqEJx0r1XCfWXoqlZoTTWa6fKBpjMsEj2jNU4JAqL12cOkNnRhmiIJKmhEYL9etEikOlpqFvOkOsx+qnNxf/8nqJDqpeykScaCrIclGQcKQjNP8bDZmkRPOpIZhIZm5FZIwlJtqkkzMhfH6K/iftou2W7XLzolC7WsWRhRM4hXNwoQI1uIYGtIDACO7hEZ4sbj1Yz9bLsjVjrWaO4Rus1w+UCI4I</latexit>

QC
<latexit sha1_base64="3JbIi5s79IQSA9RZOM1ZQVRCgxQ=">AAAB83icdVDLSgMxFM34rPVVdekmWIS6GTKdduqy6MaVtNAXdMaSSTNtaOZBkhHK0N9w40IRt/6MO//G9CGo6IELh3Pu5d57/IQzqRD6MNbWNza3tnM7+d29/YPDwtFxR8apILRNYh6Lno8l5SyibcUUp71EUBz6nHb9yfXc795TIVkctdQ0oV6IRxELGMFKS67bGlOFS7fNu/LFoFBEplO17bIDkWnV7GrV1gTVUAXZ0DLRAkWwQmNQeHeHMUlDGinCsZR9CyXKy7BQjHA6y7uppAkmEzyifU0jHFLpZYubZ/BcK0MYxEJXpOBC/T6R4VDKaejrzhCrsfztzcW/vH6qgksvY1GSKhqR5aIg5VDFcB4AHDJBieJTTTARTN8KyRgLTJSOKa9D+PoU/k86ZdNyTKdZKdavVnHkwCk4AyVggRqogxvQAG1AQAIewBN4NlLj0XgxXpeta8Zq5gT8gPH2CQfXkQ4=</latexit>

!(NQ2)
Sample-space lower bound

<latexit sha1_base64="IVDNgxO6AOaaC8Hiu1JBoqXzmRQ=">AAAB/HicdVDJTgJBEO3BDXFDOXrpSEzwQmaEsNyIXLyoEGVJgJCepoAOPYvdPSYTgr/ixYPGePVDvPk3NjAmavQllby8V5WqerbPmVSm+WHEVlbX1jfim4mt7Z3dveT+QVN6gaDQoB73RNsmEjhzoaGY4tD2BRDH5tCyJ9W537oDIZnn3qjQh55DRi4bMkqUlvrJ1MV1dwS3uHvlwIhkLuv96kk/mTaz+UK5mMtjM2suMCflnGWWsBUpaRSh1k++dwceDRxwFeVEyo5l+qo3JUIxymGW6AYSfEInZAQdTV3igOxNF8fP8LFWBnjoCV2uwgv1+8SUOFKGjq07HaLG8rc3F//yOoEalnpT5vqBApcuFw0DjpWH50ngARNAFQ81IVQwfSumYyIIVTqvhA7h61P8P2meZq1CtlDPpytnURxxdIiOUAZZqIgq6BzVUANRFKIH9ISejXvj0XgxXpetMSOaSaEfMN4+AS/3k9o=</latexit>

MS → !(NQC)
<latexit sha1_base64="CFeimqXFSZ54zxJK2C7c0R8MV5Y=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZAp7bQboejGjdJCX9BOSybNtKGZB0lGKUP/w40LRdz6L+78G9OHoKIHLhzOuZd773EjzqRC6MNIra1vbG6ltzM7u3v7B9nDo5YMY0Fok4Q8FB0XS8pZQJuKKU47kaDYdzltu5Orud++o0KyMGioaUQdH48C5jGClZb6Nxe9xpgqnL+t9wvng2wOmaVyqWIXIDItyyoiSxNkI7tShpaJFsiBFWqD7HtvGJLYp4EiHEvZtVCknAQLxQins0wvljTCZIJHtKtpgH0qnWRx9QyeaWUIvVDoChRcqN8nEuxLOfVd3eljNZa/vbn4l9eNlVdxEhZEsaIBWS7yYg5VCOcRwCETlCg+1QQTwfStkIyxwETpoDI6hK9P4f+kVTAt27TrxVz1chVHGpyAU5AHFiiDKrgGNdAEBAjwAJ7As3FvPBovxuuyNWWsZo7BDxhvnzDGkbE=</latexit>

M = !(NQ2) from QOS#sample

Theorem (Classical Hardness)



Query Problem

movie

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

Goal 
rate the movie



Query Problem

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

high quality users
<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

[oracle]
<latexit sha1_base64="wB99LEIWDbqCcgsM0Mu6zcje1MY=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBItQN8OM1Gp3RTcuK9gHtkPJpJk2NJMZkoy0DP0LNy4UcevfuPNvTB+CzwOBwzn3knuOH3OmtOO8W5ml5ZXVtex6bmNza3snv7vXUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJz6zTsqFYvEjR7H1AtxX7CAEayNdDtCHR2hoDg67uYLjl2qVCqnZfSbuLYzQwEWqHXzb51eRJKQCk04VqrtOrH2Uiw1I5xOcp1E0RiTIe7TtqECh1R56eziCToySg8FkTRPaDRTv26kOFRqHPpmMsR6oH56U/Evr53o4NxLmYgTTQWZfxQkHJmU0/ioxyQlmo8NwUQycysiAywx0aaknCnhMyn6nzRObLdsl69LherFoo4sHMAhFMGFM6jCFdSgDgQE3MMjPFnKerCerZf5aMZa7OzDN1ivHwuvkI0=</latexit>

x → f(x)



Query Problem

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

high quality users
<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

querying them suffices to determine the goal

[oracle]
<latexit sha1_base64="wB99LEIWDbqCcgsM0Mu6zcje1MY=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBItQN8OM1Gp3RTcuK9gHtkPJpJk2NJMZkoy0DP0LNy4UcevfuPNvTB+CzwOBwzn3knuOH3OmtOO8W5ml5ZXVtex6bmNza3snv7vXUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJz6zTsqFYvEjR7H1AtxX7CAEayNdDtCHR2hoDg67uYLjl2qVCqnZfSbuLYzQwEWqHXzb51eRJKQCk04VqrtOrH2Uiw1I5xOcp1E0RiTIe7TtqECh1R56eziCToySg8FkTRPaDRTv26kOFRqHPpmMsR6oH56U/Evr53o4NxLmYgTTQWZfxQkHJmU0/ioxyQlmo8NwUQycysiAywx0aaknCnhMyn6nzRObLdsl69LherFoo4sHMAhFMGFM6jCFdSgDgQE3MMjPFnKerCerZf5aMZa7OzDN1ivHwuvkI0=</latexit>

x → f(x)

[classical query complexity]



users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

high quality users
<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

amount of info needed to estimate some 
property of the oracle [classical query complexity]

[oracle]
<latexit sha1_base64="wB99LEIWDbqCcgsM0Mu6zcje1MY=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBItQN8OM1Gp3RTcuK9gHtkPJpJk2NJMZkoy0DP0LNy4UcevfuPNvTB+CzwOBwzn3knuOH3OmtOO8W5ml5ZXVtex6bmNza3snv7vXUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJz6zTsqFYvEjR7H1AtxX7CAEayNdDtCHR2hoDg67uYLjl2qVCqnZfSbuLYzQwEWqHXzb51eRJKQCk04VqrtOrH2Uiw1I5xOcp1E0RiTIe7TtqECh1R56eziCToySg8FkTRPaDRTv26kOFRqHPpmMsR6oH56U/Evr53o4NxLmYgTTQWZfxQkHJmU0/ioxyQlmo8NwUQycysiAywx0aaknCnhMyn6nzRObLdsl69LherFoo4sHMAhFMGFM6jCFdSgDgQE3MMjPFnKerCerZf5aMZa7OzDN1ivHwuvkI0=</latexit>

x → f(x)

Query Problem



users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
random data
from

<latexit sha1_base64="/mvnzXApu5fxQ8P5X7DHITMAfdE=">AAAB8nicdVDLSgMxFM34rPVVdekmWIQWZJiRWu1CKLpxWcE+YDqUTJppQzPJkGSkdehnuHGhiFu/xp1/Y/oQfB64cDjnXu69J4gZVdpx3q2FxaXlldXMWnZ9Y3NrO7ez21AikZjUsWBCtgKkCKOc1DXVjLRiSVAUMNIMBpcTv3lLpKKC3+hRTPwI9TgNKUbaSN7deWF4BMPCsFjs5PKOXapUKidl+Ju4tjNFHsxR6+Te2l2Bk4hwjRlSynOdWPspkppiRsbZdqJIjPAA9YhnKEcRUX46PXkMD43ShaGQpriGU/XrRIoipUZRYDojpPvqpzcR//K8RIdnfkp5nGjC8WxRmDCoBZz8D7tUEqzZyBCEJTW3QtxHEmFtUsqaED4/hf+TxrHtlu3ydSlfvZjHkQH74AAUgAtOQRVcgRqoAwwEuAeP4MnS1oP1bL3MWhes+cwe+Abr9QPwk5Bs</latexit>

z = (x, f(x))

info needed to estimate 
oracle property

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

Oracle Property Estimation



users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

User’s reaction depends on their mood, 
which fluctuates randomly over time.

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

😄

Noisy Oracle Property Estimation (NOPE)



users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

User’s reaction depends on their mood, 
which fluctuates randomly over time.

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

😄

😄😭Need to gather both for accurate feedback.
<latexit sha1_base64="WNiHtkarRBVd/de9H/688+e0LG8=">AAACAHicdVDLSgMxFL1TX7W+Rl24cBMsQgUpM6VWuyu6cVnBPqAdhkyaaUMzD5KMWIZu/BU3LhRx62e4829MH4LPAyGHc+4lOceLOZPKst6NzMLi0vJKdjW3tr6xuWVu7zRllAhCGyTikWh7WFLOQtpQTHHajgXFgcdpyxteTPzWDRWSReG1GsXUCXA/ZD4jWGnJNfd81y7cHh0j3y3pG3VVhHxNXDNvFcvVavWkgn4Tu2hNkYc56q751u1FJAloqAjHUnZsK1ZOioVihNNxrptIGmMyxH3a0TTEAZVOOg0wRoda6SE/EvqECk3VrxspDqQcBZ6eDLAayJ/eRPzL6yTKP3NSFsaJoiGZPeQnHOmUkzZQjwlKFB9pgolg+q+IDLDAROnOcrqEz6Tof9IsFe1KsXJVztfO53VkYR8OoAA2nEINLqEODSAwhnt4hCfjzngwno2X2WjGmO/swjcYrx+nL5ST</latexit>

f1(x), f2(x) → f(x)

Noisy Oracle Property Estimation (NOPE)

via low-discrepancy 
encoding



users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

User’s reaction depends on their mood, 
which fluctuates randomly over time.

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

😄

😄😭Need to gather both for accurate feedback.
<latexit sha1_base64="WNiHtkarRBVd/de9H/688+e0LG8=">AAACAHicdVDLSgMxFL1TX7W+Rl24cBMsQgUpM6VWuyu6cVnBPqAdhkyaaUMzD5KMWIZu/BU3LhRx62e4829MH4LPAyGHc+4lOceLOZPKst6NzMLi0vJKdjW3tr6xuWVu7zRllAhCGyTikWh7WFLOQtpQTHHajgXFgcdpyxteTPzWDRWSReG1GsXUCXA/ZD4jWGnJNfd81y7cHh0j3y3pG3VVhHxNXDNvFcvVavWkgn4Tu2hNkYc56q751u1FJAloqAjHUnZsK1ZOioVihNNxrptIGmMyxH3a0TTEAZVOOg0wRoda6SE/EvqECk3VrxspDqQcBZ6eDLAayJ/eRPzL6yTKP3NSFsaJoiGZPeQnHOmUkzZQjwlKFB9pgolg+q+IDLDAROnOcrqEz6Tof9IsFe1KsXJVztfO53VkYR8OoAA2nEINLqEODSAwhnt4hCfjzngwno2X2WjGmO/swjcYrx+nL5ST</latexit>

f1(x), f2(x) → f(x)

That takes             time/samples.
<latexit sha1_base64="nQ579j10tkI2lJrDk5YpQID+YM4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OJJKvRL2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49uZ336iSrNINswkpr7AQ8lCRrCx0mOvMaIGl+/P+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdK6qHjVSvXhslS7yeLIwwmcQhk8uIIa3EEdmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AHd+I/Q</latexit>

!(N)
<latexit sha1_base64="RXZVeEVWRoC4Uos9FfA63IY57Oc=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiDEyzgTQvQiBL14kghmgWQIPZ2epElPz9jdI4YhP+HFgyJe/R1v/o2dRXB9UPB4r4qqen7MmdKO825lFhaXlleyq7m19Y3Nrfz2TkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vB84jdvqVQsEtd6FFMvxH3BAkawNlIrLt4dnrpHl918wbHLpYoB+k1c25miAHPUuvm3Ti8iSUiFJhwr1XadWHsplpoRTse5TqJojMkQ92nbUIFDqrx0eu8YHRilh4JImhIaTdWvEykOlRqFvukMsR6on95E/MtrJzo48VIm4kRTQWaLgoQjHaHJ86jHJCWajwzBRDJzKyIDLDHRJqKcCeHzU/Q/aZRst2JXrsqF6tk8jizswT4UwYVjqMIF1KAOBDjcwyM8WTfWg/VsvcxaM9Z8Zhe+wXr9AP+Bj1M=</latexit>

p(x) = 1/N

Noisy Oracle Property Estimation (NOPE)



😄

😄

😄

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC

info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

Noisy Oracle Property Estimation (NOPE)

😄

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
😭

<latexit sha1_base64="nQ579j10tkI2lJrDk5YpQID+YM4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OJJKvRL2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49uZ336iSrNINswkpr7AQ8lCRrCx0mOvMaIGl+/P+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdK6qHjVSvXhslS7yeLIwwmcQhk8uIIa3EEdmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AHd+I/Q</latexit>

!(N)

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S
size info

<latexit sha1_base64="Y8y5bK0vxkBbLFluYS+vJHDw7GQ=">AAACD3icbVC7TsMwFHV4lvIqMLJYVKCyVAlChbGChQUogj6kJqoc12mtOg/sG6Qqyh+w8CssDCDEysrG3+C2GaDlSPfq6Jx7Zd/jRoIrMM1vY25+YXFpObeSX11b39gsbG03VBhLyuo0FKFsuUQxwQNWBw6CtSLJiO8K1nQH5yO/+cCk4mFwB8OIOT7pBdzjlICWOoUDW7B7fK27ByXbk4Qml2lyldqS9/pwiG3aDQHfdgpFs2yOgWeJlZEiylDrFL7sbkhjnwVABVGqbZkROAmRwKlgad6OFYsIHZAea2saEJ8pJxnfk+J9rXSxF0pdAeCx+nsjIb5SQ9/Vkz6Bvpr2RuJ/XjsG79RJeBDFwAI6eciLBYYQj8LBXS4ZBTHUhFDJ9V8x7RMdCugI8zoEa/rkWdI4KluVcuXmuFg9y+LIoV20h0rIQieoii5QDdURRY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwBAzJwt</latexit>

→ O

(
M

N

)
· S

# rounds



😄

😄

😄

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC
info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

Noisy Oracle Property Estimation (NOPE)

info
<latexit sha1_base64="Y8y5bK0vxkBbLFluYS+vJHDw7GQ=">AAACD3icbVC7TsMwFHV4lvIqMLJYVKCyVAlChbGChQUogj6kJqoc12mtOg/sG6Qqyh+w8CssDCDEysrG3+C2GaDlSPfq6Jx7Zd/jRoIrMM1vY25+YXFpObeSX11b39gsbG03VBhLyuo0FKFsuUQxwQNWBw6CtSLJiO8K1nQH5yO/+cCk4mFwB8OIOT7pBdzjlICWOoUDW7B7fK27ByXbk4Qml2lyldqS9/pwiG3aDQHfdgpFs2yOgWeJlZEiylDrFL7sbkhjnwVABVGqbZkROAmRwKlgad6OFYsIHZAea2saEJ8pJxnfk+J9rXSxF0pdAeCx+nsjIb5SQ9/Vkz6Bvpr2RuJ/XjsG79RJeBDFwAI6eciLBYYQj8LBXS4ZBTHUhFDJ9V8x7RMdCugI8zoEa/rkWdI4KluVcuXmuFg9y+LIoV20h0rIQieoii5QDdURRY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwBAzJwt</latexit>

→ O

(
M

N

)
· S<latexit sha1_base64="JLrgbegZ4kMQ8jFnHQz6ULSwkiM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WDmSToR3QoecgZNZnUE/jYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjT6kynAmclXqpxoSyMR1i11JJI9T+dH7rjJxZZUDCWNmShszV3xNTGmk9iQLbGVEz0steJv7ndVMTXvtTLpPUoGSLRWEqiIlJ9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAYk45L</latexit>→



😄

😄

😄

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC
info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

Noisy Oracle Property Estimation (NOPE)

info
<latexit sha1_base64="Y8y5bK0vxkBbLFluYS+vJHDw7GQ=">AAACD3icbVC7TsMwFHV4lvIqMLJYVKCyVAlChbGChQUogj6kJqoc12mtOg/sG6Qqyh+w8CssDCDEysrG3+C2GaDlSPfq6Jx7Zd/jRoIrMM1vY25+YXFpObeSX11b39gsbG03VBhLyuo0FKFsuUQxwQNWBw6CtSLJiO8K1nQH5yO/+cCk4mFwB8OIOT7pBdzjlICWOoUDW7B7fK27ByXbk4Qml2lyldqS9/pwiG3aDQHfdgpFs2yOgWeJlZEiylDrFL7sbkhjnwVABVGqbZkROAmRwKlgad6OFYsIHZAea2saEJ8pJxnfk+J9rXSxF0pdAeCx+nsjIb5SQ9/Vkz6Bvpr2RuJ/XjsG79RJeBDFwAI6eciLBYYQj8LBXS4ZBTHUhFDJ9V8x7RMdCugI8zoEa/rkWdI4KluVcuXmuFg9y+LIoV20h0rIQieoii5QDdURRY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwBAzJwt</latexit>

→ O

(
M

N

)
· S<latexit sha1_base64="JLrgbegZ4kMQ8jFnHQz6ULSwkiM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WDmSToR3QoecgZNZnUE/jYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjT6kynAmclXqpxoSyMR1i11JJI9T+dH7rjJxZZUDCWNmShszV3xNTGmk9iQLbGVEz0steJv7ndVMTXvtTLpPUoGSLRWEqiIlJ9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAYk45L</latexit>→

<latexit sha1_base64="IVDNgxO6AOaaC8Hiu1JBoqXzmRQ=">AAAB/HicdVDJTgJBEO3BDXFDOXrpSEzwQmaEsNyIXLyoEGVJgJCepoAOPYvdPSYTgr/ixYPGePVDvPk3NjAmavQllby8V5WqerbPmVSm+WHEVlbX1jfim4mt7Z3dveT+QVN6gaDQoB73RNsmEjhzoaGY4tD2BRDH5tCyJ9W537oDIZnn3qjQh55DRi4bMkqUlvrJ1MV1dwS3uHvlwIhkLuv96kk/mTaz+UK5mMtjM2suMCflnGWWsBUpaRSh1k++dwceDRxwFeVEyo5l+qo3JUIxymGW6AYSfEInZAQdTV3igOxNF8fP8LFWBnjoCV2uwgv1+8SUOFKGjq07HaLG8rc3F//yOoEalnpT5vqBApcuFw0DjpWH50ngARNAFQ81IVQwfSumYyIIVTqvhA7h61P8P2meZq1CtlDPpytnURxxdIiOUAZZqIgq6BzVUANRFKIH9ISejXvj0XgxXpetMSOaSaEfMN4+AS/3k9o=</latexit>

MS → !(NQC)Sample-space lower bound



😄

😄

😄

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC
info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

Noisy Oracle Property Estimation (NOPE)

info
<latexit sha1_base64="Y8y5bK0vxkBbLFluYS+vJHDw7GQ=">AAACD3icbVC7TsMwFHV4lvIqMLJYVKCyVAlChbGChQUogj6kJqoc12mtOg/sG6Qqyh+w8CssDCDEysrG3+C2GaDlSPfq6Jx7Zd/jRoIrMM1vY25+YXFpObeSX11b39gsbG03VBhLyuo0FKFsuUQxwQNWBw6CtSLJiO8K1nQH5yO/+cCk4mFwB8OIOT7pBdzjlICWOoUDW7B7fK27ByXbk4Qml2lyldqS9/pwiG3aDQHfdgpFs2yOgWeJlZEiylDrFL7sbkhjnwVABVGqbZkROAmRwKlgad6OFYsIHZAea2saEJ8pJxnfk+J9rXSxF0pdAeCx+nsjIb5SQ9/Vkz6Bvpr2RuJ/XjsG79RJeBDFwAI6eciLBYYQj8LBXS4ZBTHUhFDJ9V8x7RMdCugI8zoEa/rkWdI4KluVcuXmuFg9y+LIoV20h0rIQieoii5QDdURRY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwBAzJwt</latexit>

→ O

(
M

N

)
· S<latexit sha1_base64="JLrgbegZ4kMQ8jFnHQz6ULSwkiM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WDmSToR3QoecgZNZnUE/jYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjT6kynAmclXqpxoSyMR1i11JJI9T+dH7rjJxZZUDCWNmShszV3xNTGmk9iQLbGVEz0steJv7ndVMTXvtTLpPUoGSLRWEqiIlJ9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAYk45L</latexit>→

<latexit sha1_base64="5z2zvUHrORqxAJxmd/Basen3hJA=">AAAB/nicdVDLSgNBEJz1GeMrKp68DAYhXtbZNRq9BXPxpkGjgSSG2UlvMjj7cGZWCEvAX/HiQRGvfoc3/8ZJjKCiBQ1FVTfdXV4suNKEvFsTk1PTM7OZuez8wuLScm5l9UJFiWRQY5GIZN2jCgQPoaa5FlCPJdDAE3DpXVeG/uUtSMWj8Fz3Y2gFtBtynzOqjdTOrZ81u3CDmycBdGmh2q7sVK/c7XYuT+y94mGpSDCxyZ5bIq4hjrvrkgPs2GSEPBrjtJ17a3YilgQQaiaoUg2HxLqVUqk5EzDINhMFMWXXtAsNQ0MagGqlo/MHeMsoHexH0lSo8Uj9PpHSQKl+4JnOgOqe+u0Nxb+8RqL9g1bKwzjRELLPRX4isI7wMAvc4RKYFn1DKJPc3IpZj0rKtEksa0L4+hT/Ty5c29m396vFfPloHEcGbaBNVEAOKqEyOkanqIYYStE9ekRP1p31YD1bL5+tE9Z4Zg39gPX6AUMGlGo=</latexit>

S → !(QC/Q
2)

<latexit sha1_base64="IVDNgxO6AOaaC8Hiu1JBoqXzmRQ=">AAAB/HicdVDJTgJBEO3BDXFDOXrpSEzwQmaEsNyIXLyoEGVJgJCepoAOPYvdPSYTgr/ixYPGePVDvPk3NjAmavQllby8V5WqerbPmVSm+WHEVlbX1jfim4mt7Z3dveT+QVN6gaDQoB73RNsmEjhzoaGY4tD2BRDH5tCyJ9W537oDIZnn3qjQh55DRi4bMkqUlvrJ1MV1dwS3uHvlwIhkLuv96kk/mTaz+UK5mMtjM2suMCflnGWWsBUpaRSh1k++dwceDRxwFeVEyo5l+qo3JUIxymGW6AYSfEInZAQdTV3igOxNF8fP8LFWBnjoCV2uwgv1+8SUOFKGjq07HaLG8rc3F//yOoEalnpT5vqBApcuFw0DjpWH50ngARNAFQ81IVQwfSumYyIIVTqvhA7h61P8P2meZq1CtlDPpytnURxxdIiOUAZZqIgq6BzVUANRFKIH9ISejXvj0XgxXpetMSOaSaEfMN4+AS/3k9o=</latexit>

MS → !(NQC)
<latexit sha1_base64="CFeimqXFSZ54zxJK2C7c0R8MV5Y=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZAp7bQboejGjdJCX9BOSybNtKGZB0lGKUP/w40LRdz6L+78G9OHoKIHLhzOuZd773EjzqRC6MNIra1vbG6ltzM7u3v7B9nDo5YMY0Fok4Q8FB0XS8pZQJuKKU47kaDYdzltu5Orud++o0KyMGioaUQdH48C5jGClZb6Nxe9xpgqnL+t9wvng2wOmaVyqWIXIDItyyoiSxNkI7tShpaJFsiBFWqD7HtvGJLYp4EiHEvZtVCknAQLxQins0wvljTCZIJHtKtpgH0qnWRx9QyeaWUIvVDoChRcqN8nEuxLOfVd3eljNZa/vbn4l9eNlVdxEhZEsaIBWS7yYg5VCOcRwCETlCg+1QQTwfStkIyxwETpoDI6hK9P4f+kVTAt27TrxVz1chVHGpyAU5AHFiiDKrgGNdAEBAjwAJ7As3FvPBovxuuyNWWsZo7BDxhvnzDGkbE=</latexit>

M = !(NQ2) from QOS#sample
Theorem (Classical Hardness)



😄

😄

😄

users
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
noisy data

from

<latexit sha1_base64="SBcLq51CxbC1l0Hdk8JGWQMTQKo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELh4hyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT2txvP6HSPJKPZhqjH9KR5EPOqLHSQ6Nf6xdLbtldgKwTLyMlyFDvF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/9lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5PWVdmrlCuN61L1LosjD2dwDpfgwQ1U4R7q0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz/vEY2W</latexit>

QC
info needed to estimate 
oracle property

<latexit sha1_base64="2IVkhg2vybwJaS3ImNUKkcYxrmk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK0UEoitdqFUHTjsoJ9QBvCZDpph04mYWYiraEbN/6KGxeKuPUf3Pk3Th+CzwMXDufcy733eBGjUlnWuzE3v7C4tJxaSa+urW9smlvbdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/fOx37gmQtKQX6lhRJwAdTn1KUZKS665d3OaHeSh7yZtxKIeGmUHuTyc8pxrZqxCsVwuH5Xgb2IXrAkyYIaqa761OyGOA8IVZkjKlm1FykmQUBQzMkq3Y0kihPuoS1qachQQ6SSTL0bwQCsd6IdCF1dwon6dSFAg5TDwdGeAVE/+9MbiX14rVv6Jk1AexYpwPF3kxwyqEI4jgR0qCFZsqAnCgupbIe4hgbDSwaV1CJ+fwv9J/bBglwqly2KmcjaLIwV2wT7IAhscgwq4AFVQAxjcgnvwCJ6MO+PBeDZepq1zxmxmB3yD8foBAu+Xrg==</latexit>

z = (x, fω(x),ω) 😄

Noisy Oracle Property Estimation (NOPE)

info
<latexit sha1_base64="Y8y5bK0vxkBbLFluYS+vJHDw7GQ=">AAACD3icbVC7TsMwFHV4lvIqMLJYVKCyVAlChbGChQUogj6kJqoc12mtOg/sG6Qqyh+w8CssDCDEysrG3+C2GaDlSPfq6Jx7Zd/jRoIrMM1vY25+YXFpObeSX11b39gsbG03VBhLyuo0FKFsuUQxwQNWBw6CtSLJiO8K1nQH5yO/+cCk4mFwB8OIOT7pBdzjlICWOoUDW7B7fK27ByXbk4Qml2lyldqS9/pwiG3aDQHfdgpFs2yOgWeJlZEiylDrFL7sbkhjnwVABVGqbZkROAmRwKlgad6OFYsIHZAea2saEJ8pJxnfk+J9rXSxF0pdAeCx+nsjIb5SQ9/Vkz6Bvpr2RuJ/XjsG79RJeBDFwAI6eciLBYYQj8LBXS4ZBTHUhFDJ9V8x7RMdCugI8zoEa/rkWdI4KluVcuXmuFg9y+LIoV20h0rIQieoii5QDdURRY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwBAzJwt</latexit>

→ O

(
M

N

)
· S<latexit sha1_base64="JLrgbegZ4kMQ8jFnHQz6ULSwkiM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WDmSToR3QoecgZNZnUE/jYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjT6kynAmclXqpxoSyMR1i11JJI9T+dH7rjJxZZUDCWNmShszV3xNTGmk9iQLbGVEz0steJv7ndVMTXvtTLpPUoGSLRWEqiIlJ9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAYk45L</latexit>→

NOPE of Forrelation
Theorem (Classical Hardness) <latexit sha1_base64="0AhAl5TnoAU01Kdj1bnn41YafvM="></latexit>

QC = !(N1→ω), Q = O(1)

<latexit sha1_base64="UJGonTVMQiVvzFmP+qzEq6D4phM="></latexit>

S → !(N1→ω)



Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

<latexit sha1_base64="/PCedEF3ZWJlG44T0gy3Ek76Zj0=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEI8TLMmJDlFvTiSSOaGEhi6OlUJk16Frt7hDDm4K948aCIV3/Dm39jZxFU9EHB470qquo5IWdSWdaHkZibX1hcSi6nVlbX1jfSm1t1GUSCQo0GPBANh0jgzIeaYopDIxRAPIfDlTM4HvtXtyAkC/xLNQyh7RHXZz1GidJSJ71z0XLhBrfOPHBJ9vQ6tsxyeXTQSWcsM18oF3N5bJnWBGNSztlWCdszJYNmqHbS761uQCMPfEU5kbJpW6Fqx0QoRjmMUq1IQkjogLjQ1NQnHsh2PLl/hPe10sW9QOjyFZ6o3ydi4kk59Bzd6RHVl7+9sfiX14xUr9SOmR9GCnw6XdSLOFYBHoeBu0wAVXyoCaGC6Vsx7RNBqNKRpXQIX5/i/0n90LQLZuE8n6kczeJIol20h7LIRkVUQSeoimqIojv0gJ7Qs3FvPBovxuu0NWHMZrbRDxhvnxCclN4=</latexit>

S → !(N0.99)



Classical Query

Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

<latexit sha1_base64="/PCedEF3ZWJlG44T0gy3Ek76Zj0=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEI8TLMmJDlFvTiSSOaGEhi6OlUJk16Frt7hDDm4K948aCIV3/Dm39jZxFU9EHB470qquo5IWdSWdaHkZibX1hcSi6nVlbX1jfSm1t1GUSCQo0GPBANh0jgzIeaYopDIxRAPIfDlTM4HvtXtyAkC/xLNQyh7RHXZz1GidJSJ71z0XLhBrfOPHBJ9vQ6tsxyeXTQSWcsM18oF3N5bJnWBGNSztlWCdszJYNmqHbS761uQCMPfEU5kbJpW6Fqx0QoRjmMUq1IQkjogLjQ1NQnHsh2PLl/hPe10sW9QOjyFZ6o3ydi4kk59Bzd6RHVl7+9sfiX14xUr9SOmR9GCnw6XdSLOFYBHoeBu0wAVXyoCaGC6Vsx7RNBqNKRpXQIX5/i/0n90LQLZuE8n6kczeJIol20h7LIRkVUQSeoimqIojv0gJ7Qs3FvPBovxuu0NWHMZrbRDxhvnxCclN4=</latexit>

S → !(N0.99)

<latexit sha1_base64="m5ZidiAIGkLHD3ftBkMjpKVYPG8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0PGlrazK7pxpRXtA9paMmnahmYeJhmxDPMrblwo4tYfceffmD4EFT1w4XDOvdx7jxtyJhVCH0ZqaXlldS29ntnY3NreMXezDRlEgtA6CXggWi6WlDOf1hVTnLZCQbHnctp0x6dTv3lHhWSBf60mIe16eOizASNYaalnZq9gh9NbeJE/v4mR5TjJUc/MIatYcsqFIkQWmmFKnIKNKtBeKDmwQK1nvnf6AYk86ivCsZRtG4WqG2OhGOE0yXQiSUNMxnhI25r62KOyG89uT+ChVvpwEAhdvoIz9ftEjD0pJ56rOz2sRvK3NxX/8tqRGlS6MfPDSFGfzBcNIg5VAKdBwD4TlCg+0QQTwfStkIywwETpuDI6hK9P4f+kcWzZJat0WcxVTxZxpME+OAB5YIMyqIIzUAN1QMA9eABP4NlIjEfjxXidt6aMxcwe+AHj7ROaPZLl</latexit>

S → O(N0.99)NOPE: if , then progress
<latexit sha1_base64="RmrxJq16mSdp1CsIvty8yXtpuCE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4Gma09LErunFZwT6gHUomvW1DM5lpkhHK0J9w40IRt/6OO//GTDuCih4InJxzL/fe40ecKe04H1ZubX1jcyu/XdjZ3ds/KB4etVUYSwotGvJQdn2igDMBLc00h24kgQQ+h44/vU79zj1IxUJxp+cReAEZCzZilGgjdfscZtix3UGx5NjlSr16WTZfZ4mU1C9dp4bdTCmhDM1B8b0/DGkcgNCUE6V6rhNpLyFSM8phUejHCiJCp2QMPUMFCUB5yXLfBT4zyhCPQmme0Hipfu9ISKDUPPBNZUD0RP32UvEvrxfrUc1LmIhiDYKuBo1ijnWI0+PxkEmgms8NIVQysyumEyIJ1Saiggnh61L8P2lf2G7FrtyWS42rLI48OkGn6By5qIoa6AY1UQtRxNEDekLP1sx6tF6s11Vpzsp6jtEPWG+fC5qPWA==</latexit>→ 0.1



Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

<latexit sha1_base64="/PCedEF3ZWJlG44T0gy3Ek76Zj0=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEI8TLMmJDlFvTiSSOaGEhi6OlUJk16Frt7hDDm4K948aCIV3/Dm39jZxFU9EHB470qquo5IWdSWdaHkZibX1hcSi6nVlbX1jfSm1t1GUSCQo0GPBANh0jgzIeaYopDIxRAPIfDlTM4HvtXtyAkC/xLNQyh7RHXZz1GidJSJ71z0XLhBrfOPHBJ9vQ6tsxyeXTQSWcsM18oF3N5bJnWBGNSztlWCdszJYNmqHbS761uQCMPfEU5kbJpW6Fqx0QoRjmMUq1IQkjogLjQ1NQnHsh2PLl/hPe10sW9QOjyFZ6o3ydi4kk59Bzd6RHVl7+9sfiX14xUr9SOmR9GCnw6XdSLOFYBHoeBu0wAVXyoCaGC6Vsx7RNBqNKRpXQIX5/i/0n90LQLZuE8n6kczeJIol20h7LIRkVUQSeoimqIojv0gJ7Qs3FvPBovxuu0NWHMZrbRDxhvnxCclN4=</latexit>

S → !(N0.99)

<latexit sha1_base64="m5ZidiAIGkLHD3ftBkMjpKVYPG8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0PGlrazK7pxpRXtA9paMmnahmYeJhmxDPMrblwo4tYfceffmD4EFT1w4XDOvdx7jxtyJhVCH0ZqaXlldS29ntnY3NreMXezDRlEgtA6CXggWi6WlDOf1hVTnLZCQbHnctp0x6dTv3lHhWSBf60mIe16eOizASNYaalnZq9gh9NbeJE/v4mR5TjJUc/MIatYcsqFIkQWmmFKnIKNKtBeKDmwQK1nvnf6AYk86ivCsZRtG4WqG2OhGOE0yXQiSUNMxnhI25r62KOyG89uT+ChVvpwEAhdvoIz9ftEjD0pJ56rOz2sRvK3NxX/8tqRGlS6MfPDSFGfzBcNIg5VAKdBwD4TlCg+0QQTwfStkIywwETpuDI6hK9P4f+kcWzZJat0WcxVTxZxpME+OAB5YIMyqIIzUAN1QMA9eABP4NlIjEfjxXidt6aMxcwe+AHj7ROaPZLl</latexit>

S → O(N0.99)NOPE: if , then progress
<latexit sha1_base64="RmrxJq16mSdp1CsIvty8yXtpuCE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4Gma09LErunFZwT6gHUomvW1DM5lpkhHK0J9w40IRt/6OO//GTDuCih4InJxzL/fe40ecKe04H1ZubX1jcyu/XdjZ3ds/KB4etVUYSwotGvJQdn2igDMBLc00h24kgQQ+h44/vU79zj1IxUJxp+cReAEZCzZilGgjdfscZtix3UGx5NjlSr16WTZfZ4mU1C9dp4bdTCmhDM1B8b0/DGkcgNCUE6V6rhNpLyFSM8phUejHCiJCp2QMPUMFCUB5yXLfBT4zyhCPQmme0Hipfu9ISKDUPPBNZUD0RP32UvEvrxfrUc1LmIhiDYKuBo1ijnWI0+PxkEmgms8NIVQysyumEyIJ1Saiggnh61L8P2lf2G7FrtyWS42rLI48OkGn6By5qIoa6AY1UQtRxNEDekLP1sx6tF6s11Vpzsp6jtEPWG+fC5qPWA==</latexit>→ 0.1

<latexit sha1_base64="m5ZidiAIGkLHD3ftBkMjpKVYPG8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0PGlrazK7pxpRXtA9paMmnahmYeJhmxDPMrblwo4tYfceffmD4EFT1w4XDOvdx7jxtyJhVCH0ZqaXlldS29ntnY3NreMXezDRlEgtA6CXggWi6WlDOf1hVTnLZCQbHnctp0x6dTv3lHhWSBf60mIe16eOizASNYaalnZq9gh9NbeJE/v4mR5TjJUc/MIatYcsqFIkQWmmFKnIKNKtBeKDmwQK1nvnf6AYk86ivCsZRtG4WqG2OhGOE0yXQiSUNMxnhI25r62KOyG89uT+ChVvpwEAhdvoIz9ftEjD0pJ56rOz2sRvK3NxX/8tqRGlS6MfPDSFGfzBcNIg5VAKdBwD4TlCg+0QQTwfStkIywwETpuDI6hK9P4f+kcWzZJat0WcxVTxZxpME+OAB5YIMyqIIzUAN1QMA9eABP4NlIjEfjxXidt6aMxcwe+AHj7ROaPZLl</latexit>

S → O(N0.99)XOR NOPE: if , then progress
<latexit sha1_base64="bEgh/FREpeK3t6YMUpsYlsEdtIM="></latexit>

→ (0.1)poly(logN) = 1/superpoly(N)

simultaneously solve                             
indep. instances of NOPE (the XOR)

Instance 1 Instance 7Instance 3 Instance 2



Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

<latexit sha1_base64="/PCedEF3ZWJlG44T0gy3Ek76Zj0=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEI8TLMmJDlFvTiSSOaGEhi6OlUJk16Frt7hDDm4K948aCIV3/Dm39jZxFU9EHB470qquo5IWdSWdaHkZibX1hcSi6nVlbX1jfSm1t1GUSCQo0GPBANh0jgzIeaYopDIxRAPIfDlTM4HvtXtyAkC/xLNQyh7RHXZz1GidJSJ71z0XLhBrfOPHBJ9vQ6tsxyeXTQSWcsM18oF3N5bJnWBGNSztlWCdszJYNmqHbS761uQCMPfEU5kbJpW6Fqx0QoRjmMUq1IQkjogLjQ1NQnHsh2PLl/hPe10sW9QOjyFZ6o3ydi4kk59Bzd6RHVl7+9sfiX14xUr9SOmR9GCnw6XdSLOFYBHoeBu0wAVXyoCaGC6Vsx7RNBqNKRpXQIX5/i/0n90LQLZuE8n6kczeJIol20h7LIRkVUQSeoimqIojv0gJ7Qs3FvPBovxuu0NWHMZrbRDxhvnxCclN4=</latexit>

S → !(N0.99)

<latexit sha1_base64="m5ZidiAIGkLHD3ftBkMjpKVYPG8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0PGlrazK7pxpRXtA9paMmnahmYeJhmxDPMrblwo4tYfceffmD4EFT1w4XDOvdx7jxtyJhVCH0ZqaXlldS29ntnY3NreMXezDRlEgtA6CXggWi6WlDOf1hVTnLZCQbHnctp0x6dTv3lHhWSBf60mIe16eOizASNYaalnZq9gh9NbeJE/v4mR5TjJUc/MIatYcsqFIkQWmmFKnIKNKtBeKDmwQK1nvnf6AYk86ivCsZRtG4WqG2OhGOE0yXQiSUNMxnhI25r62KOyG89uT+ChVvpwEAhdvoIz9ftEjD0pJ56rOz2sRvK3NxX/8tqRGlS6MfPDSFGfzBcNIg5VAKdBwD4TlCg+0QQTwfStkIywwETpuDI6hK9P4f+kcWzZJat0WcxVTxZxpME+OAB5YIMyqIIzUAN1QMA9eABP4NlIjEfjxXidt6aMxcwe+AHj7ROaPZLl</latexit>

S → O(N0.99)NOPE: if , then progress
<latexit sha1_base64="RmrxJq16mSdp1CsIvty8yXtpuCE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4Gma09LErunFZwT6gHUomvW1DM5lpkhHK0J9w40IRt/6OO//GTDuCih4InJxzL/fe40ecKe04H1ZubX1jcyu/XdjZ3ds/KB4etVUYSwotGvJQdn2igDMBLc00h24kgQQ+h44/vU79zj1IxUJxp+cReAEZCzZilGgjdfscZtix3UGx5NjlSr16WTZfZ4mU1C9dp4bdTCmhDM1B8b0/DGkcgNCUE6V6rhNpLyFSM8phUejHCiJCp2QMPUMFCUB5yXLfBT4zyhCPQmme0Hipfu9ISKDUPPBNZUD0RP32UvEvrxfrUc1LmIhiDYKuBo1ijnWI0+PxkEmgms8NIVQysyumEyIJ1Saiggnh61L8P2lf2G7FrtyWS42rLI48OkGn6By5qIoa6AY1UQtRxNEDekLP1sx6tF6s11Vpzsp6jtEPWG+fC5qPWA==</latexit>→ 0.1

<latexit sha1_base64="m5ZidiAIGkLHD3ftBkMjpKVYPG8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0PGlrazK7pxpRXtA9paMmnahmYeJhmxDPMrblwo4tYfceffmD4EFT1w4XDOvdx7jxtyJhVCH0ZqaXlldS29ntnY3NreMXezDRlEgtA6CXggWi6WlDOf1hVTnLZCQbHnctp0x6dTv3lHhWSBf60mIe16eOizASNYaalnZq9gh9NbeJE/v4mR5TjJUc/MIatYcsqFIkQWmmFKnIKNKtBeKDmwQK1nvnf6AYk86ivCsZRtG4WqG2OhGOE0yXQiSUNMxnhI25r62KOyG89uT+ChVvpwEAhdvoIz9ftEjD0pJ56rOz2sRvK3NxX/8tqRGlS6MfPDSFGfzBcNIg5VAKdBwD4TlCg+0QQTwfStkIywwETpuDI6hK9P4f+kcWzZJat0WcxVTxZxpME+OAB5YIMyqIIzUAN1QMA9eABP4NlIjEfjxXidt6aMxcwe+AHj7ROaPZLl</latexit>

S → O(N0.99)XOR NOPE: if , then progress
<latexit sha1_base64="bEgh/FREpeK3t6YMUpsYlsEdtIM="></latexit>

→ (0.1)poly(logN) = 1/superpoly(N)

dynamic NOPE: if , then requires
<latexit sha1_base64="m5ZidiAIGkLHD3ftBkMjpKVYPG8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0PGlrazK7pxpRXtA9paMmnahmYeJhmxDPMrblwo4tYfceffmD4EFT1w4XDOvdx7jxtyJhVCH0ZqaXlldS29ntnY3NreMXezDRlEgtA6CXggWi6WlDOf1hVTnLZCQbHnctp0x6dTv3lHhWSBf60mIe16eOizASNYaalnZq9gh9NbeJE/v4mR5TjJUc/MIatYcsqFIkQWmmFKnIKNKtBeKDmwQK1nvnf6AYk86ivCsZRtG4WqG2OhGOE0yXQiSUNMxnhI25r62KOyG89uT+ChVvpwEAhdvoIz9ftEjD0pJ56rOz2sRvK3NxX/8tqRGlS6MfPDSFGfzBcNIg5VAKdBwD4TlCg+0QQTwfStkIywwETpuDI6hK9P4f+kcWzZJat0WcxVTxZxpME+OAB5YIMyqIIzUAN1QMA9eABP4NlIjEfjxXidt6aMxcwe+AHj7ROaPZLl</latexit>

S → O(N0.99)
<latexit sha1_base64="jp5OIdjV7WK2r4LAWvkCSz7NdFc=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1iEugmJ1bTLohtXUsE+oA1lMp22QyfJMDMRQij4K25cKOLW73Dn3zhpI6jogYHDOfdyzxyfMyqVbX8YhaXlldW14nppY3Nre8fc3WvLKBaYtHDEItH1kSSMhqSlqGKkywVBgc9Ix59eZn7njghJo/BWJZx4ARqHdEQxUloamAf9AKmJCFIZcyJ4xJJZ5fpkYJZtq1qvu/Y5tC17jozUXMepQidXyiBHc2C+94cRjgMSKsyQlD3H5spLkVAUMzIr9WNJOMJTNCY9TUMUEOml8/gzeKyVIRxFQr9Qwbn6fSNFgZRJ4OvJLKz87WXiX14vVqO6l9KQx4qEeHFoFDOoIph1AYdUEKxYognCguqsEE+QQFjpxkq6hK+fwv9J+9RyXMu9OSs3LvI6iuAQHIEKcEANNMAVaIIWwCAFD+AJPBv3xqPxYrwuRgtGvrMPfsB4+wT3mZYn</latexit>

superpoly(N) samples

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·
<latexit sha1_base64="rEu5S1wbwNSD6GrrO/cFt/FPrJA=">AAACCXicdVDLSsNAFJ34rPUVdelmsAgVISRW0y6LblxJBfuAJpTJdNIOnTyYmQghZOvGX3HjQhG3/oE7/8ZJW0FFD1w4nHMv997jxYwKaZof2sLi0vLKammtvL6xubWt7+x2RJRwTNo4YhHveUgQRkPSllQy0os5QYHHSNebXBR+95ZwQaPwRqYxcQM0CqlPMZJKGujw2PE5wpmVZ06A5JgHmUhiwuOIpXn16igf6BXTqDUatnkGTcOcoiB127Jq0JorFTBHa6C/O8MIJwEJJWZIiL5lxtLNEJcUM5KXnUSQGOEJGpG+oiEKiHCz6Sc5PFTKEPoRVxVKOFW/T2QoECINPNVZXCt+e4X4l9dPpN9wMxrGiSQhni3yEwZlBItY4JBygiVLFUGYU3UrxGOkkpEqvLIK4etT+D/pnBiWbdjXp5Xm+TyOEtgHB6AKLFAHTXAJWqANMLgDD+AJPGv32qP2or3OWhe0+cwe+AHt7RNzmprZ</latexit>

+
1

superpoly(N)

<latexit sha1_base64="rEu5S1wbwNSD6GrrO/cFt/FPrJA=">AAACCXicdVDLSsNAFJ34rPUVdelmsAgVISRW0y6LblxJBfuAJpTJdNIOnTyYmQghZOvGX3HjQhG3/oE7/8ZJW0FFD1w4nHMv997jxYwKaZof2sLi0vLKammtvL6xubWt7+x2RJRwTNo4YhHveUgQRkPSllQy0os5QYHHSNebXBR+95ZwQaPwRqYxcQM0CqlPMZJKGujw2PE5wpmVZ06A5JgHmUhiwuOIpXn16igf6BXTqDUatnkGTcOcoiB127Jq0JorFTBHa6C/O8MIJwEJJWZIiL5lxtLNEJcUM5KXnUSQGOEJGpG+oiEKiHCz6Sc5PFTKEPoRVxVKOFW/T2QoECINPNVZXCt+e4X4l9dPpN9wMxrGiSQhni3yEwZlBItY4JBygiVLFUGYU3UrxGOkkpEqvLIK4etT+D/pnBiWbdjXp5Xm+TyOEtgHB6AKLFAHTXAJWqANMLgDD+AJPGv32qP2or3OWhe0+cwe+AHt7RNzmprZ</latexit>

+
1

superpoly(N) progress
<latexit sha1_base64="ob8s3l7FLfystVNdFuI3gDTc5kk=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjI+pl0W3bisYB/SDiWTpm1okhmTjFCGfoUbF4q49XPc+Tdm2hFU9MCFwzn3cu89YcyZNgh9OIWl5ZXVteJ6aWNza3unvLvX0lGiCG2SiEeqE2JNOZO0aZjhtBMrikXIaTucXGZ++54qzSJ5Y6YxDQQeSTZkBBsr3fZG9C5FrjfrlyvIPa3VfHQOkYvmyEjV97xT6OVKBeRo9MvvvUFEEkGlIRxr3fVQbIIUK8MIp7NSL9E0xmSCR7RrqcSC6iCdHzyDR1YZwGGkbEkD5+r3iRQLracitJ0Cm7H+7WXiX143McNakDIZJ4ZKslg0TDg0Ecy+hwOmKDF8agkmitlbIRljhYmxGZVsCF+fwv9J68T1fNe/PqvUL/I4iuAAHIJj4IEqqIMr0ABNQIAAD+AJPDvKeXRenNdFa8HJZ/bBDzhvn2takC8=</latexit>→ 0.1<latexit sha1_base64="jp5OIdjV7WK2r4LAWvkCSz7NdFc=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1iEugmJ1bTLohtXUsE+oA1lMp22QyfJMDMRQij4K25cKOLW73Dn3zhpI6jogYHDOfdyzxyfMyqVbX8YhaXlldW14nppY3Nre8fc3WvLKBaYtHDEItH1kSSMhqSlqGKkywVBgc9Ix59eZn7njghJo/BWJZx4ARqHdEQxUloamAf9AKmJCFIZcyJ4xJJZ5fpkYJZtq1qvu/Y5tC17jozUXMepQidXyiBHc2C+94cRjgMSKsyQlD3H5spLkVAUMzIr9WNJOMJTNCY9TUMUEOml8/gzeKyVIRxFQr9Qwbn6fSNFgZRJ4OvJLKz87WXiX14vVqO6l9KQx4qEeHFoFDOoIph1AYdUEKxYognCguqsEE+QQFjpxkq6hK+fwv9J+9RyXMu9OSs3LvI6iuAQHIEKcEANNMAVaIIWwCAFD+AJPBv3xqPxYrwuRgtGvrMPfsB4+wT3mZYn</latexit>

superpoly(N)



Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

3. Embed into ML tasks

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
<latexit sha1_base64="dHH7k5+O1Q/D+mv4vPpzP8zCuhc="></latexit>

ŷ = sgn(ωx · ωw)
predict

<latexit sha1_base64="Vb4OKnFIYTLScfGW+2UFMDI4WGc=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPQ89oFm9BLx4jmAWSIfR0apImPQvdPcEw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8RHClCfmwVlbX1jc2c1v57Z3dvf3CwWFTxalk0GCxiGXbpwoEj6ChuRbQTiTQ0BfQ8kfXM781Bql4HN3pSQJeSAcRDzij2kit7hhYdj/tFYrEditV1y1hQ8ilQ84NKRFSch3s2GSOIlqi3iu8d/sxS0OINBNUqY5DEu1lVGrOBEzz3VRBQtmIDqBjaERDUF42P3eKT43Sx0EsTUUaz9XvExkNlZqEvukMqR6q395M/MvrpDqoehmPklRDxBaLglRgHePZ77jPJTAtJoZQJrm5FbMhlZRpk1DehPD1Kf6fNF3bKdvl24ti7WoZRw4doxN0hhxUQTV0g+qogRgaoQf0hJ6txHq0XqzXReuKtZw5Qj9gvX0CBCmQCw==</latexit>

ωx

?



Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

3. Embed into ML tasks

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
<latexit sha1_base64="dHH7k5+O1Q/D+mv4vPpzP8zCuhc="></latexit>

ŷ = sgn(ωx · ωw)
predict

<latexit sha1_base64="Vb4OKnFIYTLScfGW+2UFMDI4WGc=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPQ89oFm9BLx4jmAWSIfR0apImPQvdPcEw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8RHClCfmwVlbX1jc2c1v57Z3dvf3CwWFTxalk0GCxiGXbpwoEj6ChuRbQTiTQ0BfQ8kfXM781Bql4HN3pSQJeSAcRDzij2kit7hhYdj/tFYrEditV1y1hQ8ilQ84NKRFSch3s2GSOIlqi3iu8d/sxS0OINBNUqY5DEu1lVGrOBEzz3VRBQtmIDqBjaERDUF42P3eKT43Sx0EsTUUaz9XvExkNlZqEvukMqR6q395M/MvrpDqoehmPklRDxBaLglRgHePZ77jPJTAtJoZQJrm5FbMhlZRpk1DehPD1Kf6fNF3bKdvl24ti7WoZRw4doxN0hhxUQTV0g+qogRgaoQf0hJ6txHq0XqzXReuKtZw5Qj9gvX0CBCmQCw==</latexit>

ωx

?

a. prove BQP hardness of ML tasks

<latexit sha1_base64="5Ri2VmiiTLIrseqV7sGIAyUEJEc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5b0j8E=</latexit> →



Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

3. Embed into ML tasks

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
<latexit sha1_base64="dHH7k5+O1Q/D+mv4vPpzP8zCuhc="></latexit>

ŷ = sgn(ωx · ωw)
predict

<latexit sha1_base64="Vb4OKnFIYTLScfGW+2UFMDI4WGc=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPQ89oFm9BLx4jmAWSIfR0apImPQvdPcEw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8RHClCfmwVlbX1jc2c1v57Z3dvf3CwWFTxalk0GCxiGXbpwoEj6ChuRbQTiTQ0BfQ8kfXM781Bql4HN3pSQJeSAcRDzij2kit7hhYdj/tFYrEditV1y1hQ8ilQ84NKRFSch3s2GSOIlqi3iu8d/sxS0OINBNUqY5DEu1lVGrOBEzz3VRBQtmIDqBjaERDUF42P3eKT43Sx0EsTUUaz9XvExkNlZqEvukMqR6q395M/MvrpDqoehmPklRDxBaLglRgHePZ77jPJTAtJoZQJrm5FbMhlZRpk1DehPD1Kf6fNF3bKdvl24ti7WoZRw4doxN0hhxUQTV0g+qogRgaoQf0hJ6txHq0XqzXReuKtZw5Qj9gvX0CBCmQCw==</latexit>

ωx

?

a. prove BQP hardness of ML tasks

<latexit sha1_base64="5Ri2VmiiTLIrseqV7sGIAyUEJEc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5b0j8E=</latexit> →

b. embed QOS circuit for dynamic NOPE

QOS QOS

QOS



Classical Hardness

1. Connect query separation 
to memory advantage

2. Insufficient memory must be 
compensated by more samples

3. Embed into ML tasks

<latexit sha1_base64="eszxbRPfla614+TdZCTIKUer0/I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM120i7dbMLuplJCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LRTBL0IzqQPOSMGiu1umNk2dO0Vyq7FXcOskq8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFrupxoSyER1gx1JJI9R+Nj93Ss6t0idhrGxJQ+bq74mMRlpPosB2RtQM9bI3E//zOqkJb/yMyyQ1KNliUZgKYmIy+530uUJmxMQSyhS3txI2pIoyYxMq2hC85ZdXSfOy4lUr1Yercu02j6MAp3AGF+DBNdTgHurQAAYjeIZXeHMS58V5dz4WrWtOPnMCf+B8/gCz8I/U</latexit>

ωw
<latexit sha1_base64="dHH7k5+O1Q/D+mv4vPpzP8zCuhc="></latexit>

ŷ = sgn(ωx · ωw)
predict

<latexit sha1_base64="Vb4OKnFIYTLScfGW+2UFMDI4WGc=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPQ89oFm9BLx4jmAWSIfR0apImPQvdPcEw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8RHClCfmwVlbX1jc2c1v57Z3dvf3CwWFTxalk0GCxiGXbpwoEj6ChuRbQTiTQ0BfQ8kfXM781Bql4HN3pSQJeSAcRDzij2kit7hhYdj/tFYrEditV1y1hQ8ilQ84NKRFSch3s2GSOIlqi3iu8d/sxS0OINBNUqY5DEu1lVGrOBEzz3VRBQtmIDqBjaERDUF42P3eKT43Sx0EsTUUaz9XvExkNlZqEvukMqR6q395M/MvrpDqoehmPklRDxBaLglRgHePZ77jPJTAtJoZQJrm5FbMhlZRpk1DehPD1Kf6fNF3bKdvl24ti7WoZRw4doxN0hhxUQTV0g+qogRgaoQf0hJ6txHq0XqzXReuKtZw5Qj9gvX0CBCmQCw==</latexit>

ωx

?

a. prove BQP hardness of ML tasks
b. embed QOS circuit for dynamic NOPE
→  dynamic ML is classically hard



Classical HardnessQuantum Algorithm

Quantum Oracle Sketching

query the classical world in 
quantum superposition

Classical Query

separation in query ability 
→ memory advantage



Conclusions

We prove that  
small quantum machines  

can process  
massive classical data 
 and solve large-scale  

machine learning problems.



Conclusions

We prove that  
any classical machine  

with the same performance   
needs exponentially larger size  

or superpolynomially  
more samples.



Conclusions

Our results open      
the possibility for 

quantum computers 
to be broadly useful in 

our daily life.



Conclusions

This exponential quantum advantage relies solely 
on the correctness of quantum mechanics, 

persisting even if P=NP, BPP=BQP, etc.

<latexit sha1_base64="arPEpPawAZYL1JYFbeF57zFKp4s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ66EVRv1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AFCmo3N</latexit>→

small  
quantum chip

massive classical 
data center

Given 
sufficient 

time



Conclusions

<latexit sha1_base64="arPEpPawAZYL1JYFbeF57zFKp4s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ66EVRv1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AFCmo3N</latexit>→

hundreds of 
logical qubits

universe-scale 
classical computer

NASA

This exponential quantum advantage relies solely 
on the correctness of quantum mechanics, 

persisting even if P=NP, BPP=BQP, etc.

Given 
sufficient 

time



Conclusions

Machine learning offers a fundamental test of 
quantum mechanics at the complexity frontier.

<latexit sha1_base64="arPEpPawAZYL1JYFbeF57zFKp4s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ66EVRv1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AFCmo3N</latexit>→

hundreds of 
logical qubits

universe-scale 
classical computer

NASA

Given 
sufficient 

time


